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SUMMARY

Conventional processor design utilizes a centralized operand repdaitoeptral
register file) and transport network (a zero-cycle fully corewediypass network) to
deliver operands to and from functional units. This centralized desidtswaall with a
small number of functional units but cannot scale to a large numbanctfonal units.
As more functional units are integrated into a processor, the nwhperts on a central
register file grows linearly while area, delay, and enex@ysumption grow even more
rapidly. Physical properties of a bypass network scale in a similar manner

In this dissertation, a fully distributed register file orgation is presented to
overcome this limitation by relying on small register fileish fewer ports and localized
operand bypasses. Unlike clustered microarchitecture exploreden @search, each
cluster features a small single-issue functional unit coupldd avismall local register
file. Several clusters are used, and each of them can be mliffatelocal register files
are interconnected through a register transfer network that sugbfoctent multicast
communications. Microarchitecture and techniques to support distribetgster file
operations are presented for both dynamically scheduled and Istascheduled
processor organizations. These include the eager and multicasterrefyetsfer
mechanism in the dynamic approach and the global data routing wilticasting
algorithm in the static approach. Although a distributed redgii¢earchitecture requires
additional cycles to execute a program, it is compensatedjbyicant savings obtained

through smaller area, faster operand access time, and lowey @oagumption. With



faster operating frequency and more efficient hardware implatem overall
performance improvement can be achieved.

In addition, the fully distributed register file organization is aguplto an ILP-
SIMD processing element, which is the major building block of asmaly parallel
media processor array. The results show reduction in die arezh) adm be utilized to
implement additional processing elements. Consequently, overall marfoe is
improved through a higher degree of data parallelism through a larger prcaeagor

In summary, the fully distributed register file architectysermits future
processors to scale to a large number of functional units. Jlaspiecially desirable in
high-throughput processors such as wide-issue processors and simultaneous
multithreaded processors. Moreover, localized communication is higklyatle in the
transition to future deep submicron semiconductor technologies somce Wire is

becoming a critical issue in processes with extremely small featere s

Xi



CHAPTER 1

INTRODUCTION

1.1 Motivation

Technological advances in the past decade have created enormousnifyort
computer designers to design and build processors with increakiggbr performance.
Several key technologies contribute to this rapid rate of adwaerde with technology
scaling as one of the most important. Through evolution in lithography, mateeiat ssj
and logic design, semiconductor devices can be scaled down into \&r\salemicron
regions. Aggressive technology scaling allows for extremeggnated components to be
realized using transistor devices that are both faster and consume less energy.

With smaller and less energy consuming transistors, computegndesican
implement more complex functionality and even integrate more coamp®mto a single
chip substrate. Faster transistors enable faster computationvetowas feature size is
scaled below 0.28m, wire delays start to dominate signal delays. It is predithat in
the 100nm generation, only 16% of the die area can be reachedngieactock cycle
and even less as feature sizes are further decreased [1ktIgemeration processors,
long global interconnect should be avoided in favor of short local interconnec
Architectural solutions to long global interconnect issues are dedade future
technology generations in the long term because conventional intercenakag) cannot
achieve the required performance as predicted by the ITRS roa@indptérconnect

scaling is therefore a critical issue for future processor design.



In modern processor designs, several structures are sharethasdrequire
global interconnect. Shared structures related to operand transpervedespecial
attention due to their scalability issues as processors becoraasmgly parallel. These
structures are depicted in Figure 1 and include a centralteedike, one or more
reservation stations (which can be a part of a reorder buffarregister update unit,
depending on implementations), and an operand bypass network. Furthermore
implementation costs of these components grow rapidly as the goodssue width
increases, and these structures are considered critical patiozi@rn processor designs

further limiting the increase in the processor clock frequency [3][4][5].
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Figure 1 Operand transport in ILP processors




Several approaches have been devised to address this ineffitmetiey physical
level, new interconnect and low-k dielectric materials [2][@ being sought that have
better performance than current materials. Novel approaches,ofiieal or radio
frequency interconnects [7][8][9], are also promising but altarsthe research phase. In
the logic circuit level, circuit designers employ cleverhteques when designing
operand transport circuits. These include multiplexed read/write (pontsduce the total
number of access ports) [10], multiple replicated registes fedistributed access port
usage [11][12][13], and register caches [13]. Despite all these developmelats)isces
a critical issue with a large number of functional units. Moreowemventional
interconnect scaling is insufficient and cannot achieve requirddrpamce in the long
term. Therefore, an architectural solution is needed that careeffyctransport operands
to and from a large number of functional units by utilizing local communicationsies m

as possible.

1.2 Problem Statement
As processors strive to support higher degrees of instruction pavallelism
(ILP) and thread-level parallelism (TLP), a large numberursicional units need to
retrieve operands and write back results concurrently in eachuteteaycle. The
number of operands that have to be transported grows linearly witbt#henumber of
functional units. The hardware implementation cost of the current rapdransport
design, which utilizes a central register file and a laagd complex operand bypass

network, grows even more rapidly. The problem becomes especialliakrii future



deep submicron processes, which are interconnect-limited, sinceedtster file and
operand bypass structure involve a large number of long interconnects.

To be able to scale to extremely small feature sizes ghdyparallel processor
organizations, a shared register file must be replaced withbdig structures having
localized communications. This form of distributed register dtieictures needs to be
studied to determine its implications as employed in modern pacassitectures. The
research presented in this dissertation studies this implicatitn the following
approaches:

e Introduce the distributed register file organization to modei pocessor
architectures including dynamically scheduled, statically schedudad
embedded media processor architectures.

e Devise mechanisms to improve operational efficiency and decreadecasle
of the distributed register file organization.

e Identify factors that have significant impact on the performazcd the
implementation of distributed register file architectures.

e Model the new architectures through detailed execution-driven sonsiland
evaluate execution performance of the new approaches.

e Employ hardware implementation cost models to evaluate implenoentat
costs of the new architectures and determine overall performande

efficiency from the previously obtained execution performance results.

Currently there are three broad categories of processoreatcings that are of

interest. The first is the dynamically scheduled architectbased on RISC and



superscalar principles. Processors in this category have badely wsuccessful
commercially because they can achieve very high performanmegh ILP exploitation
without recompilation of application software. The second categomeasstatically
scheduled architecture aimed for high performance applications andescVLIW and
EPIC. Processors in this category typically require reconygmldbr applications to work
well with each processor generation. This requirement is someglhaed in the recent
EPIC architecture. The final category is the staticallyedaled embedded processor
architecture, which is more specialized towards intended apphsat@and has less
restrictions in terms of backward compatibility than general purpide/ or EPIC
architectures due to the nature of its applications. To more fullyerstand the
implication of distributed register files, the subject should helistl on these three
categories of architectures using a common framework.

Although the concept of distributed register files is simpleajglication is not

straightforward. The following issues need to be addressed:

Execution with distributed registers

Typical applications are written with code generated based onghmpson that
registers are global and shared resources. The execution of sdehwith
distributed register files breaks this assumption and requiresakpeocessing.
The mismatch between this assumption in the code generator erakctimal
microarchitecture can create difficulties while executingiappbns. It is crucial

to identify these difficulties and provide efficient mechanisms to address them



Reaqister file and functional unit organizations

There can be several ways to partition and distribute regiSttts.the primary
objective of localized communications, the organization of registeid a
functional units and their interconnection should be carefully designestdid
global communications as much as possible.

Overall performance and efficiency

Transitioning from global to distributed structures normally imposeersl
additional issues such as synchronization, consistency, and redundancy.
Mechanisms to deal with these issues typically incur overhe&linftportant to
confine overhead associated with distributed register files thirwa small
manageable level so that overall performance and efficienpyouwements are

realized.

1.3 Related Work

Conventional processor architectures utilize a centralized-purttiregister file
as a fast operand repository for all available functional unttérma datapath. However,
for a non-trivial number of functional units, this conventional design doesvork well
since its physical properties (area, delay, and energy consumgtada)poorly with the
number of functional units. A recent study [14] by Rixnet,al analyzes scaling
properties of various register file organizations. The results ghatvthe implementation
die area of a central register file grows rés access time delay as’” and energy
consumption as°, with n being the total number of functional units. Figure 2 shows

other register file organizations that have been evaluated incl&M®, distributed



register file (DRF), and hierarchical organizations. The streaganization, which

provides efficient staging of streaming data, is beyond the scope of this dissertat

t s ‘ l — T
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Figure 2 Register organizations (Rixnergt al): (a) SIMD organization, (b) DRF
organization, and (c) Heirarchical organization

Note that a distributed register file organization presentelisrdissertation falls
under the SIMD category in this particular study. The DRF orgdion is used in
Imagine media processors [15][16] and is discussed briefly in the subsequent chapte

A multiple replicated register file organization is used wtriiute register read
ports to multiple register files while keeping contents ofradjister files synchronized.
This organization is used in the context register matrix ofr@yd’s Cydra 5 [17] and
the clustered datapath of DEC’s Alpha processors (starting frod®42bnwards)
[11][12][13]. Each functional unit can read from a connected redigteonly, while a
computed result is written to all register files, which norynaturs extra latency (e.g. 1-
cycle delay in Alpha when a value is replicated to a remajistez file). Moreover,
complete replication of register file contents is inefficiemtterms of both area and
energy consumption.

The WSRS (register write specialization/register readiajieation) architecture

[18] extends a replicated register file scheme by partiig@ai register file into several



subsets. Each cluster can only write to some subsets (wrdrlggsion) and read from
some subsets (read specialization). Multiple copies of each subsetailable, and their
contents are synchronized by always writing a new value to all copies.

Register file partitioning without replication has been usedhm transport
triggered architecture (TTA) [19]. A central register figepartitioned into one or more
smaller register files with fewer access ports. A fpansnetwork connects all functional
units and all register files together. A functional unit can access gisyerefile through a
transport network restricted only by network and register port combsntA global
register namespace is used in which each register isxadssgunique number visible at
the ISA level. This approach reduces the number of access p@#slomegister file, but
all register communications still involve long latency signal transomssi

Various types of interconnection networks for operand transportaraaterized
and evaluated in [20][21][22]. Other register file organizations aeodniques related to
dynamically and statically schedule processor architecturespeesented in their

respective chapters.

1.4 Comparison of Central and Distributed Register File Designs
As processors deploy more concurrent functional units, the rediisteneeds
more registers and more access ports to support additional psrallEhese additional
registers and ports create adverse effects on regisgtepdiformance, in terms of die
area, access delay, and energy consumption. The distribute@rétgstrganization is a

viable structure to overcome these limitations of the centratezdile structure. In this



section, the performance of the distributed register file isodstrated and compared to

the central register file using Rixner’s register file model [14].

? } i
nF )
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< F functional unit clusters ———
< F functional unit clusters ———
(a) (b)
Figure 3 Register file organization: (a) central register file and (b) ditributed
register file

The central and distributed register file organizations ardrgiiesl in Figure 3. In
the central organization, the number of popsi¢ related to the number of functional
unit clusters ) by p = 3F, assuming each functional unit cluster needs to read two
operands and write one result. On the other hand, the distributed orgenizasi one
register file for each functional unit cluster with each stgi file having four ports.
Three ports are connected to the attached functional unit, and the pmutths a
read/write port for transferring data between registes through the provided register
transfer network. In this analysis, the register transfewarétis a single bus connected
to all register files. Other parameters used in the modetianiéar to [14]. The related

parameters are provided in Table 1.



Table 1 Parameters for Rixner's register file model

Parameter | Empirical Value Description
w 3 Register cell width (wire tracks) without ports
h 4 Register cell height (wire tracks) without ports
b 32 Data width (bits)
Cuord 0.33 Ratio of a register cell's word select tratmsiscapacitance to thg
capacitance of a minimum-sized inverter
Choit 0.22 Ratio of a register cell’'s bit line transistoapacitance to the
capacitance of a minimum-sized inverter
Cw 0.05 Ratio of capacitance of one track of wire he tapacitance of p
minimum-sized inverter
Ey 12 Energy required to charge a minimum-sized irrdih fJ)
Vo 1350 Wire propagation velocity in tracks per FOdeirier-delays
a 0.25 Activity factor (probability that a node chasgrrom 0 to 1 on a given
cycle)
foye 1/20 Clock frequency (in 1/FO4-inverter-delay)
F 1-10 Number of functional unit clusters
n 16 Number of registers required for each functiamal cluster

Equations (1), (2), and (3) model the implementation die area of elcesgister file
(Acrp), a distributed register file with a single register tfansus fprp), and a

distributed register file with F register transfer buges Fuisug respectively.

Acre = NFb(w+3F)(h+3F) Q)
Ao = MFb(w+4)(h+4) + Fb(w+4) (2)
A ruises = MFb(W+4)(h+4) + F *b(w+ 4) (3)

In the above equationg, is the distributed register demand factor, which
represents the increase in register demands when a rddestesr distributed. In this
analysis, the values of 1, 2, and 3 are used and compared. The results are shown in
Figure 4.

As shown in Figure 4, the area of a central register file g@Vot faster than the
area of a distributed register file. Assuming a moderatestexgdemand factor, a
distributed register file results in significant reduction iraawhen three or more
functional unit clusters are used. Moreover, the use of a fully catheetwork (e.g.

multiple buses in this analysis) incurs only 1-5% increase ia aver a single bus

10



organization, which is negligible compared to the significant impnare¢ over the

central organization.

Central vs. Distributed Register File Area

3000000

— — Central Register File /
2500000 /

Distributed Register File with a single bus

- « « = Distributed Register file with F buses (fully

/
2000000 1 connected) /

1500000 +

Area (wire pitch"2)

1000000

500000

T T T T T T T
1 2 3 4 5 6 7 8 9 10
Number of functional unit clusters (F)

Figure 4 Area of central vs. distributed register files

In the following, delay or register read access time is mddedang Equations (4)

and (5). The results are plotted as shown in Figure 5.

Dore =10G,[b(C,o +(w+ 3FIC, )]+ 22 tiog, [AF(C, + (n+3F)C, )]+ O (g
Doy =109, (C,.., + (0 C, )]+ 2 tiog (e, + (h4)C )1+ D (5)

Similar to the area comparison, significant reduction in del&yigenced as the
number of clusters increases beyond two. The delay for the distrilbretgister
organization is constant because register files size ar@ foreeach cluster. The delay
through the register transfer network is not modeled becauseadnsidered to overlap

with the execution stage of other functional units in this particular archigectur

11



Central vs. Distributed Register File Access Delay
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Figure 5 Access delay of central vs. distributed register files

Finally, the energy consumption is modeled as in Equations (6) anch@7he
results are shown in Figure 6. The results also show sigmifiealuction in energy

consumption for the distributed organization when the number of clusténsess or

more.
Pere = 3F[(C,.0 + (W+3F)C,)bE, f,,, +(C,, + (h+3F)C,)nFbak, f, )] (6)
P = 4F[(C,., + (W+4)C,)bE, f_ +(C,, +(h+4)C, )bk, f_ |+ (W+4)bFC,aE, f,, (7)

12



Central vs. Distributed Register File Energy Consum  ption
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Figure 6 Energy consumption of central vs. distributed register files

In summary, the distributed register file organization has isspre circuit-level
properties in terms of area, delay, and energy consumption when eahtpdhe central
register file organization. Considering the register demand fadtdr3, comparable
performance is obtained on the two-cluster organization. As the nuohbeusters
increases beyond two, significant improvement is achieved.

Besides circuit-level performance, the distributed regisierhfs effects on the
performance at the architecture and code generation levels. ifkese are explored in
the following sections which discuss various architectural mechanignsupport the

distributed register file organization.

13



1.5Overview of a Fully Distributed Register File Architecture

In a distributed register file architecture, a centraistegfile, which is shared by
all functional units, is replaced with several smaller regiskes distributed among all
functional units. A register file that is directly attachedatfunctional unit is termed a
local register filefor that functional unit. A value in a local register file d@naccessed
with minimum delays while an access to a value in a remajfistee file incurs extra
cycles to transfer a register value into a local regfdéebefore it can be accessed. There
are several ways to organize distributed register filesrdow to the following key
parameters:

+ the number of functional units associated with each local register file,

+ the number of concurrent accesses for each local register file, and

+ the interconnection among register files.

