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BEaXiE: FEBIR. CacheldgeiF Gk, E1=E

H4

Y=g (TLB)
« CacheEARIE 4Q
« Cachelfgenth

CPU time = (CPU execution clock cycles +
Memory stall clock cycles) x clock cycle time

Memory stall clock cycles =
(Reads x Read miss rate x Read miss penalty +
Writes x Write miss rate x Write miss penalty)

Memory stall clock cycles =
Memory accesses x Miss rate x Miss penalty

Different measure: AMAT
Average Memory Access time (AMAT) =
Hit Time + (Miss Rate x Miss Penalty)

Cacheflifthix: EX (6F7) +=5% (10F4h)
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Review: 10fh=

R E

Hit Band- Miss Miss Power Hardware cost/

Technigque time width penalty rate consumption complexity Comment

Small and simple + — -+ O Trivial: widely used

caches

Way-predicting caches + + 1 Used in Pentium 4

Pipelined cache access — + 1 Widely used

Monblocking caches + + 3 Widely used

Banked caches + + 1 Used in L2 of both 17 and
Cortex-AS

Critical word first + 2 Widely used

and early restart

Merging write buffer + 1 Widely used with write
through

Compiler techniques to + O Software is a challenge. but

reduce cache misses many compilers handle
common linear algebra
calculations

Hardware prefetching + + — 2 instr., Most provide prefetch

of instructions and data 3 data instructions; modern high-
end processors also
automatically prefetch in
hardware.

Compiler-controlled + + = MNeeds nonblocking cache:

prefetching

possible instruction overhead:
in many CPUs

Figure 2.11 Summary of 10 advanced cache optimizations showing impact on cache performance, power con-
sumption, and complexity. Although generally a technique helps only one factor, prefetching can reduce misses if
done sufficiently early; if not, it can reduce miss penalty. + means that the technique improves the factor, — means it
hurts that factor, and blank means it has no impact. The complexity measure is subjective, with O being the easiest and

3 being a challenge.
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DRAMt H K DRAMFRELR

T— {i% ﬁ Backside Bus CPU Frontside Bus DRAM Bus
=4\ \ Primary /| DRAM /. DRAM

S d
eégghgry Cache || Controller =
R g
Chipset

One DRAM device with

eight internal BANKS, each . :
| Ll L. BN o'vhich comnects o the Qther Chipset Devices
AT T, ST 7 shared I/O bus. /O Systems

Side View DRAMs JDl["IMs

Edge Cunnecwrs//
Package Pms— - \‘\ H
Memory \ I II
Controller \
. Al

/ DIMMO DIMMI1 DIMM2

Figure 4.1: Memory System Architecture

tRP = 15ns tRCD = |5ns, tRAS = 37.5ns

Bank 'Row Activate (15ns
Activity and Data Restore (arlother 22ns)
Data (bus) Column !

Top View
PCB Bus TmCEs

One BANK,
four ARRAYS

TIME > CL=8 BL=18
= One %‘:‘AA":Q";:::‘;;"LP'“‘LO' Figure 1.7: The costs of accessing DRAM. Before a DRAM cell can be read or written, the device must
: man ,dependin ! 3 i
: o ‘;e part’s configuration. Tﬁg : first be placed into a state that allows read/write access to the cells. This is a two step process: the precharge
- eﬂ:‘ﬂ'e 5':“7;"5 four arrays, indicating command initializes the banks sense amplifiers (sets the voltage on the bitlines appropriately), and the
a x4 part (4 data pins). 3 . f ;
RankO.Rar\k ! One DIMM can have one Pt pins) activate command reads the row data from the specified storage capacitors into the sense amplifiers.

RANK. two RANKS. or
even more depending on its
configuration. and activate together take several tens of nanoseconds; reading or writing takes roughly a nanosecond.

Timing values taken from a Micron 2Gb DDR3-1066 part.

SE30H

Figure 1.5: DIMMs, ranks, banks, and A ha all DIMMs, each of which . . . .
b T o e e T Davis, B. T. (2001). Modern dram architectures, University
may contain one or more ranks. Each rank is a set of ganged DRAM devices, each of which has potentially o
of Michigan: 221.

Jacob, B. (2009). The Memory System, Morgan & Claypool.

