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?@>AB>@V 3@0D0 AB0=V2 7 <5B>N <V=V<V70FVW 4>268=8 <0@H@CBC. &0:5 70240==O 
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>A=>2V >4=>3> 3@0D>2>3> ?@>AB>@C 45:V;P:><0 035=B0<8. � FP><C 28?04:C 
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28@060єBPAO :V;P:VABN :>=D;V:BV2 <V6 035=B0<8. &0:0 01AB@0:B=0 ?>AB0=>2:0 
70240==O <0є G8A;5==V 20@V0=B8 D>@<0;V70FVW B0 25;8:C :V;P:VABP ?V4E>4V2 4> WW 
28@VH5==O. ' FVєW @>1>BV >A=>2=8< 5;5<5=B>< ?V4E>4C є 70AB>AC20==O 
:;0A8G=>3> 0;3>@8B<C �59:AB@8, I> 28:>=CєBPAO ?>A;V4>2=> :>6=8< 035=B><. 
#V4 G0A 7=0E>465==O =09:>@>BH>3> <0@H@CBC :>65= 035=B <>48DV:Cє 
3@0D>289 ?@>ABV@ B0:8< G8=><, I>1 7<5=H8B8 9<>2V@=VABP :>=D;V:BV2 7 
=0ABC?=8<8 035=B0<8. *59 ?>EV4 є >@83V=0;P=8< V 4;O ?5@52V@:8 1C2 
28:>=0=89 @O4 >1G8A;N20;P=8E 5:A?5@8<5=BV2 70 4>?><>3>N @>7@>1;5=>3> 
4;O FVєW <5B8 ?@>3@0<=>3> 70157?5G5==O. �:A?5@8<5=B8, I> 1C;8 ?@>2545=>, 
45<>=AB@CNBP 045:20B=C ?>254V=:C >A=>2=>3> 0;3>@8B<C. ' @>1>BV 
?@>0=0;V7>20=> >1<565==O, 2;0AB82V 70?@>?>=>20=><C ?V4E>4C C @0<:0E 
01AB@0:B=>W ?>AB0=>2:8 70240==O. �87=0G5=> =0?@O<8 ?>40;PH>3> @>728B:C 
107>2>3> ?V4E>4C. 
�;NG>2V A;>20: :>>?5@0B82=0 ?>254V=:0 035=BV2, 0;3>@8B< �59:AB@8, 
<C;PB8035=B=V A8AB5<8, :>=D;V:B8. 

 

ВcFG? Fа >7лO8 іE=GNчих ?і8х>8і6. $>7@>1:0 B0 4>A;V465==O <C;PB8035=B=8E 
A8AB5< ( �%) є ?5@A?5:B82=8< ACG0A=8< =0C:>2>-?@0:B8G=8< =0?@O<><, O:89 
<>6=0 2V4=5AB8 4> :0B53>@VW <V648AF8?;V=0@=8E =0 AB8:C =0ABC?=8E 30;C759: 
V=D>@<0B8:0 (>A>1;82> HBCG=89 V=B5;5:B), ?A8E>;>3VO (>A>1;82> A>FV0;P=0  

?A8E>;>3VO) B0 DV;>A>DVO. *59 A?8A>: <>6=0 @>7H8@8B8, 0;5 9 C B0:><C 283;O4V 
7@>7C<V;>, I> 2V4 240;8E ?@>5:BV2  �% A;V4 >GV:C20B8 A8=5@35B8G=>3> 5D5:BC =5 
BV;P:8 7024O:8 A8=E@>==V9 CG0ABV :V;P:>E 035=BV2, 0;5 9 5D5:BC 28:>@8AB0==O 
<5B>4V2 F8E =0C:>28E =0?@O<V2, I> WE 270є<>4>?>2=Nє. 

 01CBP, :;NG>289 D0:B>@, I> 4>72>;Oє 4>AO3B8 ?>78B82=>3> 
A8=5@35B8G=>3> 5D5:BC – F5 740B=VABP A8AB5<8 >@30=V7C20B8 270є<>4VN 035=BV2 B0:, 
I>1 7<5=H8B8 01> =02VBP <V=V<V7C20B8 :>=D;V:B8 <V6 =8<8. � V=H><C 28?04:C <8 
@878:Cє<> >B@8<0B8 72>@>B=89 5D5:B, :>;8 035=B8 4VNBP =5?@>4C:B82=>, 
702060NG8 >48= >4=><C. �25@=5<> C203C, I> A;>2>A?>;CG5==O «740B=VABP 
A8AB5<8» =5 <0є =0 C207V BCB :>=:@5B=>W 45F5=B@0;V7>20=>W 0@EVB5:BC@8 A8AB5<8. 
�V;PH B>3>, =091V;PH>3> 5D5:BC A;V4 >GV:C20B8 2V4 A8AB5< 7=0G=>N <V@>N 
3><>35==8E. 

"1;0ABP 4>A;V465=P, O:V9 ?@8A2OG5=0 40=0 @>1>B0, <0є 4>A8BP CAB0;5=5 
?>7=0G5==O – Multi-Agent Path Finding (MAPF). � FP>3> ?>3;O4C ?>254V=:0 035=B0 
72>48BPAO 4> 7=0E>465==O <0@H@CBC C ?@>AB>@V AB0=V2. 

