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?.%-%0(%. /,01&2&3% 456525237.&8& 94&13:5% 8% 95;1:3.&<%95:.5=2><% ,125.5'.?7%

24,.=9542.?7% =43@=21A% 1?95:.;<B&7% 4,0:&C.?3% 0,@,C&% 630% -C,=2&;% 5934,254,(

D-B3=21-32% '.5E3=215% 94&:5E3.&F% G.,94&'34A% 1% =3:>=85'% 750;F=213A% =245&23:>=213%

@545HIA% H@3% .35675@&'5A% C256?% ,125.5'.53% 24,.=9542.53% =43@=215% =:3@51,:5% 95%

0,@,..5'-% 9-2&% =% 1?=585F% 25C.5=2><( J4&% K25'% 95:5E3.&3% 24,.=9542.5H5% =43@=21,% =%

1?=585F%25C.5=2><%5943@3:;32=;%=43@=21,'&%@&LL343.M&,:>.5F%NOP-.,1&H,M&&(

Q% :,654,254.?7% -=:51&;7% 4,04,6528-% '325@51% &% ,:H54&2'51% -94,1:3.&;

,125.5'.?'&% 24,.=9542.?'&% =43@=21,'& 94515@;2% =% % &=95:>051,.&3'% 4,0:&C.?7%

456525237.&C3=8&7%=&=23'( J45=23FR&F%1,4&,.2%2,85F%=&=23'?%'5E32%6?2>%43,:&051,.%=%

&=95:>051,.&3'% 85:3=.?7% STNU-4565251A% 85254?3% R&4585% &=95:>0-<2=;% 15% '.5H&7%

-.&134=&232,7%'&4,(

V6W3825'% -94,1:3.&;% ;1:;32=;% C32?43785:3=.?F% STNU-45652 ,% ,125'56&:>.5F%

85'95.5185F%85:3=A%-%852545H5%0,@.&3%85:3=,%;1:;<2=;%13@-B&'&(%$94,1:3.&3'%1%2,85'%

456523% =:-E&2% -H5:% 9515452,% 9343@.&7% 85:3=( #436-32=;A C256?% 85:3=.?F% 45652% &0%

.3852545H5% .,C,:>.5H5% 95:5E3.&;% @5=2&H% 0,@,..5H5% 9-2&% &% @1&H,:=;% 1@5:>% .3H5% =
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95=25;..5F% =8545=2><(% J4&% @1&E3.&&% 1@5:>% 0,@,..5H5% 9-2&% 43R,32=;% 0,@,C,%

=2,6&:&0,M&&(% Q% 8,C3=213% 9-2&% 0,@,32=;% @5=2,25C.5% H:,@8,; 84&1,;A% 94575@;B,; C3430%

0,@,..-<%95=:3@51,23:>.5=2>%85.245:>.?7%25C38(

Q% 4,'8,7% .3:&.3F.5F% 2354&&% -94,1:3.&;% @:;% 43R3.&;% 0,@,C&% 9-2315F%

=2,6&:&0,M&&%6-@3'%&=95:>051,2> @&LL343.M&,:>.5-H35'324&C3=8&F%95@75@(%J4&'3.3.&3%

-8,0,..5H5%95@75@, 943@95:,H,32A%C25%@&.,'&C3=8,;%=&=23',%943@1,4&23:>.5%94&13@3.,%8%

.3852545'-% =93M&,:>.5'-% G81,0&8,.5.&C3=85'-I% 1&@-A% &0% 852545H5% '5E32% 6?2>% :3H85%

.,F@3., 564,2.,;% =1;0>A% =2,6&:&0&4-<B,;% =&=23'-% 95% C,=2&% 8,.5.&C3=8&7% 9343'3..?7(%

Z=:&%94&%K25'%58,0?1,32=;A%C25%.,F@3..53%-94,1:3.&3%563=93C&1,32%2436-3'53%&0'3.3.&3%

5=2,:>.?7%9343'3..?7A%25%K25%-94,1:3.&3%43R,32%95=2,1:3..-<%0,@,C-(

[:; 95=2453.&;% 81,0&8,.5.&C3=85H5% 1&@,% -@56.5% 9343F2&% 52% .395@1&E.5F%

G03'.5FI @38,42515F%=&=23'?%8554@&.,2 8%9-231?'%8554@&.,2,'(

[:;% 94513@3.&; 94,82&C3=85H5% K8=934&'3.2,% &=95:>051,:&=>% =93M&,:>.?F

95:&H5.A% LEGO-45652% & web-8,'34,(% /5652% 9343'3B,32=;% 95% 95:&H5.-(% ZH5% 95:5E3.&3

