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Wklv sdshu vwxglhv dvvhw uhwxuqv lq gl�huhqw yhuvlrqv ri wkh rqh0vhfwru

uhdo exvlqhvv f|foh prgho1 Zh vkrz wkdw d prgho zlwk kdelw irupdwlrq

suhihuhqfhv dqg fdslwdo dgmxvwphqw frvwv fdq h{sodlq wkh klvwrulfdo htxlw|

suhplxp dqg wkh dyhudjh ulvn0iuhh uhwxuq zkloh uhsolfdwlqj wkh vdolhqw exvl0

qhvv f|foh surshuwlhv1 Wkh sdshu dovr dssolhv d vroxwlrq whfkqltxh wkdw

frpelqhv orjolqhdu phwkrgv zlwk orjqrupdo dvvhw sulflqj irupxodh1 Nh|0

zrugv= Htxlw| suhplxp> kdelw irupdwlrq> fdslwdo dgmxvwphqw frvwv1 MHO

fodvvl�fdwlrq= J45/F96/H551
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� Wklv surmhfw kdv ehqh�wwhg iurp wkh lqwhoohfwxdo vxssruw ri Dqg| Deho/

Pduldqqh Ed{whu/ Kdqv Jhqehuj/ Urehuw J1 Nlqj/ Plfkdho Nrxsdulwvdv> iurp wkh frpphqwv

ri vhplqdu sduwlflsdqwv dw wkh Ihghudo Uhvhuyh lq Zdvklqjwrq/ wkh Judgxdwh Lqvwlwxwh ri Lqwhu0

qdwlrqdo Vwxglhv lq Jhqhyd/ wkh QEHU dvvhw sulflqj phhwlqj lq Ervwrq dqg wkh Xqlyhuvlw| ri

Fklfdjr> dqg iurp wkh vxjjhvwlrqv ri d uhihuhh1
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|��t TL�?| M) �t�?} @ tL*�|�L? 4i|�L_ |�@| UL4M�?it *L}?Lh4@* Th�U�?} uLh4�*@i
��|� @ *L}*�?i@h t)t|i4 uLh 4@UhLiUL?L4�U �@h�@M*it� `�|� |��t 4i|�L_ �i @hi
@M*i |L UL4M�?i |�i UL?�i?�i?Ui Lu *�?i@h tL*�|�L? |iU�?�^�it ��|� |�i @M�*�|) |L
t|�_) h�t! Thi4�@�

�? @__�|�L?@* �?_�?} Lu L�h T@Tih �t |�@| ���*i t�4T*i �@M�| uLh4@|�L? Thiu�
ihi?Uit U@? i T*@�? ��}� i^��|) Thi4�@c |�i) @*tL }i?ih@|i UL�?|ihu@U|�@**) ��}�
h�t! Thi4�@ uLh *L?} |ih4 hi@* ML?_t� �__�?} �?@?U�@* *i�ih@}i �4ThL�it |�i
4L_i*<t Thi_�U|�L? M) �?Uhi@t�?} |�i i^��|) Thi4��4 hi*@|��i |L |�i h�t! Thi4��4
uLh *L?} |ih4 hi@* ML?_tc @?_ |��t �i*Tt i T*@�? ��) ��t|Lh�U@**) t|LU!t �@�i �@_
t�Mt|@?|�@**) ��}�ih hi|�h?t |�@? *L?} |ih4 ML?_t�

A�i Lh}@?�3@|�L? Lu |�i T@Tih �t @t uL**L�t� 5iU|�L? 2 Thiti?|t @ _iUi?|h@*�3i_
i^��*�Mh��4 Lu L�h 4L_i*c tiU|�L? � _�tU�ttit |�i 4L_i* tL*�|�L?c @?_ tiU|�L? e
Thiti?|t hit�*|t @?_ _�tU�ttit �?|��|�L?� 5iU|�L? D UL?U*�_it @?_ UL?|@�?t _�hiU�
|�L?t uLh u�|�hi �Lh!� A�i @TTi?_� Thiti?|t @? @?@*)t�t Lu |�i @UU�h@U) Lu |�i
*L}*�?i@h @TThL �4@|�L? 4i|�L_�

2� A�i 4L_i*

�Lt| M�t�?itt U)U*i t|�_�it _L ?L| UL?t�_ih Th�Uit @?_c ��|� hiuihi?Ui |L |�i
tiUL?_ �i*u@hi |�iLhi4c U@? t�4T*) @?@*)3i hiThiti?|@|��i @}i?| iUL?L4�it @t @
T*@??ih<t �i*u@hi 4@ �4�3@|�L?� ��h �?|ihit| �? @tti| hi|�h?t uLhUit �t |L tTi** L�|
@ _iUi?|h@*�3i_ iUL?L4) �? Lh_ih |L i T*�U�|*) _i�?i |�i tiU�h�|�it �i @hi Th�U�?}�

�L?t�_ih |�i t|@?_@h_ hi@* M�t�?itt U)U*i 4L_i* ��|� @ *@h}i ?�4Mih Lu �?�?�|i*)�
*��i_ �h4t @?_ �L�ti�L*_t� A�ihi �t @ t�?}*i UL?t�4T|�L?��?�it|4i?| }LL_ |�@| �t
ThL_�Ui_ ��|� @ UL?t|@?|�hi|�h?t�|L�tU@*i ThL_�U|�L? |iU�?L*L}) t�M�iU| |L h@?�

�



_L4 t�LU!t �? ThL_�U|���|)�

6�h4t

W? i@U� Tih�L_c |�i hiThiti?|@|��i �h4 �@t |L _iU�_i �L� 4�U� *@MLh |L ��hi @?_
�L� 4�U� |L �?�it|� �@?@}iht 4@ �4�3i |�i �@*�i Lu |�i �h4 |L �|t L�?iht E|�i
hiThiti?|@|��i @}i?|� ���U� �t i^�@* |L |�i Thiti?| _�tUL�?|i_ �@*�i Lu @** U�hhi?|
@?_ u�|�hi i TiU|i_ U@t� �L�tG

.|

"[
&'f

q&\|n&

\|

E�|n&8 Eg|n&c f|n&�|n&��`|n&�|n& � U|n&�c E2���

��|� q&\|n&

\|

|�i 4@h}�?@* h@|i Lu t�Mt|�|�|�L? Lu |�i L�?iht� � �t |�i t|LU�@t|�U
ThL_�U|���|) *i�i*c g �t |�i U@T�|@* t|LU!c ` �t |�i �@}i h@|ic � �t |�i ^�@?|�|)
Lu *@MLh �?T�|c f �t |�i _i|ih4�?�t|�U |hi?_ �? *@MLh @�}4i?|�?} |iU�?�U@* U�@?}ic
@?_ U �t �?�it|4i?|� A�i �h4<t U@T�|@* t|LU! LMi)t @? �?|ih|i4TLh@* @UU�4�*@|�L?
i^�@|�L? ��|� @_��t|4i?| ULt|tG

g|n� ' E�� B�g| n �
�
U|
g|

�
g|c E2�2�

��ihi B �t |�i _iThiU�@|�L? h@|i @?_ �E�� @ TLt�|��ic UL?U@�i u�?U|�L?� �L?U@��|)
Lu |�i u�?U|�L?c �E��c U@T|�hit |�i �_i@ |�@| U�@?}�?} |�i U@T�|@* t|LU! h@T�_*)
�t 4Lhi ULt|*) |�@? U�@?}�?} �| t*L�*)� A��t tTiU��U@|�L? @*tL @**L�t |�i t�@_L�
Th�Ui Lu �?t|@**i_ U@T�|@* |L _��ih}i uhL4 |�i Th�Ui Lu @? @__�|�L?@* �?�| Lu U@T�|@*c
��i�c �| Tih4�|t �@h�@|�L? �? ALM�?<t ^�e

A�i �h4 _Lit ?L| �tt�i ?i� t�@hit @?_ �?@?Uit �|t U@T�|@* t|LU! tL*i*) |�hL�}�
hi|@�?i_ i@h?�?}t�D A�i _���_i?_t |L t�@hi�L*_iht @hi |�i? i^�@* |L G

(| ' �|8 Eg|cf|�|��`|�| � U|� E2���

7Fdslwdo dgmxvwphqw frvwv kdyh ehhq vwxglhg e| Hlvqhu dqg Vwurw} +4<96,/ Oxfdv +4<9:,/