"A=>2=>N <5B>N 40=>W @>1>B8 є @>7@>1:0 <5E0=V7<C, O:89 4>72>;8BP 
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7=0E>48B8 10;0=A <V6 42><0 270є<=>AC?5@5G;828<8 ?>:07=8:0<8 – :V;P:VABP 
:>=D;V:BV2 B0 4>268=0 <0@H@CBC. І=H8<8 A;>20<8, <8 E>G5<> 7=09B8 
AC1>?B8<0;P=5 @VH5==O >4=>G0A=> 4;O F8E 42>E ?>:07=8:V2. !572060NG8 =0 
?@8ACB=VABP ?>:07=8:0 4>268=8 <0@H@CBC, A?5:B@ ?@54<5B=8E >1;0AB59 =5 
>1<565=89 A5@54>28I0<8, 2 O:8E O2=> ?@8ACB=V9 <5B@8G=89 ?@>ABV@ (>4=>G0A=5 
?5@5<VI5==O 02B><>1V;V2 7 02B>?V;>B0<8, 02V0FV9=8E B@0=A?>@B=8E 70A>1V2, 
@>1>BV2, I> 28:>=CNBP A5@2VA=V DC=:FVW C ?@8<VI5==V G8 1C4V2;V). #@8 1V;PH 
7030;P=>W V=B5@?@5B0FVW ?@54<5B=0 >1;0ABP <>65 <0B8 =5 ?@>AB>@>2>3> 0A?5:BC V 
1CB8 A8AB5<>N A?>6820==O @5AC@AV2 >1<565=>3> >1AO3C, O:V 035=B8 
28:>@8AB>2CNBP @>8  28:>=0==V A2>WE 70240=P. &0:8< G8=><, 206;828< 0A?5:B>< 
70?@>?>=>20=>3> 4>A;V465==O є @>7@>1:0 <5B>48:8, I> 4>72>;Oє ?5@5B2>@N20B8 
:>=F5?FVW 28EV4=>W ?@54<5B=>W 30;C7V C :>=F5?FVW D>@<0;P=>3> ?>E>4C. �07=0G8<> 
B0:>6, I> 2 FV9 @>1>BV <8 =0<030є<>AO 70?@>?>=C20B8 ?V4EV4, O:89 4>72>;8BP 
C=8:=CB8 :>=D;V:BC, 0 =5 CAC20B8 9>3> ?VA;O D0:BC 9>3> 28=8:=5==O. ' B5@<V=0E 
 �% F59 <5B>4 7=0G=>N <V@>N 2V4=>A8BPAO 4> @>74V;C ?;0=C20==O [1].  

�=0;V7 465@5;, ?@8A2OG5=8E ?@>1;5<0< MAPF 45<>=AB@Cє @V7=><0=VB=VABP 
<5B>4V2 WE 28@VH5==O. #@8@>4=>, 7=0G=0 G0AB8=0 F8E <5B>4V2 ?>2'O70=0 7 
?>1C4>2>N 3@0D0 AB0=V2 4;O @>72'O7C20=>W 7040GV B0 70AB>AC20==O @V7=8E 
@V7=>284V2 0;3>@8B<V2 ?>HC:C =0 3@0D0E. �;O ?V428I5==O 5D5:B82=>ABV G0AB> 
28:>@8AB>2CNBP @V7=>2848 0;3>@8B<C A*. !0?@8:;04, C @>1>BV [2] ?@>?>=CєBPAO 
<>48DV:0FVO EPEA*, C O:V9 C ?@>F5AV ?>HC:C >?B8<V7CєBPAO :V;P:VABP 2C7;V2 
3@0D0, I> @>7:@820NBPAO =0 :>6=><C :@>FV. ' FP><C =0?@O<V @>1>B0 [3] ?@>?>=Cє 
28:>@8AB>2C20B8 42>@V2=5289 ?>HC:>289 0;3>@8B<, A?@>5:B>20=89 C B><C, I>1 
?5@525@H8B8 B@048FV9=89 0;3>@8B< A*. �2>E@V2=520 45:><?>78FVO =0 4C<:C  

02B>@V2 <0є 70157?5G8B8 >?B8<0;P=VABP @VH5==O, 715@V30NG8 ?@8 FP><C ?@89=OB=V 
?>:07=8:8 5D5:B82=>ABV. �2B>@8 AB25@46CNBP, I> 70?@>?>=>20=89 ?V4EV4 
70157?5GCє >?B8<0;P=VABP @VH5==O 70 ?@89=OB=89 G0A C 45O:8E 28?04:0E 9>3> 
70AB>AC20==O. �030B> 7 ?@>?>=>20=8E C FP><C =0?@O<V ?V4E>4V2 @50;V7CNBP 
1030B>035=B=VABP C D>@<V 3@C?>2>3> 035=B0 (joint agent), C @57C;PB0BV 2C7;8 
3@0D>2>3> ?@>AB>@C ?>40NBP V=D>@<0FVN D0:B8G=> ?@> 157;VG 035=BV2.  

)>G0 @>1>B0 [4] B0:>6 C >A=>2V D>@<0;P=>W <>45;V 28:>@8AB>2Cє 3@0D>2V 
0;3>@8B<8, 0;5 C 7=0G=> V=HV9 <0=5@V. �2B>@8 7>A5@548;8 7CA8;;O =0 
157:>=D;V:B=><C @CAV B@0=A?>@B=8E 70A>1V2 =0 4V;O=:0E V7 =5:5@>20=8<8 
?5@5E@5ABO<8.  0B5<0B8G=8< ?V4ґ@C=BO< FP>3> ?V4E>4C є 0;3>@8B< <V=V<0;P=>3> 
@>7<V@C :;V:>2>3> ?>:@8BBO 3@0D0, 0 V=AB@C<5=B0@Vє< 4>A;V465==O – V<VB0FV9=5 
<>45;N20==O 7 ?>40;PH8< 0=0;V7>< @57C;PB0BV2 5:A?5@8<5=BV2. 

