
C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

A
.
d
’A

sp
rem

o
n
t ∗

F
rid

ay,
M

ay
3
1
,
2
0
0
2

R
esearch

d
o
n
e

u
n
d
er

th
e

d
irectio

n
o
f
N

ico
le

E
l
K

aro
u
i.

T
h
a
n
k
s

to
F
.I.R

.S
.T

.
S
w
a
p
s,

B
N

P
P
arib

a
s

(L
o
n
d
o
n
).

∗E
co

le
P
o
lytech

n
iq

u
e:

a
lexa

n
d
re.d

a
sp

rem
o
n
t@

p
o
lytech

n
iq

u
e.org



2
C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

1
.1

In
terest

ra
te

m
o
d
el

ca
lib

ra
tio

n

•
A

llH
ea

th
,
Jarrow

&
M

orto
n

(1
9
9
2
)
b
a
sed

m
o
d
els

are
fu

lly
p
ara

m
etrized

b
y

th
e

cu
rve

to
d
ay

a
n
d

a
co

varia
n
ce

fu
n
ctio

n
.

•
If

w
e

d
iscretize

th
is

co
varia

n
ce

fu
n
ctio

n
,

th
e

n
a
tu

ra
l

varia
b
le

in
th

e

ca
lib

ra
tio

n
p
ro

b
lem

is
a

co
varia

n
ce

m
a
trix,

i.e.
a

p
o
sitive

sem
id

efi
n
ite

m
a
trix.

•
C
la

ssic
ca

lib
ra

tio
n

m
eth

o
d
s
are

h
ea

vily
p
ara

m
etrized

a
n
d

o
n
ly

d
escrib

e

a
sm

a
ll,

o
ften

n
o
n
-co

n
vex

su
b
set

o
f
th

e
set

o
f
sem

id
efi

n
ite

m
a
trices.

•
W

h
en

u
sin

g
th

ese
tech

n
iq

u
es,

sen
sitivity

a
n
a
lysis

h
a
s

to
b
e

d
o
n
e

b
y

reca
lib

ra
tin

g
.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



3
C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

1
.2

R
esu

lts
o
n

th
e

B
G
M

m
o
d
el

ca
lib

ra
tio

n

•
W

e
ca

n
exp

ress
th

e
sw

a
p

ra
te

a
s

a
b
a
sket

o
f
F
orw

ard
s

w
ith

very
sta

b
le

co
effi

cien
ts.

•
E
u
ro

p
ea

n
C
a
p
lets

a
n
d

S
w
a
p
tio

n
s
ca

n
b
e

p
riced

u
sin

g
th

e
B

la
ck

(1
9
7
6
)

m
arket

form
u
la

w
ith

a
n

a
p
p
ro

p
ria

tely
ch

o
sen

varia
n
ce.

•
T

h
is

m
arket

varia
n
ce

is
lin

ear
in

th
e

co
effi

cien
ts

o
f
th

e
F
orw

ard
ra

tes

co
varia

n
ce

m
a
trix.

•
T

h
is

a
llow

s
u
s

to
so

lve
th

e
ca

lib
ra

tio
n

p
ro

b
lem

a
s

a
sem

id
efi

n
ite

p
ro

-

g
ra

m
.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



4
C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

1
.3

R
ela

ted
litera

tu
re

•
W

ork
s

b
y

N
estero

v
&

N
em

iro
vsk

ii
(1

9
9
4
)

a
n
d

V
a
n
d
en

b
erg

h
e

&
B

oyd
(1

9
9
6
)

o
n

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g

•
B

ra
ce,

G
a
tarek

&
M

u
siela

(1
9
9
7
)

a
n
d

M
u
siela

&
R
u
tkow

sk
i
(1

9
9
7
)

o
n

th
e

L
ib

or
m

arket
m

o
d
el.

•
R
eb

o
n
a
to

(1
9
9
8
),

B
ra

ce,
D

u
n

&
B
arto

n
(1

9
9
9
)

a
n
d

S
in

g
leto

n
&

U
m

a
n
tsev

(2
0
0
1
)

o
n

S
w
a
p
s

a
s

b
a
skets

o
f
F
orw

ard
s.

R
eb

o
n
a
to

(1
9
9
9
)

o
n

a
ca

lib
ra

tio
n

m
eth

o
d

p
ara

m
etrized

b
y

fa
ctors.

•
P
ara

llel
w
ork

b
y

B
ra

ce
&

W
o
m

ersley
(2

0
0
0
)

o
n

th
e

ca
lib

ra
tio

n
o
f
th

e
B

G
M

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g

a
n
d

th
e

eva
lu

a
tio

n
o
f
th

e
B

erm
u
-

d
a
n

S
w
a
p
tio

n
.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



5
C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

2
S
w
a
p
tio

n
p
ricin

g

2
.1

T
h
e

S
w
a
p

ra
te

T
h
e

S
w
a
p

is
d
efi

n
ed

h
ere

a
s

th
e

ra
te

th
a
t

eq
u
a
ls

th
e

P
V

o
f
a

fi
xed

a
n
d

a

fl
o
a
tin

g
leg

:sw
a
p
(t,T

0 ,T
n
)

=
B

(t,T
f
lo

a
tin

g
0

)−
B

(t,T
f
lo

a
tin

g
n
+

1
)

L
ev

el(t,T
f
ix

ed
0

,T
f
ix

ed
n

)

w
h
ere

L
ev

el(t,T
f
ix

ed
0

,T
f
ix

ed
n

)
=

n
+

1
∑i=

1

co
v
er

a
g
e(T

f
ix

ed
i−

1
,T

f
ix

ed
i

)B
(t,T

f
ix

ed
i

)

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



6
C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

T
h
is

ra
te

ca
n

a
g
a
in

b
e

w
ritten

:

sw
a
p
(t,T

0 ,T
n
)

=
n∑i=
0

ω
i (t)K

(t,T
i )

w
h
ere

K
(t,T

i )
are

th
e

F
orw

ard
R
a
tes

w
ith

m
a
tu

rities
T

i
,i

=
1
,...,n

a
n
d

th
e

w
eig

h
ts

ω
i (t)

are
g
iven

b
y

ω
i (t)

=
co

v
er

a
g
e(T

f
lo

a
t

i
,T

f
lo

a
t

i+
1

)B
(t,T

f
lo

a
t

i+
1

)

L
ev

el(t,T
f
ix

ed
0

,T
f
ix

ed
n

)

In
p
ra

ctice,
th

ese
w
eig

h
ts

are
very

sta
b
le

(see
R
eb

o
n
a
to

(1
9
9
8
)).

