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1 ARMAbIE SR oy k% 45 ::

o 83~85F. T —ERARMATEEZHIM K TS,

e 90~95%F:. ARMG6/ARM7, RH=ZIKR/KLELEH,

e 95~024E: ARMY9, KA RZIM/KL, TEFIBIEEME
%%ﬁ]\ ‘;

o 02~124F: ARM Cortex RF|/E-FEEE, ARMV7-AZH,
ARM Cortex-A7,A8 (BE1%) , ARM Cortex-
A9,A15 ()

o 124EJiE: ARM Cotex-A50%7%, 64fIARMv8ZH,
HZEPCHIARS 23T .

o XIRIEHMNETEERETARMY.




ARM P #l2H Bk

o WM EMEH: FIEiE K
(data path) 5f#52ss

(decoder) .
o T EAEHE (rO~r15)

o MINL¥R OA-bus/B-bus

o — N EigHALU-bus

o BUMANTISES K O

o I TFIFos: X5

5

EAE B AL B IE A B AL
FEAEDL.

E

o ALUPITHARZEIZH

A[31:0] ﬂ

el C>

_u address register K_

control 0

ipi .
C incrementer

=

reqgister
bank

—

multiply
register

barrel

shifter

instruction
decode
&

control

A I

data in register




ARMM #BH % (%

o LI THIPCENZE
o HUMLEF/F2%: MALUBPC

o HUIEFFRS: RN IEE
5 BE I EE

o A VRILIEXTTE A HINLES
PO RAY, 7oA KR E R A
EHEHIE S

o HIBMTRIESTFHEELN NS £F

AR
N’

el C>

B, BHEHA-bus&B-
busit, &EZLALU-bus

5 bl & AR HE




WKL IMES (1)
o ULBEA IR I

o RIXAANN, Brlan Cathy,

Dave

LA B

MNP,
o VEARTFEI0S
T EA05 5
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o BARARTE205BF




MK RIBES (2) s

S0 QYQ xua oy

% E151E;

B
O

LD

6PM 7 8 9 10 11 Midnight

| i

30 40 |20| 30| 40 |20| 30| 40 |20| 30| 40 |20|

35__
=

ANRIARE, WRIBFFENAR, HEFZEN/PA.
MR 1FE TRk & EE L /DTG ?




MK RIBES (3) s

N0 QY Q X0 QY

6PM 7 8 9 10 11 Midnight

! Time

0 40 | 40 | 40 | 40 |20|

% St

B

© 8IS

LD o

SNRORE, MBAAKERFRERE, REE. 50,




SN0 QYQ X0 QY

MKEERIBES (4)

6PM 7 8

9

Time

0 40 40 40 40 20
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LD
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Nch
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o MKLTIEWDENE

%E‘Jﬁjf\.’ 1EEIU~/ %
BN TERBFLR,

o T/KEZHIERSZIRTIE
E 8 —4,

o N

® Hij(.
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o H/HI /K S A TR]
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kb8 B2 ) 77 7K 28 5

o Y, mAKAEERIRTIHEEENERMIER.

—p function 1

o U Lk

-  function2 —»»

time T1

-
Pt |

—»{ function 1

oﬁl]l‘

X

time T1

time T2
BERRT1+T 20 8] J& 3 7T DAL 3 — 3 A\ 5038
. EEEB
»H—» function2 |—»
time T2

E%H%fﬂ%mﬂnﬁﬁﬁﬁﬁﬁﬂuﬁﬁ

e RN NGCER R EETLI+T2



ARMAII 7K £, :

o ARM7EH=FKImMKE
o KEX: MTEESSHHIRETE S RADEFE ST K LR
o M. 184N, HITEHESBRIESIEEBRELEIAT
o BAT: IEAREHHEEY “ERHN” . RFFE, BAIH
{E, ALUBEFIEH,
o H—HMGE R MBIETFHIEF,

|

e A /T
ToimIK T
I
instr. code Inst. thch Deco-;ier Datapgth
Logic Logic Execution

clock




ARMBIK & (48)

fetch

decode add r0,rl,#5

sub r2,r3,ré6

cmp r2,#3

fetch decode

fetch

decode

|
1

’

|

2
o [EEMZI, B=4AFMIES L

|
3

o ST —KTERXHE=AI B,

o {?iﬂ(%%égaﬁﬁﬁgy
A, KL HHLZRZE

time

EE MK RIAE %K
MR N = BHFEIR

Ab A% — NP1 A B AT DL SE R — 2% 16

)