І=H0 <5B>48:0 28@VH5==O ?@>1;5< MAPF ?@>?>=CєBPAO C [5]. &CB O: 
>A=>2C ?>HC:>2>3> 0;3>@8B<C 02B>@8 28:>@8AB>2CNBP 35=5B8G=89 0;3>@8B<. 
!54>;V:>< 35=5B8G=>3> 0;3>@8B<C, O: V V=H8E B@048FV9=8E <5B>4V2 HBCG=>3> 
V=B5;5:BC, є 9>3> =5?@>7>@VABP, O:0 =5 4>72>;Oє :>@8ABC20G52V :@8B8G=> 
0=0;V7C20B8 >B@8<0=V @VH5==O, A?8@0NG8AP =0 7@>7C<V;C ;>3V:C 0;3>@8B<C. � 
V=H>3> 1>:C, ?@8:;04=89 =0?@O<>: 70?@>?>=>20=>3> 02B>@>< ?V4E>4C ?>2'O70=89 

7 C?@02;V==O< 02V0?5@52575==O<8 (Air Transportation Management - ATM), 45 B0:89 
:@8B8G=89 0=0;V7 є 206;828<. &><C, :@V< A0<>3> <5E0=V7<C ?>HC:C <0@H@CBV2, 
02B>@8 ?@>?>=CNBP 28:>@8AB>2C20B8 <5B>48 2V7C0;V70FVW 4;O 0=0;V7C @VH5=P.  

#>40=89 BCB =525;8:89 ?5@5;V: ?V4E>4V2 =5 ?@5B5=4Cє =0 ?>2=>BC, 0;5 
4>72>;Oє 7@>7C<VB8, I> 4;O 28@VH5==O 70240==O >@30=V70FVW 5D5:B82=>W 
157:>=D;V:B=>W ?>254V=:8 157;VGV 035=BV2 70AB>A>2CNBPAO 4C65 @V7=><0=VB=V C 
<0B5<0B8G=8E >A=>20E <5B>48. �>A8BP A5@9>7=>N ?@>1;5<>N є B0:>6 
@V7=><0=VB=VABP D>@<C;N20=P @>72'O7C20=8E 7040G, I> CA:;04=Nє ?>@V2=O;P=89 
0=0;V7 @V7=8E ?V4E>4V2. 
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�07>25 70240==O :>>?5@0B82=>W ?>254V=:8 035=BV2 B0 >A=>2=89 ?V4EV4 4> WW 
28@VH5==O. #@54<5B=0 >1;0ABP 40=>W @>1>B8 – <C;PB8035=B=5 A5@54>28I5, C 
O:><C 035=B8 4>AO30NBP A2>WE @V7=8E FV;59, =0<030NG8AP <V=V<V7C20B8 270є<=V 
:>=D;V:B8. ' FV9 @>1>BV B0:0 A8BC0FVO =5 1C45 D>@<0;V7>20=0 B0:8< G8=><, I>1 
D>@<C;N20==O 28O28;>AO 18 ?52=>N <V@>N C=V25@A0;P=8<. %?@>18 7@>18B8 B0:5 
D>@<C;N20==O <VAB8BPAO 2 [6]. "4=0: 72>@>B=>N AB>@>=>N B0:>W C=V25@A0;P=>ABV 
є A:;04=VABP 74V9A=8B8 =0 WW >A=>2V @50;V70FVN ?@54AB02=8FP:>W <=>68=8 :>@8A=8E 
?@8:;04=8E 28?04:V2. 

$>73;O=5<> =0ABC?=C 25@AVN ?>AB0=>2:8 70240==O. �5O:V 035=B8 VA=CNBP C 
?@>AB>@V, 7040=><C >@Vє=B>20=8< 72065=8< 3@0D><. �03C 4C38 =07820B8<5<> 
4>268=>N 4C38. �>65= V7 035=BV2 =0 ?>G0B:C 7=0E>48BPAO 2 >4=><C V7 2C7;V2 3@0D0 
(AB0@B>289 2C7>;). !0?@8:V=FV ?@>F5AC 035=B ?>28=5= >?8=8B8AO C 2C7;V, O:89 
=07820B8<5<> FV;P>28< 2C7;><.  >65 VA=C20B8 :V;P:0 <0@H@CBV2, O:V ?@82>4OBP 
035=B0 7V AB0@B>2>3> 2C7;0 4> FV;P>2>W. �V;P:VABP <0@H@CBV2 <>65 1CB8 =02VBP 
=5A:V=G5==>N G5@57 =0O2=VABP F8:;V2 C 3@0DV. �>=D;V:B>< <V6 42><0 035=B0<8 C 
?>G0B:>2V9 ?>AB0=>2FV 70240==O є ?@8ACB=VABP C WE <0@H@CB0E >4=0:>2>W 4C38. 
�V;P:VABP :>=D;V:BV2 – F5 :V;P:VABP B0:8E 71V3V2.  5B>N 70240==O є 7=0E>465==O 
B0:8E <0@H@CBV2 4;O 2AVE 035=BV2, O:V >4=>G0A=> <V=V<V7CNBP 4>268=8 <0@H@CBV2 
B0 :V;P:VABP :>=D;V:BV2 4;O 2AVєW AC:C?=>ABV 035=BV2. !5 702648 240єBPAO 4>AO3B8 
=C;P>2>W :V;P:>ABV :>=D;V:BV2 70 <V=V<V70FVW 4>268=8 <0@H@CBV2. І BCB @VH5==O 
?@89<0єBPAO 28E>4OG8 7 10;0=AC <V6 F8<8 AC?5@5G;828<8 ?>:07=8:0<8 C 
:>=:@5B=V9 7040GV. 

' B0:V9 ?>AB0=>2FV 70240==O =5<0є ?>=OBBO G0AC. &><C ?>=OBBO :>=D;V:BC 
287=0G5=> 1572V4=>A=> ?>A;V4>2=>ABV 4C3 C <0@H@CBV. &0:C ?>AB0=>2:C 70240==O 
40;V =07820B8<5 107>28< 70240==O< :>>?5@0B82=>W ?>254V=:8.  

