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METHOD OF PATCHING COMPILED AND 
LINKED PROGRAM CODE COMPRISING 

INSTRUCTIONS WHICH ARE GROUPED INTO 
BUNDLES 

FIELD OF THE INVENTION 

[0001] The invention pertains to branch instructions Which 
are executed by a processor, and more speci?cally, to 
increasing the reach of IP-relative branch instructions Which 
are executed by a processor (IP=instruction pointer, also 
knoWn as a program counter, or PC). 

BACKGROUND OF THE INVENTION 

[0002] Insuf?cient branch reach (also knoWn as “span” or 
“range”) is a common Weakness of RISC (reduced instruc 
tion set computer) architectures. For example, see FIG. 7, 
Which provides a list of the branch instructions used in 
various RISC architectures, and the range of each of these 
branch instructions. 

[0003] As server/Workstation applications move to 64-bit 
architectures, it is believed that problems associated With 
insuf?cient branch reach Will need to be addressed more and 
more frequently. 

[0004] One 64-bit architecture is the Intel®/HeWlett-Pack 
ard® IA-64 architecture. A discussion of this architecture 
can be found in Intel’s “IA-64 Application Developer’s 
Architecture Guide” (Rev 1.0, Order Number 245188-001, 
May 1999), Which is hereby incorporated by reference for all 
that it discloses. 

[0005] IA-64 architecture provides tWo general types of 
branch instructions: the IP-relative branch and the indirect 
branch. An IP-relative branch instruction carries With it a 
signed, 20-bit offset. The target of an IP-relative branch 
instruction is determined by adding the instruction’s offset to 
the value of an instruction pointer. Since IA-64’s instruction 
pointer is 64-bits long, an IP-relative branch instruction 
cannot redirect the instruction pointer to any address Within 
a 64-bit address space. Rather, an IP-relative branch instruc 
tion can only redirect the instruction pointer to addresses 
Within :16 MB. While from a static code generation point of 
vieW, a :16 MB reach seems sufficient to reach anyWhere in 
a compiled and linked module, in the context of dynamic 
code generation, dynamic linking, or dynamic optimiZation, 
a branch instruction With greater reach is called for in order 
to reach all the different pieces of code. 

[0006] An indirect branch instruction is advantageous 
over an IP-relative branch instruction in that an indirect 
branch instruction can redirect an instruction pointer to any 
address Within a 64-bit address space. HoWever, there are 
draWbacks to frequent and/or dynamic use of indirect 
branching. 

[0007] One draWback is that the execution of an indirect 
branch instruction must be preceded by a someWhat lengthy 
setup routine in Which a 64-bit target is fetched into a general 
register and then moved into one of eight branch registers (or 
calculated, looked up, etc., and then moved to a branch 
register). Only then may the indirect branch instruction be 
executed. The execution of an indirect branch therefore 
requires the execution of an instruction sequence such as: 

MOVL, MOV_to_br, and BR. 
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[0008] Due to the speculative nature in Which high per 
formance processors fetch instructions, it is desirable to 
move an indirect branch target into one of the eight branch 
registers early, so as to insure the availability of the target 
When branch prediction hardWare needs to rely on the 
accuracy of the target for branch prediction. By insuring the 
availability of the target for branch prediction purposes, the 
fetch of instructions from an incorrect code section can be 
avoided, and as a result, the ?ush of incorrectly fetched 
instructions from an instruction pipeline, as Well as the 
injection of bubbles (or gaps) into the pipeline, can be 
avoided. Unfortunately, it is sometimes dif?cult to move an 
indirect branch target into a branch register at an early date. 
This is because the IA-64 architecture provides only eight 
branch registers. If a target is moved into one of these branch 
registers too early, it is possible that it Will be overWritten 
prior to When it is needed. At the same time, there is a risk 
that any move of a target into a branch register Will result in 
the overWrite of some other needed target. 

[0009] An indirect branch’s lengthy setup routine also 
creates problems for tools such as dynamic instrumentation 
and optimiZation tools. As Will be explained beloW, each of 
these tools needs to “patch” compiled and linked program 
code With branches to neW and/or optimiZed “patch code”. 
Patch code is simply an address space Which is used for the 
storage of, for example, dynamic instrumentation and/or 
optimiZation routines. Patching involves either the static or 
dynamic insertion of branches to patch code in already 
compiled and linked program code. Each time a patch is 
made, an instruction Which is replaced by a branch to patch 
code needs to be Written into the patch code so that it 
eventually gets executed. 

