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SING A SECOND LEVEL BRANCH PREDICTION TAR

EIELD O Ol
The present invention relates to computer systems and more particularly

to a processor that performs branch prediction using first level and second level

branch prediction tables.

GROUND O El NTIO

Advanced processors employ pipelining techniques to execute
instructions at very high speeds. On such processors, the overall machine is
organized as multiple-pipélines- consisting of several cascéded stages of
hardware. Instruction processing is divided into a sequence of operations, and
each operation is performed by hardware in a corresponding pipeline'stage -
(“pipe stage”). Independent operations from several instructions may be
processed simultaneously by different pipe stages, increasing the instruction
throughput of the processor. Where a pipelined processor includes multiple
execution resources in each pipe stage, the throughput of the processor can -
exceed one instruction per clock cycle. To make full use of this instruction
executiori capability, the execution resources of the processor must be provided
with sufficient instructions from the correct execution path.

In a typical computer system, an instruction pointer (I1P) directs the
processor from one instruction of the program code to the next instruction. An
instruction might direct this IP to the next instruction in the normal program code
sequence, or it may direct the IP to skip a portion of the program code and

resume execution with a non-sequential instruction. The instruction that causes
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the processor to eithelf p_ont_inu_e. executing the next instruction in sequence or

“branch” to a different, nbn-seqqéntial instruction is ¢alléd a branch instruction.

For example, when a word.processor does -spéll—checking. software
instructions are executed to verify that each word is spelled correctly. As long as

the words are spglled: qorredtly, the instructions execute sequentially. Once an

| inco}rectly spelled word is found, however, a branch instruction directs the IP to
~ branch to a subroutine that notifies the user about th_é incorrectly spelied word.

" This subroutine is then executed by the processor.

Branch instructions pose major challenges to keeping the pipeline filled

| '\.N.ith:._instru:ctiqns fro_tp" the corr‘_gct' .exéc;Ution_ path. When a branch instruction is .

~ executed and the br’énch' condition. met, control flow of the processor jumps to a
, new code sequence, and in_s_trt_nctién:sﬁ__ffom the new code sequence are.
~ transferred to the pigeline. Bf’é_nch _ekécutioh typically occurs at the back end of |
~ the pipeline, while in's,_t_r_u_ctign.s___. are fetched at the front end of the pipeline.- if
| instfuction_ fetching relies on branch execution to.détermine the correct -

~ execution jpat'h. the processor pipeline may be filled with instructions from the

wrong execution path.before' the branch condition is resdlved. These

~ instructions would then have to be flushed from the pipeline, leaving resources

in the affected pipe stages idle while instructions from the correct execution path

are fetched. The idle pipe stages are referréd to as 'pi_peiine bubbles, since they
provide no useful output until they are filled by instructions from the correct

execution path.

Modern processors incorporate branch prediction modules at the front

endé of their pipelines to reduce the number of pipeline bubbles. When a
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branch instruction enters the front end of the pip.e!ing".iéie branch prediction
module predicts whether the branch instruction will be taken when it is executed
at the back end of the. pipeline. if the branch is predicted taken (non-sequential

instruction execution), the branch prediction module provides a branch target

. address to the instruction fetch module, redirecting the [P by setting the IP

address. equal to the address containing the first instruction of the branched

_program code.. The address containing this first instruction- of the branched -

code is calle(_i the “target address.” The fetch module, which is also located at
the front end of the pipeline, begins fetching instructions from the target:
address. If, on the other hand, a branch predictor predicts that a branch will not
be taken (sequential instruction execution), the branch predictor inbrements the - -
IP address so that the IP points to the next instruction in the normal program-
code sequence. When branch execution occurs in. the backend of the pipeline,
the processor can validate whether the prediction made in the front end was:
correct. If incorrect, the pipeline is flushed. The higher the branch prediction
accuracy, the fewer the number of pipeline bubbles and flushes.

