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Intel Core 17 Processor
Nahalem 731M xtor, 263mm?, 45nm process, ~2008

| ! Shared L3 Cache s




CPU die comparison

AMD Epyc Rome (64- 7 & 12nm
bit, SIMD, caches)

Apple A13 (iphonell+) /nm
Haswell GT3 4C 22nm
Haswell GT2 4C 22nm
Haswell ULT GT3 2C 22nm
Intel lvy Bridge 4C 22nm

Intel Sandy Bridge E 6C 32nm
Intel Sandy Bridge 4C 32nm

327?

4
4
4
2
4
6
4

GT2
GT3
GT2
GT3

GT2
N/A

GT2

39.5B  1088()

8.5B ~99

? ~264
1.4B 177
1.3B 181
1.2B 160
2.27B 435
995M 216

[TnyEc: cpu-world.com, anandtech.com, Wikipedia, KATT.
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(Single) Processor Performance

Performance (vs. VAX-11/780)

100000
Intel Xeon 6 cores, 3.3 GHz (boost to 3.6 GHz)
Intzl Xeon 4 cores, 3.3 GHz (boost to 3.6 GHz)
Intel Core i7 Extreme 4 cores 3.2 GHz (boost 10 3.5 GHz] 24,129
Intel Core Duo Extreme 2 cores, 3.0 GHz 421 871
Intel Core 2 Extreme 2 cores, 2.9 GHz
10000 ﬁ.hﬁH tﬁfonDHE G%—Pz Zoz
Intel Xecn EE 3.2 GHz ?rma
Intel DBSOEMYR maotherboard (3.06 GHz, Pentium 4 processor with Hyper-Threading Technology) 6,043 B,651
IBM Powerd, 1.3 GHz 4,108
Intel WCa20 motherboard, 1.0 GHz Pentium Il processor
Professional Workstation XP1000, 667 MHz 212644
Jd - Digital AlphaServer 8400 6/575, 575 MHz 21264 ! _ L . L o
1000
AlphaServer 4000 5/600, 600 MHz 21164
Digital Alphastation 5500, 500 MHz
Digital Alph.astation 5300, 300 MHz 22%fyear
Digital Alphastation 4266, 266 MHz
T 100 N PSS IE!I'I."I POWERS'tatlon 100, 150MH2 ) L L L L L o
Dlgrtal 3000 A}(P'EOU 150 MHz
HP 2000/750, 66 MHz
IEM RS&000/540, 30 MHz, 52%/year
MIPS M2000, 25 MHz
MIPS M1 20, 16.7 MHz
10 oo SR -
1




Outline

What is Computer Architecture?

Computer Instruction Sets — the fundamental
abstraction

review and set up
Dramatic Technology Advance
Beneath the illusion — nothing is as it appears
Computer Architecture Renaissance

© © © © Manonal Technical University of Athens L
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What is “Computer Architecture”?

Applications

Operating
System
Compiler | rFirmware

| | Instruction Set
Architecture

Instr. Set Proc. I/O system

Datapath & Control
Digital Design
Circuit Design
Layout & fab

Semiconductor Materials

= Coordination of many levels of abstraction
= Under a rapidly changing set of forces
= Design, Measurement, and Evaluation




Forces on Computer Architecture

Technology Programming
Languages

Applications ,/

[ Computer }

Architecture

Operating / \

Systems

History




The Instruction Set: a Critical Interface

¥
software /\/ \j\%

instruction set

hardware

= Properties of a good abstraction
Lasts through many generations (portability)
Used in many different ways (generality)
Provides convenient functionality to higher levels
Permits an efficient implementation at lower levels




Single Processor Performance

Performance (vs. VAX-11/780)

Move to multi-processor

100000

Intel Xeon 6 cores, 3.3 GHz (boost to 3.6 GHz)
on 4 cores, 3.3 GHz (boost to 3.6 GHz)
Intel Core (7 Extreme 4

Intel Core Duo

10000 = AMD Aty
Intel Xeon EE SEGHZ
Intel DBSOEMYR maotherboard (3.06 GHz, Pentium 4 processor with Hyper-Threading Technology)

IBM Powerd, 1.3 GHz
Intel WYC820 motherboard, 1.0 GHz Pentium Il procesesor

Professional Workstation XP1000, 667 MHz 212644
1000 oo Digital AlphaServer 8400 6/575, 575 MHz 21264

L

RISC

IBEN RS&000/540, 30 MHz

HP 9000.'?50. =1+ I'l."IHz

1[0 J E————

' I I I I I I I I I I I I I I I l
1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012




Current Trends in Architecture

= Cannot continue to leverage Instruction-Level
parallelism (ILP)

Single processor performance improvement ended in
2003

= New models for performance:
Data-level parallelism (DLP)
Thread-level parallelism (TLP)
Request-level parallelism (RLP)

= These require explicit restructuring of the application

() ) Nuhonal Technical
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Classes of Computers

Personal Mobile Device (PMD)
e.g. smart phones, tablet computers (1.8 billion sold 2010)
Emphasis on energy efficiency and real-time

Desktop Computing
Emphasis on price-performance (0.35 billion)

Servers
Emphasis on availability (very costly downtime!), scalability,
throughput (20 million)

Clusters / Warehouse Scale Computers
Used for “Software as a Service (SaaS)’, PaaS, laaS, etc.

Emphasis on availability ($6M/hour-downtime at Amazon.com!)
and price-performance (power=80% of TCO!)

Sub-class: Supercomputers, emphasis: floating-point
performance and fast internal networks, and big data analytics

Embedded (lIoT?) Computers (19 billion in 2010)
Emphasis: price

© © © © Nahonal Technical Un
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Re-Defining Computer Architecture

“OIld” view of computer architecture:
Instruction Set Architecture (ISA) design
l.e. decisions regarding:

Registers#, memory addressing, addressing modes,
Instruction operands, available operations, control flow
Instructions, instruction encoding

“Real” computer architecture:
Specific requirements of the target machine

Design to maximize performance within constraints:
cost, power, and availability

Includes ISA, microarchitecture, hardware
= Security? Quality of Service?

() ) Nuhonal Technical
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Trends in Technology

= |ntegrated circuit technology
Transistor density: 35%/year
Die size: 10-20%/year
Integration overall: 40-55%/year
= DRAM capacity: 25-40%/year (slowing)
= Flash capacity: 50-60%/year
15-20X cheaper/bit than DRAM
= Magnetic disk technology: 40%/year
15-25X cheaper/bit then Flash
300-500X cheaper/bit than DRAM

13




Bandwidth and Latency

= Bandwidth or throughput
Total work done in a given time

10,000-25,000X improvement for processors over the 1st
milestone

300-1200X improvement for memory and disks over the
1st milestone

= Latency or response time

Time between start and completion of an event

30-80X improvement for processors over the 1st
milestone

6-8X improvement for memory and disks over the 1st
milestone

() ) Nuhonal Technical
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Bandwidth and Latency

100000
Microprocessaor

TO000 frommmmmmmmmmmsmm s el
5
= Network
Q
- .
E E
[ e e e
£ 1000
£
=]
=
=
g
] 1{:":}_ """"""""""""""""" - """"'""""“""'“""'“""""""":;‘;;‘-"
p
=
©
QO e
&

) [V T o AR (s SR R
e (Latency improvement
= bandwidth improvement)
1 .