Oﬁm%;mTﬁﬁz Eb RS2

AH— &AL
RAEIR



o000
o000
. WL e oo
ARMRJ it 7K £& 204 FH ¥ :
ldmia fetch decode
r0,{r2,r3}
cmp fetch decodem
r2,#3
tin;e

o MBWMKENFE—LRTIEE TN EEHANTH, ¥
2B HERIKERTE .

o FlINEZHFEMEIES (LDMIA) , B HIEMES
(Data hazard) .




ARM It 7K 2842 1 B +
bne foo fetch Llecod

r2

foo add fetch decode> <[
rO,rl,r2

time

o MR KFETKL=EEHIEW, BHERATE
sk (Branch Hazard) .

o REBATHXIELBNEELES: =& A7 sef e ,
A, JRBEPAE B




#EIR 4% (delayed branch) :

o ANHEEM/KERE, HHHEIRTZHEA.
o LJE%EZEX&J‘S’ZT“WDH Kinkig 4 B BHAT, T
B XRRSMITER. X, B9 XESPITHHE
CPUaaﬁzﬁ:ﬁMﬁiﬁﬁﬁﬁiﬁ
o HR, 4L FHIRLTEIE (NOP) . FHAL

THEIR 73 > ' B HI9E-2X T & AT B ER R 2
A WH R B HIA IR HT, WHKHEANOP.,




Four Branch Hazard Alternatives

#1: Stall until branch direction is clear
#2: Predict Branch Not Taken

®

Execute successor instructions in sequence

“Squash” instructions in pipeline if branch actually taken
Advantage of late pipeline state update

47% MIPS branches not taken on average

PC+4 already calculated, so use it to get next instruction

#3: Predict Branch Taken

53% MIPS branches taken on average

But haven’t calculated branch target address in MIPS

MIPS still incurs 1 cycle branch penalty
Other machines: branch target known before outcome




Four Branch Hazard Alternatives

#4. Delayed Branch
o Define branch to take place AFTER a following instruction

branch instruction
sequential successor;

sequential successor, Branch delay of length n

sequential successor,
branch target 1f taken

o 1 slot delay allows proper decision and branch target address in
5 stage pipeline

e MIPS uses this



Delayed Branch

e Where to get instructions to fill branch delay slot?

Before branch instruction
From the target address: only valuable when branch taken
From fall through: only valuable when branch not taken

e Compiler effectiveness for single branch delay slot:

Fills about 60% of branch delay slots

About 80% of instructions executed in branch delay slots useful
In computation

About 50% (60% x 80%) of slots usefully filled

e Delayed Branch downside: 7-8 stage pipelines, multiple
Instructions issued per clock (superscalar)



(Y X
o000
: o0
Scheduling Branch Delay Slots o
A. From before branch B. From branch target C. From fall through
add $1,%2,%3 sub $4,$5,$6 — add $1,$2,$3
iT $2=0 then — iIT $1=0 then —
delay slot
delay slot add $1,%$2,%$3 y
if $1=0 then —
— delay slot sub $4,$5,$6+—
becomes § becomes § becomes 4
add $1,%2,%$3
iIT $2=0 then — — iIT $1=0 then —
1,$2 b $4,$5,%6
add $1,%$2,%$3 add  $1.$2.$3 sub $4,%$5,%
iIT $1=0 then —
D sub $4,$5,$6 9

e Ais the best choice, fills delay slot & reduces instruction count (IC)
e In B, the sub instruction may need to be copied, increasing IC
e In B and C, must be okay to execute sub when branch fails



yahl: ARMAFforfE3A BT Y 8]

o RIEFIRIEN 23N FH K HAT T 8] -

o for (I=0;1<N; i++)

f=1+c[i] *x[i];




FIRJEV 53 Imie 7 :

