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O A computer is a device that can be instructed to carry out
arbitrary sequences of arithmetic or logical operations
automatically. The ability of computers to follow
generalized sets of operations, called programs, enables
them to perform an extremely wide range of tasks.
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Parallel Architectures,
VOJLY 8K Languages, Systems

" CS 252 |

Graduate Computer
Architecture,
Advanced Topics

CS61C

Prerequisite

Computer Architecture,
First look at parallel
architectures

Basic computer
organization, first look
at pipelines + caches

WCIESEEMHT )
£ B BB
B, (L Sy

HSNFEEARGS, K . _ |
\ R RERD Y Digital Logic Design New FPGA-based

Architecture Lab Class
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- n University of Science and Technology of China
Engineering

sk
= COMPUTER
D ORGANIZATION

AND DESIGN

v' Computer Organization and Design: The [ AR
Hardware/Software Interface, Third Edition
by David A. Patterson and John L. Hennessy.

O &%54
v' Computer Architecture: A Quantitative Approach,

Third Edition .
by John L. Hennessy and David A. Patterson.

« This is a more advanced text, used in CS252. It is
available for occasional supplementary reading.

O sERSEH
v See MIPS run .
by Dominic Sweetman, Morgan Kaufman Publishers.

 Provides an in-depth, easy to use guide to the
MIPS instruction set, including special attention
to processor control.

v MIPS RISC Architecture, Second Edition
by Gerry Kane and Joe Heinrich, Prentice Hall.

« This provides a complete reference on the MIPS
instruction set and has very nice treatment of
pipelined design.
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Computer Design Projects

University of Science and Technology of China

Real hardware

Xilinx Virtex E
+ 43,200 “parts” +655,000 RAM bits
« Write Verilog to “wire”parts.

Download CPU machine

] DRAM
code using TFTP

Xilinx Virtex E
FPGA
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O ZKRAEXBENE—FH LTI (HENRFZEIT) NARRETRE
, HFrEREEEL—F#R,
O +£/|\EHHV\])<T-I—/M’E1L BT 79RRFE " IT. BENEITIESJL
NERGy, ARG . ORI IRGE R TE+HXRES.

O E-‘ VIR B —R, TRABRZAMENSRITRE, MESRIE
EEM/UITREERHFER. HEZEEAD, ZME: “FKEHR
M. BXTREEE, BAKRNMEHIE

O F4 N —RANZER FREEFIRIRIT (MBHESEEAZT) |,
IbEBITIRIT “MER/NAIRES” BIALU, BI5SEHACPU (
single cycle CPU) , ZJEHACPU (Multi-cycle CPU) , LA EZFI&
[ESEETR7Kkek (pipe line) 32{iRISC-V CPUFNCache.

O —[ 18Tk, FES5HENCPUEXBFIRE SRS EIE. EHi%
TKEBETIRAKES (MEXE) .
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University of Science and Technology of China

Computer Science 152/252:
CS152 Computer Architecture and Engineering
CS252 Graduate Computer Architecture

Spring 2018
Prof. Krste Asanovi¢

TAs: Donggyu Kim and Howie Mao

CS152/CS252 Lectures: Monday and Wednesday, 2:30-4pm, 306 Soda Hall
CS152 Discussion Sections: Friday 2-4pm / DIS 101 3113 Etcheverry / DIS 102 310 Soda
CS252 Reading Discussion: Monday, 4pm, 405 Soda Hall

CS152 Course Info

CS252 Course Info

Resources

Welcome to the Spring 2018 CS152 and CS252 web page. This semester the undergraduate and graduate computer architecture classes will be sharing lectures, and so the course web page has
been combined.

