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ABSTRACT

This paper pesents a simulation-based performance studywefaleof the ne high-performance DRAM
architectues, eah evaluated in a small systemgamnization.These small-systemgamizations

correspond to workstation-class compstand use only a handful of DRARims (~10, as opposed to ~1
or ~100).The study oeers Fast Rige Mode Extended Data Out, Symonous, Enhanced Sywronous,

Dual Data RateSynbaronous Link, Ramis, and Diect Rambs designs. Our simulationsveal seeral
things: (a) curent advanced DRAM tkeoolagies ae attaking the memory bandwidthgisiem lut not the
latency poblem; (b) lns transmission speed will soon become a primary factor limiting memory-system
performance; (c) the post-L2 adihs steam still contains significant localjtihough it varies tfm
application to application; (d) systems without L2 lveg ae feasible for low- and medium-speed CPUs
(1GHz and below); and (e) as wevado wider bises, ow access time becomes mpiominent, making

it important to ivestigate teaniques to xploit the available locality to deease access time

1 INTRODUCTION

In response to the gring gap between memory access time and processor speed, DRAMantarers

have created seeral nev DRAM architecturesThis paper presents a simulation-based performance study
of a representate group, ®aluating each in terms of itsfeft on total gecution timeWe simulate the
performance of sen DRAM architectures:dst Rage Mode [36], Extended Data Out [19], Synchronous
[20], Enhanced Synchronous [13], Dual Data Rate [21], Synchronous Link [38]uR§B2&f) and Direct
Ramlus [33].While there are a number of academic proposals ferdfRAM designs, space limits us to
covering only &isting commercial architectureék obtain accurate memory-request timing for an

aggressie out-of-order processowe intgrate our code into the SimpleScalar tool set [4].



This paper presents a baseline studyswhall-system DRAM ganization these are systems with only
a handful of DRAM chips (0.1-1GBJjVe do not consider lge-system DRAM @anizations with man
gigabytes of storage that are highly intevish\We also study a set of benchmarks that are appropriate for
such systems: uselass applications such as compilers and small databases rather thiariassv

applications such as transaction processing systdrastudy asks and answers the feifg questions:

« What is the déct of impravements in DRAM technology on the memory lateand bandwidth

problems?

Contemporary techniques for impiog processor performance and tolerating memory hatare
exacerbating the memory bandwidth problem [5]. Our resultw ghat current DRAM architectures
are attacking»actly this problem: the most recent technologies (SDRAM, ESDRAM, DDR, and
Ramlus) hae reduced the stall time due to limited bandwidth bgcidr of three compared to earlier

DRAM architectures. Hoever, the memory-lateryccomponent of eerhead has not impred.

« Where is time spent in the primary memory system (the memory sysgendlibe cache hierargh
but not including secondary [disk] or tertiary [backup] stora@éfat is the performance benefit of

exploiting the page mode of contemporary DRAMs?

For the never DRAM designs, the time txteact the required data from the sense ampstaxhes for
transmission on the memoryis the lagest component in th@erage access time, though page mode

allows this to be werlapped with column access and the time to transmit thed&atéhe memory us.
» How much locality is there in the address stream that reaches the primary memory system?

The stream of addresses that miss the L2 cache contains a significant amount oa®oadiasured by
the hit-rates in the DRAM w buffers. The hit rates for the applications studied range 2—-97%, with a
mean hit rate of 40% for a 1MB L2 cache. (This does not include hits tonttmeffers when making

multiple DRAM requests to read one cache-line.)
« Does it mak sense to eliminate the L2 cache in-tmst systems?

Modern DRAM designs are increasing the amount of SRAM and other caelstelikige on the
DRAM die [12]. In most cases, a memory system comprised of multiple DRAM chips valhay
kilobytes of high-speed memory (foraample, 8KB of high-speed storage per DRAM is common

today and the amount is increasing quickly). Our simulationg/ghat for lav- and medium-speed



CPUs (1GHz and under), it is possible to eliminate the L2 cache andwsilldrg reasonable

performance.

We also mak several obserations. First, there is a one-time tradebaftween cost, bandwidth, and
lateng: to a point, latenccan be decreased bairgying together multiple DRAMSs into a wide structure.
One can essentially pay for bandwidth and simultaneously reducey)aeiacrequest size is typically
much lager than the DRAM transfer width, and the increased bandwidthwesgptbe transfer time of the
large request. Both page mode and intereaexploit this phenomenon. kigever, once the bs is as wide
as a fundamental data unit, the benefit diminishes, and to obtain furtheramprds, one must run the
DRAM core and bs at &ster speed$hough current memoryuses are adequate for currengdéo mid-
end systems, tgare inadequate for high-end systeWler usses via embedded DRAM [5, 23, 37] are
not a neaterm solution, as embedded DRAM performance is poor on high-aemdbads [3]. Rster
buses are more kty solutions—witness the elimination of thevglimtermediate memoryus in future
systems [16]Another solution is to internally bank the memory array intoynsamall arrays so that each
can be accesse@ny quickly as in the MoSys Multibank DRAM architecture [39].

Second, wideninguses will present meoptimization opportunities. Each applicatiotibits a
different dgree of locality and therefore benefits from page mode tdesatif dgree As buses widen,
this efect becomes more pronounced, to tktert that diferent applications can Yaverage access
times that diler by a &ctor of twp. This is a minor issue considering curreas itechnologyHowever,
future tus technologies wilb@ose the nv access as a primary performance bottleneck, justifying the
exploration of mechanisms thatmoit locality to guarantee hits in the DRAMwduffers: e.g. rav-buffer
victim caches, prediction mechanisms, etc. Note that recent commercial DRAM proposals addtlgss e
this issue by placing associetiSRAM caches on the DRAM die tapoit locality and the tremendous
bandwidth mailable on-chip [12].

Third, while huses as wide as the L2 cache yield the best memoryyaiegchase passed the point of
diminishing returns: for instance, ashalf as wide wuld not yield twice the lategcThe use of page
mode @erlaps the components of DRAM access when making multiple requests to thevgzsned e
can only &ploit this overlap when a cache block isdar than the s width—otherwise very cache-fill
request requires onewaccess and one column accéserefore, the DRAM s should notxeeed N/2
bits, where N is the L2 cache width.

Fourth, critical-word-first does not mix well withusst mode. Critical-ard-first is a stratgy that

requests a block of data potentially out of address-ordest imode delers data in a fed hut redefinable



order A burst-mode DRAM can thus canvedonger latencies in real systemeee if its end-to-end
lateny is low. However, we note that for the applications studied, tataketion time seems to correlate
more with end-to-end DRAM latencies than with criticalrd/latencies.

Finally, the choice of refresh mechanism can significantly altenvfrage memory access timerF
some benchmarks and some refreglamrations, the amount of time spemtitmg for a DRAM in
refresh mode accounted for 50% of the total Iatenc

As one might gpect, our results and conclusions are dependent on our system specifications, which we
chose to be representatiof mid- to high-end wrkstations: a 100MHz 128-bit memomyd(an
organization that is found in 3IRC workstations and has the same bandwidth as a DRDRAM channel),
an eight-vay superscalar out-of-order CPU, lockup-free caches, and a small-system Déahldation
with ~10 DRAM chips.

2 RELATED WORK

Burger, Goodman, and Kagi quantified théeet on memory belv@r of high-performance latepe

reducing or latengtolerating techniques such as lockup-free caches, out-of-owelarten, prefetching,
speculatre loads, etc. [S[They concluded that to hide memory latgrtbese techniques often increase the
demands on memory bandwidlhey classify memory stallycles into tvo types: those due to lack of
available memory bandwidth, and those due purely to lgté@ihés is a useful classification, and we use it

in our studyThis study difers from theirs in that we focus on the access time of only the primary memory
system, while their study combines all memory access time, including the L1 and L2 Thehestudy
focuses on the belar of lateng-hiding techniques, while this study focuses on the\nehaf different
DRAM architectures.

