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ABSTRACT * Where is time spent in the primary memory system (the memory

system bgond the cache hierarghut not including secondary
In response to the gwing gap between memory access time and [disk] or tertiary [backup] storage)? What is the performance
processor speed, DRAM manufaetarhave ceated seeral new benefit of &ploiting the page mode of contemporary DRAMs?
DRAM achitectues. This paper psents a simulation-based per-
formance study of a&presentative grup, eab evaluated in a small
system aganization. These small-systengamizations corspond
to workstation-class computeand use on the @er of 10 DRAM
chips. The study eers Fast Rige Mode Extended Data Out, Syn-
chronous, Enhanced Symonous, Syri@onous Link, Ramis, and
Direct Rambs designs. Our simulationsveal seeral things: (a) e+ How much locality is there in the address stream that reaches the
current advanced DRAM tecolaies ae attaking the memory primary memory system?
bandwidth poblem lut not the latency pblem; (b) lis tansmis-
sion speed will soon become a primary factor limiting memory-sys-
tem performance; (c) the post-L2 adsls steam still contains
significant locality though it varies 5m application to application;
and (d) as we me to wider bses, ow access time becomes imuc
more pominent, making it important tovastigate tdmniques to
exploit the available locality to deease access time

For the never DRAM designs, the time toteact the required
data from the sense amps¥roaches for transmission on the
memory lus is the lagest component in theerage access time,
though page mode alls this to be eerlapped with column
access and the time to transmit the de&a the memory us.

The stream of addresses that miss the L2 cache contains a
significant amount of localityas measured by the hit-rates in the
DRAM row huffers. The hit rates for the applications studied
range 8-95%, with a mean hit rate of 40% for a 1MB L2 cache.
(This does not include hits to thewrduffers when making
multiple DRAM requests to read one cache-line.)

We also ma& seeral obserations. First, there is a one-time trade-
1 INTRODUCTION off between cost, bandwidth, and latgno a point, latenccan be

decreased byamging together multiple DRAMSs into a wide struc-
In response to the guing gap between memory access time andture. This trades dollars for bandwidth that reduces hkateecause
processor speed, DRAM maaufurers hee created seral nav a request size is typically muchdar than the DRAM transfer
DRAM architectures. This paper presents a simulation-based perfaridth. Fage mode and interieiag are similar optimizations that
mance study of a representatigroup, ealuating each in terms of work because a request size is typicallgdarthan the us width.
its efect on total recution time. W simulate the performance of However, the lateng benefits are limited byus and DRAM speeds:
sa/en DRAM architectures: dst Rige Mode [35], Extended Data to get further impreements, one must run the DRAM core and b
Out [16], Synchronous [17], Enhanced Synchronous [10], Synchraat faster speeds. Current memoungées are adequate for small sys-
nous Link [38], Rambs [31], and Direct Ranuis [32]. While there  tems lut are lilely inadequate for lge ones. Embedded DRAM [5,
are a number of academic proposals fov BRAM designs, space 19, 37] is not a nederm solution, as its performance is poor on
limits us to ceering only &istent commercial partsoTobtain accu-  high-end verkloads [3]. Rster ises are more kity solutions—wit-
rate memory-request timing for an aggressiut-of-order proces- ness the elimination of the sldntermediate memoryus in future
sor, we intgrate our code into the SimpleScalar tool set [4]. systems [12]. Another solution is to internally bank the memory

This paper presents a baseline study simall-system DRAM array into map small arrays so that each can be accessed v

organization these are systems with only a handful of DRAM chipsquickly, as in the MoSys Multibank DRAM architecture [39].

(0.1-1GB). W do not consider lge-system DRAM @anizations Second, wideninguses will present meoptimization opportu-
with mary gigabytes of storage that are highly intevkzh The  nities. Each applicationxhibits a diferent dgree of locality and
study asks and answers the faflog questions: therefore benefits from page mode to dedint dgree. As bises

widen, this dect becomes more pronounced, to tkiert that dif-
ferent applications can Y& average access times thafelifby 50%.
This is a minor issue considering curreuns bechnologyHowever,
Contemporary techniques for imgnog processor performance future lus technologies will>@ose the my access as the primary

« What is the déct of impravements in DRAM technology on the
memory lateng and bandwidth problems?

and tolerating memory latepare &acerbating the memory performance bottleneck, justifying thepdoration of mechanisms to
bandwidth problem [5]. Our results shthat current DRAM exploit locality to guarantee hits in the DRAMwduffers: e.g. rav-
architectures are attackingeetly this problem: the most recent buffer victim caches, prediction mechanisms, etc.

technologies (SDRAM, ESDRAM, and Rans) hae reduced Third, while huses as wide as the L2 cache yield the best mem-
the stall time due to limited bandwidth byaator of three ory lateng, they cannot hale the lateng of a tus half as wide. &e
compared to earlier DRAM architectures.viwer, the mode werlaps the components of DRAM access when making mul-

