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Response Time and Throughput

Response time
= How long it takes to do a task ~

Throughput

= Total work done per unit time - s B35 N ey 500 Qa9

e.g., tasks/transactions/... per hour
=l

How are response time and throughput affected
by

= Replacing the processor with a faster version?

= Adding more processors?

We'll focus on response time for now...

o} ey 60 Lo s
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Relative Performance
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= 10son A, 15s on B

= Execution Timeg

/ Execution Time,
=15s/10s=1.5
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Measuring Execution Time
JElapsed time

Processing, /0, OS o
= Determines System p

CPU time .

) LILALD o S Wup 3 () Co,)!
= Time spent Processing a given job
Discounts 1/0 time, other jobs’ shares

g Somprises user CPU time and system CPU
ime

= Different
CPU ang

verhead, idle time
erformance

Programs are affected differently by
System performance
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CPU Clocklng

Operation of digital hardware goveébrﬁed by a
constant-rate clock

+—Clock period—

Clock (cycles) T‘_

Data transfer —_—
and computation L SR R X )( )
Update state

>

Clock period: duration of a clock cycle

= €.9., 250ps = 0.25ns = 250x10-1%s

Clock frequency (rate): cycles per second
___=eg, 4.0GHz = 4000MHz = 4.0x10°Hz
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CPU Time

i D S R o

CPU Time = CPU Clock Cyclesx Clock Cycle Time

CPU Qlock Cycles
Clock Rate

| Performance improved by
| = Reducing number of clock cycles
= Increasing clock rate

« Hardware designer must often trade off clock
rate against cycle count
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Instruction Count_and CPI
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.. Clock Rate (f)
=

Instruction Count for a program
= Determined by program, ISA and compiler

Average cycles per instruction

= Determined by CPU hardware

= If different instructions have different CPI
Average CPI affected by instruction mix
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Performance Summary
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Performance depends on il Seesds €57 28 ¢
CoZp P&:cJ(om

= Algorithm: affects IC, possibly CPI

= Programming language: affects I1C, CP|

= Gompiler: affects IC, CPI

= Instruction set architecture: affects IC, CPI, T,
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Suppose a new CPU has
= 85% of capacitive load of old CPU
= 15% voltage and 15% frequency reduction
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The power wall
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SPEC CPU Benchmark - fﬁf:iﬁ

— \)5_‘&3 i PMJ 3\
Programs used to measure peﬁormagce 3 wioresd 1\
= Supposedly typical of actual workload - " Benchmarle )

| Standard Performance Evaluation Corp (SPEC)
| ‘.‘@‘é-“’ = Develops benchmarks for CPU, 1/0, Web, .

SPEC CPU2006 - 20 \o3s G g L 8la 35 alas

/ Elapsed time to execute a selection of programs r.—c\\
Negligible I/0, so focuses on CPU performance - CPUSJéJ:‘ SP

= Normalize relative to reference machine = Te.
= Summarize as geometric mean of performance ratios

CIN o
T2006 (integer) andLCF P2006 (ﬂoatrngsg‘(‘::‘rwle’f()w;l:3 verf- >N B
Sc\ed‘f ol -
ct P(OS(C‘M

S Execution time ratio ‘__—L—"cucr rermﬁ e
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S = CpU integer

CINT2006 for Intel Core iTZ 920

Interpreted string processing | perl 2252 0.60 0.376 508 9770 19.2
| | Blocksorung . 2390 0.70 0.376 629 9650 15.4 _\
compresslon
GNU C compiler gee 794 1.20 0.376 358 8050 225
Combinatorial optimization mcf 221 2.66 0.376 21 9120 412
Go game (Al go 1274 1.10 0.376 527 10490 199
Sealch gene sequence hmmer 2616 0.60 0.376 500 9330 158
Chess pamea (Al) sleng 1048 0.80 0.376 586 12100 207
Quantum computer libguantum 650 0,44 0.376 109 20720 190.0
simulation
Video compression h264ave 3703 0,50 0.376 113 22130 31.0
Discrete event omnetpp 367 210 0376 200 6250 215
simulation liprary
Games/path finding astar 1250 1.00 0.376 470 7020 14.9 J
XML parsing xalancbmk 1045 0.70 0.376 275 6900 251
Geomelri¢ mean - - - - - 257
3 R >9 W =T
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Pitfall: Amdahl’s Law

g e

Improving an aspect of a computer and
| expecting a proportional improvement in

\ g
v erformance evec. hme N
© era e 4l ) Taffecked
e*.f\“\*‘%‘ T Toni Tonaftected 9 7
mproved  improvemen t factor ”"aﬁi‘:te\‘;m\n
lm"rodh onS % %\N\‘J

Example: multlply accounts for 805/1005 adls i

= How much improvement in multiply performance to

get 5x overall? L g. ‘ad
T.‘nvfmé;

.;J
20=80,20 = Can'tbe donelse=it "
n T

Corollary: make the common case fast =¥ [} 22D
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Scanned with CamScanner



Fallacy: Low Power at Idle 7
Look back at |7 power benchmark

= At 100% load: 258W

= At 50% load: 170W (66%)

= At 10% load: 121W (47%)

Google data center

= Mostly operates at 10% — 50% load

= At 100% load less than 1% of the time

Consider designing processors to make
power proportional to load

Chapter 1 — Computer Abstractions and Technology_'

Pitfall: MIPS as a Performance Metri

MIPS: Mllllons of Instruct|ons Per Second

= Doesn’t account for
Differences in ISAs between computers
Differences in complexity between instructions

Instruction count

MIPS = ictio
Execution time x10°
B Instruction count _ Clock rate
" Instruction counthPlxms - CPIx10°
Clock rate

= CPl varies between programs on a given CP

I
Chapter 1 — Computer Abstractions and Technolo%!]
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Concluding Remarks

o o e A A

Cost/performance is improving
= Due to underlying technology development

Execution time: the best performance
measure

Power is a limiting factor
= Use parallelism to improve performance

Chapter 1— CO'mDuter Abstractinne and Tarhnalam: arc
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The Hardware/Software Interface

Chapter 4
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1
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Contents

M R .7 | |
4.6 Pipelined Datapath and Control (Review)

Five-Stage Pipeline
Pipeline Control
Pipeline Hazards

Chapter 4 = The Processor —3

Five-Stage Pipgline

' F: Fetch instruction from the instruction =i 31—
memory RS

D: Decode instruction and read operands - \ns{ﬁ\\_n‘»:\ﬁ

[ ;3
E: Execute operation or calculate address .
M: Memory access = e/ b,

Stare

W: Write result to the register

Chapter 4 — The Processor — 4
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Control signals derived from instruction
= As in single-cycle implementation |
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instruction in the next cycle  : peeting 5\@'@-1;‘ i
Structure hazards - __ %3 Rt

Jash 5o 3% o) — o'csmt\‘.s.ak:on 5\;
= A required resource is busy - \.oo \awais s

Data hazard 2L Mua\etes ddla 5\9\5@\}\\5&,
= Need to wait for previous instruction to
complete its data read/write

s Control hazard .. .. Wo Jomp Soeisedl

= Deciding on control action depends on
previous instruction
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o
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| i
sd x15, 100(X2) E@—~ -C{l _{g_]"__L |I' e—gj
US|

Data Hazards |n ALU Instructlons

ConS|der thls sequence fegider welweions &S
sub x2, x1,x3 T lote Waae
and  X12,X2,X5 (ead fom regcterand 3T
or  Xx13,x6,x2 wre te memed
add  X14,X2,X2  teod fom memory andwrde 2'ead F

sd, . x15,100(x2) ey
B (S| N “"E?’“‘( oN—SeT . Ly base reqister .
«s There are multiple true data dependencie

:}i read-after-write (RAW), on register x2.
Wl

.2We can resolve hazards with stalls or
- forwarding.

Falls -\ 2 K_»&-‘:;D* HQZ‘“’AS M-t Chapter 4 — The Processor — 11
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execution Ly c} o,* Q 3\
order

6’»‘} ENN S omo-l\

(in instructions)

sub 72, x1, x3 I . _
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I
A

4

= = i M
or x13, x6, x2 %ﬁé}%} _ —&_gjl
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Forwarding Paths
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Loa .. Data Hazard

Can t always av0|d stalls by forwarding
= [f value not computed when needed
= Can’t forward backward in time!
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Load-Use Hazard Detection

Check when usmg mstructlon is decoded
in ID stage

ALU operand register numbers in ID stage
are given by

= IF/ID.RegisterRs1, IF/ID.RegisterRs2
Load-use hazard when led-use  ¢b3a bayis

- ID/EX.MemRead and ¢/ - Bl
-+ ((ID/EX.RegisterRd = IF/ID.RegisterRs1) or
(ID/EX.RegisterRd = IF/ID.RegisterRs1))

I detected, stall and insert bubble)

~stl E.Rd &

Skall
D Rs, = E.Rd % Chapter 4 — The Processor — 15
E. Viesn Rma

How to Stall the Pipeline

—

A A
)

|

Force control values In ID/EX register
to 0

« EX, MEM and WB do nop (no-operation)

Prevent update of PC and IF/ID register
= Using instruction is decoded again
= Following instruction is fetched again

= 1-cycle stall allows MEM to read data for 1d
Can subsequently forward to EX stage
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Load-Use Data Hazard

T R TR T

Time (in clock cycles)
cc1 ccz2 cC 3 cC 4 CC5 CC6 cCc7 cCs

>

QCQ QL

Program
execution
order

(in instructions)

Id x2, 20(x1)

and becomes nop

and x4, x2, x5

or x8, X2, x6

’ add x9, x4, x2

] U

Chapter 4 — The Processoy

PCWIe

Datapath W|th Hazard Detection

e TN

Q 5\ Hazard ID/EX MemRead

ﬁ/ﬁ detection  o—
: unit
B2 Rty o E
0oL g €R ASPIE o
- \ ‘l‘r
NN E eka E EX/MEM
t’ﬁ; -—-—""E"nu.j__‘ M e |MEMM
| - I
=8 IF/ID ~ LS EX M b
' ad ]
.——*‘ ) N\ [—
- M
1 u
é - Registers \’j i
ForwardA "
g —— ?ALU
= M
N Data
i) X memory
Forward | i —
IF/ID.RegisterRs1 — f
N IF/ID.RegislerRa2 — : "
éFlID,Reglsteer ] Rd
_{ ] _—J 4—'.‘/
Forwmrlmgr_
unit f— “é/
[n) "’/
4
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Stalls and Performance

Stalls reduce performance
ct L___\\A\Nﬁ:?'\-k?-d )

= But are required to get correct results

Compiler can arrange code to avoid
hazards and stalls

= Requires knowledge of the pipeline structure

. .o lide 1€
* Sl “jde— -\L,\ Ahl\ ‘C,\'d"*‘ o ¥k fét?apter 4 — The Processor — 19

disable dass Pe Nzo3 Signel -é
disable  IR-> Rigisterafferfc -
No- ofefation () ~to Erecofion =3

Code Scheduling_t_o Avoid Stalls

Reorder code to avoid use of load result in
the next instruction

Ccodefora = b + €;

J Ry
?1(1 x1, 0()530)
1d (x2 )8 (x0)
sta) | — add x3, x1,
weneti b S x3, 24(x0)*
TTod (a)a6(x0)
“stall | — add X5, X1
éh\m‘w’fl sd x5, 32(x0)¢

Chapter 4 —

The Processor 20
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' 4.8 Control Hazards

4.9 Exceptions |
4 .10 Parallelism via Instructions

4.11 Real Stuff: The ARM Cortex-A53 ang I
Core i7 Pipelines

4.14 Fallacies and Pitfalls

4.15 Concluding Remarks

W
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Contents
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4.8 Control Hazards
Branch Hazards )
Reducing Branch Delay
Branch Prediction
Dynamic Branch Prediction

Calculating Branch Target
Imprecise Exceptions
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Branch Hazards

If branch outcome determlned in MEM

Time (in clock cycles)

CC1 cc2 CCJa CC4 CC5 cce cc7 ccs cco

Program

2 Iuagh Hewery 107
40 beq x1, X0, 16 1 ch"ka\ ‘F\e(d\&k
L_ f\o‘\' Yedeen
44 and x12, x2, x5 \
Flush 1 these

. instructions’
f(Set control
"values to 0)

48 orx13, x6, x2

S2 add x14, x2. x2

_i
T
r72 1d x4, 100(x7)

Chapter 4 — The Processor — 23

Reducing Branch Delay
Move hardware to determlne outcome to ID
stage

= Target address adder

= Register comparator

Example: branch taken

36: sub x10, x4, x8

40: beq x1, x3, 16 // pC-relative branch
// to 40416%2=72

44: and x12, x2, X5

48: orr x13, x2, x6

52: add x14, x4, x2

56: sub x15, x6, x7

72: 1d x4, 50(x7)

[ o] PP .
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Example Branch Taken

and x12, x2, x5 beq x1, x3, 16

-
IF.Flush Q'(q e

O (’ DS\J\_‘:&U\M’S
(\___ ; i —— [Bfo\hc.\r\ M\ x\

detection

L !
r‘

LRV L

-G ontro

S

40

[CEr=Pre=

£ ‘ P~
k :I Forwall'-rﬂhg & T
: unlt ]
3
Chapter 4 — The Procemk
)

Id x4, 50(x7 .
R (x7) : Bubble (nop) . subx10, ... - pefored|
, ; ' i
1 ]
‘ , ' (" Hezarg ! '
! | —— detection i 4
\ _unit . ‘
| ; '
| ]
! :
b= Contin) EXIMEM :
7 Wa MEMMWE

Data
memory

—[:"
[‘
’__

/ I
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Branch Predlctlon

Longer plpellnes can t readlly determine
branch outcome early

= Stall penalty becomes unacceptable
Predict outcome of branch

= Only stall if prediction is wrong

In RISC-V pipeline 2

= Can predict branches not taken 5 \ow

Chapter 4 — The Processor — 27

J‘b Reanch Delay A\ %):mﬁa&P pline Y4 PreAc { n6T faken 2 Sayls &Y ﬁ
| More-Realistic Branch Prediction

oA AR DAL

\) Static branch predlctlon > ohadre iy Branch W Gay

P(‘-A\c_, tah
unit
= Based on typical branch behavior AN Qe s e
’_/:r’ 5 Example: loop and if-statement branches ;_ . 21~
Predict backward branches taken \55*“(\“
W ;71?/3 Predict fowvard branches not taken
2) Dynamic pranch prediction ;
_ Hardware measures actual branch behavior ¢ fakie
ord recent history of each branch actoal M\ Ge
e.g., rec e ‘W

behavior will continue the trend
§ AEELINS future tall while re-fetching, and update hist (A Gm.a
\When wrong, sta 9, pdate hstory = ...,L,\Ms.

JFSMIRC

Chapter 4 — The Processor — 28
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Dynamic Branch Pred|ct|on

,r

In deeper and superscalar pipelines, b"anch

penalty is more significant

Use dynamic prediction

= Branch prediction buffer (aka branch history tabl)

» Indexed by recent branch instruction addresge,
= Stores outcome (taken/not taken)

= To execute a branch
Check table, expect the same outcome
Start fetching from fall-through or target
If wrong, flush pipeline and flip prediction

Chapter 4 — The Process|

Lol

&jnqmm Rranch 5\., an_st e~
fcd. cthon

Branch Hlstory Table (BHT)

L3 7 A k

.'-'_. D(m‘\Ck F‘ECLC,\‘IOD G“‘\m %
N . b

One-Leve] Branch Predictor “emoﬁj

Y it n-bit counter J

Branch Address

o
EREES
G
e bits k A L »8
v L r) - —;_-): predich on
\% \(,\f,, — T )
bits
—‘h‘
LR T

Table Size = x ok bits

\\ )6‘25‘2 u 2'( h"'h
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1-Bit Predlctor Shortcommg

RS EST

Inner loop branches mlspredlcted twice!

<
<

outer: ..

inner: .. = =

beq iy 1nner —

beq -~y .y Outer

= Mispredict as taken on last iteration of
inner loop

Then mispredict as not taken on first
iteration of inner loop next time around

Chapter 4 — The Processor — 31

2-Bit Predlctor

T T P T e e

Only change predlctlon on two successive
mispredictions

Not taken
Taken
Not taken
"‘”..e—--""‘ i
Not taken y. :
Predict not taken-
Taken VR
e e
W

ALantar 4 — Tha Processor — 32
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Calculatmg the Branch Targg1

A T G NI e S

Even with predlctor st|I| need to calculat,
the target address
= 1-cycle penalty for a taken branch

Branch target buffer
= Cache of target addresses

= Indexed by PC when instruction fetched

If hit and instruction is branch predicted taken, CaA
fetch target immediately

G \sds qddEss Wolbs ataach W UYL CRUASPRI Ve (IS AN
MU W& b Ge BT Nsad9.8 (S S0 R S

Chapter 4 — The Processor-;'

' r 9o\l addes Wog>y Banch ks\\&ﬂ ’
TR a7 Aasd Adess W Ja Rddes 3 Pc M ~

Branch Target Buffer (BTB)

PVAA'{.‘;SSCS N \‘5 Mcmwj g_\,sqg\.&

PC of instruction fo fetch BTN a=s ksL:.\s_)sad&\ \oranches
\ \o?y5 SN\ Yy andhes 3\ @Q\‘
b4 Look up ?Juaéb 3_)—‘3 redicted PC C!n:‘ .
Numbar of
entries
in branch-
fargel
buffer
T W
" 1 N
b] "\ No: Instruction is b 1%’*
] » not predicted ta bo Branch
®- branch; proceed normally prodicted
taken of
Yos: then instruction is branch and predicted untaker

PC should be used as Ihe nex| PC

L_‘ﬁyb_m @kﬂ\_&bj%\k}sg Wi BHT M\ olas bo Bae o
|
&.’.‘35"’5 ‘“u\ﬁ- Chanter 4 — The Proc®> i
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Contents

4.9 Exceptions
Exceptions and Interrupts

Handling Exceptions
Exceptions in a Pipeline
Exception Example
Multiple Exceptions
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Exceptions and Interrupts a

3

“Unexpected” events requmng change
in flow of control
= Different ISAs use the terms differently

v Exception - Ppline N8N (s

= Arises within the CPU J'Mﬁ*" 3l 393
Z&&:ﬂ erfor

e.g., undefined opcode, syscall - 3 divisten \y Zexa
Interrupt i
>  Oe\
= From an external I/O controller Zj:—ixm

Dealing with them without sacrificing
performance is hard

Chapter 4 — The Processor

Handling Exceptlons

Prce:cAas M \asTcodien S\
Save PC of offendlng (or interrupted) instructio

= In RISC-V: Supervisor Exception Program Counter
(SEPC)

Save indication of the problem
= In RISC-V: Supervisor Exception Cause Registel
(SCAUSE) |
= 64 bits, but most bits unused »
" 4 i Exception code field: 2 for undefined opcode, 12 for har
)L malfunction, ...
Jump to handler

V = Assume at 0000 0000 1C09 0000,

Scanned with Camsan;r;er ‘



ot
An Alternate Mechanlsm

Vectored Interrupts

_ Handler address determined by the cause

| Exception vector address to be added to a
vector table base register:

= Undefined opcode 00 0100 00004,

. Hardware malfunction: 01 1000 0000,

Instructions either
= Deal with the interrupt, or
= Jump to real handler

Chapter 4 — The Processor — 39

Handler Actlons

Read cause, and transfer to relevant
handler

Determine action required

If restartable

= Take corrective action

= use SEPC to return to program
Otherwise

= Terminate program

= Report error using SEPC, SCAUSE, ...
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g Exceptlons in a Pipeline
W Another form of control hazard
5‘" Consider malfunction on add in EX st
| age

add x1, x2, x1

= Prevent x1 from being clobbered

= Complete previous instructions

- Flush add and subsequent instructions

. Set SEPC and SCAUSE register values

- Transfer control to handler

Similar to mispredicted branch

_ Use much of the same hardware

|

Chapter 4 — The Processol

Scanned with CamScanner



Exception P roIOt-)rtles

Restartable exceptlons sdoddnt
. . nsioclion J\
= Pipeline can flygp the instruction “‘i:‘:j

= Handler executes fion
en ret
instruction HIMS 10 the At
y
Refetched and execyteg from scratch 1 @uds
PC saved in SEPC register Qnras’raxhlb\e
= ldentifies causing Instruction - |
— O
méfrocjr:aa J)
eya-_ﬁioi\\e*:_s.,\.,bfll\
Chapter 4 — The Processor — 43
Except|on Example
Exception on add in
40 sub x11, x2, x4 (‘J\ ii
44 and x12, x2, 6 P>
48 orr x13, x2, X
4c add Xl! XZ X1 A*Zxr:)ti
50 sub x15, x6, 1_} ik
54 1d  x16, 1oocx7) é\“ﬁ“,\
Handler —— daay ikl

1c090000 sd x26, 1000(x10) - = °
1090004 sd x27, 1008(x10) i B

. h b(‘i.d)lo(\}\ar\o”ij3 "-";\3*\\3
(5_3 o &AL.J\S-O"UY J‘AL’ Subfau"lﬂ‘: f

[g-m \63 “\0\3\ -cp\:\)l\.\ \}.\\ data M Coyna anle uﬂ\ﬁ\mg.\g ‘09.3-“

Save

Chapter 4 — The Processor — 44
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Chapter 4 — The Processg

SSA 2t EA e | W

Exception E

e W ie Flash  dass (5400

xample s

A CS) e
- lglazs 14 M
sd ¥26, 10
00(x0) : bubble (nop) | bubble . bubble | orxf
IF Flush : I\:_\}EX Flush ! :
J : o [_ 1D.Flush |: ' E
[ detection L ! . ,
unit 1 t . :
M o : :
u 5 :
X ' '
= [Eem ;
‘1u e :‘\I MEN
IF, IDu 1= = bjﬂ'ﬂ
4 Rl
N J ‘
L ol Jinsu
[ o 5
\f‘ Data
|| I .?{ memory
jl
' ]
———— S 3 —
Ll lv "
Clock 7 ) | —-I
' me.\rmar :
: unit ye — .
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Multiple Exceptlons

pipelining overlaps muIt|pIe instructions

., Could have multiple exceptions at once
gimple approach: deal with exception from
earliest instruction

. Flush subsequent instructions

- "Precise” exceptions -
In complex pipelines

. Multiple instructions issued per cycle

_ Qut-of-order completion

. Maintaining precise exceptions is difficult!

