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Abstract systems (or, just SMP for clarity). Such systems are
i becoming increasingly popular in part as a result of their
We propose methods for reducing the POWELyst-effectiveness [37], of popular software that can

required for handling snoop requests in small-scale,,|oit them (e.q., database systems, web-servers, etc.)

snoop-coherence, bus-based SMP systems. Obsenvipgy of increased understanding on how to program and

that a large fraction of snoops do not find copies on aflse them, e.g., [3, 15]. Even larger-scale parallel systems
Othir (;iches, we 'ntmduc‘i_ETTT which is a smaIL, are typically build out of small-scale SMP nodes, e.g,
cache-ll ehstructurek AETT}( IS phaced m-bethen the 154]. In SMP systems, increasing processor and system
bus and the L2 backside of each processor where it agf$e ration levels magnify power-dissipation concerns.
as a filter for snoop requests. In particular, it filters theMoreover power-optimizations may be essential for

vast majority of snoops that would not find a loca”W‘uture, single-chip implementations of SMPs [18,20,7]
cached copy. We propose a number of alternatveY  nare multiple processors and part of the associated

methods that operate by identifying either a subset emory hierarchy may lie on the same die. Even today,

nonr;IocaIIIy-ckached blocks or ahsu?erset offlocalll rocessors used as building blocks for such systems
cached blocks. We demonstrate that for a set of paraligly),je temperature monitoring hardware so that appro-
applications and a 4-way SMP system, relatively sm

A riate action can be taken when necessary, e.g., [13].
JETTY structures can filter up to 77% of all snoops tha Power-optimizations can be attempted at various lev-

would miss on the average. This resulted in averaggs tarting at the high-level programming language/
power reduction of 41% measured as a fraction of thg,,jication down to the semiconductor process. More-
power required for all snoop-induced tag-array ey there is a multitude of structures where power opti-
accesses. mization  opportunities  exist.  Developing an

1 Introduction understanding of power-related tradeoffs requires careful
After several decades of research and deveIopment%ﬁ?‘”lﬁztlsgp?rtr\:f:ilfepFézrr:zglrt:]eez with micro-architec-

tc_omﬁ?uter_ a:jchltequre much t(')f our atccum:cjlated dexpetr-ral techniques that are orthogonal to traditional power-
IS€ lIes In designing computing Systems Tor a desirel,  jqp, techniques (e.g., voltage and frequency scal-
performance level while taking cost and complexity 'm?ng) Specifically, we present methods to reduce the
consideration. In the recent years, however, power cop- ' '

sumption is emerging as an additional, similarly impor- verage power required by the memory traffic on the bus
P . erging ' Y IMPOT5¢ an smP system. In such snoop-coherence-based sys-
tant consideration. Reduced power consumption ¢

. o . . ‘?Qms, accesses from one processor may have to check
greatly improve utility in mobile applications by allow-

i1a lonaer operation times. However power is alsgvhether copies of the referenced memory location exist
y ‘longer op . ' , powe in other caches. This is typically done by checking the

becoming important in desktop/server applications. Hqugs of the appropriate cachesaih other processors

the concerns include feasibility, reliability and cost '

While, initially, power dissipation was not a concern fop—hiS Is fairly appropriate when power is unimportant.
comm’odit sy’stpems it haspbeen increasing steadil ASHowever, when power is a concern possibilities for
Y Sy ' 9 Y- rgduced-power optimizations exist.

result, modern processors utilize optimizations to keepWe observe that more than often, copies either do not

power dissipation within acceptable limits, e.g., [17, 33]6-xist or exist only in some of the caches. We exploit this

B s EHEnOMEnon by fodUGrT™. 77 i iy S
Y P P ture placed on the bus-side at each processory fil-

most likely be absolutely necessary [29]. ters out the majority of bus-induced tag lookups that

In this work, we are concerned with power optimiza- . e .
. P P ,\mguld otherwise miss in the local processor hierarchy. It
tions for small-scale snoop-coherence bus-based S



