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The study is aimed at conducting a formal analysis of algorithms for captains to apply when planning routes 
in difficult navigation situations. Formal and algorithmic analysis based on decision trees made it possible 
to improve ergatic navigation safety systems and to predict potential risks of maritime accidents in a timely 
manner. 
The article discusses approaches enabling algorithmisization of processes of navigational situations 
perception by captains. A formal description of the most essential elements of captains’ human factor 
affecting the route planning processes is provided. Also, the issues related to perception of difficult 
navigation situations by captains are considered, dependences on volume and multithreading of input 
information are given. 
In order to confirm actual influence of captains’ human factor elements on safe route planning, a number of 
experiments have been carried out using the Navi Trainer 5000 navigation simulator and subsequent 
modeling by means of Data Mining. As a result of modeling, standard designs for planning water transport 
routes have been obtained together with the confirmation of constructed models adequacy exemplified by the 
factor Fs 3 - «weather conditions». The proposed approaches will further expand the capabilities of 
predictive possible maritime accidents models due to human factor. 
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Introduction. :KHQ�FDUU\LQJ�RXW�URXWH�SODQQLQJ��WKH�FDSWDLQ�RI�YHVVHO�LV�JXLGHG�E\�D�ZLGH�
UXOHV� UDQJH�� GLUHFWLRQV� DQG� IDFWRUV� WKDW� DOORZ�EXLOGLQJ� D� VDIH� WUDMHFWRU\� IRU� YHVVHO¶V�PRYHPHQW��

x X�5RXWH� Z�� VLPXOWDQHXRVXO\�� DV� D� GHFLVLRQ�PDNLQJ� WDVN�� LV� EDVHG� RQ� � FDSWDLQ¶V� LQLWLDO�
z Z�LQIRUPDWLRQ�DERXW�WKH�VLWXDWLRQ��LQ�IRUP�RI�ZKLFK�WKH�LQLWLDO�VWDJH�LV�IRUPHG� �>�@��

&DSWDLQ¶V�H[SHULHQFH�SOD\V�D�VLJQLILFDQW�UROH��IRU�H[DPSOH��ZKHQ�FDSWDLQ¶V�HQWURS\�LV�ORZ��
�z Z ( )tB x A

tXDFWLRQ� SODQ� LV� SUHFLVHO\� GHILQHG� ��ZKLFK� HQWDLOV� GHWDLOLQJ� ±� � DQG� OHDGV� WR� SODQ� ��

( )tC x tx X�RWKHUZLVH�WKH�FDSWDLQ�UHOLHV�RQ��H[SHULHQFH�RI�VLPLODU�WDVNV�Z��JHQHUDOL]LQJ�±� �IRU� ��ZKDW�

�t tX X +o � �t t tC X Xo � �t t tB X Xo�IRUPV� �DQG� ���

( )tC x ^ `Ind Z jD([WHQVLRQ�RI�DFWLRQV�E\�JHQHUDOLW\� �IRUPV� �UHODWLYHO\�GRPDLQV� �DIIHFWLQJ�

^ ` ^ ` ^ `� � � � ��� n nD Ind D D Ind D D Ind Do o oIRFXV�� ���

( ) ( )t t tx X C x B x x� � ='HWDLOLQJ�DQG�JHQHUDOL]DWLRQ�GHWHUPLQH�� ��ZLWKLQ�WKH�IUDPHZRUN�

( ) ( )t tx C x x B xc c� � �RI�WKH�WDVN�Z��LQ�WKLV�FDVH�� �ZKHUH�xƍ�LV�D�SODQQLQJ�IHDWXUH��,Q�WKLV�FDVH��WKH�

( ) ( )( )t tx X e x e C x� � oDFWLYLW\�RI�WKH�FDSWDLQ�LV�LPSRUWDQW�� ��
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( )�P x z&DSWDLQV�DFW�FRQVFLRXVO\��ZKLFK�PHDQV�SODQQLQJ�ZLOO�EH�GHWHUPLQHG�E\�D�SUHGLFDWH� �

( )�x X z Z P x z� � � � ( ) ( )�x X z A x P x z� � �VXFK� WKDW�� �� 'HFLVLRQV� PDGH� ZLOO� EH�� � DQG�

( ) ( )�x X z A x P x z� � � � � �A X Zo�� ZKHUH� �� ,Q� D� FULWLFDO� VLWXDWLRQ�� FDSWDLQ�PXVW� DFFXUDWHO\�

( )^ `� _ �t t t tH x x X B x x: = � {SODQ�WKH�QH[W�VWDJH�H��LQ�UHODWLRQ�WR�FULWHULRQ� ��

� tx x Hc� � ( ) ( )t tC x C xc = �&DSWDLQ¶V�LQWXLWLYH�DFWLRQV�DUH�DOVR�SRVVLEOH��ZKHQ�� �ZKDW� ��

tU =� ( )A � �tx X zx P x zx� � � ( ) ( )A �t tx C x X P x zxc c� ��DQG� ��WKHQ�D�VLWXDWLRQ�DULVHV�� ��
,Q� RUGHU� WR� HQVXUH� SURSHU� SODQQLQJ�� LW� LV� QHFHVVDU\� WR� GHWHUPLQH� WUDMHFWRU\� RI� YHVVHO�

^ ` ^ ` A
� � ���n n tx x x x x x X{ = � � � � � ZLWKRXW� FULWLFDO� VLWXDWLRQ��

( )^ `
 
 
 
_ � �t tX x x X z Z P x z= � � � �� 3URFHHGLQJ� IURP� WKLV�� LW� EHFRPHV� QHFHVVDU\� WR� GHWHUPLQH�

PRGHO�IRU�FDSWDLQ¶V�GHFLVLRQ�PDNLQJ�>�@��WDNLQJ�LQWR�DFFRXQW�WKH�SODQQLQJ�SKDVHV�WKDW�HQVXUH�VDIH�
QDYLJDWLRQ��

The purpose of the article LV�WR�IRUPDOO\�DQDO\]H�WKH�DOJRULWKPV�IRU�SODQQLQJ�VDIH�URXWHV�
E\�FDSWDLQ�LQ�GLIILFXOW�QDYLJDWLRQ�VLWXDWLRQV��)RUPDO�DQG�DOJRULWKPLF�DQDO\VLV�EDVHG�RQ�GHFLVLRQ�
WUHHV�ZLOO� LPSURYH� HUJDWLF� QDYLJDWLRQ� VDIHW\� V\VWHPV� DQG�SUHGLFW� SUREDEOH� ULVNV� RI� DFFLGHQWV� LQ�
DGYDQFH��

Main research material. ,Q�RUGHU�WR�IRUPDOO\�GHVFULEH�SODQQLQJ�SURFHVV��ZH�ZLOO�GHILQH�
( )
 � �tx X z Z P x z� � � �WKH� WLPH� ©FRGHVª� RI� FDSWDLQV� �� 7KUHH� WLPH� SKDVHV� RI� SODQQLQJ� DUH�

( )A A
t tX z Z X z= � ( )
 


t tX z Z X z= � ( ) ( )A 

t tz Z X z e X z� � oFRQVLGHUHG�� �� �� �� WDNLQJ� LQWR�

( )V x zx= oDFFRXQW�WKH�FRQGLWLRQV�DQG�ULVNV�RI�VDLOLQJ�� ��7KLV�LV�VSHFLILF�WR�HDFK�FDSWDLQ��VR�DQ\�
A
tx X�DGGLWLRQDO�LQIRUPDWLRQ� �PD\�DIIHFW�WKH�SODQQLQJ�VWUDWHJ\��

^ `� _t t t
x z x HD D D D: = = �:KHQ�SODQQLQJ��D�SULRUL�LQIRUPDWLRQ�LV�IRUPHG�� ZKLFK�GRHV�

( )
tX DQRW�LPSO\�FKDQJHV�LQ�VWUDWHJ\��:KHQ�IDFWRUV�DULVH� ��SUHOLPLQDU\�URXWH�SODQ�LV�FKDQJHG�E\�

^ ` ( )^ `
 
 
 
_ tS x z x XD D D= o �VHW�UHEXLOGLQJ�RI�UXOHV�DFWLRQV�� ��

,Q�PDQ\� VLWXDWLRQV�� FDSWDLQ� GRHV� QRW� LQWXLWLYHO\� FKDQJH� RULJLQDO� LWLQHUDU\� SODQ� XQOHVV� LW�


�tX +HQGDQJHUV�VDIHW\�RI�YHVVHO��7R�FKDQJH�VWUDWHJ\�Wt��Z��D�SUHFHGHQW� �PXVW�DULVH�WKDW�FKDQJHV�

VDIHW\�RI�QDYLJDWLRQ��

^ ` ^ `( ) ^ `( ) ^ `( ) ^ ` ^ `
^ `( ) ( ) ( )







