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1. Course objectives

The objective of this course is to introduce design concepts used in hardware
organizations and computer ar@utures to improve the performance of computations.
Performance improvement techniques employed at instruction set, addressing, gate,
register transfer, processor data patpelining memory, /O and multiprocessor design
levels will be explored to achie the objective. At the end of the course you will be able

to design a pipelined processor.

2. Course description

Computer architecture describes how to organize, design and build machines that can
execute instructions at a reduced execution time orehigarformance. It also describes
forces which drive the development of new organizational techniques, the decisions that
must be made to develop successful computer designs, and performance criteria that can
be used to make these design decisions.

Thislecture series is organized and presented in an orderly and logical transition from the
computer abstractions to the concepts of pipelined processors. The material covered in
this course is divided into seven sections to transfer the knowledge on computer
organizations efficiently. First section introduces computer abstractions and technology,
and the role of performance. Section two focuses on the performance enhancement at
instruction set design level. The RISC instruction set will be the machine langsede

in this lecture series. Section three presents the cost reduction and speed improvement
techniques for the arithmetic circuits and designspécial purposecryptographic
hardware. Section four discusses the performance enhancements at the pdesggsor

level. Data and control path designs for two processors that implement the RISC
instruction set will be introduced in this section. Section five focuses order, out of

order and super scalar executiorpipeline processors to enhance the pentnce. The

role of cache and virtual memory in improving performance will be discussed next.
Design of I/O subsystems and multiprocessing concepts will be presented depending on
the time available. Lectures, laboratories and discussions will provideledetai
presentation of examples, theory, organization and designs.

The learning process of this course consists of lectures, reading assignments, problem
solving sessions, hands laboratories, projects and tests. Lectures will enhance the



knowledge givenn the book chapters. It is expected that every student will read and
understand the book chapters. Numerous examples will be used to demonstrate problems,
algorithm design and how to build systems. Project laboratory will play a major role in
this coursed understand the material.

This course covers Page B
the material recommended by the IEEE Computer Society model program in computer
science and engineering, and ACM curriculum recommendation for undergraduate
program.

The course is intended for

future designis of digital computer systems, computer scientists and engineers. It will be
of great assistance to managers who require access to practical material and application
of digital systems.

Participants will learn how to

Understand the fundamentals and sigas of digital computer designs

Improve performance at instruction set, gate, register transfer, processor levels
Designof general purpose computer architectures

Apply techniques for analyzing, designing and improving digital computer architectures
Desdgn a pipelined processor using VHDL.

3. Textbooks and other required materials

Computer Organization and Design The Hardware/Software InteRasgsed Printing,
Third Edition or Fourth Edition, David A. Patterson, and John L. Hennessy, Morgan
Kaufmanpublishing

Experiments in Computer Architecture Il by Larry Grover and Jayantha Herath

Lecture Notes fo€Computer Architecture Il by Jayantha Herath

Other readings
Rapid prototyping of Digital Systems, James Hamblen, Kluwer publishers
Microprocessor Sysite Design, Clements, Thomson Publishing

4. Lecture outline and schedule

1. Introduction- Computer Abstractions and Technology
Reading Assignmerit Chapter 1
Homework assignmentChapter 1 problem%-10

68K Laboratory Assignments

2. Instuction Sets
RISC, Buffer Overflow
Reading Assignmerit Chapter 2
Homework assignmentChapter 2 problems 1, 2, 3, 4,5, 9, 11
68K Laboratory Assignments
TESTi1l



3.  Computer Arithmetic Circuits
Cost eduction and speed improvemésthnques
Flip-Flops, Boolean expressions, circuits, literal analysis, symbolic analysis
CryptographicAlgorithms and Special Purpokmardware
Reading Assignmerit Chapter 3
Homework assignment Chapter Jroblems1-10 Page #
68K Laboratory Assignments
TESTT 2
4. Performance
Reading Assignmerit Chapter 4
Homework assignment Chapter 4oroblemsl-10
68K Laboratory Assignments
TESTT 3
5. Processor Design: Data Path and Control
state diagrams, mapping control to hardware, single cycle amiti-cyicle
implementation
Reading Assignmerit Chapter 5
Homework assignmentChapter 5 Problems 10
X86 Laboratory Assignments
TESTi 4
6. Pipeline Processor Design
Enhancing performancéBranch prediction Speculative executionSupersdar
architectureQut of Order Execution, Tomasulo Algorithm
Reading Assignmerit Chapter 6
Homework assignmentChapter 6 Problems10
X86 Laboratory Assignments
TESTT 5
7. Large and Fast Memories
Caches, virtual memory, improving penmance
Reading Assignmerit Chapter 7
Homework assignment Chapter 7 Probleri1
X86 Laboratory Assignments
TESTT 6
8. Storage, Networks and Other peripherals
I/O performance, I/0O devices, interfacing 1/0 devices to memory, processor and
operating system
Reading Assignmerit Chapter 8
Homework assignmentChapter 8 Problems10
9. Multiprocessors
Reading Assignmerit Chapter 9
Homework assignmentChapter 9 Problemk-10
Final Project i Pipelined processodesign using VHDL

Final Exam TBA



CS 320 SCHEDULE (tentative)

Week

What

Reading|

=

{Introduction

|Lecture 1 Statef-the-art

1.1-16

|Lecture 2 Performance Improvement at Instruction Set level

2.112.6

|Lecture 3 Translation of High Levehnguage Arithmetic Expressions to MIPS Coc

|Lecture 4 Translation of Data Transfer Expressions to MIPS Code

|Lecture 5 Translation of If Else, Switch expressions to MIPS Code

||Lecture 6 Translation of Loop, for, while expressions to M@8e

||Lecture 7 Translation of High Level Language Procedures to MIPS Code

[Lecture 8 Architectural StylésStack MachinesBuffer Overflow

|[Exam

BRI W W[ W[N] -

|Lecture 9 Performance Enhancement by adding Functionaity) Design

3.1-3.10|

|Lecture10 Performance Enhancement at Gate Levatider Circuit Designs

5 |[Lecture 11 Performance Enhancement at ReglsteH(Maltlleer Circuit DeS|gns

5 |[Lecture 12 Performance Enhancement at Reglster-leamlder Circuit DeS|gns

5 ||Lecture 13 Pdormance Enhancement at Register levelbating point Adder Design

6 ||Lecture 14 Algorithmic Transformation for D-esigning Cryptc;graphic Hardware

6 |[Exam

7 ||Lecture 15 Performance 4.1-4.8

8 |Performance

8 [Exam

8 |Lecture 16 Performance Enhancetr@nProcessor levelArithmetic, Branch, Jump || 5.1-5.8

9 |Lecture 17 Controller Design

9 [Lecture 18 Performance Enhancement at Processor - ehti Cycle implementatiol

10 |Lecture 19 Design of Controllers for Multi Cycle Processor FiniteeS¢mchine

10 ||Lecture 20 DeS|gn of Controllers for Multi Cycle ProcessMcroprogrammmg

11 ||Lecture 21 Transformation from Finite State Machine to Micro Program

11 |[Exam

11 |Lecture 22 Performance Enhancement of Processor DeBigelining 6.1-6.10||

12 |Lecture 23 Performance Enhancemebata hazards, stalls and forvvarding

12 ||Lecture 24 Performance EnhancemeBtanch hazards, Exceptions )

12 lLfectgrt_e 25 Performance Enhancemeihibop unfolding, Superscalar and dynamic
pipelining

13 |[Exam

13 ||Lecture 26 Performance Enhancemekemory Hierarchy 7.1-7.5

13 |Lecture 27 Performance Enhanceme@ache, Virtual memory

14 ||Lecture 29 I/O

14 |Lecture 30 Performance EnhancermieMulti - Processors 9.1-9.7

15 |Lecture 31 Multi- Processrs

[E=Y
(631

IFinal Exam
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5. Laboratory Schedule
Experiments in Computer Architecture Il by Larry Grover and Jayantha Herath
68000 Closed labs
Copy program Assign 8/27perform 8/28, report due 8/29
Addressing modesAssign 9/3, Perform & repot due 95
More Addressing modesAssign 9/10, perform 9/11, report due 9/12 Page b
Linked Data StructuresAssign 9/17 perform/a8 report due 49
Control structures Assign 9/23 perform 9/24, report due 9/25
Logic and shift instruons-Assign 9/30perform 10/1 report duel0/2
Procedure protaats i Assign 10/7, perform 10/8, report due 10/9

680000pen LabsReport should be submitted within two weeks after the
completion of corresponding closed lab

. Name and social security number

. Prgram relocatable code

. Condition codes and Bcc

. Hamming code

. Shifting

. Parity function

. Recursion

. Microprocessor Hardwired Control

O~NO O WNE

X86 labs- IBM PC Programming by Marut Yu, Mc Graw Hill

Closed and open Labs
Case conversionassign 10/14perform 10/15 report duel0/16
Debugging, processor statand Flags registera 10/21p-10/22R 10/23
Flow control instrutons- assign 128 perform 10/2Report due 10/30
Logic shift and Rotate instructionial1l/4 p11/5 Report dué 11/6
Stack and proedures assign 11/11, p 11/12 Report due/1BL
Text display and keyboard programmin§&18 p 11/19 Report 11/20
Game program and color graphics 11/25, p 11/26 Report due/21

| reserve the right to change the tapior to add an item of related interest to it.
However, should | do so, | will talk with you before or after class.



6. Project reports - Presentation
Computer architecture project assignments must be completed and presented in report
form in atimely fashion. Neatness will be considered as a significant factor. An
organized presentation is extremely important in producing a good report. It should be
written with titles and subtitles to indicate each section. Tables, lists and programs should
beappropriately and completely captioned. Page [
A report should include the following information
Title page
Must bear the project name, date performed and your name
Problem statement or objective of the lab
Should have a short statement of the problengablgr purpose
Equipment used
Procedure
New operations learned
Program description
Listing of the code
Observations, Trouble shooting or error handling and general comments
Results
Conclusions

7. Course requirements
Attendance
Completion of tests andomework
Completion of Laboratory and project assignments

8. Grading policy (tentative)

You should perfornvery well in all areas to receive an A in this class. In general, an A
student has complete understanding, a B student is strong in many atesiident is
weak in some concepts, and a D student is weak in many areas.

You are expected to attend all class sessions. Roll will not be taken at each class. A
portion of your grade is based on your participation in classroom activities. Missing
classewill affect that portion of your grade. No make exams will be given during the

term. If you miss assignments, and can justify the absences to my satisfaction, | will give
you an assignment to make up the missed one.

Examinations are designed to tek} your mastery of terms and concepts, and (2) your
ability to apply those terms and concepts to problems posed. Sevelasnexams will
be given, along with a final.

Final grades will be based on your performance measured from the following
assignmats.

Handson activities/ class participation/ Weekly Assignments 20%

Term Project 15%

Tests 65%



If (the score above 90% )
Grade = A
Else If (8880% )
Grade =B
Else If (7970% )
Grade =C Page B
Else If (69 50% )
Grade =D
Else Grade = F

In general, tp 30% of the class will receive Grade A
second top 25% of the class will receive a Grade B
third top 30% of the class will receive a Grade C
next 15% of the list will receive a Grade D

rest F

http://www.stcloudstate.edu/stu_handbook/academic_policies/grading.html

http://web.stcloudstate.edu/jherath/compa2ch
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9. Course policies

1)

2)

3)

4)
5)

6)

7)

8)

9)

Satisfactory completion of all the course assignments is required to achieve a passing
grade in the class.

All the exams and quizzes should be taken only on the assigned dates and times.
Being able to read and understand the question is a part ofdire Ak quizzes and
exams will be close book. No make exams, quizzes, class activities or homewedge p
will be given.

Performance Expectations: Prepare adequately for each class session using
appropriate study strategies; Do your own work; Learn by ddtiage and use all
textbooks and required materials; Listen actively and carefully in class, including
following all directions; Participate in class activities and discussions.

Class attendance is required.

Late policyi no material may be handed in lat&hout prior approval from your
instructor.

Up to 20% points of your course will be removed for disruption of class proceedings
including, late arrival to the class, cell phone interruptions, and creating noisy
environment for other students and the rmsior. No Internet surfing, checking
email, cell phone communications or other distracting behavior is allowed during
class unless these actions are specific to class work.

Tampering withlab equipment will result in immediate removal from class and loss

of login privileges in accordance with the technology policy green paper you signed.
Any student who cheats or represented
another student in cheating will automatically fail the course. Further, the case will
be eported to department, college and university for further action. Refer student
RSC handbook

Americans With Disability Act (ADA) Statemeiit A student who has a disability

that might affect his/her performance in this course should consult with thectostru

and the campus ADA compliance office, in confidence, by the second class session



Lecture -1 - Introduction to Computer Architecture
- PC- Game processor comparison
- Readchapter 1
Performance
Instruction set level
Gate level Page [LO
Adder crcuits
Register level
Multipliers, dividers
Processor level
Single cycle
Multi cycle
PipelineProcessing
In order, out of order, super scalar execution
Memory
Entertainment Expenséd$ years ago
- Game 6,300 million US$ 1998
Movie 6,900 million US$ 1998
Play TV 4,500 million US$ 1997
Play Station
Japan 33%
us 19%
UK 18%
Francel3%
Video game base
120 million units
PC installed base
500 million units

Market
Toyi806s < 1 billion
Videogamg 9064006 s of Dbill i on
Computer entertainment20001 00 06s of Dbil Il i on

1 9 8 0 &aund synthesis
1994 - graphic synthesis
2000 - emotion synthesis
Speed
- PC
Intel
Investment
R&D 1 2500 million 1998
Fabrication & equipmerit 4000 million 1998
PC processgperformance
1988 ~ 10 MIPS
2000 ~ 1000 MIPS



Size
- keep shrinking
1994
124mnf
1 million transistors
1998
46mnt
880k transistors

Power
Hot
Cool
- Clock frequency
- Die Size
- Number of transistor/chip
- Suppy voltage
- Feature size

Game processor performance
NES 88 <1 MOPS
Genesis 89 ~ 1 MOPS
Sega Saturn 94 MOPS
Play Station 94 100 MOPS
N64 97 700 MOPS
Play Station 2 2000 6,000 MOPS

Play Station 3 2006 190 BFLOPS procesor machine

pPS2
128 bits CPU
3.2 GB/S band width
6.2 G Flops
17 x 14.1mrh
10.5 million transistors
1500 Watts @ 1.8V

Total transistors in PCS
19721 4004 - 2000 trs
19747 8080 - 7000 trs
19781 8086 -50,000 trs
19821 286 - 200,000 trs
19851 386 -500,000 trs
19871 486 - 1 million trs
19921 Pentium - 5 million trs
19951 Pentium Il -7 million trs
19991 Pentium lll and IV - 10 million trs

Page L1



Game Processors
SS-19947 1 million trs
DC- 19971 5 million trs

Graphics Synthesizer
75 million polygons/sec
279mnf
10W @ 1.8V
384 pins
5 metal layers
Peak Performance
Pentium Il-  400MHz
1.5 GIPS
0.5 GFlops
Pentium Il 600 MHz
Pentium IV 2 GIPS
2.5 Gflops
Polygon rendering performance
94
PC
500,000 polygon/sec
GNS
1 million polygon/sec
96
N64 - 3 million polygon/sec
GNSi 7 million polygon/sec
PC1 500,000 polygon/sec
97
PC1 700,000 polygon/sec
GNSi 10 million polygon/sec
98
GNSi 20 million polygon/sec
PCSi 4 million polygon/sec
99
PCi 7 million polygon/sec
GNSi 30 million polygon/sec
PS2i 100 million polygon/sec
2005
Nividia 165 GFlops

Performance increase five fold every 18 months
3GHZ PentiurMs arithmetic unit runs at 24Gflops
Attributes of a system- Visible to the programmer (AssemblyLanguages)

Instruction set

Number of bits used for various data types
Techniques for addressing memory

/O mechanisms

Page [L2



Families of different models
- Intel- X86
- Motorola- MC68000
- IBM
CPU
- ALU(Arithmetic Logic Unit) Page [L3
- Control Unit
- Register
- Interconnection
Rapidly changing circuit design
VLSI (Hundreds of thousand transistors) 2.5 million times
I C (1006s of transistors) 900
Tr 35
Vacuum Tubes 1
Processor speeddbledevery 1.5 years

History
Year Model Size Speed Memory | Price Power
1951 | Univac | 1000fts 1900add/sec | 48KB | 1 million | 124,000watts
1964 | IBM360 60fts’ 500.000add/seq 64KB 10.000watts
lowa State U

Atkinson 4 0 D B'special purpose
® Mauchly visited U of Penn.
Built ENIAC 19451 Mauchly
® Von Neumann visited U of PenAnd wrote paper
ENIAC i U of Penn- Mauchly
- General purpose computer
80 feet long
8.5 feet high
3.4 feet wide
vacuum tube 18,000
Germany
Zuse 1930% special purpose
IBM 30 family i 1964

40- 1.6MHz 32KB 1 256KB memory
$225,000

5071 2.0MHz 12KB T 256KB memory
$550,000

6517 5MHz 256KBT IMB memory
$1,200,000

757 5.1MHz 256KBT 1MB memory

$1,900,000



PC11977
Macintosh
- Graphical User Interface
Windows(Microsoft)
- GUI
- 85% of Operating System Market
Microprocessorsre embedded in many other applications

Memory Hierarchy

Frequency
of accesses Cost/bit
Register
Cache
Main memory
Disk
Access time  capacity
- past

performance meant minimizing the use of memory

Languages
HLL expression
A =B+C*D
Assembly +, * store, move

LOAD R1,D

MUL R1,C
STORE R1,Templ
Add R1,B

STORE R1,A

arwnE

Registers Memory

R]

oOw

Temp

Page [L4



Super Computer€€RAY i 1* vector machinel976

Fastest super compute8sp r i ngod 07

Rank Site Computer Processors Year Rpmax Rpeak
BlueGene/L- eServer Blue Page [L5
1 DOE/NNSA/LLNL 501 o Solution 131072 2005 28060(367000
United States IBM
NNSA/Sandia Nationcggg gig:m %aqg'r%/nczriy
2 Laboratories : 2P ' 26544 2006 101400127411
TN GHz dual core
United States -
Cray Inc.
m}ch BGW - eServer Blue Gene
3 Solution 40960 2005 91290 114688
Center BM
United States

ASC Purple- eServer
4 DOE/NNSA/LLNL oo 5575 1.9 GHz 12208 2006 75760 92781
United States

IBM
Barcelona MareNostrum BladeCentel
5 Supercomputing JS21 Cluster, PPC 970, 2..10240 2006 62630 94208
Center GHz, Myrinet
Spain IBM
NNSA/Sandia Nation;Thunderbird- PowerEdge
6 Laboratories 1850, 3.6 GHz rdfiniband 9024 2006 53000 64972.¢
United States Dell
%ﬁl Lo Teral0-NovaScale 5160,
7 Itanium2 1.6 GHz, Quadric9968 2006 52840 63795.:
(CEA)
Bull SA
France
NASA/Ames ResearcColumbia- SGI Altix 1.5
8 Center/NAS GHz, Voltaire Infiniband 10160 2004 51870 60960
United States SGl
TSUBAME Grid Cluster
GSIC Center, Tokyo &0
9 Institute of Technolog b Y 11088 2006 47380 82124.¢
ClearSpeed Accelerator,
Japan -
Infiniband
NEC/Sun
Oak Ridge National Jaguar Cray XT3, 2.6 GHz
10 Laboratory dual Core 10424 2006 43480 54204.¢
United States Cray Inc.

