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Abstract been proposed to address this issue [8, 10, 21].

The lookup and update events for a branch predictor are
temporally separated by the processor pipeline. The branch
prediction lookup occurs at the front of the pipeline during
the fetch stage, while the update typically occurs at the end
of the pipeline at commit. A branch may observe hundreds
of cycles between fetch and commit if, for example, an ear-

Branch predictors play a critical role in the performance
of modern processors, and the prediction accuracy is known
to be the most important attribute of such predictors. How-
ever, the latency of the predictor can also have a profound
impact on performance as well. In past studies that have

considered branch prediction latency, most only consider . . . _
lier load instruction could not retire due to a cache miss that

the latency required to make a prediction. However, in £ . Thi d introd bstantial
deeply pipelined processors, the latency between predic-Wen 0 main memory. IS could Introduce a substantia
delay between predictor lookup and update. A processor

tion and update can also greatly affect performance. In this h ved : dicted b h within t f
study, we revisit the performance impact of both of these |a-MaY NAVE TESOIVET & MISPredicled branch within tens ot cy-
cles after the initial prediction, but it may be hundreds of

tencies and demonstrate that update latency can also have

a significant impact on performance. We then describe two cycl_es beforg the processor Is able to fe(_ed back this infor-
techniques, multi-overriding and hierarchical updates, to mation to train the predictor. In the mean time, the front-end

address both latencies which provide 4.4% and 5.7% IPC will have been re-steered, a_nd the_n the same branch may be
improvements on moderately (20-stage) and deeply (40_re-encountered and then mispredicted again.

stage) pipelined processors, respectively, for minimal hard- th In t?\;\? ptaper, V\;ebdemﬁ nstrg_te:[thle ?erfqrmagce |mpict of
ware complexity. ese two types of branch predictor latencies. Our results re-

validate previous observations that the lookup latency can
greatly impact performance. We also show that the update
latency can also have a significant impact on performance.
The hardware branch predictor is a very important con- W& then present two techniques to address these two types
tributor in determining the overall performance of a pro- ©f latency and demonstrate their benefits. The rest of the
cessor. When considering the relationship between the preaper is organized as follows. Section 2 describes the vari-
dictor and performance, the branch prediction accuracy isOUS pranch predictor latencies in more detall_and quannfles
usually the most important attribute of a given predictor [1]. theirimpact on processor performance. Section 3 describes
However, the latency of the branch predictor can also have alh€ technique for hierarchical update to address the latency
profound effect on performance [8]. In this paper, we study of updat_lng predlctors_when an oyerndlng predictor config-
the performance impact of two different latencies associatedUration is used. Section 4 explains how to adapt the per-
with branch predictors. The first is the latency required to C€Ptron predictor to provide a faster intermediate prediction
make a prediction, and the second is the latency required td© réduce the average prediction lookup latency. Section 5
update the predictor. presgnts the ovgrall perfo'rmance results from addressmg the
A branch predictor with a long prediction latency either predictor Iatenme_s. Section 6 rel_ates our work to previous
causes the overall processor clock frequency to decreas&eSearch conceming branch predictor latency, and Section 7
or it forces a pipelined implementation. Any impact to concludes the paper with some final remarks.
the clock speed is undesirable because it directly reduce . .
performance and it is likely that a slightly less accurate,sz' Branch Predictor Latencies
but faster predictor would be more beneficial. Pipelining  The hardware branch predictor has multiple latencies as-
the branch predictor is not as straightforward as pipelining sociated with it. In this section, we review these latencies
other processor circuits because the predictor forms a crit-and their impact on processor performance.
ical loop [4]. For each cycle, the processor must make a
branch prediction to determine the fetch location for the fol- 2.1. Lookup Latency
lowing cycle. A predictor with a two-cycle latency results The branch predictor forms a critical loop in the proces-
in fetch bubbles every other cycle. Several techniques havesor. A branch prediction must be made every cycle for the

1. Introduction
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Figure 1. Additional hardware required for techniques to mitigate branch predictor lookup latency: (a)
overriding branch predictor, (b) ahead-pipelined branch predictor, (c) overriding overhead compared
to existing re-steer requirements, (d) ahead-pipelining overhead with existing re-steer requirements.

