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Abstract

We propose an extension of the Lee and Jho (2015) mean reverting the two factor mortality model by
incorporating a period-specific cohort effect. We found that the consideration of cohort effect improves the
mortality fit of Korea male data above age 65. Parameters are estimated by the weighted least squares
method and Metropolis algorithm. We also emphasize that the cohort effect is necessary to choose the base
survival index to calculate longevity bond issue price. A key contribution of the article is the proposal and
development of a method to calculate the longevity bond price to hedge the longevity risk exposed to Korea
National Pension Services.
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T AFL Aloln R Ao 25 7F EAs g wet FF F7E Ao R odHa ok
ol FAAFQA FUAFY 20133 F7|AAHFA 23 (Ministry of Health & Welfare, 2013) 9]
20449 H =2 £ A7) DA 20600 B 2o] 2D Ao g A= Tk JFelx}
3E g7t Aste] AgAlEde] Frketa o) #EF o Slv AAT sde] ndEA|
o] Hr} e 4£XF o] A% BP9 Aol BVl A= =AY F7}
g Zlolt}h. ol FRIAF ARY AL 7HeAdE AT Ent o}l/]a]. 95 A R 7]'%/\]
ot A AF FEAR BAZAL =5k A9 3R] ado] gle AF AFEBEE] By
AU 7tz A AN underwriting) & 53l B @A A AL AleHe Zlolt}.
AR Be AgR A% daadAse] 7He ARt s 7
H =& 7Fs4S d8gith olgs A ZEAoR ngf oS A
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7} FEAFNA AAFe] A5 ATL T AAT £ Aok 53] fehtetel Bl AR 3
FADE TYRT AFAYAL FNAF T o]F WS YA o] FEAGY BEH AGRA 7]
]

52 /T 5 Qe BY ohet FNAT AR AL5HL $Y Ao Btk o Sol, AW
PYoz 29W AFL A A FUAF HYRE AATTH =

224E LR AGAL 90 o, de Arizhdl Al A2A8E e A 0
B EAE b 4T ¢ Atk A 2 2P et FNAT AL AALHA FEdel A%
Fsd FAAFAE 2P| olubd] & Rolth =G FNAFFES AAA A0 HYT FLAALS
FEAAN hESe] QAFoz AFe 2D, 23 AMYL B F4AY A4 JH BAG

T e 58S 5T = Aotk wepA FeAE 94 Wi AH FIudFE 183 A4 B
FoAA 384 BHE M-t & Aot ol&}t 22 AxF 7)E otefollA AFAQ AeAdY wlS
AslAe AR Y 7HE AdEo] A ofof e FLA ALY ol 7PF AdE AFGE Byl 3
23},

FrAAL v Bl wiet @F5Ee) WEsH) Wizl AU A4S ANA nleh AYE oS
| B5Aolth AYE RHY AT T BHOR Sys ol go} g el RAHow ¢

2o o)
A7) AASEA A5ARel 88 7Psw Aze Rgoe WA Ik nave Adans
e GBEA ARE BRE0 1 HEA ool Hoo): 2sE AHE

2]
= 71407 wedst= uf
< Ays 2yEo] Ay gy oln] zegﬁp} YA e ARFNAME B2 A7t AR
oo d 2 2g0] /Mg gy FEEF ALGE 2P0 thet dFE Leed) Carter (1992)%}
Cairns 5 (2006) 18]3l ©] 59 AFgERPoz ﬂ?ﬂ T2 5 Stk Lee$} Carterv A% 2749} 7|3¢
N 2P BP0 2N T WEI FRE ALE oS0 Folsitke o] glol 71 g AMSH
o] ko o] ¥ Lees} Miller (2001), Booth 5 (2002), De Jong¥} Tickle (2006) 52} Th9] $4 =
¥ 3} Renshaw 2} Haberman (2006), Currie (2006) 52| 74123 o] A t=] St