5943@3:;32=;% =% 95'5B><% 8,'34?(% J5:-C3..?3% @,..?3% &=95:>0-<2=;% 94&% 945H4,''.5'%

1?C&=:3.&&%9,4,'32451A%.35675@&'?7%@:;%95=2453.&; -94,1:3.&;(%

D&4%6&4(E%F<&+, 62-%'G, <2'HF02I2, 12324&. \5:]=.?F% 45652% G\/I% 943@=2,1:;32%

=565F%@1&E-B33=;%630%945=8,:>0?1,.&;%24,.=9542.53%=43@=215A%-%852545H5%0,@.&3%85:]=,%

;1:;<2=;%13@-B&'&A%,%9343@.&3%85:]=,%5213C,<2%0,%9515452%9:,2L54'?(%Q%@,..5'%=:-C,3%

95:5E3.&3%45652,%59&=?1,32=;%@1-';%8554@&.,2,'&%(!" ,#") M3:315F%25C8&%9:,2L54'?%&%
5@.&'% -H:5'A% 0,@,<B&'% 54&3.2,M&<% 9:,2L54'?% 52.5=&23:>.5% .395@1&E.5F% =&=23'?%

8554@&.,2%!$#(%Q%8,C3=213%M3:315F%634]2=;%25C8,A%4,=95:5E3..,;%1%=343@&.3%0,@.3F%5=&%
9:,2L54'?A% ,% 1% 8,C3=213% -H:,% – -H5:% % '3E@-% M3.24,:>.5F% :&.&3F% 9:,2L54'?%

G=519,@,<B3F%=%.,94,1:3.&3'%138254,%=8545=2&I%&%5=><%! G4&=( 1).
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/&=( ^(%\5:]=.?F%45652

Q'3=25% C32?43785:]=.5F% '5@3:&% 45652,% 6-@3'% 4,==',24&1,2>% 243785:]=.-<A%

0,'3.&1% @1,% 9343@.&7% % 85:3=,% 5@.&'A% 4,=95:5E3..?'% '3E@-% .&'&(% $H5:%& 9515452,%

9343@.3H5%85:3=,%243785:]=.5H5%45652,%=552132=21-32%95:-=-''3%-H:51%&' &%&( 9515452,%
9343@.&7%85:]=%C32?43785:]=.5H5%45652,_%

& =
&' + &(

2
.

Q%8,C3=213%9343'3..?7%=5=25;.&;%85:]=.5H5%45652,%6-@3'%4,==',24&1,2>_

1) !" ,#" — 8554@&.,2?%6,0515F%25C8&%45652,`

2) % — -H5:% 9515452,% M3.24,:>.5F% :&.&&% 9:,2L54'? 52.5=&23:>.5%

.395@1&E.5F%=&=23'?%8554@&.,2;

3) )— '5@-:>%138254,%=8545=2&%45652,(

Q3:&C&.,% * G'H.513..53% 0.,C3.&3% 84&1&0.?% 84&15FA% 59&=?1,3'5F% M3:315F%

25C85FI% 5@.50.,C.5% =1;0,.,% =% -H:5'% 9515452,% 9343@.3H5% 85:3=,% & =552.5R3.&3'* = +, &/-A%H@3%-— 4,==25;.&3%'3E@-%9343@.&'&%&%0,@.&'&%85:3=,'&(

\&.3',2&C3=8&3% -4,1.3.&;% @1&E3.&;% 4,==',24&1,3'5H5 45652,% 6-@-2% &'32>%

=:3@-<B&F%1&@%a1]:

.!/" = ) cos%,#/" = ) sin% ,%/ = ) +,&/-. 0
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Q% 8,C3=213% -94,1:3.&;% 6-@3'% 4,==',24&1,2>% 2,.H3.=% -H:,% 9515452,% 9343@.3H5%

85:3=,% &(% D8545=2>% ) =C&2,3'% 95=25;..5FA% C25% =552132=21-32% 0,@,C3% @1&E3.&;% 1@5:>%
0,@,..5F%84&15F%=%95=25;..5F%=8545=2><(

