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Abstract

Linked data structure (LDS) accesses are critical to thdgrenance of many large scale applications. Techniques baea
proposed to prefetch such accesses. Unfortunately, marg juBfetching techniques 1) generate a large number of ssele
prefetches, thereby degrading performance and bandvatfibiency, 2) require significant hardware or storage cost3) when
employed together with stream-based prefetchers, cagséfisant resource contention in the memory system. As dtresu
existing processors do not employ LDS prefetchers evemgthithey commonly employ stream-based prefetchers.

This paper proposes a low-cost hardware/software cooparaéchnigue that enables bandwidth-efficient prefetgbilinked
data structures. Our solution has two new components: 1)rmpier-guided prefetch filtering mechanism that informs th
hardware about which pointer addresses to prefetch, 2) adinated prefetcher throttling mechanism that uses rumetfeedback
to manage the interference between multiple prefetchddS(and stream-based) in a hybrid prefetching system. Etiahm
show that the proposed solution improves average perfocebay 22.5% while decreasing memory bandwidth consumpyion b
25% over a baseline system that employs an effective stregfetgher on a set of memory- and pointer-intensive appbos.
We compare our proposal to three different LDS/correlatioafetching techniques and find that it provides signifiabétter
performance on both single-core and multi-core systemiewdquiring less hardware cost.

1. Introduction

As DRAM speed improvement continues to lag processor spaptbivement, memory access latency remains a
significant system performance bottleneck. As such, masirento reduce and tolerate memory latency continue to
be critical to improving system performance. Prefetchmgme such mechanism: it attempts to predict the memory
addresses a program will access, and issue memory reqaebtsm before the program flow needs the data. In this
way, prefetching can hide the latency of a memory accesg shrec processor either does not incur a cache miss for
that access or it incurs a cache miss that is satisfied eésbeause prefetching already started the memory actess).
Prefetchers that deal with streaming (or striding) accestems have been researched for decades [12, 18, 27] and are
implemented in many existing processor designs [13, 38,A@jressive stream prefetchers can significantly reduce
the effective memory access latency of many workloads. KWewecostly last-level cache misses do not always
adhere to streaming access patterns. Access patternsitbat pointers in a linked data structure (i.e., chase it
in memory) are an example. Since pointer-chasing accesspaare common in real applications (e.g., databases [9]
and garbage collection [21]), prefetchers that are abldficiently predict such patterns are needed. Our goal in
this paper is to develop techniques that 1) enable the effipieefetching of linked data structures and 2) efficiently

combine such prefetchers with commonly-employed streaseth prefetchers.

1In this paper we consider prefetching into the last-levehea since we use an out-of-order execution machine thahkaability to tolerate short L1-miss
latencies.



To motivate the need for prefetchers for linked data stmasLDS), Figure 1 (left) shows the performance im-
provement of an aggressive stream prefetcher and thedrestilast-level cache misses it prefetches on a set of work-
loads from the SPEC 2006, SPEC 2000, and Olden benchmaes$(ihe stream prefetcher significantly improves
the performance of five benchmarks. However, in nine of tmeaiaing benchmarkai¢f , ast ar, xal ancbnk,
ommet pp, ammp, bi sort, heal t h, mst , pf ast), the stream prefetcher eliminates less than 20% of thddast
cache misses. As a result, it either degrades or does nat #ffe performance of these benchmarks. In these nine
benchmarks, a large fraction of the cache misses is causeaibgtreaming accesses to LDS that cannot be prefetched
by a stream prefetcher. Figure 1 (right) shows the poteptalormance improvement possible over the aggressive
stream prefetcher if all Last-level cache misses due to LE®sses werieally converted to cache hits using or-
acle information. This ideal experiment improves averagggsmance by 53.7% (37.7% w/o health), showing that

significant performance potential exists for techniques gémable the prefetching of linked data structures.
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Figure 1. Performance A of stream prefetcher (left), potential performance A of ideal LDS prefetching over the stream prefetcher (right)

Previous work [5, 17, 31, 7, 32, 9, 43, 23] proposed techrighat prefetch non-streaming accesses to LDS.
Unfortunately, many of these prefetchers have not founagpdead acceptance in current designs because they have
one or both of the following two major drawbacks that makertimeplementation difficult or costly:

1- Large storage/hardware cost: Some LDS prefetchers need very large storage to be effeb@eause they
usually need to store the pointers that will be prefetchecniples include jump pointer prefetchers [32], the pointer
cache [7], and hardware correlation prefetchers [5, 17, 3jce the pointer working set of applications is usually
very large, keeping track of it in a hardware structure reggia large amount of storage. Other, pre-execution based,
LDS prefetchers (e.g., [43, 23, 6, 8]) are also costly beedlusy require an extra thread context or pre-computation

hardware to execute helper threads. As energy and poweuggi®on becomes more pressing with each processor

2Section 5 describes our machine model and benchmarks. Wiedlei coverage of a prefetcher to be the fraction of lasiHeache misses that are prefetched
by that prefetcher as shown by Equation 2 in Section 4.1.



generation, simple prefetchers that require small stocagéand no additional thread context become desirable and

necessary.

2- Large number of useless prefetch requestsMany LDS prefetchers (e.g., [5, 17, 9]) generate a large raimb
of requests to effectively prefetch pointer addresses. ¥ample is content-directed prefetching (CDP) [9]. CDP is
attractive because it neither requires state to store @aimor a thread context for pre-execution. Instead, itdjlee
scans values in accessed cache blocks to discover poirdersags and generates prefetch requestalffqgrointer
addressesUnfortunately, such a greedy prefetch mechanism wastaali@ memory bandwidth due to many useless
prefetches and degrades performance due to cache polliitielarge number of generated useless prefetch requests

makes many LDS prefetchers undesirable, especially inghewidth-limited environment of multi-core processors.

Designing a Hybrid Prefetching System Incorporating LDS Pefetching: This paper first proposes a technigue
that overcomes the problems mentioned above to make LD®tphiéfig low-cost and bandwidth-efficient in a hy-
brid prefetching system. To this end, we start with contdireéeted prefetching, which is stateless and requires no
extra thread context, and develop a technique that redteaseless prefetches. Our technique is hardware/software
cooperative. The compiler, using profile and LDS data layofdrmation, determines which pointers in memory
could be beneficial to prefetch and conveys this informa#istints to the content directed prefetcher. The content
directed prefetcher, at run-time, uses the hints to prefeamneficial pointers instead of indiscriminately preféatgh
all pointers. The resulting LDS prefetcherlv hardware-cost and bandwidth-efficieritt neither requires state to

store pointer addresses nor consumes a large amount of méarodwidth.

Second, since an efficient LDS prefetcher is not intendegbfefetching streaming accesses, any real processor
implementation requires such a prefetcher to be used iruoeatipn with an aggressive stream prefetcher, which is
already employed in modern processors. Unfortunatelyding a hybrid prefetcher by naively putting together two
prefetchers places significant pressure on memory systeourees. Prefetch requests from the two prefetchers com-
pete with each other for valuable resources, such as menamgviidth, and useless prefetches can deny service to
useful ones by causing resource contention. If compethitween the two prefetchers is not intelligently managed,
both performance and bandwidth-efficiency can degrade @hgddtential of the prefetchers cannot be exploited. To
address this problem, we propose a technigue to efficierdlyage the resource contention between the two prefetch-
ers: our mechanism throttles the aggressiveness of thetphefrs intelligently based on how well they are doing in
order to give more memory system resources to the prefetbhers more effective at improving performance. The

resulting technique is a bandwidth-efficient hybrid (stné@y and LDS) prefetching mechanism.

Our evaluation in Section 6 shows that the combination oféhkniques we propose in this papefficient content-
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directed LDS prefetchingndcoordinated prefetcher throttlingmproves average performance by 22.5% (16% w/o
health) while also reducing average bandwidth consumftjod5% (27.1% w/o health) on a state-of-the-art system
employing an aggressive stream prefetcher.

Contributions: We make the following major contributions in this paper:

1. We propose a very low-hardware-cost mechanism to banhveifficiently prefetch pointer accesses without
requiring any storage for pointers or separate thread gtsfer pre-execution. Our solution is based on a new
compiler-guided technique that determines which pointleiresses to prefetch in content-directed LDS prefetching.
To our knowledge, this is the first solution that enables usiitwl not only very low-cost but also bandwidth-efficient,
yet effective, LDS prefetchers by overcoming the fundamldithitations of content-directed prefetching.

