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Teorie v praxi ...

Intel Nehalem (2008) — prvni generace Core i5 a Core i7

f

Ceské vysoké udeni technické, Fakulta elektrotechnicka
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Intel Nehalem

Nehalem Chip
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DDR3 DRAM: 3 channels
1.333GHz: 8 B / channel : o
31.992 GB/s agoreoate Intele QPI point-to-point link
= 908 GB/s / cor 6.4 GT/s: full-duplex:
TeE 12.8GiB/s - 12.8GiB/s

e core/un-core

 UIU: Un-Core Interface Unit (switch connecting the 4 cores to the 4 L3 cache segments,
the IMC and QPI ports),

 IMC: 1 integrated memory controller with 3 DDR3 memory channels,

* QPI: 2 Quick-Path Interconnect ports

» dodate¢neé obvody pro zajiSténi koherence cache, fizeni spotfeby, monitorovani vykonu
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Pamatujete si?
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Nehalem Core Pipeline

Instruction Fetch and
Fre Decode

Front-End
In-Order
A

Instruction Queue s -
: “ =
o
-
% (1))
o 2na | eyel TLB o
o 7 2
] Rename/Allocate (4]
o o
O @ |
e raer oumer
\ ’ nd
L g 2 | evel Cache
55 Scheduler 8-way
o Reservation Stations
o9
¢S
iife] Execution Units
_ |

32kiB
Data Cache

A4M36PAP Pokro €ilé architektury po €itact



Nehalem Core Pipeline

e 14-stage core pipeline - 8

* Front-End Pipeline (FEP)

- preklad makroinstrukci
na mikroinstrukce

« Execution Engine (EE)
- dynamické rozvrhovani
a dispe€ovani mikroinstrukci

e Retirement Unit (RU) RN S

- stav procesoru je aktualizovan
v puvodnim poradi

Instruction Fetch and
Pre Decode

Instruction Queue || e
22 ‘oIS
\_ 2n | evel TLB
- i
ena e -

Retirement Unit
(ReOrder Buffer)

Scheduler
Reservation Stations
L)

Front-End
In-Order
A

L3 and beyond

16 clock cycles

A

Execution Engine
Out-of-Order

 TLB (Translation Lookaside Buffer) - podpora piekladu
virtualnich adres na fyzické; obsahuje zaznamy ze strankovacich
tabulek. A co prepinani kontextu?? ASN (Address Space Number),
(PGE flag)
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Front-End Pipeline (FEP)

Intel64 CISC L1 Instruction Cache
macro-instructions 32kiB, 4-way ITLB
el pits 4-way 2" Level TLB
per 128 Entry Sy
Instruction Fetch 512 Entry
Unit (IFU)

L1+ A

A A
ey Instruction Length Branch Prediction 2560
instructions g 2

-.g: per cycle Decoder (ILD) Unit (BPU)
o
98 i
510 : n:acr;: Instruction Queue
=5 instructions ' :
é: = her eVl (1Q) 18 Entries 256kiB
218 max 2™ | evel Cache
gl Instruction Decoders 8-way
§| 3 simple + 1 complex MS ROM for

i complex instructions

: 4 micro

i instructions complex instructions

| 4 H-ops or more

| per cycle

|

. max . - :

Y Instruction Decoder Queue (IDQ) |_._‘?,T remote

Nehalem RISC loop stream detector

micro-operations mem, etc.

micro-fusion, macro-fusion
28 p-op buffer

4 micro-ops issued
“per cycle (max)
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Front-End Pipeline (FEP) — nékolik poznamek

Intel6d CISC

« vSechny IDU (Instruction Decoding rercmencir: [ S—
Unit) podporuji asté piipady stz
instruk¢niho toku (mikro-fusion, ER oo
macro-fusion, stack pointer tracking) . m—— |

« LSD (Loop Stream Detection ) o s
redukuje také ztraty z dévodu e 1 oo -
nezarovnanych instrukci, LCP ciens 10 1T conper et
(Length Changing Prefixes) pokuty, i Dot et 100 L3, remote
spotfebu energie e .

4 micro-ops Issued
I'l" per cycle (max)

 SPT (Stack Pointer Tracking ) implementt
Stack Pointer Register update logiku pro instrukce manipulujici se Stack-em
(push, pop, call, leave, ret) — tyto makroinstrukce dfiv zabirali nékolik mikro-
ops, nyni jedna mikro-op.

