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Flowair(t)−Flowair(ref) =
Vs−Vref
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%air = 1− HU −HUair
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7:>Ax�>%?E$\(%/8c6F1$'?E56$h,=< >%?`$'&)(%aI �F8Ä'&{$\(%>%*;&{7:?^0�9;/8$U��ÈV*;>EFb,%$\-�/10C@U0�>�"WF87:?I-g?Ec656$6F8F10�9;/8$6Fg(_7:>%/c'-�>E,�9+$'/�56$6F}F�9;-�>^0�-�9+7:?EF�$'-�*+$6F�,%c'-8$65e-1$e/i0�>%-87:&T0�-�9+HI>E$'&{$'?I-��

E�9+F�>E$'*;*+$'&{$'?I-CYB*+$6F£9;&T0�XO$6F�,%cedf7:/�&{c6$6Fp(^0�/	*+$'F	-�/10�?EF4dÇ7:/�&T0�-�9+7:?EF�5C0�*+5'>%*+c'$6F�0C@B$65 Bp�iÈ£LDÈ¤F87:?I-F�9;&)9;*Z0�9;/8$6F|xQ56$'*;*+$6Fy5C0�*+5'>%*+c6$6FzF10�?EFEBp�iÈ£LDÈºYtF10�>�d}x[56$'/�-10�9;?EFy$'?E,�/87:9;-8Fz,%$6Fw(_7:>E&{7:?EFC�sL~0�?EFr*Z0�EXU>%/8$ ��� N ?E7:>EFz0C@B7:?EFr9;*�*;>EF8-�/8c{>%?E${&{Ã'&{$T9;&T0�XO$b0:56HI>%9+F8$gxFB Å �{,%$edÇ7:/�&{c6$b0C@O$65{*+$6Fy51a^0�&)(EF5C0�*+5'>%*+c6F{0C@O$65b$'-zFv0�?EF Bp��È	LiÈ 567:&)(^0�/8c6$Qx\*R< 9;&T0�XO$b,%$g/8cedÇc'/8$'?E56$G0:56HI>%9+F8$bxGB Å ���ºJt7:>:247:>%/8F@u9+F�>E$'*;*+$'&{$'?I-CY�*+$6FQ51a^0�&)(EF[,%$�,%cedÇ7:/�&T0�-�9+7:?EF\$6F�-�9;&{c6F\0C@O$65�$'-[F10�?EF Bp�iÈ£LDÈ F87:?I-Q,%9 �=c'/8$'?I-8F¥f567:&)&{$b$e"�$'&)(%*+$UYt@O7:9;/r*Z0Q�EXU>%/8$ ����� ¦ �t�s0[&{7� B$'?%?E$.¥fc65C0�/�-y-m u(_$ ¦ ,%$g,�9��=c'/8$'?E56$'F|,%$6Fr?E7:/�&{$6F,%$6F#@O$65'-8$'>%/8FV,%$�,%c'(%*Z0:56$'&{$'?I-	$6F�-V,%$
9.1(5.2)mm

¥f$'?|@B7C"%$'*;F�¨
3.6(2.0)

@B7C"%$'*+F ¦ ����$6FV,�9��=c'/8$'?E56$6FF8$~F89�-8>E$'?I-}(%/�9;?E5'9;(^0�*+$e&T$'?I-i,E0�?EF�*Z0|(_c'/�9;(%aEc'/�9+$r,%$6F}(_7:>%&{7:?EFC�
���<H��� �T"$� �!�#.I( �%���U&)"$0#-'(+� (+&6�#. �!07��0U&60#�#. � &��6(IAJC(+�#3 3P�7"5�#�%�

