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wt + (q − r − ω)wx + rw =
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(w(x + y, t) − w(x, t))k(y)dy,
ò�êXô

²�½¥º�Ì¨½¥¹Ä½ º�½Ú¿�Á(Ç�³L¹Äµ}½¥º�½Ú³�¹

ψ(x) := w(x, 0) = (K − ex)+.
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ω
²�°DÌÄ¿SÜL°¬º�Ì¤°õÛª³�ÁÚÁ¥³=²�½Ú¹¤»8°�÷Y¼

Ù¤´�°X¶�¶�½Ú³�¹

ω :=

∫

IR

(1 − ey)k(y)dy = C log[(1 + 1/G)(1 − 1/M)].
òóæYô

¸�¹Ë³L´�µ}°!´�Ûª³�´
ω
º�³�áT°#µ¤°�ÊÄ¹¤°XµmÅ

M > 1
É6ÃT¶zº�áj°#¶�¿�º�½À¶zÊÄ°Xµõ½Ú¹*òóæYô �
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• k(y)
µ}°�¹¤³�º�°X¶�º�ÌÄ°�Þwß!ÜY±Wµ}°�¹T¶�½¥ºz±W¿L¶�¶�³}Ç�½À¿=º�°!µ6º�³�º�Ì¤°ÝÆ�¿�´�½À¿�¹ÄÇ�°�È�¿�É�É�¿#Ù¤´�³}Ç�°!¶�¶�·

k(y) = C

[

e−M |y|

|y|
1[y>0] +

e−G|y|

|y|
1[y<0]

]

,
òªçYô
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ÌDº�ÌÄ¿=º�²�°
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C,G
¿�¹Tµ

M
º�³�´�°!ÉW½Ú¹ÄµõÃÄ¶�º�ÌÄ¿=º�º�Ì¤°-Æ�È'Ù¤´�³}Ç�°!¶�¶�½À¶

¿WÙÄ¿�´�º�½ÀÇ�ÃÄÁÚ¿�´�Ç!¿�¶�°�³�ÛEº�Ì¤°#¶�³�¼�Ç�¿�Á¥ÁÚ°!µ¨î�È���� Ù¤´�³�Ç�°!¶�¶-å¥ê�� í Í
Þw°�º

I(u)
µ}°�¹Ä³�º�°õº�Ì¤°5½Ú¹Lº�°�»L´�¿�Á_³�Ùj°�´
¿=º�³�´�³�¹*º�Ì¤°Ë´�½Ú»�ÌYº�¼­ÌÄ¿�¹Tµ*¶�½Àµ}°õ³�Û5ò�êXô�ÍüØ�Ì¤°

Ù¤´�½ÚÇ�°+³�Û2¿�¹ � É�°�´�½ÚÇ!¿�¹ËÙ¤Ã}º�³�Ù}º�½¥³L¹D½À¶�»L½¥ÜL°�¹5¿�¶_º�Ì¤°�¶�³LÁ¥Ã¤º�½Ú³�¹Dº�³6º�Ì¤°+Ûª³�ÁÚÁ¥³=²�½Ú¹¤»�Þ(½¥¹Ä°!¿�´
î�³�É�Ù¤ÁÚ°�É�°!¹Lº
¿�´�½ ºz±¬ï_´�³Lá¤Á¥°!É0åÚê!æ}Å(ê!ë í ·
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















wt + αwx + rw ≥ I(w)
½Ú¹

(0, T ]× IR,

w ≥ ψ
½Ú¹

[0, T ]× IR,

(wt + αwx + rw − I(w)) (w − ψ) = 0
½¥¹

(0, T ]× IR,

w(x, 0) = ψ(x),

òNè�ô

�Ý°!´�°LÅ¤¿�¹ÄµË½Ú¹Ëº�Ì¤°�´�°!¶�º�³�Û2º�Ì¤°�ÙÄ¿�ÙT°!´!Å}²�°�²�´�½¥º�°

α = q − r − ω.
òNéLô
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Ì¤°!É�°+º�³D¶�³LÁ¥ÜL°�º�Ì¤°!¶�°�Ù¤´�³�á¤ÁÚ°�É¬¶!Í
Ø2²�³�ÙT³Y¶�¶�½¥áÄÁ¥°�¿�Ù¤ÙÄ´�³Y¿�Ç
Ì¤°X¶�º�³�ÌÄ¿�¹Äµ}ÁÚ°�º�Ì¤°�Ç�³L¹YÜL°!Ç�º�½Ú³�¹¬º�°�´�É:½¥¹üòzêSô�¿�¹ÄµâòJè�ô�¿�´�½À¶�°L·

ù�°!°�Ù8º�Ì¤°�Ç�³�¹�Ü�°XÇ�º�½¥³L¹Ëº�°�´�É¨Åk¿�¹Äµ�µ}½À¶�Ç�´�°�º�½Úû�°6½ º�á�±5¶�³�É�°6ÃÄÙY²�½Ú¹Äµ�¶�Ç
Ì¤°!ÉW°LÅT³L´+¶�½¥É�Ù¤ÁÚ±
°�ÁÚ½ÚÉW½Ú¹Ä¿�º�°_½¥º2á�±-º�´
¿�¹T¶zÛª³L´�É�½Ú¹¤»�º�ÌÄ°_°!ÂYÃÄ¿�º�½Ú³�¹wÍ��þ°�³�Ù}º2Ûª³�´(º�Ì¤°�¶�°XÇ�³L¹Äµ�¿�Ù¤ÙÄ´�³Y¿�Ç
ÌwÅS¶�½Ú¹ÄÇ�°
º�ÌÄ½Ú¶�»L½¥ÜL°!¶�¿LÇ�Ç�ÃÄ´�¿�º�°�¹�Ã¤É�°�´�½ÚÇ!¿�Á�´�°!¶�Ã¤Á º
¶�°!¿L¶�½ÚÁ¥±þ¿�¹Äµ�°�¹T¿�á¤ÁÚ°!¶�ÃT¶-º�³8ÃÄ¶�°D¿¨ÙÄ¿�´�º�½ÀÇ�ÃÄÁÚ¿�´
Ûª³�´�É ³�Û�»�´�½Úµþ¶zº�´�°�º�Ç
Ì¤½Ú¹¤»ÄÍ#Ø�ÌÄ°WÇ�³�¹�Ü�°XÇ�º�½Ú³�¹�º�°�´�É É¬¿S±8áT°W´�°�É�³=Ü�°Xµ8ÃÄ¶�½¥¹¤»¨¿5Ç
ÌÄ¿�¹¤»L°
³�Û�Ü=¿�´�½Ú¿�á¤ÁÚ°!¶!Í2¸�¹Äµ¤°�°!µwÅ¤¹¤³�º�°-º�ÌÄ¿�º�º�Ì¤°�¹¤°!²ãÛªÃÄ¹ÄÇ�º�½¥³L¹

u(x, t) := w(x + αt, t),
ò	��ô

½À¶�¶�ÃÄÇ
Ì5º�ÌÄ¿=º
ut = wt + αwx

Í�Ø�Ì¤°�´�°�Ûª³L´�°LÅ
u
¶�¿=º�½Ú¶�ÊÄ°X¶�º�Ì¤°�°XÂLÃT¿=º�½Ú³�¹

ut + ru =

∫

IR

(u(x+ y, t) − u(x, t))k(y)dy,
òNëLô
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Ì5µ¤³Y°X¶�¹¤³�º�Ç�³�¹Yº�¿�½¥¹Ëº�ÌÄ°#Ç�³�¹�ÜL°!Ç�º�½¥³L¹Dº�°�´�É5Í
¸�¹õ¿#¶�½ÚÉW½ÚÁÀ¿�´_²�¿S±�ÅY½¥Ûw²�°-¿�Ù¤Ù¤ÁÚ±�º�Ì¤°-¶�Ì¤½¥Û º�º�´
¿�¹Ä¶�Ûª³�´�É¬¿=º�½Ú³�¹8ò ��ô�³L¹DÙ¤´�³�á¤ÁÚ°�É òNèLô�Å�²�°