* Mikro-fusion seskupuje nékolik mikroinstrukci téze instrukce do jedné
komplexni mikroinstrukce — redukuje celkové ,bit-toggling®

 Macro-fusion seskupuje sousedici makroinstrukce do jedné mikroinstrukce
(logické porovnani, test + podminény skok)
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Execution Engine (EE)

Nehalem RISC
micro-operations
|
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Execution Engine (EE) — nékolik poznamek

« MOB (Memory Order Buffer) podporuje | —_— |g|
spekulativni ¢teni (a mimo e
pofadi) a zapis a zabezpecuje, ze zapis -
do paméti se vykona v spravném
pofadi a se spravnymi daty

* PFfejmenovani registru |
* Bypass network — forwarding =

e Execution Units — 6 operaci (3 pamétove, 3 arltmetlckelloglcke) za
jeden cyklus:

 Port O podporuje: Integer ALU and Shift Units, Integer SIMD ALU and SIMD shuffle,
Single precision FP MUL, double precision FP MUL, FP MUL (x87), FP/SIMD/SSE2
Move and Logic and FP Shuffle, DIV/ISQRT

 Port1 podporuje: Integer ALU, integer LEA and integer MUL, Integer SIMD MUL,
integer SIMD shift, PSAD and string compare, and FP ADD

 Port 2 Integer loads, Port 3 Store address, Port 4 Store data

 Port5 podporuje: Integer ALU and Shift Units, jump, Integer SIMD ALU and SIMD
shufflee, FP/SIMD/SSE2 Move and Logic

o
=}

2 2

] -

N w

' i
LEA Address
ToEsE | =
SSE integer ALU

(MOB)

__outof-order dispatch __ _
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Execution Engine (EE) — nékolik poznamek

1 128 bit XMM data register = 1 128 bit XMM data register =
2 packed DF FP guantities 4 packed SF FF quantities
JE b.¢ X, 2 X 4
I I Iy 3 I I
= ¢ ! 2 vy vy vy
- Y Y Y — L Y Y
< FPY CFPY < FPY FRY fﬁ“\ / EP“‘\
g \ep/ N g o/ o/ o/ o/
> | T v
2 64-bit Double-Precision 4 32-bit Single-Frecision
SIMD FF operations SIMD FF operations
with XMM data registers with XMM data registers
2 DF FP ops / cycle / port 4 SP FP ops / cycle [ port

11.2 Giga FLOPs/sec/core = 2.8GHz x 4FLOPs/Hz
44.8 Giga FLOPs/sec/socket = 11.2Giga FLOPs/sec/core x 4cores
89.6 Giga FLOPs/sec/node = 44.8Giga FLOPs/sec/socket x 2sockets,

A4M36PAP Pokro €ilé architektury po €itact




quadruple azociative Insniction Cache 32 KByie,
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Organizace paméti

_ dccesiateny J

Fff'nt-‘E{1d 000 1 1 insiruction Cache, 3265 [l

Instruction £ 448 GiB's 4-way associative | . AtS

Pipeline o Integrated

i ! a Eg

instr TL By 4-way  InsfrTLB; Memaory
4KiH pages large pages Controller

64 eninies [ thread 7 endries! thread
128/come fully-sssociative

Out-of-Order
Execution
Engine

2 Level UTLB

4KiB pages. - -

| 2 Cache 256kiB - :
4-way-associative SR o L3 Cache. BMIB
512 Entry S-way associative

" 16-way assocative
648 block size 1 548 block size

| Memory Order-Buffer (MOB) Shared
| 48 load buffers
1 32 store buffers
110 fill buffers

i . lﬁH+1ﬁB'Hz__,,ﬂ

11.1 144 8+44 8 GiB/s

’ L1 Data Cache 32kiB,

B-way =sei asspriative
64B block size

Core/
Core Domain " Un-Core Domain
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Organizace paméti — nékolik poznamek

* Velkost bloku: 64B fn’é’;ﬁ:;’ " bl |

s Tl ey ssocatie 6 ‘:;gmea

e procesor vzdy ¢te fadek cache ze systémové _ T| e
paméti zarovnan na 64B a nepodporuje Rl 010t
castecné plnéné radky i

48 iuad buﬁexs

e L1 - Harvard. V SMT sdilend obéma

vlakny, Instrukéni — 4-way, Datova 8-way. [** | o e
. 3 _ o - ﬂé‘*ﬁ%‘é“‘ | o -
* L2 —unifikovana, 8-way, neinkluzivni, WB pe=31- 7
» L3 - unifikovana, 16-way, inkluzivni < " iomonas

