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Abstract
'\' s hecome s tralvm that the gap hetween PrOCessor speed and
ory WCCess Intency ’ln continuing to Incrense ay o I rate, This
et presents m'n’w ol l!w ;ou'c'i|§t¢°¢'l|||'c~ Mrntegles which nre used o
peidge this gap. Phey wre mostly of two kinds: Memory Intency pe.
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oy SMT (Simultaneous Multithrending) or 188¢° (Lstructyre software
cache), Yetn (hird technlque l‘vdu'um the latency by hm'urmln“ on the
wume Chip processor wnd DRAM, Finally, algorithmie techniques tg Im;
IrOve coche utilization and reduce average memory necesy lntency for
aditional cache architectures mre discussed,
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[, INTRODUCTION

The speed mismatch between processor and main memory
has been amajor perf ormance bottleneck in moders computer
qystems. Processor performance has been Increasing at a rate
of 60% per year during the last ten years, However, main
memory access time has been improving at a rate of only 10%
per year [WIL 00]. The memory access latency is thus reach.
ing i hundred or more CPU cycles, ’thcrchy reducing opportu-
nities todeliver ILP [HAL 00] causing the Memory Wall prob-
lem [SAU 96,

Current high performance processors allocate large
amounts of on-chip cache to alleviate the memory  wall
problem. These clforts work efficiently only for applications
with high locality.  Without sufficient locality, applications
such as multi-media processing, text searching or any other
data intensive computation suffer [HON 99], Much work has
been conducted to tolerate or reduce this memory latency, In
this paper, some of the most commonly encountered memory
latency reduction technologies are reviewed and compared.

Multithreading is based on the idea of exploiting thread-
level parallelism to tolerate memory latency [KWA 99], Si-
multancous Multithreading (SMT) combines the multiple in-
struction issue paradigm with the memory latency hiding
technique of multithreading [TUL 95]. This architecture can
solve the potential problems of wide issue superscalar archi-
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lectures, If there is a cache miss caused by a memory access
Instruction in a thread, then instead of having idle cycles in a
superscalar processor, an SMT processor can find alternative
Instructions from another thread, Moreover, an SMT archi-
lecture attempts to overcome low resource utilization by hav-
ing additional threads available for issue, The detailed char-
acteristic of SMT architectures will be discussed.

Multithreaded architectures have also been proposed as a
means (o overlap computation and communication in dis-
tributed memory system, In other words, the remote memory
accesses latency can be tolerated by utilizing multithreaded
architecture, By switching to the execution of other ready
threads, the remote memory access latency can be hidden
from useful computations as long as there is enough paral-
lelism in an application. To reduce the remote memory la-
tency in distributed memory system utilizing multithread ar-
chitectures, the I-structure software cache (ISSC) system has
been developed (LIN 98). Section I1I describe the detailed
technology of multithreaded architectures and 1SSC.

A Decoupled Architecture separates the memory access
function from the normal processor operations [KUR 94]. A
Memory access processor performs data pre-fetching ahead
of the computing processor and provides less memory access
latency. In this paper, the HiDISC, a novel decoupled archi-
lecture, 1s used as a case study of this approach. Computing
Instructions, memory access instructions and cache manage-
ment instructions are partitioned and fetched into each of the
processor levels,

The other approaches attempt to improve both the mem-
ory bandwidth and the latency using the advanced VLSI tech-
nology in memory manufacture, A significant changes of
DRAM architecture consists in attacking the height of the
memory wall with enhanced technology. As indicated in
|[BUR 96], the memory stall cycles can be seen as either raw
memory latency stall cycles or limited bandwidth stall cycles.
Most current DRAMs such as Synchronous RAM, Enhanced
Synchronous RAM and Rambus DRAM have reduced the
stall cycle by widening the memory bandwidth [CUP 99].
Since prevailing latency-hiding techniques such as prefetch-
Ing, speculative loads and multithreading increase the mem-
ory traffic, increasing the bandwidth offers an effective solu-
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I1. SIMULTANEOUS MULTITHREADING