³�á¤º�¿�½Ú¹Ëº�Ì¤°�Ûª³LÁ¥ÁÚ³=²�½¥¹Ä»�Þ�î�ï Ûª³�´�É6Ã¤ÁÀ¿=º�½¥³L¹õ½Ú¹Ëº�°�´�É¬¶�³�Û
u
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ut + ru ≥ I(u)
½Ú¹

(0, T ] × IR,

u ≥ ψ(x + αt)
½Ú¹

[0, T ]× IR,

(ut + ru− I(u)) (u− ψ(x + αt)) = 0
½Ú¹

(0, T ] × IR,

u(x, 0) = ψ(x).
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¿�Ám°!ÂYÃÄ¿�º�½Ú³�¹Ä¶
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ÃÄ¶�°!µ�½Ú¹�ÌT¿�¹Äµ}ÁÚ½Ú¹¤»¨½¥¹Yº�°!»�´�³�¼�µ}½¥¾j°!´�°!¹Lº�½Ú¿�Á�°!ÂYÃÄ¿=º�½¥³L¹Ä¶-½¥¹�ÊÄ¹T¿�¹ÄÇ�°�ÍDø�´�½Ú°��T±�Åwº�Ì¤°¬É�°�º�Ì¤³}µ
Ç�³L¹Ä¶�½Ú¶�º�¶�½Ú¹�¿�Ù¤ÙÄÁ¥±�½Ú¹¤»8¿8Ç�³�¹�ÜL°�¹¤½Ú°�¹Yº�¹¤³�¹¤¼JÁÚ½¥¹Ä°!¿�´�Ç
ÌÄ¿�¹¤»�°�³�Û�Ü=¿�´�½À¿�á¤ÁÚ°Wº�³�¶�ÉW³�³�º�Ì�º�Ì¤°
½Ú¹¤Ù¤Ã}º�ÛªÃ¤¹ÄÇ�º�½Ú³�¹wÅL°�½¥º�Ì¤°!´�¿=º�ÙT³L½¥¹Yº
¶2³�Ûj¶�½¥¹Ä»�Ã¤ÁÀ¿�´�½ ºz±�³L´�¿�º2º�Ì¤°�°�¹Äµ�Ùj³�½Ú¹Lº
¶E³�ÛÄº�Ì¤°�½¥¹Yº�°�´�ÜS¿�ÁNÍ
à�½Ú¹ÄÇ�°6²�°6¿�´�°#Ç�³�¹Ä¶�½Àµ}°�´�½¥¹Ä»¬½¥¹Yº�°!»�´
¿�ÁÀ¶�³=Ü�°!´�º�Ì¤°�²�Ì¤³�ÁÚ°#´�°!¿�ÁwÁ¥½Ú¹¤°LÅT²�°#¹¤°!°!µ¨³�¹ÄÁ¥±¨¿�Ù¤ÙÄÁ¥±
º�ÌÄ°�¶�ÉW³�³�º�Ì¤½Ú¹¤»+¿�º2³L¹¤°�Ùj³�½Ú¹LºXÅ=¹Ä¿�É�°!Á¥±�¿=º

κ = logK
Í2Ø�Ì¤°�¿�µ}Ü=¿�¹Yº
¿�»�°�³�ÛÄÇ�¿�´�´�±�½¥¹¤»�³LÃ}º

¶�ÃÄÇ
Ì8º�´
¿�¹T¶zÛª³L´�É¬¿=º�½¥³L¹8½Ú¶�º�ÌÄ°�½Ú¹ÄÇ�´�°!¿L¶�°6½¥¹8º�Ì¤°W³�´
µ}°�´+³�Û_¿�Ç!Ç�Ã¤´
¿�Ç�±Ë²�ÌÄ°�¹âÃT¶�½Ú¹¤»õ°!½ º�Ì¤°�´
ÂYÃÄ¿�µ¤´�¿�º�Ã¤´�°+´�Ã¤ÁÚ°!¶!Å}³�´Ý¶�³�É�°�³�º�Ì¤°�´�¹�Ã¤É�°�´�½ÀÇ�¿�Ák½Ú¹Yº�°�»L´�¿�º�½Ú³�¹ËÙ¤´�³}Ç�°!µ}Ã¤´�°-º�ÌÄ¿�ºÝ¹¤³�´�É¬¿�ÁÚÁ¥±
µ}°!É�¿�¹Äµ¤¶�³L¹¨¶�É�³�³�º�ÌÄ¹¤°!¶�¶�³�ÛEº�Ì¤°�½Ú¹Yº�°�»L´�¿�¹ÄµmÍ
î�³�¹T¶�½Àµ}°�´�¿�³L¹¤°�¼Jº�³�¼J³L¹¤°¬ÛªÃ¤¹TÇ�º�½Ú³�¹

H(t) : IR → IR
áT°!Á¥³L¹¤»�½Ú¹¤»âº�³

CJ (IR)
¶�ÃTÇ
Ì

º�ÌT¿=º!·
H(κ) = κ, H(j)(κ) = 0, j = 1, . . . , J.

òzê��Lô
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¶�º�´�°�º�Ç
ÌÄ½¥¹¤»TÍ�ð�°�ÊÄ¹¤°�¹¤³=²

ϕ(a) = ψ(H(a)),
Ûª³L´

ψ(x) = (K − ex)+.
ò�ê�êSô
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ϕ V @XWYJGF[ZGH*A\J CJ(IR) ]
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º�Ì¤°WÛªÃ¤¹TÇ�º�½Ú³�¹
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a = κ
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a < κ
Í�Ø�Ì¤°#Ç
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ϕ(J) =
J

∑

j=1

ψ(j)(H)pj(H
(1), . . . , H(J))
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H(t) = κ+ sgn(t− κ) |t− κ|
R
, R ≥ 1.
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z = x + y
Å

¿�¹Tµ�º�ÌÄ°�¹6²�°�¶�°�º
z = H(b)

Å
x = H(a)
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∫ +∞

−∞

(u(x+ y) − u(x))k(y)dy

=

∫ +∞

−∞

(u(z) − u(x))k(z − x)dz

=

∫ +∞

−∞

(v(b) − v(a))k(H(b) −H(a))H ′(b)db

=

∫ a

−∞

Ga(b)k1(a, b)db+

∫ ∞

a

Ga(b)k1(a, b)db
òzê!çYô

²�Ì¤°!´�°
v(b) := u(H(b))

¿�¹Tµõ²�°�ÌÄ¿SÜ�°-½Ú¹Lº�´�³}µ}ÃTÇ�°!µõº�ÌÄ°�ÛªÃ¤¹ÄÇ�º�½¥³L¹Ä¶

Ga(b) :=
v(b) − v(a)

b− a

¿�¹Äµ
k1(a, b) := k(H(b) −H(a))H ′(b)(b− a).
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lim
b→a

G(k)(b) =
v(k+1)(a)

k + 1
, k = 0, . . . , J − 1.
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k ≤ j < J − 1
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j = 0
º�ÌÄ½Ú¶D¶�º�¿�º�°!ÉW°!¹Yº�½À¶¬°!ÜY½Àµ}°!¹LºXÍf¸­ºD½Ú¶�°X¿�¶�±*º�³üÙ¤´�³=Ü�°üòó¿�ÁÚ¶�³üá�±�½¥¹Tµ}ÃÄÇ�º�½¥³L¹wÅ

