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OpraHusauma noacuctembl namaTh (ucropmsa)

v[ii] = v[i] + 10
Processor

addl $0xa, v(,%rax,4)
Register fail (RAX, RBX, RCX, ...)

1. Load v[i] from memory I

2. Add 2 operands

3. Write result to memory RAM
Bpema noctyna K namaTtu I

(load/store) ana mHorumx

External storage (HDD, SSD)
nporpamm ABnsAeTca

KPUTUYHECKN BAXKXHbIM

(memory bound application,
memory intensive application)



AlocTyn K NamATur

int a[100];

int sum = 09;
for (int i = 0; i < 100; i++) {
sum += a[i];

}

$ gcc -o prog ./prog.c --save-temps

mov1 $0, -4(%rbp) // sum = ©
mov1l $0, -8(%rbp) // 1 =20
jmp .L2
.L3:
mov1l -8(%rbp), %eax
cltqg // Convert Long To Quad
mov1l -416(%rbp,%rax,4), %eax // a[i] -> %eax
addl %eax, -4(%rbp) // sum = sum + %eax
addl $1, -8(%rbp) // i++
L2:

cmpl $99, -8(%rbp)
jle .L3



CteHa namatu (memory wall)

100,000 - C 1986 no 2000 rr. npon3BoANTE/IBHOCTb
’ NPOLLeCCOPOB YBE/MUMBANACH EXKETOAHO HA 55%,
a NPOV3BOAUTENbHOCTb NOACUCTEMbI NAMATY
10,000 |- Bo3pactana Ha 10%s8rog |
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[1] Hennessy J.L., Patterson D.A. Computer Architecture: A Quantitative Approach (5th ed.). — Morgan Kaufmann, 2011. — 856 p.
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JlaTeHTHOCTb NamAaTn (memory latency)

(cycles)

VAX-11/750 Modern CPU Improvement
1980 . 2004 . since 1980
Clock speed
(MHz2) 6 3000 +500x
Memory size
(MiB) 2 2000 +1000x
Memory bandwidth 13 7000 (read) +540x
(MiB/s) 2000 (write) +150x
Memory latency 295 70 +3x
(ns)
Memory latency 14 510 150

Herb Sutter. Machine Architecture: Things Your Programming Language Never Told You //

http://www.nwcpp.org/Downloads/2007/Machine Architecture -

NWCPP.pdf



http://www.nwcpp.org/Downloads/2007/Machine_Architecture_-_NWCPP.pdf

JIOKaNbHOCTb CCbINNOK

= JlokanbHocTb ccbinok (locality of reference) —
CBOMCTBO NPOrpamMmm noBTOPHO (4acTo) obpallaTbCcs K OAHUM
N TeM XKe aZipecam B NamMATU (AaHHbIM, UHCTPYKLMAM)

. ¢Oprl NOKaJ/IbHOCTU CCbIJZIOK:

(J BpemeHHasa nokanusauusa (temporal locality) —
NOBTOPHOE 0bpalleHMe K O4HOMY U TOMY e aZipecy
yepes KOPOTKUIM MPOMENKYTOK BpemeHu (Hanpumep, B LIUKAe)

J MpocTpaHcTBeHHaA noKanmsaumua ccbinoK (spatial locality) —
CBOMCTBO NPOrpamm NOBTOPHO 0OpaLLLATbCA YePE3 KOPOTKUM
MPOMEXKYTOK BPEMEHM K agpecam 61M3KO pacnonoKeHHbIM
B NAaMATU APYr K Apyry



JIOKaNbHOCTb CCbINNOK

OxDEADBEAF

Appeca
(Addresses)

0x000001
0x000000

Memory

J Temporal
— locality
J Spatial
— locality
— |

v

Bpemsa (Time)




JIOKaNbHOCTb CCbINNOK

CTpyKTtypa (wabnoH) gocryna K maccusy (reference pattern)

int sumvecl(int v[N]) Address 0 4 8 12 | 16 | 20
{ Value v[O] | v[1] [ v[2] | Vv[3] | vI4] | v[5]
int i, sum = 9;
for (1 = 0; 1 < N; i++)
sum += v[i];
return sum;

Step 1 2 3 4 5 6

stride-1 reference pattern (good locality)

}
int sumvec2(int Vv[N]) Address | 0 24 | 48 | 72 | 96 | 120
{ value | v[0] | v[e] | vi12] | viis] | vi24] | vi30]

int i, sum = 0;

for (1 =0; 1 < N; 1 += 6) Step 1 2 3 4 5 6

sum += v[i];

return sum; stride-6 reference pattern




NepapxuuecKaa opraHusauma namaTtm

Peructpbl npoueccopa
(Processor registers)

Kaw-namartb
(Cache memory)

TLBs caches, paging-structure caches

Bpems L1 Cache Pasmep
AocTyna L2 Cache NamATu
L, Cache

OnepaTuBHaA NamATb
(Random Access Memory)

4_____________________________________________
G e e e e e e e e




CteHa namatu (memory wall)

Kak MMHMMU3MPOBATb IaTEHTHOCTDb (3a4epPXKKY)
AOCTYNa K NamaATun?

= BHeouepegHoe BbinosHeHUe (out-of-order execution) —
NAMHaMM4yecKas Bblgavya MHCTPYKLMA HA BbINOAHEHUE NO
rOTOBHOCTU UX AAHHbIX

" BbluncautenbHbl KOHBenep (pipeline) — coBmelleHune
(overlap) Bo BpemeHW BbINOAHEHUS UHCTPYKLU UM

= CynepckanspHoe BbinoJsIHeHUe (superscalar) — Bblgaya
N BbINO/IHEHUE HECKO/IbKNX MHCTPYKLUMIM 3a TaKT (CPI < 1)

= OpgHOoBpeMeHHaA MHOronOTOYHOCTb
(simultaneous multithreading, hyper-threading)
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CTpaHUYHaA opraHu3aLua NamaTm

# Load from memory
movq (%rax), %rbx

!

Logical address

!

Memory Management Unit
(MMU)

Segmentation

t

Linear address

|

\ 4

Logical processor
(core)

Paging-structure

\ 4

caches

A

Paging

I

|
Physical address

!

Processor caches

TLBs

\ 4

DRAM




Vol. 3A Intel 64 and IA-32 Architectures Software Developer’s Manual
Chapter 3 Protected Mode Memory Management (Intel 64, IA-32e mode)

Logical address (SegSel : Offset) --> Linear address (48 bits)

# Load from memory
movq (%rax), %rbx

e Select descriptor table
(Tr=07? GTD : LDT)

Segment selector
(16 bits: CS, DS, SS, ES, FS, GS)

A
- N

Index (bits 15-3) | TI(3) | RPL(1-0)

Hidden descriptor cache
(Base, Limit, Access)

= |Index — Index of a segment descriptor (13 bits)
= Tl - Table indicator (0 — GDT, 1 - LDT)
= RPL — Requested privilege level

(0 — supervisor, 3 — user)

a Read segment descriptor
Check rights access and limits

GDTR

Logical Address
(or Far Pointer)

Segment ¢
Selector

Linear Address

[ 16 bits | | 64 bits |

Space

Global Descriptor
Table (GDT)

TSS descr.

——» Linear address (48 bits) —

ﬂ

Segment

Segment

Descriptor

LDT descr.

