
HAL Id: inria-00072161
https://inria.hal.science/inria-00072161

Submitted on 23 May 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Short-term control of the cardiovascular system:
modelling and signal analysis

Alessandro Monti, Claire Médigue, Michel Sorine

To cite this version:
Alessandro Monti, Claire Médigue, Michel Sorine. Short-term control of the cardiovascular system:
modelling and signal analysis. [Research Report] RR-4427, INRIA. 2002. �inria-00072161�

https://inria.hal.science/inria-00072161
https://hal.archives-ouvertes.fr


IS
S

N
 0

24
9-

63
99

   
   

 IS
R

N
 IN

R
IA

/R
T

--
02

59
--

F
R

+
E

N
G

ap por t  


de  r ech er ch e 


THÈME 4

INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

Short-term control of the cardiovascular system:
modelling and signal analysis

Alessandro Monti — Claire Médigue — Michel Sorine

N° 4427

April 12, 2002





Unité de recherche INRIA Rocquencourt
Domaine de Voluceau, Rocquencourt, BP 105, 78153 Le Chesnay Cedex (France)

Téléphone : +33 1 39 63 55 11 — Télécopie : +33 1 39 63 53 30

���������
	����
��� �����������������������������������! "�$#���%��&���'#�()#
���!�+*,�-�)���.�&�&�&��/0�����
#��&/������1�������2()#��&#

3�4658797;:=<�>�?9@BAC@D<
E9F�GIHJ4K:LFM?95NACO8>�F6PLQ�5�GRACF6SUTV5W4"X�@D?YF6<�5

Z
[]\�^�_�`�acbedf^$g]hjiUkldnm8o�_�k!mqp�kldn^�djrsitksdfmqo
u _�rwv�rwks\Y^J_9r.x&m8^Jpyhn_�ze_9r

{R|lmt}~_�klr!by��byby�
�!itp]pLmq|sk u _�|l_Yx�[]_Y|lx�[]_,oD�V`q`e�8��a��!py|sdfhR�9�]�]�t�q�W��a��Y�t`Jpyiq�q_Yr

