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The accelerating improvements in VLSI technolodgvaladding more and more
transistors on a single chip. This has been exgadity computer architects to develop
more complex and more efficient processors like essgalar which exploits the
instruction level parallelism (ILP) in the applicats to handle multiple instructions
simultaneously. Some applications like graphicessing and scientific computing are
throughput applications and they have a lot of dateel parallelism. The complex
features such as aggressive branch predictionjpteuibstructions issue and out of order
execution that exist in many processors like supdas are not needed for these
computing areas. Special purpose processors sheuttesigned for these applications.
These processors should be single instruction plelthreads (SIMT) processors such
that when an instruction is issued, it is executed multiple independent threads

sequentially.

In this research, | am proposing a processor calteccPAR core which is based
on the PAR instruction set architecture (PAR ISAQpgwsed by Dr. Mudawar. PAR core

is an SIMT core that receives the workload from mh&ster process in a format called

Xi



PAR packet which orders the PAR core to executes#imee sequence of instructions for

a given number of threads specified by the PAR gtack

The simulation results showed that the PAR core High throughput and high
utilization of the hardware resources. The maxinhardware utilization is 100% and the
maximum IPC gained is 2.75 instructions/ cycle #o#4-way multithreaded PAR core.
Besides that, the simulation results showed thatarchitecture is completely scalable
which means replicating the processing lanes wplicate the throughput. PAR core has
been scaled up to 64 processing lanes and thegpéetinear and the maximum IPC is

174.26 instructions/ cycle.
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CHAPTER 1 INTRODUCTION

1.1 Overview

The accelerating improvements in VLSI technologyiohhallow adding more and
more transistors on a single chip have been exploity the computer architects to
develop more efficient processors. Adding moredistors means adding more functional
units and thus increasing the processor’s througlighese units are utilized properly.
The processor throughput is defined as the numiiestyuctions executed per the unit of
time. Increasing the processor throughput requinas the processor itself has multiple
functional units as well as the architecture shaak# maximizing the utilization of these

resources into consideration.

Moreover, there is an accelerating application deman more powerful
processors because the computer applications likellaion, scientific computing,
multimedia processing etc. become more and morglexnThe uniprocessor computer
cannot fulfill the requirements of these applicaidoecause the execution time will be too
long. Increasing the efficiency of a uniprocessdr mvake it more complex and it will be

hit with the heat problem. The solution for thah&ving parallel computers.

The parallel computer is defined as “a collectidnpoocessing elements that

cooperate and communicate to solve large problests f1]. Parallel computing implies



replicating the processing unit to handle multiptecesses concurrently. These parallel
processing units may be arranged to communicatgtiegvia shared memory or message
passing. So there are multiple architectures dlfgiicomputers such that the workload is

partitioned into smaller pieces that are assigoeatifterent processing units.

In addition to the ability of parallelizing the exgion of an application on
multiple processing units, there is an ability sa multiple threads on a single processing
pipeline using some multithreading technique. lis tihesis, | am proposing an SIMT
multithreaded processor core called PAR core toadleamultiple independent threads

concurrently.

1.2 Multithreaded Processors

There are two approaches for multithreading archite [2]. (1) The single chip
multiprocessor approach which integrates two oremodependent processors on a single
chip. (2) The multithreaded processor which is ablgursue two or more threads of

control in parallel within a single processor pipel

The multithreaded processor can be defined as @egsor that is able to handle
multiple instructions of multiple threads concuthgrby multiplexing the functional units
in the execution pipeline among these threads. bkithreaded processor pipeline can
be single issue or multiple issue. Ungerer et2jlifdicated that there are three principle
multithreading techniques. (1) Interleaved muletiting technique in which one

instruction from another thread is fetched and tiedhe execution pipeline each clock

2



cycle so this technique is a fine grained cyclechgle multithreading technique. (2)
Blocked multithreading technique, it is coarserimggd than the first one such that in this
technique a thread continues execution until akihgcevent occurs like remote memory
request, then another ready thread is activateis. tEchnique of multithreading requires
implementing some efficient context-switch mechani§3) Simultaneous multithreading
in which the wide superscalar instruction issueombined with multithreading such that

instructions are simultaneously issued from mudtighireads to the execution pipeline.

1.2.1 The Motivation Behind Having Multithreaded Processors

There were some reasons that pushed the architecgsopose this kind of
architecture. One of the strongest reasons is levate the memory latency. When a
process makes a remote memory request which takeg @aime, then this process will be
blocked until this request is satisfied. Blockirng tporocess means killing the throughput
and the hardware resources utilization. Multithregdolves this problem by switching to

another thread and therefore the processor staysdnd productive.

Another reason for having multithreaded processotise data dependence among
the instructions of a single thread. While a loagphcy instruction is being executed, the
subsequent instructions that depend on its resaiina be issued and then some
functional units will stay idle which reduces tharttiware utilization and the processor's

throughput. Multithreading techniques can solve ghioblem by executing instructions



from other threads on these functional units whingiteases the hardware utilization and

the processor's throughput.

It is clear that the motivation behind having nthittaded processors is increasing
the functional units' utilization and thus incnegsthe processor's throughput through
filling the unused slots caused by data dependanceremote memory requests with

useful work from other threads.

1.3 PARISA

The PAR ISA is a block-structured ISA proposed by Rudawar. The program
in this ISA consists of blocks of instructions. Thestruction block is defined as a
sequence of instructions starting at the targetemsdof a control instruction and ending
with an instruction whose stop bit is set. Theraasneed to store additional information
to determine the instruction block end because stop bit which is a part of the
instruction binary format does that. Figure 1 shansnstruction block terminating with

a stop bit.



Instruction Block Stop bit

Instruction 1

- -

0
Instruction 2 |0
0
1

Instruction n 4+—— last instruction

Figure 1: An Instruction Block is Terminating wighStop Bit

PAR ISA contains all kinds of standard instructidike integer and floating point
(FP) arithmetic, logic, memory, compare and conimetructions. Appendix A shows the
syntax and the format of these instructions. Initeafdto that, PAR ISA contains the par
instruction to run independent threads in paraldl.instructions have a fixed length of
32 bits. These 32 bits are divided into severdti$ieaccording to the instruction format.
Every instruction has a stop bit and a qualifyimgdicate register (qp). This means that
all instructions are predicated such that the utsion will be dropped from the execution
pipeline and doesn’t change the system status wheualifying predicate register value
is zero. In the subsequent subsections, some oPA&R ISA features such as the par

instruction, the stop bit, the control instructiared the control stack will be described.



1.3.1 Par Instruction

Par instruction is used to spawn a group of inddpetthreads called worker
threads that can work in parallel. This instructagpears only within a master thread

which runs on a master core. This instruction hagdllowing syntax:

(gp) par i, target

When this instruction is encountered and its gus, then a set of PAR packets
is generated. The PAR packet contains the numbtaredds to be executed, the values of
the inherited registers from the master thread #ed starting address of the thread
program which is specified by the labwkget. The number refers to the inherited
registers from O to. After the PAR packets are generated, the threladduler distributes

them on the PAR cores according to the schedulitigyp

1.3.2 Stop Bit

As mentioned above, the stop bit is a part of tiséruction format to mark the end
of an instruction block. This feature is visiblettte programmer. The programmer can
indicate that a certain instruction is the lastringion in the instruction block by typing
the optional hash symbol (#) at the end of theruresion line. When the assembler detects
the hash symbol, it knows that this instructiornthie last instruction in the block and

therefore it sets the stop bit of that instructesrd when no hash symbol is detected this



means that this instruction is not the last ingtoucin the block and therefore the stop bit

of this instruction is cleared.

The stop bit is beneficial for the following reason

1.

It simplifies the hardware and the software becauskminates the need to store
additional information to track the instruction tks and no complex action is
needed from the compiler to detect the ends obtbeks and to perform further
code optimization due the descriptors as in [3].

It removes the need of having a return instructmmeturn to the caller after the
function execution finishes, so it saves one imtsiom per function call.

It offers simpler and more accurate mechanism eiferching instructions from
the Il-cache to the execution pipeline because #tehfunit can detect the
instruction block end.

The stop bit with the control stack that will besdebed later helps the fetch unit
to detect the thread termination. The thread teatesywhen the last instruction is
reached and the control stack is empty.

It helps in designing an instruction pre-fetchempte-fetch instructions from the
main memory to the on chip I-cache since it tdiks pre-fetcher where the end of

the instruction block is.



1.3.3 Control Instructions

PAR ISA contains five control instructions that toh the program's execution
flow. These instructions are useful in building effective and more accurate fetch unit
that can feed the execution engine with instruction a high rate. These instructions
include expand, indirect expand, counter-controltexp, pure conditional loop and break

instructions.

1. TheExpand Instruction
It is used to expand instruction blocks and it gaiealent to the function call
instruction but without having a corresponding retinstruction because the stop bit has

eliminated this need. The expand instruction syrmgaas follows:

(gp) xp Labd

As any other instruction in PAR ISA, the expandrnnstion is predicated. If gp is
true, then the execution flow should be transfetethe target address specified by the
label and when gp is false then the expand instmue$ skipped. In addition to its role in
the program flow control, the expand instructiom dae exploited in implementing
instruction pre-fetchers to transfer the instruttidjocks from the main memory to the I-
Cache ahead of time. This can be done by checkiagpcode of the instruction while
the instruction block is being fetched and whenoatwl instruction is detected like
expand, indirect expand or loop instruction thea tiext required block will be known
ahead of time and it can be pre-fetched. The expastduction and the other control

instructions also guide the fetch unit to updateplhogram counter.



2. Thelndirect Expand Instruction
This instruction is used when the target addre&sasvn at runtime. The value of
the target address is specified indirectly in aegahpurpose register. The syntax of this

instruction is:

(@p) xp r

It can be used to address shared libraries thatysr@mically linked at runtime, to

expand methods indirectly in object-oriented pragrang languages etc.

3. The Counter-Controlled Loop Instruction
This instruction is used to implement the countamtlled loops. It has the

following syntax:

(Qp) loop r, L

In this instruction, the loop block at the targeideess specified by the label is
executed at most n times. The number n is spedifieal general purpose registerAs

long as the value of gp is true, the loop instarctlock is expanded.

If the loop instruction is not the last instructiohthe instruction block, its effect
will be loop and continue i.e. after the loop instion finishes, the execution flow
resumes at the next instruction after the looprulcsion. However if the loop instruction
is the last instruction of the instruction blocken its effect will be loop and return i.e.

after the loop finishes, the execution flow resumiethe return address.



4. ThePure Conditional Loop Instruction

It is equivalent to thahile loop in C++. It has the following syntax:

(p) loop L

When this instruction is encountered, the instarctblock at the target address

specified by the label is expanded as long as phie fjue.

5. TheBreak Instruction
The effect of this instruction is to terminate tlearrent instruction block
prematurely by resuming execution at the returnregidthat is popped off the control

stack. The general syntax of this instruction is:

(gp) brk n

If n is not specified, the effect of this instrwsti will be skipping the rest of
instructions in the current instruction block aedumes execution from the return address
when this instruction is encountered in a non-laagtruction block. However, if it is
encountered in a loop instruction block, the efigitk be skipping the rest of instructions
in the current loop iteration and resuming execufimm the next iteration and this is

equivalent to theontinue statement in C++.

If n equals 1 and the break instruction is encaeltevithin a non-loop instruction
block, the effect will be skipping the rest of ingitions in the current instruction block
and its parent block. If it is encountered in apldostruction block, the effect will be
skipping the remaining instructions in the curréatation and the remaining iterations

and this is equivalent to theeeak statement in C++.
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1.4 Thesis Motivation

The existence of data parallel applications thatheompletely independent fine
grained threads motivate to have a multithreadebitecture that issues one instruction
and executes it for multiple threads. This kindaothitecture increases the processor's

throughput.

Besides that, the features of the PAR ISA like B%&R instruction, the PAR
packet and the ability to have a simple processonténd have motivated me to propose

the PAR core.

1.5 Thesis Organization

This Thesis has been organized in seven chaptbept€& 2 contains a literature
review about the related work to this researchthim literature review, some existing
vector processors, multithreaded architecturesfetati mechanisms have been discussed.
In chapter 3, the microarchitecture of the PAR ches been described. Chapter 4
describes ParSim simulator which is a cycle aceunatiltithreaded simulator that has
been developed to assess the performance of thecBARIn chapter 5, the data parallel
benchmarks that have been used to measure the BAFS performance have been
discussed. In chapter 6, the experimental resudige Hbeen displayed and analyzed.
Finally chapter 7 describes the conclusion drawmfthis research work and it contains

the future work activities that extend this resharc
11



CHAPTER 2 LITERATURE REVIEW

2.1 Multithreaded Processors

A multithreaded processor is a processor that eaudle more than one instruction
from different threads simultaneously. The first limloreaded processors appeared in
1970s and 1980s to solve the problem of remote merxess. From those days until
now, many multithreading architectures have be@pgsed either for general or special

purpose computing.

In 1998, El-Kharashi et al. predicted that thetithreaded processors will be the
upcoming generation for multimedia chips because rttultimedia applications suffer
from long latencies as a result of networks compantfrequent memory references and
limited communication bandwidth. Having multithreadprocessors will tolerate these
latencies by switching to another thread whenewenesthread faces a long latency
operation. El-Kharashi et al. mentioned the moinret of having multithreaded
processors such as: hiding latencies, having dyn&msk scheduling, it is a further step
towards concurrency, to improve multichip behavior,alleviate the operating system
overhead. They also mentioned that the multithrégecessor can be fine-grained and
coarse-grained and each class has its pros andamwhst has its own hardware and
software requirements. They listed the generalvaare requirements for a multithreaded
processor and these requirements include: handhulgiple contexts, efficient register

manipulation, hardware thread scheduler, statacedjn, additional control circuitry,
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handling pipelining, sharing resources, advancethomg management, scalable memory

protection, efficient communication and built-imsronization.

Many ideas have been proposed to increase therpenige of multithreaded
processors by proposing new multithreaded architestto make better utilization of the
resources, to decrease the hardware complexity target a given class of applications
like multimedia or scientific computing. In 1999aliran and Franklin [4] proposed a
speculative multithreaded architecture with dynathiead resizing at runtime. In this
architecture, the threads are extracted from aesg@l program by the compiler or by
hardware and they are speculatively executed imllgar In the first step, tasks are
generated statically at compile time and later they resized dynamically at runtime
according to the program behavior. Their main dbatrons are: Hierarchical technique
for building threads. A non-sequential scheme $sigm threads to the processing
elements (PEs) since the sequential scheme has Igoitagions. A selection scheme to
squash threads in case of misprediction. They stidiat the dynamic thread resizing
approach has 11.6% greater performance than theegtional speculative multithreaded

processors.

In 2002, Ungerer et al. surveyed and classified waeious multithreading
techniques in research and in commercial micromsms [2]. As | mentioned in chapter
1, they classified the multithreading techniques interleaved multithreading technique,

blocked multithreading technique and simultaneoulithreading.

Also Ungerer et al. talked about two types of ntlutgading architectures. (1)

Implicit multithreading in which several threadse axtracted from a single sequential
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program with or without the help of the compilerdathese threads are executed
concurrently. A thread in this architecture ref@rsany contiguous region of the static or
dynamic instruction sequence. In 2003, Park et [&]. proposed an implicitly-

multithreaded processor (IMT) which executes coerpspeculative threads from a
sequential program on a wide issue SMT pipelin@yT$howed that IMT outperforms on
aggressive superscalar and the two prior propoRdis [6] and DMT [7]. (2) Explicit

multithreading in which the processor interleaves éxecution of instructions of different

threads of control in the same pipeline.

In 2001, IBM introduced Power4-based systems inckvliwo processor cores
have been integrated on a single chip. In 2004, iteoduced the Power5 processor [8]
as a next generation after Power4. Power5 is a-chral multithreaded processor; its
processor core supports both enhanced SMT andedimgdaded (ST) operation modes.
Power5 provides higher performance in the ST mdden tPower4 at equivalent
frequencies. Power5 has some enhancements overrfPqwecessor like dynamic
resource balancing, software-controlled thread ripzation and dynamic power
management. The multithreading approach in Powersvo-way SMT on each of the
chip’s two processor cores.