Nulldescr. || | | L _ _ _ _ _ |

i

80 bits: Base (64 bits), Limit (16 bits)

LDTR
Seg. Sel. (16), Base (64), Limit (16),
Descriptor attributes

>
A ;
Segment 1\
Base Address

[~ Page (4 KiB, 2 MiB, 1 GiB)

Linear address =
Seg.Base + Offset
(In 64-bit mode Seg.Base = 0)

| Segmentation I



Vol. 3A Intel 64 and IA-32 Architectures Software Developer’s Manual
Chapter 3 Protected Mode Memory Management (Intel 64, IA-32e mode)

Logical address (SegSel : Offset) --> Linear address (48 bits)

= B 64-6UTHOM pexkume cermeHTaLua
He ucnonbayerca (Seg.Base = 0)

Index (bits 15-3) | TI(3) | RPL(1-0)

ﬂ

TSS descr.

Hidden descriptor cache

# Load from memory Logical Address !
movq (%rax), %rbx > (or Far Pointer) . ® Average/best case
i Mona geckpunTopa cermeHTa YMTaoTCA
Select descriptor table Segment i 13 CKpbITOro pernctpa (Seg.Base, ...)
[16bits | [ eabits | . = Worst case
[ [eckpunTop cermeHTa 3arpyKaeTcs
Segment selector : M3 ONepaTMBHOW NAMATUN B CKPbITbIN perncrp
(16 bits: CS, DS, SS, ES, FS, GS) Global Descriptor i (TpebyeTca TpaHcaauMa agpeca)
- ] Table (GDT) !

B e e

(Base, Limit, Access) B L e
Segment
= |Index — Index of a segment descriptor (13 bits) . Descriptor [ | = Ta 6J1VILl,bI [leCKPUNTOPOB
= Tl - Table indicator (0 — GDT, 1 - LDT)
— rmeHToB (GDT u LDT
= RPL - Requested privilege level L CErMeHTO (G ) 5
(0 — supervisor, 3 — user) > | Null descr. | i XPaHATCA B ONepaTtnBHOM NaMATHU

=  TpaHcnauma agpeca GDTR/LDTR

L —
. Segment 4 ocywecrtsnAaeTca npum yCtaHoBKe CermeHTHOro
@ Read segment descriptor Base Addr Per1cTpa u 3arpyske COOTBETCTBYIOLLETO emy
Check rights access and limits -
/‘ AECKpUNTopa B CKPbITbIU PerncTp
GDTR
80 bits: Base (64 bits), Limit (16 bits) Linear address =
Seg.Base + Offset
LDTR (In 64-bit mode Seg.Base = 0)
Seg. Sel. (16), Base (64), Limit (16),
Descriptor attributes | |

| Segmentation |



Vol. 3A Intel 64 and IA-32 Architectures Software Developer’s Manual
Chapter 4 Paging (Intel 64, I1A-32e mode)

Linear address (48 bits) --> Physical address (52 bits)

Linear address (48 bits)

47 39 38 30 29 21 20 12 11 0
PML4 Directory Ptr Directory Table Offset
_ | 9 .
9 1o 4-KByte Page
Physical addr Physical addr (52 bits) =
PTE.Address + Offset
PTE .
PDE (PS = 0) 40

Page-Directory-
Pointer Table

> PDPTE
A9
-
L) PML4E
.
40
CR3

PMLA4 (40 bits), PCID (12 bits)

40 Page Table

Page-Directory
40

= Page size 4 KiB
40 * 4 ypoBHA Tabnuy,

(PML4, PDP, PD, PT)

= Kaxpaa Tabnuua 4 KiB

(512 x 64 bits)

Traversing of paging-structure hierarchy

1. Read PMLA4 entry at physical address (52 bits)
|CR3[51-12] LinearAddr[47-39] 000]|
If PML4E.P = 0, page fault, load PDP table

2. Read PDP table entry at physical address
| PML4E[51-12] LinearAddr[38-30] 000|
If PDPTE.P = 0, page fault, load PD table

3. Read PD table entry at physical address
| PDPTE[51-12] LinearAddr[29-21] 000|
If PDE.P = 0, page fault, load Page table

4. Read PT entry at physical address
| PDE[51-12] LinearAddr[20-12] 000|
If PTE.P = 0, page fault, load Page frame

5.  Physical address =
| PTE.Addr[51-12] Offset[11-0]|



Vol. 3A Intel 64 and IA-32 Architectures Software Developer’s Manual
Chapter 4 Paging (Intel 64, I1A-32e mode)

Linear address (48 bits) --> Physical address (52 bits)

Linear address (48 bits)

47 39 38 30 29 2120 12 11 0
PML4 Directory Ptr Directory Table Offset
| . .
9 1o 4-KByte Page
Physical addr Physical addr (52 bits) =
PTE.Address + Offset
PTE »
Page-Directory- PDE (PS =0) Page Tabl 40
Pointer Table . L age lable Traversing of paging-structure hierarchy
J{ Page-Directory
~ PDPTE 40 1. Read PML4 entry at physical address (52 bits)

/9

| CR3[51-12] LinearAddr[47-39] 000 |
If PML4E.P = 0, page fault, load PDP table

___________________________________________________

|
Average/best case 2. Read PDP table entry at physical address

| PML4E[51-12] LinearAddr[38-30] 000 |

\—)- PML4E

B namatn (0 page faults) If PDPTE.P = 0, page fault, load PD table

= \Worst case 3. Read PD table entry at physical address

40

| PDPTE[51-12] LinearAddr[29-21] 000 |

If PDE.P = 0, page fault, load Page table

<
Bce 4 Tabnnubl M CTPAHUYHbINA Kagp
B namaTu HeT Tabnauy, PDP, PD, PT
W CTPaHMYHOTO Kaapa (4 page faults)

4. Read PT entry at physical address
| PDE[51-12] LinearAddr[20-12] 000|
If PTE.P = 0, page fault, load Page frame

CR3

5.  Physical address =

PML4 (40 bits), PCID (12 bits) | PTE.Addr[51-12] Offset[11-0]|




Vol. 3A Intel 64 and IA-32 Architectures Software Developer’s Manual
4.10 Caching translation information (Intel 64, IA-32e mode)

Linear address (48 bits)

47 39 38 30 29 21 20 12 11 0
PML4 index PDPT index PDT index Page table index Offset
TLB (ITLB/DTLB, levels 1, 2, ...)
Page number PCID Physical address Access rights Attributes Linear address
(bits 47-12) (12 bits) (40 bits) (R/W, U/S, ...) | (Dirty, memory type) (48 bits)
PMLA4 cache
PML4 index Physical address Flags 1. Search in TLB by page number (bits 47-12)
(bits 47-39) (PML4E.Addr, 40 bits) | (R/W, U/S, ...) If found, return address & rights, attrs
2. Search in PDE cache by bits [47-21]
If found, return PDE.Addr & flags
PDPTE cache 3. Search in PDPTE cache by bits [47-30]
|PML4 ind. | PDPT ind. | Physical address Flags If found, return PDPTE.Addr & flags
If found, return PML4E.Addr & flags
5. Traverse paging-structure hierarchy
PDE cache CR3 -> PMLA4E -> PDPTE -> PDE -> PTE

|PML4 ind.|PDPT ind.|PDT ind. |
(bits 47-21)

