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B Flve-Stage Pipeline

F: Fetch instruction from the instruction memory
D: Decode instruction and read operands
E: Execute operation or calculate address

M: Memory access 5 i) 2

W: Write result to the register B 1
LA ler fcg:c hu
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Pipelined Ctrol .
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Hazards — L
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S|tuat|ons that prevent startlng the next instruction in the
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k/ Control hazard—- éench = =focz 5=
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Time (in clock Cycles)

Value of
register x2:

Program
execution
order

(in'instructions)

sub x2, x1, x3

and x12, x2, x5

or x13, x6, x2

add x14, x2, x2

sd x15, 100(X2)
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With Forwarding
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Load- Use Data Hazard
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i Hazard Detection

Check when using instruction is decoded in ID stage
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Stall Circuit
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Rearrangmg to solve Load Use Data Hazard
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anging to solve Load Use Data Hazard
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! 4.8 Control Hazards
Branch Hazards

Reducing Branch Delay
Branch Prediction

Dynamic Branch Prediction.» @-dictve and  active \
Calculating Branch Target ... aese £ 4 lesck  dghetlem
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Solvmg branches in the Memory stage
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Example: Branch Taken
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Solvmgbranches in the Decode stage

\ . \
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Branch Predlctlon
an't readny determ\ne b

Longer p|pe||nes C ranch outcome
early ﬂ
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Predict outcome of branch
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Predlct Not Taken
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- Static branch prediction —> s#/«= =5 S=Clo dS 2
= Based on typical branch behavior : = ——
= Example: loop and jf-

statement brar For( jnt=04 t g 3 rx Y%
nches'taken > A A g }
chesnottaken S | oo o
Dynamlc branch predlct|on } f—jé} Ve

= Hardware measure pred C/'ﬁ"km

Predict backward'bra
Pred ict forward: bran

S actual branch k
history of €ach branc

When wrong, stall while re-fetching, andinasi=
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More-Reallstlc Branch Prediction -~
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Statrc branch predlctlon —> 7

—e lsafy (e
~ Based on typical branch behavior - £ Y,
= Example: loop and if-statement branches -
Predict backward branches taken —~_\V¢ W ~ -
Predict forward branches not taken - § %\i
. 9™
Dynamic branch prediction PR
= Hardware measures actual branch behavior MT ook bre |
e.g., record recent history of each branch - ‘/E\\
« Assume future behavior will continue the trend — Ve

When wrong, stall while re- fetchmg, and update hlstory

——e e
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Dynamlc Branch Preduchon

T TR R TR T SR R SRR

In deeper and superscalar p|peI|nes branch p
significant

Use dynamic prediction |
. Branch prediction buffer (aka branch history table)(© 1 T8\ 2 e g
3 !ndexed by recent branch instruction addresses
. Stores outcome (taken/not taken)
Bra —

= To execute a branch B s
Check table, expect the same outcome
Start fetching from fall-through or target
If wrong, flush pipeline and flip prediction

enalty is more

!
:
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= Mispredict as taken on last iteration of inner loop
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A mner loop next time around
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2-Bit Predlctor > Qma baps
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Branch Target Buffer (BTB)
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w1 PC of instruction to totch i : ~
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- Exception = S AN el e

Y <L €Pa

Exceptions and Interi"ru_pts

P ek ZL e DR s A Ve

“Unexpected” events requiring changé in flow of control,
= Different ISAs use the terms differently

& 4

B i e
“",b; 35332
e

e SV | 0 =
(fn?/(/a

; e —

;'El’(/fl ci!’ctﬂ - 00[f€»6> )\ b;ﬁu’ D—D\? U‘Q ~
o S ;B = 10

i MGJ@)ZJJ':Q

i decodle (’Ffj 2 unele binecd opgocle
: é -n
Zb; "$ - \'28 ir\‘g\—r\,\( f‘-‘cv\ .
5y L 4 ' \ \ D: \'\)"\h‘: ;3@
@,:D-u.%W(g O()(Qy{n QS&E‘E?P.?’ i
P ade

S

E)( i (‘y\c,’fl L2 ms "g"ﬁ’t/( - %22.4)2: U:
inofo 22 b} ‘L{U\S)ghed MCL’)"%\
ws:sw,\—“

zoNerflow
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Handling Exceptions

| .~ Save PC of offending (or interrupted) instruction
- In RISC-V: Supervisor Exception Program CounterK_SEPC),\,

-~ Save indication of the problem
. In RISC-V: Supervisor Exception Cause Register @Kﬂé@
. 64 bits, fout most bits unused

Exception code field: 2 for undefined opcode, 12 for hardware malfunction, .