2. We propose a hybrid prefetching mechanism that thrattlel¢iple different prefetchers in a coordinated fashion
based on run-time feedback information. To our knowledgis, is the first proposal to intelligently manage scarce
off-chip bandwidth and inter-prefetcher interference pe@tively between different types of prefetchers (e.@2SL
and stream prefetchers). This mechanism can be used innmign with any form of hybrid prefetching.

3. We show that our proposal is effective for both singleecas well as multi-core processors. We extensively
compare our proposal to previous techniques and show ttsagnificantly outperforms hardware-based prefetch
filtering and three other forms of LDS/correlation prefeia) while requiring less hardware storage cost.

2. Background and Motivation

We briefly describe our baseline stream-based prefetcliec@mtent-directed prefetching since our proposal builds

upon them. We also describe the shortcomings of conteatigid prefetching that motivate our mechanisms.
2.1. Baseline Stream Prefetcher Design

We assume that any modern system will implement streamride$prefetching, which is already commonly used
in existing systems [13, 10, 38]. Our baseline stream prhéatis based on that of the IBM POWER4/POWERS
prefetcher, which is described in more detail in [38, 36].eTrefetcher brings cache blocks into the L2 (last-level)
cache. It keeps track of multiple access streams. For eaglsastream, the prefetcher keeps a tracking entry that can
be in one of four statednvalid, Allocated Training, andMonitor and RequestHow far ahead of the demand miss
stream the prefetcher can send requests is determined Bydfetch Distanc@arameterPrefetch Degredetermines
how many requests the prefetcher issues at once. A mordatkt@scription of a similar prefetcher can be found
in [36].
2.2. Content-Directed Prefetching (CDP)

Content directed prefetching (CDP) [9] is an attractivehtéque for prefetching LDS because it does not require

additional state to store the pointers that form the linlsagean LDS. This mechanism monitors incoming cache
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blocks at a certain level of the memory hierarchy, and idiexsticandidate addresses to prefetch within those cache
blocks. To do so, it uses a virtual address matching predligtbich relies on the observation that most virtual
addresses share common high-order bits. If a value in thamimgy cache block has the same high-order bits as the
address of the cache block (the number of which is a statenpeter of the prefetcher design; Cooksey et al. [9] refer
to these bits asompare bit}, the value is predicted to be a virtual address (pointed)aaprefetch request is generated
for that address. This prefetch request first accesses shelael cache; if it misses, a memory request is issued to
main memory.

CDP generates prefetches recursively, i.e. it scans prefdtcache blocks and generates prefetch requests based
on the pointers found in those cache blocks. The depth ofdbersion determines how aggressive CDP is. For
example, a maximum recursion depth of 1 means that prefétchehe blocks wilhot be scanned to generate any

more prefetches.

2.3. Shortcomings of Content-Directed Prefetching

Although content-directed prefetching is attractive hesgait is stateless, there is a major deficiency in its identifi
cation of addresses to prefetch, which reduces its usefsiriéhe intuition behind its choice of candidate addresses i
simple: if a pointer is loaded from memory, there is a goodllkood that the pointer will be used as the data address
of a future load. Unfortunately, this intuition results irsignificant deficiency: CDP generates prefetch requests for
all identified pointersn a scanned cache block. Greedily prefetchafigpointersresults in low prefetch accuracy and
significantly increases bandwidth consumption becaasgell loaded pointers are later used as load addresses by the
program.

Figure 2 and Table 1 demonstrate the effect of this deficiemcthe performance, bandwidth consumption, and
accuracy of CDP. Figure 2 shows the performance and bankwatsumption (in terms of BPKI - bus accesses per
thousand retired instructions) of 1) using the baselineastr prefetcher alone, and 2) using both the baseline stream
prefetcher and CDP togeth&rAdding CDP to a system with a stream prefetcher significamttiuces performance
(by 14%) and increases bandwidth consumption (by 83.3%¥nEkough CDP improves performance in several
applications ést ar, gcc, peri net er,vor onoi , andheal t h), it causes significant performance loss and extra
bandwidth consumption in several othen{, xal ancbnk, bi sort, andnst ). These effects are due to CDP’s
very low accuracy for these benchmarks (shown in Table 1)sed by indiscriminate prefetching of all pointer
addresses found in cache lines. Cache pollution resultimg fuseless prefetches is the major reason why CDP

degrades performance. In fact, we found that if cache potuivere eliminateddeally using oracle information,

3For this experiment we use the same configuration as thaeadriginal CDP proposal [9], which is described in Section 5.
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CDP would improve performance by 29.4% and 30.4%080rt andnst respectively, and by 17.6% on average.
To provide insight into the behavior of CDP, we briefly debkeriwhy it drastically degrades performance in
bi sort. Section 3 provides a detailed explanation of the perfosaategradation imst . bi sort performs a
bitonic sort of two disjoint sets of numbers stored in binages. As a major part of the sorting process, it swaps
subtrees very frequently while traversing the tree. Upoaghe miss to a tree node, CDP prefetches pointers under
the subtree belonging to the node. When this subtree is ssdapjth another subtree of a separate node, the program
starts traversing the newly swapped-in subtree. Healtegst all of the previously prefetched pointers are useles
because the swapped-out subtree is not traversed. Beimgmaf the high-level program behavior, CDP indiscrim-
inately prefetches pointers in scanned cache blocks,fiigntly degrading performance and wasting bandwidth in

such cases.
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Figure 2. Effect of the original content-directed prefetch er on performance and memory bandwidth consumption

Benchmark perlbench| gcc | mcf | astar| xalancbmk| omnetpp| parser| art | ammp| bisort | health| mst | perimeter| voronoi | pfast
CDP Accuracy (%) 28.0 60| 14| 29.1 0.9 8.4 133 (19| 223 | 34 | 589 | 14 83.3 470 | 374
Table 1. Prefetch accuracy of the original content-directe d prefetcher

Our goal: In this paper, we aim to provide an effective, bandwidtheadfit, and low-cost solution to prefetching
linked data structures by 1) overcoming the described aafties of the content-directed prefetcher and 2) incorpo-
rating it efficiently in a hybrid prefetching system. To tl#sd, we propose techniques for efficient content-directed

LDS prefetching (Section 3) and hybrid prefetcher managemia coordinated throttling of prefetchers (Section 4).
3. Efficient Content-Directed LDS Prefetching (ECDP)

The first component of our solution to efficient LDS prefetahis a compiler-guided technique trsstlectively
identifies which pointer addresses should be prefetchedratime. In our technique, efficient CDP (ECDP), the
compiler uses its knowledge of the location of pointers i &long with its ability to gather profile information about
the usefulness of prefetches to determine which pointerddvoe beneficial to prefetch. The content-directed LDS
prefetcher, at run-time, uses this information to prefdteheficial pointers instead of indiscriminately prefetchall

pointers.



Terminology: We first provide the terminology we will use to describe ECOBnsider the code example in
Figure 3a. The load labeled LD1 accesses the data cachedin diedat a field of thenode structure. When this
instruction generates a last-level cache miss, the fetchelde block is scanned for pointers by the content-directed
prefetcher (e.g., Cache Blocks 1, 2, 3, etc.). Althougheddit instances of instruction LD1 can access a different
byte in the cache block (to load tldat a field), the pointers that exist in the same node (i.e.ltbet andri ght
pointers) are always at the same offset from the byte LD1ss&e For example, say LD1 accesses bytes 0, 16, and
32 respectively in cache blocks 1, 2, and 3, as shown in FigareThel ef t pointer of the node LD1 accesses is
always at an offset of 8 from the byte LD1 accesses (i.el, #fe pointer is at bytes 8, 24, and 40 in cache blocks 1,
2, 3 respectively). This is because the distance in memdwydsan thedat a field of the node and thieef t pointer
field of the node is always constant (and 8 bytes). If differ@udes are allocated consecutively in memory (as shown
in the figure), then each pointer field of any other node in t#iaes cache block is also at a constant offset from the

byte LD1 accesses.