Physical address
(PDE.AddTr, 40 bits)

Flags
(R/W, U/S, ...)

l

Physical address
(52 bits)




Vol. 3A Intel 64 and IA-32 Architectures Software Developer’s Manual
4.10 Caching translation information (Intel 64, IA-32e mode)

Linear address (48 bits)

47 39 38 30 29 21 20 12 11 0
PML4 index PDPT index PDT index Page table index Offset
TLB (ITLB/DTLB, levels 1, 2, ...)
Page number PCID Physical address Access rights Attributes Linear address
(bits 47-12) (12 bits) (40 bits) (R/W, U/s, ...) | (Dirty, memory type) (48 bits)
PML4 cache
PML4 index Physical address Flal Bestcase |—> 1. Searchin TLB by page number (bits 47-12)
(bits 47-39) (PML4E.Addr, 40 bits) | (R/W, If found, return address & rights, attrs
2. Search in PDE cache by bits [47-21]
If found, return PDE.Addr & flags
PDPTE cache 3. Search in PDPTE cache by bits [47-30]
|PML4 ind. | PDPT ind. | Physical address Flags If found, return PDPTE.Addr & flags
If found, return PML4E.Addr & flags
Worst case | —> 5. Traverse paging-structure hierarchy
PDE cache CR3 -> PMLA4E -> PDPTE -> PDE -> PTE
|PML4 ind.|PDPT ind.|PDT ind.| Physical address Flags l
(bits 47-21) (PDE.Addr, 40 bits) | (R/W, U/S, ...)

Physical address
(52 bits)




Invalidation of TLBs and Paging-Structure Caches

= [poueccop co3gaet 3anucu B TLB n paging-structure caches (PSC)
NPU TPAHCAALUN IMHENHDbIX a4 pecos

= 3anucu n3 TLB n PSC moryT ncnonb3oBaTtbCa Aaxke, ecnm tabamnupbi
PMLAT/PDPT/PDT/PT usameHnAUCb B NaMATH

= OnepauMoOHHAA CUCTEM O0/IXKHA AeNaTb HeaeucTBUTe/IbHbiIMU
(invalidate) 3anucu B TLB 1 PSC, nnpopmaumua o KOTopbix U3MEHUNAACb
B Tabnuuax PMLAT/PDPT/PDT/PT

" UHCTPYKUMUM aHHYAMpPOBaHuA 3anucei B TLB u PCS:

INVLPG LinearAddress

INVPCID

MOV to CRO — invalidates all TLB & PCS entries

MOV to CR3 —invalidates all TLB & PCS entries (if CR4.PCIDE = 0)
MOV to CR4

Task switch

VMX transitions




MouncK 3anucu B Kelwl-namaTu npoLeccopa

Physical address
|

= [owmck 3anucum B L1: Hawnum 3anuck (L1 cache hit) —
BO3BpallaemM AaHHble

= [L1 cache miss] L1 kew obpawiaetca B L2
M 3aMeLLL.aeT NONYYEHHOM CTPOKOW O4HY UX CBOUX
3anucemn (replacement), gaHHbIE NepeaaloTCa HUXKe

= [owmck 3anucum B L2: Hawnum 3anuck (L2 cache hit) —
BO3Bpallaem 3anucb B L1

= [L2 cache miss] L2 kew obpawiaetca B L3
M 3aMeLLL.aeT NONY4YEHHOM CTPOKOW OAHY UX CBOUX
3anucem (replacement), 3anucb nepegaetca s L1

* [owuck 3anucu B LN: Hawnu 3anuck (LN cache hit) —
BO3BpaLLaem 3anucb B L{N-1}

= [L{N-1} cache miss] LN kew obpauiaetca 8 DRAM
M 3aMeLl,aeT ogHYy U3 CBOUX CTPOK (replacement),
3anucb nepepaetca B L{N-1}

Register

A

\ 4

L1 Cache

LN Cache

A

Y

DRAM




CTPYKTYpHasa opraHM3auuna Kew-namsaTu

t bits S bits b bits
| [ [ | MHoOXecTBeHHO-accouuaTMBHanA
-1 0
< v / v % v 4 Kew-naMmsaAaTb
Tag Set index Block offset

Phys. addr.

1 valid bit ttag bits B = 2° bytes

Kew cogeput S = 25 perline perline  ,or cache block

i L] ¥ A R A ™
MHoOXecTB (sets)

Valid Tag 0| 1 - |B—1
Kaxaoe MHOXeCTBO COAEPHMUT Set 0: E lines per set
E ctpok/3anuceit (cache lines) Valid Tag o1 /|- ---|B-1
Karkgaa cTpoka coaepXuT nonsa o SE —
valid bit, tag (t 6UT) U 610K OaHHbIX 2 [EE : S L
(B = 2 Gaiir) Setir| -

Valid Tag 0| 1 .- |B—1
[aHHble Mexay Kel-NamaTbto
N onepaTMBHOM NAMATHIO
nepeaatotca 610kamu no B 6ant Valid Tag ol 11 ---1B-1
(cache lines) Set S—1: :
. - valid| [ Tag o[1]--- [B-1

[lonesHbIN™ pasmep Kew-namaTu
C=S*E*B Cache size: C = B X E X Sdata bytes

Randal E. Bryant, David R. O'Hallaron. Computer Systems: A Programmer's Perspective. - Addison-Wesley, 2010



MeTtoabl otobpakeHna agpecos (mapping)

Reg
file Cache memory

(fast)
c P U OxXDEADBEAF

% Tag Data block Flag

B Kakon 3anucu Kew-namaTtm
pa3melleHbl gaHHblE C aapecom
OXDEADEAF ?

// Read: Memory -> register
movl (OxDEADBEAF), %eax

= Metog oTobparkeHna agpecos (mapping method) —
MeTo/, CONocTaBAeHUA GU3NYECKOMY aJpecy 3annucu B Kel-namaTu

=  Buabl meToaoB oTobparkeHnAa (napamertpbl Kew-namaTtu S, E, B):

(d MHoxecTBeHHO-accoumnaTuBHoe oTobparkeHue (set-associative mapping)

O Mpamoe otobparkeHue (direct mapping) — B Kaxkaom myxectse (set)
no ogHoun 3anucu (E = 1, none Tag He TpebyeTcs, TonbKo Set index)

O NonHocTblo accoumnaTusHoe otobpaxenue (full associative mapping) — ogHo
MHoOXecTBO (S =1, none Set index He TpebyeTca, TonbKo Tag)



3arpy3ka AaHHbiIX U3 namatu (Load/read)

Reg
file Cache memory
(fast)
%ebx Tag | DTta block Flag
32-bit

// Load from memory to register
movl (%rax), %ebx

DRAM
(slow)

Cache 1line
(~64 bytes)

Data block

if <bnok ¢ agpecom ADDR B Kew-namATu> then

/* Cache hit */

<BepHyTb 3Ha4eHne U3 Kew-naMATU>

else

/* Cache miss */

<3arpy3uTb 670K AaHHbLIX U3 Kew-namATU cneaywwero ypoBHA (nub6o DRAM)>
<Pa3mecTuUTb 3arpyxeHHoli 670K B OOAHOW M3 CTPOK Kew-namaATu>
<BepHyTb 3Ha4deHuMe M3 Kew-namAaTu (3arpyxeHHoe)>

end if




3arpys3Ka AaHHbIX 3 namatu (Load/read)

t bits s bits b bits

| [ [ | MHoOXecTBeHHO-accouuaTMBHanA
-1 0
< v / % 4 Kew-naMmsaAaTb
Tag Set mdex B.-‘ock offset

é 6 é 1 valid bit ttag bits

Phys. addr.

