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>ebl_evgZy wdkiemZlZpby h[hjm^h\Zgby b ljm[hijh\h^h\ Zlhfguo wg_j]_lbq_kdbo klZgpbc ijb\h^bl d m\_ebq_gbx

jZ^bZpbhgghc aZ]jyag_gghklb h[hjm^h\Zgby b khhl\_lkl\_ggh m\_ebq_gbx ^ha� ihemqZ_fuo i_jkhgZehf ijb ijh\_�

^_gbb j_]eZf_glguo jZ[hl ih dhgljhex khklhygby f_lZeeZ b k\Zjguo kh_^bg_gbc� H^gbf ba kihkh[h\� iha\heyxsbf

mf_gvrblv \j_fy gZ ijh\_^_gb_ dhgljhey ijb \ukhdhc ^hklh\_jghklb� fh`_l kem`blv dhf[bgbjh\Zggh_ bkihev�

ah\Zgb_ f_lh^Z Zdmklbq_kdhc wfbkkbb �:W� k ihke_^mxsbf dhgljhe_f \uy\e_gguo ahg ljZ^bpbhggufb f_lh^Zfb

g_jZajmrZxs_]h dhgljhey� H^gZdh ^ey jZajZ[hldb f_lh^bdb dhgljhey ^_n_dlghklb k\Zjguo kh_^bg_gbc f_lh^hf

Zdmklbq_kdhc wfbkkbb g_h[oh^bfh ijh\_klb jy^ bkke_^h\Zgbc� hij_^_e_gb_ :W k\hckl\ fZl_jbZeh\ we_f_glh\ h[h�

jm^h\Zgby dhglmjZ fgh]hdjZlghc ijbgm^bl_evghc pbjdmeypbb� hkh[_gghkl_c :W k\hckl\ k\Zjguo r\h\� dhgkljmdpbc

b l� i�

/RQJ�WHUP RSHUDWLRQ RI HTXLSPHQW DQG SLSLQJ RI QXFOHDU SRZHU VWDWLRQV OHDGV WR D KLJKHU OHYHO RI FRQWDPLQDWLRQ RI WKH

HTXLSPHQW DQG DFFRUGLQJO\� JUHDWHU H[SRVXUH RI WKH SHUVRQQHO GXULQJ SHUIRUPDQFH RI VFKHGXOHG FRQWURO RI WKH FRQGLWLRQ

RI PHWDO DQG ZHOGHG MRLQWV� 2QH RI WKH SURFHVVHV DOORZLQJ UHGXFWLRQ RI WKH FRQWURO WLPH DW D KLJK YDOLGLW\� FDQ EH D

FRPELQHG DSSOLFDWLRQ RI WKH DFRXVWLF HPLVVLRQ PHWKRG �$(� ZLWK VXEVHTXHQW FRQWURO RI WKH GHWHFWHG ]RQHV E\ WUDGLWLRQDO
1'7 PHWKRGV� +RZHYHU� GHYHORSPHQW RI D SURFHGXUH WR FRQWURO WKH GHIHFW OHYHO LQ ZHOGHG MRLQWV E\ DFRXVWLF HPLVVLRQ