Oxfdv dqg Suhvfrww +4<:4, dqg Kd|dvkl +4<;5,1 Ed{whu dqg Fuxflql +4<<6, kdyh dssolhg wklv

vshfl�fdwlrq wr dq rshq hfrqrp| uhdo exvlqhvv f|foh prgho1
8Zh frqvlghu �qdqfldo ohyhudjh lq vhfwlrq 715161

e



OL�ti�L*_t

+iThiti?|@|��i �?�it|Lht 4@ �4�3i i TiU|i_ *�ui|�4i �|�*�|) Lu UL?t�4T|�L?c t�M�
�iU| |L @ ti^�i?|�@* M�_}i| UL?t|h@�?|G

4@ .|

"[
&'f

q&�E�|n&�

r�|� `|�
r
| n @�|ET

@
| n(@

| � ' �| n @�|n�T
@
| � E2�e�

Oihi @| �t @ �iU|Lh Lu �?@?U�@* @tti|t �i*_ @| | @?_ U�Lti? @| |� �c T @ @?_ (@ @hi
�iU|Lht Lu @tti| Th�Uit @?_ U�hhi?| Tih�L_ T@)L�|t� A�i @tti| �iU|Lh @ UL?|@�?t
t�@hit Lu |�i hiThiti?|@|��i �h4 @?_ TLtt�M*) L|�ih @tti|t� W? @__�|�L?c �?�it|Lht
u@Ui @ E?Lh4@*�3i_� |�4i UL?t|h@�?| � ' �| n u|c ��|� u hiThiti?|�?} *i�t�hi @?_
� ThL_�U|��i �Lh!� B��i? |�@| *i�t�hi _Lit ?L| i?|ih |�i �|�*�|) u�?U|�L?c @}i?|t
��** @**LU@|i |�i�h i?|�hi |�4i i?_L�4i?| |L ThL_�U|��i �Lh!� 6Lh Thiuihi?Uitc �i
UL?t�_ih |�i t|@?_@h_ |�4i�tiT@h@M*i U@ti @?_ @ t�4T*i �iht�L? Lu �@M�| uLh4@|�L?G
�E�| � k�|3���

�@h!i| i^��*�Mh��4

W? i^��*�Mh��4c @** ThL_�Ui_ }LL_t @hi i�|�ih UL?t�4i_ Lh �?�it|i_G

�|8 Eg|cf|�|� ' �| n U|c

*@MLh t�TT*) @*tL i^�@*t *@MLh _i4@?_� 6�?@?U�@* 4@h!i| i^��*�Mh��4 hi^��hit
|�@| |�i �?�it|Lht �L*_ @** L�|t|@?_�?} i^��|) t�@hit @?_ |�@| @** L|�ih @tti|t @hi
�? 3ihL ?i| t�TT*)�

�� �L_i* tL*�|�L? @?_ *L}*�?i@h @tti| Th�U�?}

�h�Lh t|�_�it Lu @tti| hi|�h?t �? }i?ih@* i^��*�Mh��4 4L_i*t *�!i uLh i @4T*i #@?�
|��?ic #L?@*_tL? @?_ �i�h@ E�bb2� @?_ +L��i?�Lht| E�bb�� �ti tL*�|�L? |iU��
?�^�it |�@| hi^��hi �|ih@|�L?t L? ?L?*�?i@h u�?U|�L?t� �? |�i L|�ih �@?_c 4Lt|
t|�_�it Lu 4@UhLiUL?L4�U ^�@?|�|�it �? }i?ih@* i^��*�Mh��4 4L_i*t �Lh! ��|� *�?�
i@h�3@|�L?t� w�?i@h�3@|�L? 4i|�L_t @hi i@t) @?_ u@t| |L �tic �L�i�ihc *�?i@h�3@|�L?
}i?ih@**) �4T*�it |�@| i �@?|i hi|�h?t @hi i^�@* @UhLtt tiU�h�|�itc ���U� �L�*_ _�t�
^�@*�u) t�U� @ 4i|�L_ uLh t|�_)�?} h�t! Thi4�@� 6Lh L�h t|�_)c �i ��** UL4M�?i @

