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1.2 Geometric Brownain Motion(GBM) (1973)
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1.4 Constant elasticity of variance model(CEV) (1975)
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1.5 Dothan(1978)
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1.7 CIR VR(1980)
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Brennan and Schwartz (1982), Dietrich-Campbell and Schwartz
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dP)=J"dz" (35)
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(Mean-reverting stochastic volatility model with independent jumps,
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stochastic volatility model with jumps in the spot price only,
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A BEXRIEH v 9AY EFE T oE wEIX ALE

Metropolis-Hastings <11 &S AF8-3ttd. Metropolis—-Hastings &3l E]
=& A|FEE(Proposal distribution) @} &4 &3 (Target distribution)3t
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0‘2 O fG(5,g) 1/) w NN(()a?)
By At ByAt ~ Beta(2,40)10 | g At By At ~ Beta(2,40)
Py py~ Unif[—1,1]1D g v~ G(20,10)12

. . _ - 1
8) MRSVEGFR= 1o = pe, MRSV, MSVIRE= 12 = 50— Byelexp(pg + 0z) — 1),

) . 1

MRSVC] 2NN =4 = pu— Bylexplue + 5ot L= 1)
7

9) A7tulE ¥ (Inverse Gamma Distribution)
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A3 A G

1. 239 FF 2 574

X

1.1 &=3k2 4% 238 (Recurrent Neural Network, RNN)

RNN& Q1 AAY dugse] & FfFolth Ag91(2017e] w=d

RNNS& w-=7} z7] #4l3 <=3k

_I_4

oz A7 glom ojeld wuA
QA T2 el £ HelHE Aelsizd

&3t AHgE = 3T

= 4ol Atk oled dueEe agos wASW eI 2k

[(19] 4] RNN +%

Y @ @
Vv v v v
2 ) ()
W W W w
Unfold
fh)] —» f(hy) f(h,) f(hs)

(23 : Zhao, Hongwei, et al.(2019))

10) W e} (Beta Distribution)
11) ¥+ 3® 3 (Uniform Distribution)
12) 7tu}3 32 (Gamma Distribution)
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h, = Uz, + Ws,_, (54)
s, = f(h,+b) (55)
y,=g(Vs,+c¢) (56)

oju s, t AlHlA 2 AE(state)E o|n| st Axkgkelw vet vV, W
= 7t A8E, b9 o= A, o 9= A8
olu} softmaxdt=7} AFE-¥ T RNN cell& %3 %= BES A7 Al
Aiko]l  olHAE GAR HAMERS 24Fdd Ise 2HEH
(Hidden state)7} ®1Th. eddHs 0 e Fxoe nirx
2 2Y=EE A JE#RE 2HEER BUFE FSAE o &3
colwf TFEAl= shue] ghel oy ek oY
st fHo] g7 Ak 5 RNN2 713229 2143

ol <UHkA o2 tanh

5

X

|4t

‘

=] -
= O

(Neural Network)®} =LA t}2x &t} & A& YAty oA AL

A8 wf o]d ©A AR 5, S JdEHoE FrpHom W
=
1

i

rl

ot
mlo

=

th s, .2 o)A w@A RNN cellod =% gtoz, 9

{lieh

N
T
it
Hd
ot
_0|L
rlr
=z
o
odt
fuj

oA AR s tARNA] A
NEA AL A, BA F4E ol g3 N =g g7 Bk

Ao s, S A A RNN cell A% & AbgHo] g, & 7
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i dE A Ak

1.2 Aa7jvl e 28 (Long Short-term Memory, LSTM)

ole} & RNN R¥e AASIAY & A dsHE o] &ate] 7
oA AL JuolEgth. o] HAqM A7F dgow ALY vt
m 7] $ 7] (Gradient) & AAFE 1 o] 2 ol &d] 37 &Y S =HI=
dl, o] FHo] ZoHdFHE 7]&7]19 Altel & HA v FAV TAT
ok ol & 7€V &2 Z& FuFAga ok Vv AdEE B

e o>

o

F7b 2 Zom QBN A

gl AdAAE QA A ol AAYE Are] 4 Slo EAT}

_60_

A&

3 B H ul 1]_



[ 5] LSTM +%

V
forget.  input | output\ St
— s — + * El‘
& T I
L]
i —=X) | tanh > X
fi t | €, 0, T
a ] tanh l o
L (wp (wy (wd | w, .@

(23] : Zhao, Hongwei, et al.(2019))

LSTMS RNNe| w)s] 7xdozm 2gss, RNN 23 n st
cell state(c,)7} F7FEATh ol ¢ AAE 59 A7Ze AHE
Az 9w g ddels ARAIGHHoelt 3 oy 2e 379

Aol E(gate)7} F7H= At

1) forget gate
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ot
i)
o
it
e
K
)
T\
0%
-3
-
et

& A< forget gatez} &t th& 7o

2,
g
(i,
iV

fi=o(Wls,_ 1,z ] +bs) (57)

o= ARo|= dAs ol ol wet f7F 0cA 1Ako]] g
=t Ooleghd o] AEle HHE olx lojfd ol dHe ARE

A3 718t A st AR o AH AR F s AxE EA

Mo Y
rol

®

2) update gate(input gate)

update gateoll A= forget gateo} WHj 2 7]9sk AW E Atkslr] 93
dAlolty. 2 AA|= forget gatee} HAdH o] WA AR s, T
dAAAE AAE A8 z,E ©l &3 update gatee] AIE o] &3

A714 e ARE HdslE cell stateE AAFSHC}
w, = o(W,[s,_,z,]+b,) (58)

update gate®] A3} glo] 71&E AW F 7]9e FFolgt¥, s, 9} g,
ZRE AR Jsferd ARV SAJ o] F ¢, v vhe 2
o] AlArgkTh,

¢, = tanh(Wpls, 1, 2] +bo) (59)
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o5&

S5 o83 cell states 7yAlsH TS}
AR T

¢ =fOc_+uOc_, (60)

3) output gate

HS

b gateSo] cell state® QHolE 317 98k FA oY output
s & T8h7] 9% Aol ¢ 4 Utk = AA = forget

gate, update gate9} =< 3s}t}.

gatet

o, = o(W,[s; 1,21 +b,) (61)

output gateo| A A4t#E zk3} cell stateE tanh &4 3}

F5E BaAA
WE g o83 oF 78 AT

s, = o, ®tanh(c;) (62)
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1.3 AlolE <38 #3 23 (Gated Recurrent Unit, GRU)

[29 6] GRU +%

reset update

4 —+ X tanh [—h, '@

T b 3 —

T

Z—+ 1- —X

TlE T

(23 : Zhao, Hongwei, et al.(2019))

ey LSTMe] 72 1@ 4 9t 432 2% segr] i
T2} Baa Aae] eddr wge £A%T od] LSTM X

gel o

AN AllEE AAlgte Hgg FRE JfHdEHAR SteEEE
w24 22 4 9= Wl GRU(Gated Reccurent Unit)7} Cho,
Bahdanau, Bougares, Schwenk, Bengio(2014)o] o]&] A<tz o] A|A A
A5E A= o ol FAAR dYd Rgom AUttt GRUE
A AlelEgt Hz AolE

AelER 7kas) shlvh. GRUS F AolEx= thg¥ 2T
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1) reset gate

e
2
s
8
8
)
o,
Y
1=
=
X
ra
e
i
o,
%
¢ o
R

|
=2
)
&
1o
AN
)
ol\
R
)

A v F Alarol= @Agehael FHAA a3k 22 reset
o]
-

0o A

QL'
o
ol

= U(W’[st—hwt]—i_br) (63)

2) update gate
update gater= LSTM9] input gate9} forget gateE F Ao F33s}+=
gateZ A A AHO] ARE AAAT|HA A HARE dvpf FHA
AR F, AA9 @A AR v AASE gateolth P &
A reset gate?} 2t}
zt:U(VV;[St—1axt]+bz) (64)
T AolEg Fal AME @e olgd dARAY wAR ANEY

ol #AIFY AH z,F vhF7] 918 dAlelt Al Ale]ES] gt o]

h,= tanh (W, « [r,_,,z,]+b,) (65)
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o,
it
o,
o
ol
2
>
iR
2
ro,
ffe
I
N
o
X
2

Al Hew A2 g 2

§; = (1—zt)®st,1+zt®i7t (66)

GRUE= LSTM ®39| Hst x5 wheab/] sho] wha Aate] 7}

sote]l el AREE AL

gk mEo] EA R

30,
(o
i
o
oot
=
=
L)
i)
s
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[\
M
r2
B
ES
18
rN
ﬂ

t}= ¥4 E 2 (Multi-layer Perceptron, MLP)& A4S 23] HE =

gt AAlghel oA 2 B4%erF Havh HEs The A 3EE

=

Outputs
Inputs

Input layer Hidden layer Output layer

(&4 : Sazli, M.H. (2006))
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(151 8] st AGge] F=

Input layer {m=5) Hidden layer (n=13) Output layer (1=1)

Pt o

QMJM{ 'l_.i }

Oneelt+1) ° J

R::r:uu.m. manner

L R e b S s

Adae ANAGAA 7t Aet AFgFEe] ek LY A E(gradient) &

Adsts e ou@t. dwHore dds: %M EARelA =

=¥ A5 ol&ste] AAWe 7 FH #HEE 5H e (Objective
function) & AlLtstal, 3t M5 gEine s 2YUAdESE =95
oA dHF Foz Aista A vEo AFE o W shFEA 9}
AEFS GAgRAgdA Axtd 2t AES} st A2 7t A
Fo g2 HJuolE = AAS AT & 5 U

oS
>
K=
o
19
2
“
T
—
ot
1
>
02(2‘1
_OL
u=)
—
ot
=
J

(Iteration)o] 2}3L 3}, o]
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K

B

Tor

s

=0

=]

A Ak 2t AEE o8 7

o A~
& 5

=
e

ojp
-,

ol

)
~

1o
vze]

T

}74 3 (Stochastic  Gradient Descent, SGD)o]