�����Y���U�]�t�8� �"g]|�itdf^�dfr"ksm�|l_�hjiUkl_�x&hjiqrlrsdfxYith�x�it| u dfmU�Uiqrlx&g]hjit|�rsdf�qoyiqh�iqoyithfv�rwdjr�ksm�^Jm u _Yhfr�mq�Rks[y_�xYit| u dfmU�;i8rsx�g]hjit|
�6����  iqo u x&m8oWks|lmqhyrsv�r~kl_�^)r¡k�it¢ednoy��dnoWklm$iqxYx&mqgyo8k�d£k�rR^$gyh£kldnp]hf_!�¤_Y_ u�¥ iqx�¢Jhnmemqp)m8|s�Wito]djrliUksdfmqo�¦�§¨_ u djrsx�gyrlrR¢eo]mU©.hnª
_ u �q_Yr
m8o�ks[]_$rs[]m8|wksªMkl_�|l^«x&mqoWkl|sm8h
mt� ��� rwv�rwks_Y^��]�¤mex�gyrsdno]��m8o�kl[]_$iqoyithfv�rwdjr�mt� ��� ksdf^�_&ª¬rw_Y|sdf_Yr.iqo u x&mqoWkl|sm8h
mt�
it|sks_Y|sdjithWp]|l_Yrlrwgy|s_�ito u �!�
ªKdnoWkl_�|l�;iqhM¦�­¬o$kl[]_�®y|�r~k¡ito u rw_9x&m8o u rs_Yx&ksdfmqoyrY�t©�_�dfoWks|lm u gyx&_�^�m u _�hfhndfo]��x&m8oyx&_Yp�klrV©.[]djx�[
hf_Yi u gyr�klm�kl[]_ u _&®=o]d£kldnm8o�mq�ViJpLm8rlrwd ¥ hf_ u _Yx&_YoWks|�ithfdfrs_ u x�mqoWks|lmqhDmq� ��� rwv�rwks_Y^���©.dnks[�rs_��8_�|�ith ¥ it|lmq|l_&¯y_�z�x&mqoWkl|sm8h
hfmWm8pyrY��ito u itk$i�ksdf^J_�ª u dfrlx&|l_&kl_�itp]p]|lm8i8x�[N�¤m8|�ks[]_)_9r~kldn^)itksdfmqo°mt��ks[]_Ydn|�rw_Yoyrwdnksdf�ed£kldn_9r�¦±§²_�x�mqoyrsd u _�|�k~©�m�k~vWpL_Yr
mt���Uiqrlx&g]hjit|.x�mq^�pyit|sks^�_Yo8k9³¡i�p=iqrlrwdf�q_�mqoy_�x�mq^�pLm8rs_ u mt��_�hjiqrwksdfo�iqo u x�mqhfhfiq�q_Yo±® ¥ _�|�rY�]ito u ito�iqx&ksdf�q_�mqoy_�x�[=it|sª
iqx&ks_Y|sdjrw_ u dno¨i u]u d£kldnm8o ¥ v�rs^�mWmqks[N^�gyrlx&hf_q¦�{¡i8rsrsdn�8_��Uiqrlx&g]hjit|´x&m8^Jp=it|sks^�_�oWk�^�m u _�hfhfdno]��hn_9i u r"gyr�ksm�dnoWks|lm u gyx�_
ks[y_�x&hjiqrlrsdfxYithµ§¶dfo u ¢8_Yrlrw_Yh�^�m u _�h6�D©.d u _Yhnv�itpyp]hndf_ u �¤mq| ¥ hnmem u p]|l_Yrlrwgy|s_�x�g]|s�8_$ito=ithfvers_YrY¦.§¨_ u _Y^Jm8oyrwks|�iUks_�kl[yiUk
§¶dfo u ¢q_9rsrs_�h=^�m u _�hDx�ito ¥ _ u _�|ldn�8_ u �¤|sm8^·i u dfrwks|ld ¥ g�ks_ u ^�m u _�hLmt�Dks[y_��Uiqrlx&g]hjit|�x&mq^�pyiq|wkl^�_�oWk ¥ vJi�ks[]|l_�_�ª6pLmqdfoWk
u djrsx�|s_�ksdjrsitksdfmqo�mq�µks[y_"m8o]_&ª u df^J_Yoyrsdnm8oyithLpyit|sksdjith u dn¸L_Y|s_YoWksdjithD_Y¹Wgyitksdfmqoyr�mt� ¥ hnmem u ¯ymU©�¦�§¨_�|s_Yhfitks_!kl[]_ u _&®yoyd£kldnm8o
mt��ks[]_)�Ui8rsx�g]hfiq|"|l_Yrsdjr~k�itoyx�_Jiqo u x�mq^�p]hfdfiqoyx&_Jklm�py[Wv�rsdfxYith�pL_Yx&gyhndjit|ld£kldn_9r�mt��ks[]_)hfm�x�ith��8_Yrlrw_YhV©
ithfh6¦Jº�mWm8¢edno]���¤mq|
i�pLm8rlrwd ¥ hf_)^J_9x�[yitoymtª¬x�[]_�^�djx�ith¡x�mq^�^)ito u mt��ks[y_�[]_Yiq|wk��¤gyoyx2kldnm8oµ��©�_�x&m8oyx&_Ydn�8_)i�[]dn_Y|liq|lx�[ydfxYith¡x&m8o8kl|sm8h¡mt��ks[]_
[]_9it|skY��rs_�pyiq|litksdfo]��kl[]_)^�_Yx�[yiqo]djx�ithV�¤|lmq^�kl[]_)x�[]_�^�djx�iqhRx&mqoWkl|sm8hVmq�Ikl[]_)x�it| u djiqx�p]g]^�pµ¦�§¨_)^Jm u _Yh�ks[]_�iqmq|sksdjx
ito u x�it|lmtkld u²¥ iq|sm8|s_9x&_�p]ksmq|�rY��x&m8oyrwd u _Y|sdfo]��ks[]_�ks[]|l_�_ u d£¸D_�|l_�oWk$rwks_�p=r�mt�
kl|liqoyr u gyx2kldnm8oµ³ ¥ iq|sm8|s_9x&_�p]ksmq|�rs_�oyrsdnksdf�8ª
