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Munxaunn KypHoOCOB



[lpocTpaHCcTBEHHAA U BpeMEHHAs NOKaJIbHOCTb CCbUIOK

* JlokanbHOCTb ccbiNoK (locality of reference)

* [lpocTpaHcTBEHHAA NoKanbHOCTb (spatial locality) — cBoncTBO nporpamMm obpalaTbes
Mo agpecam, HAXOAALWMMCS PSAOOM C TEKYLIMM afapecoM (K MHCTPYKUMAM U AAHHbIM)

= BpeMeHHas nokanbHOCTb (temportal locality) — cBOMCTBO nporpamMm NOBTOPHO
obpalaTbCcs K 0gHOMY Habop aapecoB Yepe3 KOPOTKUIM NMPOMEXXYTOK BpEMEHMU

o temporal data — obnacTb NamMaATH (AaHHbIE), KoTopas byayT BocTpeboBaHa B
6anxxanwem dyayuwem

o non-temporal data — paHHble Nocne MoandUKauum He ByayT BOCTpebOoBaHbI
ANnTeNbHOe BpeMs



[lpocTpaHCcTBEHHAA U BpeMEHHAs NOKaJIbHOCTb CCbUIOK

Memory
\
A
S
A Temporal
o locality
©
O
S
O
Q
(@R
o
<
. Spatial locality —
v[1] (stride-1) —
v[e]

BpemMms (time)

flag = 1,;
for (int 1 = 0; 1 < n; i++) {
s =s + v[i];

b

// s — temporal locality (temporal data)
// V[] — spatial locality (stride-1)
// £flag — non-temporal data



CreHa namatu (memory wall)

100,000
10‘DDD ..................................................................................................................................................................
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s Performance Gap
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1
1980 1985 1990 1995 2000 2005 2010

Year

= C 1986 no 2000 rr. npon3BOANTENBHOCTb NPOLECCOPOB YBENNYNBANACH €XEroaHo Ha 55%,
a NPOM3BOAUTENBHOCTb NOACUCTEMBI NAaMSATM Bo3pacTana Ha 10% B roa

[1] Hennessy J.L., Patterson D.A. Computer Architecture: A Quantitative Approach (5th ed.). - Morgan Kaufmann, 2011. - 856 p.



Intel 64 (Golden Cove uarch, 2021)

ITLB + 32KB Instruction Cache BPU
MSROM Decode uop Cache
| yop Queue
1
| Allocate/Rename/Move Elimination/Zero idiom
Scheduler / Reservation Station
| PO || P1 ” P5 || P& || P10 | P2 P3 P11 P4 P9 P7 P8
AGU AGU AGU STD STD AGU AGU
- - - + - - +
ALU ALU ALU ALU ALU Load Buffer Store Buffer
LEA LEA LEA LEA LEA b 3x256
INT q 2612
Shift MUL MulHI Shift
LD DTLB 24256 | STADTLB
Jmp IDIV Jmp RS
A 3x256
2x512
FMA FMA || Fmas12 =
48 KB DCU
ALU ALU ALU
VEC Shift Shift AMX
1.25 MB Client / 2MB Server MLC
fpDiv Shuffle || Shuffle
FastADD FastADD
SOC

= (Caches
= TLB (iTLB, dTLB), STLB (second-level TLB)
=  Store buffers

Write Combining (WC) buffer

L1 cache (DCU — Data Cache Unit)
L2 cache (mid-level cache, MLQ)

L3 (last level cache, LLC; uncore)



Core Core Core
0 1 2
LAl§IB) || LD Lil{iBj| LD LB} || LD
L2 L2 L2

+t

+

+t

Anbopyc-16C

OCN (On-Chip Network)

+1 |5 2 ‘;
HMU O || HMU 1 ' !
DIR DIR l L3 L3 i

|Bank| __, |Bank|
I i e N A
mc|[mc| [mc][mc| i
0 1 2 ¥ | ;
T I A L
DOR4 SDRAM

PCIE 3iﬂ' ] 1OL
LPL PACH
F1e PHY MUX PCIEMWLCC
Slava F;A:i t t
Core ! PCIE 3.8 [\ cc| EIOH
15 PCS “2 ﬁn i
L1108} | L1D T xieorl
M g gy -
L2 | £ iy Eth 1G
EPIC o lF" %‘i & .
HC Eth 1G l-ﬂg z
1EIOH P
TF g Tl sct 2l M 100 mggﬁ
XBAR
HML 2 HMU 3 I T I t TA 1.0 :
] PCIE 3.0
DIR DIR IPCC 2RC use ___IE Bt
2 (116 or 3.0/2.0 - Jmiis
t t I | 16 2x8) J HDA H -
MC| | MC| [MC|(MC
; ; ; ; E i O
DDR4 SDRAM IPLA IPLB PCIE 3.0/ IPLC

L1: 64 K6anTt paHHble + 128 K6alT KOMaHAbl B KaXXA0M siape
L2: 1 M6anT B Kaxxgom aape, 16 Mb6anT cyMMapHO
L3: 32 M6aunT B npoueccope




CloudBear BI-671 (64 paspagHoe aapo RISC-V)

9 cTaguiiHbIM KOHBENEp C BHeOYepeaHbIM BbINONHEHNEM
KOMaHp,

4-32Kb, 2-8-kaHanbHbIn L1 K3LW MHCTPYKLUI
4-372Kb, 2-8-kaHanbHbiM L1 K3wW AaHHbIX
MHTerpupoBaHHbIin 128Kb-2Mb L2 k3w

npenBapuTenbHag 3arpyska AaHHbiX B L2 k3w ¢
onpepeneHueM wara 3anpocos (stride prefetcher)

nogaepxka Linux

\\
\ PLIC
BI-671 core
CLINT
I-cache D-cache
32KiB 32KiB Debug
L2 cache

Coherency controller

v v 0

AXI AXI AXI
System port  Periph port Front port

IRQs

JTAG

i)



I'Ipou.ecc 3arpy3kKku AaHHbIX U3 NaMATU

// Load: int val = v[2] Logical processor
movq (%rax), %rbx (core)



CrpaHuyHag opraHusaumsa namsaTu

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

!

Logical address

|

Segmentation

Logical processor
(core)

Paging-structure

caches

TLBs

3 ?
: Linear address
;
: Pangng
=
|
Physical address

!

Processor caches

T

:

DRAM




Tpu moaenu ynpasneHus namatoro Intel 64

Flat Model
Linear Address

Segmented Model

Segments

-

Real-Address Mode Model

Offset

Offset (effective address) Address
Logical Spage”
Address Segment Selector o
»

Linear
Address
Space*

e o o e e e e = = = = = = e = e = e - —

Linear -

Linear Address
Space Divided + — — -

I Into Equal
[ Sized Segments | _ _
Ab%?gfs' Segment Selector -
» — —

* The linear address space
can be paged when using the
flat or segmented model.

OcHoBHa4
MOAeNb

Intel 64 and IA-32 Architectures Software

Developer’s Manual (SDM)



Translation: Logical address (SegSel : Offset) --> Linear address (48 bits)
(Vol. 3A Intel 64 and IA-32 Architectures Software Developer’s Manual, Chapter 3 Protected Mode Memory Management)

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

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

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

A=

7

Index (bits 15-3) Tl (3)

RPL (1-0)

—

Logical Address
(or Far Pointer)

Segment ¢

Selector

Offset

| 16bits | | 64 bits ]

Hidden descriptor cache
(Base, Limit, Access)

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

(O - supervisor, 3 - user)

Q Read segment descriptor Check rights

access and limits

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

Linear Address
Space

Global Descriptor
Table (GDT)

| TSS descr. |

Segment

Segment
Descriptor

—h..

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

| LDT descr. |
Null descr.

Segment .~

Base Address

Linear address =
Seg.Base + Offset

(In 64-bit mode Seg.Base = 0)

| Segmentation

~|—> Linear address
- .

— Page

Linear address (48 bits)

(4 KiB, 2 MiB, 1 GiB)



Translation: Logical address (SegSel : Offset) --> Linear address (48 bits)
(Vol. 3A Intel 64 and IA-32 Architectures Software Developer’s Manual, Chapter 3 Protected Mode Memory Management)

# Load from memory Logical Address

b

I
= 1
movq (%rax), %rbx (or Far Pointer) | = Average/best case
¢ | [Nons peckpmMnTopa CerMeHTa YMTaTCs
1
) ! 13 CKpbITOro perncrtpa (Seg.Base, ...
e Select descriptor table Sse?mtent o ” : P P pa (>eg )
TI=0?GTD:LDT " > i
( ) [16bits | [ 64 bits | g = Worst case
.' IleckpunTop cerMeHTa 3arpyxaeTcs
I ~ ~
Segment selector ! M3 oNepaTUBHOM NAMSATU B CKPbITbIN perncTp (TpebyeTcs
(16 bits: CS, DS, SS, ES, FS, GS) ) : TpaHCAAUMS agpeca)
~ N Global Descriptor !
Table (GDT) .
Index (bits 15-3) TI (3) RPL (1-0) ( ;" B 64-6uTHOM pexxuMe cerMeHTaums
|__TSSdescr. | : He ucnonb3yetcs (Seg.Base = 0)
Hidden descriptor cache |
(Base, Limit, Access) Segmern- I
Segment
* Index - Index of a segment descriptor (13 bits) Descriptor
= TI - Table indicator (0 - GDT, 1 - LDT) s - — 1= Tabnuubl 4eCKpUNTOpOB
= RPL - Requested privilege level | LDT descr. | Ling cermeHToB (GDT u LDT)
(0~ supervisor, 3 - user) [ Nultdescr. ] L _ XPaHATCA B ONepaTUBHOMN NaMaTH
-
s : A |_— = TpaHcnaumsa agpeca GDTR/LDTR ocywecTtBnsieTca npu
egmen :
e Read segment descriptor Check rights e Agdres — YCTAHOBKE CErMEHTHOr0 perncTpa u 3arpyske )
access and limits /‘ COOTBETCTBYHOLLErO €My AECKPMMTOPA B CKPbITbIA 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 i