: _ B = 2° bytes

perline perline  per cache block

r'_A_\ L A I A ™
Valid Tag o1 |--- (B-1

Set 0: : E lines per set
Valid Tag o1 |--- (B-1
Valid Tag o1 |--- (B-1
» Set 1:

Valid Tag o1 |--- (B-1

1. Bbibupaetca ogHo 13 S mHoxecTB (no nonto Set index)

2. Cpeaum E 3annceit MHOXeCTBa OTbICKMBAETCA CTPOKaA € Tpebyembim nonem Tag
M ycTaHoBeHHbIM 6uTtom Valid (Hawnm — cache hit, He Hawnu — cache miss)

3. [daHHble n3 6,10Ka cYnTbIBaAOTCA € 3afaHHbIM cmelleHmnem Block offset

Randal E. Bryant, David R. O'Hallaron. Computer Systems: A Programmer's Perspective. - Addison-Wesley, 2010



3amelueHume 3anucen Keww-namaTm

2-way set associative cache:

' Tag Word@ | Wordl | Word2 | Word3
Seto
Setl

1 0001 15 20 35 40
Set2

1 0011 1234 | 1222 | 3434 | 896
Set3

Mpomax npwu 3arpy3Ke AaHHbIX

// Load from memory to register
movl (40), %eax

= B KaKylo cTpoKy (way) mHoXKecTBa 2

3arpy3sutb 610K ¢ agpecom 40?

= Kakylo 3anucb BbITeCHUTDb (evict)
u3 Kew-namatm 8 DRAM?

Memory:

0-3

Wordo

Word1l

Word2 | Word3

4-7

8-11

12-15

16-19

20-23

b 24-27

15

20

35 40

28-31

32-35

36-39

 40-43

12

2312

342 | 7717

44-47

48-51

52-55

» 56-59

1234

1222

3434 | 896

60-63

64-67

68-71

Address 40:

Tag: 000010,

Index: 10,

Offset: 00,

Address 24:

Tag: 000001,

Index: 10,

Offset: 00,




ANropuUTMbIl 3aMeLLLeHUA 3anucen Kell-namaTu

= Anroputmbl 3amewleHuna (Replacement policy)
TPebyoT XpPaHEHMA BMECTE C KaXXJ0M CTPOKOM
Kew-namaTn cneumannsnposaHHoro nona ¢aaros/mcropumn

= Anroputm L. Belady — BbiTecHsieT 3anucb, KoTopas
c 60/1bLLION BEPOATHOCTbIO HE NOHAA06UTLCA B byayLuem

= LRU (Least Recently Used) — BbiITecHAeTCcA CTPOKY
HEMCNob30BaHHYO A0/bLUE BCEX

= MRU (Most Recently Used) — BbiITeCHAET nocneaHoo
MNCMONb30BaHHYIO CTPOKY

* RR (Random Replacement) — BbiITecHAET cay4anHytO CTPOKY

25



3anucb AaHHbIX B namaATb (store/write)

CPU

Reg
file

%eax

// Write from register to memory
movl %eax, (%rbx)

Cache memory
(fast)

Tag

Data block

Flag

a

32-bit

2

Main memory
(slow)

Cache 1line
(~64 bytes)

* Monutukum 3anucu (Write policy) onpegenstor:

d

d

Data block

Koraa AaHHble A0XHbI ObITb NepeaaHbl U3 Kell-NamaTu
B onepaTUBHYIO NamMATb

Kak gomkHa Bectn ceba Kew-namatb npu cobbitum “write miss” —
3aMNnCb OTCYTCTBYET B KELL-NaMATH




Anroputmbl 3anmucu B Kew (write policy)

MonAnTtuUKa noBeaeHUA Kelw-NnamMATU B CUTyaLumn
“write hit” (3anncb umeertca B Kews-namaATu)

* Monutuka Write-through (ckBo3Has 3anuncb) — Kaxaan 3anmnchb B Kell-
NamMsaATb B/ieYyeT 3a cobot 06HOBIEHUE AaHHbIX B KelWw-NamMaTn U
onepaTuBHOM NamATU (Kew “oTKatovaetca” ana 3anucu)

* [Monutnka Write-back (otnoxkeHHas 3anucb, copy-back) —
NepBOHAYa/IbHO AAaHHbIE 3aNMCbIBAOTCA TOIbKO B KELL-NaMATb

"  Bce n3ameHeHHble CTPOKU KeLl-MamMaTM NomeyatoTca Kak “rpasHbie” (Dirty)

= 3anMcb B NamMATb “rpA3HbIX” CTPOK OCYLLECTBAAETCA NPU UX 3aMeELLEHUN
AN cneymanbHomy cobbituio (lazy write)

"  BHMMaHME: YTEHNE MOKET NOB/EeYb 33 COOOM 3anNnCb B MaMATb

O Mpwu yteHnn Bo3HMK cache miss, AaHHble 3arpy’»KatoTca U3 Kell-namsaTU BEPXHEro
ypoBHs (nmb6o DRAM)

O Hawnu cTpoKky ana 3amelleHns, ecnm enar dirty = 1, 3anucbiBaem eé AaHHble B NamATb
U 3anucbiBaem B CTPOKY HOBblIE AaHHbIE



Anroputmbl 3anmucu B Ko (write policy)

Monutuka noBeaeHUA Keww-NamaTu B CUTYaLLUM
“write miss” (3anucn He oka3anocb B Kew-NamaTH)

=  Write-Allocate

1. B Kew-namATu BblAeNAETCs 3anmcb (3TO MOXKET NPUBECTU K BbIFPY3Ke B
NamATb CTapoM 3anuncu)

2. [aHHble 3arpyrKatoTca B BblAeNEHHYIO CTPOKY (Npn HeobxoanmocTum
3anmMcb nomeyaeTca Kak “dirty”)

= No-Write-Allocate (Write around)

= [laHHble He 3aNUCbIBAlOTCA B KELW-NAMSATb, CPa3y NepeaaroTca B
onepaTMBHYIO NamMATb (Kew paboTaeT ToNbKO AN onepaumusa YTeHUs)

=  YacTto ncnonb3yoTca cneayrowme KombuHauun:
L Write-back + Write-allocate

L Write-through + No-write-allocate
28



lMoka3aTtenu aPpPeKTUBHOCTU KeLl-NMnamaAaTHU

Cache latency — Bpema goctyna K AaHHbIM B Kewl-namaTtu (clocks)

Cache bandwidth — Konnyectso 6anT nepenaBaemblix
33 TaKT MeXAay Kel-NamATbio U BbIYUCAUTENIbHBIM AAPO0OM
npoueccopa (byte/clock)

Cache hit rate — oTHOLWEHNA Yncna ycneLwHbIX YTEHUW AAHHbIX U3
Kew-namaATu (6e3 npomaxos) K obLemy Konnyectsy obpalleHum
K Kew-namaTu

N .
HitRate = CacheHit

Access

0 < HitRate < 1
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Mpumep: 4-way set associative cache

=  PaccMmoTpuMm 4-X KaHanbHbIN (4-way) MHOXeCTBEHHO-ACCOLMATUBHbIN
L1-kew pa3mepom 32 KiB c annHom ctpoku 64 6anT (cache line)

= B KaKoM 3anucu Kew-namaTtu byayTt pa3amelleHbl AaHHble AnA
du3nyeckoro agpeca aganmHon 52 6mut: 0OxOOOOOFFFFAB6G4?

