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In this paper, we investigate the statistical correlation of the time series for temperature measured at the heat box in the
automobile drying process. We show, in terms of the sample variance, that a significant non-linear correlation exists in the time

series that consist of absolute temperature changes. To investigate further the non-linear correlation, we utilize the volatility,

an important concept in the financial market, and induce volatility time series from absolute temperature changes. We analyze
the time series of volatilities in terms of the de-trended fluctuation analysis (DFA), a method especially suitable for testing the
long-range correlation of non-stationary data, from the correlation perspective. We uncover that the volatility exhibits a long-range
correlation regardless of the window size. We also analyze the cross correlation between two (inlet and outlet) volatility time
series to characterize any correlation between the two, and disclose the dependence of the correlation strength on the time lag.

These results can contribute as important factors to the modeling of forecasting and management of the heat box’s temperature.
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<Figure 1> Schematic Diagram of Drying Process of
Electro Deposition
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<Table 1> Specification of Temperature Measure.

Data logger Graphtec GL 820
Sensor : PT100 &
Temperature Accuracy : 0.15°C £ 0.002
sensor
Range : -200°C ~ 600°C
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<Figure 2> Log-log Plot of the Sample Variance, s*(n), for
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B8 = 0.48+0.02(Dotted Line). 8 is the Estimate
using Lease-Square fit with the error in the
Parenthesis. The Inset Represents the Auto-
Correlation Function for with Respect to the
Time Lag 7

4. HEM0| CHE AT BN

4.1 Z72| a2 2N

27 % AAD dolHel et Au Hets A}
o] 3 R EAT] 2ed o2 F o

B 5 A (volatility)[ 12, 14]°] o] &
& Fasdn MEAe F2 74 Ageld Tt
: = gom 4 A% 4

o9

AoR FYSE Yt BL5E AGFE o

Solun, Weha 2 371 WES ofy| @, B

of

Bl

o 1~n B N

)

o=

542 Black-Scholes F&8[2]°]1} Cox-Ross-Rubinstein

519 22 3474 E¥(option pricing model)2] A

o a3k 93s s}

WS AlFAo® xdsty] Al 2 Abgshe W
Hoz zH 7Ms3 9% A7|(window size)ol thale] &
o Wt i HaAE & & Uk 5, Ao "
o= AR N AAE dolE 2(1), z(2), -, z(V)
£ EE TAY Aot FAHA nole] lﬂr%@@"
o] 7 BEAZe] mle HolHE FAHES S,
N=mxn°] HE% gt} o]gdA s % A7[7}t m
A Age diste] nle] WMEAds 7 F Uk &, 9
T 2717t mQ AS kA HEA o (k) E

v (k) z%z;@;xﬂmm, E=0, 1, n—1 (5

2 F9  dvk webd el e v, (1), v, (2), -,
v, (n—1)< Ao WstFE ARRate] F2g AAE Hlol
7} "t <Figure 3> 9% A7) m =5, 10, 200 o3}
of 3 AEA AAE "olHE YER Aot} <Figure
g B U 5 Yol Aot F5E we A WY
of et At FHshr] Wl X194 A E(local fluctua-
o) & o5, A wlolE AgE adt
ol
£ 004!
>
0.00 ‘ il
0 160 200 300 400 500 600 700 800
(b)m=10
» 0084
% 004
g
0.001 ‘
0 50 100 150 200 250 300 350 400
0.084,,(©@m=20
b
3 °'°4N\\WWWWMMWWWW
S
> 0.00+
0 50 100 150 200

time

<Figure 3> Plots of Time Series of the Volatility for the

window Sizes (a) m =5, (b) m =10, and
(c) m=20
st A% A7]ef diste] G5 MEA AIAE do
2] Oﬂ ol sk A T&T&ﬁ]% i/\}ﬂﬂ ‘?’16}‘ Detrended Fluc-

AR
Al Wit A Hc}EL(root-mean-square) TAS A% A



Correlation Analyses of the Temperature Time Series Data from the Heat Box for Energy Modeling in the Automobile Drying Process 31

o AAE Helgel WA 7bsAdol e A94 A
(local trend) & &&4 0= A Azt G A7H#A|(long-
range correlation) & TFH3}7] f15te] Al ALE-HE W
olth. DFAE AAIE dleolHol EAlste &g v
S WAT = As Bt ol A9 Fgs AAT
471 9 Al

o ¢1gAel geloz <ldl Y AP
9= AHo] 9l T3 DFAE Ae gk /d
a5 dolde] g FadAl el A
tHi6]. Tz AAG deolH y(1), y(2), -

of A2 A AAstE A A7) (box size)
7Y wl, A7 = N/ 7789 detrended fluctuation function
(D)=

ke
&5
)