Conventional branch prediction modules employ branch target buffers
(BTB;) to store prediction entries containing information such as whether a-
branch will be taken and the likely target address when the branch is taken.
These branch prediction entries are associated with. the IP addresses that
contain the branch instructions. For éach IP address that is tracked in a branch
prediction table, its associated branch prediction entry includes the IP address

along with historical information that is helpful to predict whether or not the

branch will be taken in the future. However, even the process of looking up an
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instruction in the BTB, d_eterrnining-whether the branch is taken, and providing a
target address to the fetch module on a taken-' pr‘ediction causes a delay in
resteering the processor to the target address -This delay allows" mstructtons
-from the wrong execution path to enter and propagate down the pipeline. Since
these instructions do_n_o,t add to for-ward'progress.-on ::the predlcted execution
path, they create “bubbl_,e_s" in the pipeline when':they are flushed. “More accu'rate
andﬁ'cor'np:le,_te branch prediction algor.ithms (-using larger sized branch tables)
take longer to. complete and generate greater delays in the resteer process.
The greater the number of clock cycles required to resteer the pipeline, the
greater the number of bubbles created in the pipeline. Thus there is a tradeoff
between the speed of access of the branch prediction structures, and the size
and accuracy of the content in these structures.

For speed and cost reasons, '.mgdem processors often limit the size of
the. BTB employed.. This rednces'the-accuracyzof the branch detection and
prediction, especially on. large workloads. Given the smaller size of the BTB, a
new branch preductton entry sometlmes must overwnte an older branch
prediction entry. If a branch instruction associated wnth an overwritten branch
prediction entry is then re-executed by the processor, no historical information
exists to help the bran_ch; predictor predict whether.or; not the branch should be

taken. As a result, branch prediction accuracy decreases, reducing processor

- performance. As the size of software applications increases, the number of

branch instructions in those applications increases, and the limited size of the
branch prediction table becomes a significant problem. Thus there is a need to

provide a solution that yields low latency branch predictions for the most -

.4-



. WO 00/14628 o . _ - PCT/US99/19892

frequent subset of br;nbhes (those with high locality), é.'hd yet provides
meaningful predictions for the overall working set.
UM OF THE | ION
- A branch predictor is described. A first branch prediction table is coupled

to an IP generator to store branch pfediction entries. A second branch
pmdicﬁon table is also coupled to the IP generator to store a greater number of
branch prediction entries.

in accordance with an embodiment of the present invention, the two level
branch prediction structure may be found to combine the benefits of high speed
(low latency) branch prediction and resteering for the highest locality of
brénches, with overall high accuracy branch detection and prediction for the
overall working set at large, albeit at reduced speed. This may be
accomplished without significant die size growth.

Other features and advantages of the present invention will be apparent

from the accompanying drawings'and the detailed description that follows.

- BRIEF DESCRIPTION OF THE DRAWINGS

* The present invention is illustrated by way of example and not limitation in
the figures of the accompanying drawings in which like references indicate
similar elements and in which:

Figure 1 is a flow chart showing a method of the present invention.

‘Figure 2 shows a branch prediction pipeline in accordance with an
embodiment of the present invention; and,

‘Figure 3 shows the branch predictors of Figure 2.

DETAILED DESCRIPTION
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A branch predict_p_l:_,_for- a processor having first level and secpnd level
branch prediction tables is described. - An initial i_nst_iuction pointer (IP) address
is generated by an IP generator. The first levgl-(L1-)'_- prahch- prediction table
(BPT) __and the second level (L2) BPT are sea_ﬁ-_:h_ed for branch prediction entries

associated with the ihi_tia_! IP address. For one embodiment.of the present

_ i_nventiqn,_th___e L1 BPT is associative (i.e. fully associative or multi-way set

associative) and the L2 BPT is direct-mapped.

Becaus__e_ the L1 BPT is associative, branch prediction entries are tagged,
and these tags, along with bfanc_h prediction information, are stored in the L1
BPT. Branch__predicgjgn __elntrjeg in the Qirectemapped L2 BPT are untagged, so
only branch pr:e_d:ictio_n__ i_nfp_rma_tipn is stored in the L2 BPT. Because the branch
pfédiction entr_ie_s in the L1 BPT are largg_r_ thgn___,the branch prediction entries in

the L2 BPT, the L2 BPT can have more branch prediction entries in the same

“amount of space as the L1 BPT Therefore, _.a_lthqfugh__t_he L1 BPT may be more

accurate and faster than the L2 BPT, the L2 BPT acts as a “back-up” to the L1
BPT, allowing:.additional branch prediction information to be stored for a -
relatively small increase in processor size. By including both the L1 BPT and
th_e L2 BPT in.a processor, branch prediction accuracy and overall speed may
be simultaneously improved without a significant increase in hardware -cost.
Additional, modest increases in the size of the L2 BPT can further enhance the
overall storage capacity to be able to. hpld the bulk of the branches in programs
with large working sets. |

If a branch prediction entry associated with the initial IP address is found
in the L1 BPT (called a "hit” in the L'1 BPT), then the branch prediction
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information associated"-.\:vi“th the entry is used to predict a branch as being taken

or not taken (i.e. to predict the subséquent IP address). If a branch prediction

_entry associated with the initial IP address is not found in the L1 BPT (called a

“miss” in the L1 BPT), then the instruction associated with the IP address is
decoded to determine if it is a branch instruction. If it is a branch instruction,
then the branch prediction information from the L2 BPT is used to predict a
branch as being taken or not taken.