µ}½¥¾j°!´�°!¹Yº�½À¿=º�½Ú¹¤»�³�¹5áj³�º�Ì8¶�½Úµ¤°!¶�³�Û(º�ÌÄ°�½Úµ}°!¹Yº�½¥ºz±
G(b)(b− a) = v(b) − v(a)

ô�º�ÌÄ¿=º

G(j+1)(b)(b− a) + (j + 1)G(j)(b) = v(j+1)(b).
ò�ê ��ô

ø�±¬º�ÌÄ°�½¥¹Äµ¤ÃÄÇ�º�½¥³L¹5Ì�±�Ùj³�º�ÌÄ°!¶�½Ú¶

G(j+1)(b)(b− a) + (j + 1)(G(j)(b) −G(j)(a)) = v(j+1)(b) − v(j+1)(a).
ò�ê!ëLô

ð+½¥Ü�½Àµ}½¥¹Ä»¬áY±
b− a

¿�¹ÄµõÁÚ°�º�º�½Ú¹¤»
b→ a

±�½¥°!ÁÚµÄ¶

(j + 2)G(j+1)(a) = v(j+2)(a),
ò�ê � ô
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k = j + 1
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b = a
Í�Ø(³5¶�°!°#º�Ì¤½Ú¶!ÅmÁÚ°�º-Ûª³�´

½Ú¹Ä¶zº
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b > a

ò
b < a
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H(t)
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Fa(b) :=
H ′(b)(b− a)

H(b) −H(a)
.

ò ì �Yô

¸­º8½Ú¶8¶�º�´
¿�½Ú»�ÌYº�Ûª³�´�²�¿�´�µ º�³äÇ
ÌÄ°!Ç
ùäº�ÌT¿=º
Fa(b)

½Ú¶8Ç�³�¹Yº�½Ú¹�Ã¤³�ÃT¶õÛª³L´8¿�ÁÚÁ
a 6= κ

Å�²�½¥º�Ì
Fa(a+) = 1

Í Þw°�º5ÃÄ¶ËÜ�°!´�½¥Ûª± º�ÌÄ¿�º
Fa(b)

ò
F (b)

Ûª³L´5¶�Ì¤³L´�º�ô¬½À¶õ¹¤³�º¨µ¤½ ¾k°�´�°�¹Yº�½À¿�áÄÁ¥°
¿=º
b = a

Í�ð+½ ¾k°�´�°�¹Yº�½Ú¿�º�½Ú¹¤»Wº�Ì¤°�½Àµ}°�¹Yº�½ ºz±

F (b)(H(b) −H(a)) = H ′(b)(b− a)
ò ì êXô

²�½¥º�Ì¨´�°X¶�Ùj°!Ç�º�º�³
b
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F (a) = 1
Å}Ù¤´�³}µ}ÃÄÇ�°!¶�º�ÌÄ°#¶�°XÇ�³�¹Tµõ½Àµ}°�¹Yº�½ ºz±

F ′(b)(H(b) −H(a)) +H ′(b)(F (b) − F (a)) = H ′′(b)(b− a).
ò ìLì ô

ð+½¥Ü�½Àµ}½¥¹Ä»¬áY±
b− a

¿�¹ÄµõÁÚ°�º�º�½Ú¹¤»
b→ a

±�½¥°!ÁÚµÄ¶

F ′(a) =
H ′′(a)

2H ′(a)
, a 6= κ.
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��°üµ¤°!µ}ÃÄÇ�°�Ûª´�³LÉ º�Ì¤½À¶8°�÷}Ù¤´�°!¶�¶�½¥³L¹fº�ÌÄ¿�º
F ′(a+) =

R− 1

2(a− κ)
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a = κ
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Fκ(b)
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Fa(b)

½À¶ÝÇ�³�¹Yº�½Ú¹�Ã¤³�ÃÄ¶�Ûª³L´Ý¿�ÁÚÁ
a
¿�¶�¿�ÛªÃ¤¹TÇ�º�½Ú³�¹¨³�Û

b
Í

��°�Ç�³�¹ÄÇ�Á¥ÃTµ}°_º�ÌÄ¿=º�°X¿�Ç
Ì6³�ÛÄº�Ì¤°�½¥¹Yº�°!»�´
¿�¹ÄµÄ¶(½Ú¹5ò�ê�ç�ôw²�½¥º�ÌWº�ÌÄ°�º�´�¿�¹Ä¶�Ûª³�´�É�¿�º�½Ú³�¹õò�ê!æYô
½À¶�¿�ÙÄ´�³}µ}ÃÄÇ�º�³�Û(¿

C [R]−1 ÛªÃÄ¹ÄÇ�º�½¥³L¹þò [·] µ}°!¹¤³�º�°!¶_º�Ì¤°+½¥¹Yº�°�»�°!´_ÙÄ¿�´�º�ô�¿�¹ÄµD¿#Ç�³�¹Yº�½Ú¹�Ã¤³�ÃÄ¶ÛªÃ¤¹ÄÇ�º�½Ú³�¹wÍ �Ý³=²�°�ÜL°�´XÅ}º�Ì¤½À¶+ÁÚ¿LÇ
ùË³�Û�¶�É�³�³�º�ÌÄ¹¤°!¶�¶Ý³�Û�º�Ì¤°�½¥¹Yº�°!»�´
¿�¹Äµ¨½À¶Ý³L¹¤ÁÚ±¨¿�ºÝº�ÌÄ°6°�¹Tµ
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b = a
Å_²�Ì¤½ÚÁÚ°ËÛª³L´�Ùj³�½Ú¹Yº�¶�½Ú¹Ä¶�½Úµ}°

(−∞, a) ∪ (a,∞)
Å_º�Ì¤°¨½Ú¹Lº�°�»L´�¿�¹Äµ*É¬¿S±*áT°

µ}½¥¾j°!´�°!¹Yº�½À¿=º�°Xµ
[R] − 1
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Ω∗

ρ = [B∗
0 + ρ, B∗

1 − ρ]
ÅkÛª³�´�¿5Ç�°�´�º�¿�½¥¹

ρ > 0
Åw¿�¹Äµ

Ç�³L¹Ä¶�½Úµ}°!´�º�Ì¤°�°!´�´�³�´

E(x) :=

∫

IR/Ω∗

(u(z) − u(x))k(z − x)dz,
ò ì ç�ô
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Ω∗ ½À¶�º�ÌÄ°�°�¹ÄÁÚ¿�´�»L°!µW½¥¹Yº�°�´�ÜS¿�Á Ω∗ := [B∗
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¿=÷}½À¶�º�Ì¤°�´�°!¿L¶�³L¹¤½¥¹Ä»�»L³Y°X¶�¶�½ÚÉ�½¥ÁÀ¿�´�Á¥±¤ô�Å}ÃÄ¶�½Ú¹¤»Wº�ÌÄ°�Ûó¿�Ç�º�º�ÌÄ¿=º�º�Ì¤°�Æ�È ñ_Ã¤´�³LÙT°X¿�¹5³�Ù}º�½¥³L¹
½Ú¹5ÁÚ³�»�¼JÙÄ´�½ÀÇ�°X¶�¶�¿=º�½Ú¶�ÊÄ°!¶�º�Ì¤°�½Ú¹¤°!ÂYÃÄ¿�Á¥½¥ºz±

|u(z) − u(x)| ≤ Ke−rt |z − x| , ∀z, x ∈ IR.
ò ì è�ô

Ø�Ì¤½À¶(½À¶E¿�Ç�³L¹Ä¶�°!ÂYÃ¤°�¹TÇ�°�³�Û}º�Ì¤°�ÉW°X¿�¹#Ü=¿�Á¥Ã¤°_º�Ì¤°!³�´�°�É Ç�³LÉ6á¤½Ú¹¤°Xµ�²�½ º�Ì#º�ÌÄ°�Ûó¿�Ç�º2º�ÌÄ¿=º2º�Ì¤°
¿�áT¶�³LÁ¥Ã}º�°�ÜS¿�Á¥ÃÄ°�³�Û(º�Ì¤°#ð+°�Á¥º�¿�½À¶�áT³LÃ¤¹Äµ}°Xµ5°�Ü�°!´�±�²�Ì¤°!´�°-á�±

Ke−rt �Ä¶�°�°-º�Ì¤°#¿�Ù¤Ùj°�¹Äµ}½¥÷

�



Ûª³�´Ý¿WÙ¤´�³�³�ÛzÍ�Ø�Ì¤½À¶�±�½¥°!ÁÚµÄ¶

|E(x)| ≤ C

∫ +∞

B∗

1

|u(z) − u(x)|

|z − x|
e−M(z−x)dz

≤ Ke−rtCeMx

∫ ∞

B∗

1

e−Mzdz

= Ke−rtC
eM(x−B∗

1 )

M

≤ Ke−rtC
e−Mρ

M
, ∀x ∈ Ω∗

ρ.

