
To appear, J. Propulsion and Power
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$�&�(*)�)�D�&�(l$2(8&�7�D�&��'357�AC! c !,FZ3 c ! c 3\[�AB)+TK"."%(87+&jAB l/'AB)+7�D�&��43 c  �(l 83 c �2(!,��7�3,A c (*/���I�!,&J&�!,7�357�A c kU)+7�3,1B1�/�(87+(* �7�AC! c ��7�e�(Q&�(*1�357�AC! c �2(87a^�(8( c 7�e�(Q$�&6(*)�)�D�&�(~3 c /hV,(*1B!0 8AC7 T;$2(8&�7�D�&��'357�AC! c3,)�)+!K 8AB357+(*/l^-AC7�ed3-&�!,7�357�A c kE)+7�3,1B1| �(*1B1¸ 83 c �i(�F�!#D c /fA c Ò�(*e c �,( c :Á>_?¶�R³Je�(�/'A=�i(8&6( c  �(��2(87a^�(8( c 7�e�(�$�&�(*)6)�D�&�(!,��7�3,A c (*/�F�&�!#" ! c (d)+7�357�AB ~$�&6(*)�)�D�&�(~7+&63 c )�/�D� �(8&J"%!#D c 7+(*/h357J7�e�(Q$'AC(8¥8!#)+7�357�AB ~&jA c k%357J7�e�(dA c 1C(87�3 c /�7�e�357Ft&�!#" 7�e�(�$'AC(8¥8!#)+7�357�AB J&6A c kd/�!_^ c )+7+&6(*3," c (*35&Z7�e�(J!#D�7�1C(87�!,Fi7�e�(-)+TK)+7+(*" AB)� �!#"%$'D�7+(*/;3,)�7�e�(J$'&�(*)�)�D�&6(�&6AB)+(

