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This report is based on the Doctoral Dissertation of Fabrice Kunzi submitted to the Department of Aeronautics 
and Astronautics in partial fulfillment of the requirements for the degree of Doctor of Philosophy at the 

Massachusetts Institute of Technology. The work presented in this report was also conducted in collaboration 
with the members of the Doctoral Committee: 

Prof. Hamsa Balakrishnan, Dr. Jim Kuchar, Dr. Tom Reynolds!
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Z/Z/O! 1;I)3!K%&%H):)&9!79)I!<;&!C>0].6!C>0]L!%,I!FE0].!F%&5):9!//////////////////////////!GOR!

Z/Z/R! C3)&:',5!0:%:'9:'(9!C,%3#-)&!///////////////////////////////////////////////////////////////////////////////////////////////!GOB!
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!

\!

Z/X!0:)J!OQ!C,%3#9'9!;<!C35;&':2H!.)2%8';&!%,I!b'9+%3'-%:';,!;<!K)&<;&H%,()!',!:2)!
K)&<;&H%,()!0J%()!///////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!GRG!

Z/X/G! b'9+%3'-%:';,!F;;39!:;!b'9+%3'-)!:2)!K)&<;&H%,()!0J%()!//////////////////////////////////////!GRG!

Z/X/@! W),)&%:';,!;<!U'52!N&I)&!1;I)3!L)J&)9),:%:';,!.%9)I!N,!1+3:'8%&'%:)!
K)&<;&H%,()!>%:%!/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!GRZ!

*-./012"S" $//H:9.0:65"6F"Q12F62K.591"'<.H8.0:65".57"#85:5A";10-67"06",.K/H1"
#,$$"$HA62:0-K"=========================================================================================================================="3MD!

X/G!0'H+3%:';,!;<!4,(;+,:)&9!%,I!W),)&%:';,!;<!K)&<;&H%,()!>%:%!/////////////////////////////////////!GZA!

X/G/G! W),)&%:',5!K%&%H):)&!S;H"',%:';,9!+9',5!:2)!V%:',!U#J)&(+")!1):2;I!//!GZA!

X/G/@! S;,<'5+&',5!:2)!0'H+3%:';,!F;;3Q!>%:%!0):9!%,I!=;H',%3!F%&5):9!///////////////////!GZG!

X/G/O! 0'-)!;<!0(;&',5!c;,)9!+9)I!<;&!K)&<;&H%,()!48%3+%:';,!//////////////////////////////////////!GZ@!

X/@!$',%3!0)3)(:';,!;<!F0CC!C35;&':2H!K%&%H):)&9!///////////////////////////////////////////////////////////////////////!GZ@!

X/@/G! >%:%!W),)&%:';,!%,I!U>1L!1;I)3!$'::',5!/////////////////////////////////////////////////////////////////!GZ@!

X/@/@! EI),:'<'(%:';,!;<!U'52!EHJ%(:!C35;&':2H!K%&%H):)&9!////////////////////////////////////////////!GZZ!

X/@/O! 48%3+%:',5!K%&%H):)&!F&%I)]N<<9!<;&!U'52]EHJ%(:!K%&%H):)&9!///////////////////////!GZY!

X/@/R! F0CC!8Z!K%&%H):)&!0)3)(:';,!//////////////////////////////////////////////////////////////////////////////////////////!GXZ!

X/O!C,%3#9'9!;<!F0CC!C35;&':2H!K)&<;&H%,()![':2!F+,)I!K%&%H):)&9!///////////////////////////////!GXY!

X/O/G! S;HJ%&'9;,!;<!F0CC!K)&<;&H%,()!:;!FSC0!E!_FC0`!K)&<;&H%,()!///////////////////!GXY!

X/O/@! =+'9%,()!C3)&:9!>+)!F;!=;'9)!',!F2)!49:'H%:)I!F+&,!L%:)!_dF&%e)(:;&#!
a%55',5f`!/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!GYA!

X/O/O! EI),:'<'(%:';,!;<!S%+9)9!<;&!1'99)I!%,I!V%:)!C3)&:9!///////////////////////////////////////////////!GYG!

X/R!V'H':%:';,9!;<!F0CC!K)&<;&H%,()!0'H+3%:';,!//////////////////////////////////////////////////////////////////////////!GYO!

*-./012"T" ,IJ01K"'<.H8.0:65"$57")H:A-0"#1J0"====================================================================="3TP!

Y/G!N8)&8')[!;<!:2)!$3'52:!F)9:!K&;5&%H!///////////////////////////////////////////////////////////////////////////////////////////!GYX!

Y/G/G! S2)(?;+:!;<!K&;:;:#J)!C8';,'(9![':2!:2)!F0CC!%35;&':2H!//////////////////////////////////!GYX!

Y/G/@! U+H%,!$%(:;&9!48%3+%:';,9!g!0(&'J:)I!4,(;+,:)&9!%,I!F%&5):9!;<!
NJJ;&:+,':#!/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!GYB!

Y/G/O! U'52!K)&<;&H%,()!%,I!U)3'(;J:)&!F)9:9!%:!:2)!$CCh9!a'33'%H!T/!U+52)9!
F)(2,'(%3!S),:)&!////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!GY\!

Y/G/R! $3'52:!F)9:!EHJ3)H),:%:';,!;<!F0CC!/////////////////////////////////////////////////////////////////////////////!GBG!

Y/G/Z! V;55',5!;<!F0CC!$3'52:!F)9:!>%:%!///////////////////////////////////////////////////////////////////////////////////!GBG!

Y/@!C,%3#9'9!;<!F0CC!C3)&:',5!K)&<;&H%,()!I+&',5!$3'52:!F)9:!///////////////////////////////////////////////!GB@!
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GA!

Y/@/G! C,%3#9'9!CJJ&;%(2!////////////////////////////////////////////////////////////////////////////////////////////////////////////////!GB@!

Y/@/@! N8)&%33!K&;:;:#J)!C3)&:',5!0:%:'9:'(9!////////////////////////////////////////////////////////////////////////////!GB@!

Y/@/O! =+'9%,()!C3)&:!K)&<;&H%,()!I+&',5!$3'52:!F)9:!_da&%J!C&;+,If!C3)&:9`!////!GBO!

Y/@/R! C8)&%5)!C3)&:!F'H)!<;&!C3)&:9!E99+)I!I+&',5!$3'52:!F)9:!/////////////////////////////////////!GBZ!

Y/O!S;HJ%&'9;,!;<!$3'52:!F)9:!K)&<;&H%,()!:;!:2)!K)&<;&H%,()!4^J)(:)I!<&;H!
0'H+3%:';,!////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!GBX!

Y/O/G! =;:)!;,!>'<<)&),()9!.):[)),!EHJ3)H),:%:';,9!//////////////////////////////////////////////////////!GBY!

Y/O/@! N8)&%33!S;HJ%&'9;,!;<!C3)&:',5!K)&<;&H%,()!///////////////////////////////////////////////////////////!GBB!

Y/O/O! C,%3#9'9!;<!4,(;+,:)&9![':2!$'&9:!C3)&:!F'H)!>'<<)&),()!i!Z/Z!9)(!_dL)]
C(M+'9':';,!0,%J9f`!//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!GB\!

Y/O/R! C,%3#9'9!;<!4,(;+,:)&![2)&)!;,3#!;,)!0#9:)H!C3)&:)I!////////////////////////////////////////!G\G!

Y/O/Z! 0+HH%&#!K)&<;&H%,()!S;HJ%&'9;,!/////////////////////////////////////////////////////////////////////////////!G\G!

*-./012"O" $7721JJ:5A"U571J:2.VH1"#,$$"$HA62:0-K"%1-.<:62"47150:F:17"E82:5A"
)H:A-0"#1J0""===================================================================================================================================="3D?!

B/G!4,2%,()I!F0CC!C8';,'(9!C&(2':)(:+&)!F;!K&)8),:!F&%e)(:;&#!a%55',5!%,I!L)]
C(M+'9':';,!0,%J9!//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!G\R!

B/@!EHJ&;8)I!C3)&:',5!V;5'(!F;!K&)8),:!a&%J]C&;+,I!C3)&:9!C,I!C3)&:9!>+)!F;!
F&%e)(:;&#!a%55',5!//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!G\X!

B/@/G! >)&'8%:';,!;<!CII':';,%3!F0CC!V;5'(!////////////////////////////////////////////////////////////////////////////!G\Y!

B/O!L)]48%3+%:',5!F0CC!0%HJ3)!C35;&':2H!K%&%H):)&!S;H"',%:';,![':2!=)[!V;5'(!//!G\\!

*-./012"D" ,8KK.2I".57"*659H8J:65J"====================================================================================">RP!

\/G!0+HH%&#!;<!:2)!>)8)3;JH),:!;<!F0CC!///////////////////////////////////////////////////////////////////////////////////////!@AZ!

\/@!1%e;&!S;HJ;,),:9!;<!:2)!>)8)3;JH),:!4<<;&:!////////////////////////////////////////////////////////////////////////!@AB!

\/@/G! F0CC!4^)HJ3%&!C35;&':2H!C9!C!$+:+&)!S)&:'<'(%:';,!0:%,I%&I!////////////////////////!@AB!

\/@/@! >)8)3;JH),:!;<!%!1):2;I!F;!F+,)!C3)&:',5!0#9:)H9!///////////////////////////////////////////!@AB!

\/@/O! S;HJ&)2),9'8)!S2%&%(:)&'-%:';,!;<!C>0].!0+&8)'33%,()!7,()&:%',:#!///////////!@GA!

\/@/R! CJJ&;%(2!:;!0(;&)!C3)&:',5!0#9:)H!K)&<;&H%,()!///////////////////////////////////////////////////!@GG!

\/@/Z! 4^J%,9';,!;<!!*+(2%&h9!b'9+%3'-%:';,!;<!:2)!K)&<;&H%,()!0J%()!//////////////////////!@G@!

\/O!S;,(3+9';,!////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!@GO!

\/O/G! $+:+&)!a;&?!////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!@GZ!

$//157:N"$" (<12<:1C"6F"0-1"U,"$E,!%",IJ01K"$29-:0190821"=========================================">>T!
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$//157:N"%" 47150:FI:5A"G:J062:9.H"45012.90:65J"%10C115"*6HH:J:65"$H120:5A"
,IJ01KJ".57"*6HH:J:65J"$<6:7.591",IJ01KJ"======================================================================">M3!

$//157:N"*" ;$#&$%"*671"6F",.K/H1"#,$$"$HA62:0-K"====================================================">MP!
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$'5+&)!G]GQ!L)M+'&)I!F&%<<'(!C3)&:',5!%,I!C8;'I%,()!0#9:)H9!////////////////////////////////////////////////////////////!@O!

$'5+&)!G]@Q!F2)!b]1;I)3!0#9:)H9!4,5',))&',5!$&%H)[;&?!CI%J:)I!<;&!F0CC!///////////////////////////!@Z!

$'5+&)!G]OQ!1%e;&!F2)9'9!S;HJ;,),:9!%,I!F2)'&!L)3%:';,92'J!///////////////////////////////////////////////////////////!@X!

$'5+&)!@]GQ!0:%:)]0J%()!L)J&)9),:%:';,!;<!:2)!C3)&:',5!K&;"3)H!///////////////////////////////////////////////////////!OA!

$'5+&)!@]@Q!0(2)H%:'(!L)J&)9),:%:';,!;<!%!L)%(:'8)!C3)&:',5!0#9:)H!_3)<:`!%,I!K&)I'(:'8)!
C3)&:',5!0#9:)H!_&'52:`!//////////////////////////////////////////////////////////////////////////////////////////////////////////////////!OA!

$'5+&)!@]OQ! 0(2)H%:'(!L)J&)9),:%:';,!;<!$+,(:';,9!%,I! E,<;&H%:';,!$3;[! ',! %!S;,<3'(:!
C3)&:',5!0#9:)H!/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!OG!

$'5+&)! @]RQ! 0:%:)! 0J%()! L)J&)9),:%:';,! ;<! S+&&),:! 0:%:)! 4&&;&! _3)<:`! %,I! $+:+&)! 0:%:)!
4&&;&!_&'52:`!///////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!O@!

$'5+&)! @]ZQ! 0(2)H%:'(! L)J&)9),:%:';,! ;<! S;H"',)I! S+&&),:! %,I! $+:+&)! 0:%:)!
7,()&:%',:#!/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!OR!

$'5+&)!@]XQ!b%&'%,:9!;<!:2)!F&%<<'(!C3)&:!%,I!S;33'9';,!C8;'I%,()!0#9:)H!_FSC0`!//////////////////////!OX!

$'5+&)!@]YQ!0(2)H%:'(!L)J&)9),:%:';,!;<!C>0].!////////////////////////////////////////////////////////////////////////////////////////!RA!

$'5+&)!@]BQ!S;(?J':!>'9J3%#!;<!F&%<<'(!E,<;&H%:';,!_S>FE`!////////////////////////////////////////////////////////////////////!O\!

$'5+&)!@]\Q!0+HH%&#!0(2)H%:'(!;<!C>0].!0#9:)H!////////////////////////////////////////////////////////////////////////////////////!R@!

$'5+&)!@]GAQ!0(2)H%:'(!L)J&)9),:%:';,!;<!\Zj!K;9':';,!C((+&%(#!;<!GH!_3)<:`!%,I!A/@ZH!
_&'52:`!////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!RO!

$'5+&)!O]GQ!S;HJ%&'9;,!;<!W),)&%3!C8'%:';,!:;!C'&!S%&&')&!C(:'8)!$3)):/!W),)&%3!C8'%:';,!
E,(3+I)9!C'&!F%^'!_.F0`!/////////////////////////////////////////////////////////////////////////////////////////////////////////////////!ZA!

$'5+&)!O]@Q!C8)&%5)!k)%&3#!U;+&9!$3;[,!"#!W),)&%3!C8'%:';,!C'&(&%<:! (;HJ%&)I! :;!C'&!
S%&&')&!C'&(&%<:!_.F0`!////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!ZG!

$'5+&)!O]OQ!K)&(),:%5)!;<!W),)&%3!C8'%:';,!C'&(&%<:!.#!K&'H%&#!79)!%,I!C5)!/////////////////////////////!Z@!

$'5+&)!O]RQ!K)&(),:%5)!;<!=F0.!1'I]C'&!S;33'9';,9!"#!V;(%:';,!/////////////////////////////////////////////////////////!ZY!

$'5+&)!O]ZQ!F&%(?!E,:)&9)(:!C,53)!0+HH%&'-)I!<;&!C33!=F0.!1'I]C'&!S;33'9';,!L)J;&:9!/////////!ZY!

$'5+&)! O]XQ! V;(%:';,! >'9:&'"+:';,! %,I! W);H):&#! ;<! C33! =F0.!1'I]C'&! S;33'9';,9! ',! :2)!
C'&J;&:!K%::)&,!//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!ZB!

$'5+&)!O]YQ!W);H):&#!>'9:&'"+:';,!<;&!4,(;+,:)&9!',!:2)!b'(',':#!;<!:2)!C'&J;&:!///////////////////////!Z\!

$'5+&)!O]BQ!$3'52:!K2%9)9!;<!1'I]C'&!S;33'9';,9!C[%#!$&;H!:2)!C'&J;&:!/////////////////////////////////////////!XA!

$'5+&)! O]\Q! F&%(?! E,:)&9)(:! C,53)! <;&!1'I]C'&! S;33'9';,9! C[%#! $&;H! :2)! C'&J;&:!a':2!
%,I!a':2;+:!$;&H%:';,!$3'52:9!/////////////////////////////////////////////////////////////////////////////////////////////////!XA!
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$'5+&)! O]GAQ! =)%&! 1'I]C'&! S;33'9';,9! L)J;&:)I! ',! :2)! C0L0! >%:%"%9)! "#! L)9J)(:'8)!
$3'52:! K2%9)/! 4,(;+,:)&9! C3;,5! :2)! >'%5;,%3! C&)! .):[)),! C'&(&%<:! ',! :2)!
0%H)!$3'52:!K2%9)/!///////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!XG!

$'5+&)! O]GGQ! =)%&!1'I]C'&! S;33'9';,9! L)J;&:)I! ',! :2)! =1CS9! >%:%"%9)! "#! L)9J)(:'8)!
$3'52:! K2%9)/! 4,(;+,:)&9! C3;,5! :2)! >'%5;,%3! C&)! .):[)),! C'&(&%<:! ',! :2)!
0%H)!$3'52:!K2%9)/!///////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!X@!

$'5+&)! O]G@Q! $3'52:! K2%9)! %,I!C3:':+I)!>'9:&'"+:';,! ;<! WClK%&:! G@G!4,(;+,:)&9! ',! :2)!
C0L0!>%:%"%9)!///////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!XO!

$'5+&)!O]GOQ! $3'52:!K2%9)!C,I!C3:':+I)!>'9:&'"+:';,!;<!WClK%&:!G@G!4,(;+,:)&9! ',! :2)!
=1CS0!>%:%"%9)!//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!XR!

$'5+&)! O]GRQ! >)<',':';,9! ;<! F&%(?! E,:)&9)(:! C,53)! _EC`6! L)3%:'8)! U;&'-;,:%3! b)3;(':#!
_LUb`!%,I!L)3%:'8)!b)&:'(%3!b)3;(':#!_Lbb`!/////////////////////////////////////////////////////////////////////////!XZ!

$'5+&)!O]GZQ!=%&&%:'8)6!V;(%:';,!%,I!W);H):&#!;<!4,(;+,:)&!S%:)5;&#!CG!%,I!C@!//////////////////!XX!

$'5+&)!O]GXQ!=%&&%:'8)6!V;(%:';,!%,I!W);H):&#!;<!4,(;+,:)&!S%:)5;&#!CO!%,I!CR!//////////////////!XX!

$'5+&)!O]GYQ!=%&&%:'8)6!V;(%:';,!%,I!W);H):&#!;<!4,(;+,:)&!S%:)5;&#!CZ!%,I!CX!//////////////////!XY!

$'5+&)!O]GBQ!=%&&%:'8)6!V;(%:';,!%,I!W);H):&#!;<!4,(;+,:)&!S%:)5;&#!CY!%,I!CB!//////////////////!XY!

$'5+&)!O]G\Q!=%&&%:'8)6!V;(%:';,!%,I!W);H):&#!;<!4,(;+,:)&!S%:)5;&#!4G6!4@!%,I!4O!///////////!XB!

$'5+&)!O]@AQ!=%&&%:'8)6!V;(%:';,!%,I!W);H):&#!;<!4,(;+,:)&!S%:)5;&#!4R6!4Z!%,I!4X!///////////!XB!

$'5+&)!O]@GQ!=;:';,%3!C8';,'(9!C&(2':)(:+&)![':2!>N]OGYC!C00CK!K&;()99;&!////////////////////////////!X\!

$'5+&)! O]@@Q! b'9+%3'-%:';,! ;<! :2)! 0:%,I]C3;,)! F0CC! EHJ3)H),:%:';,! _,;! >N]OGYC!
F&%(?)&`!///////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!YG!

$'5+&)!O]@OQF0CC!EHJ3)H),:%:';,!a':2!C!>N]OGYC!F&%(?)&!/////////////////////////////////////////////////////////////!Y@!

$'5+&)!O]@RQ!F&%<<'(!0#H";39!>)<',)I!',!>N]OGYC!<;&!CF0C]CEL.!////////////////////////////////////////////////////!YO!

$'5+&)!O]@ZQ!K&;^'H%:)!F&%<<'(!%,I!C3)&:)I!F&%<<'(!0#H";39!>)<',)I!"#!>N]OGYC!////////////////////!YR!

$'5+&)!O]@XQ!0:%:)!0J%()!L)J&)9),:%:';,!;<!C3)&:',5!K&;"3)H!////////////////////////////////////////////////////////////!YZ!

$'5+&)!O]@YQ!c;,)9!79)I!',!C3)&:!48%3+%:';,!///////////////////////////////////////////////////////////////////////////////////////////////!YB!

$'5+&)! O]@BQ! =+'9%,()! C3)&:! L%:)! 89/! C8)&%5)! F'H)! ;<! C3)&:! .)<;&)! S3;9)9:! K;',:! ;<!
CJJ&;%(2!/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!BR!

$'5+&)!R]GQ!0(2)H%:'(!L)J&)9),:%:';,!;<!KCc!%,I!SCc!S%3(+3%:)I!"#!:2)!4^)HJ3%&!F0CC!
C35;&':2H!/////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!\G!

$'5+&)!R]@Q!S;,9:%,:!F+&,!L%:)!F&%e)(:;&#!K&;e)(:';,!////////////////////////////////////////////////////////////////////////////!\@!

$'5+&)! R]OQ! 0(2)H%:'(!L)J&)9),:%:';,! ;<!C3)&:',5! V;5'(! S;H"',',5!K&;:)(:)I!C'&9J%()!
c;,)9!%,I!S;,9:%,:!F+&,!L%:)!F&%e)(:;&#!K&)I'(:';,!/////////////////////////////////////////////////////!\@!

$'5+&)!R]RQ!=;:';,%3!C8';,'(9!C&(2':)(:+&)![':2!>N]OGYC!C00CK!K&;()99;&!//////////////////////////////!\R!
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$'5+&)!R]ZQ!=;:';,%3!>N]OGYC!C8';,'(9!C&(2':)(:+&)!%I%J:)I! <;&! EHJ3)H),:%:';,![':2!
F0CC!//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!\Z!

$'5+&)!R]XQ!$+,(:';,%3!.3;(?!>'%5&%H!;<!F0CC!S;,<3'(:!>):)(:;&!//////////////////////////////////////////////////////!\\!

$'5+&)!R]YQ!$+,(:';,%3!.3;(?!>'%5&%H!;<!F0CC!S;,<3'(:!0)%&(2!4,5',)!////////////////////////////////////////!GAG!

$'5+&)!R]BQ!b'9+%3'-%:';,!;<!KCc!0'-)!<;&!%!0%HJ3)!4,(;+,:)&!//////////////////////////////////////////////////////////!GAO!

$'5+&)! Z]GQ! 0(2)H%:'(! L)J&)9),:%:';,! ;<! NJ:'H'-%:';,! CJJ&;%(2! CJJ3')I! :;! %! S;,<3'(:!
C3)&:',5!0#9:)H!//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!GGG!

$'5+&)!Z]@Q!F2)!F+,',5!1):2;I!'9!79)I!<;&!:2)!48%3+%:';,!%,I!NJ:'H'-%:';,!;<!:2)!F0CC!
C35;&':2H!//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!GG@!

$'5+&)!Z]OQ!C35;&':2H!F+,',5!1):2;I!/////////////////////////////////////////////////////////////////////////////////////////////////////////!GGO!

$'5+&)!Z]RQ!0%HJ3)!U'52)&!N&I)&!K%&%H):)&!E,:)&%(:';,!///////////////////////////////////////////////////////////////////!GGR!

$'5+&)!Z]ZQ!0'H+3%:';,!F;;3!0+':)!79)I!<;&!F0CC!K)&<;&H%,()!48%3+%:';,9!//////////////////////////////!GGX!

$'5+&)! Z]XQ! L)3%:';,92'J! .):[)),! 4,(;+,:)&! >%:%! 0):9! %,I! C35;&':2H! >)8)3;JH),:!
K&;()99!///////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!GGY!

$'5+&)!Z]YQ!0%HJ3)!7,(;&&)3%:)I!4,(;+,:)&!$&;H!:2)!VV41!1%9:)&!4,(;+,:)&!0):!/////////////!GGB!

$'5+&)!Z]BQ! 0%HJ3)!N[,]02'J!F&'J! ',! :2)!V;[!C3:':+I)!%,I!C'&J;&:!NJ)&%:';,9!1%9:)&!
4,(;+,:)&!>%:%!0):!///////////////////////////////////////////////////////////////////////////////////////////////////////////////////////!G@A!

$'5+&)!Z]\Q!0%HJ3)!0(&'J:)I!4,(;+,:)&!;<!0(),%&';!CR!///////////////////////////////////////////////////////////////////////!G@G!

$'5+&)!Z]GAQ!0(2)H%:'(!L)J&)9),:%:';,!;<!>)5&%I%:';,!K&;()99!////////////////////////////////////////////////////!G@@!

$'5+&)! Z]GGQ! 0(2)H%:'(! L)J&)9),:%:';,! ;<! $+,(:';,9! %,I! E,<;&H%:';,! $3;[! ;<! C>0].!
.%9)I!C3)&:',5!0#9:)H9!//////////////////////////////////////////////////////////////////////////////////////////////////////////////!G@O!
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Number of !
Passengers!

Maximum Takeoff !
Weight!

30!

10!

15,000 kg!

Collision Alerting !
System Required!

(TCAS I)!

Voluntary Equipage with Collision !
Alerting or Avoidance System!

(TAS and TCAS I & II)!

Collision Avoidance !
System Required!

(TCAS II)!

Percentage of US Fleet: 0.5%!

Percentage of US Fleet: 3.5%!Percentage of US Fleet: 96%!

1!
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Technological Opportunity/ !
Stakeholder Assessment!

High Level Concept for !
ADS-B !

Enabled Conflict Alerting!

Detailed System !
Requirements Definition!

Alerting System Design! System Integration!
Interface Management!

Verification of System!
Requirements!

Prototype Implementation !
and Flight Test!

Standards Development!
and System Validation!

Algorithm Tuning and !
Performance Evaluation!

System
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Identification of 
Common Mid-Air 

Collision Scenarios!

Alerting System 
Requirements 

Definition!

Alerting Algorithm 
Design!

System Verification 
and Validation!

Concept of an ADS-B 
Enabled Conflict 
Alerting System!

NAS Stakeholder 
Needs and Benefit 

Assessment!

Technological 
Opportunity !

(ADS-B)!

Generation of 
Representative Flight 

Tracks!

Modeling of System 
Uncertainties!

Definition of 
Performance 

Evaluation Method!

Alerting Algorithm 
Evaluation and 
Optimization!

Simulation Environment!

Chapter 2!

Chapter 3!

Chapter 4!

Chapter 5&6!

Chapter 7&8!
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Figure 2-14

2.3.4.2.3.2.2 Basic Non-directional Traffic 

  Basic Directional Traffic Symbol (Example) 

a. If directionality is invalid, the basic non-directional traffic symbol shall (3220) be 
depicted with a diamond shape.   

Note:

b. The color shall (3221) be cyan or white.   

 Non-directional symbols should not rotate with the display orientation. 

c. The color shall (3222) be the same color as the basic directional symbol.   

d. The color should not be the same color as the ownship symbol.   

e. For displays that do not integrate the ASA system with TCAS, the symbol may be 
filled or unfilled.   

f. For TCAS/ASA integrated systems, the symbol shall (3223) be unfilled.   

Figure 2-15 
 

provides an example notional depiction.   

 
Figure 2-15

2.3.4.2.3.2.3 Traffic Directionality  

  Basic Non-directional Traffic Symbol (Example) 

a. If the traffic symbol indicates directionality, the directionality of the traffic symbol 
shall (3039) be displayed relative to the display orientation.  

Note:

b. Traffic directionality shall (3224) be displayed with a resolution of 15 degrees or 
better (i.e., maximum of ±7.5º display quantization error).  

 Non-directional symbols should not rotate with the display orientation.  

Note:

2.3.4.2.3.2.4 Traffic Application Capability 

 The traffic directionality in air is based on traffic ground track angle, and 
not necessarily traffic heading. This is important for monitoring traffic such 
as helicopters that can fly backwards and also to account for winds.   

The traffic symbol may provide an indication of traffic application capability.  
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2.3.4.2.3.2.5 Traffic On Ground Status 

a. If traffic is on ground, the basic traffic symbol shall (3225) be modified by changing 
the color.   

b. The color may be brown/tan.   

c. The size of on-ground traffic symbols may be decreased for additional encoding, 
and/or to reduce clutter.   

d. The symbol may be filled or unfilled.   

Figure 2-16 provides example notional depictions.   

Note:

 

 Additionally, altitude information is removed from the data tag.  See 2.3.5.5.f 

Figure 2-16

2.3.4.2.3.2.6 Basic Ground vehicle 

  Directional and Non-directional On-ground Traffic Symbols (Example) 

a. The basic Ground vehicle symbol shall (3226) be depicted as a top-down wheeled 
rectangular shape.     

b. The color should be the same as that used for the basic Traffic On Ground symbol.    
The color may be brown/tan.   

c. Ground vehicle directionality may be indicated by adding a triangular shape to one 
end of the rectangle, and orienting the entire symbol by directionality. 

d. The symbol may be filled or unfilled. 

Figure 2-17 provides an example notional depiction.   

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!  

Figure 2-17

2.3.4.2.3.2.7 Alerts  

  Directional and Non-directional Basic Ground vehicle Symbols 
(Example) 

The following requirements apply generally to alerts based on both ASA and TCAS 
systems.  Additional TCAS-specific alert symbol requirements are provided in section 
2.3.4.2.3.3. 

!!!! !!
!!
!
!
!!
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Figure 2-18

2.3.4.2.3.2.9 Selected Traffic 

  Directional and Non-directional Proximate Traffic Symbols (Example) 

Selected Traffic is traffic that is selected by the flight crew.  Traffic selection results in 
display of additional traffic information beyond what is presented in the minimum data 
tag, and may enable other functions (e.g., designating traffic).  

Note:

If traffic selection is implemented: 

 See section 1.5.2.7.   

a. There shall (3044) be some means of distinguishing the selected traffic from other 
traffic on the Traffic Display. 

b. A border shall (3229) not be used to indicate selected traffic.  

Notes:

1. A border is a discernable line that surrounds an existing symbol.  Border types 
include fixed-shape or conformal.   

   

2. Borders are reserved for depicting Designated traffic.   

c. When traffic is selected, additional information on that traffic shall (3045) be 
displayed in a data block or a data tag. 

Note:

d. There shall (3046) be an indication of off-scale selected traffic.   

 Generally, selecting traffic will bring up the additional information in a data 
block, but a data tag can also be used for this purpose.   

Note:

2.3.4.2.3.2.10 Designated Traffic 

 A Selected half-symbol at the display edge and appropriate bearing is one 
acceptable method of indication.  

Note:

If traffic designation is implemented: 

 See section 1.5.2.7.   

a. There shall (3047) be some means of distinguishing the designated traffic from other 
traffic on the Traffic Display. 

b. If traffic is Designated, the basic traffic symbol should be modified by adding a 
shape-conforming border.  Figure 2-19 provides example notional depictions.   
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Figure 2-19

c. There shall (3048) be an indication of off-scale designated traffic.   

  Directional and Non-directional Designated Traffic Symbols (Example) 

Note:

d. The loss of “designated” status (e.g., due to signal loss or invalid data) shall (3049) 
be indicated to the flight crew.   

 A Designated half-symbol at the display edge and appropriate bearing is one 
acceptable method of indication.  

2.3.4.2.3.3 TCAS Alert Symbology for TCAS/ASA Integrated Systems  

a. If traffic directionality is valid, directionality information shall not (3050) be 
removed during a TCAS Traffic Advisory or Resolution Advisory.   

Note:

2.3.4.2.3.3.1 Traffic Advisories   

 Directionality information, if available, may assist the flight crew in visual 
search and identification of the alerted traffic.  

a. If traffic has a Traffic Advisory (TA), the traffic symbol shall (3230) be modified by 
changing the color to amber/yellow, and changing the shape to a circle. 

Note:

b. Traffic with valid directionality shall (3231) include a directional inlay.   

 The requirement applies also for selected or designated traffic.   

c. The size of TA traffic symbols may be increased to accommodate the shape 
modification.   

d. Line widths and fill may be changed to improve color interpretation and saliency. 

Figure 2-20
 

 provides example notional depictions for TA symbols with directionality.   

 
 

Figure 2-20

 

  Directional TCAS TA Symbols (Examples) 

    

 
 

  

Directional and Non-Directional Proximate Traffic Symbol!

Directional Alert Traffic Symbol – Caution Level !
(DO-317 does not define a Non-Directional Alert Traffic Symbol)!
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2.3.4.2.3.3.2 Resolution Advisories 

a. If traffic has a Resolution Advisory (RA), the traffic symbol shall (3232) be modified 
by changing the color to red, and changing the shape to a square.  

Note:

b. Traffic with valid directionality shall (3233) include a directional inlay.   

 The requirement applies also for selected or designated traffic.    

c. The size of RA traffic symbols may be increased to accommodate the shape 
modification.   

d. Line widths and fill may be changed to improve color interpretation and saliency.   

Figure 2-21
 

 provides example notional depictions for RA symbols with directionality.   

 
Figure 2-21  Directional TCAS RA Symbols (Examples) 

Notes:

1. Appendix G describes TCAS/ADS-B symbol integration issues.   

  

2. TCAS aural alerts and resolution guidance are not affected by these requirements or 
recommendations.  

2.3.4.2.3.4 Other Traffic Symbol Considerations 
 

a. If circle and square shapes are used to depict alerted traffic, then circle or square 
shapes should not be used to depict other traffic information.  

b. Additional symbol shapes beyond those included in section 2.3.4.2.3.2 might 
adversely affect display usability.  Data tags (vs. symbols) might be an acceptable 
means of indicating traffic information (for example, when that information is not 
needed at a quick glance).  

2.3.4.3 Number of Traffic Elements 

A traffic element is an aircraft or vehicle.   

a. When SURF is not active, the Traffic Display shall (3038) be capable of displaying 
at least the highest priority (as defined in section 2.2.2.1.5.1.2) 8 traffic elements. 

    
Directional Alert Traffic Symbol – Warning Level!
(DO-317 does not define a Non-Directional Alert Traffic Symbol)!
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• ;.I"$H120"h651Y!E<!%,!%'&(&%<:!J),):&%:)9!:2'9!-;,)6!%!2%-%&I!H%#!;&!H%#!,;:!
")!J&)9),:!%,I!%,!%3)&:!H%#!;&!H%#!,;:!")!'99+)I!

!

):A821"?!>TY"h651J"UJ17":5"$H120"'<.H8.0:65"

E,!;&I)&! :;!J&;J)&3#!9'-)! :2)!-;,)9!5'8),!:2)!I)<',':';,9!%";8)6!1EFL4!%(:',5!;,!")2%3<!;<!
:2)!$CC!J&)9),:)I!:2'9!9(;&',5!%JJ&;%(2!:;!%!5&;+J!;<!J'3;:9!<&;H!:2)!70!%,I!4+&;J)/!F2)!
5&;+J! (;,9'9:)I! ;<! @R! J'3;:9! [':2! 3;55)I! <3'52:! :'H)9! &%,5',5! <&;H! @ZA! 2;+&9! :;! OO6AAA!
2;+&9!%,I!()&:'<'(%:';,9!&%,5',5! <&;H!K&'8%:)!K'3;:! :;!CFK/!N,!%8)&%5)6! :2)!J'3;:9!2%I!Y\A!
2;+&9!;<!<3'52:!:'H)!)^J)&'),()![':2!FSC0!E!:#J)!9#9:)H9!_FC06!FE06!):(/`!%,I!%,!%8)&%5)!;<!
@YZA!<3'52:!2;+&9!',!%'&(&%<:!)M+'JJ)I![':2!FSC0!EE/!!

.%9)I!;,!:2)'&!;J)&%:';,%3!)^J)&'),()6!:2)!5&;+J![%9!%9?)I!:;!I):)&H',)!:2)!92%J)!%,I!9'-)!
;<!:2)!-;,)9/!W'8),!:2)!I'9(+99';,9!%";8)!%";+:!:2)!J)&()J:';,!;<!2%-%&I9!<;&!%,!;J)&%:';,%3!
),8'&;,H),:! %,I! ),(;+,:)&! 9':+%:';,6! :2)! -;,)9! [)&)! 9'-)I! 9J)('<'(! :;! :2&))! ;J)&%:';,%3!
),8'&;,H),:96!%9!92;[,!',!F%"3)!O]Z/!CII':';,%33#6!:2)!92%J)!;<!:2)!-;,)9![%9!9)3)(:)I!:;!")!

Hazard Zone (HAZ)!
(must alert)!

Non-Hazard (HAZNot) Zone!
(must NOT alert)!

May Alert Zone!
(may alert)!
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('&(+3%&!"%9)I!;,!%!(;,9),9+9!;<! :2)!5&;+J/!N:2)&!92%J)9!9+(2!%9!)33'J:'(%3!-;,)9!;&!-;,)9!
92%J)I! 3'?)!9J%I)9!)^:),I',5! <+&:2)&! ',! :2)!I'&)(:';,!;<! <3'52:![)&)!(;,9'I)&)I! :;!(%J:+&)!
I'<<)&',5! 3)8)39! ;<! (;H<;&:! "):[)),! 2)%I];,! %,I! ',]:&%'3! ),(;+,:)&9/! U;[)8)&6! ':! [%9!
+,(3)%&![2'(2!92%J)![;+3I!")!H;9:!%JJ&;J&'%:)!;&![2%:!':9!I'H),9';,9!%,I!&%:';9!92;+3I!
")!g!%9!%!&)9+3:6!('&(+3%&!-;,)9!&)J&)9),:)I!:2)!H;9:!%::&%(:'8)!(;HJ&;H'9)/!!

#.VH1"?!PY",:d1"6F"h651J"8J17"F62"$H120"'<.H8.0:65"

" G.d.27"h651" +65!G.d.27"h651"
'5<:265K150" X120:9.H" G62:d650.H" X120:9.H" G62:d650.H"

F)&H',%3! @AA<:! ZAA<:! ZAA<:! Gl@=1!
4,]L;+:)!_o!GA6AAA10V`! RZA<:! ZAA<:! BZA<:! @=1!
4,]L;+:)!_i!GA6AAA10V`! RZA<:! ZAA<:! BZA<:! O=1!

!

79',5!:2'9!9(;&',5!H):2;I6!<;&H%3!I)<',':';,9!;<!2;[!:;!9(;&)!%!J%&:'(+3%&!%3)&:!'99+)I!"#!%,!
%3)&:',5!9#9:)H!(%,!")!',:&;I+()I/!!

?=M=? E')4+4#4(+"()"#'*G+4*$&"Q'B)(B;$+*'";'#B4*,")(B"#,$$"
W'8),!:2)!<3'52:!:&%(?9!;<!:[;!%'&(&%<:!%,I![2%:!%3)&:9![)&)!'99+)I6!:2)!<;33;[',5!%JJ&;%(2!
['33!")!+9)I!:;!9(;&)!:2)!J)&<;&H%,()!;<!F0CC/!$'&9:6!:2)!9#9:)H!(%3(+3%:)9!:2)!J;',:!%3;,5!
:2)!:&%e)(:;&')9![2)&)!:2)!93%,:!&%,5)!'9!:2)!9H%33)9:!%,I!I),;:)9!:2'9!%9!:2)!(3;9)9:!J;',:!;<!
%JJ&;%(2!_SKC`/!=;:)!:2%:!:2)!SKC!'9!I)<',)I!2)&)!%9!:2)!(3;9)9:!J;',:!;<!%JJ&;%(2!"):[)),!
:[;!%'&(&%<:!:2%:!%&)!,;:!%[%&)!;<!)%(2!;:2)&!g!%9!%!&)9+3:6!,;!%(:';,9!%&)!:%?),!"#!:2)!<3'52:!
(&)[9!:;!%3:)&!:2)!<3'52:!J%:2!I+)!:;!:2)!J&)9),()!;<!:2)!;:2)&!%'&(&%<:/!F2)!SKC!;<!:2)!:&%(?!
J%'&! %,I! %,#! %3)&:9! :2%:!H%#! 2%8)! ")),! '99+)I! I+&',5! :2)! ),(;+,:)&! %&)! :2),! (;HJ%&)I!
%5%',9:!:2)!-;,)9!I)<',)I!%";8)/!

F2)!J&;()99!I)9(&'")I!%";8)!'9!<;&!%!9',53)!<3'52:!:&%(?/!U;[)8)&6!',!;&I)&!:;!+,I)&9:%,I!:2)!
%55&)5%:)! J)&<;&H%,()! ;<! :2)! %3)&:',5! 9#9:)H! [':2! 9:%:'9:'(%3! 9'5,'<'(%,()6! :2)! J&;()99! '9!
&)J)%:)I!<;&!%!3%&5)!I%:%!9):!;<!),(;+,:)&9/!F2'9!%33;[9!<;&!:2)!(%3(+3%:';,!;<!:2)!<;33;[',5!
:)(2,'(%3!J)&<;&H%,()!H):&'(9Q!

• +8:J.591"$H120"B.01Y"C!,+'9%,()!%3)&:! '9!%,#!%3)&:!:2%:! '9! '99+)I!I+&',5!%,!
),(;+,:)&! [2)&)! :2)! SKC! "):[)),! :2)! <3'52:! :&%(?9! &)H%',9! ',! :2)! =;,]
U%-%&I!c;,)/!F2)!,+'9%,()!%3)&:!&%:)!'9!I)<',)I!%9!,+'9%,()!%3)&:9!'99+)I!J)&!
;[,]92'J!<3'52:!2;+&/!