K��Z���.L=�<M N �%�POI�����u���O�>QROB�2Ss�=�º�B�
��$b]%>%-{$6F�-),=<nc'@:0�*;>E$'/{*+$6F|9;&T0�XO$6F{F� I?I-�aEc'-�9+HI>E$6F|XOc'?Ec'/8c6$6FC�£l�7:>EF{0C@B7:?EF|>%-�9;*;9+F8cb>%?E$G9;&T0�XO$J�LDM NOL /8c6$'*;*+$.0:56HI>%9+F8$h0C@O$65[*+$[(%/87:-17B567:*+$.,%c65'/�9;-b,E0�?EFT*Z0�F1$65'-�9+7:? �U������� (^0�XO$ � V �	�£< 9;&T0�XO$J�LDM NOL $6F�-�567:&)(_7UF8c6$y,%$y,�9�"Q9;&T0�XO$6FiJ�LDM �:L HB>%9t567:>%@u/8$'?I-�*+$y5' u5'*+$r/8$6F�(%9;/10�-87:9;/8$r?^7:/�&T0�*R�
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I�JLK,MONQP RTS U�VOWYX[Z]\�Z]^`_�VOacbda7e%\+bgf@h ^iWjZ]kGbl\+m0nHm0\�b0a[odb�p,qsrTbdetfHh ^iWjZ]kGb�p,q�ugvwm0nxVO\%Wymzb,Z|{�bzo�e%\�Z]a}_'nHVO\'~
WjZ]e%^`VOaco|Z]f`od�wf`mzbz_�Z|{Gbzolbde�_�Z]a}_&U��.���s��P]��bz_t�[�zo��}bz_�^ia}vQ^`���}bda7e&vwbz_t\+mdk<^`VOa}_&Z|{�bzog�wa}b�vQ^��2md\+bda}ozbz_
{7^`_%^i�wf`b<P

��bz_�^iWjZ]kGbz_����s� rO��VO\%^ik<^ia[Z]f`bz_�Z|�7Z]a7e��wa}b�\+mz_+VOfi�we%^`VOa�vwb
512 × 512 × 88 � e�Z]^ifif`b�{GV|�wbdfc�

0.97 × 0.97 × 2.5mm3 � VOa7e�mde+m�\+mzmzo��[Z]a7e%^ifif`VOawa}m|bz_�X
VO�w\4Z|{GVO^i\�vwbz_.{�V|�wbdf`_�^`_�VOe%\+VOX
bz_�vwb�e�Z]^ififib
2.53mm3 PO�.VO�}_&Z|{�VOa}_&o|Z]f`o0�}fim<��Z|{GbzoTU��.���s���Of`bz_&o��[Z]WYX}_&vwb,vwm0nHVO\%WjZ]e%^`VOa UIE Z]a}v UEI bda7e%\+bf@h ^iWjZ]kGbc���s��rO��bda �}a¡v�h¢b0�CXw^i\�Z]e%^`VOa¡a}VOe+mzb

IE
bde.f@h ^iWjZ]kGbYbda �}a¡v�h ^ia}_%Xw^i\�Z]e%^`VOa�P��.VO�}_�Z|{GVOa[_

kGmda}md\+m�vwbz_�o��[Z]WYX}_�vwb�vwm0nHVO\%WjZ]e%^`VOaYbde�vwbz_t^iWjZ]kGbz_�^ia7e+bd\%WymzvQ^"Z]^i\+bz_&X[Z]\tf"Z£Wymde%�}V7vwb,vwmzod\%^ie+b,v}Z]a}_
f"Z._+bzode%^`VOa NQP R}P¥¤ X[Z]kGb ¦<¦ P<��bz_&o��[Z]WYX}_�vwb�{�bzode+bd�w\+_&VOa7e&mde+m,md{<Z]fi�}mz_�Z|{�bzo�f`bz_�X
VO^ia7e+_�vwbz_&ozVOa7e%\+§Of`b<P
��bz_T^iWjZ]kGbz_£kGmda}md\+mzbz_.VOa7e�mde+m ozVOWYX[Z]\+mzbz_sZ]�Q�3^iWjZ]kGbz_����s�¨rO�©\+mzbdfif`bz_�vwb f@h¥ZOoz���w^`_+^ie%^`VOa ���s�
RG�©vwb�\+m0nxmd\+bda}ozb<P