PHWKRG UHTXLUHV FRQGXFWLQJ VHYHUDO VWXGLHV� QDPHO\ GHWHUPLQDWLRQ RI $( SURSHUWLHV RI PDWHULDOV RI HTXLSPHQW FRPSRQHQWV

LQ WKH PXOWLSOH IRUFHG FLUFXODWLRQ FLUFXLW� )HDWXUHV RI $5( RI ZHOGV� VWUXFWXUH� HWF�

|°ÓºmÓÈ« ÏÈ�È�È ¯Èº�© Û �°�ÈÓºmãËÓÒË °m«ÏÒ

äËÎ�� ¯ÈÏäË¯ÈäÒ ¯ÈÏmÒmÈ
�Ë�º°« �ËÁË}�È Ò ¹È¯È�

äË�¯ÈäÒ °Ò�ÓÈãºm kw�

j°°ãË�ºmÈÓÒ« ¹¯ºmº�ÒãÒ ÓÈ º¯ÈÏ�È²� ÒÏ�º�ºm�

ãËÓÓ©² ÒÏ °�ÈãÒ ��z ° ¹ãÈ}Ò¯ºm}º® ÒÏ °�ÈãÒ

��t��s���� |¯ÈÏ�© �ËÁº¯äÒ¯ºmÈãÒ º�Óºº°Ó©ä

°�È�Ò�Ë°}Òä ¯È°�«ÎËÓÒËä ÓÈ Ò°¹©�È�Ëã	Óº® äÈ�

�ÒÓË ÒmÈÓºm°}º�º ÏÈmº�È |k| ½�º�¹¯Òº¯�

jc�������� �¯Ò°� ��� iã« Ò°}ã
�ËÓÒ« ¹Ë¯Ë}º°ºm

º¯ÈÏ�È ¹¯Ò ÓÈ�¯�ÎËÓÒÒ mË¯²ÓÒ® ÏÈ²mÈ� ©ã �°�

�ÈÓºmãËÓ m }º¯¹�°Ë ÓÈ�¯�ÎÈ
�Ë�º �°�¯º®°�mÈ ÓÈ

°ÁË¯Ò�Ë°}Ò® °Èäº�°�ÈÓÈmãÒmÈ
�Ò®°« ¹º��Ò¹ÓÒ}�

|�°��°�mÒË �¯ËÓÒ« m �È¯ÓÒ¯È² Ò ¹¯º°}Èã	Ï©mÈÓÒ«

º¯ÈÏ�È m ÏÈ²mÈ�È² ¹¯ºmË¯«ãº°	 ª}°¹Ë¯ÒäËÓ�Èã	Óº�

vÒ�ÓÈã© È}�°�Ò�Ë°}º® ªäÒ°°ÒÒ º�Óºm¯ËäËÓÓº

° ¯È°�«ÎËÓÒËä ¯Ë�Ò°�¯Ò¯ºmÈãÒ°	 È}�°�Ò}º�ªäÒ°�

°ÒºÓÓº® °Ò°�Ëäº® $�/LQH ��' ÁÒ¯ä© ||| ½jÓ�

�Ë¯
ÓÒ°� �¯Ò°��� >�@� { }È�Ë°�mË �È��Ò}ºm ©ãÒ

Ò°¹ºã	ÏºmÈÓ© ¹ºãº°ºm©Ë �È��Ò}Ò *7����� iã« Ò°�

}ã
�ËÓÒ« °Ò�ÓÈãºm kw º� ��È°�}ºm ÏÈ²mÈ�ºm Ò²

¹¯Ë�mÈ¯Ò�Ëã	Óº º¹¯Ë°°ºm©mÈãÒ� {º m¯Ëä« ª}°¹Ë¯Ò�

äËÓ�È º°��Ë°�mã«ãÈ°	 ÏÈ¹Ò°	 m°Ë² ¹È¯ÈäË�¯ºm kw�

{ ¹¯º�Ë°°Ë ª}°¹Ë¯ÒäËÓ�È Ò°¹ºã	ÏºmÈãÒ°	 �mÈ

}ÈÓÈãÈ kw °Ò°�Ëä© $�/LQH ��'� �¯ºmËÓ	 �Ò°}�

¯ÒäÒÓÈ�ÒÒ ¹º }ÈÓÈãÈä °º°�Èmã«ã �� �r� iã« mÒ�Ëº

ÓÈã
�ËÓÒ« ÏÈ ¹¯º�Ë°°ºä �ËÁº¯äÒ¯ºmÈÓÒ« º¯ÈÏ�È

Ò°¹ºã	ÏºmÈãÈ°	 �ÒÁ¯ºmÈ« mÒ�Ëº}ÈäË¯È 621<� iã«

ª}°¹Ë¯ÒäËÓ�È ©ãÒ ÒÏ�º�ºmãËÓ© º¯ÈÏ�© ÒÏ °�ÈãÒ

��z� �¯Ò ¹¯ºmË�ËÓÒÒ ª}°¹Ë¯ÒäËÓ�ºm Ò°¹ºã	ÏºmÈ�

ãÒ°	 º¯ÈÏ�© ° ¯ÈÏãÒ�Ó©äÒ °Ë�ËÓÒ«äÒ �¯Ò°� ���

iã« ÓÈã
�ËÓÒ« ÏÈ ¯ÈÏmÒ�ÒËä ¹ºm¯ËÎ�ËÓÒ« m

º¯ÈÏ�Ë m©¹ºãÓ«ã°« ÓÈ�¯ËÏ ¹¯Ò ¹ºäº�Ò ªãË}�¯º�

ª¯ºÏÒºÓÓº�º °�ÈÓ}È� bÒ¯ÒÓÈ ÓÈ�¯ËÏÈ ���� ää� �ã��

ÒÓÈ Û ÓÈ � ää ºã	�Ë �ºã�ÒÓ© ¹ãÈ}Ò¯ºmÈÓÓº�º

°ãº«�

� =� :� ;b]mk� I� ;� Klj_edh\� ����

cÒ°� �� j°¹©�È�Ëã	ÓÈ« äÈ�ÒÓÈ jc�������� cÒ°� �� k}�°�Ò}º�ªäÒ°°ÒºÓÓÈ« °Ò°�ËäÈ $�/LQH ��'
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�º°ãË �°�ÈÓºm}Ò º¯ÈÏ�ºm m ÏÈ²mÈ�© ¯ÈÏ¯©mÓº®
äÈ�ÒÓ© Ò Ò² ¹¯Ë�mÈ¯Ò�Ëã	Óº® º¹¯Ë°°ºm}Ò ¹¯ºmº�
�ÒãÈ°	 °�Ëä}È ��È°�}È ÓÈ�¯ËÏÈ �ÒÁ¯ºmº® }ÈäË¯º®
621<� �¯Ò ª�ºä °ÒÓ²¯ºÓÒÏÒ¯ºmÈãÒ°	 m¯ËäËÓÈ kw
ÒÏäË¯ËÓÒ® Ò ¹ºã��ËÓÒ« �ËãËÒÏº¯ÈÎËÓÒ« �ËÁº¯äÒ�
¯�Ëäº�º ��È°�}È m ¯È®ºÓË º}ºÓ�ÈÓÒ« ÓÈ�¯ËÏÈ� iÈ��Ò}Ò
kw �°�ÈÓÈmãÒmÈãÒ°	 ÓÈ ¯È°°�º«ÓÒÒ �� ää º� ÓÈ�¯ËÏÈ�
cÈº�È« �È°�	 º¯ÈÏ�È °º°�Èmã«ãÈ ��� ää�

|¯ÈÏË� ¹º� �Ë®°�mÒËä }mÈÏÒ°�È�Ò�Ë°}º® ÓÈ�¯�Ï}Ò

ÓÈ�¯�ÎÈã°« �º �¯ºmÓ« ÓÈ¹¯«ÎËÓÒ® σ� ¯ÈmÓ©² ¹¯Ë�Ëã�
�¹¯��º°�Ò� v}º¯º°�	 �ËÁº¯äÈ�ÒÒ ε a��Ü� °äÜ�� { ÏºÓË
�¹¯º�ÓËÓÒ« °}º¯º°�	 �ËÁº¯äÈ�ÒÒ º¹¯Ë�Ëã«ãÈ°	
°mº®°�mÈäÒ äÈ�Ë¯ÒÈãÈ�

�¯Ë�mÈ¯Ò�Ëã	Óº ¹¯ºmË�ËÓ© °Ë¯ÒÒ È}�°�Ò}º�
ªäÒ°°ÒºÓÓ©² �Ë°�ºm ° �Ëã	
 º¹¯Ë�ËãËÓÒ« ¹È¯È�
äË�¯ºm È}�°�Ò�Ë°}Ò² ��äºm� ¯Èº�È
�Ë® Ò ÓË¯È�
º�È
�Ë® ¯ÈÏ¯©mÓº® äÈ�ÒÓº®� r©ãº �°�ÈÓºmãËÓº�
��º È}�°�Ò�Ë°}ÒË ��ä© ¯ÈÏ¯©mÓº® äÈ�ÒÓ© ÓË ¹¯Ë�
m©�È
� �� �r� ~È�Ëä ¹¯ºmº�ÒãÈ°	 }ÈãÒ¯ºm}È �È��
�Ò}ºm Ò ÓÈ°�¯º®}È kw °Ò°�Ëä© ° ¹ºäº�	
 ÒäÒ�
�È�º¯È kw �¯Ë�ÒÓ© ¹��Ëä °ãºäÈ �¯ÒÁËã« }È¯ÈÓ�
�È�È >�@�

sÈ ¯Ò°� � ¹¯ÒmË�ËÓ ¯ËÏ�ã	�È� �Ë°�È º� °ãºäÈ
�¯ÒÁËã« m ¯È®ºÓË ÓÈ�¯ËÏÈ� ÏÈ¯Ë�Ò°�¯Ò¯ºmÈÓÓ©®
�È��Ò}ÈäÒ � Ò � }ÈÓÈãÈ�

{ �ÈÓÓºä °ã��ÈË } °Ò�ÓÈãÈä º� ÒäÒ�È�º¯ºm
º�Óº°«�°« �mÈ °º©�Ò« ° Èä¹ãÒ���ÈäÒ �� Ò �� �r
�¯Ò°� ��� |È ª�Ò °º©�Ò« ©ãÒ ÏÈ¯Ë�Ò°�¯Ò¯ºmÈÓ©
�m�ä« }ÈÓÈãÈäÒ º�Óºm¯ËäËÓÓº�

cÈÏãÒ�Ò« ¹º Èä¹ãÒ���Ë ±� �r m©ÏmÈÓ© ¯ÈÏÓº®
��m°�mÒ�Ëã	Óº°�	
 ¹º }ÈÓÈãÈä� zÈãÒ¯ºm}È ¹¯Ò�
º¯È ¹ºÏmºã«ãÈ ¹º�º¯È�	 �È��Ò}Ò kw ° ãÒÏ}ÒäÒ
k t Ò È°ºã
�Óº® ��m°�mÒ�Ëã	Óº°�	
� �È}Òä º�
¯ÈÏºä ©ãÒ ¹º�º¯ÈÓ© Ò�ËÓ�Ò�Ó©Ë ¹º ��m°�mÒ�
�Ëã	Óº°�Ò � }ÈÓÈãÈ kw °Ò°�Ëä©�

{ ¹¯º�Ë°°Ë ÓÈ�¯�ÎËÓÒ« º¯ÈÏ�È �ãÈ ÏÈ¹Ò°	
m°Ë² ¹È¯ÈäË�¯ºm kw °Ò�ÓÈãºm� ¯Ë�Ò°�¯Ò¯�Ëä©² °Ò°�
�Ëäº® $�/LQH ��'� ~È¹Ò°	 ¹¯ºmº�ÒãÈ°	 ËÏ }È�
}Ò²�ãÒº ÁÒã	�¯ºm Ò ÒÏäËÓËÓÒ® m ¹¯º�Ë°°Ë ÓÈ��
¯�ÎËÓÒ« º¯ÈÏ�È ��� Ë� m°Ë ÏÓÈ�ËÓÒ« ¹º¯º�ºm� �°Ò�
ãËÓÒ® Ò �� �� º°�ÈmÈãÒ°	 ÓÈ º�Óºä Ò �ºä ÎË �¯ºmÓË

m �Ë�ËÓÒË m°Ë�º ª}°¹Ë¯ÒäËÓ�È� ° º�Óºm¯ËäËÓÓº®
mÒ�ËºÏÈ¹Ò°	
 ¯È°�«ÎËÓÒ« º¯ÈÏ�È ° ¹ºäº�	
 �ÒÁ�
¯ºmº® mÒ�Ëº}ÈäË¯© 621<�

�ºã��ËÓÓ©Ë kw �ÈÓÓ©Ë ÓË ¹ºÏmºã«ãÒ º�ËÓÒ�	
mÏÈÒäº°m«Ï	 äËÎ�� °Ò�ÓÈãºä kw Ò ¹º�¯È°�ÈÓÒËä
�¯ÈÏmÒ�ÒËä� �ËÁË}�È ��¯Ë�ÒÓ©� �¯Ò°� ���

zºãÒ�Ë°�mº °º©�Ò®� ÏÈ¯Ë�Ò°�¯Ò¯ºmÈÓÓ©² kw
°Ò°�Ëäº®� }È} ¹¯ÈmÒãº� ¹¯Ëm©�Èãº ��� �©°«�� |�
¯Èº�}È �È}º�º äÈ°°ÒmÈ ËÏ ÁÒã	�¯ºm �¯Ë�Ë� ÏÓÈ�
�Ò�Ëã	Ó©² º�Ëäºm ¯È°�Ë�ºm� ¹ºª�ºä� ¹º º}ºÓ�È�
ÓÒ
 ª}°¹Ë¯ÒäËÓ�È �°º¯È �ÈÓÓ©²� ¹¯ºmº�ÒãÒ ÓË�
º²º�Òä�
 ÁÒã	�¯È�Ò
�

nÒã	�¯È�Ò« �ÈÓÓ©² kw ¹¯ºmº�ÒãÈ°	 ¹º °ãË�
��
�Òä ¹È¯ÈäË�¯Èä�

ªÓË¯�Ò« °Ò�ÓÈãºm kw ≥ ��Ü�� iÎ �Ï�Ë°	 Ò �ÈãËË
¹º� ÏÓÈ�ËÓÒËä ªÓË¯�ÒÒ ¹ºÓÒäÈË�°« ÏÓÈ�ËÓÒË� º¹�
¯Ë�ËãËÓÓºË kw °Ò°�Ëäº®� �� Ë� ºÓº äºÎË� º�ãÒ�È�	°«
º� ¯ËÈã	Óº�º��

Èä¹ãÒ���È °Ò�ÓÈãÈ kw ≥ �� �r�
°ÒÓ²¯ºÓÒÏÈ�Ò« ¹º m¯ËäËÓÒ °Ò�ÓÈãÈ� ¹ºã��ËÓ�

Óº�º �m�ä« ¯ÈÏãÒ�Ó©äÒ }ÈÓÈãÈäÒ�
�¯ÒÓÒäÈãº°	� ��º °Ò�ÓÈã©� ¹¯Ò�Ë��ÒË ÓÈ �mÈ

¯ÈÏÓ©² }ÈÓÈãÈ� �ºãÎÓ© º�ãÒ�È�	°« ÓË ºãËË� �Ëä
ÓÈ � ä}°�

iÈÓÓ©Ë� º¯Èº�ÈÓÓ©Ë ° ¹ºäº�	
 �È}º® ÁÒã	�
�¯È�ÒÒ� ¹¯ÒmË�ËÓ© ÓÈ ¯Ò°� �� �º}ÈÏÈÓÈ �ÒÈ�¯ÈääÈ
ªÓË¯�ÒÒ °Ò�ÓÈãºm kw� ÓÈãºÎËÓÓÈ« ÓÈ �¯ÈÁÒ} ÓÈ��
¯�ÎËÓÒ«� {©�ËãËÓÓ©Ë ºãÈ°�Ò k Ò { ²È¯È}�Ë¯Ó©
�ã« ºã	�Ò² ªÓË¯�Ò®� iã« ª�Ò² ºãÈ°�Ë® ¹º}ÈÏÈÓ©
°�º¹�}È�¯©� m©¯ËÏÈÓÓ©Ë ÒÏ mÒ�Ëº¯«�È�

jÏã��ËÓÒË Ò ¯Ë�Ò°�¯È�Ò« °Ò�ÓÈãºm kw ¹¯ºÒ°�
²º�ÒãÈ m ¯ËÏ�ã	�È�Ë º¯ÈÏºmÈÓÒ« Ò ¯ÈÏmÒ�Ò« ãº�
}Èã	Ó©² ÏºÓ ¹ãÈ°�Ò�Ë°}º® �ËÁº¯äÈ�ÒÒ º¯ÈÏ�È
�¯Ò°� ��� w�º� ¹¯º�Ë°° °º¹¯ºmºÎ�Èã°« ¯Ë�Ò°�¯È�ÒË®

°Ò�ÓÈãºm kw ºã	�º® �ãÒ�Ëã	Óº°�Ò �τ ! ���� ä}°�.

cÒ°� �� vÒ�ÓÈã© º� ÒäÒ�È�º¯È kw °Ò�ÓÈãºm
cÒ°� �� kä¹ãÒ���© °Ò�ÓÈãºm kw� ÏÈÁÒ}°Ò¯ºmÈÓÓ©Ë m ¹¯º�Ë°°Ë
ª}°¹Ë¯ÒäËÓ�È

cÒ°� �� |¯ÈÏË� ÒÏ °�ÈãÒ ��z ° ÓÈ�¯ËÏºä� �� � Û äË°�È �°�ÈÓºm}Ò �È��Ò}ºm
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�¯º�Ë°° º¯ÈÏºmÈÓÒ« ãº}Èã	Ó©² ÏºÓ ¹ãÈ°�Ò�
�Ë°}º® �ËÁº¯äÈ�ÒÒ º¯ÈÏ�È ¹¯ºÒ°²º�Òã m �Ë�ËÓÒË
�… � äÒÓ�

sÈ ¯Ò°� �� � ¹º}ÈÏÈÓ© Áº¯äÈ Ò °¹Ë}�¯ �Ò¹Ò�Ó©²
°Ò�ÓÈãºm� }º�º¯©Ë ©ãÒ ÏÈ¯Ë�Ò°�¯Ò¯ºmÈÓ© mº m¯Ë�
ä« ¯ÈÏmÒ�Ò« ÏºÓ© ¹ãÈ°�Ò�Ë°}º® �ËÁº¯äÈ�ÒÒ� m©�
�ËãËÓÓº® ÓÈ ¯Ò°� � ºãÈ°�Ò º¯ÈÏ�È�

vÒ�ÓÈã� ¹¯Ë�°�ÈmãËÓÓ©® ÓÈ ¯Ò°� �� «mã«Ë�°«
¯ËÈ}�ÒË® ¹	ËÏº�È��Ò}È ÓÈ mºÏ�Ë®°�mÒ« ÓË°}ºã	}Ò²
äË²ÈÓÒ�Ë°}Ò² Òä¹�ã	°ºm� ¹¯Ò�Ë��Ò² } �È��Ò}�
ÒÏ ¯ÈÏãÒ�Ó©² �º�Ë} ãº}Èã	Ó©² ÏºÓ ¹ãÈ°�Ò�Ë°}Ò
�ËÁº¯äÒ¯ºmÈÓÓº�º º�ËäÈ º¯ÈÏ�È� �¯Ò �º°�Ò�

ÎËÓÒÒ ¯È°�«�ÒmÈ
�Ò² ÓÈ¹¯«ÎËÓÒ® σ m º¯ÈÏ�Ë

mËãÒ�ÒÓ© σ
���

Ò ºãËË ÓÈã
�ÈË�°« äÈ}°Òä�ä °}º�
¯º°�Ò °�Ë�È 1 ����� Ò ºãËË Òä¹�ã	°ºm m °Ë}�Ó����
�º º}ºÓ�ÈÓÒ« �Ë®°�mÒ« ¹Ë¯mº�º Òä¹�ã	°È ÓÈ m²º�
¹	ËÏº�È��Ò}È ¹º°��¹ÈË� Óºm©®� }º�º¯©® ÓÈ}ãÈ�©�
mÈË�°« ÓÈ ¯È�ÒºÒä¹�ã	° ¹Ë¯mº�º� |¯ÈÏ�Ë�°« ¯È�
�Òº°Ò�ÓÈã� ÓÈ¹ºäÒÓÈ
�Ò® ½ÒËÓÒ«� ºã	�º® �ãÒ�
�Ëã	Óº°�Ò �°ä� ¯Ò°� ��� �¯ºÈÓÈãÒÏÒ¯�Ëä Áº¯ä�
°Ò�ÓÈãºm kw� ¹¯ÒÓÒäÈËä©² �È��Ò}ºä ÓÈ ª�È¹Ë
¹ãÈ°�Ò�Ë°}º® �ËÁº¯äÈ�ÒÒ ãº}Èã	Ó©² ��È°�}ºm�
vm«Ï	 äËÎ�� m²º�Ó©ä Òä¹�ã	°ºä �}È} ¹¯ÈmÒãº
º�Óº¹ºã«¯Ó©ä >�@�� �Ë®°�m�
�Ëä ÓÈ m²º�Ë �È��Ò}È
��W�� Ò m©²º�Ó©ä °Ò�ÓÈãºä ¹	ËÏº¹¯Ëº¯ÈÏºmÈ�Ëã«
²�W� º¹¯Ë�Ëã«Ë�°« º¹Ë¯È�ÒË® °mË¯�}Ò >�@�

[(W) = ∫
�

τ
8

\(W)J(W Ü τ)Gτ� ���

��Ë J�W Ü τ� Û Òä¹�ã	°ÓÈ« ²È¯È}�Ë¯Ò°�Ò}È ¹	ËÏº¹�

¯Ëº¯ÈÏºmÈ�Ëã«� τ Û �Ë}��ËË m¯Ëä«� �W Ü τ� Û
°�mÒ� mº m¯ËäËÓÒ�

p°ãÒ �ãÒ�Ëã	Óº°�	 m²º�Óº�º Òä¹�ã	°È äÈãÈ τ
Ò

�¹º¯«�}È � ä}°�� È Òä¹�ã	°ÓÈ« ¹Ë¯Ë²º�ÓÈ« Á�Ó}�Ò«

J�W Ü τ� ÓË ÏÈmÒ°Ò� º� äºäËÓ�È ¹¯Ò²º�È } ¹	ËÏº�

�È��Ò}� äË²ÈÓÒ�Ë°}º�º Òä¹�ã	°È� �� Ë� J�W Ü τ�  

 J�τ�� �º ��� ¹¯ÒäË� mÒ��

[(W) = J(W) ∫
�

τ
8

\(W)Gτ = J(W)6(X)�

��Ë 6(X) = ∫
�

τ
8

\(W)Gτ Û ¹ãº�È�	 Òä¹�ã	°È \�W��

vãË�ºmÈ�Ëã	Óº� mºÏÓÒ}�Ò® ªãË}�¯Ò�Ë°}Ò® °Ò��
ÓÈã ¹	ËÏº�È��Ò}È ¹º°ãË mºÏ�Ë®°�mÒ« ÓÈ ÓË�º äË�
²ÈÓÒ�Ë°}º�º º�Óº¹ºã«¯Óº�º Òä¹�ã	°È� ��Ë� ãÒ�

Ïº} } Òä¹�ã	°Óº® Á�Ó}�ÒÒ J�τ�� È Ë�º Èä¹ãÒ���È
º¹¯Ë�Ëã«Ë�°« ¹ãº�È�	
 m²º�Óº�º Òä¹�ã	°È 6�X��
{ºÏ�Ë®°�mÒË ÓÈ �È��Ò} �©°«� Òä¹�ã	°ºm m °Ë}�Ó��
¹¯Òmº�«� } mºÏÓÒ}ÓºmËÓÒ
 äÓº�º}¯È�Ó©² ÒÏäË�
ÓËÓÒ® ÁÈÏ© m©²º�Óº�º °Ò�ÓÈãÈ Ò } °ºº�mË�°�m��

�Ëä� �Ò¯º}ºä� ÓÒ°¹È�È
�Ëä� �È°�º�Óºä� °¹Ë}�
�¯� ªãË}�¯Ò�Ë°}º�º °Ò�ÓÈãÈ� ¯Ë�Ò°�¯Ò¯�Ëäº�º kw
°Ò°�Ëäº®� }º�º¯©®� ¹Ë¯ËäÓºÎÈ«°	 ° k t �È��Ò}È
�°ä� ¯Ò°� �� ¹¯Òmº�Ò� } mÒ�� �È°�º�Óº�º °¹Ë}�¯È
ÓÈ ¯Ò°� �� vãË�ºmÈ�Ëã	Óº� ÓÈ °�È�ÒÒ ¹ãÈ°�Ò�Ë°}Ò²
�ËÁº¯äÈ�Ò® kw ¹¯º�Ë°° m �È°�º�Óº® ºãÈ°�Ò ¹ºm�
�º¯«Ë� k t �È��Ò}È�

cÒ°� �� cÈÏmÒ�ÒË ¹ãÈ°�Ò�Ë°}º® �ËÁº¯äÈ�ÒÒ

cÒ°� �� iÒÈ�¯ÈääÈ ªÓË¯�ÒÒ Ò ÓÈ�¯�Ï}Ò º¯ÈÏ�È

�� °£³«¦µ£¯¨�½ ¢¦�¡«¬¯°¦¨� ¦ «£®�¥®±¶�¼·¦§ ¨¬«°®¬©º�� ������



lÈ}°Òä�ä �È°�º�Óº�º ¯È°¹¯Ë�ËãËÓÒ« ¹¯Ò²º�Ò�°«
ÓÈ �È°�º�� ��� }��� �È}È« Áº¯äÈ kw °Ò�ÓÈãºm Ò
°¹Ë}�¯© �°ä� ¯Ò°� �� ²È¯È}�Ë¯Ó© �ã« ��È°�}È k�

iã« º¹¯Ë�ËãËÓÒ« ¹¯ÒÓÈ�ãËÎÓº°�Ò �m�² ÏÈ¯Ë�
�Ò°�¯Ò¯ºmÈÓÓ©² °Ò�ÓÈãºm ¯ÈÏÓ©äÒ }ÈÓÈãÈäÒ kw
°Ò°�Ëä© º�Óºä� Ò �ºä� ÎË Ò°�º�ÓÒ}� ÒÏã��ËÓÒ«
ÒÏ ÏºÓ© ãº}Èã	Óº® ¹ãÈ°�Ò�Ë°}º® �ËÁº¯äÈ�ÒÒ m©�
�Ò°ã«ãÈ°	 Óº¯äÒ¯ºmÈÓÓÈ« }º¯¯Ëã«�ÒºÓÓÈ« Á�Ó}�
�Ò« �m�² °Ò�ÓÈãºm kw [�W� Û ���º �È��Ò}È� \�W�
Û ���º �È��Ò}È� ¹¯º�Ë��Ò² ÁÒã	�¯È�ÒÒ m °ºº��
mË�°�mÒÒ ° Èã�º¯Ò�äºä� º¹Ò°ÈÓÓ©ä m©�Ë�

ρ
[\

(τ) =
5
[\

(τ) Ü µ
[
µ
\

√ >5
[\

(�) Ü µ
[

�
@ >5

\\
(�) Ü µ

\

�
@

�

��Ë 5
[\
�τ� Û mÏÈÒäÓÈ« }ºmÈ¯ÒÈ�ÒºÓÓÈ« Á�Ó}�Ò«

[�W� Ò \�W�� µ
[
� µ

\
Û °¯Ë�ÓËË ÏÓÈ�ËÓÒ« [�W� Ò

\�W� ÏÈ m¯Ëä« ¯Ë�Ò°�¯È�ÒÒ °Ò�ÓÈãºm kw 7�

5
[\

(τ) = �

7
∫
�

7

[(W)\(W + τ)Gτ�

�¯ÒÓÈ�ãËÎÓº°�	 �m�² ÏÈ¯Ë�Ò°�¯Ò¯ºmÈÓÓ©² kw
°Ò�ÓÈãºm [�W� Ò \�W� } º�Óºä� °º©�Ò
 ²È¯È}�

�Ë¯ÒÏ�Ë�°« °¯Ë�ÓÒä ÏÓÈ�ËÓÒËä ρ
[\
�τ� ¹¯Ò τ  �

�°ä� ¯Ò°� ���� iã« °Ò�ÓÈãºm� º�äË�ËÓÓ©² ÓÈ ¯Ò°� �
ÏºÓº® k� ª�Ò mËãÒ�ÒÓ© ãËÎÈ� m �ÒÈ¹ÈÏºÓË
����… ����� �¯Ò ¹¯ºmË�ËÓÒÒ ¯ËÈã	Óº�º }ºÓ�¯ºã«
º�Ë}�È kw äË�º�ºä ÏºÓ© ¹ãÈ°�Ò�Ë°}º® �ËÁº¯�
äÈ�ÒÒ �È}ÎË ���� ²È¯È}�Ë¯ÒÏºmÈ�	°« ãÒº ÓÒÏ}Òä�
ãÒº °¯Ë�ÓÒä �äËÓËË ����� }ºªÁÁÒ�ÒËÓ�ºä }º¯�

¯Ëã«�ÒÒ ρ
[\
�τ��

�º«mãËÓÒË �¯Ë�ÒÓ© Ò ËË ¹º�¯È°�ÈÓÒË �¯Ò°� ���
¹¯º²º�Òãº ÓË m äË°�Ë º¯ÈÏºmÈÓÒ« ãº}Èã	Ó©² ÏºÓ
¹ãÈ°�Ò�Ë°}º® �ËÁº¯äÈ�ÒÒ� È m �ËÓ�¯Ë ÓÈ�¯ËÏÈ �²º�«

ÓÈ �È°�Ò ¯ÈÏ¯��ËÓÓ©² ÈÓÈãº�Ò�Ó©² º¯ÈÏ�ºm º�
¯ÈÏºmÈÓÒË �¯Ë�ÒÓ© ¹¯ºÒ°²º�Òãº m ÏºÓË ¹ãÈ°�Ò�
�Ë°}º® �ËÁº¯äÈ�ÒÒ�� lºäËÓ� º¯ÈÏºmÈÓÒ« �¯Ë�Ò�
Ó© Ò ËË ¹Ë¯mº�º ¹º�¯È°�ÈÓÒ« °º¹¯ºmºÎ�Èã°« ÒÓ�
�ËÓ°ÒmÓº® kw� }º�º¯È« ¹¯Ë}¯È�ÈãÈ°	 ¹º°ãË º°�È�
Óºm}Ò �¯Ë�ÒÓ©� iã« ËË ¹º°ãË��
�Ë�º °�¯È�ÒmÈÓÒ«
ÓËº²º�Òäº ©ãº �mËãÒ�ÒmÈ�	 ÓÈ�¯�Ï}� �}¯ÒmÈ«
ÓÈ�¯�ÎËÓÒ« ÏÈ °�Ë� �äËÓ	�ËÓÒ« °Ë�ËÓÒ« º¯ÈÏ�È
ÒäËãÈ ÓÒ°¹È�È
�Ò® ²È¯È}�Ë¯��

cÈÏ¯��ËÓÒË º¯ÈÏ�È ¹¯ºÒ°²º�Òãº ÏÈ ��� ¹º��
¯È°�ÈÓÒ« �¯Ë�ÒÓ© ÓÈ �mËãÒ�ÒmÈ
�ÒË°« ÒÓ�Ë¯mÈã©