Several marleting studies compare the memory layesed bandwidthailable from diferent DRAM
architectures [6, 30, 31IThis paper bilds on these studies by looking at @&rassortment of DRAM
architectures, measuring DRAM impact on total application performance, decomposing the memory
access time into dérent components, and measuring the hit rates in wheufters.

Finally, there are manstudies that measure system-wide performance, including that of the primary
memory system [1, 2, 10, 22, 26, 27, 34, 35]. Our results resemble theirs, in that we obtain similar figures
for the fraction of time spent in the primary memory systemveder, these studies kadifferent goals

from ours, in that theare concerned with measuring thieefs on total xeecution time of &rying seeral
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Figure 1: Conventional DRAM b lock diagram. The conventional DRAM
uses a split addressing mechanism still found in most DRAMSs today.

CPU-level parameters such as issue width, cache sizga@ation, number of processors, &tgis

study focuses on the performance ébreof different DRAM architectures.

3 BACKGROUND

A RandomAccess Memory (RAM) that uses a single transisgacitor pair for each binarghae (bit) is
referred to as a Dynamic Randéwcess Memory or DRAMThis circuit is dynamic because leakage
requires that the capacitor be periodically refreshed for information retention. |ndiWMs had

minimal 1/O pin counts because the maiiring cost &s dominated by the number of I/O pins in the
package. Due lgely to a desire to use standardized parts, the initial constraints limiting the I/Oyains ha
had a long-term &ct on DRAM architecture: the address pins for most DRAMs are still mukible
potentially limiting performancés the standard DRAM intexte has become a performance bottleneck,
a number of “reolutionary” proposals [28] & been made. In most cases, thhgionary portion is the

interface or access mechanism, while the DRAM core remains essentially unchanged.

3.1 TheConventional DRAM

The addressing mechanism of early DRAM architectures is still utilized, with minor changesy iofman
the DRAMSs produced todain this interace, shavn in Figure 1, the addresasis multipleed between
row and column componeniBhe multiplexed addressus uses te control signals—the vwand column
address strobe signals, RABd CASrespectiely—which cause the DRAM to latch the address

componentsThe rav address causes a complete o the memory array to propaig devn the bit lines
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Figure 2: FPM Read Timing. Fast page mode allows the DRAM controller
to hold a row constant and receive multiple columns in rapid succession.
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to the sense ampBhe column address selects the appropriate data subset from the sense amps and causes

it to be drven to the output pins.

3.2 Fast Page Mode DRAM (FPM DRAM)

Fast-Rage Mode DRAM implementsage mode an impraement on corentional DRAM in which the
row-address is held constant and data from multiple columns is read from the sense afipéfotata

held in the sense amps form an “open page” that can be accesseslygaickly This speeds up
successke accesses to the samerof the DRAM core. Figure 2 ggs the timing for FPM readshe

labels shw the catgories to which the portions of time are assigned in our simulations. Note that page

mode is supported in all the DRAM architecturegstigated in this study

3.3 Extended Data Out DRAM (EDO DRAM)

Extended Data Out DRAM, sometimes referred toypeipage mode DRAM, adds a latch between the
sense-amps and the output pins of the DRAMwsha Figure 3This latch holds output pin state and
permits the CASo rapidly de-assert, alldng the memory array to gm prechaging soonerin addition,
the latch in the output path also implies that the data on the outputs of the DRAM circuit r@idain v
longer into the ne clock phase. Figure 4vgis the timing for an EDO read.
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Figure 3: Extended Data Out (EDO) DRAM b lock diagram. EDO adds a
latch on the output that allows CAS to cycle more quickly than in FPM.
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Figure 4: EDO Read Timing. The output latch in EDO DRAM allows more
overlap between column access and data transfer than in FPM.
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Figure 5: SDRAM Read Operation Cloc k Diagram. SDRAM contains a
writable register for the request length, allowing high-speed column access.

3.4 Synchronous DRAM (SDRAM)

Corventional, FPM, and EDO DRAM are controlled asynchronously by the processor or the memory
controller; the memory latends thus some fractional number of CPU clog&les.An alternatve is to
malke the DRAM interdce synchronous such that the DRAM latches information to and from the

controller based on a clock signaltiming diagram is shen in Figure 5. SDRAM deces typically hae



a programmable gister that holds aupst length or bytes-peequest &lue. SDRAM may therefore return
mary bytes @er se&eral g/cles per requesthe adantages include the elimination of the timing strobes
and the wailability of data from the DRAM each clockae. The underlying architecture of the SDRAM

core is the same as in a gentional DRAM.

3.5 Enhanced Synchronous DRAM (ESDRAM)

Enhanced Synchronous DRAM is a modification to Synchronous DRAM that parallelde¢hendiés
between FPM and EDO DRAM. First, the internal timing parameters of the ESDRAM caastardtan
SDRAM. Second, SRAM mg-caches hae been added at the sense-amps of each bheke caches
provide the kind of impreed interrow performance obseed with EDO DRAM, allaving requests to the
last accessedwoto be satisfiedven when subsequent refreshes, pregsror actiates are taking place.
It also allavs a write to proceed through the sense amps directly witkemwiting the line bffered in

the SRAM cache, whichould otherwise destyoary read locality

3.6 Double Data Rate DRAM (DDR DRAM)

Double data rate (DDR) DRAM doubles the bandwidtkilable from SDRAM by transfering data at both
edges of the clock. DDR DRAM areny similar to single data rate SDRAM in all other characteristics.
They use the same signalling technolptipe same inteace specification, and the same pinouts on the
DIMM carriers. InternallyDDR-DRAM emplgys 2n prefetching, where twice the number of bits is read in

or written to the DRAM array on each access, ammivbit transfers takplace eery half gcle.

3.7 SynchronousLink DRAM (SLDRAM)

RamLink is the IEEE standard (P1596.4) foua brchitecture for giees. Synchronous Link (SLDRAM)
is an adaptation of RamLink for DRAM, and is another IEEE standard (P1596.7). Both are adaptations of
the Scalable Coherent Intack (SCI)The SLDRAM specification is therefore an open standardiaigp
for use by endors without licensing fees. SLDRAM uses a patiased split request/response protocol.
Its kus interfce is designed to run at clock speeds of 200-600 MHz and hashgtesmvide datapath.
SLDRAM supports multiple concurrent transactionsyjoled all transactions reference unique internal
banks.The 64Mbit SLDRAM deices contain 8 banks peniiee.
Note that SLDRAM is currently only of academic interest; the SLDRAM standavd®genent dbrt
has recently been abandoned, and it is alylithat ag SLDRAM chips will ezer be produced.
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Figure 6: Rambus DRAM Read Operation. Rambus DRAMs transfer on
both edges of a fast clock and can handle multiple simultaneous requests.

3.8 RambusDRAMs(RDRAM)

Ramlus DRAMSs use a one-byte-wide multipdel address/dataub to connect the memory controller to
the RDRAM deices.The hus runs at 300 Mhz and transfers on both clock edges to@ahigeoretical
peak of 600 Mbytes/s. Rtically, each 64-Mbit RDRAM is dided into 4 banks, each with ite/o row

buffer, and hence up to 4ws remain actie or oper}. Transactions occur on thegusing a split
request/response protocol. Because tleeidmultipleed between address and data, only one transaction
may use theus during ayn 4 clock gcle period, referred to as an gatle. The protocol uses pagek
transactions; first an address petdk drven, then the data. @grent transactions can requirefelient
numbers of ocicles, depending on the transaction type, location of the data withinvibe,deimber of

devices on the channel, etc. Figure %egi a timing diagram for a read transaction.