(a) Code example (b) Sample layout of cache blocks containing nodes
struct node{ right ptr
int data; Il4bytes | data] key [PTR[PTR| data] key | PTR PTR data] key| PTR PTRdata] key] PTR PT
int key; /l4bytes left ptr
node * left;  //4bytes
node * right; //4 bytes (c) Cache blocks accessed by LD1

}

LD1: data = node—> data; Pl .
12 16 20 24 44 48 52 56

node = node-> left;  Cache Block 17 dat;\ ke T FTrda ey T
; y [PTR| PTR| data] key| PTR PTRdata] key] PTR PTRiata] key] PTR PTl
_offset:8_

byte in block: O P2

Data structure being manipulated s 12 16 20 24

0 4 28 32 36 40 44 48 52 56 60
Cache Block 2 | datd] key [ PTR PTR datal key| PTR PTRdata] key] PTR PTRata] key| PTR PT
offset:8
byte in block: 16= = P3

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Cache Block 3 | data key [ PTR PTR data] key| PTR PTRdata] key] PTR PTRata key| PTR PI

4 offset:8
byte in block: 32=— =

"‘béiz{Pl, P2, P3, 6tc)
Figure 3. Example illustrating the concept of Pointer Group s (PGs)
Hence, the pointers in a cache block are almost always at sectirdfset from the address accessed by the load that
fetches the blocR.For our analysis, we defineRointer Group, PG(L, X) as follows: PG(L, X) is the set of pointers
in all cache blocks fetched by a load instruction L that at@ @nstant offset X from the data address L accesses. The
example in Figure 3c shows PG(LD1, 8), which consists of thatprs P1, P2, P3. At a program-level abstraction,
each PG corresponds to a pointer in the code. For examplejrPlBdure 3c corresponds twode- >l ef t .

Usefulness of Pointer GroupsWe define #G’s prefetcheso be the set of all prefetches CDP generates (including

4We say “almost always” because dynamic memory allocatiodsdeallocations can change the layout of pointers in theechtock.



recursive prefetches) to fet@ny pointer belonging to that PG. For example, in Figure 3, theosall prefetches
generated to fetch P1, P2, P3 (and any other pointer belgrigiRPG1) form PG1's prefetches. Figure 4 shows the
breakdown of all the PGs in the shown workloads into thosesgtmajority (more than 50%) of prefetches are useful,
and those whose majority of prefetches are useless. We ranfiermerbeneficial PGsand the latteharmful PGs
Figure 4 shows that, in many benchmarks (e.gstar, 100
ommet pp, bi sort, st ), alarge fraction of the PGs are harmgz‘ jz
ful. Generating prefetch requests for such PGs would Iike?%_ygﬁi
5 40

waste bandwidth and reduce performance. To motivate ECEPy.
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Figure 4. Harmful vs. beneficial PGs

themrst benchmark. The example shows a hash table, consisting afanaf pointers to linked lists of nodes. Each

This figure shows a code portion and cache block layout from

node contains a key, multiple data elements, and a pointdretmext node. The program repetitively attempts to
find a particular node based on the key value, using the Hashipofunction shown in Figure 5a. Figure 5¢ shows
a sample layout of the nodes in a cache block fetched intcaftddvel cache when a miss happens on the execution
of ent->Key! =Key. Conventional CDP would generate prefetch requests fahalpointers in each incoming
cache block. This is inefficient because, among the PGs showigure 5, prefetches generated by PG1 and PG2
(i.e.,D1_pt r andD2_pt r) will almost always beauselessbut those generated by PG3 (i.8ext ) could beuseful

This is because only one of the linked list nodes containkélyehat is being searched. Therefore, when traversing
the linked list, it is more likely that each iteration of thaversal accesses thext node (because a matching key is
notfound) rather than accessing a data element of the node ¢asilaof a key match in the node). In our mechanism,

we would like to enable the prefetches due to PG3, while tlisgthose due to PG1 and PG2.

ECDP Mechanism: We use a profiling compiler to distinguish beneficial and Hatl@Gs. The compiler profiles
the code and classifies each PG as harmful/beneficial basie accuracy of the prefetches the PG generates in the
profiling run. Using this classification, the compiler progs hints to the content-directed prefetcher. At runtirhe, t
content-directed prefetcher uses these hints such themdrgtes prefetch requests only for pointers in beneficGal P

To accomplish this, the compiler attributes a number of RG=atch static load instruction. For example, the static
load instruction missing in the cache block shown in Figutenl have PGs PG1, PG2 and PG3 associated with
it. During the profiling step, the compiler gathers usefsleformation about the PGs associated with each load
instruction in the program. The compiler informs the hardavaf beneficialPGs of each load using a hint bit vector.

This bit vector must be long enough to hold a bit for each gmsgbointer in a cache block. For example, with a

5We found PG’s with less than 50% useful prefetches usuadiyltén performance loss. Figure 11 provides more detaiteadysis of PGs.
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(a) Code example (b) Data structure manuipulated by the code example

1: HashLookup (....) { array:| ‘ ‘ ‘ ‘ — ‘

HashEntry ent;

2:

3: j = getHashEntry(Key);

4:  for (ent = array[j];

5: ent—>Key ! = Key; //check for key

6: ent = ent—> Next; //linked list traversal__| |
7 )

8: if (ent) return ent—>D1;

9}

(c) Cache blocks accessed by ent—>Key

Al Bl C1

‘ Key (D1_ptr D2_pt} Next ‘ Key ‘Dl_pt*DZ_ptﬂ Next ‘ Key ‘Dl_ptr‘ D2_pt}'Next ‘ Key‘ Dl_pt} D2_p4r Next ‘

load ent—>Key A2 B2 Cc2
‘ Key ‘Dl_ptﬂ D2_pt+’ Next ‘ Key ‘Dl_pt*Dz_ptﬂ Next | Key [D1_ptr D2_pt}'Next ‘ Key‘ Dl_pty D2_p#r Next ‘

load ent—>Key
‘ Key ‘Dl_ptﬂ D2_pt} Next‘ Key |D1_pt D2_ptﬂ Next ‘ Key ‘Dl_ptr‘ Dz_pt}Next ‘ Key‘ Dl_pty D2_p4r Next ‘
A3 | B3 C3
load ent—>Ke‘y — I ataant PG1 ={Al, A2, A3, etc.}

PG1 pg2 PG3  PG2={Bl, B2 B3 etc}
PG3={C1, C2,C3, etc}

Figure 5. Code example illustrating harmful Pointer Groups

64-byte cache block and 4-byte addresses, the bit vectérliitd long. Figure 6 illustrates the information contained

in the bit vector. If the th bit of the bit vector is set, it means that the PG at offset 4tmfthe address accessed by

the load is beneficial. This bit vector is conveyed to the pacchitecture as part of the load instruction, using a new
instruction added to the target ISA which has enough histihiits format to support the bit vectbr.

At runtime, when a demand miss happens, the content-difgetfetcher scans the fetched cache block and con-
sults the missing load’s hint bit vector. For a pointer foumdhe cache block, CDP issues a prefetch request only if
the bit vector indicates that prefetching that pointer isddeeial. For example, the bit vector shown in Figure 6 has bit
positions 2, 6 and 11 set. When a load instruction misseszitett-level cache and accesses the shown cache block
at byte 12 in the block, CDP will only make prefetch requestgbinters it finds at offsets 8 (4*2), 24 (4*6), and 44
(4*11) from byte 12 (corresponding to bytes 20, 36 and 56 @titock)! Note that this compiler-guided mechanism
is used only on cache blocks that are fetched by a load demésd Hithe cache block is fetched as a result of a miss
caused by a content-directed prefetch, our mechanismtphefsall of the pointers it finds in that cache block.

Profiling Implementation: The profiling step needed for our mechanism can be implerdantenultiple ways.

We briefly sketch two alternative implementations. In onprapch, the compiler profiles the program by simulating
the behavior of the cache hierarchy and prefetcher of tlgetamachine. The simulation is used to gather usefulness

information of the PGs. Note that this profiling approachsloet require a detailed timing simulation of the processor:

8According to our evaluations, adding such a new instrudtias a negligible effect on both code size and instructioheadiss rate.
“Without loss of generality, the shown bit vector encodey muisitive offset values. Negative offset values could aisist. E.g., a pointer at byte 0 would
be at an offset of -12 with respect to the byte the load aceess@ur implementation, we use a negative bit vector as well



bit position
Bit vector of hint bits for load

LT ] \ [ [ ] I N O I A
offset 44
offset 24
offset 8
byte in block of address being accessed by load
Figure 6. Correspondence of bit vector of hint bits to pointe rs in a fetched cache block

it requires only enough simulation of the cache hierarchy twe prefetcher to determine the usefulness of PGs.

