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= I E 2t(Fortran)= Formula Translation2| 2F X},
= 1950\ CH IBMOf| A DfStA A SR O = T,
= 1966'H0f ANSIO|AM EF=<tEl T 21 FORTRAN 66 & .
= 19779 0f 7§ =l FORTRAN 772 2 H.
« MZ 7| FtEQ| O Z FORTRAN 777t K| fixed-format AHE.

= Fortran 90
= 19910 ISO/IEC EZE Q! Fortran 90 & . (FORTRAN vs Fortran)
= FORTRAN 772| o}%| 22 |4
= free-format2 AHE, & O 22| 22 X|& & U2 Hal
= Modern EE2F2 Fortran 900| A S| S&otctn g £ Q2.
= HHO| LEZZ AIBSHX| U= AIE =2 ZECHQ02 S HECE S S &St A2 N

= Fortran 95
= Fortran 902| minor revision.
= FORTRAN 772| o} 2o = & O 2E= AMA.

= Fortran 2003
= major revision?! Fortran 2003 & H.
= OOP K|, T2 AN ZOIH, cAHO{A9| 4oy X[ 5.
= 2 EEZ|Y0|ME= Fortran 2003 EE S L& ALEE

= AR} 7HE Z[4 B2 Fortran 20230] T
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1. Linux +Intel Fortran Compiler
X AMD CPUOCI = HItE 2 ArE0| =X 8lS

1-1. Intel compiler& EZ0| 2X|& ER27I /= 42, 8L|0[X|=

2. WSL(Windows Subsystem for Linux) + Intel Fortran compiler

2| SAE Of= ALEO| Olsig BtE2e| wsL X[ 710|E 5~6 H|O|X].
O|= Intel compiler & X[= 8| O| X| £ H.

3. MAC + Intel Fortran compiler

tSOtR| 2 HIAESIEX|= HUS.




https://learn.microsoft.com/ko-kr/windows/wsl/install

i
| 0 omd aixt 28 . — — . . -+
j e YT HH T EIZE(cmd.exe) EE= Windows Terminal2 #2|At HBte 2
AlSHSE 7
=2=o=2 A

™ O B O B T Guwsstvos [ a2y

n 10,

on. All

[h= 30 =

02

olH XFS 2 2 wslO| ubuntut{ M S 2 Z 2l

wsl ——install



https://learn.microsoft.com/ko-kr/windows/wsl/install

A spsm@20185118-p01: ~

2% o £ W HEI~
7ve =

Ubuntu
0 o4

NVIDIA Visual Profiler (Ubuntu)
Nsight Eclipse Edition (Ubuntu)

& NVIDIA Nsight Compute 2021.2.0
(Ubuntu)

' NVIDIA Nsight Systems 2021.2.4
(Ubuntu)

oY

A ubuntu - 24 23} ¢ ¥7|

A ubuntu download
A ubuntu 4%
L]

£ ubuntu

"root" ‘ 5

nux 5.15.167 . 4-mic

in:
for eth:

create the

HEE S ChA| A|Z}SHH XH5 O 2 WSLO| A8 = 248 20l
O

Windows A A ubuntuS M| = Al

0%
et
Ojo

1
£0



- O|ZA EX[=l wsL2

(2t A, sudo apt install <program_name> BHOIE ol HRot Z=21¥M=3 AX|5l0f &

OE =0, = &20l= 2% EX|2 gfortrans X[t 1 HLHH

ok!

&0l 7|28 =203 Q9 CHE 7|s52 2X[&[0 /UK HE.

=

sudo apt update
sudo apt install gfortran -y

%: ; 27| i XO

+ B[O E - IRy M e e

TN S gz e 95 0 0 g8 AT ¥ DO g

o ST L g R0 o) FAE QESE wsLel B CIMERIE Z 4 QUrk
" LHn::nve - Persona a L Ubun

> 3 \\wsl.localhost\Ubuntu\home\<user_name>
mees

> B eM

o XWSLOf| A Windows directory(C:,D:)E &1 4ICHH /mnt EHE &2l8] 2 A.

[} o O| tutorialt 7| HiZE OtAESS WsSLe| AjAle| Z ClAEE|o &
£ 0|2 HAROINE B 4 UCTH OFE=g A




H7E Intel Fortran Compiler XA

~ o« WSLS| Ubuntult, Linux terminalOf| Al Ct21f £ 2 ZHMEZE A 3lSH
" @ fortran= 2Tt intel compilerF MKL(Math Kernel Library)= &=
Py

wget https://registrationcenter-
download.intel.com/akdlm/IRC_NAS/9e86b555-f238-Udea-blUb2-
01b243e42483/intel-fortran-essentials-2025.0.1.27_offline.sh

[##Iﬁi
IiiiIiIiiiIiIiiiiiiiIiiiiiﬁiiiiﬁiiiiﬁIiiiiiIiIiiiﬁﬁiiiiiiIiiiﬁiﬁiiﬂiIiiiI11IiiiiiﬁIiiiiiiliiiiiﬁiiiiﬁﬁiiiliIiIiiiIﬁiiiiiiﬁIiiiﬁiﬁiﬁﬁIﬁiiiIiiiiiIiIiiiﬁiiiiiiﬁiﬁiﬁﬁiﬁiﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ]
ffline completed!

e OE 722 sO7tH €2 otgs Bs + UM

eparing. . .

https://www.intel.com/content/www/us/en/developer/tools/oneapi/hpc-toolkit-
download.html?packages=fortran-essentials&fortran-essentials-os=linux&fortran-
essentials-lin=offline
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sh ./intel-fortran-essentials-2025.0.1.27_offline.sh —a —--silent --cli --eula accept

OLR & SMS HAEZ[X| %2 B2, Intel compiler= CHS X0 A X =IC},

/home/<username>/intel/oneapi


https://www.intel.com/content/www/us/en/developer/tools/oneapi/hpc-toolkit-download.html?packages=fortran-essentials&fortran-essentials-os=linux&fortran-essentials-lin=offline

~/.bash_aliases
~/.bash_aliases

Intel compiler@| AF2-S S Al ~/.bashrc Tt L 0f| C}21} 20| IS =Lt
(ulimit 2 0ol= T2 M| A X2 AL St E S| H|s| =Ct 12X YodH 2

shopt posix

A A B0 A segmentation fault Ol 2{7F LI2 2= QULCE)
/ /sh /bash- letion/bash leti o . . .
Just/share/bash-conpletion/bash. conpletion ulimit -s unlimited

/etc/bash_completion

fete/bash_conptetion source ~/intel/oneapi/setvars.sh

unlimited
~/intel/oneapi/setvars.sh

O|A| intel compilerE AtE3t7| @dl], &2 ZICt AHL Ctg AU EES AMSIH

source ~/intel/oneapi/setvars.sh

;; moi ——
Dtothh —

DUoonedP| environment initialized

%




Intel Compiler + MKL A&

1520 HZSH B E £90 I Y-S /home/<user_name>/statphy25/. Off EALE Z.
Hi Z St “mkl statphy25”"ZE= 2219 20| 2Ats) S A.

2o

Z| A1 {7 intel fortran compile= ifort B 0] CHA ifx HH O E ALEBHCL

Ol EMO|=ifx HHOE AFRSIEE MAO L} ZA|L} serverOl| LIRS old version®| ZI AU E AIESID Q2 82
ifort HEHOE Af off OF & = QUL

ifx tutorial®.f90

ifort tutorial®.f90
= AS0AM mkl 20| E 22| & AIESI= B L2 HAUMEE A8l Aufde A.

ifx <mkl_code>.f90 -I/home/<username>/mKl_statphy25 —qgmkl
(EE= ifort <mkl_code>.f90 -I/home/<username>/mkl_statphy25 —-mkl)

2

Mot

= 250 OpenmpE AtE0t= 47 CtEut 20| S8 75 Aate

L—

ifx <omp_code>.f90 —qopenmp
(EE= ifort <omp_code>.f90 —qopenmp)




Hello World (tutorial0.f90)

program hello

!' This programs prints “hello world!” to the screen
print *, “Hello, World”

end program hello

= TZHL2 program “ZE21HO0|E” O 2 A|&BICH

= end program “ZE2 10|57 CE ELICE «Z = 10| & 2 e It5.

| FeHIAE= S HFOZ HMEA| FA|ELL (OpenMP 52| 20| E2{2[= O| & 0| &3}7| & otL})
= Fortran2 CHA 2 f :rLt” SHA| A=,

- At Yo
= (GNU compiler) gfortran tutorial0.f90
= (Intel compiler) ifx tutorial0.f90
= (Intel compiler, T+E{ &) ifort tutorial0.f90
« LEZF A0 mEtM 2HYALE f, f90, f95, f035 2 AHETHLL.
= StX| 2t free-form ZE= 25 02 = AP = FHSICH & FEZ[H0 M= f900HS ArEE A Q.



A A2 &N

» YA 9B T2O| QOB ANE wYFE Y,
= AMESHA| 2 45, Real EFRICQ| H
= gfortran -Wextra -Wall mycode.f90
= ifx -warn mycode.f90

El
oln

= H®EE Z2E0 et 31 4.
= gfortran -std=f2003 -pedantic mycode.f90
= jfx -stand f03 mycode.f90

= fO3L} 2003 CHAI 90, f95 SO S M A 7t5.
- SIX|OtREHEZS ;gorLH'— 7 ofL|C}.

s D2 MW B YO| QIMAEZ HOILID 0215 FE BN, (DY EFUOME 2FS ¥ 5 813)
= gfortran -fbounds- check mycode.f90
= ifx -CB mycode.f90




Implicit typing (tutoriall.f90, tutorial2.f90)

« ZEZHO M= HEE HAH 2 MOISHA| R0 AHE 5= A 0| 7Hs 5Lt
= B~ 0|20]j,j, k I, m,n 2 A|ZSIHH 4=t |1
= Ct2 HaH 2 M7} EICH (“In Fortran, GOD is REAL”)

= SHX|PH 2 E HeE
= implicit none & &
.QloE gED21

Qﬂl

program tutorial?
' always type "implicit none" here

implicit none
integer :: 1
real :: total




Ata Y (Types) (tutorial2.f90)

= ‘=2 (integer)
= -2,-1,0,1,2,3 &= H=.

integer :: 1, start =

integer (kind=8) :: k

= kind Q=2 X2 A7|E 2FE 5= UL 7t 27| = 1,2,4,8 bytesO| 11
kind = d=71s. C|Z E = 4 bytes.

= =2| A (logical)
= _True. L} .False. 2f= 7} XIC}
= C/C++ 2f OXVIX| 2 AN 2= Hadof X2 E L.