Ø�ÌÄ¿�º(½Ú¶!ÅS²�°�ÊÄ¹Äµ�¿�áj³�Ã¤¹Tµ�º�ÌÄ¿�º(Ì¤³LÁÚµ¤¶(Ã¤¹¤½¥Ûª³�´�É�Á¥±-½¥¹�º�Ì¤°
x
Ü=¿�´�½Ú¿�á¤Á¥°LÅX¿�¹Äµ-º�ÌT¿=º2µ}°!ÙT°!¹Äµ¤¶

³�¹�º�Ì¤°�ÙÄ¿�´
¿�É�°�º�°�´
ρ
·�º�ÌÄ°6ÁÀ¿�´�»�°�´

ρ
Åjº�Ì¤°�áT°�º�º�°�´+º�Ì¤°W¿�Ù¤Ù¤´�³S÷}½¥É¬¿�º�½Ú³�¹¨á�±Ëº�´�ÃÄ¹ÄÇ�¿�º�½Ú³�¹wÍ

�Ý³=²�°�ÜL°�´XÅL¿6áT°�º�º�°!´�°X¶zº�½¥É¬¿�º�°-É�¿S±Wáj°+³Lá}º�¿�½¥¹¤°Xµ¬½Ú¹Dº�ÌÄ°�¹¤°!²�Ü=¿�´�½Ú¿�á¤Á¥°
a
º�ÌÄ¿=º�°�÷}Ù¤ÁÚ³�½¥º�¶

º�ÌÄ°�Ûó¿�Ç�ºÝº�ÌÄ¿�º�º�Ì¤°�º�´
¿�¹T¶zÛª³L´�É�°!µ5½Ú¹Yº�°�»L´�¿�¹Äµ5½Ú¶�É�³�´�° � ÁÚ³}Ç�¿�ÁÚ½Úû�°!µ��¥Í�ð�°�ÊÄ¹¤°6º�Ì¤°#½Ú¹Yº�°!´�Ü=¿�Á
Ωδ := [B0 + δ, B1 − δ]

Å_Ûª³L´�¿�»L½¥ÜL°�¹ ¹�Ã¤É�áT°!´
δ > 0

¿�¹ÄµO²�´�½ º�°
x = H(a)

¿�¹Äµ
B∗

1 = H(B1)
Í'ø�±�º�ÌÄ°�É�°!¿�¹äÜ=¿�ÁÚÃ¤°¨º�Ì¤°�³L´�°!É5Å�³L¹¤°¨³�á}º
¿�½Ú¹Ä¶�º�ÌÄ°8Ûª³�ÁÚÁ¥³=²�½Ú¹¤»üÁÚ³=²�°!´

áj³�Ã¤¹Äµ

B∗
1 − x = H(B1) −H(a) ≥ H(B1) −H(B1 − δ) ≥ H ′(B1 − δ)δ.

ò ì éLô
Ù¤´�³=Ü�½Úµ}°Xµ

H ′ ½À¶Ý½Ú¹ÄÇ�´�°!¿L¶�½Ú¹¤»8òª²�Ì¤½ÀÇ
Ì¨½Ú¶Ýº�Ì¤°�Ç�¿�¶�°-Ûª³�´ H »L½¥ÜL°�¹5½¥¹�ò�ê!æYô�ô�Í ��°6¿�´�´�½ÚÜ�°�¿=º
º�ÌÄ°�°�´�´�³L´�°X¶zº�½¥É¬¿�º�°

|E(a)| ≤ Ke−rtC
e−MH′(B1−δ)δ

M
.

ò ì ��ô
� áÄ¶�°�´�Ü�°�º�ÌÄ¿=º�º�Ì¤½Ú¶�Ã¤ÙÄÙT°!´�áT³LÃ¤¹Äµõµ¤°!Ç�´�°!¿L¶�°X¶_´
¿�ÙÄ½Úµ}ÁÚ±WÛª³�´�Ü=¿�ÁÚÃ¤°!¶�³�Û

R
áT°�ºz²�°!°�¹ ì ¿�¹Äµ

çÄÅ}²�ÌÄ½ÚÇ
Ì¨²�°+ºz±�Ù¤½ÀÇ�¿�Á¥ÁÚ±DÃÄ¶�°�½¥¹¨³LÃ¤´ÝÇ�³LÉWÙÄÃ}º�¿�º�½Ú³�¹Ä¶!Í
��°+É¬¿S±¬¹¤³=²ã¶�Ã¤É�É¬¿�´�½¥û!°�º�Ì¤°�Ç�´�½ º�°�´�½¥³L¹wÍE¸�¹Ë³L´�µ}°!´_º�³Wµ¤°�º�°!´�É�½Ú¹¤°-º�Ì¤°-º�´�Ã¤¹TÇ�¿=º�½¥³L¹

½Ú¹Lº�°�´�Ü=¿�Á
Ωδ
ÅT³L¹¤°6µ}°XÇ�½Àµ}°!¶�ÊÄ´
¶zº+¿õÇ�°�´�º�¿�½¥¹8É¬¿�´�»L½¥¹

δ
¿�¹Tµ8¿�º�³LÁ¥°!´�¿�¹ÄÇ�°

ε
ÍÝØ�Ì¤°�´�°!¿�Û º�°!´!Å

³�¹Ä°¨Ç�³�É�Ù¤Ã}º�°!¶�º�ÌÄ°8½¥¹Yº�°!»�´
¿=º�½¥³L¹�Á¥½ÚÉ�½ º
¶
B0

¿�¹Äµ
B1

á�±�¶�³LÁ¥Ü�½Ú¹¤»þº�Ì¤°5Ûª³�ÁÚÁÚ³=²�½¥¹¤»þºz²�³
½Ú¹¤°!ÂYÃÄ¿�Á¥½¥º�½Ú°!¶











Ke−rtC e−MH
′(B1−δ)δ

M < ε,

Ke−rtC e−GH
′(B0+δ)δ

G < ε.

