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DRAM-Aware Prefetching and Cache Management

Chang Joo Lee, Ph.D.
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Supervisor: Yale N. Patt

Main memory system performance is crucial for high perfanoemicroproces-
sors. Even though the peak bandwidth of main memory systeassgritreased
through improvements in the microarchitecture of Dynamam&om Access Mem-
ory (DRAM) chips, conventional on-chip memory systems o€mprocessors do
not fully take advantage of it. This results in underutitina of the DRAM system,
in other words, many idle cycles on the DRAM data bus. The maason for this
is that conventional on-chip memory system designs do rigttiake into account
important DRAM characteristics. Therefore, the high baiutlvof DRAM-based
main memory systems cannot be realized and exploited byrtdoegsor.

This dissertation identifies three major performanceteelaharacteristics
that can significantly affect DRAM performance and makes sedar DRAM
characteristic-aware on-chip memory system design. Wes shat on-chip mem-
ory resource management policies (such as prefetchintgrbahd cache policies)
that are aware of these DRAM characteristics can signifigamhance entire sys-
tem performance. The key idea of the proposed mechanismssenid out to the
DRAM system useful memory requests that can be servicedlouthatency or in

parallel with other requests rather than requests thateaxeced with high latency

viii



or serially. Our evaluations demonstrate that each of topgsed DRAM-aware
mechanisms significantly improves performance by increp§8IRAM utilization
for useful data. We also show that when employed togethempdnrformance ben-
efit of each mechanism is achieved additively: they work gyisécally and sig-
nificantly improve the overall system performance of botmgte-core and Chip

MultiProcessor (CMP) systems.
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Chapter 1

Introduction

1.1 Problem

Memory system performance is crucial for high performancmputing.
Dynamic Random Access Memory (DRAM) is the most commonlydusehnol-
ogy for building the main memory system in modern computesteays. There-
fore, computer architects need to understand the chaistaterof DRAM in order
to build high performance memory systems. There are thraa pexformance-
related characteristics associated with DRAANk-level parallelism, row buffer
locality, andwrite-caused interference

e Bank-Level Parallelism: A modern DRAM chip consists of nplé banks
that can be accessed independently. Memory requests svatiff DRAM
banks can proceed concurrently. Therefore, the requestssa latencies can
be overlapped, thereby increasing DRAM throughput. Théonaif servic-
ing multiple requests in parallel in different DRAM bankscalled DRAM
Bank-Level Parallelism (BLP)

e Row Buffer Locality: Each DRAM bank consists of rows and cohs of
DRAM cells. A row contains a fixed-size block of data (usuabveral
Kbytes). Each bank hagew buffer(or sense amplifigr and a DRAM access
can be made only by reading (writing) data from (to) the rowfdrwising a
column address. To perform a complete access, 1) a row igdbedo the
row buffer and 2) the data in the row buffer is read (writtei td'he row
buffer keeps the most recently accessed row in the DRAM b#&nkubse-

quent access to the last accessed row can be serviced sigtiyfitaster than



an access to a different row. This concept is referred roaduffer locality
Prioritizing a request among multiple memory requests éociinrently open
row results in higher DRAM throughput.

e Write-Caused Interference: Write requests interfere watid requests in the
DRAM system by causing idle cycles on the DRAM data bus. Oneeite
IS serviced, subsequent reads and even some writes (eligs va different
rows in the same bank) cannot be started for a certain amduime even
after the write is fully serviced. This introduces idle ayglon the data bus and
in turn degrades DRAM throughput. We call thisite-caused interference
in the DRAM system.

We define a processorm-chip memory systeas the collection of the fol-
lowing: 1) the memory controller, 2) the structures that gfate main memory
requests (e.g., last-level cache and prefetcher strig)t{uBg the buffer structures
which memory requests go through until they are servicechbyOIRAM system,
and 4) the corresponding management policies associatadlyi?2), and 3). If
the on-chip memory system takes into account bank-levellledism, row buffer
locality, and write-caused interference, DRAM performaaad in turn system per-
formance can be significantly improved. However, convergian-chip memory
systems do not fully consider these DRAM system charatiesisnd therefore
often do not provide the best system performance. This proddecomes more
significant for Chip MultiProcessor (CMP) systems where DH@AM system is
shared by multiple cores on a chip. Figure 1.1 shows the geesgstem perfor-
mance and DRAM data bus utilization for single, 4, and 8-gystems. In this
experiment, we used a DDR3 DRAM system [49] and aggressieGHz x86
microprocessor$ with and without an aggressive stream prefetcher [77, 7B, 36
We ran the 20 most memory-intensive SPEC CPU 2000/2006 bearéls on the

We deliberately chose an aggressive processor frequerayctuunt for future technology ad-
vancements. The performance and DRAM bus utilization esttbwn here do not change signifi-
cantly with less aggressive frequencies (e.g., 3.2GHz).



single-core system. We simulated 30 and 20 pseudo-randoinggen multipro-
grammed workloads [39] on the 4-core and 8-core CMP systespectively? We
make four observations from Figure 1.1.

First, with no prefetching, as the number of cores incred3@&M bus
utilization increases. This is because multiple applaairun together on different
cores on the chip and generate more memory requests to thé/Ddgstem.

Second, the DRAM data bus is not fully utilized for any of theee sys-
tems even with prefetching. For the single and 4-core systevhen the stream
prefetcher is employed, bus utilization increases andopednce improves (by
30.8% and 4.5%) compared to no prefetching. However, therstdl a significant
number of idle data bus cycles. One of the main reasons istingentional on-chip
memory systems do not fully take advantage of the DRAM syst&éhey some-
times limit the amount of row buffer locality and bank-leyarallelism exploited
by the DRAM controller or do not try to minimize write-causederference. Sys-
tem performance can be improved by exploiting or reducirggé¢hidle cycles for

useful requests.

Third, even though prefetching increases bus utilizatiotne 4 and 8-core
systems, the performance improvement is not very significemfact, the 8-core
system suffers performance degradation (by 1.3%) companeal prefetching even
though more DRAM bandwidth is consumed. This is becausentreased mem-
ory request contention due to the increased number of cerastimanaged effi-
ciently by conventional memory systems since they do na tato account the
DRAM system’s characteristics and applications’ behatagether. For example,
contention between memory requests from applications ABanghning together
can cause application B to close a row buffer that was opegeapplication A.
This results in longer DRAM latency for application As latememory access to
the closed row since the closed row must be reopened. Alsmamerequests to

different banks from application A that could potentially berviced in parallel in

2Chapter 9 explains the system configurations and the watkloadetail.
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multiple DRAM banks may end up being serviced serially dumterference from
application B’'s memory requests. Both examples can resybor performance

even though data bus utilization has increased compareal poafietching.

Finally, a significant number of cycles are spent for usef@edetch re-
qguests (brought from DRAM but not used). Useless prefetcbasume DRAM
bandwidth without contributing to performance. Even wotbey sometimes even
hurt performance as shown in Figure 1.1(c). Removing usglesfetches results in
more efficient data bus utilization, allowing useful regueés be serviced faster.

We would like to develop a comprehensive on-chip memoryesgdesign
that can efficiently exploit or reduce the idle DRAM data bysles for high per-
formance. To this end, this dissertation proposes new lost-on-chip memory
system (i.e., prefetcher, buffer, and cache structuresipde that take into account
DRAM characteristics. The proposed mechanisms significamiprove system
performance by reducing DRAM access latency and incred3R@M access par-
allelism for useful memory requests for both single-cord ahip multiprocessor

systems.

1.2 Thesis Statement

Performance of microprocessors can be improved significdmyt taking
into account the main memory system’s characteristics @i thn-chip memory

system designs.

1.3 Contributions

This dissertation makes the following contributions.

e This dissertation introduces the notion of main memory (DRAaware de-
sign of a microprocessor’s on-chip memory system. It idegtithree ma-
jor DRAM characteristics in state-of-the-art DRAM systemBich signif-
icantly affect performance: row buffer locality, bank-&\parallelism, and



write-caused interference. It shows that conventionatloip-memory sys-

tem designs that do not take into account these charaatsrssult in un-

derutilization of the DRAM system, thereby limiting ovdral/stem perfor-

mance. To overcome this problem, this dissertation propasel evaluates
DRAM characteristic-aware prefetch scheduling/issuing eache manage-
ment techniques.

This dissertation identifies problems of the conventionRIAM controller
design in the presence of prefetching. It presents a ptefi@are DRAM
controller design that aims to maximize row buffer localiyly for demand
and useful prefetch memory requests and to minimize thetnegeffect of
useless prefetch requests. The proposed technique sagmijienproves per-
formance by reducing the latency of useful requests and vamgaiseless
prefetches.

This dissertation shows that conventional request isslieig®to resource-
limited on-chip buffers can limit the amount of Bank-LevelrBllelism (BLP)
realized by the DRAM controller. This reduces the effeatess of prefetch-
ing and out-of-order execution. This dissertation presamd analyzes on-
chip request issue policies that aim to maximize DRAM BLPe Bvalua-
tions show that the proposed BLP-aware policies signiflgantrease BLP

and therefore improve system performance.

This dissertation demonstrates that due to the DRAM chariatts, not all
misses and evictions of the last-level cache incur the sarsie It proposes a
DRAM-aware last-level cache replacement policy that fawbe replacement
of low-cost cache lines that will likely take advantage oivrouffer locality
and BLP and lines that can reduce write-caused interferérteeevaluations
show that the DRAM-aware replacement policy can improvégoerance by

exploiting all DRAM characteristics.

This dissertation identifies limitations of our DRAM-awaeplacement pol-

icy that aims to reduce write-caused interference in the DRgystem. It



proposes a more aggressive writeback technique for thdehasit cache to
further reduce write-caused interference. The proposetelack mecha-
nism proactively sends writebacks from dirty lines that banserviced fast
due to row buffer locality. The results presented in thisdigation show that
this mechanism allows the DRAM controller to service mor&ew quickly,

thereby resulting in less write-caused interference tharbiR AM-aware re-

placement policy.

e This dissertation evaluates the performance and DRAM efimy of all the
proposed DRAM-aware techniques when employed togethee ré&bults
show that the techniques work synergistically and incr&RAM utilization
significantly. The proposed mechanisms significantly ineprperformance

on both single-core and chip multiprocessor systems.

1.4 Dissertation Organization

This dissertation is organized into ten chapters. Chapi@ogides back-
ground information on the three DRAM performance-relatedracteristics based
on the industry standards. Chapter 3 provides an overvidaurfproposed mecha-
nisms that aim to improve DRAM performance. Chapter 4 disesselated work.
In the following four chapters, we propose and evaluate foachanisms. Chap-
ter 5 presents and analyzes a prefetch-aware DRAM contiibide tries to maxi-
mize row buffer locality for demand and useful prefetched amnimize the nega-
tive effect of useless prefetches. Chapter 6 proposes andsties two Bank-Level
Parallelism (BLP)-aware memory request issue policiesrdeoto improve BLP.
Chapter 7 presents and evaluates a DRAM-aware last-legbba@placement pol-
icy that aims to improve all three DRAM characteristics. Qtea 8 proposes and
analyzes a DRAM-aware last-level cache writeback mechamisat can signifi-
cantly reduce write-caused interference. Chapter 9 eteduend discusses perfor-
mance and DRAM efficiency when all four proposed DRAM-awasmechanisms
are employed together on both single-core and multi-coseesys. Chapter 10 con-



cludes this dissertation.



Chapter 2

Background: DRAM Performance-Related
Characteristics

In this chapter, we provide background on three DRAM charastics based
on the Double Data Rate 3 (DDR3) SDRAM Joint Electron Deviogjikeering
Council (JEDEC) standard. We follow the abbreviations @f skandard. We refer
readers to the DDR standard documentations and productiasdts [22, 49] for
further detailed information. We accurately model all #ngerformance-related
timing constraints in our DRAM simulation model for our exjpeental evaluations

of the proposed mechanisms.

2.1 Row Buffer Locality

Each DRAM bank is arranged in rows and columns of DRAM cellee T
size of a row is several Kbytes (1 or 2 Kbytes in each bank peAlaRhip) in
modern DRAM systems. To perform a complete access to a damtaeet, three
steps are required for the DRAM controller. Firstpgechargecommand is sent
to precharge the bank’s bitlines. Second, aamivate command is sent to open
the source/destination row through the sense amplifierdfwiie call row buffer
throughout this dissertation) in the bank. Finallyeador write command is sched-
uled to access the appropriate columns from the row dataeima buffer. Every
access can be performed only by reading from or writing torthve buffer. There-
fore, if a subsequent access to the bank is mapped to a diffevey, these three
steps (i.e., precharge, activate, and read/write) mustb@imed again. We call
an access to a different ronwraw conflict On the other hand, a subsequent access

which is mapped to the same row as the previous row can berpetbsimply by



accessing the appropriate column from the currently openVde call this access a
row hit. Since a row hit requires only the third of the three stegsDiRAM service
time is much less than that of a row conflict.

Figure 2.1 illustrates exactly how the DRAM system works tloese ac-
cesses. Figure 2.1(a) shows that three reads (A, B, and @jedtiag in the DRAM
read buffer for DRAM scheduling. Figure 2.1(b) shows theili®sg DRAM timing
when these reads are serviced. The DDR3 DRAMé&fetch buffeenables a burst
mode of up to eight (burst lengtl® L = 8) by bringing (eight) consecutive columns
from the row buffer to the prefetch buffet. Each command (e.g., read, write, or
precharge) takes a DRAM bus cycle and every data transfere th burst mode
at twice the rate of the clock (i.e., double data rate, 4 DRAdk cycles for BL =
8).2

In this example, all reads are mapped to the same row (Row Bank O.
Currently Row 5 is open in the row buffer of bank 0. Read A hagddhrough all
three steps since it is a row conflict. The total service tiorédjfead A is the sum of
the latencies for the three steps (precharge period + Aetii@read/write delay +
column address strobe lateneyp + trop + C'L) as shown in Figure 2.1(b). After
this latency, the data required by Read A is put onto the daga Bince the burst
length is eight, eight bursts of data are sent to the data Bhe. subsequent two
reads can simply access the row opened by Read A. Even theughsang a given
column within a row takes only column address strobe lat€nt), consecutive
row-hit reads are serviced even faster. This is because Bie3Isystem allows
row-hit latencies (' Ls) to overlap in order to support back-to-back data trassfer
among row-hit reads (even among row-hit reads in differemtids). Therefore the

effective latency of a row hit can be simply data burst layeinom the processor’s

1This is called the8n-bit prefetch architecturen the DDR3 technology, where n is the number
of data pins in a DDR3 DRAM chip. The DRAM prefetch buffer isasbd by all sense amplifiers
(i.e., row buffers, each of which is in a bank).

2Throughout this dissertation, we assume that the DRAM syst@s a DRAM Dual Inline Mem-
ory Module (DIMM) with a 64-bit wide data bus per DRAM chann@&herefore, the data transfer
for a 64-byte cache line can be completed with a burst lenfyéight.
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Figure 2.1: Row conflict and row hit in modern DRAM system
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point of view. This makes a row-hit request much faster theswaconflict request
(up to 9 times faster in a DDR3-1600 chip [49]). Note that shabk-to-back data
transfers are supported among row-hit writes as well bylapging write column
address strobe latencieS¥/ Ls).

Since row hits can be serviced (effectively~39 times) faster than row
conflicts, many DRAM controllers prioritize row hits overwoconflicts in their
scheduling decisions [92, 66, 48].

2.2 Bank-Level Parallelism

A DRAM chip consists of multiple (4~ 8) independent banks and accesses
to different banks can be serviced concurrently. Figuresh@ws the DRAM be-
havior of two row conflict accesses to different banks. Read mapped to Row
1 in Bank 0 and Read B is mapped to Row 1 in Bank 1 as shown in&@@(a).
Even though they are row conflicts (i.e., the current opersrave different from
the rows they access), their DRAM service times can be sagmfly overlapped as
shown in Figure 2.2(b). Therefore the effective stall timiéhe processor for these
two requests is much less than the sum of the two access ikdendote that if
two row conflicts are mapped to different rows in the same b#rdy are serviced
completely serially and the processor experiences the guwmoorow-conflict ac-

cesses.

2.3 Write-Caused Interference

Write-caused interference in DRAM comes from read-to-eyrivrite-to-
read, and write-to-precharge latency penalties. Reamrte-and write-to-read la-
tencies dictate the minimum latencies between a read cohigash a write com-

mand regardless of what DRAM banks they belong to. In coftnage-to-precharge

3To be precise, the total service time of two consecutive ronflicts in the same bank is more
than the sum of two row conflict latencies due to other DRAMitigrconstraints such as the activate-
to-activate command periodgf-) and the activate-to-precharge command perigd, §).
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specifies the minimum latency between a write burst and aesulent precharge
command to the same bank. We first describe read-to-writevaitetto-read laten-

cies.

2.3.1 Read-to-write and write-to-read latencies

Read-to-write latency is the minimum latency from a readadairst to a
write data burst. This latency is required to change the blasd/O pins’ state from
read state to write state. Therefore, during this lateneyils has to be idle. This
latency must be satisfied regardless of whether the readhendrite access the
same bank or different banks. In DDR3 DRAM systems, reagkite latency is
two DRAM clock cycles

Write-to-read {yrr) latency is the minimum latency from a write burst
to a subsequent read command. In addition to the time retjforethe 1/0O state
change from write to read, this latency also includes the tieguired to guarantee
that modified data (in the DRAM’s prefetch buffer) can be baferitten to the
row buffer (i.e., sense amplifier). A common internal bidiienal bus connects
the prefetch buffer and the row buffers of all DRAM banks. Adad and write
transfers use this bidirectional bus. Therefore, a subs®gquead cannot use the
common internal bus to bring data into the prefetch buffei time current write’s
modified data is completely written back to the correspogdiank’s row buffer.
Thereforetyrr is much larger (e.g.six DRAM clock cycles for DDR3-1600)
than read-to-write latency and introduces more idle DRANadaus cycles. Also,
write-to-read latency must be satisfied regardless of vérdtie write and the read
are to the same bank or different banks.

We demonstrate these penalties using an example in Figdiréigure 2.3(a)
shows the initial state of the DRAM read/write buffer and tbey buffer state of
two banks. Two reads (A and C) and one write (B) are in the readwaite buffer
respectively. Read A and Write B are mapped to the curremqgBnaow in Bank

0 whereas Read C is mapped to the currently open row in Bankehcéithey are
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all row hits. Let us assume that the underlying DRAM conegoBchedules these
requests in the order of Read A, Write B, and Read C. Figuré® shows the
resulting DRAM timing diagram.

The command for Write B after Read A must be scheduled sudttliea
read-to-write latency between the corresponding datatbusssatisfied. In order
for the write burst to be on the bus two DRAM cycles after thadrdurst, the
command for Write B has to be scheduled by the DRAM contratdeastC'L +
tgr + 2 — CW L DRAM clock cycles after the read command is scheduled [22].
Also, Read C after Write B satisfieg 1 (i.e., write-to-read latency). Read C can
only be scheduledy,rr cycles after the data burst for Write B is completed. In
contrast to read-to-write latency, the data bus must befadley r + C'L cycles

since the subsequent read command cannot be schedulgd;fpcycles.

Due to read-to-write and write-to-read penalties, switgrservice between
reads and writes frequently in the DRAM system results inyndle cycles. This
problem can be mitigated by a good write buffer policy as wigdiscuss in Chap-
ter 8. However a write buffer policy cannot solve the probleompletely due to
write-to-precharge (or write recovery timgy z) penalties as we show below.

2.3.2 Write-to-precharge latency

Write-to-precharge latency (write recovery timg)’ R) comes into play
when a subsequent precharge command is scheduled to optarandirow after
a write to a bank. Write-to-precharge latency specifies themum latency from
a write data burst to a precharge command in the same DRAM. bEmk latency
is very large 12 DRAM clock cyclesfor DDR3-1600) because the written data in
the DRAM’s prefetch buffer must be written back to the cop@sding DRAM row
through the row buffer before precharging the DRAM bank.sTineeds to be done

“We assume that the additive latency (AL) is zero in this dissien. If a non-zero AL is consid-
ered, the subsequent write command can be schedUled AL +tccp+2—(CW L+ AL) cycles
after the read command, whelre: p is the minimum column strobe to column strobe latency). To
maximize bandwidth we set u;, to eight, thereforécp is equal to {BL) [22].
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to avoid the loss of modified data.
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Figure 2.4 illustrates write-to-precharge penalty in a DNRBank. Write A
and Read B access different rows in the same bank (Bank Ojefiine, after Write
Alis serviced, a precharge command is required to open thémdRead B (i.e., row
conflict). Subsequent to the scheduling of Write A, the paegh command must
wait until write-to-precharge latency is satisfied befdrean be scheduled. Note
that this penalty must be satisfied regardless of whethesubsequent precharge
command is for a read or a write. The resulting data bus idiesyistyy r + trp +
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trep + C' L DRAM clock cycles unless there are other requests that ang bead
or written in different banks.

Since the write-to-precharge latency must be satisfied &wem precharge
for a subsequent write, row conflicts among writes degrad@&mRnhroughput for
writes. For example, a write to Row 1 after a write to Row 3 i #ame bank must
still satisfy this write-to-precharge penalty before thegharge command for the
write to Row 3 can be scheduled. This problem cannot be sdiyeithie DRAM
write buffer and its policy. If writes in the write buffer aess different rows (row-
conflict writes) in the same bank, the total amount of wrdagtecharge penalty
becomes very large. This degrades DRAM throughput for wréted eventually

results in delaying the service of reads, thereby degraalijcation performance.
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Chapter 3

Overview of the Solutions

The dissertation makes a case for DRAM-aware on-chip merspsyem
design. We propose DRAM characteristic-aware prefetclaing cache manage-
ment mechanisms that aim to maximize DRAM row buffer logadihd bank-level
parallelism and to minimize write-caused interference. Méapose four different
mechanisms, each of which works on a different on-chip mgmesource struc-
ture to improve DRAM performance. Figure 3.1 illustratesandhour mechanisms
(shown in highlighted areas) would be employed in a coneaaii microprocessor.
We Dbriefly overview each of these mechanisms as follows.

The first mechanism is a prefetch-aware DRAM controller thas to min-
imize DRAM access latencies for useful memory requests &helhand accurate
prefetches) by exploiting row buffer locality when prefeitogy. WWe make the DRAM
controller(s) prefetch-aware and take advantage of loanleies for row-hit prefetches
when the prefetches are estimated as useful. To minimizeatative effect of use-
less prefetches, the DRAM controller delays and drops pokés predicted to be

useless. Chapter 5 analyzes this mechanism.

The second mechanism is DRAM bank-level parallelism-awaenory re-
guest issue policies in on-chip buffer structures that amaximize BLP in the
presence of prefetching. They determine the order in whecjuests are sent from
one on-chip buffer to another buffer so that requests tedbsfit banks are eventu-
ally exposed together to the DRAM controller. We discuss & Biware prefetch
issue policy from the prefetch request buffer to the MissiBidnformation Holding
Registers (MSHRS) in order to maximize the BLP of requestsn@hds and useful
prefetches) exposed to the DRAM controller. We also pro@o8&P-preserving
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Figure 3.1: Overview of proposed DRAM-aware mechanisms

memory request issue policy from the last-level cache toQilR&AM controller’'s

buffers (DRAM request buffer). This policy tries to make aihat requests from
each core can be serviced together by the DRAM controlldrout destroying the
BLP of each core in CMP systems. Chapter 6 discusses ancageslinese BLP-

aware issue policies.

The third mechanism is a DRAM-aware last-level cache regptant policy
that tries to improve all three DRAM characteristics. Itdeages the fact that a
last-level cache replacement policy can fundamentallygbdahe mixture/property
of outstanding memory requests, which can affect DRAM perénce due to the
DRAM characteristics. The DRAM-aware replacement polayoirs the eviction of

cache lines that would be refetched in quickly due to rowdauffcality or serviced
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together with other misses in different DRAM banks, wherythee refetched. It
also evicts dirty lines that can be written back to DRAM qiydiy exploiting row

buffer locality, in order to reduce write-caused interfere in the DRAM system.
Since row-hit writes are serviced quickly (back-to-bac¢kie DRAM controller can
resume servicing reads sooner, which in turn improves DRAdvVfggmance. We

discuss and analyze the DRAM-aware replacement policy ap@n 7.

The fourth mechanism is a DRAM-aware last-level cache Wwatk pol-
icy that aims to further reduce write-caused interferemcthe DRAM system. In
contrast to the DRAM-aware replacement, it proactivelydsanritebacks that are
expected to hit in the DRAM row buffers even before a replagenimappens. This
significantly reduces write-caused interference becauséoivs more writes to be
written back faster than the DRAM-aware replacement wo@tapter 8 studies

and analyzes this DRAM-aware writeback policy.

Note that each of the four mechanisms manages a differenhignmem-
ory system management policy to improve DRAM utilizatiorhefefore the four
mechanisms are complementary. We evaluate and analyzeithigcation of all

four mechanisms in Chapter 9.
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Chapter 4

Related Work

How memory requests are managed in the on-chip memory sy{&iBAM
controller, buffers, caches, and prefetching) of a prowesignificantly affects main
memory (DRAM) performance. This chapter discusses studligsare relevant
to on-chip memory system designs with respect to DRAM systaemory-level

parallelism, prefetching, and last-level cache managémen

4.1 Researchin DRAM System Management
4.1.1 DRAM Access Scheduling

A number of DRAM scheduling policies have been proposed. &kt al.
proposed DRAM scheduling policies that exploit row bufi@cdlity and bank-level
parallelism for streaming applications in a page mode DRAMStemM [46, 45, 47].
Zuravleff and Robinson patented a DRAM scheduling polieyiksir to McKee et
al.’s [92]. Carter et al. proposed an off-chip memory coltérthat aims to reduces
wasteful memory bandwidth consumption by remapping playsacdresses [3].
Their mechanism also prefetches data from DRAM into an SRANMeb in the
memory controller to hide DRAM access latency. Rixner epabposed and evalu-
ated DRAM scheduling policies in a stream processor [66arKhand McKee eval-
uated a stride (stream) prefetcher combined with a scheglplolicy that reorders
memory requests such that multiple requests can be seriogether in different
banks in a Rambus DRAM system [86, 48]. Since then, many atieeduling
policies have been proposed in single-threaded [18, 68hauitithreaded [65, 89,
57, 85] systems. In addition, several recent studies [58%,30, 30, 31] proposed

techniques for fairness (quality of service) and/or higHqgenance across different
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applications sharing the DRAM system. These prior prookale the following

limitations.

First, some DRAM scheduling policies [46, 45, 47, 92, 66, 53, 89,
58, 68, 53, 54, 20, 85, 30, 31] do not consider hardware preifeg. Hardware
prefetching is an important memory latency-tolerance niegplre already employed
in most commercial processors [77, 17, 80, 68, 34]. It is verportant to in-
telligently manage demand and prefetch requests to the DRydiem, since the
performance with a prefetcher can significantly differ degieg on how the DRAM
controller handles prefetch requests compared to demaneests. In contrast to
these prior prefetch-unaware scheduling policies, théefrbk-aware DRAM con-
troller proposed in Chapter 5 adaptively prioritizes dethand prefetch requests
based on prefetch usefulness to maximize row buffer lgcétit useful requests
and minimize the negative effect of useless prefetches. cbneept of adaptive
prefetch handling can be applied to the existing prefetciaaare DRAM access
scheduling policies.

Second, the DRAM controller proposals that do considenhard prefetch-
ing take two different approaches to handling prefetch estgi Some propos-
als [42, 18, 19, 73] always prioritize demand requests oxefiefch requests. Other
proposals [86, 48, 65, 3] and some commercial processor2B|@reat prefetch
requests the same as demand requests. Neither of thesaempgsavorks best for
all types of applications. This is because they do not take account both the
DRAM characteristics and prefetch usefulness for theiedciing decisions. The
prefetch-aware controller outperforms these two rigidgtiech handling policies in

DRAM scheduling, as we show in Chapter 5.

Third, the performance of the DRAM scheduling policies mited by the
number and composition of requests in the DRAM controllécdfers, i.e., the
DRAM request buffers. If requests in the DRAM request bugffare not mapped to
different DRAM banks, bank-level parallelism will be long&rdless of the DRAM
scheduling policy. Similarly, if multiple requests thatanapped to the same row
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are not present in the DRAM request buffer, high row buffe@lity cannot be ex-
ploited by a DRAM scheduling policy. The BLP-aware requsstie (in Chapter 6),
DRAM-aware last-level cache replacement (in Chapter 1J,BRAM-aware last-
level cache writeback (in Chapter 8) mechanisms send ouestg that can expose
more BLP and row buffer locality in the DRAM request buffefBhis allows the

underlying DRAM scheduling policy to exploit higher BLP araiv buffer locality.

4.1.2 DRAM Write Buffer Management

Some previous proposals [40, 57, 68] discuss DRAM write dyufhian-
agement polices to reduce write-caused interference immide@ memory system.
Writes in the write buffer are not considered for schedulingil the underlying
write buffer policy decides to do so. Lee et al. [40] employedrite buffer man-
agement policy that allows the Rambus DRAM controller toesithe a write when
the data bus is idle. Natarajan et al. [57] discussed diftengite buffer manage-
ment policies that also opportunistically allow writes t© $cheduled in a DDR2
DRAM system when there are no pending reads or when the wirfferas almost
full (i.e., the number of writes is more than a threshold)eiflpolicies also make
sure that a certain number of writes are serviced, even whewaead comes while
servicing the writes. Shao and Davis [68] proposed a DRAMedaling policy in
a DDR2 system which services writes when there are no reattt® iIDRAM read
buffer, when the write buffer is full, or when a write hits therrently open row. If
a new read comes into the DRAM request buffer, their mechaaitows the read

to preempt writes that are being serviced.

Even though there are small differences among these writertjolicies,
they are essentially based on the principle that scheduliitgs when the busis idle
(no pending reads) can reduce the contention between reddsrées. However,
we show in Chapter 8 that this principle is not the best wittaids high-bandwidth
DDR (DDR3) DRAM systems because of their large write-causéehcy penal-
ties. We show that the policy which services all writes présie the write buffer

only when the write buffer becomes full (which we call tthein_whenfull policy)
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outperforms prior policies. This is because it 1) reducesftquency of read-to-
write/write-to-read switching, and 2) allows the DRAM cwoiler to better exploit
row buffer locality and bank-level parallelism exposed bgrenwrites. We use
this drainwhenfull policy in our baseline memory system. Also, the aggness
DRAM-aware writeback policy in Chapter 8 further reducestevcaused interfer-

ence by leveraging the benefits of this baseline dvanenfull policy.

4.2 Research in Improving Memory-Level Parallelism

Many memory latency-tolerant techniques exploit Memogw| Parallelism
(MLP) by increasing the number of outstanding memory retsugsthe on-chip
memory system [15]. Out-of-order execution [78] and nooeking caches [33] al-
low generating concurrent memory requests. Prefetchrigiigues [32, 50, 14, 27,
1, 26] also increase MLP by issuing concurrent memory retgubat are predicted
to be used by the program.

Pai and Adve proposed a compiler optimization that gengred@current
memory requests by reordering memory instructions [60n&head execution [9,
55, 56] issues requests by executing future instructioas ahe independent of a
long latency load instruction during the stall time of thaad instruction. Zhou
and Conte proposed a prefetching technique with the hel@kfevprediction to
generate data dependent misses earlier [88]. Chou et alyzadathe impact of
various microarchitecture parameters and structures o Y8]. Qureshi et al.
proposed a cache replacement policy that favors evictiazaohe lines that could
be serviced together with other misses when they are reddtlater [63]. Eyerman
and Eeckhout proposed fetch policies for simultaneousithidading that prefer

to fetch threads that generate many concurrent misses [12].

All of these studies define MLP as the average number of oudstg mem-
ory requests when there is at least one outstanding requiestrhory. They implic-
itly assume that the DRAM latency of outstanding requesisdémory will overlap.
However, simply having a large number of outstanding retsugses not necessar-
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ily mean that their DRAM latencies will overlap. Multiple mtanding last-level
cache misses that are all mapped to the same DRAM bank aleesserially in
the DRAM system. Therefore it is very important to send oultiple requests
that are mapped to different DRAM banks to maximize the bénefithe MLP
enhancement techniques. This is especially importane shrectotal number of out-
standing requests allowed in an on-chip memory system iselim The Miss Sta-
tus/Information Holding Registers (MSHRS) that keep tratkll outstanding re-
guests are costly to increase in size [79]. Simply filling epaurce-limited MSHRs
with many requests that are mapped to only a few DRAM bankgesuit in low
BLP. In order to exploit true Memory-Level Parallelism (M),”an on-chip mem-
ory resource management policy (e.g., buffer and cacheips)i should be main
memory (DRAM)-aware so that memory requests to differeninmgy banks can
be sent to the DRAM system at the same time. The BLP-awarestigsue pol-
icy proposed in Chapter 6 and the DRAM-aware replacementyplesented in
Chapter 7 aim to achieve this goal.

4.3 Research in Prefetching and Prefetch Handling
4.3.1 Prefetching Algorithms

Prefetching predicts memory access patterns and bringsini@t a cache
or buffer before the data is needed by the processor. Thimigge also improves
MLP by increasing the number of memory requests in the op-efeémory system.
Software prefetching [2, 32, 50] tries to prefetch data Isening prefetch instruc-
tions in the program. This technique is effective for regui@mory access patterns.

However it requires compiler support and modification osérig binaries.

Various hardware prefetching techniques have been prdptseapture
runtime memory access pattern without requiring compilgrpert or modifica-
tion of binaries: e.g., next-line prefetching [14], strepnefetching [27], stride
prefetching [1], and correlation prefetching [5, 26]. A dasare prefetcher can

generate many useless prefetches depending on the rurpphgagion and exe-
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cution phases. Useless prefetches can hurt performamoe giey also consume
memory system resources (DRAM bandwidth, buffers, and esjchnd contend
with demand requests. Also, depending on how the on-chipenesystem (e.g.,

buffers and DRAM controller) handles prefetches with respe demands, system
performance with a prefetcher becomes dramatically difier Our mechanisms
discussed in Chapters 5 and 6 aim to maximize the benefitetilygefetches and
minimize the negative effect of useless prefetches by taRIRAM characteristics

into account in prefetch handling.

4.3.2 Useless Prefetch Filtering

To reduce useless prefetches, several prefetch filteringhamsms were
proposed [50, 4, 74, 90, 51].