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



7
C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

T
h
is

sta
b
ility

h
a
s

b
een

stu
d
ied

in
H

a
m

y
(1

9
9
9
)

o
f

w
h
ich

w
e

rep
ort,

w
ith

th
e

a
u
th

or’s
p
erm

issio
n
,
so

m
e

su
m

m
ary

sta
tistics:

C
u
rren

cy
U

S
D

U
S

D
G

B
P

G
B

P
E

U
R

E
U

R
S
w
a
p

2
Y

5
Y

2
Y

5
Y

2
Y

5
Y

M
in

ra
tio

7
1
2

8
4
2

8
8
5

9
8
1

1
4
8

3
3
3

M
a
x

ra
tio

7
6
2
9

7
9
2
7

6
5
7
5

3
4
7
3

5
0
0
6

4
3
2
2

V
aria

n
ce

.0
2
3

.0
2
0

.0
1
7

.0
0
7

.0
0
5

.0
0
4

S
a
m

p
le

ra
tio

o
f
vo

la
tility

b
etw

een
w
eig

h
ts

a
n
d

corresp
o
n
d
in

g
F
orw

ard
s.

H
ere,

M
in

ra
tio

a
n
d

M
a
x

ra
tio

are
th

e
m

in
im

u
m

(resp
.

m
a
xim

u
m

)
vo

la
til-

ity
ra

tio
a
m

o
n
g

th
e

w
eig

h
ts

o
f

a
p
articu

lar
S
w
a
p
.

C
o
m

p
u
ted

u
sin

g
th

e

sta
n
d
ard

q
u
a
d
ra

tic
varia

tio
n

estim
a
tor

w
ith

exp
o
n
en

tia
lly

d
ecayin

g
w
eig

h
ts

(1
9
9
8
-1

9
9
9

p
erio

d
,
m

arket
d
a
ta

co
u
rtesy

o
f
B
N

P
-P

arib
a
s

L
o
n
d
o
n
).

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



8
C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

2
.2

B
G
M

S
w
a
p
tio

n
p
rice

F
o
llow

in
g

Ja
m

sh
id

ia
n

(1
9
9
7
),

w
e

ca
n

w
rite

th
e

p
rice

o
f
th

e
S
w
a
p
tio

n
w

ith
strike

k
a
s

a
th

a
t

o
f
a

C
a
ll

o
n

a
S
w
a
p

ra
te:

P
s(t)

=
L

ev
el(t,T

,T
N

)E
Q

L
V

L
t

 
n∑i=
0

ω
i (T

)K
(T

,T
i )−

k 
+ 

w
h
ere

Q
L

V
L

is
th

e
sw

a
p

forw
ard

m
artin

g
a
le

p
ro

b
a
b
ility

m
ea

su
re.

In
w

h
a
t

fo
llow

s,
w
e

w
ill

m
a
ke

tw
o

a
p
p
roxim

a
tio

n
s:

•
W

e
rep

la
ce

th
e

w
eig

h
ts

ω
i (T

)
b
y

th
eir

va
lu

e
to

d
ay

ω
i (t).

•
W

e
su

p
p
o
se

th
a
t ∑

ni=
0
ω

i (t)K
(T

,T
i )

is
a

su
m

o
f

Q
L

V
L

lo
g
n
orm

a
l

m
artin

g
a
le.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



9
C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

2
.3

(A
rem

ark
o
n

th
e)

G
a
u
ssia

n
H

JM
S
w
a
p
tio

n
p
rice

W
e

ca
n

a
lso

exp
ress

th
e

p
rice

o
f
th

e
S
w
a
p
tio

n
a
s

th
a
t

o
f
a

B
o
n
d

P
u
t:

P
s(t)

=
B

(t,T
)E

Q
T

t

 
1−

B
(t,T

N
+

1 )−
k
δ

N∑i=
iT

B
(t,T

i ) 
+ 

In
th

e
G
a
u
ssia

n
H

.J.M
.
m

o
d
el

(see
E
l
K

aro
u
i
&

L
a
co

ste
(1

9
9
2
),

M
u
siela

&
R
u
tkow

sk
i
(1

9
9
7
)

or
D

u
ffi

e
&

K
a
n

(1
9
9
6
)),

th
is

exp
ressio

n
d
efi

n
es

th
e

p
rice

o
f
a

S
w
a
p
tio

n
a
s

th
a
t
o
f
a

P
u
t
o
n

a
b
a
sket

o
f
lo

g
n
orm

a
l
zero

-co
u
p
o
n

p
rices.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



1
0

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

2
.4

B
a
sket

o
p
tio

n
p
ricin

g

W
e

h
a
ve

seen
th

a
t

w
e

ca
n

red
u
ce

th
e

p
ro

b
lem

o
f

p
ricin

g
a

S
w
a
p
tio

n
to

th
a
t

o
f
p
ricin

g
a

cla
ssic

B
la

ck
&

S
ch

o
les

(1
9
7
3
)

b
a
sket

o
p
tio

n
.