J%1%K2-, <, 574%.L6, <221-(0&4&6. [:;% =&.230,% -94,1:3.&;% 85:3=.5F% =&=23'5F%

-@56.5%9343F2&%8%9-231?'%8554@&.,2,'[1b%G4&=(%cI(%%d@3=>

1) 1 – .,2-4,:>.?F% 9,4,'324% 84&15FA% 0,@,<B3F% 943@9&=,..-<% 24,38254&<%
@1&E3.&;`

2) 2 – 4,==25;.&3% 52% 6,0515F% 25C8&%! 45652,% @5% 943@9&=,..5F% 24,38254&&%

@1&E3.&;;

3) 3 – -H5:%'3E@-%M3.24,:>.5F%:&.&3F%9:,2L54'?%&%8,=,23:>.?'%1382545'%8%
943@9&=,..5F% 24,38254&&% 1% 25C83%45A% 6:&E,FR3F% 8% 6,0515F% 25C83% 45652,(%
J5:,H,3'A%C25%94&%@1&E3.&&%45652,%1@5:>%M3:315F%84&15F%1%95:5E&23:>.5'%

.,94,1:3.&&%1?95:.;32=;%5H4,.&C3.&3%|3| 6 7/2.

/&=( c(%J5:5E3.&3%85:3=.5H5%45652,%52.5=&23:>.5%943@9&=,..5F%24,38254&&

e=95:>0-;%430-:>2,2?A%95:-C3..?3%1%a1bA%0,9&R3'%&=75@.-<%=&=23'-%-4,1.3.&F%1%

9-231?7%8554@&.,2,7_

89:
9; 1/ = ) cos3

1< =2 ,2/ = ) sin3 ,3/ = )-  +,& < =) cos3
1 < =2 ,

0
H@3%= > =(1) – 84&1&0.,%M3:315F%84&15F%1%6:&E,FR3F%8%45652-%25C83(
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d,'3.,%9343'3..?7%5943@3:3.,%!"#$%&'()"cos3 ? 0,   ) ? 0.

/,==25;.&3%2 95:5E&23:>.5A%3=:&%M3:31,;%25C8,%.,75@&2=;%=:31,%52%84&15F%94&%
@1&E3.&&%1%95:5E&23:>.5'%.,94,1:3.&&%G1%=2545.-%-13:&C3.&;%.,2-4,:>.5H5%9,4,'324,IA%

&% 524&M,23:>.5A% 3=:&% =94,1,: 2 = |2| sign(cos@), H@3% @ — -H5:% '3E@-% 1382545'%

.54',:&%AB = (<#G5,!G5) 8%84&15F%1%25C83%45 &%1382545'%445CCCCCCCB.
J5:-C3..-<% =&=23'-% 94&13@3'% 8% 81,0&8,.5.&C3=85'-% 1&@-% a4,5]. !5E.5%

1&@32>A%C25%0,'3.5F%9343'3..?7D' = 2, D( = ) sin3 , E = 1
5.,%94&15@&2=;%8%-8,0,..5'-%1&@-%=%&.@38=5'%94&15@&'5=2&%F = 2 :

G D'/ = D(,D(/ = H + ,I,E/ = ) cos3
1< =2 ,

0 (1)

H@3%H = < JKL MNOLP'QJR , , =
KL MNOPS .

Q5=95:>0-3'=;% '325@5'% :&.3,4&0,M&&% 95% C,=2&% 9343'3..?7% @:;% 95=2453.&;%

=2,6&:&0&4-<B3H5%-94,1:3.&;%&%1?6343'%-94,1:3.&3%1%1&@3

I =
H < (T'D' + T(D( + TUDU), .

\5KLL&M&3.2?% T', T(, TU 1?6&4,<2=;% 2,8A% C256?% 43R3.&;% 7,4,8234&=2&C3=85H5%

-4,1.3.&;% VW, =552132=21-<B3H5% -4,1.3.&<% DU/ = <X TWDWW 6?:&% ,=&'9252&C3=8&%

-=25FC&1?'&% GYZ(VW) < 0). \5KLL&M&3.2% g 94&% -94,1:3.&&% .3% 564,B,32=;% 1% .5:>% 1%

56:,=2&%cos3 ? 0.