= 2 TF(real)
= 1.0,3.14,-100.123 &2 A%
= 7|29l real (4 bytes) 2t O H

f 1St double precision (8 bytes)O| Z &Y.
= 7ts%tkind Ql=+& 4, 8, 16.

real :: anglel, angleZ

double precision ::
real (8) :: acc3




MEZ(Types)

single precision?! real2 CHEf 7X2| 2| H=t= & JHEICE,
= real2 =Xt “e”E 0| &3l M scientific notation2 = EE 4= QUC}
3.14

1.89e-19
10e0

= double precision = CHEf 15Xt2[ 2| =t & 7+ RICT

3.14159265358979d0
1.89d-19
10d0

= AOtA 2|7t 3.14159265358979& = 2| E{ & 4= single precision2 2 X &6 A 3.1415938F X ZHEICF,

= double precision H==0{| 3.3 Z 2 single precisiongtE E2 ™ X7} EICH 2%l== HE5IH 10T B0 CHEA &8
= 0| Bt=E[7] = O|Ct.

= double precision0f] & 2= A2 HELCH

= 2.0%*05 &2 HEY2 YChsingle precisionS £ =3 |0 HE| 22 X S| Of SHCt

= SIZE|X| UA SEHOZ doE Holl = AS ALt




MEJ(Types)

= S5 (complex)
= Shrs 2R SRS LEE 2718 22 E[O{ UL
= 7ts%tkind Q== 4,8. LI ZEEE= 4.
= kind=40|H &5 5|57} real 27| & 7+ZILE.
= kind =8 O|H M =220} &|=E7} double precision 27| & 7}%ILC},

complex :: planel
complex (8) :: planed

planel = (1.0, 2.0)
planed (1.0d40, 2.0d0)/7.0d0

| 27| len .J—T—'.: F25i M X|™HBtC} C|ZE = len=1.

S EER TR

— =

character (len = 20)
character (20) :: str2

strl = “Hello world”
str2 = “Fortran ”// “2018”




= W= HE & Sle AEg S ekl oo
- =

2| E{ & &b=(literal constant) : 3.14, “fortran”, 10 Z2 Z 212 F7t0]| 0|EQi0| MX| = &= 2|0|SHCt.
= Ol5R= MA(nf'ﬂlmed constant) HAK 2 0|22 7HE A4, O] Al parameter 49 2 M Q1) 0f 8121
Mot &

- Aol B4l DE T2 3 QbR o) MOIS|Of ST}
- T O 40| g A S XSkl 4l DI
- BN T2 02 700 ZHS MASID, ALK B 2H0| BB 242 H|3HSE2{ B module®l| A protected
2402 H4Z Molsict

module m test
integer, protected
contains

subroutine func ()

end subroutine
end module m test

= 22| 4t subroutine func() Ml A2t A 7+5. (module, contains, subroutinedl| CHoH M &2 F0f LI=2LCH.




MAAIY =5 (formatted output) (tutorial3.f90)

= print2} write= O| 83l A O|O|EH & 2tHO| =5 4= RULT

print *, 18.24

write (*,*) “hello”
= 22| printQ| *2F write2| F=HM *CH A Of| A Al 7|= X}(format descriptor)E &= = UL

= H= 7= Xt

¢ “lwm” HE R O Z0f7.
+ w: BE 20| ge ol uoz 52
M5 L0 He B2 00 B «m 2 MY Tt

write(*, "' (I8)"') 1234
write(*, ' (I8.5)"') 1234

= O|& =0, HIO|E 7} «123470] 2 ZBIO| «(18)’ O| H « 123470 ZH & C},
= (I8.5) O|D4“ 01234”0| & =ILC},

- EIXI_ “B” “O” ch”E A'__Q_ |_|:|:| 2 8 16I|_| % 47'_%

- kind 912-0f AbHGIO| AFR 7S,



MRS &5 (formatted output)

L A% 7SR}

. B X'_ “F? % Al.
= ZAL“EE AFEO

9 S20| XS B ook 24T KRS
: )
. BRI ESS Al

cientific notation2 2 . (D= ZH2A} 2 EQt <

o™
M s
8ol A Xt2|7t 00| Ot YAloz =3

write(*,'(F18.12)"') 1.0d/7.0d0

write(*,'(E12.5)"') 1.0d/7.0d0

write (*,"'(ES12.5)") 1.0d/7.0d0

« B E
“0.142857149243”

“0.14286E+00”

“1.42857E-01”
= kind Ql==0f &2t310| AR VLS.




MAJAS &5 (formatted output)

= “rPfwm” M8 &0 <AtS X|E 5%'5 AHO| ri BtRE|= WS 2|0[TtCt
* 0 MESHM MZ CHE ML Z HOlEHE& &8 & = UMt

varz 1.0d0/7.0d0
var3 3.141592653589793238d0

write (* '(I8,2F20.15) ) 1, wvar?2, var3
(*

write '"(F15.6,E15.6) ") wvarl, wvarl

>
=8 21

“ 10 0.142857142857143 3.141592653589793”
h 3.000000 0.300000E+01”

- —l—X" ”An CC — “A aa% Al__g_'c')l'_l.tl_
= =L I31|O|E1 = “LW”O AFE 2Lt

C P2 HE BUS aix k27| 0H S B BHEC,
« HAT|EX2 20| HO|E S2HCEAOB HA| J| XL NS RE B St
= F2=(Complex)= 271 2] *'*Oﬂgi Zof ooz 2749 M= 7|§Xf7f = Reke

= OO|E A7|7} X| Mot WA HLCE M «+*x0 2 ZHEICH

|



M4-ofol elite
1S S0f, 901402
Aot §42 28
o 21).

=M oo A ELRA| D, 22 8

Al |:|-
= Q0] 2t =

real O| L} int &=

B*»*2-4+A=*C

%7F, A%-9f0] GIARS M

2257r 9/4= 27} L2 L,
S A AL SHH A4 O S

t

X

&

—

Al
=

T= H 0N ALESHH

S MM AZYS H=E 5

N

T2

=

N



& Q1{(Arithmetic operations)

o -T
*
N
o
l
o
o

2.0 **» 3.0 — exp(3.0 log(2.0))
= EE AESH| 20 22| = X[+=Z AFE Y == SiCH
(-4.0) ** 2.0 | Ao 25
= Intel ALt 2= Integer-valued real2 integer2 H2ts| =Lt
= Z|4l gfortrane A Of| H7F L

(7122 M 2Tt oD R 242 Helsta B TS S MO

- H|Z3 27| £AHE W I Q¥ EXITLALZFX| 22, (A M 0f AZS WOF ShCt
https://en.wikipedia.org/wiki/Floating-point arithmetic#Accuracy problems



https://en.wikipedia.org/wiki/Floating-point_arithmetic#Accuracy_problems

==/ (Logical expression) (tutorial4.f90)

= =2|4](Logical expression) 2 2tA AH Lt} (Relational operators)
=c| A2 Ofef ot Z2 2t Al HEHO|LCY,
e, 2t LR} e,

= 071X e, 2t e,= XA O|Lt XA O|LE,

. DA QML B|AE
27| LR T

less than

< E&

> &= gt greater than

== = eq. equal to

<= E&= le less than or equal to
>= EE= ge. greater than or equal to
/= E= ne. not equal to

= Ch&2 =2|AQ| Of|O| Lt
x < 5.2

number == -999
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B**2>>40+*A+*C— (B**2)>=(4.0+A+*C)

| iSOl A CiaB| WS

’

o
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51C
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P2l =2l 4 =0|L}

At= 0| L.
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<
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Otef= =2 A&t

ol
.A_w._

oF
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4l

.not.

.and.

.or.

H.n_ﬁ




=2|Al(Logical expression)

= al + a2
tolerance = 1.0d-8
1f (abs(1.0d0 - a3) <= tolerance)

= gfortran 4.8 H{ ™ O] &F2 -Wextra M= F7I6HH M 2| Z2 [ LA E10
g

i
Ly
18
rot
n



If #=2(If Construct) (tutorial4.f90)

= =2[A]10] &O[H AT,
= =2|A17F AR 0|2 =2 Al27t 0| H B,
= 25 AXO|H 7t A=

= O] 7| M elselt else if 22 MEFst 2= Q11 HILIZ else if 22 O F7+2 5= QUL

= Ch=3 Y EfO| if=

A
= elseZ S AZF o 20| 2|2f 20| theot FEHZ AT o= RUCE.



Do BI=E (Do loops) (tutorial5.f90)

u EE — — =
- ST HEfS| do 222 %

= el2 X7|4, e2 *l
A2 fAas|u?

= Fortran 955 Ef A3

. SE HEfO| do RS RS0 2J3HAf A OfEILt,




gt4(Functions) (tutorial6.f90)

= Z=0|: tutorial6Zf tutorial72 QB2 7| EEZ 2 E HHOLA| RISt = T 2 Q24 0|C}.

« I E2h2 Bk (function) @t A L2 El(subrouting) S O 28 A F I 2 113 (subprogram)= ZHd g o= QUL
= g FEER O FEIYM S SEE -0 R ASHE,

= MALO0 = LM Ol Ha M-S oS0, b= 240| H|O|H HA(HIZ [t 22 MAUSIH MEF 7)1t
Ol O] intent X| E X2t 20| M A E[0]OF SHLF,
= intent X|d X}= 2= =X 0 EErEF in, out, inoutO| =0{& == ULt
= in: 8 5H9| Ql4 & 7#*'°”EI SO 20| HHE == Qi A otC} (SR B HEE == QUCt)
= out: &8 FH9| Ol 3.:.*—?7f31'—f7| 0| gr=2 ot Of & CH sl Of BtC,
= inout: Y= FHO| 2l



%4 (Functions)

>
=
N

« S LHEO| A& print2} write 22 A S}

= 52 H2[(Scope)
= REZ= 0 LM X|FHFE2
= KNYH=2 B2 ZSEQ}
= save 582 AIE9IH ZER0

T2 Lfo|MTH Qe iCt
A AREEICH
2= ZHo| RRFEICH

oot o

&

integer, save :: count
- FOlI MOIA| X731 61 save S S ALS T 24T} 2Lt

integer myfuncl ()
integer :: cnt =
myfuncl = cnt

W 5
ER2 C/CH+I CHRA| K| # S50 S-S S A7} ObLl T2 12 AA| A EICE (FORTRAN 772] S4h



%4 (Functions)

I
I=

EIO"S MEoH| ?loliM e, 2 FEZOH™, L

QR Ho=
=end program F|Of| ¢|X[5{OF S},

SHE ALRSH| QIS E203 LM = | :: 1,3, myfactorial
Jod‘é Sl OF StCf,

OA :nt 2 4tE Tot= &= A1
7 17|HE YU ERE S 2ol
write myfactorial (i), myfactorial (3)

end program

integer function myfactorial (num)