(fadek obsazen bud' v L1 nebo L2 se nachazi v L3), WB

« Store Buffers — docasné uchovavaji data pro kazdy zapis. Netreba
Cekat na zapis do cache Ci paméti. Zajistuji, ze zapisy jsou ve spravnem
poradi a take kdyz je potfeba:
- vyjimka, pferuseni, instrukce serializace, lock,..
- store forwarding

o Data prefetching to L1 caches (streaming prefetcher, strided prefetcher)

« Data prefetching to L2 — na zakladé vzora do L1 a L2
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L3 — sdilena cache pro vSechny jadra

L corel ERE core3 ERE core3d =RF cored ==F
g IL1 DL1 | B DL1 || IL1 DI e T DL1
L2 L2 | L2 L2
2 non-inclusive | - non-inclusive | non-inclusive |\ | non-inclusive | |
Ry X A y )
4 , . . .
22 o\ 4 . QPITy
gF 16716 bytes Global Queue (16116 bytes RN
¢ . > 96 entries Nehalem
= Y ¥ socket
S v32+-32bytes L2
I *1—‘5
s | IMC L3 QP [T s
8 MiB. inclusive : =
T QPi2
L | w . .
Intele QPI point-to-point link to IOH
DRAM A T Bl ey
3 DDR3 channels g e
| 333G T/ S B/ ol I 12.8GiB/s +~ 12.8GiB/s
4 Ixl/s] {oelanne per l.L'l.]k

31.992 GB/s aggregate
7.998 GB/s / core
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Global Queue

e GQ leziv ¢&asti ,uncore” a fidi tok dat

 Z&dosti o cache line z on-chip jadra, z remote procesoru, nebo z 1/0
hub-u

 MESIF protokol — vyuziva inkluzivni L3

« Cache line requests from the on-chip four cores, from a remote chip
or the I/O hub are handled by the Global Queue (GQ) which resides
in the Uncore. The GQ buffers, schedules and manages the flow of
data traffic through the uncore.

e Write Queue (WQ): 16-entry queue pro zapis do paméti z lokalnich
jader

 Load Queue (LQ): 32-entry queue pro ¢teni z paméti z lokalnich jader
 QPI Queue (QQ): 12-entry queue pro zadosti doruc¢ené pres QPI

A4M36PAP Pokro €ilé architektury po €itact




Dva procesory

~105 nanoseconds
latency

L1|pL1 it

IL1{PL i

B
IL1pL| |l
12 i 2 fil e [d 2 o2 Bl 2 B o2 [ L

fi_*m*mi; g
Global Queue I_,.. Global Queue

? | —y |
IMC L3 QrPi | QPI L3 IMC| & |
§ MiB. inclusive QP 8 MiB. inclusive

to other
MNehalem
socket

aPi2 l l QP2

to 10H to IOH

L1pL1 L1

i |

2 s E LE
L1pL

IL1 DL1§§ IL1pL1

Core
_Core_

EEEY
-
*_

" UnCore™

~65 nano-seconds

Un-Core » °

DRAM DRAM

/2 Hub

- o
B[

Nehalem-EP 4 GiB/s + 4 GiB/s
8-way cc-NUMA per IB link
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Dva procesory — pristup do lokalni RAM

~105 nanoseconds
latency

TR E TR

||L1pu| |IL1"3L1| ||L1pL1| ||L1\pu| |IL1":)LI| |IL1"3L| |IL1"Z)LI| |IL1"3L1|
% |L2||L2||L2||L2| |L2||L2||L2||L2|:
glg Aoy oy A - /
w0 | v
¥ g G _ : 3
1 8 MiB. mnclusive QP 1 8 MiB. inclusive ]
e to other . oo SR W L O
Nehalem
socket
QP2 N' ¢| QP2
to I0H to IOH
/O Hub -
m— -3 —
Nehalem-EP EiB..-"s + 4 GiB/s
8-way cc-NUMA per IB link

MESIF protokol

L3 cache — 4 bity

1. Procesor 0 zada cache line, ktera se nenachazi v L1, L2 ani v L3

- Procesor 0 zada data, ktera jsou v jeho DRAM,
- Procesor 0 slidi jestli data neposkytl Procesor 1

2. Reakce

- lokalni DRAM vréti data,
- Procesor 1 vrati odezvu,
- Procesor 0 napini cache

A4M36PAP Pokro €ilé architektury po €itact



Dva procesory — pristup do vzdalené RAM

~105 nanoseconds
latency

EGECEE)

||L1pu| |IL1"3L1| ||L1pL1| ||L|\pu| |IL1"DL i| |IL1"3L | |IL1"3LI| |ILI"3L1|
f el le]l=] Lellelluallel
. g ke 3 /
gl G —
'hois L3 : : L3
1 8 MiB. mnclusive p QP 1 8 MiB. inclusive ]
. to other . rrrermrrrerrer e OO W [ L
Nehalem
socket
QP12 | J' L [ arp
to IOH to IOH
IO Hub -
m— -3 —
Nehalem-EP EiB;"s + 4 GiBJs
8-way cc-NUMA per IB link

