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F?LJHEH=BY�<UQBKEBL?EVGH=H�:G:EBA:�WW=

:�I��DmeZbq_\

;bheh]bq_kdbc�nZdmevl_l�Fhkdh\kdh]h�]hkm^Zjkl\_ggh]h�mgb\_jkbl_lZ
bf_gb�F�<��Ehfhghkh\Z

:gghlZpby

JZkkfhlj_gZ� ijh[e_fZ� hlkmlkl\by� dhhj^bgbjh\Zggh]h� b� kbkl_fZlbq_kdh]h�f_ljheh]b-
q_kdh]h�bamq_gby��hp_gdb��kjZ\g_gby��hl[hjZ�b�klZg^ZjlbaZpbb�kj_^kl\�\uqbkebl_evgh]h�ZgZebaZ

WW=��<ul_dZxsb_�ba�wlh]h�ihke_^kl\by�k\yaZgu�k�jZkijhkljZg_gb_f�\�^Zgghc�h[eZklb�fgh`_-
kl\Z� g_Z^_d\Zlguo�f_lh^h\�� \_^msbo� d� ijhlb\hj_qb\hklb� b� g_kh\f_klbfhklb� j_amevlZlh\� b

\u\h^h\�jZaguo�bkke_^h\Zl_e_c��<�dZq_kl\_�ihdZaZl_evguo�ijbf_jh\�jZkkfhlj_gu�j_amevlZlu

f_ljheh]bq_kdbo�bkke_^h\Zgbc�f_lh^h\�ki_dljZevgh]h�b�dh]_j_glgh]h�ZgZebaZ��ZgZebaZ�kbgojhg-
ghklb��\_c\e_l�ZgZebaZ�b�ijh[e_fu�hilbfZevgh]h�WW=�j_n_j_glZ�

Dexq_\u_�keh\Z� f_ljheh]by��WW=��ki_dlju��dh]_j_glghklv��\_c\e_lu��j_n_j_glu��nbevl-
jZpby��[Zgdb�WW=�aZibk_c

THE METROLOGY OF QUANTITATIVE EEG ANALYSIS
A.P. Kulaichev

Biology Department of Moscow State University
Abstract

The problem of absence of coordinated and systematic metrological study, evaluation, compari-
son, selection and standardization of means of computational EEG analysis is considered. This leads to
proliferation in this area of many inadequate methods and to inconsistency and incompatibility of results
and conclusions of different researchers. The results of metrological studies of spectral and coherence
analysis, synchrony analysis, wavelet analysis and the problem of optimal EEG reference are considered
as illustrative examples of this problem.
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<<?>?GB?
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]jZnbb
>��@�b�fgh`_kl\Z�`mjgZevguo�im[ebdZpbc�ih�q((*��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\Z-
xlky�k�ZgZeh]Zfb��bo�wnn_dlb\ghklv�ijb�j_r_gbb�lbih\uo�nbabheh]bq_kdbo�aZ^Zq�g_�hp_gb\Z_l-
ky��g_�khihklZ\ey_lky��klZlbklbq_kdb�g_�\_jbnbpbjm_lky��LjZ^bpbhggu_�\�ijZdlbd_�f_lh^u�djb-
lbq_kdb�g_�bkke_^mxlky�b�g_�i_j_hkfukeb\Zxlky��I_jbh^bq_kdb�ij_^ijbgbfZxlky�ihiuldb�\g_-
^j_gby�kh\_jr_ggh�wdahlbq_kdbo�b�g_�bf_xsbo�gbdZdh]h�hlghr_gby�d�nbabheh]bb�fha]Z�f_lh^h\
ba� l_hjbc�oZhkZ��bgnhjfZpbb�b� wgljhibb��njZdlZeh\�� ZlljZdlhjh\�� Z\lhfZlbq_kdh]h�j_]mebjh\Z-
gby��g_ebg_cghc�^bgZfbdb��\_c\e_lh\�b�l�i�

;he__�lh]h��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�ihem-
q_ggu_�k�bo�bkihevah\Zgb_f�j_amevlZlu�b�\u\h^u��>_ckl\bl_evgh��_keb�[hevrbgkl\h�bkoh^guo
fZl_jbZeh\�\�nbabd_��obfbb��[bheh]bb��]_heh]bb�b�g_dhlhjuo�^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�

                  
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\hc-
kl\Zo�h[t_dlh\�k�aZ^Zgghc�lhqghklvx�b�^hklh\_jghklvx��ghjfZlb\gZy�[ZaZ�^ey�wlh]h�²�f_ljheh]bq_kdb_
klZg^Zjluª�>;WK@�
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G_�kms_kl\m_l�kbkl_fu�g_aZ\bkbfhc�wdki_jlbau�jZaebqguo�WW=�ZgZebaZlhjh\�>�@�\�ieZg_
dhjj_dlghklb�j_ZebaZpbb�\uqbkebl_evguo�f_lh^h\��^b^Zdlbqghklb�^hdmf_glZpbb�b�wj]hghfbqgh-
klb� ^bZeh]h\hc� Zjobl_dlmju�� G_� kh[bjZxlky� b� g_� kbkl_fZlbabjmxlky� hlau\u� b� aZf_qZgby� bo
ihevah\Zl_e_c�

Ebrv�j_^db_�jZ[hlu�>����������@�ba�fgh]bo�lukyq�_`_]h^guo�im[ebdZpbc�ih�q((*�aZljZ-
]b\Zxl� qZklgu_� Zki_dlu�f_ljheh]bq_kdhc�ijh[e_fZlbdb��;he__� [eZ]hijbylgZy� kblmZpby� keh`b-
eZkv�\�h[eZklb�ljZ^bpbhgghc�debgbq_kdhc�^bZ]ghklbdb�ih�WW=��\k_p_eh�hjb_glbjh\Zgghc�gZ�\b-
amZevgh_�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]bq_kdbf�h[s_kl-
\hf�b�K_\_jhZf_jbdZgkdbf�h[s_kl\hf�klbfmeypbb�b�we_dljhnbabheh]bb��hkms_kl\ey_l�f_ljheh-
]bq_kdmx�klZg^ZjlbaZpbx�b�j_]eZf_glbjh\Zgb_�\uqbkebl_evguo�f_lh^h\�b�hp_ghqguo�ihdZaZl_-
e_c�>��@�

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]gZ-
eh\��dhlhju_�aZqZklmx�gZijyfmx�b�g_djblbq_kdb�i_j_ghkbebkv�ijb\e_q_ggufb�bg`_g_jgufb�b
nbabdh�l_ogbq_kdbfb�ki_pbZebklZfb�[_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\bl_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=��<ke_^kl\b_�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�\� >��� ��� ���� ���� ���� ��@���b�lZdh_�iheh`_gb_�gbdhbf�h[jZahf�g_evay�ijb-
agZlv�gZmqguf�

<h�fgh]hf�^ZggZy�kblmZpby�hij_^_e_gZ�l_f��qlh�gZmqgu_�bkke_^h\Zgby�WW=�gZoh^bebkv�gZ
i_jbn_jbb�hkgh\guo�]hkm^Zjkl\_gguo�bgl_j_kh\��\�hlebqb_�hl�nbabq_kdbo�b�l_ogbq_kdbo�h[eZk-
l_c�� ijhba\h^kl\Z� ijh^mdlh\� iblZgby� �Z]jhghfby��`b\hlgh\h^kl\h�� b� khpbZevgh�iheblbq_kdh]h
mijZ\e_gby� �ikboheh]by��khpbheh]by���dhlhju_�ihemqZeb�ijyfh_�b�rbjhdh_�]hkm^Zjkl\_ggh_�nb-
gZgkbjh\Zgb_��Hlkx^Z�jZ[hlZlv�\�mdZaZgguo�h[eZklyo�ijhn_kkbhgZevguf�fZl_fZlbdZf�hdZau\Z-
ehkv� ij_klb`guf�� ihkdhevdm� hgb� [ukljh� h[j_lZeb� gZmqgh_� bfy� b� ba\_klghklv�� ZdZ^_fbq_kdb_
^he`ghklb�b�fZl_jbZevgh_�[eZ]hihemqb_��<�qZklghklb��lZdbfb�ba\_klgufb�fZl_fZlbdZfb��dZd�=Z-
mkk� �����±�������=Zevlhg� �����±�������Ibjkhg� �����±�������KibjfZg� �����±�������Nbr_j� �����±
1934), <bedhdkhg� �������������Lzjklhmg (1935–1951), D_ll_e (1946–1951), D_g^Zee (1934–������b
^jm]b_�^ey�j_r_gby�ijZdlbq_kdbo� aZ^Zq�\�i_j_qbke_gguo�h[eZklyo�[ueb� kha^Zgu� \k_�hkgh\gu_
jZa^_eu�b�f_lh^u�fZl_fZlbq_kdhc�klZlbklbdb�

Gb`_� fu� jZkkfhljbf� g_dhlhju_� oZjZdl_jgu_� ijbf_ju� \ur_hibkZgghc� kblmZpbb�� Ijb
wlhf�ijbgpbibZevgu_�f_ljheh]bq_kdb_�g_^hklZldb�h[gZjm`b\Zxlky�^Z`_�b�\�^Z\gh�dZaZ\rbfbky
deZkkbq_kdbfb�b�rbjhdh�bkihevam_fuo�f_lh^Zo�

KI?DLJ:EVGU?�HP?GDB�KJ?>G?C�:FIEBLM>U�WW=
Hp_gdb�kj_^g_c�Zfieblm^u�WW=�\�aZ\bkbfhklb�hl�qZklhlgh]h�^bZiZahgZ�b�\j_f_gb�y\eyxl-

