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Abstract

This paper is concerned with volatility computations for high frequency time series. A threshold-asymmetric
realized volatility (T-RV) is suggested to capture a leverage effect. The T-RV is compared with various con-
ventional volatility computations including standard realized volatility, GARCH-type volatilities, historical
volatility and exponentially weighted moving average volatility. High frequency KOSPI data are analyzed
for illustration.
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2010; Kim¥} Lee, 2005).

Aoz A7 49 E(daily return) 2= 3 79 /\]ﬂlﬁo]ﬂ ol ¥ =Y @%"o% Al Ak
 SICk @A 18 A7) A SR 2El AV, AEA W BYL Bollr
slev (1986)9] &¥tsls 217137 AR o] E4H(generalized autoregressive conditional heteroskedas—
ticity; GARCH) 23 o] 9lt}. Nelson (1991)2 W54 vthd &35 93l exponential GARCH
(EGARCH) 2R& AT, 23 ol8sh B 2lo] AR Moz WEAe 24T + g
o, izl WHoz JAE W5 A (historical volatility), A14=715 ©]%5 % T (exponentially weighted
moving average; EWMA) o] lt}. ZHZol+= duolg A 58 FJo= 18,53 &9 59 1
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W% A% (high frequency data)E ©]83= Zo] 7Isallzi, W% AR2ZRYH 45 & (intra-
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& Tsay (2010)9} Choi 5 (2012)& Fa3}9ch.

2.1. GARCH
2O5AE AAL 1 S5 2AE B2 31 e =1 — E(re|Fr_1) 3 231, 71 B2 t—1 A1
729 AR Aotk e AL A& o ARG AAD |2t AlF AALD o AL 4A4S
Hold 27 o]Rabgo] EAstciar & 4= Qlth. thEA A AR o] 4 232l Bollerslev (1986)<]

GARCH(p, q) 282 v} 2.
P q
et = Vheer, hy=ao+ Zaiﬁfﬂ- + Zﬂjht—j,
i=1 i=1

3714 e HFo] 00]aL E4Fo] 191 independent and identically distributed (iid) @A o)a, 27
F 24 S HEA ot Frol AR 20E WSS A a0 > 0, 0 >0, 8 >0, 3P o +
1B < 1ojofof Fr}. T2]al eiofl Tl At (normal distribution; NORM), SAFHE-1F
* (Student-t distribution; STD), ¥Wks}E @ X423 (generalized error distribution; GED) 5& 714
& % 9tk GARCH 2R 17 AAe] 23 &9k WA hy, gkl 252 ¢ A8l WEA A
AAE A%l Yoz, WS4 4% 84S RuYsd D250 £, GARCH Ry 23
g
2

(UNJ V= B

Fgo] AtRER FANA =7t 38k 2 g 23, 129 ARCH 23& ARshe tal
£ 279 GARCH 32 Aggosy B3 £42 o 208l & 4 9ok, GARCH 239] 2+
& Jel GARCH(1,1) 2 3-& thg3} 2tk

he = a0 + arer—q + Brhi—1.

# integrated GARCH (IGARCH) 28-& GARCH 2ol 37 a; + 39, ; = 1ojghs 270]
7t Zleg, HAL WEg o] nEfol® HolA AL JFE 713t 540 itk

ek

2.2. GARCH in the mean (GARCH-M)
GARCH(p, ¢)-M (GARCH in the mean) 282 t}3-3} Zro] Yehd 4= Q).

re =+ che + €, € = Vheey,

p q
he=ao+ Y aic i+ Bihey,
i=1 =1
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Component GARCH (CGARCH)
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p q
et = Vhier, hy = &+ Zai (6?—1' - §t7i) + Zﬂ] (ht—j — &t—j),
i=1 j=1

