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> [Processor] architecture

@ In earlier machines, the
instruction set, addressing
modes, register and memory
organization closely matched

(1 L 5y the hardware.
Th has t
e The * active part

on where you look!

= 2 Follow instructions
% Perform requested operations

Instruction set architec-

ture (ISA), often preserved E:> Programmer interface

across generations of hard-

) . ful - [
e \What functions are available for use
machine programs (directly
or via compiler agents).

o Implementation details
memenamaewr.— HOW parts/functions are setup/organized

© 2024 Dr. Muhammad Al-Hashimi KAU e CS-7041
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In a simplified scenario, the
processor deals with instruc-

tions and data from different
threads of many programs in
memory encoded in a logical
bit-stream from processing
viewpoint.

At least one datapath for core

instructions (typically default
2’s comp operands, int in C);

there may be more for special-
ized operands and ops.

Goal, generally, to minimize
instruction time (latency) and
maximize processing rates
(throughput).

&

Opcodes indicate operations
to perform, how to obtain
operands, and which variants
to use, i.e., the datapaths.
Quiz

Give examples from MIPS.

© 2024 Dr. Muhammad Al-Hashimi

Processor Implementation

The Datapath

o> Load-store
> Microarchitecture

not allowed
in load -store

\
\
\

X

Memory ?

7
7

/ Store
...01010101...

.§1010101...

Load/Fetch

CPU

Control Unit

~
~
~

¢

e —PC

SA
1101010101
1101070101 oo D
1101010101
1101010101 | - | \
'@l®1®1®1‘-'£::
GPR ALU

& Collection of datapaths,
storage, and functional
units hidden from
programmers.

atapath

physical circuits that
perform arithmetic,
logical, branch, and
load -store operations
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Recall Specification (ISA)

% Fetch instr word from
instr memory

% Load base addr from $1

% Sum base addr and
constant passed in instr

% Fetch data word using

% Store data word in $8/$9

Required Functions/
Resources

% Read an Instr Memory

% Read access a Register File
% Perform op in ALU

% Read a Data Memory

% Write access Register File

(O

Load word has to go through
specified functions in sequence
regardless of how a datapath is
designed.

Exercise

Specify a different behavior,
determine the sequence of
functions and suggest func-
tional units to implement.

© 2024 Dr. Muhammad Al-Hashimi

Instruction Implementation

address
\

word
out

- Instr Memory

- Data Memory

word -
n

decodeof
Operands

Datapath Resources

> Architectural regs
o> Register file

functionally write

Example: Load Word

L Register File/Write

D ALU

/,Ej\ Register File/Read

\
func. read

(O
Assume unit delays
% ALU, memory: 0.2 ns
% register file: 0.1 ns

Concept P&H 1998-2012.

Program

0.2

v

l w $8,100($1) 1| 1] D0

KAU o CS-7043
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Composite Default screen

104 no two consecutive stages
use the same physical units

May identify an execution I, Sequential execution /
///

stage characterized by use of
a main datapath resource;
for example, an ALU stage.

?7ns
Y

. wogs,100n) TDEDEE
In each stage, most of the data- w $9,200(%$1)
path is unused.

&, Realization

[ ]
e = Overlapped execution ik
Shad
'\ — ‘ ‘ ‘ Shovj f:;‘?c;;m

EX Classic Mips I e e B

MEM Stages w $8,100($1) I ] EX memws 7N

Writ B w $9,200($1) B |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !

D ‘U
In MIPS, Load-word is the -aaoxduir o4 ©

. ’ e dd .
most expensive, requiring all |::> How much better? l?;mg;%\ai ::11 g{

major resources sequentially.

© 2024 Dr. Muhammad Al-Hashimi KAU e CS-704 4
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Pipelining Load-Word

on a sequential
datapath, may start

one every 0.8 NS —_—
0 1.8 2.8
v 1.0 v 20 v t‘(ns)
I I I I I I I I [l d
! | |
-2 i i
o |3 i i
o |4 i i
e |5 i
o |
Compare A |
% Time between instr
% Time to complete instr |
10

% Speedup =?

Reproduction (concept P&H 1998-2012)
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Quiz

What is the formula
for the pipelined case?
Answer later slide.

(OX

Seems attractive to add
stages to raise speedup
ceiling/headroom. (Keep
an eye on this idea).