ky�h^gbf�ba�^\mo�\Z`g_crbo�[Zah\uo�ihdZaZl_e_c��<�^hdhfivxl_jgmx�wihom�bkihevah\Zebkv�gZ-
lmjZevgu_�hp_gdb�ihkj_^kl\hf�ijyfh]h�baf_j_gby�dhe_[Zgbc�WW=�gZ�[mfZ`ghc�e_gl_�²�lZd�gZ-
au\Z_fuc�i_jbh^hf_ljbq_kdbc�ZgZeba��K�ihy\e_gb_f�\������]h^m�Ze]hjblfZ�[ukljh]h�ij_h[jZah-
\Zgby�Nmjv_�bkke_^h\Zl_eb�ihkl_i_ggh�i_j_reb�gZ�hp_gdb�ih�Zfieblm^ghfm�ki_dljm�beb�`_�ih
ki_dljm�fhsghklb��H^gZdh�ki_dljZevguc�ZgZeba�[ue�kha^Zg��\�i_j\mx�hq_j_^v��^ey�bkke_^h\Zgby
ijhp_kkh\�]Zjfhgbq_kdh]h�ijhbkoh`^_gby��we_dljhfZ]gblghc�b�Zdmklbq_kdhc�ijbjh^u��DZdh_�hl-
ghr_gb_�d�WW=�fha]Z��\�dhlhjhf�g_l�]Zjfhgbq_kdbo�bklhqgbdh\��bf_xl�ki_dljZevgu_�]Zjfhgbdb�
jZaj_r_gb_�ih�qZklhl_��\ul_dZgb_�fhsghklb��dhjj_dlbjmxsb_�hdgZ��wnn_dlu�gZeh`_gby�b�qZklh-
dheZ"�²�kdhj__�\k_]h��gbdZdh]h��>_ckl\bl_evgh��baf_g_gb_�Zfieblm^u�ex[hc�]Zjfhgbdb�gZ�ih-
ke_^h\Zl_evguo�wihoZo�WW=�ij_^klZ\ey_l�kh[hc�g_�aZdhghf_jguc��Z�[ebadbc�d�kemqZcghfm�ijh-
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p_kk��Djhf_� lh]h�� kZf�Nmjv_�ZgZeba�bf__l�p_euc�jy^�g_dhgljhebjm_fuo�bgkljmf_glZevguo�ih-
]j_rghkl_c��dhlhju_�bkdZ`Zxl�_]h�j_amevlZlu�

<�bkke_^h\Zgbb�>��@�[ueh�ijhba\_^_gh�khihklZ\e_gb_�lj_o�gZlmjZevguo�hp_ghd�Zfieblm^u
WW=��i_jbh^hf_ljbq_kdb��:i���ih�fh^mex�WW=��:f��b�ih�h]b[Zxs_c��:h��k�hp_gdZfb�ih�Zfieb-
lm^ghfm�ki_dljm��:k��b�ki_dljm�fhsghklb��Jk���>hdZaZgh�ke_^mxs__�����gZlmjZevgu_�ihdZaZl_eb
:i��:f��:h�^Zxl�ijZdlbq_kdb� wd\b\Ze_glgu_�hp_gdb�� dhlhju_� \ukhdh^hklh\_jgh�gZ� �������ih
\_ebqbg_�hlebqZxlky�hl�hp_ghd�:k��Jk�����gZlmjZevguf�ihdZaZl_eyf�k\hckl\_ggZ�]eZ^dZy�^bgZfb-
dZ�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� \� ������ jZaZ� [hevrbf� ehdZevguf� dhe_[Zgbyf�� ��� dhk\_ggu_
hp_gdb�:k��Jk�\�hlebqb_�hl�gZlmjZevguo�g_�h[eZ^Zxl�k\hckl\hf�Z^^blb\ghklb��ijbkmrbf�klZlb-
klbq_kdhc�hi_jZpbb�mkj_^g_gby��ihemqZ_fu_�agZq_gby�\�aZ\bkbfhklb�hl�qbkeZ�b�^ebgu�mkj_^gy_-
fuo�wiho�fh]ml�jZaebqZlvky�\���b�[he__�jZa�����ihdZaZl_eb�:k��Jk�gZ�fh^_evguo�kb]gZeZo�k�ba\_kl-
guf�khhlghr_gb_f�Zfieblm^�^Zxl�hp_gdb�\����±�����jZaZ�hlebqZxsboky�hl�bklbggh]h�agZq_gby�
lh]^Z�dZd�gZlmjZevgu_�ihdZaZl_eb�^_fhgkljbjmxl�ijZ\bevgu_�khhlghr_gby�kj_^gbo�Zfieblm^����
ihdZaZl_eb�:k��Jk� \� 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_�ihdZ-
aZl_eb�^_fhgkljbjmxl�h^bgZdh\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\Zgbx�ki_dljZ�fhs-
ghklb��Wlb�\u\h^u�g_�iha\heyxl�f_ljheh]bq_kdb�d\Zebnbpbjh\Zlv�ki_dljZevgu_�hp_gdb�kj_^g_c
Zfieblm^u� b�fhsghklb�WW=� dZd� ZgZeblbq_kdbc� bgkljmf_gl�� Z^_d\Zlguc� ijbjh^_� b� ki_pbnbd_
WW=±ihl_gpbZeh\�

DH=?J?GLGHKLV
Hp_gdZ�kbgojhgghklb�baf_g_gby�WW=�f_`^m�iZjZfb�hl\_^_gbc��beb�kl_i_gb�kh]eZkh\Zggh-

klb�^bgZfbdb�^\mo�ijhp_kkh\��\�aZ\bkbfhklb�hl�qZklhlgh]h�^bZiZahgZ�b�\j_f_gb�y\ey_lky�\lhjuf
ba�^\mo� \Z`g_crbo�[Zah\uo�ihdZaZl_e_c��<�^hdhfivxl_jgmx� wihom� dhk\_gguf� kihkh[hf� lZdhc
hp_gdb�y\eyehkv�\uqbke_gb_�djhkkdhjj_eypbhgghc�nmgdpbb�gZ�ZgZeh]h\uo�bgl_]jZlhjZo��<�����
]��fheh^hc�b�gbdhfm�g_�ba\_klguc�^bkk_jlZgl��Ph.D��������>��Mhel_j�ba�DZebnhjgbb�[_a�kkuedb
gZ�bklhqgbdb�ij_^eh`be�^ey�wlbo�p_e_c�bkihevah\Zlv�nmgdpbx�dh]_j_glghklb�>��@��>Ze__�ijhp_kk
fZkkh\h]h�m\e_q_gby�klZe�gZjZklZlv�ih^h[gh�kg_`ghfm�dhfm��b�\kdhj_�dh]_j_glghklv�klZeZ�_^bg-
kl\_gguf�ihdZaZl_e_f�kbgojhgghklb�WW=�ijhp_kkh\��Ijb�wlhf�m`_�ihqlb�gbdlh�g_�ihfgbe��qlh
bkoh^gh�nhjfmeZ�dh]_j_glghklb�[ueZ�ij_^eh`_gZ�\������]��G��<bg_jhf�>��@�gZ�hkgh\_�[he__�jZg-
g_c�b^_b�>��=bev[_jlZ�ijbf_gbl_evgh�d�aZ^ZqZf�hilbdb�b�d\Zglh\hc�f_oZgbdb��djZcg_�^Ze_dbf�hl
nbabheh]bb�fha]Z��Ijb�wlhf�\�ZgZeba_�kb]gZeh\�nbabq_kdhc�ijbjh^u�dh]_j_glghklv�gbdh]^Z�g_
bf_eZ� kZfhklhyl_evgh]h� agZq_gby�� Z�b]jZeZ�ebrv�jhev�\kihfh]Zl_evgh]h�ihdZaZl_ey�^ey�hp_gdb
lhqghklb�\uqbke_gby�^jm]bo�djhkk�ki_dljZevguo�oZjZdl_jbklbd�

>_lZevgZy�f_ljheh]bq_kdZy�djblbdZ�dh]_j_glghklb�ijbf_gbl_evgh�d�WW=�[ueZ�^ZgZ�\�jZ[hl_
>�@��K�h^ghc�klhjhgu��dh]_j_glghklv�g_dhlhjuf�h[jZahf�hp_gb\Z_l�kl_i_gv�klZ[bevghklb�djhkk�
nZau� ^\mo�ijhp_kkh\�gZ�g_kdhevdbo�ihke_^h\Zl_evguo� \j_f_gguo� wihoZo��Gh� dZdh_� hlghr_gb_
djhkk�nZaZ�bf__l�d�WW=�kb]gZeZf�g_]Zjfhgbq_kdhc�ijbjh^u"�²�Kdhj__�\k_]h��gbdZdh]h��LZd`_
gbdZdh]h�hlghr_gby�hgZ�g_�bf__l�d�nbabheh]bb�WW=��>_ckl\bl_evgh��jZkij_^_e_gb_�dh]_j_glgh-
klb�ih�qZklhlZf�ij_^klZ\ey_l� kh[hc�\ukhdh� kemqZcgh_�q_j_^h\Zgb_�\ukhdbo�b�fZeuo� agZq_gbc�
ihwlhfm�^ey�ihemq_gby�m^h\e_l\hjbl_evgh� \bamZevgh� \hkijbgbfZ_fhc� dZjlbgu�ijboh^blky� \u-
ihegylv�g_kdhevdh�k]eZ`b\Zgbc�

Djhf_�lh]h��G��<bg_j�\�k\h_c�nhjfmebjh\d_�dh]_j_glghklb�^ey�qZklhlghc�h[eZklb�bkihev-
ah\Ze�ijyfmx�ZgZeh]bx�k�dhwnnbpb_glhf�dhjj_eypbb�IbjkhgZ�\h�\j_f_gghc�h[eZklb��Ijb�wlhf�d
g_kqZklvx�hdZaZehkv��qlh�lZdZy�dh]_j_glghklv�g_�lhevdh�hp_gb\Z_l�nZah\mx�klZ[bevghklv��gh�_s_
b�\�g_dhlhjhc�g_q_ldhc�aZ\bkbfhklb�hl�\_ebqbgu�fh^me_c�\_dlhjh\�djhkk�ki_dljZ���Kljh]h�]h\h-
jy�� hgZ� hp_gb\Z_l� g_� \iheg_� ihgylgh� qlh� dhgdj_lgh�� K� ^jm]hc� klhjhgu�� kl_i_gv� klZ[bevghklb
djhkk�nZau�gZijyfmx�k\yaZgZ�k�ijhp_glguf�kh^_j`Zgb_f�rmfZ�\�kb]gZeZo��Gh�aZ\bkbfhklv�dh]_-
j_glghklb�hl�mjh\gy�rmfZ�\�hlebqb_�hl�dhwnnbpb_glZ�dhjj_eypbb�bf__l�yjdh�\ujZ`_gguc�g_eb-
g_cguc�6�h[jZaguc�oZjZdl_j��k�mqZkldhf�hlghkbl_evghc�ebg_cghklb�ebrv�\�h[eZklb���−����kh-
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^_j`Zgby�rmfZ��Ijb� gZebqbb�`_� \� kb]gZeZo�rmfZ� [he__� ��−���� klZgh\blky� ijh[e_fZlbqguf
h[hkgh\Zggh_�ml\_j`^_gb_�h�\ukhdhc�kbgojhgghklb�WW=−ijhp_kkh\�

GZdhg_p��ijhp_kk�\uqbke_gby�dh]_j_glghklb�k\yaZg�k�p_euf�jy^hf�mklZgh\hqguo�iZjZf_l-
jh\��lZdbo�dZd��^ebgZ��qbkeh�b�kl_i_gv�i_j_djulby�wiho��gZ�dhlhju_�jZa[b\Z_lky�aZibkv�WW=��bk-
ihevah\Zgb_�l_o�beb�bguo�dhjj_dlbjmxsbo�ki_dljZevguo�hdhg��gZebqb_�beb�hlkmlkl\b_�k]eZ`b-
\Zgbc�bkoh^guo�ki_dljh\�b�j_amevlZlZ��bkihevah\Zgb_�d\Z^jZlZ�dh]_j_glghklb�beb�`_�__�i_j\hc
kl_i_gb��<�aZ\bkbfhklb�hl�\k_o�wlbo�khhlghr_gbc�bkke_^h\Zl_eb�ihemqZxl�jZagu_�agZq_gby�dh]_-
j_glghklb��Hq_\b^gh��qlh�ih^h[gmx�ijhp_^mjm�kh�fgh]bfb�©j_]mebjh\hqgufb�jmqdZfbª�gbdhbf
h[jZahf�g_evay�ijbagZlv� wlZehgguf�baf_jbl_evguf�bgkljmf_glhf��Kdhj__� __�fh`gh� hlg_klb� d
dZl_]hjbb�kj_^kl\�ijb\_^_gby�j_amevlZlh\�\�khhl\_lkl\b_�k�`_eZ_fufb�\u\h^Zfb��D�dZdbf�g_kh-
\f_klbfuf�b�ijhlb\hj_qb\uf�j_amevlZlZf�b�\u\h^Zf�\�bkke_^h\Zgbyo�WW=�wlh�ijb\h^bl��ihdZaZ-
gh�\�jZ[hlZo�>���������������@�

DHJJ?EYPBHGG:Y�KBGOJHGGHKLV
H^ghc�ba�oZjZdl_jguo�hkh[_gghkl_c�WW=�y\ey_lky�gZebqb_�Zfieblm^ghc�fh^meypbb��\_eb-

qbgZ�dhlhjhc�hij_^_ey_lky�kl_i_gvx�kbgojhgghklb�baf_g_gby�ihklkbgZilbq_kdbo�ihl_gpbZeh\�\
lhf�beb�bghf�qZklhlghf�^bZiZahg_��<�k\hx�hq_j_^v�Zfieblm^gmx�fh^meypbx�ij_^klZ\ey_l�h]b-
[ZxsZy�WW=�kb]gZeZ��Wlh�ijyfh�\_^_l�d�_kl_kl\_gghc�hp_gd_�kbgojhgghklb�f_`^m�iZjZfb�hl\_-
^_gbc�WW=�\�nhjf_�dhwnnbpb_glZ�dhjj_eypbb�IbjkhgZ�f_`^m�iZjhc�h]b[Zxsbo�WW=��LZdZy�dhj-
j_eypbhggZy�kbgojhgghklv�\�hlebqb_�hl�dh]_j_glghklb�bf__l�ijyfhc�nbabheh]bq_kdbc�kfuke� ±
wlh� hp_gdZ� bgl_]jZevghc� kbgojhgghklb� \� baf_g_gbb� ihklkbgZilbq_kdhc� kbgojhgghklb� \� iZj_
WW=�hl\_^_gbc��F_lh^heh]by�bkihevah\Zgby�lZdhc�hp_gdb�[ueZ�ih^jh[gh�^_lZebabjh\ZgZ�\�jZ[h-
l_� >�@�� ]^_�lZd`_�[ueh�ijh^_fhgkljbjh\Zgh�__�ij_bfms_kl\h�\�kjZ\g_gbb�k�^jm]bfb�iylvx��ba-
\_klgufb�ih�ebl_jZlmj_�hp_gdZfb�kbgojhgghklb�

<�^Zevg_cr_f�wnn_dlb\ghklv�dhjj_eypbhgghc�kbgojhgghklb�[ueZ�ijh^_fhgkljbjh\ZgZ�gZ
ijbf_jZo�^bnn_j_gpbZpbb�nmgdpbhgZevguo�khklhygbc�>��@�b�\uy\e_gby�jZaebqbc�f_`^m�]jmiiZ-
fb� ghjfu� b� jy^Z� ikbobZljbq_kdbo� iZlheh]bc� >���� ��@�� ]^_� wlhl� ihdZaZl_ev� ijh^_fhgkljbjh\Ze
ijb[eb`Zxsmxky�d������gZ^_`ghklv�jZkihagZ\Zgby�]jmiih\uo�jZaebqbc��qlh�kms_kl\_ggh�ij_-
\urZeh�ba\_klgu_�ih�ebl_jZlmj_�ij_^u^msb_�ZgZeh]bqgu_�ihiuldb�k�bkihevah\Zgb_f�^jm]bo�ih-
dZaZl_e_c�

<?C<E?L�:G:EBA�WW=
K�k_j_^bgu������o�]h^h\�\�aZjm[_`guo�im[ebdZpbyo�ihy\eyxlky�bkke_^h\Zgby�WW=�k�bg-

gh\Zpbhgguf� bkihevah\Zgb_f� \_c\e_l�ij_h[jZah\Zgby� >��@� dZd� Zevl_jgZlb\u� deZkkbq_kdhfm
ki_dljZevghfm�ZgZebam��qlh�y\behkv�aZbfkl\h\Zgb_f�lZd`_�ba�l_ogbq_kdbo�ijbeh`_gbc��Kh�agZ-
qbl_evghc�\j_f_gghc�aZ^_j`dhc�wlhl�f_lh^�gZqbgZ_l�ihy\eylvky�b�\�hl_q_kl\_gguo�jZ[hlZo� >�@�
>Ze__�ihlhd�lZdbo�bkke_^h\Zgbc�klZe�gZjZklZlv�ih^h[gh�kg_`ghfm�dhfm��<�jZ[hl_�>��@�[ueb�jZk-
kfhlj_gu�iehoh�hk\_s_ggu_� \� ebl_jZlmj_� k\hckl\Z� \_c\e_l�ij_h[jZah\Zgby�b� k\yaZggZy� k� wlbf
h[rbjgZy�fbnheh]by��\ujZ`ZxsZyky�\�\u^Zq_�`_eZ_fh]h� aZ�^_ckl\bl_evgh_��ih^f_g_�ihgylbc�
lmfZgguo�nhjfmebjh\dZo�b�ihykg_gbyo��fgh]hqbke_gguo�ijbgpbibZevguo�mfheqZgbyo��Ij_`^_
\k_]h��\_c\e_l�ij_h[jZah\Zgb_�g_�y\ey_lky�Zevl_jgZlb\hc�ij_h[jZah\Zgbx�Nmjv_��ihkdhevdm�hgh�
dZd�k\_jldZ�kb]gZeZ�k�\_c\e_lhf��hkms_kl\ey_l�ij_h[jZah\Zgb_�kb]gZeZ�g_�\�qZklhlgmx��Z�\h�\j_-
f_ggmx�`_�h[eZklv��\uihegyy�bkdZ`_ggmx�nbevljZpbx�kb]gZeZ�\�iehoh�hij_^_e_gghf�^bZiZahg_
qZklhl�

<��>��@�[ue�^Zg�ZgZeba�hkgh\guo�bkdZ`_gbc�j_amevlZlh\��g_�`_eZl_evguo�\�bkke_^h\Zgbyo
WW=��\�qbke_�dhlhjuo�����\_c\e_l�ij_h[jZah\Zgb_�ijb\h^bl�d�j_amevlbjmxsbf�mkj_^g_gguf�ih-
]j_rghklyf�� ^hoh^ysbf� ^h� ���� hl� kj_^g_c� Zfieblm^u� kb]gZeZ�� ��� j_amevlZlu� bkihevah\Zgby
\_c\e_lh\�jZaebqgh]h�fZkrlZ[Z�b�qZklhlu�iehoh�khihklZ\bfu�f_`^m�kh[hc�ba�aZ�g_dhgljhebjm_-
fh]h�b�g_ebg_cgh]h�baf_g_gby�qZklhlghc�ihehku�\_c\e_lh\�b�wnn_dlZ�i_j_djulby�qZklhlguo�ih-
ehk��^hoh^ys_]h�^h���������Zfieblm^gh�qZklhlgZy�oZjZdl_jbklbdZ�gZb[he__�ijbf_gbfh]h�d�WW=
\_c\e_lZ�Fhje_� �Morlet�� bf__l� ]Zmkkh\uc� dhehdhehh[jZaguc� \b^�� lh� _klv� dhg_qguc� j_amevlZl
\_c\e_l�ij_h[jZah\Zgby� oZjZdl_jbam_lky� agZqbl_evgufb� Zfieblm^gh�qZklhlgufb� bkdZ`_gbyfb
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^Z`_�\�kjZ\g_gbb�k�deZkkbq_kdbfb�nbevljZfb�����h[uqgh�bkihevam_fh_�d\Z^jZlbqgh_�ij_^klZ\e_-
gb_�rdZeu�Zfieblm^�gZ�kd_ceh]jZffZo�]bi_jljhnbjm_l�\ukhdb_�Zfieblm^u�b�ih^Z\ey_l�^h�ihe-
gh]h�bkq_agh\_gby�kj_^gb_�b�gbadb_�Zfieblm^u�����^ey�^Zgghc�gZmqghc�h[eZklb�ihdZaZgu�ijbg-
pbibZevgu_�ij_bfms_kl\Z�Nmjv_�nbevljZpbb�kh�kdhevaysbf�ijyfhm]hevguf�hdghf�\�qZklhlghc
h[eZklb�\�kjZ\g_gbb�k�\_c\e_l�ij_h[jZah\Zgb_f��qlh�iha\hey_l�ihemqZlv�dhjj_dlgu_�^bZ]jZffu
\j_f_gghc�w\hexpbb�Zfieblm^�madhihehkguo�qZklhlguo�khklZ\eyxsbo�WW=�

IJH;E?F:�HILBF:EVGH=H�J?N?J?GL:
Hl^_evgmx�\_l\v�f_ljheh]bq_kdhc�ijh[e_fZlbdb�khklZ\ey_l�^eb\rZyky�k�gZqZeZ������o�]h-

^h\�g_ij_ju\gZy�^bkdmkkby�h[�hilbfZevghf��`_eZl_evgh�klZ[bevgh�g_cljZevghf�WW=±j_n_j_gl_�
dhlhjZy�lZd�b�g_�ijb\_eZ�d�\ujZ[hld_�dhebq_kl\_gguo�hp_ghqguo�djbl_jb_\�b�klZg^Zjlh\��AZ\_j-
r_gb_�wlhc�^bkdmkkbb�[ue�iheh`_gh�\�bkke_^h\Zgbb�>��@��hkgh\gZy�b^_y�dhlhjh]h�khklhyeZ�\�aZ-
a_fe_gbb�j_n_j_glgh]h�we_dljh^Z��qlh�jZg__�ijb�deZkkbq_kdhc�ko_fhl_ogbd_�[ueh�g_fukebfh�ba
khh[jZ`_gbc�we_dljh[_ahiZkghklb�iZpb_glZ��Ijb�gh\hc�ko_fhl_ogbd_1�klZeh�\hafh`guf�we_dljh-
[_ahiZkgh�h[_ki_qblv�gZ�aZa_fe_gghf�j_n_j_glghf�we_dljh^_�klZ[bevguc�gme_\hc�ihl_gpbZe��qlh
\�hl\_^_gbyo�hl�kdZeviZ�iha\hebeh�j_]bkljbjh\Zlv�lhqgu_�agZq_gby�WW=�ihl_gpbZeh\��;ueb�bk-
ke_^h\Zgu�gZb[he__�jZkijhkljZg_ggu_�\�ijZdlbd_����j_n_j_glguo�ko_f�j_]bkljZpbb�WW=��<�j_-
amevlZl_� mklZgh\e_gh�� qlh� gZb[he__� [ebadmx� d� m^Ze_gguf� hl� kdZeviZ� aZa_fe_gguf� j_n_j_glZf
lhih]jZnbq_kdmx�dZjlbgm�jZkij_^_e_gby�WW=�ihl_gpbZeh\�h[_ki_qb\Zxl�ke_^mxsb_�ljZ^bpbhg-
gu_�j_n_j_glu��h[t_^bg_ggu_�b�bikbeZl_jZevgu_�mrgu_�we_dljh^u�b�hl\_^_gby�\gbam�b�\\_jom
ih^[hjh^dZ��K�^jm]hc�klhjhgu��bkihevah\Zgb_�lZdbo�j_n_j_glh\��dZd�hl^_evgu_�e_\h_�beb�ijZ\h_
mrgu_��gZ�\_jl_dk_��mkj_^g_gguc�j_n_j_gl� �AR���\\_jom�b�\gbam�r_cgh]h�hl^_eZ�iha\hghqgbdZ
ijb\h^yl� \� dZ`^hf� kemqZ_� d� dZj^bgZevgh� jZaebqghc�WW=�lhih]jZnbbb�� qlh� g_ba[_`gh� \_^_l� d
ijhlb\hj_qb\hklb�\u\h^h\��ihemqZ_fuo�bo�bkihevamxsbfb�bkke_^h\Zl_eyfb. Ih^h[gu_�bkdZ`_-
gby� lhih]jZnbb� ijbkmlkl\mxl� b� \� kemqZyo� bkihevah\Zgby� jZaebqguo�f_lh^h\�fZl_fZlbq_kdh]h
dhgkljmbjh\Zgby�lZd�gZau\Z_fuo�©[_kdhg_qgh�m^Ze_gguo�g_cljZevguo�j_n_j_glh\ª�>��@�

H;KM@>?GB?
JZkkfhlj_ggZy�a^_kv�ijh[e_fZ�\�b^_Ze_�^he`gZ�[ueZ�[u�_s_�k����o�]h^h\�ijhreh]h�\_dZ