DOE's IBM BlueGene/lLsyt em i nstalled at DOEOGs Lawrence
Laboratory. It has doubled in size and has now achieved a Linpack performance of 280.8
TFlop/s Max and 360TFlops/s Peak.

The Earth Simulator, built by NEC and whichdhéhe #1 spot for five lists, becamn9.
http://www.top500.0rg/

1 Petaflop = 1000 Trillion machine by 2010 by IBM and Sony + Toshiba using play

station 3 processors



http://www.top500.org/site/2556
http://www.top500.org/system/7747
http://www.top500.org/system/7747
http://www.top500.org/site/2726
http://www.top500.org/site/2726
http://www.top500.org/system/8193
http://www.top500.org/system/8193
http://www.top500.org/system/8193
http://www.top500.org/site/829
http://www.top500.org/site/829
http://www.top500.org/site/829
http://www.top500.org/system/7466
http://www.top500.org/system/7466
http://www.top500.org/site/2556
http://www.top500.org/system/8128
http://www.top500.org/system/8128
http://www.top500.org/site/2540
http://www.top500.org/site/2540
http://www.top500.org/site/2540
http://www.top500.org/system/8242
http://www.top500.org/system/8242
http://www.top500.org/system/8242
http://www.top500.org/site/2726
http://www.top500.org/site/2726
http://www.top500.org/system/8114
http://www.top500.org/system/8114
http://www.top500.org/site/371
http://www.top500.org/site/371
http://www.top500.org/site/371
http://www.top500.org/system/8237
http://www.top500.org/system/8237
http://www.top500.org/site/1188
http://www.top500.org/site/1188
http://www.top500.org/system/7288
http://www.top500.org/system/7288
http://www.top500.org/site/690
http://www.top500.org/site/690
http://www.top500.org/system/8216
http://www.top500.org/system/8216
http://www.top500.org/system/8216
http://www.top500.org/system/8216
http://www.top500.org/system/8216
http://www.top500.org/site/1333
http://www.top500.org/site/1333
http://www.top500.org/system/8195
http://www.top500.org/system/8195
http://www.top500.org/

Fastest

Rank

10

super comp

Site

DOE/NNSA/LLNL
United States

Oak Ridge Nabnal Laboratory
United States

NNSA/Sandia National Laboratories Storm, Opteron 2.4 GHz due

uters Fall 607

Computer

BlueGene/L- eServer Blue

Gene Solution 131072
IBM
Jaguar Cray XT4/XT3 23016

Cray Inc.

Red Storm Sandia/ Cray Re

United States

IBM Thomas J. Watson Research

26544
core

Cray Inc.

BGW - eServer Blue Gene

Center Solution 40960
United States IBM

Stony Brook/BNL, New York Center New York Blue- eServer

for Computional Sciences Blue Gene Solution 36864

United States

DOE/NNSA/LLNL
United States

Rensselaer Polytechnic Institute,
Computional Center for
Nanotechnology Innovations
United States

NCSA
United States

Barcelona Supercomputing Center

IBM

ASC Purple- eServer pSerie:

p5575 1.9 GHz
IBM

12208

eServer Blue Gene Solution
IBM

32768

Abe - PowerEdge 1955, 2.3<
GHz, Infiniband
Dell

9600

MareNostrum BladeCenter
JS21 Cluster, PPC 970, 2.3

Spain

Leibniz Rechenzentrum
Germany

GHz, Myrinet ey

IBM

HLRB-II - Altix 4700 1.6
GHz
SGlI

9728

Processors Year

2005

2006

2006

2005

2007

2006

2007

2007

2006

2007

Rmax

Rpeak

280600 367000

Jage [L6

101700 119350

101400127411

91290

82161

75760

73032

62680

62630

56520

114688

103219

92781

91750

89587.2

94208

62259.2


http://www.top500.org/site/2556
http://www.top500.org/system/7747
http://www.top500.org/system/7747
http://www.top500.org/site/1333
http://www.top500.org/system/8372
http://www.top500.org/site/2726
http://www.top500.org/system/8193
http://www.top500.org/system/8193
http://www.top500.org/system/8193
http://www.top500.org/site/829
http://www.top500.org/site/829
http://www.top500.org/system/7466
http://www.top500.org/system/7466
http://www.top500.org/site/2736
http://www.top500.org/site/2736
http://www.top500.org/system/8443
http://www.top500.org/system/8443
http://www.top500.org/site/2556
http://www.top500.org/system/8128
http://www.top500.org/system/8128
http://www.top500.org/site/2737
http://www.top500.org/site/2737
http://www.top500.org/site/2737
http://www.top500.org/system/8449
http://www.top500.org/site/1200
http://www.top500.org/system/8757
http://www.top500.org/system/8757
http://www.top500.org/site/2540
http://www.top500.org/system/8242
http://www.top500.org/system/8242
http://www.top500.org/system/8242
http://www.top500.org/site/1027
http://www.top500.org/system/8385
http://www.top500.org/system/8385

Fastest super computers November 2003://www.top500.org/

BlueGene/L- eServer
1 DOE/NNSA/LLNL Blue Gene Solution 212992
United States

IBM
Forschungszentrum Juelicl JUGENE- Blue Gene/P
2 FzZJ Solution 65536
Germany IBM

SGI/NeW M§X|co Computing SGI Altix ICE 8200,
Applications Center

3 INMCAC) Xeon quagé?re 3.0GH 14336

United States

Computational Research =hen e et
3000 BL460c, Xeon

4 Laboraton:ansc,”';ATA SONS 53xx 3GHz. Infiniband 14240

HewlettPackard

Cluster Platform 3000

5 Government Agency BL460c, Xeon 53xx 13728
Sweden 2.66GHz, Infiniband
HewlettPackard
Red Storm+ Sandia/
NNSA/Sandia National Cray Red Storm,
6 Laboratories Opteron 2.4 GHz dual 26569
United States core
Cray Inc.

Oak Ridge National
7 Laboratory Jaguar Cray XT4/XT3 23016

United States Cray Inc.

IBM Thomas J. Watson BGW - eServer Blue

8 Research Center Gene Solution 40960
United States IBM
NERSC/LBNL Franklin- Cray XT4, 2.6

9 “United States GHz 10320

Cray Inc.
Stony Brook/BNL, New New York Blue-
10 York C_enter fqr eServer B_Iue Gene 36864
Computational Sciences Solution

United States IBM

2007

2007

2007

2007

2007

2007

2006

2005

2007

2007

478200 596378

167300 222822

126900 172032

117900 170880

102800 146430

102200 127531

101700 119350

91290 11468

85368 100464

82161 103219

Jage [L7


http://www.top500.org/
http://www.top500.org/site/2556
http://www.top500.org/system/8968
http://www.top500.org/system/8968
http://www.top500.org/site/649
http://www.top500.org/site/649
http://www.top500.org/system/8835
http://www.top500.org/system/8835
http://www.top500.org/site/2892
http://www.top500.org/site/2892
http://www.top500.org/site/2892
http://www.top500.org/system/8966
http://www.top500.org/system/8966
http://www.top500.org/site/2838
http://www.top500.org/site/2838
http://www.top500.org/system/9020
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http://www.top500.org/system/8819
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http://www.top500.org/site/2726
http://www.top500.org/site/2726
http://www.top500.org/system/8996
http://www.top500.org/system/8996
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http://www.top500.org/site/1333
http://www.top500.org/site/1333
http://www.top500.org/system/8372
http://www.top500.org/site/829
http://www.top500.org/site/829
http://www.top500.org/system/7466
http://www.top500.org/system/7466
http://www.top500.org/site/1209
http://www.top500.org/system/8954
http://www.top500.org/system/8954
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http://www.top500.org/site/2736
http://www.top500.org/site/2736
http://www.top500.org/system/8443
http://www.top500.org/system/8443
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TOP500 List June 2008 (41L0)

Rmax andRpeak Values are in TFlops. Fanore details about other fields, check T@P500

description
Power data in KW for entire system

Roadrunner BladeCenter QS22/L.S2
Cluster, PowerXCell 8i 3.2 Ghz /

1 DOLIJEﬁ(Ie\IdSé:Ia_éZIL Opteron DC 1.8 GHz , Voltaire
Infiniband/ 2008
IBM

DOE/NNSA/LLNL BlueGene/l- eServer Blue Gene

2 TR Solution/ 2007
United States 7IBM

Argonne National

3 Laboratory
United States

Blue Gene/P Solutioh2007
IBM

Texas Advanced

Gl CEETY, Ranger- SunBlade x6420, Opteron

4 Quad 2Ghz, Infinibanéi2008
Sirgeis Sun Microsystems
United States Y
DOE/Oak Ridge Nationa Jaguar Cray XT4 QuadCore 2.1 GH
5 Laboratory /2008
United States Cray Inc.
Forschungszentrum JUGENE- Blue Gene/P Solutioh
6 Juelich (FZJ) 2007
Germany IBM
N‘;";g’l'iig'tfgng%”;‘r’]‘tg‘:‘g Encanto SGI Altix ICE 8200, Xeon
.
7 (NMCAC) quad coreSSG(l) GHEZ2007
United States
C?_ZS::::(')?E' F;Z?re:rC' EKA - Cluster Platform 3000 BL460¢
8 ' Xeon 53xx 3GHz, Infiniband 2008
SONS
; HewlettPackard
India
9 IDRIS Blue Gene/P Solutioh2008
France IBM
Total Exploration SGI Altix ICE 8200EX, Xeon quad
10 Production core 3.0 GHZ 2008

France SGI

122400

212992

163840

62976

30976

65536

14336

14384

40960

10240

1026.00

478.20

450.30

326.00

205.00

180.00

133.20

132.80

112.50

106.10

1375.78

596.38

557.06

503.81

260.20

222.82

172.03

172.61

139.26

122.88

2345.50

2329.60

1260.00

2000.00

1580.71

504.00

861.63

786.00

315.00

442.00
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http://top500.org/project/top500_description
http://top500.org/project/top500_description
http://top500.org/project/top500_description
http://top500.org/site/2996
http://top500.org/system/9485
http://top500.org/system/9485
http://top500.org/system/9485
http://top500.org/system/9485
http://top500.org/site/2556
http://top500.org/system/8968
http://top500.org/system/8968
http://top500.org/site/125
http://top500.org/site/125
http://top500.org/system/9158
http://top500.org/site/1739
http://top500.org/site/1739
http://top500.org/site/1739
http://top500.org/system/9257
http://top500.org/system/9257
http://top500.org/site/1333
http://top500.org/site/1333
http://top500.org/system/9220
http://top500.org/site/649
http://top500.org/site/649
http://top500.org/system/8835
http://top500.org/site/2937
http://top500.org/site/2937
http://top500.org/site/2937
http://top500.org/system/9227
http://top500.org/system/9227
http://top500.org/site/2838
http://top500.org/site/2838
http://top500.org/site/2838
http://top500.org/system/9504
http://top500.org/system/9504
http://top500.org/site/277
http://top500.org/system/9247
http://top500.org/site/2331
http://top500.org/site/2331
http://top500.org/system/9226
http://top500.org/system/9226

Class Activity - 2. Trace the content of registers using a hardware simulator for a simple Program.

Tutor Operators:MM

MS - Memory Set

MD - Memory Display

PA - Printer

BR - Set break points
NOBR - Remove breakpoints
GO - execute program

Sample Lab:

- Memory Modiify

TUTOR 1.32> MS 2000 'ABCDEFGHIJKLMNOPWRSTUVWXYZ'

TUTOR

1.32> MS 2020 ‘a

bedefghijkimnopwrstuvwxyz'

TUTOR 1.32> MS 2040 '0123456789'

MEMORY DISPLAY PRIOR TO EXECUTING CODE

TUTOR
002000
002010
002020
002030
002040
002050
002060
002070
002080
002090
0020A0
0020B0O
0020CO
0020D0
0020E0
0020F0
002100
002110
002120
002130
002140
002150
002160
002170
002180
002190
0021A0
0021B0O
0021CO
0021D0
0021E0
0021F0
002200
002210
002220
002230
002240
002250

1.32> MD 2000 256

41 42 43 44 45 46 47 48 49 4A 4B 4C 4D 4E 4F 50 ABCDEFGHIJKLMNOP
57 52 53 54 55 56 57 58 59 5A FF FF FF F
61 62 63 64 65 66 67 68 69 6A 6B 6C 6D 6E 6F 70 abcdefghijkimnop

777273747576 7778 79 7TA FF FF FF FF FF FF wrstuvwxyz
3031 323334353637 3839 FF FF FF FF FF FF 0123456789

FF FF FF FF FF FF FF FF

FF FF FF FF FF FF FF FF

F FF FF WRSTUVWXYZ......

45 F8 200047 F8 20 20 49 F8 20 40 43 F8 22 00 Ex .Gx Ix @Cx".

12F8201612F82024 12F8202B12F82022 X.X$X+X"
F8202C 12F8202412FC0020 .X.X,X$.|

12 F8 20 2E 12

12 EB 00 13 12 EB 00 OE 12 FC 00 20 12 EA 00 02 K..K...|. ..
12 EA00 12 12 EA 00 03 12 EA00 02 12 FC 00 21 j..j......|.!
12 FC 00 21 12 FC 00 21 12 FC 00 20 FF

FF FF FF FF FF FF FF FF

FF FF FF FF FF FF FF FF FF FF FF FF FF FFFFFF ...

FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF

FF FF FF FF FF FF FF FF FF FF FF FF FF FF FFFF ...

FF FF FF FF FF FF FF FF
FFFFFFFFF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF

FF FF FF FF FF FF FF FF

FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF

FF FF FF FF FF FF FF FF

FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FFFFFFFFF

FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF

FF FF FF FF FF FF FF FF
FF FF FF FF FF FF FF FF
FF FF FF FF
FF FF FF FF FF FF FF FF

FFFFFF L. ...

F FF FF FF FF FF FF FF FF FF FF FF

FF FF FF FF FF FF FF FF FF FF FF FF

FF FF FF FF FF FF FF FF ...
FF FF FF FF FF FF FF FF ...
FF FF FF FF FF FF FF FF ...
FF FF FF FF FF FF FF FF ...

FF FF FF FF FF FF FF FF

FF FF FF FF
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EXECUTABLE CODE

TUTOR 1.32> MM 2060;DI

002060 45F82000 LEA.L $00002000,A2 ?
002064 47F82020 LEA.L $00002020,A3 ?
002068 49F82040 LEA.L $00002040,A4 ?
00206C  43F82200 LEA.L $00002200,A1 ?
002070 1 2F82016 MOVE.B $00002016,(A1)+ ?
002074 12F82024 MOVE.B $00002024,(A1)+ ?
002078 12F8202B MOVE.B $0000202B,(A1)+ ?
00207C  12F82022 MOVE.B $00002022,(A1)+ ?
002080 12F8202E MOVE.B $0000202E, (A1)+ ?
002084 12F8202C MOVE.B $0000202C,(Al)+ ?
002088 12F82024 MOVE.B $00002024,(A1)+ ?
00208C  12FC0020 MOVE.B #32,(Al)+ ?