Charney and Puzak proposed a useless prefetch filteringnecfoe an L2
to L1 next sequential cache line prefetcher [4]. Using a cordtion bit per L2
cache line, their scheme does not service prefetch reqtiestbave been proven
to be useless in the past. Although this may work for an L2 tptefetcher, this
mechanism has high hardware cost for prefetching from mgnwothe last-level

cache since every cache block in the entire physical memsegdsito be tagged.

Mutlu et al. use the L1 cache as a prefetch filter for L2 cachieipon [51].

In their scheme, if a line that was prefetched into the L1 wagenused, it would
not be inserted into the L2 cache when it is evicted from theBdth of the above
proposals unnecessarily consume memory bandwidth sirelesssprefetches are
filtered out only after they are serviced by the DRAM system. contrast, the
prefetch-aware DRAM controller and BLP-aware prefetcluéspolicy in this dis-
sertation remove useless prefetches before they consuluagble DRAM band-
width.

Mowry et. al. proposed a prefetch dropping mechanism thatela soft-
ware prefetches when the prefetch issue queue is full talgwoicessor stalls [50].
As opposed to dealing with software prefetches, which dghalve high accuracy,
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the prefetch-aware DRAM controller (Chapter 5) and BLP-@marefetch issue
policy (Chapter 6) deal with hardware prefetch requeststbas runtime prefetcher
accuracy. The former cancels useless hardware prefetthies@RAM controller,

and the latter limits the issue of useless prefetches torthehgp memory system.

Zhuang and Lee proposed a mechanism that eliminates thetgrefe-
quest for an address if the prefetch request for the samessldras useless in the
past [90]. We show in Chapter 5 that this technique removes/mseful prefetches
as well as useless prefetches.

4.3.3 Adaptive Prefetching

In addition to the prefetch filtering mechanisms, adaptrefgich manage-
ment techniques [19, 73, 11] have been proposed to increadeenefits and also
reduce the harm of prefetching. They adjust the aggressssgeof prefetching based
on the contention in the memory system and/or prefetch irsegs information

Hur and Lin designed a probabilistic prefetching technigdrech adjusts
prefetcher aggressiveness [19]. They schedule prefetprests to DRAM adap-
tively based on the frequency of DRAM bank conflicts causegdreyetch requests.

However, their scheme always prioritizes demand requestispyefetches.

Srinath et al. show how adjusting the aggressiveness ofrdfetpher based
on accuracy, lateness, and cache pollution informatiorrednce bus traffic with-
out compromising the benefit of prefetching [73].

Ebrahimi et al. discuss how to manage multiple differenfgishers each
of which can prefetch different access patterns [11]. The#chanism adjusts the

aggressiveness of each prefetcher depending on its agamddimeliness.

These techniques have limitations. First, none of themiden©RAM
characteristics in order to achieve better performancefitsrirom prefetching. For
example, as we show in this dissertation, 1) useful row-tefgiches can be ser-
viced significantly faster and 2) prioritizing the issue oéfetches that are mapped
to different DRAM banks can improve DRAM BLP. Second, nongcdss how to
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manage demand and prefetch requests in a CMP’s on-chipdsiremeory system
for high system performance when multiple applicationseuordifferent cores.

More recently, Ebrahimi et al. proposed an adaptive prafetctechnique
to maximize system performance in CMP systems [10]. Theghagism controls
the aggressiveness of the prefetcher on each core base@ pnefietch accuracy
of each core and inter-core interference caused by eaclsqmefetcher in the
memory system. Even though this mechanism’s decision itbas the contention
between requests from multiple cores in the DRAM systemoé&sdnot explicitly
target improving row buffer locality or bank-level pardifen of memory requests.
Therefore, the DRAM-aware mechanisms proposed in thigdetson are orthog-
onal to this proposal. In fact, Ebrahimi et al. show that thefgtch-aware DRAM

controller in Chapter 5 is orthogonal to their mechanisn][10

4.4 Research in Cache Management

4.4.1 Cache Management for Locality

Caches [81] tolerate long memory latency by using small astl dn-chip
storage. Kroft improved cache performance by allowing mpldtoutstanding cache
misses using Miss Status/Information Holding RegisterSKNRs) in the memory
system [33]. Also, many cache replacement/insertion pslibave been proposed

to improve temporal locality in on-chip caches (e.g., [18, Bl]).

These cache techniques have limitations. First, the wgrkat size of some
applications is too large to fit even in large on-chip cacl&scond, some applica-
tions expose no temporal locality (e.g., streaming appboa). Third, a last-level

cache miss still experiences long memory latency.

Furthermore, due to DRAM characteristics, not all laselesache misses
incur the same memory latency from the processor’s point@fyv Some misses
are serviced quickly by exploiting row buffer locality anther misses are serviced
in parallel with misses in different DRAM banks. Therefoiteis very important

29



for cache management techniques to take into account DRAdvhcteristics for
better performance as we show in this dissertation.

4.4.2 Cost-Aware Cache Management

Jeong and Dubois were the first to propose a replacemenygolia cache

that has two miss costs (local memory access and remote jemoess) [23, 24].

Qureshi et. al. showed that an MLP-aware replacement poiiayimprove
performance by taking into account the level of concurreocynisses in the on-

chip memory system [63].

Neither of these policies take DRAM characteristics intoat in their re-
placement decisions. The MLP-aware policy assumes thaesite the same bank
will be serviced in parallel with other misses. Also, neitleensiders the cost of
writebacks. Instead, they consider only the future miss$ cba line when making
eviction decisions. This can increase write-caused iaterfce in the DRAM sys-
tem by causing a large number of row-conflict writebacks. hager 7, we show
that the MLP-aware policy does not perform as well as our DR&Mracteristic-

aware replacement policy.

4.4.3 Writeback Management

Some prior studies propose aggressive early writebackipslwvhich proac-
tively send writebacks of dirty cache lines before they aieted by a replacement
policy. Some of these proactive policies [40, 75] aim to @@ write-caused in-
terference in the DRAM system. Eager writeback [40] sendsitelack for a
dirty LRU (Least Recently Used) line in a cache set whendwercache set is ac-
cessed. However, this mechanism is not aware of DRAM chexiatits. We show
in Chapter 8 that simply sending writebacks for dirty LRU ésé Recently Used)

cache lines does not reduce write-caused interference.

Virtual write queue [75] performs early writebacks for gittRU lines in a

DRAM-aware way similar to our DRAM-aware writeback mechami This mech-
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anism sends writes that can be written back with other wtigsther in different

DRAM banks as well as writes that can be written back quicklg tb row buffer

locality. However, virtual write queue only considers whacks for the two least
recently used positions in a cache set, which can limit thieber of writes that can
be written quickly. Also, the mechanism is complex and reggicommunication
between the last-level cache and DRAM controllers. In @stithe DRAM-aware
writeback mechanism we propose in Chapter 8 generates mdeshat can be
written quickly since writebacks for any LRU position candent out. Our mech-
anism can be implemented at a smaller cost, requiring no aomoation between

the cache and DRAM controllers.

Other early writeback mechanisms [41, 29, 84] periodicsdligd early write-
backs to the next-level cache or DRAM to increase the rditgluf on-chip caches
at low cost. Even though our motivation is not to improveasiiity but to reduce
write-caused interference, our writeback mechanism cémreeluce vulnerability
in the last-level cache since it aggressively sends wrilebgust like these early

writeback policies do.
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Chapter 5

Prefetch Management for Reducing DRAM Latency

In this chapter, we show how to manage demand and prefetctesesyin
DRAM controllers in order to reduce DRAM latency by explairow buffer lo-

cality.

5.1 Motivation

None of the existing DRAM scheduling policies take into aguoboth the
non-uniform nature of DRAM access latencies and the use$slof prefetch re-
quests. Existing DRAM scheduling policies take largely wviberent approaches
as to how to treat prefetch requests with respect to demaqneests. Some poli-
cies [86, 48, 65, 76, 28] give prefetch requests the sameityrias demand re-
quests. We call this policglemand-prefetch-equalt is the same as the FR-FCFS
(First Ready-First Come First Serve) policy [66] that pitiaes requests as follows:
1) row-hit requests over all others, 2) older requests ogenger requests. This can
significantly delay demand requests and cause performagradation, especially
when prefetch requests are not accurate. Other policie}2618, 72, 73] always
prioritize demand requests over prefetch requests so #tatkshown-to-be-needed
by the program can be serviced earlier. We call this potleynand-first One
might think that the demand-first policy provides the bestgeance by elimi-
nating the interference of prefetch requests with demaqdests. However, such
a rigid policy does not consider the non-uniform accessiate®f the DRAM sys-
tem (row-hits vs. row-conflicts). A row-hit prefetch reqtiean be serviced much
more quickly than a row-conflict demand request. Therefeegyicing the row-

hit prefetch request first provides higher DRAM throughpotlaan sometimes
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provide better system performance than servicing the romflict demand request

first.

Figure 5.1 illustrates why a rigid, non-adaptive prefetchesluling policy
degrades performance. Consider the example in Figure)5ufech shows three
outstanding memory requests (to the same bank) in the DRAMes buffer. Row
A is currently open in the row buffer of the bank. Two requests prefetches (to
addresses X and Z) that access row A while one request is anderaquest (to

address Y) that accesses row B.

For Figure 5.1(b), let us assume that the processor needadcalddresses
in the order of Y, X, and Z (i.e., both of the prefetch requests useful) and the
computation between each load instruction takes a fixedll smaber of cycles
that is significantly smaller than the DRAM access latencgufe 5.1(b) shows
the service timeline of the requests in DRAM and the resglérecution timeline
of the processor for two different memory scheduling pelscdemand-firsiand
demand-prefetch-equaWith demand-first (top), the row-conflict demand request
is satisfied first, which causes the prefetch of address Xdoria row-conflict as
well. The subsequent prefetch request to Z is a row-hit bexdlie prefetch of
X opens row A. As a result, the processor first stalls for appnately two row-
conflict latencies (except for a small period of executidrt)e processor then stalls
for an additional row-hit latency since it requires the daten address Z. The total
execution time is the sum of two row-conflict latencies and mw-hit latency plus

a small period of processor execution.

With the demand-prefetch-equal policy (bottom), the rawpnefetch re-
guests to X and Z are satisfied first followed by the row-conflemand request
to Y. The processor must stall until the demand request toséigiced. However,
after that, the processor only needs to perform the computabetween the load
instructions because loads to X and Z hit in the cache. Tla ¢éxecution time is
the sum of one row-conflict latency and two row-hit laten¢das a small period of

processor execution), which is less than with the demastgolicy. Hencetreat-
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Figure 5.1: Example illustrating the performance impactdeimand-first and
demand-prefetch-equal policies
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ing prefetches and demands equally can significantly imgpmerformance when
prefetch requests are useful

However, prefetch requests might not always be useful. Eetssume that
the processor needs to load only address Y but still gerereteless prefetches
to addresses X and Z in Figure 5.1(a). Figure 5.1(c) showsethdting timeline.
With demand-first, the processor stalls for only a single-cmmflict latency which
is required to service the demand request to Y. On the othed,haith demand-
prefetch-equal, the processor stalls additional cyclesesiX and Z are serviced
(even though they are not needed) before Y in the DRAM baniethyedelaying
the useful request to Y. Hendeeating prefetches and demands equally can signif-

icantly degrade performance when prefetch requests aresse

Figure 5.2 provides supporting data for our observations Tigure shows
the performance impact of an aggressive stream prefet€iiei7 3] when used with
the two different memory scheduling policies for 10 SPEC®Q006 benchmarks.
The vertical axis is retired instructions per cycle (IPCymalized to the IPC on
a processor with no prefetching. The results show tiegther of the two policies
provides the best performance for all applicatiorfsor the leftmost five applica-
tions, prioritizing demands over prefetches results indvgierformance than treat-
ing prefetches and demands equally. In these applicatdasge fraction (70% for
demand-prefetch-equal, and 59% for demand-first) of thegaed stream prefetch
requests are useless. Therefore, it is important to p@erdlemand requests over
prefetches. In fact, foart and milc, servicing the demand requests with higher
priority is critical to make prefetching effective. Prefatng improves the perfor-
mance of these two applications by 2% and 10% respectivaly thie demand-
first scheduling policy, whereas it reduces performance by 14863886 with the

demand-prefetch-equpblicy.

On the other hand, for the rightmost five applications, weeolasthe exact
opposite behavior. Equally treating demand and prefetgbests provides signifi-

cantly higher performance than prioritizing demands ovefgiches. In particular,
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Figure 5.2: Performance of two rigid prefetch schedulinfigies

for libquantum thedemand-prefetch-equablicy allows the prefetcher to provide
169% performance improvement, in contrast to the 60% perdmice improvement

it provides with thedemand-firsischeduling policy. This is because prefetch re-
quests inlibquantumare very accurate (almost 100% of them are useful). Maxi-
mizing DRAM throughput by preferring row buffer hits in theRAM system re-
gardless of whether a memory request is a demand or a pretzadest allows for
more efficient bandwidth utilization and improves the timess (and the cover-
age) of prefetches, thereby improving system performanhkese results show that
DRAM scheduling policies with rigid prioritization rulesv@ng prefetch and de-
mand requests cannot provide the best performance and reaygause prefetching
to degrade performance.

Note that even though the DRAM scheduling policy has a sicgnifi impact
on the performance provided by prefetching, prefetchingetomes degrades per-
formance regardless of the DRAM scheduling policy. For eglepgalgel ammp
andxalancbmksuffer significant performance loss with prefetching besesal large
fraction (69%, 94%, and 91%) of the prefetches are not nebgdak program. The
negative performance impact of these useless prefetclesexjoannot be mitigated
solely by ademand-firsischeduling policy because useless prefetches 1) occupy
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memory request buffer entries in the memory controller luthiey are serviced,
2) occupy DRAM bandwidth while they are being serviced, ap@d&ise cache
pollution by evicting possibly useful data from the proe@ssaches after they are
serviced. As a result, useless prefetches could delay twecisg of demand re-
quests and could result in additional demand requests.sknes useless prefetch
requests can deny service to demand requests because thd Bawoller is not
aware of the usefulness of prefetch requests in its DRAMasidauffer To prevent
this, the memory controller should intelligently manage BDRAM request buffer

between prefetch and demand requests.

5.2 Mechanism: Prefetch-Aware DRAM Controller (PADC)

We propose Prefetch-Aware DRAM Controller (PADC) which piilsely
controls the interference between prefetch and demancstg|to improve system
performance [37, 36]. PADC aims to maximize the benefits efulsprefetches
and minimize the harm of useless prefetches by taking intowtt a DRAM char-
acteristic: row buffer locality. PADC consists of two pa&s shown in Figure 5.3:
an Adaptive Prefetch Scheduling (APS) unit and an Adaptrefech Dropping
(APD) unit. APS adaptively schedules prefetch and demaqdess to increase
DRAM throughput for useful requests. APD cancels uselestefoh requests while
preserving the benefits of useful prefetches. Both APS and Af driven by the
measurement of the prefetch accuracy of each processiegrcarmulti-core sys-

tem. Therefore we first explain how prefetch accuracy is messfor each core.

5.2.1 Prefetch Accuracy Estimation

We measure the prefetch accuracy for an application runmirgparticular
core over a certain time interval. The accuracy is reset timeeterval has elapsed
so that the mechanism can adapt to the phase behavior ofgtriefg. To measure

the prefetch accuracy of each core, the following hardwappert is required:

1. Prefetch (P) bit per last-level cache line and memoryestjouffer entry:
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Figure 5.3: Prefetch-Aware DRAM Controller

For memory request buffer entries, this bit indicates wletr not the request was
generated by the prefetcher. It is set when a new memory séigigenerated by
the prefetcher, and reset when the processor issues a desguest to the same
cache line while the prefetch request is still in the memeguest buffer. For cache
lines, this bit indicates whether or not a cache line was @gihointo the cache by
a prefetch request. It is set when the line is filled (only & tirefetch bit of the

request is set) and is reset when a cache hit to the same buesoc

2. Prefetch Sent Counter (PSC) per core: This counter keapk of the
total number of prefetch requests sent by a core. It is inerged whenever a
prefetch request is sent to the memory request buffer bydhe ¢

3. Prefetch Used Counter (PUC) per core: This counter keepk of the
number of prefetches that are useful. Itis incremented vehaefetched cache line
is used (cache hit) by a demand request and also when a depgurebst matches a

prefetch request already in the memory request buffer.

4. Prefetch Accuracy Register (PAR) per core: This registeres the
prefetch accuracy measured every time interval. PAR is edetpby dividing PUC
by PSC.
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At the end of every time interval, PAR is updated with the pteli accu-
racy calculated during that interval and PSC and PUC ard tes@ to calculate
the accuracy for the next interval. The PAR values for eaal eoe fed into the
Prefetch-Aware DRAM Controller which then uses the valweguide its schedul-

ing and memory request buffer management policies.

5.2.2 Adaptive Prefetch Scheduling

Adaptive Prefetch Scheduling (APS) determines the pyicoit demand/
prefetch requests from a processing core based on the ghefeturacy estimated
for that core. The basic idea is to 1) treat useful prefetcfuests the same as
demand requests so that useful prefetches can be servisted flyy maximizing
DRAM throughput, and 2) give demand requests and usefukfmefrequests a
higher priority than useless prefetch requests so thatssgirefetch requests do

not interfere with useful requests.

If the prefetch accuracy of a core is greater than or equattrtain thresh-
old, promotion_threshold, all of the prefetch requests from that core are treated
the same as demand requests. We call such prefetch requelstsl alemand
requestscritical requests. Otherwise, if the prefetch accuracy of a coress le
thanpromotion_threshold, then demand requests of that core are prioritized over

prefetch requests. We call such prefetch requesiscritical requests.

The essence of our proposal is to prioritize critical regsieser non-critical
ones in the memory controller, while preserving DRAM thrbpgt. To accomplish
this, our mechanism prioritizes memory requests in therstdewn in Rule 1. Each

prioritization decision in this set of rules is describedurther detail below.

First, critical requests (useful prefetches and demandeastg) are priori-
tized over others. This delays the scheduling of non-@iitiequests, most of which
are likely to be useless prefetches. As a result, useletstghes are prevented from
interfering with demands and useful prefetches.

Second, row-hit requests are prioritized over others. Tihcseases the
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Rule 1 Adaptive Prefetch Scheduling (APS)
1. Critical request (C): Demand and useful prefetches are prioritized over all
other requests.
2. Row-hit request (RH): Row-hit requests are prioritized over row-conflict
requests.
3. Urgent request (U} Demand requests generated by cores with low prefetch
accuracy are prioritized over other requests.
4. Oldest request (FCFS) Older requests are prioritized over newer ones.

row-buffer locality for demand and useful prefetch reqeestd maximizes DRAM
throughput as much as possible.

Third, demand requests from cores whose prefetch accusat®ss than
promotion_threshold are prioritized. We call these requestgentrequests. In-
tuitively, this rule tries to boost the demand requests obie avith low prefetch
accuracy over the critical requests of cores with high go#faccuracy. We do this
for two reasons. First, if a core has high prefetch accurasyprefetch requests
will be treated the same as the demand requests of anotheentbr low prefetch
accuracy (due to the critical request prioritization rul&oing so risks starving
the demand requests of the core with low prefetch accurasylting in a perfor-
mance degradation since a large number of critical reqdsteandand prefetch
requests) from the core with high prefetch accuracy canesahivith the critical re-
quests (demand requesisly) from the core with low prefetch accuracy. To avoid
this, we boost the demand requests of the core with low miefatcuracy. Second,
the performance of a core with low prefetch accuracy is dyesdfected negatively
by useless prefetches. By prioritizing the demand requestsich cores, we aim
to help the performance of cores that are already losingopadnce due to poor
prefetcher behavior. We further discuss the effect of firmmng urgent requests in
Section 5.5.3.4.

Finally, if all else is equal, older requests have priorigepyounger re-
quests.
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5.2.3 Adaptive Prefetch Dropping

APS naturally delays (just like the demand-first policy) DIRAM service
of prefetch requests from applications with low prefetcluaacy by making the
prefetch requests non-critical as described in Sectior25.Even though this re-
duces the interference of useless requests with usefubstgjuit cannot get rid
of all of the negative effects of useless prefetch requéstsqwidth consumption,
cache pollution) because such requests will eventuallyebdced. As such, APS
by itself cannot eliminate all of the negative aspects ofasseprefetches. Our sec-
ond scheme, Adaptive Prefetch Dropping (APD), aims to awake this limitation
by proactively removing old prefetch requests from the DRAdQuest buffer if
they have been outstanding for a long period of time. The keight is that if a
prefetch request is old (i.e., has been outstanding for g tome), it is likely to
be useless and dropping it from the memory request bufferiedites the negative
effects the useless request might cause in the future. Wedésribe why old
prefetch requests are likely to be useless based on enmpireasurements.

Why are old prefetch requests likely to be uselessFigure 5.4(a) shows
the memory service time (from entry into the DRAM requestféufto entry into
the last-level cache fill buffer) of both useful and uselesdgiches fomilc using
the demand-first scheduling policy. Note that we show dedadlata for onlym | ¢
but found similar behavior in other applications. The gragpd histogram with nine
latency intervals measured in processor cycles. Each karates the number of
useful/useless prefetch requests whose memory servieewss within that inter-
val. 56% of all prefetches have a service time greater th&® J8ocessor cycles,
and 86% of these prefetches are useless. Useful prefetehesd have a shorter
service time than useless prefetches (1486 cycles compaga88 cycles on aver-
age formilc). This is because a prefetch request that is waiting in theest buffer
becomes a demand request if the processor sends a demaedtriguhat same
address while the prefetch request is still in the buffSuch useful prefetches that

LA prefetch request that is hit by a demand request in the DRé&§iest buffer becomes a real
demand request. However, we count it as a useful prefetolugiout this dissertation since it was

41



are hit by demand requests will be serviced earlier by theasehirst prioritiza-
tion policy. Therefore, useful prefetches on average egpee a shorter service
time than useless prefetches. This is also true when we @8/ since it priori-

tizes critical requests over non-critical requests.

Mechanism: The observation that old prefetch requests are likely to be
useless motivates us to remove a prefetch request from theese buffer if the
prefetch is old enough. Our proposal, APD, monitors préfetrjuests for each
core and invalidates any prefetch request that has beetandisg in the DRAM
request buffer for longer thairop_threshold cycles. We adjustirop_threshold
based on the prefetch accuracy for each core measured ineieys time interval.

If the prefetch accuracy in the interval is low, our mechanisses a relatively low
value fordrop_threshold so that it can quickly remove useless prefetches from the
request buffer. If the prefetch accuracy is high in the wa&rour mechanism uses a
relatively high value forlrop_threshold so that it does not prematurely remove use-
ful prefetches from the request buffer. By removing usepgs$etches, APD saves
resources such as request buffer entries, DRAM bandwidth¢cache space, which
can instead be used for critical requests (i.e., demand sefiiprefetch requests)
rather than being wasted on useless prefetch requeststiddt®PD interacts pos-
itively with APS since APS naturally delays the service oélass (non-critical)
requests so that the APD unit can completely remove them thenmemory sys-
tem thereby freeing up request buffer entries and avoidmgeaessary bandwidth

consumption.

Determining drop_threshold: Figure 5.4(b) shows the runtime behavior
of the stream prefetcher accuracy foilc, an application that suffers from many
useless prefetches. Prefetch accuracy was measured abel@sc Section 5.2.1
using an interval of 100K cycles. The figure clearly shows firafetch accuracy
can have very strong phase behavior. From 150 million to 2iftomcycles, the
prefetch accuracy is very low (close to 0%) implying manylesg prefetch requests

first requested by the prefetcher rather than the processirg
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Figure 5.4: Example of behavior of prefetches riaiic

were generated during this time. Since almost all prefetelie useless during this
period, we would like to be able to quickly drop them. Our mamksm accom-
plishes this using a low value fakrop_threshold. On the other hand, we would
wantdrop_threshold to be much higher during periods of high prefetch accuracy.
Our evaluation shows that a simple 4-levebp_threshold adjusted dynamically
can effectively eliminate useless prefetch requests flmemtemory system while
keeping useful prefetch requests in the DRAM request huffer
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5.3 Experimental Methodology
5.3.1 Metrics

We define the metrics used for experimental evaluation mgbction.Bus
traffic is the number of cache lines transferred over the bus dunegxecution of
a workload. It comprises the cache lines brought in from deainaseful prefetch,
and useless prefetch requests. We deflrefetch accuracy (ACCand coverage
(COV)as follows:

ACC — Number of use ful prefetches

Number of prefetches sent

Number of useful prefetches

cov =
Number of demand requests + Number of use ful prefetches

To evaluate the effect of DRAM throughput improvement onghecessing
core, we definenstruction window Stall cycles Per Load instruction (SRi)ich
indicates on average how much time the processor spendwailyng for DRAM

service.

Total number of window stall cycles

SPL =

Total number of load instructions

To measure CMP system performance, we Lmbvidual Speedup (1)
Weighted Speedup (W§)1], and Harmonic mean of Speedups (HEB]. As
shown by Eyerman and Eeckhout [13], WS corresponds to systerughput and
HS corresponds to the inverse of job turnaround time. In tneagons that fol-
low, N is the number of cores in the CMP systefP?C°"¢ is the IPC measured
when an application runs alone on one core in the CMP systémer(gores are
idle) andI PC9¢ther is the IPC measured when an application runs on one core
while other applications are running on the other cores ef@VIP. Unless other-
wise mentioned, we use the demand-first policy to measB@*°" for all of our
experiments to show the effectiveness of our mechanism oR €ydtems.
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5.3.2 System Model

We use an in-house cycle accurate x86 CMP simulator for caiuation.

Our processor faithfully models port contention, queuififgats, bank conflicts,
and other DDR3 DRAM system constraints. The baseline cordigun of each
processing core is shown in Table 5.1. The shared resouréggacation for single,
2, 4, and 8-core CMPs is shown in Table 5.2. Note that we et@atua mechanism
on CMP systems with private on-chip last-level caches (& each core) rather
than a shared cache to easily show and analyze the effect@CRA the shared
DRAM system by isolating the effect of contention in the DRAl}stem from the
effect of interference in shared caches. We evaluate ouhamsm for a shared
last-level cache in Section 5.5.9 as well.

Out of order; 15 stages; decode/retire up to 4 instructions,
Execution core| issue/execute up to 8 microinstructions

256-entry reorder buffer; 32-entry load-store queue

Fetch up to 2 branches; 4K-entry BTB; 64K-entry gshare[44],
64K-entry PAs [83], 64K-entry selector hybrid branch poedr [25]
L1 I and D caches: 32KB, 4-way, 2-cycle, 1 read and 1 writegyort
On-chip caches Unified last-level cache: 512KB (1MB for 1-core), 8-way, 8Alix,
15-cycle, 1 read/write port; 64B line size for all caches
Stream prefetcher with 32 streams, prefetch degree of 4,
cache line prefetch distance (lookahead) of 64 [77, 73]

Front end

Prefetcher

Table 5.1: Baseline configuration of each core for PADC

5.3.3 Workloads

We use the SPEC 2000/2006 benchmarks for experimentalagiaiu Each
single-threaded benchmark was compiled using ICC (Inteb@fgller) or IFORT
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On-chip, demand-first FR-FCFS scheduling policy;

1 controller for 1, 2, 4, 8-core CMP (also 2 for 4, 8-core)

64, 64, 128, 256-entry last-level cache MSHR/DRAM requedfen
for 1, 2, 4, 8-core

DDR3 1333MHz [49], 16B-wide data bus per controller

DRAM and bus | Latency: 15-15-15ns&p,trcp, CL), BL = 4;

8 DRAM banks, 4KB row buffer per bank

DRAM controller

Table 5.2: Baseline configuration of shared CMP resourceBA®C

(Intel Fortran Compiler) with the -O3 option. We ran each ddenark with the
reference input set for 200 million x86 instructions sedelcby Pinpoints [61] as a

representative portion of each benchmark.

We classify the benchmarks into three categories: prefetsdnsitive, prefetch-
friendly, and prefetch-unfriendly (class 0, 1, and 2 res$ipety) based on the perfor-
mance impact the stream prefetcher described in Table S.arnthe application. If
MPKI (last-level cache Misses Per 1K Instructions) incesaghen the prefetcher
is enabled, the benchmark is classified as 2. If MPKI witheetgiching is greater
than 10 (indicating memory intensive) and bus traffic insesaby more than 75%
when prefetching is enabled the benchmark is also classafe?l Otherwise, if
IPC increases by 5%, the benchmark is classified as 1. Otbenwiis classified
as 0. Note that memory intensive applications that expeeiencreased IPC and
reduced MPKI (such amiilc) may still be classified as prefetch-unfriendly if bus
traffic increases significantly. The reason for this is théttcagh an increase in bus
traffic may not have much of a performance impact on single sgstems, in CMP
systems with shared resources, the additional bus trafficdegrade performance
substantially. The characteristics for a subset of bencksnaith and without a
stream prefetcher are shown in Table 5.3. We evaluate the esatt of 55 SPEC
CPU 2000/2006 benchmarks for single core experiments foresults. To evalu-
ate our mechanism on CMP systems, we formed combinationsikbipnogrammed
workloads from the 55 SPEC 2000/2006 benchmarks. We ranB4r1 21 ran-

domly chosen workload combinations (from the 55 SPEC bemacks) for our 2,
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4, and 8-core CMP configurations respectively.

| | No prefetcher]| Prefetcher with demand-first policy |
Benchmark || IPC | MPKI || IPC | MPKI | RBH(%) | ACC(%) | COV(%) | Class
eon00 2.08 0.01 | 2.08 0.00 84.93 37.37 52.64 0
swim.00 0.35| 27.57| 0.62 8.66 42.83 99.95 68.58 1
galgel00 1.42 4.26 | 1.10 7.56 65.50 30.96 23.94 2
art 00 0.18 | 89.39|| 0.18| 65.52 91.46 35.88 34.00 2
ammpO00 1.70 0.80| 1.47 1.70 56.20 5.96 8.03 2
gcc06 0.55 6.28 || 0.81 2.23 81.57 32.62 65.37 1
mcf.06 0.13| 33.73| 0.15| 29.70 25.63 31.43 14.75 1
sjeng06 157| 038 157| 038| 2513 1.67 111 0
omnetpp06 0.41| 10.16| 0.44 9.57 61.86 10.50 18.33 2
libquantum06 || 0.41| 13.51| 0.65 2.75 81.39 99.98 79.63 1
xalancbmk06 | 0.80 1.70 | 0.71 2.12 49.35 8.96 13.26 2
bwaves06 0.59| 18.71| 1.23 0.37 83.99 99.97 98.00 1
milc_06 0.41| 29.33| 0.46| 20.88 81.13 19.45 28.81 2
cactusADMOG6 || 0.71 4541 0.84 2.21 33.56 45.12 51.47 1
leslie3d06 0.53| 20.89| 0.86 2.41 77.32 89.72 88.66 1
soplex06 0.35| 21.25| 0.72 3.61 78.81 80.12 83.08 1
GemsFDTDO6 || 0.44| 15.61| 0.80 2.02 55.82 90.71 87.12 1
Ibm_06 0.46| 20.16{ 0.70 2.93 58.24 94.27 85.45 1

Table 5.3: Characteristics of 18 SPEC benchmarks for PAIRC, IMPKI (last-
level cache misses per 1K instructions), RBH (Row Bufferrklie), ACC (prefetch
accuracy), COV (prefetch coverage), class

5.4 Implementation and Hardware Cost of PADC

An implementation of PADC requires storing additional imf@tion in each
DRAM request buffer entry to support the priority and agingprmation needed
by APS and APD. The required additional information (in terof the fields added
to each request buffer entry) is shown in Figure 5.5.

The C (as prefetch bit), RH, and FCFS fields are already usin@ ibaseline
demand-first FR-FCFS policy to indicate prefetch states,(@demand or prefetch),
row-hit status, and arrival time of the request. Thereftwednly additional fields
are U, P, ID, and AGE, which indicate the urgency, prefetekust, core ID, and age
of the request. Each DRAM cycle, the priority encoder logid®S chooses the
highest priority request using the priority fields (C, RH,and FCFS) in the order
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shown in Figure 5.5.

The APD unit removes a prefetch request from the DRAM reqbefer if
the request is older than tlhieop_threshold of the core that generated the request.
It does not remove a prefetch request (which is not schedoledRAM service)
until it ensures that the prefetch cannot be matched by a deémeguest. This is
accomplished by invalidating the MSHR entry of the prefa®tuest before actu-
ally dropping it. The APD unit knows if a request is a prefeteid also which core
it belongs to from the P and ID fields. The AGE field of each retfjeatry keeps
track of the age of the request. APD compares the AGE of theastido the corre-
sponding core’drop_threshold and removes the request accordingly. Note that the
estimation of the age of a request does not need to be higblyate. For example,

the AGE field is incremented every 100 processor cycles foewaluation.

The hardware storage cost required for our implementatiadheoPADC is
shown in Table 5.4. Note that the storage cost for PADC ligaacreases with the
number of cores, request buffer entries, and cache linessidrage cost for our 4-
core CMP system described in Section 5.3.2 is only 34,720(bi4.25KB) which
is equivalent to only 0.2% of the last-level cache data gt®ra our baseline 4-core
CMP. Note that the Prefetch bit (P) per cache line accoumtsvier 4KB of storage
by itself (~95% of the total required storage). Many previous propddls69, 90,
91, 73] already use a prefetch bit for each cache line. If agssor already employs
prefetch bits in its cache, the total additional storage cbur prefetch-aware
DRAM controller is only 1,824 bits~{228B). Note that the overhead of prefetch

*Row-hit (1 bit) *FCFS Core ID (log, (N) bits)
*Critical (1 bit) l Urgent (1 bit) l Prefetch (1 bit) AGE (10 bits)

C|RH U FCFS P ID AGE

Priority for APS Information for APD

N: Number of cores
*Already used in demand-firs

Figure 5.5: DRAM request field for PADC
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bits can also be reduced by using set sampling [63], i.e.cadsny prefetch bits
with only a selected number of sets.

\ | Bit field \ Cost equation (bits) | Cost (bits)|
P (1 bit) Neache X Neore + Nreg 32,896
Prefetch PSC (16 bits) Neore X 16 64
accuracy PUC (16 bits) Neore X 16 64
PAR (8 bits) Neore X 8 32
APS U (1 bit) Nreg 128
APD ID (loga Neore bits) Nreq % 1092 Neore 256
AGE (10 bits) Nyeqg x 10 1,280
Total storage cost for the 4-core system in Section 5.3.2 34,720
Total storage cost as a fraction of the last-level cacheagpa 0.2%

Table 5.4: Hardware storage cost of PAD,,.... number of cache lines per core
Neore: NUMber of cores)V,.,: number of DRAM request buffer entries)

For the evaluation of our PADC, we use a prefetch accuraayevaf 85%
for promotion_threshold (for APS) and a dynamic threshold shown in Table 5.5
for drop_threshold (for APD). The accuracy is calculated every 100K cycles.