' B0:><C B@0:BC20==V 70240==O 9>3> =5 <>6=0 157?>A5@54=P> A?@89<0B8 O: 
<>45;P @CEC <0B5@V0;P=8E >1'є:BV2 C <5B@8G=><C ?@>AB>@V. �06;828< =0?@O<>< 
@>728B:C ?@>?>=>20=>3> ?V4E>4C є 9>3> @>7H8@5==O 4> 1V;PH @50;VAB8G=8E 
20@V0=BV2 70240=P. 

�V;P:VABP <>6;828E <0@H@CBV2 4;O >4=>3> 035=B0 2 AC:C?=>ABV 7 
=5>1EV4=VABN ?@>0=0;V7C20B8 FV <0@H@CB8 4;O 1030BP>E 035=BV2, C=5<>6;82;Nє 
@VH5==O 107>2>3> 70240==O =02VBP 4;O =525;8:>3> 3@0D>2>3> ?@>AB>@C V :V;P:>ABV 
035=BV2. 

!0?@O<8 =0C:>28E 4>A;V465=P, C O:8E <>6=0 HC:0B8 <5B>48 @>72'O70==O 
107>2>W 7040GV: ?>-?5@H5, F5 B5>@VO <0H8==>3> =02G0==O 7 ?V4:@V?;5==O< O: C 
7030;P=><C 283;O4V [7], B0: V WW ?>EV4=0 ?V4>1;0ABP – <C;PB8035=B=5 =02G0==O 7 
?V4:@V?;5==O< [8], ?> 4@C35 F5 B5>@VO V3>@, 2 O:V9 4>A;V46CNBPAO >A>1;82>ABV 
270є<>4VW 035=BV2 7 @V7=8<8 FV;O<8, O:V =5 702648 71V30NBPAO[9]. 

 8 28:>@8AB>2Cє<> C ?52=><C A5=AV 72>@>B=89 ?V4EV4. �7O2H8 70 >A=>2C 
3V?>B57C ?@> 70AB>AC20==O 0;3>@8B<C �59:AB@8 2 C<>20E ?>AB0=>2:8 70240==O, 
CB>G=N20B8<5<>, O: B0 G8 V=H0 <>48DV:0FVO FP>3> 0;3>@8B<C <>65 4>72>;8B8 
28@VH8B8 2V4?>2V4=89 @V7=>284 70240==O. 

' FV9 @>1>BV ?5@5410G0єBPAO @>7C<V==O :0=>=VG=>3> 0;3>@8B<C �59:AB@8, 
>?8A O:>3> <>6=0 7=09B8 C @V7=8E 465@5;0E [10]. � ?>3;O4C 107>2>3> 70240==O 
4>A8BP 7=0B8, I> 0;3>@8B< �59:AB@8 7=0E>48BP =09:>@>BH89 <0@H@CB <V6 42><0 
2C7;0<8 3@0D0 V <0є >1G8A;N20;P=C A:;04=VABP O (nodes * log nodes + edges * log 

edges) 4;O @>7@V465=8E 3@0DV2. &5?5@ CO2V<>, I> 2 FP><C 6 3@0D>2><C ?@>AB>@V є 
I5 :V;P:0 B0:8E 035=BV2, O:V 28@VHCNBP B0:5 6 70240==O, 0;5 7 V=H8<8 
?>G0B:>28<8 B0 :V=F528<8 ?C=:B0<8. /:I> 28@VH8B8 70240==O :>6=>3> 7 =8E 
=570;56=> >48= 2V4 >4=>3>, <>65 28O28B8AO, I> @VH5==O (=09:>@>BHV <0@H@CB8) 
<0NBP A?V;P=V 4C38. !0 @8AC=:C 1 ?>:070=> =09:>@>BHV <0@H@CB8, 7=0945=V 
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0;3>@8B<>< �59:AB@8 4;O 42>E 035=BV2 =570;56=> >48= 2V4 >4=>3>. &CB sa1 B0 sa2 
– AB0@B>2V B>G:8 035=BV2, 0 fa1 B0 fa2 – WE :V=F52V B>G:8. �C30 2V4 2C7;0 a 4> 2C7;0 b 
28:>@8AB>2CєBPAO 2 >1>E <0@H@CB0E. 

 
$8A. 1. $57C;PB0B8 =570;56=>3> 28:>@8AB0==O 0;3>@8B<C 4;O 42>E 035=BV2. 

 

*5 =5 >7=0G0є =5<8=CG5, I> 035=B 1 V 035=B 2 28O2;OBPAO ?V4 G0A A2>єW 
?>4>@>6V >4=>G0A=> =0 F8E 4C30E. "4=0: O:I> =5 A?@>1C20B8 45B0;P=> 
2V4AB56C20B8 ?@>F5A ?5@5<VI5==O 035=BV2 C G0AV, D0:B A?V;P=>3> 28:>@8AB0==O 4C3 
C :V;P:>E =09:>@>BH8E <0@H@CB0E 7030;>< ?V428ICє 9<>2V@=VABP :>=D;V:BC C 
D>@<V >4=>G0A=>3> 28:>@8AB0==O 4V;O=:8 H;OEC (4C38). 

ІA=CNBP A?@>18 B0:>3> 2V4AB565==O. �>:@5<0, <>6=0 2V47=0G8B8 
?C1;V:0FVN �. %V;P25@0 [11]. "4=0: B0:89 ?V4EV4 4>A8BP @5AC@A><VAB:89, >A:V;P:8 
>7=0G0є ?V428I5==O @>7<V@=>ABV @>72'O7C20=>3> 70240==O. 