© 2024 Dr. Muhammad Al-Hashimi

Pipelining Load-Word
Performance

Time between instr
(time to start or issue nth instr)

n | non-pipelined pipelined Speedup

3 8x3 2x3 X3 _
2x3

10 ? ?

Reproduction (concept P&H 1998-2012)

Time to complete
(total exec time)

4\

= Instr throughput
= Instr latency

> Pipeline paradox
o Ideal speedup

/,0“9 run, sh

o)
Nstrs as fye ule complete

tas can |
an [ss
them‘/ ue

n non-pipelined pipelined Speedup
2.4
3 8x3 1.4 =
10 8x10 28 2—0 ~2.86
1000 8% 1000 8+1000x.2 | 2% +398
’ ) ) 200.8 '
100,000 ? ? ~4.0°

Reproduction (concept P&H 1998-2012)
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&,

A computer is a finite state
machine (FSM), a math model

(tool) to capture automatic logic.

An FSM transitions between
different states in response to
inputs (assume Moore style).

A physical FSM based on digital
sequential logic directs reads
and writes of stored bits (en-
coding state) in response to
inputs, resulting in controlled
moves between states.

https:

Recall, physical devices
in a computer naturally
encode and transform a
binary state (bits).

Review: Logic Design
Clock Signal

> Sequential logic

> Edge triggered

A clock simplifies
design by sepa’mt—
ing state writes

it

and reads \
<:hange\< change

<— hold —

k)

www.tutorialspoint.com/automata_theory/moore_and_mealy_machines.htm

stored bits

&

A fixed clock hides (masks)
continuous, unpredictable
physical timing of devices,
units, and paths.

Quiz

What about input change
during read part of clock
cycle?

© 2024 Dr. Muhammad Al-Hashimi

State elements

Memory
Registers [ —
State
element

]

Quiz

What is the clock speed
(frequency) if the cycle
is 0.2 ns?

uhamges are said to

be synchronous
l.e., on pre-
agreed timing

output a result

de/oey\dimg only
on inputs

(no stored state)

ALU

write
results

TIOT0T6TE

1101010101}

0101010
[ Combinational

1101010101

T ——
1101010101 |
1

11100110}
State
element
1 tg;o{ca“g port{ovx

of instr
execute some functions J
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auto-written every clock \
May set clock cycle at IF/ID ID/EX

0.2 ns to accommodate

slowest unit. EX/ MEM M EM/WB
S/ .
\ M/V}W\ﬂlf/(éd
»‘ ines are
. 32 bits
function?%
~|: — 1 —>
PC <:) ]
N
ALU
. Registers Write
Instruction __| data | ’ “|data_ Data
Memory ? Memory
32 ¢
@ R —
Highlights, check: main stage-
defining functional units; Q

stage registers; programmer- Q s Q
visible vs. microarchitectural 64 -bit @ =32x4 97 64

(implementation) states.

© 2024 Dr. Muhammad Al-Hashimi
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Pipelining Load-Word
Load Datapath

% Fetch instr word from INSTR SPECS
instr memory
% Load base addr from $1
% Sum base addr and
constant passed in instr III» III» III»
% Fetch data word using I F/ I D ID/ EX EX/ M EM M EM/W B
sum as addr ] — — —
% Store data word in $8/$9
4— ‘
—>
Instr[25-21]__
> r--—»| Read Read|» cend
: 1 — ea
»| Address — ! reg data1l \ data[” —
(=] $
[ i —
PC Ly e = | Address
O by | write
C 1 reg
| Instr[20-16]
) Sl Write
i data
i
Check units and pathways I 16 Sign 32
intended for load-word (oth- S R *®| Extend
ers do carry signals that must ~
be shunned, more later); note Insltr [15-6]
processing direction. L L L] L

© 2024 Dr. Muhammad Al-Hashimi
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(PC+4) + sign-
ext addr_offsetx4

A Simple MIPS Datapath

IF/ID EX/MEM MEM/WB
4 —
+ - b
R +
> pre incremented pe Shift-
must be available left 2
next Stage €
—> | Read Read Read
~ i reg 1 ] ea
> \Fdress l e g d data1 data[ ")
—9| Rea
L—p H »
PC Instruction —» —|— ¢§2  pead >|Address
A L.y write data2[ ]

! reg

i .

i | Write > > \éVrtlte

i data 2nd reg operand =

i carvied forward
Simplified functional dia- I 16 S 32 to mewm (for sw)
gram (control not shown) I N A ALU result > —
for: add/sub, slt, and/or (via carried forward,
ALU), 1w/sw, beq/bne instruc-
tions. Identify the add and sw L

datapaths (like prev. slide).