AN

e %87
o) AbgE

] o] &
o=

A
4

_69_

H8kn

[
21

SE



[\l

2 852 A7 (Stochastic Gradient Descent, SGD)

352 Z A8 (Stochastic Gradient Descent, SGD)o] gt &1 T
ol F &litel whalA Y AEE AXE A, AAL 1 Ly SS
Agste HHS ugth. AA dolEE AbEsle] sh5S Wgsts A

of ohet AL FEF AT dolHE AHgtel SHe WAL

(19 9] S84 AR B A

Stochastic Gradient

(% : Carpenter, Kristy A, et al. (2018))

sher 7t oA ATgre] WEZe AWA % SEb wars

Argol AR A AA dolE 7} ol she] HolHE Al&alo]

s QA7) WEel ea4go] =/ e, CPUL GPUS 4t

g Z 9nwe @gavgs wdel At oE d WA
_ ’70 _
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(Mini-batch)& o] &8 Whfe] A4, MAas Iz 48 ¥
o g5g AAsts WAtk iy} obd e @9l o ARE
& 2

zhgo] YolA = gyt o, AA AR

i
S
>
o
ol
rlr
POy
%
Au)
=
il
I
fol
o
2
o
o
Lo
hifpd
o
™
Og{:,"
)
)
rlr
o
ol
o
p~
rlr

A et e F248 o83 tEXE Quo|EsA Wk olw p= I
HFES onstH ZAASAHEES S AstE ZHUAEE o= AE uE

A meA Shge] JAg I FAlC A A A Held 5 gk
Aol A, MEZo] 7 HAHE A = gFo] wrae 4

otk wheby iAo Z7leh W R etgEel UE AAd ZRFE

13) Shroln Fad JBe WAL WroUA AT els) FEom A4

H= @
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uhp

=
=

ou gy RS x4 (Hyper Parameter)

)

77t gol sk

-

9/]

A

7] wj ol tAl

—_
fi%e}

i

ARE o3l 1A 7}

)

2]

i

AHERE

T
| S

3

ojny

Tor

ol

oj
0

iy
|
—
fife)

W

fite)

Zﬁ
=
ojy
R~

= o}, wgf 3d4¢] 7}

T -
T

~
file)

o
o

ojn

A

Period= 3o

=
=

Time step, &9 %k 2o

=
=

ol e gke] Zol

AT,

9l om  kerasld o]

)

74

simpleRNN, LSTM, GRU

%O —

N ol
S0 o
2 | LTILE S
= ﬁ&.ma Q
&) it
SloR O ®

o
200g1
= PIR7E S
TS___,HAW
N 2S5 5 o
2 B82S '
o

o
z LT S
Z =25SIS6 58 9
~IE8lsl8 &

—

Lo

5 @

=

T =

<

[al

2]

1el= 994 7lsS A

H

14) spol®l el whol
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E3 train set> 7FEAE SHESH7] fE AMEE ARE o] @
FotH, test set& RFO As& HUisty] s THEHe de] fle
Q)F Hol s|FE T} train setd} test set] W] ES 7:3, 82, 91 Fo] Uwt

Ao, B Ao 829 WIES &3ttt wEkA] train set
2012.10.01.72020.09.30. test set-& 2020.10.01.72022.09.30.0] s @at= A=
o]t}
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A4 g AZEN 2 A3

AlAdEHA=R

2 AFdAE AUARA F 58 AAZsH EHSA AdEH] 3l
T d# 7l ol XA A, AAVbs, e A7 gis] A4S
APsAct. 95 AFAAe HAES dE(Europe Brent Spot Price
FOB), #d7k=  Ad7bAL dgsn Ad4dEHENRY  HUB
NATURAL GAS contract2)E A}g31 o5 EIA(Energy Information
Administration)ol| Al F 53ttt 2] A7 ddaEAH A 34
X & (copper LME 3-month)¢] d¥Ex85E o] &3 o KOMIS(Korea
Mineral Resource Information Service)elx FH53atth. #4771

201213 109 1<¢ ~ 2022 9¢ 30dolth 7 AW 7%
3 2},

of
N
ol
rlo
)
o

(% 7] #AAw N2EAF
A5 =
74 712t 7 Ha | A | @9
% 7}
A5 2012.10.01. USD
2542 | 7114 | 2545 | 9.12 | 1318
(Brent) ~ 2022.09.30. /bbl
A7~ 2012.10.01. USD
2532 | 3.35 | 1.32 | 1.482 | 9.68
(Henry hub) | ~ 2022.09.30. /MMBtu
2] 2012.10.01. 1,000USD
2529 6.75 | 143 | 4.32 | 10.72
(LME) ~ 2022.09.30. /ton
_ ’74 _
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2. 2A7I AuWE Fol

2.1 95 A&A7F4 - Europe Brent Spot Price FOB

[29 10] 9% A3Z7H4 W5 5°](2012.10.01.72022.09.30.)

140
120
- 100
g
S 80
145}
2 60
T
ey
No40
20
O L L | | L L L L |
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

ux

4717091 2013 o] & HAF7FBrent)= 1002# o] 4o if7hrt
FAE AT SA g 20140 Eo] mwro] Aded Mardge] Frbstd
AomlEre] oy Al il AWk o R ghaellal aAFS ololed

w7hEol AR WS grolstn Fa Tt =3E AT o] ¢h & o

ol
iy
U

L)
oy
=
O
)—U
5,
a
1
:{o
¥
i
i
N
é
N
o
2
oy
i)
lo

weQdes <

o] F 2017'd ZF¥t7] OPEC % 2Alo}t & Abf=9] atoldl), A1/

o F 9% MFFa T, @93 AR QE fUE ASFAE =



TReE 8 dAHer ST ol {7k 602 e G415
A=d COVID-190.2 15 =874k e Ajole] A {72t A%, OPEC
I7hEe] FAtem e 20209 39 HIAERIFE B EIT FAFIFES

AAs FA3 stEsFA T 20200 4L =

rl
:

‘IC')I‘
ARABY Wb kg NES wASE BowE A WILH7H

= oulolus 718 Z1EERT BAES oA 102 olgz Wol )

At o]F wWABFow <l COVID-197} o =A% AAHEA +
a7t 8 BE I, OPECY ZAAE zAol wet Fiol FaHWA F
e Aeawe golstglon 22d YAol-$-Avtel Ao Qg

FRELY % AAok] AfsrE AAR Ad ok F48 A5as
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22 AA7t2~ A 74 - HENRY HUB NATURAL GAS contract?

[29 11] "A7k2 A7 ws 50](2012.10.01.72022.09.30.)

12
10 r
8 L

6 L

O L L L L L L L 1 L
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
uE

L4

7}4 (USD/MMBtu)

9195 3974 HdR e
el st F7h Ange gaste Ahel AEHAh 42y FE
NA FAHG AL 20144 Swrlo] FARE seelr] g

FAlo] shEsaa SAA ANF FAE Qe 2uFFe] WAL

AuAel FAAATA AFAAE FSEAE FAGAT o9 T Rol

15d= Ag7]2o] HdrY oA s 742 2016704 YA
g4 = vt
o] & Wio] flo] FAEHY 20183 EF oolHEE HEI V|FQ

_’77_



A} e ALFOE Ad) WY

4
N
01)4
_|_,
ol
ok
FE
N
i
s
il
)
ol
o
of

3H4lTh. o]& 20201 COVID-19% <13 $717F atetsly slasn 712
= SEEtATh S 21 o F o[ FE s AAskne WUER
HAESEA eSS 149 o F b Be FEoE FEE

i S ARL okolth, YZelsrt AAvks Al ded BAS Y
g3 FAls oS UG o) F 2022d B Alok-f-Adtelrt M Aol
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2021

7 el AHgEE BHom
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2018 2019 2020
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2016 2017

2013 2014 2015

12.00
2.00 r
0.00

[29) 12] 7] A3 7HA Ws 5°0](2012.10.01.72022.09.30.)
10.00

(U03/asnoo0‘T) g«
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o] ZdatH A Aukzel AxpAl 7FAo] At B Aol =elolnt
Aoz Q3 TF 74 $HE o3 Aol g TUHAoY, A
ZIFA $E7E AZIEEA 20229 39S Ve g AEAL o E
FAE A AT
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[ 8] 9% X477 delel GE3y vy

F4 4 7(2012.10.01.72022.09.30.)

(0 ﬁ 02 Yy J—%lﬂﬂ
0.0104 2.031 3% 10.2756
(1)Merton 0 0
(0.0292) (0.1161) [0.00587]
) 0.02257 -0.00019 2.0304 5% 10.2828
(2)Vasicek 0
(0.0990) (0.00145) (0.11649) [0.00134]
0.1267 -0.0019 0.0334 % 0.4523
(3)CIR-SR 0.5
(0.09848) (0.00145) (0.00190) [0.50124]
0.0005% 12.3040
(4)Dothan 0 0 1
(0.00003) [0.00641]
-0.00023 0.00046%** 11.9755
(5)GBM 0 1
(0.00043) | (0.000027) [0.00251]
(6)Brennan | 0.25057#%* | —0.0038*#* | (0.00046%* ! 5.6203
~Schwartz | (0.09826} | (0.001457) | (0.000027) [0.01775]
0.000000%3 41.1758
(7)CIR-VR 0 0 15
(0.0000003) [0.00000]
-0.0000877 0.02899 05171 %% 2.0928
(8)CEV 0
(0.000436) (0.03899) (0.15991) [0.14799]
0.1553 -0.0023 0.01265 0.61523%%x
(9)CKLS _
(0.1071) (0.0016) (0.01801) (0.1681)
* 1 10%, ** 5%, xxkx 1 1% FFoA EAAH R o3
Oeke EEWUA, (1L pare v
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A REAFEE AFHEYE HAA Ve df AZTEEC i@
Merton, Vasicek, Dothan, GBM, Brennan-Schwartz, CIR-VR X3 9]
95% M#FFEolA LAFEAY. =, CIR-SR, CEV E3uto] 343}
EE Yetle JtolAlw FAEAY fgow s FFvHde]l 714EA &