dnk~v�klm)ks[y_$dfoyrwd u _�p]|s_9rsrsg]|l_q�=p]|s_9rsrsg]|l_&ª u _&�¤m8|s^)itksdfmqo�ks|�itoyr u gyx&ksdfmqo�p]|lm�x&_Yrlr�iqo u�u _��¤mq|l^�itksdfmqo�o]_Yg]|�ithµ®=|sdfo]��|�iUkl_
ks|�ito=r u g=x2ksdfmqo²p]|lmex�_Yrlr�¦�Z
[]_�^Jm u _Yh¡dfr ¥ iqrs_ u m8o²i8x�x&gy^$g]hjiUkl_ u py[Wv�rsdnm8hnm8�qdjx�iqhViqo u []djrwksmqhfmq�8dfxYith�_��ed u _�o=x&_Yr�iqo u
dfoyx&m8|spLmq|�iUkl_Yr�i´hnm�x�iqhyrsvW^�pyitks[]_�ksdjx��¤_�_ u]¥ iqx�¢�^J_9x�[yitoydfrs^�¦�§¨_ u _�^�m8oyr~kl|litks_�ks[=iUk¡ks[y_.¢WoymU©.hn_ u �q_�mt�Lks[]_�[]dfrwksm8|sv
mt��ks[]_�kldn^�_ u _Y|sdf�UiUkldn�8_"mq��kl[]_��q_Yrlrs_�h
©
ithfhDrwks|l_Yrlr
djr
|sdjx�[�_Yo]mqgy�q[�klm�ithfhnmU©»ks[]_�_9r~kldn^)iUkldnm8o�mq��kl[]_�dnoyo]_�| ¥ iq|sm8|s_�ª
x&_Yp�ksm8|�p]|l_Yrlrsg]|s_$©.d£kl[]mqg�k´ks[y_$o]_Y_ u mq�Ii�p]|l_Yrlrsg]|s_�rw_�kwªKp=m8dnoWkY¦´�.x2kldn�8_$�Uiqrlx&g]hjit|´x&m8^Jp=it|sks^�_�oWk�^�m u _�hfhfdno]��hn_9i u r
gyrRksm$x�mqoyrsd u _�| ¥ hfmem u py|s_9rsrsg]|l_.dno�kl[]_�x&m8^�pyit|sks^�_�oWkIi8rIito�m8g�ksp]g]k�mt�Lks[y_�^�m u _�h6¦�§¶[y_�|l_YiqrIr~k�iUks_��;iq|sdji ¥ hn_9rRit|l_
¥ hfmem u �qm8hng]^�_´mt�µkl[]_´�;i8rsx�g]hjit|
x&mq^�pyiq|wkl^�_�oWkY�Wks[y_´rwks|�itdfo�iqo u rwks|l_YrlrImq��rs^Jmemqks[±^�gyrlx&hf_Yr�©.[]djx�[�it|l_"x�mqoWks|lmqhfhf_ u
¥ v�ks[]_.iqg�ksm8o]mq^�djxIo]_Y|s�8mqgyrVrsverwks_Y^ � �"¼"b   iqo u$¥ v�i´hfmexYith�x&m8oWks|lmqhWmt� ¥ hfmem u m;z�ve�q_YoyiUkldnm8oµ¦�½Vdno=ithfhnv8�t©�_
x&m8oyx&_Ydn�8_
ks[y_�p]hfiqo�mq�ViJpLm8rlrwd ¥ hf_ ��� x�mqoWks|lmqhfhn_Y|Y¦V­¬o�mqg]|
pLmqdfoWk!mt���edf_�©��ekl[]_���¼´b±|l_��8g]hjiUks_9r ¥ hnmem u ¯ymU©¾ito u p]|l_Yrlrsg]|s_´dfo
u dn¸L_Y|s_YoWk
p=it|sklr
mt��ks[]_ ��� rsv�r~kl_�^«©.dnks[�hfmexYithL�¤_�_ u�¥ i8x�¢�hnmem8pyr.rwgyp]p=mWrw_ u klm ¥ _´�¿iqrwk�ito u _�À)x�dn_YoWkY¦�§²_ u _�^�mqo�ª
rwks|�iUks_�kl[]_.o]_Yx�_Yrlrsiq|sv�_�zedjrwks_�o=x&_
mt�Do]_��WiUkldn�8_�iqo u pLm8rsdnksdf�q_��¤_�_ u�¥ iqx�¢�rY³�o]_Y�8itksdf�q_��¤mq| ¥ hfmem u p]|l_Yrlrwgy|s_
ito uLÁ mq|V¯ymU©��
pLm8rsd£kldn�8_"�¤m8| ¥ hfmWm u ¯ymU©�¦¡­¬o�ks[]_�kl[]dn| u rw_9x2kldnm8oµ��©�_�dfoWks|lm u gyx&_�iqx&ksgyiqh
¢eo]mU©.hn_ u �q_9r
ito u x&hfdnoydfxYith
|l_�hf_��Uitoyx�_"mq� � d  
ks[y_!mq|ldn�8dnoJmt� ��� �Uit|ldji ¥ dfhndnk~v�iqo u � dfd   mt� ¥ it|lmq|l_&¯=_&z�^�_Yx�[yiqo]djrw^��q|l_�hjiUkldnoy�"kl[]_Yrs_�x�mqoyx�_�p�k�r�ksm ��� ^�m u _Yhnhfdnoy�y¦V­¬o
ks[y_�hjiqrwkRrw_9x2kldnm8oyr��q©�_ u _��8_�hfmqpJx&hjiqrlrwdjx�iqhW^�_�ks[]m u r�mq� ��� rwpL_Yx&ks|�ith]iqo u kldn^�_.�Uit|lvedno]��ito=ithfversdjr��Uitpyp]hnvedfo]�´ks[]_Y^Âdfo
x&hfdfo]dfxYithµx�mqo u dnksdfmqo=r�¦¡��}~mqdfoWk�kldn^�_�ªM�¤|l_Y¹Wg]_Yoyx&v u djrwks|ld ¥ g]ksdfmqoµ�ekl[]_�be^�mWmqks[]_ u {�rw_Yg u m�§¶dn�8o]_�|sª � dfhnhf_´Ã"djr~kl|sd ¥ g�kldnm8o