Cairns 5 (2006)= 7IZFEFE 289002 Bsta 28908 FAE 7H o ¥@EE 4 (bivariate
random walk with drift) 22 2333t 2221 SEEA AFTE B AASALE 1 o|F F71A A
Aol A&H oz o]RolA ThFSt AR AN 53] TEE EHE Nkt BYPL A
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HA el
Gzt =1 —exp(—may). (2.2)

o] AAE EFA AYE EYE 24T u FE ALHY B AFdXE FLAde AEAT =S
SA5to] ol &3kt
2.1. 290! HZ3|?| =2
S5E BV WA 9 HEEA AE RO 2A Caims 5 (2006)7F AN 289 ARE B
e ofelel Zov)

logit(gs,1) = A{Y + AP ., (2.3)

At+1 - At =M + CZt+1, Zt+1 ~ MVN(O, Z), (24)

of W A = (A7), A) 9] HEEA WEL 94

Sk, meba $1o] mYe A7ke] Aol wek

Arhe 7P Wzl glof A2 AUE Ao

Fajrhe Aol EA1 g,

A AYE A SN ot ATE A E5HE ARE Sl A RIORA Lees)
}_

& FA psk A4 O oIAY AFHERDE 7
AY A pEre AEES Aol A%H O ool
853 e e AL sl fA5

Jho (2015)%& 2891 A, = (A{V, A{V) el thate] olefe}l e Bwa A SEIHS ALt

At+1 — Ay = )\(//L — At) -+ CZtJrl. (25)
ol W, Zit12 o|FREATFRECIH, Cx (2x2) FEEA FEULHE CZ112 3L FE E =
CC'S Zreth BEIARIAN p ARE Ado] B ol olRolAA] b Q17 +e] B
A ZF vk d X‘ﬂ*’éﬁﬁi, & AA APl S A= AFFE Y FEHFES, pee A9
A NS SESEE, DT A 22 B1RTA pR FUHE SRS Jujsi. AZEHoR
A AEIAG] £3kE 7] ARk 20100 ¥ ARE E@H JHATE A2E ol 8ote] 4713
FRS FARAG. Tel} B4 Ae] AxA g5 ATl AAH L A AY AADRL
g9 3 BR) B0l WE A Ok ARl AR ARE BAGA 2oo] 244 A4
2 9% 25 ARA dauTe] 25 W FEEA ARE 2R Leol tst] AFr

s GEEA ATE BRSOl H29 A7ES 24Ul U2 AE Holg Hshe 15
E E 7H(cohort effect)% f’éoﬂ w33l It} (Renshaw$} Haberman, 2006; CMI, 2009a, 2009b;
Cairns 5, 2000). 22 08 7ol AuE AHOZ A B49Fo] A% 7] ALe, A
QA e WEAol ASHLET Tt} AFA Rkl LAY Aoz o4R T Yok o|2a
M) SIE TAE VYD AEEA AR 20| BLATE S 224 960 2
5o, P 10l 09 o SRR We e vehis 26 9= ik Aggael &
o 4449 G o1 Ao ALY Ea 21 WA(EL A8 FEOFD A AAE T
A =29 Y2 st JEE(APTE) 0] ofd 54 A ALEE(AEE)S ‘ﬂ} 3o 2 ARk ofgh7] o
SulellA el AeAld GA FUAAY AEETS] AATE obd S A=A E( 2015 654 &

o



Longevity Bond Pricing 707

X
IS
o,
Y

ol AA= ) EHFE 7hsde] At olHT AUMW %?—‘H@ A< AT AMYE Y2
ATE EHE NIFo A VA HPelaa 549 T2 B89 o
3 12 Ade mEE &nE AYAoR S4%m nHE ERE AT
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99 4] (2.6)2 Cairns 5 (2009)2] M1~M8 23 ZFolA M6 287 Sdat 7|7+ETHA,), A
FH(By), 28I TBETT(y—e) S BT ZFS BFoL} 4] (2.7)F} Zo] 7)7
HHE npze % Aol @A OLEM 2t Aol Aol A