,y(N

NN 2 b oyE oy
o yo o M
oS
rsﬂ

F (D)= ZfT{,TH{y(i)fzk,j} 2, k=0,1,--, M—1 (6)
2 Fo, A7NA 2, i y(kT+1), y(kT+2), -, y(kT

+ 15 HaAs(least square)S AHE3sle] Hgtet A
or A A7 791 kA A A S dEdith
MR F (D)ol W Bets (A7) et (=, (F(1))

= US[SIR(DE S, dolE ] 4EE w2 2]

ol g g BAT 5 A 59 (A1) 34
7] 7o sk FH(scaling)oll F#3 JHS 7HA L
I ER IS

(F(T)) oc T (7)

2 AT F 9ok o7 ok

%3 A5z o e
A, A% o) g 243 9

A= 219 2 (19

i‘l

(

Fuel 2o(log)E AdTh F2 AF a9 & AHEE
of neshz AAIY dlelH e B4 7S F glth 1

ek AAY dlolE o] SAH R AR EHololA
tlolel Atojo] F#AIE EAEA FoW a=05°]
H, 05 <a <19 A5l delHE *M l A&AQ
Ad AABAZ} EASL, 0<a <052 F$ole= FA
2 W BAATE A oWt ~Ol a*l% 735

o= 49 1/f =olZ(noise)et E&™, o> 191 45l
FHAATE EAGY Ha AL obdez ZAR A
HAY EAA G ﬂﬂlf&ﬁ}[ 0].

A% 277 m =33 WEd AAIE HolE v, (k)[4
5)]°l DFAE A3l on, 1 AH}E <Figure 4>
ERNQITE <Figure 4> A £ 4= 315%0] DFAS] %3 A
T a=06402 05<a<1?;2i HEA AAY b
olf] Atololl= A FHAAN} EATES & 5 2
AAY ABBA7L 8 (artifact) 7t oFES 58] 9

o

A

gt} Fojx WEA AAE dHolE e FAME Jo& 4
olx] T (F, A olEo Al AIZHH a4E AA
g dlolele] tiste] 22 DFAS Hastgion o 45
A= a= 0512 AUk 9= 4‘48 tﬂOlEMl gk =
2 AFE a=05Y902 AAAAV & &

% % gtk F AL

é

A ANAG dolgHdE Z3A7 ABBA 7}t
A

X 0 oft rff

ZAbe7] fletel A=
elolEell thste] DFAS 33kl
5>ol] YJER AL <Figure 5>0A &
71l ket Al AAR dHEATE £
FE 53 Age Sk 2 Aol
CER A 2] 17F 25 A
& A oA a4 37101]
A A7) A9 A
0% AJgte] 9]Edhs 482 ARCH
I 22 AAE ZES AHEste] AR E 5 9

8
o

o

e
B

s )
Aol Jd= =

E
©
o I
oy
R
N
Ny

—

g2
oo ~
[o

il
il

o>
|r_?L
o
o
Y
r_?l_', FIO ‘1}‘
o yo

fo — 1Ir
e do
o
o,
o 4 H ool moh -

ox of T ﬂJ
é
)
o
,
>
Sop IR PN

flo oz ©
(o}
=2
:<|)L_'4
ot

1

o
fr
2
>,
)

L -
(stationary)©] #] €31 4dEo] ot HY
ol % T

w
AAE HlolE Bl A §st7] It} Outlet &% A]
Al dlolg 2] A% inletd} A EAS HAY
-0.8 =3 .
-
104 -
L} .-
. 124 a =064 (001) ,i'i- Dﬁn‘amth
%-14 —EEIE‘EFU
3 - cﬂnf'“ﬂj
2164 o 00070 051 (001)
18 wii?
’,ﬂ'.m‘
20 &
0s 10 15 20 25
logyol

