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s JOUSIVIEED—D
2012 & Why We Created Julia [C$s5. Bi%I$ 2009 F£ 305

o Jeff Bezanson, Stefan Karpinski, Viral B. Shah, and Alan Edelman
o BEET In short, because we are greedy. £ $H3 &S ICBEFEO IOV S IV /EEORVWE I 32D ANICSE

o EARICHFE REPR

o We want the speed of C with the dynamism of Ruby

o We want something as usable for general programming as Python

o Something that is dirt simple to learn, yet keeps the most serious hackers happy.
o (Did we mention it should be as fast as C?)

« EIBIC

o BIREFEDL S IKEVWP T HERDO ETERICEFET S
o M<E<IA—RER 2B/ L TES

Why We Use Julia, 10 Years Later

o 2022 (3 10 BEREE & Why We Use Julia, 10 Years Later H2AF

o Julialang/wwwijulialang.org Y /R kU TEEEhTWS
o ZORME KHhBHBEX>TENCHD
= fi: miguelraz & A ® Pull Request 7% &

e Julia EWSTOYFIVIEBILER > LESHIPBAZTN TV FIZEUTOLSBEHD:

o

Why We Created Julia Z5ATY —RZEILR LT

A%, WS #HECHRSK

C/C++/Fortran [ U \\..., Python (B ICEZ 2 T EEL...
KOWESHED/NY T—I DAY T FILIE>TW e

o

o

o
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a4V AM=)L

e EF3ICjulia EVWSIVYY RHFIATENRFRW

$ julia
_  __(_ | D https://docs julialang.org
O 100!
__ _ll_ ___ I Type "?" for help, "|?" for Pkg help.
L
ITHTECIT T Version 1.9.1 (2023-06-07)
_/N_'_ILIL\_"_I | Official https://julialang.org/ release
I/ |
julia>

e ITIFEXBAERAFVTTS

RERTE

« Julia DARYA h DB AFE https: Ziulialang.org/downloads/ B8 U E OEEIC S # THA /81
FnRESEEH
. EEOARSD (EEOBBILADETEALT LA, ATERIEEH LA
« REOEEANIEH BHEERE N REBT EH
« "=V VB ERBELEBTS VR b= UIh?
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TRIFESEH

o EROAED 'REOEHICADETHALTLEEW ATERFEHLEW
o« SROREMTE D, BEERENREBT EH
o N\=Ya Y ENBEILFEHTI YA M=LUEEVLA?

F A TR B IR T I Juliaup

Juliaup - The Julia installer and version multiple...

/87
Juliaup - Julia version manager % 5 S 753% (1)
Windows
NT—> z)LERL.
PS> winget install julia -s msstore
Windows 77U T —y 3 vh5 BAFHNTES
Julia in the Windows Store | ...
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Juliaup - Julia version manager % {8 5 773% (2)

juliaup /deploy/shellscript /juliaup-init.sh ZATWT W3,

Mac and Linux

$ curl -f¢

https://install julialang.org | sh
bashre

$ julia --version

julia version 1.9.1

—yes A 7Y 3 VERZIGEFONERIEE R UED S T £ A TE S, command-line-arguments % # &.

$ curl -fsSL htps://install julialang.org | sh -s -- —-yes

13 / 87
B{ERERT
AVAR—IDTERERELTED S, julia EVWSIAVY REFES CENTEDDERET !
3 frifn s
julia version 1.9.1
A6 8% L &\ 5E REPL(Read-Eval-Print Loop) hY2&1 9 %:
$ julia
_ __(_ | Documentation: hitps://docs julialang org
O oo !
__ _I_ __ | Type "?" for help, "]?" for Pkg help.
1
LTI T Version 1.9.1 (2023-06-07)
_/N_'"_IL\_"_I | Official https://julialang.org/ release
I_J |
julia>
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Appendix: Jula BED 7 v 77—~

e Julia v1.9.2 has been released &W5 7 F 7 Y AW Tz
o Juliaup BETANTWNS ERD & SHBHA LS

$ julia
The latest version of Julia in the *1.9° channel is 1.9.2+0.x64.apple.darwin14. You currently have *1.9.1+0.x64.apple darwin14' installed. Run:

juliaup update

to install Julia 1.9.2+0.x64.apple.darwin14 and update the “1.9" channel to that version.

$ juliaup update

Installing Julia 1.9.2+0.x64.apple.darwin14
Downloading: 1 1.35 MiB/114.18 MiB cta: 14m

15 / 87
. . N A=)
Appendix: Juliaup A7} D ZE3R A%

o abelsiqueira /jill

o jill - Julia Installer 4 Linux - Light
¢ johnnychen94/jill.py.

o pip3 install jill && jill install
o Docker % FW\T docker run -it --rm julia:1.9.1 D& S IC LT AV T+ %i2ET 2
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o 19 RHORBERTRIARER. U LI0AYV—RENB & 19 ROYR—b (NTBELKE) FUHREBS,
e BEON—YavEREWWEER LIS (16 R) £ES LRV
o Julia's Release Process
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TR REPL TEIDVT DAV

HEZA7 7AIICI—RERBRURDO LS ICENLTHRLN

$ julia script.jl

Julia (& IT AVNRAIVICK>TEIET 2 55E

julia scriptjl §2TEIC/Cy r—Y OO~ REHO AVINAILHTONZZDTHDO AR MFER TSR

o AVINANBEREFEVEILHEL RS 2BENH D
SATHIRKE REPL O L TEEZ T 200 & TN

o REPL O LTRIFTENSZ EAZWN
o Python EERDAYFY MBELTEY YT« 7 TRABRVOTI—REIL—&R—Z ML D BRICET
IEBZENTES
e 553 A VS Code, Jupyter, Pluto BED Y v FREREBETEHRL

19/8

VSCode ZfEW e WGBS

o VS Code DIR—LR—=Y
e IYRTVYaVDEA

e WSONMERIIRY 3 —hhy bF—

o 77AIICT A —NR%EHTT Shift + Enter Z3H
o Alt-J Alt-O T REPL ZR<

Plutojl fEE LN 2 WS E

e Plutojl AFS

o JuliaTokai TEE/cfIBEE R
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Julia Z EHVY (REPL)

versioninfo() 25 & FHERBEHREB DI ENTES. NI LR— M RECHRHTIERN

$ julia

https://docs julialang org

| Type 2" for help, "]?" for Pkg help.

julia> versioninfo()
Julia Version 1.9.1
Commit 147bdf428cd (2023-06-07 08:27 UTC)
Platform Info:
0S: macOS (x86_64-apple-darwin22.4.0)
CPU: 16 x Intel(R) Core(TM) i9-9900K CPU @ 3.60GHz
WORD_SIZE: 64
LIBM: libopenlibm
LLVM: libLLVM-14.0.6 (ORCIIT, skylake)
Threads: 1 on 16 virtual cores

21/ 87

Julia ZENHNT (REPL)
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REPL %= 58 5 (Julian mode)

julia> 1+ 1 # fif L2 B4
2

julia> printIn("Hello World")
Hello World

julia> print("Hello"); print(" "); print("World") # % 3 21 >
Hello World
julia>

FarbTES

julia> DERSHE T AV 7 b EIFENS. julia> DEFH & EHTIERLTH REPL AIAET)ICIET 3.

julia> 1

CEYDT L false 12/ D
julia> println("Hello")
World # FE1Z Hello 23 % 123

e Python ERRDA VT Y McELTEY YT« TTRIEW
e A—REBYICIERULTHHIKETSEZ LN TES

23 /87
Example
EOEH a, b &R, ged(a,b) 781 ERBREEN 1/E(2) = 6/m° L1237 &I ETRAET 2HF
julia> function calem(N)
cnt=0
fora € I:N # € I \in + <tab> £ AJI$ 2 in
for bin LN #in° Dftb b 1z L3 i
if ged(a,b) == 1 # ged(a,b) == 1 && (ent+=1) LT HZ L b >
cnt+=1
end
end
end
prob =cnt/N/N
return V(6/prob) # v 1% \sqrt + <tab>
end
caler (generic function with 1 method)
julia> @time calcri(1074)
1.791594 seconds
3.141534239016629 # [T\ i
(E&EMAU I—R% Python TEWTHZ EEBWAE, PEL EHHTIUIDND. ) 2 /8
24 / 87




REPL %= {2 3 (Help mode)

o BIZE XD %, 0, Y DESBXFHESZENTES
o ESANT BRELZOH? REPL BT NBN

julia># & 2T 2T
help?> 20
"0" can be typed by \theta<tab>\hat<tab>

BEO Julian mode THUHT Z&HTES,
julia> (Base.Docs.doc)((Base.Docs.Binding)(Main, :0))

LROIA-RORDDICTREDLSICLUT @doc ¥/ O%ZFESZEDHTES

julia> @doc O

FDE(Y/OICDWT)

YUOREENZXOMF ZZIFIROFHL VWK EERT S,
$Z1& @doc 0 & (Base Docs.doc)((Base.Docs.Binding)(Main, :0)) Z4EK T 3. ZDHFIFRD &L S ICUTHRTE 3:

julia> @macroexpand @doc X
((Base.Docs.doc)((Base.Docs Binding)(Main, :0)))

ANDLADMIC, BEHROEVEZMNZIELTES:

help?> ndims
ndims(A::AbstractArray) -> Integer
Return the number of dimensions of A.

See also: size, axes.

ample:

julia> A = fill(1, (3.4.5)):

julia> ndims(A)
26 / 87




FhHE(T/OICDWT)

10 R 3 TR 0 = exp(2my/~1/3) £ZDFEEI—RICEE LAT ERD & S I£%23:

julia> o = exp(im * 20U3) # im |2 ECHT
-0.4999999999999998 + 0.8660254037844387im

julia> @show

© = -0.4999999999999998 + 0.8660254037844387im
-0.4999999999999998 + 0.8660254037844387im

julia> 0 A3#3 T 5 LIRIFIRETICA D,
0.9999999999999998 - 6.106226635438361e-16im

julia> @assert @ A 3= 1 # =" can be typed by \approx<tab>

RUAZFELBVNERDELSBI-REBVNTWSZ LIcR2:

Jjulia> o = exp(im * 271/3)
-0.4999999999999998 + 0.8660254037844387im
julia> printin("o = ", repr(begin dummyvariable = o end)); dummyvariable
 =-0.4999999999999998 + 0.8660254037844387im
-0.4999999999999998 + 0.8660254037844387im
julia>if 0 A3~ 1

nothing

else
Base.throw(Base.AssertionError("w A 3 = 1"))

/87

=
HDE(7 A~ hDEE)
XFETTRHBRBANCAND 74V EEBT L. PIZIEROERHHH :

e tohgarashi/JuGeM
yuru7/jui

#1121 macOS DIFA ~/Library/Fonts/ BT IC uf RF D7 7 (L2 RET 5.

julia> using Plots; plot(sin, label="=fABY%". title=" 1 AFE", fontfamily="JuGeM-Regular")

28 /87




Pkg mode

Ry Tr—IYFx—IvHRBLTNS.

julia> using Pkg: Pkg.add("Example") # JuliaLang/Example jl Z 4 ¥ A F =1L § %
Jjulia> using Example; Example.hello("World")
Jjulia> hello("Example")

julia> Pkg.rm("Example") # 7 >4 ¥ A F —)L
Pkgmode ZAVWTRDESICLTEL ZEHTES:
julia>#] % A3 %

(@v1.9) pkg> add Example

(@v1.9) pkg>C # Ctrl & C % [AIRF I
julia> # JCICFE %

29 /87

2 D E(xample /$y T — VT DWT)

LD - RIIRBRICENEY 6. Examplejl DRERBBFRRD L SICR>TWS. Fillld 255 28RE L.

module Example
export hello, domath

hello(who::String) = "Hello, $who"
domath(x::Number) = x + 5

end

export hello & &S LT L% T using Example IZ & > T hello ZEIFHES Z &N TE S,

julia> using Example
julia> hello("World")
"Hello, World"

julia> domath(3)

8

30 /87




%ﬁﬁgFﬁﬂwnﬁ

e export name [ &> TL—HYhH name ZfES Z ENTES

o BHTHZ—F "COBPKIRECTERZLTVZONES ERDHSR, IELH S
julia> using Example: hello
Jjulia> hello("World") # hello 7
Jjulia> domath(3) # Z 41127
julia> Example.domath(3)

julia> using Example: Example
julia> import Example
julia> Example hello("World")

ZOMTROLSICLTEY N EBZ I ENTEDS

julia> @doc hello("world")
julia> @which hello("world")
julia> @less hello("world")

31/ 87

TerminalClock.jl

Examplejl FHETE 206 LNBEW?

julia> using TerminalClock; clock()

o JuliaPackaging/Preferencesijl I & > TR OXFREHIEHT B &N TES:

$ julia q

julia> using TerminalClock

julia> tomlfile = joinpath(dimame(pathof(TerminalClock)), "dials", "UnicodeBox.toml");
julia> TerminalClock set_dials(tomlfile)

julia> exit() # REPL % [

$ julia -

julia> using TerminalClock; clock()

32 / 87




Search mode

e REPL TANUTCBEDEBREZRTTE 5. ~/ julia/logs/repl_historyjl ICF&>TWS
o &R CulR, Cul-S TH—FHTES

o ANZFOR + Curl-P TUHIAD LI DZEHELT<ND
OhMyREPLj| % i S 535

KristofferC/OhMyREPLjl Zf£5 & BRMICET T &N TES:

julia> using OhMyREPL
julia> 1+ 1 'y Y

julia> # Ctrl-R TN 2 A JEE% 2

Julis THEI BEOT—r 70—

_17_




Julia THEI BEOT—r 70—

o REPL O#fEZ RN D T Julia TORET—Y 70—CDWThih 2
e MBETETAENENCHED (D)

RIPLEIDZH Y)Y —X

2022 Workshop Revisejl D Fiv19 TEMI N7 EERE I LTS D

Julia REPL Mastery Workshop | Miguel Raz Guzma... Julia: Workflow tips, and what is new in v1.9 | 2nd D...

36 / 87
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Project.toml/Manifest.toml

o KEOTOYTLRANULSD/INY T—I(514 75 V)ctkiz
o A—HiF Az A YR R=ILFThIEVLHEMD =
e Project.toml (C TEEMAT /0y 7 —Y % ik
o Manifest.toml (& & D F#lRKFFBIRDEIRZEM (Project.oml 15> BEVEM T N B)
o Pkg.activate("path/to/Project.toml")
o 7AVI YU MNERR)ET YV T« R—MEEL)T S,
o Pkg.instantiate()

o Project.toml 75 Manifest.toml ZE%.
o Manifest.toml 7 5 KFFRIRZ R
e JuliaProjecttoml £ EL Z&HTED (RBEAMRII NI Projecttoml TEWY) |

/ 87
IRTE A o = - =g
Bl tRzR=DHE, FBEEDFZ IJRANZHERE TS (1)
$ od julia_tutorial/playground/code/mdtable
table jl ZBIDT o H DIEFRRE BRR
$ julia -e 'using Pkg; Pkg activate("."); Pkg.instantiate()'
--project, £z & —-project=@. TREDT LI MY K@FHDT 1 LV hUICH S Projecttoml hMSEEXZ AV LY
N&7074R—K9 %, Stack Overflow TOEGFHESE
$ julia project=@. -¢ 'using Pkg; Pk instantiate()’
38 /87




BPlLIARSDOBEE BEEOFTANZERT 2 (2

REDRETRITI ZHRITH —-project Ffzld --project=@. HB'RHE.

$ julia --project=@. table.jl 0
-—-project=@. ZIEE T % D FEE R D TREZHZHET %7 7 )L (bashre ¥ zshre) DIRHMC
export JULIA_PROJECT=@.

EANTEL ERICBN S,

39 / 87
HITHERDAE
HitTT"E A7~ /.
seript.jl % ¢
julia script.jI - B 2 ©
seriptl % BT 2
julia seriptjl ZEITT 2 #( + o+ EBICHIED D2 &
NT AVNRAIUHDEEEZDT (AHICE>T) HEABVW, JVNAILEREEVETERNBE.
mylib.jl AERIC main B H 2 & T 3.
Jjulia> include("mylib.jl")
julia> main()
D 4 - FoVCESE LT mylib.jl %54
julia> include("mylib.jl")
julia> main()
D% — 2 F )V TESE L T mylibjl Z i
ZNTHRULH Revisejl ZES ERL (RDR—IA)
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Revise,jl

mylib jl AEBIC main B¥H'$H 2 & T 5.

julia> using Revise
julia> # includet | Revise 2> & export & 417
julia> includet("mylib jl")

Jjulia> main()

ZNT mylibjl ZEFITNIEEFED main() NRITTES. Ny T—JORETEHRE
using Revise; includet("mylibjl") D& SlcI 1Oy ; TEIFTEL L 1170 Y NPy TN TEZ DO TEEHEIR
W,

* VS Code IZT Alt-J Alt-O ICT REPL ZR< & Revise B TICO—REhTWh3

o AILTAILW TUAYFFBE0MD

41/ 87

Debugger.jl

o XFBOTNYA

o 171 TRITLZOMEZROREZERTES

e VSCode THTEZMNREPLD LTHTES
julia> using Debu

julia> include("mylib,jl")
julia> @enter main()
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JET|l

o BARELI—RPBENBI S —ZRANTE S,

o BRDEFAN— 3 VI3 aviatesk /grad-thesis BENSHB &N TES
o HFEBETRUIENTES

BRE - BAREDE (1)

e Julia FIIT AVNAIARTEEET D

o Julia (FEHDSIBICES NIAMEDHONM 2 TIcIVINAILETS
o ANOENSHADRASRE TCENRBRRERREEBDHERORVWI-—NEERTZIEMNTES
o ANETNBEIE>THADENEDL S EBARREICKH S, FEENRD SN BEPTEILERT— P2
DPBHTY.
e BRELI—FZEBILSICEHT DL
o BYZAFLIBULHZLSIRD
e BYZRTFLRBLOZLSRD

o BRERI—REEBEL LS ICEHT S
e BYZFARDWTRF2—RYZIEZRTTVET., (TORXF1 RFE—HTY)




BRE - BRAREDEE (2)

o Wh: "type-stable" mean?
¢ Type annotation make JIT compile faster?

LEEDEMICH I B Stefan Karpinski & A DEIE:

No. You do not generally need type annotations on function arguments (except to control behavior via
dispatch), nor do you need type annotations in local scope. The place that type annotations are essential
for performance is on locations: the fields of structs and the element types of arrays and other data
structures.

o EBR Argument-type declarations I3 % & 3 BB 1BICKH U TR/ 77— 3 Y H'RE R ERHIZ Dispatch,
Correctness, Clarity D 3 2 T$H > T, RITREOEHTHEE T 2D FTAHL.