© 2024 Dr. Muhammad Al-Hashimi

decode instr inc.
opcode field
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IF/ID ID/EX EX/MEM

v

>

Shift-
left 2
1

>
tzero
Result
>
N ALU

MEM/WB

|

IF/ID ID/EX

EX/MEM

Instruction >
Memory
©7) 6a)
IF/ID ID/EX EX/MEM MEM/WB
4 —»

~Re
]
z
-9 |Read €re
—e N Result
4| Wiite
N ALU
| Write >

Instruction
Memory

Registers

|

Instruction
Memory

shift-
left 2)

te data2

reg

| Wite

1
Zero

Result

ALU

[y
R
Registers
16 (Sign ] 32
¥ |Extend

data

>

Practice Shee

MEM/WB

v

IF/ID ID/EX

o)

EX/MEM

© 2024 Dr. Muhammad Al-Hashimi

(64

4|

Instruction
Memory

MEM/WB
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= [Pipeline] Conflicts

Realized speedup will be

less than the ideal: 1) stages |::> Prevent instr issue every CYCle

may not be perfectly bal-

anced, and, more crucially,
2) one instr/cycle issue may
not always be possible.

> Types: depending on cause

2 Structural: functional unit conflict

weommmonmon- > Data: operand dependence

OI+F = ut+p UL su 8¢ = g'0X0I + 80
121Jp 2391dur07 si3su1 O 210J2491)

- -
‘7°0xu + 8°0 U1 2391duiod pjnoys % [
Control: decision dependance
1M 435Ul JU0 YI1YM 121D SaSPIS ¥

[-ut ySnoayy saos 43su1 IS ‘asvI
pautjadid ur agoN *(paurjadid) 4sur
2121dw0s 03 awny / (paurjadid-uou)
A3su1 2321dui0s 03 awy = dnpaads
:a1dwvxa piom pvoy Surujadig

© 2024 Dr. Muhammad Al-Hashimi KAU o CS-704 12
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= [Instr] Orthogonality

(O

Shading indicates load-word

since all stages are involved. I F ID EX MEM WB

If the same physical circuitry

is used to hold instructions IF IS 7
and data, the indicated mem-
ory stages may not overlap.

mreenel 0> Datapath structure causes
the hazard

digame " Resolving structural hazards

© 2024 Dr. Muhammad Al-Hashimi KAU e CS-70413



Data Hazards
Composite Default screen
> Stall cycle (bubble)

@

Even a casual look shows

the 2nd add can’t start the I::> Example

following cycle (why? study

figure).
The data hazard seems to add ,,,,,,, $tl)$Sl )$52 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
cause 3 delay cycles more than QEEE@ o

h d-f) , h
a missed opportunity for mare add $s3,%tl,$s4

instruction-level parallelism. T

needed here byt
when ready?

> Pipeline representation: add

Exercise t

The read-after-write data
hazard will actually cause Dggju T

less than 3c delay in MIPS. N I

Why? Hint: lookup MIPS-2000
actual 5-stage timing. — IF

A\ 4

—= MIEM——+ WB
s i Iy
' A

© 2024 Dr. Muhammad Al-Hashimi KAU o CS-704 14
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Actual ready and use stages
may be aligned if extra hard-
ware were available to get
ALU result early.

Additional paths, MUX and
control, mostly; note ALU
result must be recorded
somewhere for next stage.

Exercise

Construct a write-after-read
example from these instruc-
tions. (Hint: tricky, play with
$t1 position.)

(O

Forwarding can’t solve all
data dependance problems.

Exercise

Draw the diagram for the load-
use hazard without forward-
ing. How many bubbles?

© 2024 Dr. Muhammad Al-Hashimi

Resolving Pipeline Hazards
Forward Results

A

COm .

ready o Bypassing/forwarding
Tl ]
use Ready t

add $tl1,$s1,$s2 _

add

shorteut [ine
hardware i

$s3,$t1, $s4 |

Use

v

[

w $t1,100($s1) D—f

add $s3,$t1,$s4

v

KAU o CS-70415
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High-level code compiled
into a “sensible” (symbolic)
machine code based on
register allocation in figures.