[0010] The patching of IA-64 program code With indirect 
branch code sequences is especially dif?cult since 1) IA-64 
program code comprises instructions Which are encoded in 
bundles of three instructions each, and 2) an indirect branch 
code sequence does not ?t Within a single instruction bundle. 
Since the instructions of an indirect branch sequence do not 
?t Within a single instruction bundle, the patch of an indirect 
branch sequence (e.g., MOVL, MOV-to-br, and BR) into 
already compiled and linked binary program code requires 
tWo or more instruction bundles to be overWritten. HoWever, 
once program code has been compiled and linked, informa 
tion on Which instruction bundles in the program code are 
the possible targets of branch instructions is not alWays 
knoWn. If a branch instruction branches to an instruction 
bundle Which has been replaced With part of a patch 
sequence, or if a branch instruction branches to an instruc 
tion bundle Which falls betWeen the bundles of a patch 
sequence, an exception could result for tWo reasons. First, it 
is likely that the patch sequence Would not execute correctly, 
and second, if the patch sequence does not execute correctly, 
instructions Which Were copied out of the original program 
code to make Way for the patch sequence bundles Will never 
be executed. Patching With indirect branch sequences is also 
problematic in that such a sequence requires the use of 
available general and branch registers. A patching tool is 
unlikely to knoW the locations of such registers (if any even 
exist). Patching With indirect branch sequences is therefore 
an unsafe practice. 

[0011] Caveats relating to the patching of multiple instruc 
tion bundles are further discussed in the article “Fine 
Grained Dynamic Instrumentation of Commodity Operating 
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System Kernels” by A. Tamches and B. Miller (CS Dept. of 
the University of Wisconsin-Madison, July 1998). 

[0012] TWo alternatives to patching With indirect branches 
exist. Each alternative involves the patching of only a single 
instruction bundle With a replacement instruction bundle 
incorporating an IP-relative branch to a “hole” in binary 
program code. A hole in binary program code is nothing 
more than a number of consecutively addressed memory 
locations Which reside Within the bounds of memory loca 
tions Which store the binary program code. 

[0013] The difference betWeen the tWo alternatives is that 
the ?rst alternative uses larger holes to store “patch code” (or 
portions thereof), Whereas the second alternative uses 
smaller holes (knoWn as springboards) for the insertion of 
“trampoline code”. Trampoline code is merely code that 
helps enable one to branch outside of the con?nes of more 
or less contiguous binary program code When the range of an 
IP-relative branch is not great enough to perform such a 
branch. 

[0014] Since compiled and linked program code typically 
comprises feW and randomly placed holes, single instruction 
bundle patching typically requires that holes be inserted into 
an executable at predetermined locations by a compiler/ 
linker. Since the compiler/linker Will not knoW Which por 
tions of an executable Will be patched by dynamic instru 
mentation and/or optimiZation tools, the compiler/linker 
needs to insure that inserted holes can be reached from any 
instruction bundle in program code. Since an IA-64 IP 
relative branch has a :16 MB reach, holes must appear after 
approximately every 32 MB of IA-64 program code. Thus, 
a branch residing in a patched instruction bundle in the 
middle of a 32 MB chunk of program code (e.g., a dynamic 
instrumentation or optimiZation starting point) Would be just 
able to reach a hole. 

[0015] The ?rst alternative to patching With indirect 
branch sequences is illustrated in FIG. 8. In this alternative, 
holes 802, 804, 806 are used to directly store patch code 808, 
810. One advantage of this approach is that a branch from 
program code 812, 814 to patch code 808, 810 requires the 
execution of just a single IP-relative branch instruction. 
HoWever, since the execution of patch code 808, 810 might 
result in a patch code exit being too distant from a patched 
bundle to return to the bundle (or the bundle Which is 
sequentially after it), an indirect branch sequence may still 
be needed to enable a return to program code 800 from patch 
code 808, 810. Once again, the execution of an indirect 
branch sequence is problematic in that it requires the use of 
available general and branch registers Which may not exist. 
Furthermore, hole allocation is not very ef?cient since patch 
points may not be uniformly distributed Within program 
code 800. For example, When patch points are clustered, 
some holes 802, 804 may become too small to accommodate 
all of the patch code sections 808, 810 Which they need to 
handle, While other holes 806 may be under utiliZed (or 
never used at all). 

