CS110 it SHNIFREE
LecO1 iBIE7E
HREER
o LEDTNE:
o {El(40%) 8%

o Labs(5%) 14R, &IRHET check BI##H1TI¥5

o HFEiX1(14%) 4.23 8:00 - 10:00, 1HKWEALFEE Cheatsheet, 2K&RISC-VEEE, EF|
4.21 1R

o HAFREIH2(14%) 25K EA4F ECheatsheet, SIEHAH1ZRIRIAE
o HAEREH(25%) 35KNEA4F ECheatsheet, SIFEHF1F2ZEINAS
o RES5(2%)

o {Rll&GradescopefiPiazza, RMHFNIZHEREIEIZEEN

Great ideas in CA

e Abstraction (Layers of Representation / Interpretation) — & (R R/EBRNDE)
e Moore's Law (designing through trends) — BE/REE (BITa8H Tt

e Make the common case fast (Amdahl's Law) — iEE SRR (FIEHARER)

e Principle of locality (memory hierarchy) — BERIE (RFEEREN)

e Parallelism (pipeline as special case) — F71% (RIKEAENLEH)

e Performance measurement and improvement — 4BENE SIEF

e Dependability via redundancy — i@id UREEM A 214

Lec02 F¥IESEY

o IHENA, HYIEEH

HF T ENAEHEREXNIZEA:

e 1bit: 17 0/1

1 nibble: 4 bit

1 byte==T5: 8 bit

1 word: 32 bit
FEC/C++/h, unsigned int {$FE32 bitizhg, BIER 0 ~ 232 — 193

BISBHERRE

sign-magnitude

o BIARSEN (0IE1fR) , HERn — 1 AHFEM
e BEZFER0~2"1 —1f1-0~ —2""1 +189%
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o IHEBRATIE, BERIER
One's-complement representation

o BUAFFS (0IE1fR) , HRn — 1 (80

o EFTEHFMER (FRARE)

o BEHFRO~2"1 1810~ —2""1 + 1 /9%

o IHERRNATTSE, B ERA

Two's-complement representation

o BHATS{ (0IE1tA) , HRn — 1 I AEFN
o REFIEEHFEMEUR, AN (FRAHME)
o 0 WIARRIEE, F=AZRTF 0000 0000 AIFZ

o FRESEE: MOne's-complement representationfB#%, KIEMFIEREFEEMEIAT A + (-A) =
0 - 1 A9MER, HERGENFRTSELM, LIS A + (-A) = 0 BIMER

o BZFR 2"~ 2m - 19
o HESE, RitBNMERINRTGIE
SRR
o MNEVIMIEBERARANEE, RFEERESM (FF5i) S, ERnEsimEiEIa:
e f5l: 4-bit 3 9 0011, #AREA 8-bit 3 J9 0000 0011
e f: 4-bit -3 J9 1101, ¥HES 8-bit -3 F 1111 1101

hnix: BEiEEsFEMm, FHLIeist overflow:

o TFGREWEN, AAJEEHINEE Overflow

o FMNERURANRERN, BRIFFSA (REh) RE%EMN, EZMNHIEE Overflow

INSERTE
E=E] Fixed-point numbers

o XA p.q B, FTINELRRED P Az, RS Q [AYNER
fl: 0010.1010 B9HEEIF 1 x 2 +1 x 271+ 1 x 273, BP 2.625
IRGESE, TEATEN B
RN S EERENSA S EEE
EEHC RSP SR

iZ=% Floating point

o BRTREFHGANRTAR

o ELTF EEE 754 standard ¥ERIFRE
32 EPFEREE R ER(FP32)

o 1fFSAI sign (OIE1fR) + 8AHEESI Exponent (KBS, W -127 BYfREDbias, —126 ~ 127
, 0000 0000 (E=-127) 8 1111 1111 (E = 128) E24F7MNIAMERY) + 23(72%M Mantissa (BB
INELRRRUAYT)
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o LFFEHS = (—1)%m
o SCRRIEECN E = Exponents — 1271
o LRSI M = 1.Mantissa
o SCRRENER Value = S x 28 x M
fBl: 32-bitEEEFS%% 0 0111 1011 110 0000 0000 0000 0000 0000 E&iEF-+iHHl

o FFENIN 0, F"REH, S=1
o IEHIfIA 0111 1011, FRE = —4

o B/ 110 0000 0000 0000 0000 0000, /N
M = (1.11000000000000000000000)5 = (1.75)10

o HUEEN Value = S x 28 x M = 0.109375
fl: 0.09375 i&ih32-bitfsEZ sy

e 0.09375 RIFE, HFKFERL sign B 0

* 0.09375 ¥ itH/ (0.00011), (BEEVNSERSTR2, HORBNERLA/NIRIEEE1,2,3,4,5
i)

o FNTHEREIEFRR: (0.00011); = 1.1; x 27
o THEMBRISEI Exponent : —419 + 12719 = 12319 = 01111011,
o HREFIINESAIAGHIRE: Mantissa = 100 0000 0000 0000 0000 0000 (FKEE*0)

o MUFAEERT 0 0111 1011 100 0000 0000 0000 0000 0000
155RIN : oo

o RREIHERARIEU

o HIE +oo WFA/: 0/1 1111 1111 000 0000 0000 0000 0000 0000

* FFS{U sign FRRIE)fA(T)

o IS#I Exponent /9 1111 1111

o ¥ Mantissa Jg 000 0000 0000 0000 0000 0000

o TJEEM oo ITEMK, HAJRERZTAELERIZEESEHE. PRLAO. OBXS2L. B Lig Overflow 155
155AH: 0

o HIE +0 BYFRXS: 0/1 0000 0000 000 0000 0000 0000 0000 0000

o BN s FRIER

e 18E0fZ E /9 0000 0000

e 2% mMantissa /9 000 0000 0000 0000 0000 0000

$SEEN . JEINEE{LEN Denorm / Subnormal
o AR EWR/INGIEI
o HUEFSENSI E 79 0000 0000, TIEZL Mantissa A~2/4 0
o EMMNBHIN E T -126, /NEII M = Mantissa MAESRINEN 1 (0.Mantissa)
° E.HEE;E/_J_TH:} 2—149 ~ 2—126 _ 2—149 *u _2—149 ~ _2—126 + 2—149
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JE#4=F: NaN (Not a Number)

BRI E /9 1111 1111 , 2% mantissa A2H0
o [ NaN IHETISRE (X#EFRAIquiet invalid operations) , EYHIERIEEITEM®E (0 X 0o, /1
forn <0, 3, %)
FRHIHE
2N
o FUARENZR7SNFLREIANY
o OfFE FEVEE. THUEE, [OHNE., NBRNFHENELSHN
hnix
o SIFFHBAL Preshift / Alignment shift: JEEE/NGES, (EINEASISEIES

o /NEUUARNN Add the significands: /&y v BN, ERJEEFAERABIAVINGLL v (BIARZE
1.x%% FZEURYINERASL)

o |3—{L#BI Normalization shift/postshift: IBEERMENEWE (BIZEA 1.+ IFER)

* & Round: ERBIBE (BII234I) NEE

o MRENERTHKA—, BEFT—UEEEHEN (RSEHUT IR, BEF—L)
S

o WRRHIEH, FItEMAEE, IMRBEERES £ (BBwEbias -127)

o /NEUAESR, EIREFTERAUASICAIINERSZ m

o 37—l

* BN

o MRENER TR, BEFT—UEBEEHEN (RSEHUT IR, BER—L)

o &S

Lec03 CGiES

CGESN'A

. CESENFERETANTERNES
. SESERTREEY

. BTN

. BEMIE TEEFRNT) | FERE R
. FEIRENH; REBTREHEBEL

CGESENWI{ER
hiTeidiE
o BRES: BIINGES
o HiF — LHRIES: HIUORISCV (FBSXA)
o C4meg — HBHEBS: RISCV (T#H&IGHS
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o CPUBEIIH &R (Machine Interpretation)skHfT —iHHIm<S
o ZMISCHN: BEREBERHHIA(Logic Circuit Description)
mELIIE
e main.c GESIREXMHNA
® Pre-processing FURIFIIE, BHImIFIES (W #include #define %5)
e Parsing & Semantic Analysis IBEDHT, ERRSIE LM (Abstract Syntax Tree, AST)

® Code generation & optimization fRBEMSI, BHFIEENTKIENFEFRE
(intermediate representation), AEEMICHESIE (.s, @ RISC-V)

o Assembler [4mas, 1FLImAIBREIE _HEIEMD
e main.o ZHHHINIESAESIMF

e Linker + Tib.o §EEEFRgmIFAIRES G

e main.out HIEEFERATHUTIS

CiESHR
o HEETING (BERERRK) T, GESMFM main REFHEHYT (MNESERE)

o HIMBENG (TBRMERER) T, GESA—TEM main REFHENT (TiNHEs, EEINBEE
RTFEUEAE)

e false ¥IE: 0 8¢ NuLL ; EFRITIH true

o ZHERM bool ZEE! (f£ stdbool.h B)

Lec04 CiEEATEEE
185t

o IBEERBINAKNSHIRBEX, EAFEFR—/4 byte (32 bit), BIBRIAFERB2ALTENL
e char ZEBIF/NA 1 byte, int FEBIA/NA 4 byte
Sz |

o EMHPIRIERES KNTEHRFME, FLHEENEHENKE

o SCRfFAERT, SERESAINTERTE, SERNTRES OEERAYBLE
o HECGESY, HAE/VFHHTIEH, W ar2] FET *(ar+2)

o BREBEHIIN:

char stringl[] = "abc"; // WLl
char *string2 = "abc"; // REeEN

o FTRHUES:
int main(int argc, char *argv[])

Hrf argc Fns#igiEArgument Count (Al {T ESIBFRAFAENEE) |, argv
Argument Vector J—MERIXLFRFERISFTHIEAE. Flan:
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% clang -ansi test00l.c -o testO0l.out

kAT argc = 5, argv = ["clang", "-ansi", "test00l.c", "-0", "test001l.out"]

o HBIFASEUENREET, SYRIMEASEARKE, SNMRLKEMFIGE, SARERI

FiIh

o EFFFERERSIRNIN \0 KIFKCFIFRRKE

o UM, B:
char s[] = "abc", t[3] = "abc";
/] FNT
char s[] = {'a"', 'b', 'c', '"\0'},
t[l = {'a", 'b", 'c'};

b f ]
o EHAIFIERILIR 8 bit ANEMEBTH, FHEUEFEXITT(Alignment)
o XFEEE int FUE(4 byte), EXRFHEINEERIRAIFHET 4 byte FIBEEHINGFIHEN £

o XIFIEER short HUYE(2 byte), EEXRFHENTERLAFHEE 2 byte FIBEHINTE
a1 ol

o sizeof) AILUMEAZETEIELE, BHZEENEIEXRE LENFTE(byte) ({B2bytefbit
AR B BARREE XAY)

int foo (int array[], unsigned int size)

{
printf("%d\n", sizeof(array)); // sizeof(int*) = 4 byte
}

int main (void)

{

int a[10];

foo(a, 10);

printf("%d\n", sizeof(a)); // sizeof(int[10]) = 40 byte
3

o IEHINESBEEREH N RRENRREE

int arr[] = {3,5,6,7,9};
int *p = arr;
int (*pl)[5] = &arr;

printf("%d\n", *(arr+l)); // IJ5 sizeof(int) F#iF = 5
printf("%d\n", *(p+1)); // WJE sizeof(int) Fi =5
printf("%d\n", *(pl+1)); // W sizeof(int[5]) ¥ = undefined

o CESENFEBRI L AG AL, EEX MRS FRRIEEN
o IEHEMAIEE:

o NNmEEEL

o feEHEE
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o IEftHE
o FI NULL EKER

REFER

o CESHHNEDFANXIE, DEIN: K stack, HX heap, E#ASEUEXIS static data, XABX
code

o #%[X stack: TEMEESHEUATIENT (BESREBEVREIE (BRE) . RESEH. REAEENR
TE) ; REHARRAE, REELIEREE

o X heap: BITHIDEAELEAFNIXE, 28 malloc) calloc() free() realloc() F
N Ec=A)

int *ipl;

ipl = (int*)malloc(sizeof(int)); // malloc() R[FIZEMA void*
if (Yipl) // WEAGAR, SERM, ipl = NULL

{

fprintf(stderr, "Error when allocating for ipl!\n");
return 1;

}
free((void*) ip); // Afefreetn (ipl+l) ZdEmallocHEiHK M4

PEEER, SBOALEBE2RRRANESES, BIEREEAE

free

used

o BEEUEXIE static data
o .rodatalX: read-only, fFEFFFEBEFHEE. WHIBHcONSHEIMNSB/FHETE
o .datalX: FHECHIRKEIFENEBEE/FHSEE
o .bss[X: Block started by symbol, FERIBUNSE/FEEEE, HERVHRNH0IZ

RasRE

o KRB code: B, BITAT—HRRIE
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MR Little Endian & Xl Big Endian

FTFT Byte ROFMEINF (801 AR EIERBMNCESAT)
N BRIE(Z(Byte OERAM (RISC-VAER/Nm®FF)

Kiffr: &{Ez(Byte O)fERAM

B{NIFRCPUETE

Lec05 RISC-V (1)
ISA

EORIRREN

ISA Bt BHSERA—ED, CHERTEREG (WERF. BERS) WEm CPU KIXE<S. &=H
CPU RY1TA. FRY, ISARETHEM (CPU, RfF. IMRFYIRAM) FIEZER R Rt
B ISA MERGESHMN SEHAZE, FRHUIIERR ISA B XA BIa R 4AIR(E.

EIAYISA

CISC: complex instruction set computer, SZ4E<$EITEN, ESREFTENIAIZE, BEiTE
MEEINEEEIR, BILFESIAESERTTHINEE

RISC: reduced instruction set computer, f5EfESEITEN, BHQITEER, FHRED, 8%
ESHIKEREER (40 32 bit)
X86: IntelZ

ARM: Apple, Huawei
RISC-V: 2UC Berkeleyf£20105FZaI0YIIE, FiR, B Eit. 2RELL rv321 A1

Name Description

Base

RV32| Base Integer Instruction Set, 32-bit

RV32E Base Integer Instruction Set (embedded), 32-bit, 16 register
RV64| Base Integer Instruction Set, 64-bit

RV64E Base Integer Instruction Set (embedded), 64-bit

Rv128| Base Integer Instruction Set, 128-bit

Extension

M Standard Extension for Integer Multiplication and Division
A Standard Extension for Atomic Instructions

F Standard Extension for Single-Precision Floating-Point

D Standard Extension for Double-Precision Floating-Point

RISC-5AUE S ABEFEX86AYCPU LIETT, MARMAILAELinux OS_ EIERERIFIETT

RISC-V

B—1THR—FIES

FF # Kk, 1CEEER!