�2V4A8 28?;820є D>@<C;N20==O 70240==O O: 7=865==O 9<>2V@=>ABV B0:>3> 
@>4C :>=D;V:BV2 :V;P:><0 035=B0<8. 

"A=>2=0 V45O 4>A8BP ?@>AB0 B0 V=BCWB82=> A?@89<0єBPAO O: 045:20B=0. �0<> 
<>6;82VABP 035=BC 1 ?>1C4C20B8 A2V9 <0@H@CB 728G09=8< G8=><. #VA;O FP>3> 
4>40<> 4> 2038 2AVE 28:>@8AB0=8E C <0@H@CBV 4C3 45O:C 25;8G8=C 71V;PH5==O. 
#VA;O FP>3> =0 3@0DV, I> 7<V=82AO, A2>є 70240==O 28@VHCє 035=B 2. /:I> є 
=0ABC?=89 035=B, B> 7=>2C 2V41C20єBPAO 71V;PH5==O 203 4C3 V B.4.  

&5?5@ ?VA;O 71V;PH5==O 203 4C3 ;>3V:0 0;3>@8B<C �59:AB@8 4;O 035=B0 2 7 
<5=H>N 9<>2V@=VABN ?>1C4Cє <0@H@CB, I> 28:>@8AB>2Cє 1V;PH «206:V» 4C38. 
!0?@8:;04, 7040G0, ?@54AB02;5=0 =0 @8AC=:C 2 V7 70AB>AC20==O< 71V;PH5==O 2038 
=0 10 ?@872545 4> B>3>, I> 035=B 2 2815@5 <0@H@CB, I> =5 <0є 7030;P=8E 4C3 7 
<0@H@CB>< 035=B0 1. 

 
$8A. 2.  0@H@CB8 42>E 035=BV2 V7 28:>@8AB0==O< 71V;PH5==O 2038. 

 

*59 ?@8:;04 45<>=AB@Cє @>;P 25;8G8=8 71V;PH5==O 2038 4C38. /:18 C 
=02545=><C ?@8:;04V 71V;PH5==O 1C;> 1 <5=H5, =0?@8:;04 5, <0@H@CB 035=B0 2 
715@V3AO 1 B0:8< 65, O: =0 @8A. 1, B>1B> <02 18 <VAF5 :>=D;V:B A?V;P=>3> 
28:>@8AB0==O 4C38. *5 >7=0G0є, I> >4=8< V7 206;828E 0A?5:BV2 ?>40;PH>3> 
4>A;V465==O є @>7@>1:0 <5E0=V7<C 281>@C 5D5:B82=>3> 7=0G5==O 25;8G8=8 
71V;PH5==O. 

"?8A0=89 28I5 ?@89>< 70AB>AC20==O 0;3>@8B<C �59:AB@8 4;O 
7=0E>465==O =09:>@>BH>3> H;OEC 7 >4=>G0A=>N <V=V<V70FVєN :>=D;V:BV2 40;V 
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=07820B8<5<> 107>28< ?V4E>4><. &0:0 =0720 >1C<>2;5=0 B8<, I> 265 70@07 
?@>3;O40NBPAO <>48DV:0FVW FP>3> ?V4E>4C 4;O ?>4>;0==O 45O:8E 2;0AB828E 9><C 
>1<565=P. 

�;O 5:A?5@8<5=B0;P=>W ?5@52V@:8 107>2>3> ?>E>4C @>7@>1;5=> 2V4?>2V4=5 
#�. 

#;0= >1G8A;N20;P=>3> 5:A?5@8<5=BC <0є B0:89 283;O4. 
1. �5=5@Cє<> 3@0D ?@>AB>@C. 
2. $>7<VICє<> :V;P:0 035=BV2 C @V7=8E AB0@B>28E 2C7;0E B0 ?@87=0G0є<> W< 
FV;P>2V 2C7;8. 

3. �C4Cє<> 4;O :>6=>3> 035=B0 =09:>@>BH89 <0@H@CB 157 7<V=8 4C3 
3@0DV2 

4. "1G8A;Nє<> 45O:V C7030;P=5=V ?>:07=8:8, =0?@8:;04, AC<0@=C 
4>268=C <0@H@CBV2 2AVE 035=BV2. 

5. �C4Cє<> 4;O :>6=>3> 035=B0 =09:>@>BH89 <0@H@CB, 28:>=CNG8 
>?8A0=C 28I5 <>48DV:0FVN 4C3 3@0DV2 

6. "1G8A;Nє<> 45O:V C7030;P=5=V ?>:07=8:8, =0?@8:;04, AC<0@=C 
4>268=C <0@H@CBV2 2AVE 035=BV2. 

7. #>@V2=Nє<> ?0@0<5B@8, >1G8A;5=V =0 :@>FV 4 B0 6. 
 5B0 5:A?5@8<5=BC – 287=0G8B8 C<>28, C O:8E <5B>4 71V;PH5==O 203 4C3 

40є 045:20B=V 4;O ?@54<5B=>W >1;0ABV @57C;PB0B8. 
*59 ?;0= =0A?@024V C7030;P=5=89 V <>65 <0B8 <>48DV:0FVW, I> <0NBP @V7=V 

?@8:;04=V V=B5@?@5B0FVW. 
!091V;PH ?@8@>4=8< 2840єBPAO 28?04>:, :>;8: 
�) �@0D 4>A8BP ?>ABC?>2> ?>:@820є 52:;V4>289 ?@>ABV@. *5 <>65 1CB8, 

=0?@8:;04, ?@O<>:CB=0 AVB:0 V7 4>A8BP =525;8:8< @>7<V@>< :;VB8=. 

B) %B0@B>2V B>G:8 035=BV2 ?5@51C20NBP C 2V4=>A=V9 1;87P:>ABV >48= 2V4 
>4=>3>. 

