
F_lh^u�\uqbkebl_evgh]h

ZgZebaZ�WW=

<�ihke_^g_c�j_^Zdpbb�^Zgguc�jZa^_e�him[ebdh\Zg�\�ba^Zgbb�

DmeZbq_\�:�I��Dhfivxl_jgZy�we_dljhnbabheh]by�b�nmgdpbhgZevgZy

^bZ]ghklbdZ��mq_[gh_�ihkh[b_���−_�ba^���i_j_jZ[��b�^hi��²�F��

BGNJ:−F��������²�����k�
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�����F_lh^u�\uqbkebl_evgh]h
ZgZebaZ�WW=

�������F_ljheh]bq_kdb_�Zki_dlu
D� kh`Ze_gbx�� \� h[eZklb� \uqbkebl_evghc� beb� dhebq_kl\_gghc� WW=

(quantitative EEG – QEEG��f_ljheh]bq_kdb_1�djbl_jbb��hp_gdb�b�klZg^Zjlu
ih� jy^m� gb`_� jZkkfhlj_gguo� ijbqbg� ]eh[Zevgh� g_� knhjfbjh\Zebkv��DZd

k\b^_l_evkl\m_l�kh^_j`Zgb_�ki_pbZevghc�h[ahjghc�fhgh]jZnbb2�b�fgh`_-
kl\Z�`mjgZevguo� im[ebdZpbc� ih�QEEG��f_ljheh]bq_kdb_� \hijhku� ihqlb
g_�ijb\e_dZxl�\gbfZgb_�bkke_^h\Zl_e_c�WW=��Gh\u_�ij_^eZ]Z_fu_�fZl_-
fZlbq_kdb_�f_lh^u� g_� kjZ\gb\Zxlky� k� ZgZeh]Zfb�� bo� wnn_dlb\ghklv� ijb
j_r_gbb�lbih\uo�nbabheh]bq_kdbo�aZ^Zq�g_�hp_gb\Z_lky��g_�khihklZ\ey_l-
ky�� klZlbklbq_kdb� g_� \_jbnbpbjm_lky�� LjZ^bpbhggu_� \� ijZdlbd_� f_lh^u
djblbq_kdb�g_�bkke_^mxlky�b�g_�i_j_hkfukeb\Zxlky��G_� kms_kl\m_l�\k_-
fbjghc�ghjfZlb\ghc�[Zau�aZibk_c�WW=��Z�lZd`_�ojZgbebs�aZibk_c�him[-
ebdh\Zgguo�bkke_^h\Zgbc��dhlhju_�iha\heyeb�[u�g_aZ\bkbfh�\_jbnbpbjh-
\Zlv�ihemq_ggu_�k�bo�bkihevah\Zgb_f�j_amevlZlu�b�\u\h^u��>_ckl\bl_ev-
gh��_keb�bkoh^gu_�fZl_jbZeu�\�obfbb��nbabd_��]_heh]bb�b�fgh]bo�^jm]bo
gZmdZo��dZd�ijZ\beh��fh]ml�[ulv�^hklmigu�\�k\hbo�ZgZeh]Zo�^jm]bf�bkke_-
^h\Zl_eyf��lh�aZibkb�WW=�qZklh�km[t_dlb\gh�b�f_lh^bq_kdb�mgbdZevgu�b
g_\hkijhba\h^bfu�

Ebrv�j_^db_�jZ[hlu� >���� ���� ���� ��±��@� aZljZ]b\Zxl� qZklgu_� Zki_dlu
f_ljheh]bq_kdhc� ijh[e_fZlbdb�� Hl^_evgmx� \_l\v� khklZ\ey_l� ^ebl_evgZy
^bkdmkkby�h[�hilbfZevghf�WW=±j_n_j_gl_��dhlhjZy�aZ����e_l�k\h_]h�jZa\b-
lby�lZd�b�g_�\ujZ[hlZeZ�dhebq_kl\_gguo�hp_ghqguo�djbl_jb_\�b�klZg^Zj-
lh\�>��@��;he__�[eZ]hijbylgZy�kblmZpby�keh`beZkv�\�h[eZklb�ljZ^bpbhgghc
debgbq_kdhc�^bZ]ghklbdb�ih�WW=��\k_p_eh�hjb_glbjh\Zgghc�gZ�\bamZevgh_
bamq_gb_�aZibk_c��]^_�knhjfbjh\Zgu�q_ldb_�djbl_jbb�b�klZg^Zjlu�dZd�kh[-
kl\_ggh� kbg^jhfZlbdb�� lZd� b� gZibkZgby� debgbq_kdbo� aZdexq_gbc� >��� �@�
>jm]bf� ijbf_jhf� y\ey_lky� kblmZpby� \� h[eZklb� ZgZebaZ� \ZjbZ[_evghklb
k_j^_qgh]h� jblfZ�� ]^_� ihklhyggh� ^_ckl\mxsZy� f_`^mgZjh^gZy� jZ[hqZy
]jmiiZ��kha^ZggZy�g_kdhevdh�^_kylbe_lbc�gZaZ^�?\jhi_ckdbf�dZj^bheh]b-
q_kdbf�h[s_kl\hf�b�K_\_jhZf_jbdZgkdbf�h[s_kl\hf�klbfmeypbb�b�we_d-

                                                          
1� ©F_ljheh]by� ²� gZmdZ� h[� baf_j_gbyo�� f_lh^Zo� b� kj_^kl\Zo� h[_ki_q_gby� bo

_^bgkl\Z�b�kihkh[Zo�^hklb`_gby�lj_[m_fhc�lhqghklb��Ij_^f_lhf�f_ljheh]bb�y\ey-
_lky�ba\e_q_gb_�dhebq_kl\_gghc�bgnhjfZpbb�h�k\hckl\Zo�h[t_dlh\�k�aZ^Zgghc�lhq-
ghklvx�b�^hklh\_jghklvx��ghjfZlb\gZy�[ZaZ�^ey�wlh]h�²�f_ljheh]bq_kdb_�klZg^Zj-
luª�>;WK@�

2 Tong S., Thankor N.V. Quantitative EEG analysis methods and clinical applications.
Artech House, 2009. 421 p.
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ljhnbabheh]bb�� hkms_kl\ey_l� f_ljheh]bq_kdmx� klZg^ZjlbaZpbx� b� j_]eZ-

f_glbjh\Zgb_�\uqbkebl_evguo�f_lh^h\�b�hp_ghqguo�ihdZaZl_e_c1.
LZd�beb�bgZq_��gh�gZmqgu_�bkke_^h\Zgby�WW=�fgh]h�^_kylbe_lbc�ij_-

bfms_kl\_ggh�ke_^h\Zeb�\�nZj\Zl_j_�nbabq_kdbo�b�l_ogbq_kdbo�ijbeh`_-
gbc�fZl_fZlbq_kdbo�f_lh^h\� ZgZebaZ� kb]gZeh\�� dhlhju_� aZqZklmx� gZijy-
fmx� b� g_djblbq_kdb� i_j_ghkbebkv� ijb\e_q_ggufb� bg`_g_jgh�
nbabq_kdbfb�ki_pbZebklZfb�b�\uimkdgbdZfb�\mah\�[_a�^he`gh]h�mq_lZ��Z�
nmg^Zf_glZevghc� g_klZpbhgZjghklb� [bhkb]gZeh\�� [�� g_]Zjfhgbq_kdhc
ijbjh^u� bo� bklhqgbdh\�� \�� gZebqby� Zfieblm^ghc� fh^meypbb�� >_ckl\b-
l_evgh�� g_l� gb� h^gh]h� ba\_klgh]h� qbklh]h� beb� ijbdeZ^gh]h� fZl_fZlbdZ�
\g_kr_]h�\deZ^�\�jZajZ[hldm�ki_pbZevguo�f_lh^h\�ZgZebaZ�WW=��<�j_amev-
lZl_�wlh]h�[ueb�i_j_g_k_gu�fgh]b_�g_Z^_d\Zlgu_�^Zgghc�h[eZklb�f_lh^u�
qlh�ijb�hlkmlkl\bb�f_ljheh]bq_kdhc�djblbdb�ijb\h^bl�d�g_kh\f_klbfhklb
b�ijhlb\hj_qb\hklb�j_amevlZlh\�b�\u\h^h\��ihemq_gguo�jZagufb�bkke_^h-
\Zl_eyfb��kf��h[ahju�ebl_jZlmju�\�>����������@��

<h�fgh]hf�^ZggZy�kblmZpby�hij_^_e_gZ�l_f��qlh�bkke_^h\Zgby�WW=�gZ-
oh^bebkv�gZ�i_jbn_jbb�hkgh\guo�]hkm^Zjkl\_gguo�bgl_j_kh\��\�hlebqb_�hl
nbabq_kdbo�b�l_ogbq_kdbo�h[eZkl_c��ijhba\h^kl\Z�ijh^mdlh\�iblZgby� �Z]-
jhghfby��`b\hlgh\h^kl\h��b�khpbZevgh]h�mijZ\e_gby� �ikboheh]by��khpbh-
eh]by���dhlhju_�ihemqZeb�ijyfh_�b�rbjhdh_�]hkm^Zjkl\_ggh_�nbgZgkbjh-
\Zgb_��Hlkx^Z�jZ[hlZlv�\�lZdbo�h[eZklyo�ijhn_kkbhgZevguf�fZl_fZlbdZf
hdZau\Zehkv�ij_klb`guf��ihkdhevdm�hgb�h[j_lZeb�gZmqgh_�bfy�b�ba\_kl-
ghklv�� ZdZ^_fbq_kdb_� ^he`ghklb� b� fZl_jbZevgh_� [eZ]hihemqb_�� Bf_ggh
lZdbfb�ba\_klgufb�fZl_fZlbdZfb��dZd�=Zmkk� �����±�������=Zevlhg� �����±
������� Ibjkhg� �����±������� KibjfZg� �����±������� Nbr_j� �����±������
Lzjklhmg (1935–1951), D_ll_e (1946–�������D_g^Zee� �����–������b� ^j�� ^ey
j_r_gby� aZ^Zq� \� i_j_qbke_gguo� ijbdeZ^guo� h[eZklyo� [ueb� kha^Zgu� \k_
hkgh\gu_�jZa^_eu�fZl_fZlbq_kdhc�klZlbklbdb�

K�mq_lhf�\ur_kdZaZggh]h�^Ze__�fu�jZkkfhljbf�hkgh\gu_�fZl_fZlbq_-
kdb_�f_lh^u��bkihevam_fu_� \�bkke_^h\Zgbyo�WW=�� dZ`^uc� jZa� hlf_qZy�b
Zj]mf_glbjmy�ijbkmsb_�g_dhlhjuf�ba�gbo�f_ljheh]bq_kdb_�g_dhjj_dlgh-
klb�b�ih]j_rghklb�

Ãæâã×âðÚ�åÕÜÙÚàð�ÕâÕàÝÜÕ�ÒÒ¸��DZd�[ueh�hlf_q_gh�\�jZa^�������kf�
jbk�� ������ ijb� ZgZeba_� WW=� bkihevamxlky� gZb[he__� keh`gu_� \� \uqbkeb-
l_evghf�hlghr_gbb�ki_dljZevgh−ZgZeblbq_kdb_�f_lh^u��Ihwlhfm�^ey�h\-
eZ^_gby�bfb� lj_[m_lky�ih\ur_ggZy� khkj_^hlhq_gghklv��mkbeb_�b�ijb\e_-
q_gb_�agZgbc�ba�rdhevghc�fZl_fZlbdb�

<�^b^Zdlbq_kdhf�ieZg_�\klZ_l�jy^�aZdhghf_jguo�\hijhkh\��Z��dZdb_�f_-
lh^u� bkihevamxlky�fgh]bfb� bkke_^h\Zl_eyfb�� Z� dZdb_� bf_xl� ehdZevguc

                                                          
1 Malik M., BiggerJ. T., Camm A.J., Kleiger R.E., Mallian I.A., Moss A.J., Schwartz.

P.J. Heart rate variability. Standards of measurement, physiological interpretation, and
clinical use. Eur Heart J. 1996. 17 (3): 354–381.
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beb�ihbkdh\uc�oZjZdl_j"�[��\aZbfhk\yaZgu�eb�f_`^m�kh[hc�b�dZd�bf_ggh
jZaebqgu_�f_lh^u"�b�lZd�^Ze__��<�j_amevlZl_�hkgh\gu_�ih^jZa^_eu�kh\j_-
f_ggh]h�ZgZebaZ�WW=�b�bo�\aZbfh^_ckl\b_�fh`gh�ij_^klZ\blv�\�\b^_�ko_-
fu��ijb\_^_gghc�gZ�jbk�������

Jbk��������F_lh^u�\uqbkebl_evgh]h�ZgZebaZ�WW=

KgZqZeZ�fu�ebrv�djZldh�l_jfbgheh]bq_kdb�ijhfZjdbjm_f�^Zggmx�ko_-
fm�k�ihke_^mxsbf�[he__�ih^jh[guf�jZkkfhlj_gb_f�f_lh^h\�

GZb[he__� h[t_fguc� b� jZa\_l\e_gguc� ih^jZa^_e� khklZ\eyxl� f_lh^u
qZklhlgh]h� beb� ki_dljZevgh]h� ZgZebaZ� b� k\yaZggu_� k� gbf� ih^jZa^_eu�
Wlb�f_lh^u�[ueb�kha^Zgu�^ey�bkke_^h\Zgby�kb]gZeh\�beb�ijhp_kkh\�nbab-
q_kdh]h�b�l_ogbq_kdh]h�ijhbkoh`^_gby�b�ebrv�agZqbl_evgh�iha`_�hgb�gZ-
qZeb�i_j_ghkblvky�\�h[eZklb�we_dljhnbabheh]bb�

GZ� i_j\hf� wlZi_� ih� WW=−kb]gZem� fh]ml� [ulv� \uqbke_gu� jZaebqgu_
qZklhlgu_� oZjZdl_jbklbdb� �ij_^klZ\eyxsb_� kh[hc� aZ\bkbfhklv� dhg-
dj_lgh]h� ki_dljZevgh]h� ihdZaZl_ey� hl� qZklhlu��� Zfieblm^guc� ki_dlj�
ki_dlj�fhsghklb��nZah\uc�ki_dlj��djhkk−ki_dlj��dh]_j_glghklv��dh]_j_gl-
gZy�fhsghklv�b� ^jm]b_��<uqbke_gb_� wlbo� oZjZdl_jbklbd� j_]mebjmxl� jy^
mklZgh\hqguo��aZ^Z\Z_fuo��iZjZf_ljh\��^ebgZ�wihob�ZgZebaZ�b�k^\b]�wiho
�\ky�aZibkv�WW=�fh`_l�[ulv�jZa[blZ�gZ�g_kdhevdh�wiho�k�aZ^Zgguf�k^\b-
]hf� hlghkbl_evgh� ^jm]� ^jm]Z��� qbkeh� mkj_^g_gbc�b� k]eZ`b\Zgbc� ki_dljZ�
dhjj_dlbjmxsb_� hdgZ� �^ey� mf_gvr_gby� wnn_dlZ� \ul_dZgby� fhsghklb).
Ih�dZ`^hc� lZdhc�qZklhlghc�oZjZdl_jbklbd_�fh]ml�[ulv� \uqbke_gu�h[h[-



�����F_lh^u�\uqbkebl_evgh]h�ZgZebaZ�WW= 127

s_ggu_� ki_dljZevgu_� ihdZaZl_eb� \� aZ^Zgguo� ^bZiZahgZo� qZklhl� �gZijb-
f_j��\�klZg^Zjlguo�^bZiZahgZo��^_evlZ��l_lZ��ZevnZ��[_lZ��

AZl_f�jZaebqgu_�WW=−ihdZaZl_eb�ih�\k_fm�gZ[hjm�aZj_]bkljbjh\Zgguo
hl\_^_gbc�fh]ml� \uklmiZlv�bkoh^guf�fZl_jbZehf�^ey�lhih]jZnbq_kdh]h
dZjlbjh\Zgby� ²� gZ]ey^gh]h� ij_^klZ\e_gby� jZkij_^_e_gby� agZq_gbc� \u-
[jZggh]h�ihdZaZl_ey�gZ�kdZevi_�\�fgh]hp\_lghc�rdZe_��DZjlbjh\Zgb_�fh-
`_l�ijhba\h^blvky�\�jZfdZo�l_dms_c�wihob�ZgZebaZ�beb�\�\u[jZgghf�^bZ-
iZahg_�ih�wihoZf��gZ�dhlhju_�jZa[blZ�WW=−aZibkv��Hgh�fh`_l�khijh\h`-
^Zlvky�klhe[bdh\ufb�^bZ]jZffZfb�baf_g_gby�WW=−ihdZaZl_ey�ih�\k_f�hl-
\_^_gbyf��<bamZebaZpby�lhih]jZff�fh`_l�hkms_kl\eylvky�\�lj_o�nhjfZo�
h^gZ�dZjlZ��mijZ\ey_fZy�ih^\b`guf�\babjhf��i_j_f_sZ_fuf�ih�\j_f_gb�
qZklhl_��^bZiZahgm��wiho_���k_jby�dZjl��^ey�g_dhlhjh]h�bgl_j\ZeZ�\j_f_gb�
qZklhl��^bZiZahgh\��wiho���Zgbfbjh\ZggZy�k_jby�dZjl��fmevlbiebdZpby��

>Ze__�� ex[u_� lhih]jZffu�fh]ml� [ulv� khojZg_gu� b� mkj_^g_gu� \� dZj-
lhl_d_��Mkj_^g_gb_�fh`_l�ijh\h^blvky�^bnn_j_gpbjh\Zggh�^ey�jZaebq-
guo� nbabheh]bq_kdbo� khklhygbc�� ijh[�� aZ[he_\Zgbc� b� l�� i�� Kh^_j`bfh_
dZjlhl_db�ij_^klZ\ey_l�bgl_j_k�^ey�klZlbklbq_kdhc�hp_gdb�ihiZjguo�jZa-
ebqbc� f_`^m� ^\mfy� bg^b\b^mZevgufb� lhih]jZffZfb�� f_`^m� bg^b\b^m-
Zevghc�b�mkj_^g_gghc�beb�f_`^m�mkj_^g_ggufb�

B��gZdhg_p��ex[hc�ba�jZkkfhlj_gguo�ihdZaZl_e_c�fh`_l�[ulv�bkihev-
ah\Zg� ^ey� lj_of_jghc� ehdZebaZpbb� WW=−bklhqgbdh\� \� ZgZlhfbq_kdbo
kljmdlmjZo�]heh\gh]h�fha]Z�

Ke_^mxsbc� kZfhklhyl_evguc� ih^jZa^_e� khklZ\ey_l� i_jbh^hf_ljbq_-
kdbc� ZgZeba�WW=��Ohly� wlhl�f_lh^� \hagbd� b�rbjhdh� ijbf_gyeky� _s_� ^h
\g_^j_gby�f_lh^h\�ki_dljZevgh]h�ZgZebaZ��h^gZdh�hg�iha\hey_l�[he__�^_-
lZevgh� bkke_^h\Zlv� jZkij_^_e_gby� Zfieblm^� b� qZklhl� jblfh\� \� aZ^Zgghf
qZklhlghf�^bZiZahg_�k�ihkljh_gb_f�]bklh]jZff��\uqbke_gb_f�ihdZaZl_e_c
hibkZl_evghc� klZlbklbdb��ijhp_glZ� kh^_j`Zgby�b�fh^mebjh\Zgghklb�jbl-
fZ�� _]h� qZklhlghc� g_klZ[bevghklb�� ;he__� lh]h�� wlhl� f_lh^� ij_^hklZ\ey_l
gZlmjZevgu_�hp_gdb�^ey�kj_^g_c�Zfieblm^u�b�qZklhlu�jblfh\�\�hlebqb_�hl
dhk\_gguo�hp_ghd�kj_^kl\Zfb�ki_dljZevgh]h�ZgZebaZ�

D�ih^jZa^_eZf�^hihegbl_evgh]h�b� \kihfh]Zl_evgh]h�oZjZdl_jZ�fh`gh
hlg_klb�ke_^mxsb_�
• dhjj_eypbhgguc�ZgZeba�k�\uqbke_gb_f�Z\lh−�b�djhkk−dhjj_eypbhgguo

nmgdpbc��ih�aZ^Zgghfm�h[jZapm�b�gZ�aZ^Zgghc�wiho_��
• keh\_kgh_�aZdexq_gb_�ih�hldehg_gbyf�hl�ghjfu�k�bkihevah\Zgb_f�Ze-

]hjblfZ�ghjfhiZlheh]bq_kdhc�deZkkbnbdZpbb�?�:��@bjfmgkdhc�
• fZl_fZlbq_kdb_�ij_h[jZah\Zgby�WW=�²�nbevljZpby�� \uqbke_gb_� h]b-

[Zxs_c��k]eZ`b\Zgb_�
• k_]f_glguc�ZgZeba��k\yaZgguc�k�fZjdbjh\Zgb_f�mqZkldh\�klZpbhgZjgh-

klb�WW=��hp_gdhc�f_`k_]f_glghc�kbgojhgghklb�b�deZkkbnbdZpb_c�^h-
fbgbjmxsbo�lhih]jZnbq_kdbo�iZll_jgh\�
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>Ze__�[he__�^_lZevgh_�jZkkfhlj_gb_�fu�gZqg_f� k�fZl_fZlbq_kdbo� Zk-
i_dlh\�qZklhlgh]h� �ki_dljZevgh]h��ZgZebaZ�WW=��dZd�gZb[he__�keh`gh]h�b
fgh]hh[jZagh]h�

�������Hkgh\u�ki_dljZevgh]h�ZgZebaZ
ÄåÚãÖåÕÜã×ÕâÝÚ�ÉèåñÚ��FZl_fZlbq_kdhc�hkgh\hc�qZklhlgh]h��ki_d-

ljZevgh]h��ZgZebaZ�y\ey_lky�ij_h[jZah\Zgb_�Nmjv_��hkgh\Zggh_�g_�l_abk_�h
lhf��qlh�ex[hc�kb]gZe�fh`_l�[ulv�ij_^klZ\e_g�\�\b^_�kmffu�hij_^_e_g-
gh]h� qbkeZ� �\hafh`gh� [_kdhg_qgh]h�� ]Zjfhgbq_kdbo� �kbgmkhb^Zevgh�
dhkbgmkhb^Zevguo��khklZ\eyxsbo�\hajZklZxs_c�qZklhlu�

Ij_h[jZah\Zgb_�Nmjv_1� hkms_kl\ey_l� lZdh_� ]Zjfhgbq_kdh_� jZaeh`_gb_
kb]gZeZ� [_a� dZdhc�eb[h� ihl_jb� bgnhjfZpbb� �_keb� Zjbnf_lbq_kdb� keh`blv
\k_�]Zjfhgbdb��lh�ihemqblky�hiylv�bkoh^guc�kb]gZe���DZ`^Zy�]ZjfhgbdZ�hi-
j_^_ey_lky�lj_fy�iZjZf_ljZfb��Zfieblm^hc��gZqZevghc�nZahc�b�qZklhlhc�

<� kemqZ_� g_ij_ju\gh]h� b� [_kdhg_qgh]h� ih� ^ebl_evghklb� kb]gZeZ� _]h
ki_dlj�lZd`_�[m^_l�g_ij_ju\guf�b�[_kdhg_qguf�\�qZklhlghc�h[eZklb��GZ
ijZdlbd_�`_�fu�bf__f�^_eh�kb]gZeZfb�h]jZgbq_gghc�^ebl_evghklb�b�^bk-
dj_lbabjh\Zggufb� \h� \j_f_gb��Ihwlhfm�b� j_amevlbjmxsbc� ki_dlj�ihem-
qZ_lky�lh`_�^bkdj_lguf�b�h]jZgbq_gguf�\�qZklhlghc�h[eZklb��khklhysbf
ba� hl^_evguo� ki_dljZevguo� ebgbc���LZdh_� jZaeh`_gb_� ^Z_l�fh^bnbdZpby
f_lh^Z��gZau\Z_fZy�^bkdj_lguf�ij_h[jZah\Zgb_f�Nmjv_.

<�[hevrbgkl\_�bklhqgbdh\�fZl_fZlbq_kdb_�Zki_dlu�qZklhlgh]h�ZgZebaZ
nhjfmebjmxlky�\�h[h[s_gghf�bgl_]jZevghf�\b^_��LZdZy�nhjfZ�ij_^klZ\-
e_gby�fZl_jbZeZ�djZcg_�aZljm^gy_l�ihgbfZgb_�_]h�kmsghklb��Z�jmqgZy�ijh-
\_jdZ� kijZ\_^eb\hklb� hl^_evguo� nhjfme� b� bo� ijyfZy� Ze]hjblfbq_kdZy
j_ZebaZpby�qZklh�g_�ij_^klZ\eyxlky�\hafh`gufb��<f_kl_�k�l_f�dZ`msb_ky
keh`gufb�fZl_fZlbq_kdb_�\hijhku�fh`gh�baeh`blv�gZfgh]h�ijhs_��^hk-
lmig__�b�gZ]ey^g__�k�bkihevah\Zgb_f�ljb]hghf_ljbq_kdh]h�b�]jZnbq_kdh]h
ij_^klZ\e_gbc�

>ey� beexkljZpbb� j_amevlZlh\� ZgZebaZ�WW=� gb`_� [m^_f� bkihevah\Zlv
aZluehqgu_�hl\_^_gby�ba�aZibkb��ij_^klZ\e_gghc�gZ�jbk�����Z.