002090 12EB0013 MOVE.B 19(A3),(Al)+ ?
002094 12EBOOOE MOVE.B 14(A3),(A1)+ ?
002098 12FC0020 MOVE.B #32,(A1)+ ?

00209C 12EA0002 MOVE.B 2(A2),(Al)+ ?
0020A0 12EA0012 MOVE.B 18(A2),(Al)+ ?
0020A4 12EA0002 MOVE.B 2(A2),(Al)+ ?
0020A8 12EA0008 MOVE.B 8(A2),(Al)+ ?
0020AC  12FC0020 MOVE.B #32,(A1)+ ?

0020B0  12EC0003 MOVE.B 3(A4),(Al)+ ?
0020B4 12EC0002 MOVE.B 2(A4),(Al)+ ?
0020B8 12D4 MOVE.B (A4),(Al)+ ?

0020BA 12FC0021 MOVE.B #33,(Al)+ ?

0020BE  12FC0021 MOVE.B #33,(Al)+ ?

0020C2 12FC0021 MOVE.B #33,(Al)+ ?

0020C6 12FC0020 MOVE.B #32,(A1)+ ?

0020CA FFFF DC.W $FFFF 2.

TUTOR 1.32>BR 20CA

BREAKPOINTS
0020CA 0020CA

TRACE OF EXECUTABLE CODE
TUTOR 1.32> .PC 2060

TUTOR 1.32>TR
PHYSICAL ADDRESS=00002060

PC=00002064 SR=2700=.S7..... US=FFFFFFFF SS=0000077A

DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00000000 A2=00002000 A3=00000000
A4=00000000 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

TUTOR 1.32:>
PHYSICAL ADDRESS=00002064

PC=00002068 SR=27 00=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00000000 A2=00002000 A3=00002020
A4=00000000 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

002064 47F82020

TUTOR 1.32:>
PHYSICAL ADDRESS=00002068

PC=0000206C SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=0000000 0 A2=00002000 A3=00002020
A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

002068 49F82040 LEA.L $00002040,A4

00206C 43F82200

LEA.L $00002020,A3

LEA.L $00002200,A1
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TUTOR 1.32:>

PHYSICAL ADDRESS=0000206C

PC=00002070 SR=2700=.S7..... US=FFFFFFFF SS=0000077A

DO=FFFF7F38 D1 =FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF

D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF

AO=FFFFFFFF A1=00002200 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 002070 12F82016 MOVE.B $00002016,(A1)+

TUTOR 1.32:>

PHYSICAL ADDRESS=00002070

PC=00002074 SR=2700=.S7..... US=FFFFFFFF SS=0000077A

DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF

D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF

AO=FFFFFFFF A1=00002201 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7E FF A6=FFFF7FFF A7=0000077A

-------------------- 002074 12F82024 MOVE.B $00002024,(A1)+

TUTOR 1.32:>

PHYSICAL ADDRESS=00002074

PC=00002078 SR=2700=.S7..... US=FFFFFFFF SS=0000077A

DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF

D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF

AO=FFFFFFFF A1=00002202 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 002078 12F8202B MOVE.B $0000202B,(Al)+

TUTOR 1.32:>

PHYSICAL ADDRESS=00002078

PC=0000207C SR=2700=.57..... US=FFFFFFFF SS=0000077A

DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF

D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF

AO=FFFFFFFF A1=00002203 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

------------------- -00207C 12F82022 MOVE.B $00002022,(A1)+

TUTOR 1.32:>

PHYSICAL ADDRESS=0000207C

PC=00002080 SR=2700=.S7..... US=FFFFFFFF SS=0000077A

DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF

D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF

AO=FFFFFFFF A1=00002204 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 002080 12F8202E MOVE.B $0000202E,(Al)+

TUTOR 1.32:>

PHYSICAL ADDRESS=00002080

PC=00002084 SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00002205 A2=00002000 A3=00002020
A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A
-------------------- 002084 12F8202C MOVE.B $00002

TUTOR 1.32:>

PHYSICAL ADDRESS=00002084

PC=00002088 SR=2700=.S7..... US=FFFFFFFF SS=0000077A

DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF

D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF

AO=FFFFFFFF A1=00002206 A2=00002000 A3=00002020

A4=00002 040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 002088 12F82024 MOVE.B $00002024,(A1)+

02C,(A1)+
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TUTOR 1.32:>

PHYSICAL ADDRESS=00002088

PC=0000208C SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00002207 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A
-------------------- 00208C 12FC0020 MOVE.B #32,(A1)+

TUTOR 1.32:>
PHYSICAL ADDRESS=0000208C

PC=00002090 SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF

D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00002208 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A
-------------------- 002090 12EB0013 MOVE.B 19(A3),(A1)+

TUTOR 1.32:>
PHYSICAL ADDRESS=00002090

PC=00002094 SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF

D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00002209 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 002094 12EBOOOE MOVE.B 14(A3),(Al)+

TUTOR 1.32:>

PHYSICAL ADDRESS=00002094

PC=00002098 SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=0000220A A2=00002000 A3=00002020
A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A
-------------------- 002098 12FC0020 MOVE.B #32,(

TUTOR 1.32:>
PHYSICAL ADDRESS=00002098

PC=0000209C SR=2700=.5S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=0000220B A2=00002000 A3=00002020

A4=00002040 A 5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 00209C 12EA0002 MOVE.B 2(A2),(A1)+

TUTOR 1.32:>
PHYSICAL ADDRESS=0000209C

PC=000020A0 SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF

D4=FDFFH-FF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF

AO=FFFFFFFF A1=0000220C A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 0020A0 12EA0012 MOVE.B 18(A2),(Al)+

TUTOR 1.32:>
PHYSICAL ADDRESS=000020A0

PC=000020A4 SR=2700=.57..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=0000220D A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

------------------ -~ 0020A4 12EA0002 MOVE.B 2(A2),(A1)+

Al)+
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TUTOR 1.32:>
PHYSICAL ADDRESS=000020A4

PC=000020A8 SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A 1=0000220E A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 0020A8 12EA0008 MOVE.B 8(A2),(A1)+

TUTOR 1.32:>

PHYSICAL ADDRESS=000020A8

PC=000020AC SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=0000220F A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 0020AC 12FC0020 MOVE.B #32,(A1)+

TUTOR 1.32:>
PHYSICAL ADDRESS=000020AC

PC=000020B0 SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00002210 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7E FF A6=FFFF7FFF A7=0000077A

-------------------- 0020B0 12EC0003 MOVE.B 3(A4),(Al)+

TUTOR 1.32:>
PHYSICAL ADDRESS=000020B0

PC=000020B4 SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00002211 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 0020B4 12EC0002 MOVE.B 2(A4),(Al)+

TUTOR 1.32:>
PHYSICAL ADDRESS=000020B4

PC=000020B8 SR=2 700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00002212 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 0020B8 12D4 MOVE.B (A4),(Al)+

TUTOR 1.32:>

PHYSICAL ADDRESS=000020B8

PC=000020BA SR=2700=.57..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00002213 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 0020BA 12FC0021 MOVE.B #33,(Al1)+

TUTOR 1.32:>

PHYSICAL ADDRESS=000020BA

PC=000020BE SR=2700=.57..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFF FFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00002214 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 0020BE 12FC0021 MOVE.B #33,(A1)+
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TUTOR 1.32:>

PHYSICAL ADDRESS=000020BE

PC=000020C2 SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00002215 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7F FF A7=0000077A
-------------------- 0020C2 12FC0021 MOVE.B #33,(Al1)+

TUTOR 1.32:>

PHYSICAL ADDRESS=000020C2

PC=000020C6 SR=2700=.S7..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00002216 A2=00002000 A3=00002020

A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A
-------------------- 0020C6 12FC0020 MOVE.B #32,(Al)+

TUTOR 1.32:>
PHYSICAL ADDRESS=000020C6

AT BREAKPOINT

PC=000020CA SR=2700=.57..... US=FFFFFFFF SS=0000077A
DO=FFFF7F38 D1=FBFFFFFF D2=FFFFFFFF D3=FFFFFFFF
D4=FDFFFFFF D5=FDFFFFFF D6=FFFF7FFF D7=FFFFFFFF
AO=FFFFFFFF A1=00002217 A2=00002000 A3=00002020
A4=00002040 A5=FFFF7EFF A6=FFFF7FFF A7=0000077A
-------------------- 0020CA FFFF DC.W $FFFF

MEMORY DISPLAY AFTER EXECUTING PROGRAM:

TUTOR 1.32:> MD 2000 256

002000 41 42 43 44 45 46 47 48 49 4A 4B 4AC 4D 4E 4F 50 ABCDEFGHIJKLMNOP
002010 57 5253 54 5556 57 58 59 5A FF FF FF FF FF FF WRSTUVWXYZ.....
002020 61 62 63 64 65 66 67 68 69 6A 6B 6C 6D 6E 6F 70 abcdefghijkimnop
002030 777273747576 7778 79 7TA FF FF FF FF FF FF wrstuvwxyz......

002040 3031 323334353637 3839 FF FF FF FF FF FF 01234567809......
002050 FF FF FFFFF FFFFFFF FFFFFFFFFFFFFFFF ................
002060 45 F8 200047 F82020 49 F8 2040 43 F822 00 Ex .Gx Ix @Cx".
002070 12F8201612F82024 12F8202B12F82022 X .x$x+x"

002080 12F8202E12F8202C 12F820241 2FC0020 .x.x,x$.

002090 12 EB 00 13 12 EB 00 OE 12 FC 0020 12 EA 0002 k...K...|. ...
0020A0 12 EA00 12 12 EA 0002 12 EA 00 08 12 FC 00 20 j..j...j...|
0020B0 12 EC 00 03 12 EC 00 02 12 D4 12 FC 00 21 12 FC .I..I.T.|..

0020C0 00 21 12 FC 00 21 12 FC 00 20 FF FF FF FF FF FF .L|.L]. ......

0020D0 FF FF FF FF FF FF FF FF FF FF FF FF FF FFFFFF oo,

0020E0 FF FF FF FF FF FF FF FF FF FF FF FF FF FF FFFF oo,

0020F0 FF FF FF FF F F FF FF FF FF FF FFFFFF FFFFFF o,
002100 FF FF FF FF FF FF FF FF FF FF FF FF FF FFFFFF oo,

002110 FF FF FF FF FF FF FF FF FF FF FF FF FF FFFFFF oo

002120 FF FF FF FF FF FF FF FF FF FF FFFFF FFFFFFF oo,
002130 FF FF FF FF FF FF FF FF FF FF FF FF FF FFFFFF o,

002140 FF FF FF FF FF FF FF FF FF FF FF FF FF FFFFFF s

002150 FF FF FF FF FF FF FF FF FF FF FF FF FF FF FFFF ...
002160 FF FF FF FF FF FF FF FF FF FF FF FF FF FF FFFF ...
002170 FF FF FF FF FF FF FF FF FF FF FF FF FF FFFFFF oo,
002180 FF FF FF FF FF FF FF FF FF FF FF FF FF FFFFFF oo,
002190 FF FF FF FF FF FF FF FF FF FF FF FF FF FF FFFF oo,
0021A0 FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF
0021BO FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF
0021CO  FF FF FF FF FF FF FF FF FF FF FF FF FFFFFFFF oo,
0021D0  FF FF FF FF FF FF FF FF FF FF FF FF FF FFFFFF oo,

0021E0 FF FF FF FF FF FF FF FF FF FF FF FF FF FF FFFF ...
0021F0 FF FF FF FF FF FF FF FF FF FF FF FF FFFFFF FF ...........
002200 57 65 6C 63 6F 6D 65 20 74 6F 20 43 53 43 49 20 Welcome to CSCI
002210 33323021 212120 FF FF FF FF FF FF FF FF FF 32011 .........
002220 FF FF FF FF FF FF FF FF FF FF FFFFFF FFFFFF oo
002230 FFFFFFF  FFFFFFFFF FFFFFFFFFFFFFFFF ..,
002240 FF FF FF FF FF FF FF FF FF FF FF FF FF FFFFFF oo,
002250 FF FF FF FF FF FF FF FF FF FF FF FF FFE FFFFFF oo,
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Class Activity 3 - Study of instruction set,registers and memory of 68K CISC processor.

SET MEMORY

TUTOR 1.32> MS 2544 A2671FEE FFFFFFFF 01000000 ABCDFFFF

TUTOR 1.32> MS 2528 5476CC22 FF3412FF Page pP5
TUTOR 1.32> MS 2518 44334241 00000000 25530000 01EFABCD

SET REGISTERS:

TUTOR 1.32> .A3 002468FA

TUTOR 1.32> .A4 00002544

TUTOR 1.32> .A6 00002518

TUTOR 1.32>.D3 00000000

TUTOR 1.32> .D5 FFFFFFFF

TUTOR 1.32> .D6 00000000

DISPLAY MEMORY PRIOR TO EXECUTING CODE:

TUTOR 1.32> MD 2518 50

002518 4433 424100000000 2553000001 EFA B CD D3BA....%S...0+M
002528 5476 CC 22 FF 34 12 FF 4E 76 4E 7521 08 00 00 TvL".4..NvNu!...

002538 3036 4E 76 4E 75 21 08 00 00 30 36 A2 67 1F EE 06NvNu!...06"g.n

002548 FF FF FF FF 01 00 00 00 AB CD FF FF 00 00 00 00 ........ +M......

002558 4E 76 4E 752108 0000 30 36 4E 76 4E 75 21 08 NvNu!...06NvNu!.

EXECUTABLE CODE:

TUTOR 1.32> MM 260E;DlI

00260E  162E0003 MOVE.B 3(A6),D3 ?

002612 3D6C00040006  MOVE.W 4(A4),6(A6) ?

002618 2A1E MOVE L (A6)+,D5 ?

00261A 31DC2522 MOVE.W (A4)+$00002522 ?

00261E 1938252E MOVE.B $0000252E, - (Ad) ?
002622 47F8252A LEAL $0000252A A3 ?

002626 3C13 MOVE.W (A3),D6 ?

002628 3036 DC.W  $3036 2.

EXECUTE CODE IN TRACE MODE:
TUTOR 1.32> .PC 260E
TUTOR 1.32> TR

PHYSICAL ADDRESS=0000260E
PC=00002612 SR=2700=.57..... US=0000FFFF SS=0000077A

DO=FFFF7F38 D1=7FBF7FFF D2=FFFF7FFF D3=00000041

D4=FFFF7FFF D5=FFFFFFFF D6=00000000 D7=FFFF7FFB

AO=FDFFFFFF A1=FFFF7BFB A2=FFFF7FFF A3=002468FA

A4=00002544 A5=FFFF7FFF A6=00002518 A7=0000077A

-------------------- 002612 3D6C00040006  MOVE.W 4(A4),6(A6)

TUTOR 1.32:>

PHYSICAL ADDRESS=00002612

PC=00002618 SR=2708=.S7.N... US=000 OFFFF SS=0000077A

DO=FFFF7F38 D1=7FBF7FFF D2=FFFF7FFF D3=00000041

D4=FFFF7FFF D5=FFFFFFFF D6=00000000 D7=FFFF7FFB

AO=FDFFFFFF A1=FFFF7BFB A2=FFFF7FFF A3=002468FA

A4=00002544 A5=FFFF7FFF A6=00002518 A7=0000077A

———————————————————— 002618 2A1l1E MOVE.L (A6)+,D5

TUTOR 1.32:>



PHYSICAL ADDRESS=00002618

PC=0000261A SR=2700=.S7..... US=0000FFFF SS=0000077A
DO=FFFF7F38 D1=7FBF7FFF D2=FFFF7FFF D3=00000041
D4=FFFF7FFF D5=44334241 D6=00000000 D7=FFFF7FFB
AO=FDFFFFFF A1=FFFF7BFB A2=FFFF7FFF A3=00246 8FA
A4=00002544 AS5=FFFF7FFF A6=0000251C A7=0000077A

-------------------- 00261A 31DC2522 MOVE.W (A4)+,$00002522
TUTOR 1.32:>

PHYSICAL ADDRESS=0000261A

PC=0000261E SR=2708=.S7.N... US=0000FFFF SS=0000077A

DO=FFFF7F38 D1=7FBF7FFF D2=FFFF7FFF D3=00000041
D4=FFFF7FFF D5=44334241 D6=00000000 D7=FFFF7FFB
AO=FDFFFFFF Al1=FFFF7BFB A2=FFFF7FFF A3=002468FA
A4=00002546 A5=FFFF7FFF A6=0000251C A7=0000077A

-------------------- 00261E 1938252E MOVE.B $0000252E,
TUTOR 1.32:>

PHYSICAL ADDRESS=0000261E

PC=00002622 SR=2700=.57..... US=0000FFFF SS=0000077A

DO=FFFF7F38 D1=7FBF7FFF D2=FFFF7FFF D3=00000041
D4=FFFF7FFF D5=44334241 D6=00000000 D7=FFFF7FFB

AO=FDFFFFFF A1=FFFF7BFB A2=FFFF7FFF A3=002468FA

A4=00002545 AS=FFFF7FFF A6=0000251C A7=000  0077A
-------------------- 002622 47F8252A LEAL $0000252A,A3

TUTOR 1.32:>
PHYSICAL ADDRESS=00002622

PC=00002626 SR=2700=.57..... US=0000FFFF SS=0000077A
DO=FFFF7F38 D1=7FBF7FFF D2=FFFF7FFF D3=00000041
D4=FFFF7FFF D5=44334241 D6=00000000 ~ D7=FFFF7FFB
AO=FDFFFFFF Al=FFFF7BFB A2=FFFF7FFF A3=0000252A
A4=00002545 A5=FFFF7FFF A6=0000251C A7=0000077A
-------------------- 002626 3C13 MOVE.W (A3),D6

TUTOR 1.32:>
PHYSICAL ADDRESS=00002626

AT BREAKPOINT

PC=00002628 SR=2708=.S7.N ... US=0000FFFF SS=0000077A
DO=FFFF7F38 D1=7FBF7FFF D2=FFFF7FFF D3=00000041
D4=FFFF7FFF D5=44334241 D6=0000CC22 D7=FFFF7FFB
AO=FDFFFFFF Al=FFFF7BFB A2=FFFF7FFF A3=0000252A
A4=00002545 A5=FFFF7FFF A6=0000251C A7=0000077A

-------------------- 002628 3036 DC.W $3036

MEMORY DISPLAY AFTER EXECUTING CODE:

TUTOR 1.32:> MD 2518 50

002518 443342410000 FF FF 2553 A2 67 01 EF AB CD D3BA....%S"g.0+M

002528 5476 CC 22 FF 34 12 FF 4E 76 4E 7521 08 00 00 TvL".4..NvNu!...