ª�«"¬2«`�«x®¯«L® °�±t²}³µ´�¶¸·t¹º·t»7¼¾½¯¿]³µ²wÀ|ÁL½
ÂÃÁxÂ
À|¹�¿O³µ»7·�ÁL²}ÁL¿]¹�¶ Ä a*Wymzvwbzod^iaÅZ¡_�mdf`bzo0e+^iVOa}a}m
25X
VO^ia7e+_Ævwb ozVOa7e%\+§Of`b � Xw\+VOe�V�ozVOf`b�vwb _+mdf`bzode%^`VOaÇ^`vwbda7e%^`�7�}b�È�odbdfi�w^svwmzod\%^ie�v}Z]a}_Éf"Z�_+bzode%^`VOa NQP¥¤QP¥ÊX[Z]kGb u|Ë<Ê � v}Z]a}_,���[Z]e%\�b�^iWjZ]kGbz_s� IE � II bde,vwbd�Q�j^iWjZ]kGbz_,^ia7e+bd\%WymzvQ^"Z]^i\+bz_Tvwb�f@h¥ZOoz�7�w^`_%^ie%^`VOa3���s�RG����^iWjZ]kGbz_��7�}bYa}VO�}_�Z|{�VOa}_4a}VOe+mzbz_

I1
bde

I2
P���bz_4{�VOfi�wWybz_4Xw�wfiWyVOa[Z]^i\+bz_cvwbz_4^�WjZ]kGbz_

IE
�
I1
�

I2
bde

II
_+VOa7ec�

4315 cm3 � 4692 cm3 � 5004 cm3 bde 5181 cm3 � P�ÌCVO^ie.WjZ]^ia7e+bda[Z]a7e p �wa�X
VO^ia7esvwbozVOa7e%\+§Of`bcbde
pE
�
p1
�
p2
�
pI
_+bz_�X
V<_%^ie%^`VOa}_�v}Z]a}_.f`bz_.^iWjZ]kGbz_

IE
�
I1
�
I2
Z]a}v

II
P
�.VO�}_sZ|{�VOa}_�f`bz_

vQ^`_%e�Z]a}ozbz_
li
bda7e%\+b

pi � Z|{Gbzo i = 1, 2 � bde�f`bc_+bdk<Wybda7e vwbcvQ\+VO^ie+byZ|{�bzo�f`bz_�b0�Ce%\�m0WY^ie+mz_ pI bde pE P��bz_T{OZ]f`bd�w\+_�n@Z]^i�wf`bz_Tvwb
li
^ia}vQ^`���}bdaCe£�7�}bsf"Zce%\�ZÎÍ'bzode+VO^i\+b4vQ��X
VO^ia7e£v}b�ozVOa7e%\+§Of`b4bz_%eTXw\+V7o��}b4v�h �wa}b

e%\�ZÎÍ'bzode+VO^i\+b�\+bzode%^ifi^ik<a}b<P�U.h¢bz_%e.f@h �7�CX
VOe%�}�z_+bc���}b�a}VO�}_�Z|{�VOa}_£n@Z]^ie+b�v}Z]a}_.f"ZÉ_+bzode%^`VOa NQP R}P¥¤QPiu P2��VO�w\
f"Z�vwmzozVOWYX
V<_%^ie%^`VOa*vwbz_�o��[Z]WYX}_cvwbz_�{Gbzode+bd�w\+_|�ta}VOe%\+bÉ�7�CX
VOe%�}�z_+bÉa�h ^iWYXwfi^`���[bÉX[ZO_c_+bd�wf`bdWybda7e�f`b
nHZ]^iey���}b�f`bz_cX
VO^ia7e+_jvwb�ozVOa7e%\+§Of`b�vwmzod\%^i{�bda7ey�wa}b�e%\�ZÎÍ'bzode+VO^i\+b3\+bzode%^ifi^ik<a}b�bda7e%\+b

pE
bde
pI
�
pi ≈

pI + ki(pE − pI)
�¯WjZ]^`_ Z]�}_+_+^����}b�nHZOode+bd�w\

ki
bz_%e.f`b�WyÏdWyb�X
VO�w\�e+VO�}_.f`bz_sX
VO^ia7e+_ � {�VO^i\��}k<�w\+bNQP¥N � P<��bz_�X
VO^ia7e+_�vwb�ozVOa7e%\+§Of`b pI VOa7e&mde+m�vwmdXwf"ZOozmz_�_%�w^i{<Z]a7e�f`bz_�{�bzode+bd�w\+_&vwb�vwmdXwf"ZOozbdWybda7ego|Z]f`od�wf`mz_X[Z]\T\+bzo|Z]f"Z]kGb4vwm0nHVO\%WjZ]�wf`b<P[�.VO�}_�Z|{GVOa}_£ozVOWYX[Z]\+m f`bz_Ta}VO�w{�bdfif`bz_TX
V<_%^ie%^`VOa}_

p∗i
Z|{�bzo�f`bz_TX
V<_%^ie%^`VOa}_

vwbs\+m0nHmd\+bda}ozbz_
pi
P}��VO�}_�Z|{GVOa}_£m0{<Z]fi�}m�e+VO�}_Tf`bd_TX
VO^ia7e+_£vwb ozVOa7e%\+§Of`b v}b�ozbde%e+b�WjZ]aw^`�d\+b<P