½Ü�íßãàñâãÞ�áÕçÚáÕçÝßÝ�=Zjfhgbq_kdh_�dhe_[Zgb_�aZ^Zgghc�Zfieb-
lm^u :�b�i_jbh^Z�L�fh`_l�[ulv�ihemq_gh�ihkj_^kl\hf�\jZs_gby�\_dlhjZ
^ebghc�:�k�qZklhlhc�f=1/T�\�nZah\hc�iehkdhklb��jbk������Z���<h�\j_f_gghc
jZa\_jld_� baf_g_gb_� ijh_dpbb� \_dlhjZ� gZ� hkv� hj^bgZl� [m^_l� bf_lv� \b^
]Zjfhgbq_kdh]h�ijhp_kkZ��jbk������[).

Fu� gZqbgZ_f� gZ[ex^_gb_� aZ� ijhp_kkhf� \� g_dhlhjuc� ijhba\hevguc
fhf_gl� \j_f_gb� W=0�� qlh� khhl\_lkl\m_l� iheh`_gbx� \_dlhjZ� gZ� nZah\hc
iehkdhklb�k�m]ehf�ϕ��Ihwlhfm�Zfieblm^Z�ijhp_kkZ�\�ex[hc�fhf_gl�\j_f_-
gb�W�hij_^_ey_lky� \ujZ`_gb_f�x(t)=A⋅sin(2πW/T+ϕ)=Asin(2πWf+ϕ)�ijb�gZ-
qZevghc�nZa_�ϕ=2πt0/T�ijb�k^\b]_�gme_\hc�nZau�gZ�t0.
                                                          

1�NjZgpmakdbc�fZl_fZlbd�@Zg�;Zlbkl�@ha_n�Nmjv_�knhjfmebjh\Ze�wlh�ij_h[jZ-
ah\Zgb_�\������]�
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Z�  [�

Jbk��������Ij_^klZ\e_gb_�]Zjfhgbq_kdh]h�ijhp_kkZ�
Z�²�nZah\Zy�iehkdhklv��[�²�\j_f_ggZy�jZa\_jldZ

<\_^_f� h[hagZq_gb_� φ=2πW/T=2πWf ^ey� l_dms_]h� m]eh\h]h� nZah\h]h
k^\b]Z�φ�hlghkbl_evgh�gZqZevghc�nZau ϕ��lh]^Z�\ujZ`_gb_�^ey�]Zjfhgbdb
mijhklblky�� x(t)=A⋅sin(φ+ϕ). >Ze__� jZaeh`bf� kbgmk� kmffu� ^\mo� m]eh\
x(t)=A⋅sinφ⋅cosϕ+A⋅cosφ⋅sinϕ, ]^_ a=A⋅cosϕ, b=A⋅sinϕ� _klv� gZqZevgu_� ijh-
_dpb \_dlhjZ� A� gZ� nZah\hc� iehkdhklb� �jbk�� ����Z��� \� blh]_� ihemqZ_f:
x(ti)=a⋅sinφ+b⋅cosφ��LZdbf� h[jZahf�� ]Zjfhgbdm�fh`gh�ij_^klZ\blv� \� \b^_
kmffu�kbgmkZ�b�dhkbgmkZ�k�Zfieblm^Zfb�a b�b.�>_ckl\bl_evgh��ba�jbkmgdZ
nZah\hc�iehkdhklb� ke_^m_l�� qlh� \jZs_gb_� \_dlhjZ�A� wd\b\Ze_glgh� kmff_
\jZs_gbc�_]h�gZqZevguo�ijh_dpbc�a b�b��ijb�wlhf�Zfieblm^Z�A b�nZaZ�ϕ
]Zjfhgbdb�\ujZ`Z_lky�q_j_a�wlb�ijh_dpbb�$ D E= +� � , ϕ=arctg(b/a).

Bkoh^y�ba�ijb\_^_gguo�khhlghr_gbc��hkb�Z[kpbkk�b�hj^bgZl�gZ�nZah-
\hc�iehkdhklb�qZklh�gZau\Zxl�hkyfb�dhkbgmkZ�b�kbgmkZ�beb�`_�ljZdlmxl
dZd� ^_ckl\bl_evgmx�R b�fgbfmx� i hkb�� ijb� wlhf� mfgh`_gb_� \_dlhjZ� gZ
fgbfmx�_^bgbpm�i�hagZqZ_l�_]h�nZah\uc�ih\hjhl�gZ���°.

¹ÝæßåÚçâãÚ�äåÚãÖåÕÜã×ÕâÝÚ�ÉèåñÚ� �>IN��hkms_kl\ey_l�jZaeh`_-
gb_�kb]gZeZ�x(t)��^bkdj_lbah\Zggh]h�k�qZklhlhc�hpbnjh\db�F b�h]jZgbq_g-
gh]h�\h�\j_f_gb�gZ�bgl_j\Ze_�gZ[ex^_gby�T, lZd`_�\�^bkdj_lbah\Zgguc�b
h]jZgbq_gguc�ih�^bZiZahgm�qZklhl�jy^�n ]Zjfhgbq_kdbo�khklZ\eyxsbo�²
ki_dlj� �jbk�� �������<� j_amevlZl_�ihemqZ_lky� lZd�gZau\Z_fuc� h[jZa X(f) \
qZklhlghc�h[eZklb�^ey�ijZh[jZaZ�x(t)�\h�\j_f_gghc�h[eZklb

( ) ( )∑∑
==

++=++=
2/

/1
0

2/

/1
0 sincossin)(

FT

Tf
fff

FT

Tf
ffff ibaabaafX , (4.1)

]^_���a0 — ihklhyggZy�khklZ\eyxsZy��kj_^g__�agZq_gb_�kb]gZeZ�
af, bf ²� gZqZevgu_� Zfieblm^u� kbgmkhb^Zevghc� b� dhkbgmkhb^Zevghc

dhfihg_gl�f−qZklhlghc�]Zjfhgbdb�
i�²�fgbfZy�_^bgbpZ��hagZqZxsZy�ih\hjhl�\_dlhjZ�gZ���°.
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Jbk��������QZklhlgu_�oZjZdl_jbklb-
db��Z�²�Zfieblm^gZy��[�²�nZah\Zy

:fieblm^Z� b� gZqZevgZy� nZaZ� f−hc
]Zjfhgbdb� \ujZ`Zxlky� q_j_a� Zfieb-
lm^u� kbgmkhb^Zevghc� b� dhkbgmkhb-
^Zevghc�dhfihg_gl�

22)( ff bafA += , ϕ(f)=arctg(bf /af).

 (4.2)
L_f� kZfuf� j_amevlZl� >IN� fh`_l

[ulv�ij_^klZ\e_g�^\mfy� qZklhlgufb
oZjZdl_jbklbdZfb� �jbk��������²� �aZ\bkbfhklyfb�Zfieblm^�A(f)�b�gZqZev-
guo�nZa�ϕ(f) ki_dljZevguo�]Zjfhgbd�hl�qZklhlu��Zfieblm^guf�b�nZah\uf
ki_dljZfb��J_amevlZl�>IN�khojZgy_l�\kx�bgnhjfZpbx�h[�bkoh^ghf�ijh-
p_kk_�x(t)�b�h[eZ^Z_l�\Z`guf�k\hckl\hf�h[jZlbfhklb��_keb�d�X(f) ih\lhjgh
ijbf_gblv�>IN��lh�[m^_l�\hkklZgh\e_g�bkoh^guc�kb]gZe�x(t)��LZdZy�hi_jZ-
pby� gZau\Z_lky� h[jZlguf�Nmjv_−ij_h[jZah\Zgb_f�� Wlh� k\hckl\h� fh`gh
ijh^_fhgkljbjh\Zlv�gZ�jbk�� �����²� _keb�^ey�ex[h]h�\j_f_ggh]h�hlkq_lZ
keh`blv�Zfieblm^u�\k_o�]Zjfhgbd��lh�ihemqbf�Zfieblm^m�bkoh^gh]h�kb]-
gZeZ�\�wlhc�lhqd_�

<�qbklh� \uqbkebl_evghf�ieZg_�j_amevlZl�>IN� khklhbl� \� ke_^mxs_f�
GZ�wiho_�L�fu�bf__f�N�hlkq_lh\�Zfieblm^u�kb]gZeZ�x(t)��\uiheg_gguo�k
^bkdj_lbaZpb_c�∆t,�bgufb�keh\Zfb�bf__lky�\_dlhj�fZkkb\�ba N�agZq_gbc��<
j_amevlZl_�>IN� ihemqZ_lky� gh\uc� \_dlhj�fZkkb\� ba N� agZq_gbc�� khklhy-
sbc�ba�^\mo�qZkl_c�^ebghc�N���dZ`^Zy��wlb�^\_�qZklb�kh^_j`Zl�Zfieblm^u
]Zjfhgbd�af��b�bf���Ih\lhjgh_�ijbf_g_gb_�>IN�d�^Zgghfm�fZkkb\m�\hkklZ-
gZ\eb\Z_l�bkoh^guc�kb]gZe�

ÃëÚâãìâðÚ� äãßÕÜÕçÚàÝ� ¹ÄÉ�� J_amevlZl� >IN� oZjZdl_jbam_lky� g_-
kdhevdbfb�ihdZaZl_eyfb�

Jbk��������JZaeh`_gb_�kb]gZeZ�\
]Zjfhgbq_kdbc�jy^�Nmjv_
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ÅÕÜåÚíÚâÝÚ�äã�ìÕæçãçÚ��QZklhlgZy�^bkdj_lbaZpby�ki_dljZ�∆f�y\ey_l-
ky� \Z`guf�ihdZaZl_e_f�>IN��gZau\Z_fuf� jZaj_r_gb_f� ih� qZklhl_��Hg
ihdZau\Z_l��gZkdhevdh�^_lZevgh�ij_^klZ\e_g�qZklhlguc�ki_dlj�]Zjfhgbq_-
kdbo�khklZ\eyxsbo�kb]gZeZ��gZkdhevdh�[ebadh�jZkiheh`_gu�ki_dljZevgu_
ebgbb��kj��jbk������Z,[).

I_j\Zy� `_� ba� \u^_ey_fuo� ]Zjfhgbd� bf__l� i_jbh^�� jZ\guc� wiho_
ZgZebaZ��ihkdhevdm�^ey�[he__�gbadhqZklhlguo� ]Zjfhgbd�g_l� \hafh`ghklb
^hklh\_jgh�hp_gblv�bo�Zfieblm^m�

ÌÕæçãçÕ�ÂÕÞß×ÝæçÕ��Ihke_^gyy�]ZjfhgbdZ��dhlhjmx�fh`gh�\u^_eblv
ba� kb]gZeZ� (kZfZy� \ukhdhqZklhlgZy)�� bf__l� qZklhlm�F/2�� ]^_ F�²� qZklhlZ
^bkdj_lbaZpbb� kb]gZeZ� khhl\_lkl\_ggh� mklZgh\e_gghfm� \j_f_gghfm�rZ]m
∆t jZ[hlu�:PI�� WlZ� qZklhlZ� gZau\Z_lky� qZklhlhc�GZcd\bklZ��H[� wlhf
qZklhlghf�ij_^_e_�]h\hjyl�g_kdhevdh�fZl_fZlbq_kdbo�l_hj_f�jZaguo�Z\lh-
jh\�\�jZaguo� l_ogbq_kdbo�h[eZklyo� �\�qZklghklb�� l_hj_fZ�Dhl_evgbdh\Z��
Gh�ihykg_gb_�fh`_l�[ulv�[he__�ijhkluf��Qlh[u�dZd�lh�aZj_]bkljbjh\Zlv
]Zjfhgbdm�b�hp_gblv�__�Zfieblm^m��fu�^he`gu�ijhba\_klb�g_�f_g__�^\mo
baf_j_gbc�gZ�dZ`^hf�ba�__�i_jbh^h\��jbk���������Lh�_klv�qZklhlZ�baf_j_gbc
^he`gZ�[ulv�g_�f_g__�q_f�\^\h_�\ur_�qZklhlu�lZdhc�]Zjfhgbdb�

ÍÝåÝâÕ�äãàãæð��LZdbf�h[jZahf��\u^_ey_fuc�ba� kb]gZeZ�^ey�ihke_-
^mxs_]h� ZgZebaZ� qZklhlguc� ^bZiZahg� ]Zjfhgbq_kdbo� khklZ\eyxsbo�ijh-
klbjZ_lky�hl�1/T�^h F/2�b�y\ey_lky�\lhjuf�\Z`guf�ihdZaZl_e_f�>IN��gZ-
au\Z_fuf�rbjbghc�ihehku��H[s__�`_�qbkeh�\u^_e_gguo�]Zjfhgbd�n jZ\gh
hlghr_gbx� \_jog_c� qZklhlu� fn� d� rZ]m� qZklhlghc� ^bkdj_lbaZpbb� ∆f:
n=F⋅T/2=N/2, ]^_�N — \�qbkeh�hlkq_lh\�Zfieblm^u��aZj_]bkljbjh\Zgguo�gZ
bgl_j\Ze_�gZ[ex^_gby�L.

Çãìâãæçñ�ãëÚâßÝ�ÕáäàÝçèÙð�ki_dljZ�\hajZklZ_l�hl�djZcgbo�]Zjfhgbd
d�p_gljZevguf�

JZkkfhljbf�kgZqZeZ�\ukhdhqZklhlgmx
]Zjfhgbdm� F/2�� i_jbh^� dhlhjhc� \� �� jZaZ
^ebgg__� bgl_j\ZeZ� ^bkdj_lbaZpbb�� Ih
kemqZcguf�ijbqbgZf�k^\b]Z�nZau�]Zjfh-
gbdb�hlghkbl_evgh�gZqZeZ�baf_j_gbc�fu
fh`_f�bf_lv�^\Z�djZcgbo� \ZjbZglZ� �jbk�
�������fh`gh� ihiZ^Zlv� baf_j_gbyfb� lhq-
gh�\�fZdkbfmfu�b�fbgbfmfu� ]Zjfhgbdb
beb� `_� \k_]^Z� \� __� kj_^gb_� agZq_gby�� <
i_j\hf�kemqZ_�fu�ihemqbf�lhqgmx�hp_g-
dm� Zfieblm^u� ]Zjfhgbdb�� Z� \h� \lhjhf
kemqZ_� ²� gme_\h_� agZq_gb_� Zfieblm^u�
<k_�hklZevgu_�k^\b]b�nZau�[m^_l�ihdju-

\Zlv�h[eZklv�ijhf_`mlhqguo�lhqghkl_c�f_`^m�wlbfb�]jZgbqgufb�kemqZy-
fb�� Ijb� i_j_oh^_� d� [he__� ^ebgghi_jbh^bq_kdbf� ]ZjfhgbdZf� [m^_l� \k_

Jbk��������Hp_gdZ�Zfieblm^u
]Zjfhgbdb�F/2: Z�²�lhqgh_
agZq_gb_��[�²�gme_\h_�agZq_-

gb_
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[hevr__�qbkeh�baf_j_gbc�gZ�dZ`^hf�i_jbh^_��b�\_jhylghklv�lhqghc�hp_g-
db�Zfieblm^u�]Zjfhgbdb�[m^_l�m\_ebqb\Zlvky�

Z� [�

\� ]�

Jbk��������<ebygb_�Zfieblm^ghc�fh^meypbb��Z��[�²�fhgh]Zjfhgbq_kdbc�b�fh-
^mebjh\Zgguc�kb]gZeu��\��]�²�bo�Zfieblm^gu_�ki_dlju

Ihkfhljbf��qlh�ijhbkoh^bl�gZ�^jm]hf�gbadhqZklhlghf� djZx�1/T.�LZf
fu�bf__f�lhevdh�h^bg�gZ[ex^zgguc�i_jbh^�]Zjfhgbdb��Gh�wlZ�]ZjfhgbdZ
\iheg_�fh`_l�[ulv�fh^mebjh\ZgZ�ih�Zfieblm^_�[he__�gbadhc�qZklhlu��jbk�
4.18[���Imklv�gZr�bgl_j\Ze�gZ[ex^_gby T�khklZ\ey_l�f_g__�1/4�\j_f_ggh]h
^bZiZahgZ� gZ� jbk�� ����[�� Lh]^Z� k\hbf� gZ[ex^_gb_f� fu� fh`_f� kemqZcgh
ihiZklv�dZd�\�i_jbh^�fZdkbfmfZ�fh^meypbb��lZd�b�\�i_jbh^�fbgbfmfZ��ih-
emqZy�jZagu_�hp_gdb�Zfieblm^u�wlhc�]Zjfhgbdb��Ijb�m\_ebq_gbb�`_�qZk-
lhlu�]Zjfhgbdb�fu�gZ[ex^Z_f�\k_�[hevr_�__�i_jbh^h\�k�\k_�f_gvr_c�aZ-
\bkbfhklvx�hl�wnn_dlh\�gbadhqZklhlghc�Zfieblm^ghc�fh^meypbb�

ÄàÕâÝåã×ÕâÝÚ�ÝææàÚÙã×ÕâÝô. ?kl_kl\_gguf�`_eZgb_f�bkke_^h\Zl_-
ey�y\ey_lky�jZkrbj_gb_�qZklhlghc�ihehku��m\_ebq_gb_�jZaj_r_gby�ih�qZk-
lhl_�b�ih\ur_gb_�lhqghklb�baf_j_gby�Zfieblm^u�]Zjfhgbd�\�bgl_j_kmx-
sbf� _]h� ^bZiZahg_� qZklhl�� M\_ebq_gb_� \_jog_c� ]jZgbpu� ihehku� fh`_l
[ulv� ^hklb]gmlh� ih\ur_gb_f� qZklhlu� ^bkdj_lbaZpbb F��>ey� m\_ebq_gby
lhqghklb� \uqbke_gby� Zfieblm^� \_jogbo� ]Zjfhgbd� `_eZl_evgh� bf_lv
30−����guc�aZiZk��Ihkdhevdm�h[uqgh�bkke_^h\Zl_ey�bgl_j_kmxl�]Zjfhgb-
db� WW=� ^h� ��� =p� �^bZiZahg� [_lZ−���� lh� ^hklZlhqgh� bkihevah\Zlv
F=2.32.��� �����=p��Ihwlhfm�lbih\u_�qZklhlu�^bkdj_lbaZpbb�WW=�\�����b
����=p�\iheg_�h[_ki_qb\Zxl�g_h[oh^bfuc�aZiZk�lhqghklb��K^\b]�`_�iheh-
ku�\�gbadhqZklhlgmx�h[eZklv�b�m\_ebq_gb_�jZaj_r_gby�ih�qZklhl_�\hafh`-
gh�ebrv�aZ�kq_l�m\_ebq_gby�bgl_j\ZeZ�gZ[ex^_gby�L��Z�wlh�g_\hafh`gh�ijb
g_h[oh^bfhklb�ZgZebaZ�baf_g_gby�WW=�gZ�djZldh\j_f_gguo�hlj_adZo�

ÁãÙÝéÝßÕëÝÝ�¹ÄÉ��¶ðæçåãÚ�äåÚãÖåÕÜã×ÕâÝÚ�ÉèåñÚ��;IN���:e-
]hjblf�;IN� y\ey_lky� h^gbf� ba� \ZjbZglh\�>IN�� iha\heyxsbf� ihemqblv
j_amevlZl� k� fbgbfmfhf� ijhkluo� Zjbnf_lbq_kdbo� hi_jZpbc�� Kh� \j_f_gb



�����F_lh^u�\uqbkebl_evgh]h�ZgZebaZ�WW= 133

k\h_]h�i_j\h]h�him[ebdh\Zgby�\������]��hg�ijhba\_e�dhj_gghc�i_j_\hjhl�\
ZgZeba_�kb]gZeh\�gZ�[Za_�dhfivxl_jguo�b�fbdjhijhp_kkhjguo�kbkl_f�

GZb[he__� wnn_dlb\_g� \ZjbZgl� Ze]hjblf� ;IN� ih� hkgh\Zgbx� �1. <ih-
ke_^kl\bb�[ueZ�gZc^_gZ�_s_�[he__�[ukljZy�fh^bnbdZpby�wlh]h�Ze]hjblfZ
— ij_h[jZah\Zgb_�OZjleb��Ijb�ijbf_g_gbb�wlbo�Ze]hjblfh\�ZgZebabjm_-
fZy� wihoZ� ^he`gZ� [ulv� djZlgZ� kl_i_gb� ��� l�� _�� \dexqZlv� ����� ����� �����
�����������b�l��^��^bkdj_lguo�hlkq_lh\�kb]gZeZ��K�^jm]hc�klhjhgu��qlh[u
lZdb_�wihob�\ujZ`Zebkv�\h�\j_f_gghf�baf_j_gbb�\�p_euo�qbkeZo�b�j_amev-
lZlu�\�qZklhlghf�baf_j_gbb�lh`_�\ujZ`Zebkv�\�p_euo�qbkeZo��`_eZl_evgh
qZklhlm�^bkdj_lbaZpbb�lZd`_�mklZgZ\eb\Zlv�djZlghc�kl_i_gb�qbkeZ���

G_dhlhju_�^hihegbl_evgu_�Zki_dlu�ijbf_g_gby�;IN��k\yaZggu_�k�p_-
ehqbke_gghc�Zjbnf_lbdhc��m\_ebq_gb_f�fZkrlZ[Z�qZklhlu�b�[ukljh^_ckl-
\b_f��jZkkfhlj_gu�\�[44].

ÄãØåÚíâãæçÝ�¹ÄÉ

·ðçÚßÕâÝÚ�áãîâãæçÝ��Wnn_dl�\ul_dZgby�fhsghklb�beb�ml_qdZ�\u-
jZ`Z_lky�\�mf_gvr_gbb�Zfieblm^u�\ukhdbo�ki_dljZevguo�ibdh\�b�ihy\e_-
gbb� m� gbo� eh`guo� [hdh\uo� khklZ\eyxsbo� ihkl_i_ggh� mf_gvrZxs_cky
Zfieblm^u�

>ey�h[tykg_gby�f_oZgbafZ�\hagbdgh\_gby�wnn_dlZ�ml_qdb�\�fZl_fZlb-
q_kdbo�jZ[hlZo� [13, 17, 20] bkihevamxlky�jZaebqgu_�keh`gu_�^ey�\hkijb-
ylby�l_jfbgu��gZeh`_gb_�ijyfhm]hevgh]h�hdgZ��jZaju\u� kb]gZeZ�gZ�dhg-
pZo�� y\e_gb_� =b[[kZ�� [hdh\u_� e_i_kldb� b� ^j��H^gZdh� \hafh`gh� gZfgh]h
[he__�ijhklh_��ihgylgh_�b�gZ]ey^gh_�h[tykg_gb_�^Zggh]h�y\e_gby�

<havf_f�g_dhlhjmx��ihdZ�]Zjfhgbdm�k�qZklhlhc�fi, j_Zevgh�kms_kl\mx-
smx�\�aZj_]bkljbjh\Zgghf�kb]gZe_��<k_�^_eh�khklhbl�\�lhf��gZkdhevdh�oh-
jhrh�wlZ�]ZjfhgbdZ�mdeZ^u\Z_lky�k\hbf�i_jbh^hf�Ti=1/fi  \�bgl_j\Ze�gZ-
[ex^_gby�L��?keb�]ZjfhgbdZ�mdeZ^u\Z_lky�gZ�L�lhqgh�p_euf�qbkehf�k\hbo
i_jbh^h\��lh�hgZ�ihiZ^Z_l�lhqgh�\�ki_dljZevgmx�ebgbx�k�ihjy^dh\uf�gh-
f_jhf� L/Ti� �gZihfgbf�� qlh� wlb� ebgbb� ke_^mxl� k� ^bkdj_lbaZpbc� ∆t=1/L).
:fieblm^Z�]Zjfhgbdb�hp_gb\Z_lky�lhqgh��gbdZdh]h�wnn_dlZ�ml_qdb�g_l��b
gZ�:QO�gZ[ex^Z_lky�_^bgkl\_gguc�ibd�gZ�qZklhl_� fi��GZ�jbk��4.19Z�gZ�dZ-
gZe_���ij_^klZ\e_gZ�bf_ggh�lZdZy�]ZjfhgbdZ��<�j_amevlZl_�ki_dljZevgh]h
ZgZebaZ��jbk������[��gZ�wlhf�dZgZe_�fu�bf__f�_^bgkl\_gguc�ibd�b�_]h�Zf-
ieblm^Z�jZ\gZ�bklbgghfm�agZq_gbx�Zfieblm^u�]Zjfhgbdb�

?keb�`_�]ZjfhgbdZ�mdeZ^u\Z_lky�gZ�L�ihemp_euf�qbkehf�k\hbo�i_jbh-
^h\��lh�hgZ�ihiZ^Z_l�\�k_j_^bgm�f_`^m�^\mfy�ki_dljZevgufb�ebgbyfb�b�g_
fh`_l� [ulv� ij_^klZ\e_gZ� \� ki_dlj_� h^ghc� ]Zjfhgbdhc�� :e]hjblf� >IN
\hkijbgbfZ_l�lZdmx�]Zjfhgbdm�dZd�keh`guc��khklZ\ghc�kb]gZe�b�hkms_kl-
\ey_l� jZaeh`_gb_� wlh]h� gZ� kmffm� ]Zjfhgbq_kdbo� khklZ\eyxsbo��Hlkx^Z
                                                          