CS152 is intended to provide a foundation for students interested in performance programming, compilers, and operating systems, as well as computer architecture and engineering. Our goal is for
you to better understand how software interacts with hardware, and to understand how trends in technology, applications, and economics drive continuing changes in the field. The course will cover
the different forms of parallelism found in applications (instruction-level, data-level, thread-level, gate-level) and how these can be exploited with various architectural features. We will cover pipelining,
superscalar, speculative and out-of-order execution, vector machines, VLIW machines, multithreading, graphics processing units, and parallel microprocessors. We will also explore the design of
memory systems including caches, virtual memory, and DRAM. An important part of CS152 is series of lab assignments using real microprocessor designs implemented in the Chisel hardware
description language, and running as simulators and FPGA emulators run in the Amazon cloud as F1 instances. These simulators will give you an in-depth look at a variety of processor architectural
techniques. Our objective is that you will understand all the major concepts used in modern microprocessors by the end of the semester.

CS252 is intended to provide essential background for students intending to pursue research in computer architecture or related fields, and also provides preparation for the Berkeley EECS computer
architecture oral prelim examination. An important part of CS252 is reading and discussion of classic architecture papers, as well as a substantial course project.

Course Calendar with Handouts

Note: Tentative, schedule subject fo change!

Readings Readings .
Week | Date Lecture 5th Edition 6th Edition Assignments

Wed Jan . .

] 17 L1: Introduction, Early Machines PPTX PDFE Ch. 1, App. A Ch. 1, App. A
FriJan 19 | CS152 No section
QAZOH Jan L2: Simple Machine Implementations, Microcoding PPTX PDF
Mon Jan . . .
25 CS252 No Readings Discussion

2
29| La: Pipelining PPTX PDF App. C.1-C.3 App. C.1-C.3 PS 1 (EDE, DOC)
Fri Jan 26 CS152 Section 1: Microcode, Introduction to RISC-V tools and Lab 1

fiJan Lab 1 Overview Microcode Handout

gg’” Jan 1\ 4: pipsiining Il PPTX PDF App. C.4-C.6 App. C.4-C.6
Mon Jan . . "Design of the B5000 System", Lonergan, King, 1961

5 |20 5252 Readings Discussion "Architecture of the IBM System/360", Amdahl, Blaauw, Brooks, 1964
\ﬁed Jan || 5. Memory Hierarchy PPTX PDE App. B.1-B.2, Ch.2.1-2.3 App. B.1-B.2, Ch. 2.1-2.2
FriFeb 2 [CS152 Section 2: Pipelinina review
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Computer Science 152/252A:
CS152 Computer Architecture and Engineering
CS252A Graduate Computer Architecture

Spring 2022
Prof. John Wawrzynek
TAs: Hasan Genc and Josh Kang

CS152/CS252A Lectures: Tuesday and Thursday, 09:30AM-11:00AM Soda 306
C5152 Discussion Sections: Friday 12-2pm DIS 101 / Friday 2-4pm DIS 102 Soda 310
Links to online content are posted on Piazza.

‘elcome to the Spring 2022 C5152 and CS252A web page. This semester the undergraduate and graduate computer architecture classes will be sharing lectures, and so the course web page has been combined.

5152 is intended to provide a foundation for students interested in performance programming, compilers, and operating systems, as well as computer architecture and engineering. Our goal is for you to better understand how software interacts with hardware,
1d to understand how trends in technology, applications, and economics drive continuing changes in the field. The course will cover the different forms of parallelism found in applications (instruction-level, data-level, thread-level, gate-level) and how these can
= exploited with various architectural features. We will cover pipelining, superscalar, speculative and out-of-order execution, vector machines, VLIW machines, multithreading, graphics processing units, and parallel microprocessors. We will also explore the desigr
‘ memory systems including caches, virtual memory, and DRAM. An important part of C5152 is series of lab assignments using real microprocessor designs implemented in the Chisel hardware description language, and running as simulators and FPGA

nulators hosted in the Amazon cloud (FireSim). These simulators will give you an in-depth look at a variety of processor architectural techniques. Our objective is that you will understand all the major concepts used in modern microprocessors by the end of the
‘mester.

5252A is intended to provide essential background for students intending to pursue research in computer architecture or related fields, and also provides preparation for the Berkeley EECS computer architecture oral prelim examination. An important part of
5252A is reading and discussion of classic architecture papers, as well as a substantial course project.