15/ 8
1 g IR (DEE
BLE - BIRLEDEE(3)
e @code_xxx RONYYOTJulia MED LS ICI—REBERLTWSHERAINTES
o @code_xxx RO YT OD5EAE Stack Overflow TOHER
What is the difference between @code native, @code typed and @code llvm in Julia? DEEFEA A D LI L,
16 / 87




BARZERH (1)

ReLU (rectified linear unit) DFIASERRIEY
relul(x)=x>0?x:0
LD RETRE &

function relu2(x)
if x>0
return x
else
return 0
end
end

Zhld @code_lowered THEFRT 5 Z &M TE S, playground/code/code_comparision DY —)LEBWTHENTE 3.

17 / 87
IRNLZERAH
BIARZERH (2
relul(x) =x>02x:0
x DB T A Floate4 DIHFE, x DIEICE>TInt B THZ 0 #BINEUhABWL T 2BET B x BEEEITHAE LN
RV, ZOEKINBRLEES ERIT,
18 / 8




BARZERRH(2)

relul(x)=x>0?x:0
x OF T A Float6d DIFE, x DEICL>T It BTHZ 0 ZRI DB LNBWL T ZBETZ x BHFZRIDE LN
BV, COBRINBAREZSIEETT

VYK 2

0 DD DIC zero(x) T 3. TN x DRUTIG U BY R EOMINERLT)ZE52T< N5,
Get the additive identity element for the type of x

relud(x) = x>0 7 x : zero(x)

ZDESIRTBE X DAADENT o IBR, BIKTZHETBHNESXZRELBIBREILS).

19 / 87

B E 1A (1)

relu3(x) = x>0 ? x : zero(x)

AN x BEFMICEERR OBRTHZZEITERT S, ThiEx OB T A% Julia D Real DH TFA T THBZZ &
=EHET 3

relud(x::Real) = x > 0 2 x : zero(x)

relu6(x::T) where {T<:Real} = x >0 ? x : zero(T)

relud, relu5, % U T relu6 (EZ

Julia RERTIERD & 5 BREICIR>TNS (@less zero(1.0) & & THREEE &):
zero(x::Number) = oftype(x 0)

= convert(typeof(x), y)

{T}) where {T<:Number} = convert(T,0)
convert(::Type{ T}, x::Number) where {T<:Number} = T(x)::T
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BIRERH(2)

¢ @code_llvm relud(rand()) DFER

; @ string:1 within *relud"

define double @julia_relud._2276(double %0) #0 {

top:
%.inv = femp ogt double %0, 0.000000e+00
%1 = select il %.inv, double %0, double 0.000000e+00
ret double %1

}

e @code_llvm relu5(rand()) DFER

; @ string:2 within “relu5®
define double @julia_relu5_2278(double %0) #0 {

.iny = fcmp ogt double %0, 0.000000e+00
%1 = select il %.inv, double %0, double 0.000000e+00
ret double %1

i

51/87

WIRGIE « BIEGE 7 2 — ¥ DL (1)

using Random

RIARLE R a— P

function main1(N=10)
g = MersenneTwister(0)
5=00
arr = [relul 2rand(mg) - 1) for _in 1:N] # arr | Vector{Real} |
for y in arr
s+=y
end
s
end

REEEIRa—F
function main3(N=10)
mg = MersenneTwister(0)
s=00
arr = [relu3(2rand(rng) - 1) for _in 1:N] # arr 1% Vector{Float64} 127 %
for y in arr
SH=y
end

52 /87
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RIRLEE « RIGGE 2 2 — F DL (2)

BADE &> EDTBEWT 10 FI— RPELBS - 5& > & URITTI0 fHES RS,

julia> using BenchmarkTools

julia> N = 100000;

julia> @benchmark main1($N) # A AS25¢
BenchmarkTools Trial: 1391 samples with 1 evaluation.
Range (min ... max): 3283 ms... 7.546ms | GC (min ... max): 0.00% ... 44.61%
Time (median): 3403 ms GC (median):  0.00%

Time (mean +0): 3.590 ms +595.631 ps GC (mean + 0): 4.67% +10.10%

I — . — u
328ms  Histogram: log(frequency) by time ~ 6.19 ms <
Memory estimate: 3.83 MiB, allocs estimate: 149983.
julia> @benchmark main3($N) 4
BenchmarkTools.Trial: 10000 samples with 1 evaluation.
Range (min ... max): 214.528 us ... 9.073ms : GC (min ... max): 0.00% ... 96.93%
Time (median): 249382 s GC (median):  0.00%
Time (mean +0): 335.062 us +635.965 ps  © GC (mean + 0): 24.49% + 12.41%
[ . —
[ —
215us  Histogram: log(frequency) by time ~ 4.45 ms <
Memory estimate: 800.88 KiB, allocs estimate: 14. 53/ 81
| [l — s — LS Ty

BARLE - BRERI— N OLE(3)

code_warntype, JET.report_opt & TIRET 5. WIEI 2 V¥I/O6H 3.

using JET

# R EEDM D, REPL 2 L EHIROTRRIND

code_warntype(mainl, (Int,))

@code_warntype mainl(10) # (InteractiveUtils.code_warntype(main|, (Base.typesof)(10)))

report_opt(mainl, (Int.))

@report_opt main1(10) # JET.report_opt(mainl, (Base.typesof)(10))

code_warntype(main3, (Int,))

@code_warntype main3(10)

report_opt(main3, (Int,))

@report_opt main3(10)
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BRE - BIFALED

¢ Type annotation make JIT compile faster?

=111}

5 (2)) DIEE

LEEDEMICH I B Stefan Karpinski & A DEIE:

No. You do not generally need type annotations on function arguments (except to control behavior via
dispatch), nor do you need type annotations in local scope. The place that type annotations are essential
for performance is on locations: the fields of structs and the element types of arrays and other data
structures.

EIBIC
o HWEKEDOT—ILR

o JNT A= Y ADERH S IF (Vector{Real} Tld7% < Vector{Float64} &F 2 DHEL)
e EAEFELHETZT—IEEICEALTOERE

55 / 87
N,
S 7 T« EBDOA (1
= 22
T4 VERf(x)=Wx+bEEZXD
Jjulia> struct Affine
w
b
end
Jjulia> (aff::Affine)(x) = aff.W * x + aff.b # Python T “def __call
Jjulia> aff = Affine(rand(2.2), rand(2))
Affine([0.05221655288726834 0.4531635136343529; 0.006660217186564732 0.32819491295200176], [0.16834154818251978, 0.6642250801
julia> aff(x)
2-clement Vector{Float64}:
0.24022734713529842
0.7082428857823445
BLWTES.
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SR 77 7 4 VDB (2)

ABDHST B E W FATH, b BRI MLEWS Z & D13, Julia @D 5 FhS50x

julia># BiD A 7 4 F» & D &
julia> typeof(aff)
Affine # 7 4 — )b F ORIGHAHLZ

julia> @code_warntype aff(x)
A for (::Affine)(::Symbolics. Arr{Num, 1})
from (aff::Affine)(x) @ Main REPL[2]:1
Arguments
aff::Affine
ymbolics.Arr{Num, 1}
ny

Body
1— %1 = Base.getproperty(aff, :
P2 = (%1 *

Y04 = (%2 + %3)::Any

|

| %3 = Base.getproperty(aff, :b):Any
|

! return %4

74— ROBEBEENRZBNDT Any BV > (L. (N7 A =TV ZDBENS & <72 57/ 81

B 7 7« 2 ZBDP5 (3)

e 74—ILRICEEDFhIEVWATL & ?
o —B REPL ZHiE#) LT TRZE8NT
julia> struct Affine

atrix{Float64}
Vector{Float64}

* X + aff.b
julia> aff = Affine(rand(2,2), rand(2))
Affine([0.6711341109848074 0.24382214292980786; 0.6036132680677607 0.13610672620163822], [0.2609069141726297, 0.4285554314320

julia> aff(rand(2))
2-clement Vector{Float64}:
0.9884996898337165
1.04891268376067

BWTZES

58 /87




Stk 7 7 4 VRO (o

REZ5ILHZB

julia> @code_warntype aff(rand(2))
MethodInstance for (::Affine)(:: Vector{Float64})
from (aff::Affine)(x) @ Main REPL[2]:1
Arguments

aff::Affine

x::Vector{Float64}

Body::Vector{Float64}
1— %1 = Base.getproperty(aff, :W):Matrix{Float64}
| %2 = (%1 * x)::Vector{Float64}

S}

| %3 = Base.getproperty(aff, :b):: Vector{Float64}
| %4 = (%2 + %3)::Vector{Float64}

——  return %4

59 / 87
N,
S 7 T 4 EIBRDH
=2 =4
ROEVWA%ETZI-HICBERTEHW
julia> struct Affine
W::Matrix{Float64}
b::Vector{Float64}
end
julia> Wf32 = rand(Float32, 2, 2); bf32 = rand(Float32, 2);
julia> Affine(Wf32, bf32).W [> typeof
Matrix{Float64} (alias for Array{Float64,2}) # Float32 Tl 5i L 72> @I
julia> using CUDA
Jjulia> Weu = CUDA rand(2.2); beu = CUDA rand(2,2)
julia> Affine(Weu, beu).W > typeof
julia> Matrix{Float64} (alias for Array{Float64,2}) # GPU D V) / — Afii =DIC
julia> W = OffsetArray(rand(2,2), 0:1, 0:1)
774 VERSABENEVWOTE < OBET WWEL ICRZE>TIELLWY
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SR 77 7 4 VDB (6)

RO&SICLTINT R MY w JHEE A (Parametric Composite Types) IC & > TEHT :

julia> struct Affine{T1, T2}
WaTl
b:T2
end
julia> (aff::Affine)(x) = aff.W * x + af.
julia> Wf32 = rand(Float32, 2, 2); bf32 = rand(Float32, 2);
julia> aff = Affine(Wf32, bf32);
julia> @code_warntype aff(rand(Float32, 2))
MethodInstance for (::Affine{Matrix{Float32}, Vector{Float32}})(::Vi
from (aff::Affine)(x) @ Main REPL[7]:1
Arguments
aff:: Affine {Matrix{Float32}, Vector{Float32} }
Vector{Float32}
fector{Float32}
se.getproperty(aff, :W):Matrix{Float32}
| %2 = (%1 * x)::Vector{Float32}
| %3 = Base.getproperty(aff, :b)::Vector{Float32}
= (%2 + %3)::Vector{Float32}

ector{Float32})

1— %1

| %

——  return %4 61/ 87

Btk 7 7 1 VEROB
BEW: 7 71 ZIBROA (7)
SED & ST 2x2, 3x3 BED/IREDTH TREF O Y1 XERHEHTRER I— R EERT S StaticArrays,jl &
BWeAEZRAT S &R,

julia> using StaticArrays
julia> struct Affine{T1, T2}

julia> (aff::Affine)(x) = aff.-W * x + aff.b

julia> W = @SMatrix rand(Float32, 2,2)

2x2 SMatrix{2, 2, Float32, 4} with indices SOneTo(2)xSOneTo(2):
0.106584 0.369698

0.182812 0.803011

julia> b = @S Vector rand(Float32, 2)
2-clement SVector{2, Float32} with indices SOneTo(2):
0.8716512
04812594
julia> aff = Affine(W, b)
julia> x = @S Vector rand(Float32, 2)
julia> aff(x) 62 /87




27 D 3B (StaticArrays,jl IC &K B ETE DERT)

ABEDERE WL *x[1]1+W[12] *x[2] DL SICEET LD EFEFRALZ EZLTWR Z Db 2:

Jjulia> # RO < — Difje &
julia> @code_typed aff(x)
Codelnfo(

1— %1 =Base.getfield(aff, :

:SMatrix{2, 2, Float32, 4} # W = aff.W

| %2 =StaticArrays.getfield(%1, :data)::NTuple{4, Float32} # W.data <- ‘D7 — 5 [2 7 7 & 2
| %3 = Base.getfield(%2, 3, false # W.data[3 W[12]

| %4 = StaticArrays.getfield(x, :data); 32, Float32} # data = x data

| %5 = Base getfield(%4, 2, false.

| %6 = StaticArrays.getfield(%1, :da Tuple{4, Float32} # data = W.data

| %7 =Base.getfield(%6, 1, false)::Float32 # W.data[ 1] == W[1,1]

| %8 = StaticArrays.getfield(; luple{Float32, Float32} # x.data

| %9 =Base.getfield(%8, 1, false):Float32 # x.data[ 1]

| %10 = Base.mul_float(%7, %9)::Float32 # W[1.1] * x[1] X4 D&

| %11 = Base.muladd_float(%3, %5, %10):Float32 # W[1.2] * x[2] + W[1,1] * x[1]

| %12 = StaticArrays getfield(%1, :data)::NTuple{4, Float32}

(Gil5)

—— return %30 63 / 87

ZF D & (ConcreteStructs jl TH R %)

julia> struct Affine{T1, T2}
W:TI
b::T2
end

EH1F2 T, T2 BERAMNICOF 26D TH >TREDHSF & UTEIAEN TR, EEEFICABDIERL <ALV,

julia> using ConcreteStructs # @concrete
julia> @macroexpand @concrete struct Affine; W; b; end

TEOI— R ESE

struct Affine{__T_W, __T_b} <: Any

:_T.b
function Affine(W::__T_W, b__T_b) where {__T_W, _T_b}
return new{__T_W, __T_b}(W, b)
end
end)

64 /87




FOE(YRDA)

BERHLBTHD.

Jjulia> using ConcreteStructs: @concrete struct Affine; W: b: end

julia> using StaticArrays

julia> W = @SMatrix rand(2.2):

julia> b = @S Vector rand(2)

2-element SVector{2, Float64} with indices SOneTo(2):

0.620866754177038

0.5075755639223726

Jjulia> aff = Affine(W, b)

Affine{SMatrix{2, 2, Float64, 4}, SVector{2, Float64} }([0.21089312982809838 0.4062630292552363: 0.039518291001160444 0.6804761753

SETOERDISANDLSIC, YRBICEENZD ORBHNDE,

65 /87
i 3 N > Aant))
JEj| Z RAWBENR IS 1
sumevens(N::Integer)
195 N X TORHDOMEEINET 2 PEL 2 lE2 2 TRL, Z0MEZERAT 5.
function sumevens(N::Integer)
N 2 1 Il throw(DomainError(N, ™N* cannot be less than 1."))
arr =[]
for nin 1:N
if iseven(n)
push!(arr, n) # Python T “arr.append(n)® 4
end
end
return sum(arr)
end
julia> @assert sumevens(8) == 2+ 4 + 6 + 8 == 20
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Il ZHWCBENRIS—DHER (2)

julia> sumevens(1) # £ & > & ?
ERROR: MethodError: no method matching zero(::Type{Any})

o N=1 OB arr =[] DRICH B I—TEREMS LAV, —FERET sum(()) ZRTT 2 &I 3.
o []1& Vector{Any} 2B & I ZEREH' 0 DECT
o Vector{Any} [FEBDENENTE Z. FROBRICH T ZEATLEERT 20N TERVD T Iulia TREHRITS

—&iRY
© no method matching zero(::Type{Any}) BB DIE Z D=

# sum(arr) 1ERMEIC WV 2L

s = <FIifE> # i
for a in arr

s+=a
end

67 /87

Tl ZBWBENBRIS—DFEER (3)

JETl & sumevens() ZRITUAL THEFT VIR ERHEL TN S,

julia> using JET; report_call(sumeven

(Int,))

1 possible error found
 sumevens(N::Int64) @ Main /REPL[1]:13
fector{Any}) @ Base Jreducedim jl:994
ase Pairs {Symbol, Union{}, Tuple{}, NamedTuple{(), Tuple{}}}) @ Base .reducedim.jl:994
| | _sum(a:Vector{Any}, :Colon) @ Base /reducedim.jl:998
ase Pairs{Symbol, Union{}, Tuple{}, NamedTuple{(), Tuple{}}}) @ Base /reducedimj1:99
Vector{Any}, :: (‘nl«m) @ Base Jreducedim.{:999
s{Symbol, Union{}, Tuple{}, NamedTuple{(), Tuple{}}}) @
:Vector{Any}) @ Base ./reducedim jl:357

fector{Any}; dim:

[ sum(a::

|~ sum(a::Vector{Any}; dims::Colon, kw:

ector{ Any}, ::Colon; kw::
 _sum(f::typeof(identity).

olon; kw e.Pai

|~ mapreduce(f::typeof(identity), op::typeof(Base.add_sum),

| |~ mapreduce(f::typeof(identity), op::typeof(Base.add_sum),

ase._Initial Value) @ Bas
fector{Any}, ::Colon) @ Bas
a f::typeof(identity), op::typeof(Base.add_sum), ::IndexLinear, A:: Vector{Any}) @ Base /reduce jl:427

‘olon, init:

\ r nnpreducejim(f::typeof(iden[ily), op:itypeof(Base.add_sum), ::Base._InitialValue, A::

mapreduceiempty?uer(

peof{identity), op::typeof(Base.add_sum), itr::Vector{Any}, ItrEltype::Base.HasEltyp
Vector{Any}, ::Base.H:
ype{Any)) @ Base Jredugg / g7

| ~manreduce emntul-tuneaflidentitn) anstuneaf(Race add aim) T-Tunel Anvi) @ Race /reduce il:367

rreduce_empty_iter(op::Base.MappingRF{typeof(identity), typeof(Base.add_sum)}, it

reduce_empty(op::Base MappingRF{typeof(identity), typeof(Base.add_sum)}, :

= — — 1




I ZBWSEENRI S —0FEE (1)

WMAZRRDEED, ar=Int] ETNIFELL:

function sumevens(N::Int
N =1 Il throw(DomainErrc
arr=Int[] # = DFF 2 EIE L
for nin 1:N
if iseven(n)
push!(arr, n)
end
end
return sum(arr)
end

sum(arr) ZIARMEHEICWV ZIXTRED X 5 7

s=04#Int BlO ¥ RIL
for a in arr

s+=a
end

Yoo Tl I 2 A ek Z BTN = ek

N, "N cannot be less than 1."))

o mEIRIM

A L Z MARES RS o A A L SRz
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JETIE D ZE ) Y —X (Juliaon)

JET,jl DS

L7 F v — Wi

JET,jl: The next generation of code checker for Julia | Shuh...

Package development: improving engineering quality & late...




B D 2B Y —2 (liaCon)

EBEE A IT £ B Juliafdi Lo #3k- IRk @ Bio”Pack athon2022#12

JuliaBE(L DR M- IEHH @ Bio"Pack’athon2022#12

71/ 87
e URYLT ERETEZS5LW
o O—ALEENEDL SBRICE>TVWEIHERETES
BEREBNTICE X IE Debuggerjl DBN—Y 3
Making Abstract Interpretation Less Abstract in Cthulhu,jl | ...
2 / 87




BenchmarkTools.jl

RYFI—V%EDIENTED

julia> @benchmark main1($N) # 1434 3

BenchmarkTools.Trial: 1410 samples with 1 evaluation.