operates as follows: When a snoop request is receivedpffer concluding remarks.
is first sent to theeTTy. TheJETTY responds either that  For clarity, we use the acronym SMP to refer to snoop-
no copies exist (this is guarantee) or that coprey coherence, bus-based, small-scale symmetric multipro-
exist. Only in the latter case it is necessary to access ttessor systems.
rest, much more power demanding tag-arrays. We s gnqon Traffic Power Optimization
describe a number of possibETTY variants, which are .
speculative in nature: They indicate that a block is eitherOpportun'ty
not cached (guarantee) or thatnitay be cached in the In this section we review the operation of typical SMP
L2. That is, they identify aubsetf blocks that are not systems to motivate thiETTY method. We also present
cached and aupersebf blocks that are cached. experimental evidence showing that a set of parallel pro-
JETTY reduces power on the average provided there ggams exhibit part the behavior necessary J&nTY's
a sufficiently large fraction of snoops that miss in remoteuccess.
caches. In a worst case scenario (for example, when therigure 1(a) illustrates a typical SMP system consisting
vast majority of bus-snoops hit in all local hierarchiespf 3 processors with local caches. Shown are a write-
JETTY may increase power consumption. While thisuffer (WB) and an L1 and an L2 data caches per pro-
increase will be very small (aTTY is much smaller cessor. For clarity we omit the instruction hierarchy and
than the rest of the tag hierarchy), care must be takengay other buffers that may exist between adjacent levels.
keep power dissipation within operational limits. ExistThe processors are connected to a common bus, which is
ing processors already include temperature monitoringlso connected to the main memory subsystem. The
hardware and the mechanisms necessary to take actlenty method aims at reducing energy required for
when appropriate, e.g., [13]. A number of remedies armemory requests that appear on the common bus. To
possible including frequency and/or voltage scaling [Sexplain our method we start by reviewing how memory
16] and shutting down parts of the system [25]. Even smequests are typically handled in such a system. In the
JETTY aims at minimizing the probability that such meaexample shown, CPU1 performs a request on address
sures will be necessary, effectively maintaining a lowets”, which misses in the local memory hierarchy. As a
operating temperature which may lead to higher reliabitesult, the request appears on the common bus (action 1).
ity [13]. As we show in Section 5, for the parallel pro-The other two processors snoop this request (action 2).
grams we studiedeTTy results in significant power As part of this action all appropriate local tag arrays are
savings. However, it is likely that the potential savingprobed for a possible match. In our example this
will be larger when an SMP is used mostly as a througincludes the L2 tags and the WB (we assume inclusion
put-engine (i.e., running several independent programs) L1 in L2). The cycle is complete when all CPUs
rather than as a parallel-engine. respond (action 3) so that appropriate action can be
Overall, snoop traffic power dissipation representgaken. As shown, a copy of “a” exists in the L2 of CPU2,
only a fraction of the total power consumed. Nevertherowever, no copy is found in CPU3’s caches. (For exam-
less, a study of potential optimizations such as those e, this scenario is possible if a process in CPUL is
describe is justified for the following reasons: As cachesgsing “a” to communicate values to a process running in
increase in size, the absolute amount of power requirg@pPu?.)
for their operation will also increase. This is especially a As the example showajl L2 tag-arrays irall CPUs
concern for single-chip multiprocessor systems and @bnsume power even though not all of them have a copy.
processors that integrate large on-chip caches. Moreovehe larger the L2 caches are, the larger their tag arrays
as other power-optimization techniques are perfectegill be, and as a result the higher the power expended on
tag-related optimizations likgeTTy will increase in  snoops that miss. Provided that many snoops miss, there
importance. Finally, it is likely, that similarly to perfor-is an opportunity for reducing power consumption.
mance optimizations, a plethora of power-optimizationseTTy capitalizes on this opportunity by introducing a
will be needed at multiple levels and structures to attagmall structure placed in-between the L2 and the bus in
a desired overall power reduction. every processor. AETTY enhanced system is shown in
The rest of this paper is organized as follows. In Sefigure 1(b). The intention is to filter most requests that
tion 2, we present the rationale for our approach. In Segould anyhow miss in the L2 blocking them from reach-
tion 3, we discuss the operation HTTY and present ing the much more power-demanding L2 tag-array (how-
several alternative organizations. In Section 4, we corgver, assuming that the WB may contain addresses not
ment on related work. We present experimental resultsyet allocated in the L2, the WB tags still have to be
support of the utility of our methods in Section 5snooped). As shown in the example, 158TY in CPU3
Finally, in Section 6 we summarize our findings andietermines that no local copies exist avoiding probing
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Figure 1: (a) Traditional snoop-coherence, bus-based SMP system: All L2 tag-arrays consume power for snoops. (b)
JETTY enhanced system: the locaTTYfilters snoops that would miss. Only if a hit is likely, the L2 tag-array is
probed consuming power. Otherwise, power consumption is limited to that required by thestaocednd the
writeback buffer array (we assume inclusion of L1 in L2).

the much larger L2-tag array. WhileTTy will not filter 3 Jetty Variants
Snoops to the WB, the WB will be relatively small as In this section we discuss threerTy variants: (1) the

compared to the L2 tag array in typical systems. . exclude3eTTy, (2) the includeseTTy, and (3) the hybrid-
For JETTY to be successful there are two primary . . . .

requirements: JETTY. What differentiates them is the_typ_e of qurma—

tion they record. Thexclude3eTTycontains information

1. Alarge enough fraction of L2-snoops should resu#n recent blocks thatre notpresent in the local L2. The
in a miss. Note that we are referring to L2-snoopgcludeJeTTy contains aggregate information abauit
and not bus-snoops. It is known that a large fractiaflocks currently present in the local L2 cache. Finally,
SPLASH2 find remote cached copies [36]. Howevethe hybrid-JETTY combines both approaches in an
as we show in Section 5, even if cached copies eXigtempt to get the best of the other two. All variants are

in somecaches, they do not always exist @l speculative in nature: They all indicate that a block is

caches. eithernotcached (guarantee) or thatiaybe cached in
2. It should be possible to identify most of these woulthe L2. In effect, they identify subsebf blocks that are
be misses using a small enough structure. not cached and supersebf blocks that are cached.