• ;:JJ17"$H120"Q129150.A1Y"C!H'99)I!%3)&:!'9!I)<',)I!%9!%,!),(;+,:)&![2)&)!
:2)!SKC! <%339![':2',! :2)!U%-%&I!c;,)!"+:!,;!%3)&:! '9! '99+)I!"#! :2)! %3)&:',5!
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9#9:)H/!F2)!H'99)I!%3)&:!J)&(),:%5)!'9!I)<',)I!%9!H'99)I!%3)&:9!)^J&)99)I!%9!
%!J)&(),:%5)!;<!%33!),(;+,:)&9![':2!%!SKC!',!:2)!U%-%&I!c;,)/!

• &.01"$H120"Q129150.A1Y"W'8),!%,!),(;+,:)&![':2!%!SKC!:2%:!3')9![':2',!:2)!
U%-%&I! c;,)6! %! 3%:)! %3)&:! '9! I)<',)I! %9! %,! %3)&:! '99+)I![':2! 3)99! :2%,! G@/Z!
9)(;,I9! ")<;&)! :2)! SKC/! G@/Z! 9)(;,I9! 2%9! ")),! 'I),:'<')I! %9! :2)! :'H)!
&)M+'&)I! <;&!%! <3'52:!(&)[!:;!&)()'8)!%,!%3)&:6!%(M+'&)! :2)! :2&)%:6!I):)&H',)!
:2)!")9:!(;+&9)!;<!%(:';,!%,I!)^)(+:)!:2%:!%(:';,!m\An/!

• $<12.A1"#:K1"6F"$H120"%1F621"*Q$Y"F2)!%8)&%5)!:'H)!;<!%3)&:!")<;&)!SKC!'9!
I)<',)I!%9!:2)!:'H)!")<;&)!SKC!%8)&%5)I!%(&;99!%33!,;,],+'9%,()!%3)&:9/!

• #60.H"$H120"*6850Q!F2)!:;:%3!%3)&:9!'99+)I!<;&!%!5'8),!9):!;<!),(;+,:)&9/!!

E,! %II':';,! :;! :2)! 9'-)9! ;<! :2)! -;,)96! :2)! <;(+9! 5&;+J! [%9! %39;! %9?)I! :;! 9):! 3)8)39! ;<!
%(()J:%"3)!J)&<;&H%,()!&%:)9!<;&!,+'9%,()6!3%:)6!%,I!H'99)I!%3)&:9/!C9!I'9(+99)I!',!:2)!,)^:!
J%&%5&%J296!%,!%3)&:!'99+)I!:;;!3%:)!:;!%33;[!<;&!:2)!<3'52:!(&)[!:;!&)9J;,I!:;!:2)!9':+%:';,!
(%,! 2%8)! %! 9'H'3%&! )<<)(:! %9! %! H'99)I! %3)&:/! C9! %! &)9+3:6! 3%:)! %3)&:9! [)&)! (;H"',)I! [':2!
H'99)I!%3)&:9/!$;&!";:26!:2)!5&;+J!I)<',)I!%!I)9'&%"3)!J)&<;&H%,()!3)8)3!;<!,;!5&)%:)&!:2%,!
Zj9/!

#.VH1"?!SY"$991/0.VH1"Q12F62K.591"&1<1HJ".J"E1F:517"VI"0-1"Q:H60")698J"W268/"

#I/1"6F"$H120" E1J:217"Q12F62K.591""
&1<1H"

=+'9%,()!C3)&:! Zj!
1'99)I!C3)&:9!y!V%:)!C3)&:9! Zj!

!

W'8),! :2'9! ',I)J),I),:! 9(;&',5!H):2;I6! %,#! %3)&:',5! 9#9:)H! (%,! ")! )8%3+%:)I! ;"e)(:'8)3#!
%,I! ':9! J)&<;&H%,()! H)%9+&)I! ',I)J),I),:3#! ;<! %3)&:',5! 9#9:)H! 'HJ3)H),:%:';,6! [2'(2!
%33;[9! <;&! I'&)(:! (;HJ%&'9;,! ;<! 9J)('<'(! J)&<;&H%,()! H):&'(9! "):[)),! H+3:'J3)! %3)&:',5!
9#9:)H9/! E,! :2)! (%9)! ;<! F0CC6! :2'9! ['33! ),%"3)! ':9! J)&<;&H%,()! :;! ")! (;HJ%&)I! %5%',9:! %!
FSC0]3'?)! 9#9:)H6! 9',()! :2)! "%9'(! FSC0! %35;&':2H! +9)I! ',! H;9:! (+&&),:! %3)&:',5! 9#9:)H9!
9)&8)9!%9!%!"),(2H%&?!%5%',9:![2'(2!F0CC!92;+3I!")!(;HJ%&)I/!C9!9+(26!%,!'HJ3')I!F0CC!
J)&<;&H%,()! &)M+'&)H),:! '9! :2%:! :2)! J)&<;&H%,()! ;<! F0CC! 92%33! ")! ")::)&! :2%,! :2%:! ;<! %!
(+&&),:!9#9:)H!"%9)I!;,!:2)!FSC0!%35;&':2H/!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!
9!W'8),!:2%:!:2)!&%:)!;<!,+'9%,()!%3)&:9!I)J),I9!;,!:2)!;J)&%:';,%3!),8'&;,H),:6!:2)!5&;+J!
I)<',)I! :2)! J)&(),:%5)! ;<! ,+'9%,()! %3)&:9! ',9:)%I! ;<! %! &%:)/! >+&',5! :2)! )8%3+%:';,! ;<! %!
J%&:'(+3%&!),8'&;,H),:6!:2'9!J)&(),:%5)!(%,!:2),!")!:&%,93%:)I!',:;!%!&%:)6!5'8),!:2)!:;:%3!
,+H")&! ;<! <3'52:! 2;+&9! ',! :2)! I%:%! 9):! %,I! :2)! ,+H")&! ;<! %3)&:9! '99+)I! "#! :2)! %3)&:',5!
9#9:)H/!
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C!(;+J3)!;<!;"9)&8%:';,9!H+9:!")!H%I)!%:!:2'9!J;',:/!$'&9:6!:2)!%JJ&;%(2!;+:3',)I!:;!'I),:'<#!
,+'9%,()!%3)&:9!:)(2,'(%33#!(%,!'I),:'<#!"66%+%;;)&<!%3)&:9!;,3#q![2):2)&!:2)!%3)&:!'9!',!<%(:!%!
,+'9%,()!I)J),I9!;,!2;[!':!'9!J)&()'8)I!%,I!'9!9+"e)(:!:;!:2)!%II':';,%3!<%(:;&9!%9!I)9(&'")I!
;,!J%5)!YX/!U;[)8)&6!9',()!9+(2!%3)&:9!%&)!H;9:!(;HH;,3#!&)<)&&)I!:;!%9!,+'9%,()!%3)&:9!',!
:2)!(;,:)^:!;<!(;,<3'(:!%3)&:',5!9#9:)H96!:2'9!:)&H!['33!%39;!")!+9)I!2)&)/!!

0)(;,I6!%!I'9:',(:';,!"):[)),!,+'9%,()!%3)&:9!%,I!<%39)!%3)&:9!H+9:!")!H%I)/!F2)!:)&H!<%39)!
%3)&:!'9!(;,9'I)&)I!2)&)!:;!")!%,!%3)&:!:2%:!'9!'99+)I!%9!%!&)9+3:!;<!%!J2#9'(%3!H%3<+,(:';,!;<!
:2)!%3)&:',5!9#9:)H/!E,!;:2)&![;&I96!%,!%3)&:!'9!;,3#!9(;&)I!%9!%!,+'9%,()!%3)&:!'<!:2)!9#9:)H!
'9!;J)&%:',5!%9!',:),I)I6![':2;+:!%,#!2%&I[%&)!;&!9;<:[%&)!<%+3:9/!

F2'&I6! 9',()! %3)&:',5! 9#9:)H9!I;!,;:! '99+)! )^)(+:'8)! (;HH%,I9!;,!2;[! :;! %8;'I! %! :2&)%:6!
),9+&',5! :2%:! %,! %3)&:! '9! '99+)I![':2! ),;+52! :'H)! <;&! :2)! <3'52:! (&)[! :;! &)9J;,I!")(;H)9!
H;&)!'HJ;&:%,:/!C9!%!5+'I)3',)6!G@/Z!9)(;,I9!2%9!")),!'I),:'<')I!%9!:2)!H','H+H!%H;+,:!;<!
:'H)! %! J'3;:! ,))I9! :;! +,I)&9:%,I! %,! %3)&:6! %(M+'&)! :2)! :%&5):6! I)('I)! ;,! %,! %(:';,6! %,I!
)^)(+:)! :2%:!%(:';,! m\An/10!C9!%! &)9+3:6!I+&',5! :2)!I)8)3;JH),:!;<!F0CC6!%3)&:9! '99+)I![':2!
3)99! :2%,!G@/Z! 9)(;,I9!")<;&)! :2)!SKC!;,! ),(;+,:)&9! :2%:!J),):&%:)! :2)!U%-%&I!c;,)! %&)!
(;,9'I)&)I!3%:)!%,I!(;+,:)I!%9!J%&:!;<!:2)!H'99)I!%3)&:!J)&(),:%5)/!

$;+&:26! %! J;99'"3)! 3'H':%:';,! ;<! :2)! &)9+3:9! <&;H! :2)! <;(+9! 5&;+J! '9! :2%:! ':9! H)H")&9!
&)J;&:)I!)^J)&'),()![':2!%3H;9:!)^(3+9'8)3#!FSC0]3'?)!9#9:)H9!%,I! :2)!%99;('%:)I!;8)&%33!
%3)&:! &%:)9/! W'8),! :2'9! )^J)&'),()6! :2)! H),:%3! H;I)3! ;<! :2)! 5&;+J! H)H")&9! H%#! 2%8)!
',<3+),()I! :2)! 9)3)(:';,! ;<! :2)! ;8)&%33! ,+'9%,()! %3)&:! J)&(),:%5)q! <;&! )^%HJ3)6! 2'52)&!
,+'9%,()!%3)&:!J)&(),:%5)9!H%#!")!%(()J:%"3)!<;&!%3)&:',5!9#9:)H9!:2%:!%3)&:!3)99!<&)M+),:3#!
:2%,! FSC0]3'?)! 9#9:)H9! ;8)&%33/! C9! %! &)9+3:6! :2'9! ,+'9%,()! %3)&:! &)M+'&)H),:! (%,! H;&)!
%JJ&;J&'%:)3#!")!&)(%3(+3%:)I!%9!%!,+'9%,()!%3)&:!&%:)! ',!:)&H9!;<!2;+&9!"):[)),!,+'9%,()!
%3)&:96! "%9)I! ;,! :2)! ;8)&%33! %3)&:! &%:)! ;<! :2)! FSC0]:#J)! 9#9:)H/! F2'9! ,+H")&! (%,! :2),! ")!
(;HJ%&)I!I'&)(:3#!%5%',9:!%3)&:',5!9#9:)H9![':2!I'<<)&),:!;8)&%33!%3)&:!&%:)9/!

$'<:26! &)5%&I',5!H'99)I! %3)&:96! 9#9:)H9! <&)M+),:3#! %&)! (;,9:&+(:)I![':2! %! "'%9! :;! J&)8),:!
H'99)I!%3)&:9!%:!%!(;9:!;<! ',:&;I+(',5!2'52)&! 3)8)39!;<!,+'9%,()!%3)&:96! <;&!;"8';+9!&)%9;,9!
m\Gn6!m\@n/!U;[)8)&6!%,!%II':';,%3!<%(:;&!:2%:!(%,!J;:),:'%33#!',<3+),()!2;[!%3)&:',5!9#9:)H9!
%&)! I)9'5,)I! '9! :2)! 9%<):#! %,I! I)9'5,! %99+&%,()! 3)8)3! &)M+'&)H),:9! :2%:!H+9:! ")!H):! <;&!
()&:'<'(%:';,/! F2)! 2'52)&! :2)! (&':'(%3':#! ;<! :2)! 9#9:)H6! :2)! H;&)! 9:&',5),:! ':9! <%'3+&)!
(;,I':';,9!")(;H)/!C9!;+:3',)I! ',!>N]GYB.6! :2)!H%^'H+H!J&;"%"'3':#!;<! <%'3+&)!J)&! <3'52:!
2;+&! %33;[)I! I)(&)%9)9! <&;H! GAA! :;! GA]\! %9! :2)! 9)8)&':#! ;<! 9+(2! %! <%'3+&)! ',(&)%9)9! <&;H!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!
10!.#!(;HJ%&'9;,6!FSC0!EE!%8;'I%,()!9#9:)H9!:2%:!I;!5'8)!)^)(+:'8)!(;HH%,I9!:;!:2)!<3'52:!
(&)[!%99+H)!;,3#!Z!9)(;,I9!;<!,)()99%&#!&)9J;,9)!:'H)/!
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B@!

1',;&! :;! S%:%9:&;J2'(/! F2)&)<;&)6! I+&',5! :2)! I)9'5,! %,I! I)8)3;JH),:! J2%9)! ;<! 9;H)!
9#9:)H9!:2)!J&;"%"'3':#!;<!<%'3+&)!:2&)92;3I!H+9:!")!%(2')8)I6!%,I!:2'9!;<:),!;((+&9!%:!%!(;9:!
;<!2'52)&!3)8)39!;<!,+'9%,()!%3)&:9/!!

V%9:3#6! &)5%&I',5!SKC96! %9'I)! <&;H! :2)!I)<',':';,!+9)I!2)&)6! :[;! %3:)&,%:'8)! I)<',':';,9! ;<!
SKC!I)<',':';,9! %&)! <&)M+),:3#! ;<! ',:)&)9:/! $'&9:6! :2)!SKC!J&)I'(:)I!"#! :2)! %3)&:',5! 9#9:)H!
I+&',5! :2)! ),(;+,:)&! 5'8)9! ',9'52:! ',:;! 2;[![)33! :2)! %3)&:',5! 9#9:)H! J&)I'(:';,!H%:(2)9!
2;[! :2)! ),(;+,:)&! :&+3#! +,<;3I9/! 0)(;,I6! ',! (%9)9! [2)&)! :2)! <3'52:! (&)[! &)9J;,I9! :;! %,!
%3)&:6!:2)!SKC!'9!;<!',:)&)9:!%,I!(%,!")!+9)I!%9!%!H)%9+&)!<;&!)8%3+%:',5!:2)!)<<)(:'8),)99!;<!
%,!%3)&:',5!9#9:)H/!E<!%,!%3)&:!'9!'99+)I!I+&',5!%,!),(;+,:)&!%,I!:2)!<3'52:!(&)[!&)9J;,I9!:;!
':6! :2)! SKC! ['33! ")! I'<<)&),:! :2%,! '<! :2)! <3'52:! (&)[! 2%I! ,;:! &)9J;,I)I/! $&)M+),:3#6! :2)!
9)J%&%:';,! %:! :2)! SKC!['33! ")! 3%&5)&! :2%,! ':! [;+3I! 2%8)! ")),! ',! :2)! %"9),()! ;<! %,! %3)&:/!
U;[)8)&6![2),!9(;&',5!9+(2!%,!),(;+,:)&6!%!3%&5)&!SKC!(%,!<%33!',:;!:2)!=;,]U%-%&I!c;,)6!
&)9+3:',5!',!%,!%3)&:!")',5!9(;&)I!%9!%!,+'9%,()!%3)&:![2),!',!<%(:!:2)!9#9:)H![%9![;&?',5!%9!
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PAZ!

CAZ!
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Closure rate dependent!

200ft!
Closure rate!
dependent!
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Predicted PAZ !
penetration results !
in an alert!

PAZ dimension decreases!
as closure rate decreases!

Target!

Own-ship!

t= 0s!

t= -1s!

t= -2s!

t= -3s!

t= -1s!
t= -2s!

t= 0s!

t= +15s!
t= +30s!

t= +30s!
Note: Only showing !
PAZ size for t = +15s !
and +30s. The PAZ is !
actually calculated for!
the entire length of the!
trajectory.!
!

t= +15s!
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ADS-B In 
Receiver:!
-  Air-To-Air ADS-B"
-  ADS-R"
-  TIS-B"

Other 
Surveillance Data 
Sources!
-  E.g. active TCAS 

surveillance"

DO-317 ASSAP Tracker"
-  State Estimation for 

Target Position and 
Velocity"

-  Track Maintenance for 
Active Targets"

-  Extrapolation to a 
Common Point in Time for 
Own-ship and all Targets 
at 1Hz"

ATSA-AIRB"

TSAA"

. . ."

ADS-B Applications!

Display!

Loudspeaker!

“Traffic, 12 oʼclock,!
high, descending!”!

Target and "
Own-ship "

Information"

Application"
Specific"

Information"

Display Update at 1Hz"
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Target and !
Own-ship States!DO-317 ASSAP Tracker!

-  State Estimation for 
Target Position and 
Velocity!

-  Track Maintenance for 
Active Targets!

-  Extrapolation to a 
Common Point in Time for 
Own-ship and all Targets 
at 1Hz!

TSAA!

Conflict Detector!

Threat Database!
-  Threat 1!
-  Threat 2!
-  …!

Targets In Alert State 
and Alert Level!

To Loudspeaker 
(Class I & II) and 
Display (Class II 
Systems Only)!

Own-ship !
Information!

Target ADS-B !
Reports!
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TSAA Conflict Detector!

Threat Database!
-  Threat 1!
-  Threat 2!
-  …!

Estimation of 
Additional 
States!
-  Vertical Rate!
-  Turn Rate!

Trajectory 
Propagation!
-  Trajectories 

propagated 
for all 
involved 
aircraft!

-  Number of 
historical updates 
used in the 
estimation (q, r)!

-  Look-ahead time 
(tlook)!

-  Trajectory 
Discretization (dt)!

Conflict Search 
Engine!

(Described 
separately)!

Targets in !
Alert Status!



!

!

GAA!

:&%(?! %,53)! I'<<)&),()9! '9! +9)I! :;! (%3(+3%:)! :2)! :+&,! &%:)/! F2)! 8)&:'(%3! 8)3;(':#! _.9`! '9!
(%3(+3%:)I![':2!%!3',)%&!&)5&)99';,!<':!;8)&!:2)!&!H;9:!&)(),:!%3:':+I)!&)J;&:9/!

#B$i'*#(B_"QB(Q$W$#4(+"
F2)! :&%e)(:;&#!5),)&%:;&! (&)%:)9! :2)!;[,]92'J!%,I! :%&5):! :&%e)(:;&')9! :2%:!I)<',)! :2)!J%:2!
:2%:!:2)!:%&5):!;&!:2)!;[,]92'J![;+3I!<;33;[!'<!':![)&)!:;!H%',:%',!:2)!(+&&),:!:+&,!&%:)!%,I!
2;&'-;,:%3!%,I!8)&:'(%3!8)3;(':')9/!!

45/80Y"

• U'9:;&'(%3!F&%(?!<;&!:2)!;[,]92'J!%,I!%33!:%&5):9!!
• 49:'H%:)I!:+&,!%,I!8)&:'(%3!&%:)!
• V;;?]%2)%I!:'H)!_,:77M`!!
• F&%e)(:;&#!>'9(&):'-%:';,!_0,`!

!

F2)! :&%e)(:;&#! J&;J%5%:';,! &;+:',)! (&)%:)9! %! :&%e)(:;&#! (;,9'9:',5! ;<! I'9(&):)! J;',:9! ',!
9J%()6!0,!9)(;,I9!%J%&:6!,:77M!9)(;,I9!',:;!:2)!<+:+&)/!F2)!,+H")&!;<!J;',:9!_6(7-6,;`!',!:2)!
J&;e)(:)I!:&%e)(:;&#!I)J),I9!;,!3;;?]%2)%I!:'H)!%,I!:2)!:&%e)(:;&#!I'9(&):'-%:';,!_0,`!%,I!
'9!(%3(+3%:)I!"#!I'8'I',5! ,:77M!"#!0,/!F2)! <'&9:!J;',:!;<!)%(2! :&%e)(:;&#! '9!%:! :2)!J;9':';,! 3%9:!
&)()'8)I!"#!F0CC! _^A6! #A6! -A`/! $;&! )%(2! :&%e)(:;&#6! :2)! <;33;[',5!J%&%H):)&9! %&)! (%3(+3%:)I!
%,I!9:;&)I!<;&!3%:)&!+9)Q!

(80/80Y"

• F'H)!8)(:;&!<;&!:2)!9J%,!;<!:2)!:&%e)(:;&#!_(;,:%',9!;,)!),:&#!<;&!)%(2!J;',:!
%3;,5!:2)!:&%e)(:;&#`!

• $;&!)%(2!:'H)!9:)J!',!:2)!:'H)!8)(:;&Q!!
o ^6!#6!-!(;;&I',%:)9!;<!:2)!:&%e)(:;&#!!
o =;&:26!4%9:!%,I!8)&:'(%3!8)3;(':')9!

!

F2)! 5&;+,I! :&%(?! %,53)! _H`6! 1>' <! %,I! 9! J;9':';,9! ;<! :2)! :&%e)(:;&')9! <;&! :2)! ;[,]92'J! %,I!
:%&5):!%&)!(%3(+3%:)I!<;&!:2)!3),5:2!;<!:2)!:&%e)(:;&#!+9',5!4M+%:';,!G/!F2)!9+"9(&'J:!M'&)<)&9!
:;! :2)! :'H)! 9:)J! %3;,5! :2)! :&%e)(:;&#/! F2)! 8)3;(':#! .! '9! :2)! H%5,':+I)! ;<! :2)! 2;&'-;,:%3!
8)3;(':#!%,I!.9!'9!:2)!8)&:'(%3!8)3;(':#/!C9!H),:';,)I6!.9!'9!%99+H)I!:;!&)H%',!(;,9:%,:!%3;,5!
:2)!J&)I'(:)I!:&%e)(:;&#/!



!

!

GAG!

'L8.0:65"3Y")62K8H.J"06"*.H98H.01"0-1"W26857"#2.9@"$5AH1"]*^g"+g",".57"-"Q6J:0:65J"6F"0-1"#2.Z19062I"

!! =!!!1 + !! !"#
$! = $!"1 + % !cos(!!!1) ""#
&! = &!!1 + % "sin(!!!1) ""#

'! = '!!1 + %' ""#

#

$
%
%

&
%
%

()*+! =1.. ,-).,#/
!

N,()!:2)!:&%e)(:;&')9!%&)!5),)&%:)I!:2)#!%&)!J%99)I!:;!:2)!(;,<3'(:!9)%&(2!),5',)/!

M=?=? *(+)&4*#",'$B*G"'+W4+'"
F2)!(;,<3'(:!9)%&(2!),5',)!(;,I+(:9!J%'&['9)!(;HJ%&'9;,9!"):[)),!:2)!;[,]92'J!:&%e)(:;&#!
%,I!)%(2!:%&5):!:&%e)(:;&#!',!;&I)&!:;!I):)&H',)![2):2)&!%,#!;<!:2)!:%&5):9!J;9)!%!:2&)%:!:;!
:2)!;[,]92'J/!F2)!(;,<3'(:!9)%&(2!),5',)!(;,:%',9!:2)!<;33;[',5!9+"&;+:',)96!%39;!I)9(&'")I!
',!$'5+&)!R]YQ!

G/ S%3(+3%:';,!;<!KCc!9'-)!%,I!J2#9'(%3!9)J%&%:';,!
@/ 48%3+%:';,! ;<! J&)I'(:)I! 9)J%&%:';,! %5%',9:! S;33'9';,! C'&9J%()! c;,)! _SCc`! %,I!

K&;:)(:)I!C'&9J%()!c;,)!_KCc`!
O/ >):)&H',%:';,!;<!%3)&:!9:%:+9!;<!:%&5):!

!

!

):A821"M!TY")8590:65.H"%H69@"E:.A2.K"6F"#,$$"*65FH:90",1.29-"'5A:51"

4%(2!;,)!;<!:2)!&;+:',)9!'9!I)9(&'")I!',!I):%'3!")3;[/!

*$&*U&$#4(+"()"Q$h",4h'"$+E"QG_,4*$&",'Q$B$#4(+"
79',5!:2)!:&%e)(:;&')9!5),)&%:)I!"#!:2)!F&%e)(:;&#!W),)&%:;&6!:2'9!&;+:',)!(%3(+3%:)9!:2)!9'-)!
;<! :2)! KCc! %&;+,I! :2)! :%&5):! <;&! )%(2! :'H)! 9:)J! ',! :2)! :&%e)(:;&#! %9![)33! %9! :2)! J2#9'(%3!

Conflict Search Engine 

Determination 
of Alert Status 

of Target 

Comparison of 
Separation 
against PAZ 

and CAZ 
Criteria 

PAZ Size and 
Separation 
Calculation 

Predicted Own- 
ship and Target  
Trajectories 

Alert Status  
of Target 

Parameters: 
- Minimum PAZ 

dimensions 
(rPAZmin, vPAZmin) 

- PAZ scaling factors 
(tauPAZr, tauPAZv) 

Parameters: 
- CAZ size (rCAZ, 

vCAZ) 

Parameters: 
- PAZ and CAZ 

double triggers 
- Re-Alert delay 

tCAZ 
 
tPAZ 



!

!

GA@!

9)J%&%:';,!"):[)),!:2)!;[,]92'J!%,I!:%&5):/!F;!(%3(+3%:)!:2)!9'-)!;<!:2)!KCc6!:2)!<;33;[',5!
',J+:!J%&%H):)&9!%&)!&)M+'&)IQ!

45/80JY"

] 1','H+H!2;&'-;,:%3!KCc!I'H),9';,!_&(AN#-6`!
] 1','H+H!8)&:'(%3!KCc!I'H),9';,!_.(AN#-6`!
] U;&'-;,:%3!KCc!9(%3',5!<%(:;&!_,)"(AN&`!
] b)&:'(%3!KCc!9(%3',5!<%(:;&!_,)"(AN.`!

!

$;&!)%(2!:'H)!9:)J!%3;,5!:2)!:&%e)(:;&')96!:2)!<;33;[',5!8%3+)9!%&)!(%3(+3%:)IQ!

(80/80JY" " "

] U;&'-;,:%3!9'-)!;<!:2)!KCc!_&(AN`!
] b)&:'(%3!9'-)!;<!:2)!KCc!_.(AN`!
] K&)I'(:)I!U;&'-;,:%3!9)J%&%:';,!"):[)),!:2)!:[;!%'&(&%<:!_8K%/`!
] K&)I'(:)I!b)&:'(%3!9)J%&%:';,!"):[)),!:2)!:[;!%'&(&%<:!_.K%/`!

!

4M+%:';,! @! J&;8'I)9! :2)! <;&H+3%! "#! [2'(2! :2)! 2;&'-;,:%3! (3;9+&)! &%:)! '9! (%3(+3%:)I/! 0!
I),;:)9!:2)!9)J%&%:';,!I'9:%,()!',!:2)!&)9J)(:'8)!I'H),9';,!%,I!.!I),;:)9!:2)!H%5,':+I)!;<!
8)3;(':#/! F2)! (3;9+&)! &%:)! 2%9! :;! ")! (%3(+3%:)I! <;&! )%(2! :'H)! 9:)J! -' %3;,5! :2)! :&%e)(:;&#!
")(%+9)! ':! (%,! (2%,5)! I+)! :;! :2)! (;,9:%,:! :+&,! &%:)! J&)I'(:';,! <;&! )%(2! :&%e)(:;&#/!
CII':';,%33#6!:2)!&)3%:'8)!8)&:'(%3!8)3;(':#!_+&.`!'9!(%3(+3%:)I!%9!:2)!I'<<)&),()!',!:2)!8)&:'(%3!
&%:)9!;<! :2)! :[;!%'&(&%<:/!=;:)! :2%:! :2)! &)3%:'8)! 8)&:'(%3! J;9':';,!H%::)&9![2),! (%3(+3%:',5!
:2)!8)&:'(%3!(3;9+&)!&%:)/!

'L8.0:65">Y")62K8H."F62"0-1"9.H98H.0:65"6F"0-1"-62:d650.H"9H6J821"8J17"VI"#,$$"

dj = jtarget ! jown!ship where j = x, y

vrel,x = vE,target ! vE,own!ship
vrel,y = vN ,target ! vN ,own!ship

crhi =max 0,
dx,i " vrel,x,i + dy,i " vrel,y,i

dx,i
2 + dy,i

2

#

$

%
%

&

'

(
(

!

N,()! :2)! (3;9+&)! &%:)! '9! (%3(+3%:)I6! :2)! 9'-)! ;<! :2)! KCc! %3;,5! :2)! :&%e)(:;&#! '9! (%3(+3%:)I!
+9',5!4M+%:';,!O/!$'5+&)!R]B!92;[9!%,!)^%HJ3)!;<!2;[!:2)!9'-)!;<!:2)!KCc!(%,!(2%,5)!%3;,5!
:2)!J&)I'(:)I!:&%e)(:;&#/!F2)!9;3'I!&)I!%,I!"3+)!3',)9!%&)!:2)!2'9:;&'(%3!:&%(?9!;<!:2)!:%&5):!



!

!

GAO!

%,I!;[,]92'J6! &)9J)(:'8)3#/!F2)!"3%(?!I;::)I! 3',)! '9! :2)!J&)I'(:)I! :&%e)(:;&#!;<! &)9J)(:'8)!
%'&(&%<:/!

'L8.0:65"?Y")62K8H."06"9.H98H.01"-62:d650.H".57"<120:9.H"Q$h"J:d1"

rPAZi = rPAZmin+ tauPAZr !crhi
vPAZi = vPAZmin+ tauPAZv !crv

!

!

):A821"M!OY"X:J8.H:d.0:65"6F"Q$h",:d1"F62".",.K/H1"'59685012"

F;! (%3(+3%:)! :2)! J&)I'(:)I! 8)&:'(%3! %,I! 2;&'-;,:%3! 9)J%&%:';,! %3;,5! :2)! :&%e)(:;&')9! :2)!
<;&H+3%9!',!4M+%:';,!R!%&)!+9)I/!U)&)!%5%',6!0!I),;:)9!I'9:%,()!%,I!9!I),;:)9!%3:':+I)/!

As relative velocity along the !
predicted trajectories !

increases, PAZ diameter !
also increases!

Once the predicted trajectories!
cross, the PAZ diameter reduces to !

minimum PAZ diameter of 728ft!



!

!

GAR!

'L8.0:65"MY"*.H98H.0:65"6F"-62:d650.H".57"<120:9.H"J1/.2.0:65".H65A"0-1"02.Z19062:1J"

hSepi = dx,i
2 + dy,i

2

vSepi = abs zown!ship | i ! ztarget | i( )
!

'X$&U$#4(+"$W$4+,#"*$h"$+E"Q$h"X4(&$#4(+"*B4#'B4$"
F2'9! &;+:',)! (;HJ%&)9! :2)! J&)I'(:)I! 9)J%&%:';,! I'9:%,()9! _8K%/! %,I! .K%/`! <;&! )%(2! 9:)J!
%3;,5!:2)!:&%e)(:;&#!:;!I):)&H',)![2):2)&!;&!,;:!:2)#!3')![':2',!:2)!";+,I9!I)<',)I!"#!:2)!
KCc!;&!:2)!SCc!%3;,5!:2)!3),5:2!;<!:2)!:&%e)(:;&')9/!E<!";:2!8K%/!%,I!.K%/!%&)!3)99!:2%,!&(AN!
%,I! .(AN'_'/)/6! :2)&)! '9! %! KCc! 8';3%:';,`6! :2)! )%&3')9:! :'H)! %3;,5! :2)! :&%e)(:;&#! :2%:! :2'9! '9!
J&)I'(:)I!'9!&)(;&I)I!%9!,(AND!0'H'3%&3#6!8K%/!%,I!.K%/!%&)!)8%3+%:)I!%5%',9:!&JAN!%,I!.JAN6!
%,I!'<!%!SCc!8';3%:';,!'9!J&)I'(:)I6!:2)!)%&3')9:!:'H)!%3;,5!:2)!:&%e)(:;&#!:2%:!':!'9!J&)I'(:)I!'9!
&)(;&I)I!%9!,JAN/!

E'#'B;4+$#4(+"()"$&'B#",#$#U,"()"#$BW'#"
E<! %! 8';3%:';,! ;<! :2)! KCc! ;&! :2)! SCc! '9! J&)I'(:)I6! :2)! 8%3+)9! ;<! ,JAN! %,I! ,(AN! %&)! )8%3+%:)I!
%5%',9:!:2)!%3)&:!3;5'(!I)9(&'")I!',!:2'9!9)(:';,/!F2)!%3)&:!3;5'(!I):)&H',)9![2):2)&!:;!'99+)!
%,!%3)&:!<;&!%!5'8),!:%&5):!%,I!2%9!:2)!<;33;[',5!H%',!(;HJ;,),:9Q!

G/ >):)&H',)! '<!%,!%3)&:! '9!,)()99%&#!I+)!:;! :[;!(;,9)(+:'8)!J&)I'(:';,9!;<!)':2)&! :2)!
KCc!;&!:2)!SCc!

@/ >):)&H',)!'<!%,!'HH)I'%:)!KCc!;&!SCc!%3)&:!'9!,)()99%&#!
O/ >):)&H',)! '<! :2)! %3)&:! ;((+&&)I! [':2',! :2)! %3)&:! 2#9:)&)9'9! %,I! 92;+3I! :2+9! ")!

9+JJ&)99)I!
!
E,!;&I)&!:;!)8%3+%:)!,JAN!%,I!,(AN!%5%',9:!:2)!:2&))!(;,I':';,9!%";8)6!:2)!<;33;[',5!',J+:9!%&)!
,)()99%&#Q!

45/80JY"

• F2&)92;3I!8%3+)!")<;&)![2'(2! :[;!(;,9)(+:'8)!KCc!;&!SCc!8';3%:';,9!,))I!
:;!")!J&)I'(:)I!_07"$:%@&-**%&`!

• >+&%:';,!;<!:'H)!%<:)&!%,!%3)&:!I+&',5![2'(2!%!9)(;,I!%3)&:!(%,,;:!")!'99+)I!
<;&!:2)!9%H)!:%&5):!_&%A:%&,I%:)<`!

!

F2)!;+:J+:!;<!:2'9!<',%3!&;+:',)!'9![2):2)&!;&!,;:!%!:%&5):!'9!',!KCc!;&!SCc!%3)&:!9:%:+9/!



!

!

GAZ!

E'#'B;4+'"4)"$+"$&'B#"4,"+'*',,$B_"EU'"#("#\("*(+,'*U#4X'"QB'E4*#4(+,"()"
X4(&$#4(+,"()"'4#G'B"#G'"Q$h"(B"#G'"*$h"
F;!&)I+()!,+'9%,()!%3)&:96!%!dI;+"3)!:&'55)&f!8%3+)!'9!',:&;I+()I/!E<!,JAN!%,I!,(AN!%&)!',!)^()99!
;<!:2)'&!I;+"3)!:&'55)&!:2&)92;3I96!%!8';3%:';,!;<!:2)!KCc!;&!:2)!SCc!2%9!:;!")!J&)I'(:)I!"#!
:[;! (;,9)(+:'8)! (;,<3'(:! 9)%&(2)9! ',! ;&I)&! <;&! :2)! :%&5):! :;! (2%,5)! ',:;! %,! %3)&:! 9:%:)/! E,!
;:2)&![;&I96! :2)!%35;&':2H!2%9!:;!")!(%33)I!:['()! ',!%!&;[!%,I!J&)I'(:! :2%:! :2)!:%&5):!['33!
8';3%:)!:2)!KCc!;&!:2)!SCc!";:2!:'H)9!<;&!:2%:!:%&5):!:;!")!9[':(2)I!',:;!%3)&:!9:%:)/!

E'#'B;4+'"4)"$+"4;;'E4$#'"Q$h"(B"*$h"$&'B#"4,"+'*',,$B_"
$;&! %,! %3)&:! :;! ")! '99+)I! ;,! %! :%&5):! +J;,! :2)! <'&9:! J&)I'(:';,! ;<! %! 8';3%:';,! _'/)/6! :2)!
%35;&':2H! &+,9! ;,3#! ;,()`6! ,JAN! %,I! ,(AN! 2%8)! :;! ")! ")3;[! :2)! 8%3+)! ;<! :2)! I;+"3)! :&'55)&!
:2&)92;3I/!$;&!)^%HJ3)6!'<!:2)!KCc!I;+"3)!:&'55)&!'9!9):!%:!GZ!9)(;,I96!%!KCc!(;,<3'(:!2%9!:;!
")!J&)I'(:)I!3)99!:2%,!GZ!9)(;,I9!',:;!:2)!<+:+&)!_'/)/6!,(AN!o!GZ`!<;&!:2)!:%&5):!:;!")!9[':(2)I!
',:;!%3)&:!9:%:)!+J;,!:2)!<'&9:!J&)I'(:';,!;<!%!8';3%:';,/!

E'#'B;4+'"4)"#G'"$&'B#"(**UBB'E"\4#G4+"#G'"$&'B#"G_,#'B',4,"$+E",G(U&E"#GU,"%'"
,UQQB',,'E"
N,()!%!:%&5):!'9!'I),:'<')I!%9!")',5!',!(;,<3'(:![':2!:2)!;[,]92'J!%,I!%,!%3)&:!'9!'99+)I6!:2)!
%+I';!9#9:)H!%,,;+,(',5!:2)!%3)&:!'9!"+9#!<;&!:2)!3),5:2!;<!:2)!%,,+,('%:';,!;<!:2)!%3)&:/!E<!%!
H%,)+8)&!(%+9)9!:2)!:%&5):!:;!5;!',!%,I!;+:!;<!%3)&:!9:%:+9!I+&',5!:2%:!:'H)6!%!9)(;,I!%3)&:!'9!
'99+)I!;,!:2)!9%H)!:%&5):6!M+)+)I6!%,I!:2),!%,,;+,()I!;,()!:2)!%,,+,('%:';,!;<! :2)! <'&9:!
%3)&:!'9!<','92)I/!F2;+52!:2'9![;+3I!")!%!3)5':'H%:)!%3)&:6!':!'9!+,,)()99%&#!%,I!:2)&)<;&)!,;:!
I)9'&)I/!!

E,!;&I)&!:;!J&)8),:!:2'9!M+)+',5!;<!%3)&:96!%!2#9:)&)9'9!'9!',:&;I+()I!%,I!9):!9+(2!:2%:!;,()!%!
:%&5):!9[':(2)9!',:;!%3)&:!9:%:)!':!['33!&)H%',!',!%3)&:!9:%:)!<;&!:2)!3;,5)9:!J;99'"3)!I+&%:';,!
;<! :2)! %+&%3! H)99%5)/! F2)! 2#9:)&)9'9! %39;! J&)8),:9! :2)! :%&5):! <&;H! (2%,5',5! %JJ)%&%,()!
8'9+%33#!I+&',5!:2)!I+&%:';,!;<!:2)!%,,+,('%:';,!;<!:2)!%+&%3!%3)&:!',!(3%99!EE!9#9:)H9/!

F2)! I+&%:';,! ;<! :2)! 2#9:)&)9'9! '9! 9):! "#! :2)! 8%3+)! ;<! :2)! &%A:%&,I%:)</! E<! ,67?' O' ,:);,' ):%&,! o!
&%A:%&,I%:)<6!:2)!%3)&:!9:%:+9!;<!:2)!:%&5):!'9!&):%',)I!g!)8),!'<!:2)!"%9'(!%35;&':2H!,;!3;,5)&!
J&)I'(:9!%!(;,<3'(:!<;&!:2%:!:%&5):/!

M=M ,8KK.2I"6F"450125.H"$HA62:0-K"Q.2.K1012J"

F2)!%35;&':2H!I)9(&'")I!%";8)!2%9!%! :;:%3!;<!GR! ',:)&,%3!J%&%H):)&9! :2%:!I)<',)! :2)!)^%(:!
")2%8';&!;<!:2)!%35;&':2H/!C!9+HH%&#!;<!%33!J%&%H):)&9!'9!J&;8'I)I!',!F%"3)!R]O/!E<!9)3)(:)I!
(;&&)(:3#6!:2;9)!J%&%H):)&9!['33!%33;[!:2)!%35;&':2H!:;!;J)&%:)!%:!':9!")9:!J)&<;&H%,()!%,I!
J&;8'I)!:2)!I)9'&)I!%3)&:',5!J)&<;&H%,()!I)<',)I!',!:2)!9#9:)H!&)M+'&)H),:9/!!
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Identification of 
Common Mid-Air 

Collision Scenarios!

Alerting System 
Requirements 

Definition!

Alerting Algorithm 
Design!

System Verification 
and Validation!

Concept of an ADS-B 
Enabled Conflict 
Alerting System!

NAS Stakeholder 
Needs and Benefit 

Assessment!

Technological 
Opportunity !

(ADS-B)!

Generation of 
Representative Flight 

Tracks!

Modeling of System 
Uncertainties!

Definition of 
Performance 

Evaluation Method!

Alerting Algorithm 
Evaluation and 
Optimization!