THReERTE, TJLURFSFS

B3205F78, DBIHES x0 x1 .. x31, H x0 AHEIRE 0
B—MEARYE78% PC (Program Counter), iBRIEFHTEIRRE
RIEDDRE, BHESD A6 NEE:
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31 30 25 24 21 20 19 15 14 12 11 8 T 6 0

| funct7 | rs2 | rs1 | funct3 | rd | opcode | R-type
| imm|11:0] | sl | functd | rd | opcode | I-type
| imm(11:5] [ rs2 | sl [ functd | imm[4:0] | opcode | S-type
[imm[12] | imm[10:5] | rs2 | sl | funct3 |imm[4:1] [ imm[11] | opcode | B-type
[ imm|[31:12] [ rd | opcode | U-type
[ imm|[20] | imm(10:1] [ imm[11] | imm(19:12] | rd | opcode | J-type

R-Type

o WEHFRHITIRENIES, ARSFRTRS7s register

Ii%: add rd, rsl, rs2 (f75, BirEi7es, Sf7es1, Sf7e82)
o add x5, x2, x1 18 x1 1 x2 HFFRANEEEEN, HEF#EESFSE x5 B
o HitfI;, RBEEHN

W%k sub rd, rsl, rs2
o sub x5, x2, x1 #} x2 - x1 BYETEN x5 F

BiE#R{E: and/or/xor rd, rsl, rs2

o xor x6, x1, x5 38 x1 A x5 A x6 H
o EIZ5 ox FFFF FFFF BXRECRIAZIENR BAY

Ebik: sit/sltu rd, rsl, rs2 (setif less than for signed/unsigned)

o slt x5, x2, x1 ABEMS3EE (2's complement) fRsE, 3058 x2 < x1, MHE x5 &A
1, BURA 0
o sltu x6, x5, x3 FALFSHEE (EEZH) X, MR x5 <3, WiB x6 €A1, &
g7 o
FB#{E: s11/sr1/sra rd, rsl, rs2 (shift left/right logic/arithmetic)
o s11 x5, x2, x4 I8 x2 &% x4 i, FHEFEAN x5 &
o srl x6, x1, x4 1B x1 A% x4 i1, FOEFAMEN, HEN x6 &
o sra x7, x3, x4 {8 x3 A% x4 I, ARFSA (&) BRAEMNSA, HFEAN x7 F
BADRECEE [0, 31]

o

I-type
o XIFFRSFIZBEURIERTIES immediate
o Hh7BIE(Imm)RE 1 2(1FE
e fli%: addi rd, rsl, imm
o addi x5, x4, -10 #8 x4 + (-10) A x5 &
o E{Uth, T andi ori xori slti sltui
o sltui SBIZEMEBIRBIRTCASERN, BB GRES HIAEELR
e ®BI: s11i/srli/srai rd, rsl, imm

o RBBAL imm HISIEAISIAYE
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o F{E: no-op FT addi x0, x0, 0
o NE=: 1w rd, imm(rs1) (load word)

o 1w x1, 12(x4) MItbit x4 + 12 (Byte)FFtR, EBUELERY 4 byte = 32 bit A x1
e INE=T5: 1b/1bu rd, imm(rsl) (load byte for signed/unsigned)

o 1b/Tbu x1, 12(x4) MIbHE x4 + 12 (Byte)FHa, iEBUELSH 1 byte , LIERFE (RS
BAIERENMN) /TS (0EFENM) ERIEEA 4 byte A x1

o IIEAFZF: 1h/1hu rd, imm(rs1l) (load halfword for signed/unsigned)

o T1h/Thu x1, 12(x4) MHEiE x4 + 12 (Byte)JFiR, SEBELERY 2 byte , IERS (FR
BAHERENMN) /TS (0EFRENM) ERIEEA 4 byte A x1 &

o fNEbiE: Ta rd, variable (load address, {8#8<, BNHAENE)
o Ja x1, test_input IBZTE test_input HIMITFENSTIESE x1 &
o BKES5HEEEFEE jalr rd, imm(rs1l) (jump and link register)

o jalr x1, imm(ra) BEFEZE| (ra + imm)&~1, FRFRENIE pc+4  (BIT—RIESHIME
tk) E x1

o jalr x0, 0Cra)/ret/jr ra ToHRMHBHEREIGSITEL ra , —RRAEREUREIRTEER
S-type
o BHFRIEEEFIINENIES save
o REFE=F: sw rs2, imm(rsl) (save word)
o sw x1, 12(x4) ¥ x1 BYE(4 byte = 32 bit)EANFMIE x4 + 12 &b
o [RE¥=F: sh rs2, imm(rsl) (save halfword)
o sh x1, 12(x4) & x1 BYERIEKNAL 2 byte = 16 bit fZAN x4 + 12 &b
o RE=T5: sb rs2, imm(rsl) (save byte)
o sb x1, 12(x4) ¥ x1 BYEARYRAL 1 byte = 8 bit FA x4 + 12 &b

o BN (BRIEZEFEBFIER) FEXTT: FREFE 4 byte AIEREUSIbIUE |, F={REFE 2
byte AYEEEQfSblE b

Lec06 RISC-V (II)
B-type
* DXHUTRIES branch
o HVZHkEE: beq/bne rsl, rs2, label (branch if equal/not equal)
o beq x1, x2, loop WNER x1 == x2, NIPEERFRE Toop &b

o bne x1, x2, Toop ¥NER x1 != x2, NBKERFRE Toop &b

o LVERBKEE: blt/bltu/bge/bgeu rsl, rs2, label (branch if less than/greater or equal to for
signal/unsignal)

o blt x1, x2, Toop MFIZEFFEEELLER x1 < x2 , NPEFEFHRE Toop &b
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EZ%EE Function call

EESE ARG Calling Convention
e x1 Return Address JEFREEREHITEAI 1T
e x2 Stack Pointer EREEERRAL (1RTR) ik
e x3/x4 Global pointer/Thread pointer ¥2{ERZEXIEST (RETHR)
e x10 ~ x11 Function arguments/Return values ERESEH/IREE

e x12 ~ x17 Function arguments R&S#

REGISTER NAME USE SAVER
x0 Zero The constant value 0 N.A.
x1 ra Return address Caller
x2 sp Stack pointer Callee
x3 gp Global pointer --
x4 tp Thread pointer -

x5-x1 t0-t2 Temporaries Caller

x8 s0/fp Saved register/Frame pointer Callee

%9 sl Saved register Callee

x10-x11 a0-al Function arguments/Return values Caller
x12-x17 az-a’ Function arguments Caller
x18-xr27 s2-sll Saved registers Callee
x28-x31 t3-t6 Temporaries Caller

)2 [ECkS D) RE

o ESHUERA LRI E

o IEEHIEIGEREL

o REREWFHI N HFERIR

o REET

o EREIRENERIERREE T LERERIE
o BEFINURIALTERE N

J-type
o BHESHEE jal rd, Tabel (jump and link)

o jal x1, func/call func/jal func BHEZEIFRES func, FHERERMUE Pc+4 (BPTF—%
15<00MIE) (R7FE x1 (B ra)

o jal x0, Toop/j loop FoHRIFBKEEZERE Toop
t&bi Stack frame

° EREFNRFIKRXE
o B

o A#% Push

o 5§tL Pop

* 1&FE%t Stack pointer EAZERMLIR (RK&(EibiE, BIESER/RERKRNSRE)  FHEES
728 sp(BIx2)
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R ARSERNEE

o EFERE Caller E1EAYZFES: ra, t0-t7, a0-a7
o IR Callee EIERRYEFRR: sp, s0/fp, sl-s11
o EEENTFSR, ENERRERMARSERGIESFENERERIK
o Caller SiBSHHUE a0-a7 B (MRFEEAE, FHEXTEEFESEH)
o YIBWE, Caller 1B caller-saved FHFERAVEEANRXH
o fEEF jal/jalr >RBk%ZEI Callee BREY, AT ra #HIREHCallerfy F—17H5SRIMENE
o E sp KB callee-saved FHIFEFAWEENIELX
o WIAME, KE sp KEAHFEEFENTEEANEKX
o Callee FREHIT
o IBIREWEMFE a0-al H
o 18 callee-saved HFRAYEMLXKEY, KEFFRAYE
o iR[E|Callerf@fEs ra

o Caller ’kE& caller-saved Z1FEHE

int Leaf(int g, int h, int i, int j)

{
int f;
f=0@+h -G+ 3);
return f;
3
Leaf:
addi sp, sp, -4 # adjust stack for 1 items, callee saved sl
sw sl, 0(sp) # save callee saved sl to stack
add s1, a0, al #sl=qg+h
add a2, a2, a3 #3 =1+ 3
sub a0, sl1, a2 # calculate result (g + h) - (i + j)
# return value (g + h) - (i + j)
Tw s1, 0(sp) # restore register sl for caller
addi sp, sp, 4 # adjust stack to delete 1 items
jr ra # jump back to caller (pseudo-assembly:ret)

A LAER CallerEEAYE 785 t1 ¢

Leaf:
add tl1, a0, al #sl=9g+h
add a2, a2, a3 #3 =1+ 3
sub a0, tl1l, a2 # calculate result (g + h) - (i + j)

# return value (g + h) - (G + j)
jr ra # jump back to caller (pseudo-assembly:ret)
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LecO7 RISC-V (llI)

RISC-ViE S RIS
31 30 25 24 21 20 19 15 14 1211 8 7 6 0

| funct? | rs2 [ rs1 | funct3 | rd [opcode | R-type
[ imm[11:0] [ sl | funct3 | rd [opcode | I-type
| imm{[11:5] | rs2 [ rsl | functd | imm[4:0] | opcode | S-type
[imm[12] [ imm[10:5] | rs2 [ sl [ funct3 [imm[4:1] [ imm[11] [ opcode | B-type
[ imm[31:12] [ rd ['opcode | U-type
[imm[20] | fmm|[10:1] [imm[I1][ mm[9:12] | rd [opcode | J-type
R-type #f3

e funct7: [31:25] Fifunct3HREIREIESIBRIER T4

o r52:[24:20] RER 2N FHIE—MEA rs2

o rs1: [19:15] RER32NEFEFHIB—MEA rs1

o funct3: [14:12] Fifunct7HREIREIESIRIERH4A

o rd: [11:7] RERNEHFEHRFHB—MEANBIRSFES rd

e opcode: [6:0] 0110011 , FKR-typeig<

I-type fRE3
e imm[11:0]: [31:20] 12{3ZBP%Y, {BSBEE[-2048, 2047]; s11i/sr1i/srai §<RAIMmMAYESHL
[24:20] YE/93ZBPENS4L, BI7AI1FEA funct7
o rs1:[19:15] RER32NMEFRFHIB—MEA rs1
o funct3: [14:12] BARERELMS (ST, BFRFS0) , ERIALREESRIERHA
o rd: [11:7]RERINFFHRTHNB—MENBIRSFEE rd

e opcode: [6:0] 0010011, F/xl-typetg<

S-type 4®f3
e imm[11:5]: [31:25] SZBDEIE 741
* rs2: [24:20] RER32NEFEFHIBE—MEA rs2
o rs1:[19:15] RER 2N FFesFRIB—MEA rs1
o funct3: [14:12] B80, ERDRERSIRIERHA
e imm[4:0]: [11:7] SZEPERAESAL

opcode: [6:0] 0100011, FTRS-typeigs

B-type w3
o imm[12]: [31] 3ZEPEIEE 1207 (RB1L)
e imm[10:5]; [30:25] SZEPELAY5-104I
o rs2: [24:20] RERI2NSFERFAIH—MES rs2
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o rs1:[19:15] REE N EFFRFRIF—MEA rs1

o funct3: [14:12] REESERIERMTA

o imm[4:1]: [11:8] SZBPERAHY1-442

o imm[11]: [7] SZEPEREISE1 1431

e opcode: [6:0] 1100011, FRB-type(EHFSB-type)igs

s HTHEERBRVC, BRI (BT EETHSIIHRR) FEREH 1L (BRI ; 5
Ofi (BRAI) BUARO, Azl TEIFRVCSSES, F1UZR0

o BEMEHKAERVIEE 9 [-4096, 4095]
o WIRBHEREARE, AILABLITIESERESR! 11048576, 1048575]:

bne x10, x0, next
j far
next: # next instruction

o XFHES jalr, HiEEEIETI-type, BFHENIBMEIIIIEESE0MRY, FILPEIEE A
[-2048, 2047]
J-type #Ri3
e imm[20]: [31] SZBPENAYEE201L (BRafir)
e imm[10:1]: [30:21]
e imm[11]: [20]
e imm[19:12]: [19:12]
e rd: [11:7]1 I RER32NHFPHIH—MEA rd
e opcode: [6:0]
o 20fU3ZBPZEY, BEKRESOMAI0, TLAFRR [-1048576, 1048575] AUttt Bk
U-type %63
o NEFESAZIANE Load upper immediate Tui rd, imm[31:12]
o Tui x5, OXABCDE 7EZ{Fey x5 HUE20{UNNEZBDEL, RPE17ESAYEZE/Y 0XABCDEOOO

o 1i x5, OxABCDE1l12 {ffRHS, ¥mREERK Tui x5, OXABCDE addi x5, x5, Ox112

o 1i x5, OXDEADBEEF {R{thY, #ERERK Tui x5, OxDEADC addi x5, x5, OxEEF ({&12{a
RFEREN OXFFFFFEEF , ESIAM)

o EEAZEPEN_EBRIPC Add upper immediate to program counter auipc rd, imm[31:12]
o auipc x6, OxABCDE & PC + OXABCDEOOO fZAZETFss x6 &

e imm[31:12]: [31:12] E20IAYSTRNEL

o rd: [11:7] IRER2NFFPHIB—MEA rd

e opcode: [6:0]
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Lec08 4mig-iCom-0EiE-IN5k C.A.L.L.
iC4mE8 Assembler

o HN: H%mFESE Compiler £RRIRBIIESHIL R
o BMELR

o BEHEMRE: RABMESITTRRIREMIINNE, MRELHBR. SRR
E, FPLEYSE

o BMHESHINERS
o ARHEES: BUEBRILHESEIRNEES (ZHH)
o GIEBIRN: BERIMNES. ERESTENERUSG .o, HELEEREER
o i B#RHD object code F{FER information tables
B34k Object file header & BIirXE+HHEROHA/IMIVERE
o MAEg Text segment fZERTHATRITERED
o FRSEEER Static data segment TFiEFHSEIE
o fFSZR Symbol table FIH 3 HHAIRESHIFSEGE, HEWMEMERSIF
o EETEMIE Relocation table &7 [EEEHEEES Linker (EIEAIRES
o JFi{S8 Debugging info BFEIHER, ICRTES. BB, TSESHBNBRINERR
{H124{E Directives
o .text fUFBER, FELWESIES
.data FIF#UEER, FHEREFRDEANEE. EEFHE
e .globl sym {B—NMFS sym FEEAZBRY, ILEEXMHBASIA
* .asciiz str FHEFRFE str FEINTLRIERF \0
e .word FEIESHINEFFREFMEI2AYEELL
e .align[int] ¥SEUIRMCIBIITEI 27 BEEFZAVMBLE

e .option }EEILIRIEIN

[¢]

{B¥5< Pseudo-instruction

e nop FIRE
o #AREAL addi x0, x0, O
j Toop FoFABKEL
o 1RREAL jal x0, Toop
e jr rd BKEER rd
o ¥R jalr x0, 0(rd)
e jal func BKEZIRE func, FHEREMME Pcd  (BITF—RISSRIMEIL) (REFR x1
o ¥RREAL jal x1, func
e call func ARARE (FL) ; AT
o IFERY auipc ra, offset[31:12] jalr ra, offset[11:0](ra)

e tail offset EBARMML, NMREREMHUE, RIFREMEUHMEGARXFREIELE; AILATE


af://n730
af://n731
af://n761
af://n777

o 3FRERK auipc tl, offset[31:12] jalr x0, offset[11:0](tl)
e not rd, rs IZEKX

o ¥ER xori rd, rs, -1
e beqz rs, offset ZFHEF0ONSZHkiE
o ¥FRERL beq rs, x0, offset
e bgt rsl, rs2, offset AFMZBkEE
o IFERL b1t rs2, rsl, offset
o ret REREFNREMAIL ra &b
o ¥GERL jalr x0, 0(ra)
e Ti rd, imm ONEIZENEL (BEIALIERITKRIIZEIER)
o 1i x5, OXABCDE112 #RRERK Tui x5, OXABCDE addi x5, x5, O0x112

—_

o 1i x5, OXDEADBEEF }GfEHL Tui x5, OXDEADC addi x5, x5, OxEEF ({K12(IEEiHA
)9 OXFFFFFEEF , EEN#M)

e la x1, test_input IBZE test_input HUiBLE (ANHAANIE) FEASTESE x1 F
o IAERL auipc x1, offset[31:12] addi x1, x1, offset[11:0]

e mv rsl, rs2 =178 rs2 RUEMELS rs1
o ¥REERL addi rd, rs, 0

EiER Tail Call
o TERFEIFRENE REREER

int foo(int x)
{

return bar(x * 2);

}
o FLURICRIEST:

main:
[prologue]
call/jal foo
[epilogue]

foo:
s11i x10, x10, 1
tail bar

bar:

ret

ESIHEEESIE: MG

o BHAREFIR, FMRFARabelE)

o FREN: ERFSRBICRIMERENNE
o BIREMN: FBRFSAMUERERMESE


af://n847
af://n856

fE3ESE Linker

o IN: BHrES object code, {83 information tables
o BELER: SNBSS o B—MRIRRIRTHATIF
o BJLNBRXHHY text BAHE—IE
o BILNBEIRXMHH data BREHE—IE, MIINE text ERATKE
o JFTERIEEIREAE S TRE D ECHERIHEIE
o WHEENMICR, FETATES|IARIELEIIIbE
o IgH: BIHITAED

=Fhkee

o TEFAMBEE: BTABENUERE, FHEMEESR (BEZ beq/bne/jal)
o HNEPREGIA: REREEE, TEHESR (BER jal)
o INEBRHSEURENIR): DEREEENM, FEMESR (BER avipc/lui/addi)

ASHHE SR

o FSHHE: BNEHSEIHESRBATMING, BEASEERR, STRIR, AIHITHRA
o FISHEE: (ERRAHREHE, BITRIE, ATHITXHRIN

INZkeE Loader

o HIN: ATHUTAINES
o BMEPR: IEFEME CAYTHITIXINEEINGTS, FLRBFeET

o BEENATHTIMHRIS MK, HERE text BRAN data EROBIAIA/N
RIS —MNEBEARIRNGFTE, KFE text R, data RFI—MEKX
B MEIRMN AT T EE I ZFRIBRIRNET A
EEBEEFNSHENEIRK E
iaETFRs: KO EFansralE, &gttt sp/x2 ERAS RSt
FRiziTiERr, EEFNSHEMEXERZISESRL, REEFITEERSFRS PC
o {EA: BITRE3
o TELFRBRF, INERERIERFRINEZ—

o

[¢]

o

[¢]

(¢]

Lec09 HFRBIESES (1)
HFRR
mRidE

o FAEIRZE On-switch/"1"/asserted

o FFRBURZ Off-switch/"0"

o HEBEIZHIFFX voltage-controlled switches
o SHE (£9A1V) FBiE1, KBE (Y980V) FRrREE
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NMOS 5 PMOS

« Three terminals: source, gate, and drain

voltage (Gate) > voltage (Threshold) voltage (Gate) > voltage (Threshold)

(High resistance when gate voltage Low,
Low resistance when gate voltage High)

(Low resistance when gate voltage Low,
High resistance when gate voltage High)