In Section 5, we demonstrate that this is the case foBal Exclude-Jetty
set of parallel applications via simulation. Since building
working coherence protocols is already complex enou
[11], it is desirable to keep any additional complexityan
introduced to a bare minimum. In the organizations we,
propose no coherence-related state information (oth
than presence, i.e., valid) is kept with any of theTy
blocks. TheseTtTy simply filters requests for non-exist-
ing blocks. SincageTTY appears in series with the L2 it
will increase response latency for non-filtered snoop

The Exclude3eTTy (EJ) keeps a record of blocks that
ve been snooped recently and missed in the local L2
d are still not cached, i.e.,subsetf blocks that are

t locally cached. The EJ is a small array containing
FIrAG, valid-bit) pairs. If a match is found in the EJ then
this is a guarantee that the block is not cached locally.
An entry is allocated when a remotely generated snoop
results in a local L2 miss. Subsequent accesses to the
Tame block will be successfully filtered so long as the

However, given thalerty is very small, it is unlikely block is not evicted from the EJ. An EJ entry is removed

tha_t the additional latency introduced will impact t,he(valid bit reset) when a local miss results in allocation of
typically much slower bus-clock cycle (otherwise, Si%the corresponding block. This can be done simply by

ruﬁcant performance d egraqlatlon may be (.)bserved' m serving the bus traffic generated by the local hierarchy
ing JETTY less attractive). Finally, a potential benefit ofi e., the EJ can operate on the backside of the L2)

our approach Is that reduces .the number of L2 tag-arrgyﬂ’]e EJ is well suited for scenarios whemmeof the
requests. This may be beneficial for performance Wheﬂ?ocessors are heavily usireg small portionof their

the number of L2 tag-array ports is limited. address space in a way that results in frequent bus activ-
ity. This would be the case, for example, in producer-
consumer scenarios of small data structures. Other pro-
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Figure 2: (a) A vector-excludeeTTy. it contains information about recent snoops that missed in the local L2. A block

is not cached if its tag is matched in the EJ and the corresponding present-vector bit is set (the i-th present-vector-bit
corresponds to address TAG+i). (b) An inclugaTy. The upper 32 relevant bits (assuming 256 byte blocks and a
40-bit PA space) of an incoming physical address are split into four 8-bit parts. These are then used in parallel to
index into four sub-arrays. Each matching entry reports a presence bit (p-bit) and the exact count of blocks currently
present in the L2 that match the corresponding bit combination. A téotiotbe locally cached it least oneof the
matching p-bitds zero However, a blocknay be locally cached i&ll matching p-bitsare set The count fields are

used only on block allocation or de-allocation to keep the p-bits coherent (read text). (c) Example showing power-
optimized EJ sub-arrays. Separate p-bit and cnt arrays are used per each 256-entry sub-array of part (b).
cessorgot participating in this activity can filter the cor- The lower 2-bits of the TAG are used to select the appro-
responding snoops by simply recording the blockgriate bit from the 4-bit PV. Bit O of the PV corresponds
involved. Also, EJ will successfully filter snoops whento address TAG+0 while bit 3 corresponds to address

for example, only some of the processors are accessifgG+3. A block is not cached if its TAG matches an

the same array (or other data structure) elements in thetry in the VEJ and the corresponding present-bit is set.
same order and close in time. Consider, for example, a4- Include-Jetty

way SMP and a scenario where CPU1 and CPU2 are tra-

versing the same arrayin lock-step with CPU1 access- AE aJterna}tlvléa Jto_retcolidlng .beOCkS :mm EOH?;? lly that
ing elementa[i] first, followed immediately by CPU2 cached (as in EJ), is to keep information about those tha

accessing the same element. When CPULl’s accessa}‘lg' -:_Jh's 'St v_vhat_ tfhe m(t:.IUdﬁTTtY.d(l‘] I_cf)_r short) dc;afs.
a[i] appears on the bus, the EJs on CPU3 and CPU4VJT Iebl Cﬁn ans in Iorma 'ﬁnd a Ih enL|2|eﬁaperse hi
record this address. Then, when CPU2 accesses the si 0| 0CKS currently cached in the L2. I no match Is

block, the EJs in CPU3 and CPU3 will successfully filtef°Und In the IJ, then this is a guarantee that no matching
out th’e snoop lock exists in the L2.