1 10 100
Relative latency improvement

Log-log plot of bandwidth and latency milestones
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Transistors and Wires

s Feature size

Minimum size of transistor or wire in X or y dimension
10 microns in 1971 to .032 microns in 2011
Transistor performance scales linearly

Wire delay does not improve with feature size!
Integration density scales quadratically

Linear performance and quadratic density growth
present a challenge and opportunity, creating the
need for computer architect!

() ) Nuhonal Technical
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Power and Energy

= Problem: Get power Iin, get power out

= Thermal Design Power (TDP)
Characterizes sustained power consumption
Used as target for power supply and cooling system

Lower than peak power, higher than average power
consumption

Envelop?

= Clock rate can be reduced dynamically to limit
power consumption

= Energy per task is often a better measurement

© © © © Manonal Technical University of Athens L
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Dynamic Energy and Power

= Dynamic energy
Transistor switchfrom0->1or1->0

f x Capacitive load x Voltage?
f Is activity factor

For f= 2 we get % x Capacitive load x Voltage?
Typical assumption for activity factor is 2

= Dynamic power

Y x Capacitive load x Voltage2 x Frequency switched
Again, assumes activity factor is Y2

= Reducing clock rate reduces power, not energy

© © © © Manonal Technical University of Athens L
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Power

= [ntel 80386
consumed ~ 2 W
Intal Pentiumd Xeon Intel Mehalem Xeon

m 3.3 GHz Intel Core 17 S ey, S0z nz0o

Intel Pentium 11

consumes 130 W ooaamnzoso

10000

I deememm e meemermeemecm e ceceemeemen e
Digital Alpha 21164A

| Heat mUSt be EODMHZHHQQE;_/::
dissipated from 1.5 f anyear
1.5 cm chip s

= This is the limit of h
what can be cooled “

Digital Alpha 21064

A0 reererev e e e

Clock rate %ZJ

40% fyear

16. ?MHZ in 1986

Digital W AX-11/780

by alr & MHz in 1978

15%/year

1 T T T T T T T T T T T T T T T T
1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012
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Reducing Power

= Techniques for reducing power:
Do nothing
Dynamic Voltage Scaling (DVS)
Dynamic Frequency Scaling (DFS)
Dynamic Voltage-Frequency Scaling (DVFES)

Low power state for DRAM, disks
Sleep modes

Overclocking, then turn off cores (!!!)

© © © © Manonal Technical University of Athens L
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Static Power

= Static power consumption
Currentstatic x Voltage
Scales with number of transistors
To reduce: power gating
Race-to-halt

= The new primary evaluation for design innovation

Tasks per joule
Performance per watt

21
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Trends in Cost

= Cost driven down by learning curve
Yield

= DRAM: price closely tracks cost

= Microprocessors: price depends on volume
10% less for each doubling of volume

22




Integrated Circuit Cost

= Integrated circuit

Cost of die + Cost of testing die + Cost of packaging and final test

Cost of integrated circuit = : .
Final test yield

Cost of wafer

Cost of die =
ost of die Dies per wafer ¥ Die vield

“ ’ .
1 % ( Wafer diameter/2)” T x Wafer diameter
Die area /2 % Die area

Dies per wafer =

Die yield = Wafer yield = 1./(1 4+ Defects per unit area x Die area }N

= Bose-Einstein formula (!)
= Defects per unit area = 0.016-0.057 defects per square cm (2010)
= N = process-complexity factor = 11.5-15.5 (40 nm, 2010)

= The manufacturing process dictates the wafer cost, wafer yield and
defects per unit area

s [he architect’s design affects the die area, which in turn affects the
defects and cost per die

| Technical University of Athens. SRR
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Dependability

= Systems alternate between two states of service

with respect to Service Level
Agreements/Objectives (SLA/SLO):
Service accomplishment, where service is delivered
as specified by SLA
Service interruption, where the delivered service is
different from the SLA

= Module reliabllity:

Mean time to failure (MTTF)
Mean time to repair (MTTR)
Mean time between failures (MTBF) = MTTF + MTTR
Avallability = MTTF / MTBF

24




Measuring Performance

= Typical performance metrics:
Response time
Throughput
= Speedup of X relative to Y
Execution timeY / Execution timeX
= EXecution time
Wall clock time: includes all system overheads
CPU time: only computation time
= Benchmarks
Kernels (e.g. matrix multiply)
Toy programs (e.g. sorting)
Synthetic benchmarks (e.g. Dhrystone)
Benchmark suites (e.g. SPECO06fp, TPC-C)

(sY*]+]") echmical University of Athens <0000
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Principles of Computer Design

= Take Advantage of Parallelism

e.g. multiple processors, disks, memory banks,
pipelining, multiple functional units

= Principle of Locality
Reuse of data and instructions

s Focus on the Common Casel!ll
Amdahl’'s Law

|l-. .H\ll

enhanced
Speedup

Fraction

Execution time

e |
enhanced -

Execution time ;4 I

Speedup,,eall = — - '
overall ™ Execution time, . Fractionephanced
(1 — Fraction 4t —

S pm‘:d U penhanced

enhance

26




Amdahl’s Law

ExTime,,, = EXTime, x

ExTime,,

Sr‘-)eEdUpoverall - =

ExTime,,,

Best you could ever hope to get:

Speedupmaximum

I

(1— Fractionenhanced) +

1

Fraction,, ..,

Speedupenhanced -

(1— Fractionenhanced) +

Fraction,, ..,
SpeEdupenhanced

F=0.1=>S5S~=1.1

F=0.5=>S5=2

F=0.9=>5=10

1

(1 - Fractionenhanced)

=>

27




Principles of Computer Design

= The Processor Performance Equation

CPU time = CPU clock cycles tor a program x Clock cycle time

CPU clock cycles for a program
Clock rate

CPU time =

CPU clock cycles for a program

CPI = .
Instruction count

CPU time = Instruction count x Cycles per instruction x Clock cycle time

[nstructions " Clock cycles " Seconds  Seconds CPU time
Program Instruction  Clock cycle  Program |

| Technical University of Athens. SRR
\ Qe KA sEE
© L etk
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Principles of Computer Design

= Different instruction types having different CPlIs

1
CPU clock cycles = Z [C. < CPI
=1
[ A
Hn
CPU time = Z [C; X CPl. | X Clock cycle time
=1 J

QOOQ echnical University of Athens SRR
! 00 N T
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Instruction Set Architecture (ISA)

e Serves as an interface between software and
hardware.

* Provides a mechanism by which the software
tells the hardware what should be done.

High level language code : C, C++, Java, Fortran,

;. compiler

Assembly language code: architecture specific statements
;. assembler

Machine language code: architecture specific bit patterns

software

instruction set

hardware

| Technical University of Athens. SRR
! 00 N\ iR
© c1epil
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Instruction Set Design Issues

= Instruction set design issues include:
Where are operands stored?
registers, memory, stack, accumulator
How many explicit operands are there?
0,1, 2, or3
How is the operand location specified?
register, immediate, indirect, . ..
What type & size of operands are supported?
byte, int, float, double, string, vector. . .
What operations are supported?
add, sub, mul, move, compare . ..