For an alternate embodiment of the present invention, the software
provides hints to the processor to aid in branch prediction. For this
embodiment, these hints are used to determine whether to use the branch -
prediction information from the L2 BPT or branch prediction information
encoded in the software itself to predict a branch as being taken or not taken.

A two level branch predictor design such -as this may be found particularly . -
useful for processors that are tasked with executing large applications, suchas
those that run on servers and workstations. A more detailed description of
embodiments of the present invention, including various configurations and
implementations, is provided below.

Figure 1 is a flow chart showing a method of the present invention. At
step 205, L1 and L2 branch prediction tables are searched for branch prediction
entries associated with an initial IP address. The L1 BPT is a tagged,
associative table and the L2 BPT is an untagged direct-mapped table. For one
embodiment, the L1 BPT stores fewer branch prediction entries than the L2
BPT, but the L1 BPT is faster and provides for better branch prediction accuracy

than the L2 BPT. Because the L1 BPT stores fewer branch prediction entries,
7-
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‘the L1 BPT stores only those branch prediction entrie;s that are most recently
used and, therefore;-mqs_t likely to be dsed: again in th'e‘ near future. -

.. Atstep 210 of Figure 1 itis detemined.whethér or not there is a hit in the

L1 BPT associated with the ihitial P a_ddr.e;ss. if fhe;é-is a hitin the L1 BPT, itis
next determined at step 215 whether or not the branch prediction information in
the L1 BPT associated with the initial IP address i'ndicates that the branch
should be bredicted. as taken. If the branch-'is_ predic:ted to be taken, then at step
220 the subsequent IP- address is resteered to an ac_idress from the TAC or
RSB. If, instead, the branch is predicted to be not taken, then at step 225 no
resteer signal is sent. |

If there is-no hit in the.L1:BPT (a miss in.the L1 BPT), a decoder decodes
at least a portion of the instruction at step 230 of Figure 1 to determine if the -

. instruction associated with the initial IP- address is a_;bfanch instruction. If the
instruction is deteérmined to be a branch instruction, a target address is-also

- decoded by the decgd_er at step 230 as .well;as whether or:not'the instruction is
a return. .For an embodiment in:which branch prediction hints are provided to
the branch predictor by branch instructions, the decoder also decodes this: hint
information at step 230.

If it is determined at step 235 of Figure 1 that the instruction is not a
branch instruction, then at step 240 no resteer.signalli_s sent. If the instruction is
determined to be a branch inst_ructi.bn_. then it is next determined at step 250
whether or not a hint associated with the branch instruction is static. Note that
for an alternate embodiment of the present invention in which hints are not -

implemented, steps 250 and 260 are eliminated, and. if the instruction is
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determined to be a branch, then the prc;cess flow sklbsfrom step 235 to step
255.

- . lf the hint associated with the branch instruction is not static (i.e. itis
dynamic), then it is next determined at step 255 of Figuré 1 whether or not the
branch prediction information in the L2 BPT associated with the initial IP
address indiéates that the branch should be predicted as taken. If the branchis
predicted to be taken, then at step 265 the subsequent IP address is resteered, -
predicting the subsequent IP to be an address from the TAC, the RSB (if the
instruction is determined to be a return instruction), or an address decoded by
the decoder. If, instead, the branch is predicted to be not taken, then at step 240
no resteer signal is sent.

If, instead, the hint associated with the branch instruction is static, then it
is next determined at step 260 of Figure 1 if the hint indicates whether the - -
branch should be predicted as taken or not taken. If the branch is hinted to-be

taken, then the process flow proceeds to step 265 as described above. If,

“instead, the branch is hinted to be not taken, then the process flow proceeds to

step 240 as described above.

Note that in accordance with an embodiment of the present invention,
branch predictions made at steps 220 or 225 of Figure 1 are completed earlier
than branch predictions made ;t steps 240 or 265.