In 2005, Sun Microsystems developed the Niagaragssor [9] which is a
multithreaded processor designed to provide higtiopmance for commercial server
applications. The Niagara processor is an entimely implementation of the SPARC V9.
This processor supports 32 threads of executioh thet these threads are organized in
groups of four so the processor has eight threadpg:. The threads in each thread group

share one processing pipeline and there is aHeeat selection policy such that the least
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recently used thread is selected. This kind ofigecture helps in hiding the latency of the
memory access such that when one thread is stadlealuse it made a memory request,
then another thread is selected. The context switdiagara processor has a penalty of
zero cycles.

Lindholm et al. [10] described the Tesla architeetthat was introduced in 2006
in the GeForce 8800 GPU. Tesla architecture isdase a scalable processor array.
GeForce 8800 GPU consists of 128 streaming-proce&d®) cores organized as 16
streaming multiprocessors (SMs). The 16 multitheehdrocessors are also organized in
eight independent processing units called textuvegssor clusters (TPCs). Tesla
architecture is scalable and it achieves high tiinput for the throughput applications
which have extensive data parallelism, intensieatfhg- point arithmetic, modest task
parallelism and modest inter-thread synchronization

The SIMT architecture has been introduced in SMclvltreates, manages and
executes threads in groups of 32 parallel threatledcwraps. The threads in the same
wrap are of the same type and they start from dmeesaddress but during the execution
they are free to branch independently.

Tesla SM manages a pool of 24 wraps which hawtah number of 768 threads.
At each time an instruction is issued, the SIMT tittuleaded instruction unit selects a
ready wrap and broadcasts the SIMT instructioméoaictive parallel threads of that wrap.
Moreover, Tesla introduced the cooperative threadya(CTA) which is an array of

threads that execute the same thread program antboperate to compute a result.
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In 2008, Latorre et al. [11] studied the synerga®l trade-offs between the
clustering in SMT processors. They proposed a nesgurce assignment scheme for the
clustered approaches and this scheme improvecettfi@mance by 17.6% compared with

the Icount and it improved the fairness by 24%.

In 2010, Li et al. [12] adopted the hardware contexitch driven by external
events in multithreaded processors that are usdB-Packet processing. The proposed
processor has only one hardware context that caposu multiple program counters
which belong to different threads and there ars taglistinguish among the instructions
of different threads in the pipeline. They showleat ttheir proposal improved the overall
performance by almost 3.8 times greater than tlselivee structure while the area has

increased by only 7%.

2.2 Vector Processors

Single instruction multiple data (SIMD) is the kegpect of vector processors
[13], [14], [15]. In this type of processors, thpepands are vectors so there is a need to
have vector register file; the same instruction toalse executed on multiple elements of

the vector simultaneously.

Kozyrakis et al. [16] proposed a novel micro-aretitire called CODE (Clustered
Organization for Decoupled Execution) to overcorhe following limitations of the

conventional vector processors, namely:
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1. Complexity of multi-ported centralized vector regisfile VRF: since it stores a
large number of vector elements. It supports highdwidth communication of
operands among the vector functional units so @ukh have large number of
ports. To overcome this problem, they proposedcthstered vector register file
CLVRS such that each cluster has a partition ofvidwtor register file storing the
operands of the local vector functional unit. Thenter of ports of the CLVRF is
independent of the number of clusters and it is;f& ports of operands read and
one for result write, 2 ports are used for intestdn communication one for input
and the other for output.

2. The difficulty of implementing precise exceptioms fector instructions.

3. The high cost of on-chip vector memory systems.

They claimed that CODE is scalable up to eight fiom@l units and it can hide the
latency of off-chip memory access. In the clustegaaization they proposed, each

cluster consists of a single vector functional amtl a small number of vector registers.

In [17], Kozyrakis et al. talked about scalable teeqrocessors for embedded
systems. To demonstrate that vector architecturest riine requirements of embedded
media processing, they evaluated the Vector IRAMRAM) architecture using
benchmarks from the Embedded Multiprocessor Bendhn@onsortium (EEMBC).
VIRAM architecture is a complete load-store ardttilee defined as a coprocessor
extension to the MIPS architecture. Vector load atmie instructions support the three

common access patterns: unit stride, strided, raeiied (scatter/gather).
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The elements in the VIRAM vector can be 64, 32 @bits wide. VIRAM uses
flag registers to support the predicated executbnnstructions. Also it implements
speculative vectorization of loops with data-deparidexit points. Figure 2 shows

VIRAM prototype processor.
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Figure 2: VIRAM Prototype Processor [17]

From figure 2, we notice that the processor cosgifour lanes. Lanes make the
processor scalable in performance, power dissipaitd complexity. The drawback of
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this architecture is the complexity of VRF partitizvithin each lane, since the number of
ports increases as the number of functional undseases. They used clustering to reduce
the VRF complexity and improve the performance.i&aaster contains a data path for a
single vector functional unit and a few vector sdglis as shown in figure 3 but they still

need an inter-cluster network to communicate antbeglusters.
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Figure 3: Vector Lane Organization: Centralized@h)stered (b) [17]

Krashinsky et al. [18] introduced the thread-veddr architecture to unify the
vector and multithreaded compute models, so theihitecture is a hybrid of these two
models. The VT abstraction provides the programwagn a control processor and a
vector of virtual processors VPs. The control pssce can broadcast the instructions to
the VPs using the vector-fetch or the VP can ussathfetching to direct its control flow.
In this architecture, there are two interactingtringtion set architectures: one for the

control processor and the other is for the VP.
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Each VP has a set of registers and ALUs. VP instms are grouped in atomic
instruction blocks (AIBs). The block must be regedsexplicitly by the VP or the control
processor because there is no automatic programteroar implicit instructions fetch
mechanism. They focused on an instantiation oMharchitecture called SCALE. It was

designed for high performance and low power congiomfor embedded systems.

2.3 Processors Frontend

Each processor consists of two parts: the frontand the backend or the
execution engine. The frontend job is to feed taekbnd of instructions to be executed.
The appearance of superscalar processors thatitsxjhlP has placed more pressure on
the frontend to provide instructions in a highderso as to exploit the hardware resources
in the backend. For this reason, many complex émhiarchitectures have been proposed.
These frontends implement pre-fetching mechanismkigher instruction fetch rates and
also they implement branch-prediction mechanisman instruction pre-fetching
techniques like [19], [20], [21], [22] have beermoposed to increase the instruction fetch

rate.

Also some people proposed instruction streaminga asay of providing the
execution engine with instructions in a smooth \wway some people exploited the block-
structured ISA for this purpose. For example, i020Ramirez et al. [23] proposed novel
fetch architecture called next stream architectdreis architecture is based on the

execution of long streams of sequential instrugtioexploiting the code layout
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optimizations. In this architecture, they focusedsamplifying the frontend design while

getting a performance that is close to the statarof

The instruction stream is defined as a sequenagstiictions from the target of a
taken branch to the next taken branch which cartagormultiple basic blocks. The
instruction stream is identified by the startingtmction address and the stream length. In
this architecture, the instruction stream is the& ahfetching and it directly maps to the
structures of the high-level programming construdthese things make the design

complexity under control.

For wide issue processors, the next stream predeidormance was 10% higher
than the EV8 fetch architecture and 4% higher tthenFTB fetch architecture. It was

1.5% slower than the trace cache architecture htlass design complexity.

In 2007, Santana et al. [24] proposed to enlargeehnstruction streams to get
significant performance in a new mechanism calledltiple-stream predictor that
combines single frequently executed streams img lartual streams regardless the type
of these single streams. This predictor providexigtions that contain on average 20
instructions. It doesn’t need hardware overridingchranism to hide the branch prediction

table access latency.

In 2004, HE et al. [25] proposed an IPC-Based Féwlicy (IPCBFP) for SMT
processors; IPC refers to the number of instrustexecuted per clock cycle. This policy
fetches instructions for any running thread depamain the instantaneous value of the
IPC and the number of instructions in the instattjueue for that thread. So this policy

should be able to count the number of instructfongach thread in the instruction queue
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and to approximate the current value of the IPCefmch thread. This policy selects the
two threads with the least instructions in the rindion queue and feeds as many as

needed number of instructions to every selectezhthup to eight in total.

2.4 Block-Structured ISA

In the block-structured ISA, the program considtdasic blocks. This kind of
architectures appeared in 1990s to increase theudtions fetch rate in the wide issue
processors to utilize the ILP and the hardware uess. Hao et al. [26] defined an
instance of a block-structured ISA for a wide isslymamically scheduled processors.
They constructed a compiler to generate a bloakciired code. They used an
optimization technique called block enlargementwhich multiple basic blocks are
combined together in one larger basic block ang theced the atomic execution of the

block to reduce the hardware complexity.

Hao et al. showed that for SPECint95 benchmarksstteablock-structured ISA
processor executing enlarged atomic blocks outpeda@ conventional ISA processor by

12% with less hardware complexity.

In 2006, Zmily et al. [3] proposed a block-awarstraction set architecture called
BLISS to address the basic challenges of frontemd wWide issue high frequency
superscalar processors. BLISS defines basic bleskrgbtors in addition and separately
from the actual instructions of each program, se thhde segment of each program

consists of two sections; the basic block desagptnd the actual instructions of the
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program. The basic block BB is defined as a sequehnastructions starting at the target
or fall-through of a control flow instruction anchding with the next control flow

instruction or the next potential branch target.

The descriptor consists of several fields to ssoarfficient information about the

basic block of instructions. Figure 4 shows a 328 descriptor:

4 8 4 13 3
Type Offset Length Instruction Pointer Hints

Figure 4: The 32-Bit Basic Block Descriptor FornmaBLISS [3]

The descriptor appearing in figure 4 contains tieing fields:

Type: The basic block type i.e. type of the terminatingnch.

Offset: Displacement of program counter (PC)-relative bhas and jumps.

Length: Number of instructions in the BB

I nstruction Pointer: The address of the first instruction in the BB

Hints: Hints generated by the compiler to help the preoesakes some decisions like
control-flow predictions and instruction fetch aintime in a more efficient way. Hints
aim at balancing the load overhead between thenN@aedand the software to simplify the

hardware and reduce the power consumption.
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The execution of the BB is atomic to simplify tharthware and the software. The
naive generated is larger than the assembly codaube of adding descriptors. But this
code can be highly optimized in multiple ways likemoving the jump instructions
because they provide no information with the emgstiof the descriptors. Also the

repeated instruction sequences can be removed.

Based on this architecture, Zmily et al. proposesihgple decoupled frontend for
the superscalar processor by replacing the braaett buffer with a BB-cache that
caches the block descriptors in programs. They dsimated that BLISS has achieved
20% performance improvement and 14% total energyinga over conventional
superscalar design. It also achieved 13% performmanprovement and 7% total energy

savings over aggressive frontend that dynamicallidb fetch blocks in hardware.

2.5 Simulation

Simulation is very important for computer architebecause it is more flexible
and it has low cost. It helps the architect to emplthe design space and to find the
optimal design. Although the simulators are veryptud, the architects may suffer
because in some cases the simulators are veryasidwhey have poor accuracy. In 2006,
Yi et al. [27] surveyed the existing methodologersd techniques for cycle-accurate
simulation. They stated that the accuracy is aédby four factors. (1) Simulator's
accuracy. (2) The soundness of the simulation naetlogy. (3) The representativeness of

the benchmarks. (4) The simulation technique thased.
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Yi et al. classified the simulators that they syed into five classes. (1) Single-
processor performance simulators such as SimplaScainulator. (2) Full system
simulators like Simics simulator. (3) Single-praa@spower consumption simulator like
Wattch simulator. (4) Multiprocessor performanceugdators like Rice Simulator ILP
Multiprocessors (RSIM). (5) Modular simulators likéberty Simulation Environment

(LSE).

Yi et al. defined the simulation process as thgueace of steps that the architect
must perform to run and analyze the simulation.yTdigided the simulation process into
six steps. (1) Simulator validation and accuracy.this step, the simulator must be
validated before the results can be trusted. (Brddsor enhancement, implementation
and verification. (3) Selecting processor and mgmumarameter values. (4) Selecting
benchmarks and input sets. (5) Simulation; in whick benchmarks are run on the
configured simulator. (6) Performance analysisthis final step, the obtained results are

analyzed to see the effect of the enhancement.

For some benchmarks, the input data sets are hge and therefore the
simulation time is very long. To address this peoin| there are several techniques like

reducing, truncating and sampling the input sets.

In 2008, Cho et al. [28] proposed a simulatiormigavork called Two-Phase
Trace-driven Simulation (TPTS). The motivation wasreasing the simulation speed
through splitting the detailed timing simulationtantwo phases. (1) Trace generation

phase. (2) Trace simulation phase. In the traceergéion phase, they use a filtering
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technique in order to avoid the need for simulatiminteresting architectural events in

the repeated simulation phase.

In 2010, Ubal et al. [29] proposed a simulatioanfework called Multi2Sim to
evaluate multi-core multithreaded processors. Thegimed that this simulation
framework was intended to cover the limitationghed existing simulators and it models

the major components of the incoming systems.

Since developing a cycle-accurate simulator is mptex and timing-consuming
task, there are techniques like Architecture Desiom Languages (ADLS) that are used
to provide an abstraction layer for describing toenputer architecture and generating
simulators for these architectures automaticaly[30], they presented an XML-based
ADL that receives the functional description of thechitecture in XML format and

generates the corresponding multithreaded simulator

2.6 Discussion

In this chapter, | have explored the related worknly research. One of the related
architectures to the PAR core is vector architectun vector processors, once an
instruction is issued, it is executed on a vectatata in parallel; so many functional units
are needed, whereas in PAR core the single ingiruet executed for multiple threads
sequentially on the same functional unit. Alsositpossible to replicate the processing

lane in PAR core and have higher throughput.

26



Vector processors need to define vector instrustiand vector register file.
However, PAR core uses scalar instructions to eereiistructions for multiple threads.
In addition to that, the frontend of PAR core isrendynamic and more flexible such that
the threads can expand and terminate loops indepégdMoreover, the vector processor
is a standalone processor while PAR core is a @fad larger system which contains
master cores to run the master processes. So tRecBr is integrated within a multi-

core system and it executes the parallel threaigreed from the master core.

In the recent multithreaded processors, NVIDIA TBESrchitecture is the closest
one to PAR core. The main similarity between themrthat both of them are SIMT
processors. Moreover, the idea of having multiplétithreaded lanes such that each lane
manages a group of threads is similar to threadping proposed in Niagara processor.
One of the main differences between the two archites is that the single processing
pipeline in Niagara processor supports multipledhds with different instruction streams,
whereas the PAR core’s lane executes the samersagjoéinstructions for a number of

times equals the number of thread group per lane.

Regarding the frontend complexity, PAR core’s fesrdt is simpler than the
previous proposals; it doesn’t contain branch mtezh and instruction pre-fetchers.
There are two reasons that make PAR core’s frondengle. (1) The features of the PAR
ISA like the stop bit and the control stack. (2eTature of the SIMT architecture which
doesn’t place a pressure on the fetch unit, becanse an instruction is issued it does a

lot of work so there is no need for a high fetdera
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Regarding the block-structured ISA, they have bpesposed to increase the
instructions fetch rate. PAR ISA allows having ghhiinstruction fetch rate but with
simpler fetch unit because the need for branchigiied can be eliminated. Also PAR
ISA doesn’t need to store information about thedrutdion blocks as in BLISS ISA [3]

because of the existence of the stop bit which mtré& end of the instruction blocks.

