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1. INTRODUCTION�%/^IAI�H�901h<�M4>�<�9(5JH�3�, 9N8T2�IA1�<L*(_ H}M^H�>@, 5�H�3`<L9QMN9(HG1�Ct2LI�Z@,.94:61�H�5GE^U
942�_ 2�:�, H�3%E(<K>�Ht84I�H�5J,.84,�1�<L1�H"M}<S>@,.3A, 2�9 V 2LI%/4*(,.-0/(,�1�2�/43l5�2�7684/41�, 9(:
1�E(<L1F, 9(5J_./(M4H�3t<�5�5�HJ3A3F1�2s, 9 V 2LI�7=<L1�, 2�9|<�90X@1�, 76H�a@<�9(M|<L9@X@CFE4HJI�H�[
{�9]<;8THJI V H�5G1=/(*(,.-0/(,�1�2�/(3}H�9@>@,�I�2�9476H�901i1�E(H�M4H�>@, 5�H�36, 901�H�:�I�<K1�H
1�E4H�763AH�_ >�H�3Y, 901�2w1�E4HNI�H"<�_`C%2�I�_.M�3AH"<�76_ H�3A3A_�X����"�K�m[�u�2"CtHJ>�HJI"a
M^H�>�H�_ 2�8(, 9(:O<�848(_ , 5"<L1�, 2�943 V 2LI�/(*(,.-0/(,�1�2�/(3S5�2�7684/41�, 9(:=EQ<L3`*TH�H�9
8^I�2K>�H�963A, :�94, �(5"<�901�_�X6762LI�H+5�2�768(_ HJgc1�EQ<L9OM^H�>�H�_ 2�8(, 9(: V 2�If3�1�<L94U
M4<LI�M|3�X^3�1�H�763�a43A, 9(5�Hh1�E4HJXYEQ<">�H`1�2}5�2�8THhCF, 1�EOI�H�5�/4IAI�, 94:65JI�2�3A3�U
5J/41A1�, 9(:}5J2�9(5JHJI�9(3�a4_ ,.Z�Hh762�*(, _ ,�1�XO<�9(M|<�M(<�8^1�<L1�, 2�9b[

�tE(H�kSph�^��� ���b8Q<KI�<�M4, :�7�EQ<L3tH�76HJI�:�H"M=<�3f<�84I�2�76, 3A,.94:s76H�<�9(3
V 2LI�3AH�8(<LI�<K1�,.94:D5J2�9(5JHJI�9(3=1�EQ<K1|5�/^1�<L5JI�2�3A3�<�9�H�901�,�I�HR3�X43�1�HJ7�a
CFE(, _ HRI�HJ1�<�, 9(, 94:�1�E(HR84I�, 9(5J,.84_ H;2 V 1�E(HRH�945"<�843A/(_.<L1�, 2�9�2 V 5�2�9^U
5�HJI�943�[d{�9}HJ3A3AH�9(5�H�a@, 1e84I�2K>@,.M4H�3v76H�5�EQ<L9(, 3A763 V 2�Ie1�E(HF3�X^3�1�H�7=<L1�, 5
,.M4H�901�,��Q5�<L1�, 2�9baj762@M4/(_.<KI�,.3�<K1�, 2�9�ajI�H�8^I�H�3AH�901�<L1�, 2�9?<L9QMN5�2�768T2�3A,�U
1�, 2�9�2 V 5JI�2�3A3A5�/41A1�, 9(:65J2�9(5JHJI�9(3�[

{�9s5�/4IAI�HJ9@1d3�1�<K1�Hf2 V 1�E4Hf<LIA1e<L3A8TH�5J1v_.<�9(:�/Q<L:�H�3�a@_ , Z�HfkS3A8TH�5J1� }� ¡K�oa
1�E(Hs76H"<�943`84I�2K>@,.M4H"M V 2LIh1�E(Hs3A8TH�5�,��Q5"<K1�, 2�9�2 V 84I�H�M4, 5"<L1�HJ3`1�EQ<L1
,.M4H�901�, V X¢I�H�_ H�>�<�901hz�2�, 9�8T2�, 901�3Nn£,o[ H�[ aS8T2�, 901�5�/^1�3�rsI�H�_ ,.HJ3O7=<L,.94_�X
2�9N1�E4Hs3�1�<K1�,.5s_.<�9(:�/Q<L:�Hi5J2�9(3�1AI�/45J1�3`2 V 1�E4Hc*(<�3AHs5�2@M4H�aj3A/45GE;<L3
76HJ1�E42@M?5"<�_ _ 3�ae2�I6<L5�5�H�3A3i2 V �QH�_.M^3�[?q�2�, 9@1�5J/41iM4HJ�(9(,�1�, 2�9(3c_.<�5�Z
<�8484I�2�84I�,.<L1�HsHJg^84I�H�3A3A, 2�9¤76H�5�EQ<�94, 3A763 V 2�IcM4HJ3A5JI�, *(, 9(:Y5�2�945�HJI�943
I�H�_.<L1�H�MD1�2?3A8TH�5J, �(5RM42�7=<�, 9(3�[¥�@, 9(5�H�8T2�, 9@1�5J/41�3=<LI�HR<K1Y<?_ 2"C
_ H�>�H�_d2 V <�*43�1AI�<�5J1�, 2�9�al<L9¤HGg484_ ,.5J, 1�7=<L8(84,.94: V I�2�7¦1�E4H�7W1�2Y1�E(H
8Q<KIA1�3l2 V 1�E(He<�8(84_ ,.5�<L1�, 2�9iCFE4HJI�H%5GI�2�3A3A5�/^1A1�,.94:`*TH�E(<K>@, 2�/^Il3AE(2�/(_.M
*TH`<L8(84_., H"Mja@, 3%I�H"-0/(,�I�H"M V I�2�7§1�E(H+<�848(_ , 5"<L1�, 2�9�M4HJ>�H�_ 2�8THJI"[v�tE4, 3
_ H"<�M^3f1�2iHJIAI�2�9(H�2�/(3F<�848(_ , 5"<L1�, 2�9(3�aQ3A, 945�H%z�2�, 9|8T2�, 901�3f76, :�E01fH"<L3�U
, _�X�*THc76,.3A3AH�M�<�9(M�5JI�2�3A3A5�/^1A1�, 9(:=*TH�EQ<">@, 2�/^I`<K1�I�H�_ H�>�<�901+8(_.<�5�HJ3
76, :�E01F9(2L1F*TH�<�848(_ , H"Mb[

