
;e3eojjkdl@<mn6,oTobl I4   EFFICIENT PROCESSING OF CLUSTERED BRANCH
INSTRUCTIONS ~G00002* Background of the Invention , Technical Field This
invention relates to microprocessor ' architecture) and in particular to a
system and method for processing branch instructions. ~acl~rgund 4;t Modern
processors have the capacity to process multiple instructions concurrently
at very high rates, with processor pipelines being clocked at frequencies
that are rapidly approaching the gigaher tz regime. Despite the impressive
capabilities of these processors, their actual instruction throughput on a
broad cross-secson of applications is often, limited by a lack of
parallelism among the instructions to be processed. While there may be
sufficient resources to process, for example, six instructions
concurrently) dependencies between the instructions tartly . allow all six
execution units to be kept busy, The problem is magnified by the long
latency of cartaia operations that gate subsequent instructions. For
example, long latency on a load instruction delays the execution of
instructions that depend on the data being loaded. Likewise) look latency
instruction fetches triggered by branch instructions starve the processor
pipeline of instructions to execute. Memory latency problems are
exacerbated on programs that have working sets too large to f t in the
nearest level cache. The result can be significant under-utilization of
processor resources. Consequently, there bas beta an increasing focus on
methods to ideatify and exploit the instruction level parallelism ("ILP")
needed to fully utilize the capabilities of modern processor. , Different
approaches have been adopted for identifying ILP rr and exposing it to the
processor resources. For example, Reduced   w0 99A9792 - PC"T'ItJS9SJZ I3'4
Instruction Sec Computer (RISC) architectures empioy relatively -simply,
fixed length instructions and issue them several at a time co their
appropriate execution resources. Any depend=ncies among the issued
instructions are resoled through extensive dependency checking and
rescheduling hardware in the processor pipeline. 



Some advanced processors also employ complex, dynamic scheduling techniques
in hardware. Compiler-driven speculation and predication are alternative
approaches that operate through the compiler to address the bottlenecks
that limit 1LP. Speculative instruction execution hides latencies by
issuing selected instructions early and overlapping them with other,
non-dependent instructions. Predicated execution of instructions r:duces
the number of branch instructions and their attendant latency problems.
Predicated instructions replace branch instruc:ions and their subsequent
code blocks with conditionally executed instructions which can often be
executed in parallel. Fredicztion may also operate in conjunction with
speculation to s;acilitate movement or additional instructions to enhance
parallelism and reduce the overall latency of execution of the program. One
side effect of the above-described code movement is that branch
instructions read to become clustered together. Even in the absence of
predication and speculation, certain programming constructs) e.~, switch
constructs and "if then else if' constructs, can cluster branch
instructions in close proximity. There is thus a need fvr systems and
methods that process clustered branch instructions efficiently. Summary Of
the Invention  -2   WO 99119'19Z pCTN599lZ1374 Tie present invention is a
method for processing branch instructions efficiently. It is generally
applicable co any pro=ramming strategy chat clusters branch instructions,
and it is particularly useful for instruction set architectures (IS As)
that support speculation and predication. I: accordance with the present
invention, one or more branch instructions are placed in an instruction
bundle. The instructions are ordered in an execution sequence within the
bundle, with the branch instructions ordered last in the sequence. The
bundled instructions are transferred to execution units indicated by a
template held that is associated with the bundle. The first branch
instruction in the bundle's execution sequence that is resolved taken is
determined, and retirement of subsequent instructions in the execution
sequence is suppressed. In one embodiment of the invention) branch
instructions. are characterized according to their complexity) and more
complex branch instructions are assigned to a selected position in the
bundle, In another embodiment et' the invention, the branch is a return
from interrupt) and control of the processor is returned to theinstruction
intheexecutionsequeacs following the
instructionchatencounteredtheinterruption(for traps), and to the
instructionthatencounteredtheinterruption(for faults). In yet another
embodiment of the invention, the branch is a return from call, and control
of the processor is returned to an instruction bundle 