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

Linear Address

19 Jﬁ12 4—KBy1e Page
Physical addr Physical addr (52 bits) =

PTE.Address + Offset

Traversing of paging-structure hierarchy

Read PML4 entry at physical address (52 bits)
ICR3[51-12] LinearAddr[47-39] 000|
If PML4E.P = 0, page fault, load PDP table

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

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

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

47 39 38 30 29 21 20 12 11 0
PML4 Directory Ptr Directory Table Offset
9
PTE -
Page-Directory- PDE (PS = 0) 40
Pointer Table 40 Page Table
Page-Directory
- PDPTE e 1.
A9
—
| A 40 o
— PML4E
. . 3.
- = Page size 4 KiB
L~
alnc = 4 ypoBHS TabnuLy
(PML4, PDP, PD, PT) 4,
3 = Kaxxgasa tabnuua 4 KiB
PML4 (40 bits), PCID (12 bits) (512 x 64 bits) 5. Physical address =

IPTE.Addr[51-12] Offset[11-0]|



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

Linear Address

47 39 38 30 29 21 20 1211 0
PML4 Directory Ptr Directory Table Offset
| & L
P 719 ‘
9 e JE12 4-KByte Page
Physical addr Physical addr (52 bits) =
PTE.Address + Offset
PTE :
Page-Directory- PDE (PS = 0) -
Pointer Table 40 Page Table Traversing of paging-structure hierarchy
Page-Directory
e PDPTE 40 1. Read PML4 entry at physical address (52 bits)
: [CR3[51-12] LinearAddr[47-39] 000|
A9 o If PML4E.P = 0, page fault, load PDP table
X a0 2. Read PDP table entry at physical address
| | | PML4E[51-12] LinearAddr[38-30] 000|
- PMLAE . If PDPTE.P = 0, page fault, load PD table
- i = Average/best case . 3. Read PD table entry at physical address
i i Bce 4 Tabnuubl M CTPaHUUHbIN Kaap ‘?gEEEFES-l(_)lz] L'":af?dfr[?sll OOSLI
. B namstu (0 page faults) ! 12 =18, PEISEIAG (R FEgEElNE
! . 4. Read PT entry at physical address
+ = Worst case E IPDE[51-12] LinearAddr[20-12] 000]
CR3 E B namaTtu HeT Tabnuy, PDP, PD, PT : If PTE.P = 0, page fault, load Page frame
PML4 (40 bits), PCID (12 bits) | M CTPaHMYHOrO Kaapa (4 page faults) ! 5. Physical address =

IPTE.Addr[51-12] Offset[11-0]]



GNU/Linux

= Minor page fault — dusmueckaa ctpaHmua NpUCYTCTBYET B ONEPATUBHOMN NaMATU, HO He OTOOpaXkeHa B
afpecHoe NpoCTPaHCTBO npouecca (obpalleHme K pasgensemon 6ubnanoTekn, MHULMANU3ALMS NaAMATH)

= Major page fault — du3smnyeckas ctpaHmua OTCYTCTBYET B ONEPaTUBHOM MAMSTH, BbINONHAETCS 3arpy3ka m3
danna NoAKavkm (swap) Ha BHELWWHEM XpaHunuLle

$ /bin/time ls /
bin boot cdrom dev etc home 1lib 1ib32 1ib64 1ibx32 lost+found media mnt opt proc root 1run sbin
snap srv swapfile sys tmp usr var

0.00user 0.00system 0:00.00elapsed 100%CPU (Qavgtext+@avgdata 2512maxresident)k
Qinputs+@outputs (@major+ll4minor)pagefaults Oswaps

$ ps -eo min_flt,maj_£flt,cmd
MINFL MAJFL CMD
39261 165 /sbin/init splash

%) 0 [kthreadd]
(%] 0 [rcu_gp]
133930 18 /opt/yandex/browser-beta/yandex browser --type=renderer ...

$ perf stat -e minor-faults,major-faults ls /
bin boot cdrom dev etc home 1lib 1ib32 1ib64 1ibx32 lost+found media mnt opt proc root run sbin
snap srv swapfile sys tmp usr var

Performance counter stats for 'ls /':
94 minor-faults
(%] major-faults



CTpyKTypHasa opraHusauma Kew-namMsaTu

Pasmep kew-namaTtu (KonM4ectBo CTPOK/610KOB C AaHHBIMM)

DyHKUMA oTobpaxeHus (Mapping) — anropuT™M CONOCTaBneHUs GU3MYeCcKoMy agpecy 3anmcu B
Kelw-namsaTu

Anroput™m 3aMewneHuns CTpok (replacement policy) B ciyyae HeXBAaTKM MeCTa B Kel-naMaTu

MoAuTUKa 3anMCKH JAHHDBIX K KELL-NaMsATb — KELWMPOBAHME AAHHbIX MW HEMEIJIEHHAA 3annUch B
OCHOBHYO NamaTb

O6ecneyeHns COrnacoBaHHOrO COCTOSIHMSA AAHHbLIX B KeLW-NaMaTh saep npoueccopoB M OCHOBHOM
namsaTn (NpoToKobl obecnevyeHns KorepeHTHOCTH Kew-namatn MESI, MESIF)



[MTouck 3anucu B Kew-namMAaTU npoueccopa

Physical address
v

Mouck 3anmucu B L1: Hawnu 3anuce (L1 cache hit) - Bo3Bpalwaem gaHHble

[L1 cache miss] L1 kew obpawaetcs B L2
M 3aMeLlaeT NoJlydeHHOM CTPOKOM OLHY UX CBOMX 3anucen (replacement), oaHHble
nepenarTca HUXe

Mounck 3anmncm B L2: Hawnu 3anuce (L2 cache hit) - Bo3spawaem 3anuco B L1

[L2 cache miss] L2 kew obpawaetca B L3
1 3aMeLlaeT NoJlydeHHOM CTPOKOM OOHY UX CBOMX 3anucen (replacement), 3anuco
nepepaetcs B L1

Mowuck 3anucu B LN: Hawnum 3anuck (LN cache hit) - Bo3Bpawaem 3anucs B L{N-1}

[L{N-1} cache miss] LN kew obpawaetca 8 DRAM
M 3aMeLLaeT 04HY U3 CBOMX CTPOK (replacement), 3anucb nepepaetcsa B L{N-1}

Register

}

L1 Cache

I

L2 Cache

ki
}

LN Cache

I

DRAM




CTpyKkTypHasa opraHusauma Kew-namsaTu

t bits s bits b bits
l l |

m—1 0
" Y . 2

Physical address

"

Tag Set index Block offset

= Kew copepxut S = 2° MHOXecCTB (sets)

= Kaxnoe MHOXeCTBO COAEPXKUT
E ctpok (cache lines)

= Kaxpas cTpoka coaepXut 610K 0aHHbIX
(B = 2° 6aiiT) M MeTagaHHble — MONS
valid bit, tag (t 6uT)

= Pasmep Kew-naMaTu (oaHHbIX)
C=S*E*B

MHoOXecTBeHHO-accouMaTUBHas
Kew-namMaTb

1 valid bit ttag bits

B = 2° bytes

per line perline per cache block
A .
(’
Valid Tag 0 | 1 B—1
Set 0O:
Valid Tag 0 | 1 B—1
Valid Tag 0 | 1 B—1
Set 1: f
< Valid Tag o |1 1
Valid Tag 0 | 1 B—1
Set S—1: :
Valid Tag o | 1 B—1
e

Cache size:

C = B X E X Sdata bytes

E lines

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



NMouck 3anucu B Kew-namMaTm ¢ MHOXXeCTBeHHO-acCouMaTUBHOM

dyHKuMel oToOpaXKeHuUs

t bits s bits b bits
Physical address | g [ [ |
Y O o Q-
Tag Set index Block offset

1. o nonto Set index BbIBMpaeTcs ogHO M3 S
MHOXXECTB

2. Cpeaun E 3anucein MHOXeCTBA OTbICKMBAETCS
CTpOKa c TpebyeMbIiM nonem Tag
M yCTaHOBNEHHbIM BuTOM Valid
HanaeHa — cache hit
He HangeHa — cache miss

3. JlaHHble 13 610Ka CYUTBLIBAKOTCA C
3a[aHHbIM CMelleHneM Block offset

MHoOXecTBeHHO-accouMaTUBHas

Kelw-namMaTb
1 valid bit ttag bits B = 2° bytes
per line per line per cache block
——, Fa s ~ sia ™
(’
Valid Tag B | T | o B
Set 0: :
Valid Tag o|1|---|B-1
Valid Tag 0 | T | o= JH=1
GSet 1:
< Valid e Tag o |1 a sl |-

Valid Tag 0O | 1 w191

Set S—1:

Valid Tag o | 1 el | -

Cache size: C = B X E X Sdata bytes

E lines

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



MeTtoabl oTo6paxkeHus aapecoB (mapping)

1 valiq bit ttag !:)its B = 2% bytes
per line perAllne per cac[}e block
5 S—
» [Ipsamoe otobpaxkeHme (direct mapping) - Valid Tag 0|1 |-~ |B-1
< Set 0O: - E lines
B KaXXAOM MYyXecCTBe N0 O4HOM 3anucK | e o T
(E =1, none Tag He TpebyeTcq, ToNbKO Set index)
Valid Tag 0 1 - |B—1
* [lonHoOCTbIO accouMaTUBHOE OTOOpaXkeHue Set 1: :
(full associative mapping) — 04HO MHOXEeCTBO ) Valid Tag B | W eme |EF)
(S =1, none Set index He TpebyeTcq, TONbKO Tag)
i —— .
= MHOXeCTBEHHO-acCcoLMaTUBHOE OTOGpaXKeHHe o 5y [ =
(set-associative mapping) | Vand] [ Tag o111 - [B=1
.