Range (min ... max): 3.257ms... 6721 ms : GC (min ... max): 0.00% ... 39.38%
Time (median): 3.367 ms GC (median):  0.00%

Time (mean +0): 3.540 ms +588.671 ps GC (mean + 0): 4.80% + 10.34%

- e |

326 ms  Histogram: log(frequency) by time ~ 5.97 ms <
Memory estimate: 3.83 MiB, allocs estimate: 149983.
julia> @benchmark main3($N) # /I ANLE0EE 7 23k
BenchmarkTools Trial: 10000 samples with 1 evaluation.
Range (min ... max): 215.560 ps ... 10235ms | GC (min ... max): 0.00% ... 97.30%
Time (median): 249.598 ps GC (median):  0.00%
Time (mean+0): 338071 s +647.998 ps © GC (mean + 0): 24.88% + 12.44%
[ I

[
216ps  Histogram: log(frequency) by time  4.59 ms <
Memory estimate: 800.88 KiB, allocs estimate: 14.

73 / 87

Profile.jl/ProfileView.jl/ProfileSVG.jl

o EOBADBEADD STWBNERHRS Z ENTES,
« %EED Cthulhujl EBETZZEHTES

Tools for fixing performance problems in Julia: ProfileView ...
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Replay.jl

* REPL TOEEZBELT 3.
o R¥aXvph@TES
o hyrodium SAHDNESTETVWET

Pluto,jl AP
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Plutojl ICDWT

o Julia HEMET B/ — TV Y

o Y —Z—R: https: //github.com /fonsp/Pluto.jl

o {U\A: htps: //github.com /fonsp/Pluto jl /wiki
o I—HHEWI-RHEHE N3 & IEOKERRE BB THRIR
o Ny T—IDREFRFEN—D DT 7 MILRICRETZREND

o BEDBRMNLPITVEEHBLPTY)
o PlutoULjl &EHEUMS Ul 2 BRI 3 &N TES
« 73RS & Introduction to Computational Thinking D& 5% Y v FRABEREWET 2 LN TED

71/ 87

Plutojl DEWNTT

A YA
$ julia -¢ 'using Pkg: Pkg.add("Pluto")'
L]
F7 A OR— N ESE 1234
$ julia -¢ 'using Pluto; Pluto.run()
Docker @ Julia ARAA—IDSHHET B ERDL S ICRBTZZ &N TES:

$ docker run --rm -it -v $PWD:/work -w /work \
-p 1234:1234\
julia:1.9.2\
julia -e 'using Pkg; Pkg.add("Pluto"); using Pluto; Pluto.run(host="0.0.0.0")'

78 / 87




Demo

V2O REzES
e Lévy C curve

o RIEFEHR

¢ RandomLogos.jl

79 /87

SR

O—AicHBEE/Cy 7 —J % Pluto TEHIIHE

e julia --project=@. -e 'using Pluto; Pluto.run()’ T Pluto %2
o TROEILZEM

begin
Pkg activate(Base.active_project())
end

terasakisatoshi/Sacabambaspis.jl
LW Z &3 Pluto's built-in package management ZFHE & R\
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Pluto,jl & D 2 ') ¥/ — X (JuliaCon)

Pluto.jl DS BHEH & ORGED L 2 F + — Bl

JuliaCon 2020 | Interactive notebooks ~ Pluto.jl | Fons van ... Julia for HPC webinar - Fons van der Plas - Pluto.jl - Reprod...

81/ 87
e julia-vscode/julia-vscode
Julia in VS Code - What's New | David Anthoff, Sebastian P...
82/8




VS Code (2)

VS Code 1.80.0 15 VS Code DEEY —IHIL L THEGERTTE2 LS

using ImagelnTerminal
using TestImages
m = testimage("mandril_color")

using FilelO, Sixel, Plots

gr()

buf = I0Buffer()

show(buf, MIME("image/png"), plot(sin, size=(500, 300)))
buf I> load I> sixel_encode

using OpenCV
using ImageCore: normedview, colorview, RGB
using ImagelnTerminal

img_bgr = OpenCV.imread("sin png")

img_rgb = OpenCV.cvtColor(img_bgr, OpenCV.COLOR_BGR2RGB)

# Julia O T 21 > 2 5 L H3BHfR 57— I
jlimg = colorview(RGB, normedview(img_rgb))
XEYLATY FOBRLE, 2R O RS

W 5. 83 / 87

V'S Code (3)

o @testitem IC &K > TEHMICT R M ERITRIAE

o Bl A ETRARDES
o BB OF Ny FEFRNCERLZW

e JuliaTesting/ReTestitems.jl
o terasakisatoshi/Sacabambaspis.jl

84 /87




&

JuliaEFEDEA, REPLAD DT AVRTFLERBN U
ZZTBALENGD > TcZ EFVS IEWH B

Bofek D HEFIGHENH 2 LBVET
o BTADBBERZTILEEN

IAVRATFLANMBAPEENSEZ AT 2 =FAR—ATESNTWE Z &hb 1D
BES<OACHLTH S WMERAIDIDHICII TR HMEINIEENTT

86 / 87
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REZET A R/I\YTF

HFEYRRICHITBJulialiEaR Fa—hJ7IVEEE(2)
2023/07/10 &R

RBERDTE

. XUSHIZ(59)

. BOZFLDOER (109)

. EEREHERE (109)

. ZETARINYFOER07)

. EE:Julia DZET 14 RINYFEREZR(109)
. XEH(BTD)




XUHIC

EaOENEBR

o R(DEZR)DIERE
o RI&(HfA[H7?
o Julia DBV RT L
o BINER
o BINSX—% . BUHHY
o ZET 1 X/\YF(DER)DIEHE
o ZETARINYFEIE?
o XVWRMFERDLHEA




EEE—R

REFERIEHOT O TII—R%E LTFOURLTARULTWETD,
https://antimon?2.github.io/julia imi workshop2023 tutorial/1st examp
le type md.html

Fa1—tUPIL(1) T Pluto.jl ZEAED A&, EEEURL—>[Edit or Run]
iM% >—>T0n your computer |OFIEICHE > TFTDTRIRE CERITTCEFT,
EEFE ORI REMAREBTHRULTHYEIDT

CHIFA<LES LY,

BIXT LD




i Pl EXCIVAN@D julia> typeof(1)

TOTSIVTLBICHNT julia> typeof("3XX=F3%|")
String

o FDEFTIIVUN)

MR ICH D H =R julia> typeof([1.0, 2.0, 3.0])
+ED Vector{Float64} (alias for Array{Float64, 1})

(Julia DHEB)
typeof() B TZ
DEDENDH D

BE(IEN(2)
PUBRSBRIZ LT

o YNIETESAILTHL]

o YRETBAIZEHITDHI &
TIREVIRREIEME

o TOUSIUTEHRD
BOTENZEHITH_ET
ZDRADERIR L & IBfR




B[ (3)
CBICHRIYEHIZELT

o HF(EH) TED
o

Eifgl% Wikipediadk V5|
A, B, C ' f, 9, gof [FT&IJulia [CH1FDRIISHIIT)

B 3fanr(4)

293[C-

o [E(ATIIIUN)ERFA(ELEINILAIT)LEE
i$10)

o TDE(ATITIVM)MNTEDLSREEZRFDOD
NERT

o TOEICHUTTEDKDRIRIENTETDDNIZE
MRET D

_49_



Julia DRI T L(T)

Julia DRI F LDER---

o NIEIVRTL
(Nominative Type
System)

ZEICENARES |
NN SRR o
(Nominal Subtyping)

BTHRES TER®

ERR-SRERIDE]

RARES |
typeof () A%, <:/BE
F.isa BETH

Julia DBIVZRFL(2)

FII1EITITDNT -

o (BED)EARBFEE
2T

o supertype() B3

IRERIWSS5TEHY
2D

o subtypes() B
AnyZ!

2TORIMEARR

julia> Int <: Signed <: Integer <: Real <: Number <: Any

ey

true < [FIRERBEEF (EINELOIRERL

julia> 1 isa Number

true # "a isa T [& “typeof(a) <:

julia> supertype(Int)
Signed

julia> supertype(String)
AbstractString

julia> subtypes(AbstractString)
6-element Vector{Any}:
Core.Compiler.LazyString
LazyString

String

SubString

SubstitutionString

Test.GenericString

julia> length(subtypes(Any))
587

5

true




Julia DRI T L(3)

BESLOTITI1ED DT
BRZERICT DN
BIEBEEN IR (B
&)
(AnyZiRE UTe) BUfEE
DHZEMENY ) — &€
I\

Ef&(3HE EEEJuliaAf] LYBIA

julia> typeof(4294967296)

ARESEIDFEIT (1) Int64

LG

- » julia> typeof(9223372036854775808)
o MSETEH

Int8, Int16, Int32, Int128
Int64, Int128
Int 1% Int64 DTAUFR

AERUER julia> typeof(170141183460469231731687303715884105728)
UInt8, UInt16, UInt32, ]
UInt64, UInt128 BigInt
UInt [& UInt64 OIAU7
A

ZEREH(BigInt) julia> typeof(6x01)

e UFII

10ERERSFSAE. 16 UInt8
ERD(RE) RS
HEP AT S CRINEEMIC
RED julia> typeof(0x0123456789abcdef)

UInt64




julia> typeof(1.0) === typeof(8.) === typeof(-.0) === Float64

true £ HAHKRILIFKIE Float64

KRR BEDRE N (2)
julia> typeof(1e308) === typeof(0x193p-2) === Float64
RN R R true ox (16#K) p H) & (

Floaﬂ6’ Float32, julia> typeof(3.14f0)
Float64 e —— axxfyy” L=
BigFloat

T ZIVEHRRBERN julia> Float16(3.1416)

H>3 Float16(3.14)

julia> big(m) # BigFloat M
3.1415926535897932384626433832795028841971693993751058209749445
92307816406286198

julia> typeof(1//2)
Rational{Int64}

NRIVRBIDHEIT(3)

julia> -12//20
ZDMDEER -3//5 # RELE

o HIEH

o O//A
o ERY

o O+ Aim

julia> 3//0@
1//0

julia> im

im

julia> typeof (1 + 2im)
Complex{Int64}

julia> typeof (0.0 + 1.0im)
ComplexF64 (alias for Complex{Float64})




RERIRBELDHE T (4)

XFREN TR

Julia Tld X=F8 &
XFHE (FR1
IO A—T—3
THEORED X FERY
(Char)

S INIA—7T—23UT
FEO DI FS R
(String)

AERNREDIEN(5)

ficyR

Julia TIX(ACE®D)E
DINFI RS TIER<(
R7T)EL5l

Julia MECHIIETIRITIZ
[ C%< ZR7chLs ©
OK
BEZRDRERTEISEN
T A—H (k) CFKIA

julia>

Char

julia>

String

julia> typeof("""
BRITICHT-5XF3
Zhit String E

")

julia> typeof([1.08, 2.0, 3.0])
Vector{Float64} (alias for Array{Float64, 1})

J A R TIEGELRY R 1 RITHECSI

julia> typeof ([
12
34
1) 175 2R ITERF
Matrix{Int64} (alias for Array{Int64, 2})

julia> typeof([1;2;;3;4;;;5;6;;7;8])
Array{Int64, 3} 2x2x2 MD3RITEF




RFAVREIDIBN(6)
HE-EAT

o FERB(Dict):F+—&(E
DIYVEDT TEHET S
Loo3az
£A8(Set) EEZEHT
RUVMEDOL O3
[ ZIEENE =<5 C Sy i
#Bbh DY T IV - ZRITES
TIVERRFILT a2
a3 B =S

KRRV BIDEBN(7)
S TIVE - BRIt S5 TIVE

o ATILE(Tuple): (AU
B (FRRSRV)IEDF
ZAfFSS IV
(NamedTuple): 27U
DEBICHFI(F—) DMk
FVWTWBED (EFFEICE
{20
NS BMEOREEHR
EUTHREFI 2DV

julia> Dict("Alice"=>1, "Bob"=>2, "Carol"=>3)

Dict{String, Int64} with 3 entries:
"Carol" => 3
"Alice" => 1

"Bob" => 2 faR (FIEARE

julia> Set([3, 1, 4, 1, 5, 9, 2, 6, 5, 3])
Set{Int64} with 7 elements:

5 # BERIEIHRSNL

4
6
2
9
8
1

julia> typeof((1, 'b', "="))

Tuple{Int64, Char, String}

julia> typeof((a=1, b='b',
NamedTuple{(:a, :b, :c),

c="="))

Tuple{Int64, Char,

String}}




?}27/7___)3 y e x::Int = sin(m)
xiT EWSERT B7

JT—23Y =ftiFsn z

® s
EERPRAROEIN e
BRI (ZEHD)BEDIERE .
(g{‘@[%,ﬁﬁa'étl end
f}“*) ERROR: TypeError: in typeassert, expected Int64, got a value of type Float64
1&)\5%@6527‘8:&0)1%/5 Stacktrace:

& RS (ERHEOAL) ) soptenel e

BizeT>5—) '

*BIED R TII7RL |

(BE)

= (sin(m)::Int) Chbl

Chaiii 3t




%g/a\gg(’l) julia> struct SSample
(8E1K) X

struct (%) ~ end Y

T 8BS =EZRThe
BEARELUTERINE
BN &% ERE SR julia> ssample = SSample(1, 2)
KEARNRBILISADIFE ssample(1, 2)

AEDBRIFESR

(EIHER  ERAE, B .

BRI E LA ZRISY julia> typeof(ssample)

FIBERFESH) SSample

end

julia> struct SISample
%’E_/a\ﬂ'_j(Z) x::Int
(T14—ILRDEBEE) y::Int
. WEEOT—ILRICIE e
BHfEE TS (B /
T—3Y)
XBT ) T—23avhMtn
TULWRWITA—ILRIFE
% =Any SEIU &b julia> typeof(sisample.x)
4B Int64
o fEBHMNEOTULT
WBEXIEZEDTA—IUR julia> SISample(2.0, 3.14)
[CIFBY 7 ) F—a (T ERROR: InexactError: Int64(3.14)

[Tib$5<§¥%5ﬁ§ﬁ) : (LLTHER

julia> sisample = SISample(1, 2)
SISample(1, 2)




Jp struct MyDecimal <: Real
EaR(3)

o value: :BigInt
(BEABDIEE)

point::Int
HERKICEALZIERE end # EE/NS
(ZORDREREVNDE
SN TES
KEABDIEENRVE
E&E. <: Any(AnyE!
DORERDER) ERUR
R (GHHBRS) MyDecimal(1, @) isa Integer

MyDecimal(1, ©) isa Number

abstract type AbstractFPoint end

}E%i}'ﬁ](’l) struct FPoint2D <: AbstractFPoint
x::Float64

abstract type (B%) y::Float64

end T HEH EEHT end

=3

SR I DIME R0 struct FPoint3D <: AbstractFPoint
/ﬁ\gg’_z_._—;@gzrgﬂl:—cgé x::Float64
(:@g@%b\{f’;né) y::Float64

z::Float64

end

FPoint2D(1.0, 2.8) isa AbstractFPoint

julia> FPoint3D(3, m, 99.9) isa AbstractFPoint

true




BNSX—4(T)

RIEREFIC {T} DLSIC
BINSA—H ZIEETE
)
BINS A= DEL &

o TJ14—ILRDOEUEE
HEERI/INTA—
5(7357) (GHlE
)

RIFR9(T)

BINSAX—FiaERC {T
<:Real} D&LSICZED
BCHFZERITDEN
TE5 (BUI%)
FRICEDRVERINEDS
ETIT5—ITRD

julia> struct TWrapperSample{T}
value::T

end

julia> intwrapper = TWrapperSample(1)
TWrapperSample{Int64}(1)

julia> typeof(intwrapper)
TWrapperSample{Int64}

julia> typeof(TWrapperSample("3Z=F31"))
TWrapperSample{String}

abstract type AbstractPoint{T <: Real} end

struct Point2D{T} <: AbstractPoint{T}
x::T
y::T

end

Point2D(1.8, 3.2) isa AbstractPoint{Float64}

julia> Point2D(1 + @im, @ + im)
ERROR: TypeError: in AbstractPoint, in T, expected
T<:Real, got Type{Complex{Int64}}




B2 [ZAEBESNTNS DD

ﬂ/f%){-@(Z) julia> abstract type AbstractPoint{T <: Real} end

+RIHHI(2)

julia> struct Point2D{T} <: AbstractPoint{T}
)} = x::T
[FIERICE<SRBDT, y::T
FTOBZTHEETFRELLD ! end

T4 —)VRDBEERFE LR
LD CRERERETDVATRE
ETRICITFEE T DD T

RILEM ICB’HD

R EHAahEDE

TH5ICBVVERETCT !




julia> add(x, y) = x +y
%%7—_4 X/\%y}t%-(]) add (generic function with 1 method)

%?ﬁ@%%@%ﬂ) julia> add(x, y, z) = x +y + z

add (generic function with 2 methods)

e Julia CIIERDE#HZ
’3@5{@@“? %EE% julia> add(x, y, z...) = add(x +vy, z...)
CS5) add (generic function with 3 methods)
B2 DEEDZ &2 X
VJwR IS julia> methods(add)
%@f{@)éb\t(; # 3 methods for generic function "add" from Main:
o BIBDELIDE (] ke, i)
5IEDEDEN 2] e, v, 2)
o FDMIEHE [3] add(x, y, z...)




julia> double(x) = 2x
%%7—_4 R/ \“\yaf_t IS:(Z) double (generic function with 1 method)

Fﬁ;&@%%i‘%(z) julia> double(s::AbstractString) = s * 2
e Julia ClXEIZDELZE
5|8 0DEVNTELEEERC
=3
17@%1$0);t€)< julia> double(x::Number, y::Number) = double(x) + double(y)
V) R EME S double (generic function with 4 methods)
BIEDEN &I
’3@5{@{%[@@“ julia> methods(double)
o BIBDEDEL e ar aeer
ZTOHEAEDE

double (generic function with 2 methods)

julia> double(x, y) = string(double(x), double(y))

double (generic function with 3 methods)

julia> double("3XF3")

ZET A AINVFEIE(I) ‘yﬂw?ﬁ” /

T A RINYF julia> double(1, 2)

o ZEFRINIEHI. 6
U LB OEE 50 o »
%ébﬁ?i@t}]@:xy\yl\‘ julia> dOl'Jble‘("IGG, A")
MERINTET (=741 "320MMm"
AINYF)END




ZHZEEHREE? (1)
HEBRFIZ LT

o WF(EH)TSD
E(C AN

EfglE WikipediakY5|H (FBi5)
A, B, C iR f, g, gof [EM&FI(Julia ICH(F S RIELISHIIR)

THTHEEHEE?(2)

DU BIZ LT

B CTERAIETRI
YRR = LS BIRITE
A IEEHT D& TE
TNBERPEOSNDER
NEDD
Julia:TEAEUIICEEI NS
FRUIICK > TEDEEFDE
EROESNDERNZEDD
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ZET 1 RXI\YFEE(4)

BELGERELT-

o BAHMODEZRIZEEITD_ET. ZOEMICIEFRIZS5X 5,
o YIEFICH\WTTITZWELWEUFEORTETSEDIFIPTZLDRIR
BHERITICEITTEVWVEVEY
TOREMZRL (DA EDENEE) DEVNTEZEER (X
YYRZER)ITD_ET HEDINRICETSRIKREED
BREZ5ZA2(FEETD),

o REIUATEMEALIDETIANRN - BBR - FERNZE D C & ITELL

JulialCHIFd%ET 1R
10y FDOFAAI(T)

5IEOEHKIC K BEED T

BIURSELC. 515D EER
[CL>TERENITS
fl:log () Ea%x
fll:atan() E%L

julia> log(20) # BEZAXE
2.995732273553991

julia> log(5, 208) # [EZ5&7 Hxt#k
1.8613531161467862

julia> atan(0.3) # tan(8) == 0.3 &£#%3
0.2914567944778671

julia> atan(1, 3) # tan(®) == 1/3
0.3217505543966422

8




JulialcPFdZET1 X julia> 1 * 2 # BELES LD "+ FBEHIIERE
INYFDOFIARBI(2) 2

EEFA—/N\—0O—R julia> 3.0 * n # FE/NHAREEERD ¢ REEREHIMAK

° @Ufﬂ%?—f“%ﬁiﬂ(%ﬁiﬁ 9.42477796076938
BHT) DRI TEE(FERD
B/ (SEVNTED
mwmm\@u HET

BIERLTRSEE
XFIETB5FEE
HIERLTTE, BLD
EWICL->TEYRS
L3R

julia> "Hello, " * "Julia!"
"Hello, Julia!"