1�<�wlhf�kemqZ_�bkoh^gZy�fZljbpZ�j_rZ_fh]h�mjZ\g_gby�jZaf_jhf�N�jZaeZ]Z_lky
gZ� log2N� bg^b\b^mZevguo� fZljbp�� [eZ]h^Zjy� q_fm� qbkeh� g_h[oh^bfuo� hi_jZpbc
mfgh`_gby�mf_gvrZ_lky�k�N 2�^h�N⋅log2N.
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khk_^gb_�ki_dljZevgu_�ebgbb�ihemqZxl�k\hb��\k_�mf_gvrZxsb_ky�©dmkdbª
hl�bklbgghc�Zfieblm^u�lZdhc�]Zjfhgbdb�²�\hagbdZ_l�ml_qdZ�fhsghklb

ba�ki_dljZevgh]h�ibdZ��Ijbf_j�lZdhc�]Zjfhgbdb�k�ihemp_euf�qbkehf�i_-
jbh^h\�gZ�wiho_�ZgZebaZ�ijb\_^_g�gZ�jbk��4.19Z�gZ�dZgZe_����<�ki_dlj_��jbk�
4.19[��fu�gZ[ex^Z_f�rbjhdmx�jZafulhklv�ibdZ�kh� agZqbl_evguf�kgb`_-
gb_f�_]h�p_gljZevghc�Zfieblm^u�

Z� [� \�
Jbk��������Wnn_dl�ml_qdb�

Z�²�q_luj_�fhgh]Zjfhgbq_kdbo�kb]gZeZ�k�jZaguf�qbkehf�i_jbh^h\�gZ�wiho_�ZgZeb-
aZ��[�²�ki_dljZevgu_�ibdb��\�²�ki_dlju�k�dhjj_dpb_c�hdghf�OZggZ

Ijb�fgh`_kl\_�ijhf_`mlhqguo�\ZjbZglh\�f_`^m�wlbfb�^\mfy�djZcgb-
fb�kemqZyfb�ml_qdZ�lZd`_�fh`_l�\Zjvbjh\Zlvky�hl�fZdkbfZevghc�^h�fbgb-
fZevghc��Ijbf_ju�wlhfm�gZ�jbk��4.19Z�y\eyxl�]Zjfhgbdb�ih�dZgZeZf������
qZklhlu�dhlhjuo�\k_�[he__�ijb[eb`Zxlky�d�e_\hc�ki_dljZevghc�ebgbb��<
ki_dlj_��jbk������[��^ey�wlbo�]Zjfhgbd�fu�gZ[ex^Z_f�\k_�f_gvrmx�jZafu-
lhklv�ibdZ�k�m\_ebq_gb_f�_]h�Zfieblm^u��fZdkbfZevgu_�Zfieblm^u�ki_d-
ljZ�^ey�dZgZeh\��−��jbk�������khklZ\eyxl��������b�����hl�bklbggh]h�fZdkb-
fmfZ���;hdh\u_�]Zjfhgbdb�ml_qdb�gZau\Zxlky�lZd`_�[hdh\ufb�e_i_kldZ-
fb��ihkdhevdm�\�dhfie_dkghagZqghf�ij_^klZ\e_gbb�hgb�q_j_^mxlky�\�ijh-
lb\hnZa_��gZihfbgZy�ebklvy�gZ�\_ld_�

¶ãåñÖÕ� æ� èçÚìßãÞ�� H[uqgh� jZkkfZljb\Zxlky� ljb� hkgh\gu_� kihkh[Z
[hjv[u�k�ml_qdhc�

• ij_^\Zjbl_evgZy�nbevljZpby�kb]gZeZ�
• m\_ebq_gb_�jZaj_r_gby�ih�qZklhl_�
• bkihevah\Zgb_�dhjj_dlbjmxsbo�hdhg�

NbevljZpby�kb]gZeZ�k�hklZ\e_gb_f�ihehku�\�bgl_j_kmxs_f�bkke_^h\Z-
l_ey� ^bZiZahg_� qZklhl� iha\hey_l� bkdexqblv� \ebygb_� ml_qdb� ba� khk_^gbo
^bZiZahgh\��H^gZdh�ijb�g_h[oh^bfhklb� kh\f_klgh]h� ZgZebaZ� \k_o� ^bZiZ-
ahgh\� b� [hevrhf� h[t_f_� h[jZ[Zlu\Z_fuo� ^Zgguo� wlhl�f_lh^� klZgh\blky
^hklZlhqgh�ljm^h_fdbf�

M\_ebq_gb_�jZaj_r_gby�ih�qZklhl_�iha\hey_l�mf_gvrblv�\j_^gh_�\eby-
gb_� ml_qdb�� ihkdhevdm� ki_dljZevgu_� ebgbb� klZgh\ylky� [eb`_�� mf_gvrZy
l_f�kZfuf�qZklhlguc�bgl_j\Ze�\ebygb_�ml_qdb��H^gZdh�wlh�lj_[m_l�m\_eb-
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q_gby�wihob�ZgZebaZ��qlh�g_ijb_fe_fh�\�bkke_^h\Zgbyo�djZldh\j_f_gguo
hlj_adh\�WW=�

Dhjj_dlbjmxsb_� hdgZ
ij_^klZ\eyxl� kh[hc� dmihehh[-
jZagu_�nmgdpbb�k�fZdkbfmfhf
\�k\h_c�k_j_^bg_�b�Zfieblm^hc
���k�gme_\uf�agZq_gb_f�gZ�k\h-
bo� dhgpZo� b� rbjbghc�� jZ\ghc
^ebg_�j_ZebaZpbb�kb]gZeZ��jbk�
4.20[���GZ�wlh�hdgh�mfgh`Z_lky
ZgZebabjm_fZy� j_ZebaZpby� kb]-
gZeZ�� ihke_� q_]h� hgZ� ijbh[j_-
lZ_l� lh`_� dmihehh[jZaguc� \b^
�jbk�� ����\��� NZdlbq_kdb� wlZ
hi_jZpby� wd\b\Ze_glgZ� gbadh-
qZklhlghc� Zfieblm^ghc� fh^m-
eypbb� �kj�� jbk�� ����[��� LZdh_
hdgh� \� ki_dljZevghc� h[eZklb

bf__l� k\hx� kh[kl\_ggmx� ml_qdm� k� [hdh\ufb� e_i_kldZfb�� dhlhju_�fh]ml
gZoh^blvky� \� ijhlb\hnZa_� k� e_i_kldZfb� ml_qdb� kb]gZeZ� �a^_kv� bf__lky� \
\b^m�ijhlb\hnZaZ�ki_dljZ�ijb�_]h�dhfie_dkghagZqghf�ij_^klZ\e_gbb��kf�
jbk������Z���l_f�kZfuf�\aZbfgh�dhfi_gkbjmy�^jm]�^jm]Z��<�j_amevlZl_�lZ-
dhc�hi_jZpbb�ml_qdZ�ba�ibdZ�mf_gvrZ_lky��hg�dZd�[u�kly]b\Z_lky��ih^`b-
fZ_lky�\�[he__�ijyfhm]hevgmx�nhjfm��kj��jbk������[�b�\��dZgZe���1.

<�h[eZklb�l_ogbq_kdbo�gZmd�[ueh�ij_^eh`_gh�fgh`_kl\h�hdhg��jZaeb-
qZxsboky� ih� kl_i_gb� mf_gvr_gby� jZafulhklb� ki_dljZevguo� ibdh\�� ih
djmlbag_� bo� kiZ^Z� b� ih� m\_ebq_gbx� Zfieblm^u�� ;Zjle_llZ��OZggZ��O_f-
fbg]Z�� =Zmkkh\h�� Q_[ur_\Z�� ;e_dfZgZ−OZjjbkZ�� DZca_jZ−;_kk_ey� b� ^j�
GZb[he__�ba\_klguf�ba�gbo�y\ey_lky�hdgh�nhg�OZggZ��\i_j\u_�bkihevah-
\Z\r_f�_]h�ijb�h[jZ[hld_�f_l_hjheh]bq_kdbo�^Zgguo��Hgh�bf__l�\h�\j_-
f_gghc�h[eZklb�\b^�dhkbgmkghc�nmgdpbb��jbk������[):

xi’ = 0.5*xi*(1+cos(t)), (4.12)
]^_� xi, xi‘ � ²� Zfieblm^u� bkoh^gh]h� b� \a\_r_ggh]h� kb]gZeZ�

t=2*π*(i −n/2)/n; i=1,2,...,n .
>hihegbl_evgu_�k\_^_gby�h�dhjj_dlbjmxsbo�hdgZo�b�j_dhf_g^Zpbb�ih

bo�\u[hjm�ijb\_^_gu�\�[29].

                                                          
1�Ijb� j_ZebaZpbb� dhjj_dlbjmxsbo� hdhg� ke_^m_l� lZd`_� mqblu\Zlv� ^\Z� \Z`guo

fhf_glZ�� ���ijb�g_gme_\hf� kj_^g_f� agZq_gbb� kb]gZeZ�ijbf_g_gb_�hdgZ�\uau\Z_l
eh`gu_�ibdb�\�gb`gbo�qZklhlZo��ihwlhfm�g_h[oh^bfZ�ij_^\Zjbl_evgZy�dhjj_dpby
gmey�kb]gZeZ�����ijb�mfgh`_gbb�gZ�dmihehh[jZagh_�hdgh�mf_gvrZ_lky�kj_^gyy�Zf-
ieblm^Z�kb]gZeZ��qlh�ijb\h^bl�d�kbkl_fZlbq_kdhfm�aZgb`_gbx�Zfieblm^�ki_dljZ�
ihwlhfm�g_h[oh^bfZ�dhjj_dpby�j_amevlbjmxs_]h�ki_dljZ�mfgh`_gb_f�_]h�Zfieb-
lm^�gZ�hlghr_gb_�iehsZ^b�ijyfhm]hevgh]h�hdgZ�d�iehsZ^b�dhjj_dlbjmxs_]h�hd-
gZ�

Jbk��������Ijbf_g_gb_�hdhg�
Z�²fhgh]Zjfhgbq_kdbc�kb]gZe��[�²�hd-
gh�OZggZ��\�²�j_amevlZl�mfgh`_gby�kb]-

gZeZ�gZ�hdgh
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ÂÚÙãæçÕçßÝ��H^gZdh�\�ebl_jZlmj_�g_�h[jZsZ_lky�\gbfZgb_�gZ�\Z`guc
b� ijbgpbibZevguc� g_^hklZlhd� dhjj_dlbjmxsbo� hdhg�� hgb� kh\_jr_ggh
h^bgZdh\h�^_ckl\m_l�gZ�ex[u_�ibdb��Ihwlhfm�mf_gvr_gb_�ml_qdb�gZ[ex-
^Z_lky� lhevdh� ^ey� l_o� bklbgguo� ki_dljZevguo� ibdh\� ijhp_kkZ�� dhlhju_
ijb�>IN�ihiZ^Zxl�\�k_j_^bgm�bgl_j\ZeZ�f_`^m�ki_dljZevgufb�ebgbyfb
�kf��jbk������\��dZgZe�����<�kemqZ_�`_�[ebahklb�ibdh\�d�ki_dljZevghc�ebgbb
hgb�\uau\Zxl�h[jZlguc�g_]Zlb\guc�wnn_dl�mrbj_gby�ki_dljZevgh]h�ibdZ
k�ihgb`_gb_f�_]h�Zfieblm^u��kj��jbk������[�b�\�ih�dZgZeZf�����������L_f�kZ-
fuf�hdgZ�\�kj_^g_f�\�����^Zxl�ihablb\guc�wnn_dl��Z�\� ����kemqZ_\�²
g_]Zlb\guc� wnn_dl� �ih� djZcg_c�f_j_�� \� ieZg_� Zfieblm^guo� bkdZ`_gbc��
Djhf_� lh]h�� fZdkbfZevgZy� Zfieblm^Z� ihke_� ijbf_g_gby� hdhg� \k_]^Z
mf_gvrZ_lky� �hl� ���� ^h� ���� ^ey� ijbf_jh\� jbk�� �������>ey� l_ogbq_kdbo
ijbeh`_gbc�ih^h[gu_�wnn_dlu�g_�djblbqgu��ihkdhevdm�lZf�hdgZ�ij_bfm-
s_kl\_ggh� ijbf_gyxlky� \� p_eyo� jZaebq_gby� ^\mo� bklhqgbdh\�� ^_ckl\mx-
sbo�gZ�[ebadbo�qZklhlZo��qlh�^ey�WW=�kh\_jr_ggh�g_ZdlmZevgh�

<k_�wlh�h[hkgh\u\Z_l�j_dhf_g^Zpbx�hldZaZlvky�hl�g_djblbq_kdh]h�i_-
j_ghkZ�b�bkihevah\Zgby�dhjj_dlbjmxsbo�hdhg�\�bkke_^h\Zgbyo�WW=�

¶ÚææáðæàÚââãæçñ�ãßãâ�×�ÝæàÚÙã×ÕâÝê�ÒÒ¸��<� l_ogbq_kdbo�b�nb-
abq_kdbo�ijbeh`_gbyo�hdgZ�gm`gu�^ey�jZa^_e_gby�^\mo�b�[he__�j_Zevguo
bklhqgbdh\�fhgh]Zjfhgbq_kdbo� kb]gZeh\��[ebadbo�ih�qZklhl_��^\_�jZ^bh-
klZgpbb��^\_�ebgbb�ih]ehs_gby� \� ki_dlj_� a\_a^u�beb�f_`a\_a^gh]h� ]ZaZ�
^\Z�bklhqgbdZ�f_oZgbq_kdhc�b�a\mdh\hc�\b[jZpbb�\�jZ[hlZxs_f�f_oZgba-
f_�b�l�i��Lh]^Z�aZ�kq_l�wnn_dlZ�ml_qdb�ibdb�wlbo�bklhqgbdh\�keb\Zxlky�\
ki_dlj_��Gh�\� ]heh\ghf�fha]_�g_l�bklhqgbdhf�fhgh]Zjfhgbq_kdbo�kb]gZ-
eh\��ihwlhfm�g_l�b�g_�fh`_l�[ulv�gbdZdhc�ml_qdb�b�[hjv[Z�k�g_c�Z[khexl-
gh�[_kkfuke_ggZ�

 µáäàÝçèÙâÕô�áãÙèàôëÝô��WW=� kb]gZeu�y\eyxlky�g_klZpbhgZjgufb
b�\�hlebqb_�hl�[hevrbgkl\Z�kb]gZeh\�l_ogbq_kdh]h�b�nbabq_kdh]h�ijhbk-
oh`^_gby�oZjZdl_jbamxlky� Zfieblm^ghc�fh^meypb_c��qlh�ijb\h^bl� d�^h-
ihegbl_evguf�bkdZ`_gbyf� ki_dljh\��GZ�jbk�� �����ijb\_^_gu�fhgh]Zjfh-
gbq_kdbc�b�Zfieblm^gh�fh^mebjh\Zgguc�kb]gZeu�b�bo�Zfieblm^gu_�ki_d-
lju��Ijb�\uqbke_gbb�ki_dljZ�fh^meypby�ijhy\ey_lky�ihy\e_gb_f�[hdh\uo
ibdh\�iheh\bgghc�Zfieblm^u� �jbk������]���ijb�wlhf�Zfieblm^Z�hkgh\gh]h
ibdZ�mf_gvrZ_lky��ih�kjZ\g_gbx�k�g_fh^mebjh\Zgguf�kb]gZehf��ijhihj-
pbhgZevgh� khhlghr_gbx� Zfieblm^� \�fZdkbfmf_�b�fbgbfmf_�fh^meypbb�
L_f�kZfuf�ijb�fh^meypbb�\� ki_dlj_�ihy\eyxlky�^hihegbl_evgh� _s_�^\Z
bkdZ`_gby��Zfieblm^gh_�b�qZklhlgh_1��JZkklhygb_�f_`^m�hkgh\guf�b�[h-
dh\ufb� ibdZfb� �baf_j_ggh_� \� qbke_� ki_dljZevguo� ebgbc�� hij_^_ey_lky
l_f�� kdhevdh� i_jbh^h\�fh^meypbb� ihf_sZ_lky� gZ� wiho_� ZgZebaZ��L_f� kZ-
fuf�[hdh\u_�ibdb�fh]ml�ijhgbdZlv�^Ze_dh�\�khk_^gb_�qZklhlgu_�^bZiZah-
gu��ijb\ghky�\�gbo�^hihegbl_evgu_�bkdZ`_gby�

                                                          
1�Hlf_lbf��qlh�\�ebl_jZlmj_�ih�ZgZebam�WW=�wlbf�bkdZ`_gbyf�g_�m^_ey_lky�\gb-

fZgb_��Z�\�l_ogbq_kdbo�ijbeh`_gbyo�wlhl�wnn_dl�g_�ljZdlm_lky�dZd�g_`_eZl_evguc�
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�������QZklhlgu_�oZjZdl_jbklbdb
QZklhlgu_� oZjZdl_jbklbdb�fh]ml� hlghkblvky� d� h^ghfm� kb]gZem� �Z\lh-

ki_dlju��beb�`_�hljZ`Zlv�\aZbfh^_ckl\b_�^\mo�kb]gZeh\��djhkk�ki_dlju��
µáäàÝçèÙâã−ìÕæçãçâÕô� êÕåÕßçÚåÝæçÝßÕ� �:QO�� beb� Zfieblm^guc

ki_dlj A(f)�y\ey_lky�gZb[he__�bgnhjfZlb\ghc�b�gZb[he__�bkihevam_fhc�\
[bheh]bq_kdbo�b�f_^bpbgkdbo�bkke_^h\Zgbyo�qZklhlghc�oZjZdl_jbklbdhc�

GZ�jbk�������ijb\_^_gu�ijbf_ju�ki_dljh\�WW=��DZd�\b^gh�ba�kjZ\g_gby
jbk������Z b�[��mf_gvr_gb_�wihob�ZgZebaZ�\_^_l�d�agZqbl_evghfm�kgb`_gbx
^_lZebabjh\Zgghklb� ki_dljZ� �jZaj_r_gby� ih� qZklhl_���K� ^jm]hc� klhjhgu�
[hevrh_�jZaj_r_gb_�\_^_l�d�ihy\e_gbx�jZaebqguo�kemqZcguo�nexdlmZpbc
�\ke_^kl\b_�\ebygby�\ul_dZgby�fhsghklb��fh^meypbb�b�^j����^ey�gb\_eb-
jh\Zgby� dhlhjuo� fh`_l� hdZaZlvky� ihe_aguf� k]eZ`b\Zgb_� ki_dljZ� �jbk�
4.21\).

Z� [�

\� ]�

Jbk��������Ki_dlju�WW=�k�^hfbgbjh\Zgb_f�ZevnZ−jblfZ�gZ�qZklhl_���=p�
Z�²�:QO�gZ�wiho_���k��[�²�:QO�gZ�wiho_���k��\�²�:QO�gZ�wiho_���k�k�lj_fy�k]eZ-

`b\Zgbyfb��]�²�ki_dlj�fhsghklb�gZ�wiho_���k

ÉÕÜã−ìÕæçãçâÕô� êÕåÕßçÚåÝæçÝßÕ� �NQO�� beb� nZah\uc� ki_dlj ϕ(I)
ij_^klZ\ey_l�aZ\bkbfhklv�nZa�ki_dljZevguo�]Zjfhgbd��ih�hkb�Y��hl�qZklh-
lu��ih�hkb�O���Ke_^m_l�mqblu\Zlv��qlh�]jZnbd�NQO��kf��jbk������[��kljhbl-
ky�\�h[eZklb�agZq_gbc�Y�hl����°�^h�−180°��ihwlhfm�ijb�g_ij_ju\ghf�baf_-
g_gbb�nZau�k�\uoh^hf�aZ�wlb�]jZgbpu�hg�ijh^he`Z_lky�k�^jm]hc�klhjhgu
]jZnbdZ��qlh�kha^Z_l�beexabx�ihy\e_gby�eh`guo�ibdh\��<�bkke_^h\Zgbyo
WW=�NQO�ijZdlbq_kdb�g_�bkihevam_lky��ihkdhevdm�jZggb_�bkke_^h\Zgby�g_
\uy\beb�__�agZqbfuo�dhjj_eypbc�k�nbabheh]bq_kdbfb�ijhp_kkZfb�
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ÆäÚßçå� áãîâãæçÝ� ij_^klZ\ey_l� kh[hc� Zfieblm^guc� ki_dlj�� \ha\_-
^_gguc�\�d\Z^jZl�J(f)=A(f)2��Hg�ijh^he`Z_l�rbjhdh�bkihevah\Zlvky�b�ih
gZklhys__�\j_f_gb��Ijbqbgu� wlh]h�l_jyxlky�\�^Ze_dhf�^hdhfivxl_jghf
ijhrehf��<hafh`gh��wlh�b^_l�hl�ZgZebaZlhjh\�gZ�nbevljZo�=��Mhel_jZ��gZ
\uoh^_�dhlhjuo�baf_jyeZkv�we_dljbq_kdZy�fhsghklv��<hafh`gh��wlh�b^_l
hl� ZgZeh]h\uo� \uqbkebl_e_c� Z\lhdhjj_eypbhgghc� nmgdpbb�� ih� dhlhjhc
fh`gh�[ueh�g_keh`gh�\uqbkeylv�ih^h[b_�ki_dljZ�fhsghklb�

¿åÝçÝßÕ��H^gZdh�� ijb� hlkmlkl\bb� jZa\blhc� ijhn_kkbhgZevghc�fZl_-
fZlbq_kdhc�bglmbpbb�g_ebg_cgu_� khhlghr_gby�f_`^m� hp_gdZfb� ki_dljZ
fhsghklb�ljm^gu�^ey�\hkijbylby�\�kjZ\g_gbb�k�ebg_cgufb�khhlghr_gby-
fb� Zfieblm^gh]h� ki_dljZ�� G_� lZd� ijhklh� hkhagZlv� b� nbabheh]bq_kdbc
kfuke�hp_ghd��\ujZ`_gguo�\�fbdjh\hevlZo�\�d\Z^jZl_��dh]^Z�bkoh^gh�ba-
f_jyxlky�bf_ggh�[bhihl_gpbZeu��Z�g_�ihkljh_ggu_�gZ�gbo�iehsZ^b��Wlh
g_�bf__l�hlghr_gby�gb�d�fhsghklb��dZd�jZ[hl_��\uiheg_gghc�aZ�_^bgbpm
\j_f_gb��gb�d�we_dljbq_kdhc�fhsghklb��baf_jy_fhc�\�\hevl�Zfi_jZo��ih-
wlhfm�gbdhfm�g_�ijb^_l�\�]heh\m�ml\_j`^Zlv��qlh�fhsghklv�[ulh\hc�we_d-
ljhk_lb�jZ\gZ�������\hevl�\�d\Z^jZl_�

DZd�ke_^kl\b_�g_ebg_cghklb�\�ki_dlj_�fhsghklb�j_adh�\u^_eyxlky�\u-
khdhZfieblm^gu_�ibdb�b�gb\_ebjmxlky�^h�bkq_agh\_gby�kj_^gb_�b�gbadh-
Zfieblm^gu_�^_lZeb� �kj��jbk������[�b�]���Wlh�ijhy\ey_lky�dZd�\�khhlghr_-
gbyo�ih�qZklhlguf�^bZiZahgZf�\�dhgdj_lghf�hl\_^_gbb��lZd�b�\�khhlghr_-
gbyo� ih� hl\_^_gbyf� \� dhgdj_lghf� ^bZiZahg_�� gh� hkh[_ggh� ajbfh�
]bi_jljhnbjh\Zgh� ²� gZ� lhih]jZnbq_kdbo� dZjlZo� k� hlh[jZ`_gb_f� gZ
kdZevi_�\k_]h�^\mo�h[eZkl_c�kbg_]h�b�djZkgh]h�p\_lZ�

B�� gZdhg_p�� ^Z\Zcl_� aZ^mfZ_fky�� qlh� fZl_fZlbq_kdb� hagZqZ_l� kj_^g__
agZq_gb_�ki_dljZ�fhsghklb�WW=�\�qZklhlghf�^bZiZahg_��Wlh�_klv�^bki_j-
kby�Zfieblm^gh]h�ki_dljZ�WW=�hlghkbl_evgh�gmey�\�jheb�kj_^g_]h�agZq_-
gby��Hlkx^Z� kjZam�`_� ke_^m_l� jblhjbq_kdbc� \hijhk�� dZdhc�nbabheh]bq_-
kdbc�kfuke�fh`gh�ijbibkZlv�lZdhfm�ihdZaZl_ex"

Ihwlhfm�ki_dlj�fhsghklb�ke_^m_l�ijbagZlv�oZjZdl_jbklbdhc��g_�Z^_d-
\Zlghc�ijbjh^_�WW=�b�q_eh\_q_kdhfm�\hkijbylbx�

¿åãææ�æäÚßçåÕàñâðÚ�êÕåÕßçÚåÝæçÝßÝ
Djhkk�ki_dljZevgu_� oZjZdl_jbklbdb� ij_^gZagZq_gu� ^ey� hp_gdb

jZaebqguo� Zki_dlh\� k\yab� ^\mo� kb]gZeh\� WW=�� j_]bkljbjm_fuo� k� ^\mo
hl\_^_gbc�

¿åãææ−æäÚßçå�^\mo�ijhp_kkh\ x(t) b y�W��\uqbkey_lky�dZd�ijhba\_^_gb_
ki_dljZ�X(f)  gZ�ki_dlj�Y(f)  \�_]h�dhfie_dkgh�khijy`_gghc�nhjf_�

( ) f

FT
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ff igeefYfXfXY sin)()()(
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0

* ∑
=
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0 ∑

=
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ff idccfY sin)(

2/

/1
0

* ∑
=

−+=

b� \uihegyy� ihqZklhlgh_� mfgh`_gb_� dhfihg_gl� X(f), Y*(f) k� \u^_e_gb_f
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^_ckl\bl_evguo�b�fgbfuo�khklZ\eyxsbo�j_amevlZlZ�ihemqZ_f�\ujZ`_gby
^ey�khklZ\eyxsbo�djhkk�ki_dljZ�

ef = af⋅cf + bf⋅df  ;   gf = af⋅df – bf⋅cf. (4.5)

Hlkx^Z�fhsghklv�djhkk–ki_dljZ�jZ\gZ�

)()())(()( 222222 fAfAdcbagefP yxffffffxy =++=+= (4.6)

lh�_klv�hgZ�jZ\gZ�ijhba\_^_gbx�Zfieblm^�ki_dljh\�^\mo�ijhp_kkh\��y\ey-
_lky�d\Z^jZlbqghc�hp_gdhc��baf_jy_fhc�\�fd<2��Ebg_cgZy�hp_gdZ� Zfieb-
lm^u� djhkk−ki_dljZ� beb� djhkk−:QO�� khhl\_lkl\_ggh�� jZ\gZ

)()( fPfA xyxy = .