D



*�?i@h�3@|�L? @TThL@U� ��|� ?L?*�?i@h Th�U�?} uLh4�*@i @?_ �i ��** |��t Mi @M*i |L
@__hitt |�i �tt�i Lu _�gihi?| i �@?|i hi|�h?t @UhLtt tiU�h�|�it� A��t 4i|�L_ �@t
L?i 4@�? @_�@?|@}i L�ih |�i UL?�i?|�L?@* �@) Lu tL*��?} uLh @tti| hi|�h?t |�@|
hi^��hi �|ih@|�L?t L? ?L?*�?i@h u�?U|�L?t� �@�?|@�?�?} tL4i *�?i@h�3@|�L? 4@!it
|��t |iU�?�^�i i@t) @?_ u@t| |L �ti� W| �t uLh �?t|@?Ui t|h@�}�|uLh�@h_ |L �@?_*i @
4L_i* ��|� @t 4@?) @t Df t|@|i �@h�@M*itc tL4i|��?} |�@| �t }i?ih@**) �4TLtt�M*i
��|� T�hi*) ?L?*�?i@h 4i|�L_t�S

���� � *L}*�?i@h�*L}?Lh4@* i?��hL?4i?|

A�i tL*�|�L? �@t |�L M@t�U t|iTtG �ht| �i tL*�i uLh |�i @TThL �4@|i _)?@4�Ut
Lu |�i 4L_i*c tiUL?_ �i @TT*) *L}*�?i@h Th�U�?} uLh4�*@i� 6Lh |�i �ht| t|iTc �i
tL*�i uLh 4@UhLiUL?L4�U �@h�@M*it �t�?} |�i 4i|�L_ L�|*�?i_ M) k�?}c �*Lttih
@?_ +iMi*L E�bH.�� A��t 4i|�L_ �?�L*�it *L}*�?i@h�3�?} �ht| Lh_ih UL?_�|�L?t @?_
|�i? tL*��?} @ *�?i@h _)?@4�U t)t|i4� A�i tL*�|�L? Lu |�i 4L_i* iUL?L4) U@? Mi
hiThiti?|i_ M) @ *L}*�?i@h t|@|i tT@Ui t)t|i4c ��|� |�i �iU|Lh Lu t|@|i �@h�@M*itc
r|c uL**L��?} @ �ht| Lh_ih @�|Lhi}hitt��i ThLUitt ��|� 4�*|��@h�@|i ?Lh4@* ����_�
�4T�*titG

r| ' �r|3� n "|c E����

��ihi |�i t^�@hi 4@|h� � }L�ih?t |�i _)?@4�Ut Lu |�i t)t|i4�. 6Lh �?t|@?Uic uLh
|�i iUL?L4) UL?t�_ihi_ �? |��t T@Tihc r| UL?|@�?t |�i U@T�|@* t|LU!c |�i ThL_�U�
|���|) *i�i* @?_ |�i �@M�| *i�i*� 6Lh @tti| Th�U�?}c |��t t)t|i4 ThL��_it �t ��|� |�i
*L} Lu _���_i?_tc _c @?_ |�i *L} Lu |�i 4@h}�?@* �|�*�|)c bc @t *�?i@h UL4M�?@|�L?t
Lu |�i t|@|i �iU|Lh�

A�i tiUL?_ t|iT Lu L�h tL*�|�L? 4i|�L_ �t |L @TT*) *L}?Lh4@* Th�U�?} uLh4�*@i
uL**L��?} O@?ti? @?_ 5�?}*i|L? E�bH�� @?_ �@4TMi** E�bHSc �bb��� A�i M@t�U
@tti| Th�U�?} uLh4�*@ �tit |�i u@U| |�@| @?) U*@�4 |L @ TL|i?|�@**) h@?_L4 u�|�hi
T@)L�| (|n&Er|n&� EuLh _���_i?_� U@? Mi �@*�i_ M) |�i Thiti?| �@*�i hi*@|�L?t��TG

T (&

| Er|� '
q&.|d\|n&Er|n&�(|n&Er|n&�o

\|Er|�
c E��2�

��ihi q �t |�i T�hi |�4i _�tUL�?| u@U|Lhc @?_ \|n&Er|n&� |�i 4@h}�?@* �@*�@|�L?
ELh 4@h}�?@* �|�*�|)� Lu |�i ?�4ih@�hi @| | n &� �) @tt�4�?} |�@| \ @?_ ( @hi

