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NB�I ��j%$t� _��R$I�t��  �$�$RY iBksj 7B{$��k� dM�x

V �k}${sj $t$�$sj ��R}BtR� P�B8 ,tBbj�I��sAj� s{sI�8${ ��R�s�{Y��R YsR A��t �B I$R8$RR ZtPsjR$h�I {Bt��Bj
�Y�B�k BZ� BP YstI sR s RB�� BP 8s�Y�8s�${sj �Rts,� B$j:� qY� {js$8 �Ys� ZtPsjR$h�I {Bt��Bj }��8$�R {Bt��Bj
I�R$�t b$�YBZ� s }jst� 8BI�jR YsR ��tI�I �B A� ���s�I�I sR �BB BZ�jstI$RY �B A� �s,�t R��$BZRjk� ]���s$tjk
$� $R ��Z� �Ys� ZtPsjR$h�I {Bt��Bj �Y�B�k YsR $�R j$8$�s�$BtR v stI �Ys� �Y� �Y�B�k t��IR $8}�B%�8�t��  Z��
�Y�R� �Rts,� B$j: BA`�{�$BtR �B ZtPsjR$h�I {Bt��Bj Ys%� A��t Psjjs{$BZR v AsR�I Bt $t�Z$�$Bt I��$%�I P�B8
$ts}}�B}�$s�� stsjB�$�R� <Bb�%��� �YBZ�Y�PZj {Bt��Bj �Y�B�$R�R Ys%� A��t ��tZ$t�jk RZ�}�$R�I stI $8}��RR�I
Ak �Y� R$8}j${$�k stI }Bb�� BP �Y� ZtPsjR$h�I {Bt��Bj �Y�B�k sR s 8s�Y�8s�${sj AsR$R PB� �-}js$t$t� P��IAs{,
stI j�s�t$t�� sR s }�s{�${sj 8��YBI PB� I�R$�t$t� 8B�� ��j$sAj� sIs}�$%� {Bt��Bjj��R� stI sR s Is�sTI�$%�t
��{Yt$JZ� PB� B&Tj$t� �Zt$t� BP tBtTsIs}�$%� P��IAs{, {Bt��Bj �s$tR�

3BjjBb$t� s�� RB8� �k}${sj �-s8}j�R BP Psjjs{$BZR BA`�{�$BtR �B ZtPsjR$h�I {Bt��BjU

d� =tPsjR$h�I {Bt��Bj R��8R Zts{{�}�sAjk b�s, $t $�R {Bt{jZR$Bt BP 8��� ZtPsjR$h{s�$Bt� �$%�t �Ys� Ps8$j$s�
�Y�B�$�R BP {Bt��Bj R��8 �B B&�� R��Bt��� }��I${�$BtR j$,� �jBAsj R�sA$j$�k stI B}�$8sj$�k I��$%�I I�IZ{�$%�jk

�Y�BZ�Y �Y� stsjkR$R BP 8BI�jR �%�t b$�YBZ� �Y� s$I BP %sj$Is�$t� Is�s�



i�{�t� VI%st{�R $t iBAZR� ]Bt��Bj� 3��IAs{, stI N�s�t$t� x

<Bb�%��� �Y$R BA`�{�$Bt Ps$jR �B ��{B�t$9� �Y� PZtIs8�t�sj I$R�$t{�$Bt A��b��t {Bt{jZR$BtR I�IZ{�I P�B8
8BI�j B� sRRZ8}�$BtR stI {Bt{jZR$BtR BA�s$t�I %$s s 8s�Y�8s�${sj stsjkR$R BP �-}��$8�t�sj Is�sU  �j$�PR
sABZ� �Y� %sj$I$�k BP 8BI�jR stI sRRZ8}�$BtR� stI �Y���PB�� stk {Bt{jZR$BtR AsR�I $t bYBj� B� $t }s�� Bt
8s�Y�8s�${sj 8BI�jR� s�� tB� t�{�RRs�$jk R{$�t�$h{ ��Z�YR v �Y�k 8$�Y� A� PsjR$h�I Ak PZ�Z�� }YkR${sj
Is�s� =tPsjR$h�I {Bt��Bj sZ�8�t�R $t��BR}�{�$%� 8BI�jTAsR�I �BAZR� {Bt��Bj I�R$�t 8��YBIR Ak }�B%$I$t�
s JZst�$�s�$%� 8��YBIBjB�k PB� {jBR$t� �Y� jBB} Bt �Y� {Bt��Bj I�R$�t }�B{�RR bY�t� s� �Y� �-}��$8�t�sj
%sj$Is�$Bt R�s��� �Y� 8BI�jTAsR�I �BAZR� {Bt��Bj I�R$�t }�B%�R �B A� ZtRs�$RPs{�B�k�

1� =tPsjR$h�I {Bt��Bj �Y�B�k $t{B�}B�s��R tB R�tRB� tB$R� 8BI�jR� stI �Y���PB�� 8ZR� }��PB�8 }BB�jk�

yt ZtPsjR$h�I {Bt��Bj� {Bt��Bj RkR��8 }��PB�8st{� {�$���$s s�� P�s8�I I$��{�jk $t ���8R BP BAR��%�I %s�$T
sAj�R� qY$R �ZtR {BZt��� �B �R�sAj$RY�I $t�Z$�$Bt PB� RB8� {Bt��Bj �Y�B�$R�R bYB Ys%� ��Bbt B%��jk {B8T
PB��sAj� b$�Y ��sI$�$Btsj {Bt��Bj }�BAj�8 PB�8Zjs�$BtR �Ys� {Ys�s{���$9� }YkR${sj 8�sRZ��8�t�R sR tB$R�T
{B��Z}��I BAR��%s�$BtR BP �Y� ZtR��t $t���tsj ���sj$�k: BP s ���Z�: 8BI�j� p$%�t �Y$R ��sI$�$Bt sR Ys%$t�
8B�� ��Z�Y {Bt��t� �Yst }YkR${sj BAR��%s�$BtR� $� YsR A��t �sRk �B RZ{{Z8A �B �Y� ��8}�s�$Bt �B sRRZ8�
�Ys� �Y� 8BI�jR stI �Y�$� tB$R� s�� �Y� ���Z�: �-}jsts�$Bt BP BAR��%�I }YkR${sj Is�s� qY� Ps{� $R �Ys�
ZtPsjR$h�I {Bt��Bj IB�R s{{B88BIs�� tB$R� JZ$�� b�jj bY�t RZ$�sAjk �RBP�: }��PB�8st{� {�$���$s s�� �8T
}jBk�I� VtI� 8B��B%��� �Y� }��PB�8st{� {�$���$s ZR�I $t ZtPsjR$h�I {Bt��Bj s�� JZ$�� 4�-$Aj�� stI 8sk
�%�t A� sRRB{$s��I b$�Y� stI I��$%�I P�B8� ��sI$�$Btsj R�B{YsR�${ tB$R� Yk}B�Y�R�R�

n� =tPsjR$h�I sIs}�$%� {Bt��Bjj��R s�� {js$8�I �B A� JZ${, stI RZ��TPBB��I I$R{B%�� �BBI {Bt��Bj �s$tR� �%�t
tBtT8$t$8Z8T}YsR� }jst�R� qY$R $R �BB �BBI �B A� ��Z�� stI RB 8ZR� A� PsjR��

qY$R ���Bt�BZR A�j$�P s}}s��t�jk s�$R�R P�B8 ,tBbj�I�� �Ys� }B}Zjs� 8BI�j ��P���t{� sIs}�$%� {Bt��Bj
R{Y�8�R s�� ��js�$%�jk RjZ��$RY stI Ys%� A��t }�B%�I �B Ps$j PB� tBtT8$t$8Z8T}YsR� }jst�R�  Z�� ZtPsjR$T
h�I {Bt��Bj $R tB� 8BI�j ��P���t{� {Bt��Bj stI IB�R tB� RZ&�� $�R j$8$�R� y� $R PsR� stI RZ��TPBB��I A�{sZR��
Ztj$,� B�Y�� sIs}�$%� R{Y�8�R RZ{Y sR 8BI�j ��P���t{� {Bt��Bj� ZtPsjR$h�I {Bt��Bj �Y�B�k $R AsR�I Bt s
}��{$R� stsjkR$R BP �Y� 8s�Y�8s�${sj {BtR��s$t�R $tIZ{�I Ak wdD }��PB�8st{� {�$���$s� w1D }YkR${sj Is�s
stI wnD �Y� {Bt��Bj jsb�

;� =tPsjR$h�I sIs}�$%� {Bt��Bjj��R 8s,� ZR� BP �Y� $t%��R� BP �Y� {Bt��Bjj�� ��stRP��� RB �Y�k 8ZR� A� R�tR$�$%�
�B }jst� 8BI�j ���B� stI tB$R��

V}}s��t�jk RB8� {Bt��Bj �Y�B�$R�R s�� {BtPZR�I Ak �Y� �YBZ�Y� BP {Bt��Bjj�� $t%��R$Bt� R$t{� $� ��$����R
Zt��js��I 8�8B�$�R {Bt{��t$t� ,tBbt I$^{Zj�$�R b$�Y {Bt��Bjj��R �Ys� ��jk Bt $t%���$t� �Y� }jst� $�R�jP� yt
stk {sR�� �Y� {Bt��Bjj�� $t%��R$Bt $R tB� st �RR�t�$sj }s�� BP �Y�B�k AZ� 8���jk Bt� BP R�%��sj {Bt{�$%sAj�
bskR �B }��PB�8 �Y� {B8}Z�s�$BtR �Ys� s�� t�{�RRs�$jk sRRB{$s��I b$�Y stk jB�${sjjk {B���{� ��R� BP
{BtR$R��t{k s {Bt��Bjj�� Yk}B�Y�R$R s�s$tR� }��PB�8st{� �BsjR stI }YkR${sj Is�s�

x� VtkBt� bYB {js$8R �B A� sAj� �B I�R$�t s {Bt��Bjj�� b$�YBZ� s 8s�Y�8s�${sj 8BI�j BP �Y� }jst� 8ZR� A�
s {Ys�js�st� ���B ZtPsjR$h�I {Bt��Bj 8ZR� A� �Y� }�BIZ{� BP {Ys�js�stR� V R�sRBt�I ��%$�b�� BP BZ� }s}��
>;nH }Z� �Y$R BA`�{�$Bt %��k �jBJZ�t�jk� Rsk$t�

X�BI��t R{$�t{� $R 8BI�jTAsR�I� yP �B sAstIBt 8BI�jR $R tB� �B sAstIBt 8s�Y�8s�${sj R{$T
�t{�� � � "

yt RZ{Y s��Z8�t�R� Bt� 8sk }��Ys}R �j$8}R� �j�8�t�R BP �Y� {Bt4${� A��b��t �Y� $t��BR}�{�$%� A�j$�PT
I�$%�t 8��YBIR BP st{$�t� _js�Bt${ R{$�t{� stI �Y� BAR��%s�$BtTI�$%�t 8��YBIR BP }BR�Tpsj$j�B �-}��$T
8�t�sj R{$�t{�� 7Z{Y Psjjs{$BZR %$�bR s�� AsR�I Bt �Y� ,tBbj�I�� �Ys� �R�sAj$RY�I {Bt��Bj �Y�B�$�R wj$,�
�Y� �Y�B�$�R BP _js�BD s�� Y�s%$jk $t��BR}�{�$%�� ��jk$t� Bt 8BI�jR stI sRRZ8}�$BtR �B I�IZ{� RZ{Y �Y$t�R
sR R�sA$j$�k B� B}�$8sj$�k� qY�k Ps$j �B �s,� s{{BZt� BP �Y� Ps{� �Ys� $� 8sk A� }BRR$Aj� �B I�%$R� I�}�tIT
sAj� Is�sTI�$%�t 8��YBIR PB� I$R{B%��$t� �BBI {Bt��Bj I�R$�tR b$�YBZ� 8BI�jR %$s {s��PZj 8s�Y�8s�${sj
stsjkR$R BP �Y� jB�${sj $8}j${s�$BtR BP �-}��$8�t�sj BAR��%s�$Bt sjBt�� qY�k sjRB Ps$j �B tB�${� �Ys� 8BI�jR
sjRB }jsk s ,�k �Bj� $t �Y� ZtPsjR$h�I {Bt��Bj 8��YBI� AZ� �Ys� �Y� 8BI�jR ZR�I $t ZtPsjR$h�I {Bt��Bj
s�� 8BI�jR BP {stI$Is�� {Bt��Bjj�� Yk}B�Y�R�R� tB� }jst�R� ytI��I� s {s��PZj {B8}s�$RBt BP ZtPsjR$h�I
{Bt��Bj �Y�B�k stI RkR��8 $I�t�$h{s�$Bt �Y�B�k RYBbR �Ys� �Y�k s�� {Bt{�}�Zsjjk �Y� Rs8�� �-{�}� �Ys�
$t ZtPsjR$h�I {Bt��Bj Bt� $I�t�$h�R {Bt��Bjj�� 8BI�jR wtB� }jst� 8BI�jRD stI }��PB�8st{� {�$���$s $t%Bj%�
{jBR�ITjBB} {Bt��Bj ���B�R wtB� B}�tTjBB} }jst� 8BI�j ���B�RD�

qY� PB���B$t� s�� ��}��R�t�s�$%� BP Psjjs{$BZR {�$�${$R8R �Ys� Ys%� A��t j�%$�I Ak �-}��$�t{�I tskRsk��R
bYB b��� {Bt%$t{�I �Ys� ZtPsjR$h�I {Bt��Bj $R s Y�s%$��T�YstTs$� �Y�B�k �Ys� {BZjI tB� }BRR$Ajk 4k� qY�k
b��� b�Bt�� =tPsjR$h�I {Bt��Bj �Y�B�k $R �s,$t� B&� y� $R }�B%$t� �B A� s j��$�$8s�� stI ZR�PZj %�Y${j� PB�
Is�sTI�$%�t {Bt��Bj I�R$�t� �%�t $P �Y� $t$�$sj 4$�Y�R Ys%� A��t RB8�bYs� Zt�s$tjk stI RYB���



E �${Ys�j p� 7sPBtB%

*�R$�t 7�ZI$�R

qY� dM�x I�{js�s�$Bt BP �Y� NB�I ��j%$t tB� b$�YR�stI$t�� �Y� G�$�Y� A�B�Y��R 4�b $t d�(n� VR PB� ZtPsjR$h�I

{Bt��Bj �Y�B�k� s{{Z8Zjs�$t� {sR� R�ZIk �%$I�t{� $R j$,�b$R� }�B%$t� �Y� $t�Z$�$Bt BP �-}��$�t{�I tskRsk��R

�B A� b�Bt�� !%�� �Y� }sR� �Y��� k�s�R R�%��sj I�R$�t R�ZI$�R Ys%� {Bth�8�I �Y� �Y�B���${sj �-}�{�s�$Bt �Ys�

ZtPsjR$h�I {Bt��Bj {st A� ZR�PZj $t {jBR$t� �Y� BZ��� Is�sTI�$%�t jBB} Bt �Y� {Bt��Bj I�R$�t }�B{�RR� =tPsjR$h�I

{Bt��Bj �Y�B�k YsR }�B%�I �&�{�$%� $t s}}j${s�$BtR $t%Bj%$t� AB�Y B&Tj$t� {Bt��Bjj�� �s$t �Zt$t� stI $t ��sjT

�$8� sIs}�$%� {Bt��Bj I�R$�t R�ZI$�R� qY�R� $t$�$sj I�R$�t R�ZI$�R Ys%� Y�j}�I ZR �B A����� ZtI��R�stI �Y�

}B��t�$sj BP �Y� ZtPsjR$h�I {Bt��Bj �Y�B�k� sR b�jj sR j$8$�s�$BtR BP �Y� {Z���t� �Y�B�k�

�$RR$j� VZ�B}$jB� !t� I�R$�t R�ZIk �Ys� b� {BtIZ{��I $t%Bj%�I ZR$t� st ZtPsjR$h�I {Bt��Bjj�� �B �BAZR�jk

I$R{B%�� _y* {Bt��Bjj�� �s$tR PB� st sIs}�$%� 8$RR$j� sZ�B}$jB� �Bt �Y� 4k: $t ��sjT�$8� >�H� 3$�Z�� ; RZ88s�$9�R

�Y� ��RZj�R BP �Y� 8$RR$j� I�R$�t� yt sjj ��$sjR� �Y� ��R}BtR� BP �Y� sIs}�$%� jBB}R bsR Rb$P� stI RZ��TPBB��I v

$t R�s�, {Bt��sR� �B bYs� bBZjI A� �-}�{��I P�B8 ��sI$�$Btsj 8BI�j ��P���t{� sIs}�$%� 8��YBIR�

• Learns  control gains

• Adapts quickly to
compensate for
damage & failures

• Superior performance

Brugarolas, Fromion & Safonov, ACC ’98

Specified target response bound

    Actual response

Commanded
response

Brugarolas, Fromion & Safonov, ACC ’98

 Unfalsified adaptive missile autopilot:
• discovers stabilizing control gains
   as it flies, nearly instantaneously
• maintains precise sure-footed control

3$�� ;� V Is�sTI�$%�t ZtPsjR$h�I 8$RR$j� {Bt��Bjj�� bBZjI Ys%� sA$j$�$�R �B sIs}�$%�jk I$R{B%�� RBjZ�$BtR $t ��sjT�$8�

�B {B8}�tRs�� PB� RZII�t $tT4$�Y� {Yst��R stI Is8s���

iBAB� �st$}Zjs�B� V�8 G� ZR�I �B ZtPsjR$h�I 8��YBIBjB�k �B sIs}�$%�jk �Zt� �Y� }s�s8����R BP s

tBtj$t�s� �{B8}Z��IT�B�JZ�: {Bt��Bjj�� PB� s �BAB� 8st$}Zjs�B� s�8 >x(H v R�� 3$� h�U�BAB�� qY� s�8 }�B%�I

�B A� {s}sAj� BP s JZ${, stI ��j$sAj� {Bt��Bj ��R}BtR� I�R}$�� js��� stI RZII�t %s�$s�$BtR $t jBsI 8sRR� V�s$t�

�Y� {Bt��Bjj�� }��PB�8�I b$�Y }��{$R$Bt� I�R}$�� tB$R�� Ikts8${sj s{�Zs�B� Zt{���s$t�$�R stI b$�YBZ� }�$B�

,tBbj�I�� BP �Y� }jst� 8BI�j B� $�R }s�s8����R� i�RZj�R PB� �Y� �BAB� I�R$�t b��� RZ��PBB��I stI }��{$R��

b$�Y �Y� {Bt��Bjj�� 8s$t�s$t$t� st B�I�� BP 8s�t$�ZI� 8B�� }��{$R� {Bt��Bj �Yst s R$8$js� 8BI�jT��P���t{�

sIs}�$%� {Bt��Bjj�� IZ�$t� b$I�jk 4Z{�Zs�$t� 8st$}Zjs�B� jBsI %s�$s�$BtR� �Y� {Bt��Bjj�� bsR sjRB 8B�� �BAZR�

$t �Ys� $� bsR {s}sAj� BP 8s$t�s$t$t� }��{$R� {Bt��Bj �%�t IZ�$t� jBsI %s�$s�$BtR �Ys� I�R�sA$j$9�I s R$8$js�jk

R��Z{�Z��I 8BI�jT��P���t{� sIs}�$%� {Bt��Bjj���



i�{�t� VI%st{�R $t iBAZR� ]Bt��Bj� 3��IAs{, stI N�s�t$t� �

ytIZR��$sj _�B{�RR ]Bt��Bj Vj�YBZ�Y %��k P�b ��R�s�{Y��R B�Y�� �Yst BZ�R�j%�R Ys%� sR k�� �-s8$t�I

ZtPsjR$h�I {Bt��Bj 8��YBIR� �YBR� bYB Ys%� �s,�t �Y$R R��} Ys%� }��I${�sAjk {Bth�8�I �Y� �&�{�$%�t�RR

BP ZtPsjR$h�I {Bt��Bj 8��YBIR $t R�%��sj $tIZR��$sj }�B{�RR {Bt��Bj s}}j${s�$BtR� 3B� �-s8}j�� �BRZ� >nxH

�-s8$t�I ZtPsjR$h�I {Bt��Bjj�� PB� I$��{� Is�sTI�$%�t B&Tj$t� {Bt��Bj �s$t �Zt$t� ZtI�� �Y� sRRZ8}�$Bt BP

s tB$R�TP��� j$t�s�T�$8�T$t%s�$st� }jst�� GBBIj�k� <Bb stI �BRZ� stI ZR�I �Y� �Y�B�k b$�Y �BBI ��RZj� PB�

Is�sTI�$%�t I$R{B%��k BP �BBI {Bt��Bj �s$tR PB� s jsAB�s�B�k {Bt��Bj }�BAj�8 $t%Bj%$t� �bB R}�$t�T{Btt�{��I

8sRR�R� VjRB� ]Bjj$tR stI 3st >nEH RZ{{�RRPZjjk ZR�I �Y� ZtPsjR$h�I {Bt��Bj 8��YBIBjB�k $t s �ZtT�BT�Zt

R���$t� �B �Zt� �s$tR B&Tj$t� $t st $tIZR��$sj b�$�YTA�j� P��I�� {Bt��Bj I�R$�t R�ZIk� �B�� ��{�t�jk� �Y���

Ys%� A��t RB8� }�B8$R$t� sIs}�$%� {Bt��Bj s}}j${s�$BtR �B 8s{Y$t� {Bt��Bj Ak is9s%$ stI �Z�P�RR >n��nMH

AsR�I Bt �Y� ZtPsjR$h�I {Bt��Bj 8��YBIBjB�k�

=t$%��Rsj _y* ]Bt��Bjj�� !t� s}}j${s�$Bt BP �Y� �Y�B�k $t%Bj%�I $8}j�8�t�$t� s _y*TAsR�I sIs}�$%�
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