C) �V=F52V B>G:8 035=BV2 7=0E>4OBPAO C 2V4=>A=V9 1;87P:>ABV >48= 2V4 
>4=>3>. 

�0<> 7<VAB>2=C V=B5@?@5B0FVN F8E C<>2. 
'<>20 A) 2 5:AB@5<0;P=><C 283;O4V >7=0G0є 287=0G5==O ?@>AB>@C 

<>6;828E ?5@5<VI5=P C 283;O4V 4@V1=>75@=8AB>W AVB:8 V7 :204@0B=8E :;VB8=. 
!5D>@<0;P=> F5 >7=0G0є 25;8:C A2>1>4C 281>@C =0?@O<C @CEC, I> 4>72>;Oє 
C=8:0B8 1V;PH>ABV :>=D;V:BV2. "4=0: =0 ?@0:B8FV B0:5 A5@54>28I5 =5 AB0=>28BP 
25;8:>3> V=B5@5AC, >A:V;P:8 2>=> =5 <VAB8BP ?5@5H:>4 V >1<565=P, I> 7040NBPAO 
HBCG=> AB2>@5=>N V =5 702648 @53C;O@=>N AB@C:BC@>N 3@0D0.  

'<>28 B) B0 C) >7=0G0NBP 1;87P:VABP 7030;P=>3> =0?@O<:C @CEC 035=BV2, I> 
?@872>48BP 4> 71V;PH5==O ?>B5=FV9=8E :>=D;V:BV2. 

�;O ?@>2545==O >?8A0=8E 28I5 5:A?5@8<5=BV2 1C;> @>7@>1;5=> 2V4?>2V4=V 
?@>3@0<=V :><?>=5=B8.  
"?8A >1G8A;N20;ь=8E 5:A?5@8<5=BV2. 'B>G=8<> C<>28 ?5@H>3> 5:A?5@8<5=BC. 
#@>ABV@ ?5@5<VI5=P 035=BV2 7040єBPAO 72065=8< >@Vє=B>20=8< 3@0D><, 
AE5<0B8G=> ?@54AB02;5=8< =0 @8AC=:C 3. (D0:B8G=> @>7<V@ 3@0D0 
5:A?5@8<5=B0;P=> 1C2 10E10). �>268=8 (2038) 25@B8:0;P=8E B0 3>@87>=B0;P=8E 
4C3 4>@V2=NNBP 1, 0 4>268=8 4V03>=0;59 √2, B>1B> <>45;NєBPAO AB0=40@B=0 
52:;V4>20 AVB:0. 
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$8A.3. �@0D, I> 28:>@8AB>2CєBPAO 2 5:A?5@8<5=B0E (D0:B8G=> 10E10). 

 

' ?5@HV9 A5@VW 5:A?5@8<5=BV2 10 035=BV2 @>7<VIC20;8AO 2 ;V2><C 
25@E=P><C :CB:C 3@0D0, V 2AV 2>=8 ?@03=C;8 ?>B@0?8B8 C =86=V9 ?@0289 :CB. 

�>65= 5:A?5@8<5=B C A5@VW 28@V7=O2AO A2>W< 7=0G5==O< 45;PB0 2038. ' 
B01;8FV 1 ?>:070=>, O: V7 7<V=>N 25;8G8=8 71V;PH5==O 2038 7<V=N20;0AO AC<0@=0 
2V4AB0=P, ?@>945=5 035=B0<8. 

&01;8FO 1 

%C<0@=V 4>268=8 <0@H@CBV2 70 @V7=8E ?@8@VAB 2038. 
�5;PB0 2038 %C<0@=0 2V4AB0=P 

0 127.279 

0.2 144.880 

0.4 152.994 

0.6 159.923 

0.8 165.923 

1 171.923 

 

"B65, A?>AB5@V30є<> >GV:C20=C 70:>=><V@=VABP. #@8 7@>AB0==V 71V;PH5==O 
2038 AC<0@=0 2V4AB0=P ?>ABC?>2> 7@>AB0є, >A:V;P:8 035=B8 AB0NBP 4540;V 
>15@56=VH8<8, =0<030NG8AP C=8:0B8 265 28:>@8AB0=V 4C38.  

*V:028< є :V;P:VABP :>=D;V:BV2, B>1B> A?V;P=> 28:>@8AB>2C20=8E 035=B0<8 
4C3 3@0D0. "4=0: F59 ?>:07=8: 1C45 <0;> @5?@575=B0B82=8<, O:I> FV :>=D;V:B8 
<>6CBP 2V41C20B8AO C @V7=V <><5=B8 <>45;P=>3> G0AC. 

&0:>6 ?@>3@0<0, I> <>45;Nє ?>254V=:C 035=BV2, ?>:07Cє 4>:;04=VHC 
V=D>@<0FVN ?@> <0@H@CB8 035=BV2 B0:8< G8=><: 
Agent 0, best path 0:0->1:1->2:2->3:3->4:4->5:5->6:6->7:7->8:8->9:9. 

Agent 1, best path 0:0->0:1->1:2->2:3->3:4->4:5->5:6->6:7->7:8->8:9->9:9. 

Agent 2, best path 0:0->1:0->2:1->3:2->4:3->5:4->6:5->7:6->8:7->9:8->9:9. 

Agent 3, best path 0:0->0:1->0:2->1:3->2:4->3:5->4:6->5:7->6:8->7:8->8:8->9:9. 

Agent 4, best path 0:0->1:0->2:0->3:1->4:2->5:3->6:4->7:5->8:6->9:7->9:8->9:9. 

Agent 5, best path 0:0->1:1->1:2->1:3->1:4->2:5->3:6->4:7->5:8->6:8->7:9->8:9->9:9. 