The number of EJ entries limit its utility. While The various 1J organizations we studied are all variants
increased entry count would probably result in a high(ﬂI _the one shown in F|gure 2.(b)' we explam s operatlon
fraction of filtered snoops, it would also result intSiNg an example configuration assuming a 40-bit physi-
increased size and reduced power savings. However, %@J add_ress space and 256-byte L2 blocks. The example
exploiing program behavior, it is possible to gef consists of four_256—§n_try sub—array_s. The relevant 32-
increased coverage of snoop misses without a prop t part of_the PA is split into four 8-bit parts (IDX 0 to
tional increase in EJ entries. Observing that often snoq )X 3) which are then used to access the four sub-arrays

misses are clustered in the memory space, we develo;% a_rallel. anh entry reports_ a coury anq a pre_sent
the Vector-ExclusiveeTTy or VEJ. Here, we use a p) bit. Let us ignore the cnt fields for the time being. A
(TAG, present-vector) pair to encode p;resence for %—bit indicates whether there is at least one cached block

chunk of consecutive blocks. The present-vector, or PWhose tag matches the corresponding b't_ pattern. For
is a n-bit mask indicating which blocks starting from€Xample, in the left-most sub-array, the p-bits of the 1st

TAG and ending with(TAG+n - 1) are currently not eggy (entry (f))tt?ndf thrg (Z)E(’)Gth entry Z‘%tCEFblc’CkS with
cached in the L2. An example is shown in Figure 2(&00'€SS€s O the TortxuixXXxxxxand UXFEXXXXXXX

. : . ectively. lanyof the four p-bits retrieved for a block
assuming a 40-bit physical address space, 256-byte P .
blocks and a 4-bit PV. As shown, instead of storing thﬁ dlzesfs atr)?t zero, then no L%hblockgratchebs t|h|s a”ddress.
full 32-bit tag in the EJ, we store the upper 30 bits only! &' O P-DILS aré non-zero, then a aeiay be locally



cached and we have to probe the L2 tag-array to deterdt is important to emphasize that when an external
mine whether the block is actually cached. In effecgnoop probes the IJ only the p-bits are read. diite
each sub-array represents a superset of all cached blofikkls are read and updated less frequently. Accordingly,
(via the non-zero p-bits). Accordingly, the intersection ofo reduce power consumption we can use an alternative
all these supersets (one per sub-array) is also a supersganization where the p-bits and tlkat fields are
of all cached blocks. stored in separate arrays. Moreover, the p-bit array can
Since missing in the 1J implies that a block is not itbe organized to contain multiple p-bits per entry. For
the L2, it is imperative to keep its information cohereniexample, as shown in Figure 2(c), instead of using a 256-
To do so, we keep track of the exact number of bloclentry by 1-bit array we could use a 16-entry by 16-bit
that match each IJ entry via tbetfields. When a block organization where part of the index is used to select the
is allocated or de-allocated all corresponding IJ counteesitry and the other part to select the appropriate p-bit.
are incremented or decremented respectively. At moBhe same principle can be applied to tmt arrays as
one counter per sub-array needs to be updated at ampwn in the figure.
time. Since the p-bit encodes presence, we use a counbome ISAs define cache-related operations to facili-
value of 0 to report 1 matching block, a value of 1 ttate cache management in software (e.g., [10]). In the
report 2 matching blocks and so on. A p-bit is reset goresence of such operations, it is important to maintain
when we de-allocate a block and the matching countertise information kept in the 1J coherent with that in L2. A
zero. A p-bit is set when a matching block is allocatedossible solution is to provide primitives that allow soft-
and the p-bit is zero. For this method to work it is necesvare inspection and control of the information present in
sary to communicate the addresses of replaced L2 blodks JETTY. However, in this case, care must be taken to
to the 1J. This information is available at replacememnteight the power benefits 0ETTY in normal operation
time in the L2 (no additional accesses are required). ¥s. the additional power required for updating it on mul-
separate tag-sized set of wires can be used to commuipie-block cache actions. For our purposes, we limit our
cate this information to the 1J (actually the set-index bitattention to systems when multiple-block cache actions
are not required if this information is communicatedire not supported in hardware.
when the address of the incoming to be cached bloek3 Hybrid-Jetty

appears on L2’'s backside). With this counter-basedTh 1 tai te inf i bout what i
scheme it is desirable to avoid saturation. We make the' '€ contains aggregate information about what 1s

pessimistic assumption that a single 1J entry may matgﬁmhecjt Iocallyt anfdtﬁs vtv_e Sho:;’ n Secutc;]n 5, itis fairly
all L2 blocks (e.qg., this can happen with a fuIIy-associa"’lCCura € most of ne time. Towever, Inere are cases
tive cache). However, depending on the bits used here a small set of frequently snooped blocks defies

index a sub-array and the cache organization fewer bl e_ntification by an IJ. At the same time, the EJ is well
may be required. suited for keeping track of a small number of blocks that

In the example of Figure 2(a) we used all relevant pare not currently cached. An obvious alternative is to

bits to index the sub-arrays. We also used non-overl ombine the two methods to increase accuracy. In this
ping, continuous, equal in length parts of the PA. Non ybrid-JETTY or HJ organization both an EJ and IJ

of these are requirements. In fact, we found that usirgggerate in parallel. When either of the two indicates that

partially overlapped indexes results in better accura% match is possible we avoid accessing the L2 tag array.

