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Abstract cant proportion of data misses can often be overlapped with
other instructions.

In this paper, we study the instruction cache miss For the frequently analyzed SPEC CPU2000 bench-
behavior of four modern commercial applications (a marks, instruction cache misses have minimal impact on
database workload, TPC-W, SPECjAppServer2002 andperformance, since the instruction working set of the ma-
SPECweb99). These applications exhibit high instruction jority of these benchmarks is sufficiently small to fit com-
cache miss rates for both the L1 and L2 caches, and a siz-fortably in the level one instruction caches supported by
able performance improvement can be achieved by elimi-today’s high-end processors. However, for many modern
nating these misses. commercial workloads, exemplified by databases, applica-

We show that it is important, not only to address sequen-tion servers and web servers, the instruction working set is
tial misses, but also misses due to branches and functionsufficiently large to cause significant stalls due to both Level
calls. As a result, we propose an efficient discontinuity 1 (L1) and Level 2 (L2) cache misses.
prefetching scheme that can be effectively combined with Instruction prefetching schemes can be utilized to re-
traditional sequential prefetching to address all forms of in- duce the performance impact of these misses. Prefetching
struction cache misses. schemes speculatively initiate a memory access for a cache

Additionally, with the emergence of chip multiprocessors line, bringing the line into the caches before the processor
(CMPs), instruction prefetching schemes must take into ac-requests the cache line, minimizing, or even eliminating, the
count their effect on the shared L2 cache. Specifically, ag-stall experienced by the processor. Instruction prefetching
gressive instruction cache prefetching can result in an in- is not a new topic and a variety of different hardware (HW)
crease in the number of L2 cache data misses. As a solu-and software instruction prefetch schemes have been pro-
tion, we propose a scheme that does not install prefetchesgposed. However, most modern processors only support very
into the L2 cache unless they are proven to be useful. rudimentary HW instruction prefetchers that target only se-

Overall, we demonstrate that the combination of our pro- quential misses.
posed schemes is successful in reducing the instruction miss Furthermore, as the relative distance to memory in-
rate to only 10%-16% of the original miss rate and results creases, prefetches must be issued increasingly far in ad-
in a 1.08X-1.37X performance improvement for the appli- vance. Today, this lookahead distance is in the order of
cations studied. hundreds of processor clock cycles. This necessitates that

prefetchers become increasingly speculative and introduces

new challenges: 1) how to identify the direction the appli-
1 Introduction cation is headed sufficiently early to allow timely prefetches

to be issued and ii) although the prefetcher is speculating on

With processor speeds continuing to outpace the mem-program behavior hundreds of cycles in the future, it must
ory subsystem, cache missing memory operations increasbe able to do so accurately, in order to minimize the prefetch
ingly dictate application performance. While one typically bandwidth requirements and cache pollution. These chal-
thinks in terms of data misses and data prefetching, in-lenges are even more relevant for Chip Multi-Processors
struction cache misses can also represent a significant peCMP), where there is the potential for inter-core pollution
formance loss for modern processors. Indeed, instructionvia the shared L2 cache, and the per-core bandwidth and
misses are usually more expensive than data misses as ircache resources are much more limited.
struction misses stall the processor pipeline, while a signifi-  This paper makes four main contributions. Firstly, we
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Figure 1. Instruction cache miss rates (% per retired instruction) as cache associativity, line size and
capacity are varied (default is 32KB, 4-way, 64B line size)