Z� [�

Jbk��������Djhkk−ki_dlju�WW=���Z�²�Zfieblm^guc��[�²�nZah\uc

=jZnbd�djhkk−:QO��jbk������Z��gZ]ey^gh�ihdZau\Z_l��gZ�dZdbo�qZklhlZo
\�h[hbo�ijhp_kkZo�ijbkmlkl\mxl�\ukhdhZfieblm^gu_�b�kjZ\gbfu_�ih�\_-
ebqbg_� ]Zjfhgbdb��DZd� \b^gh�ba� jbk�� ����Z�� hkgh\gu_� Zfieblm^u� djhkk–
ki_dljZ�khkj_^hlhq_gu�\�jZchg_���=p�ZevnZ–^bZiZahgZ��qlh�lbibqgh�^ey�aZ-
luehqguo�hl\_^_gbc�WW=�\�khklhygbb�j_eZdkZpbb��Djhf_�lh]h��ibdb�\aZ-
bfghc�Zdlb\ghklb�f_gvr_c�Zfieblm^u�gZ[ex^Zxlky�\�^bZiZahgZo�^_evlZ�b
l_lZ��Ba-aZ� \ukhdh]h�jZaj_r_gby�ih�qZklhl_� ]jZnbd� kh^_j`bl�fgh]h� kem-
qZcguo�nexdlmZpbc��ihwlhfm�fh`_l�hdZaZlvky�ihe_aguf�_]h�k]eZ`b\Zgb_�
<�bkke_^h\Zgbyo�WW=�djhkk�:QO�dZd�hp_ghqguc�ihdZaZl_ev�kZfhklhyl_ev-
gh]h�ijbf_g_gby�g_�ihemqbe�

Djhkk�nZah\uc�ki_dlj�ϕxy(f)=arctg(gf/ef)�ihke_�ih^klZgh\db�\ujZ`_gbc
������^ey�gf  b ef�b�g_keh`guo� ljb]hghf_ljbq_kdbo�ij_h[jZah\Zgbc�ij_^-
klZ\bf�\�\b^_�ϕxy(f)=  ϕx(f)-ϕy�I���lh�_klv�y\ey_lky�jZaghklvx�nZa�^\mo�ki_d-
ljh\�

DZd�\b^gh�ba�jbk�� ����[��baf_g_gb_�djhkk–nZau�ghkbl�^hklZlhqgh�kem-
qZcguc�oZjZdl_j�\�k\yab�k�\ebygb_f�Zfieblm^ghc�fh^meypbb�b�i_j_oh^h\
nZau�q_j_a�]jZgbpu�����°÷180°��qlh�aZljm^gy_l�__�bkihevah\Zgb_�b�bgl_j-
ij_lZpbx�

GZ� gZqZevghf� wlZi_� bkke_^h\Zgbc� djhkk�nZam� dZd� jZaghklv� nZa� ^\mo
ijhp_kkh\�iulZebkv�bgl_jij_lbjh\Zlv�dZd�bg^bdZlhj�\j_f_gghc�aZ^_j`db
\�i_j_^Zq_�\aZbfh^_ckl\by�hl�h^gh]h�ijhp_kkZ�d�^jm]hfm��H^gZdh� agZqb-
fuo�j_amevlZlh\�\�wlhf�gZijZ\e_gbb�ihemq_gh�g_�[ueh��b�djhkk�nZaZ�\�kh-
\j_f_gguo�bkke_^h\Zgbyo�ijZdlbq_kdb�g_�bkihevam_lky�
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¿ãØÚåÚâçâãæçñ�� ?s_� h^ghc� djhkk�ki_dljZevghc� oZjZdl_jbklbdhc� y\-
ey_lky�nmgdpby�dh]_j_glghklb��b�hgZ�qZklh�bkihevam_lky�^ey�hp_gdb�kl_i_-
gb�\aZbfhk\yab�^\mo�ijhp_kkh\��ih^jh[g__�\�jZa^���������

ÂÚãÙâãÜâÕìâãæçñ�ÝâçÚåäåÚçÕëÝÝ�
<� hlghr_gbb� jZkkfhlj_gguo� b

^jm]bo�ihdZaZl_e_c� k\yab�^\mo�ijh-
p_kkh\�ke_^m_l�ih^q_jdgmlv��qlh�hgb
fh]ml� \uklmiZlv� bg^bdZlhjZfb� lZ-
dbo�k\ya_c��gh�g_�hij_^_eylv�bo�gZ-
ijZ\e_gb_�b�bklhqgbdb�

Imklv� fu� j_]bkljbjm_f� WW=� \
^\mo�hl\_^_gbyo :�b�<��jbk��������b�\
j_amevlZl_� djhkk–ki_dljZevgh]h
ZgZebaZ�h[gZjm`b\Z_f�[hevrmx�Zm-
l_glbqghklv�wlbo�ijhp_kkh\��H^gZdh
j_Zevgh� f_`^m� wlbfb� hl\_^_gbyfb
fh`_l� g_� kms_kl\h\Zlv� gbdZdhc
ijbqbgghc� k\yab�� Z� Zml_glbqghklv

bo� hij_^_e_gZ� \ebygb_f� bklhqgbdZ K� \� ^jm]hc� h[eZklb� ]heh\gh]h�fha]Z�
ZgZlhfbq_kdb�k\yaZggh]h�k�h[hbfb�hl\_^_gbyfb�:�b�<.

ÃÖãÖîÚââðÚ�æäÚßçåÕàñâðÚ�äãßÕÜÕçÚàÝ

DZd�[ueh�hlf_q_gh�\ur_�� Zfieblm^guc� ki_dlj�y\ey_lky�hkgh\ghc�bk-
ihevam_fhc� \� bkke_^h\Zgbyo� WW=� qZklhlghc� oZjZdl_jbklbdhc�� H^gZdh� \
k\yab�k�g_klZpbhgZjguf�oZjZdl_jhf�b�g_]Zjfhgbq_kdhc�ijbjh^hc�WW=�Zf-
ieblm^u� hl^_evguo� ]Zjfhgbd� ih^\_j`_gu� \ebygbx� kemqZcguo�nZdlhjh\
dZd�\�hlghr_gbb�bo�ihke_^h\Zl_evgh]h�jZkij_^_e_gby�ih�qZklhlZf��lZd�b
gZ�ihke_^h\Zl_evguo�wihoZo�ZgZebaZ��jbk��������

Jbk��������KemqZcgZy�\ZjbZ[_evghklv�Zfieblm^�ki_dljZevguo�]Zjfhgbd
gZ�q_luj_o�ihke_^h\Zl_evguo�wihoZo�^ebl_evghklvx���k�\�aZluehqghf�hl-

\_^_gbb�H2

Jbk��������D�g_h^ghagZqghklb�hp_-
ghd�k\yab�WW=�ijhp_kkh\
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L_f�kZfuf�wlb�Zfieblm^u�g_�fh]ml�bkihevah\Zlvky�\�dZq_kl\_�hp_ghq-
guo�ihdZaZl_e_c��;he__�lh]h��ihkdhevdm�WW=�g_�y\ey_lky�kmffhc�]Zjfhgb-
q_kdbo� dhe_[Zgbc�� Z� g_cjhggu_� kljmdlmju� g_� y\eyxlky� ]Zjfhgbq_kdbfb
hkpbeeylhjZfb��lh�Zfieblm^u�hl^_evguo�]Zjfhgbd�ebr_gu�nbabheh]bq_-
kdh]h�kfukeZ��Ihwlhfm��ih�djZcg_c�f_j_��\�hlghr_gbb�klZlbklbq_kdhc�mk-
lhcqb\hklb�[he__�ij_^ihqlbl_evgh�bkihevah\Zgb_�mkj_^g_gguo�Zfieblm^-
guo�b�qZklhlguo�hp_ghd�

GZ�hkgh\_�ex[hc�qZklhlghc
oZjZdl_jbklbdb� fh]ml� [ulv
\uqbke_gu� h[h[s_ggu_� ki_d-
ljZevgu_� ihdZaZl_eb� ^ey� \k_o
bgl_j_kmxsbo� bkke_^h\Zl_ey
qZklhlguo�^bZiZahgh\��<�dZq_-
kl\_� lZdbo� ihdZaZl_e_c� \
WW=−ZgZebaZlhjZo�h[uqgh�nb-
]mjbjmxl� ke_^mxsb_� �jbk�
4.25):
• :max� ²� fZdkbfZevgZy� Zf-

ieblm^Z� ki_dljZ� \� qZklhl-
ghf�^bZiZahg_�

• Fmax�²� qZklhlZ�fZdkbfZev-
ghc�ih�Zfieblm^_�]Zjfhgbdb�

• :kj�²�kj_^gyy�Zfieblm^Z�ki_dljZ�\�qZklhlghf�^bZiZahg_�
• Fcp — kj_^g_\a\_r_ggZy�qZklhlZ��khhl\_lkl\m_l�p_gljm�ly`_klb�nb-

]mju�� h]jZgbq_gghc� djb\hc� ki_dljZ� \� ^bZiZahg_�� \uqbkey_lky� ih
nhjfme_�

) ) ) )
P$

$LP L
L

P

FS

ÇS

= + −
=

∑� �
�

�
� � , (4.13)

]^_��m ²�qbkeh�]Zjfhgbd�\�qZklhlghf�^bZiZahg_��F1, Fm�²�qZklhlgu_�]jZ-
gbpu�^bZiZahgZ��:i — Zfieblm^Z�i−c�]Zjfhgbdb�

<�ijZdlbd_�ba�wlbo�ihdZaZl_e_c�gZb[he__�qZklh�bkihevam_lky�hp_gdZ�:kj

beb�`_�hp_gdZ�kj_^g_c�fhsghklb�Jkj.
¿åÝçÝßÕ��<�bkke_^h\Zgbb� [54] ijh\_^_gh�f_ljheh]bq_kdh_�kjZ\g_gb_

iylb�ihdZaZl_e_c��hp_gb\Zxsbo�kj_^gbc�mjh\_gv�WW=�ihl_gpbZeh\�\�qZk-
lhlguo�^bZiZahgZo��ih�Zfieblm^ghfm�ki_dljm� �:kj���ih�ki_dljm�fhsghklb
(Jkj���i_jbh^hf_ljbq_kdb� �:i���ih�fh^mex�WW=� �:f��b�ih�h]b[Zxs_c� �:h).
Ihemq_gu�iylv�hkgh\guo�j_amevlZlh\�����gZlmjZevgu_�ihdZaZl_eb�:i, :f, :h

^Zxl� ijZdlbq_kdb� wd\b\Ze_glgu_� hp_gdb�� dhlhju_� \ukhdh^hklh\_jgh� hl-
ebqZxlky� hl� hp_ghd� :kj, Jkj�� ��� gZlmjZevguf� ihdZaZl_eyf� k\hckl\_ggZ
]eZ^dZy�^bgZfbdZ�baf_g_gby�bo�agZq_gbc�gZ�ihke_^h\Zl_evguo�wihoZo��lh-
]^Z�dZd�dhk\_ggu_�ki_dljZevgu_�hp_gdb�ih^\_j`_gu�j_adbf�b�kemqZcguf
dhe_[Zgbyf�����dhk\_ggu_�hp_gdb�:kj, Jkj�\�hlebqb_�hl�gZlmjZevguo�g_�h[-
eZ^Zxl� k\hckl\hf� Z^^blb\ghklb�� ijbkmrbf� klZlbklbq_kdhc� hi_jZpbb� mk-

Jbk��������H[h[s_ggu_�ki_dljZevgu_�ih-
dZaZl_eb�gZ�ijbf_j_�ZevnZ−^bZiZahgZ
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j_^g_gby��ihemqZ_fu_�agZq_gby�\�aZ\bkbfhklb�hl�qbkeZ�b�^ebgu�mkj_^gy_-
fuo�wiho�fh]ml�jZaebqZlvky�\���b�[he__�jZa�����ihdZaZl_eb�:kj, Jkj�gZ�fh-
^_evguo�kb]gZeZo�k�ba\_klguf�khhlghr_gb_f�Zfieblm^�^Zxl�hp_gdb�\����±
�����jZaZ�hlebqZxsboky�hl�bklbggh]h�agZq_gby��lh]^Z�dZd�gZlmjZevgu_�ih-
dZaZl_eb� ^_fhgkljbjmxl� ijZ\bevgu_� khhlghr_gby� kj_^gbo� Zfieblm^�� ��
ihdZaZl_eb�:kj, Jkj�\� aZ\bkbfhklb�hl�nhjfu�ki_dljZevgh]h�jZkij_^_e_gby
fh]ml�jZaebqZlvky�ih�k\h_fm�khhlghr_gbx�^ey�jZaguo�bkiulm_fuo�[he__
q_f�\���jZa��\�lh�\j_fy�dZd�gZlmjZevgu_�ihdZaZl_eb�^_fhgkljbjmxl�h^bgZ-
dh\u_� khhlghr_gby� agZq_gbc��hlebqZxsb_ky�hl�dhk\_gguo�hp_ghd�\� ���±
����jZa��GZbom^rb_�j_amevlZlu�\h�\k_o�kjZ\g_gbyo�hlghkylky�d�bkihevah\Z-
gbx�ki_dljZ�fhsghklb�

Wlb�\u\h^u�g_�iha\heyxl�f_ljheh]bq_kdb�d\Zebnbpbjh\Zlv�ki_dljZev-
gu_�hp_gdb�kj_^g_c�Zfieblm^u�b�fhsghklb�WW=�dZd�ZgZeblbq_kdbc�bgkl-
jmf_gl��Z^_d\Zlguc�ijbjh^_�b�ki_pbnbd_�WW=�ihl_gpbZeh\��Bo�bkihevah-
\Zgb_�fh`_l�ijb\h^blv� d�g_kh\f_klbfhklb� j_amevlZlh\��ihemq_gguo� jZa-
gufb�bkke_^h\Zl_eyfb� >ey�hp_ghd�Zfieblm^guo�oZjZdl_jbklbd�WW=�ke_-
^m_l�bkihevah\Zlv�ijyfu_�baf_jbl_evgu_�ihdZaZl_eb�

µâÕàÝÜ�äã�òäãêÕá�Ý�èæåÚÙâÚâÝÚ�æäÚßçåã×

>ey�bkke_^h\Zgby�\j_f_gghc�w\hexpbb�ki_dljZevguo�ihdZaZl_e_c�ijh-
^he`bl_evgmx� WW=−aZibkv� jZa[b\Zxl� gZ� ihke_^h\Zl_evgu_� wihob� [he__
dhjhldh]h�jZaf_jZ��gZ�dZ`^hc�ba�dhlhjuo�\uihegy_lky�qZklhlguc�ZgZeba�
QZklh�^ey�ihemq_gby�[he__�]eZ^dbo�aZ\bkbfhkl_c�hl�\j_f_gb�wihob�\u[b-
jZxl� k� hij_^_e_gguf� \aZbfguf� i_j_djulb_f� �^h� ���� b� [he__���>ey� gZ-
]ey^gh]h� \bamZevgh]h� ij_^klZ\e_gby� w\hexpbb� ba[jZggh]h� ihdZaZl_ey
h[uqgh� bkihevamxl� nhjfm� klhe[bdh\uo� ^bZ]jZff� ih� wihoZf� �]hjbahg-
lZevgZy�hkv�\j_f_gb��k�ihkljh_gb_f�k_jbb�^bZ]jZff�\�ihjy^d_�hl\_^_gbc
�jbk���������������>jm]bf�kihkh[hf�ij_^klZ\e_gby�j_amevlZlh\�y\ey_lky�k_-
jbcgh_�lhih]jZnbq_kdh_�dZjlbjh\Zgb_�ih�wihoZf��jbk��������beb�\�j_`bf_
^bgZfbq_kdhc�fmevlbiebdZpbb�

>ey� \uy\e_gby� gZb[he__� klZ[bevguo� ki_dljZevguo� khklZ\eyxsbo� gZ
^ebl_evguo� \j_f_gguo� bgl_j\ZeZo� \uqbkeyxl� mkj_^g_ggu_� ih� wihoZf
qZklhlgu_� oZjZdl_jbklbdb� �mkj_^g_gb_� ijhba\h^blky� ^ey� dZ`^hc� ki_d-
ljZevghc�]Zjfhgbdb�ih�hl^_evghklb��

�������Hp_gdb�kbgojhgghklb�WW=
<�ij_^u^ms_f�jZa^_e_�[ueh�ihdZaZgh��qlh�h^ghc�ba�hkgh\guo�bkihev-

am_fuo� \�ijZdlbd_�ihdZaZl_e_c� y\ey_lky� Zfieblm^Z�baf_g_gby�WW=� \�hl-
^_evguo�hl\_^_gbyo��dhlhjZy�fh`_l�[ulv�hp_g_gZ�ih�Zfieblm^ghfm�ki_d-
ljm��<lhjuf�ijZdlbq_kdb�\Z`guf�ihdZaZl_e_f�WW=�y\ey_lky�hp_gdZ�\aZb-
fhk\yab��\aZbfh\ebygby��\aZbfh^_ckl\by�ijhp_kkh\�\�iZjZo�hl\_^_gbc��>ey
wlh]h� bkihevamxlky� jZaebqgu_� ihdZaZl_eb� kbgojhgghklb� WW=�� gZb[he__
ba\_klguf�ba�dhlhjuo�y\ey_lky�nmgdpby�dh]_j_glghklb�
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¿ãØÚåÚâçâãæçñ

Dh]_j_glghklv� y\ey_lky� yjdbf� ijbf_jhf� g_Z^_d\Zlgh]h� b� g_djblbq_-
kdh]h�i_j_ghkZ�djhkk–qZklhlghc�oZjZdl_jbklbdb�ba�l_ogbq_kdbo�b�nbabq_-
kdbo�ijbeh`_gbc�\�bkke_^h\Zgby�WW=��]^_�hgZ�k������o�]h^h\�klZeZ�rbjhdh
b� ^hfbgZglgh� bkihevah\Zlvky� ^ey� hp_gdb� kbgojhgghklb� ^\mo� ijhp_kkh\
WW=��[he__�^_lZevgu_�h[hkgh\Zgby�baeh`_gu�\�[47]). <�k\hbo�`_�[Zah\uo
h[eZklyo nmgdpby� dh]_j_glghklb� bkihevam_lky� lhevdh� ^ey� klZpbhgZjguo
ijhp_kkh\� b� dZd� km]m[h� \lhjhkl_i_ggZy� oZjZdl_jbklbdZ� ²� lhevdh� ^ey
hp_gdb�agZqbfhklb�^jm]bo�djhkk±ki_dljZevguo�oZjZdl_jbklbd�b�^ey�hij_-
^_e_gby�f_ju�\ebygby�rmfZ�b�beb�g_ebg_cghklb�wlbo�nmgdpbc1��;he__�lh-
]h��\h�\j_f_gb�\�iZfylb�aZl_jyehkv��^ey�q_]h�b�d_f�[ueZ�\\_^_gZ�nmgdpby
dh]_j_glghklb2.

M`_�kZfh�hij_^_e_gb_�dh]_j_glghklb�\h�fgh]bo�nmg^Zf_glZevguo�bk-
lhqgbdZo� � [13, 17, 19, 22] aZimlZgh�b�ijhlb\hj_qb\h��\dexqZy�b�nhjfmeu�
lh`^_kl\_ggh�jZ\gu_�_^bgbp_��Ihwlhfm��jZa\b\Zy�hij_^_e_gb_�ba�[20], ^Z-
^bf�dhjj_dlgh_�fZl_fZlbq_kdh_�\ujZ`_gb_�^ey�dh]_j_glghklb�

;m^_f�bkihevah\Zlv�h[hagZq_gb_�E>«@�^ey�hi_jZpbb�mkj_^g_gby�ki_d-
ljh\�gZ�g_i_j_k_dZxsboky�wihoZo��f_lh^�;Zjle_llZ�mkj_^g_gby�ih�ZgkZf[-
ex���Lh]^Z�\ujZ`_gb_�^ey�d\Z^jZlZ�dh]_j_glghklb�[m^_l�bf_lv�\b^�

])([])([

)]([
)( 22

2

2

fYEfXE

fXYE
f =γ , (4.7)

]^_� 2222 ][][][][)]([ adbcEbdacEgEeEfXYE −++=+= �²�]_hf_l-

jbq_kdh_�mkj_^g_gb_�\_dlhjh\�djhkk�ki_dljZ�ih�wihoZf�

][])([ 222
baEfXE +=

.
²�Zjbnf_lbq_kdh_�mkj_^g_gb_�\_dlhjh\�Z\lh�

ki_dljh\�
GZ]ey^gZy� bgl_jij_lZpby� \ujZ`_gby� ������ aZljm^gbl_evgZ�� ihwlhfm

jZkkfhljbf�fh^bnbpbjh\Zggh_�hij_^_e_gb_��dhlhjh_�gZah\_f�nZah\hc�dh-
]_j_glghklvx.