- S . NOOE—

.~ Jump to handler (7= A
- Assume at 0000 0000 1C09 0000y,
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lrnate Mechanlsm

TS S L A Ty T © A0 (o T Py WP iy ( Cy *_ 24—

; Vectored lnterrupts = Sre B R “
_ = Handler address determined by the cause™

Exceptton vector address to be added to a vector table
base register:

= Undefined opcode 00 0100 00004,

= Hardware malfunction: 01 1000 0000,
Instructions either

= Deal with the interrupt, or
= Jump to real handler
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A
N Alternate Mech

S T an Ism
l1 NPT R e g '
12
13 Undefined o
pcode
14 Hardware malfunction: go 0100 0000,
IS : 011000 0000,,,

¥ I Pt G
\ )
\iEPC, SCAUSE‘\ }r. u/ \}‘Q)(,_/_- \
”\p LI‘Ae .
WS veg ¢ ;«.:
Vive: 22 Uoa
x‘
Vs Noss ¥ : =y
(O -~ dak
A MMl
(2%
XY Az

(Vg s I\ oasm

Handler Actions &=~

Read cause, and transfer to relevant handler
Determine action required

If restartable
- Take corrective action
. use SEPC to return to prog

Otherwise

. Terminate program
. Report error using SEPC, SCAUSE, -

ram

Chapter 4= The Pro

ook

: ,,,_,_aq-w‘."?‘."

n/1<e
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Similar to mi

Ubs '
€quent INstructiong

E regis
trol to h andler gister valyes

= Use m
uc of t
— he same hardware
Chapter 4 - The PfOCess(
" ExceptIOHS iN a Pipeline
M‘& e
f IS T s ver Plows
B R B O DR e—
i _{EDEW T T T
{v’-« [[add x1,x2,x1 FIDIE |n | I e
\/ SN SN N TS \ : | ;
lu ;13 ' { D] nir]n ”w[:\vta}\“ ’
{_ ;I4 J Fl alnln [w "Hueh . ]
| |15 —
| I 1
!IHS i FlRLE[MwW BN _ g
- FID|f M |wW | ]
|~ EREDEEER N
e clol | vl
Chapter 4 — The Process
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.......

PC

Instruction
memory

Registers

04
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Scanned with CamScanner



X2, x4
X2, x5
X2, X6
X2, X1
X6, X7
100 (x7)

/%  Handler 5

1C090000 sd x26, 10000x10)  \_, (o bert Swrtchir
2vn 1090004 sd  x27, 1008(x10) I \Cont :

r -
'&}*\Q$\ @’:?3\ ol
f S C e RGNS
(Y()—«X\\'@‘\N\/@qw/f NN gl
, &,
SRS 2 ‘éﬁ 2 A Chapter A—The¥
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mxnm,_o:o: mxm_:v_m

N S B s it ¢ \»

4 »x\
Id x16, 100(x7) sub x15, x6, x7 add i\xw %A

: ] ‘ ! orx13,... 'andxi2...
. R 1!*\: ' :
iF.Fiush , k - .
. % + 1 1] 1
i [ ' ._ \
. 7/ Hazard : ' . \
w‘iIIuL detection | - | v
. : _. __ /
] L
A ] '
' ' M
EXIMEM ) /
15 !
NS =N §
=u /D E g 2
50l
T IM y B
oo ol 4| fpell[instructionl | 1|
X ﬁuBSE.ﬁ :E_M..oQ. &
i

Clock 6

N LR A AN
DRARNRNRNONS

Tha Drarace
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TP WRRTNRRE T T AL

sd x26, 1000(x0)

RS

bubble (nop)

Exception Example

@c_m U pubble ,or¥i3,.
TEA Fs ] |

'
resssarrernypasn
'

R R S

Clock 7

/Hazard ™

i

10, Flush

detsction !