1 =<}
skom 90% AFHFEAAE 7174HA @Gk =Y BE EYE F
CIR-SRE#o] 9 7tolAly FAAE Yepiozyn tE Ry L
sl By Agnrb e vEETh By A Sl A vehd

CIR-SR > CEV > Brennan-Schwartz > Merton > Vasicek > GBM
> Dothan > CIR-VR R g9 Ao me} 3 Aoz vest o
g CKLS me] 7§ vAleF wd oA AAgAdE7] wio] 7o
AF FAA7 005 e

AoFrg o] FHefAE o= J-FAA Y prrel ol AsfA = A
At AxE 95% 2G4 Merton, Vasicek, Dothan, GBM,
Brennan-Schwartz, CIR-VR 2 3&o] #ujaldE Aoz yEest. 2o
A E A ke CIR-SR, CEV 28 & 90% Al F o Ax o2 &5 A
skt

WAk FEje] CKLS mde] =4 44 Avud Piedye

e = 794 FA2 = CKLSEY, CEVEE A Z+2F 06152, 0.5171=
B

of we} 7pAel FEAte] Frtete B, § 714 Wsle] 2HF BiEAo
YA Fad ¢FE Aol 7]= Sy, Dothan, GBM, Brennan-Schwartz 5.3
oA 7hA gk vpel o] 4=1%1 FEHT= vtk 1S ol g
Az FAE YEdE o8 BAIALTFES

Brennan-Schwartz2 82 A9lstus vhE& Ze RPoA Foax &
A YES T g BF S99 s 7bA Hasd olE e et A Rt
AAR FAASE FostA= gol AA7IFE ieldd brent 71
Bt 37 Aw7F v ekt As ofn g
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B
_l U
e
E
offt
oX,
td
ot

% 9] A% AP FEAEY 23

FA47(2012.10.01.72022.09.30.)

(DMRSV | (2MRSV] | (3MRSVCJ] | (4MRSVIJ
) 0.76566 059173 0.63435 0.75339
a (0.073839) (0.11465) (0.081532) (0.081598)
0.000342 0.000192 0.000385 0.000489
7 (0.000987) (0.001605) (0.001106) (0.001096)
0.43948 2.83 ~8.022
e (0.34776) (0.71578) (1.1171)
3.2297 0.10346 0.10895
o
¢ (0.37009) (0.027274) (0.02827)
; 0.069111 0.027379 0.003342
’ (0.017599) (0.01025) (0.001351)
0.058504 0.03362 0.067002 0.042655
; (0.009087) | (0.006804) (0.01076) (0.010163)
) 1.5707 1.3169 1.2309 1.4948
(0.096338) (0.11866) (0.10471) (0.092239)
0.21157 0.14165 0.1755 0.14311
g
v (0.015513) (0.013772) (0.020579) (0.021475)
0.27876 0.1581 0.076042 0.16306
g (0.055144) (0.096627) (0.14018) (0.091691)
0.55968
P (0.32774)
1.296 1.2337
K (0.29301) (0.31245)
; 0.00197
v (0.001016)
Ote mEAAE o0

_83_



olelgt AN HFEe FEAFAHNAN Fxyt uHEA Fe 2y A4S

& Atk Fto g IAEHEE YERUE no
49 MRSV EdoAE b2 RS0 Hs 2A vegon Hzv}
aHEE A9 A desth gy SERsAddr A=k ki 7H4
B0l A= MRSV]EH R 4oz wE

FES UL g A9AG A AZ =) FEAE veh
o 2yPdR Aold e YEUAT o= ol d HZeo RHAS YE
um Jxar|g a/ #4855 ik g7 F85Anh MRSVI] &=
ol A9 Mo Al A7 2 S-S el ed mEia o
HH oz A HEyh BT ol A9 AV|E Folv WTFL
2 dojSS ougth g9 g = 47 HFa AEAdA HEor o
olg FES onsy MRSV], MRSVC], MRSVIJe] +o2 =7 L}el
=
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[3% 10] 9% A4714 He2d =23
854 I} (train set, test set)

RNN LSTM GRU
Hyper Time step=1 Time step=1 Time step=1
Parameter Period=1 Period=1 Period=1
RMSE(train set) 1.28726 1.268846 1.269807
RMSE(test set) 2.40205 2.39968 2.40628
Hyper Time step=2 Time step=2 Time step=
Parameter Period=1 Period=1 Period=1
RMSE(train set) 1.264032 1.386039 1.35576
RMSE(test set) 2.41624 2.62638 2.95189
Hyper Time step=3 Time step=3 Time step=
Parameter Period=1 Period=1 Period=1
RMSE(train set) 1.262638 1.49956 1.402161
RMSE(test set) 2.41908 2.81832 2.64313
Hyper Time step=4 Time step=4 Time step=
Parameter Period=1 Period=1 Period=1
RMSE(train set) 1.265273 1.560582 1.413187
RMSE(test set) 2.42424 2.90631 2.64160
Hyper Time step=b5 Time step=b5 Time step=b5
Parameter Period=1 Period=1 Period=1
RMSE(train set) 1.267417 1.598482 1.404915
RMSE(test set) 243877 2.94532 261719

2y A agels train sete] RMSEE 7]&o % 3 A%
wEo A= 117 3UR e AR ol&ai= AL LSTM, GRU =3l



RMSE7} 1.262638=% 7} wbA YErst, 9bdE o 54521 test seto]
RMSEE 7]#2o & 3 Z-$ RNN, LSTM, GRU =& 2o 37 1Y
Aol ARE ol&de A% AR Ue dZAEe ngon, LSTM &

& o] RMSE7}F 2.39968% 7174 vl YeEbwth w3k ghgo] AR A
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2. AA7k2 NZAA BNAD

ot

21 B9l FEHY =

[% 11] A7kx A37H golag) s vy

4 742012.10.01.72022.09.30.)

(0% 5 0'2 Yy J_%ﬁ] j]
0.00201 0.00815%*x* 44,1298
(1)Merton 0 0
(0.001991) (0.001354) [0.0000]
] -0.02149 | 0.0079942+ | 0.00858**x* 40.1867
(2)Vasicek 0
(0.01394) | (0.004735) (0.00137) [0.0000]
-0.01834 0.00707 0.00327 3 32.9612
(3)CIR SR 0.5
(0.01386) | (0.004702) | (0.000472) [0.0000]
0.00116%:*x* 21.6233
(4)Dothan 0 0 1
(0.000146) [0.0000]
0.00119** | 0.00124%%x* 18.4031
(5 GBM 0 1
(0.000676) | (0.000151) [0.0001]
(6)Brennan -0.00693 0.00350 0.00123sxx ] 17.8043
-Schwartz (0.0139) (0.00470) (0.000151) [0.0000]
0.00034 3.6862
(7)CIR VR 0 0 15
(0.000037) [0.2974]
0.00103 0.000415%x% | 1.4534%*x* 1.3169
(8)CEV 0
(0.000677) | (0.000122) (0.0898) [0.2511]
0.001719 -0.00473 | 0.00038+** | 1.4815%%*
(9)CKLS _
(0.01486) (0.00503) (0.000115) (0.0901)
£ 1100, w1 5%, e 1 1% SR EAAOE Fold

$4 BYAFEE Avnd AA /17

Merton, Vasicek, CIR-SR, Dothan, GBM,

AA7 s A7

oh i

Brennan-Schwartz X & o]
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95% AlFFFoll A LAAHAT. =, CIR-VR, CEV 2 &vuto] H 2%
=5 Yetdle gholAld FAA Y] gtoz 3] FAFTHAde] 74HA &
Aom 9% AlFFFEAALE 7|Z4HA ST e BHE BYE
CEVEZo] HAie] FlolAly FAAE YElHOZN e BPEo| ]
d 2y AFmrt 454 Ueut 2y H3e S YERgd
CEV > CIR-VR > Brennan-Schwartz > GBM > Dothan > CIR-SR
> Vasicek > Merton 289 £A]d wal 953 Aoz eyt o
g CKLS 239 A% wA mgozr GAAds)7] wie] 7}o
A=A 002 Ve

AoFRE o] wrAly of 1 EAX ] pgroll 93] AR =g oA
Asl AxE 95% Al #5304 Merton, Vasicek, CIR-SR, Dothan,
GBM, Brennan-Schwartz = 38o] 2 sE Aoz eyttt 32l
Hr) %] ¢re CIR-VR, CEV 232 90% AlZEgFolAr o2 s ]
& Skt

iAo o] CKLS R¥4 Ee FAXNE AuEd Zadds
UElE o FA4R = CKLSEYE, CEV
eSO 99% Al 2ol A
of we} 71Ae kel Frtshe AR, F 714 wsle] 2R wsAdol

A sz we

ofN
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22 SEHEA Y
(3 12] AA7k= AZ7HA FEdled 29
=2 A 3(2012.10.01.72022.09.30.)
(DMRSV | (2MRSV] | (3MRSVCJ | (4)MRSVIJ
) 0.0058155 0.0020635 0.0066924 0.0057322
s (0.0069993) | (0.0080977) | (0.0070447) | (0.0071713)
20.0000212 | -0.0012499 | 0.00030123 | 0.00005478
! (0.0024265) | (0.0027622) | (0.0024564) | (0.0024912)
0.032983
7 (0.0022964)
05301 0.18733 0.067568
e (8.0372) (0.1696) (9.6729)
0.11188 0.10609 0.11362
o
¢ (0.0777) 0.025772) | (0.096142)
, 0.0010579 00024925 | 0.00092444
(0.0011243) | (0.0011033) | (0.0010447)
0.021206 0.021699 0.035514 0.038349
: (0.0049664) | (0.0049156) | (0.0069164) | (0.0067838)
) 0.026642 0.027021 0.017075 0.017027
(0.0059759) | (0.0059238) | (0.0030044) | (0.0024549)
0.031643 0.032711 0.031244 0.032983
g
’ (0.0014639) | (0.0019947) | (0.0014664) | (0.0022964)
0.24008 0.20263 0.21676 0.18773
P (0.072099) | (0.068545) | (0.074386) | (0.082226)
0.071715
Py
(0.55445)
2248 0.3644
! (0.46627) (0.47962)
, 0.0031745
Y (0.0013231)
O¢te FFAAE oA
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pe AQAe] WEAS nANe W AA7tAe] 4714 Bt