A. Background
ie capacity (approximately 2 factor of 4 on
continued creating opportuni-

Commodity RISC micropro-
the increased

[ncreasing d
an average of 3 years) has

ties for processor designers.
cessors pack more and more power by using
wafer density, replicating critical components and exploiting

[nstruction-Level Parallelism. Some recent processors repli-
tion pipeline. However, the

cate almost entirely their execu
been limited to CPIs (Clocks

success of such architectures has
Per Instructions) slightly less than 1 for some of the most

modern 4-1ssue superscalar architectures such as the Pow-
erPC 620 [DIE 95]. The reason can be traced to the lim-
ited Instruction-Level parallelism in some important bench-
mark applications and to the exponential complexity of the

hardware needed to deliver more runtime parallelism. In-
deed, “conventional” approaches suffer from some signifi-

cant drawbacks:
e several inherent dis-

o VLJW machines are known L0 hav
advantages, such as the binary compatibility problem,

the inability to dynamically detect and utilize runtime
parallelism, the Increasc in code size for speculative €x-
ecution support, and the performance degradation due

to asynchronous events such as cache misses. However,

VLIW approaches have recently seen a revival mainly
because of their simplicity in hardware. Hardware sim-
plicity implies low power dissipation. For certain sets of
applications, VLIW can be a killer architecture that al-
lows high performance and low power consumption at
the same time.
o Superscalar architectures rely on run-time (hardware)
dependency checking which gets exponentially more

e of the instruction window
d in order todeliver higher perfgcreageg
Fias

and to feed more pipelines)- Further, it can be eagjy,
. the next few years, processor manuf}' Dre.

o fabricate even wider-pipeline Sactu,‘
1ch as 8-issue or even 12-issye }‘; 3
. lation studies have shown that 'wi:ew.
)

ne would not significantly impre :
ve

difficult as thc. S
(which1s require

ce.
on-chip multiprocessors are another ,
p-

easing die capacity. The basic py;
ratingona single chip a number Zf
owever, recent studies hay,
best way to achieve high

the performan

Superchips O
roach (0 atilize 1ncr
n integ

ciple consists 1
roCcessors. H

simple scalar P

oous Multithreading (SMT) or
i [TUL 95][GUL 96
s instead of extracting

urrently executes several

< from different program threads (by maintaining
ed or multiple register files). When

thread stalls due t0 @ long-latency
ed and no morc instructions

a program, an SMT processor conc

instruction
several PCs and extend

an instruction from one

operation, the thread is suspend
of the thread are fetched from the instruction cache whereas

instructions from other threads are placed 1nto the pipelines.

Although at each cycle ‘nstructions from only one

fetched ona round-ro ,

threads are executed in the pipeline under the control of the

dispatch logic. This is b

threads and execution unl
Unlike on-chip multiproc

ts has been made.
essors, even without recompila-

tion of the original code, SMT would guarantee single thread
ce by prioritizing the critical program when run-

ping a multiprogrammed workload. By virtue of SMT’s abil-
ity to run multiprogrammed workload, we can obviously get
multiprogram speed-up: while a VLIW or a Superscalar pro-

cessor would be compelled to execute programs One after the
other, they can be run by an SMT machine as one "pseudo

job.” SMT is the ap roach that can
grained parallelism frgm multiple progiz;?t i
SMT should offer higher performance than VLIW be
unlike VLIW, independent instruction streams are n gause,
apd stalled together, thus making the control of Ot Ol}nd
simpler and efficient. Further, in SMT, the overhce)zlecutlon
pendency checl.dng in hardware 1s greatly reduced baec i d(?-
:;;(r);:; on rpu]txple indep.endent threads (instructions g:)i; :
are interspersed with instructions from other ind :
dent threads, thus lowering, if not eliminating, the overefll)::d.

performan
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Fig. 1. Issue Pattern in Various Architectures