following the instruction bundle that contained the original c311. Brief
Description of the Drawings ~ . The present invention may ,be ~ understood
with reference to the following drawings in which like elements are
indicated by like numbers. These drawings are provided to illustrate
selected ' -3   WO 99/199Z  embodiment; of the present invention and are
not intended to limit the scope of the invention. Fi,;s. LA and 1H are flow
diagrams of a code segment before and after modification by speculation and
predication, Fio. 2 is a block diagram of an instruction bundle for
providing instructions to a processor pipeline in accordance with the
present invention. ' Fig. 3 i5 a black diagram of a processor pipeline
including instruction buffer and dispersal stages suitable for
implernentinn the present invention. Figs. 4A-dC are block diagrams
indicating the flow of control when carious branch instructions are
executed in accordance with the prsent invention. ' Fig. 5 is a how chart
of a method ~ in accordance with the present invention for processing
branch instructions, Detalied Discussion of ebe Invention The following
discussion sets forth numerous specific details to provide a thorough
understanding of the invention. However, those of ordinar;r skill in the
art. having the benefit of this disclosure, will appreciate chat the
invention may be practiced without these specific details. In addition,
various well known methods) procedures) components, and circuits have not
been described in detail in order to focus attention on the features of the
present invention. The present invention is a sysccm and method for
processing branch instructions efficiently. In accordance with the
invention, branch instructions are grouped iri bundles that may also
include non-branch instructions. The bundled instructions arc ordered in r
an execution sequence with the branch instructions ordered last in -a   W O
991199Z PCfN5981~13'~ the execution sequence. This conliouration simplifies
the logic necessary to proc~;s branch instructions and facilitates
suppression of issued instructions following a taken branch, instruction
template is also provided for specifying allvWed combinations of branch and
non-branch instruc;ions. The template includes a plu: ality of execution
ordered slots) a template field, and a stop field. The template
accommodates branch instructions beginnin~ with the last slot in execution
order. Instruction slot assignments are indicated by the template field,
and groupings of independent instructions are indicated by the template and
stop Fields. The disclosed branch processing method is particularly useful
foe processing code in which branch instructions ate clustered in close
proximity. For purposes of illustration, various aspects of the invention
are described with reference to an exemplary ' Instruction Set A:
chitecture (ISA) that employs predication and speculation to reduce
latencies and expose ILP.. The clustering of branch instructions) described
below, which is a~ by-product of, - . these techniques, is efficiently
addressed by the present intention. Referring first to Fig. lA, these is
shown a control flow diagram of a code seCment 100 organized as a series of
basic blocs 120(a)-120(g) (collectively, basic blocl~ 120). .4 basic black
is a sequence of consecutive instructions that ate executed in order from
the first instruction of the sequence to the last instruction of the
sequence) without the possibility of halting or branching except at the
Izst instruction (Control transfers due to interrupts can, however, occur
becureea instructions is a basic block). Control flow diagram 104 may
represent, for exampla,, the control flow of a code segment prior to any
optimization by the compiler. 



-5   WO 99/7979 PCTN59821374 1.^.- the example, basic block 120(b)
terminates with a branch instruction (HR=) and rrans:ers control to basic
block 1:.0(c) or 120(d)) dependi:~g on the branch condition e:5at controls
BRZ. In one case , control :ZoWs through instructions in basic block 120(c)
to a branch instruc,ion (BR3), and in the second case, control Mows throu3h
the instructions of bask block 10(d) to a branch instruc:ion BRs
Predication allows HR2 to be eliminated and the Instructions of basic
blocks 120(c), 120(d) co~~bined. Refer:ino now to Fib. 1B, there is shown
the code of Fig. lA following predication. Here, HR2 is eliminated. The
predicate assignment (Pl. P2 = compare (?~~8)) is used to 'enerate
predicates chat control conditional execution of instructions following
BR2. The instructions of basic blacks 120(c) and 120(d) are combined and
predicated in basic block 120(b'). One effect of this operation is to mope
BR3 gad BR4 together. Additional clustering of bcaach irlstruceons may
occur, for example, by applying predication to BRA (Fig. lA) and collapsin5
the instructions of basic blocks 120(f] and 1200) into basic block 120(e').