Agent 6, best path 0:0->1:1->2:1->3:1->4:1->5:2->6:3->7:4->8:5->8:6->8:7->8:8->9:9. 

Agent 7, best path 0:0->0:1->0:2->0:3->0:4->1:5->2:6->3:7->4:8->5:8->6:9->7:9->8:9-

>9:9. 

Agent 8, best path 0:0->1:0->2:0->3:0->4:0->5:1->6:2->7:3->8:4->8:5->9:6->9:7->9:8-

>9:9. 

�35=B 9, best path 0:0->1:1->2:2->3:3->4:4->5:5->6:6->7:7->8:8->9:9. 

*O D>@<0 =5 7@CG=0 4;O 0=0;V7C, >A:V;P:8 :>=D;V:B8 =5 284=> O2=> (BCB 
2>=8 4;O 7@CG=>ABV 284V;5=V ?V4:@5A;5==O<), B><C 1C;0 28:>=0=0 2V7C0;V70FVO 
<0@H@CBV2 035=BV2. !0 @8AC=:C 4 ?>:070=>, O: 283;O40NBP <0@H@CB8 035=BV2 ?@8 
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@V7=8E 71V;PH5==O 2038. �>=D;V:B8 ?>:070=V 70 4>?><>3>N ;V=V9, I> 
?>2B>@NNBPAO, I> 7'є4=CNBP 2C7;8. 

�5;PB0 2038 0.2 �5;PB0 2038 0.5 �5;PB0 2038 0.8 

   

$8A. 4. �V7C0;V70FVO :V;P:>E 20@V0=BV2 7=0E>465==O 035=B0<8 =09:>@>BH8E 
<0@H@CBV2 ?@8 @V7=8E 71V;PH5==OE 2038. 

 

' ?5@HV9 A5@VW 5:A?5@8<5=BV2 CAV 035=B8 <0;8 >4=0:>2V AB0@B>2V B0 FV;P>2V 
2C7;8. *5 7C<>2;Nє 4>A8BP G0ABV :>=D;V:B8 C 283;O4V A?V;P=>3> 28:>@8AB0==O 4C3. 
#@8 ?V428I5==V 25;8G8=8 71V;PH5==O 2038 4C3 035=B8 7<CH5=V H8@H5 
28:>@8AB>2C20B8 ?@>ABV@ ?>HC:C, I> 283;O40є V=BCWB82=> ?@8@>4=>. 

!0ABC?=89 5:A?5@8<5=B, =0 =0H ?>3;O4, 45<>=AB@Cє I5 FV:02VHC ?>254V=:C 
70?@>?>=>20=>3> <5E0=V7<C. &5?5@ <8 @>7<VICє<> :V;P:0 035=BV2 C @V7=8E 
AB0@B>28E 2C7;0E =5?>40;V: >48= 2V4 >4=>3> (2 >:>;8FV ;V2>3> 25@E=P>3> :CB0), 0 
FV;P>2V 2C7;8 7040є<> @V7=8<8, 0;5 2 >:>;8FV ?@02>3> =86=P>3> :CB0. �V;PH B>3>, 
:>=:@5B=V 2C7;8 <8 2:07Cє<> B0:, I>1 7<CA8B8 ?5@5B8=0B8AO <0@H@CB8 @V7=8E 
:;Vє=BV2. $57C;PB0B8 45O:8E 5:A?5@8<5=BV2 ?>:070=> @8AC=:C 5. �;O 7@CG=>ABV 
2V7C0;P=>3> 2V4AB565==O <0@H@CB8 @V7=8E 035=BV2 ?>:070=V @V7=>N B>2I8=>N 
;V=V9. &CB 10G8<>, I> 157 28:>@8AB0==O <5E0=V7<C 71V;PH5==O 2038 <0@H@CB8 
035=BV2 ?5@5B8=0NBPAO C 25;8:V9 :V;P:>ABV 4C3. �0AB>AC20==O 45;PB0 2038 V7 
7=0G5==O< 0.8 40є O:VA=> V=HC :0@B8=C.  0@H@CB8 035=BV2 6>4=>3> @07C =5 
?5@5B=C;8AO! �35=B8 7=09H;8 =5>G5284=V <0@H@CB8, I>1 C=8:=CB8 :>=D;V:BV2. 
#@8 FP><C AC<0@=0 ?@>945=0 2V4AB0=P 71V;PH8;0AO =57=0G=> (59.255 ?@>B8 
58.669) 

  
�030;P=89 H;OE 58.66904755. �5;PB0 2038 0.0 �030;P=89 H;OE 59.25483399. �5;PB0 2038 0.8 

$8A. 5. �V7C0;V70FVO ?>254V=:8 035=BV2, I> @>7B0H>20=V 2 >:>;8FV >48= 2V4 >4=>3> V 
<0NBP @V7=V FV;P>2V 2C7;8 
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#>@O4>: 28:>@8AB0==O 035=BV2 C ?@>F5AV 70AB>AC20==O 107>2>3> ?V4E>4C. Щ5 
>4=0 >A>1;82VABP 107>2>3> ?V4E>4C ?>;O30є 2 B><C, I> 9>3> @57C;PB0B8 70;568BP 
2V4 ?>@O4:C 28:>@8AB0==O 2 =P><C 035=BV2. ' 45O:8E 28?04:0E F59 ?>@O4>: =5 
<>6=0 7<V=8B8, >A:V;P:8 2V= є =0A;V4:>< >A>1;82>AB59 ?@54<5B=>W >1;0ABV. 
!0?@8:;04, O:I> ?>@O4>: 28:>@8AB0==O 035=BV2 ?>2'O70=89 V7 45O:8< ?>=OBBO< 
?@V>@8B5BC WE=P>W CG0ABV. /:I> 6 ?>A;V4>2=VABP 035=BV2 є 7>2=VH=V< G8==8:><, 
=02'O70=8< 0;3>@8B<C, <>6=0 70AB>AC20B8 45O:C ?@>F54C@C 0=0;V7C @V7=8E 
20@V0=BV2 ?>A;V4>2=>AB59 CG0ABV 035=BV2 2 0;3>@8B<V. 