Integer, intent(in) :: num
Integer :: 1, temp
temp = 1

do i=num,2,-1

temp = 1i*temp

end do

myfactorial = temp

end function myfactorial



%4 (Functions) (tutorial7.f90)

= | & HFox=H
= contains Of2 Q= Hxz Nz T2 28 LHEO| A2 AFEE 4= UL}
= end program 20 /X[l OF StCF,
= R Srs T2 RO XY HeES AFEE 5= UL

= oA :nt 2 €4S ot= &= O A2

myfactorial ()

contains
integer function myfactorial ()
integer :: temp
temp = 1
do i=num, 2, -1
temp = 1*temp
end do
myfactorial = temp
end function myfactorial ()
end program




___Funcion | d® | ol+ol Xad

abs(x) x2| HCH ¢S M Ees A
cos(X) cos(x) (2tC|2h =T
sin(x) sin(x) (2FC|2h o
exp(x) K= &= =T
log(x) 23 g Chy
sqrt(x) xo| Ml&2 H

« |2 & Ql=E d=

= Ol==Of HiE = E O

= Ol=O| Xtz HOf| &

= 11 2|9 == Ofeljof| A &ot= A
https://gcc.gnu.org/onlinedocs/gcc-3.4.6/q77/Table-of-Intrinsic-Functions.html

n= Uz nz px nz RFR

P A 4 4 o


https://gcc.gnu.org/onlinedocs/gcc-3.4.6/g77/Table-of-Intrinsic-Functions.html
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end subroutine A|EHEREIN

Mot

subroutine M
N |

ol

program

end program

7tSStLt.

2
o

= RO M= print2t write 20| Af
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HE(modules)

* RES AMESH| oM FEEHO|L Z2 U0 A ChS 0t 20| dUF Y0 use== 37K OF B

-t

= use== implicit none 2 C} &0 2L,

s HH A FEZIAHSS o 2=0 F-JtLt

http://fortranwiki.org/fortran/show/Object-oriented+programming



http://fortranwiki.org/fortran/show/Object-oriented+programming

HE(modules)

= O K : S22t S BEtole 22 25

—

module temp 1lib
real :: celsius temp

contailns
real function fahr to celsius (temp)
real, intent(in) :: temp
fahr to celsius = (temp - 32.0)/1.8

end function fahr to Celsius

real function celsius to fahr (temp)
real, 1intent(in) :: temp
celsius to fahr = 1.8 * temp + 32.0
end function celsius to fahr
end module

program temp conv3
use temp lib

celsius temp = 36.0 I BENA MAHE Bz
print *, celsius to fahr (celsius temp)




A (Arrays) (tutorialll ~ 12.f90)

= AL E .75*% XPEQEI Ha = Ui D(array) 2 LIEFE = QUL
= HjG 2 MolE
L 5L AAE JHKl=E 1xHA A HiY
real, dimension(5) :: wvector
! 2XHAe| E HHH
integer, dimension(3,3) :: matrix
« L= Ol 20| doigr == ULt

real :: vector (5)

integer :: matrix (3, 3)

- HjSo] OlE| AL 7| 2RO 1HE| AIRISHCY,

—_ 11—

= 22| Hi € vector= vector(1), vector(2), ..., vector(5) 7t AHE 7+ St}

« C|ZE7} Cic++3} CHE 0| R2I510, Of2] ¥AX|S ME A2 250| QEE HOIS X YehA b
ATBHCE
- Hjo

real, dimension(-5:5) :: ! o HALE K= 1xIA HiAE
* Python2| range & =2t= CF2A| OFX| 2 QIE A 50 HLBHEICH

« HO2 HIE2 7R B @7HX| 2 7S SHEY



= 7tHE S HY H(allocatable array)
= 2AET Yool 3V|o H2EE ¢
= JHHSHE B E-2 allocatable? | ¥ EQF 20| M ALY,
= H{EO| 3 7] allocateZ | Al & A H22[E 22 M| X| 75K OF SHCt.
= MEREIO| ELt7| O deallocate= 2= M| 22| S K| Z S =Lt (Fortran 957 B = #H42| R A7t ELHEH A2 2
o
=

[OF

refotd{ B TS E Bl 25 ARS8 St
7

ZICH O3 MO M pointer 2 Cf allocatable2 A= AO| H 22| =2 8 H QtMSICH

real, dimension (:,:), allocatable
allocate ( arr(5,5) )

deallocate (arr)

= Hi €Al (array expression)
« HiEo| AV[7 &2 ™ AHAO[Lt == H|E tHR| = e &= QUL

integer, dimension (4)
integer, dimension (0:3)
_(/ 1, 2/ 3/4/)

(/ 5, 6, 7, 8 /)

= a + abs(b) +
= 2

(
Lo
= 2|9 Ol MO A cOfl 7,9 ,11, 130],d2| 2= A= 27t HE =




HY & (sub array)
7IZHIG2REH REE2 HIE2 ot €2 A eE 714

2194 (e1:e2:e3)
I:IH°" (a | (Hll E'|"°"I|-)

=
- E:
[ |

ot

7 ULt

- el,e2, €32 212 BITHA| ASHK| ZEE0| T 63 A2 ThSBICE
. HE XIS ol ASo| Eo|CH

integer, dimension(8) :: a
integer, dimension(4) :: b
(/ 11, 22, 33, 44, 55, 66 ,77 ,88 /)
' (/ 11, 22, 33, 44 /)
' (/ 22, 44, 66, 88 /)

' (/ 66, 55, 33, 11 /)

= 2XhE HY O 1A R &

integer, dimension (3, 3)

print *, a(l,:) b/



- 02| A 2% x
- Mhapd HE RS THE I V(, 1), V(. 2), V(.5 ) §E 20| 2

(®)
32

Array Order

Fortran arrays are stored in celumn-major order: A(3,2)

LyL, 1) 2(2,1) Ri(3,1) R{(Ll,2) R(2,2) R({3,2} B(L1,3) R(Z,3) EA{3,3)

C arrays in row-major order: A[3][2]

A[0][0] A[O][1] A[0][2] A[1][0] A[1][1] A[1][2] A[2][0] A[2][1] A[2][2

For one-dimensional arrays, this is no problem. For two-dimensional and higher arrays, be aware of how subscripts appear and are used in all
references and declarafions--some adjustments might be necessary.

For example, it may be confusing to do part of & matrix manipulation in C and the rest in Fortran. It might be preferable to pass an entire array to a
routing in the other language and perform all the matrix manipulation in that routine to avoid doing part in C and part in Fortran.

E2, C/C++ HI 1= CIEA| 2(2F 20| ME

JBI rﬂ

%IXIOHOF STt WL}

matmul (V
matmul (V




El(intrinsic subroutine)

.|
_______ subroutine | €¥

dot_product(a, b)
maxval(a)
minval(a)

product(a)
sum(a)
matmul(a,b)

Ibound(a)

ubound(a)

alt be| LA
al| Z|CHZk

al| &[4k
alA=0| &
alA=2| &
HH 3b9 &
(=2|L|7} C}2 2fo|= 3]
Hi Ea QI AO| %
Hi Ea QI AO| X

|_|

Rai

>

Rai

>
0f0
ot
N

N—r”



ot A== (File I/O) (tutoriall3.f90)

FortranOf| A It &= A Ste{ W, X[ H2 7t HAL[O0F St 11, IHAO| CHot H7HX| g=0| K| & |0 OF oL}, L2t &2
open== Ar&5t0] O| FO0{ 2L,

open(¥7|=55)
« Q7| FE0|= 30| B2 ZBtE|of BhCt,
« unit: @OA Sk ThUO HAE TA|HZO[CE (unit= 2 MEf 7Hs)
« file: I} 0|2 2XIY
= status : I} 20| ZXYSIEH “old”, |2 TS O X|H “new”, 7| E2| I+ US CHX|SHH “replace”O|Ct. “unknown”2 2 F0f
T EIC

file = “field.dat", status = "unknown")

= FIHHQ G| B E
= action : “read”( 7| &), “write”(X 7| &), “readwrite” (4 LM 7| HE &)
= position : “rewind”(A|ZHE), “append”(&78), “asis”(Z 2l Lt 9| 2z X))
= jostat: ME A Moy Heo 3o E EFOH 02 SO
= JIEFR O U=

AN -

=



—

= S| B 20| X HS ynitS Z£=0|10, jostat, err, statusS Zgtat 4= QILC}

= write2 2| A HM 12 UXHSE doH &

write ( ,*) "Sine Function"
write (100, ' (A8, 2A14)

do 1=1,20

write (100,

end do

= B 2 read2= MA] HIO|HE 210{= =+ RULL.

read (110, *)
read (110, *)
do 1i=1,20

read (110, *)
end do

1dx (1

")

) 1

1A)

i", "angle",

copy angle (

2l OO HIO|HE & = UL

"value"

1),

copy sine (

(I8,2F14.8)") i, i*pi/10.0d0, sine (i

1)

)




Fortran Style Guide

= =M= FF & (Naming convention)
= ZEEJAFRE2 AFXE AFESHEH(do, subroutine, module, ......).
= HesE AR HI|OH
= & EHO| O] O| ™ A HIE AFE L}, (add_milliseconds)
= MEREI2 AR ez BALE HHDICE (e.g. ©4= useful_thing, A| EF El-2 get_useful_thing)
= =2|d Ha= hasktis 7 S0 7HA| °H:f (lib_is_initialized, obj_has_parent)
= H 0| B2 LU F F0|X| 2 0|7t HEE|A & A.

. 0|D|7r HSISE B2 dummy E—T—t A MNE E“:f (i, )
= —,—(parameter),': CHEXE2 7#7|g A . (PI, GOLDEN_RATIO)
= =AtO2t], ==X} oxr 12 EL| 2 S1202| K| 22 2ol Bt AL ST

O|'

= HE A| monospace (fixed width) ZEE O|C| 20| AtEE A.