; loop initiation code

MOV r0, #0 ; userOfori,setto O
MOV r8, #0 , Use a separate index for arrays
ADR r2, N ; get address for N
LDR r1, [r2] ; get value of N for loop termination test
MOV r2, #0 ,user2forf,setto0
ADR r3,c ; load r3 with address of base of c array
ADR r5, x ; load r5 with address of base of x array
; loop body
loop LDR4,[r3, r8] ; get value of c[i]
LDR 16, [r5, r8] ; get value of x[i]
MUL r4, r4, r6 ; compute c[i]*x[i]
ADDr2,r2,r4 ; add into running sum
; update loop counter and array index
ADD r8, r8, #4 ; add one to array index
ADD r0, r0, #1 ;add 1to |
; test for exit
CMP O, rl
BLT loop ; if i <N, continue loop

loopend ...



FIRJE Y 885 1 14 B e

m-wm_

Initialization tirit 7/

Body B 4 4
Update Hysekis 2 2
Test L 2 [2,4]

tloop = tinit+ N(tbody + t1.|p|:iz:1te) + (N'l) ttesl:,'m.rorst + ttest,best
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o & %ﬁﬁ—4 RAE b 2 3 e 2 -
o “FEBEPATES RAEEFHRFI/NTEFET NN
B4 =EREm, JRTE, BENHXFER
s, 7 - HoH 4222
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2 EIREF :

o HAPENFLES (SRAM) : KE—XT RIS EUE,
HEIR, HER G [:ISDRAI\/IFJ

o FIAMENFHEE (DRAM) : KEE 25 HH fay SEEN B P 17 A
(LIRIHE » 1R/ME I:I:SRAMJEF‘E (5~10f%)
o TRfitiasERE vs B AR
o TRffi#R bUIZ e B BRI M RE m’%lg{a% C “TREss” D
o HIt, EEIEERIIFHEELBEIDTH.
o [FIEF, NLFXHFEES R REBAKBA.
e HPF FERAZEHPLUENFHEREIR
o SRAMVFIAZEIR:2~25ns, #£%%#:$100~$250 per MB
o DRAM7V;[HIFEIR:60~120Nns, #E%%:$0.05~$0.1 per MB
o DiskijHZEIR:10~20million ns, #£%%:$0.05~$0.1 per MB




0000
X XX J
[ X X )
S'Z ‘ o0
" |? 'ﬁ% iIEI /) I‘Eﬂ %_ﬁ. o
1000
4000 o Imtel 1103
DRAM IBM 5150
. = nl i F—a. IT DRikM
= T BB 4 MCE-m
E 3000 = 100 ERAM ‘MH EDD
= y B RAM
= 7] E FPM ™y
E 2000 I!:_:l G-:I.FI : ADRAM
g ?t_-:.'. h . DDR26E
e 3 ! 10 . CORAM  DOR31600
k 1000 ot < PC-100—8— _, SDRAM

SCRAM  pDRZ 667 ©
DRAM spreds SCRAM
ki dpr— ey

B i
15983 1589 1934 1598 3J001 3003 J007 Joo0g F009 1 1970 19765 1383 1987 1594 1998 a001 3003 zoo7

o MEERM R LERTHIZA/D, AHESHIEE &I’
“BERER” =iR18A A BB — %

o THEARHIEEFFEMIYEKT%.
PSS 5SS Z R RS 21 A il —& .




e FR % (Memory Hierarchy) | ::
o UWHARTFMAREIR, HNAEERSFER?
o HRE: HMEFMAS.
R CPU RE FE ($/bit)
b B BN B

T4

B 18 Tk BK B




R 4

FhERE

=
;\JI‘I Processor Registers

L On-chip cache

Second-level cache
Main memory (DRAM)

Disk or other store

(X X
0000
0000
0o
o0
@
]! A i RN
5= i ie)R
64 to 256 bytes 1 -5 nsec
8 - 32 Kbytes ~ 10 nsec
128 - 512 Kbytes 10’s nsec
16M - 4G bytes ~ 100 nsec