3.9 Direct Rambus (DRDRAM)

Direct Ramins DRAMSs use a 400 Mhz 3-byte-wide channel (2 for data, 1 for addresses/commaads). Lik
the Rambs parts, Direct Ranls parts transfer at both clock edges, implying a maximum bandwidth of
1.6 Gbytes/s. DRDRAMs arewtiled into 16 banks with 17 halfwobuffers’. Each half-rev buffer is

shared between adjacent banks, which implies that adjacent banks canngelsaradtaneouslyThis
organization has the result of increasing the-boiffer miss rate as compared twimg one open W per

bank, lut it reduces the cost by reducing the die area occupied bynthoeffers, compared to 16 fullwo
buffers.A critical difference between RDRAM and DRDRAM is that because DRDRAM patrtitions the

1. In this studywe model 64-Mbit Ramis parts, which hee 4 banks and 4 openws. Earlier 16-Mbit Ramiss oganizations
had 2 banks and 2 open pages, and future 256-Mjaihi@ations may he even more.

2. As with the preious part, we model 64-Mbit Direct Raody which has this ganization. Future (256-Mbit) ganizations
may look diferent.



bus into diferent components, three transactions can simultaneously utilizeférerdiportions of the
DRDRAM interface.

4 EXPERIMENTAL METHODOLOGY

To obtain accurate timing of memory requests in a dynamically reordered instruction streangratedte
our code into SimpleScalan eecution-drven simulator of an aggregsiout-of-order processor [AVe
calculate the DRAM access time, much of whichvisriapped with instructionxecution.To determine

the dgree of werlap, and to separate memory stalls due to bandwidth limitations from memory stalls due
to lateng limitations, we run te other simulations—one with perfect primary memory (zero access time)
and one with a perfecub (as wide as an L2 cache ling)lléwing the methodology in [5], we partition

the total applicationx@cution time into three componerifg T) and Tz which correspond, respegtly,

to time spent processing, time spent stalling for memory due toyaéenictime spent stalling for memory
due to limited bandwidth. In this papéme spent “processing” includes all aitti above the primary
memory system, i.e. it contains all processecation time and L1 and L2 cache wityi Let Ty be the

total execution time for the realistic simulation; Tt be the gecution time assuming unlimited
bandwidth—the results from the simulation that models cacheline-wssbhenTp is the time gien

by the simulation that models a perfect primary memory system, and we can cé|calatd 5 as

follows: T, =Ty —TpandTg =Tr —Ty. In addition, we consider thegtee to which the processor is
successful inwerlapping memory access time with processing tilviescall the eerlap componentp,

and ifTy, is the total time spent in the primary memory system (the time returned by our DRAM
simulator), theMg =Tp— (Tg —Tyy). This is the portion of p that is @erlapped with memory access.

Table 1: DRAM Specifications used in sim ulations

Transf er Row Internal Pre- Row Column Data

DRAM type Size Rows Columns Speed

Width Buff er Banks charge Access Access Transf er
FPMDRAM 64Mbit 4096 1024 16 bits 16K bits 1 - 40ns 15ns 30ns 15ns
EDODRAM 64Mbit 4096 1024 16 bits 16K bits 1 - 40ns 12ns 30ns 15ns
SDRAM 64Mbit 4096 256 16 bits 4K bits 4 100MHz 20ns 30ns 30ns 10ns
ESDRAM 64Mbit 4096 256 16 bits 4K bits 4 100MHz 20ns 20ns 20ns 10ns
DDR 128Mbit 4096 512 16 bits 4K bits 4 100MHz 20ns 20ns 20ns 10ns
SLDRAM 64Mbit 1024 128 64 bits 8K hits 8 200MHz 30ns 40ns 40ns 10ns
RDRAM 64Mbit 1024 256 64 bits 16K bits 4 300MHz 26.66ns 40ns 23.33ns 13.33ns

DRDRAM 64Mbit 512 64 128 bits 4K bits 16 400MHz 20ns 17.5ns 30ns 10ns

10



41 DRAM Simulator Overview

The DRAM simulator models the internal state of the ¥alhg DRAM architectures: &t Rige Mode
[36], Extended Data Out [19], Synchronous [20], Enhanced Synchronous [13, 20], Dual Data Rate [21],
Synchronous Link [38], Ranuis [32], and Direct Ranis [33].

The timing parameters for the féifent DRAM architectures arevgn inTable 1. Since we could not
find a 64Mbit part specification for ESDRAM, wetpolated based on the most recent SDRAM and
ESDRAM datasheet3o measure DRAM beh@r in systems of diéring performance, weavied the
speed at which requests aerat the DRAMWe ran the L2 cache at speeds of 100ns, 10ns, and 1ns, and
for each L2 access-time we scaled the main procesgmeéd accordingly (the CPU runs at 10x the L2
cache speed).

Table 2: Time components in primar y memor y system

Component Description

Row Access Time The time to (possibly) precharge the row buffers, present the row address, latch the
row address, and read the data from the memory array into the sense amps

Column Access Time The time to present the column address at the address pins and latch the value

Data Transfer Time The time to transfer the data from the sense amps through the column muxes to

the data-out pins

Data Transfer Time Overlap ~ The amount of time spent performing both column access and data transfer
simultaneously (when using page mode, a column access can overlap with the
previous data transfer for the same row)

Note that, since determining the amount of overlap between column address and
data transfer can be tricky in the interleaved examples, for those cases we simply
call all time between the start of the first data transfer and the termination of the last
column access Data Transfer Time Overlap (see Figure 8).

Refresh Time Amount of time spent waiting for a refresh cycle to finish
Bus Wait Time Amount of time spent waiting to synchronize with the 2700MHz memory bus
Bus Transmission Time The portion of time to transmit a request over the memory bus to & from the DRAM

system that is not overlapped with Column Access Time or Data Transfer Time

We wanted a model of a typicalonkstation, so the processor is eiglaysuperscalaout-of-ordey
with lockup-free L1 caches. L1 caches are split 64KB/64KBag-set associate, with 64-byte linesizes.
The L2 cache is unified 1MB, 4ay set associae, writeback, and has a 128-byte linesizee L2 cache
is lockup-free bt only allavs one outstanding DRAM request at a time; note tigenization &ils to tale
adwantage of some of thewer DRAM parts that can handle multiple concurrent requestsetén this
is addressed later on in the discussion andarfdow-on studies of ours [7, 8, 11]. 100MHz 128-bit
buses are common for high-endnkstations, so this is thei® configuration that we model. Note that it
also has the same bandwidth as Direct Renib.6 GB/s)We assume that the communicatioredead is
only one 10nsycle in each direction.df the DDR simualtions, theub transfers data on both edges of the

clock; therefore, its &ctive bandwidth is twice that of the other simualtions.

11
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Figure 7: DRAM bus configurations. = The DRAM/bus organizations used
in (a) the non-interleaved FPM, EDO, SDRAM, and ESDRAM simulations; (b)
the SLDRAM and Rambus simulations; (c) the SLDRAM and Rambus dual-
channel organizations; and (d) the parallel-channel SLDRAM and Rambus
performance numbers in Figure 11. Due to differences in bus design, the only
bus overhead included in the simulations is that of the bus that is common to
all organizations: the 100MHz 128-bit memory bus.

The DRAM/kus configurations simulated are smain Figure 7. Br DRAMs other than Ranois and
SLDRAM, eight DRAMSs are arranged in parallel in a DIMMdikiganization to obtain a 128-biub.
SLDRAM, RDRAM, and DRDRAM utilize narmer, but higher speedusesThese DRAM architectures
can be arranged in parallel channels, and we study them here in thx ebatsingle-width DRAM s,
which is the simplest configuration, as well as a dual-channel configuration for SLDRAM and RDRAM.

As in real-world systems, the memory controller coalesessgaclets into 128-bit chunks to be
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transmitted ver the 100MHz 128-bit memoryb.To keep the designs onen footing, we ignore the
overhead of the memory controll&ecause of the namechannel gganization, transfer rate comparisons
may also be decepé, as we are transferring data from eighveational DRAM (FPM, EDO, SDRAM,
ESDRAM, DDR) concurrentlyversus only a single dige in the case of the nawechannel architectures
(SLDRAM, RDRAM, DRDRAM).