Prefetch accuracy (%) 0-10|10-30|30-70| 70-100
drop_threshold (processor cycles) 100 | 1,500 | 50,000| 100,000

Table 5.5: Dynamielrop_threshold values for Adaptive Prefetch Dropping based
on prefetch accuracy

5.5 Experimental Evaluation and Analysis on PADC

We first evaluate PADC on single, 2, 4, and 8-core systemstidses.5.5
analyzes PADC'’s fairness and discusses additional teghsitp improve CMP sys-
tem fairness. Sections 5.5.6 through 5.5.14 analyze tleetedif PADC on sys-
tems with different configurations and characteristichsag multiple DRAM con-
trollers, different row buffer policies, different type$ prefetchers, prefetch filter-
ing, and runahead execution. This analysis shows that PARCgeneral mecha-

nism that is effective for a variety of systems and that itrith@gonal to previously
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proposed prefetching and prefetch filtering techniques.

5.5.1 Single-Core Results

Figure 5.6 shows the performance of PADC on a single-coresysPC is
normalized to the baseline which employs the demand-firstcaling policy. We
show the performance of only 15 individual benchmarks. Tigletmost bars show
the average performance of all 55 SPEC CPU 2000/2006 bemkhr@gmean5h
As discussed earlier, neither of the rigid scheduling pesi¢demand-first, demand-
prefetch-equal) provides the best performance acrosppliications. Demand-first
performs better for most prefetch-unfriendly benchmaudtags 2) such agalgel,
art andammpwhile demand-prefetch-equal does better for most prefgtehdly
ones (class 1) such asvim, libquantumandlbm. Averaged over all 55 SPEC
benchmarks, the demand-prefetch-equal policy outpedatemand-first by 0.5%
since there are more benchmarks (29 out of 55) that belonigss ¢&.

20 =no-pref
=demand-first
= demand-pref-equal
=aps-only
=apd-only
=aps-apd (PADC)

Normalized IPC

& & A

S & F &S

Figure 5.6: Performance of PADC on single-core system: Ndimad IPC for 15
benchmarks and average for all 55 (gmean55)

Adaptive Prefetch Scheduling (APS), shown in the fourthfbam the left,
effectively adapts to the behavior of the prefetcher. Intnbemichmarks, APS pro-
vides at least as good performance as the best rigid preseteduling policy. As
a result, APS improves performance by 3.6% over all 55 bemecksncompared
to the baseline. APS (and demand-prefetch-equal) imprpee®rmance over
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demand-first for many prefetch friendly applications sushitaguantum, bwaves
andleslie3d This is due to two reasons. First, APS increases DRAM thnpug
in these applications because it treats demands and grete¢rjually most of the
time. Doing so improves the timeliness of the prefetcherabse prefetch requests
do not get delayed behind demand requests. Second, impBiRad1 throughput
reduces the probability of the DRAM request buffer beind. féls a result, more
prefetches are able to enter the request buffer. This ingzrdhre coverage of the
prefetcher as more useful prefetch requests get a chaneeissued. For example,
APS improves the prefetch coverage from 80%, 98%, and 89%Q&6] 100%, and

92% forlibquantum, bwavesndleslie3drespectively (as shown in Figure 5.8).

On the other hand, even though APS is able to provide the qmegiace of
the best rigid prefetch scheduling policy for each appiargtit is unable to over-
come the performance loss due to prefetching in some pletetriendly appli-
cations such agalgel, ammpandxalancbmk The prefetcher generates many use-
less prefetches in these benchmarks that a simple DRAM sthggolicy cannot

eliminate.

When adaptive prefetch dropping (APD) is employed with deddfirst
(APD-only), it improves performance for prefetch-unfriy applications by elim-
inating many useless prefetches. This is also true when ARployed with APS
(i.e., PADC). Using APD recovers part of the performances ldse to prefetching
in galgel ammp andxalancbmkbecause it eliminates 54%, 76%, and 54% of the
useless prefetch requests respectively as shown in Figirds a result, using both
of our proposed mechanisms (APD in conjunction with APSyles 4.3% per-
formance improvement over the baseline for all 55 SPEC ZI%H benchmarks.
Note that for 17 most memory intensive SPEC benchmarks, PALoves per-
formance by 11.8% (not shown in the figure).

Figure 5.7 provides insight into the performance improvetra# the pro-
posed mechanisms by showing the effect of each mechanishegstdll time ex-

perienced per load instruction (SPL). Our PADC reduces SfPh.6% compared
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to the baseline. By providing better DRAM scheduling ananeliating useless
prefetches, PADC reduces the amount of time the procesalts &r each load
instruction and allows the processor to make faster pregrés a result, PADC

significantly improves performance.
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Figure 5.7: Stall time per load (SPL) of PADC on single-corstem

Figure 5.8 breaks down the bus traffic into three categousstul prefetches,
useless prefetches, and demand requests. PADC reduceafbady 10.4% across
all benchmarks (amean55) as shown. Reduction in bus traffi@inly due to APD
which significantly reduces the number of useless prefstclir many bench-
marks, APS by itself provides the same bandwidth consumpirovided by the
best rigid policy for each benchmark. We conclude that oafgich-aware DRAM
controller is very effective at improving both performarared bandwidth-efficiency
in the single-core system.

Note that simply turning off prefetching for prefetch-uefndly applications
may lose opportunity to improve performance. This is truepi@fetch-unfriendly
applications that have 1) significant phase changes, 2) asocmeate prefetches in-
terleaved with inaccurate prefetches. For such benchmpr&getching hurts per-
formance in some phases but increases performance sigiijica others. If the
prefetcher is turned off, the performance benefits of ugakefietch phases and use-
ful prefetch requests will be lost. In fact, due to this phbhsbavior,art andmilc
do not benefit much from prefetching unless adaptive prefetanagement is used.
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Figure 5.8: Bus traffic of PADC on single-core system

Figure 5.6 shows that PADC improves performance signiflgafot art andmilc
(compared to no prefetching) since it is able to adapt teeckffit phases and elimi-

nate useless prefetches while keeping useful prefetches.

5.5.1.1 Adaptive Behavior of PADC

We analyze the adaptive runtime behavior of PADC in thisieactAPS
prioritizes demands over prefetches (i.e., demand-firshmthe estimated prefetch
accuracy is less thgmomotion_threshold. It treats demands and prefetches equally
(i.e., demand-prefetch-equal) when prefetch accuracyeatgr than or equal to
promotion_threshold. PADC continuously changes the DRAM scheduling mode
(between demand-first and demand-prefetch-equal) forghkcation based on the
prefetch accuracy estimated every interval.

Figure 5.9 shows the fraction of time APS and PADC spend i @it¢he
two scheduling modes for the single-core system. APS and®giznd a majority
of their execution time in demand-prefetch-equal mode fefgich-friendly appli-
cations but spend most of their execution time in demand+file for prefetch-
unfriendly applications. Therefore, APS and PADC provitkeast as good perfor-
mance as the best rigid prefetch scheduling policy in mopliegtions, as shown

in Figure 5.6.
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Figure 5.9: Fraction of execution time in different PADC edhling modes on
single-core system

5.5.1.2 Effect of PADC on Row Buffer Hit Rate

Recall that the demand-prefetch-equal policy prioritizeg-hit requests re-
gardless of whether a request is a prefetch or demand. If n@der all demand and
prefetch requests (regardless of whether or not a prefstciseful) for the entire
run of an application, the demand-prefetch-equal policy iesult in the highest
row buffer hit rate (RBH) and therefore the lowest averageAlYRaccess latency
among all considered policies. However, this does not meanthis policy per-
forms best since prefetches are NOT always useful as disdussSection 5.5.1.
When prefetching is enabled, we need a better metric to slmwaimechanism
reduces effective memory latency. Hereby, we define roneburit rate for useful
(demand and useful prefetch) requests (RBHU) as follows:

Number of row-hit demands + Number of use ful row-hit pre fetches

BHU =
RBHU Number of demands + Number of useful prefetches

The demand-prefetch-equal policy will still show the highBRBHU since
RBHU is also maximized by prioritizing row-hit requests. Wever, a good DRAM
scheduling mechanism should keep its RBHU close to demeafétph-equal’s

RBHU because it should aim to maximize DRAM bandwidth forfuseequests.
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Table 5.6 shows RBHU values for 13 benchmarks on the singjleq@rocessor with
no prefetching, demand-first, demand-prefetch-equal,,AR8 PADC. The RBHU
of APS is very close to that of demand-prefetch-equal andifsigntly better than
the RBHU of demand-first since APS successfully exploits boifter locality for

useful requests.

Employing APD with APS (i.e., PADC) slightly reduces RBHU fsome
applications such agalgel ammp mcf, omnetpp xalancbmk andsoplex This is
because adaptive prefetch dropping cancels some usefetgres as shown in Fig-
ure 5.8, thereby reducing the fraction of useful row buffes.hNonetheless, APD
improves overall performance for these applications sinuces the contention
between demands and prefetches by eliminating a signifivamber of useless

prefetches as discussed in Section 5.5.1.

| Benchmark [ swim | galgel | art | ammp| mcf.06 | libquantum| omnetpp]
no-pref 0.18 | 0.51 | 0.94| 0.40 0.12 0.86 0.47
demand-first 0.44 | 058 | 0.94| 0.48 0.19 0.86 0.56
demand-pref-equal 0.50 | 0.58 | 0.96 | 0.50 0.23 0.98 0.59
aps 0.50 | 0.58 | 0.94| 0.48 0.19 0.98 0.56
aps-apd (PADC) || 0.50 | 0.56 | 0.94| 0.44 | 0.18 0.98 0.54

| Benchmark [ xalancbmk| bwaves| milc | leslie3d| soplex | Ibm | amean55|
no-pref 0.23 0.76 | 0.85| 0.71 0.81 | 0.53 0.55
demand-first 0.27 0.87 | 0.88 0.81 0.87 | 0.64 0.63
demand-pref-equal 0.28 0.89 | 090 0.91 0.93 | 0.92 0.68
aps 0.27 0.89 | 0.88 0.90 0.91 | 0.90 0.66
aps-apd (PADC) 0.25 0.89 | 0.88| 0.90 0.90 | 0.90 0.65

Table 5.6: Row buffer hit rate of PADC for useful requests

5.5.2 2-Core Results

We briefly discuss only the average performance and busctfaffithe 54
workloads on the 2-core system. Figure 5.10 shows that PADZaves both per-
formance metrics (weighted speedup and harmonic mean efdsps) by 8.4%,
and 6.4% respectively compared to the demand-first polidyadso reduces mem-

ory bus traffic by 10.0%. Thus, the proposed mechanism istafeefor dual-core
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systems. We do not discuss these results further sincecdualprocessors are no
longer the state-of-the-art in multi-core systems. Wersitely analyze PADC on
4-core systems in the next sections.

©

2.0

‘@
=
O 15 o
5 ¢
S O 5
8 Ho 347 = N0O-pref
=) o ]|===demand-first
Y = 31| mmmm demand-pref-equal
> o0s s , || ==aps-only
» ~{|==aps-apd (PADC)
@
0.0~
WS S 0~
(a) System performance (b) Average traffic

Figure 5.10: Performance of PADC on 2-core system

5.5.3 4-Core Results

We ran 32 different workloads to evaluate the effectiversd$3ADC on the
4-core system. In the following sections, we discuss these studies in detail to
provide insights into the behavior of the Prefetch-AwareAMRController on a
CMP system.

5.5.3.1 Case Study I: All Prefetch-Friendly Applications

Our first case study examines the behavior of our proposedhamesms
when four prefetch-friendly applicationswim, bwaves, leslie3@ndsopley run
together on the 4-core system. Figure 5.11(a) shows thelapexd each application
and Figure 5.11(b) shows system performance.

In addition, Figure 5.12 provides insight into the performoa changes by
showing how each mechanism affects stall-time per load disasememory bus

traffic. Several observations are in order:

First, since all four applications show very high prefetcow@racy/coverage
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(i.e., prefetch-friendly) as shown in Figure 5.12(b), ptehing provides significant
performance improvement in all applications regardlesthefDRAM scheduling
policy. In addition, the demand-prefetch-equal policyngigantly outperforms the
demand-first policy (by 28% in terms of weighted speedupphbse prefetches are
very accurate in all four applications. The demand-préfetqual policy reduces
stall-time per load as shown in Figure 5.12(a) because itongs DRAM through-
put.

Second, PADC outperforms both of the rigid prefetch schedupolicies
improving weighted speedup by 31.3% over the baseline dd+fiest policy. This
is because it 1) successfully prioritizes critical (usgfabjuests over others thereby
reducing SPL, and 2) drops useless prefetchdsshe3dand soplexthereby re-
ducing their negative effects on all applications. Consadjy, PADC also im-
proves prefetch coverage from 56% to 73% as shown in Figu2(&). This is
because it improves DRAM throughput and reduces contefaiomemory system
resources by dropping useless prefetches fleslie3dand soplexallowing more
useful prefetches to enter the memory system.

Finally, the bandwidth savings provided by PADC is reldinvamall (0.9%
compared to the baseline demand-first) because these appig do not generate
a large number of useless prefetch requests. However, ithstiél a non-negligible
reduction in bus traffic due to the effective dropping of esslprefetches ieslie3d
andsoplex We conclude that the Prefetch-Aware DRAM Controller caovpte
system performance (WS and HS) and bandwidth-efficiencyrorgments even

when all applications benefit significantly from prefetain

5.5.3.2 Case Study II: All Prefetch-Unfriendly Applications

The second case study examines the behavior of our proposeamsms
when four prefetch-unfriendly applicationar{, galgel, ammpandmilc) run to-
gether on the 4-core system. Since the prefetcher is vegcurate for all ap-

plications, prefetching degrades performance regardiédise scheduling policy.

58



However, as shown in Figure 5.13, the demand-first policy AR& provide bet-

ter performance than the demand-prefetch-equal policyrioyipzing demand re-

quests over prefetch requests which are more than likelyetadeless. Employ-
ing adaptive prefetch dropping drastically reduces théasseprefetches in all four
applications as shown in Figure 5.14(b) and therefore fopasiemory system re-
sources to be used by demands and useful prefetch requésteff€ct of this can
be seen by the reduced SPL as shown in Figure 5.14(a) for glicagfions. As a

result, our PADC performs better than either rigid prefetcheduling policy foall

considered applications.
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Figure 5.13: Performance of PADC for prefetch-unfriendigate workload

PADC improves system performance by 17.7% (weighted spyeand
21.5% (harmonic mean of speedups), while reducing bantwadhsumption by
9.1% over the baseline demand-first scheduler as shown urd-i§.14(c). By
largely reducing the negative effects of useless prefsttioeh in scheduling and
memory system buffers/resources, PADC almost eliminagesystem performance
loss observed in this prefetch-unfriendly mix of applioas. Weighted speedup is
within 2% and harmonic mean of speedups is within 1% of thdseined with
no prefetching. We conclude that the Prefetch-Aware DRAM@uler can ef-
fectively eliminate the negative performance impact cduseinaccurate prefetch-
ing by intelligently managing the scheduling and buffer agement of prefetch
requests even in workload mixes where prefetching perfarmesiiciently for all

applications.

59



= no-pref

== demand-first
== demand-pref-equal
== agps-only
==aps-apd (PADC)

40+

a
1

N @ W
P

a
it

0
.

B
a
L

o
T

SPL (Cycles/load)

o «
I I

galgel ammp
(a) SPL

IS
=}

o o
S o

= pref-useless
. ==pref-useful |
== demand

lines)

=}

demand-pref-equal

@
i

cache
w A b O R

(M cache lines)

= I
o @
T it

@
L

Bus traffic (M cache lines)

o4

galgel
(b) Bus traffic breakdown (c) Total traffic

Figure 5.14: SPL and bus traffic of PADC for prefetch-unfdigm4-core workload

5.5.3.3 Case Study IlI: Mix of Prefetch-Friendly and Prefeth-Unfriendly
Applications
Our final case study examines the behavior of PADC when twtemie
friendly (libquantumandGemsFDTD and two prefetch-unfriendlyomnetppand
galge) applications are run together on the 4-core system. Fagbirgs and 5.16

show performance, SPL, and bus traffic.

The prefetches foibquantumandGemsFDTDare very beneficial. There-
fore demand-prefetch-equal significantly improves wesghspeedup. However,
the prefetcher generates many useless prefetchesrfoetppandgalgelas shown
in Figure 5.16(b). These useless prefetches temporanly dervice to critical re-
quests (demands and useful prefetches) from the two othies.c@ecause APD
eliminates a large portion (67% and 57%) of all useless prhés inomnetppand
galgel it frees up both request buffer entries and bandwidth inntieenory sys-
tem. These freed up resources are utilized efficiently byctitecal requests of
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libquantumandGemsFDTOhereby significantly improving their individual perfor-
mance while slightly reducingmnetppandgalgels individual performance. Since
it eliminates a large number of useless prefetches, PADGcessItotal bandwidth
consumption by 14.5% over the baseline demand-first polits2 conclude that
PADC can effectively prevent the denial of service causethbyseless prefetches

of prefetch-unfriendly applications on the useful reqaestother applications.

5.5.3.4 Effect of Prioritizing Urgent Requests

In this section, we discuss the effectiveness of priontizurgent requests
using the application mix in case study Ill. We say that a rodte system igair
if each application experiences the same individual spe&cten multiple appli-
cations run together on the system. To indicate the degraafafrness, we define
Unfairness (UF)13] as follows:

_ MAX(ISo, ISy, ..., IS 1)

UF =
MIN(ISo, IS1, ..., ISn_1)’

N : Number of Cores

Table 5.7 shows individual speedup, unfairness, weighteddup, and har-
monic mean of speedups for the workload from case study Hifit@ policies:
demand-first, versions of APS and PADC that do not use theegdraf “urgent
requests,” and regular APS and PADC (with “urgent requégst$the concept of
“urgent requests” is not used, demand requests from thetetetinfriendly ap-
plications pmnetppand galge) unfairly starve because a large number of criti-
cal requests from the prefetch-friendly applicatiohisquantumandGemsFDTD
are given the same priority as those demand requests. Hmisgbn, combined
with the negative effects of useless prefetches, leadsaoaaptably low individual
speedups for these applications resulting in high unfasn&vhen urgency is used
to prioritize requests, this unfairness is significantlyigated as shown in Table 5.7.
In addition, harmonic mean of speedups (i.e., average joataund time) signifi-
cantly improves at the cost of very little weighted speedig,(system throughput)

62



degradation. However, we found that for most workloads (300 the 32), prior-
itizing urgent requests improves weighted speedup as wellis trend holds true
for most workload mixes that consist of prefetch-friendtydgrefetch-unfriendly
applications. On average (not shown in the table), priong urgent requests im-
proves UF, HS, and WS by 13.7%, 8.8%, and 3.8% respectivehpaced to PADC
with no concept of urgency for the 32 4-core workloads. Weactaate that incor-
porating the concept of urgency into PADC significantly iimygs system fairness
while keeping system performance high.

Individual speedup
omnetpp| libquantum| galgel | GemsFDTD UF | WS | HS
demand-first 0.40 0.42 0.68 0.41 1.69| 1.92| 0.46
aps-no-urgent 0.26 0.68 0.47 0.61 257| 2.02| 0.44
aps 0.43 0.41 0.72 0.46 1.73| 2.02| 0.48
aps-apd-no-urgent  0.21 0.94 0.42 0.70 455] 2.26| 0.41
aps-apd (PADC) || 0.35 0.65 0.64 0.59 1.84| 2.23| 0.52

Table 5.7: Effect of prioritizing urgent requests in PADC

5.5.3.5 Effect on Identical-Application Workloads

It is common that commercial servers frequently run mudtipistances of
identical applications. In this section, we evaluate theatifveness of PADC when
the 4-core system runs four identical applications togetB&ce APS prioritizes
memory requests and APD drops useless prefetches (bottl baghe estimated
prefetch accuracy), PADC should evenly improve individspéedup of each in-
stance of the identical applications running together. threowords, all instances
of the application are likely to show the same behavior aedstime adaptive deci-
sion should be made for every interval.

Table 5.8 shows the system performance of PADC when fouarngss
of libquantumrun together on the 4-core system. Becalisquantumis very
prefetch-friendly and most prefetches are row-hits, thealed-prefetch-equal pol-
icy performs very well by achieving almost the same speeduplf four instances.
APS and PADC perform similarly to demand-prefetch-equalpfioving weighted
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speedup by 18.2% compared to demand-first) since they sfattgsreat demands
and prefetches equally for all four instances.

_ _ Individual §peedup _ ws | Hs | UE

libquantum| libquantum| libquantum| libquantum
no-pref 0.60 0.60 0.60 0.59 2.40| 0.60 | 1.01
demand-first 0.69 0.67 0.65 0.64 2.66| 0.66 | 1.08
demand-pref-equal 0.80 0.79 0.78 0.77 3.14| 0.78 | 1.05
aps 0.80 0.79 0.78 0.77 3.14| 0.79| 1.04
aps-apd (PADC) 0.80 0.79 0.78 0.77 3.14| 0.79| 1.04

Table 5.8: Effect of PADC on four identical prefetch-frigyp@pplications

Table 5.9 shows the system performance of PADC when fouatiests of a
prefetch-unfriendly applicatiormilc, run together on the 4-core system. Because
the prefetches generated for each instance are uselessgoofithe execution time
of milc, demand-first and APS outperform demand-pref-equal foh @astance.
Incorporating APD into APS (i.e., PADC) further improveslividual speedup of
all instances equally by reducing useless prefetches fewh mstance. As a result,
PADC significantly improves all system performance metrlodact, using PADC
allows the system to gain significant performance improvanfimm prefetching
whereas using a rigid prefetch scheduling policy results ilarge performance
loss due to prefetching. To conclude, PADC is also very &ffeavhen multiple

identical applications run together on a CMP system.

Individual speedup
milc | milc | milc | milc
no-pref 0.53| 0.53| 0.53| 0.53 | 2.11| 0.53| 1.00
demand-first 0.52| 0.51| 050|046 1.99| 0.50| 1.13
demand-pref-equal 0.36| 0.36| 0.36 | 0.36| 1.45| 0.36| 1.01
aps 0.52| 051| 050|046 1.99| 050 1.14
aps-apd (PADC) || 0.59 | 0.58 | 0.58 | 0.58 || 2.33| 0.58 | 1.02

WS | HS | UF

Table 5.9: Effect of PADC on four identical prefetch-unfrédy applications
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5.5.3.6 Overall Performance

Figure 5.17 shows the average system performance and s fioa the
32 workloads run on the 4-core system. PADC provides the fegbrmance and
lowest bandwidth consumption compared to all previousgtogfhandling policies.
It improves weighted speedup and harmonic mean of speedudt and 4.1%
respectively compared to the demand-first policy and reslbas traffic by 10.1%

over demand-first (the best-performing rigid policy).
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Figure 5.17: Performance of PADC on 4-core system

We found that PADC outperforms both the demand-first and delrpeefetch-
equal policies for all but one workload we examined. The wpesforming work-
load is the combination ofpr, gamess, deallandcalculix. PADC’s WS degrada-
tion is only 1.2% compared to the demand-first policy. Theg®ieations are either

insensitive to prefetching (class 0) or not memory intea$inpr).

5.5.4 8-Core Results

Figure 5.18 shows average performance and bus traffic oee2hwork-
loads we simulated on the 8-core system. Note that the rigatefch scheduling
policies actually cause stream prefetching to degradeopwénce in the 8-core
system. The demand-first policy reduces performance by h2&the demand-
prefetch-equal policy by 3.0% compared to no prefetchinBAM bandwidth be-
comes a lot more valuable with the increased number of caesuse the cores put
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more pressure on the memory system. At any given time thersisch larger num-
ber of demand and useful/useless prefetch requests in tAdvOBquest buffer. As
a result, it becomes more likely that 1) a useless prefettdyde@a demand or use-
ful prefetch (if demand-prefetch-equal policy is used)d &) DRAM throughput
degrades if a demand request causes significant reductiba now-buffer locality
of prefetch requests (if demand-first policy is used). Hepegformance degrades

with a rigid scheduling policy.
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Figure 5.18: Performance of PADC on 8-core system

For the very same reasons, PADC becomes more effective wakanuimber
of cores increases. As resource contention becomes hiflegoerformance bene-
fit of intelligent prioritization and dropping of uselessefetch requests increases.
Our PADC improves overall system performance (WS) by 9.9% a&Bo reduces
memory bandwidth consumption by 9.4% compared to demastéiir the 8-core
system. We conclude that the benefits of PADC will continuad¢cease as off-chip
memory bandwidth becomes a larger performance bottlemeckure systems with

many cores.

5.5.5 Optimizing PADC for Fairness Improvement in CMP Systens: Incor-
porating Request Ranking

PADC can be better tuned and optimized for the requiremdn@viP sys-

tems. One major issue in designing memory controllers forRC8ystems is the
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need to ensure fair access to memory by different cores [5&4. So far we have
considered PADC only as a way to improve overall system perdoce. However,

to be more effective in CMP systems, PADC can be augmentddaniechanism

that provides fairness to different cores’ requests. Tdeaehthis purpose, this
section describes a new scheduling algorithm that incetesra request ranking
scheme into our Adaptive Prefetch Scheduling (APS) meshani

Recall that APS prioritizes urgent requests (demand raguesm cores
whose prefetch accuracy is low) over others to mitigategrarhnce degradation
and unfairness for prefetch-unfriendly applications. teger, APS follows the
FCFS policy if all other priorities (i.e., criticality, rowit, urgency) are the same.
This FCFS rule can degrade fairness and system performanpeditizing re-
guests of memory intensive applications over those of mgmon-intensive appli-
cations as was shown in previous work [58, 53, 54]. This happrecause delay-
ing the requests of memory non-intensive applicationslt®gua lower individual
speedup (or a higher slowdown) for those applications thaould for memory
intensive applications which already suffer from long DRAkrvice time. There-
fore, PADC (and APS) itself cannot completely solve the unéss problem. This
is especially true in cases where all of the applicationsbelthe same in terms of
prefetch friendliness (either all are prefetch-friendhad are prefetch-unfriendly).
In such cases, PADC will likely degenerate into the FCFSgydliequently (since
the criticality, row-hit, and urgency priorities would bgual) resulting in high un-
fairness and performance degradation. For example, instasy 1l discussed in
Section 5.5.3.2, all the applications are prefetch-untiig. Therefore, PADC pri-
oritizes demands over prefetches most of the time. PADCyati#s performance
degradation by prioritizing demand requests and droppsalass prefetches. How-
ever, art is very memory intensive and continuously generates manyade re-
quests. These demand requests significantly interfereatiittr applications’ de-
mand requests resulting in high slowdowns for the otherieappbns. Howeverart
experiences the least slowdown thereby creating unfanmethe system as shown
in Figure 5.13.
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To take into account fairness in PADC, we incorporate thecephof rank-
ing, as employed by Mutlu and Moscibroda [54]. Our rankingesoe is based on
theshortest job firsprinciple [70] which can better mitigate the unfairnessiyeon
and performance degradation caused by the FCFS rule. Fbraggdication, the
DRAM controller keeps track of the total number of criticalemand and useful
prefetch) requests in the DRAM request buffer. Applicasiovith fewer outstand-
ing critical requests are given a higher rank. The insigktag if an application that
has fewer critical requests is delayed, the impact of thistyden that application’s
slowdown is much higher than the impact of delaying an appbo with a large
number of critical requests. In other words, it is more untfaidelay an application
that has a small number of useful requests (i.e., a “shodpplication/job) than
delaying an application that has a large number of usefulests (i.e., a “longer”
application/job). To achieve this while still being prefletaware, the DRAM con-
troller schedules memory requests based on the modifiedhaen in Rule 2. A
highly-ranked request is scheduled by the DRAM controlleewall requests in the
DRAM request buffer have the same priority for criticalitgw-hit, and urgency.

Rule 2 Adaptive prefetch scheduling with ranking
1. Critical request (C): Critical requests are prioritized over all other requests
2. Row-hit request (RH): Row-hit requests are prioritized over row-conflict
requests.
3. Urgent request (U} Demand requests generated by cores with low prefetch
accuracy are prioritized over other requests.
4. Highest rank request (RANK): Critical requests from a higher-ranked core
are prioritized over critical requests from a lower-ranlaxae. Critical requests
from cores that have fewer outstanding critical requestsamnked higher.
5. Oldest request (FCFS) Older requests are prioritized over younger requests.

To implement ranking the priority field for each memory reguis aug-
mented as shown in Figure 5.19. A counter per core is requr&dep track of the
total number of critical requests in the DRAM request bufféthen the estimated
prefetch accuracy of a core is greater thaomotion_threshold, the total num-
ber of outstanding demand and prefetch requests (critezplasts) for that core is

counted. When the accuracy is less than the threshold, th@eostores only the
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number of outstanding demand requests. Cores are rankeddatg to the total
number of critical requests they have in the DRAM requesiebuf core that has a
larger number of critical requests is ranked lower. The RAINKI of a request is
the same as the rank value of the core determined in this mafasuch, the crit-
ical requests of a core with a lower value in its counter arerpized. This process
is done every DRAM bus cycle in our implementation. Altemwigiy, determination
of the ranking can be done periodically since it does not iedx highly accurate

and is not on the critical path.

Rank (log (N) bits) N: Number of cores

C | RH U | RANK FCFS | P ID AGE

Priority for APS Information for APD

Figure 5.19: DRAM request fields for PADC with ranking

Note that in this study we do not rank non-critical requests,(prefetch
requests from cores whose prefetch accuracy is low). The RABId of these
requests is automatically set to O (the lowest rank value) eVéluated a mechanism
that also ranks non-critical requests based on estimagddtph accuracy and found
that this mechanism does not perform better than the mesimatat ranks only

critical requests.

Figure 5.20 shows the average system performance, bus tefiil unfair-
ness when we incorporate the ranking mechanism into PADGhi®r32 4-core
workloads. On average, the ranking mechanism slightlyatbes weighted speedup
(by 0.4%) and slightly improves harmonic mean of speedup®(8%) and keeps
bandwidth consumption about the same compared to the alighDC. Unfair-
ness is improved from 1.63 to 1.53. The performance imprarerns not signif-
icant because the contention in the memory system is nothigtyin the 4-core
system. Nonetheless, the ranking scheme improves all 8termyperformance and

unfairness metrics for most workloads with memory inteasienchmarks. For the
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workload in case study I, the ranking scheme improves WS,d#8 UF by 7.5%,
10.3%, and 15.1% compared to PADC without ranking.
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Figure 5.20: Optimized PADC with ranking on 4-core system

We also evaluate the optimized PADC scheme with ranking erBtiore
system which places significantly more pressure on the DRpdtesn. As shown
in Figure 5.21, the ranking mechanism improves WS and HS 0%2and 5.4%
respectively and reduces unfairness by 10.4% compared DRaithout ranking.
The effectiveness of the ranking scheme is much higher irBtbere system than
the 4-core system since it is more critical to schedule mgmequests fairly in
many-core bandwidth-limited systems. Improving fairnessduces starvation of
some cores resulting in improved utilization of the coreshi@ system, which in
turn results in improved system performance. Since stanvas more likely when
the memory system is shared between eight cores ratherdbartlie performance

improvement obtained with the ranking scheme is higheré8itore system.

We conclude that augmenting PADC with an intelligent fagsyeechanism

improves both unfairness and system performance.

5.5.6 Effect on Multiple DRAM Controllers

We also evaluate the performance impact of PADC when two DRkt
trollers are employed in the 4 and 8-core systems. Each meocamtroller works
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Figure 5.21: Optimized PADC using ranking mechanism on & sgstem

independently through a dedicated channel (address,atoatd data buses) dou-
bling the peak memory bandwidth. Because there is more bairtfhavailable
in the system, contention between prefetch and demand stqjigesignificantly
reduced. Therefore, the baseline system performance msfisantly improved
compared to the single controller. Adding one more DRAM coligr improves
weighted speedup by 16.9% and 30.9% compared to the singleter for 4 and

8-core systems respectively.

Figures 5.22 and 5.23 show the average performance anddftis tor 4
and 8-core systems with two memory controllers. Note thattfe 8-core system,
unlike the single memory controller configuration shown igufe 5.18(a) where
adding a prefetcher actually degrades performance, pedoce increases when
adding a prefetcher even for the rigid scheduling policiesause of the increased

memory bandwidth.

PADC is still very effective with two memory controllers amehproves
weighted speedup by 5.9% and 5.5% and also reduces bandedddumption
by 12.9% and 13.2% compared to the demand-first policy fordl &core sys-
tems respectively. Therefore, we conclude that PADC stitfgrms effectively on
a multi-core processor with very high DRAM bandwidth.
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5.5.7 Effect with Different DRAM Row Buffer Sizes

As motivated in Section 5.1, PADC takes advantage of anegein the row
buffer locality of demand and prefetch requests generdtachéime. To determine
the sensitivity of PADC to row buffer size, we varied the si¢he row buffer from
2KB to 128KB for the 32 workloads run on the 4-core systemuFed.24 shows
the WS improvements of PADC and APS compared to no prefej¢cdemand-first,

and demand-prefetch-equal.

PADC consistently outperforms no prefetching, demand;finsd demand-
prefetch-equal with various row buffer sizes. Note thatdbmand-first policy starts

degrading performance compared to no prefetching as théudier becomes very
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large (64KB and 128KB). This is because preserving row bpudfeality for use-
ful requests is more critical when the row buffer size is éafgspecially when the
stream prefetcher is enabled). No prefetching with larger buffer sizes exploits
row buffer locality more (higher row-hit rate) than smallew buffer sizes. How-
ever, with demand-first, the negative performance impa&teofuent re-activations
of DRAM rows for demand and prefetch requests becomes signify worse at
larger row buffer sizes. Therefore, the demand-first poBgyperiences a higher

memory service time on average than no prefetching witrelaogv buffer sizes.

Similarly, the demand-prefetch-equal policy does not iowprperformance
compared to no prefetching for 64KB and 128KB row buffer sizece it does
not take into account the usefulness of prefetches. Witinge leow buffer, useless
prefetches have higher row buffer locality because manyhefnt hit in the row
buffer due to the streaming nature of the prefetcher. As altredemand-prefetch-
equal significantly delays the service of demand requedtsge row buffer sizes

by servicing more useless row-hit prefetches first.