Fig. 1 shows the i.ssu.c pattern of SMT and other architec-
rures that compete withit. As.shown Inthe Fig. 1, superscalar
architecture has no way 10 hide the .horizomal waste caused
by limited instruction-level parallelism. In an on-chip mul-
fiprocessor system, even thougl} multiple threads are avail.
Jble. the vertical waste 1s nqt hidden because resources are
isolated within cach processing element. In addition, hori-
zontal waste 1s not hidficn though the waste would not be as
significant as 1n wid;—nssuc superscalar. I.n fine-grain multi-
threading, while vertical wastes are effectively eliminated by
alternative threads, horizontal waste does not disappear [TUL
95).

gome design issues should be investigated:

« A study of thread partitioning
o Hardware unit tradeoffs
o Usefulness of branch prediction

o Size of caches (both instruction and data cache)

I11. I-STRUCTURE SOFTWARE CACHE

; v A. ;‘General Concept
. Non-blocking multithreaded execution models, like TAM
_[CUL 91], P-RISC [NIK 89], and EARTH [HUM 95],

mge heen proposed to support multithreaded execution in

4 conventional RISC-based multiprocessor system without
; thc need for any specific hardware support for fast context
. switching. In these models, remote memory requests are
aructured as split-phased transactions to tolerate communi-
" ,chtion latency. Thread activations are data driven in these
 models: A thread is activated only when all the data elements
it needs are available locally. Indeed, once a thread starts to
: éxecutc, it executes to the end. In such a non-blocking multi-
.I .threaded execution model, once the execution of a thread ter-
 minates, no thread contexts need to be saved before switching
" (o the execution of another active thread. Therefore, multi-
 threaded execution is achieved without the need for any spe-

- ¢ific hardware support.

on Computer Arc hitec
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A good execution model must be based on a good mem-
ory system to achieve high system performance [DEN 95]
An I-Structure memory system [ ARV 89] provides split-phase
memory accesses to tolerate communication latency. It also
provides non-strict data access, which allows each element of
a data structure to be accessed once the data element is avail-
able without waiting for the whole data structure to be pro-
duced. Each element of an I-Structure has presence bit as-
sociated with it to indicate the state of an element, such as
Empty and Present. Data can onl y be written into empty ele-
ments, and the slots are set to the present state after the data
has been written into them. A read from an empty element is
deferred until the data is produced. The split-phase accesses
to the I-Structure elements provide fully asynchronous oper-
ations on the I-Structure. The non-strict data access on the
I-Structure provides the system with a better chance to ex-
ploit fine-grain parallelism. The fully asynchronous opera-
tions on the I-Structures make it easier to write a parallel pro-

gram without worrying about data synchronizations since the
data are still synchronized in the I-Structure itself. The sin-
gle assignment rule of the I-Structure provides a side-effect
free memory environment and maintains the determinacy of
the programs. All of these features make I-Structures, along

with non-blocking multithreadin g,an ideal model for parallel
computing.

While the combination of non-blocking multithreaded ex-
ecution and I-Structure memory system appears to be a very
attractive architecture for high performance computing, the
major drawback of this system is that locality of remote data
is not utilized. If all remote requests are translated into split-
phased transactions and the fetched data is not saved between
uses, excessive inter-processor traffic will be generated. The
problem is compounded by the cost of sending and receiving
network packets. Each packet may take from several dozens
to thousands of cycles to traverse on network depending on
the design of the network interface and communicating pro-
tocols [CUL 93]. Even though multithreaded execution could
tolerate the communication latency, processors still need to
spend the time to issue the request and retrieve the data from
network. In most platforms without dedicated processors to
handle the network messages, this communication interface
overhead cannot be overlapped with useful computations. In
some machines, a parallel environment is built on top of the
TCP protocol and the communication interface overhead may
be as high as hundreds of micro-seconds [KEE 95]. Even
with some improved protocols, like Fast Sockets [ROD 97]
and Active Messages [VON 92], it still costs 40 to 60 micro-
seconds to send a message to the network. For instance, in the
multi-packet delivery implementation of Active Messages in
the CM-5 machine, it costs 6221 instructions for sending a
1024-word message in the finite sequence [KAR 94]. Since
all requests are actually sent to remote hosts through the net-
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equests incur the com-

