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Dynamic scheduling, speculation summary

[0 Tomasulo, CDB, ROB

] Register renaming

] Out-of-order execution, completion

] Tolerates unpredictable delays

] Compile for one pipeline - run effectively on another

] Allows speculation
multiple branches
in-order commit
precise exceptions
time, energy; recovery

] Significant increase in HW complexity
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CPU performance equation

SIMPLIFICATION!
S4
Forwarding
Loop unroll
Deep pipelines
Branch prediction T‘?Ch“\ﬂ'ﬂ!!}’
'// IDEAL STRUCTURAL DATA CONTROL N
c * 3 e F sTaLLs  + HAZARD  +  gruprg * L
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’ Delayed branch

-
-

optimizations

Aﬂran'uad Multiple issue .
Compiler Tomasulo
Scoreboard
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Summary pipeline - implementation

Problem Simple | Scoreboard | Tomasulo | Tomasulo +
Speculation
Static Sch Dynamic Scheduling
RAW forwarding | wait (Read) CDB CDB
stall stall stall
WAR - wait (Write) | Reg. rename | Reg. rename
WAW : wait (Issue) | Reg. rename | Reg. rename
Exceptions precise ? ? precise, ROB
Issue in-order in-order in-order in-order
Execution in-order | out-of-order | out-of-order | out-of-order
Completion | in-order | out-of-order | out-of-order in-order
Structural - many FU many FU, many FU,
hazard stall CDB, stall CDB, stall
Control Delayed Branch Branch Br. pred,
hazard br., stall prediction prediction

5  Lund University / EITF20/ Liang Liu 2016




ntel core-2 chip
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Intel core-2 chip

‘New SSE42
“Improved Lock  "Additional Caching

8  Lund University / EITF20/ Liang Liu 2016



News
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Fairchild

Storied Fairchild Semiconductor sold
to Arizona chipmaker

By Pete Carey

0 COMMENTS

pel NN R N 1 ——

From left: Jay Last, C. Sheldon Roberts, Julius Blank and Eugene Kleiner - four of the original eight men who founded Fairc hild
Semiconductor -- share a laugh while previewing the new integrated circ uit postage stamp before a special unveiling ceremony held
at the Fairr hild nlant in Sruth Partland Maine Wadnaedar Qent 1 1GGG (LINAN SFINFI /AD file nhatnal
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Fairchild: History

1956 Shockley

B Semiconductor

William Shockley

1959 Kilby, Tl and Noyce

1969 Jerry Sanders and
First IC 7 other Fairchild colleagues

}l "“!]ﬁ !1 -

“Traitorou 8" GO—I‘dOﬂ Moore,
Sheldon Robefts, Eugene K]etn

.1 -~

Robert Noyce, Victor Grinich, .‘ﬂﬂ{us
Blank, Jean Hoerni, Jay Last ‘
@
i a 2 &3\
f y}’ s

-

.-

1957 Faigehild Semico\n;tuctor,
silicon valley .
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Fairchild: History
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Outline
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0 Memory hierarchy
O
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Memory In early days

Punched cards, From early
1700s through Jaquard Loom,
Babbage, and then IBM

Punched paper tape, instruction
stream in Harvard Mk 1 (1950s)

_ 4 IBM Balanced
IBM Card Capacitor ROS (360) Capacitor ROS (1968)
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Memory in early days

Browse Journals & Magazines = IBM Journal of Research and D Volume: 10 lssue:2

Design of a Printed Card Capacitor = Full Text

Read-Only Store

1 Haskell, J.WV.

Author(s)

Abstract

& Download
2 Citations

B Emai

|E] Print

Authors References Cited By Keywords

The Printed Card Capacitor Read-Cnly Store system is intreduced as one of three Read-Only Store
(ROS) technologies presently employed in the IBM System/360 computers. A detailed description is

given of the elementary storage structure—a capacitor matrix with a novel arrangement for rapidly and

economically changing the matrix configuration. The changeable element is an etched or printed Mylar

card, prepared with standard IBM card-punch equipment. The assembly of storage structures into a
compact 4032-word, 60-bit module is described. Considerations involved in the selection of matrix

parameters are reviewed and a theorefical analysis of matrix performance is presented. It is shown that
some of the limitations associated with a linear matrix are minimized by an incomplete integration of the
matrix cutput. The impact on over-all ROS performance of factors external to the capacitor matrix is
considered. These factors include the effects of a noisy drive system and the asymmetrical character
of the matrix relative to the access circuitry. Computed and observed results are compared for typical
System/360, Model 30 ROS operation. The actual matrix response amplitude is observed to be greater
than the computed value due to the level of system background noise; however, computed and
observed waveforms are otherwise in good agreement.