~£u|Ë<¤�~
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���� "!$#&%(' )+*-,./

0

1
2�3 2�4

265

287 5

I,J K,M}NQP¥N S
pE
�
p1
bde
pI
_�VOa7e�f`bz_,X
V<_%^ie%^`VOa}_�vQ��X
VO^ia7e�vwbsozVOa7e%\+§Of`b

p
P
l
bz_%e,f"Z�vQ^`_%e�Z]a}ozbsbda7e%\+b

p1f`b _+bdk<Wybda7e£vwb vQ\+VO^ie+b v�h¢b0�Qe%\+bdWY^ie+mz_
pI
bde
pE
P
k
bz_%e�f"Zc\�Z]XwX
VO\%e£bda7e%\+b�f"Zcf`VOawk<�}bd�w\�vQ��_+bdk<Wybda7e

� b = √(pE − pI)2 � bde�f"Zyvw^i_+e�Z]a}ozb a vwb pI Z]� X
VO^ia7esvwb Xw\+V]Í%bzode%^`VOa p′1 vwb p1 _%�w\£f`b�_+bdk<Wybda7e
[pIpE ]

P

ª�«`¬�«`�«x®[«:9 ;z³µ²=<[¹7¶µ·t»7¼¾½[¿O³µ»7¹�¶ ��bz_Yo��[Z]WYX}_Yvwb�vwm0nxVO\%WjZ]e+^iVOa*^ia7e+bd\%WymzvQ^"Z]^i\+bz_
Us
VOa7eYm0e�m

o|Z]f`od�wf`mz_ye+bdf��7�}bÆf`bz_Y{GVOfi�wWybz_YXw�wfiWyVOa[Z]^i\+bz_jv}Z]a}_Yf`bz_c^iWjZ]kGbz_jvwm0nxVO\%Wymzbz_y_�VO^`bda7eyZ]XwXw\�V|�C^iWjZ]e%^�~
{�bdWybda7eÆf`bz_ÉWyÏdWybz_3���}b�v}Z]a}_Æf`bz_É^iWjZ]kGbz_����s� \+mzbdfif`bz_|P,��VO�}_3Z|{GVOa}_Æ�we%^ifi^`_+m f"Z¸_+VOWYWyb�vwbz_
vQ^���md\+mda}ozbz_sZ]�}_+VOfi�}bz_ � ÌC�£� � vwbz_T^ia7e+bda}_+^ie+m�ozVOWYWyb4Wybz_%�w\+b4vwb4�7�[Z]fi^ie+m4bda7e%\�b f@h ^iWjZ]kGb�vwm0nHVO\%Wymzb
I∗i
bde£f@h ^iWjZ]kGb�vwb \+m0nxmd\+bda}ozb

Ii
�
SAD(I∗i , Ii) =

∑
x∈Ω |I∗i (x)− Ii(x)|

�[Z|{�bzo
Ω
f@h¢bda}_+bdW��wf`b�vwbz_

{�V|�Qbdf`_�Z]XwX[Z]\%e+bda[Z]a7esÈcf@h ^ia7e+bd\+_+bzode%^`VOa�vwbz_TX
VO�wWyVOa}_£v}bd_£vwbd�Q�3^iWjZ]kGbz_|P[��bz_TX
VO^ia7e+_.Z|��Z]a7eT�wayÍ%ZÎ~
ozVO�w^`bda¡a}mdk�Z]e%^�n � WyVO^ia}_ vwb 1.3% � VOa7e�mde+mcbdfi^iWY^ia}mYvQ�¡o|Z]f`od�wf�vwbyÌC�£��P2��VO�}_ Z|{GVOa}_se+bz_%e+m�e%\+VO^`_Wymde%�}V7vwbz_&X
VO�w\�f"Z£kGmda}md\�Z]e%^`VOajvwbz_�^iWjZ]kGbz_�^ia7e+bd\%WymzvQ^"Z]^i\+b|_T�OZ|{�bzo�bde&_�Z]a}_?>�@ p�Asbde�bdaYozVOW��w^ia[Z]a7e
vwbd�Q��o��[Z]WYX}_svwb4vwm0nHVO\%WjZ]e%^`VOa}_ � ^ia7e+bd\%X
VOf"Z]e%^`VOa�fi^ia}m|Z]^i\+b�bda7e%\+b4f`bz_£^iWjZ]kGbz_.vwm0nHVO\%Wymzbz_sZ|{�bzo UIEbde
UEI