Ly \oyimihole L\s)

Chapter 4 — The Processor — 47

%
Processers
Imprecise Exceptions > ...

eeDhicn 35 9 t_)\.b\'\uoa.)j o333 p Sulas By CASIE Upoaasla Cps kﬁ}*\“

a1 2l 3 isiale
Just stop pipeline and save Stﬁt@ea‘m Wl g8 e

- Including exception cause(s) 4 ¥s\gol exeffoal | Lis !
A

Let the handler work out it AR

« Which instruction(s) had exceptions

= Which to complete or flush
May require “manual’ completion

Simplifies hardware, but more complex handler
software

Not feasible for complex multiple-issue
out-of-order pipelines

m Chapter 4 — The Processor — 48
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4.6 Pipelined Datapath and Control (Revigy
4 7 Data Hazards: Forwarding Versus Stal)

' 4.8 Control Hazards
4.9 Exceptions
_ 4.10 Parallelism via Instructions
w\:‘?‘f ‘5 4 .11 Real Stuff: The ARM Cortex-A53 and |
45\, Core i7 Pipelines
(i\eﬁ 4.14 Fallacies and Pitfalls

(V)

“%«” 4 15 Concluding Remarks

Chapter 4 — The Process

Contents

4.10 Parallellsm via Instructlons
Instruction-Level Parallelism (ILP)

! Multiple Issue

Static Multiple Issue

VLIW
Scheduling Static Multiple Issue

Loop Unrolling
_—Dynamic Multiple Issue
9\ Register Renaming
\g ? Speculation
;,j Why Do Dynamic Scheduling

e whal “
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Oy
Fn

instruction-Level Parallellsm (ILP)

S S

pipelining: executmg mult|p|e instructions in

oo i
parallel “Time = Texep] x Tinst Mulkpl"- msffoc‘}m*\ &50\,9\3}\
To increase |ILP ontars aple 4 \ndd B
@“ Deeper p plpehne Ty xS ey
| " Less work per stage = shorter clock cycle '
$w Multiple issue
e Replicate pipeline stages = multiple pipelines

s
IO

e S = e ST e S
- onkch, T PR 7

s Start multiple instructions per clock cycle
.75 CPl<1, souse Instructions Per Cycle (IPC)

’-‘_:§ E.g., 4GHz 4-way multiple-issue ("S‘m e “‘35’;;
O — 16BIPS, peak CPI = 0.25, peak IPC = 4 11“; 2=
| Butdependencies reduce this in pra .iee) XD

, W=
-(-\r XPC 3 W\ 5\)9 l-) 2 ,
. CR> (
; y
S 1\* -\“g‘f Chapter 4 — The Processor — 51
2P
= %'l_ =z o.28 [+ (%) t
£ O E
fOc

JA\ | compiler Node (oo tasl)
StathLﬂ&'tlple gl.ssgasge Ugmg u;s\,mm\péi\ \nstroetan §} Sy C-Y‘d\ﬂ
,7»*\ £ Compller groups Instructions to be issued togethery duse
« Packages them into “issue slots” Fow lesisye 1ok

) . il N ENR
« Compiler detects and avoids hazards C"j‘&;ﬁg{‘gﬁm; e

@ Dynamic multiple issue Kazards
.= = CPU examines instruction stream and chooses
\.} &clnstruchons to issue each cycle

| \“o) 4t Compiler can help by reordering instructions >

| = CPU resolves hazards using advanced techniques at

AWE’J\&U\Q[ u}?tlT\e G539 Oerede  \syaris 9 welockan ) ) gy cpv )
a(IS fo issve each iy Hadun@ N o r’%ud

Chapter 4 — The Processor — 52
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Static Multlple Issue

,,_."-—/

structions into “issyq
5 mdcpmclefd— msffuc'f'ong@ ’

Compller groups in

packets” » = Packes
= Group of instructions that can be issued On

single cycle
_ Determined by pipeline resources requireqd

Think of an issue packet as a very long
instruction
= Specifies multiple concurrent operations

» = Very Long Instruction Word (VLIW)
Skatic Uolbiple A i o B W

S I—!umun\

Chapter 4 —The Processm

E% °(0Aé N, ,»h,xg
te{(3ub gy %, X
?,&A )_)3-’5\.9 A@;n&:ﬁ g{q ;A Y:\ \AYII\A; . dc\ yanl- XJ P lgS'UC
b(j C') , add *¢ Dﬁh"&‘ PQC‘C:'{'S

VILW g vl

1 sSoe Packels o9 058
o S YRR .
G oo 3),@__\.9{&

\,.aé J»S\:bﬂs\\ insTryction A\ VLIW Stafic Multiple wgsve 3
Jr%(very long instruction word, 1024 bits!) |

\ht,hvﬁ 3\
Speci J mu\{-plc Cache/ | Fetch | o
memo,—y Unit S l ............
(.':o(\cc.(&*' o?eﬁﬂhons o ingle multi: {operation instruction
(o3 o Y. g P " v _________________ :
F(oceSSof B\ J\)&-d ggﬂ.\ ) | 5 v l TS U S ; G:MP-[CI' i)
ohe c(ai-wm_)é\ \\_E\ “;(uc‘\'lﬁf\ Vi l 4 " )
) k_bg\&y&u " oPe/o.{"'O‘\‘ )
concarteat ) N - SR i F’-E::;J ----- EU PDJ.M +dan B
i Mem .
rw 114 Iy YW ls‘\a;j A o)
& [ Y
L = ! oPcﬁ!fnoh \)4’
. Muilti-operation Reai ) \ 33
aifuc 1oh o ¢« instruction sgister file Excc;’}:; (ﬁﬁ
Molkiee otef O“L?s ] = s>
\28 0‘:6 056 &b VLIW approach
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GH 153 a2 64am @

Slcheduling Static Multiple Issue

et folne s oMot bty 5 \spd a3 s pb Lo
compiler must remove some/all hazards
» Reorder instructions into issue packets
. No dependencies with"a packet

» Possibly some dependencies between
packets > indiiction aieds qudet Y Pucket B Gt

\

Varies between ISAs; compiler must know!
|

|

. Pad with nop if necessary ,wkpesdet (3% palell
instroctien

“

Iams, SalS

L‘f? No ope,{'q‘{'idns 3 E’ackcﬁt | ;3\,@ sole chkc'} A3

p

Chapter 4 — The Processor — 55

RISC-V with Static Dual Issue

G issue packet  I\aws

Two-issue packets 9 wehiuchons s s
= One ALU/branch instruction load /shote. ©572> Abu;{cku;;. ek

One load/store instruction C NoP ) oy lidyslags

= 64-bit aligned
ALU/branch, then load/store
. -Uv:’”“\ Pad an unused instruction with nop

» fexd Wazards @Ya atalls Blaa),U2)80
Address | Instruction type Pipeline Stages
Pk ALUbranch 7 | IF_| D | EX [MEM | wB
b e [ loadstore = | IF | D | EX | MEM | WB
woe dn+8 | ALU/branch 5 F | o | EX [ MEM | wB
Rocket ":*12 Load/store J . IF 1D EX | MEM | wWB
ke |n+16 | ALUbranch ) F | ID | EX | MEM | wB
- ?m‘k’:\- [N+ 20 Load/store = (F ID EX | MEM | wB

Caple 32 3% 3t Howpot I ppa

Chapter 4 — The Processor — 56
2 IPC > \witruchion per ccle

J}_— CPT = clock per lastwction
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Fad

RISC-V with Static Dual |sg u

g |
Ny |
sob
i-DJ [ ] " FB(Q'R\’
9
M
=] Registers :
ﬁ""‘ VALY
Gen l{rjﬂm ‘l ‘

il = Y
Y Yead port P e
2 write port 5 S\ déss
Memot ad
Ry + Tm™
| —

More instructions executing in parallel

EX data hazard - ansdl tssue My (seye e

F;rwardiﬂj C\'OJ, Jwéntﬂwu‘s’u d;b
= Forwarding avoided sta|ls with single-issye

= Now can’t use ALU res
sysale «  add x10, x0, x1
NN B [ I T YO 1)
> Split into two packets, effectively a sta|
Load-use hazard

Still one cycle yse latenc
- More aggressive sched

ult in load/store in same pack

Y, but now two instructions:
uling required
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e,

In addition to forwardiﬁg from M and W to
E, there are additiona| forwarding paths
among the two pipelines e.g.:

= From W in memory pipeline to E in ALU

pipeline A
1d  x31, 0(x20) oy
add x31, x31, x21 ¥
= From M in ALU pipeline to M in memory
pipeline

add x31, x31, x21
sd  x31, 0(x20)

Chapter 4 — The Processor — 59

foP B Glis IBE= 125 Al as %

Scheduling Example b - we ssntin s

0ep LG A dlly Cuol 3 ez ks 1pe My

B O I N

Schedle this fbr dual-issue RISC-V

Loop: 1d gﬁé,OCXZO) // x31l=array element
add x31,x31,x21 // add scalar in x21

sd  x31,0(x20) // store result
addi x20,x20,-8 // decrement pointer

b1t x22,x20,Loop // branch if x22 < x20
app L 3 bodiden . dee 3 UM &7 o\ i &y

Qaf}‘b | ALU/branch \ Load/store / cycle
[ Loop: [nop } 1d_x31,00x20) 7 1
addi x20,%20,-8 nop |2
T fadd x31,x31,x21 nop 3
o b1t x22,x20,L00p sd_x31,8(x20) =X 4
| : : — o) Sy
. /ﬁac _ 5/4 = 1.25 (cf. pehk IPC = 2) 7
Aoy ) padsadi aist 3 o\l s
STt bt ;_,\f.'»so 3“2’\"2\.:”‘ \”'ﬂ‘? Chapter 4 — The Processor — 60

addi  NFwSn
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\ns‘r/bctons \ se N

Loop Unrollmg Pe S 1

Rephca |00p body to expose more

parallelism
' .»= Reduces loop-control overhead

Use different registers per replication
- E_v\g}ﬂ—\.»hm\..g_,
«+“= Called “register renaming” Awémﬂwwwf

A\x\ = Avoid loop-carried “anti- depeadenmes
W Store followed by a load of the same register

Aka “name dependence”, write-after-read

Or “output dependence”, write-after-write
= Reuse of a register name

Q;ywl-

142\
if(-- _;*) - \\is Chapter 4 — The Processo
atil = aflile?; 1+:=2

r (--—i )
__.1&-1:‘,9._."};‘:(“-‘ "’jD \e=¥ 3\).&)3 l\,.s_:\b&))&)a&hn ;———3 at—‘l - qt‘]"' 3

UnrOIIIng Steps afin] = alwil+43;

i

i o )\E,\m \‘U" ds "

b\).‘ . \'!.

' 1. Replicate the loop instructions n times
2. Remove unneeded loop overhead
3. Modify instructions

4. Rename registers

5. Schedule instructions
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Looprolling Example

S P s

ALU/.branch Load/store cycle
_EOOp: addi x20,x20,-32 1d %28, 0(x20) 1
nop 1d %29, 24(x20) 2
add x28,x28,x21 1d  x30, 16(x20) 3
add x29,x29,x21 1d x31, 8(x20) 4
add x30,x30,x21 sd  x28, 32(x20) 5
add x31,x31,x21 sd  x29, 24(x20) 6
nop sd x30, 16(x20) 7
., senel_ex b1t >.<22,x20,L00p sd x31, 8(x20) 8
R ék—(egis\‘a'\)é}é\lS%\é%&&\SW )
l/F\o“J‘E;’ — — ~ nop B LA ok 2V e
IPC =14/8 = 1.75

ﬁiglgaq’y\zagﬁh\'sp e X‘siﬂtm‘... W fmudﬂ%kh b»a-\@} G’\Q A
w-asteCloser to 2, but at cost of registers and code size
= %-SSf”Jé 20Uy e 5 (ghay\e Rechormence )\ (siesy 98 ¥

\ ~ o cLormence Wiy &5
dewize M fe gexs M L..)\»s.:r b\&w P,_,r. il Rt
cjjfa@g- ) R g_.s\a»SMeM 3o &dsdn Mlkaly B\e LB 9 Memory usage (AN IES O

i i “Chapter 4 — The Pro —63
22 bit r—)@lﬁﬁp(\ 3 He yd)awopd P ® 32 bit e
e e BA UYL Y= 64 byfes 1 syapd code N¥ ivf%%zf&u&sé&s Code V%
e h * |
— Pacleets ins'i'(ud_‘.on per issue packefs _ _ _ instruetiaas
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PACE

DATF

- - L2 3141506 |7 |2 |alle
’q&; R, Xn,% JFIO0 e | M W P { e
{53 W3, 0 (X2) | F D 1E M { 5 leod oe ],h; iy
;L addees Wo ;‘é
' 8oy Sd
| — sax8s La 38 X20

MM@MMMMW
MW\ eyeleY S M Ne atinniyg Metovy  We
Forardiog imjuA—m—fhdg__J_@g:j_‘,M
_=hde €2 3 Example of EMP_Q_L\IQIL(% :
Laap :
1d_ %31, 0 (%20)
add  Ya, ¥, ¥z
od Y31, od¥2e)
oddi  ¥20,%2%,-23
blt X22, X2, Loo?

® Replicde he loop indtructions 0 imes ™ 4

Loop : "o

A %3, o (x2e) Id %31, 6 (L26)

add ¥, X3i1,%2) _ add X3, X3, K2\

ad W3y, o (X12e) ad %3, o (K1e)

addi ‘ao, %o, -3 addi  Y2e, Y10, -8
;\. bit Yoz, %%, Leop * L Lt R2t, X2e ,\oep

\d Y31 ,0(%2) \d %3y, 0 (¥20)

add %3, K, K2, add wh, ¥, Rl

od %3, o (%2e) od ¥ o (L1o)

addi Yo, X2, -8 addi Yao,¥e ,-8
*Y\o\{' Y22, Y20, loep blt %22, %20, LogP
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P ALE

DATE

Leop -

\d K31, 6 (e

’ -6
ld__X3y, 0(¥2a)

add *3‘ ) XB\ R 2y

Sd Ry, o (Ve

add_ X2, X3, X2\
i

Sd Y3, a(¥za)

—

1d %21, 4 (o)

o ~24
\d A3, 0l %2e)

add _¥31, X3, X2\

add %3, X3, Xz2|

-3
ad )L?l, o (% 2a)

2y
ad Y31, o (x0)

o -3

addi  ¥2o,%10, -8

LY %29, %2a, Loep

@) Hodi%: incfuctians

loap t

1)

-

d %3y, 0 (R2a)

1d__ Y2y, =16 (K2e)

add Yai, K3, %21

add  ¥31, %21, K21

ad  ¥31,-14 (R20)

14 X3y, -24 (X26)

add %31, X3, Ral

add %3, X3, X2

od Y3, -3 (%20)

34 Yay, - 24 (X26)

blf ez, %os, Lasp
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LaLE

DATE

_C“D_Qenqme_tagj shexs

Loap:
14 X28 ; o (¥20) ld ¥3a, =14 (¥26)
add %28, X8, %2\ add %20, Y3a,¥X2l
~Sd 2R, o (X20) Sl ¥3a, =14 (X20)
i X2a, -8 (x2q) Yd K2y, -2y (R2a)
odd ¥X29 X719, x2| add ¥z, ¥2, X2|
Sd %29, -8 (x20) sd_ A3, -24 Kza)

Q(idl. XZO',_ X'ZO,;?QZ
bl %2,X2% lesp

e | 14 Ao tuea
LU /branch [ load fehote it COENE)
| ALY /bfa f Loa /S" cgc& —edd g X
Loop : | adds Yoo, %20, -32 |\ B, o (kw) | | | sd %8, o (xee)
| d Xza,-80(X2
{ hop \d X2a {Q.ﬂ_{_.(fwzo) 2 ! cnjd ‘Ai:l Xm.‘lj.)\
i . i |
faddYos, %3,¥zy | \d¥30, 16 (R20) | 3 * ?s “‘hq, 8 o)
T T Tl TS E—
add Yoo, X2a, Xy [\d %31, B (%) | 40 | add ¥3., X30, K2y
2o JdH c : 30, -1& (X24)
U ) Qdd x?;o,‘&go,xu Sé XZBI 32- CKZO} \._\ h CTHPS. [T W 1T o)
———— — i = D‘, IR 9 94
add Ky, Yo, Kor | 84 ¥za, 24 (A7) | 6 | odd ¥, wa1, %
- | od ¥31,-24 (%
NoP Sd W2e, 1€ (420) | ¥F | addi %.'zo,.Xza,iog?
bt X2z, %20, leop | 8d a1, 8 (%20) | 8 - :E)Ei:’(ﬂ;:’f?oz Leof

MLAMMEQMM@%
K%..;m \aad !}

~8=%-32 /-16 =%-32 /-24. %x-32 v addi Wee Minolie offiet It 5 %
ol B = R0 L

A a a A
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| Dynamic Multiple Issue - ;7.0 -

Superscalar pFOCeSSOFS%AJﬂaMC 3 e et

Uolkple issve

CPU decides wheg\er toissue 0, 1, 2,
each cycle , i pade

uw.s %2 ng](Jc{ b
= Avoiding structural and data hazards

Avoids the need for compiler scheduling

= Though it may still help 7 kel
= Code semantics ensured by the CPU i‘t’:ﬁﬁﬁ;
l S\ Oy

& . C \ _&—
Compler Nadaua e CRU A aNfuaQede Wama

Chapter 4 — The Processor — 64
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¢
4
¢

= Allow the CPU to execute instructi

/i"-}]/..

Dynamic Pipeline SchedUIing

ons OUt
CySis insFochens ko

O order to avoid Stalls =75 yeh ussahnis

k“\D‘Lu\_\(\\D@_ Sy \__y'le:—\\(\C.‘-(L)C,
= But commit result to reglsters in order

A3 i Cle be\?w
Example = amstess @’;\fﬁ Copor A 254
1d  x31,20(x21) e

add x1,x31,x2
sub x23,x23,x3
andi x5,x23,20

= Can start sub while add is waiting for Id

>l

Vi Chapter 4 — The Processor —6
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.:\g\{ucflﬁon\% \-;'2)3“ ﬁ / 'dependenCleS

‘. [: Instruction fetch In-order issue

: Land decode unit 3“"‘ ‘\Bg‘w

f' | Gy (5 [ns‘iL J‘ 2uSioaxRs

‘} Y Y '
Reservation Reservatlon Reservation || Reservation | <~ HOId pendmg
Station statlon e station station _ oper ands
v — ®>>5' “\.
Functional \c, }
— . Integer | ->' Floatmg Load- | out-of-order execute
= units ¢ nleger J’p point store p j
.3 \tx"e — 7““‘“ [ '
NV, 3;’ 2 - v Results also sent
\S ; %m ?S _,.,--‘-"'/' to: any waltlng
J ‘2, _i) \ e reservatton stat:ons
' ———
R d b ff f s Com_rtnlt '\ In-order commit T
eor ers u er or uni
e  reqister writes - | Tha g Redecvalion S‘\‘q’\'m\s(
S e A Can supply = - WStot i
>
\),ua (esul’rb\&\?)"f \ pg.*rands for \jy "
‘issued instructions % Yesott I\ & gk

0 Qo
Cotmis U t (Ceso\t E‘é‘-’“\“-"%“” Lgk”*” s ASSA
\{'eej\S,'(@’ file. N hapter 4~ 'The | Processor — 6 |

/ RE e a(lg(cu‘\ésﬁ PR RAW Adas Ve \5 A& o

Scanned with CamScanner




N

RS w"'
@5 fid- - ° s\ @ ¢
Plpellne Stages g E\m W

msffucl"ons_\\ s c:\..a AAESSIR AN

eld]

F: Fetch from instr. memory (IM) to instr. queue (1Q).