a1l the sending and recciving !
1] resultin high network

Wl ‘ _
| and wi

munication interface overhead
irattic

Therefore, an [.Structure cache systcm which caches thesc

(ransactions 1n non-blocking multithreaded ex-
reduce communication laten-
affic. We designed and imple-

an 1-Structure Softwarc Cache (ISSC) [LIN 98] to
ansactions of global I-Structurc data
accesses in this architecture This cache system would pro-
- communication latency reduction while
ation latency tolerance ability 1n
plit-phase transactions,

split-phasc
ccution 1s required 1o further

c1es and reduce the network tr

mented
cache the spht-phase tr

vide the ability 1o
maintaining the communic
caching those s
uces the number of remote requests,
* communication overhead incurred

uced. Our ISSC 1s a pure software
ata locality 1n non-blocking

adding any hardware com-
formance.

this architecture. By
the ISSC significantly rec
and hence, the amount O
by remote requests 1S red
approach to exploit the global d
multithreaded execution without
plexity for further improvement of system per

B The ISSC Runtime System
as an interface hetween the user

and the network interface. A block of mem-
ory space 1S reserved by this run-time system s the soft-
ware cache space. It filters every remote request and reserves
memory space in local memory as d cache of remote data. A
remote memory request 1s sent out {0 the remote host only 1f

the requested data 1s not available on the software cache of

the local host. Instead of asking for the requested data item
only, the whole data block surrounding the requested data
item is brought back to the local host and stored in the soft-

ware cache. Therefore, spatial data locality can also be ex-
ploited. The detailed design of ISSC and its implementation
are described in [LIN 98], [LIN 00].

In [LIN 00], we implemented ISSC and studied 1ts per-
formance on EARTH-MANNA machine. In this study,
we demonstrated a software implementation of I-Structure
cache. i.e. ISSC, can deliver performance gains for most dis-
tributed memory systems which do not have extremely fast
inter-node communications, such as network of workstations

[CUL 93], [KEE 95], [ROD 97], [KAR 94].

| ISSC caches values obtained through split-phase transac-
Lions in the operation of an I-Structure. It also exploit spa-
.Ual data locality by clustering individual element requests
into block. Our experiment results show that the inclusion
of ;SSC in a parallel system that provides split-phase trans-
actions reduces the number of remote memory requests dra-
n?a‘ucall y and reduces the traffic in the network. The most sig-
nificant effect to the system performance is the elimination (g)f
the large amount of communication interface overhead which

1S incurred by remote requests.

The runtime system works
applications
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[V. HIDISC ARCHITECTURE

A Basic Architecture

Decoupled architectures are based on the jg
the existing parallelism between memory 4¢ . f’fcxpk)it.
computations [KUR 94]. These architcCtUreceSS'"g and p::'&
of two processors. One is the access pry, S Ustally o, ¢
forms address calculations and load/store i
the other is the execute processor which ex Operations, w?'
culatjons and produces results. Several fcl{tes N0rmg e
qrchntccturcs have demonstrated high pchf)( CVious dmou,;a ;
tific benchmarks such as Lawrence Liverm 'TMance fq,. Sc; “
72]. ore LOOPS [Mclen.

The HiDISC (Hierarchical Decoupled | MA
cgmputcr) uses a processor between each le:Slrucﬁon Str
hierarchy to keep each level of memory el O.f the Memgy,
that the processor above it needs [CRA 97;llpphed With d:: |
processors for computing, memory access 2 Three Ndivigy.:
ment are combined in this novel high perfg nd cache managal
architecture. HiDISC i1s an architecturg] ter";]a'?ce decoup’; ..
to enhance the efficiency of the cache andcd "1que designe. |
struction Level Parallelism by offering be Cliver better In.
ory access time. Computing instructions rt;er Verage Mem. :
structions and cache management instruc’(i MOry accegs i
and fetched into each of the processors H?Igs 4re Partitiope
to resolve the memory wall problem by.in IDISC is des;
falllelism. Therefore, this new architecture s
1capl improvement especially in data intencs?
as image recognition and data management