2A, 'Yt—ac“f‘ %79, 04‘: (t - x)0ﬂ Z A3} agr)ro] th= @r,ur A]—o]a} /\H} o
e By FeAde wrtE el 283 A% FAFE ATHE ¢ A FHE A
AE ol vl AbgE FEA EE(sample path) 73] 7l~—6h- 2 23S L
BEY AR TS AL Yok E3 IFE BAE WISkl glo] %
Aoz A3 EYP7HY A2 2 + AUk

S gAY 72 AT

odg =
iié% el ahz] ke 229 Bl BEZEAHL Cairns 5 (2006) i Leedt Jho (2015)04 2z
a5 Jdot 99 4 (2.6)2 229 go] ZEE 29 v, S EFEA 9lo] Wilmoth (1993)7} A<

3t 7]‘?"ﬂﬁ4—]/\zﬂﬁm(welghted least square)2 o]-&3le] 7|7+Ey, ITEGY B4E FHIAH
Renshaw$} Haberman (2006)% 715373 2AFHE &83ld B43AE 89, A4S
©Z A Cairns 5 (2009, 2011)2 Z}Z} Newton-Raphson &1 2]E 7|3} ARIMA 23S o]&3}

A5E w4E 25

Wilmoth (1993)0l] &J3hd A1 tof] A3 zM2] &5 1d7 AFLGAS do e & AFGE gu o0 thdte] A
(2.6)~(2.7) AMTE RHO| B FAZEE ofefo] AlF et Fol HAagE 2 =& selth
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M = Z dyt (10g1t(ql t) — A(1> - A§2>x — ’yt,w) . (3.1)

Zt7te] maol] tiatel AlFBAL] AERE M AulRen 1 H5S FRE ohe 2L FAIA
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2l (normal equation)2 =& 4= 1t}

>y eyt (logit(qz,t) — AEQ)I — 'yt,gcm)
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t S, o ! (3.2)
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Figure 3.1. Estimated values of Ail) (left-hand panel), AEQ) (middle panel), and ~¢_, (right-hand panel) in
equation (3.2)~(3.4) from 1993 to 2013 for Korea Males of ages between 30 and 79.
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ASEAE te] BARNA AT 4E ARE APERE A F AFEA A A (2.1)4 Hefet
19k doy AR E WML E O Hl%iﬁ TUHNEE me T AT FH A (2.2)9] BAE o83l B
8 AVLE ¢ 2 AE3} 2 = 98k 1993~2013'd Ato]o] 21d 5k #5H 30~79A
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Eo IFTEVF Ao dopyrirh 1960 TS ERH Asete RS Wil Ak oy AT E
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Table 3.1. Summary statistics of the parameters in Equation (2.7), a mortality model with cohort effects(left-hand
2 columns) and a mortality model without cohort effects(right-hand 2 columns) from 1993 to 2013 for Korea Males
of ages between 30 and 79

P ¢ With cohort effect Without cohort effect
arameters
Mean Standard deviation Mean Standard deviation
A1 0.0489 0.0141 0.0437 0.0222
A2 0.1066 0.0249 0.5547 0.2497
751 —12.0386 1.7709 —12.9242 14.3997
12 0.1020 0.0024 0.0930 0.0267
V11 0.003659 0.000215 0.003984 0.000127
v12 —0.000057 0.000003 —0.000057 0.000014
V22 0.000917679 0.000000049 0.0000030828 0.000018630
3
° 19‘95 20‘00 20‘05 20‘10 19‘95 20‘00 2(;05 20‘10
19‘95 20‘00 20‘05 20‘10 1995 2000 2005 2010

Figure 3.2. Mortality model fits with or without cohort effects for cohorts of 1948, 1953, 1958 year of birth.
Top left: observed values(points) and fitted values(dotted lines) without cohort effects. Top right: observed val-
ues(points) and fitted values(dotted lines) with cohort effects. Bottom: the differences between observed values
and fitted values.
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Figure 3.3. Cohort effects heat map (Left: standardized residuals without cohort effects. Right: standardized
residuals with cohort effects).
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4. BEAA w1} 9l3za|0|e