HJ

= =0{ A 7|(indentation)= LT S S ALESHIC (Y8 70| =& 47 F=H)
= O|0| Y= M Z(comment) S At ALESHCL

= Gt 7|20 s SMOE E[RLE (A+B/C+D)

« H{E S AL BAH 2= FE2S AFESILL (v(:) = 1.0, func(v(:)) )

=

T
o

L

http://www.fortran90.org/src/best-practices.html
= https://github.com/Fortran-FOSS-Programmers/Best Practices/issues/5



http://www.fortran90.org/src/best-practices.html
https://github.com/Fortran-FOSS-Programmers/Best_Practices/issues/5

SCFT T2 13jale] 1|&

= SCFTO| 7|22 Ct3 9| 0|24 ™H A2 ZJ single chain®| partition functione A 4tdt= A O| L},

2

aﬁq(r,s) - {a N y2 —w(r)}q(ns)
S

= 27| Z2H2 free end2tH q(r,0) =1 0|11, O] r,0f 178 =l ZL20|= q(r,0) = (aN¥2)35(r—r,) O| L.

= O| 2ot O| 2 ™A Z HEA & = U277 E0 DES| ZHIA w(r)2| Z 20| = analyticSHH 22 2= ALt
CH 2 & numericalSHAH| =0 OfF otL}, O] O| 2 A2 F= BHE 0| &H 71X -“XHOHZf

1. Real Space Method
2. Pseudospectral Method
3. Spectral Method

= = tutorial 9| A| = =2 Real Space Method% AESHY == 2| Udk= A2 Hi=E A O[T}, Pseudospectral MethodOf| CH
S Al= OFX|2F0f| ZHEFS| A2 HSHICT




Comparison of SCFT Methods

_ Spectral Method Pseudospectral Method Real Space Method

3-Dimensional Expansion Medium Easy Easy
Cylindrical or Spherical Difficult Difficult Very Difficult
Coordinates (3D)

Arbitrary Confinement Very Difficult Difficult Medium
Non-Flat Substrate Very Difficult Difficult Medium
Surface Interaction Troublesome Maybe Troublesome Easy
Periodic Boundary Easy Easy Easy

Speed Fastest Fast Medium

Classical Phases

40_ T

30|

Phase diagram is obtained

%N 20 S
' by SCFT Spectral Method

Complex Phases 0 -

& N 320 F ]
ad :‘ lll 0 I R R R R R B B A BT
238 Lol 0.0 0.2 0.4 0.6 0.8 1.0
<=0 l.-‘l .I:

PL D

M. W. Matsen, J. Phys.: Condens. Matter, 2002, 14, R21-R47

f . A fraction in AB block copolymer
y . Flory-Huggins interaction parameter
N : the polymerization index for the block copolymers

46




SCFT T2 13jale] 1|&

= Dimensionless numberE At-&3}t= numerical calculation®| A= XL} unit lengthLt unit time S H2ts| ol
O{OF ot} o 7|0 M= aN¥2 = 12 & A O|C}.
= L2 1 20| AEHE operatorE "3 2|8 2 X},

%) 1, _ =£ 2 _
gq(r,s){gv —w(r)}q(r,S)—Aq(r,S) =gV )

= Btk AT} operator 7} OfL| 2} “*Efm O] 228 Alo| BH=Z Of2f{ef 20| ZHEHS| ¢
Oto| O] 21 w(r)O| commutedtX| 7| I=0] O|EA| EO| o X|X|= &=L}, (O
& d oI5l OF BtLt)

= QULCEL AL AN ZE= A
HE3o| o|O|7} 2ol0lX| EH

q(r,s) =e*q(r,0)

= SFX|Bt O ZXE FAISHD A& Tl EAF As ZHE L = sE discretizedSt = If, 578 sO| M2 q(r,s)E 1
ULCHH, g(r,s+As)= L2 20| = E ZO|Lt,

q(r,s+As) =e**q(r,s) =exp [%VZ —Asw(r)} q(r,s)

= Exponential &= £2| 0|2 7|2 & = Xd| §5& == QICHH, B Y] T
A45H7| " 2to

rot
Hl
|'O|'
[0
D
|
|_\
_|_
W
_|_
_|_




SCFT T2 13jale] 1|&

L Che I e

symmetric operator splitting= S} H
o[n|7} Of|A|= 0

202 Z Ol AMZS = US0| AN QUL (£t operator2|
= Fe=o 2L
A AS —ASW(r
q(r,s + As) exp{ ( )}exp{gvz}exp{ ( )} (r,s)
= LHIA SO H2 FTOHE XM r| M &£ S5l AL #£0|2 2 022 A|4H0| OfL|CE O2{B 2 O 7| 0| A= C}
S1F 20| Boik|= 720 B2 gL st
r)=exp| —V r e — r r exp| ——V r)=exp| —V r
0" (1) xp[6 }q() xp[ : }q()q() p[ = }q() p[lz }q()

= M| FEE BES3E 0= Al exactStX| = X0 R 5 ZAIHOZ = 22 Al0|1
S M Z0 7t o2 7t KLt @ A= 2 first order77f7(| H 2 ™|

EE M R A0 2 symmetricet &
Epiip

. As L) AS o) wsn As, As

q (r)=[1+;v]q<r) (1—ijq (1)=q" () (1 12vjq () - (1+1 ]q()

Euler Method Backward Euler Method Crank-Nicolson Method
o7t 21 =2 ol {7t 2 X| Bk 2 Ol 247F &1 ¢




1At2l CN Method

= 1X}-2l Crank-Nicolson methodE AtE%t Al At S WEt7 EXAf z, sHo 2 S7HHA0 2 57t} s
Htok=2 LESOf grid2| 2 UM Q| qdf= ++ot= AO| =HO|Ct,

0<z<Ll, 0<k<K K-Az=L,
0<s<1 0<n<N N-As=1

= C}+Z0f| = discrete®t gridOf| A| O] &

ujo
Hl
ot
Ot
rir
0L
IE
[0
0=
1y
of
HT
Ral

oq(kAz,nAs) q((k +1) Az, nAs)—q(kAz,nAS) Q. -q
0Z AZ Az

112

oq(kAz,nAs) of —qy,

« 22 HITY BI35FO 2 discrete 0| £ ™Mo|at =& QIC}.

0z AZ
- — | 2
= YUX} O] 29| XtE O|E|A| O|Xt 0|22 B 2H,  0°q, N Ow.1 — 20, + 0y, _ 529"
(OFX| S+ A2 discrete O| = operator 6,2 2| 42| O|LC}) 072 A72 =9, U
= O|2{at B4l Z Finite Difference Method (A= E) 2t S ELC} 90f 27leh 4|2 O[XHO| 22 3742 e 2
HHSH= 7+ 7ok HhAl O] JOXHE #O|C O| 2L =&t O JESICHD el B2 CHE HA 0] QU

A2t SCFTOl= =0 28 YES= =& 287t 8L (20|H 22X AFESHE 227 H ROtE =& UL




1At2l CN Method

-2q, +
qk+1 ql; qk—l Eazqu

= 1XRO| M 2| AR 20X} of= 0|22 E A2 CrZ1F £ L Az
AS 0° ) AS 0% ) .
1-=2_ g7 (2) =] 1+ — =
( . ZZ]Q()[ 182j (2)
= Discreteot Al E215IH, ( —ﬁézjqf :(1+§52jq;
12 12 °
- AS - o « AS « ©
Ok _W (Qk+1 —2q, +qk—1) = O +12A22 (qk+1 — 20, +qk—1)
= ExplicitotA| CH=2| AlLt= BA SHA =ICT
a « « O AS
qlfL:Eqk 1+(1 a)qk+5qk+1 EGAZZ

- C}S B0 A ALS O BX|7} OFZ ), of2fo| AlS BHESHE ¢S 2 &0}
ofgt 87| w2 o] ct.

A O <
—— 0y 1+(1+a)Qk Ok:1 = g
= O] &2 CtS 9| matrix equation2 2 A H& 4~ QALY




2 J11a -2
2 2

= 2|7} AAE 5= kel
CHol =2|5HOF 2 EfOI dO|LCt,

= Neumann boundary condition2| &<

St

7 k=0 1t k=K | 0| A=0| Y= At ZCt JAHE2 q |2 q, 2 €2 gy Oy 2

l+a | -

@
2

Qo
Gy

Ok

1At2l CN Method

(&)

0

k)

= 0FH K7HX| QG| O el g=Zt2 O E A “dsloF & 7t? O|X| boundary condition0j|

ZCt. &, Neumann boundary cond|t|0n01| M= CHS 2t 22 matrix equations =™ &l C}.




1At2l CN Method

1+ -« - 2
2 14a -2 qg* q?&
2 G G
2 14 -2 0
2 _ O| 23+ matrix equation=
= O(K)0| S0{Lh= &112[F
| Of EX{eHCt.
0
2 14q -Z
2 2 o &
o] A ) g

= CtS 2| matrix equationS F £ &7t trldlagonal solver.fO00]| M| A| =[O QALY

(Ch= & HO|X|0f 2 &1 2|F 0] MA| =0 RUCE)
zdiag(0) zright(0) output(0) input(0)
zleft(l) zdiag(l) zright(1) output (1) input (1)
zleft(2) zdiag(2) zright(2) 0

zleft(.K -1) zdiag(.K -1) zright(K -1)
zleft(K) zdiag(K) output(K) input(K)




Algorithm for Tridiagonal Matrix Solver

0
an—2 dn—1 Cn—l Xn—l bn—l
\ Ay dn)\xn/ \bn/
= MY =2 H HEo A& &off 2 ofsi=0f Gsfj, 2 orei=2| M Y &= 2= 00| &[A Bt=XL,
d,=d, —(a/d)c - d =d —(a_/d",)c_, Ol stepg OIX|Z ZNtX| Al
2 2 (a1/ 1) 1 n n ( n-1/ “n 1) n-1 S50 matrix equation Ct
=1 Z0| HotC},

b; = b2 _(al/dl)bl brT = bn _(an—l/d:—l)b:—l




Algorithm for Tridiagonal Matrix Solver

0 : .
0 d n-1 Cn—l Xn 1 b: 1
\ 0 d, JU% )\ bn J
O3 x =b/d 2 7+ = ULt
AL HE X = bn—l — G X, )/dn—l e K= (bl —C X, )/dl

o[z 2= diiE & + AUCL




Example 1

= Statistics of end-fixed single chain (1D)

Equations to Solve

fixed chain end
(box center)

Free End

2Q(Z,S){%—W(z)]q(z,s) q(z,0) =1

——q’“(z,s)=£%2—W(Z))qf(z,8) q*(z,1)=5(z—%j

Q=["dza(z,9)q'(z.5)

§0=[,asa@s)a@s) [ o@n=1

Oy

discretized equations
from step s to s+As

>

|:elastic = —an _IOLZ dZW(Z)¢(Z)