9D pruh ghwdloohg suhvhqwdwlrq ri wklv vroxwlrq phwkrg lv lq Mhupdqq +4<<7,1
:Zh uhtxluh wkh v|vwhp wr eh vwdwlrqdu| ru L+4, qrqvwdwlrqdu|1 Wkxv/ wkh fkdudfwhulvwlf urrwv

ri P kdyh prgxoxv ohvv wkdq ru htxdo wr rqh1 Uhphpehu dovr wkdw d YDU ri dq| rughu fdq
dozd|v eh uhzulwwhq dv d �uvw rughu v|vwhp1

S



UL?_�|�L?@**) *L}?Lh4@*c ��|� �L�?| _�t|h�M�|�L? }��i? M) ���c �i ��** Mi @M*i |L
LM|@�? U*Lti_ uLh4 tL*�|�L?t uLh |�i ,�*ih i^�@|�L? ��2� ì ��** @*tL Mi @M*i |L }i|
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dqg Uhehor +4<;;, iru ghwdlov derxw krz wr fdoleudwh orqj0uxq prgho ehkdylru1
<Vhh Suhvfrww +4<;9, iru d glvfxvvlrq ri Vrorz uhvlgxdov* hvwlpdwhv1
43Wkhuh lv dq lvvxh ri krz wr gh�qh ulvn dyhuvlrq zlwk qrq0wlph0vhsdudeoh suhihuhqfhv1 Wkh

wzr xwlolw| ixqfwlrqv zh frqvlghu fdq eh zulwwhq dv �4��

w
@+4 � �,/ zkhuh �w lv d vxexwlolw|

djjuhjdwru1 Zh kdyh wkhq �
w @ Fw lq wkh wlph0vhsdudeoh fdvh dqg �w @ Fw � �Fw�4 iru kdelw

irupdwlrq1 Zkhq frpsdulqj wkhvh wzr fdvhv zh zdqw wr nhhs ulvn dyhuvlrq frqvwdqw1 Zlwk
qrq0wlph0vhsdudeoh suhihuhqfhv wkh frqfhsw ri ulvn dyhuvlrq zh duh lqwhuhvwhg lq lv wkh djhqwv*

ehkdylru wrzdugv dwhpsrudo zhdowk ehwv1 Ihuvrq dqg Frqvwdqwlqlghv +4<<4, dqg Mhupdqq +4<<7,

vkrz wkdw lq wklv fdvh � lv qrw rqo| ulvn dyhuvlrq iru wkh wlph0vhsdudeoh vshfl�fdwlrq exw dovr
dssur{lpdwho| ulvn dyhuvlrq iru kdelw irupdwlrq1
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44Vhohfwlqj wkhlu sdudphwhu ydoxhv lqirupdoo|/ Frqvwdqwlqlghv +4<<3, xvhv d kdelw irupdwlrq
ohyho ri � @ 3=;/ Frfkudqh dqg Kdqvhq +4<<5, xvh 318 dqg 3191 Wr vshfli| wkh fdslwdo dgmxvwphqw

frvw whfkqrorj| zh qhhg wr vshfli| rqo| rqh vlqjoh sdudphwhu jlyhq rxu vroxwlrq phwkrg= wkh

hodvwlflw| ri wkh lqyhvwphqw fdslwdo udwlr zlwk uhvshfw wr Wrelq*v t= Deho +4<;3, hvwlpdwhg wklv
sdudphwhu lq d vrphzkdw gl�huhqw prgho dqg rewdlqhg ydoxhv ehwzhhq 315: dqg 31851

45Jlyhq wkdw zh fdq edvlfdoo| gulyh grzq wkh fulwhulrq @ wr }hur/ wkh fkrlfh ri wkh zhljkwlqj

pdwul{ lv wr vrph h{whqw luuhohydqw/ zh xvh lghqwlw| iru rxu sudfwlfdo sxusrvh1 Iru ydoxhv ri ulvn

dyhuvlrq gl�huhqw iurp 8 wkh _ehqfkpdun% sdudphwhul}dwlrq zrxog eh gl�huhqw/ krzhyhu/ rxu

h{sorudwlrqv vxjjhvw wkdw wkh vhohfwhg vhw ri prphqwv fdq vwloo eh uhsolfwhg1 Lqghhg/ ulvn dyhuvlrq

dqg kdelw irupdwlrq duh wr vrph h{whqw vxevwlwxwhv lq jhqhudwlqj frqvxpswlrq fxuydwxuh/ wkxv/