UERITE 284 MRSVC], MRSV, MRSVIJ, MRSV] <4]%].0v

gehd e Sag 5 Atk @weme HAKEE Yt g A9
MRSV 2ol w9 #A dehom Fzs aedses 45 2
debgoh oyt SEWEAdE g2 dun sAsis MRSVC]

MRSVI] &A= MRSVJEF R Y 4 or A2 HA3|HHES

N
)
)
B
g
offt
oX,
2
>,
ol
(K
N
)
e,
9
W
i)
i
o
1o,
o

18t MRSVC], MRSV],
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[ 13] Q7= ARZ7H4 489 29

8t 4 #(train set, test set)

RNN LSTM GRU
Hyper Time step=1 Time step=1 Time step=1
Parameter Period=1 Period=1 Period=1
RMSE(train set) 0.092668 0.092472 0.092637
RMSE(test set) 0.37915 0.36487 0.32904
Hyper Time step=2 Time step=2 Time step=2
Parameter Period=1 Period=1 Period=1
RMSE(train set) 0.092553 0.098874 0.096057
RMSE(test set) 0.31504 0.37042 0.31096
Hyper Time step=3 Time step=3 Time step=3
Parameter Period=1 Period=1 Period=1
RMSE(train set) 0.09243 0.103919 0.097517
RMSE(test set) 0.33430 0.34326 0.30875
Hyper Time step=4 Time step=4 Time step=4
Parameter Period=1 Period=1 Period=1
RMSE(train set) 0.092496 0.106129 0.096772
RMSE(test set) 0.30512 0.34785 0.28967
Hyper Time step=b5 Time step=b5 Time step=5
Parameter Period=1 Period=1 Period=1
RMSE(train set) 0.092345 0.106026 0.096916
RMSE(test set) 0.43435 0.33285 0.29113

2o dFsli= train set®] RMSEZ 7|0 % 3 4$ RNN

ok
Ry = A 5UA9 AgE o]&dtE 45, LSTM, GRU X3 A

= 7 14A ¢

x}EE Z oA

RMSEZ} 0.092345= 7bd A
RMSEE 7|2 3 749 RNN, LSTM, GRU E3o A A 41}

O
5

UEbg . Hhe
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T2 Hom GRU4

23] RMSEZ} 0.28967= 7}

g2p5e] 2ol 7}

T
= 4

A end

5]

o dZAHol 95
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ol

AADel A% LSTM# GRU

)
o
ol
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Anel 14 &
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3 14] 78 AP a9l S vy
3784 7K2012.10.01.2022.09.30.)

« 16] ol ¥ J-&AA
0.00121 0.0053#x* 64.5097
(1)Merton 0 0
(0.0015) (0.00023) [0.0000]
) -0.006 0.001155 | 0.0053#*x* 63.2600
(2)Vasicek 0
(0.00997) | (0.00157) | (0.00023) [0.0000]
-0.0004 0.00023 | 0.00089#s 35.9760
(3)CIR SR 0.5
(0.00999) | (0.0016) | (0.00004) [0.0000]
0.00014sx 10.4924
(4)Dothan 0 0 1
(0.000006) [0.0148]
0.0001 0.00014ske 10.1943
(5)GBM 0 1
(0.00024) | (0.000006) [0.0061]
(6)Brennan 0.0066 -0.0009 | 000014 1 9.9544
-Schwartz (0.0100) (0.0016) | (0.000006) [0.0016]
0000021 sk 2.4919
(7)CIR VR 0 0 15
(000000 [0.4767]
0.000067 | 0000032 | 1.3870xxx* 1.5548
(8)CEV 0
(0.000238) | (0.000015) | (0.1208) [0.2124]
0.0127 -0.00192 | 0000029« | 1.4166%**
(9)CKLS _
(0.0102) | (0.00161) | (0.000014) | (0.1204)

k0 10%, 1 5%, wex 1 1% Eol A EAA R FoF

OQre F=dAk, [k pats vl

A REAdEE AyEd AA 71k Y ATl dis)
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Merton, Vasicek, CIR-SR, Dothan, GBM, Brennan-Schwartz X
95% AlZ oA LA AHEHAY. &, CIR-VR, CEV E&vylo] H3 A3}
T8 el FlolAF FAA gow < ARsbAel 7ztEA %

skom 90% AlFFFel e 71Z4HA &t & EE RFPE

ol

_1_4
off

of

CEV > CIR-VR > Brennan-Schwartz > GBM > Dothan > CIR-SR
> Vasicek > Merton® 8 2] Ao wg} ¢33 Aoz YElgt. tpwt
CKLS 2ol A5 HiAf Rgozx] AAAEEJAY] vl kol Al w
FAAF 0.2 vERdT

Aokm o] DA o J-EAAY pakel 8] AshAze oA
Al A 95% Al#@ 4= A Merton, Vasicek, CIR-SR, Dothan,
GBM, Brennan-Schwartz = 38o] 2 E Ao 2 eyt o2l
Hy 2 22 CIR-VR, CEV 2¥& 90% AlZEgTadAr o2 s A

2

Aok WEe] CKLS mae] B4 2442 AHnd 2iadeys

et = 19 F4X &= CKLSEY, CEVEYo|A z+zh 1.3870, 1.41662
ol A

e IR I EE DR A

o
o
2
fo
o
=
rlr
)
i
rln
[2n
o
o
>,
Jo
1o
SL
A
52

YA YERSTH g BF

S 2ot AAVNNE welsd TehAY YREA Jush vl ket
7% olvl g,

rlr
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[ 15] 42 A7 SEdsAd =Y

44 7(2012.10.01.72022.09.30.)

(DMRSV | (2)MRSV] | (3)MRSVC] | (4)MRSVIJ
) 0.30589 0.008183 0.00435 0.0088
s (0.008917) (0.009799) (0.009829) (0.009966)
0.000061 0.000866 0.000205 0.0000756
! (0.001407) (0.001577) (0.001535) (0.001525)
0.018998 0.004493 0.051272
e (9.8604) (0.099048) (9.7481)
0.11016 0.099183 0.11095
g
¢ (0.043765) (0.021922) (0.062735)
; 0.000794 0.002981 0.00076
(0.000567) (0.001121) (0.000567)
0.052925 0.052991 0.077805 0.10655
" (0.008291) (0.009132) (0.009318) (0.010634)
) 0.012306 0.013184 0.009831 0.009259
(0.001471) (0.001595) (0.000777) (0.00067)
0.030318 0.032068 0.030358 0.034304
v (0.00156) (0.001833) (0.001324) (0.001616)
0.11341 0.11495 0.099043 0.14481
P (0.070338) (0.063115) (0.063057) (0.069386)
0.0195
P
(0.52819)
2.3333 2.9923
! (0.47821) (0.54207)
; 0.006137
v (0.001789)
O¢te F=AAE oA
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pe AAHAe WMEAS nANS W A9 gUH G
et =3 oA MRSV, MRSVIJ, MRSV], MRSVC] 44 %] 0.1
BN ALk seld 2yl Ag o 27
gehde gog 4 ol Wwom ANEES Ul g9 4%
MRSV, MRSVI] Re] 4= the F mae] ujs) 27 tersch
gEHEAH IJAHEEE YERWE k= MRSV 49 0.052925% 47}
yom MRSV], MRSVC], MRSVI] o &
A7 derdth FEREA) 47149 Fire v o AEYA
oA =ZA Yelyko MRSV, MRSV]el

a1 =2
A H[SEk S YEWNT 123 s Ao HEE uyId gE B

o
)
o
o
~N
o,
4!
rlo
i)
e
&
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[ 16] ¥ A3Z71E 989 =39
&4 7 (train set, test set)

RNN LSTM GRU
Hyper Time step=1 Time step=1 Time step=1
Parameter Period=1 Period=1 Period=1
RMSE(train set) 0.068674 0.068413 0.068279
RMSE(test set) 0.18803 0.21219 0.16581
Hyper Time step=2 Time step=2 Time step=2
Parameter Period=1 Period=1 Period=1
RMSE(train set) 0.0684 0.073635 0.071012
RMSE(test set) 0.18045 0.20093 0.16542
Hyper Time step=3 Time step=3 Time step=3
Parameter Period=1 Period=1 Period=1
RMSE(train set) 0.068116 0.078165 0.072096
RMSE(test set) 0.14979 0.21703 0.16868
Hyper Time step=4 Time step=4 Time step=4
Parameter Period=1 Period=1 Period=1
RMSE(train set) 0.06836 0.079663 0.073246
RMSE(test set) 0.16464 0.19916 0.17708
Hyper Time step=b5 Time step=b5 Time step=5
Parameter Period=1 Period=1 Period=1
RMSE(train set) 0.068111 0.079119 0.072137
RMSE(test set) 0.15707 0.17735 0.16277

YAl e

2Zo e HA 5Y A9

o

= A 1d

ﬁ

o x
A

RMSE7} 0.068111=

O:]

ol &st= A 7+

o A SAdA 9 ARE
7bg G dERst b

ARE o] g
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train set®] RMSEE 7|Fo2 3 7%
4%, LSTM, GRU &%

ke RMSEZ Ho] Fojx
RNNX & 9]

o =452l test seto]



RMSEE 7|+ 2o.& 3 7% RNN, LSTM, GRU

®lom RNN3 %3] RMSE7} 0149798 714 g7
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= 3A
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tgo A

ol
;OO
,.__AO
)

——
fife)
{o
%0
0
Jo
ze

na

ol

ATt A
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A3 A A

147 F 4Ae ofa

[e)
S
find

3

AR <l

st
ol

COVID-19

!