I: Issue from IQ to reservation stations (RS), reading
' ready operands from register file (RF).

E: Execute when functional unit (FU) is free and
instr. In RS has ready operands. »  ©us\r \hsie

W: Write result from FU through common data bus
(CDB) to reorder buffer (ROB) and RS.

C: Commit results in order from ROB to RF and
memory., ¥

Loads have FIAMWC, stores have FIAC A:

Address calcula
, E:On SR 5\:&* 28

)
MA“'SS c.Jl' e \;\du“‘p Chapter 4 — The Processor 67

Register Renamlng Rs [T ] o)

e e e e

Reservatlon statlons and reorder buffer
effectively provide register renaming

On instruction issue to reservation station
= If operand is available in register file or
reorder buffer
Copied to reservation station

No longer required in the register: can be
overwritten

= If operand is not yet available

It will be provided to the reservation station by a
function unit

Register update may not be required

Chapter 4 — The Processor — 68

e
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srscalar Processor of g
(WAR)

Name dependence

X2, X3
2321 ﬁ,xlﬁ | e tacke
1d - x5,16(x21)

\\ L\\\\ \)J %L)AL\G
\\ *L\ “
WA \\m\\ 5 303 AP P \Jos

« we  Output dependence (WAW)

"\'5,

o mul  x1,x2,x3 tnflodiond\ 8 2B\ S
add  x4,x1,x5 Mol M W gag
1d  x1,16(x21) > oy

Sy ‘- T

P.EE' f ) ;:.;;:. \)&\ %L \2}0-3 QAM Chapter 4 — The Pracess

Veqisier Nt
d ¢ Node
jmmc Yec _. LQ-“-D
Speculation - Stecultan 3 age

\W;— S

a uess”

\i,» N rtS What to dg with an INStruction

_, I ', = a .

€] o Operation gg S0on gs Possible

o 5 o = Check whether guess wag right

1O ,w?,-}\a N If so, Complete the Operatlon
%Y e We |f not, roll-p
4 ."4‘? fgommon to Tkta © e o th'ng
v ¢ Examples
dh

§>°dq_5f =_Speculate on branch o
B oo

%\-;3

Outco
Roll back if path taken | is differ:]eet
= Speculate on |oaq n

Roll back if location g Updatg

si°‘
Chapter 4 — The Proc® ‘
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CompllerlHardware Speculatlon

S8 ) e A T

En
Compiler can reorder lnstructlons

= €.9., move load before branch

= Can include “fix-up” instructions to recover
from incorrect guess

Hardware can look ahead for instructions
to execute

= Buffer results until it determines they are
actually needed

= Flush buffers on incorrect speculation

Chapter 4 — The Processor — 71

a3 59, A ?zb\a’» W= 50 Y se Viom
Branch Speculatlon

Predlct branch and continue issuing

| = Don’t commit until branch outcome

determined > %l commt  dsite
5—@3\ %15&_”4 L_\L«& B@ach Al ez
Example: Assume a superscalar

processor of degree 2 and the branch
prediction is not taken.

L Ins+ruc1'-‘ons (a7 38

1d Xl,O(XZO) Every cycle
beq x1,x2,Skip
I3

14

Chantara  Tun_ ~
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1

* Load Speculatlon

Avoid load and cache miss delay
= Load before completing outstanding Stores
= Predict the effective address or loaded valug

= Bypass stored values to load unit
Don’t commit load until speculation clearsg
Example: Superscalar of degree 3.

1d x1,0(x20)
A é@jﬁ X2.0(x1) 1@(.\\/\1 FTAMwe
‘noepsh F 1 hc
N X3,0(x21)~» s £
\L - .ng's‘ A Mwc
._ L i\l S}m s dcpcac(en+ Chapter47/2h P
b\é b,_.&\_‘ Yea Sahs I Addiess 5 Specolats " e Processor —73 I
cQsL W e\s Yais ywrses MM Addies M \-"'Jh' )"\-4 L
Speculation and Exé%'“ﬁ‘i.“a",‘:,s

What if exceptlon occurs on a
speculatively executed lnStFUCtlon’?

= e.d., speculative load before ny||-
check

Static speculation
= Can add ISA support for deferring eXce
Dynamic speculation Pliong

= Can buffer exceptions until instructiop,
completion (which may not occur)
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Exceptions Exam ples

Assume superscalar processor of degr
with 2 address calculation units
E1: Predict branch as not take, but resolve
to taken. The 1d has exception in M.

beq x1,x2,L1

1d X5,16(x21)
E2: Assume first sd has exemption In C.

1d x1,0(x20)
sd x1,0(x21)
sd x2,16(x21)

ee 3

i selubyomy commifonit Ly 2500 s\ Chapter 4 — The Processor — 75

- 35 pdine: oa REUAT S A PSRV AW I\ ERTRE R P
S s Lelal il s QG2 &1 3 poast :
&m,quLLA»} RoB >s79 . e¥ely ~’4 dn ! € o k\t“'-\”\"":‘\'é I:.,\.;_.,._,\_5 Sp:culo‘hon

Why Do Dynamic Scheduling?r)

Why not just let the compiler schedule
code?

Not all stalls are predicable

= €.g., cache misses

Can’t always schedule around branches
a Branch outcome is dynamically determined

Different implementations of an ISA have
different latencies and hazards

Chapter 4 The Processor — 76

i
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Does Multiple Issue Worj-

Yes, but not as much as we'd like

Programs have real dependencies tha iy

Some dependencies are hard {0 elimingtg
= €.g., pointer aliasing

Some parallelism is hard to expose

+ Limited window size during instruction issye
Memory delays and limited bandwidth

= Hard to keep pipelines full
Speculation can help if done well

\

Chapter 4 —

(3. 10eh fote Compley. - W:f:_é?ng\—c b peline
ZComplex.lty of dynamic scheduling and
=" speculations requires power

M‘(a Yes

=" Multiple simpler cores may be better
\\ s Simple Pipelne o Xaah oy besae 48l
by e ot o B 5
e R e R e
| Intel 486 Cise | poculation

Intet Pentium T oo oo
ntel PentiomPro__ "} 1gg7 =
LIntet Pentium 4 Willamette o0 2 |
[Intel Pentium 4 Prescott T | i
| nelCore ) S
| 'Intel Core {5 Nehalem BT T el 14 =
Uintel Core i5 Ivy Bridge | 2012 | iado'"M'"g"“ s Yes | 24
. i i ——— . OMH | U _1{ e
&}3\\ Cond) I P.‘pc\iﬁc Ml Q e
- ( Stages \)*g Ppeex N 5D iy
G Sy ose s S gl 1 € 9T
s . [ o e . 4 ) d
b _;, P\ P8 8Ty Srage o SNE % Bpéﬁpt&::‘ es 'I-}he proces®

el
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DRI, W
—_—\=

==

. WIS, W

Contents

4.8 Control Hazards
4.9 Exceptions

4 10 Parallelism via Instructions

4 6 Pipelined Datapath and Control (Review)
4.7 Data Hazards: Forwarding versus Stalling

4.11 Real Stuff: The ARM Cortex-A53 and Intel

Core i7 Pipelines
4.14 Fallacies and Pitfalls
4.15 Concluding Remarks

63\ G\-b%; GyP (m»h.ncu\ wﬁ\g\sﬁn\g}u&-\ 2 Pple aj_}ync.nem\ e

Processor

‘Market ep....m sy

Thermal desugn power

100 milliVatts
(1 core @1 GHz)

Clock rate S A5GHZ:

Cores/Chip o 4 (conf gurable)

Floating point? o iYesiiies
Multnple issue? | Dynamlc

Peak tnstructlons/clock cycle | 2 Je,‘&s\;;%dm

Pipeline stages

‘ d-b\ ‘:fc?_uﬂfjs‘ .).\,..».\ &8 |
;Pipeline schedufe

Statlc |n o¢rder
L et TS R\ WO EUSRE TS
1 Branch prediction Hybrid

Cortex A53 and InteI] |7h«3m:r€rm’?‘£fc‘°iw

~ Personal Mobile Device” -

e Dynamlcoutofcorder

=

z sl
1 Ievel cacheslcore

nd %
2 Ievel cacheslcore 8

| 16:64KiBI, 1664 KiBD
128-2048 KiB
. (platform dependent)

256 KiB (per core) oi

Chapter 4 — The Processor — 8.

x'_»\n» s
Madem Plocess =

Chapter 4 — The Processor — 79

" b

Compuf’er
3 ‘

Intel Core i7 920
‘ _Ser\(er, cloud
130 Watts

9 66 GHZ

e
Dynamic

instroetie
4, -9 qengc‘;ﬂ ede
14

~with speculation
2-level
‘32KiB 1, 32KBD |

- 2:8MB
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ARM Cortex-A53 Plpelme

m\cmp(oceSSors AL L_,g,\g-m\: *=‘\LA~J

Si‘q (=) - - S Al e A A 8 e .-. -_-
2 2 les
i F1 F2 F3 F4 Hcle Iss Ex1 g Ex2 . G Wr
Qa4 Sih.d
=SS Q\ ) L;Ai@ I Integer execute and load-store
9‘-’—“‘”‘ 1{" ai\ 5 Instruction fetch & predict I e
U ! ALU pipe 0
¢ \59 :
- AGU R t
\___em.\ FC&\. o | = Hybric" 2 anch | HemerY Te ALU pipe 1
S = | " Predictor ﬂ =8 )
u 5 . R nét::: N :m — } quw‘Q'hoﬁ "_Mﬁ pipe Whriteback
lagtco ian 5 Predicter 3\ _ g Divide pipe
—~ / ‘ I\ {r' - = :"d
A8 £ 2 Ddtodien  2NAFD 3 _
) j‘ Store pipe

\Q(—T (il oS
:‘vw U!“

)

Instruction Decode Floating Point execute
MUL/DIV/SQRT pipe
13-Entry : NEON ! i
I - Main Late Register
nsiruction Decode Decode fil
Queue e L ALU pipe
e ———]
5 ) b2 or: F1 F2 F3 F4 B

I - F|ca :g Po!‘n{' E—l‘

ms‘{'rua ©Ns Chapter 4 — The Processor—

\o eycles 3 Flbodig O3 ol
ov Stages
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Memory hierarchy stalls
Pipeline stalls

A |deal CPI o i Sk o
@ \ - d"% \))é‘-'\.‘\b.’)"h

{\Pc = 2)
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3 L\g
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Y 5.00
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shuffie
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4.6 Pipelined Datapath and Control (Review)
-/ Data Hazards: Forwarding versus Stalling
ontrol Hazards

Xceptions

g

g

I
&.Q co =l
m O

I

10 Parallelism via Instructions

11 Real Stuff: The ARM Cortex-A53 and Ints
Core i7 Pipelines

4.14 Fallacies and Pitfalls
4.15 Concluding Remarks

%

Chapter 4 — The Processor.

Fallacies

Pipelining is easy (!)
The basic idea is easy
The devil is in the details
e.g., detecting data hazards
Pipelining is independent of technology
= S0 why haven't we always done pipelining?

= More transistors make more advanced techniques
feasible

i
= Pipeline-related ISA design needs to take acCO“”t’
technology trends

€.9., predicated instructions

=]

%]

rl.a PI'OG 4
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pitfalls

poor ISA design can make pipelining
harder

« €.9., complex instruction sets (VAX, 1A-32)

Significant overhead to make pipelining work
|A-32 micro-op approach

= €.9., complex addressing modes

Register update side effects, memory indirection
s .., delayed branches

Advanced pipelines have long delay slots

Chapter 4 — The Processor —87

Contents

T
D ISR

4.6 Pipelined Datapath and Control (Review)
4.7 Data Hazards: Forwarding versus Stalling
' 4.8 Control Hazards

4.9 Exceptions

' ' tructions
410 Parallelism via lnstruc |
411 Real Stuff; The ARM Cortex-A53 and Intel

Core i7 Pipelines
4.14 Fallacies and pitfalls
4.15 Concluding Remarks

Chapter 4 — The Processor — 88
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Concluding Remarks

Pipelining improves instruction throughput
using parallelism

= More instructions completed per second

= Latency for each instruction not reduced

Hazards: structural, data, control
Multiple issue and dynamic scheduling (ILP)

= Dependencies limit achievable parallelism
= Complexity leads to the power wall

Chapter 4 — The Processor-
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Memory Technology (2012)

ape MO

Static RAM (SRAM) }
. 0.5ns — 2.5ns, $2000 — $1000 per GB

Las %i:f
Dynamic RAM (DRAM) Wt
- 50ns — 70ns, $10 — $20 per GB
Flash memory

= 5,000ns — 50,000ns, $0.75 — $1.00 per GB
Magnetic disk

= dms — 20ms, $0.05 - $0.10 per GB

Ideal memory
= Access time of SRAM

L',L's'\ﬁ \-‘é-\ > J‘:\M

\

N

=_Capacity and cost/GB of disk

VS
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\aéq9 & > Dynamic Randem Ammw

DRAM Technology , S

C\.A}'_A 9 C.o.?ac,“‘(csr 3

e *FQI\%"S-‘-‘"
Data stored as a charge in a capacitor

= Single transistor used to access the charge
= Must periodically be refreshed Select —¢—

Read contents and write back

. Storqge
| Performed on a DRAM “row” capacitor ’

= Data

Bank

Column
Rd/Wr

|1 Fransiéor aduas
Lot Gy
Act

Pre | '

|
—
I []]

L
Row
=
2 Wike
E VAN Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 10
» DRAMNM 2 ch(esh Each memex Yy cel 6 tives Per Secand (ov meve) oy Yisk \.\-,s”,‘3
CotYent .
P i"‘ﬁ‘}&; _J
Basnc DRAM chip 'V 4
RAsH | Row Row
Addr Co 0, [Address RO\Y: Address Mernory_:EE
Latch decoder amy
LT : '[
@ LT
Column Column »| Column addr
Address decoder
CASH Latch
Data
* DRAM access sequence
~ Put Row on addr. bus
~ Asserl RASH (Row Addr. Strobe) to latch Row
~ Put Column on addr. bus
- Wail RAS# to CASH delay and assert CAS# (Column Addr, Strobe) to latch Col
- Gel data on address bus aller CL. (CAS latency)
e “‘“ﬁﬁ'—ﬂq
S /1<
3_1 LIK_ | Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 11
—
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Classic DRAM

Every access - individual

2009-2013 ©S Maciulevicius
Low bandwidth
Fo= )
= N 717
B N “\{ ] Chapter 5 — Large and Fast: Exploiting Memory Hierarchy-

Advanced DRAM Organizatior

o e
——r

e DETTT

Access an entire row and save it in a row
buffer.

Fast page mode: supply successive

words from the row buffer with reduced
,latency

109
V? =] RAS#
4 ~

/. CAS# ‘\\\/\L
o (G
Data o

S 1 3

roSsl Zoarkalt i

vz (\WIRE

J.' :-.v. : _.\“L_',f _—i‘~'f, | Cha t /‘
AN ke i 4R |

| & e p ers-*Laer Anad - ..-,-ml'crd
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Advanced

M

SF .
& counter that increments the column
~address using a clock signal.

'DRAM Organization
,Synchronous DRAM (SDRAM) has a

Row Buffer
Counter/Latch olumn Deco
% { ;‘\'f“:‘ 3
A EA <i ! Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 14

T_m-—: SR
Double data rate (DDR) SDRAM

Quad data rate (QDR) SDRAM
= Separate DDR inputs and outputs
| |

SDR )

1 signal
Single Data Rate

#" . [DDR—

clock cycle
Double Data Rate

2 signals
per

4 signals

clock cycle -p

(e

Advanced DRAM Organization

= Transfer on rising and falling clock edges

chek aal4s
r Qainy Bl

e 85 e
Raising Ege W s
a.l[.rﬁ Edge N sisy

per S\ eyele Mg
Quid Data Rate \ clock cycle ) Z Jq:q QL 5
T | clock cycle | clock cycle | N fa crs l
R .*:":‘j-{‘;.f;.- 1 ‘H~L{$ Q..S.\s \Oa.hc\w.&“\_\ \ Lch A Qac ‘-'A‘ )
A Chapter 5 — Large and Fast: Exploiting Memory Hierarchy -—%5 pee
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" pDR-SD RAM

.-}-Micron 16
15— 32 Meg X 8 X 4 Banks, Datag,
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§ el
o 51 500.000 | 250 ns 150 ns
#];9_873;_ L 256 Klblblt | $500,000 185 ns 100 ns
— 1985 1 Mebl*_blt_‘ $200,000 135 ns 40 ns
r1_9_§9 4 Mebibit , $50.000 110 ns 40";1;
1992 | 16 Mebibit | $15,000 90 ns 30 ns
1996 | 64 Mebibit | $10,000 60 ns 12ns
1998 1128 Mebibit | $4,000 60 ns 10 ns
2000 256 Mebibit | $1,000 55 ns 7ns
2004 512 Mebibit $250 50 ns 5ns
2007 | 1Gibibit | $50 45 ns 1.25 ns
2010 2 Gibibit | $30 40 ns 1ns
2012 4 Gibibit $1 35ns 0.8 ns
Yy 8,
g Q;AK?‘} 5 k393“ OGN
;- LMVANES Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 18
£ Set i vt ]

You

L]
——Trac
- Tcac

Year | Capacity | $/GB 300
1980 | B4Kbit | $1500000 [
1983 | 256Kbit | $500000

1985 | 1Mbit $200000 200
1989 | 4Mbit $50000 150
1992 | 16Mbit | $15000
T_SSTS 64Mbit | $10000 100
_1_9353_ 128Mbit | $4000 50
2000 | 256Mbit | $1000

2004 | 512Mbit | $250 0
2007 | 1Gbit | $50

'80 '83 "85 '89 '92 '96 '98 '00 '04 '07

co\luti
Q2
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DRAM Performance Factory |

Row buffer
. Allows several words t

parallel

Synchronous DRAM | |
- Allows for consecutive accesses in bursts Withoyy

needing to send each address
= Improves bandwidth

DRAM banking
. Allows simultaneous access to multiple DRAMs

=« Improves bandwidth

o be read and refresheg in

E __}f";'\/ , ' Chapter 5 — Large and Fast: Exploiting Memory Hierarchy..
N Increasing Memory Bandwidth
5 |
o ] T2 e
M C/e/gcj . ‘;T\A
Cache o= 'yﬂ S\
I . QI‘O{
Bus Bus = xjo®
) &
\,7’) . \’,9’) - oomory || Memory (| Memory || Memory
> 1 - b bank 0 bank2 || bank3
—C./’ = ‘/_-:D .Vﬁdermemoryorganizalion ¢ Int
j Memory 4 T ereaved memory organization
5 Ooet 16-byte block-
rd
= Misg penauy“ilcie memory
= 4X
S * Bandwigh - e (1+15+ 1) =68 bus cyclesle
memory organization byteS l 68 cycles — 0-24 B/CYC
A RN Chapte 5 v

—_ La .
98 and Fagt, Exploiting Memory Hierd"

o —— 1 5 e
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Increasing Memory Bandwidth

M %
ultiplexor

Cache E-_:: 1—:._1 Cache
Cache
‘~7<.h — ‘\\_ ) /\5
Bus Bus Bus
T~ \/"'—’J T~
Memory Memory || Memory || Memory || Memory
bank 0 bank 1 bank 2 bank 3

b. Wider memory organization c. Interleaved memory organizaticn

b. 4-word wide memory
= Miss penalty =1 + 15 + 1 = 17 bus cycles
= Bandwidth = 16 bytes / 17 cycles = 0.94 B/cycle

| C. 4-bank interleaved memory
sorewoswde .= Miss penalty = 1 + 15 + 4x1 = 20 bus cycles
= Bandwidth = 16 bytes / 20 cycles = 0.8 B/cycle

Memary

' -
‘ " Chapter 5 — Large and Fast: Exploiting Memory H_ierarchy — 22

Increasing Memory Bandwidth

d. DDR-SDRAM
« Miss penalty =1+ 15 +4x0.5 = 18 bus cycles

. Bandwidth = 16 bytes / 18 cycles = 0.89 B/cycle

O\ MM
g e T R T T TS T et g e
———— R ' £ ¥ & LR LUALIIRER BRREY"
r s : e L 18
PR v icral”™ muaw 428
' cnoummoa CIrEN l crucial o &5
( xS AR TR R T MR
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ALY

i ' v A
X ’ . it AS Stagly s IRy Tt
£ . H T Wl p ’ 1eim 4
b,l'“.." LTt i e nl‘ul Koot et innineg 2h alenbvingineines

~ 1 PP l nvrma ccmd F_ _ 2 = - - -
Scanned with CamScanner




Flash Storagé
wf" s
f/ Nonvolatile semiconductor storage
@*’e | . 100% — 1000x faster than disk l
L')i\"‘f : . Smaller, lower power, more-z- robust
2 . But more $/GB (between disk and DRAM)

= \/1<&8 Chapter 6 — Storage and Other /0 Topics—

Flash Types
NOR flash: bit cell like a NOR gate
= Random read/write access
= Used for instruction memory in embedded system®

NAND flash: bit cell like a NAND gate

= Denser (bits/area), but block-at-a-time access
« Cheaper per GB

= Used for USB keys, media storage, ...