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



YUTeHue AaHHbIX

if <bnok c agpecom ADDR B kew-namaTu> then
/* Cache hit */
<BepHyTb 3HayeHMe M3 Kew-namaTun>

else
/* Cache miss */
<3arpysunTb 610K AaHHbIX M3 Kew-rnaMaTw cregywowero yposHsa (nmbéo DRAM)>
<PasmMecTuTb 3arpyxeHHoln 670K B OAHOM M3 CTPOK Kew-rnaMsaTu (BbITECHUTb CTPOKY)>
<BepHyTb 3HayeHMe M3 kKew-namaTm (3arpyxeHHoe)>

end if

" 13 OCHOBHOM NaMATU B KeLl 3arpyxaeTtcs CTpoka (64B), naxke ecnm B UHCTpYKUUM obpaLleHue
K 4 6anTam

* Y710 AenaTtb eCnu Kew-naMaTb 3anoaHeHa, HET cBOBOAHbIX CTPOK BO MHOXECTBE, KOTOpOoe
COOTBETCTBYeT agpecy?



AJ'II'OpMTMbI 3aMeLleHns 3anucen Kew-namaTu

Anroputm 3aMelleHUa CTPOK Kew-namaTtu (replacement policy) — BblOMpaeT CTpoKy U
yaanseT u3 Kew-namMaTn ang pasMeLLeHus HOBOM 3anmcu

ANropuTMbl TPEOYIOT XpPaHEHUS BMECTe C KaX40M CTPOKOM Kel-MaMsaTH
CneunanmMsnpoBaHHOro nons gnaros/mcropumn (age bits)

LRU (Least Recently Used) - BbiTecHsieTcs HauMeHee BoCcTpeboBaHHY0 cTpoky (2Q, LRU/K)
RR (Random Replacement) — BbiTeCHSET C/ly4anHYO CTPOKY

AnroputMm L. Belady - BbiTecHseT 3anmcb, KOTOpas € 60/bLION BEPOSATHOCTbIO HE
noHagobutbca B byaywem (IBM Research, 1966)

22



3anucu oaHHbIX

Monutuka write-through (CkBo3Has 3anmcb) = 3aNUCb B Kell-NaMaTb BieYeT 3a coboM
HeMenJieHHoe 0OHOBNEeHME AaHHbIX B KeW-NaMsaTh 1 onepaTMBHOM NaMaTH (Kew “oTktoyaeTcs”)

Monutuka write-back (otnoxeHHaq 3anucb, copy-back) — nepeoHavyanbHO AaHHbIE
3aNMCbIBAOTCS TONBKO B Kel-NaMsTb

CTpoKku HeT B Kew-namaTtu (write miss)

* B Kew-naMsaTK BblgeNseTcs CTPoKa

= 3 onepaTMBHOM NaMATK 3arpyaeTcs CTpoka, COOTBETCTBYHOLWASA aapecy

* HeobxoanMble 6alTbl MU3MEHSIOTCS B 3arpy>K€HHOM CTPOKE Kell-NaMsTH

= (Tpoka noMe4yaeTca Kak MoouguyuposaHHas (dirty)

Ctpoka npucytcTeyeT B Kew-naMaTtu (write hit)
» HeobxoanMbie 6alTbl U3MEHSIOTCS B CTPOKE Kel-naMaTu
= (CTpoka noMeyvaeTca Kak ModuguyuposaHHas (rpasHas, dirty)

3anncb B NamMsATb MOANDULMPOBAHHbIX CTPOK OCYLLECTBASETCA NPU UX 3aMELLEHUM

23



[Mpumep: 4-way set associative cache

PaccMoTpuM 4-x KaHanbHbIN (4-way) MHOXeCTBEHHO-aCCOLMATUBHbIN
L1-kew pasmepoM 32 KiB ¢ apnnHon ctpokun 64 6amt (cache line)

B kakou 3anucu Kew-naMaty 6yayT pasMelleHbl AaHHble oas GU3nMYeckoro agpeca
annHon 52 éut: 0xOOOOOFFFFAB64?

KonuuecTtBo 3anucen B kew-namatu (cache lines): 32 KiB / 64B = 512
KonunyectBo MHOXecTB (sets): 512 /4 =128

Kaxkpoe MHOXeCTBO coaepXuT 4 kaHana (4-ways, 4 lines per set)
[lone cMmeweHus (offset): log,(64) = 6 6ut

[lone HoMep MHOXecTBa (set index): log,(128) =7 6ut

[lone tag: 52 = 7 - 6 = 35 6ut

Tag: 39 6ut Set Index: 7 6ut | Offset: 6 but

24



[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)

el Tagl Cache line (64 bytes)
Tag2 Cache line (64 bytes)

Tag3 Cache line (64 bytes)

Tag0 Cache line (64 bytes)

i Tagl Cache line (64 bytes)
Tag2 Cache line (64 bytes)

Tag3 Cache line (64 bytes)

Tag0 Cache line (64 bytes)

9 Tagl Cache l?ne (64 bytes)
Tag2 Cache line (64 bytes)

Tag3 Cache line (64 bytes)

Offset (6 bit)




[Mpumep: 4-way set associative cache

Address: 0OxOO0O0O0OFFFFAB64 =11111111111111111010101101100100,

Tag:1111111111111111101

Set Index: 0101101 =454,

Offset: 100100 = 3644

Cache (4-way set associative):

Tag0 Cache line (64 bytes)

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

Ter 1111111111111111101 moxeT HaxoauTca B Nt0O6OM M3 4 KaHanoB MHOXecTBa 45

26



ObpaleHue K 3n1eMeHTy MaccuBa

B nporpamme nmeetcsa maccums int v[100]
O6patunuce K anemeHTy v[17] no ¢pmnsnyeckomy agpecy:

O0xO00000FFFFAB64 =11111111111111111010101101100100;

Tag:1111111111111111101 Set Index: 0101101 =454, Offset: 100100 = 364,

B kew-namatb 6yaet 3arpyxeH 610K M3 64 6alT C HaYaNbHbIM aApPeCcoM:
Ox00000FFFFAB40=11111111111111111010101101000000,

B cTpoke Kew-namatn 6yayTt pasmelleHbl 16 anemeHToB 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)

St 1111111111111111101

v[8], v[9], ..., V[17], ..., v[23]

Tag3

Cache line (64 bytes)
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YreHue uepes rpanuuy ctpoku Kew-namatu (Cache Line Split)

* YreHue 4 6aiiT HauMHaA ¢ PusnUeCcKoro appeca
Ox00000FFFFAB64 =11111111111111111010101101111110,

Tag:1111111111111111101 Set Index: 0101101 = 45, Offset: 111110 = 6249

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 6anTa Haxo[daTCa B CTPOKe MHOXecTBa 45 (cMelleHue 62)
= 2 6anTa B CTpoke MHOXecTBa 46 (cMeweHue 0)



MHoroyposHeBas Kew-namaTb

Kew-naMaTb YpOBHS [ HA3bIBAETCS UHKKO3UBHOM (INnclusive) N0 OTHOLLIEHMIO K
Kew-namaTtn ypoBHA [ - 1, ecnn oHa BKAKOYaET BCe B/I0KK coaepyKalimecs B Kell-
namsaTn ypoBHS [ - 1

Kew-namatb ypoBHS [ Ha3blBaeTCa 3KCAK3UMBHOM (exclusive, non-inclusive)
MO OTHOLUEHUIO K Kel-naMaTu YpoBHS [ - 1, ecnn OHa coaepXuT 610Ku
He XpaHsawmecs B Keww-naMaTn yposHa [ - 1

L2 uHkno3uBHbIK ana L1: npy npoMaxe aaHHble 3arpyxatorca B8 L1 n L2

L2 3kckno3uBHbIN ansa L1: npy npoMaxe aaHHble 3arpyatoTcsd Tonbko B L1,
npu BblITeCHeHUU M3 L1 cTpoka nepemewtaercsa B L2

MHcTpykuma cpuid() // $ cpuid | grep -C10 inclu

EDX Bit 01: Cache Inclusiveness
0 = Cache is not inclusive of lower cache levels
1 = Cache is inclusive of lower cache levels
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[poToKon obecneyeHnss KOrepeHTHOCTU Kel-NaMaTH

= KorepeHTHOCTb Kew-naMaATH (cache coherence) - Client > Cache
CBOMUCTBO Kew-naMdaTtun, oO3Havarwee CornmaCcoBaHHOCTb ) 7y \ Memory
Coherenc
AAdHHbIX, XPaHALWNXCA B JIOKAJ/IbHbIX KELWAX, C AdHHbIMU B Y y/ Resource
onepaTMBHOMW NaMATH Client |—» Cache
= [lpoTtokon MESI
o Kaxnpag ctpoka kew-naMatu cogepxut 2 ¢nara coctosaHmua MESI
o OTcnexuBaeMbin 0ObeKT — CTpOKa KeWw-rnaMAaTun
Table 11-4. ME&SI Cache Line States
Cache Line State M (Modified) € (Exclusive) S (Shared) | (Invalid)
This cache line is valid? Yes Yes Yes No
The memory copy is... Out of date Valid Valid -
Copies exist in caches of other | No No Maybe Maybe
processors?
A write to this line ... Does not go to the Does not go to the Causes the processor to Goes directly to the
system bus. system bus. gain exclusive ownership | system bus.
of the line.
30

Intel SDM, Vol. 3A




JloxkHoe pa3peneHue AaHHbIX (false sharing)