The above design space roughly determines the size ofaeathegister file and
the number of ports required on each. The more functional units sharisgnieelocal
register file, the more registers are needed in that legidter file to hold intermediate
operand values and the results of all connected functional units.af®ymithe more
concurrent accesses allowed, the more access ports are negaledlly, a functional
unit with its associated local register file is referredas aclusterin the literature.
Having more than one functional unit that can operate simultaneouslycioster
increases register file complexity (size, number of portsesscdime, and energy
consumption) and instruction issue complexity. In th#y distributed register file
architecture, a cluster consists of only one functional unh wite local register file as

shown in Figure 7.

14
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Figure 7 (a) central register file datapath vs. (b) fully distributed reister file datapath

All functional units that can execute in parallel are organizegd distinct
functional unit clusters, each with a local register file. €hiesictional unit clusters can
have different configurations, i.e., they are not necessarily omifdrhe type and
multiplicity of functional unit clusters, however, can have a siggiit impact on
execution performance. In this organization, each local regitteran have a minimum
size and a minimum number of access ports (generally two read and one wr)ighats
a number of extra ports for transferring values among redierthrough one or more
register transfer buses.

The register transfer bus is used to transfer values hetlweal register files
when a value in a remote register is required in the local anadtiunit cluster. A
broadcast-capable network, such as a bus or a crossbar, is usatitabef eager transfer
and multicast transfer mechanisms for reducing execution @@talty. These are
described in subsequent sections. One extra bidirectional readperitées added to a
local register file for each register transfer bus to Wwhids connected. Without these
extra transfer ports, normal functional unit operations may be blogkesblster transfer

operations as register file access ports are occupied. Multpptes can be used to
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increase the number of concurrent register transfers or providectiomeithin subsets
of clusters to reduce interconnect length and fan-outs. For examplduises can be
used: one for integer clusters, and the other for floating-point clusters.

Because accesses to remote data values incur extraetraysfes, the total
number of cycles required to execute a particular program istabdted register file
environment is greater than in a central register file envirahriiéerefore, an important
design goal of a distributed register file architectureoisrdduce these extra cycle
penalties to a minimum through careful optimization of architectpasameters and
distributed register file operations. The important functions redutee support a
distributed register file architecture are the following:

= functional unit (or cluster) assignment — assigns or dispatches each machine

instruction to a particular functional unit;

= data routing — transfers register values between local registebyiles

scheduling register transfer operations.
(Since there is only one functional unit in each cluster, thestéuamctional unit and
cluster can be used interchangeably in the context of the fuliybdiged register file
architecture.) These functions can be performed either dyabyniat run-time or
statically at compile-time.

A dynamic approach is suitable for dynamically scheduledcgssor
architectures, such as superscalar processors. With this appegisterrreferences in
existing code, which assumes the presence of a central rdigstare transformed into
local register references at run-time through speciadwere units. Since the

transformation is performed automatically in hardware, all iegstpplications can be
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deployed immediately without recompilation. Additionally, the transé&iiom can
automatically adapt to different hardware configurations and chgngun-time
conditions. These benefits allow maximum binary compatibility withistieg
applications and high execution performance.

On the other hand, code can be generated specifically fobdtstli register file
architectures. The idea is well-suited for most existingicaléyy scheduled processor
architectures, such as VLIW and EPIC. For a static approach, leosnpeed to be
extended to generate code that is ready to execute in a dedribegister file
environment. The advantages of this approach include simple hardware enfdéons

and the global knowledge about the code so that good decisions can béomadala

routing and code scheduling.

1.6 Contribution Summary
The major contribution of this dissertation is the exploration of fthky
distributed register file organization in various mainstreamcgssor architectures,
namely, superscalar, VLIW, and embedded media processors. Eaittesef three
categories of processors present unique challenges and issuesethab be efficiently
addressed when incorporating the aforementioned register fij@niaation. In this

section, contributions are summarized according to the order presentedisi

dissertation.
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16.1

1.6.2

Dynamically Scheduled Fully Distributed Register File Architeture

Design and definition of the fully distributed register filegamization for
dynamically scheduled processor architectures

Design and evaluation of basic distributed register file operatinasiding
dependence-based cluster assignment, local register mapping, aartbetdnmen
register transfer

Design and evaluation of eager and multicast transfer mechansmesiuce
execution cycle penalty incurred by basic distributed register file tpesa
Evaluation of the execution cycle penalty and its relationshtp epplication
characteristics and distributed register file parametertudimg number of
register transfer buses and local register file sizes

Comparison of area, delay, and energy consumption of a distributeterdes

organization and a conventional central register file organization

Statically Scheduled Fully Distributed Register File Architectire
Development of simple and efficient algorithms to support the geoeraticode
for a processor with a distributed register file organization

Development of a code generation framework in the form of a cadeyeéing

tool to transform legacy code into distributed register file code

Development of evaluation methodology using a common framework with the

dynamically scheduled distributed register file architecture evatuat

Performance evaluation and comparison with the dynamic approach
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1.6.3 Fully Distributed Register Files for ILP-SIMD
e Design and definition of the fully distributed register file orgatian for ILP-
SIMD processing elements using the static approach
e Enhancement to the static code retargeting tool to support ILP-SIMD ISA
¢ Performance evaluation using an ILP-SIMD simulator

e Implementation cost evaluation using technology model-based system simulation
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CHAPTER 2
DYNAMICALLY SCHEDULED DISTRIBUTED REGISTER FILE PROCESSO R

ARCHITECTURES

2.1 Summary

Current operand transport design for superscalar processors invdbmgea
centralized register file and an operand bypass network. Phymsipementations of
these structures do not scale well (in terms of area, delapamer) as the number of
functional units integrated onto a processor complex is increased especiallyrendeep
submicron semiconductor processes, which are interconnect-limitdechugh area and
energy consumption of these structures are small compared teentive high-
performance superscalar chip, their delay time is highly critical.

A fully distributed register file organization is used to adslrdss problem. A
central register file is replaced with local registéedidistributed to all functional units
(i.e. one local register file per functional unit). Each functiamat can access local
operands with minimum delay through its associated local redjistend a local bypass
path. An operand in a remote register file can be transferrechittoal register file
through a register transfer bus, which incurs an extra procegste. dVith this
organization, register file access time is reduced by 23% andfdd% and 8-way
machines, respectively, with significant savings in terms of area angyesmsumption.

The dynamic approach is presented to support distributed regesseeritirely in
hardware. Therefore, all existing code can be executed on the presgnhitecture

without modification. Additional functions performed during instruction didpes
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include dependence-based functional unit assignment, local regmtpping, and
register transfer operation dispatch. These functions convesteegperands names in
the original instruction stream to appropriate local registeresaamd schedule remote
register transfer as needed. Because of these registsfietraperations, extra cycles are
needed to complete the execution. Eager and multicast transfeamsos are used to
reduce this execution cycle penalty by 27% on average. Qvardlllly distributed
register file with a register transfer bus results in \R@ie that is 84% (78%) of a 4-way
(8-way) architecture with a central register file. An addiéil register transfer bus
reduces IPC penalty by 23-28% while the third bus produces no sagtifienefits. The

variation in the local register file size has only slight impact on performance

2.2 Introduction

Dynamically scheduled microarchitectures, or more speliyficeuperscalar
architectures, are used in almost every commercial highfpeafece general-purpose
processor due to its effectiveness in exploiting instruction-levallpsm (ILP) without
software recompilation. The continuing trend for superscalar processoraggressively
increase fetch and issue width and also clock frequency, whichsbigothanks to the
rapid development of semiconductor technology. These two objectivesyégweannot
be easily achieved simultaneously. Wider issue width increasdsvdr@ complexity,
which consequently lengthens processor cycle time. Although aggregsaiming can
be used to address this problem, the pipelining of operand transport (stagster file

read and write stages) require extra levels of operand bgpagerk, which is costly in
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terms of cycle time and does not scale well as the numbenctidnal units and pipeline
stages increase.

Typically, operand movement in a superscalar processor reliesaogeacentral
register file and an operand bypass network. The registesifiéee and the number of
access ports, both of which grow linearly as issue width increlasgsly determine its
cost (area, delay, and energy consumption) [14][23][24]. Although area rardye
consumption of a central register file and an operand bypas®rkeare just a small
fraction of the total die area and energy consumption of a modeenssafar processor
chip, their delays are critical. Moreover, delay time of th&sectures is dominated by
interconnect delay, which has become a critical problem in modern sidwpicron
technologies, since interconnect delay does not scale as well as gafa g2JB}{4][5].

Since the delay of a register file grows as the numbergiters and the number
of associated functional units increase, an organization with sesragdl register files
each serving a small number of functional units are desirable igfpdor a wide
superscalar architecture [14]. This form of register file oxgion is called partitioned
or distributed register files. A functional unit can access ttata the attached local
register file with minimum latency, while data from a remugagister file incur extra
latency to transfer into a local register file prior to bezegsumed. To retain backward
compatibility with existing instruction set architectures @hhassume a central register
file), a distributed register file architecture must dyraathly manage data transfer among
local register files in addition to dynamically scheduling ringions. These extra
latencies required to transfer data among local registex fit@mally result in more

execution cycles when compared to a similar architecture wadntal register file. The
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ultimate objective of a distributed register file architectlgeign is, therefore, to obtain a
realizable wide superscalar architecture with clock frequehay is high enough to
overcome the execution cycle penalties caused by incompleteomtection between
register files and functional units.

In this contribution, a fully distributed register file organiaatithat provides
several small local register files, one for each individualktional unit is explored.
Although physical properties of such configuration are highly fasle; impacts on
execution performance is expected to be quite high due to itsmetyralistributed
nature. This execution performance impact is characterizedail, detd mechanisms to

reduce this shortcoming are presented.

2.3 Related Work
The register file requirement for wide superscalar processmes been studied in
[4], which shows that a central register file does not scalk w wide superscalar
processors due to the large number of registers and ports requireatdldfess this
problem, the MultiCluster architecture has been proposed, whichestiizdistributed
register file organization. A two-cluster configuration of thaltiCluster architecture is

shown in Figure 8.
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In the MultiCluster architecture, there are two or moretetssof functional units,
each with its own register file. Registers are explicégsigned to clusters based on
register names. For example, in a dual-cluster architectwga;reimber registers can be
in the first cluster, and odd-number registers in the other cliyeexamining register
references in an instruction, the instruction distribution unit cantdisen instruction to
the cluster with the needed register operands. If an instructionv@s/oégisters from
multiple clusters, it is dispatched to all related clusters. digter that carries out the
computation is designated the master cluster while the otheerslusecome slave
clusters. Operations are issued to slave clusters whernteregalues need to be
exchanged with the master cluster through the transfer buffen. &¥flicit register to
cluster binding, instruction distribution hardware is greatly sineglif However, by
transferring register values during execution pipeline stagtas, laencies are inevitable
for every instruction that is multiply issued. Consequently, pedooa of the
MultiCluster architecture is highly dependent on the capabilityoofpilers to generate

code with effective register assignment.
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Multiple replicated register files have been used to overaycle time problem
in Alpha 21264 [11] and 21364 [12] processors, and later in the 21464 design [13] (which
has been canceled prior to manufacturing). Alpha 21264 is a 4-way otdeof-
superscalar processor implemented in uBbtechnology. Typically, an integer register
file with 8 read ports and 4 write ports is required for a 4-imégger unit. However, an
80-register 12-port register file is difficult to implement amduld exceed cycle time
target. The integer unit of a 21264 is then divided into two clustéhsone register file
per cluster. The content of these two register files areieptical by always writing a
new value to both register files. An extra cycle is requirednatroadcasting an updated
register value to the other cluster.

Multiple-banked register file architectures [27][28] employ tipie register files
to address long register access latency but without requirgigtee files to contain
duplicate copies of one another. Register files can be arrangaagia- or multi-level
configurations as shown in Figure 9. All register banks can hafexetit size and access
ports and, thus, different access latencies. A multi-level coatigur or a register file
cache is similar to a multi-level cache memory. The lowgister file can be accessed in
one cycle and contains only a subset of all registers whilepber register file stores all
available registers but has multi-cycle latency. Two cacholgies are explored: non-
bypass caching and ready caching. These two caching poliegzade the fact that most
operands are accessed only once. Alpha 21464 architecture emmow affregister
caches in its integer and floating-point execution units tlestcopies of the last 8

cycles of generated results, act as local bypass resuliplexdrs, and align result write-
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back to the main register file avoiding contention for the 8 vptes due to instruction

latency [13].

(a) single-level (b) multi-level (register file cache)

Figure 9 Multiple-banked register files

Recent work on a distributed register file architecture neldethe register
renaming mechanism to support distributed register files [3D]\@2&h this approach,
distributed register file operations are supported entirely idwere without the need to
provide multiple identical copies of register files. Valuestearsferred through register
transfer operations, which are automatically dispatched as neduwese fiegister transfer
operations are treated similar to normal operations, thus, simplifybsequent pipeline
stages and exception recovery. However, an instruction dispatch woinég more
complex with additional functions of cluster assignment and redistesfer operation
dispatch. These functions need to be designed carefully to rmeimegister
communications, which is the major source of execution cycle pesa#thd minimize
workload imbalance among functional units, which can significantgctiperformance

through low functional unit utilization.
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A dependence-based dispatch scheme has been proposed in a clustered
dependence-based microarchitecture [5] to reduce the compdéxatyarge centralized
issue window and long bypass buses. This dependence-based dispatcis pdey as
the basis for a cluster assignment policy in this researchisadended to address the
workload imbalance problem through the eager and multicast transtéamsm, which
performs register communications ahead of time without incurrltianal overhead
similar to the eager writeback mechanism for writeback caches [29].

Several other cluster assignment algorithms, both static andvad@ptiuding a
dependence-based scheme), have been studied on a uniform cluster aioriigatl
clusters have an identical configuration) [30][31]. Static cluatmignment algorithms
are fixed policies that do not change during run-time while adaplicies base their
decisions on collected run-time information. In addition, a value predistheme has
been proposed to predict remote operand values so that execution can cevdimue
before values are received from remote clusters [32]. If thaigbeel value is incorrect,
all affected instructions need to be cancelled and re-issuadh wicurs several extra
recovery cycles. In addition, it requires a prediction table, which can be quée larg

An instruction replication technique is proposed to reduce inter-cluste
communications [33]. An instruction can be dispatched to additional dutstat will
later need its result. This technique is appropriate in a uniféustec configuration.
However, it requires a history table to determine operand flows rimuga clusters;
otherwise, it can only evaluate the demand for replication witingle dispatch group.

Moreover, the proposed scheme increases dispatch bandwidth and astomaés g

27



broadcast of all computed results as a mean to communicateregperands among
clusters, which increase hardware complexity.

In the following section, the fully distributed register filesign for dynamically
scheduled processors is presented, which features multiple éapsier files, one for
each functional unit. Performance is then evaluated through cycleatecsumulations of
standard benchmark applications. Finally, the merit of the desapgsessed through the
performance results and implementation cost savings in termsayfdelay, and energy

consumption.

2.4 Microarchitecture

The microarchitecture for dynamically scheduled fully distebdutegister file
design (D-DRF) [34] is shown in Figure 10. It uses the regmegrping scheme, which
maps architectural register names (register operand names specified in incoming
instructions) to local register names dynamically in th&ruction dispatch stage, to
support distributed register file operations. The local registgopmg table (LRMT)
keeps track of the current mapping and is consulted and updated hystihestion
dispatch unit. Because no changes are needed at the instruttemchstecture (ISA)

level, compatibility with all existing code is maintained.
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Figure 10 Fully distributed register file microarchitecture for dynamically
scheduled processors

All functional units that can execute in parallel are organizegd distinct
functional unit clusterseach with a local register file. These functional unit chgstan
have different configurations, i.e., not necessarily uniform. The typemattplicity of
functional unit clusters, however, can have significant impact on execution pemfzegm

Each functional unit cluster is comprised of an instruction issuelegue
functional unit, and a local register file. An instruction issue gusue simple FIFO
gueue for storing instructions awaiting execution in the currerdtitmal unit cluster.
Instructions are issued sequentially from an instruction issue doetlee associated
functional unit without the need for complex dependency check logic.