Instructions may be hoisted from basic blocks 120(b') and 120(e') through
speculation. In addition. the predication process may be iterated with BRI
and 'its .daughter basic blocks 120(b') and 120(e'), further clustering
branc'n instructions. The exemplary ISA is noun described in greater derail
to provide a contczt in which selected features of the present invention
may be illustrated, In the exemplary IS.4, an instruction group is defined
as a group of instructions such that all of the instructions within the
group may be etecuted concurrently or serially with the cnd result bring
,identical (assuming, however, that tnetnory semantics ar_ sequential). The
compiler generates one or more instruction groups from a code segment using
the ~t - 6   WO 99/t9792 PCT/U598r:1 J7d above-described methods to reduce
instruction dependencies, reduce latencies and expose ILP. The instructions
of a group can be prodded to processor resources for concurrent processing
and retired r~lati~ely rapidly. The tnstruccions 'tn a group are bundled in
selected corbinativns. This bundling , as described below. ' speeds up
concurrent processing without requiring additional ' hardware. A program in
this ISA comprises a sequence of instructions, paced in bundles and
organized in instruction groups. The instruction groups are statically
delimited by stop bits that specify inter-inst-action group baundaric;. For
purposes of the following discussion, instruction execution can be
considered to occur in lour phases: 1. r~ad the instruction from memory
(fetch) 2. read the architectural state, if necessary (read) 



3. perform the specified operation (execute) - . 4. update the
architectural state, if necessary (update) In the a=emplary tS~. every
dynamic inst:uc:ion within an instruction group behaves as though its read
of the memory state occurs after the update of the memory state of a11
prior instructions in the instruction group. Similarly) every dynamic
instruction within an instruction group behaves as though its read of the
r~gi5ter state occurs before the update of the register state by any
instruction (prior or lacer) to that instruction group. Thus, within an
inswccion group) dynamic read after write (RAW) and write after write (WAW)
register dependencies are not allowed. but dynamic write after read
register drpenderlcies are allowed. Exceptions to these restrictions are
allowed for certain types of instructions, , , Dynamic RAW, WOW) and write
after read (WAR) memory dependencies are allowed within an instruction
group. That is)   WO 99A9?9: PC'TN598rZ1J7a load instruction will obser~e
the result of the most recent store to the same memory address, and in the
event of multiple stare instructions in the inscr,sction group to the same
address, memory will contain the result of the latest store following
execution of the instruction group. Hetureen instruction groups, every
dynamic instruction within a given instruction group behaves as thoujh it
is executed after the update of a11 instructions from the previous
instruction group. The exemplary IS:~ can support a rich instruction
vocabulary that takes advantage of compile time information. To do so)
instructions must be specified with sufficient bits to distinguish their
function. add:ess an expanded register set) and communicate the available
compile time information. In a 6Q bit IS A) instructions are preferably
provided in 1Z8 bit packets that fully specify grougs of three instructions
in selected combinations. ' These instruction groups are mapped to their
appropriate execution units through templates associated with the group and
are discussed in greater detail below. It is noted that the present
invention is not limited to architectures having a particular number of
bits, e.g. 64 bits. Howeve:, for ease of illustration) the Following
discussion is presented in terms of a 64-bit architecture, with the
understanding that persons skilled in the, art, haviag the beaefe of this
disclosure, will recognize the modification necessary to apply the
invention to other instructions sizes. Referring now to Fig. 2, there is
shown one crnbodiment of en instruction bundle 200 suitable for conveying
triplets of instructions in accordance with a 64-bit, implementation of the
present invention. Instruction bundle 200 comprises three r instruction
fields or slots 210(a)-210(c) (collectively, instruction _g  



W O 99/1979Z Pcrrus9eri3-ra slots ? 10). a template field 220, and a stop
field 230. Each instruction slot 210 includes an opcode field far
indicatin7 the instruction type, as well as operand fields for specifying
information necessary to implement the instruction and any included compile
time information (hints). Template field 220 encodes the position of any