= JloxHoe pasaeneHne AdHHbIX — NOTOKU OAHOBpPEMEHHO

N Thread A Thread B
BbIMOJIHAIOT YTeHue/3anucb B npeaenax oaHOM CTPOKMU Kelu- ol ool
namMsaTU, HO B HenepeceKarwLwmecs y4acTku
Cache $ $ Cache
o [10TOKM OAHOBPEMEHHO 3aMMUCbIBAKOT B OAHY CTPOKY Kell-namsTh
o O[OMH NOTOK 3aNMUCbIBAET B CTPOKY, OCTasIbHblE YMTAIOT [ T
o OpguMH NOTOK 3anucbiBaEeT, B 94pax OCTaNIbHbIX MOTOKOB BKIOUYMNACH 1 )
annapartHasa npeasblibopka (prefetcher)
* [loToku HenpepbiBHO MeHsT MESI-cocTossHMe cTpoku Memory

o [loTok-nucatens: nepeBoanT CBOK CTPOKy B coctossHMe MODIFIED,
y ocTanbHbIX B coctosHmne INVALID

o [loTok-unTaTenb nony4vaet KONu M3 Kew-namatm LLC, kew-namatu
APYroro noToka uanm OCHOBHOM MaMAaATH



JloxxHoe paspeneHue paaHHbIX (false sharing)

double sum = 0.0, sum_local[omp_get max_threads()];

#pragma omp parallel

{

int tid = omp get thread num();

sum_Llocal[tid] = 0.0;

#pragma omp for nowait
for (int 1 = 0; 1 < N; i++) {

sum_local[tid] += x[i] * y[i];

3

#pragma omp atomic
sum += sum_local[tid]

Thread 2 Thread 4
Cache line ‘L ‘l'
sum_Llocal[0] | sum_local[1] [ sum_local[2] | sum_local[3] [ sum_local[4] [ sum_local5] | sum_local[6] | sum_local[7]

32



struct tparam {
double sum;

uint8 t padding[64 - sizeof(double)];

YcTpaHeHue N0XKHOro paspeneHua aaHHbix (false sharing)

s
void fun()
{
double sum = 0.0;
struct tparam sum_local[omp get max threads()] _ attribute  ((aligned(64)));
#pragma omp parallel
{
int tid = omp get thread num();
sum_local[tid].sum = 0.0;
#pragma omp for nowait = OTaenbHas CTpoKa Kel-naMsaTn ans
for (int i = 0; i < N; i++) { & P a
sum_local[tid].sum += x[i] * y[i]; OAHHbIX Ka)40ro rnotoka
b
#pragma omp atomic
sum += sum_local[tid].sum;
b
} Cache line
sum padding
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[Moaxoabl K 3¢ppeKTUBHOMY
MCNOJZIb30BAHUIO Kell-NaMaTH
B nporpaMmmax



Moaxoabl K 3pPpeKTMBHOMY MCMO/Ib30BAHUIO KELU-NaMATH

= OnTMMM3aumMa A0CTyNa K AaHHbIM — Y/ly4ylleHMe BPEMEHHOW NOKaJIbHOCTM KOAa
o CnnnHue umknos (Loop fusion)

[lepectaHoBKka umknoB (loop interchange)

broyHoe BbinonHeHWe rHesna unknos (loop blocking/tailing)

[IpenBblibopka oaHHbIX (prefetching)

PeopraHnsaums Kkoga o1 COKpaleHMs BbITeCHEHUS AAHHbIX UX Kew-naMaTu

(cache pollution)

O
O
O
O

* OnTMMU3aUUa pasMelleHUs AaHHbIX B NaMATU — YyyylleHne NPpOCTPaHCTBEHHOM
NOKANbHOCTH
o BbipaBHMBaHMe agpecoB pa3meweHns gaHHbixX (alignment)
o CnusgHue mMaccmBoB (array merging)
o JloxxHoe pa3geneHune paHHbIX (false sharing)

[*] Kowarschik M.,Weifs C. An Overview of Cache Optimization Techniques and Cache-Aware Numerical Algorithms // DOI: 10.1007/3-540-36574-5_10



[MepectaHoBka uuknos (lLoop interchange)

= J1Ba CMEXHbIX LMK NepecTaBnSoTCS MecTamu
= OrpaHMYeHMs: NepecTaHOBKa He A0/MKHA BAUSATb HA CEMAHTMKY NPOrpaMMbl
= [lntocbl: yMeHbluaeTcs war (stride) obpaleHmsa K AaHHbIM, YNy4LLAeTCs NPOCTPAHCTBEHHASA TOKANIbHOCTb

double matrix_sum(double a[N][N])

{
double sum = 0O;
for (int j = 0; j < N; j++) {
for (int 1 = @; i < N; i++) {
sum += a[i][j]; /* stride-N read, uses N new cache lines, evicts a[@][], a[1][], ... */
by
) |
return sum; Row-major order
) Ayt 3
double matrix_sum_interchanged(double a[N][N]) AofBpgeioy | C/CHt
{ a a a
double sum = 9; ST—7827733

(A I oY)

for (int 1 = @; i < N; i++) {

for (int j = 0; j < N; j++) { Column-major order

sum += a[i][j]; /* stride-1 read, uses N / 8 cache lines */ &1 %o G3
) by Ay, /8, /8, | Fortran
return sum; a31 a32 a33



= JIBa CMEXHbIX LMK nepecraBadarTcda MeCtaMu

400

Melems/sec

MepectaHoBka uuknos (loop interchange)

double matrix sum(double a[N][N]) {
double sum = 09;

Matrix order N

for (int j = @; j < N; j++) {
for (int 1 = @; i < N; 1i++)
sum += a[i][j];
b
return sum;
b
i Intel Core i7-1160G7 i
| | L1d 768 lines L2 20480 lines
i |
I 1
| 1
B |
: HavyanbHble CTpOKM MaccmBa :
M BbITECHAIOTCS U3 :
- Kew-namsaTu .
l :
I 1
= I
|
|
I
100 5100 10100 15100 20100

double matrix_sum_interchanged(double a[N][N]) {
double sum = 0O;
for (int 1 = @; i < N; i++) {
for (int j = @; j < N; j++)
sum += a[i][j];
by

return sum;

et U
400 | L1d 768 lines L2 20480 lines

Melems/sec
(W
o
o
1

ND

o

o
T

100

100 5100 10100 15100 20100
Matrix order N 37



CnuaHue uuknos (lLoop fusion)

= J[1Ba CMEXHbIX LKA 00beauHATCA B OAMH
=  OrpaHMYeHUs: 0AMHAKOBOE NPOCTPAHCTBO UTEPALMIA LIMKIOB

= [110Cbl: MOBLIWAETCA OKASIbHOCTb 0BpaLLeHms K AaHHbIM, COKPALWAOTCA HaKNagHble pacxobl Ha nogaepxaHue
LUMKNa (MpoBepkKa yC/I0BUS, NEPEXOA), YBENMUYMBAETCA KOIMYECTBO HE3AaBUCUMbIX MO AAHHbIM UHCTPYKLIMKW B Tese
LUMKna (napannennsm ypoBHS UHCTPYKLIUN)

void vec_sum(double a[N], double b[N], double c[N])

{
for (int 1 = 0; 1 < N; i++) {
b[i] = a[i] + 1.0;
} /* For large N, the initial elems of the a[i], b[i] will be evicted */
for (int 1 = 0; i < N; i++) {
c[i] = b[i] * 4.0;
3
3
void vec_sum_fusion(double a[N], double b[N], double c[N])
{
for (int 1 = 0; 1 < N; i++) {
b[i] = a[i] + 1.0;
c[i] = b[i] *¥ 4.0; /* uses cached b[i] */



HeXxenatenbHoe BbiTeCHEHUE CTPOK U3 Kelwl-namaTtu (cache pollution)

. O6pa60TKa BTOPOCTENEHHOIO MACCHUBA B LLIMUKNE MOXET BbITECHUTb U3 KEW-MaMATU paHEE NOATrOTOB/EHHbIE

AadHHbIE

void pollute_cache(double b[N]) {

b

for (int i = ©; i < CACHE_SIZE; i++) {
cache_buf[i] = 1;
b

int main()

{

/* Prepare data */

for (int i = 0; i < N; i++) {
afi] = 1i;

} /* Uses N / 8 cache lines */

/* Evict data from cache */
pollute_cache(b);

/* Read prepared data <— a[] may be evicted from cache !!! */
double aa = 0;
for (int 1 = 0; i < N; i += 8) {
aa += a[i];
b
/* Read N / 8 lines */

return 0;

BapuaHTtbl Moandukaumm koaa:

1.