In contrast to these two rigid scheduling policies, PADE4drio service only
useful row-hit memory requests first, thereby significamiyproving performance
even for large row buffer sizes (8.8% and 7.3% compared tormetefching for
64KB and 128KB row buffers). Therefore, PADC can make a peéfer viable and
effective even when a large row buffer size is used becaugkdats advantage of the

increased row buffer locality opportunity provided by ager row bufferonly for
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useful requests instead of wasting the increased amoutnafviidth enabled by a

larger row buffer on useless prefetch requests.

5.5.8 Effect with a Closed-Row DRAM Row Buffer Policy

So far we have assumed that the DRAM controller employs trea-opw
policy (i.e., it keeps the accessed row open in the row bufer the access even
if there are no more outstanding requests requiring the.rdw)this section, we
evaluate the effectiveness of PADC with a closed-row polidye closed-row pol-
icy closes (by issuing a precharge command) the curreménred row when all
row-hit requests in the DRAM request buffer have been sedvicy the DRAM
controller. This policy can hide effective precharge time 1) overlapping the
precharge latency with the row-access latency [22, 49] amgsRing the precharge
command (closing a row buffer) earlier than the open-rowigyol Therefore, if
no more requests to the same row arrive at the DRAM requegtrbafter a row
buffer is closed by a precharge command, the closed-rowyoén outperform the
open-row policy. This is because with the closed-row polibg later requests do
not need a precharge before activating the different ronwéder, if a request to
the same row arrives at the DRAM request buffer soon afterahes closed, this
policy has to pay a penalty (the sum of the non-overlappedharge latency and
the activation latency) which would not have been requicedHe open-row policy.
Consequently, for applications that have high row buffealdy (i.e., applications
that generate bursty row-hit requests) such as streanhiidlyydg applications, the
open-row policy outperforms the closed-row policy by reidgcre-activations of

the same rows that will be needed again in the near future.

Since the closed-row policy still services row-hit reqedsst until no more
requests to the same row remain in the DRAM request buffeayiincrease DRAM
throughput within the scope of the requests that are outsigrin the DRAM re-
qguest buffer. Therefore, when a prefetcher is enabled Wwélttlosed-row policy, the
same problem exists as for the open-row policy: none of tnd prefetch schedul-

ing policies can achieve the best performance for all appbos since they are not
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aware of prefetch usefulness. Therefore PADC can still vedf&ctively with the
closed-row policy.

Figure 5.25 shows the performance and bus traffic when PADGsés!
with the closed-row policy for the 32 4-core workloads. THesed-row policy
with demand-first scheduling slightly degrades perforneabg 0.5% compared
to the open-row policy with demand-first scheduling. Thidbécause there is a
large number of streaming/striding (and prefetch-frighdpplications in the SPEC
2000/2006 benchmarks whose performance can be signiffaarroved with the
open-row policy. The performance improvement of the opmm{policy is not very
significant because there is also a large number of apmitathat work well with

the closed-row policy as they do not have high row buffer libga
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Figure 5.25: Effect of PADC on closed-row scheduling policy

The results show that PADC is still effective with the closed policy
since it still effectively exploits row buffer locality (whin the scope of the requests
outstanding in the DRAM request buffer) and reduces the thegaffects of use-
less prefetch requests. PADC improves weighted speedup@8s @nd reduces
bandwidth consumption by 10.9% compared to demand-firsédadmg with the
closed-row policy. Note that PADC with the open-row polidigktly outperforms
PADC with the closed-row by 1.1% for weighted speedup. QOlenge conclude

that PADC is suitable for different row buffer managemenliges but it is more
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effective with the open-row policy due to the existence argér number of bench-
marks with high row buffer locality.

5.5.9 Effect with a Shared Last-Level Cache

Throughout this chapter, we evaluate our mechanism on Chtes\s with
private on-chip last-level caches rather than a sharedecatiere all cores share
a large on-chip last-level cache. This allowed us to easiywsand analyze the
effect of PADC in the shared DRAM system by isolating the &ffef contention
in the DRAM system from the effect of interference in sharadhes. However,
many commercial processors already employ shared lastdaches in their CMP
designs [77, 80]. In this section, we evaluate the perfooaai PADC in on-chip
shared last-level caches on the 4 and 8-core systems to $leogffectiveness of

PADC in systems with a shared last-level cache.

For this experiment, we use a shared last-level cache whpséss=quiva-
lent to the sum of all the private last-level cache sizes inb@aseline system. We
scaled the associativity of the shared cache with the numibeores on the chip
since as the number of cores increases, the contention facleecset increases.
Therefore the 4-core system employs a 2MB, 16 way set-astsaeccache and the
8-core system has a 4MB, 32 way set-associative cache. \&etes@l32 way set-
associativity for the 8-core system in order to show how tleeanism works with
a very aggressive last-level cache. If the associativitgss, our mechanism per-
forms even better. We also assume that each core employs/itsnoependent
stream prefetcher that monitors the core’s demand accessksends prefetched
data into the shared last-level cache. Note that our meshmoan also work for
a single prefetcher which monitors all cores’ accesses andrgtes prefetches for
all cores [77, 80] by simply associating core ID bits with lequrefetch request,
signifying which core generated the prefetch request. Waig, PADC can update

the appropriate per-core counters to estimate prefetalracg of each core.

Figures 5.26 and 5.27 show weighted speedup and averagafficsan the
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4 and 8-core systems with shared last-level caches. PAD@datms demand-
first by 8.0% and 7.6% on the 4 and 8-core systems respecthWéyconclude that

PADC works efficiently for shared last-level caches as well.
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Note that the demand-prefetch-equal policy does not wotkameeither of
the shared cache systems (degrading WS by 2.4% and 10.4%oeatp demand-
first for 4 and 8-core systems). This is because the conteitithe shared cache
among the requests from different cores significantly iases compared to that
of a private cache system. With private caches, uselesstphefs from one core
can only replace useful lines of that same core. Howeveh witshared cache,
useless prefetches from one core can also replace the Uliseflof all the other
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cores. These replaced lines must be brought back into thee@gain from DRAM
when they are needed. Therefore, the total bandwidth copsomsignificantly in-
creases. This cache contention among cores becomes digpeaiae with demand-
prefetch-equal for prefetch-unfriendly applications. isTts because the demand-
prefetch-equal policy results in high cache pollution sirtcblindly prefers to in-
crease DRAM throughput without considering the usefulrefgsrefetches. The
demand-prefetch-equal policy increases bus traffic by?®2a8d 46.3% compared
to demand-first for the 4 and 8-core systems as shown in Bgugé(b) and 5.27(b).
In contrast, PADC delays the service of useless prefetchdsa&so drops them
thereby mitigating contention in both the shared cache hadghared DRAM sys-

tem.

5.5.10 Effect with Different Last-Level Cache Sizes

PADC aims to maximize DRAM throughput for useful memory (derd
and useful prefetch) requests and to delay and drop useks®m requests. One
might think that a prefetch/demand management technigcle asi PADC would
not be needed for larger last-level caches since a largdrecaan reduce cache
misses (i.e., memory requests). However, a prefetcherttegeserate a significant
number of useful prefetch requests for some applicationgrogram phases by
correctly predicting demand access patterns which canastdred even in large
caches due to the large working set size or streaming nafuiteeqrogram. In
addition, the prefetcher can issue a significant number efess prefetches for
other applications or program phases. For these reasangttrference between
demands and prefetches still exists in systems with larghesa Therefore, we
hypothesize PADC is likely to be effective in systems witty&alast-level caches.

To test this hypothesis, we evaluate the effectiveness &f@for various
last-level cache sizes. We vary the private last-level eatre from 512KB to 8MB
per core and the shared cache size from 2MB to 32MB (otherecpaltameters are
as described in Section 5.5.9) on our 4-core CMP system.r&igi28 shows the

system performance (weighted speedup) for the 32 4-corkloants.
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As expected, baseline system performance improves wigketaache sizes.
However, the stream prefetcher still effectively impropesformance compared to
no prefetching with either the demand-first or the demaredgich-equal policy. In
addition, PADC consistently and significantly improvesfpenance compared to
both demand-first and demand-prefetch-equal policies ddn private and shared
caches, regardless of cache size. This is mainly becausevétie large caches
there is still a significant number of both useful and usepgs$etches generated.
Therefore, the interference between prefetch and demaqneksts still needs to be

intelligently controlled.
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There are two other notable observations from Figure 5.28&d demand-
pref-equal policy starts outperforming the demand-firdigyofor private caches
greater than 1MB (8MB for the shared cache), and 2) the pmadace of APS
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(without APD) becomes closer to that of PADC (APS and APD tiogg as the
cache size becomes larger. These trends hold for both @rarat shared last-level
caches.

Both observations can be explained by two reasons. Firstrgel cache
reduces irregular (or hard-to-prefetch) conflict cachesessdue to the increased
cache capacity. This makes the prefetcher more accuratubedt reduces the
allocations of stream entries for hard-to-prefetch acgedterns (note that only a
demand cache miss allocates a stream prefetch entry). &eadarger cache can
tolerate some degree of cache pollution. Due to the incdeeaehe capacity, the
probability of replacing a demand or useful prefetch linéhva useless prefetch in

the cache is reduced.

For these reasons, the effect of deprioritizing or droppikgly-useless
prefetches becomes less significant with a larger cache résudt, as cache size in-
creases, techniques that prioritize demands (e.g., deffitatjcdand drop prefetches
(APD) start becoming less effective. However, the intefiee between prefetch
and demand requests is not completely eliminated since appigations still suf-
fer from useless prefetches. PADC (and APS) is effectiveducing this interfer-
ence in systems with large caches and therefore still padaignificantly better
than the rigid scheduling policies.

Note that PADC is cost-effective for both private and shdasttlevel caches.
For instance, PADC with a 512KB private last-level cacheqoee performs almost
the same as demand-first with a 2MB private last-level caehegre as shown in
Figure 5.28(a). Thus, PADC (which requires only 4.25KB ag®) achieves the
equivalent performance improvement that an additional g MBMB x 4 cores) of

cache storage would provide in the 4-core system.

5.5.11 Effect on Other Prefetching Mechanisms

To show that the benefits of PADC are orthogonal to the priifietcalgo-
rithm employed, we briefly evaluate the effect of our PADC affedent types of
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prefetchers: PC-based stride [1], CZone Delta Correlaf@dC) [59], and the
Markov prefetcher [26]. Figure 5.29 shows the performanug laus traffic results
averaged over all 32 workloads run on the 4-core system wgththree different
prefetchers. PADC consistently improves performance addees bandwidth con-
sumption compared to the demand-first or demand-prefejoaigolicies with all

three prefetchers.
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Figure 5.29: PADC on stride, C/DC, and Markov prefetchers

The PC-based stride and C/DC prefetchers successfullyres@significant
number of memory access patterns as the stream prefetobetttereby increasing
the potential for exploiting row buffer locality. In addi, these prefetchers also
generate many useless prefetches for certain applicafidresefore, PADC signif-
icantly improves performance and bandwidth efficiency witese prefetchers by

increasing DRAM throughput for useful requests and redyithe negative impact
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of useless prefetches.

The performance improvement of PADC on the Markov prefatehehe
least. This is because the Markov prefetcher, which expleinporal as opposed
to spatial correlation, does not work as well as the othefeebers for the SPEC
benchmarks. It generates many useless prefetches whithdesagnificant waste
and interference in DRAM bandwidth, cache space, and meimdgfgr resources.
Furthermore, it does not generate many useful prefetchiesédSPEC benchmarks
and therefore its maximum potential for performance impraent is low. As such,
the Markov prefetcher significantly increases bandwidthstonption and results
in little performance improvement compared to no prefetghas shown in Fig-
ure 5.29. PADC improves the performance of the Markov pofiet (mainly due
to APD) by removing a large number of useless prefetchesavdaiéping the small
number of useful prefetches. PADC improves WS by 2.2% andaesibandwidth
consumption by 10.3% (mainly due to APD) compared to the cehiaist policy.
We conclude that PADC is effective with a wide variety of gtehing mechanisms.

5.5.12 Effect on a Runahead Execution Processor

Runahead execution [8, 55] is a promising technique thdefmiees use-
ful data by executing future instructions that are indeenidf a long latency
(runahead-causing) load instruction during the stall twhehe load instruction.
Because it is based on the execution of actual instructromshead execution can
prefetch irregular data access patterns as well as regoks. oUsually, runahead
execution complements hardware prefetching and resuhggim performance. In
this section, we analyze the effect of PADC on a runaheadegsmr. We imple-
mented runahead capability in our baseline system by augmgeinvalid bits in
the register files for each core. Since memory requests glunnahead modes are
very accurate most of the time [55], we treat runahead ragtles same as demand

requests in DRAM scheduling.

Figure 5.30 shows the effect of PADC on a runahead processanhé 32
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workloads on the 4-core CMP system. Each runahead prochasoexactly the
same parameters as our baseline processor, but it also UiskEslayte runahead
cache to support store-load forwarding during runaheadwian. Adding runa-
head execution on top of the baseline demand-first policyongs system perfor-
mance by 3.7% and also reduces bandwidth consumption by. 3.BBis because
we use a prefetcher update policy that trains existing strpeefetch entries but
does not allocate a new stream prefetch entry on a cache misgydunahead
execution @nly-train). Previous research [52] shows that this policy is best per-
forming and most efficient. Runahead execution with the -drdin policy can
make prefetching more accurate and efficient by capturirggudar cache misses
during runahead execution. These irregular misses trastieg stream prefetch
entries but new, more speculative, stream prefetch entrikésiot be created dur-
ing runahead mode. This not only prevents the prefetchen fyenerating useless
prefetches due to falsely created streams but also imptbeegccuracy and time-
liness of the stream prefetcher since existing streamsragnto be trained during

runahead mode.
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Figure 5.30: Effect of PADC on runahead execution

Figure 5.30 shows that PADC still effectively improves penhance by
6.7% and reduces bandwidth consumption by 10.2% compareditahead CMP
processor with the stream prefetcher and the demand-fitgtypoWe conclude
that PADC is effective at improving performance and bandhviefficiency for an
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aggressive runahead CMP by successfully reducing thefenégice between de-

mand/runahead and prefetch requests in the DRAM controller

5.5.13 Comparison with Dynamic Data Prefetch Filtering andFeedback Di-
rected Prefetching

Dynamic Data Prefetch Filtering (DDPF) [91] tries to elimta useless
prefetches based on whether or not the prefetches werd us#ie past. It records
either the past usefulness of the prefetched address (d?@hef the instruction
which triggered the prefetch) in a table similar to how a teeel branch predictor
stores history information [82]. When a prefetch requestésted, the history table
is consulted and the previous usefulness information id tseletermine whether
or not to send out the prefetch request. Feedback Directf@tehing (FDP) [73]
adaptively adjusts the aggressiveness of the prefetcloedér to reduce its negative

effects.

Recall that PADC has two components: APS (Adaptive PrefSudiedul-
ing) and APD (Adaptive Prefetch Dropping). Both DDPF and Rib@ orthogonal
to APS because they do not deal with the scheduling of ptedstevith respect
to demands. As such, they can be employed together with AP&atomize the
benefits of prefetching. On the other hand, the benefits of BBPP, and APD
overlap. DDPF filters out useless prefetches before thewamé to the memory
system. FDP eliminates useless prefetches by reducinggtiressiveness of the
prefetcher thereby reducing the likelihood that useles$gpch requests are gener-
ated. In contrast, APD eliminates useless prefetches hypdrg themafter they
are generated. As a result, we find (based on our experimamddyses) that APD
has the following advantages over DDPF and FDP:

1. Both DDPF and FDP eliminate not only useless prefetchéslso a
significant fraction of useful prefetches. DDPF removes ynaseful prefetches by
falsely predicting many useful prefetches to be uselesss i§tdue to the aliasing
problem caused by sharing the limited size of the historyetaionong many ad-
dresses. FDP can eliminate useful prefetches when it redbeeaggressiveness of
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the prefetcher. In addition, we found that FDP can be very sfoincreasing the
aggressiveness of the prefetcher when a new phase stactgiexe In such cases,
FDP cannot issue useful prefetches whereas APD would hswredgshem because
it always keeps the prefetcher aggressive.

2. The hardware cost of DDPF for an last-level cache is experssnce
each cache line and MSHR must carry several bits for indetkiagprefetch history
table (PHT) to update the table appropriately. For exanfplea PC-based gshare
DDPF with a 4K-entry PHT, 24 bits (12-bit branch history arddiit load PC bits)
per cache line are needed in addition to the prefetch bit pehe line. For the
4-core system we use, this index information alone accdont36KB of storage.
In contrast, APD does not require significant hardware cest@ have shown in
Section 5.4.

3. FDP requires the tuning of multiple threshold values tottte the ag-
gressiveness of the prefetcher which is a non-trivial oation problem. APD
allows the baseline prefetcherdtwaysbe very aggressive because it can eliminate
useless prefetches after they are generated. As such,sheyaeed to tune multi-
ple different threshold values in APD because the aggressss of the prefetcher

never changes.

To evaluate the performance of these mechanisms, we imptech® DPF
(PC-based gshare DDPF for last-level cache prefetch figd81]) and FDP in our
CMP system. All the relevant parameters (FDP: prefetch raoyuof 90%, 40%,
lateness of 1%, and pollution of 0.5% thresholds and poliutilter size of 4Kbits;
DDPF: filtering threshold of 3, table size of 4K entry 2-bitucers) for DDPF
and FDP were tuned for the best performance with the streafetgher in our
CMP system. Figure 5.31 shows the performance and bus todffiferent com-
binations of DDPF, FDP, and PADC averaged across the 32 walklrun on the
4-core system. From left to right, the seven bars show: 1glbssstream prefetch-
ing with the rigid demand-first policy, 2) DDPF with demandsfipolicy, 3) FDP
with demand-first policy, 4) APD with demand-first policy,BPPF combined with

85



APS, 6) FDP combined with APS, and 7) APD combined with AP&,(PADC).

When used with the demand-first policy, DDPF and FDP impraméopmance by
1.5% and 1.7% respectively while reducing bus traffic by 22&nd 12.6%. In
contrast, APD improves performance by 2.6% while reducugtbaffic by 10.4%.
DDPF and FDP eliminate more useless prefetches than APDingsun less bus
traffic. However, DDPF and FDP eliminate many useful préfescas well. There-
fore, their performance improvement is not as high as APD.
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Figure 5.31: Comparison of PADC with DDPF and FDP with demfrsd

Our adaptive scheduling policy and DDPF/FDP are compleang@ind im-
prove performance significantly when combined togethereMnsed together with
Adaptive Prefetch Scheduling, DDPF and FDP improve peréoree by 6.3% and
7.4% respectively. Finally, the results show that PADC etfirms the combi-
nation of DDPF/FDP and APS which illustrates that Adaptivef€ch Dropping
is better suited to eliminate the negative performancectdfef prefetching than
DDPF and FDP. We conclude that 1) our adaptive schedulirfghtgae comple-
ments DDPF and FDP whereas our APD technique outperformsF2dpid FDP,
and 2) DDPF and FDP reduce bandwidth consumption more th&nbA®they do

so at the expense of performance.

If a prefetch filtering mechanism is able to eliminate alllase prefetches
while keeping all useful prefetches, the demand-prefetpal policy would be

best performing. That is to say, we do not need an adaptiveanestheduling
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policy since all prefetches sent to the memory system woalddeful. However,
it is not trivial to design such a perfect prefetch filteringchanism. As discussed
above, DDPF and FDP filter out not only useless prefetcheslbata lot of use-
ful prefetches. Therefore, combining those schemes withashel-prefetch-equal
does not necessarily significantly improve performanceesthe benefits of useful

prefetches are reduced.

Figure 5.32 shows performance and average traffic when DDBFBP are
combined with demand-prefetch-equal. Since DDPF and FD®ve a significant
number of useful prefetches, performance improvementtisery significant (only
by 2.3% and 2.7% compared to demand-first). On the other HRROBC signifi-
cantly improves performance (by 8.2%) by keeping the benefitiseful prefetches

as much as possible.
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Figure 5.32: Comparison of PADC to DDPF and FDP with demaredepch-equal

5.5.14 Interaction with Permutation-Based Page Interleamg

Permutation-based page interleaving [87] aims to reduaecanflicts by
randomly mapping the DRAM bank indexes of addresses so liegt dre more
spread out across the multiple banks in the memory system.t&thnique signif-
icantly improves DRAM throughput by increasing utilizatiof multiple DRAM
banks (exploiting bank-level parallelism). The increaséitization of the banks

has the potential to reduce the interference between memgnests. However,
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this technique cannot completely eliminate the interfeeehetween demand and
prefetch requests in the presence of prefetching. Any pgédetch scheduling pol-
icy in conjunction with this technique will still have thersa problem we describe
in Section 5.1: none of the rigid prefetch scheduling pebotan achieve the best
performance for all applications since they are not awarprefetch usefulness.

Therefore, PADC is complementary to permutation-basee jpatgrieaving.

Figure 5.33 shows the performance impact of PADC for the 824-work-
loads when a permutation-based interleaving scheme iseapplhe permutation-
based scheme improves system performance by 3.8% over ealirwith the
demand-first policy. This is because the permutation schrethgces row-conflicts

by spreading out requests across multiple banks.
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Figure 5.33: Effect of PADC on permutation-based page lied®ing

APS and PADC consistently work effectively combined witl lermutation-
based interleaving scheme by efficiently managing the fiertence between de-
mands and prefetches based on usefulness of prefetchesar®PBADC improve
system performance by 2.9% and 5.4% respectively comparteetdemand-first
policy with the permutation-based interleaving schemeasoAPADC reduces band-

width consumption by 11.3% due to adaptive prefetch dragpin
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5.6 Summary

This chapter shows that existing DRAM controllers that esgplgid, non-
adaptive prefetch scheduling and buffer management psl@an limit performance
since they do not take into account the usefulness of ptefetjuests. To overcome
this limitation, we propose a low hardware cost Prefetcrafe\DRAM Controller
(PADC), which aims to 1) maximize the benefit of useful prefiets by adaptively
prioritizing them, and 2) minimize the harm caused by usefgsfetches by adap-
tively deprioritizing them and dropping them from the mesogquest buffers. To
this end, PADC dynamically adapts its memory schedulinglaritér management
policies based on prefetcher accuracy. We show that it isyargémechanism that
is effective for a variety of systems and that it is orthoddoareviously proposed

prefetching and prefetch filtering techniques.
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Chapter 6

Prefetch Management for Increasing DRAM
Bank-Level Parallelism (BLP)

This chapter studies how to manage prefetch and demandstsgueon-
chip request buffers to improve DRAM bank-level parallgli¢BLP) in the pres-
ence of prefetching. We propose two techniques [39]. On@isfetch issue policy
that aims to maximize BLP for memory requests of the runnig/iaation on each
core. The other is a request issue policy which tries to mirenthe destructive
interference in the BLP of each application when multiplplegations run together

on a CMP system.

6.1 Prefetch Issue Policy to Increase BLP
6.1.1 Prefetching: Increasing Potential for DRAM BLP

Hardware prefetchers can increase the potential for DRAMP Blecause
they generate multiple memory requests within a short gesfeime. With prefetch-
ing enabled, demand requests and potential future req(esttul prefetches) are
both in the memory system at the same time. This increasenouceent requests

provides more potential to exploit DRAM BLP as shown in thikof@ing example.

Figure 6.1(a) shows a code example frbbguantumwhere a significant
number of useful prefetches are generated by the strearetghefr we used in
Chapter 5. With no prefetching, the demand accesses wouid the sequence:

cacheline addresses A, A+1, A+2, and A+3 (for regede([].state). When prefetch

ing is employed, cache lines to A+1, A+2, and A+3 would be giciied. We as-
sume that the first two accesses (to cache line addressesd A;dr) are mapped to

the same DRAM bank and that the two subsequent accessesZi@Ad A+3) are
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mapped to a different bank.
for(i=0; i<reg—>size; i++)

reg—>node][i].state "=
((MAX_UNSIGNED) 1 << target);

(a) Code example

For reg—>node[].state
Dem x: Demand to address x
Pref x: Prefetch to address x

Overlapped service time
<+

Bank 1 —(Dem A+i Dem A+} Without

""""""""" N refetchin
Bank 0[ Dem AI Dem A+} ! g J

Time i
(b) DRAM service time without pfrefetcher

Overlapped service time !
(s > —p!

| N Saved cycles
Bank 1[{ Pref A+2) Pref A+3 d With

""""""""" Tt TT prefetching
Bank 0[ Dem AIPref A+1j

Time
(c) DRAM service time with prefetcher

Figure 6.1: How prefetching can increase DRAM BLBquantun)

Figure 6.1(b) shows the DRAM service time when the code is@esl
without prefetching. Due to the lookahead provided by thecpssor’s instruction
window, accesses to A+1 and A+2 are slightly overlapped. l@nather hand,
with the prefetcher enabled, if the prefetches reach the ongsystem (DRAM
request buffers) quickly such that the DRAM controller cae all these requests,
the DRAM service time of the prefetches significantly ovprées shown in Fig-
ure 6.1(c). Therefore, overall DRAM service time is sigrafitly improved com-

pared to no prefetching (shown as “Saved cycles” in the figure
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As shown in the example, a hardware prefetcher can incréaspatential
for improving DRAM bank-level parallelism. However, norftyathis potential is
NOT always fully exposed to the DRAM system.

6.1.2 What Can Limit Prefetching’s Benefits?

If an on-chip memory system design does not take DRAM BLP ado
count, it may limit the benefits of prefetching when the tomanber of outstanding
requests allowed in the on-chip memory system is limitedis Thtrue for Miss
Status/Information Holding Registers (MSHRS) that keepskt of all outstand-
ing cache misses in the system. All memory requests mustbirsillocated an
MSHR entry before entering the DRAM request buffers wheey tre considered
for DRAM scheduling. The request remains in the MSHR untvsed by DRAM.
The MSHR structure is complex and therefore costly to ineeda size [79] since
it requires content-associative search. Therefore, tloecetof which requests are
placed into the resource-limited MSHRs and finally into DRA&tuest buffers
significantly affects the amount of BLP exploited by the DRAbNtroller.

For example, the FIFO buffer (which we call the prefetch esjlbuffer)
in the Intel Core design [7] buffers prefetch requests uhely can be sent to the
memory system. This FIFO structure will always send the stigpeefetch request
to the memory system provided that the memory system has fooam additional
request. This design choice can limit the amount of DRAM BiBleited when
servicing the prefetch requests since the oldest prefeialtbe buffer is always sent
first regardless of whether or not it can be serviced in palralith other requests. A
more intelligent policy would consider DRAM BLP when serglprefetch requests

to the memory system.

Figure 6.2 illustrates this problem. Figure 6.2(a) shovesiittial state of the
prefetch request buffer, MSHRs (three entries), and DRAjuest buffers (three
entries per DRAM bank). There is only one outstanding denragdest (Request

1 in the figure). This request is mapped to Bank 0 and just aloobé scheduled
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Figure 6.2: FIFO vs. DRAM BLP-aware prefetch issue policy
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to access DRAM. There are five prefetches in the prefetchastchwuffer. The first
two prefetches will access DRAM Bank 0 and the three subsequefetches will

access DRAM Bank 1. For this example we assume that all thetphes are useful
and therefore will be required by the program soon.

Figure 6.2(b) shows the DRAM service timeline when prefegchre is-
sued into MSHRs in a FIFO fashion. In this case, the demangestgand the two
prefetch requests to Bank O fill up the MSHRs and thereforditieprefetch to
Bank 1 will not be issued until the demand request gets sethldiy DRAM and its
MSHR entry is freed. As a result, BLP is low.

A DRAM BLP-aware issue policy would send a prefetch to Bankst ffol-
lowed by a prefetch to Bank 0. In other words, we can alteip#sue prefetches to
Bank 1 and Bank 0. Using this issue policy, the service ofgicties to Bank 1 can
start earlier and overlap with accesses to Bank 0 as showigurd=6.2(c). There-
fore, BLP increases and overall DRAM service time improv@®(vn as “Saved

cycles” in the figure).

This example provides two insights. Firstmply increasing the number of
outstanding requests in the memory system does not neitggsaan that their la-
tencies will overlapA BLP-unaware prefetch issue policy (to MSHRS) can seyerel
limit the BLP exploited by the DRAM controller. Second, a pim prefetch is-
sue policy that is aware of which bank a memory request wikas can improve
DRAM service time by prioritizing prefetches to differerartks over prefetches to
the same bank.

So far we assumed that all prefetches are useful. Howeyeneiétches are
useless, the BLP-aware prefetch issue policy will not bgfél It may increase
DRAM throughput but only for useless requests. Uselesefokés should be not

issued to the memory system regardless of whether it ineseBEP or not.
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6.1.3 Mechanism: BLP-Aware Prefetch Issue

We propose BLP-Aware Prefetch Issue (BAPI) to maximize BEBs®ful
memory requests exposed to the DRAM controller. BAPI treesénd prefetches
from the prefetch request buffer to the MSHRs such that thabar of different
DRAM banks the requests access is maximized rather thannggetict prefetches

based on FIFO order. To achieve this, the following hardvgagoort is required.

6.1.3.1 Hardware Support

The FIFO prefetch request buffer is modified into the strregulshown in
Figure 6.3. Instead of having one unified FIFO buffer for bufig new prefetch
requests before they enter MSHRSs, BAPI contains multiptesl (one per DRAM
bank) that buffer new prefetch requests. However, to keeptimber of supported
new prefetch requests the same as the baseline and alsotameithe total storage
cost dedicated to prefetch requests, we use mulimaex bufferone per DRAM
bank) and a single, unifigatefetch request storaggructure. An index buffer stores
indexes (i.e., pointers) into the prefetch request stostgecture. The prefetch
request storage structure is a regular memory array thedsywefetch addresses
generated by the prefetcher. Last, therefiea listthat keeps track of free indexes
in the prefetch request storage structure. The index iéfad free list are all FIFO
buffers and all of the buffers have the same number of erdseke baseline unified
FIFO.

When the prefetcher generates a request, the free list mutted. If a free
index exists, the request address is inserted into thetprefequest storage struc-
ture at the index allocated to it. Atthe same time, that indetso inserted into the
appropriate index buffer corresponding to the bank thegtcéfis mapped to. BAPI
selects one index among the oldest indexes from each indfet lbuery processor
cycle. Then, the corresponding prefetch request (i.efefme address) is obtained
from the prefetch request storage and sent to the MSHR a&tlocd the MSHR
allocator successfully allocates an entry for the prefe¢cfuest, the selected index
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Figure 6.3: Hardware structures for BLP-Aware Prefetclués@BAPI)

is inserted into the free list and also removed from the inol&ker.

6.1.3.2 BLP-Aware Prefetch Issue Policy

BAPI, shown in Figure 6.3, decides which prefetch to sencheoMSHR
allocator among the prefetch indexes from each index hulff@nakes its decision
based on the DRAM BLP currently exposed in the memory sysi@nmonitor the
DRAM BLP of requests, the processor keeps track of the nurabeutstanding
requests (both demands and prefetches) in the MSHRs selgdmateach DRAM
bank. To accomplish this, we use a counter for each DRAM beaked MSHR
bank occupancy countewhich keeps track of how many requests to that bank
are currently present in the MSHRs. When a demand/prefeighest is allocated
an MSHR entry, its corresponding bank occupancy counterciemented. When
a request is serviced and its MSHR is freed, the correspgniolamk occupancy

counter is decremented.

The key idea of BAPI is to select the next prefetch to place ihe MSHRs
by examining MSHR bank occupancy counters such that thetseleequest im-
proves the potential DRAM BLP. To do so, one would choose &efuok request to

the bank whose MSHR bank occupancy counter is the smallesteter, we found
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that this policy alone is not enough to expose more BLP to tRAM controller
for all applications. There are a large number of applicagitor which a prefetcher
generates many prefetches to just a single bank but almgsefetches to the other
banks during a phase of execution (especially for streamyomijcations). For such
applications, the issue policy based on MSHR occupancyeadtt ends up filling
the MSHRs with requests to only one bank. This results in trablems. First, it
results in no BLP improvement because the prefetches/desrtarother banks that
are soon generated cannot be sent to the memory system bd¢baudSHRs are
already full. Second, the MSHRs can be filled up with prefescand thus demands
that need MSHR entries can be delayed.

To prevent this problem, BAPI uses a thresheld; fetch_send_threshold
to limit the maximum number of requests to a single bank thatlze outstanding
in the MSHRs. This policy reserves room in the MSHRs for rexisi¢o other
banks when most requests being generated are biased tofgusbanks. Because
many applications exploit row buffer locality in DRAM banksince the access
latency to the same row accessed last time is relatively,|daying too low a
threshold can hurt performance by preventing many of théulipeefetches to the
same row from being row hits (because the row may be closedd#ie remaining
prefetch requests arrive). On the other hand, having tolo aithreshold will result
in no BLP improvement as the MSHRs may get filled with accessemly few
banks. Therefore, balancing the threshold is importanhigh performance. We
empirically found that a value of 27 (when the total numbeM&HR entries is 32)
for prefetch_send_threshold provides a good trade-off for SPEC benchmarks by
exploiting BLP without constraining the row-buffer lodgliof requests.

Rule 3 summarizes our prefetch issue policy to MSHRs.

6.1.3.3 Adaptive Thresholding Based on Prefetch Accuracy

Prefetching does not work well for all applications or allagles of a sin-

gle application. In such cases, performance improvemekdws(or may even

97



Rule 3BLP-Aware Prefetch Issue policy (BAPI)

for each issue cycldo
1. Make the oldest prefetch to each banklid only if the cor-
responding M SH R_bank_occupancy_counter value is less than
prefetch_send_threshold.
2. Among those valid prefetches, select the request to timk bdose
M S HR_bank_occupancy_counter value is least.

end for

degrade) since useless prefetches will eventually be catyiresulting in artifi-
cially high BLP and wasted DRAM bandwidth. To mitigate thrsiplem, our BLP-
aware adaptive prefetch issue policy limits the number efgiches allowed in the
MSHRs by dynamically adjustingre fetch_send_threshold based on the run-time
prefetch accuracy estimation described in Section 5.2His maturally limits the
number of prefetches sent to memory when prefetch accusatyw. This im-
proves performance for two main reasons: 1) it reserves muane in the MSHRs
for demands, thereby reducing contention between demaneests and useless
prefetches and 2) it effectively stalls the prefetcher frgemerating more useless

prefetches since the prefetch request buffer will quicldgdme full.

BAPI dynamically adjustprefetchsendthresholdfor each core based on
the estimated prefetch accuracy in the previous intenfdhd estimated accuracy
is very low, a lowprefetchsendthresholdvalue is used, which severely limits the
number of useless prefetches sent to each bank. We emlyificahd that three

levels ofprefetchsendthresholdwork well for SPEC workloads.