memory-lateng component of eerhead has not impred. tiple requests to the samewdf the hus is as wide as a request, one
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cannot eploit this verlap. for cost considerations, Viag at most (e FPM Resd Timing,  Fast pege moce slows e DRAW, convoler
an N/2-bit lus, N being the L2 cache width, might be a good choice.
Fourth, critical-word-first does not mix well withursst mode.
Critical-word-first is a stratgy that requests a block of data poten- varying seeral CPU-lgel parameters such as issue width, cache
tially out of address-orderubst mode deliers data in a fed hut size & oganization, number of processors, etc. This study focuses
redefinable orderA burst-mode DRAM can thus canvealonger  on the performance beliar of different DRAM architectures.
latencies in real systemgsjen if its end-to-end latepds low.
Finally, the choice of refresh mechanism can significantly alte BACKGROUND
the arerage memory access timarBome benchmarks and some
refresh oganizations, the amount of time spemiitmg fora DRAM A Random Access Memory (RAM) that uses a single transistor
in refresh mode accounted for 50% of the total Iatenc capacitor pair for each binarglue (bit) is referred to as a Dynamic
As one might ®pect, our results and conclusions are dependeriRandom Access Memory or DRAM. This circuit is dynamic
on our system specifications, which we chose to be repregemtiti  because leakage requires that the capacitor be periodically refreshed
mid- to high-end wrkstations: a 100MHz 128-bit memorydy an  for information retention. InitiallyDRAMs had minimal 1/O pin
eight-way superscalar out-of-order CPU, lockup-free caches, and @unts because the maacturing cost s dominated by the num-

Valid
Dataout

Figure 1: Con ventional DRAM b lock diagram. The conventional DRAM
uses a split addressing mechanism still found in most DRAMs today.

small-system DRAM a@anization with ~10 DRAM chips. ber of I/O pins in the package. Dueglely to a desire to use stan-
dardized parts, the initial constraints limiting the 1/0 pingehzad a
2 RELATED WORK long-term eflect on DRAM architecture: the address pins for most

DRAMSs are still multipleed, potentially limiting performance. As

Burger, Goodman, and Kagi quantified théeef on memory belva  the standard DRAM inteafe has become a performance bottleneck,
ior of high-performance latepaeducing or latenctolerating tech-  a number of “reolutionary” proposals [26] k& been made. In most
nigues such as lockup-free caches, out-of-ordeecwdion, cases, the welutionary portion is the inteate or access mecha-
prefetching, speculat loads, etc. [5]. Thyeconcluded that to hide nism, while the DRAM core remains essentially unchanged.
memory latenyg, these techniques often increase demands on mem-
ory bandwidth. The classify memory stallycles into tvo types: 3.1 The Conventional DRAM
those due to lack ofvailable memory bandwidth, and those due
purely to lateng. This is a useful classification, and we use it in ourThe addressing mechanism of early DRAM architectures is still uti-
study This study difers from theirs in that we focus on the accesslized, with minor changes, in maof the DRAMs produced today
time of only the primary memory system, while their study com-In this interhce, shan in Figure 1, the addresasis multipleed
bines all memory access time, including the L1 and L2 caches. Thdietween rv and column components. The multigd addressus
study focuses on the befiar of lateng-hiding techniques, while uses tw control signals—the vo and column address strobe sig-
this study focuses on the betwa of different DRAM architectures.  nals,RAS andCAS respectiely—which cause the DRAM to latch

Several marleting studies compare the memory lajeland  the address components. The address causes a completeino
bandwidth mailable from diferent DRAM architectures [7, 29, 30]. the memory array to propag davn the bit lines to the sense amps.
This paper bilds on these studies by looking at @yéarassortment The column address selects the appropriate data subset from the
of DRAM architectures, measuring DRAM impact on total applica-sense amps and causes it to lerdto the output pins.
tion performance, decomposing the memory access time iféo dif
ent components, and measuring the hit rates in ¥héufiers. 32  Fast Page Mode DRAM (FPM DRAM)

Finally, there are manstudies that measure system-wide perfor-
mance, including that of the primary memory system [1, 2, 9, 18, 2Fast-Rage Mode DRAM implementsage mode an impreement
24, 33, 34]. Our results resemble theirs, in that we obtain similar figen cowventional DRAM in which the rs-address is held constant
ures for the fraction of time spent in the primary memory systemand data from multiple columns is read from the sense amplifiers.
However, these studies tia different goals from ours, in that the The data held in the sense amps form an “open page” that can be
are concerned with measuring théeefs on total ecution time of — accessed relagly quickly This speeds up successiaccesses to
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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.

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. . Data Transfer
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Figure 6: Ramb us DRAM Read Operation. Rambus DRAMSs transfer on
both edges of a fast clock and can handle multiple simultaneous requests.

Figure 4: EDO Read Timing.  The output latch in EDO DRAM allows more
overlap between column access and data transfer than in FPM. 35 Enhanced Synchronous DRAM (ESDRAM)

the same v of the DRAM core. Figure 2ges the timing for FPM  Enhanced Synchronous DRAM is an incremental modification to
reads. The labels slvahe catgories to which the portions of time Synchronous DRAM that parallels thefdiEnces between FPM
are assigned in our simulations. Note that page mode is supportedand EDO DRAM. First, the internal timing parameters of the

all the DRAM architectures in this study ESDRAM core aredster than SDRAM. Second, SRAMv@aches
have been added at the sense-amps of each bank. These caches pro-
33 Extended Data Out DRAM (EDO DRAM) vide the kind of impreed intra-rov performance obseed with