[lepecTaBuTb NEPBbLIN LUK U
BbI30B pollute cache()

. Mlcnonb3oBatb 06xoa 3anmcu

B Kel-NaMaTu B
pollute_cache() —
non-temporal stores



YMHoXxeHue matpuu (DGEMM)

double c¢[N][N] double a[N][N] double b[N][N]
[
— *
YteHue/3anmch c warom 1 Y1eHue c warom 1 YreHue c warom N
[0][0], [O][1], [O][2], ..., [0][0], [O][1], [O][2], ..., [0][0], [1][O], ..., [N-1][0], ...,
[N-1][N-1] [N-1][N-1] [N-1][N-1]

/* Cache line 64B, sizeof(double) = 8 */
void dgemm_def(double a[N][N], double b[N][N], double c[N][N]) {
for (int 1 = 0; 1 < N; i++) {
for (int j = 0; j < N; j++) {
for (int k = 0; k < N; k++) {
c[i]1[3] += a[i][k] * b[kI[F];
} /¥ Uses: 1 line for c[i][Jj], N/8 lines a[i][*], N lines b[*][J] */



YMHoXxeHue matpuu (DGEMM)

/* Cache line 64B, sizeof(double) = 8 */
void dgemm_def(double a[N][N], double b[N][N], double c[N][N]) {
for (int 1 = 0; i < N; i++) {
for (int j = 0; j < N; j++) {
for (int k = 0; k < N; k++) {
) c[i1[3]1 += a[il[k] * b[k]I[]I];

by

CACHE_LINES = CACHE_SIZE / CACHE_LINE_SIZE — uuncno cTpok B Keww-naMaTm
Xyawwnii cnyyait N >> CACHE_LINES

= [lepsbit npoxog no umkny k (i=0, j = 0):
B Kel-namatu ucrnonb3osaHa 1 ctpoka ana c[0][0], N/8 ctpok ans a[0][k],
N cTpok ang b[k][O]

» Ha utepaummn k >= CACHE_LINES HayHeTCS BbITECHEHME U3 Kell-NaMSTh CTPOK

double B[N][N]

Stride-N read

c anemeHTamu b[0][0], b[1][0], b[2][0], ..., a Takxe Bo3moxHO c[0][0], a[0][0], a[O][1], ..., a[O][N-1]

Cache
size



YMHoXxeHue matpuu (DGEMM)

/* Cache line 64B, sizeof(double) = 8 */
void dgemm_def(double a[N][N], double D[N][N], double c[N][N]) {
for (int 1 = 0; i < N; i++) {
for (int j = 0; j < N; j++) {
for (int k = 0; k < N; k++) {
) c[i1[3]1 += a[il[k] * b[k]I[I];

by
CACHE_LINES = CACHE_SIZE / CACHE_LINE_SIZE

Jlyqwnii cnyyaid — Tpu MaTpuubl NOMELLAOTCS B Kell-naMsTb
= Kaxpas MaTtpuua NoMelaeTcsl B Kew-namsTb, BbITECHEHUSI CTPOK HE NPOUCXOAUT

= [lna Tpex MaTtpuu, Tpebyetca 3 * sizeof(double) * N% cTpok Kew-namaTu:
24N? <= CACHE_SIZE

= Haknagble pacxogpbl Ha npoMaxu npu nepsom obpaweHun K c[][], a[l[l, b[l[]
(CKONIbKO NpOMaxoB?)

double B[N][N]

| Cache
size

Stride-N read



YMHoxeHue matpuu (DGEMM): nepectaHoBKa UMKNOB ijk -> ikj

/¥ Cache line 64B, sizeof(double) = 8 ¥/ double b[N][N]
void dgemm_def(double a[N][N], double D[N][N], double c[N][N]) {
for (int 1 = 0; i < N; i++) {
for (int k = 0; k < N; k++) {
for (int j = 0; j < N; j++) {
c[i1[3]1 += a[il[k] * b[k]I[I];

}

)
Stride-1 read

* YTteHue snemeHTOB MaTpuubl b[N][N] ¢ warom 1



bnouHoe ymHOXeHue matpuu (blocked GEMM)

#define BS (CACHELINE SIZE / sizeof(double))

void dgemm_block(double a[N][N], double b[N][N], double c[N][N]) {

for (int ii = 0; ii < N; ii += BS) {
for (int jj = 0; jj < N; jj += BS) {
for (int kk = 0; kk < N; kk += BS) {

for (int i = ii; i < IMIN(N, ii + BS); i++) {
for (int j = jj; j < IMIN(N, jj + BS); j++) {
for (int k = kk; k < IMIN(N, kk + BS); k++)

c[i][3] += a[i][k] * b[kIL[3];

3
3
3
3 c[0][0], npoxoa no uukny k
) y
kk

3 J)
T Coo ™17 Co1 =127 Co2 T Aoco 7177 Aor 7T Ao T
it T Cio Ci1 CiaT] ii A1 A1 AT
— Cao Can Co T Ay Ax A T

kk

~ Cache line 64B _

j

j

MaTpuubl pa3zbuBatoTcs
Ha nogMaTpuubl BSXBS

Kaxgaga nogmatpuua (6510k)
MNONHOCTHIO NOMelLLaeTcs
B KeLW-naMsTb

Mo kaxpon nogmatpuue C
BbinonHsetcs N/BS npoxonos

1
T Boo Bo1 Bo2 T k '4' BS
] BS
—T B1o B11 B2 T
— Byo B B2 T




bnouHoe ymHOXeHue matpuu (blocked GEMM)

#define BS (CACHELINE SIZE / sizeof(double))

void dgemm_block(double a[N][N], double b[N][N], double c[N][N]) {
for (int ii = 0; ii < N; ii += BS) {
for (int jj = 0; jj < N; jj += BS) {
for (int kk = 0; kk < N; kk += BS) {
for (int i = ii; i < IMIN(N, ii + BS); i++) {
for (int j = jj; Jj < IMIN(N, jj + BS); j++) {
for (int k = kk; k < IMIN(N, kk + BS); k++)
c[i]1[3] += a[il[k] * b[kI[I];

MaTpuubl pa3zbuBatoTcs
Ha noaMaTpuubl BSXBS

Kaxgaga nogmatpuua (6510k)
MONHOCTLIO NOMelLLaeTcs
B Kel-naMsaTb

01

J
J
)
)
)
kk
3 J)
T Coo ™17 Co1 =127 Co2 T Ao 7177 Aor 7T Ao T T Boo
|

it T Cio Ci1 CiaT I A1 A1l AT kk T B1p
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bnouHoe ymHOXeHue matpuu (blocked GEMM)

#define BS (CACHELINE SIZE / sizeof(double))

void dgemm_block(double a[N][N], double b[N][N], double c[N][N]) {
for (int ii = 0; ii < N; ii += BS) {
for (int jj = 0; jj < N; jj += BS) {
for (int kk = 0; kk < N; kk += BS) {
for (int i = ii; i < IMIN(N, ii + BS); i++) {
for (int j = jj; Jj < IMIN(N, jj + BS); j++) {
for (int k = kk; k < IMIN(N, kk + BS); k++)
c[i]1[3] += a[il[k] * b[kI[I];

MaTpuubl pa3zbuBatoTcs
Ha noaMaTpuubl BSXBS

Kaxgaga nogmatpuua (6510k)
MONHOCTLIO NOMelLLaeTcs
B Kel-naMsaTb

01

J
J
)
)
)
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bnouHoe ymHOXeHue matpuu (blocked GEMM)

#define BS (CACHELINE SIZE / sizeof(double))

void dgemm_block(double a[N][N], double b[N][N], double c[N][N]) {
for (int ii = 0; ii < N; ii += BS) {
for (int jj = 0; jj < N; jj += BS) {
for (int kk = 0; kk < N; kk += BS) {
for (int i = ii; i < IMIN(N, ii + BS); i++) {
for (int j = jj; Jj < IMIN(N, jj + BS); j++) {
for (int k = kk; k < IMIN(N, kk + BS); k++)
c[i]1[3] += a[il[k] * b[kI[I];

MaTpuubl pa3zbuBatoTcs
Ha noaMaTpuubl BSXBS

Kaxgaga nogmatpuua (6510k)
MONHOCTLIO NOMelLLaeTcs
B Kel-naMsaTb

01
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)
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bnouHoe ymHOXeHue matpuu (blocked GEMM)

#define BS (CACHELINE SIZE / sizeof(double))

void dgemm_block(double a[N][N], double b[N][N], double c[N][N]) {
for (int ii = 0; ii < N; ii += BS) {
for (int jj = 0; jj < N; jj += BS) {
for (int kk = 0; kk < N; kk += BS) {
for (int i = ii; i < IMIN(N, ii + BS); i++) {
for (int j = jj; Jj < IMIN(N, jj + BS); j++) {
for (int k = kk; k < IMIN(N, kk + BS); k++)
c[i]1[3] += a[il[k] * b[kI[I];

MaTpuubl pa3zbuBatoTcs
Ha noaMaTpuubl BSXBS

Kaxgaga nogmatpuua (6510k)
MONHOCTLIO NOMelLLaeTcs
B Kel-naMsaTb

01
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J
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)
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bnouHoe ymHOXeHue matpuu (blocked GEMM)

#define BS (CACHELINE SIZE / sizeof(double))

void dgemm_block(double a[N][N], double b[N][N], double c[N][N]) {
for (int ii = 0; ii < N; ii += BS) {
for (int jj = 0; jj < N; jj += BS) {
for (int kk = 0; kk < N; kk += BS) {
for (int i = ii; i < IMIN(N, ii + BS); i++) {
for (int j = jj; Jj < IMIN(N, jj + BS); j++) {
for (int k = kk; k < IMIN(N, kk + BS); k++)
c[i]1[3] += a[il[k] * b[kI[I];

MaTpuubl pa3zbuBatoTcs
Ha noaMaTpuubl BSXBS

Kaxgaga nogmatpuua (6510k)
MONHOCTLIO NOMelLLaeTcs
B Kel-naMsaTb

01
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)
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bnouHoe ymHOXeHue matpuu (blocked GEMM)

#define BS (CACHELINE SIZE / sizeof(double))

void dgemm_block(double a[N][N], double b[N][N], double c[N][N]) {
for (int ii = 0; ii < N; ii += BS) {
for (int jj = 0; jj < N; jj += BS) {
for (int kk = 0; kk < N; kk += BS) {
for (int i = ii; i < IMIN(N, ii + BS); i++) {
for (int j = jj; Jj < IMIN(N, jj + BS); j++) {
for (int k = kk; k < IMIN(N, kk + BS); k++)
c[i]1[3] += a[il[k] * b[kI[I];

MaTpuubl pa3zbuBatoTcs
Ha noaMaTpuubl BSXBS

Kaxgaga nogmatpuua (6510k)
MONHOCTLIO NOMelLLaeTcs
B Kel-naMsaTb
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bnouHoe ymHOXeHue matpuu (blocked GEMM)