ò ì ëYô

�
��� �
���� �M[�%��� M,L � R��
��°�µ}°!µ¤½ÚÇ!¿=º�°Ýº�Ì¤½À¶_ÙT¿�´�º�º�³#°�÷�ÙÄÁÚ¿�½¥¹¬Ì¤³=²fà�½ÚÉ�ÙÄ¶�³L¹�� ¶�´�Ã¤Á¥°�É¬¿S±WáT°+¿�Ù¤Ù¤ÁÚ½Ú°!µWº�³6³�á}º
¿�½Ú¹D¿
Ì¤½Ú»�Ì¤ÁÚ±�¿�Ç�Ç�Ã¤´
¿=º�°�°!ÜS¿�Á¥ÃT¿=º�½Ú³�¹�³�Û�º�Ì¤°�½Ú¹Yº�°!»�´
¿�ÁÀ¶k½¥¹õò�ê�ç�ô
Í2Þ(°�º

f(x)
áj°�¿�¶�É�³Y³�º�Ì�ÛªÃ¤¹TÇ�º�½Ú³�¹

½Ú¹�º�ÌÄ°W½Ú¹Yº�°!´�Ü=¿�Á
[x0, x2n]

¿�¹Tµâµ}°�ÊÄ¹¤°�º�Ì¤°�¹¤³}µ}°X¶
xi = x0 + ih

ÅkÛª³L´
i = 0, 1, . . . , 2n¿�¹TµõÉ�°!¶�Ì¨²�½Úµ}º�Ì

h = (x2n − x0)/2n
Í�Ø�Ì¤°#Ç�³�É�Ùj³�Ã¤¹Äµ¨à�½ÚÉ�ÙÄ¶�³L¹�� ¶�´�Ã¤ÁÚ°#¶�º�¿=º�°!¶�º�ÌÄ¿=º

∫ x2n

x0

f(x)dx =
h

3
[f0 + 4(f1 + f3 + · · · + f2n−1)

+ 2(f2 + f4 + · · · + f2n−2) + f2n] +En
ò ìG� ô

¿�¹TµDº�Ì¤°�°�´�´�³L´_º�°�´�É
En = O(h4)

ÅÄÙ¤´�³=Ü�½Àµ}°!µ
f ∈ C4[x0, x2n]

�Ä¶�°�°-Ûª³L´�°�÷¤¿�É�Ù¤ÁÚ°WåÚêXè í Í
�Ý³�º�°�º�ÌÄ¿=ºÝ¿�¹¨³}µ¤µË¹�Ã¤É6áj°�´Ý³�Û2Ùj³�½Ú¹Yº�¶

x0, . . . , x2n
½Ú¶�¹Ä°!Ç�°X¶�¶�¿�´�±Wº�³¬ÃÄ¶�°-º�Ì¤½À¶�´�Ã¤ÁÚ°�Í

ë



��°8¹¤³=²ö¿�Ù¤Ù¤ÁÚ±Oà�½ÚÉ�ÙÄ¶�³L¹�� ¶¬´�ÃÄÁ¥°¨º�³�òzê�ç�ô�Í'Þw°�º
amin := B0

¿�¹Äµ
amax := B1¿�Ç!Ç�³L´�µ}½Ú¹¤»-º�³6º�Ì¤°�¹¤³�º
¿=º�½Ú³�¹¬½Ú¹ ��æÄÍ æÄÍ ��°�÷�º!Å�Ç�³L¹Ä¶�½Úµ}°!´�¿�Ã¤¹Ä½ Ûª³L´�É »�´�½Àµ6Ûª³L´�º�Ì¤°ÝÜ=¿�´�½Ú¿�á¤ÁÚ°

a
¿�¶�Ûª³�ÁÚÁÚ³=²Ý¶�·ÝÁÚ°�º

N
áj°W¶�³�É�°�½¥¹Yº�°!»�°!´-¿�¹Äµâµ}°�ÊÄ¹¤°�º�Ì¤°�¹¤³}µ}°X¶

ai = amin + (i − 2)h
(i = 1, . . . , N + 2)

²�Ì¤°�´�°
h = (amax − amin)/N

Í�¸�¹þÙÄ¿�´�º�½ÀÇ�ÃÄÁÚ¿�´�º�Ì¤½À¶-É�°!¿�¹T¶
a1 =

amin −h
¿�¹Äµ

a2 = amin
Í � ¹ÄÇ�°�²�°�ù�¹¤³=²äº�Ì¤°+¶�¿�É�Ù¤ÁÚ½¥¹Ä»6Ùj³�½Ú¹Lº
¶

ai
ÅY²�°+¿�Ù¤Ù¤´�³S÷}½¥É¬¿=º�°

º�ÌÄ°�º�´�Ã¤¹ÄÇ�¿�º�°Xµõ½Ú¹Yº�°�»L´�¿�ÁÚ¶

Ji =

∫ ai

amin

v(b) − v(ai)

b− ai
k1(ai, b)db.

òNæ �Lô
��°ÝÃÄ¶�°�Ûª³�´�º�Ì¤°Ý½Ú¹Lº�°�»L´�¿�º�½Ú³�¹WÜS¿�´�½À¿�áÄÁ¥°

b
º�Ì¤°+¶�¿�ÉW°�»L´�½Àµ�¶�ÙT¿�Ç�½Ú¹¤»TÅ�¹Ä¿�É�°!Á¥±LÅ

bj = amin +
jh (j = 0, . . . )

Í �Ý°�¹TÇ�°�Åwº�³¨áT°¬¿�á¤Á¥°Wº�³¨¿�Ù¤Ù¤ÁÚ±âà�½ÚÉWÙT¶�³L¹�� ¶�´�Ã¤ÁÚ°�Åw³L¹¤°WÌÄ¿�¶-º�³¨Ç
ÌÄ³Y³Y¶�°
°�ÜL°�¹ËÜS¿�Á¥ÃÄ°!¶�³�Û2º�Ì¤°�½Ú¹Äµ}°�÷

i
½Ú¹üòóæ �Yô�Å¤¶�½¥¹TÇ�°+º�Ì¤°�¹�Ã¤É6áj°�´�³�Û(¹¤³}µ}°!¶

bj
½¥¹

[amin, ai]
ÌÄ¿�¶

º�³Wáj°-³}µ¤µwÍ�¸�¹Ë³�º�Ì¤°!´�²�³�´
µ¤¶!ÅL²�°�Ç�¿�¹Ä¹¤³�ºÝ¿�ÙÄÙ¤´�³S÷}½ÚÉ¬¿=º�°�òóæ �Yô_Ûª³�´
i
³}µ¤µmÍ � ´�°!ÉW°Xµ}±�º�³

ÊÄÁÚÁmº�ÌÄ°!¶�°-»Y¿�ÙÄ¶�½À¶�º�³D¿�Ù¤Ù¤ÁÚ±Ëà�½ÚÉ�ÙÄ¶�³L¹�� ¶�´�Ã¤ÁÚ°�³�¹Ëº�ÌÄ°�½¥¹Yº�°!»�´
¿�ÁÀ¶

Ji =

∫ ai

amin−h

v(b) − v(ai)

b− ai
k1(ai, b)db, i = 1, 3, . . . .

òóæÄêXô
� ¹Ä³�º�ÌÄ°�´�¶�º�´
¿=º�°!»�±�Ç�³LÃ¤ÁÀµ6áj°�º�³�ÃÄ¶�°�º�Ì¤°�Ç�³LÉWÙj³L¶�½¥º�°Ýà�½ÚÉWÙT¶�³L¹�� ¶

3/8
´�Ã¤ÁÚ°_Ûª³L´

i
³}µ¤µmÅ�¶�°�°

å �=í ÍEà�Ùj°!Ç�½Ú¿�Á¤Ç�¿�´�°�¶�Ì¤³LÃ¤ÁÚµ6áT°�º�¿�ù�°!¹�¿=ºEº�ÌÄ°�°!¹Äµ6Ùj³�½Ú¹Yº
b = ai