{�9B2�/4IO<L8(84I�2�<�5�E�aFCtHN2K>�HGI�5�2�76H�1�E4H�3AHN84I�2�*(_ H�763=*0XB8^I�2L>@,.M^U
, 9(:6<s9(HJC¥84I�2�:�I�<L7676,.94:}762@M4HJ_ V 2�I+/(*4,x-0/4, 1�2�/(3f5�2�768(/^1�,.94:i, 9
CFE(, 5�E|<�84I�2�:�I�<L7676HJIt, 3t:�,.>�H�9O76H�<�9(3v1�2s,.M^H�901�, V X=5JI�2�3A3A5J/41A1�, 9(:
*TH�E(<K>@, 2�/^I6*Q<L3AH"Mw2�9¨1�E(HO3AH�7=<�901�, 5�3}2 V 1�E4H�<�848(_ , 5"<L1�, 2�9�[w\�H
HJg^8TH�5J1�1�E(<L1h1�E(, 3c<�8484I�2�<�5�E?CF, _._tM4H�5JI�H�<�3AHYM4H�>�H�_ 2�8(76HJ9@1�1�,.76H�a
<�9(MO, 9(5GI�H"<�3AHh1�E(H+1�,.76HJ_., 94H�3A3+2 V <�848(_ , 5"<L1�, 2�9RM4H�84_.2"X^76H�901"[

�tE(HtI�HJ3�1%2 V 1�E(, 3d8Q<�8THGIe, 3v3�1AI�/(5J1�/^I�H"M}<L3 V 2�_ _ 2"CF3�[f�@H�5J1�, 2�9=¡`M^, 3�U
5�/43A3AH�3�1�E(He5JI�2�3A3A5�/^1A1�, 9(:�5J2�9(5JHJI�9(3�CFE4, 5GEc76, :�E01d<LI�, 3AHt, 9c/(*4,x-0/4, U
1�2�/43t<L8(8(_ , 5"<K1�,.2�9(3f<L9QM6M^H�3A5JI�, *TH�3e1�E4H+94H�H"M V 2�IfM^2�7=<L,.9^Um3A8TH�5�,��Q5
8T2�, 901�5�/^1�3�[O�^H�5J1�, 2�9¨�O8^I�H�3AH�901�3�2�/4Ic<L8(8^I�2�<�5�E�, 9�M^HJ1�<�, _£[|�^H�5GU
1�, 2�9¤��M4HJ3A5JI�, *TH�3`I�H�_.<L1�H"MRCt2LI�Zj[}��, 9Q<�_ _�X0a��^H�5J1�, 2�9�©=5�2�945�_ /QM4HJ3
CF,�1�EN<}M^,.3A5J/(3A3A, 2�9N2 V 8T2�3A3A, *(_ H�, 768(_ H�76H�901�<L1�, 2�9O1�H�5�E(94,x-0/4H�3 V 2LI
2�/^I+<�8(8^I�2�<L5GEb[

2. BACKGROUND{�9|2�I�M4HGIS1�268^I�2K>^,.M^Hh<}5�2�901�HJg@1 V 2LI+1�E4, 3FC%2�I�ZTa(1�E4, 3S3AHJ5J1�, 2�9RM4HGU
3A5JI�, *TH�3f1�E(H�5�2�945�HJI�9(3f1�E(<L1S<LI�, 3AH�, 9|/4*(,.-0/(,�1�2�/43f5�2�7684/41�, 9(:s<�8^U
8(_ , 5"<K1�,.2�9(3�aj<L9QM|, _ _ /(3�1AI�<K1�H�3+1�E4H�M4HJ�(5�, H�9(5JXY2 V 8T2�, 901�5�/41SHJg^84I�HJ3�U
3A, 2�943+, 9|5J/4IAI�H�901SkSp`q¢_.<L9(:�/(<�:�H�3�[