unit

warding Ty 4
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A
'
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E_::_U_m mxnm_o:O:m

Pipelining overlaps BC_:U_m instructions
= Could have multiple exceptions at once

Scanned with CamScanner

Simple approach: deal with exception from earliest instruction
Flush subsequent instructions |
“Precise” exceptions

In complex pipelines
Multiple instructions issued per cycle

Out-of-order completion
Maintaining precise exceptions is difficult!
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| 234 |+ —
I1 E|M N O S N S
' 1 E |
I3 (bad) e |OBE|[n | n I - .
I4 clo| nln|n] Flush | I
IS5 Flrm | ] 7™M Q\USL\ fl 1! il
o
|
[
THS flipl. e - |
F {
|
PR \ \_) (U >2) *
bR, CPM % L I 2 W = o ¥ Chapter 4 — The Processor — 61
T A o Al Bxp |
LN N PRV, P/(’)'I 2¢ ;\ahoﬂé#/

d S\ (g}},ﬂ\ -+

—

ML o SHORDNRRAR ' \
// ( \//‘.(‘,’/t/)'l’llr\ 14 /E C ’ IQ/O' 3 1 \"//
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2[3]a]s|6[7[8]9[10(11]12]13] | i
11 FIDIE[M|W i | L1
: add x1,x2,x1 F | pl EPrn I \ﬂ
a I3 (bad) e [ObE|n | n I : | | 7
I4 Elo] nin|m g’lué)‘\ | : | |
15 Cln| ] An Fldsh L
| ]
! ||
! l
IHS Flnl. e ! -
F = !
|

(}:(2\6\-) -(‘\.’.)-),7)2)%

' é:, cu L JE . o A\ Exp ¥ Chapter 4 — The Processor — 61
T T R ~\& 00 M Fnirus =
| on\s (ot N o presive hapoll?

oold 3 Q) #
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/ [ C(a’{ﬁ" )'fou 1 /)ro ',)( ﬁ_\}/

| |mprec|se EXCeptlons:v

Just stop plpelme and save state
= Including exception cause(s)

Let the handler work out
= Which instruction(s) had exceptions

= Which to complete or flush
May require “manual” completion

Simplifies hardware, but more complex handler software
m Not feasible for complex multiple-issue out-of-order pipelines

Chapter 4 — The Processor — 62
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; ontents

o R AR S

Instruction-Level Parallelism (ILP)
Multiple Issue

(Statlc Multiple Issue

Schedulmg Static Multiple Issue
Loop Unrolhng

Dynamlc Multiple Issue
Regfster Renaming
Speculation

Why Do Dynamic Scheduling

4 10 Parallellsm via Instructlons -

Chapter 4 — The Processor:
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~ Inst : l
. RGP \»\\\\\\,.\\\".\w:{{b.. PRER D, w\‘m:&*wﬁm‘ : e' i l E | I I
P,pe’, W““‘*‘sﬁi""’&';ﬁzm:m r I Ie I I S ' l l/l )/

iNg: oxan
_ utin mul
To increase ILP :
Deeger Pipeline

( s R
Less work per stage = shorter clock cycle/
Multlple issue

tiple Instructions in parallel

Replicate p:pehne stages = multiple pipelines
Start iple i ' ldleal ¢
multiple instructions per clock cycle - Idleal case /C\

CPI < 1, so use Instructions Per Cycle (IPC)> =
E.g., 4GHz 4-way multiple-issue ) — | “ <
- 16 BIPS, peak CPI = 0.25, peak IPC = 4 Cuck o nd2 2P
But - dependencies ng\tiggv this in practice Cpr- L
- excudion Fine = by _:4_;/(13,\
N71<] ‘3 Chapter 4 — The Processor — 65
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Mul‘tiplelssue

T 'H wp ler Nede (oo toall
fif‘ Static multlpie :ssue "?‘f’“”a‘ - ol totrietion 1] by eyalls

= ?,,-: Qemp;ier grau;:as mstruct!ons to be lssued tngethermwa@\s
’ A sl
* = Packages them into “issue slots” &7 i 1 e

Compiler e} Aacss
—- Cgmp;}ar dgiects and avoids hazards bk oo

| : i‘fﬂ"’ﬁzi‘éb
= Dyaamic multiple issue

= 2 CPU examines | instruction stream and chooses
&insiruct;:}ns to issue each cycle