instruction group boundaries within instruction bundle 200, as well as a
template type that indicates how instruction slots 210 are mapped to
execution units. here, an instruction group boundary idrncifies, the last
instruction in an instruction group as defined above. Stop field 230
indicates when an instruction group boundary coincides with the last
instn~ctlon slot of bundle 200. Thus, te-nplate field 220 specifies the
configuration of instructions within bundle 200, and with stop field 2~0,
indicates the boundaries between adjacent instruction groups. Instruction
bundle Z00 thus communicates a substantialamount of information. In
addition to the identity of the instructions in slog 210, instruction
bundle 200 indicates an execution order for the instructions (left to right
semantics in the . disclosed embodiment- slot0 precedes slot 1, etc.)) the
location of any instruction group boundaries in the bundle (via template
and stop fields Z20, 2~0, respectively), and the mapping of the
instructions to corresponding execution units (via template Feld ?20). In
one embodiment of instruction bundle 200, slots 210 are 41 bits each)
template field is 4 bits, and stop field 2?0 is one bit for a total of 128
bits. Referring fast to Table 1, there-is shown a list of widely supported
instruction types that are also supported in the exemplary 64-bit IS~_
Here, I) M" F) , and B-units refer to integer, memory, floating point, and
breach execution units, respectively, suitable far executing the indicated
instruction types. _g_   W o 9911979Z - Table 1 PCT~'US9AIZ 137 INSTR
~I~NDESCRIPTION;EXE~LTIc7N r~;~l~T TYPEA IIncege: ~.LUI-unit oc ~i-unitI
IIkon-ALL' integer1-uni t1~(MemoryM-unitFi Floating Point~ F-a ni cB~
Broach( B-unitLI Long Inter^ZediateI-unit Referring flow to Table ~, there
are listed instrsct:on combinations (templates) and their corresponding
template designations in one embodiment of the present invention. ~Tertical
parallel lines between entries indicate an instruction group -boundary that
falls within an instruction bundle. Instruction templates) such as those of
Table 2) preferably refle~t those combinations of instruction/data types
that arise most frequently in selected cross-section of application
programs. Templates like chose or Table 2 rnay be identified, far example,
by running sample code and observing which instruction combinations occur
most frequently. In the present invention, templates that include branch
instructions (branch templates) also reflect hardware efzlcieacy and timing
considerations, as described below. Templates 8, 9, H, C, and E of Table Z
each accommodate one or mare branch inseructions. In order to facilitate
processing of inswction groups and suppression of instructions subsequent
to taken branches) the branch instructions) are assigned beginning with the
last branch fTOm a cluster~~~in the rigbta'nost slot (siot2) of an
instn:ction bundle. Preceding branches in the execution orde~t 



-to   w0 99IL9~9a - PCTN598r11~'14 are placed in slots to the left of the
most recently placed branc;~. This is continued until all branches are
accommodated.. In the exemplary ISA, this order retlects the execution
orc'er used to evaluate instruction decendency within an instruction g:oup.
Table Z 'I' .~"ra,~ ~LS O? QS L O'I' 1L ~3 T Z0
~NI-UrtitI-L'tutI-Unit1M-UnitI-Unit III-UnitZM-UnitL-UnitI-L'nit1a ~Nt-I:
nitM-UrstI-Utut5 ~W-Unit 11MI-UnitI-t; nit6M-UnitF-UnitI-Unit7
(vt-L'n.itM-UtutF-Unit8M-UnitI-UnitH-Un.tc9
Ivi-UnitE-UnitB-Utut8B-L'tutB-UnitH-UnitC( M-Unit~1-UnitB-UricEI
M-UricF-UricB-UnitFI The templates of Table 2 accommodate clusters of up to
three branch instructions in a template and multiple branch templates can
be employed to process branch clusters in excess of three. Program code
se?ments are divided into one or more instruction . groups. Each
instruction group is~ divided into instruction bundles 20~ for processing
based on tettsplates, such as those oz Table 2. ~ -ll   WQ 9911979
PCT/US98/t13 % a The bundled instructions of an instruction group can br
issued to the ez=cution unns of a proc~sSOr rapidly and without need For
subsequent reconciliation of instruction dependencies. Where dependencies
wiehin an instruction sequence can not be eliminated, an instruction group
boundary is inserted and bundling, in accordance with, e.g. the templates
of Table 2, begins anew. The advantages of instruction bundles Z00 for
concurrent proc;,ssing of instructions will now be discussed. In
particular, the role of exemplary branch templates 8, 9, E. C) and E, in
speeding ins~ucuon execution and transit:oning between instruction groups
is detailed. As noted above, ins~uction bundle 200 can be modi:ied
aporopriately to accommodate different instruction sizes and architectures.