As mentioned, for SLDRAM and RDRAM we also modebtahannel systems to obserheir
behaior when their bandwidth is eqallent to the other DRAM ganizationsThe FPM, EDO, SDRAM
and ESDRAM aganizations connect the DRAMs to the memory controller via a 128-bit 100M8HA 16
GB/s bandwidth). DRDRAM uses a 16-bit B00MHm&Halso 1.6 GB/s bandwidth). Wever, SLDRAM
and RDRAM hae natve bandwidths of 800 MB/s and 600 MB/s, respa&tji We measure the
performance of the nag bandwidths of SLDRAM and RDRAM, and we also measure the performance
of ganged aganizations using tavbuses side-by side, whose aggtte bandwidth is 1.6 GB/soF
comparison, we also look at one of theveeDRAM technologies: 128-bit 100MHz DDR, which has
twice the bandwidth of the others: 3.2GB/s.

To better distinguish results from ®ifent benchmarks, we do nogbetaking measurements (or
warming the caches) until the application has finished its initialization stage, during which its memory
accesses argteemely sequential in natufBhe memory accesses that we see thus tend to better reflect the
true behwgior of each benchmark.

The simulator models a synchronous memory iatexfthe processerinterice to the memory
controller has a clock signdlhis is typically simpler to implement and dejathan a fully asynchronous
interface. If the processorecutes at aafter clock rate than the memonsi{as is likly), the processor
may haeto stall for seeral g/cles to synchronize with thei before transmitting the requést account
for the number of stallycles inBus Vit Time

The simulator models geral diferent refresh ganizations, as described in Sectioiihe amount of
time (on aerage) spent stalling due to a memory referencaragrduring a refreshycle is accounted for

in the time component label&eflesh Tme

4.2 Interleaving

For the 100MHz 128-bituss configuration, the transfer size is eight times the request size; therefore each
DRAM access is a pipelined operation thaetlidantage of page modeoiRhe ister DRAM parts, this
pipeline leeps the memoryuls completely occupied. Maver, for the slever DRAM parts (FPM and

13
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EDO), the timing looks lik that shavn in Figure 8(a)While the addressus may be fully occupied, the
memory data s is not, which puts the sler DRAMs at a disadntage compared to thester parts. ér
comparison, we model the FPM and EDO parts in intezbaganizations as well (sko in Figure 8(b)).
The dgree of interle@ng is that required to occyphe memory dataus as fully as possibl&his may
actually awer-occupy the addressus, in which case we assume that there are more than one addesss b
between the controller and the DRAM parts. FPM DRAM specifies a 40ns CAS period anehiayfour
interleaved; EDO DRAM specifies a 25ns CAS period and &hay interleged. Both are interlead at

a hus-width granularity

5 EXPERIMENTAL RESULTS

For most graphs, the performance ofesal DRAM oganizations is gen: FPM1, FPM2, FPM3, EDO1,
EDO2, SDRAM, ESDRAM, DDR, SLDRAM, SLDRAMx2, RDRAM, RDRAMx2, and DRDRAWhe
first two configurations (FPM1 and FPM2) shthe diference betweenwahys leeping the n buffer
open (therebywaiding a prechare orerhead if the nd access is to the samewaoand neer keeping the

row buffer open. FPML1 is the pessimistic stggtef closing the ne buffer after @ery access and
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prechaging immediately; FPM2 is the optimistic stigyeof keeping the ne buffer open and delaying
prechage.The diference is seen iRow Accessifie, which, as the graphs skas not lage for present-
day oganizations. br all other DRAM simulationsut ESDRAM, we kep the rav buffer open, as the
timing of the pessimistic strajg can be calculated without simulatidine FPM3 and EDO2 labels
represent the interlead oganizations of FPM and EDO DRAMhe SLDRAMx2 and RDRAMX2 labels
represent the SLDRAM and RDRAMganizations with tw channels (described earliefhe remaining

labels should be selfplanatory

5.1 Handling Refresh

Surprisingly DRAM refresh oganization can &kct performance dramaticallyhere the refresh
organization is not specified for an architecture, we simulate a model in which the DRAM allocates
bandwidth to either memory references or refresh operations, aptrese of predictability [28] he
refresh period for all DRAM partsibRamlus is 64ms; Ramis parts hee a refresh period of 33ms. In the
simulations presented in this pagérs period is diided into N indvidual refresh operations that occur
33/N milliseconds apart, where 33 is the refresh period in milliseconds and N is the numbsriofaio
internal bank times the number of internal baiikss is the Ramils mechanism, and a memory request
can be delayed at most the refresh of one DRAM For Ramlus parts, this bekieor is spelled out in the
data sheets.df other DRAMSs, the refresh mechanism is nqiieitly stated. Note that normallywhen
multiple DRAMs are gnged together into ghical banks, all banks are refreshed at the sameTihigeis
different; Rambs refreshes internal banks widually.

Because mantextbooks describe the refresh operation as a periodic shutivigafdhe DRAM until
all rows are refreshed (e.g. [17]), we also simulated stalling the DRAM oapg@ms to refresh the
entire memory array; thusyery 64ms, one can potentially delay one or more memory references the time
it takes to refresh the entire memory aridyis approach yields refresh stalls up to twders of
magnitude wrse than the time-interspersed scheradidvlarly hard-hit vas thecompessbenchmark,
shavn in Figure 9 with refresh stalls accounting feein50% of thegerage access time inveeal of the
DRAM architectures. Because such higlkerheads are easily@ded with an appropriate refresh

organization, we only present results for the time-interspersed refresh approach.
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Figure 9: The penalty f or choosing the wr ong refresh or ganization. In
some instances, time waiting for refresh can account for more than 50%.

5.2 Total Execution Time

Figure 10(a) shas the total ecution time for seeral benchmarks of SPECint ®6sing SDRAM for the
primary memory systenthe time is drided into processor computation, which includes accesses to the
L1 and L2 caches, and time spent in the primary memory syBtengraphs also sthathe averlap

between processor computation and DRAM access tionedeh architecture, there are thregival

bars, representing L2 cachele times of 100ns, 10ns, and 1ns (left, middle, and rightmost bars,
respectrely). For each DRAM architecture and L2 cache access time, the figuve ahmar representing

execution time, partitioned into four components:

« Memory stall gcles due to limited bandwidth

« Memory stall gcles due to lateryc

« Processor time (includes L1 and L2 ity that is awverlapped with memory access

» Processor time (includes L1 and L2 waty) that isnot overlapped with memory access

One of the most afious results is that more than half of the SPECint '95 benchmarks (ggg, ijpe
m88ksim, perl, andartex) exhibit the same memory-systemeohead that has been reported in the
literature for lage-footprint applications considered much more memory-invetisan SPEC: the middle

bars in Figure 10(a) for these benchmarks, which represent CPU speeds of M@&Hankmerlapped

3. We do not look at the floating-point benchmarks here because thgiaraccess patterns neathem easy tgets for
optimizations such as prefetching and access reordering [24, 25].
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Figure 10: Total e xecution time + access time to the primar y memor y system. Figure (a) shows the total execution time in CPI for all benchmarks, using
Synchronous DRAM. Figures (b) and (c) give total execution time in units of CPI for different DRAM types. The overhead is broken into processor time and
memory time, with overlap between the two shown, and memory cycles are divided into those due to limited bandwidth and those due to latency.

DRAM components constituting 10—-25% of the totadaition timeThis echoes published results for
DRAM overheads in commercialofkloads such as transaction processing [1, 2, 10, 22].

Another olvious point is that arwhere from 5% to 99% of the memoryeshead is werlapped with
processorecution—the most memory-intemsiapplications successfullywerlap 5-20%. SimpleScalar
schedules instructionsteemely aggresgely and hides aafr amount of the memory latgnwith other
work—though this “other wrk” is not all useful wrk, as it includes all L1 and L2 cache watyi For the
100ns L2 (corresponding to a 100MHz processor), between 50% and 99% of the memory access-time is
hidden, depending on the type of DRAM the CPU is attached teagtexr DRAM parts allw a processor

to exploit greater dgrees of concurrepy: For 10ns (corresponding to a 1GHz processor), between 5% and
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90% of the latencis hiddenAs expected, the sleer systems hide more of the DRAM access time than
the faster systems.