31
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Classifying ISAs

Accumulator (before 1960, e.g. 68HC11):

1-address add A acc <« acc + mem[A]
Stack (1960s to 1970s):

O-address add tos « tos + next
Memory-Memory (1970s to 1980s):

2-address add A, B mem[A] « mem[A] + mem[B]

3-address add A, B, C mem[A] « mem[B] + mem|[C]
Register-Memory (1970s to present, e.g. 80x86):

2-address add R1, A R1 <« R1+ mem[A]

load R1, A R1 < mem[A]

Register-Register (Load/Store/RISC) (‘60s to present, e.g. MIPS):

3-address add R1,R2, R3 R1« R2+R3
load R1, R2 R1 « mem|[R2]
store R1, R2 mem[R1] « R2

32




Operand Locations in Four ISA Classes

« GPR >
(a) Stack (b) Accumulator (c) Register-memory (d) Register-register/load-store
I
Processor
TOS
\ie/
Memory

33



Code Sequence C=A + B for 4 ISAs

Stack Accumulator Register Register (load-
(register-memory) |Store)
Push A Load A Load R1, A Load R1,A
Push B Add B Add R1, B Load R2, B
Add Store C Store C, R1 Add R3, R1, R2
Pop C Store C, R3
TOS — -
ALU i _}]ﬁ_ i \ Y
— I— ALU
— |
memory memory |
acc = acc + mem|[C] R1 = R1+ mem|[C] R3= R1+R2

© © © © Nahonal Technical Un
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Types of Addressing Modes (VAX)

Addressing Mode Example Action

1. Reqister direct Add R4, R3 R4 <- R4 + R3

2. Immediate Add R4, #3 R4<-R4 +3

3. Displacement Add R4, 100(R1) R4 <- R4 + M[100 + R1]

4. Register indirect Add R4, (R1) R4 <- R4 + M[R1]

5. Indexed Add R4, (R1 + R2) R4 <- R4 + M[R1 + R2]

6. Direct Add R4, (1000) R4 <- R4 + M[1000]

7. Memory Indirect Add R4, @(R3) R4 <- R4 + M[M[R3]]

8. Autoincrement Add R4, (R2)+ R4 <- R4 + M[R2]
R2<-R2+d

9. Autodecrement Add R4, (R2)- R4 <- R4 + M[R2]
R2<-R2-d

10. Scaled Add R4, 100(R2)[R3] R4 <-R4 +

M[100 + R2 + R3*d]
= [Clark and Emer]: modes 1-4 => 93% of all operands on the VAXI!!!

© © © © Nahonal Technical Un
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Types of Operations

Arithmetic and Logic:
Data Transfer:
Control

System

Floating Point
Decimal

String

Graphics

AND, ADD

MOVE, LOAD, STORE
BRANCH, JUMP, CALL
OS CALL, VM

ADDF, MULF, DIVF
ADDD, CONVERT
MOVE, COMPARE
(DE)COMPRESS

(© © Manonal Technical Un
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MIPS Instructions

= All instructions exactly 32 bits wide
= Different formats for different purposes
= Similarities in formats ease implementation

6 bits 5 bits 5 bits 5 bits 5 bits 6 bits

op rs rt rd |shamt| funct |, R-Format
31
6 bits 5 bits 5 bits 16 bits
| ——— > | — | «— | <« > |
31L_©P rs rt offset 0 |-Format
6 bits 26 bits
| ——> | < > |
op address J-Format
31 0

| Technical University of Athens. SRR
: (919) 5 B-H
@ c1epil:
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MIPS Instruction Types

= Arithmetic & Logical - manipulate data in
registers
add $s1, $s2, $s3 $s1 = $s2 + $s3
or $s3, $s4, $s5 $s3 = $s4 OR $s5
= Data Transfer - move register data to/from
memory - load & store
lw $s1, 100($s2) $s1 = Memory[$s2 + 100]
sw $s1, 100($s2) Memory[$s2 + 100] = $s1
= Branch - alter program flow
beq $s1, $s2, 25 if (§s1==$s1) PC = PC + 4 + 4*25
else PC=PC + 4




MIPS Arithmetic & Logical Instructions

= Instruction usage (assembly)

add dest, src1, src2 dest=src1 + src2
sub dest, src1, src2 dest=src1 - src2
and dest, src1, src2 dest=src1 AND src2

= Instruction characteristics
Always 3 operands: destination + 2 sources
Operand order is fixed

Operands are always general purpose
registers

= Design Principles:
Design Principle 1: Simplicity favors regularity
Design Principle 2: Smaller is faster




Arithmetic & Logical Instructions

6 bits 5 bits 5 bits 5 bits 5 bits 6 bits

op rs rt rd |shamt| funct
31 0

= Used for arithmetic, logical, shift instructions
op. Basic operation of the instruction (opcode)
rs: first register source operand
rt: second register source operand
rd: register destination operand
shamt: shift amount (more about this later)
funct: function - specific type of operation

= Also called “"R-Format” or “R-Type” Instructions

© © © © Mahonal Techmcai
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Arithmetic & Logical Instructions

= Machine language for
add $8, $17, $18

s See reference card for op, funct values

6 bits 5 bits 5 bits 5 bits 5 bits 6 bits

op rs rt rd |shamt| funct

31 0]

I I I
| Decimal

|
| Binary

QO nal Technical University of Athens AR
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MIPS Data Transfer Instructions

= Transfer data between registers and memory

= Instruction format (assembly)
lw $dest, offset($addr) load word
sw $src, offset($addr)  store word

s Uses:

Accessing a variable in main memory
Accessing an array element

42




Evolution of Instruction Sets

Single Accumulator (EDSAC 1950)
I

Accumulator + Index Registers
(Manchester Mark I, IBM 700 series 1953)

Separation of Programming Model
from Implementation

/////// \\\\\\\\\

High-level Language Based (Stack) Concept of a Family
(B5000 1963) ~_ / (IBM 360 1964)
General Purpose Register Machines
/ \
Complex Instruction Sets Load/Store Architecture
(Vax, Intel 432 1977-80) (C|DC 6600, Cray 11963-76)
| RISC
Intel x86 (MIPS,Sparc,HP-PA IBM RS6000, 1987)

ARM,RISCV oo
43 :¢SLabal




Components of Performance

CPU time = Seconds = Instructions Xx Cycles x Seconds
Program Program Instruction Cycle

Instr. | CPl | Clock

count rate
Program X CPT
Compiler X X /\
Instruction Set X X X Inst Cycle
Architecture (ISA) count Time
Opydavwon X X
TexvoAoyia X

© © © © Nahonal Technical Un
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What’s a Clock Cycle?

(

Latch
or
register

combinational

1§

logic

~

J

= Old days: 10 FO4 levels of gates (fan-out-of-four)
= Today: determined by numerous time-of-flight issues +

gate delays

clock propagation, wire lengths, drivers

Still ~10-20...

45
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Integrated Approach

What really matters is the functioning of the complete
system, |.e. hardware, runtime system, compiler,
and operating system

In networking, this is called the "End to End argument”

= Computer architecture is not just about transistors,
Individual instructions, or particular implementations

= Original RISC projects replaced complex
Instructions with a compiler + simple instructions

© © © © Manonal Technical University of Athens L
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How to achieve better performance?

s |SA IS a contract!

= But: underneath the ISA illusion....
Do more things at once (i.e. in parallel)
Do the things that you do faster

This Is what computer architecture is all about!