[0016] A second and more ef?cient alternative is to allo 
cate smaller holes 902, 904, 906 for the sole purpose of 
holding trampoline code 908, 910 Which jumps to a con 
tiguous code cache 912, as illustrated in FIG. 9. Since 
trampoline code requires only a feW instructions (i.e., an 
indirect branch routine 908, 910), reserved holes 902-906 
can be quite small. In addition, patch code 912 can be stored 
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in a more or less contiguous code section, rather than here 
and there in reserved holes 902-906. This provides for patch 
code 912 being branched to from multiple patch points. 
HoWever, the problems associated With having to execute an 
indirect branch sequence 908, 910 still remain. Also, While 
trampoline code may consist of nothing more than an 
indirect branch code sequence 908, 910 Which jumps to 
patch code 912, the limited reach of IP-relative branches in 
IA-64 architecture (:16 MB) still requires the insertion of 
holes 902-906 in program code 900 at about the same 
frequency (i.e., about every 32 MB). 

[0017] Reserving holes in binary program code for either 
of the above patch methods is not trivial. For example, the 
reservation of holes in load modules is difficult to enforce. 
Independent SoftWare Vendors may not agree to leave holes 
in their binaries. It Would also be dif?cult to enforce hole 
reservation as a default linking strategy. In addition, it Would 
be dif?cult to control all of the system tools Which are 
available for a platform such as IA-64. Hence, some tools 
may not enforce hole reservation. 

[0018] Absent a strict and uniform hole reservation policy, 
the above approaches to increasing branch range are very 
dif?cult to implement. 

[0019] As brie?y discussed already, a problem With all of 
the above patch methods is that an IA-64 indirect branch 
sequence needs access to at least one free general register 
and one free branch register. At run-time, identifying these 
tWo available registers is a challenge. HoWever, there are 
several possible ?xes. First, a compiler could annotate Which 
registers are available during the execution of each proce 
dure in program code. The problem With this is that registers 
may not be available. Second, a compiler could reserve a 
couple of general, branch, and predicate registers for the sole 
use of run-time instrumentation/optimiZation tools. This 
hoWever, like hole reservation, is inef?cient since registers 
may be reserved but not used. Third, a run-time tool could 
analyZe a patch point to determine Which registers are 
available. The problem With this ?x is that such an analysis 
is costly, especially When the typical purpose of instrumen 
tation and optimiZation tools is to streamline execution. 
Furthermore, it is quite possible that no registers Will be 
found, either because there are no free registers, or because 
the analysis tool does not have enough information to 
determine Which registers are free. Fourth, a run-time tool 
could spill a couple of registers HoWever, register spilling is 
rather expensive on IA-64 since the UNAT register must be 
spilled ?rst. Also, a spill cannot be performed unless the 
location of at least one free register is already knoWn. Each 
potential “?x” for making registers available to a patching 
tool therefore has a doWnside. In addition, it is unlikely that 
any of the above ?xes Would actually be used. 

[0020] A need for a branch With long reach and loW 
overhead therefore exists. 

SUMMARY OF THE INVENTION 

[0021] Compiled and linked program code having instruc 
tions grouped into bundles, Wherein the instructions of each 
bundle are sequentially ordered, is patched by forming a 
patch bundle and one or more patch code bundles. This is 
done by Writing a long IP-relative branch instruction into 
multiple syllables of the patch bundle, With the long IP 
relative branch instruction providing a means of branching 
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to patch code. Instructions Which are similarly located in a 
bundle to be patched, and Which precede the long IP-relative 
branch instruction, are copied into syllables of the patch 
bundle. Other instructions of the bundle to be patched are 
copied into ones of the one or more patch code bundles. The 
bundle to be patched is overWritten With the patch bundle, 
and the one or more patch code bundles are Written into the 
patch code. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] Illustrative and presently preferred embodiments of 
the invention are illustrated in the draWings in Which: 

[0023] 
[0024] FIG. 2 illustrates various components of a proces 
sor, including a multi-level prediction information memory 
hierarchy and an integrated loW level instruction/branch 
prediction cache; 
[0025] FIG. 3 illustrates a preferred embodiment of the 
integrated loW level cache in the FIG. 2 memory hierarchy; 

[0026] FIG. 4 illustrates the storage of branch histories 
and trigger prediction information in an encoded form; 

FIG. 1 illustrates an IA-64 instruction bundle; 