* CS152 Course Info
* CS252A Course Info
* Resources

Course Calendar with Handouts

Note: Tentative, schedule subject to change!

Veek Date Lecture :te::l:ifi:n "2:: ‘:Idni?iim Assignments / Handouts
Tue Jan 18 |L1: Introduction, Early Machines PDF Ch. 1, App. A Ch. 1, App. A |
Lab 1 PDF
1 Thu Jan 20 |L2: Simple Machine Implementations, Microcoding PDF Handou‘.ﬂ
|Blank microcode table
ThuJan 20 |CS252A No Readings Discussion
Fri Jan 21 CS152 Section 1: Microcode, Lab 1 Overview Slides Worksheet 1 PDF
Tue Jan 25  |L3: Pipelining PDF App. C.1-C.3 App. C.1-C.3 PS 1 (PDF, DOC)
Thu Jan 27 |L4: Pipelining || PDE App. C4-C.6 App. C4-C.6
? Ithusn 27 (cs2s2a Readings Discussion ﬁ?t:;meof fl?: ?Bﬁ%n&,{?ﬁec;?mn'::ﬁi 1B?aea1uw, Brooks, 1964
Fri Jan 28 CS152 Section 2: Pipelining review Slides Worksheet 2 (PDF)
Tue Feb 1 LS: Memory Hierarchy PDF App. B.1-B.2, Ch. 2.1-2.3 App. B.1-B.2, Ch. 2.1-2.2
rarchu Il DNE Amm B2 Amm B2 PS1 due

https://inst.eecs.berkeley.edu/~cs152/sp22/
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THE HARDWARE/SOFTWARE INTERFACE
RAR{I={=E VA1 [s]]

g

O D. A. Patterson and J. L. Hennessy, Computer
Organization and Design RISC-V Edition: The Hardware

Software Interface, 1st Edition, Morgan Kaufmann
Publishing Co., Menlo Park, CA., April 2017.

v “Design an ISA that is appropriate for a given application, taking into
consideration key computer organization design principles”

« CPU#FICachei®, MEMFII/OFF
« SRIFMERESHT: —LEFER A {EComputer architecturei#t
O “Computer organization and architecture: Designing for
performance” (COA)

v Dr. William Stallings(Independent Consultant)

. 1996554k
. 2005%7H Z > S
. 201088k (BFHD) , 201280k (BFHD) , 20158104
v 8hgI{fKorganization, f5{marchitecture T EH AR R
- CPUFICache§, MEM#I/O5& * ol
T EH4ERRIRIE) , 2nd, E# K, 2008

v &Z\William Stallings 7"F1P&H 3
« LWilliam Stallings 4thA1EZ2, £OS. VM, HITAEFAR
« CPU#HICache§g, MEM FI/O5&
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COD : Patte r Son and Hennes Sy : University of Science and Technology of China

O “COD: The Hardware/ Software Interface”
v’ 1st Edition, 1994
v’ 2 Edition, 1997
v 39 Edition, 2004
e GCovers the revolutionary change from sequential to parallel computing
v’ 4t Edition, 2009
e the switch from uniprocessor to multicore microprocessors

e make parallelism a first class citizen(spread parallelism throughout all the
chapters)

v 5 Edition, 2013 2016 ARMKg, 2017 RISC-VHR, 2020 RISC-VE IR

e moves forward into the post—PC era with new examples, exercises, and material
highlighting the emergence of mobile computing and the cloud.

e This generational change is emphasized and explored with updated content
featuring tablet computers, cloud infrastructure, and the ARM (mobile computing
devices) and x86 (cloud computing) architectures.