—ASW, | a ., a O 4
5 k}qk qE=5qk_1+(1—a)qk+5qk+1

a Coa . - —ASW, |
_Eqk_l+(1+a)qk—5qk+1=CIE qklzeXp{ 5 k:|qk




single _chain_in_field.f90

10~25 line: O & 20| A E| S O[S A AtE &= Lt2t0| & F2

module parameters

implicit none

grid parameters

KK = number of grids in z direction

NN = number of time steps (in s direction)

integer :: KK, NN

Lz = length of the system (in units of aN"1/2)

dz, ds = discrete step sizes

alphaz = numerical factor repeatedly used

double precision :: Lz, dz, ds, alphaz

zdiag : 1d array of diagonal elements of the tridiagonal matrix for Crank-Nicolson method

zleft : 1d array of the elements left to the diagonal ones

zright : 1d array of the elements right to the diagonal ones

seg = simple integral weight (half contribution at both edges)

double precision, allocatable :: zdiag(:), zleft(:), zright(:), seg(:)
end module parameters

integer :: k
gqg = total partition function

elastic energy = elastic energy of a chain
double precision :: gg, elastic energy
dot = function performing dot product

double precision :: dot, temp
potential field w

double precision, allocatable :: w(:)
segment concentration (polymer density)
double precision, allocatable :: phi(:)




single chain_in_field.f90

45~48 line: )\IﬁE' EMES Hot= T Oieto|E & (R 29| R, 0| EE0H A

CEHE=E=ZE]
set up the parameters of the system we solve
KK 250

Lz 5.0d0
NN 1500

55~59 line: Z=7| field 28 (2 M2 =7|Z=d 5 O{EA F=LI0f| ek 207 34
=ZotE & ULh)

the input field
do k=0,KK

w(k) = 0.0d0
end do

61~62 line: &2 =2 T %! fieldO| A segment density S Z27d

for the given fields w, find the segment concentration and Q
call find phi(exp(-w(:)*ds*0.5d0),phi,qq)

63~64 line; Of| L X| AH| At

calculate individual energy contribution

elastic energy = -log(gqq) - dot(w(:),phi(:))



single _chain_in_field.f90

66~73 line: Z|&Z 1} print

write the final output
open (30, file="'output.txt',status="unknown')
write (30, ' (2I5,F8.3,F13.9)") NN, KK, Lz, elastic energy
write (30,*) ™ "
do k=0,KK
write (30, ' (2F12.6)"') w(k), phi (k)
end do
close (30)

79~111 line: Lt2t0| B 7|}
Matrix equation= ¥ &= G| 29t H-5S zleft, zdiag, zrightOfl &,
M 20| Z 3t weighting factorE seg0l &%, (trapezoid method)
subroutine initialize ()
!
use parameters
implicit none
integer :: k

grid sizes in z and s direction

dz = Lz/KK

ds = 1.0d0/NN

alphaz = ds/dz**2/6.0d0

define matrix size
allocate(zdiag(0:KK),zleft (0:KK),zright (0:KK),seg(0:KK))




single _chain_in_field.f90

initialize matrix elements for the diffusion equation solver

Neumann boundaries are currently used

zleft (0) = 0.0d0O

zdiag (0) = 1.0d0+alphaz

zright (0) = -alphaz

do k=1,KK-1
zleft (
zdiag (

= -0.5d0*alphaz

k
k) = 1.0d0+alphaz

)
)
zright (k) = -0.5d0*alphaz
end do
zleft (KK) = -alphaz
zdiag (KK) 1.0d0+alphaz
zright (KK) = 0.0d0
weight factor for integral in z direction

only half contribution at the boundary(trapezoid integral)
seg(:) = 1.0d0 * dz
seg(0) = 0.5d0 * dz
seg(KK) = 0.5d0 * dz
[

end subroutine initialize




single _chain_in_field.f90

- . E —t A E e —t o 4
114-121 line: = &+& woll A HZ5t= A S dotEte S+ 2 2

double precision function dot (g, h)

|
use parameters
implicit none
double precision, intent(in) :: g(0:KK), h(0:KK)
dot = sum(seg(:)*g(:)*h(:))

end function dot

138~144 line: q(r,s) Al 4t

free end initial condition (gl starts from the free end)
ql(:,0) = 1.0d0

diffusion of chain
do n=1,NN

call crank(gl(:,n-1),gl(:,n),expdw)
end do

the fixed end is at z = Lz/2
g2 (:,NN) = 0.0d0

g2 (KK/2,NN) = 1.0d0/dz
diffusion of chain

do n=NN-1,0,-1

call crank(g2(:,n+1),g2(:,n),expdw)
end do




single _chain_in_field.f90

154~163 H2|LCH £ segment density 2t Q Al 4t (Q= Ol F2tot & =0{ Of St
calculates the total partition function
QQ = dot(gl(:,0),g2(:,0))

calculates the segment concentration
phi(:) = (gl (:,0)*g2(:,0)+gl(:,NN)*g2(:,NN))/2.0d0
do n=1,NN-1
phi(:) = phi(:) + gl(:,n)*g2(:,n)
end do
normalize the concentration
phi = phi/QQ/NN

165~167 line: mass conservationO| 2t SHH temp = 1.00| Z| O OF SHC},

check the mass conservation

(1f the program is working correctly, temp = 1.0)
temp = sum(seg(:)*(phi(:)))

write(*, '(D13.3,D18.8)"') temp-1.0d0, QO

185~186 line: operator splitting |1

the first of the three step evaluation

gout = expdw*gin



single _chain_in_field.f90

188~194 line: g* Al At

the second step
do k=0,KK
km = max (0, k-1)
kp = min (KK, k+1)
explicit calculation of the B part of Ax=B matrix equation
gstar (k) = (2.0d0-zdiag(k)) *gout (k) &
- zleft (k) *gout (km) - zright (k) *qgout (kp)
end do

195-196 line: tridiagonal solverOi| matrix equation= £ '

solve the matrix equation for the implicit part of the CN method

call tridiagonal (zleft, zdiag, zright, gout,gstar, 0, KK)

198~199 line; operator splitting A 42

the third step
gout = expdw*gout

a a a a a
QE :Eqk—1+(1_a) O« +Eqk+1

a a . . —ASW,
_EQI@ (1+a)q _Eqkﬂ:GhEJ oh 1—exp 2 qk



single _chain_in_field.f90

207~230 line: tridiagonal matrix equation solver

subroutine tridiagonal (cu,cd,cl,x,vy,n0,nm)
|
implicit none
integer, intent(in) :: n0, nm
double precision, intent(in) :: cu(0O:nm), cd(O:nm), cl(0:nm)
double precision, intent(out) :: x(0:nm)
double precision, intent(in) :: y(0:nm)
double precision :: gam(0O:nm), bet
integer :: 7]

= 0.0d0
if (cd(nl0).eqg.0.0d0) stop 'Zero matrix element'
bet = cd(n0)
x(n0) = y(n0) /bet
do j=1,nm
gam(j) = cl(j-1)/bet
bet = cd(J)-cu(j)*gam(3J)
if (bet.eq.0.0d0) stop 'Bad zero term in tridiagonal'
x(J3) = (y(J)-cu(j)*x(j-1)) /bet
end do
do j=nm-1,n0,-1
x(J) = x(J) - gam(J+1)*x(J+1)
end do

end subroutine tridiagonal




Side Story

= How should one make an integral in the discretized world?
= The simple method is the trapezoid method. (& Z = 0| Al seg(1)2| H2|& & X))

O'='._WH_segme_nt9_| dengityﬂ HfE chain end distribution©| Ef.
LZ
$0(2)=0(2,0)0'(2,00/Q | ng(2)dz=1

= & K| density function ¢Ofl CH S contribution= 11243t H 9| " 2|/N = normalization2 = Eigr == UL}



Dirichlet Boundary Condition

= Dirichlet boundary conditionO| 2t O & A| Al At5H OF 77?2 Boundary S k=01} k=K 2| ¥/ X[0f| = :'-?-,

0o=0x=00| =|11, C}Z2| matrix equation= = A =l Cl. (single_chain_in_field_end_test_dirichlet.fo0 & =)
1+ ——
o) o
p e d | | g
2 14a -¢ 0
0
—— l+a ——
y Oes) Ok
—E 1+«

= k=1, k=KK—1 Of| Al matrix”} O| 2S}A| Ht# Zdoil 72|5tet.
o %OI 001I)\1 KK7HX| array S Ho|gt 2o = QX2 Ao T2 M S X|Clot M= Est= Aoz T2 WS
ULt

I_EAA




Example 2 (one_dim_brush.f90)

= One dimensional Brush in Solvent _
(see EPJE, 23, 135, 2007) Equations to Solve

2

0 \% _
Eq(z,s):(?—W(Z)](JI(Z,S) q(z,0)=1

2

o
_Eq*(z,s):(%‘W(Z))QT(Z,S) q'(z.)=5(z-¢)

z= L,
: Q= "dza(z,5)q'(z,5)
Grafting pointisatz=¢ 1 (1
Dirichlet boundary atz=0and z = L, #(2) = 5_[0 dsq(z,5) q'(z,5)
VO_N3/2
w(r) =Aep(r) A= o, v=1-2y £ _an_%joLz dZW(Z)¢(Z)

discretized equations from step s to s+As (Dirichlet boundary must be used.)

a —ASW, n a _a a & a
qk=exp[ zk}qk QE=5qk_1+(1—a)qk+5qk+1

a . c a . n-+ —Asw c
_Eqk_l+(1+a)qk—5qk+1=CIE lezeXp{ 5 k:|qk




Comparison with Analytic Theory

3/2
Wr) =Ag(r) A=Y

v=1-2y

= For the given 4, the SST solution is

L 4A 1/3 372_2 L2_22 3 LZ_ZZ aN1/2
aNUZ:(_Zj W(Z): 8(a2N ) ¢(Z) ( )

T
90z2( L ¥ 5 6aN "2
F = = ——+1In
40 \ aN 3 L




Example 3 (two_pol mix.f90)

= A homopolymer + B homopolymer Mixture

(same length, A fraction = f) Equations to Solve

(see Macromolecules 45, 3263, 2012) 5 V2
Az=L qu(Z,S)=(?—WA(Z)qu(Z,S) da(2,0) =1
I‘Z
= [ dz0,(2.9),(2.1-5)
fV e
Q) B h@) =gl daE) a9 V=L
z=0

Neumann boundary atz= 0 and z = For B homopolymers, the same equations apply.