— Basic model
JGate
Drain
Source—e
Gate : Gate _Clrt_:le syn‘?bol )
: indicates “NOT
I—L—I i _O- or “complement”
Source Drain : Source _I_I_ Drain
n-channel transitor ' p-channel transistor
off when voltage at Gate is low i on when voltage at Gate is low
on when: E off when:

o Gate itk

Source jEtR

Drain iiwth

NMOSETEKIERZIE0, MEE1SHRE, PMOSEEKERZIE, MEEISHIRE
BXSHY N/P-type BILASCINFEHAEI®E, BICMOS

E|35E G (V]

o JRBEEI leakage FIREIERL AR
e iR delay

MNRIFERNZE]

JEI]J Inverter/Not gate

___Vdd/power supply/logic 1
Assume 1.0V
A—dl
O
HC

— Ground/logic 0
0.0V
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5] And gate

1 [pMos J

A-Gl_ B-Gl_ network

O1

A —
NMOS
B - {network]

o ALUBEZHIL—1'PMOSE. ZEHREA—1NMOSERLI3HEAAND



af://n953

2] Or gate

A [
B d[C

AHC B .
<

o FLABEZEBIK—1PMOSE, SHEL—NMOSERLII3HAOR

T
| o
1
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ZEINFSRE

—Buffer, NOT

A4>o

—AND, NAND

A Do D>

—OR, NOR

s Do

o Buffer ATLARTEINEEEEAERT
MIZ4EI B SRS

o ‘A Combinational circuits EBEEHILHREUA FRINRIEE, —MRALRIZEE e
H/RiZEEIEHE Boolean Algebra

o H+HREH

e - (a8l RE&S

e FHaf&iE
flan ab + a + ¢ 3 (a AND b) OR a OR (NOT ¢)
R/MRZF] sum-of-minterm
TS ERIBE Karnaugh Map, RIEEERFRERMEER

1. BHREENEER
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A B O

0 0 0

0 1 1

1 0 1

1 1 0
2. RHFTERENE, BN EREM

AB+ AB
3. FRM/RIZEERN Laws of Boolean algebra &{¢&

Laws of Boolean Algebra

AND form OR form
XX =0 X+X = 1 Complementarity
X0=0 X+1=1 Laws of O’'s and 1's
X1=X X+0 = X |dentities
XX = X X+X = X ldempotent Laws
XY =YX X+Y = Y+X Commutativity
(XY)Z = X(YZ) (X+YWZ = X+(Y+2Z) Associativity
X(Y+Z) = XY+XZ X+YZ = (X+Y)(X+Z) Distribution
XY+X = X (X+Y)X = X Absorption
XY = X+Y X+Y = XY DeMorgan’s Law
fFEEARANEIR

o FILUBEHHER/GERIR (W01 JFBE. FINREF) MR ARIRIR

Lec10 #IFHBIES RS (11)

RS

o TJLAFEEERIEBEE

o BRI

o BiF

HiF=s

o FEBLARTH clock A

o EERETHTTIRAT EFHAR, EEMNRIES, EREH
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cock [ L[ LS _

Input 8 ) 16 f 32 ) 64

Output { 8 Y 16 f 32

o Z7FEEM% D& S8 D flip-flops (DFFs)4HAL

o T DALKRSSEITILAENE bit HUEERE, TLUBEIE1 IS8

o E—EHFERIATE Dt ASREER—M, LUAEIRELSAIRER
o HEH/E—NEE reset [, I reset = 1 Bf, FFHEMRKEA0

BIRIASH Finite state machine (FSM)

o —MITERHFRE

o EHIRBREERRIRSHIN—FPRES

o SHBWAMBEIRE, FRAEEFR transition

o #JIR7 initial state (entrance), REZEBRIMN, tiH (8i%)

MoorejXZS#H1 Moore machine

o WHNASEPAERE, SSRHATRX
o IBRLEEZANEHSSLIR, EAILBEERERES
o MTEEREBEER, BRIIMooreliSHIA:
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+ Timing diagram (general case)

input X input, X input, X inputs
ck [ \__/
A >( f(B,,input,) ><>< f(B,,inputy) XX f(Bs.inputs)
B >< B, X B =f(Brinput) X Bs=(Bainputy)

output X output=g(B) X outpul=g(B;) X output=g(B,)

Template of a synchronous circuit that implements the FSM

input Qi.; Qx output A B
0 0 0 0 Combinational Combinational
L ! L L functional block 2 functional block
1 1 1 1 for state transition for output, g(B)
1 o0 1 1 A=f(B,input) Ut 9

output

A=f(B,input) output=g(B) o

MealyXZS#1 Mealy machine
o IHAERIRSIILERIRNRE

Combinational Combinational

functional block . functional block
for state transition for output

o IMMNTR, (BEREZXEITRESHN

i2it@% (B3F) EEZ Synchronous Circuits

o EHBIRIKESN
o ENTHFIER, KRABMAS. MATEEH
o SHEA-HRPRES- T —HZIKSHEER. ZeiSmEnNaEER
* FMoore/MealyRSH SR RIEFZEBES
=+

o HFE—SBTHHMAPAESIEN 010 , BRENRIFT— Y 1

Input: 01001010110
Output: 00010010000

o JEEIHIRSAHL:
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No O

[ Det?ﬁ()adm detected/0
(00)
0 ’/—/0
detect 01/0 detect 0/0
(10) (01)
1 0

o« BHEER: (s[1ls[0] FRKSHRI—MAT , input AR, FTr—DIRSETHA
BRIB—ME; output RARHEPASIRAIEIH)

Previous state Current state
input SI11 S[01 S[1] SIO] ueput

k-1 k-1

0

el o = R S < B o I <
I < I - I = SR M o
H O H ©@ B © H ©
© O ©® 0 O© © =
© O 0 © H K H =
O O 00 O O O

o MEEEER, HEAMREEEHE:

output=S[1],S[0],

5[1]k=5[1]k_1S[B]k_linput+

S[1]..S[0]«.11input

S[0]=1nput

o EHERRE: (DFFRILIE(E—NIZEES)



input -
S[O]

STl ¥
input
S[0]
S[1]

output

input
S[O]

AJEIZ95R Timing constraints

« DFF also has delay: t jk-1,-q

D
Clock —»Iﬁi
Q

Setup time: the period Time window ) .
that the input should be HoIFI time: the penod.that
ready before the edge Mthe input should hold its

: ! value after the edge
c T

D ! HEcik-10-Q
i i ‘ ” t’Logic ik
Q i :
N Edge

»

>

* clock-to-Q RIEPEIEIHIER: MBSHP EFHE (IEFRE) EIDFHaHREESHREAIRTE

e Time window RIEIEO (E#EFEIIAYE Setup time FI{RIFATIE] Hold time) : 7EXERAYEIA,
DFFFMIARERIFIRE (BNSFSEEAEEN, BEITEHS)

(ENEX e

Tc.ornb

D1 QI Dg

3]

Combinational
functional block

clk
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Setup time . : i—Hold time

D, DM X DD Y ¢ DA X DD
Teik-to- P
Qi D,™ A D i X D,*2) X Dyf3)
1-corl'\b
D2 D, X B0 X D,+2) X Da"3)

\
Q2 D, W D,M X DD X D02

Setup time violation
Hold time ; ;- ;

Setup time

P YR XD X b
Tak-to-@ | \ E E
Q DO S D00 X o X
T : E
D B\ \\%\ DD X DD

N\ \
Q S N S ¥ i YO 0 0

* tek—to—Q + teomy < min_clock_period — setup_time

o EXARIEHSRER maximum clock frequency JE/I\ASEHEHA min clock period H9EIER

o WFZLXIFRIBEE Path, FER tor—to—Q + teomp RARIBERERATI/ERER, XM EEHER
FIFKBEBER critical path

o —RERSHFFHREN tur—10— 1HE, MARITEBRIEAY ¢ om, BUATHREITHEE. THER




B+

Given
Clock->Q1ns
Setup 1ns
Hold 1ns

AND delay 1ns

What is maximum clock frequency?
« A:5GHz
« B: 500 MHz
« C:200 MHz
* D: 250 MHz
« E:1/6 GHz

o IEIRERIAXFEIBEE critical path

o BHLEZFINFFEE (1ClocktoQ) . 31 5(7 (3AND delay) . 14NEIZEIAE (1 Setup
time) , IE£it5ns

o HUERARHAERN 200MHz , & C

Lec11 £¥E1ERE Datapath

I=HIE8 5E0EIBERE Controller & Datapath

o 1ZHIRE Controller ERFREUS SNBSS 7R, BTIES, FARUEFIES, FILBEENS
BRARZSAHLFSM)

o ¥IEIEER Datapath B3 7 EUEMNE S1FME
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Processor

HARIZIEETT Arithmatic Logic Unit (ALU)

o TUMITITEEARSIBIEIRIE: ADD SUB SLL SLT SLTU XOR SRL SRA OR AND ADDI SLTI
SLTIU XORI ORI ANDI

o {EFISHIAIREE Multiplexer (MUX) SRIERSTRSTHRIENRIKINRL, SEBEMLOES
o %% RV32| IESERATLIE | R SR EHAPISERE

S1F28 (4B) Register (file)

o Z57FE84H Register file: 32N32(UZ1728
o TJLMFERAZIGESRSLIEE MRS, LN FesHE

S ESFRRRE

o XENET—MLHS, BB x0 FiFas

o EHSSIRARNS, REFEEFHNSFR LA, XBEHIESSMESOBIEES, Aa
PRMAE Ei7RR, AT FRIRHERINSIItRS, wmR2NMESHThH
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PCZ1F&2 Program Counter
rese

"

t

-I—>PC

Lec12 iR EEg Datapath (Il)
£ EEg Datapath

e R-type IESHIEURER:

Reg. file symbol

PC . ,
4 — + | PC Instruction | Nstruction .4
Reg. | memory
|_ >"9 rsl x[rs1]
rs2
Reg. file | x[rs2] | ALU
x[rd]
—| XOR gates b\ I
P ALU_ctrl
AND gates 1 <
Operand 1 e e \‘
Output PeCidEd‘by ",l
Righfshif-tep — | T instruction
Operand 2 —— (arithmetic)
11 subtractor 9
— adder }i‘/
sdm_cfr'l
o I-type JEOHIMIBIES:
instru[11:7]
PC ) _ ‘,--ﬂ
instruction rd

4 — PC Instruction

X[rs1]

+
memo
>Reg' 3 e rsl
. ¢ rs2

instru[19:15]

Reg. file }lrs2 ALU |-
D:' X[l"d] 1 |

instru[24:20]

D>

instru[31:20] — imm. Gen.

S
——
N

Iop21_src A
Decided by

imm .
(sign-extended) instruction

A
1
!
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I-type Load IESEURER

instruf11:7]
PC . o
4 — + Y P Instruction | 'MsTruction .4
Reg.
> = memory I rsi x[rsl] Data
= ; rs2 addr.
. > / Reg. | x[rs2] ALU
instru[19:15] ; file |
instruf24:20] *  X[rd] |
> ALU_ctrl
. I
|n15‘1'2r6r:|[3 —{ imm. Gen. IOPZTSPC ) N
: imm “., Decidedby ./ .-~
(sign-extended) instruction

s-type IESHIEIEER:

instru[11:7]

pC o re we
4 — + P Instruction | 'MSTruction  pq l— | I
Reaq. memo d{in
gl eg l o xirst] Data | 4 out
¥ ;.' rs Reg. | Xrs2] ALU addr. T
instru[19:15] ! file |
instru24:20] *  x[rd] |
P> ALU1_c1'r'I
) | ~~~~~~~~~~ /'I
mls-irzr‘t'i.l][3 — imm. Gen. —l op2,src : N
: imm “., Decidedby /.-
(sign-extended) instruction

o BTEMAEMARITEN, MABTENTEER (BEFLENTE) 8

S8 SRR /AR NIRRT
B-type FESHIEHEERE:

~15E, MHESRKRIEE

Ch is_beq_instruction

I o—4
1{—imm instru[11:7]
PC | SN r'e.gl_en N re we
| & PC Instruction instruction rd {m I I
| DRsag. ‘ memol’y‘.‘ ________ rsé x[rs1] zeko | Data
‘ | 4 ' f" rs Reg. x[rs2] ALU
instru[19:15] H file .
instru[24:20] * x[rd]
PC=PC+4, when zerol=0 S I
PC=PC+imm, when zero=0 | ALU\_‘cTr'I
instru . |
. . imm. Gen. op2_src )
[31:20]11:7] imm 1‘_\* Decided by /.-~
(sign-extended) ins‘rr;.lcﬁon

_______




+ |-type & S/B-type immediate

imm_ctrl

------

| Ny Decided by
instruction
inst . .
[31:20{3:7] imm. Gen. imm[31:0]
instru[31] == T
0 —o
_ imm[31:12]
1 —]1 !
instru[30:25] imm[10:5]
instru[24:20] 0 mm(4:1]
imm[4:
instru[11:8] 4,
instru[31] 0 _
instru[7] %_ imm[11]
instru[20]
instruf71] ? imm[0]
0 P

}=#l28 Controller

#=4{SS Control Signals

o HITEFRENTFR, RHIESHIDEINSIMEHRREMRINS

Control signals

instru[11:7]

imm_ctrl

% reg_en
PC . . | l
|| L ] PC Instruction | 'MSTruction 4
Reg.
m "9 memory,_. ——————— rsi x[rs1]
> ,!" rs2 Reg. | X[rs2] ALU
instru[19:15] i file _
instru[24:20] * x[rd]
o— 4
1 P ALU_ctrl
pc_src instru . _l_'i |
. . — imm. Gen. op2_src
[31:20]11:7] o

(sign-extended)

imm_ctrl
C'— is_beq_instruction

e reg_en Register Enable, BEAIFSFARITE

e re Read Enable, B2EAIFMNEUESTFEE Data memory EEEIE
e we Write Enable, 2B RIFEANEIES1728 Data memory

e alu_ctrl ALU Control, REALUBTIERFEARSIZEIZHE

e dimm_ctrl Immediate Control, ¥=HISZBIENAERLES imm.Gen (RIFARIESHEE) WfERREL

By

e wb_src Write-Back Source Select, REREABEANSFFRIEIERBALUITEREHIES 753

® is_beqg_instruction REEH

79 beq 1§< (FBENHZ)

op2_src Operand 2 Source Select, REALURYSE —MREECEESFESAIRR I AEL
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{=HlRR

o EHIMNESTUEHISSHIEEE
o ALIBRAMRAEH FSM 212, tRILARRIZA ROM LI

FEAY ST Timing analysis

o S/\ETEPEIEA = tclk:—to—q + teomb + tsetup
e R-type HIEBIEAVER: (E&EEINMax, —RANEEEK)

instru[11:7]

pC B i
AL . aml PC Instruction ins:r'u. rd
- >Reg. memory- ________ r‘sé E x[rsl]
S

> Reg. | x[rs2
instru[19:15] fng 4w .ALU

instru[24:20] * % | B
o 4 l [ 7T
P> ALU_ctrl wb_srg
C_Src i I
pc_ instru imm. Gen. | | op2_src

[31:20|11:7] | imm
(sign-extended)

imm_ctrl
G— is_beq

tclk—to—q +timem + treg +Emux + ﬂ + Eux + tsetup
Lir Lpec Lex twe
R-type datapath

Assume the control signal

tclk—to—q +Ladga + tsetup is fast

(I56: trp iEEBWES Instruction Fetch + t ppe RS Decode + tpx HI4T Execute + ty g SE] Write
Back)
e I-type FIBBIEAGER: (=RIBFEREMax, —RIANEERNER)

instru[11:7]
PC . r'egl_en
|| . ] PC Instruction E“SIFU- rd
| >Reg. memary = r's; el
¥ ;s N
instru[19:15] | g. | x[rs2] AL
instru[24:20] * x |
o— 4
ALU_ctrl wb_src
pesre instru .
: 7] - Gen. op2_src
[31:20]11:7] imm. Gen - p
| (sign-extended)
imm_ctrl
G_ is_beq
telk—to—q t tadd + tsetup tIF + tDEC s tEX 4 tWB

tclk—to—q + tlmem . 2 treg + talu . 2 tmux . 2 tsel:up
max

tclk—to—q + trmem + timm + tmux + Latu + Emux + tsetup

I-type arithmetic & logic datapath

* I-type Load FESHIEEIRAER (—REMBIESHEREAN) -
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instru[11:7]

. £____ r‘egl_en
Bl , dal PC Instruction| instru. rd

Reg. memory |7 rsl
d ) { rs2 | Re rs2

instru(19:15] | J s .ALU

instru[24:20] * X

ALU_ctrl wb_src

pc_src i )
instru imm. Gen. op2_src

[31:20]11:7] | imm
(sign-extended)

imm_ctrl
G— is_beq

tir+tppc+tex +tymem +twp

tclk—to—q +tgda + tsetup

tclk—to—q +trmem + treg + Lot + Lpmem + Einux + tsel:up }
max

tcl‘k—to—q + tImem + timm + tmux + talu + tDmem + tmux . g tsetup

I-type load datapath
(#56: tyrpym MData MemorysREREGRAVIER)

e S-type FUIEEIRAYIEIR:

instru[11:7]
. reg_en
PC N T |
l , del PC Instruction|  Instru. rd
N >_Reg. memory ) --_____._ rel !
¥ I rs2 Re
instru[19:15] | f”g L S
instru[24:20] * x[rd]
o 4 !
> ALU_ctrl wb_src
pc_src instru . 1 | I
[31:20|11:7] | mm- Gen. T
| (sign-extended)
imm_ctrl
C:l— is_beq
tcl’k—tu—q +tadd + tsetup
tip+t +t + i
tcl'k—to—q + tImem + treg + tDmem - it .= ]
tc!k—to—q +timem + treg + Loy + tpmem max

tcl‘k—to—q +timem + timm + tmux + tatu + tpmem
S-type datapath

e B-type FIEEISAYZEIR:



instru[11:7]

PC ®eoees reg-en gl re we
I I I Instruction '“5:'"”' rd Jﬂ | |
| gt R rst xlrs] Data | 4 oyt
) ¥ . {_r rs2 Reg. | x[rs2] ALU addr. !
instru(19:15] | file |
instru[24:20] * x[cd]
o— 4 ro  pesult b
1 P ALU_ctrl wh_sre
pc_src instru . | | |
. . — imm. Gen. op2_src
[31:20]11:7] imm
| (sign-extended)
imm_ctrl
CLis_beq

Ly +ippc+tex +lwa

tC"{*tO*q P tlmem 5 treg P tmux P talu ot tand + tmux + tad‘d . tsetup

max
tcl’k—to—q +Lrmem + Limm + tmux + tadd + tsetup

B-type datapath

Lec13 ifi7K&& Pipeline
£EEELE Iron law of performance

+ CPU (execution) time (ignore I/O, operating system overhead etc.)