Simulation Environment!
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Algorithm Tuning Space:!
-  8-Dimensional for TSAA, 

defined by 8 internal algorithm 
parameters"

-  A point in this space 
represents a single 
combination of all 8 
parameters"

Tuning"
(Hyper-)"
Space"

Algorithm 
Simulation 

Environment!

TSAA Simulation Environment:!
-  TSAA Algorithm Implemented"
-  Determines whether an alert is 

issued for any properly formatted 
aircraft track pair"

-  Allows for quick changing of TSAA 
algorithm parameters"

-  Introduces surveillance errors 
expected in the real-world"

 "

Select individual 
points and simulate 
encounters"

Algorithm Performance Space 
defined by TPMs:!
-  Probability of Correct Detection 

vs. Rate of Nuisance Alert"
-  Average Alerting Time before 

CPA"
-  Total Number of Alerts"
-  HDMR surrogate fitting to 

identify high-impact parameters"

Performance"
Evaluation"

Space"

Performance of Individual 
Parameter Combinations"

 "

Each point in the tuning 
space results in a point in 
the performance space"

Sample:!
-  Trajectory Length: 30s"
-  PAZ size: 8s of closure rate"
-  5-sec running turn average"
-  …"

Sample:!
-  Nuisance Rate: 0.05/hr"
-  Missed Percentage: 0.1%"
-  Alert Time Average: 25sec"
-  …"
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Target!Own-ship!

Long Look-ahead Time, Small Scaling of Protected Airspace!

Short Look-ahead Time, Large Scaling of Protected Airspace!
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Alerting 
System!

ADS-B 
Performance 

Degrader!
Encounter 
Data Sets!

Alerting 
Statistics 
Analyzer!

•  Radar-derived, 
modeled 
encounters"
- Developed by 

Lincoln Laboratory"

•  Surveillance-
derived tracks"
- ADS-B and radar 

data from central 
Florida and LA 
Basin"

•  Scripted 
encounters"
- Common mid-air 

collision scenarios"

•  Simulates the 
different systems 
used to transmit 
ADS-B messages"
–  1090ES, UAT, TIS-B, 

ADS-R,"
–  Latency"
– Update Rate"
–  etc."

•  Set up to allow 
for easy 
changing of 
internal 
parameters"

•  Evaluates 
performance of 
algorithm over 
large number of 
encounters"

ADS-B 
Source 

Emulator!

•  Simulates errors 
introduced by the 
measurement 
sensors used to 
generate state 
information in ADS-
B messages"
– Position Error"
– Altitude Error"
– Velocity Error"
–  etc."

Internal 
Algorithm "

Parameters"
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Final Algorithm Tuning!
Initial 

Algorithm 
Concept!

•  Six months of radar tracks 
from within 5 NM of high 
density airports in Florida 
and California!
•  Limitation: Very few close 

encounters, resulting in not 
statistically significant 
analysis of missed/late alerts"

•  Supplemented with scripted 
encounters of know hazards 
that always penetrate the 
Hazard Zone!

Early Stage/Architectural 
Evaluations!

•  Allows for unlimited 
generation of high quality 
encounter tracks!

•  Representative of NAS 
wide operations!

– Limitation: Does not 
include airport pattern 
ops"

– Limitation: Only allows 
for calculation of NAS 
average alerting 
performance"

LLEM Master 
Encounter Set "

Low Altitude 
Radar Tracks"

Scripted Encounters of 
Known Hazards"
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Perfect ADS-B Data:!
- Updated every second"
- 1ft Altitude Discretization"
- Perfect State Information"

Source Dependent ADS-B Data:!
- Sensor specific update rates"
- Position and Velocity Error"
- Altitude Error"

Fully Degraded ADS-B Data:!
-  Error due to Latency 

Compensation"
-  Reduced probability of 

reception"

Signal"
Drop-Out"

Measurement !
Sensor Emulation!

Transmission !
System Emulation"
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Flight Crew!

Alerting 
System!

Target!
Measurement 

Sensor!

Environment!
Alerts!

Own-Ship!
Measurement 

Sensor!

ADS-B 
Transmission 

System!

Measurement!
Errors!

Errors due to!
Processing!

Measurement!
Errors!
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E,! 3'52:! ;<! :2'96! :2)! J;9':';,! )&&;&!H;I)3! H+9:! ")! %"3)! :;! H;I)3! J;9':';,! )&&;&9! :2%:! %&)!
(2%&%(:)&'9:'(! ;<! W=00! _;&! dWK0f`! 9#9:)H9! <;&! C>0].! :%&5):9! %9! [)33! %9! :2;9)! :2%:! %&)!
(2%&%(:)&'9:'(!;<!5&;+,I!"%9)I!&%I%&!9#9:)H9!<;&!FE0].!:%&5):9/!C9!I'9(+99)I!)%&3')&6!C>0].!
H)99%5)9! (;,:%',!%!H)%9+&)!;<! %((+&%(#! ',! :)&H9!;<! %!=CSJ!;&! %!=CS86![2'(2!%33;[9! :2)!
)&&;&!(;H',5!<&;H!%!W=00!9),9;&!;&!&%I%&!:;!")!H;I)3)I/!1;23)e'!%,I!a%,5!J&;J;9)!+9',5!
%! W%+99]1%&?;8! J&;()99! :;! H;I)3! :2)! :#J'(%33#! %+:;](;&&)3%:)I! J;9':';,! H)%9+&)H),:!
)&&;&9! <;+,I! ',! W=00! ;&! &%I%&! 9#9:)H9! mGRn/! 4M+%:';,! Z! 92;[9! :2)! )M+%:';,! +9)I! :;!
5),)&%:)!:2)!J;9':';,!)&&;&!%:!:'H)!,'"%9)I!;,!:2)!)&&;&!:2%:![%9!J&)9),:!%:!:'H)!,P2/!!

'L8.0:65"PY"'2262";671H"F62"Q6J:0:65".57"X1H69:0I"'2262J".J"Q26/6J17"VI";6-H1Z:".57"\.5A"

!!

4' &)J&)9),:9! :2)! H%5,':+I)! ;<! :2)! )&&;&! ',! %! J%&:'(+3%&! 9:%:)! _)/5/6! 3%:':+I)! ;&! 3;,5':+I)6!
&%,5)!;&! %-'H+:26! ):(/`/!C9! %! &)9+3:6! ',! :2)!2;&'-;,:%3! J3%,)6! :2)!H)%9+&)I!J;9':';,!H;8)9!
%&;+,I! :2)! :&+)! J;9':';,! 3;(%:)I! %:! :2)! ;&'5',! ',! $'5+&)! Z]G@6! %9! :2)! "3+)! 3',)h9! :'H)!
)8;3+:';,!92;[9/!4'%:!:'H)!,''9!(;&&)3%:)I!:;!:2)!)&&;&!',!:2)!J&)8';+9!:'H)!9:)J!"%9)I!;,!%!
(;&&)3%:';,!<%(:;&!)/!C9!92;[,!',!$'5+&)!Z]G@!_3)<:`6!%9!:2)!(;&&)3%:';,!<%(:;&!)'I)(&)%9)96!:2)!
I)J),I),()!;,!:2)!J&)8';+9!)&&;&!I)(&)%9)9!%9![)336!%,I!:2)!)&&;&!")(;H)9!H;&)!W%+99'%,/!
N,! :2)! (;,:&%&#6! %! 3%&5)&! (;&&)3%:';,! <%(:;&! &)9+3:9! ',! %! ")2%8';&! :2%:! &)J&)9),:9! %! :'H)]

E(t) = a !E(t "1) +  u(t)            for  t = 1, 2, 3, ... 

Error during the !
previous time step!

Error during the !
current time step!

Correlation Factor! Non-correlated !
Gaussian Error N(0,σu

2)!



!

!

G@Z!

8%&#',5!"'%9![':2!e'::)&/!F2)!:)&H!"B,C!")2%8)9!',!%!W%+99'%,!<%92';,![':2!%!I'9:&'"+:';,!;<!
=_A6!W3`![2)&)!W3! %Ie+9:9! )%(2! 9:)J! ',! %!H%,,)&! :;! ),9+&)!4! &)H%',9![':2',! :2)! ";+,I9!
9J)('<')I! "#! :2)! =CSJ! 8%3+)/! E,! 5),)&%36! W=00! J;9':';,! H)%9+&)H),:9! %&)! H;&)! %+:;]
(;&&)3%:)I!_'/)/6!2'52)&!)`!:2%,!&%I%&!J;9':';,!H)%9+&)H),:9/!

!

):A821"P!3>Y"\1.@HI".57",0265AHI"*6221H.017"Q6J:0:65"'2262g"+$*/"6F"O"]R=RP+;^"

C9!H),:';,)I6! :2)! )&&;&!H;I)3! <;&! :2)! F0CC! 9'H+3%:';,! ),8'&;,H),:!H+9:! ")! (%J%"3)! ;<!
9'H+3%:',5! )&&;&9! <&;H! W=00! %9! [)33! %9! 5&;+,I! "%9)I! &%I%&! 9#9:)H9/! 4&&;&9! <&;H! &%I%&!
9#9:)H9! %&)! 9'H'3%&! :;! :2;9)! <&;H! W=00! 9#9:)H9! ',! :2%:! :2)#! (%,! ")! H;I)3)I! %9! %! 93;[!
H;8',5! "'%9! [':2! %! e'::)&! 9+J)&'HJ;9)I! ':/! U;[)8)&6! (;HJ%&)I! :;! W=00! 9#9:)H96! :2)!
(;&&)3%:';,! <%(:;&! )! '9! 3;[)&! %,I! :2)! )&&;&! :2+9! ")2%8)9! H;&)! W%+99'%,/! E,! :2)! H;I)3!
I'9(+99)I!2)&)6! :2)!W=00!)&&;&! '9!H;I)3)I![':2!%,!)!;<!A/\\XX6![2'(2!&)J&)9),:9!%,!%+:;]
(;&&)3%:';,! :'H)! ;<! Z! H',+:)96! %,I! :2)! &%I%&! )&&;&! '9! H;I)3)I! [':2! %,! )! ;<! A/\YBA6!
&)J&)9),:',5!%,!%+:;](;&&)3%:';,!:'H)!;<!RZ!9)(;,I9/!F2)9)!8%3+)9![)&)!9)3)(:)I!"%9)I!;,!
:2)! 1;23)e'! J%J)&! %,I! ',J+:! <&;H! &%I%&! )^J)&:9! %:! :2)! 1EFL4! S;&J;&%:';,/! $'5+&)! Z]GO!
92;[9!:2)!:'H)!)8;3+:';,!;<!%!&%I%&!)&&;&!',!&)I!%,I!%!W=00!)&&;&!',!"3+)!<;&!%!=CSJ!;<!B!
%,I!:2)!%+:;](;&&)3%:';,!:'H)/!

a = 0.3!
(weakly correlated)!

a = 0.99!
(strongly correlated)!
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!

):A821"P!3?Y"W+,,"'2262"]VH81^"*6K/.21"06"B.7.2"'2262"]217^"F62"+$*/"6F"O"

F2)!5);H):&#!;<! :2)!)&&;&!I'9:&'"+:';,!%39;!I)J),I9!;,!:2)!9),9;&!:2%:! ',':'%33#!5),)&%:)I!
:2)!H)%9+&)H),:/!L%I%&!9#9:)H9!H)%9+&)!:2)!%'&(&%<:h9!&%,5)!%,I!%-'H+:2!',!&)3%:';,!:;!:2)!
&%I%&/!W),)&%33#6!:2)!&%,5)!H)%9+&)H),:!'9!H;&)!%((+&%:)!:2%,!:2)!%-'H+:2!H)%9+&)H),:/!
C9!%!&)9+3:6!:2)!92%J)!;<!&%I%&!)&&;&9!:),I!:;!%JJ&;^'H%:)!%,!)33'J9)!;&'),:)I!J)&J),I'(+3%&!
:;!:2)!";&)]9'52:!;<!:2)!&%I%&/!U;[)8)&6!<;&!W=00!9),9;&9!:2)!)&&;&!5);H):&#!H%#!(2%,5)!%9!
:2)!9%:)33':)!(;,9:)33%:';,9!(2%,5)q!%9!%!&)9+3:6!:2)'&!5);H):&')9!(%,!&%,5)!<&;H!9J2)&'(%3!:;!
)33'J:'(%3/!

$'5+&)!Z]GR!_3)<:`!92;[9!%!9%HJ3)!),(;+,:)&![':2!:&+:2!I%:%!_9;3'I!3',)9`!%,I!:2)!I)5&%I)I!
I%:%!_92%I)I!3',)9`/!F2)!;[,]92'J!)&&;&!'9!H;I)3)I![':2!%!=CSJ!;<!B!%,I!:2)!:%&5):!)&&;&!'9!
H;I)3)I![':2!%!=CSJ!;<!Z/!
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!

):A821"P!3MY",.K/H1"'59685012"\:0-"Q6J:0:65"'2262"

X'&(*4#_"'BB(B";(E'&"
F2)!)&&;&9!',!8)3;(':#!I)&'8)I!"#!W=00!%,I!&%I%&!9#9:)H9!%&)!5),)&%33#!',:'H%:)3#!&)3%:)I!:;!
:2)! )&&;&9! :2%:! %&)! J&)9),:! ',! :2)! J;9':';,! )&&;&9! m\Yn/! F2)&)<;&)6! 9'H'3%&! :;! :2)! J;9':';,!
)&&;&6! 8)3;(':#! )&&;&9! (%,! ")! &)J&)9),:)I! +9',5! :2)! W%+99]1%&?;8! H;I)3q! [':2! :2)! ;,3#!
I'<<)&),()!:2%:!',9:)%I!;<!+9',5!:2)!=CSJ!8%3+)6!:2)!=CS8!8%3+)!'9!+9)I/!C9!%!&)H',I)&!<&;H!
S2%J:)&!@6":2)!&)J;&:)I!=CS8!8%3+)9!(%,!")!%9!H+(2!%9!R!:'H)9![;&9)!%9!:2)!%(:+%3!8)3;(':#!
)&&;&9!<;&!C>0].!:%&5):9!+9',5!WK0!9#9:)H9/!C9!9+(26!H;I)3',5!:2)!8)3;(':#!)&&;&!"%9)I!;,!
&)J;&:)I!=CS8!8%3+)9!'9!%!(;,9)&8%:'8)!%JJ&;%(2/!

E:! '9! 'HJ;&:%,:! :;! ,;:)! :2%:! :2)! J;9':';,! )&&;&! %<<)(:9! F0CC! ',! :[;!H%',! [%#9/! $'&9:6! :2)!
J;9':';,!)&&;&! &)I+()9! :2)!%((+&%(#![':2![2'(2! :2)! (+&&),:! 9)J%&%:';,!"):[)),! :2)!;[,]
92'J! %,I! :2)! :%&5):! (%,! ")! I):)&H',)I/! 0)(;,I6! ':! (%+9)9! :2)! J&)I'(:)I! :&%e)(:;&')9! :;!
;&'5',%:)! %:! 3;(%:';,9! :2%:! I;! ,;:! &)J&)9),:! [2)&)! :2)! %'&(&%<:! :&+3#! %&)/! U;[)8)&6! :2)!
8)3;(':#!)&&;&!%<<)(:9!:2)!J&)I'(:)I!:&%e)(:;&')9!H;&)!I'&)(:3#q!9',()!:2)!&)J;&:)I!8)3;(':#!'9!
+9)I!:;!I):)&H',)!:2)!I'&)(:';,!;<!<3'52:!%,I!:2+9!:2)!I'&)(:';,!;<!:2)!J&)I'(:)I!:&%e)(:;&#6!
':9!)&&;&9!(%,!&)9+3:! ',!%!J&)I'(:)I!:&%e)(:;&#!:2%:!I;)9!,;:!%3'5,![':2!:2)!:&+)!I'&)(:';,!;<!

Flight Track with Error!

Flight Track without Error!



!

!

G@B!

<3'52:/! CII':';,%33#6! )&&;&9! ',! :2)! H%5,':+I)! ;<! :2)! 8)3;(':#! &)9+3:! ',! :&%e)(:;&')9!
)^:&%J;3%:)I!<;&!',(;&&)(:!3),5:296![2'(2!(;+3I!&)9+3:!',!,+'9%,()!;&!H'99)I!%3)&:9/!C9!9+(26!
)8),! :2;+52! :2)! 8)3;(':#! )&&;&! '9! %,! )&&;&! ',! :2)! (+&&),:! 9:%:)6! ':! 9:&;,53#! %<<)(:9! :2)!
+,()&:%',:#! ',! <+:+&)! 9:%:)9/! K;9':';,! %,I! %3:':+I)! )&&;&9!H;&)! 9:&;,53#! %<<)(:! :2)! (+&&),:!
9:%:)!+,()&:%',:#!%,I!%&)!:2),!(%&&')I!%3;,5!"+:!,;:!,)()99%&'3#!H%5,'<')I!I+&',5!:2)!<+:+&)!
9:%:)!J&)I'(:';,/!

$&#4#UE'"'BB(B";(E'&"
C!"%&;H):&'(!9),9;&!['33!H)%9+&)!:2)!%3:':+I)!:&%,9H'::)I!8'%!C>0]./!C>0].!',(3+I)9!%!<')3I!
(;,:%',',5!5);H):&'(!%3:':+I)!"+:!:2'9!%3:':+I)!'9!;,3#!',:),I)I!<;&!8)&'<'(%:';,!J+&J;9)9!"#!
5&;+,I!9#9:)H9!mRn/!F2)!ESCN!C,,)^!GA'J&)9),:9!%,!)&&;&!H;I)3!I)9(&'"',5!%3:':+I)!)&&;&9!
',:&;I+()I!"#!"%&;H):&'(!9),9;&q!:2'9!H;I)3!2%9!")),!%I%J:)I!<;&!:2)!F0CC!9'H+3%:';,!:;;3!
m\Bn/! 0',()! %3:'H):&#! )&&;&9! %&)! 5),)&%33#! (;,9:%,:6! :2)! H;I)3! 9%HJ3)9! %,! )&&;&! <&;H! %!
V%J3%()!I'9:&'"+:';,!%:!:2)!")5',,',5!;<!%!9'H+3%:';,!%,I!:2),!2;3I9!':!(;,9:%,:!I+&',5!:2)!
9'H+3%:)I!),(;+,:)&/!C!9%HJ3)!;[,]92'J!%,I!:%&5):!V%J3%()!I'9:&'"+:';,!'9!92;[,!',!$'5+&)!
Z]GZ/!

'BB(B"EU'"#("&$#'+*_"*(;Q'+,$#4(+"
F2)!H)%9+&)H),:!)&&;&!<;&!J;9':';,6!8)3;(':#!%,I!%3:':+I)!'9!J&)9),:!',!)%(2!H)%9+&)H),:!
[2),!':!'9!:%?),/!U;[)8)&6!I+)!:;!:2)!I#,%H'(!,%:+&)!;<!<3'52:!;J)&%:';,96!:2'9!',<;&H%:';,!
2%9! %! 3'H':)I! :'H)! ;<! +9)<+3,)99/! F2)! H;&)! :'H)! :2%:! J%99)9! "):[)),! J)&<;&H',5! :2)!
H)%9+&)H),:! %,I! +9',5! :2)! ',<;&H%:';,! ',! :2%:! H)%9+&)H),:6! :2)! 3)99! &)3)8%,:! :2)!
',<;&H%:';,!")(;H)9/!0:%:)I!I'<<)&),:3#6!%9!:'H)!)3%J9)96!:2)!+,()&:%',:#!%99;('%:)I![':2!:2)!
H)%9+&)H),:!',(&)%9)9/!!

a':2!C>0].6!:2)!H)%9+&)H),:9!;<!:2)!:%&5):!9:%:)9!%&)!(;,I+(:)I!"#!%!9),9;&!:2%:!'9!,;:!;,]
";%&I! :2)! ;[,]92'J/! N,()! :2)! H)%9+&)H),:! '9! :%?),6! ':! H+9:! ")! J&;()99)I! %,I! :2),!
:&%,9H'::)I! :;! :2)!;[,]92'J/!F2)! :'H)! :2%:! )3%J9)9!"):[)),! :%?',5! :2)!H)%9+&)H),:! %,I!
+9',5!;<!:2%:!',<;&H%:';,!'9!(%33)I!3%:),(#/!

F2)! :;:%3! 3%:),(#! J&)9),:! ',! ',<;&H%:';,! I)J),I9! ;,! :2)! 9#9:)H9! :2%:! :2)! ',<;&H%:';,!
),(;+,:)&)I! ")<;&)! ':! '9! +9)I! ;,]";%&I! :2)! ;[,]92'J/! E,! :2)! (%9)! [2)&)! :2)! ;[,]92'J!
&)()'8)I!C>0].!H)99%5)9!I'&)(:3#!<&;H!:2)!:%&5):6!:;:%3!3%:),(#!(;,9'9:9!;<!:2)!3%:),(#!:2%:!
:2)! %8';,'(9! ',:&;I+()! ;,]";%&I! :2)! :%&5):! %,I! :2)! ;[,]92'J/! E<! :2)! ',<;&H%:';,! [%9!
&)()'8)I! 8'%! C>0]L! ;&! FE0].6! :;:%3! 3%:),(#! %39;! ',(3+I)9! :2)! 3%:),(#! %II)I! "#! :2)! 5&;+,I!
9#9:)H9/!

"
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):A821"P!3PY"&./H.91"E:J02:V80:65"UJ17"06",:K8H.01"(C5!,-:/".57"#.2A10"$H0:K102I"'2262J".0"$H0:0871J":5"
'N91JJ"6F"M3gRRR"F0"

W),)&%33#6! :2)! %H;+,:! ;<! 3%:),(#! ',:&;I+()I! "#! %! 5'8),! 9#9:)H! '9! ?,;[,/! C9! %! &)9+3:6!
9:%,I%&I9! &)M+'&)! :2;9)! 9#9:)H9! :;! (;HJ),9%:)! :2)! J;9':';,! ',<;&H%:';,! <;&! 3%:),(#/! F2)!
(;HJ),9%:';,!)^:&%J;3%:)9!:2)!&)()'8)I!J;9':';,!3',)%&3#!<;&!%!,;H',%3!%H;+,:!;<!:'H)/!F2'9!
(;HJ),9%:';,!'9!:2)!9;+&()!;<!)&&;&!I+)!:;! 3%:),(#/!$'5+&)!Z]GX!92;[9!%!&)J&)9),:%:';,!;<!
2;[! :2'9! )&&;&! '9! ',:&;I+()I/! F2)! 3)<:]2%,I! 9'I)! ;<! :2)! <'5+&)! 92;[9! :2)! %'&(&%<:! %:! :2)!
H;H),:![2),!:2)!H)%9+&)H),:!'9!:%?),/!.#!:2)!:'H)!:2)!',<;&H%:';,!'9!%(:+%33#!+9)I6!:2)!
%'&(&%<:! 2%8)! H;8)I! :;! :2)! &'52:]2%,I! 9'I)/! F2)! "3%(?! 3',)9! %&)! :2)! :&+)! :&%(?9! :2%:! :2)!
%'&(&%<:! :&%8)3)I! ',! "):[)),/! F2)! 5&%#! :&%(?9! %&)! :2)! :&%(?9! %JJ&;^'H%:)I! "#! :2)!
)^:&%J;3%:';,!+9)I!<;&!:2)!3%:),(#!(;HJ),9%:';,/!F2+96!3',)%&!)^:&%J;3%:';,!<;&!%!9):!%H;+,:!
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./012345678"
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P(error) of Own-ship!
P(error) of Target!

CDF of Own-ship!
CDF of Target!
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GOA!

;<! :'H)! (%,! ',:&;I+()! )&&;&! ',! :2&))! [%#9/! $'&9:6! '<! :2)! %H;+,:! ;<! :'H)! +9)I! ',! :2)!
)^:&%J;3%:';,! '9! ,;:! %((+&%:)6! ;8)&]! ;&! +,I)&](;HJ),9%:';,! ',! :2)! I'&)(:';,! ;<! <3'52:!H%#!
;((+&! _d(;HJ),9%:';,! :'H)! )&&;&f`/! 0)(;,I6! %! 3',)%&! )^:&%J;3%:';,! I;)9! ,;:! :%?)! ',:;!
%((;+,:! H%,)+8)&9! :2%:! ;((+&&)I! I+&',5! :2%:! :'H)6! &)9+3:',5! ',! %! (&;99]:&%(?! )&&;&!
_dH%,)+8)&!)&&;&f`/!V%9:6!9',()!:2)!(;HJ),9%:';,!+9)9!:2)!8)3;(':#!',<;&H%:';,!',!:2)!C>0].!
H)99%5)6! )&&;&! ',! :2)! 8)3;(':#! )9:'H%:)! H%#! (%+9)! ;8)&]! ;&! +,I)&](;HJ),9%:';,! ',! :2)!
I'&)(:';,!;<!<3'52:!%9![)33!_d)&&;&!I+)!:;!8)3;(':#!+,()&:%',:#f`/!!

!

):A821"P!3SY",9-1K.0:9"B1/21J150.0:65"6F"'2262",68291J"4502678917"VI"&.0159I"*6K/15J.0:65"

F2)! 9+H! ;<! :2)9)! :2&))! )&&;&9! &)9+3:9! ',! %,! )33'J:'(%3! )&&;&! I'9:&'"+:';,! %&;+,I! :2)! :&+)!
J;9':';,!;<!:2)!%'&(&%<:!%:!:2)!:'H)!:2)!',<;&H%:';,!'9!+9)I/!$'5+&)!Z]GY!92;[9!:2)!H%5,':+I)!
;<! )%(2! ;<! :2)! :2&))! 9;+&()9! ;<! )&&;&! %,I! $'5+&)! Z]GB! 92;[9! :2)! 9+H! %,I! 5);H):&'(!
I'9:&'"+:';,!;<!%!X!9)(;,I!3%:),(#!(;HJ),9%:';,!)&&;&!<;&!%,!%'&(&%<:!<3#',5!%:!G@A?:9/!

Time of !
Measurement!

Time of !
Conflict Detection!

Actual Tracks!

Extrapolated Tracks!
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compensation!
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Fig. 1 Example of a SOC curve: P(CD) plotted against P(FA).

Similarly, a missed detection in SDT is a case in which the noise-
only decision is made when in fact the signal is present. For alerting
systems, the analogous probability of a missed detection P(MD) is
the probability that the system fails to protect against an incident.
Under this definition, missed detections occur when the system com-
pletely fails to alert or when an alert is issued but is too late to prevent
an incident. Finally, the probability of a correct detection P(CD) is
the probability that an incident is avoided given that an alert has
been issued. Note that, with these definitions, it is possible that a
given alert could be classified as both a correct detection and a false
alarm. In such a case, the alert is not necessary to prevent an incident
(thus the false alarm) but an incident is still avoided (thus the CD).

P(FA), P(MD), and P(CD) are functions of the uncertainties in
the state estimates and in the location of the threshold. This relation
can be examined by the use of an additional connection with SDT.
Curves of the system-operating characteristics (SOCs) are plots of
the P(CD) vs the P(FA) and are analogs of curves of the receiver
operating characteristics used in SDT Figure 1 shows an example
of SOC curve for a hypothetical alerting system. Each choice of an
alerting threshold maps onto a single point along the SOC curve.
In Fig. 1, two example alerting-threshold locations are shown. If
the threshold is placed at location 1, alerts are issued relatively
early, resulting in frequent false alarms but also permitting enough
time and space to avoid actual hazards successfully, with a high
probability. As the threshold is moved to location 2, the alert is
delayed, reducing false alarms but also decreasing the ability of the
alerting system to provide enough time to avoid hazards.

The ideal operating point is shown in the upper-left corner of Fig. 1
and represents a system that always produces correct detections and
does not issue false alarms. Because of uncertainties in measure-
ments, the SOC curve generally does not pass through this point,
and ideal performance is not obtainable. However, two methods are
available through which system performance can be modified. First,
improvements in sensors, displays, and training will shift the SOC
curve toward the ideal operating point. Second, given a system con-
figuration that defines the SOC curve, the threshold can be adjusted
along that curve to compromise between the costs of false alarms
and missed detections.

The SOC curve in alerting-system design is a novel application
of SDT for use in analysis and is the foundation of the method-
ology presented here. Several steps are required to generate SOC
curves. First, a model of the hazard-encounter situation must be de-
veloped through appropriate dynamical equations. These equations
specify constraints such as the vehicle's maneuverability or changes
in the severity and extent of the hazard over time. Probability den-
sity functions (PDFs) describing the uncertainties in the parameters
that define the situation are also needed. For example, measure-
ment uncertainties, the operator's response-time delay, and the ag-
gressiveness of an avoidance maneuver can each be described with
appropriate PDFs. The dynamic equations and PDFs are then used
to determine performance metrics, such as the P(FA) and P(CD),
that are used to generate SOC curves. Finally, given a SOC curve

Uncertainty in
Current State Estimate

Fig. 2 Example of a probabilistic state estimate x  and a projected tra-
jectory T.

(or a set of SOC curves for different system configurations), the ap-
propriate alerting threshold can be placed on the basis of the relative
costs associated with false alarms and missed detections.

The PDFs describing the various parameters that affect the situ-
ation can be difficult to determine. Hardware specifications such as
sensor errors can be used to build PDFs describing the uncertain-
ties in the current state estimates. Statistical studies of the situation
(from actual events and from simulations) can provide the data re-
quired to build PDFs describing the human operator's behavior that
affect the outcome of an alert. However, even if the PDFs cannot be
estimated accurately, the methodology can be used to examine the
sensitivity of the system to different probability distributions.

Hazard Situation
To develop the SOC curve, it is first necessary to model the dy-

namics of a hazard situation. The methodology uses a state-space
approach and places the observable states relating to the vehicle and
the hazard in a vector x. Figure 2 depicts an example state estimate

x that includes some uncertainty. An error ellipse is shown that de-
scribes the region in the state-space region in which Jt, with some
probability, truly lies. The hazard space denoting a region where
an incident can occur is also shown. The definition of an incident
(and therefore the definition of the hazard space) can be tailored to
meet the particular problem under study. For example, an incident
could be defined as the collision of two aircraft or, alternatively, as
a near-miss event, when aircraft are less than 500 ft apart.

On the basis of the value of jc, the alerting system must determine
whether an alert is warranted. The need for an alert, however, de-
pends on the trajectory that will be followed in the future. In Fig. 2,
a set of potential future state trajectories T is also shown. T is prob-
abilistic and depends on uncertainties in Jc, future control inputs,
and knowledge of the system dynamics. The shaded area shown in
Fig. 2 denotes the region where the true trajectory will, with some
probability, be located.

With  T defined and given a particular state estimate x, there exists
some probability that an incident will occur in the future, denoted
by PT(I \x). This notation explicitly shows that the probability is
evaluated by the use of the probabilistic trajectory T and that it is a
function of x.

Whether an alert is needed at the time shown in Fig. 2 depends
on the value of PT(I \ x). In general, the larger the probability that
an incident will occur, the greater the need for an alert. An alert that

is issued when PT(I \ x) is small may be considered a false alarm if
the human operator is aware of the hazard or would have avoided
the hazard without the alert. However, if the alert is delayed until
PT(I | jc) is large, there may not be enough time or space in which

to perform an avoidance maneuver and an incident may occur even
if an alert is issued.

To determine whether an alert is warranted in a given situation, it
is necessary to examine the hypothetical outcomes of the alert and
do-not-alert decisions. Consider now the possible future state trajec-
tories that will occur on the basis of a given alerting decision. If no
alert is issued, the state continues along the projected nominal trajec-
tory N. In response to an alert, there is a discrete change in the actions
of the operator, and the state follows an avoidance trajectory A that
may avoid an incident. Both N and A are, in general, probabilistic,
just as T was in the above discussion. In particular, A may include
some probability that no action is taken in response to the alert.
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2 High Dimensional Model Representation (HDMR)

The high dimensional model representation (HDMR) method is a set of tools explored

by Rabitz et al. (1999) in order to express the input-output relationship of complex mod-

els with a large number of input variables. The mapping between the input variables

x1, . . . , xn and the output variables f(x) = f(x1, . . . , xn) in the domain Rn
can be written

in the following form:

f(x) = f0 +

n�

i=1

fi(xi) +

�

1≤i<j≤n

fij(xi, xj) + . . . + f12...n(x1, x2, . . . , xn) (1)

Here f0 denotes the mean effect (zeroth order), which is a constant. The function fi(xi)

is a first order term giving the effect of variable xi acting independently (although gener-

ally non-linearly) upon the output f(x). The function fij(xi, xj) is a second order term

describing the cooperative effects of the variables xi and xj upon the output f(x). The

higher order terms reflect the cooperative effects of increasing numbers of input variables

acting together to influence the output f(x). If there is no interaction between the input

variables, then only the zeroth order term f0 and the first order terms fi(xi) will appear

in the HDMR expansion.

The HDMR expansion is computationally very efficient if higher order input variable cor-

relations are weak and can therefore be neglected. For many systems a HDMR expression

up to second order already provides satisfactory results and a good approximation of f(x)

(Li et al., 2001).

The developed GUI-HDMR software is based on the RS-HDMR approach (Li et al., 2002)

where a set of random sample points N over the entire domain Rn
is used. The zeroth

order term f0 can be approximated by the average value of f(x). The determination of

the higher order component functions is based on the approximation of the component

functions by orthonormal basis functions:

fi(xi) ≈
k�

r=1

αi
rϕr(xi) (2)

fij(xi, xj) ≈
l�

p=1

l��

q=1

βij
pqϕp(xi)ϕq(xj) (3)

. . .

where k, l, l� represent the order of the polynomial expansion, αi
r and βij

pq are constant

coefficients to be determined, and ϕr(xi), ϕp(xi) and ϕq(xj) are the orthonormal basis

functions.

Note that only one set of random samples N is necessary in order to determine all RS-

HDMR component functions (Li et al., 2002).
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Algorithm Parameters that Influence 
Nuisance Alert Rate!
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Frequently, nuisance alerts are the 
minimum allowable duration (70%)!

Most alerts last for the 
minimum allowable 

duration (7 seconds)!
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 917 

Figure A.16 Depiction of possible locations for scenarios A3 and A4 918 

Figure A.17 Airport Encounter Categories Departing 919 

Category Description Parameters 

A5 
A VFR general aviation aircraft is cruising above 
pattern altitude (e.g. 2,500ft). A departing jet 
aircraft is climbing out at 3000 ft/min from a 
nearby airport and encounters the cruising GA 
aircraft. (Basis: ASRS, 0.8%) 

RVV: + 3000 fpm 
RHV: 0 – 500 kts 
IA: any 

A6 
A jet aircraft is on an IFR approach to an airport. 
A general aviation aircraft is climbing out via the 
standard airport pattern having recently departed 
from the same airport. The two aircraft encounter 
each other. (Basis: ASRS, 2.8%) 

RVV: > 3000 fpm 
RHV: 0 – 500 kts 
IA: any 

 920 

 921 

Figure A.18 Scenario representation of A5 and A6 922 
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I'<<)&),:!9(),%&';9!',!GA6AAA!93'52:3#!I'<<)&),:![%#9!:;!'HJ&;8)!9:%:'9:'(%3!J;[)&/!W'8),!:2%:!

Note: Different Scales!
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:2)!+,I)&3#',5! 9(),%&';![%9! 'I),:'(%3! <;&!GA6AAA!),(;+,:)&96! %,#! ',%((+&%(#!;&! 3'H':%:';,!
:2%:![%9!J&)9),:!',!:2;9)!\!9(),%&';9![%9!)<<)(:'8)3#!H%5,'<')I!"#!%!<%(:;&!;<!GA6AAA/!

N,)! ;<! :2;9)! )<<)(:9! ',(3+I)9! :2)! <%(:! :2%:! ),(;+,:)&9! (;+3I! ")! ',':'%3'-)I! ',! 5);H):&')9!
[;+3I!,;:!%((+&%:)3#!&)J&)9),:!:2)!I#,%H'(9!;<!2;[!:2)!:[;!%'&(&%<:!%&&'8)I!',!:2)!J&)9),:!
5);H):&#/! C,;:2)&! 3'H':%:';,! '9! :2)! <%(:! :2%:! :2)! 9(&'J:)I! ),(;+,:)&9! I;! ,;:! )^2'"':! %,#!
<3'52:! :)(2,'(%3! )&&;&! ;&! ;J)&%:';,%3! ;9('33%:';,9/! 0+(2! ;9('33%:';,9! (;+3I! 2%8)! 5;;I! ;&!
,)5%:'8)! )<<)(:9Q! 9;H)![;+3I! ',(&)%9)! :2)! (3;9+&)! &%:)6! (%+9',5! %,! %3)&:! :;! ")! '99+)I! :2%:!
[;+3I!2%8)!;:2)&['9)!")),!H'99)I6![2'3)!9;H)!H%#!9;3'(':!%,!%3)&:!:2%:!H%#!;:2)&['9)!,;:!
2%8)!")),!'99+)I/!!

!

E,! 9+HH%&#6! :2)! "%9'(! F0CC! %35;&':2H! '9! 9+(()99<+3! %:! J&)I'(:',5! %'&";&,)! (;,<3'(:9! %,I!
J&;8'I)9!%,!'HJ&;8)H),:!',!J)&<;&H%,()!;8)&!:2)!(+&&),:!',I+9:&#!9:%,I%&I/!E,!3'52:!;<!:2'9!
%,I![':2! :2)!9%:'9<%(:;&#!J)&<;&H%,()!J&)I'(:)I!"#! :2)!9'H+3%:';,! :;;3! <;&!F0CC![':2! :2)!
:+,)I! %35;&':2H! J%&%H):)&96! :2)! ,)^:! 9:)J![%9! :;! )8%3+%:)! F0CC! I+&',5! &)%3! ;J)&%:';,9/!
F2)&)<;&)6! F0CC! [%9! 'HJ3)H),:)I! ',! J&;:;:#J)! %8';,'(9! %,I! ',9:%33)I! ',! %'&(&%<:6! %,I! %!
(;HJ&)2),9'8)!<3'52:!:)9:!J&;5&%H![%9!(;,I+(:)I/!
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9',5! :2)! )^)HJ3%&! F0CC! %35;&':2H! [':2! :2)! :+,)I! 8Z! J%&%H):)&! 9)::',596! %!
(;HJ&)2),9'8)! <3'52:! :)9:! J&;5&%H! [%9! (;,I+(:)I! %9! :2)! ,)^:! 9:)J! ',! :2)! F0CC!

I)8)3;JH),:!)<<;&:6!%9!92;[,!',!$'5+&)!Y]G/!
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Identification of 
Common Mid-Air 

Collision Scenarios!

Alerting System 
Requirements 

Definition!

Alerting Algorithm 
Design!

System Verification 
and Validation!

Concept of an ADS-B 
Enabled Conflict 
Alerting System!

NAS Stakeholder 
Needs and Benefit 

Assessment!

Technological 
Opportunity !

(ADS-B)!

Generation of 
Representative Flight 

Tracks!

Modeling of System 
Uncertainties!

Definition of 
Performance 

Evaluation Method!

Alerting Algorithm 
Evaluation and 
Optimization!

Simulation Environment!
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F2'9! (2%J:)&! J&;8'I)9! %! 2'52]3)8)3! ;8)&8')[! ;<! :2)! <3'52:! :)9:! J&;5&%H! %,I! J&)9),:9! :2)!
%,%3#9'9!:2%:!8)&'<')I!:2)!J)&<;&H%,()!;<!:2)!F0CC!)^)HJ3%&!%35;&':2H!;"9)&8)I!I+&',5!:2)!
<3'52:!:)9:9/!

T=3 (<12<:1C"6F"0-1")H:A-0"#1J0"Q26A2.K"

F2)! <3'52:! :)9:! J&;5&%H! (;,9'9:)I! ;<! :2&))! J2%9)96! )%(2! I)9(&'")I! %:! %! 2'52! 3)8)3! 2)&)/! C!
H;&)!',]I)J:2!I'9(+99';,!;<!:2)!<3'52:!:)9:9!(%,!")!<;+,I!',!:[;!:)(2,'(%3!&)J;&:9![&'::),!"#!
:2)! 3%&5)&!F0CC! :)%H/! F2)! <'&9:! &)J;&:6! J+"3'92)I! "#!C8'I#,)6! <;(+9)9! ;,! :2)! ),5',))&',5!
%9J)(:9!%,I!:)(2,'(%3!3)99;,9!3)%&,)I!I+&',5!I)8)3;JH),:!;<!:2)!J&;:;:#J)!%8';,'(9!mGAAn/!
F2)! 9)(;,I! &)J;&:! %,%3#-)I! F0CCh9! J)&<;&H%,()! <&;H! %! 2+H%,! <%(:;&9! J)&9J)(:'8)! mBBn/!
F;5):2)&6! :2;9)!&)J;&:9!J&;8'I)!%!(;HJ&)2),9'8)!%,I!I):%'3)I!%((;+,:!;<! :2)!),:'&)!F0CC!
<3'52:!:)9:!J&;5&%H/!!