processor to fetch instructions on every cycle as well. How- predicted fetch target, but after decode the return address
ever, each branch prediction is dependent on the predictiorstack may override the earlier prediction with a better fetch
from the previous cycle, which forms a fundamental recur- target. The Alpha 21264 used a combination of line- and
rence. If looking up a prediction from the hardware branch way-prediction to provide a continuous fetch stream with-
predictor requires a long latency, then this may directly im- out bubbles, and then backed this with a slower, but more
pact the overall clock frequency. If the predictor is pipelined accurate hybrid branch predictor [14].

across more than one cycle, then predictions will not be

- = Another approach to deal with branch predictor latency
available on every cycle which introduces fetch bubbles.

is to useahead-pipelining21]. The idea is that if a predic-
One technique for combating branch predictor lookup tor requiresN cycles to perform a lookup, then one could
latency is to make a “quick-and-dirty” prediction that can instead initiate the lookupV cycles ahead of time using
be accomplished in a single cycle, and then make correc-whatever information is availablat that time Normally,
tions later as better information becomes availablediez the current branch addresB() is used to make the predic-
et al. proposeaverriding predictors where a fast, single- tion about that branch’s direction. Since this address only
cycle predictor makes the initial branch prediction and then becomes available at the start of the current cycle, the pre-
a slower but more accurate predictor provides a (hopefully) diction could not normally be initiated any earlier. By using
better prediction that may override the first [11]. If the pre- PC_ y (the N™ oldest PC) and relying on the existence of
dictors are in agreement, then there are no additional fetchcorrelation betwee®C_ 5 and PC’s direction, the predic-
bubbles injected into the pipeline. If the predictors disagree, tion could be ahead-pipelined.
then the front-end is re-steered based on the overriding pre-

dictor, which trades a full pipeline flush for just a few cycles predictors introduce too much complexity to the fetch en-

of fetch bubbles. gine. An overriding predictor organization requires extra
The general concept of predictor overriding has been comparisons between the two levels of prediction and hard-
used in different forms even before the work by 8maz ware support to re-steer the fetch engine to the “better” fetch
et al. For example, a processor that does not use predictedarget. Figure 1(a) illustrates the hardware for an over-
decode information [21] will not know that a particular in- riding predictor organization, with the additional compo-
struction is a subroutine return until the decode stage. Innents shaded/bolded. With ahead-pipelining, there are no
this case, the normal branch prediction logic provides the extra comparisons or fetch redirections, however the pro-

Proponents of ahead-pipelining argue that overriding
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Figure 3. Example predictor update behavior
for (a) ideal alternating lookup and update,
and (b) a realistic pipeline with a long commit
stall.

cessor must checkpoint the entire prediction pipeline for
every branch to avoid exposing the predictor latency on a
branch misprediction. This extra hardware is shown in Fig-
ure 1(b). The checkpoint enables the processor to revert the
predictor pipeline to the exact state when the misprediction
first occurred. While this provides a high-performance pre-

diction architecture, the overhead of the checkpointing can strictly alternating pattern as illustrated in Figure 2(a). In re-
be substantial [17]. ality, the pipelined implementation of the processor causes

We believe that the overriding predictor organization & SliP between when a branch is predicted and when the

actually introduces far less complexity than the ahead- Pranch retiresicommits and updates the predictor, as shown
in Figure 2(b). This slip causes a divergence from the ide-
alized alternating predict-update process.

The delay between predictor lookup and update can
cause the same static branch to be dynamically mispredicted
multiple times. Consider the branch in Figure 3(a) with
ideal alternating lookup and update. After the first mispre-
diction, the predictor update causes subsequent instances of
the same static branch to be predicted correctly. However

in a real pipeline as shown in Figure 3(b), the commit-time

pipelined techniques. Processors already contain multi-
ple “re-steer points” for the return address stack, the static
branch predictor, decode-time branch target correction, nor-
mal branch misprediction correction, and possibly other
reasons (indirect BTB predictions at decode, synchronous
interrupts like page faults or divide-by-zero faults, load-

store memory misspeculation). The overriding predictor
organization only adds a single new re-steer condition as

shown in Figure 1(c), whereas the ahead-pipelined pre- i i
dictor must include all of the infrastructure for predictor UPdate may be blocked by an earlier load-miss that cannot

checkpointing as illustrated in Figure 1(d). Although an retire (1). In the meantime (2), the execute stage detects

ahead-pipelined predictor was proposed for the canceled® Mmisprediction and re-steers the fetch engine. Later (3)
EVS project [20], we are not aware of any processors that the fetch engine encounters the same static branch again,
currently make use of ahead-pipelined predictors. For thisPut because the predictor update has not yet occurred, the

reason and the complexity arguments already presented, w@ranch predictor makes another misprediction. After some

will only consider overriding predictor organization in the Me, this second misprediction will be detected (4) causing

rest of this paper. ar_10ther pipeline flush and re—.steer, however the predlctor
still has not been updated. This may repeat many times be-