Assume high-levle variables
in memory (fig) starting at
address loaded in $1

Exercise
Suggest a better schedule haz-
ard-wise. (Ans. bottom corner.)

&

Quiz

What’s the CPI in a perfect
pipeline in the long run?

© 2024 Dr. Muhammad Al-Hashimi

$t3

$

Resolving Pipeline Hazards
Reorder Instructions

=~ o Cycles-per-instruction (CPI)

Ro$t1 st2

A:B+E; lw $tl, ®($l) # fetch B
t5 st4 add $t3, $t1,$t2 # AcB+E
byte offset SW $t3, 12($l) # store A
$l<_2§7 lw $t4, 8(%1) # fetch F
8 |F
A sub $t5, $tl1,$t4 # c-B-F
sw $t5, 16($1) # store C
Reproduction (concept P&H 1998-2012)
Exercise

1. Draw a pipeline diagram, determine number of cycles to complete sequence in each case
(a) Without forwarding or reordering (worst case). Hint: 5 data hazards.
(b) With forwarding alone (hardware-only solution)

(c) With both forwarding and reordering (pipeline-aware compiler) “$21035 2y UY] O1IUL
? > 2. What'’s the CPI for ideal hazard-free pipeline? Y3 2y 3xau ‘(1 ‘4 ‘q)
3. What is the speedup in each case? (CPI case/CPI hazard-free) s4pa Jo spvoj juapuadopu

aYj 2 npayds 131309 v
KAU e CS-704 16



cs704fig_ilp1.cdr
Monday, March 18, 2024 12:19:17 PM
Color profile: Disabled

Composite Default screen

= Delay slot

Change $8 depending on a
condition; pipeline does not Stall On branCh

know which add should it

issue next until the condition Decision (u pdate $8
resolves. Clk 1.2, 545 once or twice)
Test difference $4-$5 (an ALU > beq $4 $5 L1 ‘ ’i /ﬁ\/)

op) for zero, so must wait until s 3 miss 2

cycle 3 ends to decide if branch add $ 8 $ 8 $ 9 7 opportu ,,CL;,V;S

taken (PC over-written via EX/ L1: add.$8,$8,$9.. \\

MEM, stage 3 results latch, just i ‘_‘_‘_‘_‘_‘

in time for a fetch in cycle 4).

Assume test-equal hardware

in ID stage/2 to allow branch- At best h otheticall . o
ing a stage earlier (perhaps ’ yp y Earliest decision?

xor register operands to pre-
determine if equal). l

(O

One delay slot still seems
unavoidable even in sim-

plest pipelining scenarios; it 3 : 3 :

gets worse with complex v add $ 8 $ 8 $ 9

instrs and longer pipelines. L1: add $ 8 $ 8 $ 9 del ag \/ i D—E : :
slot

© 2024 Dr. Muhammad Al-Hashimi KAU o CS-70417



Resolving Pipeline Hazards

Color profile: Disabled

Branch Prediction

Hypothetical scenario, more h l k

s nectea o e BrANCh always untaken why reasonabie?)
stage + can bypass the obvi-
ous data hazard on $8.

_next valid instr

Prediction

At least some of the time the correct
pipeline will operate without
a bubble (better than always
having bubbles with no
prediction).

add $8,$8,%9

add $8,$8,$9

Prediction k1 2 ‘3 a4 5 6 7
Wrong : 3 : : : : :

add $8,$8,$9

© 2024 Dr. Muhammad Al-Hashimi KAU e CS-704 18
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o Basic block

e e, v COMmon looping pattern

Refer to Glossary for

Typical run: n taken to 1 not-taken

add $tl,$zero,$zero
inner:

skip x
skip: addi $t1,$t1,4

bne $tl1,$a3,innery $tl<($a3 addr>0)

Reproduction (concept P&H 1998-2012)

msicocs oeroppor- - - Prediction
Back branch always taken

pipeline hazards.
© 2024 Dr. Muhammad Al-Hashimi KAU o CS-704 19



= Resolving Control Hazards

Composite Default screen

Simple predicti - < <
e > Branch prediction
performance by removing

bubbles in some cases; better

St @y, Static (fixed), i.e., same, prediction
% Dynamic (changing) prediction

Reordering instrs to avoid
data and control hazards is a
form of compiler-assissted
resolution (e.g., transparently
fill as many branch delay
slots as possible).

s me oy SpECUlative execution (ater)

compiler assisted approach
for a pipeline with more
stages?