Figures 10(b) and 10(c) shidhat the more aédnced DRAM designs kareduced the proportion of
overhead attribted to limited bandwidth by roughly adtor of three: e.g., looking at the 10ns bars
(corresponding to 10GHz CPUSs) for both GCC and PERL benchmari&atiseDue to Memory
Bandwidthcomponent decreases from 3 for PERL and 1.5 for GCC in the FPMDRgsination to 1
for PERL and 0.5 for GCC in the SDRAM, ESDRAM, DDR, and DRDRAMghaizations.

The figures also shothe diference in performance due to DRAM architectures tédays high-end
DRAMs (e.g. SDRAM, Direct Ramis, ESDRAM, and DDR), there is little ffifence in total>ecution
time. The rankings do not change from application to application (DD&sisdt, folloved by ESDRAM,

Direct Ramios, ad SDRAM), and theag between theastest and sleest architectures is only 10-15%.
Summary: The graphs demonstrate theyaee to which contemporary DRAM designs are addressing
the memory bandwidth problem. Popular high-performance techniques such as lockup-free caches and

out-of-order gecution &pose memory bandwidth as the bottleneck to impgosystem performance; i.e.,
common techniques for impnng CPU performance and tolerating memory |lageare eacerbating the
memory bandwidth problem [5]. Our results\sttbat contemporary DRAM architectures are attacking
exactly that problem\\e see that the most recent technologies (SDRAM, ESDRAM, DDR, SLDRAM,
and Rambs designs) he reduced the stall time due to limited bandwidth bgchdr of two to three, as
compared to earlier DRAM architectures. Unfortunatisigre are no matching impements in memory
lateng/; while the nevest generation of DRAM architectures decreases the cost of limited bandwidth by a
factor of three compared to theoris generation, the cost of stalls due to latdras remained almost
constant.

The graphs also sthathe expected result that as L2 cache and processor speeds increase, systems are
less able to tolerate memory latgr&ccordingly, the remainder of our study focuses on the components

of memory lateng

5.3 Average Memory Latency

Figure 11 breaks @ the memory-system component of FigureTh access times arevidied by the
number of accesses to obtain garage time-peDRAM-accessThis is end-to-end latepcthe time to
complete an entire request, as opposed to critioedHateng. Much of this time is werlapped with

processorxecution; the dgree of @erlap depends on the speed of the L2 cache and main CPU. Since the
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Figure 11: Break-do wns for primar y memor y access time , 128-BIT bus. These graphs present the average access time on a 128-bit bus across DRAM
architectures for benchmarks that display the most widely varying behavior. The different DRAM architectures display significantly different access times. The main
cause for variation from benchmark to benchmark is the Row Access Time, which varies with the probability of hitting an open page in the DRAM'’s row buffers. If
a benchmark exhibits a high degree of locality in its post-L2 address stream, it will tend to have a small Row Access Time component.

variations in performance are notgar we only sh@ benchmarks thatawvy most widelyThe diferences
are almost entirely due ®ow AccessimeandBus Tansmissionime
Row Accessihe varies with the hit rate in thewabuffers, which, as later graphs shas as

application-dependent as cache hit-ratee pessimistic FPM1 strape of alvays closing pages wins out
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over the optimistic FPM2 strajg However, with larger caches, we iaseen mayinstances where the
open-page stragg wins; compulsory DRAM accesses tendxbileit good locality

The diferences between benchmark8urs Tansmission imeare due to write tré€. Writes allav a
different dgree of @erlap between the column access, data trarsfdrs transmissiori.he hesier the
write trafic, the higher th&us Tansmissiortomponent. One can conclude thatl andcompesshave
heavier write trafic thangoorli.

Though it is a completely unbalanced design, we also measured latencies for 128-bit wide
configurations for Ramis and SLDRAM designs, pictured in Figure 7{djese “parallel-channel”
results are intended to demonstrate the mismatch betweersthgagpeeds and$test DRAMs; theare
shawvn in the bottom left corner of Figure 11.

Bus Tansmissionimeis that portion of theds actvity not overlapped with column access or data
transfer and it accounts for 10% to 30% of the total lagehrcthe DDR result8us Tansmissioraccounts
for 40—-45% of the total, and in the parallel-channel results it accounts for more tharh&08tiggests
that, for some DRAM architecturesjdspeed is becoming a critical isStshile current technologies
seem balancedyb speed is I#y to become a significant problerery quickly for ngt-generation
DRAMSs. It is interesting to note that the recently annouidglda 21364 intgrates Ramiss memory
controllers onto the CPU and connects the processor directly to the DRDRAMs with a 400MHeis Ramb
Channel, thereby eliminating the simntermediate bs [16].

EDO DRAM does a much better job than FPM DRAM wértapping column access with data
transferThis is to be ¥pected, gien the timing diagrams for these architectures. Note thavénap
components@ata Transfer Tme Overlap tend to be ery lage in general, demonstrating relaty
significant performance @ags due to page-modehis is an agument for keeping bises no wider than
half the block size of the L2 cache.

Several of the architectures shao overlap at all between data transfer and column access. SDRAM
and ESDRAM do not alle such @erlap because thiegnstead useurst mode, which obiates multiple
column accesses (see Figure 5). SLDRAM doewall@rlap, just as the Ramb parts do; heever, for
simplicity, in our simulations we modeled SLDRASAurst modeThe overlapped mode ould have
yielded similar latencies.

The interlemed configurations (FPM3 and EDO2) demonstratelent performance; lateywéor FPM
DRAM improves by adctor of 2 with fowway interlea&ing, and EDO imprees by 25-30% with tarway

interleaving. The interlesed EDO configuration performs slightlyovge than the FPM configuration
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because it does not &kull advantage of the memoryb; there is still a small amount of unused data b
bandwidth. Note that the breakvdas of these ganizations look &y much lile Direct Rambs; Rambs
behaes similarly to highly interlesed systemsui at much laver cost points.

The “x2” variants of SLDRAM and RDRAM demonstratecellent performance as well. Baflolumn
AccessindDataTransferdecrease by actor of two; both channels can be aetsimultaneouslyfetching
or writing different parts of the same L2 cache lifleis behaior is expectedThis reduces thevarage
DRAM access time by roughly 30% and the toxaoeition time (see Figure 10) by 25%, making these
configurations asakt as apother of the modern DRAM designs.

The time stalled due to refresh tends to account for 1-2% of the totaylateads more in line with
expectations than the results shmoin Figure 9The time stalled synchronizing with the memoug Is in
the same range, accounting for 1-5% of the tdtak is a small price to pay for a simpler DRAM
interface, compared to a fully asynchronous design.

Summary: The FPM architecture is the baseline architectwrif lsould be sped up by 30% with a
greater dgree of @erlap between the column access and data transmigkisris seen in the EDO
architecture: its column access is a &dtér due to the latch between the sense amps and the output pins,
and its dgree of eerlap with data transfer is greatgelding a significantlydster design using essentially
the same technology as FPM. Synchronous DRAM is another&8@6 than EDO, and Enhanced
SDRAM increases performance another 15% by impgathe rav- and column-access timing parameters
and adding an SRAM cache to impeconcurreng. DDR is the &stest of the DRAM architectures
studied, which is not surprising due to its bandwidth, which is twice that of the other DRAMs studied. It is
interesting to note that its performance is slightly better than that of Enhanced Me&ioRAM, and
Figure 10 shas that while it has reduced the bandwidth portion of Igtemare than ESDRAM,

ESDRAM has reduced the latgnmomponent more than DDRhis is to be ¥pected, as DDR has a core
that is fundamentally similar to that of SDRAM—it simply haastdr inteice—while ESDRAM has a
core unlile ary other DRAM architecture studied: latching the entivg optimially hides the prechge
actwvity and increases theverlap between access tofelient ravs, thus reducingvarage latenc

As modeled, SLDRAM and Rarub designs hee higher end-to-end transaction latencies than
SDRAM, ESDRAM, or DDR, as tlyerequire twice as mardata transfers to complete a 128-bit
transaction. Haever, they are not gnged together into a wide datapath, as are the otjgemzations.
Despite the handicap, SLDRAM performs well, which is important considering it is a public st3ingard.
SLDRAMx2 and RDRAMx2 ariants, which hae the same bandwidth and therefore the same number of
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data transfers as the othegamizations, manage to neakp the diierence in performance, with
SLDRAMNX2 yielding the same performance as Direct RanbDirect Ramirs also comes out about equal
to SDRAM in end-to-end latep@nd a little behind ESDRAM and DDR.