EDO DRAM, allaving requests to the last accessed t@be satis-
Extended Data Out DRAM, sometimes referred to ygekpage  fied even when subsequent refreshes, pregwror actiates are
mode DRAM, adds a latch between the sense-amps and the outpaking place.
pins of the DRAM, shan in Figure 3. This latch holds output pin
state and permits tf@ASto rapidly de-assert, alimg the memory 3.6  SynchronousLink DRAM (SLDRAM)
array to bgin prechaging soonern addition, the latch in the output
path also implies that the data on the outputs of the DRAM circBamLink is the IEEE standard (P1596.4) forus larchitecture for
remain ®lid longer into the reclock phase. Figure 4gs the tim-  devices. Synchronous Link (SLDRAM) is an adaptation of Ram-

ing for an EDO read. Link for DRAM, and is another |IEEE standard (P1596.7). Both are
adaptations of the Scalable Coherent Iatf(SCI). The SLDRAM
34  SynchronousDRAM (SDRAM) specification is therefore an open standardvitig for use by &n-

dors without licensing fees. SLDRAM uses a paddased split
Corventional, FPM, and EDO DRAM are controlled asynchro-request/response protocol. Itashinterbce is designed to run at
nously by the processor or the memory controller; the memorglock speeds of 200-600 MHz and has a-byte-wide datapath.
lateny is thus some fractional number of CPU clogkles. An  SLDRAM supports multiple concurrent transactions,vigked all
alternatve is to mak the DRAM interce synchronous such that transactions reference unique internal banks. The 64Mbit SLDRAM
the DRAM latches information to and from the controller based on devices contain 8 banks penatee.
clock signal. A timing diagram is s in Figure 5. SDRAM
devices typically hae a programmable gister that holds a bytes- 3.7 RambusDRAMs(RDRAM)
perrequest glue. SDRAM may therefore return nyabytes @er
several g/cles per request. The athtages include the elimination of Ramlus DRAMs use a one-byte-wide multipdel address/dataib
the timing strobes and theadlability of data from the DRAM each to connect the memory controller to the RDRAMides. The bs
clock gcle. The underlying architecture of the SDRAM core is theruns at 300 Mhz and transfers on both clock edges tovachideo-
same as in a cgantional DRAM. retical peak of 600 Mbytes/s. yically, each 64-Mbit RDRAM is



Table 1: DRAM Specifications used in sim ulations

DRAM Size Rows Columns Trgnsfer Row Internal Speed Pre- Row Column Data
type Width Buffer 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
SLDRAM 64Mbit 1024 128 64 bits 8K bits 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 ~ 20/40ns 17.5ns 30ns 10ns

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 100MHz 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

divided into 4 banks, each with ita/o row buffer, and hence upto 4 buffers, compared to 16 full wo buffers. A critical diference
rows remain actie or opeh. Transactions occur on thesusing a  between RDRAM and DRDRAM is that because DRDRAM parti-
split request/response protocol. Because the iB multipleed tions the Ias into diferent components, three transactions can simul-
between address and data, only one transaction may usesitherb  taneously utilize the dérent portions of the DRDRAM intexte.

ing ary 4 clock gcle period, referred to as an gatle. The protocol

uses pacht transactions; first an address gadk driven, then the 4 EXPERIMENTAL METHODOLOGY

data. Diferent transactions can requirefeliént numbers of ogte

cles, depending on the transaction type, location of the data withifor accurate timing of memory requests in a dynamically reordered
the deice, number of déces on the channel, etc. Figure @egia  instruction stream, we irgeated our code into SimpleScalan ee-

timing diagram for a read transaction. cution-driven simulator of an aggregsiout-of-order processor [4].
We calculate the DRAM access time, much of whichverlapped
3.8 Direct Rambus (DRDRAM) with instruction &ecution. D determine the dgee of werlap, and

to separate out memory stalls due to bandwidth limitations vs.

Direct Ramins DRAMs use a 400 Mhz 3-byte-wide channel (2 forlateny limitations, we run tw other simulations—one with perfect
data, 1 for addresses/commands).eLtke Rambs parts, Direct primary memory (zero access time) and one with a perfec{ds
Ramlus parts transfer at both clock edges, implying a maximumwvide as an L2 cache line)ofowing the methodology in [5], we
bandwidth of 1.6 Gbytes/s. DRDRAMs arevided into 16 banks partition the total applicatiorxecution time into three components:
with 17 half-rav buffers’. Each half-rev buffer is shared between Tp T and Tz which correspond to time spent processing, time spent
adjacent banks, which implies that adjacent banks cannot e actistalling for memory due to latepy@and time spent stalling for mem-
simultaneously This oganization has the result of increasing the ory due to limited bandwidth. In this papgme spent “processing”
row-buffer miss rate as compared tosim@ one open m per bank, includes all actiity above the primary memory system, i.e. it con-
but it reduces the cost by reducing the die area occupied bywthe rdains all processoxecution time and L1 and L2 cache wityi Let
T be the total xeecution time for the realistic simulation; leg De
the execution time assuming unlimited bandwidth—the results from
1. In this studywe fITJOdel 64t-)Mbit msmls pa,ftS,,WhiCrf: %@4bbaﬂks agd the simulation that models cacheline-widesés. Then J is the

g ‘;’epneg e{gless',%?\ijl%tt?é'\ggéﬁv?big m‘i’f;?c')ﬁi“r%g h; e2/ . an cf‘ré"_” 2 time gien by the simulation that.mod_els a perfect primary memory

] ) o ) system, and we calculatg &and Tg: T = Ty —Tpand g =T - Ty,.