=  KonuyecTtBo 3anucent B Kew-namatn (Cache lines): 32 KiB / 64 =512
=  KonunyectBo mHoxecTB (Sets): 512 /4 =128

= KarkJoe MHOMKeCTBO coaepXuT 4 KaHana (4-ways, 4 lines per set)

* [lone cmeweHuns (Offset): log,(64) = 6 6uTt

" [lone Homep mHoxecTBa (Index): log,(128) = 7 but

= [loneTag:52—-7-6=356ur

Tag: 39 6ur Set Index: 7 6ur | Offset: 6 6ur
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Mpumep: 4-way set associative cache

Physical Address (52 bits):

Tag (39 bit)

Set Index (7 bit)

Cache (4-way set associative):

Tag0 Cache line (64 bytes)
Tagl Cache line (64 bytes)
SetO :
Tag2 Cache line (64 bytes)
Tag3 Cache line (64 bytes)
Tag0 Cache line (64 bytes)
Tagl Cache line (64 bytes)
Set1l :
Tag2 Cache line (64 bytes)
Tag3 Cache line (64 bytes)
Tag0 Cache line (64 bytes)
Tagl Cache line (64 bytes)
Set 127 _
Tag2 Cache line (64 bytes)
Tag3 Cache line (64 bytes)

Offset (6 bit)




Mpumep: 4-way set associative cache

Address: 0x0O0000FFFFAB64 =11111111111111111010101101100100,

Tag: 1111111111111111101 | Set Index: 0101101 =45, Offset: 100100 = 36,,

Cache (4-way set associative):

Tag0 Cache line (64 bytes)
Tagl Cache line (64 bytes)
Set 45
1111111111111111101 [Start from byte 36, ...
Tag3 Cache line (64 bytes)

= Ter1111111111111111101 morkeT HaxoauUTcA B 1t06OM U3 4 KaHaNoB
MHOXecTBa 45
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NMpumep: yTeHne U3 NAMATH

B nporpamme nmeetca maccus int v[100]
ObpaTtnance K anemeHTy v[17], dnU3nyeckmumn agpec KOToOporo:
OxO0000FFFFAB64=11111111111111111010101101100100,

Tag: 1111111111111111101 | Set Index: 0101101 =45, Offset: 100100 = 36,

" B Kew-namaATb byaeT 3arpy*keH 610K n3 64 6anT C Ha4Ya/IbHbIM aAPECOM:
OxO0000FFFFAB40=11111111111111111010101101000000,

" B cTpoKe Kew-namatn byayT pasmelleHbl 16 snemeHToB no 4 6anTa (int):
v[8], v[9], v[10], v[11], ..., v[17], ..., v[23]

Cache (4-way set associative):

Tag0 Cache line (64 bytes)
Tagl Cache line (64 bytes)
Set 45
1111111111111111101 v[8], v[9], ..., v[17], ..., v[23]
Tag3 Cache line (64 bytes) ;




Cache line split access

Yro 6ypeTt ecnm npoumntatb 4 6aiiTa HauMHaAA € agpeca
Address: 0xO0000FFFFAB64 =11111111111111111010101101111110,

Tag: 1111111111111111101 | Set Index: 0101101 =45,

Offset: 111110 = 62,,

Cache (4-way set associative):

Tag0 Cache line (64 bytes)
Tagl Cache line (64 bytes)
Set 45
1111111111111111101 [0, 1, ..., 62, 63]
Tag3 Cache line (64 bytes)
Set 46 :
1111111111111111101 [0, 1, ..., 63]

2 6aiiTa HAXO4ATCA B APYroun CTPOKe Kel-namaTu
(set =0101110, = 46, offset = 0)

Cache line split access (split load)
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MHoroyposHeBas Kewl-namMaTb

" Inclusive caches — gaHHble, NpUCYTCTBYIOLWME B KELL-NAMATH
L1, 06a3aTenbHO A0/IKHbI MPUCYTCTBOBATbL B Kew-namaATtn L2

= Exclusive caches — Te e cambie AaHHble B OANH MOMEHT
BPEMEHU MOTYyT PacnoiaraTtbCs TO/IbKO B OAHOW U3 KelLll-
namatn — L1 nam L2 (Hanpumep, AMD Athlon)

= HeKoTopble npoueccopbl 4ONYCKAKOT O4HOBPEeMEHHOoe
HaxoXXaeHue AaHHbIX U B L1 n B L2 (Hanpumep, Pentium 4)

= |ntel Nehalem:
L1 not inclusive with L2; L1 & L2 inclusive with L3
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Intel Nehalem

= L1 Instruction Cache: 32 KiB, 4-way set associative, cache line 64 6anTa,
OZIUH NOPT A0CTYNa, pa3aenaeTca ABYyMs annapaTHbIMU NOTOKaMM
(npwn BkAtoueHHom Hyper-Threading)

= L1 Data Cache: 32 KiB, 8-way set associative, cache line 64 6anTa,
OZIMH NOPT A0CTYNa, pa3aenaeTca AByMs annapaTHbIMU NOTOKaMM
(npn BKkAtoyeHHom Hyper-Threading)

= L2 Cache: 256 KiB, 8-way set associative, cache line 64 6anTa,
unified cache (a41a UHCTPYKUKUI N AaHHbIX),
write policy: write-back, non-inclusive

= L3 Cache: 8 MiB, 16-way set associative, cache line 64 6auTa,
unified cache (18 UHCTPYKUMI N aaHHbIX), write policy: write-back,
inclusive (ecnn gaHHble/MHCTPYKUMKM ecTb B L1 naun L2, To oHm byayT
HaxoauTca u B L3, 4-bit valid vector)
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Cache-Coherence Protocols

KorepeHTHOCTb Kew-namaATu
(cache coherence) — cBoincTBO
Kel-namaATKn, o3Havatollee

Shared memory

COMMacCoBaHHOCTb AaAdHHDbIX,
XPaHALWNXCA B TIOKAJ/IbHbIX KELWIAX,

|

C AaHHbIMU B OI'IepaTVIBHOﬁ NaMmATU

Coherency

Cache [«------------ » Cache

MpoToKonbl Nnoaaep:KKU KOrepeHTHOCTU Kelleun

d MmSlI

MESI

MOSI

MOESI (AMD Opteron)

D 00D

Intel Nehalem (via QPI)

MESI+F (Modified, Exclusive, Shared, Invalid and Forwarding):
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Intel Core i7 address translation

32/64 L2.L3 d
CPU ,L3,an
Result - main memory
Virtual address (VA) i
36 12 T
L VPN [ VPO ¢ L1
I L," miss
hit
32 4
TLBT | TLBI
| L1 d-cache
‘ 1 1 TLB (64 sets, 8 lines/set)
— hit -
TLB . -
miss :
e | [ [ ] CI T T T 1T T 11—
L1 TLB (16 sets, 4 entries/set)
9 9 9 9 40 | 112 40 6 6
L\:rpm vPN2 | veN3 | vPNa PPN PPO | mmmmp [ cT [cl]cO
1 Physical
CR3 —- - address
~|PTEL-{PTE| +{PTE PTE
Page tables