Regarding simulators, ParSim is a cycle-accuragéegion-driven simulator. The
goal of ParSim was to show the throughput and tbalability of the proposed
architecture. My experiments showed that the nundfethreads specified in a PAR
packet doesn’t affect the performance results IRE and speedup if the number of
threads exceeds a certain limit. This limit was laoge and then if the benchmark has a
huge number of threads, then these threads cammeated and the simulation time will

be in minutes or even in seconds.
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CHAPTER 3 PAR CORE HARDWARE MODEL

3.1 Overview

PAR core is a multi-lane multithreaded processaoe ¢@. it consists of multiple
lanes such that each lane is multithreaded. This isointended to receive a PAR packet
generated by a master process running on a sepavedecalled the master core and
executes the threads specified by this packet samebusly. The PAR packet’s threads
are completely independent, so the communicati@mhmad among them is zero and thus
the ideal speedup is expected. This kind of threemls be found in data-parallel
applications in which the elements of an array onatrix are processed independently;

these applications can be found in multimedia @sicg and scientific computing areas.

PAR core can be described as a single instructiaftipte threads (SIMT)
processor since once an instruction is issued,akecuted for multiple threads. This kind
of architecture reduces the pressure on the frdntamd reduces the hardware cost
because it eliminates the need for having a wiskeeigrontend, branch prediction policies

and instructions’ pre-fetching.

Figure 5 shows a high level block diagram of theRR#re. From this figure, it is
clear that there is only one fetch unit for alldanbecause all threads will execute the
same instruction. Since the thread program is gturge executed multiple times, may be
thousands or millions, the level one instructiooheashould be large enough to store all

instructions of the thread program. Usually the bamof instructions per PAR packet’s
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thread program is not large, so an instruction eaglth reasonable size will be able to
store all of these instructions and therefore tigtruction cache miss will be zero after
brining all of these instructions from the main noeynor the lower level cache memory

to the first level instruction cache.
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Figure 5: High Level Block Diagram of PAR Core

Besides that, PAR core has many characteristics asat is a single issue, in-
order issue and an in-order commitment processasple the fact that different
instructions may complete out of order because Hae different latencies, their results
are written back in order to guarantee the coressrof the program’s results. Most of

these characteristics make the PAR core simpl@rims of hardware complexity.
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3.2

1.

Assumptions

The level one instruction cache is assumed torge lenough to contain the whole
thread program. This assumption is reasonable bedae thread program is most
probably small enough to fit in an instruction caatith an acceptable size. This
assumption results in a zero cache miss rate exbeptold start misses. It is
necessary to realize this assumption because teadtprogram will be executed

many times, so caching the whole thread progranitees higher performance.

In PAR core, the data cache has been replacedrbgnaory module called the
local memory. Currently, this local memory is teghfis a black box and it will be
added to the PAR core later. It has been assuna¢dhé local memory miss rate
is zero. This assumption can be realized up ttaicepoint thanks to the global
load and global store instructions that will be iempented later. Global load and
global store instructions are intended to allowadakchange between local
memories and the global memory in bulks and thdlybegi implemented in a way

to allow communication-computation overlapping.

For PAR packet's threads that contain counter-obbett loops, it has been
assumed that all threads have the same loop codrtter assumption simplifies
the hardware because only single counter has toné@atained per counter-
controlled loop. This assumption will not prevemteiads from having the freedom

to exit loops independently.
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3.3 The Multithreading Approach

PAR core implements two multithreading techniquék. The simultaneous
multithreading approach in which different indepentdthreads run simultaneously on
multiple lanes; but this is different from the titawhal SMT technique because in this
technique only one instruction is fetched and etextufor multiple threads. (2) The
interleaving approach which has been implementdtinvithe single lane. Inside each
lane, the threads interleave with each other dimeénstruction is executed multiple times
sequentially such that each time it is executed d@oother thread. This interleaving
technique is different from the traditional cycle-tycle interleaving technique because
in this technique the instruction is fetched, issaaly once and it is executed for multiple

threads.

Since all instructions including the control ingttions are predicated, then it is
natural that some threads within the same lang@ireg to expand and some of them are
not, some of threads are going to break a loopsamde of them are not etc. So it is
important to give each lane this kind of flexikjlitTo implement that, each lane has a
mask register. The width of this register equalks ttumber of simultaneous threads
supported by the lane. Each bit in the mask regeigesponds to one thread. The mask
register plays the role of the top controller ot ttane. The thread is active if its
corresponding bit in the mask register is true d@nds inactive otherwise. For an
instruction to write back its result and to affdoe¢ state of the system, its corresponding

bits in the mask register and the qualifying pratBaegister must be true.
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3.4 Why is PAR Core Optimized?

PAR core has many features that make it optimipegtims of performance and

hardware complexity. These features are the foligwi

1. There is no context switch overhead. PAR core itspib@ execution of the same
instruction multiple times, so it doesn’t need vatsh among different threads of
different instruction address spaces.

2. Since PAR core is an SIMT, then the functional sinittilization should be high
because the issued instruction does a lot of wakabse it is executed for
multiple threads.

3. Control instructions’ overhead is reduced. The wmnhstructions are predicated
and the qualifying predicate register’s value maylye ready at the fetching time,
so the fetch unit has to stall until the value loé ualifying predicate register
becomes ready. Since the instruction is fetche@ docmultiple threads, then the
overhead associated with the control instructiom$ e fetch unit in general is
reduced.

4. There is only one and a light weight fetch unit fiee PAR core. The fetch unit is
light because it has no branch prediction, no wsdee and no instruction pre-
fetching policies.

5. The instructions are issued in-order. So the logieded to maintain out of order

execution has been eliminated.
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6. Since the floating point unit (FPU) is pipelinednning the same FP instruction
sequentially for multiple independent threads gotes that the FPU is highly
utilized and the FP instructions' latency is hidden

7. If the load instruction is going to load for mulgpthreads from the same address,
then this load instruction is executed only once issresult is replicated.

8. There is no instruction cache miss except the stdd misses, because the level
one instruction cache must be large enough to stibri@struction blocks of the

thread program.

3.5 Frontend Structure

The frontend is responsible for providing the exmruengine with instructions in
a reasonable rate. The reasonable rate is thehattenakes the computing resources in
the backend busy. Figure 6 shows a block diagrath®fPAR core’s frontend. PAR
core’s frontend is decoupled from the backend. baekend receives instructions from
the frontend and provides it with information likke loop counter, the qualifying
predicates registers’ values, mask register angtedesignal. The feedback port shown in
figure 6 abstracts all information sent from thek®nd to the frontend except the loop
counter. In this section, the structure of theafiemd will be described. From figure 6, it is

noticed that the frontend consists of the followamgnponents:
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1.

Instruction cache: it caches the instructions of the thread prograrhe
instruction cache must be large enough to storefalhese instructions because
they are going to be executed many times.

Control Stack: it is used to schedule the execution of the pmogia can be split
into two independent stacks: the counter contratkstwhich saves the loops’
counters and the remaining number of threads texeeuted and the command
control stack which stores the commands that age ts guide the fetch unit in

how the PC should be updated. These commands aclud
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Figure 6: Block Diagram of PAR Core's Frontend

e The PAR Command: this command entry is pushed on the command control
stack upon the reception of the PAR packet. In émy, the starting address of
the thread program is saved. Besides that, a coantgy is pushed on the counter
control stack to indicate the number of threadsa@xecuted. Each time the PAR

command becomes the top entry of the command datrck, this means that the
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end of the thread program has been reached anefdrerthe top entry of the
counter control stack is checked. If the countduerds greater than the number of
simultaneous threads supported by PAR core, theis decremented by the
number of simultaneous threads supported by PAR, saly 16 threads if the PAR
core has four lanes and each lane is 4-way mudtathrand the PC is set to the
starting address of the thread program. If the remalb the remaining threads is
greater than zero and less than or equal the numibseimultaneous threads
supported by PAR core, then the counter is seteto and the PC is set to the
starting address of the thread program. When the Bémmand becomes the top
command on the command control stack and the gmnesng counter is zero,
then this indicates that the PAR packet’s execukias finished and both stacks
are freed.

The Return Command: this command is used to save the return addresshan
mask registers. If an expand or a loop instrudsoencountered and the stop bit of
this instruction is cleared, then the return adsleesd the mask registers are saved
within the return command which is pushed on themand control stack.

The Loop Command: this command is used to schedule the loop instruct
execution. If a conditional counter-controlled lodg encountered, then the
starting address of the loop block and the qual@ypredicate register number are
stored within the loop command which is pushedr@endommand control stack.
Regarding the loop counter, it is saved on the tucontrol stack. If a pure
conditional loop instruction is encountered, theis itreated in the same manner

as the counter-controlled loop except that in thise there is no counter entry.
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There are two fields common among the control camas. (1) The
command type field which tells if the command i®AR, counter-controlled
loop, pure conditional loop or a return command. Be address field. In PAR
command, the address field is the starting addsetise thread program. In loop
command, it is the starting address of the loogkld-inally, it is the return

address in the return command.

Besides that, the return command contains aniadditfield which stores
the mask registers of PAR core's lanes. Also tbp mmmand has a field to store
the gp register number of the loop instruction. Toeatrol command entry size
should equal to the size of the longest commandaiwisi the return command.
Fetch Control: this component is the heart of the fetch unigantrols the PC
update and it detects the program termination. HGecan be updated in different
methods according to the type of the fetched iostin, the stop bit value and the
top entry of the command control stack. The follogvare the different cases of
updating the PC:

* The PC is injected from outside within the PAR pack his PC value is the
starting address of the thread program. This i®dworly once per PAR packet.

* The PC is not updated and this happens when therstall.

* The PC is simply incremented and this happens lneifetched instruction is

a non-control instruction and its stop bit is chshr
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« The PC is set to the starting address of the thpradram and this occurs
when the end of the thread program is reached Aednumber of the
remaining threads is non-zero.

» The PC is set to the return address popped oftdmemand control stack.
This happens when the execution of an instructimekbterminates and the
top entry on the command control stack is a recommand entry.

« The PC is set to the starting address of the Idopkbfor the first qualified
loop iteration and each time the loop block finsland there is still at least

one loop iteration remaining.

3.6 How Does the Frontend Work?

The frontend contains the fetch unit that fetchretructions from the first level
instruction cache and feeds them to the executigime to be executed, but not all types
of instructions are executed by the execution endgdnly the non-control instructions are
fed to the execution pipeline and the control indions are executed in the fetch unit.
Before the fetched instruction is sent to the eienuengine, it is checked by the fetch
control to determine its type and to decide howpdate the PC. The fetch control reads
the opcode, the stop bit and the qualifying predicagister number of the fetched
instruction on the flight while the fetched insttioo is being transferred from the
instruction cache to the instruction register. Giveg the instruction’s opcode determines

the instruction’s type and guided by the stop thie, qualifying predicate register and the
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control stack the fetch control decides whethesdad the instruction to the execution

pipeline or not and decides how to update the PC.

In this section, | will describe the two scenarmfsthe fetch control behavior.

These two scenarios are:

1. If the fetched instruction is a non-control instian, then it is broadcasted to all lanes
and the PC is updated according to the value oinsteuction’s stop bit and the type
of the topmost command on the command control stédke stop bit is cleared then
the PC is simply incremented. If the stop bit i seen the command and counter
control stacks are checked and the PC is updatmtdingly. The following are the
possible cases in updating the PC when the fetéh&ttuction is a non-control
instruction and its stop bit is set:

a. If the topmost command of the command control stack return command,
then the PC is set to the return address.

b. If the topmost command of the command control stack counter-controlled
loop command, then the qualifying predicate regiatel the topmost counter
on the counter control stack are checked. If thenter is non-zero and the
qualifying predicate register value ANDed with tb@rent mask registers is
true for at least one thread, then the loop coustdecremented and the PC is
set to the loop target address. Nevertheless, ef dbunter is zero or the
qualifying predicate register value ANDed with th@rent mask registers is
false for all threads, then the counter and the lmemmand entries are popped

off the stacks and the PC is updated accordiniggméw topmost command.
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c. If the topmost command on the command control siaek pure conditional
loop command, then the qualifying predicate registe checked. If the
qualifying predicate register value ANDed with tb@rent mask registers is
true for at least one thread, then the PC is sdhéoloop target address.
Nevertheless, if the qualifying predicate regisi@iue ANDed with the current
mask registers is false for all threads, then tlog lis terminated and the loop
command entry is popped off the stack and the Rpdsted according to the
new topmost command.

d. If the topmost command on the command control stekpar command, then
the topmost counter on the counter control staahexked. If the counter is
non-zero, then it is decremented by the numberimiulsaneous threads
supported by PAR core and the PC is set to thémgjaaiddress of the thread
program. However, if the counter is zero, then thscates the termination of
the program and the PAR core is freed.

2. If the fetched instruction is a control instructjiahen it is processed in two stages: the
first stage includes fetching it from the instrocticache and checking the opcode, the
stop bit and qualifying predicate register and giegge is common among all kinds of
instructions. The second stage includes readingathaifying predicate register
associated with it. If the qualifying predicate istgr value ANDed with the current
mask value is false for all threads, then the a@dmtistruction is skipped. However, if
the qualifying predicate register value ANDed wiltle current mask value is true at
least for one thread, then the control instructaglh have an effect and it will change

the execution flow of the program.
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If the qualifying predicate register value is netdy because it is being produced by
another instruction, then the fetch unit has tdl siatil the qualifying predicate
register value becomes ready.

In the rest of this section, | will talk about hatlwe control instructions are
implemented in PAR core.

a. Direct Expand Instruction (xp)

For each lane, the new mask register’s value isutated by bitwise
ANDiIng the current mask register with the qualifyipredicate register of the xp
instruction. If the new mask value is true foreddt one thread, then the execution
flow is transferred to the target address of xgh# stop bit of this instruction is
cleared, the return address and the old mask aexlsan the command control
stack. However, if the stop bit is set, then naghis pushed on the command

control stack.

The two stages of executing the xp instruction tpkece in two clock
cycles. (1) The instruction is fetched and the B@pdated to the target address.
(2) The qualifying predicate register is read almel first instruction of the target
block is fetched. If the xp is qualified, then tih@v of execution proceeds. If the
Xp instruction is disqualified, then the fetchedtraction is ignored and the PC is
updated to the return address popped off the dostaok.

b. Counter-Controlled Loop Instruction

For PAR core, it has been assumed that the valubeofoop counter is

unified for all threads and it is specified in ameérited register. For each lane, the

new mask register’'s value is calculated by bitwigdDing the current mask
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register’s value with the qualifying predicate tgr of the loop instruction. This
instruction is qualified if the mask register igdrfor at least one thread and it is
skipped otherwise.

When the loop instruction is qualified, a loop coamd entry is pushed on
the command control stack and a counter entry shed on the counter control
stack. The command entry specifies that this contimiana counter-controlled
loop command; it contains the qualifying predicagégister number associated
with this loop instruction and the starting addresshe loop block. The counter
entry simply contains the number of the remainoapliterations.

If the loop instruction’s stop bit is cleared iie.is in the middle of an
instruction block, then its effect is loop and doae. To implement that, a return
command is pushed on the command stack beforeotipedommand is pushed.
This return command saves the return address amculrent mask registers
value.

At the end of each loop iteration, the mask registeipdated to reflect any
possible changes on the qualifying predicate regsithin the loop body. Besides
that, the loop counter is decremented and the Pgetiso the starting address of
the loop block. The loop continues until the loapuster becomes zero or the
mask register becomes false for all threads. Whenldop terminates, the loop
command and the counter entries are popped offstheks and the execution
resumes at the address specified by the next enttige command control stack.
Pure Conditional Loop Instruction

This loop is a pure conditional loop i.e. it is maintrolled by a counter. It

continues as long as the qualifying predicate tegi&aNDed with the current
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mask register is true at least for one thread. Tdap is implanted as the counter
controlled loop except that it has no counter.
d. Break Instruction

The break instruction that has been implementeBAR core is used to
terminate the loop instruction prematurely if itsatjfying predicate register is true
for all threads. If not all bits of the qualifyingedicate register are true, then some
threads are going to break and some threads argamog to break. When all
threads are going to break, then the loop entriegpapped off the control stacks
and the PC is updated according to the next comnoanthe command control
stack. If not all threads are going to break thes mask register is updated by
ANDiIng it with the bitwise complement of the qugliig predicate register

associated with the break instruction.