JulialCHI1F2%ET 1« 2/ FOFIARFI(I3)

DD

e HolykL1hk
o RHEBBICLDZIERNITEFALT. BRAVETOLREDEH(IRDE
VWDERER) ZHBILISTovo
o ZIVIIVXLDDEE-EY1—IUE
o VY—rPITUXLDESRE
o BHUET 1 R/INYF
o MNJE—T1XL




PrE:double ORI (1)

Stepl: BEH

e MyType EVWSRI(ES
WZEEHRITD
o J4—JURI& value
127
T14—)URDBRYFEY
INSGA—=H T
o XINICEAUTIFEZAZ
TRUTHETFET~>

julia> struct MyType{T}
value::T

end

julia> MyType(1)
MyType{Int64}(1)




julia> struct MyType{T}

EB%dOUb[e()Bgé&(Z) value::T

end
Step2: BHDZEEZ(1)

o SEIFEHIRLE
double() BE%iZ.
MyType BHNRZ D LS
[CZETEERT D
EAEGIE (e
MyType{T} 1D27E1F%
ZTERBXAVYRDESR:

JT4—JUR value

(C double() BE#R
ZEAULRERES
,\%W‘g“% Mytype %

WY

julia> MyType(1)
MyType{Int64}(1)
julia> double(mytype::MyType) = ... # _CZ@EY)IcsEE

double (generic function with 5 methods)

julia> double(MyType(1))
MyType{Int64}(2)

julia> double(MyType("ABC"))
MyType{String}("ABCABC")

julia> double(x::MyType, y::MyType) = ...

double (generic function with 6 methods)

PrE:double ()Ea#(3)

julia> double(x::MyType, y) = ... CCEEYIcEE

double (generic function with 7 methods)

Step3: FHNZEERE(2)

e double() BE#%.
MyType BIHHRZ B KIS
LEEHRI Do
Bl %E2D(—AN
MyType) ZZ(FES X
VYYRDER(HZESD):

julia> double(x, y::MyType) = ... CCEEYIcEE

double (generic function with 8 methods)

julia> double(2, MyType(m))
MyType{Float64}(16.283185307179586)

o $ERIE MyType. 7z
ZU
MyType{MyType{
it} DESIBRANF
[CRSRNKSITE

=
=

julia> double(MyType(35), “v")
MyType{String}("70vv")

julia> double(MyType("ABC"), MyType("“XYZ"))

MyType{String}("ABCABCXYZXYZ")




Hrdouble ()BEE(4)

Extra Step (BEH R AR)

o double() E%%. fthaHd
[CEBERALELD
o P XFRI=>FE&
LTIRS
F:aLova =%
Ex(Cdouble() %#E
BurdLoo32IC
CIR)
o =B THKRESE
ATEEULTHELD
o RIS X—HMDFIA
BN SA—=HDELT
WIBZNTD.RE

julia> double(x::Char) = ... CoEBYICRE

double (generic function with ? methods)

julia> double(x::Tuple) = ... CoEEYIcRE

double (generic function with ? methods)

julia> double(x::Array) = ... CoEBEYIcRE

double (generic function with ? methods)

julia> double((1, 'b’, [1.0, 2.0, 3.8]))
(2, “bb”, [2.0, 4.0, 6.0])

julia> double(x::MuType{T}) where {T <: Tuple} = ...

double (generic function with ? methods)

julia> double(Mytype((1, 'b*, “=")))

> MyType((1, 'b*, “=", 1, 'b’, “=")) # —fl

CCEBYICRE




maD B EHR(BE)

v BI(DEXR) DIREE
Rl & (FmThH ?
Julia DB R T A
BOER
RINSX—4 BUHIH
v ZET 4 AINVYF(DOER) DIERR
ZEBTARIVYFEIE?
Xy R DEIRDHEH

HENIETUL




Zl/\y I\“\‘ /§U@¢ %

HFEYRRICHTBJulialiEaR Fa—hJ7IVEEE(3)
2023/07/10 &R

RBEEDTE

. XUSHIZ(59)

. ALY RS & (FAH(T1057)

JulialCEB TR RAFIOEAR(1057)

. EHI(T109)

. EEFAHEIC KB IN T A=Y REE(10D)

. OER




XUHIC

EaOENEBR

o AL RIFHI(DEAR) DIBRF
o WFAIE & (FaTh
o ALwWRDEARMLHEE
o ALWRDF = EHIR
o (RLYRDZATHADI)
o JulialZkB XL Rili5I|(DIRAZE
o FKPRDEFIZER
o HRIEAPI
o AbvYRtE—J(&FvRkOvY)




EEE—R

REFERIEHOT O TII—R%E LTFOURLTARULTWETD,
https://antimon?2.github.io/julia imi workshop2023 tutorial/1st examp
le nthreads.html

Fa1—tUPIL(1) T Pluto.jl ZEAED A&, EEEURL—>[Edit or Run]
iM% >—>T0n your computer |OFIEICHE > TFTDTRIRE CERITTCEFT,
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o ifTEtE (Concurrent Computing):
B EERRICETIDE

o i%EtE (Parallel Computing):
ML S NI RNIE =758 T D&
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julia> Threads.nthreads()
6

julia> fib(n) = n <1 2?2 n : fib(n - 2) + fib(n - 1)

fib (generic function with 1 method)

julia> @time fib(40)
0.510351 seconds
102334155

julia> @time for _=1:4 fib(40) end
2.073198 seconds (8.14 k allocations: 600.650 KiB, 1.68% compilation time)

julia> @time Threads.@threads for _=1:4 fib(40) end
0.783171 seconds (34.33 k allocations: 2.571 MiB, 19.96% compilation time)
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ﬁEEu [CERLYR(RIVFRLYR)EWSHREIZH D

—EREED ALY RIE. GIL(Global Interpreter Lock) &L\ S#4&(IC LY
WHEMENFIRINTLD
Julia ICIZZDFHIRNRWVTEDZ LY RillF1 1)
MEETIAFNNIETZRSVILF TOER I EVUTIRE-RIESNTLDER
'C“jE)\yJulia BREZALYREHITHEICED (BULAEFESDANFIERVUEREN)E
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T SITBERHIN DRERMEARAYREE (RN R I NIERIET D THRATHENTZE W) -

—RREYR 2 LY RDIRRE(RT7—2) .11, #Fi3R (New) 1T 2. EITH]AE
(Runnable) 3. E17#(Running) 1T4. J0v2(Blocked) IT5. #&7T
(Terminated) |

BLARIVTRALYRZIRS BHEBDHBDRIETIE. CNSDIRRE(RT—D) Z @t
[CIEE-BEITDI2UNENH D

Julia TlIEHFWESEZDNE(IL7RL)

WME(ZRDTzEFIC Julia "ABERTALYRZIISE EIF (1. New])Y RO %
F5ET(M2. Runnablell3. Runningl) BEEEME(T4. Blocked])U
BRMSFTRAIONME T UIG# T (I5. Terminate]) LT<N3
DTZDRERT—INIE FERELTESEETIC
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> julia -t 4

RIEBRDERIZE R

Julia EFBFICERKRALY

R ZEIEET D

e julia-t4
(fEBUERE)

e julia -t auto
FIRTEBCPUO7H
REELR)

° %ﬁﬁ@[&%%i%ﬂ

> julia -t auto

> env JULIA_NUM_THREADS=XXX julia

Be

Pluto MiZ&7 I#)UE
CTIHIATE2RA-2]
HEREIND o

julia> Threads.nthreads()
6

%%@API (1 ) iu11a> Threads.nthreads()

@thl’eads julia> fib(n) = n <1 2 n : fib(n - 2) + fib(n - 1)

fib (generic function with 1 method)
o XL wRIEFIDER R
WIS julia> @time fib(48)
o for -~ end €FEﬁ$ 0.510351 seconds
[CNIVFR LY RET 102334155
::\__5 N julia> @time for _=1:4
$E§Tli%yl_)b fib(40)
P W = e end
j I‘/j’r ng{q-g T 2.873198 seconds (8.14 k allocations: 660.650 KiB, 1.68% compilation time)
Threads.@threads
t b\i%ga%*uﬁﬁ (L}L julia> @time Threads.@threads for _=1:4
= fib(40)
TRER) »

0.783171 seconds (34.33 k allocations: 2.571 MiB, 19.96% compilation time)




julia> Threads.nthreads()

BIEAPI(2) :

julia> @time Threads.@threads for _=1:4
fib(40)

o ALYROEE

(ZOMERL I H LR 0.783171 seconds (34.33 k allocations: 2.571 MiB, 19.96% compilation time)
MEBNT DT TIFARL, FHif
2E)
BE<RETDDIRY
EULTEES, (7B 0.715108 seconds (2.01 k allocations: 135.894 KiB, 8.50% compilation time)
TW3) ALyt

B9

@sync ¥20OTCH

HZRawmEHY

@spawn

julia> @time @sync for _=1:4
Threads.@spawn fib(40)

julia> let
hist = zeros(Int, Threads.nthreads())
@time Threads.@threads for _=1:(18000*Threads.nthreads())
fib(15) B DA f 2 4

%%EAPI (3 ) hist[Threads.threadid()] += 1

end

hist
@threads v.s. @spawn (1) end

0.134166 seconds (22.88 k allocations: 1.588 MiB, 169.92% compilation time)

o x%@ﬁ{\ﬁb\b\(*ﬁgb{ 00, 1 00 0000 000, 1 0]
FEROTUB)TR e
ggﬂ\ﬁgumigbtb\ hist = zeros(Int, Threads.nthreads())

@time @sync for _=1:(16000*Threads.nthreads())

i%/El\'Et @th reads Threads.@spawn begin
OHDEH 2 G

hist[Threads.threadid()] += 1
end
end
hist
end
0.301360 seconds (569.85 k allocations: 35.267 MiB, 102.04% compilation time)
1 ) 11490, i , 1




julia> let
hist = zeros(Int, Threads.nthreads())
@time Threads.@threads for _=1:(256*Threads.nthreads())
fib(rand(25:35)) BEHLTH > BTN
%%@API (4) hist[Threads.threadid()] += 1
end
hist

@threads v.s. @spawn (2) end

4.370164 seconds (34.68 k allocations: 2.347 MiB, 6.02% compilation time)

o JRUDBNZEZET
RETHR HENN o
5/\“50)1}?—]6\[3:\ hist = zeros(Int, Threads.nthreads())
@Spawna)jj_h‘\‘él\o @time @sync for _=1:(250*Threads.nthreads())
=

Threads.@spawn begin

77}_7y1t@5: fib(rand(25:35)) # ®EHTHI
hist[Threads.threadid()] += 1
EEHD

end
(BfEr2HED) end
hist
end

4.310160 seconds (19.18 k allocations: 1.329 MiB, 1.33% compilation time)
245, 244, 224. 283, ¢ e

BiEAPI(5)

T

e Channel(spawn=true) do ~ end
RHEDWERFESY FUTHRLYRTUETES
o WHENEFEULNTES

(Gt7Channelld¥ R IB TIEZZ(HEUULRNRSIHEEIET 27z DED)

Threads.foreach()
Base.foreach() ®VILFRL YRR
IR (B3E) &1 T L —% (ChannelT3y FLizEM) &= (FEY Y ILF R Ly R TAULIE
BENEICEH

XKINSDFMITEIZE




function my_matmul(A::AbstractMatrix, B::AbstractMatrix)
T = promote_type(eltype(A), eltype(B))

%@J(‘I) C = Matrix{T}(undef, (size(A, 1), size(B, 2)))

Threads.@threads for x = axes(B, 2)

@threads OfFI(1) Threads.@threads for y = axes(A, 1)
Cly, x] = @view(Aly, :1)' * @view(B[:, x])

o EHIDRABIUFY »
DR ICABDEESE .
=L CIEESHINT

end

5/(’9—)(:@/\0 my_matmul (generic function with 1 method)
H—h%\N)
@threads lgln julia> let A=[1 2; 3 4; 56; 7 8], B=[12 3; 45 6]

C = my_matmul(A, B)

FIZTEBJulia oassert C - A % B
v1.8 L;ugé) @show C;

end
C =1[9 12 15; 19 26 33; 29 48 51; 39 54 69]




=B1(2)

@threads MDfI(2)

o HIATARTIRUIEYT
ITIVDRIFI—D
(KIeHEEIC Ax B
ZEtEURZANRXED
FRESDEVURT
MRV (BH<ETS
Z))

S=B1(3)

@spawn Dl

o 1Z¥MD map RA¥%E
SIVFRLYRIELT
M=
fetch() (X, [EH#=
B> THERDIEZE
199 2%

julia> function my_matmul_st(A::AbstractMatrix, B::AbstractMatrix)
T = promote_type(eltype(A), eltype(B))
C = Matrix{T}(undef, (size(A, 1), size(B, 2)))
for x = axes(B, 2)
for y = axes(A, 1)
Cly, x] = @view(Aly, :])' * @view(B[:, x])
end
end
c
end SUTIVA L

my_matmul_st (generic function with 1 method)
julia> using BenchmarkTools

julia> @btime my_matmul_st(A, B) setup=(A=rand(100, 100); B=rand(100, 160));
374.714 ps (2 allocations: 78.17 KiB)

julia> @btime my_matmul(A, B) setup=(A=rand(160, 100); B=rand(100, 100));
329.578 ps (3239 allocations: 419.11 KiB)

julia>
@btime (A * B) setup=(A=rand(160, 100); B=rand(1006, 100));
48.012 ps (2 allocations: 78.17 KiB)

julia> function threaded_map(fn, array::AbstractArray)
tasks = [Threads.@spawn(fn(v)) for v in array]
[fetch(task) for task in tasks]
end

threaded_map (generic function with 1 method)

julia> threaded_map(fib, 15:40) == map(fib, 15:40)

true

julia> using BenchmarkTools

julia> @btime map(fib, 15:40)
1.419 s (1 allocation: 272 bytes)

julia> @btime threaded_map(fib, 15:40);
652.908 ms (167 allocations: 13.77 KiB)




julia> mutable struct UnsafeCounter

count::Int
= UnsafeCounter() = new(9)
=(1)

SN
T
/8 BN

ZLyRE—2(12201T(1) julia> begin

counter1 = UnsafeCounter()

o BATEVILFALY N e o
RAEL CTHATREY (CED end
1’E6_5*)[j'_(“[3:78:b\ » counterl.count
Pl:EUERE (AT
:/“17 F)@W‘gé% begin
%ﬁa_%)i%éi\@t\\ counter2 = UnsafeCounter()

Threads.@threads for n=1:1000

:>X|/\y I\“T\Jt_j counter2.count += 1

end

end

counter2.count

end

mutable struct AtomicCounter

Threads.@atomic count::Int

AtomicCi t = 0
:£%<2) omicCounter () new(0)
/. 1SN end

ZLYRE—TI2D1T(2) peain

counter3 = AtomicCounter()

o EMISII—IEIC T ends satante coumtors coune += 1
@atomic =75 end
%@j ’f _)l/ l\ 5%%? » counter3.count
95ETE
@atomic Zft13 oo beatn

= X [/\y '\“-E_j (: 7-d: counter4 = AtomicCounter()

for n=1:1000 /)L 7 y t read

5 Threads.@atomic counter4.count += 1

end

counter4.count
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HRE:N-QueenfI&(1)

N-QueenfErE] & (& ?

e 8-Queen BREEIE.
8X8DVYRABH(=FIX
B)IC8EDIA—%E B
WICKHZELEDRWEKD
[CECE T D/ \F—hMa
BYHDH, ELVD /NI
fElRd
Nz NXN DY XBIC
NEECET 5. &—RIEL

7=zDH N-Queen 8
8-Queen [ERADEE (—11)

function nQueen(n::Int)

3:3\%: N‘Queeﬂﬁ:ﬁi( 2) counter = AtomicCounter ()

for y=1:n
N-Queenf‘;ﬁ%’é%§< (-] ) Threads.@atomic counter.count += nQueen_sub(n, 1, [y])

end

o Julia OI—RHIETT
o ZO1(GE):
X’f)‘uiK&'-D\JIU@U%EZB function nQueen_sub(n::Int, k::Int, params::Vector{Int})
k == n && return 1
board = create_board(n, params)
counter = AtomicCounter()
for y=1:n
if issafe(board, y, k + 1)
Threads.@atomic counter.count += nQueen_sub(n, k+1, [params; y])
end
end

counter.count




HE:N-QueenfFE(3)

N-QueenfEREZE L (2)

Julia OI—RHERT
TD2(18¥):
BmEAa3d BitMatrix
ZHERN T DR E . T DR
HICEEMEICOVEE
WTZRENEHIET DR
54

PRE:N-QueenfiiE(4)

N-QueenfEREZ fE< (3)

Julia DO—RHIZETRT
ZD3:
E1THI(N=8~12FT)
KEHURRIERER NS
71 & (0% - R#x CR—1]
TEYEERICHIZE)T
&Y BAE ([0 RER T
FA—] T2 a1 D&
ADAE)TIFRNCEICE

.
=]

=R

function create_board(n, params)
board = falses(n, n)
for (x, y) in pairs(params)
board[y, x] = true

end

board

end

function issafe(board::BitMatrix, y, x)
h, = size(board)
any(board[y, :]) && return false
any(board[:, x]) && return false
min(y, x)-1
any(board[y+i, x+i] for i=1:min(h-y, w-x))
any(board[y-i, x+i] for i n(y-1, w-x)

_1)

w
(
(

any(board[y-i, x-i] for i
(
(
(

mi ) )
any(board[y+i, x-i] for min(h-y, x )

true

julia> using BenchmarkTools

julia> @btime nQueen(8)
3.699 ms (75032 allocations: 2.95 MiB)
92

julia> @btime nQueen(9)
16.535 ms (326209 allocations: 13.11 MiB)
352

julia> @btime nQueen(10)
82.212 ms (1483298 allocations: 66.40 MiB)
724

julia> @btime nQueen(11)
436.700 ms (7371379 allocations: 3083.26 MiB)
2680

julia> @btime nQueen(12)
2.611 s (39709620 allocations: 1.61 GiB)
14200

&& return false

&& return false
&& return false
&& return false




function nQueenMT(n::Int)

3—3\% N *Q u e e N ﬁ:ﬁ%( 5 ) counter = AtomicCounter()

for y=1:n
Threads.@atomic counter.count += nQueen_subMT(n, 1, [y])

N-QueenfBEDEFIE(T)

counter.count
° E\—U—&#_ngj_'\“ end
(nQueen() B¥.
nQueen_sub() B ( ( )
“ unction nQueen_subMT(n::Int, k::Int, params::Vector{Int
EILFALYRIL(R et e i
Ly '\jﬁgu,ﬂj) LJT&’?‘J: board = create_board(n, params)
=0 counter = AtomicCounter()
2! e for y=1:n
K)'\%EEK?’:API if issafe(board, y, k + 1)
Threads.@atomic counter.count += nQueen_sub(n, k+1, [params; y])
(@threads. @spawn ‘
2 &E) ZEZIFOK

end

counter.count

julia> using BenchmarkTools

. julia> @btime nQueenMT(8)
3:3\%- N_Queenﬁjﬁ%(6> ?.2?2 ms (????? allocations: ?.?? MiB)

92

N-QueenfBZEMDiEFIE(2)

julia> @btime nQueenMT(9)

o H1T(N=8~12F%T)L

THCT.NTA—TIRA

EUTVWBNFEERL K

S !