� � � � � � � � )XOO� � )XOO

���������� � � � �� LW�KDSSHQV + � � � ��
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ZKHUH�EZ�LV�FDSWDLQ¶V�HQHUJ\�DQG�PRWLYDWLRQ��
,Q�WXUQ��DQ�HOHPHQW�RI�XQFHUWDLQW\�FDQ�OHDG�WR�IRUPXODWLRQ�RI��WKH�IROORZLQJ�IRUPDO�SUREOHPV�

FODVV�>�±�@��

( ) ( ) ( ) ( )( )tdtststsf
dt
ds

s ������� � WW ��= � ����

( ) ( ) ( )( ) ( ) ( ) ( )( )
BBBB

�� ���������������� zitdtdtdtststs imn =!== WZKHUH� � LV� ERDWPDVWHU¶V� UHDFWLRQ� WR�
( )tdd =RFFXUUHQFH�RI�XQFHUWDLQ�IDFWRUV�LQ�z��ZKHUH�  DQG�UHSODQQLQJ�>�@��

7KHQ�V\VWHP�����FDQ�EH�VWUDWHJLFDOO\�FKDQJHG��
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( ) ( ) ( ) > @����� �PD[�� tttttssts izi
WM

dd
��== � ����

�tZKHUH� �LV�WKH�PRPHQW�RI�VWUDWHJ\�FKDQJH��
&RQVLGHULQJ�SODQQLQJ�SURFHVV��ZH�PD\�GHILQH�FODVV�RI�IXQFWLRQV�>����@�WKDW�DIIHFW�UDQJH�RI�

D�� ZKLFK� FDQ� EH� VXEMHFW� WR� DGGLWLRQDO� UHVWULFWLRQV� UHODWHG� WR� WKH� VSHFLILFV� RI� WKH� URXWH�� 7KHVH�
UHVWULFWLRQV�PD\� HQFRPSDVV� ORFDWLRQ��PDQHXYHUDELOLW\� RI� YHVVHO� DQG� LWV� FKDUDFWHULVWLFV��ZHDWKHU�
FRQGLWLRQV��HQYLURQPHQWDO�FRQGLWLRQV��HWF��>��@��7KHQ��LQ�JHQHUDO�FDVH��FRQGLWLRQ�LV�FRQVLGHUHG��

( ) mYDtd �� � ����

mYZKHUH�'�LV�D�VHW�LQ� ��&RQVLGHULQJ�WKDW�WKH�PDLQ�JRDO�RI�SODQQLQJ�LV�IRUPDOL]HG�ZLWKLQ�
IUDPHZRUN�RI������LW�LV�QHFHVVDU\�WR�IXOILOO�D�QXPEHU�RI�FRQGLWLRQV��

( ) qyyidiq d=t+� ����
BBBB

� KK �
����

( )
BBBB

�� ��� yidiqiq == +�+� KK+HUH�DUH� �WKH�OHQJWKV�RI�WKH�VFKHGXOLQJ�WLPH�LQWHUYDOV��

( )( ) > @ BBBB

�� ������ qittttsc i
i

i =��d K � ����

i
i

ii ttt ��� �K�= > @Tt ��ZKHUH� � DUH� WKH� ERXQGDU\� SRLQWV� RI� VWDJHV� � DW� ZKLFK� LQHTXDOLW\� LV� VDWLVILHG�
( )( ) �dtsc �!K �ty��7KH�VL]H� �DQG�QXPEHU�RI�VWDJHV� �IRU�ZKLFK�WKH�SODQQLQJ�FRQGLWLRQV�PXVW�EH�

PHW������7KH�LQWHUYDO�DW�ZKLFK�LQHTXDOLW\�����LV�IXOILOOHG�LV� LQWHUSUHWHG�DV�D�VWDJH�RI�GLVDVWHU�ULVN�

( ) > @ BBBB

�� ����� qitttmtm i
i

i =��d KUHGXFWLRQ� RQ� URXWH� VHFWLRQV� >�����@�� UHODWLYH� WR� FRQGLWLRQ� ��ZKHUH�
P(W)��LV�DQ�LQGLFDWRU�RI�WKH�FDUWRJUDSKLF�VLWXDWLRQ�FRPSOH[LW\��

,W�LV�LPSRUWDQW�WR�WDNH�LQWR�DFFRXQW�WKDW�ZLWK�D�F\FOLFDO�UHSHWLWLRQ�RI�WKH�FULWLFDO�VLWXDWLRQ�
VLJQV��WKH�ORVV�RI�FRQWURO�RYHU�YHVVHO�LV�SRVVLEOH�>��@��7KH�q��\�YDOXHV�GHSHQG�RQ�PDQHXYHUDELOLW\�
RI� YHVVHO� DQG� LWV� SDUDPHWHUV�� ,QHTXDOLWLHV� DIIHFWLQJ� WKH� VWDWH� RI� QDYLJDWLRQ� VDIHW\� V\VWHP�DW� WKH�

qt�PRPHQW� �GHJUHH�FKDUDFWHUL]H�WKH�VLWXDWLRQ�FRPSOH[LW\��

( ) ( )( ) BBBBBBBBBBBBB

� ���� K++=d= yyitsgdJ q
ii �

����

( ) ��� ttdt q �=7KH� WLPH� WR� UHDFK� VDIH� VWDWH� IRU� WUDQVLWLRQ� WR�PDQXDO� FRQWURO� � GHWHUPLQHV� WKH�

( )
BBBBBBBBB
���� K+=d yidJ jFRPSOH[LW\�RI�QDYLJDWLRQ�VLWXDWLRQ�� ��

&RQVLGHULQJ�WKH�FRPSOH[�QDYLJDWLRQ�VLWXDWLRQ�DV�UHSUHVHQWHG�E\�D�SODQ�ZLWK�GLUHFWLRQV�LQ�WKH�
IRUP�RI�PDNLQJ�PDQDJHULDO�GHFLVLRQV��ZH�ZLOO�FRPSDUH�WKH�SRVLWLRQ�RI�YHVVHO�ZLWK�WKH�ZD\SRLQWV�
RI�URXWH�>��@��$W�WKH�VDPH�WLPH��IORDWLQJ�WDUJHWV�DQG�KD]DUGRXV�LVREDWKV�EXLOG�WKH�LQWHUDFWLRQ�ILHOG��
FRQVLGHUHG�LQ�WKH�YHVVHO�PRGHO�LQWHUDFWLRQ�ZLWK�KD]DUGRXV�REMHFWV��

,Q� WKH� FDVH� RI� VWDQGDUG�0HUFDWRU� FDUWRJUDSKLF� SURMHFWLRQ� >��@�� WKH� VWDWH� RI� IUDPH�YHVVHO�
FKDQJHV�GHSHQGLQJ�RQ�LQWHUDFWLRQ��,QWHUDFWLRQ�IUDPH�LV�WUDQVIRUPHG�DFFRUGLQJ�WR�YHFWRU�RI�YHVVHO¶V�
PRYHPHQW�UHODWLYH�WR�WKH�FDUWRJUDSKLF�ORFDWLRQ�>��@��

,Q�GLIILFXOW� VLWXDWLRQV��SODQQLQJ� WKH�PRYHPHQW�RI�D�YHVVHO� LQ� VSDFH�FDQ�EH�FRQGLWLRQDOO\�
H[SUHVVHG�LQ�RQH�GLUHFWLRQ�IRU�IRXU�GLUHFWLRQV��ILJ������,W�LV�SRVVLEOH�WKDW�WKH�YHVVHO�LV�QRW�FDSDEOH�RI�
PRYLQJ� LQ� WKH� SUHIHUUHG� GLUHFWLRQ�� 7KLV� RFFXUV� ZKHQ� WKHUH� DUH� LQVXUPRXQWDEOH� FDUWRJUDSKLF�
REVWDFOHV�RQ�LWV�ZD\��FRQVWUDLQW�E\�YHVVHO¶V�GUDIW��,Q�WKHVH�FDVHV��WKH�ERDWPDVWHU�WULHV�WR�FKDQJH�WKH�
GLUHFWLRQ�RI�D�YHVVHO��E\�FKRRVLQJ�WKH�ZD\�ZKHUH�WKHUH�DUH�PLQLPXP�REVWDFOHV��

0DULQH�WUDQVSRUW�QDYLJDWRUV�VFDQ�WKH�VLWXDWLRQ�XVLQJ�UDGDU�DQG�(&',6�DW�D�GLVWDQFH�ORFDWLRQ�
r�DQG�FKRRVH�GLUHFWLRQ�RI�PRYHPHQW��7KH\�WKHQ�REVHUYH�WKH�OHDVW�DPRXQW�RI�PDULWLPH�WUDQVSRUW��



№ 1 (24), 2021��Морський та рȳчковий транспорт 

Дɨ ɪɭбɪики вклɸɱенɨ ɫɬаɬɬɿ за ɬемаɬиɱнɨɸ ɫɩɪɹмɨванɿɫɬɸ «Тɪанɫɩɨɪɬнɿ ɬеɯнɨлɨгɿʀ» 60 

IDYRUDEOH�ZHDWKHU�FRQGLWLRQV�DQG�QRQDYDLODELOLW\�RI�FDUWRJUDSKLF�REVWDFOHV�>��@��
7DNLQJ� LQWR� DFFRXQW� WKDW� FRQVLGHUHG� GHFLVLRQ�PDNLQJ� SURFHVVHV� KDYH� D� FRPSOH[�

IRUPDOL]DWLRQ��ZH�FDQ�SUHVHQW�WKHLU�GHVFULSWLRQ�LQ�WHUPV�RI�WKH�JURXS�WKHRU\�PDWKHPDWLFDO�V\VWHP��
,Q�WKLV�FDVH�� WKH�HOHPHQWV�RI� WKH�V\VWHP�ZLOO�EH��DQ�DOSKDEHW�RU�D�VHW�RI�REMHFWV��PDQ\�ZRUGV�RU�
FRPELQDWLRQV�RI�REMHFWV��D�ILQLWH�VHW�RI�UHODWLRQVKLSV�� WKHRUHPV�RU�UXOHV�RI�LQIHUHQFH��$V�DOUHDG\�
QRWHG��LQ�YLHZ�RI�WKH�QHHG�WR�SUHVHQW�WKH�UHVXOWV�RI�PDWKHPDWLFDO�PRGHOLQJ��WKH�WKHRU\�RI�JHRPHWULF�
JURXSV� LV� FORVH� WR� WKH� GHVFULSWLRQ� RI� WKH� DERYH� SULQFLSOHV�� 7KLV� WKHRU\� LV� SUHVHQWHG� DV� DQ�
LQGHSHQGHQW�RQH��RULJLQDWLQJ�IURP�JURXS�WKHRU\�DQG�GHWHUPLQLQJ�WKH�EDODQFH�RI�WKH�IRUPDO�V\VWHP�
>��@�� ZKLFK� LV� YHU\� LPSRUWDQW� IRU� VWUHDPOLQLQJ� WKH� VWUXFWXUDO� SULQFLSOHV� RI� FDSWDLQ¶V� GHFLVLRQ�
PDNLQJ�PRGHO�IRUPDWLRQ��

�

)LJXUH���±�)UDPH�IRU�PRYLQJ�WKH�YHVVHO 

���&ORVHGQHVV�RI�WKH�JURXS��)RU�DQ\�WZR�HOHPHQWV�RI�WKH�JURXS��WKHUH�LV�D�WKLUG�RQH��ZKLFK�
LV�WKHLU�SURGXFW��VXFK�WKDW������

� � �a b g c g a b g� � � � = � ����

7KH� D[LRP� GHVFULEHV� WKH� LQWHJULW\�� FRPSOH[LW\� DQG� KLHUDUFK\� RI� FRQVWUXFWLQJ� D� YHVVHO¶V�
WUDMHFWRU\��FRQVLVWLQJ�RI�YHVVHO�FRQWURO�RSHUDWLRQV��

���*URXS�DVVRFLDWLYLW\�IRU�SURGXFW�RSHUDWLRQV��7KH�RUGHU�RI�RSHUDWLRQV�LV�LQVLJQLILFDQW������

( ) ( )� � �a b c g a b c a b c a b c� � = = � ����

$[LRP� GHILQHV� WKH� F\FOH� RI� KRPRJHQHRXV� HOHPHQWV�� ZKLFK� LV� DLPHG� DW� DFKLHYLQJ� WKH�
XOWLPDWH�JRDO�RI�QDYLJDWLRQ��

���7KH�H[LVWHQFH�RI�D�VLQJOH�HOHPHQW��,Q�JURXS�WKHUH�LV�VRPH�HOHPHQW�H��WKH�SURGXFW�RI�ZKLFK�
ZLWK�DQ\�HOHPHQW�a�RI�WKH�JURXS�JLYHV�WKH�VDPH�HOHPHQW�a������

� �e g a g a e e a a� � � � = = � ����

7KH�D[LRP�DVVXPHV�WKH� LQIOXHQFH�RQ�DOO�VWUXFWXUDO�HOHPHQWV� WKDW�KDYH�DOO� WKH�IHDWXUHV�RI�
V\VWHP�� DQG� FRPHV� IURP� LQLWLDO� VWDJH� RI� URXWH� SODQQLQJ� LQ� IRUP� RI� DQ� LQLWLDO� RSHUDWLRQ� WKDW�
GHWHUPLQHV� WKH� YHVVHO� WUDMHFWRU\�� 7KDW� LV�� LQLWLDO� VWUDWHJ\� FKRVHQ� E\� FDSWDLQ� SUHGHWHUPLQHV� LWV�
HIIHFWLYHQHVV��

���([LVWHQFH�RI�LQYHUVH�HOHPHQW��)RU�DQ\�HOHPHQW�a�RI� WKH�JURXS�� WKHUH�LV�DQ�HOHPHQW�a���
VXFK�WKDW�WKHLU�SURGXFW�JLYHV�WKH�XQLW�HOHPHQW�e��VXFK�WKDW�������

� � �� �a g a g a a a a e� � �� � � � = = � �����

$[LRP�SUHVXSSRVHV�WKH�UHSHWLWLRQ�RI�YHVVHO�FRQWURO�RSHUDWLRQV��L�H���WKHLU�UHYHUVH�IXQFWLRQV��
ZKLFK�SURYLGHV�IRU�D�UHWXUQ�WR�EHJLQQLQJ�RI�WKH�ILUVW�VWDJH�RI�WKH�GHFLVLRQ�PDNLQJ�PRGHO��

,Q� WKLV� FRQWH[W�� LW� EHFRPHV� SRVVLEOH� WR� SUHVHQW� URXWH� SODQQLQJ� E\� FDSWDLQ� LQ� WHUPV� RI�
JHRPHWULF�JURXS�WKHRU\��
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,Q�WKLV�FDVH��ZH�ZLOO�FDOO�DOSKDEHW�WKH�ILQLWH�VHW�RI�SODQQHG�URXWH�VWDJHV��

� � �

� �
�

� �
a b c

A
a b c� � �

­ ½
= ® ¾
¯ ¿

� � �� �a b c� � �
ɝɞɟ� �±�UHYHUVH�DOSKDEHW�DFFRUGLQJ�WR�FODXVH����

_A R7KH� JURXS� ZLOO� EH� UHSUHVHQWHG� DV� �� LQ� ZKLFK� R� LV� UHODWLRQVKLS� EHWZHHQ� VHWV� RI�
� �� � _a b c a b c e= = =RSHUDWLRQV�OHDGLQJ�WR�D�VLQJOH�URXWH�HOHPHQW�� �>��@��

xa yb zc7KH� VHW� RI� HOHPHQWV� � ZLOO� KDYH� LWV� RZQ� IRFXV� ZKHQ� SODQQLQJ� D� URXWH�� � DQG� ��
WKHUHIRUH�±�DOWHUQDWLYHV��$JJUHJDWHV�RI� WKHVH�VHWV�FDQ�EH�UHSUHVHQWHG�DV�IUDJPHQWV�RI�URXWHV��IRU�

� �a bH[DPSOH� ��EXW�RSHUDWLQJ�ZLWK�FRPELQDWLRQV�EDVHG�RQ�FDSWDLQ�H[SHULHQFH��%\�PHDQV�RI� WKLV�
IRUPDO� GHVFULSWLRQ�� WZR� YDULDQWV� RI� JURXSV� DUH� IRUPHG�� FRPPXWDWLYH� DQG� IUHH�� )RUPHG� ZRUGV�
UHSUHVHQW� LQGHSHQGHQW� GHFLVLRQ�PDNLQJ� WUDMHFWRULHV� WKDW� FDQ� EH� IRUPHG� IURP� EDVLF� HOHPHQWV� RI�
FDSWDLQ¶V�H[SHULHQFH��$�YLVXDO�GLVSOD\�RI�GHFLVLRQ�PDNLQJ�WUDMHFWRULHV�LV�SRVVLEOH�LQ�WKH�IRUP�RI�D�
WUHH�WKDW�LQFOXGHV�DOO�DFWLRQV�FKDUDFWHULVWLF�RI�D�JLYHQ�FDSWDLQ��WKXV�XQLI\LQJ��WKH�SURSHUWLHV�RI�WKH�
IRUPDO�V\VWHP�FRQVLGHUHG�DERYH�>��@��

7KXV��LW�EHFRPHV�SRVVLEOH�WR�IRUP�DQ�DWWULEXWH�VSDFH�IRU�SODQQLQJ�DQG�GHFLVLRQ�PDNLQJ�E\�
FDSWDLQ�LQ�VLWXDWLRQV�FORVH�WR�FRQWH[W��&RQQHFWLQJ�SRLQWV�LQ�D�JLYHQ�VSDFH�PDNHV�LW�SRVVLEOH�WR�REWDLQ�
D�JUDSK��ZKLOH�LW�VKRXOG�EH�DVVXPHG�WKDW�IRUPDWLRQ�RI�JUDSK�HGJHV�LV�SRVVLEOH�LI�QH[W�HOHPHQW�LV�
REWDLQHG� IURP� SUHYLRXV� RQH� E\�PXOWLSO\LQJ� E\� RQH� JURXS� VHW� OHWWHUV�� 7KLV� LV� ORJLFDO� IURP� WKH�
SRVLWLRQ�WKDW�HDFK�QHZ�HOHPHQW�WDNHV�LQWR�DFFRXQW�WKH�LQIRUPDWLRQDO�FRPSRQHQW�RI�SUHYLRXV�RQH��

� � ��a A g g a g a� � = � � �)RU�H[DPSOH��g1�DQG�g2�DUH�FRQQHFWHG�E\�DQ�HGJH�LI�LQ�WKH�DOSKDEHW� ��7KXV��
LW�EHFRPHV�QHFHVVDU\�WR�FRQVWUXFW�D�PHWULF�VSDFH�ZLWKLQ�WKH�IUDPHZRUN�RI�LGHQWLILFDWLRQ�WKH�URXWH�
SODQQLQJ�PRGHOV�E\�WKH�FDSWDLQ��IRU�VXEVHTXHQW�SUHGLFWLYH�DQDO\VLV�RI�SUREDEOH�FULWLFDO�VLWXDWLRQV��

+RZHYHU��LW�VKRXOG�EH�WDNHQ�LQWR�DFFRXQW�WKDW�IRUPDWLRQ�RI�VXFK�D�JUDSK�PD\�EH�OLPLWHG�LQ�
WHUPV�RI�HOHPHQWV�QXPEHU�GXH�WR�LQFUHDVLQJ�FRPSOH[LW\�RI�QDYLJDWLRQ�VLWXDWLRQV�SHUFHSWLRQ��)RU�
H[DPSOH��ZKHQ�SODQQLQJ�D�FRPSOH[�URXWH��FRQVLVWLQJ�RI�D�FKDLQ�HOHPHQWV� LQ�IRUP�RI�ZD\SRLQWV��
WKHUH�LV�D�GDQJHU�RI� LQFUHDVLQJ�LQIRUPDWLRQ�RYHUORDG��7KLV�IHDWXUH�FDQ�EH�H[SUHVVHG�LQ�WHUPV�RI�
p�DGLF�V\VWHPV��

7KHUHIRUH��DQ�LQFUHDVH�LQ�p�DGLFLW\�OHDGV�WR�DQ�LQFUHDVH�LQ�GHWDLO��DQG�D�GHFUHDVH�OHDGV�WR�
JHQHUDOL]DWLRQ��%DVHG�RQ�>�@��ZH�FDQ�FRQFOXGH�WKDW�WKH�URXWH�SODQQLQJ�SURFHVV�LV�FRQVLGHUHG�ZLWKLQ�

( )ĲU ^ `a ^ `bWKH�VHW�RI�LQWHUQDO�YHUWLFHV�RI�JUDSK� ��EHWZHHQ�WKH�WKUHVKROG�YDOXHV� �DQG� ��7KLV�PDNHV�
LW� SRVVLEOH� WR� PRYH� WR� QHDUHVW� V\VWHPV� RI� p�DGLFLW\� LQ� DVFHQGLQJ� DQG� GHVFHQGLQJ� GLUHFWLRQV��

( ) ( )������Ĳ Ĳ_j n jGv an
=

ª º= �¬ ¼UGHSHQGLQJ�RQ�VLWXDWLRQ�� ��

(DFK�URXWH�SODQQLQJ�VWUDWHJ\�GHSHQGV�RQ�ILQDO�VHW�RI�VLWXDWLRQ�SDUDPHWHUV�WKDW�GHWHUPLQH�
WKH�QDYLJDWLRQ�FRQGLWLRQV�DQG�SRVVLEOH�ULVNV��

( ) ( )Ĳ_ Ĳ_ Ĳ�
W

Gv b Gv a Pp n= � ( ) ( )Ĳ_ Ĳ_i iGv a Gv bn n� =��DW� �� �

7KHQ�WKH�WUDQVLWLRQ�WR�DOWHUQDWLYH�URXWH�SODQQLQJ�VWUDWHJLHV�LV�SRVVLEOH�XQGHU�FRQGLWLRQV�RI�
WKH�LQWHUDFWLRQ�EDODQFHG�V\VWHP�EHWZHHQ�H[WHUQDO�IDFWRUV�DQG�QDYLJDWLRQ�H[SHULHQFH��
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7KH�REVHUYHG�EDODQFH�RI�WUDQVLWLRQ�EHWZHHQ�VLWXDWLRQV�LQ�p���DGLF�VWUXFWXUHV�FDQ�GHSHQG�RQ�
ERWK��WKH�OHYHO�RI�FRPSOH[LW\�RI�QDYLJDWLRQ�VLWXDWLRQ��QHFHVVLW\��DQG�WKH�RSHUDWRU��SRVVLELOLW\��VNLOO�
OHYHO��

( ) ^ ` ( ) ^ ` ( )Ĳ Ĳ_ Ĳ_a a b bGv Gv a Gv bn n
� �= � = � �� �

%DVHG�RQ�WKHVH�IRUPDO�GHVFULSWLRQV��D�URXWH�SODQQLQJ�DOJRULWKP�LV�SURSRVHG��ZKLFK�LV�EDVHG�
RQ�WKH�QDYLJDWLRQ�SHUFHSWLRQ�VLWXDWLRQ�LQ�WKH�IUDPHZRUN�RI�p�DGLF�V\VWHPV��/HW¶V�GHILQH�WKH�PHWULF�

( )ȡ � �p p p
x y x y x x= � oRI�VLWXDWLRQ�� �>��@��$W�WKH�VDPH�WLPH�� LW�LV�DSSURSULDWH�WR�DVVXPH�WKDW��
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p�DGLFLW\�LV�D�FULWHULRQ�IRU�SHUFHSWLRQ�RI�QDYLJDWLRQ�VLWXDWLRQ�WKDW�DOORZV�SODQQLQJ�D�URXWH��7KH�PDLQ�
SODQQLQJ� IDFWRU� LV� ULVN� RI� QDYLJDWLRQ� KD]DUG�� ZKLFK� LQFUHDVHV� WKH� ULVN� RI� FULWLFDO� VLWXDWLRQ�
RFFXUUHQFH��&RQVLGHULQJ�WKH�FRPSOH[LW\�RI�WKH�VLWXDWLRQ��FDSWDLQ�UHTXLUHV�WR�KDYH�DQ�DSSURSULDWH�

( ) ( )�ȡ 	 �ȡX Y cOHYHO�RI�H[SHULHQFH��HDFK�RI�ZKLFK�FDQ�EH�H[SUHVVHG�LQ�VSDFHV� ��5RXWH�SODQQLQJ�IRU�
�p� ���� LV�PRVW�FRQVLVWHQW�ZLWK�VLPSOH�WDVNV�UHTXLULQJ�VZLWFKLQJ�RQ�RU�RII�DFFRUGLQJ�WR�D�JLYHQ�
RSHUDWRU� DWWULEXWH�� ,Q� WXUQ�� DW� �p�  � ���� D� IDFWRU� LV� DGGHG� DFFRUGLQJ� WR� SULQFLSOH��

( )( ) ( )� � � �� � � �ȡ � ȡ �
p p p p

j x j x x x
= = = =

c = � DQG� WUDQVIHUV� SODQQLQJ� WR� D� KLJKHU� OHYHO��7KXV�� WKH� SUREOHPV�

VROYHG� LQ� WKH� VLWXDWLRQ� VSDFH� Y� FDQQRW� EH� VROYHG� LQ� VLWXDWLRQ� VSDFH� X� GXH� WR� FKDQJHG� PHWULF��
�ILJ����D��E���

�
а��������������������������������������������������������������������������������������b�

)LJXUH���±�6SDFHV�RI�SHUFHSWLRQ�RI�WKH�QDYLJDWLRQ�VLWXDWLRQ�Y�DQG�X�
ZLWK�GLIIHUHQW�p�DGLFLW\�PHWULFV�

)LJ����VKRZV�WKDW�URXWH�SODQQLQJ�LQ� WKH�QDYLJDWLRQ�VLWXDWLRQV�Y�DQG�X�ZDV�LQIOXHQFHG�E\�
GLIIHUHQW�VHWV�RI�LQIRUPDWLRQ�VLJQDOV��7KLV�PHDQV�WKDW�FDSWDLQV�HYDOXDWHG�WKH�QDYLJDWLRQ�VLWXDWLRQV�

_ ?X Y X Y� =�LQ�D�GLIIHUHQW�p�DGLFLW\�V\VWHP��IRUPLQJ�VSDFHV�X�DQG�Y��VXFK�WKDW�� ��
+RZHYHU��LW�VKRXOG�EH�ERUQH�LQ�PLQG�WKDW�LQ�VRPH�FDVHV��FDSWDLQV�GHOLEHUDWHO\�UHVRUW�WR�D�

©ZHDNª�SODQQLQJ�VWUDWHJ\��ZKLFK�OHDGV�WR�DQ�LQFUHDVH�LQ�WKH�OLNHOLKRRG�WR�FULWLFDO�VLWXDWLRQV�ZLWK�
PDULWLPH� WUDQVSRUW�� ,W� LV� SRVVLEOH� WR� GHVFULEH� WKLV� SURFHVV� IRUPDOO\� XVLQJ� WKH� DSSURDFKHV� RI�

ʌHVXEMHFWLYH�HQWURS\� ��>��@��
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Experiment. $QDO\]LQJ�PDULWLPH�DFFLGHQWV��RQH�FDQ�FRPH�WR�WKH�FRQFOXVLRQ�WKDW�RQH�RI�
WKH�PDLQ�UHDVRQV�LV�QHJOHFW�RI�VLJQLILFDQW�QDYLJDWLRQ�ULVNV�>��@��$PRQJ�WKH�VLJQLILFDQW�QDYLJDWLRQ�
ULVNV��WKH�IROORZLQJ�VKRXOG�EH�QRWHG�>��@���

)V���±�YHVVHO�PDQHXYHUDELOLW\���
)V���±�WHFKQRJHQLF�IDFWRUV���
)V���±�ZHDWKHU�FRQGLWLRQV���
)V���±�WHDP�IDWLJXH���
)V���±�WKH�SUHVHQFH�RI�D�VWUHVVIXO�VLWXDWLRQ���
)V���±�SHUFHSWLRQ�RI�WKH�VLWXDWLRQ���
)V���±�VSHFLDO�VDLOLQJ�DUHDV���
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)V���±�TXDOLW\�RI�FROODERUDWLRQ���
)V���±�DXWRPDWLRQ�DQG�QDYLJDWLRQ�LQIRUPDWLRQ�V\VWHPV���
,Q� RUGHU� WR� FDUU\� RXW� VLPXODWLRQ� PRGHOLQJ� RI� SRVVLEOH� QDYLJDWLRQ� VLWXDWLRQV� DQG�

PDQLIHVWDWLRQV� RI� KXPDQ� IDFWRU�� QDYLJDWLRQ� VLPXODWRU� 1DYL� 7UDLQHU� ����� �17352� ������ DQG�
DXWRPDWHG�'DWD�0LQLQJ�WRROV�ZHUH�XVHG���

%DVHG�RQ�UHVXOWV�RI�H[SHULPHQWV��W\SLFDO�URXWH�SODQQLQJ�WUHHV�ZHUH�LGHQWLILHG�E\�FDSWDLQV�
XQGHU� WKH� FRQGLWLRQV� RI� DERYH� IDFWRUV� SULRULW\��$V� D� UHVXOW�� ZLWK� KHOS� RI� DXWRPDWHG�PRGHOLQJ�
WHFKQRORJLHV��FRQWURO�DOJRULWKPV�KDYH�EHHQ�EXLOW�LQ�IRUP�RI�WUHH�VWUXFWXUHV��ILJ������
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Tree 1 graph for )V�
Num. of non-terminal nodes: 9,  Num. of terminal nodes: 10