Each local register file has four access ports. Three gvts reads and one
write) are connected to the associated functional units and ateaisepply operands
and receive the result of the computation. The fourth port is a Hidmat read/write
port connected to a dedicated register transfer bus and is usadsieit values among

connected local register files. Dedicated register transbets are provided so that
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register transfers can be overlapped with normal executions fohational units. These
networks must be capable of broadcast operations to support theasagerulticast
transfer mechanisms, which will be discussed later. Multiple or&vcan be used to
provide connections within disjoint groups of functional unit clusters uwuce
interconnect length and capacitive loads. For example, two buses ceedieone for
integer functional unit clusters, and the other for floating-point functional untectus

To execute a conventional instruction stream on a fully distdbregister file
architecture, the instruction dispatch unit has been extended to péhi@enadditional
functions. The first function is functional unit assignment, which detesnthe most
appropriate functional unit cluster to which a particular instoacts dispatched. The
assignment algorithm should recognize that operands are not ubiquitouslylde GsBi
a central register file architecture, and an instruction neeltle dispatched carefully to
minimize performance degradation. Once the functional unit isrdieted, the second
function is to map source and destination register operand namese(tral register
names) to local register names. This mapping process removesdegendences (as in
the register renaming process in out-of-order superscalareatcinégs) and eliminates the
need for future dependency checks since instructions are executestsgyuwithin
each functional unit cluster. The third additional function is the tibpaf register
transfer operations, which are necessary when some operands &gzl lot remote
register files. These three additional functions of the instmctispatch unit are

discussed in the following sections in more detail.
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2.4.1 Functional Unit Cluster Assignment

One of the most important decisions is to determine the functionatluster
where each instruction will be executed, which consequently sgetigelocal register
file that can be accessed. This problem is widely known as Itisteic assignment
problem. If dependent instructions are assigned to different clustegister
communications through register transfer network is required,hwmigy increase the
total execution cycles. On the contrary, if too many instructioasssigned to the same
cluster while leaving other clusters idle (workload imbalamesario), these instructions
may compete for the limited issue bandwidth of a single clueter result in more
execution cycles. The optimal assignment is the one thats@sutlte smallest number of
total execution cycles. Since this is an NP-complete problenrtjshes that can be
efficiently implemented in hardware must be used. Several classsgnment heuristics
have been explored [30][31]. These heuristics try to address one or libéfollowing
simpler problems: minimization of remote register communicatass minimization of
workload imbalance among functional unit clusters.

In D-DRF, a simple dependence-based assignment algorithm [5§3@ed. It
assigns a given instruction to a functional unit cluster that pessassst of the required
operands. If multiple functional unit clusters qualify, the one withstimallest load is
selected. If there is more than one such candidate clusters, omne ramitiomly chosen.
The detail of this algorithm is shown in Figure 11. This dependersedlapproach tries
to minimize the number of extra instructions that are requirelatesfer values from
remote register files i.e. minimize the remote regis@mmunication objective. The

workload imbalance problem, however, is addressed by the eagerudtrzhsh transfer
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mechanisms. Moreover, some data routing operations are inevitable dobe hon-
uniform characteristic of functional units, which implicitly helgsluce the workload

imbalance problem.

For the current instruction,
LR_demandedg, = num_output + num_remote_input

!

Select all FU clusters where
Free_LRg, >= LR_demandedg,

How many FU clusters
in the current selection?

Select FU clusters
that have the most operands
from the current selection

How many FU clusters
In the current selection?

Select FU clusters
that have the shortest instruction queue
from the current selection

How many FU clusters
In the current selection?

Select any one FU cluster
from the current selection

: !

Stall dispatching of Proceed to register mapping |
the current instruction For the current instruction

Figure 11 Dependence-based functional unit cluster assignment algibim

The functional unit cluster assignment algorithm begins withckieek for free

local register files in each cluster. If there is not enough focal registers to hold all
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input and output operands of the current instruction, instruction dispattallesds|f
several functional unit clusters have enough capacities in thairregister file, the one
that contains most of the required operands are chosen. If severarfahanit clusters
have the same maximum number of required operands, the one with thstlightl, as
determined by the length of its instruction issue queue, istedleThe final tie-breaking
rules is provided, which randomly select a cluster from a sedrafidate clusters. After
the functional unit cluster is determined for a given instructiomedsster operands, both
inputs and outputs, must be mapped to appropriate local registers nesphective

functional unit cluster.

2.4.2 Local Register Mapping

After an instruction has been assigned a functional unit cluditex, its register
operand names must be mapped to local register names in theedssigster. The
mapping information is obtained from the Local Register Mappiablel (LRMT).
Additionally, the local register free lists are provided to iatkovhich local registers are

free. The structure of LRMT is shown in Figure 12.

FU Cluster 0 FU Cluster 1 FU Cluster m
Valid | Temp | LR | Valid | Temp | LR Valid | Temp | LR
RO 1 0 4 1 1 2 0 X X
R1 1 0 2 0 X X 0 X X
R2 0 X X 1 0 1 0 X X
Rn 1 0 3 0 X X 1 1 1

Figure 12 The Local Register Mapping Table (LRMT)
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LRMT is similar to a distributed set of register renagniables, one for each
functional unit cluster. Three pieces of information are storeédch mapping in each
cluster: the valid bit, the temporary bit, and the mapped locatezgiame. The valid bit
indicates the validity of the entry. The temporary bit indictltesstatus of the map entry
for freeing local registers that are eagerly transferred. The usetehtiperary bit will be
discussed when the eager and multicast transfer mechanismspéamed. Finally, the
mapping from an architectural register name to a local exgistme is provided in the
mapped local register name field (the LR column). Note tlyaphoviding multiple
tables, one for each cluster, an architectural register namé)e&amapped to local
registers in one or more clusters simultaneously.

Besides the mapping of register operand names, a local register haddodiedl
for each destination register if an instruction produces one or ragiger results. The
allocation process makes use of the free lists, which provide iafmmnabout all free
local registers. Free local registers in the assignedifunattunit cluster are picked from
the free list of that cluster, and the mapping from destinatioisteeghames to those
newly allocated local register names are inserted into LRM(Er All register names are
mapped to local register names, an instruction is inserted intognection issue queue

of the assigned cluster.

2.4.3 On-Demand Register Transfers
Although the functional unit assignment algorithm tends to dispatats&uction
to the functional unit cluster with the most operands, the assignedohalatinit cluster

often does not have all the required operands in its local refiistdn this case, those
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missing operands have to be obtained from remote registerTiledransfer of operand
values whenever the need arises is calledemand register transfer

During an instruction dispatch, zero or more register transfer apeyatan be
dispatched to transfer operand values required by that particigruction. These
register transfer operations are dispatched to instruction queuegisiér transfer units,
which manage the arbitration of their associated registerféramstworks. Although the
dispatch of register transfer operations is straightforwéel,idsue of these operations
requires dependency resolution for both source and destination operandsarfpteg
the register transfer operation,

rcopy C sc:Rsc C dst1 ‘Rastt , C astz ‘Rast2  ---

transfers a value of a local registey. from a functional unit cluste€. to local
registersRysi1 , Ryst2 , ... in functional unit cluster€ysu , Cistz , ..., respectively. This
operation can be issued only when the dependency on its source opeesotved, i.e.,
after the previous operation that defin€s. :Rsc has completed its execution.
Moreover, any subsequent operations that make use of its destinatiandspeannot be
issued until this register transfer operation has been issuedlepeadency check logic
is much less complicated than in conventional superscalar processm®dependency
needs to be checked only between the register transfer unit anduottteynal units, not
among all available functional units. An alternative approach tocatdi register
transfer units is to dispatch register transfer operations teesamd destination clusters
with source clusters arbitrating for register transfer bussses. While this approach has
simpler dependency check logic, instruction dispatch is more cortipdexthe former

approach.
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The automatic insertion of register transfer operations lengthendependency
chains of those operations involved with operands being transferredesi tkxtra
operations require extra execution cycles to execute, the pernfoenvaill degrade in
terms of total execution cycles. It is possible that somestexgiransfer operations will
not cause extra cycle penalties, for example, when idle cgotepresent due to cache

misses, branch mispredictions, or other stalls in the execution pipeline.

2.4.4 Eager and Multicast Register Transfers

Execution cycle penalty is a major drawback of distributedister file
architectures. This penalty is more severe in a non-uniform cle@téiguration because
some operand transfers are mandatory no matter how clever therahctnit cluster
assignment algorithm is. For example, if two functional unit clusters aveded, one for
simple integer operations and the other for integer multiplicationjgbeof an operand
value, first in a simple integer operation, and later in a multg@gration, always
requires a remote register transfer since these two operadonst be executed in the
same functional unit cluster. Therefore, the penalty of a non-unifolustec
configuration tends to be higher than that of a uniform configuration.

To address this problem with a non-uniform cluster configuration aed t
execution cycle penalty problem in general, eager and multieagster transfer
mechanisms are employed. The main idea of the eager transfleam®n is to transfer
register values in advance without creating extra executiole @analty. Therefore,
when a value is needed by a functional unit, it can be readil\ssetdrom the local

register file.
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The second technique, multicasting, is an efficient mean to traasfegister
value to multiple functional unit clusters in a single netwodngaction by utilizing
broadcast through a bus or a crossbar network. Although a bus connecting sexsteal reg
files incurs longer delay than local point-to-point interconnects @ienger propagation
delay and larger fan-out delay, a register transfer transastaesigned to be performed
concurrently with normal computing operations, thus having a full clocke cie
complete its task. Furthermore, each cluster is small (withamdyfunctional unit), and,
with careful optimization, multiple buses can be used to connect suliiséinctional
unit clusters without loss of functionality. Therefore, a broadeestork, such as a bus
or a crossbar, is a viable and efficient approach for the target angtetect

Multicasting can also be viewed as a form of eager trasgfiee an operand is
transferred to some other functional unit clusters besides the idteseiination
required by an on-demand transfer. Multicasting is always used hinonetlemand and
eager register transfer. To dispatch an eager registefetrangeration, the following
components need to be determined:

e source registers,

e source/destination clusters, and

e adispatch cycle.

In each cycle, there can be several candidate source reghiteegisters that are
not assigned as destination registers of any in-flight insbngtcomprise the set of
candidate source registers. Depending on the number of registefetranetwork
available, only a subset of these candidates must be chosen fortreagtars. Since

most values are used soon after they are defined (temporalylamfaiperand values
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[35]), the most recently defined register is chosen as the soegister to be eagerly
transferred on each available register transfer network

Next, the source and destination clusters need to be determinezlaSiadicated
register transfer port is provided, any functional unit clusteritba a valid mapping of
the source register can be chosen as the source cluster withckibdplany access ports
required for normal operations. Multiple destination clusters carndgea by means of
multicast. With multicast, the source register value is feared to all local register files
that are connected to the same register transfer networkhahdtill have free local
registers. All local registers that are destinations oftinadt register transfers will have
their temporary bit set in LRMT unless it is the primary maked destination of an on-
demand register transfer. The temporary bit is cleared wieelodal register is later used
as a source operand. Local registers with temporary bitsasebe freed when a free
register is needed but there is none available in the free list.

Finally, the decision needs to be made whether eager transfatiope will be
dispatched in the current cycle. If too many eager transfertapesare dispatched, they
can interfere with normal operations and cause unnecessary dependenxacution
pipelines. In the current design, eager transfer operations spatelied whenever the
issue queue of the register transfer unit is empty. This agpreasures that eager
transfer operations are immediately issued in the next aatenever delay the issue of

other normal operations.
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2.5Performance Evaluation
The total number of execution cycles to complete a particulargrog@n a
distributed register file architecture is always equal tdigher than on a traditional
central register file architecture because of extra operandfér cycles. To quantify this
performance impact, the D-DRF architecture is modeled and atimaullts performance
results are compared with a central register file suparsaechitecture. The performance

impact of local register file size and register transfer buses areatuated.

2.5.1 Simulation Methodology

Architectural models for both distributed and central regideeafichitectures are
implemented using SimpleScalar 3.0c [36]. The models are implemeased on the
detailed out-of-order processor modsin{-outordey provided with SimpleScalar. Both
4- and 8-way machine configurations are simulated with paranagesisown in Table 2.
In addition, changes are made to emulate the distributed reserstimm organization
as opposed to the centralized combined reservation stations, regiséaning, and
reorder buffer structure. Distributed register file operatiorduding functional unit
cluster assignment, on-demand register transfer, and eager archshuéigister transfer
are implemented in the simulator. Note that functional unit claaseson-overlapped,
and enough functional units are provided to minimize the possibfliéyresource hazard
(10 functional unit clusters in a 4-way configuration, and 18 functionalclusters in an
8-way configuration). As a consequence, a large penalty is expemtedisfributed
register file simulations. Therefore, the simulation resulés aonsidered conservative

with ample room for optimization.
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Table 2 SimpleScalar simulation parameters

Parameter 4-way 8-way
Fetch/decode/commit width 4 8
IntALU/IntMUL/FpALU/FpMUL/Mem 4/1/2/1/2 6/2/14/214
Branch predictor Combined predictor (1K entries)aobimodal predictor (2K

entries) and a 2-level predictor (1K 2-bit countarsd 8-bit
global history)

Local register file size (per FU) 32

Issue queue and load/store queue 8-entry issueequerlFU, 16-entry load/store queue
I-cache L1 16KB direct-mapped, 32-byte lines, llkeyatency

D-cache L1 16KB 4-way set associative, 32-bytesljriecycle latency
I/D-cache L2 256KB 4-way set associative, 64-biyted, 10-cycle latency
Memory 64-bit bus width, 50-cycle first chunk latgn 2-cycle inter-

chunk latency

Eighteen applications from SPEC CPU2000 and MediaBench [37] are dbosen
simulations based on no particular preferences. These applicatiotifseandescriptions
are shown in Table 3. All applications are compiled into PISA (BlerttE5A) binaries
using gcc 2.7.2.3 and the default compilation options as specified by each benchimark. Al
compilations and simulations are performed on an x86-based machine riummning
operating system. Three architectures are modeled and simulated:

e Base- a traditional superscalar architecture with a central register file

e Drf —a dynamically scheduled distributed register file architecture, and

e Drf+Eager—Drf with eager and multicast transfer mechanisms.

All applications are simulated for the maximum of 100 millionrungions. The
first 50 million instructions are fast forwarded in SPEC CPU2(Q@dli@ations so that

some common initialization code is skipped.
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Table 3 Benchmark applications used in the simulations

Applications

Descriptions

SPEC CINT2000

164.9zip Compression

176.gcc C programming language compiler
181.mcf Combinatorial optimization
197.parser Word processing

256.bzip2 Compression

300.twolf Place and route simulator

SPEC CFP2000

168.wupwise Physics / quantum chromodynamic

171.swim Shallow water modeling

172.mgrid Multi-grid solver: 3D potential field

173.applu Partial differential equations

179.art Image recognition / neural networks

183.equake Seismic wave propagation simulation
MediaBench

adpcm 4-bit ADPCM coder and decoder

epic Efficient pyramid image coder and decoder

g721 G.721 (32kbps 4-bit) voice coder and decoder

gsm GSM (13kbps) speech coder and decoder

jpeg JPEG image compression and decompression

mpeg2 MPEG-2 video encoder and decoder

To measure execution performance, an average instruction-per¢(d3/l) metric
is used. An average IPC is computed according to the following equation:

Total numberof instructionscommitted (8)

AveragdPC = -
Total numberof executioncycles

Based on the average IPC metric, the performance of abdistli register file
architecture can be compared to a central register filsitacture using anPC ratio

metric, which is defined as

IPCype 9

CRF

IPC Ratio=

IPCpre is the average IPC when an application is running on a distribugesierefile
architecture, andPCcgr is the average IPC when running on a central register
architecturelPC ratio, therefore, represents the execution performance of a distribute

register file architecture when compared to a central s¥gfge architecture with a
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similar configuration. In addition, the effectiveness of the eagel multicast transfer
technique is measured as its capability to reduce executioa pgdalty incurred by
distributed register file operations. Thieduction in execution cycle penalsycomputed

from the following equation:

CyC|eDrf - Cycle)rf +Eager _ CPI brf CPI Drf +Eager (10)

Reductionin executioncycle penalty= =
cycle,, —cycle,, . CPI,, —CPI

Base

2.5.2 Average IPC Comparisons
In this experiment, all applications are simulated to obtainageefPC values
when executing onBase Drf, and Drf+Eager architectures. The average IPC

comparisons for 4-way and 8-way machine configurations are showmguneFL3 and

Figure 14, respectively.