2.2. Update Latency fore the original misprediction finally commits and trains
the predictor.

While the predictor lookup latency problem has been ex-  Past studies have already identified the impact of not
tensively studied [8], there has been far less attention paid taspeculatively updating certain branch predictor state [7]. In
the predictor update latency. In the ideal branch prediction particular, the branch history register needs to be updated
problem, predictor lookup and update would proceed in aimmediately after prediction with the predicted branch out-



Base Processor Configuration

Machine Width 4 IL1, DL1 16KB, 4-way, 2-cyclé
Instruction Fetch Queue 16 insts Unified L2 512KB, 8-way, 6-cyclé
RS Size 64 insts Unified L3 8MB, 16-way, 10-cyclé
LSQ Size 32 Load/32 Store| Main Memory 100-cycle
ROB Size 256 insts BTB 4K entries, 4-way
Branch Predictor Configurations
Predictor Description Latency at different Pipeline Depths
10 20 30 40
First-Level 2K-entry’ gshare 1 1 1° 1°
1K entry local history
Hybrid 1K entry local predictor 2 3 4 5
4K entry each, global and meta
Perceptron| 47 history length/348 entries, 16KB 2 4 6 8
Table 1. Processor and predictor configurations used in this study. *The reported cache/memory

latencies are for the 10-stage pipeline; the access latencies for the deeper pipelines are scaled
appropriately. °The size of the first-level gshare predictor is reduced to 1K entries for the 30- and
40-stage pipelines.

come. This actually leads to the correct branch history statemisprediction. The second is a 16KB perceptron predictor
if the predictions are correct, and the history register needs(denoted by a ‘p’) with a global history length of 47, which
to be repaired after a misprediction. Speculative update ofis the optimal length as reported by &nmez and Lin [12].
the branch history is a well understood problem and will not In all cases, the small first-level, single-cycle predictor uses
be further investigated in this study. the gshare prediction algorithm [18]. We chose a gshare
For highly accurate hardware branch predictors such aspredictor because a bimodal (two-bit counter) predictor’s
the perceptron [12] or a hybrid predictor [18], the update lower prediction rates would inflate the frequency and ben-
latency only poses a problem for the initial training phase efit of useful overrides; Jignez et al.’'s study on overriding
of the predictor. After each static branch has been observedredictors also used a gshare for the first-level predictor. For
a few times, the predictor state stabilizes and most updateshe more aggressively clocked pipelines (30 and 40 stages),
are ignored because the corresponding counter states are alve reduce the size of the first-level gshare predictor to ac-
ready saturated. However in an overriding predictor orga- count for the decrease in cycle time.
nization, the first-level single-cycle predictor is subjecttoa  We evaluated the predictors on processors with pipeline
large number of capacity and conflict misses and may sufferdepths varying from 10 stages to 40 stages, where the
from a much larger number of mispredictions due to predic- “depth” is the number of stages from the single-cycle
tor update delay. In the following section, we will quantify branch predictor to fetch-resteer on a misprediction. Any
the performance impact of both the lookup and update la- pipeline stages that come after execute are not included in

tencies on overriding branch predictor organizations. this pipe-stage count. As the pipeline depth increases, the
) _ clock cycle time also decreases, which causes the branch
2.3. Performance Impact of Predictor Latencies predictor lookup latency (in cycles) to increase. The re-

duced clock cycle time also causes the first-level predictor
to decrease in size to maintain cycle-time constraints. These
details are listed in Table 1.