Flash bits wears out after 1000’s of accesse®
= Not suitable for direct RAM or disk replacement
= Wear leveling: remap data to less used blocks }

—— .
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Disk Storage

Nonvolatile, rotatlng magnet|c storage

/SEC‘OI'

A LW A N Chapter 6 — Storage and Other I/O Topics — 26

Disk Sectors and Access

SR

Each sector records

Sector ID
Data (512 bytes, 4096 bytes proposed)

Error correcting code (ECC)
Used to hide defects and recording errors

= Synchronization fields and gaps
Access to a sector involves

= Queuing delay if other accesses are pending
Seek: move the heads

Rotational latency

= Data transfer
= Controller overhead

H

13

(]

=

fa]

1
M‘ﬂ { : Chapter 6 — Storage and Other /O Topics — 27
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Disk Acce§§Example

e

Given 5 000rpm, 4ms average gq

tor, 1 :
n 3111298 1S ggMB/s transfer rate, 0.2ms “Ontroj,

overhead, idle disk

Average read time

k time i
fQ}f/S(%%,OOO/GO) = 2ms rotational latency

+ 512/ 100MB/s = 0.005ms transfer time
+ 0.2ms controller delay
=6.2ms

If actual average seek time is 1ms
= Average read time = 3.2ms

Chapter 6 — Storage and Other I/0 Topics-

Disk Access Example 2

N

Given
= 15,000rpm

, 2MB/cvli
Sustainable ‘oylinder

peak transfer rate?
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Disk Performance Issues
m

Manufacturers quote average seek time
= Based on all possible seeks

= Locality and OS scheduling lead to smaller actual
average seek times

Smart disk controller allocate physical sectors on
disk

= Present logical sector interface to host

= SCSI, ATA, SATA

Disk drives include caches

= Prefetch sectors in anticipation of access

= Avoid seek and rotational delay

*;;'f ?{ﬂ:( Chapter 6 — Storage and Other I/O Topics — 30

Contents

Introduction

2.1
| 5.2 Memory Technologies |
5.3 The Basics of Caches ™ “*""’*t"\"\g‘*_{ﬁ“ d;*fg,
Direct Mapped Cache ] e AS A
Cache Example
Larger Block Sizes
Writing to the Cache

Example: Intrinsity FastMATH
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mory hierarchy closest

%i = The
7o the CPU .
Given accesses Xy oo Xn-12 /*n
:1 _/;L—’—J How do we know jf
I - x the data is present)
. e {  Where dowe look?
. — Xn
______rx3__.--— X3

a. Before the reference toX, b After {he reference 10 X

ploiting Memory Hlerarchy_nl

e ki oo’

| Direct Mapped Cache
_J______—-—ﬂ“’":ifﬁ,_ = 35»»9?:5'

Location determined by address | 7
Direct mapped: only one choice i

c\f/
< i = (Bloc .
\.);,_f Ao ( K 32‘3:‘955) modulo (#Blocks In caghe)
F A sgezsser B ol bleck ac;a@s;;;,m
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% . #Blocks 15 2

gl
\’/ 1%
3 .
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orde’ |
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Q0001 00101 01001 01101 100 v
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Tags and Valid Bits

|—|tow (cjio We know which particular block is
stored in a cache location? Co Bleek s\l |

= Store block address as well as the data” e Memery &

= Actually, chnly Bged the high-%rder bits &t‘\g:;iﬁ
m Cg&ed the tag

Lt J Niah hddress b‘-*’g\w =l Adddess A
ARG A ) TP R M\ g L imy A

What if thereis no data in a location?

= Valid bit: 1 = present, 0 = not present

= Initially 0 Vel

(pan Cache )| addes s Weocossar N s Fag  Gip-i \d
\39\_”.;} \:)\( COCL‘W, 3\9 3"{;’_3!\\5 (& aj \\ an -:‘«{.\\,‘bc:_,\\\ AC\A(’C_';‘S . ., = ;&O'

aliza | jb\.z:a-\ (VARG g‘\ﬁ?bb’,\n FARE B }\\ :\:{{‘q 3\ L‘b\).&b

E e DB s e

’\_/i‘: J' Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 34

FZArAN

Cache Example

8-blocks, 1 word/block, direct mapped
Initial state

<2 bl & diwy

Index V | Tag Data

1000 Neo
"1 001 N-e
21010 N =
3| 011 N ~e
41100 N:e
51101 N =2
¢ 1110 N*®

_ Flm N *°

ey TEIT——

R

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 35
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Cache Example

L —
—
—

= L=
-
g S

: Hit/miss | Cac
Word addr | Binary addr _ he blogy
10 110 Miss 110
, 22 ©
AN ache Yo aleasd
\/C:'r‘ ' ud\ bloc‘c
—
Index |V |Tag Data _
000 N
011 N —
100 N —
101 N —
110 Y 10 Mem[10110] = o
111 N S
NG é;’fx 5\13\3}@?9 SL data Naln &7 —
e e ax pter o — Large and Fast: EprOItlng Memo
ry Hi
. Nd—u& ch& )\.\ "’{qj _\\_,Egbm Mcs; " 5\\U S0 Ierarch
! 13’-‘(0
Cache E @
\__::_:,___'ple
Word addr B
——————[_C'nary add o
= 11010 | HiUmiss | Cache block
\ -
Miss 010
-\
Ind e
oo o
001
001 N T
010 ‘.‘\\\
I A L —
o t—
W\m\\’l
= VB lN\\ Mem[101;
e Chapler : -\ ]
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Cache Example

m ~

AN

Word addr | Binary addr | Hivmiss | Cache block
22 10 110 Hit 110
26 11010 Hit 010
Index V Tag Data
000 N
001 N
010 Y 11 Mem([11010] I
011 N
100 N
101 N .
N>
110 Y 10 Mem[10110] —> ) dota
111 N A
r \p=\2
s 1\2’;\:{: Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 38
Word addr Binary addr Hitymiss | Cache block
16 10 000 Miss 000
3 00 011 Miss 011
16 10 000 Hit 000
- =
T: Data .
o \Y/ 129 Mem[10000] A
em ke .
| 001 N -
i 010 Y 1 Mem([11010]
| 011 y |00 Mem[00011)
| 100 N
101 N
| 110 Y 10 Mem[101'l 0]
o 111 N
,jf__; ?:k 1<

B e

——— .

|

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 39
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Cache Exampl®
_—/:_,: ' miss Cache bloﬂ

Binary addr

Word addr e Miss 010
1
| = ey S i
! éub W3R
\D\,\\_&\@’ e
_—-ﬂf-‘——_
Data —
Index |V _TE%/""E&O]
- 10 Mem(10
000 y v
001 N —— 101 o
____._.——-—-":"6""'—_ Mem[10010]
o v oo Mem[00011]
100 N
101 N
111 N
;‘; ) ,/ (’ _ Chapter 5 — Large and Fast: Exploiting Memory Hierarchy-,

Address Subd|V|S|on

?) C—QO Mse 59.2;.\ &— Address (showing bit positions) (6‘-{ 7 b,{-s
{,_? S 6362 ---- 131211 ---.2 10
;‘\6 ‘ Oaﬁytel (JJI"L\ n L\Aio"A @ \01‘4
~\ g i =2 4
C?. Ey;: .‘ Hit T ,\52 N} ?M -3? 2
T ] g l, By _,\.ouk@f\f-rﬂi
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. r e\ 0 ]
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’ Example: Larger Block Size - fis
64 blocks, 16 bytes/block

= To what block number does address 1200

map L S ndis \?\(ﬁ“ N GEYIE59 200 A\Ladd@sd) \ao
Block address =] 1200/16] = 75 -
chq e |

Block number = 75 modulo 64 = 11~ _,1. %

63 10 9 4 3 0
Tag Index |Offset
22 bits 6 bits 4 bits
5Y4 l Ly o \byha
ql
! 2@-.4\4 2@1l6 = \3._|é: \32,2 « Y
::‘f _‘\l_'r:i Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 42

Block Size ConS|derat|ons

AW 3 Miss J»E’_y-hbi\n\au

HNec\C \_»?'-d

Larger blocks should reduce miss rate -y, ys ax

&ral locC\H' AN "5 oal
o Due to Spatlal Ioca“tyﬂcor \?_j we rd'rgjlqng::rd\ﬂaR&.,:;:" Nals

But in a fixed-sized cache ik Nt W3 ¢ s o B3 it

\! Cnme MISSSS 6\7'5‘ \3&-‘5
= Larger blocks = fewer of them — :
More competition = increased miss rate ™ o S

olec | 330 NECSR)
= Larger blocks = pollutlon—\, Jo1 Dleclr 18 (358 s
data 3 Cache S\;,_:_b,sg,.&_.\

Larger miss penalty \ g\
= Can override benefit of reduced miss rate

- Early restart and. critical-word-first can help
4 f,.; secding Qr"ﬁ" n\(-\llmd \'\&&3'93[‘55’-“-‘

E:—‘ - Plocesol 4 \,sulu\.u AT c\a\l block M\ \..s—-n L&
A\ }V'r ceikical wet Chaptol" § — Large and Fast; Exploiting Memory Hlerarchy —43
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ra!e ‘\\ﬁ W 9 \D\CAL cache S\U" Miss Yate A\
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A |
& A ! 256K |
0% - : 128 256
Block size
Byles
5
'I‘._-/“l ¢ Chapter 5 — Large and Fast: Exploiting Memory Hierarchy ¢

Al

Cache Mlsses |

On cache hit, CPU proceeds normally

On CaChe ml o Cache Mes \3\_\&\-&3
SS Cache JLs &y&\é_ﬂ\p éq‘\q M

- :ﬁS_j[g,lL}he CPU Dlpellne @ %;::)b.o:

e
= Fetch block from next leve| of hierarchy
] |nStrUCt|0n CaChe mISSQ& N RS PR Moot &

‘( (> { &
|‘rt£ o’
\

\nS
;'J e Restart instryction fetch >*trocksn o,
a;‘_‘,ﬂ"""'"' Data CaChe m|SS ‘-k.‘k\t oy
Complete data dCcesg
E<S\/|<
R S /

chapter
S
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Wntlng to the Cache e
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' o 50 C 3"”
2 e Ty (B Y4 Rasesor SuS ST

oF
a \ \er-ﬁ—l_r_Y—‘ W Nos bg‘\‘c Xa 5\
\)M\S l 19134 3210 mem_datadata \78 ‘ot B S w
1o 10 |2 Bye i f — — \iss \ed ©
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= VD Tag 128 a\4 e
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) Write-l_hroth ( wrrte &gf(&;&xkqm))gmf&\\s )
AT B [HE [P, arche nechtbon

N> : . | B :
E‘f,"‘f_;inn data-write hit, could just quate the block IN oot o)

5 cgche ddfa 3153
aS M:rvbrj Al G etaliss Cache 3L oo ey “ G\Ds;l r'::

s> 5 But then cachble agqg memory would be inconsistent” =y, & U

Cczc.k)\-" . Q 3\ ._B’Sﬂ L)&Sbk':gn . \ AT -

a\Write through: also update memory » 25" ¥oudis - Shadan os

, . - . \
But makes writes take longer

= e.g., if base CPI =1, 10% of instructions are stores,
write to memory takes 100 cycles

Effective CPI =1+ 0.1x100 = 11
Solution: write buffer-»wa;igb%aot,s
v o
= Holds data waiting to be written to memory

= CPU continues immediately sicha S idyding
Only stalls on write if write buffer is already full ~ s} rite o A s
W @ LA Csite <Y Node weke boffer 313l le 1), Shasis \s
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Write-Back ™ “wpe=s:

T

ot | *TAlternative: On data-write hit, just UPday,

. bleck el ki
the block in cache - ==~ - o N

= Keep track of whether each block is diorfs‘,

-, When a dirty block is replaced

= = Write it back to memory

= Can use a write buffer to allow re

_ placing bl
e to be read first

RO Chapter 5 — Large and Fast: Exploiting Memory Hierarchy-

Write Allocation
B

. QAChe N Sy Ce data 3

&
What should happen on a write miss?
Alternatives for write

©= Allocate on miss: fet

-through

ch the block

@ Wite around: don't fetch the plogk (s iee?

Since programs

- Pr often write a whole block befo?
reading it (

e.g., initialization)
For write-back

Y
jg- = Usually fetch the block
\CJ
v
f'; \‘)E."\\OJ
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Example: Intrinsity FastMATH

M‘Qm?'hu(zmr 3\ : Jia

Embedded MIPS prosdssor

m 12- stage p|pe|me dead cyale Wgmains O o1 M 2 caches g
InStrUC P  \ocad[stofe o F
: tion and datq access on each

cycle
Hsipht cache: separate |- cache and D-cache

Each 16KB: 256 blocks x 16 words/block

= D-cache: erte-thrg_l_{gh or write- back T o

SPECZOOO mlss rates e

= [-cache: 0.4%- M& Aﬁ\u o L Wocessor 31 T-cache 1 4

..-= D-cache: 11 .49, waé\«m\,» wike-Aood b sweke loack 4 9

. LY W Wdruction 3\ {cad sl e A\ealh
< . @ad (M Bpls WA e
™ Welg hted averaggm” § D00

\

,-;f,

(

Wi \L\QD Chapt
9 ) . \b_; apter 5 — Large and Fast: Exploiting Memory Hierarchy — 50

PRAA

Example: Intr|n3|ty FastMATH

i b
L e X(® et 58 ST pddress (showing bit positions)
A 31 -+ 1413--65---210
- \ \\‘ !
: Tag offset _ A
1 Index ———|———|-5 256 @ e NN Amsvid grock ofset
18 bils \6 woerde {Yp= 512bils
V Tag Data
— | |26 - LR ER
. !L_ | s antries o A
—ree e e (e [ "\S‘\\'
N I A — ! — T\t
R - I = - is r @
I e e 9 = 256
J1s . _'.’2 . ."” \"‘L
! N R 1 75 1y
Ge L YA € (M )=
\& wof d +32
?—}M Kf ' Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 51
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5.1 Introduction

5.2 Memory Technologies

5.3 The Basics of Caches

5.4 Measuring and Improving Cache Perl’ormanCe
3 «Measuring Cache Performance

" s Memory Average Access Time

Associative Caches

Multi-level Caches

Interactions with Advanced CPUs
Interactions with Software

Té::- : 7 ‘\?_,‘__ E. Chapter 5 — Large and Fast: Exploiting Memory Hierarchy—5
Measurmg Cache Performance
~ " s (Oh Getdly
s~ COmponents of CPU time .
Yﬁ:&; 4_\ COn Progl’am eXECUtlon CyCIeS a\hé,((uc'{'iqﬂ\w&}&\@js\

(FLewe) Pipeline 350
F Ik ™MYS o Includes cache hit time in

&= Memory stall cycles T
Mainly from cache misses - o=

Missis N
With simplifying assumptions:
smus\\:ﬁéa\déwé
Memory stall cycles Hissis

7 sl Sl N At L b g Whor b el el

- _ Memory accesses M ) 4 st Staliile
S Program 'SS ratexMiss penalty ©

& {,'7'»*‘\ _lnstructionsx Misses _
Program Instructlcﬁ *Miss penatty @
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AT

cache Performance Example

Given

. |-cache miss rate = 29,

. D-cache miss rate = 4%,

. MissS penalty =100 CyCIGS L \eoapkishy Miss 1303 by
. Base CPI (ideal cache) =

- Load & stores are 36% of instructions
Miss cycles per instruction

- |-cache: 0.02 x 100 =2

= D-cache: 0.36 x 0.04 x 100 = 1.44
Actual CPI=2+2+144=544

= ldeal CPU is 5.44/2 =2.72 times faster

= e
:f _l\ii_ix(\; : Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 54

P—

Average Access Time

—2 Q‘.)\'

Hit time is also |mportant for performance

Average memory access time (AMAT)
= AMAT = Hit time + I\_/liss_ rate x Miss penalty

Slow

Example ) L. \ ¥ iR aiss b e = W Hrace + oriss Penalty

= CPU with 1ns clock, hit time = 1 cycle, miss ™" =
penalty = 20 cycles, l-cache miss rate = 5%

« AMAT = 1 + 0.05 %20 = 2Nns

2 cycles per instruction

——
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Performance | Summary
e lncreased

When CPU perfor manc
more significant

+ Miss penalty becomes

Decreasing base CPI

. Greater proportion Of time spent on Moy

stalls
Increasing clock rate - ol Pocises
ccount for more CPU cycle

= Memory stalls a

Can't neglect cache behaviar when

evaluating system performance
A\ b;l\y*ﬁ

A Qaé’\qutyg T Pecesser
uﬁ’ Chapter 5 — Large and Fast: Exploiting Memory Hierarchy .,

- — Hemor5
CA?J’S
Dxcet HWJ cache L \ndustache W\ ot
"D chl(\es Noepy |
\yboas\ 5 lghin

Associative Caches.
[ofpence. \Ag{h.ms 9545 ()(f_’{‘j‘ }Jq{:ped @die \\

ruch_perf
"j’;‘ ® Fully associative
Allow a given block to go in any cache entry

Qaé
S, = Requures all entries to be searched at once
s\

“:if“i’ \o‘\fp_ :
A, ;\aac\“ o CO
5 mparator per entry (expensive)s %

\por \(,wl
e f“on‘wa¥ set associative
vﬂ“ﬁﬁ = Each set contains p entries
= Block number determines Which set

VY

o
(BlOCk nu
= Search g oer) Modulo (#Sets in cach
| all entries i 2 given so ache)
= /1Comparat set at
S 8 oS (less ex Xpensjy )-»ronm(fw‘“;»
Cha ters __ r.+ (RS el ‘
Pters Lar rge ang Fast. e 551
Explontlng Memory Huerarc"y
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pssociative Cache Example

(® pirect mapped & 2-way
G Set associative @ Fully associative
| plock# 01234567 eﬁs 3b\?cksz .
Data Data Data
Ta ! 1
# 2 Tag| |, Tag 1
Search I-s \ comparisimSearch ‘ ‘ > Seatch for we  Search
\?..Moc!%:l-[ 17 mad W =0 blocks ]II]]II'
: dat pa 83Ty s b b 5sckes

, Xags
\b\c:rc:\( O(HYCSS Momber 123 » &\33\ 3 M J.Jésdgﬁx\&j:emd\

. Caches )\

AN
=
/\v,

K

If

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 58

f\SSoc\o*m‘.)ﬁj Mooy (Ann s (s

Spectrram of Assomatlwty

For a cache WIth 8 entnes 3 blocks

One-way set associative
(direct mapped)
Block Tag Data

0 Two-way set assoclative

f— set Tag Data Tag Dala

2/2 = Y sefs

| —
[

0
1
— 2
3

——

| ——

—

Four-way set assoclallve

HRREEEN

~N o LA W N -

get Tag Daa Tag Data Tag Daa Tag Data

e i I L R

Elght-way sut assoclative (tully assoclative)

Tag Data Tag Data Tug Dala Tug Dala Tag Data Tag Data

i s L
ASSoct#uc

:; ﬂ\ft <‘1 chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 59
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Associat