In
g
en

eric

term
s,

th
e

p
ro

b
lem

b
eco

m
es

th
a
t

o
f
co

m
p
u
tin

g
:

C
=

E [(S
ωT
−

k
) + ]

w
ith

S
ωT

=
n∑i=
1

ω
i K

is
a
n
d

d
K

is
=

K
is σ

is d
W

s

w
h
ere

W
t

is
a

n
-d

im
en

sio
n
a
l
Q

T
-B

M
a
n
d

σ
s

= (
σ

is )
i=

1
,...,n

∈
R

n×
n

d
e-

scrib
es

th
e

vo
la

tility
m

a
trix.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



1
1

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

W
e

ca
n

w
rite

th
e

d
yn

a
m

ics
o
f
th

e
b
a
sket

a
s:



d
S

ωu
S

ωu
= (∑

ni=
1
ω̂

i,u
σ

iu )
d
W

u

d
ω̂

i,s
ω̂

i,s
= (∑

nj=
1
ω̂

j,s (
σ

is −
σ

js ))(
d
W

s
+ ∑

nj=
1
ω̂

j,s σ
js d

s )
w

h
ere

w
e

h
a
ve

n
o
ted

:

ω̂
i,s

=
ω

i K
is

∑
ni=

1
ω

i K
is

W
e

n
o
tice

th
a
t

0≤
ω̂

i,s ≤
1

w
ith ∑

nj=
1
ω̂

i,s
=

1
.

W
e

a
lso

set:

σ̃
is
=

σ
is −

σ
ωs

w
ith

σ
ωs

=
n∑j=

1

ω̂
i,t σ

js

n
o
te

th
a
t

σ
ωs

= ∑
nj=

1
ω̂

i,t σ
js

is
F

t −
m

ea
su

ra
b
le.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



1
2

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

W
e

ca
n

d
evelo

p
th

ese
d
yn

a
m

ics
aro

u
n
d

sm
a
ll

va
lu

es
o
f
σ̃

is
a
n
d ∑

nj=
1
ω̂

j,s σ̃
js

in
p
articu

lar.
F
or

so
m

e
ε

>
0
,
w
e

w
rite:


d
S

ω
,ε

s
=

S
ω

,ε
s

(
σ

ωs
+

ε ∑
nj=

1
ω̂

j,s σ̃
js )

d
W

s

d
ω̂

εi,s
=

ω̂
εi,s (

σ̃
is −

ε ∑
nj=

1
ω̂

εj,s σ̃
js )(

d
W

s
+

σ
ωs
d
s

+
ε ∑

nj=
1
ω̂

j,s σ̃
js d

s )
A
s
in

F
o
u
rn

ie,
L
eb

u
ch

o
u
x

&
T
o
u
zi(1

9
9
7
)
a
n
d

L
eb

u
ch

o
u
x

&
M

u
siela

(1
9
9
9
)

w
e

co
m

p
u
te:

C
ε

=
E [(

S
ω

,ε
T

−
k )

+
|(S

ωt
,ω̂

t ) ]
a
n
d

a
p
p
roxim

a
te

it
aro

u
n
d

ε
=

0
b
y:

C
ε

=
C

0
+

C
(1

)ε
+

o
(ε)

B
o
th

C
0

a
n
d

C
(1

)
(a

s
w
ell

a
s

C
(2

))
ca

n
b
e

co
m

p
u
ted

exp
licitly.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



1
3

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

In
fa

ct,
C

0
is

g
iven

b
y

th
e

B
S

form
u
la

:

C
0

=
B

S
(T

,S
ωt
,V

T
)

=
S

ωt
N

(h
(V

T
))−

κ
N (

h
(V

T
)−

V
1
/
2

T

)
w

ith

h
(V

T
)

= (
ln (

S
ωtκ )

+
12
V

T )

V
1
/
2

T

a
n
d

V
T

= ∫
Tt
‖
σ

ωs ‖
2
d
s

a
n
d

w
e

g
et

C
(1

)
a
s:

C
(1

)
=

S
ωt ∫

Tt

n∑j=
1

ω̂
j,t 〈

σ̃
js ,σ

ωs 〉
V

1
/
2

T

exp (
2 ∫

st 〈
σ̃

ju
,σ

ωu 〉
d
u )

n 
ln

S
ωt

K
+ ∫

st 〈
σ̃

ju
,σ

ωu 〉
d
u

+
12
V

T

V
1
/
2

T


d
s

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



1
4

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

2
.5

T
h
e

B
G
M

S
w
a
p
tio

n
p
ricin

g
form

u
la

W
e

ca
n

w
rite

th
e

ord
er

zero
p
rice

a
p
p
roxim

a
tio

n
for

S
w
a
p
tio

n
s:

S
w

a
p
tio

n
=

L
ev

el(t,T
,T

N
) (

sw
a
p
(t,T

,T
N

)N
(h

)−
κ
N

(h−
V

1
/
2

T
) )

w
ith

h
= (

ln (
sw

a
p
(t,T

,T
N

)
κ

)
+

12
V

T )

V
1
/
2

T

w
h
ere

V
T

= ∫
Tt ∥∥∥∥∥∥

N∑i=
1

ω̂
i (t)γ

(s,T
i −

s) ∥∥∥∥∥∥
2

d
s

a
n
d

ω̂
i (t)

=
ω

i (t)
K

(t,T
i )

sw
a
p
(t,T

,T
N

)

a
n
d

d
K

(s,T
i )

=
γ
(s,T

i −
s)K

(s,T
i )d

W
Q

T
i+

1
s

.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



1
5

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

2
.6

B
G
M

a
p
p
roxim

a
tio

n
p
recisio

n

•
W

e
p
lo

t
th

e
d
iff

eren
ce

b
etw

een
tw

o
d
istin

ct
sets

o
f
S
w
a
p
tio

n
p
rices

in

th
e

L
ib

or
M

arket
M

o
d
el.