])([

)]([

])()([

)]([
)(

2

2

22

2

2

fXYE

fXYE

fYfXE

fXYE
f =

⋅
=ϕγ . (4.8)

                                                          
1�Pblbjm_f� � [20]��FZeu_� agZq_gby� dh]_j_glghklb�fh]ml� mdZau\Zlv� gZ� g_agZqb-

fhklv�gZ� ^Zgghc� qZklhl_� ^jm]bo� djhkk±ki_dljZevguo� oZjZdl_jbklbd�beb� y\eylvky
ijbagZdhf�g_h[oh^bfhklb�m\_ebq_gby�qbkeZ�mkj_^g_gbc�^ey�ebd\b^Zpbb�\ebygby
rmfZ�

2 JZa\blb_�dh]_j_glgh]h�ZgZebaZ�ij_bfms_kl\_ggh�[ueh�bgbpbbjh\Zgh�jZ[hlZfb
G��<bg_jZ�\�����������]]��>Wiener N. Generalized harmonic analysis. Acta Math. 1930,
55:182−195@�ijbf_gbl_evgh�d�aZ^ZqZf�hilbdb�b�d\Zglh\hc�f_oZgbdb��djZcg_�^Ze_-
dbo�hl�bkke_^h\Zgbc�WW=�
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?]h�kfuke�ihykgbf�gZ�nZah\hc�iehkdhklb� �jbk���������]^_�bf_xlky�^\Z
\_dlhjZ�djhkk−ki_dljZ :�b�B�k�jZagufb�nZah\ufb�m]eZfb�^ey�^\mo�ihke_-
^h\Zl_evguo�wiho��Ijb�keh`_gbb�\�dhfie_dkghc�nhjf_�\_dlhj <�]_hf_ljb-
q_kdb�i_j_ghkblky�d�dhgpm�\_dlhjZ�:��b�j_amevlZl�keh`_gby�hij_^_ey_lky
^ebghc�aZfudZxs_]h�\_dlhjZ�:+<��Ijb�keh`_gbb�ih�fh^mex�|:|+|<|�Zjbn-
f_lbq_kdb�kdeZ^u\Zxlky�^ebgu�^\mo�\_dlhjh\��Ihgylgh��qlh�\�h[s_f�kem-
qZ_�j_amevlZl�dhfie_dkgh]h�keh`_gby�[m^_l�f_gvr_�j_amevlZlZ�keh`_gby
ih�fh^mex��l��_��nZah\Zy�dh]_j_glghklv�[m^_l�f_gvr_�_^bgbpu��M\_ebqb\�\
gZr_f�jZkkm`^_gbb�qbkeh�\_dlhjh\��fu�ihcf_f��qlh�lZdZy�dh]_j_glghklv
oZjZdl_jbam_l�kl_i_gv�kbgnZaghklb�^\mo�ijhp_kkh\�beb�klZ[bevghklb�jZa-
ghklb�nZa�\_dlhjh\�bo�bg^b\b^mZevguo�ki_dljh\�\h�\j_f_gb��Ijb�[hevrhc
klZ[bevghklb� hgZ� [ebadZ� d� _^bgbp_�� Z� ijb� ijhba\hevguo� \ZjbZpbyo� gZ-
ijZ\e_gghklb�hgZ�[ebadZ�d�gmex�

Hlkx^Z� ij_^iheZ]Z_lky�� qlh� ijb� gZebqbb�nb-
abheh]bq_kdhc� k\yab� f_`^m� ^\mfy� hl\_^_gbyfb
kb]gZe�hl�h^gh]h�hl\_^_gby�d�^jm]hfm�[m^_l�i_j_-
^Z\Zlvky� k� ^hklZlhqgh� klZ[bevghc� aZ^_j`dhc� \h
\j_f_gb� �beb�klZ[bevguf�nZah\uf�k^\b]hf���qlh
[m^_l�ijb\h^blv�d�[hevrhfm�agZq_gbx�dh]_j_gl-
ghklb��H^gZdh�WW=�g_�y\ey_lky�kmffhc�]Zjfhgb-
q_kdbo�dhe_[Zgbc��Z�g_cjhggu_�kljmdlmju�g_�y\-
eyxlky� ]Zjfhgbq_kdbfb� hkpbeeylhjZfb�� ihwlhfm
dh]_j_glgZy� hp_gdZ� dhgdj_lguo� ]Zjfhgbd� \� ^\mo
hl\_^_gbyo�g_�bf__l�nbabheh]bq_kdh]h�kfukeZ�

Keh`g__�h[klhbl�^_eh�k�deZkkbq_kdhc�dh]_j_glghklvx� �������ihkdhevdm
hgZ�^hklZlhqgh�Z^_d\Zlgh�hp_gb\Z_l�kl_i_gv�nZah\hc�klZ[bevghklb�lhevdh
ijb� [ebadbo� ih� \_ebqbg_� Zfieblm^Zo� djhkk�ki_dljZ� gZ� khk_^gbo� wihoZo�
Ijb� kbevghf� jZaebqbb� Zfieblm^� hgZ� ^Z_l� aZ\ur_ggu_� agZq_gby� �\� ����b
[he__�jZa���LZdhc�ihdZaZl_ev��g_ihgylgh�qlh�b�\�dZdhf�khhlghr_gbb�hp_gb-
\Zxsbc��f_ljheh]bq_kdb�g_�fh`_l�[ulv�d\Zebnbpbjh\Zg�dZd�baf_jbl_ev-
guc�bgkljmf_gl�

BlZd��^ey�\uqbke_gby�dh]_j_glghklb�g_h[oh^bfh�mkj_^g_gb_�g_kdhev-
dbo� \_dlhjh\� djhkk−ki_dljZ�� bgZq_� j_amevlZl� [m^_l� lh`^_kl\_ggh� jZ\_g
_^bgbp_��>ey�wlh]h�\kx�aZibkv�WW=�ij_^\Zjbl_evgh�jZa[b\Zxl�gZ�g_kdhev-
dh� ihke_^h\Zl_evguo� wiho�f_gvr_]h� jZaf_jZ�� gZ� dZ`^hc� ba� dhlhjuo� \u-
qbkeyxl�djhkk−ki_dlj��>ey�klZlbklbq_kdhc�mklhcqb\hklb�hp_ghd�gZ^h�bk-
ihevah\Zlv�g_�f_g__� �−��� lZdbo� wiho��qlh�^_eZ_l�dh]_j_glghklv�g_ijb_f-
e_fhc�^ey�ZgZebaZ�WW=�gZ�dhjhldbo�\j_f_gguo�hlj_adZo�

Ijb�wlhf�agZq_gby�dh]_j_glghklb�[m^ml�f_gylvky�\�aZ\bkbfhklb�hl�g_-
kdhevdbo�hl�g_kdhevdbo�bagZqZevgh�\u[jZgguo�mkeh\bc�beb�mklZgh\hqguo
iZjZf_ljh\�����qbkeh�wiho�\�ZgZebabjm_fhf�mqZkld_�WW=�����\_ebqbgZ�i_-
j_djulby�beb�\j_f_ggh]h�k^\b]Z�wiho�����bkihevah\Zgb_�dhjj_dlbjmxsbo
hdhg� ijb� \uqbke_gbb� ki_dljh\�� ��� bkihevah\Zgb_� k]eZ`b\Zgby� bkoh^guo
ki_dljh\�����bkihevah\Zgb_�d\Z^jZlbqghc�γ2�beb�g_d\Z^jZlbqghc�γ�nhjfu

Jbk��������Keh`_gb_�\_d-
lhjh\�\�dhfie_dkghc
nhjf_�b�ih�fh^mex
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dh]_j_glghklb��LZdhc�ihdZaZl_ev��agZq_gby�dhlhjh]h�aZ\bkyl�hl�g_kdhevdbo
mklZgh\hqguo�iZjZf_ljh\� �beb�©j_]mebjh\hqguo�jmq_dª���f_ljheh]bq_kdb
g_�fh`_l�[ulv�d\Zebnbpbjh\Zg�dZd�baf_jbl_evguc�bgkljmf_gl�

<�nmg^Zf_glZevguo�ljm^Zo�qZklh�ml\_j`^Z_lky��qlh�dh]_j_glghklv�hl-
jZ`Z_l� ebg_cgmx� k\yav� ^\mo� ijhp_kkh\� \� qZklhlghc� h[eZklb� ZgZeh]bqgh
lhfm��dZd�h[uqguc�dhwnnbpb_gl�dhjj_eypbb� rxy hljZ`Z_l� kl_i_gv�ebg_c-
ghc�\aZbfhk\yab�^\mo�ijhp_kkh\�\h�\j_f_gghc�h[eZklb��Wlh�lZd`_�g_�\ihe-
g_�dhjj_dlgh�����rxy��\�qZklghklb��^hklZlhqgh�ebg_cgh�aZ\bkbl�hl�ijbkmlkl-
\by� \� kb]gZeZo�rmfZ�� Z� aZ\bkbfhklv� γ2�hl�mjh\gy�rmfZ� \ujZ`_ggh�g_eb-
g_cgZy�����agZq_gby�rxy��\�hlebqb_�hl� �γ2��g_�aZ\bkyl�hl�Zfieblm^guo�khhl-
ghr_gbc�kb]gZeh\�����d\Z^jZlbqgZy�nhjfZ� rxy�ijZdlbq_kdb�g_�bkihevam_l-
ky�����^bZiZahg�agZq_gbc�rxy�khklZ\ey_l�±���Z�γ2 — 0÷1.

DZd� \b^gh�ba�jbk�� ����Z��dh]_-
j_glghklv��dZd�b�nZaZ��ih^\_j`_gZ
qZkluf�b�\ukhdbf�kemqZcguf�dh-
e_[Zgbyf�� A^_kv� kdZau\Z_lky
\ebygb_� wnn_dlh\� fh^meypbb� b
\ul_dZgby�fhsghklb��\�j_amevlZl_
q_]h� \_dlhju� ki_dljZevguo� ]Zj-
fhgbd� gZ� khk_^gbo� wihoZo� aZf_l-
gh�©]meyxlª�ih�nZa_�

>ey�gb\_ebjh\Zgby� klhoZklbq-
ghklb�ijbf_gyxl�k]eZ`b\Zgb_�dh-
]_j_glghklb� kdhevaysbf� kj_^gbf
�jbk�� ����[��� <� ^Zgghf� kemqZ_� gZ
gbadbo� qZklhlZo� dh]_j_glghklv
jZ\gZ� _^bgbp_�� b� gZ[ex^Zxlky
^hklZlhqgh� \ukhdb_� __� ibdh\u_
agZq_gby�gZ�hl^_evguo�qZklhlZo�\
^bZiZahgZo�l_lZ��ZevnZ�b�[_lZ−1.

Ke_^m_l� lZd`_� h[jZlblv� \gb-
fZgb_� gZ� lh�� qlh� \� g_dhlhjuo

WW=−ZgZebaZlhjZo�dh]_j_glghklv� \uqbkey_lky�ih�h^ghc� wiho_� k�mkj_^g_-
gb_f� khk_^gbo� ]Zjfhgbd� djhkk−ki_dljZ� kdhevaysbf� hdghf� aZ^Zgghc�rb-
jbgu� �f_lh^�>Zgb_eeZ���Wlh� b^_l� kh� \j_f_g� g_dhfi_l_glgh]h� \g_^j_gby
fZl_fZlbq_kdbo�f_lh^h\�\�we_dljhnbabheh]bx�l_ogbq_kdbfb�wglmabZklZfb
�kf��jZa^�� ������Hlf_lbf��qlh� klZlbklbq_kdb_� k\hckl\Z� lZdhc� ©ik_\^hdh]_-
j_glghklbª� kh\_jr_ggh�g_� hij_^_e_gu�� Z� __�bkihevah\Zgb_�gbkdhevdh�g_
emqr_�baf_j_gby�^ebgu�m^Z\Z�\�ihim]Zyo�

Djhf_�lh]h��dh]_j_glghklv�ij_^ty\ey_l�ih\ur_ggu_�lj_[h\Zgby�d�lhq-
ghklb� \uqbke_gbc��<� wlhf�ieZg_�fZeu_� agZq_gby� Zfieblm^� ki_dljh\� \u-
qbkeyxlky� g_^hklZlhqgh� lhqgh�� ihkdhevdm� bkoh^gu_� ^Zggu_� ij_^klZ\ey-
xlky�lhevdh�kZfufb�feZ^rbfb�jZajy^Zfb�j_amevlZlZ�:PI��Hlkx^Z�\hagb-
dZxl�^hihegbl_evgu_�kemqZcgu_�nexdlmZpbb�dh]_j_glghklb�\h�\k_f�^bZ-

Z�

[�

Jbk��������Dh]_j_glghklv�WW=��\uqbk-
e_ggZy�k�mkj_^g_gb_f�gZ���wihoZo

^ebghc���k��Z�²�bkoh^gZy��[�²�k]eZ-
`_ggZy���jZaZ
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iZahg_�__�agZq_gbc��<�kemqZ_�`_�gme_\uo�agZq_gbc�ki_dljZ�dh]_j_glghklv
\hh[s_�g_�hij_^_e_gZ�

Fgh]hqbke_ggu_�g_^hklZldb�b�ih]j_rghklb�dh]_j_glgh]h�ZgZebaZ�ijb-
\h^yl�d� lhfm��qlh�j_amevlZlu��ihemqZ_fu_�\�jZaebqguo�gZijZ\e_gbyo�bk-
ke_^h\Zgbc� WW=�� y\eyxlky� g_khihklZ\bfufb� b� ijyfh� ijhlb\hj_qZsbfb
^jm]�^jm]m��kf��\h�\\h^guo�h[ahjZo�[49, 50, 52-54]���H^gZdh��kbeZ�ljZ^bpbb�
\�lhf�qbke_�b�\�ieZg_�gZmqguo�aZ[em`^_gbc��hq_gv�\_ebdZ�b�i_j_ehfblv�__
^Ze_dh�g_�ijhklh�b�[ukljh�

¿ãØÚåÚâçâÕô�áãîâãæçñ H1(f) (i_j_^ZlhqgZy�nmgdpby�beb�qZklhlgZy
oZjZdl_jbklbdZ�� y\ey_lky� _s_� h^gbf� ihdZaZl_e_f�� hp_gb\Zxsbf� k\yav
^\mo�ijhp_kkh\�b�bkihevam_fuf�\�hl^_evguo�bkke_^h\Zgbyo�WW=.�HgZ�hi-
j_^_ey_l�qZklv�ki_dljZevghc�fhsghklb��dhlhjZy�dh]_j_glgh��kbgnZagh��i_-
j_^Z_lky�hl�h^gh]h�ijhp_kkZ�x(t) d�^jm]hfm y(t):

])([)(
])([

)]([
)(

2

2

2

1 fYEi
fXE

fXYE
fH ⋅== γ . (4.11)

L_f� kZfuf� H1(f�� ih
kjZ\g_gbx� k� dh]_j_gl-
ghklvx�mqblu\Z_l�_s_�b
Zfieblm^gh_� khhlghr_-
gb_�]Zjfhgbd��\�fd<2���\
q_f� khklhbl� __� hij_^_-
e_ggh_� ij_bfms_kl\h�
Ih� \ur_ijb\_^_gguf
khh[jZ`_gbyf� ij_^ihq-
lbl_evg__� bkihevah\Zlv
hp_gdm� \� fd<� dh]_j_gl-
ghc� Zfieblm^u� Ax→y(f)
beb� dhj_gv� d\Z^jZlguc

ba�H1(f���DZd�\b^gh�ba�jbk�� ������ibdh\h_�agZq_gb_�Ax→y(f��gZ[ex^Z_lky�g_
lhevdh� gZ� ^hfbgbjmxs_c� qZklhl_� ZevnZ−^bZiZahgZ�� gh� b� \� ^_ev-
lZ−^bZiZahg_��ih\ur_ggZy�\aZbfgZy�Zdlb\ghklv�\�dhlhjhf�gZ[ex^ZeZkv�b
\�Zfieblm^_�djhkk−ki_dljZ� �kf��jbk������Z���GZ�ki_dlj_�Ax→y(f��f_g__�ijh-
y\e_gu�kemqZcgu_�nexdlmZpbb��k\hckl\_ggu_�dh]_j_glghklb� �jbk�� ����Z),
gh�ijbkmsb�b�ZgZeh]bqgu_�g_^hklZldb�

¿ãååÚàôëÝãââÕô�æÝâêåãââãæçñ

<� dZq_kl\_� Zevl_jgZlb\u� dh]_j_glghklb� [ueb� ij_^eh`_gu� ihdZaZl_eb
[49]��hp_gb\Zxsb_�kbgojhgghklv�WW=�ijhp_kkh\�ih�\_ebqbg_�dhjj_eypbc
f_`^m��gZlb\gufb�WW=��Zfieblm^gufb�b�nZah\ufb�ki_dljZfb�b�h]b[Zx-
sbfb�WW=��DZd�k\b^_l_evkl\mxl�kjZ\g_gby�wlbo�ihdZaZl_e_c� [49],�gZb[h-
e__� wnn_dlb\guf� \� ieZg_� qm\kl\bl_evghklb� d� f_`]jmiih\uf� jZaebqbyf
y\ey_lky�bkihevah\Zgb_�h]b[Zxs_c�WW=��kf��lZd`_�\�jZa^���������

Jbk��������Dh]_j_glgZy�Zfieblm^Z�k\yab�^\mo
hl\_^_gbc�WW=
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Jbk��������K\_jom�\gba��njZ]f_gl�WW=��nbevljZpby�ZevnZ�jblfZ��h]b-
[ZxsZy�ZevnZ�jblfZ�gZ�nhg_�Z[khexlguo�agZq_gbc�WW=

ÉÝÜÝãàãØÝìÚæßÝÞ� æáðæà�� H]b[ZxsZy� WW=� g_ihkj_^kl\_ggh� ij_^-
klZ\ey_l�^bgZfbdm�Zfieblm^ghc�fh^meypbb�WW=� �jbk��������ihwlhfm�\�dZ-
q_kl\_�hp_gdb�kbgojhgghklb��\�hlebqb_�hl�ki_dljZevguo�hp_ghd��\dexqZy
dh]_j_glghklv�� hgZ� bf__l� ijyfhc� b� q_ldbc� nbabheh]bq_kdbc� kfuke��Ih-
kdhevdm�WW=�kmffZjgh�hljZ`Z_l�baf_g_gb_�ihklkbgZilbq_kdbo�ihl_gpbZ-
eh\��lh�Zfieblm^Z�WW=�ih\urZ_lky��dh]^Z�wlb�ihl_gpbZeu�gZqbgZxl�baf_-
gylvky�k�[hevr_c�kbgojhgghklvx�b�gZh[hjhl��LZdbf�h[jZahf��dhjj_eypby
h]b[Zxsbo� hp_gb\Z_l� kl_i_gv� kbgojhgghklb� \� kbgojhggh-
klb�Zkbgojhgghklb� baf_g_gbb� ihklkbgZilbq_kdbo� ihl_gpbZeh\� \� kjZ\gb-
\Z_fuo�iZjZo�hl\_^_gbc�

DZd�ihdZaZeb�j_amevlZlu�jy^Z�ki_pbZevguo�bkke_^h\Zgbc�>�������������@
bkihevah\Zgb_�hp_ghd�dhjj_eypbhgghc�kbgojhgghklb�h]b[Zxsbo�WW=�ih-
a\heyeh�\uy\eylv�f_`]jmiih\u_�jZaebqby�kh�agZqbl_evgh�[hevr_c�wnn_d-
lb\ghklvx�� q_f� \� kemqZ_� bkihevah\Zgby� ^jm]bo� ihdZaZl_e_c��Ijb� wlhf� \
[hevrbgkl\_� kemqZ_\� gZ^_`ghklv� f_`]jmiih\hc� deZkkbnbdZpbb� ijb[eb-
`Z_lky�d������

�������I_jbh^hf_ljbq_kdbc�ZgZeba
I_jbh^hf_ljbq_kdbc�ZgZeba�\hagbd�b�ihemqbe�rbjhdh_�jZkijhkljZg_-

gb_� \� ^hdhfvxl_jgmx� wihom�� dh]^Z� ^hfbgbjh\Zeb� jmqgu_� baf_j_gby� gZ
[mfZ`guo� aZibkyo�WW=��H^gZdh�hg�g_�ihl_jye� k\h_c� agZqbfhklb�b� \�gZ-
klhys_f��iha\heyy�\h�fgh]hf�^hihegylv�b�mlhqgblv�j_amevlZlu�ki_dljZev-
gh]h�ZgZebaZ�

I_jbh^hf_ljbq_kdbc�ZgZeba�klZ\bl�k\h_c�p_evx�bkke_^h\Zgb_�jZkij_-
^_e_gby�Zfieblm^�b�qZklhl�aZ^Zggh]h�jblfZ�b�\uqbke_gb_�^ey�gbo�hkgh\-
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guo�klZlbklbq_kdbo�hp_ghd��Ih^�jblfhf�ihgbfZxlky�]Zjfhgbq_kdb_�dhe_-
[Zgby�\�ex[hf�aZ^Zgghf�qZklhlghf�^bZiZahg_��Kh[kl\_ggh�ZgZeba�ij_^\Z-
jy_l�nbevljZpby�k�\u^_e_gb_f�ba�kb]gZeZ�]Zjfhgbq_kdbo�khklZ\eyxsbo�\
aZ^Zgghf�qZklhlghf�^bZiZahg_��jbk��������

Jbk��������I_jbh^hf_ljbq_kdbc�ZgZeba��Z�²�bkoh^guc�WW=−kb]gZe��[
²�j_amevlZl�nbevljZpbb�k�ihehkhc�ijhimkdZgby�\�ZevnZ−^bZiZahg_
Ih�hlnbevljh\Zgghfm�kb]gZem�\uqbkeyxlky�Zfieblm^u�Ai b�i_jbh^u�Ti

(i=1−n) \hegh\uo� dhe_[Zgbc�� >ey� klZlbklbq_kdhc� agZqbfhklb� ihke_^mx-
sbo� hp_ghd� g_h[oh^bfh�� qlh[u� n≥20−30�� qlh� hij_^_ey_l� fbgbfZevguc
\j_f_gghc�bgl_j\Ze�gZ[ex^_gby��LZd��\�kemqZ_�ZevnZ−jblfZ�^ebgZ�wihob
ZgZebaZ�^he`gZ�[ulv�g_�f_g__���k��lh]^Z�ijb�kj_^g_c�qZklhl_�jblfZ����=p
[m^_l�ijbkmlkl\h\Zlv�ihjy^dZ����i_jbh^h\�jblfZ�

<Z`guf�y\ey_lky� lZd`_�ijbkmlkl\b_�\� kb]gZeZo� Zfieblm^ghc�fh^mey-
pbb��ihwlhfm�^ey� dhjj_dlghklb� klZlbklbq_kdbo�hp_ghd�g_h[oh^bfh�baf_-
jylv�dZd�iheh`bl_evgu_��lZd�b�hljbpZl_evgu_�Zfieblm^gu_�i_j_iZ^u�

Ih� \uqbke_gguf� agZq_gbyf� kljhylky� ]bklh]jZffu� jZkij_^_e_gby� Zf-
ieblm^� b� i_jbh^h\� �beb� qZklhl� fi=1/Ti�� jblfZ� �jbk�� ������ k� \uqbke_gb_f
kj_^gbo�agZq_gbc�b�klZg^Zjlguo�hldehg_gbc�

Z� [�

Jbk��������=bklh]jZffu�jZkij_^_e_gby��Z�²�Zfieblm^�jblfZ��[�²�qZklhl�jblfZ

>Ze__�\uqbkeyxlky�ke_^mxsb_�ihdZaZl_eb�
• ijhp_gl�kh^_j`Zgby�jblfZ�\�aZibkb�gZ�hkgh\_�h[s_c�^ebl_evghklb

ΣT�i_jbh^h\�dhe_[Zgbc��khhl\_lkl\mxsbo�^Zgghfm�jblfm�
• ijhp_gl�fh^mebjh\Zggh]h�jblfZ�� l�� _��hlghkbl_evgh_� kh^_j`Zgb_�\

ΣT�^ebl_evghklb�mqZkldh\�jblfZ��\dexqZxsbo�g_�f_g__�lj_o�i_jbh-
^h\� k� ihke_^h\Zl_evgh� \hajZklZxsbfb� beb� ihke_^h\Zl_evgh� m[u-
\Zxsbfb�Zfieblm^Zfb�
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• kj_^gyy�g_klZ[bevghklv�qZklhlu�jblfZ��\uqbkey_lky�ih�kj_^g_c�Z[-
khexlghc� jZaghklb� f_`^m� ^ebl_evghklvx� khk_^gbo� i_jbh^h\
∆f=1/(Σ| Ti+1−Ti| /n);

• Zkbff_ljby�\heg�jblfZ�dZd�kj_^gyy�jZaghklv�f_`^m�^ebl_evghklyfb
iheh`bl_evguo�b�hljbpZl_evguo�i_j_iZ^h\�Zfieblm^u�

Hkh[h�ke_^m_l�ih^q_jdgmlv��qlh�j_amevlZlu�i_jbh^hf_ljbq_kdh]h�ZgZ-
ebaZ� y\eyxlky� gZlmjZevgufb�� _kl_kl\_ggufb� hp_gdZfb� Zfieblm^guo� b
qZklhlguo� oZjZdl_jbklbd� kb]gZeZ� �lZdhc�`_�gZlmjZevghc� hp_gdhc� Zfieb-
lm^u�WW=�y\ey_lky�h]b[ZxsZy�� kf��\�jZa^�� ��������<� wlhf� khklhbl�\Z`gh_
ij_bfms_kl\h�i_j_^� ki_dljZevgufb�ihdZaZl_eyfb�� y\eyxsbfbky� dhk\_g-
gufb� hp_gdZfb��ijb� wlhf�ih^\_j`_ggufb� \ebygbx� jy^Z�bgkljmf_glZev-
guo�ih]j_rghkl_c�

Ijh\_^_ggu_�gZfb�f_ljheh]bq_kdb_�kjZ\g_gby�ihdZaZeb��qlh�ih^h[gu_
ijyfu_�gZlmjZevgu_�hp_gdb�y\eyxlky�[he__�Z^_d\Zlgufb�ki_pbnbd_�WW=�
kb]gZeh\��Z�ki_dljZevgu_�hp_gdb�ijb\ghkyl�kms_kl\_ggu_�bkdZ`_gby�kem-
qZcgh]h�oZjZdl_jZ��^hoh^ysb_�^h�h^gh]h�klZg^Zjlgh]h�hldehg_gby�hl�\u-
[hjhqgh]h�kj_^g_]h��kf��\ur_�H[h[s_ggu_�ki_dljZevgu_�ihdZaZl_eb).