3.7 Backend Structure

PAR core pipeline consists of six stages: instanctetch, decode, dispatch, issue,
execute and write back. Once a non-control infibngs fetched, it is sent to the backend
for execution. Each lane has the same computatiesaurces which include decode and
dispatch logic, issue logic, forwarding network,iteerback logic, functional units and
their instructions' queues, functional units' inputfers, functional units' output buffers,

general purpose registers, predicate registersirdmetited registers. Figure 7 shows a

44



block diagram of the execution pipeline for a SnBlIAR core's lane. In this section, the

functionality of each component in the backendlbeen described.
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Figure 7: Block Diagram of PAR Core's Backend




3.7.1 Register File

Each lane has a wide general purpose registersfid that the width of the
register is proportional to the number of simul@methreads supported by a single lane.

Each thread has a register of 64 bits from thaewedjister as shown in figure 8.

Thread2 i Thread3

V| Tag ThreadOi Threadl

Inherited

]
|
Registers !
1

Ra Rb Rd

Figure 8: PAR Core's Register File

Besides the general purpose registers, there aezited registers whose values
are inherited from the master thread. The inhenieggisters are read only. They contain
constant values which may represent base addressdcients, loop counters, etc. The

inherited register i0 contains the thread index #éns the only inherited register whose
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value is not constant. This register is updatedraatically each time the end of the

thread program is reached

We notice from figure 8 that this lane is 4-way tthieaded. Besides the
registers' contents, each register has two fighldsyvalid bit and the tag fields. The valid
bit indicates whether this register's content isdvar not. If the register's content is
invalid and it is being produced by another indinrg then the tag field is used to refer to
the instruction that will write its result into thiregister. The tag field consists of two
subfields. (1) The functional unit ID. (2) The ingttion ID within that functional unit.
The source operands' registers ra and rb can beréitherited or general purpose
registers, so multiplexers are used to output floeright register file. The multiplexer is
controlled via the most significant bit of the soeiregisters numbers ra and rb. Regarding
the destination register rd, it can be only a ganpurpose register since the inherited

registers cannot be written.

3.7.2 Predicate Registers

Each lane in PAR core has eight predicate regiskash predicate register has
one bit corresponding to each thread within thelarhe predicate registers are used to
gualify the instructions. In other words, if theadjfying predicate register associated with
an instruction has a value of false then this utdion is dropped and its result is not

committed. The predicate registers are updatedhaacompare instructions. There is a
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valid bit associated with each predicate regisiespecify if its value is valid or it is being

produced by a certain instruction.

3.7.3 Reorder Buffer (ROB)

It is a buffer used to reorder instructions' resultiting back into the register file.
The ROB's size should equal to the summation ofsikes of the instruction waiting

gueues in all functional units.

Each ROB's entry should contain the following fgeld

1. The instruction's tag which consists of the funmiounit 1D that is executing this
instruction and the instruction ID within that fdiemal unit. The instruction ID
actually is the index of the instruction within timstructions' waiting queue.

2. The destination register’s number.

3. The qualifying predicate register value is useddexide for which threads the
destination register should be written and for \Wwhilbreads the destination register
shouldn't be written. In other words, the qualityloredicate register bits ANDed with
the mask register bits work as the write enableagyof the register file.

4. The tag of the qualifying predicate register, i€ thualifying predicate register was
invalid at the dispatch time because it was benoglgpced by another instruction, then
the tag of that instruction is stored within the RR@ntry and once the predicate

register is produced, then it is forwarded to ti@2ER
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5. A valid bit to indicate whether the qualifying preate register's content is valid or

not.

3.7.4 Functional Units

Each lane in PAR core has four different functiomaiks that can work in parallel

on different instructions. These functional units:a

ALU: it executes integer addition and subtraction pllis di#ferent logic

operations like and, or, xor, shift, etc.

* FPU: it executes integer and FP multiplication and donsoperations. Moreover,
the FPU is capable of executing multiply/accumulastructions for both integer
and FP operands, so it has three inputs.

* Load/Store Unit (L/S Unit): this unit is responsible for executing memory
instructions.

» Compare Unit: it is responsible for executing compare instrutditike is equal?

Is greater than? Etc. The output of this unit isttem into the predicate register

file.

There are common things among all of these foutspeiach unit has a waiting
instruction queue, input buffers and output buff&#hen an instruction is dispatched to
its functional unit, it is queued in the waitingegue associated with that functional unit.
Moreover, each functional unit has input bufferbtdfer the operands of one instruction.

For each operand there is a buffer whose size dgoathe number of simultaneous
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threads supported by a single lane. Each entrpightuffer has a valid bit to indicate
whether this entry is valid or it is going to beoguced later by some other instruction.
For each operand, there is a tag that tells whekruction in which functional unit is

going to produce this operand.

In addition to the input buffers, each functionaltihas two output buffers to store
the instructions' results temporarily. Storing ftinstructions' results is important for
forwarding them among the functional units and aiscenables writing back the
instruction's result for all threads in one clogkcle. The reason for having two output
buffers is if some instruction finishes executiordat cannot write back according to the
ROB, then it keeps occupying the output buffer grelfunctional unit cannot overwrite
its results and therefore it will stay idle. Towlthis problem, the functional unit should

have an additional output buffer and then anoth&truction can be issued.

3.7.5 Instruction Waiting Queue

There is a queue associated with each FU. Thisejie intended to store the
instructions that are waiting to be executed by timit. This is important because it
allows having multiple instructions in the backeswshultaneously. The simulation results
showed that the optimal size of this queue is twtries. Each entry contains the

following fields:

1. Instruction's opcode.
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2. Instruction's source registers numbers in ordereiad the contents of these
registers at the issue time.

3. A valid bit corresponding to each source registerindicate if the register's
content is valid and can be read from the regiferor invalid and it should be
read from the forwarding network.

4. A tag corresponding to each source register toifypetich instruction is going
to produce this register.

5. The immediate value if the instruction is I-Type.

3.7.6 Decode and Dispatch Logic

Once an instruction arrives from the fetch unitisiteceived by the decode and
dispatch logic. The different fields of the insttioa are checked by the decode logic and
the functional unit corresponding to this instrantiis determined. If there is enough
space in the instruction waiting queue and the R@MBn the instruction is dispatched.
Dispatching an instruction means reserving two iesitfor it; one in the instruction
waiting queue and the other is in the ROB. If aittie ROB or the instruction waiting
queue is full, then a stall signal is sent to theel unit to order it to stop fetching. The
dispatch logic keeps monitoring the status of thelware, once the resource that caused
the stall is freed, then the instruction is dispatt and the fetch unit is informed to

resume fetching.
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3.7.7 Issue Logic

Issuing an instruction in this context means regqdis operands either from the
register file or from the forwarding network andratg them into the input buffers so as
the functional unit can start executing the indiarc In general, the instruction can be

issued if the following conditions have been sadkf

1. The functional unit should be free: this meansdghsmo active instruction in the
functional unit and there is a free output buffarthis instruction.

2. The operands of the instruction must be availableast for one thread.

3.7.8 Forwarding Network

The forwarding network is used to forward resalisong functional units to solve
the Read after Write (RAW) hazards. Since the umsiion is executed for multiple
threads sequentially then once it produces thdtrisuhe first thread, this result should
be forwarded to all instructions that are waitiog it so that they can be issued and start
execution and the results of the subsequent thmeadorwarded upon their availability.
At each clock cycle, each functional unit forwartdsoutput buffers to all functional units
including itself if those buffers have valid ensieOn each input buffer, there is a
multiplexer controlled by the tag that determinesnf which unit the operand value
should be read. If the operand is not immediaten tits value may be read from the

register file or from the forwarded output buffei$is depends on whether the source
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register value was valid at the dispatch time dr Hat was valid, then it is read from the
register file and otherwise it is forwarded. Fig@ashows the forwarding network from

the ALU side.
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3.7.9 Write Back Logic

The instruction writes its results into the outguiffer. After the instruction
finishes execution, it writes back its results itite register file if the following conditions

are met:

1. The instruction should be the first one in the R@Bs is checked by
compares the instruction’s tag with the tag offtrst entry in the ROB. If
there is a tag matching, then this instructioris first instruction in the
ROB. If it is not the first one in the ROB, thencé&nnot write back and
this check should be performed again at the nexkatycle.

2. The qualifying predicate register should valid.

3. For each thread, the corresponding bits in theegpster and the mask
register should be true in order to write back tbgult corresponding to

this thread.
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3.8 Hazards

In this section, | will discuss the different tgpef hazards and | will show how

these hazards have been resolved in PAR core.

1. Structural hazards: this occurs when more than one instruction accefise
same hardware resource simultaneously. In PAR edren a fetched instruction
should be dispatched to a certain instruction quanee this queue is full or the
ROB is full, then the fetch unit is stalled untietoccupied resource becomes free.

2. Control hazards: this occurs when the value of the qualifying pcati register is
being produced while it is needed by a subsequestriLiction. To solve that, if the
subsequent instruction is a control instructiomnthhe fetch unit stalls until the
value of the qualifying predicate register becoragailable. This stall doesn't
affect the performance because there is no higbspre from the backend on the
frontend. However, the non-control instructions executed speculatively and the
gualifying predicate register is checked at theewpack stage.

3. Data hazards. there are three types of data hazards. (1) RAWher true
dependency hazard. In this case, the result ofilmsteuction is consumed by a
subsequent instruction. In PAR core, the RAW hazdrave been resolved by
forwarding the results from the producer to thestoner. The instruction cannot
be issued until the operands are available at feasine thread. (2) Write after
Read (WAR) hazard; occurs when a subsequent itistnuis going to write on

one of the source registers of a given instruct(@h.Write after Write (WAW)
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hazard; occurs when two or more instructions anagg®o write on the same
register. In WAW, there is a problem if these instions are executed out of
order. In PAR core, WAR and WAW hazards have bdenimated by register
renaming. This has been implemented by dispatchistyuctions in order and
marking the instruction’s destination register wiitle instruction tag. Also if any
of the instruction’s source registers is unavadadd the dispatch time, then its tag
is read and sent to the instruction waiting queue the register is read from the

forwarding network.
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CHAPTER 4 PARSIM SIMULATOR

4.1 Overview

Since PAR core is based on a new ISA with unigaufes, the cycle-accurate
multithreaded simulator, ParSim, has been develdjpech scratch to evaluate the
performance of the PAR core. | used C++ to dev@afsim because C++ is efficient for
simulation and it is an object oriented languagéctviallows defining modules with their

behaviors.

ParSim contains a model for the PAR core and sitasiléts behavior. So it
supports multiple threads, multiple functional srand a frontend based on the PAR ISA

features like the stop bit, the control instruct@mnd the control stack.

ParSim receives a couple of files as input and ige@e another couple of files as
output. The first input file is the source code fithich contains the thread program and
the directives that describe the PAR packet costefihe second input file is the
configuration file which contains the PAR core dgafable parameters’ values. The two
output files are the program's results file whicmtains the contents of the registers and

the performance statistics’ report file.
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4.2 ParSim Structure

ParSim consists of two parts: the first one istthaslator part which receives the
input files and translates them into a certain fmrnThe second part is the simulation
process part which executes the thread programaay times as specified in the PAR

packet and finally generates the output files.

The structure of ParSim reflects all architectaspects of PAR core. So it has
data structures to represent functional units, tinpuffers, output buffers, instruction
cache, control stack, fetch unit, dispatch loggsue logic, forwarding network and
writing back logic. Besides the logic and the dinmoes that have been implemented to
simulate the functionality of the PAR core, a methiam has been implemented to

measure the performance of the PAR core accurately.

4.3 Simulation Methodology

Once the input files are fed to ParSim, the trdoslprocesses them and generates
the intermediate representation of the instructitmosn the source code file and the
configuration object from the configuration fileigbire 10 shows a high level flowchart
that depicts the high level architecture of theSfar The intermediate representation of
instructions is a list of instruction objects. Thestruction object contains a set of
attributes that store information about the ingtarc Examples of these attributes are the

instruction’s opcode, the source register(s), gnidation register, the stop bit value, the
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immediate value if any, the instruction address, &he configuration object has the
attributes that store the values of the configoratparameters extracted from the

configuration file.

After the translation phase finishes successfulig, output of this phase namely
the list of instructions and the configuration abjare fed to the PAR core object as
inputs. The PAR core object configures itself bitisg its configurable parameters to the

values of these parameters in the configuratioratlgnd it starts the simulation process.

Figure 11 shows a flowchart that depicts the PasSsimulation process. ParSim
has a global clock that works as the heart beathef simulator and it is used to
synchronize the different operations. Since the RAR’s backend is pipelined, ParSim

does the following actions at each clock cycle:

1. If there is no stall, ParSim updates the PC irsdrae manner the PAR core does.

2. It fetches the next instruction from the instruntmache according to the PC’s value.

3. If the fetched instruction is a control instructidhe ParSim updates the PC and the
control stack accordingly and in the same manreP#R core does.

4. If the fetched instruction is a non-control instran, it is dispatched to the
corresponding functional unit if there are avaiabuffers and otherwise a stall signal

is generated.
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5. It monitors all functional units. Monitoring a futh@nal unit includes the following
checks:

a. It checks if the functional unit has an active fiastion or not. If it has an
active instruction, this means that there is atrilcsion that is being executed
by the functional unit. In this case, ParSim chegkether this instruction has
finished execution or not. If it has finished exi&on, it checks whether this
instruction is on the front of the ROB or not. tifis on the front of the ROB,
the instruction is executed for all threads andrésalt is written back to the
register file and the reserved resources for thésruction are freed. Besides
that the statistical variables like the number wo$tiuctions executed are
updated accordingly.

b. If the functional unit has an active instructiordame or more of its operands
are not available for all threads then ParSim rehdm from the forwarding
network upon their availability.

c. If there is an instruction that has finished exexutut its results have not
been written back to the register file and they st in the output buffer,
ParSim checks if this instruction becomes the tirs¢ in the ROB or not and
if it is the first one in the ROB then it writes itesults back and free that
output buffer.

d. If the functional unit is free and it has a freetpad buffer and there is a
waiting instruction whose operands are ready at lEa the first thread, then
this instruction is issued to start execution. ilsguan instruction includes
marking the unit as busy and setting the expedted for the instruction to

finish for all threads and the expected time fa@ ithstruction to finish for the
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first thread because the result of the first threaght be required by other

waiting instructions.
Figure 12 shows a flowchart that depicts how Pan®nitors a functional unit.
6. At each clock cycle, ParSim has to update thessizdl variables that should be
updated like the number of instructions executed,dusy time of the functional unit,

the number of stall cycles, the number of ROB estdccupied etc.
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4.4 Performance Metrics

Many performance metrics have been defined in RFat8ievaluate the proposed
architecture and to measure how much the hardwaseurces are utilized. These
performance metrics are defined as statisticalabés in ParSim and they are updated

during the simulation process.

These performance metrics include:

1. The program execution time in terms of clock cycles
2. The number of instructions executed per functiamé.

3. The number of instructions executed per clock C{&E).
4. FPU throughput.

5. ALU utilization.

6. Compare unit utilization.

7. L/S unit utilization.

8. ROB utilization.

9. Number of stall cycles.

4.5 The Source Code File

The source code file contains the contents of tA® Packet plus the thread

program in PAR assembly. So it has two segments: pdw segment and the code
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segment. The PAR segment starts with the direciR&R and it has the following

directives:

1. .ADDRESS: to specify the starting address of tmeat program.
2. .THREADS: to specify the number of threads to becexed for this par packet.

3. .In to specify the value of the nth inherited régjis

The code segment starts with the directive .CODdaiter that the instructions of

the thread program are listed. Figure 13 showsrgkeasource code input file.