Last, the DDR results and parallel-channel results demonstrateltine 6f a 100MHz 128-bitus to
keep up with todag fastest parts. DDR spends more than 40% of its timasitrnsmission—sometimes
as much as twice theerhead as other DRAMs, suggesting that tieidnot keping up with the speed of
the DDR DRAM core. In the parallel-channejamnizations, we hee placed enough channels side-by-side
to create a 128-bit datapath that is then pushed across the 1008)tdnd Direct Rarmols has roughly the
same end-to-end latgnas before. Both these results suggest that we are pushing the limits &f today’
busesTheAlpha 21364 will sole this problem byanging together multiple Ramb Channels connected
directly to the CPU, eliminating the 100MHa<[16].

5.4 Perfect-Width Buses

As a limit studywe measured the performance of a perfect-widgh bOOMHz and as wide as an L2
cache lineThe results are shm in Figure 12The scale is much smaller than thevies graphs, and
some ot not all of the componentsvyescaled with the change impwidth.The number of column
accesses are reduced byetdr of eight, which reduces t@®lumn AccesandData Transfertimes. The
row access remains the same, as @uess\Vdit Time they appear to hae increased in importance. Bus
transmission for a read has been reduced from 90ns (10 for the request, 80 to transmit the data), much of
which was werlapped with column access and data trajtef@0ns, none of which iserlapped. Because
each request requires only one memory access, there is no pipeliningplieds and the full 20ns
transmission is)@osed (10ns each for address and data). FPM2 and FPM3 look identical, as do EDO1 and
EDOZ2.This is no mistak Two configurations are interlead; the others are not. Making tius the width
of the request size wviates interleang.

The fastest of the designs is ESDRAM, not DDR as anddipect based on theexage access time
graphsAs mentioned earliethis is because ESDRAM is the one architecture studied that héerendif
internal core; all other DRAMs khiathe same DRAM core inside. DDR therefore only has a bandwidth
adwantage wer others—an ad@ntage that is nullified when modeling a perfect-widik Bhis figure thus
senes to highlight the time-to-first-bit ifefiencies of the arious DRAM interéces.

There are n@verlapcomponents in these graptéth a 128-byte bis, each cache line fill requires a

single transaction. @vlap is possible if multiple concurrent requests to the DRAM ansedicut this is
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Figure 12: Break-do wns for primar y memor y access time , 128-BYTE bus. These graphs present the average access time on a 128-byte bus, the same
width as an L2 cache line. Therefore the pipelined access to memory (multiple column accesses per row access) is not seen, and the Row Access component
becomes relatively more significant than in the results of a 128-bit bus (Figure 11). Whereas in Figure 11, variations in Row Access caused overall variations in
access time of roughly 10%, these graphs quantify the effect that Row Access has on systems with wider buses: average access time can vary by a factor of two.

beyond the scope of our current DRAM simulationsef@ap shwn in previous graphs is due to the
overlap of multiple requests required for a single cache line fill.

As before, the primaryariation between benchmarks is R@wv Accessifie The \ariations are layer
than in the prdous graphs, because thevraccess time is proportionally muchger The graphs sho
that the locality of reference for each application (seen in Wéuéfer hit-rates, Figure 19) canvea
dramatic impact on the access latenfor example, there is a 10% to 90%fdience between theerage
access latencies forandperl. This efect has been seen before—ME$ work shavs that intentionally
reordering memory accesses xpleit locality can hee an order of magnitudefett on memory-system

performance [24, 25].
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Figure 13: Break-do wns for primar y memor y access time , 4MB L2 cac hes. These graphs present the average access time on a 128-bit bus across DRAMs.

Summary: Coupled with gtremely wide lises that hide thefetts of limited bandwidth and thus
highlight the diferences in memory lateyydhe DRAM architectures perform similarhs FPM1 and
ESDRAM shav, the \ariations inRow Accessan be woided by alvays closing the e buffer after an
access and hiding the sense-amp prgehame during idle momentshis yields the best measured
performance, and its performance is much more deterministic (e.g. FPM1 yields thRosamkecess
independent of benchmark). Note that in studies with a 4MB L2 cache, some benchemrisgewith
an optimistic stratgy shaved \ery high rov-buffer hit rates and hagow Accessomponents that were
nearzero (see Figure 13); ivaver, this simply sergs to illustrate the betiar when the blk of the
requests reaching the DRAM system are compulsory cache misses.

Comparing the 128-byte results to thevpras eperiment, we see that when one considers current
technology (128-bitlses), there is littleariation from application to application in theeeage memory
access timelhe two components thaawy, Row AccesandBus Tansmissioncontritute little to the total
lateng, being wershadwed by long memory-access pipelines thxpil@t page mode. Heever, moving
to wider luses decreases the column accesses per request, and, as a resukcttess) which is much
larger than column access tarewith, becomes significarwith fewer column accesses per request, we
are less able to hideig transmission time, and this component becomes more noticeable as well.

Variations in rav access time, though problematic for real-time systems feloaof opportunity to

optimize performance: one can easily imagine enhaneetutier caching schemes,webuffer victim
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Figure 14: The effect of limiting MSHRs to 1. The graph shows the effect on performance of varying the number of MSHRs at the L2 cache from one to four.
The graphs represent average results of several benchmarks, shown in the following figure.

caches, orven prediction mechanisms that attempt to capitalize on the amount of post-L2-cache locality
However, with current oganizations, such measures mdikle sense—forxample, our recent
comparison 0¥ CRAM and ESDRAM shws little difference in performance, thougEDRAM expends

more die area in a set-asso#@brganization of the same number of SRAM bits on the DRAM die [11].

55 TheEffect of Limited MSHRs

As mentioned in section 4.1, the measurements present@drepresent a system model with lock-up
free caches,ui with what is dectively a single MSHR at the L2-cach&édé Though there can be up to 32
outstanding misses between the L1 and L2 caches, and though the L2 cachampliumber of hits
under a miss, only a single L2 miss can bevaatithe memory systenfhis fails to eploit the dgrees of
concurreng offered by high performance DRAM architectures—faaraple, Direct Ramis can support
up to three concurrent accesses.

It is reasonable to @nder hav badly this limitation hampers the performance of the DRAMs under
study To quantify the dkct, we present additional data (using &dént simulator) for the meer DRAM
architectures in a highly concurrenvganment in which we ary the number of MSHRs. Most of this
data, as well as the particulars of the simulateir@mment, can be found in [40[he results in Figure 14
present data for PC100, Direct RamlibRAM, DDR266, and DDR2varaged wer a number of
benchmarksThe results in Figure 15 st¢he indvidual benchmarks for DRDRAM alone. \@dwusly, we

25



Effects of MSHRs - DRDRAM

o 117
E 1-
'; 0.9 -
S 08
3 07+
Q 0.6 | ] 16mshr
W o5 W 8mshr
8 04 - [ ]4mshr
% 0.3 1 []2mshr
£ 02 B 1mshr
S 0.1-
b 04
apsi ccl com fppp go hy- i mgri mpe peg perl su2c swim av-
pres p dro d g2en wit or er—-
s95 2d c age
Benchmark

Figure 15: The effect of MSHRs on Direct Ramb us. The graph shows the performance effect of varying MSHRs in a Direct Rambus-based system. The
results are for each individual benchmark, as well asthe average.

expect little \ariation from four to sixteen MSHRs because tkeeeds the capabilities of singlasb
designs—nonetheless, it acts as a reasonable sanity-check.