Q Nahonal Technical University of Athens LTS
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Example Pipelining

Time ( clock cycles)

Cycle 1: Cycle 2: Cycle 3 : Cycle 4 Cycle 5 i Cycle 6: Cycle 7

Ifetch I Reg :[-[ DMem |—f |4 Reg
Ifefch:[ Reg :[ -[DMem —} Reg

Ifefch:[ Reg -[DMem —} Reg
v Ifetch :[ Reg M Reg

I3 +0 S N

S0 30




The Memory Abstraction

Association of <name, value> pairs
typically named as byte addresses
often values aligned on multiples of size

Sequence of Reads and Writes

Write binds a value to an address

Read of addr returns most recently written value
bound to that address

command (R/W) >

address (hame) >

<€

done
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Levels of the Memory Hierarchy

Capacity
Access Time
Cost

CPU Registers
100s Bytes
<« 1sns

Cache

10s-100s K Bytes
~1ns

$1s/ MByte

Main Memory
M Bytes
100ns- 300ns
$< 1/ MByte

Disk

10s G Bytes, 10 ms
(10,000,000 ns)
$0.001/ MByte

Registers

I Instr. Operands

Cache
Blocks

Memory

Pag NVRAM (SCM, SSD) res

Disk
I Files

Staging Upper Level
Xfer Unit N
faster

prog./compiler
1-8 bytes

cache cntl
8-128 bytes

user/operator J
Mbytes

Larger

Tape
infinite
sec-min

Tape

Lower Level

$0.0014/ MBy+

circa 1995 NUMAEES wrsmssmmndsims

50
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The Principle of Locality

= The Principle of Locality:

Program access a relatively small portion of the address space
at any instant of time

= Two Different Types of Locality:

Temporal Locality (Locality in Time): If an item is referenced, it
will tend to be referenced again soon (e.g., loops, reuse)

Spatial Locality (Locality in Space): If an item is referenced,
items whose addresses are close by tend to be referenced soon
(e.qg., straightline code, array access)

= Last 30 years, HW relied on locality for speed

P lep| 5 |e—s| MEM

51




The Cache Design Space

= Several interacting dimensions
cache size
block size
associativity
replacement policy
write-through vs write-back

= The optimal choice is a compromise

depends on access characteristics

workload
use (I-cache, D-cache, TLB)

depends on technology / cost
= Simplicity often wins

Bad

Good

Cache Size

A

Associativity

Block Size
Factor Factor B
Less More

52




Is it all about memory system design?

McKinley Floorplan

A | iR S T i | s,
L ﬁlra:mhi'tjmt FloaL llg Po[im Um‘t i

0.18 um, Al process
200MHz system clock
1GHz core clock
Core clocking:

« 260 mm?

1 primary driver
5 repeaters
33 delay SLCBs
18k gated buffers

157k clocked
latches

21.6 mm

L ]

0 < -
< 19.5mm >




Is it all about memory system design?

| ! Shared L3 Caché;_‘ e

|




Memory Abstraction and Parallelism

Maintaining the illusion of sequential access to memory

What happens when multiple processors access the
same memory at once?
Do they see a consistent picture?

Mem

Mem

Interconnection network
| |

Mem Mem

Interconnection network

s Processing and processors embedded in the memory?
s Does/should the SW know about hierarchy? NUMA!

© © © © Mahonal Techmical Un
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5-Stage Pipelined Datapath

Instruction Instr. Decode Execute Memory i Write
Fetch Reg. Fetch Addr. Calc Access : Back
Next PC J e > >
_ Next SEQ PC Next SEQ PC -
i >
DR
< »1Zero? |
— v !
4 RS1
> RS2 —
» S |e—] S o T | Q 9 Q =
: NE | 2 ||@ FNENERIE
@ <L d 5 HX = ool |=
- I HRK
> = >
. @©
S et
¢ Imm:@— 8
~ ~ ~ 2
AT A= W= I
‘ 8800 Nahonal Techmical University
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Alaypappa XpOvIouoU

=~ U0 O —

—:('DQﬁO

Time (clock cycles)

ECycIe 1§Cycle 2 ECycIe 3 Cycle 4§Cycle 5 ECycIe 6§Cycle 7

Ifetch

Reg

ALU

Ifetch

-[ DMem [u

Reg

oy

- Reg

ALU

Ifetch

Reg

Ifetch :[

ALU

Reg

} Reg

Reg

-[ DMem |

Ei

o
L

Reg
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Mapadeiypa yia Tnv evroAn lw: Instruction Fetch (IF)

«nstruction fetch |

A\ Sign

\@\

0
M
u
X
1
IFID IDIEX EX/VEM
Add \
- Add
¢ Add result
Shift
left 2
5 Read
» Address 2 register 1 Read ‘\
=}
3 Read data 1 ‘
Instruction = register 2 Zero S
memo! =~  Registers Regd AU AU
e Wiite data 2 0 result Address
register M
u Data
White X / merory
data 1
| Wite
data

Read
data

MEMWB

OXCZH

© © © © Manonal Technical University of Athens L
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Mapadeiypa yia Tnv evroAn Iw: Instruction Decode (ID)

Instruction decode

»

A

I—\><C§O

IFID ID/EX EX'MEM MEMWB

Add \
AggAdd

¢ dd result
Shift
left 2
5 Read
PCr—4=>| Address 3 register 1 Read ‘ ‘\
>
ﬁ R Read data 1 |
Instructi = register 2 Zero N
o =~ Registers ALU
memory . €g Read 0 ALU Read
whie data2 result Address Yo 1
register M ata M
u Data
— | dan X / memory X
data 1 ;
> | Wite
data
16 ! R
A\ Sign

| @ |
© © © © Mahonal Technical University of Athens
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Mapadeiypa yia Tnv evroAn lw: Execution (EX)

) Execution )

\@\

Read
data

0
M
u
X
1
IFID IDIEX EX/VEM
Add \
- Add
¢ Add result
Shift
left 2
5 Read
PC=&=>| Address 2 register 1 Read ‘ ‘\
>
ﬁ Read data 1 |
Instructi = register 2 Zero N
ion L = (2 s AL
menmory . Registers Read A ALU
Wiite data 2 result Address
register M
= Data
White X / merory
data 1
> | Wite
data
16 ! R
A\ Sign L

MEMWB

OXCZH

© © © © Mahonal Technical University of Athens
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Mapdadeiypa yia Tnv evroAn lw: Memory (MEM)

< Memory >
0
M
u
X
1
i ID/EX EXMEM MEMWB
Add \
> Add
) Add result
Shift
left 2
5 Read
PC=&=>| Address § register 1 Read ‘ ‘\
g ot el Zero > >
Instruction = register 2 >
memo =  Registers Regd AU Ay
Y White data 2 0 result Address I?jead_, —(1
register M ata M
Whit X / Deta u
e X
data 1 memory 8(
> Wite
() -
16 ! R
A\ Sign L ‘
\ @ \
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Mapadeiypa yia Tnv evroAn lw: Writeback (WB)

Read
data

0
M
u
X
1
IFID IDIEX EX/VEM
Add \
- Add
¢ Add result
Shift
left 2
5 Read
» Address 2 register 1 Read ‘ ‘\
=}
3 Read data 1 ‘
Instruction = register 2 Zero S
memo! =~  Registers Regd AU AU
i Wiite data 2 0 result Address
register M
u Data
Wiite X / merory
data 1
> Wite
data
16 ! R
A\ Sign L

\@\

__ Writeback _
MEMMWB
N — —
M
u
X
0




Mepiopiopuoi pipeline

= O1 kivouvol (hazards) amroTpETTOUV TNV ETTOMEVN

EVTOAN ATTO TO VA EKTEAEOCTEI OTOV KUKAO TTOU TTPETTE

Aopikoi Kivouvol (structural): otav To UAIKO OeV PTTOPEI
VA UTTOOTNPICEI TAUTOXPOVN EKTEAECT) OUYKEKPIMEVWIV
EVTOAWV

Kivouvol 0edouevwy (data): oTav pia evioAn xpeladetal
TO ATTOTEAECUA PIAC TTPONYOUMEVNC, N OTTOIO BPioKETAI
akoun oto pipeline