2. As with the preious part, we model 64-Mbit Direct Ramd which has  |n addition, we consider one more component: thgegeto which

this oganization. Future (256-Mbit) ganizations may look d#rent. the processor is able tgarlap memory access time with processing




nization fils to tale adwantage of some of thewwer DRAM parts

that can handle multiple concurrent requests. 100MHz 128idgsb
are common for high-end machines, so thls_, is _tlmcbnflggratlon
that we model. W assume that the communicatiaeread is only
one 10nsyxle in each direction.
6 oRAM | The DRAM/kus configurations simulated are wimon Figure 7.
andccpal;hes 128-bit 100MHz bus g'oenf:‘rglfér :,| ‘ For DRAMSs other than Ranals and SLDRAM, eight DRAMs are
{x16 DRAM arranged in parallel in a DIMM-l& oganization to obtain a 128-bit
bus. We assume that the memory cont_rpller hasvestead _delay
SLDRAM, RDRAM, and DRDRAM utilize narmwer, but higher
speed hsses. These DRAM architectures can be arranged in parallel
channels, bt we study them here in the coritef a single-width

DRAM bus, which is the simplest configuration. This yields some
lateny penalties for these architectures, as our simulations require
that the controller coalescaid packts into 128-bit chunks to be
transmitted wer the 100MHz 128-bit memoryub. © put the
designs on\en footing, we ignore the transmission timerothe
narrov DRAM channel. Because of thisganization, transfer rate
comparisons may also be deceptias we are transferring data from
(b) Configuration used f or SLDRAM, RDRAM, and DRDRAM eight conentional DRAM (FPM, EDO, SDRAM, ESDRAM) con-
currently versus only a single diee in the case of the nawdus
architectures (SLDRAM, RDRAM, DRDRAM).

The simulator models a synchronous memory iatexfthe pro-
cessoss interfice to the memory controller has a clock signal. This
is typically simpler to implement and depthan a fully asynchro-
nous interéce. If the processoxecutes at aater clock rate than
the memory bs (as is likly), the processor may Veato stall for
several g/cles to synchronize with theubs before transmitting the
request. W account for the number of stafctes inBus Vit Time

The simulator models geral diferent refresh ganizations, as
described in Section 5. The amount of time (eerage) spent stall-

(c) (Strawman) configuration used f or parallel-c hannel SLDRAM & Ramb us perf ormance Ing due to a memory reference ﬂ"g during a refreshycle is
accounted for in the time component labdhedfiesh Tme

(a) Configuration used f or non-interlea ved FPMDRAM, EDODRAM, SDRAM, and ESDRAM

M
CcPu 128-bit 100MHz bus emory
and caches Controller

cPu 128-bit 100MHz bus | M1EmOTY
and caches Controller

Figure 7: DRAM b us configurations. ~ The DRAM/bus organizations used

in (a) the non-interleaved FPM, EDO, SDRAM, and ESDRAM simulations; (b) .
the SLDRAM and Rambus simulations; and (c) the parallel-channel SLDRAM 4.2 I nterleaving
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. For the 100MHz 128-bitus configuration, the transfer size is eight

times the request size; therefore each DRAM access is a pipelined
operation that tads adantage of page modeoirthe fister DRAM
time. We call this verlapped componenigl and if Ty, is the total  parts, this pipeline deps the memoryus completely occupied.
time spent in the primary memory system (the time returned by oudowever, for the slaver DRAM parts (FPM and EDO), the timing
DRAM simulator), then § = Tp — (T — Ty). This is the portion of  looks like that shan in Figure 8(a). While the addressstmay be

Tpthat is @erlapped with memory access. fully occupied, the memoryus is not, which puts the sler
DRAMs at a disadwntage compared to thester parts. & compar-
41 DRAM Simulator Overview ison, we model the FPM and EDO parts as integidaas well

(shavn in Figure 8(b)). The dree of interleging is that required to
The DRAM simulator models the internal state of the falhg occupy the memory dataus as fully as possible. This may actually
DRAM architectures: &t RRge Mode [35], Extended Data Out overoccupy the addressus, in which case we assume that there are
[16], Synchronous [17], Enhanced Synchronous [10, 17], Synchranore than one addressdes between the controller and the DRAM
nous Link [38], Rambs [31], and Direct Ranuis [32]. parts. FPM DRAM specifies a 40ns CAS period and is-vi@yr
The timing parameters for the féifent DRAM architectures are interleaved; EDO DRAM specifies a 25ns CAS period and i3-tw
given in Tble 1. Since we could not find a 64Mbit part specificationwvay interleaed. Both are interlead at a bs-width granularity
for ESDRAM, we &trapolated based on the most recent SDRAM
and ESDRAM datasheetso Theasure DRAM bekir in systems 5 EXPERIMENTAL RESULTS
of differing performance, weavied the speed at which requests
arrive at the DRAM. W ran the L2 cache at speeds of 100ns, 10nssor most graphs, the performance afesal DRAM oganizations is
and 1ns, and for each L2 access-time we scaled the main pracessgiven: FPM1, FPM2, FPM3, EDO1, EDO2, SDRAM, ESDRAM,
speed accordingly (the CPU runs at 10x the L2 cache speed). SLDRAM, RDRAM, and DRDRAM. The first tar configurations
We wanted a model of a typicalorkstation, so the processor is (FPM1 and FPM2) shwothe diference betweenwahys leeping the
eight-way superscalaout-of-orderwith lockup-free L1 caches. L1 row huffer open (therebyvaiding a prechge werhead if the ne
caches are split 64KB/64KB, 2ay set associat, with 64-byte  access is to the samemjoand neer keeping the no buffer open.
linesizes. The L2 cache is unified 1MB, &ynset associat, write- FPML1 is the pessimistic strggeof closing the n buffer after eery
back, and has a 128-byte linesize. The L2 cache is lockuptitee baccess and preclggmg immediately; FPM2 is the optimistic strat-
only allovs one outstanding DRAM request at a time; note tiys-or  egy of keeping the n buffer open and delaying prechar The dif-
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(b) Interlea ved timing f or access to DRAM