KH

Frwsh A

Eis

= ==
s T8

wgl 2 AHoA= COVID-19

t} 15 o]

—_
1o

il

o]

ma

—~
0

} = (Goodness of

43

ECE

LR AT

=
S=E

g

O

ol g3te] =4

i

7 eh=

)
—~
1o
;OH

il

ol

s}

e

o] AAl A

fit)

B

(Chi-Square Test of Model Fit), A}

(CFIL

HGgA 5

of Approximation),

Mean Square Error

Root

I 5L 644

sl
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Comparative fit index), B7 Fo|~X%]4 (TLI: Tucker Lewis Index),

AAA S, eAAFE Sl 2 A7 2 F Anh 2 AelA e

o,
4!

(
-

Ao 22 Root Mean Square Error, RMSE), 3 dujvlg& <

(Mean Absolute Percentage Error, MAPE), 24 A5(R2 Score)& ©]&

=

sgon Ftz A%, g

of

54 AUESh HFelFA FUEES v

AN

ks s R
=26 29l AAFS ¢35 Oyuna, Yaobin(2021), Oyuna, Yaobin(2021),
Zhang(2012), Fx=4d, AAF, AW H(2017), Gudkov, Ignatieva(2021)E

Fustel 909 npFopwh AR ol g8l wFel dZgd e AN

n

the AHel dZge Fehid AgdAc ®

FH
rlo
(@
@)
=
U
)—l
©
HU

rﬂ

Nl

t
T

AAsee] HuHE ARE Fom rglon od ne ynie
9] 2 2020.10.01.72022.09.30.

2012.10.01.72020.09.30. 7]7ke] A}z o]

71zke] Aol

AdE @aE o] &3 ARES FAS veH 2o Ed Aud A
(RMSE)= AAg# o3t ztol& Awst 5 Hds g HeAlwy
QAHMSE)S] AFZ @S onsiy] thee) £aow Atw
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(68)

oae] AFwe BED wol AF=E A9 AN wAGE 7o) I

zo] Zol5u, ool HANSE welE W Fs] wie] oxte] ArA
g Aol EAWC AT G U

g 22X ex sepsts] JEm A

zo] A7le) oEA b wile] £k

AAGET A2k Aol: Ao b

of eaE WEEE FAY F HHo= yud ge e s
<
T

Lo
2
o
N
N
)
[d
il
A
o2
N
i,
é

o,
4
i)
=
=
o
to
=
=
o>
=
)
rlr

y_y| (69)

Atz AR QAE U] Fr] witel Az AV o]EH A &

om oAge WRER Uehly] wie Apgolai Fo EA

A AR gkel ek wol EAdt,
AYAFR2 Score) HYMFTF FEWFE Avht F AP HFEA

RHolFE AR e Ao Aiwn

SSR
R*’=1— <97 (70)
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1
SST=—>(y—y)* (72)
=1
RMSE, MAPE 5& 233 4282 tehd & 9 gtel ¥t 2ol

g Az tE 2y Aol A%< sz ojy®oh dhw R2
Score= o Z3ro] AAztS o

A 1 Atole] #toz YEER ny¥a H5S vud o &8tk

At AA HEA oy SHl27] o359 5A4 YEI = v &=
o3t thg3 o] YeRd 4 ATt
SulEA d S5 FE TP+ TN

T = L = (73)
A EE TP+ TN+ FP+ FN

TP : True Positive
TN : True Negative
FP : False Positive
FN : False Negative

olwf True Positiverx X 3&o] Positived}al o3 #A F AA=
Positive?l T2 9] <= True Negativer X 3 o] Negatived}il o =3 A
= 2 A2 Negative?! FH o] < False Positiver= X 3 o] Positived}al

d=3t A F AAZE Negative?l T E o] <= False Negativer= F. & o]

Negativeg}il o =3t 72 F A A Z= Positive?l FHo =& oJwsit)
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[3% 17] & A7 929l 3534 vy
224 3K2012.10.01.72020.09.30.)

« 06 o’ ¥ J-5A =]
-0.03419 1.4015%5% 14.5883
(1)Merton 0 0
(0.0273) (0.06603) [0.00068]
) 0.1413 —0.0024*x 1.3082#sk% 10.4762
(2)Vasicek 0
(0.0885) (0.0011) (0.06670) [0.0012]
0.21754%% | 00032+ | 0.0159%*x 45.6198
(3)CIR SR 05
(0.0883) (0.00114) (0.0008) [0.0000]
0.00016%#* 87.9203
(4)Dothan 0 0 1
(0.000009) [0.0000]
-0.00049 | 0.00016%#x* 85.8131
(5)GBM 0 1
(0.000332) | (0.000009) [0.0000]
(6)Brennan | 0.2653s%xx | —0.0038+« | 0.00016%kx 1 77.4854
-Schwartz | (0.08818) | (0.001144) | (0.000009) [0.0000]
0100000)(5;52 111.1846
(7)CIR VR 0 0 15
(010000000°); [0.0000]
000063 | 21727723 | —0.3160%%* 0.7311
(8)CEV 0
(0.000333) (14.141) 0.076006) [0.3925]

0.0777 -0.0016 192816 | 0302w

OCKLS | 000m | 0o | @34 | 0omw)

£ 1 10%, 0 5%, ek 19 FEolN AR oE Felg
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i}

SN REAZEE Aury COVID-19 o)A 7)7ke] A A &712
i3] Merton, Vasicek, CIR-SR, Dothan, GBM, Brennan-Schwartz,
CIR-VR E3o] 95% 2l#8FFoA LAAREAY. &5 CEV Byvyte] &

FAREE Uetdle FtolAlw FHA ] fgom Qs AF7Hdo] 745
2 gkorom 90% AlFE 4o = 7| zbe A 2tk mE Aoy =o

A Yekd|d CEV > Vasicek >  Merton > CIR-SR >
Brennan-Schwartz > GBM > Dothan > CIR-VR =& <=4l ulz}
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[ 41] 94U Q9 FEFAAH ngo A S5
I _ LH A127HA
ddadl #8344 =¥ pNSE [ MAPE (%) | RSSCORE | RS E | #249% | g 49s
(1)Merton 2.42052 1.91803 0.98899 42.29% — 42.29%
(2)Vasicek 2.41774 1.91674 0.98902 44.8% 57.3% 42.1%
(3)CIR-SR 2.41607 1.91311 0.98904 48.3% 60.4% 43.3%
(4)Dothan 2.41892 1.91128 0.98901 57.8% 57.8% -
(5)GBM 2.41993 1.91801 0.98900 42.29% - 42.29%
(6)Brennan-Sch 2.41545 1.91231 0.98904 48.3% 58.9% 42.8%
(7)CIR-VR 2.41892 1.91128 0.98901 57.8% 57.8% -
(8)CEV 2.42053 1.92089 0.98899 42.2% - 42.29%
(9)CKLS 2.41881 1.91808 0.98901 43.2% 55.3% 42.0%
I . HAA7t: AF7HE
gdadl 5844 23 RMSE MAPE (%) | R2-SCORE R AsAdE | Y s
(1)Merton 0.26916 3.25671 0.98244 53.9% 53.9% -
(2)Vasicek 0.26905 3.26135 0.98246 48.3% 53.7% 46.1%
(3)CIR-SR 0.26907 3.26236 0.98245 48.3% 53.7% 46.1%
(4)Dothan 0.26918 3.25739 0.98244 53.9% 53.9% -
(5)GBM 0.26918 3.25670 0.98244 53.9% 53.9% -
(6)Brennan—Sch 0.26914 3.26483 0.98245 48.3% 54.3% 46.3%
(7)CIR-VR 0.26918 3.25739 0.98244 53.9% 53.9% -
(8)CEV 0.26918 3.25670 0.98244 53.9% 53.9% -
(9)CKLS 0.26926 3.26841 0.98243 48.1% 53.8% 46.1%
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Beq FEny 29 PR AR .
RMSE MAPE (%) | R2-SCORE E AeAYE | SIEFAENE

(1)Merton 0.13264 1.13309 0.98410 46.5% - 46.5%
(2)Vasicek 0.13299 1.14202 0.98401 46.5% - 46.5%
(3)CIR-SR 0.13310 1.14375 0.98399 46.5% - 46.5%

(4)Dothan 0.13263 1.13268 0.98410 93.5% 53.5% -
(5)GBM 0.13265 1.13398 0.98409 46.5% - 46.5%
(6)Brennan-Sch 0.13318 1.14497 0.98397 46.5% - 46.5%

(7)CIR-VR 0.13263 1.13268 0.98410 93.5% 53.5% -
(8)CEV 0.13265 1.13375 0.98409 46.5% - 46.5%
(9)CKLS 0.13303 1.14276 0.98400 46.5% - 46.5%
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[ 42] SEWUSA g9 QY 2%

FENEY 23

RMSE MAPE (%) | R2-SCORE AT FsALE | YR

(1))MRSV 2.66344 2.02363 0.98667 53.8% 66.9% 47.0%
(2)MRSV] 2.50761 1.95482 0.98819 53.1% 71.0% 46.8%
(3MRSVC]J 2.63578 2.02671 0.98695 53.8% 66.5% 47.0%
(4)MRSVI] 2.64664 2.01088 0.98684 51.3% 66.7% 45.5%

AA72= A

S EWHEA L3 — =
TEree e RMSE | MAPE (%) | R2-SCORE | #H#= | 4sAYE | FqAUE

(1)MRSV 0.27476 3.35371 0.98171 47.3% 54.5% 46.2%
(2)MRSV] 0.27444 3.34730 0.98175 47.5% 55.4% 46.4%
(3MRSVC]J 0.27489 3.33795 0.98169 47.3% 54.1% 46.2%
(4)MRSVI] 0.27668 3.35386 0.98145 47.71% 56.5% 46.5%