� ���������
	�����
���������	������������

� b�{R§ � Ã   ito u ito�[yiq|s^�m8o]dfx"itoyiqhnv�rsdfrI^�_&ks[ym u �8kl[]_ � mq^�p]hf_&z�Ã�_Y^�m u g]hfitksdfmqo �6� Ã��   ��it|l_�_Y�UithfgyiUkl_ u m8o±rwveo�ª
ks[y_&ksdjx�ito u |s_9ith ��� kldn^�_�ªKrs_�|ldn_9r�¦�§¨_´rs[]mU©¶kl[]_�i ¥ dfhndnk~v)mt��ks[]djr.be{R§ � Ã�ª � Ã���ksmJ_Yrwksdf^)iUkl_�kl[]_�dnoyrwkliqoWklitoy_�mqg=r
it^�p]hfdnksg u _�ito u �¤|s_9¹8gy_�oyx�v²mq� ��� m8rlx&dfhfhfitksdfmqoyr�iqo u kl[]_±dfoyrwklitoWk�ito]_Ymqgyr�py[yiqrs_ ¥ _&k~©�_�_Yo1|s_9rwp]df|�iUksm8|sv¨ito u ���
m8rlx&dfhfhfitksdfmqoyrY¦
 "!$#�%'&)( ��*��8� � it| u dfmU�Uiqrlx&g]hjit|�bev�rwks_�^��.�._9rwp]df|�iUksm8|svBbev�r~kl_�^��!½]|l_Y¹Wg]_Yoyx&vBito u Z
df^J_�ªK½y|s_9¹Wg]_�oyx�v���oyithfv�rwdjr��
+�dnm8hnm8�qdjx�iqhD�![WvWkl[]^)r