MESIF protokol

L3 cache — 4 bity

L3 Shared
L3 Modified

1. Procesor 0 zada cache line, ktera neni v jeho L1, L2 ani L3 cache

2. Pozadavek se posila pres QPI Procesoru 1
3. Procesor 1 reaguje (IMC generuje pozadavek do DRAM, Procesor 1 zkousi jeho

cache)
4. Odezva

- Data se vrati do Procesoru 0 pres QPI
- Procesor 0 napini cache a nastavi Shared nebo Exclusive
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Haswell (2013)

« Ctvrtd generace Core i3, i5, a i7

o Zavadi dalSi mnozstvi instrukci,
napr. Fused Multiply-Subtract:
A=AxB-C
C -=AxB
e Soucasny trend: System -on-a-Chip (SoC) - CPU, GPU,
Last Level Cache a systemové I/O na jednom Cipu

e 128 MB L4 cache — eDRAM (Iris Pro model — integrovana
grafika)
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eDRAM (embedded DRAM)

CRW Loaded Latency

g DDR

Latency (ns)

. eDRAM

i 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
100% Rd BW (MBps)

= CRW-C2 78U edram == CRW-L2 2Bu noedram

http://www.hotchips.org/wp-content/uploads/hc_archives/hc25/HC25.80-Processors2-
epub/HC25.27.820-Haswell-Hammarlund-Intel.pdf
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Haswell

& Instructions

Podoba se Trace
cache, ale je
jednodussi a
instrukce jsou
dekodovany

4 pops

328
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Haswell Out-of-Order Scheduling + Execution Units

Haswell ( 56 pop Decode Queue ]

4 paps\l\

[ 192 Entry Reorder Buffer (ROB)
|

¥
168 Integer 168 AVX 48 Entry Branch 72 Entry 42 Entry )
Registers Registers Order Buffer Load Buffer Store Buffer |

60 Entry Unified Scheduler ]
Port O Port 1 Port 5 Port 6

1 h
ALU 256-bit ALU ALU 256-bit
Branch VMUL LEA Fast LEA VALU
Shift VShift MUL VShuffle

w w w
256-bit 256-bit ) [ 256-bit ) [ 256-bit ALU
FMA FMA VALU FShuffle| | Branch
FBlend FADD VBlend FBlend Shift
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Memory Hierarch

72 Entry 42Entry |
Load Buffer Store Buffer |

Haswell 50 Entry Unified Scheduler |

J
Port2| Port3|P0rt4 Port 7
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Porovnani

_ Nehalem (2008) |Sandy Bridge (2011) Haswell (2013)

L1 i-cache 32 KB, 4-way 32 KB, 8-way 32 KB, 8-way
Preddekddovani

dodava ...do 6 instrukci 6 instrukci 6 instrukci
Instruction Queue

Pocet dekdderu 3+1 complex 3+1 complex 3+1 complex
Pocet drzenych

mikro-op v DecodeQ 28 2x28 >0
Polozek v _ROB (out- 128 168 192
of-order window)

Polozek v Unifikované

rezervacni stanici / 36 54 60
scheduleru

In-flight loads 48 64 72
In-flight stores 32 36 42
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AMD (Shanghai) vs. Intel (Nehalem)

Shanghai MNehalem-EP MNehalem-EP

Core 0 j Core 1§ Core 2 §j Core 3 E E Core 2§ Core 3 E E

AMD Intel

Zdroje:

1. Thomadakis, M.E., The Architecture of the Nehalem Processor and Nehalem-EP SMP
Platforms, Texas A&M University, 2011.

2. Nehalem (microarchitecture),

http://en.wikipedia.org/wiki/Nehalem_%28microarchitecture%29

Trent Rolf, Cache Organization and Memory Management of the Intel Nehalem

Computer Architecture, University of Utah Computer Engineering, Dec. 2009

Paul G. Howard, Next Generation Intel Microarchitecture Nehalem, Microway Inc., 2009

Intel QuickPath Interconnect, http://en.wikipedia.org/wiki/Intel_QuickPath_Interconnect

http://chip-architect.com/news/Nehalem_at 1st glance_.jpg

http://www.realworldtech.com/haswell-cpu/
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