ITime  Instructions Cycles Time
Program  Program  Instruction Cycle

« Can be obtained by profiling or « Microarchitecture
hardware counter . Short as “CPI” implementation or

« ISA (e.g., RISC vs. CISC) Microarchitecture circuit design/ISA
* The program itself implementation or
« Compiler circuit design/ISA
« Programming language « Compiler
+ etc. « Program

* Programming

language

o MAMEFPITIINGE = GAEFRTEHESE * FRELSPITIICPURIINEL * SEANCPUTIIKIR ]
o CISCBRBSHITHEER, BEMEFNTIESHED
o BANZRIBARBRIESHIT I CPURESR, BIIHEN—MR CPI #1

ift7ke Pipeline

o A IETLUEBCPULNESS ASANER: IF -> ID/DEC -> EX -> MEM -> WB
o ID A91FRG Instruction Decode

o FMIATLUHT—NAUKERE (ARAK) | ERRTHNARM R THRTIA S ERIE:
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Time 1 Time 2 Time 3 Time 4 Time 5 Time 6 Time 7
IF ID EX MEM WB
Reg > Reg
Instru. 1 Imem file = Dmem filo
IF ID EX MEM WB
Reg Reg
Instru. 2 Imem file Dmem file
IF ID EX MEM wB
> R
Instru. 3 Imem I:ﬁf = Dmem ﬁfeg
IF ID EX MEM
Instru. 4 Reg 2
Imem file p Dmem
o YTEFEHIGMERS, SNITHER =t +tip +tEx +tumEM +IwB
o NTFRKECPU, B/NITsHEER = max{t;r,tip, tEx, tmEM, twB}
o EBRNMNERZIE, M— 51788, WIRAAKLETFRS Pipeline Registers
IF/ID reg. ID/EX reg. EX/MEM reg. MEM/WB reg.
IF ; ID ' EX MEM WB
>
Imem I?r“eé; >’C Dmem iﬁag
clk : '
Instruction Operands Result Write/read Dmem
Control signals (address) if required;

o XTFAFERT MEM BFRGIES, BRI RKESFR, NsE— 1 edihEHA



Detailed considerations

add 10,11,12 ID/EXreg. EX/MEMreg. MEM/WB reg.

sw t4,0(+3)
lw t5,0(16) IF/ID reg. Operands Result Result
addi t6,x0,1 Instruction Ctrl. signqls (address) (for WB)
i E E g, WEB rd
: EX MEM [ is b
IF qdd udll =
Ctrl. —
instru. E | ‘ £
|P r1egl_e“ p ALU_c‘rr'I|_' . "|e “i“"
PC || | T _in 5
>Reg. Imem. rsl k[rs1] ] h-‘lcg : wb_src
rs2 Reg. L : adary Data | : d_out
| e x[rgj 1 | ALU ‘E Y >mem°ry£ 0
L > B 1
; | 1 —E alu result b |
§ OPZ_SI"C'; : Zero ;
instru | || imm. |_ r |_
[31:20|11:§7] Gen. imm L L
: | (|5|gn-ex‘rende:d) : :
imm_ctr '
4@* 4 I Cl— is_beq
1
pc_src
M13€ Hazard

ZE¥343E Structural hazards

o LZFRIECHEERE—ME4TE (WRN/SHEFRES) i, SRELSMENSR Structural

Hazard
w 10,0042) Structural hazards
sw 10,0(+3)
lw t5,0(16)
addi 16,10,1
cc1 cc? cc3 cc4 cc5 cC 6 cc7
IF ID EX MEM WB
Instru.1 Imem I?eg F Dmemi Reg
ile cC file
x
IF ID EX MEM WB
Reg > Reg
Instru. 2 Imem - = Dmem flo
IF ID EX MEM WB
Reg > Reg
Instru. 3 Imem o = Dmem il
IF ID EX MEM
Instru. 4 Imem R_eQJ = Dmem
file (-
Y

o FRIRAZR: (EXUEH
o B Il-memory ($8$M%F) 1 D-memory (FUERTF) 05
o MIZIRITEFRRA, ANTHARFARES. BXEE (s EnNEERhR)
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o WIRLEFTAESIEY, HEESZEBA—NSIE bubble (B nop 18<, THER) | b4l
BSEFET

$£0iEH38 Data hazards
o YUZXIESHFMEEINFZIE, MaKEREFESNFEERE THE, WakEEYETZE Data

hazard

o HPEIEESIE (Read after Write, RAW), /55 (WAR) FIEREE (WAW)
o ERBEALAKF, EREBEASKRE (FEYRNTL)  MRABREINSEIEHR

Data hazards

add x1, x2, x3
add x4, x5, x6

add x7, x1, x4 R-type
cc1 cc2 cc3 cca cc5 cce cc7
IF

MEM WB

Instru. 1 E. ] B Dmem Eupgalfed
MEM WB

Instru. 2 E. ] B Dmem lé;:up;:red

IF EX MEM WB
x1
Instru. 3 E. ': Dmem [
x4
. x
Read after write (RAW)

27
o BRLE:
o HEANSIE bubble, HEUREMRAVESEEIRIBIREETREBHT
o #UERIME Forwarding/Bypass: TEALURTNZIT2/MEFNIES opl_src/op2_src, 3ZHH=H

ALUM 1D/Exifiké#ifies (TEppthFEEIR) PIEFIER, 5t EX/MEMGIKL 7% BY
MEM/WBi /K2 #4717 FPIEENET 1 B2 RIS SANTESERIEBA
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add x1, x2, x3

add x7, x1, x4
...... dpl_src CC 3 cc4 cCh
E D MEM wB
Reg Reg x1
Imem - Dmenm file |updated

* How to decide op1_src?
— Select the forwarded value or the value from EX/MEM register

— 1. rd of the add instruction (may be the other type instructions) equals
rslin add (may be the other type instructions) instruction

2. Ignore write to x0

3. The first instruction must write the register and the second
instruction must read the register

o 4¥Fkih, XITF Load type RAW (BD 1w rd, ... IESHIT—RIESCHEEMEMA rd BYE) &
EAET ERRIXNMARE, #FE— load delay slot (BMEA—RELXIES, THEA
nop) , BALERSFFSEIR

lw x1,0(x3)
dd 1,x4
¢ X7x x Load type RAW
cc cCc4 cc
> New 0
IF ID EX MEM x1 WB
Reg Reg x1
lw x1,0(x3) Imem file Dmem - updated
IF D x1—EX MEM WB
add x7,x1,x4 Imem I:ﬁf Z Dmem ?ﬁf

Forwarding cannot solve this, leading to a "load
delay slot"

o ALABIT/RIEEMIRIZIEE Code scheduling EFemABIERE, EFRFRIBIEMEHETR
BIAEfRR load delay slot

Lec14 ifi7K&& Pipeline (1l)

H3& Hazard

$=24%1:$132 Control hazards
o IZHIBEIES (W0 beq ) HIITETSEZEI, ELBE FRAVESHNAKE, WREEEE, N
FEITEER
o MRIRFE:
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o ASIE bubble, ITHEIESHTWEIESIITAMEEHNIT
o EFSTIN: IR () KREBE, ERRRIITETRAVES, WRFUNIER, WIERHIT,
SNSRI, NB=FrERKESFRI0E, EFMHRITIE T RES

o ST : FYUMEP—ISFE, BEXEESHEERSEY, BTFRUERAKENSE (AEER
FNARZSHL, 77MiE strong/weak (not) taken, ERHTIEGITIAZSEHER) W CPUSRHE
XTI )

Lec15 Z487 Multi-issue

o HAKET Single-issue: BIREUESH REVKIESHIT

ZKR5S Multi-issue: BIXREISHFIES (BRY) YT, FTERUSHS
BRIFCPU—RREBIRRI4-6KRIES

ZRITREZ

ZRIEILIIINIKE pipelining, BIESRSEUEM SIMD, S&REFESIRIT
ZRITILAFSBFIESTERTHIERAE CPI

ZRGIRTEHSZIS

o FILUBIES D RIEE Arithmetic F1I57F Memory access FIff, BIERRKLRITLER
o BERMKEZATBELIHIESFes, MEEITZER

IF ID EX WB
instrus. [ I xirst] [ |
o o
Reg. [TiT D ALU i
PC —Imem. file A i
> i 1 s ——— B okt
1 1] x[rs2]] !
Imm. x[rs1] |_| i
Senl. —|Addr Dmem
Imm. | im sen. [ ;
t Gen2.| 1 P | o :
IF ID EX MEM WB

—— Arithmetic, logic and beq path

— Memory access (load & store) path
A.K.A., load-store unit (LSU)

* RFRKEZ B SFEEUERTHE forwarding, SRR SRVKEIBRIEIEEE
{2 SHE Instruction Scheduling

o YNFEIAIES for (int 1 = 1000; i>0; i-=1) , EXASNRKEZ L, TLAKS for (int
i=1000; i>0; i-=2) , FHHZMEIAARNKE
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SE&Ra
o [ERRHHTIESCHHD, FEFASMR RSB ARASTEAVEMY
o FERIFEMER, WMIFFETLIHTHUTAMHEIITREITERASIE issue slots 1, FASIEINIXLE
SZEREBFEMRSR Hazards
o HNUFBIKIES = very long instruction word, VLIW
s HANLEZEETHER (BEXSEBHTINE)

SZ R85
o [FARBHNSIEIESR, WHEATMRNES, FBelloiaaBivASES
o TEHFZESCAFENIFAEARIDZE
o WNYBIRERIKE superscalar, BAEDFEMRCPU/GPURNIRIT (fRIEFEEM)

Hardware implementation of superscalar

Instruction fetch
and decode unit
I

4 ] I}
Reservation Reservation Reservation
station station station
Integer Floa_tmg
ALU point

unit

}

Commit unit with
reorder buffer

e 3XF3 Out of Order, 000 FZFFITIES: 1IBSRESIRERY Y, BYNTERTES, BIAE
BT, TLABERHRIT
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Lec16 4&1= Cache (1)
ZK1Fli% Memory Hierarchy

r;;are
_ Increasing
Eﬁ?cessor distance from
P CPU Cache gFOCGSSp r,
i Level 1(L1) Cache ecreasing
glg}f\:l"\}llp Level 2 (L2) Cache speed
DRAM chip—e.g. Physical Memory
DDR3/4/5
HBM/H BM2/3 Virtual Memory
SSD, HDD
Drives
Magnetic Disks
Size of memory at each level
On-Chip (CPU) Components -
Controller .—___,.--"' Secondary
- Ta thirc-Leve | | | vean || Mok
Datapath | .-~ Second- ird-Leve Memory is
= Instr. Cache| | Level Cache (DRAM) | | Or Flash)
RegFile Cache (SRAM)
Data Cache | (SRAM)
Speed (cycles): %'s 1's 10’s 100’s 1,000,000’s
Size (bytes): 100’s 10K’s M’s G's Ts
Cost/bit: highest - > lowest

DRAM: Dynamic Random Access Memory

e 7% Main memory {8 DRAM

o BT ZKM Volatile f7hifss: 1HEEEHURE

o HESBAMR, FTECHRFT (FE8)

o ZHURMEERIAMR, EEEREEHEAN (FRHE)
o FEUEE 0.5ns ~ 1ns
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SRAM: Static Random Access Memory

o BT ZKIM Volatile 171588 . B EEIE
o HEARSIHR, AEECHIRIFT
o FHELFDRAM, EMESR, REER, BEER

o SEEWEREE 0.5ns


af://n1381

@ (Z#%7=fi# Secodary Memory)

o JEZ5M non-volatile TFfiE2E
e T@#2 Hard Disk Drive, HDD: B{#H, FIE€ (5ms~ 10ms)

o [EZHELR Solid-State Drive, SSD: B8, iR (40us ~ 100us)
487F Cache

o FBTFHEEIENER

o {&F Register, tRF DRAM

o FHUKTR, FAHBMIEA, EBEMWEEMIECPU/GPURIEHERE, LUXBIERIGENER, X
HEAIZITHEESAYMIEHL Chiplet

[5ERIERIE Principle of Locality

* EJE)EERME Temporal Locality: —FREURINRAAIHIALE, E—ERESERNRE I ERBIRIE
o YMEREZE. BNMEREMNEE. HiMFE
o T[EFEBHE Spatial Locality: —EREURINR#IE, E—REJER, BREMIAIEIERERRER
i3le)
o WEFFBIIAITEE. ESRFNTE
o EEMREMISRIFELRGETT BT T LRGN T REENFEERNFEIDL TR IRFE
AR

EpIRIETFE Simple Cache

o EEFNEIRHRBEIFETIREE hardware cache controller fas
o FEARCPUNINMELENS, (BERTLURFCPUMEE
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BFEHE

o EFLIETFHR cache block/line ABNIFIELURE

o ZE{FHRAUN cache block/line size: EMETFIREEIFRERIFTS byte ¥ (FEFT5#t, Cp = 20,
b F{RFEE offset \1E])

o BEFHE Capacity: B/MEFRUBFHENTT byte # (BFTHET, O)
o ETFIRE Cache Tag: ARHHULEIUAL, MUERKENE = w — b (w FtbiE)
o {fift: ERTFTHRXIFF block alignment, JFF16fiitt, RFEFMES14ME0 (R2ZEIEA0)

o ffift: WTFTEARREFIR (U0 8 byte) , BMEFRALIFMES MEGE (WM word 4 byte *
2) , BMEFRIVIRE Tag RIS MESSEIL, stIHRAATLIA—PEYE (BRIE30AL)

o SiEfI Valid bit: FRICEFRABNFHEEFEAAAE; WNRHITEEEIMESEZE 0, N
BEiEZHIET cache miss

e 21350 Cold Start: EIFAZ, &EMI£0
EFBRASE

o QMEEE Processor i EAAINEREHIE 0x12F0

o Bf7 Cache IeEZRARFE S @address 0x12F0

o WRFET, EFm cache hit HEEEEAMURIRAE

o WRIKFE, EiFkdap cache miss, EFEBULERIXENTFE, AFEEBMUINAEFHR
Bla%EEF, AREFRNEIRIEIEE Cache Replacement IR LETZFIAIIBEERE(victim)

o EFEMININATRIEGIESE, IRTEURINEH S8

Lec17 £&7F Cache (II)

EisREE Replacement Policy
o LEEGRBEHERKRERGH cache miss, FERH evict —MIAEEEWE victim
RIER/WViBIEEX Least recently used, LRU

o RESIHBH EXERRRAVENE

o X EERFFR, AETEIN— LRU FE, iBRHANINF (1IBRELXRIBRENRE, HaiH
TIRAYEHE LRU=0)

o XFFHIEISERME Temporal locality RSHIER, LRUGBHEEMNTE, ERHTEHRIBASNET
=, BFREXETE, EErIEPRIMER (FRMENEL/FIFO/{HLRU)

HE SRR

o BRIFREZIAIEEE Most Recently Used, MRU: SRS RHHIAIDNETR
o SoitSEH Firstin First out, FIFO: REEEEERH NESFHIEIE
o SiSEH Lastin First out, LIFO: FMEESMEIHHNEFIEUE

o [BEHENEL Random: BENERE—5EUE (HATERBEBME Temporal locality BT, FEHEED
BEERERI)
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B KHE Write Policy

o MM E(FE RIS EELIRST4ETF Fully associative cache FTFIB AR

o HREBNEMER, MRNEANATF, EERIEIERNEN, SFNEEMENEE, FEILFEE
BN

E=F Write-through

o HREBANE, RNBEANEFHIRE

o FILMERSEITET Write buffer BT : EAMINEFETEENRIRT, BARGTLRAILIAR
ELERNEE, MARILCPUETREFFHEITIRE

5ol Write-back

o AE—MEFTIRE— dirty bit, FHERBEERERKL, WAt 0
o IREBAE, (NEANEF, FCXIRAY dirty bit iREH 1
o HRERFHIRN, MERKBHIERT, WRdirty bit 51, WKESEIRE

541t Write-Allocate
o YURESNMEIENMEEESN, NYTEEEHIESANER, BTEFUESER
JES fit/4i5 No-Write-Allocate / Write Around

o UREBNMEEATEFTN, BEERERNFTIENIE TREIEFEANER

1Z#5R"E Placement Policy

2IEEXIRETEETE Fully associative cache

o EEFRUHT—NEUELR block #R]EREEFTRES— MEFITH
o Ll ERTBHNEFRIEESEX T2 EERETEETF Fully associative cache ISAHY

EHiZMed4ETF Direct Mapped Cache

o WTE—FHE BEE—NEFTISZIN
o —SKNTFHBU S F3ES
o Tag: KEMNFRRIKE
o Index: FME—HIEF(TIIRL, KEA logaZA7AT MR
o Offset: RNE—EFTHIHEIVNEUE, KES loge ZATAT A 1) 7 T 4K
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Direct Mapped Cache-Examples |

Index number k goes to the kth cache block; 6-bit
Assume 4B block size; 6-bit address; Address
Address A
Tag Index Offset d A
00 00 XX
00 01 XX
00 XX ~ Y_A Y_HJ
00 11 XX 2-bit 2-bit 2-bit
01 00 XX index  offset
01 01 XX
01 XX
01 11 XX
10 00 o Index 00
10 01 XX Index 01
10 XX
10 1 — Index 11
1 00 XX
1 01 XX
1 XX
1 11 XX !