047]/\1 p < 10a HE 0.999F 1 Atole] e Zreth G AlRbel wet Wglshe 3418 vhdshe I+

2.4. Exponential GARCH (EGARCH)

24 2708 GARCH &L W54, = A0 ¢ +9&< 7H wi¢t 229 #9E< 7H w7t
B o2 wgel ok AU A A F4

A vl 249 o AL A A5 GEol(RE S $o8 ) o A}
B M goleln AReE Ao B 42

g 710t} Nelson (1991)2 W59 vt BIE wkeisth
exponential GARCH (EGARCH) 23 & Aottt EGARCH(p, q) 282 o3 2t}

q

Et:\/h>tet, In(hy) 7@0_5_2 m+ BiIn(hi_j),

=1
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714 er—i 7F Fgold e 2 In(he)oll as(1 + vi)lee—s| THE, SF01H (1 — v5)|es—i| THF
TS 71X, er—s = €—ifha—i©]Th %-% vt EFE Frdete E4EA, I gho]l Sold 8«]
AES 7H w 91¥o] 9 Atk AL 9nsitt. EGARCH 232 ¥EA 94 2azs 2dgst 4
HEAdo] FdS BFety] A8 oy B tist 2AES 433891, vthd &35 93t
HojAl GARCH 233} 2}o|7} 9th

fr X —l) 0.9. 2

2.5. Threshold GARCH (TGARCH)

Rabemananjara®} Zakoian (1993)¢] A 2+3}t threshold GARCH (TGARCH) 23 A W59 H]
3 E3E vkt TGARCH(p,q) 282 o3 2t

P
€t = \/76157 ht - aO Z |:a21 62’ 7, +CM12 €t i ] +Z/th/t I
=1
ANM a1 > 0, aiz > 0, B3 > 00]3L, ¢t ax(e,0), e~ = max(—e¢,0)olth. 1, Oéi2“f vty &
5

HE Whgshs BFEM, a7t an B 29 %94 FoEe 7MWl el 8§ Aok 2e dnsta,
i1 = ap APo] £AEL] F2o G2 A o= GARCH 233} Lot
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2.6. Asymmetric power GARCH (A-PGARCH)

Ding 5 (1993)2 t}3t GARCH 2852 ¥wks}st asymmetric power GARCH (A-PGARCH) &
S Aek3tgdtt. A-PGARCH(p,q) 232 the3} 2t}

4 - 2 4
e =Vhie, hE=ao+ Y oilleil+vie)'+ > Bihi
i=1 j=1

A7 a0 > 0, ai =0, B 2 0,d >0, =1 < < 10|13, yi= Wt &35 WYshe Bolnt
A-PGARCH 232 B ai, §5, d, 77} o1 32 7FAAo W2} 7]29] GARCH 2355 whsof
25 9lth oS S0l d=2, 7 = 00" GARCH 2 d°] €t}

2.7. Quadratic GARCH (QGARCH)

= th2 Hthd GARCH 2322, Sentana (1995) 7} A 2kt QGARCH(p,q) (quadratic GARCH) &
& o= 2t
P p q
e =Vhier, hi=ao+Y i€ +2Y oyeiej+ Yy vieri+ > Brhik,
i=1 i#j i=1 k=1
714 v v A 272 WdskE B4ola, QGARCH 239 7kl el QGARCH(1,1) 2¥
< o= 2k

he = oo + a1162_1 + Yi€t—1 + Brhi—1.

3. AI= VI8t s ALt
3.1. WRIE X20Me HEd Ttk Hevisd

4 Z7k(close price)E ©]-83to] Y7t =1591E (daily log return) S Aot o] 2HE WEAHLS
FAs U 2, 18, 5% 99 9 ARlE ARE o|8std dF 259 E (intra-daily log
return) < AAkste] AL WEAHLS AT 5 k. s A7 2350 F 0l 311, 7o AT nof
279 s A 714 =7 dokw sHgete] el 4% 2a598S {r, ), o2k stk o
% 2a59E o 2T 2ol i AR A 7HE PolA o)A ARe Al AHE Paog 23 %
23t Ao|t}.