_{LU Instructions
N
}

Digis ,_ Load/Store | t
.y
or (AP)

Cache Management
Instructions Cache

Cache Management
Processor (CMP)

Maln &1em0ry

: gned
Hetion-leyey P:f

N provide Signif.
ve pr Ogram suCh ‘

Fig. 2. The HiDISC System

Fig. -
ek 2' SEO]WS the HIDISC system. A dedicated proces
i 'edsd evel of the memory hierarchy is rcsponsib?e
ped I()C ;;'?od ata to (t]he next level. The Computation Proces

is designed to execute all pri '
. all primary computati
cept for memory access | . putations ex-
S instructions. The Access Pr
AP) ner | ; - ccess Processor
(AP) performs the basic memory access operations such
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lpad and store. This ptj()cgtssor 1S responsible for passing data
from the cache to the CP. The Cache Management Processor
(CMP) 15 dcdical.cd to keep ‘lhc cache ready for the AP (;bcr-
ation. By allocating the additional proc

‘ ‘ CSSOTS 10 memory hi-
srarchy. the instruction overhead of gen

Aativr crating addresses, ac-
cessing memory and prefetching is removed from the Com-

putation Processor. The processors are decoupled and work
fairly independently of each other, The prefetch distance
can adapt to the program runtime behavior, The Instruction
«tream for the cach level is supplied by the compiler.

B. HiDISC Compiler

The HiDISC compiler generates the three HiDISC instruc.
jon streams from the sequential assembly code. The HiDISC
assembly code and object code format are based on the MIPS
format. The HIDISC stream separator is the critical COmpo-
aent of the HIDISC compiler. The stream separator works on

the assembly code.

The Program Flow Graph (PFG) is generated using the
well-known algorithms of [FER 86]. The PFG contains in-
formation about control and data dependencies.

The first step 1s to determine which values are addresses or
used in the computation of an address. The control and data
flow graphs can be used to trace the registers used as address
values or used to compute the address values. After the ad-
dress values have been determined, the CP and AP instruc-
tion streams can be partitioned. Loads, stores, and instruc-
tions that compute address values are assigned to the AP in-
sgruction stream. Instructions that compute data values are
assigned to the CP 1nstruction stream. Conditional branches
that use address values are assigned to the AP instruction
stream and the EOD token 1s used to pass results to the CP.
Data that 1s used to compute conditional branch conditions
can be transferred from the CP to the AP using the memory
systemnl.

The CMP stream i1s derived from the AP stream since
the CMP performs similar operations except that data is
prefetched instead of put into a queue and store addresses
need not be put into the Store Address Queue. Global data
cannot be written by the CMP, and the AP and the CMP must
be synchronized whenever the AP writes global data. Greater
efficiency can be achieved if synchronization is done after
sections where global data is written and not after individual

SLOrces.

V. MEMORY TECHNOLOGY

Current aggressive DRAM design technologies are attack-
ino the other side of the memory wall - the access latency
an;i the memory bandwidth. In this section, the current lead-
ing technologies in DRAM design such as Double Data Rate
(DDR) DRAM, Synchronous-Link DRAM (SLDRAM) and

Direct Rambus DRAM (DRDRAM) are discussed. Most of

ey A : . i ' ~ . ¢ (
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new DRAM technologies achieve higher handwidth with de-
veloping new scheme on the interface or access mechanism.
This results in a significant enhancement of bandwidth.

However, a recent study shows that the memory latency
enhancement is not that significant in new DRAM technol-
ogy [CUP 99]. Bandwidth alone cannot provide the solution
for memory wall problem. Some performance bottleneck 1s
caused by stalling during the DRAM latency for critical data
[CUP 99]. One possible solution is integrating memory and
processor on asingle chip. Intelligent RAM (IRAM) and Pro-
cessing in Memory (PIM) is the prominent research direction
based on the above idea.

