
Designing RNA Structures: Natural and Artificial Selection

Barry Cohen
�

Dept. of Computer Science
New Jersey Institute of Technology

Newark, NJ 07102
(212) 877-5654, fax (978) 359-5945

bcohen@cis.njit.edu

Steven Skiena
�

Dept. of Computer Science
SUNY Stony Brook

Stony Brook, NY 11794-4400, USA
(631) 632 9026

skiena@cs.sunysb.edu

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

(/
#-�'#�	01� ��%�!�!	-�
32/04� 
�'#-5'#6 ��'�
#01(�)1��'�!�-�2 �87901�;:<6 04!36=�>%�!36?-�,@'#6 �
A8BDCFE�AG2/01HI�J
#�	�K';!	-�2/-8���L�����>�K���	� !	�	�M-�,�'#6 
#�	�N!	-8� ���	!	�/'#04"8�
��� !	)1�	-�'#042 ��OP%Q���	�J��01�=�����R�	0S'#6��J
�'#��
#��01�P%+'#�T'�
3%Q����!�
#01(/'#04-��=-�

�5%Q(U'#-V-8���N-�,T'#6 �XWQYZ2/0SHI��
#�	�K';%Q��01��-V%�!�0*2/�[��-�
\
#�	��042 � �	�J�
:<6 01!J6UO ��01)42D��(Z( 
#-Q'#�	01���	]_^`�	!>%Q�����?'#6��J
#�=%Q
#�?��-�
#��!	-�2 -����
'#6�%��X
#����0*2/���	�	7a'#6 ��
#��01�b01� 6���
#�	�K'T
#�>2/���P2 %�� !�cN04�L'#6���!	-�2/04� 
 ]
d �J
�'3%�01��
#�	��042 � �	�T���8] 
 ]@'�
�c/( '#-�(�6P%Q�I�a6P%>"$��-���)ScM%b��01��
�)4�e!�-�
�
#��f
��(9-��P2/04� 
T!	-�2 -��g7K:<6�01)1��-Q'#6���
h
#�	��042 � �	������] 
/]i%Q
#
801� 04� �Q�@6�%>"$��%��
�5%Q�Kc&%Q��Ee!	-�
�
#�	��(9-��P2/04� 
T!	-�2 -����	]hjk6�01�`,*
#�	�>2/-8�l04��( )104���i'#6P%+'
'#6 �5�/� �mO9��
T-Q,�(9-8����01O�)1�\�����n���>�K������!	�	��!	-�2/04� 
?,o-�
&%;
801"$�	�
(/
#-�'#�	01�;
Q
#->:<����p/(9-����	�K'#04%�)1)Sc�01�\'#6��e)1�	��
Q'#6�-Q,a'#6���(/
#-�'#�	01�g]
jk6�� �M��%Q'#� 
#�=6�%��5:<0*2/�L)4%+'#01'#��2 �?'#-q���	)1�	!�';%���-���
q�������

���	��� �	��!��	��:<6 01!J6V%+
#�\01�/,o-�
#�5%+'#01-8�P%Q)1)1c[�>�K��01"8%Q)1�	�K'>7aO��/'b�r'�
#� !�f
'#�/
3%�)1)ScT%���2e�	����
#
���'#01!>%�)1)Sc�2 01"$�J
#
8�	�K'>]tsu��'#6�01�v(�%�(9��
>7+:`�`��p/(�)1-Q
#�
6 ->:w�P%Q'#�/
#��'3%�x8�	��%82/"8%Q�K'3%�
8��-�,t'#6 04�i,.
#�	�>2/-8�;7 %���2M6 -+:y'#-m%�)Sf

�-�
#0S'#6���01!>%Q)1)1c\2/�	��01
8�\�r'�
#��!�'#�/
#�	�k��-Q
#���	� ��
#
8�J'#04!	%�)1)Sc\,o%>"$-�
3%QO�)1�
'#6�%��;6�%>"$�TO9�	�	�;O ��01)S'�'#6/
#-8� 
86?�P%+'#� 
3%Q)g���	)1�	!J'#04-��g]<su�;(P%+
�'#04!�� f
)4%+
>z

{V|e}$~o���r}$���P�	�1�#�>~o�o�8�q�Z� �=(9��
�,o-Q
#��'#6��?� 
#�r';)4%Q
#
���f���!>%�)1�
!	-���(�� '3%+'#01-8�P%Q)`��p/(9��
#01���	�K'T!	-���(P%+
#04� 
;'#6����r'3%QO�01)101'uc[-Q,
�������R���>�K� �	��!	����,.
#-���%�"�%Q
#01��'�c�-�,i-�
#
8%���01������'#-�
3%Q� f
2 -����rc � -8�Kc/��-8� �����	��� �	��!��	��:<6 01!J6[
#�	��(9��!�'m'#6 ��!	-�2 -��
( 
#�J,o��
#�	� !	�	�h-�,P'#6 �k-�
#
8%�� 04���;]hjk6 01�h�Jp (9�J
#04������'v:�%��h!	-�� f
2 � !�'#�>2w-8�_-Q"8��
LW8�K7 Y�Y8YU���>�K� �	��!	���;,.
#-8���QAD��01!�
#-�O�04%�)
��(9�	!	01�	��:<0S'#6Z��E?
8�	� -8��01!5�r'�
#��!�'#�/
#�	�	] � ��(/
#-Q"�042 �5�	"�0Sf
2 ����!	��'#6P%Q'�04�N%Q)4)@
��	��-���04!b�r'�
#��!�'#�/
#�	��6 04
�6�)Sc=�r'3%�O )1�&����f
�K���	� !	�	�`%Q
#��2/01��( 
#-8(9-Q
�'#01-8�P%+'#�	)Sc\%�O ���P2 %��K'>7�%Q�P2504�?�	��-Q,
�8E5!>%Q���	�e6�01
86 )Sc?��� �r'3%�O�)1�b���>�K���	� !	�	��%+
#�&2/04��(/
#-8(9-Q
�'#04-�� f
%Q'#��)1cy%�O�� �P2 %��K'>]ljk6�01����� 
8
��	�r'#��'#6P%+'�'#6 �N�r'3%QO�01)10S'�cy-Q,
�������y���>�K���	� !	�	�<01�<����OK���	!�'<'#-&��%Q'#�/
3%�)����	)1�	!�'#01-8��]

� d -�
�
#�	��(9-��P2 01� 
5%�� '#6 -�
>]
� jk6�01�[:k-Q
#x�04�q(�%Q
�'#04%�)1)Scl����( (9-�
�'#�>2�OKc��e�/����
3%��K' d�d �<f
��E$W���E8E��M%Q�P2���������:k%Q
32���Y8Y/��A$�8���>Y8�����/]

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission by the authors.
Copyright by the authors.