6.2 Preserving DRAM Bank-Level Parallelism in CMP systems

BLP-Aware Prefetch Issue (BAPI) increases the potentidDBAM BLP
for individual applications on each core. In order for the ANR controller to ex-
ploit this potential, the increased BLP should be exposeth¢oDRAM request
buffers. However, in CMP systems, multiple cores sharespzrthe on-chip mem-
ory system. In our CMP system described in 6.3.2, the DRAMrodler (S) is
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(are) shared by all cores. Therefore, requests from diffeceres contend for the
shared DRAM request buffers in the DRAM controller. Due tts ttontention, a
BLP-unaware Last-Level Cache-to-DRAM Controller (LLGIXC) request issue
policy can destroy the BLP of an individual application.

6.2.1 What Can Destroy BLP of Applications Running Togethe?

Figure 6.4 describes this problem. Figure 6.4(a) showgtitialistate of the
last-level cache (LLC) miss buffers of two cores (A and B) #mel DRAM request
buffers for two DRAM banks. Each core has potential to berfiefih BLP in that
one request of each core goes to Bank 0 and the other goeskdBa&he LLC-to-
DC request issuer chooses a single request from the LLC mféréto be placed

in the corresponding DRAM request buffer every cycle.

When a round-robin policy is employed in the LLC-to-DC reguissuer,
for each cycle, a request from a different core is issuedDRAM request buffers
and the cores are prioritized in a round-robin order. If sacpolicy is used as
shown in Figure 6.4(b), Core A's request to Bank 0 is sent &®©@DRAM request
buffers the first cycle and Core B’s request to Bank 1 is seatnidxt cycle. The
DRAM controller based FR-FCFS [66, 76] would service thesguests (AO and
B1) from different cores concurrently because they are tdest in each DRAM
bank request buffer. This results in the destruction of thé Botential of each
core because requests from the same core are servicedysestdad of in parallel.
Hence, the full latency of each request is exposed to eacharwt therefore each
core stalls for approximately two DRAM bank access latesicie

On the other hand, a BLP-preserving LLC-to-DC request iggliey would
send all the requests from one core first as shown in Figuie)6.Zherefore, the
DRAM controller will service Core As requests (A0 and Al)rarrently since
they are the oldest in each bank. The requests from Core Ealsdl be serviced in
parallel, after Core As requests are complete. In this daseBLP potential of each

core is realized by the DRAM controller. The service of Cote r&quests finishes
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much earlier compared to the round-robin policy becauses @8 requests are
overlapped. Core A stalls for approximately a single DRAMbaccess latency
instead of two and core B’s stall time does not change mucterefare, overall

system performance improves because Core A can make fasggeps instead of
stalling.

This example shows that a round-robin-based LLC-to-DC estjissue pol-
icy can destroy the BLP within an application by conseclyiy@acing requests
from different cores into the DRAM request buffers. As suttie DRAM con-
troller may not be able to exploit the BLP potential of eacplagation, which ulti-
mately results in performance degradation. To ensure tat application makes
fast progress with its DRAM requests serviced in parallstead of serially, the

LLC-to-DC request issuer should preserve the BLP of reguesm each core.

6.2.2 Mechanism: BLP-Preserving Multi-core Issue

BLP Preserving Multi-core Request Issue (BPMRI) tries tmimize the
destructive interference in the BLP of each application @MP system. The basic
idea is to consecutively send many memory requests from oreeto the DRAM
request buffers so that the BLP of that core (or applicatar) be preserved in
the DRAM request buffers for DRAM scheduling. If requestsnira single core
arrive consecutively (back-to-back) into the DRAM requiestfers, they will be
serviced concurrently as long as the requests span muligl&M banks, thereby
preserving the BLP within the individual application. Naék&t our first technique,
BAPI, already increases the likelihood that outstandingnowy requests of a core
are to different banks; hence, BAPI and BPMRI are synemisti

BPMRI continues issuing memory requests from a single acueeDRAM
request buffers until the number of consecutive requestsreaches a threshold,
request_send_threshold, or there are no more requests in that core’s LLC miss
buffer. When this termination condition is met, BPMRI chessinother core and

repeats the process. BPMRI selects the next core based ombowery intensive
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each application is. It prioritizes the core (applicatidndt is the least memory
intensive. To do this, BPMRI monitors the number of requésés come into the
LLC miss buffer during predetermined intervals using a deum.LC miss counter
for each core. At the start of an interval, BPMRI ranks eaate dmsed on the ac-
cumulated LLC miss counters (computed during the previotesval) and records
the rank in a registerank register for each core. The core with the lowest value
in its LLC miss counter is ranked the highest. The rank deit@echfor each core is
used to select the next core (upon meeting a terminationicomdduring that in-
terval. The LLC miss counters are reset each interval totdape phase behavior

of applications. Rule 4 summarizes the BPMRI policy.

Rule 4 BLP-Preserving Multi-core Request Issue policy (BPMRI)
A valid requests a request in a core’s LLC miss buffer that has a free entry in
the corresponding bank’s DRAM request buffer.

for each issue cycldo
next core «— previous core
condl«+ no valid requests inext core’sLLC miss buffer
cond2 « consecutive requests fronext core >= threshold
if cond1 OR cond2 then

next core < highest ranked core with valid request

end if
issue oldest valid request fronext core

end for

We choose to limit the maximum number of consecutive regusstt and
also choose to prioritize memory non-intensive applicaisince an uncontrolled
“one core-first policy” can lead to the starvation of memopnsntensive appli-
cations. If a memory intensive application continuousiypgates many requests,
once those requests start to be issued into the DRAM requéfsts) requests from
other applications may not get a chance to enter the DRAMasitpuffers. Lim-
iting the maximum number of requests consecutively semhfeosingle core al-
leviates this problem. In addition, the performance impafctelaying requests
from a memory non-intensive application is more signifidhan delaying requests

from a memory intensive application. Therefore, priorig requests from mem-

102



ory non-intensive applications (ranking) leads to bettarall system performance.
Note that this approach is similar to the shortest-job-fidicy in that it prioritizes
shorter jobs (memory non-intensive cores that spend lessiti the memory sys-
tem) from the point of view of the memory system. The sho+@istfirst policy
was shown to lead to optimal system throughput [70].

6.3 Experimental Methodology
6.3.1 Metrics

To measure CMP system performance, we use Individual Spe@&,
Weighted Speedup (WS), and Harmonic mean of Speedups (H)hwre de-
fined in Section 5.3.1. We also use prefetch accuracy (AC@feprh coverage
(CQOV), bus traffic, and instruction window Stall cycles Peald instruction (SPL)
as defined in Section 5.3.1 to analyze the performance of dehamisms .

To measure the degree of BLP exploited by the DRAM contra@jleantita-
tively, we define a BLP metric. We define DRAM BLP as the avenagmber of
DRAM banks which are busy (servicing a request) when at leastbank is busy.
More formally, BLPF; is defined as the number of DRAM banks that are servicing
a request in Cycle. ! BUSY; is set to one when at least one bank is servicing
a request in Cycle and reset when no bank is servicing any requests. We define

Aggregate BLPf an application’s total execution as follows:

2.i BLP;

A te BLP = ———
ggregate S BUSY,

IMore precisely, a DRAM bank can service multiple row hitshet same time to support back-
to-back data transfers as discussed in Section 2.1. Hoyweeexssume that only the last request is
being serviced in this case to simplify the metric.
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6.3.2 System Model

We use a slightly different configuration of the x86 systendeidrom the
one in Section 5.3.2 for the experimental evaluation of Biviare request issue
policies. The baseline configuration of each core is showmaile 6.1 and the
shared resource configuration for single, 4, and 8-coreesystis shown in Ta-
ble 6.2. Our simulator also models a DDR3-1600 DRAM systendetail and
Table 6.3 shows the DDR3 DRAM timing specifications used forevaluations.

Out of order; decode/retire up to 4 instructions,
Execution core| issue/execute up to 8 microinstructions; 15 stages
256-entry reorder buffer; 32-entry MSHRs

Fetch up to 2 branches; 4K-entry BTB;

64K-entry gshare/PAs hybrid branch predictor

L1 I and D: 32KB, 4-way, 2-cycle, 1 read/write ports;
On-chip caches Unified last-level: 512KB (1MB for 1-core), 8-way, 8-ban
15-cycle, 1 read/write port; 64B line size for all caches
Stream prefetcher: 32 stream entries,

Prefetcher | prefetch degree of 4, prefetch distance of 64 [77, 73],
128-entry prefetch request buffer

Front end

-~

Table 6.1: Baseline configuration of each core for BLP-aussee policies

800MHz DRAM bus cycle, DDR3 1600MHz [49],
8 to 1 core to DRAM bus frequency ratio;
8B-wide data bus per channel, BL = 8; 1 rank,

8 banks per channel, 8KB row buffer per bank;
On-chip, open-row, demand-first [36] FR-FCFS [66]
1, 2, 4 channels for 1, 4, 8-core CMPs;
64-entry (8x 8 banks) for single-core processor
256 and 512-entry (1& 8 banks per channel)
for 4 and 8-core CMPs

DRAM and bus

DRAM controllers

DRAM request
buffers

Table 6.2: Baseline shared resource configuration for BlvBra issue policies

6.3.3 Workloads

We use the same methodology for compiling and running theCSR&rk-
loads as in Section 5.3.3. The characteristics of the 14 mestory intensive SPEC
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\ Latency | Symbol | DRAM cycles |

Precharge trp 11
Activate to read/write trcD 11
Read column address strobe (CAS) C'L 11
Write column address strobe (CA$) CW L 8
Additive AL 0
Activate to activate tro 39
Activate to precharge tRAS 28
Read to precharge trTP 4
Burst length tBL 4
CASto CAS tcep 4
Activate to activate (different bank)) trrp 4
Four activate windows trAw 24
Write to read twTR 4
Write recovery twr 12

Table 6.3: DRAM timing specifications for BLP-aware issudiges

benchmarks with and without the stream prefetcher on thelin@ssingle-core sys-
tem model (in Section 6.3.2) are shown in Table 6.4. To evaloar mechanism on
CMP systems, we formed combinations of multiprogrammedkisads from all

the 55 SPEC 2000/2006 benchmarks. We ran 30 and 15 pseudioannchosen

workload combinations for our 4 and 8-core CMP configuratiozspectively. We
imposed the requirement that each of the multiprogramme#loads have at least
one memory intensive application since these applicatoasnost relevant to our
study. We consider an application to be memory intensivésitdst-level cache

Misses Per 1K Instructions (MPKI) is greater than 5.

6.4 Implementation and Hardware Cost of BLP-Aware Issue
Policies

For evaluations of BAPI, we usee fetch_send_threshold values based on
the run-time prefetcher accuracy as shown in Table 6.5. Weauglue of 10 for
request_send_threshold for BPMRI. The estimation of prefetch accuracy and rank
recording is performed every 100K processor cycles. Thakesg were empirically
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| No prefetcher || Prefetcher

Benchmark | Type || IPC| MPKI | BLP || IPC| MPKI | BLP | ACC(%) | COV(%)

171.swim FPOO || 0.29| 27.58| 2.60 | 0.61| 10.81| 3.58| 99.95 60.79

178.galgel FPOO || 1.05| 12.62| 3.78| 0.93| 11.53| 3.35| 23.98 12.50

179.art FPOO || 0.14| 130.80| 1.25| 0.13| 106.74| 1.60| 46.76 18.40

183.equake FPOO || 0.48| 19.89| 1.29 | 1.08 0.78 | 1.89| 94.76 96.06

189.lucas FPOO || 0.48| 10.61| 1.60 || 0.62 3.01| 1.60| 7281 71.62

429.mcf INTO6 | 0.12| 39.08| 1.86| 0.13| 36.03| 1.98| 23.00 11.13
410.bwaves FPO6 || 0.58| 18.71| 1.56 || 1.25 0.08| 1.69| 99.96 99.57
433.milc FPO6 || 0.40| 29.33| 140 0.35| 21.13| 1.94| 20.24 27.96

437.leslie3d FPO6 || 0.46| 21.14| 1.64 | 0.76 206 | 2.20| 88.25 90.39

450.soplex FPO6 || 0.36| 21.52| 1.37 || 0.64 3.58| 1.84| 81.83 83.40

459.GemsFDTD| FPO6 || 0.42| 16.29| 2.27 || 0.81 1.95| 2.80| 90.36 88.04

462.libquantum| INTO6 || 0.45| 13.51| 1.01 | 1.03 0.00| 1.19| 99.98 99.99

470.Ibm FPO6 || 0.36| 20.16| 2.12 || 0.40 746 | 1.91| 92.37 63.01

471.omnetpp | INTO6 | 0.39| 11.47| 1.46| 0.39 9.89| 1.77| 11.40 19.84

Table 6.4: Characteristics of 14 memory-intensive SPEC:arks for BLP-
aware issue: IPC, MPKI (last-level cache misses per 1Kunstms), BLP, ACC
(prefetch accuracy), COV (prefetch coverage)

determined by simulations.

Prefetch accuracy (%) || 0-40| 40-85| 85 - 100
prefetch_send_threshold 1 7 27

Table 6.5: Dynamigrefetch_send_threshold values for BAPI

Table 6.6 shows the storage cost for our implementation d?Béd BPMRI.
The total storage cost for the 4-core system described ile$#&b1 and 6.2 is 94,440
bits (~11.5KB), which is equivalent to only 0.6% of the last-levathe data stor-
age. Note that the additional FIFOs (for index buffers ame fiists) and prefetch
bits account for 99% of the total storage. FIFOs are made@ilae memory ar-
rays and index registers (pointers to the head/tail) ancetbee the actual design
cost/effort is not expensive.

None of the issuing logic for BAPI or BPMRI is on the criticahph of
execution. Therefore, we believe that our mechanism is &agyiplement with
low design cost/effort.
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. . Cost for
Structure Cost equation (bits) A-core
N, N, N,
Index buffer core 2 Nehannel X Nbank | g7 344
XNbuffeT X lOQQNbuffer
Free list Neore X Nbuffer X logQNbuffer 3,584
MSHR bank Ncm‘e X Nchannel X Nbank
384
occupancy counter X (logaNysar + 1)
BAPI Prefetch bit Neore X (Niine + Nyrsur) 32,896
Prefetch sent counter Neore X 16 64
Prefetch used counter Neore X 16 64
Prefetch accuracy
register Neore x 8 32
BPMRI LLC miss cgunter Neore X 16 64
Rank register Neore X 1092 Neore 8
Total storage cost for the 4-core system in Table 6.1 and 6.2 94,440
Total storage cost as a fraction of the lat-level cache capacity 0.6%

Table 6.6: Hardware storage cost of BAPI and BPMRY;{., Neores NysaR,
Nyugfers Nenannets Noank: NUMber of last-level cache lines, cores, MSHR entries,

prefetch request buffer entries, DRAM channels, DRAM bgpdschannel)

6.5 Experimental Evaluation and Analysis on BLP-Aware Isse
Policies

We evaluate the performance of BLP-Aware Prefetch IssueP(BAand
BLP-Preserving Multi-core Request Issue (BPMRI) in thisteam. We first an-
alyze only BAPI on the single-core system in Section 6.5ntesiBPMRI works
only for in multi-core systems. We study both BAPI and BPMRI multi-core

systems in the following sections.

6.5.1 Single-Core Results

We evaluate BLP-Aware Prefetch Issue (BAPI) in this sectiBecall that
BAPI aims to increase the BLP potential of a single applarativhether the ap-
plication is running alone on a single core machine or rugnagether with other
applications on a CMP system. To eliminate the effects @riapplication inter-

ference, we first evaluate BAPI on our single core system.
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Figures 6.5 and 6.6 show IPC, DRAM BLP, stall cycles per loedruction
(SPL), and bus traffic for the 14 most memory intensive beraskewhen we use
1) no prefetching, 2) the baseline with stream prefetchusing the FIFO prefetch
issue policy), 3) BAPI with a static threshold (BAPI-statieand 4) BAPI (with
adaptive thresholding; BAPI-dynamic or simply BAPI). BA§tatic uses a single
constant value foprefetchsendthresholdwhich is set to 27 empirically, whereas
BAPI-dynamic varies this threshold based on the accurachefprefetcher (as
shown in Table 6.5). IPC is normalized to prefetching with Haseline issue poli-

cies.

On average, BAPI-dynamic improves performance over thelles by
8.5%. This improvement is due to two major factors: 1) inseshDRAM BLP
of prefetches in phases where the prefetcher works well, 2adichiting the issue
of prefetches for applications or phases where the predetshinaccurate. These

two factors are analyzed in detail below.

6.5.1.1 Analysis

Both BAPI-static and dynamic improve performance for theenlieftmost
benchmarks shown in Figure 6.5(a). These benchmarks goeséditch friendly as
can be seen in Figure 6.6: most of the prefetches are usédihl fnefetch accuracy)
and these useful prefetches cover a majority of the totalttaic (high prefetch
coverage).

BAPI increases performance over baseline prefetching ipp€rg more
DRAM BLP of prefetches to the DRAM controller. As shown in Eig 6.5(b),
BAPI increases BLP for these nine applications and theeefimproves DRAM
throughput. This leads to significant reductions in stattleg per load (SPL) as
shown in Figure 6.5(c). DRAM throughput improvement alssdeto high prefetch
coverage. Since MSHR entries are freed sooner due to beRénDthroughput,
more prefetches are able to enter the memory system whicloirep prefetcher

coverage. This is best illustrated by the increase in uggéfetches with BAPI for
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Figure 6.5: Performance, BLP, and SPL of BAPI on single-system
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swimandlbm as shown in Figure 6.6.

Note that forlom, baseline prefetching with FIFO issue degrades DRAM
BLP while improving performance by 10.9% compared to no giefing. Lbm
consists of multiple sequential memory access streamsioeand therefore it ex-
ploits DRAM BLP even without prefetching. The stream prefetr is beneficial by
bringing in many cache lines earlier than needed; hencegtaves performance.
However, this is done in a BLP inefficient way due to the FIF@fgich issue pol-
icy as described in Section 6.1.2. In other words, the FIF€gbch issue policy
significantly limits the DRAM BLP potential fobm by filling up the MSHRs with
prefetch requests that span just a few banks even though #nermany younger
prefetches to other free DRAM banks waiting in the prefeteguest buffer. As
a result, the prefetcher’s performance improvement idivelly small compared to
the other prefetch friendly benchmarks. BAPI mitigates fhroblem by prioritizing
prefetches to different banks, thereby improving DRAM BLyP15.1% and overall
performance by 27.9% compared to the FIFO issue policy.
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Figure 6.6: Bus traffic of BAPI on single-core system

6.5.1.2 Adaptivity to Usefulness of Prefetches

On the other hand, for the five rightmost benchmarks, BARIlistdoes

not improve performance over the baseline. As shown in [Eigu6, the stream
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prefetcher does not work well for these benchmarks: it getesra large number
of useless prefetches which unnecessarily consume orbalffgr/cache resources
and DRAM bandwidth. As shown in Figure 6.5(a), prefetchirghdes perfor-
mance forgalgel, art andmilc compared to no prefetching. BAPI-static does not
help these benchmarks either since the useless prefetehsslleserviced. In fact,

for galgel, art andmilc, BAPI-static increases the number of useless prefetches du
to increased DRAM throughput as shown in Figure 6.6. Thus?-Blvare prefetch

issue alone does not help performance when prefetch agcigriomv.

BAPI-dynamic alleviates the problem of useless prefetdiyelimiting the
number of prefetches issued into the MSHRs when the prefegdnerates a large
number of useless prefetches. As a result, MSHR entries tauiokly fill up
with useless prefetches and thus can be used by demandtsedli@s mechanism
causes the prefetch request buffer to fill up, thereby stalthe prefetcher. As
shown in Figure 6.6, BAPI-dynamic eliminates a large nundbeiseless prefetches
and reduces total bus traffic by 5.2% on average. BAPI-dyoainnost recovers
the performance loss due to useless prefetchegdtgel and art, and improves
performance for botimilc andomnetppby 6.6%.

6.5.1.3 Adaptivity to Phase Behavior

BAPI (or BAPI-dynamic) adapts to the phase behaviofuaks, leslie3d,
soplex, GemsFDTPandIbm. While most of the time the prefetcher generates
useful requests, in certain phases of these applicatiogsniérates many useless
prefetches. BAPI-dynamic improves performance for thesschmarks by adap-
tively adjustingpre fetch_send_threshold which removes many useless prefetches

while keeping the useful ones as shown in Figure 6.6.

We conclude that BAPI significantly improves performancg 86%) by
increasing DRAM BLP (by 11.7%) while also reducing memong litaffic (by

5.2%) in the single-core system.
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6.5.1.4 Sensitivity to MSHR Size

Thus far we have assumed that each core has a limited numibégeR
entries (32) because MSHRs are costly to scale since thayeszpmplex associa-
tive search [79]. In this section, we study the effect of @ahniques with various
MSHR sizes. We varied the total number of MSHR entries from 336 and mea-
sured the average IPC (gmean) for the 14 most memory-ivemginchmarks as
shown in Table 6.7. To isolate the effect of limited MSHRs, agsume that there
is an unlimited number of DRAM request buffer entries fosstekperiment (this is
why the IPC improvement of BAPI with a 32-entry MSHR is difet from that
shown in Section 6.5.1). The valuesofe fetch_send_threshold are empirically
determined for both BAPI-static and BAPI separately forre®tSHR size to pro-
vide the best performance.

MSHR entries 8 16 32 64 128 256
Storage cost 0.6KB | 1.3KB | 2.5KB | 5.1KB | 10.1KB | 20.3KB
no-pref IPC 0.36 0.38 0.38 0.38 0.38 0.38

pref (base) IPC 0.43| 0.50| 0.53| 0.56 0.59 0.58
bapi-static IPC 0.47| 0.54| 057 0.59 0.59 0.58
bapi IPC 0.48| 055 059 0.60 0.61 0.61
bapi-static’s IPCA | 85% | 9.1%| 7.8%| 4.0% 0.0%| -0.1%
bapi's IPCA 10.5%| 10.3%| 10.0%| 6.4% 3.0% 4.3%

Table 6.7: Average IPC performance of BAPI with various MSsiRes

We make three major observations. First, as the number of RI8ktries
increases, the performance of baseline prefetching isesesince more BLP is ex-
posed in DRAM request buffers. The performance improversahirates at 128
entries because the DRAM system itself becomes the perfareiaottieneck when
a high level of BLP is exposed. In fact, increasing the MSH#@ $iom 128 to 256
entries slightly degrades performance because more gsgglefetches of some ap-
plications (especiallyart andmilc) enter the memory system (due to the large num-
ber of MSHR entries) causing interference with demand rsguleoth in DRAM
and in caches.
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Second, both BAPI-static and BAPI (with dynamic threshadgicontinue
to improve performance up to 64-entry MSHRs since they expuoere BLP of
prefetches to DRAM request buffers. Even though BAPI-s&performance sat-
urates at 64 MSHR entries, BAPI improves performance wit@ 42d 256-entry
MSHRs because it continues to expose higher levelsefulBLP without filling
the memory system with useless prefetches. Its ability apadely expose useful
BLP to the memory system and thereby more efficiently utilim MSHR entries
makes BAPI best-performing regardless of MSHR size.

Finally, BAPI with a smaller MSHR achieves the benefits ofgn#icantly
larger MSHR without the associated cost of building one: BMARh 32-entry
MSHRs performs as well as the baseline with 128-entry MSH&Rsiilarly, BAPI
with 16-entry MSHRs performs within 1% of the baseline with-@éntry MSHRs.
Note that BAPI requires very simple extra logic and FIFOstinees (~2KB storage
cost for the single-core system) whereas increasing théoruof MSHR entries is
more costly in terms of both latency and area due to two reapd]: 1) MSHRs
require associative search, 2) MSHRs require the storagadife line data. We
conclude that BAPI is a cost-effective mechanism that effity uses MSHRs and
therefore provides higher levels of BLP without the costasfe MSHRs.

6.5.2 4-Core Results

In this section, we evaluate BLP-Aware Prefetch Issue (BAid BLP-
Preserving Multi-core Request Issue (BPMRI) when emplagegther in the 4-
core CMP system. To provide insight into how our mechanisroskywe begin
with a case study.

6.5.2.1 Case Study

We evaluate a workload consisting of four prefetch-frign@digh prefetch
accuracy and coverage) applications to show how our mesimsnurther improve
the benefits of prefetching and thus system performance pyowvng and preserv-
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ing DRAM BLP. Figure 6.7 shows performance metrics wiibquantum, lucas,
soplexandGemsFDTDrun together on the 4-core system.
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Figure 6.7: Performance of BLP-aware issue policies fofgiol-friendly work-
load

As shown in Figure 6.7(b), prefetching with the baselinaugsgolicies
(FIFO prefetch issue and round-robin LLC-to-DC requestegsmproves WS by
23.5% compared to no prefetching. This increase is due tepdn®rmance im-
provement ofibquantum, soplexandGemsFDTD The performance dficasac-
tually degrades even though baseline prefetching imprpee®rmance fotucas
on the single-core system (as shown in Section 6.5.1). Téreréwo reasons for
this. First, the baseline round-robin LLC-to-DC issue ppldestroys the BLP of
requests fotucasthe most among the four applications. Sirgeasis the least

114



memory intensive (as shown in Table 6.4) of the four appbees, the issue ai-
cass requests to DRAM request buffers is relatively infrequeampared to the
others. As a result, Ijucass requests starve behind more intensive applications’
requests in the LLC miss buffer andlBtass BLP is more easily destroyed because
requests from other applications intervene betwleeass requests when a round-
robin issue policy is used. Second, although amenable fetpheng in general, the
prefetch accuracy diicasis not as good compared to the other applications, and

thereforducassuffers the most from useless prefetches (as shown in $e:601).

BPMRI alleviates the first problem as shown in Figures 6. &@) (d).
BPMRI rankslucass requests highest becauseasis the least memory intensive
application among the four. Whenever BPMRI needs to chdosenéxt core to
issue requests fronhjcasgets prioritized and its requests are issued consecutively
into the DRAM request buffers. Thereforeicass starvation is mitigated and its
BLP is preserved. BPMRI regains the performance lost dueaselne prefetch-
ing as shown in Figure 6.7(a). BPMRI also significantly im@®ethe performance
of the other three benchmarks by preserving the BLP of eaplicapion, thereby
improving WS and HS by 12.0% and 11.3% respectively compiaréuke baseline.

BAPI mitigates the second problemlatas As discussed in Section 6.5.1,
BAPI adapts to the phase behaviorlo€as when the prefetcher generates many
useless prefetches, BAPI limits the issue of prefetchesliyereducing many of
the negative effects of prefetching. On the other hand, B&Pbses more BLP of
prefetches to the memory system when the prefetcher is aecurherefore, BAPI
increases performance frcasas well as the other three applications, improving

WS and HS by 9.4% and 7.9% compared to baseline prefetching.

When BPMRI and BAPI are combined, the performance of eaclicaion
further improves as each application’s SPL is reduced awshio Figure 6.7(d).
BAPI increases each application’s BLP potential and BPMiREerves this BLP
thereby allowing the DRAM controller to exploit it. As a rdsuUNS and HS im-
prove by 19.4% and 17.4% respectively compared to the lmasptefetching with
BLP-unaware request issue policies.
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6.5.2.2 Overall Performance

Figure 6.8 shows the average system performance and bfis toafall 30
4-core workloads. When employed alone, BAPI improves ae@erformance
(WS) by 9.1%, BPMRI by 4.6% compared to the baseline. Conbingether,
BAPI and BPMRI improve WS and HS by 11.7% and 13.8% respdygtisBowing
that the two techniques are complementary. Bus traffic sra@duced by 5.3%. The
performance gain of the two mechanisms are due to 1) inaldaB&AM BLP pro-
vided by intelligent memory issue policies, 2) reduced wastDRAM bandwidth

and on-chip cache space due to limiting the number of usplesstches.
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Figure 6.8: Performance of BLP-aware issue policies onré-sgstem

6.5.3 8-Core Results

Figure 6.9 shows the average system performance and biis faafthe
15 workloads we examined on the 8-core system. BAPI and BPI&&till very
effective and significantly improve system performancemBmed together, they
improve WS and HS by 10.9% and 13.6%, while reducing bus ¢rafji 2.9%.
In contrast to the 4-core system where BAPI alone providgthdr performance
than BPMRI alone, BPMRI alone improves performance more BAPI| alone.
This is because as the number of cores increases, destruttirference in each

application’s BLP also increases, and reducing this ieterice becomes a lot more
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important.
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Figure 6.9: Performance of BLP-aware issue policies onrg-sgstem

We conclude that the proposed techniques are effectivenmstef both per-
formance and bandwidth-efficiency for a wide variety of nputigrammed work-

loads on both 4-core and 8-core systems.

6.5.4 Effect on Other Prefetching Mechanisms

We evaluate our mechanisms on two different types of preétc GHB
(Global History Buffer)-based CZone Delta CorrelationC)) [59] and PC-based
stride [1]. Both the C/DC and stride prefetchers accuratalgture a substantial
number of memory accesses that are mapped to different DR&M4) just as the
stream prefetcher does. Therefore, BAPI and BPMRI imprggé&esn performance
compared to the baseline (WS: 10.9% and 5.4%, for C/DC aidkstespectively)
as shown in Figure 6.10. Our techniques also reduce bustigfiél.7% and 2.9%
for C/DC and stride respectively. To conclude, our propasaffective for a variety

of state-of-the-art prefetching algorithms.

6.5.5 Comparison with Parallelism-Aware Batch DRAM Schedling

Parallelism-Aware Batch Scheduling (PAR-BS) [54] aimsrtgrove per-
formance and fairness in DRAM request scheduling. It treesdrvice memory
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Figure 6.10: BLP-aware issue policies with stride and C/D€&fgichers
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requestsn the DRAM request buffefsom the same core concurrently so that the
DRAM BLP of each application is preserved in DRAM scheduliigerefore, just
like other scheduling mechanisms, the amount of BLP exgudily PAR-BS is also
limited by the number of requests to different banks in DRAMuest buffers.

BAPI complements PAR-BS: it increases the number of preégdo dif-
ferent banks and PAR-BS can exploit this increased leveléf ® improve perfor-
mance further. BPMRI also complements PAR-BS even thougin bienefits par-
tially overlap. If an application’s requests to differeiatrtks are not all in the DRAM
request buffers, PAR-BS cannot exploit the full BLP of eappleation. BPMRI,
by consecutively issuing an application’s requests froenlthC miss buffer to the
DRAM request buffers, increases the probability that eqaglieation’s requests to
different banks are all in the DRAM request buffers. HenceMRI increases the
potential of each application’s BLP that can be exploitedPBjR-BS.

In addition, by consecutively issuing requests from a caekkto-back
into the DRAM request buffers, BPMRI enablasy DRAM controller to service
those requests in parallel. Hence, a first-come-first-seaged DRAM controller
combined with BPMRI can preserve each application’s BLmaeut requiring the
DRAM controller to be BLP-aware.

To verify this, we implemented PAR-BS tuned for best perfante for our
4-core workloads. Figure 6.11 shows the performance of &lbze prefetching
with our baseline FR-FCFS DRAM scheduling policy which exd row-buffer
locality [66], 2) PAR-BS, 3) BPMRI, 4) PAR-BS with BPMRI, 5AR-BS with
BAPI, 6) PAR-BS with BAPI and BPMRI, and 7) BAPI and BPMRI.

BPMRI’'s performance gain is equivalent to that of PAR-BSwhe round-
robin LLC-to-DC issue policy) since it successfully preses the BLP of each ap-
plication and makes the simple FR-FCFS DRAM schedulingcgdbehave simi-
larly to PAR-BS. When combined with PAR-BS, BPMRI improve$\and HS by
an additional 1.9% and 1.4% by better preserving the BLP gfiests from each
application. BAPI along with PAR-BS significantly improvédse performance of
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Figure 6.11: Comparison of BLP-aware issue policies witiRFARS

PAR-BS (WS and HS improve by 7.1% and 7.3% respectively) se8API ex-
poses more BLP potential of each application in the DRAM et buffers for
PAR-BS to exploit. To conclude, our mechanisms 1) compldrRAR-BS, and 2)
enable parallelism-unaware DRAM controllers to achievrilgir performance as
PAR-BS.

6.6 Combination of Prefetch-Aware DRAM Controller and BLP-
Aware Issue Policies

Recall that we proposed Prefetch-Aware DRAM ControllerAQE) to
maximize DRAM row buffer hits for useful requests (demanald aseful prefetches)
in Chapter 5. PADC aims to minimize DRAM latency of usefuluegts by prior-
itizing useful row-hit requests over others to the same bankother words, the
main goal of PADC is to exploit row buffer locality in each tkaim a useful man-
ner. The goal of BLP-aware issue policies is orthogonal: Ba&Rl BPMRI aim to
maximize DRAM bank-level parallelism so that more requésisi an application
can be serviced in different DRAM banks in parallel.

Figure 6.12 shows the performance of PADC alone and PADC cwedb
with our mechanisms for the 4-core workloads. PADC signifiyaimproves WS
and HS by 14.1% and 16.3% respectively compared to the baséiWhen com-
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Figure 6.12: Combination of PADC and BLP-Aware Issue PeSci

bined with PADC, BAPI and BPMRI improve WS and HS by 20.6% aBdb%b.
We conclude that our DRAM-aware prefetch management mésinancomple-

ment each other and significantly improve system performanc

6.7 Summary

In this chapter, we show that conventional uncontrolled mgmequest is-
sue policies to resource-limited on-chip buffers limit teeel of DRAM bank-level
parallelism (BLP) that can be exploited by the DRAM congglithereby limiting
system performance. To overcome this limitation, we prepesw cost-effective
on-chip memory request issue mechanisms to improve aneémpe8LP of the
running applications. Our evaluations show that the meishan1) work synergisti-
cally and significantly improve both system performance laaadwidth-efficiency,
2) work well with various types of prefetchers, and 3) compdait various DRAM

scheduling policies.
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Chapter 7

Last-Level Cache Management for Improving DRAM
Characteristics

In this chapter, we make a case for DRAM-aware last-leveheatesign:
we show that designing the last-level cache replacememtigslto be aware of
major DRAM characteristics/state can significantly enteaestire system perfor-
mance. Due to DRAM characteristics, not all misses andiewistof the last-level
cache incur the same cost. Bank-level parallelism and roifeblocality allow
different outstanding cache misses to be serviced at diftdatency costs to the
processor: fast or slow, parallel or serial. On the otherdhanite-caused interfer-
ence can cause writebacks of dirty cache lines that delagehace of reads and

even other writes. This makes cache line evictions incdiediht cost.