ÅSÛª³�´�°X¿�Ç
Ì
i
Å�¶�½¥¹TÇ�°�º�Ì¤°!´�°�½Ú¶

¿�¹¬¿SÜL³�½Àµ¤¿�á¤ÁÚ°�¶�½Ú¹¤»�ÃÄÁÚ¿�´�½¥ºz±�ÍEØ(³#µ}°X¿�Á¤²�½¥º�Ì�º�Ì¤½À¶_¶�½ º�ÃÄ¿=º�½¥³L¹W¹�Ã¤É�°!´�½ÀÇ�¿�Á¥ÁÚ±�Å�¿�¶�°!Ç�³�¹Äµ}¼J³L´�µ}°!´
³�¹Ä°�¼�¶�½Àµ}°!µ5µ}½À¶�Ç�´�°�º�½Úû!¿�º�½Ú³�¹õÌT¿�¶�áj°�°�¹8Ç
Ì¤³Y¶�°!¹wÍ
Ø�Ì¤°D½Ú¹Yº�°!»�´
¿�¹Äµü½À¶�¿âÇ�³�¹Yº�½¥¹�Ã¤³LÃÄ¶�ÛªÃ¤¹TÇ�º�½Ú³�¹O½¥¹�º�Ì¤°5Ç�ÁÚ³L¶�°!µü½Ú¹Lº�°�´�Ü=¿�Á

[amin, ai]
Ûª³�´

º�ÌÄ°�Ûó¿�É�½¥ÁÚ±�³�Û_ÛªÃ¤¹ÄÇ�º�½Ú³�¹Ä¶¬ò�ê!æYô �2¶�°�°�ï�´�³�Ùj³L¶�½¥º�½Ú³�¹ êW¿�¹Äµ�º�Ì¤°DÇ�³LÉ�ÉW°!¹Yº-º�ÌÄ¿=º�Ûª³LÁ¥ÁÚ³=²Ý¶�Í
¸�¹�º�ÌÄ°�³�Ùj°�¹¬½Ú¹Yº�°!´�Ü=¿�Á

(amin, ai)
º�Ì¤½À¶�½Ú¹Yº�°!»�´
¿�¹ÄµWáj°�ÁÚ³�¹¤»Y¶�º�³

C [R]−1 ÅY²�Ì¤°�´�° [R]
½Ú¶�º�Ì¤°

µ}°!»�´�°�°-³�ÛE¶�É�³�³�º�ÌÄ¹¤°!¶�¶�³�Û(º�Ì¤°�Ç
ÌÄ¿�¹Ä»�°-³�Û2Ü=¿�´�½À¿�á¤ÁÚ°
H
Í�Ø�Ì¤½Ú¶�½À¶�¿�Ç�´�ÃÄÇ�½À¿�Ák³LáÄ¶�°!´�Ü=¿�º�½Ú³�¹

º�ÌT¿=º�Ç�³L¹}ÊÄ´�É¬¶�º�Ì¤°�¿�Ç!Ç�Ã¤´
¿=º�°�´�°X¶�Ã¤Á¥º�¶�½Ú¹5º�Ì¤°�¹Ä°�÷�ºÝ¶�°XÇ�º�½Ú³�¹(Í
� ¹�½ÚÉWÙj³�´�º�¿�¹Yº�´�°�É¬¿�´�ù¨½À¶-º�ÌÄ¿�º�º�Ì¤°�É�°�º�Ì¤³}µþ³LÃ}º�ÁÚ½Ú¹¤°!µþÌ¤°�´�°W½Ú¶�Ç�³�É�Ù¤Ã}º
¿=º�½Ú³�¹T¿�ÁÚÁ¥±

½Ú¹Lº�°�¹Ä¶�½ÚÜ�°�¶�½Ú¹ÄÇ�°�½¥º�´�°!ÂYÃ¤½Ú´�°X¶
O(N2)

³LÙT°!´�¿�º�½Ú³�¹Ä¶2º�³#Ç�³�É�Ù¤Ã¤º�°�¿�ÁÚÁ�º�Ì¤°�½Ú¹Yº�°!»�´
¿�ÁÀ¶
Ji
ÍE¸­º�½Ú¶

º�ÌÄ°-¶�Ã¤á � °XÇ�º�³�Û2Ç�Ã¤´�´�°�¹Yº�´�°X¶�°X¿�´
Ç
Ì�º�³�½Ú¹ÄÇ�´�°X¿�¶�°�º�Ì¤°�¶�ÙT°!°!µD³�Û(°�Ü=¿�Á¥ÃÄ¿�º�½Ú³�¹D³�Ûwº�ÌÄ°!¶�°+½Ú¹Yº�°�¼
»�´
¿�ÁYº�´�¿�¹Ä¶zÛª³L´�É¬¶!ÅSÛª³�´�²�Ì¤½ÀÇ
Ì�É�°�º�Ì¤³}µ¤¶�ÁÚ½Úù�° �8Ã¤Á¥º�½ÚÁ¥°!Ü�°�ÁÄ½¥¹Yº�°!»�´
¿=º�½¥³L¹Då ë í ³�´ �Ý½Ú°�´
¿�´
Ç
Ì¤½ÀÇ�¿�Á
É¬¿=º�´�½ÀÇ�°X¶�å¥ê � í É¬¿S±DáT°#¶�Ã¤½¥º�¿�á¤Á¥°LÍ

�
��� K ����� ���%� � �QL�" � ���%�
��°�°�Ü=¿�ÁÚÃÄ¿�º�°�º�Ì¤°�°�÷}Ù¤ÁÚ½ÀÇ�½¥ºEø�ð+ÿ ì É�°�º�Ì¤³}µ-º�³+¶�³LÁ¥ÜL°ÝòóëLôw¿�¹Äµ¬ò � ô�ÅS²�½¥º�Ì�½Ú¹¤½¥º�½À¿�Á�Ç�³�¹Tµ}½ º�½¥³L¹
ò ì ô�ÍE¸­º�½Ú¶�³�áÄ¶�°�´�Ü�°Xµ�º�ÌT¿=º�º�ÌÄ°�°!ÂYÃÄ¿=º�½¥³L¹6½À¶�¹¤³�º_¶zº�½ ¾Ë¿�¹Äµ6º�Ì¤°!´�°�Ûª³�´�°�¿�¹�°�÷}Ù¤Á¥½ÀÇ�½¥º�É�°�º�Ì¤³}µ
½À¶�¿�Ù¤Ù¤´�³�ÙÄ´�½À¿=º�°�Í
ÿE½¥´
¶�º!Å}²�°-´�°�²�´�½¥º�°¬òóëYô�½¥¹5º�°!´�É¬¶�³�Û(º�ÌÄ°�¹¤°�² ÛªÃ¤¹ÄÇ�º�½Ú³�¹

v(a, t) = u(H(a), t)
·

vt + rv =

∫ ∞

−∞

v(b, t) − v(a, t)

b− a
k1(a, b)db.

òóæ ì ô
��°Dµ}°�¹¤³�º�°¬¹¤³=² á�±

J (v)
º�Ì¤°¬½¥¹Yº�°�»�´
¿�Á�³LÙT°!´�¿�º�³L´-³L¹�º�Ì¤°¬´�½¥»LÌYº�ÌT¿�¹Äµü¶�½Úµ}°�³�Ûõòóæ ì ô
Í

Ø�Ì¤°ü¿�Ù¤ÙÄ´�³S÷}½ÚÉ�¿�º�½Ú³�¹f³�Û#º�Ì¤°�½Ú¹Lº�°�»L´�¿�Á�³�Ùj°�´
¿=º�³�´5µ}°!¶�Ç�´�½¥áj°!µã½¥¹ ��æÄÍ çO½Ú¶¨µ}°!¹¤³�º�°!µ�á�±
J(v)