CTOMPUTER ORGANIZATION E
& DESIGN

2 MAIII-)NW'A‘:};%(E]"{WA R
Computer Organization & Design

COMPUTER COMPUTER

ORGANIZATION ORGANIZATION
AND DESIGN

DA P SON
JOHN L, HENNESSY
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Patterson & Hennessey & i Techologyof i

0020184 ACME| R I

vV ARG M REERUR TR IKITE XN R G EHRY
ﬂﬁﬁz o ERZIEITE. EZHNHETIIEIN
Eﬁiﬁiﬂ’h‘l' T ELE 51T ES = ER

B University of California at Berkeley in
1977

B Design and implementation of RISC |,
first VLS| RISC Computer, foundation of
the SPARC architecture, used by Sun

B leader of Redundant Arrays of
Inexpensive Disks project (or RAID)

m Chair of the CS division at Berkeley 2000-2016 Stanford j(%&{t

2018- Alphabet 2 F & H K
RISC-V

TEHE RGN — PSR
T i UK HIRBEAF U Rl e it 5R%
£, JHEESENESFREET R
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University of Science and Technology of China

Turing Lecture

A New Golden Age for Computer Architecture:
Domain-Specific Hardware/Software Co-Design, Enhanced Security,
Open Instruction Sets, and Agile Chip Development

John L. Hennessy and David A. Patterson

Turing Lecture
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HEARSFFESI: HBE. PLakF071E by David Patterson

David Patterson
UC Berkeley and Google
December 5, 2018

Full Turing Lecture:
https://www.acm.org/hennessy-patterson-turing-lecture

| like to thank you all for getting up

1 ATFZEE 4 seradames &= e %S o0 EAR BEETZI AV >

https://www.bilibili.com/video/av46710093/
https://iscaconf.org/isca2018/docs/HennessyPattersonTuringLecturelSCA4June2018.pdf
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COD3, 4, 5: HFARISC, FEICISC e FE: LICISCAHZE

1. itEiEs N
2. HEpEREE v EARLIEES
> ﬂﬂéﬁ]aﬂ ZEM (4/5F) . Fiked * S, G
- S1E2 = « ol
- BE v iRk
_ COD3EFHIZRFE, COD4/57% . 247 .ﬁ s .
4 RIS T s, KA
_ Cache. £75. HTF 183K
—~  COD4fCacheiz}lzg, 3/5% v IBAESR =R
5. SMFEI/O 7e
- ﬁffﬁ‘ :Eﬁs I/ O ¢ :é\ﬁ
_ RED: EEK, s .
6. 3T
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Cou Fse SChedu | e =~/ University of Science and Technology of China
Lecture Topic Read BEFORE class Keypoint
1 ot CHP1 H_T-cop4
2 B2 AR5 CHP2, JHHL#E
3 MIPS-RISCVALFEZS CFRRIHA, Z D | CHP4
4 MIPS-RISCVALHE S (JRi7KZR) CHP4
5 T S CHP4
6 Cache CHP5
7 SRAM, DRAM CHP6, JHEVE COA9ZE H &

8 ROM, SDRAM JE 2 DY &

9 HPF CHP6, U=
10 RE A7 CH5

11 FEf 25 1) AT SE CHe6, JHEII=

12 2k CHe, FEH ==

13 I/O CH6, FEHF L=

14 MR R B HE AR RO (et R/40)

o FiEFEHIT, AimiEEREMEIET!
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O iSRSl — M E R EERTEIIMIPS 3215 S &ECPUFE&E
v HA0%KIES
v’ ER[EHR/ZEHASCEN (WMD)
v KESEI (1%(E)

O Xilinx ISE (Vivado) Vivado 2016.2, Verilog HDL, Nexsy4-DDR

SCEOHR
v Verilog HDLigiHEiA
v BEpE

v FPGASEEIGIE Digilent Nexys3 FPGA: Spartan-6 FPGA
O SCIeASZHE
1. 1=828557F:=01/)
HIBRBERSINS(1E)
B FestESITHEEE (1)
FiEes S BnizHles (2/3)
ZEHACPUIRLT (2/@)
Zaikit (3E)

o v hAWwWN
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O3C3€TH: Vivado 2016.2, Verilog HDL,
Nexsy4-DDRELIEHR