T=3=3 *G'*[(U#"()"QB(#(#_Q'"$X4(+4*,"\4#G"#G'"#,$$"$&W(B4#G;"
F2)!)%&3#!J2%9)9!;<!:2)!<3'52:!:)9:!<;(+9)I!;,!),5',))&',5!)8%3+%:';,9!;<!:2)!2%&I[%&)!%,I!
[2):2)&! :2)! F0CC! (;I)! [%9! 'HJ3)H),:)I! (;&&)(:3#! ;,! :2%:! 2%&I[%&)/! F2)! <3'52:! :)9:9!
(;,9'9:)I! ;<! %! S)99,%! GB@Ä! (;,<'5+&)I! %9! ;[,]92'J! %,I! %! S'&&+9! 0L@@! %9! :2)! :%&5):! %,I!
[)&)!(;,I+(:)I!%:!C8'I#,)h9!1)3";+&,)6!$V!<3'52:!:)9:!<%('3':#/!.;:2!%'&(&%<:![)&)!)M+'JJ)I!
[':2!C>0].!N+:!%,I!E,!%,I!:2)!J&;:;:#J)!F0CC!+,':/!$'5+&)!Y]@!92;[9!%!9%HJ3)!(2)(?;+:!
<3'52:/!F2)!"3+)!3',)!&)J&)9),:9!:2)!;[,]92'J!:&%(?!%,I!:2)!&)I!3',)!:2)!:%&5):!:&%(?/!F2)!J3+9!
9'5,! ',I'(%:)9!:2)! 3;(%:';,![2)&)!:2)!:&%(?9!;&'5',%:)/!C!"3%(?!r! ',I'(%:)9!%!I&;J;+:6! '/)/6!%!
J;',:![2),!,;!,)[!C>0].!+JI%:)!2%I!")),!&)()'8)I!<;&!:2%:!J%&:'(+3%&!:%&5):!',!:2)!3%9:!GZ/!
F2)! #)33;[! _KCc`! %,I! &)I! _SCc`! ('&(3)9! ',I'(%:)! :2)! %3)&:! 9:%:+9! ;<! :2)! :%&5):! %:! :2%:!
J%&:'(+3%&! 3;(%:';,/! >+&',5! :2'9! J%&:'(+3%&! <3'52:6! :2)! :[;! %'&(&%<:! <3)[! <;&H%:';,![':2! :2)!
:%&5):!J;9':';,!%:!:2)!)I5)!;<!:2)!%3)&:!&)5';,/!E,!I;',5!9;6!9H%33!(2%,5)9!"#!:2)!:%&5):!(;+3I!
")!+9)I!:;!)3'(':!%,!%3)&:!%,I!)8%3+%:)![2):2)&!F0CC![%9!%3)&:',5!%9!)^J)(:)I/!

C33! ',! %336! :2)! (2)(?;+:! J2%9)! ;<! :2)! <3'52:! :)9:! (;,9'9:)I! ;<! @O! <3'52:9/! 0'^! ;<! :2)! <3'52:9!
)8%3+%:)I! :2)! J&;:;:#J)h9! J)&<;&H%,()! ;,! FE0].! :%&5):9/! F;! %(2')8)! :2'96! :2)! :[;! %'&(&%<:!
[)&)! &)3;(%:)I! :;! %'&9J%()! %:!1%&%:2;,6! $V6! [2'(2![%9! ;,3#! ',! 8')[! ;<! %! 9',53)! ),]&;+:)!
&%I%&! _)M+'8%3),:! :;! :2)!,;H',%3!FE0].@! :%&5):`/! E,!;&I)&! :;!")! (;,9'I)&)I!%!FE0].! :%&5):6!
:2)! S'&&+9! 9[':(2)I! :2)! C>0].! :&%,9J;,I)&! ;<<! [2'3)! :2)! S)99,%! (;,:',+)I! ;J)&%:',5! %9!
")<;&)/!!
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F[;! H%e;&! '99+)9! [)&)! 'I),:'<')I! %,I! (;&&)(:)I! I+&',5! :2)! ',':'%3! )8%3+%:';,! ;<! :2)!
%35;&':2H/! E,':'%33#6! :2)! J&;:;:#J)! 9+<<)&)I! <&;H! 9'5,'<'(%,:!H+3:'J%:2! ',:)&<)&),()6! [2'(2!
(%+9)I!9'5,'<'(%,:!I&;J;+:9/!C9!$'5+&)!Y]@!92;[96! :2)!:%&5):! <&)M+),:3#! '9!(;,9'I)&)I!9:%3)!
I+)! :;!%! 3%(?!;<!,)[!C>0].!+JI%:)9! _"3%(?!r9`/!F2)!9)(;,I! '99+)![%9!%!9;<:[%&)!"+5! :2%:!
(%+9)I! :2)! J&;:;:#J)! :;! (%33! F0CC! ;,3#! [2),! ,)[! I%:%! [%9! &)()'8)I! 8'%! C>0].! <;&! %!
J%&:'(+3%&! :%&5):! %,I! ,;:! ;,()! J)&! 9)(;,I! %9! ;&'5',%33#! ',:),I)I/! .;:2! '99+)9! [)&)!
%II&)99)I!%,I!(;&&)(:)I!I+&',5!:2)9)!',':'%3!J2%9)9!;<!:2)!<3'52:!:)9:!J&;5&%H/!



!

!

GYB!

T=3=> GU;$+")$*#(B,"'X$&U$#4(+,"j",*B4Q#'E"'+*(U+#'B,"$+E"#$BW'#,"()"
(QQ(B#U+4#_"

C!5&;+J!;<!@G!WC!J'3;:9! e+I5)I! :2)!+9%"'3':#!;<! :2)!F0CC!J&;:;:#J)! <&;H!%!2+H%,! <%(:;&9!
J)&9J)(:'8)!I+&',5! ',]<3'52:! )8%3+%:';,9/!4%(2!J%&:'('J%,:! <3)[! :2)! 9%H)!J&)]I)<',)I! <3'52:!
J%:2! %3;,5![2'(2!X!J3%,,)I! ),(;+,:)&9! ;((+&&)I/!C5%',6! :2)! :[;! %'&(&%<:![)&)! :2)!S'&&+9!
%,I!:2)!S)99,%6![':2!:2)!9+"e)(:!J'3;:!<3#',5!:2)!S)99,%/!$'5+&)!Y]O!92;[9!%!9%HJ3)!2+H%,!
<%(:;&9!)8%3+%:';,!<3'52:!_),(;+,:)&!E>9!&)<)&),()!9(),%&';9!<&;H!O/@/Z`/!

!

):A821"T!?Y",.K/H1")H:A-0"E82:5A"G8K.5").9062J")H:A-0"#1J0J"

.)<;&)! :2)! <3'52:6! :2)! 9+"e)(:! J'3;:9![)&)! "&')<)I! %";+:! :2)! J+&J;9)! ;<! :2)! <3'52:9! %,I! :2)!
<+,(:';,%3':#!;<! :2)!F0CC/!U;[)8)&6! :2)#![)&)!,;:!"&')<)I!;,! :2)!9J)('<'(!),(;+,:)&9! :2%:!

Overtake on Final 
(A1 Encounter)!

“Jump”!
(E4 Encounters)!

45 degree entry 
(A3 Encounter)!

Vertical Transition 
(E3 Encounter)!

Head-On !
(E6 Encounter)!
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[;+3I!")!J&)9),:)I!:;!:2)H!I+&',5!:2)!<3'52:!%,I![)&)!',9:&+(:)I!:;!&)9J;,I!%9!:2)#![;+3I!
'<!:2)#![)&)!;J)&%:',5!,;&H%33#!'<!F0CC!'99+)I!%,!%3)&:/!>+&',5!:2)!<3'52:6!:2)!:%&5):!%'&(&%<:!
J;9':';,)I!':9)3<!9+(2!:2%:!':!(;+3I!5),)&%:)!9J)('<'(!),(;+,:)&9!%9!92;[,!',!$'5+&)!Y]O/!!

E,!%II':';,!:;!:2)!J3%,,)I!),(;+,:)&!<3'52:96!9+"e)(:!J'3;:9!%39;![)&)!)^J;9)I!:;!:%&5):9!;<!
;JJ;&:+,':#! "#! ;J)&%:',5! ',! :2)! %'&J;&:! J%::)&,! %:! >%#:;,%! .)%(26! $V6! <;&! J&;3;,5)I!
%H;+,:9!;<! :'H)/!F2)! ',:),:!;<!)^J;9',5!:2)!J'3;:9! :;!:%&5):9!;<!;JJ;&:+,':#! ',!:2)!J%::)&,!
[%9! :;! )8%3+%:)! [2):2)&! J'3;:9! J)&()'8)I! F0CC! :;! ")! %! &)3'%"3)! 9#9:)H! ',! :2)! %'&J;&:!
J%::)&,6!:2)!),8'&;,H),:![':2!:2)!2'52)9:!"),)<':!J;:),:'%3!<;&!F0CC/!

F2)! J'3;:9! (;,9'I)&)I! :2)! %3)&:9! :;! ")! %JJ&;J&'%:)! ',! ";:2! :2)! J3%,,)I! ),(;+,:)&9! %,I!
I+&',5!),(;+,:)&9![':2! :%&5):9!;<!;JJ;&:+,':#! ',! :2)!%'&J;&:!J%::)&,/!$&)M+),:3#6!%3)&:9! ',!
:2)!J%::)&,![)&)!(;,9'I)&)I!%JJ&;J&'%:)!)8),!:2;+52!:2)!J'3;:!I'I!,;:!:%?)!)8%9'8)!%(:';,/!
N,)!'HJ;&:%,:!&)9+3:!<&;H!:2)!2+H%,!<%(:;&9!<3'52:!:)9:9![%9!:2%:!':!'9!'HJ)&%:'8)!<;&!F0CC!
:;!,;:!'99+)!%3)&:9!;&!:&%<<'(!:2%:!'9!;,!:2)!5&;+,I!;&![2'3)!:2)!;[,]92'J!'9!;J)&%:',5!;,!:2)!
5&;+,I/!N8)&%336!:2)!J'3;:9!&)J;&:)I!2'52!:&+9:!',!:2)!9#9:)H!%<:)&!:2)!<3'52:!%,I!J)&()'8)I!':!
:;!'99+)!%3)&:9!:'H)3#!%,I![':2!%((+&%:)!',<;&H%:';,/!

T=3=? G4WG"Q'B)(B;$+*'"$+E"G'&4*(Q#'B"#',#,"$#"#G'")$$k,"\4&&4$;"i="
GUWG',"#'*G+4*$&"*'+#'B"

E,! %II':';,! :;! :2)! ),5',))&',5! %,I! 2+H%,! <%(:;&9! )8%3+%:';,96! %II':';,%3! <3'52:! :)9:9![':2!
2'52!J)&<;&H%,()!%'&(&%<:!%,I!2)3'(;J:)&9![)&)!(;,I+(:)I!%:!:2)!$CCh9!F)(2!S),:)&!',!=)[!
T)&9)#/!F2)9)!:)9:9![)&)!(;,I+(:)I!+9',5!:2)!$CCh9!W3;"%3!ZAA!%,I!;,)!;<!:2)!$CCh9!S;,8%'&!
ZBA!%'&(&%<:/!F2)!2)3'(;J:)&!<3'52:!:)9:!(;,9'9:)I!;<!:2&))!J2%9)9/!$'&9:6!:2)!$CCh9!0'?;&9?#!YX!
_0YX`!2)3'(;J:)&!%,I!C8'I#,)h9!S'&&+9!%'&(&%<:! <3)[!%!9):!;<! 9(&'J:)I!J%::)&,!),(;+,:)&9!%:!
:2)! C:3%,:'(! S':#! E,:)&,%:';,%3! C'&J;&:/! 0)(;,I6! :2)! 0YX! :&%,9':';,)I! :;! :2)! K2'3%I)3J2'%!
E,:)&,%:';,%3!C'&J;&:!%,I!)9:%"3'92)I!%,!;&"':!;,!:2)!,;&:2[)9:)&,!9'I)!;<!:2)!',:)&9)(:';,!
"):[)),! &+,[%#9! GYlOZ! %,I! GXl@YL/! F2)! ;&"':! [%9! H%',:%',)I! <;&! %JJ&;^'H%:)3#! ;,)!
2;+&!;<! <3'52:! :'H)!%,I!%,#!%3)&:9! '99+)I!"#!F0CC!;,!%&&'8',5!%,I!I)J%&:',5!%'&(&%<:![)&)!
,;:)I/!F2'9!J%&:'(+3%&!<3'52:!:&%(?!'9!92;[,!',!$'5+&)!Y]R![':2!:2)!"3+)!3',)!&)J&)9),:',5!:2)!
:&%(?! ;<! :2)! 0YX/! V%9:3#6! :2)! 0YX! <3)[! %! 9):! ;<! ),(;+,:)&9! [':2! %! .)33! @AX! :;! 5),)&%:)!
2)3'(;J:)&!9J)('<'(!),(;+,:)&96![2'(2![;+3I!")!(;HH;,!I+&',5!)3)(:&;,'(!,)[!5%:2)&',5!;&!
;:2)&! (3;9)! J&;^'H':#! 2)3'(;J:)&! ;J)&%:';,9/! C33! %'&(&%<:![)&)! )M+'JJ)I![':2! :2)! C8'I#,)!
J&;:;:#J)!F0CC!+,':/!
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C!:;:%3!;<!\!<3'52:9![)&)!<3;[,!<;&!:2)!2'52!J)&<;&H%,()!:)9:9!%,I!GZ!<3'52:9![)&)!<3;[,!<;&!
:2)!2)3'(;J:)&!:)9:/!0'H'3%&!:;!:2)!2+H%,!<%(:;&9!)8%3+%:';,!<3'52:96!:2)!:)9:!(%&I9!(;,9'9:)I!
;<! 9(&'J:)I! ),(;+,:)&9! %9! I)<',)I! "#! :2)! 9(),%&';9! <&;H! :2)!H'I]%'&! (;33'9';,! %,%3#9'9! ',!
S2%J:)&!Oq!:2)#!%&)!I)9(&'")I!',!I):%'3!',!C8'I#,)h9!<3'52:!:)9:!&)J;&:!mGAAn/!!

Intersection of Runways 
17/35 and 16/27R at 

Philadelphia International 
Airport!
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T=3=M )&4WG#"#',#"4;Q&';'+#$#4(+"()"#,$$"
F2)! F0CC! 9#9:)H! [%9! 'HJ3)H),:)I! I'<<)&),:3#! <;&! :2)! <3'52:! :)9:! :2%,! ':! [%9! <;&! :2)!
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)^:&%J;3%:';,!:;!%!(;HH;,!J;',:!',!:'H)!+9',5!:2)!(;,9:%,:!:+&,!&%:)!:&%e)(:;&#!J&)I'(:';,/!
$'5+&)!Y]Z!'9!%!9(2)H%:'(!;<!:2'9!'HJ3)H),:%:';,/!U;[)8)&6!:2)!I%:%!9),:!:;!:2)!I'9J3%#!:2%:!
92;[)I! :2)! :%&5):9h! 3;(%:';,! :;! :2)! <3'52:! (&)[![%9! 'HJ3)H),:)I! %9! &)M+'&)I! "#! :2)! >N]
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T=3=P &(WW4+W"()"#,$$")&4WG#"#',#"E$#$"
F2)! J&;:;:#J)! F0CC! 9#9:)H! (;,:%',)I! %! 3;55',5! <+,(:';,! :2%:! 3;55)I! %! 3%&5)! %H;+,:! ;<!
%35;&':2H! %,I! ;8)&%33! 9#9:)H! 9:%:+9! I%:%! %:! :2)! :;J! ;<! )8)&#! 7FS! 9)(;,I/! F2)! 3;55',5!
<+,(:';,! %39;! 9%8)I! )8)&#!C>0].!H)99%5)! :2%:! :2)!J&;:;:#J)! &)()'8)I! %9![)33! %9! :2)!I%:%!
:2%:![%9!J%99)I!;,!:;!:2)!F0CC!%35;&':2H!I+&',5!<3'52:/!V%9:3#6!':!3;55)I!:2)!:'H)6!I+&%:';,6!
%,I! 3)8)3! _SCc!89/!KCc`!;<! %,#!%3)&:! '99+)I!I+&',5! :2)! <3'52:! :)9:9/!F2'9!I%:%! 9)&8)9!%9! :2)!
"%9'9!;<!%33!:2)!%,%3#9'9!J&)9),:)I!3%:)&!',!:2'9!(2%J:)&/!!

N,)! 3'H':%:';,! ;<! :2'9! %,%3#9'9! (;H)9! <&;H! :2'9! H):2;I! ;<! 3;55',5! :2)! I%:%/! F2)! 3;55',5!
<+,(:';,![%9!)^)(+:)I!%:!:2)!:;J!;<!)8)&#!7FS!9)(;,I!%,I!3;55)I!:2)!)^:&%J;3%:)I!9:%:)!I%:%!
:2%:![%9!")',5!9),:!:;!:2)!I'9J3%#!_'/)/6!)^:&%J;3%:)I!+9',5!(;,9:%,:!2)%I',5`/!F0CC6!;,!:2)!
;:2)&!2%,I6![%9! (%33)I!;,()!J)&! 9)(;,I!"+:! %:! %,!+,?,;[,!J;',:!I+&',5! :2%:! 9)(;,I!%,I!
[':2!:2)!+,])^:&%J;3%:)I!9:%:)!I%:%/!C9!%!&)9+3:6!:2)!3;55)I!I%:%!'9!,;:!)^%(:3#!:2)!9%H)!I%:%!
:2%:! :2%:! :2)!F0CC!%35;&':2H!+9)I! ',! :2)!J&;:;:#J)!+,':/! E,! 3'52:! ;<! :2'96![2),! :2)! 3;55)I!
I%:%! '9! &+,! :2&;+52! :2)!9'H+3%:';,! :;;36! :2)!%3)&:',5!")2%8';&!"):[)),! :2)! :[;!9#9:)H9! '9!
,;:!)^J)(:)I!:;!")!)^%(:3#!:2)!9%H)/!!
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T=> $5.HIJ:J"6F"#,$$"$H120:5A"Q12F62K.591"782:5A")H:A-0"#1J0"

F2)!%,%3#9'9! :2)!F0CC!%35;&':2Hh9!J)&<;&H%,()!I+&',5! :2)! <3'52:! :)9:9! '9!I'8'I)I! ',:;! :[;!
9)(:';,9/!F2)!<'&9:!)8%3+%:)9!:2)!%55&)5%:)!%3)&:',5!J)&<;&H%,()!;<!:2)!F0CC!J&;:;:#J)!+,':!
_d:2)! J&;:;:#J)f`! ',I)J),I),:! ;<! [2%:! ")2%8';&! [;+3I! 2%8)! ")),! )^J)(:)I/! F2)! 9)(;,I!
9)(:';,! (;HJ%&)9! :2)! %3)&:',5! ")2%8';&! ;<! :2)! J&;:;:#J)! +,':! :;! :2)! %3)&:',5! ")2%8';&!
)^J)(:)I!<&;H!:2)!9'H+3%:';,!:;;3/!!

T=>=3 $+$&_,4,"$QQB($*G"
4%(2!),(;+,:)&!:2%:!;((+&&)I!I+&',5!:2)!<3'52:!:)9:!J&;5&%H![%9!%,%3#-)I!',I'8'I+%33#/!C,!
),(;+,:)&![%9!I)<',)I!%9!%,#!:'H)!:2%:!:[;!%'&(&%<:!(%H)!(3;9)&!:2%,!ZAAA!<:!93%,:!&%,5)!;&!
:2%:!%,!%3)&:![%9!'99+)I!"#!:2)!J&;:;:#J)/!4%(2!),(;+,:)&![%9!)8%3+%:)I!+9',5!:2)!9(;&',5!
H):2;I!I)9(&'")I! ',!9)(:';,!O/R/!C33!"+:! :[;!;((+&&)I!;&![)&)!9'H+3%:)I! :;!&)J&)9),:! :2)!
%'&J;&:! ),8'&;,H),:/! F2)&)<;&)6! :2)! :)&H',%3! %&)%! U%-%&I! c;,)! %,I! =;,]U%-%&I! c;,)!
I)<',':';,9! [)&)! +9)I! I+&',5! :2)! )8%3+%:';,! ;<! :2;9)! ),(;+,:)&9/! $;&! :2)! ;:2)&! :[;!
),(;+,:)&96![2'(2!;((+&&)I!),]&;+:)6!")3;[!GA6AAA!<:!10V!(&':)&'%![%9!+9)I/!E<!:2)&)![%9!,;!
%3)&:!'99+)I6!:2)!),(;+,:)&![%9!%,%3#-)I!%9!:;![2):2)&!%,!%3)&:![;+3I!2%8)!")),!,)()99%&#/!
E<! ;,)!;&!H;&)! %3)&:9![)&)! '99+)I6! %33! %3)&:9![)&)! %,%3#-)I!"+:! ;,3#! :2)! <'&9:![%9!+9)I! :;!
(%3(+3%:)!%3)&:!:'H)!")<;&)!SKC/!

T=>=> (X'B$&&"QB(#(#_Q'"$&'B#4+W",#$#4,#4*,"
F2)&)! [)&)! %! :;:%3! ;<! OXZ! ),(;+,:)&9! :2&;+52;+:! :2)! <3'52:! :)9:! J&;5&%H/! $;&! :2;9)! OXZ!
),(;+,:)&96! :2)! J&;:;:#J)! '99+)I! ZO@! %3)&:96! [2'(2! '9! %,! %8)&%5)! ;<! G/RX! %3)&:9! J)&!
),(;+,:)&/!F%"3)!Y]G!92;[9!%!9+HH%&#!;<!:2)!%55&)5%:)!J)&<;&H%,()!;<!:2)!F0CC!J&;:;:#J)!
I+&',5! :2)! <3'52:! :)9:! J&;5&%H! ',! :)&H9! ;<! :2)! 9%H)! J)&<;&H%,()! H):&'(9! +9)I! <;&! :2)!
%35;&':2H!:+,',5!',!:2)!J&)8';+9!(2%J:)&/!

#.VH1"T!3Y"(<12.HH"Q26060I/1"Q12F62K.591"

Q12F62K.591";1.J821" Q26060I/1"Q12F62K.591"
>b>>b3?!Pb3Mb3?"

;:JJ17"$H120J" Aj!

&.01"$H120J" Aj!

+8:J.591"$H120J"]#.2A10J"6F"(//62085:0I^" OZ/R\j!_OR!;<!\@!%3)&:9`!

$<12.A1"$H120"#:K1"V1F621"*Q$" OG/O!9)(!_0>Q!GB/O!9)(`!
!

E:! 92;+3I! ")! ,;:)I! :2%:! :2&;+52;+:! :2)! <3'52:! :)9:6! :2)! J&;:;:#J)! 9+<<)&)I! 9#9:)H!
H%3<+,(:';,9! %,I! ',! 9;H)! ;((%9';,9! )8),! 2%I! :;! ")! &)]";;:)I! ',! <3'52:/! E<! %,! ),(;+,:)&!
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;((+&&)I!I+&',5!9+(2!%!9#9:)H!H%3<+,(:';,6!':![%9!,;:!(;,9'I)&)I!',!:2'9!%,%3#9'9/!C39;6!%,!
%3)&:! :2%:! [%9! H'99)I! I+&',5! %,! ),(;+,:)&! %9! %! &)9+3:! ;<! %! 9#9:)H! H%3<+,(:';,! [%9! ,;:!
(;+,:)I!%5%',9:!:2)!9#9:)H/!!

T=>=? +U4,$+*'"$&'B#"Q'B)(B;$+*'"EUB4+W")&4WG#"#',#"]m\B$Q"$B(U+En"
$&'B#,^"

N8)&! :2)! I+&%:';,! ;<! :2)! <3'52:! :)9:! J&;5&%H6! \@! +,J3%,,)I! ),(;+,:)&9! [':2! :%&5):9! ;<!
;JJ;&:+,':#! ;((+&&)I/! F2)! ;:2)&! ),(;+,:)&96! [2'(2! [)&)! [':2! ?,;[,! :%&5):96! [)&)!
I)9'5,)I!:;!2%8)!%!SKC!',!:2)!H%#!%3)&:!-;,)!:;!<;&()!%3)&:9/!C9!%!&)9+3:6!;,3#!%3)&:9!'99+)I!
;,! :%&5):9! ;<! ;JJ;&:+,':#! [)&)! +9)I! :;! )8%3+%:)! :2)! ,+'9%,()! J)&<;&H%,()! ;<! :2)! F0CC!
J&;:;:#J)/! C39;6! 9',()! :2)! <3'52:! :)9:9! [)&)! I)9'5,)I! :;! 9;3'(':! %9! H%,#! ),(;+,:)&9! %9!
J;99'"3)6! %! ,+'9%,()! %3)&:! &),%! (%3(+3%:';,![;+3I! ,;:! ")! &)J&)9),:%:'8)! ;<![2%:! :2)! F0CC!
J)&<;&H%,()![;+3I!")!I+&',5!&)%3][;&3I!;J)&%:';,96!2),()!:2)!+9)!;<!J)&(),:%5)!',!F%"3)!
Y]G/!

N,! :2)!\@! :%&5):9!;<!;JJ;&:+,':#6! :2)!F0CC!J&;:;:#J)! '99+)I!OR!,+'9%,()!%3)&:9! _,+'9%,()!
%3)&:!J)&(),:%5)6!OZ/R\j`/!$'5+&)!Y]X!92;[9!:2)!SKC!<;&!)%(2!;,)!;<!:2)!OR!,+'9%,()!%3)&:9!
'99+)I!;,!:%&5):9!;<!;JJ;&:+,':#!%9![)33!%9!:2)!9'-)!;<!:2)!=;,]U%-%&I!c;,)!<;&!:2)!:)&H',%3!
%&)%/!E<!:2)!SKC!2%I!")),![':2',!:2)!=;,]U%-%&I!";+,I%&#6!:2)!%3)&:![;+3I!,;:!2%8)!")),!
9(;&)I!%9!%!,+'9%,()/!F2)!,+'9%,()!%3)&:9!%&)!I'<<)&),:'%:)I!',:;!:2&))!(%:)5;&')9/!=+'9%,()!
%3)&:9! 92;[,! [':2! %! "3+)! I'%H;,I! [)&)! ),(;+,:)&9! ',! [2'(26! :2)! J'3;:! :;;?! %,! )8%9'8)!
%(:';,![%9! :%?),! %<:)&! %,! %3)&:![%9! '99+)I! :2%:! (%+9)I! :2)!SKC! :;!")! ;+:9'I)!;<! :2)!=;,]
U%-%&I! (&':)&'%/! F2;+52! :2)9)! :),! %3)&:9! %&)! ;"e)(:'8)3#! 9(;&)I! %9! ,+'9%,()! %3)&:96! :2)#!
;((+&&)I!I+)! :;! :2)!)8%9'8)!%(:';,!%,I!%&)! ',! <%(:! ',9:%,()9![2)&)! :2)! 9#9:)H![;&?)I!%9!
I)9'5,)I/!

!L)I!9M+%&)9!&)J&)9),:!,+'9%,()!%3)&:9!:2%:!;((+&&)I![2'3)!:2)!;[,]92'J![%9!;J)&%:',5!',!
:2)!%'&J;&:!J%::)&,!_@G!:;:%3`6!%,I!:2)!:2&))!5&)),!:&'%,53)9!%&)!%3)&:9!:2%:!I;!,;:!<':!',:;!:2)!
J&)8';+9!:[;!(%:)5;&')9/!=+'9%,()!%3)&:9!%&)!5),)&%33#![':2',!:2)!=;,]U%-%&I!(&':)&'%!',!:2)!
8)&:'(%3!I'H),9';,!"+:!;+:9'I)!"#!%";+:!G6AAA!<:!',!:2)!2;&'-;,:%3!I'H),9';,/!
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):A821"T!SY"*H6J1J0"Q6:50"6F"$//26.9-"F62"?M"+8:J.591J"4JJ817"VI"#,$$"Q26060I/1"E82:5A")H:A-0"#1J0"

F2)!"3+)!('&(3)9!',!$'5+&)!Y]X!%&)!:2)!%3)&:9!:2%:![)&)!;"$Z%+,-.%:<!9(;&)I!%9!,+'9%,()!%3)&:9!
"#!:2)!9+"e)(:!J'3;:/!$;&!%33!:2)!;:2)&!%3)&:96!:2)!9+"e)(:!J'3;:!I'I!67,!J)&()'8)!:2)!%3)&:!:;!")!
%!,+'9%,()/!C!(;,(3+9';,!:2%:!H%#!")!I&%[,!<&;H!:2'9!'9!:2%:!:2)!9(;&',5!:2&)92;3I9!<;&!:2)!
U%-%&I! c;,)! %,I! :2)! =;,]U%-%&I! c;,)! %&)! 9):! :;;! (;,9)&8%:'8)3#! <;&! :2)! :)&H',%3!
),8'&;,H),:/!E,!$'5+&)!Y]X6!'<!:2)!2;&'-;,:%3!I'H),9';,!;<!:2)!=;,]U%-%&I!c;,)![)&)!9):!%:!
Z6AAA! <:6! :2)! :;:%3! ,+H")&! ;<! %3)&:9! :2%:! %&)! 9(;&)I! %9! ,+'9%,()9! ;"e)(:'8)3#! [;+3I! ")!
&)I+()I!9'5,'<'(%,:3#/!

C,! %II':';,%3! ;"9)&8%:';,! <&;H! :2)! <3'52:! :)9:! [%9! :2%:! :2)! %3)&:9! 9(;&)I! %9! ,+'9%,()9! ',!
$'5+&)!Y]X! <&)M+),:3#!;((+&&)I! ',! :2)!%'&J;&:!J%::)&,!%,I!;,!%'&(&%<:! ',!(3;9)!J&;^'H':#! :;!
:2)!;[,]92'J!:2%:!,)8)&!&)%33#!J;9)I!%!:2&)%:/!C,!)^%HJ3)!9':+%:';,![;+3I!")!%!:&%'3',5!;&!
3)%I',5! %'&(&%<:! ;J)&%:',5! ',! :2)! 9%H)! %'&J;&:! J%::)&,/! F2)! %3)&:! [;+3I! :+&,! ;<<! %<:)&! Y!
9)(;,I96! ;&! :2)! H','H+H! %33;[%"3)! %3)&:! I+&%:';,/! N+:! ;<! :2)! @G! ,+'9%,()! %3)&:9! 92;[,!
%";8)6! @A! <)33! ',:;! :2'9! (%:)5;&#/! C,! %II':';,%3! &)3)8%,:! ;"9)&8%:';,![%9! :2%:! :2'9! :#J)! ;<!
%3)&:!;((+&&)I!H;9:!<&)M+),:3#![2),!)':2)&!;<!:2)!:[;!%'&(&%<:![%9!',!%!9:))J!:+&,/!!
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Other Nuisance Alert!
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):A821"T!TY"X:J8.H:d.0:65"6F"."m\2./!$26857n"$H120"

$'5+&)! Y]Y! 92;[9! %! <&))-)]<&%H)! 8'9+%3'-%:';,! ;<! :2)! ',:)&,%3! %35;&':2H![;&?',59! I+&',5!
9+(2!%,!%3)&:/!F2)!9;3'I!3',)9!&)J&)9),:!:2)!2'9:;&'(%3!:&%(?!;<!:2)!%'&(&%<:!_&)I!'9!:%&5):6!"3+)!
'9! ;[,]92'J`! %,I! :2)! ^]H%&?9! &)J&)9),:! :2)! :&%e)(:;&#h9! I'9(&):)! J;',:9! ',! :'H)! <;&! :2)!
&)9J)(:'8)!%'&(&%<:/!F2)!9'-)!;<!:2)!:%&5):h9!KCc!_#)33;[`!%,I!:2)!9'-)!;<!:2)!SCc!%&)!I&%[,!
<;&!)8)&#!:2'&I!J;',:!%3;,5!:2)!:&%e)(:;&#/!F2'9!J%&:'(+3%&!9':+%:';,!;((+&&)I![2),!:2)!;[,]
92'J![%9! 3)%I',5!:2)!:%&5):!I+&',5!%! <3'52:! ',!:2)!%'&J;&:!J%::)&,/!C9!$'5+&)!Y]Y!92;[96!:2)!
:&%e)(:;&#! ;<! :2)! ;[,]92'J! '9![&%JJ)I! %&;+,I! :;![2)&)! ':! ',:)&9)(:9! :2)! :&%e)(:;&#! ;<! :2)!
:%&5):! ")2',I! :2)! ;[,]92'J/! F)&H)I! %! da&%J]C&;+,If! %3)&:6! :2'9! %35;&':2H! ")2%8';&! '9!
&)3%:)I! :;! :2)! :&%e)(:;&#![%55',5!H),:';,)I! ',!X/O/@q! :2)!,)^:!(2%J:)&!['33!%II&)99! :2'9! ',!
H;&)!I)J:2/!"

T=>=M $X'B$W'"$&'B#"#4;'")(B"$&'B#,"4,,U'E"EUB4+W")&4WG#"#',#"
$'5+&)! Y]B! J3;:9! %! 2'9:;5&%H! ;<! :2)! :'H)! ")<;&)! SKC! <;&! :2)! <'&9:! %3)&:! '99+)I! ;,! %! 5'8),!
),(;+,:)&/!!
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):A821"T!OY"G:J06A2.K"6F"$H120"#:K1"V1F621"*Q$"F62".HH"?SP")H:A-0"#1J0"'59685012J"

C9!,;:)I!")<;&)6!,;!H'99)I!;&! 3%:)!%3)&:9!;((+&&)I!I+&',5!),(;+,:)&9! ',![2'(2!:2)!9#9:)H!
[%9!<+33#!<+,(:';,%3/!U;[)8)&6!%9!$'5+&)!Y]B!%,I!F%"3)!Y]@!I)H;,9:&%:)6!9;H)!%3)&:9![)&)!
'99+)I![':2! 3)99! :2%,!G@/Z!9)(;,I9!")<;&)!SKC/!F2;9)![)&)!%3)&:9!;((+&&)I![2),!:2)!SKC!
[%9!',!:2)!H%#]%3)&:!-;,)!%,I!:2+9!%,!%3)&:![%9!,;:!&)M+'&)I/!C9!I'9(+99)I!")<;&)6!%,!%3)&:!
'9!(;,9'I)&)I!3%:)!;,3#!'<!:2)!%3)&:!:'H)!'9!3)99!:2%,!G@/Z!)60!:2)!SKC!3')9!',!:2)!U%-%&I!c;,)/!

#.VH1"T!>Y",8KK.2I"6F";:JJ17g"&.01".57";.I!$H120J"C:0-"o"3>=P"J19657J".H120"0:K1"

#.2A10J"(F"(//62085:0I" " $HH"'59685012J"
#60.H"B1L8:217"$H120J" 3" " #60.H"B1L8:217"$H120J" M?"
1'99)I!C3)&:9! A! 1'99)I!C3)&:9! A!

V%:)!C3)&:9! A! V%:)!C3)&:9! A!

1%#]C3)&:9![':2!o!G@/Z9)(! Z! 1%#]C3)&:9![':2!o!G@/Z9)(! OO!
!

T=? *6K/.2:J65"6F")H:A-0"#1J0"Q12F62K.591"06"0-1"Q12F62K.591"
'N/19017"F26K",:K8H.0:65"

E,!;&I)&!:;!(;HJ%&)!:2)!J)&<;&H%,()!;<!:2)!J&;:;:#J)!+,':!:;!:2)!J)&<;&H%,()!:2%:![;+3I!
2%8)!")),!)^J)(:)I!J)&! :2)! 9'H+3%:';,6! :2)! 3;55)I! <3'52:! :&%(?9! <&;H! :2)! <3'52:! :)9:9![)&)!
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Average Alert Time: 31.3sec!
Standard Deviation: 18.3sec!
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&+,!:2&;+52!:2)!9'H+3%:';,!:;;3/!F2)!%3)&:9!'99+)I!I+&',5!:2)!<3'52:!:)9:![)&)!:2),!(;HJ%&)I!
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Run Basic 
TSAA 

Algorithm at 
1Hz!

(For a specific 
aircraft pair)!

Issue An Alert!Y!

N!

Conflict !
Predicted?! Currently !

In PAZ?! Hor. Tau < 
Threshold?!

Range < !
Hor. PAZ!

Vert. Tau <!
Threshold?!

Vert. Sep < !
Vert. PAZ!

N!

Y!

N!

Y! Y!

N!

Y! Y!

N!N!

Note: The Tau Threshold is defined as the look-ahead time plus the PAZ scaling factor in the respective dimension.!

Run Basic 
TSAA 

Algorithm at 
1Hz!

(For a specific 
aircraft pair)!

Maintain The 
Alert!

Y!

N!

Alert 
present 

during last 
TSAA call?!

Conflict 
currently 
predicted?! Horizontally!

Closing?!

Vertically!
Closing?!

N!

Y!

N!

Y! Y!

Y!

N!

Note: “Closing” is defined as a positive closure rate horizontally and a positive relative velocity vertically!
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Optimal 
Performance 
Point!

Shift is almost exclusively to the left indicating 
that mostly nuisances are removed without 
significantly affecting late or missed alerts.!
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Frequently, nuisance alerts are the 
minimum allowable duration (70%)!

Most alerts last for the 
minimum allowable 

duration (7 seconds)!
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Note: New Scale!!
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Nuisance Alert Rate 
(hours between nui. 

alerts)!

Percent Missed 
Alerts!

Percent Late Alerts!
Average Alert Time 
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Original TSAA Implementation!
TSAA With New Logic!
TCAS 1!
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Identification of 
Common Mid-Air 

Collision Scenarios!

Alerting System 
Requirements 

Definition!

Alerting Algorithm 
Design!

System Verification 
and Validation!

Concept of an ADS-B 
Enabled Conflict 
Alerting System!

NAS Stakeholder 
Needs and Benefit 

Assessment!

Technological 
Opportunity !

(ADS-B)!

Generation of 
Representative Flight 

Tracks!

Modeling of System 
Uncertainties!

Definition of 
Performance 

Evaluation Method!

Alerting Algorithm 
Evaluation and 
Optimization!

Simulation Environment!

1!
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C,! )^)HJ3%&! %35;&':2H! [%9! I)8)3;J)I! :;! 9)&8)! %9! :2)! "%9'9! <;&! :2)! I)8)3;JH),:! ;<! :2)!
',:)&,%:';,%3! ()&:'<'(%:';,! 9:%,I%&I/! N,()! :2)! 9:%,I%&I! '9! <',%3'-)I! %,I! J+"3'92)I6! :2)!
%35;&':2H!%39;!9)&8)9!%9!%!H)%,9!;<!(;HJ3#',5![':2!:2)!9:%,I%&I/!F2)!%35;&':2H!'9!I'9:',(:!
',! ':9! 9'HJ3'(':#Q! "#! J&)I'(:',5! I'9(&):)! :&%e)(:;&')9! %,I! %3)&:',5! "%9)I! ;,! "+<<)&! -;,)96! ':!
H%^'H'-)9! :2)! J&)()I),:! 9):! "#! :2)! FSC0! %35;&':2H6! :2)! (+&&),:! ',I+9:&#! 9:%,I%&I/!
U;[)8)&6! :2)!F0CC!)^)HJ3%&! %35;&':2H!)^J%,I9!;,! :2'9!J&)()I),:!"#! ',(3+I',5! :+&,! &%:)!
%,I!(%3(+3%:',5! :2)!J&)I'(:)I!(3;9+&)! &%:)! :;! 9'-)! :2)!%'&9J%()!"+<<)&! -;,)/! $'5+&)!\]@! '9! %!
(;,()J:+%3! I'%5&%H! ;<! 2;[! :2)! )^)HJ3%&! F0CC! %35;&':2H! J&;J%5%:)9! :&%e)(:;&')9! %,I!
(%3(+3%:)9!%'&9J%()!"+<<)&!-;,)9!"%9)I!;,!:2)!J&)I'(:)I!5);H):&#/!E,!(;H"',%:';,![':2!:2)!
2'52)&!M+%3':#!I%:%!%8%'3%"3)!8'%!C>0].6!:2'9!%35;&':2H!%33;[9!<;&!%!9'5,'<'(%,:!'HJ&;8)H),:!
',! ,+'9%,()! %3)&:! &%:)9! %,I! %8)&%5)! :'H)9! ;<! %3)&:! ")<;&)! SKC/! CII':';,%33#6! :2)! )^)HJ3%&!
%35;&':2H!%33;[9!<;&!&)3'%"3)!%3)&:',5!I+&',5!;J)&%:';,9!',!2'52]I),9':#!),8'&;,H),:96!9+(2!
%9!:2)!%'&J;&:6![2)&)!(+&&),:!9#9:)H9!%&)!;<!3'H':)I!+9%"'3':#/!!

!