However, an extensive investigation of 1J index gener i?m?; are allocated 'g ;he k_?lﬂ'lly w?en the IJ_falls 0 .
tion schemes is beyond the scope of this paper. llter them (as opposed for all local snoop-misses as in

Noting that storage requirements are just an indicati He 9r|g|nal EJ method). As we show in Sect|_on 5 a
of power consumption, in general, the ratio of the sto ybrid m‘?thOd outperforms the other two both in accu-
age requirements in bits of an 1J vs. a regular tag array facy and in power reduction.

4 Related Work

. Any of the plethora of techniques to minimize false
Setsx Asocx ( PA- Ig BlockSZlg(Sety+a)  sharing and to maximize cache utilization will reduce

Where Sets, Assocand BlockSZare the number of bus-traffic and alsp _reduce the_ power diss_ipated by
sets, the associativity and the block size (in bytes) of tif800PS. Here we limit our attention to techniques that
L2 cache PA bit-width of physical addresses; are the either aim qt_reducmg the power consumption of caches
1J sub-array index bit-lengths, ands at least 2 and 3 O to minimizing the storage requirements for tag-arrays.
for MOSI and MOESI state encoding respectivel);rhere is a plethora of other power consumption reduc-

(ignoring error-detection/correction overheads). tion techniques.

Z 2™ x (Ig(Setsx Assgcr 1)
Ratio =




A number of techniques have been proposed to reduicdormation about these shared-memory applications
the power consumption of instruction and data cachéwcluding the input data set (we will explain the other
and TLBs [8,14,4,22,19,23,28,32]. In most cases, addiolumns shortly).
tional caching levels are introduced (often employing To evaluate the utility of our approach we have used
intelligent caching strategies) to reduce access frequahe Wisconsin Wind Tunnel 2 simulator [26] to collect
cies for higher-level, much larger and hence more-powsnoop activity traces and memory reference statistics.
consuming caches or TLB&TTY is mostly orthogonal Since only the binary distribution of WWT2 was avail-
to these techniques as they minimize power for accessdse to us, we have implemented a separate simulator for
originating from the local processor. Since, the size afimulating thelJETTY methods. The simulator accepts the
higher-level caches remains unchanged, these technig€®/T2 generated traces and simulates all L2 caches
may not reduce power for snoops. Albonesi has alswith and without variouseTTy mechanisms (simulating
looked at adjusting the associativity of the L1 data cacleg L2 caches is necessary to obtain block replacement
by selectively shutting down parts of the cacheféiry information). Our base configuration is a 4-way SMP.
may easily co-exist with such optimizations and will stilEach processor has an 1MB direct-mapped, 64-byte L2
be valuable especially when the application requires usache. Each L2 cache contains 8 banks. Using the
of all L2 cache resources. CACTI tool [35] we have determined that this is optimal

We can reduce the power required by tag-lookups bgr the particular configuration. WWT2 assumes perfect
using alternative tag organizations. Two closely relateidstruction caches, cannot simulate caches of higher
techniques are the CAT method [34] and a method prassociativity and does not simulate L1 caches. The
posed by Seznec [31]. In these schemes, a level of indbsence of an L1 can have an effect on snoop activity. In
rection is introduced in determining cache block tags. Aiture work, we will modify WWT2 to model an L1-L2
first level tag table provides part of the tag and an indeon-chip hierarchy. Since the instruction footprint of
pointing to a second level table providing the rest of thinese applications is very small it is unlikely that instruc-
tag. Related to these techniques are sectored caches t@md misses would significantly affect our results. The
Seznec’s decoupled sectored caches [30]. While thessulting L2 tag array accesses and L2 tag array accesses
techniques reduce the space required for the tag-ariagluced by snoops are reported in columns 3 (“L2
they also place restrictions on the block address distribaecesses”) and 4 (“Snoop Accesses”) of Table 1 respec-
tion that can be concurrently in the cache. Moreovetively and in millions. The figure for the L2 accesses
they may increase L2 access latency. It is likely thémcludes snoop-induced accesses and is reported directly
JETTY will still remain a relatively small fraction of the by WWT2.
resulting tag-array. For most of the evaluation, we restrict our attention to
. . 1M L2 caches. In Section 5.5, we report results with
5 Experimental Analysis 512k L2 caches. To measure power consumption we