4.1. A AR

A 5037 A&Hog AR AYE NHCRE SHFAY 54
A3 A} R AFFTHY AP ol ST AFEESY 5438 7
BE AGAR 72 AFS AFdorsts AFARIAE ZFg AR Al X
th v=oA ¥ BEFoE WY v AFgdag FAYe] 62 &
2L 2z 2o @3t} (Salou®t Hu, 2006). o|Z% AFAAA 5
H1 Aol =28 FAHo] vl-e 27| wi) Fpelaa dee v
FE A AR 5] A4S 2 e AtFo|tt. AFHA A4 E HeHoEE B
FEAEE oA Ast ARFAGAZE, AFAGAY] AFFEANE BRI AL AR oA
o3 (buyout) o] 9oLt oH @ WHS FFEAAN 2 Alokel A Heh. A7 F491E
3} (securitization) 8to] ZHEAGe] FA7Fee WA slR M eko] 7t dAAQ tioke g weHr.
HES AL B AWS ABE AL D RAE ARADS Fo AN ADAAST (risk linked
securities)-2 | SHA|2} FEAIGAA B2 S A o) SEFARY] B E B 22
ZAANS] T 71EF AUAE] DAl kel XF2 A o] 53 ulAs) A d (catastrophe bond) o] ¥
Aol A 71 &ds] deis 1 913 (Cummins, 2008; Blake$} Burrows, 2001) AW EFANY] B4
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Table 4.1. Examples of Longevity bond in Europe
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Table 4.2. Cash flows to bondholders

AALFAR o) F FAANZ k=0 k=1,2,....K
% uls _® (t) _ (t)
t A= k3 vy (st - E[s} ])+
t+1 A 0y —V (it —e sV,
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A% 241 N1EADoR FF W) Kd 71X)e) 4EAS(S))E BIB-BNP 3444 728 283

Tz
o 2 (4.1)3} Zo] AXgt (Cairns 5, 2006, 2009). ©] wf FF o|XAFE] 7|Eo] He EATE

td= oA D] AGE go, HA SEAPTER me, 2 AAREE ol FAAAA vid sk
M8 71E0 8 AEAFE Atsto] A daket A LA FA Aeks wjAlst] Aot

1 k=0
so-{t, : (4.1)
Sk—l X (1imx+k7t+k)7 k:1725"'7K'

A Wy o]F Th7] o)A k(> 0) AlH] HPRERE AAL[AZY o] } 1255 (payoff) 2 t<1
sof zAQ Feke) we) AER4 Adg SV} we A Ao wg] o =3t E( o) =} OlE 7:‘75‘ g +
At} ¢t AEEFEH 1do] AFstd A /\}O‘X}— t+1 A= zHo =Edhe H{A

T oAl A7) A ¢t + 1 A=l woﬂ/q e ale AeAgae VI 7140 Hcg@ —’F QAD}.
2= AFAARE d FeAd Yo E 2E2H S AR ALY

3 4= it o HH AZAFAAFY] dF 552 Table 4.2} 2T,

)] AF3 5 AR AakS At Bl 1S AFsHE FolEA 7MEE P
dafjokshe A Zu|AE §(> 0)2F BAISHA WI|7ER] oA F dAF
3 2o n

il

(

fr o
3

[(t ) _ P 0,k)e 5k S(t) E(s® ) 4.2
A AL ofelel 4 (4.3)3 2ol o2 @A 1V Aggko s AN & Ak
K
Vg(t,&) -E (Iét"”) _ ZP(O’ k)eskE (Sz(:> _E (Slgt))) . (4.3)
+

FANAFFER 22 AFAIAE vl G A%Aoz A AFFIA WS o] dnkAelch
Azl MEFA PSR AFFIA] A7 AFFAE FOR EASE (AERE (t+5)Ax7H] <
A e PO PR 248 2 ok Ak ) d RO