W base
drf
Odrf+eager

2 0 %5 5 N ¥ © g T I £ 0 £ @© £ @© £ @© £ © £ © £ O
N § £ o &£ 28 2 s 5% ¥ ¢ T ¢ Y 9T 0T O B O
> 2 5 &8 8 253 289 S EE L gL EE PP YQ
e § 2 s 8 2 &8 @85 55 c a2 g3 338 PP
©c N ¥ T ¢ 5 2 d ¥ 4 @ a o O O o o £ £ 8 3
= 5 L o® 3 N K~ N wm T T o o
2« g = G - R T g E

© —

—
<4+ Spec|NT 2000 —p-4¢— SpecFP 2000 >« MediaBench —————————————p

Figure 13 Raw IPC comparisons for a 4-way machine configuration
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Figure 14 Raw IPC comparisons for an 8-way machine configuration

As seen from the results, the average IPC values for distribatpster file
architectures@rf and Drf+Eager) are consistently lower than those for central register
file architecturesBasg. Moreover, the results fddrf+Eager show slightly higher IPC
values tharDrf. This result shows the effectiveness of the eager and mulieaster
mechanisms, which reduce the execution cycle penalty by 27% on average.

The average IPC ratios are summarized in Table 4. The perfocenpamalty in
the 8-way machine configuration is more than in the 4-way comfiigur. This is due to
the larger number of functional unit clusters in the 8-way cordigam. Comparing
different sets of applications, SPEC CINT2000, which is a setywibglic integer
applications, incurs the least penalty when executing on a distrivatgster file

architecture. SPEC CFP2000, which is a set of scientific figadoint applications,
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incurs the most penalty, while MediaBench, a set of multimegpldications (most of

them integer), incurs moderate amount of penalty.

Table 4 IPC ratio results (in percentage)

Application IPC Ratio
4-way 8-way
SPEC CINT2000 92% 90%
SPEC CFP2000 74% 69%
MediaBench 83% 76%

Penalty in the execution pipeline, caused by other factors, casffdxtively

utilized to hide penalty caused by distributed register fileaijmars. This is because any

stall or idle cycles can be used for on-demand or eager register trarn#iers wcurring

extra execution cycles. For example, memory latency in fut@eepsor generations has

been continually growing as the gap between CPU speeds and DRANssmmtinue to

grow. Figure 15 shows absolute changes in IPC ratio values &mtestlapplications

from SPEC CPU2000 when the memory latency is increased from 50 tyd66. Note

that IPC ratio values are in the range (0,1].

0.10 ~
0.08 +
0.06 -
0.04 -
0.02
0.00 ~
-0.02 -

Changes in IPC Ratio

-0.04 -
-0.06 -

164.9zip

176.9cc

181.mcf

256.bzip2

300.twolf
171.swim
172.mgrid
173.applu

168.wupwise

(@)

183.equake

0.14 -
0.12
0.10 ~
0.08 -
0.06 -
0.04
0.02 -
0.00 -
-0.02
-0.04 -

Changes in IPC Ratio

164.9zip

176.gcc
181.mcf
256.bzip2

300.twolf
168.wupwise
171.swim
172.mgrid
173.applu
179.art
183.equake

(b)

Figure 15 Absolute changes in IPC ratio values when the memory latency ismeased
from 50 to 300 cycles for (a) 4-way configurations, and (b) 8-way configurations
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With increased memory latency, all applications, except 179.@eriexce either
less IPC penalty or the same level of IPC penalty causedlidisibuted register
operations. Increased penalty is observed in 179.art due to exceashe misses
(>50%). While stall cycles from cache misses can be efédgtused to absorb register
communication penalties, register communications that depends on @yngmeration
cannot be issued during the stall cycles of that particularaneoperation. Since a large
percentage of memory operations in 179.art results in cache misses, dependesaf cha
these long-latency memory operations easily become thieatrjpath (the longest
collection of dependency chains that determines the lower bound ootahexecution
cycles). Therefore, 179.art becomes highly sensitive to extisteetransfer operations
that are needed between memory operations in the same depenldaincgicce they

cannot be absorbed within memory stall cycles.

2.5.3 Relationships between IPC Penalty and Application’8ase IPC

As seen in Table 4, IPC ratios and thus IPC penalty (1 - 1B od distributed
register file architectures depend on two factors: the numbametiénal unit clusters
and application characteristics. The more functional unit cludtezsmnore data routing
operations are needed. The latter factor, application charactgristdifficult to quantify
precisely. Instead, the IPC of the baseline architectbase(IPC) is used here to
approximate application characteristics. This relationship is sihowigure 16. The plot
shows that applications with high IPC tend to incur more IPC penalty whentesan a

distributed register file architecture.
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Figure 16 Relationships between IPC penalty and applicationBase IPC

Two exceptions are observed from Figure 16. First, high IPC pesahygurred
for 179.art f§) due to its excessive L1 data cache misses (>50% mi3soabpared to
less than 6% miss rate in other applications. This makes it highisitive to extra data
routing operations. Second, low penalty is incurred for 171.sfgndespite its higher
baselPC. This is because the distance from the instruction that protheeslue until
the first instruction that uses the vallde{-FirstUsedistance) is long for most of its data
values. LongDef-FirstUsedistances allow more data routing operations to be dispatched
without incurring extra cycle penalties. The cumulative distribupion of Def-FirstUse

distance of this application is shallower than other applications as shown in Figure
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Figure 17 Cumulative distribution of the Def-FirstUse distance for all applications
(171.swim is highlighted with a bold line)

2.5.4 Performance Impact of the Number of Register Transfer Buses

The number of register transfer buses specifies the numbepiseferetransfer
operations that can be issued concurrently in each cycle. Inmaillagions discussed so
far, only one bus is present. This can be a limiting factor ifynmragister transfer
operations are blocked waiting for the bus. The performance restht®ne, two, and

three register transfer buses are shown in Figure 18.
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Figure 18 Performance impact for different number of register transér buses
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Considering MediaBench applications, with a single bus, the average mafmbe
register transfer operations per cycle that are readyhdwg to be stalled due to the
unavailability of the transfer budR¢opyBlockedis 0.42 and 0.51 for 4- and 8-way
configurations, respectively. When the number of buses is incre@asddo, the
RcopyBlockedralues are reduced to 0.14 and 0.20 for 4- and 8-way, respectively. A
slightly larger performance gain is observed in an 8-way cordigpn since a larger
number of register transfer operations are demanded by a mivileutiesl configuration.
Consequently, the average IPC also increases by 5.63% and 6.05%he/member of
buses is increased to two and three respectively in a £evdiguration, and by 7.28%
and 8.08% respectively in an 8-way configuration. As can be seen, ingréas number
of buses from two to three shows only a slight increase in performance.

Similar trends are observed for SPEC CPU2000 applications. Ar large
performance gain is observed for SPEC CFP2000 applications thanEGr GIRIT2000
applications. This is because SPEC CFP2000 applications have highénaf SPEC
CINT2000 applications, and applications with higher IPC have morsteegransfer
operations blocked waiting for the transfer bus than applications eutér|IPC. Note
that an additional transfer bus requires an additional access dodainregister files,

which increases the implementation cost of local register files.

2.5.5 Performance Impact of the Local Register File Size

The size of each local register file is another importi@sign parameter. If it is

too big, implementation cost will be high. On the other hand, iftaassmall, execution
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performance can be severely impacted due to stall in the pipeditiag for registers to
be freed.

Figure 19 shows the average IPC when each local refisteize is increased
from 16 to 24, 32, and 40. As expected, performance is slightly incraagedjister file
size is increased. However, no significant performance imprentms observed beyond

24 reqisters.

2.6 Implementation Cost Evaluation

The primary motivation of a distributed register file is tduge operand transport
complexity as the number of functional units is increased. A damstgester file and a
bypass network are two critical components that are cycke-timited. They are
especially critical in deep submicron technologies since #neywire-limited and wire
does not scale as well as transistors. In this section, the complexitg®fthectures in a
distributed register file configuration with four and eight functionait clusters is
estimated and compared to a traditional central registercditdiguration that allows
concurrent accesses from four and eight functional units to a Ilceagister file,

respectively.
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Figure 19 Performance impact of local register file size
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Register file access time is estimated using CACTI 24] jwith 100-nm
technology parameter from Berkeley Predictive Technology Mj@#]26]. All registers
are 32-bit. For a 4-way configuration, an 80-register 12-port derdgaster file is
compared to four 4-port local register files, each with 32 regisSimilarly for an 8-way
configuration, a 128 24-port central register file is comparedjtd é-port local register
files with 32 registers. The results from CACTI, which show enptntation cost of a
distributed register file relative to a central registie;, fire shown in Table 5. The results

show significant cost saving in terms of area, power, and operand access delay.

Table 5 Implementation cost of a distributed register file (data array on})

4-way 8-way
Data Array Area 0.35Ackr 0.14Acrr
Data Array Energy 0.34ERr 0.13Err
Access Time 0.77Dcre 0.59D:r¢

As the number of functional unit clusters increase from fourgtat,earea is reduced
by an even larger margin (from 0.35& down to 0.14Agrp) because a large number of
extra access ports in an 8-way configuration demands a sagtifidarge amount of die
area while the number of ports does not increase in a distributgstere file
configuration. A similar result is obtained for register filemergy consumption and
delay.

In modern high-performance processors, such as Alpha [11][12]itBltanium
2 [10], a conventional central register file design is considereditigge most critical

bottleneck for cycle time improvement. Assuming that the procasesgcle time scales
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proportionally to that of the register files [4] and no other factanstributes to the

improvement in cycle time, performance improvement in termssfuictions per second
(IPS) can be estimated. The following equation computes an improvem&a when a

distributed register file architecture is implemented.

IPSpre —IPSeee _ IPC Ratio 1 (11)
IPScre CycleTimeRatio

Increasan IPS(%) =

The CycleTime Ratiois the ratio of the cycle time of a distributedgister file
architecture and the cycle time of a central regite architecture, and can be obtained
from Table 5.

Using the above equation, which considers both fe@alty and cycle time
improvement, improvements in IPS are computed anthgarized in Table 6 for both 4-
and 8-way machine configurations. The results skpaedup in all benchmarks except
for SPEC CFP2000 in a 4-way configuration, whictcums slight performance
degradation. Moreover, higher speedup is observednore distributed organization (8-

way) since its register file implementation is mefgcient.

Table 6 Performance improvements in terms of instruction per secondPS)

4-way | 8-way
CINT2000 19% 53%
MediaBench 8% 29%
CFP2000 -4% 17%

For all cost evaluations in this section, notd tha total number of registers in a
distributed register file configuration increasgsablarger proportion (128 to 256) than in
a central register file configuration (80 to 128)em the issue width is increased from

four to eight. In an actual implementation, arattiieal parameters, such as functional
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unit and register file size, should be optimized through more exteasiudations to

achieve desirable performance and cost savings.

2.7 Conclusion

Current operand transport design, which utilizes a centralteedite and an
operand bypass network, demands long interconnects, creating al groblem in
processor design in future deep submicron technology. To addressatblisnp a fully
distributed register file architecture is presented, which eyapiaultiple small register
files distributed among functional units. These local registers are shaweduce register
file implementation die area by 86%, operand access delay % 4hd energy
consumption by 87% for a processor configuration with eight functionalclusters.
Processor cycle time can be potentially improved through thisfisent reduction in
operand access delay.

The challenge in a distributed register file architectsineeducing the execution
performance degradation. This is due to extra cycles requirécrisfer data values
among local register files. Simple and effective eager antdaastl transfer mechanisms
are used to reduce execution cycle penalty by 27% on avaiageesults show average
IPC penalties of 8-26% for a 4-way configuration, and 10-31% for ama\8
configuration, which are significantly less than the potentigravement in cycle time
as mentioned above. The penalty is 8-10% for general symbolic djguigcdSPEC
CINT2000). Considering both IPC penalty and cycle time improvemewerall

performance speedup is observed for most applications.
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CHAPTER 3
STATICALLY SCHEDULED DISTRIBUTED REGISTER FILE PROCESSO R

ARCHITECTURES

3.1 Summary

Distributed register file operations can be supported in softtwargenerating
code specifically for distributed register files at compieet With this approach,
hardware implementation is simplified, and code can be thoroughlyzadailo generate
effective schedules. Drawbacks include increased code size andtyrtabéxploit run-
time conditions to reduce execution cycle penalty from distributegister file
operations.

Code generation tasks related to distributed register filepaformed in three
phases. First, instruction are scheduled and, at the same tinggeds$d available
functional units. A dependence-based cluster assignment algorithedisadsch assigns
a given instruction to a cluster with the most operands. In the se@t@s#, producer-
consumer chains are extracted, and data routing operations aduledhe~inally,
registers are allocated from distributed register files and a&sbkigrall register operands.

Code generation techniques are implemented as a code retatgetinghich
transforms conventional code for a central register file twiloiged register file code.
Applications from Mediabench are retargeted and simulated. Exga@ahresults show
that code size is increased by 36% on average, and the averagatilP® 77%

compared to a central register file architecture with a similar madunfiguration.
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3.2 Introduction

In contrast to the dynamic approach described in the previa®rgethe
statically scheduled fully distributed register file architee (S-DRF) requires no special
processing at the microarchitectural level since it is takea of at the software level.
The presence of multiple local register files, one for eachituradtunit, is visible at the
instruction set architecture (ISA) level, and register temgperations are scheduled as
machine instructions, which are treated in the same way as ottierary machine
instructions.

Three changes are needed at the ISA level. First, a daattiunit cluster
identification needs to be provided for every instruction so that easttuction can be
correctly dispatched to the intended functional unit cluster. Thisoi® roritical in a
distributed register file architecture because this functionalidentification implicitly
specifies the particular local register file that can be accessed.

Second, local register namespaces are used for all rezgpstend names. Since a
particular instruction that is destined to a particular functiamat can only access
registers from its attached local register file, registames are local to that particular
functional unit cluster. For examplB, in functional unit cluster 1 is a different register
from Ry in functional unit cluster 2.

Third, a new instruction (rcopy) is introduced to transfer regisalues between
local register files. The format of an rcopy instruction is as follows.

rcopy CsrcRsre  Casti:Rastts CastzRasta - .-
The first parameter is the source register, which can be unigpelgified with the

combination of a functional unit cluster iC{) and a register nameR¢{,). The
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destination registers are specified as subsequent parameters. ddn be multiple
destinations, all in distinct local register files. Transfewsall destinations can be
performed concurrently through multicasting. Typically, a maximum ektkestinations
are observed, which is affordable in terms of instruction encodfiaeety. However,
most transfers use only one or two destinations.

In the following section, related research is describedvi@t by the code
generation framework for S-DRF. Performance evaluations asemed in subsequent

sections.