∆O� ¯ÈmÓ©Ë ÓË°}ºã	}Òä äÒããÒäË�¯Èä� �º�¯È°�ÈÓÒË
�¯Ë�ÒÓ©� ¹º}ÈÏÈÓÓº® ÓÈ ¯Ò°� ��� ¹¯ºÒ°²º�Òãº m
�Ë�ËÓÒË ÓË°}ºã	}Ò² °Ë}�Ó��

�¯Ò º¯ÈÏºmÈÓÒÒ Ò ¹Ë¯mÒ�Óºä ¹º�¯È°�ÈÓÒÒ �¯Ë�
�ÒÓ© �¯Ò°� �� ºãÈ°�	 {� ¯Ë�Ò°�¯Ò¯ºmÈãÒ°	 °Ò�ÓÈã©
�¯Ò°� ��� äËÓ	�Ë® �ãÒ�Ëã	Óº°�Ò �τ ≈ ���…��� ä}°��
�Ëä ¹¯Ò ¹ãÈ°�Ò�Ë°}º® �ËÁº¯äÈ�ÒÒ m ãº}Èã	Óº® ÏºÓË�
Óº ° ºã	�Ë® Èä¹ãÒ���º® Ò ªÓË¯�ÒË® °Ò�ÓÈãºm�

sÈ ¯Ò°� �� ¹º}ÈÏÈÓ �Ò¹Ò�Ó©® °Ò�ÓÈã ºã	�º®
Èä¹ãÒ���© m äºäËÓ� m¯ËäËÓÒ� º�äË�ËÓÓº® ÓÈ ¯Ò°� �

cÒ°� ��kä¹ãÒ���Óº��È°�º�ÓÈ« ²È¯È}�Ë¯Ò°�Ò}È�kw*7����� � Û
¹¯º�ºã	Ó©Ë mºãÓ©� � Û mºãÓ© cªãË«

cÒ°� ��  È°�º�Ó©® °¹Ë}�¯ Ò Áº¯äÈ kw °Ò�ÓÈãÈ

°£³«¦µ£¯¨�½ ¢¦�¡«¬¯°¦¨� ¦ «£®�¥®±¶�¼·¦§ ¨¬«°®¬©º�� ������ ��



ÏºÓº® {� jÏ º°�Òããº�¯Èää© mÒ�Óº� ��º º°ÓºmÓÈ«
ÓË°��È« �È°�º�È I ãÒÏ}È } I  ��� }��� ��º °º�
º�mË�°�m�Ë� �È°�º�Ë �°ä� ¯Ò°� ��� ÓÈ }º�º¯º® �º°�

�Ò�ÈË�°« äÈ}°ÒäÈã	ÓÈ« È°ºã
�ÓÈ« ��m°�mÒ�Ëã	�
Óº°�	 �È��Ò}È� |�ÓÈ}º Áº¯äÈ �È°�º�Óº�º °¹Ë}�¯È
�¯Ò°� ��� º�ãÒ�ÈË�°« º� Áº¯ä© �È°�º�Óº�º °¹Ë}�¯È
º°ÓºmÓº® äÈ°°© °Ò�ÓÈãºm� ÒÏã��ÈËä©² Ò°�º�ÓÒ�
}ÈäÒ kw ÒÏ ÏºÓ ¹ãÈ°�Ò�Ë°}º® �ËÁº¯äÈ�ÒÒ �¯Ò°� ���
{Ë°	 °¹Ë}�¯ °º°¯Ë�º�º�ËÓ m ¯È®ºÓË ¯ËÏºÓÈÓ°Óº®

�È°�º�© ��� }��� p°ãÒ mmË°�Ò }ºªÁÁÒ�ÒËÓ� Ω� ¯Èm�
Ó©® º�Óº�ËÓÒ
 �È°�º�©� ÓÈ }º�º¯º® ÓÈã
�ÈË�°«
äÈ}°Òä�ä m °¹Ë}�¯Ë �ÓÈ ¯Ò°� � Ò �� ºÓ Óº¯äÒ¯ºmÈÓ
ÓÈ ��� } �Ò¯ÒÓË °¹Ë}�¯È� ��Ë º�äË�È
�°« º°ãÈ�
ãËÓÒ« Èä¹ãÒ���© �º mËãÒ�ÒÓ© ���� �º ÏÓÈ�ËÓÒË
ª�º�º }ºªÁÁÒ�ÒËÓ�È ��Ë� °��Ë°�mËÓÓº º�ãÒ�È�	°«

�ã« °ã��È«� º�äË�ËÓÓº�º ÓÈ ¯Ò°� � �Ω ≈ ��� Ò
°¹Ë}�¯© kw °Ò�ÓÈãÈ� ²È¯È}�Ë¯Óº�º �ã« ¯ÈÏmÒ�Ò«

�¯Ë�ÒÓ© Û Ω ≈ ����� w�º� }ºªÁÁÒ�ÒËÓ� äºÎË�
°ã�ÎÒ�	 º�ãÒ�Ò�Ëã	Óº® º°ºËÓÓº°�	
 ¯ÈÏmÒ�Ò«

�¯Ë�ÒÓ©�
{�º¯º® º°ºËÓÓº°�	
� ²È¯È}�Ë¯Óº®

�ã« kw °Ò�ÓÈãºm� m©ÏmÈÓÓ©² ¯ÈÏmÒ�ÒËä
�¯Ë�ÒÓ©� «mã«Ë�°« ÏÓÈ�ËÓÒË mÏÈÒäÓº
}º¯¯Ëã«�ÒºÓÓº® Á�Ó}�ÒÒ [�W� Ò \�W�
�m�² kw °Ò�ÓÈãºm� ¹¯Ò�Ë��Ò² ÓÈ �mÈ