002538 3036 4E 76 4E 7521 08 00 00 30 36 A2 12 1F EE 06NvVNu!...06"..n

002548 FF FF FF FF 01 00 00 00 AB CD FF FF 00 0000 00 ........ +M......
002558 4E 76 4E 7521 08 00 00 30 36 4E 76 4E 75 21 08 NvNu!...06NvNu!.

- (A4)
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Class Activity 41 Study of instruction set, memory partitions and Addressing Modes

New Instructions:

MOVE.L - Move long - 8 bits
MOVE.B - Move byte- 2 bits
MOVE.W - Move wordi 4 bits
Sample Lab:

EXECUTABLE CODE

TUTOR 1.32> MM 2010:DI

002010 43F82100 LEAL $ 00002100,A1 ?

002014 2E3C0O000000A MOVE.L #10,D7 ?

00201A 701B MOVEQ.L #27,D0

00201C 123C001B MOVE.B #27,D1 ?

002020 143CFFE4 MOVE.B # -28D27

002024 363C0O3E9 MOVE.W #1001,D3 ?

002028 283C01010101 MOVE.L #16843009,D4 ?

00202E  1A317010 MOVE.B 16(A1,D7),D5

002032 1C3A00DC MOVE.B $00002110(PC),D6 ?

002036 FFFF DC.W $FFFF 2.

TUTOR 1.32> NOBR

BREAKPOINTS

TUTOR 1.32 >BR 2036

BREAKPOINTS
002036 002036

SET REGISTERS:

TUTOR 1.32>.D0 00000000

TUTOR 1.32>.D1 00000000

TUTOR 1.32> .D2 00000000

TUTOR 1.32>.D3 00000000

TUTOR 1.32> .D4 00000000

TUTOR 1.32>.D5 00000000

TUTOR 1.32> .D6 00000000

TUTOR 1.3 2> .D7 00000000

TUTOR 1.32> .PC 2010

EXECUTE CODE IN TRACE MODE:

TUTOR 1.32> TR

PHYSICAL ADDRESS=00002010

PC=00002014 SR=2700=.S7..... US=6080EEEE SS=0000077A
D0=00000000 D1=00000000 D2=00000000 D3=00000000
D4=00000000 D5=00000000 D6=00000000 D7=00000 000

AO=FFFFFFFF A1=00002100 A2=FFFFFFFF A3=FFFF7FEF
A4=FFFFFFFF A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

———————————————————— 002014 2E3C0000000A MOVE.L #10,D7
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TUTOR 1.32:>
PHYSICAL ADDRESS=00002014

PC=0000201A SR=2700=.57..... US=6080EEEE SS=00000 77A

D0=00000000 D1=00000000 D2=00000000 D3=00000000

D4=00000000 D5=00000000 D6=00000000 D7=0000000A

AO=FFFFFFFF A1=00002100 A2=FFFFFFFF A3=FFFF7FEF

A4=FFFFFFFF A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 00201A 701B MOVEQ.L # 27,00

TUTOR 1.32:>

PHYSICAL ADDRESS=0000201A

PC=0000201C SR=2700=.S7..... US=6080EEEE SS=0000077A
D0=0000001B D1=00000000 D2=00000000 D3=00000000
D4=00000000 D5=00000000 D6=00000000 D7=0000000A
AO=FFFFFFFF A1=00002100 A2=FFFFFFFF A3=FFFF7FEF
A4=FFFFFFFF A5=FFFF7EFF A6=FFFF7FFF A7=0000077A
-------------------- 00201C 123C001B MOVE.B #27,D1

TUTOR 1.32:>
PHYSICAL ADDRESS=0000201C

PC=00002020 SR=2700=.57..... US=6080EEEE SS=0000077A

D0=0000001B D1=0000001B D2=00000000 D3=00000000

D4=00000000 D5=00000000 D6=00000000 D7=0000000A

AO=FFFFFFFF A1=00002100 A2=FFFFFFFF A3=FFFF7FEF

A4=FFFFFFFF A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 002020 143CFFE4 MOVE.B # - 28,02

TUTOR 1.32:>

PHYSICAL ADDRESS=00002020

PC=00002024 SR=2 708=.S7.N... US=6080EEEE SS=0000077A
D0=0000001B D1=0000001B D2=000000E4 D3=00000000

D4=00000000 D5=00000000 D6=00000000 D7=0000000A

AO=FFFFFFFF A1=00002100 A2=FFFFFFFF A3=FFFF7FEF

A4=FFFFFFFF A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 002024 363CO03E9 MOVE.W #1001,D3

TUTOR 1.32:>

PHYSICAL ADDRESS=00002024

PC=00002028 SR=2700=.S7..... US=6080EEEE SS=0000077A

D0=0000001B D1=0000001B D2=000000E4 D3=000003E9

D4=00000000 D5=00000000 D6=00000000 D7=0000000A

AO=FFFFFFFF A1=00002100 A 2=FFFFFFFF A3=FFFF7FEF

A4=FFFFFFFF A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 002028 283C01010101 MOVE.L #16843009,D4

TUTOR 1.32:>
PHYSICAL ADDRESS=00002028

PC=0000202E SR=2700=.57..... US=6080EEEE SS=0000077A
D0=0000001B D1=0000 001B D2=000000E4 D3=000003E9
D4=01010101 D5=00000000 D6=00000000 D7=0000000A
AO=FFFFFFFF A1=00002100 A2=FFFFFFFF A3=FFFF7FEF
A4=FFFFFFFF A5=FFFF7EFF A6=FFFF7FFF A7=0000077A

-------------------- 00202E 1A317010 MOVE.B 16(A1,D7.W),D5
TUTOR 1.32:>

PHYSICAL ADDRESS=0000202E

PC=00002032 SR=2708=.S7.N... US=6080EEEE SS=0000077A

D0=0000001B D1=0000001B D2=000000E4 D3=000003E9

D4=01010101 D5=000000FF D6=00000000 D7=0000000A

AO=FFFFFFFF A1=00002100 A2=FFFFFFFF A3=FFFF7FEF

A4=FFFFFFFF A5=FFFF7EFF A6= FFFF7FFF A7=0000077A

-------------------- 002032 1C3A00DC MOVE.B $00002110(PC),D6
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TUTOR 1.32:>
PHYSICAL ADDRESS=00002032

AT BREAKPOINT

PC=00002036 SR=2708=.57.N... US=6080EEEE SS=0000077A
D0=0000001B D1=0000001B D2=000000E4 D3=000003E9
D4=01010101 D5=000000FF D6=000000FF D7=0000000A
AO=FFFFFFFF A1=00002100 A2=FFFFFFFF A3=FFFF7FEF
A4=FFFFFFFF A5=FFFF7EFF A6=FFFF7FFF A7=0000077A
-------------------- 002036 FFFF DC.W $FFFF
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Class Activity 5 7 Study of pointers and Linked Data Structures at the architecture level

SET MEMORY

TUTOR 1.32> MS 74A8 41414141 000074D0 00000000 00000000
TUTOR 1.32> MS 74B8 43434343 000074C0 44444444 00000000
TUTOR 1.32> MS 74C8 00000000 000000 00 42424242 000074B8

TUTOR 1.32> MD 74A8 50
0074A8 414141410000 74 D0 000000 0000000000 AAAA.LP........

0074B8 434343430000 74 CO 44 4444 4400000000 CCCC..t@DDDD....

0074C8 00 00 00 00 00 00 00 00 42 42 42 42 00 00 74 B8
0074D8 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 20
0074E8 00 02 00 00 00 00 00 00 00 00 00 00 00 01 00 00

SET REGISTERS:

TUTOR 1.32:>.A1 00000000
TUTOR 1.32>.A2 00000000
TUTOR 1.3 2:>.A6 00000000
TUTOR 1.32>.A5 00000000
TUTOR 1.32> .A3 00000000
EXECUTABLE CODE:

TUTOR 1.32> MM 4000;DlI

004000 4DF874A8 LEA.L $000074A8,A6 ?

004004 226E0004 MOVE.L 4(A6),Al1?

004008 24690004 MOVE.L 4(A1),A2?
00400C 4BF874B0 LEA.L $000074B0,A5 ?

004010 2B4A0004 MOVE.L A2,4(A5)

004014 234D0004 MOVE.L A5,4(A1)?

004018 BDFF DC.W $BDFF 2.

TUTOR 1.32>.PC 4000
EXECUTE CODE IN TRACE MODE:

TUTOR 1.32> TR

PHYSICAL ADDRESS=00004000

PC=00004004 SR=2700=.S7..... US=0000FFFF SS=0000077A
DO=FFFF7F38 D1=7FBF7FFF D2=FFFF7FFF D3=00000041
D4=FFFF7FFF D5=44334241 D6=0000CC22 D7=FFFF7FFB
AO=FDFFFFFF A1=00000000 A2=00000000 A3=00000000

A4=000025 45 A5=00000000 A6=000074A8 A7=0000077A
———————————————————— 004004 226E0004 MOVE.L 4(A6),Al

TUTOR 1.32:>

PHYSICAL ADDRESS=00004004

PC=00004008 SR=2700=.S7..... US=0000FFFF SS=0000077A
DO=FFFF7F38 D1=7FBF7FFF D2=FFFF7FFF D3=00000041
D4=FFFF7FFF D5=44334241 D6=0000CC22 D7=FFFF7FFB
AO=FDFFFFFF A1=000074D0 A2=00000000 A3=00000000
A4=00002545 A5=00000000 A6=000074A8 A7=0000077A
———————————————————— 004008 24690004 MOVE.L 4(Al1),A2

BBBB..t8
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TUTOR 1.32:>

PHYSICAL ADDRESS=00004008

PC=0000400C SR=2700=.S7..... US=0000FFFF SS=0000077A
DO=FFFF7F38 D1=7FBF7FFF D2=FFFF7FFF D3=00000041

D4=FFFF7FFF D5=44334241 D6=0000CC22 D7=FFFF7FFB

AO=FDFFFFFF A1=000074D0 A2=000074B0 A3=00000000

A4=00002545 A5=00000000 A6=000074A8 A7=0000077A

-------------------- 00400C 4BF874B0 LEA.L $000074B0,A5

TUTOR 1.32:>

PHYSICAL ADDRESS=0000400C

PC=00004010 SR=2700=.S7..... US=0000FFFF SS=0000077A
DO=FFFF7F38 D1=7FBF7FFF D2=FFFF7FFF D3=00000041
D4=FFFF7FFF D5=44334241 D6=0000CC22 D7=FFFF7FFB
AO=FDFFFFFF A1=000074D0 A2=000074B0 A3=00000000
A4=00002545 A5=000074B0 A6=000074A8 A7=0000077A
-------------------- 004010 2B4A0004 MOVE.L A2,4(A5)

TUTOR 1.32:>

PHYSICAL ADDRESS=00004010

PC=00004014 SR=2700=.S7..... US=0000FFFF SS=0000077A
DO=FFFF7F38 D 1=7FBF7FFF D2=FFFF7FFF D3=00000041
D4=FFFF7FFF D5=44334241 D6=0000CC22 D7=FFFF7FFB
AO=FDFFFFFF A1=000074D0 A2=000074B0 A3=00000000
A4=00002545 A5=000074B0 A6=000074A8 A7=0000077A
-------------------- 004014 234D0004 MOVE.L A5,4(Al)

TUTOR 1.32:>
PHYSICAL ADDRESS=00004014

AT BREAKPOINT
PC=00004018 SR=2700=.S7..... US=0000FFFF SS=0000077A
DO=FFFF7F38 D1=7FBF7FFF D2=FFFF7FFF D3=00000041
D4=FFFF7FFF D5=44334241 D6=0000CC22 D7=FFFF7FFB
AO=FDFFFFFF A1=000074D0 A2=000074B0 A3=00000000
A4=00002545 A5=000074B0 A6=000074A8 A7=0000077A
-------------------- 004018 BDFF DC.W $BDFF

DISPLAY MEMORY AFTER EXECUTING CODE:

TUTOR 1.32:> MD 74A8 50
0074A8 414141410000 74 D0 00 00 00 000000 74 B8 AAAA.tP......t0

0074B8 434 343430000 74 CO 44 44 44 4400000000 CCCC..t@DDDD....

0074C8 00 00 00 00 00 00 00 00 42 4242 42000074B0 ........
0074D8 00 00 00 00 00 00 00 00 00 00 00 00 000000 20 ...............

0074E8 00 02 00 00 00 00 00 00 00 00 000000010000 ...............
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Lecture 6
Instruction Set for High Performance

Read Chapter 2
Contents
Operations Page B2
Operands
Instructions
Translation of High level language statements to MIPS assembly
Simple arithmetic instructions
data in regsters
Data Transfer Instructions
Memorya A register
If then else statements
While loop statements
For loop statements
For loop within for loops statements
Procedures

Problems 1, 2, 4,5, 9, 11



Performance Improvement d Instruction set level
language of the machine

operations arithmetic +, -, %,/
- logic and, or
- store, load sw, lw
- jump ]
- conditional beq, bne
operands

Zero, one, two, threé

Different instruction sets to represent instructions in different architectures

Conditional instructions different
Instructions to support procedures different
Operand order different

Number of operands different

Instruction
Word of a machine

Instruction set
Vocabulary of the machine

Representation of Instructions
Important factor in enhancing performance

Instructions consists of operations and operands

Different ways of representing instructiondddressing modes
- Immediate mode

- Direct mode

- Indirect mode

- Reqister direct

- Register indirect

- Displacement

- Stack

1. Immediate mode
operand is available immediately

+ no memory reference(+ means advantaggs
- limited magnitude (- means disadvantages)

| operation| operan{l
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2. Direct address mode
operand is in the memory address specified by the instruction (slow)

+ simple
- limited address range
Memory Page B4
operation | addresg
| » operand

3. Indirect addressing mode
operand gives a memory address
content of that address points ta#drer memory address
that address contains the operand

Memory

operation| indirect address

A 4

operand |«

+ large address space
- 2 memory accesses (time consuming)

4. Register direct addressing mode
register name specified in the instruction
that register contains the operand
+ Nno memoy access
- limited address range

Register File

=

operation registe

operand

A 4




5. Register indirect addressing mode
instruction specifies a register
that register contains a memory address
operand is in that memory location

+ large address space
- 2 accesses

operation

register

Register File

6. Displacement addressing

memory address = content of the register + displacement

A 4

Memory

operand is in that memory address

operation

register

displaceme

Nt

A 4

operand

+ large address space
- complexity

A 4
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memory



Instruction sets

7N\

RISC CISC
-MIPS - x86 Intel
- 68000 Motorola

Reduced Instruction Set Computer
Length of the instruction is the same
Popular in Game machines
Nintendo
Sony
Silicon Graphics
NEC
MIPS

Complex Instruction Set Computers
Length of instruction varies
Popular in PC architectures

Motorola
Intel
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High Level Language StatementsA Assembly Language Translation
HLL - MIPS Assembly - MIPS Machine

In general the translation process includes
1. assigning variables in high level language statement into registers Page B7
2. Translation into assembly

Simple arithmetic instructionsmanipulate data in registers

Problem
Translate the a = b + c; High Level Language (HLL) statement into assembly language

Solution
compiler
l.a=b+c - add a,b,c

Prodem
Translate HLL statement A = b+c+d+e; to AL

Solution

add a,b,c
add a,a,d
add a,a,e

Problem
HLL d=ae;
compiler
d=ae - subd, a, e

Problem
Translate HLL f = (g+h) (i+)) into MIPS assembly language

Solution
Stepl Assign variables to registers

f g h i j
® ® ® ® ®
$S  $S $S  $S $S,

Step 2 Do simple translations
add t, $S1, $S2
add t, $S3, $S4
sub $S0,4 t,



$S.: registers  represents the viable
$to.31 registers- represents the intermediate results

Machine Instructions
Important in performance enhancement
Page B8
Three formats of Machine Instructions
R, I, J format (3 formats)

R-format

Add, Sub
Add a,b,c a=b+c
Sub a,b,c a=Dbc

32 bits divided into fields
op-operand, rgegister sourcel, ftregister source2, radegister destination
sh- shift, func-function, address

R format
| op | Rs | rt | rd | sh [ func |
6 bits 5 bits 5bits 5 bits 5 bits 6 bits

for add and sub
op field = 000000
func. field for add = binary number 100000 = decimal 32
func. field for sub = binary number 100010 = 34

Note:
In the assembly language instruction
First operand is the destination
Second and third operands are sources

In the machine language
First and second operand fields represent sources
Third operand field represent destination



Lecture 7 Data transfer memorya A register - two instructions
Manipulate data in memory

Iw
load word  memory to register Registerxk Memory
SW Page B9
store word  from register to memory  Registévlemory
| format
| op | rs | rt | address |
6 bits 5bits 5 bits 16 bit
Problem
Consider the array A[] and the HLL statement
g=h+A[8]

Translate it into assebly language.

g = h + A[8] means Add the eighth array element to content of register h and
store the result in register g.