analyze the instruction miss behavior of four modern com- which target sequential misses and those which target non-
mercial workloads, a database workload, TPC-W, SPEC-sequential misses.
jAppServer2002 and SPECweb. We illustrate that it is crit-
ical for prefetchers to not only target the sequential misses,2 1 Sequential instruction prefetchers
but also the misses due to branches and function calls. We
further illustrate that large performance improvements can The simplest form of instruction prefetching is next-
be achieved by eliminating these misses. line prefetching [1]. In this scheme, when a cache line is
Secondly, we analyze the performance of a variety of fetched, a prefetch for the next sequential line is also initi-
previously proposed HW instruction prefetchers for these ated. A number of variations of this basic scheme exist, with
commercial workloads and propose an effective discontinu- different heuristics governing the conditions under which a
ity prefetcher that is designed to allow the large lookahead prefetch is issued. Common schemes include: always issu-
distances required by today’s processors. We illustrate thating a prefetch for the next line (next-line always), issuing a
the combination of this discontinuity prefetcher and a tradi- prefetch only if the current line resulted in a miss (next-line
tional sequential prefetcher successfully eliminates all typeson miss) and issuing a prefetch if the current line is a miss
of instruction misses. or is a previously prefetched line (next-line tagged) [2].
Thirdly, we focus our evaluation on the emerging CMP Next-N-line prefetch schemes extend this basic concept
design point, where multiple cores (with private L1 caches) by prefetching the next N sequential lines following the one
share a modest L2 cache. We illustrate that, while the L2 currently being fetched by the processor [3]. The benefits
instruction miss rate increases relative to a single core pro-of prefetching the next N-lines include, increasing the time-
cessor, HW prefetchers can eliminate almost all of theseliness of the prefetches and the ability to cover short non-
misses. sequential transfers (where the target falls within the N-line
Finally, we illustrate the danger of cache pollution asso- “prefetch-ahead” distance).
ciated with aggressive instruction prefetching, which is es-  Alternatively, rather than increasing the “prefetch-ahead
pecially problematic in the CMP environment. We propose distance” and prefetching the next N sequential lines fol-
a solution that eliminates this pollution and we illustrate the lowing the active line, the “prefetch lookahead distance”
resultant improvement in performance. can be increased to N lines [4]. In this scheme, a single line
is prefetched, but it is the ™ sequential line following the
2 Related work active line that is prefetched. This scheme has the ability to
improve the timeliness of the prefetches without requiring a
Although instruction prefetching can be performed via prefetch infrastructure that can handle N prefetch requests
either hardware or software schemes, we focus on HWper demand fetched line. However, when control transfer
prefetching schemes in this paper. HW instruction prefetch- instructions occur with regularity, this method can lead to
ing schemes can be divided into two basic categories; thosesignificant gaps in the prefetched stream and a correspond-
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Figure 2. L2 cache instruction miss rates (% per retired instruction) for single core and 4-way CMP
as cache capacity is varied (default is 2MB, 4-way, 64B line size)

ingly low coverage of misses. the main thread of execution and prefetch the cache lines
that constitute the predicted path of execution. For instance,
2.2 Non-sequential instruction prefetchers in [9, 10, 11], the authors propose using a branch predictor

that runs ahead of the execution unit and prefetches poten-

While next-N-line prefetching can cover small disconti- tially useful instructions ahead of their use.
nuities in the fetch stream, it is not effective at eliminating ~ While many non-sequential prefetchers have been dis-
the misses resulting from transitions to distant lines. This cussed in literature, the vast majority are evaluated for ap-
can be problematic in many applications, especially when plications with small working sets, such as SPEC CPU2000.
the application is composed of small functions or there The size and complexity of many of these prefetchers in-
are frequent changes in control flow. There are essentiallycrease rapidly with the size of the working set, making them
two main styles of prefetcher specifically targeted at non- unsuited to area-constrained CMP processors running com-
sequential misses: history-based schemes and executionmercial workloads. For instance, in fetch directed prefetch-
based schemes. ing [9], a basic block predictor predicts a sequence of basic

For history-based schemes, such as the target prefetcheblocks to be prefetched. However, commercial workloads
proposed in[1, 5], atable is used to retain information about have very large instruction working sets and small basic
the sequence of cache lines previously fetched by the pro-blocks. Therefore, a huge basic block predictor is required,
cessor. As execution continues, the table is searched usrendering the scheme impractical. In contrast, our proposed
ing the address of each demand fetched line. If the addresgrefetcher only needs to store large discontinuities in the
hits in the table, the table returns the addresses of the nexinstruction fetch stream, since it relies on the next-4-line
cache lines that were fetched the previous times the activesequential prefetcher to prefetch small discontinuities, such
cache line was fetched. Prefetches can then be selectivelas taken-branches.
issued for these lines. In this scheme, the behavior of the Additionally, some prior schemes only target a subset of
application is predicted to be repetitious and prior behav- the non-sequential misses, missing significant performance
ior is used to guide the prefetching for the future require- opportunities [8].
ments of the application. The prediction table may con-
tain data for all transitions, or just the subset that relate to 3 Ajternative schemes
transitions between non-sequential cache lines. A variety of
other history-based schemes, each retaining past history in  While the majority of instruction prefetching schemes
a different manner and triggering the issue of prefetches onfall into the two categories previously discussed, there are a
different events, have been proposed [6, 7, 8]. couple of alternative schemes.