2.1 Concerns in Ubiquitous Computing)�*4,.-@/4,�1�2�/(3d5�2�768(/^1�,.94:�5�2�9(5�HGI�9(3v<LI�HS<�:�:�I�<">�<L1�H"M}*0X�1�E(HtI�<L9(:�H
2 V 84I�205�HJ3A3A,.94:�5�2�9(3�1AI�<L,.901�3�2 V 1�E4H%M^H�>@,.5JH�3�2�9�CFE(, 5�Ec1�E4H%<L8(84_., 5"<KU
1�, 2�943dI�HJ3A,xM^HF<�9(Ms*0X�1�E(H%CF,�I�H�_ H�3A3v9(HJ1�Ct2LI�Z^3d, 9sCFE4, 5GEi1�E4HJXc5�2�7}U
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7s/(94,.5�<L1�H�[��|2�*4,._ ,�1�XD, 9�/(*4,x-0/4, 1�2�/(365�2�768(/^1�,.94:�<L8(8(_ , 5"<K1�,.2�9(3
HJ9(5�2�768Q<�3A3AHJ3�5�2�945�HJI�943�I�H�_.<L1�H"Mh1�2F1�E(HeM^X^9Q<L76,.5J, 1�Xh<KI�,.3A, 94: V I�2�7
1�E4HYM4, >�HJI�3A,�1�X¤2 V M^H�>@,.5JH�3i<L9QM?1�E4H V I�H"-0/(HJ9(5JX¤2 V 5�EQ<�94:�, 9(:NHJ94U
>@,�I�2�9476H�901�3�[%�%2�9(5JHJI�9(3S3A/(5�EN<�3fI�2�<�76, 9(:^aT<�M@UmE(205h9(HG1�Ct2LI�Z@,.94:4a
_ , 76,�1�H"M?5�2�9(94H�5J1�, >@, 1�X0a�_ 205"<K1�,.2�9�av84I�2"g^, 76,�1�X0a�3AHJI�>@,.5JHOM^, 3A5�2K>�HJIAX0a
-0/(<�_ ,�1�X¢2 V 3AHJI�>@, 5�H�aF3AHJ5�/4I�,�1�XB<�9(MDE4HJ1�HJI�2�:�H�9(HJ, 1�X]<KI�H�I�H�_ H�>�<�901
E4HJI�H�[S�tE4Hs<KI�H"<62 V 5�2�9@1�HGg^1�/(<�_bI�H"<�3A2�9(, 9(:=, 3`<}5�HJ9@1AI�<L_�5�2�9(5�HJI�9
, 9N/4*(,.-0/(,�1�2�/43+<L8(84_., 5"<K1�, 2�9(3�[��|2@M4/(_.<KI�,.3A, 94:O5�2�901�HJg@1+, 901�2}762LI�H
M^HJ�Q94H"M}5�2�9(5�HJI�943%3A/45GEY<�3e/(3AHJI%5�2�901�HJg@1"a03A205J,x<L_j5�2�901�HJg@1"a@M^H�>@,.5JH
5J2�901�HJg@1"a^3�X43�1�HJ7 5�2�901�HJg@1"a@1�H�768T2LI�<�_j5�2�901�HJg@1"a4<�848(_ , 5"<L1�, 2�9�3A8THJU
5J, �(5f5�2�901�HJg@1d<L9QMcH�9@>^,�I�2�9(76H�901�<�_05J2�901�HJg@1dH�9Q<L*(_ H�3d<L8(8(_ , 5"<K1�,.2�9(3
1�2i5"<�8^1�/4I�H�<�9(MO3AH�8(<LI�<K1�H�1�E4H�3AH`5�2�9(5�HGI�9(3F, 9QM4HJ8TH�9QM^H�901�_ X0[

{�9(H�>@,�1�<�*4_�X0afZ@9(2"CF_ H"M4:�H¤<L*T2�/^1Y1�E4H�3AHN5�2�9(5�HJI�943=5JI�H�H�8�, 901�2¨<�_ _
8(<LIA1�3c2 V 1�E4H684I�2�:�I�<�7�[|�tE(, 3�I�H�3A/(_�1�3�, 9�5�2@M^H=1�<L9(:�_., 94:�CFE(, 5GE
7=<LZ�H�3h762@M^, �(5"<L1�, 2�9�<�9(M¤HJg@1�H�943A, 2�9¨M^,��}5�/(_�1"[=�tE4H6/(3AH}2 V <�3�U
8THJ5J1h2�I�, H�901�H"MR1�H�5�E(9(,.-0/(HJ3+1�2|3AHJ8Q<LI�<K1�H}/(*4,.-@/4,�1�2�/(3�5�2�7684/41�, 9(:
5J2�9(5JHJI�9(3SEQ<L3S*THJH�9�84I�2K>�HJ9O1�2}H�94EQ<L9(5�H`1�E4H`762@M4/4_x<KI�, 3�<L1�, 2�9N2 V
1�E4H�<�848(_ , 5"<L1�, 2�9 V /(945J1�, 2�9(<�_ ,�1�X¤� ���L�o[