We used the SimpleScalar microarchitecture simula-
tor [2,15] for the Alpha instruction set architecture. We
model the pipeline by explicitly simulating extra stages be-
tween the instruction fetch queue and the dispatch stage
(this is different from and more accurate than the default
In this study, we consider two branch prediction algorithms. SimpleScalar method of simply stalling fetch for some
The first is the global-local hybrid predictor [18] (denoted number of cycles). We simulated applications from the
by an ‘h’ in the figures) used in the Alpha 21264 proces- SPECint2000 benchmark suite, as well as programs from
sor [14]. We speculatively update both the global and lo- MediaBench [16], MiBench [6], X-graphics applications,
cal histories, but only repair the global history on a branch and pointer-intensive benchmarks [3]. The applications are

This section provides our initial performance character-
izations illustrating the impact of branch predictor lookup
and update latencies. We first provide the details of our ex-
perimental methodology, and then quantify the performance
ramifications of non-ideal (real) branch predictor behavior.

2.3.1. Evaluation Methodology



SPECIint2000 Other Benchmarks H :
Program Name | Sufte | Program Name | Suite s_tances of the same branch. Finally, the IDEAL conﬂgqra—
bzipZ (3) adpem (2) Media ks 2) PIr tion combines the ideal updates of NLL and PTU to provide
;(;f]‘fg) 2?0(332) ,\;’ité rr’:;)‘zzaz ((22)) mgg:g an upper bound on performance when no predictor latencies
gap dijkstra MiB povray (5) Gfx are accounted for.
gce (2) doom 22) MGf;_ quakel-(GLX(Z) gx The impact of predictor lookup latency can have a pro-
gz (5) ef?t'?z()) MET——remth e found effect on performance as evidenced by the difference
parser ft Ptr sha MiB between the BASE and NLL data in Figure 5. These results
perlomi (*) g%itlsgi)pt Meda Sg;iz)(z) e corroborate the previously reported impact of lookup la-
vortex (3) ghostscript (2) | MiB Xanim Gix tency [11]. Depending on the predictor latency and pipeline
vpr (2) ipeg (2) Media yacr2 Pt depth, idealizing the lookup latency improves performance
Suite Name Description by 2.4% (h40) to up to 9.4% (p40) for both SPECint and
M’\jfga Mi;li,iBaBenhcg Mgltijrzegii Ariplictjcltions the other applications. Figure 5 shows that the performance
Pir PDist Pointer.Intensive Programs impact of the update delay is surprisingly also quite substan-
Gfx X-Windows graphics applications tial. While the ideal update latency does not improve per-

formance by as much as an ideal lookup latency, the 1.5%
(h40) to 3.3% (p40) performance is not negligible. While
past research has focused on the lookup latency, the branch
prediction community may have missed an opportunity to
improve performance by addressing the update latency.
Finally, the IDEAL results show that the performance
degradation due to lookup and update latency do exhibit
listed in Table 2. We also ran our experiments for the some overlap. If an ideal lookup latency could be attained,
SPECfp2000 programs, but we do not report their resultsthen there is not much additional performance benefit to
because the very low misprediction rates of these appli-achieving an ideal update latency. However, this does not
cations makes their performance largely insensitive to thesuggest that update latency is not interesting because we
branch predictor latencies. For all applications, we use thecannot actually build a high-performance branch predictor
SimPoint toolset to find representative simulation sample that meets the ideal lookup latency criteria!
points of 100M instructions each [19]. Figure 4 shows the
baseline IPC rates for the different pipeline depths and the3. Hierarchical Update
two branch predictors evaluated.

Table 2. The benchmarks used in this study.
The numbers in parentheses indicate the
number of different input sets/modes (e.qg.,
encode vs. decode).

The primary problem with the update latency is that any
sort of pipeline stall may result in delaying a branch from
retiring and thereby updating the branch predictor. This la-
We simulated four predictor configurations representing tency introduces many mispredictions in the small and fast
different levels of “ideal” branch predictor latency. The first-level predictor. Instead of waiting until the commit
baseline case (BASE) is a processor that uses a realistigtage to update the first-level predictor, a processor can in-
overriding predictor organization and does not uptitle  stead use the overriding predictor as a source of update in-
predictor until the commit stage. The No-Lookup-Latency formation. The insight is that it is better to update the small
(NLL) configuration assumes an ideal situation where the predictor sooner with results that are 90% correct rather
slow overriding predictor only requires a single-cycle la- than wait for a long time to get 100% correct results. We
tency. The performance difference between BASE and NLL call this update policpierarchical updatéoecause there are
quantifies the performance impact of the predictor lookup now multiple levels of update.
latency. The Prediction-Time-Update (PTU) configuration  The hardware modifications to support hierarchical up-
simulates an ideal situation where the predictor update oc-date for an overriding predictor organization are minimal.
curs immediately after lookup. We use oracle information For a conventional overriding predictor organization, there
to update the first-level and overriding predictors with the already exists an update path from the commit stage to the
correct outcome, and we also make use of the oracle in-pranch predictors. When using hierarchical update, a sin-
formation to filter-out updates due to wrong-path branches. gle extra multiplexer is needed for the first-level predictor’s
The oracle information is not used to resteer the currentupdate path to choose whether to update using the commit-
branch, but only to influence the predictions of future in- time information or the overriding predictor’s information.
Figure 6 shows the hardware modifications for hierarchical
“Update, with the new components shaded.