Compare 4-block

» Direct mapped, 2-way S
fully associative

= Block access S€

ivity Examp le

Direct mapped

__—"

et associative,

cpL > DU Kall
quence: 0, 8, 0, 6, 8-

Block Cache | Hitmiss - Cache 1content after2 access“‘;-\
address index
0 0 miss Mem[0] T
8 0 miss Mem][8]
0 0 miss Mem[0]
6 2 miss Mem[0] Mem][6]
8 0 miss Mem[8] Mem(6]
JP L5 . . 4 - =
b occesses 3 <) (swaShg
X i 5 miss:
g Block Pddtes ted | 5 3

SIAl

St m - 1

b

| R ,
3 et LR
——aal DRlLTS

ESA
Jy S

=
~ "
\" &Y
N
o

Chapter 5 — Large and Fast: Exploiting Memory Hierarchyﬁ;

o vl e

2-way set associative

Associativity Example

Block Cache Hit/mi

addross oy iYmiss Cache content after access
em
‘ 0o T |
0 hit | Wemror——aeml8] |
6 0 \-&M_ Mem[B]
8 0 — m[0] Mem[6)
3 Mem(8] |~ Memis] —]
Bleck Rddtess mod 2 Gadals,
L o Missis

Fully associative

Block —
address Hit/miss Cacch)ehe Se+
0 ——— Conte
= miss m nt after access
T2 | Wenio
— | mis
3 ﬁh% Menig)
e cache WM —eem[g] 08 | Wemre
s TREEE ] Cache M dde L Memgs] T e ]
P VRS e e chgyy, =ul I
£ s S\ PRl T Large ang Fast: g S issi
: Ex

Ploiting Memory Hierarch)”
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How Much A_ssociativity

Increased associativity decreases miss
rate = Pebormance 38 ns st

= But with diminishing returns

Simulation of a system with 64KB”~ ”ﬁ;mmvk
D-cache, 16-word blocks, SPEC2000"

Dicect tlogd Ly \6xy = 44 bytes
ek _ . o/ . J _ B
cactr 1-way: 10.3% enchie Bachs s KB Hca a2 e ek
-7 o
= 2-way: 8.6% )|# =
. 0 ) 0-3 b/c. uh \‘;"\ -
- 4-way: 8.3A)) R
a1 S —
: ‘-\r fssecia “J'j
= 8-way: 8.1% JJ wgher ¢
" \ -
o g
: T‘*’I F{ S Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 62
[8= Y blecks

/ (Ul-wa_j) a5 qu(q+orS \gq,‘é

— 256 %05 N ‘
Set Associative Cache Organization
w“m‘tﬁTf"S SE o ,
dd .
3130--~1z‘;11r::sa-~3210 \-*'71‘@3*5 Mees :)T &3;{
C R AT Memery 3102 A“\ -
- ' ook, s
v T V Tag Data V Tag Data
Index a
noe
1
____—vz 1
253
254
255 A
25¢ 4 == L3 G TAEEN
’ - 3
- ‘02"’ bla(k = ;Wfd-lu.] multiploxor . p -l., k@w d\?-,\)(é\
256 S 0R>5 T e Yol S ofl e aile
Se+ ' ul ‘% *l- Data
< Ve | Chapter 5—L e
) ’i\gr‘: , e Ar9¢ and Fast: Exploiting Memory Hierarchy~—63
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Direct mapped:

Set associativé | _
. Prefer non-valid entry, if there 1S one

. ong entries in the
- Othervise, GhooS® K90 i oot
‘—B

P RS ey 3 \,..u
“C Least-recently used ( a1,
" . Choose the one unused for the longest timq
i “gimple for 2-way, manageable for 4-Way, too y,
beyond that | e Sy B\ gt d
P »

.:\“ Random
" =% Gives approximately the same performance

.....

=" as LRU for high associativity

ving Chapter 5 — Large and Fast: Exploiting Memory Hierarchy-;
E

Multilevel Caches

Primary cache attached to CPU = Lt
= Small, but fast

Level-2 cache services misses from
primary cache -1 - Second vy

= Larger, slower, byt «t: |
o tstill faster than main |

Some high-
gh-end ystems INClude | -3 Cachel
S=onda J “amd AN ) «
— éff | Chaptor 5. él

N arge :
- sad Fast: Exblaitin_ on _-mM’/
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yultilevel Ca_;:he Example

Given

» CPU base CPl =1, ¢lock rate = 4GHz» - o-%w
« Miss ratellnstructlon 2%

= Main memory access time = 100NS = “oo cyeles
With just primary cache

« Miss penalty = 100ns/0.25ns = 400 cycles
= Effective CPI =1 +0.02 x 400 =9

1{"’ 2 |
hl?& i Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 66

Example (cont )

T——

IT——
—

Now add L-2 cache

= Access time = 5ns
- Global miss rate to main memory = 0.5%

Primary miss with L-2 hit
« Penalty = 5ns/0.25nS = 20 cycles

Primary miss with L-2 miss

=« Extra penalty = 500 cycles -
CP| = 1 + 0.02 x 20 + 0.005 x 500 = 3.9

Performance ratio = 9/3.9=2.3

| level of ““’r |, 2 level 6f ache
‘k\{“ké Chapter 5— Large and Fast: Exploiting Memory Hierarchy — g7
QLM |

Uao \\__u

e — T T—TE—
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Multllevel Cache ConSIderatlons

Primary cache
= Focus on minimal hit time

L-2 cache
= Focus on low miss rate to avoid main memory |

e
\{; access
3¢ o e .
v oF o = Hittime has less overall impact
\;\ c;? _\\\G‘

SN Results
= L-1 cache usually smaller than a single cache

|
= L-1 block size smaller than L-2 block size ,f

/IS

: %-“ !"{ i Chapter 5 — Larae and Fast: Exploitina Marm ae. 11-
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Mowd\q %Deup:cq e\l
N A
Metvocy [evel  |Wit Tme [Migs Rate ti
LL cache \ cycle | Go% v
L2 Cache loeycles | 4. 5%, 1::._-
L3 cache % aycles | 2.6, l‘?\
Main Memery 250 cycles| o % _;T\
_AMAT = M fime 4+ Mics ate X iiss Depaliy.
Ly “Q:Lﬂemw_ﬁhh_w
S 250 = alefage \a HMiss ladela

% ?L-n-,-\ Heﬂnog__\l—\_\&é})s_\..n_

ERT TR LIRS TR TP _@Z_&\&AL*\D:, ¢ 250 =13 -S_HISS.MQ%A‘&.

AMﬁTts = W0+ 0.2 X 28a = 25 Cgrl&s

AMAT 12 = Vo oody 25 - 1\ cucles
BMET o = L+ 0-06 % \\ L66_cycles
= AMAT = .45 - Plocessar Y abgna i
2lide 44 2 LRU Replacemedt Policy :
Y- way qqqzsc;cfngc_cgche_,_jnﬁ;ql\g_ombfu
- =
o\ Wit
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5
Interactions with Advanced CPUs e
——— 4 e

B P v e e e
Out-of-order CPUs can execute * m\]
N

g FAS 38i3n s

instructions during cache miss o (GG
= Pending store stays in load/store unit

= Dependent instructions wait in reservation
stations
Independent instructions continue

Effect of miss depends on program data

\\ flOW - \‘\5‘\(05\'@(\5 \\ Absy ™ML sS &\;Bon‘\-‘}"gj
N A NEY
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= Use system simulation - Bflals LoV !
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|nter§ctions with Software
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3.1 Introduction

9.2 Memory Technologies

>3 The Basics of Caches

94 Measuring and Improving Cache Performance
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Error Correction Codes
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Dependabnﬂy
| Service accomplishment s 5_5,,,4 |
Lo Service delivered |
| as specified [
/ \ Fault: failure of a |
Q(clwq
component oy
s\l « Restoration Failure = May or may not leaq
:».*“Qv‘tsl\ L to system failure
Sl Nl |
Service interruption e¥hia_3 \ (Zw;{:i(&;)%&sI 1
Deviation from * B
specified service | Clote ) ssdsla ok fon Jides |

o sziall \.oha_(dé selt \\)3345\ 3\¢\\.>3\599 _)_ﬁ»&\_s&&) S\J-‘ |

= E‘_:_: qu o R é Chapter 6 — Storage and Other 1/O Topics =7
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Dependablllty Measures

e
—

“Reliability: mean tlme to failure (MTTF) |

Service interruption: mean time to repair (MTTR
Mean time between failures
= MTBF = MTTF + MTTR owaiakilibygus

o . e o, D\s\-bé‘
o= Availability = MTTE / (MTTF + I\/l"lt'TR)fw ol
Improving Availability ?Q‘QZI
= Increase MTTF: .

forecasting faul avoidance, fault tolerance, fauk |

« Reduce MTTR im rov |
diagnosis and repaF: ed tools ang processes for l

3
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The Hamming SEC Code. o~

| /_mzzmm--,, 7 Aoy
Hamming distance »  aw wi, s

X Number of bits that are different

J<pit patterns 3 28102 a1 bt

= 1 2
b+ Mitimom 3\ (s

Mmlmum distance = 2 provides single bit
error detection - - acagd a

. E.g. parity code i

Minimum distance = 3 provides single

error correction, 2 bit error detection
Alsts ool andls @B &ty

between two

|}
|

|7

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 74

DAL

Encoding SEC
\mz__. o
|
~ Tocalculate Hammmg code:
« Number bits from 1 on the left |
* All bit positions that are a power 2 are parity

bits
* Each parity bit checks certain data bits:
L

4 Fast: Exploiting Memory Hierarchy —75
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Value of parity bits indicates which bits A
In error

= Use numbering from encoding procedure
= E.g.
Parity bits = 0000 indicates no error

Parity bits = 1010 indicates bit 10 was flippeg
Example:

Xos

¥ What will be stored for 1001 10107

= If you read 0111 0010 1110, is there error?
Correct it.

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy-T
S:rrj‘.e IX(Ce Cof(ed;on/
? {5 tian
7" Dovble Etler defectio

SEC/DED Code

N‘_

Parity bit for t%whole word
(Py) - Pacty M ll =g,

Make Hammin'b dista

NCe =4  aiuana
Decoding: = s astal a0 Single \g

.,-_____‘\\

o

é;_ E((ofs )
= 2 lab Stble a5
A3 = LetH = SEC i : ‘ - B
g 0, p, €Ven, no errgr AL '
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le single bli error
e @ Mo N da e H=0p odq oo in p, bit Ay b
¥ W ey H#0,p,even, goyp < e
Ad.*qsé:; oy n Uble error OCCurred » -4
ECC DRAM = B
srotectingle SeS SECIDED it 8 bits
protecting Leach 64 bitg
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dundant Arrays of Inexpensive Disks = RAID

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 78

RAID

—— (yo7)

Redundant Array of Inexpensive

(Independent) Disks

* Use multiple smaller disks (c.f. one large disk)
 Parallelism improves performance , s o e

* Plus extra disk(s) for redundant data storage 3.

'ovides fault tolerant storage system - g;;»j&? |

* Especially if failed disks can be “hot swapped”
RAID 0 M:«_\)\ I8 Ve Secver )N 303

*N 1o \g oo alasltes 3
OJ redundancy (“AlID”?) g s bl seher

! ButL.Ist stripe data over multiple disks )

b It does improve performance

S

®

' - Chapter 6 — Storage and Other /O Topics — 79
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RAID 1 &2

RAID 1: errorlng

s N + N disks, replicate data
Write data to both data disk and mirror disk
On disk failure, read from mirror
RAID 2: Error correcting code (ECC)
= N + E disks (e.g., 10 + 4)

= Split data at bit level across N disks
- Generate E-bit ECC _,¢»%%
v Eot

= Too complex, not used in practice

SUAL
|}

Chapter 6 — Storage and Other I/0 Topics —

RAID 3: Bit-[nterleaved Parity
N+ 1disks

= Data striped across N disks at byte level

« Redundant disk stores parity
= Read access - % A Ly

. S Siseks NS Gal X

Read all disks =

« Write access

Generate new parity and Update

| all disks
« Onfailure | Vaaly W, o1 ety Jhay g
~ o\ V3
Use parity to reconstryct mlssmg data
Not widely used

}\’J f

it |
-~
Chapter 6 — Storage and Other I/O ToPI®® 2

pi |
A
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. Read access

Q
RAID 4: Block-Interleaved Parity

T N+ 1disks

. Data striped across N disks at block |evel
- Redundant disk stores parity for a group of blocks

Read only the disk holding the required block

. Write access

Just read disk containing modified block, and parity disk
Calculate new parity, update data disk and parity disk

= On failure

Use parity to reconstruct missing data

Not widely used

/ ST
—
P
N

b it s

New p bk
éla 1 Read 2.Read 3.Read
Dy P
.\ "\
_S.__
[ l)o D'l ]
mQ );&&6

oho @Y RIMD2 Hus RADS 7 RADA - oo

Chapter 6 — Storage and Other I/O Topics — 82

RAID 3vs RAID

e$>wmb
- RHI D3 o fb‘
N4
New Data1.Read 2.Read

DO’

DO
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RAID 5: Distributed Parity

N+ 1disks

= Like RAID 4, but parity blocks distributed
across disks
Avoids parity disk being a bottleneck

Widely used

U BEREEE]
S-EETE]
L BREEEE|)

RAID 4 RAID 5

/1< j Chapter 6 — Storage and Other I/O Topics — 8

&
.RAID 6: P + Q R_edundancy

N + 2 disks

= Like RAID 5, but two |ots of parity

= Greater fault tolerance thr
o)
redundancy 19h more

M FPhelibal
= Viore advanced Syste St
ms o
tolerance with better perfc?lve Similar fay|t

r
= Example RAID 51 Mance
L
-~ L _ L

,_—--'-—.‘;*‘_"‘"“"r ~e_ el .
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AID can improve performance and
qvailability 551wl Dedk e dinis i

H sy . DigckGa . \}A\M‘i‘;

_High availability requires hot swapping- ol
! 7‘ 233273 Sboall 32233

assumes independent disk failures g u
_Too bad if the building burns down! Isth 3 La =t

“ L; ;L_\\_\‘A\ \;_,.,ﬁ\ :’.)\

e 1 ey Sy RAD WS 2T

Mutkple RAID B 2D 5 &

'-_"—5‘—1:;— Chapter 6 — Storage and Other /O Topics — 86
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Virtual Machm

and machine resources

<015

Examples

®« IBM VM/370 (1970s technology!)
@s VMWare ofacle abiie

@n Microsoft Virtual PC

-
-

3]

L}i‘zi\}

= X 3\—33.4, .
Host computer emulates guest oper ating systen,

Compo "-J A\& 33«&\ o

= Improved isolation of multiple guests
« = Avoids security and reliability prggledrbn(iﬂ

=S J\w

NG .\_§3\
s

= Aids sharing of resources = __ ces W oso =

Virtualization has some performance impact
“Feasible with modern high-performance comptuers

W’.K"/ l Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 84

| FRSCREE. ]

Virtual Machines

'y ioucl
\’
._b,\..a\b Bep M Gs o-\auy"s\
al
o\-%'?l\gg' v wachne | [ Virtzal Machine |

b
=
A 5

Virtual Machine

Chapter 5
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77 Maps virtual res

resources to physical

resources
. Memory, /O devices, CPUs

Guest code runs on native machine in user
mode -~ Usedmedel oz, o

- Traps to VMM on privileged instructions and
access to protected resources

Guest OS may be different from host OS
VMM handles real 1/O devices

- Emulates generic virtual I/O devices for guest

;‘2 ql\:f_ Q Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 90

Instruction §_§t Support

e

User and System modesI _—
' ' vailable in
Privileged mstructl&ns only a

d rk“?"‘v\r.?‘-'"b\““ E':‘\B'\“‘\‘:‘.Q &QX\ , 1— ﬁ{_
system mode | , ot /odfpe
y?’rap o system if executed in user mode

All physical resources only accessible
usir? privileged instructions

| gluding page tables, interrupt controls, 1/O
= Inc

registers
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5 Dependable Memory Hierarcity

5.
5.11 Redundant Arrays of inexpensive Disks
5.6 Virtual Machines
5.7 Virtual Memory

Introduction

s\l o Page Tables
\194_‘}:,_)_ access N

" \t..s ~ Fast Translation Using a TLB
(_/ Memory Protection » = 3= sy flecess 2\

[ 3
Victoal F{efﬂofj N E5\e Liae MO Placess data 5\ code 2

{f;: | . lhvf;kf” T Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 92
B
] Sialie\ by, Ly cw‘b\al» R 1|
Virtual Memory = == i adbion |
_— Fheaa !,

Use mainmmembry as a “cache” for |
secondary (disk) storage

o 3h % Managed jointly by CPU hardware and the

Memogy 3\ 8 operating system (OS) e

[ cu'."c -“ I T 1\ \
A Programs share main memory-* 0w N

“uemoy Wen = Each gets a private virtual address space
e ik holding its frequently used code and data

i an ransiate virtua

physical addresses addresses o
= VM "block” is called g page
= VM translation “miss” is call

i ed a page fault

Chapter5 — | 5
rge and Fast: Exploiting Memory Hierarehy — 93
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naring the Physical Memory

Proteis | Fryscal BAM
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- Sorenleen s
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CPrecess o PR \\___.__J
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., Losce(4GB) : | |
L —“’—_T —al
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Wirtaal Addrens
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R

= L7\

PRE—————

e

Chapter 5 — Large and Fast: Ex

Fixed-size pages (€.9., 4K)

ploiting Memory Hierarchy — 94

Address Tra_nslation i

?(ocgss O Q&M V'ﬁ‘-tf:l nd‘:;":ss
N Zmay . .
"‘\gm‘”ﬂﬂ&essas I;:yc:ic; add,msj 47 4545 4443 oo 1514131211 1098 -oooe 3210 R . , g
Address transtation [ |I4 KB Virtual page number Page offset p r
r pa Qﬁe ALY J\..:‘
s tage M) Lalsisay &
: Rage I LA YleB Wos
—= 1 (rnsiton Dk o pslabon o 5 5% oy osrye
™~ <. e s M N ax0fe iy Page I =
°§ i ::3,,37 i 1514131211 1098 <+ fooe- 3210 PAS: ,3\9
Cisk addresses | Physical page number Page offset LoR) ﬁ’% 3
. P
sian Vickal fddcesses M ¥ i Page I
Physical Addeses \ i 541 Mem N Z a3 & \sjoin £ {3\ ofFset
M AN C.s\flu 69‘, @55 Ghed access N Apyomrid O '\’(qnsiafi‘gn

OisK M il B ashs
Page fwlt

\_._A\—’D\" BB Mem N\«

s Hea W fage 3
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Main Hetety

Access time © 3a N %e.

Page Fault Penalty . s - <.

Hetopd 2\ =3I\ On By s \!cu\ =

vyt ON page fault, the page must

& \D%\é@b k S\k\)ﬂ
from dlSk - > (2 :asb—-bf-'is\'\ WGadsaso

- \Ser J\aw\;:‘"".%
ST . Takes millions of clock cycles »"
‘ ol Warduan™ N\ 258ea)s

= Handled by OS code = > s es 3\ Way
o) Dok Nt 5 A Lasl 592305 fage bkt ?;ult ate —s

be fetched

y«»; Try to minimize page omaia o8 3
* * sans . )
” " &= Fully associative placement Jm\zjﬁ\
®. Smart replacement algorithms Tage

R \_'3\. \J"*“ L"i‘&.& Re d-‘f\;\'!:{‘, U5 ,, \ ,;..\-.‘- 1‘\:#.
Aisle Womat L

R EPIeT NS AL ’ . haduase N\ S50

Gy 3 atS =2 Sehtware e ot L LAY 1o

o l)éﬂ'f T\};‘EF“’ Chapter 5 — Large and Fast: Exploiting Memory Hierarchy =%
Py ::'\_‘ ?}3 | Lw."