EREEERRT, (NEHXIRIRS Index FEFTAINRE Tag BIRJ
ERREIERS, (NBIRE—RS Index NEFT
EHRITEER, BRIBR/BEEIEER

WNSRRAS[E] Write-back 5l&, NIRKE dirty bit, FFHRTEFHFNEFEERE

WNERRFSEE Write-through SR, BPARTLAGER Write buffer {ift
B, ALMFERSSE/AES S ECkg

E1F53¥ Cache Misses: 3Cs

SERHIERS/ S Bohtksk Compulsory Misses
o BFEIRPEARERNAFR (B ETXH#R)
o MRRIIZ: IEINETFR block K/
FER Capacity Misses
o FEIEFLEBAEFRIETHRENEREFR
o MRRPE: BINEFSE
JZREREL Conflict/Collision Misses

o ZANNFIRGIZIERNERNE, AEEFRELH, BRERR

o BRI Ping-pong effect: B MER index IAFEUER G PIRERL, HRBHHER

o (VEERMETEFHERTAN
o RRPHE: BINEFSE, 1BINHEERE Associativity
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Lec19 HIBEX4ETF Set-Associative Cache
‘HiEBX4ETF Set-Associative (SA) Cache

o HUERBEMEBIEERS| Index FUEIFLL, BREANES| Index XY N NMEF(T (14H) , FRAN
IRAEEXZE1E N-way Set-Associative Cache

BMEFTDAERFIIES A tag, index, offset =Eg
BMEFTIABE— valid bit, RCEUREEATHA
RAEE%REE: Write-back, Write-through
(REETFEREEIRR

B[E] Write-back Bf, REEEXEE. Flag (Dirty bit. LRU, Valid bit) #uE, F~RIEXENMA
B9ZZ8| index

Index AZZHZERIEERE
ATLLEEGR I 2 etk Conflict/Collisioin Misses, BEREERIN Ping-pong effect

3130 ... 1011 9...2 1 0 Byte offset Cache
, | I ‘1/ block
data
Tag 22 J5
Index
Data Data Data Data
M e — v T
Index " Tag vV Tag vV Tag vV Tag
0
1
2
SR | I N ) I — 11 S R ! A E—

Hit

] )

o ELEYf, BENEFXEHE—NME, BENMEFS 255 MEFAE (8UF5] index)
HHXARIBS5£4%) Set-Associative Cache Terminology

o #£E1FA/)\ Cache capacity/size: C

o (RIS Bit width of offset bits: o

o ZZIFHR (17) K/ Cache block size: Cp = 2°

o ZIFHEIE Number of cache blocks: M = c%

o [NTFMEAE7ES Bit width of memory address: w

o NEZZAEEKZETF N-way SA cache: 8MER N MEEFR (17)

e Z5|{iEs Bit width of index: i

o {BEIE #set/ associativity: % =20 (WA2RIIEHE)
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o FREA(EE Bitwidthof Tag: t =w - o - i

e C=MxCp=2°%x2"xN
EFIEIRS4EE Cache Metrics & Performance

E1=ZI84R Cache Metrics

Used for tag compare Selects the set Selects the byte in the block
Tag Index Byte offset

Decreasing associativity «— ~ Increasing associativity

Number of sets doubles; 4 it ._'
Way/block per set halves

Direct mapped Fully associative
(only one way) | | (only one set)
Smaller tags, only a | | Tag is all the bits except
single comparator block and byte offset

o #pHPER Hit rate: FE—REFHITHRIG SRR

e KAp®= (Local) Miss rate: 1 - Hit rate

o KEFIES] Miss penalty: B—MEFHR (17) SIEME—RIFHEEBEN SOEEEE0RE,
BITF—ZREFRI AMAT 8 NEAT AR E]

 fprRAYE) Hit time: fpRIERT, THREFAIRTE

o  (PRRETF) FI8HTEATE Average Memory Access Time (AMAT):

O AMAT = Hit_time + Miss_rate * Miss_penalty

o ZREFFARGHR
o 2FRAFHE Global Miss rate (RIZMREF)

_ L2 Misses  __ . .
= Toig demee— = Local Missrateof L1 X Local Missrateof Lo

o [FEBARAHE Local Miss rate: Local Missrateof Ly = %
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AMAT: Multi-Level Cache

* Assume L1 & L2 cache only:
« L1 hittime 1 cycle; miss rate 5%;
« L2 hit time 5 cycles, miss rate 10%, miss penalty 100 cycles;

L1 AMAT = Time for an L1 hit + L1 Miss rate x L2 AMAT

.-
-

On-Chip (CPU) Components | PR
Controller .—v""'-'-- Secondary
T Main M(%mci)(ry
Datapath | .-~~~ Second- Memory is
el Level (DRAM) [ | Or Flash)
RegFile L1 Cache Cache
9 (SRAM) | | (SRAM)

L2 AMAT = 5 clock cycles + 10% x 100 clock cycles = 15 clock cycles
AMAT = 1 clock cycle + 5% x 15 clock cycles = 1.75 clock cycles

E1Z14RE Cache Performance

o WNFRRER > arRE Hit time, FEEAE/NIET, EXSSHEFHTERTRE

o ATIRDERAFLEST Miss penalty, BILAERTREY Prefetch #3515 (RTLAREA/ER4SCHL) © 1E(FEF
HUBRZ ARRISEURBANER, LUBDFKEEN, aMiEEFEDTE, AN TFEANEFES
M, SHBECPUSNEFII ML Bandwidth, B FESHEESE=EEN

o ATHIERMPET] Miss penalty, IRrTLAFEREEETRF Victim Cache, B HEFAIMIE
B Victim Cache (—RE—MEE/NNLIEKETR)

o (RBMAL: FERETEE
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Cache-aware Program Optimization

» Cache blocking: GEMM example C = A x B (row-major)

Older

2CCessS| Newer
access

Untoliche

C

for (inti=0; ixn; i++){
for (int j = O; j<n; j++)

{

int cij = C[i(*n+j];
for (int k= 0; k< n; k++)

{

cij += A[i*n+k]* B[k*n+j];

Cli*n+j] = ci
}
B

b

A

for (inti=0;i<n; i++Y
for (int j=0: j<n; j++)
{
int cij = C[i*n+j1:
for (int blk_k = O; blk_k < blk_num; blk_k++)
{ for (int sk=0; sk < blk_size; sk++)}
cij += A[i*n+blk_k*blk_size+sk] *
B[(blk_k*blk_size+sk)*n+j];
Cli*n+j] = cij:}

}
B} %blk_num = 2; sk: 0-2

Cache-aware Program Optimization

» Cache blocking: GEMM example C = A x B (row-major)

Older

access) Newer
access

Uptolichg

C

A B

for (int blk_k = O; blk_k < blk_num; blk_k++){

for (inti=0;i<n; i++Y
for (int j=0: j<n; j++)

{

int cij = C[i*n+j].

Better A reuse and
less A cache miss

{ for (int sk=0: sk < blk_size; sk++X
cij += A[i*n+blk_k*blk_size+sk] *
B[(blk_k*blk_size+sk)*n+j]:

Cli*n+j] = cij:}

11} blk_num = 2; sk 0-2: blk_k: 0-1
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Lec20 H 175 Mih&/REMRE Paralellism, Amdahl's Law
FiTobIBELR

Parallelism Overview

Software Hardware
Warehouse
+ Parallel Requests Scalo
Assigned to computer Harness Computer
e.g., Search “CS110” Parallelism &
+ Parallel Threads Achieve High
Performance

Assigned to core

~“Core” ... Core
e.g., Lookup, Ads e ;//{/
. e i Memory (Cache) /;// «\
+ Parallel Instructions " Inputioutput N
. . . . / \
>1 instruction @ one time “ — ‘ >
e.g., 5 pipelined instructions A s i 7/
s /" /" Functional/” /|
* Parallel Data / Sl /7 Units) /'I‘ oday’s
>1 data item @ one time — A, T ecture
. Z 1 D,(/é ! ! /AI
e.g., Add of 4 pairs of words T =/
Cache Memory: VA
. . T P // 1
* Hardware descriptions Y |
All gates @ one time i
* Programming Languages 25>/ Logic Gates

o Hih, SEEFHTIEERFEN, BOSIHIRER— MR
o WFE(TILE, STLRARMEAST:
o ZREFHT Multiprogramming: FTIEITEMER; RIFLH

o FTiHE Parallel computing (parallel processing program): JIE—MERANETT; BMESE
m

o BIEHITEEMSCIIAY
fIiEhE R EE Amdahl's Law

N Original_execution_time 1
o 1 ;E S = —_=
7] MEELL p eed—up Ezecution_time_after_improvement (1-F)+ %

o Ht F AZMHED (AFTED) bbb, S AZEHERDRIINELY
o GBI RRIE Strong Scaling: [ARLSHUELRIFAZ, (BIEINAERRIEE, LIMEER—ESM3E

o S5 Rt Weak Scaling (Z#18)5R) « FEEIEREERNIGIN, BAIIENRRNSNIE, 58
MEERRRRNTFERISAE, LUEINERELERESE

Z 92X Flynn's Taxonomy

o BAISSEAKNR Single Instruction, Single Data (SISD): {FELAERZI, CPURABEHIT—&IES, X
£IES REeE— N RIS

o BAISS IR Single Instruction, Multiple Data (SIMD): (B4 ERTZI, CPURBSHIT—IES,
XEIES BB Z N EIENISR

o 35S HRE Multiple Instruction, Multiple Data (MIMD): {EE457ERZI, CPUBEHITESEIE
S, XEIESHBMIEZ N EUENS
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o ZIESHIE FEL

ISR SIMD

B FE1T Data-Level Parallelism, DLP

A C

o W EE, SILLRAAMRERSSSRAITHITIZE
o DLPEEUGAMEFRFI T, ALABS SN ERARIFTIEE N
o BJLAERARISC-VEERENATRIAZIFHTHITER
SIMD {§$
o REN—%£15<, HMEZMESHIE
o TEEOWMNIIEFMELEN: MEZ1FEEHE vector register file, VRF
o FEGHITHITIER
o FEEEWE Bandwidth, {RIESURREEIHTERZIMITIERF
o IMERFEERIESEE Instruction per program
Intel SIMD }ESEE

o BIRAI FEIESEE Multi-Media eXtension, MMX

o A BIESSEUEY B Streaming SIMD Extension, SSE
o SR MAEY E Advanced Vector eXtension, AVX

ZIFY BISSE Multi-Media eXtension, MMX

o (ER6AIEETFRR

o HUEFIE Packing: 64IMFFRRI LMD ARERMLEL, W84 8(i Packed byte, 4M6{u
Packed word, 24 32{if doubleword 8 11641 quadword
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SSE/SSE2 Floating-Point Instructions
gostetmster Lttt ] conpsre

xmm: one operand is a 128-bit SSE2 register

mem/xmm: another operand is in memory or an SSE2 register

{SS} Scalar Single precision FP: one 32-bit operand in a 128-bit register

{PS} Packed Single precision FP: four 32-bit operands in a 128-bit register
{SD} Scalar Double precision FP: one 64-bit operand in a 128-bit register
{PD} Packed Double precision FP, or two 64-bit operands in a 128-bit register
{A} 128-bit operand is aligned in memory

{U} means the 128-bit operand is unaligned in memory

{H} means move the high half of the 128-bit operand

{L} means move the low half of the 128-bit operand

o ECESH, FHERNZEEE Intrinsics EELIFHTIET, EmELATNCRITESER SIMD 51T
XIRIIIRE

BIgn, XSTEEE array PEEBTTRMEFTITIRE, LRI

for each f in array
load f to the floating-point register

calculate the square root
write the result from the register to memory

}

for each 4 members in array
load 4 members to the SSE register

calculate 4 square roots in one operation
store the 4 results from the register to memory

SIMD style

BRI Loop Unrolling

* SIMD FEEREBIEAFHRMPRIEF TR, MEAEEHEX—R
o [RIR{EIXREL loop limit 24RIEEL, NILATAIFRAL:
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1 Loop: fld £f2 , 0(tl) # S$f2=array element
2 fadd.d £10, £2, £0 # add s to $f2
3 fsd £10, 0(tl) # store result
4 addi tl, t1, -8 # tl = t1 -8
5 bne tl, t2, Loop # repeat loop if tl1 != t2
4 Loads side-by-side:
Could replace with 4-wide SIMD Load
1 Loop: A
2 ﬂ;a £2 , 0(tl)
3 fld £3 , =8(tl)
4 fld f4 , -16(tl)
5 £1d £5 , -24(tl)
fadd.d f10, £2, £f0
8 fadd.d £11, £3, f0
4 Adds gide—by_—side: 9 fadd.d £12, £4, £0
Could replace with 4-wide SIMD Adg fadd.d £13, £5, £0
11
12 fsd £10, 0(tl1)
4 Stores side-by-side: ! f£sd £11, -8(t3)

Could replace with 4-wide SIMD Store f£sd £12, -16(tl)

15 fsd £13, -24(tl)
16

Loop Unrolled addi  t1, tl1, -32

Scheduled bne  tl, t2, Loop

o MRGFEAHHAMER (B): BX) , WFEEBZBER—NnsdE R EsRtE



RISC-V REiRE

RISC-V Vector Extension

« 32 vector registers

» Need to setup length of data and number of parallel registers to
work on before usage (vconfig)! vflw.s: vector float load word .
stride: load a single word, put in vl ‘vector length’ times

« vsetvl: ask for certain vector length — hardware knows what it can
do (maxvl)!

vconfig @x63
vflw.s vl.s, 0(x4)

loop

vsetvl x2, x1
vflw v@, 0(tl)
vfadd.s v2, vi,
vsw v2, 0(t1)
sl xbo %2, 2
add t1, t1, x5
sub x1, x1, x2
bne x1, x@, loop

SSE AJ32{XH3 Intrinsics

Intrinsics: Corresponding SSE instructions:
* Vector data type:
~m128d
 Load and store operations:
~mm_load_ pd MOVAPD/aligned, packed double
_mm_store pd MOVAPD/aligned, packed double
_mm_loadu_pd MOVUPD/unaligned, packed double
_mm_storeu_pd MOVUPD/unaligned, packed double
 Load and broadcast across vector
_mm_load1_pd MOVSD + shuffling/duplicating
* Arithmetic:
_mm_add_pd ADDPD/add, packed double
~mm_mul_pd MULPD/multiple, packed double

o FHTEENNATTREERES MESBAILES—fR—HihE, EEE8REN, RZREEM)
o FHTERERVRERLIZIER, BEIRBERIKIXR
o XFHEMERIEL, FEUTHITHS: NRTHRER, SRFARUEENITE, Fian:
BiR: A2x2 X Baxs = Cax2
17 ERHT2MTE
o FTHE A11B11 M Ay 1By,
o FTUHE A12By1 M Ay2By
o FTIE A1 1B11 + A12B21 M Ay 1By + Az2Bs
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A |Ag Bi1 Bz 115A11B1 1 4 A12Ba 1| Cq=A 1B12+A1 2Bs

X
A; 4 A, |Bz,1 B, 217A21B1 1 4 AgoBy | Cpo=Ay 1By o+A B,

« Toy example, 2x2 matrix multiplication

//Toy example, 2x2 matrix multiplication fer €5110 2025, ShanghaiTech University, all rights reserved
#include «stdio.h>
#include <time.h>
#include <emmintrin.h>
#include <immintrin.h>
void main(){
double A[4]__attribute__((aligned(16)))
double B[4] _attribute__((aligned(16)));
double C[4]__attribute__((aligned(16)));
int ida = 2;
inti=0;
_ mil28dcl, c2,a, bl, b2;
A[0]=10;A[1]1=11:A[2] = 0.0;A[3] = 1.0;
B[0]=1.0:B[1] = 2.0;B[2] = 5.0;B[3] = 4.0;
C[0]=0.0:C[1] = 0.0;C[2] = 0.0;C[3] = 0.0;
¢l = _mm_load_pd(C+0*ida);
c2 = _mm_load_pd(C+1*ida);
for (i=0;i<2;i++){
a = _mm_load_pd(A+i*ida);
bl = _mm_loadl_pd(B+i+0*ida);
b2 = _mm_loadl_pd(B+i+1*ida);
cl = _mm_add_pd(cl,_mm_mul_pd(a,bl));
¢2 = _mm_add_pd(c2,_mm_mul_pd(a,b2));
}