�������Lhih]jZnbq_kdh_�dZjlbjh\Zgb_
F_lh^u� lhih]jZnbq_kdh]h� ij_^klZ\e_gby� jZkij_^_e_gby� ihl_gpbZeh\

gZ� ih\_joghklb� ]heh\gh]h� fha]Z� \� aZiZ^ghf� fbj_� gZqZeb� jZa\b\Zlvky� b
\g_^jylvky� \�nbabheh]bx� \� k_j_^bg_� ���o� ]h^h\��<kdhj_�� [eZ]h^Zjy� ibh-
g_jkdbf� jZ[hlZf�F�G��Eb\Zgh\Z� ih� wgp_nZehkdhibb�� wlh�f_lh^u� gZqZeb
jZa\b\Zlvky� b� \�KKKJ��H^gZdh� \� gZqZe_� ���o� ihke_� i_j_\h^Z� ^h\h_gguo
yihgkdbo�gZmqguo�`mjgZeh\�\uykgbehkv��qlh�yihgkdb_�mq_gu_�agZqbl_ev-
gh� hi_j_^beb� k\hbo� aZiZ^guo� dhee_]�� ijbklmib\� d� kha^Zgbx
WW=−lhih]jZnbb� _s_� \� gZqZe_� ��-o� ]h^h\�� Ihke_� ihy\e_gby� jZkljh\uo
^bkie__\�^ey�IW<F�^Zgguc�f_lh^�ihkl_i_ggh�ijbh[j_e��k������]���kh\j_-
f_ggmx�nhjfm�p\_lgh]h�lhih]jZnbq_kdh]h�dZjlbjh\Zgby�

ÄãæçÕâã×ßÕ� ÜÕÙÕìÝ�� Hkgh\ghc� aZ^Zq_c� dZjlbjh\Zgby� y\ey_lky� ij_-
^hklZ\e_gb_� we_dljhnbabheh]m� Z^_d\Zlghc�b�[ukljh� ajbl_evgh� \hkijbgb-
fZ_fhc� dZjlbgu� jZkij_^_e_gby� agZq_gbc� aZ^Zggh]h� WW=−ihdZaZl_ey� gZ
kdZevi_��Lhqgu_� agZq_gby�WW=−ihdZaZl_ey� ba\_klgu� lhevdh� \�f_klZo� gZ-
eh`_gby�we_dljh^h\��f_`we_dljh^gh_�`_�ijhkljZgkl\h�ij_^klZ\ey_l�kh[hc
h[eZklv�g_ba\_klgh]h��k\h_h[jZagh_�©[_eh_�iylghª��K�^jm]hc�klhjhgu��ki_-
pbZevgu_�nbabheh]bq_kdb_�bkke_^h\Zgby�ihdZau\Zxl��qlh�ijb�jZkklhygbb
f_`^m� we_dljh^Zfb� �±�� kf� ihemqZ_fZy� dZjlbgZ� jZkij_^_e_gby� y\ey_lky
^hklZlhqgh� Z^_d\Zlghc� b� ]eZ^dhc�� ihkdhevdm� h[eZklb� ibdh\uo� agZq_gbc
WW=−ihdZaZl_ey� ho\Zlu\Zxl� agZqbl_evgh� [hevr__� ijhkljZgkl\h�� LZdbf
mkeh\byf� hl\_qZ_l� klZg^ZjlgZy� ko_fZ� gZeh`_gby� we_dljh^h\� ©��−20%».
LZdbf�h[jZahf��fZl_fZlbq_kdZy�aZ^ZqZ�dZjlbjh\Zgby�khklhbl�\�Z^_d\Zlghc
bgl_jiheypbb�baf_j_gguo� agZq_gbc�WW=−ihdZaZl_ey�gZ� hdjm`Zxs__�f_-
`we_dljh^gh_�ijhkljZgkl\h�
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ÄãÙêãÙð��D�j_r_gbx�wlhc�aZ^Zqb�fh`_l�[ulv�fgh]h�ih^oh^h\��LZd��\
i_j\uo�fhsguo�fZl_fZlbq_kdbo�iZd_lZo�Sirfer �gZmqgZy� ]jZnbdZ��b� IMSL
�klZlbklbdZ��^ey�DOS�bkihevah\Zebkv�^hklZlhqgh�keh`gu_�b�fgh]hklmi_g-
qZlu_� Ze]hjblfu�� kgZqZeZ� gZ� lhqdZo� baf_j_gby� kljhbeky� fbgbfZevguc
]jZn��[_a�i_j_k_dZxsboky�j_[_j���ihke_�q_]h�bgl_jiheypby�ijhba\h^beZkv
ih�j_[jZf�wlh]h�]jZnZ��Z�aZl_f�hgZ�ihrZ]h\h�jZkijhkljZgyeZkv�gZ�\gmljb-
]jZnh\u_�h[eZklb�k�ihke_^mxsbf�k]eZ`b\Zgb_f��<�aZ\bkbfhklb�hl�keh`-
ghklb� \uqbke_gbc� fh]eZ� bkihevah\Zlvky� ebg_cgZy�� iZjZ[hebq_kdZy� beb
kieZcgh\Zy� bgl_jiheypby�� K� ^jm]hc� klhjhgu�� ijb� kha^Zgbb� g_dhlhjuo
WW=−ZgZebaZlhjh\� �\� lhf� qbke_� b� kh\j_f_gguo�� ijb\e_dZ_fu_� l_ogbq_-
kdb_� wglmabZklu�ijbf_gyeb� kh[kl\_ggu_� hjb]bgZevgu_� l\hjq_kdb_� j_r_-
gby��ihwlhfm�\u^Z\Z_fu_�lZf�dZjlu�ih^qZk�bf_xl�^h\hevgh�wdahlbq_kdbc
\b^��k\h_h[jZagh�©memqrZxsbcª�j_Zevgh_�jZkij_^_e_gb_�ihl_gpbZeh\�

ÄãàÚ×ãÞ�áÚçãÙ��<�ijhlb\h\_k�wlhfm�b�\�p_eyo�mijhs_gby�b�mgbnbdZ-
pbb� _s_� \� i_j\hc� \_jkbb�CONAN−1.5� ������ ]��� [ue� j_Zebah\Zg� ihe_\hc
f_lh^�dZjlbjh\Zgby��dhlhjuc�ij_^klZ\ey_lky�_kl_kl\_gguf��ijhkluf��ih-
gylguf�b�mgb\_jkZevguf�

Hg� ke_^m_l� ba� nmg^Zf_glZev-
guo� nbabq_kdbo� aZdhgh\� h[jZl-
guo�d\Z^jZlh\�^ey�jZkij_^_e_gby
ihl_gpbZeh\� ]jZ\blZpbhggh]h
�Gvxlhg��� we_dljbq_kdh]h� �Dm-
ehg�� b� jy^Z� ^jm]bo� ihe_c�� Kh-
]eZkgh� wlhfm�f_lh^m�baf_j_ggu_
agZq_gby� WW=−ihdZaZl_ey� ih^
we_dljh^Zfb� ei, i=1−n� jZkkfZljb-
\Zxlky�dZd�bklhqgbdb�ihey��aZjy-
^u���lh]^Z�gZijy`_gghklv�ihey�ek

\� ex[hc� k�c� lhqd_� kdZeviZ� �jbk�
4.32Z��\uqbkey_lky�ih�nhjfme_�
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(4.14)
]^_�rik�²�jZkklhygby�hl�©aZjy-

^h\ª�^h�ijhf_`mlhqguo�lhq_d�
<�h^ghf_jghf�ijb[eb`_gbb� wlhl�f_lh^�^Z_l�j_amevlZl��[ebadbc�d�bg-

l_jiheypbb�dm[bq_kdbfb�kieZcgZfb�ijb�agZqbl_evgh�f_gvr_f�h[t_f_�\u-
qbke_gbc��L_f�kZfuf�hg�g_�ijb\ghkbl�gbq_]h�ebrg_]h�b�ihklhjhgg_]h�\
lhih]jZnbq_kdmx� dZjlbgm�� ebrv� k]eZ`_ggh� jZkijhkljZgyy� baf_j_ggu_
agZq_gby�WW=−ihdZaZl_ey�b�l_f�kZfuf�^_eZy�bo�^hklmigufb�^ey�p_ehklgh-
]h�b�fhf_glZevgh]h�ajbl_evgh]h�\hkijbylby�bkke_^h\Zl_e_f��\�q_f�kh[kl-
\_ggh�b�khklhbl�]eZ\gZy�p_ev�dZjlbjh\Zgby�

Z)                       �[)

Jbk��������Ihe_\hc�f_lh^�dZjlbjh\Z-
gby��Z�²�ijbgpbibZevgZy�ko_fZ��[ —
ijbf_j�mkeh\ghc�dZjlu�k�rZofZlguf
q_j_^h\Zgb_f�fbgbfmfh\�b�fZdkbfm-
fh\��\�q_jgh−[_ehf�bah[jZ`_gbb�hgb

\u]ey^yl�h^bgZdh\h�l_fgh�
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H[uqgh�^ey�\bamZebaZpbb�dZjl�bkihevam_lky�ihebp\_lgZy�rdZeZ�hl�kb-
g_]h�d�djZkghfm��jZ^m`gZy�rdZeZ���dhlhjZy�fZkrlZ[bjm_lky�ih�gZ[ex^Z_-
fhfm�^bZiZahgm�agZq_gbc�dZjlbjm_fh]h�ihdZaZl_ey�

DZjlbjh\Zgb_� fh`_l� ijhba\h^blvky� ih� dZ`^hfm� ba� \ur_jZkkfhlj_g-
guo�WW=−ihdZaZl_e_c�beb�ex[hfm�^jm]hfm�k�bkihevah\Zgb_f�g_kdhevdbo
nhjf�\bamZevgh]h�ij_^klZ\e_gby��Bo�i_j_q_gv�ijb\_^_g�\�gZqZe_�jZa^_eZ�

¿ÕåçãçÚßÕ

H[s__� gZagZq_gb_� dZjlhl_db� hoZjZdl_jbah\Zgh� \� gZqZe_� jZa^_eZ��Hk-
gh\gufb�__�nmgdpbyfb�y\ey_lky�mkj_^g_gb_�b�kjZ\g_gb_�dZjl�

Mkj_^g_gb_� agZq_gbc� dZjlbjm_fh]h� ihdZaZl_ey� ijhba\h^blky� ih� dZ`-
^hfm�hl\_^_gbx�^ey�h^ghjh^guo�dZjl��m�dhlhjuo�h^bgZdh\u�kbkl_fZ�hl\_-
^_gbc��WW=−ihdZaZl_ev��qZklhlgu_�^bZiZahgu��Z�lZd`_�^jm]b_�ihdZaZl_eb
ih�\u[hjm�bkke_^h\Zl_ey���>ey�mkj_^g_gghc�dZjlu�aZihfbgZ_lky�qbkeh�mk-
j_^g_gbc��kj_^gb_�agZq_gby�ihdZaZl_e_c�b�bo�^bki_jkbb�

Ihke_^h\Zl_evghklb� agZq_gbc�WW=−ihdZaZl_ey�^\mo�dZjl�ih�hl\_^_gb-
yf� \� hij_^_e_gghf� ijb[eb`_gbb� fh`gh� jZkkfZljb\Zlv� dZd� iZjgu_�� g_
ghjfZevgh�jZkij_^_e_ggu_�\u[hjdb��Ihwlhfm�^ey�hp_gdb�klZlbklbq_kdbo
jZaebqbc�^\mo�dZjl� �gZlb\guo��mkj_^g_gguo��p_e_khh[jZagh�bkihevah\Zlv
g_iZjZf_ljbq_kdb_� klZlbklbq_kdb_� djbl_jbb�� Z��iZjguo� jZaebqbc� \� kj_^-
gbo� \u[hjhqguo� agZq_gbyo� �<bedhdkhgZ��� [�� bgl_]jZevguo� jZaebqbc� \
nhjf_� jZkij_^_e_gby� �Dhefh]hjh\Z−Kfbjgh\Z��� \�� g_iZjZf_ljbq_kdZy
dhjj_eypby��KibjfZgZ���<�aZ\bkbfhklb�hl�lh]h��dZdb_�jZaebqby�bkke_^h\Z-
l_ex�ij_^klZ\eyxlky�[he__�\Z`gufb��hg�ij_bfms_kl\_ggh�hjb_glbjm_lky
gZ�lhl�beb�bghc�djbl_jbc�

Ijb� kjZ\g_gbb� gZlb\ghc� b� mkj_^g_gghc� dZjl� bf__lky� lZd`_� \hafh`-
ghklv�hp_gdb�jZaebqbc�^bnn_j_gpbjh\Zggh�ih�iZjZf�hl\_^_gbc�k�bkihev-
ah\Zgb_f�Z−agZq_gbc�²�jZaghklv�^\mo� agZq_gbc�ihdZaZl_ey��^_e_ggZy�gZ
klZg^Zjlgh_�hldehg_gb_��<�dZq_kl\_�^_ebl_ey�fh`gh�k�hij_^_e_gguf�ijb-
[eb`_gb_f� bkihevah\Zlv� kj_^g__� ba� ^\mo� klZg^Zjlguo� hldehg_gbc�� Ijb
bgl_jij_lZpbb�j_amevlZlh\�\�i_j\hf�ijb[eb`_gbb�fh`gh�hjb_glbjh\Zlvky
gZ� k\hckl\Z�ghjfZevgh]h�jZkij_^_e_gby�� ]^_� \_jhylghklb�Z−jZaebqbc� kh-
klZ\eyxl�� Z≥1 — 0.16; Z≥2 — 0.026; Z≥�� ²� �������� Djblbq_kdh_
Z−agZq_gb_�^ey�mjh\gy�agZqbfhklb�jZaebqbc������khklZ\ey_l�Zdj ������>ey
gZ]ey^gh]h� \bamZevgh]h� ij_^klZ\e_gby� j_amevlZlh\� kjZ\g_gby� h[uqgh
kljhyl�dZjlm�jZaebqbc�\�Z−agZq_gbyo�

�������Dhjj_eypbhgguc�ZgZeba
Dhjj_eypbhgguc� ZgZeba� \dexqZ_l� \uqbke_gby� dhwnnbpb_glh\� dhjj_-

eypbb��Z�lZd`_�Z\lh−�b�djhkkdhjj_eypbhgguo�nmgdpbc��<�^hdhfivxl_jghf
ijhrehf�dhjj_eypbhgguc�ZgZeba�[ue�rbjhdh�jZkijhkljZg_g�dZd�aZf_klb-
l_ev�ki_dljZevgh]h�ZgZebaZ�\�k\yab�k�^hklmighklvx�ZgZeh]h\uo�\uqbkeb-
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l_e_c��<�kh\j_f_gghklb�fh^bnbdZpby�f_lh^Z�gZoh^bl�ijbf_g_gb_�\�dZq_-
kl\_�dhjj_eylhjZ�^ey�ihbkdZ�h[jZaph\�

¿ãòééÝëÝÚâç�ßãååÚàôëÝÝ� �DD��IbjkhgZ� �iZjZf_ljbq_kdbc��y\ey_l�
ky�bg^bdZlhjhf�ebg_cghc�k\yab�f_`^m�iZjgufb�i_j_f_ggufb�beb�iZjgu-
fb� \u[hjdZfb�X�b�Y�b�ijbf_gy_lky� \� kemqZ_�ghjfZevgh� jZkij_^_e_gguo
bkoh^guo�^Zgguo��Hg�\uqbkey_lky�dZd�hlghr_gb_�dh\ZjbZpbb�^\mo�i_j_-
f_gguo�d�bo�klZg^Zjlguf�hldehg_gbyf�

rxy=σxy/(σxσy). (4.15)
AgZq_gb_��[ebadh_�d����beb�±���]h\hjbl�h�kbevghc�ijyfhc�beb�h[jZlghc

dhjj_eypbb��AgZq_gb_��[ebadh_�d����mdZau\Z_l�gZ�hlkmlkl\b_�ebg_cghc�k\y�
ab��gh�g_�bkdexqZ_l�\hafh`ghklb�g_ebg_cghc�k\yab�f_`^m�i_j_f_ggufb�
<ukhdZy�dhjj_eypby�g_�h[yaZl_evgh�hagZqZ_l�gZebqb_�ijbqbgghc�k\yab�f_-
`^m�i_j_f_ggufb��ihkdhevdm�h[_�hgb�fh]ml�aZ\bk_lv�hl�lj_lv_c�i_j_f_g�
ghc� �ZgZeh]bqgh� \ur_jZkkfhlj_gguf� djhkk−ki_dljZevguf� oZjZdl_jbklb-
dZf��kf��jbk��������

<� ^Zgghf� kemqZ_� \� dZq_kl\_� iZjguo� \u[hjhd� \uklmiZxl� ^\Z� mqZkldZ
jZ\ghc�^ebl_evghklb��hlghkysb_ky�d�h^ghfm�WW=−hl\_^_gbx��Z\lhdhjj_-
eypby��beb�d�^\mf�hl\_^_gbyf� �djhkkdhjj_eypby���<ukhdZy�iheh`bl_evgZy
dhjj_eypby� hagZqZ_l� kbgnZaghklv�beb� kbgojhgghklv� baf_g_gby� ^\mo� kb]-
gZeh\��dh]^Z�m\_ebq_gbx�h^gh]h�kb]gZeZ�khhl\_lkl\m_l�m\_ebq_gb_�^jm]h]h
kb]gZeZ��b�lZd�`_�\�hlghr_gbb�mf_gvr_gby�kb]gZeh\��<ukhdZy�hljbpZl_ev-
gZy� dhjj_eypby� hagZqZ_l� kbgojhggmx� ijhlb\hnZaghklv� kb]gZeh\�� dh]^Z
m\_ebq_gbx�h^gh]h�kb]gZeZ�khhl\_lkl\m_l�mf_gvr_gb_�^jm]h]h��Ijb�Zkbg-
ojhgghf�baf_g_gbb�kb]gZeh\�dhjj_eypby�[m^_l�[ebadZ�d�gmex�

AgZqbfhklv� DD� hp_gb\Z_lky� ih� djbl_jbx� Klvx^_glZ� k� \uqbke_gb_f
djblbq_kdh]h�agZq_gby�

U
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�²�klZlbklbdZ�Klvx^_glZ�k�n±��kl_i_gyfb�k\h[h�

^u�
?keb� rxy<r dj�� dhwnnbpb_gl� dhjj_eypbb� kqblZ_lky� g_agZqbfuf� �g_� hl-

ebqguf�hl�gmey��
¿ãååÚàôëÝãââÕô�éèâßëÝô� �DN��ij_^klZ\ey_l�kh[hc�aZ\bkbfhklv�dh-

wnnbpb_glZ�dhjj_eypbb�rxy(τ) f_`^m�^\mfy�mqZkldZfb�kb]gZeZ�x, y \�aZ\b-
kbfhklb�hl�\j_f_ggh]h�k^\b]Z�τ f_`^m�gbfb��?keb�mqZkldb�hlghkylky�d�h^-
ghfm�kb]gZem��lh�nmgdpby�gZau\Z_lky�Z\lhdhjj_eypbhgghc��_keb�`_�mqZkl-
db�hlghkylky�d�jZaguf�kb]gZeZf��lh�²�djhkkdhjj_eypbhgghc.

ÃäåÚÙÚàÚâÝÚ��<�fZl_fZlbq_kdhc�l_hjbb�DN�hij_^_ey_lky�q_j_a�bgl_-
]jZeu� ijbf_gbl_evgh� d� g_ij_ju\guf� b� klZpbhgZjguf� kb]gZeZf� [_kdh-
g_qghc�ijhly`_gghklb�
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<� l_ogbq_kdbo� ijb-
eh`_gbyo� wlh� hij_^_e_-
gb_� [ueh� fh^bnbpbjh-
\Zgh� ijbf_gbl_evgh� d
kb]gZeZf� ^bkdj_lbah-
\Zgguf� b� h]jZgbq_gghc
ijhly`_gghklb� ke_^mx-
sbf�h[jZahf� �jbk��������
<u[bjZ_lky�wihoZ�ZgZeb-
aZ� L� ba� bf_xs_cky� j_Z-
ebaZpbb�kb]gZeZ��GZ�wlhc
wiho_� \� aZ\bkbfhklb� hl
\j_f_ggh]h� k^\b]Z� τ�^ey
\uqbke_gby� dhwnnbpb-

_glZ�dhjj_eypbb�rxy(τ)�\u[bjZxlky�^\Z�mqZkldZ��Z��x(τ) gZ�gZqZevghf�mqZkl-
d_� wihob� ZgZebaZ�∆t=0—L−τ �� [�� y(τ)� gZ� dhg_qghf� mqZkld_ wihob� ZgZebaZ
∆t=τ—L��>ey�hij_^_e_gghklb�^Ze__�[m^_f�gZau\Zlv�lZdhc�kihkh[�\uqbke_-
gby�DN�l_ogbq_kdbf.

<�^hdhfivxl_jgmx�wihom�wlhl�f_lh^�[ue�i_j_g_k_g�\�we_dljhnbabheh-
]bx� l_ogbq_kdbfb� wglmabZklZfb� [_a� djblbq_kdh]h� hkfuke_gby�� <� k\h_
\j_fy� wlh�\ua\Zeh�fgh]h�h[km`^_gbc�b�\hijhkh\��gZijbf_j��ijb�dZdhf� τ
aZdZgqb\Zlv�\uqbke_gby"

ÂÚÙãæçÕçßÝ�� H^gZdh
ijb� lZdhf� i_j_ghk_� f_lh^Z
[ueh� mims_gh� ba� \gbfZgby
]eZ\gh_�� ijb� jZaguo� τ� fu
bf__f� ^_eh� k� mqZkldZfb
jZaghc� ijhly`_gghklb�� :
^ey� khihklZ\bfhklb� dhwn-
nbpb_glh\� dhjj_eypbb� wlh
^himklbfh� lhevdh� \� kemqZ_
klZpbhgZjghklb� ijhp_kkh\�
dhlhju_� khojZgyxl� k\hb
klZlbklbq_kdh_� k\hckl\Z� �\

qZklghklb��kj_^g__�agZq_gb_�b�^bki_jkbx��gZ�\k_c�k\h_c�ijhly`_gghklb��<
kemqZ_�`_�WW=�fu�bf__f�km[klZgpbZevgh�g_klZpbhgZjguc�ijhp_kk��b�_]h
mqZkldb�jZaghc�^ebl_evghklb�bf_xl�jZagu_�klZlbklbq_kdb_�k\hckl\Z��<Z`-
guf� lZd`_� y\ey_lky� aZ\bkbfhklv� djblbq_kdh]h� agZq_gby� dhwnnbpb_glZ
dhjj_eypbb�hl�jZaf_jZ�\u[hjdb��Ihwlhfm�jZ\gu_�\_ebqbgu�gZ�h^ghf�djZx
DN�fh]ml�[ulv�agZqbfu��Z�gZ�^jm]hf�²�g_l��?s_�h^ghc�g_Z^_d\Zlghklvx
l_ogbq_kdh]h� hij_^_e_gby� DN� y\ey_lky� lh�� qlh� ijb� \uqbke_gbb
rxy=σxy/(σxσy) dh\ZjbZpby�σxy� \uqbkey_lky� gZ� dZ`^hf�rZ]_� ^ey� hlj_adh\
^ebghc�L−τ��Z�σx�b σy�²�h^ghdjZlgh�^ey�\k_c�wihob�L.

Jbk��������<uqbke_gb_�©deZkkbq_kdhcª�dhjj_ey-
pbhgghc�nmgdpbb

Jbk��������<uqbke_gb_�bgl_j\Zevghc�dhjj_-
eypbhgghc�nmgdpbb
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½âçÚå×ÕàñâÕô�¿É�

Bkoh^y�ba�wlh]h��_s_�\�i_j\hc�\_jkbb�CONAN−1.5 (1993�]�) [ueZ�ij_^-
eh`_gZ�fh^bnbdZpby�\uqbke_gbc��gZa\ZggZy�bgl_j\Zevghc�DN��jbk��������
GZ�j_ZebaZpbb�kb]gZeZ�\u[bjZ_lky�nbdkbjh\Zgguc�dhjj_eypbhgguc�h[jZ-
a_p x�^ebghc�∆t��hl�dhlhjh]h�ihabpbhgbjm_lky�wihoZ�ZgZebaZ�L��>ey�\uqbk-
e_gby�dhjj_eypbc�k�h[jZaphf�x ijb�dZ`^hf�τ [_jmlky�jZ\ghjZaf_jgu_�mqZ-
kldb�y��k^\bgmlu_�hlghkbl_evgh�x gZ�\_ebqbgm�τ.

ÆåÕ×âÚâÝÚ�� JZaebqb_� ^\mo�f_-
lh^h\�\uqbke_gby�DN�beexkljbjm-
_l� jbk�� ������ >ey� deZkkbq_kdhc� DN
�jbk������Z��ijb�g_[hevrbo�k^\b]Zo
fh]ml� gZ[ex^Zlvky� \ukhdb_� agZq_-
gby�\ke_^kl\b_�[hevrhc�^ebl_evgh-
klb�hlj_adh\�b�g_agZqbl_evghklb�bo
bgl_]jZevguo�jZaebqbc��K�m\_ebq_-
gb_f� k^\b]Z� oZjZdl_jgh� kbkl_fZlb-
q_kdh_� mf_gvr_gb_� agZq_gbc�DN� \
k\yab� k� mf_gvr_gb_f� ^ebgu� hlj_a-
dh\� b� \hajZklZgb_f� bo� bgl_]jZev-
guo�jZaebqbc��Bgl_j\ZevgZy�`_�DN
i_jbh^bq_kdb� ih\lhjy_l� \ukhdb_
agZq_gby� ijb� k^\b]h\uo� \hkijhba-

\_^_gbyo� h[jZapZ� �jbk�� ����[���<� hlebqb_� hl� deZkkbq_kdhc�DN� ^ey�bgl_j-
ij_lZpbb�^bgZfbdb�bgl_j\Zevghc�DN�e_]dh�gZclb�\bamZevgu_�hkgh\Zgby�
LZd�� gZijbf_j�� gZqZevgu_�fZeu_� agZq_gby�DN� gZ� jbk�� ����[� hij_^_e_gu
j_adbf�baf_g_gb_f�jblfbdb�kb]gZeZ�gZ�gZqZevghf�\j_f_gghf�mqZkld_�jbk�
4.34.

L_f� kZfuf� bgl_j\ZevgZy�DN� y\ey_lky� m^h[guf� kj_^kl\hf� \uy\e_gby
^hfbgbjmxsbo� dhjj_eypbc� b� bo� eZ]h\� �aZ^_j`_d��� <ukhdb_� dhjj_eypbb
[m^ml�gZ[ex^Zlvky�lh]^Z��dh]^Z�ijb�g_dhlhjhf�\j_f_gghf�k^\b]_�jblfbdZ
mqZkldZ�WW=�[m^_l�ohjhrh�ih\lhjylv�jblfbdm�h[jZapZ��<�kemqZ_�djhkkdhj-
j_eypbb� wlh�fh`_l� bgl_jij_lbjh\Zlvky� dZd� aZ^_j`db� \� i_j_^Zq_� \aZbfh-
^_ckl\by�hl�h^gh]h�ijhp_kkZ�d�^jm]hfm��<�kemqZ_�Z\lhdhjj_eypbb�\ukhdb_
agZq_gby DN�fh]ml� bgl_jij_lbjh\Zlvky� dZd� ih\lhj_gby� aZ^Zggh]h�nmgd-
pbhgZevgh]h� khklhygby�� <� qZklghf� `_� kemqZ_� dhjj_eypbhggZy� nmgdpby
fh`_l�bkihevah\Zlvky�^ey�ihbkdZ�\�kb]gZeZo�aZ^Zgguo�oZjZdl_jguo�h[jZa-
ph\.