3, �&�!#)�)�7�e�(~ �!#"%$�&6(*)�)+!,&*��³Je�(�".3,)�)�]'!_^©3 c /;e�( c  �(�V,(*1C!K 8AC7 T.!,F}7�e�(E)+T0)�7+(*"  83 c �2(� 83,1� 8D�1B357+(*/�D�)�A c kd7�e�($�&�(*)6)�D�&�(vFt&�!#" 7�e�(JA c 1C(878�#3,)�^�(*1B1�3,)�3de�!,7a^-AC&6(J3 c (*"%!#"%(87+(8&�"%!#D c 7+(*/.35$�$�&�!�[KA�".357+(*1CT�<*>0���l 8"gr�<5� ¾d&�!,7+!,&
&63,/�A�A�uJD�$')+7+&�(*3," !,F�7�e�(%&�!,7+!,&dFS3, �(,�.I�!,&l7�e�(%V,(*1C!K 8AC7aT´"%(*3,)�D�&6(*"%( c 7�)f3,)�)+!K 8AB357+(*/Ð^-AB7�e±7�e�(.)�D�&�k,(. �TK 81C(/�357�3l/�(*)� �&6AC�2(*/.A c;Å (* �7�AC! c ���|^�e�AB 6e.&�(*�|D'AC&�(-e�ABk#e�(8&��'3 c /�^-AB/�7�e��,7�e�(�e�!,7 ^-AC&�(-3 c (*"%!#"%(87+(8&�AB)�D')+(*/��R³Je�(Ft!,&6"%(8&lA�)dD�)+(*/�Ft!,&l3,1�1R!,7�e�(8&lV,(*1B!0 8AC7 T�"%(*3,)�D�&�(*".( c 7�)8���E1B1ª!,Fv7�e�(U)+( c )+!,&l)�ABk c 3,1B)Q35&�(UG41C7+(8&�(*/�7�e�&�!#D�k#e3 �,7�e�!,&6/�(8&dÒZ(*)6)+(*1�1C!_^ $'3,)�)~G41B7+(8&E^�AC7�e�3h 8D�7+!5�ºF�&�(*�0D�( c  �T±!,FE<8�,�,� �-¥.�2(8Ft!,&�(
7�e�(.)�ACk c 3,1�$'&�!0 �(*)6)�A c k$'e�3,)�(dA c 7�e�(f)+!,Ft7a^v35&�(,��Ñe�ACk#e·)+$2(8(*/½3 c /º3´1C!_^ )�$i(8(*/·�'1B(8(*/ÊV53,1CV,(h35&�(h3*V53,AB1B35�'1B(;! c 7�e�(�Èv3,1C7+(* jeº&6ACk���³Je�(�e�ACk#e·)+$2(8(*/�'1C(8(*/WV\3,1CV,(,�iD�)+(*/�$�&6AB".35&jAB1CT%Ft!,&�)+7�3,1B1� �! c 7+&6!#1P�4e�3,)�3.".35k c AB7�D�/�(f)�357�D�&6357�AC! c !,F�< Ô�� rS �!,&�&�(*)+$2! c /'A c k
7+!3 c 35&�(*3.!,Fv<,<5���� 8" � uZ!,FR7�e�(~]'!_^¦357J7�e�(d)�7�3,1B1}A c  �(8$'7�AC! c $2!#A c 7�3 c /�AB)�35$�$�&�!�[KA�".357+(*1CT Ô ¾% 8"ÏrP>0�B<f&�!,7+!,&
&63,/�A�A�uR/�!_^ c )+7+&�(*3," !,F�7�e�(E&�!,7+!,&*� � [K3,"UA c 357�AC! c !,F}$�&�(*)6)�D�&�(J7+&j3 c )�/�D� �(8&j)Z)�ABk c 3,1B)�A c /�AB 8357+( c !²/�(87+(* �7�35�41C(
c ! c �a3\[�AB)+TK"."%(87+&jAB UA c ]4D�( c  �(.�0TÐ7�e�(�e�ACk#e½)+$2(8(*/Ê�41C(8(*/ÊV53,1CV,(,��³Je�(�1C!�^�)+$2(8(*/½V\3,1BV,(,��D�)+(*/½$�&6AB".35&jAB1CT
Ft!,&²)�D�&�k,(U �! c 7+&�!#1v3 c /Ð7�e�&6!,7+7�1C(;/�A�)+7�D�&��'3 c  �(%k,( c (8&6357�AC! c �ªe�3,)²3�"U35k c AC7�D�/�(;)�357�D�&6357�AC! c !,F->5� � !,F�7�e�(
]'!_^ !,F�7�e�(%)+T0)�7+(*" 357~7�e�(
)+7�3,1B1HA c  �(8$'7�AC! c $2!#A c 7�3 c /±AB)E(*)+7�A�".357+(*/�7+!�e'3*V,(%3�)�".3,1B1�)�ACk c 3,1vr�� �
�l3 c k#1C("%!K/�D�1B357�AB! c uª�43 c /�^-AB/�7�e;!,F �5� ��¥f3 c /h3.1�35&�k,(d)�ACk c 3,1�r��dÀ5�	�~3 c k#1C(d"%!K/�D�1B357�AB! c u��'3 c /�^-A�/�7�eU!,Fv< � ��¥,�³Je�(;3,AC&
A c�� (* �7+!,&6)²35&�(;! c �¶!5�Í7aT0$2(�A c�� (* �7+!,&6)²/�&6ABV,( c �0TÊ)+!#1C( c !#A�/ÐV53,1CV,(*)8�±I�!,&.35$�$'1BAB 8357�AB! c )Q! c 7�e�(Èv3,1C7+(* jeÐ �!#"%$�&6(*)�)+!,&d&6ABk���7�e�(.A c�� (* �7+!,&6)Q35&�(%Ft(*/´^-AC7�e�3�$�&6(*)�)�D�&�(
)+!#D�&j �(.)�D�$�$'1BT0A c k;3,AC&d357d3h".3\[�AB"²D�"$�&�(*)6)�D�&�(~!,F�Â5�%$')�ABk���³Je�(dA c�� (* �7+!,&6)J35&6(f1C!K 8357+(*/W357�35$�$'&�!*[�AB".357+(*1CT�<8�K���; 8" r�<5� Ô &�!,7+!,&�&63,/�ABA�uZD�$4)+7+&�(*3,"
!,Fv7�e�(.&�!,7+!,&���Ç~D�(.7+!�)�ACk c ACG4 83 c 7d1B!#)�)+(*)f3, �&6!#)�)d7�e�(;)+!#1C( c !#AB/ÐV\3,1CV,(*)l3 c /��2(87a^�(8( c 7�e�(.V53,1CV,(*)f3 c /Ê7�e�($�&�(*)6)�D�&�(-)�!#D�&6 �(,�K7�e�(�A c�� (* �7+!,&��'3, 6�U$�&�(*)6)�D�&�(J&6(*3,/�A c kf/�!|(*) c !,7�&�(8$�&�(*)+( c 7v3 c 3, 8 8D�&j357+(~A c /�AB 8357�AC! c !,F}7�e�(3, �7�D�3,1ªV,(*1B!0 8AC7 T±!,F�7�e�(.A c�� (* �7+(*/�3,AC&Q! c 7�e�(%&�!,7+!,&dFS3, �(,�.Æ�)6A c kh3he�!,7a^�AC&�(%3 c (*"%!#"%(87+(8&��y7�e�(.".3\[�AB"²D�"V,(*1C!K 8AC7aT
!,Fi7�e�(JV,(*1C!K 8AC7 Tl$�&6!5G41C(v$�&�!K/�D� �(*/
�0Tl7�e�(JA c�� (* �7+(*/.3,AC&�"%(*3,)6D�&�(*/%357�3d/'AB)+7�3 c  �(�(*�0D�ACV53,1C( c 7ª7+!d7�e�(&�!,7+!,&+�aA c�� (* �7+!,&�/�AB)+7�3 c  �(EFt!,& �5�%3 c /W¾5�
$')�ACk
A c�� (* �7+!,&��'3, 6�;$�&6(*)�)�D�&�(~35&�(Q"%(*3,)�D�&�(*/�7+!%�2(~35$'$�&�!*[�AB".357+(*1BT>5�K� Ô 3 c /;>,>0� Â²";µ\)�(* -&�(*)�$i(* �7�ABV,(*1CT,���v7Z7�e�(�)+7�3,1B14A c  �(8$�7�AB! c $2!#A c 78�¸(*3, 6ehA c�� (* �7+!,&� 83 c 3,/�/;35$'$�&�!*[�AB".357+(*1BT<5��� � ".3,)6)8� Ô ��� � "%!#"%( c 7�D�"h�}3 c /¹<5� > � ( c (8&�k,T±7+!h7�e�(.)+TK)+7+(*" ^-e�( c 7�D�& c (*/±! c  �! c 7�A c D�!#D�)�1BT�357f¾5�$')�ABk.A c�� (* �7+!,&-�'3, 6��$'&�(*)�)�D�&6(,��³Je�(d�43 c /�^-AB/�7�e�3,)6)+!0 8A�357+(*/�^-AB7�e�7�e�(fA c�� (* �7+!,&6)�AB)J35$�$�&6!*[�AB".357+(*1CT Ô �,� ��¥357 �5� � /�D�7aT% �TK 81C(,�ª³Je�(J3 c k#1B(J!,FiA c�� (* �7�AB! c �¸A c�� (* �7+!,&��'3, 6�%$�&�(*)�)6D�&�(,�,7�e�(-3\[�AB3,1�1B!0 8357�AC! c !,F47�e�(�A c�� (* �7+!,&6)8�3 c /h7�e�(Q&63,/�AB3,1�1C!K 8357�AC! c !,FR7�e�(dA c�� (* �7+!,&j)J 83 c 3,1B12�2(QV535&6AC(*/���E1B1}(�[K$2(8&6AB"%( c 7�)J35&�(²&6D c A c &�(*3,1�7�AB"%(fD')�A c k Å $'35&�&�!_^ : Ô <�?H^-AC7�e�3;)�3,"%$'1�A c k%Ft&�(*�|D�( c  �T�!,F Ô �,�,����¥! c 3.»H( c 7�ABD�" <8�,�;É ��¥f»vÈE�
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Model Identification for new configuration: compressor characteristic fit
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 with air injection
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IRACk#D�&�(h<8� �QÄ�/�( c 7�A=G4 8357�AC! c !,F� �!#"%$�&�(*)�)�!,&f 6e�35&j3, �7+(8&6AB)+7�AB 
^�AC7�e´ �! c 7�A c D�!#D�)Q3,AB&dA c�� (* �7�AC! c 357 Ô � �
3 c /Ð¾5�$')�ABk~A c�� (* �7+!,&��'3, ��²$�&�(*)�)6D�&�(,�R³Je�(� �&�!#)�)+(*)�&�(8$�&�(*)+( c 7�/�357�3Q$2!#A c 7�)R7�35�,( c Ft&�!#" (�[K$2(8&6AB"%( c 7�)8�,7�e�(-)�!#1BAB/²7�e�(AB/�( c 7�A=G'(*/% �!#".$�&�(*)�)+!,&� 6e�35&j3, �7+(8&6AB)+7�AB 5�K7�e�(�/�3,)�e�(*/%7�e�(� �!#"%$�&6(*)�)+!,&Z je�35&63, �7+(8&6A�)+7�AB J^�AC7�e�!#D�7�3,AC&�A c�� (* �7�AC! c �3 c /h7�e�(d)�e�3,/�(*/h&6(8k#AC! c 7�e�(Q(�[K$2(8&6AB"%( c 7�3,1})�D�&6k,(d �T0 81C(*)-/�357�3%Ft!,&~«~�8r ¤ u�^-AC7�eh3,AB&-A c�� (* �7�AC! c �

� � ���i�%�+���
Ä c 7�e�AB)�)�(* �7�AC! c �¸^�(J$�&6(*)+( c 7�7�e�(J&�(*)�D'1C7�)ªFt!,&�3\[KA�)+T0"U"%(87+&6AB v�'1B(8(*/%^-AC7�e. �! c 7�A c D�!#D�)�3,AB&�A c�� (* �7�AC! c ��È�! c 7+&�!#1!,Fv&�!,7�357�A c k±)+7�3,1B1�AB)f/�(*"%! c )+7+&j357+(*/�G'&6)�78�U� /�(*)� �&6AC$'7�AC! c !,Fv7�e�(.$�&�!K �(*/�D�&6(.1C(*3,/�A c k�7+!±7�e�(U �!#"%$'35&jAB)+! c)+7�D�/�T�AB)~7�e�( c k#ACV,( c ��F�!#1B1B!�^�(*/��|T´7�e�(%&6(*)�D�1C7�)8�.� &�(*"U35&���e�(8&�(.AB)Q7�e�357f7�e�(%7�e�(8!,&�(87�AB 83,1�k#3,A c 3 c /Ð&6357+($�&�(*/'AB �7�AC! c )�35&�(
!,��7�3,A c (*/�3 c 3,1CT07�AB ² �!#"%$�&�(*)�)�!,&~ je�35&63, �7+(8&6A�)+7�AB 8)8��!,��7�3,A c (*/��0T�D�)6A c kU$2!#1CT c !#".A�3,12G'7�)E7+!(�[K$i(8&jAB"%( c 7�3,1�/�357�3K�4ACF c (8(*/�(*/��

�%��
 ��� ���BE�� � � >'�����BE �
	2C/�BEF� ���B&
�v7� �(8&�7�3,A c A c�� (* �7+!,&;3 c k#1C(*)�3 c /Ë1C!0 8357�AB! c )8��/�A=�2(8&�( c 7;A c�� (* �7+!,&U�43, ��¨$�&6(*)�)�D�&�(W 83 c &�(*/�D' �(�7�e�(�)�AC¥8(�!,F7�e�(±!,$i( c �a1C!|!,$Ëe¸TK)+7+(8&�(*)�A�)U1C!0!,$Í�0T¹/�A=�2(8&�( c 7;3,"%!#D c 7�)U! c 7�e�(´Èv3,1B7+(* 6eË&6ACk��©��/�/'AC7�AC! c !,FQ �! c 7�A c D�!#D�)3,AC&~A c�� (* �7�AC! c AB)� �! c�� (* �7�D�&6(*/´7+!�&6(*/�D� �(f&j357+(
3 c /�"U35k c AC7�D�/�(l&�(*�0D�AC&�(*"%( c 7�)�F�!,&~�'1C(8(*/±V53,1CV,(² �! c 7+&�!#1B)~!,F&�!,7�357�A c kU)+7�3,1B12�0T� je�3 c k#A c k.7�e�(d �!#"%$�&6(*)�)+!,&� je�35&63, �7+(8&6A�)+7�AB 5�³�!±V53,1BAB/'357+(.7�e�(; �! c�� (* �7�D�&6(,�ª7�e�(;3,AC&²A c�� (* �7+!,&²3 c k#1C(;AB)l)+(87l357 Ô � � rt^�AC7�eÐ$2!#)�AC7�ABV,(U3 c k#1C(*)²AB"%$'1BT0A c k �!#D c 7+(8&+�a �!#"%$�&6(*)�)+!,&+�¶&�!,7�357�AB! c uv3 c /h¾5�²$')�ACk
A c�� (* �7+!,&��'3, 6�U$�&�(*)6)�D�&�(,�R¼©AC7�e�7�e�(~$'1C( c D�"Î357+7�3, je�(*/��')6D�&�k,(
 �TK 81C(W/�357�3ÐAB)
7�35�,( c 3 c /¹7�e�(W3,1Ck,!,&jAC7�e�" F�!,&;AB/�( c 7�ACF�TKA c k±7�e�(WD c )�7�35�'1C(�$'35&�7%!,FE7�e�(W �!#"%$�&6(*)�)+!,&. 6e'35&+�3, �7+(8&6AB)�7�AB .3,)d/�(*)6 �&6AC�2(*/��|T�Ò�(*e c �,( c :Á>5?¶�UIRACk#D�&�(W<8�W)6e�!�^-)d7�e�(%&�(*)�D�1B7�)8�%Ä 7d)6e�!#D�1B/´�2( c !,7+(*/Ð7�e'357d7�e�(
c ! c /'AB"%( c )�AB! c 3,1,V,(*1C!K 8AC7aT ¤ Ft!,&R7�e�(� 83,)+(v^-AC7�e²3,AC&ªA c�� (* �7�AC! c e�3*V,(��2(8( c 3,/ � D�)+7+(*/²7+!~&�(�]'(* �7R7�e�(�(*�|D�ABV\3,1C( c 7V,(*1C!K 8AC7aT�7+!.7�e�(f 83,)+(d^-AB7�e�!#D�7�3,AC&-A c�� (* �7�AC! c Ft!,&-3%FS3,AC&J �!#"%$435&6AB)+! c �³Je�(-AB/�( c 7�A=G'(*/% �!#"%$'&�(*)�)+!,&� 6e�35&63, �7+(8&jAB)+7�AB �AB)�"%!,&�( � G41B1C(*/
!#D�7 �d! c 7�e�(�1C(8Ft7�!,F27�e�(-$2(*35�i�ª³Je�(- �&�!#)6)+(*)A c IRACk#D�&�(�<8��35&6(l(�[K$2(8&6AB"%( c 7�3,1�/'357�3U$2!#A c 7�)-!,F�7�e�(²)�7�35�'1C(
)�AB/�(l!,F�7�e�(
 �!#"%$�&�(*)�)�!,&~ je�35&63, �7+(8&6A�)+7�AB l^-AC7�e �! c 7�A c D�!#D�)Q3,AC&dA c�� (* �7�AC! c ��7�e�(²&jACk#e¸7Q)+!#1�AB/´ 8D�&�V,(%7�e�(%$2!#1CT c !#".AB3,1yG'7~!,F�7�e�(
(�[0$2(8&6AB".( c 7�3,1ª/�357�3�$2!#A c 7�)8�
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High speed bleed with Liaw−Abed on Caltech rig with air injection
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2nd injector hole
27 deg. at 55 psi
A1 thresh=0.15  A1 gain=1000