*25% -94,1:3.&3% :&.3,4&0-32% =&=23'-% G^I% 95% C,=2&% 9343'3..?7% z &%

=2,6&:&0&4-32%.-:31?3%0.,C3.&;%8,.5.&C3=8&7%9343'3..?7%G%D' = 0, D( = 0).

)-:31,;%@&.,'&8,%[3,4b%%=&=23'?%G^I%94&%D' = D( = 0 &'332%1&@

E/ = ) cos3
1< =2 = ),

2,8%8,8%D( = D'/ = ) sin3 = 0, 3 = 0, cos3 = 1.

f52;%.-:31,;%@&.,'&8,%.3%;1:;32=;%-=25FC&15FA%.5%94&%1?64,..5'%-94,1:3.&&%

563=93C&1,32=;%@1&E3.&3 25C8&%C 45652,%1@5:>%0,@,..5F%84&15F%=%95=25;..5F%=8545=2><,

25%3=2>%563=93C&1,32=;%43R3.&3%0,@,C& @1&E3.&;%1@5:>%0,@,..5H5%9-2&.
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J12.%-%0(%,M<F5%1(6%04&. V6B&F%1&@%:,654,254.5H5 =23.@,%943@=2,1:3.%.,%

4&=( 3.

 

/&=( 3. g,654,254.?F =23.@

 

D23.@%18:<C,32 95:&H5. =%.,.3=3..5F%8554@&.,2.5F%=3285F%G^IA%LEGO-45652,%GcI%&%

web-8,'34- (3).

Q6:&0&% 95:&H5.,% -=2,.51:3.,% web-8,'34,% .,% R2,2&13A% 85254,;% =53@&.3.,% 94&%

95'5B& USB-8,63:; =% 85'9><2345'A%.,%852545'%0,9-B3.,%945H4,'',%HawkEye(%[,..,;%

945H4,'',%943@.,0.,C3.,%@:;% 8,:&64518&% 8,'34?A% 564,6528&%&0564,E3.&;A% 5943@3:3.&;%

8554@&.,2%&%-H:,%9515452,%45652,A%,%2,8E3 9343@,C&%430-:>2,251%&0'343.&;%1 945H4,''-,

943@.,0.,C3..-< @:;%4,=C32,%-94,1:3.&;%G945H4,'', BluetoothSendNXT).

\,:&64518,% 94515@&2=;% @:;% 25H5, C256?% 945H4,'',% HawkEye 5943@3:&:,, H@3%

.,75@&2=;% 03'.,; .395@1&E.,;% =&=23',% 8554@&.,2(% J4&% K25'% &=95:>0-32=;% 9:5=8&F%

8,:&64515C.?F% 56W382 1% 1&@3% "R,7',2.5F% @5=8&" (4&=. 4). Q% 945H4,''3% HawkEye

8,:&64518,% 43,:&051,.,% 94&% 95'5B& =43@=21 5284?25F% 6&6:&5238&% OpenCV

(http://opencv.org/).

e.L54',M&<% 5% 95:5E3.&&% 45652,% .,% 95:&H5.3% 945H4,'',% HawkEye 9343@,32%

945H4,''3% BluetoothSendNXTA% 1% 852545F% 43,:&051,.% ,:H54&2'% 4,=C32,% 9,4,'32451A%

.35675@&'?7% @:;% 95=2453.&;% -94,1:3.&;(% *2&% 9,4,'324?% 9343@,<2=;% 95% 8,.,:-% =1;0&%

Bluetooth .,%45652,(
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\,E@,;%&0%945H4,''%HawkEye & BluetoothSendNXT 4,652,32%8,8%52@3:>.?F%=32315F%

8:&3.2(%%e.L54',M&;%5%95:5E3.&&%45652,%52%HawkEye 8%BluetoothSendNXT 9343@,32=;%95%

9452585:-%UDP.

 

/&=. 4. \,:&64515C.,;%hR,7',2.,;%@5=8,".