[0027] FIG. 5 illustrates an exemplary circuit for deter 
mining an initial state of “relevancy information”, Which 
relevancy information indicates Whether relevant informa 
tion is stored in the higher level prediction cache of the FIG. 
2 memory hierarchy; 

[0028] FIG. 6 illustrates an exemplary circuit for deter 
mining 1) Whether the higher level prediction cache of the 
FIG. 2 memory hierarchy should be updated, and 2) Whether 
the relevancy information referred to in FIG. 5 should be 
updated; 
[0029] FIG. 7 provides a list of branch instructions used 
in various RISC architectures, and the range of each of the 
branch instructions; 

[0030] FIG. 8 illustrates a branching to patch code Which 
is implemented in holes in program code; 

[0031] FIG. 9 illustrates a branching to patch code Which 
is implemented in a more or less contiguous section of code, 
Wherein the branching is executed using trampoline code, 
Which trampoline code is implemented in holes in program 
code; 
[0032] FIG. 10 illustrates an IA-64 register model; 

[0033] FIG. 11 illustrates a plurality of physically adja 
cent branch execution units; 

[0034] FIG. 12 illustrates tWo of the FIG. 11 branch 
execution units, Wherein a ?rst of the branch execution units 
has been modi?ed to alternately receive a number of bits of 
a long IP-relative branch instruction syllable, or a number of 
sign extension bits, as part of one of its addends; 

[0035] FIG. 13 illustrates operation of a post-link time 
optimiZer; 

[0036] FIG. 14 illustrates a conventional bundle patching 
technique Which is not thread-safe, but Which may be used 
to statically patch program code; 

[0037] FIG. 15 illustrates a thread-safe version of the 
bundle patching technique illustrated in FIG. 14; 
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[0038] FIG. 16 illustrates hoW various IA-64 instruction 
templates may be patched using a single-syllable IP-relative 
branch instruction; 

[0039] FIG. 17 illustrates a thread-safe bundle patching 
technique Which uses long IP-relative branch instructions to 
statically or dynamically patch program code; and 

[0040] FIG. 18 illustrates hoW various IA-64 instruction 
templates may be patched using a long IP-relative branch 
instruction. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0041] Outline: 

[0042] IA-64 SoftWare Architecture 

[0043] Long IP-Relative Branch 

[0044] Micro-Architecture for Supporting Long Branch 

[0045] Prediction and Execution 

[0046] 1. An Integrated LoW Level Instruction/ 
Branch Prediction Cache 

[0047] A. The L01 

[0048] B. The LOIBR 

[0049] 2. Higher Level Caches 

[0050] A. The L1 Cache 

[0051] B. The L1B 

[0052] 3. NeW Branch Prediction Structures 

[0053] 4. Branch Retirement Queue 

[0054] 5. Instruction Pointer Generator 

[0055] 6. Long Branch Speci?c HardWare Require 
ments 

[0056] Overall Structure/Operation of Micro-Architec 
ture 

[0057] Alternatives 

[0058] Applications Which Bene?t From a Long IP 
Relative Branch Instruction 

[0059] 1. Stub Reduction 

[0060] 2. Dynamic Instrumentation 

[0061] 3. Post-Link Time OptimiZers 

[0062] 
[0063] 1. HoW to Patch a Bundle 

[0064] 2. Patching a Bundle With a Single-Syllable 
IP-Relative Branch Instruction 

[0065] 3. Patching a Bundle With a Long IP-Relative 
Branch Instruction 

Instruction Bundle Patching 

[0066] A preferred embodiment of a long IP-relative 
branch instruction is implemented as an improvement to the 
Intel®/HeWlett-Packard® IA-64 architecture. A more 
detailed summary of this architecture is therefore set forth in 
the ?rst part of this Description. Those skilled in the art Will 
readily understand hoW a long IP-relative branch instruction, 
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as Well as various of the methods and apparatus described 
herein Which use same, might be adapted for use in other 
architectures. 

IA- 64 Architecture 

[0067] In IA-64, instructions are fetched in bundles. Each 
bundle 100 comprises three 41-bit instruction syllables (or 
slots) and a 5-bit template ?eld, for a total of 128 bits. An 
exemplary IA-64 instruction bundle 100 comprising syl 
lables 0, 1 and 2, is illustrated in FIG. 1. 