F——fInQA —(1-f)In~24= I 0z (7N, (2)65 (2) ~ W, (), (2) ~ Wi (2)65 (2) )

discretized equations from step s to S+AS

gt —exp| “ g0 =g (1ma)gi+ L
k 2 k k 2 k-1 k 2 k+1

a Coa . - —ASW, |
_Eqk—l+(1+a)qk_5qk+1:qlg qkl_eXp{ 9 k}qk




|3§7|35z1)d13

79~81 line: w

initialize the trial field
do k=0,KK

w(l,k) = 10.0d0*cos (dz*k*pi/Lz) ! B at k=0 and A at k=KK

end do

for the given fields w a find the segment concentration and Qa
call find phi(exp(-w(l,:)*ds*0.5d0),phia, ff,Q0a)
for the given fields w b find the segment concentration and Qb

call find phi (exp (-w(2,:)*ds*0.5d0) ,phib, 1.0d0-£f,QQb)

calculate individual energy contribution

energy chain = -ff*log(QQa/volume) -(1.0d0-ff)*1log(QQb/volume)
energy field = (chiN*dot (phia,phib) &

- dot(w(1l,:),phia) - dot(w(2,:),phib))/volume

calculate the total energy per chain

energy old = energy tot

energy tot = energy chain + energy field




102~107 line: output field 278

calculate pressure field for the new field calculation
xi = 0.5d0*(w(l, :)+w (2, :)—-chiN)

calculate output fields

wout (1, :) = chiN*phib + xi

wout (2, :) = chiN*phia + xi

call zerofield (wout)

177~190 line: zerofield MEFEl 2t HEQO| HA 2 02 2 RH=C}

!'This subroutine keeps the level of field
subroutine zerofield (w)
use parameters
implicit none
double precision, intent(inout) :: w(l:2,0:KK)
double precision :: totl, tot2, temp

each sum of w a and w Db is set to zero
totl sum(seg(:)*w(l, :))

wi(l,:) = w( :) - totl/volume
tot2 = (seg( ) *w (2, 1))
w(2,:) w(2,:) - tot2/volume
end subroutine zerofield




Example 4 (bcp_1d rsp rfl v1.f90)

= AB diblock copolymer (A fraction = f) Equations to Sol
quations to Solve

Az=L,
2

0 \%
gq(z,s)=[?—W(Z)jq(2,5) q(z,0)=1

2

_0 _| vV i i _
8sq (z,5) [ . w(z)jq (z,s) q'(z,)=1

Wo(2) = xNgg(2) +5(2) s< T
Wg(2) = xNg(2) +c(2) s> T

Q=|"dza(z,9)q' (z.5)

i ()~ |

Neumann boundaryatz=0and z =L,

D= dsa@a@s) V=L,

h(D)= [ 050250 @)

i "”%\%ﬁz dz( xN B, (2)¢s (2) ~ W, (2)4,(2) - Wo (2)5 (2))



discretized equations from step s to S+AS

AzZ=L,
a _ASWk n b a _a a, A a
Qe =exp| ——- |0 Q=20+ (l-a) o+,
a . c A ¢ b n+1 _ASWk c
_Eqk—1+(1+a)qk_EQk+1:CIk 0. =¢EXp 5 Oy
B
z=0

Neumann boundaryatz=0and z =L,

= bep_1d_rsp_rfl_v2.f90, bep_1d_rsp_rfl_final.fo0 = &2 Al4t2 O HEA St= HAH =S & &9t B ™ O|LC},

= Anderson mixing= <= tutorial 0| A| O[5l 2= GICt.




Periodic Boundary (bcp_1d rsp pbc.f90)

s S ™
gH —

= TZZHO| Zt arrayE0| 05 E K7t OfL| 2t 12 H KHK| Ho|&|7| 20 =2 124

= 7t Oold2 A2, 20 0F

_z
2

ot

HX O| filmO| Lt gyroid phase &

matrix equationO| C}=22| FEf = HFHCH= Z O[T,

52| H7-0{= periodic boundary condition= A& Sl OF g [ 7} BECL,

_“
2

1+

/q]*_f*\

op

Ok

(&)
1
Oy

\ Yk /

= 0| 2{ 3t nearly-tridiagonal matrix equation= O(K)0fl 20 Li= A 0| 7+5S}Lt,




133~183 line: AHE—?— input field= Al4tSt= Anderson mixing method
(Tt 0| HX| ot AlZ Ofli5tr| &K RiCt 24 AW =F2 HELE A)

R.B. Thompson, K.@ . Rasmussen, T. Lookman, J. Chem. Phys. 120, 31 (2004)

221~ 277: matrix equation= F= Ol ER2 9t =52 zleft, zdiag, zright0| & 3.
(k QUEATH 1R E] A|ZFBICE)

initialize matrix elements for the diffusion equation solver
periodic boundaries are currently used
do k=1,KK
zleft (k) -0.5d0*alphaz
zdiag (k) 1.0d0+alphaz
zright (k) = -0.5d0*alphaz
end do

260~267 line: At B Z+0| & E238}= multiple S+

'this function calculates multiple integrals in z direction

double precision function multidot (g, h)
|

use parameters

implicit none

double precision, intent(in) :: g(l:2,1:KK),

multidot = sum(seg(:)*(g(l,:)*h(1l,:)+g(2,:)*
end function multidot




273~302 line: Anderson mixingQll 229t HE A ME HEFE

318~330 line:

gl is g and g2 is gdagger in the standard SCFT
free end initial condition (gl starts from A end)
gl(:,0) = 1.0d0

diffusion of A chain
do n=1,NNf

call crank(gl(:,n-1),gql(:,n),expdwa)
end do

diffusion of B chain
do n=NNf+1,NN

call crank(gl(:,n-1),gql(:,n),expdwb)
end do




350~361 line: qf(r,s) Al+tF A2+ B2| segment density Al 4F (5 AlAHO| 410
Lot 7| oLt M 22| & Efst”| /et R E)

diffusion of g2 in A part
do n=NNf-1,1,-1

call crank(g2,g2,expdwa)

phia(:) = phia(:) + gl(:,n)*g2(:)
end do

last segment diffusion (A end)

call crank(g2,g2,expdwa)

only half contribution from the end
phia(:) = phia(:) + 0.5d0*g2(:)
normalize the concentration

phia = phia*volume/QQ/NN

phib = phib*volume/QQ/NN




385~395 line: crank Ll £ 2| gstar A| At

explicit calculation of the B part of Ax=B matrix equation
gstar(l) = (2.0d0-zdiag(l)) *gout(l) &

- zleft (1) *gqout (KK) - zright (1) *gout (2)

gstar (KK) = (2.0d0-zdiag (KK) ) *gout (KK) &

- zleft (KK) *gout (KK-1) - zright (KK) *gout (1)

do k=2,KK-1
B part of Ax=B matrix equation

gstar (k) = (2.0d0-zdiag (k) ) *gout (k) &

- zleft (k) *gout (k-1) - zright (k) *gout (k+1)
end do

407~444 line : periodic boundaryOf| A 2| tridiagonal solver

subroutine periodic tridiagonal (cd, x,y,nm)

end subroutine periodic tridiagonal




2D Block Copolymers and ADI

= O| K= Ol A A7H9~ﬂ':d AB diblock copolymer A| A B2 2K Of| A A|ASH= 2HEHOf| CHSH B9 2 AT
= 2KtE EX2] B2, O|EA O] O| 28 AIo| S E ++& = UZ277I? Crank-Nicolson & 2 = 2K

FI

=M E F= A = E1 25| 2
q(r,s+ As) = exp[ ()} AGSV} p[ —ASW ()}q( ,S)
8502 ) g 12 8592 )
1- 29 =145V g0
0<x<L, O0<i<l| I|-Ax=1L,
O =0(iAx,kAz,nAs) 0<z<L, 0<k<K K-Az=L,
0<s<1l 0<n<N N-As=1
= Non-trivialet A[4H0| €%t 2 &2 (1—%V2) q ()= (Hf— jQ()
o - - __6__'_ 2 2 **_ AS 2 2 *
= O| A= discretestH| £2SH (1—5(5 +0, )) /N _(1+E(5X +0, )j O

=2

« A AHO| E7456E A2 ofL|C 2Lt o] B2, implicit A

|42 2|8l & 2 Bt matrix equationO|
non-tridiagonal 20| =[O A&t £ T} :EE = XA =



Time Split ADI

= O|2{et =X = S Z35t7| <ldH EO.:IE.J Z40] Alternate- Direction Implicit (ADI) & & 0| C}, 0] 7| Of| M= T X
time-split ADI & 1 = AIE5t= € 12[E= E0F == SHIC

1800 2o

R 1/2 time stepOf| M= x &efS Imp|ICI’[0|'7’||, z B2kZ explicitStA| A 4FSHCE T2 stepOf| M=

= HA A
tStC},

_I
z HW#% implicitStA|, x Wk explicitStAl A4

1__52 n+1/2 (1+_52j
gyt (e gy o

AS
1__52 l n+1/2
( 12 jq ( +—— 12 j qlk

= 2 & AS AZGIH ZAFX © 2 Crank-Nicolson method 2| operator equationdt € X|&H2 &
AW Aol Hetor o|0|F 7| {8 Ct22 HEH=E A= M EXL

N—

(Q:ma"ZQ&'+q:k4

AS « S
n+1/ 2 n+1/2 n+1/2 n+1/2
Gk (quk 20, -+qh1k) qm'F12A22




Time Split ADI

g A, s A, _As
i :7qi,k—1+(1_az)qik +?qi,k+1 o, = 6A7>
a, o+ n+ n+ AS
q”ﬁZ T (1"' ax) O = q|—111/<2 vy a, = BAXZ

il QAEEE, i 1GA7|H 5
o S

™ FO{ Tl jof CHt 1XHRI A Ol explicit Al AHO| =ICt
=i,k Of CHSH 7+ == @

AAE|-
= = HE Ao =, 2™ E kOl CHSH tridiagonal 2 2| matrix equation= = O n+1/2 R A|ZHO| A Q| qgt= FBLLY.
O| 213t matrix equation= K& = 0{Of SHC},

Cr=2] 172 stepOl M= xQt 22| G HHIE &, 22X o 2 Yot 7 th= StA &l L.

Ol2qet TM| A th= S O(IK)2| HLUR2 2 g Of| M g+t & F1Sh= A 0| 7hSOtLt.




Ql: MM ZtESES HHYZHH A implicit, explicit Al At S OF SFLt?
A d12|Eol ot EE =2t E5HY| f|5 E st

Q2: ADI= Crank-Nicolson2| ZAFY #O|E = F7HA O of| 2{7F UKX| @ELE?
A: UCH dgLt HEMo =z EHE F&=C |" E‘ geko| SiCt.