RankO Rank | Once the sense amplifiers have read the data, it can be read/written by the memory controller. Precharge

or even
Rank 0/1.Rank 2/3

many banks. Each bank has potentially many constituent arrays, depending on the parts data width.
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I Virtual address <64= |

I ‘irual pags number <51 | Page offset <13 I

ITLE- t2g compare address <43 I TLE index <B= I l L1 cache index <7= lE-Il:u:H offzet u.-E:-]

To CRU

TLE dats <28

TLE tag <43 L1 cachs tag <d 3= L1 data <518

I L1 teg compars address <28
[

| Physcal address <41 |

L
| L2 tapg compare address <19 | L2 cache index <18= | Block offsat <G> |

To GPU

L2 pachs teg <159 L2 data <512=

Ta L1 cache or GPU

Figure C.24 The overall picture of a hypothetical memory hierarchy going from virtual address to L2 cache
access. The page size is 8 KB. The TLB Is direct mapped with 256 entries. The L1 cache is a direct-mapped 8 KB, and

4/23/20ke L2 cache is a direct-mapped 4 MB. Both use 64-bytieMoci@ TBEQirtual address is 64 bits and the physical address
is 41 bits. The primary difference between this simple figure and a real cache Is replication of pieces of this figure.



BESE IRSRFT

5.1 BSHRAHTHESRHESRFSIESHAE
ILP R Bk 14 a) R
GG AIE eSS RFH T

5.2i8(4 5 XIS SR/FH1T
5.2-1 I8 STEE 552 —: Scoreboard
5.2-2 IS RANSEE A2 —: Tomasulo

5.3 SIiNGEE

5.4 BB {HFRUHENIT

5.5 Fi#sSihaPsESERE M S A THEAR

5.6 S&EERA
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Bl RFEHRYFlynnsass (1966)

SISD: Single instruction stream, single data stream

— ERAMEEERT

SIMD: Single instruction stream, multiple data streams
- HRAEEREARRIEUE

— B FAEISIREUENFF1T(Data Level Parallelism)

— %0: Vector processors, SIMD instructions, and Graphics processing
units

MISD: Multiple instruction streams, single data stream
— No commercial implementation

MIMD: Multiple instruction streams, multiple data
streams

- BB, AIFSRISEARRIGHT. HURGIHT. ..
- EESRAURIMEA AR EEA R
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Recap: Levels of Parallelism

o IBRKFHT
- ZMEF TR D ERIZ MTEN EF THT
o HERFT
— HEE IR ERARRIA RS EF THLT
o HIERFT
— (ESHBERZNERE, SN EELZE— HERUIZSE]
- B EGIEEECHIAIRERITHESISEE S
- HUBRRHIT
— BER (1BEL) PFHITIEZAEUE (SIMD/ Vector

execution)
- —IERITHEES S TEMY
- IBSHHIT
- EEBE—1ESR, ST UTEMEFHTIITARRIES
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[ EANRIKE

. MIKEEIR E’JIE;EI/V\:;E (HIEE) , MAEREFR
?Evﬂﬁmﬂﬂ_r_

- fEKERH T iRk L IEEERI AR IE

- SSAEX: FEBESHIRTER

- FAEEX. FEEM, mFEAE

- T::?EH*E?& REMmNSEME, iTEBbiL, RS,
Fil

BT ERRSIEMERXRERIRT BETE
- B8, ZFRIEE(EERKEIEEIEINSE R
« %R %E_JB?E{EE%HE*E**ﬂi:efﬁﬂ?ﬁééﬂflﬁ’f'ﬁ

— Load ZEIRFE
— Branch IE1RfE
— Branch¥igl

4/23/2021 xhzhou@USTC 10



FESHRFAITHED SR b

« ILP: BXAHESEE (H17) T
o« MIKZRIFEIICPI

Pipeline CPI = Ideal Pipeline CPI
+ Struct Stalls
+ RAW Stalls + WAR Stalls + WAW Stalls
+ Control Stalls
+ Memory Stalls

« FEMARE: BMEW (stalls)ZBRVEEMEA
- BERIER
— BHEE:
« Gec: 17%i2#25$8<, 5instructions + 1 branch;
- EEAR L, BRIEZHNFHTE
- ISHREARRFIFT
— A
- ISREELE
— LAMIPSHYZ s 25t E /9451
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KARIEARA

Technigue Reduces Section
Forwarding and byvpassing Potential data hazard stalls A2
Delayed branches and simple branch scheduling  Control hazard stalls Al
Basic dvnamic scheduling (scoreboarding) Data hazard stalls from true dependences AB
Dynamic scheduling with renaming Data hazard stalls and stalls from antidependences 32
and output dependences

Dynamic branch prediction Control stalls 34
Issuing multiple mstructions per cycle Ideal CPI 36
speculation Data hazard and control hazard stalls 3.5
Dynamic memory disambiguation Data hazard stalls with memory 32 37
Loop unrolling Control hazard stalls 41
Basic compiler pipeline scheduling Data hazard stalls A2 41
Compiler dependence analvsis Ideal CPI. data hazard stalls 4.4
Software pipelining. trace scheduling Ideal CPI. data hazard stalls 4.3
Compiler speculation Ideal CPIL data. control stalls 4 4
4/23/2021 xhzhou@USTC 12