$&FE%4, 751&.'%0(+, -.(/%0(%6 12324&, ., Simulink. $94,1:3.&3 LEGO-456525'

4,==C&2?1,32=;% =% &=95:>051,.&3' =&=23'?% MATLAB-SIMULINK. V6B,;% =73',

945H4,''?%@:;%4,=C32,%-94,1:3.&;%943@=2,1:3., .,%4&=(%i(

 

/&=(%i(%D73',%945H4,''? 4,=C32,%-94,1:3.&;%LEGO-456525'
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Q% =552132=21&&% =% @,..5F% =73'5F% LEGO-45652% =% 95'5B><% =93M&,:&0&451,..?7%

6:5851% 95:-C,32% @,..?3A% 59&=?1,<B&3 3H5% 95:5E3.&3% 1% 945=24,.=213A% &0% 945H4,''?%

BluetoothSendNXT. [,..?3% 95=2-9,<2% 1% 1&@3% ',==&1,% 1% 6:58% MATLAB FunctionA% 1%

852545'%94515@;2=;% 1=3% .35675@&'?3% 1?C&=:3.&;A% &% .,% 1?75@% 95@,<2=;% -94,1:3.&;%—

&=85'?F%-H5:%9515452,%9343@.&7%85:3=%&%=8545=2>%0,@.&7%85:3=(%V2'32&'A%C25%=8545=2>%

14,B3.&;%0,@.&7%85:3=%%95=25;..,.

J43@=2,1:3..,;%.,%4&=(%j%85.=24-8M&;%&=95:>0-32=;%@:;%9515452, 9343@.&7%85:3=.

 

/&=(%j(%\5.=24-8M&;%-0:,%9515452,%9343@.&7%85:3=
 

J343@,25C.53% C&=:5 [ 52% 1,:,% @1&H,23:;% 8% 1342&8,:>.5F% 5=&% 9515452,% 4-:31?7%
85:3= 4,1.5 ikl(% ),% =8545=2>% 14,B3.&;% -94,1:;<B3H5% '5254,% .,:5E3.?% 5H4,.&C3.&;A%

95015:;<B&3%&063E,2>%65:>R&7%95H43R.5=23F%&%945=8,:>0?1,.&;%0-6>31%R3=234.3F( *2&%

5H4,.&C3.&;%.,F@3.?%K8=934&'3.2,:>.5(

$%)7'G4&4L,62-%'(12.&0(+9 [:;% 52:,@8&% 4,04,652,..5H5% ,:H54&2',% -94,1:3.&;%

&=95:>051,:5=>%',23',2&C3=853%'5@3:&451,.&3(

/,=='524&'% =:-C,FA% 85H@, 9-2>% 943@=2,1:;32% =565F% 584-E.5=2>A% 0,@,..-<

9,4,'324&C3=8& -4,1.3.&;'& \!(]) = 0,6 cos ] ,#(]) = 0,6 sin ] ,
0 H@3 ] – 945&015:>.?F%9,4,'324(

J4&'3'%) = 0,04 'k=A%- = 0,2 '(

),C,:>.?3%-=:51&;_!(0) = 0,3 'A%%#(0) = <0,3 'A%%%(0) = 7/2 4,@(

/30-:>2,2?%'5@3:&451,.&;%943@=2,1:3.?%.,%4&=(%Y - 10.
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/&=( Y(%d,@,..?F%9-2>%&%9-2>%45652,

%, ^_`  

 &*"+&,
/&=( m(%d,1&=&'5=2>%-H:,%54&3.2,M&&%45652,%% 52%143'3.&%t
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/&=( n(%d,1&=&'5=2>%-H:,%9515452,%85:3=%& 52%143'3.&%t
 

 

/&=( 10(%/,==25;.&3%52%M3:315F%25C8&%@5%0,@,..5H5%9-2&

$%)7'G4&4L, M<F5%1(6%042.9, /,04,652,..?F% ,:H54&2'% -94,1:3.&;% 6?:% -=93R.5%

43,:&051,.% .,% :,654,254.5'% =23.@3. /5652% 94537,:% 95% 84-H-% 0,@,..5H5% 4,@&-=,% &% 95%

94;'5F%:&.&&(%\%.3@5=2,28,'%43,:&0,M&&%'5E.5%52.3=2&%@5=2,25C.5%C,=253%95@4-:&1,.&3%

9343@.&'&%85:3=,'&(

N&<'OE%0(%. Q% @,..5F% 4,6523% 95=2453.5% =2,6&:&0&4-<B33% -94,1:3.&3 '325@5'%

:&.3,4&0,M&&%95%C,=2&%9343'3..?7(%V9&=,.?%934375@%52%@38,42515F%=&=23'?%8554@&.,2%8%
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