Kivouvol eAéyyou (control): étav eicdyetal KaBuoTEpNon
LMETACU TOU (POPTWHATOC EVTOAWV Kal TNC AWNnCS
ATTOPACEWY OXETIKA JE TNV AAAayr) TNS PONG TOU
Tpoypauuaroc (branches,jumps)
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Structural hazard: éva d100€o1no0 memory port

Time (clock cycles)

Cycle 1§Cycle 2 ECycIe 3 Cycle 4§Cycle 5 Cycle 6§Cycle 7

Load |[™" A ~- ; L] Reg

S =t 5 1y IR P21
Instr 2 Ifetch :{: Reg : -[ DMem _} Reg

Instr 3 !Ifetch! ! Reg

InStr 4 Ifetch

11

DMem 4 Reg

s~ U0 O —

DMem

. }[DMem ﬂ + Reg
q L]

© © © © Nahonal Technical
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Structural hazard: etriAuon pe stall

Time (clock cycles)

Cycle 1§Cycle 2 ECycIe 3 Cycle 4§Cycle 5 Cycle 6§Cycle 7

Load Ifetch Reg :[-[ DMem |—£ = Reg

InStr 1 Ifetch :[: Reg :[ 2 DMem L] Reg

-[ DMem —} Reg
& ) IBubble Bubbl Bubble Bubble
E Reg [ |

s+ W0 5 —

|ﬂStI’ 2 Ifetch

Stall

nses | T ERE

= O© Q=0
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NMapadeiypa data hazard otov rl

Time (clock cycles)

add r1,r2,r3
sub r4,r1,r3
and r6,r1,r7
or r8,r1,r9

. xor r10, 1,r1l

1=

ID/RF  EX

Ifetch

F

Reg

i

Ifetch

Reg

Ifetch

MEM

wWB

il

Ifetch

| T ‘:u'lf‘i”.

i

=

[

Reg |

L Reg

L Reg

Ifetch
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ECapTNOEIC KAl KivOUVOI OEOONEVWV

= H Jeival data dependent amo tnv I:
H J rpooTtraBei va diaacel Tov source operand
TTPIV TOV ypayel n |

|: add r1,r2,r3
J:subrd,rl,r3

= N, nJ cival data dependent atro Tnv K, n otroia givail
data dependent atré Tnv | (aAucida e€apTHOEWV)

m [lpaypaTikeg ecaptnoels (True Dependences)

= [1pokaAouv Read After Write (RAW) hazards oTto
nipeline

Q0O0© nical University of Athens. LTS
‘ o0 A
67 < CSLabtal



ECapTNOEIC KAl KivOUVOI OEOONEVWV

s O1 eCaptNoEIC €ival IDIOTNTA TWV TTPOYPONUATWY

= H 1Tapouadia yiag ecaptnong utrodnNAwVEl TNV
mBavoTtnTa geyavions hazard, aAAa 1o av Ba oupBei
TTPayPaTIKA TO hazard, kai To TT0on kaBuoTtépnon Ba
gloqyel, gival 1I010TNTa TOU pipeline

= H onuaoia Twv e€apToewy 0EQ0NEVWV:

1) uttodnAwvouv TNV MlavoTnTa yia hazards

2) KaBopilouv TN o€Ipa CUUPWVA PE TNV OTTOIA TTPETTE
vVa UTTOAOYIOTOUV TO OEOOUEVA

3) BETOUV £va Avw OPIO OTO TTOCO TOU TTapAAANAICUOU
TTOU UTTOPOUME VA EKMETAAAEUTOUME
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Name Dependences (1): Anti-dependences

Name dependence, otav 2 eVTIOAEC XPNOIYOTIOIOUV TOV idIO
Kataxwpentn A 6€on pvRung ("name’), xwpic OpwS va UTTAPXE!
TTPAYMATIKA por OEDOUEVWV PJETAEU TOUC

1. Anti-dependence: n J ypa®el Tov rl 1TpIv Tov diaaocel n |

l: sub rd,rl,r3
J:add r1,r2,r3
K: mul r6,r1,r7

[MpokaAei Write After Read (WAR) data hazards oTo pipeline

Ag ptTopei va oupBei oto KAaOIkO 5-stage pipeline dioTI:
OAEG o1 eVTOAEG XpeIdlovTal S KUKAOUG VIO va EKTEAEOTOUV, Kal
Ol avayvwaoelig oupdBaivouv TTavta oTo oTAdIOo 2, KAl
Ol EYYPOAPEC OTO OTADIO 5

nal Technical University of Athens F.ni”'ﬂq»,
| 00 S\
<’ CSLabtgl
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Name Dependences (2):Output dependences

2. Output dependence: n J ypa@el Tov rl mpiv Tov ypawel n |

|: sub rl,r4,r3
J:add r1,r2,r3
K: mul r6,rl1,r7

[MpokaAei Write After Write (WAW) data hazards oTo pipeline

Ag ptTopei va oupei oto KAaOIkO 5-stage pipeline di6TI:
OAEG o1 eVTOAEG XpeIalovTal 5 KUKAOUG VIO va EKTEAEOTOUV, Kal
Ol EYYpPaAYEC oupBaivouv TTAvTa 0To OTADIO S

s [000 ol WAW 600 kail ol WAR Kivouvol ouvavTwvTal O€ TTIO
repitTTAoka pipelines (11.x. multi-cycle pipeline, out-of-order
execution)

© © © © Mahonal Techmcai
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MpowBnon

Time (clock cycles)

| _
n n
add r1,r2,r3  [e=HaL ]I
; . ) —
r. L ! S
SUb r4’ ,r3 iteteh| || JRea ||| >=
O
r
d ifetch| || Reg ]
e | and r6,r1,r7 HEgal
;
Or r8, ’r9 Ifetch_
| xor ri10, ' rl1l

epeiwvovTtal Ta RAW hazards

-|_ F=9

B8
3]

Reg

- Reg

ALU

Ifetch

Reg
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AAAayéc oTo hardware yia Tnv UTTOOTAPIEN TTPOWONONG

NextPC >
=
o C
A > | >
| S m =
1 2 o X o— m
@ 7 = s
? "l X< 3 il Data =
»| O -
= Memory
. 3
Immediate —»| > > c
Mpowbnon EX->EX, MEM->EX
72 c<{CSLab




NMpowbnon MEM->MEM

o Tt wnw S —

—oa=Q

Time (clock cycles)

add r1.,r2,r3

lw r4, 0(rl)

sw r4,12(r1)

or r8,r6,r9

| xor r10,r9,r11

Ifetch

Reg

f

>

ifetch| [ | Reg I
ifetch| || Reg ]
ifetch] |

=

Reg

DMe! 1] =

Reg

Reg

=k

L Reg

ALU

Ifetchl:

Reg

-[DMem - |- Reg

Dleke

© © © © Nahonal Technical
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H mrpowOnon 6gv douAeguel Travral

Time (clock cycles)

(I‘2) Ifetch :ﬂ: Reg : DMem -|-_ R=g

1 _J]_ H B

subr4,r1,r6 Ifetch i Reg _-:8_-_\‘5 ﬂf-_ Reg
and r6, ,r7 ffetch :-_ Reg -__E %—--[DMem _} Reg

O r I’8 r9 Ifetch ﬂjrl?eg—l: M Reg

() ) Nuhonal Technical

QO hnical University of Athens  AEXVE
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H mrpowOnon 6gv douAeguel Travral

Time (clock cycles)