!0ABC?=89 5:A?5@8<5=B 2V4@V7=OєBPAO 2V4 ?>?5@54=P>3> B8<, I> 2V4AB0=V 
<V6 2C7;0<8 (2038 4C3) B5?5@ є 28?04:>28<8, O:V 2 45O:V9 <V@V 2V4@V7=ONBPAO 2V4 
2V4AB0=59 C ?@028;P=V9 :204@0B=V9 AVBFV 52:;V4>2>3> ?@>AB>@C. *5 7@>1;5=> 4;O 
B>3>, I>1 71V;PH8B8 @V7=><0=VB=VABP 20@V0=BV2 :>=DV3C@0FV9 <0@H@CBV2. $>7<V@ 
71V;PH5==O 2038 0.2. �:A?5@8<5=B V7 5 035=B0<8 4>?CA:0є 2AP>3> 5! 20@V0=BV2 
?>A;V4>2=>AB59 035=BV2 C 0;3>@8B<V. $57C;PB0B8 B0:>3> ?>2=>3> :><1V=0B>@=>3> 
5:A?5@8<5=BC ?>:070=> C B01;8FV 2. 

&01;8FO 2 

�>268=8 <0@H@CBV2 70 @V7=8E ?>A;V4>2=>AB59 CG0ABV 035=BV2. 
�@C?0 
<0@-
H@CBV2 

$50;P=
0 

2V4AB0=
P 

�D5:B8
2=0 
2V4AB0=
P 

�V;-BP 
<0@-
H@CBV2  

�@C?0 
<0@-
H@CBV2 

$50;P=
0 

2V4AB0=
P 

�D5:B8
2=0 
2V4AB0=
P 

�V;-BP 
<0@-
H@CBV2 

1 56.6685 57.2685 4 

 

13 56.8140 57.1140 2 

2 56.6811 57.1811 12 

 

14 56.8284 57.1284 4 

3 56.6954 57.1954 29 

 

15 56.8810 57.0810 1 

4 56.7329 57.2329 10 

 

16 56.8962 57.1962 2 

5 56.7387 57.2387 4 

 

17 56.9314 57.3314 4 

6 56.7438 57.1438 8 

 

18 56.9355 57.1355 4 

7 56.7582 57.1582 14 

 

19 56.9427 57.3427 3 

8 56.7604 57.3604 1 

 

20 56.9622 57.1622 1 

9 56.7611 57.3611 1 

 

21 56.9894 57.2894 3 

10 56.7854 57.2854 1 

 

22 57.0058 57.1058 3 

11 56.8031 57.2031 4 

 

23 57.0140 57.1140 2 

12 56.8078 57.4078 12 

 

24 57.1766 57.4766 2 

 

�D5:B82=0 2V4AB0=P, I> DV3C@Cє 2 B01;8FV 2, >7=0G0є 4>268=C <0@H@CBC 
035=B0 ?VA;O B>3>, O: 45O:V 4C38 2 3@0DV 1C;8 71V;PH5=V 2 E>4V 28:>=0==O 
0;3>@8B<C. )>G0 FO 2V4AB0=P =5 є G0AB8=>N >?8AC ?>G0B:>2>3> AB0=C A2VBC, C 
45O:8E 28?04:0E 2>=0 <>65 28O28B8AO :>@8A=>N E0@0:B5@8AB8:>N. 

#5@H0 3@C?0 7 4-E ?>A;V4>2=>AB59 035=BV2 45<>=AB@Cє =09:@0I89 ?>:07=8: 
@50;P=>3> H;OEC 56.6685 70 @0EC=>: 71V;PH5==O 4>268= 45O:8E 4C3 (5D5:B82=0 
2V4AB0=P – 57.2685). *V:02>, I> =0ABC?=0 3@C?0 ?>A;V4>2=>AB59 40є 45I> 1V;PHC 
@50;P=C 4>268=C 56.6811, 0;5 <5=HC 5D5:B82=C (57.1811). *5 >7=0G0є, I> C 
4@C3V9 3@C?V 1C;> <5=H5 :>=D;V:BV2. /:89 V7 20@V0=BV2 A;V4 22060B8 =09:@0I8<, 
70;568BP 2V4 10;0=AC <V6 FV==VABN :>@>B:8E <0@H@CBV2 B0 <V=V<V70FVєN 
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The task of path finding by an agent is one of the basic tasks and is of great practical importance. As a 

rule, this is an optimization task that is solved in the space of the state graph in order to minimize the 

length of the path. Such a task becomes more difficult and becomes even more popular if it is solved on 

the basis of one graph space by several agents. In this case, another practically important optimization 

parameter appears, which is expressed by the number of conflicts between agents. Such an abstract 

formulation of the task has numerous variants of formalization and a large number of approaches to its 

solution. In this paper, the main element of the approach is the application of the classic Dijkstra 

algorithm, which is executed sequentially by each agent. When finding the shortest route, each agent 

modifies the graph space in such a way as to reduce the probability of conflicts with subsequent agents. 
This approach is original and a number of computational experiments were performed to verify it using 

software developed for this purpose. The experiments that were conducted demonstrate the adequate 

behavior of the main algorithm. The work analyzes the limitations inherent in the proposed approach 

within the framework of the abstract formulation of the task. The directions of further development of the 

basic approach have been determined. 

Keywords: cooperative behavior of agents, Dijkstra's algorithm, multiagent systems, conflicts. 
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