<Figure 4> Plots of log,, <F(7)> Versus log,7T of the
Volatility for window Size m = 3. Estimated « is
o =0.64*0.01, Indicating a Long-Range Cor-
relation. The Plot for a Randomly Shuffled Vo-
latility of the Same window Size has « =0.51
£0.01, Indicating no Correlation. The o's are
Estimates Using Least-Square Fits with the
Errors in the Parentheses



32 Chang-Yong Lee - Gensoo Song - Jinho Kim

0690 m=2 e
08| @ m=3 o
°1| 2 m=10 o -
@ =063(001) .® ..o
-1.0 Oo'f)tp gﬁ‘;“:‘n
ot o
121 @ o a=0s4 000
A o g
144 o -
£ 14 Do""o@ o s
' 16 o P ohsts
> o o amaie
S.gl -7 o AMAAA
% ]
204 gt 258 @ =065(0.02)
aat®
224 e
244 2

05 1.0 1{5 20 25
log; ol
<Figure 5> Dependence of the Exponent « on the Window
Size m by Using Plots of log,,< #(7) > Versus
log,, T

o

=2
o Lo
o 1 o

o
N

=
)

rir

2 HE Lo 2 o) Mo
o
o
lo,
o

_>L0H

S
o
>
)
- 2
_|_

T
r}o—E
>,

3
=
BT

ﬂ
> oo
o
—r’l\')

o
N,

>
%

o)
£
£ 8
I

g BN
o
of{

BN
N
rlo
b
£,
)\
o
2o o
ot
[Sul
ok

o
o
Ay}

4.2 Inlet2} outlet 2= Al0|Q] Al £AM

TZ7)7F LB FFE D(heat)o] Aol uh2 W3}
£ 43517] 98ke] inlet} outletol]l tfdk MEA A ALG
ol & A}-&-3ko] inlet3} outlet AFo]2] AF 33 23 A cross
correlation) &A1& TS AT HAA B A
272 247173 B #Al(auto-correlation) &F F-AFSHH,
& AE o AAIE dolHd gk EAolet= ot
=, MR ol E FA4E 279 AlA4E
(2), - 2N y(1), y(2), -, y(N) O]
7F AA(time lag)ol 71 A9 A3dBAT p(n) T

1

8

- S He) -z, Hylt+0 -y, .}
VEL -2 P VET 0 -y,

2 Foxitt. =9k A5 daAT p(t) o] el e 54
< A7 BA T de-ok Fdattt <Figure 6> WE
e Tt S 9% A7 md ARE AA ol e
FagaAe] MaE Hepd et BE ke A7)
of tiate] AZE Aol ARl wet A FaATE 2
obFE & o Utk o] A2 AIZE Aol Fol Wt inlet
I} outlet %= Apeloll Ag FAAAT} Aachs S

04 - —a—m=2
] - —e—m=5
—s—m=10
= 03+
Q 4
= .
S 024 *4
& | "\ .
£ a8, b
S 0.1 % \.\ 1\1[\};
a 1 = A I
[} n, 4 B
S 001 LI
-0.14
0 20 40 60 80 100
time lag, T

<Figure 6> Plot of the Cross Correlation Coefficient Versus
Time Lag = between Volatilities from Inlet and
Qutlet with Different Window Sizes m

0.7 s

06 .

=0)

0.5 LI ]
0.4 " .
0.3 4 .

0.2 L]

cross correlation, p(T

014 ."

0.0

0 5 10 15 20 25 30

window size, m

<Figure 7> Plot of Cross Correlation Coefficient Fersus
Different Window Sizes

> l‘-.\-Jz
N
2
o
)

oA oe 2o T

o
ol
o

= i, 21 AYZ <Figure 7>° YERARITE Al
AdE A B2 A5 A HATE % A7)
7F S7bskel e ARS & 4 Uk I olfE W d
TE A 9A wsheF BHrh d A<l WslEko]
H Qe WAL, A9H 0w E v inlet &



Correlation Analyses of the Temperature Time Series Data from the Heat Box for Energy Modeling in the Automobile Drying Process 33

T AAE dolH o #4 A= AAE A5
288 Utk A2olA AdFstsizol Al

& e AlgHE Yoz ARMAS
& 9tk ARMA 28L& 2739 &
(autoregressive term)¥} ©]-5 ¥ (moving average term)
= Agsto] AAE HolHE dSste P ow,