The training algorithm for the first-level predictor needs
to be modified to properly handle updates from multiple

2.3.2. IPC Results

1By update, we mean the phase that actually changes the values of th
predictor counters or weights. For all configurations that update at commit,
the branch history register is still speculatively updated immediately after
prediction and recovered on a misprediction.
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Figure 4. Base IPC rates (absolute) for the (a) SPECint benchmarks and (b) the other applications
evaluated in this study for the two different branch predictors and four pipeline depths. “XNN”
denotes the predictor (x € {h=hybrid, p=perceptron }) and pipeline depth (NN € {10,20,30,40}).
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Figure 5. Relative IPC speedup when different aspects of branch prediction latency are idealized.
NLL is no-lookup-latency, PTU is prediction-time-update, and IDEAL combines both.



sources. In particular, if the overriding predictor is incor- ! !

rect, it will cause the first-level predictor's counters to be PC .+ SlowerOverriding Predictor
trained in the incorrect direction. For example, an over- :D m 3 3

riding predictor that predicts not-taken causes the corre- First | ! !

sponding gshare saturating counter to decrement from, say, : I §S¥§L ] ' |
weakly not-taken (01) to strongly not-taken (00). At com- ‘ /L\ . ‘ I
mit time, the processor uses the correct outcome (taken = -

branch) to update the predictors. In this scenario, the gshare ] """""""

counter is incremented back to weakly not-taken. It is pos- Commit-Time ; Hit(e)rarchi(?al Udei;t,et
sible that this update pattern repeats back and forth, which Update rom Lverriding Fredictor
would cause the gshare counter to never leave the not-taken

states.

To address the problem of conflicting updates in the first-
level predictor, the processor needs some additional com-
pensation to deal with the training “pollution” introduced
by the incorrect update from the overriding prediction. If
the overriding predictor was incorrect, then, conceptually,
the first-level predictor needs to be updated twice with the
actual branch outcome. The first update “undoes” the over-
riding predictor's bad update, and the second update per- y «
forms the normal training. Referring back to the previous C
example, two updates would cause the gshare counter to in-
crement twice, putting the counter in a weakly taken (10)  Figure 7. Modification to the saturating two-
state. Having to update the predictor twice in this fashion  bit counter algorithm for the first-level predic-
is not desirable because it would require two writes to the  tor to include compensating updates.
predictor per update. Instead, the saturating counter finite
state machine logic could be modified such that the incre-
ment/decrement delta is two when the overriding predictor
previously incorrectly updated the first-level predictor. Fig-
ure 7 illustrates this modified FSM state-transition diagram, . - .
where edges labeled with “+” indicate when the overriding 4. Multi-Overriding Predictors
predictor was correct, “X” indicated when the overriding
predictor was wrong, and “*” covers both cases. Note that if

the early hierarchical update was correct, then the flrst—levelalso result in lower performance than a faster but less accu-

predictor will not be redundantly updated again at commit. rate gshare [10]. The total number of fetch cycles wasted
On a branch misprediction, the first-level predictor due to an overriding predictor configuration can be approx-
may have already been incorrectly trained by wrong-pathimated by the predictor latencies, the pipeline depths, and
branches. Since the Wrong-path branches are flushed Olfhe predictor accuracies. L&t be the |a‘[ency of the over-
the misprediction, they will never reach the commit Stage r|d|ng predictor'LpipE be the |a‘[ency to resolve a branch
to apply the correction training as described above. In amijsprediction,m; andm,, be the misprediction rates of
processor architecture like the Intel Pentium-Pro where thethe first-level predictor and the overriding predictor, respec-