Q3: 0| ¥E|EF2 dotL 25 21717
A: aPHJQI time step= T TIot= O O(IK)Q| HALO| HQSIEt &) A|AE AO| =0 MO 2 FI}oHC}
Q4: 3Kt A At O{E A SFL?
A: Time split & 2 CHESIXA| Q4Chn e QU ME AMES] 2 210 & 250K E=CF 3K A4t
= Sl= ADI € 102|E52 F o A7He AOo|Ct

Q5: Boundary Condition2 & Al HtE &= UALt?

A: Dirichletdt Neumann= 2FZte| o = & o= =0, periodic boundary2| 4%, | 0|4 tridoagonal
HEH 7} Ol matrix equationO| LI X[ 2t QF 1Rl 2X0AM A HHZO0| O] & O T™5| O(IK)| E0{UH= &
1NE2|F0| EXY oL,

Q6: 11 52| s 40| ERst &
A: Operator splitting= 5PX| o
7F sOf F2t5HA et U

=2
2 A2 Probability £ =0l 2|7} QICt Q=] dra(rs)q'(r,s)
71X OfF St=0|, A A= 27 2 ol ofl2{7t =X Lt




Example 5 and 6

= 2D and 3D AB diblock copolymer (A fraction = f)

Equations to Solve

2

0 %
gCI(r,S):[?—W(r)jq(r,s) q(r,0) =1

_0 (Vv i i _
8sq (r,s) [ . W(r)Jq (r,s) q'(r,1)=1

_JWaN) = xNgg(N)+c(r) s<f
W(r)_{WB(r)=ZN¢A(I’)+§(F) s> 1

Q= [drq(r,s) q'(r,s)

dsq(r.s)g'(rs)  V=LL(2D) V=LLL3D)

Xy =z

¢A(r) -

< 0|<

¢A(r)=6jj dsq(r,s) q' (1)

F=-In %+\%jdr(zN¢A(r)¢B (r) _WA(r)¢A(r) —Wp (r)¢|3 (r))



Example 5 (bcp_2d rsp rfl tsadi.f90)

70~89 line: has_inputO| 0| ™, 27| field 4f2 LtYL ZFH /0| 2C}

has input = .true. 1f input file 1is used
has input .false.

i1f (has input) then
open (10, file="input.txt', status='unknown')
read all the stored parameters
read (10, *) extension, mix, chiN, f, energy tot, error level
read (10,*) NN, II, KK, Lx, Lz
read fields and concentrations from the file
allocate(w(1:2,0:II,0:KK),wout(1:2,0:II,0:KK),x1i(0:II,0:KK))
allocate (phia(0:II1,0:KK),phib(0:II,0:KK),phitot(0:II,0:KK))
do i=0,1II
do k=0,KK
read (10,*) w(l,i,k), phia(i,k), w(2,1i,k), phib (i, k)
end do
end do
close (10)
phitot = phia + phib




123~146 line: has_inputO| X 0| 27| field 4= hexagonal cylinder 20| £| =&
™ SIC}
= O .

create initial field
if (.not. has input) then
define the array sizes of field and concentration
allocate(w(1l:2,0:II,0:KK),wout(1:2,0:II,0:KK),x1(0:II,0:KK))
allocate(phia(0:I1,0:KK),phib(0:II,0:KK),phitot(0:II,0:KK))
do 1=0,II/2
do k=0,KK/2
hexagonal cylinder input
if (sgrt((i*dx)**2+ (k*dz)**2) < Lx/8.0d0 .or.
sgrt (((II/2-1i)*dx)**2+ ( (KK/2-k) *dz)**2) < Lx/8.0d0) then
phia(i,k) = 1.0d0
else
phia(i, k)= 0.0d0
end 1if
phia (II-1i, k) phia (i, k)
phia (i, KK-k) phia (i, k)
phia(II-i,KK-k) = phia(i, k)
end do
end do
phib = 1.0d0 - phia
w(l,:,:) = chiN*phib
w(2,:,:) = chiN*phia
keep the level of field wvalue (in order to prevent drifting)

call zerofield (w)

end 1f




290~314 line: matrix equation= = 7| ?|¢t xleft, zleft = £7| 2}

! initialize matrix elements for the
diffusion equation solver
! Neumann boundaries are currently used
xleft (0) = 0.0d0
xdiag (0) = 1.0d0+alphax
xright (0) = -alphax
do i=1,II-1
xleft(
xdiag (

) = -0.5d0*alphax
) = 1.0d0+alphax
i) = -0.5d0*alphax

i
i
xright (
end do
xleft (II) —alphax

xdiag (IT) 1.0d0+alphax
xright (II) = 0.0d0

zleft (0) = 0.0d0O
zdiag (0) = 1.0d0+alphaz
zright (0) = -alphaz
do k=1,KK-1

zleft (k) = -0.5d0*alphaz
zdiag (k) = 1.0d0+alphaz
zright (k) = -0.5d0*alphaz
end do
zleft (KK) —alphaz
zdiag (KK) = 1.0d0+alphaz
zright (KK) = 0.0d0

k
k




486~496 line: ADI method2| & 1 step

1/2 time step where (d/dz)”2 is explicit and (d/dx)”"2 is implicit
do k=0,KK
km = max (0, k-1)
= min (KK, k+1)
do 1=0,1II
explicit calculation of the B part of Ax=B matrix equation
templ (1) = (2.0d0-zdiag(k))*ga(i, k) &
- zleft (k) *ga(i,km) - zright (k) *ga (i, kp)
end do
solve the matrix equation for the implicit part of the ADI method
call tridiagonal (xleft,xdiag,xright,gmid(:, k), templ,0,ITI)
end do

498~508 line: ADI method 2| F % step

1/2 time step where (d/dz)”"2 is implicit and (d/dx)"2 is explicit
do i=0,1II
im = max(0,1i-1)
= min(II,i+1)
do k=0,KK
explicit calculation of the B part of Ax=B matrix equation

temp2 (k) = (2.0d0-xdiag(i)) *gmid(i, k) &
- xleft (i) *gmid(im, k) -xright (i) *gmid (ip, k)
end do
solve the matrix equation for the implicit part of the ADI method
call tridiagonal (zleft,zdiag,zright,gb (i, :),temp2, 0, KK)
end do




Douglas-Gunn ADI

= 0|2 X0 CHEt 8 =2 =2 CHE 2 potential field7t 8= 2|0l CHst 20| #-2 XM A|SHCL. Field=
OSE Edfl €2 == U1, Of2f 2 20| explicit, implicit &4 2H0f| @2 == QUCt FieldE @& & 80|
Tt SHLEZL OFEH O 2|8l OF BtCt (0 7] MA| =l & O] X[ 0|2t= EF 2 QICt)

—

Original Douglas-Gunn Algorithm without field term

AS . AS AS AS N
(1——5)(2)%( = (1+55X2 +?5y2 +€§quijk

12
AS o) . .  AS ., .,
(1_ 12 o, j Qik = Qi — 12 O, Uik
AS ;) na w  AS 5
(1_ Eéz jQijk = Oijx — Eéz ik
Modified Douglas-Gunn Algorithm with field term Wi E%W(iAx, jAy kAz)

. AS AS AS n
1—— 67 + Wy |5 =(1+E5x2 +F55 +?522 _Wijquijk

AS 2 ok * AS 2 4N

1- 12 Oy + Wy Oy = (1"' Wi ) Qijc — 1 O, Uik
AS 2 n+1 ek AS 24N

(1_ 12 O, + Wy j Uik = (1"' Wik ) Uik — 12 S, O

M. Sun, P. Wang, F. Qiu, P. Tang, H. Zhang, and Y. Yang, Phys. Rev. E 77, 016701 (2008)

Y.-B. Yangi S. J. Parki P Kimi and J. U. Kimi Soft Matter 9i 5624 !2013 =



Example 6 (bcp 3d _rsp rfl dgadi.f90)

511~512 line: operator splitting A|4+1

! the first of the three step evaluation
ga = expdw*gin

514~533 line: g" 0| A g* A| At

the first equation
do k=0,KK
km = max (0, k-1)
= min (KK, k+1)
do 3=0,JdJ
Jm = max (0,3-1)
Jp = min (JJ, Jj+1)
do 1=0,1I1I
im = max(0,1i-1)
ip = min(II,i+1)
explicit calculation of the B part of Ax=B matrix equation
templ (1) = 2.0d0* ((3.0d0-0.5d0*xdiag (1) -ydiag(]j)-zdiag(k))*ga(i, ], k) &
- yleft(j)*qa(i,jm, k) - yright(J)*qa(i,Jp,k) &
- zleft(k)*ga(i,j,km) - zright(k)*qga(i,j,kp)) &
- xleft(i)*ga(im,j,k) - xright(i)*ga(ip,],k)
end do
solve the matrix equation for the implicit part of the ADI method
call tridiagonal (xleft,xdiag,xright,gstar(:,7j,k),templ,0,I1)
end do
end do




535~547 line: q* Of| A g™ Al 4AF

second equation
do k=0,KK
do i=0,1II
do j=0,JdJ
Jm = max (0,3J-1)
Jjp = min (JJ,Jj+1)
explicit calculation of the B part of Ax=B matrix equation
temp2 (j) = gstar(i,j,k) + (ydiag(j)-1.0d0)*ga(i,j, k) +
yleft(j) *qa(i,Jm, k) + yright(j)*qga(i,Jp,k)
end do
solve the matrix equation for the implicit part of the ADI method
call tridiagonal (yleft,ydiag,yright,gstar2(i,:, k), temp2,0,JJ)
end do
end do

548~560 line: g™ | A g+t A AF (2t 5 ot 7 X)

third equation

562~563 line: operator splitting Al 42

! the third step
gout = expdw*gb



Curved Coordinates®|M2| SCFT

= 19| ADI € 1E2|SE2 0 EX| A 2K H 22 =27 0| 7FsSLL}. (cylindrical coordinates 2| 3% (r,z), spherical
coordinates 2| 4% (r,6).

= 3K}tRI SHEHS 52 2 periodic boundaryE implementdli OF St=0|, 14 XtA|= 20| 75 5|Ct.

= OF 3K Q| B singularity 7 &l 2ot =X & € 2 71L}. cylindrical coordinates2| 8 r=0 ¢! 2}9! spherical
coordinates?| 4% ¢=0 ¢l 22l 0} (OfOtE) r=0 21 X| &,

= 1218t singularity AtM|= 2Kt O| M = E=X|S PE =X[O| X[ Tt XHO| UAH = 2Kt 77H(|— finite volume method 7}
2 28| §10| 2= SHCL. (finite differencel| A2 Fo| A singularltya S Asl =M 2K A AHO| 7ts)

= Curved coordinates Ol A 2| 3%k} 2| = pseudospectral method S 2= Z 0| StLtO| S| 10| C}. Of| &
spherical coordinatesOi| A1+ spherical harmonics transform= Sl OF 2t SHCt, r 2 2k2 real space method— Sl

angular direction= pseudospectral methodE A= 2= 7}55|C}.

