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1RZ�ZH�KDYH�RQO\�]HUR�RUGHU�LQIRUPDWLRQ�IURP�WKH�RUDFOH��7\SLFDO�VSHHG�RI�FRQYHJHQFH�RI�WKHVH
PHWKRGV�LV�VXEOLQHDU��$�ORW�RI�PHWKRGV�DUH�UHIHUUHG�ERWK�WR�]HUR�RUGHU�PHWKRGV�DQG�JOREDO
RSWLPL]DWLRQ�

&RGH �
*OREDO�RSWLPL]DWLRQ�LOOXVWUDWLRQ���2SHQ�LQ�&RODE
1HYHUJUDG�OLEUDU\���2SHQ�LQ�&RODE

6LPXODWHG�DQQHDOLQJ �

3UREOHP �

:H�QHHG�WR�RSWLPL]H�WKH�JOREDO�RSWLPXP�RI�D�JLYHQ�IXQFWLRQ�RQ�VRPH�VSDFH�XVLQJ�RQO\�WKH�YDOXHV
RI�WKH�IXQFWLRQ�LQ�VRPH�SRLQWV�RQ�WKH�VSDFH�

6LPXODWHG�$QQHDOLQJ�LV�D�SUREDELOLVWLF�WHFKQLTXH�IRU�DSSUR[LPDWLQJ�WKH�JOREDO�RSWLPXP�RI�D�JLYHQ
IXQFWLRQ�

$OJRULWKP �

7KH�QDPH�DQG�LQVSLUDWLRQ�FRPH�IURP�DQQHDOLQJ�LQ�PHWDOOXUJ\��D�WHFKQLTXH�LQYROYLQJ�KHDWLQJ�DQG
FRQWUROOHG�FRROLQJ�RI�D�PDWHULDO�WR�LQFUHDVH�WKH�VL]H�RI�LWV�FU\VWDOV�DQG�UHGXFH�WKHLU�GHIHFWV��%RWK
DUH�DWWULEXWHV�RI�WKH�PDWHULDO�WKDW�GHSHQG�RQ�LWV�WKHUPRG\QDPLF�IUHH�HQHUJ\��+HDWLQJ�DQG�FRROLQJ
WKH�PDWHULDO�DIIHFWV�ERWK�WKH�WHPSHUDWXUH�DQG�WKH�WKHUPRG\QDPLF�IUHH�HQHUJ\��7KH�VLPXODWLRQ�RI
DQQHDOLQJ�FDQ�EH�XVHG�WR�ILQG�DQ�DSSUR[LPDWLRQ�RI�D�JOREDO�PLQLPXP�IRU�D�IXQFWLRQ�ZLWK�PDQ\
YDULDEOHV�
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6WHSV�RI�WKH�$OJRULWKP �

6WHS���/HW� ���FXUUHQW�LWHUDWLRQ�� ���LQLWLDO�WHPSHUDWXUH�

6WHS���/HW� ���VRPH�UDQGRP�SRLQW�IURP�RXU�VSDFH

6WHS���/HW�GHFUHDVH�WKH�WHPSHUDWXUH�E\�IROORZLQJ�UXOH� �ZKHUH� ���VRPH
FRQVWDQW�WKDW�RIWHQ�LV�FORVHU�WR��

6WHS���/HW� ���WKH�QH[W�SRLQW�ZKLFK�ZDV�REWDLQHG�IURP�SUHYLRXV�RQH�E\�VRPH
UDQGRP�UXOH��ΖW�LV�XVXDOO\�DVVXPHG�WKDW�WKLV�UXOH�ZRUNV�VR�WKDW�HDFK�VXEVHTXHQW�DSSUR[LPDWLRQ
VKRXOG�QRW�GLIIHU�YHU\�PXFK�

6WHS���&DOFXODWH� ��ZKHUH� ���WKH�IXQFWLRQ�WKDW�GHWHUPLQHV�WKH
HQHUJ\�RI�WKH�V\VWHP�DW�WKLV�SRLQW��ΖW�LV�VXSSRVHG�WKDW�HQHUJ\�KDV�WKH�PLQLPXP�LQ�GHVLUHG�YDOXH�

�

6WHS���ΖI� �WKHQ�WKH�DSSUR[LPDWLRQ�IRXQG�LV�EHWWHU�WKDQ�LW�ZDV��6R�DFFHSW� �DV�QHZ
VWDUWHG�SRLQW�DW�WKH�QH[W�VWHS�DQG�JR�WR�WKH�VWHS�6WHS��

6WHS���ΖI� ��WKHQ�ZH�DFFHSW� �ZLWK�WKH�SUREDELOLW\�RI� ��ΖI�ZH
GRQ
W�DFFHSW� ��WKHQ�ZH�OHW� ��*R�WR�WKH�VWHS�6WHS��

7KH�DOJRULWKP�FDQ�VWRS�ZRUNLQJ�DFFRUGLQJ�WR�YDULRXV�FULWHULD��IRU�H[DPSOH��DFKLHYLQJ�DQ�RSWLPDO
VWDWH�RU�ORZHULQJ�WKH�WHPSHUDWXUH�EHORZ�D�SUHGHWHUPLQHG�OHYHO� �

&RQYHUJHQFH �

$V�LW�PHQWLRQHG�LQ�6LPXODWHG�DQQHDOLQJ��D�SURRI�RI�FRQYHUJHQFH�WKH�DOJRULWKP�FRQYHUJHV�DOPRVW
VXUHO\�WR�D�JOREDO�PD[LPXP�

ΖOOXVWUDWLRQ �

$�JLI�IURP�:LNLSHGLD�

([DPSOH �

ΖQ�RXU�H[DPSOH�ZH�VROYH�WKH�1�TXHHQV�SX]]OH���WKH�SUREOHP�RI�SODFLQJ�1bFKHVVbTXHHQVbRQ�DQ
1�1bFKHVVERDUGbVR�WKDW�QR�WZR�TXHHQV�WKUHDWHQ�HDFK�RWKHU�
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7KH�3UREOHP �

/HW� ���WKH�QXPEHU�RI�LQWHUVHFWLRQV��ZKHUH� ���WKH�DUUD\�RI�SODFHPHQW�TXHHQV�DW�WKH�ILHOG��WKH
QXPEHU�LQ�DUUD\�PHDQV�WKH�FROXPQ��WKH�LQGH[�RI�WKH�QXPEHU�PHDQV�WKH�URZ��

7KH�SUREOHP�LV�WR�ILQG� �ZKHUH� ���WKH�JOREDO�PLQLPXP��WKDW�LV�SUHGHILQHG
DQG�HTXDOV�WR����QR�WZR�TXHHQV�WKUHDWHQ�HDFK�RWKHU��

ΖQ�WKLV�FRGH� �WKDW�PHDQV�DOO�TXHHQV�DUH�SODFHG�DW�WKH�ERDUG
V�GLDJRQDO���6R�DW
WKH�EHJLQQLQJ� ��EHFDXVH�HYHU\�TXHHQ�LQWHUVHFWV�RWKHUV�

5HVXOWV �

5HVXOWV�RI�DSSO\LQJ�WKLV�DOJRULWKP�ZLWK� �WR�WKH� �TXHHQV�SX]]OH�IRU� �DYHUDJHG�E\
����UXQV�DUH�EHORZ�

af://n237
af://n241


5HVXOWV�RI�UXQQLQJ�WKH�FRGH�IRU� �IURP� �WR� �DQG�PHDVXULQJ�WKH�WLPH�LW�WDNHV�WR�ILQG�WKH
VROXWLRQ�DYHUDJHG�E\�����UXQV�DUH�EHORZ�

2SHQ�LQ�&RODE

*HQHWLF�DOJRULWKP �
3UREOHP �
6XSSRVH��ZH�KDYH� �SRLQWV�LQ� �(XFOLGLDQ�VSDFH��IRU�VLPSOLFLW\�ZH
OO�FRQVLGHU�DQG�SORW�FDVH�ZLWK�

���/HW
V�LPDJLQH��WKDW�WKHVH�SRLQWV�DUH�QRWKLQJ�HOVH�EXW�KRXVHV�LQ�VRPH��G�YLOODJH��6DOHVPDQ
VKRXOG�ILQG�WKH�VKRUWHVW�ZD\�WR�JR�WKURXJK�WKH�DOO�KRXVHV�RQO\�RQFH�

https://colab.research.google.com/github/MerkulovDaniil/optim/blob/master/assets/Notebooks/Simulated%20annealing.ipynb
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7KDW�LV��YHU\�VLPSOH�IRUPXODWLRQ��KRZHYHU��LPSOLHV� ���KDUG�SUREOHP�ZLWK�WKH�IDFWRULDO�JURZWK�RI
SRVVLEOH�FRPELQDWLRQV��7KH�JRDO�LV�WR�PLQLPL]H�WKH�IROORZLQJ�FXPXODWLYH�GLVWDQFH�

ZKHUH� �LV�WKH� �WK�SRLQW�IURP� �DQG� �VWDQGV�IRU�WKH� ��GLPHQVLRQDO�YHFWRU�RI�LQGLFLHV��ZKLFK
GHVFULEHV�WKH�RUGHU�RI�SDWK��$FWXDOO\��WKH�SUREOHP�FRXOG�EH�IRUPXODWHG�DV�DQ�/3�SUREOHP��ZKLFK�LV
HDVLHU�WR�VROYH�

⦆*HQHWLF��HYROXWLRQ��DOJRULWKP �
2XU�DSSURDFK�LV�EDVHG�RQ�WKH�IDPRXV�JOREDO�RSWLPL]DWLRQ�DOJRULWKP��NQRZQ�DV�HYROXWLRQ
DOJRULWKP�

3RSXODWLRQ�DQG�LQGLYLGXDOV �

)LUVWO\�ZH�QHHG�WR�JHQHUDWH�WKH�VHW�RI�UDQGRP�VROXWLRQV�DV�DQ�LQLWLDOL]DWLRQ��:H�ZLOO�FDOO�D�VHW�RI
VROXWLRQV� �DV�SRSXODWLRQ��ZKLOH�HDFK�VROXWLRQ�LV�FDOOHG�LQGLYLGXDO��RU�FUHDWXUH��

(DFK�FUHDWXUH�FRQWDLQV�LQWHJHU�QXPEHUV� ��ZKLFK�LQGLFDWHV�WKH�RUGHU�RI�E\SDVVLQJ�DOO�WKH
KRXVHV��7KH�FUHDWXUH��WKDW�UHIOHFWV�WKH�VKRUWHVW�SDWK�OHQJWK�DPRQJ�WKH�RWKHUV�ZLOO�EH�XVHG�DV�DQ
RXWSXW�RI�DQ�DOJRULWKP�DW�WKH�FXUUHQW�LWHUDWLRQ��JHQHUDWLRQ��

&URVVLQJ�SURFHGXUH �

(DFK�LWHUDWLRQ�RI�WKH�DOJRULWKP�VWDUWV�ZLWK�WKH�FURVVLQJ��EUHHG��SURFHGXUH��)RUPDOO\�VSHDNLQJ��ZH
VKRXOG�IRUPXODWH�WKH�PDSSLQJ��WKDW�WDNHV�WZR�FUHDWXUH�YHFWRUV�DV�DQ�LQSXW�DQG�UHWXUQV�LWV
RIIVSULQJ��ZKLFK�LQKHULWV�SDUHQWV�SURSHUWLHV��ZKLOH�UHPDLQLQJ�FRQVLVWHQW��:H�ZLOO�XVH�RUGHUHG
FURVVRYHU�DV�VXFK�SURFHGXUH�

https://en.wikipedia.org/wiki/Travelling_salesman_problem#Integer_linear_programming_formulations
af://n254
af://n256
af://n259
http://www.rubicite.com/Tutorials/GeneticAlgorithms/CrossoverOperators/Order1CrossoverOperator.aspx
Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov



�������������������

�������������������

�������������������

3DUHQW���

3DUHQW���

&KLOG
0XWDWLRQ �

ΖQ�RUGHU�WR�JLYH�RXU�DOJRULWKP�VRPH�DELOLW\�WR�HVFDSH�ORFDO�PLQLPD�ZH�SURYLGH�LW�ZLWK�PXWDWLRQ
SURFHGXUH��:H�VLPSO\�VZDS�VRPH�KRXVHV�LQ�DQ�LQGLYLGXDO�YHFWRU��7R�EH�PRUH�DFFXUDWH��ZH�GHILQH
PXWDWLRQ�UDWH��VD\�� ���2Q�WKH�RQH�KDQG��WKH�KLJKHU�WKH�UDWH��WKH�OHVV�VWDEOH�WKH�SRSXODWLRQ�LV�
RQ�WKH�RWKHU��WKH�VPDOOHU�WKH�UDWH��WKH�PRUH�RIWHQ�DOJRULWKP�JHWV�VWXFN�LQ�WKH�ORFDO�PLQLPD��:H
FKRRVH� �LQGLYLGXDOV�DQG�LQ�HDFK�FDVH�VZDS�UDQGRP� �GLJLWV�

6HOHFWLRQ �

af://n262
af://n264
Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov



$W�WKH�HQG�RI�WKH�LWHUDWLRQ�ZH�KDYH�LQFUHDVHG�SRSXODWXLRQ��GXH�WR�FURVVLQJ�UHVXOWV���WKDQ�ZH�MXVW
FDOFXODWH�WRWDO�SDWK�GLVWDQFH�WR�HDFK�LQGLYLGXDO�DQG�VHOHFW�WRS� �RI�WKHP��

ΖQ�JHQHUDO��IRU�DQ\� ��ZKHUH� �LV�WKH�QXPEHU�RI�GLPHQVLRQV�LQ�WKH�(XFOLGHDQ�VSDFH��WKHUH�LV�D
SRO\QRPLDO�WLPH�DOJRULWKP�WKDW�ILQGV�D�WRXU�RI�OHQJWK�DW�PRVW� �WLPHV�WKH�RSWLPDO�IRU
JHRPHWULF�LQVWDQFHV�RI�763�LQ

&RGH �
2SHQ�LQ�&RODE2SHQ�LQ�&RODE

5HIHUHQFHV �
*HQHUDO�LQIRUPDWLRQ�DERXW�JHQHWLF�DOJRULWKPV
:LNL

af://n268
https://colab.research.google.com/github/MerkulovDaniil/optim/blob/master/assets/Notebooks/Travelling%20salesman%20problem.ipynb
af://n270
http://www.rubicite.com/Tutorials/GeneticAlgorithms.aspx
https://en.wikipedia.org/wiki/Travelling_salesman_problem