,.-0/1,�2



� ���������$�&���-����%����«���
�¡�-����% #�(�#µ���!�-� ���������&�! ´��#���%������2��� *
�-�)���.�&�&#������&��� ��� �������2()#�� ���.# #��&/�����%
	

�
� ��
�� � � ¼!mqks|l_.m ¥ }~_9x2kld£�
_Yrwk u _!�¿itdf|s_.hf_!hfdn_Yo)_�oWks|l_.hn_!ks|�itdnks_�^�_Yo8k u g±rwdf�qo=ith]x�iq| u dnmU�Uiqrlx&gyhfiqdn|l_ �K���´  x&hjiqrlrwdj¹Wg]_
_&k�hf_Yr�^Jm u \Yhn_9r u _9r�rwvWkl\�^�_Yr ��� _&k u _)hf_�g]|�x&mqoWkl|��8hn_8�
_�o¨ks_YoyitoWk$x&m8^�p�ks_ u _�rwm8o²m8|s�Wito]djrsitksdfmqo²_�o°^$g]hnksdfp]hf_Yr
¥ mqgyx�hn_9r"|��&kl|smWiqx&ksdf�q_YrY¦y¼�mqgyr u djrsx�g�ksm8oyr u _�h�� �&klitk u _Yr�x&m8o]oyitdjrlrsiqoyx&_9r�rsg]|"hf_�x&mqoWkl|��8hn_Jx&mqgy|wk"ks_�|l^�_ u g²rsverwks\Y^�_
��� �e_Yo±o]m8gyrR�¤m�xYithfdfrlitoWk�rsg]|�h�� ito=ithfvers_ u _Yr�r��Y|sdf_YrIks_Y^JpLmq|l_�hfhf_Yr ��� _�k�hf_"^��9x�itoydfrs^�_ u _�x&m8o8kl|��8hn_ u _�hji�p]|s_9rsrsdfmqo
it|sk��Y|sdf_�hfhf_"_�k u _�h�� dfo8kl_�|l�Uithfhn_��!��¦
�Ro°p]|l_�^�df\�|l_$_&k$rs_Yx�mqo u _�pyiq|wkldn_9r��Do]m8gyr´dnoWkl|sm u g]djrsmqoyr´hf_Yr�x&m8oyx&_Yp�klr u _�^�m u ��hfdjrsitksdfmqo²¹Wg]dRx�mqo u g]dfrs_�oWk��±hji u �&ª
®yo]dnksdfmqo u � gyoNp=mWrsrsd ¥ hn_�x&mqoWkl|��8hn_ u �9x&_�oWkl|liqhndjr�� u gNrwv�rwks\Y^J_ ��� �Di;�q_Yx�pyhngyrsdf_�g]|�r ¥ mqgyx�hn_9r ¥ iq|sm8|���¯y_&z�_9r���_�k��)g]o]_
itpyp]|sm�x�[]_ u _�h�� _Yrwksdf^)iUkldnm8o u _´hn_Yg]|.rw_Yoyrsd ¥ dfhfd£k��´_Yo�kl_�^�pyr u djrsx�|s_�kY¦�¼!m8gyr
x&m8oyrwd u �Y|sm8oyr u _�g�z)k~vepL_Yr
p]|ldno=x&dfpyitg�z u _
x&m8^�pyit|sksdf^�_�oWklr��Uiqrlx&g]hjitdf|l_Yr"³]x&mq^�pyiq|wkldn^�_Yo8k�r�pyiqrlrwdn�¿rY�ex�mqoyrwksdnksg��Yr u � ��h���^�_�oWk�r��Yhfi8r~kldf¹Wg]_9r
_&k u _´® ¥ |l_Yr u _�x�mqhfhfitª
�q\Yo]_!_�k u _9rIx&m8^�pyit|sksdf^�_�oWklrRi8x2kld£�¿r�x&m8oyr~kld£klg �YrI_�o)p]hfgyr u _!^�gyrsx�hn_9rRhfdfrlrs_YrY¦8º�i�^Jm u �YhndjrliUksdfmqo u _9r�x�mq^�pyiq|wkldn^�_�oWk�r
pyi8rsrsd£�¿r�o]m8gyr$x�mqo u gyd£k!��dfo8kl|sm u gydn|l_±hf_±^�m u \�hf_�x�hfi8rsrsdj¹8gy_ u _�§¶dno u ¢q_Yrlrs_�h6��hjit|l�q_Y^J_YoWk$itp]p]hfdj¹8g��±_�oBx&hfdnoydf¹Wg]_��
h�� ��ksg u _ u _Jhji�x�mqg]| ¥ _ u _Jp]|l_Yrlrwdfmqo rlitoy�qg]dfo]_q¦
¼�mqgyr u �Y^Jm8oWks|lmqoyr´¹Wg"� dfh�p=_Yg�k�#&kl|s_ u ��|ldf�$� u � g]o¨^�m u \�hf_%��pyiq|litª
^�\&kl|s_9r u dfrwks|ld ¥ g �Yr u g1x�mq^�pyit|sksdf^�_�oWk��;i8rsx�g]hjitdf|s_8�L�8|�&8x&_%��gyo]_ u dfrlx&|��&kldfrliUkldnm8o²rsg]|´ks|lmqdjr�p=m8dnoWk�r u _Yr'�9¹8g=iUksdfmqo=r
itg]z u ��|ldf�$��_9rVpyit|sksdf_�hfhn_9r u �Yx�|sdf�UitoWkVh�� �Yx&m8g]hf_�^�_�oWk¡^�mqo]mqª u df^�_�oyrsdfmqo]_Yh u g�rlitoy� u iqoyrVhn_9r��Uitdjrsrs_Yiqg�z
¦;Ã"_.p]hfgyrY�Uo]mqgyr
|l_�hfdnm8oyrVhn_9r u �&®yoyd£kldnm8oyr u _
|��9rwdjrwklito=x&_I_�k u _.x&mq^�p]hfdjitoyx�_��Uiqrlx&gyhfiqdn|l_�iqg�z$x�iq|li8x2k���|ldfrwksdj¹Wg]_Yr�p][ev�rwdj¹Wg]_YrVhfmexYithf_Yr u _
hji
pyiq|sm8d u _9r
�Uitdjrsrs_Yiqg�z
¦W¼�mqgyr�dfo8kl|sm u gydfrsmqoyr�g]oy_´^�m u �Yhndjrsitksdfmqo±x�hfi8rsrsdj¹8gy_ u _�hji$pLmq^�pL_�x�it| u djiq¹Wg]_"_&k.o]mqg=r�py|sm8p=mqª
rsmqoyrIg]o]_"x�mq^�^)ito u _�[]d���|�it|�x�[]djr��Y_ u _"hji��¤mqo=x2ksdfmqo�x�it| u djiq¹Wg]_._Yo±r��Ypyit|�itoWk�x�mq^�^)ito u _�x�[]df^Jdj¹Wg]_�_�k�^��YxYito]dj¹Wg]_q¦
¼!m8gyr�^�m u �Yhndjrwm8oyr�hf_Yr ¥ it|lmq|��Yx�_�p�kl_�g]|�r�itm8|wkldf¹Wg]_9r�_&k�xYit|lmtkld u df_�o=r�_�o�x�mqoyrsd u ��|�itoWk�hn_9r�kl|sm8dfr�py|sdfoyx&dfpyiqg�z¨p=iqr u _
ks|�ito=r u g=x2ksdfmqo u _$h�� dno]�¤mq|l^�itksdfmqo°³=rs_�o=rwd ¥ dfhndnk�� u _9r ¥ iq|sm8|��9x&_Yp�ks_Yg]|lr(��hji�p]|l_Yrlrwdfmqo�rlito]�8g]dnoy_q�]p]|lm�x&_9rsrsgyr u _�kl|liqoyrwª
u gyx&ksdfmqo)p]|l_Yrlrsdnm8o�ª u �&�¤mq|l^)iUkldnm8o�_�kIp]|lmex�_Yrlrwg=r u _.kl|liqoyr u gyx2kldnm8o u �&�¤m8|s^)iUkldnm8o�ª¬iqx2kldn�ednk��.o]_Y|s�8_�gyrs_q¦8ºµ_!^�m u \�hf_�i u _