[0068] The instructions of an instruction bundle 100 are 
executed sequentially (syllablefO ?rst, then syllableil, 
then syllablei2), unless and until an “unconditional” or 
“taken” branch instruction transfers program How control to 
the ?rst sequential instruction of a different instruction 
bundle (or until a fault, trap, interrupt or some other event 
causes a transfer of program How control). So long as 
program How control is not altered, execution of the instruc 
tions in one bundle 100 is folloWed by the execution of 
instructions in a next sequential bundle. 

[0069] There are ?ve IA-64 instruction syllable types (M, 
I, F, B, and L), six IA-64 instruction types (M, I,A, F, B, and 
L), and 12 basic template types (MII, MI,I, MLX, MMI, 
M,MI, MFI, MMF, MIB, MBB, BBB, MMB, MFB). An 
instruction template type speci?es the mapping of instruc 
tion syllables to execution unit types, as Well as the location 
of “stops”. Each basic template type has tWo versions: one 
With a stop after the third syllable, and one Without. A stop 
indicates that one or more instructions after the stop may 
have certain kinds of resource dependencies With respect to 
one or more instructions before the stop (i.e., a stop enables 
explicit speci?cation of parallelism). Note that the MI,I and 
M,MI instruction templates, by de?nition, have mid-bundle 
stops (denoted by the commas in these templates). Instruc 
tions must be placed in syllables corresponding to their 
instruction types, and based on a template speci?cation, 
except for A-type instructions, Which can be placed in either 
I or M syllables. For example, a template speci?cation of 
MII means that of the three instructions in a bundle 100, the 
?rst instruction is a memory (M) or A-type instruction, and 
the next tWo instructions are integer (I) or A-type instruc 
tions. 

[0070] The MLX template is a unique template in that it 
really only holds tWo instructions, a memory (M) instruction 
and a long X-type instruction. Currently, an X instruction 
can only be an integer instruction, and the MLX template is 
therefore, in reality, an MLI template. The X syllable of the 
MLX template holds an integer instruction Which carries 
With it tWenty-tWo bits of a “long immediate” value, Which 
tWenty-tWo bits are routed to an integer unit along With 
forty-one additional bits of the “long immediate” Which are 
held by the L syllable of the MLX template. An LX 
instruction is therefore a form of integer instruction. 

[0071] The How of instruction execution in an IA-64 
processor is controlled by an instruction pointer. The instruc 
tion pointer (IP) holds the address of the bundle 100 Which 
contains the currently executing IA-64 instruction. The IP is 
incremented as instruction bundles 100 are executed, and 
can be set to a neW value through execution of a branch 

instruction (or by other means). Because IA-64 instruction 
bundles 100 are 16 bytes, and are 16-byte aligned, the least 
signi?cant four bits of the IP are alWays Zero. 
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[0072] As previously discussed, IA-64 softWare architec 
ture provides for tWo basic categories of branches: IP 
relative branches and indirect branches. An IP-relative 
branch speci?es a branch target address With a signed 20-bit 
offset, Which offset is carried With the IP-relative branch 
instruction. This offset, When added to the starting address of 
the instruction bundle containing the IP-relative branch, 
provides the starting address of a target bundle. The signed 
20-bit offset (i.e., 21-bit offset) alloWs an IP-relative branch 
to reach :16 MB. In some parts of this description, the 
IP-relative branch instruction Which is currently provided by 
IA-64 architecture is referred to as a “single-syllable IP 
relative branch instruction”. 

[0073] An indirect branch provides greater reach than is 
provided by an IP-relative branch, but at a someWhat higher 
cost. The target bundle of an indirect branch is speci?ed by 
a value held in one of eight 64-bit branch registers. An 
indirect branch target therefore needs to be moved into one 
of the eight branch registers prior to When it is needed 
(Which is prior to When branch prediction hardWare relies on 
the target for the purpose of branch prediction). An indirect 
branch therefore requires a setup routine such as: MOVL, 
MOV-to-BR, BR. The MOVL instruction moves a 64-bit 
value into a general register (GR). The MOV-to-BR instruc 
tion then moves the 64-bit general register value to a 
speci?ed branch register (BR). The BR instruction then 
executes a branch to a target address Which is stored in a 
speci?ed branch register. 