2.2 The need for Declarative PointcutskSp`q , 3i5�EQ<KI�<�5J1�HGI�,.3AH�M¢*0X?1�E4H|M^H�3A,�I�HY1�2;7=<�Z�HY8^I�2�:LI�<�7676, 9(:
3�1�<K1�H�76H�901�3f, 9|1�E(H V 2�I�7 � �L�o�
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{�9N1AI�<�M4,�1�, 2�9(<�_vkSp`q]_.<�9(:�/Q<L:�H�3h_ , Z�H}kS3A8TH�5J1� 4a21§, 3`1�E4Hi<L8(8(_ ,�U
5�<L1�, 2�9=, 9=<h_x<L9(:�/Q<�:�H+5J2�768(_ ,.<�*4_ HSCF,�1�E61�E(HFkSp`q?5�2�768(, _ HJI%<�9QM
C%H"<">�HJI"a�3�, 3f<�8T2�, 901�5�/41%3A8TH�5�,��QH�M=, 9=1�E(H+kSp`q�_x<L9(:�/Q<�:�H�3�z�2�, 9
8T2�, 9@1S762@M^H�_£aQ<L9QM54�,.3f1�E4H�<�M4>@, 5�Hh, 9|1�E4H�k+p`qw_.<�94:�/Q<L:�H�[76eX
3AHJ8Q<LI�<K1�, 9(:�1�E4Ht5�2�768T2�9(H�901�3�aL1�E(HJX�3�1�, _ _^5�2�7684_ XhCF,�1�Ec1�E(Hf<L*T2L>�H
M^HJ�Q94,�1�,.2�9�a0*4/41v<L_._ 2"C�<`:LI�H"<L1�HJIe3A5�2�8TH V 2�Ie1�E(Hf76H�5�EQ<L9(, 3A7~/(3AH"M
1�2O3A8TH�5�, V XRE42"Cha�CFE4H�9?<L9QMNCFEQ<K1`1�<�Z�HJ3h8(_.<�5�HcCFE(H�9;5JI�2�3A3A5�/41AU
1�, 94:}5�2�945�HJI�943+<KI�, 3AH�[

)+9 V 2�IA1�/(9(<L1�H�_�X0a�762�3�1s<�3A8TH�5G1i_.<�94:�/(<�:�HJ3i84I�2�8T2�3AH"M¤3A2 V <LIcI�H�_�X
1�202h7s/(5�Ei2�9i1�E(Hf*(<�3AHF84I�2�:�I�<�763�P�3�1�<L1�, 5F3�1AI�/(5J1�/^I�Hh���K¡K�o[eq�2�, 901AU
5J/41�3O<LI�H;5�/4IAI�H�901�_�X�M^HJ�Q94H"MB, 9�762�3�1|<�3A8THJ5J1AUm2�I�, H�901�H"M V I�<L76HJU
C%2�I�Z@3dH�,�1�E(HJId*0XhCt<"Xc2 V _.<�*T2�I�, 2�/(3dH�9@/(76HJI�<K1�, 2�9c2�Iv*0XhI�H V HJIAI�, 94:
1�2+3A2�76Ht3�1AI�/45J1�/4I�He2 V 1�E(Ht5�2@M^H`���J�o[d�tE4,.3d_ H"<�M43�1�2�8T2�, 9@1�5J/41dM^H�5JU
_.<KI�<L1�, 2�943+CFE(, 5�E�<KI�HhEQ<LI�M^HJIF1�2iCfI�,�1�H�<�9(M|<LI�H�<L_ 3A263A/(3A5�H�8^1�, *(_ H
1�2i5GE(<�9(:�H�3f1�2i1�E(H�*Q<�3AHc<L8(8(_ , 5"<K1�,.2�9(3�[

�tE4Hs94H�H"M V 2�I`8T2�, 9@1�5J/41�3FCFE(, 5GERM^,�I�H�5J1�_�X�HJg^8^I�H�3A3+1�E4Hh84I�2�8THGIA1�X
1�E4HJX|<LI�Hh, 901�HJI�H�3�1�H"M|, 9baQ, 3F,xM^H�901�,��QH"M|, 9�� 8K�m[%�tE(HJ3AHsM^H�5�_.<LI�<K1�, >�H
8T2�, 9@1�5J/41�3�5�<�9�*THe3A8THJ5�,��QH"M`*0X`76H�<�9(3b2 V 3AH�7=<L9@1�, 5v84I�2�8THJIA1�, H�3�2 V
1�E4H`<L8(8(_ , 5"<K1�,.2�9�[%�tE(H�3AH�5�2�943�1AI�/(5J1�3fM^2i942�1tI�H�_�X=2�9O1�E(H+3�X^9@1�<Kg
2 V 1�E(Hh*(<�3AH�<�848(_ , 5"<L1�, 2�9R<�9QMY1�E(HJI�H�*0XY, 7684I�2K>�H�1�E4H�I�H�/43�<�*(, _ ,�1�X
<L9QMOI�2�*(/43�1�9(H�3A3F2 V <�3A8TH�5J1�3�[