O
n
e

is
o
b
ta

in
ed

b
y

M
o
n
te-C

arlo
sim

u
la

tio
n

u
sin

g
en

o
u
g
h

step
s
to

m
a
ke

th
e

9
5
%

co
n
fi
d
en

ce
m

arg
in

o
f
error

a
lw

ays

less
th

a
n

1
b
p
.

T
h
e

seco
n
d

set
o
f

p
rices

is
co

m
p
u
ted

u
sin

g
th

e
ord

er

zero
a
p
p
roxim

a
tio

n
.

•
T

h
e

p
lo

ts
are

b
a
sed

o
n

th
e

p
rices

o
b
ta

in
ed

b
y

ca
lib

ra
tin

g
th

e
m

o
d
el

to

E
U

R
O

S
w
a
p
tio

n
p
rices

o
n

N
o
vem

b
er

6
2
0
0
0
.

W
e

h
a
ve

u
sed

a
ll

C
a
p

vo
la

tilities
a
n
d

th
e

fo
llow

in
g

S
w
a
p
tio

n
s:

2
Y

in
to

5
Y

,
5
Y

in
to

5
Y

,
5
Y

in
to

2
Y

,
1
0
Y

in
to

5
Y

,
7
Y

in
to

5
Y

,
1
0
Y

in
to

2
Y

,
1
0
Y

in
to

7
Y

,
2
Y

in
to

2
Y
,
1
Y

in
to

9
Y
.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



1
6

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

A
b

s
o

lu
te

 p
ric

in
g

 e
rro

r (in
 b

a
s
is

 p
o

in
ts

)

-2 -1 0 1 2 3 4 5

1Y into 1Y 2Y into 1Y 5Y into 1Y 7Y into 1Y 10Y into 1Y 1Y into 2Y 2Y into 2Y 5Y into 2Y 7Y into 2Y 10Y into 2Y 1Y into 5Y 2Y into 5Y 5Y into 5Y 7Y into 5Y 10Y into 5Y 1Y into 7Y 2Y into 7Y 5Y into 7Y 7Y into 7Y 10Y into 7Y 1Y into 10Y 2Y into 10Y 5Y into 10Y 7Y into 10Y 10Y into 10Y

S
w

a
p

tio
n

 (M
a
tu

rity
, U

n
d

e
rly

in
g

)

E r r o r  ( b a s i s  p o i n t s )F
ig

u
re

1
:

A
b
so

lu
te

error
(in

b
p
)

for
vario

u
s

A
T

M
S
w
a
p
tio

n
s.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



1
7

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

E
rro

r in
 th

e
 1

0
Y

 in
to

 2
Y

 S
w

a
p

tio
n

 p
ric

e
 v

s
 m

o
n

e
y

n
e

s
s

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

1
.4

1
.6

1
.8

0
.7

9
0

.7
9

0
.6

8
0

.5
6

0
.4

5
0

.3
6

0
.2

8
0

.2
1

0
.1

6

M
o

n
e
y

n
e
s
s
 (in

 D
e
lta

)

E r r o r  ( b a s i s  p o i n t s )

F
ig

u
re

2
:

A
b
so

lu
te

error
(in

b
p
)

o
n

th
e

1
0
Y

in
to

2
Y

.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



1
8

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

E
rro

r in
 th

e
 1

0
Y

 in
to

 7
Y

 S
w

a
p

tio
n

 p
ric

e
 v

s
 m

o
n

e
y

n
e

s
s

-3 -2 -1 0 1 2 3 4

0
.8

8
0

.8
8

0
.7

2
0

.5
2

0
.3

4
0

.2
0

0
.1

1
0

.0
6

0
.0

3

M
o

n
e
y

n
e
s
s
 (in

 D
e
lta

)

E r r o r  ( b a s i s  p o i n t s )

F
ig

u
re

3
:

A
b
so

lu
te

error
(in

b
p
)

o
n

th
e

1
0
Y

in
to

7
Y

.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



1
9

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

3
C
a
lib

ra
tio

n

W
e

h
a
ve

a
p
p
roxim

a
ted

th
e

S
w
a
p
tio

n
(T

m
,T

u
+

m
)

p
rice

b
y:

P
=

L
ev

el(t,T
m

,T
u
+

m
)B

S
(T

,sw
a
p
(t,T

m
,T

u
+

m
),V

(T
m

,T
u
+

m
))

w
h
ere

B
S

is
th

e
B
la

ck
(1

9
7
6
)

form
u
la

w
ith

V
(T

m
,T

u
+

m
)

= ∫
T

m

t

∥∥∥∥∥∥
u∑i=
m

ω̂
i (t)γ

(s,T
i −

s) ∥∥∥∥∥∥
2

d
s

S
u
p
p
o
se

th
a
t

w
e

n
eed

to
im

p
o
se

a
seq

u
en

ce
o
f

M
m

arket
p
ricin

g
co

n
-

stra
in

ts.
W

e
exp

ress
th

ese
co

n
stra

in
ts

in
term

s
o
f

th
e

m
arket

varia
n
ce

in
p
u
ts

σ
2k
:

V
(T

m
k ,T

u
k
+

m
k )

=
σ

2k
T

m
k

for
k

=
1
,...,M

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



2
0

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

W
e

ca
n

rew
rite

th
e

cu
m

u
la

tive
varia

n
ce:

∫
T

m

t

∥∥∥∥∥∥
u∑i=
m

ω̂
i (t)γ

(s,T
i −

s) ∥∥∥∥∥∥
2

d
s

=
∫

T
m

t

u∑i=
m

u∑j=
m

ω̂
i (t)ω̂

j (t) 〈
γ
(s,T

i −
s),γ

(s,T
j −

s) 〉
d
s

=
∫

T
m

t
T

r
(Ω

X
s )

d
s

w
h
ere

T
r

is
th

e
tra

ce,
X

s
is

th
e

F
orw

ard
ra

te
co

varia
n
ce

m
a
trix,

w
ith

(X
s )i,j

= 〈
γ
(s,T

i −
s),γ

(s,T
j −

s) 〉
a
n
d

a
n
d (

ω̂
(t)ω̂

T
(t) )

is
a

ra
n
k

o
n
e

m
a
trix

w
ith (

ω̂
(t)ω̂

T
(t) )

i,j
=

ω̂
i (t)ω̂

j (t).