In contrast to attempting to predict the upcoming non-  In [12], the authors propose “wrong-path” prefetching
sequential transitions based on an application’s past behavafter observing that, for many conditional branches, both
ior, execution-based prefetching techniques scout ahead obutcomes of the branch occur in a sufficiently short space
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Figure 3. Breakdown of instruction misses by category; (i) Instruction cache (single core), (ii) L2
cache (single core), and (iii) L2 cache (4-way CMP)

of time that fetching for both outcomes of a branch, the prefetch over-run and improving prefetch accuracy. An al-
correct-path and the wrong-path, effectively prefetches theternative technique proposed in [13] is to retain information
wrong-path for subsequent use. with each line in the L2 cache indicating whether the line
In [13], the authors state that, while the HW prefetchers was utilized when previously prefetched into the L1 instruc-
are effective at eliminating sequential misses, HW prefetch-tion cache. When lines which have not previously proved
ers find it problematic to issue timely prefetches for non- useful are re-prefetched, the prefetches for these lines are
seguential misses, and that utilizing the compiler to insert just dropped.
software prefetches for non-sequential misses is much more In [15], the authors note the problems associated with

effective. accurately ascertaining whether a line to be prefetched is
The use of helper threads to perform timely instruction already in the cache. This determination is traditionally
prefetching is proposed by [14]. achieved by the process of inspecting the cache tags. This
“cache probing” can be expensive, frequently requiring du-
2.4 HW prefetcher refinements plication of the cache tags, in order to allow the prefetcher

to perform probes in parallel with demand fetches. The au-

There has been significant research into improving the thors propose associating a confidence indicator with each
efficiency and reducing the cost of HW instruction prefetch- entry in the prediction table. The confidence counter is
ers. incremented when a line is evicted from the cache and

In [15], the authors attempt to address the timeliness decremented when the prefetch is found to be ineffective.
problems of HW prefetchers by triggering the prefetches Prefetches are only issued if the confidence in the predic-
for non-sequential misses following the issue of an instruc- tion exceeds a specified threshold. The authors claim that
tion a known distance ahead of the miss. Additionally, the this filtering scheme is sufficiently accurate to remove the
authors reduce the size of the prediction table required torequirement for the duplication of the cache tags, allowing
accurately predict the behavior of the misses by retaining a significant reduction in the hardware cost associated with
information about the number of sequential misses follow- supporting an aggressive instruction prefetcher.
ing a non-sequential miss in each table entry.

One detrimental aspect of utilizing large prefetch-ahead 3
distances (i.e. large N) is the over-run that occurs when the
code reaches the end of a sequential segment — resulting in
the issue of potentially useless prefetches and resultant pol-
lution. In [16], the authors propose a solution where soft-  In this section, we analyze the instruction miss behav-
ware explicitly marks the end of a sequential sequence, al-ior of four modern commercial applications - a database
lowing aggressive prefetching to be curtailed as the end of aworkload (DB), TPC-W, SPECjAppServer2002 (jApp) and
sequential section is approached, eliminating the problem of SPECweb99 (web). TPC-W is a transactional web bench-
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Figure 4. Performance improvement (relative to no prefetch) achievable by eliminating instruction
misses; (i) single core and (ii) 4-way CMP

mark that simulates the activities of a business orientedity of the instruction cache is varied. Since each core of
transactional web server. SPECjAppServer 2002 is athe CMP has its own private instruction cache, this data ap-
client/server benchmark for measuring the performanceplies to both the single core processor and the 4-way CMP.
of Java Enterprise Application Servers using a subset ofFor the default instruction cache configuration, the miss
J2EE 1.3 APIs in a complete end-to-end web applica- rate is between 1.32-3.16% per instruction, with SPEC-
tion. SPECweb99 is another benchmark for measuringjAppServer2002 having the highest miss rate (as noted by
web server performance, but unlike TPC-W, it does not useothers [17]). Assuming a 20-cycle L2 cache latency (and
transactions. The database workload represents an on-lin¢hat this latency cannot be hidden), this translates into 0.25-
transaction processing workload (due to disclosure agree-0.65 CPI. Increasing the instruction cache line size is highly
ments, we are unable to elaborate on the details of oureffective in reducing its miss rate (as noted by others [18]).
database workload). For the 4-way CMP, we also evaluateHowever, it has a negative impact on both the L2 cache data
a mixed/composite workload, where each core runs one ofmiss rate, as well as the off-chip bandwidth, since a larger
the four applications. This represents a multiprogrammedfraction of the longer line is usually not used. Sequential
workload running on a CMP. Details about our tracing and instruction prefetching achieves the same effect as larger
experimental methodology are described in Section 5. line sizes but, since it is more selective, it has a smaller im-
Unless otherwise stated, the default cache configurationpact on the L2 cache data miss rate and the off-chip band-
assumed for the rest of this paper is: a 32KB 4-way 64B line width. Therefore, sequential prefetching may be preferable
size instruction cache (per core), a 32KB 4-way 64B line to increasing the line size. As expected, increasing the in-
size data cache (per core) and a unified 2MB 4-way 64B line struction cache capacity improves its miss rate. However,
size L2 cache (shared by the four cores on the chip). Whileas noted earlier, it is unlikely that CMPs will have large on-
a larger instruction cache and a larger L2 cache will obvi- chip caches (additionally, increases in the instruction cache
ously reduce the number of instruction misses, we believesize rapidly result in an increased access latency). Associa-
that it is unlikely that CMPs will have very large on-chip tivity also improves miss rate, although to a lesser extent,
caches, since this involves trading off the number of coresand little benefit is obtained beyond 4-way set associativity.
that can be placed on the chip. Also, while the focus of this ~ We note that for all the applications except TPC-W, the
paper is on CMPs, for comparison purposes, whenever it isinstruction cache miss rate is higher than the data cache load
appropriate, we also show data for a single core processormiss rate (not shown due to space constraints). In an out-of-