3.3 Related Work

The earliest use of distributed register files and clusteietbarchitectures is in
VLIW processors. Several early VLIW machines have extremale issue width,
which renders a central register file design infeasible.example, the widest model of
the Multiflow Trace machines [38,39] can schedule up to 28 operationsyger (8
integer operations in each half of a cycle, 8 floating-point ojpeata cycle, and 4
branches a cycle). This would require integer and floating-pointteedites with 24
access ports, which are not realizable using the current techrafldigy late 1980s. To
address this problem, Multiflow designed the Trace machines usingwie cluster as
the basic building block. Within a Trace 300 cluster, each functionil (integer or
floating-point) is connected to a local register file (4R/3W ppdsd operands can be
communicated among register files through a global bus. In T380¢ which was
designed using a newer technology, two functional units share & rigater file

(4R/AW ports) with twice the size of the local register file of Trace 300.
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The MultiVLIW architecture [40][41] employs a similar apprbaeith a single
register transfer bus connecting all clusters. The architegitwvides basic support for
broadcast or multicast transfers through the register trabsferusing an instruction
encoding as shown in Figure 20. For each cluster, two additionds fak used to
specify the source and destination register for the registesfer bus. In each cycle,
there can be only one source and possibly several destinationentbding scheme has
two limitations. First, the encoding is inefficient sincelalt one of the OUT fields are
unused in each transfer operation. Another limitation is that theederg supports only a

single transfer bus. Other network types are not supported.

Cluster 1 Cluster 2 ... Cluster n

| op1 Op2 in | out|] oOp3 Op4 in [out] .. |

L Register to send onto register transfer bus
Register to receive value from register

transfer bus

Figure 20 MultiVLIW instruction encoding with register transfers

Multiple-banked register files and distributed register fées explored in the
context of VLIW processor architectures and modulo scheduling BI§¥#]. Recent
work [45] applies an instruction replication technique to improve pedonce of loop
scheduling in a clustered microarchitecture.

Stanford’s Imagine [15][16] is a streaming media processingitacture that
utilizes distributed register files in its SIMD arithneetlusters. An Imagine processor is
composed of eight arithmetic clusters, each of which operatd4d. W mode. The
organization of an Imagine arithmetic cluster is shown in Figurd.@dal register files

within an arithmetic cluster are further distributed among foneli unit's inputs
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resulting in one register file per input port. Although this distrdyutcreates tighter
restrictions on operand placements, it is compensated by the glatalnvechanism,

which permits a functional unit to write its result to any registediiectly.

pxp Crossbar ‘

iilll%%%%

* Scratchpad comm
+ / Id/st i

egisters

Figure 21 Imagine arithmetic cluster

In addition, several recent embedded and DSP processors emplstyilzuigid
register file organization. Examples include TI's C6x architec{46], ADI TigerSharc
[47], HP’s Lx [48], and Equator's MAP 1000 [49].

The effectiveness of a clustered VLIW machines reliesgriiynon the capability
of compilers to schedule operations to appropriate clusters. Sincprobiem is NP-
complete, several heuristics have been used. In the followingterclassignment
algorithms based on greedy heuristics, graph partitioning, andhsaad iterative

improvements methodology are described.

3.3.1 Greedy Heuristic Approach to Cluster Assignment

Bottom-up greedy (BUG) [50] is the first well-known cluster igssent
algorithm for clustered microarchitectures. An enhanced version & Blused in the
Multiflow compiler for the Multiflow Trace machines. BUG trases the data flow

graph (DFG) upwards from the exit node towards the entry nodes diepie first search
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order. At each step, a set of candidate clusters is estimated ba the estimated set of
candidate clusters of its previous (downstream) nodes. Once thenentyis reached,
BUG works its way back along the DFG performing the final cluagsignment. The
two-pass approach is used because a good assignment is effecpetdnd locations of
both the upstream and downstream portions of the DFG.

BUG uses a form of greedy heuristic techniques that try tinmde remote
register communications. Other algorithms based on greedy heuiistlude unified
assigned and scheduled (UAS) [51], communication scheduling [52], and nemmbi
cluster assignment, register allocation, and instruction scheduling (CABIS) [

UAS performs cycle-based instruction scheduling and clusteignassnt
simultaneously in the same phase. At each cycle, operationshe@uted using a list
scheduler with additional constraints of cluster and registesfeanetwork (if required)
availability. The algorithm considers both workload imbalance and eenmegister
communication minimization.

Communication scheduling is based on UAS, but differs in its schedofing
register transfer operations. Register transfer operatienscieduled by incrementally
allocating register transfer paths rather than scheduliagsingle step at the consuming
instructions. At the producing operation, the valid write path that isnnadnflict with
other operations in the same cycle is determined. Later, wheorbkaming operation is
scheduled, the valid read path is chosen to construct a route from theeprtatice
consumer. If the two paths cannot meet at the same registeprie or more copy

operations are scheduled between the two communicating operatiokFaBdng and
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rescheduling are required in case copy operations cannot be scheduietd, w
significantly increases the algorithm’s complexity.

Finally, CARS tries to address the phase coupling problem igrpeall tasks
simultaneously in a single phase including cluster assignmentatistr scheduling, and
register allocation. This approach reduces overhead from phasatgepand ordering,

however, the complexity is significantly higher than other greedy-basdubdset

3.3.2 Graph Partitioning Approach to Cluster Assignment

With this approach, a graph representation is created andqueditinto several
components based on some objective function. Heuristics are avddalgartitioning
graphs resulting in minimum or maximum cut set (the total valualafdges cut) and
minimum size differences of all subgraphs (balanced partitionifge clustering
approaches based on graph partitioning are Limited-Connectivity V(LU@/VLIW)

[54] and register component graph (RCG) [55]. These two approacheseassiiorm
cluster configurations but differ in the way their graph representations ateuctedd.

The LC-VLIW approach uses a data flow graph (DFG) with each node
representing an operation and each edge a flow of data. For ateatoki withk
clusters, the DFG is partitioned inkosubgraphs with minimum cut set and balanced
subgraphs. The edges that have been cut represent all regisséer operations required
in the final code schedule.

In the RCG approach, each node in a RCG represents each ljpe Aanedge
connects two nodes that form a source/destination pair of thegaaretion. The-way

graph partitioning is then performed on the RCG with minimum cutsdtbalanced
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subgraph objectives. The priority is to keep values required bygke ©peration in the
same cluster to reduce register transfer overhead.

These graph partitioning approaches have moderate complexity. Common
partitioning heuristics, such as [56], have time complexitYdV[®), wherek is the

number of partitions an®| is the number of nodes in the graph.

3.3.3 Searching and Iterative Improvement to Cluster Assignment

Although complete solution-space searching is not feasible due to NP
completeness, partial searching with heuristics can be emplédywese searching or
iterative improvement approaches have higher complexity than presjmu®aches.
Example of cluster assignment methods in this class are PCC [57] and FACTES][58][

PCC establishes an initial solution based on a greedy heuiristlarsto BUG.
First, a data flow graph (DFG) is partitioned based on its coritgctand a
predetermined maximum partition size. These partitions are gs®gnad to available
clusters. At each step of the assignment, a cluster thessslbaded is chosen so that the
initial solution that has balanced workload among clusters can pexted. Once the
initial solution is obtained, the iterative improvement phase is invdlkedwapping
partitions among available clusters and measured the expectediscleagth. Schedule
length is determined using a simplified list scheduler.

Another approach used in the FACTS framework involves modelingatata
constraints using a conflict graph and searching for a feasibletalocd resources that
satisfies these constraints. A datapath conflict graph is corestriicim a DFG with

some additional nodes inserted between any two connected nodes df@elbese
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additional nodes include a node representing all valid register bddween the two
operation nodes and one or more constraint nodes, each representing idnpeival
between an operation node and the register file node. With patlateonflict graph, a
graph coloring algorithm can be used to determine a valid clasggnment for a
particular data flow graph. The final assignment is obtainecepgating the following
steps for each DFG until cluster assignments for all DF@sdatermined: creating a
datapath conflict graph, perform graph coloring, and backtrack if nd ealobring is
found. This method is complicated by the requirement for backtrackidgakso the

complexity of the graph coloring stage since the datapath conflict graph edmel$atrge.

3.4 Code Generation Framework

To generate code for a distributed register file architectwvo important tasks
need to be performed. First, all instructions must be expligtigaed to functional unit
clusters. Second, register transfer instructions need to be schéalutedsfer register
values appropriately to produce correct results. The optimal coeelde is, however,
difficult to achieve in practice since code scheduling and codeigairtg are both NP-
complete problems. Several simple heuristics are used to tengoad results
efficiently.

The code generation technique for S-DRF is depicted in FiguretB2 fiorm of
the retargeting process, which transforms the original assesodly into new assembly
code with distributed register file support. Code is first analyaexktract a control flow
graph, a data flow graph, and register liveness information. Thesemediate

representations form the basis for the three major tasks ofod® scheduling and
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functional unit assignment, 2) data routing, and 3) register allocatimse three tasks

are described in the following sections.

Original p| Control flow and data ) List scheduling wi ) Register allocation ) DRF
g with . R
assembly dependency analyses i FU assignment heuristic i Data routing i Wm.] d|str|b_ut_ed assembly
code ! ! ‘ register spilling code
1 1 1
Control flow graph, Scheduled code Scheduled code with
data flow graph, register transfer operations

and liveness information

Figure 22 Code retargeting process

3.4.1 Code Scheduling and Functional Unit Assignment

A code scheduler is used to schedule or re-order instruction seqtectseve
high performance through parallelism. One of the most critickt taka code scheduler
for a distributed register file architecture is functional @sisignment. The result of the
assignment significantly impacts the performance of the fowde schedule. If
instructions are assigned mostly to some particular functional timetéength of the final
code schedule may increase due to congestion among those functionasauites.
This is commonly known as a workload imbalance problem. Howevastructions are
dispersed among too many functional units, too much data routing betwakretyister
files will be needed. Since code scheduling and partitioning Brediplete problems,
these two objectives, namely minimizing functional unit imbalarmgt minimizing extra
data routing operations, are targeted simultaneously in most classggnment
algorithms to approximate the optimum solution.

A simple solution is presented for S-DRF as shown in the siexblfseudo-code
in Figure 23. This approach is based on the unified assign and scfigd@lpalgorithm

[51], which performs functional unit assignment during the codedsiing phase. A list
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scheduling algorithm is used with a dependence-based functional uighnasst
heuristic. More complex scheduling algorithms can be used to extoaietILP from the
code without substantial modifications to the presented framework. |gbetlam starts
by creating a list of candidate instructions, which are atfuctons in the basic block
that have no dependency (or all dependencies resolved). Instructionslist e be
ordered based on some priority function such as the distancel&sthestruction in the
data dependency graph (which gives high priority to instructiorthancritical path).
Then, a candidate instruction is chosen from the list, assignedawadable functional
unit, and scheduled into the current cycle. Instructions are scheduotédhe list is
exhausted or no more instructions can be accepted due to other deperuteresesrce
constraints, in which case, it advances to the next cycle and regspiiatlist with any

additional candidate instructions.

compute a data flow graph
compute priority functions
while ( unscheduled op exists )
update a list of ready instructions
if (issue slot is available )
inst = next ready instruction with highest priority
{fu} = all free FUs that can execute inst
if (inst not valid or {fu} is empty )
advance to the next cycle
update resource usage information
else
chosenFu = cluster_assignment( inst, {fu} )
schedule inst onto chosenFU in the current cycle
update resource usage information

Figure 23 Code scheduling algorithm for S-DRF
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A simple heuristic is used for functional unit assignment. To eediata routing
overhead, an instruction will be assigned to the available functimitaihat has most of
the instruction’s operands. In other words, the functional unit to whicht ofothe
instruction’s predecessor instructions are assigned is chosémerd are many such
candidate functional units, the one that is assigned to a predenedsartion that has
been scheduled most recently is chosen. This is to ensure thatywes are available
to schedule data routing operations in the data routing phase. For exantpipire 24,
two candidate functional units for instruction X are FU1 and FU2, botlpetng one
operand of instruction X. FU1 has instruction A, which is one of p{adecessors,
scheduled in time slot 3 while FU2 has instruction B, the other pesslecof X, in time
slot 1. If X is assigned to FU1, three time slots are availablschedule data routing
operations from FU2 to FUL. If, however, X is assigned to FU2, oméytome slot is
available. Therefore, the heuristic will assign X to FUhcsi it provides more
opportunity for data routing without adding an extra time slot. If enthran one
functional unit is qualified, the one with the lightest load is choée¢here is still a tie, a
functional unit can be randomly chosen. The last two tie-breaking atdegrovided for
completeness. Based on the empirical simulation results, they dwawetsignificant

impact on the final code schedule.
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Figure 24 The effect of functional unit assignment to the range of candidatene
slots for register transfer operations: (a) data dependence graph, (b) mdidate range
when X is assigned to FU1, and (c) candidate range when X is assigned to FU2

The functional unit assignment heuristic helps reduce extra daatang
operations, which is one of the two objectives mentioned above. The otheirveb{to
reduce functional unit imbalance) is achieved by performing the scldeduling phase
before data routing and register allocation phases, and by agsaroantral register file
organization. Because of this, the schedule has the most flexihiljgnerating code
with as much parallelism as possible without being limited byigbazonnectivity of
register files and register allocation constraint. The functionélassignment heuristic is

illustrated in Figure 25.
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function cluster_assignment

inst = the instruction to be assigned a functional unit
{fu} = all free FUs that can execute inst

pred(inst) = predecessor instructions of inst

{chosenFu} = all FUs in {fu} that have the most operands of inst
if ( more than one member in {chosenFu})
{chosenFu} = all FUs in {chosenFu} that have some
pred(inst) scheduled in the most recent cycle
if ( more than one member in {chosenFU}
{chosenFu} = all FUs in {chosenFu} with the lightest load

return the first FU in {chosenFU}

Figure 25 Cluster assignment algorithm for S-DRF
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3.4.2 Data Routing with Multicast Transfer

The purpose of the data routing phase is to insert registefetraperations as
needed into the code schedule. Since the code has been scheduled priodata the
routing phase, no code movement is allowed, which greatly simplifiesoverall
approach.

The objective of the data routing algorithm is to incur the mininmumber of
extra cycles for register transfer operations. Sincedicaed register transfer unit is
provided, register transfer operations can often be scheduled conguwightnormal
operations so extra cycles are not needed. However, there aseicaghich an extra
cycle is needed, for example, when too many register tramgéeations are required to
be scheduled into a single cycle (resource constraint), or whalienis produced and is
immediately used in the following cycle.

The data routing algorithm is shown in Figure 26. It begins laynexing each
register value and searching for a suitable cycle to schéurileeeded register transfer
operations. For each such value, a range of candidate timessésttsblished. These are
all time slots from when the value is produced until it istfused. Once the range is
established, all the overlapping basic blocks are annotated withealumctional units
that consume the data value along the path. Then, a search isstaduhg from the
producing instructions along the path to find an available time skthiedule an rcopy
instruction. If no cycle can be used, an extra cycle is inserted into thaikzhed

When scheduling an rcopy instruction, if the annotation shows thatplaul
functional units need the data value, a single rcopy instruction casebleto transfer the

data value to multiple destinations via multicasting.
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foreach reg in { temporary register variables }
/I FU consumption annotation

clear all annotation information
foreach bb_use in { basic blocks that consume reg }
fu = FU that consume reg in bb_use
if ( there is a definition of reg in bb_use before any use of reg )
{bb} ={@}
else
{bb} = all basic blocks upstream from bb_use until
a basic block that produces reg is reached
(including bb_use and all producer basic blocks)
add fu to annotation of all basic blocks in {bb}

/I schedule data routing operations

foreach inst_def in { instructions that produce reg }

fu_def = FU that produces reg

{cycle} = all cycles following inst_def but before the instruction that
consumes reg is reached or until a basic block with
zero or multiple upstream/downstream is reached (not
considering basic blocks with no annotation information)

cycle = first cycle in {cycle} with a free rcopy slot

if ( cycle is not valid)
cycle = add a new cycle after inst_def

schedule | rcopy Cs:Rs Cg1:Ra1,Ca2,Raz, ... | in cycle
Csis fu_def
Rs,Rq1,R42,... IS reg
Ca1,Cq2,... iIs from the annotation information

{bb} = all basic blocks from cycle until a basic block that
produces reg (excluding inst_def) is reached

remove Cq1,Cqp,... from annotation of all basic blocks in {bb}

Figure 26 Data routing algorithm for S-DRF
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3.4.3 Register Allocation with Distributed Register Spilling

The final step is to perform register allocation separaigalygach local register
file using a conventional graph-coloring algorithm [60,61]. For eachlIreqgister file,
the algorithm starts by creating an interference graph sigoadl register values that
have overlapping live ranges. Then, a graph coloring algorithm is usedldo this
interference graph with the maximum number of colors being thed tatmber of
registers in the local register file being allocated.