wr d �uvw dssur{lpdwlrq/ zlwk orzhu ulvn dyhuvlrq kdelw zloo kdyh wr eh vwurqjhu dqg zlwk kljkhu

ulvn dyhuvlrq kdelw zloo kdyh wr eh zhdnhu1
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�f )i@ht� ì |�i? U�Lti Dc |�@| }L�ih?t |�i @4L�?| Lu *i�ih@}ic M) UL?t�_ih�?}
��t|Lh�U@* *i�ih@}i h@|�Lt @?_ _���_i?_ �L*@|�*�|)� �@t�*�t E�bHH�c hiTLh|t *i�ih@}i
h@|�LtQ_iM| @t @ uh@U|�L? Lu |L|@* �h4 �@*�iQuLh |�i N�5� L�ih |�i *@t| t� |)
)i@ht |L h@?}i uhL4 f��� |L f�ee uLh 4@h!i| �@*�it @?_ uhL4 f�D� |L f�.D uLh MLL!
�@*�it� A@M*i 2 t�L�t |�@| @t @ UL?ti^�i?Ui Lu L�h T@h@4i|ih U�L�Uitc �i @hi
@*�@)t ��|��? |�@| h@?}i�

A@M*i 2 t�L�t |�@| *i�ih@}i �?�uLh4*) �?Uhi@tit |�i i^��|) Thi4��4c @__�?}
Mi|�ii? f�S� |L ��.2 TihUi?|t |L |�i i^��|) Thi4��4� A�i |@M*i @*tL hi�i@*t |�@|
|�i ML||*i?iU! �? �?Uhi@t�?} |�i i^��|) Thi4��4 ��|� |��t uLh4 Lu *i�ih@}i UL4it
uhL4 _���_i?_ �L*@|�*�|)� �iUU�i||�c w@4 @?_ �@h! E�bbf� hiTLh| @ t|@?_@h_
_i��@|�L? Lu @??�@* _���_i?_ }hL�|� h@|it �? |�i N�5� Lu ���SI� �*i@h*)c �?@?U�@*
*i�ih@}i �?Uhi@tit |�i i^��|) Thi4��4 M�| M) ^��U!*) 4@!�?} _���_i?_t 4�U� 4Lhi
�L*@|�*i |�@? �? ��t|Lh�U@* _@|@� A�iti �?_�?}t t�}}it|t |�@| L?i Lu |�i U�@**i?}it
uLh 4L_i**�?} *i�ih@}i �? u�|�hi �Lh! ��** Mi |L UL?|@�? _���_i?_ �L*@|�*�|) ���*i
t|�** 4@!�?} _���_i?_t 4Lhi h�t!)�

4;Wkh Prgljoldql0Ploohu wkhruhp krogv lq wklv iudphzrun1 Wklv phdqv wkdw wkh �qdqfldo

srolf| grhv qrw d�hfw wrwdo �up ydoxh dqg rswlpl}lqj ghflvlrqv1 Wkh �qdqfldo srolf| grhv d�hfw/

krzhyhu/ wkh fdvk �rzv wr vwrfnkroghuv/ dqg dv vxfk lw grhv d�hfw wkh htxlw| suhplxp1 Qrwh/ wkdw

zh gr qrw frqvlghu ghidxow ulvn1 Iru rxu prgho sdudphwhul}dwlrqv/ wkurxjkrxw rxu vlpxodwlrqv/

wrwdo �up ydoxh lv dozd|v vxevwdqwldoo| odujhu wkdq wkh ydoxh ri rxwvwdqglqj ghew1