"« Compiler can help by reordering instructions

et i ‘}‘ |

& CPU resolves hazards using advanced techniques z at )
%—;ij ,rl}ﬂtirﬁ e = L;}'lL,:.‘ I Ji‘..ny "N ;;uu“"ffﬁ 'L"’““‘f"ﬂ"""ﬁ:“':h \“?L) -
E {i, iﬁjfjﬁi‘i.‘fé = % fg% s 5 =5 Lrrees ot L] - 5,’; .
= == = h = f ac hs e par A Ty Hoideesaile S = ? -
= B il 0 ¢ | |

Chapter 4 — The Processor — 52
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. A e e
(very long instructio) gt 7222 Lid

=
Cach e/ Fetc h
memo unit | | Sm(

.........................

R .
SRS mmvﬁmw‘mmm

R
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Multi-operation Regis ‘/4_//
instruction

Ly 'W’”,Q)Ls ' VLIW approach
595 GlWg a9 0
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et

R R T R R O Y DRI N R I I ey X e gy v

(very long instruction word,1 024 bits!)

ré;éhef ______ .| Feteh
| memor unit

Wulti-operation
instruction

Py (hsl (s

535 Gg o 85

...............................................

Register fiie k

(i‘[lﬂ%bﬁ@

Chaptar 4 —The ¥
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= n = VEly LONG Instruction vvora (VLIVV)

VILW 522

I sSuc Packets A -’\5 )
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' Chapter 4 —The Processg
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...........................

‘ llllllllllllllllll = =

~ Single mutt;: opnrahon instr: 'ClICF}

G:r‘(‘le!’ J
o) 3
Pufbt{'foﬂh ]
{:@L.uu (_\é.h!! F
f’Ux «m).x"‘*’ -
N
",‘ ‘: oFct’df‘icﬁ \}é.

Qe e

| HLq'ftPr h‘h

et AR | ’ E—xccoh@" onit

VLIW "lpproﬁr‘h (s

Scanned with CamScanner



Sch :
edglﬁgﬂgﬁ_ﬁ’CMultiple Issue

Compj
Il
3 Regrder MUSt remove somevall hazards
o €r Instructions into issue packets
VPO dependencies with a packet
) .
! Ossibly some dependencies between packets

it Vane.es between ISAs: compiler must know!
= Pad with nop if necessary

YMM peclding (6e12)
T w—— acivh / \o 3 LO'{/SDQ

= }.-‘-\VA'. 5
k1 \/ S

e

e i

| {\/" — !'r\s'\'ruﬁim\ W2 bivrs \\l,
- >

= - e
Two-issue packets i Py, 50 S
= One ALU/branch instruction PC/Q@ D T
= One load/store instruction, , e S per
. 6a-bitaligned 1/ 7 e

ALU/branch, then load/store y pY73
™~ an'unused instruction with nop ) M/_ﬂ@

5 " | Address | Instruction type Pipeline Stages
= n AlUbranch 4y | IF | 1D | BX | mMem | we | ]
n+4 |Loadistore ¢ | IF | 1D | EX | mMEM | wB |
\|n+8  |ALumranch & F | o | ex [mem | we
- fn+12 | Load/store ¢ IF D | EX [ MEm| wB
2 | V n+16 | ALUbranch €1 F [ o [ ex [mem| ws
] e n+20 | Loadistore & F | o | ex [mem | ws

Chapter 4 — The Processor —T70
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S

Chedi.:

Issue

y must know! {
Necessary |
/\-”/}E;Jf” \ odd pactding (0
1] anh Moy Lo/l
S
I e ub)
| ACICD [

| Al — mS"\TL'\(T‘;('\\ W \:ilrs .\:

RISC-V_with Static Dual Issue

\\,
e coc\" '
Two-issue packets P e \;,o""‘
. . PRVl ot W\
= One ALU/branch Instruction C R e L, W
. _ P AN
= One load/store mstructlorlj, } pC #® o
i : g g’ Tt
« 64-bit aligned /! /4 pe”
ALU/branch, then load/store deq
’ . o tye
Pad an unused instruction wgﬁh\ f‘\%\/\_/r;v@
4 Address | Instruction type Pipeline Stages
| n AlUbranch @y | IF | 1D | EX | MEM | wB
\ |n+4 Loadstore & | IF [ 0 | Ex | mem | we
\|n+8 AlUbranch & IF | © | eEx | Mem | ws
fn+12 | Loadistore «J IF D | EX | MEM | wB
n+16 | ALUmbranch 4 IF D | EX | MEM | wB
n+20 | Load/store & IF D | EX | MEM | wB