Metrics
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Memory In early days

Babbage, 1800s: Digits
stored on mechanical

i 2
1y | "l e
41"t B = fllt ‘ =
- e i

Williams Tube,
Manchester Mark 1,
1947, first RAM

G =g
t
- % R
L
—" — —

—_— -

JEY e
W
« Bl
i‘

I =R

Mercury Delay Line, Univac 1, 1951

| J—

i v e | S —
o

-

e

Also, regenerative capacitor memory on
Atanasoff-Berry computer, and rotating
magnetic drum memory on IBM 650

ot
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Core Memory

[0 Core memory was first large scale reliable main memory

[0 Invented by Forrester in late 40s/early 50s at MIT for
Whirlwind project

] Bits stored as magnetization polarity on small ferrite cores
threaded onto two-dimensional grid of wires

[0 Robust, non-volatile storage
[0 Used on space shuttle computers
] Core access time ~ 1ms

http://royal.pingdom.com/2008/04/08/the-history-of-
computer-data-storage-in-pictures/
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Semiconductor memory

Memory Toxonomy

Non volatile ,
Resistance swnchmg

= Ej--ﬁu— e
rer el
1 E VI _IQ

I 1 mu,e,w)

DRAM EEPROM ﬂash MRAM PCM
SRAM FRAM, Si-dots RRAM
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Memory Classification

L
<
A5
ﬁ = Mask-programmed ROM Ideal memory
c e o
- OTP ROM
Life of]| °
product]
Tens of EPROM | EEPROM FLASH
years | ° ® ®
]E_Eattery T Nomvolatile N‘";RM"{
life (10l
years)
In-system .
programmable SRAM/DRAM
: .
Near .
zero — W - 1.te
| | l | | | E]bl]l&
During External External External External _
o e i i i i . ~ In-system. fast
fabrication programmer, programmer. programumer  prograninier o
. . : writes.
only one time only 1.000s  OR m-system., OR m-system. unlimited

of cycles 1.000s block-oriented
of cycles writes, 1.000s
of cycles

cycles

Picture from Embedded Systems Design: A Unified Hardware/Software Introduction
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Memory Architecture

bit lines
CT' / (:2%! word lines
o [[BERBBEE Rt
N £ TR RS S
B EREREREERE N
ggﬁﬁﬁﬁﬁﬁf”z
Memory cell
M, Column Decoder & (one bit)

N+M

N

Sense Amplifiers

Data % D
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Register, SRAM, DRAM

clk —_—
J— dk
o=
[
T T
Tk cllk

DFF Cell (16T)

My M, i
MSJ :II‘_ —cll: J:“E 1 " oo 2

.l_l. T H Il

3 ? :
1+ YE
B M, Mg BL
* ot
SRAM Cell (6T) DRAM Cell (1T)
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Semiconductor memory

Manufacturers 2012 2013 1H14 2H14 1H15 2H15 2016 2017

21 nm 19 nm 16 nm 14 nm 12(10) nm
. 24L 32L 48 L 64 L
H SSD SSD SSD
24nm 19nm _ A-19 nm 15 nm 12(10) nm
TOSHIBA
. SSD eMMC SSD
Sanisk 3D NAND m_“ -
Mcron :i@ 20 nm 16 nm 12 nm
. l SSD I

FLASH 32L 48 L

L eiowoses GoNANDY.
"b 25 20 nm 16 nm 12(10) nm
“_

SK hynix ssp __32(36) L 48 L

| 3D NAND |

First 32nm NAND Flash memory, 2009, Toshiba
First 32nm CPU released, 2010, Intel Core i3
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Semiconductor memory

Al top metal

4 layers of memory
cells + tungsten
interconnect

2 levels of tungsten
. routing

LV + HV CMOS logic

Memory

Memory

Memory

Memory

Si Interposer

Logic

E-Beam| Det Mag HFW | Spot| Tilt | FWD 2 pm
100KV | TLD-S | 120 kX | 12.7 ym ) 53.0° | 4.844 39314 W6 SIN 17 PCB