_mm_store_pd(C+0*ida,cl).
_mm_store_pd(C+1*ida,c2).

printf("[%g,%g,%g,%g]\n" ,C[0],C[1],€[2],C[3]):
return;

Lec21 &I2RFF1T Thread-level Paralellism

1% Thread
o SMGRMEECNSESR /RISt / FEFITEE PC, SEMELMERERE (#/ 2RTE)
o FRENEE RIRTIEARIZR T HATAIRER
o ZFREIFERAENS
PR -EHEE Fork-Join Model
o BFHELUEESHX fork ARRNLIE, K% (Fie) FHTRR (B/Z5%8)
o ZIESZEIE MIMD: RILIESIZ/ZIHTEN AR LT

OpenMP

e OpenMP 2RFZE&FEFTLIE Multi-processing NGESHE
o “EIERTIN_EFlag -fopenmp

e {#F3 Shared / Private KX 5T ERBELIZRHE
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o HBA:

#include <stdio.h>
#include <omp.h>

int main()

{
#pragma omp parallel
{ // '"{' Must be on this Tine without empty Tines!
int tid = omp_get_thread_num();
printf("Hello world from thread %d!\n", tid);
if (id == 0) // Main thread's id = 0
{
printf("Number of threads = %d\n", omp_get_num_threads());
3
3
3
oy 2k

* omp_set_num_threads(x) IELAEHEIREN x (WRNEE, SENERITENSHFHFH TR
REFEHE, HARHE * BTMRESHHHTIEZNE, BEREMEAERA hyper-
threading)

e num_th = omp_get_num_threads() 3REVFEHE
e th_ID = omp_get_thread_num() REIIEEHITAIETRID

HETE/FAET= Shared / Private Varible

o H=A%E Shared variables: FRrEZ&IEESILUE/SRIE—MNEEXT5HR
FABZTE Private variables: BNMNEEEE—HHETENS
o RHUCHS:

int varl, var2;
char *var3 = malloc(10 * sizeof(char));
# pragma omp parallel private(var2)

{

int var4;

3

// varl: shared (default)

// var2: private

// var3: shared (heap)

// var4: private (in thread's stack)

B 595 Pros & Cons

e OpenMP RRIMREFFTHEL, (FERFRNFHITHETRIEFIN
o {fi%h: WERIESHAEZHA
o % EHAIEEITIS serial code AFEES
o HH: PRIFIR[WIASIEF OpenMP
o ¥ [UEIARER Amdahl's law 2—EEE LIRFIMREHESRTT
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* OpenMP FERHERFMETHIZLGE

o fi%h: FRTHERGFNMNS, BFRABIERCEIEFRVE
o % NIBREEHEREH IET, TEBY it LT
o % FEHERIFAIERIFHEEE

KBk
o TJLUFEFR pragma omp for RELINZHIZRLIZITH for EIR
o IR, TEAPAEERE break return exit goto FEWBEIAHIEE, BABEEBEAPEEENE

IR R
#pragma omp parallel for // TTLLEREANZ #pragma omp parallel
for (int i=0; i < LENGTH; i++)
{
arr[i] = ...;
3

o TJLA$EA double omp_get_wtime(void); FIKENHBIRTE (%)
5l *EpEFREME
o {§#F3 OpenMP 2R F1T TLP {fLfL:

double dgemm_scalar(int N, double *A, double *B, double *C)

{

double start_time = omp_get_time();

double Cij;

int i,3,k;

#pragma omp parallel for private (Cij, i, j, k)
for (i=0; i<N; i++)

{
for (3=0; j<N; j++)
{
Cij = 0;
for (k=0; k<N; k++)
{
Cij += A[i+k*N] * B[k+j*N];
}
C[i+j*N] = Cij;
}
3

double run_time = omp_get_wtime() - start_time;
return run_time;

o IEINEFERRFTH DLP:

double dgemm_simd(int N, double *A, double *B, double *C)

{

memset(C, 0, N * N * sizeof(double));

double start_time = omp_get_wtime();

#pragma omp parallel for /7 BONERRYIFATIAL T — IR EH
for (int i = 0; 1 < N; i++)
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for (int j = 0; j < N; j++)

{
__m256d sum_vec = _mm256_setzero_pd();
for (int k=0; k <= N - 4; k += 4)

{
__m256d a_vec = _mm256_set_pd(
Ali + (k+3)*N], A[i + (k+2)*N],A[i + (k+1)*N],A[i + k*N]1);
__m256d b_vec = _mm256_loadu_pd(&[k + j*N]);
#ifdef _FMA__ {sum_vec = _mm256_fmadd_pd(a_vec, b_vec,
sum_vec) ;}
#else {sum_vec = _mm256_add_pd(_mm256_mul_pd(a_vec, b_vec),
sum_vec);}
#endif
}

double sum sum_vec[0] + sum_vec[1l] + sum_vec[2] + sum_vec[3];
for (; k < Nj; k++) {sum += A[i + k*N] * B[k + j*N];} // trailing
elements

C[i + j*N] sum;

}
double run_time = omp_get_wtime() - start_time;
return run_time;

* {53 OpenMP 1535 :

double dgemm_reordered(int N, double *A, double *B, double *C)

{
memset(C, 0, N * N * sizeof(double));
double start_time = omp_get_wtime();
#pragma omp parallel for
for (int i = 0; i < N; i++)

{
for (int k = 0; k < N; k++)
{
double aik = A[i + k*N];
#pragma omp simd // SIMD WNEERAEH [ AT
for (int j = 0; j < N; j++)
{
C[i + j*N] += aik * B[k + j*NI;
}
}
3

double run_time = omp_get_wtime() - start_time;
return run_time;

o WAJLUHSERIAL:

#define BLOCK_SIZE 64

double dgemm_blocked_simd(int N,double*A,double*B,double*C){
memset(C,0, N * N *sizeof(double));
double start_time =omp_get_wtime();



#pragma omp parallel for collapse(2) /] RFEGFAT A T ORIN2 2R
for(int i0 =0; i0 < N; i0 += BLOCK_SIZE)

{
for(int jO =0; jO < N; jO += BLOCK_SIZE)
{
int i_max =(i0 + BLOCK_SIZE < N)? i0 + BLOCK_SIZE : N;
int j_max =(j0 + BLOCK_SIZE < N)? jO + BLOCK_SIZE : N;
// outer loop for blocks, inner Toop for inside-block data processing
with SIMD

for(int i = i0; i < i_max; i++)
{
for(int j = jO; j < j_max; j++)
{
__m256d sum_vec =_mm256_setzero_pd(Q);
for(Cint k =0; k <= N -4; k +=4)
{
__m256d a_vec =_mm256_set_pd(A[i +(k+3)*N], A[i +
(k+2)*N], A[i +(k+1)*N], A[i + k*N]1);
__m256d b_vec =_mm256_loadu_pd(&B[k + j*N]);
#ifdef _FMA__ {sum_vec =_mm256_fmadd_pd(a_vec, b_vec,
sum_vec);}
#else {sum_vec =_mm256_add_pd(_mm256_mul_pd(a_vec,
b_vec), sum_vec);}
#endif
3

double sum = sum_vec[0]+ sum_vec[1l]+ sum_vec[2]+ sum_vec[3];
for(int k =(N /4)*4; k < N; k++)
{
sum += A[i + k*N]* B[k + j*NI;
}

C[i + j*N]= sum;

3
double run_time =omp_get_wtime()- start_time;
return run_time;

OpenMLEYELEIE;

e #pragma omp single ¥ FRANE AR —RLEENT

e #pragma omp task FFE—MES, HENDELTRNLIEET

e #pragma omp taskwait ZFEERF, BEIZAIFERFEES 2R
il

#include<stdio.h>
#include<omp.h>
int main({
#pragma omp parallel num_threads(4)
{
#pragma omp single // Single thread creating tasks

{
printf("Parent thread (creating tasks):%d\n", omp_get_thread_num());
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// Create multiple tasks
for(int i=0; i<8; i++)
{
#pragma omp task
{
printf("Task %d executed by thread:%d\n", i,
omp_get_thread_num());
}
}
#pragma omp taskwait
printf("A11 tasks completed\n");

}

return 0;

OpenMP Other Usage: Tree Example

#include <stdio.h>

#include <omp.h>

void process_tree(int depth, int id) { )
if (depth <= 0) return; Main
#pragma omp task I

Single

printf("Creating LEFT task at depth %d (by thread
%d)\n", depth, omp_get_thread_num());
process_tree(depth - 1, id * 2);
}
#pragma omp task

printf("Creating RIGHT task at depth %d (by thread
%d)\n", depth, omp_get_thread_num());
process_tree(depth - 1,id * 2 + 1);
)
#pragma omp taskwait
printf("Completed node %d at depth %d (thread %d)\n",
id, depth, omp_get_thread_num()); e taskwait
}

--------- taskwait - - faskwait oo

int main() {
#pragma omp parallel
#pragma omp single
process_tree(2, 1);

return 0:} o

e #pragma omp task depend(dependency type: var Tist) FEBA{KEXZER, T

o in HREIESHFREIXLHIE, FHXLHIEZRNSIRIFEERTMK

o out HREIMESFESANXLLE, FRAXLEZANL/SRIFENTN, FEEBIESE
BEFURESBAGER

o inout HEMESHFEZBENXLEHIE, SHEXLHIEZRINE/SEFEETH; FEE

B/BENESEESFIARESENEGR (RFLIE)
o mutexinoutset AMRIEHITINE, BERFRIEENREERZ— MISEELIEZTE



OpenMP: Dependency Example

#include <stdio.h>
#include <omp.h>

int main() {
intx=0,y=0;

#pragma omp parallel
#pragma omp single

// taskl: write x
#pragma omp task depend(out: x)

printf("Task 1: writing x = 10\n");
x = 10;

// task2: write y (no dependency with x, execute in parallel)
#pragma omp task depend(out: y)
{

printf("Task 2: writing y = 20\n");
y = 20;

}
// task3: read x &y, depending on tasks 142
#pragma omp task dependgn: X, Y)

printf("Task 3: x +y = %d\n", x +y);

}
return O;
}

e #pragma omp sections ZMREGERS, FHSOEASERNT

OpenMP Sections

#pragma omp parallel

#pragma omp sections

. Main
#Hpragma omp section thread
// Code block 1
} . Sectiong
#Hpragma omp section
// Code block 2
}
#Hpragma omp section - Main
{ thread
// Code block 3
}

} // Implicit barrier

#HIE=% Data Race

* FRZIEER—UEHTIT, EL—NEHIEEAEERE HENGESEEITERIHE
o ATHRREHETES Data Race AR, BAIFENEIRHITEL
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fl: FRaENM
o [RIARRA:

Example: Calculating 1

+ Serial version

#include <stdio.h>
void main(){
Z f(%,)A$ ~ T const long num_steps = 20;
double step = 1.0/((double)num_steps);
double sum = 0.0;
for (int i=0; i<num_steps; i++){
double x = (i+0.5)*step;
o sum += 4.0*step/(1.0+x*x);

4
}
35 printf("pi=%6.12f \n" sum);

Ax
2.5 }
pi=3.141800986893.
1.5 f(x:)
0.5 * Resembles 11, but not very accurate
0 — * Let’s increase num_steps and parallelize

O-NMTVONDD
oo ooQOooo

’|

w

N

e

o 42 (Data Race) 7ffl:

Example: Calculating 1T

* OpenMP version 1

#include <stdio.h>
#include <omp.h>
Z flz;))Ax =T  void main()X
const long num_steps = 20;
double step = 1.0/((double)num_steps);
double sum = 0.0;
#pragma omp parallel for
for (int i=0; i<num_steps; i++){
¢ double x = (i+0.5)*step;
0 sum += 4.0%step/(1.0+x*x);

Ax
2.5 } . w,_:_o "
- printf("pi=%6.12f \n",sum):
15 f(xi)}
* Problem: each thread needs access to the shared
0'(5] - variable sum

crnmeTwoOo~©® » Code runs sequentially ...

=R -N-N-N-N-R-N-¥-1

4.5

w
>

o4

=y

o IEfmfl: 9ig
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Example: Calculating 1

* OpenMP version 2

> flz)Az~

le

sum[1]

sum[O]

3.9

#include <stdio.h>

#include <omp.h>

void main(){
const int NUM_THREADS = 4;
const long num_steps = 20;
double step = 1.0/((double)num_steps);
double sum[NUM_THREADS]:
for (int i=0;ikNUM_THREADS:i++)

sum[i]=0;

omp_set_num_threads(NUM_THREADS);
#pragma omp parallel

int id = omp_get_thread_num():
for (int i=id;iknum_steps;i+=NUM_THREADS)

w

2.5

[3%]

1.5

-

0.5

7 double x = (i+0.5)*step;
sum[id] += 4.0*step/(1.0+x*x);
printf(*i=%3d,id=%3d\n" i,id);
f (i) }}
double pi=0;
for (int i=0;i«NUM_THREADS:i++)
) pi += sum[i];

0

O NM= WO M~W0®D

cCCcCOoOO0OCOO0OO0OO

IF£94%4E Reduction

printf("pi=%6.12f\n" pi);
}

Increase num_step to obtain higher accuracy.

o BEANTREHBE— R (RINVEFRE) , #RAVFL Reduction
e EOpenMPeh, AJLAEMA reduction(operation:var) FEBHFZR(E, (FEIREERIER

o N, RS ERMF:

#include <omp.h>
#include <stdio.h>

static long num_steps = 100000;

double step;
void main O

{

int i; double x, pi, sum = 0.0;
step = 1.0 / (doubTe)num_steps;
#pragma omp parallel for private(x) reduction(+:sum)
for (i=1; i<= num_steps; i++)
{
x = (i - 0.5) * step;
sum = sum + 4.0 / (1.04+X*X);
}
pi = sum * step;
printf("pi = %6.12f\n", pi);

[FZ Synchronization

#pragma omp barrier EBHIHEES, HEITALESERAXE

#pragma omp critical GIE—MIEFRKX critical section, —XR

// Correct

ARSI EIEENEREX
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#pragma omp critical(resourceA) GIE—MERX, EZEEF] resourcea HIBIFERITFHAN

OpenMP Hello World, Synchronized

main() {
= O'
#pragma omp parallel

tid = omp_get_thread_num();

printf("Hello World from thread = %d, x = %d\n", tid, x);

}
if (tid == 0) {

printf("Number of threads = %d\n", omp_get_num_threads());

}
}
}

SEsi Deadlock

Deadlock Example

int main() {
int shared_resource_A = 0;

int shared_resource_B = 0;
#pragma omp parallel num_threads(2)
{

int tid = omp_get_thread_num();

if (tid == 0) {

/I Thread 0: lock A then B

#pragma omp critical(resA)

{ printf("Thread O locked A\n");
sleep(1); // simulate work
#pragma omp critical(resB)
{printf("Thread 0 locked B\n");

else if (tid == 1) {

/l Thread 1: lock B then A <-- opposite order!

#pragma omp critical(resB)

{ printf("Thread 1 locked B\n");
sleep(1);
#pragma omp critical(resA)
{printf("Thread 1 locked A\n");

shared_resource_A++;}

}
}

}
printf("Done\n");

return O;

shared_resource_B++;} }

}
} lock resA & steep(1)
. Thread O 7 ?Iles%krwll'\e‘rher'
Main : lock resB & sleep(l) check whether )

Thread 1 resA released
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Lec23 &IZRFE1T Thread-Level Paralellism II

£ilR%E Lock Synchronization

o MMHEMNHE=NEFHENS: 0 FrkLdl, 1 TR

o EARIE: BB LB Acquire -> IIRFRXIRME -> BEREH Release

o [RFIR{E Atomic operation: E/INIARBIDEREIE, ATERITHRIE AR

o [RUARY RISC-V AXZHFRFIEIFIES, FEBTHMMNIETIES (WRV32A, RIRFTE)
BRAR1: E5Y

o —RRFI SIS S SC IR BB P RICHI SRR

e Test-and-Set (J&FEhEHi Spin-lock)

o IAENTFHIIET FH, HESHREREINE, B8 (s1 = 1) , WEFes, &R8
(s1=0) , MUBTLAZAIRENSH

o =B 1 BABL s1 (L8 , MR s1 igBERETEMN, WAITHEAN, BN E—SFHRE
FhilE

o BTIRFXIERIE
o B8 s1 B0, fEHl

o XFMENEAILUES ABA 1B (ESLAENET, — 1M EENEZH TN AR B, HBM B[R A"
e, MBE—IMMRELERFI TR A, NMRUAXNEEEXIHEIREHEIT)

Test-and-Set in RISC-V using Ir/sc

— 3
Example: RISC-V sequence for implementing a Load
h
T&S at (s1) > | semaphore
No @
lit2,1 — Yes
Try: 11 sl Try to own & lock
rTi,
bne 11, x0, Try // semaphore
sc 10, s1, t2 No
bne 10, x0, Try N @
Locked:
# critical section Yes
Unlock: \> Execute critical section

sw x0,0(s1)

(access shared data)
v

semaphore

BRAE2: RFAFERE

o HITIRFEFESHIRIE AvOSWAP rd, rs2, (rsl) $5E7Fes rsl BIHERF R, AR
rsl 1 rs2 AYE, REEIHEBA rd

o X$TF Write-allocate &fF, AILMERFIR LIEIN— Lock i, SRSCIBHR(E
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1i t0, 1

Try:

amoswap.w.aq tl, t0, (a0) # {ELFILAENL (LD REHADIH

bnez tl1, Try # MR HASR0 RED W4kS:, 750 8 HAs 4
ocked:

L

u

# Critical section
nlock:
amoswap.w.rl x0, x0, (a0) # FEFHAcH, iLBUEF0 WD

Lec24 i@{4 £ 412 Hardware Multithreading
ZiZATE28 Multi-core Processor

— NEIZA RS IR S M IESE processor (# core)
BAMMEESHIITIRANES R, SEMBERER (M0 L1&L2 cache)
FrE4IEas =177 DRAM  (FOEJAERY L3 cache)
HMERBIHZERNTRRE, FERITELRE

SRR TLER NI HTIESHE S MES

RITZ 2 RN AR . INEMRE 5

B MLOXIFRIGEE uniform memory access, UMA

MNFRARIERF, ThR&ORE, FEXABIEXIFRIBF non-uniform memory access, NUMA:
REZOBEEARRFNEREGER

@42 212 Hardware Multithreading

SN ER— MRS RNHAT
I8 FALIERR S, BV LIRS

Processor 0 Multithreading occurs
on a single processor

(core).