T2 A4

GEUTAH 2F

RMSE MAPE (%) | R2-SCORE A= AsALE | YR

(1)MRSV 0.13423 1.16012 0.98371 46.5% - 46.5%
(2)MRSV] 0.14293 1.25808 0.98153 46.5% - 46.5%
(3)MRSVC]J 0.13487 1.15742 0.98356 46.5% - 46.5%
(4)MRSVI] 0.13402 1.15668 0.98376 46.5% - 46.5%
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LAY R EE S 9 AS
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GEHSA EYPS ol&dl Aig YiEE - AE7FA S RMSE+=
MRSV] 2o A 2507612 7} #ekem MRSV R A 2.663442
2 7FF 2 S yEEY. vbd MAPEE MRSV] & oA 1.95482%
2 7FF Zgron MRSVC] RdoA] 2.02671% = 7F4 2 35 YERY
U}, R2-Score %S MRSV] R&8oA 0988192 74 =93 MRSV X
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3.33795% = 7} Zkom MRSVI] R A 3.35386% = 7} & s
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BE 37F 7IEA 7HE e dEAdes Bt b b 54T
o] =Y RIYPF} JFATol U EFPel Heol= RMSE V&
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(% 43] Ry =P A9 AF4%
SR A5 374 _

RMSE MAPE (%) | R2-SCORE AEg= FeALE | AR
(1)RNN1 2.40205 1.89792 0.98918 55.5% 60.0% 46.4%
(2)RNN2 2.41624 1.92485 0.98901 43.8% 60.5%* 42.2%
(3)RNN3 2.41908 1.92901 0.98893 44.8% 66.0%0* 42.7%
(4)RNN4 2.42424 1.91371 0.98883 49.9% 57.4% 41.2%
(5)RNN5 2.43877 1.93523 0.98866 44.0% 58.1% 42.0%
(6)LSTM1 2.39968 1.90845 0.98920 52.4% 58.5% 43.0%
(7)LSTM2 2.62638 2.11580 0.98701 49.1% 99.0% 42.6%
(8)LSTM3 2.81832 2.25607 0.98497 48.4% 58.8% 42.3%
(9LSTM4 2.90631 2.34720 0.98395 47.9% 58.1% 42.0%
(10)LSTM5 2.94532 2.35835 0.98346 47.6% 97.2% 41.6%
(11)GRU1 2.40628 1.91059 0.98914 54.0% 60.6% 45.5%
(12)GRU2 2.55189 2.03655 0.98774 51.1% 60.0% 43.6%
(13)GRU3 2.64313 2.10267 0.98678 49.2% 59.4% 42.71%
(14)GRU4 2.64160 2.08723 0.98674 50.1% 59.5% 43.1%
(15)GRU5S 2.61719 2.07562 0.98694 49.6% 59.6% 43.1%
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Hed EE

A2 A7

RMSE MAPE (%) | R2-SCORE AT FeALE | et E R
(1RNN1 0.37915 4.03056 0.96508 49.4% 54.1% 45.8%
(2)RNN2 0.31504 3.99897 0.97588 50.7% 55.7% 471%
(3)RNN3 0.33430 3.71663 0.97283 50.0% 54.8% 46.3%
(4)RNN4 0.30512 3.05843 0.97736 48.5% 56.4% 46.5%
(5) RNN5 0.43435 4.31148 0.95410 50.4% 54.8% 46.3%
(6)LSTM1 0.36487 3.92714 0.96766 50.0% 54.7% 46.2%
(TLSTM2 0.37042 4.07502 0.96666 48.3% 53.4% 45.6%
(8)LSTM3 0.34326 4.02071 0.97136 48.0% 53.3% 45.4%
(9LSTMA4 0.34785 4.06394 0.97058 48.9% 54.4% 46.1%
(10)LSTMb5 0.33285 3.97044 0.97305 49.0% 54.7% 46.0%
(11)GRU1 0.32904 3.72287 0.97370 47.8% 52.7% 44.9%
(12)GRU2 0.31096 3.67092 0.97650 48.1% 53.3% 45.5%
(13)GRU3 0.30875 3.67563 0.97683 48.0% 53.3% 45.4%
(14)GRU4 0.28967 3.51905 0.97960 47.1% 51.6% 44.4%
(15)GRU5S 0.29113 3.53875 0.97938 48.0% 53.2% 45.2%
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I 72 A 374 -
RMSE | MAPE (%) | R2-SCORE | 3= [ #s4u= | sggus

(1)RNN1 0.18803 1.66940 0.96722 47.9% 59.5%+ 47.0%
(2)RNN2 0.18045 160336 0.96951 46.6% 100.0% 46.5%
(3)RNN3 0.14979 130166 0.97880 47.1% 61.5%+ 46.7%
(4RNN4 0.16464 144955 0.97415 47.0% 100.0% 46.8%
(5)RNN5 0.15707 1.37247 0.97626 47.1% 66.796 16.9%
(6)LSTMI 0.21219 1.86892 0.95826 48.7% 62.296 47.4%
(TILSTM2 0.20093 175006 0.96220 48.4% 57.6% 47.0%
(BILSTM3 0.21703 183504 0.95550 475% 54.0% 46.6%
(9LSTM4 0.19916 172250 0.96218 47.0% 51.4% 46.3%
(10)LSTMS5 0.17735 153391 0.96973 48.5% 55.6% 47.1%
(11)GRU1 0.16581 146466 0.97451 48.1% 66.7%+ 47.2%
(12)GRU2 0.16542 144399 0.97438 48.8% 59.4% 47.3%
(13)GRU3 0.16868 147577 0.97312 475% 54.1% 46.6%
(14)GRU4 0.17708 155180 0.97010 48.0% 56.1% 47.0%
(15)GRU5 0.16277 142339 0.97450 47.9% 54.8% 16.9%
wo RE 571 A HiEe] 10% olalw BHAT A5

FERY B S7 g A
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7} 2 e UEWth MAPE7| #2025 RNN3 =3o] A 1.30166% %
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A2 A AR mYA 545 ¥
L 95 ANg7tAe wgdd 4% v
¥ 44] 9HF ARZ7HE e 238 o F5A e v
R2- _ A< sl
RMSE | MAFE SCORE e Ase | A
Merton | 2.42052 | 1.91803 | 0.98899 | 42.2% - 42.29%
Vasicek | 241774 | 1.91674 | 0.98902 | 44.8% 57.3% 42.1%
CIR-SR | 2.41607 | 1.91311 | 0.98904 | 48.3% 60.4% 43.3%
Dothan | 2.41892 | 1.91128 | 0.98901 | 57.8% 57.8% -
GBM | 241993 | 1.91801 | 0.98900 | 42.2% - 42.2%
Bre-Sch | 2.41545 | 1.91231 | 0.98904 | 48.3% 58.9% 42.8%
CIR-VR | 2.41892 | 1.91128 | 0.98901 | 57.8% 57.8% -
CEV | 242053 | 1.92089 | 0.98399 | 42.2% - 42.29%
CKLS | 241881 | 1.91808 | 0.98901 | 43.2% | 55.3%x* | 42.0%
MRSV | 2.66344 | 2.02363 | 0.98667 | 53.8% 66.9% 47.0%
MRSV] | 250761 | 1.95482 | 098819 | 53.1% 71.0% 46.8%
MRSVC] | 2.63578 | 2.02671 | 0.98695 | 53.8% 66.5% 47.0%
MRSVIJ | 2.64664 | 2.01088 | 0.98684 | 51.3% 66.7% 45.5%
RNN1 | 2.40205 | 1.89792 | 0.98918 | 55.5% 60.0% 46.4%
RNN2 | 241624 | 1.92485 | 098901 | 43.8% | 60.5%* | 42.2%
RNN3 | 2.41908 | 1.92901 | 0.98893 | 44.8% | 66.0%=* | 42.7%
RNN4 | 2.42424 | 191371 | 0.98883 | 49.9% 57.4% 41.2%
RNN5 | 2.43877 | 1.93523 | 0.98866 | 44.0% 58.1% 42.0%
LSTMI | 2.39968 | 1.90845 | 0.98920 | 52.4% 58.5% 43.0%
LSTM2 | 262638 | 2.11580 | 0.98701 | 49.1% 59.0% 42.6%
LSTM3 | 2.81832 | 2.25607 | 0.98497 | 48.4% 58.8% 42.3%
LSTM4 | 290631 | 2.34720 | 0.98395 | 47.9% 58.1% 42.0%
LSTM5 | 294532 | 2.35835 | 0.98346 | 47.6% 57.2% 41.6%
GRUL | 240628 | 1.91059 | 0.98914 | 54.0% 60.6% 45.5%
GRU2 | 255189 | 2.03655 | 0.98774 | 51.1% 60.0% 43.6%
GRU3 | 264313 | 2.10267 | 0.98678 | 49.2% 59.4% 42.7%
GRU4 | 264160 | 2.08723 | 0.98674 | 50.1% 59.5% 43.1%
GRU5 | 261719 | 2.07562 | 0.98694 | 49.6% 59.6% 43.1%
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& Bre—Sch, 42.8
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2. A7z AZAA mgw )

=

[3£ 45] A Q72 A F71A 9] 2@ o FAF ¥

R2- i £ shet
RMSE | MAPE R A= qge | gaw

Merton | 026916 | 3.25671 | 098244 | 53.9% 53.9% -
Vasicek | 0.26005 | 326135 | 093246 | 48.3% 53.7% 46.1%
CIR-SR | 026907 | 326236 | 098245 | 483% 53.7% 46.1%

Dothan | 026918 | 325739 | 098244 | 53.9% 53.9% -

GBM | 026918 | 325670 | 098244 | 53.9% 53.9% -
Bre-Sch | 026914 | 326483 | 098245 | 483% 54.3% 46.3%