In another approach, the target machine can provide sufgqntofiling, e.g. using informing load operations [14].
With this support, the compiler detects whether a load tesala hit or miss and whether the hit is due to a prefetch
request. During the profiling run, the compiler construbis tisefulness of each PG. Due to space limitations we do
not describe this implementation in more detail.

4. Managing Multiple Prefetchers: Incorporating Efficient CDP in a Hybrid Prefetching Scheme

Since stream-based prefetchers are very effective anddgiremployed in existing processors, ECDP should be
used in combination with stream prefetching. Unfortunatedively combining these prefetchers (or any two prefetch
ers) together can be problematic. The two prefetchers odrfier the same memory subsystem resources and as a
result can deny service to each other. In particular, pcefet from one prefetcher can deny service to prefetches from
another due to resource contention, i.e., by 1) occupyingamg request buffer entries, 2) consuming DRAM bus
bandwidth, 3) keeping DRAM banks busy for a long time, andvdtang cache blocks fetched by another prefetcher
from the last-level cache before they are used. In our etialyawe found that resource contention increases the
average latency of useful prefetch requests by 52% whenntbetefetchers are used together compared to when
each is used alone.

Resource contention between prefetchers can result iergigrformance degradation or the inability to exploit
the full performance potential of using multiple prefetche In addition, it can significantly increase bandwidth
consumption due to increased cache misses and conflictsAtFanks/buses between different prefetcher requests.
Therefore, we would like to decrease the negative impacesburce contention by managing the sharing of the
memory system resources between multiple prefetchers.

We propose throttling the aggressiveness of each prefeictzecoordinated fashion using dynamic feedback in-
formation. We use the accuracy and coverage of each prefetchfeedback information that is input to the logic
that decides the aggressiveness of both prefetchers. Wexptain how this feedback information is collected (Sec-
tion 4.1). Then, we describe how this information is useduag the heuristics that throttle the prefetchers (Sec-

tion 4.2). Note that, even though we evaluate it for the caration of ECDP and stream prefetchers, the proposed
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coordinated throttling mechanism is a general technigatedan be used to coordinate prefetch requests from any two
prefetchers.
4.1. Collecting Feedback Information

Our mechanism uses the coverage and accuracy of each pexfeis feedback information. To collect this in-
formation, two counters per prefetcher are maintainedogl-prefetchedkeeps track of the total number of issued
prefetch requests, 2ptal-usedkeeps track of the number of prefetch requests that are usddrbhand requests. To
determine whether a prefetch request is useful, the tag efittach cache block is extended by gqefetchedit
per prefetchemprefetched-CDRindprefetched-streamWhen a prefetcher fetches a cache block into the cachdsit se
the correspondingrefetchedit. When a demand request accesses a prefetched cachetbktcktal-usedcounter is
incremented and botphrefetchedits are reset. In addition, we maintain one courtte#gl-misseghat keeps track of
the total number of last-level cache misses due to demancksts} Using these counters, accuracy and coverage are

calculated as follows:

total-used @ © - tobal-used
total-pre fetched overage =

(1)  Accuracy = :
total-used + total-misses

We use an interval-based sampling mechanism similar tgptiogiosed in [36] to update the counters. To take into
account program phase behavior, we divide data colleatimrimtervals. We define an interval based on the number of
cache lines evicted from the L2 cache. A hardware countgskeack of this number, and an interval ends when the
counter exceeds some statically defined threshold (819@riexperiments). At the end of an interval, each counter
is updated as shown in Equation 3. Th@wounterValueDuringlntervak reset. Equation 3 gives more weight to the
program behavior in the most recent interval while takirtg iccount the behavior in all previous intervals. Accuracy

and coverage values calculated using these counters aftéaus®ke throttling decisions in the following interval.

1 1
(3) CounterValue = 3 CounterValueAtTheBeginningO f Interval + 3 CounterV alue DuringInterval

4.2. Coordinated Throttling of Multiple Prefetchers

Table 2 shows the different aggressiveness levels for efdble prefetchers employed in this study. Each prefetcher
has 4 levels of aggressiveness, varying from very conseevéd aggressive. The aggressiveness of the stream
prefetcher is controlled using tHerefetch Distanceind Prefetch Degre@arameters (described in Section 2.1). We

use themaximum recursion depttarameter of the CDP to control its aggressiveness as defirigettion 2.2.

| Aggressiveness Leve]| Stream Prefetchdistance | Stream Prefetchddegree [| Content-Directed Prefetchstaximum Recursion Depth

Very Conservative 4 1 1
Conservative 8 1 2
Moderate 16 2 3
Aggressive 32 4 4

Table 2. Prefetcher Aggressiveness Configurations
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The computed prefetcher coverage is compared to a singdshbld T,,crqgc t0 indicate high or low coverage.
The computed accuracy is compared to two thresholds,/and A, and the corresponding accuracy is classified as
high, medium, or low. Our rules for throttling the prefetcsieaggressiveness are based on a set of heuristics shown
in Table 3. The same set of heuristics are applied to thmgttioth prefetchers. The throttling decision for each
prefetcher is made based on its own coverage and accarathe other prefetcher’s covera§eln the following
explanations and in Table 3, the prefetcher that is beirmtibd is referred to as thdeciding prefetcherand the other
prefetcher is referred to as thizal prefetcher For example, when the stream prefetcher throttles itsedel on its
own accuracy/coverage and CDP’s coverage, we refer totbaratprefetcher as the deciding prefetcher and the CDP
as the rival prefetcher.

Heuristics for Coordinated Prefetcher Throttling: When the deciding prefetcher has high coverage (case 1),
we found that decreasing or not changing its aggressiveressdts in an overall decrease in system performance
(regardless of its accuracy or the rival prefetcher’s cage)? In such cases, we throttle the deciding prefetcher up to
keep it at its maximum aggressiveness to avoid losing paidoce. When the deciding prefetcher has low coverage
and low accuracy we throttle it down to avoid unnecessarydivith consumption and cache pollution (case 2). If
the deciding prefetcher has low coverage, and so does taleprigfetcher, and the deciding prefetcher’s accuracy is
medium or high, we increase the aggressiveness of the dgqiiefetcher to give it a chance to get better coverage
using a more aggressive configuration (case 3). When thelidggdrefetcher has low coverage and medium or low
accuracy, and the rival prefetcher has high coverage, weéttindown the deciding prefetcher (case 4). Doing so allows
the rival prefetcher to make better use of the shared memdrgystem resources because the deciding prefetcher is
not performing as well as the rival. On the other hand, if theiding prefetcher has low coverage drigh accuracy,
and the rival prefetcher has high coverage, we do not chdiegaggressiveness of the deciding prefetcher (case 5). In
this case, the deciding prefetcher is not throttled dowrabse it is highly accurate. However, it is also not throttled
up because the rival prefetcher has high coverage, andlihgotip the deciding prefetcher could interfere with the

rival’s useful requests.

Case || Deciding Prefetcher| Deciding Prefetcher| Rival Prefetcher|| Deciding Prefetcher | Tcoverage || Alow | Ahnigh |
Coverage Accuracy Coverage Throttling Decision | 0.2 || 0.4 | 0.7 |
1 High - - Throttle Up
2 Low Low - Throttle Down Table 4. Thresholds used in an im-
3 Low Medium or High Low Throttle Up | tati f dinated fetch
4 Low Low or Medium High Throttle Down plementation of coordinated pretetcher
5 Low High High Do Nothing throttling

Table 3. Heuristics for Coordinated Prefetcher Throttling

8We refer to increasing a prefetcher's aggressiveness (eyed) las throttling iup and decreasing its aggressiveness as throttlidgvim
91f a prefetcher has high coverage in a program phase, it ikelplthat its accuracy is low. This is because coverage aelirease if the accuracy is low,
since more last-level cache misses will be generated duellictipg prefetches.
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Table 4 shows the thresholds we used in the implementationatlinated prefetcher throttling. These values are
determined empirically but not tuned. The small number ohpeeters used in our mechanism makes it feasible to
adjust the values to fit a particular system. For exampleystesns where off-chip bandwidth is limited (e.g., systems
with a large number of cores on the chip), or where there isenoantention for last-level cache space (e.g., the
last-level cache is relatively small or many cores shardakelevel cache), Lyerqge and Ay, can be increased to
trigger Case 2 of Table 3 sooner in order to keep bandwidtkwmption and cache contention of prefetchers in check.
In addition, due to the prefetcher-symmetric and prefatagmostic setup of our throttling heuristics in Table 3 th
proposed scheme can potentially be used with more than tefetphers. Each prefetcher makes a decision on how
aggressive it should be based on its own coverage/accunactha coverage of other prefetchers in the system. The

use of throttling for more than two prefetchers is part of @img work and is out of the scope of this paper.
5. Experimental Methodology

We evaluate the performance impact of the proposed techgigsing an execution-driven x86 simulator. We
model both single core and multi-core (2 and 4 core) systeWis. model the processor and the memory system
in detail, faithfully modeling port contention, queuingeats, bank conflicts at all levels of the memory hierarchy,
including the DRAM system. Table 5 shows the parameters df eare. Each baseline core employs the aggressive
stream prefetcher described in Section 2.1. Unless otkerspecified, all single-core performance results predente
in this paper are normalized to the IPC of the baseline coote khat our baseline stream prefetcher is very effective:
it improves average performance by 25% across all SPEC C8&J2000 and Olden benchmarks compared to no

prefetching at all.