3. UILE: AN AOP FRAMEWORK FOR UBIQ-
UITOUS COMPUTING{�9O2�/4IF<L8(8^I�2�<�5�E�a0C%H`H�9@>@, 3�<�:�H�< V I�<�76HJC%2�I�Z}1�EQ<K1t, 3F<�5J5�H�3A3A, *(_ H

1�2f1�E4HeM^H�>�H�_ 2�8THJI�3�CF,�1�E(, 9h1�E(, 3�M42�7=<L, 9`CFE(2F76, :�E01�E(<">�Hd_.,�1A1�_ Hv2�I
942|Z@9(2"CF_ H"M^:�H62 V kSp`ql[9�|2LI�H6, 9@1�/4,�1�,.>�H�a�<L9QM;M42�7=<�, 94Um3A8TH�5�,��(5
5J2�9(3�1AI�/45J1�3�a^5�2�/48(_ H"M6CF,�1�EY1�E4H�M^H�>�H�_ 2�8THGI�3fHJg^,.3�1�, 94:sZ@9(2"CF_ H"M^:�H�a
3A, 7684_., V X�<�848(_ , 5"<L1�, 2�9yM^H�>�H�_ 2�8(76H�901"[y�tE(H�3AHR5�2�9(3�1AI�/45J1�3O3�1�<K1�H
E42"C�<�9(MsCFE(HJ9}1�2s<L8(84_ Xi<h5JI�2�3A3A5J/41A1�, 9(:�*TH�E(<K>@, 2�/^I%, 9}1�HJI�763d2 V
1�E4He3AHJ7=<�901�, 5�3�2 V 1�E4H%<L8(8(_ , 5"<K1�,.2�9�a�H�[ :4[ a�5GE(<�9(:�H�3�1�2F1�E(Hd_ 205"<K1�,.2�9
2 V <�/(3AHJIs2�Ic1�2N9(HJ1�Ct2LI�Z�<�5J5�H�3A3�[¤�tE(HY<�848(_ , 5"<L1�, 2�9DM^H�>�H�_ 2�8THJI

3AE(2�/(_.M|*THh<L*(_ H`1�2}HJg^8^I�H�3A3S<i3�1�<L1�H�76HJ9@1F, 9Y1�E(H V 2LI�7��

�����#���� ���+'����;:<�����>=?��@��!���'&%��#�A!	�&�#����
��B�!(:'��'���C�D��'�����$/@��!���'&%��#��E
$���'��GFIH���,/��(
��!#'+.

\�H}<LI�H=/(3A, 9(:�M4H�5�_.<KI�<L1�, >�H68T2�, 901�5�/^1�3Y� 8K� V 2LIc/(*(,.-0/(,�1�2�/(3�5�2�7}U
8(/^1�, 9(:4a�CFE(, 5GEy3A/(848T2�IA1N1�E(H?,xM^H�901�,��Q5"<K1�,.2�9 2 V z�2�,.948T2�, 901�3R*@X
1�E(HJ, Is3AH�7=<L9@1�, 568^I�2�8THJIA1�, H�3�[;�@, 9(5�H61�E(H=M^2�7=<L,.9?2 V /(*4,.-@/4,�1�2�/(3

JF���Q���K�LKDMNJ��K�T�¤��Oc�Q�#PCQY�#R#S��UT��&R�T����K�

5�2�768(/41�, 94:Y, 3`HGg^1�HJ9(3A, >�H�aj,�1h, 3h, 768T2�IA1�<L9@1 V 2LIh1�E(Hc_.<�9(:�/Q<L:�Hi1�2
V <L5�, _ , 1�<K1�H�HJg@1�H�9(3A, *(, _ ,�1�X0[v�tE4Hh<�848(_ , 5"<L1�, 2�9RM^H�>�H�_ 2�8THJIF3AE(2�/(_.MO*TH
<�*4_ H=1�2NHGg^1�HJ9QM¤1�E4H6_x<L9(:�/Q<�:�H|*0X¤M4HJ�(9(, 9(:R<�M(M^, 1�, 2�9Q<�_%M4H�5J_x<KIAU
<L1�, >�HY8T2�, 901�5�/^1�3}<�9(M¨<�*43�1AI�<�5J1�, 2�9¢76H�5�EQ<L9(, 3A763hCF, 1�E¢76, 9(, 7=<�_
HWVj2LIA1h<�9(M�, 9¤<}1�, 76H�_�X�7=<L9(94HJI"[F{�9N2LI�M4HJI+1�2O<L5GE4, H�>�H�1�E(, 3�aQCtH
84I�2�8T2�3AHR< V I�<�76HGCt2�I�ZwCFE(, 5�EB, 3YM4H�84, 5J1�H"Mw,.9B��, :�/4I�H���[��tE(H
V I�<L76HJCt2LI�ZN, 3`5�2�768^I�, 3AH"M�2 V 1�E(Hs<�3A8TH�5G1h_.<�9(:�/Q<L:�H�a�<Y7=<L8(84,.94:
5�2�768T2�9(HJ9@1O<L9QM]<|z�2�, 9�8T2�, 901 V I�<�76HGCt2�I�ZT[��tE4HR<�848(_ , 5"<L1�, 2�9
M4HJ>�H�_ 2�8THJI�*(/(, _.M43O8Q<KIA1�3�2 V 1�E(H¤<�8(84_ ,.5�<L1�, 2�9¥CFE(HJI�H¤5JI�2�3A3A5�/^1AU
1�, 9(:�*TH�E(<K>@, 2�/^It76, :�E01e205�5�/^I%CF,�1�E(, 961�E(Hlz�2�, 9(8T2�, 901 V I�<�76HJC%2�I�ZT[
�tE(Hs*(, 9QM^, 9(:�3+*THJ1�C%H�H�9N1�E(Hs<�848(_ , 5"<L1�, 2�9?<L9QM�1�E(Hc5JI�2�3A3A5J/41A1�, 9(:
*TH�E(<K>@, 2�/^I�, 3c3A8THJ5�,��QH"MRCF, 1�E¤1�E(H6M^2�7=<�, 9;3A8TH�5�,��Q5=<L3A8TH�5J1c_.<�9^U
:�/(<�:�H�[