As the graphs shg there is onerage a 1% diérence in gecution time between a system with a
single MSHR and a system with enough MSHRs to fully og@uPRAM architectures abilitiesWe
measured a maximum flifence of roughly 5% (skham in the DRDRAM results)\Ve conclude that our
MSHR-based limitation of concurrgim the DRAM system introduces no significant performance
degradationThis is not to say that concurrgna the memory system is not beneficialieeer: We look
more closely at the fefcts of memory-system concurrgrno several follov-on studies that suggest

concurreng is better gploited at the DRAM-systemvel than the DRAM-architecturevel [7, 8].

5.6 Critical-Word Latencies

The aerage access time numberswghan Figure 11 representerage end-to-end latgne.g., for a read
they represent the time from the start of the DRAM request to the moment theldshhe requested
block reaches thevel-2 cacheThis is somehat misleading because it is widely held that the true limiter
to performance is the criticalexd lateng.

Critical-word latencies are shw in Figure 16 for most of the DRAM architectures, at the highest CPU
speedThe figure shars that time-to-critical-wrd is significantly laver than the end-to-end latgnas

expectedAt great epense, the end-to-end latgraan be impreed by widening theus, thereby making
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Figure 16: Critical-w ord latencies. On top of the average end-to-end latencies that were shown in Flgure 11, we have drawn solid black bars representing the
time at which the critical word arrived at the CPU.

the end-to-end lategiequal to the critical-ard lateng. This is shavn in Figure 12 (described earlier).
Note that doing so yields latencies similar to the criticadelatencies in Figure 16—in short, there is no
significant lateng agument for widening theus.To reduce lateng one must speed up thed) speed up
the DRAM core, impree the hit ratio in the DRAM m buffers, or redesign the DRAM intexde.

It is interesting to note that the SLDRAM and Rabesignsxeel in their critical-vord latencies:
though SDRAM and ESDRAM win in end-to-end latgribey are rigid in their access orderin@ri3 like
Ramlus and SLDRAM are likthe interleeed FPM and EDO ganizations in that tlyeallow the memory
controller to request the components of gdaslock in arbitrary ordefhus, the Ramis parts allw easy
critical-word-first ordering, whereasitst-mode DRAMSs do not. kigever, as one can see by looking at
Figures 16 and 10 side-by-side, the toxaloaition time seems to correlate more with the end-to-end
lateng than the critical-wrd lateng—e.qg., if total &ecution time scaled with criticalawd lateng, we
would epect SLDRAM results to bester than ESDRAM (which thi@re not), and we ould expect
SDRAM results to be 10-20% sker than ESDRAM, SLDRAM, RDRAM, and DRDRAM (which the
are not)We would epect the ranking fromaktest system to siest to be

1. SLDRAM

2. DRDRAM tied with ESDRAM

3. RDRAM

4. SDRAM
when, in &ct, the order (for both PERL and GCC, at both medium and high CPU speeds) is

1. (DDR, not shown in the time-to-critical-word figure)
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2. ESDRAM

3. DRDRAM tied with SDRAM

4. SLDRAM

5. RDRAM
The fact that, in these cases, the toxa&aaition time correlates better with end-to-end Iatéhan with
critical-word lateng simply suggests that, omeaage, these benchmarks tend to use a significant portion

of each L2 cache line.

5.7 Cost-Performance Considerations

The oganizations are equal in their capacity: all DDR and the interle#ad examples use eight 64Mbit
DRAMs. The FPM3 oganization uses 32 64Mbit DRAMSs, and the EDOgaaization uses sixteen.
However, the cost of each system isry different. Cost is a criterion in DRAM selection that may be as
important as performance. Each of these DRAM technologies carriésrardiprice, and these prices are
dynamic, based om€tors including number of suppliers, salelime, die area premium, and speed yield.

In the narrev-bus oganizations we modeled, mgngpent on Ramis and SLDRAM parts does not go
directly to lateng’s bottom line as with the other DRAMEhe aerage access time graphs demonstrate
how effectively dollars reduce latepcthe only reason FPM, EDO, SDRAM, ESDRAM, and DDReha
latencies comparable to Ransband SLDRAM is that tlyeare ganged together intcevy wide
organizations that deler 128 bits of data per request, though eackiohal DRAM transfers only 16 bits
at a time. If each ganization had been represented by a single DRAM@gthe FPM, EDO, SDRAM,
ESDRAM, and DDR parts @uld hare had latencies from four to eight times those in Figurd ié.
Ramlus and SLDRAM parts benefit by multiple DRAMs only in that thggoization &tends the size of
the collectve sense-amp cache and thus increaseswhbufier hit rates (see Figure 19); a single Ramb
or SLDRAM chip will perform almost as well as a group of eight.

Ignoring price premiums, cost is a googuanent for the high-speed nasrdus DRAMs. Rambs and
SLDRAM parts gve the performance of other DRAMganizations at a fraction of the cost (roughly 1/32
the interleaed FPM oganization, 1/16 the interlead EDO oganization, and 1/8 all the non-intered
organizations)Alternatiely, by ganging together seral Ramias Channels, one can acl@adetter
performance at the same céstcordingly Ramlus parts typically carry a dtprice premium—roughly
3x at the time of this writing, despite less than a 20% area premiulrsighificantly less than the 8x

disparity in the number of chips required to achihe same performance.
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5.8 Usingthe Collective Row Buffersin Lieu of an L2 Cache

Associated with each DRAM core is a set of sense amps that can latch data; this amounts to a cache of
high-speed memoyrand internally-bardd DRAMSs hae several of these caches. Moxkeg the trend in

the most recent DRAMSs is to adde@ more on-chip storage (in addition to the sense amps) via SRAM
structures in arious oganizations. Collectely, a DRAM or bank of DRAMs can kiaa sizable cache in
these sense amps and SRAMiIf&rs. For each DRAM architecture studied, the amount wfibaffer

storage is the product of tRew Buffler andinternal Bankgerms inTable 1—e&cept for DRDRAM,

which has 17 half-nw buffers shared between 16 banks (a total of 68K bits of storage). ESDRAM adds an
SRAM huffer to the sense amps and decively doubles the storage. Wer designs, such ¥ DRAM,

place en more SRAM on-chip [12].

Many computer architects and DRAM maaafurers hee suggested that thewdRAMSs, with their
extensve use of rav buffering, enable lver-cost systems that fgo L2 cachesui nonetheless kia high
performance [15, 18, 29The agument is that a system with numerous DRAM chips, each withges lar
number of open bits stored invrdouffers and SRAM caches fe€tively already has avel-2 cacheThe
size of this cache, on a memory-module basis, is equal to the size of eachOR&Mal rav-buffer
storage (both SRAM-based and sense-amp-based, dependiggmination) times the number of
DRAMs on each memory module (e.g. DIMMhe total cache size in a system is thus the size of each
“DIMM-cache” times the number of memory modules in the systdm.benefit dered aver a traditional
L2 organization is that the size of the cache inherently scales with the size of thesystenaryThe
next experiment reisits the DRAM systems already presented; for each DRAMaetsghe hit rates of the
DIMM-caches and shes the performance result of rewag the L2 cache from the system.

Figure 17 shars the total gecution time of each benchmark for an SDRAMamization. Clearlyfor
10GHz CPUs, todag’'DRAMSs will not keep up without a \el-2 cache. Hoever, for the 100MHz and
1GHz CPU speeds (the left and middle bars in each group of three), we see that the memory component is
not overwhelmingWith a 1GHz CPU and no L2 cache, the DRAM system accounts for 10-80% of the
total execution time. Br low-cost systems, this mighery well be acceptable.