Example of 3-D integrated construction (Image courtesy of DuPont Electronics)

First 22-nm SRAMSs using Tri-Gate transistors, in Sept.2009
First 22-nm Tri-Gate microprocessor (lvy Bridge), released in 2013
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Themal imaging

103 °F SELIR
E'_:-_0.90

i

100

ASUS motherboard with
an i7 quad core processor
and triple channel
memory.

the stock Intel cooler for
quad core i7 processor
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Embedded DRAM

Embedded DRAM External DRAM

ON Chip DRAM OFF Chip DRAM

*Connect directly with *Connect with logic chip by base
logic bonding

*Large band width -Small band width

iPhone4 12) XBOXONE

33753833 infineon x-gold 61 baseband processor

Intel's Embedded DRAM: New Era of
. Cache Memory

Overcoming SRAM'’s scaling
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Meomory design

You want a memory to be:

FAST
BIG
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Memory, big fast, cheap

Use two “magic” tricks (from architecture)

[0 Make a small memory seem bigger (Without making it
much slower) => virtual memory

[J Make a slow memory seem faster (Without making it
smaller) => cache memory

Physical

My
,&\iw Yirtual Mernory
Space
Chip Disk Drive
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Memory tricks (techniques)

Use a hierarchy
CPU superfast Reqisters instructions
FAST Cache

cache memory (HW)
Memory | CHEAP | Main memory
virtual memory (SW)
BIG Disk
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Initial model of memory hierarchy

C Memory
CPU a bus /O bus :
c Memory I/O devices
Registers h
e .
Disk
memory
Register Cache Memory reference
reference reference reference
Size: 500 bytes 64 KB 1GB 1TB
Speed: 250 ps 1ns 100 ns 10 ms

© 2007 Elsevier, Inc. All rights resarved.
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Levels of memory hierarchy

<

Figure 4.1. Typical memory hierarchy with three levels of caches.

SRAM
: 200 ns
1
20 ns H
1
CPU 0.5 ns Sns E
1
I-cache (4> E .
[Fegister] L2 L3 | e
file L1 caches << ‘-i-}
e cache !
LB I{]%T Birh s cache i memory
1
i
_ i Virtual memory
Cache hierarchy : hierarchy
!

(From Dubois, Annavaram, Stenstrom: “Parallel Computer Organization and Design", ISBN 978-0-521-88675-8)
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Levels of memory hierarchy

Capacity
Access Time Staging Upper Level
Cost/bit Transfer Unit + Faster
500 Bytes Registers
0.25 ns 1 programmer/compiler
~$.01 Words | 1-8 bytes
16K-1M Bytes
1 ns vt L1,L2, ... Cache
~ -4
$10 3 cache controller
Blocks 8-128 bytes
\4
64M-2G Bytes Memor
100ns y
~$107 4 0oS
Pages 4-64K bytes
\4
100 G Bytes :
5 ms yt Disk
_ -7 -9
$107- 10 i 4 user/operator ’
Files Mbytes
\4 L
“infinite”
secs. Tape/Network
~$10-10
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Hierarchy, Heterogeneous

JAS :

el
_—Copenhagen

San Francisco
4
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Hierarchy, Heterogeneous

L Linkoping

]
C h
openhagen ) ;%
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The motivation

[J 1980: no cache in microprocessors

] 1995: 2-level caches in a processor package
] 2000: 2-level caches on a processor die

[J 2003: 3-level caches on a processor die

Four-issue 3GHz superscalar accessing 100ns DRAM could execute 1,200
instructigns during time for one memory access!

10mx) feeccssccccnsectsrtesctsscsiscce ’ . 048 00000 PEOEOEE0E0EE4E 0y T AT TS

l.om - Sesnnndadidanedasasasas b RN e AANANANAVANANS SNSRI 000SS . . S eesANSUANATAYARALORO N ALAUAYLALS IS

Processor

100 } SEav0senereeesss AT SOTH ot e €8y SRR (eSO PR CA(EP S Ao AP eP Os S Shha)

Performance

10 B ST e e A R e e AR T D B e e D s e A e e A A e S AR A ARy Ao Re s oy $4 07 s

1985 1990 1995 2000 2005

1980
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Bandwidth example

Assume an “ideal” CPU with no stalls, running at 3 GHz and
capable of issuing 3 instructions (32 bit) per cycle.