where the L2 cache is private to the core. order processor, instruction misses are usually more expen-
sive than data cache load misses since they stall the proces-
3.1 Miss rates sor pipeline, while the latter can be usually be overlapped

with other instructions.
Figure 1 shows the instruction cache miss rate of the  Figure 2 shows the L2 cache instruction miss rate for the
four applications as the associativity, line size, and capac-single core and the 4-way CMP as the size of the L2 cache is
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Figure 5. Instruction miss rates for different HW prefetching schemes (relative to no prefetch); (i)
Instruction cache, (ii) L2 cache (single core) and (iii) L2 cache (4-way CMP)

varied. The results show that the database workload, TPC-3.2 Miss categorization

W, SPECjAppServer and the mixed workload have high . o _ .

L2 cache instruction miss rates. For the default (2MB) L2 In order to design effective instruction prefetching
cache configuration, the miss rates on the 4-way CMP areschemes that reduce the number of instruction misses, it is
between 0.07-0.44%. Assuming a 400-cycle memory la- necessary to understand why these misses occur. In partic-
tency (and that this latency cannot be hidden), this translategilar, it is important to understand whether these misses are
to 0.28-1.76 CPI. For a 1MB L2 cache, the miss rates on sequential or the result of a change in control flow. Con-
the 4-way CMP are between 0.24-0.81%, which potentially trol flow changes can be due to branches, function calls
translates to 0.96-3.24 CPI. Capacity has a large impact orPr traps. Branches can be divided into conditional and un-
miss rate (and hence CPI), although the improvement fromconditional, with the conditional branches being subdivided
2MB to 4MB is less than that from 1MB to 2MB. We also into taken(t) and not taken(nt). Furthermore, the conditional
note that the multiprogrammed mixed workload has by far taken branches can be further subdivided into taken for-
the highest L2 cache instruction miss rate and that the missward(tf) and taken backward(tb). In the SPARC ISA, all
rate is higher than the sum of the miss rates of the four ap-branches are PC relative and therefore their targets can be
plications in isolation. This illustrates the importance of trivially computed. In this ISA, function calls are imple-
instruction prefetching in CMPs running multiprogrammed mented using call, jump and return instructions. The call
workloads. instruction is direct while the jump and return instructions

Comparing the L2 cache instruction miss rates of the sin- are indirect (i.e. their targets are computed from registers).

gle core processor with that of the 4-way CMP, the increase _Figurs 3(i) shows the bre.alfdo_wn of instructifon ce}che
in miss rates is substantial, especially for the database work MISSes by catggory. Sequential misses account for only 40-
load and SPECjAppServer. 60% of the misses. Branches account for 20-40% of the

) ) ) misses and function calls account for 15-20% of the misses.
As observed for the instruction cache miss rates, we note|, contrast, traps account for a negligible fraction of the

that for the 2MB L2 cache, the L2 cache instruction miss isses. Among the misses due to branches, conditional
rates of TPC-W, SPECjAppServer and the mixed workload {aken forward(tf) branches are the most prevalent, followed
are comparable to the L2 cache load miss rates (not showryy, nconditional branches. Among the misses due to func-
due to space constraints). For the 1MB L2 cache, the in-tjon calls, those due to the call instruction are most preva-
struction miss rate exceeds the load miss rate. Clearly, forient, Note that the target of the call instruction is embedded
these applications, improving the L2 cache instruction miss yithin the instruction and does not need to be predicted.
rates is critical to improving their overall performance. Figure 3(ii) shows the breakdown of L2 cache instruc-
In summary, these results show that it is important to tion misses in a single core processor by category, while
eliminate both instruction cache misses as well as L2 cacheFigure 3(iii) shows the same breakdown for the 4-way CMP.