ID=1 N=28

Mu=0,235714
Var=0,010153

ID=2 N=24

Mu=0,254167
Var=0,009149

ID=4 N=16

Mu=0,281250
Var=0,007773

ID=6 N=12

Mu=0,258333
Var=0,005764

ID=9 N=11

Mu=0,245455
Var=0,004298

ID=10 N=7

Mu=0,214286
Var=0,004082

ID=13 N=6

Mu=0,200000
Var=0,003333

ID=5 N=8

Mu=0,200000
Var=0,007500

ID=17 N=6

Mu=0,233333
Var=0,005556

ID=8 N=1

Mu=0,400000
Var=0,000000

ID=12 N=1

Mu=0,300000
Var=0,000000

ID=14 N=1

Mu=0,100000
Var=0,000000

ID=15 N=5

Mu=0,220000
Var=0,001600

ID=11 N=4

Mu=0,300000
Var=0,000000

ID=7 N=4

Mu=0,350000
Var=0,007500

ID=16 N=2

Mu=0,100000
Var=0,000000

ID=18 N=3

Mu=0,200000
Var=0,006667

ID=19 N=3

Mu=0,266667
Var=0,002222

ID=3 N=4

Mu=0,125000
Var=0,001875

)V�
<= 0,450000 > 0,450000

)V�
<= 16,500000 > 16,500000

)V�
<= 0,500000 > 0,500000

)V�
<= 0,150000 > 0,150000

)V�
<= 0,950000 > 0,950000

)V�
<= 11,500000 > 11,500000

)V�
<= 3,500000 > 3,500000

)V�
<= 0,150000 > 0,150000

)V�
<= 4,500000 > 4,500000

Tree 1 graph for )V�
Num. of non-terminal nodes: 8,  Num. of terminal nodes: 9

ID=1 N=28

Mu=0,871429
Var=0,011327

ID=2 N=26

Mu=0,888462
Var=0,007944

ID=4 N=18

Mu=0,911111
Var=0,006543

ID=7 N=16

Mu=0,925000
Var=0,005625

ID=8 N=10

Mu=0,900000
Var=0,006000

ID=11 N=6

Mu=0,933333
Var=0,005556

ID=9 N=6

Mu=0,966667
Var=0,002222

ID=5 N=8

Mu=0,837500
Var=0,007344

ID=6 N=2

Mu=0,800000
Var=0,000000

ID=10 N=4

Mu=0,850000
Var=0,002500

ID=12 N=1

Mu=0,800000
Var=0,000000

ID=13 N=5

Mu=0,960000
Var=0,002400

ID=14 N=3

Mu=0,933333
Var=0,002222

ID=15 N=3

Mu=1,000000
Var=0,000000

ID=16 N=3

Mu=0,766667
Var=0,002222

ID=17 N=5

Mu=0,880000
Var=0,005600

ID=3 N=2

Mu=0,650000
Var=0,002500

)V�
<= 7,500000 > 7,500000

)V�
<= 0,450000 > 0,450000

)V�
<= 11,500000 > 11,500000

)V�
<= 15,500000 > 15,500000

)V�
<= 4,500000 > 4,500000

)V�
<= 0,500000 > 0,500000

)V�
<= 0,150000 > 0,150000

)V�
<= 0,500000 > 0,500000

Tree 1 graph for )V�
Num. of non-terminal nodes: 8,  Num. of terminal nodes: 9

ID=1 N=28

Mu=0,325000
Var=0,010446

ID=2 N=8

Mu=0,450000
Var=0,002500

ID=3 N=20

Mu=0,275000
Var=0,004875

ID=6 N=7

Mu=0,314286
Var=0,004082

ID=9 N=6

Mu=0,333333
Var=0,002222

ID=7 N=13

Mu=0,253846
Var=0,004024

ID=13 N=8

Mu=0,287500
Var=0,003594

ID=14 N=6

Mu=0,316667
Var=0,001389

ID=4 N=3

Mu=0,500000
Var=0,000000

ID=5 N=5

Mu=0,420000
Var=0,001600

ID=8 N=1

Mu=0,200000
Var=0,000000

ID=10 N=1

Mu=0,400000
Var=0,000000

ID=11 N=5

Mu=0,320000
Var=0,001600

ID=12 N=5

Mu=0,200000
Var=0,000000

ID=16 N=4

Mu=0,300000
Var=0,000000

ID=17 N=2

Mu=0,350000
Var=0,002500

ID=15 N=2

Mu=0,200000
Var=0,000000

)U�
= No      ... = Other(s)

)V�
<= 0,150000 > 0,150000

)V�
<= 13,500000 > 13,500000

)V�
<= 0,200000 > 0,200000

)V�
<= 0,500000 > 0,500000

)V�
<= 15,500000 > 15,500000

)V�
<= 21,500000 > 21,500000

)V�
<= 4,500000 > 4,500000

Tree 1 graph for )V�
Num. of non-terminal nodes: 6,  Num. of terminal nodes: 7

ID=1 N=28

Mu=0,428571
Var=0,244898

ID=2 N=8

Mu=0,875000
Var=0,109375

ID=3 N=20

Mu=0,250000
Var=0,187500

ID=6 N=13

Mu=0,384615
Var=0,236686

ID=9 N=10

Mu=0,200000
Var=0,160000

ID=10 N=9

Mu=0,111111
Var=0,098765

ID=4 N=6

Mu=1,000000
Var=0,000000

ID=5 N=2

Mu=0,500000
Var=0,250000

ID=8 N=3

Mu=1,000000
Var=0,000000

ID=12 N=7

Mu=0,000000
Var=0,000000

ID=13 N=2

Mu=0,500000
Var=0,250000

ID=11 N=1

Mu=1,000000
Var=0,000000

ID=7 N=7

Mu=0,000000
Var=0,000000

)U�
= No      ... = Other(s)

)V�
<= 0,250000 > 0,250000

)V�
<= 0,950000 > 0,950000

)V�
<= 0,250000 > 0,250000

)V�
<= 5,500000 > 5,500000

)V�
<= 0,500000 > 0,500000
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Tree 1 graph for )V�
Num. of non-terminal nodes: 7,  Num. of terminal nodes: 8

ID=1 N=28

Mu=15,642857
Var=11,372449

ID=2 N=24

Mu=15,041667
Var=9,123264

ID=4 N=15

Mu=14,000000
Var=5,600000

ID=6 N=6

Mu=15,333333
Var=8,888889

ID=7 N=9

Mu=13,111111
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ID=10 N=6

Mu=12,333333
Var=0,222222

ID=5 N=9
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Var=10,172840

ID=8 N=2

Mu=12,500000
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ID=9 N=4
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ID=12 N=5
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Var=0,160000
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Mu=13,000000
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ID=3 N=4
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Var=9,687500

)V�
<= 0,650000 > 0,650000

)V�
<= 0,500000 > 0,500000

)V�
<= 4,500000 > 4,500000

)V�
<= 3,500000 > 3,500000

)V�
<= 6,500000 > 6,500000

)V�
<= 0,450000 > 0,450000

)V�
<= 0,500000 > 0,500000

Tree 1 graph for )V�
Num. of non-terminal nodes: 9,  Num. of terminal nodes: 10
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Mu=5,000000
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Var=0,160000

)U�
= No      ... = Other(s)

)V�
<= 0,750000 > 0,750000

)V�
<= 0,650000 > 0,650000

)V�
<= 0,550000 > 0,550000

)V�
<= 0,850000 > 0,850000

)V�
<= 0,350000 > 0,350000

)V�
<= 14,500000 > 14,500000

)V�
<= 12,500000 > 12,500000

)V�
<= 0,250000 > 0,250000

Tree 1 graph for )V�
Num. of non-terminal nodes: 9,  Num. of terminal nodes: 10
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Var=0,019475

ID=6 N=19

Mu=0,284211
Var=0,011856

ID=8 N=10

Mu=0,330000
Var=0,006100

ID=11 N=9

Mu=0,311111
Var=0,003210

ID=12 N=7

Mu=0,328571
Var=0,002041

ID=14 N=6

Mu=0,316667
Var=0,001389

ID=9 N=9

Mu=0,233333
Var=0,013333

ID=4 N=4

Mu=0,550000
Var=0,002500

ID=5 N=4

Mu=0,700000
Var=0,005000

ID=10 N=1

Mu=0,500000
Var=0,000000

ID=16 N=3

Mu=0,300000
Var=0,000000

ID=17 N=3

Mu=0,333333
Var=0,002222

ID=15 N=1

Mu=0,400000
Var=0,000000

ID=13 N=2

Mu=0,250000
Var=0,002500

ID=18 N=5

Mu=0,300000
Var=0,012000

ID=19 N=4

Mu=0,150000
Var=0,002500

ID=7 N=1

Mu=0,700000
Var=0,000000

)U�
= No      ... = Other(s)

)V�
<= 15,500000 > 15,500000

)V�
<= 23,000000 > 23,000000

)V�
<= 4,500000 > 4,500000

)V�
<= 0,500000 > 0,500000

)V�
<= 0,500000 > 0,500000

)V�
<= 19,500000 > 19,500000

)V�
<= 0,850000 > 0,850000

)V�
<= 14,000000 > 14,000000
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)LJXUH���±�5HVXOWV�RI�QDYLJDWLRQ�VLWXDWLRQV�VLPXODWLRQ�

,Q�RUGHU�WR�FRQILUP�WKH�DGHTXDF\�RI�WKH�VLPXODWLRQ��DQ�DGGLWLRQDO�H[SHULPHQW�ZDV�FDUULHG�
RXW� LQ� ZKLFK� WKH� IDFWRU� Fs 3 – weather conditions – became of special importance. 7KLV�
H[SHULPHQW�ZDV�FDUULHG�RXW�LQ�WKH�ORFDWLRQ�RI�©$HJHDQ�6HDª� 

Description of the navigation situation. 7KH�PDLQ�URXWH�IRU�VKLSV�LQ�$HJHDQ�6HD�WR�HQWHU�
'DUGDQHOOHV�6WUDLW�IURP�WKH�VLGH�RI�.DDS�0DOH\D�LV� WKURXJK�.DILUHIV�6WUDLW��7KDV�LV� WKH�VKRUWHVW�
URXWH�ZLWK�WKH�PRVW� LQWHQVLYH�WUDIILF�LQ�$HJHDQ�6HD�LQ� LWV�QRUWKHDVWHUQ�SDUW��,Q� WKH�ZLQWHU��IURP�
1RYHPEHU� WR�)HEUXDU\�� WKH�ZLQG� VWUHQJWK� IURP�1(�UHDFKHV� ���� SRLQWV�� DQG� WKH� VHD� VWDWH� XS� WR�
VLJQLILFDQW�±�����P��3DUWLFXODUO\�XQIDYRUDEOH�VHFWLRQ�IURP�WKH�.DILUHIV�6WUDLW�WR�%R]FDDGD�,VODQG�±�
ZDLWLQJ�IRU�HQWUDQFH�WR�'DUGDQHOOHV�6WUDLW��7KH�GLVWDQFH�WR� WKH�RSHQ�VHD�LV�����PLOHV��,Q�VWRUP\�
ZHDWKHU��WKH�YHVVHO�ORVHV�VSHHG��WKH�GHFN��KROG�FRYHUV�DQG�GHFN�FDUJR�DUH�IORRGHG���

7R�DYRLG�VWRUP\�ZHDWKHU�LQ� WKLV�VHFWLRQ�� WKH�FDSWDLQ¶V�UHFRPPHQGDWLRQ�ZDV�DFFHSWHG�WR�
SDYH�WKH�ZD\�IURP�&DSH�0DOH\D�QRW�WR�.DILUHIV�6WUDLW��EXW�WR�0\NRQRV�6WUDLW��EHWZHHQ�LVODQGV�RI�
7LQRV�DQG�0\NRQRV��FRQWLQXH�WR�WKH�LVODQG�RI�&KLRV��7KDV�LV�D����PLOH�VWUHWFK�ZKHUH�VHD�ZDYHV�
DUH�PXFK�ZHDNHU�GXULQJ�VWRUP\�ZHDWKHU��0RYLQJ�QRUWK�DORQJ�WKH�LVODQG�&KLRV�DQG�)U��/HVYRV�WR�
DERXW�%R]FDDGD��WKH�YHVVHO�ZLOO�EH�SURWHFWHG�IURP�1(�XQUHVW��

7KH�GLVWDQFH�P��0DOH\D�±�.DILUHIV�±�%R]FDDGD�LV�����PLOHV��
7KH�GLVWDQFH�IURP�0DOHD�±�0\NRQRV�±�%R]FDDGD�LV�����PLOHV�±E\����PLOHV�PRUH��EXW�ORVV�

RI� WUDQVLW� WLPH� ZLOO� EH� FRPSHQVDWHG� E\� D� VPDOOHU� ORVV� RI� VSHHG� IURP� ZDYH�� %\� UHIHUHQFH� WR�
PHWHRURORJLFDO�VLWXDWLRQ���WKH�VKLS¶V�FDSWDLQ�FKRVH�D�VDIHU�URXWH��ILJ������

Tree 1 graph for )V�
Num. of non-terminal nodes: 4,  Num. of terminal nodes: 5

ID=1 N=28

Mu=0,607143
Var=0,238520

ID=3 N=20

Mu=0,850000
Var=0,127500

ID=4 N=18

Mu=0,888889
Var=0,098765

ID=6 N=17

Mu=0,941176
Var=0,055363

ID=2 N=8

Mu=0,000000
Var=0,000000

ID=8 N=14

Mu=1,000000
Var=0,000000

ID=9 N=3

Mu=0,666667
Var=0,222222

ID=7 N=1

Mu=0,000000
Var=0,000000

ID=5 N=2

Mu=0,500000
Var=0,250000

)U�
= No      ... = Other(s)

)V�
<= 0,450000 > 0,450000

)V�
<= 21,500000 > 21,500000

)V�
<= 0,350000 > 0,350000

Tree 1 graph for )V�
Num. of non-terminal nodes: 4,  Num. of terminal nodes: 5

ID=1 N=28

Mu=0,392857
Var=0,238520

ID=2 N=19

Mu=0,210526
Var=0,166205

ID=4 N=15

Mu=0,066667
Var=0,062222

ID=3 N=9

Mu=0,777778
Var=0,172840

ID=6 N=2

Mu=0,500000
Var=0,250000

ID=7 N=13

Mu=0,000000
Var=0,000000

ID=5 N=4

Mu=0,750000
Var=0,187500

ID=8 N=3

Mu=0,333333
Var=0,222222

ID=9 N=6

Mu=1,000000
Var=0,000000

)V�
<= 16,500000 > 16,500000

)V�
<= 0,350000 > 0,350000

)V�
<= 0,250000 > 0,250000

)V�
<= 4,500000 > 4,500000
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)LJXUH���±�7KH�SURFHVV�RI�IRUPLQJ�DQ�DOWHUQDWLYH�URXWH�E\�IDFWRU�)V���

Conclusion.� $Q� DQDO\VLV� RI� WKH� FRUUHVSRQGLQJ� H[SHULPHQWDO� PRGHO� RI� URXWH� SODQQLQJ�
VKRZHG�WKDW�WKH�IROORZLQJ�EHFDPH�NH\�IDFWRUV�IRU�GHFLVLRQ�PDNLQJ�DW�PDLQ�IDFWRU�)V���±�³ZHDWKHU�
FRQGLWLRQVª��

)V� �� ±� ©VSHFLDO� QDYLJDWLRQ� DUHDVª�ĺ� )V� �� ±� ©DXWRPDWLRQ� DQG� QDYLJDWLRQ� LQIRUPDWLRQ�
V\VWHPVª�ĺ�)V� �� ±� ©SHUFHSWLRQ� RI� VLWXDWLRQª�	�)V� �� ±� ©SUHVHQFH� RI� D� VWUHVVIXO� VLWXDWLRQª�ĺ�
�)V���±�©SHUFHSWLRQ�RI�VLWXDWLRQª�ĺ�)V���±�©VSHFLDO�VDLOLQJ�DUHDV�ª��

$V�FDQ�EH�VHHQ�IURP�WKH�URXWH�SODQQLQJ�DOJRULWKP�� WKH�PRVW�VLJQLILFDQW�SODQQLQJ�IDFWRUV�
ZHUH�)V���±� WKH�SHUFHSWLRQ�RI� VLWXDWLRQ�DQG�)V���±�³VSHFLDO�QDYLJDWLRQ�DUHDVª��ZKLFK�DSSHDUHG�
F\FOLFDOO\�WKURXJKRXW�WKH�SODQQLQJ�SURFHVV��

,Q� DGGLWLRQ�� DQ� LPSRUWDQW� UROH� KDV� EHHQ� SOD\HG� E\� )V� �� ±� ©WKH� SUHVHQFH� RI� D� VWUHVVIXO�
VLWXDWLRQª��ZKLFK��ZLWK�VXIILFLHQW�LQIOXHQFH��FDQ�VLJQLILFDQWO\�DIIHFW�FRXUVH�RI�HYHQWV��+RZHYHU��WKH�
HOLPLQDWLRQ�RI�WKLV�IDFWRU�LQ�WKH�VKRUW�WHUP�LV�DOPRVW�LPSRVVLEOH�DQG�UHTXLUHV�DGGLWLRQDO�WUDLQLQJ�DW�
WLPH�RI�WUDLQLQJ�>��@��
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ɇɨɫɨɜ ɉ. ɋ., Зɢɧɱɟɧɤɨ ɋ. Ɇ., ɉɪɨɤɨɩɱɭɤ ɘ. А., ɉɨɩɨɜɢɱ И. ɋ., Ʌɢɬɨɜɱɟɧɤɨ В. И. ȼɅɂəɇɂȿ�
ɑȿɅɈȼȿɑȿɋɄɈȽɈ�ɎȺɄɌɈɊȺ�ɇȺ�ȻȿɁɈɉȺɋɇɈɋɌɖ�ɉɅȺɇɂɊɈȼȺɇɂə�ɆȺɊɒɊɍɌȺ�ȼɈȾɇɈȽɈ�
ɌɊȺɇɋɉɈɊɌȺ  
Целɶɸ ɫɬаɬɶи ɹвлɹеɬɫɹ ɮɨɪмалɶнɵй анализ алгɨɪиɬмɨв ɩланиɪɨваниɹ каɩиɬанɨм безɨɩаɫнɵɯ 
маɪɲɪɭɬɨв в ɫлɨжнɵɯ навигаɰиɨннɵɯ ɫиɬɭаɰиɹɯ на вɨднɨм ɬɪанɫɩɨɪɬе. Фɨɪмалɶнɵй  
и алгɨɪиɬмиɱеɫкий анализɵ на ɨɫнɨве деɪевɶев ɩɪинɹɬиɹ ɪеɲений ɩɨзвɨлил ɭɫɨвеɪɲенɫɬвɨваɬɶ 
ɷɪгаɬиɱеɫкие ɫиɫɬемɵ навигаɰиɨннɨй безɨɩаɫнɨɫɬи и заɪанее ɫɩɪɨгнɨзиɪɨваɬɶ веɪɨɹɬнɵе ɪиɫки 
мɨɪɫкиɯ аваɪий.  
В ɫɬаɬɶе ɪаɫɫмаɬɪиваɸɬɫɹ ɩɨдɯɨдɵ, ɩɨзвɨлɹɸɳие алгɨɪиɬмизиɪɨваɬɶ ɩɪɨɰеɫɫɵ вɨɫɩɪиɹɬиɹ 
навигаɰиɨннɵɯ ɫиɬɭаɰий каɩиɬанɨм. Пɪи ɷɬɨм ɩɪивɨдиɬɫɹ ɮɨɪмалɶнɨе ɨɩиɫание наибɨлее 
ɫɭɳеɫɬвеннɵɯ ɷлеменɬɨв ɱелɨвеɱеɫкɨгɨ ɮакɬɨɪа каɩиɬана, влɹɸɳиɯ на ɩɪɨɰеɫɫɵ ɩланиɪɨваниɹ 
маɪɲɪɭɬɨв. Также ɪаɫɫмаɬɪиваɸɬɫɹ вɨɩɪɨɫɵ, ɫвɹзаннɵе ɫ вɨɫɩɪиɹɬием ɫлɨжнɵɯ навигаɰиɨннɵɯ 
ɫиɬɭаɰий каɩиɬанɨм, ɩɪивɨдɹɬɫɹ завиɫимɨɫɬи ɨɬ ɨбɴема и мнɨгɨɩɨɬɨɱнɨɫɬи вɯɨднɨй инɮɨɪмаɰии. 
С ɰелɶɸ ɩɨдɬвеɪждениɹ ɮакɬиɱеɫкɨгɨ влиɹниɹ ɷлеменɬɨв ɱелɨвеɱеɫкɨгɨ ɮакɬɨɪа каɩиɬана на 
ɩɪɨɰеɫɫɵ ɩланиɪɨваниɹ безɨɩаɫнɨгɨ маɪɲɪɭɬа бɵл ɩɪɨведен ɪɹд ɷɫɩеɪименɬɨв ɫ ɩɪименением 
навигаɰиɨннɨгɨ ɫимɭлɹɬɨɪа Navi Trainer 5000 и ɩɨɫледɭɸɳегɨ мɨделиɪɨваниɹ ɫɪедɫɬвами Data 
Mining. В ɪезɭлɶɬаɬе мɨделиɪɨваниɹ бɵли ɩɨлɭɱенɵ ɬиɩɨвɵе кɨнɫɬɪɭкɰии  ɩланиɪɨваниɹ 
маɪɲɪɭɬɨв вɨднɨгɨ ɬɪанɫɩɨɪɬа. А ɬакже ɩɨдɬвеɪждение адекваɬнɨɫɬи ɩɨɫɬɪɨенɵɯ мɨделей на 
ɩɪимеɪе ɮакɬɨɪа Fs 3 – «ɩɨгɨднɵе ɭɫлɨвиɹ». Пɪедлɨженнɵе ɩɨдɯɨдɵ ɩɨзвɨлɹɬ в далɶнейɲем 
ɪаɫɲиɪиɬɶ вɨзмɨжнɨɫɬи ɩɪɨгнɨɫɬиɱеɫкиɯ мɨделей вɨзмɨжнɵɯ аваɪий на вɨднɨм ɬɪанɫɩɨɪɬе ɩɨ 
вине ɱелɨвеɱеɫкɨгɨ ɮакɬɨɪа. 
Кɥɸɱевɵе ɫɥɨва: вɨднɵй ɬɪанɫɩɨɪɬ, ɱелɨвеɱеɫкий ɮакɬɨɪ, ɩланиɪɨвание безɨɩаɫнɨгɨ маɪɲɪɭɬа, 
ɷɪгаɬиɱеɫкие ɫиɫɬемɵ. 