© 2024 Dr. Muhammad Al-Hashimi KAU e CS-704 20
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A control unit must output, in
each clock cycle, the required
signals in response to an op-
code to correctly: a) pick paths,
b) read/write state, or c) select
ALU functions.

. . EX Stage
In a scenario of two successive
cycles/stages, the first one — —~
performs an ALU operation path  ALU function

(add); the following writes a
word in memory based on ALU
output from the previous cycle.

Quiz
Determine the ALU func con-

trol bits (how many, source)?
Guess the instruction.

@

Electronic signals will propagate L
in all circuits and invalid bits may

occur everywhere in a datapath. the bottom choi

: ice
A control word ensures desired IS used for ¢h,
functions will compute correctly, na operang
and only wanted results are Sign-extend, ed
recorded at the end of each cycle Instr[1s, o7

in some registers or memory.

© 2024 Dr. Muhammad Al-Hashimi

Recall, physical devices

> Machine state
in a computer naturally
encode and ransorma & Program state
binary state (bits).

> Control word

write state

! assert to

] /— open write
port

Write
| Address

Data
Memory

—p| Write data

~
MEM Stage

KAU o CS-704 21
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(IF/1D) — — —

923 PM How It Works

Reproduction (concept P&H 1998-2012)

Instruction
Memory

PC+4 written
anyway
& forwarded

+ :|
Shift-
left 2
- 1 Read
Zero data[ ]
Result Address
DL

w $17,0($16)

Instr Fetch

Instr[25-21]

\ Instr Decode
—

100011 1@00010001A00000@0000000000

/

Even invalid
operands decode!

(ID/EX)

Do

Opcode decoded
to control circuitry
& operand prefetch

Read | |
data1

Zero

Read| . [a—] N Result
data2[ |

© 2024 Dr. Muhammad Al-Hashimi

Execution
00,

v VvV

3

First opcode-

¥
FE— —

i v

7
&
]

nvalig
for
Lw

aware control word

3 :: N 1 L
| _1-"’ > >
i
!
4l [@» .
] Write Back |

-
4
v
JES——
vV VvV Vv

[

16 32
O

¥

KAU o CS-704 22
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The control unit must output
a suitable control word in
each clock cycle.

Sequence of control words
needed to exec an instruction
may be generated on-the-fly
by fixed logic (hard-wired),
or stored in a memory
(microcode).

Quiz

Suggest situations where one
approach to control may be
preferable to the other.

Note relatively cheap to
add/modify instructions in
the microcode.

© 2024 Dr. Muhammad Al-Hashimi

St

Control Words® 101010101. ..

* Bits not realistic @
(illustration purposes).

Control

How It Works

> Microcode

010101010. ..

3

I

b .
<«<— execute functions

read relevant
memory or

registers
swh|l .- 101010101 ..
101010101... |~
210101010.--. path ALU function

add >\0111e@111---

bne ‘ #

—

record
results
selectively

010101010. ..

write state

Write
Address

Data
Memory

Write data

KAU o CS-70423
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-» Architectural Machine
Instr set = Host/Micro
microcode = Machine

(O

Realistically, a multi-stage l f t L d l

control must output for all E:> Contro unC lon’ a mo e

active stages, in every cycle,

control words for different -
mmaonsnareer AN €Mbedded [programmable] micro
execution stages + handle

forwarding, stalls, exceptions,

mnwmeacion - NAachine to host (i.e., run) an instr set

o~
The primary duty of the

[ [
mecaaiccwnat e s 0 VMICEOArchitectural state
maintaining the program
state as contractually agreed
with users at the ISA level.

A fixed clock hides (masks) Recall

continuous, unpredictable
physical timings ...

Pre- d timi lati <
wameadon o o Control + clocking
that ensures correct bits at . . . . . .
et wamne. SlMplified (relatively), reliable machine
able physical machine to

implement an abstract FSM.