To leverage this, we propose two DRAM-aware last-level eaelplacement
policies that work together synergistically. The first iseplacement policy that
favors the eviction of cache lines that can be refetchedkfudue to row buffer
locality or serviced together with other misses in diffarBfRAM banks when they
are refetched later. The second is a policy that evicts tirgs that can be written
back to DRAM quickly by exploiting row buffer locality, in der to reduce write-
caused interference in the DRAM system.

7.1 Cache Replacement for Reducing Latency and Increasing
BLP

Due to row buffer locality and bank-level parallelism, nditraisses incur
the same cost from the processor’s point of view. Row-hitsessare serviced very
quickly, so the processor does not stall very long even thaugny such misses
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occur in the last-level cache. Row conflicts that are sedvingarallel in different
banks can also reduce the processor’s stall time even theagjh individual row
conflict incurs a long latency. Taking into account these DRéharacteristics in
the last-level cache replacement policy has advantagegpos@ous work.

7.1.1 Why Should We Consider DRAM Characteristics in Cache Mnage-
ment?

Previously proposed Memory-Level Parallelism (MLP)-agveache replace-
ment [63] assumes that clustered cache misses incur lowetiam isolated misses.
MLP-aware cache replacement makes the implicit assumitairihe service times
of all clustered cache misses are overlapped with each.dtherefore, such poli-
cies prefer to evict cache lines that are serviced conctiyrevith other misses.
However, in many cases, concurrent outstanding misseoarnenessarily serviced
in parallel in the DRAM system. When multiple row-conflictsaes are outstand-
ing in the memory system, they are serviced in paraldy if they are mapped to
different DRAM banks.

Figure 7.1 describes how the mix of outstanding last-lew@he misses
can affect DRAM performance and processor stall time. Tlaeeefour outstand-
ing misses present in the Miss Status/Information HoldiregiRers (MSHRS) as
shown in Figure 7.1(a). Row 1 and Row 2 are open in the row boff8ank 0 and
Bank 1 respectively. The four misses are waiting in the DRAd buffer to be
serviced by DRAM.

Figure 7.1(b) shows the DRAM service time and processoustahen two
reads (Reads A and D from Misses A and D) are row conflicts irkBaand two
other reads (Reads B and C) are row hits in Bank 1. Since thesaes to Bank 1
are row hits (and therefore low latency), their latencies @rerlapped with Read
A in Bank O (a row conflict). However, Read D is completely seed alone. The

processor must experience the sum of the two row-confliehtaes serially.

On the other hand, Figure 7.1(c) shows the DRAM service time @o-
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Figure 7.1: DRAM and processor performance for two diffénextures of out-
standing misses
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cessor status when Read D is mapped to Bank 1 instead of Ban#t & &till a

row conflict (other requests are the same as Figure 7.1(b@adm still takes a
long time since it is a row conflict. However, a significant jomm of its latency is
overlapped with the row-conflict latency of Read A. Therefdris composition of
requests results in a significant reduction of processdlrtstee compared to the
previous case.

In contrast to what the MLP-aware mechanism assumes, sifmgphing
many misses outstanding in the MSHRs does not necessauly that those misses
are serviced in parallel. Even though Read D is outstanditigttiwee other misses
in both Figures 7.1(b) and (c), its latency is not at all capped in the former case
yet mostly overlapped in the latter case. As such, deperatirige mix of clustered

misses, their memory service time (or cost) varies signitiga

Not only isolated misses but also clustered misses to difterows in the
same bank incur very high cost. Also row hit misses can alwmeysonsidered
low cost due to their low latencies regardless of BLP (rettadt multiple row hits’
data is transferred back-to-back in the DRAM system as dis®aiin Section 2.1).
Rather than simply clustering memory requests, an intatligache control mech-
anism should take advantage of low latency and high paisattetonditions in the
DRAM system.

To minimize miss cost, a DRAM-aware cache replacement pcka con-
trol the mixture of requests such that 1) row-hit misseseathan row-conflict
misses occur more frequently and 2) row conflict misses thathe serviced in
parallel rather than serially in the DRAM system happen nfoeguently. Our

replacement policy does exactly this by measuring thesecteistics.

7.1.2 Mechanism: Latency and Parallelism-Aware (LPA) Re@cement

We propose Latency and Parallelism-Aware (LPA) last-leaghe replace-
ment. The basic idea is to favor the eviction of cache linas tould be refetched
quickly due to row buffer locality or serviced together wither misses in different
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DRAM banks, when they are refetched later.

The LPA replacement policy leverages the observation thaemory re-
quests of an application show high BLP or row buffer locaiitya certain execu-
tion phase, similar BLP or row buffer behavior will likely ogr in the future. For
example, current high BLP requests show high BLP when theyedetched later.
Previous research [63] also shows that the memory behalégplications repeats.
Therefore, LPA assumes that cache linedanecostif they show high BLP or row
buffer locality when they are serviced in the DRAM systemgufe 7.2 illustrates

the logic that performs this function.

DRAM
i

DRAM controller

Row conflicts; Al requests;
BLP .
estimation Row-hit

estimation

! Low cost
. Low—cost I
- estimation
|Og|C Line PC
= inserted
. _Low-costbit =———"=E
Y Y
Last-level cache
MSHRs

Figure 7.2: Low-cost estimation for LPA

LPA evicts cache lines that are predicted as low-cost. Logt-cache lines
are identified by a one-bibw-cost fieldin each line. LPA always prioritizes low-
cost lines over less recently used lines in the set for enctif multiple low-cost
lines exist, the least recently used (LRU) line among theselected as the victim.

If there is no low-cost line, the LRU line is evicted.
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To take into account temporal locality in reused cache |itleslow-cost bit
of a cache line that is reused in the cache is deassertedgBoienables LPA to
outperform LRU replacement for SPEC benchmarks that perfeell with LRU
replacement. Lines whose low-cost bit are deasserted t@ed in the cache by
LPA. Additionally, the effective memory latency of misseddaw-cost lines that did
not exhibit reuse is significantly reduced by taking advgetaf row buffer locality
and BLP using LPA.

7.1.2.1 Low-Cost Estimation Using BLP Information

To estimate the BLP of a request (or cache line), we need BidPnvation
at runtime. This information is measured by the DRAM con&oand sent to the

estimation logic.

To measure the degree of BLP quantitatively, we define BLRioseB L P;
is defined as the number of DRAM banks that are servicing aegtga Cycle:.
BUSY; is set to one when at least one bank is servicing a request ¢o gero
when no bank is servicing any requests in Cyiclé/e defineAggregate BLPf an
application’s total execution (the same as in Section pahtlindividual BLPof a

request that is serviced from Cyclé to Cycle M as follows:

>.i BLFP;

A te BLP = ————
ggregate ZZ BUS)/Z
My BLP;

Aggregate BLP indicates how many banks were busy servigggests on
average when at least one bank was busy, while an applica@srrunning. Its
value is bound by one and the total number of DRAM banks. iddai BLP
of a request indicates how many banks were busy servicingestg in parallel

(including its bank) while the request was being servicedteNhat these metrics
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can be measured in the DRAM controller at runtime since théBMRontroller
already keeps track of which requests are being servicedhichabank.

For a multi-core system, these metrics can be easily gatl®ra per-core
basis. BLP; of a core is obtained by considering only the banks that anarspe
that core’s requests3U SY; of a core is one when at least one request of that core
is being serviced in a bank. Aggregate BLP of a core and idda4iBLP of a core’s
requests are calculated using these modifications.

To estimate the BLP of a request (or cache line), we need teoepi of
BLP information at runtime: the aggregate BLP during a ptearined execution
interval of the application and the request’s individuallBThe DRAM controller
measures this information and sends it to the estimatioiec.ldgule 5 shows how
the low-cost estimation works. The estimation logic workéyonvhen the aggre-
gate BLP is greater thawygregate_BLP _threshold. During a high BLP period,
the estimation logic marks as low-cost those requests @atnmuch higher indi-
vidual BLP @ggregate_BLP _of f set greater) than the aggregate BLP during that

interval.

Rule 5 Low-cost estimation using BLP information
for eachrow-conflict request whose service is completsal
if aggregate BLP> aggregate_BLP _threshold then
if individual BLP of the request > (aggregate BLP +
aggregate_BLP _of fset) then
mark the request as low-cost
end if
end if
end for

Starting estimation only when aggregate BLP is high prevesguests from
being marked as low-cost during low BLP phases where thene isrge perfor-
mance benefit from BLP. Marking only those requests that stery high indi-
vidual BLP compared to the aggregate BLP allows the logicelect only those
lines for eviction that are likely to exploit high BLP (i.et allows the logic to dis-

tinguish very low-cost lines from others). We empiricallgtdrmined the values
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for aggregate_BLP _threshold andaggregate_BLP of fset (2.5 and 0.3 respec-

tively in our evaluation).

7.1.2.2 Low-Cost Estimation Using Row hit/conflict informaion

For the low-cost estimation due to row hits, we measure aggeerow hit
rate for all requests of an application periodically (as weasure aggregate BLP).
Row hit/conflict information of each request is also conekfiesing one bit) from
the DRAM controller to the last-level cache.

To estimate whether a cache line is likely to be a row hit, wikecbthe
average row hit rate of the load instruction that caused tiss.nT he insight behind
this is that the majority of row-hit misses occur from a fewtst load instructions.
An example is a load instruction that accesses array dateeels in a loop.

The low-cost estimation for frequent row hits is describedRiule 6. We
measure the average row hit rate of a load using a small tabd@ag¢he structure,
16-entry 4-way associative) each entry of which is assediatith a load PC. Each
entry keeps track of the total number of requests serviced!aa total number of
row hits for the load. Whenever a request is serviced, thie tallooked up with the
load’s PC. If a match is found, its counters are updated &sasl 1) the counter for
the total number of requests is incremented, and 2) if it wasaahit, the counter
for the number of row hits is incremented. If no match is foutid LRU entry is

replaced with a new entry and its counters are initialized.

Predicting whether a miss is low-cost or not is made usingrtfeemation
looked up from the load PC table before updating the tableolfmatch is found,
the new cache line is estimated as high-cost (i.e., the lmstoit is not set). If a
match is found, the average row hit rate for the load is caled by dividing the
number of row hits by the number of serviced requests. Ptiedics made based
on this calculated average row hit rate and the aggregatéitaate for all requests

serviced during an interval.

A fetched line is only considered for low-cost estimationentthe row hit
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Rule 6 Low-cost estimation using row hit/conflict information
for each request whose service is completed
match found— look up load PC table (request’s PC)
if match foundhen
(total number of row hits, total number of requests)load PC table (re-
guest's PC)
load PC table (request’'s P&} (total number of row hits + (request row hit
? 1:0), total number of requests + 1)
adjusted aggregate row hit rate- MAX(aggregate row hit rate,
aggregate_row_hit_rate_min)
if total number of requests request_threshold and row hit rate > ad-
justed aggregate row hit ratihnen
Mark the request as low-cost
end if
else
get entry from load PC table (request’s PC)
load PC table (request’s P&} ((request row hit ? 1: 0), 1)
end if
end for

rate information is collected for long enough (more thaguest_threshold) to
indicate the load will likely generate many row hits. Not kiag lines whose load
had only few requests serviced prevents making a wrong idecebout whether

the load would generate many row hits or not.

The logic marks the line as low-cost only if the row hit ratetloé load that
caused the line’s fetch is greater than the aggregate rowatst(using adjusted
aggregate row hit rate) for all fetched lines. We also impasainimum value
of aggregate row hit ratex(gregate_row_hit_rate_min) to avoid falsely marking
lines as low-cost simply because their row hit rate, altloggite low, is larger
than a very low aggregate row hit rate. We empirically fourstof the parameter
values tequest_threshold of 30 andaggregate_row_hit_rate_min of 0.6) for our

evaluation.
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7.2 Cache Replacement for Reducing Write-Caused Interfer-
ence

Not all dirty line evictions for the last-level cache incuret same cost.
This is because row-conflict writes are much more expensiga tow-hit writes
as shown in Section 2.3. Long delays caused by row-conflitevaccesses can
delay the service of writes in the write buffer and eventuadisult in delaying the
service of reads. In contrast, row-hit writes can be sed/izack-to-back just like
row-hit reads. Therefore, increasing row-hit writes thia eoncurrently outstand-
ing is desirable. Note that the source of DRAM writes is th&t-lavel cache’s
writebacks, i.e., dirty line evictions. A write-causeddrference-aware replace-
ment policy would find and evict dirty cache lines that cause-hit write accesses
to DRAM. The resulting row-hit writes can significantly ingue the service time
of the writes. The following example shows the implicatiom DRAM system

performance for last-level cache replacement policies.

7.2.1 Why Should We Consider Write-Caused Interference in @che Man-
agement?

Figure 7.3 shows how a write-caused interference-awarlacement pol-
icy can improve DRAM performance. Figure 7.3(a) shows theainstate of the
DRAM read/write buffers and a set of the last-level cache.of-hit read (Read
A) and a row-hit write (Write B) are waiting to be schedulediBAM. Two dirty
lines (Dirties C and D) are at the least recently used (LRWjtmms of the shown
last-level cache set. Dirty C is mapped to a different rowrfrine currently open
row in Bank 0 whereas Dirty D is mapped to the same row as Write B

Figure 7.3(b) shows the resulting cache state and the DRANg when
a conventional LRU policy is used in the cache. The LRU lingtyDC) is evicted
by the fetched line for Read A after Read A is serviced by DRAMerefore a
write (Write C) is generated for Row 1 and is inserted intowirge buffer. Writes
are serviced in the order of Writes B and C. Because Write @s8®s a different
row from Write B (row conflict), precharging is required to@pRow 1. Since a
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write was serviced before, write-to-precharge penalty tnvessatisfied before the
precharge command for Write C is scheduled. This incredseglte cycles on the
DRAM data bus since the write data for Write C must waittfgt; +tgp +trcp +
CW L cycles after the write burst for Write B.

On the other hand, as shown in Figure 7.3(c), if Dirty D is &adcinstead
of Dirty C, the two writes (Writes B and C) are serviced baoksack, thereby
resulting in significant reduction of DRAM service time. Shexample illustrates
that a simple cache replacement policy which evicts rowahiteback requests
can improve service time for writes. Our Write-caused lfgemce-Aware (WIA)

replacement policy is designed to achieve this.

7.2.2 Mechanism: Write-Caused Interference-Aware (WIA) Replacement

WIA evicts row-hit dirty lines when a replacement happenthimlast-level
cache. Ideally, row-hit dirty lines can be found by compgrthe row address of
each dirty line in the set (that is considered for replacejnetth the address of
every write in the DRAM write buffer. However, the hardwategign cost of this
IS not acceptable since it requires an associative searitte afrite buffer with the
address of each dirty line in the cache set. To simplify im@atation and hardware
cost, we use a row address register for each DRAM bank to kaepof the address
of the last evicted dirty line mapped to that bank. In our addmapping, the last-
level set index field includes the DRAM bank index fiéldTherefore all lines in a
set belong to one DRAM bank. This requires one associateekethe stored row
address in a register is compared to the address of eacHidetin the cache set.
This can be performed by the tag comparison logic in the cathe tag comparison

structure should be modified to support comparing the stayetaddress with the

1This mapping can increase DRAM bank conflicts (among readsaaites with different row
addresses) that causes many row conflicts. However, a wiriterkpolicy that drains writes only
when it is full can mitigate this problem significantly. Weeuthis write buffer policy as presented
in Section 7.6.2. Also, we found that keeping track of only kst evicted dirty line’s row address
globally regardless of the banks also works well. This aptian be used for systems with different
address mapping.
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row addresses of all lines in the set. Figure 7.4 illustréi@s WIA searches for

row-hit dirty lines.

Writeback Writeback Read Read
address data address data
®
[ J
[ J
Last-level cache Replacement
Set :
] | < logic
Dirty row hit -
-] |
: Row address fo DRAM bank N-1

[ J (.

Row address for DRAM bank 1
Row address for DRAM bank 0

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Cache access address

Figure 7.4: Dirty row-hit search for WIA

Whenever a dirty line is evicted (i.e., a writeback is getext, its DRAM
bank’s row address register is updated with the dirty limeis address. When a
replacement happens in a cache set, WIA looks for a dirtythaéis mapped to the
same row as the last evicted dirty line for the correspon@Rf\M bank using tag
comparison logic in the cache. We found that keeping track®last evicted row
address is enough to gain most of the benefits of searchingwhaddresses of all

writes in the entire write buffer.

WIA prioritizes row-hit dirty lines (if found) over the LRUe for eviction.
If multiple row-hit dirty lines are found, the LRU among thesrevicted. If none are
found, the LRU line is evicted. We found that prioritizingardnit dirty lines over
LRU lines for eviction does not hurt performance due to lostemporal locality.
This is because 1) if the evicted dirty line is required, threéewbuffer forwards it to
the cache unless it is already written back, 2) very few eddirty lines by WIA
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are reused, and 3) performance benefits of evicting rowdhy tines outweighs
the cost of re-fetching (a small number of) these lines froRAM.

7.3 Combining Latency and Parallelism-Aware and Write-Catsed
Interference-Aware Policies

LPA and WIA can be combined to reduce both miss and dirty lineten
penalties. We found that prioritizing row-hit dirty lineddtected by WIA) over low-
cost lines (predicted by LPA) for victim decision performexy well. The reasons

are as follows.

First, LPA alone is unaware of the dirty line eviction cosPA_can increase
write-caused interference if it evicts costly dirty lineg(, row conflicts to the same
bank) since it only predicts whether or not lines would be-lovét when they are

fetched again later.

Second, WIAs detection of row-hit dirty lines is more acate than LPA'S
prediction of low-cost read misses. This is because WIA sokak dirty lines that
can be serviced very soon with other currently outstandini¢es; whereas LPA

predicts low-cost read misses that are required in thedutur

Finally, WIAs penalty of wrong decisions, i.e., an evictddty line is
reused, is mitigated by possible forwarding of such cacheslifrom the write
buffer. In contrast, LPA's wrong decision, evicting a udedfnd costly cache line,
can negatively affect performance more: the processor staktfor a long time as

the cache line needs to be fetched from main memory.

7.4 Multi-Core System Considerations

In many chip-multiprocessors (CMP), multiple cores shére fast-level
cache and main memory resources. When multiple application on different
cores, their requests compete with each other for the shesedrces. Usinglobal
BLP and row hit rate (as opposed to per-application inforomgtfor the purposes
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of our LPA replacement policy can cause unwanted cacheaeplant decisions.
For example, cache lines of an application that generatety hosv-cost requests
(high row-hit rate and high BLP) can be evicted too frequen8imilarly, cache
lines of another application with many high-cost (low row+ate and low BLP)
misses could be evicted very rarely. This can hurt systerfopeance.

7.4.1 LPA Replacement in Multi-Core

We modify the LPA replacement policy to be core-aware to @vois prob-
lem. To make LPA effective in CMPs, we estimate low-costdim& a per-core
basis. We measure aggregate BLP/row hit rate and individLBIrow-hit for each
core independently. As discussed in Section 7.1.2.1, theeggte BLP for Core A
and individual BLP for the requests of Core A are calculatga&dnsidering only
Core As requests that are serviced in different banks. lcost estimation for Core
A lines is performed using these aggregate BLP and indali@LP values. Row
hit rate of Core A is measured by dividing the number of CorerAw-hit requests
by the total number of Core As requests serviced in the tinterval. Finally,
one load PC table is required for each core for low-cost edton using row-hit

information.

When a cache line is inserted into a cache set, LPA deterneies core’s
victim by considering only its lines based on LPA policy dissed in Section 7.1.2.
Among each of the cores victims, LPA chooses to evict thamidf the core to
which the LRU line in the entire cache set belongs.

7.4.2 WIA Replacement in Multi-Core

On the other hand, WIA does not need to be core-aware. Thiedause
writes are not critical to an application’s progress. W&itgecome critical only
when the DRAM controller cannot service reads due to wréased interference.
Therefore, servicing many writes (from any core) very qlycdo that reads (from
any core) can be serviced soon and without delay leads togedglormance. As
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such, the WIA policy in multi-core systems stays the same@as®scribed for the

single-core system.

We evaluate our mechanism using these techniques on a £Pesystem
in Section 7.8.2.

7.5 Comparison to Memory-Level Parallelism-Aware Replace
ment

Qureshi et al. [63] proposed a MLP-aware cache replacemaiypthat
prioritizes the eviction of a cache line that is likely to bengced together with
other misses when it is fetched next. Any misses that ar¢andsg concurrently
in the miss buffers are assumed (and hoped) to be actuaihcedrin parallel in
the main memory system. This policy does not take into adcthen state and
characteristics of DRAM in its decision making. As such,asimultiple important

limitations compared to our DRAM-aware policies.

First, the MLP-aware policy is not DRAM bank-aware. As wecdissed
in Section 7.1.1, clustered misses to different rows in th@es bank incur very
high cost. Since the MLP-aware policy estimates the “MLPcoka cache line
using the absolute number of outstanding misses (in the MyHRassumes that
misses to the same bank will be serviced in parallel withothisses, which is not
correct. As such, the MLP-aware policy is prone to misprealicthe cost of misses
significantly.

Second, the MLP-aware policy does not consider the cost tébacks.
Instead, it considers only the future miss cost of a line winaking eviction deci-
sions. This can hurt performance because it can increase-gaused interference
in the DRAM system by causing a large number of row-confligtetracks. As we
showed in Sections 7.2.1 and 7.8.1.2, row-conflict writkbaman degrade system

performance significantly.

Third, the MLP-aware policy is unaware of the cause of lotehay misses.
The MLP-aware policy implicitly identifies low-latency nsiss by estimating the
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MLP cost for each miss. However, it does not know whether tve dost was
due to high BLP or row buffer locality. This distinction is partant since a row-hit
request that is serviced slowly the first time (due to mangtamiding requests) may
be serviced quickly (and therefore low-cost) when refetiche

Finally, the hardware/design cost of the MLP-aware polgcgnore than our
proposal. Since MLP cost is stored in each cache line, melbgs are required
in each line (e.g, 3 bits per cache line). In contrast, our lk&4uires only one bit

(indicating low-cost) per line.

We quantitatively compare the performance of the MLP-awepéacement

policy to our mechanisms in Section 7.8.

7.6 Experimental Methodology
7.6.1 Metrics

To measure multi-core system performance, we use Indivi@paedup
(IS), Weighted Speedup (WS), and Harmonic mean of Speedi®} (vhich are
defined in Section 5.3.1.

7.6.2 System Model

The baseline configuration of processing cores and the mesystem for
single and 4-core CMP systems is shown in Table 7.1. Our sitmualso models
DDR3 DRAM performance-related timing constraints in dets shown in Ta-
ble 7.2. Note that our baseline employsain_whenfull DRAM write buffer
policy for the evaluation of the proposed replacement pedic This write buffer
policy tolerates read-to-write switching penalties beghwoday’s high-bandwidth
DDR DRAM systems with their large write-caused interferen&Ve discuss and

compare this policy to other existing write buffer policedensively in Chapter 8.
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Out of order, decode/retire up to 4 instructions,

Execution Core| issue/execute up to 8 microinstructions; 15 stages

256-entry reorder buffer;

Fetch up to 2 branches; 4K-entry BTB;

Front End 64-entry return address stack;

64K-entry gshare/PAs hybrid branch predictor

L1 I/D-cache: 32KB, 4-way, 2-cycle, 64B line size;

Shared last-level cache: 16-way, 8-bank, 15-cycle,
Caches and | 1 read/write port per bank, LRU replacement

on-chip buffers| writeback, 64B line size, 1, 2MB for 1, 4-core systems;

32, 128 MSHRs for 1, 4-core systems

32, 128-entry LLC access/miss/fill buffers for 1, 4-coreteyss

1, 2 channels (DRAM controllers) for 1, 4-core systems;

800MHz DRAM bus cycle,

DRAM and bus| Double Data Rate (DDR3 1600MHZz) [49];

8B-wide data bus per channel, BL = 8;

1 rank, 8 banks per channel, 8KB row buffer per bank;

On-chip, open-row, FR-FCFS scheduling policy [66];

64-entry (8x 8 banks) DRAM read/write buffers per channel

drainwhenfull write buffer policy

DRAM
controllers

Table 7.1: Baseline configuration for DRAM-aware replacetpmlicies

7.6.3 Workloads

We use the same methodology for compiling and running theCSRé&rk-
loads using ICC/IFORT and Pinpoints as discussed in Sebti.

Even though we evaluated all the 55 SPEC benchmarks, wetreparem-
ory intensive benchmarks on which the performance impacuoimechanisms is
significant; the effect of our mechanisms on the remainingliegtions is negli-
gible. Characteristics of the 16 SPEC benchmarks are shoviable 7.3. We
consider memory read (cache miss) and write (writeback)acheristics indepen-
dently since LPA is designed for DRAM read efficiency and Wékgets DRAM
write efficiency. Last-level cache Writebacks Per 1K Instians (WPKI) indicates
how intensively a benchmark generates write requests tDR®M system.

To evaluate our mechanism on CMP systems, we formed conntoiisanf
multiprogrammed workloads from all the 55 SPEC 2000/200&henarks. We ran
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\ Latency | Symbol | DRAM cycles |

Precharge trp 11
Activate to read/write trcD 11
Read column address strobe (CAS) C'L 11
Write column address strobe (CA$) CW L 8
Additive AL 0
Activate to activate tro 39
Activate to precharge tRAS 28
Read to precharge trTP 6
Burst length tBL 4
CASto CAS tcep 4
Activate to activate (different bank)) trrp 6
Four activate windows trAw 24
Write to read twrr 6
Write recovery twr 12

Table 7.2: DDR3-1600 DRAM timing specifications for DRAM-ake replacement
policies

17 randomly chosen workload combinations for our 4-core Gidifiguration.

7.7 Implementation and Hardware Cost of DRAM-Aware Re-
placement Policies

For evaluations, we periodically measure the aggregate hibwate and
BLP every 100K processor cycles for low-cost estimation. &wuepirically set
aggregate_BLP _threshold and aggregate_BLP _of fset to 2.5 and 0.3 respec-
tively for high BLP estimation. We use a 16-entry 4-way sefogsative structure
for the load PC table and setquest_threshold andaggregate_row_hit_rate_min
to 30 and 0.6 for row-hit estimation. BLP and row-hit infortioa required for LPA

is collected only from reads (not writes).

Table 7.4 shows hardware storage cost for our mechanisnteairtgle and
4-core systems in Table 7.1. The BLP information (aggregatkindividual BLP)
Is not sent from the DRAM controller to the last-level cacbeavoid additional

storage and long wires. The BLP estimation is performedenDRAM controller,
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| | | Reads | Writes |
[ Benchmark | Type || IPC | MPKI | RHR(%) | BLP | WPKI | RHR(%) | BLP |

179.art FPOO || 0.26| 90.92 95.43| 1.78| 9.79 86.75| 1.49
482.sphinx3 FPO6 || 0.39| 12.94 83.01| 1.17 0.63 58.18| 1.79
181.mcf INTOO || 0.06 | 107.74 70.08| 1.32| 11.50 15.03| 2.89

171.swim FPOO || 0.35| 23.10 36.95| 2.31 8.24 78.33| 2.55
173.applu FPOO || 0.93| 11.40 90.34| 1.56 1.78 81.34| 1.74
462.libquantum| INTO6 || 0.67 | 13.51 94.96| 1.01 5.87 89.13| 1.06
437 leslie3d FPO6 || 0.54| 20.88 70.50| 1.95 2.72 73.80| 2.05
481 .wrf FPO6 || 0.72 8.11 72.95| 1.47 2.52 76.17| 1.70
459.GemsFDTD| FPO6 || 0.49| 15.63 4581 2.21 6.91 50.60| 2.70
189.lucas FPOO || 0.61| 10.61 61.00| 1.36 2.38 34.19| 1.08
450.soplex FPO6 || 0.40| 21.24 81.64| 1.30| 3.75 42.48| 1.60

436.cactusADM| FPO6 || 0.63 451 7.42 | 1.36 1.22 33.31| 1.54
471.omnetpp | INTO6 || 0.49| 10.11 63.45| 1.27| 4.17 6.88 | 2.46
176.9cc INTOO || 0.93 3.24 90.62| 1.07 0.54 39.53| 1.56

178.galgel FPOO || 1.42 4.84 54.45| 2.99 1.16 11.51| 3.03
464.h264ref | INTO6 || 1.48 1.28 89.56| 1.07 0.28 63.55| 1.90

Table 7.3: Characteristics of 16 SPEC benchmarks for DRAWra replacement:
IPC, MPKI (last-level cache misses per 1K instructions), KN Rast-level cache
Writebacks Per 1K Instructions), row hit rate (RHR), BLP

and a one-bit field (high/low BLP bit in Table 7.4) is carriegldach read request.
Similarly, one bit row hit/conflict field is also carried by @arequest for row-hit

estimation before being inserted into the cache.

LPA and WIA require only 0.2% of the total last-level cachasp on both
systems. We assume that the core ID field is already availalelech cache line on
the 4-core system. If the core ID field (2 bits) is also congdeour mechanisms
require 12.7KB (0.6% of last-level cache), which is stilsignificant. Note that
none of the logic or structures required for the mechanishoithe critical path.

7.8 Experimental Evaluation and Analysis on DRAM-Aware Re-
placement Policies

We present experimental results for our mechanisms on tiggescore and
4-core systems. We first analyze the DRAM-aware replacepwities intensively
on the single-core system.
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Cost for

Structure Cost equation (bits
a (bits) 4-core
Aggregate BLP & busy counters
. 1 N, 192
and BLP register 03 X Neore 9
Individual BLP & busy counters 16 X 2 X Npank 512
HIgh/lOW BLP bit 1 x Nbuffer 128
Aggregate row-hlt & requgst counters 16 % 3 % Ny 192
LPA and row hit rate register
Load PC table’s tag store (16-entry 4-way) 27 x 16 X Neore 1,728
Load PC table’s data store
. 2 x16 x 16 x N, 2,048
(row-hit/request counters) 7DD X Neore
Row hit/conflict bit 1 X Npyuffer 128
Low-cost bit 1 X Niine 32,768
| WIA | Row address registers \ 32 X Npank \ 512 |
Total storage cost for the 4-core systems in Table 7.1 38,208
Total storage cost as a fraction of the last-level cachedaigpa 0.2%

Table 7.4: Hardware storage cost for DRAM-aware replacerpeficies (V....,
Niines Noank, Nowsrer: NUMber of cores, last-level cache lines, DRAM banks, cache
fill buffer entries)

7.8.1 Single-Core Results

Figure 7.5 shows IPC normalized to the baseline for the besélRU,
MLP-aware, Latency and Parallelism-Aware (LPA), Writatsad Interference-Aware
(WIA), and combined LPA-WIA replacement polices. The MLWaae policy is
implemented with a set-sampling mechanism that selectseeset (MLP-aware)

linear and LRU policies as proposed by Qureshi et. al [63].

Overall, the best performing policy is the combination ofAL&nd WIA,
which improves performance by 11.4% (6.9% excludamt on average. In con-
trast, the MLP-aware policy improves performance by 4.6%%®excludingart).
LPA and WIA complement each other and act synergisticallg.fiiéke the follow-

ing major observations:

First, both LPA and MLP-aware policies improve performafareart, sphinx3,
mcf, gcc, galgehndh264ref However, LPA outperforms the MLP-aware policy
for most benchmarks. Especially, fewim LPA improves performance by 2.3%
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IPC normalized to baseline

Figure 7.5: Performance of DRAM-aware replacement pdicie single-core sys-
tem

while the MLP-aware policy degrades performance by 3.8% fBason why LPA
outperforms the MLP-aware policy overall is that LPA is ketat identifying and

evicting low-cost lines that are serviced faster or in datah the DRAM system.

Second, both the LPA and MLP-aware policies degrade pedooa for
applu, libquantum, leslie3d, wrindGemsFDTD This is because neither of the
two mechanisms are aware of write-caused interference wisgrevict dirty cache
lines. This signifies the importance of write-caused irerhce when replacement

decisions are made.

Third, the performance degradations due to LPA are recavieyeemploy-
ing WIA together with LPA. Additionally, WIA alone improvegerformance for
GemsFDTD, lucas, soplex, cactusADd&domnetppmainly due to its ability to
reduce write-caused interference in the DRAM system. Asalteusing LPA and
WIA (LPA-WIA) together provides the best performance amatigolicies.

In the following subsections, we provide further insightngssupporting

data about DRAM characteristics.
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7.8.1.1 Why Does LPA Policy Perform Well?

Figure 7.6 shows the total read bus traffic (from DRAM to thegassor)
and aggregate DRAM BLP. Read traffic is essentially misditraind is divided
into row hits and row conflicts. A good cache replacementgyokould lead to less
read traffic (i.e., fewer misses or higher cache localitgyyér row conflicts, and
higher BLP.
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Figure 7.6: DRAM read traffic and aggregate BLP of DRAM-awseplacement
policies

LPA reduces row-conflict read traffic significantly fart, sphinx3 andmcf
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(by 73.3%, 68.5%, and 14.2% compared to the baseline) iniaddo reducing the
overall read traffic as shown in Figure 7.6(a). This improgegormance signifi-
cantly for these applications. The MLP-aware policy alstuees read traffic, but
much less so than LPA does.

LPA also increases BLP foncfandswimby 12.3% and 10.0% compared to
the baseline as shown in Figure 7.6(b). The increased BLRPeaghated read traffic
cause LPA to outperform the MLP-aware policy. The improvadPRiue to LPA
translates to performance improvement$arimeven though LPA increases cache
misses (total read traffic) by 8.5%. In contrast, the MLP+&angolicy degrades
performance ofwimbecause many of the concurrent misses it estimates to be low-
cost actually end up being high-cost row conflicts becaueg thap to the same
DRAM bank.

LPA significantly outperforms the MLP-aware policy in foyp@ications:
art, sphinx3, m¢fandswim This is because the MLP-aware policy is not aware of
DRAM banks and row buffer locality in the DRAM system. It &di on only the
information about how many misses are outstanding at the $ane, as discussed
in Section 7.5. In contrast, our mechanism explicitly measwand estimates the
BLP and row hit rate in the DRAM system to determine whethenauis likely to
be low-cost when refetched later.