Randal E. Bryant, David R. O'Hallaron. Computer Systems: A Programmer's Perspective. - Addison-Wesley, 2010



Intel Nehalem

= L1 Cache:
32 KiB Kew MHCTPYKLUUN,
32 KiB Kew AaHHbIX

D-Cache D-Cache

= |2 Cache: 256 KiB kew l I

= L3 Cache: 8 MiB, 256K 256K
ob6LWwMit Ana Bcex agep npoleccopa Cache  Cache

I —
8 MB Last Level Cache
S —————

Nehalem Caches (Latency & Bandwidth)

L1 Cache Latency 4 cycles (16 b/cycle)
L2 Cache Latency 10 cycles (32 b/cycle to L1)
L3 Cache Latency 52 cycles




Intel Sandy Bridge

= L0 Cache: Kew ans 1500 geKoanpoBaHHbIX MUKpoonepauun (uops)

= L1 Cache: 32 KiB kew nHctpykummn, 32 KiB kKew AaHHbIX
(4 cycles, load 32 b/cycle, store 16 b/cycle)

= L2 Cache: 256 KiB (11 cycles, 32 b/cycle to L1)

» LLC Cache (Last Level Cache, L3): 8 MiB, obwunin ana scex agep
npoLeccopa 1 aaep nHrerpuposaHHoro GPU! (25 cycles, 256 b/cycle)

| Processor. [ S
. Graphicsh: [=Sas

Controller

h ' il -,'L' T L "'TT 1T i Tt T ] T - - -— - ."ﬂi.'l"Ud.l"ﬂg
LS 1. ¢ ligiisi o oiStsy Eeiiad vl Display;
i DMI and
Mise. 170

lzlllll.llllllllrj oy : 1. - JoE
0000 .,:;!“Memury Controllerl!ﬂ 40



Intel Haswell

= L1 Cache: 32 KiB Kew nHcTpyKumm, 32 KiB Kew AaHHbIX
(4 cycles, load 64 b/cycle, store 32 b/cycle)

= L2 Cache: 256 KiB kew (11 cycles, 64 b/cycle to L1)

= LLC Cache (Last Level Cache, L3): 8 MiB,
obwmim ponAa Bcex agep npoueccopa v Aaep UHTerpmposaHHoro GPU

System |
Agent,

Display |
Engine & |

Processor Memory |

Graphics e 4 T L] S TLIOME]  T LSRR Controller B

including -
Display, PCle &

 shared L3 Caches AL i




AMD Bulldozer

= L1d: 16 KiB per cluster; L1i: 64 KiB per core
= L2:2 MiB per module
= L3:8MiB

HyperTransport™ PHY Misc 1O

ARt “RnT 2MB 2MB
BD BD
Core Core ' k2Cache L2 Cache

AHd woHodsuel ] jadAiy

8MB L3 Cache

“‘BD" “BD" 2MB 2MB
Core Core L2Cache8 |2 Cache

AHd wiHodsuel] sadAH

llBDl:‘

Core

JI.B Drl
Core

HyperTransport™ PHY Misc 10

o
)
a
w
0
-y
-
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AMD Bulldozer Cache/Memory Latency

- = = Main Memor
Cache Cache Cache (clocks) y
(clocks) | (clocks) | (clocks)
AMD FX-8150 (3.6 GHz) 4 21 65 195
AMD Phenom Il X4 975 BE
1 182
(3.6 GHz) 3 > >9 8
AMD Phenom Il X6 1100T
(3.3 GHz) 3 14 55 157
Intel Core i5 2500K (3.3 GHz) 4 11 25 148

http://www.anandtech.com/show/4955/the-bulldozer-review-amd-fx8150-tested
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Windows CPU Cache Information (CPU-2)

[ cruz || B[S = L1 Data:
CPU |Can::he5 | Mainboard I Memary I SPD I Graphics I About I
—Processor 32 KB' 8_Way
Mame | Intel Sandy Bridge .
Code Mame | Brand |0 | ' II'ItEl u LZ
Package o cider 256 KB, 8-way
Technology | 32 nm Care Yaltage | IﬂSl‘dE ’
Specification | Intel(R) Core(TM}) i5-2520M CPU @ 2.50GHz
Famil'].-'| 6 Model | A Stepping | 7
Ext. Family | 6 Ext. Model | 24, Revizion |
Instructions | MMX, SSE (1, 2, 3, 35), EMB4T

— Clocks (Core #0) |, —Cache
Core Speed | 24952MHz ||| L1Data | 32KBytes | B-way
huttiplier | B[ L1inst | |
Bus Speed | I|| Levelz | 256KBytes | B-way VHpopmauua o cTpyKType
Rated FSB | 1| Levels | | Kew-namaT MOXKeT bbITb
e —— MoNyYeHa MHCTPYKUuen
Selection IF'ru:u::essur #1 j Cores |T Threads |T ‘ CPUID

validate | oK

C PU-Z Wersion 1.55
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GNU/Linux CPU Cache Information (/proc)

$ cat /proc/cpuinfo

processor
model name
stepping

microcode
cpu MHz

physical id
siblings
core id

Cpu cores
apicid

initial apicid :

bogomips
clflush size

address sizes

: 0

: Intel(R) Core(TM) i5-2520M CPU @ 2.50GHz
2 7

. Ox29

: 2975.000

: 64

: 36 bits physical, 48 bits virtual




GNU/Linux CPU Cache Information (/sys)

/sys/devices/system/cpu/cpu@/cache

index@/
coherency line _size
number_ of sets
shared cpu list size
ways_of associativity
level
physical line partition
shared cpu _map
type

index1/

index2/




GNU/Linux CPU Cache Information (SMBIOS)

# dmidecode -t cache
SMBIOS 2.6 present.
Handle ©0x0002, DMI type 7, 19 bytes
Cache Information
Socket Designation:
Configuration: Enabled, Not Socketed, Level 1
Operational Mode:
Location: Internal
Installed Size: 64 kB
Maximum Size: 64 kB
Supported SRAM Types:
Synchronous
Installed SRAM Type: Synchronous
Speed: Unknown
Error Correction Type: Single-bit ECC
System Type: Data
Associativity:

Handle ©0x0003, DMI type 7, 19 bytes

Cache Information
Socket Designation:
Configuration: Enabled, Not Socketed, Level 2
Operational Mode:




CPU Cache Information

// Microsoft Windows

BOOL WINAPI GetLogicalProcessorInformation(
_Out_ PSYSTEM LOGICAL PROCESSOR_INFORMATION Buffer,
_Inout_ PDWORD ReturnLength

)5

// GNU/Linux
#include <unistd.h>
long sysconf(int name); /* name = _SC _CACHE_LINE */

// CPUID
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I'IporpaMMH blé CUMYNATOPDLI KelWl-NaMATU

= SimpleScalar (http://www.simplescalar.com)

[ Cumynatop cynepckanspHoro npoueccopa ¢ BHeovyepeaHbIM
BbIMO/IHEHWEM KOMAHA

 cache.c — peannsaumm nornkm paboTbl Kew-NnamaATK
(byHKuma int cache_access(...))