�e



D� �L?U*�t�L?t

A��t T@Tih �@t |@!i? @ t|iT |L�@h_t i T*@�?�?} @tti| Th�U�?} u@U|t �? |�i t|@?_@h_
4@UhLiUL?L4�U hi@* M�t�?itt U)U*i 4L_i*� A�i U�@**i?}i U@4i uhL4 |�i u@U|
|�@| �? |��t }i?ih@* i^��*�Mh��4 uh@4i�Lh! UL?t�4T|�L? @?_ _���_i?_ T@)L�|t
@hi }i?ih@|i_ i?_L}i?L�t*)� ì t�L� |�@| L?i Lu |�i t|@?_@h_ hiU�Tit uLh tL*��?}
|�i i^��|) Thi4��4 T�33*ic ?@4i*)c �@M�| uLh4@|�L? Thiuihi?Uit U@??L| t�4T*)
Mi hiT*�U@|i_ �? |��t 4Lhi }i?ih@* uh@4i�Lh!� W?_ii_c 4@!�?} UL?t�4iht uLh4
UL?t�4T|�L? �@M�|tc ��** 4@!i |�i4 U�LLti UL?t�4T|�L? @?_ _���_i?_ ThL�*it
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ì @*tL �ht| @TT*�i_ �ihi @ 4i|�L_L*L}) |�@| @**L�t L?i |L i�@*�@|i @?_ |��?!
@ML�| @tti| Th�Uit �? @ *@h}i U*@tt Lu 4@UhLiUL?L4�U 4L_i*t� wL}?Lh4@* U*Lti_
uLh4t uLh h�t! Thi4�@ @hi hi*@|i_ |L @ *L}*�?i@h 4L_i* tL*�|�L?� `��*i Mi�?} i@t)
@?_ u@t| |L �tic �i @*tL t�L� �? |�i @TTi?_� tL4i i @4T*it Lu |�i hi4@h!@M*i
@UU�h@U) Lu |��t 4i|�L_�

6�?@**)c i�i? |�L�}� t�UUittu�* �? }i?ih@|�?} *@h}i i^��|) Thi4�@ |�i t|�_)
��}�*�}�|t tL4i Lu |�i hi4@�?�?} t�Lh|UL4�?}t Lu |��t 4L_i*� W? T@h|�U�*@hc h�t!
Thi4�@ uLh *L?}�|ih4 ML?_t @hi |LL ��}� hi*@|��i |L |�i i^��|) Thi4��4� ì ThL�
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|�i i4T*L)i_ tL*�|�L? 4i|�L_� ì UL4T@hi ^�@?|�|@|��i Thi_�U|�L?t uhL4 L�h
*L}*�?i@h�*L}?Lh4@* uh@4i�Lh! |L @ t|@|i�Lu�|�i�@h|c u�**) ?L?*�?i@h @TThL@U� |�@|
t�L�*_ Mi �ih) @UU�h@|i� 6Lh |�i U@tit i @4�?i_ �ihic |�i |�L 4i|�L_t )�i*_
�?_ii_ �ih) t�4�*@h hit�*|tc ���U� �i �?|ihThi| @t @ t�}? Lu |�i ��}� @UU�h@U) Lu
L�h *L}*�?i@h�*L}?Lh4@* 4i|�L_�

`�i? tL*��?} |�i 4L_i* �? @ u�**) ?L?*�?i@h ti||�?} �i ?ii_ |L tTiU�u) |�i
U@T�|@* @_��t|4i?| ULt| u�?U|�L?QuLh |�i *L}*�?i@h @TThL �4@|�L? @ t�?}*i i*@t�
|�U�|) �@t i?L�}�� A��t u�?U|�L? �t tTiU��i_ @tG �

�
U|

g|

�
' K

�3@
E�*&��3@ n Sc ��ihi

|�i ULi�U�i?|t K @?_ S @hi ti| tL @t |L )�i*_ |�i t@4i t|i@_) t|@|i ThLTih|�it
@?_ ��ihi @ hiT*�U@|it |�i i*@t|�U�|) T@h@4i|ih 1 _�tU�tti_ @ML�i� ��h ?L?*�?i@h
tL*�|�L? 4i|�L_ uL**L�t a�__ E�bb2�� W? T@h|�U�*@hc �i �ti @ UL4T*i|i TL*)?L�
4�@* M@t�t ��|� ��iM)t�i� TL*)?L4�@*t Lu �T |L |�i �u|� Lh_ihc @?_ @t U�L�Ui uLh
|�i ThL�iU|�L? UL?_�|�L? �i �ti |�i B@*ih!�? 4i|�L_� �?i _��U�*|) �? |h)�?} |L
i�@*�@|i |�i hit�*|t uhL4 |�i *L}*�?i@h @TThL �4@|�L? �t |L hiT*�U@|i |�i i L}i?L�t
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Table 1

Business Cycles and Asset Returns

Model version \ Moments σ∆C / σ∆Y σ∆I / σ∆Y E(rf) E(re-rf) Std(rf) Std(re) E(rb-rf)