CIR-VR | 026918 | 3.25739 | 098244 | 53.9% 53.9% -

CEV 026918 | 325670 | 098244 | 53.9% 53.9% -
CKLS | 026926 | 326341 | 098243 | 481% 53.8% 46.1%
MRSV | 027476 | 335371 | 093171 | 47.3% 54.5% 46.2%
MRSV] | 027444 | 3.34730 | 098175 | 475% 55.4% 46.4%
MRSVC] | 027489 | 3.3379% | 098169 | 47.3% 54.1% 46.2%
MRSVIJ | 027668 | 335386 | 098145 | 47.7% 56.5% 465%
RNN1 | 037915 | 4.03056 | 096508 | 49.4% 54.1% 45.8%
RNN2 | 031504 | 359897 | 097583 | 50.7% 55.7% 47.1%
RNN3 | 0.33430 | 371663 | 097283 | 50.0% 54.8% 46.3%
RNN4 | 030512 | 355843 | 097736 | 485% 56.4% 465%
RNN5 | 043435 | 431148 | 093410 | 50.4% 54.8% 46.3%
LSTMI | 036487 | 392714 | 096766 | 50.0% 54.7% 46.2%
LSTM2 | 037042 | 4.07502 | 096666 | 48.3% 53.4% 456%
LSTM3 | 034326 | 4.02071 | 097136 | 48.0% 53.3% 45.4%
LSTM4 | 034785 | 4.06394 | 097058 | 489% 54.4% 46.1%
LSTM5 | 033285 | 397044 | 097305 | 49.0% 54.7% 46.0%
GRU1 | 032904 | 3.72287 | 097370 | 47.8% 52.7% 44.9%
GRU2 | 03109 | 367092 | 097650 | 48.1% 53.3% 455%
GRU3 | 030875 | 367563 | 097633 | 48.0% 53.3% 45.4%
GRU4 | 028967 | 351905 | 097960 | 47.1% 51.6% 44.4%
GRU5 | 029113 | 353875 | 097938 | 48.0% 53.2% 45.2%

kel BRe BE U AA ®E 10% olstE Erd 3 ¢

-y R 3R S e A

- 181 -

Sk

=
11



AA7b= A7 E] de] dd el gEARA By EHEA 29,
Uy 23 HuAEE vushd RMSE 7|F0% Vasicek E3& o)
0.26905% 7} & kS el on CIR-SR, Brennan-Schwartz 53

o] RMSE7} 7}7} 0.26907, 0269142 & olAth. L3 SEHFA H

o

= 74 w& RMSEE el MRSV]E RMSE: 0274449009 4
By 23 ZF 74 e RMSEE Ye = GRU4¢) RMSE: 0.289679]
ALt o= EAo] ALgd 28714 2E F zZz 109A, 14uA e 2o
folth. =, FEWsAd 2y dod 23S RMSE 7o ddadl

G574 RPE HH B dS45S woln Atk Y we o

MAPE 7|22+ GBM, CEV, Merton X3&o] Z}z} 3.25670%,
3.25670%, 3.25671% = 7} A Jeryon wel gl sEAH mE gk

GRU4 3.51905%, GRU1 3.72287%, RNN4 3.55843%, RNNb5 4.31148%,
LSTM1 392714%, LSTM2 4.07502%% <ZA%5o] F243 SolAl
R2 SCORE 7]+ 2% Vasicek E3&o| 0982460 % 7}4 & & UE
Wwom CIR-SR, Brennan-Schwartz &A1 2 & oAtk v RNNS
23829 R2 SCORE7} 0.954100.52 7}# drol oA 5o 71 e Ao
= YEET

RH779) SEE AR F 53.9%7F 3%, 461%7} seslon AL

(A}

B Aol o RRaE RPES A Ay, RNN2
=

& AIdrE HYgom GRU4 R3o] 471%=

- 182 -

ME ek



MRSVI] =3 o]

T

T

4 = A

P
iy

gl

H
LI

At

5 H

X

=i}

g

A

yo
T

=
N

3
56.5% = 7 =

7

H

53.9% XU 2.6%

]

gl t o
= A

g

A

9l
RNN2 R 3 o] 47.1%=

72y

|
—~
o

k!

;OL
wr

—_
fite)

e

A

T
| S

ol A

}

S

pul
22,

o

TC

il
w3 el
T
==
R

7]

o

Vasicek ¥}

-
it

5

2
H T,

744

Vasicek

31
=

(e}

]

=
3

=

Aol

< Vasicek, GBM X

=

797}

5|
0.28967= Vasicek

T

=

% ol
=1

3

T
| N

IH GBM¥} MRSVCJ7F 0.08125%,

B3 om R2 SCORE

3
<)

=

=

[RER

S

Aol

g o] RMSE, MAPE, R2 SCORE

497 A
ngk

MAPE 7|0 2% sd3A v

GBM3} GRU47} 0.26235% 9]

< GRU4 ®3e¢ RMSE

ol

ol 2
A

A H sk A

o]

=

°©

1

o

o
73

4
=3
=1

F

MRSV]J7F 0.00071, Vasicek¥} GRU47} 0.00286<]

MRSV] =39l 0.274442} 0.005392] %}o]

0.020659]

A

e
)

:j]r Tl

il

2)

=

L

,ﬂ 5

]_

S

A

RNN27} 7} 3
- 183 -

T

| .

=]
&

ol

| Lo

Lol A

o)
=

b A

S

H71 471 o

°

MRSVIJ7t,



(1% 37] A7k~ %744 284 RMSE

RMSE

0.45

0.40

0.20

0.15

0.05

0.00

Vasicek, 0.26905

<
RNNI, 0.37915

Bre—Sch, 0.26914

Dothan, 0.26918

CEV, 0.26918
&

C e OO OO

CIR-SR, 0.26907

Merton, 0.26916

GBML, 0.26918

MRSVCIJ, 0.27489 <

- o O

MRSVI, 0.27444 ypaviy, 0.27668
S ¢

CKLS, 0.26926 RNN2. 0.31504

CIR—VR, 0.26918

MRSV, 0.27476

<

RNN4, 0.30512

RNNS, 0.43435

OLSTM2, 0.37042
< LSTM4, 0.34785

T 34%260 GRU1, 0.32904
el & GRU3, 0.30875
GRUZ, 0.31096¢, ¢

LSTM5, 0.33285 GRUS, 0.29113

GRU4, 0.28967

- 184 -

5 4 &8t



[z19] 38] AA712= A AZ71E 28 3d MAPE(%)

MAPE (%)

4.80

[Sb]
oo
o

%)
%)
o

o
W
o

Vasicek, 3.26135

Dothan

o ¢ OO
CIR—8R; 3

Merton, 3.25671

Bre—Sch, 3.26483

% RNN3

RNNI1, 4.03056

MRSVCJ, 3.33795 <

&

MRSV, 3.35371 I

325739/ MRgvy, 33473010 . 53538
CEV, 3256705 o o o

S R

RNNb, 4.31148

)
LSTML, 3.9271
<&
. 3.71663 &
o GRU3, 3

ET)[Q. 4.07502
&

LSTMb5

<&

GRUL, 3.72287 CGRU4. 351905

O
RNN4, 3.55843 GRUZ, 3.67092

26236 CKLS, 3.26841 paNo, 3.59897

CIR—VR, 3.25739
GBM, 3.25670

,3.97044

67563
4

o ¢

GRUS5, 3.53875

- 185 -

5 4 &8t



[719 39] AA7}2 AZ71EA 28 R2 SCORE

RZ2 SCORE

0.99

0.98

0.97

0.97

0.96

0.96

0.95

Vasicek. 0.98246 , OBé'g;:Ei‘h. 0.98245 MRSVCJ, 0.98169
i el MRSV, 0,98171

R I T R e S SR e R}
& O & 6 MRSV, 0.98145

GRU4, 0.97960

CIR—SR, 0.98245
I Merton, 0.98244

CKLS, 0.98243

CIR-VR, 0.9824% . I
GBM. 0.98244 MRSVJ, 0.98175

GRU3, 0.97683

RNNZ2, 0.97588 <
&RNN3, 0.97283

RNN4, 0.97736

CEV, 0.98244

& & LSTMS, 0.97305

OLSTM3, 0.97136

LSTM4, 0.97058
LSTMI1, 0.96766

<
¢ LSTMZ, 0.96666

<

RNNI1, 0.96508

RNN5, 0.95410

¢ o

¢ © GRUS5, 0.97938
LGRU2, 0.97650
GRU1, 0.97370

- 186 -

5 4 &8t



[c29] 40] "AA7t2 X474 23l F 3 =(%)

A% (%)

54.00

51.00

50.00

49.00

46.00

Merton, 53.9

<&

Vasicek, 48

< O

CIR—-SR, 48.3

Dothan, 53.9

CIR-VR, 53.9
Lo o e et
CEV, 53.9
GBM, 53.9
RNN2, 50.7RNN3, 50.0
O
o LSTMI, 50.0
< <&
RNNS, 50.4
&
3 RNN1, 49.4 LSTMA4, 48.9

Bre—Sch, 48.3 MRSV, 47.7

& MRSVCI, 47.3 ¢ o LSTMS,
<& RNN4, 48.5 o
CKLS, 48.1
STM2, 48.3
MRSV, 47.5— ¢ <& LSTMZ, 48
& &
MRSV, 47.3

LSTMS5, 49.0

<&
GRUZ, 48.1
48.0 GRUS3,48.0
¢ o <&
<&
“OTT oy
GRUIL, 47.8 <>GRU5' 48.0
GRU4, 47.1

- 187 -

Rk

e



[29 41] AA7t2 A E7HE w3l BsdE=(%)
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[ 42] AA7t2 ARZ7HE 239 sEHA R =(%)
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3. 72 N3AE

o w3

W A

RTA

3 46] 8 ARZ7HE e 2@ o F5AF v

R2- i A stk
RMSE | MAPE R A= S .
Merton | 0.13264 | 1.13309 | 098410 | 465% - 465%
Vasicek | 0.13299 | 1.14202 | 093401 | 465% - 465%
CIR-SR | 0.13310 | 1.14375 | 098399 | 465% - 465%

Dothan | 0.13263 | 1.13268 | 098410 | 535% 535% -
GBM 0.13265 | 1.13398 | 098409 | 465% - 46.5%
Bre-Sch | 0.13318 | 1.14497 | 098397 | 465% - 46.5%