Figure 2 shows a branch prediction pipeline in accordance with an
embodiment of the present invention. According to the pipeline of Figure 2, the
output of IP multiplexer 10 provides an initial IP address to incrementer 20, first

level (L1) branch predictor 21, and second level (L2) branch predictor 22.
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_Incrementer 20 appropriately increments the initial IP address to create a -
subsequent |P addréss. and provides the subsequent IP address back to the
inpu_t of IP multiple,xtiar 10 during a first pipeline stagé. IP incrementor 20 takes
an initial |P address f.and increments it by a predetermiﬁed amount. The -
predetermined amount that is added to the initial IP ad'cjlress is the difference
between 2 consecufive memory addresses. that store é:onsecutive instructions,
‘or groups of instmcﬁons, of the program code being e¥ecuted.

L1 branch prgdiqt_or 21 may generate a reste_gr signal and provide this
signal to an input to IP Con_tr_él 11. . This -signal-indicéteé whether or not the
subsequent IP address is sequential to the initial IP address. If L1 branch -

. predictor 21 sends a resteer signal to IP Control 11_.".tﬁ:is indicates that the: .
subsequent IP is non-sequential, and L1 branch predictor 21 then provides a
subsequent IP address to the input of IP multiplexer 1_6 during a second

~ pipeline stage. |

L2 branch predictor 22 may also generates a resteer signal and provide
this. signal to ano_the_:r_-,in_put to IP Control 11. This signal similarly indicates
whether or not the subsequent IP address is sequéntiél to the initial IP address.
| If L2 branch predictpr_ 22 sends a resteer signal to I_P_ Control 11, this indicates
that the subsequent_ IPis non-sequential, and 1.2 branch predictor 22 then
provides a subsequent iP address to the input of IP multiplexer 10 during a third
pipeline stage. |

IP Control 11 then determines, based on the signals from L2 branch .
predictor 22 and L1' branch predictor 21, which of the i_hree inputs to IP
multiplexer 10 may be passed along to the output qf the multiplexer. If neither
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L1 branch predictor21ﬁor L2 branch pkdidor 22 sends a resteer signal, the
incremented IP address from incrementer 20 is selected as the subsequent IP
address output from muitiplexer 10. If L1 branch predictor 21 sends a resteer
signal, the IP address from the output of L1 branch predictor 21 is selected as
the subsequent IP address output from multiplexer 10. If L2 branch predictor 21
sends a resteer signal, the IP address from the output of L2 branch predictor 21
is selected as. the subsequent IP address output from multiplexer 10.

- Note that as used herein, the term "initial IP address” refers to ar{y P
address that is used as a reference point from which to predict a subsequent IP
address. “Initial IP address” is not intended to be limited to the IP address
assaciated with the first line of program code of a particular software .
‘application. An initial IP address may be any IP address associated with any -
line of program code of an application.

Figure 3 shows L1 branch predictor 21 and L2 branch predictor 22 of
Figure 2 in accordance with an embodiment of the present invention. The
branch predictor of Figure 3 may be entirely contained on the same
semiconductor substrate as the processor for which the branch predictor
performs.branch prediction. For another embodiment, one or more functional
btocks of the branch predictor are located on a separate semiconductor -
substrate. For example, to reduce the overall size of the processor, L2 BPT 102
- may be located on a separate semiconductor substrate.

L1 BPT 100 is an associative table that includes branch prediction
entries referenced by address tags. Each address tag is associated with an 1P

address that contains a branch instruction.  Each branch prediction entry in L1
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BPT 100 includes, in addrtron toits associated address tag, branch prediction
~ information. This. branch predrctron rnformatron is used by the branch predictor
to predict whether or not the branch wrll be taken The specrﬁc type of branch
prediction mformatron stored in L1 BPT 1 00 is commensurate with any of a -
variety of types of branch predrctron algorlthms that may be implemented by a
branch predictor, many ‘of which are well known to those skilled in the art. -

For example..rn accordance with one .embodlment of the present
invention, a local hlstory prediction- algcrrthm is. rmplemented in conjunction with
L1 BPT 100. For another embodrment a global hrstory branch prediction
‘algorithm or a counter predrctor (e g-a 2 bit up-down counter also known a
bimodal branch predrctor) is rmplemented in L1 BPT 100 For an alternate
embodiment, L1 BPT1 00 is divided --r_nto _two_ or r___nore ,separate branch prediction
tables, each table'implementing a d_ifferent branch predrctron algorithm. A .
selector circuit then:fdetermines .wht_ch a___l_gor_ithm -wo,'_ugld_:'.'provide the most
accurate prediction f_'c:'_r..a_ particular ins_tance-and._setects the appropriate table.