Out of order, 15 (fetch, decode, rename stages) stagesjeleetire up to 4 instructions, issue/execute up foifistructions
256-entry reorder buffer; 32-entry load-store queue; 25siral registers

fetch up to 2 branches; 4K-entry BTB; 64-entry return adsistack;

hybrid branch predictor: 64K-entry gshare and 64K-entrg BPedictor with 64K-entry selector

L1 I-cache: 32KB, 4-way, 2-cycle, 1 rd port, 1 wr port; L1 Dete: 32KB, 4-way, 4-bank, 2-cycle, 2 rd ports, 1 wr port;
L2 cache: 1MB, 8-way, 8 banks, 15-cycle, 1 read/write poRlLreplacement and 128B line size, 32 L2 MSHRs

Execution Core

Front End

On-chip Caches|

Memory 450-cycle minimum memory latency; 8 memory banks; 32B-vadee-to-memory bus at 5:1 frequency ratio;
Prefetcher Stream prefetcher [38, 36] with 32 streams, prefetch dedrelestance 32; 128-entry prefetch request queue per core
| Multi-core || each core has a private L2 cache, on-chip DRAM controllemomy request buffer size = 32 * (core-count)

Table 5. Baseline processor configuration

Benchmarks: We classify a benchmark as pointer-intensive if it gainseast 10% performance when all LDS
accesses are ideally converted to hit in the L2 cache on meliba processor. For most of our evaluations we use
the pointer-intensive workloads from SPEC CPU2006, CP028td Olden [30] benchmark suites, which consists
of 14 applications. We also evaluate one application frogrtioinformatics domaimf ast (parallel fast alignment
search tool) [3]. pf ast is a pointer-intensive workload used to identify single lrotide and structural variation

of human genomes associated with disease. Section 6.&sessults for the remaining applications in the suites.
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Sinceheal t h from the Olden suite skews average results, we state avpef@mance gains with and without this
benchmark throughout the pagér.

All benchmarks were compiled using ICC (Intel C Compiler)IBORT (Intel Fortran Compiler) with the -O3
option. SPEC INT2000 benchmarks are run to completion witkduced input set [19]. For SPEC2006/SPEC
FP2000 benchmarks, we use a representative sample of 2@Mdtions obtained with a tool we developed using
the SimPoint [33] methodology. Olden benchmarks are alltoucompletion using the input sets described in [24].
For profiling, we use the train input set of SPEC benchmarklssasmaller training input set for Olden benchmarks.

Workloads for Multi-Core Experiments: We use 12 multiprogrammed 2-benchmark SPEC2006 worklaads f
the 2-core experiments and 4 4-benchmark SPEC2006 worklimadhe 4-core experiments. The 2-core workloads
were randomly selected to combine both pointer-intensigtreon-pointer-intensive benchmarks. The 4-core work-
loads are used as case studies: one workload has 4 poitdasive benchmarks, 2 workloads are mixed (2 intensive,
2 non-intensive), and one workload is non-pointer-intem$l pointer-intensive combined with 3 non-intensive).

Prefetcher Configurations: In the x86 ISA, pointers are 4 bytes. Thus, CDP compares tHeead of a cache
block with 4-byte values read out of the cache block to deiteerpointers to prefetch, as Section 2.2 describes. Our
CDP implementation uses 8 bits (out of the 32 bits of an adjifes thenumber of compare bitgarameter and 4
levels as thanaximum recursion deptharameter (described in Section 2.2). We found this CDP gordtion to
provide the best performance. Section 2.1 describes tharatprefetcher configuration. Both prefetchers fetch data
into the L2 cache.

6. Experimental Evaluation
6.1. Single-Core Results and Analyses

6.1.1. PerformanceFigure 7 shows the performance improvement of our proposelniques. The performance
of each mechanism is normalized to the performance of thelinasprocessor employing stream prefetching. On
average, the combination of our mechanisms, ECDP with doated prefetcher throttling (rightmost bars), improves
performance over the baseline by 22.5% (16% w/o healthjeblyemaking content-directed LDS prefetching effec-
tive.

Several observations are in order from Figure 7. First, thgirtal CDP (leftmost bars) improves performance on
benchmarks such ast ar ,gcc, heal t h, peri met er, andvor onoi , but significantly degrades performance on
ncf, xal ancbnk, bi sort, andnst . In the latter, the original CDP generates a very large nurabprefetch re-

qguests and has very low accuracy (see Figure 9). As a rasallbriginal CDP causes cache pollution and significantly

10zilles [42] shows that the performanceloéal t h benchmark from the Olden suite can be improved by orders ghihade by rewriting the program. We
do not remove this benchmark from our evaluations sinceipvswork commonly used this benchmark and some of our etiahsacompares previous LDS
prefetching proposals to ours. However, we do give heafth feeight by presenting average results without it.
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Figure 7. Performance of Proposed Mechanisms Figure 8. Off-Chip Bandwidth Consumption

degrades performance. In fact, it degrades average peafareby 14% due to its useless prefetcHes.

Second, our compiler-guided selective LDS prefetchindntéque, ECDP (second bars from the left), improves
performance by reducing useless prefetches (and cachegipo)ldue to CDP in many benchmarks, thereby provid-
ing an 8.6% (2.7% w/o health) performance improvement dveraseline. The large performance degradations in
ncf, xal ancbnk, bi sort, andnst are eliminated by using the hints provided by the compilatdtect and dis-
able prefetching of harmful pointer groups. Benchmarkssasgbi sort , heal t h, andperi met er significantly
gain performance due to the increased effectiveness ofilugedfetches enabled by eliminating interference from
useless prefetches. Even though ECDP is effective at fgamgiuseful prefetches (as described in more detail in Sec-
tion 6.1.5), we found that in most of the remaining benchrmma&DPalonedoes not improve performance because
aggressive stream prefetcher’s requests interfere witbEE€ useful prefetch requests. Our coordinated prefetcher
throttling technique is used to manage this interferenckimcrease the effectiveness of both prefetchers.

Third, using coordinated prefetcher throttling by itseiflmthe original CDP and the stream prefetcher (third bars
from left) improves performance by reducing useless peéfes, and increasing the benefits of useful prefetches from
both prefetchers. This results in a net performance gaind$94.5% w/o heath).

Finally, ECDP and coordinated prefetcher throttling iatgrpositively: when employed together, they improve
performance by 22.5% (16% w/o health), significantly momntlwhen each of them is employed alone. Eleven of
the fifteen benchmarks gain more than 5% from adding cooteliharefetcher throttling over ECDP. prer | bench,
bi sort andheal t h, throttling improves the effectiveness of ECDP becausestteam prefetcher throttles itself
down as it has lower coverage than CDP (due to case 4 in Tabl@#s amplifies the benefits of useful ECDP
prefetches by getting useless stream prefetches out ofdlyggrnmthe memory system. lgcc, ECDP throttles itself

down because the stream prefetcher has very high coverdage 5 shown in Figure 1(left)). This decreases con-

11The original CDP proposal [9] showed that CDP improved ayemerformance on a set of selected traces. Individual tesidts were not reported and
the selection criteria of the traces were not specified. @sults show that CDP actually degrades performance ongrairtensive SPEC CPU2000/2006 and
Olden applications. We believe the difference is due to tfferdnce in the applications evaluated and selected.
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tention caused by ECDP prefetches and allows the strearatphnet to maintain its coverage of cache misses. In
ast ar, ncf, ommet pp, andnst , the stream prefetcher has both low coverage and low acgcufexa result, the
stream prefetcher throttles itself down, eliminating itrdnental effects on the effectiveness of ECDP.