Instruction fetch 4 bytes/instr
Load & store 1 byte/instr
Instruction frequency 3x3=9 GHz
Bandwidth 9x%(4+1)=45 | GB/sec
DDR4-2800 2800 MT/s PC-22400 22400 MB/s
DDR4-3000 3000 MT/s PC-24000 17066 MB/s
DDR4-3200 3200 MT/s PC-25600 25600 MB/s m

IRV,
O R MQ%\Q

37
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Memory hierarchy functionality

] CPU tries to access memory at address A. If Ais in the cache,
deliver it directly to the CPU

] If not — transfer a block of memory words, containing A, from the
memory to the cache. Access A in the cache

] If A not present in the memory — transfer a page of memory
blocks, containing A, from disk to the memory, then transfer the
block containing A from memory to cache. Access A in the cache

words blocks pages
c Memory
a
SR 2 2 /O devices
| Registers | %
e .
Disk
memory
Register Cache Memory reference
reference reference reference
Size: 500 bytes 64 KB 1GB
Speed: 250 ps 1ns 100 ns

© 2007 Emevier, Inc All rights ressrved
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The principle of locality

[J A program access a relatively small portion of the
address space at any instant of time

] Two different types of locality:
Temporal locality (Locality in Time): If an item is referenced, it will tend
to be referenced again soon.

Spatial locality (Locality in space): If an item is referenced, items
whose addresses are close, tend to be referenced soon

40 Lund University / EITF20/ Liang Liu 2016



The principle of locality
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Donald J. Hatfield, Jeanette Gerald: Program Restructuring for Virtual Memor,

S m rnal 1 : 168-192 (1971
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The principle of locality

Address “/'Wmm o
o

Instruction| .° .° ,° ~,° ° o
fetches | o

Data
aCCESSES ° 5CE|EF dCCesses
: f: ] [w] o] Q [#] _-: Time
-
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Memory hierarchy terminology

® Sizeypper < Siz€|gyer
@ Access timeypper < Access timejgyer
@ Costypper > Costigwer

Lpper level
Block

Lower level

Upper level = cache; Lower level = Main memory
@ Block: The smallest amount of data moved between levels
@ Hit: A memory reference that is satisfied in the cache
@ Miss: A memory reference that cannot be satisfied in the cache
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Outline

O
O
[0 Cache memory
O
O
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Cache measures

] hit rate = (# of accesses that hit)/(# of accesses)
|deal: close to 1

] miss rate = 1.0 = hit rate

] hit time: cache access time plus time to determine
hit/miss

] miss penalty: time to replace a block
measured in ns or # of clock cycles and depends on:
latency: time to get first word
bandwidth: time to transfer block

out-of-order execution can hide some of the miss penalty

[0 Average memory access time = hit time + miss rate *
miss penalty
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Four memory hierarchy questions

[J Q1: Where can a block be placed in the upper level?
(Block placement)

[J Q2: How is a block found if it is in the upper level?
(Block identification)

[J Q3: Which block should be replaced on a miss?
(Block replacement)

] Q4: What happens on a write?
(Write strategy) Upper level

Block

Lower level
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Block placement

Fully associative: Direct mapped: Set associative:

block 12 can go block 12 can go block 12 can go

anywhere only into block 4 anywhere in set 0
(12 mod 8) (12 mod 4)

Block 01234567 Block 01234567 Block 01234567
no. no. no.

cache
Set Set Set Set
0 1 2 3
Block rame address
Block 1111111111222222222288
nND. 01234567890123456789012345678901
memory
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Block placement

] Direct Mapped Cache
Each memory location can only mapped to 1 cache location

No need to make any decision => Current item replaces previous item
In that cache location

[J N-way Set Associative Cache
Each memory location have a choice of N cache locations

] Fully Associative Cache
Each memory location can be placed in ANY cache location

[J Cache miss in a N-way Set Associative or Fully
Associative Cache
Bring in new block from memory
Throw out a cache block to make room for the new block
Need to decide which block to throw out!