In the following discussion, a template refers co a specific configuration
of instructions in an instruction bundle. Referring now to Fig. 3, these is
shown a biotic diagram of selected stages or a processor pipeline 300,
including an instruction buf~e: stag_ 310 and a dispersal stage 350.
Instruction buffer stage 310 includes an insttvction buffe: 3=0 for
r_ceiving . instruction bundles 200, and dispersal stage 3~0 includes a
dispersal network 340 for routing instructions from instruction buffer 320
to execurion units (not shown) in a subsequent stage o~ pipeline 300.
Presentation latches 31Z(0)-31Z(5) (collectively, presentation latches 312)
ac the boundary becwcea instruction buffer stage 310 and dispersal stage
350 couple instructions From instruction buffer 320 to dispersal network
340. Issue ports 360 at the boundary of dispersal stage 3S0 couple
instructions from dispersal network 340 co execution units (not shown) in a
subsequent stage of pipeline 300. ' In the disclosed embodiment, - issue
ports 360 provide access co a pair or memory execution units f (M0, M I ),
a pair of integer execution urucs (I0, I1), a pair of floating   W O 99~ 19
% 9: PCTN598r1137d point e~ecut:on units (F0, F1 ), and a caplet of branch
exCCUtion units (B0, 131) B2). Other type; and combinations or execution
units may be impleruented in ptpe!ine 300. consistent with the present
in~ention_ In the disclosed embodiment of pipeline 300, instruction buf:er
320 comprises, e.g., eight bundle entries 322(a)-322(h) (collectively,
entries 322), each having three slots designated 0 tv Z in execution order
Here, execution order is a sequential ordering from slot 0 to slot 2 that
reFlects the seCUendal ordering of instructions within an instruction
group, For example, where instructions are provided using the exemplary
ISA) pipeline 300 ensures that an instruction in slot 2 that reads a memory
address, does so after the memory address is updated by an instruction in
slot 1 or slot 0 of the same instruction bundle or by any instruction in a
preceding instruction bundle of the instruction group. , In the disclosed
embodiment, instruction buffer 320 is shown having 8 entries for purposes
of illustration. The present invention may be implemented using buffers
having more or less than 8 entries in a variety of configurations. Zn one
esnbvdirrent, buFfer 320 may be an instruction cache. Instructions from a
bundle entrf 3Z2 are provided to corresponding presentation latches
312(0)-312(2) for coupling to dispersal network 3d0. As indicated in 1=ig.
3, pipeline 3d0 is capable of processing instructions from two bundle
entries, e.g. 322(h), 322(g), concurrently) so that up to 6 inswctions can
be issued per clock cycle, depending on the availability of resources.
Alternative ~ embodiments of instruccien buffer stage 302 include) for
example, three presentation latches, e.g. 312(0)-312(2), fed by a single
entry 3Z2, or in general, multiple latches fed by 1 or more entries 3Z2.
-13 



WO 9911979:. P CTN 59 Br1137i The number of branch instructions chat can be
handled concurrently is limited only by the branch execution resources
provided. In pipeline 300, up to thrc_ branch inst:uctions from the same
bundle can be executed concurrently. L`' an additional three branch
execution units are provided) up to sip branch instructions could be
processed concurrently. Similar expanstons are possible for each of the
different types of ezecution units. Dispersal logic ~?0 is associated with
instruction bufrer 320 to read a template, e.g. template field Q20,
associated with each . instruction bundle 200 in entries 322 and provide
appropriate routing information to dispersal network 340, Dispersal network
340 thus maps instructions in bundle entry Q22 to issue por`s 360 for
different . execution units) according to data provided in template field
220. In the disclosed embodiment of pipeline 300, a first branch prediction
module 370 is associated with slot 2 of bundle entries 3Z2 to provide early
access to hint information for selected branch instructions. A second
branch prediction module 380 is coupled to dispersion network 340 to
provide access to additional branch hint information in dispersal Stage
30~. In this embodiment) second branch prediction module 380 accesses data
from instructions originating in any of slots 0-2 of bundle entry 322.