[0074] Since the setup routine for an indirect branch 
involves three instructions, some of Which require 64-bit 
values to be moved, the instructions of an indirect branch’s 
setup routine can at best ?t into tWo instruction bundles. 
Furthermore, since the three instructions are dependent upon 
one another, and therefore must be executed sequentially, the 
execution of an indirect branch takes at least three cycles (as 
compared to an IP-relative branch, Which requires the execu 
tion of only a single instruction). Also, the execution of an 
indirect branch requires the use of at least one available 
general register and one available branch register. An indi 
rect branch therefore requires a lot of overhead. HoWever, an 
indirect branch is advantageous over an IP-relative branch in 
that it can branch to anyWhere Within IA-64’s 64-bit address 
space. 

[0075] The general 1002 and branch 1008 registers Which 
are referred to in the preceding paragraphs are part of 
IA-64’s architected register set 1000. Amodel of these 1002, 
1008 and other IA-64 registers 1004, 1006, 1010, 1012 is 
illustrated in FIG. 10. Note that the registers of an IA-64 
register model additionally comprise a plurality of ?oating 
point registers 1004, a plurality of predicate registers 1006, 
a plurality of application registers 1010, and an instruction 
pointer register 1012 (as Well as other registers). IA-64 
registers are discussed in greater detail in Intel’s “IA-64 
Application Developer’s Architecture Guide”, supra. 

[0076] A branch can be conditional or unconditional. An 
unconditional branch is alWays taken. A conditional branch 
can be taken or not taken. The outcome of a conditional 
branch must therefore be predicted in some Way. One Way 
in Which the outcome of a branch can be predicted is via 
compiler generated “hints”. These hints are encoded With a 
branch instruction at compile time and are then decoded by 
a processor prior to When the branch instruction is executed. 
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[0077] Following is a description of a proposed improve 
ment to the IA-64 instruction set, the improvement being the 
addition of a long IP-relative branch instruction. 

Long IP-Relative Branch 

[0078] A long IP-relative branch can be implemented by 
adding a neW instruction template to the IA-64 set of 
instruction templates. This neW template is referred to herein 
as an MLB template, and is a class of MLX template 
Wherein a fairly typical IP-relative branch instruction is 
stored in the B syllable of the template, and additional offset 
bits corresponding to the IP-relative branch are stored in the 
L syllable of the template. More speci?cally, the B syllable 
of the template holds the core of a long IP-relative branch 
instruction, including an IP-relative branch’s usual 20-bit 
signed offset. The L syllable then carries an additional 
thirty-nine offset bits. As a result, a long IP-relative branch 
instruction is capable of carrying With it a 59-bit signed 
offset (i.e., a 60-bit offset). When instruction bundles com 
prise 16 bytes, and are 16-byte aligned, the addition of 60 
offset bits to the value of an instruction pointer enables a 
redirection of the instruction pointer to any bundle address 
Within a 64-bit address space. 

[0079] Long branch formats corresponding to the condi 
tional branch (cond) and conditional procedure call (call) 
formats of the eXisting single-syllable IP-relative branch are 
currently proposed. HoWever other formats of long branch 
could also be implemented, as Will be understood by one 
skilled in the art. Call and conditional formats of the long 
branch might look like: 

(qp) brl.cond.bWh.ph.dh target64 
(qp) brl.call.bWh.ph.dh b1=target64 call form 

brl.ph.dh target64 pseudo-op 

[0080] In the above notations, abbreviations stand for the 
folloWing: qp=qualifying predicate; brl=long branch; bWh= 
Whether prediction hint; ph=prefetch hint; and dh=dealloca 
tion hint. The target64 operand, in assembly, is a label Which 
speci?es a target to branch to. This is encoded in the long 
branch instruction as an immediate offset (imm?o) betWeen 
the target bundle and the bundle containing this instruction 
(imm6O=target64—IP >>4). As previously stated, the L syl 
lable of a bundle carries 39 bits of offset information, With 
the remaining signed 20 bits (i.e., 21 bits) being carried by 
the B syllable as in any other IA-64 IP-relative branch 
instruction. 

[0081] There is also a pseudo-op for long unconditional 
branches Which is encoded like a conditional branch (btype= 
cond), With the qp ?eld specifying PR 0, and With the bWh 
hint of sptk. 

[0082] The branch type determines hoW the branch con 
dition is calculated and Whether the branch has other effects 
(such as Writing a branch register). For all long branch types, 
the branch condition is simply the value of the speci?ed 
predicate register. For conditional branches, if the qualifying 
predicate is 1, the branch is taken. OtherWise it is not taken. 
For call-type branches, if the qualifying predicate is 1, the 
branch is taken and the folloWing actions occur: 

[0083] The current values of the Current Frame 
Marker (CFM), the EC application register and the 
current privilege level are saved in the Previous 
Function State application register. 
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[0084] The caller’s stack frame is effectively saved 
and the callee is provided With a frame containing 
only the caller’s output region. 