Solution

Stepl Assign variables to registers

g h A
® ® ®
S 8§ 85

array A[] is in memory
eighth element of aay A A[8] is in memory
starting address of Ais in $S

Step 2 Do simple translations
Iw  $t, 8($S)
add $9 $S $to

Problem

Translate the HLL statemeAf12] = h+A[8] to assembly
A[12] = h + A[8] means Add the content of array element eight to cbofen
register h and store the result as 12th element of the array

Solution

Stepl Assign variables to registers

A[12] = h+A[8]

® ® ®
S $S $S
Step 2 Do simple translations
lw  $t 8(3$3)
add $t $t, $S,

sw $t 12($S)



In real MIPS, word starts at an address that is a multiple of 4

to get the proper byte address
multiply the index by 4,

Add offset to 4 x (2) Page #0
A + (4x2)

Problem
Translate HLL statement g = h + A[2] to Assembly

g = h + A2] means Add the™ array element to content of register h and store
the result in register g

Solution

Stepl Assign variables to registers
g h A 2

® ® ® ®

S 8 $S§ $S

Step 2 Do simple translations
add $t3S, $S. 242

add $I $t1 $t1 2(2+2)
add $t $S; $t, Memory address of A + 8
lw  $t O($t) load word from memory address A + 8 to register tO

add $$ $t0 $Sz add the content of t0 to $s2



Problem
Translate HLL statement A[ | ] = h+A[ | hio assembly and then to machine language
code

A[11=h + A[ I ] means Add the content of array elemefittd content of
register h and store the result Yelement of the array Page #1

A[l] = h+A[l] here A[l] means Ith element of array A.

Note- ignore multiplying the address by 4 for simplicity

Solution

Stepl Assign variables to registers
A h I

® ® ®

$19 $18 1000

Step 2 Do simple translations
Iw $8 1000($19)
add $8 $18 $8
sw $8 1000($19)
Machine language code translation

Lw op code 35
sw op code 43 | Format
add op code 0000G(R Format

35 8 19 1000
000000 | 18 8 |8 | 0 | 32
43 8 19 1000

Note: Refer last page of the book for instruction formats



Lecture 8

Conditional Statements If Switch
- beg- branch equal

- bne- branch not equal

slt - set less than

J-jump

Jr - jJump register

beq $S$S L
means if $8= = $S jump to L

bne $S1 $S2 L

means if ($s1 = /= $s2) goto L

Problem
Translate the followingdLL statement
if i==j)f=g+h;elsef=¢h;

Solution
Stepl Assign variables to registers
f g h i j

® ® ® ® ®
S $S S S 85

Step 2 Do simple translations

A. add $S8S8S  f=g+h
B. sub$$$S$S f=gh;

Now organize the translation
bne $$$S, else
A
] exit
else: B
exit:

Completed code

bne $$3$S else
add $33$S, $S,
j exit
else:sub $$ $S $S

exit:

Page §2



More MIPS instructions
jump
J
jr$S
- jump based on register $S
Page 43
Problem
Translation of HLL Switch statements to AL
Switch (k)
Case Of = i+j;
break;
Case 1: f = g+h;
break;
Case 2: f = ¢n;
break;
Case 3: f =4;
break;
Sdution
Stepl Assign variables to registers

f g h i j k
® ® ® ® ® ®
$16 $17 $18 $19 $20 $8

Step 2 Do simple translations

jr $8

LO : add $16 $19 $20
J exit

L1 :add $16 $17 $18
J exit

L2 : sub $16 $17 $18
J exit

L3 : sub $16 $19 $20
J exit



Lecture 9 Translation of for while loop statements

Problem

Translate the following high level language instruction into MIPS assembly language

Loop : g = g+A[i]
i =it
if (i, h) goto loop

Solution
Stepl Assign variables to registers

g h i j A 4
® ® ® ® ® ®
$17 $18 $19  $20  $5%10

Step 2 Do simple translations
mult $19 $19 $10
loop: Iw $9 $5($19)
add$17 $17 $9
add $19 $19 $20
bne $19 $18 loop
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Problem
Translate the following While loop high level language instruction into MIPS assembly

language

While (save[l]= = k)
=1+ Page #5

Solution
Stepl Assign variables to registers

I J K save
® ® ® ®
$3 $4 $5 $6

Step 2 Do simple translations
loop: lw  $t $3($6)
bne $t $5 exit
add $3 $3 $4
j loop
exit:



slt
Set on Les Than Instruction
Syntax
Sit $t $S; $S,
Sets $to 1 if $S < $S
else $ito O

slt with beq, bne & $zero = 0 can create all relative conditions
equal
not equal
less than
less than or equal

Another MIPS instruction
addi Instruction
syntax
addi $1  immediate operand

eg. Addi $1 $2 100
means $2+100 $1

bne & slt implements branch on less than

Problem
if a < b branch to label less

Solution

Step 1 Assign variables to registers
a b
® ®
S 85

Step 2 Do simple translatis

slt $t) $S) $S_L means $t0 = 1 if $S0 < $S1
bne $t $zero less  goto less if $t0 != 0
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Problem
Translate the following expression into MIPS assembly language

for (j =0; ] <=100; ) =j+1)
a[j] = b[j]+c

Solution
Stepl Assign variables to gisters

af] bl ] C
® ® ® ®
astart bstart$15 $16

Intermediate step
For loop computation can be divided into 4 parts

j=0

a[j] = bfj]+c
j=j+1

j <= 100

rwn PR

Step 2 Do simple translations
MIPS code

add $15 $0 $0

lw $8 bstart($15)

add $8 $8 $16

sw $8 astart($15)

addi $15 $151

slti $1 $15 401 set $S=1if $15 <401
bne $1 $0 label

label :

ShwoNnDpDE
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Problem
Translate the following expression into MIPS assembly laggua

for(i=0;i<n;i=i+l)
for(=1i11;)>=0;j=ji 1)
do something

Solution
Stepl Assign variables to registers

i ] n
® ® ®
$21 $22 $23

Intermediate step
For loop computation can be divided into 8 parts

i=0
I=i+1
I<n

j=ii 1l
j=ji1
i>=0

do something

NookrwhE

Step 2 Do simple translatiorend Put them in order

1. add $21 $0 $0
loopl: 3. slt $1 $21 $23
beg $1 $0 label:exit
4. addi $22 $211
loop2: 6. slti $2$220
bne $2 $0 exit
7. do something
5. subi $22 $221
j loop2
exit2: 2. addi $21 $211
j loopl
exit :
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Problem

Translate the following expression into MIPS assembly language

for(i=0;i<n;i=i+l)
for(j=i71;j>=0&& V[ > V[j+1];j=] T 1)
do something

Solution
Stepl Assign variables to registers

[ ] n V(] v[j+1]
® ® ® ® ®
$21 $22 $23 $24 $25

Intermediate step
For loop computation can be divided into 8 parts

i=0
i=i+1
I<n
j=ii 1l
j=j11
j>=0
vii] > v[j+1]
do something

N A~WNE

Step 2 Do simple translatiorend Put them in order

1. add $21 $0 $0
loopl: 3. slt $1 $21 $23
beq $1 $0 label:exit
4. addi $22 $211
loop2: 6. slti $2$220
bne $2 $0 ex?
7. slt  $1$25 $24
beq $1 $0 exit2
do something
subi $22 $221
j loop2
exit2: 2. addi $21 $211
j loopl

8.
5.

exit :

Page }9



Problem
Translate the following expression into MIP&ambly language

for (i=0;i<100;i=i+1)
a[i] = b[i]+c
Page b0
Solution
Stepl Assign variables to registers

i = $t

i=0

afi] = b[i]+c
=i+l

i <100

rwnPE

complete the answer

Instructions learned so far
- add
- sub
- sw

- beq
- bne
- sl

- lw
-

- Jr

- mult
- st

Regiger notation in MIPS
$zeroi always has 0
$t, - $t, 7 registers 8 to 15
$S - $S,7 registers 16 to 23



Lecture 10
Translation of High Level Language Procedures Assembly Language

JAL instruction
- Jump and link
- Support procedures

$a0~%a3
argunment registers to pass parameters

$v0~$v1
value registers return values

$ra
return address to return to the point of origin

Different call procedures
- leaf(no more calls) Only one call to procedure A
- Nested calls
Main routine calls procedure A
A calls B
B calls C
- call A Recursively
A calls A

To support execution of procedures Need
- aplace to hold the parametersregisters $a0~$a4
Transfer the control to the procedure
Acquire Resources for the procedure before computation
Perform the computien
Place the result value in a place where the calling program can access it
- value registers to return values  $v0~$v1
- stack (LIFO)
need to return to the point of origin after performing the computatioa
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Problem
Translate thdollowing procedure into MIPS assembly code
int leaf(g,h,i,j)

{
int f;

f = (g+h)(i+))
return f;

}

Solution

- aplace to hold the parameters of the procedure g, h, i, |
- use registers $a0~%a3

Stepl Assign variables to registers

Page p2

f g h i i
® ® ® ® ®
$S %a %a $a $a

Step 2 Do simple translations
perform the computation
add $t $a $a
add $t $a, $a
sub $3 $t, $t,

Adjust the stack to make room for 3 items
Sub $sp, $sp,12

Use the stack to store values in registéds $t1, $S0
sw $t 8($SP)
sw $t 4($SP)
sw $S 0($SP)

restore the old values in registers

lw $S0, 0($sp)
lw $t1, 4($sp)
lw $t0, 8($sp)

Adjust the stack to delete 3 items
Add $sp, $sp,12



Translation of Procedures
Problem
HLL procedures MIPS

swap(int v[], int k)

{ inttemp
temp = v[K];
v[K]=v[k+1];
vlk+1]=temp;
}

Complete Solution
- allocate registers to variables
- generate code for the body of the procedure

- reserve contents of registers across the procedure innocati

Stepl Assign variables to registers

temp v k
® ® ®
t, $a $a

Step 2 Do simple translations

mult $a $a 4

add $t$a $a

Iw  $t 0($t)

w  $t 4($t)

sw  $tO($t)

sw  $t 4($t)

jr  %ra jump back to calling procedure

in MIPST mult $a $a 4

Adjust the stack to make room for 2 items
Sub $sp, $sp, 8

Step 3 save the content of registers on stack
sw $t 4($SP)
sw $t O($SP)

Step 4 load the registers back after cortigteof the procedure

lw $t, O($sp)
lw $t; 4($sp)

Adjust the stack to delete 2 items
Add $sp, $sp, 8
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Example
Translate the HLL procedure factorial to MIPS code

int fact(int n)

if(n < 1) return (1);
else return (n*fact(i));

}

Stepl Asgin variables to registers

® ® ®
a0

Step2 Stack adjustment

fact: sub $sp, $sp, 8
sw $ra, 4($sp)
sw $a0, 0($sp)

Calculationif(n < 1) return (1);
slt $t0, $a0, 1
beq $t0, $zero, L1
addi $v0, $zero, 1
addi $sp, $sp8
jr  $ra

note: no change in $a0 or $ra so no pop is necessary

Calculation fact(l);
L1:sub $a0, $a0, 1
jal fact

Step Stack adjustment
lw  $a0, 0($sp)
lw  $ra, 4($sp)
addi $sp, $sp, 8

return (n*fact(nl))
mult $v0, $a0, $v0
jr  $ra
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Example
Write the MIPS code to compute the nth Fibonacci number F(n) where
F(n) =0, ifn=0
=1,ifn=1
= F(n1) + F (n2), otherwise
Base your algorithm on the straightforward proced@ew. Page b5
int fib(int n) {
if (n ==0) return O;
else if (n ==1) return 1,
else return fib(rl) + fib(n-2);

%Solution
n fib(n-1) fib(n-2)
® ® ®
$a0 $t1 $t2
Stack use
Push return address, n, before calling fihjn
Pop n

Push n,ib(n-1), before calling fib(r2)
Pop fib (nl1), n, return address
If n==0 return O

Fib: bne $a0, $zero, fibned
Add $vO0, $zero $zero
Jr $31

If n==1 return 1

FibneO: addi $v0, $zero 1
Bne $a0, $v0, fibnel
Jr $31

Compute fib (A1)

Fibnel addi $p $spi 8
Sw $ra 4($sp)

Sw $a0 0($sp)

Addi $a0 $aG 1

Jal fib

add $t1, $v0 $zero

Lw $a0 0$(sp)

Addi $sp $sp 4
Compute Fibr2

addi $sp $sjp8

Sw $a0 4($sp)

Sw $t1 0($sp)

Addi $a0 $ad 2
Jal fib

Move $t2, $v0

Lw $t1 05(sp)

Lw $a0 4%(sp)

Lw $ra 8%(sp)

Addi $sp $sp 12
Return fib(r1) + fib(n-2)

Add $v0 $t1 $t2

Jr - $31



Lecture 11 MIPS Addressing Modes

MIPS
- Im

addressing modes
mediate

- Register

- Base

- PCrelative

- Pseuderelative

Immediate
Op immediate [«—— operand is here
address
Register
op | $S1| $S2

\—P{ Operand is in régister

Base register addressing
op | rs rt address memory
|
Jan
U *| Operand is here
Base registe

Page b6



Program Counter -relative

memory

op | rs rt address
I
v

fan\

g

pc
Pseudo direct
op address

I

pc

A 4

1%

Operand is herg

memory

Operand is here

Page b7



Lecture 12 Architectural Styles
Instruction Set

Computer
single many Page p8

instruction instruction

single  multiple
operand operand

Architecture Styles
- one register
- accumulator
- many registers
- stack
- loadstore(memorymemory)

Accumulatori one register
loadb acc=b
a:b+c;{ add ¢ acc = b+c

store a a =b+c = acc

Stack

- all operations occur on top of the stack

- push & pop

- all other instruction remove their operands from the stack & replace them with the
result

Load-store
- all operations in registers
- 3 operands per instructions



Example

Opmde always 1 byte

Memory addresses always 2 bytes

Data operands always 4 bytes

Instruction length integral number of bytes
Number of register 16 bytes

Load requires 4 instruction bytes - 1 for opcode
- 1 for register destination
- 2 for memory addres

Memory to memory instruction
add a, b, c; a=Db+c;
add b, a, c; b=a+tc;
add a, a, b; a=atb;

- seven instructions bytes
- one for opcode
- 2 bytes per operand * 3

Example
Write assembly language code for each architecture.
a=Db+c

b =a+tc
d=ab
Memory-memory Code bytes Transfer data bytes
Add a,b,c 7 4+4+4
Add b,a,c 7 4+4+4
Sub d,ab 7 4+4+4
Total 21 36
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Load-store

Instruction code

Data transfer byteg

Load $1, b

3.5=4

Load $2, c

4

Add $3 $1 $2

25=3

Store $3, a

Add $1 $2 $3

Store $1, b

Sub $4 $3 $1

Store $4, d

Total

N
O|P|wW| WA

Nino|alo|prons

Stack

Code bytes

Data bytes

Push b

Push c

Add

Dup

Pop a

Push c

Add

Dup

Pop b

Neg

Push a

Add

Pop d

WP WRWRFRRPW®WWRFRIRFPWW

Total

N
~

e EEIE = E == R R == E N EN
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Lecture 13Enhancing Performance at gate and register levels
Chapter 3
Learning objectives:
- Number systems
- Design circuis usng fundamental building blocks
- Fixed point numbers
- Hardware algorithms for
- adders,
- subtractors,
- multipliers and
- dividers
- Hardware for Arithmetic Logic Unit

- Floating point numbers

- Range, precisioand errors

- Errors due to rounding arftbw their propagation affect theeuracy of
chained calculations

- Hardware algorithms fdtoating-point arithmetic
- adcers,
- multipliers

- Hardware for Arithmetic Logic Unit

Design of ALU
- Functional units for arithmetic operations
- +7-7*1/
- Functional units for logic operations
- AND, OR
- Multiplexors to select one out of many inputs

It is important to separate
- Data path
- Control path

Page p1



Hardware review

Design a circuit that will generate following three outputs from the inputs.