Yandation dap yidy oo 05

Page Tables - e s

\)5 ._)3'3‘1 (ND)
Victoel page’

Stores placement information , e 1 P tmga
L = Array of page table entries, indexed b virtual
3 ] - ber R Phl g Raray M P VPN N@pios

& . ere page num (p\\{_}s ical Page Nuomber YPoN
— . Page table register in CPU points to page
Precass ﬁe table in physical memory

BT e 0; If page is present in memory (Page hit)
| & preasss

T Lassed’ o PTE stores the physical p_agewer

T \;‘\f’”““ = Plus other status bits (referenced, dirty, ...)

ek 6 |f page is not present

oT \&
93\\ P';f » PTE can refer to location in swap space on
7 e dlSk

& Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — o7
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anslation Using a Page Table

) /r/_lcpag::ble register j &« CPO

/"——_ -
18 bﬁ— Virtual address ¢— CV My
4746454443 ........................ ‘51‘1312111098 ....... 3210 "s-'..
| Virtual page number Page offset
436 iz C
Valid Physical page number = \‘09 YKB =1L
>
A7
\?3-
¢ ~
page table
WA
\".ch"‘l i
ddfess ) S
If 0 then page is not
\\r \ presenl in memary
@‘eﬁ 39 38 37 .............................. ..‘514 13 12 11 1095‘;-...32 ] 0
Physical page number Page offsel
Physical address % %M '-\3“
e O ) Mem A\ Access 3
% :Mg J oeb \ Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 98
A o \‘f
. feqe tan
3 e
5\) A S

Mappmg Pages to Storage

TR p

v

Virtual page
number

Page table
Physical page or
Valid disk address [

Physical memory

—
..——""’g“ I

\

Disk storage

N4

IR E N EI e

\
?Q\
/

.
/

][]
L)L L
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Replacement and Writes

~— coult rate, prefer least.
To reduce page fault rate,
recently used (LRU) rep.la(.:ement
~ Reference bit (aka use bit) in PTE set to 1 B
access to page
os 13N ¥ & periodically cleared to O by OS
Y page with reference bit = 0 has not beep

used recently N
Disk writes take millions of cycles

Mem W83 o Block at once, not individual locations
Ladle Wemale : .. .
. £ Write through is impractical

\;.\mS\)*" o .

s s Use write-back | |
- Dirty bit in PTE set when page Is written

i :3_ L;_{g_ Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — g

"((anslajﬂor\j\,b;}\%}; “ ]
Fast Translation Using a TLB

e

Address translation would appear to require
extra memory references vA-=PT->PA - M

= One to access the PTE g B b
— Pocess Y awlislat
= Then the actual memory access

233350 U T ol Sy el ch%e IR .
But access {6 page tibles has good locality

So use a fast cache of PTEs within the CPU
?all.ed ?,Y[La‘}qggsign Look-aside Buffer (TLB)
yp||cal. 16-512 PTEs, 0.5-1 ¢ycle for hit, 10-100
0.4 1 SYSIES Tor miss, 0.01%-1% miss rate
= Misses could be handleg by hardware or softwaré
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yirtual Page

Pagelable Cache

. : Physical Page
umber valid Dirty Re Tag address '*[th\q*‘. Q,‘\c_,&‘\ L,am\&n:r-.l
1(0]1 -~ -
1111
B - Physical me
bl —— ——
0
M‘{ N'gék K \\ —
-~ A \ \_—_\_
Ac_,;.«s""he Page table 5 —
Physical page T
Valid Dirty Ref or digk address
— |
1{0]1
11010
71010 -— Disk storage
11011
ol0]o
1]10(1 -«
ojo]o . | |
1{1]1
i =
ofojo ';Z
11111
‘-_hh“_‘
VS

REL T Po%e A\
Lo NER: Tl
Oi?dtr;e PTE from mémory ang retry
. € handleq in hardware - WU Naud gy
et complex for More compliaaia ! Fiste, Smle
tructure °Mplicated page table
9rin gof
o aise av;ls;:ia | ;5“ SV Suos Wweltocions \S ¢
v If Page i« . SXCeption, with o

Dtimize;d hanq]
Memory (pag " o

e fault_) > Systenn WA,
t Chin SN e,
L aThPA%e table 9 e page ang Updating
U N Testart the faulting instrycf;
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TLB Miss Handler
I

TLB miss indicates
® = Page present, but PTE not in TLB Q‘L’“

%« Page not preset (fugefadt

Must recognize TLB miss before
destination register overwritten - w. ... .

b e VA5 Laded ebie TR Mis <
N
Eai \ = Then restarts instruction

\k‘—r’ Raise exception L Seota Arasdindtsiy y -
.5~ Handler copies PTE from memory to TLB

| = will

.= If page not present, page fault will occur

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 104

2UN

W

o3 S\Qm f,:):_.

Page Fault Handlera e

Use faulting vurtual address to find PTE

Locate page on disk

Choose page to replace
« If dirty, write to disk first

Read page into memory and update page
table

Make process runnable again
= Restart from faultmg instruction
Ev \A (’/\\" v alid v

\
H ” < fage Lault

= Ve
s _}_V,( r’ , Chapter 5§ — Lar
{ AR geand Fast Exploiting Memory Hierarchy —

D=t S

-
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eeer 14 13 12 11 10 9 -ciieeas 3210
Page offset 1
%

Physical page number

|~20

,—‘

—

Physical address

Physical address tag i Cache index

Block 'l
ciset

AQ

Ptysical page number I Page offsel
12

I

ILI *+

Ja +z

N

If cache tag uses
physical address
Need to translate
before cache |00kUp

Alternative: use virtug|
address tag S
= Complications dye to

aliasing

Different virtual
addresses for shared
physical address

ZAge S"‘“ﬂd\_sﬁa ahe Page
& lerest P\ddfcsq:s\%gysbj

(9]
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\\\l\_\\ ‘qjﬂ S Rocess @ane Slak

ﬂow\ed on \_L@\_Jl»&bga_b\_. p(‘occ,SS \_j, g
Memory Protection™.. .ﬁ

x_ss\sl_-,:.

ﬁg&; ;,_-.;_..".;,"“"%\ Sjs+mj‘ Uﬁ\y-‘bﬂ qu“'d P@QM l
\ss 3~J

L;M-S

Different tasks can share parts of their «e e &4
vitual address spaces

ArTuS S oceess

= But need to protect against errant access N

: Requires OS assistance w0y L [Rw
__,_.,\k ‘3‘\553 PR PR R \\ GV 8 e —
Hardwa Hardware support for QS protection .273F==
P

= Privileged supervisor mode (aka kernel mode)
« Privileged instructions

: Page tables and other state information only

accessible in supervisor mode - ofecatog systmll Loy

@System call exception (e.g., ecall in RISC-V)

B
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' The Memory Hierarchy

P T T A e e e e

MEST

Common principles apply at all levels of
the memory hierarchy s coche ssid &y
S Dlgealegirassgre

= Based on notions of caching A M |

At each level in the hierarchy
= Block placement » “®Ssbostagin sty |
Finding a block -
B g OC - \.euggl _&\_‘ e \.S\J_Q&((esﬂ\\:x&g_ls
= Replacement on g mjgg . =\
VANIRCI

s Write policy , <xbiuu\y qe’%\'{hm

Chapter 5 —

Large ang Fast: Fyvnlaitic_ aa . AN
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Block Placement

Determined by associativity
= Direct mapped (1-way associative)
8’ One choice for placement s+ &s ofY, Mem black o4

Jdew S sl
= N-way set associative (2 /4/3/14)3.8Gs 2802
n choices within a set

= Fully associative Cache Yo (LM 44 Wdex, \ets
Any location N

Higher associativity reduces miss rate

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 110

Finding a Bloc

o i R o A e D

Associativity Location method Tag comparisons
Direct mapped | Index » Dlock 3 18 sai Ty ®
n-way set N Set index, then search |n
associative entries within the set
Fully associative Search allentries §  |#entries
Full lookup table vm |0
Hardware caches ? Poge bhble Leg

= Reduce comparisons to reduce cost VA= (P > b
Virtual memory

= Full table lookup makes full associativity feasiple
= Benefit in reduced miss rate

Chapter 5 — Large an .
d Fast: Exploiti . ly
ploiting Memory Hierarchy __ 144
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Replacement . ..

L
e t::;:%s hl‘qh/ﬁ-’”ﬂ agscﬁ.hj‘) Je Sp

Choice of entry to replace on a miss

= Least recently used (LRU)
Complex and costly hardware for high associativit

= Random
Close to LRU, easier to implement

Virtual memory
= LRU approximation with hardware support

E; Yecd\'\'{j veed ¢ <ipxd Page S ol
3 Replacesant _\\(11:! s Nof (eCe,m’rb veed 9
et Cecently used I\ Qs

es WMaesia M vm L (Msit Wg

T Moes Wes (v bk ) e
b 3}.93 S’g, Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 14;

Gsts o\gs hsobyges MLl o 18y
Goebis Dby L 3 Jasily access \oh gy W\ Page )

‘v Write Policy

y
0 _ A
feeetly | Wirite-through @

LSse

\io o 2 U.pdate_ both upper and lower levels
| Nd@ = Simplifies replacement, but may require write
Us

buffer
Write-back
= Update upper level only

= Update lower [eve] when block is replaced
state

Chapter 5 __ ,
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| Sources of M|Sses cache Misies ) ines

—— T ————— L
Compulsory misses (aka cold start misses) »
\al

~ First access to a block UM Q8 s Qaan\ay 6 pdat
o“-)'ﬁm\-\;i Miss ué_) kS)L~>1 access \53\_5 M\QLA ,\9);3-’ CaclesA\

Capacnty misses s o 1. bl
= Due to finite cache Size @i dabos b Wi s dnges amess
= A replaced block is later accessed again MiSS (5, g2e2

i i f : sl sala),
Conflict misses (aka collision MiISSES) capacity M
= In a non-fully associative cache Cache W\ g7 1

= Due to competition for entries in a set

- Would not occur in a fully associative cache of
the same total size

\decsss M Nas ol 03« Coms \ndex Al el s Cache Jbton s gins

' (@9 (IESACIRYS 5‘5\ Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 114
_“ n==\,.g3 e \—b\h\\ 0&5; GJ\SG?-”"Aﬁ%\\AL 3\3 Qqck _S\_\ \(\&Cﬁ( J\w

 Ghss Vosghy eshiny LHENS A oS data sy
Cache DeS|gn Trade-offs %>

m&x},\o»ub\%ru\u»s@\b d:\o\g cache N\, o Al

v

+ AMAT = T + miss cafe ¥ Miss penadly

Design change Effect on miss rate Negative performance
effect
Increase cache size Decrease capacity May increase access
misses time
Increase associativity | Decrease conflict May increase access
misses time

Increase block size Decrease compulsory | Increases miss

mlsses penalty. For very large
i b, bolacle size ;\\.4 block size, may

Mofedatn &75Miss 3 sl increase miss rate

Doe Ls\sp\iig, :
gfl.‘it ::Pﬁccs 9*| due to pollution.

Scanned with CamScanner



0 : N 2 —
One-way Two-way Four-way Eight-way
- Associativity
AL e, *"_‘-r ! Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 11g
A;sac:q‘}wj\ \b AL s (dle ALK Asgd_;qu:u:\'j Mg Miss e ) u:.sq:%k_\l Az
e Sei canflict Missis  Mad) ol
Conte ntS c(b Misss Al Mis (a’fc_“k\g_;; Cache M f{,d_.u 3E
momROlioh I oot Mo Miss @le el iy Agseciiup Usj do 128 168 3 dag\al % S50
i Gl e L MR
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LAV 5.4 Measuring and Improving Cache Performance

5.5 Dependable Memory Hierarchy
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5.7 Virtual Memory |
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Cache Control

Example cache Ehea_{aggezrlstlcs

= Direct-mapped, write-back, write allocate
= Block size: 4 words (16 bytes)

Cache size: 16 KB (1024 blocks)

= 32-bit byte addresses

= Valid bit and dirty bit per block

Blocking cache ° wedeback <%
CPU waits until access is complete

31 1413 4 3 0
Tag Index | Offset
18 bits 10 bits 4 bits ;
& Elog |K= 1o I" ‘3 \6 = Lv

2= fo= "5 Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 118

Interface Slgnals pent e ()

vq\.a CMem)

EEEEE————————— T T )
e o bk 5 s | ESM T s [ ek s bos
chke s Cpd G ~Tache SNU\L M A\ o)) el A B OS

L2 S, e S Miss
Readl\Nnte ReadNVnte AN
Valid - 956 158) Valid o> |
Cache ¥ 23D 2
Address i . Address W
CPU Write Data ?3 , Cache Write Data 1/2—,8 | Memory
Read Data .| Read Data 112,8'\9 9
Ready . Ready Sgal
J A
s\l '1’,3 Rea:lj 55) )\byﬁo-ﬂ .
L= Ready G5 H4 oS 3) ‘Multiple cycles e
Ready gl 503 35 M5 Wbyds|  peraccess
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B |

Finite State Macwh_ines (sequedhal)
Use an FSM to

Sequence control steps

i Set of states, transition —
~on each clock edge = e,
= State values are binary oupas | [
encoded
= Current state stored in a . —
register ; — .
= Next state T [ o Next s
= £, (current state, o B CT T
current inputs)

Control output signals
= 1, (current state)g,,)m

1
.

ofp

.. %Seiuejd‘.o]ClTw-(S M‘;@s\‘&}*

. "Chapter 5 — Large and Fast: Exploiting Memory Hierarchy —~120
Seguenhal cieuifs bt ¢ ﬁ*-*“"*g;_“ R%‘ALSQ
Camb-'t\c.“'.'oml Offcu:{-‘—s é§\:-\a'b o

4 ot IS seliss ooF Mg -
Cache Confroljer FSM
WT* PR

b".‘a.“\'&

State

L
= Rt Cache Hit Co Sa T
4—-”"‘\ Mark Cache Ready T 9
N Slf \(/ahld &8& Hit,
/ he - et Valig, SetTag, &
\CAC{C. A\) . Valid CPU request if Write Set Dlrty .
Z - ‘:’é -
{
el
S f reduce clock
ache - S S b e i
Miss Miss “‘é i cyclet!me 5
and and A PR
Old Block Old Block
Is Clean | is Dirty
= (B i g3
Allscate ‘f\LE‘\ ks &a
]
S2 det =¥
Allocate Wrlte-Back Wl k
Read new block Write OIg i %q:
from Memory Block to
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-
RS
.

-

\/
7 Virtual Memory
AC

.‘

sz ol
e

Sano cmkpebo}»\
Cache Coherence Problem
R — |
Suppose two CPU cores share a physical =

address space " =1

. aYe - Thee \, :\Sg o) S8
 Write-through caches > W' ™3 (20 sl =
Time |Event CPUAs | CPUB's | Memory
step cache cache
0 1= 0
1 |CPU Areads X 0 0 o
2 |CPUBreads X 0 0 0 ]
3 [CPUAwrites 110 X 1 0 1 J
o

._‘..'..._n_.._

L [0
’ L = Mt’ﬂb{J Mo Ccache -\\Q.;AS 'C) L
L PSA3 Ja Cacksy Na¥ c\lé.»xn\‘?;ushs '

\z \ S )'/\_).) Kw*
e ot iy S i las | ims b x 15 ot 98 o
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Coherence D?_f_i"ed

. jflnformally: Read)::‘,‘m_i> e s

e (]
fee written value - g
- Formally: | | |
;},&5’33; = P writes X; P read§ X (no intervening writes)
S — read returns written va!atf_ ——
©s P, writes X; P, reads X (sufficiently later)
— read returns written value
c.f. CPU B reading X after step 3 in example
&= P, writes X, P, writes X -
= all processors see writes in the same order

End up with the same final value for X D
B B A At

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 124 :

return most recently
o P

Cache Coherence Protocols
 —

Operations performed by caches in
multiprocessors to ensure coherence
= Migration of data to local caches

r Reduces bandwidth for shared memory
382" . Replication of read-shared data

e ce .
,aoco\\g(o“ 2 Reduces contention for access

® Snooping protocols
= Each cache monitors bus reads/writes
@ Directory-based protocols

= Caches and memory record sharing status of
blocks in a dLrectory

2

" ch -
apter 5 — Large ang Fast: Exploiting Memory Hierarchy = 128
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Moditie ©\ Shaed s ualid . /
C MS I Y =l &y@_‘}é\gg\’;&ﬁ

Invalidating Snooping Protocols
Cache gets exdlusive access to a block
when it is to be written
= Broadcasts an invalidate message on the bus
= Subsequent read in another cache misses

Owning cache supplies updated value

CPU activity Bus activity CPUA's CPU B’s Memory
cache cache
7 T z Xz 0
CPU A reads X Cache miss for X 0 I 0
CPU B reads X CachemissforX| § 0 S0 0
CPU A writes 1to X | Invalidate for X M 1 T 0
CPU B read X Cache missforX | S 1 S 1 1

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 126

R RN NGRS

Memory Consistency wisssaesboe W

T

When are writes seen by other processors
“Seen” means a read returns the written value
Can’t be instantaneously » < asdd o3 =0

24

n

Assumptions B
= A write completes only when all processors have seen
it

« A processor does not reorder writes with other

accesses slbe— Sequential consistency
"~ ?\:‘ ‘}':‘} ?L O\J.\\ \2\:.-\ J\\\‘} {’\"A\\\ }?kﬂ\

CONSEqUENCE " asaludatit so/mmlils

« P writes X then writes Y
= all processors that see new Y also see new X

= Processors can reorder reads, but not writes
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Multilevel OépCh!p Caches

YU GH7 PA

Ay 3
{1 cache organization Split instruction and data caches Split instruction and data caches \\<
L1 cache size Configurable 16 Lo 64 KiB each 32 KiB each for instructions/data per 32 k 3 A
for instructions/data core
L1 cache associativity | Twoway (1), four-wa ,(D) set "o, Fourway (1), eight-way (D) set
T aive  \yaas hpgl|associatve
|
L1 replacement Random Approximated LRU t\ blo k
_‘__._——-———-____’__—-——P——
L4 block size 64 bytes - (it MiSS Gabytes 64 /l{= \é wotd = 3 D cac <
- 1 ,2___%__ I
L1 write policy Write-back, variabl allocation Write«‘ick. No-write-allocate
policies (default is Write-allocate) ' ass
L4 hit ume {load-us€) Two clock cycles Four clock cyclee. pipeliﬂgd/ > % J""\
e e
1.2 cache organization Unified (insuuction and data) Unified (instruction and data) per core
|-
L2 cache size 128 KB to 2 MiB 256 KIB (0,25 MiB)
|-
L2 cache pssociativity | 16-way sel associative B-way sot associative
]
L2 replacement Approximated LRU Approximated LRU
-
1.2 block eize €4 byles 64 bytes
1.2 write policy Write-back, Write allocate Wiite-back, Writa-allocate
I
u',) hit ume 12 clock cycles o 58\ o Yl?\ 10 clock oyoles =) Y Ia =t
.3 cache Unified (instruction and data)
organization -
L3 cache elze - 8 MIB, shared
L3 cache i 16-way sot assoclative
associativily
L3 replacement - .Apploxh“ated LRU
L3 block slze - 64 bytes
L3 write policy - Write back, Write-allocate
L3 hit time = 35 clock cycles

chanter § — Large and Fast: Exploiting Memory Hierarchy —
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2-Level TLB Organization

kel core 1771

ARM Cortex-A53 /|

Ut 1 P 1
\|rthaI address | 48 bits 48 bils uM i
E'“'“." address |40 bits a4 bits > 2 1678

age She‘ Variable: 4, 16, 64 KiB, 1, 2 MiB, 1 GIB| Variable: 4 KiB, 2/4 MiB
TLB organization | 1 TLB for instructions and 1TLB 1 TLB for instructions and 1 TLB for

3 1 for data per core data per core 2
Cache 28+%  64+3

[ | Both micro TLBs are fully assoclative, |Both L1 TLBs are four-way set TL—B -‘-LB
FTE- A ] with 10 entries, round robin associative, LRU replacement = L
| | replacement T 0
\f A D { 64-entry, fourway set-associative TLBs L2 TR
: L1 I-TLB has 128 entries for small ,
| Q [\ NEA TLB misses handled in hardware pages, seven per thread for large pages \ 5l
J “\& miers TLRs ate L\ L1 D-TLB has 64 entries for small
|
}; T LBs Mok ate backe 4 Bj pages, 32 for large pages
| | 4we 4- c_n’\fls \LTCRS . |The L2 TLB iis four-way set associative,
| : LRU replacement
The L2 TLB has 512 entries
| TLB misses handled in hardware

Chapter 5§ — Large and Fast: Exploiting Memory Hierarchy — 130

Supportlng Multlple Issue

sty A A

Both have multi-banked caches that allow
multiple accesses per cycle assuming no
bank conflicts

Other optimizations
= Return requested word first

= Non-blocking cache
Hit under miss
Miss under miss
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Qide 127 8 Motpory Consistency.