[0085] The rotation rename base registers in the CFM 
are reset to 0. 

[0086] A return link value is placed in BR b1. 

[0087] Read after Write (RAW) and Write after Read 
(WAR) dependency requirements for long branch instruc 
tions are the same as they are for single-syllable branch 
instructions. Furthermore, the values for various branch hint 
completers are the same as for single-syllable branch 
instructions. 

[0088] The target“ value is formed by adding the value of 
an instruction pointer (IP) to an addend formed, in part, from 
the offset bits carried by the L and B syllables of a long 
branch. For IA-64, the equation for calculating target64 can 
be as folloWs: 

[0089] Where i is the sign bit and imm20b is the 20-bit 
offset, Which together form the signed 20-bit offset already 
carried by a single-syllable branch instruction, and Where 
imm39 is the 39 additional offset bits carried by the L syllable 
of a long branch, and Where “4” is the number of loW order 
bits Which represent the fact that IA-64 architecture fetches 
instruction bundles With a granularity of 16 bytes. 

[0090] The core branch syllable of a long IP-relative 
branch instruction preferably looks just like a single-syllable 
IP-relative branch instruction, but for a difference in a single 
opcode bit Which distinguishes one from another. 

Micro-Architecture for Supporting Long Branch 
Prediction and Execution 

[0091] FIG. 2 illustrates a variety of structures for sup 
porting the prediction of a long branch Within a processor. 
The structures comprise, among others, an integrated loW 
level instruction/branch prediction cache 200 (sometimes 
referred to herein as simply an “integrated loW level cache”), 
distinct higher level instruction 206 and branch prediction 
208 caches, and structures Which assist in the update of 
branch prediction information Which is stored in the various 
caches. 

[0092] One should note that long branch instructions 
handled by the folloWing micro-architecture are predicted in 
the same Way that other branch instructions are predicted. 

[0093] 1. An Integrated LoW Level Instruction/Branch 
Prediction Cache 

[0094] Astructure Which is central to the FIG. 2 apparatus 
is the integrated loW level instruction/branch prediction 
cache 200. Although functionally operating as a single 
structure, this integrated loW level cache 200 conceptually 
comprises a loW level instruction cache 204 (the LOI) and a 
loW level branch prediction cache 202 (the LOIBR). See also 
FIG. 3. 

[0095] In the past, most processors have maintained 
branch prediction information in a cache Which is function 
ally distinct from a processor’s loW level instruction cache 
204. Part of the reason for this is that branch prediction 
algorithms Which have been used in the past have largely 
relied on global branch prediction. Global branch prediction 
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is a form of branch prediction in Which each retired branch 
instruction shifts a bit Which is indicative of its outcome 
(either taken or not taken) into a global branch history 
register. This global branch history register is then used to 
indeX a cache of 2-bit counters Which stores prediction 
histories for the various patterns Which the bits of the global 
branch history register can assume. Each time a retired 
branch updates the global branch history register, it also 
updates an appropriate pattern history counter. See, e.g., Yeh 
& Patt, supra. 

[0096] The accuracy of a global branch predictor depends 
heavily on the siZe of the global history register. There are 
tWo reasons for this. First, longer global histories have more 
information for distinguishing betWeen different prediction 
scenarios. Second, a longer global history register means a 
larger table of 2-bit pattern history counters, and thus less 
counter aliasing. Although global branch predictors can 
provide a very high level of accuracy When the right ratio of 
computer program branches to global history register siZe 
(and pattern history table siZe) is maintained, local branch 
predictors are advantageous for several reasons. For 
eXample, as Will be described in greater detail later in this 
description, local branch predictors alloW information Which 
predicts a “next fetch outcome” of a branch instruction to be 
determined at the time of a branch’s current fetch (Where the 
information Which predicts the neXt fetch outcome of a 
branch instruction comprises trigger information for predict 
ing Whether the branch instruction Will be taken or not taken, 
and if the branch is predicted to be taken, target information 
Which predicts Where the taken branch Will be taken to). 