For one embodirne_nt of the present. _inventioni;.ftl--‘t- BPT 100 of Figure 3 is
multi-way set associlai_'ti've. For another embodimentf'.of;the present invention, L1
BPT 100 .is fully associative To improve the speed'-'\'N'ith which branch prediction
entries in L1 BPT 100 are searched, the table is kept relatrvely small, having a
storage capacity of approxlmately 512 to 2K branch predrctron entries.

The initial IP address to provided to the rnput-to--L1 branch predictor 21 of
Figure 3. This |n|t|a| IP address is used to search L1 BPT 100 and the target
address cache (T A_C)_-;|01 If the address is found i rn the L1 BPT, this is a hit,
and a hit signal is s_e_,nt along hit/miss signal line 121 5to an input of AND gate
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144. If the address is ri'ot_-:found in L1 BPT 100, this’ is miss, and a miss
signal is sent along ﬁit_,lij":’iiss signal line 121. If there-"iéf?%'hit in L1 BPT 100, and
the associated entry in L1 BPT 100 indicates that the branch is taken, this is
indicated by a taken signal sent along taken/not taken signal line 122 to the
other input of AND. gate 144. If there is a hit in L1 BPT 100, and the associated
entry in L1 BPT 100 indicates that the branch is not taken, this is indicated by a
not taken signal sent along taken/not taken signal line 122. If there is a hit that
is taken in L1 BPT 100; and the L1 BPT further indicates that the branch is a
return, this is indicated by a return signal set along. return/not return signal line
143 to the controtf input of multiplexer 108. If there is a hit that is taken in L1 BPT
100, and the L1 BPT indicates that the branch is not a return, this is indicated by
a not return signal set along return/not return signal line 143.

If there is a hit in' L1 BPT 100 of Figure 3, and the L1 BPT indicates that
the branch is taken, AND gate 144 outputs a resteer signal to IP control 11. If
there is either a miss in L1 BPT 100 or a not taken hit in the L1 BPT, AND gate
144 does not output a resteer signal. If AND gate 144 outputs a resteer signal,
an IP address is also output from multiplexer 106. Return/not return signal line
143 determines the output of multiplexer 106. If signal line 143 indicates that
the branch ig a return instruction, the return address from return stack buffer
(RSB) 142, which is coupled to an input to multiplexer 106, is propagated to the
output of muitiplexer 106 and, consequently, to I® multiplexer 10. if signal line
143 indicates that the branch is not a return instruction (for a taken hit in L1 BPT
100), the target address from TAC 101, which is coupled to the other input to

multiplexer 106 via target bus 123, is propagated to the output of multiplexer 106
=13~
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and, consequently, to IP-multiplexer 10. ‘In addition, a target address found in
TAC 101, along with a hit miss signal, is also provided to an input to multiplexer
- 108 of L2 brarich predictor 22, as described below. - -

L2 BPT 102 of Figure_S!is a direct-mapped table that includes branch
prediction entries. containing branch: prediction information without address
tags. This branch prediction information is used by fhei'branch predictor to
predict whether or not a branch will be taken. The _speciﬁc type of branch -
prediction information stored in L2 BPT 102 is commensurate with any of a
-variety of types of branch prediction algorithms that may be implemented by a
branch predictor, many of which are well known to those skilled in the-art. ‘Some
of these branch prediction algorithms are described above in conjunction with
L1 BPT 100. -L2 BPT 102 may implement any. of these algorithms, or any.

. combination of these algorithms, regardless of the type of algorithm -
~implemented by L1 BPT 100.:- : .. ="

It is-advantageous, par._ticularly frpm*-’a cost perspecﬁvé;.for the branch:

- prediction algorithm' implemented in L2 BPT 102 of Figure 3 to occupy a small
amount of space. Therefore, in accordance_-with one embodiment of the

- present invention, L2 BPT 102 implements a two bit counter algorithm as its
method of branch prediction. Although a two bit counter algorithm may not be
as accurate as, for example, the local or global branch prediction algorithm
implemented in L1 BPT 100, a branch prediction table that uses a two bit -
counter algorithm requires only two bits-of storage per branch prediction entry. -
Branch prediction table_s_ that implement either local dr global branch prediction

algorithms can require well over two bits of storage p_ér branch prediction entry.
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By using untagged btanch prediction entries and a twobtt counter algorithm, L2
BPT 102 can store anywhere from four to eight or more times as many branch
prediction entries as L1 BPT'-1_00 in approximately the same amount of space.
Thus, for one embodiment of the present invention, L2 BPT 102 has a relatively
large storage capacity of approximately 2K to 8K or more branch prediction
entries. For one embodiment in which the L2 BPT is untagged, a branch that
does not have an associated static hint (described in more detail below) may
update the L2 BPT prediction upon retirement.