Ke_^m_l� hlf_lblv�� qlh� dhwnnbpb_gl� dhjj_eypbb� b� dhjj_eypbhggZy
nmgdpby� iha\heyxl� hlq_leb\h� \uy\eylv� kl_i_gv� Zml_glbqghklb� ebrv� ^h-
fbgbjmxsbo� �h[uqgh� gbadhqZklhlguo�� jblfh\�� h^gZdh� wlh� h]jZgbq_gb_
fh`_l� [ulv� \� agZqbl_evghc� kl_i_gb� kgylh� ihkj_^kl\hf� ij_^\Zjbl_evghc
gbadhqZklhlghc�nbevljZpbb��Djhf_�lh]h��wlhl�f_lh^�iha\hey_l�meh\blv�[h-
e__� [ukljhl_qgu_� baf_g_gby� kbgojhgghklb� ^\mo� ijhp_kkh\�� q_f

Z�

[�

Jbk��������Dhjj_eypbhggu_�nmgdpbb
WW=−kb]gZeZ�jbk�������

Z�²�deZkkbq_kdZy��[�²�bgl_j\ZevgZy
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djhkk−ki_dljZevgu_�oZjZdl_jbklbdb��ihkdhevdm�^ey�k\h_]h�\uqbke_gby�hg
^himkdZ_l�agZqbl_evgh�[he__�dhjhldb_�\j_f_ggu_�hlj_adb�

�������NbevljZpby��h]b[ZxsZy��k]eZ`b\Zgb_
ÉÝàñçåÕëÝô�ij_^gZagZq_gZ�^ey�\u^_e_gby�ba�kb]gZeZ�bgl_j_kmxs_]h

bkke_^h\Zl_ey�^bZiZahgZ�qZklhl�b�m^Ze_gby�rmfh\uo�beb�g_�ij_^klZ\eyx-
sbo�bgl_j_kZ�khklZ\eyxsbo��Ijb�ZgZeba_�wdki_jbf_glZevguo�^Zgguo�bk-
ihevamxlky�pbnjh\u_�nbevlju��j_Zebah\Zggu_�\uqbkebl_evgufb�kj_^kl-
\Zfb�� GZb[he__� mihlj_[bl_evgu� nbevlju� ;Zll_j\hj^Z� b� Q_[ur_\Z−1,2,
dhlhju_�y\eyxlky�wd\b\Ze_glZfb�h^ghbf_gguo�b�ihimeyjguo�ZgZeh]h\uo
nbevljh\��Wlb�nbevlju�ijhimkdZxl�]Zjfhgbq_kdb_�dhe_[Zgby�[_a�bkdZ`_-
gby�bo�nhjfu��H^gZdh�\�j_amevlZl_�nbevljZpbb�\hagbdZxl�Zfieblm^gu_�b
nZah\u_�bkdZ`_gby�

µáäàÝçèÙâðÚ� ÝæßÕÛÚâÝô� :fieblm^gh−qZklhlgZy� oZjZdl_jbklbdZ
�:QO��nbevljZ�aZ\bkbl�hl�_]h�lbiZ�b�ihjy^dZ��:QO�ij_^klZ\ey_l�hlghr_-
gb_�Zfieblm^�]Zjfhgbd�gZ�\uoh^_�d�Zfieblm^Zf�gZ�\oh^_�nbevljZ�\�aZ\b-
kbfhklb�hl�qZklhlu��GZ�jbk�������ijb\_^_gu�:QO�q_luj_o�nbevljh\�k�ih-
ehkhc�ijhimkdZgby��±���=p��ZevnZ−^bZiZahg���<�ihehk_�ijhimkdZgby�:QO
[ebadZ�d����]Zjfhgbdb�ijhimkdZxlky�nbevljhf���Z�\�ihehk_�aZ^_j`Zgby�²
[ebadZ�d����]Zjfhgbdb�ih^Z\eyxlky�ih�Zfieblm^_��

Z� [� \� ]�
Jbk��������:fieblm^gh−qZklhlgu_�oZjZdl_jbklbdb�nbevljh\�k�ihehkhc

ijhimkdZgby��−���=p��Z�²�;Zll_j\hj^Z��−]h�ihjy^dZ��[�²�;Zll_j\hj^Z
8−]h�ihjy^dZ��\�²�Q_[ur_\Z−1 8−]h�ihjy^dZ��]�²�Q_[ur_\Z−2 8−]h�ih-

jy^dZ
GZ� ]jZgbpZo� ihehku� ijhimkdZgby� �qZklhlu kj_aZ�� gZ[ex^Z_lky� kiZ^

:QO�� djmlbagZ� dhlhjh]h� �djmlbagZ� kj_aZ�� m\_ebqb\Z_lky� k� ih\ur_gb_f
ihjy^dZ�nbevljZ��DZd�\b^gh�ba�kjZ\g_gby�jbk������Z�b�[��nbevlj�;Zll_j\hj-
^Z���]h�ihjy^dZ�ih�kjZ\g_gbx�k�nbevljhf���]h�ihjy^dZ�bf__l�aZf_lgh�[h-
e__�iheh]b_�kj_au�:QO�

<�k\yab�k�dhg_qghc�djmlbaghc�kj_ah\�bf_xl�f_klh�^\Z�bkdZ`_gby�����\
kb]gZe_� qZklbqgh� ih^Z\eyxlky� ]Zjfhgbdb� �mf_gvrZ_lky� bo� Zfieblm^Z��
[ebae_`Zsb_�d�qZklhl_�kj_aZ�kh�klhjhgu�ihehku�ijhimkdZgby�����qZklbqgh
ijhimkdZxlky� ]Zjfhgbdb� �k�mf_gvr_gb_f�bo�Zfieblm^u���[ebae_`Zsb_�d
qZklhl_�kj_aZ�\�ihehk_�aZ^_j`Zgby�
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Nbevlju� ;Zll_j\hj^Z� khojZgyxl� hij_^_e_gguc� [ZeZgk� f_`^m� wlbfb
^\mfy�bkdZ`_gbyfb��Nbevlj�Q_[ur_\Z−��fbgbfbabjm_l�i_j\mx�ih]j_r-
ghklv��_]h�:QO�\h�\k_c�ihehk_�ijhimkdZgby�[ebadZ�d����jbk������\���Nbevlj
Q_[ur_\Z−��fbgbfbabjm_l�\lhjmx�ih]j_rghklv��_]h�:QO�\h�\k_c�ihehk_
aZ^_j`Zgby�[ebadZ�d����jbk������]���<�p_ehf�nbevlju�Q_[ur_\Z�ijb�lhf�`_
ihjy^d_� bf_xl� [hevrmx� djmlbagm� kj_aZ�� q_f� nbevlju� ;Zll_j\hj^Z�
NbevljZf�Q_[ur_\Z�k\hckl\_ggu�lZd`_�g_[hevrb_�g_ebg_cghklb�:QO�\
ihehkZo� ijhimkdZgby� beb� aZ^_j`Zgby�� \_ebqbgZ� dhlhjuo� j_]mebjm_lky
ki_pbZevguf�iZjZf_ljhf�

ÉÕÜã×ðÚ� ÝæßÕÛÚâÝô� y\eyxlky� h^gbf� ba� hkgh\guo� ih]j_rghkl_c�
ijbkmsbo�deZkkbq_kdhc�nbevljZpbb��Hgb�y\eyxlky�ke_^kl\b_f�f_lh^Z�ih-
ke_^h\Zl_evgh]h�ijb[eb`_gby��gZ�dhlhjhf�[Zabjm_lky�nbevljZpby��Z�bf_g-
gh��qlh[u�\�ex[hc�fhf_gl�\j_f_gb�t�hp_gblv�Zfieblm^m�i�c�]Zjfhgbq_kdhc
khklZ\eyxs_c�kb]gZeZ�k�i_jbh^hf�Li�g_h[oh^bfh�__�gZ[ex^Zlv�\�l_q_gb_�Li

k�fhf_glZ�t. L_f�kZfuf�dZ`^Zy�]ZjfhgbdZ�\�j_amevlZl_�nbevljZpbb�ijbh[-
j_lZ_l�aZ^_j`dm�\h�\j_f_gb�beb�nZah\uc�k^\b]��ijhihjpbhgZevguc�Li�beb
1/fi, l��_��h[jZlgh�ijhihjpbhgZevguc�qZklhl_�]Zjfhgbdb� fi��GZ�nZah\u_�bk-
dZ`_gby�lZd`_�\eby_l�ihjy^hd�nbevljZ�b�ihehkZ�qZklhl�

Keh`guc� oZjZdl_j� nZah\uo
bkdZ`_gbc�m^h[gh�ijh^_fhgkl-
jbjh\Zlv� gZ� mijhs_gghf� fh-
^_evghf� ijbf_j_� jbk�� ������GZ
dZgZe_� �� ijb\_^_g� iheb]Zjfh-
gbq_kdbc�kb]gZe�k�^\mfy�mqZkl-
dZfb� gme_\hc� Zfieblm^u�� Z� gZ
dZgZeZo��±��ihdZaZgu�j_amevlZ-
lu� nbevljZpbb� jZaebqgufb
nbevljZfb��A^_kv�ijbkmlkl\mxl
bkdZ`_gby� gZqZevgh]h� ijb[eb-
`_gby� �:��� i_j_oh^gu_� Zfieb-
lm^gu_� bkdZ`_gby� ijb� j_adhc
kf_g_� oZjZdl_jZ� kb]gZeZ� �<�� b
ihklhygguc� \j_f_gghc� nZah-
\uc�k^\b]� �K���NZah\u_�b�i_j_-
oh^gu_� bkdZ`_gby� m\_ebqb\Z-
xlky� k� ih\ur_gb_f� ihjy^dZ
nbevljZ��kj��dZgZeu���b�����>ey
]Zjfhgbd�� e_`Zsbo� \� k_j_^bg_
ihehku� ijhimkdZgby�� wlb� bkdZ-
`_gby� mf_gvrZxlky� ijb� jZk-

rbj_gbb�ihehku�dZd�\�klhjhgm�gbadbo��lZd�b�\�klhjhgm�\ukhdbo�qZklhl��dZ-
gZeu�������

Ijb� ihklwdki_jbf_glZevghf� ZgZeba_� ^ey� [hjv[u� k� bkdZ`_gbyfb� \j_-
f_ggh]h� k^\b]Z� ihke_� ijyfhc�nbevljZpbb� bkihevamxl� ih\lhjgmx� h[jZl-

Jbk��������NZah\u_�bkdZ`_gby�ijb
nbevljZpbb�

dZgZe���²�bkoh^guc�kb]gZe�qZklhlhc���
=p��dZgZeu��−��²�j_amevlZlu�nbevljZ-
pbb�\�jZaguo�qZklhlguo�^bZiZahgZo

nbevljZfb�;Zll_j\hj^Z�m−]h�ihjy^dZ�
h[hagZq_gby�bkdZ`_gbc��:�²�gZqZevgh-
]h�ijb[eb`_gby��<�²�i_j_oh^gu_�ijb

kf_g_�oZjZdl_jZ�kb]gZeZ��K�²�\j_f_gghc
k^\b]
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gmx�nbevljZpbx��gZqbgZy�k�dhgpZ�aZibkb��H^gZdh�hklZevgu_�lbiu�bkdZ`_-
gbc�hklZxlky��ijbq_f�bkdZ`_gby�gZqZevgh]h�ijb[eb`_gby�ijhy\eyxlky�gZ
h[hbo�dhgpZo�kb]gZeZ�

ÉèåñÚ−éÝàñçåÕëÝô��MdZaZggu_�ih]j_rghklb�deZkkbq_kdhc�nbevljZ-
pbb�ih[m^beb�m`_�\�i_j\hc�\_jkbb�CONAN−1.5������]���ij_^eh`blv�gh\uc
^ey�we_dljhnbabheh]bb�f_lh^�Nmjv_−nbevljZpbb��hkgh\Zgguc�gZ�bkihev-
ah\Zgbb� ^\mdjZlgh]h�Nmjv_−ij_h[jZah\Zgby��Ihke_�i_j\h]h�ij_h[jZah\Z-
gby�kb]gZeZ�\�qZklhlgmx�h[eZklv�ba�dhfie_dkghagZqgh]h�ki_dljZ�m^Zeyxl-
ky� ]Zjfhgbdb� \� aZ^Zgghf� ^bZiZahg_� qZklhl�� ihke_� q_]h� h[jZlguf� Nm-
jv_−ij_h[jZah\Zgb_f�ih�mk_q_gghfm�lZdbf�h[jZahf�ki_dljm�\hkklZgZ\eb-
\Z_lky�hlnbevljh\Zgguc�kb]gZe�\h�\j_f_gghc�h[eZklb�

IjbgpbibZevgufb�^hklhbgkl\Zfb�lZdh]h�f_lh^Z�ih�kjZ\g_gbx�k�deZk-
kbq_kdbfb�nbevljZfb�y\eyxlky�
• ijZdlbq_kdb�ihegh_�hlkmlkl\b_�nZah\uo�bkdZ`_gbc�
• ijZdlbq_kdb�[_kdhg_qgZy�djmlbagZ�kj_aZ��\ke_^kl\b_�q_]h�qZklhlgZy�oZ-

jZdl_jbklbdZ�nbevljZ� [ebadZ� d� ijyfhm]hevghc� ²� ihegh_� ih^Z\e_gb_
]Zjfhgbd� \�ihehk_� aZ^_j`Zgby�b� hlkmlkl\b_�bkdZ`_gbc� \�ihehk_�ijh-
imkdZgby�

• fbgbfZevgu_�Zfieblm^gu_�bkdZ`_gby��bf_xsb_�f_klh�lhevdh�gZ�]jZ-
gbpZo� ihehku� aZ^_j`Zgby� aZ� kq_l� g_agZqbl_evgh]h� \ebygby� wnn_dlh\
ml_qdb� b� Zfieblm^ghc� fh^meypbb�� mf_gvrZxs_]hky� k� m\_ebq_gb_f
jZaj_r_gby�ih�qZklhl_�
ÄåÝáÚâÚâÝÚ�×�äåÕßçÝßÚ��Ijb�j_]bkljZpbb�kb]gZeh\�\�j_Zevghf�\j_-

f_gb� g_l� Zevl_jgZlb\u� deZkkbq_kdbf� nbevljZf�� ihkdhevdm� ^ey� Nmjv_�
nbevljZpbb�lj_[m_lky�agZqbl_evguc�bgl_j\Ze�gZdhie_gby�hlkq_lh\�Zfieb-
lm^u��Ih]j_rghklb�gZqZevgh]h�ijb[eb`_gby�ebd\b^bjmxlky�ihkj_^kl\hf
\dexq_gby�j_]bkljZpbb�kb]gZeh\�ih�fZdkbfZevghfm�qbkem�dZgZeh\�kjZam�k
fhf_glZ� aZimkdZ�ijh]jZffu�WW=�ZgZebaZlhjZ��NZah\u_�bkdZ`_gby� \� agZ-
qbl_evghc�kl_i_gb�gb\_ebjmxlky�bkihevah\Zgb_f�nbevljh\�gZbgbar_]h���
]h�ihjy^dZ�b�rbjhdhc�ihehkhc�nbevljZpbb��g_�f_g__��������=p��

Ijb� ihklwdki_jbf_glZevghf� ZgZeba_� ij_bfms_kl\h� bf__l� Nmjv_�
nbevljZpby��hkh[_ggh��_keb�hgZ�kjZam�ijbf_gy_lky�d�^ebl_evghfm�bgl_j\Z-
em�gZ[ex^_gby��h[_ki_qb\Zy� \ukhdh_�qZklhlgh_�jZaj_r_gb_��Ijb�bkihev-
ah\Zgbb�deZkkbq_kdbo�nbevljh\�ijbf_gyxl�^\hcgmx��ijyfmx�b�aZl_f�h[-
jZlgmx�nbevljZpbx��k�gZqZeZ�b�k�dhgpZ�bgl_j\ZeZ�gZ[ex^_gby���\�j_amev-
lZl_�q_]h�bkdexqZxlky�ih]j_rghklb�\j_f_ggh]h�k^\b]Z��kms_kl\_ggh�kgb-
`Zxlky�nZah\u_�bkdZ`_gby��gh�hklZxlky�g_[hevrb_�ih�^ebl_evghklb�bk-
dZ`_gby�gZqZevgh]h�ijb[eb`_gby�gZ�h[hbo�dhgpZo�bgl_j\ZeZ�gZ[ex^_gby�

ÃØÝÖÕóîÕô� ij_^klZ\ey_l� kh[hc� iheh`bl_evgh� hij_^_e_ggmx� nmgd-
pbx��dhlhjZy�\�g_dhlhjhf�kfuke_�©h]b[Z_lª�iheh`bl_evgu_�b�bg\_jlbjh-
\Zggu_�g_]Zlb\gu_�dhe_[Zgby�kb]gZeZ��jbk������[).
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FZl_fZlbq_kdb� h]b-
[ZxsZy� hij_^_ey_lky� dZd
fh^mev� ZgZeblbq_kdhc

nmgdpbb� �dhfie_dkgh-
agZqghc��� ^_ckl\bl_evgZy
qZklv� dhlhjhc� jZ\gZ� kb]-
gZem�� Z� fgbfZy� qZklv� ih-
emq_gZ� ba� ^_ckl\bl_evghc
ij_h[jZah\Zgb_f�=bev[_j-
lZ��<�k\hx�hq_j_^v�ij_h[-
jZah\Zgb_� =bev[_jlZ� fh-
`_l� [ulv� j_Zebah\Zgh
^\mdjZlguf� ij_h[jZah\Z-
gb_f� Nmjv_�� dh]^Z� i_j_^
h[jZlguf� ij_h[jZah\Zgb-

_f�\k_�ki_dljZevgu_�]Zjfhgbdb�k^\b]Zxlky�ih�nZa_�gZ���°.
Ihykgbf�ihke_^g__�gZ�nZah\hc�iehkdhklb��jbk���������Ijb�k^\b]_�\_dlh-

jZ�gZ� ��°� hg�i_j_f_sZ_lky�ba�i_j\h]h� \h� \lhjhc� d\Z^jZgl��Ijb� wlhf� _]h
ijh_dpbb�gZ�hkb�f_gyxlky�f_klZfb��ih�\_jlbdZevghc�hkb�ijh_dpby�a��ih
]hjbahglZevghc� hkb� ijh_dpby� k� h[jZlguf� agZdhf� −b��<� \uqbkebl_evghf
ieZg_�ijhp_^mjZ�khklhbl�\�ke_^mxs_f��DZd�[ueh�hlf_q_gh�\�jZa^���������\
j_amevlZl_�>IN�ij_h[jZah\Zgby�ihemqZ_lky�\_dlhj�fZkkb\�ba�^\mo�qZkl_c�
kh^_j`Zsbo� ijh_dpbb� af� b� ijh_dpbb� bf� ]Zjfhgbd� ^ey� ihke_^h\Zl_evguo
qZklhl� f��Qlh[u� k^\bgmlv�bo�ih�nZa_�gZ� ��°�� agZq_gby�af� �i_j_ghkylky� \h
\lhjmx�qZklv�fZkkb\Z��Z�agZq_gby�bf�k�h[jZlguf�agZdhf�i_j_ghkylky�\�i_j-
\mx�qZklv�fZkkb\Z��AZl_f�wlhl�fZkkb\�ih^\_j]Z_lky�>IN�ij_h[jZah\Zgbx�
\� j_amevlZl_� q_]h� b� ihemqZ_lky� lj_[m_fuc� kb]gZe� \h� \j_f_gghc� h[eZklb
�fgbfZy� khklZ\eyxsZy� ZgZeblbq_kdh]h� kb]gZeZ���>Ze__� agZq_gby� h]b[Zx-
s_c�^ey�dZ`^h]h�fhf_glZ�\j_f_gb�\uqbkeyxlky�dZd�dhj_gv�d\Z^jZlguc�ba
kmffu�d\Z^jZlh\�Zfieblm^�^\mo�khklZ\eyxsbo�ZgZeblbq_kdh]h�kb]gZeZ�

Hlf_lbf�lZd`_��qlh�[ebadbc�d�h]b[Zxs_c�j_amevlZl�fh`_l�[ulv�ihem-
q_g�\aylb_f�Z[khexlgh]h�agZq_gby�kb]gZeZ�b�g_kdhevdbfb�k]eZ`b\Zgbyfb
j_amevlZlZ� �jbk�� ����\���>_ckl\bl_evgh�� k^\b]� ]Zjfhgbd�ih�nZa_�gZ� � ��°�\
g_dhlhjhf�kfuke_�ih^h[_g�bg\_jlbjh\Zgbx�hljbpZl_evguo�Zfieblm^�kb]-
gZeZ�

H]b[ZxsZy�� \�qZklghklb��ihe_agZ�ijb� ZgZeba_�[ukljhf_gyxsboky�i_-
jbh^bq_kdbo�kb]gZeh\�[eZ]h^Zjy�ke_^mxsbf�k\hbf�k\hckl\Zf�����iehsZ^v
ih^�mqZkldhf�h]b[Zxs_c�ij_^klZ\ey_l�fhsghklv�kb]gZeZ�gZ�wlhf�mqZkld_�
���ihke_�nbevljZpbb� k�m^Ze_gb_f�\ukhdbo�qZklhl� �jbk�� ����]��h]b[ZxsZy
hljZ`Z_l�baf_g_gb_�Zfieblm^ghc�fh^meypbb�kb]gZeZ��dhlhjZy�^Ze__�fh`_l
[ulv� bkke_^h\ZgZ� kj_^kl\Zfb� ki_dljZevgh]h� beb� i_jbh^hf_ljbq_kdh]h
ZgZebaZ��kf��lZd`_�\�jZa^���������

ÉÝÜÝãàãØÝìÚæßÝÞ� æáðæà� H]b[ZxsZy� bf__l� \Z`guc� nbabheh]bq_-
kdbc�kfuke��Ihkdhevdm�WW=�kmffbjm_l�baf_g_gby�ihklkbgZilbq_kdbo�ih-

Jbk��������BeexkljZpby�h]b[Zxs_c�
Z�²�bkoh^guc�kb]gZe��[�²�h]b[ZxsZy��\ —
Z[khexlgZy�\_ebqbgZ�kb]gZeZ�k����k]eZ`b\Z-
gbyfb��\�²�h]b[ZxsZy�ihke_�m^Ze_gby�gba-

dbo�qZklhl
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l_gpbZeh\��lh�Zfieblm^Z�WW=�m\_ebqb\Z_lky��dh]^Z�wlb�ihl_gpbZeu�gZqb-
gZxl� baf_gylvky� k� [hevr_c� kbgojhgghklvx�� Ihwlhfm� h]b[ZxsZy�� ij_^-
klZ\eyy�Zfieblm^gmx�fh^meypbx�WW=��l_f�kZfuf�hljZ`Z_l�kl_i_gv� kbg-
ojhgghklb�\�baf_g_gbb�ihklkbgZilbq_kdbo�ihl_gpbZeh\�

Djhf_�lh]h��h]b[ZxsZy�ij_^klZ\ey_l�ijyfmx�gZlmjZevgmx�hp_gdm�Zf-
ieblm^u�WW=��gZjy^m�k�j_amevlZlZfb�i_jbh^hf_ljbq_kdh]h�ZgZebaZ���\�q_f
khklhbl� __� ij_bfms_kl\h� i_j_^� dhk\_ggufb� ki_dljZevgufb� hp_gdZfb�
ijb\ghkysbfb�kms_kl\_ggu_�bkdZ`_gby�kemqZcgh]h�oZjZdl_jZ�

ÆØàÕÛÝ×ÕâÝÚ� h[uqgh� ijbf_gy_lky� dZd� wd\b\Ze_gl� nbevljZpbb� ^ey
m^Ze_gby�ba�kb]gZeh\�b�bo�ki_dljh\�\ukhdhqZklhlguo�dhe_[Zgbc� �rmfh\�
gZ\h^hd��� GZb[he__� wnn_dlb\_g� f_lh^� iZjZ[hebq_kdh]h� k]eZ`b\Zgby
kdhevaysbf� kj_^gbf� ih� lj_f� lhqdZf�� dh]^Z� Zfieblm^u� kb]gZeZ� ij_h[jZ-
amxlky�ih�nhjfme_�

xi+1= (xi+2xi+1+xi+2)/4, i=1—n−2. (4.17)

Ijb�g_h[oh^bfhklb� lZdZy�ijhp_^mjZ� k]eZ`b\Zgby�fh`_l� \uihegylvky
fgh]hdjZlgh��Ijbf_ju�k]eZ`b\Zgby��jbk�� ����\�²�ijbf_gbl_evgh�d�WW=�
jbk������\�b�jbk������[�²�ijbf_gbl_evgh�d�ki_dljZf�WW=�

�������GhjfhiZlheh]bq_kdZy�deZkkbnbdZpby�WW=
F_lh^� ghjfhiZlheh]bq_kdhc� deZkkbnbdZpbb�WW=� klZ\bl� k\h_c� p_evx

^Zlv� keh\_kgh_� aZdexq_gb_� ih� hkgh\guf� oZjZdl_jbklbdZf
WW=−Zdlb\ghklb�� ?]h� hkgh\u� [ueb� aZeh`_gu� \� ����� ]�� jZ[hlZfb� ?�:�
@bjfmgkdhc�gZ�hkgh\_�h[h[s_gby�h[rbjg_cr_]h�debgbq_kdh]h�fZl_jbZeZ
�hibkZgb_�f_lh^Z�kf��\�[7]���<�k_j_^bg_����o�:�Y��DZieZghf�[ue�ij_^eh`_g
jy^�mlhqg_gbc�ih�\uqbkebl_evguf�djbl_jbyf�wlh]h�f_lh^Z��K�wlbfb�mlhq-
g_gbyfb�f_lh^�h[uqgh�b�j_Zebam_lky�

Bkoh^guf�fZl_jbZehf�^ey�ZgZebaZ�y\ey_lky�aZibkv�WW=��\uiheg_ggZy
ih�\hkvfb�hl\_^_gbyf�F3, F4, C3, C4, P3, P4, O1, O2�gZ�klZg^Zjlgmx�ijh[m
©aZdjulu_�]eZaZª�\�l_q_gb_� ��fbgmlu��>ey�ZgZebaZ�aZibkv�jZa[b\Z_lky�gZ
���wiho�ZgZebaZ�ih���k_dmg^u�dZ`^Zy��Ih�dZ`^hc�wiho_�ijh\h^blky�ki_d-
ljZevguc�ZgZeba�b�i_jbh^hf_ljbq_kdbc�ZgZeba�\�q_luj_o�qZklhlguo�^bZ-
iZahgZo��^_evlZ��l_lZ��ZevnZ�b�[_lZ−���Ih�j_amevlZlZf�ZgZebaZ�\�keh\_kghc
nhjf_�hp_gb\Zxlky�ke_^mxsb_�dhfihg_glu�WW=−Zdlb\ghklb�
1. Kl_i_gv�gZjmr_gby�WW=�����g_�hij_^_e_gZ�����ghjfZ�����e_]dZy�����mf_-

j_ggZy�����agZqbl_evgZy�����]jm[Zy�����hq_gv�]jm[Zy�
2. =eZ\gu_�dhfihg_glu�WW=�����[_lZ−Zdlb\ghklv�����ZevnZ−Zdlb\ghklv����

l_lZ−Zdlb\ghklv�����^_evlZ−Zdlb\ghklv�����kf_rZggZy��k�Zfieblm^hc��Z�
hq_gv�gbadZy��[��gbadZy��\��kj_^gyy��]��\ukhdZy��^��hq_gv�\ukhdZy�

3. OZjZdl_jbklbdZ� ZevnZ−Zdlb\ghklb�� ��� hlkmlkl\m_l�� ��� h^bghqgu_� \he-
gu�� ���j_^db_� ]jmiiu�\heg�� ���ohjhrh�ij_^klZ\e_gZ�� Z��j_]meyjgZy�ih
qZklhl_��fh^mebjh\ZggZy��[��j_]meyjgZy�ih�qZklhl_��[_a�fh^meypbb�� \�
ke_]dZ�^_ahj]Zgbah\ZggZy�� ]�� aZf_lgh�^_ahj]Zgbah\ZggZy��^��j_adh�^_a-
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hj]Zgbah\ZggZy�����ahgZevgu_�jZaebqby��Z��g_�hij_^_e_gu��[��ohjhrb_�
\��ke_]dZ�k]eZ`_ggu_��]��kbevgh�k]eZ`_ggu_�ba\jZs_ggu_�

4. Hp_gdZ�[_lZ−��Zdlb\ghklb�����g_l�����fZeh�����fgh]h�����hq_gv�fgh]h�
5. Hp_gdZ�f_^e_ggh\hegh\hc� Zdlb\ghklb�� ���ijZdlbq_kdb� hlkmlkl\m_l�� ��

l_lZ−Zdlb\ghklv� \ujZ`_gZ�� Z�� keZ[h�� [�� mf_j_ggh�� \�� kbevgh�� ��� ^_ev-
lZ−Zdlb\ghklv�\ujZ`_gZ��Z��keZ[h��[��mf_j_ggh��\��kbevgh�

6. HqZ]h\u_�baf_g_gby�WW=��ih�qZklhlguf�^bZiZahgZf�b�hl\_^_gbyf���^_-
ij_kkby��Zdlb\ghklv��Zkbff_ljby�
Kh�\j_f_gb� k\h_]h�him[ebdh\Zgby�f_lh^�ijh^_fhgkljbjh\Ze�\ukhdmx

wnn_dlb\ghklv� \� dZq_kl\_� kj_^kl\Z� i_j\bqghc� wdkij_kk−^bZ]ghklbdb� b
kjZ\gbfuo�ih�agZqbfhklb�Zevl_jgZlb\guo�jZajZ[hlhd�\�wlhf�gZijZ\e_gbb
g_�ihy\behkv�

��������Lj_of_jgZy�ehdZebaZpby�WW=−bklhqgbdh\
Lj_of_jgZy� ehdZebaZpby� WW=−bklhqgbdh\� klZ\bl� k\h_c� p_evx� ihbkd

h[eZkl_c� Zdlb\ghklb� \� ]em[bgguo� kljmdlmjZo� ]heh\gh]h�fha]Z��Bkoh^gZy
]bihl_aZ�khklhbl�\�lhf��qlh�bf_ggh�Zdlb\ghklvx�lZdbo�p_gljh\�b�kha^Z_lky
gZ[ex^Z_fZy� gZ� kdZevi_� dZjlbgZ� jZkij_^_e_gby� jZaebqguo
WW=−ihdZaZl_e_c� �\�wlhf�dZq_kl\_�fh`_l�nb]mjbjh\Zlv�ex[hc�ba�ihdZaZ-
l_e_c��i_j_qbke_gguo�gZ�jbk�� ������ Z� lZd`_� Zfieblm^u�\ua\Zgguo�ihl_g-
pbZeh\���>_ckl\bl_evgh�� kl\heh\u_� b� ih^dhjdh\u_� p_glju� y\ey_lky� l_fb
maeh\ufb�imgdlZfb��q_j_a�dhlhju_�ijhoh^bl�d�dhj_�\ky�Znn_j_glgZy�bg-
g_j\Zpby��K�^jm]hc�klhjhgu��g_bkqbkebfu_�g_j\gu_�imlb�k\yau\Zxl�dZ`-
^uc�lZdhc�p_glj�kh�\k_fb�h[eZklyfb�dhju� ]heh\gh]h�fha]Z� Wlhl� wnn_dl
kms_kl\_ggh�mkbeb\Z_lky�aZ�kq_l�h[t_fgh]h�ijh\_^_gby�ihl_gpbZeZ�\�`b^-
dhklghc�kj_^_�fha]Z�hl�bklhqgbdZ�^h�kdZeviZ�

>jm]h_�ij_^iheh`_gb_�khklhbl�\
lhf�� qlh� dhjdh\u_� ijh_dpbb� Zdlb\-
ghklb� g_j\gh]h� p_gljZ� fh]ml� [ulv
kfh^_ebjh\Zgu� ihkj_^kl\hf� ^b-
ihevguo� bklhqgbdh\�� bf_xsbo� ^\Z
ihexkZ� ihablb\gh]h� b� g_]Zlb\gh]h
madhgZijZ\e_ggh]h� baemq_gby� �jbk�
�������H^ghc�ba�ij_^ihkuehd�d�lZdhc
fh^_eb� y\ey_lky� lh�� qlh� ^bihe_f
fh`gh�kfh^_ebjh\Zlv�kjZam�b�ihab-
lb\gmx� b� g_]Zlb\gmx� Zdlb\ghklv�
gZ[ex^Z_fmx� \� WW=�� >jm]Zy� ij_^-
ihkuedZ�khklhbl�\�lhf��qlh�we_dljb-

q_kdb�Zdlb\gu_�h[eZklb�fha]h\uo�kljmdlmj�h[uqgh�\dexqZxl�^hklZlhqgh
[ebadh�jZkiheh`_ggu_�ihablb\guc�b�g_]Zlb\guc�ihexkZ�

<uqbke_gb_�jZkij_^_e_gby�WW=−bklhqgbdh\�ijhba\h^blky�qbke_gguf
bl_jZpbhgguf� f_lh^hf� ihrZ]h\h]h� ijb[eb`_gby�� Bkoh^gufb� ^Zggufb
^ey�fh^_ebjh\Zgby�y\eyxlky��Z��dZjlbgZ�jZkij_^_e_gby�gZ�kdZevi_�ba[jZg-

Jbk��������>bihevgZy�fh^_ev
WW=−bklhqgbdh\
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gh]h�WW=−ihdZaZl_ey�\�dhgdj_lguc�fhf_gl�\j_f_gb��[��qbkeh�^bihevguo
bklhqgbdh\��]��`_eZ_fZy�lhqghklv�ijb[eb`_gby��hij_^_eyxsZy�hdhgqZgb_
\uqbke_gbc�

Ihykgbf�djZldh�ijhp_^mjm�\uqbke_gbc��Iheh`_gb_�^bihey�\�ijhkljZg-
kl\_�hij_^_ey_lky�r_klvx�iZjZf_ljZfb��lj_fy�ebg_cgufb�dhhj^bgZlZfb�
^\mfy�m]eh\ufb�b�\_ebqbghc�^bihevgh]h�fhf_glZ��<�gZqZe_�jZkij_^_e_gb_
^bihe_c�fh`_l� [ulv� \u[jZgh� ijhba\hevgh��>Ze__� gZqbgZ_lky� ihrZ]h\h_
baf_g_gb_� h^gh]h� ba� iZjZf_ljh\� h^gh]h� ^bihey� lZdbf� h[jZahf� b� ^h� l_o
ihj��ihdZ�g_�[m^_l�^hklb]gmlZ�fZdkbfZevgZy�lhqghklv�kh\iZ^_gby�dZjlbgu
ijh_dpbb�baemq_gby�^bihey�gZ�kdZevi�b�gZ[ex^Z_fhc�dZjlbgu��AZl_f�wlhl
`_�ijhp_kk�ih\lhjy_lky�ih�hklZ\rbfky�iylb�iZjZf_ljZf�^Zggh]h�^bihey�b
lZd�ih�\k_f�^biheyf��Ihke_�wlh]h�\ky�ijhp_^mjZ�bl_jZpbhggh�ih\lhjy_lky
^h�^hklb`_gby�`_eZ_fhc�lhqghklb�kh\iZ^_gby�ijh_dpbb�^bihevguo�baem-
q_gbc�b�gZ[ex^Z_fhc�dZjlbgu��G_kfhljy�gZ�[hevrhc�h[t_f�\uqbke_gbc�
\_kv�ijhp_kk�gZ�]b]Z]_jph\hf�ijhp_kkhj_�aZgbfZ_l�kqblZggu_�f]gh\_gby�

Kms_kl\m_l�g_kdhevdh�ih^oh^h\�d�^bihevghfm�fh^_ebjh\Zgbx��Ojhgh-
eh]bq_kdb�i_j\uf� �\�Jhkkbb���gZb[he__�ijhjZ[hlZgguf�� h[hkgh\Zgguf�b
wdki_jbf_glZevgh�\_jbnbpbjh\Zgguf�ke_^m_l�ijbagZlv�ih^oh^�<�<��=g_a-
^bpdh]h�b�X�F��Dhil_eh\Z1��dhlhjuc�iha^g__�[ue�j_Zebah\Zg�\�ba\_klghf
iZd_l_�BrainLoc��GZ�^Zgguc�ih^oh^�hjb_glbjh\Zgu�b�[hevrbgkl\h�hl_q_-
kl\_gguo�ZgZeh]h\�

J_amevlZlu�fh^_ebjh\Zgby�kj_^kl\Zfb�BrainLoc�[ueb�\_jbnbpbjh\Zgu
fgh]bfb� bkke_^h\Zl_eyfb� gZ� [hevguo� k� jZaebqgh]h� lbiZ� iZlh]_ggufb
\gmljbfha]h\ufb� h[jZah\Zgbyfb� �himoheb�� bgkmevlu�� ljZ\fu�� \hkiZe_-
gby���Ihemq_ggu_� jZkij_^_e_gby� ^bihevguo� bklhqgbdh\� dZq_kl\_ggh� gZ-
oh^bebkv� \� kh]eZkbb� k� lhfh]jZnbq_kdbfb� dZjlbgZfb� ehdZebaZpbb�ih^h[-
gh]h� lbiZ� h[jZah\Zgbc��L_f� kZfuf� wlhl�f_lh^�fh`_l� kem`blv� Zevl_jgZ-
lb\guf� b� g_^hjh]bf� \� kjZ\g_gbb� k� lhfh]jZnb_c� kj_^kl\hf� ehdZebaZpbb
hqZ]h\�iZlheh]bq_kdhc�WW=−Zdlb\ghklb��H^gZdh�\�h[hkgh\Zgbb�f_lh^Z�g_-
^hklZ_l�\k_klhjhgg_c� klZlbklbq_kdhc�b�dhebq_kl\_gghc�\_jbnbdZpbb��dh-
lhjZy�fh]eZ�[u�hl\_lblv�gZ�ke_^mxsb_�\hijhku��Z��dZdh\h�kj_^g__�hldeh-
g_gb_�p_gljZ�b�jZaf_jh\�h[eZdZ�jZkij_^_e_gby�^bihevguo�bklhqgbdh\�hl
^_ckl\bl_evghc�ehdZebaZpbb�iZlZeh]bq_kdbo�h[jZah\Zgbc��[��dZdh\u�\_jh-
ylghklgu_� jZkij_^_e_gby� wlbo� hldehg_gbc�� \�� dZdb_�WW=−ihdZaZl_eb�b� \
dZdbo�kemqZyo�gZb[he__�Z^_d\Zlgu�\�ieZg_�^hklh\_jghc�ehdZebaZpbb�

H^gZdh�ij_bfms_kl\Z�f_lh^Z�fh]ml�ijhy\eylvky�b� \� kh\_jr_ggh�^jm-
]hf�gZijZ\e_gbb��_keb�_]h�jZkkfZljb\Zlv�ijhklh�dZd�kj_^kl\h�k`Zlby�bg-
nhjfZpbb�� >_ckl\bl_evgh�� \� j_amevlZl_� _]h� ijbf_g_gby� fu� k\_jlu\Z_f
kbkl_fm�fgh`_kl\_gguo�hl\_^_gbc�^h� _^bgkl\_ggh]h�ihdZaZl_ey�²�ehdZ-
ebaZpbb�nhdmkZ�WW=±bklhqgbdh\��:�wlh�iha\hey_l�bkdZlv�iZjZf_ljbq_kdb_

                                                          
1 =g_a^bpdbc�<�<��H[jZlgZy� aZ^ZqZ�WW=�b� debgbq_kdZy� we_dljhwgp_nZeh]jZnby�

LZ]Zgjh]��F_^bdhf�������
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djbl_jbb�^bnn_j_gpbZpbb�jZaebqguo�nmgdpbhgZevguo�khklhygbc�b�aZ[h-
e_\Zgbc�

��������K_]f_glguc�ZgZeba
WW=�ih� k\h_c�ijbjh^_� y\ey_lky� ]eh[Zevgh�g_klZpbhgZjguf�ijhp_kkhf�

ijbf_g_gb_�f_lh^h\�qZklhlgh]h�b�dhjj_eypbhggh]h�ZgZebaZ�d�dhlhjhfm�k\y-
aZgu�k�ijbgpbibZevgufb�h]jZgbq_gbyfb�b�g_�iha\heyxl�gZ^_`gh�b^_glb-
nbpbjh\Zlv� jZaebqgu_� nmgdpbhgZevgu_� khklhygby�� ebqghklgu_� hkh[_ggh-
klb�b�ikbobq_kdb_�aZ[he_\Zgby��Ihwlhfm�\�ihke_^gb_�]h^u�\gbfZgb_�fgh]bo
bkke_^h\Zl_e_c� ijb\e_dZ_l� iZjZ^b]fZ� dmkhqgh−klZpbhgZjghc� kljmdlmju
WW=��bkoh^y�ba�dhlhjhc� aZibkv�WW=� kljmdlmjbjm_lky�gZ� k_]f_glu�hlghkb-
l_evghc�klZpbhgZjghklb� �^ey�ZevnZ−jblfZ��gZijbf_j��hl�����^h�g_kdhevdbo
k_dmg^��b�bsmlky�djbl_jbb�Zml_glbqghklb�lZdbo�k_]f_glguo�kljmdlmj�k�p_-
evx�^bnn_j_gpbZpbb�jZaebqguo�khklhygbc�

=eZ\guf� dhgp_ilmZevguf� ^hklb`_gb_f� k_]f_glZpbhggh]h� ih^oh^Z
y\behkv� g_h`b^Zggh� hldju\rZyky� bkke_^h\Zl_eyf� ^h\hevgh� q_ldZy� \j_-
f_ggZy�kljmdlmjbjh\Zgghklv�WW=��]hjZa^h�[he__�lhgdZy��q_f�h[uqgu_�]_-
g_jZebah\Zggu_�i_j_kljhcdb�jblfbq_kdbo�dhfihg_glh\��lbiZ�kbgojhgbaZ-
pbb−^_kbgojhgbaZpbb�� L_f� kZfuf� ij_^iheh`_gb_� h[� hj]ZgbaZpbb
WW=−kb]gZeZ�ba�h]jZgbq_ggh]h�gZ[hjZ�we_f_glZjguo�iZll_jgh\� �Remond,
1972�]���gZreh�k\h_�dhk\_ggh_�ih^l\_j`^_gb_1.

I_j\hgZqZevgh�\�wlhc�h[eZklb�jZajZ[Zlu\Zebkv�f_lh^u�lZd�gZau\Z_fh-
]h�iZjZf_ljbq_kdh]h�hp_gb\Zgby�� \�qZklghklb� Z\lhj_]j_kkbhgghc� k_]f_g-
lZpbb��dhlhjZy�khklhbl�\�ke_^mxs_f��<u[bjZ_lky�kdhevays__�hdgh�aZ^Zg-
ghc�rbjbgu��\�dhlhjhf�kljhblky�Z\lhj_]j_kkbhggZy�fh^_ev�WW=−ijhp_kkZ�
IZjZf_lju�gZqZevghc�fh^_eb−wlZehgZ�kjZ\gb\Zxlky�k�iZjZf_ljZfb�fh^_-
eb�^ey�g_ij_ju\gh�^\b`ms_]hky�ih�WW=�hdgZ��DZd�lhevdh�jZkkh]eZkh\Zgb_
^hklb]g_l� mklZgh\e_ggh]h� ihjh]Z�� wlhl�fhf_gl� \j_f_gb�nbdkbjm_lky� dZd
]jZgbpZ�k_]f_glZ�klZpbhgZjghklb��b�\�dZq_kl\_�wlZehgZ�jZkkqblu\Z_lky�gh-
\Zy�fh^_ev�ih�ke_^mxs_fm�mqZkldm�WW=��Ihke_^mxsZy�deZkkbnbdZpby�lZ-
dbo� k_]f_glh\�ih� ki_dljZevgh±dhjj_eypbhgguf�ijbagZdZf� aZ\_jrZ_l� dm-
khqgh±klZpbhgZjgh_�hibkZgb_�WW=�

H^gZdh� \ukhdZy� g_klZpbhgZjghklv�WW=−kb]gZeZ� g_� iha\hey_l� ihkljh-
blv�^hklZlhqgh�gZ^_`gmx� _]h�fZl_fZlbq_kdmx�fh^_ev��Gh\Zy� l_ogheh]by
g_iZjZf_ljbq_kdhc� k_]f_glZpbb�� k\yaZggZy� k� ihbkdhf� lZd� gZau\Z_fuo
©jZaeZ^hdª�\h�\j_f_gguo�jy^Zo��g_�lj_[m_l�ij_^\Zjbl_evgh]h�ihkljh_gby
fZl_fZlbq_kdhc�fh^_eb�ijhp_kkZ��H^gbf�ba�ih^oh^h\� a^_kv�y\ey_lky�klZ-
lbklbq_kdh_� hp_gb\Zgb_� mqZkldh\�� jZa^_e_gguo� ^\b`ms_cky� ih�WW=� ]jZ-
gbp_c��DZd� lhevdh� klZlbklbq_kdb_� jZaebqby� ^hklb]Zxl� aZ^Zggh]h� mjh\gy�
khhl\_lkl\mxsZy�\j_f_ggZy�lhqdZ�nbdkbjm_lky�dZd�]jZgbpZ�k_]f_glZ�

                                                          
1�Kf��h[ahj��:�Y��DZieZg��Ijh[e_fZ�k_]f_glgh]h�hibkZgby�we_dljhwgp_nZeh]jZf-

fu�q_eh\_dZ//Nbabheh]by�q_eh\_dZ.�������L��������
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>jm]h_�gZijZ\e_gb_�khklhbl�\�bkihevah\Zgbb�h]b[Zxs_c�WW=1��ih�dh-
lhjhc�\u^_eyxlky�k_]f_glu�m\_ebq_gby�b�mf_gvr_gby�Zfieblm^u�dhe_[Z-
gbc� \�ba[jZgghf�qZklhlghf�^bZiZahg_��>ey� wlh]h�bkihevam_lky� jy^� w\jb-
klbq_kdbo�ijb_fh\�k�jmqguf�b�\bamZevguf�ih^[hjhf� agZq_gbc�jy^Z�dhj-
j_dlbjmxsbo� ihdZaZl_e_c�� >Ze__� lZdZy� k_]f_glZpby� bkihevam_lky� ^ey
hp_gdb� kbgojhgghklb� ih^h[guo� Zfieblm^guo� baf_g_gbc� f_`^m� jZaebq-
gufb�iZjZfb�hl\_^_gbc��qlh�\�k\hx�hq_j_^v�fh`_l�kem`blv�bgkljmf_glhf
^ey�\uy\e_gby�dhgdj_lguo�f_`]jmiih\uo�jZaebqbc2.

Kh\j_f_gguf� h[h[s_gb_f� lZdh]h� jh^Z� bkke_^h\Zgbc� y\beky� ihbkd� \
aZibkyo� WW=� mklhcqb\uo� lhih]jZnbq_kdbo� iZll_jgh\� beb� oZjZdl_jguo
jZkij_^_e_gbc�agZq_gbc�ba[jZggh]h�ihdZaZl_ey�ih�kdZevim3��<�dZq_kl\_�lZ-
dbo�ihdZaZl_e_c�fh]ml� \uklmiZlv� dZd� Zfieblm^gu_� hp_gdb� \� hl\_^_gbyo�
lZd�b�hp_gdb�kbgojhgghklb�f_`^m�iZjZfb�hl\_^_gbc��Ijb�lZdhf�ih^oh^_
^ebl_evgZy� aZibkv� WW=� jZa[b\Z_lky� gZ� dhjhldb_� b� i_j_dju\Zxsb_� ^jm]
^jm]Z�\h�\j_f_gb� wihob��gZ�dhlhjuo�b�\uqbkeyxlky� agZq_gby�ba[jZggh]h
ihdZaZl_ey�� jZkij_^_e_gb_� dhlhjh]h� ih� kdZevim� ^Z_l� ehdZevgmx� lhih]jZ-
nbq_kdmx� dZjlm�� Kj_^b� ihemq_ggh]h� fgh`_kl\Z� dZjl� mklhcqb\u_� lhih-
]jZubq_kdb_�iZll_jgu�\u^_eyxlky�ih�djbl_jbx�\ukhdhc�dhjj_ebjh\Zggh-
klb�dZjl��>ey�\u^_e_gby�deZkkbnbdZpbb�lZdbo�iZll_jgh\�bkihevamxlky�f_-
lh^u� fgh]hf_jghc� klZlbklbdb�� nZdlhjguc�� deZkl_jguc� b� ^bkdjbfbgZgl-
guc�ZgZeba��>Ze__�\u^_e_ggu_�iZll_jgu�fh]ml�[ulv�bkihevah\Zgu�^ey�\u-
y\e_gby�dhgdj_lguo�f_`]jmiih\uo�jZaebqbc�

¼ÕßàóìÚâÝÚ

<�kemqZ_�lbih\uo�debgbq_kdbo�bkke_^h\Zgbc�g_\jheh]m�\�ieZg_�qZklhl-
gh]h�ZgZebaZ�WW=�fh`gh�^Zlv�^hklZlhqgh�q_ldb_�j_dhf_g^Zpbb��jZkiheh-
`bl_�fhghiheyjgu_�hl\_^_gby�ih�kbkl_f_� ��±�����ijb\_^bl_�iZpb_glZ�\
jZkkeZ[e_ggh±kihdhcgh_�khklhygb_�k� aZdjulufb�]eZaZfb��mklZgh\bl_�qZk-
lhlm�WW=±j_]bkljZpbb����±����=p�gZ�bgl_j\Ze_��±��fbg��ijhZgZebabjmcl_
�±��±k_dmg^gu_�bgl_j\Zeu�ih�Zfieblm^Zf�ki_dljZ�\�hkgh\guo�qZklhlguo
^bZiZahgZo�b�ihemqbl_�m^h\e_l\hjbl_evgu_�b�kjZ\gbfu_�j_amevlZlu�

                                                          
1 :�Y��DZieZg��G_klZpbhgZjghklv�WW=��f_lh^heh]bq_kdbc�b� wdki_jbf_glZevguc

ZgZeba//Mki_ob�nbabheh]bq_kdbo�gZmd��������L��������
2 DZieZg�:�Y���;hjbkh\�K�<���@_eb]h\kdbc�<�:���DeZkkbnbdZpby�WW=�ih^jhkldh\

ih�ki_dljZevguf�b�k_]f_glguf�oZjZdl_jbklbdZf�\�ghjf_�b�ijb�jZkkljhckl\_�rb-
ahnj_gbq_kdh]h�ki_dljZ//@mjgZe�<G>��������L��������

   3 Dietrich Lehmann. Brain Electric Microstates and Cognition: The Atoms of
Thought. In E. R. John et al. (eds.), Machinery of the Mind. Springer Science+Business
Media New York 1990.

Arjun Khanna, Alvaro Pascual-Leone, Christoph M. Michel, Faranak Far-
zan. Microstates in resting-state EEG: Current status and future directions. Neu-
roscience and Biobehavioral Reviews 49:105–113, 2015.
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