[0097] Another advantage of local branch prediction is 
that it scales better for programs comprising a large number 
of branches. In other Words, as the number of branches in a 
computer program increases, a point is reached Where global 
branch prediction requires more chip area to achieve the 
same prediction accuracy Which is achieved by local branch 
prediction. Since the IA-64 softWare architecture is speci? 
cally designed for the efficient handling of large computer 
programs (and thus, programs comprising a relatively 
greater number of branch instructions), local branch predic 
tion is believed to be a better choice for implementing such 
an architecture. 

[0098] Since local branch prediction provides for deter 
mining at the time of a branch’s current fetch, information 
Which predicts a neXt fetch outcome of the branch, it makes 
sense to store information Which predicts a branch instruc 
tion’s neXt fetch outcome in a cache 202 Which is integrated 
With the cache 204 holding the branch instruction itself. By 
doing so, the prediction information can simply be looked up 
and used the neXt time the branch instruction is fetched. This 
saves time over having to Wait to access a global branch 
history register and its associated pattern history table after 
a branch is fetched, and then having to access (or even 
calculate) a branch target. FIG. 2 illustrates such an inte 
grated loW level instruction and branch prediction cache 
200. 

[0099] While one or more caches Which collectively func 
tion as a branch prediction cache can also be used to store 
information Which predicts a branch’s neXt fetch outcome, 
there are many advantages to using the integrated loW level 
cache 200 illustrated in FIG. 2. First, local branch prediction 
requires a more or less one-to-one correspondence betWeen 
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branch instructions and branch prediction information (since 
branch prediction information is maintained on a per branch 
basis). While one Way to establish such a correspondence is 
to increase the siZes of one or more stand-alone branch 

prediction caches, it Was decided that a better Way to do this 
Was to introduce an integrated loW level instruction/branch 
prediction cache 200. 

[0100] A loW level instruction cache 204 uses complete 
tagging (i.e., tags Which are large enough to uniquely 
identify the instructions stored therein). The cost of storing 
these complete tags is signi?cant, and a cache management 
structure Which is able to efficiently handle complete tags is 
costly to design, test and build. To store branch prediction 
information on a true per branch basis Would be equally as 
costly. HoWever, the integration of a loW level instruction 
cache 204 and branch prediction cache 202 under a common 
management structure 300 (FIG. 3) alloWs one to take 
advantage of economies of scale. Branch instructions and 
their corresponding prediction information can be retrieved 
from an integrated loW level cache 200 using a single 
addressing means. 

[0101] Furthermore, in order to alloW full-speed operation 
of a processor’s instruction pipelines, the access speed of a 
branch prediction cache 202 necessarily has to be roughly 
equivalent to that of a processor’s loW level instruction 
cache 204. The integration of a branch prediction cache 202 
With a loW level instruction cache 204 insures such a speed 
equivalency. 
[0102] A branch prediction cache could alternatively be 
implemented using one or more caches Which collectively 
function as a branch prediction cache. HoWever, to imple 
ment complete tagging in such a cache(s) Would be eXpen 
sive. Additionally, hardWare Would be needed to “associate” 
branch prediction information With the branch instructions 
to Which it corresponds. The cost of implementing a branch 
prediction cache could be reduced, for eXample, by using 
less than complete tagging in the cache. HoWever, this 
Would introduce an uncertainty as to Whether information 
fetched from the branch prediction cache truly corresponds 
to a branch instruction fetched from a loW level instruction 
cache 204. By integrating loW level instruction 204 and 
branch prediction 202 caches, prediction information corre 
spondence is knoWn to be accurate. 

[0103] Since not all instructions stored in a loW level 
instruction cache 204 are branch instructions, it necessarily 
folloWs that at any given instant, a lot of entries in the branch 
prediction portion 202 of an integrated loW level instruction/ 
branch prediction cache 200 Will not be used. HoWever, the 
advantages of 1) being able to leverage the management 
structure of a loW level instruction cache 204, and 2) alWays 
having prediction information ready and available When a 
branch is fetched, are believed to far outWeigh the relatively 
loW density of useful prediction information Which might be 
stored in such a cache 202. 

A. The LOI 

[0104] In a preferred embodiment of the LOI portion 204 
of the integrated loW level cache 200, instructions are stored 
in the LOI 204 in bundle pairs. Abundle pair of instructions 
comprises tWo instruction bundles, each of Which in turn 
comprises three instruction syllables and a number of tem 
plate bits. An exemplary instruction bundle pair Which might 






