> SLi— 1ERESHIF (14)

> SLi” SHiE=RESEAY  (1/)

> SEia= EFHAICPU (1R)
> 08l ZRRACPU (213)
> SEIEh  ifi7IKkECPU (3[)

> SEI07% FERiT (213)
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Prof. Samuel Finley Breese Morse

Born April 27, 1791
Died April 2, 1872

Morse developed ‘lightning wires'
and 'Morse code,’ an electronic

The patent No. 1,647 was applied
for in 1840. A line was constructed
hetween Baltimore and Washington
and the first message, sent on

May 24,1844, was

"WHAT HATH GOD WROUGHT"

4.> S Pen tip
»‘ § @}p = / Paper tape
= R | ap———— !
? i— Coil —
[F201  Tape movement

<Transmitter>

9 Transmission key

I I—I Spring ¥
T —

R Battery

<Receivers

alphabet that could carry messages.
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QRS ERAESE—LD? QSB  BMIIESEEEID?
QRT ERfEIHAKE? QSL {RECHIIABARID?
QRU {REHAREEID? QRZ HHEMER?

QRM {REEEATHIG? QSA HAVSSEEER?

QRN {REZEIREHIS? QSY ERHAERIRBERAAL?
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O#RME: UR) / UR(FRREY) / OMCERRA) / YL(Z:

Oa)f&: GM(B L) / GA(T?

~9%) / GE (B _E%F)

=)

OJRR: RSTUSEIRE) / RIGGHERR) / ANT(R%Z) /

PWR (ThZR) / WX(KE) / OP

(R1ES)

OHE: DEGXER) / RUXE) / K(ZIELER ) /
TNX (Thanks) / TU(Thank you) / CLG(PERY) / VY (FE

) / PSEGH) / NW(ERTE) / SOS(EAMXRD /
73 (Best regards) / 88(Love and kisses)




mgp () ¥OATLLxE

and Techn lthl

IE B RETRE AL A T R —

# (P s
A (EL) BERE

2
&

O O

BAAE (%)
W B EhiE




) & @ é* é &hnfgnyh%
FEAl BV F 5




O ¢0Mz 8 k%2

and Technology of Chir

GESNE=pE T



# S AL & DrearaLns

O KRS Er - Za3e1809FE K4 T31EH,
1852t ==
OValentin Hauy (1745—1822 ), B%E=
REIBIE A, ZBRT— S EN I
RS SR 7 S
O %= E L ZE L FiChar les Barbier 71819
FREAT— W&@I%M%%W%,ﬁ;
FF E’QEE7|‘)§_|:'|§3L:J.,1-*IEIE_EI'JMJZ|J5E1,\__,\
NNERE LEBEIEREOG. :

O 7537 bk R 12 %M:LJTESZ
1823:—ﬁ|J>7L_T T3 IR RS




R e EDe: (O Fesrascs
O 6472048, (Why 647?)

SRR B LR T S S s G
S R I T T Y
eosom o o 15 4 B0 A = PR
e 7_2><3'J ViR
oL oL L DL ThEsh
D ELILE e



NFRBELL XS

University of Science and Technology of China

k 1 m n 0 p q r s t
- & S-S
u v X v Z
151+ - . .
OfF: ese o0 eieges oo
e o o@ ] o - .
. . oo oo °- o0 o0 . . .
D\:& . . . - o . o0 oo . oo
ZX ¥
1 2 3 4 5 6 7 8 9 0