Tt = lIl(Pt,i) — ln(Pm-_1).
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AANEAL 45 25 AES o83t U W53 et 24T 5 Qlvkes ol o, 4
T 2IA5AEY A G UF Fod AR uAlFxe] e He 5 7] "ol AEE A4S
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(Tsay, 2010; Lee2} Hwang, 2017)
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T-RV: RV(D =3 [ar ()" + 2 (m)°] . ar+an=2,
i=1
o714 ARG (grid search) WAL Z “H A" o W axF ATH7] Al 7HFAE 0.1 1.9 Atolo|
A 0.1 92 W3lA 7| T-RVE A4l & sty =

(T, 1, a2) = (1,0.1,1.9),(2,0.2,1.8),...,(19,1.9,0.1), a1+ az =2

ZRE T-RVE 19714 397t 24181, 5983] 10984 T-RV, F, (T, 1, 02) = (10,1,1) v 4
AHEEH Fhoith & =RolMe 7HAE 0.1 D= SN ZAT £ 6 Judt F740] FHol2t
W R} 22 92 wsiAl 7Y E Zlejth

5. Algl2A: KOSPI

2 oM g s, Asrteeledd, B
28] FAH AEAFAEEE Hlaste] AR A
=2 otk 1zt gt} 2010 19 4YRE 2015
992 #&9" KOSPI 1¥% A8 E o]g3lt) o
7vd el A ) A] A Hed 27 e AR A37F E9EHA] 2 27hHE FE 7] vl Al
7Aste] dF AmE T0707F Arh. T8 #5 L /E dste] dF AR7F 10707} obd EEe AlAS
of 2Addle & 1349%«1 AR7F AREE TE S A mAl PR e S E017] Al 57
A Ass A9Edr) (Jin 5, 2017).

oftt

N

)17

g

£

>, =
Q

mlo
&

831 10714 £A43

5 B4 ol E 8 AAHFAAES A4t 1

I A7 BAFAES ol8ste] A MEA, Aerkselsdd, B9 71w GARCH WS4 7

Abetth GAbE MBAL k= 52 dlo] 45 A7R] 9 ij—‘l\—o—lg a3, AFTEol B
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TOREG ZEAA A AHdshs BPES ol&3dto] Altstint. 43 2a49E e ol 002
A7) gAg 0l itk BUEEE ry = ¢ = Vheei 2l 313, ZF REHIT) ¢, Gid £X 5 AFEE, BF
A& 3 (skewed-NORM; SNORM), E—i—i}%(é, Ealo] 19) ARHERT #HE 5&3H ~Fd
E-tEZ (skewed-STD; SSTD), L¥tstd ox2x #15 dwsle 2 AE ¥ (skewed-GED; SGED)Z
AT e GARCHA BHol0s £o80] 98 vIAL WEAS 49, 21, £2 Al 7]
2 R= 3#jste] AFsteltt. GARCH(L,1), IGARCH(1,1), GARCH(1,1)-M, CGARCH(L, 1),
EGARCH(1,1), TGARCH(1,1), A-PGARCH(L, 1), QGARCH(1,1) 282 Aatet Axl(2y 7]
Wl HEA X2 A]) Table 5.1 A 23k ch
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Table 5.1. Various GARCH-type models fitted to high frequency KOSPI

Model Estimated equations
GARCH(1,1)-NORM he =2 x 1076 4+ 0.0788¢2_, + 0.9027hs—1
GARCH(1, 1)-SNORM ht = 1076 +0.0751€2_; + 0.9078h;_1
GARCH(1,1)-STD hy = 1076 +0.0703€2_; + 0.9153h¢—1
GARCH(1, 1)-SSTD he = 1076 + 0.0678€¢2_; + 0.9189h¢_1
GARCH(1,1)-GED hy =106 +0.0724€2_; + 0.9119h¢_;
GARCH(1,1)-SGED hy = 1076 +0.0697€¢2_,; + 0.9155h¢_1
IGARCH(1,1)-NORM hy = 1076 +0.0857€¢2_; + 0.9143h¢_1
IGARCH(1, 1)-SNORM hy = 1076 + 0.0816€2_,; + 0.9184h¢_1
IGARCH(1, 1)-STD ht = 1076 +0.0763€2_, + 0.9237hy—1
IGARCH(1,1)-SSTD hy = 1076 +0.0726€2_; + 0.9274h¢_1
IGARCH(1, 1)-GED hy = 1076 +0.0784€2_, + 0.9216h¢—1
IGARCH(1, 1)-SGED he = 1076 +0.0750€2_; + 0.9250h¢_1
GARCH(1,1)-M-NORM re = —1.05 x 10~% 4 6.8755h¢ + €,