�È��Ò}È� {ËãÒ�ÒÓ© ρ
[\
�τ� ãËÎÈ� m ÒÓ�

�Ë¯mÈãË ����������� �°ä� ¯Ò°� ��� Ò m
ºã	�ÒÓ°�mË °ã��ÈËm ª�Ò ÏÓÈ�ËÓÒ« m©�Ë

���� �äÈ}°ÒäÈã	Óº�º ÏÓÈ�ËÓÒ« ρ
[\
�τ��

º�äË�ËÓÓº�º �º äºäËÓ�È mÒÏ�Èã	Óº�º º�
ÓÈ¯�ÎËÓÒ« �¯Ë�ÒÓ©��

�È}Òä º¯ÈÏºä� ¹º«mãËÓÒË °Ò�ÓÈãºm

kw m©°º}º® ªÓË¯�ÒÒ ���…���⋅��Ü��iÎ�
º�äË�ËÓÓ©² �m�ä« Ò ºãËË �È��Ò}ÈäÒ�
��ºmãË�mº¯«
�Ò² ÏÈ¯ÈÓËË �°�ÈÓºmãËÓ�
Ó©ä ÏÈ�Ë¯Î}Èä m¯ËäËÓÒ� ²È¯È}�Ë¯Ó©ä

�ã« ÏºÓ© }ºÓ�¯ºã« Ò ÁÒ}°Ò¯ºmÈÓÓ©² ¯È°°�º«ÓÒ®
äËÎ�� �È��Ò}ÈäÒ� ÒäË
�Ò² °¹Ë}�¯Èã	Ó©Ë Ò }º¯�

cÒ°� ���  È°�º�Ó©® °¹Ë}�¯ kw °Ò�ÓÈãÈ Ò Áº¯äÈ kw °Ò�ÓÈãÈ

cÒ°� ��� zº¯¯Ëã«�Ò« °Ò�ÓÈãºm� ÏÈ¯Ë�Ò°�¯Ò¯ºmÈÓÓ©² �� Ò ��ä }È�
ÓÈãÈäÒ º�Óºm¯ËäËÓÓº

cÒ°� ��� �º«mãËÓÒË �È� Ò ¹º�¯È°�ÈÓÒË �� �¯Ë�ÒÓ©

�� °£³«¦µ£¯¨�½ ¢¦�¡«¬¯°¦¨� ¦ «£®�¥®±¶�¼·¦§ ¨¬«°®¬©º�� ������



¯Ëã«�ÒºÓÓ©Ë ²È¯È}�Ë¯Ò°�Ò}Ò Ω Ò ρ[\�τ�� m©�Ë ÈÓÈ�
ãº�Ò�Ó©² ²È¯È}�Ë¯Ò°�Ò} kw Ò°�º�ÓÒ}ºm� º�°ãºm�
ãËÓº ãº}Èã	Ó©äÒ ÏºÓÈäÒ ¹ãÈ°�Ò�Ë°}º®
�ËÁº¯äÈ�ÒÒ Ò °mÒ�Ë�Ëã	°�m�Ë� º º¯ÈÏºmÈÓÒÒ Ò
¯ÈÏmÒ�ÒÒ �¯Ë�ÒÓ© m äÈ�Ë¯ÒÈãË�

{©mº�©

|¯ÈÏºmÈÓÒË Ò ¹º�¯È°�ÈÓÒË �¯Ë�ÒÓ© m �ÒÈ¹ÈÏºÓË
�… � ää °º¹¯ºmºÎ�ÈË�°« ¯Ë�Ò°�¯È�ÒË® kw °Ò�ÓÈ�

ãºm ° ªÓË¯�ÒË® ���…���⋅��Ü���iÎ�
tÈ¯È}�Ë¯Ò°�Ò}º®� ¹ºÏmºã«
�Ë® º�ãÒ�Ò�	 ¹ãÈ°�

�Ò�Ë°}�
 �ËÁº¯äÈ�Ò
 º� ¹º�¯È°�ÈÓÒ« �¯Ë�ÒÓ©� äº�
ÎË� °ã�ÎÒ�	 �ãÒ�Ëã	Óº°�	 kw °Ò�ÓÈãÈ� �È}� �ã«

¹ãÈ°�Ò�Ë°}º® �ËÁº¯äÈ�ÒÒ ��Ë� ²È¯È}�Ë¯ÓÈ ºã	�
�È« �ãÒ�Ëã	Óº°�	 kw °Ò�ÓÈãÈ a����…���� ä}°�
È �ã« ¹º�¯È°�ÈÓÒ« �¯Ë�ÒÓ© �ãÒ�Ëã	Óº°�	 kw °Ò��
ÓÈãÈ ��Ë� a���…��� ä}°�

zºªÁÁÒ�ÒËÓ� Ω� ¯ÈmÓ©® º�Óº�ËÓÒ
 �È°�º�©�
ÓÈ }º�º¯º® ÓÈã
�ÈË�°« äÈ}°Òä�ä m °¹Ë}�¯Ë }
�Ò¯ÒÓË °¹Ë}�¯È� ��Ë º�äË�È
�°« º°ãÈãËÓÒ« Èä�
¹ãÒ���© �º mËãÒ�ÒÓ© ���� ��Ë� °��Ë°�mËÓÓº º��
ãÒ�È�	°« �ã« °Ò�ÓÈãºm kw� ²È¯È}�Ë¯Ó©² �ã« ¹¯º�
�Ë°°È º¯ÈÏºmÈÓÒ« ÏºÓ ãº}Èã	Óº® ¹ãÈ°�Ò�Ë°}º® �Ë�
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