Hocessar A Pocesser B
FIQS = False ;

while Cﬂaj as_;[alﬁc_),:

e C‘omeujﬁe(\ 3

Pest_ (1) 5

‘el '?cqt‘ams \m{a \A{Lﬂm _

C.h (Of\lﬁcf\-\
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Supporting Multlple Issue

Both have multvl banked CaCheS that allow
multiple accesses per cycle assuming no

bank conflicts (e a0 )
Other optimizations

0 = Return requested word flrst

@ = Non-blocking cache

Hit under miss | .
Miss under miss - G s A sl

@)= Data prefetching J

;,p.k_a\w )

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 131
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| Contents

5.1 Introduction

5.2 Memory Technologies

5.3 The Basics of Caches

4 Measuring and Improving Cache Performance

T e (6 izt SV G

t

G

-

5 Dependable Memory Hierarchy

(S NSy

11 Redundant Arrays of Inexpensive Disks
G Virtual Machines
7 Virtual Memory

v o ’JI 1

8 A Commeon Framework for Memory Hlerarchy

2 Using a Finite-State Machine to Control a Simple Cache
5.10 Cache Coherence
2 13 Tha ARM Cortex-A53 and Intel Core i7 Memory Hierarchies

5.16 Fallacies and Pitfalls
5.17 Concluding Remarks

- Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 132

“i

Pitfalls

Byte vs. word addressing

= Example: 32-byte direct-mapped cache,
4-byte blocks

Byte 36 maps to block 1
Word 36 maps to block 4

Ignoring memory system effects when
writing or generating code

« Example: iterating over rows vs. columns of
arrays

= Large strides result in poor locality

G240

33

Chapter § — Laraa and Eacé: Cunlalélos 8o ——. 115 —mcnhy i
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P

pitfalls W
In multiprocessor with shared L2 or L3

cache

. Less associativity than cores results in conflict
misses

_ More cores = need to increase associativity

Using AMAT to evaluate performance of
out-of-order processors

= Ignores effect of non-blocked accesses

_ Instead, evaluate performance by simulation

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 134

Pitfalls

Extending address range using segments
= E.g., Intel 80286

« But a segment is not always big enough

« Makes address arithmetic complicated

Implementing a VMM on an ISA not

designed for virtualization

« E.g., non-privileged instructions accessing
hardware resources

» Either extend ISA, or require guest OS not to
use problematic instructions

% Chapter 6 — Large and Fast: Exploiting Memory Hierarchy — 135

B
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Concludlng Remarks

e iy TP
Sl S

Fast memories are small large memories are
slow

= We really want fast, large memories @
= Caching gives this illusion ©
Principle of locality

= Programs use a small part of their memory space
frequently

Memory hierarchy

= L1 cache <> L2 cache < ... <> DRAM memory
<> disk

Memory system design is critical for
multiprocessors

Chapter 5 — Large and Fast: Exploiting Memory Hierarchy — 136
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- Parallel Processors from

~ Client to Cloud
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e Cilly
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Chapter 6 — Parallel Processors from Client to Cloud — 2

Introduction -

1

!

I

|

- atid
]

i

|

Goal: connecting mUltipIe computers

to get higher performance

i APRR PRI WSS moltiple plecessars
5 MH»"' \ L?Jgessors ( Ngdes bt e s

¥+ Scalabilty, availabilty, power efficiency " <fee.c,
N 1 an S;nqle
Task-level (process-level) parallellsml i
: ' ndent |
High throughput for indepe jobs selbeb e«
Parallel processing program Holkple o Qe \yusy
= Single program run on multiple processors & <pup
¥
Multicore microprocessors b
= Chips with multiple processors (cores)

~hanter 6 — Parallel Processors fram r~1:. .
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Hardware and Software
Hardware Ry

o = Serial: e.g., Pentium

® = Parallel: e.g., quad-core Xeon e5345

L> L‘..bg\\_,»u YU peatam ECW
Software B J -

—~—

\3\-3\ &fs >—‘>.\: Qofe p\,a \335;»_,.; 8l
&s Sequential: e.g., matrix multiplication
. : O
OL Concur_rent. e.g.\:&?ggﬁtﬂ% ﬂ&tgg_%\'sa&\g
Sequential/concurrent software can run qp
serial/parallel hardware
=B\ . Challenge: making effective use of parallel
| hardware

Chapter 6 — Parallel Processors from Client to Cloud —4 ﬂ

i

What We’ve Already Covered

_82.11: Parallelism and Instructions
<> = Synchronization

- §3.6: Parallelism and Computer Arithmefic

= Subword Parallelism- ?“f_diz“f; e

§4.10: I_Darallelism and Advanced
Instructlon-LeveI Parallelism

§5.10: Parallg|j
Hierarchijeg S and Memory

= Cache Coherence

il
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1 mtrodUCﬁO” | |
b. he pifficulty of Creating Parallel Programs _, LR ISP
62 15D, MIMD, SIMD, SPMD, and Vector

b Hardware Multithreading

‘; shared Memory Multiprocessors

5'6|ntr0dUCﬁ0“ to Graphics Processing Units

.- clusters and Message-Passing Multiprocessors
t}3 introduction to Multiprocessor Network Topologies

?‘10 Multiprocessor Benchmarks and Performance Models
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;::12 Multiple Processors and Matrix Multiply

:13 Fallacies and Pitfalls

:14 Concluding Remarks
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Contents

“2The Difficulty of Creating Parallel Programs
Parallel Programming

Amdahl’s Law
Scaling

Strong and Weak Scaling
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Parallel Programmlng

SR T R T s

Parallel software is the problem

Need to get significant performance

20 Bl 'c:bnlmm&m@\yx\
lm provemen.tu§:5\\3_\g.\_,.o;\\ o W forforinenadt Ody

= Otherwise, just use a faster uniprocessor
since it's easier! A Slecea dh §

UNiP(cgesc oy,

N 3 A B \A\s\,»}-uckhm \
Difficulties ™Swety ™ s

= Partitioning - P b S N8 3

= Coordination »  \ilyab cos M\ &3 Lakivas
-\DS—\)&\MBWE;\WJJ
= Communications overhead

L:,\5>\m \gysins Lbsaga\gey Noecesors A\ \gpio\al

S Wecesor W Gy o Gely (s A8 Gas 6o Daly
J \M s Goa) a\s\ Chapter 6 — Parailel Processors from Client to Cloud—

AL Jj-\ Q(Océssc\’s

L}\ CAU i)&
Amdahl’s Law i qi;;;““

equentlal part can I|m|t speedup

Example: 100 processors, 90x speedup?
/100 + Tsequential

1 =90

- — =

(1 - Fparallellable) + Fparalleliablel1 (();O

- Tnew = Tparallelizable

n Speedup =

. SOIVing. Fparallellz.able =0.999
Need sequential part to be 0.1

time gt A\ a5 &

e
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r;caling Example 3550 S

" Pecessos 31 2529 Bl
Scﬁq\\_@y&\

NI ‘:‘7:31“.—:. 2 s
orkload: sum of 10 scalars, and 10 x 10 matrix

Um o_}?‘_)l‘i’ & |
S, gpeed up from 10 to 100 processors > 4 essiord St A
" gingle processor: Time = (10 + 100) X tygy \\o - s
10 PrOCESSOTS ety v e

_Time = 10 % 1,44 +100/10 x t_4y = 20 x tadd — s i
_ speedup = 110/20 = 5.5 (55% of potential) '

\Sa

2n O3 ]

v |

100 prOCGSSOFS aEeq T Reoees 55T \ . ‘éﬁm% y
- Time = 10 x tyq+ 100/100 x t 44 = 11 x t,44 Py

. Speedup = 110/11 = 10 (10% of potential)~ A |
assumes load can be balanced across Eic Qe

proCessors o

m Chapter 6 — Parallel Processors from Client to Cloud — 10

Scaling Example (cont)

What if matrix size is 100 x 1007
Single processor: Time = (10 + 10000) x t_yq
0processors
: ;ime= 10 x t, ., + 10000/10 X t,gq = 1010 x t,
1 Of’eedUp =10010/1010 = 9.9 (89% of potential)
Processors B¢ e Ve
,g’p”e':d"um__x tag *+ 10000/100 X tgq = 110 x t,
A iy P=10010/110 = 91 (91% of potential)
9 load balanced Goer
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Strong vs Weak Scallng
-—

Strong scaling: problem size fixed
_ = As in example
— Weak scaling: problem size Proportig
=\ \wdsnumber of processors
JS@M\Q .
Nmgdi ™ 10 processors, 10 x 10 matrix
Plocessacs Time = 20 x tadd
‘“’S”;me*ﬁ = 100 processors, 32 x 32 matrix
J Time =10 x t,44 + 1000/100 x t_, "20xt

= Constant performance in this example

Nalt

Chapter 6 — Parallel Processors from Client to Cloug-

6.1 Introductton

6.2 The Difficulty of Creating Parallel Programs

6.3 SISD, MIMD, SIMD, SPMD, and Vector

6.4 Hardware Multithreading

6.5 Shared Memory Multiprocessors

6.6 Introduction to Graphics Processing Units

6.7 Clusters and Message-Passing Multiprocessors
6.8 Introduction to Multiprocessor Network TOPOIOQ'E’s
6.10 Multiprocessor Benchmarks and Performance Moa
6.11 Benchmarking Intel Core i7 960 and NVIDIA Tes
6.12 Multiple Processors and Matrix Multiply

6.13 Fallacies and Pitfalls

6.14 Concluding Remarks
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contents

3 51SD, MIMD, SIMD, SPMD, and Vector

6.3

Flynn’s Classification
Vector Processors
gIMD Instruction Extensions

Chapter 6 — Parallel Processors from Client to Cloud — 14

Instruction and Data Streams

SR e R e RO RSN 43 R A e \l\éffud\on s &1

An alternate classification L=
B o Odesddls

Data Streams

Multiple

SISD: ~ s\ bwsl | SIMD: SSE ( vector)
Intel Pentium 4 instructions of x86

Multiple | MISD: %5354 5220 | MIMD: el oce 17 3
No examples today Intel Xeon 5345

D=0l jaly cove b u\h e iF Slm{mwﬁ“ oD s (?.?\33 . 5 O
ltiple Data

SPMD: Single Program Mu

" éparallel orogram on a MIMD computer
onditional code for different processors

. 79 Koesssoc N oe Akes m&h‘&_?‘“e‘”“\é‘)

- Chapter 6 — Parallel Processors from Client to Clou
Scanned with CamScanner
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.

Vector Processors |

f”: 3\ Highly pipelined function units *;
S i hm data from/to vector registers to unijtg
e 1, Data collected from memory into registers

= Results stored from re&:iers to memory
Example: Vector extension to RISC-V

= vO to v31: 32 x 64-element registers, (64-bit element

= Vector instructions
f1d.v, fsd.v: load/store vector (Flaating peiat)

fadd.d.v: add vectors of double
Veckr gdlodon & fadd.d.vs: add scalar to each element of vector of double

SmﬁA Significantly reduces instruction-fetch bandwidth

(alemcr\)f gd) s 1 nsTruchon 3 &3

Chapter 6 — Parallel Processors from Client to Cloud — 1§ II

Example: DAXPY (Y = a X X+ Y)

f\{(wj ) )\ a._w—r_f‘\-‘

©) Conventional RISC-V code: 120 1404, 1vt)
f1d fo,a(x3) (,b"‘*%// load scalar a 'pm(c_o'_ 4;[‘]*jﬁ15
: _}‘\"-‘ addi  %x5,x19,512 // end of array X JLid= 4 d

A
%,_\'zéb Toop: f1d f1,0(x19) // load x[i]
L O F1.f0,5%, // 3 * x[i]
op b YY" // load y[il
// a * x[i] + yl[i]
24 S wey=5l <= // store y[i]
snstroction addi  x19,x19,8  // increment index to X
addi  x20,x20,8 // increment index to y
bltu x19,x5,lo0p // repeat if not done
(2) Vector RISC-V code: P /\d
f1d fo a(x3)} // load scalar a
fld.v v0,0(x19) // load vector X
11:mu1.d.vs V0, vo0, fo // vector-scalar multiply
1J:tgiv v1,0(x20) // load vector y
f:d d.vovi,vi,vo // vector-vector add
vV V1,0(x20)  // store vector y
. \ 19 : '
& mﬁ(dc'tmouﬂ‘_sém4én\.s\_,.‘lﬁ HFS ,h
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More general than ad-hoc media
extensions (such as MMX, SSE)
a Better match with compiler technology

: —18
Chapter 6 — Parallel Processors from Client to Cloud

SlMD (Single ndirwehion Uulkple Date)

itk i Bt R A

Operate elementwise on vectors of data
o d SSE instructions in x86
. E.g., MMX an ,\ -

Multiple data elements in 128-bit wide registers

~

All processors execute the same m x 255\;; }\J:-Lx
instruction at the same time N L

= Each with different data address, etc. d..bl- N )
Simplifies synchronization Single & 4SP
Reduced instruction control hardware

Works best for highly data-parallel

applications

Chapter 6 — Parallel Processors from g entto ¢y
Oud-— 19

e ——
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. Multim
Vector vs. Multimedia Extensig,,

e Vector lnstructlons have a variable vector wig
weks ~ multimedia extensions have a fixed width i

or 3
71 Vector instructions support strided access
__—‘E'\'\
s ,‘,,s,c-multlmedla extensions do not b &venigyg

Y its can be combination of pipefi .
g ector units can be combination of pipelingq ang

arrayed functional units: TR TR

FP add
pipe 1 \

2o " Vector .
~ registers: . * regislers: regislers: Ve |
; elemants | ||~ hmgntg. : . X Togislary.
| Eese ;'-m
M i
1]
. @j

ALV N éhapterG—Parallel Processors fror}/Chentto Cloud—20 ;
SRR o \ -
Uy & e LFO ol M ¥l (e%\%*er LAWY
Ayl iy

C on te n ts sAMeasster J) \0eut/adtpot I\ i s iy dge

6.1 lntroductlon .

6.2 The Difficulty of Creatlng Parallel Programs

6.3 SISD, MIMD, SIMD, SPMD, and Vector

6.4 Hardware Multithreading

6.5 Shared Memory Multiprocessors

6.6 Introduction to Graphics Processing Units

6.7 Clusters and Message- -Passing Multiprocessors

6.8 Introduction to Multiprocessor Network Topologies

6.10 Multiprocessor Benchmarks and Performance Mode's U
6.11 Benchmarking Intel Core i7 960 and NVIDIA Tesia G

6.12 Multiple Processors and Matrix Multiply
6.13 Fallacies ang Pitfalls

6.14 Concluding Remarks
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MUltIthl’eadln 7

GCGSS
« Replicate registers, PC, etc.

« Fast switching between threads
o Fine- grain multlthreadlng
« Switch threads after each cycle
= Interleave instruction execution
« If one thread stalls, others are executed
5 Coarse—grain multithreading
= Only switch on long stall (e.g., L2-cache miss)

« Simplifies hardware, but doesn’t hide short stalls
(eg, data hazards)

=
28
parallel - HUHE thr eads of executlon in ,

I*"n-':\ s>\sy Cofe

" Chapter 6 — Parallel Processors from Client to Cloud — 22

Slmultaneous Multlthreadlng

T A

In multiple-issue dynamlcally scheduled
processor ¢ SMT)

« Schedule instructions from muitiple threads

« Instructions from independent threads execute
when function units are available

« Within threads, dependencies handled by
scheduling and register renaming

Example: Intel Pentium-4 HT - lypo Thnding

= Two threads: dupllcated registers, shared
function units and caches

e

~Lantar 8 — Parallel Processors fram - . .
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Multithreading Example

Issue slots — |

Thread A Thread B Thread C Thread D
=. EiRE &
Time AN b
e ] )] B30
HEEN ] F"F”]
A n s 1r~. :
e EE BEE
LA G2)
P%i%‘}
f‘? HER Vopss Mgy )ueMes Theead \\c\‘\&w 3
sl} I Y \e,.'xs.u
Issue slots ——
Q coarseMT @FineMt @sMmT
Ti [ | Em HEEE
| Bww BEEE SEER- T
fx = sl SEY l @ mEEA 575 M sy g
e Supaiv &7 HEEER B - (S 9 Flag \sys
¢ 053 MW Thiead 3 sy mEm = g\ Thtead
EIREES W = R
\orq shals fa\ile s £ i e ] T Qsinton PN Ry,
& = N ke SBet - eyendhis
5 gy Oycle 35
e : - e e A e i Chapter 6 — Parallel Processors from Client to Cloud —24
=7, e Theead .

o8 S »\,-\ché 5 \nghcocten 3\ sely =il b..ag’; A

\i 06,05 ¢ deendence (3 33 (ame D

e Future of Multlthreadlng

WI|| it survwe’? In what form’?

Power considerations = simplified
microarchitectures

= Simpler forms of multithreading
Tolerating cache-miss latency

= Thread switch may be most effective

Multiple simple cores might share
resources more effectively
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".1',: ’ 1
oo
T

=5

Shared Memory

SMP: shared memory multiprocessor

= Hardware provides single physical
address space for all processors

= Synchronize shared variables using locks

= Memory access time
SUMA (uniform) vs. NUMA (nonuniform) —> shared 3\ 83l

F
|
|
|
g
i,
g

SN b & Hemovy
‘¢ ,
Hem NS Processor ' Processor Processor
! | |
Cache Cache e Cache
! I
, Interconnection Network —] - 1 Mij 1.1
y 1
Memory I{e]

Chapter 6 — Parallel Processors from Client
Ntto Cloyqg
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Example: Sum Reduction

Sum 64,000 numbers on 64 processor UMA
= Each processor has ID:0<sPn<p3” > = Us

= Partition 1000 numbers per processor ¢ PO

= Initial summation on each processor
sum[Pn] = o;
for (i = 1000%*pn;
i < 1000*(Pn+1); 1 += 1)
sum[Pn] += A[i];
Now need to add these partial sums
n Reduction: divide and conquer
» Half the processors add pairs, then quarter, ...

= Need to synchronize between reduction steps

Chapter 6 — Parallel Processors from Client to Cloud — 28

half = 64;
do _ (half = 4)
synch();
#_T}Tﬁ‘%z = 0 & Pn == 0)
| b5Qi*' sum[0] += sum[half-1];
A3 T3 /¢ conditional sum needed when half is odd;
éii;??§' processor0 gets missing element */
@fﬁA5?9 half = half/2; /* dividing 1line on who sums */
if (pn < half) sum[Pn] += sum[Pn+half];
while (half > 1); ‘

Chabnter 6 — Parallal Praraccnre fram Arliact 4o Aland — 29
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Chapter 6 — Parallel Processors from Clientto Clopd — 30.

History of GPUs

P AT T T

Early video cards~
= Frame buffer memory with a
video output
3D graphics processing AT g |
= Originally high-end computers (e.g., SGI)
, cost, higher densit
« Moore's Law = lower g Y» Ciminite Bl
= 3D graphics cards for PCs and game consoles

Graphics Processing Units Geus

+ Processors oriented to 3D gr aphics tasks
s Vertex/pixel processing, shading, texture mapping,
rasterization o

v .
el L 230>

ddress generation for

Chapter 6 — Parallel Processors from Clignt
to Cloug
-3

1
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GPU Architectures

3 SN r* A‘D‘\- of A‘L‘;::A
Processing is highly data-parallel, S
. GPUs are highly multithreaded

Use thread switching to hide memory latency
’ Less reliance on multi-level caches

Graphics memory IS wide and high-bandwidth

i) o

]| -
Trend toward genera purpose GPUS .. ..
‘ Heterogeneous CPU/GPU systems 7 "cg 'y m’w‘\\;;@;\'
i CPU for sequential code, GPU for parallel code
;rogramming languages/APls
DirectX, OpenGL

C for Graphics (Cg), High Level Shader Language

S - i '
ified Device Architecture (Cyp
compute Uni NVidia (QMJ A

Chapter 6 — Parallel Procegg ors fro
oud

— 33
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Modgrn Computer

Theersday, April 23, 2020 9:45 AM

16 lanes PCI Lxpress® 3.0
Graphics or Intel SSP

Z¥H lanes PCI | Xpress* 3.0
Graphics and Intel SSD

DR

X8 and 2x4 lanes
PCI Express* 3.0 Graphics

and Intel SSD

Three Independent
DP/HDMI Display Support

6 x SATA 6 Gb/s Ports:;
SATA Port Disable

£ 3 PR

INTEL"Z390 CHIPSET BLOCK DIAGRAM

8" Gen DDR4 2xDIMMs per Channel
Intel® Core™ -’ Up to 2666 M| |z
Processors

‘ DDRA4 2xDIMMs per Channel
intet® UHD Graphics Up to 2666 MHZ7!

Intel* Optane™ Mermory
Support?