 
ɇɨɫɨɜ ɉ. ɋ., Зɿɧɱɟɧɤɨ ɋ. Ɇ., ɉɪɨɤɨɩɱɭɤ ɘ. А., ɉɨɩɨɜɢɱ І. ɋ., Ʌɢɬɨɜɱɟɧɤɨ В. І. ȼɉɅɂȼ�
ɅɘȾɋɖɄɈȽɈ�ɎȺɄɌɈɊɍ�ɇȺ�ȻȿɁɉȿɄɍ�ɉɅȺɇɍȼȺɇɇə�ɆȺɊɒɊɍɌɍ�ȼɈȾɇɈȽɈ�ɌɊȺɇɋɉɈɊɌɍ�
Меɬɨɸ ɫɬаɬɬɿ ɽ ɮɨɪмалɶний аналɿз алгɨɪиɬмɿв ɩланɭваннɹ каɩɿɬанɨм безɩеɱниɯ маɪɲɪɭɬɿв  
ɭ ɫкладниɯ навɿгаɰɿйниɯ ɫиɬɭаɰɿɹɯ на вɨднɨмɭ ɬɪанɫɩɨɪɬɿ. Фɨɪмалɶний ɿ алгɨɪиɬмɿɱний аналɿзи на 
ɨɫнɨвɿ деɪев ɩɪийнɹɬɬɹ ɪɿɲенɶ дɨзвɨлив ɭдɨɫкɨналиɬи еɪгаɬиɱнɿ ɫиɫɬеми навɿгаɰɿйнɨʀ безɩеки  
ɿ заздалегɿдɶ ɫɩɪɨгнɨзɭваɬи ймɨвɿɪнɿ ɪизики мɨɪɫɶкиɯ аваɪɿй. 
У ɫɬаɬɬɿ ɪɨзглɹдаɸɬɶɫɹ ɩɿдɯɨди, ɳɨ дɨзвɨлɹɸɬɶ алгɨɪиɬмɿзɭваɬи ɩɪɨɰеɫи ɫɩɪийнɹɬɬɹ 
навɿгаɰɿйниɯ ɫиɬɭаɰɿй каɩɿɬанɨм. Вɨднɨɱаɫ навɨдиɬɶɫɹ ɮɨɪмалɶний ɨɩиɫ найбɿлɶɲ ɿɫɬɨɬниɯ 
елеменɬɿв лɸдɫɶкɨгɨ ɮакɬɨɪɭ каɩɿɬана, ɳɨ вливаɸɬɶ на ɩɪɨɰеɫи ɩланɭваннɹ маɪɲɪɭɬɿв. Такɨж 
ɪɨзглɹдаɸɬɶɫɹ ɩиɬаннɹ, ɳɨ ɩɨв’ɹзанɿ ɿз ɫɩɪийнɹɬɬɹм ɫкладниɯ навɿгаɰɿйниɯ ɫиɬɭаɰɿй каɩɿɬанɨм, 
навɨдɹɬɶɫɹ залежнɨɫɬɿ вɿд ɨбɫɹгɭ ɿ багаɬɨɩɨɬɨɱнɨɫɬɿ вɯɿднɨʀ ɿнɮɨɪмаɰɿʀ. 
З меɬɨɸ ɩɿдɬвеɪдженнɹ ɮакɬиɱнɨгɨ вɩливɭ елеменɬɿв лɸдɫɶкɨгɨ ɮакɬɨɪɭ каɩɿɬана на ɩɪɨɰеɫи 
ɩланɭваннɹ безɩеɱнɨгɨ маɪɲɪɭɬɭ бɭла ɩɪɨведена низка еɫɩеɪименɬɿв ɿз заɫɬɨɫɭваннɹм навɿгаɰɿйнɨгɨ 
ɫимɭлɹɬɨɪа Navi Trainer 5000 ɿ ɩɨдалɶɲɨгɨ мɨделɸваннɹ заɫɨбами Data Mining. В ɪезɭлɶɬаɬɿ 
мɨделɸваннɹ бɭли ɨɬɪиманɿ ɬиɩɨвɿ кɨнɫɬɪɭкɰɿʀ ɩланɭваннɹ маɪɲɪɭɬɿв вɨднɨгɨ ɬɪанɫɩɨɪɬɭ.  
А ɬакɨж ɩɿдɬвеɪдженɨ адекваɬнɿɫɬɶ ɩɨбɭдɨваниɯ мɨделей на ɩɪикладɿ ɮакɬɨɪɭ Fs 3 – «ɩɨгɨднɿ 
ɭмɨви». Заɩɪɨɩɨнɨванɿ ɩɿдɯɨди дɨзвɨлɹɬɶ ɭ ɩɨдалɶɲɨмɭ ɪɨзɲиɪиɬи мɨжливɨɫɬɿ ɩɪɨгнɨɫɬиɱниɯ 
мɨделей мɨжливиɯ аваɪɿй на вɨднɨмɭ ɬɪанɫɩɨɪɬɿ з вини лɸдɫɶкɨгɨ ɮакɬɨɪɭ. 
Кɥɸɱɨвɿ ɫɥɨва: вɨдний ɬɪанɫɩɨɪɬ, лɸдɫɶкий ɮакɬɨɪ, ɩланɭваннɹ безɩеɱнɨгɨ маɪɲɪɭɬɭ, еɪгаɬиɱнɿ 
ɫиɫɬеми. 
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