AEERIVESER

FEERMES | ERERNES | IGER

FP ALU op Another FP ALU op 3
FP ALU op Store double 2
Load double FP ALU op 1
Load double Store double O
Integer op Integer op O

+  (HERSRAESHBRANCHIESHIIRIM

4/23/2021 xhzhou@USTC 13
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BINET+ S TIMIEE

- BEARRAIENX:
- EARMRD, AT BAD; RS SEaEE
= YNE V)7
. EIRRIHT
— for(i=1;i<=1000;i++) x(i)=x(i) +s;
— &Ex()AigBEHEEXK,; BJLAFHT=4E 10001
— [BJRR: EERIBET=HEBranchig< - BiEHlfEX
— MtV S 2, BFAI/RETnNE =

0,

-

— AIEIEARE
* load vectors x and y (up to some machine dependent max)
* then do result-vec = xvec + yvec in a single instruction

4/23/2021 xhzhou@USTC 15



B ERIEIA R BT N AV LRIz

for (i=1; i<=1000; i++)

X(i) = x(i) + s;
Loop: LD FO,0(R1) ;FO=vector element
ADDD  F4,FO,F2 ;add scalar from F2
SD O(R1),F4 'store result
SUBI R1,R1,8 ;decrement pointer 8B (DW)
BNEZ R1,Loop ;branch R1!=zero

NOP :delayed branch slot

4/23/2021 xhzhou@USTC 16



FP 1&¥AHRITER

Loop: LD FO,0(R1) ;FO=vector element
ADDD F4,FO,F2 ;add scalar from F2
SD O(R1),F4 ;store result
SUBI R1,R1,8 ;decrement pointer 8B (DW)
BNEZ R1,Loop ;branch R1!=zero
NOP ;delayed branch slot
FP ALU op Another FP ALU op 3
FP ALU op Store double 2
Load double FP ALU op 1
Load double Store double 0
Integer op Integer op 0

4/23/2021 xhzhou@USTC 17



FP &3 =aYStalls

1 Loop LD F0,0(R1) ;FO=vector element

2 stall

3 ADDD F4,F0,F2 ;add scalar in F2

4 stall

5 stall

6 SD 0(R1),F4 ;store result

7 sSuBl R1,R1,8 ;decrement pointer 8B (DW)
8 stall ;

9 BNEZ R1,Loop ;branch R1!=zero

10 stall ;delayed branch slot
FEELEREIES  RHEREIES BT HIZL T
FP ALU op Another FP ALU op 3

FP ALU op Store double 2

Load double FP ALU op 1

Load double Store double 0

Integer op Integer op 0

10.clocks: =& A LUB IS R A BIRE Estalls @ B & /) .



FP @A pRIEx/bStalls£g

1 Loop: LD F0,0(R1)

2 SUBI R1,R1,8

3 ADDD F4,F0,F2

4 stall

5 BNEZ R1,Loop ;delayed branch

(o))

SD 8(R1),F4 ;altered when move past SUBI

Swap BNEZ and SD by changing address of SD
6 clocks: BEEMRALRZB LIRS HEE?

4/23/2021 xhzhou@USTC 19



BINEFF47R (straight forward way)

1Loop: LD F0,0(R1) stall

2 ADDD F4,F0,F2 stall stall

3 SD 0(R1),F4 ;drop SUBI & BNEZ
4 LD F6,-3(R1) stall

5 ADDD F8,F6,F2 stall stall

6 SD -3(R1),F8 ;drop SUBI & BNEZ
7 LD F10,-16(R1) stall

8 ADDD  F12,F10,F2 stall stall

9 SD -16(R1),F12 ;drop SUBI & BNEZ
10 LD F14,-24(R1) stall

11 ADDD F16,F14,F2 stall stall

12 SD -24(R1),F16

13 SUBI  R1,R1,#32 stall  ;alter to 4*8

14 BNEZ R1,LOOP

15 NOP Rewrite loop to minimize stalls?

15+ 4 x (1+2) + 1 = 28 cycles, or 7 per iteration
Assumes R1 is multiple of 4

4/23/2021 xhzhou@USTC 20



Stalls#&/\BV BT

1 Loop: LD F0,0(R1)

2 LD F6,-8(R1)

3 LD F10,-16(R1) . ~

4 LD F14,-24(R1) - RIS )5

5 ADDD F4,F0,F2 « SDENEISUBIG, FEWMiZE
6 ADDD F8,F6,F2 IEED

7 ADDD F12,F10,F2 e Loads#ZNZISDRT, JEE ML E
8 ADDD F16,F14,F2 s

9 SD 0(R1),F4

10 SD -8(R1),F8

11 SUBI R1,R1,#32

12 SD 16(R1),F12

13 BNEZ R1,LOOP

14 SD 8(R1),F16 . 8-32 = -24

14 clock cycles, or 3.5 per iteration

4/23/2021 xhzhou@USTC 21



BRI EFHONG

. AR REFXIERRIEXHREREEB A EKstallsBIF
ER (AR F1T) .