We conclude that the synergistic combination of ECDP anddinated prefetcher throttling makes content-
directed LDS prefetching very effective and allows it toeirdtct positively with stream prefetching. Hence, our

proposal enables an effective hybrid prefetcher that carrdooth streaming and LDS access patterns.

6.1.2. Off-Chip Bandwidth Figure 8 shows the effect of our techniques on off-chip badtwconsumption. ECDP
with coordinated prefetcher throttling reduces bandwicinsumption by 25% over the baseline. The main band-
width savings is due to reduced number of useless prefefclesncreased accuracy) generated by both the stream
prefetcher (due to throttling) and CDP (due to both thnoattland compiler-guided ECDP techniques). Hence, our
proposal not only significantly improves performance (asvwah previously) but also significantly reduces off-chip
bandwidth consumption, thereby improving bandwidth-édficy.

Contrary to the very bandwidth-inefficient original CDP (einincreases bandwidth consumption by 83%), ECDP
increases bandwidth consumption by only 3.7% over the lmeseECDP and coordinated throttling act synergis-
tically: together, they increase bandwidth efficiency mitren either of them alone. Using coordinated prefetcher
throttling with ECDP results in the lowest bandwidth congtion. The largest bandwidth savings can be seen in
ncf, ast ar, xal ancbnk, omet pp, amm, bi sort, andpf ast. In these benchmarks, the throttling mech-
anism reduces the useless prefetches generated by then girefetcher because it has low accuracy and coverage.
Throttling the inaccurate prefetcher reduces the poliutimuced misses, and hence reduces unnecessary bandwidth
consumption.

Summary: Table 6 summarizes the performance improvement and battdvaduction of our proposal, ECDP with
coordinated prefetcher throttling. Our efficient LDS piteféng techniques improve performance by more than 5%

on eleven benchmarks, while also reducing bandwidth copiomby more than 20% on eight benchmarks..

perlb.| gcc| mcf | astar| xalan.| omnet.| parsel art | ammp| bisort| health| mst| perim.| voron.| pfast|| gmean| gmean-no-health

IPCA (%)|| 16.3| 65| 9.8 | 24.7| 189 | 324 | 1.0 [1.3| 749 | 17.2|158.4| 39| 4.8 9.0 | 185(| 225 16

BPKIA |[[-56.3|-4.5{-20.1|-38.1| -47.8| -50.6 | 4.3 |0.7| -563.6 |-33.3| 7.5 |-8.7| 1.7 2.3 |-23.3|| -25.0 -27.1
Table 6. Change in IPC performance and BPKI with our proposal (ECDP and coordinated prefetcher throttling combined)

6.1.3. Accuracy of PrefetchersFigure 9 shows that ECDP with prefetcher throttling (rigbshbars) improves CDP
accuracy by 129% and stream prefetcher accuracy by 28% gechpawhen the stream prefetcher and original CDP
are employed together. Our techniques increase the agcafdeDP significantly on all benchmarks. Using both

our techniques also increases the accuracy of the stredetgirer on almost all benchmarks because it 1) reduces

16



the interference caused by useless CDP prefetches, 2)agdiseless stream prefetches via throttlingal t h is
an exception, where some misses that the stream prefetawecovering (when running alone) are prefetched by

ECDP in a more timely fashion, resulting in a decrease irastrprefetcher’'s accuracy. Increases in both prefetchers

accuracies results in the performance and bandwidth bemséfitwn in Sections 6.1.1 and 6.1.2.
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6.1.4. Coverage Of Prefetcherd-igure 10 shows that ECDP with coordinated throttling dligheduces the average
coverage of both CDP and stream prefetchers. ECDP improR&sddverage in several benchmaris (, heal t h,

peri met er, andpf ast ) because it eliminates useless and polluting prefetchresore others, it decreases cov-
erage because it also eliminates some useful prefetché&sy tisordinated prefetcher throttling also slightly redsc

the average coverage of each prefetcher. This happensdeeeach prefetcher can be throttled down due to low
coverage/accuracy or because the other prefetcher pexfoetter in some program phases. The loss in coverage is
the price paid for the increase in accuracy. We concludeahaproposed mechanisms trade off a small reduction in
CDP and stream prefetcher coverage to significant increag$&l3P and stream prefetcher accuracy, resulting in large

gains in overall system performance and bandwidth effigienc

90
80
= Str Pref.+Orig. CDP 80
707 a Str Pref.+ECDP 070
2 60 = Str Pref.+Orig. CDP+Coord. Thrott. =
] = Str Pref. +ECDP+Coord. Thrott. 5 60
>
Q 50 -
O = Str Pref.+Orig. CDP
E 401 = Str Pref +ECDP
o = Str Pref.+Orig. CDP+Coord. Thrafi.
{7 30 = Str Pref.+ECDP+Coord. Thrott.
20
N
2
10 &
o
050@«00\%@@(‘\\\@0’%‘@@0
NS 2> 2R O L. O @ L &
SFCFFTE TS T T
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6.1.5. Effect of ECDP on Pointer Group Usefulnesd-igure 11 provides insight into the performance improveimnen
of ECDP by showing the distribution of thesefulness of pointer groupsth the original CDP and with ECDP. Recall
that the usefulness of a pointer group is the fraction ofulgekfetches generated by that pointer group (as described

in Section 3). Using ECDP significantly increases the faacdf pointer groups that are useful. In the original CDP
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mechanism, only 27% of the pointer groups are very usefull@@®6 useful) and 46% of the pointer groups are very
useless (0-25% useful), With ECDP, 68.5% of all pointer ggobhecome very useful (75-100% useful) whereas the
fraction of very useless pointer groups drops to only 5.2%n¢¢, ECDP significantly increases the usefulness of
pointer groups, thereby increasing the performance andexffiy of content-directed LDS prefetching. Note that this

is a direct result of the compiler discovering (via profiljrtge beneficial pointer groups for each load to guide CDP.
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Figure 11. Pointer Group Usefulness: Original CDP Mechanis  m (left) Compiler-Guided CDP (right)

6.1.6. Effect of Profiling Input Set The results we presented so far were obtained by profilindfereint input set
from the actual one used in experimental runs (as discuss8édtion 5). To determine the sensitivity of ECDP to
the profiling input set, we also profiled the applicationstwttie same input set used for actual runs. We found that
using the same input set for profiling as the actual inputraptdoved our mechanism’s performance by more than 1%
only for one benchmarkyst (by 4%). Hence, our mechanism’s benefits are insensitiveganibut set used in the

profiling phase.
6.2. Hardware Cost

Table 7 summarizes the storage cost required by our propds$e storage overhead of our mechanism is very
modest, 2.1 KB. Neither ECDP nor coordinated throttlinguiegs any structures or logic that are on the critical
path of execution. They require a small amount of combimatidogic to 1) decide whether or not to prefetch a
pointer based on the prefetch hints provided by a load in8tm (in ECDP), 2) update the counters used to collect
prefetcher accuracy and coverage for coordinated thmgttB) update therefetchedits in the cache. The major part
of the storage cost of our mechanism is due tophefetchedbits in the cache. If these bits are already present in
the baseline processor (e.qg., for profiling or feedbackalad prefetching purposes), the storage cost of our pabpos

would be only 832 bits.

prefetchedits for each block in the L2 cache 8192 blocks x 2 bits/block
Counters used to estimate prefetcher coverage and acda@mylinated prefetcher throttling) 6 counter x 16 bits/counter
Storage for recording block offset and hint bit-vector face MSHR entry 32 entries x (7 + 16 bits)/entry
Total hardware cost 17216 bits =2.1 KB
Percentage area overhead (as fraction of the baseline 1MBdize) 2.1KB/1024KB =0.205%

Table 7. Hardware cost of our mechanism (ECDP combined with ¢ oordinated prefetcher throttling)
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6.3. Comparison to Other LDS and Correlation Prefetchers

Figure 12 compares the performance and bandwidth consompfi our mechanism to those of a dependence
based LDS prefetcher (DBP) [31], Markov prefetcher [17]d anglobal-history-buffer (GHB) based global delta
correlation (G/DC) prefetcher [16]. Only the GHB prefetchignot used in conjunction with the stream prefetcher
because we found that GHB by itself provides better perfogaaas it can capture stream-based memory access
patterns as well as correlation patterns. Previous resstimved that the GHB prefetcher outperforms a large number
of other prefetching mechanisms [28]. The DBP we model hasreelation table of 256 entries and a potential
producer window of 128 entries, resulting irré8 KB total hardware storage. The Markov prefetcher uses a 1MB
correlation table where each entry contains 4 addresse® @#s a 1k-entry buffer and has 12KB hardware &bst.