�(2LIi1�E(HYM^2�7=<�, 9^U�3A8THJ5�,��Q5Y<�3A8TH�5G1}_.<�94:�/Q<L:�H�aeCtHY, 9@1�HJ9QM¤1�2;M4HGU
>�H�_ 2�8s2�9i<L9sHJg^, 3�1�, 9(:+kSp`q V I�<�76HGCt2�I�ZTa�3A/(5�Ei<L3lk+3A8THJ5J1� 4aL, 9s2LIAU
M4HGIl1�2�7=<�Z�H%/(3AH%2 V HGg4, 3�1�, 9(:+CtH"<">�HJI�3�[d�^, 9(5�He1�E(H�3AHt:�H�9(HGI�<�_^8(/4IAU
8T2�3AH6_.<L9(:�/(<�:�H�3i8^I�2L>@,.M4Hi2�9(_�X;_ 2"CfU�_ H�>�H�_%_.<�94:�/(<�:�H=5�2�9(3�1AI�/45J1�3�a
1�E(HRM^2�7=<L,.9^Um3A8TH�5�,��Q5N942�1�<L1�, 2�9(3Y2 V 2�/^IO_.<L9(:�/(<�:�H¤94H�H"MD1�2¨*TH
7=<�848TH"Mc1�2+1�E(H�,�IvH"-0/(, >�<�_ H�901v8T2�, 901�5�/41v<L9QM}<�M4>@, 5�HfHJg^84I�H�3A3A, 2�9(3�[

�tE(, 3l7=<L8(8(, 94:S, 3l<L5GE4, H�>�H"M�*0X`1�E(HX��<�848(, 9(:��%2�768T2�9(H�901�CFE4,.5�E
,.M4H�901�,��QHJ3v1�E4HtI�H�_ H�>�<L901bz�2�, 9=8T2�, 901�3e/43A, 9(:`1�E(H�z�2�, 968T2�, 901 V I�<�76HGU
Ct2LI�ZT[d��, :�/4I�H+¡+3AE42"CF3e<L9}HJg4<�7684_ H%1AI�<�943A_x<K1�, 2�9 V I�2�7�<`M42�7=<�, 9
3A8TH�5�,��(5s5�2�9(3�1AI�/45J1`2 V 2�/4I+_x<L9(:�/Q<�:�Hs1�2Y<�9;kS3A8TH�5J1� =5�2�7684_.,.<L9@1
8T2�, 901�5�/^1"aQ*Q<L3AH"M�2�9R<L*(3�1AI�<L5J1`5�_.<L3A3AH�3`2 V 1�E4Htz�2�, 9R8T2�, 901 V I�<�76HGU
Ct2LI�ZT[f��2=M^HJ�Q94H`9(HJC M4HJ5�_.<LI�<L1�, >�H�8T2�,.901�5�/^1�3�a(1�E4H�M4H�>�HJ_.2�8THJIS, 3
2�94_�XOI�H"-0/4, I�H�MY1�2684I�2K>@,.M4Hh<L9N<�3A3A205J,x<K1�, 2�9;*THJ1�C%H�H�9|1�E4HhM4H�5J_x<KIAU
<L1�, >�Hh8T2�, 9@1�5J/41S<�9(MO5�_.<L3A3AH�3�2 V 1�E(Htz�2�, 9�8T2�, 901 V I�<L76HJCt2LI�Zj[