FNE. FEEARTRAXEHTRE—R

13T 27T 53¢ 10 ¢ 20 ¢ 50 j© 100 ¢

D1§U% gox | ° : % et A W

T d L R T |1 il LSS T Ol AT




#ﬁ;l%ﬂ"l'éﬁﬁ% j:}—% ( /:va> Unncmtyoﬁm decchnolo_yotCh?m

o ey

] [ ] ® [ X L X J ] o9
(none)  but can do every  from go have (none) just
L X ] o0 o - o0 [ X ] o - L -9
[ ] . . -9 - @ e - o0 L X ] ] o9
. o - @ L I ® e
knowledge like  more  not (none) people quite rather  so that
. o0 LN o - LA L X ] L ®
. L .- - @ ® L LR 2 LR L LR
[ X 2 o9 L R o9 o9 L X J ] o9

us very it you as and for of the with



G temrasss

ty of Science and Technology of China

N

N\

AR

a5 — 4 hg



LI RLFN — 47D <P @ AZEK X é

echnology of Chir

Dﬂﬁ/ﬂ (barcode) 15 ENFHZ P EFX
MZEH, RE—EmEAMNEES], AL
%_Lt—éﬂ1lzllb\ﬂlj S ﬁ/* \]'/\"frﬁ'o

*

|
PDF417%%

07" 5100070126717

il HIR IN I N NI NI INEEE I B C B I BN
18109911010110001601100100611010001101000110101016111001011001101101100100111011001181000100101



KSRy BERS

N¥BAZLLX ¢

University of Science and Technology of China

LEdr
101
0001101~
0110001
0011001

0001101 [

0001101
0001101 _
01010
1110010~
1100110
1101100
1001110
1100110
1000100 _
101

v

EX
R IARP &

EiARIEFE
A R 4P 28
HIABEE

RAILRPE

0 51000 01251

7

0001101=0
0011001=1
0010011=2
0I11101=3
0100011=4

1110010=0
1100110=1
1101100=2
1000010=3
1011100=4

AR EREE

Epul: bl

0110001=5
0101111=6
Ol11011=7
OI10111=8
0001011=9

1001110=5
1010000=6
1000100=7
1001000=8
1110100=9



5% T/ RS - Abalik

OF— 1 =F (EFXEBER 0) MR EFEREFR
, .OE’J,glb\inFELzE /\%ﬁ'., R OESIALE ﬁﬂ%%
BEEAREENEY) (BREZEMFR) , X
MFER 2 1B, EH5/ U P C HBAE—
HNFEBEEE 5

'%T;c%ﬁ’] 5/|\ HWFeHEmXE. BRE 51
= (01251) Elz/\jﬂﬁ%ﬂ]}“nnﬂ’]éﬁ?

o

OREMNT CXER 7) HREBERTH, K1
> R AR T AN — IR IGTE

0 51000 01251 7




5% cience and Technology of China

by CYFRAZLL *
SRR ©IRAIRLLE

O ATHEEREREFHF2EHEIERN, ¥ar 11PN HFE ( 0 51000
01251) ZEH—1MFEBRRE:
A BCDEF GHIJK
O Ak, ItE TABE:
3X (A+C+E+G+ 1 +K) +(B+D+F+H+J)
3X (0+1+0+0+2+1)+(B+0+0+1+5)=3X4+
11 =23
MNEREHAXTFETEN—NMOEFHIREE, HERMAERER
IWFRf. RIR2BZHKTFET 2389—MMORIEEHZE 30 , #:
30—23 =7
O XFEENEINNELE EFHLL UPC (Universal Product Code) FET\
WIBHIERIEF R, XE2—MWREHEr. MREAREMGTE LR
RIRIELERA UPCH R HIRIEFA—E, TEIBMABERX
N UPCIEA— DT BERI.



O ¢0Mz 8 k%2

and Technology of Chir

— il 51555



EES I E=FIR

D—L_ﬁ;llj\ /\L%I
O5. =k, 3E. [EE

O%nz==

Fnes

D%ﬂlﬁnm A =R
D}/_\Eg.’\ Jiﬁgl\ %I\Eg

N 1| Ny VA i 1| V27
5. #+ak. 2KIE. S53F
AR lir'ﬂ%%




mio g — CNFRBZLL %S
"%"% ﬁiﬁﬁn University of Sci

y cience and Technology of China

O/ T8 536, skdE. 3
O $ifF85Latch

145 32T -3 >— >
O % P8EIEENX :