- BSHEE, BRREERFEITHERAE

- FEREREFPILoadflStore, AR TERAILOAd

#Store EHEMIZAY. FEDITTNIFiERS0951H,
(REtiligBs|BRE—tt. GENFE=Si15EH5E)

+ ARXEIESR, ERARNEGER (FFREmR)

- RFFAeEaINRIIS e, SRERRSKSES]
TEIARICES. (PIKIEE)

- #2ESDFISUBIFIBNEZfS, FEERESDHRIRES
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51 ILPHYE
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Mimi¥=r R EEBEa) (1/4)

 FiEs P ITIEFRIEK KIS ERTTTIKE:
- RiFRBUIESRAERISREX
. (True) £iiEfH>X (Data dependencies)
—- XIFHESiF0i, WMRIES ERAESITTERNER , 35S
518< kX, #FBiES K 515< iBHIEREX.
— WNERIEX, REEELFHAIT
— X TFHE=ELUR S ZTE (fixed names)

— {BXImemoryBI5 |, ELBMERRTE:
« 100(R4) = 20(R6)?

« EARREIRAYIEERAF, 20(R6) = 20(R6)?

Dependency
Graph
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ERERZUEEK?

1 Loop: LD FO,0(R1)

2 ADDD F4,FO,F2

SuBl  R1,R1,8

BNEZ R1,Loop ;delayed branch

SD 8(R1),F4 ;aitered when move past susl

or &~ W

4/23/2021 xhzhou@USTC 25



MimiE=rREEIE26(2/4)

» S—HEXIRAB1EX ( name dependence) :
MFIE S AR R Z% (register or memory location)
(BRI
— FBX (Antidependence) (WAR if a hazard for HW)
* Instruction j FTERSFEa{FEEETT, 5 instruction i FEERY

B rea B TiERE], JEinstruction | E5cHAT

_ M Dependency
Graph

— EHH#EX (Output dependence) (WAW if a hazard for HW)

e Instruction i Finstruction j XJ[El—ZFe8E R B R TTHI TR

fE, BAUBIRRIESHSIRE (Do) o=
Graph
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MIREEZEX?

1 Loop: LD F0,0(R1)

2 ADDD F4,F0,F2

3 SD 0(R1),F4 ;drop SUBI & BNEZ
4 LD F0,-8(R1)

5 ADDD F4,F0,F2

6 SD -8(R1),F4 ;drop SUBI & BNEZ
7 LD F0,-16(R1)

8 ADDD F4,F0,F2

9 SD -16(R1),F4 ;drop SUBI & BNEZ
10 LD FO0,-24(R1)

11 ADDD F4,F0,F2

12 SD -24(R1),F4

13 SuBlI R1,R1,#32 ;alter to 4*8

14 BNEZ R1,LOOP

15 NOP

M) HBR B AR ?
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IR EFERHEKX?

Loop:LD F0,0(R1)
ADDD F4,F0,F2
SD 0(R1),F4 ;drop SUBI & BNEZ
LD F6,-3(R1)
ADDD F8,F6,F2
SD -8(R1),F8 ;drop SUBI & BNEZ
LD F10,-16(R1)
ADDD F12,F10,F2
SD -16(R1),F12 ;drop SUBI & BNEZ
10 LD F14,-24(R1)
11 ADDD F16,F14,F2
12 SD -24(R1),F16
13 SUBI R1,R1,#32 -alter to 4*8
14 BNEZ R1,LOOP
15 NOP

XM EMATER/REDR (register renaming)

4/23/2021 xhzhou@USTC 28

©CoONOOGO L WN-=-



MNimiE=rREEASZ5) (3/4)

 iplaIfFfgERTch), RMEFIETEEX
— 100(R4) = 20(R6)?
_ REIRIITEER, 20(R6) = 20(R6)?