ROB is drained at the commit rate (as opposed to “instanta-tively. Then the number of fetch bubbles is approximately:
neously” flushing all instructions as is typically modeled),

the squashed branches could still be detected and some cor- my X (1 —mop) X Lop + M1 X Mor X Lpipe
rection applied to the first-level branch predictor. In our (1 —my) X mon X (Lo + Lo
model, we assume the default SimpleScalar behavior of ( ) or X (Lor vive)

flushing all instructions in a single cycle and simply do not The first term is the number of fetch bubbles due to the case
make any attempt to repair the state of the first-level predic-\yhere the first-level predictor is incorrect and the overriding
tor. predictor correctly re-steers the fetch engine. The penalty is
Overall, hierarchical update provides a way to keep the only equal to the latency of the overriding predictar,)
contents of the first-level predictor “fresher” than waiting each time this occurs. The second term covers the cases
for commit-time updates. The technique of compensating where both predictors are incorrect and the full pipeline la-
updates prevents over-pollution due to incorrect information tency is exposed. The last term covers the rare cases where

Figure 6. The hardware modifications to sup-
port hierarchical update of the first-level pre-
dictor.

T: Actual Outcome is Taken
N: Actual Outcome is NT

+: Overriding Predictor is Correc
X: Overriding Predictor is Wrong
*: Either Case

~

from the overriding predictor.

Jiménez also demonstrated that if a perceptron predic-
tor's lookup latency is allowed to become too great, it could



Table of Perceptron Weights
PC Bank 0 Bank 1 Bank 2 Bank 3

Partial Perceptron
Prediction

Full Perceptron Prediction

Figure 8. Modifying the original perceptron algorithm to provide a partial perceptron prediction based
on only the more recent branch history. The only additional hardware is the single small adder (left).
The banked table organization and the shallower addition tree provide a faster prediction latency.

the first predictor is actually correct, the overriding predic- stages up to the predictor and then resetting the fetch en-
tor is wrong and misguidedly re-steers the fetch engine off gine to the new fetch address. However, once instructions
the correct pathl,,), and then later &,;,.) the proces-  have been renamed, resteering also involves recovering the
sor back-end re-corrects the instruction flow to the original rename table state. This represents a much greater level of
correct path. The main observation is that any increase incomplexity and therefore for all practical purposes the reg-
the branch predictor lookup latency must provide a large ister rename stage represents a “point of no return” with
enough reduction in the misprediction rate just to offset the respect to predictor overriding.

additional fetch bubbles (primarily) due to the second term

X In this study, we only consider a three-level overriding
of the above equation.

predictor organization, partly due to the required additional
To combat the increasing latency of larger and more ac- hardware to implement a large number of predictors. How-
curate predictors, we can take inspiration from the designever, adding even a third branch predictor to an overriding
of cache hierarchies. When the difference in latencies frompredictor organization requires extra hardware. The actual
one cache level to the next becomes too large, processor deaverride data-path does not pose a significant hardware cost
signers may choose to add an intermediate level of cachingoecause the fetch resteer multiplexer (shown in Figure 1)
to reduce theaveragecache access latency. For example, already supports multiple resteer points. Adding one more
the increasing difference in relative speeds of the proces-resteer point certainly requires more logic, but not substan-
sor and main memory have made several high-end procestially more. On the other hand, implementing an extra
sor designs to include level-three caches. As the latencybranch predictor does potentially add a lot of extra hard-
of the overriding branch predictor increases, we can add an-ware.
other level of prediction that has Iat_ency and prediction rates Ideally, adding an extra branch predictor would require
that are somewhere between the first-level predictor and thgjge or ng extra hardware. While this may seem unrealistic,