A. Double Data Rate DRAM (DDR DRAM )

Double Data Rate DRAM (DDR DRAM) is the new
DRAM technology which can transfer data both on the ris-
ing and falling edge of the clock. Therefore, the data rate
can be doubled compared to that of SRAM. The specification
of DDR2 by the JEDEC (Joint Electronic Device Engineer-
ing Council) notes that it will uses a 64 bit wide bus driven
at 400Mhz with a new pin interface, and signalling method.
This has a potential bandwidth up to 3.2 GBytes/sec.

B. Synchronous-Link DRAM (SLDRAM)

Synchronous DRAM (SLDRAM) is one of the next-
generation DRAM architectures that can deliver the speed
and bandwidth requirements of tomorrow’s high performance
processors. SLDRAM is an open standard which has been
developed through the cooperative efforts of leading semi-

conductor memory manufactures and system designers. SL-

DRAM builds on the features of SDRAM and DDR RAM.
The bus interface 1s designed to run at 200-600 MHz with a

16 bit-wide datapath.

C. Direct Rambus DRAM (DRDRAM)

Rambus DRAM (RDRAM) is a memory interleaving sys-
tem integrated onto a single memory chip. RDRAM sup-
ports up to four outstanding requests with pipelined micro ar-
chitecture and operates at much higher frequencies than con-
ventional SDRAM [HON 99]. In the Rambus architecture,
the constant timing relationship between signal pins is en-
sured. This property makes the Rambus channel run at a
much higher frequency than SDRAM [CRI 97]. RDRAM is
able to load a new stream of data before the previous stream
has completed, resulting in less waiting time and therefore
faster access speeds.

Current Direct Rambus (DRDRAM) technology uses a 400
Mhz -2 bytes data and a 1 byte address channel. With trans-
ferring at both clock edges, 1t can achieve 1.6 Gbytes/sec
bandwidth from a single DRAM. The Direct Rambus DRAM
presents direct control of all row and column resources con-
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taneously utilize the different portions of the DRDRA

terface [CUP 99].

D. Intelligent RAM (IRAM)

Advances in VLSI technology increas

DRAM memory on a single chip. As ares
e chip has

memory and processor on the sam
for the enhancement of memory handwidth and la
: oent Memory ( [RAM) or FTO”

approach has been called |
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the huge internal bandwidth of [RAM, a vector:
' ector IRAM (VIRAM) has indeed been

can be adopted. A ¥
' ich incorporates vec

ffective system wh ;
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the memory system oOf as

processor unit provides

~ VIRAM'’s general-purposc vector
high performance on computations with fine grain data paral-
this architecture 1S beneficial for

lelism [THO 99]. Therefore,
Vector IRAM provides a nurm-

the multimedia application.
ber of critical DSP features. It achieves high-speed multiply
tion chaining. Auto-increment

addressing through strided vector memory accesses is also
supported [KOZ 98]. As indicated in [THO 99], the per-
in computing floating-point

formance of VIRAM processor
at of existing floating point DSPs

FFTs is competitive with th
FFT chips. The advantage of VI-

and specialized fixed-point
RAM over DSP is the programmability as general purpose
processor. It also provides a virtual memory system.

One more benefit except the latency and the bandwidth 1s

thg energy efficiency of IRAM. Since the frequency of off-
chip communication IS much less, the energy efficiency can

be improved by factors of 2 t0 4. Vector IRAM achieves
more energy efficiency by reducing the fetching and decod-

:qu operations. Vector IRAM uses vector instructions that in-
icate a large number of independent operation. This energy

it ik teristic with multimedia applicas
fficiency € T Pplicatioy
AM attractive as ure mobile comp %"h
t

back of [RAM is the bound of on-ch;
plications may ask more mﬂm

! f an IRA

the on-chip memory Space O M. Cis
than U ry can be used as the next me on Wh‘
d 'mplcmcntation teChﬂO]Ogy also D&d) N
future development. o bt%".