�Q{�VO^i\T_+bzode%^`VOa NQP R}P¥¤QP¥Ê X[Z]kGb u|Ë<Ë � P
~�u|Ë<N�~
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������������������������� �! " ��#$�%��&�'�()�����*��()���+�����-,$��������'��+.��)�-.!/��0������1)�)�+���%�0'������)�-&2#$/3�%���-.���1)#$�%�0'�4$���
.��5�76 /389��:;�

II
���<���)�=&2#$/3�%���>.��?1)#$�%�0'�4$���@.��)�>�����0'��)�</389��:;�)�BA

IE C I1 ��� I2 D  	E*��������8F���%��G%�H���0'��&2#$/3�%���>����'=&��3����.��
50

#$�%�>.��)��.!/��0������1)�)���0��&2(�'0/�����'��)�JI
4mm

 2KL�?�������������M1)#$�%�0/����%�5�������0/N���)�
,$��������'��O.��)��.!/���������1)�)�

l
���O.��)�QP7�$1�������'��

k
 

�</��0������1)�)�O���
mm IE I1 I2��,����%��'��)1�������:;�

10.6 (5.5) 7.8 (4.6) 4.4 (3.4)��&�'�R)��'��)1�������:;�
2.1 2(1.4) 2.6 (2.0) 2.7 (1.5)ST#VUW�������)��.��)��.!/���������1)�)�

l X 1.5 (1.4) 1.2 (0.8)ST#VU;�������)�O.��)�
k Y 0.7 (0.2) 0.4 (0.3)

�  �[Z\�! "^]_KL�)�?.����!`a&�'���8B/�R�'��)�b�3/3:����)�?1)#$�%�0/����������%�?���)�58F#VUW�������)�cAd���b���)�b()1���'0���b�eU%&2�)� D .��)�.!/��0������1)�)�>���%�0'��b���)�<&2#$/3�%���>.��?1)#$�%�0'�4$���?.��5�76 /389��:;�
II
���<���)�=&2#��0/3�0/�#$����.��)�=&2#$/3�%���>.��?1)#$�%�0'�4$���

.������J���)��/389��:;�)�
IE C I1 ��� I2 C ��,����%�5���b��&�'�R)�J'��)1�������:;�� fKf�)�J,$��������'��5��#$�%�5�g`*&�'0/38F()�)�b���a8B/3�ih�3/38FR��0'��)�� �KL�)��.����!`T.���'0��/�R�'��)���3/i:��H����1)#$�%��/3�����H�g�J���)�<,$��������'��>8F#VUW�������)��.��)�>.!/��0������1)�)�

l
���>.��)�

Pj�$1�������'��
k
 

KL�)�9,$��������'��98F#VU;�������)�k.��)�cE*l<�m1)����1�����()�)�c���%�0'��n���)�F/389��:;�)�k�0U*�%�0o�(��0/�GW���)�
I∗1 C I∗2 ���F���)�/389��:;�)�O.��>'�(gPj(�'�����1)�

I1 C I2 ��#$�%�p&�'�()�����%��()�)�=.������p����������������� �! rq  
��,����%��'��)1)������:;� �������=s / �Qt ��,W�)15s / �Qt /eK

I1 129 84 82 76
I2 187 89 87 83

�  �[Zf�! rqB]^u+��������'��JE*l<�v1�����1�����()�)�����%�0'��
Ii
Axwp/3�0o

i = 1, 2 D ����. IE
��,����%�<'��)1�������:;�B������&�'�R)�

'��)1�������:;�_���%�0'��
Ii
���c���)�c/389��:;�)�y��U%�%�0o�(��0/�G%���)�
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