10°s -100’s Gbytes 10°s -100’s msec

ERE R

b= 3l

JBIR A ERIFEDL,



R R[5 B e

o MR R RS E LM AR

o BJEEIRMEE: ZHTHT I BIEHEHE 7] Be1R TR IR #
515

o FHHHEPME: BTG W) ZdE bk AH 4R B E s A 1]
RE1R DA 15 [ o

R AT B R

o HIEZAFI/D T WAFARI Y RIET[R], {HH3
75 I B (e T AR 1, [ERERE !

o
~

i T

ook




Gt EI’J =R E A

'ﬁ-j: Z.IEj/\'?'I_.I /l\—l%—ﬁgﬁo

address

registers
instructions
processor
instructions
and data
data
copies of
instructions address
copies of
data
cache memory
instructions

and data

FF.FF,,

00..00,



J

- .
=
=

AT

copies of
instructions

address >

cache

Qstructinns

address i i {}

instructions

registers

processor

address {} @

data

copies of
data

cache

instructions

data

memory

FF.FF g

00..00;




Cachef A ARNIE e

address . : data

cache

CPU

address

o Hi¥EIR (data block) : FIEfEIENIHR/METE — R Ncache
Iine;

o HIEZEfEMH (cache hit) : #iERHNBIBETEERE T,

O ?ﬁ%ﬁ*fﬁ* (cache miss) : %ﬁi%*ﬂ@%ﬁﬁﬁﬁ?‘%ﬁ%ﬁ

o 3_;1’5% (working set) : CPUZE— BB [E] N7 Al V5 3h B o 4e

3 o



SR 2R 5 5

o SEiHIMEFRAH (compulsory miss) , HERAEEK

th (cold miss) , KAEFEHEITE — IR R .

o BHEXRMh (capacity miss) WIRAERHT TIEE
K,

o iz (conflict miss) HIRAERZBTFHINHLE
B 5 B =R AT I R — N BT .

I

o I FE VT IRl B B & A 3
¢ 1:av - htcac:he + (1'h)tmain J hf%ﬁb&ﬂcj%




4 S R :

CPU %==> 1 ] cache | *=%| 1.2 cache

—IRIETZ TIREE
o PN AFV nl B [E) THE A 3
o toy =yt + hot 5 + (- hy-ho)t i,

o hFBFE—BBHMTR, TR G TR A
i — BRI




IR BT T ‘s

o 1EFRATEZEWal .
o BATWMAEFRENFELRCESTERZTH? (W
ARmH? )
o MREBMERAT, FATWMTIREIE?
o BAIEE — 1w HEFIHI T
o BB K/NA—AF5;
o EIEMET (direct mapped) EiEEF

N\

EEMSHEE— R RTINS~ R RERREFD
IR — R E A4




00
0000
X X X )
X X
= o
R B = T 22 7 B
Cache
BEACSE RO =
OO0 O O ™ =t

)
X
W NN

00001 00101 O1001 O1101 10001 10101 11001 11100

Memory




SIREFR

Mtk

tag

H B S FIE A 451

BIHFIC FRic R
— )xabcc pyte byte b
valid tag data

index offset

FRig

E]

R E

v

@
!

hit

o

FoIE—HFRE T ERERR,



—f—

S

S SRR AN (1)

address
000
001
010
011
100
101
110
111

data
0101
1111
0000
0110
1000
0001
1010
0100




BB B AT (2) it

« After 001 access: « After 010 access:
block tag data block tag data
00 - : 00 - -
01 0 1111 01 0 1111
10 - - 10 0 0000

11 : . 11 : -



BRI SEZ RS (3) o

« After 011 access: « After 100 access:
block tag data block tag data
00 - : 00 1 1000
01 0 1111 01 0 1111
10 0 0000 10 0 0000
11 0 0110 11 0 0110



BRI SEZ ARG (4) o

« After 101 access: « After 111 access:
block tag data block tag data
00 1 1000 00 1 1000
01 1 0001 01 1 0001
10 0 0000 10 0 0000
11 0 0110 11 1 0100



B E 5

o SHELIZBIER L, BABRNEE I SEZFM-
7 (B —RFfE) A

o WP E#RIETT I
o BE (write through) : BIREEB/EE F R B
BEIREFFEFRIC. XMENRIE T SR EF
MEFR—EE, HE=EFH/NNEFEBE.
o [EIE (write back) : REEKE —HEITINEHELE
FHBUNA#HITEERE (RIAirty bitRAIR) .