�tE(Hsz�2�, 9D8T2�, 901 V I�<L76HJCt2LI�Z¢2#VjHJI�3=<�*43�1AI�<�5J1=5J_x<L3A3AH�361�2¤CFE4,.5�E
1�E(HYM^2�7=<�, 9^U�3A8THJ5�,��Q5Y8T2�, 901�5�/41�3s<LI�HY7=<�848TH"Mb[¤�tE(HOM4HJ>�H�_ 2�8THJI
8(_.<L5�H�3�1�E(H;8Q<KIA1�3�2 V 1�E(H¤<�848(_ , 5"<L1�, 2�9 <L1�CFE4, 5GE¥5JI�2�3A3A5J/41A1�, 9(:
V /49(5J1�, 2�9Q<�_ ,�1�X}3AE(2�/4_.M=*TH+<�848(_ , H"Mba@, 9=<L8(84I�2�84I�,.<L1�H+8(_.<�5JH�3%, 961�E(H
V I�<L76HJCt2LI�ZT[¢�tE(H V I�<�76HJC%2�I�ZTP 365�_.<�3A3AH�3=2�8THJI�<L1�H|<�36E(202�Z@3 V 2LI
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1�E4HFM4H�5J_x<KI�<L1�, >�HF8T2�, 901�5�/^1�3eM^HJ�Q94H"M�,.9s1�E(HF<�3A8THJ5J1%_.<L9(:�/(<�:�H�[ 6eX
/43A, 9(:s1�E4, 3 V I�<�76HGCt2�I�ZTa^1�E(H�M4H�>�HJ_.2�8THJIF5"<L9O*TH`HJ9(3A/4I�H�M=1�E(<L1F9(2
I�HJ_.HJ>�<L9@1vz�2�, 9N8T2�, 901�3�<KI�Hc76, 3A3AH"MYCF, 1�E42�/^1+1�E4Hh9(H�H"M V 2�I+HJg^8(_ , 5JU
,�1�_�XOH�9@/(76HJI�<K1�,.94:}<L_._jI�H�_.<L1�H�M�76HJ1�E(2@M^3f<�9(M|5�_.<�3A3AH�3�[

�^I�2�7§1�E4H+8^I�2�8T2�3AH"M V I�<�76HJC%2�I�ZTa@2�8THJ9|-0/(HJ3�1�,.2�9(3%<LI�, 3AH�a^762�3�1�_�X
8THGIA1�<�, 9(, 9(:Y1�2Y1�E4Hi, 768(_ H�76HJ9@1�<K1�, 2�9�[h��, I�3�1�_�X0ab_.<�94:�/Q<L:�H6HJg@1�H�9^U
3A, *4,._ ,�1�XO, 3S<cI�H"-0/(,�I�H�76HJ9@1t,.9O3A/(5�E�<}M@X^9Q<�76, 5�M42�7=<L, 9|<L3S/4*(,.-�U
/4,�1�2�/(3%5�2�7684/41�, 9(:^[d�tE(H+76H"<�943%*0X}CFE(, 5�E=HJg@1�H�9(3A, *(, _ ,�1�X=, 3t8^I�2�U
>@,.M4H�My, 3RM4H�8THJ9QM(<L901N2�9¥1�E(H?, 7684_.HJ76H�901�<L1�, 2�9¥2 V 1�E4H�<L3A8TH�5J1
_.<L9(:�/(<�:�H�[ {�768(_ H�76HJ9@1�<K1�, 2�9DM4H�5�, 3A, 2�943|E(<K>�H;*THJH�9],.M4H�901�,��QH�Mba
<L9QMN8T2�3A3A, *4_.Hi<�8484I�2�<L5GE4H�3h<KI�HiM^,.3A5J/(3A3AH"MR, 9?�@H�5J1�, 2�9R�^[hq�2�1�HJ94U
1�,.<L_Q1�H�5GE49(,.-0/(H�3 V 2LI%1�E4HSI�H"<L_ ,.3�<K1�, 2�9|2 V 1�E(H+<�3A3A205�,.<L1�, 2�9|*THJ1�CtH�H�9
M^H�5�_.<LI�<K1�, >�HR8T2�, 901�5�/41�3=2 V 1�E4HN<�3A8THJ5J1|_.<L9(:�/(<�:�H¤<L9QMw1�E(H}z�2�, 9
8T2�, 9@1 V I�<�76HJC%2�I�ZO<LI�Hh2�8THJ9|1�2i, 9@>�H�3�1�, :�<K1�, 2�9�[

4. RELATED WORK{�9c1�E4, 3�3AH�5J1�, 2�9ba�C%H V 205J/(3l2�9s<�8484I�2�<�5�E(H�3�1�2"Ct<LI�M43l762LI�HeHGg48^I�H�3�U
3A, >�H�8T2�,.901�5�/^1�3�<L9QM V I�<�76HJC%2�I�Z@3�3A/48(8T2�IA1�, 94:}1�E(HcM4H�>�H�_ 2�8(76HJ9@1
2 V M42�7=<�, 94Um3A8TH�5�,��(5`_.<�9(:�/Q<L:�H�3�[

�tE4H`/(3AH�2 V M^H�>�H�_ 2�8THJIAUmHJg@1�H�9(3A, *(_ H+84I�2�:LI�<�7 <L9(942�1�<L1�, 2�9(3F, 9Y1�E4H
*(<�3AH`5J2@M4H V I�2�7 CFE(, 5�Esz�2�, 9|8T2�,.901�3f5"<L9O*TH�3A8TH�5�,��QH"MY*0X676H"<�943
2 V 3AHJ7=<�901�, 5+8^I�2�8THJIA1�, H�3t2 V 1�E4HF84I�2�:LI�<�763%Ct<�3fM^, 3A5�/(3A3AH"M6, 9R�����J�
<L9QM|762LI�H�I�H�5�HJ9@1�_�XY, 9R�^HG1�8T2�, 901�� �G�o[