 : open−loop
 : closed−loop
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High speed bleed with Liaw−Abed on Caltech rig with air injection
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2nd injector hole
27 deg. at 55 psi
A1 thresh=0.15  A1 gain=1000

IRACk#D�&�(²<,<�� �E$2( c ��3 c /� 81C!#)+(*/K�a1B!|!,$;�i(*e'3*VKAC!,&�!,Fy)�T0)+7+(*"Î! c ¤ �¶s¹$41B3 c (JFt!,&� �! c 7+&�!#14^-AC7�eU�'1C(8(*/.V53,1CV,(~3 c / �! c 7�A c D�!#D�)J3,AC&-A c�� (* �7�AB! c 357 � �
$')�ABk.A c�� (* �7+!,&J�'3, ���$�&6(*)�)�D�&�(.rS/�(* �&6(*3,)�A c k n AB"%$'1�AC(*)Z 81B!#)�A c k%7�e�&6!,7+7�1C(_uj�

7�e�(
1C(8Ft7E)+!#1�AB/� 8D�&6V,(²7�e�(²AB/�( c 7�A=G4(*/�D c )�7�35�'1C(f$435&�7�!,F�7�e�(² je�35&63, �7+(8&6A�)+7�AB 
A c 7�e�(l$'&�(*)+( c  �(²!,F� �! c 7�A c D�!#D�)3,AC&�A c�� (* �7�AC! c �07�e�(~/�3,)�e�(*/�7�e�(Q �!#"%$'&�(*)�)+!,&� 6e'35&63, �7+(8&6AB)+7�A� �^�AC7�e c !
3,AB&�A c�� (* �7�AC! c �03 c /�7�e�(Q)�e'3,/�(*/U&6(8k#AC! c7�e�(v(�[K$i(8&jAB"%( c 7�3,1�)�D�&�k,(� �TK 81C(*)ª/�357�3~Ft!,&Z«~�*r ¤ uHA c 7�e�(v$�&�(*)+( c  �(v!,F23,AC&ªA c�� (* �7�AC! c �R��)ª)6e�!�^ c A c 7�e�(ZG4k#D�&�(,�7�e�(f)6e�35$2(E!,FR7�e�(d �!#".$�&�(*)�)+!,&� 6e�35&63, �7+(8&jAB)+7�AB lAB)�)�e�ACFt7+(*/hA c 7�e�(f$�&�(*)+( c  �(Q!,FR �! c 7�A c D�!#D�)-3,AC&JA c�� (* �7�AB! c �³Je�(f)�e�ACFt7�A c k
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expt2

expt5

expt7

IRACk#D�&�(º<*> �·ÄN/�( c 7�A=G'(*/© �!#"%$'&�(*)�)+!,&h 6e'35&63, �7+(8&6AB)+7�A� 8)357�>%/'A=�i(8&6( c 7J �! c 7�A c D�!#D�)J3,AC&JA c�� (* �7�AB! c )+(87+7�A c k#)*�

³Je�(J&6357+(-1BA�".AC7�)ª35&�(-/�(87+(8&6".A c (*/.! c 7�e�(J(�[K$2(8&6AB"%( c 7�3,)�Ft!#1B1C!_^-)8�ª�ÌFtD c  �7�AC! c AB)�^J&6AC7+7+( c 7+!lA c  �&�(*"%( c 77�e�(.k#3,A c D c 7�AB1R7�e�(U �! c /'AC7�AC! c )Q!,F�$2(*35��)+7�35�'AB1BAB¥*357�AC! c 35&�(U"%(878��� c 3 c 3,1C!,k,!#D�)fFtD c  �7�AC! c AB)~^-&6AC7+7+( c Ft!,&7�e�(Q&6357+(,�Z³Je�(Qk#3,A c µ_&j357+(d&�(*�0D�AC&�(*/�Ft!,&J$2(*35�;)+7�35�'A�1BAC¥*357�AC! c AB)v7�e�( c !,��7�3,A c (*/h�0T.G4&6)+7J)+(87+7�A c k%7�e�(d)+TK)+7+(*"!,$2(8&6357�A c kÊ$i!#A c 7%7+!·)+7�35�'1C(W�4D�7 c (*35&;)�7�3,1B1-A c  �(8$�7�AC! c �¨¼©AC7�eÍ7�e�(�&6357+(_µ_k#3,A c G�[K(*/��vA c�� (* �7�AC! c 3 c /Í7�e�( �! c 7+&�!#1B1C(8&UA�)
7�e�( c 3, �7�ACV5357+(*/¨^-AB7�eº7�e�(hk#3,A c µ_&6357+(±)+(87.7+!Ð¥8(8&�!��Ë³Je�(W1C!#3,/º!,F~7�e�(W �!#"%$'&�(*)�)+!,&UA�)
7�e�( cA c  �&6(*3,)+(*/��0T´ je�3 c k#A c kW7�e�(.7�e�&6!,7+7�1C(U)+(87+7�A c k�D c 7�AB1ª3 c !#".A c 3,1B1CT�D c )+7�35�'1C(%!,$2(8&6357�A c kh$2!#A c 7dA�)Q&�(*3, 6e�(*/��³Je�(Zk#3,A c µ_&6357+(vA c  �&6(*"%( c 7�A c kJFSD c  �7�AC! c 7�e�( c A c  �&�(*"%( c 7�)�7�e�(�V535&6AB35�'1B(�!,F�A c 7+(8&�(*)+7RD c 7�AB1,$2(*35�f)+7�35�'A�1BAC¥*357�AC! cAB)d3, je�AC(8V,(*/���³Je�(%k#3,A c 3 c /�&j357+(U!,��7�3,A c (*/�F�&6!#" 7�e�(U(�[K$2(8&6AB"%( c 7�)Q35&�(;&�(8F�(8&6&�(*/�7+!�3,)²� ��� � � 3 c /Ð� ��� � �&�(*)+$2(* �7�ACV,(*1BT,�
�E"%! c kh7�e�(W< �hA c�� (* �7�AC! c )+(87+7�A c k#)*�}$2(*35��)+7�35�4AB1BAC¥*357�AC! c AB)Q3, je�AC(8V,(*/ÐA c <,<. 83,)+(*)d3 c /Ð7�e�( c !#".A c 3,1B1CT)+7�35�'1B(
)6AB/�(
!,FZ7�e�(. �!#"%$�&�(*)�)�!,&f 6e�35&j3, �7+(8&6AB)+7�AB %A�)~(�[0$2(8&6AB".( c 7�3,1B1BTh&�(* �!,&6/�(*/Ð357Q(*3, jeÐ!,F�7�e�(W<,<.)+(87+7�A c k#)8�³Je�(�D c )+7�35�41C(U)�AB/�(*)QF�!,&²(*3, 6eº!,F�7�e�(*)+(� 83,)�(*)²35&6(;AB/�( c 7�A=G'(*/Ð�|TÐD�)6A c k�)�D�&�k,(; �TK 81C(;/'357�3�^-AB7�eÊ3 c 3,1Ck,!5�&6AC7�e'"�$�&�!,$2!#)+(*/��|TWÒ�(*e c �,( c :Á>\?¶�JI�!,&~7�e�A�)-)+7�D�/�T,�43.Ft!#D�&�7�e�!,&6/�(8&E$2!#1CT c !#".AB3,1�AB)�D�)+(*/W7+!�35$�$�&6!*[�AB".357+(7�e�(.$4AC(* �(8^-AB)+(. �! c 7�A c D�!#D�)l 8D�&�V,(.Ft!,&d(*3, 6e· 83,)+(,�hIRACk#D�&�(W< Ô )�e�!_^-)Q7�e�(%G47+7+(*/Ê �!#"%$�&6(*)�)+!,&l je�35&63, �7+(8&6A�)��7�AB 8)8�¹³Je�(*)+(�$i!#1BT c !#"UAB3,1Z �!#".$�&�(*)�)+!,&; 6e�35&63, �7+(8&jAB)+7�AB 8).35&6(h7�e�( c D�)+(*/º^-AB7�eº&�(*3,1BAB)+7�A� UV53,1BD�(*)
!,FEV\35&jAC!#D�)$'35&63,".(87+(8&6)²rt(,�Ák�� c !#AB)+(f1C(8V,(*1�A c )+TK)+7+(*";uJA c 3 c 3,1BT|7�AB 83,1y&�(*1B357�AC! c )J� ������M ��� �i�%< ���N��M ��� �43 c /±� Ô ���N��M ��� �'3 c /±A c)�AB"²D�1B357�AB! c )~7�e�357d(*)+7�A�".357+(U7�e�(Uk#3,A c � � � O � 3 c /Ê&6357+(U� � � O � &�(*�0D�AC&�(*"%( c 7�)Q! c 7�e�(.�'1C(8(*/ÐV\3,1CV,(UF�!,&²)+7�3,1B1)+7�35�'A�1BAC¥*357�AC! c �³Je�(8&�(WAB)%D c  �(8&67�3,A c 7 T·3,)6)+!0 8A�357+(*/¨^-AC7�eº7�e�(W �!#"%$'D�7�357�AC! c !,F�7�e�(�7�e�(8!,&�(87�AB 83,1�$'&�(*/�AB �7�AC! c )²3 c /¹7�e�((�[K$i(8&jAB"%( c 7�3,1�/�357�3K��Ç~D�(f".3,A c 1CT.7+!.7�e�(dD c )+7+(*3,/�A c (*)�)�!,FR7�e�(~]4D�AB/�A c 7�e�(l)+T0)�7+(*"h��7�e�(8&�(fA�)�D c  �(8&�7�3,A c 7aTA c (*3, 6eÐ!,FZ7�e�(%AB/�( c 7�A=G4(*/± �!#"%$'&�(*)�)+!,&d je�35&63, �7+(8&6AB)�7�AB 8)QFt&�!#" 7�e�(h< ��)+(87+7�A c k#)*�l°J(*)6D�1C7�)~ �!#"%$'D�7+(*/�D')�A c k7�e�(*)+(~ 6e'35&63, �7+(8&6AB)+7�A� 8)Z7�e0D�)vA c e�(8&6AC7ª7�e�(~D c  �(8&�7�3,A c 7 T.^-e�AB je c (8(*/')Z7+!²�2(�3, 8 �!#D c 7+(*/�Ft!,&*��³Je�(�(�[0$2(8&6AB".( c 7k#3,A c 3 c /´&6357+(%/�357�3h3,1�)+!he�3,)~D c  �(8&�7�3,A c 7aT�3,)�)+!K 8AB357+(*/�^-AB7�e±AC7~35k#3,A c /�D�(²$'&6AB".35&6A�1CT;7+!WD c )+7+(*3,/�A c (*)�)-!,F7�e�(f)�T0)+7+(*"W�
³�!²/�(87+(8&6".A c (-7�e�(�1C(8V,(*14!,FyD c  �(8&�7�3,A c 7aT.3,)�)+!K 8AB357+(*/;^-AC7�eU7�e�(�7�e�(8!,&�(87�AB 83,14$�&�(*/�AB �7�AB! c )�3 c /;7�e�(-(�[K$2(8&+�AB"%( c 7�)8�K3 c A c V,(*)+7�ABk#357�AC! c AB)Z 835&6&6AC(*/.!#D�7Z! c >f!,F}7�e�(l<,<E$2!#A c 7�)8� c 3,"%(*1CT,�0(�[0$2(8&6AB".( c 7 c D�"l�2(8& Ô rt(�[0$'7 Ô uj�

�Írt(�[K$�7 �#uj�-3 c / �¨rt(�[K$�7 �,u±rS)+(8(±IRACk#D�&6(Ê<*>#uj�`I�!,&�(*3, 6eÌ!,FQ7�e�(*)+(�)�(87+7�A c k#)8��7+( c /�A=�2(8&�( c 7;)+(8k#"%( c 7�);!,F7�e�(U)6D�&�k,(. �TK 81C(U/�357�3W35&6(UD�)+(*/�7+!±AB/�( c 7�ACF�T±7�e�(.D c )�7�35�'1C(.)�AB/�(²!,Fv7�e�(. �!#".$�&�(*)�)+!,&² 6e�35&j3, �7+(8&6AB)+7�AB 5�;³Je�(&�(*)�D'1C7�A c k% 6e'35&63, �7+(8&6AB)+7�A� 8)-35&�(d7�e�( c D�)+(*/W7+!U �!#"%$'D�7+(f7�e�(d7�e�(8!,&�(87�A� 83,1}$�&�(*/'AB �7�AC! c )8��3 c /�À � �  �! c Gi/�( c  �(
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Gain:  MG3 vs. Experiment

expt5

expt7

expt2

IRACk#D�&�(.<�� �vÈ�!#"%$'35&6A�)+! c !,F�k#3,A c $�&�(*/�AB �7+(*/��0T�É´¿Q>.3 c /h(�[K$i(8&jAB"%( c 7�3,12k#3,A c &�(*�0D�AC&�(*/�Ft!,&-)+7�35�'A�1BAC¥*357�AC! c!,F�)+7�3,1B1P�R³Je�(-�'35&6)�A c 7�e�(�[./�AC&�(* �7�AC! c 35&�(J(8&�&�!,&��'35&6)�3,)�)�!0 8AB357+(*/;^-AC7�e
7�e�(J7�e�(-D c  �(8&�7�3,A c 7aT%A c  �!#"%$4D�7�A c k7�e�(l7�e�(8!,&�(87�AB 83,1yk#3,A c V53,1BD�(*)²rt7�e�&�!#D�k#e±AB/�( c 7�ACF�TKA c k
7�e�(²D c )+7�35�41C(Q!,FZ« � r ¤ uJD�)6A c k%)�D�&�k,(² �T0 81B(f/�357�3¸uj927�e�(�'35&6)-A c 7�e�(QTh/�AC&�(* �7�AB! c 35&�(Q(8&�&�!,&J�435&6)J3,)�)+!K 8AB357+(*/�^-AC7�e�7�e�(d(�[K$2(8&6AB"%( c 7�3,1B1CTU!,��7�3,A c (*/hV53,1BD�(*)*�

(8&�&�!,&��435&6)frS3,/ � D�)+7+(*/�^-AB7�e�³��a)+7�357�AB)+7�AB 8) uv35&�(Q!,��7�3,A c (*/�F�!,&J� � ����M � � ���%< ���N��M ��� ��3 c /h� Ô ������M ��� � Å AB".AB1B35&j1CT,�¸Ft!,&7�e�(
D c  �(8&�7�3,A c 7 T±3,)�)+!K 8AB357+(*/´^-AB7�e�7�e�(²(�[K$i(8&jAB"%( c 7�3,1yk#3,A c 3 c /�&6357+(%/�357�3K�27+( c (�[K$2(8&6AB"%( c 7�)�35&6(
 835&6&6AC(*/!#D�7JFt!,&J(�[K$�7 Ô ��(�[K$�7 �0�'3 c /W(�[0$�7 �|�'7+!.k#ACV,(lÀ � �  �! c G4/�( c  �(f(8&�&�!,&J�'35&j)v! c � ��� � � 3 c /W� ��� � � �

�%�	� C/� ��� > � � � �BE 
F� 
 #��
Òv3,)+(*/Ë! c 7�e�(�FtD c  �7�AC! c 3,1J/�(8$2( c /�( c  �(W!,FQ7�e�(�3 c 3,1CT07�AB 83,1�&�(*1B357�AB! c ).Ft!,&U7�e�(�".A c A�"lD�" k#3,A c 3 c /Í&6357+(&�(*�0D�AC&�(*".( c 7�! c «�� �� r ¤ z uJ3 c /�«�� � �� r ¤ z uj��3 c (�[K3,".A c 357�AC! c !,F�IRACk#D�&�(�<*>.^�!#D�1B/±A c /�AB 8357+(l7�e�357E(�[0$2(8&6AB".( c 7
��)�e�!#D�1�/W&�(*�0D�AC&�(l7�e�(
1C(*3,)+7Ek#3,A c µ_&6357+(
^-e�A�1C(f(�[K$2(8&6AB"%( c 7��;)�e�!#D'1B/W&�(*�0D�AC&6(f7�e�(
"%!#)+78�Q³Je�(²7�e�(8!,&�T�3 c /)�AB"²D�1B357�AB! c )v35&�(d(�[K$i(* �7+(*/�7+!U)�e�!_^ 357-1C(*3,)�7-3.�0D�3,1BAC7�357�ACV,(Q7+&6( c /�^-AC7�e�&�(*)�$i(* �7-7+!.7�e�(d(�[K$2(8&6AB"%( c 78�³Je�(%V\3,1BD�(*)Q!,Fv7�e�(%k#3,A c $'&�(*/�AB �7+(*/´�0T±7�e�(.7�e�(8!,&�T�35&�(.$41C!,7+7+(*/Ð35k#3,A c )�7d7�e�(%k#3,A c )d!,��7�3,A c (*/�! c 7�e�((�[K$i(8&jAB"%( c 7�)EA c IRACk#D�&�(h<����lÄ c 3,1B1R!,F�7�e�(
$'1B!,7�)~$�&�(*)+( c 7+(*/�A c 7�e�AB)~)+(* �7�AC! c �}7�e�(%/�3,)�e�(*/´1BA c (l&6(8$�&�(*)+( c 7�)7�e�(~! c (��¶7+!5�¶! c (l1BA c (��i(87 ^Z(8( c 7�e�(~7�e�(8!,&�(87�AB 83,1B1BTU3 c /�(�[0$2(8&6A�"%( c 7�3,1�1CT%!,��7�3,A c (*/�V53,1BD�(*)*�R�E)�)�e�!_^ c A c 7�e�(G'k#D�&6(,�#7�e�(J� ������M ��� (*)+7�AB".357+(*)Z35&�( c !,7��0D�3 c 7�AC7�357�ACV,(*1CT²&�(*1BA�35�'1C(��'D�7�/�!Q$�&6(*)+( c 7ª7�e�(-�|D'3,1BAC7�357�ACV,(J"%! c !,7+! c AB 7+&�( c /�3,)-(�[K$2(* �7+(*/���³-e�(d".3,A c FS3, �7+!,&~ �! c 7+&6AB�'D�7�A c k%7+!U7�e�(l�0D�3 c 7�AC7�357�ACV,(f/�A�)�35k,&�(8(*"%( c 7-�2(87a^�(8( c � ���N��M ���3 c /º7�e�(h(�[K$2(8&6AB"%( c 7%AB)
7�e�(W1B3, 6�º!,FE3, �7�D�357+!,&�/�T c 3,".AB 8)%A c 7�e�(W/�(8&6ACV5357�AC! c !,F�7�e�(W3 c 3,1CT07�AB 83,1v(�[0$'&�(*)��)�AC! c ��³Je�(;�'1C(8(*/½V\3,1CV,(�AB)l3,)�)�D�"%(*/½7+!��i(�AB/�(*3,1�^-AC7�e·A c G c AB7+(%�'3 c /�^-A�/�7�eÐ3 c /·".35k c AC7�D'/�(U)�357�D�&j357�AC! cA c 7�e�(f3 c 3,1CTK)�AB)v^-e'AB1C(Q3, �7�D�357+!,&~1BAB".AC7�)�35&6(d$�&�(*)+( c 7-A c 7�e�(d(�[K$i(8&jAB"%( c 7�)8��Ã�(8V,(8&�7�e�(*1C(*)�)*�'(�[K$i(8&jAB"%( c 7 �%AB)$�&�(*/'AB �7+(*/h3 c /hV,(8&6ACG'(*/�7+!U&�(*�0D�AC&6(E7�e�(d1C(*3,)+7Jk#3,A c ��3 c /h(�[K$i(8&jAB"%( c 7 �
7�e�(f"%!#)+78�³Je�(JV\3,1�D�(*)ª!,F27�e�(J&6357+(�$�&�(*/�A� �7+(*/%�|T
7�e�(-7a^�!²3 c 3,1BT|7�AB 83,1�&�(*1B357�AC! c )*�¸�%< ���N��M ��� 3 c /U� Ô � ����M � � 35&�(J$41C!,7+7+(*/35k#3,A c )�7U7�e�(�&6357+(*);!,��7�3,A c (*/Ë! c 7�e�(�(�[K$i(8&jAB"%( c 7�)UA c IHABk#D�&�(½< �0� IRAC&6)+7.!,Fd3,1�1P�JAC7U)�e�!#D�1B/¨�2(W$2!#A c 7+(*/!#D�7
7�e�357%7�e�(�(�[K$2(8&6AB"%( c 7�)l)6e�!�^�7�e�357
7�e�(�&6357+(h&6(*�|D�AB&�(*"%( c 7lFt!,&%$2(*35�Ê)+7�35�'AB1�AC¥*357�AC! c AB)²&�(*/�D� �(*/·Ft&�!#"35$�$�&6!*[�AB".357+(*1CT�>,>5�,�h 8" � µ\)+(* ²7+!��2(*1C!�^ Ô >5�� 8" � µ\)+(* hrt^-AC7�e�3�".35k c AC7�D�/�(l)�357�D�&j357�AC! c 357%<,<5���h 8" � uJ�|T
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Rate:  1−D Formula vs. Experiment

expt7

expt2

expt5

formula 1

formula 2

IRACk#D�&�(²< � �ZÈ�!#"%$'35&jAB)+! c !,F}&j357+(�$�&6(*/�AB �7+(*/.�0T%7�e�(8!,&�T;3 c /.(�[K$2(8&6AB"%( c 7�3,1�&6357+(E&�(*�0D�AC&�(*/UF�!,&v)+7�35�'A�1BAC¥*357�AC! c!,Fv)+7�3,1B1P�
³Je�(
�'35&6)QA c 7�e�(��½/�AC&6(* �7�AC! c 35&�(.(8&�&�!,&Q�435&6)Q3,)�)+!K 8AB357+(*/�^-AB7�e´7�e�(%D c  �(8&�7�3,A c 7aT´A c  �!#"%$4D�7�A c k7�e�(d7�e�(8!,&�(87�AB 83,1}&j357+(dV\3,1�D�(*)lrt7�e�&6!#D�k#eWAB/�( c 7�ACFtT0A c kl7�e�(fD c )+7�35�41C(Q!,F�«~�8r ¤ uJD�)�A c k
)6D�&�k,(d �TK 81C(f/�357�3¸uj�23 c /7�e�(d�435&6)�A c 7�e�(���/�AC&6(* �7�AC! c 7�e�(d(8&�&6!,&J�'35&6)�3,)�)�!0 8AB357+(*/�^-AC7�e�7�e�(f(�[0$2(8&6AB".( c 7�3,1B1BT.!,��7�3,A c (*/WV\3,1BD�(*)8�

V535&�T0A c k~7�e�(J3,"%!#D c 7ª!,Fi �!#".$�&�(*)�)+!,&Z 6e�35&63, �7+(8&jAB)+7�AB �3, �7�D�357�AB! c ��°J(8k#35&6/'A c k~7�e�(�7�e�(8!,&�(87�A� 83,1�7+!|!#1�)�D�)+(*/
Ft!,&$�&�(*/'AB �7�AC! c �K! c (d 83 c )�(8(dF�&6!#" 7�e�(~G'k#D�&�(Q7�e'357J�%< � ����M � � $�&�(*/�A� �7�)v7�e�(Q&6357+(d&�(*�0D�AC&6(*"%( c 7�"%!,&6(d3, 8 8D�&6357+(*1CT7�e�3 c � Ô ������M ��� �RI�D�&�7�e�(8&j"%!,&�(,�#�%< ������M ��� )+(8(*".)H7+!E�i(�"%!,&�(�3, 8 8D�&6357+(�357ª"%!,&�(v)+(8V,(8&�(v&6357+(v1BAB"UAC7}V53,1BD�(*)8�H³Je�(".3,A c /�AC�i(8&�( c  �(²�2(87 ^Z(8( c 7�e�(%7 ^Z!h(�[K$�&�(*)6)�AC! c )E!,&6ACk#A c 357+(*)EF�&�!#" 7�e�(
/'A=�i(8&6( c 7~^v3*TK)d3 c 35$�$�&�!�[KA�".357�AC! c7+!h7�e�(.)+!#1�D�7�AC! c 7+!h7�e�(%! c (��a/�A�"%( c )�AC! c 3,1� �( c 7+(8&f".3 c ABF�!#1B/¹rt(*�4��rP>#u6u�!,FZ7�e�(%É±!|!,&6(��N¿E&�(*AC7+¥8(8&l(*�|D�357�AB! c )AB)�".3,/�(,��ÇE(*)+$4AC7+(f7�e�(*AB&E�0D�3 c 7�AC7�357�ACV,(
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 0�- 4 � �5��<,< � ���¸Â�� �,¾0�ª<*À,À,>0�

: Ô >_? 	
��¼Ð3 c k·3 c /Ë°d��ÉÊ�vÉ±D�&�&63*T,� � �i(* �7�);!,FdÃ�!#AB)+(,�JÉ�35k c AC7�D�/�( Å 357�D�&6357�AB! c 3 c /Ë°-357+( � AB".AB7�)%! c°-!,7�357�A c k Å 7�3,1B1ZÈ�! c 7+&�!#1P�.Ä c � � ��� 4 4�
.0 -���� � ��# �.- � 4 � 4�- � 4 �.-�� 4 ��0 � 0 �.- ,.- 
 # �.- / � �.6 �R$'35k,(*) �¸¾,Â Ô �
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: Ô �5? 	
��¼Ð3 c k�3 c /W°f�'ÉÊ�4É±D�&6&63*T,� � �2(* �7�)J!,FR7�e�( Å e�35$2(Q!,F�Èv!#"%$�&�(*)�)�!,&EÈve�35&63, �7+(8&jAB)+7�AB 8)�! c �� �7�D'357+!,&°-(*�|D'AC&�(*"%( c 7�).Ft!,&;°-!,7�357�A c k Å 7�3,1B1�È�! c 7+&�!#1P�©Ä c � � ��� 4 4 
20 -�� � ��� 	���4 � 0 � ,.- # �.-�/ � �.6�# �2- ��4���4�- � 48�
$435k,(*)f<*À,À,¾�� Ô �,��<5�ª<*À,À,Â0�

: Ô �_?²Ç²� Å �H¼Ìe�AB7+(*e�(*3,/��±³�!,&6)�AB! c 3,1ZIR1BD�7+7+(8&²!,F�Æ c )�7�3,1B1C(*/·È�3,)� 83,/�(hÒv1B3,/�(*)²357��2(8&�!�ÇE(�]'(* �7�AB! c �  � 4 , /
� � 0�/1,20 -�	�� 
�� #�����°-É >�� Ô À0��<*À,¾����

: Ô ¾_? Å � 	�(*D c kh3 c /�°d��É½�2É�D�&�&j3*T,�l�E �7�D�357+!,&²Ò�3 c /�^-AB/�7�e�3 c /´°-357+( � AB".AC7~°J(*/'D� �7�AC! c F�!,&lÈv! c 7+&�!#1R!,FÈv!#"%$�&�(*)�)�!,&J°J!,7�357�A c k Å 7�3,1B1P��Æl� Å �'»R357+( c 7���$�$'1BAB 8357�AB! c � Å (8&6AB3,1�Ã�!��4¾5�¸µ\�#> �|��� � ��� �~ �7+!,�2(8&*�y<*À,À �|�
: Ô ��? Å � 	�(*D c k.3 c /W°f��ÉÊ�4É±D�&6&63*T,��Ã�! c 1BA c (*35&-È�! c 7+&6!#1�!,FH°-!,7�357�A c k Å 7�3,1B1�D�)�A c k�< �aÇ Òv1C(8(*/ �E3,1CV,(f^-AC7�e

Èv! c 7�A c D�!#D�)-��AC&-Ä c�� (* �7�AC! c �ZÄ c � � ��� 4 4 
.0�-���� ��� � �.0�-�/ � � � � +�6 � 0 �2- # �.- � 4 � 4�- � 4 ,.- 
!��% 
 0 	 0�/S� Å (*357+7�1C(¼Ð3,)6e�A c k,7+! c ��<*À,À �|�Z��ÄN�E� À ��� Ô ¾,¾5�K�
: Ô Â_? Å � 	�(*D c kÐ3 c /¨°f��ÉÊ�ZÉ±D�&6&63*T,�¨°-(*/�D� �7�AC! c !,F~Òv1C(8(*/ �~3,1CV,(�°�357+(�°J(*�0D�AC&�(*".( c 7�)%Ft!,&�È�! c 7+&�!#1�!,F°-!,7�357�A c k Å 7�3,1B1RD�)6A c k�Èv! c 7�A c D�!#D�)~�EAC&~Ä c�� (* �7�AC! c �QÄ c � � ��� 4 4�
.0 -���� ����# �.- � 4 � 4�- � 4 �.- # �.- / � �.6 	 � �
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