Chapter 4 — The Processor — 70
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RISC-V with Statiwc_ Dual Issue

TR I TR

i
5

1C090000 -E@-- Instruction
memory
x U\

¢ g

0\0/(‘/< XlQXQ/L\ED ]
ld xg B (X1 |

........

Chapter 4 — The Processor =
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; N

| RISC-V W|th Sfatic Dual IsslJE

N R ~
—— i—*::u = h?—___ Reglsters || = l
~ IC090000 +={ u (= [PC ln:lrucdon — e e ‘%‘ — {
=——— = = memorr == e e =1 — l

= | | |‘ — = —gv =
T —_—

o = Lath

—— — = | = .
=———— === i Cm\\ k\‘ Ein =B ’;"\'iﬁ _‘ “Dag

—— = l
= ninsEene = =
= -.'d:?e*s

Mpead ot popo || 7 Y b
PAIY IS H Forf_, | ' =

Chaptw 4 — The Processor-
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SRS

Hazards in the Ddal Issue RISC

G L uJ il 1\‘

- More mstructlons exeoutlog m parallel

;'_ —= q;,;&:.&\ q_sguﬂ - 3\3 \SSue R,
EX data hazard B F;ruord c\-a:.us Jc{ui:-fgs*-boww =

= Forwardmg avorded stalls w:th single-issue
~iNow can 't use ALU result m load/store INn same pacr"
xb’t}bﬁy‘kﬁ — add Xlo XO Xl ;,; = 5 | = =

= i |
i . i i
[ErinE

gEe s - e e

== Splitinto two packets. efrecn{zély a stall

Load-use hazard - e
—— o Stillkone cycle use latency but now two instructions
More aggressnve schedullng requrred

|

L | ‘ =
i | | AR E L | | Scanned with CamScanner
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— '“‘§ In the Dual Issue RISC-V

et 1|2]3]4[s|6|7 8|9 |10
d x10, x0 ® | \
s 0x XL IFIp|E|m|w | | | J\
/ X2, e i
\Oob‘gﬁ 7 B DY\ \&9«?‘19‘—9 1 | \
\/)»*‘}L.(,:y\ T Sehrwa ol \ | |
g |
o

Chapter 4 — The Processor— 73
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In the Dual Issue RISC-V

. 2/3/4 567 8910
¥y T
4 X 00D F D E MW
s etSUb e x4,X1, X5 ple - 1| |
T

HEE
. - SN N A ] l L \

Chapter 4 — The Processor — 74

Scanned with CamScanner



/ﬁ\_ om W in memory pipeline to E in ALU pipeline

/Tah x31, 0(x20)

112314

\
|
FID E p&%

[sub  x31,x31,x21

— _“

1 \ \
\
SN U W W S
\ \ \ \ "-‘
i
! \
I U B P
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Orwarg; :
———"g in Dual-ssue RISC-V

—

rom M i
n inel;
| ALU PIpeline to M in memory pipeline

3/4/5/6 7 8 9 10|

E MW \

e

Ll L \

Chapter 4 — The Processon

Scanned with CamScanner



)‘HH \ |
i

| ‘H\ i I |
m Il ‘ﬁop n'“mswc-t%\,\;u.w*

Sc hedullng f xamplemm i

\ \ |
“ ‘ ‘4”jomw

ekt R i RS SS

‘ ‘H H)H‘ H “‘

Schedule thIS for dual- lssue RISC-V

Loop: 1d ‘x3]

il | i il »m“U\"Wy |
//>x31~apray e1ement

add x31, x31\x21 il add‘sca]ar an x21

sd x31 X315 0lex20)! L/ store resu1t \u\j”
‘add1 x20,x20,-8 //decrement po1nter it
blt x22,%20,L.00p /(|branq it x22 < x20