#define BS (CACHELINE SIZE / sizeof(double))

void dgemm_block(double a[N][N], double b[N][N], double c[N][N]) {
for (int ii = 0; ii < N; ii += BS) {
for (int jj = 0; jj < N; jj += BS) {
for (int kk = 0; kk < N; kk += BS) {
for (int i = ii; i < IMIN(N, ii + BS); i++) {
for (int j = jj; Jj < IMIN(N, jj + BS); j++) {
for (int k = kk; k < IMIN(N, kk + BS); k++)
c[i]1[3] += a[il[k] * b[kI[I];

MaTpuubl pa3zbuBatoTcs
Ha noaMaTpuubl BSXBS

Kaxgaga nogmatpuua (6510k)
MONHOCTLIO NOMelLLaeTcs
B Kel-naMsaTb

01

h;
h;
) b Mo noamatpuue Cyo BoinonHeHo N/BS npoxoaos
Y .
kk
3 )
Coo Cor ™11 Co2 T Aoco 71721 Aot 71 Ao [ 1 Boo
|
it [T Cio Cys CiaT] I A1o A1 AT kk 1 B1p

11

21




bnouHoe ymHOXeHue matpuu (blocked GEMM)

#define BS (CACHELINE SIZE / sizeof(double))

void dgemm_block(double a[N][N], double b[N][N], double c[N][N]) {
for (int ii = 0; ii < N; ii += BS) {
for (int jj = 0; jj < N; jj += BS) {
for (int kk = 0; kk < N; kk += BS) {
for (int i = ii; i < IMIN(N, ii + BS); i++) {
for (int j = jj; Jj < IMIN(N, jj + BS); j++) {
for (int k = kk; k < IMIN(N, kk + BS); k++)
c[i]1[3] += a[il[k] * b[kI[I];

MaTpuubl pa3zbuBatoTcs
Ha noaMaTpuubl BSXBS

Kaxgaga nogmatpuua (6510k)
MONHOCTLIO NOMelLLaeTcs
B Kel-naMsaTb

01

h;
h;
) b Bbiuucnenmne nopmarpuubl Coq
Y y
kk
3 !! )
T Coo ™17 Cor =127 Co2 T Aco 71727 Aos 77T Ao T —T Boo
|
it [T Cio Cys CiaT] I A1o A1 AT kk T B1p

11

21




bnouHoe ymHOXeHue matpuu (blocked GEMM)

#define BS (CACHELINE SIZE / sizeof(double))

void dgemm_block(double a[N][N], double b[N][N], double c[N][N]) {
for (int ii = 0; ii < N; ii += BS) {

for (int kk = 0; kk < N; kk += BS) {

for (int 1

for (int jj = 0; jj < N; jj += BS) {
ii; i < IMIN(N, ii + BS); i++) {
for (int k = kk; k < IMINC(N, kk + BS); k++) {

for (int j = jj; j < IMIN(N, jj + BS); j++)

h;
)
} ..
3 )
T Coo ™17 Co1 =127 Coz
Inrr ClO C11 C12
— Cao0 Can Cy

c[i][3] += a[i][k] * b[kIL[3];

kk
Aoo = A01 = Aoz
AlO All A12
Azo A21 A22

Loop interchange: ii, kk, jj, 1, k, j

kk

MaTpuubl pa3zbuBatoTcs
Ha noaMaTpuubl BSXBS

Kaxgaga nogmatpuua (6510k)
MONHOCTHIO NOMelLLaeTcs
B Kel-naMsaTb

15
[ Boo " Bos > Boa T k

[ D10 B11 B2 T

[ D20 By BT




Non-temporal data
(cache bypass)



Intel64 non-temporal stores (streaming stores)

non-temporal data — 06nacTb NamMsATU C AaHHBIMUK, K KOTOPbIM He ByaeT obpalleHnin B bamkaniuee Bpems
(OTCYTCTBYET BpPEMEHHAS NTOKANbHOCTD)

Ecnm npu 3anmcn cTpoka OTCYTCTBYET B Kew-naMaTtu (write miss), TO OHa cnepBa 3arpy)aeTcs B KeL,
a 3aTEM B Hee 3anucbiBaloTCs AaHHble (write-allocate policy)

Ecnun onepauma 3anncu o6HOBNASET_COAEPXKMMOE BCEN CTPOKM, TO ONEPaLUSl YUTEHMS M3 NAMATU SBNKSETCS
M30bITOYHOM

[Ip1 npoMaxe onepaunun 3anMcu B MHOrosi4epPHOM CMCTEME NPOTOKON obecnevyeHns KOrepeHTHOCTH
Kew-namatn (MESI, MESIF) BbINoAHSET UTeHWE CTPOKM M3 NAMSATU U OTMPABASET WMPOKOBeELLATeIbHOEe
yBeaomneHue 06 nsmeHeHunn eé coctosaHua (Read For Ownership — RFO, read + invalidate broadcast)

SSE2 Streaming stores
MOVNTDQ (Store Packed Int. Using Non-Temporal Hint) 3anucbiBaeT 16 6anT B naMatb B 06Xx04 Keww-naMaTu

~mm_stream_sil28(__ml1l28i *p, _ ml28i a)
_mm256_stream_si256(__m256i *p, _ m256i a) // VMOVNTDQ AVX
_mm512 stream_si512(__m512i *p, _ m512i a) // VMOVNTDQ AXV-512

The non-temporal hint is implemented by using a write combining (WC) memory type protocol when writing the data to memory. Using this protocol,
the processor does not write the data into the cache hierarchy, nor does it fetch the corresponding cache line from memory into the cache hierarchy.

Because the WC protocol uses a weakly-ordered memory consistency model, a fencing operation implemented with the SFENCE or MFENCE
instruction should be used in conjunction with MOVNTDQ instructions.




Non-temporal stores (streaming stores)

double data[N];

int idx[N];
void vec_shuffle() {
srand(9);
for (int 1 = 0; i < N; i++) {
idx[1i] = 1i;
data[i] = 1i;
b

for (int 1 = 0; i < N; i++) {
int left = N - 1;
int swap = rand() % left;
int temp idx[1i];
idx[1] = idx[swap];
idx[swap] = temp;

b

void vec_sum() {
/* Iterate in random order */
double s = 0;
for (int 1 = 0; i < N; i++) {
s += data[idx[1i]];
h;
X

= s;

void pollute_cache()
{

by

/* Evict lines from cache */
for (int i = 0; 1 < CACHE_SIZE;

i += CACHE_LINE_SIZE)

{
cache_buf[i] = 1;

} BbiTecHsieT 13 Kew-naMsaTu }

mMaccusbl idx[N], data[N]

void main()

{

by

/* Prepare data */
vec_shuffle();

/* Evict data from cache */
pollute cache();

/* Read prepared data */
vec_sum();

~mm_sfence();

# N=1000, elapsed time (tsc) 5765
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Non-temporal stores (streaming stores)

// Write 16 bytes to dest
static inline void ntstore(uint8 t *dest, uint8 t a)

¢ /* dest must be 16 byte aligned */ Hoancnmo3anquﬂeT6y¢ep
~ ml128i i = mm_set epi8(a, a, a, a, a, a, a, a, Write Combining (64B)
a, a, a, a, a, a, a, a); C MCNOb30BAHUEM
_mm_stream_sil28((__ml1281i *)&dest[0O], 1i); /* MOVNTDQ */ 4 BEKTOPHbIX UHCTPYKLUM
_mm_stream_sil1l28((__m128i *)&dest[16], 1); 3anmcu no 16 6anT
_mm_stream_sil28((__ml281i *)&dest[32], 1);
_mm_stream_sil28((__ml1281i *)&dest[48], 1);
/¥ . i
_mm_stream_sil28(__m128i *p, _ m128i a) void main()
stores the data in a to the address p without polluting { N N
the caches. If the cache line containing address p is already /* Prepare data */
in the cache, the cache will be updated. vec_shutfle();
Address p must be 16-byte aligned. .
*/ /* Evict data from cache */
3 pollute cache();

void pollute_cache_nta() /* Read prepared data */
{ vec_sum();
for (int i = 0; i < CACHE SIZE; i += CACHE_LINE_SIZE) {

ntstore(&cache_buf[i], 1); _mm_sfence();

}

3
} # N=1000, elapsed time (tsc) 4522

_mm_sfence(); 3anucbh B MaccuB 64 6aiT B 06xoa,
3 Kew-namatn — NT stores
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[penBbIOOpPKa AAHHDbIX B KEW-NaMATb
(prefetching)



MpenBbiOOpKa AaHHDbIX B Kew-namaTb (prefetching)

= [IpenBbiOOpKa NO3BOASAET aMOPTUM3UPOBATb HaKNAAHbIE PaCX0dbl HA MPOMaxM Kell-namMaTu

= «[lopckaska» npoueccopy (hint), acMHXpOHHOE BbINONHEHWE (OMLMOHAJIbHOE)

PREFETCHh—Prefetch Data Into Caches (minimum of 32B is prefetched)
«Fetches the line of data from memory that contains the byte specified with the source operand to a location in the cache

hierarchy specified by a locality hint»

Instruction Description

PREFETCHTO Move data specified by-address.closer to TO (temporal data) — prefetch data into all cache levels.
m8 the processor using TO hint.

PREFETCHT1 Move data specified by address closer to T1 (temporal data with respect to first level cache) — prefetch data in all
m8 the processor using T1 hint. cache levels except Oth cache level

PREFETCHT?2 Move data specified by address closer to T2 (temporal data with respect to second level cache) — prefetch data in
m8 the processor using T2 hint. all cache levels, except Oth and 1st cache levels.

PREFETCHNTA Move data specified by address closer to NTA (non-temporal .data with respect to all cache levels) — prefetch data

: . into non-temporal cache structure

m8 the processor using NTA hint.