ks|l\Yr��8|liqo u _9r"x�mqo]o]mqklitksdfmqoyr´p][ev�rwdfmqhfmq�8df¹Wg]_9r�_�k�dno=x&mq|lpLmq|l_�g]o¨^��YxYito]djrw^�_ u _�|����qgyhfitksdfmqo²rsve^�pyiUkl[]df¹Wg]_�hfm�x�ithf_q¦
¼!m8gyr u ��^�m8o8kl|sm8oyr�¹8gy_´hjiJx&mqoyoyitdjrsrlito=x&_ u _"h�� [ydfrwksm8dn|l_ u _´hji u ��|ldn�)��_�ks_�^�pLmq|l_�hfhn_ u _´hji u ���¤mq|l^)iUksdfmqo u _�hfi�pyiq|sm8d
u g ¥ it|lmq|��Yx�_�p�kl_�g]|�_Yrwk!rwg]À)rlit^�^�_�oWk.|ldfx�[]_ u � dno]�¤mq|l^�itksdfmqo�p=m8g]|.p=m8g]�qm8dn|�|l_Yx&m8oyrwks|lg]dn|l_�hjiJp]|l_Yrlrwdfmqo��$h�� dfoWk��Y|sdf_�g]|
u g��Uitdjrlrw_9itgµ�yrlito=r�i;�qm8dn| ¥ _Yrsmqdfo u _$x�mqo]o=i+*jks|l_�g]o]_�p]|l_Yrlrsdnm8o u _�|����,��|l_�oyx�_q¦y¼�mqgyr�p]|lmqpLm8rsmqoyr!iqgyrlrwdµgyo]_��q_Y|lrsdfmqo
pLm8rlrwd ¥ hf_ u _"x�_&k�_Yrwksdf^�itks_Yg]|Y¦Wº�i�^�m u �Yhndjrsitksdfmqo u _9rIx�mq^�pyit|sksdf^�_�oWklrI�Uiqrlx&g]hjitdf|s_9rRiqx&ksdn�¿r��8o]mqg=r�x�mqo u gyd£k���x&m8oyrwd u ��ª
|l_�|Rhji�p]|l_Yrlrwdfmqo�x�mq^�^�_!g]o]_"rwm8|wkldn_ u g�^�m u \�hf_q¦8º�_YrI�;iq|sdji ¥ hn_9r u � �&klitklr�rwm8oWkIithfmq|�r¡hn_"�qm8hng]^�_!rlito]�8g]dfo)�;i8rsx�g]hjitdf|s_8�
hf_Yr¡x&m8oWks|�itdfo8kl_Yr�_&k u ���¤mq|l^�itksdfmqoyr u _9rV^$gyrlx&hf_YrVhfdfrlrw_9r�¦ � _Yg�zeªKx�d�rwm8o8k¡x&m8oWks|��qh��Yr�pyit|�hf_
rsv�r~kl\�^�_
o]_�|l�q_Yg�z�itg�klmqo]m8^�_
� b]¼��   ^)itdjrRitg=rsrsdypyiq|Rhji�x&m8oyx&_Yo8kl|litksdfmqo�hfmexYithf_._�o�m;z�ve�q\Yo]_ u _YrIksdjrlrwgyrY¦$�Ioyrwgyd£kl_q�Wo]mqgyr�i ¥ mq| u mqo=r�hfi�x�mqoyx�_�p�kldnm8o
u � g]o x�mqoWks|��qhf_�g]| u g rsverwks\Y^�_ ��� ¦DÃ"_$o]mqks|l_$pLmqdfo8k u _��eg]_8�=hf_Jb�¼"� |l\��8hn_�hf_ u � ¥ dnk´_�k"hf_Yr�p]|s_9rsrsdfmqoyr"rsiqo]�qg]dfo]_9r
itg]z u dn¸-�Y|s_YoWklr�_Yo u |lmqdnklr u g�rsv�r~kl\�^�_ ��� i;�q_9x u _Yr ¥ mqgyx�hn_9r u _)|��&kl|smWiqx2kldnm8o hfm�x�ithf_Yr$rwg]pyp=mWr��Y_Yr�|�itp]d u _Yr�_�k$_&� ª
®=xYiqx&_9r�¦L¼!m8gyr u ��^�mqoWks|lmqo=r.h�� _&z�djr~kl_�oyx�_$o �9x&_9rsrlitdf|s_ u _ ¥ mqgyx�hn_9r u _�|���ks|lm8i8x2ksdfmqo�pLm8rsd£kldn�8_�_&k´o ���WiUkldn�8_q³yo����8itksdf�q_9r
pLmqg]|�hf_ u � ¥ dnk�rsiqo]�qgydno°_&k Á m8g¨hji�p]|l_Yrlrwdfmqo1rlito]�8g]dfo]_q�µpLm8rsdnksdf�q_Yr�p=m8g]|�hf_ u � ¥ d£k�rlitoy�qg]dfoµ¦"�Ro°kl|sm8dfrsdf\�^�_)pyit|sksdf_q�
o]m8gyr�dnoWks|lm u g]djrwm8oyr�h�� �&k�iUk.iqx2klg]_�h u _9r
x&mqoyoyitdjrsrlito=x&_YrI_&k
hfi�pL_�|sksdfo]_�oyx�_´x�hndfo]dj¹Wg]_ u _ � d   h�� m8|sdf�qdfo]_ u _´hji��Uiq|sdji ¥ dfhfd£k��
��� _�k � dfd   u g1^��YxYito]djrw^�_ ¥ iq|sm8|���¯y_&z�_8�
|s_YhndjitoWk$x&_9r�x&m8oyx&_Yp�klr.��x&_Yg�z u _�hfi�^�m u �Yhndjrsitksdfmqo ��� ¦��Ro u _Y|soydn\Y|s_9r
pyiq|wkldn_9r���o]mqgyr u �Y�q_�hfmqpyp=m8oyr u _9r$^���ks[]m u _9r�x�hfi8rsrsdf¹Wg]_9r u � ito=ithfvers_±rsp=_9x2kl|liqhn_�_&k u � iqoyithfv�rw_ � �0/21-3547698����:8����6�¡¹8gy_
o]m8gyrIiqp]p]hfdf¹Wg]m8oyr;� u _9rIx�mqo u dnksdfmqo=rRp][ev�rwdfmtªKpyitks[]m8hnm8�qdj¹8gy_YrY¦+<�o]_ u dfrwks|ld ¥ g�ksdfmqo�kl_�^�pyrwªM�¤|��Y¹Wg]_Yoyx&_8�qhji�{Irw_Yg u mJÃ�djr~ª
ks|ld ¥ g�ksdfmqo u _.§¶df�qoy_�|sª � dnhfhn_.º�dfrlr��Y_ � be{R§ � Ã   }~mqdfo8kl_2�´g]o]_.^��&kl[]m u _ u � itoyiqhnv�rs_�[=it|l^Jm8o]dj¹8gy_q�;hfi�Ã���^�m u g]hjiUkldnm8o
� mq^�p]hf_&z�_ �6� Ã��   �=rsmqoWk=���Uithfg ��_9r.rwgy| u _Yr.r���|ldf_Yr ��� rsvWoWkl[ �&kldf¹Wg]_9r
_&k!|���_�hfhf_YrY¦]¼!mqg=r.^�mqoWks|lmqoyr�hji)x�iqpyiqx�d£k�� u _
hji°b�{R§ � Ã�ª � Ã��>�¨_Yrwksdf^J_Y|�hn_9r)it^�p]hfd£klg u _Yr�_�k��¤|��9¹8gy_�oyx�_YrJdno=r~k�itoWkliqo ��_9r u _Yr�m8rlx&dfhfhfitksdfmqoyr ��� _&k�hji p][=iqrs_
dfoyr~k�itoWkliqo ��_�_Yo8kl|s_�hf_Yr
mWrsx�dnhfhfitksdfmqoyr ��� _�k!|s_9rwp]df|�iUksm8dn|l_YrY¦
? ( �Y� % �)@ � ��� bev�r~kl\�^�_"xYit| u dfmU�;i8rsx�g]hjitdf|s_8�qbev�r~kl\�^�_�|l_Yrsp]df|litksmqdf|l_q�tZ�|liqd£kl_�^�_�oWk u _�rwdf�qo=ith6�8�.vWks[y^J_9r +�dfmqhfmq�8df¹Wg]_9r