):A821"D!>Y",9-1K.0:9"B1/21J150.0:65"6F"$H120:5A"&6A:9"*6KV:5:5A"Q26019017"$:2J/.91"h651J".57"
*65J0.50"#825"B.01"#2.Z19062I"Q217:90:65"

D=>=> E'X'&(Q;'+#"()"$";'#G(E"#("#U+'"$&'B#4+W",_,#';,"
F2)! )^)HJ3%&! F0CC! %35;&':2H! (;,:%',9! GR! ',:)&,%3! J%&%H):)&9! :2%:! I)<',)! ':9! %3)&:',5!
")2%8';&/! F2)9)! GR! J%&%H):)&9! ,))I)I! :;! ")! :+,)I! :;! ;":%',! :2)! I)9'&)I! %35;&':2H!

Predicted PAZ !
penetration results !
in an alert!

PAZ dimension decreases!
as closure rate decreases!

Target!

Own-ship!

t= 0s!

t= -1s!

t= -2s!

t= -3s!

t= -1s!
t= -2s!

t= 0s!

t= +15s!
t= +30s!

t= +30s!
Note: Only showing !
PAZ size for t = +15s !
and +30s. The PAZ is !
actually calculated for!
the entire length of the!
trajectory.!
!

t= +15s!
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J)&<;&H%,()/! >+&',5! :2)! I)8)3;JH),:! %,I! :+,',5! ;<! :2)! F0CC! %35;&':2H6! :2)! %35;&':2Hh9!
J)&<;&H%,()! [%9! H)%9+&)I! +9',5! <'8)! (;HJ):',5! H):&'(9Q! :2)! ,+'9%,()! %3)&:! &%:)6! :2)!
H'99)I!%,I! 3%:)!%3)&:! &%:)96! :2)!%8)&%5)! :'H)!;<!%3)&:!")<;&)!SKC6!%,I! :2)! :;:%3!,+H")&!;<!
%3)&:9/!0:%:)I!H;&)!5),)&'(%33#6!',!;&I)&!:;!:+,)!:2)!F0CC!%35;&':2Hh9!J)&<;&H%,()6!:2)!GR]
I'H),9';,%3! %35;&':2H! J%&%H):)&! 9J%()! [%9! H%JJ)I! :;! :2)! Z]I'H),9';,%3! %3)&:',5!
J)&<;&H%,()! 9J%()/! F2'9! %33;[)I! :2)! :&%I)];<<9! %,I! &)3%:';,92'J9! "):[)),! :2)! 8%&';+9!
%35;&':2H!J%&%H):)&9!%,I!J)&<;&H%,()!H):&'(9!:;!")!'I),:'<')I!%,I!)8%3+%:)I/!!

F;! I;! :2'9! )<<'('),:3#6! %! H):2;I! [%9! I)8)3;J)I! :2%:! ),%"3)I! :2'9! :#J)! ;<! )8%3+%:';,! %,I!
:+,',5! ;<! %! (;HJ3)^! 9#9:)H! [':2! H+3:'J3)! ',:)&,%3! J%&%H):)&9! %,I! H+3:'J3)! (;HJ):',5!
J)&<;&H%,()!%::&'"+:)9/!F2)!H):2;I!(;,9'9:9!;<!:2)!:2&))!2'52]3)8)3!9:)J9!92;[,!',!$'5+&)!
\]O/!F2)!<'&9:!9:)J!'9!:;!+9)!:2)!V%:',!2#J)&(+")!9%HJ3',5!%JJ&;%(2!:;!)<<'('),:3#!9%HJ3)!:2)!
6]I'H),9';,%3! J%&%H):)&! 9J%()! <;&! %! 9):! ;<! J%&%H):)&! (;H"',%:';,9! 9J%,,',5! :2)! ),:'&)!
9J%()/!F2)!9)(;,I!9:)J!'9!:;!9'H+3%:)!%!&)J&)9),:%:'8)!9):!;<!%'&";&,)!),(;+,:)&9!:;!)8%3+%:)!
:2)!%35;&':2Hh9!%3)&:',5!")2%8';&!5'8),!:2)!8%&';+9!J%&%H):)&!(;H"',%:';,9/!E,!;&I)&!:;!I;!
9;6! %! 9):! ;<! %'&";&,)! ),(;+,:)&96! %! 9+':)! ;<! )&&;&! H;I)396! %,I! %! J)&<;&H%,()! )8%3+%:';,!
H):2;I![)&)! ',:&;I+()Iq!%9!I'9(+99)I! ',!9)(:';,9!\/@/O! :2&;+52!\/@/Z/!F2)! :2'&I!9:)J! '9! :;!
)8%3+%:)! :2)! J)&<;&H%,()! ;<! )%(2! J%&%H):)&! (;H"',%:';,! ',! :2)! #]I'H),9';,%3!
J)&<;&H%,()!9J%()/!$;&! :2'9!9:)J6! :2)!LNS!J)&<;&H%,()!8'9+%3'-%:';,!H):2;I!J&;J;9)I!"#!
*+(2%&![%9!)^:),I)I!:;!92;[!:2)!Z!I'H),9';,9!;<!:2)!F0CC!J)&<;&H%,()!9J%()!%,I!%33;[!
<;&! :2)! 8'9+%3'-%:';,! ;<! %! 3%&5)! ,+H")&! ;<! J%&%H):)&! (;H"',%:';,9/! 79',5! :2)! I%:%! ',! :2)!
J)&<;&H%,()! 9J%()6! %! 9+&&;5%:)!H;I)3! +9',5! :2)!U'52!>'H),9';,%3!1;I)3! L)J&)9),:%:';,!
_U>1L`!%JJ&;%(2![%9!<':6!%,I!:2)!J%&%H):)&9!:+,)I!:;!;":%',!:2)!I)9'&)I!J)&<;&H%,()/!!

!
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Algorithm Tuning Space:!
-  8-Dimensional for TSAA, 

defined by 8 internal algorithm 
parameters"

-  A point in this space 
represents a single 
combination of all 8 
parameters"

Tuning"
(Hyper-)"
Space"

Algorithm 
Simulation 

Environment!

TSAA Simulation Environment:!
-  TSAA Algorithm Implemented"
-  Determines whether an alert is 

issued for any properly formatted 
aircraft track pair"

-  Allows for quick changing of TSAA 
algorithm parameters"

-  Introduces surveillance errors 
expected in the real-world"

 "

Select individual 
points and simulate 
encounters"

Algorithm Performance Space 
defined by TPMs:!
-  Probability of Correct Detection 

vs. Rate of Nuisance Alert"
-  Average Alerting Time before 

CPA"
-  Total Number of Alerts"
-  HDMR surrogate fitting to 

identify high-impact parameters"

Performance"
Evaluation"

Space"

Performance of Individual 
Parameter Combinations"

 "

Each point in the tuning 
space results in a point in 
the performance space"

Sample:!
-  Trajectory Length: 30s"
-  PAZ size: 8s of closure rate"
-  5-sec running turn average"
-  …"

Sample:!
-  Nuisance Rate: 0.05/hr"
-  Missed Percentage: 0.1%"
-  Alert Time Average: 25sec"
-  …"
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D=>=? *(;QB'G'+,4X'"*G$B$*#'B4h$#4(+"()"$E,!%",UBX'4&&$+*'"U+*'B#$4+#_"
N,()!(;HH'99';,)I6!F0CC!['33!),(;+,:)&!8%&#',5!3)8)39!;<!9:%:)!+,()&:%',:#!%99;('%:)I![':2!
:2)!I%:%! ':! &)()'8)9/!F2)&)<;&)6! :2)!I)8)3;JH),:!;<!F0CC!&)M+'&)I!)8%3+%:',5! :2)!)<<)(:!;<!
9:%:)!+,()&:%',:#!;,!:2)!J)&<;&H%,()/!F;!%((+&%:)3#!H;I)3! :2'9!+,()&:%',:#h9!)<<)(:!;,!:2)!
J)&<;&H%,()! ;<! F0CC! I+&',5! I)8)3;JH),:6! %,! ',]I)J:2! %,%3#9'9! ;<! :2)! 9;+&()9! ;<!
+,()&:%',:#!',!:2)!;8)&%33!C>0].!9+&8)'33%,()!9#9:)H![%9!(;,I+(:)I/!.%9)I!;,!:2)!&)9+3:96!%!
9+':)! ;<! <'8)! ',I)J),I),:! )&&;&! H;I)39! [%9! (&)%:)I! :;! ',e)(:! &)J&)9),:%:'8)! 3)8)39! ;<!
+,()&:%',:#!I+&',5!:2)!9'H+3%:';,!;<!%'&";&,)!),(;+,:)&9!I+&',5!:2)!9)(;,I!9:)J!',!$'5+&)!
\]O/!

N,)! ;<! :2)! H;&)! (;HJ3)^! 9;+&()9! ;<! +,()&:%',:#! '9! :2)! +,()&:%',:#! ',:&;I+()I! "#! :2)!
(;HJ),9%:';,!;<!I%:%!3%:),(#/!E:!'9!',:&;I+()I!8'%!:2&))!I'<<)&),:!H)(2%,'9H96!%9!92;[,!',!
$'5+&)!\]R/!F2)!<'&9:!H)(2%,'9H!'9!:2%:![2),!3%:),(#!'9!(;HJ),9%:)I!"#!%'&";&,)!%9![)33!%9!
5&;+,I!9#9:)H96!%!(;,9:%,:!2)%I',5!)^:&%J;3%:';,!'9!+9)I/!E,!2'523#!I#,%H'(!),8'&;,H),:9!
9+(2!%9!:2)!%'&J;&:6!:2'9!:#J)!;<!)^:&%J;3%:';,!(%,!&)9+3:!',!(&;99]:&%(?)&!)&&;&9/!F2)!9)(;,I!
9;+&()! ;<! )&&;&! &)9+3:9! <&;H! :2)! <%(:! :2%:! :2)! 8)3;(':#! +9)I! <;&! :2)! )^:&%J;3%:';,! ':9)3<!
(;,:%',9!9:%:)!+,()&:%',:#6![2'(2!(%,!&)9+3:!',!;8)&]!;&!+,I)&](;HJ),9%:';,!%3;,5!:2)!<'52:!
:&%(?/!V%9:3#6! 9',()! :2)! :;:%3!%H;+,:!;<! 3%:),(#! ',! :2)!9#9:)H! '9!,;:!%3[%#9!)^%(:3#!?,;[,6!
%II':';,%3!;8)&]!;&!+,I)&](;HJ),9%:';,!H%#!;((+&/!

!

):A821"D!MY",9-1K.0:9"B1/21J150.0:65"6F"'2262",68291J"4502678917"VI"&.0159I"*6K/15J.0:65"

Time of !
Measurement!

Time of !
Conflict Detection!

Actual Tracks!

Extrapolated Tracks!

Extrapolation is for !
incorrect amount of time!
(under- or over- !
compensation)!

Straight line !
extrapolation does not!
take lateral maneuvers !
into account!

Velocity error may!
cause under- or over-!
compensation!
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@GG!

C39;!'HJ3)H),:)I!',!%II':';,!:;!:2)!3%:),(#!)&&;&!H;I)3!I)9(&'")I!2)&)![)&)!)&&;&!H;I)39!
<;&!J;9':';,6! 8)3;(':#6! %,I!%3:'H):&#/! V%9:3#6! %!J&;"%"'3'9:'(!H;I)3! ;<! :2)! 3'?)3'2;;I! :2%:! %,!
C>0].! H)99%5)! '9! &)()'8)I! "#! :2)! ;[,]92'J! [%9! %39;! I)8)3;J)I! ',! ;&I)&! :;! H;I)3! :2)!
)<<)(:9!;<!I&;JJ)I!H)99%5)9/!!

F;5):2)&6! :2)9)!H;I)39! &)J&)9),:! %! 9+':)! ;<! :;;39! :2%:! (%,! 5),)&%:)! )&&;&9! 9J)('<'(! :;! %,#!
:#J)! ;<! C>0].! :%&5):! _'/)/6! %'&]:;]%'&! C>0].6! C>0]L! ;&! FE0].`! %,I! %((+&%:)3#! &)J&)9),:! :2)!
)&&;&9! :2%:!%,!C>0].g),%"3)I!(;,<3'(:!%3)&:',5!9#9:)H![;+3I!),(;+,:)&!I+&',5!&)%3][;&3I!
;J)&%:';,9/!

D=>=M $QQB($*G"#(",*(B'"$&'B#4+W",_,#';"Q'B)(B;$+*'""
F;!9(;&)!:2)!F0CC!%35;&':2H!J)&<;&H%,()!J)&!:2)!9)(;,I!9:)J!',!$'5+&)!\]O6!%!,)[!H):2;I!
<;&! %3)&:! 9(;&',5! [%9! ',:&;I+()I/! F2)! H):2;I! I)<',)9! :2&))! ;[,]92'J! (),:&'(! -;,)9!
%((;&I',5!:;!:2)!3)8)3!;<!2%-%&I!:2%:![;+3I!")!J&)9),:!'<!%,!%'&(&%<:![)&)!:;!J),):&%:)!:2%:!
-;,)/! $'5+&)! \]Z! 92;[9! :2)! :2&))! -;,)9Q! F2)! &)I! dU%-%&I! c;,)f! &)J&)9),:9! :2)! -;,)! ',!
[2'(2! :%&5):! J),):&%:';,! H;9:! ()&:%',3#! [;+3I! &)J&)9),:! %! 2%-%&I/! C,! %3)&:! [;+3I! ")!
&)M+'&)I!',!9+(2!%,!),(;+,:)&/!N,!:2)!;:2)&!2%,I6!%'&(&%<:!:2%:!&)H%',!',!:2)!-;,)!92;[,!',!
5&)),!%&)!(;,9'I)&)I!:;!,)8)&!J;9)!%!:2&)%:!:;!:2)!;[,]92'J!%,I!:2+9!%,!%3)&:!92;+3I!,;:!")!
'99+)I/!E<!:2)!9#9:)H!I;)9!'99+)!%,!%3)&:! ',!:2'9!9':+%:';,6!:2%:!%3)&:! '9!9(;&)I!%9!%!,+'9%,()!
%3)&:/!E,!:2)![2':)!-;,)!"):[)),!:2)!U%-%&I!c;,)!%,I!:2)!=;,]U%-%&I!c;,)6!%,!%3)&:!'9!,;:!
&)M+'&)I!"+:!'<!;,)!'9!'99+)I!':!'9!,;:!(;+,:)I!%5%',9:!:2)!9#9:)H/!

E,!;&I)&!:;!I):)&H',)!:2)!9'-)9!;<!:2)!8%&';+9!-;,)96!:2'9!9(;&',5!%JJ&;%(2![%9!J&)9),:)I!:;!
%! <;(+9! 5&;+J! ;<! J'3;:9/! F%"3)! \]Z! 92;[9! :2)! &)9+3:9! ;<! :2'9! 9+&8)#! <;&! :2&))! I'<<)&),:!
),8'&;,H),:9/!F0CC!J)&<;&H%,()![%9!)8%3+%:)I!+9',5!:2'9!%JJ&;%(2/!
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):A821"D!PY"h651J"8J17":5"$H120"'<.H8.0:65"

#.VH1"D!PY",:d1"6F"h651J"8J17"F62"$H120"'<.H8.0:65"

" G.d.27"h651" +65!G.d.27"h651"
'5<:265K150" X120:9.H" G62:d650.H" X120:9.H" G62:d650.H"

F)&H',%3! @AA!<:! ZAA!<:! ZAA!<:! Gl@=1!
4,]L;+:)!_o!GA6AAA10V`! ! !RZA!<:! ZAA!<:! BZA!<:! @=1!
4,]L;+:)!_i!GA6AAA10V`! RZA!<:! ZAA!<:! BZA!<:! O=1!

D=>=P 'eQ$+,4(+"()""[U*G$Bk,"X4,U$&4h$#4(+"()"#G'"Q'B)(B;$+*'",Q$*'"
b%&';+9!%35;&':2H!J%&%H):)&!(;H"',%:';,9![)&)!9'H+3%:)I!%,I!:2),!)8%3+%:)I!',!:)&H9!;<!
<'8)!:)(2,'(%3!J)&<;&H%,()!H):&'(9/!F2)!<'8)!H):&'(9!I)<',)!%!<'8)!I'H),9';,%3!J)&<;&H%,()!
9J%()/! K&)8';+9! [;&?! "#! *+(2%&! J&;J;9)9! %! J)&<;&H%,()! :&%I)];<<! H):2;I! "%9)I! ;,! :2)!
LNS! (+&8)! <;&! )8%3+%:',5! 8%&';+9! :2&)92;3I9!;,! %3)&:',5! 9#9:)H9/!F2'9!LNS! (+&8)!H):2;I!
[%9! %I%J:)I! <;&! :2)! 8'9+%3'-%:';,!;<! :2)!J)&<;&H%,()!;<! %! 3%&5)! 9):! ;<! I'<<)&),:! %35;&':2H!
J%&%H):)&! (;H"',%:';,9! ',! %33! <'8)! J)&<;&H%,()! I'H),9';,9/! $'5+&)! \]X! 92;[9! :2)!
J)&<;&H%,()!;<!:2)!F0CC!%35;&':2H!<;&!%!&+3)](;HJ3'%,:!;[,]92'J!%,I!C>0].!:%&5):!<;&!GAA!
I'<<)&),:!%35;&':2H!J%&%H):)&!(;H"',%:';,9/!

Hazard Zone (HAZ)!
(must alert)!

Non-Hazard (HAZNot) Zone!
(must NOT alert)!

May Alert Zone!
(may alert)!
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):A821"D!SY"'N015J:65"6F"[89-.2kJ"B(*"*82<1"$//26.9-"F62"0-1"X:J8.H:d.0:65"6F".HH"):<1"Q12F62K.591"
;102:9J"UJ17"E82:5A"0-1"E1<1H6/K150"6F"#,$$"

D=? *659H8J:65"

C!,)[!(;,<3'(:!%3)&:',5!%35;&':2H!<;&!F0CC!2%9!")),!I)8)3;J)I6!;J:'H'-)I6!%,I!:)9:)I!',!:2'9!
:2)9'9/! S;HJ%&)I! :;! (+&&),:! 9#9:)H96! :2)! ,+'9%,()! %3)&:! &%:)! '9!H;&)! :2%,! Z! :'H)9! 3;[)&6!
[2'3)!H%',:%',',5!(;HJ%&%"3)!;&!")::)&!J)&<;&H%,()!%(&;99!%33!;:2)&!J)&<;&H%,()!H):&'(9/!
4,%"3)I! "#! :2'9! &)I+(:';,! ',! ,+'9%,()! %3)&:96! :2)! %35;&':2H! <;&! :2)! <'&9:! :'H)! ',:&;I+()9!
&)3'%"3)!%3)&:',5!:;!:2)!%'&J;&:!),8'&;,H),:6![2)&)!;8)&!:2)!3%9:!GA!#)%&9!Z\j!;<!%33!H'I]%'&!
(;33'9';,9!;((+&&)I!%,I!(+&&),:!%3)&:',5!9#9:)H9!%&)!;<! 3'H':)I!+9)/!C9!9+(26!F0CC!2%9! :2)!
J;:),:'%3! :;! 'HJ&;8)! ;J)&%:';,%3! 9%<):#! 9J)('<'(%33#! ',! :2)! 5),)&%3! %8'%:';,! (;HH+,':#6!
[2'(2! '9! H;9:! 3'?)3#! :;! ")! ',8;38)I! ',! %! H'I]%'&! (;33'9';,! [2'3)! ;J)&%:',5! ',! :2)! %'&J;&:!
),8'&;,H),:/! $'5+&)! \]Y! %,I! F%"3)! \]X! (;HJ%&)! :2)! J)&<;&H%,()! ;<! :2)! (+&&),:! %3)&:',5!
9#9:)H!9:%,I%&I!_FSC0!E`!%,I!:2)!,)[3#!I)8)3;J)I!F0CC!%35;&':2H/!

Size scales with 
total number of 
alerts given!

Color indicates 
average time of alert 
before CPA!
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):A821"D!TY"B.7.2"QH60"*6K/.2:J65"6F"Q12F62K.591"%10C115"#*$,"4".57"#-1"#,$$"$HA62:0-K"

#.VH1"D!SY"+8K12:9.H"*6K/.2:J65"6F"Q12F62K.591"%10C115"#*$,"4".57"#-1"#,$$"$HA62:0-K"

#19-5:9.H"Q12F62K.591";1.J821! #*$,"4! #,$$"$HA62:0-K"
C:0-"+1C"&6A:9!

+8:J.591"$H120"B.01"]-682J"
V10C115"58:J.591".H120J^! R/Y! @X/X!

Q129150"&.01"$H120J! A/AX! A/G\!

Q129150";:JJ17"$H120J! A/RO! A/\O!

$<12.A1"#:K1"6F"$H120"%1F621"*Q$"! @R/G! @B/X!

#60.H"+8KV12"6F"$H120J! GBX@O! RZ@G!
!

>)8)3;J',5! :2)! F0CC! %35;&':2H! &)M+'&)I! :2)! (2%&%(:)&'-%:';,! ;<! :2)! 9:%:)! +,()&:%',:')9!
J&)9),:!',!:2)!C>0].!9+&8)'33%,()!9#9:)H/!F2)!9;+&()!;<!)&&;&!:2%:!H;9:!9'5,'<'(%,:3#!%<<)(:9!
:2)!)^)HJ3%&!F0CC!%35;&':2H!'9! :2)!2;&'-;,:%3!J;9':';,!)&&;&/!C9!:2'9! :2)9'9!I)9(&'")96! :2)!
%35;&':2H! '9! 8)&#! 9+(()99<+3! %:! J&;:)(:',5! %5%',9:! 2;&'-;,:%3! J;9':';,! )&&;&! <;&! &+3)!
(;HJ3'%,:! C>0].6! C>0]L6! %,I! 2'52]M+%3':#! FE0].! :%&5):9/! C9! :2)! J;9':';,! ',<;&H%:';,!

0!

0.2!

0.4!

0.6!

0.8!

1!

Nuisance Alert 
Rate (hrs/alert)!

Percent Missed 
Alerts!

Percent Late 
Alerts!

Average Alert 
Time (sec 

before CPA)!

Total # of Alerts!

TCAS 1 Algorithm!

TSAA, ADS-B Nominal Target!



!

!

@GZ!

")(;H)9!3)99!%((+&%:)!<;&!,;,](;HJ3'%,:!C>0].!:%&5):9!;&!3;[!M+%3':#!FE0].!:%&5):96!:2)!3%:)!
%,I!H'99)I!%3)&:!J)&(),:%5)9!")5',!:;!',(&)%9)/!!

W'8),! :2%:! :2)! F0CC! %35;&':2H! 9:&;,53#! I)J),I9! ;,! %((+&%:)! :+&,! &%:)! )9:'H%:';,! :;!
J&;J%5%:)! <+:+&)! %'&(&%<:! :&%e)(:;&')96! %! (2%,5)! :;! :2)! 9%HJ3)! :&%(?)&! ',! :2)! >N]OGYC!
9:%,I%&I! '9!J&;J;9)I/!CII',5! :+&,!&%:)!%9!%,!)9:'H%:)I!9:%:)!(;+3I! <+&:2)&! ',(&)%9)!F0CC!
J)&<;&H%,()! %,I! ',:&;I+()! :2)! J;99'"'3':#! ;<! (;,I+(:',5! (;,9:%,:! :+&,! &%:)! 3%:),(#!
(;HJ),9%:';,!',:)&,%3!:;!:2)!:&%(?)&/!

D=?=3 )U#UB'"\(B["
F2)!F0CC!I)8)3;JH),:!)<<;&:!&)9+3:)I!',!%!()&:'<'%"3)!%35;&':2H!:2%:!['33!9)&8)!%9!:2)!"%9'9!
<;&!:2)!9:%,I%&I!%5%',9:![2'(2!<+:+&)!F0CC!9#9:)H9!['33!")!)8%3+%:)I/!U;[)8)&6!%II':';,%3!
%&)%9!;<![;&?!2%8)!")),!'I),:'<')I!%,I!%&)!9+HH%&'-)I!2)&)/!$&;H!:2)!J)&9J)(:'8)!;<!:2)!
%35;&':2H6!J;:),:'%3!<+:+&)!%&)%9!;<![;&?!',(3+I)Q!

'X$&U$#4(+"()"%'+')4#"()"E_+$;4*"$&W(B4#G;"Q$B$;'#'B,"
F2)!J&)9),:)I!8)&9';,!;<!F0CC!+9)9!%!9',53)!J%&%H):)&!(;H"',%:';,!<;&!%33!:%&5):9/!>#,%H'(!
%35;&':2H! J%&%H):)&! 9)::',596! 2;[)8)&6! (;+3I! ")! +9)I! :;! ',(&)%9)! :2)! F0CC! )^)HJ3%&!
%35;&':2Hh9!&;"+9:,)99!:;!(2%,5',5!3)8)39!;<!+,()&:%',:#/!N,)!J&;H'9',5!%JJ&;%(2![;+3I!")!
:;! +9)! :2)! &)J;&:)I! J;9':';,! +,()&:%',:#! ;<! :2)! :%&5):! :;! 9(%3)! :2)! 9'-)! ;<! :2)! H','H+H!
J&;:)(:)I!%'&9J%()!%&;+,I!:2%:!:%&5):!I#,%H'(%33#/!

$E$Q#$#4(+"()"#,$$"#("G'&4*(Q#'B"(Q'B$#4(+,"
F0CC! %9! J&)9),:)I! ',! :2'9! :2)9'9! [%9! ;J:'H'-)I! <;&! :2)! +9)! [':2! <'^)I][',5! %'&(&%<:/!
U;[)8)&6!%9!;"9)&8)I!"#!:2)!=F0.6!2)3'(;J:)&!;J)&%:';,9!:),I!:;!2%8)!%!2'52)&!&'9?!;<!H'I]
%'&! (;33'9';,! J)&! <3'52:! 2;+&! I+)! :;! <&)M+),:! (3;9)! J&;^'H':#! ;J)&%:';,9/! F2)! (+&&),:!
'HJ3)H),:%:';,! ;<! :2)! F0CC! %35;&':2H! '9! +9%"3)! <;&! 2)3'(;J:)&! ;J)&%:';,9! "+:! H%#! ,;:!
)^2'"':! :2)! %3)&:',5! ")2%8';&! H;9:! ;J:'H%3! <;&! :2)H/! N,)! J;99'"3)! 9;3+:';,! [;+3I! ")! :;!
)8%3+%:)! :2)! "),)<':! ;<! +9',5! I#,%H'(! %3)&:',5! :2&)92;3I96! %9! ',:&;I+()I! ',! :2)! J&)8';+9!
9)(:';,/!CII':';,%33#6!9',()!C>0].!I;)9!J&;8'I)!%!I%:%!<')3I!:2%:!'I),:'<')9!:2)!%'&(&%<:!:#J)!
_'/)/! <'^)I![',5!89/! &;:;&(&%<:`6! %! :#J)]I)J),I),:!%3)&:',5! 3;5'(! :2%:! &)H;8)9! :2)! :&%e)(:;&#!
J&)I'(:';,! %,I! 9;3)3#! %3)&:9! ;,! J&;^'H':#! ")3;[! %! ()&:%',! 8)3;(':#! ;<! &;:;&(&%<:! H%#! ")!
<)%9'"3)/!

4E'+#4)4*$#4(+"()"(+!WB(U+E",#$#U,"
>+&',5!:2)!<3'52:!:)9:6!%3)&:9![)&)!<&)M+),:3#!'99+)I![2'3)!:2)!;[,]92'J![%9!9:'33!;J)&%:',5!
;,!:2)!5&;+,I/!F2;+52!:2)9)!%3)&:9![)&)!,;:!(;+,:)I!',!:2)!%,%3#9'96!:2)#!9:'33!2'523'52:!%,!
'HJ;&:%,:!'99+)Q!'<!F0CC!'9!,;:!(%J%"3)!;<!I):)&H',',5![2):2)&!:2)!;[,]92'J!;&!:2)!:%&5):!'9!
;,! :2)!5&;+,I6! ':!H%#! '99+)!%3)&:9![2'3)! :%^'',5!;,! :2)!%'&J;&:!9+&<%()6! (%+9',5!%!,+'9%,()!



!

!

@GX!

J&;"3)H/!F2)!(+&&),:!5+'I%,()!&)M+'&)9!%,#!%'&(&%<:![':2!%,!C>0].! ',9:%33%:';,! :;!%39;!")!
(%J%"3)! ;<! I):)&H',',5! ':9! ;,]5&;+,I! 9:%:+9/! E,! 2'52)&]),I! %'&(&%<:! :2'9! '9! <&)M+),:3#!
%(2')8)I! [':2! %! d9M+%:! 9[':(2f! [2'(2! %(:'8%:)9! ;,()! :2)! [)'52:! ;<! :2)! %'&(&%<:! '9! ;,! :2)!
[2))39/!U;[)8)&6!;,!H%,#!WC!%'&(&%<:6!9+(2!%!9[':(2!H%#!,;:!")!',9:%33)I!;&6!'<!&)M+'&)I6!")!
%! <',%,('%3! I'9]',(),:'8)! <;&! +9)&9! :;! ',9:%33! C>0].! %,I! F0CC/! C! &)3'%"3)! H)%,9! ;<!
I):)&H',',5!;,!5&;+,I]9:%:+9![':2;+:!%!9M+%:!9[':(2![;+3I!:2)&)<;&)!")!"),)<'('%3! :;!:2)!
5),)&%3!%8'%:';,!(;HH+,':#/!

!

F2)!H):2;I9!I)8)3;J)I!I+&',5!:2)!I)9'5,!%,I!'HJ3)H),:%:';,!;<!F0CC!',:&;I+()!J;:),:'%3!
%&)%9!;<!<+:+&)![;&?Q!!

'e#'+,4(+"()"G_Q'B*U%'bGEB;"#U+4+W";'#G(E"
$;&!:2)!%35;&':2H!:+,',5!H):2;I!',:&;I+()I!',!S2%J:)&!Z6!GAA!9%HJ3)!J;',:9![)&)!+9)I!:;!
H%J!:2)!%35;&':2H!J%&%H):)&!9J%()/!U'52)&!,+H")&9!;<!9%HJ3)!J;',:9!(;+3I!J&;8'I)!H;&)!
',9'52:! ',:;! :2)! %35;&':2Hh9! J)&<;&H%,()! (2%&%(:)&'9:'(9! "+:! %39;! [;+3I! ',(&)%9)! :2)!
(;HJ+:%:';,%3! :'H)! &)M+'&)I! :;! 5),)&%:)! :2;9)! J;',:9/! C! :&%I)];<<! %,%3#9'9! ;<! 2;[! :2)!
,+H")&9! ;<! J;',:9! +9)I! :&%I)9! :2)! 'HJ&;8)I! 9:%:'9:'(%3! J;[)&! <;&! J;9:! J&;()99',5! [':2!
(;HJ+:%:';,%3!3;%I!H%#!%33;[!<;&!%!H;&)!)<<'('),:!%JJ&;%(2!:;!:2'9!H):2;I/!!

$QQ&4*$#4(+"()"#U+4+W";'#G(E"#("$+"mU+*'B#$4+#_"G_Q'B*U%'n"
C,! %II':';,%3! %JJ3'(%:';,! ;<! :2)! :+,',5! H):2;I! [;+3I! ")! :;! )8%3+%:)! :2)! %35;&':2Hh9!
9),9':'8':#! :;! :2)! 8%&';+9! 9:%:)! +,()&:%',:#! J%&%H):)&9! _)/5/6! =CSJ6! =CS8`/! E,9:)%I! ;<!
I)<',',5! :2)! :+,',5! 2#J)&(+")! [':2! :2)! ',:)&,%3! %35;&':2H! J%&%H):)&96! :2)! :+,',5!
2#J)&(+")![;+3I!")!I)<',)I!+9',5! :2;9)!9:%:)!+,()&:%',:#!J%&%H):)&9/!F2'9![;+3I!),%"3)!
:2)!H%^'H+H!%(()J:%"3)!3)8)39!;<!9:%:)!+,()&:%',:#!:;!")!'I),:'<')I!)<<'('),:3#/!

4+#B(EU*#4(+"()"*(BB'&$#'E"Q(,4#4(+"$+E"X'&(*4#_"'BB(B,"
N,)! 3'H':%:';,! ;<! :2)! 9'H+3%:';,! %JJ&;%(2! '9! :2%:! :2)! J;9':';,! %,I! 8)3;(':#! )&&;&9! [)&)!
9'H+3%:)I! ',I)J),I),:3#/! E,! &)%3':#6! 2;[)8)&6! :2)! :[;! )&&;&9! %&)! ',:'H%:)3#! &)3%:)I/!
>)8)3;J',5! %! (;&&)3%:)I! J;9':';,]8)3;(':#! )&&;&! H;I)3! [;+3I! %33;[! <;&! %! H;&)! %((+&%:)!
%,%3#9'9! ;<! 2;[! :2)! J)&<;&H%,()! ;<! :2)! F0CC! %35;&':2H! (2%,5)9! ',! :2)! J&)9),()! ;<! 9:%:)!
+,()&:%',:#/!

!

!



!

!

@GY!

%4%&4(WB$QG_"

[1] F. Kunzi and R. J. Hansman, “Mid-Air Collision Risk and Areas of High-Benefit 
for Traffic Alerting,” in 11th AIAA Aviation Technology, Integration, and 
Operations (ATIO) Conference, 2011. 

[2] A. Pritchett, “Pilot Non-Conformance to Alerting System Commands During 
Closely Spaced Parallel Approaches,” Massachusetts Institute of Technology, 
1996. 

[3] Federal Aviation Administration, “2010 General Aviation and Part 135 Activity 
and Avionics Survey.” 2010. 

[4] FAA, Automatic Dependent Surveillance— Broadcast (ADS–B) Out Performance 
Requirements To Support Air Traffic Control (ATC) Service; Final Rule. 2010, pp. 
1–37. 

[5] 2012 ADS-B In Aviation Rule Making Committee, “Report from the ADS–B In 
Aviation Rulemaking Committee to the Federal Aviation Administration,” 2012. 

[6] FAA, “ADS-B Integrated Work Plan, v2.0,” 2010. 

[7] 2008 ADS-B Out Aviation Rule Making Committee, “Report from the ADS-B Out 
Aviation Rule Making Committee to the Federal Aviation Administration,” 2008. 

[8] F. Kunzi, “ADS-B Benefits to General Aviation and Barriers to Implementation,” 
Massachusetts Institute of Technology, 2011. 

[9] E. A. Lester and R. J. Hansman, “Benefits and Incentives for ADS-B Equipage in 
the National Airspace System,” Massachusetts Institute of Technology, 2007. 

[10] J. K. Kuchar, “A unified methodology for the evaluation of hazard alerting 
systems,” Massachusetts Institute of Technology, 1995. 

[11] J. K. Kuchar, “Managing Uncertainty in Decision-Aiding and Alerting System 
Design,” Proceedings of the 6th CNS/ATM Conference, vol. 2001, pp. 1–10, 2001. 

[12] W. D. Rowe, Understanding Uncertainty, vol. 14, no. 5. John Wiley and Sons, 
1994, pp. 743–750. 



!

!

@GB!

[13] H. Beyer and B. Sendhoff, “Robust Optimization – A Comprehensive Survey,” no. 
March 2007. 

[14] S. C. Mohleji and G. Wang, “Modeling ADS-B Position and Velocity Errors for 
Airborne Merging and Spacing in Interval Management Application,” 2010. 

[15] R. Barhydt and N. Doble, “Handling trajectory uncertainties for airborne conflict 
management,” Digital Avionics Systems Conference, 2005. 

[16] J. K. Kuchar and L. C. Yang, “A review of conflict detection and resolution 
modeling methods,” IEEE Transactions on Intelligent Transportation Systems, 
vol. 1, no. 4, pp. 179–189, 2000. 

[17] J. Paul, T. Venhovens, and K. Naab, “Vehicle dynamics estimation using Kalman 
filters,” Vehicle System Dynamics, no. December 2012, pp. 37–41, 1999. 

[18] H. Araki, K. Yamada, Y. Hiroshima, and T. Ito, “Development of rear-end 
collision avoidance system,” Proceedings of Conference on Intelligent Vehicles, 
pp. 224–229. 

[19] A. Vahidi and A. Eskandarian, “Research advances in intelligent collision 
avoidance and adaptive cruise control,” IEEE Transactions on Intelligent 
Transportation Systems, vol. 4, no. 3, pp. 143–153, Sep. 2003. 

[20] R. Alterovitz, T. Siméon, and K. Y. Goldberg, “The Stochastic Motion Roadmap: 
A Sampling Framework for Planning with Markov Motion Uncertainty,” in 
Robotics Science and Systems, 2007, pp. 1–8. 

[21] J. Jansson and F. Gustafsson, “A framework and automotive application of 
collision avoidance decision making,” Automatica, vol. 44, no. 9, pp. 2347–2351, 
Sep. 2008. 

[22] X. D. Cheng, Z. Y. Liu, and X. T. Zhang, Trajectory Optimization for Ship 
Collision Avoidance System Using Genetic Algorithm. 2006. 

[23] I. Hwang, J. Hwang, and C. Tomlin, “Flight-Mode-Based Aircraft Conflict 
Detection using a Residual-Mean Interacting Multiple Model Algorithm,” 
Proceedings of the AIAA Guidance, Navigation, and Control Conference, 2003. 

[24] L. C. Yang and J. K. Kuchar, “Using intent information in probabilistic conflict 
analysis,” AIAA Guidance, Navigation, and Control Conf, 1998. 



!

!

@G\!

[25] RTCA, DO-317A: Minimum Operational Performance Standards (MOPS) for 
Aircraft Surveillance Applications (ASA) System. 2011. 

[26] L. C. Yang and J. K. Kuchar, “Prototype Conflict Alerting System for Free 
Flight,” Journal of Guidance, Control and Dynamics, vol. 20, no. 4, 1997. 

[27] M. S. Eby and W. E. Kelly, “Free flight separation assurance using distributed 
algorithms,” 1999 IEEE Aerospace Conference. Proceedings (Cat. No.99TH8403), 
pp. 429–441 vol.2, 1999. 

[28] Y. Chiang and J. Klosowski, “Geometric Algorithms for Conflict Detection / 
Resolution in Air Traffic Management,” 36th IEEE Conference on Decision and 
Control, 1997. 

[29] T. Jones, “Real-Time Probabilistic Collision Avoidance for Autonomous Vehicles, 
Using Order Reductive Conflict Metrics,” Aeronautics and Astronautics, 2003. 

[30] M. Prandini, J. Lygeros, A. Nilim, and S. Sastry, “A Probabilistic Framework for 
Aircraft Conflict Detection,” Proceedings of the AIAA Guidance, Navigation, and 
Control Conference, pp. 1–36, 1999. 

[31] M. Prandini and J. Hu, “A Probabilistic Approach to Aircraft Conflict Detection,” 
IEEE Transactions on Intelligent Transportation Systems, vol. 1, no. 4, pp. 199–
220, 2000. 

[32] M. Prandini, O. J. Watkins, and O. Watkins, “Probabilistic Aircraft Conflict 
Detection,” Leonardo, 2005. 

[33] C. Munoz, R. Siminiceanu, V. A. Carreno, and G. Dowek, “KB3D Reference 
Manual – Version 1 . a,” System, no. June, 2005. 

[34] A. Geser, C. Muñoz, G. Dowek, and F. Kirchner, “Air traffic conflict resolution 
and recovery,” 2002. 

[35] C. Muñoz and A. J. Narkawicz, “Time of Closest Approach in Three-dimensional 
Airspace,” 2010. 

[36] H. Herencia-Zapana, J.-B. Jeannin, and C. Muñoz, “Formal verification of safety 
buffers for state-based conflict detection and resolution,” Proceedings of 27th 
International Congress of Aeronautical Sciences, pp. 1–9, 2010. 



!

!

@@A!

[37] G. Dowek, C. Muñoz, and A. Geser, “Tactical Airspace Conflict Detection and 
Resolution in a 3-D Airspace,” Contract. p. 20, 2001. 

[38] G. Dowek and C. Muñoz, “Conflict detection and resolution for 1, 2,..., N 
aircraft,” Proceedings of the 7th AIAA Aviation, Integration, and Operations 
Conference (ATIO), no. September, pp. 18–20, 2007. 

[39] V. Carreño, “Evaluation of a Pair-Wise Conflict Detection and Resolution 
Algorithm in a Multiple Aircraft Scenario,” 2002. 

[40] M. a. Christodoulou and S. G. Kodaxakis, “Automatic Commercial Aircraft-
Collision Avoidance in Free Flight: The Three-Dimensional Problem,” IEEE 
Transactions on Intelligent Transportation Systems, vol. 7, no. 2, pp. 242–249, 
Jun. 2006. 

[41] Eurocontrol, EUROCONTROL Specification for Trajectory Prediction. 2010. 

[42] Eurocontrol, “Specification for Short Term Conflict Alert,” 2009. 

[43] H. Hutchinson, R. Howell, and S. Turner, “Performance and safety Aspects of 
Short-term Conflict Alert,” 2010. 

[44] H. Erzberger and R. Paielli, “Conflict detection and resolution in the presence of 
prediction error,” 1st USA/Europe Air Traffic Management R&D Seminar, pp. 1–
19, 1997. 