Referring again to Fig. Z and Table 2, instruction bundles 200 are
generated to accommodate branch instructions in slots that fall lacer in
the execution order of the bundled inswctions. For example, where the
instruction group includes an isolated branch instruction, the branch
instruction is assigned to slot2. Template 8, C) or D is employed,
depending on the types of instructions that precede the branch instruction
in execution order. T~mplate 8 is appropnate where the bunch instruction is
preceded by ' _1s_   W O 99I19792 PCTNS9A/I1J74 instru~:tions slated for a
memory execution unit and an integer execution unit in execution order.
,Dispersal logic 330) reading template 8, e.g. in field 220, indicates to
dispersal network 340 to route the instructions tn slats 0, 1, and Z to
ports 360(1a0), 360(I0), and ~60(HR?), resnecti~ely. Where two brzach
instructions are clustered, they are aligned adjacent to each other in sloe
Z and 1 of an instruction bundle 200, leaving siot 0 available far a
non-branch instruction) e.g. a memory type instruction. Where three branch
instructions are adjacent) a11 three instruction slots may be assigned to
the branch instructions (since three branch execution units are available
to process the bronco instructions concurrently). Bundling branch
instructions in later executed slots of buffer entries 322 provides a
cumber of benefits for branch processing. For example, because taken
branches resceer instruction fetch to a new address, they terminate
instruction Groups. This means that retirement of any instructions in the
instruction group that follow the taken branch instruction in execution
order, has to be Suppressed. When the instructions to be suppressed are
nonbranch instructions) this operation imposes significant pressures on
pipeline 300_ For example) if memory or integer instructions followed a
branch instrsctian in execution order in an entzy 322) signal transmission
from the branch execution unit (which resolves 



the branch) to the memory or integer unit (which suppress the memory and
integer instructions) azay entail significant cimc delays relative to the
clock cycle time of the pipeline stages. Where the talon branch inscrucdoa
is followed in execution order by other branch instructions in the bundle,
the following branch instructions can be suppres9ed cfficietltly by the
branch logic, since branch execution units are typically localized on the
processor. r -15   WO 99I1979. pcrms9er~t3~a A;iother feature of the
present invention is that branch instructions may be characterized
according to their complexity and scheduled into selected instruction slots
of entries 3ZZ) e.g. via instruction bundles 200. For example) more complex
branch instructions may be scheduled into the last instruction slot i~
execution order (slot Z, in the disclosed embodiment). In this context,
complex branch instruction are those that era lik~ly to be resolved later
in pipeline 300 and include loop branches and return from interrupt (RFI)
instructions. Because these instructions ace resolved later in the
instruction pipeline, there is less time to suppress retirement of any
(branch) instructions that follow them in an instruction bundle if the
branches (loop, Rrl) are resolved taken. This could lead to pipeline
stalls, reducing processor performance. Assigning complex branch
in~:ructions to a selected slot,' e.g. slot 2, has the added advantage that
the hardware necassarlr to support complex branches need only be provided
at the selected slot, e.g. branch execution module 390 in Fig. 3 . TSis
reduces the , complexity of branch hardware With the disclosed
configuration) the demands on the branch prediction logic are reduced since
only one branch instruction is executed per bundle. Consequently) the
branch prediction logic need only predict one branch per bundle. . Other
advantages that Flow from bundling branch instructions in accordance with
t5e present invention and terminating instruction groups following the
first talon branch m the oundie may be understood with rerere:yce to Figs.