instruction misses. Similar to the behavior of the instruction cache misses, se-
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Figure 6. Performance gains achieved by different HW prefetching schemes; (i) single core and (ii)
4-way CMP

quential L2 cache instruction misses account for only 40- 4 A discontinuity prefetcher
60% of the misses and branches and function calls account
for almost all of the rest of the misses. From the previous section it is apparent that, in order
for an instruction prefetcher to be effective, it must target
more than just the sequential instruction misses. While se-
guential misses are significant, Figure 3 illustrates that up
to 60% of the instruction misses in key commercial applica-
tions are non-sequential. Furthermore, these non-sequential
misses are not all attributable to the occurrence of a specific
event, but rather are the result of a wide variety of control
transfer instructions (CTI), including branches and function
calls. Consequently, a HW instruction prefetcher is required
3.3 Instruction prefetching potential that, in addition to effectively tackling sequential misses,
can also eliminate a wide variety of CTI induced instruc-

_ ) ) ~ tion misses. We utilize a “discontinuity prefetcher” to target
Figure 4(i) shows the performance improvement achiev- {hese misses.

able by eliminating different types of instruction cache ) jnstructions cause a ‘discontinuity’ in the instruction
misses for a single core processor, while Figure 4(ii) ShowS ooy stream, and a transition to a non-sequential address.
the same results for the 4-way CMP. The details of the pro- o the perspective of an instruction prefetcher, discon-

cessor model simulated are described in Section 5. The rey, jities that cause transitions to non-sequential addresses
sults confirm the observations in Section 3.2, that it is im- within the same cache line can be ignored.

port.ant FO .e"”.“”ate more thar_1 just the sgquential misses. We propose utilizing a predictor that keeps track of pre-
While eliminating sequgnual MISses a'of‘e IMProves perfpr- viously observed discontinuities, in a manner reminiscent
mance more.than ehmm ating branch misses alone or e.“m'of the target prefetcher [1]. As execution progresses, this
inating function call MISSes alone_, v_ast_performance im- predictor is probed and prefetches are issued for upcom-
provgments can _be obiained by e"m'”?‘“”g all three typesmg discontinuities. Since a significant component of the
of misses, especially for TPC-W, SPECjAppServer and the stalls are a result of accesses that miss in the L2 cache, it

mixed workload. is necessary to launch the discontinuity prefetches as early
These results show that an effective instruction prefetch-as possible, in order to cover the several hundred cycles of
ing scheme must address sequential and branch, as well asiemory latency. To facilitate this, rather than simply prob-
function call misses. They also show that there is great po-ing the discontinuity prediction table with the address of
tential for improving the performance of these applications current cache line, as done in previous schemes [1], the dis-

These results show that it is insufficient to eliminate only
seguential instruction misses. It is also important to elimi-
nate misses due to branches, as well as function calls. Also
it is interesting to note that there are more misses due to
branches than misses due to function calls, curtailing the
performance benefits of previous prefetching schemes [8].

by effective instruction prefetching. continuity prefetcher is probed using cache line addresses
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Figure 7. L2 cache data miss rate; (i) single-core and (ii) 4-way CMP

up to a defined prefetch-ahead distance (i.e. if the current
PC refers to cache line L, the discontinuity predictor may
be probed with L, L+1, L+2 etc.).

tinuity prediction is verified before issuing additional
prefetches for the predicted discontinuity. Once is-
sued, prefetches reside in the prefetch queue until re-

sources are available to launch the prefetches. If the
prefetch is subsequently found to be useful, the evic-
tion counter is also incremented.

Analysis for a variety of commercial workloads found
that, for the majority of discontinuities, for any one start
address (cache-line granularity), there is just one associ-
ated target (not shown due to space constraints). Conse-
guently, the discontinuity prediction table is implemented as
a direct mapped structure with one target per entry (signif-
icantly reducing its size compared to other previously pro-
posed predictors, which retain space for multiple targets per
entry [8]). The table is managed as follows:

3. Replacement:when a discontinuity that doesn’t have
an associated entry in the table causes an instruction
cache miss, this entry becomes a candidate for inser-
tion, potentially evicting an entry already in the table.
To avoid thrashing of the prediction table and the evic-
tion of useful entries by stray events, an entry can only
be evicted when its associated eviction count reaches
zero. Every time an unrepresented discontinuity oc-
curs, the counter associated with the existing entry is
decremented. If this counter reaches zero then the ex-
isting entry can be evicted and a new discontinuity in-
serted.