Hardware Hardware
thread 0 thread 1
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\ [ I ]

el | S Ll [e|l 8 - .

S € s & >ALU 1 €8

| Eo o N © &

= oo

— -E > E
1. Instruction 2. Decode/ 5. Write
Fetch Register Read 3. Execute 4. Memory Back

o SNHRER—NRLEREET, I—MHELTEFHRS WIEEHE) B, B2
T, BRI TEIRERYIEIR S

R Z4iE Simultaneous Multithreading, SMT

o TILARFARIE Fine-grained, #BHIEE Coarse-grained, EiERHELE&FE Simultianeour
Multithreading, SMT (tEAURBLLFE hyperthreading) RECIRE(4Z4AE

issue slots — Fine-grained Coarse-grained
Software Software .... ..
4 Thread 0 Thread 1 .. ....
5 HHEEE NN ] HER
S ] bubble bubble
8 bubble bubble
¢ HER [
T bubble ..
] HEEE
HEEEE NEEER
bubble
bubble .

o ELCTREESZ, BESEAETHRERAIIMMLES, BRIRITESS
BR%ETRE Advanced Cache

o RIfEREHLMIER, HFH MR
o TILARFIHTEFABLRSF private caches R /MAFH R K
E1F74—53 Cache incoherence
o ZNFNBEGEREBANN, &KREEFA—E Cache incoherence B9IS:, BIF=4 THIETRRSE
A —FRRSk coherence miss (BAUE(SERSS communication miss)
o FILURAIENT Snooping BIBGTUCRBA—EUMERRK: BNMEEESEL LBEIENGES, S85%ER
E£ENN, HE&ENRNERN

o (RHEZ|AIRA False sharing: REIEIERRIELE T — Cache block, HEF—MEXTHE—I, M3
— NRAZIETE offset PNEFHEELETH
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A
Tags and A Snoopy read port attached
states
oroe | RW Y to memory bus
Data
D (blocks) D
Cache Bus

B4 Write invalidate
o HELRIRITEISZ FAOMBUERT, EXRteit (208) REFHIE invalid
E®E¥h Write update

o Sl REEUEEMRS, FRYSEHROENE, HEeLiE iRl % ERSIEIIMIIRS, B (U08)
FBEFRERIVELE

M(O)ESI 13 M(O)ESI Protocols

o WFBNMEFR, RIFECRIRE:

o = Shared: SR, HEEFoeERRE

o Bf&¥ Modified: ZHHIEWE, BEMIEZNT (dirty) , HEEFERKBEX M

o JBX Invalid: REEF, WINEFTIRE

o fHih Exclusive: (AT &R, HEEFESEX ML

* FiE#E Owner: (AERE) &SR, HEEFIERMNEEEXIAT Shared R, 21
—REENNEFNEE

ZREF

‘ Core 0 ‘ ‘ Core 1 | Core 2 Core 3

L1 Inst. L1 Data L1 Inst. L1 Data L1 Inst. L1 Data L1 Inst. L1 Data
32KB 32KB 32KB 32KB 32KB 32KB 32KB 32KB
L2 256KB L2 256KB L2 256KB L2 256KB

LLC (L3) Unified 6MB

Intel lvy Bridge Cache Architecture (Core i5-3470)

e B33 Inclusiveness: BREFHNABTRAEFTHFERD
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Ln g Ln+1 (1’1 = 1)

Initial state Read A miss: load A Read B miss; load B Evict A from L1 due to  Evict B from L2 due to

intoL1 and L2 into L1 and L2 cache replacement cache replacement

Back
invalidation

o HEPSRY Exclusiveness: SR EGHASIEREGHNEAES

Lp (N Lps1 = P(n=1)

- .
- - -

Initial state Read A miss; load A Read B miss; Evict A from L1 due to
into L1 load B into L1 cache replacement
and place in L2

e JFEER Non-inclusive: AIEESFES

Initial state Read A miss; load A Read B miss; load B Evict Afrom L1 dueto Evict B from L2 due to
into L1 and L2 into L1 and L2 cache replacement cache replacement

Lec25 I{ERFA S AL Operating System & 1/0
¥EEZR S Operating System, OS

o BMERFRLAMTE N AR kernel X/, FEEZMIMERZERE
o BMFRGRIBENEINRBEETHLMERFZ—
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I2ENi7#E Boot

o LERFERT, CPUTEAENL, FHL PCEANFENEUME (W 0x2000) , EaIERNBANBLHERS
Basic I/0 System, BIOS

o IMNERHANRTE, FHHEEAZAEBAL
o BMFRZREHN

What happens at Boot?

« When the computer switches on, the CPU executes instructions
from some start address (stored in Flash ROM)

4. Init: Launch an
application that waits
for input in loop (e.g.,
Terminal/Desktop/...

1. BIOS: Find a
storage device and
load first sector
(block of data)

2. Bootloader (stored on;
e.g., disk): Load the OS |j
kernel from disk into a
location in memory and
jump into it.

3. OS Boot:
Initialize services,
drivers, elc.

o UCIRERSRY BIOS BEEHLEIF—u]Y ERE{4-4E O Unified Extensible Firmware Interface,
UEFI, BEINEZREEX, XIHEFARHE. NEE

mARL, RETSRE 170, Interrupt & Exception
o MINBHIGEANEE, ATLARMS EFIESTEIEES
o BRMERFIRMETINEMRED, TIMXIIMNSEEHREAEIH
o XS H—ARRAFMETEMA R Memory Mapped 1/0, MMIO &SI (MIAHEIHE
eI S FRR L, AES 7 LAVEIESCATIREEINE L)
o BE, MNBHEZE—MEEETFTCPU, ELLRAEIE Polling B4l Interrupt SESCH]

218 Polling
o SEIEREMNEH SRR PIEEEGE
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Cost of Polling

» Assume for a processor with a 1GHz clock it takes 400 clock cycles
for a polling operation (call polling routine, accessing the device, and
returning). Determine % of processor time for polling

— Mouse: polled 30 times/sec so as not to miss user movement
« Mouse Polling [clocks/sec]

= 30 [polls/s] * 400 [clocks/poll] = 12K [clocks/s]
* % Processor for polling:

12*103 [clocks/s] / 1*10° [clocks/s] = 0.0012%

=> Polling mouse little impact on processor

HalRr Interrupt
o HREMNEHBMHET, SSEERTICPURBTRIBEGhlfEHIZS Interrupt Controller FRBTCPUSR
WISEEES
o RRTRERS, FHTESEANCPU, CPURBITILRF IR RIS Fas LhHiREsRAUti, EiarhiT
[ME3 Interrupt Vector Table SRIXEIFIRATHRTLMEFER interrupt handler ik
In CA (you'll see other definitions in use elsewhere):

* Interrupt — caused by an event external to current running program (e.g. key
press, mouse activity)

— Asynchronous to current program, can handle interrupt on any convenient
instruction

» Exception — caused by some event during execution of one instruction of
current running program (e.g., page fault, bus error, illegal instruction)

— Synchronous, must handle exception on instruction that causes exception

» Trap — action of servicing interrupt or exception by hardware jump to “trap
handler” code

BEsBH Trap

o SEARUEERMREILLE (B Synchronous) , EEREEATAIRE, FIFEE Trap 42
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Save Exceptions until Commit

O Cause

Commit

point

Data

PC address
Exception

Mem
Data address
Exceptions

©

w

=

1]

PC PC PC T O

Select D E M Asynchronous %
Handler Kill F Kill D Kill E Interrupts Kil
PC Stage Stage Stage Writeback

|

o ESRERER,
17) . RIEBREHES NARKEFBIR

Lec26 EHIATE Virtual Memory

EHRFEEN
gitERY
o BEGHE disk MASHIFHEIEN

o FERMHIEZERIRIF
o BNHIEFEINRIM 0 FHIRRIELSLESE]

BHR&T

o IRIT—NEHIESTFES base register FI—MRIRIFHESS bound register
o —MERRBEIA [base, base + bound] SBEEIRRIARTFEIBL

o EEXEFERSEMERTFNGE SSEAFERARH Memo

RIfF$S R Paged Memory
o BUERE. EHRESNETFR Page

ry Fragmentation

e 19T Page (UA/N—HRA 4 ki, EIWNFE 12 bit HUERFIAEIEAIRIBE offset

HikEiE Address Translation

o —NEFIT Virtual Page XIR—MPEETT Physical Page

o XTF—320LHEN, AFHUANE1 260 0RIEE Offset, H20(REIITR

o HF—ME256TBINFSIEMIIEN, WETRENE360

WS

SERIFC, EIR5IRESCREIECIARRRERE (BEATEASHIR
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Virtual address (e.g. 32 bits) Physical address (e.g. 48 bits)

—>| Physical Page Number [ Offset |

Virtual Page Number | Offset |—»
20 bits 12 bits

Virtual Address
=)
Physical Address

&
o (EF— NI Page table SRISRETIOMIZEIT, TAFHERFL

o AFEEHIT Memory Management Unit, MMU MEERUBIERIREVHH RIS, BITEREFRK
EIINAMIERS, HeRYIIEIIE, TERIRTE, REEE

o WIRIERFPICR TiZRAEEIIE, REBZNERTF L, BEHE

DRAM
Program Page Table (physical address space)
(32b virtual address space) (user-1) assume 4 x 4KB pages
VPN PPN Physical Page 0
Load byte @ OXFEEF F004 0x40000 | disk :
to register tO 0x60000 | disk Physical Page 1
Physical Page 2
0xFFFFF 1 Physical Page 3
Address Space
of User-1

Physical Page 1

o WMRIERPICRIZIVEMET, IDRISHA—MRITHET page fault, MR EEFEREEIEEA
RN, AEHIERE, BRLERERERT

o TURFAMRIFAL, ICREUERIRT. BURE, FERSA, ZrEB’ENFL

* FRBRIREPIIS Virtual Page Number, VPN ZETURFEE —KICR

o LTIFRMAT, BJLAKHA LRU / Random ESRREIHTAZIG

o MERLEXRIE[EISRME Write-back, #EFRE( Dirty Bits, {XIERHRHAT SR E

o BMHIERAZEIRIAN EE I RRF(RIFE 788 satp(supervisor address translation
protection) register, TAZRTFiEZRIHIZNZRATECIAYIIR M

s ESAFEFT, BMNHIEEBEIRAITER

ZR/FE Hierarchical (Multi-level) Page Table

o NATKHILTRERLBZTEEK, XBZSRIER, BRIBFRESEN
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Virtual Address (Sv32 defined by RISC-V)

31 22 21 12 11 0 \‘
[ vpn[1] | vpn[0] | offset | \
10-bit 10-bit
L1index LO index G
Root of the Current % p2 l
Page Table
Processor Level 1
Register Page Table
Level 2 f
page in primary memory Page Tables
page in secondary memory .
7 o
PTE of a non-existent page Data Pages

More at: https://docs.riscv.org/referencefisalpriv/isupervisor.html#sv32

o BREFIREIMIER D D AETER, B—RYN—RIEK

o B—RFKREREE T —RIFANEIIE
RZ® Translation Lookaside Buffer, TLB

o WFRAERNIERN, REFEEFE—D, LAMEIERIEEE
RRRTRNEF, AMAEE, REEEURSYIERSMEIRRE
—RREELETF 32 - 128 NITRIA
BITRUBHRRER. SR/ EEEK, EESRIRE
TLB BZ55E TLB Reach = {REIELE * TTA/N

Lec27 More I/0
BiEMTFiBIE Direct Memory Access, DMA

o CPU E#IARIRIZEUERT, SIR%E CPUBIR, FEILS|INEH4 DMA #5188 DMA engine
e DMA engine #ZIIH CPU BAISFEE, BAUTHRE:

o FEERORIAEFIEIE

o FEEHLLIFE

o HWINHEHIZE (MBREZIHRE)

o 8K burst FEERVEUIEE

Physical Memory
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DMA Transfer

CPU Disk
DMA <> Main
CcPU Ft)'zgglgal\;]ﬂ : controller — memory
confroller Disk"--——*_

e Addr. controller
— Ack
Count “\ Data
transfer

Ctrl. DMA Buffer
requests

transfer to
memo

Interrupt
en don

Bus

e £ CPU =%l DMA engine NI HEEEUEEINTEE, CPURILIESUREHIEN=REET
1€, ZEH5SHAT, DMA £F=4— hlf interrupt, {8 CPU 4ME(EHISSRAYEUR

[A%%E1: DMAGZITH{EME
o HNER DMA #2NTE CPU 1 L1 B7F 28], CPUXKIZEILUSEIRITHIEUE, BESIEREFRIE
thrashing (DMA #IZRIEUESIE CPU IEEEMRIEUERFHER) . S5 CPU B1TEIE
o UN5R DMA BNTERREFNAFZE, DMAFI CPUBEATY, (EETTRENREIES—H, &
EEIMOTFISRERESUE—EE (R ERME)
[H552: =4 (hE Bus Arbitration
o XAAKIET Burst Mode: DMA—B R, S—BEOHBERIEHSTH: BRIRIVERTEE,
{B2rTEeiER CPU 11
o RAEHITEUEL Cycle Stealing Mode: DMA B{EHI—1NFETS, #BERIEELL CPU IB1T—ERAT
18: CPUBILAUEEE!T, BRERERZHIN
o RAIEBAET Transparent Mode: DMA {XfE CPU SRGRRLATEMEWE: CPU TE2AZENI,
(BIERERRIE

#=H 1101858 : BESEE SSD (A= Flash Memory)

o KARFRIE: ETFAF Flash Memory XA, ERHERINSART NMOS BIRER"H3K'EBF, BT
RTFEEREARZLE 1 8 0
EZBKM: IR REEIE
FEIRIYE Wear Leveling: [AfFERITTHIREIREL program-erase cycles R
EHRBTIZRANE SR EIS S mEREHR L, KSR
o (RI0FE. TAWISEhEMt (E) . BahEER

HDD vs. SSD %Lk

i HiiER (HDD) Bl sz (SSD)
SLUSmE BEE
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151E HiwfEL (HDD) EIZStER (SSD)
/8 PN

it FATE EMiF (B57R=)
feERE EiR

¥ E

&1 % compact

45 Endurance BT

PI4& Network
H=R /3 MLE Shared / Switched-Based Networks

o HEFH ML Shared Networks: FrETom Node #iEREE—IREZ% L, BRRBERHIT—HEE

o AT MILE Switched Networks: SIAN—N3ZHEM, Crossbar Switch, SZ3FREIRTAMER RN muERE
(BRACAIRTIRAN,)

(o
\

Computer _
switch
swikh \
ZIZIZIZIZHA' / _
network it
interface

o 1ZLINEE:
o %% Naming: BESZIRBIZE,
o P& Routing: =R 8 Packets NIEFEENZI BRI,
o RITEM: XASE Layering. TT&RRedundancy, 1Y Protocols F#IEi%E Encapsulation 3sCH
SERRFIHR
BRI ARIE SRR
o &iEim SW Send:
1. eI EUEE IR OS ZX
2. OS HHERIGF Checksum , HEGNEATEE
3. OS BEERIXE MO NIC HEaER
o EUUH SW Receive:
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1. OS MRz ORR{44E IEUEE OS B X
2. OSitERIEH: & OK, &KX ACKHA;, &HiE, MRER (RXnENEBNESER)
3. EEUELERA, OS SBEUEE NI HEZSE], Fh@xNN FEYrs:

HiIRE L (Packets of data)

o 3R (Header): & HB#xID Dest, & ID Src. E Len Fiz&{=E ACK INFO
o A% (Payload): SLFMEMIAYIEHE CMD/Address/Data
o EIB (Trailer): BEMIEF Checksum, FFERIGN