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



2
1

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

T
h
is

m
ea

n
s

th
a
t

th
e

ca
lib

ra
tio

n
co

n
stra

in
ts

are
lin

ear
in

G
s

a
n
d

ca
n

b
e

w
ritten

:
∫

T
m

k

t
T

r
(Ω

k
X

s )
d
s

=
σ

2k
T

m
k

for
k

=
1
,...,M

S
u
p
p
o
se,

for
exa

m
p
le,

th
a
t

th
e

vo
la

tility
o
f

th
e

slid
in

g
m

a
tu

rity
L
ib

ors
is

sta
tio

n
ary

a
n
d

d
iscretized

yearly,
w

ith
γ
(s,T

i −
s)

=
γ
(�T

i −
s�),

w
e

ca
n

rew
rite

th
e

p
ricin

g
co

n
stra

in
ts:

T
r
(Ω

k
X

)
=

σ
2k
T

m
k

for
k

=
1
,...,M

w
h
ere

Ω
k

= ∑
T

m
k

i=
1

Ω
k
,i ,

w
ith

Ω
k
,i

a
m

a
trix

eq
u
a
l
to

zero
everyw

h
ere

excep
t

for
th

e
su

b
m

a
trix

Ω
k

startin
g

a
t

p
o
sitio

n
(i,i).

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



2
2

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

3
.1

S
em

id
efi

n
ite

p
ro

g
ra

m
m

in
g

T
h
e

ca
lib

ra
tio

n
p
ro

b
lem

ca
n

fi
n
a
lly

b
e

sta
ted

a
s:

fi
n
d

X

s.t.
T

r
(Ω

k
X

)
=

σ
2k
T

m
k

for
k

=
1
,...,M

X
�

0

w
h
ere

X
�

0
sta

n
d
s

for
”
X

sem
id

efi
n
ite

p
o
sitive”

.
If

w
e

ch
o
o
se

a
n

o
b
jec-

tive
m

a
trix

Ω
0 ,

th
is

b
eco

m
es

a
sem

id
efi

n
ite

p
ro

g
ra

m
:

m
in

T
r
(Ω

0 X
)

s.t.
T

r
(Ω

k
X

)
=

σ
2k
T

m
k

for
k

=
1
,...,M

X
�

0

w
h
ich

ca
n

b
e

so
lved

very
effi

cien
tly

(see
N

estero
v

&
N

em
iro

vsk
ii

(1
9
9
4
),

V
a
n
d
en

b
erg

h
e

&
B
oyd

(1
9
9
6
)
for

th
e

th
eory

a
n
d

S
tu

rm
(1

9
9
9
)
for

a
M

A
T

-

L
A
B

co
d
e).

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



2
3

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

0

0
.
5

1

X

-
1

-
0
.
5

0

0
.
5

1

Y

0

0
.
2
5

0
.
5

0
.
7
5 1

Z

0

0
.
5

1

X

F
ig

u
re

4
:

T
h
e

sem
id

efi
n
ite

co
n
e

in
d
im

3
:{

m
in

(eig
[x,y;y,z])=

0}

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



2
4

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

0
0
.
2

0
.
4

0
.
6

0
.
8

1
-
1

-
0
.
5 0

0
.
5 1

x

y

F
ig

u
re

5
:

A
typ

ica
l
S
D

P
fea

sib
le

set
in

d
im

en
sio

n
3
.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



2
5

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

3
.2

D
efi

n
ite

a
d
va

n
ta

g
es

•
T

h
e

ca
lib

ra
tio

n
p
ro

g
ra

m
h
a
s
a

u
n
iq

u
e

so
lu

tio
n

co
m

p
u
ted

in
p
o
lyn

o
m

ia
l

tim
e,

w
ith

a
certifi

ca
te

o
f
o
p
tim

a
lity

or
in

fea
sib

ility.

•
T

h
e

d
u
a
l
so

lu
tio

n
p
ro

vid
es

th
e

lo
ca

l
sen

sitivity
(see

T
o
d
d

&
Y

ild
irim

(1
9
9
9
))

to
a
ll

m
arket

p
rice

m
o
vem

en
ts

(n
o

m
ore

”
b
u
m

p
a
n
d

reca
li-

b
ra

te”
).

•
B

id
-A

sk
sp

rea
d

d
a
ta

,
sm

o
o
th

n
ess

or
o
th

er
p
rices

ca
n

b
e

in
clu

d
ed

in

th
e

in
p
u
ts

a
n
d

o
b
jective.

•
A

s
in

C
o
n
t
(2

0
0
1
),

w
e

ca
n

u
se

T
ik

h
o
n
o
v

reg
u
lariza

tio
n

to
sta

b
ilize

th
e

so
lu

tio
n

(h
en

ce
red

u
ce

h
ed

g
in

g
tra

n
sa

ctio
n

co
sts).

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



2
6

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

3
.3

E
xa

m
p
le:

S
w
a
p
tio

n
p
rice

b
o
u
n
d
s

W
e

ca
n

u
se

a
S
w
a
p
tio

n
m

a
trix

a
s

th
e

o
b
jective

a
n
d

co
m

p
u
te

its
m

a
xim

u
m

or
m

in
im

u
m

p
rice

g
iven

a
set

o
f
o
th

er
C
a
p
let

a
n
d

S
w
a
p
tio

n
p
rices:

m
in

/
m

a
x

T
r
(Ω

0 X
)

s.t.
T

r
(Ω

k
X

)
=

σ
2k
T

m
k

for
k

=
1
,...,M

X
�

0

In
th

e
n
ext

fi
g
u
re,

w
e

lo
o
k

a
t

th
e

evo
lu

tio
n

o
f

th
ese

p
rice

b
o
u
n
d
s

o
n

th
e

5
Y

in
to

3
Y

S
w
a
p
tio

n
a
s

m
ore

a
n
d

m
ore

S
w
a
p
tio

n
s

are
a
d
d
ed

in
to

th
e

ca
lib

ra
tio

n
set

(w
h
ich

in
clu

d
es

a
ll

C
a
p
let

p
rices).