In this Section, we evaluate the effectiveness of varivave adapted the analytical model developed by Kamble
OUSJETTY organizations. In Section 5.1, we discuss ouwind Ghose [21]. This model calculates power for cache
methodology including the benchmarks and simulatiogtructures as a function of their organization, the number
environment. In Section 5.2, we demonstrate that a largéd type of accesses and a set of technology dependent
fraction of snoop-induced L2 tag accesses results ina@tributes. In our experiments we have assumed a
miss. As we explained in Section 2, this provides ap.18um technology with the characteristics reported in
indication of our method’s potential. In Section 5.3, wg9].
measure the accuracy of variges Ty c_)rgani_zations_that 5.2 Snoop Activity Measurements
are based on the methods described in Sections 3.1 . ) )
through 3.3. In Section 5.4, we measure the power'nth'_s Section, we demonstrate thatal_arge fra_lctlon o_f
reduction possible for a set of the best performimigy ~ SN00p-induced L2 tag accesses re§ult in a miss. This
organizations. Finally, in Section 5.5, we report accura%etrIC provides an indication gETTYS potential. For

and power reduction results with smaller L2 cachelS Purpose we have measured the total number of
sizes. shoop-induced L2 tag accesses and the fraction of those

that result in a miss. The results are shown in columns 4

5.1 Methodology (“snoop accesses”) and 5 (“Snoop Misses”) of Table 1.
In our experiments we have used tBarnes, Fft, Since we assume a 4-way SMP system, every snoop
Fmm, Lu, RadirandOceanshared-memory applications request results in 3 remote snoop accesses (there are
from the SPLASH-2 benchmark suite [36], dmaistruc-  three other processors). As shown, with the exception of

tured [27] andEm3d[12]. Table 1 provides additional Unstructured most (66% or higher) snoop accesses



Application Input Data L2 Accesses Snoop Accesses Snoop Misseq
Barnes 4K particles 96.01 M 16.79 M 73.3%
Em3d 8K nodes, 20% remote 133.98 M 46.85 M 66.19
Fmm 16K particles 583.44 M 11.03 M 72.39
FFT 256K data points 60.24 M 9.94 M 75.3%
Radix 512K keys 14.35 M 1.96 M 75.0%
Ocean 130 x 130 ocean 46.32 M 419 M 76.19%
Unstructured mesh 2K 1693.32 M 406.54 M 34.49
Lu 256x256 matrix, 16x16 blockis 29.69 M 0.25M 72.0%

Table 1: Applications used in our experimental studies. Reported are the input parameters, the resulting L2 cache
accesses (Millions), the number of L2 tag accesses due to snoops (in Millions) and the fraction of those that miss.
Since we do not simulate L1 caches, the L2 tag access figure includes all memory references (including those that
would hit in an L1).

result in a miss. On average, over all program studi¢d3.2 Vector-Exclude3eTTy

about 68% of all snoop accesses results in a miss. Thigyg have experimented with VEJ organizations based
result suggests that there is potentialsforTy to filter a 1, the EJ-32x4 and the EJ-16x4 extended with either 8-
large fraction of snoop access. bit or 4-bit presence vectors. For clarity, we use a VEJ-
5.3 Snoop Miss Coverage SxA-V naming scheme, where V is the bit-length of the
In this Section, we evaluate the accuracy of varioud'€Sence vector and S and A are the sets and associativ-
JETTY organizations. For this purpose we utilizeoop ity of the array. The results are shown in Figure 3(b). EJ-
miss coverageor simply coverageas our metric. We 32x4 and EJ-16x4 are included for convenience. Using
define coverageas the fraction of snoop-induced L2 tagV€ctors increases coverage considerablyBtmnesand
lookups that are filtered by a giverTTY mechanism. Unstructuredsuggesting that some snoop misses exhibit
Higher coverage implies greater potential for powetPatial locality. However, it is possible for coverage to
reduction. However, coverage in itself is not a direc¥écrease compared to a similar EJ when the number of
metric of power. We have to also take into account tHetries is kept the same. This is observedfo8d Note
power consumed by the correspondiEyTY mecha- that a VEJ and a EJ with equal number of sets and asso-
nism. (For example, we could get 100% coverage by uflativity will use different parts of the PA to determine
lizing a copy of the L2 tag array. But then powerthe set index. This may result in increased pressure for
consumption would increase.) We do so in Section 5.4S0me sets and consequently in thrashing for the VEJ.
We present coverage measurements first for EJ a_ﬁgis also explains why the 4-bit vector VEJ out performs

VEJ, then for 1J and finally, for HJ organizations (se#S 8-bit counterpart itm3d.On the average, the cover-
Section 3 for a description). age increase by VEJ is about 2% for the VEJ-32x4-8

over the EJ-32x4.
While the results for both EJ and VEJ organizations
We have experimented with eight different EJ configuseem discouraging, we will see that in hybrid organiza-
rations varying both the number of sets and the associfons their coverage increases considerably.
t|V|ty. of the storage array. For clarity, we use an EJ-SX§.3_3 IncludedeTTy
naming scheme to refer to an S-set and A-way set asso- ) o _ )
ciative EJ organization (S * A total number of entries). We have experimented with five different 1J organiza-
We have experimented with structures having 32, 16, Bons. For clarity, we use an IJ-EXNxS naming scheme
and 4 sets and 2-way and 4-way associativity. Figuyéhere E is the number of entries in each sub-array and N
3(a) reports coverage for these configurations. Notabl the number of sub-arrays used. To get thg(H) sub-
EJ organizations work fairly well only f@arnes, Em3d array indexes we start from the least significant bit of the
and Unstructured while they fail for all others. As PA (excluding the block-offset bits). The first index is
expected using larger EJ organizations with higher asd¥st thelg(E) least significant bits. To get the next index,
ciativity results in increased coverage. The EJ-32x#€ skip S bits toward the most significant bit. Using S