The branch prediction information stored in the branch prediction entry
associated with the initial IP address is read from L2 BPT 102 of Figure 3, and a
taken or not taken branch prediction is calculated using this information.
Depending on the branch prediction, a taken or not taken signal is sent out -
along t/n line 126 to an input of multiplexer 107. For an embodiment of the
present invention in which L2 BPT 102 is direct-mapped, there is always be a hit
in this table. This means that some percentage of these hits may associate
one IP address with branch prediction information of a different IP address.

One way to avoid this problem is to store address tags in L2 BPT 102, and

compare those tags to the tags of incoming IP addresses. The cost benefit of

 reduced table size by not storing tags in L2 BPT 102, however, may be found to

be more valuable than the increased branch prediction accuracy gained by
storing tags.

Input instructibn buffer 103 is searched using the initial IP address from
IP multiplexer 10 of Figure 3, and the associated instruction is provided to

instruction decoder 104. For one embodiment of the present invention, decoder
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104 partially or fully decodes the ipstr_u__ctiqq to determine whether or not the
instruction is a bfanch instruction, and, if so, the decoder, additionally -
determines the target agdrgss_ and -WhQQher or not th§ i;istruction is a return.-

, Depending on whether Fr not the instru;i:t,iph.is a brarf.:\cr.i::(or return), an
appropriate signal is sent to the input of AND gate 108 _fia b/nb line 129. Target
address 130 is sent from decoder .1.04-tp a.n input of.f:_rh_.'@llltiplexer 109. -

For an embodim?nt:i_n_-whic_h branch predictio‘én -Hints are included in the
instruction, decoder 104 of Figure 3 also determines:if the branch prediction hint
is static or dynamic, and, if static, the decoder.deterrfiinés- if the hint is taken or

. not taken. A signal indicating a hint as being static ot dynamic is provided to the

control input of mu_ltipieger 107 via s/d hint line 127.. -:A:signal indiéatin‘g a hint as

. being taken or not ta_keh is provided to an input of muitiplexer 107 via t/n hint line
- 128. A static hint indicates to the branch predictor tha(the. associated -branch

- instruction should always be predicted as takeri or not taken (depending on the
taken/not taken hint value) regardiess:- Qf_any._b'ranch_; pr_edictio‘n information
found in L2 BPT 102, A dynamic hint indicates to the b[anch predictor that the
branch prediction information found in L2 BPT 102 éhéum be used to predict the
branch as taken or not_l_taken. For an alternate embodifnent of the present -

_invention, an_instructibp that includes a dynamic hint aiso includes a taken/not
takén hint that is used las_ the branch.prediction upon initial execution of the
branch instruction. Thereaﬂer. branch prediction information stored in a branch
prediction table is used to determine subsequent--b[an.'ch predictions for this

bran:;h_ instruction.
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If the signal provided to the control input of multiplexer 107 of Figure 3 via
s/d hint line 127 indiééii@'é*that the hint is dynamic, théhihe multiplexer selects,

as its output, the taken/not taken signal from L2 BPT 102 across t/n line 126. If

the signal provided to the control input of multiplexer 107 instead indicates that

the hint is static, then the multiplexer selects, as its output, the taken/not taken
hint signal from decoder 104 across t/n hint line 128. For one embodiment in

which the L2 BPT is tagged, the hint is dynamic, and there is a miss in the L2

‘BPT, the decoded prediction is still used. For this embodiment, a hit/miss line

(or the inverse thereof) from L2 BPT 102 may be ANDed (or NANDed) with s/d
hint line: 127 (or the inverse thereof), with the output being coupled to the contro}
input of rﬁultiplexer 107.