3 inputs 3 outputs
ABC DEF
000 000
001 100
010 100
011 110
100 100
101 110
110 110
111 101
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Number Systems
Numbers
+ ve numbers only memory addresses
unsigned numbers

+ and- numbers necessary for arithmetic operations Page B3
signed numbers
Most significant bit CC positive
Most significant bit 1IC negative nmber

3 bit machine
000- 111 only positive numbers

® ®

0 7

positive and negative numbers
0- 3 -1- -3
000 011 111 100

Computer can be defined as
- adding machine in a limited space

Addition with limited space
Consider 4 bit register

+3 0011 -3 1101
ok +2 0014 -2 111d ok
0101 1011
+5 0101
problem +4 0100
overflow

result is negative number



Example
Consider the followig bit pattern. What does this represent?

1000 1111 1110 1111 1100 0000 0000 0000  32bits

Could be a
20s compliment number
then it will be a negative number
unsigned

represents a positive number

Could be an instruction

opcode 6 bits
rs 5 bits
rt 5 bits

address 16 bits

Could be a floating point number

| S| exponent significant

S- sign bit + ve orve

Example
Convert decimal to binary
512- ?

answer : ¢ is 01001
-q is 10110(26s comp)

Example
Design a one bit ALU with one instruction with two operands.
one instruction
can be one of the following simple operations
AND operation,
OR operation,
ADD,
SUB

So the ALU will have simple gates for logic instructions

Page p4



Example:
Design a one bit AU with two instructions with two operands
Instruction can be two of the following
AND
OR
ADD Page p5

Need a multiplexor to select one out of two inputs

Multiplexor
Two or more data inputs
Selector input
One output

1 0 + Selector

MUX 0,1

Example:
Design a one bit ALU with many instructions with two operands
Say the instructions are A, B, C, D é.

I
IET|||<1||B|||A

3 2 1 0

MUX / Selector

2 bits




Example:
Design a two bit ALU with one instruction with two opedan

bl al b0 a0
L L
Operation Operation
| |
cl cO
Example:

64 bit ALUT one instruction with two operands

|

64 bit ALU

v

Example:

Design a bit ALU with 3 instructions. Each instruction consists of two operands.

Add, or, and

ADD | OR | [AND

Carry bit

MUX ﬁL 2 bits needed to select one out of 3 inputs
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Lecture 14 - Performance Improvement of Adders

In design, implementation and manufacturing it is important to consider
Cost vs Performance

Cost ®= reduce gate® Page p7
Reduce connectior®

Performance. = 4 levels Y 2 levelse sec)
(AND OR AND OR, 4 sec)

Design Adder, Multiplier, Divide, Floating Point(Adder, Multiplier, Divider) Controllers
Truth Table gives
a basic equation
that will help generate the circuit

Karnaugh map gives a simplified, better circuit

Full adder Design
Full Adder reuires adding 3 bits
In addition carry bit propagates to left
C2 C1 Co
A2z Bi1 Bo
B2 B1 Bo

Adds 3 bits
- 3inputs
- 2 outputs

Inputs outputs
X

RPRPrRPRPRPOOOO
PR OORRFR OO
RPORORFRORFRON
RPOORORRFROWMm
PRPRPRPOROOOQN




Sum

YZ
X 00 (01 (11 |10
0 0 1 0 1
1 1 o |1 |o Page p8
S=XAYAZ
Carry
YZ
X 00 (01 (11 |10
0 0 0 1 0
1 0 1 1 1

C=YZ+ XY + XZ

Full adder circuit

T £

= r s

Full Adder

Serial adder
adds two n bit numbers
one full adder with feedback
low cost adder

@]
[~

) —

R
-

‘ Full Adder




Design of Adders

C1
&, ..., 8 &
bl’h "'ably h:)
L1111, Page p9
Cn+1;31, ---!S_u S)
Example 1:
b 0 cO0
11
Full Adder
cl sO
b 1cl
1
Full Adder
c2 sl
b 2 c2
18
Full Adder

L

c3 s2



Example 2:
Ripple Carry Adder

FA - Full adder- can add 3 bits
Half adder can add 2 bits

] ] ] Page [0
b3 a3 c3 b2 a2 g2 bl al|cb0 a0 cO

FA FA FA FA

I R S o I

c4 s3 c3 s2 c2 sl cl sO

time = 2n secs for n bit addition

Ripple- carry adder
Adds two nbit numbes
put n full adders together
carry ripple from FA to FA

bS ald cd 0z aZ cZ bl al ¢l pld ad @
N A S S N A s S [ A A |

Full Adder Full Adder Full Adder Full Adder

I | S I S I S !
c4 s5 ch sZ c2 5 cl s

n-bit parallel adder
put #06s in sever al FAs
no speed improvement because of the rippling effect

put 4 Full adders together in a chip

b4b3b2b1 a4a3a2al cO=0
e e S e

4—bit parallel adder

JETRERR




Carry lookahead adder

Problem with Ripple carrgdder
Sum and carry in the nth FA depends on the previous carries
Must wait long time to generate the nth sum and carry bit

Page /1
cn b? a2 c? b1 al ¢l bd ot
'ﬁ 1 T R e
pestet | [ea ] Lo ] ][
A e R e S
52 ST 5@

tv\/cﬂts for one before

Eliminate the delay
eliminate the ripple effect
With additional hardware it is possible to generate athyowith no delay.

cl =a0b0 + (a0+b0)cO
c2 =albl + (al+bl)cl
c3 =a2h2 + (a2+b2)c2
ci+l = aibi + (ai + bi)ci

cn+l = anbn + (an+bn)cn

substitute ¢ in terms of cO

c2 =albl+(al+bl) [a0ObO+ (a0 +b0) cO
c3 =a2bh2+(a2+b2) {albl+(al+bl) [a0bO+ (a0 +bD}) cO
cl=a0 b0 + (a0+b0) cO

11 ]

. U



c2 =albl+ (al+bl) a0 bO + (al+bl) (a0+b0) cO

:

Page |12

c3 =a2h2 + (a2+b2)albl + (a2+b2)(al+bl)a0Ob0 + (a2+b2)(al+bl)(a0d+b0)cO

D600

iz
Y

3 level circuit
c4 = a3b3 + (a3+PhA2b2 + (a3+b3)albl +
(a3+b3)(a2+b2)(al+bl)a0dbo +
(a3+b3)(a2+b2)(al+bl)(ad+b0)cO
c4 can be generated in 3 msec
cn also generated in 3 msec

%

RCA takes 3n sec
CLA 3 sec



Another look at CLA

Xi +vyi = Pi
Xiyi = Gi
C+a = GuP + G Page 3

Ci=0ChP + &
C=0CR~ + &
= (CoPo+Go)PL + G = G + PLGo+ P1PoCo
Ci=CP+ &
Cs=CGP+ G=ak+ (atk)aeb + (a+k)(a+b)ab +
(a8+ ) (a+hb)(a+hb)abo
(a8+k) (@+tk)(a+hb) (ao+thb) o

So = AcA BoA Co
St = AIAB1IAC1
S = A2AB2A C2

Go = AoBo
Po = (Ao+Bo)
G1 = A1B1
Pr = (A1+B1)




C=G +PR Go + P Po Co

X1 y1 + (xa+y) (Xoyo) + (x+y) (xty) O

H
Y

S=P A G A C
xi+tyr A xiy1 A C1




4-bit CLA

b3 05 cb b”? a2 c? bl al ¢ b ad cd
T Tt Tt Tt Tt
Full Adder Full Adder Full Adder Full Adder
Page /5
. i . . I . I L
cd 55 cA 57 c? s ol s{

generates C3

desgn 4 bit CLA

generates C2

generates C1

generates CO

Cs = CPs+ Gz = G + P3G2 + P3P2G1 + PsP2P1Go + P3P2P1PoCo

A@ C@

il

GZ2+GIPZ+ GEPZP1 +PZPIPECHE

Gl +

o

GUPT+FIPECE

W

AZ BZ G2

%J

v

C3

Al BT &1

o

GO+ PECY

C3




RCA + CLA
To construcB bitadder
Put two CLAs together
rippling carry from the carry out ofICLA to CO of 29 CLA

bdbsbZb1 ad4asazal cid 04bAb2bl adasaZal ci=¢ Page 6
e A A rrrr TTYYOR
4—bit parallel cdder 4—bit parallel acdder

SRR CE TV Y VR CE VR ¥

co may not always be zero

To constructl2 bitadder
Put three 4it CLAs together

bdbab2b1 adalaZal cd  bdb3bZbl adadaZal ¢ b4b3b2b1 cdoida?al cd=d

g e O A e e A e A A A
4—bit parallel adder 4—bit parallel adder 4—hit parallel adder
i R, R b T . kL w N

c4 s4 535 s2 s c4 s4 535 82 81 ¢4 s34 53 57 g1

To constructl6 bitadder
Put four 4bit CLAs together

b4b3b2b1 adal3aZal ¢ b4b3bZbl a4adaZal cd  bdbib2bl ada3aZal cd babibZbl adadaZal cd=@

A O rrrrrTTOY rrrTrTYILOY rrrrrrYTIRET
‘47bit parallel adder ‘ ‘4fbit parallel adder ‘ ‘47bit parallel adder ‘ ‘4fbit porallel adder
Lok b kb I Lod b bod bk

cd 54 53 82 351 ¢4 54 53 82 51 ¢4 54 53 82 351 ¢4 54 53 52 51




Lecture 15Performance Improvement at Register Level Multiplier Design
There are many different ways to solve a problem

Example
Multiplication Page [7
American
English
A la russe
Divide and conquer
Arabic

American
981

1210554

English
981

1210554
alarusse
Rules
Make two columns
- one for multiplier
- one for multiplicand
Repeat the following until the number in left hand side is 1
Divide the number in left hand side by 2
Ignore fractions
Double the number in RHS
Cross out each row where the number in the LH column is even
Add up the numbers that remain in the RH column



Example

981 X 1234

981 1234

490 2468 X

245 4936 Page '8

122 9872 X

61 19744

30 39488 X

15 78976

7 157952

3 315904

1 631808
1210554

Example

63 X 123

Example

64 X 123

Multiplication - Divide and conquer
Requirement
Both multiplicand and the multiplier should have the same
number of figures
This number should be a power of 2
Add zeros if not

Method
Stepl
Multiply left half of multiplicand by left half of multiplier
Write the result shifted left as many places as there are figures in the
multiplier
Step2
Multiply left half of the mdtiplicand by the right half of the multiplier
Write the result shifted left by half as many places as there are figures in
the multiplier
Step3
Multiply right half of the multiplicand by the left half of the multiplier
Write the result shifted lefty half as many places as there are figures in
the multiplier
Step4
Multiply right half of the multiplicand by the right half of the multiplier
Write the result with no shift



Example
981 X 1234
0981 X 1234

multiply shift

09 X 12 4 108. ..
09 X 34 2 306. .
81X 12 2 972 ..
81X 34 0 2754

1210554

Example
09 X 12

Example
3141 5975 X 08182818

multiply shift result

3141 0818 256 9338

3141 2818 885 1338
5975 0818 488 7550
5975 2818 1683 7550

O~ phOo

Problem Reduction
Reduce the multiplication of two four figure numbers to four multiplication of
two figure numbers

Follow the reduction until the multiplication involve only efigure operands
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Design of Multipliers
Cost reduction
Increase performance

Multiplication

Example
Multiply 21 by 27 .

010101
011011
YoYo Yo Yoo lfo
010101
010101
000000
010101
010101
YaYoYoYo Yoo Yo Yo Vo
01110110001

Hardware requirements
Need
registers to store
Multiplicand
Multiplier
product
and an ader

8 bit registers for multiplicand and product

shift left
4_
Multiplicand 4 bits
l A 4 Multiplier
ADDER —» shift right
A 4
product

Page BO



Example
Corsider the multiplication of 0010 0011
All registers- 8 bit

1% step
Page B1
left
<_
0000 0010 8 bits
l v 0011
ADDER —» right
A\ 4
0000 0000
2" Step
left
4—
0000 0100 8 bits
v v
ADDER — right

0000 0010




3rd Step

left
4_
0000 1000 8 bits
l v 0000 . Page B2
ADDER —» right

0000 0110




2" version

Reduce cost by reducing the size of the register

4 bits registers for multligand and multiplier

product register 8 bits Page B3
Multiplicand 4 bits 4 bits
l v Multiplier
ADDER —» right
4 bits

Y
product 8 bits

—

1% step

4 bit registers
0010 4 bits
l \ 4 0011 _
ADDER —» right
\ 4
0000 0000

—>




2nd step

4 bits registers

0010 4 bits
Page B4
l \ 4 0001 ge P
ADDER —» right
\4
0010 0000
—

3rd step

4 bits regsters
0010 4 bits
l \ 4 0000
ADDER —» right
A 4
0001 0 000

—>




4th step

4 bits registers

0010 4 bits
Page B5
l \ 4 0000 ge P
ADDER —» right
\4
0001 10 00
—

5th step
4 bits registers
0010 4 bits
l \ 4 0000
ADDER —» right
A 4
0000 1100
—>
6th step
4 bits registers
0010 4 bits
l \ 4 0000
ADDER —» right
A 4
0000 0110
—>




Example:
Multiplication i 3 algorithm

0010® 0110

Page B6

0010
l v

ADDER

v
0000 0110

0010
l v

ADDER

v
0000 0011

0010
l \ 4

ADDER

\ 4
0010 0011




0010

ADDER

0001

0010

ADDER

1000

Page B7



Booth's Algorithm

- 2bits

- check 2 bits in the multiplier

- Apply following rules
007 no arithmetic op
017 add multiplicand Page B8
10isub mul ti pl i camahtoFmulipied 206s compl e
117 no arithmetic op

30 =322
Multiplier 32 = 302

0011110 = 1000610

62 = 642
Multiplier 62 = 642

0111110 = 100000610

Thus k consecutive 1's can be replaced by +1 at I+kth positidrcpksecutive 0's,
and-1 at ith posibn

I+Kth position 1 means addition of m'cand

-1 at Ith position means subtraction of M'cand

Example
Multiply 21 by 27 using zbit Booth's algorithm

010101
0110110- Shift 1 to the Right
Y21 Y%L Y% Y,
-010101 10 Subtract Multiplier
000000 11 No
+ 010101 01 Add
-010101 10 Sub
000000 11 No
+ 010101 01 Add
YV Yol Yol Yol
01000110111



2's complement of m'cand

11111101011 10 Subtract Multiplier = addition of 2's complement
010101
0110110- Shift 1 to the Right Page B9
YooY 1YY
11111101011 10 Subtract Multiplier = addition of 2's complement
000000 11 No op
+ 010101 01 Add
11111101011 10 Sub
000000 11 No
+ 010101 01 Add

VoY Yo Y2 Y2 Yo Yo Yo lfo
01000110111



Example:
00103 0110
need 206s compl ement of 0010

0010

Page PO
l A 4
ADDER
A 4
0000 0110 0
no op

0010
l v

ADDER

v
0000 0011 0

subtract

0010
l \ 4

ADDER

v
1110 0011




0010
l \ 4

ADDER

v
1111 0001 1

no op

0010
l v

ADDER

v
1111 1000 1

Rules for 2 bit Booth Algorithm

00- OXA
01- 1XA
10- -1XA

11- OXA

Page p1



3-bit Booth

Boot hds al gorithm r edu caeoglingtopeeationsuvimdm there of oper
were strings of Os and 1s.

Rules for 3 bit algorithm for multiplication.