(g(ht) = he) he =1.61 x 1076 + 0.0787€Z_ + 0.9032h¢_1
GARCH(1,1)-M-STD re = —9.2 x 1075 4 7.5262h; + €,

(g(ht) = ht) he = 1.3267 x 1076 + 0.0704€2_, + 0.9151hs—1
GARCH(1,1)-M-NORM r¢ = 8.806 x 1073 4 0.0009 In(hy) + €,

(g(he) = In(he)) hy =1.6132 x 1076 + 0.0787€2_, + 0.9031h¢—1
GARCH(1,1)-M-STD re = 9.317 x 1073 + 0.0009 In(h¢) + e,

(g(he) = In(ht)) hy = 1.3217 x 1076 + 0.0701€2_, + 0.9154h;_1
GARCH(1,1)-M-NORM re = —1.033 x 1073 4 0.1754v/h¢ + €,

(g(ht) = Vht) ht = 1.6107 x 1076 + 0.0788€2_, + 0.9030h¢—1
GARCH(1,1)-M-STD re = —1.072 x 1073 4 0.1873v/h¢ + e,

(9(ht) = Vht) hy = 1.3237 x 1076 + 0.0704€2_; + 0.9151h¢_1

he = & +0.0632(e2_; — &—1) +0.9037(ht—1 — &—1),
& = 0.9946&; 1 + 0.0171(e2_| — hs—1)

=& +0.0610(e7_; — &—1) +0.9099(hs—1 — &—1),
& =0.9942¢; 1 + 0.0162(e2_; — hs—1)
he = & +0.0556(e2_| — &i—1) + 0.9145(hy—1 — &—1),
& =0.9950&:—1 + 0.0195(e?_; — hs—1)
he = & +0.0501(e2_; — & —1) + 0.9186(hi—1 — &—1),
& = 0.9940&, 1 + 0.0236(e2_| — hs—1)
he = & +0.0561(e2_; — &—1) + 0.9105(ht—1 — &—1),
& = 0.9945¢,_1 + 0.0198(e2_| — hy—1)
he =& +0.0512(e?_; — &—1) + 0.9170(ht—1 — &—1),
& = 0.9940&; 1 + 0.0232(2_; — hs—1)

CGARCH(1, 1)-NORM

CGARCH(1, 1)-SNORM

CGARCH(1,1)-STD

CGARCH(1, 1)-SSTD

CGARCH(1, 1)-GED

CGARCH(1,1)-SGED

EGARCH(1, 1)-NORM In(he) = —0.1887 — 01002 =tEEI=L 40,9798 In(he 1)
EGARCH(1, 1)-SNORM In(h¢) = —0.1694 — 0. 0955% 1 0.98181In(hs_1)
EGARCH(1, 1)-STD In(he) = ~0.1707 — 0.1067 [“L=21E0-1058¢0=1 4 0. 9890 In(hy 1)
EGARCH(1,1)-SSTD In(h) = —0.1558 — 0. 1034‘”“*,3# +0.98341n(hy—1)
EGARCH(1, 1)-GED In(he) = —0.1782 — 0.1039 [“t=tE 010701 4 0.9813In(h, 1)
EGARCH(1, 1)-SGED In(he) = —0.1650 — 0.1006 [“=tE0102U=1 40,9895 In(hy 1)

(continued)
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(continued)
Model Estimated equations