67



// Dense Matriz=Matriz Multiplication (DM M)
//Thiz izthe PAR packet content

.FAR

ADDRESS =0

.THREADS = 1230

Li0=0

i1=0 [j&A

i2=1000 j/&B

i3=2000 Jj&C

4= 1000 //N

.CODE

CMMMThread: set rl=0
rem r2 = i, 4 // r2 = the address of the first element of the current column
sub rl = i, r2 //rl=the address ofthe first element of the current rowr
loop 4, dotProduct /fmultiply a row with acolumn

st2 i2[i0] = rl¥ [//5torethe value of the computed element.

dotProduct: 1d8 r4 = i1]rl] //Load A[i][]
a2 5 = i2[r2] //Load B[K][j)
mac.d r1d = m, 5/ r10=r10+Afi[k] * B[k []

add rl rl

C

1

add r2 r2, i4s

C

Figure 13: A Sample Source Code Input File
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4.6 The Configuration File

The configuration file is a plain text file whiclomtains the values of the PAR
core’s configurable parameters. Figure 14 showsapshot of the configuration file. The

configuration file contains the following configunla parameters of the PAR core:

1. The number of lanes in the core.

2. The instruction cache size.

3. The general purpose register file size.

4. The predicate register file's size.

5. The number of inherited registers.

6. ROB size.

7. The size of the instructions waiting queue per fiomal unit.

8. Multithreading depth which is the number of simnéaus threads supported by a
single lane

9. The number of pipeline stages in the FPU unit whieftects the FP instruction's
latency. That is, if the number of FP pipeline stags four, then the FP
instruction's latency is four clock cycles.

10.ALU latency.

11.Compare unit latency.

12.The data cache access latency if there is a cache h
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NUMBER_OF_LANES = 1

INSTRUCTION_CACHE_SIZE = 1024 // instructions

GENERAL _PURPOSE_REGISTER_FILE_SIZE = 16

PREDICATE_REGISTER_FILE_SIZE = 8

NUMBER_OF_INHERITED_REGISTERS = 16

INSTRUCTION_WATITING_QUEUE_SIZE = 7

NUMBER_OF_OUTPUT_BUFFERS_PER_FUNCTIONAL_UNIT = 8

ROB_SIZE = 32

MULTITHREADING_DEPTH = 4

ALU_LATENCY = 1

NUMBER_OF_PIPELINE_STAGES_IN_THE_FLOATING_POINT_UNIT =

5

Figure 14: A Snapshot of the Configuration File RarSim

4.7 The Performance Statistics Report File

The performance statistics report file is an outpile that displays the

like the number of stall cycles. Figure 15 shovemapshot from this report.
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performance statistics of the program that was weelc by ParSim. These statistics
include timing statistics like the execution timetbe program and the IPC, hardware

utilization statistics like the functional unitsdathe buffers utilizations and other statistics



Performance statistics Report

Lane0 execution time = 4917768

Qualified Instructions Statistics:

Total number of ALU instructions executed = 3279360
Total number of FP instructions executed = 3280640
Total number of compare instructions executed = 1638400
Total number of memory instructions executed = 4917760
Total number of dinstructions executed = 13116160

IPC = 2.667096

FP unit throughput = 0.667099

Functional Units Utilization:
ALU utilization = 66.683910%
Compare unit utilization = 33.315927%

Load/Store unit utilization = 99.999837%

Figure 15: A Snapshot from the Performance Stasistieport Generated by ParSim

4.8 Conclusion

Intensive testing has been performed to ensurectimeectness, accuracy and
robustness. After adding any feature, | used tbtteswhole simulator by running many
scenarios. In testing, | made sure that the PAR t®rconfigured properly, the source
code file is scanned, parsed and translated suallgsshe instructions are executed

correctly and the performance statistics are regoatcurately.
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After the development of ParSim completed, | wraeveral data-parallel
benchmarks, | ran them on ParSim and | performéxh ejuality assurance until ParSim

becomes a mature simulator and its results carub&t.
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CHAPTER 5 BENCHMARKS

5.1 Overview

To evaluate the performance of the PAR core, | haoaded some data-parallel
benchmarks in PAR assembly. These benchmarks mdiue Jacobi iterative method,
three benchmarks from the Embedded Microprocessaclimark Consortium (EEMBC)

and three benchmarks from the benchmarks that e by Kumar et al. [31].

Since the PAR core is dedicated for executing tA® packet which contains
completely independent threads, | wrote the benckiméiernel that represents a thread
which is independent from other threads. For exampl matrix multiplication the
thread’s kernel produces only one element in thatimtion matrix by multiplying a row
from the first matrix by a column from the secondtnx. Producing one element in the

destination matrix is independent from producingeotelements.

The granularity of the thread varies from one bematk to another. For example,
thousands of instructions may be executed per xaittltiplication thread while only

several instructions are executed per scaled vadidition thread.

In the rest of this chapter, | will describe alltbé benchmarks' kernels that | have
coded in PAR assembly. Appendix B shows the socame of theses benchmarks’

kernels in C++ and appendix C shows their sourde ao PAR assembly.
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5.2 Dense Matrix-Matrix Multiplication (DMMM)

This benchmark explores the target CPU’s capalititgerform two-dimensional
array access and to perform a variety of arithmatid memory operations. The matrix
multiplication thread is responsible for producioge element in the target matrix by

multiplying a row from the first matrix by a colunirom the second matrix.

5.3 Jacobi Iterative Method (JIM)

This iterative method is used for solving lineauapns which is a common
problem used in many science and engineering atjaits. It has been selected to
evaluate PAR core because it can benchmark thessoféwo-dimensional arrays and it
has a variety of instructions. The linear systdraquations can be modeled as shown in

equation 1.

AX = B oo e (D)

Such that A is the two-dimensional coefficientsatnx, B is the constants’ array
and X is the unknowns’ array. The solution of thystem is by finding the values of those
unknowns. The Jacobi iterative method solves tygsesn of linear equations iteratively.

In this method, the unknowns may be initializedhe values of constants in B and then
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the algorithm iterates over these unknowns forvarginumber of iterations and updates

them in each iteration according to equation 2.

n
: 1 . -
Xi = (H) Bi - ZAl]xX} cee e e e e e e e e e e e (2)

j#i

The JIM’s thread is responsible for updating on&namvn value in a single
iteration. This thread covers most of featuresh&f PAR core; it has ALU, FP, loop,

compare and memory instructions.

5.4 Gauss-Seidel (GS): Red-Black Gauss-Seidel on a 2D Grid [32]

The GS method is a method of update in which thatpo a two-dimensional
grid is replaced by the weighted average of itaeld its four neighbors. This update is
used in solving a simple partial differential eqoatin an (N +2) (N+2) grid. This
equation solver kernel proceeds over a number @&epw such that in each sweep it
operates on the whole N x N interior points of giniel and performs the GS update. These

sweeps continue until some convergence occurs.

If each thread is defined to update only one pdimtn the data dependencies
don’t allow parallelizing these threads. The pataling approach of the GS comes from

the knowledge of the problem behind the sequept@jram. Since the GS method is not
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an exact solution but it just iterates until comerce, the points can be updated in

different order as long as the updated values sed trequently enough.

This ordering is called red-black ordering in whitle grid’s points are separated
into alternating red and black points. In this onog updating a red point doesn’t need
any updated red point and this is true also forblaek points. So updating the red points

can be done in parallel.

In this ordering, the grid is updated in two phas@y The red points are
updated.(2) The black points are updated. The twasg@s should be separated by a global

synchronization point and computations can be doparallel within the same phase.

To execute the GS, the master core should geneAdRepackets for the red points
and wait for them to finish. After that, it generatPAR packets for the black points. After
all black points are updated; the master core chémkconvergence and decides whether

to have another sweep or to exit the algorithm.

The GS'’s thread is responsible for updating onlg point. This thread can be
used to explore the target CPU’s capability of gening accumulation, FP operations

and calculating the absolute difference.

5.5 RGB to YIQ Conversion (RGB-YIQ) [33]

This is an EEMBC benchmark which benchmarks thdopmance for digital

video processing and explores multiply/accumulaeability of the CPU. The RGB to
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YIQ conversion implemented in this benchmark isdusemany multimedia applications.
The RGB to YIQ conversion thread is responsiblectamverting one pixel from the RGB

format to YIQ format. This thread includes ALU, BRd memory instructions.

5.6 RGB to CMYK Conversion (RGB-CMYK) [33]

This is an EEMBC benchmark that is used to expibectarget CPU’s capability
for basic arithmetic and minimum value detectidnslused to benchmark digital image
processing performance in printers and other digitaging products. It is used in color
printers such that this benchmark receives the RpBts from the PC and converts them
to CMYK color signals for printing. The RGB to CMYKkhread is responsible for

converting one pixel from the RGB format to the CKiformat.

5.7 High Pass Grey-Scale Filter (HPF) [33]

This is an EEMBC benchmark that benchmarks perfoo@af image processing
in digital cameras and other digital image prodigt®xploring the target PC's capability
to perform two dimensional data array access anliptylaccumulate calculation. This

filter is used in many applications like DSCs (DadjiStill Camera).

For each pixel in the image, the filter calculaties output results from the nine

pixels which are the pixel under consideration ptasight neighbors multiplied by the
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filter coefficients shown in figure 16, then shifie accumulated value by eight bits.
Figure 17 shows the equations for calculating thipwt of the pixel P(c) such that c is the

center location of the filter window and w is tharizontal image width.

F11 F21 F31 -28 -28 -28
F12 F22 F32 | = | -28 255  -28
F13  F23  F33 -28 -28 -28

Figure 16: High Pass Grey-Scale Filter CoefficidB8&]

PelValue = (Short)( F11"P(c-w-1) +F21P(c-w) +F31°P(c-w+1)
HF12P(c-1) +F22°P(c)  +F32°P(c+1)
+F13*P(c+w-1)+F23'P(cHw) +F33'P(c+w+1) )

Out = (Byte)(PelValue >>8);

Figure 17: High Pass Grey-Scale Filter Equatio$ [3

The HPF's thread is responsible for calculating thetput of one pixel. This

thread contains various ALU, FP and memory instonst
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5.8 Scaled Vector Addition (SVA)

It measures the capability of the target CPU infquaring FP addition and
multiplication operations. The SVA’s thread is respible for calculating one element in

the target array.
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CHAPTER 6 EXPERIMENTAL RESULTS AND DISCUSSION

6.1 Overview

Multiple data-parallel benchmarks have been ruParSim simulator to measure
the performance of the PAR core. In this chaptewjlll analyze the performance of a
single lane as well as the performance across pheiltanes. Regarding the PAR core
settings for which these results have been takenetare parameters that have been fixed
to certain values and parameters that were vasahte see how they affect the

performance. Table 1 displays the fixed parametéfstheir values.

Table 1: The Values of the Fixed Parameters

Predicate register file size 8 Reqisters
Number of general purpose registers 16 Registers
Number of inherited registers 16 Registers
Number of input buffers per functional unit 1 Buffe
Number of output buffers per functional unijt 2 Barf
Dispatch queue size per functional unit 2 Entries
ROB size 8 Entries

The FPU pipeline depth 4 Stages
ALU latency 1 Clock Cycle
Compare unit latency 1 Clock Cycle
Level one data cache latency if hit 1 Clock Cycle
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The number of simultaneous threads supported Inygedane was variable and it
could be 1, 2, 4, or 8 threads. In measuring thi®opeance of multiple lanes, the number
of simultaneous threads supported by a single asebeen fixed to four threads and the
number of lanes was variable and it could be eifhe?, 4, 8, 16, 32 or 64 lanes. The
number four has been selected as the number ofitameous threads supported by a
single lane because this number makes the singé&edéers the maximum performance

with the minimum hardware cost.

The performance metrics that have been used falesilane are: IPC, FPU
throughput, ALU utilization and L/S unit utilizatio For multiple lanes, besides the IPC,

the speedup has been considered to measure thbibgabf the PAR core.

6.2 Analyzing Single Lane Performance

Figure 18 shows how the IPC changes with respeitteemumber of simultaneous
threads supported by a single lane. For all bendkspave notice that the IPC is
increasing as long as the number of threads isasong until the number of threads
becomes four, then increasing the number of threallisiot affect the IPC value. The
reason standing behind that is that increasingntimaber of simultaneous threads will
increase the work to be done by one instructiontaed increasing the throughput of the

functional units which means executing more ingtoms per the unit of time. Increasing
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IPC for a Single Lane
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W 2 Threads
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Benchmarks

Figure 18: IPC for a Single Lane

the number of simultaneous threads beyond four natl improve the IPC because the
instructions in the benchmarks are mixed such thight threads offer the same
performance gained from four threads and becawseummber of functional units per lane
is fixed. One more note, in the RGB-CMYK benchmarkhat the increases in the IPC
are smaller than the increases in the other bendisirihe reason is that the RGB-CMYK
benchmark doesn’t contain FP instructions. In PARecmore FP instructions result in
higher increases in the IPC when the number ofatwgesupported by a single lane is

increased because the FPU is pipelined.

So having four simultaneous threads per lane dhvegighest IPC with the lowest
hardware cost. For the benchmarks that have beenthe minimum IPC is 1.51
instructions /cycle and the maximum IPC is 2.75tringions/ cycle for a 4-way

multithreaded lane.
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Regarding the FPU throughput, FP instructions ameg{atency instructions;
having a pipelined FPU with SIMT architecture waltcelerate the execution of these
instructions. Figure 19 shows the FPU throughputthe different benchmarks. The
maximum FPU throughput is obtained when the nunabehreads is four because the
number of pipeline stages in the FPU is four. Hw benchmarks that contain FP
instructions, it is noticed that the maximum FPUtbtlghput is almost one which means
that the FPU executes one instruction per clockecpn average, while the minimum

FPU throughput is 0.67 instructions/ cycle.

FPUThroughput for a Single Lane
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Figure 19: FPU Throughput for a Single Lane

The last performance metric used for the singlee I& the functional units’
utilization. Figures 20 and 21 show that increaghmynumber of threads supported by a
single lane results in increasing the ALU and L/8ita utilization respectively.
Maximizing the utilization means keeping the fuonal units busy as long as possible
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which means having more throughput. From thesedguve notice that the maximum

utilization is gained when the number of thread$oigr and increasing the number of

threads beyond four will not enhance the utilizatibor four threads, the maximum ALU

and L/S unit utilization obtained is almost 100%iehhmeans that these units are always
busy for those benchmarks. Whereas the minimum Aitilization obtained for four

threads i80.76% and the minimum L/S unit utilization46.14%.

ALU Utilization
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= : =1 Thread
5 40.00%
20.00% M 2 Threads
0.00% 4 4 Threads
W 8 Threads

Benchmarks

Figure 20: ALU Utilization
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Load/Store Unit Utilization
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Figure 21: Load/Store Unit Utilization
6.3 Analyzing Multiple Lanes Performance

Adding more lanes to PAR core will replicate theotlghput and reduce the
execution time. Figure 22 shows the IPC for muttilaines. It is obvious from this figure
that the IPC increases as long as the number e§lexcreases for all benchmarks. For 64
lanes, theminimum IPC is 96.28 instructions/ cycle while theaximum IPC is 174.26
instructions/ cycle. This increase in the IPC istlom account of the hardware cost. Adding more
lanes will not affect the complexity of the fronterbut it increases the cost of the backend.
Adding one more lane means adding four functiomatisuwith their buffers, dispatch and issue

logic, registers and other components of the battken

Despite the fact that | have reported performaeselts for up to 64 lanes in this section,
the goal is to show that this architecture is daleland it is not necessary that the hardware
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implementation of the PAR core can contain this benof lanes. Adding additional lanes doesn’t
only increase the core’s area, but it also incre#ise complexity of the interconnections between
the frontend and the backend and the complexitthefinterconnections with the memory. To
avoid these complexities, these 64 lanes may ki igfy multiple cores such that each core

contains 2, 4 or any reasonable number of lanesmdeted by the hardware designers.

