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Performance Factors

CPU execution time _ # CPU clock cycles for a program

for a program clock rate

Performance = clock rate x 1/ # CPU clock cycles for a program

e Performance = f x IPC int flag = 1;
f: frequency (clock rate)
« IPC: retired instructions per cycle int foo(){
while(flag);
}

;\9‘
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Increasing Processor Performance by Implementing Deeper Pipelines X

Session 1 — Processor Pipelines. »

Increasing Processor Performance
by Implementing Deeper: Pipelines

Eric Sprangle , Doug Carmean
Pentium Processor Architecture.Group, . . .
Intel Corporation

ISCA-2002. pp.25-34

International Symposium on Computer Architecture (ISCA)

P (CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 5



MREDEREBR

\

e JOvEVvHDEMERIERMDAEEI IOV SERAEDERYT
AHARBERGREELEH>TULNS.

o INMTSAUNELGDHE, BRETDEHSETIRFRIRIIZIZM
EEA)

o NATZAVDFESEF v A XDEAELT, Oty
HHREE TRl T HAETILEEELT, VIal—iavItkYtE
Bzt 5.

e Pentium 470ty HER—XS542ELT, BULVALTSAY
MERER EIC DAL EFRT.

)

X=
\Q Increasing P/"ocessor Performance by Ii mp/emen ting Deeper Pipelines 6
CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH



Simulated 2GHz Pentium 4 like processor config X
\

Core

3-wide fetch/retire

2 ALUs (running at 2x frequency)

1 load and store / cycle

In-order allocation/de-allocation of buffers

512 rob entries, load buffers and store buffers
Memory System

64 kB/8-way |-cache

8 kB/4-way L1 D-cache, 2 cycle latency

256 kB/8-way unified L2 cache, 12 cycle latency

3.2 GB/sec memory system, 165ns average latency
Perfect memory disambiguation

16 kB Gshare branch predictor
Streaming based hardware prefetcher

Skeleton ELVSEITEREFHD I 2L —2ZTHWVTERET 5.

=
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Simulated Benchmark Suites

: Number of .
Suite Benchmarks Description
SPECIint95 8 spec.org
speech recognition,
Multimedia 22 mpeg, photoshop,
ray tracing, rsa
sysmark2k
Productivity 13 mternet/bu_synessf
productivity,
Premiere
SPECfp2k 10 spec.org
SPECint2k 12 spec.org
Workstation 14 CAD, rendering
Internet 12 webmark2k, specjbb

=2
\Q Increasing Processor Performance by Implementing Deeper Pipelines
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Overhead of the pipeline \
\
Conservative ASIC design 3%

e Clock skew + jitter = Blps
« Standard 0.18um process, flop overhead is 3 FO4 = 75ps
 Pipeline overhead = 51ps + 75ps = 125ps
« Custom design
* Most of clock skew and jitter overhead can be hidden.
 Pipeline overhead = 75ps
Extreme custom design
e Sub-50ps at the cost of a much larger design cost
Pentium 4 overhead
 Pipeline overhead = 90ps
» Use 90ps as a baseline overhead time

)

X=
\Q Increasing Processor Performance by Implementing Deeper Pipelines 9
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Super pipelined processor (R—/X\—/\1T54(>) X
\

* A super pipelined processor has split the main
computational pipeline into more stages.

Control dependency

< S
(s

EM

=

Data dependency

~ "\ ="
) 12
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Basic Pentium® lll Processor Misprediction Pipeline

1 2 3 4 | 5 6 | 7 8 9
Fetch Fetch ||'.'Ienude Decode Decode |[Rename |R'DE Rd | Rdy/Sch Dispatch

Basic Pentium® 4 Processor Misprediction Pipeline

1|2i3¢sﬁ?|391u111z13141515 18 | 19 |20
TCNtiP | TCFetch Drive|Alloc| Rename |Que | Sch | Sch | Sch (Disp Disp | RF | RF |Figs |Br CK Drive
The Microarchitecture of the Pentium® 4, Intel Technical Report
Branch redirects Out-of-order processing

1 L
| Instruction fetch

1

L

Ll 1F H IC BP

-

Do H DI H D2 H D3 ercrH GD

Instruction erack and

MP H ISS H RF
MP H ISS H RF
MP H ISS H RF

LD/ST

DC H Fmt H WB H Xfer
F ,

X

group formation

Interrupts and flushes

POWER4 instruction execution pipeline.

™

A= . .
*@ POWER4 System Microarchitecture, IBM Journal
¥ (CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH



32KB Inst. Cache (4-way associative)

inst, TL8

(4-way) 168yte Pre-Decode + Macro-Op
1 Fusion, Fetch Buffer | Macro-OpHandling |
Instruction
Fatch 18 Entry Instruction Queue Macro-Op Decode
Hardware : and Loop Stream
Camplex Simple Simple : Detect
Macro-Op Macro-Op Macro-Op RSy
- Decoder Decoder mﬂ‘ugﬁ
28 Entry Micro-0p Loop Stream Detect Buffer Drder Hardware

New or Improved
For Nehalem

¢ Intel Core i7 Nehalem Architecture (14 stages), bit-tech
CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH



Single Cycle and Pipelined Processor

1200 1400 1600 1800
P

Program
execution —. 200 400 600 800 1000
order Time ! ' ' l I 1 I

(in instructions)