1. Allocation: when a discontinuity occurs in the fetch
stream and this transition results in an instruction
cache miss, the discontinuity becomes a candidate for
insertion into the prediction table. If the transition is
not already present in the table, an attempt is made
to enter the discontinuity information into the predic-
tion table (see replacement). The table is indexed us- e paired the discontinuity prefetcher with the next-N-
ing a portion of the address of the triggering cache |ine sequential scheme to provide low-cost and effective
line. Each table entry contains the address of the tar-coyerage for the sequential misses, removing the require-
get cache line and a 2-bit saturating eviction counter, ment to retain information about sequential misses in the
which is used to aid table management. On allocation, prediction table (significantly reducing the table size). After
this counter is set to its upper saturated value. experimentation, we found that a prefetch-ahead distance of

4-lines represented a good balance between prefetch time-

liness and prefetch accuracy (with our modeled off-chip
bandwidth constraints).

2. Prediction: the discontinuity predictor is probed by
the sequential prefetcher moving ahead of the demand
fetch stream. If a probe locates a valid entry in the
table, a prefetch is issued for the potential target of 4.1 Filtering
the discontinuity. Additionally, to maximize prefetch
timeliness, prefetches are also issued for the remain-  Aggressive prefetching schemes such as next-N-line and
der of the prefetch-ahead distance following the tar- discontinuity prefetching can generate a significant num-
get line — it will be too late to completely cover L2 ber of prefetches. As we want to minimize the HW cost
cache misses if the prefetcher waits until the discon- of the prefetcher, duplicating the instruction cache tags was
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Figure 8. Performance gains achieved by different HW prefetching schemes (with L2 cache bypass
prefetches); (i) single core and (ii) 4-way CMP

not considered to be cost-effective. Consequently, the in-used entries in the prefetch queue are used to retain infor-
struction prefetches must contend for access to the instrucmation about previously issued and invalidated prefetches.
tion cache tags along with demand fetches. Due to the lowConsequently, the prefetch can match with an entry that is
priority of the prefetches with respect to demand requests,i) waiting to be issued, ii) already issued or iii) invalidated.
prefetches only obtain access to the tags when a core has nif a prefetch for this line has been invalidated or already is-
demand fetch to issue (due to the fetch width of modern mi- sued, the new prefetch is dropped. If the prefetch is still
croprocessors, even when not stalled, there is sufficient tagawaiting issue, it is hoisted to the head of the queue.
bandwidth available for modest, filtered, prefetch probing).  Using this filtering mechanism, the vast majority of the
After a prefetch is generated by the prefetcher it is sent unnecessary prefetches are dropped prior to accessing the
to the core’s prefetch queue until such time as there is a freecache tags (after filtering, for up to 90% of prefetch tag ac-
time slot to inspect the instruction cache tags (the queuecesses, the desired line is not found in cache and a prefetch
is managed on a last-in, first-out basis to de-emphasizeis issued), minimizing pressure on the tags. The perfor-
the older prefetches). As the prefetch queue is of finite mance implications of the filtering mechanism were ob-
size, it can readily overflow if the prefetcher is generat- served to be extremely minor.
ing prefetches faster than they can be issued (the oldest
prefetches are dropped first). Additionally, if the prefetch 5 Methodology
gueue becomes clogged with useless prefetches, this can
delay the issue of useful prefetches, impacting their time- | Section 3, we described the four commercial applica-
liness. It is therefore of overwhelming importance to filter tjons used in this study. The traces used in our simulations
the prefetches generated by the prefetcher, rather than jusiere generated from highly optimized binaries on which
allowing the inspection of the tags to perform this function. aggressive link-time code layout has been performed (these
This filtering is achieved by keeping track of the most re- binaries are used by our company for reporting benchmark
cent demand fetches and checking each prefetch predictionesults). The traces were collected when the workloads
against this list. If it is determined that the prefetch corre- were warmed and running in steady state and were meticu-
sponds to a line that has been recently demand fetched, théously validated against hardware counter statistics.
prefetch is dropped. Similarly, while the prefetches reside  For our simulations, we used the first 50M instructions
in the prefetch queue waiting to be issued, every subsequenin the trace to warm the caches, as well as the processor
demand fetch is compared with the unissued entries and anyipeline structures, and the next 100M instructions to col-
matching entries are marked as invalid. lect statistics. All four applications are transaction-oriented
Additionally, before a prefetch is inserted into the and do not exhibit phase changes. We found that 50M
prefetch queue, the queue is checked for other entries thainstructions are sufficient for warming the L2 cache and
correspond to the same cache line i.e. the prefetch queud00M instructions are sufficient for collecting a represen-
can never contain duplicate prefetches. Furthermore, un-ative transaction mix that enables accurate statistics collec-
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Figure 9. (i) Prefetch accuracy (4-way CMP) and (ii) Performance improvement for a next-2-line dis-
continuity prefetcher (4-way CMP)