XA 2 A PAYs /D S £ 1% BT AR M TR R G AF Z HIXS
EHITHZ IR EBRIE.

Pl




HEBRES SEEZ A7 R E iR S

o

A particular memory item is stored in a unique location in the cache.

To check if a particular memory item is in cache, the relevant address bits
are used to access the cache entry.

The top address bits are then compared with the stored tag. If they are
equal, we have got a hit.

Two items with the same cache address field will contend for use of that
location.

Only those bits of the address which are not used to select within the line
or to address the cache RAM need be stored in the tag field.

When a miss occurs, data cannot be read from the cache. A slower read
from the next level of memory must take place, incurring a miss penalty.

A cache line is typically more than one word. It shows 4 words in the
diagram here. A large cache line exploits principle of spatial locality -
more hits for sequential access. It also incurs higher miss penalty.



Gt vs. Sedr 5

o '[«7&FIIZI HH .
o Fﬁ?ﬁéﬂ’l Bl: BEZFEBEBIRFIED S
o EARMWH:

o %ﬁCPU, MEGFFIREEIEL, fRIEBEEEE,
Ea%ﬁFZJJ

o 5y
° TU%?ﬁ%mﬁ%Tﬁﬂq_ﬁﬁPE’Jﬁﬁ (B5)
@ /\4%#(% BARREZAF FHEEAER

o HRfH
o 4%§A§i%ﬂ%1*)\m3$%ﬁ RIEGIRAT o




H B BR 5 1) Jy PR 4 3

o W HMEEFEER, BHAMENBIK.
o B B EEFIE RIRFE R, F— W RRH.
o A OIERMRRMHHIE

e Array a[] uses locations 0, 1, 2, ...
e Array b[] uses locations 1024, 1025, 1026, ...

o THHE afi] + b[i] ¥4 RARmH RIEAL.

o WNRINE V5 0] BB IE I8 R 5 2| [F] — N & iE A7 5,
BN ST 704 7 B R A R 2

GNTfREER? 7 7

ElnL ElnL




SRR 7 e

o &M EX (fully-associative) BEERF: EEINF
o yE P AT ARG B S E A AR R ARk

]

HREVFRIC

valid tag
valid tag

mEEG M

valid tag
valid tag

FIESREFR
HUFRIC [E] BT EL B

Hoik 2 5 Arric M
EWET, F1FEERS




2B R PR 1 3

o EFHERAFRH U;Aﬁ%ﬁmmﬁé}%ﬁm R,
RS B s KPR IENE, T EREE.

o HZ, HTEMEGEEFEXRHAANE]FHF4E
7= (CAM) , #51BE. FHE, EES {A#{ﬁw
IE,IH—J‘ J?‘Hﬁﬁﬁﬁﬁhdlaééjﬁ’ JEJFEFI‘JXJ” %’I'I_j;
E| -4y N

o Ak, EMBEESRT —MAHTRITNEESR
et




HAH

X R TR AT

Set 1 Set 2 Set n

TR

hit data

HAHEE (Set Associative) =B IS 2MEEEZ

HEMHKE

AR . A (Set) HIFZER—ZR5IHIFTHERAER.
JE%ﬁﬂAﬁ%hu,WﬁM%ﬁ

o RV RIERIZERSG] BEHNITH ZFIR,

HIWr R G

FNHE— NS

HEFS

CHL



B P SRR :

o EHLIRMSG: EREZT “W HREBAFHHIER
I, 7% 2225 FE ATk IH & Eﬁ%ﬁﬁgﬁﬁ& H R EEAE

o ELERMLETAFAER IR R &, FASNEIRIXT N

ME— R GTHhhl, HE KBRS EHE R

o HMERS EMEEEEZTFELIES IR :

o FENLEZH#: (Random) : EANREMHEEEEZFHFE
FLIEFE— NI B e, 05 R, FEHIG,
R AR B

o HITE/DHFEEE (Least Recently Used, LRU) :
J%QHV\JUZ%*HE%W%%@D%JE%Q"EFH FIEdEs. L
M AP EE . BRA: BEAFETR K. Trade off

o %A%Hﬂﬁ\ﬁﬁ (First In First Out, FIFO) : #74!