(72W\W 72V 1/2~1/3<5

W DAIEBEFE(IC 72 515 9) 724

KO FELWINETETLR

L\tﬁ[/fjj_vyxﬂi julia> @btime nQueenMT(11)

—F(ZN‘IO{EU)QEEE§F53)[: ?2?22.7?7 ms (7’)77’)’)’) allocations: ?7??7.?2? MlB)

g%ﬁ:t%ﬂﬁt)iﬁ OF 2680

o s

julia> @btime nQueenMT(12)

14200
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Tips: BEHEO OIS LEEEGET Julia EEELWCE

n VAR R S DIEERVEBERAE DTS (DR L) F& - PILTUZAFESEASHZL, B
BEUL>ND U, BBRREDONZL. UHLZEDE,
HIEERVELIEENS, HHICRVELEE ~ (FFELVVEEED
<— ¥R rERXNDBRZERDD
FAISIEEEENEE. ST U, Julia (C(E “NLsolve” package WD, & TEEIND--

n RGBT 00 S ATIREL —RAEROBEZRDD S —2HL0\DIC, BEOI>E1—4
SEBICEZDIVOESATSUIMEERF TR, SATSURRLT, BMEE<Y=17ILCH
NT, BWAZEZL T EfEIE !
= Julia /2& “LinearAlgebra” package WEERBRDT, & THE.

Bl 175 A ERT N 2,b (CHUT Az = b ZfENT @ ZRDIEWVES, x = A \ b £ELL
[FTRWL

n BICE L DRIFFMRDS A TSUNEFETD | TDDX, dump ANV RZESELIES &, S
JSUDtERRZEHHICHE TSN I 3.
= SAITSUDY—-RZHmFRTE, AERERREEIMDENTES.
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m Cahn-Hilliard STEXRHORE HHIBERRREDETILAER) OEBIBEFETZ LIzL)

n CNSOREICIFERRT, ITR/ILT—BIEREDOKIBHREENGDD. TEZTE
Cahn-Hilliard ([CHE 5T C S UIZRIEEZ ).

n CNSZRF I DEUEFTE BISRFEUERRL structure-preserving method DIAFEIEENRD(C
RS THERELTLD (fl: SciCADE EWWSEBRARES TIECOATOLEY S 3 2HANDEDLD).

m structure-preserving method (FEUBFFMEN TS Z ENZLL).

m ODE I2&E/\ZS)IL R +a TEXDZENLZLWN, PDE IEEENEEENULTEX D ENS
L\ (PDE OENIFRERZE D EREENEIRE EFRU TOTEARSR).

n CNSOFEFEARN (CHfEZRIRD & Ul [EHHRIE TERR 11D operator] ZEEEIMIICERL T
TO—EUZERIDIHE HIBREFENCEE. EREUHEERXZHT, TITHHIEN,
EETEFERIEFEERELTEE.

n _FOAAEZNRDICHRELTETVDIDT, TAEARANSGESTIDAOEER L

3/19

Cahn—Hilliard 5 #1%€ (1)

HADBHRROETILARERD—DOT, = (x,t) [CHBVTRED A 48,B HHOWTNITIEWHVER YR
£ u(z,t) [CHUUTDLDIR PDE TERHRENDIED (< DHE, A#BREE w = 0, BiERERE
u=1REETB).
ou
at
20, A Gz [CEAT2STS537>, 0 < e K 1, P(u) (3 AR, BIEREZEICED_EHF
FIRAHR, IRFRERF(SERBRES.

ZhEE, (BYRMEREHFDEET) RD 2 DORBHIMEENSD.

= A {—eAu + %P(u)} for t € [0,00),xz € Q (1)

BERTFE 4
o7 uder =0 (2)
IRILE—APE
% /G(u, Vu)de <0 (3)
12U, G BIRILF—BSEMINS TR,
G(u,Vu) = % |Vul? + P(u) 4)
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Cahn—Hilliard 512X #1ZE (2)

EL[EIFRILF—RDEFEET, MOFEEZIRATIHFNRF—TEHD. TOHENEDEE
T (FBRETLA T DED.
TRILF—BEH G (CHLT, TOEHEREEHN
6G(u, Vu) d
~ou —eAu + @P(u) (5)
EBHTESZDT, TNZEMALT Cahn-Hilliard SR (E FROFICESTMZ S5ND (SORRNDRA
>N
ou G
9 = AE (6)
FO TIRILF =DM
d 0G Ou
il Y R BRIE*
e /G(u, Vu)dx S Bt de + RFRIA
6G , 6G 6G ||
= [[ZELEE = — 9= BRIF*
JuAéu dz /Hvéu de +RFRIE* <0 (7)
x : MESNTVBEREZMF(CELOT 0 £123.
i BEZESSREMEECONR—SEALBBIET S

5/19

Cahn—Hilliard AERDBEEDOIIEREE

PDE (CX T 2EBOME, FRSEENMERS.

m method of line(Zf A%z % (CEEUL U CGEZ ODE TIEL, ODE #EfRETEEL).
A EOBEYLIR At Z/NE<INE—THMEX DN, BEFFHE, TRILF—BIMEEFEEHED
BN, TOEVWTYIEN(CH TEN UIRBIERRIC/RDHSE (L (CRIFMRR S BIES).

n BEREFHRIERFEE UTOBBEDERMEE (E9%, BREREZFNIVNIED. BEXF—L1A
EHD).
REMREEGEZ D LHEDOARGIEIESN. BEANICESBEALEB U, BUBRORF IR (C
BENUNWEWDSTEEHFEDEL, BERO—BEFEEEPEEENIATE S —REHD. 2
U, < DBEHIERF— LNERISEICIER (GRANDEUBAR(CH U CGESHRE AR ZHENT
BiEfEz kDD ENDSHDZ L) T, HEERFKED.
WA+ — L7z HET T D% (ZRIL) BN, MBEOIHFENLSIEROIIRTRVNEER
BRWC &, 4 RZEHWR D ESENRAZTENENR 12D LR EDHIBRNEGSD.

[ZHRBEREDR(CED] EVWDHFERCOVTIE, BELTVD EFEITSVEL).

6/19
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Cahn—Hilliard A#R® order reduction: HIR

FUIREBRRZ IS DTZHDTTED—DIZ, order reduction (RREZE K DRRTORRECE ST THEL)
n&3.

m Alikakos 51' € — 0 D& E COBFUCERZDOHDIRFREDZFEEN N Hele-Shaw iR (tRISIRFRE
DEBRE) OFRCUET DT & &3EA 1.

m order reduction & UTI(E EDERFEFHICIXZFEFHE (REDRITHAXFED 1 T FHD).

m 272U, Hele-Shaw BIREDIUBEAEAT(EET. © LS [Hele-Shaw BIREDEUBEREEE LT
Cahn-Hilliard X ZME < 5E] MERSNDIRE.

1 N. D. Alikakos, P. W. Bates and X. Chen, Convergence of the Cahn-Hilliard equation to the Hele-Shaw model,
Arch. Rat. Mech. Anal. 128 (1994), 165-205.

tetradecane
syringe pump
tube

CTAB+NaSal

Hele-Shaw cell

Hele-Shawflow (DEERIETR] & SEEREIR (K. Yoshii and Y.Sumino, arXiv 1904.10673, 2019. & 0D3IF) /18

Cahn—Hilliard 5D order reduction Z{EB(C[E (method 1)

HR - VA7 1 7DRY— MMl

m WP EIZENR—X(C, AFERNR particle dynamics model SERZIED. DFED, RitsaTD
u(z,t) NFEEETDEVNSHEETIFRLS, (FEXR) u X 1 BRNFHABETD, EVLDRIEIC
ESH]RD.

n COEESHRRINRETMEFREDITTUTD2D.

[ u DENKEZN <= HFHNTBITEELTND] EVLWSEFREZ ESPO>TERILT DM
B8 u(z, t) [CHITDSTSST7> A REDMDERERZ, MTFOMBRBRICE D TRETDINREIC
ESPOTHFRUEBETH

n RELED2DOMEEE, HFOMUBEZER, ElmE URZERPE] 726 & (CUIzRERmMSD = A

WD Z ETIABE U THRRAIEE = Voronoi &I (RAS A R) iR EMNRFRA.

8/19
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ROJ A REEF: —EHDRVZERDE-

s FEDREFED EEEVRO/ AEHCEFTND LTS, DFD. B o (CLD/RO/ 58l
Q; ZUTDOXSICEERT D.

def o 0
2 X {a| ||z — @]l < [lo — a5]) for any j # i}

- B, ERT = ZRECORESEITRO/ (5
293

RO A8 = RO 1 EEDTER

Q& Q; PREELTOBEE

{ Tij d:cf !ﬂiﬁﬂj},

def
= o — =]l

> BrN5 Voronoi NENEDHEFD movie
> Voronoi DEIZFORBUECH SHAD OBEEUL

9/19

sFEAZAFEEYSCERBCHBYELEZAER

EFIILABERDEBEFUTDOLS(CRD.

d:l:,‘ 1 6G
&= () = Galnes

(Mgqg)ij is true

G _ 3 2q U; — U
sl = p(2u; — 1) + r(u; —1)° + 1] Z ( li; Tigs
¢ (Mgqg)ij is true
u; = m
’ €]

212U, xi(t) (& i-F particle DAIE, m (& particle DAE & (&), p, q, r (& Cahn-Hilliard 75 &R
DE. || (FER z; (CRDERSINIZRO 8% Q; DAESEST, 175 M., /RO 1 985D
BEERSRE FIZE UITBHERIMRITIN. niy, Lij, mij (FBHEL TLDIBEDHIFEOT, TNEMN particle ¢
& particle j BHEFRD (i MO HT) SMRISEACERNRD ML, particle BIDIERE, EIRRDOEETHD.

COETIVATER (FEFEN (C (BN B D EENREDREN, RIFOMBMNAIEI =D, fEiEDst
NTOTUEDED (BE — 0 ZFRRULELDELT) 35 & Voronoi BEINMARLE(CIRDIzE, R
DTE(CEZ S EDDIHIESHAREERS.

10/19
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HESTEREREDRRITS S L (method 1)

) SEncER5ASENLTOEDT, GHERTIEGS) SHERRETNED CERTS S,

lﬁ BEDODBW\WEZBICRTFITES SAEF DERDEIOREENZ 122D T, Ay 1HEO—E
[CIEDTTWLB.

& BEOE LD C R T (CHE T BEFINRLDT, 3K7T, 4RTTERER.
DN\ =R < 123 & Voronol HEIDMIBEBERREICR DS,
DN zp90> A HTOE S ETBRFAFELSBDT, COMAYE.

EWSDHIFT, BESIPUL ERBETIL] ZEZ 0.

11/19

Cahn—Hilliard 5D order reduction Z{EB(C[E (method 2)

HER - 7T 1 VDRY— it

m Cahn-Hilliard FERZEFHIRTFET order reduction IDDIFWNDIZALESDT: -
n BEBEDOEDBIRRICHITSD [HHIFRLBIZ (coarsning process) | DHZEBIRT DHRIMNIETILE
EZ23
n TOR, DR EEEERTFUZERT D (T2 ULRVEYEEN(CHVRDFRICRZ D)
HFRLBREZHRRIT D&

n 2R Dffk] RROKS0EE)
n ADHEIRE T (CE(CEERE (CIRTE LIEBI DB EERR B D 5
s MANZEHEEZDE, E<OMEEE [BEEX Tl hHE < EFILICETEMRK

AT, MBRLTOEEERICKDNONES
W7aEE U TE03 = FE L CTORHERFN
BODIIDLSCLIEL-

EVVSDITT,

12/19
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particledynamics model of Cahn—Hilliard 5% (1/2)

B u X1 THEEDN—TEDIK (particle) DAEBHDHZLIRT DETINLZEZXD.

m particle (HEFRBURNL, KETEEDSRAVL, BRSRRAL. CNICKD> TEEERFHZEER.
m particle FAt(E, BLDIERICHEUTEIEED (EDHZ I A

m /212U, particle NERSRVK D (CIFE (CIELMFE (FATERBRINRIV /R HMEN < .

m 722U, <D particle ZAIE(CEBMR TDHIFHFEDENIRL (FBFIBEERMFR)

CNFBIRIETFRDEDICLTETIVET S.
ZEM_ED particle ZZNTNEmE U TZERB%Z Voronoi 28U, Voronoi fRIEOBHERGENSIESNS
BT Mogq &9 5.
EFIISA—H p (EEH) (CHU, SHBETIE My ' (Maa)P U, M, CEoTHIELT
WD EH#TEND particle BITTOHFINEET D ETD.
n {EEMEDZSHEDELZD KD (C, particle (CEI< T oc particle DIRE

m RAAIEIIOD K S(C, particle DIEE(CIE EEHD

&S, LWDIE re-modeling Z1T5

13/19

particledynamics model of Cahn—Hilliard 73 (2/2)

EFIILAERO2EE, BEARNICEUTOED.

dxi(t) _ tanh(Ca||f; (D) ,
a Cl( CATRO]] )f’(“’

ACEEID DR
(Mp)ij is true

i —
S . = @ill 2 ren
Fu® = Tag —aap N T El 2T
W) 0, BT T . _
g l; — |3 lz; — x|l < 7o

J 1

212U, xi(t) (& i-F particle DALE, C1, C2, Cs (FIEE.

750 M, (& M, ' (M..)7 (p ($IER, 372E), TOHEBR CLELEBEE (J—)EDs
B)Fa-b=aandb,a+b=aorb &£33.

1750 M., (37RO A SEEOBHERIFZ TI% U BHEBRTI T, B o ICLDERSNROS 1
S V; EBR x; [CRDERSNRO ) A58 V; ERBHELTVS EE(E (M) BB, 25T
BRUINEBTES.

14/19
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RO - SRS DBHERI R

EOFLOFRGRO A 388 Vi % (O3 U TORERMFRITI (M.a)? (p [FIEEE) OBKE -

= 1 PEONCHEE - (Maa)® O (5,§) BN THI &
RBRO 1 585 V.

2 BEHNIRE - (Maa)? O (4,5) AN [E] &
RBRO 48 V.

n 3 DEOMUSHRE - (Maa)® O (4,5) BHD [H] &
RBARO/ A V.

- 3EBR D COBHEREMRE IR 2553
- ffRD [EIDAH ] ZEEETIITED.

ZEDRO S A D EIDHE.

> ZOFBED julia code
» >> movie (#HAECEA' random)

15/19

RRER: HRBREZTNRDIC re-modeling TEZDH ?

#: particle ET)UIC K DEERR, A: Cahn-Hilliard 52 (C K DEUERR

16/19

-130-



BEHBEEREIDRI TSI & (method 2) 1/2

é IRBISEVWEFRDNREL TL\D. COEBIRHDZE - ERBIE CTROSNDFHDO—DTHD.

lﬁ FEIROBERENCDY A X(CIKFT D (AZTVFEEW). T UIEHREETILICEERD AN
TWBDIFTIFRVDTERZE.

S HEREANROID. CHEESILORENS L TLA,

I\ s En R RS A— I NEENBEFILTHS. BAHICE, Cr. Ca. Cs, p RENE
MU A5, TS ESHRHSDE Cahn Hilliard SIEXOREB N TE 200, (4

future work.
m PRIEODAR < HBRADZZX LN BHICIEZDETIVICIEFHEAHAENTLRL. 22U, BT
SURADZXLNPBRIEETNTVIET.

138, COXRMEFSEIDOETILE UTIEFHSFRENSUIDIE TN SHRATHIN, HAADDR:
SEENCHUIZZ &(F7R0. (= future work)

17/19

BIEAEBEREIDRITS B E (method 2) 2/2

5 Cahn Hilliard SRR OBROEBES S 1 L — T BHOS > FILMBEESILE LT

particle motion model Z&%5t U7/z.

l{:)) BEST BN ZH 2D ECDETIVTRIBODZE - TR CEVWEEHFRIRL CHD, Cahn-Hilliard 73
BRAOHEREETILELTHRFFCED.