tion. In addition to investigating the performance of the dis-
The processor simulator used is a cycle-accurate timingcontinuity prefetcher, we also look at a variety of other HW
simulator that models either a single-core out-of-order pro- prefetchers which predominantly target sequential misses,
cessor or a 4-way CMP with four out-of-order processor including next-line on miss, next-line tagged and next-4-
cores. Each out-of-order (Oo0) core is 8-wide fetch, 3- line tagged. We note that the next-4-lines prefetcher has the
wide issue, has a 64 entry issue window, a 64 entry reorderpotential to eliminate branch misses as well as sequential
buffer, and a 16-stage pipeline. The L1 instruction and datamisses, since most taken forward branches (shown in Sec-
caches are each 32KB (4-way set associative, 64-byte lingion 3.2 to be the majority of branch misses) have targets
size, 4 cycle latency) and the unified L2 cache is 2MB (4- that are within four cache lines of the current cache line.
way set-associative, 64-byte line size, 25 cycle latency). In  The discontinuity predictors are per-core and each pre-
the 4-way CMP, the L2 is shared by the four cores. The dictor has 8k-entries, although it is later shown that signifi-
modeled memory latency is 400 cycles. The cores are as-cant miss coverage can still be achieved with as few as 256-
sumed to run at 3GHz and the off-chip bandwidth for the entries. Each core has a 32-entry prefetch queue and each
single-core processor is 10GB/s, while the off-chip band- core also keeps track of its last 32 demand fetches for the
width for the 4-way CMP is 20GB/s (for comparison, the filtering previously described.
off-chip bandwidth for IBM POWERS5 systems is approx-
imately 25GB/s, while it is approximately 4GB/s for HP g Results
[tanium systems [19]). The primary instruction and data
TLBs are 128 entry 2-way set-associative, while the sec-  Figures 5(i), 5(ii) and 5(iii) illustrate the decrease in in-
ondary unified TLB has 2K entries. The conditional branch struction miss rate (for both the L1 and L2 caches) achieved
predictor is a 64K entry gshare predictor, the branch targetby each of the HW prefetching schemes under analysis.
buffer (BTB) has 1K entries and is direct-mapped and tag- It is apparent that the more aggressive schemes are espe-
less, while the return address stack (RAS) has 16 entriescially effective at eliminating instruction misses and the
While the simulator is trace-driven, it is augmented with combination of the discontinuity predictor and the next-4-
an instruction set emulator. Using the register and memoryline sequential prefetcher can eliminate the vast majority
values from the traces, the emulator allows the simulator of the misses. In addition, the more aggressive prefetching
to accurately model control and data speculation, therebyschemes are even more effective on the 4-way CMP than on
achieving the accuracy of execution-driven simulation. the single core processor, which helps mitigate the higher
The chosen performance metric is instructions per cy- original miss rate of the 4-way CMP.
cle (IPC) and we present the percentage performance gains Given this significant reduction in instruction misses, we
relative to the baseline system that does not support a HWwould expect significant increases in the performance of the
prefetcher. Additionally, no software instruction prefetch- commercial workloads under consideration. Figures 6(i) &

ing is performed in the applications. 6(ii) illustrate the performance improvements achieved by
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Figure 10. Prefetch coverage achieved with various sizes of the next-4-line discontinuity predictor;
(i) L1 cache (ii) L2 cache (4-way CMP)