{G ���~o� ¡h�	��}$�I�9�	�1���>~o���8��� ��-�'#01"�%Q'#�>2\OKc&'#6��	����O�01-8)1-8
�01!>%�)v
#�Jf
����)S'#�	7v:`�&��p %���01����'#6���%Q)1
8-�
#0S'#6 ��04!�(/
#-8O )4����-�,<2/�	��01
8�/f
04� 
G'#6 �X��-��r';�r'3%�O )1�q%���2�� ���r'3%�O )1�X�����������>�K������!	�	�
:<6�01!J6b!	-�2 �k,.-�
i%�'3%+
#
8��'h( 
#-Q'#�	01�g] � �k
801"$�k%�(9-8)Sc/��-���0*%Q)Sf
'#04���b2/c/��%���01!T( 
#-8
Q
3%�����01��
5��-�)4�/'#01-8�L'#-5'#6��5¢ ��£J~�£3~�}$¤
¥ �1�e£J��¦	� ���P�3�<§P�r� ¥ �1� ¢n���?���/¨k�37K:<6 04!36501�<%��rc/��( '#-Q'#04!	%�)1)Sc
��-T��-�
#�<!	-���(�)1��pm'#6�%������	!�-8�P2 %Q
�c��r'�
#� !�'#� 
#�<(/
#�>2 01!�'#01-8��]
� ����6�->:©'#6P%+'�'#6 �b!	-Q
�
#�	��(9-8��2 01��
 �1��}8£3~�£J~�} ¥ �1��£J��¦	� ���P�3�
§9�r� ¥ �1� ¢��«ªv��� ¨`��01�v��¨af�!	-8��( )1��'#�87>O � 'g2 �	"8�	)1-8(�'�:`-<6��	�/
#04�rf
'#04!��<,.-�
�'#6���!�-8���r'�
#� !�'#01-8�;-Q,a����!36;���>�K� �	��!	���	]
� ��6�%>"$�M01��( )4�����	�K'#�>2X'#6��	����%�)1
8-Q
#0S'#6����	7�%Q�P2V( 
#�	������'
��p/(9��
#01���	�K'3%�)P
#�	��� )1'#��( )4%�!	01��
b'#6���6 01
869¬+)1-+:��r'3%QO�01)101'uc����Jf
��� �	��!��	�M01�w!	-���'#�Jp/'\:<0S'#6yO9-�'#6y:<01)42/'�c/(9�N%���2D
3%���2 -8�
�	��!	-�2/01��
8�	]T��� 
�01��( )4�����	�K'3%Q'#01-8�?6�%���%Q)S
#�>%82�c=O9�	�	�N%�(/f
(�)101�>2M'#-&'#6��T2/�	��01
8�;-Q,h�����®­�!	-�2 ��f«:`-�
32 ��¯5!�
#�	%Q'#01��
5)10S'�f
'#)4�\-�
m��-=���	!	-��P2 %Q
�cq�r'�
#� !�'#� 
#�501�V�����°!	-8��( � '#01��
q± ²�7
²$³«7/%���25:`��%Q��'#01!	01(�%Q'#��%T"�%Q
#01��'�c&-�,g-�'#6��J
<%�( (�)101!>%Q'#01-8� ��-�,
'#6�01��:k-�
#x5'#-m���	��� �	��!��T2 �	��01
8��( 
#-8O )1�	���e± ²$³«]

1. NATURAL SELECTION ON MRNA STA-
BILITY

� �5� ���M� ��:<)Sc/fu%>"�%�01)4%�O�)1�\:<6�-8)1�M
8�	� -8���\2�%+'3%L%Q�P2[!	-���(�� f
'3%Q'#01-��P%�)����J'#6�-�2 �T'#-=��6��>2q)101
86K'&-��G%��V01��'#�J
#�	�r'#01��
N�K���	�r'#01-8��]
´�µ�¶+· ��¸Q���&~ µ ���#�8���J£J�5��¹&���8� £m��¹m��¸+�$� �/~o���8� ·<µ }�£b��}$~o������� µ �$¤
£J�������9����¹<}$�o�/~ µ ��£J�i§/�8£#£#� ¥ �1��º<|� ������#�>»8�o�K¼8£$½e¾ %��@0S'>7K01�P2/�	�>2I7
­#!36�-����	�g7 ¯M-�
�01��'#6 �b����!	-�2/04� 
\:`�m���	�b��01��(�)Sc?%5���P%Q(���6�-Q'�-Q,k%
(P%+
�'#01!	��)4%Q
M��-8������'501�y%X
3%Q�P2/-8�¿:�%Q)1xZ'#6 
#-���
�6D'#6�01�\��(P%�!��87
:<0S'#6�-�� '<,o� ��!�'#01-8��%�)���01
8��0S��!>%�� !	�+À
� ��!	-��Q����!�'#� 
#��'#6P%Q'�'#6��T��6P%Q(9�&%Q�P2?�r'3%�O 04)10S'�c=-Q,k%Q�=�������

��-8)1�	!���)1�T�	��6�%���!���-Q
�01��(9�>2/��'#6��T!J6 �	��01!>%�)g�5%�!36�01���J
�cM:<6 04!36
'�
3%�� ��)4%Q'#�	��0S'�01�K'#-[%=( 
#-Q'#�	01�g7`%��P2V��-X01��(�%�!�'b'#6���!36P%Q��!	���&-�,
'#6���-Q
#
$%Q��01����,o-�
b��� 
#"�01"�%�)h%���2L
#�	( 
#-�2/��!�'#01-��g]\s��L(P%Q
�'#01!	� )4%Q
>7
:k�5O9�	)101�	"$��'#6�%Q'��P%+'#� 
#�5��p/��
�'#��"8%+
#04�	2X���	)1�	!�'#01"$�5( 
#������� 
#�	�b-8�
�������w���>�K���	� !	�	��'#-&,o-Q
#�Á����!	-8��2�%Q
�cM�r'�
#��!J'#� 
#�	�	7�-�
<'#-5%>"$-8042
'#6����;]
jk6��J
#�\01����-8����O 04-�)1-8
801!>%Q)<�	"�0*2/�	��!��&'#-?����(�(9-Q
�'�����!36q%;��-Qf

'#01-8��]T��)S'#6�-���
�6N'#6 �b�r'#��2/c;-Q,k�������R6�%���,.-K!	�����	2N)4%Q
#
��	)ScN-8�
0S'#��( 
#-Q'#�	01�D!	-�2/04� 
L,.����!J'#04-��g7k%��&'#6���(�� '3%+'#01"$��%QO9-�
#01
801��%�)�O 0Sf
-�'#01!T�5%Q'#�J
#0*%Q)`± �+³v������:`-8��)42;6�%+"8�eO9�	�	�;��� O��r�	!�'�'#-&���	)1�	!�'#01-8�
,o-Q
��r'�
#��!J'#� 
#�<:k�	)1)9O9��,.-�
#��0S'#�i( 
#-�'#��04�/f�!	-�2 01��
T
#-8)1���	"$-�)4"8�>2?±1�>�+³«]
jk6��5'�
3%�� ��!�
#01( '#01-8�Z%���2['�
3%�����)4%+'#04-��Z-Q,��������l01�V'#6 �M!�-8� 
#���
-�,i( 
#-Q'#�	01�?( 
#-�2/��!�'#01-8�=��p/(9-����b0S'�'#-5"�%Q
#01�>2?( 
#-K!��	�����	�e%Q�P2;�	�/f
"�0S
#-8��������'#�	]Msu'#�T)10S,o�\!�c/!	)1�5�5%>c=
#�>�K� 01
#� � 2/�	(9�	��2 01��
;-��['#6��
-�
#
8%�� 04��� � ,o-Q
#�5%Q'#01-8�D%��P2VO 
#�	%�x�01��
X-Q,����	!�-8�P2 %Q
�cZ%���2V'#�J
�f
'#04%Q
�c?�r'�
#� !�'#� 
#��7P'#6�����p/!	01��01-8�=-�,i01��'�
#-����	7I(�%����#%�
��b'#6/
#-8��
�6N%��
-�
#
8%�� �	)1)4�����	�bO 
3%�� �k%Q�P2m(9��
#��01�r'#�	� !	�<01�m'#6���!�c�'#-�(�)4%����;]tÂi%Q!J6



( 6P%Q���b01�?0S'#��)10S,o�b!�c/!	)1�b-QHI��
#��(9-�����04O 01)40S'#01�	��,.-�
��r'�
#� !�'#� 
#�JfuO�%����>2
����)4��!�'#01-8�g]D����� �r'�
#��!�'#�/
#��01�5%�)1��-Xx�� -+:<�V'#-X( )4%>cG%?
#�	
���)4%Qf
'#-Q
�c�
#-�)4�\±S�>�+³�]��t)4%Q��� ����� ���	� ± �Q³a6�%+"8��
#�	!	�	�K'#)Sc?2/�	��-8� �r'�
3%Q'#�>2
'#6 ����p/01�r'#�	��!	�<-Q,IO�01�r'3%�O )4�<�������@:<6 01!J6�%+
#�<�>%���01)Sc5%�!�!	�	����01O�)1��04�
��"$-8)1� '#01-��g78%��P2�:<6 04!36�!	-8� )*2T����
#"$�`%��t!�-8� ,.-�
#�5%+'#04-��P%Q)/�r:<0S'#!36��	�	]