q'ﬁ‘:‘}"’}\s ru:, 1= m_pluabjl_\ <ANRC ﬁg\b)q C‘)-le.\ﬂ‘\‘.h ‘\' el i
Qw}u" == A[_U/branch il jlﬁ“ | lLoadfstore “’,/‘ QVCI“?‘W M»
[ io'ﬂ: .;r,,, | '“’}‘ ,I m I]d \{:-%.,0()(20) illE 1l M H:’\‘
= el addsi Kgg,xzo,-a’, ; ‘auﬁ ”MV.g M Iﬂﬂw‘ﬂ‘u“f ‘
»;}f:i‘add 31,581 x21 N ST I o
i o [ a3 RE0Leon ||y s¢ ”?‘—3‘“1 8(x20) m‘ LRI o
L. 1 il ummu e
wA&fgiAP() 5ﬁl”ﬂ1 ( fpe k|FK;>?2) il Hméi
G 9%9"’ ';f,.ﬁ r) = n\:p ‘”'|~HI ’HH e }I,‘.T‘Mﬁw““’ﬂfb""**"Ww
l._.}\ »*Ow”‘\‘:r\ f)'} ' fhﬁr';tm'fil—-flm ro?essor‘-—ﬁﬂ{‘w ‘
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Scheduimg Exampﬂe

S st s DT R S AR

Schedule this for dual issue RISC-V

Loop: 1d x31,0(x20) // x31l=array element ?
add x31,x31,x21 // add scalar 1n x21 3
} sd _ x31,0(x20) // store result -
', >/ ) addi )x20,x20,-8 // decrement pointer
£ A7 J . ’ y
’\C'L?T;d;\g x22,%x20,Loop // branch if x22 < x20
P il
A T8
\ ol 9\/ /- Vj/ ALU/branch Load/store \cycle
Z Loop: | Aof™ 1d  x31,0(x20) E
qu hazardp\o ¥ —Af—— \add) Nx20,x20,-8 nop \‘2
%3V Q- P SV \o ) add x31,x31,x21 nop  / S U;j_;‘?,
./bha x22,%20,Loop sd  x31{8(x20) ega:‘g 4
A2 PU S ¥ 28y O N s oG e
PC 5/4 =1.25 (cf peak IPC = 2),\

L 2 e JRT) =
thwof?) &= PP O u.:i.';f'.&-:» ol Chapter 4 — The Processor —

Scanned with CamScanner



’ | !(\d-futjooni 2\ amu \’“
j:!' Loop UnrOI'Ing \oC J|.$_>jLJLu£, Ls%

TSRS IR ¢ ww L

: e
L - Replicate loop body to expose more

‘parallelism
| ~\»e Reduces loop-control overhead

Use different registers per replication

“a Called “re v Gl o
& gister renaming depeodence i e B,

Q\@\«f} = Avoid loop-carried “anti- depeﬂdenc:es”

SNEE
Store followed by a load of the S
Aka

"
-

ame register
-after-read

O
O output dependence , Write- -after-write

Reuse of a reglster nName

‘f( *h]\l

e :,- atil - ali ],_é [ i~ \“—‘:45 ChaPtEr4-The PrQCeSsc
e "\'x* A\':ib\y-x_a\&%;}aa il i Ly i+z2
| Ynro T i
ﬁ\%;gzg Ste ps ‘ :til li 1q E_]1+ 4
STy TR S
C.-t{‘\t.x -3\")«;‘2_5 \Q\L_)\MGL& e——> 7 ‘ 5 ’
I e

Scanned with CamScanner



| ALU/br —
— anch Load/Store | cycle
Loop: | addi x20, X20, 32 1d x28 0(x20) ¥
= i - s - == NG g X 1
=SS nop=-"= =
| : 1d  x29, 24(x20) 2
Sl e add\28 7X28;X21:’ = jf'rd 7)(30*; 16()(20) 3
| add x29,x29 X2l = x31, 8(x20)_ 4
. add x30,x30,x21 sd-x28, 32(x20) 5
— — [add x315x31521 — | =g x29, 24(x20) 6
= —— S h —— = ———1sd x30,-16(x20) 7
e b1t x22”’x20 Loop _ sd x31, 8(x20) 8
,"_7 /{'_"?;. \—-\estslﬁﬂ\&%%‘én\sw = .
= == r-? —nob BlAasllssle