IPC in Multiple Lanes
256
128
64 —4—DNMMM
32 —=JIM
& 16 / = GS
& 1 —>=RGB-YIQ
: «¥=RGB-CMYK
1 ~®—HPF
1 2 4 8 16 32 64 SVA
Number of Lanes

Figure 22: IPC in Multiple Lanes

The speedup is one of the most important performametrics for parallel
processors. It measures how much a parallel proceassscalable. The speedup is
calculated by dividing the sequential executionetiof a given program on the parallel
execution time of that program. Since the threadsPAR core are completely

independent, then the scheduling, the communicatnohthe synchronization overhead is
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zero which means adding more lanes results in peéoce enhancement proportional to

the number of lanes added. Figure 23 shows thaP & core's speedup is linear for all

benchmarks.

Speedup

64 /

32 / T —4—DMMM
s 1° P Y
g_ 8 — = —4—GS
AU - RGB-YIQ

2 — W= —=#=RGB-CMYK

1 ~@—HPF

2 4 8 16 32 64 SVA

Number of Lanes

Figure 23: Speedup across Multiple Lanes
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CHAPTER 7 CONCLUSION AND FUTURE WORK

The technology trends and the application demandvate the architects to
design more productive processors that handle uctsdns from different threads
simultaneously. In this research work, | have pemgba scalable SIMT processor core
called PAR core which may have multiple processarges but one simple frontend. |
have described the micro-architecture of the PARe ashich has been proposed for
optimized parallel thread execution. Also | havealeped ParSim Simulator which is a
cycle-accurate multithreaded simulator that impleteethe PAR core features and
evaluates its performance. The simulation resuitsved that the SIMT multithreading
approach which has been implemented in the PAR paréded high performance such
that the maximum IPC was 2.75 instructions /cyclé the maximum hardware utilization

was almost full for 4-way multithreaded PAR core.

Besides that, the simulation results showed théalsitidy of this architecture
because there is no inter-thread communication symthronization. Adding more
resources through replicating the processing pipelesults in performance enhancement

proportional to the added resources i.e. the spee@s linear.

In the future, we are going to show the full pretdy integrating the PAR core
with the full system. PAR core is a part of a larggstem which contains many cores
with memory hierarchy, thread scheduler and intemeation network. Once the PAR

core is integrated with the complete system, glébadl and global store instructions can
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be implemented. These instructions are expectedadbieve high computation

communication overlapping and thus hide the mertaigncy.
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Appendix A PAR ISA

1. Instruction Formats

Four instruction formats are defined as shownguare 24. All instructions begin
with a qualifying predicatgp and terminate with a stop [t The R-type format defines
register-to-register arithmetic and logic instrao8. The I-type format defines
instructions that include a 9-bit constant, inchgdiload and store. The S-type format

defines the SET and control instructions. The Xinit defines the expand instruction.

R-Type Format

qp® |0 op® rd® ra 2| x rb®> |s

I-Type Format

qp® |0 op® rd° ra 2 imm9 s

S-Type Format (SET and Control)

qp® |0 op® rd° imm16 s
XP Format
ap® |1]- imm26 s

Figure 24: Instruction Formats
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* qp

. op

e rd

* ra

e rb

o f

s X

e s

* imm9

3-bit qualifying predicate, which can [g0) to (p7)

6-bit major opcode for most instructions, exceptthe XP format

5-bit destination or a data source register, wieh be read and written
5-bit source registex, which is read only (except by load and store)
5-bit source registdy, which is read only

2-bit function code for R-type and I-type instioots

4-bit opcode extension for R-type instructionsyonl

stop bit that marks the end of an instruction block

9-bit signed immediate constant for I-type instiorts

« imml6 16-bit immediate constant for S-type instructions

e imm26 26-bit immediate constant used by XP (expand) ucitmn

The above formats represent the majority of insibns. However, there are

minor variations used by few instructions, suchcaspare. These variations will be

explained in later sections.
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(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

Integer Addition Instructions (R-type and I-type)

add rd=ra, rb Il'if (gp) r& (ra)+(rb), p&OV

addu rd=ra, rb Il'if (qp) r& (ra)+(rb), p&CA

add rd=ra, imm9 //if (gp) r& (ra)+imm9, pZ=0OV

addu rd =ra, imm9 //if (qp) & (ra)+imm9, p&CA

Integer Subtraction Instructions (R-type and |-type)

subf rd=ra,rb Il'if (gp) r& (rb)-(ra), p&OV

subfu rd=ra, rb Il'if (gp) r& (rb)-(ra), p&ABO

subf rd =ra, imm9 //if (qp) r& imm9-(ra), p&OV

subfu rd =ra, imm9 //if (qp) r& imm9-(ra), p&~BO
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4. The SUB and NEG Pseudo Instructions

(gp) sub rd=ra, rb I/l Pseudo: (gp) subf rd =rab,

(gp) subu rd=ra, rb I/l Pseudo: (gp) subfu rd,=ab

(gp) neg rd =ra // Pseudo: (qp) subf rd =ra, 0

5. Bitwise Logic Instructions (R-type)

(gp) and rd=ra, rb I['if (gp) ré¢ (ra)&(rb)

(qp) or rd=ra, rb Il'if (gp) r&  (ra)|(rb)

(gp) xor rd=ra, rb I1'if (gp) r&  (ra)™\(rb)

(gp) nor rd=ra,rb Il'if (gp) r&- ~[(ra)|(rb)]

6. Bitwise Logic Instructions (I-type)

(gp) and rd=ra, imm9 //if (gp) & (ra)&(imm9)

(gp) or rd =ra, imm9 // if (qp) r& (ra)|(imm9)

(gp) xor  rd=ra, imm9 //if (gp) r& (ra)*(imm9)

(gp) nor  rd=ra, imm9 //if (gp) r& ~[(ra)|(imm9)]
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7. Additional Bitwise Logic Instructions (R-type only)
(gp) andc rd=ra,rb Il'if (gp) &+ (ra)&~(rb)

(gp) orc rd=ra, b Il'if (gp) r&- (ra)|~(rb)

(gp) xnor rd=ra, rb Il'if (gp) r& ~[(ra)™(rb)]

(gp) nand rd=ra, rb I1'if (gp) ré+ ~[(ra)&(rb)]

8. The MOV and NOT Pseudo-lnstructions

(qp) mov rd=ra// Pseudo: (gp) or rd=ra, 0

(gp) not rd =ra // Pseudo: (gp) nor rd=ra, 0
9. Shift and Rotate by a Variable Amount Instructions
(R-type)

(qp) sl rd =ra, rb I1'if (qp) ré& (ra)lo << (rb)

(gp) srl rd=ra, rb /1 'if (qp) re& Ol(ra) >> (rb)

(gp) sra rd=ra,rb I1'if (qp) ré&- sigri(ra) >> (rb)

(gp) ror rd=ra, rb I1'if (gp) r& (ra)i(ra) >> (rb)
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10.

(ap)

(ap)

(ap)

(ap)

11.

(ap)

12.

(ap)

13.

(ap)

(ap)

(ap)

(ap)

Shift and Rotate by a Constant Amount Instructions (I-type)

sl rd = ra, imm6 // if (gp) r& (ra)0 << imm6

srl rd =ra, imm6 // if (qp) r& Ol(ra) >>imm6

sra rd =ra, imm6 // if (gp) ré sigri(ra) >> imm6

ror rd =ra, immé6 // if (qp) r& (ra)i(ra) >> imm6

The ROL Pseudo-Instruction

rol rd = ra, imm6 // Pseudo: (gp) ror rd =64;imm6

Shift Left and Add Instruction (R-type only)

sla rd =ra, rb, n //'if (gp) fd(ra)+(rb)<<n

Min and Max Instructions(R-type)

min  rd=ra, rb Il (gp) {r&min (ra,rb), p&(ra)<(rb)}

max rd=ra, rb Il (gp) {tmax (ra,rb), p¥(ra)>(rb)}

minu rd=ra, rb Il (gp) {rFminu(ra,rb), p&(ra)<,(rb)}

maxu rd=ra, rb Il (qp) {&maxu(ra,rb), p&(ra)>,(rb)}
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14. Min and Max Instructions (I-type)

(gp) min  rd =ra, imm9 // (gp) {rmin (ra,imm9), p&(<s)}

(gp) max rd=ra, imm9 // (gp) {&max (ra,imm9), p&(>9)}

(gp) minu rd =ra, imm9 // (qp) {minu(ra,imm9), p&(<u)}

(gp) maxu rd=ra, iImm9 // (qp) {&maxu(ra,imm9), p&(>u)}

15. Absolute Value Instruction

(gp) abs rd=ral/lif (gp) r& (rap0?(ra):-(ra)

16. Population Count and Counting Leading Zeros I nstructions

(gp) popc rd=ra/lif (gp) r& count_1(ra)

(gp) clz rd =ra // if (gp) r& count_leading_0(ra)

17. Constant Formation Instructions

(qp) set rd =imm16 //if (gp) r& ext(imml16,64)

(qp) sli rd =imm16 //if (gp) ré& (rd)limm16 << 16
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18. ALU Instruction Formats

The ALU immediate and register formats are showfigare 25. Opcodes 16 to
19 define I-type ALU instructions, while opcode @g&fines the corresponding R-type
format. The R-type and I-type formats use identitaiction codes. In addition, the
replacement of the least-significant 4-bit of ope@®IL with the 4-bit extension fiekl

matches the corresponding I-type opcode.

The 9-bit immediate of opcodes 16 to 19 is sigterded to 64 bits. However, the
I-type Shift, Rotate, and Extend instructions use lbw 6-bit of the immediate constant.

Theext andextu instructions are of the immediate type only.
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Integer Addition and Subtraction (I-Type and R-Type)

qp® |0| op®=16 rd® ra® f2 imm9

qp® [0] op®=31 rd® ra’ | x'=0 rb°
Bitwise Logic (I-Type and R-Type)

qp® |0| op®=17 rd® ra® 2 imm9

qp® [0] op®=31 rd® ra’ 2| x*= rb®
Shift and Rotate (I-Type and R-Type)

gp® |0| op®=18 rd® ra° f2 (o] - immeé

gp® |0| op®=31 rd® ra’ | x*= rb°
Extend (I-Type Only)

qp® |0| op®=18 rd® ra® 2 1] - immé6
Minimum and Maximum (I-Type and R-type)

qp® |0| op®=19 rd® ra® 2 imm9

qp® [0] op®=31 rd® ra’ | x*=3 rb°

Figure 25: ALU Instruction Formats
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Function Code
f=0 —>add

f=1 =>addu

f=0 ->and

f=1 -or

f=0 ->sl|

f=1 =>srl

f=0 2>ext

f=0->mn

f=1 ->mnu



19.

SET Instruction Format

SET and SLI (S-Type Format)

qp® |0| SET =48 rd® imm16
qp® [0| SLI=49 rd° imm16
Figure 26: Format of the SET and SLI instructions

20. Integer Multiplication Instructions (R-type)
(p) mul rd=ra, rb Il (gp) r& lo[(ra)x (rb)]
(gp) mulh rd=ra, rb /1 (p) ré& hi[(ra)x4rb)]
(gp) mulhu rd =ra, rb Il (qp) r& hi[(ra)=,(rb)]
(p) mulu rd=ra, rb /I Pseudo: (qp) mul rd =ria,
21. Integer Multiplication Instructions (I-type)
(gp) mul  rd=ra, imm9 // (qp) r& lo[(ra)x (imm9)]
(gp) mulh rd =ra, imm9 // (gp) r& hi[(ra)x{(imm9)]
(qp) mulhu rd =ra, imm9 // (gp) r& hi[(ra)x,(imm9)]
(gp) mulu rd =ra, imm9 // Pseudo: (gp) mul rd Finam9
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22.

(ap)

(ap)

23.

(ap)

(ap)

mul

mulh

addu

addx

Integer Multiply-Accumulate Instructions (R-type)

mac rd=ra,rb Il (qp) fd(rd)+lo(ra)xlo(rb), p7<OV

macu rd=ra,rb Il (qp) €d(rd)+lo(ra)x,lo(rb), p7<CA

Integer Multiply-Accumulate I nstructions (I-type)

mac rd =ra, imm9 // (gp) €d(rd)+lo(ra)x(imm9), p& OV

macu rd =ra, imm9 // (gp) €e(rd)+lo(ra)x,(imm9), p&CA

r6=r2,r3 Il v6& lo[(r2)x (r3)]
r7=r2,r3 Il v/ hi[(r2)x4(r3)]
rd4 =r4, r6 Il r4&= (r4)+(r6), p&CA

r5=r5,1r7 I v& (r5)+(r7)+(p7), p&CA
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24,

(ap)

(ap)

(ap)

(ap)

25.

(ap)

(ap)

(ap)

(ap)

Integer Division Instructions (R-type)
div. rd=ra, rb I1'if (gp) ré& (ra)k(rb)
divu rd=ra,rb I1'if (gp) r& (ra)iy(rb)
rem rd=ra,rb I1'if (gp) r& (ra)%(rb)

remu rd=ra,rb I1'if (gp) r& (ra)%(rb)

Integer Division Instructions (I-type)
div.  rd=ra, imm9 //if (qp) r& (ra)kimm9
divu rd =ra, imm9 //if (gp) r& (ra)l,imm9
rem rd=ra, imm9 //if (qp) r& (ra)%imm9

remu rd =ra, imm9 //if (gp) r& (ra)%,imm9
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26. Multiply and Divide Instruction For mats

Integer Multiply (I-Type and R-Type)

qp® [0| op®=32 rd® ra’ f2 imm9

qp® |0| op®=35 rd® ra® | x*=0 rb°
Integer Multiply-Accumulate (I-Type and R-Type)

qp® [0| op®=33 rd® ra’ f2 imm9

qp® [0| op®=35 rd® ra’ 2| x*= rb®
Integer Divide and Remainder (I-Type and R-Type)

qp® [0| op®=234 rd° ra’ f2 imm9

qp® [0| op®=35 rd® ra’ 2| x*= rb®

Function Code
f=0 =>nul

f=2 ->nul h

f=0 =>mac

f=1 ->macu

f=0->div

f=1 ->divu

Figure 27: Integer Multiply and Divide Instructiéiormats
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27.

(ap)

(ap)

(ap)

28.

(ap)

(ap)

(ap)

29.