48 Lund University / EITF20/ Liang Liu 2016



49

Block identification

31 30 13121110 210
| tag index
20 10 /‘/ §
byre
oftset
Index Valid Tag Data
0
1
2
3 Data
&
- »
1020
1021
1022
1023 e
20 3%
A direct mapped
‘ cache with a Hit

one word block size
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Example: 1KB, Direct-Mapped, 32B Blocks

[ For a 1024 (219) byte cache with 32-byte blocks
The uppermost 22 = (32 - 10) address bits are the tag
The lowest 5 address bits are the Byte Select (Block Size = 2°)

The next 5 address bits (bit5 - bit9) are the Cache Index

31 9 4 0
Cache Tag Example: 0x50 Cache Index Byte Select
Ex: 0x01 Ex:]0x00

Stored as part I

of the cache “state”
Valid Bit  Cache Tag Cache Data
Byte31] """ |Bytel |ByteO |O
0x50 1 Byte 63| " | Byte 33| Byte 32| 1
2
3
Byte 1023 e Byte 992
\ Byte. Select
Byte 32
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Which block should be replaced on a Cache miss?

] Direct mapped caches don’t need a block replacement
policy
] Primary strategies:
Random (easiest to implement)

LRU — Least Recently Used (best, hard to implement)
FIFO — Oldest (used to approximate LRU)

Associativity

Size )
16 KB -0,08 4
64 KB 00 3

256 KB 5

[is] F0,02 -

Figure C. i m . Sk

replacer = * ast-

size cach 3 £ LRU2- Random2- LRU4- HRandom4- LRUB8- Random 8- i

cache siz ﬁ way way way way way way 100

benchmarks. Five are from SPECint2000 (gap, gcc, gzip, mct, and perl) and five are rom SFELTPZUVU (apply, art,
equake, lucas, and swim).We will use this computer and these benchmarks in most figures in this appendix.
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Cache read

@ CPU tries to read memory address A

@ Search the cache to see if A is there

hit | miss
@ | | Copy the block that contains A from lower-level memory to
the cache. (Possibly replacing an existing block.)

@ Send data to the CPU

Reads dominate processor cache accesses and are more
critical to processor performance but write is more
complicated
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Cache write (hit)

] Write through:

The information is written to both
the block in the cache and to the
block in the lower-level memory
Is always combined with write
buffers so that the CPU doesn’t

have to wait for the lower level
memory

] Write back:

The information is written only to
the block in the cache

Copy a modified cache block to
main memory only when replaced

Is the block clean or modified?

(dirty bit, several write to the same
block)

CPU

Cache

Memory

Write Buffer

CPU

-@®
Cache

rite

Memory

CPU

Cache

ref
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On a write miss

] Do we allocate a cache block on a write miss?

Write allocate (allocate a block in the cache)

No-write allocate (no cache block is allocated. Write is only to main
memory, or next level of hierarchy)

[J General combination
A write-back cache uses write allocate, hoping for subsequent writes
(or even reads) to the same location, which is now cached.

Awrite-through cache uses no-write allocate. Here, subsequent
writes have no advantage, since they still need to be written directly to
the backing store.
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Cache micro-ops sequencing (AMD Opteron)

Bock (1) Address division

Block address  offset CPU
<25> <9> <6> address
Tag Index Data Data
in  out
Valid Tag Data
<1> <25> <64> y y
(512 N
blocks) -
Set/lJlock selecti
Tac neckingy
(512 - .
B = Hif:| Data out |
Misis: Signal cache miss;
2:1 mux

ipftlate replacement

64K bytes in 64 byte blocks
2-way set associative

© 2007 Elsavier, Inc. All rights reserved.

i

Victim
buffer

| Lower-level memory “
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Outline

Cache performance

OOo0o0oao

56 Lund University / EITF20/ Liang Liu 2016



Cache performance

memory stall cyclescache

mem accesses

* ( execution + instruction

* MISS rate « miss penalty) «
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Interlude — CPU performance equation

CPU execution Time =
IC * (CPlexecution + CPlcache) * Te =
IC * (CPligear + CPlpipgiine + CPlcache) * Tc =

Structural Stalls + Data Hazard Stalls + Controll Stalls+
mem accesses

instruction

x MISS rate x miss penalty

)* Te
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Cache performance

CPU execution Time =
mem accesses

instruction

IC * (CPloxecution + * MISS rate = miss penalty) = T¢

] Three ways to increase performance:
Reduce miss rate
Reduce miss penalty
Reduce hit time (improves T()