ÍÝÞw°�º
vj

n ≈ v(aj , tn)
áT°�¿�¹�¿�ÙÄÙ¤´�³S÷}½ÚÉ¬¿=º�½Ú³�¹Ëº�³Dº�Ì¤°6¶�³�ÁÚÃ}º�½¥³L¹¨¿�ºÝº�½ÚÉ�°!¶

tn = nkò
n = 0, . . . , L

ô¬¿�¹Äµä¶�ÙÄ¿=º�½Ú¿�Á�Ùj³�½Ú¹Yº�¶
aj
Í ø�±

vn
²�°8É�°!¿�¹äº�Ì¤°�ÜL°!Ç�º�³�´õ³�Û#¶�ÙT¿=º�½À¿�Á

Ã¤¹¤ù�¹¤³=²�¹T¶
(vj

n)
Í�Þw½Úù�°�²�½À¶�°�Å

a
¶�º�¿�¹Tµ¤¶�Ûª³�´�º�Ì¤°�Ü�°XÇ�º�³L´

(aj)
Í

ÿ¤³L´�º�ÌÄ°#ñ�Ã¤´�³�Ùj°!¿�¹5³LÙ}º�½Ú³�¹8ÃÄ¹Äµ}°�´Ýº�Ì¤°#Æ�È Ù¤´�³}Ç�°X¶�¶!Å}º�ÌÄ°#°�÷}Ù¤ÁÚ½ÚÇ�½ º-ø�ð-ÿ ì É�°�º�Ì¤³}µ
´�°!¿�µÄ¶

3

2
vn − 2vn−1 +

1

2
vn−2 + krvn = kJ(v̄n),

²�ÌÄ°�´�°
v̄n = 2vn−1 − vn−2.

òNæ�æYô

�



Ø�Ì¤½À¶�Á¥°X¿�µ¤¶_º�³W¿�¶�½¥É�Ù¤ÁÚ°-½ º�°�´
¿=º�½Ú³�¹õ³�Ûmº�ÌÄ°�Ûª³L´�É
vn = Ĵ(vn−1, vn−2)

Í�Ø�ÌÄ°�ÊÄ´
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vn ≥ Ĵ(vn−1, vn−2)

vn ≥ ψ(H(a) + αtn)

(vn − Ĵ(vn−1, vn−2), vn − ψ(H(a) + αtn)) = 0

v0 = ψ(H(a)).
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w̄t + (q − r − ω)w̄x + rw̄ =

∫

IR

(w̄(x+ y, t) − w̄(x, t))k(y)dy,
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w̄(x, 0) = − exp(x)1{x<log K}.
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τ(x) =
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(ψ(x+ y) − ψ(x))k(y)dy,
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K = 1, r = 0.1, q = 0, C = 1, G = 5, M = 5, T = 0.5.
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C(x0, κ, T ) =
e−rT+βx0

2π

∫ ∞

−∞

e−iyx0eTΦ(−z)ψ̂(z)dy,
òóæ � ô

' >�@XC�@

z = y + βi, eTΦ(z) = E[eizLT ],
E,F?N

ψ̂(z) = −
Kiz+1

z2 − iz
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¿�á¤ÁÚ°_³=ÜL°�´(º�Ì¤°�Ø2´�¿�ÙT°!û�³�½Àµ¤¿�Á

´�Ã¤Á¥°LÅ¤¿�¶�¿�ÁÚ´�°!¿�µ¤±¬³�¹ËÇ�³L¿�´�¶�°�»L´�½Àµ¤¶�³�¹¤°�µ}½Ú»�½¥º�½¥¹¨¿�Ç!Ç�Ã¤´
¿�Ç�±�½Ú¶�»Y¿�½Ú¹¤°!µmÍ �f½¥º�Ì¨É�³}µ}°�´
¿=º�°
¶�º�´�°�º�Ç
ÌÄ½¥¹¤»Ëò
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µ}°�´#Ç�³�¹�Ü�°!´�»L°�¹ÄÇ�°6½À¶�³�áT¶�°!´�ÜL°!µmÍDø�±
º�ÌÄ°6Ç�³LÉ6á¤½Ú¹Ä¿=º�½¥³L¹¨³�Û�»�´�½Úµ¨¶�º�´�°�º
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Ì¤½¥¹Ä»�ò
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º�ÌÄ°�º�³�ÁÚ°�´
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Ì¤°!µþ¿�ÁÚ´�°X¿�µ}±¨²�½¥º�Ì 160 × 80
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R = 3

Å=¿�¹ÄµwÅX½Ú¹#¿�µÄµ}½ º�½¥³L¹wÅ
q = r + ω

òó½NÍ °�ÍÚÅ
α = 0

Åk»�°!¹¤°�´
¿=º�½¥¹Ä»Ë¿Dù�½Ú¹¤ù�¿=º
s = 1

ô�Í�¸�¹�º�ÌÄ½Ú¶�°�÷}¿�É�Ù¤Á¥°6º�Ì¤°�µ}°!Á º
¿
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»�°!¹¤°�´
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°�÷}Ù¤ÁÀ¿�½Ú¹¤°Xµõ½Ú¹ ��æ¤Í é¤Í
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R = 3
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Ì¤³L¶�°�¹*ÙT¿�´
¿�É�°�º�°�´
¶�²�°
°�¹TÇ�³�ÃÄ¹Lº�°�´�º�Ì¤°WÇ�¿�¶�°#²�Ì¤°!´�°6º�Ì¤° ��¶�É�³Y³�º�Ì8ÙÄ¿L¶zº�½¥¹Ä» ��Ç�³�¹Äµ}½¥º�½Ú³�¹8½À¶+¹¤³�º-ÜS¿�Á¥½Àµ�òN¶�°!°6°�Í »ÄÍ
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N L
Ø(´
¿�Ùj°�û!³�½Àµ¤¿�Á ´�¿�º�° à�½ÚÉ�ÙÄ¶�³L¹ ´�¿�º�°

ì � ê�� �ÄÍ � ì � �ÄÍ � ��çLç
ç � ì � �ÄÍ �Äê�ç ì Í � �ÄÍ � �¤ê!ç æ¤ÍÚê
ë � ç � �ÄÍ � ��æ�ë æÄÍ é �ÄÍ � � � ì ë è}ÍÚê
êXé � ë � �ÄÍ � �¤ê�ê æÄÍ è �ÄÍ � � � � � ì æ¤Í �

ØE¿�á¤ÁÚ° ì ·��Ý¹¤½¥Ûª³�´�É:°�´�´�³L´�¶
‖wN −wref‖∞

Ûª³�´�º�Ì¤°-Ø2´
¿�Ùj°�û�³L½ÚµÄ¿�Áj´�Ã¤ÁÚ°�¿�¹Äµ¨à�½ÚÉWÙT¶�³L¹�� ¶
´�Ã¤Á¥°LÅ}ñ�Ã¤´�³�Ùj°!¿�¹¨Ç!¿�¶�°�Å

R = 2
Í

N L
Ø2´�¿�ÙT°!û�³L½Úµ¤¿�Á ´
¿=º�° à�½¥É�ÙÄ¶�³�¹ ´
¿=º�°

ì � ê � �¤Í ��ç�è �¤Í � � � ì
ç � ì � �¤Í �¤êXé ì Í � �¤Í � �Äê�ê é¤Í æ
ë � ç � �¤Í � �Lè � ì Í � �¤Í � � �¤ê�ê ê �¤Í �
ê!é � ë � �¤Í � �¤êXë æ¤Í ì �¤Í � � � � �Lë�ç ê!æ¤ÍÚê