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

Integer Compare Instructions (R-Type)

eq ptf =ra, rb I1'if (gp) {pE(ra)=(rb), pf<(#)}

It ptt=ra,rb  //if (gp) {p&(ra)<(rb), pf<(>9)}

[tu ptf=ra, rb  //if (qp) {p€(ra)<,(rb), pf&<(>u)}

Integer Compare Instructions (I-Type)

eq ptf = ra, imm9 // if (gp) {g(ra)=(imm?9), pi&(#)}

It ptf = ra, imm9 // if (gp) {p€(ra)<(imm9), pf&(>4)}

Itu ptf = ra, imm9 // if (qp) {p&(ra)<,(imm9), pf&(>)}

Pseudo Integer Compare Instructions (R-Type)

ne ptf=ra,rb  // Pseudo: (gp) eq pft =ra,

le ptf=ra,rb  // Pseudo: (qp) It pft=rh,

leu ptt=ra,rb  // Pseudo: (gp) ltu pftsra

gt ptt=ra,rb  // Pseudo: (gp) It ptf=rh,

gtu ptf=ra,rb  // Pseudo: (gp) Itu ptfsra

ge ptf=ra,rb  // Pseudo: (gp) It pft =na,
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(gp) geu ptf=ra,rb  // Pseudo: (gp) Itu pft =na

30. Pseudo Integer Compare Instructions (I-Type)
(gp) ne ptf = ra, imm9 // Pseudo: (gp) eq pfazimm9
(qp) le ptf = ra, imm9 // Pseudo: (gp) It ptfas Mm9+1
(gp) leu ptf = ra, imm9 // Pseudo: (gp) Itu ptfaz imm9+1
(qp) ot ptf = ra, imm9 // Pseudo: (gp) It pftas Mm9+1
(gp) gtu ptf = ra, imm9 // Pseudo: (gp) Itu pftaz imm9+1
(ap) ge ptf = ra, imm9 // Pseudo: (gp) It pftag ImMm9

(gp) geu ptf=ra, imm9// Pseudo: (gp) ltu pfasimm9

(gp) eq pt=ra, rb /l Pseudo: (gp) eq pt0 =bya, r
(gp) It pt=ra, rb /l Pseudo: (gp) It ptO =ra, r
(gp) Itu pt=ra, rb I/l Pseudo: (gp) Itu ptO =nta,
(gp) gt pt=ra, rb /l Pseudo: (gp) It pt0 =rb, ra
(gp) gtu pt=ra, rb I/l Pseudo: (gp) Itu ptO =ndb,

(gp) ne pf=ra, rb I/l Pseudo: (gp) eq pOf =ba, r
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(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

leu

ge

geu

leu

ne

gt

gtu

ge

geu

pf=ra, rb I/l Pseudo: (gp) It

pf=ra, rb /I Pseudo: (qp) Itu

pf=ra, rb I/l Pseudo: (gp) It

pf=ra, rb /l Pseudo: (gp) Itu

pt =ra, imm9 // Pseudo: (gp) eq

pt =ra, imm9 // Pseudo: (gp) It

pt =ra, imm9 // Pseudo: (gp) Itu

pt =ra, imm9 // Pseudo: (qp) It

pt =ra, imm9 // Pseudo: (gp) Itu

pf=ra, imm9 // Pseudo: (qp) eq

pf =ra, imm9 // Pseudo: (gp) It

pf =ra, imm9 // Pseudo: (qp) Itu

pf =ra, imm9 // Pseudo: (qp) It

pf =ra, imm9 // Pseudo: (gp) Itu
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pOf =rb, ra

pOf =1d,

pOf =ra, rb

pOf =rta,

pt0,3man9

pt0 =iram9

ptOas iImm9

pt0 =inm9+1

ptO =inam9+1

pOf smam9

pOf =iram9+1

pOf Firam9+1

pOf =iram9

pOf =inam9



31. Predicate Logic Instructions

(gp) and ptf=pa,pb //(qp) {Ft(pa)&(pb), p&-(nand)}

(Qp) or  ptf=pa,pb //(qp) {& (pa)|(pb), p&-(nor)}

(gp) xor  ptf=pa, pb //(gp) {g(pa)*(pb), p&k(xnor)}

(gp)  andc ptf=pa, pb //(gp) {i(pa)&~(pb), pk-(orc)}

(gp) nand ptf=pa, pb // Pseudo: (gp) and piaspb

(qp) nor ptf=pa,pb // Pseudo: (qp) or pftas pb

(gp) xnor ptf=pa, pb // Pseudo: (gp) xor pfia pb

(qp) orc ptf=pa, pb //Pseudo: (gp) andc pfbsm

(gp) mov ptf=pa I/l Pseudo: (gp) and ptf =&, p

(gp) not ptf=pa /l Pseudo: (gp) and pft=pa, p

32. Double Precision Floating-Point Compare Instructions (R-Type

Only)

(Qp) eqd pti=ra,rb /i (gp) {g(ra)=u(rb), pf&(Fa)}

(gp) Itd ptf=ra,rb  //if (gp) {pE(ra)<y(rb), pf&(>q)}
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(ap)

(ap)

(ap)

(ap)

33.

ned ptf=ra,rb // Pseudo: (gp) eq.d pfa=b

led ptf=ra,rb // Pseudo: (gp) It.d pftbs ra

gtd ptf=ra,rb // Pseudo: (qp) It.d ptfbs ra

ged ptf=ra,rb // Pseudo: (gp) It.d pfiasrb

Compare Instructions For mats

The R-type and I-type compare instruction formaéssoown in figure 28. The 5-

bit destination register fieldd is now replaced by two 3-bit predicate fielgs$:and pf.

The major opcode field is reduced from 6 to 5 i¥pcodes O to 2 are reserved for the I-

type compare format, while opcode 3 is used forRHgpe. The same function fiefds

used for the R-type and I-type formats. The otheld$ appear in their exact same

position as in all R-type and I-type instructiofer predicate logic, the source predicate

registergpa andpb replace register fieldsa andrb.
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Integer Compare (I-Type and R-type)

qp® 0] op°=0 | pt® | pf ra’ 2 imm9
gp® 0] op°=3 | pt® | pf ra’ | x*=0 rb®
acked-Word Compare (I-Type and R-type
Packed-Word C (I-T d R-type)
gqp® [0| op°=1 | pt® | pf ra® f2 imm9
qp® |0| op®>=3 | pt® | pf ra® 7| x*=2 rb°
oating-Point Compare (R-type only
Floating-Point C R ly)
gp® [0| op°=3 | pt® | pf ra’ 2| x*=6 rb°
ap® |0| op®>=3 | pt® | pf ra® | x'=7 rb°
Testing Floating-Point Value (R-type only)
qp® [0| op°=3 | pt® | pf ra’ 2 | x*=8 rb°
gp® [0| op°=3 | pt® | pf ra’ 2| x*=9 rb°
Predicate Logic (R-type only)
gp® [0| op°=3 | pt® | pf pa |  [x*=15 pb?

Figure 28: R-type and I-type Compare Instructiomfats
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Function Code

f=0->eq

f=1->bit

f=0->eq.w

f=1->bit.w

f=0->eqg.d

f=0->eq.f

f=0->nan.d

f=0->nan.f

f=0->and

f=1-or



34.

null

35.

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

(ap)

NOP Pseudo-lnstruction

/l pseudo: eq p00 =r0, O (NULL instruction)

Load and Store Instructions

|d8

|d4

ld2

Id1

st8

st4

st2

stl

rd =rafrb] // (gp) {r&qs MEM[ra + rb]}

rd =rafrb] // (gp) {r&q4s MEM[ra + rb] }

rd =ra[rb] // (qp) {rd&q4> MEM[ra + rb] }

rd =rafrb] // (gp) {r&q41 MEM[ra + rb] }

ra[rb] = rd // (qp) {MEM[ra+ rbf-g (rd)}

ra[rb] = rd // (gp) {MEM[ra+ rb¥4 (rd) }

ra[rb] = rd // (gp) {MEM[ra+ rb¥-2 (rd) }

ra[rb] = rd // (qp) {MEM[ra+ rb¥- (rd) }
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Appendix B Benchmarks C++ Source Code

1. Dense Matrix-Matrix Multiplication (DMMM)

const int N = 1000;

double A[N][N]; // Define N x N matrix
double B[N][N]; // Define N x N matrix
double C[N][N]; // Define N x N matrix

for{int 1 = 0; i < N; 1i++)
for(int § = 0; j < N; J++)
for{int £k = 0; k < N; k++)

C[i1[3]1 += A[i1[k]l * BILk1I[31;

Figure 29: DMMM C++ Source Code
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2. Jacobi Iterative Method (JIM)

const int N = 1000; // Number of unknowns
const int LIMIT = 100; // Number of iterations
int A[N][N]; // Coefficients matrix

int B[N]; // Constants array

int X[N]; // Unkowns array
int new X[N]; // Updated unkowns array

float sum:;

//Initialize the unknowns array
for{int 1 = 0; 1 < N; i++)
{

X[1i] = BI1];

Figure 30: JIM C++ Source Code
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for (int iteration = [0; iteration < LIMIT; iteration++)

{

for (int i = 0; 1 < N; i++)
i

sum = ;

//PRAR core's thread
for {(int j = 0; J < N; J++)
{
if (i 1= )
i
sum = sum + A[i]1[3j] * X[3]:

new X[i] = (B[i] - sum) / A[il[i]l; // Update unknown

// Copy the updated unknowns into the unknowns' array

for (int 1 = 0; 1 < N; i++)

{

X[i]l = new X[i];

Figure 30: JIM C++ Source CodEdntinued) 1
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3. Gauss-Seidel (GS): Red-Black Gauss-Seidel on ar2d G

const int N = 1000;

double const TOL = 0.6; // Tolerance declaration

float A[N+Z] [N+2]; // Matrix "A" declaration

float diff; // To store the absolute difference

float temp; // To backup the current value of the point

bool done = false; // To tell if convergence occured or not
int ewvenOrOdd;

while (ldone)
{
diff = 0;

//Red sweep
for(int i=1; i<=N; i++)
{

evenOrodd = (i+1)%2;

for{int j=evenOrodd; j<=N; Jj+=2)

{
temp = A[i1[3]1;
A[i][3]1 = 0.2 *(A[i1[J] + R[il[3-11 + A[i-1103]1 + A[Li1[3+1]1 + R[i+11031):
diff += fabs(A[i][]j] - temp);

Figure 31: GS C++ Source Code
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//Black sweep
for(int i=1; i<=N; i++)
{
evenOrodd = i%2;
for(int j=evenOrodd; j<=N; j+=I)
{
//The body of this loop is one thread in PAR core
temp = A[Li]1[J1;
ALil1[31 = *(A[L1[31 + A[L1[3-11 + A[i-111031 + A[Li103+11 + A[i+11[31);
diff += fabs(A[i][j] - temp);

if (diff/ (N*N) < TOL)
{

done = true;

Figure 31: GS C++ Source Codeofitinued) 1
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4. RGB to YIQ Conversion (RGB-YIQ)

Cconst

const

float
float
float

float
float
float

//Conversion

const
const
const
const
const
const
const
const

Cconst

int IMAGE WIDTH = 3=
int IMAGE HEIGHT

E
B

20; // In pi
240; //

In p
[IMAGE WIDTH] [IMAGE HETIGHT] ;
[IMAGE WIDTH] [IMAGE HETIGHT] ;
[IMAGE WIDTH] [IMAGE HETIGHT] ;

[IMAGE WIDTH] [IMAGE HETIGHT] ;
[IMAGE WIDTH] [IMAGE HEIGHT] ;
[IMAGE WIDTH] [IMAGE HETIGHT] ;

xels

ixels

// Image declaration

float
float
float
float
float
float
float
float
float

coefficients

co =

cl
CcZ
c3
C4
C5
Ce
c7
CB

Figure 32: RGB-YIQ C++ Source Code
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//RGBE-YIC Conversion

for(int i = 0; i < IMAGE HEIGHT; i++)

{

for{(int j = 0; j < IMAGE WIDTH; j++)

{

Y[11[3] = c0 * R[i1[3] + c1 * G[i]1[3] + c2 * BIi1[]];

I[1103] = c3 * RI11[]] -

Q[111[31

ce * R[11[3]1 -

c4 * G[i]1[3j] - ¢5 * BLil[]j]:

c? * G[i1[3]1 + c8 * BLilI[3j1:;

Figure 32: RGB-YIQ C++ Source Codédntinued) 1
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5. RGB to CMYK Conversion (RGB-CMYK)

const

const

short
short
short

short
short
short
short

int IMAGE WIDTH = ; // In pixels
int IMAGE HEIGHT = ; // In pixels

kR
B

0

WM E 0

[IMAGE WIDTH] [IMAGE HEIGHT]; // Image declaration
[IMBGE_WIDTH][IMEGE_HEIGHT];
[IMBGE_WIDTH][IMEGE_HEIGHT];

[IMAGE WIDTH] [IMAGE HEIGHT] ;
[ITMAGE WIDTH] [IMAGE HEIGHT] ;
[ITMAGE WIDTH] [IMAGE HEIGHT] ;
[ITMAGE WIDTH] [IMAGE HEIGHT] ;

Figure 33: RGB-CMYK C++ Source Code
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/ /REB-CMYE Conversion

for(int 1 = 0; i < IMAGE HEIGHT; i++)
{
for{int j = 0; j < IMAGE WIDTH; J++)
{
//Calculate complementary colors
C[i1[31 = 255 - RI1i1I[31;
M[1]1[3] = 255 - GI[11I[31;
Y[i1[3] = 255 - BIilI[31;
//Find the black level
K[1]1[3] = Minimum (C[1]1[3]1 , MI[i1[3]1 , ¥[21[31);
//Correct complementary color lever based on k
C[i]1[3] = Cc[i1[3]1 - KI[i1[3];
M[1][3] = M[11[3]1 - EI[x1[31;
Y[i1[3] = Y[i1[3] - K[i1[3]1:
}

Figure 33: RGB-CMYK C++ Source CodEdntinued) 1
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6. High Pass Grey-Scale Filter (HPF)

const int IMAGE WIDTH = 320; // In pixels

const int IMAGE HEIGHT = 240; // In pixels

short Image [IMAGE WIDTH] [IMAGE HEIGHT]; // Images declaration
short output;

short pelvalus;

//Coefficients
const short C = -
const short F22 =

//Process the image
for(int i = 0; i < IMAGE HEIGHT; i++)
{
for{int j = 0; j < IMAGE WIDTH; j++)
{
//Process one pixel
pelValue = C * Image[i-1]1[J-11 + C * Image[i]l[J-'1 + C * Imagel[i+ 1[J-11]
+ C * Image[i-"1[J] + F22 * Image[i][j] + C * Imagel[i+ ]1[]]
+ C * Image[i- 1[j+.] + € * Image[i][j+.] + C * Image[i+ 1[J+11;

output = pelValue >>5;

Figure 34: HPF C++ Source Code
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Scaled Vector Addition (SVA)

const int N = 1000;

const double a = 0.5;

const double b = 0.7

double V1[N]; // Define a wvector with N elements
double VZ2[N]; // Define a vector with N elements

double V3[N]; // Define a vector with N elements

for(int 1 = 0; i < N; 1i++)
{
//8VA's thread
V3[1i] a * V1[i] + b * VZ2[1]:

Figure 35: SVA C++ Source Code
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Appendix C Benchmarks PAR Assembly Source Code

This appendix contains the PAR assembly source aidéhe data parallel
benchmarks that have been used in this researehe Tha part related to the main thread
which contains the par instruction, this part haerb added in the source code for
clarification. To compile these benchmarks on theent version of ParSim, the block of

the main thread should be removed.
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1. Dense Matrix-Matrix Multiplication (DMMM)

IDense Matrix-Matrix Multiplication (DML

Imain DAINIAL thread

main DA :

[par r4, DMAIMThread#

IThis is the PAR. packet content

PAR

ADDRESS=10

JHREADS = 1230

=10

dl=0 /f&A

A2 = 1000 //&B

A3 =2000 /1&C

a4 = 1000 /N

Figure 36: DMMM Source Code
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.CODE

DAAM Thread: set r10=10

rem rl = i0, i4 [/ r2 = the address of the first element of the current column

sub vl = i0, r2 /ir]l = the address of the first element of the current row

loop i4, dotProduct//multiply a row with a column

st Di)] = rli# /1Store the value of the computed element.

dotProduct: A8 r4 = il[rl] /Load A[][k]

K8 r¥ = i2[r2] /Load B[HI[]]

macd rl0 = rd, rS/rl0=rl0+ A[i][k] * B[]

add r1 = rl, 1

add r2

rl, s

Figure 36: DMMM Source Codé&pntinued) 1
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2. Jacobi Iterative Method (JIM)

IJacobilterative Method (JIAL)

Imain JIM thread

mainJIA:

[par r7, JIMThread#

IThe PAR. packet content

PAR

ADDRESS=10

JTHREADS=1280 /! The number of threads

d0l=10 [Thethread index

il =0 [Thebase address of matrix A

A2 = 16383400 //Thebase address of array X

i3 = 1639680 //Thebase address of array new_X

.4 = 1640960 //Thebase address of array B

d5=1280 // The number of unkowns

Figure 37: JIM Source Code
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IThis is the Jacobi iterative method thread which is responsible for updating

lone unknown

.CODE

JIA Thread:

set r5 =0 //r5 stores the sum, initialize it to zero
mulrl =i, i% /ir]l is the ind ex within matrix 4
mov r2 =12 /'rl is the index within array X
loop i5, updateSum

I8 r@ =i4[i0] / r@=B[]

sub.d rl0=r9, r5//rl0=mnew X[i]

div.d r10=rl0, r8 /rl0=new X[{l/Af][i

std B3[i0] =rl0#  /savethenew X[i]