= MARSSx86 (Micro-ARchitectural and System Simulator for x86-based
Systems, http://marss86.org)

= PTLsim — cycle accurate microprocessor simulator and virtual machine for
the x86 and x86-64 instruction sets (www.ptlsim.org)

= MARS (MIPS Assembler and Runtime Simulator)
http://courses.missouristate.edu/kenvollmar/mars/

= CACTI - an integrated cache access time, cycle time, area, leakage, and
dynamic power model for cache architectures
http://www.cs.utah.edu/~rajeev/cacti6/ 49
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http://courses.missouristate.edu/kenvollmar/mars/
http://www.cs.utah.edu/~rajeev/cacti6/

CymmunpoBaHu1e 3/1eMeHTOB MacCUBa

int sumarray3d_def(int a[N][N][N])

{
int i, j, k, sum = 0;
for (i = 0; 1 < N; i++) {
for (j = 0; j < N; j++) {
for (k = 0; k < N; k++) {
sum += a[k][1i][3];
}
}
}
return sum;
}

Maccus a[3][3][3] xpaHuTcAa B namaATH cTpOKa 3a cTpoKoi (row-major order)

Reference pattern: stride-(N*N)

Address 0 | alo][o][o] | a[o][0][1] a[0][1][0] | a[O][1][1] | a[O][1][2] | a[O][2][0] | a[O][2][1] | a[O][2][2]
36 | a[1][0][0] | a[1][0][1] a[1]{1][0] | a[1]{1]{1] | al1][1][2] | al1][2][0] | al1][2][1] | a[1][2][2]
72 | al2][0][0] | a[2][0][1] a[2](1][0] | al2](1][1] | al2](1][2] | al2][2][0] | al2][2][1] | al2][2][2]




CymmunpoBaHu1e 3/1eMeHTOB MacCUBa

int sumarray3d_def(int a[N][N][N])

{

int i, j, k, sum

for (

i=

9;

O; 1 < N; i++) {

for (j = 0; j < N; j++) {

}
}

return sum;

for (k = 0; k < N; k++) {
sum += a[i][j][k];

}

Maccus a[3][3][3] xpaHuTcAa B namaATH cTpOKa 3a cTpoKoi (row-major order)

Reference pattern: stride-1

Address 0 | alo][o][o] | a[o][0][2] | a[0][0](2] | a[0][1][0] | a[0][1][1] | a[0][1][2]
36 | a[1](o][0] | a[1][0](1] | a[1][0][2] | a[1][1]0] | al1][1][1] | a[1][1][2] | a[1](2][0] | al1][2]1] | al1](2][2]
72 | al2][o][0] | a[2][0][1] | a[2][0][2] | a[2][1][O] | al2][1][1] | al2][1][2] | al2][2][0] | al2]2](1] | a[2][2](2]




YMHoXeHune matpuy, (DGEMM) v1.0

for (1 = 0; i < N; i++) {
for (j = 0; j < N; j++) {
for (k = 0; k < N; k++) {

¥

¥

c[i][J] += a[i][k] * b[k][]];

DGEMM -

Double precision GEneral Matrix Multiply

Of¢= 7|7 | @

[o]] L ]] 1] 1]
- ] M -~
* L !

HEES o HE]




YMHoXeHune matpuy, (DGEMM) v1.0

b

d

OI O O) 1 O; 2 O, N'l
1) O 1) 1 1; 2 1, N'l
i,0 i,1 i,2 i, N-1
= Read a[1, 9] cache miss
= Read b[O, 7] cache miss
= Read a[1, 1] cache hit

= Read b[1l, 7] cache miss
= Read a[1, 2] cache hit

= Read b[2, 7] cache miss

0,0 0,1
1,0 1,1
2,0 2,1
N-1,0 | N-1,1

N-1, j

c[i][J] += a[1][k] * b[k][]];
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YMHoXeHune matpuy, (DGEMM) v2.0

for (1 = 0; i < N; i++) {
for (k = 0; k < N; k++) {
for (j = @5 j < N; j++) {
c[i][J] += a[i][k] * b[k][]j];
}

} a b

[locTyn no agpecam, NnocnenoBaTe/ibHO
pacnonoeHHbIM B namaATu!

54



YMHoO}XeHune matpuuy, (DGEMM)

* [lpoueccop Intel Core i5 2520M (2.50 GHz)
GCC4.8.1

CFLAGS =-00 -Wall —¢g

N =512 (double)

DGEMM v1.0 DGEMM v2.0

Time (sec.) 1.0342 0.7625

Speedup - 1.36




YMHoXeHune matpuy, (DGEMM) v3.0

for (i = 0; i < n; i += BS) {
for (j =0; j < n; j+= BS) {
for (k = 0; k < n; k += BS) {
for (i@ =0, cO = (c+ 1 *n+ j),
a0 = (a+1 *n+ k); 10 < BS;
++i@, c® += n, ad += n)

for (k6 = 9, b0 = (b + k * n + j);
ko < BS; ++k@, b@ += n)

{
for (jO = ©; jO < BS; ++j0) {
co[jo] += ao[ke] * bo[jo];

BAOYHDbIV ANTOPUTM YMHOXKEHUA MaTpuUL
} MoamaTpuULbl MOTYT MOMECTUT B KELL-NaMATb
} (Cache-oblivious algorithms)




YMHOXeHue martpuy,

* [Ipoueccop Intel Core i5 2520M (2.50 GHz)
GCC4.8.1

CFLAGS =-00 -Wall —g

N =512 (double)

DGEMM v1.0 DGEMM v2.0 DGEMM v3.0
Time (sec.) 1.0342 0.7625 0.5627
Speedup - 1.36 1.84

* DGEMM v4.0: Loop unrolling, SIMD (SSE, AVX), OpenMP, ... 57



NMpodpunmnposanue DGEMM v1.0

$ perf stat -e cache-misses ./dgemm-vil
Elapsed time: 1.039159 sec.

Performance counter stats for './dgemm-v1':

3.739953330 seconds time elapsed
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NMpodpunuposaHne DGEMM v3.0

$ perf stat -e cache-misses ./dgemm-v3
Elapsed time: ©.563926 sec.