1.1 Experimental Design
� ��!	-8��(�%Q
#��'#6����r'3%QO�01)10S'�cq-Q,�%�!�'#��%�)��J­r:<04)42�'�c/(9�	¯����������

!�-�2 01��
<���>�K������!	�	�I:<0S'#6e
3%��P2/-8��)Sc�f�!	-8��(9-����>2��rc/�K'#6���'#01!@���>�K������!	�	�
01�L%�� �o�L£3�o� ���#� ��p/(9��
#01���	�K'>]e�/x$��:`�>2?2 01�r'�
#01O��/'#01-8�N-�,i�r'3%�O�01)10S'�c
-Q,i:<01)42/'uc/(9�b���>�K� �	��!	����
#�	)4%Q'#01"$��'#-�
3%��P2/-8�Á-8� �	��( 
#-+"�042 �	���	"Kf
042/�	��!	�e-Q,@�P%+'#� 
3%�)g���	)1�	!�'#01-8�?-���'#6�01�<��-�
#( 6�-�)4-�
801!>%Q)t!J6�%Q
3%Q!�'#��
�f
01�r'#01!T-�,t'#6 �e��-8)1�	!	� )4%Q
���(9�	!	01�	�	]
���/
&
3%���2 -���0�
��>2q!	-8� �r'�
#��!�'#01-8�Z-�,��rc/��'#6 ��'#01!����>�K� �	��!	���m
#��f

��(9��!�'#�b'u:k-=!	-8� �r'�
3%�01�K'#�	]L�t01
#�r'>7@'#6 �\(/
#-�'#�	01�V( 
#-�2/��!�'�-Q,��>%Q!J6
!�-�2 01��
N���>�K���	� !	�501�b��p/�>2I7@��-?'#6��5!	-�2 -��G%Q'&�	%�!36q(9-8��0S'#01-8�G04�
'#6 ���rc/�K'#6���'#01!�!	-�2 01� 
m���>�K������!	��04��!36�-����	�5,.
#-8�n'#6������J'�-�,v�rc �/f
-��Kc ��-����e!	-�2/-8� ��,.-�
T'#6P%+'m%Q��01��-?%Q!	042�]��/�	!�-8�P2I7a01�[���	)1�	!�'#01� 

%Q��-8� 
['#6��=�rc/��-8�Kc/��-8� �5!	-�2 -����	7�'#6��=( 
#-�OP%�O 01)40S'ucU-�,�-K!	!�� 
�f

#����!	�b-�,i�>%�!36L!�-�2 -8�N01�e2 �J'#��
#��01���>2;OKc;'#6 �b!	-�2/-8�N( 
#��,.��
#�	� !	�
2/01��(�)4%	cK�>2�01�M'#6 �e-�
#
8%���01���Á%���%b:<6 -8)1�8]
jk6 �L,.-�
#����
?!�-8���r'�
3%Q01��'?
#�
�P�	!�'#�M'#6��L,o%�!�'�'#6P%Q';!	-�2 01��
Z����f

�K� �	��!	���t!J6�%�� 
8�`�b��!36���-�
#�h
3%�( 0*2/)Sc�'#6P%Q�b(/
#-�'#�	01���	]tjk6��i)*%+'�'#��

!�-8���r'�
3%Q01��'b,o-�)4)1->:<�m,*
#-8��'#6��&,�%Q!�'m'#6�%Q'�'#6���(�%Q'�'#��
#�q-Q,<!	-�2 -��
� ���X01��,o%�0S
#)Scw!	-8� ��04�r'#����'�:<01'#6 01�_%V
801"$����-Q
#
$%Q��01���;7�O � '?2/0S,.f
,.��
#����6P%Q
#( )ScMO9�J'�:k���	��-Q
#
$%�� 01�����	]`� � 
�'#6��J
#��-�
#�87/!	-�2/-8��!36�-�01!	�
�����	���t'#-�
#�����	!�'h%����J'i-Q,9!	-����r'�
3%�01�K'#�h%���2bO�04%Q���	�a:<6�01!J6b-8(9��
3%+'#�
-��M!�-�2 -8�5!36�-�04!��e%Q'i'#6���-�
#
$%Q��01���®)1�	"$��)a± AQ³«]h'#�����D%�O�� �P2 %���!��
01�&x�� -+:<�q'#-=O9�M%N���	!36P%Q��01����,o-Q
�����!36q
#�	
8� )*%+'#01-8�G-�,�!	-�2 -��
O 04%��	]ijk6���
#��01��%��r'#-K!36P%Q�r'#01!5­#6 �	��0S'3%Q'#01-8� ¯&01��'#6��<'�
3%�����)4%+'#04-���-Q,
%?!	-�2/-8�[:<0S'#6V%?)1-+:n'#�����n)1�	"$��)��h'#6��5!	-�2/-8�[:<0S'#6q'#6�����-Q
#�
%QO�� �P2�%Q�K'�'#�����R)1�>%�2 ��'#-5%5��-�
#�T��HI��!�'#01"$�T��p/( 
#�	����01-8�N-�,@'#6 �

��	����]�su,`��-M'#������01�T( 
#�	������'�,o-�
b%�
�01"$�	�N!	-�2 -��g7a%Q�T04�e-K!�!>%Qf
��01-��P%�)1)Sc�'#6 ��!>%Q���87�'#6 �e!	-�2 -��;01���JHI�	!�'#01"$�	)ScM%m�r'#-8(�!	-�2 -��g]
���/
���p/(9��
#01���	�K'>79'#6 ��
#��,o-Q
#�87I
#���P��!�'#�e%5��-�2 �	)a01�?:<6�01!36N'#6 �

!�-�2 01��
�'3%Q
#
8�J'#��%+
#��� p �	2�7/%���2\��"$-8)1� '#01-��P%Q
�c\(/
#-K!	�	�����	�<��p/(�)1-Q
#�
'#6 �e!	-�2 01� 
&��(P%Q!	��,o-Q
�'#6 �	����'3%Q
#
���'#�	]

1.2 Data Setjk6 �&2 %Q'3%5����'e!	-�����01�r'#�T-�,i!	-�2 01��
M���>�K���	� !	�	��'3%Qx$�	�?,.
#-���%�)1)
�QAM��01!�
#-�O9�	�<:<6�-8���b!	-8��( )1��'#�T
8�	� -8���	��:k��
#�b%>"8%Q04)4%QO�)1�m%+'�'#6 �
O9��
801��01��
�-�,g-8�/
k�r'#��2/cK]ajk6 �	����01� !	)1�P2 ���8Ee
��	��-���04!��r'�
#��!�'#�/
#�	�	7
��01� !	�b'u:k-\-�
#
$%Q��01����������� �r}$»����>»8���r}8� £ %��P2���� � µ �$�1����}K� ��!	-�� f
'3%Q01�5'u:k-e�r'�
#� !�'#� 
#�	�i�>%�!36g]a��)1)���6 -�
�'k!�-�2 01��
T���>�K������!	�	� � '#6�-����
-Q,k)1�	����'#6�%��L�8�QYM����!�)4��-�'#042 �	� � %+
#�m� ���>2�]Tjk6 �m
��	��-����	��:`��
#�
%Q!>�K��0S
#�>2L,*
#-8��'#6 �&� d ^`s�2�%Q'3%QOP%Q���8] d -�2 -8�X�����&'3%�O ��)4%Q'#01-����
%+
#�e,.
#-8�����������! � #"�"�"�$&%('*)�+(,*'-$!.*/0$21#�� 43�.#56.#7( /]
�®'#-Q'3%�)�-�,�W8�K7 W�Y$�N���>�K���	� !	�	�	7h!	-8� �r'#0S'#� '#01��
L%�( ( 
#->p/04�5%+'#�	)Sc