0% 7% BRee s | ]
D*g{j%ﬂ'ﬁ%%SR A TCUT PC i T | /O

o ALU |

O1¥f583Decoder - | | | Tl
O311t2{z5Counter R +1 | [ MR
D E%j]ﬂ %%ACC ACC N i i
O 7J[l 5£%Adder 4‘@;%;%& 5 iﬁ
O Et 422 Comparator | |




Q) FEAZLL %S

I 7thY 288 R BRI
O [E]1EF] < |8 BV3E #t

University of Science and Technology of China

28 % THEFIR J\IEFIER VU 72 51l 2 Z IR
2° 1 1 1 1
2! 2 2 2 10
22 4 10 100
23 8 10 20 1000
24 16 20 100 10000
23 32 40 200 100000
2¢ 64 100 1000 1000000
2’ 128 200 2000 10000000
28 256 400 10000 100000000
28 512 1000 20000 1000000000
210 1024 2000 100000 10000000000
2" 2048 4000 200000 100000000000
2! 4096 10000 1000000 1000000000000



&R 4L (Turing Machine, 1936)

ORI BHLAIITEE
O &5 44
v — &M Al LA PRIE RS (R EBIXHE )
v —MEEXL (FF5E3E0. 1)
v —AMEHIE UTEIEE kTS )
« AjtH: RS EFS) o (BFS. 83 KD
» RSE: B—IHBERS, —PMERRS
VARTERME: B A A ERS, B
o “EARIZE (primitives) BIREHRT

0o(0|0f1/2|1{0|1|12{1|1]1|0]0

[ ]
il 4%

SFAGEFRER, FHL(H), KT LA ARmHER



1. 83 3% J\FES HiES 75T
Z |8]1Y) B FHEL #i
2. 85 TMBAFIERIENIIR S Sk

EIRTE
3. THECPUFIMEIZFE (AMDFRSM)
4. BRERSE (Fsm)

5. BEZEANENRBIENERXFIFIERR (
BEENFEESITE. Zi#HH S5 %i#HE])

Hﬂ




T ‘ ] CYF¥RBAZLEXS
7IL_, E % ﬁ 11% \ D NA?‘?‘ 11% University of Science and Technology of China

REHE . N TR Re 3l 77 oK

nature communications HOW BIG IS THE DIGITAL UNIVERSE?

Explore content v About the journal v Publish with us v THE DIGITAL UNIVERSE

nature > nature communications > articles » article

44 ZETTABYTES
Article | Open Access | Published: 22 April 2021 ) 2020 S
One-hour coherent optical storage in an atomic
frequency comb memory

Yu Ma, You-Zhi Ma, Zong-Quan Zhou & Chuan-Feng Li ™ & Guang-Can Guo

Nature Communications 12, Article number: 2381 (2021) | Cite this article nature Chemlcal bIOIOgy

14k Accesses | 15 Citations | 124 Altmetric | Metrics

Explore content v About the journal v  Publish with us v Subscribe

nature > nature chemical biclogy > articles > article

TRSIVEITE i, T E= D

A7 NSNS Article | Published: 11 January 2021
ROERR AR S BAOLE Robust direct digital-to-biological data storagein
living cells

Sung Sun Yim, Ross M. McBee, Alan M. Song, Yiming Huang, Ravi U. Sheth & Harris H. Wang

Nature Chemical Biology 17, 246-253 (2021) | Cite this article

9803 Accesses | 11 Citations | 378 Altmetric | Metrics



SR Eromessxs

HERZEEAKXRFZHEINZER
SAEeEEETHEEIEE (FAiEIL—1)
geetEhl (PRIXDMARER)
FEHRREME:

O HFSHRAZESA, GPU, FPGARJHRZMILZINE
O AISEsMFEEREICHEEeETEN

RzAEE, HARAREE, LIEEEE WPAREAR

cswang@ustc.edu.cn
7%’7}//’ e
| M -

http://staff.ustc.edu.cn/~cswang