results in about 14% coverage on the average and covilat is less thang(E) results in partially overlapped
age is relatively low for all organizations. indexes. Note that no shifters are required for extracting

the appropriate indexes this is done by simply routing

5.3.1 ExcludeeTTY
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Figure 3: (a) ExclusiveseTTycoverage. Results are shown for EJ configurations with 32, 16, 8 and 4 sets and of 2-
way or 4-way set associativity. Configurations are named as EJ-SetsxAssociativity. (b) Vector-Exetusive-
coverage. Results are shown for 32-set and 16-set 4-way set associative organizations with 8- or 4-bit presence
vectors. Configurations are named as VEJ-SetsxAssociativityxVectorLength.
the appropriate section of the PA to each sub-array. and EJ organizations. For clarity, we use an (13, EJ) nam-
We have experimented with the following organizaing scheme, where 1J is any of 1J-10x4x7, 1J-9x4x7 and
tions: 1J-10x4x7 (four 1K-entry sub-arrays), 1J-9x4x7]J-8x4x7 and where EJ is any of VEJ-32x4-8, EJ-32x4
1J-8x4x7, 1J-7x5x6 and 1J-6x5x6 (five 64-entry sub-and EJ-16x2. We selected these configurations as they
arrays). Recall that for remote snoops, only the p-bit seepresent a spectrum of mechanisms with varying stor-
tion of each sub-array needs to be accessed. The resalie requirements.
are shown in Figure 4(a). The 1J-10x4x7, which is the Coverage results are shown in Figure 4(b). As
largest |J evaluated performs the best resulting in 56&&pected for all programs an HJ results in increased cov-
coverage on the average. However, the 1J-9x4x7 (whigrage compared to its IJ and EJ constituents. The (1J-
has half the storage requirements of 1J-10x4x7) performd®x4x7, VEJ-32x4-8) HJ performs the best resulting in
fairly well resulting in about 50% average coverage. FOf7% average coverage. However, even an (1J-8x4x7, EJ-
some programs using a larger number of smaller subéx2) that requires much less storage results in a respect-
arrays results in better coverage. For example, 1J-7x5&ble 60% average coverage. In fact, for most programs,
(five 128-entry sub-arrays) outperforms even 1J-9x4xihe resulting coverage is close or even exceeds (i.e., (13-
(four 512-entry sub-arrays) f&im3d.As all IJ organiza- 8x4x7, EJ-16x2)) the sum of the coverage possible with
tions are speculative in nature representing a supersettwé individual 1J and EJ operating in isolation. Recall,
all cached blocks, this is possible given an appropriateat in the hybrid organization the 1J acts as filter reduc-
snoop and cache block address distributions. ing the blocks that will be allocated in the EJ. This
Interestingly, there is no direct correlation among Idreatly improves EJ’s utility. This behavior also suggests
and EJ behavior. Comparing with the results of Figure #hat 1J and EJ organizations, when operating in a hybrid
it can be seen that there are applications where IJ orgatdnfiguration cover a different set of addresses for the
zations perform fairly well and where EJ organizationmost part. Note that, although a stand-alone VEJ has
fail (e.g.,Lu andFft) and vice versa (e.g8arneg. This higher coverage compared to a similarly sized EJ, the
suggests a potential synergy of the two methods anlifferences are minor when used in hybrid configuration.
serves as the motivation for experimenting with hybrid The results of this section suggest that we can get rea-
organizations. sonably high coverage with modestly sizedTy orga-
5.3.4 Hybrid-JETTY nizations. We have seen that for some applications 1J
) ) ) ) organizations work better than EJ ones and vice versa.
As explained |n_ Se_cuon 3.3, an HJ contains both an owever, combining 1J and EJ mechanisms into an HJ
and an EJ operating in parallel. However, we have foungh,oes coverage over all applications, most of the time
tha_t it is beneficial to update the EJ only whe_n the 1J fa'_@gniﬁcantly. The best mechanism in terms of coverage
to filter a snoop that misses. We have experimented with (13-10x4x7, VEJ-32x4-8) resulting in about 77%

9 methods which are derived by combining various I} erage coverage. However. much smaller configura-
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Figure 4: (a) Coverage results for 1J configurations, named as 1J-IndexBitsxNoOfSubarraysxSkipBits (see text). (b)
Coverage for the following (left to right) HJ configurations: (1J-10x4x7, VEJ-32x4-8), (1J-9x4x7, VEJ-32x4-8), (1J-
8x4x7, VEJ-32x4-8), (1J-10x4x7, EJ-32x4), (1J-9x4x7, EJ-32x4), (1J-8x4x7, EJ-32x4), (13-10x4x7, EJ-16x2), (13-
10x4x7, EJ-16x2) and (1J-8x4x7, EJ-16x2).