Benchmark 0.49 2.64 0.82 6.18 11.46 19.86 5.69

Standard RBC model (No habit, no adj. cost) 0.77 1.54 4.26 0.02 0.61 1.02 0.04

Risk aversion = 10, no habit, no adj. cost 0.78 1.53 3.36 0.26 0.76 2.90 0.29

Habit, no adjustment cost 0.33 3.00 4.20 0.03 0.59 1.29 0.08

Adjustment cost, no habit. 1.14 0.68 3.91 0.67 0.61 6.09 0.45

Random walk productivity 0.55 2.57 0.03 6.39 11.98 18.80 5.09

Data 0.51 2.65 0.80 6.18 5.67 16.54 1.70

The symbols have the following meaning: σ∆Y, standard deviation of quarterly output growth rates; σ∆C, standard deviation of
quarterly consumption growth rates; σ∆I, standard deviation of quarterly investment growth rates; rf, risk-free interest rate; re, return
to equity; rb, return to a perpetual bond in model, long term government bond in the data. Business cycle growth rate data is from the
NIPA, 54.1-89.2, GNP for output, Consumption of nondurables and services for consumption, Fixed investment for investment. 
Equity and short term bond returns are from Mehra and Prescott (1985), long term government bond returns are from Ibbotson
Associates (1994).  Business cycle data is quarterly and asset return data is annualized, both are in percentage terms.  Business cycle
data and risk free rates are (computed) population moments, the remaining asset return moments are averages of 100 simulations
each 200 periods long.



Table 2

Financial Leverage and Dividend Volatility

no
leverage

leverage parameter: ν = 0.4 leverage parameter: ν = 0.6

maturity

5 years 10 years 5 years 10 years

Equity
premium

6.18 7.16
[0.30]

6.81
[0.24]

7.90
[0.42]

7.29
[0.37]

Dividend  volatil.
(Data: 13.6%)

8.44 27.42 8.37 53.33 17.81

Equity premia are expressed in percents per annum.  Dividend volatility is defined as the
standard deviation of per annum growth rates.  The terms in brackets are average leverage
ratios, defined as debt divided by total firm value.  Model data is obtained as the average of 100
simulations each 200 periods (quarters) long.  Historical dividend volatility is from Cecchetti,
Mark and Lam (1990). 



Table 3

Loglinear-lognormal Solution Compared to Fully Nonlinear Approach

σ∆Y σ∆C / σ∆Y σ∆I / σ∆Y E(rf) E(re-rf)

Loglinear 0.01 0.77 1.54 4.26 0.02Standard RBC model
 (no habit, no adj. cost)

Nonlinear 0.01 0.77 1.55 4.28 (0.08) 0.003

Loglinear 0.01 1.14 0.68 3.91 0.67Adjustment cost, no habit

Nonlinear 0.01 1.14 0.68 3.93 (0.10) 0.67

Loglinear 0.01 0.13 3.22 4.49 0.0047Habit, no adjustment cost
(shock persistence 0.95)

Nonlinear 0.01 0.13 3.22 4.49 (0.04) 0.0050

Loglinear 0.01 0.38 2.77 1.52 5.93Habit, adjustment cost
(shock persistence 0.95)

Nonlinear 0.01 0.38 2.77 1.55 (0.10) 5.90

The symbols have the following meaning: σ∆Y, standard deviation of quarterly output growth rates; σ∆C, standard deviation of
quarterly consumption growth rates; σ∆I,standard deviation of quarterly investment growth rates; rf, risk-free interest rate; re, return
to equity.  Business cycle data is quarterly and asset return data is annualized, both are in percentage terms.  Loglinear business cycle
data and risk free rates are (computed) population moments, the equity premium is the average over 100 simulations each 200 periods
long.  Nonlinear moments are obtained as the average over 100 simulations each 200 periods long for the time-separable cases, and
as the average over 1000 simulations each 200 periods long for habit-formation cases.  Numbers in parentheses are standard errors
across simulations divided by the square root of the number of simulations, no standard errors are reported when they are negligible.
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Figure 1

Impulse Responses for Consumption, Marginal Utility and Dividends

_  with adjustment costs
-- without adjustment costs

The impulse is a 1% positive productivity shock, the responses are in % deviations from steady
state values.