7.8.1.2 Why Is Write-Caused Interference Awareness Desilde?

Both the MLP-aware and LPA policies degrade performanceafgplu,
libquantum, leslie3d, wrandGemsFDTDeven though the read traffic (i.e., misses
or row hits/row conflicts) or BLP does not change comparecht liaseline, as
shown in Figures 7.6(a) and (b). The reason for the deg@daan be found by
analyzing write traffic in Figure 7.7(a). Even though theatatrite traffic does not
increase, LPA and MLP-aware increase the number of row-conitites compared
to the baseline. This indicates that these policies inereaige-caused interference,

causing DRAM performance to degrade due to a large numbeietycles on the
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DRAM data bus. In fact, MLP-aware and LPA policies degrildguantuns per-
formance by 27.0% and 22.0%.
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Figure 7.7: DRAM write traffic and aggregate BLP of DRAM-awaeplacement
policies

When employed with LPA, WIA reduces the number of row cordlict as
many as the baseline LRU f@pplu, libquantum, leslie3dandwrf as shown in
Figure 7.7(a). It also leads to fewer row conflicts than thesiae forGemsFDTD
Hence, by reducing write-caused interference when emglayith LPA, WIA re-
covers the performance degradation due to LPA, and somggren improves per-
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formance compared to the baseline (BemsFDTDby 3.3%) as shown in Fig-
ure 7.5.

Additionally, WIA alone (without LPA) improves performaador lucas,
cactusADM, soplexand omnetppby increasing row-hit writes (rather than row-
conflict writes) compared to the baseline, thereby reduwimie-caused interfer-
ence in the DRAM system. Note that flarcas, cactusADMand omnetpp WIA
also increases aggregate BLP for writes, reducing thenageelatency cost.

On the other hand, the MLP-aware policy suffers performateggadation
or cannot improve performance for these applications duéstanawareness of

write-caused interference in the DRAM system.

7.8.1.3 Combining LPA and WIA

We find that LPA and WIA are orthogonal to each other. When doeth
together in the way described in Section 7.3, the performéenefit of each mech-
anism is obtained additively. This can be justified by obsgrthat improved
DRAM characteristics for reads and writes of each individuachanism in Fig-
ures 7.6 and 7.7 do not significantly change for LPA-WIA. Wadade that our
DRAM-aware replacement policies largely reduce costlyheamisses and evic-

tions, thereby improving performance significantly on aggncore system.

7.8.1.4 Effect on System with Prefetching

In this section, we discuss the DRAM-aware replacemencypati a sys-
tem with prefetching. When the DRAM-aware policy is naivelmployed with
prefetching, there are two issues that can affect its effmoess. First, useful
prefetches that are marked as low-cost by LPA can be evigtistl fecause they
are marked as low-cost) from the last-level cache befosetised. This reduces the
effectiveness of prefetching and therefore can hurt perémce compared to the
baseline LRU policy without LPA. Second, useless prefedchat are not marked
(i.e., high cost prefetches) can stay in the cache for a long tonsuming cache
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space. This can reduce cache efficiency by evicting usebhlechnes.

To overcome these problems, we take prefetch usefulnessaatount in
LPA replacement decisions. The basic idea is 1) to ignoreldivecost bit of
prefetches that are estimated as useful so that LPA doesvimbtl@v-cost use-
ful prefetches that are not used yet and 2) to evict prefettnat are likely-useless
earlier so that cache space can be used for demand and usd@ithes.

To implement this, we measure prefetch accuracy on an itéasis as
prefetch-aware DRAM controller and BLP-aware issue pe8ailo as presented in
Chapters 5 and 6. When the estimated prefetch accuracy frerévious interval
is greater than a thresholdseful prefetchthreshold the low-cost bits of prefetched
lines are disregarded by LPA in the current interval. Sinlylavhen the prefetch
accuracy is less than another threshakklessprefetchthreshold prefetched lines
are prioritized over any other cache lines in the set come@ifor replacement. Note
that prefetched lines are identified by examining the poéféit in each cache line,

which is already used by the prefetch estimation (as expthin Section 5.2.1).

On the other hand, WIA is not required to be prefetch-awareis s be-
cause writes are not immediately critical to an applicds@nogress as we already
discussed in Section 7.4.2. Writes become critical onlymihe DRAM controller
cannot service demands and useful prefetches (i.e., rdadsio write-caused in-
terference. Servicing many writes quickly so that reads learserviced without
interruption of writes for a long time leads to high performea.

Figure 7.8 shows the average performance of the baselihenwiprefetch-
ing, the baseline prefetching, MLP-aware, and DRAM-awa&@acement (LPA
and WIA together) with these optimizations. We ran the 16chemarks on the
single-core system with the stream prefetcher (used in €ha® and 6). We
empirically determined the two thresholdssefulprefetchthresholdof 50% and
uselessprefetchthresholdof 20%. The prefetch accuracy is measured every 100K

processor cycles.

The DRAM-aware replacement policy improves performanc8.89% com-
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Figure 7.8: Performance of DRAM-aware replacement paice single-core sys-
tem with prefetching

pared to prefetching whereas the MLP-aware policy impr@erformance only by
4.4%. This is mainly because the MLP-aware policy is not awediDRAM char-
acteristics or prefetch usefulness. We conclude that DRAMre replacement is

also effective in a system that employs prefetching.

7.8.2 4-Core Results

We evaluate our mechanisms on a 4-core system with a shasebval
cache in this section. Figure 7.9 shows average weighteetsipe(\WS) and har-
monic mean of speedups (HS) for the baseline LRU, MLP-awd4, WIA, and
LPA-WIA replacement policies.

LPA alone improves both WS and HS by 4.6% and 8.4% compardukto t
baseline LRU by evicting low-cost lines while keeping higbst lines for the ap-
plication running on each core. WIA alone also significaintiyproves system per-
formance (WS and HS by 4.7% and 4.6%) by servicing writes &axl thereby re-
ducing write-caused interference to more critical readfiewcombined together,
LPA and WIA improve WS and HS by 9.5% and 12.3%. On the othedhtre
MLP-aware policy marginally improves only HS by 3.4%. ltsfpemance ben-
efit is insignificant mainly due to its unawareness of DRAM releteristics. We
conclude that our DRAM-aware mechanisms are also very tafeeand improve
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Figure 7.9: Performance of DRAM-aware replacement pdicie 4-core system

system performance significantly on multi-core systems.

7.9 Summary

This chapter makes a case for designing the last-level casgiacement
policies in a manner that is aware of DRAM state and charisties. Previous
cache replacement policies overwhelmingly optimize fonimizing cache misses
and ignore DRAM performance characteristics that affeet¢bst of each miss:
row buffer locality, bank-level parallelism, and writetsed interference. We show
that taking these DRAM performance characteristics intmaat in last-level cache
replacement policies can significantly improve entiresysperformance. Our pro-
posed policies estimate the performance cost of a cachéawigtson in the DRAM
system, and favor the eviction of the cache line that is edBohto have the least
system performance impact. Our evaluations show that ajpqeed DRAM-aware
cache replacement policies significantly improve perfarogaon both single-core

and multi-core systems.
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Chapter 8

Last-Level Cache Management for Reducing
Write-Caused Interference

In Chapter 7, we have proposed and discussed a cache replaicpaticy,
Write-caused Interference-Aware (WIA) Replacement golichich aims to reduce
write-caused interference in the DRAM system. Recall thafWvicts row-hit
dirty lines that can be written back quickly to DRAM due to rbuffer localityonly
when a replacement happens in the last-level cache. Inltlaister, we propose a
more aggressive writeback policy that proactively sendgelvacks from the last-
level cache evemeforea replacement happens, in order to further reduce write-

caused interference in the DRAM system [38].

We first motivate the problem of write-caused interferenc®day and fu-
ture DRAM systems in more detail, and then we discuss ouripedeRAM write
buffer management policy that performs best among theiegistrite buffer poli-
cies by reducing read-to-write and write-to-read pensltiafter that, we propose
and evaluate our aggressive cache writeback mechanisnmwarcfurther improve

performance on top of the baseline write buffer policy.

8.1 Write-Caused Interference in the DRAM System

Read and write requests from the processor contend for DRA#S lous. In
general, read requests (i.e., miss requests from thedast-tache) are critical for
system performance since they are required for an appitatprogress whereas
writes (i.e., writeback requests from the last-level caathe not need to be per-
formed immediately. In modern DDR (Double Data Rate)-basedthory systems,

write requests can interfere significantly with the semrof read requests, degrad-
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ing overall system performance by delaying the more clitiead requests. There
are two major sources of performance penalty when a writagsjs serviced in-
stead of a read request. First, the critical read requestlesydd for the duration
of the service latency of the write request. Second, evear #fe write is serviced
fully, the read cannot be started because the DDR DRAM pobteguires addi-

tional timing constraints to be satisfied which causes igé#as on the DRAM data
bus in which no data transfer can be done.

As discussed in Section 2.3, the two most important of thesegd con-
straints are write-to-read (rz) and write-to-precharge (write recovety; ) la-
tencies as specified in the current JEDEC DDR DRAM stand&2{l [Phese tim-
ing constraints in addition to other DRAM latencies such@sparge, activate and
column address strobe latencieg, trcp, andC'L/CW L) dictate the number of
cycles in which the DRAM data bus must remain idle after aayiefore a read
can be performed. Both latencies increase in terms of nueffd®RAM clock cy-
cles as the bus clock frequency of the DRAM chip increases2@} as do other
DRAM latencies. The end result is that high penalties cabgedrite requests will
become even larger in terms of number of cycles because #helbck frequency
of future DRAM chips will continue to increase to maintaimghipeak bandwidth.

An on-chipwrite buffercan mitigate this problem. A write buffer holds
write requests on the chip until they are sent to DRAM acceuaydio the write buffer
management policy. While write requests are held by theewsiiffer, read re-
quests from the processor can be serviced by DRAM withowrf@tence from
write requests. As a result, memory service time for readsdhne required by the
application can be reduced. As the write buffer size in@sawrite-caused inter-
ference in the memory system decreases. For example, aitanfirite buffer can
keep all write requests on-chip, thereby completely remgwrite-caused inter-
ference. However, a very large write buffer is not attraetsince it requires high
hardware cost and design complexity (especially to enalledrding of data to
matching read requests) and leads to inefficient utilizatibon-chip hardware and
power. In fact, a write buffer essentially acts as anotheellef cache (holding
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only written-back cache lines) between the last-level eaaid the main memory
system.

8.1.1 Performance Impact of Write-Caused Interference in ©day’s DRAM

System

To motivate the performance impact of write-caused interfee, Figure 8.1
shows the simulated performance of a single-core systerth (wo prefetching)
that employs a state-of-the-art DDR3-1600 DRAM system812B/s peak band-
width) [49] and a First Ready-First Come First Served (FRFBECDRAM con-
troller [66]. We evaluate four write request managemeniges: 1) a 64-entry
write buffer with a management policy similar to previousposals [40, 57, 68]
which exposes writes (i.e., makes them visible) to the DRAtmIler only when
there is no pending read request or when the write bufferllisend stops exposing
writes when a read request arrives or when the write buffeotfull anymore ger-
vice.at_no_read), 2) a 64-entry write buffer with a policy that exposes alites only
when the write buffer is full and continues to expose all @sitintil the write buffer
becomes emptydfain_.whenfull), 3) Write-caused Interference-Aware (WIA) re-
placement policy witldrain_.whenfull (proposed in Chapter 7) and 4) ideally elim-
inating all writes assuming that there is no correctnesseigaawrite). ldeally
eliminating all writes removes all write-caused interfece and therefore shows
the upper bound on performance that can be obtained by Ingndtite-caused in-
terference intelligently. We chose 16 benchmarks among§REC2000/2006 CPU
benchmarks that have at least 10% IPC (retired instructesrcycle) performance
improvement compared tdrain_.whenfull when all writes are ideally removed.
The performance numbers are normalizedtain_whenfull. The configuration of

the system is identical to the baseline system presentegatios 7.6.

We make two main observations. First, the performanseoficeat no_read
is worse thardrain_.whenfull. This is because when a read arrives at the DRAM
controller very soon after a write is serviced, a significamount of write-caused
penalty delays that read. This happens to all the benchneadept folucaswhere
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=service_at_no_read
=drain_when_full (base
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=no_write

IPC normalized to baseline

Figure 8.1: Potential (simulated) performance of intehgy handling write-
caused interference in the DRAM system

there are long enough periods to satisfy the large writesedipenalties during
which reads are not generated. Servicing writes oppottically when there are
no reads degrades performance due to two reasons: 1) itsiticarcostly write-
to-read and read-to-write switching penalties, therebgting DRAM bandwidth
(i.e., incurring many idle cycles), 2) it does not exploitwuffer locality when
servicing write requests since writes that go to the sameam@serviced far apart
from each other in time. In contrastirain_.whenfull improves performance by
9.8% compared teerviceat_no_read on average because it 1) delays service of
writes as much as possible, 2) services all writes onceriisssarvicing one write,
thereby amortizing write-to-read switching penaltiesossrmultiple writes by in-
curring them only once for an entire write-buffer worth ofites, and 3) increases
the possibility of having more writes to the same DRAM row s or higherow
buffer localityin the write buffer that is exploited by the DRAM controllerfbetter
DRAM throughput.

Second, even thougtirain_.whenfull improves performance compared to
serviceat no_readand WIA outperformslrain_whenfull, there is still large poten-
tial performance improvement (20.2% and 17.1% comparelam whenfull and

WIA respectively) that can be achieved by further reducingescaused interfer-
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ence, as shown by the rightmost set of bars.

As shown above, the impact of write-caused interferencen@palication’s
performance is significant even with good write buffer/aachplacement policies
with a decently-sized (i.e., 64-entry) write buffer. Thssbecause a size-limited
write buffer or a write buffer management policy cannot céetgly remove write-
caused interference since 1) writes eventually have to lgewrback to DRAM
whenever the write buffer is full and 2) servicing all writiesthe write buffer still
consumes a significant amount of time mainly due to the wotprecharge penal-
ties imposed to row-conflict writes to the same bank as dgsigy 7.2.1. Note that
the write-caused interference-aware replacement poayot remove all interfer-

ence as well.

8.1.2 Performance Impact of Write-Caused Interference inte Future

We expect that write-caused interference will continualigrease in terms
of number of clock cycles as the bus clock frequency of the DR&ip increases
to maintain higher peak bandwidth. The write-to-read pgmahich guarantees
that modified data is written to the row buffer correctly (semmplifier) will not be
easily reduced in absolute time similar to other accessitads such as precharge
period ¢rp) and column address strobe laten€y(C'W L). This is especially true
for the write-to-precharge latency which guarantees medifiata will be com-
pletely written back to the memory rows before a new preaharghis latency
cannot easily be reduced because reducing access latetiey ieemory cell core
is very difficult [67, 22]. We believe that this trend will conue to hold for any
future memory technology (not limited to DRAM technologypt supports high
peak bandwidth. This means that write-caused interferaniteontinue to be a

performance bottleneck in the future.

Figure 8.2 shows the performance improvement of the ideééback pol-
icy (i.e., all writes are removed) across future high bartdvimemory systems.

We assume that the DRAM bus clock frequency continue to asman the fu-
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ture. Since the future memory specifications are unknowrspeeulatively scaled
the number of clock cycles for all DDR3-1600 performancietes latencies that
cannot be easily reduced (e.4+71r, twr, trp, trep, C'L, €tc) in absolute time.
For example, x2 of DDR3-1600 indicates a DDR system that tagis twice the
DDR3-1600 peak bandwidth (25.6GB/s =212.8GB/s). We also assume that the
DRAM bus clock frequency increases as fast as the proceksik requency. We
show two cases: when no prefetching is employed and whertrirens prefetcher

(used in Chapters 5 and 6) is used in the processor.

1.3
1.24
1.14
1.04
0.97
0.8
0.75
0.6
0.57
0.45
0.37
0.25
0.17
0.0-

IPC normalized to baseline
IPC normalized to baseline

S

N
O& R
Q

(a) No prefetching (b) Prefetching

Figure 8.2: Performance potential by eliminating all wsites memory bus clock
frequency increases

We make two observations from Figure 8.2. First, the highemeak band-
width, the larger the performance impact of write-causedrierence. Second,
removing write-caused interference is more critical fosteyns with prefetching.
The performance impact of writes for the systems with padfielg is much higher

due to larger contention between reads and writes (prefetphests are all reads).
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8.2 Motivation
8.2.1 Reducing Read-to-Write and Write-to-Read Penalties

As discussed in Section 2.3, read-to-write/write-to-readgtching penalty
is dictated by the read-to-write latency (latency from adrélata burst to a write
data burst, 2 DRAM clock cycles) and write-to-read latertgy;(z, 6 DRAM clock
cycles for DDR3-1600).

We demonstrate how these penalties can be mitigated lardire whenfull
policy with an example in Figure 8.3. Figure 8.3(a) showsdtate of the DRAM
read and write buffers. For brevity, we assume that eaclebbtis only two entries
in this example. All the read requests in the DRAM read budferalways exposed
(or considered for scheduling) to the DRAM controller, wées the writes are ex-
posed based on the write buffer management policy. Theredsead (Read A, a
read request to Row A) and one write (Write B, a write to RowiB)He read and
write buffers respectively. At timé&l, another read (Read C) and a write (Write D)
come from the last-level cache. We assume that each reqoesttg a different
bank and that all requests hit the current open row in thairesponding DRAM
banks (i.e., all requests are row hits).

Figure 8.3(b) shows the DRAM timing diagram for the policyiah ex-
poses writes to the DRAM controller only when there is no pegdead request or
when the write buffer is full and stops exposing writes wheead request comes in
or when the write buffer is not full anymoreérviceat no_readin Section 8.1.1).
Since no read is pending in the DRAM read buffer after Read gciseduled, this
policy schedules Write B from the write buffer. SubsequeRéad C and Write D

are scheduled.

Two observations are made. First, the command for Write Brdgead A
must satisfy read-to-write latency; it has to be schedulethe DRAM controller
atleastC'L + tgy + 2 — CW L DRAM clock cycles [22] after the read command
is scheduled such that the write burst can be on the bus twoNDB\&les after the

read burst (as discussed in Section 2.3). Second, ReadrG\adfte B must satisfy
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Figure 8.3: Servicat no_read vs. drainvhenfull write buffer policies
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twrr. The command for Read C can only be schedujegdy cycles after the data
burst for Write B is completed. In contrast to read-to-wildéency, the data bus
must be idle forty,rr + CL cycles since the subsequent read command cannot be
scheduled foty,rr cycles. The last write is scheduled after read-to-writeriay

Is satisfied as shown.

This policy results in many idle cycles (i.e., poor DRAM i#dtion) on the
data bus. This is because it sends writes as soon as ther® gending reads
which is problematic when a subsequent read arrives imrtedgiafter the write
is scheduled to DRAM. The penalties introduced by the wraase a significant
amount of interference and therefore increase both thésread write’s service
time. This is the main reason why this policy does not perfarefl as shown in

Figure 8.1.

On the other hand, if the write buffer policy that exposeswaites only
when the write buffer is full and continues to expose all egitintil the write buffer
becomes emptydfain_whenfull) is used, Reads A and C are serviced first (Write
B is not serviced immediately after Read A since the writddsut not full) and
then Writes B and D are serviced. Figure 8.3(c) shows the DRifhg diagram
for this policy. Read C can be scheduled once the DRAM cdetrgkes it since
there is no unsatisfied timing constraint for Read C. Thert&Bican be scheduled
CL +tgr, +2 — CWL cycles after the command for Read A is scheduled. Note
that the command for Write D can be scheduled very soon (m@e&sely,tccp
cycles after the command for Write B) since DDR DRAM chips mup back-to-
back data bursts for writes by overlapping column addresbetlatencies{1V L)

as we discussed in Chapter 2.

This policy results in better DRAM service time for the foequests com-
pared to the policy shown in Figure 8.3(b). Since bufferingteg in the DRAM
write buffer and servicing all of them together when the butbecomes full re-
duces the large read-to-write and write-to-read latenayafiees, DRAM through-

put increases. Also note that by delaying writes as much ssilple, reads that are
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more critical to an application’s progress can be serviagddy thereby improving
performance. This is the main reason this policy outpertothedrain_whenfull
policy as shown in Figure 8.1. We found that this policy is ltlest among the pre-
viously proposed write buffer policies we evaluated (asrsh&ection 8.7.1). We

use this policy as our baseline write buffer policy.

8.2.2 Last-Level Cache Writeback: A Way to Further Reduce Wite-Caused

Interference

As discussed in Section 2.3.2, write-to-precharge pealtyot be reduced
by write buffer policies (such as drain when full). Servigirow-conflict writes in
the same bank takes a significant number of cycles. This slslanvice of writes
in the write buffer and eventually results in delaying seevof reads. Service of
writes can be done faster if the write buffer has many rowahites. The source of
DRAM writes is the last-level cache’s writebacks which airgydine evictions in a
writeback cache. To leverage this fact, we have alreadyqseg the Write-caused
Interference-Aware (WIA) replacement policy in Chapteiiiie WIA policy evicts
row-hit dirty lines that can be written back fast to DRAM dweow buffer locality
when a replacement happens in the last-level cache. Siisqadlicy generates row-
hit writes only when a replacement happens in a cache set, it looses opitiegun
that more row-hit dirty lines in other cache sets can be amithack fast. Therefore

overall reduction in write-caused interference can be kmal

The last-level cache can more aggressively and proactsesiyg out write-
backs that can be written fast evieaforea line is evicted to improve service time

of writes.

Figure 8.4 compares an aggressive writeback policy of thelével cache
to the WIA replacement policy. Figure 8.4(a) shows the ahistate of the DRAM
read/write buffers and three sets of the last-level cachen rEads (Reads Al and
A2, both to Row 0) and a write (Write BO to Row 1) are waiting ®drheduled in
the DRAM read and write buffers (two entries for each) resigely. In each of the
three cache sets shown, there is a dirty line that is mapptze teame row (Row 1)
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as Write B. At timetl, a new read to Row 0 (Read A3) comes from the last-level
cache. At timd2, another read to Row O (Read A4) comes as well. We assume that
Reads Al, A2, and A3 are inserted to Sets 1, 2, and 3 in the caspectively when
serviced by DRAM. We also assume that all (read and writej@sts are mapped

to the same bank (Bank 0) for simplicity. Both policies enyttoedrain_when full

write buffer policy.

Figure 8.4(b) shows the resulting DRAM timing when the WiAlecement
policy is used. Read Al is serviced by DRAM first since theabitiffer is not full.
When Read Al is serviced and inserted to Set 1, WIA evictsy[Ba since it is
mapped to the same row as Write BO in the write buffer (i.en hat). Therefore
the DRAM write buffer becomes full, and Writes BO and B1 arevsed back-to-
back next after the row-conflict latencyrl + trcp + CW L). After this, Reads
A2 and Read A3 are serviced. Read A2 must wait for a longeraomflict latency
(twr + trp + trep + CL) since its precharge command must wait until write-to-
precharge latencyt(, z) is satisfied after the write burst of Write B1. Read A3 is
serviced right after Read A2 since itis a row hit read. Thewd dirty lines (Writes
B2 and B3) due to Data A2 and A3’s insertion are written bat&rahe row-conflict
latency (rp + trep + CWL). Finally, Read A4 is serviced after another longer
row-conflict latency. This policy results in idle cycles @fd smaller row-conflict
(row conflict after a read) latencies and two larger row-dohffow conflict after a

write) latencies.

Onthe other hand, as shown in Figure 8.4(c), if the writedacirties B1,

B2, and B3 in the cache can be sent out before Read A is conypseteviced by
DRAM, all writes are serviced back-to-batkpr+trcp+CW L DRAM cycles after
Read Al's data burst. Reads A2, A3, and A4 are serviced ablatkiyy r+trp+
trop + CL after the write burst of Write B3. This policy results in idigcles of
one smaller row conflict and one larger row conflict. Sinceenarites are serviced
back-to-back, the aggressive writeback policy can resultswer idle DRAM bus
cycles than the WIA policy. Servicing more writes quickhsalresults in higher
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performance since subsequent reads can be serviced whkmg interfered by

writes for a long time.

8.3 Mechanism: DRAM-Aware Writeback

Our mechanism, DRAM-aware writeback, aims to maximize tfeADI
throughput for write requests in order to minimize writaisad interference. It
monitors dirty cache lines (writebacks) that are evictaemhirthe last-level cache
and tries to find other dirty cache lines that are mapped tost#mee row as the
evicted line. When found, the mechanism aggressively semitisbacks for those
dirty cache lines to DRAM. Thdrain_.whenfull write buffer policy allows writes
to be seen by the DRAM controller when the write buffer is filereby allow-
ing the DRAM controller to exploit row buffer locality of wies. The writeback
mechanism only cleans (does not evict) cache lines by sgnditebacks.

The mechanism consists of a global writeback monitor urdtastate ma-
chine in each last-level cache bank as shown in Figure 8.8 .wirheback monitor
unit watches evicted cache lines until it sees a dirty caicteetdeing evicted. When
it finds one, it records the row address of the cache line il eache bank’s state
machine. Once a write’s row address is recorded, the stathimes start sending
out writebacks for dirty lines whose row address is the samtha recorded row
address (row-hit dirty lines). To find row-hit dirty cachadis, each state machine
searches its cache bank. Each state machine shares thé peache bank with
the demand cache accesses from the lower-level cache. thendemand accesses
are more critical to performance, they are prioritized othex state machine’s ac-
cesses. Once a row-hit dirty line is found, the line’s wréek is sent out through
the conventional writeback ports regardless of the LRU tpwsiof the cache line.
Because the cache lines which are written back in this mamagrbe reused later,
the cache lines stay in the cache and only have their dirtgbét (they become non-
dirty or clean). The state machine in each core continuegisgmow-hit writebacks
until all possible sets that may include cache lines whoseagidress is the same as
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the recorded row address have been checked. When all staténesa in the banks
finish searching, the writeback monitor unit starts obsegthe writebacks coming
out of the cache to start another set of DRAM-aware writeback

The DRAM-aware writeback technique leverages the bendfitiseowrite
buffer and the baseline write buffer management poldmaif-whenfull). It can
send more row-hit writebacks than the number of write busietries within a very
short time. In fact, a single dirty line eviction can triggeur mechanism to send
up to rowsize / cachdine_size writebacks. Once the write buffer becomes full, all
state machines stall and delay the current searching. Aahee time, the underly-
ing drain_whenfull write buffer management policy starts exposing the writeses
the write buffer is full. As the DRAM controller services was, free write buffer
entries become available for new writebacks. The state machsumes searching
and sending row-hit writes to the write buffer. Because dr@n_whenfull pol-
icy keeps exposing writes until the write buffer becomes gngil possible row-hit
writebacks for a row can be serviced quickly by the DRAM cohér since they are
all row-hits. In this way, our mechanism can effectively leleamore writes to be
serviced quickly, which in turn reduces the number of writdféx drains over the
entire run of an application. This results in fewer writeregad switching penalties

which improves DRAM throughput and performance.

Note that two conditions should be true for the DRAM-awaréteirack
to be effective. First, the last-level cache banks shoulgrenough idle cycles
for the state machine to look for row-hit writes. If this isu¢r, the mechanism
would not significantly contend with demand accesses fraridiver-level caches
for the cache bank and will be able to generate many row-htebacks. Second,
rewrites to cache lines which our mechanism proactivelytesrback to DRAM
should not occur too frequently. If rewrites happen too @rexfly, the mechanism
significantly increases the number of writes to DRAM. Eveoutdph row-hit writes
can be serviced quickly, the increased writes might in@ease spent in servicing
writes. We discuss these two issues in the following sestion
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8.3.1 Does Last-Level Cache Have Sufficient Bandwidth for DRM-Aware

Writeback?

Table 8.1 shows the percent of last-level cache bank idleesy@averaged
over all banks) over the entire run for each of the 16 SPEC200W6 benchmarks
in a single core system described in Section 8.5. For all lveacks, excepaért,
cache bank idle time is more than 95%.

Benchmark || swim | applu | galgel | art | lucas| fma3d| mcf | milc | cactusADM
Idle cycles (%)| 0.96 | 0.97 | 0.92 | 0.91| 0.98 | 0.97 | 0.97| 0.97 0.99
Benchmark || soplex| GemsFDTD| libquantum| lIbm | omnetpp| astar| wrf
Idle cycles (%)| 0.98 0.97 0.97 0.95 0.98 0.98 | 0.98

Table 8.1: Last-level cache bank idle cycles (%) on single sgstem

Table 8.2 shows the average idle bank cycles of the last-taabhe (shared
cache for multi-core systems) of the single, 4, and 8-costesys described in
Section 8.5. Even in multi-core systems, the shared lasi-leache has many
idle cycles. This is because last-level cache accessesoatemfrequent com-
pared to lower-level caches, since the lower-level cacimesNiss Status Hold-
ing/Information Registers (MSHRs) filter out many accedses the last-level
cache. Therefore, we expect contention between demandsuaridRAM-aware
writeback accesses to be insignificant. We find that priongy demands over the
accesses for DRAM-aware writeback is enough to reduce tpacdinof using the
cache banks for our mechanism.

1-core | 4-core | 8-core
Idle cycles (%)|| 0.97 | 0.91 | 0.89

Table 8.2: Average last-level cache bank idle cycles (%)ingls, 4, and 8-core
systems

8.3.2 Dynamic Optimization for Frequent Rewrites

For applications that exploit temporal locality of the Kestel caches, the
cache lines which are written back by our aggressive writkljzolicy may be
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rewritten by subsequent dirty line evictions of the lowevdl cache. Thegedirtied

cache lines may come to be written back to DRAM again by theléa®l cache’s
replacement policy or the DRAM-aware writeback policy. kill increase the
number of writebacks (i.e., writes to DRAM) which may hurtfoemance by de-

laying service of reads due to frequent services for writes.

We mitigate this problem using a simple optimization. Weiqdically es-
timate the rewrite rate of cache lines whose writebacks @né aut by the DRAM-
aware writeback mechanism. Based on this estimation, oohamesm dynamically

adjusts its aggressiveness. For instance, when the reatéas high, the mecha

nism sends out only row-hit writebacks close to the LRU positWhen the rewrite
rate is low, the mechanism can send out even row-hit writebatose to the MRU
position. Since the estimation of rewrite rate is periotljcdone, the DRAM-
aware writeback mechanism can adapt to the phase behavéor application as
well. When employing this optimization in the shared cach&multi-core system,

we adapt the mechanism to estimate the rewrite rate for eaeh(or application).

To implement this, each cache line keeps track of which ddoelongs to
using core ID bits and also tracks whether the cache linerhesalean (or non-
dirty) due to the DRAM-aware writeback mechanism using aditazhal bit for
each line. A counter for each core periodically tracks thaltoumber of the core’s
writebacks sent out by the DRAM-aware writeback mechanigmother counter
counts the number of the core’s rewrites to the clean cacles kivhose writebacks
were sent early by our mechanism. The rewrite rate for each foo an interval is
calculated by dividing the number of rewrites by the totainoer of writebacks sent
out in that interval. The estimated rewrite rate is stored negister for each core
and used to determine how aggressively the mechanism semtébacks (from
LRU or from other positions close to MRU) for the next intdrva

We found that our mechanism without this optimization dligliegrades
performance for only two applicationsgdr andtwolf, both of which are memory
non-intensive) out of all 55 SPEC2000/2006 benchmarks bgeasing the num-
ber of writebacks. Therefore the gain from this optimizatie small compared to
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design effort and hardware cost. We analyze this optinopawvith experimental
results in detalil in the results section (Section 8.7.2).

8.4 Comparison to Eager Writeback

Eager writeback [40] was proposed to make efficient use ethdk cycle for
writes in a Rambus DRAM system in order to minimize read anitevaontention.
It sends writebacks for dirty LRU lines in a cache set to thaeasuffer when the
set is accessed by a demand request. Writes in the writerlauéfescheduled when
the bus is idle. There are important key differences betvesager writeback and

our DRAM-aware writeback technique which we discuss below.

First, eager writeback is not aware of DRAM characteristidfe find that
simply sending writebacks for dirty LRU cache lines doeswotk with today’s
high-frequency DDR DRAM systems because servicing thostesvin DRAM
iIs not necessarily completed quickly. For instance, sergicow-conflict writes
causes large penalties (write-to-precharge latencied)@sn in Section 7.2.1. This

eventually significantly delays the service of subsequeads.

Second, the write-caused penalties of state-of-the-aRR DRAM systems
are too large to send a write only because the data bus isrithe® are no pending
reads. To tolerate the large write-caused penalties, timeist be no read request
arriving at the DRAM system for a long time such that all witiused timing
constraints are satisfied before the subsequent read. ltovfevmemory intensive
applications whose working set does not fit in the last-leaghe, it is very likely
that read requests arrive at the DRAM system before all caims$ are satisfied.
Therefore subsequent reads suffer large write-to-readlpes.

In contrast, our mechanism does not aim to minimize immediette-
caused interference but targets minimizing the write-edysenalties for the entire
run of an application. It allows to stop servicing currerdide to service writes.
However, once it does, it makes the DRAM controller servi@ynwrites fast by
exploiting row buffer locality such that servicing writeext time can be performed
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a long time later.

We extensively analyze and compare DRAM-aware writebaak eager

writeback in Section 8.7.

8.5 Experimental Methodology
8.5.1 Metrics

To measure multi-core system performance, we use IndiviBpaedup
(IS), Weighted Speedup (WS), and Harmonic mean of Speedifp} (vhich are
defined in Section 5.3.1.

8.5.2 System Model

The baseline configuration of processing cores and the mesystem for
single, 4, and 8-core CMP systems is shown in Table 8.3 (ickdrntb the model
in Chapter 7). The DDR3 DRAM performance-related timing stosints are the

same as in Table 7.2 in Chapter 7.

To evaluate the effectiveness of our mechanism in systertismefetch-
ing, we employ the aggressive stream prefetcher (32 strgamafetch degree of 4,

prefetch distance of 64 cache lines) in Chapters 5 and 6 tir eare.

8.5.3 Workloads

We use the same methodology for compiling and running theCSR&rk-
loads using ICC/IFORT and Pinpoints as discussed in Sechidh3, 6.3.3and 7.6.3.