If the signal provided to the input of AND gate 108 via b/nb line 129 of
Figure 3 indicates that the instruction associated with the IP address is a

branch (or return) instruction, and the output of multiplexer 107 indicates that the

_branch is taken, then AND gate 108 outputs a resteer signal to an input of AND

gate 141. Otherwise, AND gate 108 does not output a resteer signal. The other
input of AND gate 141 is an inverting input coupled to hit/miss signal line 121
from L1 BPT 100. AND gate 141 functions to prevent a resteer signal from

being sent to IP Control 11 if the output of AND gate 108 indicates a resteer, but
there is a hit in the L1BPT. This is done because an early prediction from L1
BPT 100 may be found to be more accurate than the late prediction from L2 BPT
102. Hence, AND gate 141 outputs a resteer signal fo IP Control 11 when the

output of AND gate 108 indicates resteer and there is a miss in L1 BPT 100.
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Multiplexer 109 of Figure 3 is controlled by a return/no return signal from

mstrucﬂon decoder 104 via r/nr signal Ime 140, and by a TAC 101 hit/miss
- signal via him signal lme 150. Instruction decoder 104 selects the appropriate
~output for;multlpl_exep .1 09 For example; If n/nr slgna} line 140 indicates that the
instruction is a: returri,'ic"%;stmction the refurn.‘ address %r’n return stack buffer-
-~ (RSB) 142 (the same.RSB output provided to L1 branch predictor 21), which is
coupled to an input to multlplexer 109, .is propagated to the output of multiplexer
. 109 and, consequently-,;- to IP muitiplexer 10. If sigh'al_ line 140 indicates that the
branch is not a return mstructcon (for a taken branchj, the target address from
TAC 101 is. propagated to the output of multiplexer 109 if there is a hitin TAC
101 as indicated by hlm slgnal line 150. Otherwise, _the target address decoded
by decoder 104 and --_p;ovided to another.input to mul_t_ip_lexer 109 via target bus
130 is propagated to the output of multiplexer 109. =
The subsequ@arii: IP: prediction.is then provideq to the processor, and the
« instructions located at _:that address are executed by .fh_e"processor. This
- prediction is later 'déteymingd to be-either correct or incorrect. The branch
* prediction infonnatidn_étored in the L1 BPT 100 and ginithe L2 BPT 102

- associated with the -.ﬁédicted branch instruction -may then be updated to
- improve the predicti'on' accuracy the next time the branch instruction is executed.
- For one embodiment.of the present invention, if théfIP address associated with
a branch instruction:rﬁissed in the L1 BPT, and the ;branch instruction does not
provide a static hint, the L1 BPT is updated to mclude a branch prediction entry

associated with the IP address. -
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This invention has been described with reference to specific exemplary
embodiments thereof: " if will, however, be evident to befsons having the benefit
of this disclosure that various modifications and changes may be made to
these embodiments without departing from the broader spirit and scope of the

invention. The specification and drawings are, accordingly, to be regarded in an

‘fllustrative rather than a restrictive sense.
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[ What is claimed is:
1. A_ branch preqic_’:tor comprising:. -
a first bran,cﬁ_ :pr.ediction table (BPT), coupled to an instruction pointer
(IP) gef;éfétor, to store a plurality of branch prediction entries; and

a second BPT coupled to the IP generator, 'tp'{ store a larger plurality of

branch prediction entries.

2. The branch predictor of claim 1, the first BPT to store tagged branch
prediction engr?és and the second BPT to store uhtagged branch

prediction entries.

3. The branch predictor of claim 1, further comprising a first circuit coupled
to the first BPT 'to predict an IP address as being a target address stored

in a target address cache if the first BPT indicates that a branch is taken.

4, The branch pfe_dictor of Iclaim 1, further comprising a second circuit

coupled to thé_ second BPT to predict an IP address as being a target

| address stored in a target address cache if the second BPT indicates

that a branch is taken.

5. The branch p_ire_dictor of claim 1, further comprising a second circuit

coupled to the second BPT to predict an IP address as being a target
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address decoded and calculated from an instriiction if the second BPT

indicates that a branch is taken.

6. The branch predictor of claim 1, further comprising a second circuit
coupled to the second BPT to predict an IP address as being a target

address stored in a return stack buffer if the second BPT indicates that a

branch is taken.

7. The branch predictor of claim 1, wherein the second BPT is sized to store

two or more times the number of branch prediction entries as the first

BPT.

8. “The branch predictor of claim 1, wherein the first BPT implements a first
type of prediction algorithm and the second BPT implements a second

type of prediction algorithm that is different from the first type of prediction

algorithm.

9. A processor comprising:
an instruction pointer (IP) generator;
a first level branch prediction table (BPT), coupled to the IP generator,
the first level BPT having stored therein a first plurality of branch

prediction entries associated with a first plurality of addresses;

and
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10.

12.

13.