& EFILICEFENBRI/ S A=Y DREFESIRIRAEA.

m Cahn-Hilliard AEEROAKBTRILF—(CHETIZOETI/ILTORHEEZES - 5TEL, TDZFE
BZBANDBENDD. 275 Cahn-Hilliard HERNOKIBRT )L F — (SRFRIFER (S VR
TRIERETHDZENHBELTNDIZS.

m 3 RITEI CDIDET)L TORBIBEAEDEREZITULZL.

REB, FRDOLDI(C, ZMRTZE LT TH, STEIOX MIEEBITIBRULIZD L.
n 2 RTRIREC(EZE—ORO/ A DEIDHEIR MIZLDFILTUXLT O(nlogn).
J272U n = # points.
m Delaunay =ANDE|%1T> T/RO/ A DEZETE TS Bowyer-Watson 77)LTUX A, RIBEDRITICEK
57 (BB ! ), BREFEFEIX M O(nlogn).
FEREUREBOT —X (REBEMEELTVDIHEES) Tl O(n?) ([CI2D53.

18/19
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FTEH

lﬁ EMARRECH L TH, Julia + jupyter BIEIZE, D UTDRITIER I DT ETRINCREICT
OS5 ADTHRICCEDIFENS.

5 BIKTBEDZLDSATSUNED, D (831 TENTES.
5 posECEESEAE

19/19
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Julia & B ARG
A=A E T Y ¥ 7D 6 Quantics Tensor TrainE ¢

e i 2
RPN

- LM HEAEIRITZEB TR A 7L 3 X L 05h C FHRERIEE )
SISTE &N TR )
- FEETZEB TROTIEAREA 3 < LT IE% O SR — A5

HOAEN  wtom it eESas L\ — 2B + 55
Fortran, Ruby, C/C++, Python, Julia & i > T & T, S l3duliadd X 4 ~

« Pythonfy 72 K EE & /5702 5 Fortranfy 72 BUEE S D EH X /5 £ CHIBE
o EEDER L LT\

* ALPS/CT-HYB C++IC X 2B T-E ¥ T H)L uikid (C++)
https://github.com/ALPSCore/CT-HYB

* SparselR jl/sparse-ir FEWRFH /") — VB D A8 —Z €7 > 7 (Python/Julia)
https://github.com/SpM-lab/SparselR.jl
https://github.com/SpM-Ilab/sparse-ir
« DCore ¥R BIEHE (Python)
https://github.com/issp-center-dev/DCore
o SpM  BUfiEMRHTERL (C++)
https://github.com/SpM-lab/SpM
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BiER G 7L 3 XL H5h C GHEE R (202354 H ~)

https://qc-hybrid.github.io/ FEIRAER:
P SR, HDEWICRZ 2RI AT —VoEEZE S

il EPEYE (KRR vs 101 eV ~ 105 KO NV FifE)
FHOS (77 A7 —=LDHIE vs FH AT —ILDEX)

L
RN R S A7 =N 2 R 2 2 RILOPFE— A TR &SRR
Quantics tensor train 2y — i A2S— AT T v

A4 A4

A B L L 72 Ty v TESEAT DR T R D LTI 5 G FE I B

v b7 =7 £ i IR 0D B L S 2 M R

MSSTA.jl (lx44) SparselR.jl
20094F IS JEHECATIRE I N, T THIE T MRS K > T017THICRE I 1, BRI
A2, BT PE~OWAPIGEE 5 ROGOR T - B IR
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FeF DK

o It 22T — % DHA

e Quantics tensor train  HERFZEOREEILE T VYV Ry F T =7
¢ AN—RAET YV VT USRI X 5B R Ok

o 5Dl HIZ DWW T

TERIERERAMT D e AT 2 (12 —=2)

%

BZ% BRI

’ Bare Coulomb interaction
A\ J

2
\ ,7.n~<-">.

(R K A

ATy ---‘} '\‘4",‘/
deees @

3
\< v @ T .
Vo ~g.;1 Effective interaction

Vi Effective potential

o
B 7 R AR BN 2 2 b

[’%’”}fg‘?ﬂﬁﬁﬁ (Kohm-Sham), &85 72 8]

7oy FFrLyy s KOREORCEMELT GRORDE. KbEE 2 % L)
o PEHTT SEEHWE LV S RR—Y
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TR 2RI 2 (2/2X—=2)

2D DKL DR S 4 % B

1)
FiZIA 1L
1
1)

(r///, t///)

1)

t

/\

HHE I 2 2 27 — )L DIRAE
SHHA v ¥ 2 TIET— Y EDFE
— i &IEHEL T 5 B i hsang

AN ESE O & 5 40

TYVIFY R T =T AN=RET Y-
S TEERS T, WYEHEE THNN—T 3

JuliaZ it

Nz = 103, Ny = 1003 — (N7 Ny )4 =

1036

Quantics tensor train

e HSetal., Physical Review X 13, 021015 (2023)
* M. K. Ritter, Y. N. Fernandez, M. Wallerberger, J. von Delft, HS, X. Waintal,

arXiv:2303.11819

https://github.com/shinaoka/MSSTA jl
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1. V. Oseledets, Doklady Math. 80, 653 (2009)

QuantICS tensor train (QTT) k cj: ? B. N. Khoromskij, Constr. Approx. 34, 257 (2011)

) MR B 2R S A7 — VSRTET 5 BI%cx FEMH AT R
Image compression —_—— —_—

Bond dimension

N. Gourianov et al., Nat. Comput. Sci. 2, 30 (2022)

José 1. Latorre, arXiv:quant-ph/0510031v1 S DT DR 22k % FEfE - AT

Vlasov-Poisson equations for collisionless plasmas % 7 | HSetal., PRX 13, 021015 (2023)
E.Ye and N. F. G. Loureiro, arXiv:2205.11990 ’ " '

202248 HIC 74 7 7 v D K| 20224E 10 H I 1 FE (Julia? & FIRETS - 72)

7YY INFy b7 —7 (113)

AH 5 — X7 MV W 3%%va
a

O QZ/O\/Q\

ZE& H LT 2 Dindex i MG x?tﬂt“(bl%l@? KON - I EKIZ 720,

FUINEY FT—7 W
J

HFEL T2 RISNT 2205,

i J k CFHE bR,
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FYYNNRY L7 =7 (203)

Contraction
-
i J k

i J

X~ —

ST virtual bondiZ X9 2 MIZ GRS % C & Zcontractionz & %
L), AR e LTHETHHE

FYVINFY FT—7 (303)
i FE ) A

@ - -G

—{j/ AT

FERMEIEE, SMICIREET 3 B A 1, FIAIOM8S  2 ERIATTTHE

17155284 (matrix product state) / tensor train

C

)~ )~ O—0—0-0-0-0
I I I I I I I I I I I

IR R R E R 7 & CEITVRE, RO L A, virtual bond DR E X 1d, HHEINICKE W,
- %L OYHFE, T—FICBWT, NEREILTTL I LD S,
#il: 1IZOtR TR Moo TR VY v LIy brE—) VhE v
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I Tensors.jl Flatiron institute THHFEANMED 54T 2 ) ihman, . R, White, E. Miles

Stoudenmire, SciPost Phys.

o MPS5 LK DINAMNZTYYIVRy b7 =2 FT Codebases 4 (2022)
B FE

- Ny 7 2 F:NDTensors.jl (ZEMZ R 7miE R 74 77 V)
- MPSa— F: iy CFIk A a—F
« GPUSHIE (multi GPU?)

A=UxV'

LI_V_I']= LIZI" V
1T

i j ok i k j

https://itensor.github.io/ITensors.jl/stable/examples/I Tensor.html

QTTG) i & &) (1 /3,\0_ N “) I. V. Oseledets, Doklady Math. 80, 653 (2009)

B. N. Khoromskij, Constr. Approx. 34, 257 (2011)

Scalar-valued function f(x) with0 < x < 1
Binary coding: x = (0.x%,+-Xg)y = X;/2 + x,/22 + -+ + x/2R

I(O'OWO){\LOV'OMDA

0
DI\’ 1
~ (1) @ L F®
f(xl’ ’xR) ~ Z Z Fx la, Fxl '’ xRaR 1

ap_=1

( e We WoWoWoWe

T T T T 1 %

X X% X
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QTTD ¥ & & (2132—2)

Same length scale

S, x) C
| | | | |

X Xg xi X X xi

x = (0,5, %), € [0,1)
X' = (0x{xyeex+), € [0,1)

e a’ata e

Xp-1 Xp_1 YR xp

FAREEDOREI AT —IVOERD, il v F Y7L LT84

QTTD £ & & (33=—2)
R G

2 n
f(X) —e ¥ = e—x1/2€—x2/2 "‘e—xn/2
x = (0.x;%y:++x,++), € [0,1)

D=1

The Sum of N exponential functions can be represented as a QTT of rank at most N.

- Bond dimensions are added when MPSs are added.

%IE ﬁ D<1 M. Ali and A. Nouy, “A. Approximation Theory of Tree Tensor Networks:
<1+ p Tensorized Univariate Functions”, Constr Approx (2023)

N A - = = ces —

HMMTT%J f(x’ y) - 6x,y - 5X|J’|6Xzy)’2 D=1

. 0 - NeNeNeNeN®-

Representation of Continuous Functions: https://tensornetwork.org/functions/

Written by Miles Stoudenmire
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SA HS et al., Physical Review X 13, 021015 (2023
b’%@%?ﬁﬁ‘?“_ y O)E;ﬁﬁ et al., Physical Review (2023)

1P momentum space 2P vertex functions

Spectral function

—— AF insulator

—— Doped Mott insulator

A7 D T — & % BB RO LT a7 Multipolar susceptibility
% DIFZET — & ISEMTICHE D A T RE

Nonequilibrium system (real-time Green’s function)

CeBs

ML 72 £ F(GDOETFm)al B TE 5007
REHIPT Z & T, BN AR R GHERIZRICEY)

A i B7—) 24 nE="llar 1 —-4T
—) T — ikr " 8
7=V 2 EHR F(r) Jdk FRE™ ey szrsmnie
K. J. Woolfe et al., Quantum Inf. Comput. 17, 1 (2017), J. Chenetal.,
arXiv:2210.08468v1
(Rl C@t,t) = Jdt’A(t, t)B(t',t")
Clep st tf) = Y Alty 11, g (B, By -+, 1 1)
f*1k Tensor network contractions
b Ig
A
ZIEERED YA 777 LFTEDE T
fTHIHE B
y 174
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uliaZ 4 77 Y D% MSSTA jl (multiscale space-time ansatz)

77, EBINES A4 75U TT 022y FFAR, ARFaAyF—vay)

https://github.com/shinaoka/MSSTA jlI

o 77— 2l EOWE RIS FEEEEL T4 7T Y
« Ny XV FELT, ITensors.jl% FIH

liaz A2 DD ?

o for)L— 7D NET & 17\

o WIS dulia TH ORI RO T a v AT L 216D
o (ITensorsjIDFAFEH & ZfiH3H - 7z)

VS Code#flfioCFELTHAET !
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QTTOEH

o THOIEAIGIE., GPUX)E
o« LW BM TRy b T — 7 ~NDILE

cHEHIADREANIZ, KIIEVWORI AT — VB HAFET 2L WRED D FEAD»?
QTTCIEMA M HREX LM 3 Cahn-Hilliard 52?2

« Quantics Tensor Cross Interpolation (TCI): 5 ¥4t 55 i D B
M. K. Ritter, Y. N. Fernandez, M. Wallerberger, J. von Delft, HS, X. Waintal, arXiv:2303.11819

‘B ICIAM2023

QuanticsFEH D HIL P& |
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AN=ZET Y V7 SEUSREREEC X 28R ok

TREIRFRE] ) (CRHE U 7o Ao 7 BRI D R

FEIZAE RS L TR MultiFloats. jl

BEAPOETRE L

o BRI O ORIE LT, TREIVINBUR 2 BRI (B 1+ 1010008, HAIHTEDS16HTRREE D ARG L IS RBUARRE)
s HOWBEDY 7 b7 2723 alb—2ar k) o (T, FREBHEDHC S WLiEY)

Float64 13 H17% &

Kitk b LTz

AINBUR LA T3 TIEL W

—-144 -




MultiFloats.jl vs DoubleFloats.jl

eIV R T

o L 12 13 e\ BBV AS RS EE VR Bl N R R 2 FE
H.=1/G+j-1)
i 172 1/3 1/4 « SVDIE., MultiFloats.jlod /5 2358 >
1/3 1/4 1/5

* MultiFloats.jlix, PURFKEEE & D mk D FLE% G

MultiFloats.jl 39 ms

DoubleFloats.jl 62 ms

cf. Floatb4 0.5 ms  _HiD@ g%

Julia v1.91, MultiFloats v1.0.3, DoubleFloats v1.2.4
on Apple M1 Pro (1 thread)

IR OB % & 1% 2
LE[ESIEREA o S T ORI 2 W B
AEDBID) ) mpstic £ c. MBROIBIEE & 1,
SERFRRAI | £ — /] O C EE L A\, BRI IR L5 5\
B (WSUBR L SIES) B 54 775 AEHETE URL SN B,
f=ir W O SR B IS

RRFEMRER | 7 — o/ | TRBIVICIRE 5, ->BUERVICHEM L 2\ (23, EHD
—fRbNT 1 2)

“ZN—RAE T V77 = [BIRFC D o LK O RERK
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I TRITZ D AHBEBERIC B 1) 2 TR

G(7) = — (T, A(v)B(0)) = [°° dwK(z, w)p(w)

R ) it /\ G ) >

RITH S 22 LRI

e—rw
K(it,0) = —
l+ePo  ERBBEOBREUEMLIC WL

7V EX v DOEE p=1T

HERFIRI DA BB &, FERFR] DO MHBIRE RIS LER T AR D EHE L T 5,

— WG o T, R OBl 2 IEBIE IR 2 i 5 9> 2

M DRFEITIRIC X B IR DR 1

HS, J. Otsuki, M. Ohzeki, K. Yoshimi, PRB 96, 035147 (2017) - z = 1230
10~ P=
< o —— [ = 10000
K(r,w) = 2 SU )V (w) for @A
=0 E— |@] < Oy, 0 <T<B=1/T 10784

Orthonormal intermediate-representation bases 10-12

0 25 50 16 100
l
G = Y, GU@) p@)= Y pViw) —
- Matsubara frequeney with tail
=0 =0 € 10? op)
.g Legendre and
— £ v 0(/P)
G, ==Sip, g 10°
N R4 , O(log p)
* Dimensionless parameter A=fwmax B o .
* |G| decay as fastas S; (. |p,| is bounded). z Lot fntermediate representation (IR)
e Logarithmic growth of §; > e w.rt A 102 10* 10°

53

INS RRFRMEIS IR T 2 R OV 2 R TR I Rk e 72 1o
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ISFHDIEDS Y mrsmarsin s sz <

Analytic continuation Migdal-Eliashberg theory
Sparse modeling (SpM)
+ J. Otsuki, M. Ohzeki, HS, K. Yoshimi, PRE 95, 061302(R) (2017) « T. Wang, T. Nomoto, Y. Nomura, HS, J. Otsuki, T. Koretsune, and R.
« [Application to lattice QCD] E. Itou and Y. Nagai, JHEP 07, 007 Arita, PRB 102, 134503 (2020)
(2020)
Nevalinna/Carathéodory formalism Self-energy embedding calculations

« J. Fei, C.-N. Yeh, E. Gull, PRL 126, 056402 (2021)

« J. Fei, C.-N. Yeh, D. Zgid, and E. Gull, PRB 104, 165111 (2021)
* S. Iskakov, C.-N. Yeh, E. Gull, and D. Zgid, PRB 102, 085105 (2020)
» C.N. Yeh, S. Iskakov, D. Zgid, and E. Gull, PRB 103, 195149 (2021)

All electron GW calculations
« K. Haule, S. Mandal, arXiv:2008.07727

Extension to the two-particle level

FLEX

* N. Witt, E. G. C. P. van Loon, T. Nomoto, R. Arita, T. O. Wehling, * HS, J. Otsuki, M. Ohzeki, K. Yoshimi, K. Haule, M. Wallerberger, E.
PRB 103, 205148 (2021) Gull, PRB 97, 205111 (2018)

« N. Witt, J. M. Pizarro, T. Nomoto, R. Arita, T. O. Wehling, « HS, D. Geffroy, M. Wallerberger, J. Otsuki, K. Yoshimi, E. Gull, J.
arXiv:2108.01121v1 Kunes, SciPost Phys. 8, 012 (2020)

* M. Wallerberger*, HS*, A. Kauch, PRR 3, 033168 (2021)

Estimation of magnetic interactions
 T. Nomoto, T. Koretsune and R. Arita, PRB 102, 014444 (2020)

« T. Nomoto, T. Koretsune and R. Arita, PRL 125, 117204 (2020) MMEEER, PythonT 4 77 DEEH D &4

« Y. Nomura, T. Nomoto, M. Hirayama and R. Arita, PRR 2,
043144 (2020) i j‘

Sparse| RJI M. Wallerberger, S. Badr, S. Hoshino, S. Huber, F. Kakizawa, T. Koretsune, Y. Nagai,
K. Nogaki, T. Nomoto, H. Mori, J. Otsuki, S. Ozaki, T. Plaikner, R. Sakurai, C. Vogel,
N. Witt, K. Yoshimi, H. Shinaoka, SoftwareX 21, 101266 (2023)

https://github.com/SpM-Ilab/SparselR.jl

o FLRBIB DX 534 THR (Legendre) i K 2 FEEH: e B0 fif— 5 B 47 iR
o BERAPURERE EEELIC X 2 FEE{ES % MultiFloats.jl + GenericLinearAlgebra.jl
o HIEOBHROEbIUL, BIFFBEEE
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Python5£% (sparse-ir) & @ Lhiis

Pure Python 322 https:/github.com/SpM-lab/sparse-ir
numpy D SELLPY 5 RS EE IR B /N SRR TR https://github.com/tuwien-cms/xprec

S i + Python

M. Wallerberger, S. Badr, S. Hoshino, S. Huber, F. Kakizawa, T. Koretsune, Y. Nagai, K. Nogaki, T. Nomoto, H.
Mori, J. Otsuki, S. Ozaki, T. Plaikner, R. Sakurai, C. Vogel, N. Witt, K. Yoshimi, H. Shinaoka, SoftwareX 21, 101266
(2023)

Ry r—=Y DY Y =R, N FY—DHBEINL F+EE

« conda&PyPIZ T A ¥ T F v AT % uhdi

o UL FIZfE 9 GitHub Actions® 7 >~ 7 — & conda® A4tk (glibcD N— 3 v 7 &)
o YSHOYBEE . FEITIIA YT F AL .-

SparselRjIDTEV AL — a v

NS KR ORI R <R
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SparselRJIDTELS AL —Y a v

FEIEBAEL D RE B 1L KR 10H7

Fa—FY TN

o BRI ZEHE O Y > 7L a
— F‘

¢ Jupyter Book
s FILTOE I FEHLIZ,

VS Code + Docker CHE

https://spm-lab.github.io/sparse-
ir-tutorial/
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figtst + 2 — Pl
by KH& A

R Julialc X A ETEYH O

Juliazfifi) 2 & ¢, FYTHRROAE— % LiF 5 2 LR |

BRI L 720
o TUYVIIVER Y R — 7 DoriiAIGE Distributed vs MPI
e Multi GPUs

WsE B2l

- PR HGHIIZEB TR MRS 7V 2 R A0  GHEWERA ) (FEISER S 2023~20254F)
-ISTAIFE T2RIT L NV T M IA A BRI HED < bl — R R T OB SE & F2EE) (2024~20264F: 7 = — X1,
2027~20304F: 7 = —X2)
o SRR Juila {i - 7z IRpZE FEA AT O BHZE & IS PR D> & O PRk b @l |
o FHEBIHE DA FHET]
o DB OB (14E H: 480~530 1. 24 H: 530~580/7 1)
o B, KEMY, #BEHFYH D
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#Emlc BT 5 Julia DERA
IMI $£FRIF T3 & MBI B 13 Julia D3ER,

L R— CRREILKZ)
s-yokoyama@tmu.ac.jp
2023F7B11H % #A38&cahELE

RAEDO—EBIE JSPS BfTE - £88(C) 20K03537
Julia EFEZRWISH L WA EEER S X T ADRK & Z DA
(RER L B—) OEBIZERFTVWEY

RER #GR) ICRFS Julia DILENE

- RERPEATRICHKEANS & TERRRL - SBAE C BBV R

- BEED CAS EICEWTIE. 10008 (REHNRY) ICRHE LicsDh
%<, REEFEWVAARI-—THNERLRDZ Ty N7 A —LILBITT 2 DIFRE
# : Magma (C, X&) . Sage (Python, X< H) . Pari/GP (C) etc.