ijb\e_dZlv�\gbfZgb_�Z\lhjbl_lguo�mq_guo�b�jmdh\h^bl_e_c�\_^msbo�fbjh\uo�eZ[hjZlhjbc�b�bg-
klblmlh\��h[km`^Zlvky�gZ� dhg]j_kkZo�� kt_a^Zo�� dhgn_j_gpbyo�� kbfihabmfZo�f_`^mgZjh^guo�nb-
abheh]bq_kdbo�n_^_jZpbc�b�nbabheh]bq_kdbo�h[s_kl\�djmig_crbo�gZmqguo�^_j`Z\�b�ijb\h^blv
d� khhl\_lkl\mxsbf� hj]ZgbaZpbhgguf� j_r_gbyf� k� kha^Zgb_f�f_`^mgZjh^guo�f_ljheh]bq_kdbo
p_gljh\��dhfbkkbc��jZ[hqbo�]jmii�b�`mjgZeh\��H^gZdh�wlh]h�g_�ijhbahreh��b�h[eZklv�bkke_^h\Z-
gbc�WW=�ij_\jZlbeZkv�\�k\h_h[jZaguc�hldjuluc�bkiulZl_evguc�iheb]hg�^ey�kh\_jr_ggh�ijhba-
\hevguo��aZbfkl\m_fuo�ba�jZaguo�h[eZkl_c�agZgby�ZgZeblbq_kdbo�f_lh^h\��g_�bf_xsbo�gbdZdbo
nbabheh]bq_kdbo�h[hkgh\Zgbc��Ihwlhfm�ihemq_ggu_�k�bo�bkihevah\Zgb_f�j_amevlZlu�b�\u\h^u�\
im[ebdZpbyo��gZ\h^gyxsbo�gZmqgu_�`mjgZeu��y\eyxl�kh[hc�ij_bfms_kl\_ggh�]Zmkkh\hc�rmf�

F_ljheh]bq_kdb_�jZ[hlu�\�[hevrbgkl\_�kemqZ_\�\uau\Zxl�g_ihgbfZgb_�beb�^Z`_�ijyfh_
hllhj`_gb_�k�ihjh]Z�ih�rZ[ehgguf�nhjfmebjh\dZf��Khpbheh]bq_kdb_�b�dhjihjZlb\gu_�ijbqbgu
wlh]h�\iheg_�ihgylgu��gbdlh�g_�[m^_l�aZbgl_j_kh\Zg�\�\uy\e_gbb�ijbgpbibZevguo�g_^hklZldh\�b
ih]j_rghkl_c�f_lh^Z��bkihevah\Zgbx�dhlhjhfm�[ueh�ihk\ys_gZ�ev\bgZy�^hey�`bag_ggh]h�\j_f_-
gb�b�ebqghc�wg_j]bb�fgh]bo�mq_guo��>_ckl\bl_evgh��dZd�ohjhrh�ba\_klgh�kh�\j_f_g�nmg^Zf_g-
lZevguo�bkke_^h\Zgbc�B�I��IZ\eh\Z��h[hjhgbl_evguc�j_ne_dk��\�hlebqb_�hl�ibs_\h]h��\ujZ[Zlu-
\Z_lky�k�i_j\h]h�ij_^ty\e_gby�b�m]ZrZ_lky�djZcg_�f_^e_ggh�^Z`_�ijb�iheghf�hlkmlkl\bb�ih\lhj-
guo�ih^dj_ie_gbc��OZjZdl_jgh�lZd`_��qlh�aZiZ^gu_�dmjZlhju��ke_^ysb_�aZ�jhkkbckdbfb�im[eb-
dZpbyfb�ih�nbabheh]bb��nZdlbq_kdb�b]ghjbjmxl�f_ljheh]bq_kdb_�bkke_^h\Zgby��g_�im[ebdmy�bo
i_j_\h^u� \� ki_pbZevgh� kha^Zgghf� ^ey� wlh]h� `mjgZe_� 1HXURVFLHQFH� DQG� %HKDYLRUDO� 3V\VLRORJ\�

                  
1�Z\lhghfgh_�Zddmfmeylhjgh_�iblZgb_�q_j_a�USB, DC�mkbebl_eb����ijh\h^gZy�j_]bkljZpby�[_a�GND�we_dljh^Z�b��Σ-∆-
ij_h[jZah\Zgb_
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DjZcg_�gZklhjh`_ggh�b�ij_^m[_`^_ggh�hlghkylky�d�ih^h[guf�bkke_^h\Zgbyf�b�ijhnbevgu_�hl_-
q_kl\_ggu_�`mjgZeu�

GZ^_ylvky�gZ�memqr_gb_�^Zgghc�kblmZpbb�\�h[hajbfhf�[m^ms_f��hq_\b^gh��g_�ijboh^blky�
ihkdhevdm�^ey�kha^Zgby�_^bghc�\k_fbjghc�kbkl_fu�f_ljheh]bq_kdh]h�khijh\h`^_gby�b�klZg^Zj-
lbaZpbb�kj_^kl\�ZgZebaZ�WW=�g_h[oh^bfh�ihklhyggh_�p_e_\h_�[x^`_lgh_�nbgZgkbjh\Zgb_��<�gZ-
klhys__�`_�\j_fy�]eZ\guf�bklhqgbdhf�nbgZgkbjh\Zgby�bkke_^h\Zl_evkdbo�dhee_dlb\h\�\�h[eZk-
lb�gZmqghc�we_dljhwgp_nZeh]jZnbb�y\eyxlky�]jZglu��dhlhju_�\u^_eyxlky�ebrv�ih^�dhgdj_lgu_
ehdZevgu_�aZ^Zqb��h[_sZxsb_�[ukljmx�b�j_amevlZlb\gmx�hl^Zqm�
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