. — - — Figure 10(a) shes the total ecution time for seeral benchmarks
e e iy o MR genomions B Fonericuens  Of SPECINt '95 using SDRAM for the primary memory system. The
the remanider of time that is not overlapped with anything else. time is dvided into processor computation, which includes accesses
to the L1 and L2 caches, and time spent in the primary memory sys-
tem. The graphs also shdhe werlap between processor computa-
tion and DRAM access timeoFeach architecture, there are three
vertical bars, representing L2 caclyele times of 100ns, 10ns, and
1ns (left, middle, and rightmost bars, respety). For each DRAM
architecture and L2 cache access time, the figuressadar repre-
senting gecution time, partitioned into four components:

ference is seen iRow Accessiifie which, as the graphs shois
not lage for present-day ganizations. Br all other DRAM simula-
tions lut ESDRAM, we kep the rev buffer open, as the timing of
the pessimistic stragg can be calculated without simulation. The
FPM3 and EDO2 labels represent the inteddaoganizations of
FPM and EDO DRAM. The remaining labels are sgfflanatory
* Memory stall gcles due to limited bandwidth

51 Handling Refresh e Memory stall gcles due to lateyc
Surprisingly DRAM refresh oganization can &ct performance < Processor time (includes L1 and L2 wity) that is averlapped
dramatically Where the refresh ganization is not specified for an with memory access
architecture, we simulate a model in which the DRAM allocates . . . .
bandwidth to either memory references or refresh operations, at the PI’O(;ESSOI’(thIT??](IﬂC|ud€S L1 and L2 aity) that isnot
expense of predictability26]. The refresh period for all DRAM overlapped with memory access
parts it Ramlius is 64ms; Ramis parts hae a refresh period of SimpleScalar schedules instructiongremely aggreseely and
33ms. In the simulations presented in this pafiés period is  hides much of the memory latgnwith other vork—though this
divided into N indvidual refresh operations that occur 33/N milli- “other work” is not all useful wrk, as it includes all L1 and L2
seconds apart, where 33 is the refresh period in milliseconds anddsche actity. For the 100ns L2 (corresponding to a 100MHz pro-
is the number of @s in an internal bank times the number of inter- cessor), between 50% and 99% of the memory access-time is hid-
nal banks. This is the Ram mechanism, and a memory requestden, depending on the type of DRAM the CPU is attached to (the
can be delayed at most the refresh of one DRAM For Ramlus ~ faster DRAM parts alle a processor toxeloit greater dgrees of
parts, this behdor is spelled out in the data sheeter ther  concurreng). For 10ns (corresponding to a 1GHz processor),
DRAMSs, the refresh mechanism is nepkcitly stated. Note that between 5% and 90% of the latgris hidden. As xpected, the
normally when multiple DRAMs areanged together into ghical slower systems hide more of the DRAM access time thara#terf
banks, all banks are refreshed at the same time. Thiddgedif  systems.
Ramlus refreshes internal banks widually. Figure 10(b) shws that the more adwced DRAM designs kia

Because mantextbooks describe the refresh operation as a perireduced the proportion ofrerhead attribted to limited bandwidth
odic shutting dan of the DRAM until all ravs are refreshed (e.g. by roughly a é&ctor of three: from 3 CPI in FPMDRAM to 1 CPl in
[14]), we also simulated stalling the DRAM onoeery 64ms to  SDRAM, ESDRAM, and DRDRAM.
refresh the entire memory array; thugerg 64ms, one can poten- Summary: The graphs demonstrate thegaee to which con-
tially delay one or more memory references the time #stath  temporary DRAM designs are addressing the memory bandwidth
refresh the entire memory arrahis approach yields refresh stalls problem. Popular high-performance techniques such as lockup-free
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Figure 10: T otal e xecution time + access time to the primar y memor y system. Figure (a) gives 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. Figure (b) shows the total execution time in CPI for all benchmarks, using Synchronous DRAM.

caches and out-of-ordexexution &pose memory bandwidth as the latencies for 128-bit wide configurations for Rarmland SLDRAM
bottleneck to imprang system performance; i.e., common tech-designs, pictured in Figure 7(c). These “parallel-channel” results are
niques for impreing CPU performance and tolerating memory intended to demonstrate the mismatch between ®diag’ speeds
lateny are eacerbating the memory bandwidth problem [5]. Ourand fstest DRAMs; theare shwn in the bottom right of Figure 11.
results sher that contemporary DRAM architectures are attacking  Bus TFansmission ifne is that portion of the us actwity not
exactly that problem. & see that the most recent technologiesoverlapped with column access or data transfed it accounts for
(SDRAM, ESDRAM, SLDRAM, and Ramis designs) he 10% to 30% of the total latepcin the parallel-channel results, it
reduced the stall time due to limited bandwidth bgcdr of tvwo to accounts for more than 50%. This suggests that, for some DRAM
three, as compared to earlier DRAM architectures. Unfortunatelarchitectures, lis speed is becoming a critical issue. While current
there are no matching impments in memory lateyicwhile the  technologies seem balancedslspeed is lidy to become a signifi-
newest generation of DRAM architectures decreases the cost of lineant problem &ry quickly for net-generation DRAMs [8]lt is
ited bandwidth by aaictor of three compared to theyporis genera-  interesting to note that the recently announced Alpha 21364 inte-
tion, the cost of stalls due to latgritas remained almost constant. grates Ramits memory controllers onto the CPU and connects the
The graphs also shothe expected result that as L2 cache and processor directly to the DRDRAMSs with a 400MHz RasmEChan-
processor speeds increase, systems are less able to tolerate memetythereby eliminating the slointermediate s [12].
lateny. Accordingly the remainder of our study focuses on the = EDO DRAM does a much better job than FPM DRAM oém