Typically, when more registers are needed to be allochimd available in a
particular local register file, values are spilled to menang loaded back when they are
later used. Spilling to memory, however, requires data to be treetsfier the memory
unit (if not already there), which may involve extra registeansfer operations.
Moreover, communications with memory can incur long latency.

To address this inefficiency, one approach is to increasedhkrkgister file size
to reduce the need for spilling. An alternative is to utilize abél capacities in other
local register files and perform distributed register spiltméree up some local registers.
The distributed register spilling approach results in betterzatitin of local register
resources than the spilling to memory approach. The tradition&lochetf spilling to

memory is used as the last resort when all local register fileslpratilized.

3.5Code Retargeting and Execution Performance Evaluation
In this section, the effectiveness of the code generation mechémsS-DRF is
evaluated through simulations. Code generation algorithms are ienedn as a

retargeting program, which transform an assembly code writtem ¢entral register file
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to a new assembly code suitable for distributed registerrfildtactures. Performance is
measured through cycle-accurate simulations implemented basdbeosimulation
framework presented in the previous chapter. Therefore, performrasus can be
directly compared with the results of D-DRF evaluations to assesddbtvehess of the

dynamic and static approaches to distributed register files.

3.5.1 Simulation Methodology

Figure 27 shows the simulation flow, which consists of two phasase c
retargeting and performance simulations. In the code retargetasg pa retargeting tool
has been created in C++ to retarget assembly code generatezl PASA compiler suite
into a new code for S-DRF simulations. All code generation techndpssibed in the
previous sections are implemented and integrated into a singigattg program based
on the structure shown in Figure 22. The output of the retargetingapragrthe original
assembly code, which is rescheduled and annotated with informatiomipgrta data
routing and static scheduling. Data routing operations are genasiteg instructions
with a special annotation bit for data routing, and are treatethpdxy the simulator to
emulate the effect of the real data routing operations. Infosmatibout the static code
schedule is embedded in the generated code using the concept wdtimmstgroup
similar to the variable-length VLIW instruction format, such asduBy the 1A-64. An
instruction group is a group of one or more independent instructions thhe axecuted
together in the same time slot. Instruction groups can be distinduishexplicitly
marking the last instruction in each group with a special annotatioecognized by the

simulator. With this approach, the generated code is not bound to acspeadhine
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organization and is more efficient in terms of code size and tomperancoding.
Moreover, the code annotation mechanism help simplify the simulatmsess since
existing tools (PISA assembler, linker, and binary loader) cammipeediately used

without modifications as illustrated in Figure 27.

Benchmark

Application
Source Codes
PISA gcc N PISA gcc
and linker and linker
PISA binaries l Annotated PISA Binaries
y
PISA SimpleScalar | f4-way and 8-way
Disassembler Simulator Configuration
PISA Assembly Codes l
Retargeting Performance
Tool Results
Annotated PISA
Assembly Codes

Figure 27 The simulation flow for statically scheduled distributedregister file
simulations

In the performance simulation phase, the retargeted code idath on a
SimpleScalar simulator. Architectural models for both distributeticentral register file
architectures are implemented using SimpleScalar 3.0c [36] bas#m-outordermodel
with the out-of-order execution capability disabled. Additionally, theutator has been
extended to recognize instruction groups and data routing operations ttapeghl
annotation bits generated by the retargeting tool.

Applications from MediaBench [37] are chosen for performanceulations.
After the code retargeting process, all applicationsiaralated for the maximum of 100

million instructions. Performance results are measured usingpsaruction-per-cycle

(IPC) metric and an IPC ratio metric, which is defined'l-'f'.%sﬂ_F (IPCprr is the average
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IPC when an application is running on a distributed register fileitecture, andPCcgr

being the average IPC on a central register file architecture.)

3.5.2 Code Retargeting Performance

Figure 28 shows code size increases for all applicatioes ey have been
retargeted through the code retargeting tool. The increase énstek is determined by
the total number of register transfer operations that are addeolde schedules. Most
applications experience the similar degree of code size eaplbsicause they share a
large portion of code base (e.g. C runtime library). The aedragease is 36% and 37%

for 4- and 8-way target machines, respectively.
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Figure 28 Code size increases after retargeting

The effectiveness of the scheduling and data routing algoritrensvatuated by
measuring the number of extra cycles added to code schedules. 3bimiée register
transfer operations can be scheduled in existing time slotssatbed extra time slots to

be created. For all applications retargeted, similar residtelaserved in both 4- and 8-
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way target configurations. On average, 53% of all register faamperations can be

hidden or scheduled without incurring extra time slots.
3.5.3 Performance Impact of Distributed Register Files

Figure 29 shows the IPC results of the distributed regidierafchitectures
compared to the baseline architectures with a central regidée Performance
degradation is observed in distributed register file architectitesever, there is no
significant difference in IPC results between 4- and 8-way gordtions. This is due to

the limited capability of the basic block scheduling to extract more pasailel
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Figure 29 IPC results of baseline and distributed register file ardtectures

The average IPC ratio is 77% compared to a central redilgtearchitecture.
When all applications are simulated under a deterministic emugnh (perfect branch
prediction, 32x bigger caches, and single-cycle cache and meraysas), their IPC
values are higher (the average of 0.87 compared to 0.69 in a reafigitonment).
However, the average IPC ratio remains the same at 77%. Tiegréfi@se non-
deterministic events do not affect the execution cycle penaltyraat by distributed

register file operations in the current implementation.
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3.5.4 Performance Impact of the Number of Register Transfer Buses
In previous experiments, a single register transfer bus igrmirda this section,
the number of register transfer buses is increased to two ared ahce performance

measured. The average IPC results are shown in Figure 30.
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Figure 30 Performance Impact for Different Number of Register Transér Buses

Varying the number of buses in S-DRF shows similar trend ab-DRF.
Performance gain, however, is not significant. Performance isaseneby only 3.49%
and 3.40% when the number of buses is increased to two and threeiveipect 4-

way configuration, and 3.82% and 4.00% respectively in an 8-way configuration.

3.5.5 Performance Impact of the Local Register File Size
In this section, performance is evaluated for different loegister file size.

Evaluations are performed for local register file size of 8, 16a8d,32. The average

IPC results are shown in Figure 31.
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Figure 31 Performance Impact of Local Register File Size

Similar to the number of buses evaluations, performance differemwten
varying local register file sizes are insignificant.g8ti performance gain is observed

when increasing the size from 8 to 16 registers. However, no perfoemgain is

observed beyond 16 registers.

3.5.6 Comparison of the Dynamic and Static approaches

It is interesting to compare the dynamic and static appesa Through a
common simulation framework, they can be directly and fairly coetpi this research.
From the average IPC results (Figure 13, Figure 14, and Figure 29jytiaenic
approach shows better performance than the static approach fapmitations
simulated. This is mainly due to the limitation of the basic kolecheduling algorithm

used in the static approach and the inability of static code sesetiuladapt to the

processor’s run-time conditions.
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Without the effect of dynamic run-time conditions (perfect brgreliction and
a near-perfect memory system), the average IPC of Si®R#proved by 26% while the
average IPC penalty incurred by distributed register fileragfms remain constant.
Therefore, dynamic run-time conditions have no significant impadtestatic approach
in its current implementation.

In summary, the execution cycle penalty of S-DRF is wtitaa D-DRF in a 4-
way configuration. They are comparable in an 8-way configuratiorecuon
performance of S-DRF, however, is lower than D-DRF in all applicatioits. té direct
relationship between IPC penalty and applicatididselPC as discussed in Chapter 2,
the execution cycle penalty of statically scheduled architestwill be higher than those
of dynamically scheduled architectures when blase IPCs are made comparable by
improving the scheduling techniques. This outcome suggests the advarmtdige

dynamic distributed register file approach over the static approach.

3.6 Conclusion

Distributed register files can be supported in software by rggng code
specifically for a distributed register file architecturehieh significantly simplifies
hardware implementation. In this chapter, a code generation techioiqaestributed
register files is presented with the main contribution in tbbaj data routing technique
with multicasting.

Applications from the MediaBench benchmark suite are retalrgeté simulated
on a simulator built based on SimpleScalar. The retargeting stsys that code size is

increased by 36% on average due to the addition of registefetraperations. 47% of
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these additional operations incur extra scheduling cycles whilee8ie(53%) can be
scheduled into existing scheduling cycles.

For a 4-way configuration, simulation results show 23% IPC penaliged by
distributed register file operations with the average IPC vafug@67. Simulation in a
deterministic environment shows an increase in IPC but the sanmeedddgPC penalty.
No significant impact is observed when the number of registesfer buses and the
local register file size is varied. No significant perforcanmprovement is observed
when the issue width is increased from 4 to 8. This is mainigusecof the limitation of
the basic block scheduling algorithm used in the current implement&@oomparing this
result with the result of the dynamic approach shows thatythengic approach is more
effective than the static approach in distributed registerstifgoort since the dynamic

approach results in lower IPC penalty while exhibiting higher IPC Fapglications.
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CHAPTER 4

DISTRIBUTED REGISTER FILES FOR ILP-SIMD ARCHITECTURES

4.1 Summary

Emerging portable multimedia applications demand extremely high
computational throughput with small area and limited power. Datall@glaprocessor
designs, such as SIMPIl, have been demonstrated to achieve tda¢sdoyg exploiting
aggressive data parallelism and novel streaming data rétmechanisms. ILP-SIMD
further enhances performance compared to conventional data parehékectures by
exploiting instruction-level and control parallelism. It does so without sggmfiincrease
in area and energy consumption, except in the central register file, whigh @pidly as
the issue width is increased.

This chapter presents a distributed register file orgaoizédr ILP-SIMD which
addresses the scalability issue of the central registeBiyl dividing functional units into
clusters, each with a dedicated local register file, aneemergy consumption can be
reduced. Operands in a local register file can be accessetydivhile remote operands
must be transferred into a local register file through regisénsfer instructions before
they can be consumed. These register transfer instructions cdrgse»ecution cycles
and can delay the execution of other operations. Register tramsfeuctions are
statically scheduled by compilers and can be scheduled in the cai®e that the
operands are produced. The latter condition significantly reducesutere cycle
penalties and is enabled by the moderate target clock frequetcly-&IMD. For a 2-

way configuration, although performance is slightly degraded (egui4% extra
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execution cycles), the total area demand of a processing elearehée reduced by 12%.
This extra area can be utilized to increase the total nupfberocessing elements by
13%, which directly improves overall performance through extra supmodata-level

parallelism.

4.2 Introduction

In the previous two chapters, distributed register files have begtoged to
address the operand transport problem of general purpose procesdwshamber of
functional units is increased. A central register file ancargel multi-stage operand
bypass network, which are major components of a conventional operarsgpotta
system, scale poorly with an increasing number of functional unttauke of their
rapidly growing demands for long interconnects. The consequenedsra operand
access time, high energy consumption, and large implementation die Fare high
performance general purpose processors, area and energy consumptiorraofl ope
transport system are not critical since they constitute osigall fraction of total energy
consumption and die area of the whole processor chip. Long operand aowEss
however, can limit the maximum operating clock frequency and isobrtee most
important problems for this processor category.

Another category of processors aims at providing sufficientpeitational power
for specific applications but imposes strict constraints on impi&tien die area and
energy consumption. Examples are embedded processors and medisopacsss in
portable devices, such as PDAs, mobile phones and digital cameres/dars. These

processors are used in devices with small form factor andedmubower sources.
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Therefore, their complexity and operating clock frequency are typioalited by system
design budget. Nevertheless, the demand for processing power is rqqudiyng as
emerging applications, such as streaming video and speech remggalte being
deployed.

A SIMD processing array with focal plane area I/O (SIIMRas been developed
for efficient processing of image and video streaming data [6]P§3 SIMPIl exploits
data-level parallelism (DLP), which is abundant in many meaitim applications, to
achieve high processing throughput with high efficiency in termmplementation die
area and energy consumption. ILP-SIMD [65] further enhances tietemture of
SIMPIl processing elements to exploit instruction-level pdrsite (ILP) and control
parallelism inherent in an instruction stream in addition to D&feedup in processing
throughput is achieved in ILP-SIMD but with high cost in register file impleat®n.

In this chapter, a distributed register file organizatioexplored to address the
high cost in ILP-SIMD implementation. Background on ILP-SIMD igtty discussed in
the next section followed by the design of a distributed regfgeerlLP-SIMD PE
architecture based on the statically scheduled distributedteedite architecture
presented in Chapter 3. Execution performance is evaluated in the sulbssegimon
followed by implementation cost evaluation using the GENESYS mysienulation

framework. The conclusion is then given, including a discussion of future work.

4.31LP-SIMD Architecture
ILP-SIMD enhances SIMD processing elements (PEs) throuighekploitation.

In a typical SIMD processor array, instructions are broad&zsgtentially from an array
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control unit (ACU) to all PEs synchronously, with each PE beingmall simple
processor capable of executing one instruction at a time.l®yiaf each PE to execute
more than one instruction each cycle, significant speedup can be achieved.
ILP-SIMD has been developed based on SIMPIl, a SIMD pixel psoceln the
following subsection, the architecture of SIMPIil is presented fatbviby a brief
discussion of some related enhancements to the basic SIMD araieitecthe literature.
The two flavors of ILP-SIMD, single control-flow (SCF) and confpalallel (CP), are

discussed in subsequent subsections.

4.3.1 The SIMD Pixel Processor (SIMPIl)

SIMPIl is an experimental SIMD system with focal-planeaal/O for image and
video processing. It benefits from efficient exploitation of date! parallelism (DLP),
short wire lengths, and specialized microarchitecture to providesigaificant
improvement in energy efficiency [62][63][64]. The SIMPIl architecture ciasif a 2-D
array of SIMD processing elements (PEs). Each PE has &-lk& datapath with
specialized units for SIMD operations and area I/O datamssre@he block diagram of

the SIMPIl processor array is shown in Figure 32.
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Figure 32 Block diagram of the SIMPIl processor array and its processing elemts

In each cycle, an instruction is broadcast from an array cantib(ACU) to all
PEs. Each PE is a simple 16-bit processor with the followingnsenajor functional
units:

e ALU - computes basic arithmetic and logic operations,

e Barrel shifter — performs multi-bit logic/arithmetic shift operations

e MACC — multiplies 16-bit values and accumulates into a 32-bit accumulator,

e Sleep — activates or deactivates a PE based on local information,

e Communication - communicates with a neighboring PE through a NEWS

(north-east-west-south) network,

e Local memory — accesses fast memory array of up to 256 words, and

¢ Pixel unit — samples pixel data from the local image sensor array.
With local 4x4 pixel sensor arrays, each PE is associatedawsiecific portion (4x4

pixels) of an image frame. This form of area-1/O allomeahing pixel data to be
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retrieved and processed locally resulting in higher data bandwidthighdr energy

efficiency than other mainstream media processors with global memorytanchdbes.

4.3.2 Architectural Enhancements for SIMD

Despite significant performance improvement from DLP, there hawn be
continuous efforts to increase the performance further withoutfisemiy increasing
implementation costs. This section describes some important dewstgynwhich
improve SIMD performance by exploiting other kinds of parallelisraddition to DLP.
These developments include Multiple SIMD (MSIMD), mixed mode SIMIMD,

superscalar SIMD, and ILP enhancement to SIMD PEs.