CIR-VR | 013263 | 1.13268 | 098410 | 535% 535% -
CEV 0.13265 | 1.13375 | 098409 | 465% - 46.5%
CKLS | 013303 | 1.14276 | 098400 | 46.5% - 465%
MRSV | 013423 | 116012 | 098371 | 465% - 465%
MRSV] | 0.14293 | 1.25808 | 098153 | 465% - 465%
MRSVC] | 0.13487 | 1.15742 | 098356 | 465% - 465%
MRSVIJ | 0.13402 | 1.15668 | 098376 | 46.5% - 465%
RNNI | 0.18303 | 166940 | 096722 | 479% | 595%+ | 47.0%
RNN2 | 0.18045 | 160386 | 096951 | 466% | 100.0%* | 465%
RNN3 | 0.14979 | 1.30166 | 097330 | 47.1% | 615%+ | 46.7%
RNN4 | 016464 | 144955 | 097415 | 47.0% | 100.0%* | 46.8%
RNN5 | 015707 | 137247 | 097626 | 47.1% | 66.7%+ | 46.9%
LSTMI | 021219 | 1.86892 | 095826 | 487% | 622%* | 47.4%
LSTM2 | 020093 | 1.75006 | 096220 | 48.4% 576% 47.0%
LSTM3 | 021703 | 1.88504 | 095550 | 475% 54.0% 46.6%
LSTM4 | 019916 | 1.72250 | 096218 | 47.0% 51.4% 46.3%
LSTM5 | 017735 | 153391 | 096973 | 485% 55.6% 471%
GRULl | 016581 | 146466 | 097451 | 481% | 66.7%* | 47.2%
GRU2 | 016542 | 1.44399 | 097438 | 48.8% 59.4% 47.3%
GRU3 | 016868 | 147577 | 097312 | 475% 54.1% 46.6%
GRU4 | 017708 | 155180 | 097010 | 48.0% 56.1% 47.0%
GRU5 | 016277 | 142339 | 097450 | 47.9% 54.8% 46.9%

1 eld BRO BE U AA TR 10% olstE B3 4§

- Ay B TE S e A
- 190 -

2t & w



T AE7Ae dieE dd el gEAA By, dEHEd Y, 9
Y 2o HrAEE vk RMSE 7|22 Dothan, CIR-VR =&

o] 013263= 7} & e YEloem Merton 2 &9 RMSEZF
0.13264% ¥ & oAt =3 GEWsY ny 5 7HF & RMSEE 4
Eldl = MRSVIJe] RMSE+& 01340291 e dHeld 2y 5 7MY @+
RMSEE YEldli= RNN3¢ RMSE+ 0.14979% L

% deld 2EE RMSE 7|Fo2 ddagl 53 mygsd vjsf v
<
LSTM2, LSTM1, LSTM3= z}z} 0.20093, 0.21219, 0.21703¢] RMSE&
7R o= ARy Thzol Mgl v A R Held 2P S ol &3 o=

oA e gke] ZolE AAaA HdAs= Aol TS AR

2
o
N
1
i
&
of
ox

i\

e welm Atk g we AZHES B RIS

MAPE 7] 2.2+ Dothan, CIR-VR, Merton R 3&o] z}z} 1.13268%,
1.13268%, 1.13309% % 7}% A vEwton gl 594 237k
MAPE®] ztol= ZA] vt oyt Held Ry d=g dolo ujg)
GRU3 1.30166%, RNNI1 1.66940%, GRU5 1.42339%, GRU4 1.55180%,
LSTM5 1.53391%, LSTM3 1.88504% = o|=A]lso] F43] Solxth
R2 SCORE 7]#2% 2%+ Dothan, CIR-VR, Merton E&o] 0984100 =
M 2 2 yeElow LSTM3 23 e R2 SCOREZF 0.955500. 2 7}
g ol o F4g 5ol b W o ® YEEH

BEA717k¢1 QR E A7 F 535%7F A%, 465%7) stEdlon 714 S

g Aoy sEtor EFste RIES vludA AQsH, GRU2
l::

i\

e By AYUEQ 535% HrU) 59% Ee AEkolth &

ol = GRU2 R &o] 473% = AWLr} 714 =on B5F sigstr

==
1}

bt
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RMSE 7|& d&834 23 5 714 A5l £ Dothan, CIR-VR =¥
o] RMSE+ 0.132632=, st&vlsAd By F 7P ool £& 232
MRSVIJ 28 ¢] 0.13402¢} 0.00139¢] #to]E H A
dad 28 F /M Adsol £ RNN3 23] RMSE+ 0.14979=%
Dothan, CIR-VR =& 3= 0.017169] #o]E H AT, MAPE 7|0 2%
F4stA Wastd Dothan¥}t MRSVIJZ7F 0.024%, Dothan®} RNN37}
0.16898%¢] =lo]E B om R2 SCORE:+= Dothany} MRSVIJ7}
0.00034, Dothan¥} RNN37} 0.0053¢] z}o]& H AT}l w3 ¢l gl &
#4 rgo] RMSE, MAPE, R2 SCORE H7IA % 7|Fo 2 £& A
S HEtHow, A5 dEne st AdoA e FERSAE 2
GRU27} 7} & AEEE B vhd dd el 3
s R I B o S = [ = i o i =S

7=
at7] 7] wiEoel A gl Fe3 dart A
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[ 43] 2] A 3714 =g RMSE

RMSE
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o o © o
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GRUL, 0.16581
GRUS, 0.16277
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[ 44] 2 A 3714 2338 MAPE(%)

MAPE (%)
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[19 45] 2] A37H4 =38 R2 SCORE

R2 SCORE

0.99

0.98

0.98

0.97

0.97

0.96

0.95

Vasicek, 0.98401 ~Bre—Sch. 0.98397
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<
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~l
<> (Gl

S 0

RNN4, 0.97415 <
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<
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[c19] 46] 78] A3714 233 A E(%)

JE (%)
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< <
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[CIEE IR & O
CIR—SR, 46'5(}3.\[. 16.5
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O 0 O O OO
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&
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< LSTM2, 48.4 GRUS3, 47.5
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o
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[ 47] ¢

AZ7HE 2yl FsA2E(%)

65.00 RNN3. 61.5 LSTMI, 62.2
<&
<@ GRUZ, 59.4
60.00
’ & &
GRU4, 56.1
RNNI, 59.5 %
— o LSTMZ, 57.6 <
Q Dothan, 53.5 ? e GRU3. 54.1
B .. S o 3, 54.
- B 5.00 CIR—VR, 53.5 <
& &
LH ¢ w GRUS, 54.8
LSTM3, 54.0 15, 54.8
'EYU LSTM5, 55.6
%o b
~{]o 50.00
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45.00
40.00
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[29 48] 48] A 3714 w3 FHA-LE=(%)

-

°

2= (%)

47.60
LSTMI, 47.4
4740 | o GRUZ2, 47.3
GRUL, 47.2
&
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47.00 | & < G r
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Abstract

A Comparative Study on the
Prediction Performance of
Stochastic Process Model and
Deep Learning Model for

Energy Resource Prices

JaeYoung Park
Department of Energy Systems Engineering
The Graduate School

Seoul National University

This study analyzed the energy resource market price using an

one factor stochastic process model, an stochastic volatility model,

and a deep learning model, and finally compared the results between

all models. The three target resources used for this study were crude

oil, natural gas, and copper, and ten years of daily data, ranging from
October 1st, 2012 to September 30, 2022, were utilized. Within the one

factor stochastic process model, nine models were used: Merton,
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Vasicek, CIR-SR, Dothan, GBM, Brennan-Schwartz, CIR-VR, CEV,
and CKLS. For the stochastic volatility model, the four models;
mean-reverting stochastic volatility model without jumps(MRSV),
mean-reverting stochastic volatility model with jumps in the spot
price only(MRSV]), mean-reverting stochastic volatility model with
independent jumps(MRSVI]), and mean-reverting stochastic volatility
model with correlated jumps(MRSVC]) were analyzed, and in the
deep learning model, the three models RNN, LSTM, and GRU were
used.

First of all, this study analyzed data through the application of the
one factor stochastic process model, stochastic volatility model, and
deep learning model for the entire analysis period, and the data were
further divided into in—-sample data and out-of-sample data, which
were then analyzed separately up to September 30, 2020. The results
of the analysis indicate that crude oil and copper prices had
mean-reverting properties prior to COVID-19, and volatility did not
react sensitively to price levels, but considering the entire time
period, it was difficult to suggest that they had mean-reverting
properties and volatility was also sensitive to price levels. On the
other hand, gas prices did not demonstrate a significant difference in
dynamic characteristics prior or to or following COVID-19. In
addition, it was confirmed that each resource was affected by
long—-term data.

RMSE, MAPE, R2 SCORE, accuracy, and precision were used to
compare predictive performance between models. In the case of crude
oil, the predictive performance of RMSE, MAPE, and R2 SCORE was
found to be high in descending order from the deep learning model,
to the one factor stochastic process model, and to the stochastic

volatility model, and in the case of gas and copper, it showed a high
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predictive performance in descending order from the one factor
stochastic process model, to the stochastic volatility model, and to the
deep learning model. Although there some differences were discovered
between resources based on accuracy, it showed excellent
performance in descending order from deep learning, to the one factor
stochastic process model, and to the stochastic volatility model.
Similarly, although there were differences by resource based on
precision, the precision tends to be high in descending order from the
stochastic volatility model, to the deep learning model, and to the one
factor stochastic process model. The findings suggest that the model
to be used for analysis differs depending on each individual resource
and purpose.

In addition, as there are cases in which the difference in predictive
performance for each model is not significant, it was confirmed that
selecting a model that is easy to -calculate in consideration of

efficiency can serve as one alternative method.

keywords : Stochastic Process Model, Stochastic Volatility Model,
Deep Learning Model, Energy Resource Market Price,

Prediction Performance, Uncertainty
Student Number . 2021-29206
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