TGARCH(1,1)-NORM he =2 x 107 4+ 0.1315(¢e;,_;)? + 0.9106h¢ 1

TGARCH(1, 1)-SNORM ht =2x 1076 4 0. 1227(6; )% +0.9178hs—1
TGARCH(1,1)-STD he =2 x 107 +1070(e )2 4 0.1341(¢;_;)? + 0.9107hs—1
TGARCH(1,1)-SSTD he =2x 10764 0.1261(e;_)% + 0.9183h;_1
TGARCH(1,1)-GED he =2 x 1079 +0.1314(e;_,)? + 0.9118h; 1
TGARCH(1,1)-SGED hy =2 x 1075 4 0.1256(¢;_;)2 + 0.9176h;—1
A-PGARCH(1, 1)-NORM hi-335% = 0.0330(|et—1| + 0.5718€;—1)2-6708 4 0.9021h}-3354
A-PGARCH(1,1)-STD hi-3799 = 0.0253(|et—1| — 0.7106€:—1)2-7599 + 0.9030h} 3799
A-PGARCH(1,1)-SSTD hi-4087 = 0.0257(|ez—1| — 0.6687€;—1)2-3135 4 0.9022h}-4067
A-PGARCH(1,1)-GED h}1-3126 = 0.0327(|e¢—1| — 0.5793€¢—1)2-6251 + 0.9056R 3126
A-PGARCH(1,1)-SGED hi-3376 = 0.0308(|et—1| — 0.6109€;—1)2-6752 + 0.9021h} 3376
QGARCH(1, 1)-NORM he = 0.0736€2_; + 0.0065€¢—1 + 0.8898h¢_1
QGARCH(1,1)-STD ht = 0.0760€2_; + 0.0064¢€;—1 + 0.8866h;—1

GARCH = generalized autoregressive conditional heteroskedasticity; IGARCH = integrated GARCH;
GARCH-M = GARCH in the mean; CGARCH = Component GARCH; EGARCH = exponential GARCH;
TGARCH = Threshold GARCH; A-PGARCH = Asymmetric power GARCH; QGARCH = Quadratic
GARCH; NORM = normal distribution; SNORM = skewed-NORM; STD = Student-¢ distribution;
SSTD = skewed-STD; GED = generalizederror distribution; SGED = skewed-GED.

% 197149 2AH Addwsd RVD (T = 1,2,..., 1987 9 W54, A57H5ele3E, =
% 7]%k GARCH W57 Atole] aAsE 7oto] oj= BAM AAwEdo] ol53he] dAA7}
7P = dEh e dobE gttt 74 X}Eﬂ FdEOIRRE £oF] 54 @5l s e
7] S8 WAl e A, & 2AR ﬁ—é?ﬂﬂ-— o] g3kl AAAFE 7L, 1 D= Table
5.29} Zth. Table 528 HH w}a AeAe AF RV, A5715015879] 2ol RVID g
o) FAAST 7wk B 71HP GARCH W54 Aoz RVIY, RVID gle] oA 571 7}
& A vepdoh webd ge] 4 fr@lg«l Agst &2 dF 2a5982] Algdl 4% 7t
FAE HoJsle 2@AEA RVOY HD}— Fo] HE(ar)oll 1.4-1.5, &9 FE(az)ll 0.6-0.5 =
o M2 o 7HeAE Folshke 2] vl gsitial @ 4 gk, 5% T-RVel dslilA], 9 2A Table
529 RV IS By 58 7wk MEAae] A#AsE vty 289 EGARCH, TGARCH, A-
PGARCH, QGARCHS| 77} t13 239 GARCH, IGARCH, GARCH-M ¥ CGARCHYT} tf

¥ A%l A2 T4 Utk FUE, U8 AT BAS 7R £AR RS ol g3 HBAS
& 7He s RO, RV 7120 WEAED HEA A Hesie. 98 Ak 4
9 A AR 77k Sl Bol AL WEAY AFD7Ie MaPe we RVOD RV,

54718 vae w RVIY-RVUD o] A 471 748 = akeh(2 "§ 2. 2eHer Ve ¥

o}
O:

4 AL RS WFo] B W A5H 013} B N thedl Rolshe BAY AAWS o] BEA
A ARAEA (o = ap = DR $5HE B 5 Agich

6. 22

BoepolAt FHAAGY WSS 2 TR NS 275k, BAY AuasAclehe
Aze L Aol /129 MEHET Husgich. BAY ARAFHL vt Y THE 2= AF
4ol BA| Hbsle] o]g AAUFA A&, AN Aolth. Fo| £1E o] FolBo ThE 7}
FAE Fols WAL ANST, 1 FEHL /IE DEHET ABATE Fo) Sohu A St
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