Figure 18 shas the &erage access times for both 128-bigds and ideal 64-byteisesThe ideal
buses are 64 bytes and not 128 bytes because the L1 cache block is Ghbytesn result is that these
graphs look just li& previous graphs,»eept that the scale is smaller because of tifereifce in L1 and

L2 block sizes (with the L2 gone, the amount of data per request is cut iff halfpost obious
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difference between these results andipues results is that there isny little variation from benchmark to
benchmarkThis is lagely because the elimination of the L2 cacheesakrite operations more frequent,
thereby disrupting read locality [9his is also seen in the decreased hit ratesuetathit rates with

1MB and 4MB L2 caches (refigure).

Figure 19 presents thanations in hit rates for thewsbuffer caches of diérent DRAM architectures.
Hit rate doesot include the déct of hits that are due to multiple requests to satisfy one L2 cacheline:
these results are for the ideakbsWe present results for twsets of benchmarks, including applications
from SPEC and Etch suitéss mentioned latethe Etch applications are included becausettra to
have larger footprints than SPEC.

The results shw that memory requests frequently hit ther tmiffers; hitratesrangefrom 2—97% with
a mean of 40%. Hit rates increase with increasing L2 cache size (because the DRéM traf
increasingly compulsory misses, which tend to be sequential) and decrease as the L2 cache disappears
(because the writeback L2 does a good job of filtering out writes, as well astttigaf more non-
compulsory misses will hit the DRAM with the L2 cache goAsshavn in our previousstudy[9], there
is a significant change in hit rate when writes are included in the address stream: includingfwrite traf
tends to decrease thewduffer hit-rate for those DRAMs with less SRAM storagé&itebacks tend to
purge useful data from the smallemtuffer caches; thus the Randy SLDRAM, and ESDRAM parts
perform better than the othefis efect suggests that when writebacks happeg,dbeso without much
locality: the cachelines that are written back tend to be to DRAM pages\haitdtdoeen accessed
recently This is expected behaor.

Note that a designer can play with the ordering of address bits to maximizehgfer hits.A

similar technique is used in intenea memory systems to obtain the highest bandwidth.

5.9 Trace-Driven Simulations

We also irvesticated the déct of using trace-dren simulation to measure memory lateide simulated
the same benchmarks using SimpleScalarorder mode with single-issue. Cleaihorder gecution
cannot yield the same giee of eerlap as out-of-ordexecution, loit we did see virtually identical
average access times compared to out-of-oncegugion, for both 128-bit and 128-bytedes. Because
SPEC has been criticized as being not representdtieal-world applications, we also used Maiisity of
Washingtors Etch traces [14] to corroborate what we had seen using SPEC on SimpléBedtach

benchmarks yieldedevy similar results, with the main iifence being that thewebuffer hit rates had a
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Figure 19: Hit-rates in the r ow buffers. These graphs show hit-rates for the benchmarks on each of the DRAM architectures. The newer DRAMs, with more
internal banking, tend to have higher hit rates. Write traffic, due to writebacks, disrupts the locality of the address stream for architectures with fewer internal banks.

smaller standard gtion.An example for theeompessbenchmark is shvan in Figure 20; this graph is

very representate of the entire Etch suite. In general, the Etch benchmavkssimailar break-dans,
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which is expected since their wabuffer hit rates hee a small standard drtion.Also, the &erage access

times for the Etch benchmarks tend to be smaller than their SimpleScalar counterparts (see Figure 11), and
the diferences lie primarily in thBus Tansmission ime componentTrace-drven simulations are often

derided for being less accurate; thetfthat these results are so similar to those obtained through accurate
request timing in an out-of-order core suggests that traeendapproaches may be viable for future

DRAM studies This is corroborated by other results of ours [11].

6 CONCLUSIONS

We have simulated seen commercial DRAM architectures in ankstation-class setting, connected to a
fast, out-of-ordereight-way superscalar processor with lockup-free cadesare found the folleving:
(a) contemporary DRAM technologies are addressing the memory bandwidth prabteshthe memory
lateng problem; (b) the memory latenproblem is closely tied to current mid- to high-performance
memory lus speeds (100MHz), which will soon become inadequate for high-performance DRAM
designs; (c) there is a significangdee of locality in the addresses that are presented to the primary
memory system—this locality seems to kpleited well by DRAM designs that are multi-bak
internally and therefore lamore than one w buffer; and (d) gploiting this locality will become more
important in future systems when memougés widen,»osing rav access time as a significaattor
The bottom line is that contemporary DRAM architecture® haed page-mode and internal
interlearing to achige a one-time performance booBhese techniques impmbandwidth directly and

improve lateny indirectly by pipelining er the memory s the multiple transactions that satisfy one
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read or write request (requests are often cacheline-sized, and the cache width is typically greater than the
bus width).This is similar to the performance optimization of placing multiple DRAMs in parallel to

achieve a hus-width datapath: this optimizatiorovks because thaib width is typically greater than an
individual DRAM’s transfer widthWe have seen that each of the DRAM architectures studiezstak

adwantage of internal interleeng and page mode to flifing degrees of success. Wever, as the studies

shaw, we will soon hit the limit of these benefits: the limitiagtors are ne the speed of thaus and, to a

lesser dgree, the speed of the DRAM cofe.improve performance furthewe must gplore other

avenues.

7 FUTURE WORK

We will extend the research toeer lage systems, which e different performance bebiar. In the
present studythe number of DRAMSs per gainization is small, therefore the hit rate seen in thve ro
buffers can be high. In lger systems, thisfetct decreases in significancer instance, in lgre systems,
bandwidth is more of an issue than laterditting an open page is less important than scheduling the
DRAM requests so as to@d hus conflicts.

We hare also etended the wrk to incorporate higher deees of concurregon the memoryds and
additional éperimental DRAM architectures [7, 8, 11].

As huses grer wider, Row Accessiifie becomes significant; in our 1MB L2 studies it accounts for 20—
50% of the total latencincreasing the number of openvsis one approach to decreasing therloead,
as seen in the multi-bast DRAMs such as Ramb and SLDRAM. Other approaches include adding
extra rav buffers to cache pwously opened nos, prefetching into the wobuffers, placing rar-buffer
victim-caches onto the chips, predicting whether or not to close an open pagfe,ietend to look into
this more closelybut wanted to get a rough idea of the potentzhg.\We kept the last eight accessedro
buffers in a FIFO andépt track of the number of hits and misses to tlfleh as well as the depth at
which ary hits occurredThe results are st in Figure 21. 6r each benchmark, we siathe number of
misses to themain row buffer. The first \alue at the leftmost of each cang the number of hits at a depth
of one in the FIFO victimudfer. The net value represents the number of hits at a depthamfand so on.
The rightmost &lue in each cueris the number of accesses that missed both the mabuifer and the
FIFO victim luffer. The two graphs on the bottom skidéhe amount of locality in the twoenchmarks with
the most widely &rying behsior; the graphs plot the time in CPU clocks between susess$erences to

the preious open rw (i.e. the rav that was replaced by the currently opewrd also happens to be the
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Figure 21: Locality in the stream of accesses to the single open r ow in the FPM DRAM. The top six graphs show the frequency with which accesses to a
given DRAM page hit at stack depth x. The bottom two graphs show the inter-arrival time of accesses that hit in an open DRAM page. Both sets of graphs show
that when references are made to the data in a particular DRAM page, the accesses tend to be localized in time.

topmost entry in the FIFOJhis graph demonstrates that when thve igbaccessed in the future, it is most
often accessed in theny near future. Our conclusion is that thevfmesly-referenced @ has a high hit
rate, and it is likly to be referenced within a short period of time if it is referenceih ag all A number

of proven techniguesxest to exploit this behsior, such as victim caching, set assoeetow buffers, etc.
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