Our mechanism’s cost is 2.1KB.

Results in Figure 12 show that our LDS prefetching proposaliges respectively 19%, 7.2%, 8.9% (12.7%, 7.1%,
5% wi/o health) higher performance than DBP, Markov, and GH&gichers, while having significantly smaller
hardware cost than Markov and GHB. Our technique consumé®®2nd 29% (24% and 32% w/o health) less
bandwidth than DBP and Markov prefetchers and 22% (19% wéitiemore bandwidth than GHB. We found
that there are several major reasons our proposal perfoatieriihan these previous LDS/correlation prefetching
approaches: 1) our approach is more likely to issue usetfefrhes because the compiler provides information as
to which addresses are pointers that are likely to be usedu2approach can prefetch pointer addresses that are
not “correlated” with any previously seen address sinceait prefetch any pointer value that resides in a fetched
cache block, whereas Markov and GHB need to find correlatedwden addresses, 3) the Markov prefetcher cannot
prefetch addresses that have not been observed and requedgolisly, 4) the effectiveness of DBP is limited by the
distance between pointer producing and consuming ingbnstas shown by [31] and therefore DBP cannot prefetch
far ahead enough to cover modern memory latencies [32], Sin@ghanism uses coordinated prefetcher throttling to
control the interference between different prefetchirdhtéques whereas none of the three mechanisms provide such

a control mechanism.

Even though we provide a direct comparison to these LD S#tation prefetchers, our mechanism is partly orthog-
onal to them. Coordinated prefetcher throttling can be wsitid any of the three prefetchers when they are used in
a hybrid prefetching system and can improve their perforreaf-or example, when our ECDP mechanism is added
to a baseline with GHB, the combination provides 4.6% pentoice improvement compared to GHB alone. Also,

using coordinated throttling on top of a hybrid of GHB and BZprovides a further 2% performance improvement

12The structures were sized such that each previous prefgiabdes the best performance.
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Figure 12. Performance and bandwidth comparison to other LD S/correlation prefetching techniques

and 6.5% bandwidth savings.

6.4. Comparison to Hardware-based Prefetch Filtering

Purely hardware-based mechanisms were proposed to redetess prefetches due to next sequential prefetch-
ing [41]. We compare our technigues to Zhuang and Lee’s harelfilter [41], which disables prefetches to a memory
address if the prefetch of that address was useless in thefphardware filter can be used in conjunction with coor-
dinated prefetcher throttling in a hybrid prefetching eamiment. Figure 13 shows the effect of using a hardware filter
with the original CDP (second bars from left) and in comhbimatwith coordinated throttling (third bars from left).
We use an 8KB hardware filter, which provides the best perfmee in our benchmarks. The hardware filter by itself
improves performance by only 4.4% (1.5% w/o health) anddases bandwidth consumption by 1.2% (2.6% w/o
health). We found that the hardware filter is very aggressiathus eliminates too many useful CDP prefetches. Us-
ing ECDP by itself is more effective than the hardware filiecduse ECDP is more selective in eliminating prefetches.
Adding coordinated throttling on top of the hardware filtenpiroves performance significantly, showing that the ben-
efits of coordinated throttling are applicable to hardwalterfng. However, using ECDP together with coordinated
throttling provides better performance than using harévter and coordinated throttling. On average, our proposa
(ECDP and coordinated throttling) provides 17% (14.2% wéalth) performance improvement and 25.8% (28.7%
w/o health) bandwidth savings compared to simply using dviare filter, which is more costly in terms of hardware,

alone.

6.5. Comparison to Feedback Directed Prefetching

Feedback directed prefetching (FDP) [36] incorporatesadyin feedback into the design of a single prefetcher
to reduce the negative effects of prefetching. It was osliynproposed for stream prefetchers. We compare the
performance of coordinated prefetcher throttling in a ytprefetching system comprising a stream prefetcher and
CDP. We implement and simulate FDP as explained in [36] arditu® changed the aggressiveness of both the

stream prefetcher and the bandwidth-efficient contergetixd prefetcher individually. For these experiments, @te s
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Figure 13. Performance and bandwidth comparison to pure har dware prefetch filtering

the cache block size to 64 bytes (and use the threshold valaed in [36]), which we found to provide the best
performance for FDP. Figure 14 compares coordinated thmgtand FDP. Coordinated throttling outperforms FDP
by 5% while consuming 11% more bandwidth on average. Coatélhthrottling outperforms FDP due to two major
reasons. First, throttling decisions made by our mechatagminto account the state of the other prefetcher(s),denc
the interaction between multiple prefetchers. In contl@BtP does not coordinate the multiple prefetchers together
rather it throttles each of them individually. As a resulfF cannot distinguish whether a prefetcher is performing
well (or poorly) due to its own behavior or due to its intefantwith other prefetchers. Second, our mechanism
uses a smaller number of threshold values (three) than FBiEhwequires six threshold values. Finding an effective
combination of a smaller number of thresholds is easierr@foes, our prefetcher throttling proposal is not only easi

to tune but also easier to implement.
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Figure 14. Prefetcher Throttling versus Feedback Directed Prefetching

6.6. Effect on Multi-Core Systems

Dual-core System: Figure 15 shows the effect of combined ECDP and coordindtemttiing on performance
(weighted-speedup [34]) and bus traffic on a dual-core sys@ur techniques improve weighted-speedup by 10.4%,
hmean-speedup [25] by 9.9% (not shown), while also reduoirggtraffic by 14.9%. The highest performance gains
are seen when two pointer-intensive benchmarks are rurthtege-or example, whexal ancbnk andast ar run
together, our LDS prefetching mechanism improves perfocaeady 20% and reduces bus traffic by 28.3%. On the

other hand, when both applications are pointer-non-imtenghe benefit from our mechanisms, as expected, is small
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(e.g., 1% performance improvement fGens FDTD andh264r ef combination). The results also show that our
mechanism significantly outperforms DBP, Markov, and GH&@ichers on the dual-core system. DBP is ineffective
due to increased L2-miss latencies caused by each coreifenhg requests. The Markov prefetcher (with a 1MB
table per core) improves weighted/hmean-speedup by 4.9%/8ut increases bus traffic by 19.5%. GHB improves

weighted/hmean-speedup by 6.2%/1% while reducing bufictiaf 5%.
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Figure 15. Effect of proposed mechanisms when employed in a d ual-core system

4-Core System: Figure 16 shows that ECDP with coordinated throttling inye® weighted/hmean-speedup by
9.5%/9.7% while reducing bus traffic by 15.3%. These benafé@significantly larger than those provided by Markov
and GHB-based delta-correlation prefetchers that havkehigardware cost. We conclude that our low-cost and

bandwidth-efficient LDS prefetching technique is effeetim multi-core as well as single-core systems.
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Figure 16. Effect of proposed mechanisms when employed in a f our-core system

6.7. Sensitivity to System Parameters

We evaluate the sensitivity of the combination of our medras (ECDP and coordinated throttling) to three major
system parameters: cache block size, memory latency, acddt® size. All system parameters except the one that is
investigated are kept at their baseline value. Table 8 sliogvshange in average IPC and BPKI (excludiagl t h)
provided by our proposal for each configuration. ECDP witbrdinated throttling improves performance and reduces
bandwidth consumption for all cache block sizes, memomnaies, and L2 sizes. Even with a very low, 150-cycle,

memory latency, our proposal improves performance by 9.iéaraduces bandwidth consumption by 26.2%.