overriding predictor. we can potentially reuse the existing hardware to provide
The multi-overriding predictor configuration uses three our intermediate branch prediction. In particular, past stud-
(or more levels) of successively overriding predictors to ies have shown that a branch outcome is typically correlated
provide a bettemveragebranch predictor lookup latency. with only a few other branches in the branch history [25].
The first-level predictor continues to provide fast single- Furthermore, the strongest correlations tend to be with the
cycle predictions, and then the second predictor provides amost recent bits in the branch history [17]. Using these ob-
(usually) better prediction with moderate latency. Each suc- servations, we propoggartial perceptron prediction The
cessive predictor provides increasingly more accurate pre-perceptron’s addition reduction operation incurs a substan-
dictions with increasing latency. There is a practical limitto tial amount of delay during lookup. However, for the cost
the latency of the branch predictors. Any override that oc- of just a single extra adder, we can “tap” into the adder tree
curs before the corresponding instructions reach the registe(Wallace Tree) and obtain a prediction based on a prefix of
rename stage can be easily handled by flushing the pipelinghe branch history (i.e. a shorter branch history). Figure 8
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Figure 9. Relative IPC speedup when hierarchical update is applied to the different predictor and
pipeline configurations.

shows the one extra adder and how the partial predictiontor, simply changing the update policy to use hierarchical
through this path has a lower latency. Furthermore, the tableupdate can provide a 4.2% (4.1%) performance improve-
of perceptron weights could be banked such that the weightsment for SPECint (other benchmarks). For a very deeply
corresponding to the most recent branch history can be reagipelined processor (p40), the speedup increases to 4.8%
even faster. Overall, this provides a short-history perceptron(5.7%). Between SPECint and the other benchmarks, the
predictor in less latency than the full perceptron at the costrelative trends are similar.
of a single narrow-width adder. For the multi-overriding predictors, we only consider
In the following section, we present performance results the perceptron-based configurations because the partial-
showing how Hierarchical Update and Multi-Overriding perceptron predictor obviously does not work with the hy-
predictors can provide a substantial IPC speedup over a conbrid branch predictor. While it might be possible to design
ventional overriding predictor configuration. We also evalu- a hybrid branch predictor where some components provide
ate using the two techniques in tandem to attack both typespredictions faster than others, these additional designs are
of predictor latency. When combining the techniques we not explored in this paper. Figure 10 shows the geomet-
only update the first-level predictor using the complete per- ric mean IPC speedups for the multi-overriding predictors
ceptron predictor. We do not perform a hierarchical update (MO). In addition, Figure 10 also includes the results for hi-
on the weights corresponding to the partial perceptron pre-erarchical updates (HU), combining both together, and the
diction because that creates the strange situation where patDEAL speedup when both lookup and update latencies are
of the complete perceptron is being updated with its own idealized. Multi-overriding provides less performance ben-

predictions. efit than the hierarchical update. These results may seem
surprising since Figure 4 showed that a perfect lookup la-
5. Results tency has a greater impact than a perfect update latency. The

reason why hierarchical update has a greater impact is that it
Hierarchical update and multi-overriding attempt to im-  indirectly reduces the average lookup latency as well. When
prove processor performance by addressing two differenta hierarchical update correctly trains the first-level predic-
aspects of branch predictor latency. We first study the per-tor, the latency of the overriding predictor becomes incon-
formance impact of using hierarchical updates. Figure 9 sequential (assuming that the override is correct as well).
shows the geometric mean IPC speedup attained when us- Combining both hierarchical update and multi-
ing hierarchical updates relative to the baseline configura-overriding should provide even greater performance
tions that always wait until commit to update the first-level improvements. While this is true, Figure 10 shows that the
predictor. As the pipeline depth increases, the delay to up-benefits are not strictly additive. The previous discussion
date the branch predictors also increases. This delay in turrabout how hierarchical update indirectly affects the average
tends to make the contents of the first-level predictor more lookup latency also provides insight into why the two
stale, and explains why hierarchical update provides greatetechniques have overlapping contributions. At shallow
performance gains for the deeper pipelines. The differencepipeline depths (10-20 stages), adding multi-overriding
in performance between the hybrid predictor and the per-does not provide any substantial benefit over the hier-
ceptron stem from the fact that the perceptron is substan-archical update technique. For the deeper pipelines, it
tially more accurate. The benefit of the hybrid predictor provides an additional 1% performance improvement for
for longer pipe-depths is not as great due to the lower ac-a very small cost in additional hardware and complexity.
curacy of the overriding predictor, which feeds more incor- Figure 10 also shows the performance speedup for IDEAL
rect early updates to the first-level predictor. For a moder- predictor lookup and update latencies. Depending on the
ately pipelined (p20) processor with the perceptron predic- configuration, the combination of our techniques achieves
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Figure 10. Relative IPC speedup when hierarchical update (HU), multi-overriding (MO), and the com-
bination of both for the perceptron-based configurations. IDEAL includes both ideal lookup and
update latencies.