ØE¿�á¤ÁÚ°-æÄ·��Ý¹¤½¥Ûª³�´�É:°�´�´�³L´�¶
‖wN −wref‖∞
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Í
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N = L
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L = N/2
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°�´�´�³L´�¿�º

x = 0
´�¿�º�°

ì � ì � ��Í ��é ��°�¼ ��æ
ç � ç � ��ÍÚê ìG� °�¼ ��ç � Í �
ë � ë � ê�Í çLæ �=°�¼ ��ç çÄÍ �
ê!é � êXé � ê�Í ìG� è�°�¼ �Lè ê�ê�Í �
Ü=¿�ÁÚÃ¤°�¿=º

x = 0
�¤Í ��ç�çYë�éYè
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amax = −amin = 3
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òª³�´#µ¤½Ú¶�Ç�³L¹Lº�½¥¹�Ã¤½¥ºz±¤ô+³�Û_º�Ì¤°¬ÙÄ¿S±L³�¾üÛªÃ¤¹ÄÇ�º�½Ú³�¹üÌ¤°�ÁÚÙÄ¶�½Ú¹}¼
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∣
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∂x
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∣

∣

∣
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< Ke−rt.
òóç �Yô

¸�¹8Ûó¿LÇ�º!Åj²�°#ÃÄ¶�°!µ¨º�Ì¤½Ú¶+áj³�Ã¤¹Äµ�³�¹¨º�ÌÄ°�¶�Ì¤½ Û º�°!µ¨ÛªÃÄ¹ÄÇ�º�½¥³L¹
u
½Ú¹Ä¶�º�°X¿�µmÅjá¤Ã}º-²�°6µ¤°�´�½¥ÜL°#½ º

Ì¤°!´�°�Ûª³L´Ýº�ÌÄ°#³�´�½¥»L½¥¹T¿�ÁmÛªÃ¤¹TÇ�º�½Ú³�¹
w
Í ��°!Ç!¿�ÁÚÁmº�ÌÄ¿�º+²�°#¿�´�°�²�³L´�ù�½Ú¹¤»�²�½ º�Ìâ¿�Ù¤Ã}º-³�Ù}º�½¥³L¹

Ã¤¹Äµ¤°�´�º�ÌÄ°�Æ�È Ù¤´�³}Ç�°X¶�¶!Í
Ø�Ì¤°�¶�³�ÁÚÃ}º�½Ú³�¹

w
³�Û#òzêSô�ÌÄ¿�¶�º�Ì¤°�Ûª³�ÁÚÁ¥³=²�½Ú¹¤»¬¶�º�³}Ç
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w(x, t) = e−rtEQ[ψ(x+ LT−t)],
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Lt := −αt + Xt
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LT−t

Å¤²�°�É¬¿S±D²�´�½¥º�°

w(x, t) = e−rt

∫ log K−x

−∞

(K − ex+y)q(y)dy
òªç ì ô

= e−rt{K

∫ log K−x

−∞

q(y)dy − ex

∫ log K−x

−∞

eyq(y)dy}.
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∂w

∂x
= e−rt{−Kq(logK − x)−

[ex

∫ log K−x

−∞

eyq(y)dy − exelog K−xq(logK − x)]}.
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∂w

∂x
= −e−rtex

∫ log K−x

−∞

eyq(y)dy.
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(−∞, logK − x)
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q(y)
³=Ü�°!´�º�Ì¤½À¶�½¥¹Yº�°�´�ÜS¿�Ám½Ú¶�ÁÚ°!¶�¶�º�ÌT¿�¹¨³�¹¤°LÍ

� � Ð 	 ���WÑ2×�Ö
	 � �=Ó�Ò � Õ���	 �=Ó�Ò 	 � 	�Ò2Ñ2×�Ö�Õ���	�Ò Ö/	B� 

Ø�Ì¤°�¿�½ÚÉ?³�Û#º�ÌÄ½Ú¶5¶�ÌÄ³�´�º5¿�ÙÄÙT°!¹Äµ}½¥÷ä½À¶õº�³ ÙÄ´�³=Ü�½Àµ}°8º�ÌÄ°�µ}°!´�½ÚÜ=¿=º�½¥³L¹f³�Û�º�ÌÄ°�¿�¹Ä¿�ÁÚ±Yº�½ÀÇ
°�÷}Ù¤´�°!¶�¶�½¥³L¹õÃÄ¶�°!µËº�³¬Ç�³�É�ÙÄ¿�´�°+º�Ì¤°�¹�Ã¤É�°�´�½ÀÇ�¿�Ám´�°!¶�Ã¤Á¥º�¶�Ûª´�³�É ��çÄÍ
Þw°�º�º�Ì¤°¬ÙÄ¿�´�¿�É�°�º�°!´�¶

G
Å
M
¿�¹Äµ

C
áT°�°!ÂYÃÄ¿�Á�ê�Å2½NÍ °�ÍÚÅ

k(y) = e−|y|/ |y|
Í ��°XÇ�¿�Á¥Á

º�ÌT¿=º�º�ÌÄ°�ÙÄ¿S±�³�¾5ÛªÃÄ¹ÄÇ�º�½¥³L¹ËÛª³L´
K = 1
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ψ(x) = (1 − ex)+
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q = r + ω
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τ(x) =

∫ +∞

−∞

(ψ(x+y)−ψ(x))k(y)dy =











−E1(−x) − ex(γ + log(x/2))
� I
x < 0

log(2)
� I
x = 0

E1(x) − exE1(2x)
� I
x > 0òóçLéYô

' >�@XC�@
γ = 0.577216...

� H A5>�@�� � WY@XC�� JGF�HLA\E,F.A
E,F?N
E1

� H A5>�@ HDP�@��0�6E,W I�� F6��A��6J,F

E1(x) =

∫ ∞

x

e−t

t
dt.

^
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¿�´�º�á�±5µ}°�ÊÄ¹Ä½¥¹¤»Wº�Ì¤°�Ûª³�ÁÚÁ¥³=²�½Ú¹¤»WÛªÃ¤¹ÄÇ�º�½Ú³�¹

τ+(x) :=

∫ ∞

0

(ψ(x + y) − ψ(x))
e−y

y
dy.

� áÄ¶�°�´�Ü�°+º�ÌÄ¿�º
τ+(x) = 0

Ûª³�´
x ≥ 0

Í�ÿÄ³�´
x < 0

²�°�ÌÄ¿SÜ�°

τ+(x) =

∫ −x

0

[

(1 − ex+y) − (1 − ex)
e−y

y
dy

]

+

∫ ∞

−x

−(1 − ex)
e−y

y
dy,

= ex

[
∫ −x

0

e−y − 1

y
dy

]

+ (ex − 1)E1(−x)

= lim
ε→0

ex [E1(ε) −E1(−x) − (log(−x) − log(ε))] + (ex − 1)E1(−x)

= lim
ε→0

ex [E1(ε) + log(ε)] −E1(−x) − ex log(−x)

= −ex(γ + log(−x)) −E1(−x).

��°-É¬¿Lµ}°+ÃT¶�°-Ì¤°�´�°-³�Ûwº�Ì¤°�¿�¶�±YÉ�Ù}º�³�º�½ÚÇ�Ûª³�´�É6Ã¤ÁÀ¿
E1(x) = −γ − logx+ o(x)
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τ−(x) :=

∫ 0

−∞

(ψ(x + y) − ψ(x))k(y)dy =

∫ ∞

0

(ψ(x − y) − ψ(x))
e−y

y
dy.
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ÿ¤³L´
x ≤ 0

³�¹Ä°+ÊT¹Äµ¤¶

τ−(x) = ex

∫ ∞

0

(1 − e−y)
e−y

y
dy

= ex lim
ε→0

[
∫ ∞

ε

−

∫ ∞

ε

]

= ex lim
ε→0

[E1(ε) −E1(2ε)]

= ex log(2).

� ¹TµõÛª³L´
x ≥ 0

Å
ψ(x)

Ü=¿�¹¤½À¶�ÌÄ°!¶!Å¤¶�³Wº�ÌT¿=º

τ−(x) =

∫ ∞

x

e−y

y
dy − ex

∫ ∞

x

e−2y

y
dy

= E1(x) − exE1(2x).
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