W
e

u
se

th
e

sa
m

e

sta
tio

n
ary

slid
in

g
d
yn

a
m

ics,
w

ith

d
K

(s,T
i )

=
γ
(s,T

i −
s)K

(s,T
i )d

W
Q

T
i+

1
s

w
h
ere

γ
(s,T

i −
s)

=
γ
(�T

i −
s�).

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



2
7

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

B
o
u

n
d

s c
o
n

v
e
r
g
e
n

c
e
 o

n
 th

e
 5

Y
 in

to
 3

Y

1
0
.5

%

1
1
.0

%

1
1
.5

%

1
2
.0

%

1
2
.5

%

1
3
.0

%

1
3
.5

%

1
4
.0

%

2
Y

 in
to

 5
Y

5
Y

 in
to

 5
Y

5
Y

 in
to

 2
Y

1
0
Y

 in
to

 5
Y

7
Y

 in
to

 5
Y

1
0
Y

 in
to

 2
Y

1
0
Y

 in
to

 7
Y

2
Y

 in
to

 2
Y

V
o
la
tility

S w a p t i o n  a d d e d

U
p
p
e
r b

o
u
n
d

M
a
rk

e
t

L
o
w

e
r b

o
u
n
d

F
ig

u
re

6
:

U
p
p
er

a
n
d

low
er

p
rice

b
o
u
n
d
s

co
n
verg

en
ce

a
s

m
ore

S
w
a
p
tio

n
s

are
in

clu
d
ed

in
th

e
ca

lib
ra

tio
n

set.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



2
8

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

S
y
d

n
e
y
 O

p
e
ra

 H
o

u
s
e
 E

ffe
c
t

6
%

8
%

1
0
%

1
2
%

1
4
%

1
6
%

1
8
%

2
0
%

1Y into 2Y 2Y into 2Y 3Y into 2Y 4Y into 2Y 5Y into 2Y 7Y into 2Y 10Y into 2Y 1Y into 3Y 2Y into 3Y 3Y into 3Y 4Y into 3Y 5Y into 3Y 7Y into 3Y 10Y into 3Y 1Y into 4Y 2Y into 4Y 3Y into 4Y 4Y into 4Y 5Y into 4Y 7Y into 4Y 10Y into 4Y 1Y into 5Y 2Y into 5Y 3Y into 5Y 4Y into 5Y 5Y into 5Y 7Y into 5Y 10Y into 5Y 1Y into 7Y 2Y into 7Y 3Y into 7Y 4Y into 7Y 5Y into 7Y 7Y into 7Y 10Y into 7Y 1Y into 10Y 2Y into 10Y 3Y into 10Y 4Y into 10Y 5Y into 10Y 7Y into 10Y 10Y into 10Y

S
w
a
p
tio

n

l o g .  v o l .

S
u
p

m
k
t

In
f

F
ig

u
re

7
:

U
p
p
er

a
n
d

low
er

b
o
u
n
d
s
for

vario
u
s
S
w
a
p
tio

n
(E

U
R
,
1
1
/
6
/
2
0
0
0
)

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



2
9

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

3
.4

S
m

o
o
th

ca
lib

ra
tio

n
exa

m
p
le

•
W

e
ca

lib
ra

te
th

e
m

o
d
el

to
E
U

R
O

S
w
a
p
tio

n
p
rices

o
n

N
o
vem

b
er

6

2
0
0
0
.

•
W

e
u
se

a
ll

C
a
p
let

vo
la

tilities
a
n
d

th
e

fo
llow

in
g

S
w
a
p
tio

n
s:

2
Y

in
to

5
Y

,
5
Y

in
to

5
Y

,
5
Y

in
to

2
Y

,
1
0
Y

in
to

5
Y

,
7
Y

in
to

5
Y

,
1
0
Y

in
to

2
Y

,

1
0
Y

in
to

7
Y

,
2
Y

in
to

2
Y

,
1
Y

in
to

9
Y

(d
a
ta

co
u
rtesy

o
f
B
N

P
P
arib

a
s,

L
o
n
d
o
n
).

•
W

e
a
d
d

a
sm

o
o
th

n
ess

co
n
stra

in
t

(m
in

im
u
m

su
rfa

ce).

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



3
0

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

0
5

10
15

20
25

0

5

10

15

20

25

−
0.02

−
0.01 0

0.01

0.02

0.03

F
ig

u
re

8
:

F
orw

ard
ra

tes
co

varia
n
ce

m
a
trix

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



3
1

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

0
1

2
3

4
5

6
7

8
9

10
10

−
18

10
−

16

10
−

14

10
−

12

10
−

10

10
−

8

10
−

6

10
−

4

10
−

2

10
0

F
ig

u
re

9
:

E
ig

en
va

lu
es

o
f
th

e
sm

o
o
th

so
lu

tio
n

(sem
ilo

g
).

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



3
2

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

3
.5

L
ow

ra
n
k

so
lu

tio
n

T
h
ere

is
n
o

w
ay

to
effi

cien
tly

g
u
ara

n
tee

th
a
t

th
e

so
lu

tio
n

w
ill

b
e

o
f
g
iven

ra
n
k
.

B
u
t

th
ere

are
so

m
e

excellen
t

h
eu

ristica
l
m

eth
o
d
s.