1 g semA 27170 w28 25998 9 Pﬂ F itk g5



714 Jae Hoon Jho, Kangsoo Lee

o] Axtd = 9o, of Wl V(t,t +s;0)€ AFAFRAIA =28 A SFo2 AT + Stk

t+s
V(t,t+ s;0) ZP i — ) FOY Y

:Hs i~ F® R (o) _ (i) ) .
> <P(o tF ;POk E(S (s )) (4.4)

W'E«l 7122 (P(0, k) <k A AN GAAR]
EA5(S)el o9 ARBE &

% GALE My ol A =EF 7] wfol A

= AeAdY AL edds t -«

SFoHA] k2 R OAE, AFEEC] thA AV E
= %, A 7ol Ha B A B BAF ] B st XJ—’T—' T

AFAIEAE 229 FrEY 7|EH Dl 2T E 2T EAE=A] AF

T ASE EIE YT APLE BHOEA PEATE ST o] vy EPD}.

Ae AuA AT gl APzl 4T A FA AAWAA} P

HEA OE o1t 27140l ExjsA _'4

A A=l Al A 7Yst7] S siA Ulﬂl o|A A7 AFEEol thet AAE&S dukE Apgrete] Ad7t

AstA "t o] w) Rz o= A LA -‘H?JQJL_OH tﬂr\:’Jr’t"‘*Q‘ﬂr i Bt
TFoh= v EAlL 0131 77} e A oy (Artzner 5, 1999; Wang 5, 1997)

7 D AT B LS e, ATEAS AUAAE o> 02

dzelnd 2L gk 299 AU VOOo BEn REUAE o geid AUEE A

ofele] 4] (4.5)2 o] ARKE 4 ST,

Vi = B (1"7) + py[Var (1"7), 1" = kf:lp(o, By -e(s”)), @5

+

>
iy
&
fu
iz
a
n
Y, ")’
30,
rlr
>
>,
>
rlo
o
+
é
)
Lo
N
N
]o

30
&
[o

oX,
i
rr
O
oot
[l
Au)
=)
e
=
|
Au)
[1] r
o o

N, o~
Hy o !
rr &

b

2

Lo

:‘.)I:'g

i
% =
>
o
A
i}
)
)
)
8
=
olo
i)

B TR\
td
ot
2
1]
fof
[
AN
23
of
)
el
4 re
X, of
)
°
i=)
‘T
WL ol

ol r
)
1o fr
N

[ rlo m

o R
< o
N
>
HU
I
il

s 2

= ﬂ-f.it‘.z
o2
N
p
=
&
1o
03':
I
A
o 1
Y
~N
N
oz
i
N
Al
i
o
& i
X
i
rlr

i

o o mo v
off

fr 4o 0 o9 ) o
i
[k
T
o=}
prolels
IF rUlo

N
)
ox,
ol

< R

O
= r

FIO [kl

Moz GA A 5 9lof 4 (4.5)9 4 (4.3)9] 2

Lo

Aol IV o) 7Rk Bake AlE o]
g 27 wod ofele) 4 (4.6)¢ A 5

30

i P(0,k)e™ E (S” ~ E (sf;f)))+

k=1
K K
—E | P(O,k) (S,(f) -B (5{5’))+ +py| Var | 3P0, k) (s“) —E (s}ﬁ))J (4.6)
k=1 k=1
9 Aold fPzelu o9 ST BE FALE P S gloth T SAsNA AHE ol gste] A
e sze) BhEn 2GS AT 4 Atk

4.4. Z5AA 12 fleZelold oAl

20134 654 3+ YRS Z|EH TR AAS Aeade] AHEAEL
9] AH, AAF FAFE L AlEH oA 7 Aoz 29k 5= Qi)

I~



Longevity Bond Pricing 715

Table 4.3. Longevity bond price example
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Figure 4.1. Relationship between maturity and bond price with é = 0.
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