Iw $1, 100($0) | nstrustion o3 | Reg
- ™ | Instruction Data
Iw $2’ 200{3;0} 800 ps fetch ACCess Reg
Iw $3, 300($0) = 800 ps ™ |instrustor
Y —
800 ps
Program
execution —. 200 400 600 800 1000 1200 1400 .
order Time T T T T T T T >
(in instructions)
w $1, 100($0) | "o reg| | Reg
- .
w $2, 200($0) 200 ps |G | |Res Reg
PrE— -
w $3, 300($0) 200 ps | "faien acecs |Pes
Y P I—— > —
200 ps 200 ps 200 ps 200 ps 200 ps

~
=
@ Adapted from Computer Organization and Design, Patterson & Hennessy, ® 2005
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o BEDINNATZ42%FIFALT IPC (instructions per cycle) & 1L E
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Time (in clock cycles)

it 5| [ 2547

CCA1 cC 2 CC 3 cC 4 CC 5 CC B
Instruction Instruction Data .
n fetch decode access Write back
Instruction | Instruction Data .
fetch decode access Write back

Instruction | Instruction Data .

fetch decode —— Wirite back
Instruction | Instruction Data .

feteh decode access Wirite back

CCA1

CcC 2

CC 3

2-way superscalar

Insgé:rt_linn Indsgcu;:éi:n agéléis Write back

Insrhe'l:[.l;:rt_linn Inds;rcu;::’i:n as:?etaas Write back
In SFZ:[I::::“ r Injgcu;::’ign agc?etass Wite back
In SFEI:;::“ r In;:cu;:éi:n agc?etass Write back

16
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Control dependency

—

IF EX v MEM WB
IF EX MEM WB
IF EX MEM WB
IF EM

1=

Data dependency

y—

Conventional 5 stage pipeline

(F\Con’rrol dependency

IF ID EX MEM WB

~@9‘ L"/)Dam dependency
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\
e« IF (Instruction Fetch)
AR RTEIIVFYT S
. ID (Instruction Decode)
M5 TI—F (85 LGNS, LORADEEZHRA BT .
’\llli'iﬁi%\’C%éT“"'lié‘—%Féb HAHINT-LORADET—HEHEREIT.
MRDAITEIRT1—ILLZTRFBILERL, 1D ARSNT=PCIZFEihksn
A2t 9r e RLEOE THIREDTRFLRZET S, FEHNRIZLI-EE
[CIERIRFTETRLUAZPCIZEYRLT, CORT—V THIRGRZEE TSES.
« EX (Execution)
MPIRIEDEITEIEITFLRADERZITD.
« MEM (Memory Access)
WHETHNIE, T—2AEVFDFARZIURIZTIERT S.

« WB (Write Back)
WETHNIL, HBERELIDRAZZEZTIAD.

CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 18
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4. BIESIE (delayed branch), MIPSHERF

IR FDERBDEOMDRRTERITLIRIC, RIRT D 1A VIILOEREF OGRS
1T

IEFXRDEY.

IR AT ERT

DIRGBTDRTELAD TR

=17
SIEHITIE, ROKTRLADRHERST
(RRITHE, HEHEDRORDTEL ADRBEEET)

¢ DEHBORBEOEONOBRERITLLRICH B, DEHHIZEDRR—ILIFELLL
Untaken 47 6 7 IF D EX MEM WB
SHEREERT T (1 + 1) IF D EX MEM  WB
@i+ 2 IF D EX MEM  WB
T +3 IF D EX MEM WB
i+ 4 IF ID EX MEM WEB
Taken “HEL 6T 75 IF D EX MEM WB
SRR (i + 1) IF D EX MEM  WB
il IF D EX MEM WE
S + 1 IF D EX MEM WB
S+ 2 IF ID EX MEM WB

dapted from Computer Organization and Design, Patterson & Hennessy, © 2005
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Multiword Block Direct Mapped Cache

 Four words/block, cache size = 1K words
H|t 3130 ... 1312 11 ... 4 32 1i/g'¥fgeet Da;ta
Tag <20 3 Block offset
Index
_ Data ( 4 word )
Index Valid Tag < >
0
1
2
—
253
254
255
420
O N
| 32
Nyl What kind of locality are we taking advantage of?

& CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 20



Interleaved (/> %—1)—27) Memory Organization X
\

Ll » For a block size of four words with
CPU interleaved memory (4 banks)
1 « 1 cycle to send 1st address
« 25 + 3 = 28 cycles to read DRAM
Cache
« 1 cycle to return last data word

bus » 30 total clock cycles miss penalty
— 1 25 cycles [ 1]

[ 1] 25 cycles [ 1]
Memory || Memory || Memory || Memory

bank 0 bank 1 ||bank 2 bank 3 [ 25 cycles [1]
[ 1 25 cycles ]

« Number of bytes transferred per
clock cycle (bandwidth) for a single
miss

_ « (4 x4)/ 30 =0.533 bytes per clock

~ ="
) 21
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1f stage 1d stage Ex stage Ma stage Wb stage
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Cascade ALU Architecture

! EX
A Cascade ALU Architecture for Asynchronous
c Super-Scalar Processors
E E lotokazu OZAWA .S Member. Misaahl IMAT. Nonmemiben:. Yoichiro TENO
| | T T e T
| ;
I%& 1
i > !
1 — g
1 (an .
; i
0 A Cascade ALU Architecture for Asynchronous Super-Scalar Processors, IEICE fransactions on electronics

~@"" IEICE transactions on electronics 84(2), 229-237, 2001-02-01
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