- FH%FD Julia EBTEMENY T —JVIFFREALH

. ENTHRREERFRAICEN>TETWVWS !
5l © AbstractAlgebra.jl, Gap.jl, GroebnerBasis,jl etc.

- EULKERTNIE. ZEARBICEVTEEE




Magma

- RYRZ—KRZ 2R E UTHRKEEDESHSNTWVD
FEREZXT L, #1HIE Cayley (1982) T\
EXA—>rFI3 1993 £

BREEKATOTZA4T5 )51tV R GEER)

- FEUT @S L USHERAKICR UcB%KE

B ICEDWCRETRE
. 2013FH 5 Intel AVXERICKIG (Linux 64bit OS D)

. Bosma-Cannon-Playoust, The Magma algebra system [: the user
language (CANT/London, 1997)

Sage/CoCalc/SageMathCell

- KUYV RYRE ZHROE L THFEEED
EHosnT "W RAHHLES T A

. HeRsMF OMEE Willam Stein A BIREEE
1990 (C & Magma @ HECKE /Sy —Y (EVa7—FADEE) @
FFICHE, 2005FDERO—> FDRIC Python NE&iE

.« web R—ZX D Ul BROZEE :

Sage Notebook -> salv.us -> SageMathCloud -> CoCalc
SageMathCell I& CoCalc DfEZHR

- 2019 ([CKF%BH L. SageMath Inc. CEQO/7 7 v 5— & U TEE




Nemo

AT -RZVTILVIRKRE 20 E U THREEED
EHSNTWS, Julia THESWIEGRHE/\vr—Y
B KV C/C++ wrapper &

. Singular OBFAMMTEH S (— Singularjl pkg )

. X /N Claus Fieker, William Hart, Tommy Hofmann,
Frederik Johansson, Marek Kaluba, Carlo Sircana

- FHHJ, Nemo/Hecke: Computer Algebra and
Number Theory Packages for the Julia
Programming Language, ISSAC’'17.

Nemo

. 2018%F, Nemo (F22D/Xy Tr—IcoEk -
Nemo.jl Flint, Arb, Antic BT wrapper
AbstractAlgebrajl LD generic #/8y r—

. Julia BHTH
- Z,Q,R, C (Flint/Arb)
- fTHIEtE, FFT, H3EHE etc.
BREDKZ DD, CHICMATERGRICIFLLEEES D .
- REUE (Antic) , BRI (Flint)
- 1EH/2EHZENRIR (generic)
- piElR - B8R (Flint, finite precision)




Nemo

. Flint ZAAW3% Z &7 < generic ICERESNTIZHD
(B - $RE3ER R) 1% AbstractAlgebra,jl (C#&#f

. Flint ¥ Arb Bih CERMLIBTZESHDIE. INT
Julia SEBTETI 21T

- KDEELGEEEZBIEITASIE. £9 AbstractAlgebrajl @ X k% HERR

. Bl S=Q_p (pEHIE, precision m)

m=p~r IAD prec MAZINZEIT—%IRT




Abstract-type hierarchy

. FlZ1E xxx.Field I& xxx.Ring B9 %
- Magma TlZE7#% % category & U THLE
- Sage TIFEEN ¥ : xxx.ring & xxx.Field DA ES

Hecke

- Nemo (& AbstractAlgebra /Cy o —3) [CEU THEINTWS
BHGR L UIcstE Ny r—

. 1990 FMIc William Stein (Sage/CoCalc BI%#&) H* Magma T
AFELTWe, EY27—FERICETZ/0y 77— HECKE & (E514

. https://github.com/thofma/Hecke jl (V¥ —X3—NK)

. https://thofma.github.io/Hecke.jl/latest/ (KF 21 X2 k)







Magma @ Pollard’s Rho + ECM




Nemo @ Pollard’s Rho + ECM

3 1 Magma TikE 5 MPQS hMEZ %










Magma’s NF-CG-RCF-NF

Ny FN—7 B (from NemoCas page)

Fateman benchmark

o f=1+x+y+z+t
« p=1f30
o timeq=p*(p+1)
This benchmark tests generic polynomial arithmetic. Note that we don’t have a dedicated multivariate polynomial module

in Nemo yet, so this and the next benchmark are done with nested univariate polynomial rings. Where possible we do the
same thing in the other systems we time (Pari/GP is an exception).

SageMath 6.8 Pari/GP 2.7.4 Magma V2.21-4 Nemo-0.3

132s 233s

—-161 -



N FN—7 B (from NemoCas page)

Ny FN—7 B (from NemoCas page)

Pearce benchmark

o f=(x+y+22"2 + 3t"3 + 5u"5 + 1)M6
e g=(u+t+2z"2+3y"3 +5x"5 + 1)M6
« timeq=1fg

This benchmark is usually done with sparse multivariate polynomial arithmetic. We use it here with our recursive dense
polynomial arithmetic (there is no sparse polynomial representation in Nemo yet).

Note: this is not fair to other packages that implement sparse multivariate polynomial arithmetic, as they could complete
this benchmark faster if we used their sparse arithmetic. But that would not be a very meaningful benchmark if the aim is
to measure the relative performance of the recursive dense polynomial arithmetic in Nemo. On the other hand, Pari/GP

uses a sparse-recursive representation (similar to recursive-dense, but with dedicated zero objects in each ring).

SageMath 6.8 Pari/GP 2.7.4 Magma V2.21-4 Nemo-0.3

2900s 647s
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Ry FX—H (from NemoCas page)

Resultant benchmark

R=GF(17M1)

S=Ry]

T=Siy"3 +3x*y + 1)

U=T[z]

f=TBy"2 +y+x)'2"2 + T((x + 2)'y"2 + x + 1)"z + T(4x"y + 3)
g=T(TY"2 —y + 2x + 7)"'2"2 + T(3y*2 + 4x + 1)z + T((2x + 1)'y + 1)
s=fM2

t=(s+g)"2

time r = resultant(s, t)

This benchmark is designed to test generics, division and computation of the resultant.

SageMath 6.8 Pari/GP 2.7.4 Magma V2.21-4 Nemo-0.3

179907s 82s

Ny FN—7 B (from NemoCas page)

Polynomials over number fields

R, x = CyclotomicField(20)

S =RIy]
f = (3XA7 + xM — 3x + 1)'y"3 + (2X"B-x"5+4x -x"3+x 2-1)"y +(-3X T +2x"6-x"5+3x"3-2X"2+X)

time r = fA300

This benchmark is designed to test dense polynomials over number fields.
SageMath 6.8 Pari/GP 2.7.4 Magma V2.21-4 Nemo-0.3

6.92s 0.70s
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NemoCas Project

. http://nemocas.org/ (Nemo/Hecke BF~N—2)
. Magma, Sage, Pari/GP & B L1z WK D DRy FY— U iR A BB AL

. RFARIFFAREER Git YR NUHS
Nemo: https://github.com/Nemocas/Nemao.jl
AbstractAlgebra: https://github.com/Nemocas/AbstractAlgebra.jl
Hecke: https://github.com/thofma/Hecke,jl
Singular: https://github.com/oscar-system/Singular.jl/

« AUICES>THIEWHBAICKBUTZAN
Nemo & Jupyter Notebook #2H T Sage L THIARAE




OSCAR

. LT NemoCas 7OV 17 MO SREL e
Julia ZREWCHESERKI A TLRE OV IV b

- GAP (Gap,jl) , Singular (Singular,jl) , Polymake (Polymake,jl) ,
Antic (NemoJl / Heckejl) @454 73" % X8R

v An B% 278 NIV RS

Wolfram Decker (TU Kaiserslautern : NemoCas X >/\)
Claus Fieker (TU Kaiserslautern : NemoCas X >/\)
Max Horn (TU Kaiserslautern)

Michael Joswig (TU Berlin)

] -
B TECHNISCHE UNIVERSITAT

. DFG, TUK IcHtZErT TRR-195 #2017 ICFHER /: KAISERSLAUTERN




OSCAR
OSCAR.jl

group and

representation
theory

tropical and
polyhedral
geometry

number theory

GAPRjI Polymake.jl

polymake

Cornerstones

cdd bliss

OSCAR

HERE/HRICKIT2EENEZ Y —LLXITTS
Oscar,jl Z 2t

algebraic
geometry and
commutative

algebra

GPI-Space

- .- 0

non-
commutative
algebra and
free probability
theory

Singular.jl ==GB.jl

Singular

PLURAL

Letterplace

GBLA

CAP

CHEVIE

mptopcom

- BEmHE Y AT L LMFDB EOFTEZOY ZAIC OSCAR J— RAFT#EHA
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OSCAR

. IRTOIERIF OSCAR @D web R—IH 558 :
https://www.oscar-system.org/

 AVAN=ILBDUEL WO TER !

- Julia [CiZT Xcode V—IL B"AE (Mac OS D&

- Julia #2325 EIFThHh S Pkg V—IL ZHWS

- AVAN=I)I o O—K (=T« 777 K8) - Z7UavRALILIC
DRBEHINDD TERRICFHFED

. P15 using Oscar T, HERFELD
FEUNIABRENDET RO T, BNZETHEES
% Jupyter Notebook IRIEZES LD UIFEAN TV
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@
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@

T4y T FUT—=YATTE, /—R)VPEZE)

@

BEHHETOWIEREDhTWS TAI IS VY
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@

1972F4H)d—k

@
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@

2DV ECFRICF 2 —Z TSNz VINA S : Fortran& C++ UHVERLY

RYDKREEZEZINEY S (THR

[CEROEHIND (EFBSNB)

@

Julia% 5 Python#i&h SFortranfii§ X THh/I\—T=3
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@
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@

SR(C{TD ([
WDNMEFEDZ DO SENE S

[CFZBINT D, fizREE
SHZ UBWES(CT BD

ER(CITDIC(E ¢

ZhZhDT—5 DO

D [FEFEHHDNB DT, &
BZRm59

@
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@

@
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@

@
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@

eNER 2D TRRLDGilEpmap T oA

@

MPI(Message Passing Interface)
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@

@

D SRAY—PRINIVDIFE
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@

@

HPE SGI8600

mpirun julia test.jl

Hello world, I am 0 of 40
Hello world, I am 1 of 40
Hello world, I am 2 of 40
Hello world, I am 3 of 40
Hello world, I am 4 of 40
Hello world, I am 5 of 40
Hello world, I am 6 of 40
Hello world, I am 7 of 40
Hello world, I am 8 of 40
Hello world, I am 9 of 40
Hello world, I am 10 of 40
Hello world, I am 11 of 40
Hello world, I am 12 of 40
Hello world, I am 13 of 40
Hello world, I am 14 of 40
Hello world, I am 15 of 40
Hello world, I am 16 of 40
Hello world, I am 17 of 40
Hello world, I am 18 of 40
Hello world, I am 19 of 40
Hello world, I am 21 of 40
Hello world, | am 22 of 40
Hello world, | am 23 of 40
Hello world, | am 24 of 40
Hello world, | am 25 of 40
Hello world, I am 26 of 40
Hello world, I am 27 of 40
Hello world, I am 28 of 40
Hello world, I am 29 of 40
Hello world, I am 30 of 40
Hello world, I am 31 of 40
Hello world, I am 32 of 40
Hello world, I am 33 of 40
Hello world, | am 34 of 40
Hello world, I am 35 of 40
Hello world, I am 36 of 40
Hello world, I am 37 of 40
Hello world, I am 38 of 40
Hello world, I am 39 of 40
Hello world, I am 20 of 40
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@

RFNEBEOR/)(IVET
MPL.jI%Z&{ERE L THD

@

FFBERNBRT—U VT
(R+OVTRT—U VD)

BZ#D
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@

B

@

KEDANT—IxZHWVT,

f(x)=yZimic g BT (x)ZERDHS

-183 -




@
RS H¥T

REDANT—IxZAWT, f(x)=yZRiIBEARf(X)ERDSD

Za—JIRrYk7—9

@

ERDFER (SR
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@

@

using Flux
function main()
model = Chain(Dense(2,10, relu),Dense(10,10,0),Dense(10,1),sum)

x = Float32[0.2,0.3] BNEB2BOEHE-1—3 IRy D=0

println(model(x))
dfdx = gradient(model,x) [1]
println(dfdx)
i CNEFTHOTRERZ 1SR Y RD—OHHEEN>TNS

main()
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@

using Flux
struct Dense2

W
b EEERED
activation

end

Dense2(in::Integer,out::Integer) = Dense2(randn(out,in), randn(out),x —> x)

Dense2(in::Integer,out::Integer,activation) =

Dense2(randn(out,in), randn(out),activation) N .
(m::Dense2) (x) = m.activation.(m.Wkx .+ m.b) TYTYRCHUTESRHEITINEERT
Flux.trainable(a::Dense2) = (weight=a.W,bias=a.b) Z{ER/(SX—9E &R
Flux.@functor Dense2 FluxTLAPY—&LTEZBESICER

@
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@

using Flux

nl =4

model = Chain(x —>
[x],Dense(1,n1,Flux.softplus),Dense(nl,1,
Flux.softplus),x —> sum(x)) |> Flux.f64

function energy(model,xs)
y = model. (xs)
c = ylry
E = y'sHxy/c
return E
end

@

Adam&EWS AT T« 91 —%{EA

opt = Flux.setup(Adam(), model)
for 1=1:50000 energyEB/IMET 3 & 5 [cmodel &35
Flux.train!(energy, model, (xs,), opt)
e = energy(model,xs) model%&{# > fzenergy DEtE
if 1 % 1000 ==
println("i = $i energy = $e")
end

INIZIT TRATDOYIEZwWithiEiH 7S
RGN ET DIEEAFETE3
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@

@

JOUSEVITESP>TERIZD?
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@

JEU 5= TR OCEH D 0N

@

samplefunc(x)

sqrt(1+b)
urn ¢

X = 0.5
dfdx = gradient(samplefunc,x) [1]
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@

@
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@

function calc_smearing(S,a)
nspin,nsite = size(S)
n = length(a)
Snew = deepcopy(S)
for i=1l:nsite
for 1=1:n
j = i+l
j += ifelse(j > nsite,-nsite,Q)
for k=1:nspin
Snewlk,i] += a[l1*S[k,]j]
q end
struct Smearing j = il
o::Vector{Float64} j += ifelse(j <1,nsite,0)
end for k=1l:nspin
. . o dl = S[k,j
Smearing(n) = Smearing(randn(n)) el e Ol
(m::Smearing) (S) = calc_smearing(S,m.a) end
Flux.trainable(a::Smearing) = (a=a.a,) end

Flux.@functor Smearing - netumnzsned

end

@

model = Chain(Smearing calc_hamiltonian(S,J))

function calc_hamiltonian(S,J)
nspin,nsite = size(S)
ham = 0.0
for i=l:nsite
j = i+l
j += ifelse(j > nsite,-nsite,0)
for k=1:nspin
ham += JxS[k,il*SI[k,j]
end
j = i1
j += ifelse(j <1,nsite,0)
for k=1l:nspin
ham += JxS[k,i]1*S[k,]j]
end
end

dHde_a = gradient(® —> re(8)(S),0)[1]
return ham for i=1:length(9) .

end println("$i dHde = ",dHde_al[il)

end
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@

function ChainRulesCore.rrule(::typeof(calc_smearing),S,a)
nspin,nsite = size(S)
n = length(a)
y = calc_smearing(S,a)
function pullback(ybar)
sbar = NoTangent()
fSbar = zero(S)
fabar = zero(a)

for i=l:nsite
for

=1:nspin
fSbar[k, il += ybarl[k, j

fabar[l] += ybarl[k, i]%

+= ybarl[
fabar[l] += ybarlk, i
end
end
end
return sbar,fSbar, fabar
end
return y, pullback
end

function ChainRulesCore.rrule(::typeof(calc_smearing),S,a)
nspin,nsite = size(S)
n = length(a)
y = calc_smearing(S,a)
function pullback(ybar)
sbar = NoTangent()
fSbar = zero(S)
fabar = zero(a)

insite

j o= i+l
j += ifelse(j > nsite,-nsite,0)
for k=1:nspin
fSbar[k, i] += ybarlk, j1 * a[l]
fabar[l] += ybarlk, i]l%S[k,j]
end
j o= i-1
j += ifelse(j <1,nsite,0)
for k=1l:nspin _ .
fSbar[k, il += ybarl[k, jl * afl] ?gge_ial_lgr:gg;?g;(e —-> re(e)(s),0)[1]
fabar[l] += ybarlk, ilxS[k,]j] =1:
end println("$i dHd® = ",dHd6_al[il)

end
end
return sbar, fSbar, fabar
end
return y, pullback

end
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@

model = Chain(Smearing(2),Smearing(3),Smearing(2),S —> calc_hamiltonian(S,J))

@

0,re = Flux.destructure(model)
H = re(0)(S)

-193-




@

@
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https://akio-tomiya.github.io/julia_imi workshop2023/ B2 EBICH T BJuliaDiEH
https://joint1.imi.kyushu-u.ac.jp/research_chooses/view/2023a01 .
7/120K IMIin persorn

FHFYIRBICEH T BJuliadDiER
~BFQCDDKMREEHEICAITF T~

Akio Tomiya (IPUT Osaka, Assistant Prof.)

akio_at_yukawa.kyoto-u.ac.jp

o FHFYEF? 8FQCD?

o JuliaEZ&BTOELD HHH

o AMNTENIXRVDH
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How to treat gauge fields
with neural networks?