tions result in competitive coverage. For example, an (I¢ases. However, the differences are minor. We have also
Ix4x7, EJ-32x4) yields about 73% average coverage. experimented with stand-alone EJ configurations and
5.4 Power Measurements found that in some cases they result in increased power

onsumption (about 6% in the worst case and fot the

While coverage provides an indication of the pmentiajpplication) for applications where coverage is very

power savings, in itself is not a direct metric of power i

We have qu also factor 'rr: th_e powedr ::honsumed by theThe results of this section suggest that relatively inex-
COITESPONCINGIETTY Mechanism an € POWer €on-, o nsiveseTty organizations result in significant power
sumed by the L2 tag array on snoop accesses. In t ings, up to 41% or 44% on the average for a 36-bit-

Section, we report results on the power benefits obtainggl " 12 pit-wide physical address space architectures
by the followingJETTY organizations: 1J, (13, EJ-16x2), respectively.

(13, EJ-32x4), (13, VEJI-32x4-8), where 1J is either 13- .
10x4x7 or 13-9x4x7. These organizations exhibit varying-2 Smaller L2 Sizes
degrees of coverage and space requirements. Finally, we report coverage and power reduction
The power reduction results are shown in Figure %esults for a 4-way SMP with 512K direct-mapped L2
parts (a) and (b). In these experiments we took inttaches. We do so to demonstrated that even with higher
account all snoop accesses andmiiry updates neces- bus traffic,JETTY still remains a viable power reduction
sary on L2 block allocation and de-allocation. We reporhechanism. Figure 6(a) reports coverage while Figure
power reduction as a fraction of the power consumed I¢b) reports power reduction. Overall, power reduction is
all snoop-induced L2 tag accesses. In part (a) we repbigher compared to the 1M L2 cache configuration.
power reduction over an L2 for an Intel IA-32-like phys-There are two primary causes. First, as shown in Figure
ical address space (36-bits) [2] while in part (b) we d6(a), the IJ configurations demonstrate improved cover-
the same over an L2 for an Alpha-like physical addresgye which results from reduced number of blocks that
space (43-bits) [1]. With the exceptionRdrnesthe (IJ- are cache resident. Second, the average snoop miss rate
Ix4x7, EJ-16x2) HJ comes very close to what is possibier the 512K L2 system is about 73% up from 68% for
with the best method in terms of coverage (13-10x4xThe 1M L2 system. Although reducing L2 size reduces
EJ-32x4-8) In general, using larger EJ or VEJ does ndts power consumption, the power consumption of the
yield significant power improvementsWhile this JETTY configurations studied remains only a tiny fraction
improves coverage, it comes at the expense of highafr the power consumed by the L2. The (1J-9x4x7, EJ-
power consumption by thg&TTY. On the average, (13- 32x4) HJ achieves the highest power reduction of about
10x4x7, EJ-32x4x-8) results in 41% power reductiord4.3% on the average.
while the much smaller (1J-9x4x7, EJ-16x2) offers :
power reduction of about 38%. As shown in part (b;%,3 Conclusion
assuming a larger physical address space (i.e., larger L2n this work, we were motivated by the increasing
tags) results in slightly improved power benefits in modmportance of power consumption in computer system
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Figure 5: Power Reduction with variougTTYorganizations. (a) Over an L2 tag-array for a 36-bit physical address
space. (b) Over an L2 tag-array for a 43-bit physical address space.

design. We argued that power consumption is alsoeasured as a fraction of all snoop-induced L2 tag array
important for server applications. Accordingly, we havdéookups (for a 36-bit wide physical address space). A
proposed methods for reducing the power required to/brid JETTY comprising an 1J with four 512-entry sub-
perform snoops on small-scale, snoop-coherence, basrays and a 16-set, 2-way set associative EJ resulted in
based SMP systems. In particular, we introduady, power savings of 38%. We have also evaluated our
a small structure placed on the backside (bus-side) approach for a system with smaller L2 caches where
each L2. TheeTTy acts as a filter preventing snoops thasnoop activity was higher. We found thatrty remains
would miss in the L2 from percolating up in the hierara viable power reduction technique.
chy. Our method is speculative in nature (it may fail to Filtering of snoops that would miss is only one type of
filter some of the blocks that would miss) and reducgsower-related optimizations that might be possible.
power on the average. In developiogrTy we were Other possibilities may exist. Nevertheless;Ty repre-
motivated by the relatively large fraction of snoopsents a valuable first step toward developing power-opti-
induced L2 tag accesses that result in a miss which w&zations for snoop traffic in SMP systems.
found to be 68% on the average for a 4-way SMP andAcknowledgments
se\tNof ﬁommdonly L_‘seg sharedk;merr;orI); benghmarks. ~ We wish to thank Babak Falsafi for his help with setting
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