(this hint can be used to minimize pollution of caches)
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MpenBbiOOpKa AaHHDbIX B Kew-namaTb (prefetching)

= [IpenBbiOOpKa NO3BOASAET aMOPTUM3UPOBATb HaKNAAHbIE PaCX0dbl HA MPOMaxM Kell-namMaTu

= «[logckaska» npoueccopy (hint), aCMHXpOHHOE BbIMOIHEHWE (OMUUOHANbHOE)

void _mm_prefetch(char *p, int 1)

= p — address of the byte (and corresponding cache line) to be prefetched
= | — type of prefetch operation: MM_HINT TO, MM HINT T1, MM HINT T2, MM_HINT _NTA

void __builtin_prefetch(const void *addr, ...)

GNU extension to prefetch memory



[peaBbl6OpKa AaHHbIX B Kew-namaTb (prefetching)
(NpenBbIbopKa Ha KaXKAOW UTepaumm LMKNa)

double dotp(double *x, double *y, int n)

{

double dp = ©;

for (int 1 = 0; 1 < n; i++) {

dp += x[i] * y[i];
by

return dp;

double dotp_opt_vli(double *x, double *y, int n)

{

/* Naive prefetching on each iteration */

double dp = 9;

for (int 1 = 0; 1 < n; i++)
_mm_prefetch(&x[1 + 1],
_mm_prefetch(&y[1 + 1],
dp += x[1] * y[i];

b

/* Might generate exception

return dp;

{
_MM_HINT TO);
_MM_HINT TO);

on last iteration

» KM36bITOYHAS NpenBblbopKa => BbITECHEHME CTPOK
U3 Kew-namsTu

= Bo3MOXHa owmnbKka npu nonbiTKe NpeasbioopKu
&x[n], &y[n] — HepgencTBUTENbHBLIN aapec

&[1i + 1] — invalid address */

61



[penBbibOpKa AaHHbIX B Kew-namaTb (prefetching)

(NnpenBbIbOpKa Ha k nTepaumn)

double dotp_opt _v2(double *x, double *y, int n)

{

/* Unroll Lloop and prefetch for 4 iterations */
double dp = ©;
int 1i;
for (1 = 0; 1 <n - 4; 1+=4) {
_mm_prefetch(&x[1i + 4], MM _HINT TQ);
_mm_prefetch(&y[i + 4], _MM_HINT T0);
dp += x[i] * y[i];
dp += x[1i + 1] * y[i + 17];
dp += x[1i + 2] * y[i1 + 2];
dp += x[1i + 3] * y[i + 37];

3

for (; 1 < n; i++) {

dp += x[i] * y[il; ""*"‘--————————______~__________________€>
)

/* Cache miss during first iteration */
return dp;

x[14]

cache miss

prefetch x[4]

prefetch x[8]

} reminder (14 % 4)
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MpenBbiOOpKa AaHHDbIX B Kew-namaTb (prefetching)
(NnpenBbIbOpKa Ha k uTepaymn)

double dotp_opt_v3(double *x, double *y, int n)

{

/* Unroll loop and prefetch for 4 iterations */
double dp = 0, t1 = 0, t2 = 0, t3 = 0;
int 1i;

_mm_prefetch(&x[0], _MM_HINT TO);
_mm_prefetch(&y[0], _MM_HINT TO);
for (1 =0; 1 <n - 4; 1 +=4) {
_mm_prefetch(&x[1i + 4], MM _HINT TO);
_mm_prefetch(&y[i + 4], _MM_HINT _ TO);
dp += x[1i] * y[i];
tl += x[1 + 1] * y[1 + 17;
t2 += x[1 + 2] * y[1 + 2];
t3 += x[1 + 3] * y[1 + 3];

dp = dp + tl + t2 + t3;

for (; 1 < n; i+t+) {
dp += x[1] * vy[i];
)

return dp;

= [lpegsbibopka x[0], y[O]

= YCTpaHeHue 3aBMCUMOCTM MO AAHHbIM MexXay
MHCTPYKLUMSAMU LUMKNA (MO nepeMeHHon dp)
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OnTumMu3sauusa pasmeLleHmn
AAHHbIX B NaMATH



PazoueHue cTpykryp (struct split)

struct node {
float a;
float b;
double x, vy, z;
double vx, vy, vz;
}; // sizeof(struct node) = 56

struct node p[N] __attribute  ((aligned(CACHELINE_SIZE)));

void run()

{
vec_init(); Kputnueckuit umkn
float s = 0; = YreHne nonenaunb
for (j_nt i =0: i < N: j_++) { " XY, Z VX, VY, VZ 3aHUMAKOT MECTO B CTPOKe

S += p[l:l .a ¥ p[l:l b KeEW-NaMAaATn U He UCMOJ1Ib3YHTCA

by

by

Cache line (64B) Cache line (64B)
a(4B) | b (4B) X, Y, Z, VX, VY, vz (48B) a(4B) | b (4B) X, Y, Z, VX, VY, vz (48B) a b x (8B)

p[O] p[1] p[1] p[2]



Pazb6ueHue cTpykTtyp (struct split)

$ pahole ./prog
struct node {

float a; /* 0 4 */
float b; /* 4 4 */
double X; A 8 8 */
double V; A 16 8 */
double Z; A 24 8 */
double VX; /* 32 8 ¥/
double VAV /¥ 40 8 */
double VZ; /* 48 8 ¥/
/* size: 56, cachelines: 1, members: 8 ¥/
/* last cacheline: 56 bytes */

}s

Cache line (64B) Cache line (64B)

a (4B) | b (4B) X, Y, Z, VX, VY, vz (48B) a (4B) | b (4B) X, Y, Z, VX, VY, vz (48B) a x (8B)

p[0] p[1] p[1] p[2]




Pazb6ueHue cTpykTtyp (struct split)

struct nodel {
float a, b;

3
struct node2 {
double x, vy, z, VX, vy, VZ;

35

struct nodel pl[N] _ attribute _ ((aligned(CACHELINE SIZE)));
struct node2 p2[N] _ attribute  ((aligned(CACHELINE_SIZE)));

void run()

{
vec_init(); = Pas6unu cTpykTypy Ha ABe: nodel, node2
float s = 0;
for (int 1 = 0; i < N; i++) ¢ = Maccus pl copepuT ToNbKo 31eMeHT a u b

s += pl[i].a * pl[i].b; = B cTpoke Kew-namatn nomewaetcs 4 aneMeHTa Maccmea pl

k; (CoKpalaeTcsd YMC/Io NPOMAX0B KeLl-NnaMsTH)

b

Cache line (64B)
a(4B) | b (4B) a b a b a b

p[O] p[1] p[2] p[3]



$ pahole ./prog-split
struct nodel {

float a;
float b;
/* size: 8, cachelines: 1, members:
/* last cacheline: 8 bytes */

}s

struct node2 {
double X ;
double v,
double Z;
double VX ;
double vy,
double VZ;
/* size: 48, cachelines: 1, members:
/* last cacheline: 48 bytes */

}s

Cache line (64B)

a(4B) | b (4B) a b a a b

p[O] p[1] p[2] p[3]

2 */

6 */

PazbueHune CcTpyKTyp

/*
/*

/*
/*
/*
/*
/*
/*

O

16
24
32
40

0O CO OO O 0O ©O

*/
*/

*/
*/
*/
*/
*/
*/



BbipaBHMBaHUe CTPYKTYP

struct cell { .
char mass;
// padding 3 bytes

Anpec nons AoMKeH ObITb BbIpaBHEH HA rpaHMLY, COOTBETCTBYHOLLYH
ero pasmepy

int count: = Pasmep cTpyKTypbl A0MKEH ObITb KPAaTEH pasMepy caMoro 60/bLIOro

char type; ek

// padding 3 bytes = Komnunatop nobasnset nons BbipasBHMBaHMa (padding), KoTopble
¥s // sizeof(cell) = 12 3aHMMAlOT MECTO B CTPOKE Kell-MaMsiTh

struct cell cells[N] __attribute_ _ ((aligned(CACHELINE_SIZE)));

void run()

{
init();
for (int i = 0; 1 < N; i++) {
cells[1i].mass++;
b
b
Cache line (64B) B cTpoky Kew-namsatT noMewaeTcs 6 anemeHTos cell.mass

mass [padding| count | type |padding| mass [padding| count | type |padding] mass |padding| count | type [|padding| mass [padding| count | type |padding|] mass |padding| count | type [padding] mass |padding

cells[0] cells[1] .. cells[4]




BbipaBHMBaHUe CTPYKTYP

struct cell {

int count;

char mass;

char type;

// padding 2 bytes
}; // sizeof(cell) = 8

struct cell cells[N] attribute  ((aligned(CACHELINE SIZE)));

void run()

{ = [lepecTaBuamM MecTtamu Mosg mass u count
init();
for (int i = 0; i < N; i++) { * BbipaBHMBaHKWE TOILKO HA rPaHuMLYy pa3Mepa HanbonbLiero
cells[i].mass++; nong (count)
) ¥ » B cTpoky Kew-namatn nomewaetca 8 anemeHToB cell

Cache line (64B)
count mass type |[padding| count mass type | padding count mass type | padding

cells[O] cells[1] .. cells[7]




BbipaBHMBaHUe CTPYKTYP

x86 (32-bit)
char (one byte) will be 1-byte aligned
short (two bytes) will be 2-byte aligned
int (four bytes) will be 4-byte aligned
long (four bytes) will be 4-byte aligned
float (four bytes) will be 4-byte aligned
double (eight bytes) will be 8-byte aligned on Windows and 4-byte aligned on Linux
pointer (four bytes) will be 4-byte aligned

x86-64 (LP64)
long (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 BoNXKeH ObITb KpaTeH pa3Mepy caMoro 60/bLoro nons