\"4| CACHE-CONSCIOUS DATA AND CON
. ') mm‘
TRANSFORMATIONS

niques o optimize memory perf
sche-based multi-level mETY hierarchies involye ... &
formations that resultin efficient yse ofedaail |
hierarchy- Based ona knowledge of the archjtmuh%
mapping functions, cache-conscioys Paray,

have been developed that help jp alm
custom data Jayouts and control transformations fdmg'h,
application ~esulting in reduced memory access | or 2 g
Loop trans
tiling) improve
loop iterations,
transformation affec

plied, and both tempOr
ver, they affect all arrays in a loop nesy

Various tech

formations (€.g., 100p permutat;
locality by changing the order Ofeon’ s 4
thereby changing the access p an;:uum“
ts only the loop nest to which :\ log,
tis .

A 2

al and spatial locality may i _
Provea, |

them perhaps 2
transformation for matrix access that divides the Jonn -
tion space 1nto smaller tiles (or blocks). The wg rﬁno"P iterz.
a tile 1S the.set of al.l elements accessed during the .gsdfw
tion involving the tile. Ensuring that the workip COmpyg;.
tile fits into the data cache, maximizes reuse ofarriset f"m!
within each tile, thereby reducing capacity mimy elﬁnau A
-tself does not reduce conflict misses. Especially w Tlllngb’
ray dimension 1s an integral multiple of the cache l{enn,F:_
causes con§ecutive rows of a tile to map to the 276 limg
cache locations. Cache conflicts in the context oga.me Set of
are categorized into self-interference (cache conﬂ.“ledloqx
array elements in the same tile) and cross-interf; o )
conflicts among elements of different tiles of Ih:rence (%
ferent .arrays). Cache conflicts that result ﬁomsimemd_if‘
formations are reduced by applying suitable data g “i
tions [RIV 98]. transforma.
Data transformations improve spatial locality b i
the data layout in memory to the data access 'Y Y Maiching
also used to reduce confiict misses. Copyin p[?lgdm andare
common technique used in conjunction withg['r Plisa
(eliminate) self-interference misses. By copyi e
ments of the tile into a contiguous buffer copyl'ng gt
the working set of the tile maps into di;tingty ll:f eflsm-sm "
cache. Padding is a data alignment techni auofls Rk §
que that involves