Performance counter stats for './dgemm-v3':

2.317988237 seconds time elapsed
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OnTtumusauyuma cTpykrtyp |

struct data {
int a;
int b;
int c;
int d;

s

/*
/*
/*
/*

struct data *p;

for (1
p[i].a

¥

b pDH

S O O O0

Q)

Q OV L

oy S S . ¢
4 4 4 4
O vV O QD

O; 1 < N; i++) {
p[i].b;

*/
*/
*/
*/

// WCcnonb3ywTcA TONbKO a U b

Cache line (64 6aiTa) nocne uteHua p[0].b:

b

C

d

d

b

C

d

d

b

C
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OnTtumusauyuma cTpykrtyp |

// Split into 2 structures
struct data {
int a; /* 4 6aunTta */
int b; /* 4 6aunTta */
¥

struct data *p;

for (i = @; i < N; i++) {
p[i].a = p[i].b;

¥

Cache line (64 6auTa) nocne yuteHua p[0].b:

bla|/b|a|b|a|b|la|b]|a




OnTumunsauuma cTpykryp |

// Split into 2 structures
struct data {
int a; /* 4 6aunTta */
int b; /* 4 6aunTta */
¥

struct data *p;

Speedup 1.37

N=10* 1024 * 1024

GCC 4.8.1 (Fedora 19 x86_64)
CFLAGS =-00-Wall —g

Intel Core i5 2520M

for (i = @; i < N; i++) {
p[i].a = p[i].b;

¥

Cache line (64 6auTa) nocne yuteHua p[0].b:

bla|b|a|b|lal/b|a|b|a|b|a|b]|a




OnTtumusauusa cTpykryp li

struct data {

char a- Komnunatop
. BbIPaBHMBAET CTPYKTYPY:
* padding 3 bytes *
intpb' 8 Y / sizeof(struct data) = 12
char c;

/* padding: 3 bytes */
}s

struct data *p;

for (1 =0; 1 < N; i++) {
p[i].a++;

}

Cache line (64 6aiiTa):

a b| b|b|bl]c a

System V Application Binary Interface (AMD64 Architecture Processor Supplement) //
http://www.x86-64.org/documentation/abi.pdf
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BbipaBHMBaHUe CTPYKTYP Ha X86

x86
= char (one byte) will be 1-byte aligned.
= short (two bytes) will be 2-byte aligned.
= int (four bytes) will be 4-byte aligned.
= Jong (four bytes) will be 4-byte aligned.
= float (four bytes) will be 4-byte aligned.

= double (eight bytes) will be 8-byte alighed on Windows
and 4-byte aligned on Linux.

= pointer (four bytes) will be 4-byte aligned.

x86_64
= |ong (eight bytes) will be 8-byte aligned.
= double (eight bytes) will be 8-byte aligned.
= pointer (eight bytes) will be 8-byte aligned.

Pasmep CTPYKTYpbl A0NXeH 6bITb KpaTeH pa3mepy camoro 6oabLioro nons



OnTtumusauusa cTpykryp li

struct data {

int b Komnunnatop
char a; BbIPaBHMBAET CTPYKTYPY:
char c; sizeof(struct data) = 8

/* padding 2 bytes */
}s

struct data *p;

for (i = ©; i < N; i++) {
p[i].a++;

¥

Cache line (64 6auTa):

b|b|b|bjJa]|c b|b|b|bJa]|c




OnTtumusauusa cTpykryp li

struct data {
int b;
char a;
char c;
/* padding 2 bytes */

s

struct data *p;

for (1

¥

O; 1 < N; i++) {
p[i].a++;

Cache line (64 6auTa):

Komnunnatop

BblpaBHMBAET CTPYKTYPY:

sizeof(struct data) = 8

Speedup 1.21

N=10*1024 * 1024
GCC4.8.1 (Fedora 19 x86_64)
CFLAGS =-00 -Wall —g

Intel Core i5 2520M

b

b

b

b

d

C
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OnTtumusauyusa cTpykrtyp lll

#tdefine SIZE 65

struct point {

double Xx; /*
double y; /*
double z; /*

int data[SIZE]; /*
}s5

struct point *points;

for (1

= 0; 1 < N; i++)
dli] =

8-byte
8-byte
8-byte
8-byte

{

sizeof(struct point) = 288
(4 6arTa BbIpaBHMBAHMUA)

aligned
aligned
aligned
aligned

*/
*/
*/
*/

sgrt(points[i].x * points[i].x +

points[i].y * points[i].y);
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Ontumusauyuna cTpykryp lli

Cache line (64 6aiTa)

X y Z data[@], data[l], .., data[9]
aouolc y, /7 o-DyLe dllgried ™/
double z; /* 8-byte aligned */

int data[SIZE]; /* 8-byte aligned */
}s

struct point *points;

for (i = ©; i < N; i++) {
d[i] = sqrt(points[i].x * points[i].x +
points[i].y * points[i].y);
}
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OnTtumusauyusa cTpykrtyp lll

struct pointl {
double x;
double y;
double z;

s

struct point2 {
int data[SIZE];

¥

struct pointl *pointsl;
struct point2 *points2;

for (1

= 0; i< N; i++) {
dli] =

sgrt(pointsl[i].x * pointsl[i].x +
pointsl[i].y * pointsl[i].y);




OnTtumusauyusa cTpykrtyp lll

Cache line (64 6aiTa)

X |y |z | X |y |z ]| X

I

struct point2 {
int data[SIZE];

¥

struct pointl *pointsi;
struct point2 *points2;

for (1

= 0; 1 < N; i++) {
d[i] =

sgrt(pointsl[i].x * pointsl[i].x +
pointsl[i].y * pointsl[i].y);




3anucHaa KHWXKa v1.0

#define NAME_MAX 16

struct phonebook {
lastname [ NAME_MAX] ;
[ NAME_MAX] ;

}s

char
char
char
char
char
char
char
char
char
char

firstname

email[16

phonefl@f'

cell[10];

addrl[16];

addr2[16];

city[16];
state[2];
zip[5];

J

J

J

J

struct phonebook

*next;

= 3anncU XPaHATCA
B O4HOCBA3HOM CMUCKe

= Pa3mep CTPYKTypbl
136 6aunT
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3anucHaa KHWXKa v1.0

struct phonebook *phonebook lookup(

{

struct phonebook *head, char *lastname)
struct phonebook *p;

for (p = head; p != NULL; p = p->next) {
if (strcmp(p->lastname, lastname) == 0) {
return p;

}
}
return NULL;
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3anucHaa KHWXKa v1.0

struct phonebook *phonebook lookup(
struct phonebook *head, char *lastname)

{

struct phonebook *p;

for (p = head; p != NULL; p = p->next) {
if (strcmp(p->lastname, lastname) == 0) {
return p;

¥
}

=" [lpn obpaweHnmn K nonto p->lasthname B Kew-namaATb
3arpykatorca nons: firstname, email, phone, ...

= Ha Kaxxgown ntepaumm npomcxoamnt “npomax” (cache miss )
npu yTeHuun nonqa p->lastname
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3anucHaa KHUXKa v2.0

struct phonebook {
char firstname[NAME_MAX];
char email[16];
char phone[10];
char cell[10];
char addrl[16];
char addr2[16];
char City[16] ; = [locnepgoBaTtenbHoOe
char state :2] : pa3M?LLI,EHM€ B NaMATHU
: noneu lastname
char zip[5];

struct phonebook *next; = MaccmB MOXHO caenaTtb
}; ANHAMUNYECKNM
J

char lastnames[SIZE MAX][NAME_MAX];
struct phonebook phonebook[SIZE MAX];
int nrecords;
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3anucHaa KHUXKa v2.0

struct phonebook *phonebook lookup(char *lastname)
{

int i;

for (i = ©0; i < nrecords; i++) {
if (strcmp(lastnames[i], lastname) == @) {
return &phonebook[i];
}

}
return NULL;
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3anucHaa KHuKKa (lookup performance)

= |ntel Corei5 2520M (2.50 GHz)

= GCC4.8.1

= CFLAGS =-00-Wall

= Kosnudectso 3anucen: 10 000 000 (random lastname[16])

PhoneBook Lookup Performance

Linked list (v1.0) 1D array (v2.0)
Cache misses 1 689 046 622 152
(Linux perf)
Time (sec) 0.017512 0.005457

Speedup 3.21
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