-�����f«'#6 01
32G-�,�'#6��;!	-�2/01��
X���	��� �	��!��	��01�Z'#6������;-�
#
8%���01�����	7<%+
#�
01� !	)1�P2 �	2N01�='#6����r'#�P2/cK]ejk6��&-Q
#
$%�� 01�����e%Q
#��%Q)1)h����OP%Q!�'#��
#04%5-�

%+
#!J6�%��87P%���2\'#6��J
#��,o-Q
#�����Q��->c\��01��01)*%+
�'�
3%Q����!�
#01(/'#04-��?%���2\'�
3%Q���rf
)4%+'#04-��?���	!36P%�� 01�����	]
� -�
��>%�!36?!	-�2 01� 
\���	��� �	��!��87�:`��!�-8���r'�
#� !�'��P"$��
3%Q�P2 -����rc �/f

-��Kc ��-��������>�K� �	��!	��� � %b'#-�'3%Q)v-Q,a-+"$��
T�>E�Y/7 Y8Y�Y5���	��� �	��!��	�	]
Âh%�!36[���>�K� �	��!	� � O9-�'#6N:<01)*2�'�c/(9��%Q�P2N
3%Q�P2/-8��)Sc=
8�	� ��
3%Q'#�	2

� 01��'#6����D!	-���(�� '3%+'#01-8�P%Q)1)1c�­�,.-8)42 �	2�] ¯�jk6P%+'M01�	7�%X(/
#�>2 01!�'#�>2
��01� 04�b���&f«,.
#����f��	����
#
Qc\���	!	-8��2�%+
�c?�r'�
#��!�'#�/
#�T04��!>%�)1!	� )4%Q'#�>2I7v%Q!�f
!�-�
32 01� 
='#-;'#6 �����>%+
#�	�r'&� �	01
86�O9-�
m2/c/��%���01!&( 
#-�
�
3%Q����04� 
=%�)Sf

�-�
#0S'#6��;] � �e� ���>2�-8�/
�04��( )1�	���	�K'3%Q'#01-8�M-�,@'#6��T%Q)1
8-�
#0S'#6 � 2/��f
��!J
#04O9�	2b01�M±S�	�Q³«7$:<6�01!36b01�@%���(9�	!	04%�)/!>%����`-�,P'#6 �k2 ����04
��m(/
#-8
�
3%Q���
01�=���	!�'#01-8�?W�]
jk6 ��
#�	�r'�
#01!�'#01-��M'#-���6�-�
�'k!	-�2 01��
����>�K������!	�	�k%��P25%e
#�	)4%Q'#01"$�	)Sc

���5%Q)1)k�����mO9�J
T-�,<
3%���2 -8��'�
#04%�)1�m01�m2 ����'#-;'#6 �5,o%�!�'b'#6P%+'b'#6 �

,o-�)42 01��
T%Q)4
�-�
#0S'#6�� 01�@!	��O 01!�04�b'#6��k)1�	� 
�'#6&-Q,P'#6������>�K� �	��!	��]ajk6��
!>%Q)4!���)4%Q'#01-8� �	7$:<6�01!36b:`��
#��2 -����k-��m%�����'u:k-Q
#x�-Q,98���0Spe:k-Q
#x/�r'3%+f
'#01-8� �	7/
#�	��� 0S
#�>2M%QO9-8�/'<�8Y�Yb!	( � fu2�%	c/�	]@Âap/'#���P2 01� 
�'#6 ���r'#��2/c&'#-
'#6���)1-8��
���
<'�:`-�f«'#6�0S
32 �`-�,a!	-�2/01��
m���	��� �	��!��	�k:k-���)42\
#�>�K� 01
#��%�(/f
( 
#->p/01�5%Q'#�	)Sc?�	Y8Yb'#01���	��%Q�<�m��!365!	-8��( � '3%+'#04-��g]@jk6 �e%�!�!	� 
3%Q!�c
-�,�'#6��\%Q)4
�-�
#0S'#6�� 04�m%�)1��-Xx�� -+:l'#-L2 �	!	)101���\-8�V)1-8� 
8��
&04� (��/'#�	]
��-Q
T���>�K���	� !	�	�e-�,`,o��:`��
e'#6P%+'b��Y8YM�/� !	)1�	-�'#042/�	�	7v
#�	!��	�K'e�r'#�P2/04���
±S�+W>³���6�->:Á'#6P%+'>7�-8�y%>"$�J
3%�
8��7��Q��: -Q,Tx/� ->:<�DOP%Q���=(P%�0S
#�\%Q
#�
( 
#�	2 01!�'#�>2\!	-�
�
#�	!J'#)1cK]

1.3 Experimental Results�t0S
#�r'>7@:k�M2 �������&'#6��5�	� ��
#
�cX
3%���x<;m��=h��-�,�%�:<04)42�'�c/(9�M���Jf
�K���	� !	�8] � -�
M�>%�!36y:<04)42�'�c/(9�=���>�K���	� !	�>=@?BADCFE 7<:`�N6�%>"$�=!	-8�/f
�r'�
#��!J'#�>2 � 
3%��P2/-8�©���	��� �	��!��	�	76=GAIH J�K#EK7K%���2�!�-8��(��/'#�>2e'#6��k��01� f
01�m� ��,*
#�	�\�	����
#
QcMLÁ-Q,��	%�!36g]Z��s��q-8�/
&��p/(9��
#01���	�K'>7 � C �K] �
jk6��M�	���J
#
�c[
3%Q��x[-Q,�%?���>�K������!	�N;m��=G?BA�CFE$�T01�m'#6 �M�����bO9��
�-�,
= AIH JOK#E ����!365'#6�%Q'PLm��= AQH JOK*E �SRTLm��= ?BADCFE �3] ¾ �	��!	��7�;m��= ?BADCFE �@CyY
0S,U;V?BADCFE�01�T��-�
#���r'3%QO�)1�?��)1�	���T�	���J
#
8��'#01!Q��'#6P%Q�[%�)1)h-�,�'#6 �m
3%��/f
2 -������>�K���	� !	�	�	]W;m��=G?BADCFEK�eC � 0S,P;V?BADCFE;01�m)1�	���m�r'3%QO�)1�=����-�
#�
�	� ��
#
8��'#01!Q�i'#6�%��?%Q)4)�-�,a'#6 ��
3%���2 -�� ���>�K���	� !	�	�	]
jk6��@�	� ��
#
�c�
3%�� x/�g2 �J�P���a'#6 � £J~�} ¥ ��� ��~ ¶ £#�1¼8��}$~o����� -Q,K'#6��@�r'�
#��!Jf

'#� 
#��]5ªg��'�;YX���Z���O9�m'#6 �&�����mO9�J
�-�,<���	��� �	��!��	�e-�,UZ -Q,k
3%�� x
[ 2/01"/042/�>2XOKcL'#6 �5��p/(9�	!�'#�>2X��� �mO9��
T-Q,����	��� �	��!��	�b-Q,<
3%���x [ ]
;\X���Z��h01��%T��-�
#�5%Q)10�
��>25,.��� !�'#01-8�]�/0S'#�k��p/(9�	!J'#�>2�"8%Q)4� ��01����] YT,o-Q

%�)1)hY_^ [ ^ � ]�jk6��m�r'3%QO�01)10S'�c=��01
8��%Q'#� 
#�`;m��Z���-Q,k�r'�
#��!J'#� 
#��Z
01��'#6��e����'�-�,a%�)1)-; X ��Z��37�Y`^ [ ^ � ]
�/��"$��
3%�) -8O ����
#"8%+'#01-8���i!>%���O9�<�5%�2 ��%�O9-�� 'h'#6��<-8O ����
#"$�>2m�r'3%+f

O�01)10S'�cM��01
8�P%+'#� 
#�	�	z

{ ��O 0*%Q�k'#->:�%Q
3256�01
�6�)Sc\�r'3%�O�)1�����	��� �	��!��	�k01���	"�042 �	�K'k01��%�)1)