“Finite volume method for self-consistent field theory of polymers: Material conservation
and application”, Daeseong Yong and Jaeup U. Kim*, Phys. Rev. E, 96, 063312 (2017).




Parallel Calculation (bcp _3d _rsp rfl dge

513~567 line: crank LI £ 2| do &= 0f| OpenMP= M 23Ut

| SOMP PARALLEL PRIVATE (im, ip, jm, jp, km, kp)
!'SOMP DO
! the first equation
do k=0, KK
max (0, k=1)
min (KK, k+1)

solve the matrix equation for the implicit part of the ADI method
call tridiagonal (xleft,xdiag,xright,gstar(:,3j,k),templ,0,II)
end do

!SOMP DO
! third equation

!SOMP END PARALLEL
|




Pseudospectral Method

q(r,s+As) = exp[_AsTW(r)} exp[% Vz} exp

X
1
I
>
N
2
q
~
L 1
o)
~
q
w
~

trivial®t &1 4HO| T},
43HCH

0|, exponential functionS &5t= A "
-2 0| 2| operator AAAHS SFH A 2l

]
o
=2
P

20 HL
r 32
M

rOI- r

q"(r) = exp{% vﬂ q'(r)

= Pseudospectral method2| 7| & 7§ &2 ChS 1t Z Lt g*(r) &2 Fourier transform= S+ Fourier space0| A O|
operator= ZtEHot Sl © 2 HHYA| =IC

=2 1 Z10=S inverse Fourier transformd}{ OF real space=2 =02} CtZ HitES =AY = A2 L] A== o
2 B0 transformS 5 H S| OF Skt 3K O] H O(1JK In IJK) o 4t0| E RSt}

= @& o2 = 7Tkl 20| X|2F A K| 2 implementation2 [ S O|sOF & AS0| & QUL

1) 37t0| YKL} discretize=| 0] Y222 A X Z+= Discrete Fourier Transforms 8l OF $HCt,

2) Boundary conditionOf| [[t2} Discrete Cosine Transform 2| CHE transform=2 Eisli Al AFESHOF SHEL J2f A FT, FFT,
DFTOf Cigt &2 O[5 7 2 5t}

3) Fourier transform= 8282 = 57| 2o A= HE 2t libraryE AFE 3 OF St

4) A3t library”t FortranO| A A& Z7hsSHX| 2FQISHOF St 1 H=tok AL 8-S 25| 0f otrt.




Pseudospectral Method

q(r,s+As) = exp{_AS;N(r)}exp{% Vz} exp[_AS;N(r) } q(r,s)

Fourier Transform

VZ——k* 0|2{3t F,2 A= 10| b2

i i Fourier TransformO|Lr.
one-dimensional example of a pseudospectral method: ourier TransformO|Cf

0 ¢ 1(8 Y 0 /
exp| — | f(2)=11+—+—| — | +... e27r|nz/L|:
p{azz} @) ( oz° ZLazzJ ]nz;‘ "

2 4 2 4
:F0+e2”‘Z’L(1—4IiZ +8|7; —...]Fﬁ&”‘”{l—lif +12|E_3f —...jF2+...

27iz/L ~—d7? 12 ArizlL ~-1672112
=F+e e TR +e" e TR +...=0(2)

O|2ot g()2 &= 30| ’HEZ
Inverse Fourier TransformO|C}.

= 0|2+ Z0|, A2 0|22 oHA| 1= Ol At A o+ UL




Pseudospectral Method (bcp_3d psd _pr

465~510 line: crank CH A1 0f| pseudo2t= A 22 EIO| =X SHCT
467, 515, 549 line: MKL 20| E2{2| & AIESHCE D M AT}

use MKL DFTI

512~578 line: DFT M E 2 EI 9l dft r2c_3d(real-to-complex), dft_c2r_3d(complex-to-real)E & 2|dt= £ &.

1) O| 2 E = Periodic boundary condition® X-3IC}. O Z2, real-to-complex transforme AFRSHH Z 2= QIC}

2) r2c_3de transform =71 3K A= H{ QO 2 OI4=2 BHOtM 3K}l EA = HIEE E2stCH= A4S 9|03t}
c2r_3d= 1 BtCj.

3) =A== H{Eol 8% 2 Ql=0iCt 71| HIO|H (e =5, s F)E HEUSIE =, A S ZF7| oA i S 2 xEet

ro J
|1l

e 1’é°H1f |ndex7f0—'?’—E1 AlApehof =2,

real (kind=8), intent(in) :: rdata(l:II,1:JJ,1:KK)

complex (kind=8), intent (inout) :: cdata(0:I1/2, 0:JJ-1,

304~325 line: initialize() Ol M exp &0l 20{& H35 H O

the exponential factor repeatedly used
xfactor = - (pi/Lx)**2*ds/6.0d0
yfactor - (pi/Ly) **2*ds/6.0d0
zfactor - (pi/Lz)**2*ds/6.0d0

do 1=0,I1I/2

expfactor(i,j,k) = exp(i**2*xfactor+jtemp**2*yfactort+ktemp**2*zfactor)
end do

end do
end do




Pseudospectral Method

476~483 line: operator splittingl

evaluate e” (-w*ds/2) in real space
do 1=0,I1I

do 3=0,JdJ
do k=0, KK

gout(i,j,k) = expdw(i,J,k)*gin (i, ], k)
end do
end do
end do

485~486 line: Forward Transform

Agsiey,

ujo

3D fourier discrete transform,

forward
call dft r2c 3d(gout,

k gin)
488~495 line: Fourier space 0l A exp &

multiply e” (-k"2 ds/6) in fourier space,
do i=0,1ITI

(k is a 3-dim vector)
do 3=0,JdJ

do k=0, KK
k gin(i,3J,k)

expfactor (i, J,k)* k gin(i,J, k)
end do

end do

end do




Pseudospectral Method

497~498 line: Inverse transform= =S SHC}

3D fourier discrete transform, forward
call dft r2c 3d(gout, k gin)

500~508 line: operator splitting?2
inverse transform&| A 2| normalization factorS O 7| Al 274 X 2| StLt,

! normalization calculation
! evaluate e” (-w*ds/2) in real space
do 1=0,II
do 3=0,JdJ
do k=0, KK

qout (1,3, k) = expdw (i, J, k) *gqout(i,j, k)/ (II*JJT*KK)
end do
end do
end do

122~141 line: O] Ol M| 2 E9| AL gyroid phaseE HHst= X 7|2 H S X|HTHCt



Project A. Polymer Chain Stretching®| &4

1. ot% £0| D™ El Mo SCFTE =3l 2 X}, (single_chain_in_field_end_test.f90)
R, S AAHSH 21 freeend2| 22 &t4-5 EM S| E X}

2. O|HHO|l= Melel AFE &5 n¥StEE DA EE =735 EXL
M Q= Tl 20| LO| HHE [, chain stretching energy 7t O B A| BH | =X| = QIsH £ X},

=
3. Polar order parameter p(r)= &S0 A K| 22| average orientation= LtEfL = B E O| CF,

N
p) = 55 [ (409741 @.9) = 4" 9)q(x,)) ds

1D block copolymer melt2| SCFT =21 (bcp_1d_rsp_rfl_final.f90)0i| polar order parameter= implementationSt 1l
Lamellar phase2| polar orderE 225l £ X},

4. 2D Cylinder phased| CHSH A = =283 E X}, (bep_2d_rsp_rfl_tsadi.f90)

5. Z1HE visualizationsl 2 X, (42 2D HIE{E 2D W™ 2|0f| 2 0{3F0{0F $tC})
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Project B. Block Copolymer Spherical phases 12| H]ul

1. AB Block copolymer meltOl| A, f = 0.2,yN = 22 25X =B
9| Spherical phases2} disordered phase7t A sl= G0
Z=H A A0 M 2| phase diagram= 12 £ X},

2. HCP(hexagonal close-packed)7t 233t 2= A =712

BCC(body-centered cubic), FCC(face-centered cubic) &

||:|- AH =

e o)

= 41—

| ADSCFTE2Z1HUES

FCC2} H|mdsl| 2 X},

3. ZAItE visualizationsll = Xt. (Matlab, Python 2| Ct2ot =15 & AR ME)
40 B L | | |
S C L C S
30 T
- G
E s ? 0 !
: o}
10 - 1
I ) disordered
- (b) SCFT, N =
0 - R R BT S P S ;
0.0 0.2 0.4 0.6 0.8 1.0
f
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[=12
=

&9ot0] 0




Project C. Star-shaped polymer System

=

N_,..70 2| &2 7t n7il 2| AB Star-shaped polyme”} = A2l B2 E
cRE EXF Star- -shaped polymer= &t BCP2| 0| (Nym — 70| EF
£ BCP7t HALY A= A2 442 =+ UL

= ZHo| B2 2 (s = 0)0| A AlZISH= g(r,s) 2 2, linear BCPs2t & LSHA|
T = ULCH
= s = 00{| A 2| boundary condition= CS 1t ZHCt.
q(r,0) =1
= Star-shaped polymer2| 2.0{(s = 1)0| M A|&St= gT(r,s) 2 B2 (Nyrm — 1)7H2| CFHE BCP2] partial
partition function X Z s = 10{ A{ 2| boundary condition2 £ | o = QULCH

qT(r,1) = q(r,1)Narm™1
= total partition function Q= CtS 1} 20| HHRIC},
a(r, )" (x,5)dr = [ g, 1ermdr

= Star-shaped BCP2| free energy+—= CH= 1t 20| Al AHEICE,

j ON DA s (1) — wa®Pa®) — we (P ()}

929




Project C. Star-shaped polymer System

1. ME3EQ|3DSCFT ZE2 1M EZ "4l A star-shaped polymer2| SCFTE &5l E X,

N =202 2 17™3I1 2 N, = HZIA[F] 7FH A phase diagram= 124 £ X}, (Cylinder, Gyroid, Lamellar & 0|
Li= Ziol Ct.) AB block copolymer2| 4%0|= =058 Sal2 = 2t LA ¢l ZA1tE &= A O|LCt, star-shaped
polymerOf| S M= OB A B =7F2

3. Z1}E visualizationdl £ X}. (Matlab, Python 2| CtY el E41= & Ata& Al A1EH)

N
N

Hint: Gyroid phase®| 42, £ Z2| L&A [ 20| periodic boundary condition= At-& 3} OF 3tC} 0|0 S Esl= T E
= bep_3d_psd_prd_mkl.f90O| Ct.
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