each of the prefetching schemes, and, given the effective-cache iff the prefetched line proves to be useful. During the
ness of the prefetchers, the performance improvements aréime the prefetched line is resident in the instruction cache,
significantly less than suggested by the initial limits study its use is tracked using the same infrastructure utilized to
(see Figure 4). perform prefetch tagging. If, on eviction, the prefetched
A major cause of this discrepancy can be found by an- line has been used, the line is installed in the L2 cache. As
alyzing the L2 cache data miss rate for the applications. a result, no useless prefetches are installed in the L2 cache,
From Figures 7(i) & 7(ii), it is apparent that the L2 data eliminating the previous pollution problem.
miss rates increase significantly when aggressive instruc- The effectiveness of this technique is evident in Fig-
tion prefetchers are utilized. This is a result of the addi- ures 8(i) & 8(ii). Compared to Figure 6(ii), the perfor-
tional cache lines brought speculatively into the L2 cache mance improvement of the discontinuity prefetcher (rela-
by the instruction prefetching schemes. As the L2 cachetive to no prefetching) in the 4-way CMP increases from
is a unified cache (i.e. contains both instruction and datal.05X-1.28X to 1.08X-1.37X. Also, comparing Figure 8(i)
lines), the increased instruction presence leads to increasedith Figure 8(ii), the performance improvement of the ag-
data evictions and a corresponding increase in the data comgressive prefetchers is generally greater in the 4-way CMP
ponent of the L2 cache miss rate. Consequently, while thethan in the single core processor.
instruction prefetching schemes are extremely effective at  Figure 9(i) illustrates the prefetch accuracy for the differ-
eliminating instruction cache misses, the increase in dataent HW prefetchers analyzed. Predictably, the prefetch ac-
L2 cache misses effectively counterbalances the resultingcuracy is noticeably lower for the more aggressive prefetch-
performance improvements and leads to the situation whereers. Even though inaccurate prefetches can no longer pol-
there is overall little performance improvement achieved by lute the L2 cache, they still consume off-chip bandwidth,

the instruction prefetchers. potentially delaying other useful prefetches. Other than its
Therefore, a method is required to reduce this L2 cacheimperfect (albeit very good) coverage, this is another reason
pollution. why the discontinuity prefetcher does not fully achieve the
potential performance gains shown in Section 3.3. How-
7 Reducing L2 cache pollution ever, every realistic prefetcher must inevitably trade-off

coverage and timeliness against accuracy.

From the previous section, it is apparent that a signifi-  Figure 9(i) also shows that significant improvements
cant number of the instruction misses can be eliminated byin the accuracy of the discontinuity prefetcher can be
utilizing aggressive prefetching techniques. Unfortunately, achieved by reducing the prefetch-ahead distance (and un-
the pollution of the L2 cache mitigates the benefits of the in- fortunately, timeliness) to next-2-lines (discont (2NL)). Ad-
struction prefetching to a significant extent. To address thisditionally, Figure 9(ii) shows that the next-2-line disconti-
problem, we modified the instruction prefetches to initially nuity prefetcher achieves superior performance to the next-
bypass the L2 cache, the line only being installed in the L2 4-line (sequential) prefetcher. It does so while attaining al-
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most 50% higher accuracy. As a result, in environments [4] T. Han, S. Kim, G. Park, O. Kwon and S. Yang, “An Im-

where off-chip bandwidth is constrained, the next-2-line
discontinuity prefetcher may be a good choice.

Finally, Figure 10 illustrates the miss coverage that is
achieved for different sizes of the discontinuity prefetcher’s
prediction table. While larger prediction tables achieve bet-
ter coverage of both L1 and L2 cache instruction misses,
smaller prediction tables still provide significant improve-
ments in coverage with respect to that achieved by the next-
4-line (sequential) prefetcher. Indeed, for all of the work-
loads investigated, the table size could be reduced by a fac-
tor of 4 with minimal impact on miss coverage.

8 Conclusion

In this paper, we showed that modern commercial ap-
plications, such as databases, application servers and web
servers, have high instruction miss rates at the L1 as well
as L2 levels, especially when run on CMPs, and that ef-

fective instruction prefetching is imperative to mitigate the [10]

performance loss due to these misses. We showed that it
is necessary to address all types of instruction misses, and

not only sequential misses, as is done in current commer-(;1j

cial processors. Toward this end, we presented an effective
discontinuity prefetcher that addresses all types of instruc-
tion misses and successfully reduces the miss rate to only
11%-16% of the original.

Additionally, we illustrate that, with a simple prefetch
filtering scheme, the tag bandwidth required by the

prefetches can be reduced sufficiently to be supported with-[13]

out duplication of the cache tags.
We also showed that aggressive instruction prefetching
in CMPs can cause pollution in the shared L2 cache and

increase the L2 data miss rate, thereby offsetting the per-[14]

formance gain resulting from the reduction in the number
of instruction misses. To solve this problem, we proposed
and evaluated a scheme that does not install instruction
prefetches into the L2 cache until they are proven to be use-
ful. We showed that this scheme successfully enhances the
performance of aggressive instruction prefetchers.
Overall, we showed that the combination of the discon-
tinuity prefetcher, prefetch filtering and the selective L2 in-

stallation scheme improves overall performance of the four [17]

modern commercial applications studied by 8%-37%.
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