8�	� -8��01!=�r'�
#��!�'#�/
#�	�	]�s��D�>%�!36y-�,T'#6��[�>�[
8�	� -8��01!=��04
Qf
�P%Q'#�/
#�	�b:<6 01!J6G%Q
#�\��� 01��-�2�%�)�7h6�01
�6�)Scq�r'3%�O )1�����>�K������!	�	�
%Q
#�e'#6�����-�2/�8]`����-8� 
b'#6 �&�>�&��01
8��%Q'#� 
#����:<6 04!36?%+
#��O 0Sf
��-�2�%�)�796 01
86�)Sc?�r'3%QO�)1�����>�K���	� !	�	��%Q
#�b'#6 �T( 
#01�5%Q
�cM��-�2 �
04�L�>Y�%���2M'#6��e����!	-8��2�%Q
�cM��-�2 �e01�?��]ksu�;��A�-Q,h�8E&!>%Q���	�	7
'#6����/� �mO9��
�-�,`�r'3%�O )4�b�r'�
#��!�'#�/
#�	����p/!	���>2 ��'#6 �b�Jp (9��!�'#�>2
"8%Q)4� �8]mjk6��&6 04
�6X"�%�)1���b,o-�
a;cb � '#6�%Q'T01�	7v'#6 �m�r'�
#� !�'#� 
#�
��-8�r'5�r'�
#-8� 
8)ScG��x$��:`�>2G'#->:�%+
32D�r'3%�O )1�?���>�K���	� !	�	� � O9�Jf
)4-���
���'#-ed<� ¼K������~�}$� �.� ¢b7v:<6 04!36[%Q)1��-?6P%��e'#6 �&)1-+:n"�%�)1���
,o-�
c;Vf�]

{[¾ 01
86 )1cV� ���r'3%QO�)1�M�r'�
#� !�'#� 
#����%Q
#�;-+"$�J
�
#�	( 
#�	������'#�	2V01�w�>�
-�,e��EN!	%����	�	]Zs��Z�='#6 ��cV%+
#��'#6��\( 
#01�5%Q
�c[��-�2 ����01�w�>Y
'#6���c=%+
#�m'#6��m���	!	-8��2�%+
�c=��-�2 �8]bjk6��m6�01
86N"8%Q)1���m,.-�
a;gf
� '#6P%Q'�01�	7P'#6��T�r'�
#� !�'#� 
#�	�<��-��r'��r'�
#-���
8)Sc���x$��:k�	2�'#-+:k%Q
32
�����r'3%QO�)1�\���>�K���	� !	�	� � O9�	)1-���
8��'#-<ha� ¹�}8£3~o��»8����£J} 7i:<6 04!36
%�)1��-�6P%Q�<'#6 ��)1->:R"�%�)1����,o-�
V; b ]

{ ��01����'#���	�e�r'3%�O 04)10S'�c���01
8�P%+'#� 
#�	�v%Q
#�hO�01��-�2�%Q)�7>,�%>"$-�
#01� 
�O9-Q'#6
6�01
86 )1cL�r'3%�O )1�5%��P2L6�01
86 )1cL��� �r'3%�O )4�m���>�K���	� !	�	�	]�����-8� 

%�)1)P�r'�
#��!J'#� 
#�	�h'#6���
#�<01�k%�!	)1�>%+
�O�01��-�2 %�)P2/01�r'�
#04O � '#01-8�@�K'#6��
��-8�r'<�r'3%�O )1�����	��� �	��!��	�e��;VbQ�k%�( (9�>%Q
T��] �+A8A�'#01���	�<%���,*
#��f
��� �	�K'#)Scq%���01�G%L� �	� '�
3%Q)�2 01�r'�
#01O��/'#01-8�]��'#6 �M)1�>%Q�r'5�r'3%�O )4�
���>�K���	� !	�	�<��; f �t%�( (9�>%Q
��8] Y��$W�'#04�����i%Q�h,*
#�>�K���	�K'#)Scm%��h��p�f
(9�	!�'#�>2I]

{ jk6�����x$�J:<04� 
b'#->:�%+
32\6 01
86;%Q�P25)1-+:w������
#
QcM�r'�
#� !�'#� 
#���k01�
�r'3%Q'#01�r'#01!>%�)1)ScU��01
8� 0S�P!>%Q��'>]U��-�
5�	%�!36D
8����-8��01!;�r'�
#� !�'#� 
#��7
:k��!>%Q)4!���)4%Q'#�5'#6��&(/
#-8O�%�O�01)10S'�cN'#6P%+'m%Q�[�>�K�P%Q)i-Q
m
Q
#�>%Q'#�J

��-�2 ��:`-8� )*2M-K!	!	� 
�OKc5!36P%�� !	�8]h��-Q
��/�e-Q,@�8Eb�r'�
#��!�'#�/
#�	�	7
'#6���(/
#-8O�%�O�01)10S'�c\01�<)4�����<'#6�%��MY/] Y8Y���� ,o-�
����m0S'<04��)1�	����'#6�%��
Y/] Y/��]`jk6 ��6 01
86����r'k( 
#-�OP%QO�01)101'uc�01�kY�] WK]@s����	"8��
�c&!>%Q���87�'#6��
��-�2 �\04�b�	0S'#6���
i;Vb87@'#6��\��-8�r'm�r'3%�O�)1�\
3%���x97h-�
i; f 7h'#6��
)4�	%��r'e�r'3%QO�)1�b
3%Q��x9]�s�'�01��� ��)101x$�	)Scq�«�6j Blk ��'#6�%Q'�%�)1)a��-�2 �	�
:k-8� )42�-K!	!	� (�c\-����e-�,v'#6��	���e��p�'�
#�	������O�c5!36P%Q��!	��]