ARMA(p, q)= &ataL 2709 w7 pot & 7HA
I QIth ARMA(p, @)= &4 A7k ol thak o= 2(t)
= TS o] Folzith

<

z(t) =ct+e+2P_px(t—i)+29_ 0, 9)

~ N0, 1) wEnh = g9t
HolHE AMgste] HaxsHoz FH3)
T pot ¢dAE ()5 AF o] Ab&ste 3
A AR t—iol A A FA] w(t—i) Sk At
3 gghet.

dlo]8 Atelell FAe adAZt EAA g 7
ol = AIZE toll A diEA= BA AL t—iol A dHolE
o ARAAT} AT wepd A en RE 2] A9
Sh(partial autocorrelation function)®} #}7] g 3
(autocorrelation function) gto] = A 3tA FHasictrh eyt
A= Al A% “EEA(elbow)” X HS p} ¢2 A
gk aeu 2 AoE Sl arEeiael w7 2k
diole] Atelol= el FaaAZE SAFOE(FE)
A7) g e EwEA @S BolA gon gt
Ao Zlow ok wekA ol
71 &3 e ghol Hdigke] whp) A

S po gHoZ Yty oz A 4 gl
GARCH B3 24 ¢ 5 &E4 2 Kstochastic error)

2,9} AlZko 9] E38)= W AK(time-dependent deviation) o,
of #2l ¢, = 20,22 7HFoh= RPOE ARMAS} vt
7HA & S pok ¢E 7HAT 9Tk GARCH(p, q) &
Foll A AZE o] g Al S5A 2 (t) = thE 7ol Fo
zlct.

'S

z(t) =ay+ 2P aqx(t—i) +e,

(10)

71N a2 BN, 0 AXAFNE e F

dgteh, E3t ¢, =2,0,019, 2, ~ N0, 1), 18|31

off

-

(11)

2 _ 2 2
o =g+ 2] e+ 20 By

=N

o7tk A7IA gy Ao, o %k g5 GA H
He ARt FA G dlolE Fhel A A
7} EA8k= 7%, GARCH(p, q)=&HolA mj7j
o qo] 24 ARMA(p, @)%l 49 At
b ghEo] ghol Hufgke] Wk AnTL H=
o] grow Aghr}

>

U O
&)
= dy

A
—>’—1E
o e s
o —
LS
o N
Do
<,

o
my
rHU

FoAE AEA Ao B
Aatel A5 Az
dolgel AT =
bel 4sha st
Al Wakgs Aolol A

ko
=
N,
lo,

i [‘l‘E
oo

oo e M
&
oxl
o
do

BN
N

o o

>~

2 o
o
v

o

2

)

]

)

{1

o offt of

ol
Olil o.
N

U= T AR

o Mo

X o rlo o

oo
o

(H)

o x I
e
o

f
e

al
Uik A

TA A o7 B

4n
>

f
o
B

ox M
> FU[O

ol

ki

fr

(RN
M o
=
o
>
>
oo
of
ol
9

N
ly
o2 e
oot

o

o
ot
2,

EL ==
ie)

e

X

Iu

o

i

oX, &
=
= p
N
1>
fo, M
X
offl
=
=
o
—
=
8
=2
=
SN
[o
o
0,

R oot @ o M1
['UIO Ho ~ Y
:oé
>
>,
oo
ol
ol
_ rlr
E
offt
o,
O
)
o
ol
ol
&
iu)
o2

N
> I

E_A’
X
il 1o

)
|o
=<1
Zore 808 iy X o
o
N

=2 o
=2
1 =

5
Lo

=
ol
2
-4

ot Fo

oA Yeus 34
A

v o

= Lol
folr T
o, tlo
B o [0k

Mool
O:

X,
1o,
(E

B D
o
1
__1—‘1_1
B
o
=
L=}
et
M

x
i)
i)
rir
12
off
=~
BN

2 fo
ko
o i

o rr H
=2
°
>
_1
ko
2
B\
o 4
offt
&
ol
o

2 0o
o 2

fo o T

ol ol N, ol

N
o >
),
L
2
e
o
Ho
ot

fo 1y 1y
Sy
-3
gt
oo

yur) ﬂ]ﬂ
T
S
s}

re
-
=
=
il
2
&)
o
i)

0
o Mo

Kl

=

)
ol
-

Qoo © o W2 o

- &

frorlo i -

Bl b= dh i o
o4
BN
\] —_~

i)
M

i,

&

pasa

o

posh

o

el

2

o

i,
AN rlo
fd
ol
o
-
Hy
=)

=
2 e

Acknowledgement

This work was supported by the Power Generation and
Electricity Delivery Core Technology Program of the Korea
Institute of Energy Technology Evaluation and Planning



34 Chang-Yong Lee - Gensoo Song - Jinho Kim

(KETEP) granted financial resource from the Ministry of
Trade, Industry and Energy, Republic of Korea(No. 2013-
1020400850).