Intel® Smart Sound k
Technology’

Intel® High Definition Audio’
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ATA 6 Gb/s Ports:
SATA Port Disable
Up to

Up to 6 xUSB 3.1 Gen 2 Ports:
Up 1o 10xUSB 3.1 Gen1 Ports;

) (_)l)/". I

14 x USB 2.0 Ports

Intel® Integrated

10/100/1000 MAC

Intel® Ethernet Connection

Intel* 2390
Chipset

W

Intel* ME Firmware

Intel® Platform Trust
lechnology’

S WO B e o AN A e ) SR

Intel® Optane” Mern.
support

Intel® Smart Sound
Technology

(ntel® High Definition Audio

Inte Rapid Storage !
lecnnologywith RAID! 4

Intel® Wireless-AC 802.11ac
and Bluetoolh* 5
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Example: NVIDIA Fermi
Multiple SIMD processors, each as shown |

r Instruction register |'i
—1T 1T 1
I B I S xc
j} R (Thread i
’ N[N Processors) ~
' | { Nr: ‘36 |
' ' e Reg ol Xy ‘
Reg- | Reg | Reg | Reo | Reg | Rea | Reg Reg | Reg | Reg | Reg Reg | Aeg | Red Reg =% _;.3—""1 . |
o 3
g gz |1k x32 [1Kx32 ﬁ,_)c:t’.oh e‘a‘p
e s 1k as [1ke 32 [1n a2 |13z | 1Kxa2 | 132 | 132 [ 1K 32 | 1K <32 | 1K 32 1Kx32 | 1K % LG ; .
Load . k}S& L‘a*’-"‘
Load | Load | Load | Load | Loed | Load Load | Load | Load | Load L'oad :'(:)'::g é?;g :&a{: l;:):r: i \SX.S- - _,[
= sho =l store | store | store | store etore | store | slore | store L
m-: l:u-: w:: unit unlt unit unit unit unit unit unit unit unit unit unit unit ‘—"\_n_\.a?'..b DG. <

[JEEEEEEEEEEEEEENREENE [ F [

| Address coalescing unit J r Interconnection network
! I
‘ To Globa
LocalMemory  ( GpU >V Y Memory
64KiB .
(6 23>)

Chapter 6 — Parallel Processors from Client to Cloud — 34

Example: NVIDIA Fermi

SIMD Processor_.;'176 SIMD lanes
SIMD instruction
= Operates on 32 element wide threads

« Dynamically scheduled on 16-wi
e o por, wide processor

32K x 32-bit registers spread across lanes
= 64 registers per thread context

W
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GPU Memory Structures

CUDA Thread

+—{ Per-CUDA Thread Private Memory |

SrallysbaedS oo Ny
&, Ihalt i\ \\-nm\.agi Qpo
| ﬁ Ham Mem 3\ uag doy \£
§ Per-Block “AlSya u\;\,u&\b‘z‘l—‘- e Gpst Gpu Jl\\\»(\

Thread block

Local Memory \_..\
R \
i el s e
|

f Sequence

GPU Memory

Chapter 6 — Parallel Processors from Client to Cloud —3§

CIaSSIfymg GPUs

e ot A TR AR DN A

Don tflnlcely |nto SIMD/MIMD model

. Conditional execution in a thread allows an

illusion of MIMD
But with performance degredation
Need to write general purpose code with care

B

Dynamic: Discovered

Static: Discovered

at Compile Time at Runtime
lnstruction-LeveI VLIW Superscalar
Parallelism : :
Data-Level SIMD or Vector Tesla Multiprocessor
Parallelism QpUs

. -3
Chapter 6 — Parallel Processors from Client to Cloud
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v W "T' = 5’ rO'Shapes Ej Ink to Shape f-fa Ink to Text

INTRODUCING TURING
TUID2 - FULL CONFIG i
= = B ju | e -ﬁ" #C1 Expreve 38wt vewtece
Ep— | I e o e | S

- () o e 5 s e s
CLIDA CORES
TENSOR CORES S 7 ==
RT CORES = —
GEOMETRY UNITS

TEXTURE UNITS!
ROP UNI'I'S

NVLINK cHAN_,. f,
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' putting GPUs into Perspectlve

8to16

Multlcore W|th

"gIMD processors 4108 B o
8 to i
SIMD lanes/processor 2to 4 B 320r
' ' ‘ 2 16to
| Multithreading hardware support for 2to4
' SIMD threads R sl B N
Typical ratio of single precision to 2:1 :
double-precision performance e 075 MB
'Largestcachesé.ze LRe D RS i_BMB: et L ow 64bt
-bi |
Size of memory address 64blt ot Bl
Size of main memory e D 8,6GB 10256 GB: i 4GB _tQ 6_@5_ j
Memory protection at level of page L Ye§ - P “(e‘s“ |
Integrated scalar processor/SIMD : Yes No
R s L e S
Yes

Cache coherent : SR

Vectorizable Loop | Grid A vecturizable loop, exscutsd on the GPU, made
- up of one or mere Thead Blocks hedies of
£ vectonzed loop) that can exsauts in parallel.
2
} # | Badyof Body ol a Thiead Black A vestorized loop exscutsd on 8 mulithmeded

_g Veotorzed Locp | (Stip-Mined) SIMD Proassor, made up of one o mate thisads

= Vectaized Locp of SIMD i jons. They ean via

é Local Mamory.

a Sequene of One iteration of CUDA Thread Aveftical aut of a thread of SIMD instructions
SitdD Lane & Scslwr Loop comesponding to one elament exscutad by one
Operations SIMD Lene. Result is stored depending on mask

. ond predicate register.

7 | AMwesdof Thiead of Vector | Waip A vraditional thisad, but & cortains just SIND

z SMD Instructions Instictions that are executed on a nuRithreaded
Irsuuctiors SIMD Prcceasor. Resuls stored depending on a

; perslnmenl mask,

;' EMD Vectar Instruction | PTX lnstruation A singla SIMO Instction exesutad actoss SIMD
Irtruction Lanes,

Maithwssdsd | (Mulyth esded) Strsiming A nitithieaded SIMD Proow ssor sowmutes

SIMD Veotcs Prucsssor | Multiprooes sor thieads of SIMD instruotions, ndependert of

Provessor othat SIMD Processors,

¢ Thisad Bloch Ecalar Processor | Giga Thiead Assighs multiple Thread Blocks (badles of
Sdhwduler Engue wadtorlzed loop) o mukithreaded SIMD

!

® Processors.

£ BIAU Tineed Thized scheduler | Warp Scheduber Humbmite it that sohexdulos and lssies tieads

£ | Scheduter In & Mukitvéaded of SIMD instriotions when thay are ready w

220} exeoute; Inohudes a soomboand 19 tack SIMD
Thisad exscution,

EMAD Lanw Veora lane Thirad Processor A BIMD Laire sxcoutes the opalaticna ina thread
of SIMD & lons (0 8 single wlenwit, Results
stord dupeinding on mash,

GPU Mamary Main Maniory Glcbal Memory URAM iviniory ducassille by all Rt aded

; BIMD Precessors | a GPU.

H

= Local Mamory | Locel Memory Shared Memory Faot local SRAM for one nukithiwaded SIMD

E‘ Procwssor, unavallatia ta othet SILIO Preoessors,

T | SIMD Lane Vecir Lane Thisad Proces sor Registern in 8 single SIMD Lane —
Registera Regstens Reglsters 8 Null thread block (body of watorized kop.

ud — 39
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Message Passmg

Sl SR T R RO A S

Each processor has prlvate physical
address space

Hardware sends/receives messages
between processors

Processor Procassor . Processor \

]
Cache Cache . Cache ‘

D 2 S

R e

Uemow Memory cio Memory ]

| 3
3

Interconnection Netwark |
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Loosely Coupled Clusters

Network of independent computers
« Each has private memory and OS

= Connected using I/0 system
E.g., Ethernet/switch, Internet > <>~

Suitable for applications with independent tasks
= Web servers, databases, simulations, ...

High availability, scalable, affordable

Problems B i I

. Administration cost (prefer virtual machines) 9%
= Low interconnect bandwidth  «s3%s

c.f. processor/memory bandwidth on an SMP
g}.b's;\ \\O..LB &D

Chapter 6 — Parallel Processors from Client to Cloud — 42

2\

Sum Reductior_\‘ __(Again)

i B T

g il
Sum 64,000 on 64 processors = . % as cup

First distribute 1000 numbers to each
« The do partial sums
sum = 0;
for (i = 0; i<1000; i += 1)
sum += AN[1];
Reduction

= Half the processors send, other half receive
and add

he quarter send, quarter receive and add, ...

Chapter 6 — Parallel Processors from Client to Cloud — 43
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Sum Reductlon (Agaln)

DR

Given send() and recelve() operations

Timit = 64; half = 64;/% 64 processors xy

do

half = (half+1)/2; /* send vs. receive
dividing Tine */

if (Pn >= half && Pn < Timit)

send(pPn - half, sum);

if (Pn < (1imit/2))
eﬁﬁdp X:q sum += receive(Q);
Timit = half; /* upper limit of senders #/
while (half > 1); /* exit with final sum %/

= Send/receive also provide synchronization
Assumes send/receive take similar time to addition

Chapter 6 — Parallel Processors from Client to Cloud —44

Grid Computlng
B (. |
Separate computers mterconnected by

long-haul networks

=« E.g., Internet connections

. Work units farmed out, results sent back
Can make use of idle time on PCs

. E.q., SETI@home, World Community G
pooet

-—i2an
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Network topologleS L \dengs M\

= Arrangements of processors, switches, and links

® @ .
IR S
Bus Ring
® AR @ =
m | [ | [ | [
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Interconnection Networks
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2D Torus

3D Torus

Mesh Topology
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Multistage Networks

|

0
e

Tre rere rele it

o efr b r b e

afadadndalads
2 Yt et et
[Yre e e (ot fe

e re e

o tere bobe fe ey

=]

oA
b. Omega network  —> .\*"‘\3’&3:.’\5'}

a. Crossbar

\L > =G
h \b\i'_gu.).\' kA\\;_,,- n

¢. Omega network swilch box
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Network Characteristics

Performance
= Latency per message (unloaded network)(@

X Nt chew
= Throughput = .' e
S G Link bandwidth = ey s sl s o .
= Total network bandwidth 'ﬁﬁ;
Bisection bandwidth=> (sus das Wk o (ecl @pist g.\,;;

+ Congestion delays (depending on traffic)
" Cost  2s==)

Power
Routability in silicon

Chapter 6 — Parallel Processors from Cliant $m ~lanad a0
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my, ol =ly 04 =€ i
7

e ———————
Evaluation category ¥ Bus  Ring 2D mesh 2D torus Hypercube Fattree Fully connected
Performance I i
BWpi.cction in # lmks N 2 8 16 32 32 1024
Max (ave.) hop count. |(|) 92(16) 14 (7) 8(4) I 6@) 11 9) 1)
[/() ports per switch ‘NA S 3 5 5 i el 4 64
Number of switches NA il 64 64 64 64 192 64
Number of net. links l 64 112 128 192 320 2016
Total number of links | 128 176=asl02 0 256 384 2080

Figure F.15 Performance and cost of several network topologles for§_4__l_1~odes The bus s the standard reference at
unit network link cost and bisection bandwidth. Values are gwen in terms of bidirectional links and ports. Hop count
includes a switch and its output link, but not the mJchOn hmk at end nodes. Except for the bus, values are given for
the number of network links and total number of Ilnks ‘lr]dludlng lnjpctlon/leceptlon links between end node devices

\ \
and the network. | ‘ i it

-_".-7;;;“"”"'“7_ VIN. | Chapte? ﬁ' 'Parallel Processors from Client to Cloud — 49 -
IR
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Parallel Benchmarks = a\
Linpack: matrik ‘linear algebra ‘ \

SPECrate: parallel run of SPEC CPU programs | \
n Job-level parallelism '

SPLASH: Stanford Parallel Applications for |
Shared Memory i

= Mix of kernels and applications, strong scaling x |
NAS (NASA Advanced Supercomputing) suite x
= computational fluid dynamics kernels
PARSEC (Princeton Application Repository for
Shared Memory Computers) suite

* Muliithreaded applications using Pthreads and |
OpenMP

.

Chapter 6 — Parallel Processors from Client to Cloud — 5
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Code or Appliggtions?

o e by R G S RS

Traditional benchmark
= Fixed code and data sets

Parallel programming is evolving

= Should algorithms, programming languages,
and tools be part of the system?

= Compare systems, provided they implement a
given application

= E.g., Linpack, Berkeley Design Patterns

Would foster innovation in approaches to
parallelism Y

s 2203 nd dlaa s (3 dasls Petdotmard @sls Unas)
i Modeling Performance”

. ——— T

Assume performance metric of interest is

- D 38 Compdrand
a C h ‘ e\\l}}a_fbb“lg\ g &,F,; L},:OQ\?&{_’S‘@»\Q; \-,n 1) 1= \od\-‘l\g P opet aYiem

= Measured using computational kernels from
Berkeley Design Patterns

| fﬂ; “Arithmetic intensity of a kernel
£y ‘f;.;\ = FLOPs per byte of memory accessed
4 For a given computer, determine

95\9%22‘ Peak GFLOPS (from data sheet)

0ot WO
P\pripp\;g = Peak memory bytes/sec (using Stream
S @ovs benchmark)

G

.- Chapter 6 — Parallel Processors from Client to Cloud — 53
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8 16

Arithmet; i
etic Inlens:ry-, FLOPs.'Byte Ratio

Attainable GPLOPs/sec
= Max ( Peak Memory BW x Arithmetic Intensity, Peak FP Performance )

Chapter 6 — Parallel Processors from Client to Cloud — 54

Comparing Systems

e

Example: Opteron X2 vs. Opteron X4
n 2-core vs. 4-core, 2% FP performance/core, 2.2GHz
vs. 2.3GHz, 1 x 2 SIMD vs. 2 x 2 SIMD

Qs | SIMD (e 5aly Qele & oS L apledd 2Smdep Oany
= Same memory system  tne L et
po | OpteenxeBagslrel - ) (ot higher performance
o | on X4 than X2
8 o o = Need high arithmetic intensity
T 16'0 i R . )
§ 80| : . Orworking set must fit in X4's
s | N oMB L-3 cache
§ 40 7 = jvfopterion-xf‘-'“_;" d'ﬁm'“ y2+ Qeak €P PGQO(MQML : 2 coes/dip ¥
3 (B N .
| ety ° 1 Fp/SAD * 22, Geyelels = 222>
1.0 S < I N N I 2 5'MD/¢°{C \7.£ GFlebs /s
05 ~——— A 6 OQ{"eXoﬂ ¥4 1 Pea % 1.3 eles/s=4¥Yysr2¥1.8
Vo Y, v, 1 2 4 8 16 x 0FQ [ SIMD * 1-3 Ged
8 g Yy _ cofe 33.4 GFb‘gS_ /s Cloud — §
i Actual FLOPbyte ratio parallel Processors from Client to Cloud — 55
- iy N 4 A— a
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N

c)Ptlmlzmg Performance

P
(“?"@\

" Optimize FP performance i
= Balance adds & multiplies ~ {w|  geeeen,
= Improve superscalar ILP
and use of SIMD \«s'rwc’f‘on S
. . \ < 1.0
instructions Galdism ‘
1 ! o :nmm.:«cw:mtvm
Optimize memory usage R
= Software prefetch = I~
Avoid load stalls Tos| s
= Memory affinity | & g
I 7 ] |
wﬂs\‘/ Avoid non-local data _f“‘p e
7%, accesses ST T

Arithmelic Intensity: FLOPs/Byla Ralia

Chapter 6 — Parallel Processors from Client to Cloud — 56

Optlmlzmg Performance

- Choice of optlmlzatlon depends on
arithmetic intensity of code

) B \ ~ Arithmetic intensity is
T o] | g NOt always fixed
ool | o = May scale with
o &, .
S a0 Siigay problem size
Il 7o coat ] ket u Caching reduces

1/ | R memory accesses

05 " % % 1 2 4 8 16 - :

Arithmetic Intensity: FLOPs/Byte Ratio l nf rea.?es a rlth m etl c
- intensity
Chapter 6 — Parallal Pracocenre fram Fliant ¢ta Cland — 57
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9 The Difficulty of Creating Parallel Programs

1 g|SD, MIMD, SIMD, SPMD, and Vector
Hardware Multithreading

ghared Memory Multiprocessors

introduction to Graphics Processing Units
Clusters and Message-Passing Multiprocessors
troduction to Multiprocessor Network Topologies

‘ 6.4
6.0
w67

6.81n
5.10 Multiprocessor Benchmargs’.and Parformance Models
ing Intel Core i7 960 and NVIDIA Tes!a GPU

6.11 Benchmar
6.12 Multiple Processors an

5.13 Fallacies and Pitfalls
6.14 concluding Remarks

d Matrix Multiply

rs from Clientto Cloud — 58

m Chapter 6 — parallel Processo

DIA Tesla 280/480

i7-960 VS. NYI

o0
core IT-
960
¢
Number of processing elements (cores or SMs) |
Clock frequency (GHz) | —
=t ——""’ZEL TCMS 40 nm
= 5nm
‘1 Technology _lriil’{?_n.nl—- TCM5 65 | I
130 130 167
Power (chip, not module) “/____, oM
2 a
rTransistors 700 M 1400 M 21
_,.———‘—"’. 7
Memory brandwith (GBytes/sec) 32 E.r‘i 141 17 |
_,_,—-""”"‘ o /]
Single frecision SIMD width 4 8 32 |
| ] ¢ ]
Dobule precision SIMD with B 2 Foil 4 16 i
| .
Peak Single frecision scalar FLOPS (GFLOP/sec) 26 117 63 i
___'_,_,_—-—"‘""_— = %
Peak Single frecision s SIMD FLOPS (GFLOP/Sec) 102 31110933 | 515to 1344 3
| A
(SP 1 add or multiply) N.A. (311) (515) ¢
| -
(SP 1 instruction fused) NA (622) (1344} ¢
___,_.——-—"”_——_ i
(face SP dual issue fused) NA (933) N.A i
Peal double frecision SIMD FLOPS (GFLOP/sec) 51 78 515 oy r
Al |

¥
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Benchmark

SGEMM GFLOP/sec 94 364 | 39
MC Billion paths/sec 0.8 14 1.8
Conv Million pixels/sec 1250 3500 2.8
FFT GFLOP/sec 714 213 | 3.0
SAXPY GBytes/sec 16.8 88.8 5.3
LEM Million lookups/sec 85 426 5.0
Solv Frames/sec 103 52 0.5
SpMV GFLOP/sec 4.9 9.1 1.9
GJK Frames/sec 67 1020 15.2
Sort Million elements/sec 250 [ 198 0.8
RC Frémeslsec 5 8.1 1.6
Search Million queries/sec 50 90 1.8
Hisl Million pixels/sec 1517 2583 1.7
Bilat Million pixels/sec 83 475 5.7
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GPU (480) has 4.4 X the memory bandwidth

genefits memory bound kernels

GPU has 13.1 X the single precision throughout, 2.5 X
ihe double precision throughput

_ Benefits FP compute bound kernels
cPU cache prevents some kernels from becoming
memory bound when they otherwise would on GPU

GPUs offer scatter-gather, which assists with kernels
with strided data

Lack of synchronization and memory consistency
support on GPU limits performance for some kernels

\

nce Summary

TP T
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Amdahl’s Law doesn’t apply to parallel
computers

= Since we can achieve linear speedup

= But only on applications with weak scaling

Peak performance tracks observed
performance

= Marketers like this approach!

= But compare Xeon with others in example
= Need to be aware of bottlenecks

Pitfalls

Not developing the software to take
account of a multiprocessor architecture

= Example: using a single lock for a shared
composite resource

Serializes accesses, even if they could be done in
parallel

Use finer-granularity locking

A R e

%

ISSTEL
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Concluding Rem‘arks

Goal: higher performance by using multiple
processors
' Difficulties
+ Developing parallel softwgre &
= Devising appropriate architectures _

SaaS importance is growing and clusters are a

good match
performance per dollar and performance per
Joule drive both mobile and WSC

Jetasenl

}
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Concluding Remarks (con’t)

Mmﬁ”w*”“”“ iy
T T T

SIMD and vector
operations match

and are easy to
program

Adding 2 cores/chip
every 2 years.

Doubling SIMD
operations every 4
years.

multimedia applications

1000 T
— MIMD*SIMD (32b)

i ¢ 4
s MIMD"SIMD (64b) /”*’
- SIMD (32b)
—+— SIMD (64b) A

-2 MIMD

Potential parallel speedup

1 1 1

1 1
2003 2007 2011 2015 2019 2023
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