F
or

exa
m

p
le,

a
s

in
B

oyd
,

F
a
zel

&
H

in
d
i
(2

0
0
0
),

w
e

ca
n

u
se

a
n
o
th

er
sem

id
efi

n
ite

p
o
sitive

m
a
trix

in
th

e
o
b
jective

to
g
et

a
low

ra
n
k

so
lu

tio
n
.

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



3
3

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

0
5

10
15

20
25

0

5

10

15

20

25

−
0.04

−
0.02 0

0.02

0.04

F
ig

u
re

1
0
:

L
ow

ra
n
k

so
lu

tio
n

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



3
4

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

0
1

2
3

4
5

6
7

8
9

10
10

−
18

10
−

16

10
−

14

10
−

12

10
−

10

10
−

8

10
−

6

10
−

4

10
−

2

10
0

F
ig

u
re

1
1
:

E
ig

en
va

lu
es

o
f
th

e
low

ra
n
k

so
lu

tio
n

(sem
ilo

g
).

A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



3
5

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

4
C
o
n
clu

sio
n

•
W

e
o
b
ta

in
a

fa
st,

relia
b
le

ca
lib

ra
tio

n
m

eth
o
d

for
th

e
B

G
M

m
o
d
el.

•
T

h
e

im
p
ro

vem
en

t
in

th
e

so
lu

tio
n
’s

sta
b
ility

sh
o
u
ld

red
u
ce

u
n
n
ecessary

h
ed

g
in

g
co

sts.

•
T

h
e

fi
n
a
l
tra

d
e-o

ff
in

th
e

ca
lib

ra
tio

n
p
ro

g
ra

m
b
eco

m
es

”
low

ra
n
k
”

vs.

”
sta

b
ility”

.

c©
A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



3
6

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

R
eferen

ces

B
la

ck
,
F
.
(1

9
7
6
),

‘T
h
e

p
ricin

g
o
f
co

m
m

o
d
ity

co
n
tra

cts.’,
Jo

u
rn

a
l
o
f
F
in

a
n
-

cia
l
E
co

n
o
m

ics
3
,
1
6
7
–
1
7
9
.

B
la

ck
,

F
.

&
S
ch

o
les,

M
.

(1
9
7
3
),

‘T
h
e

p
ricin

g
o
f

o
p
tio

n
s

a
n
d

corp
ora

te

lia
b
ilities’,

Jo
u
rn

a
l
o
f
P
o
litica

l
E
co

n
o
m

y
8
1
,
6
3
7
–
6
5
9
.

B
oyd

,
S
.
P
.,

F
a
zel,

M
.
&

H
in

d
i,

H
.
(2

0
0
0
),

‘A
ra

n
k

m
in

im
iza

tio
n

h
eu

ristic

w
ith

a
p
p
lica

tio
n

to
m

in
im

u
m

ord
er

system
a
p
p
roxim

a
tio

n
.’,

W
ork

in
g

p
a
p
er.

A
m

erica
n

C
o
n
tro

l
C
o
n
feren

ce,
S
ep

tem
b
er

2
0
0
0

.

B
ra

ce,
A
.,

D
u
n
,
T

.
&

B
arto

n
,
G
.
(1

9
9
9
),

‘T
ow

ard
s

a
cen

tra
l
in

terest
ra

te

m
o
d
el’,

W
ork

in
g

P
a
p
er.

F
M

M
A

.

c©
A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



3
7

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

B
ra

ce,
A
.,

G
a
tarek

,
D

.
&

M
u
siela

,
M

.
(1

9
9
7
),

‘T
h
e

m
arket

m
o
d
el

o
f

in
-

terest
ra

te
d
yn

a
m

ics’,
M

a
th

em
a
tica

l
F
in

a
n
ce

7
(2

),
1
2
7
–
1
5
5
.

B
ra

ce,
A

.
&

W
o
m

ersley,
R
.
S
.
(2

0
0
0
),

‘E
xa

ct
fi
t

to
th

e
sw

a
p
tio

n
vo

la
tility

m
a
trix

u
sin

g
sem

id
efi

n
ite

p
ro

g
ra

m
m

in
g
’,

W
ork

in
g

p
a
p
er,

IC
B

I
G

lo
b
a
l

D
eriva

tives
C
o
n
feren

ce
.

C
o
n
t,

R
.
(2

0
0
1
),

‘In
verse

p
ro

b
lem

s
in

fi
n
a
n
cia

l
m

o
d
elin

g
:

th
eoretica

l
a
n
d

n
u
m

erica
l

a
sp

ects
o
f

m
o
d
el

ca
lib

ra
tio

n
.’,

L
ectu

re
N

o
tes,

P
rin

ceto
n

U
n
iversity,

D
ep

artm
en

t
o
f

O
p
era

tio
n
s

R
esearch

a
n
d

F
in

a
n
cia

l
E
n
g
i-

n
eerin

g
.

D
u
ffi

e,
D

.
&

K
a
n
,

R
.

(1
9
9
6
),

‘A
yield

fa
ctor

m
o
d
el

o
f

in
terest

ra
tes’,

M
a
th

em
a
tica

l
F
in

a
n
ce

6
(4

).

c©
A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



3
8

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

E
l

K
aro

u
i,

N
.

&
L
a
co

ste,
V
.

(1
9
9
2
),

‘M
u
ltifa

ctor
a
n
a
lysis

o
f

th
e

term

stru
ctu

re
o
f
in

terest
ra

tes’,
P
ro

ceed
in

g
s,

A
F
F
I
.

F
o
u
rn

ie,
E
.,

L
eb

u
ch

o
u
x,

J.
&

T
o
u
zi,

N
.
(1

9
9
7
),

‘S
m

a
ll

n
o
ise

exp
a
n
sio

n
a
n
d

im
p
orta

n
ce

sa
m

p
lin

g
’,

A
sym

p
to

tic
A

n
a
lysis

1
4
,
3
6
1
–
3
7
6
.