#

P>

|-[DMem —

Reg

Reg
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I (r2) Ifetch Reg -|_P°ﬂ

n
S '\ ]

o | A

t sub r4 ro tetch | ] Reg [ E — ||
I. ! ) 1l L -_I__I--
O and r6 r/ retch [ l A/ >

r =
d [ o —
€ or r8 rg Bubblg | Ifetch i Reg

r o I
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Avadiata¢n evroAwyv yia atropuyrp RAW hazards

[TWG PTTOPOUE Va TTAPAYOUUE YPNYOPOTEPO KWOIKa assembly

VIO TIC AKOAOUBEC TTPACEIC?

a=Db+c;
d=e-f;
Slow code:
LW Rb,b
LW ,C
ADD Ra,Rb,
SW a,Ra
LW Re,e
LW R
SUB Rd,Re,
SW d,Rd

Rb,b
Rc,c

Ra,Rb,Rc
Rf f

Rd,Re,Rf
d,Rd
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Kiviuvol eAfyxou oTIG EVTOAEG B1aKAAdwWONG:

stalls 2 oTadiwyv

10: beq rl,rCI%,36 ﬂ

Ifetchl: Reg I -[DMerr_ -] Reg

Ifetchl: Reg I -[DMerr_ 1 Reg

Ifetch Reg I

ALU

14: and r2,r3,r5

Reg

© © © © Manonal Technical

1
|
ALU
L l |
=
E‘Z
)
3
1
L | |
|

18: or r6,r1,r7

|
36: xor r10,r1,r11

Ifetc hl: Reg I

&
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EtritTrtwon Twv branch stalls

= Av CPIl =1, n ouxvornta Twv branches 30%, kal Ta

branch stalls diapkouv 2 KkukAoug => véo CPI = 1.6!

= Mia Auon: kaBoploe 10 atroTEAeoua Tou branch

vwpitepa, KAl uttoAoyioe Tn d1eUBuvon-oTOX0 TOU

branch vwpitepa

METAKIVNON TOU EAEYXOU I0OTNTAG £VOG KaTaxwpentn Ye 1o 0 oTo oTadio
ID/RF

TpooBnikn aBpoioti ot1o aT1ddio ID/RF yia Tov uttoAoyiouo Tou PC 1nG
d1eUBuvonc-oTOXOU

1 KUKAOG branch penalty évavri 2

© © © © Mahonal Techmcai
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TPOTTOTTOINCEIG OTO pipeline

Instruction i Instr. Decode Execute Memory Write
Fetch :  Reg. Fetch Addr. Calc Access Back
Next PC Next
i SEQ,PC @
>
® O
@ Zero?
’ 1
RS1 >
Sle—| 3 o _ > Q Y = <
o o T of — y =t =
= -~ - | D
2 == O " o - < Bg @O |
S e
> < -
4 P|Extend —> 8
Imm u 0
—> > > <
AT A= A=A
. | ; . -
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AvTiyetwTrion control hazards: 4 evOAAOKTIKES

#1: INaywpua Tou pipeline yExpl o otoxo¢ Tou branch va
YIVEI YVWOTOC

#2: [poBAewn “Not Taken” yia kGBe branch
OUVEXICOUME VO POPTWVOUE TIG ETTOUEVEG EVTOAEG, OQ VA NTAV N EVTOAN
branch pia «kavovikr» evrioAn

QATTOPPITITOUME aTTO TO pipeline auTeg TIC eVTOAEC, av TEAIKA To branch eivai
“Taken”

10 PC+4 gival AN UTTOAOYIOUEVO, TO XPNOIUMOTIOIOUNE VIO VA TTAPOUNE TNV
ETTOMEVN EVTOAN

#3: [MpoPAewn “Taken” yia kGBe branch

POPTWVOUNE EVTOAEG apyidovTag atrd Tn dieuBuvon-oTdxo Tou branch

210V MIPS n 01sUBuvon-o10Y0C O€ VIVETAI YVWOTA TTPIV TO ATTOTEAECUA TOU
branch

Kaveva eITTAEoV TTAcovEKTNUA oTov MIPS (1 cycle branch penalty)

Ba cixe vonua oe dAAa pipelines, é1Tou n d1EUBUVON-O0TOXOC YiveTAl
YVWOTH TIPIV TO ATTOTEAECPA TOU branch

© © © © Nahonal Technical Un

versity of Athens F_‘«awn
‘ oo A
80 <’ CSLabtgl



AvTiyetwTrion control hazards: 4 evOAAOKTIKES

#4: Delayed Branches

branch instruction
sequentilial successor;

, Branch delay urijkoug n:
sequential successor,

> Ol EVTOAEC EKTEAOUVTAN EITE TO

branch cival Taken €ite ox

sequentlal successor,

branch target if taken

delay evocg slot: emiTpETTel aTTOPACN KAl UTTOAOYIOUO
d1EUOuUVONC-0TOXOU OTO 5-stage pipeline xwpic stalls

© © © © Nahonal Technical Un

versity of Athens F.nw'ﬂcu.

‘ 00 e e
<’ CSLabtgl

81 (=1~) W A



«ApopoAoynon» evog branch delay slot

(a) From before

DADD R1, R2, R3

if R2 = 0 then

Delay slot

becomes

if R2 = 0 then

DADD R1, R2, R3

(b) From target

DSUB R4, R5, R6 —<—

DADD R1, R2, R3

(c) From fall-through

DADD R1, R2, R3

if R1 =0 then

Delay slot

if R1 =0 then

Delay slot

becomes

DSUB R4, R5, R6

-

DADD R1, R2, R3

if R1 =0 then

DSUB R4, R5, R6

OR R7, R8, R9

DSUB R4, R5, R6 —<—

becomes

DADD R1, R2, R3

if R1 =0 then

OR R7, R8, R9

DSUB R4, R5, R6 <+——

KOAUTEPN
ETTIAOVYN;

(a) vV
(B) ~
(V) oK

[aTi;

© © © © Manonal Technical University of Athens SO
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Mepiopiouoi TWV BAOUWTWY APXITEKTOVIKWYV

= MEyioTto throughput: 1 evToAr)/KUKAO poAoyiou
(IPC<1)

= YTTOXPEWTIKN POr OAWV TwV (DIAPOPETIKWYV) TUTTWV
EVTOAWV PEOQ ATTO KOIVI) CWANVWOnN

s Elcaywyn kaBuoTteprjoewyv o€ oAOKANPN TNV
akoAouBia ekTEAeong AOyw stalls piag evioAncg (ol

QTTOAUTO BABUWTEC APXITEKTOVIKEC TTPAYUATOTTOIOUV
ev o€Ipa (in-order) eKTEAEON TWV EVTOAWV)
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NMw¢ pITOPOUYV VA CETTEPACTOUV Ol TTEPIOPICHOI;

' m EKTEAEGN TTOAAATTAWY EVTOAWYV AVA KUKAO PUNXAVNG

(TTapAAANAN eKTEAEON)
— UTTEPRBABOUWTEC APXITEKTOVIKEC

EvowpaTwaon O1aQOopETIKWY AywYwY PONg
0eO0UEVWY, O KaBEVAG UE OOIEG (TTOAAATTAN
EMPAVION TOU idIOU TUTTOU) 1 KOl ETEPOYEVEIC
AEITOUPYIKEC HOVADEC

— multicycle operations

AuvaTtoTnTa eKTEAEONC EKTOC O€IPAC (out-of-order)
TWV EVTOAWYV

— QUVONIKEC QPXITEKTOVIKEC

84




EVAAAQKTIKA...