adding dummy elements 1nto the data structure. When used

S
&
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WA T pling 1ediees oo IEtTer e between dif atant time with a simple circuit. Perfect Latin Squares are also
1 TR R R RUTET I YRy (o el e MiAvE) By ¢ Feat i g usefil In the context of optimizing memoty ppr{(,rrru,n(..Q for
f.“,'-; i '“ i .=nl~u -\“' A ‘“ R " l‘n- r.‘fl'an 'ur”””";\‘ ,.' ,h",.,,,m ¢* it 'H h;!ﬁf‘(’ NNI['Y‘" sULOT A hln"', frhm,,r;jtl’.,:q’ :md '-l'..fmjla-
RS {HITAVA] tion results [ADV 00] of the use of PLS-based data layouts
Ph i i e PR ol iy ﬂm»lio AN severely Hpacts and address ”'”V”'"“”n for a gcnf'?rif; NUSRPTE 5 (JQ".C‘ ;mp'!_”:;j‘
e et toniianee of the v v Wietntehy Vs dxample, in tion has shown significant reduction in cache conflict m'hef:»
‘.".'If R R I R R R T \ % M= Ceneh afiay his Cache-conscious data layouts, by virtue of hcmg tatlored
‘H““’ AULEURNLL "“”"'" AL e MBS IIE “H"'('"wnl;"inn ot HN'!VN’H?I‘ upplium(m (lmnmns, arc very effective in 1m-
A PO e st Wil pis CREVE Lt loring of the hmp sltife proving performance by reducing rrlcrrlf»r}f ﬂCCC%’ﬁ latency.
(A ey Tavonte fiy g Wiy that will achieve an optimal However, (UmingHpwithgcncricalg(;mhmlctcch‘quC% that
e Between the vl Pettormance of each artay, 1ge can automatically derive optimal data layouts, given an ac-
o Block o hyperbslock data 1avoud IMOO YHT for the three cess pattern, 18 a challenging research problem.
ity helps eliminnte g SEENERCant fraction of cache misses '
AL OCeE T s o Wl Ui lementations. Atchitectiiral VII. CONCLUSION
PAEATEIETE sUeh ne cache slze, deteriine (e parameters of Two memory latency hiding techniques - Hierarchical de-
e it Ty onite freed coupled architecture and Simultaneous multithreading - have
DI iaie data layont (DD [PAR OO is another example been proposed as the solution for the growing gap between
Al Db e el op i zation techiigue that resilts in effective processor and memory. Both of the abovc architectures cx(;
cichie iz ntion. DD wie developed for improving petfor- ploitinstruction level parallelism by utilizing run-time th‘rea
" e oF the Discrete Fourer Transfomm (DI application support within a single program. A decoupled archltCCtU;C
whieh, Tl miany other sctentific applications, exhibits data uses additional processor lf)gic for the memory access thrga .
m ACCeRE patterns that do o Possess spatial Tocality, Computa- SMT depends on the r.untnmc context switching mec;\ar;)lsm
i o oF DEEdsing factorization such as Cooley-Tukey [COO  during the stalling period due to a memory access. In ldob
’, O8] resi i non-unitsteide in accessing the datain the com- these architectures, thCl?SthCtIOH level parallelism should be
{*} AL OF Ehe Fast Fouier Transform (), This results in guaranteed by the compiler. . . P
i R CAnEY ore cache imisses tha accessing data with unit Although these two architectures provide an eh s
o atiide, redueing the eftective meinory bandwidth, In the DDI, mc.lhod ?0 UNETERITE the memory wall problem, a furtl\;r e
‘~ approach cache-conscions algorithmic design techniques are lution will be ultimately the et enhanc.emel?t OfDR_A P:f'
A WEHzed o deterinine a factotization of the DET and the data formance. Also, caChc‘CO“S?‘OU; algo:thmxc te,c??‘qu?:nﬁf
;,, lavont o make effective use of the cache. The data layout is flata and‘copt.rol u ansformations have t S potenial ror Sl? ;
: mudified between the computation stages of FET to improve icantly contributing to the performance improvement of ap
the effective bandwidth, Modifying the data layout dynam- plications.
f} ety s been shown to yield performance benefits greater et
4 thai the data ieorganization overhead, Using dynamic data
i avout for DEE computation leads to a factor of 4 Improve- [ADV 00] Algorithms for Data Intensive Applications on Intelligent and
e ‘ : -- | : ~ , Smart Memories (ADVISOR), Univ. of Southern California.
ment over stiatghtforward implementations and up to 339% i advIsa iee adi
% HRpProvement over FET using other nplilt]ili\ﬁUhS, such s (AMA 98] AMARAL, J. N. et al. Portable Threaded-C release 1.1 Techni.
,; \‘\‘\p_‘\,‘mgz. ol Reveral |»|ml‘m-nm. Also, the static appl‘onch. with cal note 05. Computer Architecture and Parallel System Labora-
i fiaed data lavout, has been shown o yield factorizations tory, University of Delaware. Sep, 1998
3 Whith are notoptimal and alternate factorizations with dy- [ARV 89] ARVIND, R. S. et al. I-Structure: Data Structures for Parallel
\ T o ) Computing. ACM Transactions on Programming Languages and
naimie data tayout result in higher performance, Finally, the Systems, Oct, 1989
cache conxctous design approach ol DDIL yields a portable, (BUR 96] BURGER, Doug; GOODMAN, James R : KAGI Alain. Memory
F MH.\ performance FET implementation which is competitive Bandwidth Limitations of Future Microprocessors. 23rd Annual
with other iigheperformance implementations without using International Symposium on Computer Architecture, 1996
f ANy low level optimizations, [COO 65] COOLEY, J. W.; TUKEY. J. W. An Algorithm for the Machine
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Perfoct Latin Squares (PLS) [KIM 89] is another technique
ot inally proposed i the context of conflict-free parallel ar-
Fay access from multiple memory banks.  PLS-based data
M{*\mls for arrays allow simultancous, conflict-free access to
FOWN, COMIE, at dingonals and major subsquares of an
NAN aray using N memory modules. When N is an even
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