components of memory latenc lapping column access with data transfnis is to be xpected,
given the timing diagrams for these architectures. Note thaténe o
5.3  Average Memory Latency lap componentsata Transfer Tme Overlap tend to be ery lage

in general, demonstrating relagly significant performance\dags
Figure 11 breaks @m the memory-system component of Figure 10.due to page-mode. This is aiyament for keping ises no wider
The access times arevidied by the number of accesses to obtain arthan half the block size of the L2 cache.
average time-peDRAM-access. This is end-to-end latgnthe Several of the architectures shano overlap at all between data
time to complete an entire request, as opposed to critaral-w transfer and column access. SDRAM and ESDRAM do nawallo
lateng. Much of this time is werlapped with processokexution;  such @erlap because thienstead useurst mode, which oliates
the dgree of @erlap depends on the speed of the L2 cache and mamultiple column accesses (see Figure 5). SLDRAM doesv allo
CPU. Since the ariations in performance are notdar we only  overlap, just as the Ramb parts do; heever, for simplicity, in our
shav three benchmarks thaany most widely The diferences are  simulations we modeled SLDRABI'turst mode. Theerlapped
almost entirely due tRow AccessiifieandBus Tansmission ime mode would hae yielded similar latencies.

Row Accessifie varies with the hit rate in the wobuffers, The interlemed configurations (FPM3 and EDO2) demonstrate
which, as later graphs shipis as application-dependent as cacheexcellent performance; latepéor FPM DRAM improves by adic-
hit-rate. The pessimistic FPM1 strgyeof alvays closing pages tor of 2 with fourway interleaing, and EDO imprees by 25-30%
wins out wer the optimistic FPM2 strajg However, with lager  with two-way interle@ing. The interleaed EDO configuration per-
caches, we & seen maninstances where the open-page sgsate forms slightly vorse than the FPM configuration because it does not
wins; compulsory DRAM accesses tendxbibit good locality take full adwantage of the memoryub; there is still a small amount

The diferences between benchmark®8ims Tansmissionifme  of unused bs bandwidth. Note that the breakasis of these gani-
are due to write tréit. Writes allav a diferent dgree of @erlap  zations look ery much lile Direct Rambs; Rambs behaes simi-
between the column access, data trapafet lus transmission. The larly to highly interlesed systemsti at much laver cost points.
heavier the write trefic, the higher th8us Fansmissiocomponent. The time stalled due to refresh tends to account for 1-2% of the
One can concludeerl andijpeg have heaier write trafic thango. total lateny; this is more in line with pectations than the results

Though it is a completely unbalanced design, we also measurathiavn in Figure 9. The time stalled synchronizing with the memory
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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 the three 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.

bus is in the same range, accounting for 1-5% of the total. This is@ data transfers as DRDRAM; had yhbeen aganized as to
small price to pay for a simpler DRAM intade, compared to a DRAMs wide to put them on equal footing with DRDRAM, which
fully asynchronous design. has a 128-hit transfer width, their latenciesid be 20-30% lwer.
Summary: The FPM architecture is the baseline architecture, Where the SLDRAM and Rarub designs»eel is in their criti-
but it could be sped up by 30% with a greatagree of werlap  cal-word latencies: though SDRAM and ESDRAM win in end-to-
between the column access and data transmission. This is seen in¢ne lateng, they are rigid in their access orderingr like Ramios
EDO architecture: its column access is a dstdr due to the latch and SLDRAM are lik the interleged FPM and EDO ganizations
between the sense amps and the output pins, andjitseds wer- in that thg allow the memory controller to request the components
lap with data transfer is greatgtelding a significantlydster design  of a lage block in arbitrary ordeThus, the Ramis parts all easy
using essentially the same technology as FPM. Synchronous DRAB#itical-word-first ordering, whereasitst-mode DRAMs do not.
is another 30%saister than EDO, and Enhanced SDRAM increases Last, the parallel-channel results demonstrate diterdé of a
performance another 15% by impireg the rav- and column-access 100MHz 128-bit as to keep up with today fastest parts. Here, we
timing parameters and adding an SRAM cache to imepconcur-  have placed enough channels side-by-side to create a 128-bit datap-
reng, though we note that its imprement @er SDRAM is less  ath that is then pushed across the 100Mitz bnd Direct Ranis
dramatic if using a pessimistic close-page jsases in FPM1. has roughly the same end-to-end layeas before. Clearlywe are
As modeled, SLDRAM and Rarab designs he higher end-  pushing the limits of today’lusses. The Alpha 21364 will selthis
to-end transaction latencies than SDRAM or ESDRAM, ag the problem by @nging together multiple Ramb Channels connected
require multiple narme-bus g/cles to complete a 128-bit transac- directly to the CPU, eliminating the 100MHa<[12].
tion. Havever, they are not gnged together into a wide datapath, as
are the other ganizations. Despite the handicap, SLDRAM per-5.4  Cost-Performance Considerations
forms well, which is important considering it is a public standard.
Direct Ramins comes out about equal to SDRAM in end-to-endThe oganizations are equal in their capacity: ait the interleaed
lateny. Note that SLDRAM and RDRAM makiwice the number examples use eight 64Mbit DRAMs. The FPM3amization uses
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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
becaomes 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.