4.3.2.1 Multiple SIMD (MSIMD)

The early issue with SIMD machines is low utilization offited-size processor
array because different applications have different dataset ahd characteristics. While
few applications may be able to utilize all PEs in theyamaany applications can make
use of only a small portion of the array leaving many PEs idle.

MSIMD addresses the low utilization issue of a SIMD processor arralyioyngy
a large processor array into several smaller arrayh, wib its own ACU. These sub-
arrays can operate independently on different applications heneasigy the overall
array utilization especially in multi-user and multi-programgnienvironment. In
addition, sub-arrays can be combined into a larger array to handle applicatiorergét
datasets. The array configuration is normally performed at thatopesystem level. For

example, the early Connection Machine (CM-1 and CM-2) [66] contaiums SIMD
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partitions that can be arbitrarily connected to four front-end canpthrough the nexus
(a fully connected crossbar). Performance improvement is achieyeoetter array
utilization through task parallelisms.

Another source of low utilization of a SIMD array is conditionarahing, such
asif-then-elseandcasestatements. In such cases, different flows of control {lgeg.vs.
elseblocks) are dispatched sequentially, one after the other, to aJlWEth each PE
properly discarding instructions from irrelevant control flows. Wihis serialized
execution, the average utilization of a SIMD array is 50%atrfor conditional blocks.
Parallelism among different control flows can be exploited inNMZkhrough dynamic
partitioning of the processor array at instruction level.

The GPA machine is an MSIMD machine that can be partitialy@admically
[67]. Arbitrary non-overlapped partition can be formed at run-time dyfiguring
crossbar switches connecting ACUs to PEs. Complexity of theorletis reduced by
using several smalb x p crossbars is the number of controllers) o instruction
broadcast trees of controllers. As an example, PEs executitigethandelseblocks of
the same instruction stream can be connected to two differenbléenstrwith both

partitions executing in parallel.

4.3.2.2 Mixed-Mode SIMD/MIMD

Control parallelism is considered a prominent feature of MIMEhigcture
where each PE independently executes its own instruction stnepamnallel. Therefore,
one approach to exploit control parallelism in SIMD is to allo®iD processor array

to switch to MIMD mode as needed. Examples of mixed-mode SIMBDachines
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are OPSILA [68] and PASM [69]. These machines allow a processay to switch
between SIMD and MIMD mode of operations dynamically at icstva level and,
therefore, combines the best of both worlds. Inter-PE synchronization and
communication are simple and efficient in SIMD mode while corgashllelism is the
advantage of MIMD mode. Despite the flexibility of mixed-mode BIMIMD
machines, the synchronization overhead (during mode switching) is siddstand
application programming is non-trivial. Moreover, implementation cosignificantly
higher than plain SIMD or MSIMD machines since each PE requrekedicated
controller and an instruction buffer to support both SIMD and MIMD moadies

operation.

4.3.2.3 Superscalar SIMD

Another recent development is the Superscalar SIMD architd@@irevhich is a
dynamically reconfigurable SIMD machine capable of arbitremy-overlap partitioning.
Control parallelism within a program is exploited by dispatchingtructions from
different control flows simultaneously to all PEs. Each supens&iMD PE then selects
an instruction stream to execute based on local information, independetfiteofPEs.
Therefore, the reconfiguration process incurs much less overhaadntliynamically
partitionable MSIMD, which forms partitions through a central control unit.

The Superscalar SIMD machine is composed #fCUs andn PEs k << n).
Each PE receivek streams of instructions but selects only one instruction stream f
execution based on local information. Control parallelism fiflethen-elseconstructs is

exploited by transforming the conditional block into two instructiorastrs then and
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elsestreams) with dork operation performed at the beginning of the block afoira
operation at the end. Wherfak is encountered, the parent ACU acquires an idle ACU
and replicates its register file content. The two ACUs thart sheir executions in
parallel, one for theéhen block, and the other for thelse block. A fast register file
replication mechanism is provided through the bit-interleaved tezgide, which
interleaves bits frork register files together so that a copy operation can berped in
one cycle. Finally, when gin is encountered, the register file of the child ACU is
merged back to the parent ACU. The merge operation is handled propeshamining
thebusyanddirty flags of each register in both register files.

The abovdork/join mechanism and the bit-interleaved register file allow
concurrent execution of theenandelseblocks by removing dependencies on the ACU
(or scalar) registers. Other dependencies exist that require synchooniegtween the
concurrently executing partitions. These dependencies occur when there are

communications between PEs or between PEs and their associated ACU.

4.3.2.4 ILP Enhancement to SIMD PEs

All the improvements to SIMD machines discussed above focus on imgribne
performance and the utilization of the SIMD array by improvihg tontroller, the
communication network, or the instruction distribution network. Besides owaprent
can be applied to PEs to take advantage of ILP within an instruttesns Early work
includes Maspar MP-2 [71] (overlap integer and memory operatiorS3INID [72]

(overlap communication operations), and pipelined PE [73].
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The most recent development includes Imagine media proceddgdrswhich
employs a SIMD engine with eight ILP-capable PEs. Strezfndsita are staged into the
processor through a large stream register file and localbditgd register files. ILP is
exploited within each PE through multiple instruction issues with cadeeduling
performed statically by compilers [52]. Although Imagine capl@kboth DLP and ILP,
it has limited DLP capability (eight PEs) unlike full-sc&&VD architectures, such as
SIMPIil and ILP-SIMD.

ILP-SIMD architectures exploit ILP by issuing and completingultiple
instructions simultaneously within a single cycle. As shown iufei@33, the ACU is
enhanced to broadcast multiple independent instructions to all PEs, emdPEais
enhanced to execute all those instructions concurrently each Byasecuting multiple
instructions concurrently, functional unit utilization and overall instruction througirput
improved. Moreover, since instruction schedules are staticallywuima by compilers,

additional hardware is minimal resulting in an increase in area and powanefjic

Instr,,_;

Instr,
Instr,

Array Control Unit
(ACU)

PE, PE, > --- < PE

Figure 33 ILP-SIMD architecture
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Two families of ILP-SIMD architectures include single eohtflow (SCF) and
control parallel (CP), which differ by their control flow naement mechanisms. SCF
ILP-SIMD processes a single control flow at a time and diract derivation of its
predecessor SIMD architectures. Control parallelism is exdloiteCP ILP-SIMD by
executing instructions from multiple control flows concurrently andhgleting only
those instructions that belong to validated control flows. CP ILPESHdn outperform

SCF ILP-SIMD in applications where control parallelism can be exploited.

4.3.3 Single Control-Flow ILP-SIMD (SCF)

SCF ILP-SIMD is a data parallel SIMD architecture capable etating multiple
instructions from a single control flow concurrently within a PEnilar to SIMPil and
other traditional SIMD architectures, instructions belonging téewhnt control flows
must be scheduled and executed sequentially. Control flow validatiomsaa@ged by
the masking unit. Conditional constructs in high-level languages, sutithas-elseor
casestatements, are translated isteepandwakeupassembly instructions by compilers.

In anN-way SCF ILP-SIMD machine, there axefunctional unit clusters. Each
cluster is comprised of one or more functional units. Wittlusters, the central register
file has to provid@N read ports antll write ports. The block diagram of SCF ILP-SIMD

PE is shown in Figure 34.
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Figure 34 The block diagram of SCF ILP-SIMD processing element

4.3.4 Control-Parallel ILP-SIMD (CP)

CP ILP-SIMD extends SCF ILP-SIMD with the capability éaploit control
parallelism. Instructions from different control flows can be didped concurrently to
all PEs. However, only those instructions belonging to the control dlmegen by each
PE are allowed to complete their executions. With this approachretiffcontrol flows
can be executed concurrently by different PEs. Processor aitiagtion is improved
since sequential execution of conditional flow of controls (throsiglkep and wakeup
instructions) is no longer needed.

Flow control validation is performed using predication and the contw dinit.
The compiler statically assigns tag and flag information th eastruction at compile
time. The tag field indicates the control flow nesting leveheftasic block to which an
instruction belongs. The flag field is a one-bit field used tordisish instructions that
belong to thethen clause from those that belong to thkse clause. Instructions that
belong to the same basic block have identical tag and flag valueactions fromthen
andelseclauses share the same tag but different flag values. Tag \@aki@ssigned to

basic blocks in program order with the main program flow hathegag value of 0. The
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first basic block with a conditional instruction is assigned tdgevaf 1, followed by 2,
and so forth.

Each PE maintains the current tag and flag values in itsnddlag predicate
registers. Instructions from bothen and else clauses are allowed to begin execution
concurrently. The control flow unit examines tag and flag preselcat each instruction
and allows only those with matching predicate values to write tmatke register file.
The control flow unit, therefore, is equivalent to multiple maskingsuag shown in

Figure 35.
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Figure 35 Control flow unit in CP ILP-SIMD architectures

4.3.5 Implementation Cost of ILP-SIMD

One of the most important issues in ILP-SIMD PE implementas die area. A
small PE is highly desirable so that a large number of BE®e integrated onto a single
chip. The total number of PEs directly translates to the defm&ta parallelism that can
be exploited. Since many image and video applications, which contpes¢arget
application domain of ILP-SIMD, contain a significant amount of geteallelism, the

total number of PEs (and thus the PE area) has a significanttiomp#he overall system
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performance. Power density is another important cost metric.etAmw it is not

considered a critical issue in ILP-SIMD since the processay aran be clocked at
moderate frequency while still sustaining high instruction throughpatgh DLP (and

extra performance from ILP and control parallelism).

ILP-SIMD presents a simple mechanism to increase PE penhmen by
exploiting ILP and control parallelism. This is desirable as Esthe increase in PE area
is minimal. To evaluate the implementation area of ILP-SIMDdWware models of
SIMPIl PE and ILP-SIMD PE are simulated using the GENESYysem simulation tool
[74] with macro cell capability. Technology-independent hardwarerigéisn for each
functional block (macro cell) is used by GENESYS to calcuiatetional performance
of each unit and the whole PE. The model has been verified with ticensil
implementation of a SIMPIil PE in a 0.8um process [75]. The fisalltrés obtained for a
100nm technology through an appropriate technology model. Figure 40 shoaveditd
ILP-SIMD with various issue widths obtained from GENESYS. Theuesl are

normalized to the area of the baseline SIMPil PE implementation.
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Figure 36 Implementation die area of 1-, 2-, and 3-way ILP-SIMD processing elentsn
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ILP-SIMD PE requires 44% and 70% more PE area in 2- and 3-way
configurations, respectively. The increase in area is modiipwaed to a large 24-
register regqister file (6 ports in 2-way ILP-SIMD, and 12 pants3-way ILP-SIMD),

which starts to dominate PE area as the issue width is increased to two or more.

4.4 Distributed Register Files for an ILP-SIMD PE

In ILP-SIMD, dynamic instruction scheduling hardware is not neesiace
instructions are scheduled statically by compilers. However, soiti@onal hardware is
still needed to support execution of multiple instructions concurrenthhnma PE. These
include extra functional units and a large register file taatsupply enough operands to
all functional units that can be active simultaneously. While fanat units in ILP-
SIMD are relatively small, the multi-port register file doates the area of a PE as the
issue width is increased beyond one. In a 1-way SIMPIl PE, the registerthike second-
largest component (the largest being the MACC unit) and consumesf2b#total PE
area. In 2- and 3-way ILP-SIMD PEs, however, the registerbileomes the largest
component and consumes 44% and 51% of the total PE area, respectively.

In this section, a distributed register file (DRF) organoratis employed to
address the area scalability issue of a central redjistan ILP-SIMD. This is referred to
as DRF ILP-SIMD. First, the cluster organization and the t@gisommunication
mechanism of DRF ILP-SIMD are explained based on SCF ILP-Savtibitectures.

Then the code generation technique is presented.
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4.4.1 Functional Unit Cluster Organization

To reduce high area demand of a central register filestahdited register file
(DRF) organization is used as shown in Figure 37 for both 2- and 3nWa$IMD PEs.
Functional units in a 2-way DRF ILP-SIMD PE are divided into thusters, each with a
dedicated local register file. These local register fdes small with only 4 ports, and
they are interconnected through a register transfer bus. A DR&YILP-SIMD PE is

organized in a similar manner but with three clusters and three local rétpste

Local Memory Local Memory
L_':H:l | |
ALU
ALU ALU
MACC MACC ALU
SHIFT
NEWS MEM Sl e » Image NEWS | MEM MEM SHIFT 1o, Image
Network SLEEP VEM Sensors Network COMM SLEEP PIXEL Sensors
COMM MEM
Iéoca_l Local
F$g'5ter Register
e File
Register Transfer Bus Register Transfer Bus
(a) 2-way DRF ILP-SIMD (b) 3-way DRF ILP-SIMD

Figure 37 Datapath of ILP-SIMD with a distributed register file organization

A functional unit can only access registers from the locastexgfile in the same
cluster. Values in a remote register file must be traredemto the local register file
through the register transfer bus before it can be accessede Tagister transfer
operations are scheduled statically by compilers using redrstesfer instructions. A
single register transfer instruction can transfer a value axasource register to one or

more destination registers in different clusters simultaneotsiyugh multicasting,
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which is inherently supported by a register transfer bus. Atexgransfer instruction can
be issued in the same cycle as the instruction that producedltieetoebe transferred
since the target clock frequency of ILP-SIMD is relativiedw to limit the maximum
power density. As a result, a register value can be consumegkdiately in the
following cycle after it is produced. Performance degradatioigmsfieantly reduced and
is limited only by the number of buses available. This samedyahsfer approach is
similar to the approach used in Imagine. While Imagine requaregobal register
namespace, DRF ILP-SIMD split the transaction into local tegwrite and remote
register transfer, which can operate with a smaller logattes hamespace. The DRF
ILP-SIMD approach results in more efficient instruction encodfagér bits to encode
register operands) but demands more registers to hold intermediate results.

The composition of functional units into clusters is highly critinalLP-SIMD.
Since ILP-SIMD functional units are smaller and more speedlithan in general
purpose processors, placing these functional units in different clussedss in a highly
distributed configuration, which induces a large number of registesfer operations. In
Figure 37, functional units are carefully organized so that functiomtd that frequently
communicate operands between each other are placed in the saere &ltlstugh some
communication patterns are common, other communication patterns areatmpli
specific. Therefore, the optimum functional unit cluster compositoroie application,
which can be determined empirically through simulations, may nobgbenum for
another application. In addition, all ILP-SIMD operations are detestig, including
local memory accesses and branch processing, unlike in high pert@ngeneral

purpose processors. As a result, additional delays in the executidngipeurred by
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register transfer operations cannot be effectively hidden aserajgurpose processors,

which are less deterministic.

4.4.2 Code Generation Framework

Compilers need to be extended to generate code for a distributstereg
namespace and schedule register transfer instructions as apprdpinst, instructions
are explicitly assigned to clusters during the instruction scimgdphase. The algorithm,
shown in Figure 38, is based on the unified assign and schedule (UAS\Woda{51]
but performs the scheduling of register transfer instructiooisally in a separate data
routing phase. Second, register transfer instructions are insaitetie code schedule by
searching for empty slots starting from the cycle that pratlee value until the cycle
that first uses the value. If an empty slot is found, a redistasfer instruction can be

scheduled without adding an extra cycle to the code schedule.

while unscheduled ops exist
update a list of data-ready ops and cluster usage information
pick the highest priority op
pick the non-busy cluster with the most operands
if multiple clusters qualify
pick the cluster with the shortest dependency cha in
to the current instruction
if multiple clusters qualify
pick one cluster randomly
if a cluster is chosen
assign op to the chosen cluster
schedule op in the current cycle
else
advance to the next cycle

Figure 38 List scheduling algorithm with the cluster assignment heustic (the
assignment heuristic is in bold face)
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Finally, registers must be allocated separately for &l register file. Because
of the limited number of register transfer buses and theelihsize of each local register
file, the overall speedup for all applications in a distributed tegfde configuration is
less than in a central register file configuration. However itiementation is much
smaller and extra area can be used to increase the total nohiREs in an ILP-SIMD
processor array, which results in higher performance than aSIMP with a central

register file organization.