[45] J. P. Chryssanthacopoulos and M. J. Kochenderfer, “Hazard Alerting Based on 
Probabilistic Models ∗,” no. August, pp. 1–13, 2011. 

[46] L. Yang, “Aircraft Conflict Analysis and Real-Time Conflict Probing using 
Probabilistic Trajectory Modeing,” Massachusetts Institute of Technology, 2000. 

[47] L. Yang and J. Kuchar, “Performance metric alerting: A new design approach for 
complex alerting problems,” Systems, Man and Cybernetics, Part A: Systems and 
Humans, vol. 32, no. 1, pp. 123–134, 2002. 

[48] FAA, Aeronautical Information Manual, 2012th ed. Department of Transportation, 
2012, p. 736. 

[49] FAA, TSO-C147, Traffic Advisory System (TAS) Airborne Equipment, vol. 607, 
no. d. Federal Aviation Administration, 1994. 



!

!

@@G!

[50] FAA, “Introduction to TCAS II, Version 7.1,” 2011. 

[51] J. K. Kuchar and A. Drumm, “The traffic alert and collision avoidance system,” 
Lincoln Laboratory Journal, vol. 16, no. 2, pp. 277–296, 2007. 

[52] D. Smith, “Traffic Alert Collision Avoidance Systems — TCAS Buyer ’ s Guide,” 
Aircraft Electronics Association Pilots Guide, pp. 26–32, 2005. 

[53] FAA, Airworthiness Approval of Traffic Alert And Collision Avoidance Systems 
(TCAS II), Versions 7.0 & 7.1 and Associated Mode S Transponders, no. Tcas Ii. 
Federal Aviation Administration, AIR-130, 2009. 

[54] Allied-Signal/Bendix Communications, “TCAS Alert and Collision Avoidance 
System: TCAS III,” Baltimore, MD, 1987. 

[55] W. Love, “TCAS III: Bringing Operational Compatibility To Airborne Collision 
Avoidance,” 8th AIAA/IEEE Digital Avionics Systems Conference (DASC), 1988. 

[56] D. Burgess and S. Altman, “TCAS III Bearing Error Evaluation.,” 1995. 

[57] T. Williamson and N. a. Spencer, “Development and operation of the Traffic Alert 
and Collision Avoidance System (TCAS),” Proceedings of the IEEE, vol. 77, no. 
11, pp. 1735–1744, 1989. 

[58] T. B. Billingsley, M. J. Kochenderfer, and J. P. Chryssanthacopoulos, “Collision 
avoidance for general aviation,” IEEE Aerospace and Electronic Systems 
Magazine, vol. 27, no. 7, pp. 4–7, 2012. 

[59] J. D. Griffith and W. Olson, “Coordinating General Aviation Collision Avoidance 
Maneuvers with TCAS Resolution Advisories.” 2010. 

[60] FLARM Technology GmbH, “FLARM Installation Manual,” pp. 1–8, 2011. 

[61] RTCA, Final Report of RTCA Task Force 3 Free Flight Implementation. RTCA, 
Incorporated, 1995. 

[62] A. L. Mozdzanowska, R. E. Weibel, E. Lester, R. J. Hansman, and A. Weigel, 
“Dynamics of Air Transportation System Transition and Implications for ADS-B 
Equipage,” in Technology, 2007, no. September, pp. 18–20. 



!

!

@@@!

[63] SC-186 and RTCA, “DO-260B: Minimum Operational Performance Standards for 
1090 MHz Extended Squitter Automatic Dependent Surveillance – Broadcast 
(ADS-B) and Traffic Information Services – Broadcast (TIS-B).” 2009. 

[64] FAA, “Surveillance and Broadcast Services (SBS) Description Document,” 2011. 

[65] RTCA, “Concept of Operations for Aircraft Based Conflict Detection and 
Resolution,” October, no. October, 1999. 

[66] W. Kelly, “Conflict detection and alerting for separation assurance systems,” 
Prodeedings of the 18th Digital Avionics Systems Conference, no. October 1995, 
1999. 

[67] R. A. Paielli and H. Erzberger, “Conflict Probability Estimation for Free Flight,” 
1996. 

[68] M. Jardin, “Air traffic conflict models,” Proceedings of the Aviation Technology, 
Integration and Operations Conference (ATIO), no. September, pp. 1–13, 2004. 

[69] SESAR, “SESAR master plan D5,” 2008. 

[70] H. Erzberger, “Separation Assurance in the Future Air Traffic System,” no. March. 
2009. 

[71] FAA, “NextGen Implementation Plan March 2012,” 2012. 

[72] D. of Transportation, “Concept of Operations for the Next Generation Air 
Transportation System, V2,” 2007. 

[73] B. Abdul-Baki, “Independent validation and verification of the TCAS II collision 
avoidance subsystem,” Aerospace and Electronic Systems Magazine, no. August, 
pp. 3–9, 2000. 

[74] M. J. Kochenderfer, L. P. Espindle, J. K. Kuchar, and J. D. Griffith, “A 
Comprehensive Aircraft Encounter Model of the National Airspace System,” 
2008. 

[75] M. J. Kochenderfer and J. K. Kuchar, “Uncorrelated Encounter Model of the 
National Airspace System, Version 1.0,” 2008. 



!

!

@@O!

[76] M. J. Kochenderfer, L. P. Espindle, J. K. Kuchar, and J. D. Griffith, Correlated 
encounter model for cooperative aircraft in the national airspace system version 
1.0. 2008. 

[77] J. P. Chryssanthacopoulos and M. J. Kochenderfer, Collision avoidance system 
optimization with probabilistic pilot response models. IEEE, 2011, pp. 2765–2770. 

[78] M. W. Edwards, M. J. Kochenderfer, J. K. Kuchar, and L. P. Espindle, “Encounter 
models for unconventional aircraft version 1.0,” 2009. 

[79] R. D. Smallwood and E. J. Sondik, “The Optimal Control of Partially Observable 
Markov Processes Over a Finite Horizon,” Operations Research, vol. 21, no. 5, pp. 
1071–1088, 1973. 

[80] L. Winder and J. Kuchar, “Hazard Avoidance Alerting with Markov Decision 
Process,” Massachusetts Institute of Technology, 2004. 

[81] R. Weibel, “Establishing a Risk-Based Separation Standard for Unmanned Aircraft 
Self Separation,” 11th AIAA Aviation Technology, Integration, and Operations 
(ATIO), no. September, 2011. 

[82] S. Temizer, M. Kochenderfer, and J. K. Kuchar, “Collision avoidance for 
unmanned aircraft using Markov decision processes,” Proc. AIAA Guidance, 
Navigation and Control Conference, pp. 1–22, 2010. 

[83] A. Drumm, J. Kuchar, A. Lacher, and A. Zeitlin, “Collision Avoidance for 
Unmanned Aircraft: Proving the Safety Case.,” Analysis. pp. 1–12, 2007. 

[84] M. J. Kochenderfer, K. J. Shih, J. P. Chryssanthacopoulos, C. E. Rose, and T. R. 
Elder, Position validation strategies using partially observable Markov decision 
processes. IEEE, 2011, pp. 4A2–1–4A2–9. 

[85] R. Chamlou, “Design Principles and Algorithm Development for two types of 
NextGen Airborne Conflict Detection and Collision Avoidance,” Integrated 
Communications Navigation and Surveillance, pp. 1–12, 2010. 

[86] R. Chamlou, “NextGen Airborne Conflict Detection and Collision Avoidance 
System (NextCAS),” no. August. 2010. 



!

!

@@R!

[87] RTCA, DO-319: Safety, Performance and Interoperability Requirements 
Document for Enhanced Traffic Situational Awareness During Flight Operations 
(ATSA-AIRB). 2010. 

[88] S. Silva, “Human Factors Studies of an ADS-B Based Traffic Alerting System for 
General Aviation,” Massachusetts Institute of Technology, 2012. 

[89] C. Wickens, S. Rice, and D. Keller, “False Alerts in Air Traffic Control Conflict 
Alerting System: Is There a ‘Cry Wolf’ Effect?,” The Journal of Human Factors, 
vol. 51, no. 4, pp. 446–462, 2009. 

[90] ATSB, “Limitations of the See-and-Avoid Principle,” 1991. 

[91] L. C. Yang, “Aircraft conflict analysis and real-time conflict probing using 
probabilistic trajectory modeling,” Massachusetts Institute of Technology, 2000. 

[92] L. C. Thomas, C. D. Wickens, and E. M. Rantanen, “Imperfect Automation in 
Aviation Traffic Alerts: A Review of Conflict Detection Algorithms and Their 
Implications for Human Factors Research,” Proceedings of the Human Factors 
and Ergonomics Society Annual Meeting, vol. 47, no. 3, pp. 344–348, Oct. 2003. 

[93] M. D. Nisar, “Minimax Robustness in Signal Processing for Communications,” pp. 
11–15, 1960. 

[94] G. Li, J. Hu, S.-W. Wang, P. G. Georgopoulos, J. Schoendorf, and H. Rabitz, 
“Random sampling-high dimensional model representation (RS-HDMR) and 
orthogonality of its different order component functions.,” The journal of physical 
chemistry. A, vol. 110, no. 7, pp. 2474–85, Feb. 2006. 

[95] A. Saltelli, M. Ratto, T. Andres, F. Campolongo, J. Cariboni, D. Gatelli, M. 
Saisana, and S. Tarantola, Global Sensitivity Analysis: The Primer. John Wiley & 
Sons Ltd, 2008. 

[96] A. Forrester, Andras Sobester, and A. Keane, “Engineering Design via Surrogate 
Modelling - A Practical Guide.” John Wiley & Sons. 

[97] SC-186 and RTCA, “DO-289: Minimum Aviation System Performance Standards 
for Aircraft Surveillance Applications (ASA).” 2003. 

[98] ICAO, “Aeronautical Telecommunications, Annex 10,” International Standards 
and Recommended Practices, 2001. 



!

!

@@Z!

[99] T. Ziehn and A. Tomlin, “GUI-HDMR,” 2008. [Online]. Available: http://gui-
hdmr.de/. 

[100] The Avidyne Corporation, “TSAA Program Flight Test Final Report,” Bedford, 
MA, 2013. 

[101] European Union, Regulation No 1207/2011: EU ADS-B Out Rule, no. 1207. 2011, 
pp. 35–52. 

[102] M. Warwick, “Going Live,” Aviation Week & Space Technology, pp. 46–47, 2010. 

[103] FAA, Order JO 7110.65T. Federal Aviation Administration, 2010. 

[104] M. R. Jenkins, “Equipage Requirements, Benefits, and Risks of ADS-B 
Applications by,” Massachusetts Institute of Technology, 2009. 

[105] G. E. Kocher, “Task 3.2 Analysis of the past 10 years of National Transportation 
Safety Board aviation mid-air collision and available near miss data to assess the 
impact AWSAS might have had on these collision events.” Not Publically 
Available, 2009. 

[106] Administration National Aeronautics and Space, “Aviation Safety Reporting 
System.” .  

 

 

 

 

 

 



!

!

""#!

 



!

!

@@Y!

$//157:N"$ "
(X'BX4'\"()"#G'"U,"$E,!%",_,#';"$B*G4#'*#UB'"
C9!J%&:!;<! :2)!$)I)&%3!C8'%:';,!CIH','9:&%:';,h9! _$CC`!J3%,9! :;!H;I)&,'-)! :2)!C'&!F&%<<'(!
S;,:&;3!_CFS`!9#9:)H6!C>0].6!9+JJ3)H),:)I!"#!:2)!(+&&),:!&%I%&!9#9:)H6!'9!:2)!"%9'9!;<!:2)!
<+:+&)!9+&8)'33%,()!9#9:)H!',!:2)!70!mRn/!0'H'3%&!J3%,9!)^'9:!',!4+&;J)!%,I!;:2)&!J%&:9!;<!:2)!
[;&3I! mGAGn/!C>0].! :%?)9! %I8%,:%5)!;<! :2)! <%(:! :2%:!H;9:!H;I)&,! %'&(&%<:! 2%8)! %I8%,()I!
,%8'5%:';,! 9#9:)H9! :2%:! +9)! :2)! 53;"%3! ,%8'5%:';,! 9%:)33':)! 9#9:)H! _W=00`! %,I! %&)! ;<:),!
(%J%"3)!;<!I):)&H',',5!:2)!%'&(&%<:h9!J;9':';,!%,I!8)3;(':#!H+(2!H;&)!%((+&%:)3#!:2%,!&%I%&/!
F2)!%'&(&%<:!:2),!"&;%I(%9:9!:2'9!H;&)!%((+&%:)!',<;&H%:';,6![2'(2!:2+9!2%9!:2)!J;:),:'%3!:;!
J&;8'I)! 2'52)&! J;9':';,! %,I! 8)3;(':#! %((+&%(#6! I'&)(:! 2)%I',5! ',<;&H%:';,6! %,I! 5);H):&'(!
%,I! "%&;H):&'(! %3:':+I)/! C39;6! %:! ;,()! J)&! 9)(;,I6! C>0].! 2%9! %! 2'52)&! +JI%:)! &%:)! :2%,!
&%I%&6! [2'(2! +JI%:)9! ;,()! )8)&#! R/B! 9)(;,I9! ',! :2)! :)&H',%3! %&)%! %,I! ;,()! )8)&#! G@!
9)(;,I9!',!),]&;+:)!%'&9J%()/!!

$'5+&)! C]G! '9! %! 9(2)H%:'(! &)J&)9),:%:';,! ;<! :2)! ;8)&%33! C>0].! 9#9:)H/! C:! 3)%9:! ;,()! J)&!
9)(;,I6!%'&(&%<:! )M+'JJ)I![':2!C>0].!%8';,'(9!"&;%I(%9:! :2)'&!J;9':';,6! %3:':+I)6!I'&)(:';,!
%,I!H%5,':+I)! ;<! 5&;+,I! 9J))I6! %,I! ;:2)&! ',<;&H%:';,! J)&:',),:! :;! J'3;:9! %,I! %'&! :&%<<'(!
(;,:&;33)&9/! F2'9! "&;%I(%9:! '9! (%33)I! dC>0].! N+:f! %,I! '9! I)J'(:)I! "#! :2)! "3+)! %&&;[9! ',!
$'5+&)! C]G/! W&;+,I! 9:%:';,9! &)()'8',5! :2)9)! C>0].!H)99%5)9! <;&[%&I! :2)H! 8'%! %! J&'8%:)!
,):[;&?! :;! :2)! $CC! <%('3':')9! &)9J;,9'"3)! <;&! I'9J3%#! ;,! :2)! %'&! :&%<<'(! (;,:&;33)&h9! 9(&)),/!
N:2)&! %'&(&%<:! ',! :2)! 8'(',':#! %39;! (%,! &)()'8)! C>0].! N+:! H)99%5)9/! F2)! (%J%"'3':#! ;<!
&)()'8',5!C>0].!;,]";%&I!:2)!%'&(&%<:!'9!I)<',)I!%9!dC>0].!E,f!_5&)),!%&&;[9!',!$'5+&)!C]G`/!



!

!

@@B!

!

):A821"$!3Y",9-1K.0:9"B1/21J150.0:65"6F"$E,!%"

C>0].!E,!H)99%5)9!(%,!")!+9)I!:;!I'9J3%#!:&%<<'(!',!:2)!8'(',':#!:;!:2)!J'3;:!+9',5!%!(;(?J':!
I'9J3%#!;<!:&%<<'(!',<;&H%:';,!_S>FE6!$'5+&)!C]@`/!!

!

):A821"$!>Y"*69@/:0"E:J/H.I"6F"#2.FF:9"45F62K.0:65"]*E#4^"

C>0].!%39;!2%9!%!I%:%!3',?!(%J%"'3':#/!1)99%5)9!(%,!;&'5',%:)!<&;H!:2)!5&;+,I!9:%:';,9!%,I!
")! +9)I! :;! +J3',?! %II':';,%3! I%:%! I'&)(:3#! ',:;! :2)! (;(?J':! ;<! %JJ&;J&'%:)3#! )M+'JJ)I!

!"#$%&'()&*+,&-+

!"#$%&'()
-+./01*)2/+&
)0*+312))4,&
.0/1&50/(+,&
67-#$%8&9-#$%8&
!"#$:;&/0&

/)<40&*20=0*.)

!"#$%&*+,)
!20=0*.)&3)*)4&

>4=)/0&
?0/*,=*3)&)/&
50/(+,&/0&

/)<40&*20=0*.)

!7@&-+)450*)2/+

!20=0*.)&
@*A*?2B2)CD
!>2/+2=3&
EF(2A*54

G0/(+,&
-+.0*3)0(=)(04D
!7@&-+)450*)2/+

'A40*)2+5&
H0/=4,(043



!

!

@@\!

%'&(&%<:/!F[;!:#J)9!;<!I%:%! 3',?!H)99%5)9!2%8)!")),!I)<',)IQ!F&%<<'(! E,<;&H%:';,!0)&8'()!g!
.&;%I(%9:!_FE0].`!%,I!$3'52:!E,<;&H%:';,!0)&8'()!g!.&;%I(%9:!_$E0].`/!!

$E0].![%9!;&'5',%33#! ',:&;I+()I!:;! ',(&)%9)!+9)&!"),)<':! :;!WC!%,I!:2+9! ',(&)%9)!)M+'J%5)!
',(),:'8)9/! U;[)8)&6! :2)! <&)M+),(#! ;&'5',%33#! J&;J;9)I! <;&! C>0].! _GA\A1U-`! 2%I!
',9+<<'('),:!"%,I['I:2!:;!9+JJ;&:!$E0].17/!C9!%!&)9+3:6!:2)!$CC!I)('I)I!:;!'HJ3)H),:!%!I+%3!
3',?!9:&%:)5#!%,I!J&;8'I)!C>0].!9)&8'()9!;,! :[;! <&)M+),(')9Q!GA\A40!C>0].6!+9)I!H;9:3#!
<;&!C'&!F&%,9J;&:6!%,I!7,'8)&9%3!C(()99!F&%,9()'8)&!_7CF`!C>0].!<;&!WC!F%"3)!C]G!;+:3',)9!
:2)!H%',!I'<<)&),()9!"):[)),!:2)!:[;!3',?9/!=;:)!:2%:!$E0].!'9!;,3#!%8%'3%"3)!;,!7CF/!

#.VH1"$!3Y"E:FF121591J"%10C115"3RDR!',".57"U$#"$E,!%"&:5@"

" ;671","'N015717",L8:0012"
3RDR',"

U5:<12J.H"$991JJ"
#2.5J91:<12"]U$#^"

)21L8159I" GA\A!1U-! \YB!1U-!

)21L8159I",-.217"\:0-" FSC06!K&'H%&#!L%I%&6!FE0].6!
C>0]L!

$E0].6!FE0].6!C>0]L!

45015717"UJ12" C'&!F&%,9J;&:6!U'52]4,I!
W),)&%3!C8'%:';,!

W),)&%3!C8'%:';,!

#19-5:9.H",0.57.27" >N]@XA.6!%9!;+:3',)I!',!
F0N]GXX"!

>N]@B@.6!%9!;+:3',)I!',!
F0N]GZR(!

!

F2)!I)('9';,!:;!'HJ3)H),:!:[;!9)J%&%:)!3',?9!',:&;I+()9!%II':';,%3!(;HJ3)^':#!:;!:2)!C>0]
.!9#9:)HQ!%'&(&%<:!;,!;,)! 3',?!%&)!,;:!%"3)! :;! &)()'8)!C>0].!H)99%5)9! :&%,9H'::)I!;,! :2)!
;:2)&! <&)M+),(#/! F;! %II&)99! :2'9! '99+)6! C+:;H%:'(! >)J),I),:! 0+&8)'33%,()! g! L)"&;%I(%9:!
_C>0]L`![%9!'HJ3)H),:)I/!C>0]L!'9!:2)!(%J%"'3':#!;<!C>0].!5&;+,I!9:%:';,9!:;!&)"&;%I(%9:!
H)99%5)9!&)()'8)I!;,! :2)!7CF! 3',?! :;! :2)!GA\A40! 3',?!%,I!8'()!8)&9%/!F2'9!%33;[9!%'&(&%<:!
)M+'JJ)I! [':2! C>0].! E,! :;! &)()'8)! C>0].! N+:! H)99%5)9! <&;H! :2)! ;:2)&! 3',?! [':2! %! ;,)!
9)(;,I!I)3%#/!

E,:&;I+(',5! 7CF! %39;! 2%9! 'HJ3'(%:';,! ;,! %,! ',:)&,%:';,%3! 3)8)3/! F2)! ',:)&,%:';,%3! C>0].!
9:%,I%&I! '9! :2)! GA\A40! 3',?q! %,#! %'&(&%<:![':2! 7CF! C>0].! %8';,'(9![;+3I! 2%8)! :;! <;33;[!
9J)('%3!J&;()I+&)9!:;!3)%8)!:2)!70!9',()!':![;+3I!,;:!(;HJ3#![':2!:2)!',:)&,%:';,%3!GA\A40!
C>0].!9:%,I%&I/!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!
17!GA\A1U-!'9!:2)!',:)&&;5%:';,!<&)M+),(#!<;&!5&;+,I!"%9)I!LC>CL/!C39;6!FSC0!;J)&%:)9!;,!
:2%:! 9%H)! <&)M+),(#/!S;,()&,9!)^'9:! :2%:! %II',5!C>0].6!FE0].!%,I!$E0].! :;!GA\A![;+3I!
;8)&3#!(;,5)9:!':!%,I!&)I+()!:2)!)<<'('),(#!;<!FSC0!%,I!LC>CL/!



!

!

@OA!

F2)! $CC! 2%9! I'8'I)I! C>0].! 9)&8'()9! ',:;! :[;! (&':'(%3':#! 3)8)39Q! dS&':'(%3f! %,I! d499),:'%3f/!
C>0].!%,I!C>0]L!H)99%5)9!%&)!(;,9'I)&)I!S&':'(%3!")(%+9)!:2)#!9+JJ;&:!%JJ3'(%:';,9!9+(2!
%9! %'&(&%<:! 9+&8)'33%,()! %,I! 9)J%&%:';,/! FE0].! %,I! $E0].! %&)! (;,9'I)&)I! 499),:'%3! ")(%+9)!
:2)#!%&)!%I8'9;&#!',!,%:+&)!%,I!9+JJ;&:!%JJ3'(%:';,9!%:!%,!)99),:'%3!"+:!,;:!%!(&':'(%3! 3)8)3!
mXRn/!

C9! ',I'(%:)I! ',!$'5+&)!C]G6! :2)!;8)&%33!9#9:)H!%&(2':)(:+&)!(%,!")!"&;?),!I;[,!',:;!:2&))!
H%e;&!9#9:)H!)3)H),:9Q!%'&(&%<:!(%J%"'3':#6!5&;+,I!',<&%9:&+(:+&)!%,I!;J)&%:',5!J&;()I+&)96!
)%(2!;<![2'(2!['33!")!%II&)99)I!',I'8'I+%33#/!

$=3 $4B*B$)#"*$Q$%4&4#_"j"$4B*B$)#"$X4(+4*,"
F2)! %'&";&,)! (%J%"'3':#! ;<! C>0].! (;,9'9:9! ;<! :2)! C>0].! %8';,'(9! ;,! ";%&I! %JJ&;J&'%:)3#!
)M+'JJ)I!%'&(&%<:/!E,!@AA\6!:2)!$CC!J+"3'92)I!:2)!C>0].!H%,I%:)!:2%:!I'(:%:)9!:2)!&)M+'&)I!
(%J%"'3':')9!;<!:2)9)!C>0].!%8';,'(9/!F2'9!9)(:';,!',:&;I+()9!:2)!%'&";&,)!(%J%"'3':#!%,I!':9!
&)M+'&)H),:9!%9!J%&:!;<!:2)!;8)&%33!C>0].!9#9:)H!%&(2':)(:+&)/!

48)&#!C>0].!%8';,'(9!%&(2':)(:+&)!(;HJ3'%,:![':2!:2)!H%,I%:)!2%9!:[;!(;&)!(;HJ;,),:9Q!%!
,%8'5%:';,! +,':! J&;8'I',5! J;9':';,! %,I! 8)3;(':#! ',<;&H%:';,! %,I! %,! C>0].! :&%,9()'8)&!
:&%,9H'::',5!:2%:!',<;&H%:';,!;,!;,)!;<!:2)!:[;!3',?!<&)M+),(')9/!N,)!(;,()&,!%H;,5!WC!'9!
:2%:! H%,#! %(:'8)! %'&(&%<:! I;! ,;:! (+&&),:3#! 2%8)! ()&:'<')I! ,%8'5%:';,! +,':9! ',9:%33)I/!
NJ)&%:;&9![;+3I!:2+9!2%8)!:;!)M+'J![':2!%!()&:'<')I!,%8'5%:';,!+,':!',!%II':';,!:;!%,!C>0].!
:&%,9()'8)&/!!

$=3=3 $E,!%"(U#";$+E$#'"
F2)!C>0].!N+:!H%,I%:)!;+:3',)9!&)M+'&)H),:9!%,I!J)&<;&H%,()!9:%,I%&I9! <;&!C>0].!N+:!
%8';,'(9/! F2)! &+3)! 9:%:)9! :2%:! dv! mC>0].! N+:n! )M+'JH),:! ['33! ")! &)M+'&)I! <;&! %'&(&%<:!
;J)&%:',5!',!(3%99)9!C6!.!%,I!S!%'&9J%()!m%,In!()&:%',!(3%99!4!%'&9J%()/f!F2'9!S3%99!4!%'&9J%()!
'9!%'&9J%()!%";8)!GA6AAA<:!%,I![':2',!:2)!1;I)!S!8)'39!;<!"+9#!%'&J;&:9/!S+&&),:3#6!:2)!$CC!
'9!,;:!H%,I%:',5!C>0].!E,!)M+'J%5)!mZn/!

F2)!&+3)!%39;!I'(:%:)9! :2)!H','H+H!(;,:),:9!;<! :2)!C>0].!H)99%5)!%,I!9):9!J)&<;&H%,()!
&)M+'&)H),:9! <;&! )%(2! ;<! :2;9)! )3)H),:9/! F2)9)! J)&<;&H%,()! &)M+'&)H),:9! [)&)! 9):! :;!
),%"3)!CFS!:;!(;,I+(:!%'&(&%<:!9+&8)'33%,()![':2!C>0].!%:!%!3)8)3!)M+'8%3),:!:;!:2)!(+&&),:!
&%I%&!"%9)I!9#9:)H/!U;[)8)&6!()&:%',!J&;J;9)I!%JJ3'(%:';,9!;<!C>0].!H%#!&)M+'&)!2'52)&!
J)&<;&H%,()!&)M+'&)H),:9!:2%,!:2;9)!;+:3',)I!',!:2)!&+3)/!NJ)&%:;&9![2;![%,:!:;!+9)!:2;9)!
%JJ3'(%:';,9![;+3I! 2%8)! :;! 2%8)! )M+'JH),:! :2%:!H)):9! :2;9)! 2'52)&! &)M+'&)H),:9/! F%"3)!
C]@!3'9:9!:2)!&)M+'&)I!H)99%5)!)3)H),:9/!

!



!

!

@OG!

!

#.VH1"$!>Y";:5:K8K"B1L8:217"$E,!%";1JJ.A1"'H1K150J".57"#-1:2";:5:K8K"Q12F62K.591"B1L8:21K150J"

$E,!%";1JJ.A1"'H1K150" Q12F62K.591"
B1L8:21K150" +601J"

V),5:2!%,I!a'I:2!;<!
C'&(&%<:!

U%&I(;I)I! N,3#!F&%,9H'::)I!;,!W&;+,I!

V%:':+I)!%,I!V;,5':+I)! 0))!=CSJ! E,!&)<)&),()!:;!aW0BR!
.%&;H):&'(!C3:':+I)! =lC! E,!@Z<:!E,(&)H),:9!
C'&(&%<:!b)3;(':#! 0))!=CS8! E,!Hl9!
FSC0!E,9:%33)I! U%&I(;I)I! k)9!;&!=;!(;I',5!
FSC0!LC!E,!K&;5&)99!$3%5! =lC! k)9!;<!=;!(;I',5!

CFS!F&%,9J;,I)&!S;I)! =lC!
4,:)&)I!8'%!9%H)!',:)&<%()!%9!
F&%,9J;,I)&!

C'&(&%<:!S%33!0'5,! =lC! 4':2)&!=],+H")&!;&!C'&3',)!S%33!0'5,!

4H)&5),(#!0:%:+9! =lC!
$3%5!:;!',I'(%:)!4H)&5),(#6!L%I';!
$%'3+&)!;&!7,3%[<+3!E,:)&<)&),()!

E>4=F! =lC!
0%H)!<+,(:';,!%9!F&%,9J;,I)&!
E>4=F!

@R]"':!ESCN!%'&(&%<:!%II&)99! U%&I(;I)I! .',%&#!S;I)!C99'5,)I!"#!ESCN!!
4H'::)&!S%:)5;&#! U%&I(;I)I! W'8)9!',I'(%:';,!;<!:#J)!;<!%'&(&%<:!
C>0].!E,!4M+'JH),:! U%&I(;I)I! k)9!;&!=;!(;I',5!
W);H):&'(!C3:':+I)! =lC! U)'52:!%";8)!aW0BR!
=CSJ!_=%8'5%:';,%3!
C((+&%(#!S%:)5;&#!<;&!
K;9':';,`!

V)99!:2%,!A/AZ=1!
_=CSJ}B`!

1','H+H!L)M+'&)I!K;9':';,!
C((+&%(#!

=CS8!_=%8'5%:';,!C((+&%(#!
S%:)5;&#!<;&!b)3;(':#`!

V)99!:2%,!GAHl9!
_=CS8}G`!

1','H+H!L)M+'&)I!b)3;(':#!
C((+&%(#!

=ES!_=%8'5%:';,!E,:)5&':#!
C((+&%(#`!

V)99!:2%,!A/@=1! 1','H+H!&)M+'&)I!E,:)5&':#!

0>C!_0#9:)H!>)9'5,!
C99+&%,()!K%&%H):)&`!

U%&I(;I)I6!%:!
3)%9:!@!_GA)]Z`!

1%^'H+H!J&;"%"'3':#!;<!<%39)!;&!
H'93)%I',5!I%:%!:;!")!:&%,9H'::)I!

0EV!_0;+&()!E,:)5&':#!V)8)3`!
U%&I(;I)I6!%:!
3)%9:!O!_GA)]Y`!

1%^'H+H!J&;"%"'3':#!;<!)^())I',5!
:2)!=ES!(;,:%',H),:!&%I'+9!

!

$=> $E,!%"WB(U+E"4+)B$,#BU*#UB'"
F2)!J2#9'(%3!C>0].!5&;+,I! ',<&%9:&+(:+&)! (;,9'9:9!;<! :2)!J2#9'(%3!C>0].!%,:),,%9!;,! :2)!
5&;+,I6! :2)! ,):[;&?! ',<&%9:&+(:+&)! &)M+'&)I! :;! :&%,9H':! :2)! &)()'8)I! H)99%5)9! :;! :2)!
&)3)8%,:!CFS!(),:)&9!%9![)33!%9!:2)!9#9:)H9!&)M+'&)I!:;!<+9)!:2)!9+&8)'33%,()!I%:%!<&;H!C>0]
.![':2!9+&8)'33%,()!I%:%!<&;H!:2)!(+&&),:3#!)^'9:',5!&%I%&!',<&%9:&+(:+&)/!



!

!

@O@!

F2)!$CC!)^:)&,%33#!9+"(;,:&%(:)I!:2)!I)J3;#H),:!;<!:2)!,%:';,['I)!C>0].!9#9:)H/!$'5+&)!
C]O! 92;[9! :2)! J&)I'(:)I! C>0].! (;8)&%5)! <;&! :2)! 70! %:! <+33! 'HJ3)H),:%:';,/! C&)%9!
2'523'52:)I!',!"3+)!2%8)!%!J&)I'(:)I!C>0].!9+&8)'33%,()!(;8)&%5)!%:!;&!")3;[!GBAA!<:!CWV/!

F2)!70!'9!)^J)(:)I!:;!I)J3;#!Y\R!C>0].!5&;+,I!9:%:';,9!_$'5+&)!C]O`!"#!@AGO/!F2)!(;,:&%(:!
&)M+'&)9! :2)! C>0].! 9+&8)'33%,()! 8;3+H)! :;! ")! )M+'8%3),:! ;&! 3%&5)&! :2%,! :2)! (+&&),:3#!
)^'9:',5! &%I%&! 8;3+H)/!U;[)8)&6! 5'8),! :2)! ,+H")&! %,I! 3;(%:';,9! ;<! J3%,,)I! 9:%:';,96! :2)!
%(:+%3!C>0].!(;8)&%5)!'9!)^J)(:)I!:;!)^())I!&%I%&!(;8)&%5)!',!H%,#!%&)%9/!

!

):A821"$!?Y"Q217:9017"$E,!%"*6<12.A1".0")8HH"4K/H1K150.0:65""

0;H)!9:%:';,9!['33!")!(;33;(%:)I![':2!)^'9:',5!&%I%&!',<&%9:&+(:+&)/!U;[)8)&6!H;9:!5&;+,I!
9:%:';,9!['33!")!9)3<](;,:%',)I!:;[)&9!2;+9',5!;,)!;H,']I'&)(:';,%3!7CF!%,:),,%!%,I!<;+&!
I'&)(:';,%3! GA\A1U-! %,:),,%9/! F2)! :;[)&9! %39;! 2%8)! :[;! I+%3! (2%,,)3! (;HH+,'(%:';,!
&%I';9! %,I! %,:),,%9! %,I! ',! 9;H)! 3;(%:';,9! %,! %+:;H%:'(! [)%:2)&! ;"9)&8%:';,! 9:%:';,!
_CaN0`!9:%:';,/!F;!9+JJ;&:!;J)&%:';,9!I+&',5!%!3;99!;<!)3)(:&'(%3!J;[)&6!)%(2!9:%:';,!2%9!%!
I')9)3!5),)&%:;&!%,I!"%::)&')9/!!



!

!

@OO!

!

):A821"$!MY"#1K/62.2I"45J0.HH.0:65"6F".5"$E,!%"$50155."65"."#12K:5.H"$21."B.7.2"#6C12":5"%2:JV.51g"
$8J02.H:."]9217:0Y"W21A"E85J0651^"

N,()! &)()'8)I!"#! :2)! 5&;+,I! 9:%:';,6!C>0].!H)99%5)9! %&)! &;+:)I!8'%!J&'8%:)!,):[;&?9! :;!
:2&))!(;,:&;3!9:%:';,9!',!C92"+&,6!bC6!>%33%96!Fr6!%,I!K2;),'^6!Cc/!C:!:2;9)!(;,:&;3!9:%:';,96!
I+J3'(%:)96![2'(2!;((+&!'<!H;&)!:2%,!;,)!9:%:';,!&)()'8)I!:2)!H)99%5)6!%&)!&)H;8)I!%,I!%33!
H)99%5)9!%&)!5&;+J)I!"#!5);5&%J2'(%3!3;(%:';,/!dF2)!(;,:&;3!9:%:';,9!:2),!8%3'I%:)!:%&5):9!
',!;,)!;<! :2&))![%#9Q! (;&&)3%:';,![':2! &%I%&!I%:%6! &)J;&:9! <&;H! :[;!GA\A! &%I';9![':2! :2)!
%'&(&%<:!',!8')[6!;&!J9)+I;]&%,5',5!<&;H!%!9',53)!7CF!&%I';![2'(2!:'H)!:%59!:&%,9H'99';,9/!
C>0].!H)99%5)9!%&)! :2),! <;&[%&I)I! :;! :2)!$CC!H%&?)I!%9! z8%3'Ih6! z',8%3'Ih!;&! z+,?,;[,h/f!
mGA@n/!F2'9!J&;()99!'9!(;HJ3):)I![':2',!A/Y!9)(;,I9!;<!&)()'8',5!:2)!C>0].!H)99%5)!%:!:2)!
5&;+,I!9:%:';,/!F2)!:2&))!(;,:&;3!9:%:';,9!%39;!&)()'8)!:2)!&%I%&!I%:%!<&;H!:2)!,%:';,['I)!
U;9:!C'&!F&%<<'(!1%,%5)H),:!>%:%!>'9:&'"+:';,!0#9:)H!_UC>>0`!%,I!+9)!':!:;!(&)%:)!:2)!FE0]
.!H)99%5)9/!

$=? $E,!%"(Q'B$#4+W"QB(*'EUB',"
C>0].!NJ)&%:',5!K&;()I+&)9!['33! 9+JJ3)H),:! :2)!(+&&),:!CFS!J&;()I+&)9!%,I!;+:3',)! :2)!
',:)&%(:';,9!"):[)),!:2)!%'&";&,)!%,I!:2)!5&;+,I!"%9)I!)3)H),:9!;<!:2)!C>0].!9#9:)H/!!

S+&&),:!&%I%&]"%9)I!CFS!J&;()I+&)9!%&)!;+:3',)I!',!$CCl>NF!N&I)&!YGGA/XZ06!dC'&!F&%<<'(!
S;,:&;3f!mGAOn/!F2'9!;&I)&!'9!%!(;33)(:';,!;<!&+3)9!I)9(&'"',5!2;[!%'&!:&%<<'(!'9!:;!")!I'&)(:)I!
',!:2)!=C0!"#!%'&!:&%<<'(!(;,:&;33)&9/!C!H%e;&':#!;<!:2;9)!J&;()I+&)9!%&)!<;&!&)5+3%:',5!<3'52:!
',!E,9:&+H),:!1):);&;3;5'(%3!S;,I':';,9!_E1S`/!E,!%II':';,!:;!TN!YGGA/XZ06!$)I)&%3!C8'%:';,!
L)5+3%:';,9!_$CL`!K%&:9!\G6!G@G!%,I!GOZ!;+:3',)!:2)!&+3)96!&'52:9!%,I!J&;()I+&)9!;<!J'3;:9!
%,I! %'&3',)9/! V%9:3#6! :2)! C)&;,%+:'(%3! E,<;&H%:';,! 1%,+%3! _CE1`! 3'9:9! &)(;HH),I)I!
J&;()I+&)9!<;&!<3'52:!;J)&%:';,9!<;&!J'3;:9/!



!

!

@OR!

a':2!:2)!',:&;I+(:';,!;<!C>0].!%9!%,!%II':';,%3!9+&8)'33%,()!9;+&()6!:2)9)!J&;()I+&)9!['33!
,))I!:;!")!%H),I)I!%,I!+JI%:)I! ',(;&J;&%:)!C>0].!;J)&%:';,9/!F2)!)^J)(:)I!(2%,5)9! :;!
:2)! )^'9:',5! J&;()I+&)9! (%,! ")! (%:)5;&'-)I! ',:;! :[;! 5&;+J9Q! %I;J:',5! ;<! )^'9:',5! &%I%&!
J&;()I+&)9![2)&)!C>0].! 9+&8)'33%,()! '9! )M+'8%3),:! :;! &%I%&! 9+&8)'33%,()! %,I! ',:&;I+(',5!
,)[!C>0].g9J)('<'(!J&;()I+&)9/!

$=?=3 $E(Q#4(+"()"'e4,#4+W"B$E$B!%$,'E"QB(*'EUB',"
CI;J:',5! )^'9:',5! &%I%&! J&;()I+&)9! ;+:3',)I! ',! YGGGA/XZ0! %33;[9! :2)H! :;! ")! +9)I! [':2!
C>0].!%9![)33!%9!&%I%&!9+&8)'33%,()/!C9!9+(26!:2'9!9:)J!5&%,:9!dL%I%&!4M+'8%3),()f!:;!C>0].!
<;&! 9+&8)'33%,()! J+&J;9)9/! 4^%HJ3)9! ;<! J&;()I+&)9! ',! :2'9! (%:)5;&#! ',(3+I)! %'&(&%<:!
8)(:;&',56! 9)J%&%:';,! 9)&8'()96! %,I! b$L! $3'52:! $;33;[',5/! E,! $)"&+%&#! @AGA6! :2)! $CC!
I)(3%&)I!dE,':'%3!NJ)&%:',5!S%J%"'3':#f!;<!C>0].! <;&!9+&8)'33%,()!J+&J;9)9!;8)&! :2)!W+3<!;<!
1)^'(;/!0',()!:2),6!%II':';,%3!%'&9J%()!2%9!")),!%II)Iq! ':! '9!)^J)(:)I!:2%:!"#!@AGO!C>0].!
"%9)I! 9+&8)'33%,()!['33! ")! %8%'3%"3)! %(&;99! :2)!70/! F2)! 'HJ&;8)H),:! ',! 9+&8)'33%,()! I%:%!
M+%3':#!I+)!:;!C>0].!H%#!&)9+3:!',!%!&)I+(:';,!;<!:2)!dJ3%#f!J&)9),:!',!(+&&),:!;J)&%:';,9/!
C39;6! :2)! %II':';,%3! ',<;&H%:';,! ',! C>0].! H)99%5)9! H%#! ',(&)%9)! ;8)&%33! (;,:&;33)&!
9':+%:';,!%[%&),)99/!!