�@HJ1�8T2�, 901R���J�S, 3Y<�9D<�3A8TH�5J1Y2LI�,.HJ9@1�H�M V I�<L76HJCt2LI�Zw*(/(, _�162�9D1�2�8
2 V �|, 5JI�2�3A2 V 1"P 3}[ ���v�y<KI�5GE4, 1�HJ5J1�/4I�H6� �L��<�9(M|*Q<L3AH"M�2�9�3AHJ7=<�901�, 5
8T2�, 9@1�5J/41�3�[v�tE(HJ3AH`<LI�HSI�H"<�_ , 3AH"M=*0X=<�949(2�1�<K1�, 9(:�1�E(HF3A2�/^I�5�H�5�2@M^H
1�E^I�2�/4:�EY76HJ1�<�M4<L1�<^a@CFE4,.5�E|5�<�9|_.<K1�HJIF*TH�/43AH"MY, 9Y1�E(H�5J2�9(3�1AI�/45JU
1�, 2�9|2 V 3AH�7=<�901�, 5"<�_ _�X=I�, 5GEO8T2�, 901�5�/41�3t1�2s:�/(,.M^Hh<�3A8TH�5G1SC%H"<">@,.94:4[
�@H�7=<�901�, 5i5J2�9(5JH�841�3h<KI�H}5"<L841�/4I�H�MR, 9¤2�901�2�_ 2�:�, H�3c<�9QM;<LI�Hc1�E(H�9
I�H V HJI�H�945�H"M;*@X|1�E(H}<L9(942�1�<L1�, 2�9(3�a�CFE4, 5GE¤<LI�H|[ ���e� 5J/(3�1�2�7 <L1AU
1AI�, *4/41�H�3�[dk�M^2�7=<L,.9^Um3A8TH�5�,��Q5f_.<�94:�/(<�:�H+5"<�_ _ H"M ��!#"�$%�|Cf<L3%M^HJU
>�H�_ 2�8TH"M V 2�If<�M4>@, 5�HF<�9(M}8T2�, 901�5�/41eM^H�5�_.<LI�<K1�,.2�9(3�[e�tE(, 3v_.<�9(:�/Q<L:�H
, 3t1AI�<L9(3A_.<L1�H"MY, 9@1�2i�'&§<L9QM=8Q<KI�3AH"MY, 901�2)(+�h�¤<L1F<c_.<L1�HJIf3�1�<L:�H�[

)+3A, 9(:}<L9(942�1�<L1�, 2�9(3S<�3F<c76H"<�943t2 V I�HJ5�2�I�M^,.94:}<L9QMO_ 205"<K1�, 9(:i1�E4H
8T2�, 9@1�3;<K1NCFE(, 5GEy5JI�2�3A3A5J/41A1�, 9(:]5J2�9(5JHJI�9(3R<KI�,.3AHw, 9(5GI�H"<�3AH�3N1�E4H
3AHJ7=<�901�, 5Y, 9 V 2�I�7=<K1�, 2�9¢<L1s1�E(H�3AH=8T2�, 901�3�[;u�2"CtHJ>�HJI"ae<�5�5J2�I�M4, 94:
1�2¤� *K�oa�1�E(, 3h<L8(8^I�2�<�5�E¤I�H�-@/4,�I�H�3`1�E(H}3A5�<L1A1�HJI�, 9(:|2 V 1�E4H6<�949(2L1�<LU
1�, 2�9(36, 9D1�E4H|*Q<L3AH�5�2@M^HN<�9(M¢E4H�9(5�HO76, :�E016_ H"<�Mw1�2?H�>�2�_ /41�, 2�9
<L9QM¨3A5"<L_., 94:?84I�2�*(_ H�763�[��(/4IA1�E4HJI�762�I�H�av, 9(3AHGIA1�,.94:?<L9(942�1�<L1�, 2�9(3
, 9@>�2�_.>�H�3=<�_�1�HJI�, 9(:¤1�E(H�*(<�3AHN<L8(8(_ , 5"<K1�,.2�9�<L161�E4H�_ 2"CtH�3�1Y8T2�3A3A,�U
*4_ H�_ H�>�H�_£a%CF,�1�E4,.9¢1�E(HOHJg^,.3�1�, 94:?3A2�/^I�5�H�5�2@M^H�[B�tE(, 3=762@M4,��Q5"<KU
1�, 2�9�M420HJ3f9(2�1%I�H"M4/45�H�1�E(H�M4H�8THJ9QM4HJ9(5JX62�9Y1�E4H�3�X^901�<Lgj[v�%2�9(3AHJU
-0/4H�901�_ X0a01�E4, 3+<L8(8^I�2�<�5�E|CF, _ _�942�1S*TH`, 9@>�H�3�1�, :�<K1�H"M V /^IA1�E(HJI"[

�tE(HwM^H�3A, :�9~2 V 1�E(H¨kS3A8TH�5J1 ��<LI�Z@/(8 ��<�94:�/(<�:�H�nok ����rGa�<�9
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