32 64Mbit DRAMSs, and the EDO2ganization uses sixteen. e  performance of other DRAM ganizations at a fraction of the cost
ever, the cost of each system isry different. Cost is a criterion in  (roughly 1/32 the interle@d FPM oganization, 1/16 the interleed
DRAM selection that may be as important as performance. Each &DO oganization, and 1/8 all the non-intened oganizations).
these DRAM technologies carries af@iént price, and these prices Alternatively, by ganging together seral Rambs Channels, one
are dynamic, based oadtors including number of suppliers, sales can achiee better performance at the same cost. Accorditigige
volume, die area premium, and speed yield. parts typically carry a sfiprice premium, bt typically less than 8x.
In the narra-bus oganization we modeled, monespent on
Ramhus and SLDRAM parts does not go directly to laggmbot- 55  Perfect-Width Buses
tom line as with the other DRAMs. Theesiage access time graphs
demonstrate o effectively dollars reduce latepcthe only reason  As a limit study we measured the performance of a perfect-width
FPM, EDO, SDRAM, and ESDRAM ka latencies comparable to bus: 100MHz and as wide as an L2 cache line. The results are sho
Ramlus and SLDRAM is that tlyeare @nged together intoevy in Figure 12. The scale is much smaller than theiquie graphs,
wide oganizations that deler 128 bits of data per request, though and some componentsiesscaled with the change indwidth. The
each indiidual DRAM transfers only 16 bits at a time. If eacgger  number of column accesses are reduced lagtarfof eight, which
nization had been represented by a single 64Mbit DRAM, the FPMgduces th€olumn AccesandData Transfertimes. The rv access
EDO, SDRAM, and ESDRAM partsauld have had latencies from remains the same, as ddgss Wdit Time they appears to ha
four to eight times those in Figure 11. The Rasmnd SLDRAM increased in importance. Bus transmission for a read has been
parts benefit by multiple DRAMs only in that thisgamization  reduced from 90ns (10 for the request, 80 to transmit the data), much
extends the size of the colleaisense-amp cache and thus increasesf which was averlapped with column access and data trantder
the rav-buffer hit rates (see Figure 13); a single Ramtor  20ns, none of which isverlapped. Because each request requires
SLDRAM chip will perform almost as well as a group of eight. only one memory access, there is no pipelining toxpioited, and
Ignoring price premiums, cost is a goodwuament for the high-  the full 20ns transmission ix@osed (10ns each for address and
speed narmg-bus DRAMs. Rambs and SLDRAM parts g¢ the  data). FPM2 and FPM3 look identical, as do EDO1 and EDO2. This
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Figure 13: 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.

is no mistak. Two configurations are interfead, the others are not. 5.6 Row-Buffer Hit Rates
Making the lnis the width of the request sizeviaies interleaing.

There are n@verlapcomponents in these graphsittWa 128-  Associated with each DRAM core is a set of sense amps that can
byte lus, each cache line fill requires a single transactioerl@vis  latch data; this essentially amounts to an SRAM cache, and inter-
possible if multiple concurrent requests to the DRAM arevallh  nally-banled DRAMs hae seeral of these caches. Colleetly, a
but this is bgond the scope of our current DRAM simulations. DRAM or bank of DRAMs can he& a sizable SRAM cache (call it
Overlap shavn in previous graphs is due to theavlap of multiple  arow-kuffer cade) in these sense amps. The size of each DRAM’
requests required for a single cache line fill. row-buffer cache is the product of thiRow Bufer and Internal

As before, the primaryariation between benchmarks is B@ev ~ Banksterms in Bble 1—e&cept for DRDRAM, which has 17 half-
Access ime The \ariations are lger than in the puéous graphs, row huffers shared between 16 banks (a total of 68K bits of storage).
because the vo access time is proportionally muchgar The Figure 13 presents thenations in hit rates for the webuffer
graphs she that the locality of reference for each application (seercaches of dierent DRAM architectures. Hit rate doest include
in the rav-buffer hit-rates, Figure 13) canvea dramatic impact on the efect of hits that are due to multiple requests to satisfy one L2
the access latepe—for example, there is aétor of tvwo difference  cacheline: these results are for the 128-byte ¥ present results
between the \&erage access latgndor compessand perl. This  for two types of tréfc: all trafiic and read-only tréit. The read-only
effect has been seen before—Mm&ES work shavs that intentionally  results ignore all writes to the DRAM system (which, in writeback
reordering memory accesses xpleit locality can hae an order of  caches, occur only when a line is being replaced).
magnitude déct on memory-system performance [21, 22]. The results shw that memory requests frequently hit thevro

Summary: Coupled with gtremely wide lbises that hide the buffers; for the full-trafic simulationshit rates range from 8-95%,
effects of limited bandwidth and thus highlight thefatiénces in  with a mean of 40% (mean calculateetioonly the 1MB L2 cache
memory lateng, the DRAM architectures perform similarbAs results). There is a significant change in hit rate when writes are
FPM1 and ESDRAM sha the \ariations inRow Accesgan be included in the address stream: including writefitrafends to
avoided by alvays closing the k@ buffer after an access and hiding decrease the webuffer hit-rate for those DRAMs with less SRAM
the sense-amp prechartime during idle moments. This yields the storage. Writebacks tend to garuseful data from the smallemro
best measured performance and its performance is much more detarffer caches; thus the Ran#y SLDRAM, and ESDRAM parts
ministic (e.g. FPM1 yields the sanRow Accessndependent of perform better than the others. Thifeef suggests that when write-
benchmark). Note that in studies with a 4MB L2 cache, some bencbacks happen, thiedo so without much locality: the cachelines that
marks e&ecuting with an optimistic stragg shaved \ery high rav- are written back tend to be to DRAM pages thatehaot been
buffer hit rates and ha®ow Accessomponents that were neaaro.  accessed recentlyhis is &pected behaor.