We evaluate 18 SPEC benchmarks on the single-core systesi.6lench-
marks (which have at least 10% ideal performance improvémibkean all writes are
removed) discussed in Section 8.1.1 and the two benchmgrkgandtwolf men-
tioned in Section 8.3.2. The characteristics of the 18 SP&®marks are shown
in Table 8.4. To evaluate our mechanism on CMP systems, weeldcombinations
of multiprogrammed workloads from all the 55 SPEC 2000/2B686¢chmarks. We
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Out of order, decode/retire up to 4 instructions,

Execution Core| issue/execute up to 8 microinstructions; 15 stages

256-entry reorder buffer;

Fetch up to 2 branches; 4K-entry BTB;

Front End 64-entry return address stack;

64K-entry gshare/PAs hybrid branch predictor

L1 I/D-cache: 32KB, 4-way, 2-cycle, 64B line size;

Shared last-level cache: 16-way, 8-bank, 15-cycle,
Caches and | 1 read/write port per bank, LRU replacement

on-chip buffers| writeback, 64B line size, 1, 2, 4MB for 1, 4 and 8-core systems

32,128, 256-entry MSHRs & LLC access/miss/fill buffers,

for 1, 4 and 8-core systems

1, 2, 2 channels (DRAM controllers) for 1, 4, 8-core systems;

800MHz DRAM bus cycle,

DRAM and bus| Double Data Rate (DDR3 1600MHZz) [49];

8B-wide data bus per channel, BL = 8;

1 rank, 8 banks per channel, 8KB row buffer per bank;

On-chip, open-row, FR-FCFS scheduling policy [66];

64-entry (8x 8 banks) DRAM read and write buffers per channel

drainwhenfull write buffer policy

DRAM
controllers

Table 8.3: Baseline configuration for DRAM-aware writeback

ran 30 and 12 randomly chosen workload combinations for cama@t8-core CMP

configurations respectively.

8.6 Implementation and Hardware Cost of DRAM-Aware Write-
back

As shown in Figure 8.5, our DRAM-aware writeback mechanisuires
a simple state machine in each last-level cache bank and @amanit. Most of
the hardware cost is in logic modifications. For example dbmparator structure
should be modified to support tag comparison with the row esklin each state
machine. The only noticeable storage cost is eight bytesghre bank for storing
the row address of the recent writeback. Note that none ofasbielevel cache
structure we modify is on the critical path. As Tables 8.1 8rishow, the accesses
to the last-level cache are not very frequent.
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| | | Reads | Writes |
[ Benchmark | Type || IPC | MPKI | RHR(%) | WPKI | RHR(%) |
171.swim FPOO || 0.35| 23.10 36.95 8.24 78.33
173.applu FPOO || 0.93| 11.40 90.34 1.78 81.34

175.vpr INOO || 1.02| 0.89 16.11| 0.27 25.67
178.galgel FPOO || 1.42| 4.84 54.45| 1.16 1151
179.art FPOO || 0.26 | 90.92 95.43| 9.79 86.75

189.lucas FPOO || 0.61| 10.61 61.00| 2.38 34.19
191.fma3d FPOO || 1.01| 4.13 74.75 1.82 70.58

300.twolf INTOO || 0.98 | 0.72 38.49| 20.82 20.82
429.mcf INTO6 || 0.15| 33.64 18.36| 10.69 16.58
433.milc FPO6 || 0.48 | 29.33 90.78| 5.19 48.26
436.cactusADM| FPO6 || 0.63| 4.51 7.42 1.22 33.31

450.soplex FPO6 | 0.40| 21.24 81.64| 3.75 42.48
459.GemsFDTD| FPO6 || 0.49 | 15.63 4581 6.91 50.60
462.libquantum| INTO6 || 0.67 | 13.51 9496 | 5.87 89.13

470.lbm FPO6 || 0.46 | 20.16 66.67| 10.42 66.42
471.omnetpp | INTO6 || 0.49| 10.11 63.45| 4.17 6.88
473.astar INTO6 || 0.47 | 10.19 55.16| 3.80 8.96
481 .wrf FPO6 || 0.72| 8.11 72.95| 2.52 76.17

Table 8.4: Characteristics for 18 SPEC benchmarks for DRaé\xéwe writeback:
IPC, MPKI (last-level cache misses per 1K instructions), KN Rast-level cache
Writebacks Per 1K Instructions), DRAM row hit rate (RHR)

If we implement the optimization in Section 8.3.2, one addil bit and
core ID bits (for multi-core systems) for each cache lineragired. Three regis-
ters (2 bytes for each) are required to keep track of the nuwihberitebacks sent,

the number of rewrites, and the rewrite rate.

8.7 Experimental Evaluation

We first show that the baseline write buffer management poiiat we use
outperforms other policies and then we evaluate and analyzproposed DRAM-
aware writeback mechanism on the single and multi-coresgyst

8.7.1 Performance of Write Buffer Management Policies

In addition to our baselined(ain_.whenfull), we evaluate four other write

buffer management policies that are all based on the sameige as previous
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work [40, 57, 68]. The first onegxposealways is a policy that always exposes
DRAM writes and reads to the DRAM controller together. TheANRcontroller
makes scheduling decisions based on the baseline FR-FGE&8ing policy while
always prioritizing reads over writes. However, if all DRAfWning constraints are
satisfied for a write, the write can be scheduled even thobgtetare reads in the
read request buffer. For example, while a precharge for @ e progress in one
bank, a row-hit write in a different bank can be scheduled serdiced if all tim-
ing constraints for the write are satisfied (assuming thereipending read to the
corresponding bank). The second policgésviceat no_readwhich was discussed
in Section 8.1.1. This policy exposes writes to the DRAM coligr only when
there is no pending read request or when the write bufferisgfnd stops exposing
writes when a read request arrives or when the write buffeotsull any more. The
third policy is serviceat no_read and drain_whenfull which is the same as ser-
vice_at no_read except that once the write buffer is full, all writes exposed until
the buffer becomes empty. The fourth policyain_.whenno_read and whenfull

is the same as our baseline policy that exposes all writesliamas the buffer every
time the write buffer is full, except that it also keeps expgsall writes until the
buffer becomes empty even when writes are exposed due tonthngeread in the
read request buffer. The DRAM controller follows the FR-FEJpolicy to schedule

reads and exposed writes for all of the above policies.

Figure 8.6 shows IPC normalized to the baseline and DRAM basauti-
lization on the single-core system for the above five writédsypolicies. DRAM
bus utilization is calculated by dividing the number of ®@&the data bus transfers
data (both reads and writes) by the number of total execuiioles. Note that since
we only change the write buffer policy, the total number aide and writes does
not change significantly among the five policies. Therefare,can meaningfully
compare the DRAM data bus utilization of each policy as shimigure 8.6(b). A
large number of busy cycles indicates high DRAM through@un.the other hand,
a larger number of idle cycles indicates more interferermersg memory requests.

Our baselinarain_whenfull policy outperforms the other four polices sig-
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nificantly for almost all benchmarks. The other policiessEmany idle cycles due
to frequent read-to-write and write-to-read switchinglasven in Figure 8.6(b). The
exposealwayspolicy performs worst since writes are always exposed amobea
scheduled more freely than other policies by the DRAM cdlgrohence the most
read-to-write and write-to-read penalties. Hegviceat no_read and drain_whenfull
anddrain_.whenno_read and whenfull policies also cause some writes to be sched-
uled when there is no read in the read buffer. This results amynwrite-to-read
switching penalties (i.e., many idle cycles) since readsallg arrive at the read

buffer soon after writes are scheduled for most of the berschaxshown.

In contrast, thedrain_.whenfull policy increases data bus utilization by al-
lowing the DRAM controller to service reads without intedace from writes as
much as possible. It also reduces write-to-read switchampfiies overall because
only one write-to-read switching penalty (also one reagvtde penalty) is needed
to drain all the writes from the write buffer. Finally it algpves more chances to
the DRAM controller to exploit better row buffer locality dibank-level parallelism
(servicing writes to different DRAM banks concurrently,pbssible) by exposing
more writes together. To summarize, tti@in_whenfull policy improves perfor-
mance by 8.8% on average and increases data bus utilizati®mbo on average

compared to the best of the other four policissr{iceat_no_read).

Note that there is still a significant number of idle bus cgdteFigure 8.6(b)
even with the best policy. Our DRAM-aware writeback meckanaims to mini-

mize write-caused interference so that idle cycles arebatilized.

8.7.2 Single-Core Results

This section presents performance evaluation of the DRAMra write-
back mechanism on the single-core system. Figure 8.7 sh@@xbrmalized to
the baselinerain_.whenfull policy and DRAM data bus utilization for eager write-
back technique, Write-caused Interference-aware (WIAlaeement (proposed in
Chapter 7), DRAM-aware writeback, and DRAM-aware writdbadth the opti-
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mization described in Section 8.3.2. The optimization cdyitally adjusts the dirty
line LRU positions which are considered for writeback basedhe rewrite rate es-
timation. When the rewrite rate is less than 50%, we allowlaRY position which
generates a row-hit to be written back. If the rewrite ratedasveen 50% and 90%,
only the least recently used half of the LRU stack can be sett Id the rewrite
rate is more than 90%, only writebacks in the LRU position barsent out. Note
that the eager writeback mechanism uses a write buffer ypdiiat sends writes
when the bus is idle as discussed in Section 8.4. In Sectibt,8ve showed that
sending out writes when the bus is idle is inferior to dragnthe write buffer only
when it is full drain_.whenfull). As such, for fair comparison we use an improved
version of eager writeback that uses the baselirsen_whenfull policy. First we
make the following major performance-related observatifstom Figure 8.7, and
then provide more insights and supporting data using otieAR? and last-level

cache statistics in subsections.

First, the eager writeback technique degrades performapce1% com-
pared to the baseline. This is mainly because it is not awBd&RéAM characteris-
tics. Filling the write buffers with writebacks for dirtyries which are in the LRU
position of their respective sets does not guarantee fagtedime of writes since
servicing row-conflict writes must pay the large write-teepharge penalties. As
shown in Figure 8.7(b), eager writeback suffers as manyagides as the baseline

on average.

Second, DRAM-aware writeback improves performance fobatichmarks
except forvpr andtwolf. Itimproves performance by more than 10%liccas, milc,
cactusADM, libquanturandomnetpp This is because our mechanism sends many
row-hit writes that are serviced quickly by the DRAM conten] which in turn re-
duces write-to-read switching penalties. As shown in Fedii7 (b), our mechanism
improves DRAM bus utilization by 12.3% on average acrossl@lbenchmarks.
Increased bus utilization translates to high performar@e.average, the mecha-
nism improves performance by 7.1%. However, the increassdiblization does
not increase performance fopr andtwolf. In fact, the mechanism degrades per-
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formance for these two benchmarks by 2.4% and 3.8% respéctivhis is due to
the large number of writebacks that are generated by the DRwsIre writeback
mechanism for these two benchmarks. We developed a dyngstimipation as
presented in Section 8.3.2 to mitigate this degradationchvive refer to as dy-
namic DRAM-aware writeback.

Third, dynamic DRAM-aware writeback mitigates the perfamoe degra-
dation forvpr andtwolf by selectively sending writebacks based on the rewrite rate
of DRAM-aware writebacks. By doing so, the performance ddgtion ofvpr
andtwolf becomes 1.2% and 1.8% respectively, which results in 7.28age per-
formance improvement for all 18 benchmarks. Note that theadyic mechanism
still achieves almost all of the performance benefits of dgnamic DRAM-aware
writeback for the other 16 benchmarks. As we discussed iti®@e8.3.2, the gain

from this optimization is small compared to design effortl &imrdware cost.

Finally, our DRAM-aware writeback policies significantlytperform the
WIA replacement policy. WIA improves the performance of theseline only by
2.2%. This is mainly because WIA looses opportunities thatamow-hit dirty
lines can be written back fast, since it writebacks only whereplacement oc-
curs. Our mechanism reduces more write-caused interferi@rtbe DRAM system
thereby better utilizing DRAM bus.

8.7.2.1 Why Does Eager Writeback Not Perform Well?

As discussed above, eager writeback degrades performanggaced to the
baseline in today’s DDR DRAM systems since it generatesWatks in a DRAM-
unaware manner. In other words, it can fill the write buffethwnany row-conflict
writes. Figure 8.8 shows the row-hit rate for write and readuests serviced by
DRAM for the 18 benchmarks. Because we use the open-rowyp@hat does not
use either auto precharge or manual precharge after eaebsgccow-conflict rate

can be calculated by subtracting row-hit rate from one.

While eager writeback does not change row-hit rates for gesslshown
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in Figure 8.8(b), it generates more row-conflict writes (&wow-hits) forswim,

art, milc, andlibquantumcompared to the baseline as shown in Figure 8.8(a). For
these benchmarks, these row-conflict writes introduce nidleycycles during the
servicing of writes with the baselirgrain_.whenfull write buffer policy as shown

in Figure 8.7(b). This increases the time to drain the writéfdy which in turn

delays the service of critical reads required for an appbce’ progress.

8.7.2.2 Why Does DRAM-Aware Writeback Perform Better?

In contrast to eager writeback, DRAM-aware writeback delety sends
many row-hit writes that are serviced quickly by the DRAM tofler. Therefore
the row-hit rate for writes significantly increases (to 94.6n average) as shown
in Figure 8.8(a). Note that it also increases the row-hg fat reads (by 3.3% on
average) as shown in Figure 8.8(b). This is mainly becaus&NMaware writeback
reduces row-conflicts between reads and writes as well bycied write-to-read
switching occurrences. We found that due to the last-lexethe and row locality of
programs, it is very unlikely that while servicing reads toow, a dirty cache line
to that row is evicted from the cache. Therefore decreasé@d-ta-read switching
frequency reduces row-conflicts between writes and readthéentire run of an

application.

DRAM-aware writeback leverages the benefits of the writddyudind the
drain.whenfull write buffer policy as discussed in Section 8.3. Once thehaec
nism starts sending all possible row-hit writebacks for @&, rthe write buffer be-
comes full very quickly. Thelrain_.whenfull write buffer policy continues to ex-
pose writes until the buffer becomes empty. This makes isiptes for the DRAM
controller to service all possible writes to a row very guyck herefore our mecha-
nism reduces the total number of write buffer drains overdhigre run of an appli-
cation. Table 8.5 provides the evidence of such behavishdws the total number
of write buffer drains and the average number of writes pateasuffer drain for
each benchmark. The number of writes per write buffer drambORAM-aware

writeback is increased significantly compared to the basekager writeback, and
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WIA. Therefore the total number of drains is significantldueed, which indicates
that DRAM-aware writeback reduces write-to-read switghrequency thereby in-
creasing row hit rate for reads as well. The increased rosvhé., reduced row con-
flicts) lead to high data bus utilization for both reads andegsrand performance

improvement as shown in Figure 8.7.

| | Benchmark | swim [ applu] galgel] art | lucas| fma3d| mcf |
base 64960| 24784| 2891| 83870| 19890| 24625| 62521

drains eager 76660 26367| 4264 | 90020 | 22006 | 25263| 62938
WIA 95356 | 26758 | 5681 | 104271] 50783 | 24106 69574

DRAM-aware | 13642| 2027 | 8043| 16754| 7677| 2995 49915

base 25.38| 14.36| 80.11| 23.34] 23.93| 14.79| 34.19

. . eager 5150 1351] 97.86| 24.29| 22.47| 14.43| 34.00
writes/drain WIA 1734 13.33| 40.16| 19.86| 12.27| 15.15| 31.37
DRAM-aware || 121.90| 121.97| 50.10| 128.26| 96.24| 122.09| 45.05

| | Benchmark | milc | cactusADM| soplex | GemsFDTD| libquantum |

base 50764 15264 | 43967 49027| 115563
drains eager 52581 15243 | 43033 50805 114461
WIA 63305 18093 | 46992 63179| 115561
DRAM-aware || 47982 2142 | 17611 14023 12535
base 20.43 15.09] 17.07 28.21 10.16
. . cager 19.75 16.05| 17.53 7.34 10.26
writes/drain WIA 1651 1352 16.00 51.05 10.16
DRAM-aware | 21.83 114.27| 44.32 99.49 93.66
| | Benchmark | Ibm | omnetpp| astar] wrf | vpr | twolf |
base 92310] 35902 26377 | 38353| 1961 4785
drains eager 94306 36425 26850 | 38622| 2732 | 8080
WIA 94519| 37455 27110 | 42492 | 4165 5493
DRAM-aware | 24630| 44413| 29836 4921 | 4346 | 9030
base 2257| 23.22| 28.78| 13.16] 27.54| 21.18
. . eager 22.19| 23.24| 28.48| 13.08| 29.72| 27.15
writes/drain WIA 22.04| 2254 28.15| 11.97| 27.97| 20.99
DRAM-aware | 85.08| 2050 27.05| 103.26| 69.91| 71.88

Table 8.5: Number of write buffer drains and number of wripes drain for various
policies

8.7.2.3 When is Dynamic DRAM-Aware Writeback Required?

Recall that DRAM-aware writeback degrades performancegoandtwolf.
Figure 8.9 shows the total number of DRAM read and write ratgiserviced by
DRAM for the 18 benchmarks. While DRAM-aware writeback does increase
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the total number of reads and writes significantly for theeott6 benchmarks as the

baseline and eager writeback do, it does increase the nurhibeites significantly

for vpr andtwolf.
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Figure 8.9: Number of DRAM requests for DRAM-aware writekac

Table 8.6 shows the total number of writebacks generatedR¥ANd-aware
writeback, cache lines that were cleaned but reread, anlkdeckes that were
cleaned but rewritten. It also shows the number of rewritesgache line writ-
ten back (referred to as rewrite rate). Rgr andtwolf, rewrites to cache lines
cleaned by the mechanism happen very frequently (82% and r@Spectively).
These rewritten lines’ writebacks are sent again by the iaeism thereby increas-
ing the number of writes significantly. The increased writeake the write buffer
full frequently, therefore aggregate write-to-read swihg penalty becomes larger,
which degrades performance. However, the performanceadagion is not signif-
icant for these two benchmarks, because the total numbeplessts is not large

(i.e., memory non-intensive) as shown in Figure 8.9. .

The dynamic DRAM-aware writeback mechanism discussedati@&e8.3.2
mitigates this problem by adaptively limiting writebackased on rewrite rate esti-

mation. Since the rewrite rate is high most of the timeforandtwolf, the dynamic
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| Benchmark || swim| applu| galgel] art| lucas| fma3d| mcf |

Writebacks || 1640260| 350641 | 346550| 2061007| 731063 | 361590| 2167616
Reread 42 183 | 23741 70931 0 0 122290
Rewritten 20 0| 166871 191596 0 501 | 108871
Rewrite Rate 0.00 0.00 0.48 0.09 0.00 0.00 0.05
Benchmark milc | cactusADM| soplex| GemsFDTD]| libquantum lbm |
Writebacks || 947328 242377 | 732556 1251832 1161287| 2069208
Reread 0 16 1599 1905 0 0
Rewritten 0 55| 28593 13474 0 0
Rewrite Rate 0.00 0.00 0.04 0.01 0.00 0.00

| Benchmark || omnetpp|  astar] wrf | vpr [ twolf |

Writebacks 698896 | 612423 | 500963| 299262 | 639582

Reread 21982 6012 746 | 12479| 24230

Rewritten 73667 | 37075 2588 | 245645| 540604

Rewrite Rate 0.11 0.06 0.01 0.82 0.85

Table 8.6: Number of DRAM-aware writebacks generated ageache lines and
rewritten cache lines, and rewrite rate

mechanism allows writebacks only for row-hit dirty linesisimare in the LRU po-

sition of their respective sets. Therefore, it reduces thealmer of writebacks as
shown in Figure 8.9. In this way, it mitigates the performadegradation for these
two benchmarks as shown in Figure 8.7. Note that the dynamithamism does
not change the benefits of DRAM-aware writeback for the oftebenchmarks

since it adapts itself to the rewrite behavior of the appidres.

8.7.3 Multi-Core Results

We also evaluate the DRAM-aware writeback mechanism oni+ooite sys-
tems. Figures 8.10 and 8.11 show average system perfornagaceus utilization
for the 4 and 8-core systems described in Section 8.5. Infoole systems, write-
caused interference is more severe since there is greatt@ntmn between reads
and writes from multiple cores in the DRAM system. Furthereyavrites can de-
lay critical reads of all cores. As such, reducing writesxedi interference is even
more important in multi-core systems. Our DRAM-aware wrdek mechanism
increases bus utilization by 16.5% and 18.1% for the 4 andr8-systems respec-
tively. This leads to an increase in weighted speedup (W8 )h@mmonic mean of
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speedups (HS) by 11.8% and 12.8% for the 4-core system an2.0%land 14.4%
for the 8-core system. We conclude that DRAM-aware writ&haceffective for

multi-core systems.
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Figure 8.10: Performance of DRAM-aware writeback on 4-cystem
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Figure 8.11: Performance of DRAM-aware writeback on 8-cystem

8.7.4 Effect on Systems with Prefetching

We evaluate DRAM-aware writeback when it is employed in aofkesys-
tem with the aggressive stream prefetcher described ind®e8t5. Figure 8.12
shows average system performance and bus utilization tob#seline with the
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baseline with no prefetching, the baseline with prefetgheager writeback, Write-
caused Interference-Aware (WIA) replacement and DRAMfawaiteback for our
30 4-core workloads. All three mechanisms are employed enb#seline with

prefetching.
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Figure 8.12: Performance of DRAM-aware writeback on 4-ceystem with
prefetching

Prefetching increases write-caused interference sgvdtetfetch requests,
which are essentially reads, put more pressure on the DRASW#BY. Prefetching
improves weighted speedup by 11.5% by utilizing idle DRAM laycles while it
degrades harmonic speedup by 8.6% compared to the basetm@avprefetch-
ing. Eager writeback suffers performance degradation (W& HS by 1.7% and
1.6% ) compared to prefetching alone mainly due to its DRANMwareness. In
contrast, WIA improves WS and HS by 7.5% and 8.5% comparedétetch-
ing by reducing write-caused interference (increasing MRBus utilization by
9.3%). Using DRAM-aware writeback significantly improve®&BM bus utiliza-
tion (by 19.4% compared to prefetching) by further reducinge-caused interfer-
ence. The increased bus utilization turns into higher perémce. DRAM-aware
writeback performs best by improving WS and HS by 15.4% an8%3 We con-
clude that DRAM-aware writeback is also effective in mualtire systems that em-

ploy prefetching.
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8.8 Summary

This chapter describes the problem of write-caused intemfge in today’s
DRAM systems, and shows it has significant performance itripacodern proces-
sors. Write-caused interference will continue to be a perénce bottleneck in the
future because the memory system’s bus clock frequencynted to increase in
order to provide more memory bandwidth. To reduce writesealinterference, we
propose a new writeback policy for the last-level cachdeddDRAM-aware write-
back, which aggressively sends out writebacks for dirtgdithat can be quickly
written back to DRAM by exploiting row buffer locality. We deonstrate that the
proposed mechanism and the previous best write buffer nesmeut policy are syn-
ergistic in that they work together to reduce write-causedrference by allowing
the DRAM controller to service many writes quickly togeth&his reduces the de-
lays incurred by read requests and therefore increasesrpehce significantly in
both single-core and multi-core systems. We also show tiggperformance bene-
fits of the mechanism increases in multi-core systems andmegswith prefetching
where there is higher contention between reads and writdsei®ORAM system.
We conclude that DRAM-aware writeback can be a simple swiut reduce write-

caused interference.

185



Chapter 9

Combining All DRAM-Aware Mechanisms

This chapter discusses and evaluates the performanceobptdsed DRAM-
aware mechanisms when they are employed together on sthgled 8-core sys-

tems.

9.1 DRAM-Aware Mechanisms Are Complementary

The Prefetch-Aware DRAM Controller (PADC) in Chapter 5 mges the
DRAM request buffers to maximize row buffer locality for dskprefetches and
demand requests. The BLP-aware request issue policiesapt@ht manage the
issue order to Miss Status/Information Holding Registt4SHRs) and to DRAM
requests buffers to maximize the BLP of each applicatiorc¢oe).

On the other hand, the DRAM-aware replacement policy in @rapchanges
the mixture of memory read and write requests from the kagllcache to improve
all three DRAM characteristics. It consists of Latency aadafelism-Aware Re-
placement (LPA) and Write-caused Interference-Aware (YMiéplacement poli-
cies. LPA evicts lines that would take advantage of row iuéfeality or BLP when
they are refetched later. WIA evicts dirty lines that can bitten back quickly
by exploiting row buffer locality. The DRAM-aware writebaen Chapter 8 also
changes the mixture of write requests to further reduceawagused interference in
the DRAM system.

Since each of the four mechanisms manages a different gnrsemory
structure/policy to improve DRAM performance, they arehogonal to one an-
other except for the WIA replacement and DRAM-aware writdbaThe objec-
tives of these two mechanisms are identical, which is tocedwrite-caused inter-

186



ference. In Chapter 8, we compared these two mechanismshameed that the
DRAM-aware writeback outperforms WIA by reducing more writaused inter-
ference. However, these two mechanisms are partially cemghtary when they
are combined. This is because WIA can be helpful for sendiagemow-hit writes

quickly. If a replacement occurs while the writebacks forow rare sent out by
DRAM-aware writeback, it is likely that WIA will evict a diytline that is mapped
to the same row if found. As a result, writes can be sent ot¢falsan the DRAM-

aware writeback alone. Therefore the combined mechanisenevaluate in this
chapter include both the WIA replacement and DRAM-awardeliack mecha-

nisms.

9.2 Methodology
9.2.1 System Model

Table 9.1 shows the baseline system configuration used féorpence
evaluations when all DRAM-aware mechanisms are combingether on the same
system. The DRAM timing constraints we modeled are idehtocétne DDR3-1600

constraints presented in Section 7.2.

9.2.2 Workloads

We use the same methodology for compiling and running theCSR&rk-
loads as in Section 5.3.3. We evaluated the 20 most mema@nsive or prefetch-
sensitive (either prefetch-friendly or prefetch-unfidy) SPEC 2000/2006 bench-
marks on the single-core system. To evaluate our mechamsGMP systems, we
formed new combinations of multiprogrammed workloads fralinthe 55 SPEC
2000/2006 benchmarks. We ran 30 and 20 pseudo-randomlgchazkload com-
binations for our 4 and 8-core CMP configurations respelgtivé/e imposed the
requirement that each of the multiprogrammed workloadsabhésast one memory
intensive application since these applications are mdéstaat to our study.
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Execution Core

4.8 GHz, out of order, decode/retire up to 4 instructions,
issue/execute up to 8 microinstructions; 15 stages
256-entry reorder buffer;

Fetch up to 2 branches; 4K-entry BTB;

on-chip buffers

Front End 64-entry return address stack;
64K-entry gshare/PAs hybrid branch predictor
L1 I/D-cache: 32KB, 4-way, 2-cycle, 64B line size;
Shared last-level cache: 16-way, 8-bank, 15-cycle,
Caches and | 1 read/write port per bank, LRU replacement

writeback, 64B line size, 1, 2, 4MB for 1, 4 and 8-core systemsg
32-entry MSHRs per core & LLC access/miss/fill buffers,
for 1, 4 and 8-core systems

Prefetcher

Stream prefetcher per core: 32 stream entries,
prefetch degree of 4, prefetch distance of 64 [77, 73],
128-entry prefetch request buffer per core

DRAM and bus

1, 2, 2 channels (DRAM controllers) for 1, 4, 8-core systems;
800MHz DRAM bus cycle,

Double Data Rate (DDR3 1600MHZz) [49];

8B-wide data bus per channel, BL = 8;

1 rank, 8 banks per channel, 8KB row buffer per bank;

DRAM
controllers

On-chip, open-row, demand-first FR-FCFS scheduling pgtéy;
64-entry (8x 8 banks) DRAM read and write buffers per chann
drainwhenfull write buffer policy

222

Table 9.1: Baseline configuration for all combined DRAM-agvmechanisms

9.3 Experimental Evaluation

To show that our mechanisms are complementary, we first aelper-

formance when each mechanism is employed alone on the systeswn in Sec-

tion 9.2.1. Figure 9.1 shows the performance of no prefatgiprefetching, PADC,
BLP-aware issue policies (BAPI-BPMRI), DRAM-aware re@aent (LPA-WIA),
and DRAM-Aware Writeback (DAW) on the single, 4, and 8-coystems. The

performance numbers are normalized to the baseline phafetc

As shown in Figures 9.1(a), (b), and (c), each of the mechaialone

significantly improves performance. Each mechanism imgsaall performance

metrics more than 6.0% on all systems.

Figure 9.2 shows the average performance and DRAM dataattdin of no
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prefetching, the baseline with prefetching, and all DRAMage polices combined
on the single, 4 and 8-core systems. The performance nurabersormalized to
the baseline systems with stream prefetching.

The DRAM-aware mechanisms significantly increase DRAM hiiigza-
tion by 6.5% for the 20 memory intensive benchmarks on thglsinore system as
shown in Figure 9.2(a). This is because the DRAM-aware nmashes allow the
DRAM controllers to increase row buffer locality and BLP wehreducing write-
caused interference. They reduce bus utilization of usgbesfetches by 25.5%
compared to the baseline prefetching mainly due to Adafrefetch Dropping
(APD) and BLP-Aware Prefetch Issue (BAPI). As discussed ailers 5 and 6,
APD cancels prefetches and BAPI limits the issue of pretabhen the estimated
prefetch accuracy is low. The increased DRAM utilization digeful requests im-

proves performance by 19.4% compared to the baseline phafet

The DRAM-aware mechanisms are also very effective on thedd8acore
systems as shown in Figures 9.2(b) and (c). The mechanispeshtr increase
DRAM utilization by 22.4% (from 59.1% to 72.4% utilizatiorf the peak band-
width) while reducing useless utilization by 29.9% compitiethe baseline for the
30 4-core workloads. This in turn improves weighted speeghupharmonic mean
of speedups by 22.6% and 23.0% respectively.

On the 8-core system, they improve WS and HS by 26.5% and 2By6%
increasing DRAM bus utilization by 27.1% (from 62.2% to 7.0tilization of the
peak bandwidth). This reduces useless utilization by 388%vell. The benefits

become larger as the number of cores increases.

We conclude that our DRAM-aware policies work synergidlycand sig-
nificantly improve system performance by better utilizilg DRAM system for

useful requests on single, 4, and 8-core systems.
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Chapter 10

Conclusion and Future Research Directions

10.1 Conclusion

DRAM performance is one of the most important contributiagtbrs to
the overall performance of computer systems. However, DR#dvformance is
severely limited if a microprocessor’s on-chip memory systnanagement policies
do not take into account DRAM characteristics: row buffecdlity, bank-level
parallelism (BLP), and write-caused interference.

This dissertation identified conventional on-chip memargtem manage-
ment policies that can limit DRAM performance, and proposed low-cost poli-
cies that allow higher performance of the DRAM system. Weppsed and evalu-
ated four low-cost DRAM characteristic-aware mechanisegagh of which works
on a different on-chip memory resource management policy.

To maximize DRAM row buffer locality for useful memory recgte and
minimize the negative effect of useless prefetches, tisattation proposed Prefetch-
Aware DRAM Controllers (PADC). PADC treats likely-usefulgbetches and de-
mands equally so that the DRAM controller can exploit rowféutocality for
useful requests. It also delays and drops likely-uselestefmhes. We show in
Chapter 5 that PADC significantly outperforms the existiiggdr DRAM schedul-

ing policies and requires low-cost hardware and designatipp

To maximize DRAM bank-level parallelism in the presence @&fetching,
we proposed in Chapter 6 two BLP-aware memory request isslieigs. They
determine the order in which memory requests are sent froenconachip buffer
to another. The BLP-aware prefetch issue policy sends fofede that can be ser-
viced in parallel with requests to other DRAM banks. The Birieéserving memory
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request issue policy does the actual loading of the DRAMestjouffers so that re-
quests from the same core can be serviced in parallel. Tthiges the serialization
of each core’s otherwise parallel requests. The propospuest issue policies in-
crease and preserve BLP, thereby significantly reducing ongstall time on both

single and multi-core systems.

To maximize row buffer locality and bank-level paralleliand minimize
write-caused interference in the DRAM system, this disdem proposed a DRAM-
aware last-level cache replacement policy. The DRAM-awapacement pol-
icy replaces cache lines that would incur low-cost (sexvigeickly or in paral-
lel) rather than high-cost (serviced slowly or serially)terms of refetching and
writeback due to the three DRAM characteristics. We showe@hapter 7 that
the DRAM-aware replacement policy significantly outpenfisr DRAM-unaware

replacement policies.

To further reduce write-caused interference, this dissern proposed an
aggressive DRAM-aware last-level cache writeback polloycontrast to the pro-
posed DRAM replacement policy that takes action only whespéacement is nec-
essary, DRAM-aware writeback proactively cleans dirtye$irthat can be written
back quickly to DRAM due to row buffer locality. We showed im&pter 8 that this
policy significantly reduces write-caused interferencegase it allows more writes
to be written back quickly.

Each of the four mechanisms manages different on-chip mgnesources
to improve DRAM utilization. We showed in Chapter 9 that terf mechanisms
work synergistically when employed together. They sigatfity increase DRAM
bus utilization for useful data and significantly improvefpemance beyond what
can be achieved by each one alone on both single and mudtisystems. We con-
clude that DRAM-aware on-chip memory system design canfggntly improve

DRAM performance, enabling higher performance for therergystem.

Our proposals are not limited to DRAM-based main memoryssyst Other

memory technologies in the future are also likely to emplaytiple banks and row
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buffers (i.e., sense amplifiers which can serve as row tsjfterprovide high band-
width and low latency. They will also likely have large writéaused interference
due to high bus clock frequency. As such, the key ideas ofribyggsed mechanisms
in this dissertation should be able to be seamlessly apfied-chip memory sys-

tems that employ other main memory technologies.

10.2 Future Research Directions

This dissertation introduced the notion of main memory eysaware de-
sign in on-chip microarchitectures. There are several iptesguture research di-

rections in improving main memory performance.

e As discussed above, the key ideas of the proposed mechainishns disser-
tation are not limited to today’s DRAM-based systems. Othere scalable
main memory technologies in the future will likely presemhiacacteristics
similar to DRAM in order to provide high peak bandwidth. Feaeple, are-
cently developed technology, phase change memory [35,dbiés longer
latency of writes, which likely increases write-causectiférence. The key
ideas presented in this dissertation could be extendedtmepsors that em-

ploy new main memory technologies.

e DRAM performance varies depending on the memory addrespimgjand
the applications’ memory behavior as well as on-chip mensystem man-
agement policies. DRAM characteristic-aware memory allocs, compil-
ers, and profilers can increase DRAM utilization efficiengydhanging ad-
dress mapping in a DRAM-aware manner and giving hints aboaipplica-
tion’s memory behavior to the on-chip memory resource meamamnt poli-

cies.

e The concept of DRAM-awareness can also be applied to othehgmmem-
ory resources for many-core systems in the future. An exangbn-chip
interconnect. A DRAM-aware interconnect could prioritizguests to better

194



exploit row buffer locality and bank-level parallelism gt effective mem-

ory stall time could be minimized.

e Last-level cache management that takes into account bwtpaial locality
and DRAM characteristics can further improve efficiency. &ample is
to switch between temporal locality-aware replacement RRAM-aware
policies based on runtime behavior of an application. Thikresult in both
cache and DRAM efficiency.
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