49-74% of the potential performance benefit. For the low the large overriding predictor is largely unaffected by up-
hardware overhead, this is a considerable IPC speedupdate latency.
However, the IDEAL results show that some headroom  Apart from the impact of speculative branch history up-

remains. date, the remaining latency-related branch prediction re-
search has focused on the lookup latency of the branch pre-
6. Related Work dictor. Jiménez et al. examined the impact of increasing

clock frequency on branch predictors and overall processor

While there is a very large body of past research on Performance [11]. In particular, a higher clock frequency
branch prediction, we will limit our discussion to studies reduces the largest possible size of a predictor that can still
that have specifically targeted various aspects of branchPe accessed in a single cycle. The combined effects of
predictor latency. Yeh and Patt studied different two-level deeper pipelines (larger misprediction penalty) and smaller
branch predictor organizations and concluded that speculaPranch predictors (more frequent mispredictions) can cause
tive updates of the branch predictustory (not the saturat- @ substantial decrease in overall performance. The study
ing counters) are required for maintaining a high prediction Proposed a variety of mechanisms for dealing with the tim-
accuracy [26]. A subsequent study by Talcott et al. provided ing constraints of predictors; the overriding predictor orga-
arguments that older branch histories can provide accuratdization is one of their proposed techniques, which also
predictions, thus contradicting the Yeh and Patt study [24]. has similarities to the earlier proposed cascaded predic-
These results would suggest that speculative branch historyors [5]. Subsequent work has also proposed the idea of
updates are not necessary, and it would further render hier2head-pipelining to hide the latency of large branch predic-
archical updates to be superfluous as well. However, Haotors. Seznec et al. proposed an ahead-pipelined hybrid pre-
et al. countered with a more detailed cycle-level evaluation dictor for the canceled Alpha EV8 processor [20], and then
of the effects of speculative history update (the paper bylater extended the ahead-pipelining idea to other compo-
Talcott et al. assumed a constant delay between predictioents in the fetch engine [21]. Jémez adapted the gshare
lookup and update) and demonstrated that the variability in Predictor in a technique similar to ahead-pipelining that ini-
lookup-to-update latency did in fact make speculative his- tiates the prediction with an older branch address, and then
tory updates a requirement [7]. Subsequent studies explorednakes use of a subset of the actual branch address at the last
the impact of speculative updates on branch predictors usingnstance to compute the final prediction [10]. 8mez also
local branch history [23], the return address stack predic- Proposed ahead-pipelined versions of his neural predictors,
tor [13, 22], as well as the interaction of speculative branch but they still require multi-cycle lookups which incurs the
history updates with the corresponding history repair mech- overheads of both checkpointing and overriding [9].
anisms after a misprediction has been detected [13]. Jour-
dan et al. also report that the updating of the PHT countersis7. Conclusions
insensitive to the latency of update. This at first may appear
to be in contradiction with the results reported in this study.  In this study, we revisited the impact that branch pre-
However, we only claim that the small, first-level predictor dictor latency has on the performance of a processor. In
is sensitive to update latency; we conducted similar simula- particular, we examined both the well-known problem of
tions and our results corroborate these earlier findings thatpredictor lookup latency as well as the less studied update



latency problem. We found that while the lookup latency [10]
does have a larger impact on overall performance, our per-
formance characterizations indicate that the update latency
should not be ignored. Inspired by our initial performance [11]

studies, we propose two techniques aimed at the two differ-
ent predictor latencies. The combination of the two methods

provides a substantial IPC improvement of 4.4% (5.7%) on [17]

a 20-stage (40-stage) processor pipeline, while introducing

very little additional hardware.

One of the high-level lessons from this study is that it is

very important to fully quantify the performance impact of

all aspects of microarchitecture design decisions. The up-

(13]

date portion of branch predictors has largely been ignored int24]

the past, and as a result the branch prediction research co

munity missed an opportunity to improve predictor behav-

ior. There may be many other components in a modern mi-

croarchitecture that warrant a more detailed “second-look”
to study how performance (or power, temperature, reliabil- [16]
ity, etc.) may be affected by design aspects that are usually
taken for granted.
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