�������������	��
 �
����� ���
���
�	����� ������� �����
� �"!�#%$'&�!%(�)*$+�,!%-	. /1032 ��
��4� ���4��5	��
 687�7�7 9�: ;=<
>
� ?"(�. @��A/CB=�A#�D .FE,(+G�HJI	KML�N+O"L ��P=�	��
 �	���%��
"��QR� ;�S
T 9�: T=UV6
�W!�E�X�B=�A#AY�D #VZ"(+G[@A(�D Y=.F\�(�GM]_^a` �
bc��d ���4��5	��
 6�68>V6 9�: T=>�e
f B=E,.cDFD (�GJX�B�D #"\�(�!�B�-	GMgih�2�jV` ��5��
d �	���%��
"��QR� 687=<
7 9�: T=U�9
f B=E,.cDFD (�G�GA(�Z"kl.cD .cGm2Vn
o �	����� �	���%��
"��QR� T�TV< 9�: T+687
f #�!%!��,D .FBpZ�(�!qYV\=#�!F@%�,!%. f NV2 �����	� �	���%��
"��QR� U�e�9 9�: e=<
>
grB�)J$'&�D #VZ4B=E,kl�,!ts"�qs�(+-	.iuvgWw[gx2=2=2+n
o �zy�
{y �	���%��
"��QR� e�;�7 9�: e�S�>
g|X+D B�)3&=\�.FB}$'-'�,(+)v#�-	.qB=�}�W~�N=� �%���	
%�	� �	���%��
"��QR� UV68> 9�: U�S�S
g|X+D B�)3&=\�.FB}$'-'�,(+)v#�-	.qB=�pgJ�C�tO
j+� �%���	
%� �	���%��
"��QR� T=9V6 9�: T=9�e
g|X+D B�)3&=\�.FB�kl!�B=E�X�#�)vB�kl.cG�K�#,��- �%���4�=� �	���%��
"��QR� U�e�S 9�: T=9�7
g|X+D B�)3&=\�.FB�kl!�B=E�X�#�)vB�kl.cG�G%�,!�#��
B�!�H �%���4� �	���%��
"��QR� U
T=7 9�: T+68U
Hm�".F-'#"EA#"EAE,(+Gm!�B=\�.q#"\�(�!�B�-	Gm~�2CE%X+!32 �����+6 �	���%��
"��QR� 689=<
; 9�: 7�7�>
Hm�".F-'#"EA#"EAE,(+Gm!�B=\�.q#"\�(�!�B�-	Gm~�2CE%X+!mj �����=e �	���%��
"��QR� 6�68U 9�: 7=<
9
� GAE�X��,!%.FE�X+.FB�EA#�D .�032
jVhlK�� 2Vn
`=` 
����
d Q �	���%��
"��QR� 6
<
S�S 9�: ;�9V6
� B=�")v#%$�X�.cD (+G}.c-,�a(��,-+�"BV��0p�pj+O 5�Q ��b �	���%��
"��QR� <8T=7 9�: U=<
>
� B�D #+Z�BVE"kz�,!%.c(�)�Gq$_� uW~mgih42 5V�	��� ���4��5	��
 ;�;�> 9�: 7=<=6
� �"D .FEA#VZ4B=E,kz�"!�$�&�D #�!%.tj�n=n��=` 5��V�Vd �	���%��
"��QR� 7=<
U 9�: U�>=<
� �"D .FEA#VZ4B=E,kz�"!�$�&�D #�!%.t�+�V� 5��V�Vd�S�S �	���%��
"��QR� ;�S�7 9�: U�S�e
K��Vs"B�-	-'B�G%E%X�.c.�H�I	K�j�n=n�2 �Jy��
� ���4��5	��
 <8T�T 9�: UV68e
K���kFX��,!%)3#,B�(�kl#=kq!�#%$�X+.qE"(�)�\=�,D klB � ����5�
 ���4��5	��
 S�9�9 9�: T=S
T
K�&=EA#VZ4B=E"kz�,!%.c(�)�kq(	Z4�"!�E"(�D #=G4.FG � N��"~ � ������� �	���%��
"��QR� 68U
T=; 9�: 7�;�9
K�&=EA#%$'D B�GA)3B1Y=�,-	.ckzB�D .c(�)���N+� �v��
%� �	���%��
"��QR� 6
<�< 9�: UV68;
K�&=EA#%$'D B�GA)3B}$'-'�,(+)v#�-	.FBV�}K�2�jV� �3���	
%� �	���%��
"��QR� 68>=< 9�: U�S�>
u��".FG4G%�,!%.FB1)v�,-	.c-+Y=.ckl.F\�.FGJuvg�`=o �	�3
�� �	���%��
"��QR� 689�9V6 9�: ;�9�9
u��".FG4G%�,!%.FB1)v�,-	.c-+Y=.ckl.F\�.FG� |j8L��V2 �	�3
���� �	���%��
"��QR� S�;�S 9�: ;�9
T
��GA�,(�\=#�)v#�-'B�G}BV�"!%(=Y�.F-'#�G%Bv�|�}¡ 2 �	��
�� �	���%��
"��QR� 68>�S�7 9�: 7�7V6
��&�!�#"EA#"EAE,(+G3BVZ"&�G4GA.W� � ` �	�
�V�+�4��Q ���4��5	��
 7�;
T 9�: T�T=7
��&�!�#"EA#"EAE,(+G�X�#�!%.�¢�#�G�X+.F.W£zG�X+.F-�¢�B�s{¤p¡�wiN �V����� ���4��5	��
 689�e�U 9�: T=e�9
~ .FE�¢=�"klklGA.FB�$'!�#�¥�B,�,��¢
.F.�K�BV\�!%.F\ � ���+�V� �	���%��
"��QR� U�U�7 9�: e�S�;
w_X��,!%)v#%$'D B�GA)3BpB=E,.F\=#�$�X+.cD (�)�H�I	K¦2V�8jVo �����%QR� ���4��5	��
 UV6,T 9�: T=7
T
w_X��,!%)v#�kz#4YVBC)vB�!%.ckl.F)3B§KpI f o ���v��� �	���%��
"��QR� 7�9�9 9�: T=;�;
w	!���$+#=-'�")vBm$�B�DcD .F\=(+)�u�.FE�X�#�D G ���	�
d �	���%��
"��QR� e�S�e 9�: ;�U
T
¨ !��AB%$'D B�GA)3BM(�!��AB�D &�kl.qE"(�)�G%�"!�#=�8B�!}N �����4
 �	���%��
"��QR� e�;�U 9�: e�;=<
]i.qZ"!%.F#§E�X�#�D �"!�B=� � D[w'#=!�u�2+n
�+n�2�E%X�!}2 © �45��+6 �	���%��
"��QR� 6�6,T=S 9�: T=7�S
]i.qZ"!%.F#§E�X�#�D �"!�B=� � D[w'#=!�u�2+n
�+n�2�E%X�!�j © �45��=e �	���%��
"��QR� ;=<
U 9�: T=;V6
ª &�D �,DcD BW@%B=G4kl.q\�.F#�G%BM�=B=`=E �Vbq��� �	���%��
"��QR� 68;�U=< 9�: ;V6
<

«�¬_­[®l¯x°|±�²M³=´|¬|µa¶z·�¸¹·Mºa·
¯�»¼¶zµ¾½
¿t¯�·
½�ºa»tÀ



0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

aero

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

aful

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

aquae

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

bbur

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

bhal

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

bsub

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

cjej

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

cpneu

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

cpneuA

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

ctra

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

ctraM

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

dra1

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

dra2

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

ecoli

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

hbsp

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

hinf

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

hpyl

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

hpyl99

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

mgen

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

mjan

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

mpneu

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

mthe

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

mtub

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

nmen

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

nmenA

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

pabyssi

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

paer

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

pyro

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

rpxx

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

tacid

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

tmar

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

tpal

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

uure

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

vcho1

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

vcho2

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

xfas

«�¬ ­[®l¯ � ±��r½
¬ ­[¶z®z¶l½"À ·�¶l´�µ�¬_½�ºt³=¯�����´|¯�µ���¸¹¶
	¼·
½8³+º�	�½�ºt³=¯�·���
}¬�	+¿�� ¶z®z»t½"À���¯�·
¯���º�¯ µ�	�¯���	�	�º��[¶l¯�·���µt¯���� ·�¶�������·�·�¶l­a®l¯
� ¯�µt¯'³=´|À�³V¬_µ���·�� ��½�¿t¯ µrºa¸x­�¯'³!����·
Àtµi½�¿t¯'½�¶
	x·
¯���ºt¯�µ"	+¯ ·#� ¿a¶
	V¿ ¬ ³V¯ ¸$�|³=¯ ·
½
¬ ­[®l¯¹½�¿t¬_µ�¶l½�� «C¿t¯ ¿a¶z·
½%�|´|³=¬|¸&����½�¿�¯
	'��ºaµi½(���p·
¯���º�¯ µ�	�¯�· ¶zµ ½�¿t¯�·
¯ ³V¬_µ���·)�t³*��+�¶z»t¯�· ¬*·
½
¬_­a¶z®z¶l½,À�·�¶l´�µt¬ ½�ºt³=¯,�-�|³x½�¿t¯¾·
½
³Vº"	�½�º�³V¯.�0/1�_³+¶�2���µr½8¬|®§»��|½
½8¯ » ®z¶zµt¯�·
·�¿��3� ½�¿t¯ ·�¶l´�µt¬ ½�ºt³=¯ ¯��4��¯�	�½
¯�» ¶zµ�½�¿t¯¹¬_­a·
¯ µ�	�¯�����·
¯ ®l¯�	�½
¶�+�¯5�a³=¯�·�·�ºt³=¯�·1��µ�·
½
¬ ­[¶z®z¶l½"À�� «C¿t¯ ®l¯6��½
¸$��·
½87:9<;�­a¬ ³x·�¿��3� ·
½
¿t¯)��³=¯���º�¯ µ�	�À=���3¿t¶l´�¿a®lÀ ·
½
¬ ­[®l¯�·
¯���ºt¯�µ"	+¯ ·�>t½�¿t¯ ³V¶l´�¿i½�¸$��·
½?7A@.;�­a¬ ³�·�¿��3� ·�½�¿t¯B��³V¯��rºt¯�µ"	�À=���}ºaµa·
½
¬ ­[®l¯�·
¯���º�¯ µ�	�¯�·��

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

all organisms

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

archae

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

bacteria

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

thermophiles

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5

nonthermophiles

«�¬_­a®l¯)Cr±D�r½8¬_­[¶z®z¶l½"À ·�¶l´�µt¬_½
ºt³=¯B���}´_³*�|º��[·E���F�|³=´|¬|µt¶z·�¸¹·��



External base
Internal base

Hairpin loop

Bulge

Multibranched loop

Stacked pairs

� ¶l´�º�³V¯�°|±��8®z®zºa·
½
³=¬_½�¶��|µ)���a·�ºt­[·
½8³+º�	�½�ºt³=¯�·3¶zµ ¬_µ�¯6�r¬|¸$�[®l¯
����� ·
½
³Vº"	+½�ºt³=¯.�	�C¬|·
¯�· ¬ ³=¯�»t¯6�[¶
	�½
¯�» ­�À »��|½�·�
�½�¿t¯
����� ­a¬�	 ��­���µ�¯x­rÀ · ��®z¶z»*®z¶zµ�¯ ·�
�¬_µa»*­a¬|·
¯(�a¬_¶l³+¶zµ�´�·�­rÀ
»��|½
½
¯�»*®z¶zµt¯�·��

{X� ��01� 01'#04%Q)4)Scm!	-8�+���	!�'#�/
#�>2b'#6�%Q'h���	)1�	!�'#01-8�&,.-�
i�r'3%�O )4���r'�
#� !�f
'#� 
#����01
�6�'�-K!	!�� 
���-�
#��01�K'#�	������)1cL����2 ��
���p�'�
#�	���b'#�	�&f
(9��
3%+'#� 
#�	�b%���2[( 
#�	�����/
#�	�	]=jk6��\2 %Q'3%?2 -K���b� -�'b����(�(9-Q
�'
'#6�01�	]njk6��J
#�X%+
#�L���	"8�	�U'#6���
#��-�(�6 04)1�	�\01�y-8�/
?2�%+'3%q����'
�   � § ���3���
� 7   � ¹J�/� ¼8��»8��£ 7   � }K���$� ���	��£ 7]d<��� }8� �P}8£3� µ �o� 7��U�
} ¥ ¶ £#£3� 7��U�aµ �8�J�
���8£ µ �o� 7�� �@¢ }8�3��~o� ¢ } �3]�jk6 ��c?2/-5��-�'�2 01�rf
(�)4%	cw%Q��cU�5%Q
#x$�>2/)Scy2 0SHI��
#����'�(P%+'�'#��
#�w-�,b�r'3%�O�01)10S'�cy'#6 �
�	�K'#0S
#�e2�%+'3%����J'>]i��-m2/01��!	��
#�P%QO�)1��O 0*%Q��01�k
#���P�	!J'#�>2MOKc&'#6 �
��
#!36P%Q�e-�
�%��Kc\-�'#6 ��
<����O9!�)*%Q����:`�e042 �	�K'#0S�P�>2I]

2. RNA OPTIMIZATIONsu�&"�01��:G-�,9'#6�01�h�	"�042 �	� !	�878:`�<���	�	xT'#-T2 �	��01
8�b'#6�����-8�r'h�r'3%QO�)1�
%Q�P2������r'3%QO�)1�`�����V���>�K������!	�	�t:<6 01!J6�!	-�2 ���@,.-�
i%���(9��!	0S�P�	�a(/
#-�f
'#��04��]i��� 
@:k-Q
#xm01�i
#��)*%+'#�>2m'#-�'#6�� �o� ¸Q���J£J�a¹��8�S»8�o�K¼<§9�r� ¥ �1� ¢b7�-8� �
01��
801"$�	�V%M�r'�
#��!�'#�/
#�5%��P2X%���x$�>2X'#-;2 �	��01
8�V%;���	��� �	��!��&:<6�01!J6
(/
#-�2 � !	�	�<0S'b±S�J³�]
su�&'#6�01�`����!�'#01-8�g7K:`��2/�	��!�
#01O9��%�������!�04����'k%�)1
8-Q
#0S'#6��n,.-�
i�P�P2�f

01� 
<'#6 �@�����X���>�K���	� !	�@!	-�2 01� 
<,.-�
t%<
�01"$�	�e( 
#-Q'#�	01���V:<6 01!J6e6�%��
'#6 ����01� 04�b�����	� ��
#
�c;����-8�r'k�r'3%QO�)1���r'�
#� !�'#� 
#�+�@-+"$��
k%�)1)9�	��!�-�2/f
01� 
8�`-Q,��m7�%���2�2 �	��!�
#01O9��%���01��( )4�����	�K'3%Q'#01-8�&-Q,�-8� 
`%�)1
�-�
#0S'#6��;]
���/
k%Q)1
8-�
#0S'#6 �°6P%Q�i'#6 ���#%Q����%Q�rc/��( '#-�'#01!<!	-���(�)1��p/0S'�c�%Q�`�r'3%Q� f
2 %Q
32;%Q)1
8-�
#0S'#6 ���<:<6 01!J6;��01��( )1c�,.-8)42?%m
�04"8�	���������	��!	-�2/01��
 ]
� �e%�)1��-52/�	��-8� �r'�
3%Q'#��'#6�%Q'�'#6���%��P%Q)1-8
8-�����( 
#-�O�)1�	� -�,v�P�P2�f

01� 
�'#6��&���������>�K� �	��!	�m!	-�2 01��
M,o-�
b%�
�01"$�	�X(/
#-�'#�	01���°:<6�01!J6
6�%���¢ }���� ¢ � ¢®������
#
QcZ����01� 04�b���Á�r'�
#��!�'#�/
#�Q��-+"$��
b%�)1)h�	��!�-�2/f
01� 
8��-�,��R01����¨afu!�-8��(�)1��'#��]@jk6�01��01��(�)101�	�`'#6�%Q'�:k��%Q
#��� ��)101x$�	)Sc
'#-&���P2\����!	01�	�K'�%�)1
8-Q
#0S'#6�����'#-5%������/
#�T���P2/04� 
m�	0S'#6 ��
�%��;�����
���	��� �	��!���:<0S'#6=��01��01�m� � �r'�
#��!�'#�/
#�b-Q
e-8� ��
#�>%Q)10�
�04� 
;%Q�L%+
#O�0Sf
'�
3%+
�cM'3%+
#
8��'���6P%Q(9�8]<�K'#01)4)�7 :k��2 �	"8�	)1-8(�'u:k-�����!�04����'�6 �	� 
#01�r'#01!	�
,.-�
i!	-8� �r'�
#��!�'#01� 
�6�01
86m�	����
#
Qc\�������r'3%QO�)1�Q�v!	-�2/04� 
����>�K������!	�	�a,.-�

%T'3%Q
#
���'<( 
#-Q'#�	01�g7 %���2\(/
#�	���	�K'���p�'#�	� ��04"8����p/(9��
#01���	�K'3%�) 
#�	����)S'#�
,*
#-8��01��(�)1�	���	�K'3%+'#04-����k-Q,a'#6��	���T%Q)1
8-�
#0S'#6 ���	]

2.1 Secondary Structure Prediction Models��01O9-8����!�)4��-�'#042 �	��'#�	��2V'#-L(P%Q01
5:<0S'#6D�	%�!36U-�'#6 ��
\%�!	!�-�
32 01� 

'#-L'#6��;�#%Q���;(P%+'�'#��
#�U%Q�5'#6 �;6���)401!	���\,.-�
#���>2GO�cG%Q�K'#04(�%Q
3%Q)4)1�	)
�r'�
3%Q�P2/�k-�,������ �� :<0S'#6"!T7/%���2"#�:<0S'#6_Lb] � -�O�O�)1��(P%Q01
#� �
L  %Q�P2  L � %+
#�T%�)1��-�01��!	)1��2 �>2�01�\'#6���!>%Q��-���01!>%�)g����'�-�,a(�%�0S