14.
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~ asecond Ievel BPT, coupled to the IP generator the second level BPT
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having stored therem a second plurallty of branch prediction

entries assocrated yvnt__h a secor_.;d plurallt_y of addresses.

The processor of claim 8, fo'r_th_e_n comprising a -f_te'rget address cache
coupled to the IP gener_ato,r and havirtg stored the_f_rein a plurality of target

addresses associated with the first plurality of:addresses.

The processor: of claim 10 further comprising e ﬁrst circuit to select, as -
its output a target address from the target address cache if there is a hit

in the first level BPT mdlcatlng that a branch is taken

The processor of claim 9_,.furth'e_r-comprising groyps of instructions in a
memory location coupled to the IP.generator a.h_d..: having stored therein a

plurality of branch hints. -~ -

- The processor of claim 12, further c_o_m‘p‘rising a second circuit to select,

as its output, a target addre_Ss from-t_he memory location if a hit in the

second level BPT indicates that a branch is take_n and an associated hint

~ in the memory location is dynamic. -

‘The processor of claim 9, wherein there are between two to four times as

many addresses in the second plurality of addresses as there are in the
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first plurality of addresses, and the second plurality of addresses
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_ includes the fitst plurality of addresses.

156. A method of performing branch prediction in a processor comprising the
steps of: -
searching a first level branch prediction table (BPT) for a first branch
prediction entry associated with an instruction pointer (IP) address;
searching a second level BPT for a second branch prediction entry
associated with the |P address; and
~ making a branch prediction based on the first branch prediction entry
if the first branch prediction entry is found in the first level BPT and
making a branch prediction based on the second branch

prediction entry if the first branch prediction entry misses in the first

. level BPT.-

16. The branch predictor of claim 15, further comprising the steps of
implementing a first type of prediction algorithm in the first level BPT and

implementing a second type of prediction algorithm in the second level

BPT that is different from the first type of prediction algorithm.

17. The method of claim 15, wherein the step of making a branch prediction
based on the second branch prediction entry is done if an instruction
associated with the IP address is decoded and determined to be a
branch instruction.
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20.

The method of claim 15, wherein the steps of searching the first level

~ BPT and searching the-'secend level BPT occgjr'simultaneously.

The method of claim 15, ﬁwherein the step of seerching the first level BPT

includes the step of companng an address tag of the IP address to an

~address tag stored in the first level BPT and the step of searching the

. second level BP'F includes the step of selecting' en entry from a direct-

mapped table.

A method of predicting a subsequent instruction pointer (IP) address in a

processor given an inittal iP address.- the met_hed comprising the steps

- of

predictin_g the' subsequent P address to be.e target address from a
target address cache if a branch prediction entry in a first branch
predictiorr table (BPT) associated with the-initial IP address
indicates that the branch is taken; and - |

_predicting the subsequent |P address to be __e target address decoded
.from an instruction associated with the initial IP address if there is
no brahc_h prediction entry in the first BPT associated with the initial
P add_ress and a branch prediction entry in. a second BPT
associated with the initial IP address ind.icates that the branch is

taken.. .
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The method of claim 20, further comprising the step of predicting the
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subsequent IP ‘address to be the initial IP addfé&s incremented by a

. predetermined amount if a branch prediction entry in the first BPT

associated with the initial IP address indicates that the branch is not

taken.

The method of claim 20, further comprising the step of predicting the
subsequent [P address to be the initial IP address incremented by a
predetermined amount if there is no branch prediction entry in the first
BPT associated with the initial IP address and a branch prediction entry

in a second BPT associated with the initial IP address in.dicates that the

branch is not taken.

The method of claim 20, further comprising the step of predicting the
subsequent |P address to be the initial IP address incremented by a
predetermined amount if there is no branch prediction entry in the first
BPT associated with the initial IP address, a branch prediction entry in a
second BPT associated with the initial IP address indicates that the
branch is not taken, and an instruction hint associated with the initial IP

address is decoded to be dynamic.

The method of claim 20, wherein the step of predicting the subsequent IP
address to be a target address from a target address cache includes the

step of searching the first BPT for an address tag that matches an

-25-



. WO.00/14628 , ,!ll"c’ m',L’ m,,," "ILI " ,"l - pcwusy.wwssz‘

addreés tag associated. with the initial IP address, and the step of -
. predicting the subsequent IP address to be a target address decoded
_ from an instruction includes the step of selecting a direct-mapped entry in

the second BPT associated with the initial IP address.
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