4.5 Performance and Cost Evaluation
To evaluate the effectiveness of the distributed regidterapproach to ILP-
SIMD, the architecture is simulated and its performance degpadqtantified. The
saving in implementation area is then evaluated to determinevtrall merit of the

approach.

4.5.1 Simulation Methodology

Performance of ILP-SIMD architectures (SCF, CP, and SQGR distributed
register files) are evaluated through cycle-accuratelations. Multimedia applications
for the baseline SIMPIl architecture are retargeted to IINMDSmachine code and
simulated using ILP-SIMD simulators. Applications are seled®dcover a wide
spectrum of key tasks in the image and video processing domains.appdisations and

their brief descriptions are provided in Table 7.
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Table 7 Benchmark applications for SIMPil and ILP-SIMD simulations

Application Description

Inedge Inside-edge detection

Medge Edge detection through morphological operations with 3x3 masks

Median Median filtering using a 3x3 window

Ring90 Two-stage image rotation with a skew-based rotation folltwyedset of
n fast 90-degree rotations

Skel Skeletonization

SpatFilt 2D convolution-based filtering using a 3x3 filter mask

VQ Image compression using vector quantization technique

The ILP-SIMD architectural model is built into the machineecoetargeting tool
and the simulator. Seven types of functional unit are modeled sitoildre baseline
SIMPIl architecture. These include ALU, barrel shifter (SHIFmultiply-accumulate
(MACC), local memory (MEM), masking unit (SLEEP), communicationt (COMM),
and pixel /O unit (PIXEL). Unlike in SIMPIl, two ALUs and a demdcess local
memory, which allows one read and one write in a cycle, are pobvadsustain higher
instruction throughput. Register file sizes are big enough to eliminate theanespilling
in most cases and are determined based on simulation resukenSiggisters are used
in the baseline SIMPIl architecture while 24 registers agd us both 2- and 3-way ILP-
SIMD architectures. All registers and memory words are 16-bit wide.

In DRF SCF ILP-SIMD exploration, clusters of functional units k@l register
files are organized as shown in Figure 37. The retargeting iso@xtended with
algorithms for cluster assignment, global data routing, and DgBtee allocation with
spilling between local register files. The ILP-SIMD simatlais extended accordingly
with the same cluster organization. The 2-way (2-clustehjitaature has the total of 24
local registers (12+12). Similarly, the 3-way (3-cluster) aedure has the total of 30

local registers (8+10+12).
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In the following sections, performance improvement of SCF and €FPSIMD
(both 2- and 3-way configurations) are evaluated and compared to glmd&IMPIl
architecture. Performance impact of a distributed register drganization is then
evaluated based on SCF ILP-SIMD. Finally, implementationscast analyzed for both

central and distributed register file organizations.

4.5.2 Performance Speedup

In a DRF organization, performance (in terms of the total nurabexecution
cycles) can be adversely impacted. An extra cycle is requirednsfer an operand value
from a remote register file into the local register fillnen the needed operand is
produced in a different cluster. The performance impact of BRI ILP-SIMD is
shown in Figure 39, which compares speedup values of a central and didtrigister
file variances of SCF ILP-SIMD relative to the baseline Bilvarchitecture. A DRF
organization has lower speedup for all applications due to the aforemehixecution

cycle penalty.

W 2-way SCF

0O 2-way DRF SCF
O 3-way SCF -
0O 3-way DRF SCF M

b

inedge medge median ring90 skel spatfilt vq Geometric
Mean

Figure 39 System performance of DRF SCF ILP-SIMD architectures
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Considering all applications simulated, a DRF organization incursad&c9%
more execution cycles on average than a CRF organization forn@- 3avay
configurations, respectively. The performance of a 3-way BRRitecture, however, is
not better than a 2-way DRF architecture. This is because furctioita in a 3-way
DRF architecture is more distributed and, thus, incur more regiatesfer penalty than
its 2-way counterpart. This penalty is typically compensatedmuoye concurrent
executions in a wider configuration. However, ILP is not high enoaghvércome the
aforementioned penalty because of the limited number of functional(botts 2- and 3-
way DRF architectures have the same number of functional unds)ha limitation of
the list scheduling algorithm, which cannot extract ILP beyond basic block boundaries

Another implication of a DRF organization is the increase inntmber of
registers required during execution (register pressure). Eedrsters are needed when a
single operand value is replicated to multiple clusters. Therdfoedotal of 30 registers
is used in DRF architectures while 24 registers comprisentaat register file in non-

DRF architectures.

4.5.3 Implementation Die Area Evaluation

One of the most important issues in ILP-SIMD PE implementas die area. A
small PE is highly desirable so that a large number of BE®e integrated onto a single
chip. The total number of PEs directly translates to the defmata parallelism that can
be exploited. Since many image and video applications, which contpes¢arget
application domain of ILP-SIMD, contain a significant amount of geteallelism, the

total number of PEs (and thus the PE area) has a significanttiomp#he overall system
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performance. Power density is another important cost metric.etAmw it is not
considered a critical issue in ILP-SIMD since the processay aran be clocked at
moderate frequency while can still sustain high instruction throughputgh DLP (and
extra performance from ILP and control parallelism).

ILP-SIMD presents a simple mechanism to increase PE penhmen by
exploiting ILP and control parallelism. This is desirable as Esthe increase in PE area
is minimal. To evaluate the implementation area of ILP-SIMDdWware models of
SIMPIl PE and ILP-SIMD PE are simulated using the GENESYysem simulation tool
[74] with macro cell capability. Technology-independent hardwarerigéisn for each
functional block (macro cell) is used by GENESYS to calcuiatetional performance
of each unit and the whole PE. The model has been verified with ticensil
implementation of a SIMPIil PE in a 0.8um process [75]. The fisalltrés obtained for a
100nm technology through an appropriate technology model. Figure 40 shoaveditd
various ILP-SIMD configurations obtained from GENESYS. The valuesharmalized
to the area of the baseline SIMPIl PE implementation.
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Figure 40 Implementation die area of ILP-SIMD normalized to the baseline IMPIl
architecture
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ILP-SIMD PE requires 44% and 70% more PE area in 2- and 3-way
configurations, respectively. The increase in area is moditipwaed to a large 24-
register register file (6 ports in 2-way ILP-SIMD, and 12tpan 3-way ILP-SIMD). The
DRF configuration reduces total register file size withrdiated 4-port local register
files. The increase in PE area in DRF ILP-SIMD PE is reduo 27% and 39% for 2-
and 3-way, respectively.

Although DRF ILP-SIMD has lower speedup compared to its non-DRF
counterpart, the significant area saving is highly attractnte Gan be used to integrate
more PEs into the processor array. In a 2-way configuration, RRFSIMD requires
4% more cycles on average for most applications; however, asdea obtained from
smaller register files can be used to implement 13% mosg WEich directly increase
performance through DLP. Similar argument can be made feway3dRF ILP-SIMD
(9% more cycles but with 22% more PEs). However, it is not aschie since its
speedup results are only slightly higher than a 2-way coumtfigur. With more complex

scheduling algorithms, the benefit from larger issue width can become sudbstanti

4.6 Conclusion
A distributed register file organization is an effective haism to reduce
implementation cost in ILP-SIMD implementation. Distributed regiperations are
managed by compilers through static code scheduling and regstefietrinstructions. A
simple and effective code generation technique for distributedteediles has been
developed, which results in 4% performance penalties on averagens t¢ total

execution cycles for a 2-way configuration. These penaltesvatl compensated by a
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smaller PE implementation. For a given die area, this pefird¥s additional processing
elements to be implemented when compared to a conventional ILP-SIMD
implementation. These extra processing elements, if implementédincrease the
degree of data parallelism that a processor array can suppappbyximately the same
amount.

Based on the microarchitecture and the code generation technepsemted, the
2-way distributed register file configuration achieves the bestltr by having the
average speedup close to a central register file archiéeattin significant savings in
area. Configurations with large issue widths result in sigmfiperformance degradation
because of their highly distributed functional unit organization. In aafditihe basic
block scheduling algorithm is limited in extracting enough ILP to @w®&e performance
loss from distributed register file operations. Future researdlesperiments include the
exploration of more effective ILP scheduling algorithms, such ae tscheduling, for
DRF ILP-SIMD, and the extension of the code generation and simufedimework to a

DRF CP ILP-SIMD architecture.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

In this dissertation, the fully distributed register file a@tture has been
explored to address the scalability problem of a central ezdig¢ as the number of
functional units in a processor execution core is increased. A convénties@gn
requires a central register file with a large number oésxports and a large multi-stage
bypass network to deliver all required operands to all operations that arecexdygte.
Implementation costs (die area and energy consumption) of thegsoments grow
rapidly as the number of operands to be transported concurrently, and thusntber of
functional units, is increased. In addition, delay of these componesignificant and
becomes a cycle-time bottleneck in high-performance processor conbgarati

The fully distributed register file organization has been exglorgéhe context of
three major processor architectures: dynamically sched(daderscalar), statically
scheduled (VLIW), and ILP-SIMD media processors. These thregarads have some
common requirements, yet they possess unique characteristiedféicathe design of a
distributed register file organization and supporting techniques. Irséaigon, results
from research presented in this dissertation are summarizede Fasearch directions

are also given, which conclude this dissertation.
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5.1 Summary of Results

The fully distributed register file organization and the proposdthigoes have
been evaluated by comparing their execution performance and hardveéementation
costs to those of central register file architectures sitthlar configurations. In terms of
execution performance, an IPC (instruction per cycle) metiich is directly derived
from a total execution cycle, is used. A distributed registier drchitecture always
require more cycles to complete a particular program thanng&ateregister file
architecture because additional cycles are required to transfandpeues among local
register files. This execution cycle penalty is repmese by an IPC ratio metric, which
indicates the IPC of a distributed register file as a ivacof performance of a
conventional central register file system.

The advantage of a distributed register file architectuee awcentral register file
architecture is its superior physical properties, i.e., smdikearea, lower delay, and less
energy consumption. Overall performance improvement is achieved whes fgamn
these physical properties outweighs the execution performance attavaescribed

above.

5.1.1 Dynamically Scheduled Fully Distributed Register File Architeture

In the dynamic case, distributed register files are supbenérely in hardware.
Register operands in conventional machine code, which assumes a caEgister file
model, are transformed into distributed register operand refereacesin-time.

Moreover, register transfers among local register fitessaheduled dynamically at run-
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time usingon-demand register transfeAn eager and multicast transfenechanism
reduces execution cycle penalty by 27% on average.

With both on-demand and eager/multicast transfers, the IPC aati®2%, 74%,
and 83% for SPEC CINT2000, SPEC CFP2000, and Mediabench, respectivel; in a
way configuration. They are 90%, 69%, and 76% in an 8-way configuration. Higher
penalty is observed in a wider configuration because it is monebdied. Moreover,
different types of applications incur varying degrees of penkalhas been demonstrated
that applications with higher IPC (e.g. SPEC CFP2000 and Mediabsgmpatglty have
higher penalty than applications with lower IPC (e.g. SPEC €090). Finally,
performance can be slightly improved by varying the numbergiéter transfer bus and
the number of local registers.

By implementing a distributed register file organization, registe access time
can be reduced by 23% and 41% in 4- and 8-way configurations, respectwtély
significant reduction in the delay of a bypass network. As atrgsudcessors can be
clocked faster, which allow overall performance to be improved desypéeution cycle

penalty. Significant reduction is also achieved for area and energy consumpti

5.1.2 Statically Scheduled Fully Distributed Register File Architectire

In the static case, code is generated specifically for tabdited register file
architecture. Therefore, the tasks of local register mgpg@nd register transfer
scheduling are performed as part of a compiler back-end at caimpalexs opposed to a
run-time hardware mechanism in the dynamic case. These tasksamared out in

separate phases. First, machine instructions are scheduled anéassiglusters. Then,
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register transfer operations are scheduled using multicastidggebal scheduling.
Finally, local registers are allocated accordingly.

The code generation algorithms are implemented to retargetabésuih
applications from PISA machine code to a distributed registercbde using a basic-
block list scheduling algorithm for instruction scheduling. Code sizeim@sased by
36% on average due to the addition of register transfer operationsof4tbfése extra
operations incur extra scheduling slots while the rest can bed@eld into existing
scheduling slots.

Distributed register file code is simulated using a commomulaimon framework
as in the dynamic case. An average IPC ratio for the stagiach is 77% compared to
83% obtained by the dynamic approach. The absolute IPC result is alsordiae static
case, 0.7 for static compared to 1.3 for dynamic. This is ynatitibutable to the limited
ILP extracted by a basic-block scheduling approach. With improved seiggd&®C can
be improved but, at the same time, execution cycle penalty wikase due to their
direct relationship as observed in the dynamic experiments. riakes the dynamic
approach slightly more effective than its static counterparteé&sing the number of
register transfer buses and the local register file dmess only a small impact on

performance.

5.1.3 Fully Distributed Register Files for ILP-SIMD
The static approach to a distributed register file was appdidatie ILP-SIMD
processing elements (PE). Unlike general purpose cores, ILP-$EIR@rchitecture is

deterministic. All memory operations take one cycle, and brammteetandled by the
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array controller. Since the target clock frequency is modecgtde time is not a critical
problem. Instead, a central register file was shown to dominaeadia in PE
implementation. Since it is desirable to integrate more PEarpoocessor array, area
demand reduction is an objective of this contribution.

Since the operating frequency is moderated, register tramgéeations can be
scheduled in the same cycle that the operand is created. Witteldmed scheduling
algorithm, a distributed register file architecture incurs 4% % more execution cycle
than a central register file architecture for 2- and 3-wafiguration, respectively.
Performance of a 3-way configuration, however, is lower than a 2ewsafiguration
because functional units are more distributed and the same numbectdrial unit are
used in both configurations to keep die area small.

Die area is evaluated through GENESYS. With a distributeidtezdfile, area
demand is reduced by 12% in a 2-way configuration. This extea Gae be used to

integrate 13% more PE into a processor array to exploit a higher degree.of DLP

5.2 Future Research Directions
The research presented in this dissertation is the firstglorexand evaluate a
distributed register file organization in various major processdritactures including
superscalar, VLIW, and media processors. In this section, a nuofbelated and

interesting future research directions are outlined.
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5.2.1 Distributed Register File Organization
e Develop methodology to evaluate the optimum cluster configuration idaact
unit composition, local register file size, and their interconaektfor generic
and/or specific applications domains.
e Evaluate various types of interconnection network and topology that permit
efficient register operand transport and that can scale texaemely large

machine configuration.

5.2.2 Dynamic Approach to Distributed Register Files

e Evaluate the dynamic approach in parallel, multithreaded, andonoagitamming
workloads, which demand processor architectures with a large number of
functional units, such as wide SMT superscalar processors.

e Develop efficient mechanisms for fast context switching, excep@mwlling, and
interrupt handling in a distributed register file environment.

e Develop mechanisms to establish eager and multicast group and icgiham
adapt to changing workload characteristics to support a largehimeac
configuration where a single broadcast group is not efficient.

¢ Analyze operand usage and transport characteristics at commlestd provide
this information as hints from compilers so that a processorntae more
effective cluster assignment and operand transport scheduling.

e Develop approaches to distribute or reduce complexity in other centralizedl cont
units and memory elements, such as fetch unit, local register mgappit, and

commit unit.
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5.2.3 Static Approach to Distributed Register Files
e Apply state-of-the-art techniques for statically scheduled cedergtions, such
as trace scheduling, data speculation, and control speculation, toodlee c
generation framework in the static approach.
e Enhance scheduling and cluster assignment algorithms with sefpigelining

for distributed register files.
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