~L
g,

address
000
001
010
011
100
101
110
111

RS AR R EZ AR B] (1D

data
0101
1111
0000
0110
1000
0001
1010
0100




\

P A B R AR (2) |

Final state of cache (twice as big as
direct-mapped):

set blk O tag
00 1
010
10 0
11 0

blk O data

1000
1111
0000
0110

blk 1 tag

1

1

blk 1 data

0001

0100



(R R R AR (3)

Final state of cache (same size as direct-
mapped).
set blk O tag blk O data blk 1 tag blk 1 data

0O 01 0000 10 1000
1 10 0111 11 0100

_~
A\ 4




3 FF A T A T L B :

o FEEHEITLIECPUMME EF 18], SEIEEHHE

2Pk AR F . FEodiE

o YyEEHAE (physical address) :

R AT BRST
FF RS 2K

Higsuk, 5 i%ﬂ‘]RAMﬁﬁﬁF\“

o ZiEHAE (logical address) -

R B stk 2 A

MAS LR FIRAME T M
248 g e (D
; ~ b1 = B
CPU A ﬁtﬁ%@ﬁ e main & R ﬁiﬂb
& memory S
N

(Memory Management Unit, MMU)



KU A7

o TAREMAF? 7 7
o EIMANFREMA? 7 7




)MLK:J:Us Wﬁ _J/_luailuﬁ‘ﬂ: :
o BUNTFRITENRZENTF REAAAIH SERRAY
G A, TEAN '
P UK E A R ] S
AT (—MEETER] program
Wubk2slE) , TSk by o —
B B8 k2 NI E N

FERE I, A A B A |
FESMRRAE AR L, 2 :
|

T BEAT B AT

— from wikipedia | />

el Sk (virtual addressing) 332 %8 Hh bk % ¥ R 38
Huhk ) FHEREE




PRI L it

o TFiEE B ITLLIMITIRE:
o SCILEMFHE: ARITCEE U H A E b .
o FAILUKE TR BAEIAHERS, JITEFPITHEEN,
HREBRANERE,
o HRT1 (page fault) BH: CPUEXR—NMAEEFR
Motk .
o TR FH EHE KM
o FTENABERREEHFTF;
o MMURC&HAT T MK EH .
o LRUB KL,




i

B R RS

o FHEIIMFHFAMIRRKRLIMIZE

i ik 3 Y 2 b bk 22 T6] R4

PR e A B R UV
o BL: STFFBUKHI. K/NATA

F N A X 3
FLaa LI+ R/

o AU SCFFBUNL R/MHSE

A7 X 3

R

BORAF AR BB B
T H Ik 3 e o I 25 B 7

VR .

page 1

page 2

memory




=
e

B i ik %5

FrEut

1Z 35k

segment base address

logical address

B’ A segment lower bound
Eg £ segment upper bound

physical address

IR S



=i

Hi bk #a &
1Z ik
] RZE
i FTE Y page offset

T

s .concatenate Ezig:

[} | RBE
page offset
IFRiiE — A7EF




TRALER 2

SUHIR T

page
descriptor

L)

TR

page descriptor

AN

| |

I8
o ||

>

A1 25 1) SSERY




LW SRR X it

o NIRRT E I FF,
o HMISIEZ WX (Translation Lookaside Buffer,
TLB) : ZirEHEK, BEMRD.

Virtual Address | Physical Address | Dirty | Ref | Valid |Access

o Valid: BpEZEHERBOUZE TSI HEDNENTF
o Dirty: EFRZBEZIEBROHENE.
o Ref&Access: MR,



ARM N 774 :

o TFEEHEILRE — N EEMY, STIFEIHbEEE
NGRS . ARMBIMMUS 3T 51 N 77 X 825

o 1IMBWAEHA/INHIBL
o G4KBHI KR
o AKBHRJ/NTT

o itk W DUFE 26 16 B B S B3 T BRAA o
o XH bl F AL,




ARMPR 2% Hut

RS

HRREI T TR

o & ] |

— R FEIR T