Akio Tomiya

Applications of neural network in natural science

Neural network have been good job
Folding of protein (AlphaFold2, John Jumper+, Nature, 2020+)

Score:
Higher is better

Neural network wave function for many body (Carleo Troyer, Science 355, 602 (2017) )

Variational energy
(lower is better)

# of units

Neural net + Expert knowledge — Best performance
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What iS neural networks? Akio Tomiya

Affine transformation + element-wise transformation

Layers of neuralnets /(=23,..., vV =%

20 = WwO70-D 4 5O Affine transf.

(b=0 called linear transf.)

u® = 6O D)

element-wise (local)

A fully connected neural net
fa (7’) — 6(3)(W(3)0'(2)(W(2)? + b (2)) + b (3))

0 is a set of parameters: wlg.l), bl.(l),

Neural network = map between vectors and vectors

Physicists terminology: Variational transformations

What is the neural networks?
Neural network is a universal approximator

Example: Recognition of hand-written numbers

0.000
6x6 0.000
0.8434
_lo7s6 | _ 7 Image is a vector
0.3456| (6x6=36 dim)
0.64
0.251
36 dimension Neural net 1 «r =
Input = (1 1070!" )
10 dimension “1” =(0,1,0,...)
. » » “2” =(0,0,1,...)
Images of “1”
} 2 “9” = (0,0,...,1)
i we we 0 ===t >

Images of “2”

Fact: Neural network can mimic any function
= A systematic variational function.

In this example, NN mimics image (36-dim vector) and label (10-dim vector)
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ML for LQCD is needed

¢ Neural networks

e Data processing techniques mainI%/ for 2d
image (a picture = pixels = a set of real #) *

¢ Neural network helps data processing
e.g. AlphaFold2

¢ Lattice QCD requires numerical effort
but is more complicated than pictures

* 4 dimension

¢ Non-abelian gauge d.o.f. and symmetry
e Fermions (Fermi-Dirac statistics)

¢ Exactness of algorithm is necessary

° Q. HOW can we deal With neural nets? http://www.physics.adelaide.edu.au/theory/staff/leinweber/Visual QCD/QCDvacuum/

Gauge Covariant neural network Akio Tomiya

= trainable smearing AT Y. Nagai arxiv: 2103.11965

Smearing = Gauge covariant way of transform gauge configurations

Covariant sum
a Staple
U,n) - U;mf(n) =N [(1 —U,(n) + EVJ[U](n)] ViLUIm) = Y Um)U,n+ DU (n + ) + -

1222

N M] = —— Normalization or projection
VMM

Gauge covariant neural network = General smearing with tunable parameters w

Oy = whpyd=H e
z(m) = wUV() + W g O]

Train (tune, fitting

N (Z/Sl)(n)) point-wise (local)
Gauge covariant NN: UyN(n)[U] = Uff)(n)[U/S3)(n)[Uft2)(n)[Uﬂ(n)”]

Gauge covariant variational map: Uﬂ(n) = U}fN(n) = U;I;IN(H)[U]

Alternative realization of gauge symmetric neural net: gauge equivariant neural net -> Tilo Wettig’s talk

-198 -



Gauge covariant neural network Akio Tomiya

Schematic illustrations for neural networks (NN)

Neural networks for images
Parametrized function

Ans
* * * * Cat «—— Dog
Convolution Dense NN
Parameters 0 Parameters 0
% 4

Tune by backprop (training
Neural networks for gauge configurations

Parametrized function
AT Nagai 2103.11965

Wilson loop “Ans”
} * *Dirao op. *S [UNN[U]]+— SplU
Functi |
U Covariant NN U NN[ U ] f)fuc?gnlf?gn:rahons
(Tunable smearing)
Parameters 0 o
T Tune by backprop (training)

http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/QCDvacuumy

Alternative realization of gauge symmetric neural net: gauge equivariant neural net -> Tilo Wettig’s talk

Gauge Covariant neural network Akio Tomiya
= trainable Smearing AT Y. Nagai arXiv: 2103.11965

. (convolutional) Gauge Covariant
Dictionary Neural network Neural network
Input Image gauge config
P (2d data, structured) (4d data, structured)
Image gauge config
O (2d data, structured) (4d data, structured)
Symmetry Translation Translactalon, rotation(90°),
auge sym.
with Fixed param Image filter (APE/stout ...) Smearing
. Summing up nearest Summing up staples
Local operation neighbor with weights with weights

projection/normalization
in Stout/HYP/HISQ
“Smeared force

Formula for chain rule Backprop calculations” (Stout) Well-known

Activation function | Tanh, RelLU, sigmoid, ...

Training? Backprop + Deltarule | AT Nagai 2103.11965

(Index i in the neural net corresponds to n & p in smearing. Information processing with NN is evolution of scalar field)
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SLHMC = Exact algorithm with ML "™

SLHMC for gauge system with dynamical fermions

Gauge covariant neural network can mimics gauge invariant functions
-> It can be used in simulation? -> Self learning HMC!

m Metropolis

Both use

1

Non-conservation of H cancels since
the molecular dynamics is reversible

s -0,0-0-0-0-0» mmm

1
— z 2
H—E 7[+Sg+Sf[U]

1 2 NN
H=— D 2+ SASIUNNUT

Metropoli‘s -

Neural net approximated
fermion action but exact

o s e
Application for the staggered in 4d "

Metropoli‘s -

Problems to solve

arXiv: 2103.11965
Mimic different action (Dirac operator):

(Final target: Domain-wall vs overlap)
A toy problem: Staggered (heavy) vs Staggered (light)

Target action _ o —
(Metropolis) Sl = Sg[U] + Sf[¢’ Uim = 0'3] ’ ﬁmimic
ActioninMD  SlU1 = S,[U] + S|, UYN[UT; my, = 0.4],

st ~@z0-0—0—0—0» I

H=52n2+sg+sf[U]

1
— 2 NN
H=— D 2+ S 4SIUNUT

Neural net approximated
fermion action but exact

SLHMC works as an adaptive reweighting!
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Application for the staggered in4d *°™™

Results are consistent with each other

arXiv: 2103.11965

Expectation value

Implemented by

Julia language on Fugaku,
Lattice code In Julia

(LatticeQCD.jl and GomalizingFlow.jl)
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Benchmark

Speed of Julia ~ Clang

1.0pen source scientific language (Just in time compiler/LLVM backend)
2.Fast as C/Fortran (faster sometimes), Practical as Python
3.Machine learning friendly

Benchmark Column,
Compiler | (sec) Type |Parallelism| GPU | Pros Cons Note
single core row
Julia JIT, 0.0014 Dynamic | MPI, CUDA Przgﬁzal not maior column-
(1.8 | Lvm | & Static | others ML feiendly 19T major
Clang . MPI, Long L
C (LLVM) 0.0033| Static others CUDA Fast codes | OW-major
Python | (CPython) . . Numba- | Practical | Notfully |row-major | (Rosetta2
+Numba | JT, Ly | 00131 Dynamic | Available | "5 | ML feendly | supported |(NUMPY) | ponsesane

C and Julia have similar speed

Benchmarks are performed on m1 mac mini (similar tendency on Xeon)
Benchmark: Multiplications for 12dim vector and 12x12 complex matrix for 10°4 times (repeated 10 times)

Benchmark
Code comparison

using Random #include <stdio.h>
#include <complex.h>
#include <math.h>
#include <time.h>
#include <stdlib.h>

#define 10
zeros(ComplexF64, (N,N)) #define 10000
zeros(ComplexF64, N) #tdefine 12
zeros(ComplexF64, N)

~(cut)..
myprod(A,V,W) myprod (
for k = 1:N
for i = 1:N for (
W[il += A[i, KI*VI[k] for (
end
end }
end }
.(cut).. ¥

e Complex matrix (12x12) times complex vector (d=12)
* One set= 10”74 times, and repeated 10 times and averaged

¢ Code of Julia looks like Python (short, simple) but fast as C
Julia: 0.0014 (sec), C: 0.0033 (sec). Single core performance is similar

I thank Taku lzubuchi 16
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Benchmark

Why Julia? (My personal opinion)

[1] https://akio-tomiya.github.io/julia_in_physics

. . . [2] https://ar.ae/prgSG5
¢ Modern scientific programming language

e Easy to make codes. Fast as C/C++ (Julia& C use LLVM)
¢ Fewer compiling/dependency issues.

¢ Many people are potentially interested in. (More than 400 people registered to
“Julia in physics 2022 online workshop” [1]). 4,923 public repo on Github

¢ No two Language problem. “The fact that while the users are programming in
a high-level language such as R and Python, the performance-critical parts
have to be rewritten in C/C++ for performance”. [2]
e Neural network friendly (Flux.jl). Tensor networks also (iTensor.jl).

¢ Works on/with

e Xeon, Radeon/Apple silicon/A64FX

« MPI, GPU \/

L LVM ? Akio Tomiya

LLVM = common backend for making binaries on multiple architectures

Source Execution

Frontend

x86

, (N,N)) Julia Qompller LLVl\/I—optimizer&
o L (Just in time) LLVM-backend

Optimizing codes

LLVM-IR

Frontend

m1, m2
“Clang” Compiler arm

(Ahead of Time)
Optimizing codes

used in Fugaku
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Julia is ready on Fugaku(?)

Parallelization with A64FX/Fugaku

M. Giordano, arXiv:2207.12762v1 [cs.DC] 26 Jul 2022

Tests of MPI + on Fugaku

Send-Recv performance

. Throughput of MPI PingPong @ Fugaku Latency of MPI Allreduce @ Fugaku (384 nodes, 1536 ranks)
—— Julia (MPLjl)
—@— C (Riken-CCS)
5

IS
T

w
T
-
O‘
IS

throughput [GiB/s]
time [sec]

1 1 1 1 n n n n n n n 10—6 1 1 1 1 1 1 I I I I
4B 16B 64B 256B 1KiB 4KiB 16KiB 64 KiB 256 KiB 1 MiB 4 MiB 4B 168 64B 256B 1KiB 4KiB 16KiB 64KiB 256KiB 1MiB 4 MiB
message size message size

has similar scaling of MPI with C
(no obvious overhead)

Lattice QCD COde Akio Tomiya

Open source LQCD code in Julia Language

AT & Y. Nagai in prep

Open source (Julia Official package, Now updated to v1.0)

Machines: Laptop/desktop/Jupyter/Supercomputers A

Functions: SU(Nc)-heatbath, (R)JHMC, Self-learning HMC, SU(Nc) Stout
Dynamical Staggered, Dynamical Wilson, Dynamical Domain-wall

Measurements
1. Download Julia binary
w 2. Add the package through Julia package manager
in 5 min
3. Execute!

https://github.com/akio-tomiya/LatticeQCD.jl
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Package structure

Our lattice QCD codes are constructed by following repositories

Dependency (Automatically solved) Wrapper for LatticeDiracOperators.jl &
Gaugefields.jl, QCDMeasurements.jl

- Wizard for parameter files
- HMC/RHMC for SU(Nc)
- Stout + Wilson/Staggered/DW
QCDMeasurements.jl - Heatbath for SU(Nc)
- Measurements
- Jupyter, Colab/PC/Supercomputers

LatticeDiracOperators.jl otc

Gaugefields.jl Measurements in LQCD
(Correlator, Flow, Qtop, etc)

] Wilsonloop.jl CLIME_jlI - -
T Fermions (+HMC), Wilson, KS, DW, MPI

PC/Supercomputers
ILDG /O Gauge fields (+HMGC/Heatbath), MPI
PC/Supercomputers

|Symbolic operations of Wilson/Polyakov Ioopsl

See https://github.com/akio-tomiya/LatticeQCD.jl in detail

Benchmark of Julia + QCD

Wilson inversion / MPI parallel, Strong Scaling
Tested on Yukawa-21@YITH

AT & Y. Nagai in prep

Absolute execution time Relative speed up

LatticeDiracOperators.jl LatticeDiracOperators.jl

#procs 1 2 4 16 32 64 #procs 1 2 4 16 32 64

It looks scaling well

We need more contributors!
Please help us

We thank to H. Ohno & Issaku Kanamori 22
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Flow based sampling algorithm

Trivializing map realized using neural network
Normalizing flow? = Trivializing map, exact MCMC with ML

Change of variable by a neural network (Normalizing flow)
¢ = FAN[g]
Sampling from Gaussian

— Inverse trivializing map (neural net)

— QFT configurations — Tractable Jacobian (by even-odd strategy)
— After sampling, Metropolis-Hastings test — exact!

anxiv 1904.12072, 2008.06413, 2 Related talk: Nobuyuki Matsumoto (Feb 16

=
Normalizing flow in Julia

A public code in Julia Language

https://arxiv.org/abs/2208.08903

A public Julia code for the flow-based

sampling algorithm for scalar field. A new type of convolution
This supports not only 2d but also 3d. improves acceptance rate
CPU/GPU with Docker. (~ shorten the autocorrelation)
https:/github.com/AtelierArith/GomalizingFlow. I reported in NeurlPS 2022 workshop

https://ml4physicalsciences.github.io/2022/
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Su m m a ry Akio Tomiya

LQCD + Machine learning by Julia language arkiv: 2103.11965

arXiv: 2208.08903]

* Machine learning for LQCD

* Neural net (NN) + expert knowledge -> Best performance
e.g. AlphaFold2, NN wave functions

* NN can deal with 4d non-abelian gauge symmetric data now
¢ Self-learning HMC with NN works for dynamical fermions
* Julia language for LQCD/HPC/ML

¢ Julia has similar speed with C (w/ & w/o MPI), and machine learning friendly

* Two Julia codes for lattice field theory
¢ LatticeQCD.jl: A suite lattice QCD code, machine learning

¢ GomalizingFlow.jl: Trivializing map via a neural network

MLPhYs F(,F,’ff‘"fiﬁ'if?,?t M?fhif‘f Learning WA KAKENHI: 20K14479, 22H05112, 22H05111, 22K03539 ThankS!
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MPI benchmark

PingPong M. Giordano, arXiv:2207.12762v1 [cs.DC] 26 Jul 2022
Throughput of MPI PingPong @ Fugaku

—f— Julia (MPLjl)
—O— C (Riken-CCS)
5|
9
@ 4r
)
53t
Q
£
E
This section describes the performance of PingPong as a one- g7
to-one communication. PingPong sends data between two =
ranks by Send communication from one rank, receives the data 1r
at the other rank, and then sends the data back to the original
rank by Recv communication. 0t : ¢ 1 . . . ; ; ; ; ;
1B 4B 16B 64B 256B 1KiB 4KiB 16KiB 64 KiB 256 KiB 1 MiB 4 MiB
message size
Latency of MPI Allreduce @ Fugaku (384 nodes, 1536 ranks)
—f— Julia (MPLjl)
—0Q— C (Riken-CCS)
g 10t
Q
4
[
£
Allreduce collects data from all ranks, performs a set
operation, and transfers the result to and transfers b4
the result to all ranks.
6

10 L L L L L L L L L L
4B 16B 64B 256B 1KB 4KiB 16KiB 64KB 256KiB 1MiB 4 MiB

message size

https://jopss.jaea.go.jp/pdfdata/JAERI-Data-Code-2001-010.pdf

IntrOduction Akio Tomiya

Configuration generation with machine learning is developing

Year| Group | ML | Dim. | Theory | Gaugesym | Exact? Fermion? Reference
2017 | AT Akinori | REM 2d Scalar - No No arXiv: 1712.03893
2018 | K. Zhou+ | GAN 2d Scalar - No No arXiv: 1810.12879
2018 | J. Pawlowski + ff.ﬂ“p 2d Scalar - Yes? No arXiv: 1811.03533
2019 MIT+ Flow 2d Scalar - Yes No arXiv: 1904.12072
2020 MIT+ Flow 2d u(1) Equivariant Yes No arXiv: 2003.06413
2020 MIT+ | Flow 2d SU(N) | Equivariant Yes No arXiv: 2008.05456
2020| A% Akino |GIMC | 4d | SU(N) | Invariant | Yes Partially arXiv: 2010.11900
2021 | m.meavoovos | A-NICE| 2d | Scalar - No No arXiv: 2012.01442
2021|s. Foreman | L2HMC |  2d uQ) Yes Yes No
2021 AT+ SLHMC 4d QCD  Covariant Yes YES! This talk
2021| LB | Flow | 2d |Scalar, ON) - Yes No
2021| MIT+ | Flow | 2d | Yukawa - Yes Yes
2021/ S Foreman, Fi'_?,:':f;d 2d u(1) Equivariant Yes No but compatible | arXiv: 2112.01586
2021| XY Jing Nfg?' 2d u() Equivariant Yes No
2022 | J. Finkenrath | Flow 2d u(1) Equivariant Yes Yes (diagonalization) arxiv: 2201.02216
2022 MIT+ Flow 2d, 4d | U(1), QCD | Equivariant Yes Yes arXivi2202.11712 +
2022 AT+ Flow 2d, 3d Scalar Yrs

e




Benchmark
Code comparison

using Random
on main()
)

10°4
12
os(ComplexF64, (N,N))
ros(ComplexF64, N)
zeros (ComplexF64, N)

myprod (A, V,W)
k=1

Ali, KI*VIk]

rand(N,N) + imsrand(N,N)
V .= rand(N) + imtrand(N)
W.=0

tmp = @elapsed myprod(A,V,W)
push! (runtimes, tmp)

(3j-1) $(sum(runtimes))

if abspath(PROGRAM_FILE)
main()
end

A +1;
(rand() + 0.5)/m;

a
return (rand() + a)/m;

(double comp

k =0; k

for (int i
Wli] += Vv

oid myprod

=0; i< Nj i++)
[kl * A[K][il;

oid test(double complex A[N]IN], d

for (int jj j T ji++) {

double runtimes

for (int 0 r++) {
=0; j <N;j

1 = urand() + urand()

urand() + urand() *
0.0 + 0.0
clock_t start =
myprod(A, V,
k_t end

runtimes += (double)(end - start) / CLOCKS_PER_SEC;

5f # WI0] = %f %f\n", jj, runtimes, creal(Wlel),

test(A, V, W);

return ;
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complex %V, dot complex W) {

cimag(w[el) );
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