References

[1] Beran, J., Statistics for Long-Memory Processes, Lon-
don, England : Chapman and Hall/CRC, 1994.

[2] Black, F. and Scholes, M., The Pricing of Options and
Corporate Liabilities. Journal of Political Economy,
1973, Vol. 81, p 637-654.

[3] Bollerslev, T., Generalized autoregressive conditional
heteroskedasticity. Journal of Econometrics, 1986, Vol.
31, p 307-327.

[4] Choi, J.R., Hur, N.K., Kim, D.C., and Kim, H.S., A
Numerical Study on the Improvement of the Perfor-
mance of a Vehicle Paint Drying Process. Korean J
Air-conditioning and Rdf Eng, 2012, Vol. 24, p 868-875.

[5] Cox, J., Ross, S., and Rubinstein, M., Option pricing :
A simplified approach. Journal of Financial Economy,
1979, Vol. 7, p 229-263.

[6] Engle, R., Autoregressive Conditional Hetero scedas-
ticity with Estimates of the Variance of United King-
dom Inflation. Econometrica, 1982, Vol. 50, p 987-1007.

[7] Faranda, D. and Dubrull, B., Statistical early-warning
indicators based on Auto-Regressive Moving-Average
Processes, 2014, arXiv: 1402.2885v1.

[8] Kim, I.M., Kim, C.S., and Park, S.K., Forecasting the
Energy Demand Responses to Relative Price Changes.
Economic Studies, 2012, Vol. 59, p 199-228.

[9] Kong, D., Kwak, Y., and Lee, B., Huh, J.,. A Methodo-
logy of Databased Energy Demand Prediction Using
Artificial Neural Networks for a Urban Community.
Society of Korean Solar Energy, 2009, Vol. 29, p 184-
189.

[10] Lee, C., Detection of a long-range correlation with an
adaptive detrending method. Phys Rev E, 2012, Vol.
86, 011135-5.

[11] Lee, H., Park, K., and Shin, H., Electricity demand fore-
casting based on machine learning algorithms. Society
of Korean management Science/Society of Korean In-
dustrial Engineering Spring Joint Conference Procee-
dings, 2011, p 521-546.

[12] Liu, Y., Gopikrishnan, P., Cizeau, P., Meyer, M., Peng,
CXK., and Stanley, H.E., Statistical properties of the vol-
atility of price fluctuations. Physical Review E, 1999,
Vol. 60, p 1390-1400.

[13] Mills, T.C., Time Series Techniques for Economists.
New York : Cambridge University Press, 1990.

[14] Pagan, A., The econometrics of financial markets. J
Empirical Finance, 1996, Vol. 3, p 15-102.

[15] Peng, C.K., Buldyrev, S.V., Havlin, S., Simons, M.,
Stanley, H.E., and Goldberger, A.L., Mosaic organi-
zation of DNA nucleotides. Physical Review E, 1994,
Vol. 49, p 1685-1689.

[16] Peng, C.K., Havlin, S., Stanley, H.E., Goldberger, A.,
Quantification of scaling exponents and crossover phe-
nomena in nonstationary heartbeat time series. Chaos,
1995, Vol. 5, p 82-87.

[17] Song, G.S., Development of Air-Conditioning System for
Energy Saving type vehicle drying. Report of DUKSAN
Co. Ltd., 2013.

[18] Suganthi, L. and Samuel, A.A., Energy models for de-
mand forecasting-A review. Renewable and Sustainable
Energy Reviews, 2012, Vol. 16, p 1223-1240.

[19] Suh, J., Lee, S., Oh. H., Koo, J., Lim, T., and Cho, J.,
ARMA-PL : Tackling Nested Periods and Linear Trend
in Time Series Data. Journal of the Society of Korea
Industrial and Systems Engineering, 2010, Vol. 33, p
112-126.