N,)!J&;H'9',5!%9J)(:!;<!C>0].!")',5!(;,9'I)&)I!)M+'8%3),:!:;!&%I%&!'9!:2%:!':![;+3I!%33;[!
:2)!(+&&),:!9+&8)'33%,()!(;8)&%5)!8;3+H)! :;!)^J%,I! :;! &)H;:)!;&!H;+,:%',;+9!&)5';,9!%:!
3;[! (;9:/! C3:2;+52! :2)9)! 'HJ&;8)H),:9! ',! 9+&8)'33%,()! (;8)&%5)! %,I! M+%3':#! ;<<)&! 9;H)!
"),)<':6!%3;,)!:2)#!H'52:!,;:![%&&%,:!',:&;I+(',5!C>0].!%,I!I;!,;:!:%?)!%I8%,:%5)!;<!H+(2!
;<! :2)! ',<;&H%:';,! %8%'3%"3)! ',! :2)! C>0].! H)99%5)/! E,! ;&I)&! :;! :%?)! %I8%,:%5)! ;<! :2'9!
',<;&H%:';,6!,)[!C>0].g9J)('<'(!J&;()I+&)9!['33!2%8)!:;!")!',:&;I+()I/!!

$=?=> 4+#B(EU*#4(+"()"+'\g"$E,!%",Q'*4)4*"QB(*'EUB',"
E,:&;I+(',5! ,)[! C>0].g9J)('<'(! J&;()I+&)9! ),%"3)9! ,)[! (%J%"'3':')9! ',! :2)! =C0/! F2;9)!
(%J%"'3':')9!%&)!)^J)(:)I!:;!J&;8'I)!%!H%e;&':#!;<!:2)!"),)<':!<&;H!C>0].!mRn/!!

E,!;&I)&!:;!',:&;I+()!,)[!C>0].!J&;()I+&)96!%!&'5;&;+9!J&;()99!H+9:!")!<;33;[)I!:;!),9+&)!
9%<):#! %,I! )<<)(:'8),)99/! F2)! &)M+'&)I! 9:)J9! ',(3+I)! "+:! %&)! ,;:! 3'H':)I! :;! I)8)3;J',5! %!
(;,()J:! ;<! ;J)&%:';,9! _S;,NJ9`6! (;,I+(:',5! %! <+33! 9%<):#! %,%3#9'9! _?,;[,! %9! ;J)&%:';,%3!
2%-%&I!%,%3#9'9!mNUCn`6!<3'52:!:)9:',56!%,I!:&%',',5!J'3;:9!%,I!%'&!:&%<<'(!(;,:&;33)&9/!

F2)! ',':'%3! <;(+9!C>0].!I)8)3;JH),:![%9!I)J3;#',5!:2)!5&;+,I! ',<&%9:&+(:+&)q!%9!%!&)9+3:6!
:2)!I)8)3;JH),:!%,I!I)<',':';,!;<!J&;()I+&)9!2%9!&)()'8)I!3)99!%::),:';,/!E,!;&I)&!C>0].!:;!
")!"),)<'('%36!;J)&%:',5!J&;()I+&)9!%&)!&)M+'&)I/!F2)&)<;&)6!(&)%:',5!;J)&%:',5!J&;()I+&)9!
'9!;<!+:H;9:!'HJ;&:%,()!<;&!I)3'8)&',5!:2)!+9)&!"),)<':!:2%:!+3:'H%:)3#!(&)%:)9!',(),:'8)9!<;&!
)M+'J%5)/!



!

!

@OZ!

$=M $E,!%"$QQ&4*$#4(+,"
C,! dC>0].! CJJ3'(%:';,f! '9! %! 9J)('<'(! J+&J;9)! <;&![2'(2! C>0].! '9! +9)I! ',! :2)! =C0/! C>0].!
%JJ3'(%:';,9! (%,! ")! 5&;+J)I! ',:;! :2&))! (%:)5;&')9Q! I%:%! 3',?! %JJ3'(%:';,96! C>0].! N+:!
%JJ3'(%:';,9!%,I!C>0].!E,!%JJ3'(%:';,9/!O@!J&;J;9)I!%JJ3'(%:';,9![)&)!'I),:'<')I!"%9)I!;,!%!
3':)&%:+&)!&)8')[!:2%:! ',(3+I)I!$CC!:)(2,'(%3!I;(+H),:%:';,!9+(2!%9!>N]@XA!%,I!>N]@B@6!
47LNSN=FLNVh9! C(:';,! K3%,! @O! _[2'(2! I)<',)9! C>0].! 'HJ3)H),:%:';,! 9:&%:)5')9! <;&!
4+&;J)`6!%,I!:2)!CJJ3'(%:';,!E,:)5&%:)I!a;&?',5!K3%,!_8@`!mXn/!CII':';,%33#6!',!@AA\!T),?',9!
(;,I+(:)I!%!:2;&;+52!&)8')[!;<!J&;J;9)I!C>0].!%JJ3'(%:';,9!mGARn/!F2)!%JJ3'(%:';,9!3'9:)I!
',!2)&!:2)9'9![)&)! ',(3+I)I! ',!:2'9!&)8')[!%9![)33/!F2)!%JJ3'(%:';,9![)&)!:2),!(%:)5;&'-)I!
"%9)I! ;,! :2)! &)M+'&)I! C>0].! <+,(:';,%3':#! _N+:6! E,6! >%:%! V',?`! %,I! I+J3'(%:)9! [)&)!
&)H;8)I/!F2)9)!(%:)5;&')9!%&)!I'9(+99)I!',!:2)!<;33;[',5!9)(:';,9/!

$=M=3 $E,!%"(U#"$QQ&4*$#4(+,"
C>0].!N+:!%JJ3'(%:';,9!%&)!"%9)I!9;3)3#!;,!C>0].!N+:!:&%,9H'99';,9!%,I!H;9:3#!%&)!3'H':)I!
:;! CFS! 9+&8)'33%,()! %JJ3'(%:';,9/! =;,):2)3)996! 9;H)! J&;J;9)I! J&;()I+&)9! I;! :%?)!
%I8%,:%5)! ;<! C>0].g9J)('<'(! ',<;&H%:';,! %,I! ',:&;I+()! ,)[! (%J%"'3':')9! "%9)I! ;,! C>0].!
N+:/!F%"3)!C]O!'9!%!3'9:!;<!J&;J;9)I!C>0].!CJJ3'(%:';,9/!!

#.VH1"$!?Y"&:J0"6F"Q26/6J17"$E,!%"(80"$//H:9.0:65J"

$//H:9.0:65"+.K1Y" *6591/0bE1J92:/0:65Y""

CFS!0+&8)'33%,()!',!=;,]
&%I%&!C'&9J%()!_C>0].]
=LC`!

K&;8'I)!CFS!9+&8)'33%,()!',!,;,]&%I%&!%&)%9!9+(2!%9!")3;[!(+&&),:!&%I%&!
(;8)&%5)!;&!;<<92;&)!;J)&%:';,9!%&)%9!_)/5/6!W+3<!;<!1)^'(;`!+9',5!(+&&),:!
&%I%&!J&;()I+&)9/!S;,()'8%"3#6!,)[!J&;()I+&)9!(;+3I!")!(&)%:)I!+9',5!
9+&8)'33%,()!',<;&H%:';,!J&;8'I)I!"#!:2)!C>0].!H)99%5)/!

C>0].!$3'52:!$;33;[',5!
>+)!:;!:2)!2'52)&!(;8)&%5)!8;3+H)!%,I!:2)!',(&)%9)I!9+&8)'33%,()!M+%3':#!
%,I!',<;&H%:';,!%8%'3%"3)6!CFS!['33!")!%"3)!:;!")::)&!%I8'9)!J'3;:9!;<!
,)%&"#!:&%<<'(6!H','H+H!9%<)!%3:':+I)![%&,',59!_10Ca`6!):(/!

EHJ&;8)I!0)%&(2!%,I!
L)9(+)!

$3'52:!:&%(?!I%:%!9)&8)9!%9!%,!',J+:!:;!9)%&(2!%,I!&)9(+)!;J)&%:';,9/!
U%8',5!")::)&!%((+&%(#!;<!:2)!3%9:!?,;[!J;9':';,6!%!<%9:)&!+JI%:)!&%:)6!
H;&)!9J)('<'(!',<;&H%:';,!%";+:!:2)!%'&(&%<:!%9![)33!%9!%!"'55)&!(;8)&%5)!
%&)%6!C>0].!['33!),%"3)!H;&)!)<<'('),:!%,I!H;&)!%((+&%:)!&)9J;,9)9!:;!
)H)&5),(#!9':+%:';,9/!

S;HJ%,#lN,3',)!$3'52:!
F&%(?',5!

S+&&),:!<3'52:!:&%(?',5!'9!3'H':)I!:;!%&)%9![':2!00L!(;8)&%5)/!C>0].!
',(&)%9)9!:2'9!(;8)&%5)/!E,<;&H%:';,!%8%'3%"3)!',!:2)!C>0].!H)99%5)!
%33;[9!%'&(&%<:!:;!")!'I),:'<')I!H;&)!&)%I'3#/!F2'9![;+3I6!%33;[/!)/5/6!
;J)&%:;&9!;&!(;HJ%,')9!:;!'HJ&;8)!:2)'&!<3)):!9(2)I+3',5/!



!

!

@OX!

CFS!0+&8)'33%,()!<;&!4,]
L;+:)!C'&9J%()!_C>0].]
CSS`!

CFS!['33!+9)!C>0].!9+&8)'33%,()!',<;&H%:';,!',!:2)!9%H)!H%,,)&!%9!
&%I%&!9+&8)'33%,()6!)/5/6!:;!%99'9:!%'&(&%<:![':2!,%8'5%:';,6!:;!9)J%&%:)!
%'&(&%<:6!%,I!:;!'99+)!9%<):#!%3)&:9!%,I!:&%<<'(!%I8'9;&')9/!F2)!C>0].!
9+&8)'33%,()!',<;&H%:';,!['33!")!+9)I!:;!),2%,()!:2)!M+%3':#!;<!)^'9:',5!
&%I%&]"%9)I!9+&8)'33%,()!',<;&H%:';,/!S;,()'8%"3#6!%!O=1!9)J%&%:';,!
9:%,I%&I!H%#!")!%(()J:%"3)/!

CFS!0+&8)'33%,()!',!
F)&H',%3!C&)%9!_C>0].]
F1C`!

S+&&),:!&%I%&!9+&8)'33%,()!['33!")!),2%,()I!',!:)&H',%3!%&)%9/!C,!
)^%HJ3)![;+3I!")!%'&J;&:9![':2!9',53)!&%I%&!(;8)&%5)/!C>0].!
',<;&H%:';,!(;+3I!")!+9)I!:;!),2%,()!(+&&),:!CFS!J&;()I+&)9!;&!CFS!
%+:;H%:';,!9#9:)H9!9+(2!%9!:&%(?',5!;&!H','H+H!9%<)!%3:':+I)![%&,',59!
_10Ca`/!

C'&J;&:!0+&<%()!
0+&8)'33%,()!%,I!
L;+:',5!0)&8'()!

C>0].!9+&8)'33%,()!'9!J&;8'I)I!:;!%'&!:&%<<'(!(;,:&;33)&9!:;!),2%,()!
9':+%:';,%3!%[%&),)99![':2!&)9J)(:!:;!8)2'(3)9!_',(3+I',5!5&;+,I!
8)2'(3)9`!;J)&%:',5!;,!:2)!%'&J;&:!9+&<%()/!C>0].!9+&8)'33%,()!H%#!%39;!
")!J&;8'I)I!:;!5&;+,I!%+:;H%:';,!%,I!I)('9';,!9+JJ;&:!9#9:)H!:;!%'I!',!
:2)!H%,%5)H),:!;<!:&%<<'(!<3;[!;,!:2)!%'&J;&:!9+&<%()/!F2'9!%JJ3'(%:';,!
H%#!%33;[!C0>]r!3'?)!),8'&;,H),:9!%:!,;,!C0>]r!%'&J;&:9/!S;,()'8%"3#6!%!
J'3;:!;&!CFS!%3)&:',5!<+,(:';,!(;+3I!")!%II)I!:;!:2'9!%JJ3'(%:';,/!!

CFS!C+:;H%:';,!
E,:)5&%:';,lC+:;H%:'(!
$3'52:!K3%,!S%,()33%:';,!

79',5!',<;&H%:';,!J&;8'I)I!"#!:2)!C>0].!H)99%5)6!9;H)!CFS!<+,(:';,9!
(;+3I!")!%+:;H%:)I/!N,)!9+(2!%JJ3'(%:';,!(;+3I!")!%+:;H%:'(!<3'52:!J3%,!
;J),',5!;&!(3;9',5/!

C>0].!4,2%,()I!K%&%33)3!
CJJ&;%(2)9lC>0].!KL1!

F2'9!%JJ3'(%:';,!%JJ3')9!:;!:[;!I'<<)&),:!),8'&;,H),:9/!$'&9:6!':![;+3I!
),2%,()!J%&%33)3!%JJ&;%(2)9!%:!%'&J;&:96![2'(2!+9)!%!J&)('9';,!&+,[%#!
H;,':;&',5!&%I%&!_KL1`/!C>0].!H%#!),2%,()!9+&8)'33%,()!M+%3':#/!
0)(;,I6!C>0].!9+&8)'33%,()!H%#!%33;[!%'&J;&:9![':2;+:!KL1!:;!2%8)!%!
KL1!3'?)!),8'&;,H),:/!

C>0].!4H)&5),(#!
V;(%:;&!F&%,9H'::)&!
_4VF`!!

F2)!C>0].!H)99%5)!2%9!:2)!(%J%"'3':#!:;!:&%,9H':!%!ÅI;[,)I!%'&(&%<:Å!
H)99%5)/!F2'9!(;+3I!I;+"3)!%9!%,!4VF!<+,(:';,%3':#/!

4,2%,()I!F;[)&!
0':+%:';,%3!C[%&),)99!',!
L)I+()I!b'9'"'3':#!

79',5!C>0].6!%!8'&:+%3!'H%5)!(;+3I!")!(&)%:)I!:;!%'I!9':+%:';,!%[%&),)99!
<;&!:;[)&!(;,:&;33)&9/!

C>0].!4,%"3)I!K;&:%"3)!
>)8'()9!<;&!C'&J;&:!;&!
$.N!4HJ3;#))9!

C'&3',)!)HJ3;#))9!_)/5/6!&%HJ!;J)&%:;&9`!&)()'8)!C>0].!&)J;&:9!<&;H!
%'&(&%<:!',!:2)'&!<3)):!%,I!+9)!:2)!I%:%!:;!;J:'H'-)!%33;(%:';,!;<!5&;+,I!
',<&%9:&+(:+&)6!9+(2!%9!5%:)!9J%()!%,I!9+JJ;&:!8)2'(3)9/!

a)%:2)&!L)J;&:',5!:;!
W&;+,I! !

E<!%'&(&%<:!%&)!)M+'JJ)I!%((;&I',53#6![)%:2)&!9J)('<'(!',<;&H%:';,!(;+3I!
")!:&%,9H'::)I!8'%!:2)!C>0].!H)99%5)!'HJ&;8',5![)%:2)&!"&')<',59!:;!
J'3;:9!;,!:2)!5&;+,I!%,I!:;!),2%,()!<;&)(%9:',5/!

!



!

!

@OY!

$=M=> E$#$"&4+["$QQ&4*$#4(+,Y"
>%:%!3',?!%JJ3'(%:';,9!:%?)!%I8%,:%5)!;<!C>0].h9!%"'3':#!:;!3',?!I%:%!I'&)(:3#!:;!:2)!(;(?J':/!
FE0].! %,I! $3'52:! E,<;&H%:';,! 0)&8'()! g! .&;%I(%9:! $E0].! %&)! )^%HJ3)9! ;<! :2'9! ?',I! ;<!
%JJ3'(%:';,/! F2)9)! %JJ3'(%:';,9! %&)! (%33)I! d499),:'%3! 0)&8'()9f! <;&! $CC! %,I! CFS! J+&J;9)9!
%,I!%&)!92;[,!',!F%"3)!C]R/!

#.VH1"$!MY"&:J0"E.0."&:5@"$//H:9.0:65J"

$//H:9.0:65"+.K1Y" *6591/0bE1J92:/0:65Y""

FE0].!
79',5!9)(;,I%&#!&%I%&!9+&8)'33%,()!I%:%6!H)99%5)9!;<!,;,]C>0].!:&%<<'(!
%&)!:&%,9H'::)I!:;!:2)!%'&(&%<:/!FE0].!'9!,;:!)^J)(:)I!:;!")!&)M+'&)I!;,()!
%!:2&)92;3I!3)8)3!;<!)M+'J%5)!'9!%(2')8)I/!

$E0].!
$E0].!H)99%5)9!(;,:%',![)%:2)&!I%:%!_9+(2!%9!>;JJ3)&!&%I%&!'H%5)9`!%9!
[)33!%9!=C0!9:%:+9!',<;&H%:';,!_=NFC106!F$L96!):(/`!%,I!%&)!+JI%:)I!
)8)&#!Z!H',+:)9/!

!

a':2! FE0].6! :&%<<'(! ',<;&H%:';,! '9! 3',?)I! I'&)(:3#! <&;H! :2)! 5&;+,I! :;! :2)! (;(?J':/! EFF6! :2)!
H%',!(;,:&%(:;&! ',9:%33',5! :2)!5&;+,I! ',<&%9:&+(:+&)! <;&!C>0].!I)9(&'")9!FE0].!%9! <;33;[9Q!
dF2)! FE0].! 9)&8'()! J&;8'I)9! %(:'8)! C>0].! +9)&9! [':2! %! 3;[]3%:),(#! 9:&)%H! ;<! J;9':';,!
&)J;&:9! ;<! ,;,]C>0].! )M+'JJ)I! %'&(&%<:f! _EFF6! @AGA`! F2)9)! &)J;&:9! %&)! 5),)&%:)I! +9',5!
9)(;,I%&#! &%I%&! I%:%/! FE0].! :&%<<'(! ',<;&H%:';,! '9! %II)I! :;! :2)! C>0].!H)99%5)9! &)()'8)I!
I'&)(:3#!<&;H!;:2)&!C>0].!%'&(&%<:!8'%!C>0].!E,/!

FE0].!'9!,;:!:&%,9H'::)I!(;,:',+;+93#/!C!5&;+,I!9:%:';,!9:%&:',5!:;!:&%,9H':!FE0].!:;!%!5'8),!
%'&(&%<:! &)M+'&)9! :[;! :2',59/! $'&9:6! :2)! %'&(&%<:! 2%9! :;! ")! :&%,9H'::',5! C>0].! N+:! %,I! ")!
(%J%"3)!;<!&)()'8',5!C>0].!E,/!0)(;,I6!:2)&)!2%9!:;!")!%!,;,]C>0].!:%&5):![':2',!:2)!8'(',':#!
;<!:2%:!%'&(&%<:/!!

F2)!$E0].!9)&8'()!'9!%!"&;%I(%9:!;<![)%:2)&!%,I!=C0!9:%:+9!',<;&H%:';,/!F2)!"&;%I(%9:!I%:%!
'9!9J)('<'(!:;!:2)!3;(%:';,!;<!%!5'8),!5&;+,I!9:%:';,/!$E0].!'9!"&;%I(%9:!;,!7CF!;,3#/!7,3'?)!
FE0].6! $E0].! '9! "&;%I(%9:! &)5%&I3)99! ;<! [2):2)&! %,#! d(3'),:f! %'&(&%<:! %&)! ',! :2)! 9)&8'()!
8;3+H)/!$E0].!(+&&),:3#!(;,:%',9!:2)!<;33;[',5![)%:2)&!%,I!=C0!J&;I+(:9!mXRnQ!

G/ CEL14F!
@/ 0EW14F!
O/ S;,8)(:'8)!0EW14F!
R/ 14FCL!
Z/ KEL4K!
X/ FC$!



!

!

@OB!

Y/ a',I9lF)HJ)&%:+&)9!C3;<:!
B/ SN=70!=4rLC>!
\/ L)5';,%3!=4rLC>!
GA/ =NFC1!
GG/ 07C!

0'H'3%&! :;! FE0].6! :2)! ',<;&H%:';,! &)()'8)I! 8'%! $E0].! (%,! ")! I'9J3%#)I! ',! :2)! (;(?J':! ;,! %!
9)J%&%:)!1+3:'<+,(:';,!>'9J3%#!_1$>6!$'5+&)!C]Z`!;&!J;99'"3#!;,!%!S>FE!',!(;H"',%:';,![':2!
FE0]./!

>%:%!V',?!%JJ3'(%:';,9!%&)!)^J)(:)I!:;!J&;8'I)!9+"9:%,:'%3!"),)<':!:;!WC/!WC!;<:),!I;)9!2%8)!
%(()99!:;!:2'9!?',I!;<!I%:%!',!<3'52:/!K&;8'I',5!<&))!%(()99!:;!:&%<<'(6![)%:2)&6!%,I!=C0!9:%:+9!
',<;&H%:';,!'9!)^J)(:)I!:;!%'I!<3'52:!(&)[9!',!I)('9';,]H%?',5!%,I!:2+9!&)I+()!%(('I),:9/!

!

):A821"$!PY")4,!%"45F62K.0:65"E:J/H.I17"65";)E"

$=M=? $E,!%"4+"$QQ&4*$#4(+,"
C>0].! E,! %JJ3'(%:';,9! %&)! ),%"3)I! "#! :2)! %'&(&%<:h9! %"'3':#! :;! &)()'8)! C>0].! H)99%5)9/!
CJJ3'(%:';,9!;<!:2'9!?',I!%&)!)^J)(:)I!:;!',:&;I+()!,)[!(%J%"'3':')9!',:;!:2)!=C0!%9![)33!%9!
H;8)! 9;H)! ;<! :2)! <+,(:';,9! ;&I',%&'3#! J)&<;&H)I! "#! CFS! :;! :2)! J'3;:/! 1+(2! C>0].! +9)&!
"),)<':!'9!)^J)(:)I!<&;H!:2'9!?',I!;<!%JJ3'(%:';,/!

E,! %! &)(),:! )<<;&:! :;! %(2')8)! (;,9),9+9! ;,! :2)! I)<',':';,9! %,I! <+,(:';,%3':')9! ;<! C>0].! E,!
%JJ3'(%:';,96! :2)! $CC! (&)%:)I! :2)! C>0].! E,:)5&%:)I! a;&?',5! K3%,! _CEaK`/! C!
5;8)&,H),:l',I+9:&#! J%,)3! <;(+9)I! ;,! 'I),:'<#',5! %,I! I)<',',5! C>0].! E,! %JJ3'(%:';,9!
[&;:)! :2)! CEaK/! F%"3)! C]Z! 3'9:9! :2)! %JJ3'(%:';,9! 'I),:'<')I! "#! :2)! CEaK! %,I! :2)'&!
I)9(&'J:';,9!mXn/!



!

!

@O\!

#.VH1"$!PY"&:J0"6F"$E,!%"45"$//H:9.0:65J"Q26/6J17":5"0-1"$4\Q"

$//H:9.0:65"+.K1Y" *6591/0bE1J92:/0:65Y""

F&%<<'(!0':+%:';,!
C[%&),)99g.%9'(!

$3'52:!(&)[9!+9)!:2'9!%JJ3'(%:';,!mvn!:;!9+JJ3)H),:!:2)'&!8'9+%3!9(%,/!F2)!
I'9J3%#!),%"3)9!I):)(:';,!;<!:&%<<'(!"#!:2)!<3'52:!(&)[/!F2)!',<;&H%:';,!
J&;8'I)I!;,!:2)!I'9J3%#!%39;!&)I+()9!:2)!,))I!<;&!&)J)%:)I!%'&!:&%<<'(!
%I8'9;&')9!%,I!'9!)^J)(:)I!:;!',(&)%9)!;J)&%:';,%3!)<<'('),(')9/!

F&%<<'(!0':+%:';,!
C[%&),)99!<;&!b'9+%3!
CJJ&;%(2!

F2)!<3'52:!(&)[!+9)9!:2)!I'9J3%#!:;!%99'9:!',!:2)!8'9+%3!%(M+'9':';,!;<!%!
9J)('<'(!:%&5):!:;!<;33;[!%,I!H%,+%3!9)3)(:';,!;<!:2)!:&%<<'(!<;&!(;+J3',5/!
F2)!(;(?J':!I'9J3%#!J&;8'I)9!5&;+,I!9J))I!;&!(3;9+&)!&%:)!',<;&H%:';,!
&)3%:'8)!:;!:2)!(;+J3)I!:%&5):!(;,:',+;+93#!:2&;+52;+:!:2)!%JJ&;%(2/!

C'&J;&:!F&%<<'(!0':+%:';,!
C[%&),)99!

F2)!%JJ3'(%:';,!'9!)^J)(:)I!:;!")!+9)I!"#!:2)!<3'52:!(&)[!:;!%'I!',!
I):)(:';,!;<!:&%<<'(!&)3%:)I!9%<):#!2%-%&I9!;,!:%^'[%#9!%,I!&+,[%#9!
',(3+I',5!%'&(&%<:!;,!<',%3!%JJ&;%(2/!F2'9!%99'9:9!:2)!<3'52:!(&)[![':2!)%&3#!
I):)(:';,!;<!:&%<<'(!(;,<3'(:9!%,I!&+,[%#!',(+&9';,9/!

C'&J;&:!F&%<<'(!0':+%:';,!
C[%&),)99![':2!
E,I'(%:';,9!%,I!C3)&:9!

CII9!%3)&:9!%,I!',I'(%:';,9!:;!:2)!"%9'(!C'&J;&:!F&%<<'(!0':+%:';,!
C[%&),)99!%JJ3'(%:';,!"#!5&%J2'(%33#!2'523'52:',5!:&%<<'(!;&!&+,[%#9!;,!
:2)!%'&J;&:!H%J!:;!',<;&H!<3'52:!(&)[!;<!I):)(:)I!(;,I':';,96![2'(2!H%#!
&)M+'&)!:2)'&!%::),:';,/!

N()%,'(!E,]F&%'3!
K&;()I+&)9!

N()%,'(!E,]F&%'3!K&;()I+&)9!_EFK`!),%"3)9!<3'52:!3)8)3!(2%,5)!H%,)+8)&9!
:2%:!%&)!;:2)&['9)!,;:!J;99'"3)![':2',!N()%,'(!J&;()I+&%3!9)J%&%:';,!
9:%,I%&I9/!EFK!%33;[9!CFS!:;!%JJ&;8)!:2)9)!<3'52:!3)8)3!(2%,5)!&)M+)9:9!
"):[)),!J&;J)&3#!)M+'JJ)I!%'&(&%<:!+9',5!&)I+()I!J&;()I+&%3!9)J%&%:';,!
H','H%!I+&',5!:2)!H%,)+8)&/!

$3'52:]>)(?!.%9)I!
E,:)&8%3!1%,%5)H),:g
0J%(',5!

$3'52:]>)(?!.%9)I!E,:)&8%3!1%,%5)H),:]0J%(',5!_$E1]0`!'9!%!9+':)!;<!
<+,(:';,%3!(%J%"'3':')9!:2%:!(%,!")!(;H"',)I!:;!J&;I+()!;J)&%:';,%3!
%JJ3'(%:';,9!:;!%(2')8)!;&!H%',:%',!%,!',:)&8%3!;&!9J%(',5!<&;H!%!:%&5):!
%'&(&%<:/!

F&%<<'(!0':+%:';,!
C[%&),)99![':2!C3)&:9!
_F0CC`!

K&;8'I)9!J'3;:9!%,I!<3'52:!(&)[!;<!,;,]FSC0!)M+'JJ)I!%'&(&%<:![':2!
),2%,()I!:&%<<'(!9':+%:';,%3!%[%&),)99!',!%33!(3%99)9!%,I!I;H%',9!;<!
%'&9J%()!"#!I)3'8)&',5!:&%<<'(!%I8'9;&#!%3)&:9!',!:2)!,)%&!:)&H/!

$3'52:]>)(?!.%9)I!
E,:)&8%3!1%,%5)H),:]
[':2!>)3)5%:)I!
0)J%&%:';,!

$3'52:]>)(?!.%9)I!E,:)&8%3!1%,%5)H),:]>)3)5%:)I!0)J%&%:';,!_$E1]>0`!
'9!%!9+':)!;<!<+,(:';,%3!(%J%"'3':')9!:2%:!"+'3I!+J;,!$E1]0!%,I!(%,!")!
(;H"',)I!:;!J&;I+()!;J)&%:';,%3!%JJ3'(%:';,9!:2%:!I)3)5%:)!
&)9J;,9'"'3':#!<;&!9)J%&%:';,!<&;H!%!:%&5):!%'&(&%<:!:;!:2)!<3'52:!(&)[/!

E,I)J),I),:!S3;9)3#!
0J%()I!L;+:)9!

F2'9!%'&";&,)!(%J%"'3':#!'9!)^J)(:)I!:;!<%('3':%:)!(3;9)&!9J%(',5!"):[)),!
&;+:)96![2'(2!['33!),%"3)!5&)%:)&!+9)!;<!:)&H',%36!),!&;+:)6!%,I!;()%,'(!
%'&9J%()/!

K%'&)I!S3;9)3#!0J%()I!
K%&%33)3!CJJ&;%(2)9!

F;!%33;[!<3'52:!(&)[9!:;!(;,I+(:!',9:&+H),:!%JJ&;%(2!J&;()I+&)9!
9'H+3:%,);+93#!:;!(3;9)3#!g!9J%()I!J%&%33)3!&+,[%#9!',(&)%9',5!%'&J;&:!
(%J%(':#!%,I!)<<'('),(#!;<!CFS!%,I!<3'52:!;J)&%:';,9/!



!

!

@RA!

E,I)J),I),:!S3;9)3#!
0J%()I!K%&%33)3!
CJJ&;%(2)9!

a2),![)%:2)&!(;,I':';,9!I'(:%:)!:2)!+9)!;<!',9:&+H),:!%JJ&;%(2)96!
%&&'8%3!&%:)9!I)(&)%9)6!&)9+3:',5!',!I)3%#9/!E:!'9!)^J)(:)I!:2%:!E,I)J),I),:!
S3;9)3#!0J%()I!K%&%33)3!CJJ&;%(2)9!_ES0KC`!['33!")!%JJ3'(%"3)!:;!
&+,[%#9!9J%()I!"):[)),!@6ZAA!%,I!R6OAA!<)):/!

>)3)5%:)I!0)J%&%:';,g
S&;99',5!

4,%"3)9!CFS!:;!&)9;38)!%!(;,<3'(:!"#!'99+',5!)':2)&!%!3%:)&%3!;&!8)&:'(%3!
(&;99',5!(3)%&%,()!%,I!I)3)5%:',5!9)J%&%:';,!&)9J;,9'"'3':#!:;!:2)!<3'52:!
(&)[![':2!&)9J)(:!:;!CFS!I)9'5,%:)I!:%&5):!%'&(&%<:/!

>)3)5%:)I!0)J%&%:';,g
K%99',5!

4,%"3)9!CFS!:;!&)9;38)!%,!%3;,5]:&%(?!;8)&:%?)!(;,<3'(:!"#!'99+',5!)':2)&!
%!3%:)&%3!;&!8)&:'(%3!J%99',5!(3)%&%,()!%,I!I)3)5%:',5!9)J%&%:';,!
&)9J;,9'"'3':#!:;!:2)!<3'52:!(&)[![':2!&)9J)(:!:;!%,!CFS!I)9'5,%:)I!:%&5):!
%'&(&%<:/!

$3'52:!>)(?!E,:)&8%3!
1%,%5)H),:!g!
>)3)5%:)I!0)J%&%:';,!
[':2!a%?)!L'9?!
1%,%5)H),:!

E,(&)%9)9!(%J%(':#!"#!),%"3',5!&)I+()I!%'&";&,)!9)J%&%:';,!H','H%!
[':2',!:2)!(+&&),:![%?)!%8;'I%,()!3'H':9!"#!J&;8'I',5!%'&(&%<:]"%9)I!
:;;39!<;&!H%,%5',5![%?)!&'9?![2),!(;,I+(:',5!I)3)5%:';,!9)J%&%:';,!
[':2!$E1]>0/!

C>0].!E,:)5&%:)I!
S;33'9';,!C8;'I%,()!

$+&:2)&!',(&)%9)9!(%J%(':#!"#!),%"3',5!&)I+()I!%'&";&,)!9)J%&%:';,!
H','H%/!F2'9!'9!%(2')8)I!"#!',:)5&%:',5!C>0].!I%:%![':2!:2)!FSC0!9#9:)H!
:;!(&)%:)!%!H;&)!&;"+9:!(;33'9';,!%8;'I%,()!9#9:)H!_SC0`!<;&!5&;+,I!
9)J%&%:';,6!I)3)5%:)I!9)J%&%:';,6!%,I!9)3<]9)J%&%:';,!;J)&%:';,9!',!%33!
(;,I':';,9/!

$3;[!S;&&'I;&9!

$3;[!(;&&'I;&9!(;,9'9:!;<!:+")9!;&!d"+,I3)9f!;<!,)%&]J%&%33)3!:&%e)(:;&')9!
',!:2)!9%H)!I'&)(:';,6![2'(2!(;,9)M+),:3#!%(2')8)!%!8)&#!2'52!:&%<<'(!
:2&;+52J+:6![2'3)!%33;[',5!:&%<<'(!:;!92'<:!%9!,)()99%&#!:;!),%"3)!H;&)!
)<<)(:'8)![)%:2)&!%8;'I%,()6!&)I+()!(;,5)9:';,6!%,I!H)):!9J)('%3!+9)!
%'&9J%()!_07C`!&)M+'&)H),:9/!

0)3<]0)J%&%:';,!

F2)!<3'52:!(&)[!;<!%!9)3<]9)J%&%:',5!%'&(&%<:!%99+H)9!&)9J;,9'"'3':#!<&;H!
:2)!CFS!<;&!9)J%&%:';,!<&;H!%33!:&%<<'(!<;&!%!I)<',)I!9)5H),:!;<!:2)!<3'52:/!
C9!J%&:!;<!':9!I)3)5%:)I!9)J%&%:';,!&)9J;,9'"'3':#6!:2)!<3'52:!(&)[!'9!
5&%,:)I!%+:2;&':#!:;!H;I'<#!':9!:&%e)(:;&#![':2',!I)<',)I!I)5&))9!;<!
<&))I;H![':2;+:!&),)5;:'%:',5![':2!CFS/!



!

!

@RG!

$//157:N"% "
4E'+#4)_4+W"G4,#(B4*$&"4+#'B$*#4(+,"%'#\''+"
*(&&4,4(+"$&'B#4+W",_,#';,"$+E"*(&&4,4(+,"
$X(4E$+*'",_,#';,"
C9! H),:';,)I! ',! S2%J:)&! O6! %,! ),(;+,:)&! "):[)),! %,! %'&(&%<:! )M+'JJ)I! [':2! %! (;33'9';,!
):%&,-6*! 9#9:)H!%,I! %,! %'&(&%<:![':2! %! (;33'9';,!).7-0)6+%! 9#9:)H! '9! ;<! J%&:'(+3%&! ',:)&)9:/!
F2'9! :#J)!;<! ),(;+,:)&! '9! J;99'"3)![':2! (+&&),:! %3)&:',5! 9#9:)H9/!F2)&)<;&)6! :2)! %(('I),:9!
&)8')[)I!',!9)(:';,!O/@![)&)!)8%3+%:)I!%5%',!:;!'I),:'<#!%,#!(%9)!',![2'(2!:2)!J&)9),()!;<!
%,!%3)&:',5!9#9:)H!H%#!2%8)!(;,:&'"+:)I!:;!:2)!%(('I),:/!CII':';,%33#6!%!9:+I#!(;,I+(:)I!"#!
:2)!=%8#!'9!%39;!9+HH%&'-)I!2)&)/!

N<!:2)!GG@!=F0.!%(('I),:!&)J;&:96!;,3#!R!H),:';,)I!:2)!J&)9),()!;<!%!:&%<<'(!%3)&:',5!9#9:)H!
;,!;,)!;&!";:2!%'&(&%<:/!F2;9)!R!%(('I),:9!%&)!9+HH%&'-)I!',!F%"3)!.]G/!.%9)I!;,!:2)!:#J)9!
;<! %'&(&%<:! ',8;38)I! ',! :[;!;:2)&! &)J;&:)I! %(('I),:96! ':! '9! J;99'"3)! :2%:! %! (;33'9';,! %3)&:',5!
9#9:)H![%9!%8%'3%"3)!;,!;,)!;&!";:2!%'&(&%<:!"+:![%9!,;:!H),:';,)I! ',! :2)! &)J;&:/!F2;9)!
:[;!%(('I),:9![)&)!%39;!',(3+I)I!',!F%"3)!.]G/!

#.VH1"%!3Y",8KK.2I"6F"+#,%"B1/620J":5"\-:9-".0"&1.J0"(51"$:292.F0"G.7"."#2.FF:9"$H120:5A",IJ01K"]q"
#-1J1".99:7150J"7:7"560"K150:65"02.FF:9".H120:5A"JIJ01KJ":5"0-1"21/620J"V80"K.I"-.<1"-.7"651^"

+#,%"B1/620"l! $:292.F0"3! $:292.F0">!

VCrAR$CA\ZC!
.))(2!\Z].ZZ6!

FSC>!H;I)3!\\AA.r!
S)99,%!GBA*!
F&%,9J;,I)&!

VCrAG$CAGB.!
W+3<9:&)%H!W]GGZ\C6!

FSC0!EE!
.))(2!S\A!
F&%,9J;,I)&!

VCrAX$C@YY.!
U%[?)&!BAArK6!

FSC0!EE!
W3'I)&6!1;I)!S!F&%,9J;,I)&6!

:+&,)I!;<<!

>4=AB1CGGXC!
.)33!RAY6!
0?#a%:(2!

.)33!RAY6!
F&%,9J;,I)&!

@AAAG@G@r@@OGOp! $]GX!
S)99,%!GY@!
F&%,9J;,I)&!

@AAAG@G@r@G@BXp! V)%&T):!
4^:&%!OAA!

F&%,9J;,I)&!



!

!

@R@!

C9!F%"3)!.]G!92;[96!:2)&)![)&)!,;!H'I]%'&!(;33'9';,9![2)&)!";:2!%'&(&%<:![)&)!;J)&%:',5!%!
:&%<<'(! %3)&:',5! 9#9:)H/! 0J)('<'(%33#6! H'I]%'&! (;33'9';,9! :2%:! ',8;38)I! %,! %'&(&%<:! )M+'JJ)I!
[':2! %! FSC0! EE! 9#9:)H! ;,3#! ',8;38)I! ;:2)&! %'&(&%<:! ,;:! )M+'JJ)I! [':2! %! :&%<<'(! %3)&:',5!
9#9:)H/!!

F2)! C0L0! &)J;&:9! <;&! :2)! 9%H)! GA]#)%&! J)&';I! +9)I! ',! :2)! =F0.! &)8')[! [)&)! &)8')[)I!
%5%',/!F2)!I%:%"%9)![%9!9)%&(2)I!<;&!%,#!&)J;&:!(%:)5;&'-)I!%9!%,!=1CS!%,I!(;,:%',)I!%,#!
;<!:2)!<;33;[',5![;&I9Q!!

] FC0!
] S%+:';,!
] C3)&:!
] 0?#a%:(2!
] $VCL1!
] W>V!\A!

!
F2)! @ZX! &)9+3:',5! &)J;&:9! [)&)! ,%&&;[)I! I;[,! <+&:2)&! "#! 9)%&(2',5! <;&! :2)! <;33;[',5!
),(;+,:)&!(2%&%(:)&'9:'(9Q!

$:292.F0"3"]21/620:5A".:292.F0^Y!! =;,]K%&:!G@G!;&!K%&:!GOZ6!%99+H)I!:;!,;:!2%8)!
FSC0!EE!

$:292.F0">Y!! K%&:!G@G6!%99+H)I!:;!2%8)!FSC0!EE!

F[;! &)J;&:9! [)&)! ;<! ',:)&)9:/! F2)! %""&)8'%:)I! I)9(&'J:';,9! ;<! [2%:! :2)! &)J;&:',5! J'3;:9!
;"9)&8)I!%&)!92;[,!")3;[Q!

L)J;&:!G!_CS=|!\@GRO\`Q!