Average memory access time =
hit time + miss rate x miss penalty
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Cache performance, example

CPU execution Time =
mem accesses

/ Pl | : . ' . / T,
C = (CPlexecution + — -~~~ * Miss rate x miss penalty)  Tc
Example:

miss rate (%) 1

miss penalty (cycles) 50

megm HCCE:'SSES k

instruction
CPlincrease kx0.01 %50
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Sources of Cache miss

[J A cache miss can be classified as a:
Compulsory miss: The first reference is always a miss

Capacity miss: If the cache memory is to small it will fill up and
subsequent references will miss

Conflict miss: Two memory blocks may be mapped to the same cache
block with a direct or set-associative address mapping

3C’s
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Miss rate components — 3 C’s

0.14

0.12

o
=

0.08
0.06
0.04

Capacity

Miss Rate per Type

0.02

— © o
— (Q\|
—i
: Compulsor
Cache Size (KB) P y [* STON
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Miss rate (relative) components —3 C’s

100%
80%
60 %
40%

20%

Miss Rate per Type

0%

— (Q\ < 0 0] (@) AN
—

Cache Size (KB)
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Miss rate components

Direct Mapped

N-way Set Associative

Fully Associative

Cache Size Big Medium Small

Compulsory Miss Same Same Same
Conflict Miss High Medium Zero
Capacity Miss Low(er) Medium High
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Cache size: power

2447

200+
1501
100+ ':"k:
"" 7
o G B9 BN
1 155 136 10} 30

Dwvvice Damensaon (nm

Piower {w)

8M Byte 76mwW 30mW
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Miss rate components — 3 C’s

[J Small percentage of compulsory misses
] Capacity misses are reduced by larger caches
] Full associativity avoids all conflict misses

[J Conflict misses are relatively more important for small
set-associative caches

Miss may move from one to another!
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Block size tradeoff

[l In general, larger block size

Miss
Penalty

Take advantage of spatial locality, BUT

Larger block size means larger miss penalty =>Takes longer time to fill

up the block

If block size is too big relative to cache size, miss rate will go up =>Too

few cache blocks

Average memory access time =

hit time + miss rate = miss penalty

Miss

Fewer blocks:
especially for

\ small‘lcache
\_/

Block Size' Block Size ]

Average
Rate ExpJoits spatial locality Access Time

3

Increased Miss Penalty
& Miss Rate
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Outline

OOo0o0oao

Summary
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Summary

] Performance of main memory:

Latency affects: Cache miss penalty
O Access time: time between request and word arrives

Bandwidth affects: I/O, multiprocessors (& cache miss penalty)

[J Main memory is DRAM: Dynamic RAM
Dynamic - memory cells need to be refreshed
1 transistor and a capacitor per bit
Complicated addressing

] Cache memory is SRAM: Static RAM

No refresh
6 transistors per bit
Simple addressing

Technology Is changing!
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Summary

[J The performance gap
between CPU and memory
IS widening
0 Memory Hierarchy
Cache level 1
Cache level ...
Main memory
Virtual memory

] Four design issues:
Block placement
Block identification
Block replacement
Write strategy

Processor SUPER FAST
A SUPER EXPENSIVE
TINY CAPACITY

PROCESSOR

© REGSTER
: CPU CACHE | : x;ém
LI SMALL CAPACITY
EDO, SO-RAM, DOR.SORAM, RO-RAM PHYSICAL MEMORY FAST
PRICED REASONABLY
and More.. AVERAGE CAPACITY
$SD, Flash Drive SOLID STATE MEMORY AVERAGE SPEED

NONVOLATILE FLASH SASED MENORY ' ERAGE AP

Mechanical Hard Drives ‘ VIRTUAL MEMORY ‘ cﬂg‘i’;
/ ey | LARGECAPACTTY

A Simplified Computer Memory Hierarchy
lllustration: Ryan J. Lenq

Lund University / EITF20/ Liang Liu 2016




Summary

] Cache misses increases the CPI for instructions that
access memory

Average memory access time =
hit time + miss rate = miss penalty

] Three types of misses:
Compulsory
Capacity
Conflict

[J Main memory performance:
Latency
Bandwidth
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