Pipeline CPI =

Ideal pipeline CPI +
Structural Stalls +
Data Hazard Stalls +

Control Stalls

METPO TNG MEYIOTNG ATTOOOONG TTOU NTTOPOUE VA
£XOUME ME TNV EKAOTOTE UAOTTOINON TOU pipeline

85




EVOAAOKTIKA...

Pipeline CPI = utrepfabuwm

/skTé)\aon
Ideal pipeline CPI +

register powbnon
renamin Structural Stalls +

OUVANIKN____J Data Hazard Stalls +

EKTEAEON
Control Stalls \UTroGaTlKr'l

loop unrolling EKTEAEON

static scheduling,
software pipelining

. oo . %;
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A&ITOUupYieC TTOAAATTAWY KUKAWYV

‘= 370 KAGOIKO 5-stage pipeline 6Aeg o1 AsiToupyieg
xpeialovral 1 KUKAO

= [0 VA £XOUME OAEC TIC EVTOAEC VA TEAEIWVOUV O€ EVAV
KUKAO onUaivel.

ueEiwon TNG ouxvoTNTAC YIA VA TTPOCAPUOOTEI TO pipeline
oTn OIAPKEIA TNC TTIO XpovoBopac AsiToupyiacg , N

XPNOIYOTToiNON £CAIPETIKA TTOAUTTAOKWY KUKAWUATWY YIa
TNV UAOTTOINON TNG TTI0 XPpOoVvoROpac AsiIToupyiag o€ 1 KUKAO
= PEQAIOTIKA QVTIMETWTTION:
ETTEKTAON TOU pipeline yia va utrootnpilel AsIToupyieg
OIAPOPETIKNG OIAPKEIAG
= [lapadeiyyara ammo TTPayUaTIKOUC ETTECEPYAOTEC:
FP add, Int/FP mult: ~2-6 KUKAoug
Int/FP div, sqgrt: ~20-50 KUKAOUC
[MpooTtréAaon otn uvnun: ~2-200 KUKAoUG...

© © © © Manonal Technical University of Athens LTS
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Multi-cycle execution: eTékTaon Tou 5-stage pipeline pe
non-pipelined FP units

EX

Integer unit

= 4 dlagopeTikeG ALUS:

Integer Fpﬁitxeger
FP/Integer multiply . — I
FP adder y

FP adder

FP/Integer divide

EX

FP/integer
divider

s Qavralopaote To0 EX yia 1iIc FP evioAéc oav va
eTavalappBaveral yia TTOAAOUC CUVEXOUEVOUC KUKAOUG

s KAOeg TéTOla yovada cival non-pipelined: &€ ptropei va oTaAEi
(“issue”) TTpoc¢ eKTEAEON O€ PIa Hovada uia eVTOAR, av KATTola
TTPONYOUNEVN XPNOIUOTTOIEI akOpa TN povada autn (structural
hazard)

= N €vTOAN TTou stall-apel kaBuoTepei Kal OAEG TIG ETTOUEVEG

83 “eSLab



MeTpIkéG TTEPIYPO@RS EVOC Multi-cycle pipeline

OTIC JOVADEC EKTEAEONC OUO EVTOAWY idIOU TUTTOU
eVOEIKTIKO TOU throughput piag povadag eKTEAEONC

QATTOTEAEO A KOl TG EVTOANC TTOU Ba TO KATAVOAWOEI

Initiation interval: #KUKAWV TTOU pecoAaouv avaueoa oTnV ATToOTOAN

Latency: #KUKAwV 1Tou ecoAaBouv PJETACU TNG EVTOANG TTOU TTAPAYEl £va

Unit Latency Initiation interval
Integer ALU o) 1
Data memory 1 1
FP add 3 1
FP multiply 6 1
FP divide 24 25

TOU EX

O1 TTEPICOOTEPEC EVTOAEC KATAVAAWVOUV TOUG TEAEOTEOUC TOUG OTNV ApPXN

Latency = #o1adiwv hNeTd To EX 6T1TOU MIa evTOAR TTAPAYEI TO

QATTOTEAEOUA TNG

89




Multi-cycle execution: eTéKTaon Tou 5-stage pipeline pe
pipelined FP units

Integer unit

i

FP/integer multiply

M1 M2 M3I M4I MSI M6 M7

IF ID MEM WB
FP adder

1

FP/integer divider

= ETMTPETTEI VO BpioKovTal £V EKTEAEOEl pEXPI 4 FP-adds, 7 FP-
muls, 1 FP-divide (non-pipelined)

= TO ETNIPYEPOUG OTADIA Eival AveCAPTNTA Kal XwpifovTal JE
eVOIAUEOOUG KATAXWPENTEC
= OlA0TTaC0N MIag AsIToupyiag o€ TTOAAA ETTINEPOUC OTADIA:

T ouxvotnta poloyiou

90 c<{CSLab
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Mapadeiypa

Integer unit

7

FP/integer multiply
M1 M2 M3 M4 M5 M6 M7
IF ID WB
FP adder
A1I
FP/integer divider
DI
Clock Cycles 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
MUL.D IF | ID (M1|M2{M3|M4 | M5|M6|{M7| M (WB
ADD.D IF | ID [A1|A2|A3|A4| M (WB
L.D IF | ID [EX| M (WB
S.D IF | ID [EX| M (WB

91
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Hazards

= NéEa nTruaTa TTOU TTPOKUTITOUV:

n yovaoda divide dev utrooTtnpilel pipelining — PTTopEi va
TTpoKUWouyv structural hazards

EVTOAEC DIAPOPETIKOU latency — #eyypa@wyv OTO register
file og Evav KUKAO utropei va gival >1 (structural hazards)

Ol EVTOAEC UTTOPEI va pTacouv oTo WB €KTOC O€IpAcC
TTPOYPAUMOATOC — UTTOPOUV va cuuouv WAW hazards
(WAR?)

Ol EVTOAEG PTTOPEI VO OAOKANPWOOUV EKTOC OEIPAG
TTPOYPAUMATOC — TTPOPANMA UE TIC ECAIPEDEIC
UEYAAUTEPO latency oTIC eVIOAEC — ouxvoTepa Ta stalls
ecaitioc RAW hazards
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RAW hazards kail au¢non Twyv stalls

Clock Cycles 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

L.D F4,0(R2) F | 1D |Ex| M |wB
\
MUL.D FO,.F4,F6 F [1D| & M1 |m2|m3|M4|M5| M6 M| M [wB
,/-\
ADD.D F2,F Flo|p|g|s|s|s| | gla|az|ay[as \NNB
SDFz'{Rz) IFSSSSSSIDEX&“\SSMWB

« full bypassing/forwarding
* N S.D mrpéTtTel va KaBuoTepnoel £vav KUKAO TTAPATTAvVW
via va atmopuyoupe 1o conflict otro MEM tng ADD.D
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Structural Hazards

Clock Cycles 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

MUL.D FO,F4,F6 | IF | ID |M1|M2|M3|M4|M5|M6|M7| M |WB
IF [ ID |EX| M |WB
IF [ ID |EX| M |WB
ADD.D F2,F4,F6 IF [ ID|AL|A2|A3|A4| M |WB
IF [ ID |EX| M |WB
IF [ ID |EX| M |WB
L.D F2,0(R2) IF | ID |EX| M |WB