' ?Ehﬂgéﬁﬂiﬂﬂmmiiﬁﬁﬁﬁﬁiﬁm A%

O(R1) # -8(R1) # -16(R1) # -24(R1)

2

IbloadsHIstores Z |[BI#EE FoX R LA E)

hhhhhhhhhhh



MNimiZ=rREENISZE) (4/4)

- EfE—HEXFRAIZEI1ESR( control dependence)
Example:
if p1 {S1;};
if p2 {S2;};
S1 (KERFP1RIMNSSER, S2(&ERF-P2/YMiH.
- S IBEEIFR AV |
- P RIESEHRIES, FeEBEEFEES 2RI, LARIZIESHIA
ITAED SHESRIEHEEL.
- Ao ESEHRNES, feeRiliztlissca, Riziasly
HITZn 2 ie<SrYES).
- REFIHBXTILMESIESHAFTIT
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TR HITER

1 Loop: LD FO,0(R1) 11 LD FO,0(R1)
2 ADDD F4,FO,F2 12 ADDD F4,FO,F2
3 SD O(R1),F4 13 SD O(R1),F4
4 SuBl R1,R1,8 14 SUBI R1,R1,8
5 BEQZ R1,exit 15 BEQZ R1,exit
6 LD FO,0(R1)

7 ADDD F4,FO,F2

8 SD O(R1),F4

9 SUBI R1,R1,8

=
O

BEQZ R1,exit
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Example: 52
(A,B,C 1ERIAERIFE

FE RS ETRR?

for (i=1; i<=100; i=i+1) {

Ali+1]
B[i+1] =

J

1. S2{5EFE

S1fxf=

2. S1 {Kifh=

XA

= A[i] + CIi];
Bl[i] + A[i+1];

— & TE

XHAFEEEX)

/*S1*/
/*S2 %/

Dependency Graph

HAY Ali+1].

FEI—REIARYSY; Stk TFaI— R @I AYS2.,
FEINE9HEX, FRA “loop-carried dependence”

RMENEIFERR, FEERLFHAIT, BSE(ImERINIFH1E

INBITCRZ2E

4/23/2021
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Example:A,B,C,D distinct & nonoverlapping
for (i=1; i<=100; i=i+1) {

Ali] = A[i] + B[i]; /*S1*/

Bli+1] = C[i] + D[i];} /* S2 */

Non-Circular Loop-Carried Dependence

Dependency Graph

1. S1F1S2i& AKX, SIFIS2Ei A INFEFRIIERM
2. EF—IXEARR, SUKETFRI—IRIEIAEIB[A].
3. SUKHEL_E—IRIEIAAYS2, {HS2AMKELS1
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IBINEER (3/4) -1BIAEHR

OLD:

for (i=1; i<=100: i=i+1) {
Ali] = A[i] + B[i]; /*S1*/
Bli+1] = C[i] + D[i]:} /* S2 */

NEW:
A[1] = A[l] + B[1];

for (i=1; i<=99; i=i+1) {
B[i+1] = C[i] + D[i];
Ali+1] = A[i+1] + B[i+1];

B[101] = C[100] + D[100];
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©)) 1EREE% (4/4) -Dependence Distance

BEERENEAEXENEHEXR

for (i=1; i<N; i++) A[i] = A[i-1] + BJi];
HEXHEEEIREAT1

for (i=4; i<N; i++) A[i] = A[i-4] + BJ[i];
ol LB B B HEINEFRREIF T

for (i=4; i<N; i=i+4)

{ All] =A[i-4] + B[i];

Ali+1] = A[i-3] + B[i+1];
Ali+2] = A[i-2] + B[i+2];
Al[i+3] = A[i-1] + B[i+3];
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BRI EFHONG

AR REFAXIERRIEXHEREEB N EKstallsBIF
ER (AR F1T) .

- BSHEE, BRREERFETHERAE

- FEREREFPILoadflIStore, AREIXTERAILOAd

#Store EHEMIZAY. FEDITTNIFiERSA951H,
(REtiligBs|BRE—tit. GENFE=Si15aHsE)

+ ARXEIESR, ERARNEGER (FFREmR)

- RFFAeEaINRIIS e, SRERRSKSES]
TEIARICES. (PIKIEE)

- #2ESDFISUBIFIBNEZfS, FEERESDHRI(RES
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Summary

- JESHIFT(LP) : FKERTIICPI
— Pipeline CPI = Ideal Pipeline CPI + Struct Stalls +
RAW Stalls + WAR Stalls + WAW Stalls + Control
Stalls +......

- REESTFITHEE
s A ESRAE, BIRE, iRk, trace
scheduling
 BRHTTIA
- BIHGE: BSHEE-ERREH
- IBSHRE, YRRIIEREFGITRISREARE
- (RIBERNER
7RV ER R
BT KAYEEE
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