Comparing these results to thevpoeis experiment, we see that Note that a designer can play with the ordering of address bits to
when one considers current technology (1284sek), there is little  maximize the rev-buffer hits. A similar technique is used in inter-
variation from application to application in theeeage memory leaved memory systems to obtain the highest bandwidth.
access time. The twcomponents thataw, Row AccessndBus
Transmissioncontritute little to the total lateye being @ershad- 5.7  Trace-Driven Simulations
owed by long memory-access pipelines thgpl@t page mode.

However, moving to wider luses decreases the column accesses péahfe also inestigated the déct of using trace-dren simulation to
request, and as a result thevraccess, which is much d¢gar than ~ measure memory latendiMe simulated the same benchmarks using

column access to pm with, becomes significant. it fewer col-  SimpleScalag in-order mode with single-issue. Cleaiity-order
umn accesses per request, we are less able tousidebsmission execution cannot yield the samegdee of eerlap as out-of-order
time, and this component becomes more noticeable as well. execution, it we did see virtually identicavarage access times

Variations in rav access time, though problematic for real-time compared to out-of-ordexecution, for both 128-bit and 128-byte
systems, do &r an opportunity to optimize performance: one canbuses. Because SPEC has been criticized as being not repnesentati
easily imagine enhancedwdbuffer caching schemes, webuffer of real-world applications, we also used Meiisity of ashingtors
victim caches, orwen prediction mechanisms that attempt to capi-Etch traces [11] to corroborate what we had seen using SPEC on
talize on the amount of post-L2-cache localifgpwever, with cur-  SimpleScalar The Etch benchmarks yielde@ry similar results,
rent oganizations, such measures méikle sense. with the main diference being that the webuffers had a higher
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Figure 14: 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.

average hit rate (61% with a 4MB L2 cache, as opposed to 51%hat each of the DRAM architectures studiedetalrdantage of

and a smaller standardvittion (11.4, as opposed to 25.5). internal interlesing and page mode to fiifing dgyrees of success.
However, as the studies siwpwe will soon hit the limit of these ben-
6 CONCLUSIONS efits: the limiting &ctors are nw the speed of theus and, to a lesser

degree, the speed of the DRAM core. improve performance fur-
We hae simulated sen commercial DRAM architectures in a ther, we must gplore other @eenues.
workstation-class setting, connected toaat,f out-of-ordereight-
way superscalar processor with lockup-free cacheshaé found 7 FUTURE WORK
the following: (a) contemporary DRAM technologies are addressing
the memory bandwidth problenutonot the memory latepgrob- ~ We will extend the research tovar lage systems, which ta dif-
lem; (b) the memory latepqroblem is closely tied to current mid- ferent performance bebiar. In the present studyhe number of
to high-performance memoryud speeds (100MHz), which will DRAMSs per oganization is small, therefore the hit rate seen in the
soon become inadequate for high-performance DRAM designs; (epw huffers can be high. In Iger systems, this fetct decreases in
there is a significant deee of locality in the addresses that are pre-significance. Br instance, in lge systems, bandwidth is more of an
sented to the primary memory system—this locality seems to hissue than latege—hitting an open page is less important than
exploited well by DRAM designs that are multi-baokinternally  scheduling the DRAM requests so aswvoi@ bus conflicts.

and therefore ha@ more than one wobuffer; and (d) gploiting this As huses grer wider, Row Accessiifie will become significant,
locality will become a criticaldctor in future systems when memory and so decreasing this component will become important. Increasing
buses widen,»osing the rev access time as a limitingdtor the number of open ws is one approach, as seen in the multi-

The bottom line is that contemporary DRAM architecturegha banled DRAMs such as Ramb and SLDRAM. Other approaches
used page-mode and internal interieg to achiee a one-time per- include adding xra rov buffers to cache puinusly opened nes,
formance boost. These techniques imprbandwidth directly and prefetching into the re buffers, placing rer-buffer victim-caches
improve latenyg indirectly by pipelining ver the memory s the  onto the chips, predicting whether or not to close an open page, etc.
multiple transactions that satisfy one read or write request (requesfée intend to look into this more closelyt wanted to get a rough
are often cacheline-sized, and the cache width is typically great@ea of the potentialains. V& kept the last eight accessewrauff-
than the bs width). This is similar to the performance optimization ers in a FIFO anddpt track of the number of hits and misses to the
of placing multiple DRAMs in parallel to achiea lus-width datap-  buffer, as well as the depth at whichyamits occurred. The results
ath: this optimization wrks because theub width is typically are shan in Figure 14. Br each benchmark, we shdhe number
greater than an inddual DRAM's transfer width. & have seen  of misses to themain row buffer. The first alue at the leftmost of



each cure is the number of hits at a depth of one in the FIFO victin{13]
buffer. The net value represents the number of hits at a depth of

two, and so on. The rightmostlue in each cueris the number of  [14]
accesses that missed both the maiw offer and the FIFO victim
buffer. The two graphs on the bottom shdhe amount of locality in = [15]
the two benchmarks with the most widelarying behsgior; the
graphs plot the time in CPU clocks between sucgessferences to [16]

the preious open o (i.e. the rav that was replaced by the cur-
rently open rw: it also happens to be the topmost entry in the
FIFO). This graph demonstrates that when theisaccessed in the
future, it is most often accessed in tlegywnear future. Our conclu-
sion is that the pwously-referenced m has a high hit rate, and it is
likely to be referenced within a short period of time if it is referenceg g)
again at all. A number of pren techniquesxést to eploit this
behaior, such as victim caching, set assoe@tiw buffers, etc.

(17]
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