Page p2
Current bits | Previous bit Operation
ai+l ai ai-1
0 0 0 0 A
0 0 1 13A
0 1 0 13A
0 1 1 2A
1 0 0 -2 A
1 0 1 -1A
1 1 0 -1A
1 1 1 0 A
Example
010101
011011

-010101 110 stringsubtract the m'cand
-010101 101 stringsubtract the m'cand
0101010 011 stringadd 2 * the m'cand

11111101011
111101011
010101

0100010111



Lecture 16- Performance Improvements at Register Level Hardware algorithms
for fixed point Division

Quotient Page p3
Division + Dividend
Remainder
Example

Divide 7 by 2.
72

result
quotient 3
remainder 1

Example
Binary division
Divide 0111 by 0010

0111- 0010
0011
10 -+ 0111

10
11
10
1
Result
Quotient 0011

Remainder 1



Write downwhat we did

Subtract divisor from the dividend
Shift

Now take two large numberdividend 8 bits and divisor 4 bits Page p4

Example
Divide 1001010 by 1000
1001

1000 + 1001010
-1000

10

101

1010
- 1000

10

Result
Quotient 1001
Remainder 10

write down what We did
Subtracted the divisor fronhé dividend
If the remainder is less than zero
We put quotient bit as zero
Restored the remainder
Take one more bit from the dividend

Subtract the divisor from the dividend

If the remainder is greater than zero
We put quotient bit as one

Take one more bit from the dividend

Keep doing that for all the bits in dividend



Hardware units needed to perform this computation
Need
a place to store the divisor
a place to store the dividend
Remainder will remain in the dividend register
aplace to store the quotient
a adder/subtractor perform subtraction

Specifically we need
4 bit register for quotient
8 bit reqister for dividend
8 bit register for divisor
left half of the divisor register will have divisor 4bits

an adder/dotractor and control unit

_>
Divisor 8 bit

-
4—
I 4 i

Dividend/Remainder 8 bit
8 bit
Control unit
When we multiply 4bit number by 4it number we get an-Bit product

Similarly, when we divide a-8it number by 4it number we get a-Bit number as
guotient

Page pP5



Now let us do the division by using this hardware

Example:

4-bit divisor

7-2

0111 0010 Page pP6
1% step

initialize registers

0010 0000 divisod, shift right

Q
[Alu_] quotient register bits sthifeft &

A 4

0000 0111

Control signals to divisor, quotient and ALU
Steps to follow

Rem = Reni Divisor

If Rem <0
(1) Shift Q ldt, Qo =0
(2) Restore Remainder
(3) Shift Divisor Right

if Rem >0
(1) Shift Q left, @=1
(2) Shift Divisor Right



Step 1

Rem = Reni Divisor ( this time divisor is larger so result is negative)

Rem <0
(1) shiftQ left, @=0
(2) Restore Remainder
(3) Shift Divisor Right

0001 0000 divisod, shift right

Q
|Alu_| quotient register bits shifted left

A 4

0000 0111

2nd step

Rem = Renm Divisor ( divisor is larger so result is negye)
Rem <0
(1) sShift Q left, @ =0
(2) Restore Remainder
(3) Shift Divisor Right

0000 1000
Q
[ALU ]

A 4

0000 0111

Page p7



3rd step

Rem = Reni Divisor ( this time divisor is larger so result is negative)
Rem <0
(1) shiftQ left, @=0
(2) Restore Remainder Page P8
(3) Shift Divisor Right

0000 0100

Q
[ALU |

0000 0111

4th step

Rem = Reni Divisor
Now Rem >0

(1) ShiftQ left, @=1

(2) Shift Divisor Right

0000 0010
Q
[ALU |

A 4

0000 0011




5th step

Rem = Reni Divisor
Now Rem >0

0000 0001

Q) shiftQ left, @=1
(2) Shift Divisor Right

[ALU

A

y

0000 0001

Q

4-bit divisor needs 5 iterations
8-bit divisor needs 9 iterations
32-bit divisor needs 33 iterations
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2" version

Redce the hardware costs in the implementation 1
8-bit divisor registey, 4 bit divisor register
8-bit adderA 4 bit adder

Shift dividend to left
No shift in divisor

4 bit divisor
4_
Q 4 bit
[ALD]4bt [
\ 4
Dividend 8 bit

Shift remainder/dividend «——
No shift in Divisor

1% step
Initialize the registers
0010
Q
[ALU ]

A 4

0000 0111

Page [LOO



2nd step

Shift remainder left

Rem = rerrdiv

Rem <0
Restore the remainder Page [LO1
Shift left Q, Q0 =0

0010

Q
[ALU 000

0000 1110

3rd step

Shift remainder left

Rem = rerrdiv

Rem <0
Restore the remainder
Shiftleft Q, Q0 =0

0010

Q
[ALU |

0001 1110




4th step

Shift remainder left
Rem = rerdiv
Rem >=0

Shiftleft Q, Q0 =1
0010

Page [L02

[ALU ]
Y

0011 1000

5th step

Shift remainder left
Rem = rerrdiv
Rem >=0

Shiftleft Q, Q0 =1
0010

Q
[ALU |
\ 4

0011 0000

Final snapshot

0010

Q
[ALU ]
\ 4

00010000




3" version of Division algorithm

Eliminate the quotient register

Put the quotient bit to the right most bit position

Shift the dividend register one bit left in each iteration

New hardware organizatiorData path and control path

Divisor 32 bi

Remaindgr Quotient 64 bit

Initialize

0010

Shift remainder left

0010

Page [L03



Step 1
Rem = Reni Div
Rem <0
Restore
Shift left Remainder register
Ro =0

Step 1

0010

Step 2
Rem = Reni Div
Rem >0

Shift left Remainder register

Q=1
0010

new content

0001 100 of remainder registr

Page [L04



Step 3
Rem = Reni Div
Rem >0

Shift left Remainder register
Q=1 Page [L05

0010

Step 4

0010

0011- quotient 0001- remainder



Lecture 17 Performance Enhancement with added Functionality Floating Point
Adder
In Computations
We Need
Speed
Accuracy Page [L06
And range

Integers does not provide the accuracy needed in many computations
and the range igmited
The use of Floating point numbers provide the accuracy and range increase

Floating numbers

° 3 6569143 10° \

Slgn Digit Fraction Exponent

We can use the following format to represent the floating point numbers

| Sign| Exponent| Fraction

There are two different formats to increase the precision of computations.
64 biti Double precision
32 biti Single precision
To avoid conflicts between different manufacturers IEEE proposed the standard in 1979

32 bit format

| Sign| Exponent Fractign
1 8 23
64 bit
| Sign| Exponent Fractign

1 11 52



Normalized Form keeps one digit left to the binpoynt

For example

1.000111
This can be written as
n

°(1+F)3 2 Page [LO7
Fraction- F
Exponent- n

In the IEEE standard we have to add 127 to the exponent in single precision
In the IEEE standard we have to add 1023 to the exponent in doabisign
i SP (127)
- DP (1023)
Compromise
Aciuracy Riange
Fraction Exponent
Example
510
11000 binary

75X2=150
S5X2=10

130 =.1%

Normalized form
0.11=1.13 21

IEEE standard format single precision

| o | 126 | 10000000000000
-1+ 127 23 bit

Another Example 9
9*2=18
8*2=16
6*2=12
2*2=04
A4*2=0.8

.9 =.11100



Example
Convert 1@, to Binary

Conversion

10/2=5rem 0O

52=2rem1 Page [L08
2[2=1rem0

1/2=0rem1

10e,= 1010 =1.01G 2°

Floating point representation

[0 | 3+127] 01000000000000

Example
Represent 10,9 in the IEEE format

Convert the wha number and fractional part of the decimal number separately into
binary.

10.50 = 1010.2 = 1.01013 23

| o | 3+127] o0101..

Example
o

.1 = 0001 1001 1001 1001 1001 1
=1.100118 2*

| 0 | -4+127] 10011 |

Now we will look at the FP Addition Hardware needed



Let us consider the addition of two floating point numbers

9.9993 10' +1.610% 10

- shift the smaller number to right until its exponent match with the larger

Step 1
- compare exponents
exponen
Step 2
Add significands
9.9993 10"
0.0163 10"
Yo iy Yo Yo Vs
10.015% 10
Step 3
Normalize
1.0015% 107
Step 4

Rounding 4 digits
1.0015% 10°- 1.0023 10

Will draw the datapath roughly

Expl Exp2

Exponent
Different

Significand1

MUX
[

Significand2

MUX

Increment/

Decrement

Sign

Add
Normalize
|
» Round
I
J |
exp Significand

Page [L09



Floating Point Addition
- compae exponents
- select larger one
- shift right the smaller one
- add significands
- normalize Page [L10
- round

When drawing the datapath
Draw major functional unit boxes without muxs first
Then draw Muxs in different color
Add verticle lines
Add horizontal ontrol signals for muxs

Compare exponents

(select smaller) select larger
Expl Exp2 Sigl Sig2 Sigl Sig2
Expl Exp2 |ALU expdifferer*ce 0 1 01
‘ ‘ Y MUX1 Y MUX2
—5l0 1
MUX4 5ol —> shift rjght shift smaller number right
— NN |
| [
0 1 ALU Add significands
—* MUX5
| £
Increment/ 0 1
Decrement MUX3
»| Rounding > shift left/right| Normalize
Exp Roundipg Round
——
Significand Result

MUX1 i selects smaller significand of the two

MUX2 1 selects larger significand of the two

MUX3 i first selects the output from ALU and then output from rounding hardware
MUX4 i selects larger gponent

MUXS5 i1 first selects larger exponent and then exponent from rounding hardware



Control path
Inputs
Exponent difference
Rounding hardware

Big ALU
Output Signals from controller T nine outputs

- increment/decrement
- shift left/right
- round
- MUXs

Output signals
From From From

Exp Rornding ALU

Controller

n

Select Select
Larger Larger
Exp Sig
Select
Smaller
Sig

Control signals
selects smaller significand of the two
selecs larger significand of the two

first selects the output from ALU and then output from rounding hardware

selects larger exponent

first selects larger exponent and then exponent from rounding hardware

Signal for rounding hardware unit
Normalize shift leftor right

Select the result from ALU or rounding
Shift right

Page [111



Lecture 18 Performance Enhancement with added Functionality Floating Point
Multiplier for the ALU

Floating point Multiplication

Example:
1.10% 10"°- 9.23 10° Page [L12
Steps
1. Add exponents, sract 127 for single precision or 1023 for double
2. Multiply significands
3. Normalize the product
4. Rounding
5. Sign
1. New exp

(10 + 127) + {5 + 127) = 259C two 127's added in the result
Subtract bits, 259127 =132 =5 + 127

2. 1.10*9.2 =10.21200010°

3. — 1.0212090106 multiply two significnds
1. Round 4 digits

2. 1.0212- 1.021

3. sigh=+

Example:

5108 -.43759

1. 1.000% 2%3 -1.1108 22

add expi3Y 124
2. 1.00¢ -1.110 = 1.11008 23
4. 1.110

Rounding
- Intermediate resudtshould use two extra bits
- ground bits——
- round bits——

1.2343
4.2134

Y 1h 1,
3.4477Y 5.45

With no extra bits for intermediate comptibn we get less accurate result
1.23+4.21=5.44



Lecture 19 Architectures for Cryptographic Algorithms
Confidentiality Algorithms to Spatial Circuits
DES
In the widely used DES, before it was replaced by Advanced Encryption Standard
(AES), the inneloop can be represented as:
fori=1to 16 Page [L13
Li=Ra
R =L1 A F(Ru, K)
whereL; is the Left half of the encrypted message in i th stage,tRe Right half
encryption in i th stage, ks the Key and F is the Substitn Function Figureshows
the software to hardware mapping of the expressions in thedpr

Li = Ri—l
S
R = Lia A F(Rit, K)
32///‘/ 48
F
L
32 A 32
yd »
32 A
Li Ri|

Algorithm to Hardware M apping of the Expressions in the foiLoop

Key generation also can be illustrated using similar mapping. In key generation
the first operation is permuted choice 1 to generate thet&@y output from 64bit key.
The 56bit key is divided into 2 halvesndergoes a left shift and is passed through
permuted choice 2 to produce thekiBkey. Sixteen distinct keys are generated for each
of the 16 rounds of encryption and decryption. Tables for Initial Permutation, Inverse
Initial Permutation, Expansion Peuatation, Permutation,-Boxes, Permuted Choice 1
and 2 and Schedules of left shift and detail$efalgorithm can be found in the web



RC5
The following pseudo code represents the RC 5 encryption algorithm:
1. Split input into two hales A & B
2. LEO=A+ S[0]; REO=B §[1]
3.Fori=1tordo
LE; = (LEix A RE.1) <<< RE.) + S[2*]; RE = ((RE.1 A LE;) <<< LE) + S[2*i + 1] Page [L14
where
X <<<'Y means cyclic rotation of word X left by Ytbi
X >>>Y means cyclic rotation of word X right by Y bits
Figure 3 depicts the hardware organization for3R€pecial purpose hardware.

2. LEO=A+S[0]; REO=B + S[1]

3.Fori=1tordo
LE; = ((LE.; A RE.) <<<RE,) + S[2*]]; RE=((RE1 A LE) <<< LE) + S[2*i + 1]

A A

<<

L_j |
+
| |
Software to Hardware Mapping of the RC 5 Encryption




1. Following pseudo code represents BlowFish daamp algorithm used in
cryptographic applications.

Fori=1to 16 do

RDi = LDi-1 A P19i:

LDi = F[RDi] A RDi-1; Page [L15
LD17 = RD16A P1;
RD17 = LD16A P12;

Where

REi and LEi refer to the 3Bit right half and 3zbit left half of the data after round ak
completed.

Pi represents the 32 bit sub key used at stage i.

The 32bit input to function F is divided into 4 bytes a, b, ¢c and d. Then the function F is
defined as F(a, b, ¢, d) = (S1,a + SA$3,c) + S4,d . Each-Sox, Sl,a ,S2,b ,
S3,c,and &,d generates 3Rit output from 8bit input.

Draw the hardware organization for this special purpose algorithm.



Find 7 mod 11 using left to right binary exponentiation method.
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Find 7 mod 11 using right to left binary exponentiation method.
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Design a computer architecture to implement RSA algorithm where €Ermad N.

Page [L18



Lecture 20 - Performance Chapter - 4

How to compare
- 2 different architecturesintel
- Mac
- 2 implementations of samestruction set 486 & 586
- 2 compilers for the same machine

1

Performance 2% Y15
CPU time

Seconds
CPU time = Y2 %%
Program

Seconds Seconds  cycles

CPUtime = L¥%% = %Y%Y%Y% *Y%Y%Y%
Program  Program cycles

Rearrange the terms

Cycles  Seconds
CPUtime = L% Y, * L1 YY  -(2)
Program Cycles

Another representation

Seconds
CPU time =%2%%
Program
Second Clock cycle Instructions
=%Y%Ys * KLY%Y%lhl * LYYl Y (3)
Program Clock cycle Instructions

Instruction  Clock cycles  Seconds
= LYol Ys * Yoo lo Yo * Yol Yolto Vo
Program Instruction  Clock cycles

-(3)

Page [L19



CPU clock speed

1 cycle
1 Hertz =%%%
Second
1 Page 120
Cycle time 2% %%
Clock rate

Several different cases
- One instruction per cycle
- Many instructions per cycle
- Several cycles per instruction

Example
2GHz machine

If 1 instruction per cycl&y 2 GIPS
If 2 instructions pecycleY 4 GIPS
Performance can be average or peak
GIPS - Peak Performance
GFLOPS - Peak Performance (GFLOPS million floating point operations)

ICPUtime = Numberof instructions* cycletimg

To increase performance decrease the CPU timprpgram
- reduce cycle time
- reduce number of instruction per program

Example:
Machine M1 10 seconds to run Program A

Machine M2 15 seconds to run Program A
How much faster M1 compared to M2?

Solution

Performance M1  CPUtime M2 15
1615151515161 = 164515151546 = 15 =1.5
Performance M2 CPUtime M1 10

CPU time = CPU clock cycles per program * clock cycle time

Efforts to decreas€PU clock cycles per programay increase&lock cycle time
Performance
- means different things to different people
- two important measures of performance
- throughput



total amount of work done in a given time
- response time
time between the start & completion of task
Y Performance = 1/CPU time
Choosing bench mark programs to evaluate performance
- best s to use application program
- companies try to improve performance of bench mark using very specialized
compiler optimization lead to misleading comparisons
- performance measurements should be reproducible

Fallacy
- Hardware independent
Metrics predict pedrmance
- Synthetic bench marks predict performance

Pitfalls
- using instructions per second as a metric
- using arithmetic mean, geometric mean of execution time

- expecting the improvement in one aspect of a machine to increase performance

Questionl

We wish to compare the performance of two different machines: M1 and M2. The

following measurements have been made on these machines:

Progra Time on Time on
m M1 M2
1 10 seconds| 5 seconds
2 3 seconds | 4 seconds

Which machine is faster for each program &y how much?

Solution

M2 is 10/5 times faster than M1
M1 is 4/3 time faster than M2

Page [121



Question 2
Consider the two machines and programs in Question 2.1. The following additional
measurements were made:

Program Number of Number of
Instructions on M1 | Instructions on M2 Page [122
1 200*10° 160*10°

Find the instruction execution rate (instructions per second) for each machine when
running program1.

Solution

Instruction execution rate on M1 = 200100 =20 * 10
Instruction execution rate on M2 = 160*16 = 32 * 10’

Question3

If the clock rates of machines M1 and M2 in Exercise 2.1 are 200GHz and 300GHz,
respectively, find the clock cycles per instruction (CPI) for program 1 on both
machines using the data in E&rcises 2.1 and 2.2.

Solution

Clock rate = cycles per second
M1i 200*1¢ Hz

M2i 300*1¢ Hz

Cycles per second 200710
CPlW= 22124514645 124546 4 = 15146412 = 10CPI
Instruction per second 2010
Cyclesper second 300*10

CPly= 4645454545454 %6%% = 6454545 = 9.4CPI
Instruction per second 32410



Questiord

Assuming the CPI for program 2 on each machine in Question 2.1 is the same as the

CPI for program 1 found in Question 2.3, findthe instruction count for program 2
running on each machine using the execution times from Question 2.1.

Progra Time on Time on
m M1 M2
1 10 seconds| 5 seconds
2 3 seconds | 4seconds

Given number of cycles per second & number of seconds can calcutatbe mof
required cycles for each machine, then divide by CPI to get number of instruction.

Solution

Instructions per program

M1  3*200*1

10
Instructions per program

M2  4*300*10°

Questionb

From 2.4

9.4

M1 =60 GIPS
M2 = 127GIPS
M2 is twice as fast as M1
Does not cost twice

Question

Page 123

Suppose you had many more machines to consider besides M1 and M2 described in

Questions 2.1 and 2.5 (each with a cost and an execution time for programhlyethic

need to run a large number of times). Could you use the cost divided by the execution
time as a metric to help you in your purchasing decision? How about the cost multiplied
by the execution time?

a. Cost * Execution time
b. Cost/Execution time

Solutin

Use (a) Cost * Execution time
10,000*10 = 100,000

15,000*5 =

Cost/Execution time = cost * performance. Need performance for dollar value.