Array of Structures (AoS) — MaccuB CTpYKTYp

struct particle {

double
double
double
double

35

X, V;
VX, VV;
m,

€,

struct particle p[N];
double dist[N];

void run()

{

init();

for (int 1 = 0; 1 < N; i++) {
dist[i] = sqrt(p[i].x * p[i].x + p[i].v * p[1i].V);

)

= KpuTuueckui y4acToK Koga — obpalleHMe TONbKO K IN1EMEHTAM X, Y

= [long vx, vy, m, € 3aHMMaoT MECTO B CTPOKE KEeL-NaMsTH



Structure of Arrays (S0A) — cTpyKTypa U3 MacCMBOB

struct particle {
double x[N] _ attribute  ((aligned(CACHELINE_SIZE)));
double y[N] _ attribute  ((aligned(CACHELINE_SIZE)));
double vx[N] _ attribute  ((aligned(CACHELINE_SIZE)));
double vy[N]  attribute  ((aligned(CACHELINE_SIZE)));
double m[N]  attribute  ((aligned(CACHELINE SIZE)));
double e[N]  attribute  ((aligned(CACHELINE SIZE)));

} Sys;
double dist[N] _ attribute  ((aligned(CACHELINE SIZE)));

void run()

{
init();
for (int 1 = 0; i < N; i++) {
dist[i] = sqrt(sys.x[i] * sys.x[1i] + sys.y[i] * sys.y[i]);
by
by

= bosnblle 31eMEHTOB X, Yy MOMELWJETCA B KELW-MNMaMATb
= BOMOXHOCTb BEKTOPpU3aLUMUUN KOAA
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MpodpunuposaHue obpaleHUs K namMaTm

$ perf list | grep cache
cache-misses
cache-references
L1-dcache-load-misses
L1-dcache-loads
L1-dcache-stores
L1-icache-load-misses
LLC-load-misses
LLC-1loads
LLC-store-misses
LLC-stores

[Hardware
[Hardware
[Hardware
[Hardware
[Hardware
[Hardware
[Hardware
[Hardware
[Hardware
[Hardware

$ perf stat -e cache-misses taskset --cpu-list @ ./loop

Performance counter stats for 'taskset --cpu-list @ ./loop':

110916 /92 cache-misses
2,811556255 seconds time elapsed

2,806984000 seconds user
0,004004000 seconds sys

event ]
event ]
cache
cache
cache
cache
cache
cache
cache
cache

event ]
event ]
event ]
event ]
event ]
event ]
event ]
event ]



MpodpunuposaHue obpaleHUs K namMaTm

$ perf record -e cache-misses taskset --cpu-list @ ./loop
[ perf record: Woken up 2 times to write data ]
[ perf record: Captured and wrote 0,450 MB perf.data (11748 samples) ]

$ perf report

Samples: 11K of event 'cache-misses', Event count (approx.): 120738902
Overhead Command Shared Object Symbol

for (int 1 = 0; i < N; i++) {
movl $0x0, -0x4 (%rbp)

loop
loop
taskset
loop
loop
loop
loop
loop
loop
loop
loop
loop
loop
taskset
loop
loop
loop
loop
loop

,07%
,06%
,05%
,02%
,»02%
,02%
,02%
,02%
,02%
,02%
,02%
r01°/o
,01%
,01%
,01%
,01%
,01%
,01%

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

loop

[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
loop

[.]
[k]
[k]
[k]
[k]
[K]
[K]
[K]
[k]
[k]
[k]
[k]

vec sum
oxffffffffb4ld225a
oxffffffffb3fcdedb
Oxffffffffb4dlcc8f9
oxffffffffb3fcde55
oxffffffffb41ld221c
oxffffffffb41do5ae
oxffffffffb3fd4ec66
oxffffffffb3fce3b6
oxffffffffb3f393ac
oxffffffffb3fe03fe
oxffffffffcodddedc
Oxffffffffb41d2cO0
oxffffffffb4lab762
oxffffffffb3fcde53
oxffffffffb3f24369
oxffffffffb3fafdlc
oxffffffffb3f488dd
main

0,53 || |

i

jmp

af

c[i] = b[i] * 4.0;

mov
cltqg
lea
mov

movsd
cltq
lea

mov

movsd

-0x4(%rbp) ,%eax

Ox0(,%rax,8),%rdx
-0x20(%rbp) ,%rax

%rax) ,%xmml

Ox0(,%rax,8) ,%rdx
-0x28(%rbp) ,%rax

IO stdin used+0x58,%xmmo

for (int i = 0; i < N; i++) {

}

cmpl

jte ___6f |

$0xaae5T, -0x4 (%rbp)




MpodunuposaHune obpaweHusa K namatu (perf-mem)

sum += i bl * stride-N read */
mov - p),%eax

Available samples cltq

5K cpu/mem-loads,ldlat=30/P $ perf mem report imul $0xTal0,%rax,%rdx

5K cpu/mem-stores/P mov -0x18(%rbp) ,%rax

add %rax,%srdx

mov -0x10(%rbp) ,%eax

JononHutenbHaa MHbopMaLums: cltq
* TLB o O6paLLI'EHlAe K TLB addsd %xmml, %xmmo

movsd %xmmo , - 0x8 (%rbp)

* Snoop — obpalieHne K MexnpoLecCoOpHOM LNHE for (int i = 0; i < N; i++) {

addl $0x1, -0xc(%rbp)

| Bile 27
for (int j = 0; j < N; j++) {
addl $0x1, -0x10(%rbp)
cmpl $0x1f3f,-0x10(%rbp)
t jle le
T
}

Samples: 5K of event 'cpu/mem-loads,ldlat=30/P', Event count (approx.): 1242881
Overhead Samples Local Weight Memory access Symbol Shared Object
729 197 or hit [.] random libc.so.
623 198 or hit .] _ random libc.so.

628 196 or hit ]

446 199 or hit ]

593 105 or hit ]

251 200 or hit ]

174 194 or hit ]

117 201 or hit 1
50 193 or hit ] _ random libc.so.
32 202 or hit ] candom 1libc <o
11 367 or hit .] matrix sum loop
1
]
]
]
]
]
]
]
]

ata Symbol Data Object TLB access

.] 0x00007fe256718748 anon or hit
0x00007fe256118748 anon or hit
0x00007fe256118748 anon or hit
0x00007fe256718748 anon or hit
0x00007fe256118748 anon or hit
0x00007fe256718748 anon or hit
0x00007fe256718748 anon or hit
0x00007fe256118748 anon or hit
0x00007fe256718748 anon or hit
AxAQ0A7fe256f18748 angn ar hit

]

__random libc.so. ]

]

]

]

]

]

]

1
.] 0x00007ffcd8188938 [stack] or hitl

T

]

]

]

]

]

]

]

]

__random libc.so.
__random libc.so.
__random libc.so.
__random libc.so.
__random libc.so.

OO DO OO

528 or It Matrix sam Toop
411 or hit matrix_sum loop
203 or hit __random libc.
437 or hit matrix sum loop
351 or hit matrix sum loop
403 or hit matrix sum loop
399 or hit matrix sum loop
2379 or hit matrix sum loop
386 or hit matrix sum loop
Cannot load tips.txt file, please install perf!

UX0000/T1CUC100930 [SLacRh] or mIc
0x00007ffcd8188938 [stack] or hit
0x00007fe256718748 anon or hit
0x00007ffcd8188938 [stack] or hit
0x00007ffcd8188938 [stack] or hit
0x00007ffcd8188938 [stack] or hit
0x00007ffcd8188938 [stack] or hit
0x00007ffcd8188938 [stack] or hit
0x00007ffcd8188938 [stack] or hit

— e — e e e e e e  — ————————




Perf Shared Data C2C/HITM Analyzer (perf-c2c)

= AHanusartop pa3peneHus CTpok Kew-naMaTu (cache line sharing) — BbIBOAWUT  #pragma omp parallel

CTaTUCTUKY NO pasgensiemMblM CTPOKaM Kell-namMsTu . ,
int tid = omp_get thread num();
= (C2C — Cache to Cache sum_local[tid] = 0.0;
#pragma omp for nowait
» Local HITM — 3arpy3ka B NOKanbHY CTPOKY, HAXOASLLYHOCS B COCTOSHUM for (int i = @; i < N; i++) {
MODIFIED 34: ) sum_Llocal[tid] += x[i] * y[i];
= Remote HITM — 3arpy3ka B cTpoKy, Haxoaswytcsa B coctosHun MODIFIED #pragma omp atomic
sum += sum_Llocal[tid];
(ynaneHHoro NUMA-y3na) 3

$ perf c2c record --call-graph dwarf,8192 -F max --all-user ./fs

info: Using a maximum frequency rate of 40250 Hz

[ perf record: Woken up 230 times to write data ]

[ perf record: Captured and wrote 385,035 MB perf.data (47655 samples) ]

$ perf c2c report --call-graph

Shared Data Cache Line Table (1 entries, sorted on Total HITMs)

Cacheline Tot Load Hitm Total Total ---- Core Load Hit - LLC Load Hit -- - RMT Load Hit Load Dram ----
Address Node PA cnt Hitm Total LclHitm RmtHitm records Loads Stores L1Hit L1Miss FB L1 LclHit LclHitm RmtHit RmtHitm Lcl Rmt
0x7ffd3abb9940 0 35232 100,00% 0 3458

Cacheline 0Ox7ffd3abb9940
-- Store Refs -- cpu Shared

RmtHitm LclHitm L1 Hit L1 Miss 0ff Node PA cnt Code address rmt hitm 1cl hitm load records cnt Symbol Object Source:Line Node
+ 0,00% 0,00% 0,00% 0x8 ] 1 0x56352618942b 0 164 48 549 1 [.] fun. omp fn.0 fs fs.c:34 (¢]