O9-��P2/�	]t��� !	)1�	-�'#042/�	�t:<6�01!36m%+
#�k��-Q'a(P%Q01
#�	2m%Q
#�i��01��
8)1���r'�
3%Q�P2 �	2�]
jk6 �	����(�%�0S
�O9-8��2 �`2 �������<'#6������	!	-8��2�%+
�c5�r'�
#��!�'#�/
#��-Q,a%��5�����
�r'�
3%Q�P2I]is�'#������O �r'�
#��!�'#�/
#�	�<%Q
#��2 �J�P���	2\01�?�t01
8�/
#�&�8]
su�;'#6��e��-��r'�:<042 ��)1c;�����>2M,.-8)42 01� 
M(/
#�>2 01!�'#01-8�?��-�2/�	)`± ��7t�	AQ³�7

����!36q(P%Q0S
#�&2 ���5%Q
#!>%+'#�&'#6��5�����°�r'�
3%���2[01��'#-?� �	�r'#�>2[)1-K-8( � �
6P%Q0S
#(�01�L'#�/
#���	7t6 �	)101!	�	�	7tO ��)1
8���	7t'�:`-�f���042 �>2N04�K'#��
#��%�)@)1-K-8( �m%Q�P2
�m� )S'#04O/
3%�� !J6 �>2;01��'#�J
#�P%�)v)4-K-�(��	]bjk6������m)1-K-8(N�r'�
#��!�'#�/
#�	��%+
#�m01)Sf
)1���r'�
3%+'#�>2�01�?�t01
8�/
#�&�8]
$9��x$��
>7	��'>] %�)P±S�>Y�7��>�Q³�6�%��g2 �	"8�	)1-8(9�>2e%Q)4
�-�
#0S'#6�����:<6�01!36T%�!36�01�	"$�

����O �r'3%��K'#04%�)t��� !	!	�	����01�?�����_���	!	-��P2 %Q
�c;�r'�
#� !�'#� 
#�T(/
#�>2 01!�'#01-8��]
���	!	�	�K'��r'#��2 01�	�;±S�+W>³���6 ->:e7�-8�Z%>"$��
3%�
��87k'#6�%Q'\�Q��: -Q,�x���->:<�
OP%Q���X(�%�0S
#�?-8��2 -��5%�01����-�,�,o��:`��
?'#6P%Q�R�QY8YG�/� !	)1�	-�'#042/�	�?%Q
#�
!	-Q
�
#�	!�'#)Sc©(/
#�>2 01!�'#�>2_O�cw'#6 �	���V����'#6�-�2/�	]¿���	%���� 
#�����	�K'#�L01�
jv�/
#����
�% �?)4%�O9-Q
3%Q'#-�
�cl± �Q³�-Q,&�	� ��
#
�c�01��"$-8)1"$�>2y01��"8%+
#04-����?��� f
!	)1�	-Q'#0*2/�M01�K'#��
3%Q!�'#01-8����,o-Q
#� '#6 �\O�%���01�m-Q,<'#6����	� ��
#
�cL,o��� !�'#01-8�
�	��( )4->cK�	2�]���c/�P%Q��01!e( 
#-8
Q
3%�����01��
�01��'#6��	�?� ���>2�'#-5-8( '#01��0D
	�
'#6��L���	!	-��P2�%+
�cw�r'�
#��!�'#�/
#�X� �P2 �J
�'#6��N-8O ����
#"$�>2w�	� ��
#
�cy,.����!Jf
'#01-8� �	]ljk6���$I� x$��
�fujv� 
#� ��
5��-�2 ��)�,o-Q
#���\'#6 �;,.
3%Q����:k-Q
#xD,o-Q

'#6���( 
#-8O )1�	����:k�T%Q
#��:`-�
#x�01��
&-��g]
s��['#6 �M��-�2/�	)k�	��( )1-+c$�>2X6��J
#�87k%Q)1)�)4-K-�(���%+
#���	0S'#6 ��
&� �	�r'#�>2

-�
�2 01�.��-�01��'���-+"$��
#)4%Q(�(�01� 
\01����-�'�(9��
#��0S'�'#�>2�]�����!36;-+"$��
#)4%�( (�01��

)1-K-8( �	7t!>%Q)4)1�>2L(����	��2 -8x�� -�'#�&±S�8�J³«7a-K!	!	�/
T04�N�P%+'#� 
#�&O � 'e!�-8����042�f
��
3%QO�)Sc�!�-8��(�)101!>%+'#��'#6���'3%Q��xM-Q,a�r'�
#��!�'#�/
#�e( 
#�>2/01!�'#01-8�g]
8���2 ��
`'#6�01����-�2 �	)@± �/7��+�>³«7�'#6����	����
#
Qc\-�,@%Q�������w�r'�
3%��P2\01�

'#6���������-Q,i'#6 �b�	� ��
#
801�	��-�,@'#6���)1-K-8(���-�,i01'#�����	!	-��P2�%+
�c?�r'�
#��!Jf
'#� 
#��]®jk6 04�M( 
#-+"�042 �	��%V���&��!	01�	�K'#)ScU!	)1-����[%�( ( 
#->p/01�5%Q'#01-8�U'#-
(9��
#��0S'���01
8� 0S�P!>%Q��'�(/
#�>2 01!�'#01"$����� !	!	�	���	7�%���2M0S'�%�)1)1->:<��,.-�
�%&2�c/f
�P%Q��01!�( 
#-�
�
3%�����01� 
m!	-���(�� '3%+'#01-8�g]
Â@����
#
QcT04�@%Q����01
8���	2�'#-�(�%�0S
#�t:<0S'#6�01��)4-K-�(��h%�!�!	-�
32/04� 
�'#-����>%+
�f

�	�r'�����04
�6�O9-�
e
#��)1�	�	]\jk6�%Q'�01�	7a%Q�[-�
32/��
#�>2X�K��%Q
�'#��'T-Q,k'#6��m'u:k-
����!	)1�	-Q'#042 �	�&01�G%=(P%�0S
&%��P2['#6 ��%�2+�#%Q!	�	�K'�O�%����	�&01��%Q����01
8���	2Z%
"�%�)1���87�2 �J'#��
#��01���>25OKcM)4%QO9-�
3%Q'#-Q
�c;���>%Q��� 
#�	������'#�	]@��-�
#�e�	)4%�O/f
-�
3%+'#�m�	� ��
#
�c�
#��)1�	��01��"$-�)4"�01��
5� �>%Q
#OKc?O � '���-�'����	!��	���#%Q
#01)ScN%82�f
�#%Q!	�	�K'�OP%Q���	��%+
#�eO9�	01��
m,.-�
#�b��)4%Q'#�>2I]
¾ %Q0S
#(�01�X)1-K-8( �	7tO ��)1
8�	��%Q�P2L01�K'#��
#��%�)@)1-K-8(���%+
#��!J6�%Q
#
8�	2L�	�/f

��
#
Qc�(9�	��%�)S'#01�	�vO�%����>2e-8��'#6 �	0S
v��0D
	���������bO9��
I-�,/��� (P%Q01
#�	2�OP%Q���	�J�3]
Âh%�!36��b��)S'#01)1-K-8(��g01�v(9�	��%�)10D
	�>2T%<� p/�>2�%���-����K' � 7+( )1����(9�	�P%Q)1'uc('
,o-Q
k�>%Q!J6�01�K'#��
#��%�)P(�%�0S
>7K(�)1� �i(9�	��%�)S'�c*)k,o-Q
k�>%Q!J6�� ��(P%Q0S
#�>2&OP%Q���8]
jk6�������%���2M%T"�%Q
#01��'�c&-�,g-�'#6��J
���(9�	!	04%�)9
#� )4���`'#-8
���'#6���
<!�-8��( 
#01���
'#6����	����
#
QcM,.��� !�'#01-8�;-+"$��
�:<6 01!J6�:`��:<01)4)g���	�	x5'#-&-8(/'#01��0�
��8]

2.2 Minimum Energy (Most Stable) Sequence
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2.3.2 Local structure avoidance (LSA) method
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2.4 Experimental Results

2.4.1 Minimum energy experimental results
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2.4.3 Energy profile of a coding space
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