75,000



Question7
If we wanted our metric (call it cosfffectiveness) to be similar to performance in that a
larger number should indicate a better esff¢ctiveness, what formula would we use?

Solution Page [L24
1
Cost effectiveness #4535 45 %5 4535 4% %5
Cost * Execution time

Question8

Another user is concerned with the throughput of the machine in Question 2.1, as
measured with an equal workload of programs 1 and 2. Which machine has better
performance for this workload? By how much? Which machine is moreftestive
for this wokload? By how much?

Solution
M1 10+3
M2 5+4 secondstorun 1 of P1 & 1 of P2

1 1
Cost effectivigy = 64616454545 = 151545
(10+3)*10000 130000

1 1
Cost effectivigy = 464616154545 = 151545
(5+4)*15000 135000

Cost effectiveness is looking for largeness
Y M1 is slightly better



Questior9

Yet another user has thelfmhing requirements for the machines discussed in Question

2.1: program 1 must be executed 200 times each hour. Any remaining time can be used
for running program 2. If the machine has enough performance to execute program 1 the
required number of timgser hour, performance is measure by the throughput for

program 2. Which machine is faster for this workload? Which machine is more costage 125
effective?

Solution

3600 seconds = 1 hour

M1 M2
P1 10*200 = 2000sec 5*200 = 1000sec
P2 = 3602000

=1600

Remaining time P2 = 36060000
= 2600

Number of times P2 on M1 = 1600/3
=533

Number of times P2 on M2 = 2600/4
=65

Cost effectivgy = 533/10000
=0.0533

Cost effectivg, = 650/15000
=0.0433

Y M1 is slightly better



Questionl0
Consider two different implementations, M1 and m2, of the same instruction set. There
are four classes of instructions (A, B, C, and D) in the instruction set.

M1 has a clock rate of 500 GHz. The ag® number of cycles for each instruction class

on M1 is as follows: Page [126
Class CPI for this class
A 1
B 2
C 3
D 4

M2 has a clock rate of 750 MHz. The average number of cycles for each instruction class
on M2 is as follows:

Class CPI for this class
A 2
B 2
C 3
D 4

Assume that peak performance is defined as the fastest rate that a machine can execute an
instruction sequence chosen to maximize that rate. What are the peak performances of
M1 and M2 expressed as instructions per second?

Solution

500GHz/1 = 500GIPS

750GHz/2 = 375GIPS

Questionl1
If the number of instructions executed in a certain program is divided equally among the
classes of instructions in Question 2.10, how much faster is M2 than M1?

1+2+3+4 500

YoYoYolo = 2.5 Y2Y2 =200
4 2.5

2+2+4+4 750

YoY% Yoo = 3 YoV = 250
4 3

M2 faster 250/200 times



Queston 12

Assuming the CPI values from Question 2.10 @redinstruction distribution from
Question 2.11, at what clock rate would M1 have the same performance as-tGEZ50
version of M2?

500 *1.25 Page [127
250 = x/2.5

X = 250%2.5
=625



Questionl3

Consider two diffeent implementations, M1 and M2, of the same instruction set. There
are three classes of instructions (A, B, and C) in the instruction set. M1 has a clock rate
of 400GHz, and M2 has a clock rate of 200GHz. The average number of cycles for each

instructian class on M1 and M2 is given in the following table:

Page [L28
Class CPlonM1 | CPlonM2 | C1 usage C2 usage | Third-party
usage
A 4 2 30% 30% 50%
B 6 4 50% 20% 30%
C 8 3 20% 50% 20%

The table also contains a summary of how three different compilers use thetiostr

set. Clis a compiler produced by the makers of M1, C2 is a compiler produced by the
makers of M2, and the other compiler is as Hpagty product. Assume that each

compiler uses the same number of instructions for a given program but that the
instruction mix is as described in the table. Using C1 on both M1 and M2, how much
faster can the makers of M1 claim that M1 is compared with M2? Using C2 on both M2
and M1, how much faster can the makers of M2 claim that M2 is compared with M2? If
you purdiase M1, which compiler would you use? If you purchase M2, which compiler
would you use? Which machine would you purchase if we assume that all other criteria
are identical, including costs?

Solution

2 implementations of M1 & M2 of the same instructien s
M171 400 GHz

M27 200 GHz

- 3 classes of instruction A,B,C
- 3 compilers C1,C2"8party
- same number of instruction per program

Use C1
CPIl on M1 = 4*0.3+6*0.5+8*0.2
=58
CPIl on M2 = 2*0.3+4*0.5+3*0.2 =3.2

CPU time = CPI * Inst./Program * &ond/Cycles

CPU timey, = 5.8 * 1/400 * x
CPU timey2 = 3.2 * 1/200 * x

Performance M1 CPU time

1616351561615 15 = 1515151515

Performance M2 CPU tine
=1.1



Use C2

CPIl on M1 = 4*0.3+6*0.2+8*0.5
=6.4

CPl on M2 = 2*0.34*0.2+3*0.5
=29

CPU timey; = 6.4/400* x
CPU timey, = 2.9/200* x

Performance M1  CPU tipe

1615151553545 = 4545151515

Performance M2 CPU time
=0.90625

Use 3 party compiler

CPIl on M1 = 4*0.5+6*0.3+8*(02
=54

CPl on M2 = 2*0.5 +4*0.3+3*0.2
=28

CPU timey; = 5.4/400* x
CPU timegy, = 2.9/200* x

Performance M1 CPU tige

161616151515 16 = 1646151515

Performance M2 CPU time
=1.04
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Questionl4
For the following set of variables, identify all of the subsets that can be used to
calculate execution tie. Each subset should be minimal; that is, it should not contain
any variable that is not needed.
Page [L30
{CPI, clock rate, cycle time. MIPS, nunber of instructions in program, number of
cycles in program}

Number of Instruction in Program - |
Number of Cycles in Program C

{Clock rate, C}Y CPU time = C/Clock rate

{Cycle time, C}Y CPU time = Cycle time*C
{MIPS, I} Y CPU time = I/MIPS

{CPI, C,MIPS} Y C/CPI*MIPS

{CPI, |, Clock rate}Y Ex. time = CPI*I*1/Clock rate
{CPI, I, Cycle time}Y EXx. time = CPI*I*Cycle time



Questionl5
We are interested in two implementations of a machine, one with and one without special
floating-point hardware.

Consider a program, P, with the following mix of operations:
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Floatingpoint multiply 10%
Floatingpoint add 15%
Floatingpoint divide 5%
Integer instructions 70%

Machine MFP (Machine with Floating Point) has floatpgnt hardware and can
therefore implement the floatifgpint operations directly. It requires the following
number of clock cycles for each instruction class:

Floatingpoint multiply 6

Floatingpoint add 4
Floatingpoint divide 20
Integerinstructions 2

Machine MFP (Machine with No Floating Point) has no floatpagnt hardware and so
must emulate the floatiagoint operations using integer instructions. The integer
instructions all take 2 clock cycles. The number of integer instrisctieaded to
implement each of the floatingpint operations is as follows:

Floatingpoint multiply 30
Floatingpoint add 20
Floatingpoint divide 50
Both machines have a clock rate of 1000GHz. Find the native GIPS ratings for both
machines
Solution
6*0.1+4*0.15+20*0.05+2*0.7 = 3.6CPI
1000GHz
15154545 9 278GIPS
3.6CPI

CPIMNFP = 1000GHz/2CPI
=500 GIPS



Questionl6
If the machine MFP in Question 2.15 needs 300 million instructions for this program,
how many integer instraons does the machine MNFP require for the same program?

Solution
Frequency| Actual # of Inst. In MFP | Actual # of Inst. In MNFP

FpP* 10% 30 million 30*30 =900

FP+ 15% 45 million 45*20 = 900

FP/ 5% 15 million 50*15 =750

Int. 70% 210 million 210
Total 300 million 2760
Questionl7

Assuming the instruction counts from Question 2.16, what is the execution time (in

seconds) for the program in Question 2.15 run on MFP and MNFP?

I 300

Execution timeyep = Y22 % =121 = 1.08ex. time

MIPS 278

I 2760

Execution timeynep =12%2% =1%% = 5.52ex. time

MIPS 500
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Questionl8

You are the lead designer of a new processor. The processor design and compiler are
complde, and now you must decide whether to produce the current design as it stands or

spend additional time to improve it.

You discuss this problem with your hardware engineering team and arrive at the
following options:

a. Leave the design as it standSallthis base machingbase IT has a clock rate of
500GHz, and the following measurements have been made using a simulator.

Instruction Class| CPI Frequency
A 2 40%
B 3 25%
C 3 25%
D 5 10%

b. Optimize the hardwareThe hardware team claims that it @aprove the processor
design to give it a clock rate of 600GHz. Call this macMogt. The following
measurements were made using a simulator for Mopt:

Instruction Class| CPI Frequency
A 2 40%
B 2 25%
C 3 25%
D 4 10%

What is the CPI for each madiei?

Solution

CPlyvpase= 2*0.4+3*0.25+3*0.25+5*0.1 = 2.8

CPlyviopt = 2*0.4+2*0.25+3*0.25+4*0.1 = 2.45

Questionl9

What are the native MIPS ratings for Mbase and Mopt in Question2.18?

Solution

MIPSvopt= 600/2.45 = 245
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Lecture 21 Performance Enhancements at Processor level Desigfhapter 5

Chapter 3
Ways to increase the performand@ate, Register, Functionality
Designed Data path and control path for
Adders, multipliers and dividers for fixed point humbers Page [L34
Adders andnultipliers for floating point numbers
Chapter 5
Identify the functions required by the processor to implement the program
execution
and the functional units or hardware units necessary
Design of Data path and control path for the processor
Performance enhancements when designing and implementing the processor

Specifically

1. Single cycle processor design and implementation
a. Requirements for implementing single instructions
b. Specification of basic components of the design
c. Implementation of multi@ instructions
d. Design and implementation of a processor that supports a subset of MIPS

instruction set

2. Single cycle Controller design

3. Multi-cycle implementation
a. Single instructions
b. Multiple instructions

4. Controller design
a. Finite State machine method
b. Microprogramming method

1. Design and implementation of a processor that supports a subset of MIPS instruction
set
ten to fifteen instructions learned in chapter 3
Memory reference instructions
Load word Iw, store word sw
Arithmetic instructions
Add, subtract
Logic instructions
And and Or
Branch instructions
Beq
Jump instructions
J
2. Basicfunctionalunits required for the design
Instruction and data memory
Program counter
Adders



Arithmetic Logic unit
Register file
3. Single cyte implementation

-For each instruction identify
the functional units needed in the instruction execution
the path of dataflow between them Page [L35
and path of control signal flows to each unit

-use of multiplexers
to tie together all functional units requirgdthe
datapath for all of the instructions

- value of the control signals
-based only on the instruction being executed
- implementation of controller using combinational logic

- cycle time for single cycle implementation
determined by the worst ga path delay for all instructions

- machine with powerful instructions
result in an imbalance in the amount of time required

4. Multi-cycle implementation
break the major task of each instruction into a series of smaller steps
perform one step evepycle
finite state machine to control
the values of the control signals now depend on which step we are performing
can reuse functional units such as memory and ALU
registers needed to store values between cycles

5. Controller design
- Initial represerdtion can be either
- Finite state machine FSM or
- Micro program
- Sequencing Control can be achieved using either
- Next state function or
- Micro program counter
- Logic Representation using either
- Equations or
- Truth table
Implementation can be either
- Progranmable Logic Arrays or
- Read Only Memories



Hardwired control implementation

Finite State Machine
®

Next state function
®

Logic equation
®

Programmable Logic Array

Microprogramming
simplifies control design
specifying control for real@sign cannot be done using graphical
representation of finite state machine

so we use textual representation that look like a program in micro
programming

micro instructions in the micro program represents the control value
micro program counter regsented by state bits
micro instruction format
can be designed to permit use of programming
tools will be used to convert the microprogram into an implementation
micro code
implemented using Read only memories to store the microprogram

Microprogram Counter implementation
Microprogram
®
MP counter
®
Truth Table
®
Read Only Memory

6. Exceptions
Hard parts in implementing control
Handling exceptions
For MIPS subset
Exceptions can be easily handleddxyending the datapath and control path
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Lecture 22 - Processor Design Data path for Arithmetic instructions

- Supports a Subset of MIPS
- Memory reference Instructions
Iw, sw
- Arithmetic logic
Add, Sub, And, or
- Brarch Inst
beq,

Basic components of the design

- Instruction memory

- Data memory

- Add

- ALU

- Reqister File

- Look at each instruction individually
- See which functional unit it uses
- See the path of data flow

- Data Path
- Control Path

Design of Data Path & Comol Path

Basic instruction cycle consists of fetch and execute steps
Program counter fetches
One instruction
ALU
executes the instruction

Thereafter Program counter
fetches the next instruction
ALU Executes it

This cycle will follow through for althe instructions in the program
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Simply we can draw a state transition diagram

\4
Fetch

\4
Fxeclute

I

Two elements needed to store & execute instruction

Instruction memory to store instructions

Program counter to keep track or point to the next ioBtmi to be executed

- Instruction memory

Instruction atidress

Instruction memory

Instruction l

- no need to write
- need only read access

|

- Program counter PC

|

Holding the addressf the next instruction
- register 32 bit
- written at every cycle

- Adder
- adds 2 3zbit inputs
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Example
Design the data path to fetch instructions & increment the program counter to the next
instruction.

Make sure to add 4ykes to get the next instruction

In MIPS the length of the instruction is 4 bytes Page [L39
\ 4
PC
4
\ 4 \4 l
Instruction Adder
memory L

Instruction



Example
Design the Data Path forfermat instructions (Add, Sub, AND, OR)

elements needed

- 32 register

- ALU Page [140
Register file
- 32registers
- Inputs

2 read ports
one write ports

- Outputs
Contents of Register 1
Contents of Register 2

Write Register
Read Register 2
l5 l 5 l 5 bits Read Register 1

32 Registers
32 bit each

’ ’

Read Read
Data 2 data 1

Write signal ’

Control Signals needed for register file
- Reg. Write to write into a register

Control Signals to ALU
Data from register 1

l l Data from register 2
ALU

ALU OP_]

Result



Now combine two functional units together using two lines

Write Register
Read Register 2
l5 l 5 l 5 bits Read Register 1

32 Registers

Write signal 32 bit each

Read
data 1

ead
ata 2

Date/from regier 1

Data from register 2

ALU OP_/—

Result
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Example
Identify the hardware functional units necessary to implement the executiofiavm&t

instructions.

Combine the program counteaitd path for many instructions tetfge instruction data
path. Page [L42

Format of the instruction

opcode $t1 $t2 $t3 0 2 3 1 Aihits
PC
4
A 4 \ 4 l
Inst Adder
memory

‘ Instruction
2 bits

$tl P $t3  writeata

Write signal Register File

ALU OP | AU




Lecture 23 Processor Design Data path for Lw/Sw instructions

Example

Implement SW/LW

2 units needed for sw/lw
- Data memory Page [143
- Sign extension unit

Data Memory
Write Address

l data l

Data Memory

“——Memory write

“—Memory read

l Read data

SW

Store word write data in the data memory

Memory write signal = 1 when writing data provided by the write data in the
address provided by the address

No ouputs

Lw
Load word- reads data from memory
Memory read is = 1 when reading data from the address
Output- read data
Sign extension unit
|16 bit

sign
extension
1nit

l

32 bit
Data path for 1w/sw
- ned register access
- calculate memory address
- read from memory
- write into register file for lw instruction
- write into data memory for sw instruction




Example -

Design the DataPath for :
offset ($2)

- 1w $1

35 2 1 address

compue memory address
add $2 to 14vit signed offset

- Read value for Datmmem

- Write into $1

Offset

Instructio

n 0~31

A

y

16

Sign

extension

32

A 4

Rea Write
Reg Reg
$2 $1

\A 4

Reg file |,

Control signal

\ A

y Read ata

Al

1] |e ALU OP

A

I Address

Data

mem Read

mem [€

4
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Example -

Design DataPath for SW $1 offset ($2)

43 2 1 address

Instruction 0~31bits

Read Read
offset Reg Reg
16bit | $2 | $1
Sign Reg file
extension
32 bits
L\ Read data 2
— ALU OP
Al LJ +—
Read data $1
MemoryAddress

A 4 A 4

Data memory

<+— Memory write

|
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Lecture 24 Processor Design Data path for Beq instructions
Example :
Design DP for branch instruction

beq $1 $2  offset 4 1 2 pc+a+offset
| Page [L46
\/ branch target branch
compare relative to branch inst target adtiress
PC+4
address l l—
- need to compare
- need to competbranch target address Adder
Should do 2 things l VL
- condition true 1 0
- go to branch target address control sg — MUX
- condition false
- nextinst to Program COUﬂtEIi

- also need a word offset
shift offset field 2 bits lgf

beq $1 $2  offset

5bit Read 5 bit 16 bit offset
Reg 2 Read Reg 1 v
\ 4 \ 4 S|gn
Reg file extension
Read Read v 32 hit
4 Data 2 + Datal gl -2
PC+4
ALUOR—s|  ALU .
Adder
Branch, PC ‘+(4
zero 0 1
MUX

l to PC