(led
PC = 14/8 = 1.75 e e

; ,f]? “\,MCloser to 2 but at cost *of reglsters and code size )

S = —— h-, £ = m_;.}.\ | g o t_qmn;\p Petgﬂmnﬂ_c )" k.aw‘—’si G

a2 L8 D ‘J’"
™ _ : QZB

\emory usaqe [CANREET

3 5[) /‘-r«é\‘_’.“' e .\‘“} e ’Bljﬂ'(—ﬂ 5 L—-)\-‘*"r\)\c' Wi

& T e i oIl ..J ﬂ L
TR i e R G s o8
5 _',;t:é 4 Ny ALY \'“-\ £ "M et o alpBa s ‘Cha pter4—The Processor — 63
sisEEed Y bE e (3 oesdlaerps | pazhit
| f | N Salz 20 \al Code Y -
o g bgfes s welisde Ne St e
ssel | B 2Y Y 4 bt L G
 Pacleets i e = Instruclions = = = =
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1d
add x29,x29,x21

X29, "8()(20)

Sd X29,-8(x20)

1d  x30,-16(x20)
add x30,%x30,x21

sd x30,-16(x20)

1d x31,-24(x20)
add x31,x31,x21
sd x31,-24(x20)
addi x20,%x20,-32
blt x22,x20,L00p
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Loop Unrolling Example

SETIIPYSSY ST TN LTI

; AlLU/branch Load/store = Yar
Loop: | addi X20,x20,-32 7d 78, 0(x20)

be o 5 vy T o 1629, 24620 2

e 0)
3 LN add x28,%28,x21 1d x30, 16(x2 becomnt, 220
- ) ' add x29,x29,x21 [1a x31, 8(x20) et

158 0 rrart rEAMLETUS

add x30,x30,x21 | sd 28, 32(x20) or?2|5
add x31,x31,x21 [sd x29, 24(x20) |6
nop |'sd x30, 16(x20) - &+32| 7
b1t x22,%x20,Lo0p \sd x31, 8(x20) ~zwsZ_\8

JJ
|

IPC =14/8 =1.75
. Closer to 2, but at cost of registers and code size
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Dynamic Pipeline Scheduling
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Dynamlcally Scheduled CPU

and decode unit
|

. N . e **\\- —
. Y \ v Y — >
- TS NG Reseryalion Reservation Reservation | | Reservation f Hold pending
4 | ~~—J]__ _stanon station g station station
/ . : 1 F— | (,\\ operands
/ e T 9 &ec}*h ST
/ \ ot of ade
Functional Floatin Load-
, Int K oa
,/ units ISR Integer Tt point store - .}
| (e A
- ——— // EResults also sent
(ommon do}?t @L - to any waiting
Bus e reservation stations
M‘.,.,w
il Commit In-order commit
Reorders buffer for unit
register writes Cansupply
N operands for -
S — MR J, issued instructions
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| mstr ln RS has ready operands >

Plpellne Stages
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F: Fetch from instr. memory (IM)

| Register Renaming

Pipelne Stages ___ 2
to instr. queue (1Q).

I: Issue from IQ to reservation stations (RS), reading ready operands

from register file (RF).
E: Execute when functional unit (FU) is free an
operands.
W: Write result from FU through common data bus (C
buffer (ROB) and RS.
C: Commit results in order from ROB to RF and memory.

L oads have FIAMWC, stores have FIAC. A: Address calculation

d instr. in RS has ready

DB) to reorder
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+ If operand is available in register file or reorder buffer -
Copied to reservation station W A D e aaL

V- D

. W aske

1A a0 'zuNUl RS NP, )
No longer required in the register; can be overwntten /4:*‘ f;’llﬂ"\'\ “
L S i< ~

J

« If operand is not yet available )
y
\;)

It will be provided to the reservation station by a function unit F
Register update may not be required

Chapter 4 — The Processor= 96
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Srscalar processor of degree 3
Ndence (WAR)

Name depe

add X4,X1,X5

Id  x5,16(x21)

g5l
Output dependence (WAW)

mul x1,x2,x3
add x4,x1,x5
Id x1,16(x21)

L \ \‘i"‘:a‘_{ b, <
BYE P
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