P EINYUFZE (Hierarchy of Layers)
NTRIHEEHERYE, MBS ATENER, §—EAE—EREHRS:
1. NMFBEE (Application): % HTTP (WWW), FTP (S{&{E%)), SMTP (#B{4)
2. &2 (Transport): AMBIRFIIRIE(E TCP ((RIER(T) 8t UDP (RBIV/ESRAR, FRIERTEEM)
3. MLEE (Network): faZEEKH. 0 IP #MY
4. BUE4EIR R (Data Link): #0LAARK Ethernet
5. ¥118/Z (Physical Layer): fidzk. FTLLFBIK. Y4t
4 SHNYAEIELS (Protocol Family & Encapsulation)
e % Encapsulation: 8—EE LE—ENEESEAAERN TR, FI1 LB 2aILER Header F1E
=B Trailer, FGABEHELZSEEE
o BIRIE(S vs YIRS
o BB L. 5—E5HWEE Peers HENNE
o WA b HUEMWINZEER FRISYIEMIRAE, BEBEKImEEREE LB

TCP/IP thiXte

* Internet Protocol, IP: “RATMAEIRSS, HEERIEEERTIRA
e Transmission Control Protocol, TCP: £ IP Z Eiz{T, {RIEEEEA SR T
o NF: BMEEBEM LAN B85, th/ 2 TCP/IP

Lec28 EfBi+H Warehouse Scale Computing, WSC
efigBitHE Warehouse Scale Computing, WSC

o B —FhiEKEKFHT Request-level Parallelism

£ Google IBER, —MEEAEMN, FERRBEREMR

fRs5as Server: JJRHIRSER, —&, FERITENZEM

HAE Rack: —1ZBRSSEE, —MEFAIIRSS =S

BEF Array: IBZAMERIIRS SHEE NS/ SerEzicsk, — MIB/EEE
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1U Server:
8 cores,
16 GB DRAM,
4x1 TB disk

Array (aka cluster):
16-32 racks
Expensive switch
(10X bandwidth ~ 100x cost)

Rack:
40-80 severs,
Local Ethernet (1-10Gbps) switch

o FHUTELIR Open Compute Project: SAMEBKMWELSENTRE, RIEAERSEE RABRS
gRIRe
o GHEEITER Warehouse-Scale Computers: #iiEA() Datacenter, EBANAEITEL Single
gigantic machine &
%
o HAZHMAE: FTERSH/ALALEE, MEERTRIE:E
o iERZKFH4T Request-level Parallelism, RLP: 1RZFAFRIR AR EAETFHIER

o HUEHKFF1T Data-level Parallelism, DLP: ZAFRERXYE—MRSIFEEEREER (—&
WSC ERIEHRHRFTAAY SIMD)

o WAEFERK (10FAGHR—H#ITEN) , BAOFFEX
o INSRYFEIR. e
o S HEER Failure rate

* FNERERI{FENARE
1=fi#4%43 Storage Hierarchy

o HLOIRESEIHNETIRSESIIAE DRAM AIRERLL S A At R ARER B
o BEIRSHNIEEIRSH{AIAT DRAM IR ERT LA AHE
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1U Server:
DRAM: 16GB, 0.1us, 20GB/s
Disk: 2TB, |104us EOOMBIS'

Rack(80 severs):
DRAM: 1TB, |300usf 100MB/s
Disk: 160TB, 11ms, s

Array(30 racks):
DRAM: 30TB, 500us, 10MB/s
Disk: 4.80PB, 12ms, 10MB/s

BEEHEMEE Power Usage Effectiveness, PUE

_ Total_Building_Power
* PUE = IT_Equipment_Power

W Electricity Transformer/UPS
W Lighting, etc.
W IT Equipment

Air Movement
B Cooling

B RMF1T Request-Level Parallelism, RLP
o A—RAEARER, HER AR
o ERAEBOERILER
o fIN: MEEE
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» Search “Ne Zha 2’
— Direct request to “closest” WSC;

— Front-end load balancer directs request to one of many arrays
(cluster of servers) within WSC;

— Within array, select one of many Google Web Servers (e.g. GWS)
to handle the request and compose the response pages;

— GWS communicates with Index Servers to find documents that
contains the search word, “Ne Zha 2”;

— Return document list with associated relevance score;

* In parallel, Ad system: run ad auction for bidders on search terms
« Use docids (Document IDs) to access indexed documents
« Compose the page
— Result document extracts (with keyword in context) ordered by
relevance score

— Sponsored links (along the top) and advertisements (along the
sides)

MapReduce

o REFTERIIFIRZATELR
o BRENIAE Map: BIRESHITAIERS

o |3£9i9%2 Reduce: BLHITHIERD
.3 4 2
#l: HE Zizl n

from functools import reduce
A=1[1,2,3,4]
def square(x):
return x * X
def sum(x, y):
return x + y
reduce(sum, map(square, A))

Bl: 8 1~4 ASFEHRFERH

XTJ%/I\%’&I J\gE_/I\ﬁg{EXj num -> (keY! Va1ue) . 1 -> (1!1)1 2 —-> (0)4)1 '--Xjazzzlﬁ.lﬂl\.]ﬁg
key, HEItREDEEARRIRSHHTLRIZE
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Bl: FE5T
» Distribute

that that is|is that that|is not is not|is that it it is
Map 1 Map 2 Map 3 Map 4

is 1, that 1, that 1 is 1, that 1, that 1 is1.is1,not 1ot 1 | is1,is1,it1,it1, that 1| Local Sort

« Shuffle )
is 1,1,1,1,1,1 that 1,1,1,1,1
it 1,1 not 1,1
Reduce 1 Reduce 2
is 6; it 2 not 2; that 5

+ Collect \ /

is 6;it2; not 2; that 5

5. *ERESEE

« Each server owns one sub-block

Broadcast
S0

1 : (1,2, A1B2)
2 \ m (1, 1, A2B3)
S3 (1, 2, A2B4)
+ Each server owns one sub-block

v [

(1, 1, A1B1)

w

w

OB

S1 S5 (1,2, A1B2)
(2,1, A3B1) - s6 m (1.1, A2B3)
(2, 2, A3B2) Gather
(2,1, A4B3) s3 s7 (1, 2, A2B4)
(2, 2, A4B4)

MAP
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+ Each server owns one sub-block ” .
S0 Ss4 (1,1, A1B1) A3 A4 ﬂ

]

s1 S5 (1,2, A1B2)
(2,1, A3B1) s2  S6 (1,1, A2B3)
2,2, A3B2)
(2,1, A4B3) s3  s7 (1,2, A2B4)
(2,2, AdB4)

REDUCE

All reduce: IEERZLRIFTEEEE (AHIFPRISNFIER) (CREIR—aRSEL

Lec29 &i& Fault-tolerance

AJ§E1¥ Dependability

AR Spatial Redundancy: EEFMELUE. EREERAESABEMSRIBIER. BER
RIIE)TUARME Temporal Redundancy: ZRIE{TAS, (RIEARIERM
AIRERRGAY R RE (AR, FIIEHHTZE Achilles' Heel)
FHEREAHIERENRS

AR &SI Dependability Measures

(EIRE TR HEEHAEERYE Mean Time To Failure, MTTF

HAEE(£ERT[E Mean Time To Repair, MTTR

Hi&EPREAZEATE) Mean Time Between Failures, MTBF; MTBF = MTTF + MTTR
BTt Availability = MTTF / MTBF

A AR TR SRR B Availability

{8 9 RUELE kAR At :

1 nine: > 90% Availability

[¢]

o 2nines: > 99% Availability
3 nines: > 99.9% Availability

[¢]

o “ee

FHFESZR Annualized Failure Rate, AFR: SSEASTEAIMER: AFR = 8760 hour / Hfr

tBI=IEM/ZUYIERD Error Dectection / Correction Codes, ECC

ERIREEISRET, HTRABF KD, RFOIReFEMEAYEIEEL ST flipped-bits
BN EE PRI EIRFR A GEIR Soft error, —IREFZLBMKEIEE, EHRATEN
R R FR REEEIR Hard error, — R RESE I E4RI8E

EHAIEUREHFR A dataword, JREBERIEEREMHFRA codeword; — AT ERNZEMSIER
1%, codeword {7 dataword
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e NBEBEEE Hamming distance: W4~ (KEHERER) HUEZBABLISEE

e ¥F n-error dectection,

Parity_bit| > n + 1; X+F n-error correction,
| Parity_bit| > 2n + 1

RIS

EFE—MSBRAT Parity Bit SRITIPEIE, HPRISAESISEIRT 1 (BB RS (F8%
Odd parity) /B2 ({8134 Even parity) , (RS0

EHMBERELLRIE TEEM N ARERY dataword XJMAY codeword SREBIEEZEN 2, EIGUELLERAY

Hix

Dataword Even number of ‘“1’s? Codeword
000 True 000 1 .
Ham. Dis. =2
001 False 0010
010 False 0100 .
Ham. Dis. =2
011 True 0111
100 False 1000
101 True 101 1 .
Ham. Dis. =4
110 True 110 1
111 True 1110

iNBBLU$ERES Hamming ECC

AEFEERRERMUE. XERIGIGHIHIE Single error correction, double error detection,
SEC/DED, #FRIINBBLEERS Hamming ECC

7£ codeword 55 1, 2,4, 8, - - - U Ei&E parity bit, FR{EEFE dataword
MEER, parity bit 1 {RE codeword F958 K241 i E 1 HIRECHEE
parity bit 2 {Rilf codeword B9%5 £442,3 i L 1 BIREIEEL
parity bit 4 {RilF codeword Y55 #i844,5,6,7 ilL 1 FUEEAER
245ERT, R parity bit 8 S1EIN, BPJ9ERAE Codeword EAINIE
YRESHIF: 33F dataword = 0110 0101 :

o0 codeword = pl p2 0p4110p8 0101

O pl=1p2=0p4d=1p8=20

252451 F: YFF codeword = 1001 1100 0111 :
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1.0 o 1 1 1 0 0 0 1 1 1 Error

Parities 1 0 1 0
Bit 1 check 1 0 1 0 0 1 Error
Bit 2 check 0 O 1 0 1 1 Error
Bit 4 check 1 1 1 0 1 v
Bit 8 check 0O O 1 1 1 Error

Bit position 112 3 4 5 6 7 8|9 1011 1213 14 15 Bit 1 + Bit 2 + Bit 8 = Bit 11

Encoded data
neoded cala 51 p2 d1 pa d2 d3 da p8 d5 d6 d7 d8 do d10 d11

bits 100111000111
B X [X] X XX X)X X - Error correction
Parity | P2 X X X | x x| x x | x
bit p4 X X X X XX x x 100111000101
coverage = g X[ XX [|X|[X|X|X|X

o WTFBEXERNITERAIIER, FEFEFHRRINEE Extended Hamming Code: 7E codeword Fi
#EI0—A parity bit 0, {RIERTERENY 1 HSEHEE

M7 TURFES Redundant Array of Inexpensive /
Independant Disks, RAID

e RAID 0: 933R Striping: HBEUELDRIFHEBNMER L, A TIEEMEE

RAID 1: fRf& Mirror(s): BHEENNEIERNFMEES MER L, BF 7iEMsE, FET
T HiER e

RAID 10 : 9B Striped Mirrors: &%, BoOWREE, IRMES
RAID 01: $&{&53#R Mirrored Stripes: JtiiR, BREGFME, TEMRIE, RIOER

e RAID 2: &R Parity Disk: REZIRIIGEFHITINFERIG, EALRHISE bit-level
striping

e RAID 3: RIGER Parity Disk: IREBEHRGEHITEHBRIE, FRAFTDE byte-level striping
e RAID 4: (FFRIETRAE, REAMIZAYRIEE Parity Disk
RAID 5: £ RAID 3 fUER £, (ERRIGEEE, BRIETHEIES REEEAREZ S

‘&Lﬁ\g I

i

Lec30 Z2£ 5 %1311H Security & Heterogeneous
Computing

L Security
Heartbleed
e Heartbeat #l#l: RXmAKE—TMUES, FEREREEENKE,; BlunRE—MERKERN
=2

e Heartbleed i BIXAKEHIREEN, KE—PMKTEERENTH, SERSHREERNE
5. SEEIEHE


af://n2512
af://n2531
af://n2532
af://n2533

Length of Server
Message Message (heartbeat

(CARROT| 6 | reaues) | CARROT|
%—? ORANGE
BANANA_
CARROT
@
Server
Length of
M Message I ——
i WSARRCT

CARROT 9527

L o POTATO 77
e ORANGE - ...

BANANA

CARROT  Buying price $10, selling price $30,
® 10% are rotten ...

o RASE: BTIKEI length check
1748 Rowhammer

o XITAFEMAY DRAM, XHE—FT (Hammered Row) #{TEMRETHE (SI-EM) , SEBY
IERNREF TEEIERERK

— RowofCells — -
Wordlin
Victim Row ordline

Hammered Row Vﬂm

Victim Row

— Row —

o RIRTSIEL: (EFREUERIFSIRENS, AMRMIERD ECC; BALEESAIA)
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(M{Zia1E Side-channel Attack

o EITNERRFHTHNE. HREFT. . FaSER, HEUNEIE, ROBUTE

o —fE%Y L3 Cache H{TH

o HMRISEZ Flush & Reload: IZEHETTR flush B7F, REEF—ERATE), SEEFRINEESE,
MEEFFNEATHAAEE, DEAHEEFFERNAFEBL; SEZREN, DISFEInE
RFENE(TRE; WFEEEYER Inclusive Cache BB R IR

Victim

Fi H
(A)
amacker S

m = | 2
Anacker ST

Victi § B
(©) wlim #
AR D— ¢

oy e 2 I 3
anacker ST .

® Vo || || | S
anacker "SI
Attacker Victim
B Aok B Waie B Relosd B Access [] Something else

Figure 3: Timing of FLUSH+RELOAD. (A) No Victim
Access (B) With Victim Access (C) Victim Access Over-
lap (D) Partial Overlap (E) Multiple Victim Accesses

o RREE EIMENF (BRLRKNELR) | BRSITLIEE; WEREFTOES < flush
TR

takEr Meltdown

o WFZIFELFHIT. TURENNY CPU, REOZEHITHNES SEEFTE MRIT
o —RRIBIIHEAREMIE secret * 4096 (4KB =1 Page) , FUMSEBEIX MEUAIIENRE,
SREWERLTRRE
o fI:
o MR WHEEBCHAFTREESE— M AEAE probe_array
o MURELFHIT: WEESINIZENZPN secret E (IR 84)

o BNREIL: £ CPURESIRE, (BERER, ELFITEEH 7B:
access(probe_array[secret * 4096]1) HIHIT, TEEFTFINE T probe_array HIZE
84 MNRTFER
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o {IfSERM (Reload) : KEHEEHEEHBECH probe_array FRIE—R, FUIEEENATE,
HEWTH secret B9EJ 84
o FIFFTIN, FEHHFEFTTEST

o MERTTE: TESRMUIBEREEAS SN (HRKIERE) | /B4 CPU BEHHT T RE(4HAYINE
B4R Spectre

o FIF CPU M STIRNAM - EREIRSFEEERTT, ERARTIEARNEFNA, FHUEER
X MEUATHIENERRE, SREHEENAFRIE

o BRITE: ESRATBREAS TN (RKMEE) ;| /545 CPU BEIHT TEARIINE
21311E Heterogeneous Computing

o BH31+E Heterogeneous Computing: BEMNIZEMIERRRTHITER S, ERNLERS
Coprocessor FHTRHLAIFEENITE (AEZER)
o X CPU PIEBER System-on-chip, SoC B73iERTIRIT, BE—hH CPU EEM TS NBMNER
G, SHTREENT, SOFHENTF
Minal4wFE1 P55 Field programmable gate array, FPGA

o (EFREMHITIRIZ, AR INEATRIER

o (HEFEMFZIHESHITIRIZ, W Verilog HDL; TEMRIZTAE, SoRRIEN FPGA IBMF, SAFATLL
BEiER
o SIS, RITITEE FPGA E#TE K
assign sum=a+b; int sum=a+b;
Synthesize Compiler
Gate-level netlist add s0,11,10
Logic gates and their
Place and route connections Assembler
Actual hardware adder circuit 0x00530433
— ° o- H 1] l ”
E — | Lr— sum Activate “add” datapath
r0Y and change the state

o EBENABCEZIER Configurable logic block 57, {8 2-input &#kZ Lookup table, LUT 3&3CIR
FREEE]
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FPGA implements any logics

(given enough hardware resources)

EEEEEEEEEEEN Configurable

: .| .! logic blocks
= DEEE
0o

pAININIE
nomoe I [0 [0 [
"

|
. " Configurable
|

input/output
blocks

LUTs inside configurable logic blocks

* Look-up table (LUT)

SRAM cells
(1-bit each) In2 In1 Inl In2 Out
0 0 00
o0 0 1 o1
1 0 02
o1 1 1 o3

Out

02 Equivalent to

' Inl— A,
: : © Any2-
03 ' 1/ In2 _' input logic Out

« Similarly, we can build n-input LUT implementing any n-input logic
with 2" single-bit SRAM cells 12
o EMAH FPGA RURTECEIZIERT, —RAMAERR, ESBINEHNHE. IRESFeS
o FREFNZER FPGA i&it:
o BHFIZIt: 94 Hierarchical FPGA
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