Me uovo éva write port oTo register file — structural hazard
» multiple write ports (...0pw¢ dev gival N ouvABNG TTEPITITWON OTA TTPOYPAUMATA)
* interlocks:
- eAéyxoupe oTo ID 1O evdexOueEVO N TpEXoUoa evTOAN va £xel conflict oto WB e
Mia TTponyouuevn €VTOAR, Kal av 1IoXUel auTo Tnyv stall-dpoupe oto ID (TTpoToU
Yivel issue)
- EAEYXOUUE TO evOEXOUEVO N eVTOAN va €xel conflict oto WB otav auTth TTael va
utrel oto MEM 1y oto WB, kai av ioxUel auto Tn stall-apoupe exkei

versity of Athens v“ﬁ""ﬂ
O @ : ‘ ; -g
22:CSLabtul
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WAW Hazards

Clock Cycles 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

IF | ID |EX| M |WB
IF | ID |EX| M |WB

ADD.D F2,F4,F6 IF | ID |A1|A2|A3|A4| M |WB
inst IF | ID |[EX| M |WB
L.D F2,0(R2) IF | ID |[EX| M |WB

* MTTOpPEI Va TTpOKUWEI uOvo av n “inst” d€ xpnoluoTrolgi Tov F2
- TT010G 0 AOYOG va £xoupe dUO producers Tou idIou TTPAYHATOS XWPIC evOIAUECO consumer???
- OTTAvIa TTEPITTITWON, aPoU Evag «AoyIkOS» compiler Ba ékave eliminate Tov TpwTo producer
- MTTOPEI OuWCS va cupuBeil! 1.X. Loops, otav n oclpd eKTEAEONC TWV EVTOAWYV OEV gival N
avapevopevn ( branch delay slots, evioAéc o€ trap handlers, K.ATT.),K.q.
 To hazard avixveuetai oto ID, étav n L.D €ival £Toiun va yivel issue
* AVTIUETWTTION:
- KaBuoTepoupue To issue TG L.D péxpr n ADD.D va ptrel oto MEM
- atroppitrroupe TNV eyypa®r T1nG ADD.D — n L.D ptropei va yivel issue aueoa
* H duokoAia dev EykelTal TOCO OTNV AvTINETWTTION Tou hazard, 6co oTo va Bpouue ot n L.D urmropei
va oAokAnpwecsi o ypnyopa arré tnv ADD.D!
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2uvoyidovTag

m  Tpeig emTTAEOV €EAeyXol yia hazards oTto ID TTpoToU uIa eVTOAN Yivel ISsue:
structural:
eCao@aAioe OT11 n (non-pipelined) povada dev gival atracXoAnuévn
eCao@AAIoe OTI TO write port Tou register file Ba cival dilaBéoipo 6tav Ba
(NTNOEi
RAW:
TTEPIMEVE MEXPI Ol Source registers Tng issuing €VToANg va unv UTTapxouv
TTAEov oav destinations oToug evOidueooug pipeline registers Twv pipelined
MOVAdWYV EKTEAEONG
TT.X. yia T yovada FP-add: av n evioAry ato ID €xel oav source Tov F2, TOTE
YO VO JTTOPEI va Yivel issue, 0 F2 0¢ Ba TTPETTEI v OUYKATAAEYETAI OTA
destinations twv ID/AL, A1/A2, A2/A3.
WAW:
EAeye av KaTTola evioAr ota otadia A1,...,A4,D,M1,...,M7 £xel Tov idlo
destination register ye autj oto ID, kai av vai, stall-ape Tnv TeAeutaia oTo ID
= [lpowBnon:
eéAey&e av 1o destination kaTroiou aTto Toug EX/IMEM, A4/MEM,
M7/MEM, D/MEM, MEM/WB TtauTilcTal JE TOV Source register KATmolag

FP evToANG, Kal av val, EVEPYOTTOINOE TOV KAOTAAANAO TTOAUTTAEKTN
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Atrodoon tou multi-cycle FP pipeline

s Stall cycles ava FP-evioAn

B Add/subtract/convert
O Compares

B Multiply

@ Divide

[0 Divide structural

= Tad RAW hazard stalls dodue
«aKoAouBouvy» To latency
TNG avTtioTolXNG povadag, ..
T.X..
uéooc #stalls TTou o@eileTal

otnv MUL.D=2.8 (46% Tou hydro2d
latency Tng FP-Mult)

uéooc #stalls TTou o@eilovTal  mdidp
otnv DIV.D=14.2 (59% T1ou
latency Tng FP-Div)

24.5

su2cor

s Ta structural hazards sivai | | | | |
01TdV|G, £'|'|'£|6r'] T1a divides 0.0 5.0 1&.1(; berofst;"jo 20.0 25.0
Oev gival ouyva
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Atrodoon tou multi-cycle FP pipeline

s Stalls ava evroAn +

breakdown

= a1o 0.65 pexpr 1.21

stalls ava evioAn

FP SPEC
benchmarks

= Kuplapyxouv Ta RAW

hazard stalls («FP
result stalls»)

0.98

doduc

| 0.08 B FP result stalls
0.52 O FP compare stalls
B Branch/load stalls
B FP structural

ear

0.54
hydro2d
. 0.88

mdljdp %0 10

0.03
0.00

0.61

su2cor 006012

0.01

0.00 010 020 030 040 050 060 0.70 0.80 0.90 1.00

Number of stalls

© 20083 Elsevier Science (USA). All rights reserved.
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Case-study: MIPS R4000 Pipeline

IF : Is ¢+ RF ¢ EX ¢ DF : DS : TC : WB
Instruction Re \3 Data Memor Re
Memory Ik } Y °

Branch target and condition eval.

= Deeper Pipeline (superpipelining): emTpetrel uPpnAoTEPQ
clock rates

= Fully pipelined memory accesses (2 cycle delays yia
loads)

= Predicted-Not-Taken TToOANITIKNA
Not-taken (fall-through) branch : 1 delay slot
Taken branch: 1 delay slot + 2 idle cycles
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Case-study: MIPS R4000 Pipeline

decode, register
read, hazard

chef:king, I(?ache 1st half of Deache hit
hit detection DCache access detection

IF‘; IS RF‘; EX DF‘g DS TC‘E WB
Instruction E

PC selection,
initiation of
ICache access

Memory Reg /2:' Data Memory Reg
effective address register
complete calculation, ALU complete write-back

operation, branch-
target computation,
condition evaluation

ICache access DCache access

© © © © Manonal Technical University of Athens SO
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Load delay (2 cycles)

Time (in clock cycles) >

cc1 . CcC2 ;. CC3 . CC4 . CC5 : CC6 : CC7 . €CC8 : CC9O : CC10 ;. CCif

LD R1 Instnjction memofy — Reg ) ‘/‘;é - Data memor)f‘ Reg

Instruction 1 Instruction memory — Reg | V;?‘l r Bata memory | Reg
Instruction 2 Instrfjction memoky — Reg | V;él , Data memory Reg
ADDD R2,R1 Instruction memoty —H Reg | V;gl - Data memory | Reg

e OTNV TTPAYMATIKOTNTA, TO pipeline ytropei va TpowOnoel Ta
dedopEva aTro TNV cache trpiv dIATTIOTWOEl av gival hit [ miss!
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Branch delay (3 cycles)

Time (in clock cycles)

cct : cec2

o

CC3

BEQZ

Instruction memory

Instruction 1

Instruction 2

Instruction 3

Target

Instruction memory

cC4 . CC5 . CC6 . CC7 CCs cCCo . cCcC10
Reg Data memor)il Reg
Data memory Reg
Instruction memofry ‘L Reg |: V;?’:l 7 Data memoﬂil 3 Reg

Instruction. memory

i

}Instruction memory

'

CC11

Data memory

L

Reg

Data memory

© © © © Mahonal Technical University of Athens

102

ss@SLabkt