© 2024 Dr. Muhammad Al-Hashimi KAU e CS-704 24



Processor Instructions
o [ @
Design to Pipeline

Composite Default screen

Quiz
What is interlocking in

text of pipelining? (Look . ; .
up the name MIPS) € |nstr sets can either simplify
E::;faciirfethe impact of each or make Ilfe harder for plpe—
f ipeline, giv . -
e e line designers ?
MIPS. —
° Same applies
=~ Fixed length to comprler
Writers

Operands in th ° ° °
places make pre-feteh v Regular (e.g., few, similar encodings)

possible, that is, to decode

independent of opcode.
> Load-store

&> Memory operand alignment

Exercise

Discuss the costs of pipe- |::> Single final Write baCk

lining instructions relative
to sequential execution.

© 2024 Dr. Muhammad Al-Hashimi KAU e CS-70425



zrrfeehnical Essay Assignment

Composite Default s

See essay descriptions in

Technical Essay Assignments Essay 1: piCk One from 1_5

Ler i the course group. _ _ _
% Discuss how well the classic MIPS fits RISC
criteria by Colwell et al.
= Discuss how well MIPS fits Wulf’s principles
Check meRisevimain & Compare ISA: classic MIPS to RISC-V
Background). - .
% Compare dynamic scheduling/exec schemes
check the case stuay ks~ @, ARM pipelines vs. classic 5-stage MIPS

in the Reading File (under
Background) for REQUIRED
ARM material.

Expectations
e Contribute small essay in course group

© 2024 Dr. Muhammad Al-Hashimi KAU e CS-704 26
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Color profile: Disable

Pipeline Performance

s & CoOntlicts due to dependencies
arise while executing instruc-
tion streams causing delays

- Conflict types

% Datapath resource
% Program dataflow
% Program decision

© 2024 Dr. Muhammad Al-Hashimi KAU e CS-704 27
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Flow is even in a perfect
execution pipeline, like a real
one, each pipe contributes
equally to the flow.

Concept Review
Pipelined Execution

= Misprediction

A logical “pipeline”
is created by over-
lapping Instr exec

.

&= ) & )
Qe )« )

stall cycles, like b.ubbles
\/ in a real pipeline

reduce the throughput

om0 INSEE latency, ideally

stages; more to come.

onratsea e 0 Misprediction cost

line must be flushed, e.g.,
state rolled back.

Exercise

Discuss the misprediction
cost in long pipelines and
complex decision scenarios.
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Resolving Hazards Exercise
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w $tl, 0($te)
w $t2, 4($te)
add  $t3, $t1,$t2
sw $t3, 12($te)
w  $t4, 8($t)
add  $t5, $t1,$t4
sw $t5, 16($te)

0] rigin al—note write-after-write hazard
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can only get rid of 1
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Use stage aligned with
or after ready stage (as
in this case, why?), never
before!

~No b wN R

(B AL
1a) 7 instructions take 19 <“ ™ @) i@%@*@

Cycles (including 8 stalls or o
bubbles), assuming each stage , | -
takes 1 cycle. Therefore, 7 instr (LZS) (@ EJ E—ﬂﬁf@@ |
complete in 19 cycles resulting N N
in average CPI =19/7 = 2.71
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Resolving Hazards Exercise

Color profile: Disabled

Composite Default screen

1w $tl, o($te)

2 lw t2, 4($t0

5 lw §t4: 8E§t@§ O] o

3 add $t3, $t1,$t2 Execution timings and

4 sw  $t3, 12($t0) CPI here are ideal. We

6 add i;g fé@ig? will see why CPI must be
’ . . measured carefully when

Re-ordered with forwarding we factor in memory.

12345 67 8 9101l

E»i;hlo ::%F MEM ~|WBﬂi
a 1c) From diagram: 11 ¢
| - (instead of 19 in original
| o - |
B L' ,i@ M @J sequence), therefore, the
average CPI = 11/7 = 1.57

F H—< o] we |
. Ll a @{ (2) Hazard-free formula: 4 +

Now you know that 7x1 = 11c (ideally).
stages don’t share info
directly. They only do so
through stage registers.

(3) Best case speedup =
2.71/1.57 = 1.73 (+73%).
Note the speedup is the ratio
of CPI since same instruc-
tions using a common cycle
time (more later).

AN EH

LRSS N
<

-

L

N OO NN =
H
ok

wilG

COPYRIGHT 1998 MKP 2005 ELSEVIER, INC. ALL RIGHTS RESERVED
© 2024 Dr. Muhammad Al-Hashimi KAU e CS-704 30