Åa)![)&)!3)8)3!%:!GG6AAA!9;+:2)%9:!";+,I!;,!%,!E$L!<3'52:!J3%,!(&;99',5!:2)!N&3%,I;!
S3%99!.!%'&9J%()/!a)![)&)!")',5!8)(:;&)I!ÇN8)&:;J!1SN/Ç!C!.YOY![%9!(3'H"',5!;+:!
;<!1SN6!9;+:2[)9:!";+,I!(3'H"',5!;<<!:2)!&+,[%#/!E![%9!%9?)I!'<!E!2%I!2'H!',!9'52:6!
ÇE! [;+3I! 3'?)! :;! ?))J! 2'H! (3'H"',5/Ç! E! 9:%:)I! E! 2%I! :2)! :&%<<'(! ',9'52:/! mvn! F2)!
S;,:&;33)&!:;3I!:2)!.YOY!:;!(3'H"!%,I!H%',:%',!GX6AAA!:2),!9%'I6! Ç:2)!.YOY!['33!")!
(&;99',5!#;+&!%3:':+I)/Ç!E!,)8)&!9%'I!E![;+3I!H%',:%',!8'9+%3!9)J%&%:';,6!E!e+9:!9%'I!E!
2%I! 2'H! ',9'52:/! =)^:! :2',5! E! ?,)[6! :2)#![)&)! %! (;33'9';,! <%(:;&/! N+&! FC0! 9#9:)H!
9;+,I)I!%,I!E!:;3I!:2)!S;,:&;33)&6!ÇE!I;,Ç:!:2',?!:2'9!['33![;&?/Ç!S;,:&;33)&!9%'I!:+&,!
3)<:!_',:;!:2)!J%:2!;<!:2)!.YOY`!E!9:%&:)I!:;!&;33!3)<:6!"+:!&;33)I!:2)![',59!3)8)3/!=)^:!
:2)!.YOY!(&)[!9:%:)I!:2)#!2%I!%,!ÇLCÇ!%,I!:;;?!%(:';,6!S&;99',5!OAA]RAA!$F!")3;[!
+9/!mvnÅ!

!



!

!

@RO!

L)J;&:!@!_CS=|!ZG\\ZZ`Q!

dC:! @AAA<:! ',! (&+'9)! <3'52:! %JJ&;^/! G@! ,H! J&';&! :;! :2)! UFN! bNL6! E! ;"9)&8)I! %,!
%'&(&%<:!;,!:2)!0?#a%:(2!:&%<<'(!9#9:)H!I)9(),I',5!:;!H#!%3:':+I)/!E!9[':(2)I!:;!:2)!
@!,H!&%,5)!%,I!;"9)&8)I!,;!")%&',5!(2%,5)!&)3%:'8)!:;!H#!%'&(&%<:/!C:!G~!=1!%,I!
@AA<:!8)&:'(%3!9)J%&%:';,!E!M+)&')I!=)[!k;&?!CJJ&;%(2!_GO@/@Z`!%9!:;!:2)!',:),:';,9!
;<!:2)! Ç(2%33),5)&/Ç!CFS!:;3I!:2)!(2%33),5)&!,],+H")&!:;! 'HH)I'%:)3#!(3'H"/!C:!Gl@!
,H! %,I! GAA<:! 9)J%&%:';,! ;,! 0?#a%:(26! E! ',':'%:)I! )H)&5),(#! )8%9'8)! I)9(),:!
H%,)+8)&! :;! GZAA<:!10V! %,I! ;"9)&8)I! :2)! (2%33),5)&! (;H)! <&;H! ")2',I! %! (3;+I!
I'&)(:3#!;8)&2)%I/!E!:2),!,;:'<')I!CFS!:2%:!E!2%I!I)8'%:)I!<&;H!H#!(3)%&)I!%3:':+I)!
%,I![%9!(3'H"',5!"%(?!:;!@AAA!<:/!mvnf!

0+JJ3)H),:%3!',<;!<&;H!CS=|!ZGB\YZQ!dFSC0!EE!92;[)I!2'H![':2',!GAA<:!8)&:'(%33#!
%,I!3)99!:2%,!@H'!]]!:2)!3%9:!:'H)!E!3;;?)I!%:!:2)!',9:/!F2)!;,3#![%#![)!%8;'I)I!:2)!
(;33'9';,![%9!;+&!(%J:%',!92;8)I!:2)!,;9)!;8)&!%,I![)!I)9(),I)I!ZAA!<:/f!

E,!:2)!<'&9:!&)J;&:6!:2)!J'3;:h9!',':'%3!%(:';,![%9!I+)!:;!CFS!',9:&+(:';,!%,I!,;:!I+)!:;!',J+:!
<&;H!%,!%3)&:',5!9#9:)H/!E,!:2)!9)(;,I!&)J;&:6!:2)!J'3;:h9!%(:';,![%9!"%9)I!;,!',J+:!<&;H!:2)!
0?#a%:(2! 9#9:)Hq! 2;[)8)&6! :2%:! %(:';,! &)9;38)I! &%:2)&! :2%,! %55&%8%:)I! :2)! 9':+%:';,/! E,!
9+HH%&#6! :2)! &)8')[)I!=F0.! %,I! C0L0! &)J;&:9! I'I! ,;:! (;,:%',! %,#! (%9)9! ;<! %,! %3)&:',5!
9#9:)Hh9!J&)9),()!,)5%:'8)3#!%<<)(:',5! :2)!;+:(;H)!;<!%,!%'&";&,)!),(;+,:)&![':2!%!FSC0!
EEg)M+'JJ)I!%'&(&%<:/!

E,!@AA\6!:2)!70!=%8#!(;,I+(:)I!%!9:+I#!:;!)8%3+%:)!:2)!(;33'9';,!%3)&:',5!9#9:)H9h!J;:),:'%3!
'HJ%(:! ;,! H'I]%'&! (;33'9';,9! mGAZn/! F2'9! 9:+I#! )8%3+%:)I! Z! 9J)('<'(! %(('I),:9! ',! I)J:2! ',!
;&I)&! :;!I):)&H',)! :2)!J;:),:'%3!"),)<':! %,I!+9)<+3,)99!;<!+9',5!FSC0! EE! ',! 9H%33! %'&(&%<:/!
$'5+&)!.]G!92;[9!%!9+HH%&#!<;&!)%(2!;<!:2)!&)8')[)I!%(('I),:9/!!

F2)9)!%(('I),:9!%5&))![':2!F%"3)!.]G![':2!:2)!)^()J:';,!;<!:2)!U;";?),6!=T!%,I!:2)!K2;),'^!
Cc! H'I]%'&! (;33'9';,9/! F2)! =F0.! &)J;&:! <;&! :2)! U;";?),! %(('I),:! [%9! <'3)I! %<:)&! :2)!
)8%3+%:';,! J)&';I! <;&! 0:+I#! G! H),:';,)I! %";8)/! F2)! =F0.! &)J;&:! <;&! :2)! K2;),'^6! Cc!
%(('I),:!I'I!,;:!)^J3'(':3#!H),:';,!%!:&%<<'(!%3)&:',5!9#9:)H/!



!

!

@RR!

!

):A821"%!3Y"$99:7150J"'<.H8.017"VI"0-1"+.<I",087I"

C9! $'5+&)! .]G! 92;[96! )8),! :2;+52! %3)&:',5! 9#9:)H9! H%#! 2%8)! ")),! %8%'3%"3)! ;,! ";:2!
%'&(&%<:6!,;!H'I]%'&!(;33'9';,9!;((+&&)I![2),!";:2!<3'52:!(&)[9![)&)!+9',5!%!:&%<<'(!%3)&:',5!
;&! FSC0! EE! 9#9:)H/! F2'9! ;"9)&8%:';,! (;,<'&H9! :2)! (;,(3+9';,9! I)&'8)I! <&;H! :2)! =F0.!
%(('I),:! %,%3#9'9! :2%:! :2)&)! %&)! ,;! &)J;&:)I! (%9)9! ',! [2'(2! :2)! J&)9),()! ;<! %,! %3)&:',5!
9#9:)H!,)5%:'8)3#!%<<)(:)I!:2)!;+:(;H)!;<!%,!%'&";&,)!),(;+,:)&![':2!%,!%'&(&%<:!)M+'JJ)I!
[':2!FSC0!EE/!



!

!

@RZ!

$//157:N"* "
;$#&$%"*(E'"()",$;Q&'"#,$$"$&W(B4#G;"
!

!

!

!

!

!

!

!

!

!

_E,:),:';,%33#!3)<:!"3%,?`!



Contents

Main TSAA Code

Introduction

Inputs

Outputs

Revisions

Variable Definitions

TSAA Functions

'Update' Case

'Detect' Case

'Return' Case

Definition of Algorithm Internal Parameters

Threat Detection

Alerting Logic

Main TSAA Code

function threat_aircraft = TSAA(mode, varargin)

Introduction

This function is the exemplar MATLAB implementation of the TSAA algorithm developed under the FAA/MIT TSAA Project. For
more infromation, contact Fabrice Kunzi at [kunzi at alumn.mit.edu]

This function was wirtten such that it can be called from the sample tracker in DO-317A. It assumes that the data of all targets is
passed to it in a common, carteisan frame of reference, extrapolated to a common point in time.

Inputs

When TSAA is called, it can be called in three modes: 'update', 'detect' and 'return'.

mode: Either 'update', 'detect' or 'return' varargin: Only required when TSAA is called in the 'update' mode.

If TSAA is called in 'update' mode, varargin must be a structure containing at least the following fields (sample values shown):

      t: 41312       Time stamp of the current update,

                     in seconds (extrapolated)

    num: 4           Target ID; the ownship is assumed to

                     be num = 1

      x: -7876.6     x Position (m), extrapolated to time specified

                     by the t field

      y: 8815.5      y Position (m), extrapolated to time specified

                     by the t field

      z: 544.55      z Position (m), extrapolated to time specified

                     by the t field

   xdot: -15.801     x (North) velocity (m/s)

   ydot: 46.503      y (East) velocity (m/s)
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http://file:///Users/kunzi.fabrice/Desktop/ThesisTSAA/html/TSAA.html#4
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   zdot: -0.30375    z (vertical) velocity (m/s)
    tor: 41309       Time at which the last report was
                     received for this target ('time of reception')

Outputs

TSAA returns a single variable ('threat_aircraft') which is a structure that contains all aircraft that are currently in alert state. Each
aircraft in the array is itself a structure named after the aircraft's ID concatenated with 'target_'. Each target's structure contains a
binary 'PAZ' and 'CAZ' field that indicate alert state. For example, a target with the ID '2' that is currently in a PAZ alert state
would look as follows:

     threat_aircraft.target_2.PAZ = 1
     threat_aircraft.target_2.CAZ = 0

Revisions

05/17/2013: Version 1.0 - Fabrice Kunzi

06/17/2013: Version 2.0 - Fabrice Kunzi Added additional logic to prevent alerts on separating targets, wrap-around alerts and to
maintain alerts on targets that continue to close but don't have predicted conflicts.

Variable Definitions

To ensure that TSAA has access to the historical track of a particluar target, the following variables are defined as persistent
variables (which will prevent them from being erased each time the TSAA function call completes). The description of each
variable is given below:

    persistent config tsaa_ownship tsaa_targets

    if isempty(config)
        % A set of adjustable, algorithm internal parameters that control
        % the behavior of the algorithm:
        config = tsaa_config();

        % An instance of the tsaa_aircraft_class that stores the state data
        % for the ownship as it becomes avaiabale. See documentation in
        % tsaa_aircraft_class.m
        tsaa_ownship = tsaa_aircraft_class('Ownship');

        % An array that contains instances of the tsaa_aircraft_class for
        % each target that is actively monitored by TSAA.
        tsaa_targets = [];
    end

    % The array that is passed back to the ASSAP processor that contains
    % all aircraft that are either in PAZ or CAZ alert state. Refer to the
    % "Outputs" section above for more detail. This array is initialized
    % each time TSAA is called.
    threat_aircraft = struct();

    % This last variable determines whether TSAA is run in diagnostics
    % mode. If set to 1, the Alert_Logging.m script is called and the the
    % alerts issued by TSAA are stored for later use. If set to 2, the
    % Alert_Logging.m and the TSAA_Analysis_Tools.m scripts are called
    % every time TSAA runs in 'detect' mode.
    diagnostics_output = 2;



TSAA Functions

The rest of this script performs the actual target maintenance and threat detection.

    switch mode

'Update' Case

The 'update' mode will store the state data for the aircraft for which new information has become available:

        case 'update'

            data = varargin{1};

            % Check to see if the data is for the ownship:

            if data.num == 1

                tsaa_ownship = tsaa_ownship.update(data);

            else

            % If not, check to see if the update belongs to a target that

            % is already being tracked:

                tracked = 0;

                for idx = 1:numel(tsaa_targets)

                    if data.num == tsaa_targets(idx).num

                        tsaa_targets(idx) = tsaa_targets(idx).update(data);

                        tracked = 1;

                    end

                end

                % If the target is not currently being tracked, generate a

                % new instance of the tsaa_aircraft_class for the new

                % target:

                if tracked == 0

                    tsaa_targets = [tsaa_targets ...

                                    tsaa_aircraft_class(data)];

                end

            end

'Detect' Case

The 'detect' mode performs a pariwise evaluation of each target in the tsaa_targets structure to determine whether it is predicted
to be a threat to the own-ship:

        case 'detect'

            % Propagate the trajectory for the ownship:

            tsaa_ownship = tsaa_ownship.propagate_trajectory(config);



            % As TSAA steps through the list of targets, it takes note of
            % the targets that have become stale. Those targets are
            % removed from the tsaa_targets structure at the end of the
            % 'detect' case.
            bad_targets = [];

            % Step through all the known targets, propagate their
            % trajectories and evaluate whether they pose a threat to the
            % ownship:
            for idx = 1:numel(tsaa_targets)
                target = tsaa_targets(idx);

                % Check to see if the time when the last ADS-B report was
                % received is within the maximum allowable time for a
                % target to be a TSAA target:
                if  target.tracker_t(end) - target.report_t(end) > ...
                    config.maxDataAge

                    bad_targets = [bad_targets idx];

                    % In case that the TSAA_Output structure is to be
                    % generated, Alert_Logging is called:
                    if ~isempty(target.t_PAZ_Alerts_On) && ...
                       diagnostics_output ~= 0

                        [~] = Alert_Logging(target);

                    end
                    continue

                % Next, check to see if the current target has enough data
                % to actually qualify:
                elseif length(target.tracker_t) < ...
                       config.numberOfHitsToQualify
                    continue
                end

                % Generate the trajectory for the current target (Note,
                % this occurs in the aircraft object).
                target = target.propagate_trajectory(config);

                % Perform the conflict detection between the current target
                % and the ownship:
                target = detect_conflicts(target, tsaa_ownship, config);

                % Based on the predicted conflicts, determine whether an
                % alert is necessary:
                target = alerting_logic(target, tsaa_ownship, config);

                % If a the current target is in alert state, it is stored
                % in the threat_aricraft sturcture to be returned to the
                % ASSAP processor.
                if target.PAZ_Alert_Status(end) == 1
                    name = strcat(['target_', num2str(target.num(end))]);
                    threat_aircraft.(name) = ...
                        struct('PAZ', target.PAZ_Alert_Status(end),...
                               'CAZ', target.CAZ_Alert_Status(end));



                end

                % Store the now updated target object in the tsaa_targets

                % array:

                tsaa_targets(idx) = target;

            end

            % As a last step of the threat detection, the targets that

            % expired and were identified as such during this call are

            % removed from the tsaa_targets array.

            tsaa_targets(bad_targets) = [];

            % To be used for analysis and diagnostics: Any additional

            % functionality that may be desired can be placed in the

            % TSAA_Analysis_Tools.m script which will be called every time

            % TSAA is called in the 'detect' mode.

            if diagnostics_output == 2

                TSAA_Analysis_Tools(tsaa_ownship, tsaa_targets, config)

            end

'Return' Case

If TSAA is called in the 'return' mode, the alert_log generated by the Alert_Logging.m script is returned by the TSAA.m script:

        case 'return'

            if diagnostics_output > 0

                for idx = 1:length(tsaa_targets)

                    threat_aircraft = Alert_Logging(tsaa_targets(idx));

                end

                % Add the algorithm configuration to the output structure:

                threat_aircraft.algo_config = tsaa_config();

            end

            return

    end

Error using TSAA (line 101)

Not enough input arguments.

end

Definition of Algorithm Internal Parameters

This function returns the algoritm internal parameters that control the behavior of the TSAA algorithm.

function config = tsaa_config()

    ft2m = 0.3048;



    % TSAA Parameters Version 5
    config = struct('rcaz', 500 * ft2m, ...
                    'vcaz', 200 * ft2m, ...
                    'rpazmin', 750 * ft2m, ...
                    'vpazmin', 450 * ft2m, ...
                    'tauPAZhor', 8, ...
                    'tauPAZvert', 2, ...
                    'lookahead', 35, ...
                    'dt', 1, ...
                    'doubleTrigger', 15, ...
                    'reAlertDelay', 6, ...
                    'numberOfHitsToQualify', 2, ...
                    'numberOfUpdatesTurn', 5, ...
                    'numberOfUpdatesVert', 11, ...
                    'maxDataAge', 15, ...
                    'closureThreshold', 0);

end

Threat Detection

This function calculates the values needed to determine whether the current target is in conflict with the ownship. To do so, it
uses the previousley calculated and stored trajectorys in the target and ownship objects. Each column added to the target's
trajectory is described individually. Note: The data calculated in this function is only stored in the target object's trajectory array.

function target = detect_conflicts(target, ownship, config)
    % The eigth column is the separation between the two aircraft in the
    % x-dimension:
    target.traj(:, 8) = target.traj(:,2) - ownship.traj(:,2);

    % The ninth column is the separation between the two aircraft in the
    % y-dimension:
    target.traj(:, 9) = target.traj(:,3) - ownship.traj(:,3);

    % The tenth column in the target's trajecotry array is the
    % horizontal range between the two aircraft (Note: this should never be
    % zero as it will cause a ZeroDivisionError later.)
    target.traj(:, 10) = (target.traj(:,8).^2+target.traj(:,9).^2 ).^(1/2);

    % The eleventh column is the relative x velocity (positive is closing):
    target.traj(:, 11) = target.traj(:,5) - ownship.traj(:,5);

    % The twelfth column is the the relative y velocity (positive is
    % closing):
    target.traj(:, 12) = target.traj(:,6) - ownship.traj(:,6);

    % The thirteenth column is the closure rate between the two aircraft in
    % the horizontal plane (positive is closing):
    target.traj(:, 13) = -(target.traj(:, 8).*target.traj(:,11) +...
                           target.traj(:, 9).*target.traj(:,12))./...
                           target.traj(:, 10);

    % The fourteenth column is the separation between the two aircraft in
    % the z-dimension:
    target.traj(:, 14) = abs(target.traj(:,4) - ownship.traj(:,4));



    % The fivetheenth column is the relative z velocity. The vertical

    % relative velocity is assumed constant along the trajectory. It's

    % calculation must take the current encounter geomenty into account

    % (again, positive is closing):

    % Along the trajecotry...

    for idx = 1:length(target.traj(:, 1))

        % ... if the ownship is above the target, ...

        if ownship.traj(idx, 4) > target.traj(idx, 4)

            % ... the vertical velocity is:

            target.traj(idx, 15) = target.traj(idx, 7) - ...

                                   ownship.traj(idx, 7);

        % Else, if the target is above the ownship, ...

        elseif target.traj(idx, 4) > ownship.traj(idx, 4)

            % ... the vertical velocity is:

            target.traj(idx, 15) = ownship.traj(idx, 7) - ...

                                   target.traj(idx, 7);

        % Else, if they are co-altitude, ...

        elseif ownship.traj(idx, 4) == target.traj(idx, 4)

            % ... the relative vertical rate is assumed to be 0.

            target.traj(idx, 15) = 0;

        end

    end

    % The sixteenth column is the horizontal PAZ size:

    target.traj(:, 16) = max(config.rpazmin, config.rpazmin + ...

                         config.tauPAZhor .* target.traj(:, 13));

    % The seventeenth column is the vertical PAZ size:

    target.traj(:, 17) = max(config.vpazmin, config.vpazmin + ...

                         config.tauPAZvert .* target.traj(:, 15));

    % The eighteenth column identifies where a PAZ penetration is

    % predicted:

    target.traj(:, 18) = (target.traj(:, 10) < target.traj(:, 16) & ...

                          target.traj(:, 14) < target.traj(:, 17));

    % The nineteenth column identifies where a CAZ penetration is

    % predicted:

    target.traj(:, 19) = (target.traj(:, 10) <= config.rcaz & ...

                          target.traj(:, 14) <= config.vcaz);

end

Alerting Logic

The alerting logic uses the predicted conflcits and determines whether an alert is to be issued to the flight crew or whether an
ongoing alert is to be maintainted even if no conlficts are predicted. The alert logic consists of 10 subsections:

1. Check if immediate PAZ Alert is necessary 2. Check if a PAZ Alert is necessary due to two consecute confilict predictions
more than DoubleTrigger secodns into the future 3. Check if immediate CAZ Alert is necessary 4. Check if a CAZ Alert is
necessary due to two consecute confilict predictions more than DoubleTrigger secodns into the future 5. Prevent alerts on
targets that are currently separating 6. Prevent alerts on targets with high closure taus (time to CPA with current closure) 7.
Prevent alerts from turing off if no conflicts are predicted but the aircraft are still closing on each other 8. Prevent a PAZ alert
from turning off while the audio message is being pronounced. 9. Prevent a CAZ alert from turning off while the audio message



is being pronounced.

%10. Prevent a CAZ alert from being issued while a PAZ alert is being

%    pronounced.

function target = alerting_logic(target, ownship, config)

    % Determine the time into the future at which the first conflict is

    % predicted:

    traj_time_first_PAZ=target.traj(find(target.traj(:, 18), 1,'first'),1);

    traj_time_first_CAZ=target.traj(find(target.traj(:, 19), 1,'first'),1);

    % ----------- 1. Check if immediate PAZ Alert is necessary: -----------

    % If we predict the violation of the PAZ less than 'DoubleTrigger'

    % seconds into the future, an alert is issued immediately

    if ~size(traj_time_first_PAZ) == 0

        if traj_time_first_PAZ <= config.doubleTrigger

            target.PAZ_Alert_Status = [target.PAZ_Alert_Status 1];

            target.t_to_PAZ_conflict = [target.t_to_PAZ_conflict ...

                                        traj_time_first_PAZ];

        % - 2. Check if a PAZ Alert is necessary due to two predictions: --

        % If we predict the violation of the PAZ more than 'DoubleTrigger'

        % seconds into the future, the conflict has to be predicted by two

        % consecutive TSAA calls:

        elseif (traj_time_first_PAZ > config.doubleTrigger) && ...

               ~(isempty(target.t_to_PAZ_conflict) || ...

                 isnan(target.t_to_PAZ_conflict(end)))

            target.PAZ_Alert_Status = [target.PAZ_Alert_Status 1];

            target.t_to_PAZ_conflict = [target.t_to_PAZ_conflict ...

                                        traj_time_first_PAZ];

        % If a conflict is predicted for the first time and it is further

        % into the future than 'DoubleTrigger' into the future, the alert

        % status remains 0 but the traj_time_first_PAZ value is stored:

        else

            target.PAZ_Alert_Status = [target.PAZ_Alert_Status 0];

            target.t_to_PAZ_conflict = [target.t_to_PAZ_conflict ...

                                        traj_time_first_PAZ];

        end

    % If there is no PAZ conflict predicted along the trajecotry, the alert

    % status remains 0 and a NaN is stored for the t_to_PAZ_conflict:

    else

        target.PAZ_Alert_Status = [target.PAZ_Alert_Status 0];

        target.t_to_PAZ_conflict = [target.t_to_PAZ_conflict NaN];

    end

    % ----------- 3. Check if immediate CAZ Alert is necessary: -----------

    % If we predict the violation of the CAZ less than 'DoubleTrigger'

    % seconds into the future, an alert is issued immediately

    if ~size(traj_time_first_CAZ) == 0



        if traj_time_first_CAZ <= config.doubleTrigger

            target.CAZ_Alert_Status = [target.CAZ_Alert_Status 1];

            target.t_to_CAZ_conflict = [target.t_to_CAZ_conflict ...

                                        traj_time_first_CAZ];

        % - 4. Check if a CAZ Alert is necessary due to two predictions: --

        % If we predict the violation of the CAZ more than 'DoubleTrigger'

        % seconds into the future, the conflict has to be predicted by two

        % consecutive TSAA calls:

        elseif (traj_time_first_CAZ > config.doubleTrigger) && ...

               ~(isempty(target.t_to_CAZ_conflict) || ...

                 isnan(target.t_to_CAZ_conflict(end)))

            target.CAZ_Alert_Status = [target.CAZ_Alert_Status, 1];

            target.t_to_CAZ_conflict = [target.t_to_CAZ_conflict ...

                                        traj_time_first_CAZ];

        % If a conflict is predicted for the first time and it is further

        % into the future than 'DoubleTrigger' into the future, the alert

        % status remains 0 but the traj_time_first_CAZ value is stored:

        else

            target.CAZ_Alert_Status = [target.CAZ_Alert_Status 0];

            target.t_to_CAZ_conflict = [target.t_to_CAZ_conflict ...

                                        traj_time_first_CAZ];

        end

    % If there is no CAZ conflict predicted along the trajecotry, the alert

    % status remains 0 and a NaN is stored for the t_to_CAZ_conflict:

    else

        target.CAZ_Alert_Status = [target.CAZ_Alert_Status, 0];

        target.t_to_CAZ_conflict = [target.t_to_CAZ_conflict NaN];

    end

    % ------------------ 5. Check for positive closure: ------------------

    % If we predict an alert, check to see if we're currently closing on

    % that target. If the two aircraft are moving apart from each other,

    % don't alert.

    % There are two exception to this rule:

    % 1. The alert is predicted due to a violation of the PAZ at

    % trajectory_t = 0

    % 2. If we observe negative closure but are currently violating the PAZ

    % in the dimension where the negative closure is observed.

    % If (1) or (2) are observed, the alert is issued no matter what the

    % closure rate.

    if (target.PAZ_Alert_Status(end) == 1 && ...

        target.PAZ_Alert_Status(end-1) == 0) && ...

        target.traj(1,18) ~= 1

        % Check the horizontal and vertical closure and the respective

        % separation:

        if (target.traj(1,13) < config.closureThreshold && ...

            target.traj(1, 10) > target.traj(1, 16)) || ...

           (target.traj(1,15) < config.closureThreshold && ...

            target.traj(1, 14) > target.traj(1, 17))



              target.PAZ_Alert_Status(end) = 0;

        end

    end

    % Repeat for CAZ alerts:

    if (target.CAZ_Alert_Status(end) == 1 && ...

        target.CAZ_Alert_Status(end-1) == 0) && ...

        target.traj(1,19) ~= 1

        % Check the horizontal and vertical closure and the respective

        % separation:

        if (target.traj(1,13) < config.closureThreshold && ...

            target.traj(1, 10) > config.rcaz) || ...

           (target.traj(1,15) < config.closureThreshold && ...

            target.traj(1, 14) > config.vcaz)

              target.CAZ_Alert_Status(end) = 0;

        end

    end

    % ------------------ 6. Prevent Wrap-Around Alerts: ------------------

    % Don't let an alert be issued if the currently observed states do not

    % indicate that the closest point of approach will be reached within

    % the time that TSAA predicts into the future (given by the lookahead

    % time plus the horizontal PAZ scaling).

    %

    % Again, there are two exception to this rule:

    % 1. The alert is predicted due to a violation of the PAZ at

    % trajectory_t = 0

    % 2. If we observe negative closure but are currently violating the PAZ

    % in the dimension where the negative closure is observed.

    % If (1) or (2) are observed, the alert is issued no matter what the

    % closure rate.

    if (target.PAZ_Alert_Status(end) == 1 && ...

        target.PAZ_Alert_Status(end-1) == 0) && ...

        target.traj(1,18) ~= 1

        % Check the closure and vertical taus and the respective

        % separation:

        if (target.traj(1,10)/target.traj(1,13) > ...

            config.lookahead + config.tauPAZhor && ...

            target.traj(1, 10) > target.traj(1, 16)) || ...

           (target.traj(1,14)/target.traj(1,15) > ...

            config.lookahead + config.tauPAZvert && ...

            target.traj(1, 14) > target.traj(1, 17))

              target.PAZ_Alert_Status(end) = 0;

        end

    end

    % Repeat for CAZ alerts:

    if (target.CAZ_Alert_Status(end) == 1 && ...

        target.CAZ_Alert_Status(end-1) == 0) && ...

        target.traj(1,19) ~= 1



        % Check the closure and vertical taus and the respective
        % separation:
        if (target.traj(1,10)/target.traj(1,13) > ...
            config.lookahead + config.tauPAZhor && ...
            target.traj(1, 10) > config.rcaz) || ...
           (target.traj(1,14)/target.traj(1,15) > ...
            config.lookahead + config.tauPAZvert && ...
            target.traj(1, 14) > config.vcaz)

              target.CAZ_Alert_Status(end) = 0;
        end
    end

    % ------------------ 7. Check for positive closure: ------------------
    % If we were are trying to turn an alert off check to see if the two
    % aircraft are physically separating. If not, retain the alert.

    % Check to see if we're trying to turn off an alert:
    if (target.PAZ_Alert_Status(end) == 0 && ...
        target.PAZ_Alert_Status(end-1) == 1)

        % Check the horizontal and vertical closure:
        if target.traj(1,13) > config.closureThreshold || ...
           target.traj(1,15) > config.closureThreshold

              target.PAZ_Alert_Status(end) = 1;
        end
    end

    % Repeat for CAZ lerts:
    if (target.CAZ_Alert_Status(end) == 0 && ...
        target.CAZ_Alert_Status(end-1) == 1)

        % Check the horizontal and vertical closure:
        if target.traj(1,13) > config.closureThreshold || ...
           target.traj(1,15) > config.closureThreshold

              target.CAZ_Alert_Status(end) = 1;
        end
    end

    % ---------- 8. Check if a PAZ Alert extension is necessary: ----------
    % If an alert is issued on a particular target, the duration of that
    % alert is extended to at least last the duration of the aural
    % annunciation, or the 'config.reAlertDelay' value.

    if ~isempty(target.t_PAZ_Alerts_On)
        if target.PAZ_Alert_Status(end) == 0 && ...
           target.tracker_t(end) - target.t_PAZ_Alerts_On(end) <= ...
           config.reAlertDelay

            target.PAZ_Alert_Status(end) = 1;
        end
    end



    % ---------- 9. Check if a CAZ Alert extension is necessary: ----------
    % If an alert is issued on a particular target, the duration of that
    % alert is extended to at least last the duration of the aural
    % annunciation, or the 'config.reAlertDelay' value.

    if ~isempty(target.t_CAZ_Alerts_On)
        if target.CAZ_Alert_Status(end) == 0 && ...
           target.tracker_t(end) - target.t_CAZ_Alerts_On(end) <= ...
           config.reAlertDelay

            target.CAZ_Alert_Status(end) = 1;
        end
    end

    % -------- 10. Check to see if a PAZ alert is being pronounced: --------
    % If we've issued a PAZ alert in the past, are currently predicting
    % a CAZ alert and the time since we've issued the PAZ alert is less
    % than the re-Alert delay, the CAZ alert is turned off.

    % If we've issued a PAZ alert in the past, ...
    if ~isempty(target.t_PAZ_Alerts_On)
        % ... check to see whether we are trying to issue a PAZ and a CAZ
        % alert during this call of TSAA:
        if target.CAZ_Alert_Status(end) == 1 && ...
           target.PAZ_Alert_Status(end) == 1 && ...
           target.PAZ_Alert_Status(end-1) == 0

            target.CAZ_Alert_Status(end) = 0;

        % ... else, check to see whether we've issued a PAZ alert within
        % the reAlertDelay period:
        elseif target.CAZ_Alert_Status(end) == 1 && ...
           target.tracker_t(end) - target.t_PAZ_Alerts_On(end) <= ...
           config.reAlertDelay

            target.CAZ_Alert_Status(end) = 0;
        end

    % If, on the other hand, we've never issued a PAZ alert, we wouldn't
    % issue a CAZ alert yet either:
    elseif isempty(target.t_PAZ_Alerts_On)
        target.CAZ_Alert_Status(end) = 0;
    end

    % As a last step, if we issued an alert during this TSAA call, save the
    % current time for future use:
    if length(target.PAZ_Alert_Status) > 1 && ...
       target.PAZ_Alert_Status(end) == 1 && ...
       target.PAZ_Alert_Status(end-1) == 0

        target.t_PAZ_Alerts_On = [target.t_PAZ_Alerts_On ...
                                  target.tracker_t(end)];
    end



    if length(target.CAZ_Alert_Status) > 1 && ...
       target.CAZ_Alert_Status(end) == 1 && ...
       target.CAZ_Alert_Status(end-1) == 0

        target.t_CAZ_Alerts_On = [target.t_CAZ_Alerts_On ...
                                  target.tracker_t(end)];
    end

    % Similarly, if we turned an alert Off, store for later use:
    if length(target.PAZ_Alert_Status) > 1 && ...
       target.PAZ_Alert_Status(end) == 0 && ...
       target.PAZ_Alert_Status(end-1) == 1

        target.t_PAZ_Alerts_Off = [target.t_PAZ_Alerts_Off ...
                                  target.tracker_t(end)];
    end

    if length(target.CAZ_Alert_Status) > 1 && ...
       target.CAZ_Alert_Status(end) == 0 && ...
       target.CAZ_Alert_Status(end-1) == 1

        target.t_CAZ_Alerts_Off = [target.t_CAZ_Alerts_Off ...
                                  target.tracker_t(end)];
    end

end
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classdef tsaa_aircraft_class

Introduction

This class is used by the TSAA.m script to store the information necessary for TSAA to perform its function. Instances of it will
be created for the ownship as well as for each active target. It should be noted that this class is written as to maintain all history
of a given target and does not actively manage the amount of data it stores. In a real-life implementation, additional
consireations to prevent memory over-runs are required.

Class Properties

A list of the states that are stored and used by TSAA. It contians variables for the states that are received from a target, a
variable that stores the aircraft's currently predicted future trajectory (over-written every time a conflict search is performed), as
well as a list of variables that store the results from the conflict search once it is performed. The units are meters, seconds,
meters per second, radians and radians per second:

   properties
       % Properties that store aircraft states:
       num;             % ID of the aircraft
       tracker_t;       % Time stamp of the aircraft's last (extrapolated)
                        % position
       report_t;        % Time stamp of the last time a report was received
                        % this aircraft (prior to extrapolation)
       x;               % X position (meters)
       y;               % Y position (meters)
       z;               % Altitude (in meters)
       xdot;            % East Velocity (meters/sec)
       ydot;            % North Velocity (meters/sec)
       zdot;            % Vertical rate (meters/sec)
       psi;             % Heading (radians)
       psidot;          % Turn rate (radians/sec)

       % The property that stores the currently projected trajectory:
       traj;

       % Properties that identify the alert state of the target (only
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       % populated for targets everytime TSAA is called in 'detect' mode):
       t_to_PAZ_conflict;   % Time into the future at which the first PAZ
                            % conflict is predicted
       t_to_CAZ_conflict;   % Time into the future at which the first CAZ
                            % conflict is predicted
       PAZ_Alert_Status = 0;% Indicates whether this target is in (PAZ)
                            % alert state. Initialized as Alert State Off.
       CAZ_Alert_Status = 0;% Indicates whether this target is in (CAZ)
                            % alert state. Initialized as Alert State Off.
       t_PAZ_Alerts_On;     % Stores the time at which PAZ alerts are
                            % issued
       t_CAZ_Alerts_On;     % Stores the time at which CAZ alerts are
                            % issued
       t_PAZ_Alerts_Off;    % Stores the time at which PAZ alerts are
                            % turned off
       t_CAZ_Alerts_Off;    % Stores the time at which CAZ alerts are
                            % turned off
   end

Class Methods

A list of the methods that perform operations on the properties stored above to generate the data necessary for TSAA:

   methods

Class Constructor

Generates an instance of the tsaa_aircraft_class. If the constructor is called with 'Ownship' as input data, the object is generated
but no data is stored in it's properties. If it is called with state information, the object is constructed and the state data is stored in
the properties in one call.

       function obj = tsaa_aircraft_class(varargin)
           if ~strcmp(varargin, 'Ownship')
               obj.num = varargin{1}.num;
               obj = update(obj, varargin{1});
           elseif strcmp(varargin, 'Ownship')
               obj.num = 1;
           end
       end

Update Function

This function updates the object when new state data becomes available:

       function obj = update(obj, state_data)
          obj.tracker_t = [obj.tracker_t state_data.t];
          obj.x = [obj.x state_data.x];
          obj.y = [obj.y state_data.y];
          obj.z = [obj.z state_data.z];
          obj.xdot = [obj.xdot state_data.xdot];
          obj.ydot = [obj.ydot state_data.ydot];
          obj.psi = [obj.psi atan2(obj.ydot(end), obj.xdot(end))];



          % Since the ownship is not tracked, the time stamps of its state

          % data will be the time stamps of the reports:

          if state_data.num == 1

              obj.report_t = [obj.report_t state_data.t];

          else

              obj.report_t = [obj.report_t state_data.tor];

          end

       end

Trajecotry Propagation

This function propagates the trajecotry for this TSAA call based on the data that is currently available in the objects properties.
The trajecotry is propagated into the future for the number of seconds defined in the config file. The final trajecotry will be an
array of the following 7 columns:

1. Time into the future in seconds

2. Predicted x position

3. Predicted y position

4. Predicted altitude

5. Predicted x velocity

6. Predicted y velocity

7. Predicted z velocity

       function obj = propagate_trajectory(obj, config)

           % Propagates a trajecotry that is 'lookahead' seconds long with

           % points calculated every 'dt' seconds.

           % First, necessary states are calculated (Note: this is only

           % necessary if the turn and vertical rate are not provided via

           % the received state data.)

           obj.zdot = [obj.zdot estimate_zdot(obj, config)];

           obj.psidot = [obj.psidot estimate_psidot(obj, config)];

           % For the ownship we allocate 7 columns and for targets 19:

           if obj.num(end) == 1

               trajectory = zeros(length(0:config.dt:config.lookahead), 7);

           else

               trajectory = zeros(length(0:config.dt:config.lookahead),19);

           end

           spd = sqrt(obj.xdot(end)^2 + obj.ydot(end)^2);

           trajectory(1, 1:7) = [0 ...

                           obj.x(end) ...

                           obj.y(end) ...

                           obj.z(end) ...

                           obj.xdot(end) ...

                           obj.ydot(end) ...

                           obj.zdot(end)];

           idx = 2;

           for t = config.dt:config.dt:config.lookahead

               trajectory(idx, 1:7) = [t ...

                    trajectory(idx-1,2) + trajectory(idx-1,5)*config.dt ...



                    trajectory(idx-1,3) + trajectory(idx-1,6)*config.dt ...
                    trajectory(idx-1,4) + obj.zdot(end)*config.dt ...
                    spd*cos(obj.psi(end) + t*obj.psidot(end)) ...
                    spd*sin(obj.psi(end) + t*obj.psidot(end)) ...
                    obj.zdot(end)];
               idx = idx + 1;
           end

           % Store the trajectory that was just created in the current
           % object:
           obj.traj = trajectory;
       end

Vertical Rate Estimation

A basic vertical rate estimator to calculate the vertical rate needed to project the future trajecotry. This is only needed if no
vertical rate is provided as an input to TSAA:

       function zdot = estimate_zdot(obj, config)
           % Find the number of data points that are used to calculate
           % zdot. It's at least the number of reports currently
           % available or at most the number of data points defined in
           % config. The -1 is necessary becuase we're also counting the
           % current update:
           points = min(config.numberOfUpdatesVert, length(obj.z))-1;

           % We need a minimum of three altitudes to estimate a vertical
           % rate using a linear fit approach:
           if points >= 3
               time_stamps = obj.tracker_t(end-points:end) - ...
                             obj.tracker_t(end);
               altitudes = obj.z(end-points:end);
               xmean = mean(time_stamps);
               ymean = mean(altitudes);
               x_values = time_stamps - xmean;
               y_values = altitudes - ymean;
               zdot = dot(x_values, y_values)/dot(x_values, x_values);

           % If not enought data is available for a linear fit, the
           % instantaneous climb rate is used.
           elseif points == 2
               zdot = (obj.z(end) - obj.z(end-1))/(obj.tracker_t(end) - ...
                      obj.tracker_t(end-1));
           else
               zdot = 0;
           end
       end

Turn Rate Estimation

A basic turn rate estimator to calculate the turn rate needed to project the future trajecotry. This is only needed if no turn rate is
provided as an input to TSAA:

       function psidot = estimate_psidot(obj, config)



           % Find the number of data points that are used to calculate
           % psidot. It's at least the number of reports currently
           % available or at most the number of data points defined in
           % config. The -1 is necessary becuase we're also counting the
           % current update:
           points = min(config.numberOfUpdatesTurn, length(obj.psi))-1;

           % We need a minimum of two headings to estimate a turn rate:
           if length(obj.psi) >= 2
               delta_psi = diff(obj.psi(end-points:end));
               delta_t = diff(obj.tracker_t(end-points:end));

               % Check to see that all delta_psi values are between -pi and
               % +pi:
               idx = delta_psi < -pi;
               delta_psi(idx) = delta_psi(idx) + 2*pi;

               idx = delta_psi > pi;
               delta_psi(idx) = delta_psi(idx) - 2*pi;

               psidot = mean(delta_psi./delta_t);

           else
               psidot = 0;
           end

       end

   end

end
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