4A-4C. Referring First to Fig. 4A, there~'is~ shown a sequence of
Instruction bundles L. L+? . . . L+5 representing a sequence of F
instructions in a progra.rn. For simplicity) it is assumed in Figs. 4A -(6
WO 99I19%92 PCTIU598r11J74 and ~.5 -that one instruction bundle (three
Instructions) executes at a time, although the 6d-bit architecture
discussed above can accommodate concurrent execution of multiple bundles,
such as the 2 bundles shown in Fig. 3. Execution order within a bundle r.
from left to right (slot 0 to slot 2 within a bundle). ' In the figure)
bundles L through L+2 represent an instruction group (IGL) that terminates
when BR1, a procedure call, is taken. The procedure is itself an
instruction group (iGM) comprising instruction bundles yt to M+Z. The
procedure etecutes and returns 



control of the processor to the instruction group represented by bundles
L=3 to L+~ (IGL') when return from call (B R4) is taken (I~ the disclosed
example, HR3 is not taken). If neithe: 8R1 nor HRZare taken, IGL includes
the bundles of IGL'. T5e configuration of branch instructions in the
present invention means that when HR? is taken, only HR2 needs to be.
suppressed) and since is i~ also a branch insuvction, it can be suppressed
efficiently by the same branch logic handling BR1. Similarly, when return
from call (ER4) is taken. HRS of IGM may be readily suppressed without
putting pressure on the back end of the pipeline. another feature of the
present in~eauon is that target addresses for branch instructions are
defined on bundle boundaries. Thus) call HRI branches to slot 0 of bundle
M) when taken. a.ad call return BR4 branches to slat 0 of bundle Lt3, when
taken. Processing o1 returns from procedure calls is thus bundle granular ,
i.e. target bundle. This lrrtlits a branch target and Referring noun
bundles L) H co H addresses need not specify a slot within a the number of
address bits required to specify extends the "re,ach'~ ,af a branch
instntctioa. to Fig, 4B, there is shown a sequence of ~ 2 processed during
an intemtption. In the ' -17   WO 99I19^9Z PCTIU598~ 17'1a figur_, a~
interrupt triggered by ezecution o; the memory type instruction (M) at
bundle L, slot 0, pas~es control to an interrupt handler (Instruction group
H). The interrupt handler is terminated by a return frog interrupt (RhI)_
Unlike other branch instructions) which are bundle granular, RFI is
preferably slot g:anular, allowing exceptions to be processed in execution
order. I: the interruption is a trap, as indicated in Fig. 4H, control is
returned to the (M-type) instruction at slot 1 or bundle L once the
instruction handler processes the trap. Ir the jnterupcion is a fault,
control would return the instruction chat generated the fault (bundle L,
slot 0), Slot Qranular exception handling may be accomplished by saving to
a registe the slot location of the instruction that was executing when the
exc~ptton was encountered, The rebister may be read to provide a return
address for a fault or read and inc:emented to provide a return address for
a trap uhen the RFi is executed. ' -Slot granular interruption processing
has advantages in that it greatly simplifies interrupt exception
processing. . Referring now co Fig. aC) there is shown an instruction group
(IGL) comprising bundles L to L+5, where LS terminates in a branch
instruction HR6. The bundles are shown for the case of pipeline 300, where
alternate bundles are fed to presentation latches 312-0) - 31 Z(5). Here,
IGL represents a sequence of instructions forming a loop. Because branch
instructions are scheduled later in the execution sequence of a bundle,
e.g. slot 2 of bundle L+5, more instructions can be accommodated in the
loop sequence without adding additional instruction bundles. 1n a preferred
embodiment of the invention, loop branches and RF'Zs are considered complex
branch instructions and are scheduled in slot 2.. In the case of the loop
branch, more instructions are accommodated in the loop far a given number
of instruction bundles. In the case of an RFI, logic _lg_   WO 99119792
PCTNS99rr137a far reading the instruction granular return address need only
be provided for slot 2. Although the above examples disclose processine of
multiple branch instructions in clus;ers of three or less, it is understood
that the present invention may accommodate any number of clustered branch
instructions concurrently. For example) a cluster of seven branch
instructions could be accommodate in three instruction bundles. When the
first branch instruc:ion is resolved taken terminating, any branch
instructions that follow in execution order, Referring flow to Fig. S)
there is shown a flowchart indicating a method 500 ror implemeatin2 the
present invention. Recording to method 500, an instruction bundle is
received 510 and instructions are loaded 520 into an instruction buffer
with any branch instructions loaded to the last slots in the execution
order (Eo). The instrucuons are then transferred 530 to appropriate.