22



Cache Block Size L2 Cache Size
64B 128B 256B 512 KB 1MB 2MB
A IPC | ABPKI AIPC | ABPKI AIPC | A BPKI AIPC | ABPKI AIPC | ABPKI || AIPC | ABPKI
16.1% | -28.7% 16% -27% 14.9% | -27.9% 16.4% | -26.8% 16% -27% 11.4% | -27.2%

Memory Latency
150 cycles 300 cycles 450 cycles 600 cycles
AIPC | ABPKI || AIPC | ABPKI || AIPC | ABPKI || AIPC | ABPKI
9.7% | -26.2% || 12.5% | -26.5% 16% -27% 16.2% | -26.3%
Table 8. Effect of our proposal on IPC and BPKI with different system parameters (excluding heal t h)

6.8. Effect on the Remaining SPEC and Olden Benchmarks

We evaluated our proposal on the remaining SPEC CPU2008/268 Olden benchmarks that have little LDS
prefetching potential. We find that our combined proposaDEPGand coordinated throttling does not significantly
affect the performance or bandwidth consumption of any ieimg benchmark because these benchmarks do not have
a significant number of cache misses caused by LDS travef3alaverage, our mechanism improves performance by
0.3% and reduces bandwidth consumption by 0.1% on the rémgaienchmarks.We conclude that our bandwidth-

efficient CDP proposal does not degrade the performanceptitagons that are not memory- or pointer-intensive.

7. Related Work

To our knowledge, this paper provides the first comprehensolution that enables both very-low-cost 2KB
extra storage) and bandwidth-efficient prefetching ofeidklata structures in a hybrid prefetching system. Our pro-
posal has two new components: 1) a compiler-guided teckrtinat determines which pointer addresses to prefetch
in content-directed LDS prefetching, 2) a mechanism thatttles multiple different prefetchers (stream and LDS)
in a coordinated fashion based on feedback information.sElsend component, coordinated prefetcher throttling, is
orthogonal to LDS or any prefetching method employed in trstesn and can be used in conjunction with any hybrid
prefetcher.

In previous sections, we already provided extensive qtativie comparisons to hardware prefetch filtering [41],
three methods of LDS/correlation prefetching (dependdra=eed [31], Markov [17], global-history-buffer [16]), @n
feedback-directed prefetching [36]. Our evaluations stabwhat our proposal significantly outperforms these tech-
niques, while requiring less hardware cost. Here, we briefljew and provide comparisons to other related work in

content-directed prefetching, prefetch filtering, LDSfptehing, and multiple-prefetcher systems.

7.1. Related Work in Content Directed Prefetching

Guided Region Prefetching (GRP) [39] uses static compilahysis to produce a set of load hints for its hardware
prefetching engine, which includes the original CDP schédje GRP is a coarse-grained mechanism: it enables
or disables prefetching fall pointers in cache blocks fetched by a load instruction. Intiast, our mechanism is

fine-grained: it selectively enables/disables the préfatrofuseful/uselesgointers rather thaall pointers related to
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a load instruction. We implemented GRP’s coarse-grainetrcbmechanism and found that, similarly to the results
presented in [39], controlling CDP in a coarse-grainedifasprovides negligible (0.4%) performance improvement.
Al-Sukhni et al. [2] propose using compiler-inserted pteffeinstructions to convey information about dynamic
data structures to the prefetcher. Their purpose is tccstifitiidentify the values that are pointer addresses. Oukwo
uses compile-time information to guide CDP in decidimigich pointers to prefetch. Our proposal is orthogonal to
theirs: static identification of pointers at compile timedse used in conjunction with our technique of decidivitich

pointers to prefetcho construct an even more accurate LDS prefetcher.

7.2. Related Work in Prefetch Filtering

Srinivasan et al. [37] use profiling to select which loadrnstions should initiate prefetches with a next sequential
prefetcher [12] and a shadow directory prefetcher [29]. EDP, we found that disabling prefetches on the basis of
the triggering load results in the elimination of a very krgumber of useful prefetch requests and results in only 1%
performance improvement. Instead, our mechanism uses-griieed approach that decidekichpointer addresses

should be prefetched for a given load instruction, thereggiicantly improving performance of LDS prefetching.

7.3. Related Work in Linked Data Structure Prefetching

Hardware-based approaches:Some hardware-based LDS prefetching approaches, suchrataton prefetch-
ing [5, 17, 20], pointer cache [7], and hardware jump poiptefetching [32] require large storage overhead to main-
tain pointer or correlation address values in hardware.cpally, correlation prefetching requires at least 1-2MB
tables [5, 17, 20], the pointer cache requires 1.1MB of gfef&], and hardware jump pointer prefetching requires at
least 64KB of storage [32]. In contrast, our mechanism megubnly 2.1KB storage since it does not require storing
any pointer values. In addition, correlation-based podfets are capable of prefetching only those addressesathat h
been observed and recorded previously. Our technique edatph addresses that have not previously been used by
the program.

Hu et al. [15] propose a correlation prefetcher with smalterage requirements. This prefetcher can record only
those correlations that are in the same cache set. It cappbire across-set address correlations in LDS accesses and
unlike our mechanism cannot prefetch addresses that hdavgera accessed previously. Mutlu et al. [26] propose
address-value delta prediction to predict the pointer esklrs loaded byointer loadinstructions. As the results of
this work indicate [26], the performance improvement of AgEediction as a prefetching scheme is limited.

Pre-execution-based approachesPre-execution-based LDS prefetching techniques [6, 42838, 35, 40] use
idle thread contexts or separate pre-execution hardwamantéthreads” that help the primary program thread. Such

helper threads, constructed either by the compiler [6, 8Bp2the hardware [40, 8, 4], execute code that prefetches
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for the primary thread. These techniques require eithesusap, idle thread contexts and spare resources (e.dh, fetc
and execution bandwidth), which are scarce when the procéswell used, or specialized engines/hardware.

Dependence based prefetching (DBP) [31] is a limited forprefexecution that captures dependence relationships
between loads that produce addresses and loads that cotlsame A prefetch engine speculatively executes a
description of the dependencies in parallel with the oagprogram. Our mechanism has three advantages over DBP:
1) DBP’s effectiveness is limited by the distance betweentpo producing and consuming instructions, as shown
by [31]. ECDP can prefetch far ahead in pointer chains. 2) BBBntrol mechanism allows only one prefetch per
demand reference. Our proposal allows more aggressiveyatate prefetching by filtering useless pointers. 3) DBP
loses effectiveness at high memory latencies as shown [n82reas our results show that higher latencies increase
our proposal’s benefit.

Software-based approachesSoftware-based LDS prefetching techniques (e.g. [22, 241B require the pro-
grammer or the compiler to analyze program objects, deterbjects that lead to a majority of the cache misses
via profiling, and insert prefetch instructions sufficigndlhead of a pointer access to hide memory latency. Most of
these approaches [22, 24, 32], while shown to be beneficahiml benchmarks using hand-optimized code, usually
require significant programmer support to generate timéhslprefetch requests, as described in [24, 32]. Software
techniques that do not require programmer support, e.gafg] limited to managed runtime systems with dynamic

profile feedback and are not generally applicable to C/C+gr@her non-managed languages.
7.4. Related Work in Multiple-Prefetcher Systems

Gendler et al. [11] propose turning off (not throttlingl) prefetchersbut the most accurate one based on only per-
prefetcher accuracy data obtained from the last N prefetelueresses. Unlike our coordinated prefetcher throttling
technique, this simplistic mechanism 1) does not take intmant prefetch coverage, a key performance indicator, 2)
can disable a very accurate, high-coverage, non-integegsrefetcher that is improving performance while enabling
a very low-coverage yet more accurate prefetcher that doeheip performance, 3) cannot capture the interaction
between prefetchers for different access patterns bedtdses nothrottlethem in a coordinated fashion. We imple-
mented Gendler et al.'s scheme [11] in our hybrid stream dbB @refetcher and found that, due to its shortcomings,
it reduces average performance by 11% while decreasingiidtidconsumption by 6.7% on our benchmarks.

8. Conclusion
We proposed a very-low-cost and bandwidth-efficient hardygaftware cooperative prefetching solution for linked

data structures. Our solution comprises two new technigb@st, a compiler-guided prefetch hint mechanism that
enables efficient content-directed LDS prefetching. Sdcartechnique to manage the interference between multi-

ple prefetchers (streaming and LDS) in a hybrid prefetclipstem. We have shown that our proposal significantly
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improves performance and reduces memory bandwidth cortsomgn both single-core and multi-core systems com-
pared to three other LDS/correlation prefetching appreadan a set of pointer-intensive applications. We conclude

that our techniques enable low-cost and efficient prefatebf linked data structures in hybrid prefetching systems.
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