Figure 37: JIM Source Cod€dntinued) 1
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updateSum: div r11 =rl , i% / r11 contains the index within the ith row in the matrix A

eq p12=rll, 2 //if(i =j)

(pl) A8 r3=il[rl] /fr8 = A[i][i]

(p2) W8 r6 = il[rl] M6 = A[][j]

(p2) W8 r7= i2[rl] IrT=X[i]

(p2) mac.d r5=r6, r7 Jsum = A[i][j]* X[i]

addrl=rl,1 /fincrement the index

add r2 =r2, 1# //increment the index

Figure 37: JIM Source Cod€dntinued) 2
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3. Gauss-Seidel (GS): Red-Black Gauss-Seidel on ar2d G

Red-Black Gauss-Seidel om a 2D Grid (GS)

Imain G5 thread

main(zS:

[par r2, G3Thread#

IThe PAR packet content

PAR

ADDRESS =10

JTHREAD%=12180// The number of threads

A0 =1 /The index starts at one becuase the actuall matriz sizeis (N + 2N+ 1)

/land the algorithm works on the interior N x N points

dl=0 /fil=&A

A2 =1000 /12 =N

Figure 38: GS Source Code
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IThe Gauness Seidel thread aims at updating one black point and the differenc e variable

.CODE

GSThread:

mov rl =i0 // rl is the index of the matrix A

mulrl =rl,2 /To update the black points only (To reflect the alternating nature of the
red-hlack)

3 r2 =il[rl] /¥ r2 = A[][j]

mov rd =rl // rd backups the value of r2

add r7=1,2// rT=N+

/Add the value of A[i][j+1]

add r5=rl .1 /Compute the address of A[{[j+1]

I3 r6 =il[rS] & load the value of A[{][j+1]

add.d r2=rl, ri // Add the value of A[{][j+1] to r2

IAdd the value of A[{][j-1]

sub ri=rl, 1 //Compute the address of A[1][j-1]

108 r6 =il[r5] // load the value of A[1][j-1]

add.d r2=r2, r6 // Add the value of A[i][j-1] to r2

Figure 38: GS Source Codédntinued) 1
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TAdd the value of A[i-1][j]
sub ri=rl, r7 /Compute the address of A[i-1][j]

148 ré = il[r5] // load the value of A[i-1][j]

add.d r2=r2, r6 // Add the value if A[i-1][j] to r2

TAdd the value of A[i1][j]

add r5=rl , r7 //Compute the address of A[i+1][j]

148 ré = il[r5] // load the value of A[i+1][j]

add.d r2=r2, rf // Add the value if A[i+1][j] to r2

div.d r2=r2,5//rl=rl1x0.2 o find the weighted average

std il[rl] =r2 // sTore the new value of A[i][j]

sub.d ¥2 =r2, r3J/ find the diff

absd r2 =r2 // find the absolute value of the difference

add.d r4 =r4, r2# // Accumulate the absolute difference to r4

Figure 38: GS Source Cod€dntinued) 2
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4. RGB to YIQ Conversion (RGB-YIQ)

IRGB to YIQ Conversion

Imain YIQ thread

main¥T10):

[par rl5, YIQThread#

IThe PAR. packet contents

PAR

ADDRESS=10

JTHREADS = 1280 //The numhber of threads

d0=0 //thethread index

il=0 /&R

Al = T6800 /&G

A3 = 153600 //&B

4 = 230400 /&Y

Figure 39: RGB-YIQ Source Code
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A5 = 307200 //&1

i = 334000 //&Q

A7=0.299 //{Conversion coefficient

A8 =0.587 //Conversion coefficient

i9=10.114 //Conversion coefficient

A0 = 10,596 //Conv ersion coefficient

A1l = 0,275 [/Convy ersion coefficient

12 = 0,321 //Conv ersion coefficient

A13 = 0,212 //{Conv ersion coefficient

14 =0.523 //{Conv ersion coefficient

15 =0.311 //Conv ersion coefficient

Figure 39: RGB-YIQ Source Cod€dgntinued) 1
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IThe RGE to YIQ) conversion kernel code in PAR assembly
IThis thread computes the ith elements of the arraysY,1 and Q

.CODE

YIQThread:

set r2 =235 I/ Store the constant 255 in rl

1d8 r3 = i1[i0] /L oad the ith element of B

Id8 r4 = 12[i0] /Load the ith element of G

Id§ r3 =13[i0] /L oad the ith element of B

ICompute the ith element of Y

mulré =17, r3

mov r7T=ri

mulré =i, r4

addd r7=r7,r6

mac.d r7 =19, r3 /Now r7T contains the value of the ith element of Y

st8 i4[i0] = r7 [/Store the ith element of Y

Figure 39: RGB-YIQ Source Cod€dgntinued) 2

132



ICompute the ith element of I

mul r8 =10, r3

mov rd=ri

mulr8 =ill, r4

sub.d r? =19, r

mulrl=1il2, r%

sub.d r? =19, r8 /f Now r? contains the value of the ith element of

st i5[i0] = r? //Store the ith element of 1

ICompute the ith element of )

mulrll=ild, rd

mov rll =rll

mulrll=1l4, r4

sub.d rl1 =rll, r10

mac.d r11 =il%, r% /Now rll contains the value of the ith element of ()

st i6[i0] = r11# ['Store the ith element of Q)

Figure 39: RGB-YIQ Source Cod€dgntinued) 3
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5. RGB to CMYK Conversion (RGB-CMYK)

RGE to CMYEK Conversion
imain CMYK thread

mainCAYE:

[par r7, CMYKThread#

IThis is the PAR. packet content

PAR

ADDRESS=10

JTHREADS=1280 /'The number of threads

dl=0 /The thread index

il

0 lI&R

il =T6R00 &G

A3 =153600 /I&B

4 =230400 JI&C

A5 = 307200 JI&DM

Figure 40: RGB-CMYK Source Code
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Jd6 = 334000 JI&Y

AT = 460800 JI&K

IThis is the worker thread of that converts one pixel from RGE to CMYK

.CODE

CMYKThread:

mov rl =il // r] is the index within the seven arrays B.G.B,CALY and K

set 2 =255 /] Store the constant 255 i r2

I8 r3=1il[rl] // Load theithvalueof R
I8 r4 =1i2[rl1] // Load the ith value of G

I8 r5 =13[r1] // Load theithvalueof B

ISabtract the RGB values from 255 which is stored in r2

sub r3 =r2, r3 /now rd contains thee value

sub rd =r2, r4d /now rd contains them_value

sub r3 =r2, r5 /now r3 contains the v_value

Figure 40: RGB-CMYK Source Cod€dntinued) 1
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min rf=rl, r4

min ré = rf, r5 [/ v = K[i] and it contains the minimum value of r3, r4 and r%

sub r3 =r3, rd // now r3 = theith element of C

sub r4 =rd, rd [/ now rd4 = the ith element of M

sub rs =rd, rd [/ the ith element of ¥

IStore the CMYK values

st i4[rl] =r3

st 15[rl] =rd

st8 6[rl] =rs

st8 17[rl] = ros

Figure 40: RGB-CMYK Source Cod€dntinued) 2
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6. High Pass Grey-Scale Filter (HPF)

High Pass Greyv-Zcale Filter (HPF)
Imain HPF thread

mainHPF:

[par r4, HPFThread#

IThe PAR. packet content

PAR

ADDRESS=10

JTHREADS = 1280/ The number of threads

il=1 /i The thread index

il=0 /The base address of the image matrix

A2 =320  //Thewidth of the image

=255  [/F12 filter Coefficient value

d4=-28 [/Thevalue of the other filter coefficients

Figure 41: HPF Source Code
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IThis is the cod e of the HPF's thread

.CODE

HPFThread:

I8 r2 =1il[i0] // Load the value of Pic) into r2

mulr? =r2, i} /Compute the value of F22*P(c)

mov rl =i0 /rl contains the address of the pixel value to be loaded

add r1 =rl, 1 //Compute the address of P{c+1)

A8 r3 =1il[rl] //Load the value of P{c+1) imto r3

mac r2 =rd, i4 // Accumulate the computed value FI32*P(c+1) into r2

sub rl =rl, 2 //Compute the address of Pic-1)

Id8 r3 =1il[rl] /Load the value of P{c-1) into r3

mac r2 =r3, i // Accumulate the computed value F12#P{e-1) into r2

Figure 41: HPF Source Codédntinued) 1
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ICompute the address of Plct+w)

mov rl =il

addrl =rl, il

I8 r3 =1il[rl] //Load the value of P{c+w) into r3

mac r2 =rd, i4 // Accumulate the computed value F23*P(ctw) into 12

add rl1 =rl, 1 /Compute the address of P{c+w+1)

Id8 r3 =1il[rl] //Load the value of P{c+tw+1) into r3

mac r2 =rd, i4 // Accumulate the computed value F33*P(c+w+1) into r2

sub rl =rl, 2 /Compute the address of P{c+w-1)

Id8 r3 =1l[rl] /Load the value of P{c+w-1) imto r3

mac r2 =r3, i / Accumulate the computed value F13*P{e+w-1) into r2

Figure 41: HPF Source Codédntinued) 2
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ICompute the address of Ple-w)

mov rl =il

sub rl =rl, il

I8 r3 =1il[rl] /fLoad the value of P{c-w) into r3

mac r2=r3, i4 // Accumulate the computed value F21*P(c-w) into r2

add rl1 =rl, 1 /Compute the address of P{c-w+1)

Id8 r3 =1l[rl] /Load the value of P{c-w+1) imto r3

mae 2 =r3, i / Accumulate the computed value F31*P{e-w+1) into ¥2

sub rl =rl, 2 //Compute the address of P(c-w-1)

Id8 r3 =1l[rl] /Load the value of P{c-w-1) into rd

mac r2 =r3, i // Accumulate the computed value F11¥P{c-w-1) into r2

srlr2 =r2, 8 //Shift the result right by 8 bits

std il[i0] = r24 //Store the output

Figure 41: HPF Source Codédntinued) 3

140




7. Scaled Vector Addition (SVA)

I5caled Vector Addition (3VA)
Imain SVA thread

mainSVA:

[par r5, SVAThread#

IThe PAR packet content

PAR

ADDRESS=10

JTHREADS = 12180 //The numhber of threads

d0=0 // Thethread index

dl=0 /&V1

A = 1280 /1&V2

i

1560 [1&V3

d4=35 [Thevalue of the constant a

i5=7 [IThevalue of the constant b

Figure 42: SVA Source Code
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IThe scaled vector addition thread code computes V3I[i] = a*V1[i] + b*V2[i]

.CODE

SVAThread:

mov rl =i/ rl is the index within the three arrays AB and C

148 r2 = il[r1] // Load V1[i]

108 r3 = i2[r1] /Load V2[i]

muld ¥2 =¥, 4 /Compute a*V1[i]

muld r3 =rd, i5 /Compute b*V2[i]

add.d r4 =rl, r3 /Compute a*V1[i] + b*V2[i]

st 3[rl] = r4# // Store the value of r4 which contains V3[i]

Figure 42: SVA Source Cod€dgntinued) 1
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Appendix D

D.1

Results for Single Lane

Experimental Results

Table 2: DMMM Performance Results for Single Lane

Number of Total IPC FPU ALU L/S Unit
Simultaneoug Execution Throughput | Utilization Utilization
Threads Time
1 6406403 1 0.20 40% 39.98%
2 3203204 2 0.40 80% 79.96%
4 2562562 2.50 0.50 100% 99.95%
8 2562562 2.50 0.50 100% 99.95%
Table 3: JIM Performance Results for Single Lane
Number of Total IPC FPU ALU Compare L/S Unit
Simultaneoug Execution Throughput | Utilization Unit Utilization
Threads Time Utilization
1 3279365 0.87 0.25 25% 12.49% 37.499
2 1639686 1.75 0.50 50% 24.98% 74.989
4 1229448 2.33 0.67 66.68% 33.32% 100%
8 1229448 2.33 0.67 66.68% 33.32% 100%
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Table 4: GS Performance Results for Single Lane

Number of Total IPC FPU ALU L/S Unit
Simultaneoug Execution Throughput| Utilization Utilization
Threads Time
1 28165 1 0.36 36.36% 27.27%
2 14727 1.91 0.70 69.53% 52.15%
4 10248 2.75 1 99.92% 74.94%
8 10248 2.75 1 99.92% 74.94%

Table 5: RGB-YIQ Performance Results for Singled.an

Number of Total IPC FPU ALU L/S Unit
Simultaneous Execution Throughput | Utilization Utilization
Threads Time
1 34568 0.85 0.48 14.81% 22.22%
2 22407 1.3 0.74 22.85% 34.28%
4 16644 1.77 1 30.76% 46.14%
8 16644 1.77 1 30.76% 46.14%

144




Table 6: RGB-CMYK Performance Results for Singlenéa

Number of Total IPC FPU ALU L/S Unit
Simultaneoug Execution Throughput| Utilization Utilization
Threads Time
1 21762 1 0.00% 58.82% 41.17%
2 14724 1.48 0.00% 86.93% 60.85%
4 14405 1.51 0.00% 88.86% 62.20%
8 14249 1.53 0.00% 89.83% 62.88%

Table 7: HPF Performance Results for Single Lane

Number of Total IPC FPU ALU L/S Unit
Simultaneoug Execution Throughput| Utilization Utilization
Threads Time
1 39684 1 0.29 38.71% 32.25%
2 19845 2 0.58 77.40% 64.50%
4 15364 2.58 0.75 99.97% 83.31%
8 15364 2.58 0.75 99.97% 83.31%
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Table 8: SVA Performance Results for Single Lane

Number of Total IPC FPU ALU L/S Unit
Simultaneous Execution Throughput | Utilization Utilization
Threads Time
1 8967 1 0.43 14.27% 42.82%
2 5128 1.75 0.75 24.96% 74.88%
4 3848 2.33 1 33.26% 99.79%
8 3847 2.33 1 33.27% 99.82%
D.2 Results for Multiple Lanes
Table 9: DMMM Performance Results for Multiple Lane
Number of Lanes Execution Time IPC Speedup
1 2562562 2.50
2 1281282 5 2
4 640642 10 4
8 320322 20 8
16 160162 39.99 16
32 80082 79.98 32
64 40042 159.96 64

146




Table 10: JIM Performance Results for Multiple Lane

Number of Lanes Execution Time IPC Speedup
1 4917768 2.33
2 2458888 4.67 2
4 1229448 9.34 4
8 614728 18.67 8
16 307368 37.34 16
32 153688 74.68 32
64 76848 149.36 63.99
Table 11: GS Performance Results for Multiple Lanes
Number of Lanes Execution Time IPC Speedup
1 51208 2.75
2 25608 5.50 2
4 12808 10.99 4
8 6408 21.97 7.99
16 3208 43.89 15.96
32 1608 87.56 31.85
64 808 174.26 63.38
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Table 12: RGB-YIQ Performance Results for Multipenes

Number of Lanes Execution Time IPC Speedup
1 83204 1.77
2 41604 3.54 2
4 20804 7.08 4
8 10404 14.15 8
16 5204 28.29 16
32 2604 56.53 31.95
64 1304 112.88 63.80

Table 13: RGB-CMYK Performance Results for Multijplenes

Number of Lanes Execution Time IPC Speedup
1 72005 1.51
2 36005 3.02 2
4 18005 6.04 4
8 9005 12.08 8
16 4505 24.15 15.98
32 2255 48.25 31.93
64 1130 96.28 63.72
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Table 14: HPF Performance Results for Multiple Llsane

Number of Lanes Execution Time IPC Speedup
1 76804 2.58
2 38404 5.17 2
4 19204 10.33 4
8 9604 20.66 8
16 4804 41.30 15.99
32 2404 82.53 31.95
64 1204 164.78 63.79
Table 15: SVA Performance Results for Multiple Lane
Number of Lanes Execution Time IPC Speedup
1 19208 2.33
2 9608 4.66 2
4 4808 9.32 4
8 2408 18.60 7.98
16 1208 37.09 15.90
32 608 73.68 31.59
64 308 145.45 62.36
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