ezecution units according to a te:aplate associated with the instruction
bundle. If no branch instruction is resolved talon 540 



(either because none are present or none of the branch instructions present
are resolved taken), the next instruction bundle is received ~ 10 >or
processing. If a branch instruction is resolved taken 540, a11 subsequent
instructions in the bundle execution order are suppressed 5~0. If the
branch is determined 560 to be a return from interrupt (R~)) the
instruction pointer is adjusted 580 to return control to the appropriate
instruction within a bundle (slot granular). Lf the branch is determined
560 to be other than an RFI) the instruction pointer is adjusted 570 to
return control to the appropriate instruction bundle. , , , There has thus
been provided a system and method for r processing branch instructions,
whereby one or more branch ` -l9   WO 99/1992 Pcrmsvem s instructions are
provided in execution ordered instruction bundles. The branch instructions
are ordered last in the execution sequence of the bundle, and the
instruction assignment is indicated iz a template field associated with the
bundle, to 5pecd issue to the execution units of a processor. The ordering
of the branch instructions in the bundle allows for efficient suppression
of instructions subsequent to a taken branch inswctivn. The disclosed
solution enables ~ simplir:c3tion of the overall hardware nec:ssary to
support multiple branches. It also increases branch reach through bundle
granular addressing of procedure calls and returns. yet maintains the
simplicity of slot granular exception processing. Selected features of Lhe
present invention have been described with reference to an exemplary ISA
for purposes of illustration only. References to this I5A end to details of
the ' particular embodiments desc:ibed herein are not intended to limn the
scope of the appended claims, -zo   Replacement sheet 05 April 2002 05
A~r:~ 7.vol What is claimed is:  1. A method for compiling instructions
into an N-instruction template comprising: identifying first through Pr"
branch instructions in execution order, wherein the P~" branch instruction
is a first complex branch instruction of the P branch instructions;
assigning N-P non-branch instructions that precede the P branch
instructions in execution order to first (N-P) slots of the instruction
template; assigning the first through P-1 s` branch instructions to next
(P-1 ) instruction slots of the instruction template; assigning the first
complex branch instruction to a last instruction slot of the instruction
template; and assigning a value to a first field of the instruction
template to indicate instruction types and slot assignments for the N
instructions. 



2. The method of claim 1, wherein the first complex branch instruction is a
return from interrupt instruction or a loop branch instruction and
assigning the first complex branch instruction to the last instruction slot
comprises assigning the return from interrupt instruction or the loop
branch instruction, respectively, to the last instruction slot. 3. The
method of claim 2, further comprising assigning a value to a second field
that indicates an instruction grouping. 4. A compiler-implemented method
comprising: identifying a sequence of branch instructions in a basic block
of a computer program; identifying a first complex branch instruction among
the branch instructions; identifying in the basic block a sequence of N
instructions in execution order that terminates with the first complex
branch instruction; , assigning the sequence of N-instructions to first
through Nr" instruction slots, respectively, of an N-instruction bundle;
and 21   Replacement sheet 05 April 2002 0 ~` /~'pt'~ ~ ZeoZ assigning a
value to a template field of the instruction bundle to indicate instruction
types for the N-instructions. 5. The method of claim 4, wherein identifying
a first complex branch instruction among the branch instructions comprises
identifying a first complex branch instruction in execution order. 6. The
method of claim 5, wherein the first complex branch instruction is a return
from interrupt instruction or a loop branch instruction. 7. A
machine-readable medium on which are stored instructions that may be
executed by a processor to implement a method comprising: identifying a
sequence of branch instructions in a basic block of a computer program;
identifying a first complex branch instruction among the branch
instructions; identifying in the basic block a sequence of N instructions
in execution order that terminates with the first complex branch
instruction; assigning the sequence of N-instructions to first through N~"
instruction slots, respectively, of an N-instruction bundle; and assigning
a value to a template field of the instruction bundle to indicate
instruction types for the N-instructions. 22
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