H
a
m

y,
O

.
(1

9
9
9
),

‘S
ta

tistics
o
f

th
e

w
eig

h
ts.’,

F
.I.R

.S
.T

.
w
ork

in
g

p
a
p
er,

P
arib

a
s

C
a
p
ita

l
M

arkets,
L
o
n
d
o
n

.

H
ea

th
,

D
.,

Jarrow
,

R
.

&
M

orto
n
,

A
.

(1
9
9
2
),

‘B
o
n
d

p
ricin

g
a
n
d

th
e

term
stru

ctu
re

o
f
in

terest
ra

tes:
A

n
ew

m
eth

o
d
o
lo

g
y’,

E
co

n
o
m

etrica

6
1
(1

),
7
7
–
1
0
5
.

c©
A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



3
9

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

Ja
m

sh
id

ia
n
,

F
.

(1
9
9
7
),

‘L
ib

or
a
n
d

sw
a
p

m
arket

m
o
d
els

a
n
d

m
ea

su
res’,

F
in

a
n
ce

a
n
d

S
to

ch
a
stics

1
(4

),
2
9
3
–
3
3
0
.

L
eb

u
ch

o
u
x,

J.
&

M
u
siela

,
M

.
(1

9
9
9
),

‘M
arket

m
o
d
els

a
n
d

sm
ile

eff
ects

in
ca

p
s

a
n
d

sw
a
p
tio

n
s

vo
la

tilities.’,
W

ork
in

g
p
a
p
er,

P
arib

a
s

C
a
p
ita

l
M

arkets.
.

M
u
siela

,
M

.
&

R
u
tkow

sk
i,

M
.

(1
9
9
7
),

M
artin

g
a
le

m
eth

o
d
s

in
fi
n
a
n
cia

l
m

o
d
ellin

g
,

A
p
p
lica

tio
n
s

o
f

m
a
th

em
a
tics

3
6
,

S
p
rin

g
er,

B
erlin

;
N

ew
Y
ork

.
M

arek
M

u
siela

,
M

arek
R
u
tkow

sk
i.

In
clu

d
es

b
ib

lio
g
ra

p
h
ica

l
ref-

eren
ces

(p
.
[4

7
1
]-5

0
6
)

a
n
d

in
d
ex.

N
estero

v,
I.

E
.
&

N
em

iro
vsk

ii,
A

.
S
.
(1

9
9
4
),

In
terior-p

o
in

t
p
o
lyn

o
m

ia
l
a
l-

g
orith

m
s

in
co

n
vex

p
ro

g
ra

m
m

in
g
,

S
o
ciety

for
In

d
u
stria

l
a
n
d

A
p
p
lied

M
a
th

em
a
tics,

P
h
ila

d
elp

h
ia

.

c©
A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



4
0

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

R
eb

o
n
a
to

,
R
.
(1

9
9
8
),

In
terest-R

a
te

O
p
tio

n
s
M

o
d
els,

F
in

a
n
cia

lE
n
g
in

eerin
g
,

W
iley.

R
eb

o
n
a
to

,
R
.
(1

9
9
9
),

‘O
n

th
e

sim
u
lta

n
eo

u
s

ca
lib

ra
tio

n
o
f
m

u
lti-fa

ctor
lo

g
-

n
orm

a
l
in

terest
ra

te
m

o
d
els

to
b
la

ck
vo

la
tilities

a
n
d

to
th

e
correla

tio
n

m
a
trix.’,

W
ork

in
g

p
a
p
er

.

S
in

g
leto

n
,
K

.
J.

&
U

m
a
n
tsev,

L
.
(2

0
0
1
),

‘P
ricin

g
co

u
p
o
n
-b

o
n
d

o
p
tio

n
s
a
n
d

sw
a
p
tio

n
s

in
a
ffi

n
e

term
stru

ctu
re

m
o
d
els’,

W
ork

in
g

p
a
p
er,

S
ta

n
ford

U
n
iversity

G
ra

d
u
a
te

S
ch

o
o
l
o
f
B

u
sin

ess.
.

S
tu

rm
,
J.

F
.
(1

9
9
9
),

‘U
sin

g
sed

u
m

i
1
.0

x,
a

m
a
tla

b
to

o
lb

ox
for

o
p
tim

iza
tio

n

o
ver

sym
m

etric
co

n
es.’,

W
ork

in
g

p
a
p
er,

D
ep

artm
en

t
o
f

Q
u
a
n
tita

tive

E
co

n
o
m

ics,
M

a
a
strich

t
U

n
iversity,

T
h
e

N
eth

erla
n
d
s.

.

c©
A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.



4
1

C
a
lib

ra
tio

n
o
f
B

G
M

m
o
d
els

b
y

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g
.

T
o
d
d
,
M

.
&

Y
ild

irim
,
E
.
A

.
(1

9
9
9
),

‘S
en

sitivity
a
n
a
lysis

in
lin

ear
p
ro

g
ra

m
-

m
in

g
a
n
d

sem
id

efi
n
ite

p
ro

g
ra

m
m

in
g

u
sin

g
in

terior-p
o
in

ts
m

eth
o
d
s.’,

W
ork

in
g

p
a
p
er,

S
ch

o
o
l

o
f

O
p
era

tio
n

R
esearch

a
n
d

In
d
u
stria

l
E
n
g
i-

n
eerin

g
,
C
orn

ell
U

n
iversity.

.

V
a
n
d
en

b
erg

h
e,

L
.
&

B
oyd

,
S
.
(1

9
9
6
),

‘S
em

id
efi

n
ite

p
ro

g
ra

m
m

in
g
’,

S
IA

M

R
eview

3
8
,
4
9
–
9
5
.

c©
A
.
d
’A

sp
rem

o
n
t

F
ro

n
tières

en
F
in

a
n
ce

P
aris,

F
rid

ay
M

ay
3
1

2
0
0
2
.