` ���������
	�����
���������	������������

� �������.����#

����� # ��� ( @ (�� �M�q� @��
	 * ? ( * ! @�@���	 �
� 	D��� ( *�
��q��� ( 	 �
�q¦f� ­¬oWks|lm u gyx2kldnm8o ¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ �
�q¦ � {Rg]|lpLm8rs_Yr
mt��mqgy|!r~klg u df_YrY³R�!�
ªKdnoWks_Y|s�UiqhM� ¥ hfmem u p]|l_Yrlrsg]|s_´�Uit|ldfi ¥ dfhndnk~v±ito u±¥ iq|sm8|s_�¯y_&z�_�¸L_9x2klmq|¾¦�¦ �

�q¦ ��¦f� � iq| u dfmU�Uiqrlx&g]hjit|
ito u |l_Yrsp]df|litksmq|lvJksdf^�_�rw_Y|sdf_Yr�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ �
�q¦ ��¦ � �!� dfoWks_�|l�Uithµiqo u±¥ hnmem u p]|s_9rsrsg]|l_"�Uiq|sdji ¥ dfhfd£k~v¶¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ �

��� ����*�� (�� �]�9�$
�@¿���±� # �Y� ! �¶��� ( * ! @M�$�
	0*¶��� � 	V� @M� �
��¦f� � it| u dfmU�Uiqrlx&g]hjit|
rwv�rwks_Y^ ��m u _�hfhfdno]� ¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ �

��¦f�q¦f� {¡iqrlrsdn�8_"�Uiqrlx&gyhfiq|
x�mq^�pyiq|wkl^J_YoWk
^�m u _Yhnhfdnoy�¨¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ �9�
��¦f�q¦ � ��_Yit|sk ��m u _�hfhfdno]� ¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ ���
��¦f�q¦ � +
it|lmq|l_Yx�_�p�klmq| ��m u _�hfhfdno]�c¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ �Y`
��¦f�q¦ ` �.x&ksdf�q_��Uiqrlx&g]hjit|.x&m8^�pyit|sks^�_�oWk.^�m u _�hfhndfo]� ¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ �t`

��¦ � � it| u dfmU�Uiqrlx&g]hjit|
x&m8o8kl|sm8h
rwv�rwks_�^-¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ ���
��¦ ��¦f� º�mexYithµx�mqoWks|lmqhDmt���Uiqrlx&g]hjit|.rs^�mWmqks[�^$gyrlx&hf_Yr�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ ���
��¦ ��¦ � +�_Yitkwª6ksmqª ¥ _Yitk�_9r~kldn^)iUkldnm8o�mt�Viqmq|sksdjx ¥ hnmem u ¯ymU© ¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ ���
��¦ ��¦ � ½y_�_ u]¥ iqx�¢�r
dfo�xYit| u dnmU�Ui8rsx�g]hfiq|�rs[]m8|wksªMkl_�|l^«x&mqoWkl|sm8h ¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ ���

��¦ � ��_9iqrsg]|s_ u � iq| u dnmU�Uiqrlx&gyhfiq|�rsdn�8oyithjr0¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��8�
��¦ ` {R|ldno=x&dfpyith�xYit| u dfmU�;i8rsx�g]hjit|Idfo u _�z�_Yr
�¤m8|!x&hfdno]djx�iqh u _Yx�dfrsdfmqo�^�iq¢edno]� ¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��y�

� � ����*�� (�� �]�9�$
�@¿��� � �]���M�����:@��¿� # � �
�]¦f� ­¬oWks|lm u gyx2kldnm8o ¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�
�]¦ � � it| u dfmU�Uiqrlx&g]hjit|�m8rlx&dfhnhjiUkldnm8oyr�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�

�]¦ ��¦f� Z
[]_��!_Yrsp]dn|�iUklmq|lv)iqx2kldn�ednk~v±ito u kl[]_"�!df�q[�½]|l_Y¹Wg]_Yoyx&v � it|ldfi ¥ dnhfdnk~v�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�
�]¦ ��¦ � º�mU©C½]|l_Y¹Wg]_Yoyx&v � it|ldfi ¥ dnhfdnk~v ¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��$#

�]¦ � ¼!_Yg]|�ithµx&m8oWks|lmqh
mt��ks[]_�rsdfo]mtª¬iUkl|sdjithDo]m u _�ito u ���
ª6�Uiq|sdji ¥ dfhfd£k~v ¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�
�]¦ �]¦f� ¼�_�g]|�ith
{¡iUksks_Y|so�ito u rsp=_9x2kl|liqh
o]mq|l^)ithfdfrliUkldnm8o²¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�
�]¦ �]¦ � � ¥ rwm8hng]ks_�ito u o]m8|s^)iqhndjrw_ u rsp=_9x2kl|liqh
�;iqhngy_Yr
|l_�hjiUksdfmqo=rw[]dfp ¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��e�
�]¦ �]¦ � %'&�(!)+*,* ito u �!�
ªK�Uit|ldfi ¥ dfhndnk~v)|s_Yhfitksdfmqoyrs[]dfpC¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�

�]¦ ` ¼!_Yg]|�ithµx&m8oWks|lmqh
mt��ks[]_�rsdfo]mtª¬iUkl|sdjithDo]m u _8³R�!|sks_�|ldjith ¥ hfmWm u p]|l_Yrlrwgy|s_"ªR[]_Yiq|wk.pL_�|ldnm u |l_&¯y_�z ¦�¦´¦�¦��!�
�]¦ `y¦f� ��|wkl_�|ldfiqh ¥ hnmem u p]|s_9rsrsg]|l_�ª�[]_Yiq|wk.pL_�|ldnm u |s_�¯y_&z
³¡i�p]|ldn^)it|lv)|l_&¯y_�z±^�_Yx�[yiqo]dfrs^.-�¦�¦�¦´¦�¦��!�
�]¦ `y¦ � Ã"_&®yoyd£kldnm8o�mq��rspL_Yx2kl|liqh ¥ it|lmq|l_&¯=_&z�rw_Yoyrsd£kldn�ednk~v�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�
�]¦ `y¦ � +
it|lmq|l_&¯=_&z)dnoWkl_�|lp]|s_�klitksdfmqoN¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ `e�
�]¦ `y¦ ` � m8o8kl|sm8hnhf_ u �Uit|ldfi ¥ hn_8³¡it|sks_�|ldjith ¥ hfmWm u p]|l_Yrlrwgy|s_ ¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ `e�
�]¦ `y¦/# �¡¸D_Yx&ksm8|!^�_Yx�[yiqo]dfrs^�³0�!_Yiq|wksªK��iUks_´mq|!���
ª6dfoWks_Y|s�Uith1- ¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ `$�
�]¦ `y¦ � {R[=it|l^�i8x&m8hnm8�qdjx�ithL�Uithfd u iUksdfmqo�mt��rwpL_Yx&ks|�ith ¥ iq|sm8|s_�¯y_&z±rs_�o=rwdnksdf�ed£k~v«¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ `$�
�]¦ `y¦ � be_9¹Wg]_�oWksdjith1+
iq|sm8|s_�¯y_&z�rs_�oyrsd£kldn�ednk~v ¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ `$�
�]¦ `y¦ � +
it|lmq|l_&¯=_&z�rw_Yoyrsd£kldn�ednk~vL³Ib�_Y¹Wg]_�oWkldfiqh
mq|!rsp=_9x2ks|�ithD^�_&kl[]m u - ¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ `��

2 354 ! �t���U� @
�
	V� @ # ���M� (�6 �8����*�� (�� �]�Y�)
�@M������� � 	V� @¿� 2 �
`y¦f� ­¬oWks|lm u gyx2kldnm8o ¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ `$�
`y¦ � � hjiqrlrwdjx�iqh�bep=_9x2kl|liqhµ�!oyiqhnv�rsdfr.¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ `$�

`y¦ ��¦f� {R|l_�hfdf^Jdfoyiq|sv±rsdf�qoyiqhLpy|sm�x&_9rsrsdfo]��¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ `$�
`y¦ ��¦ � bedfo]�8hn_�ªKx�[yiqo]o]_YhDiqoyithfv�rwdjr�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ `$�
`y¦ ��¦ � ��gyh£kld£ª¬x�[yitoyo]_�hµiqoyithfv�rwdjr�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦7#q�
`y¦ ��¦ ` bepL_Yx&ks|�ithµiqoyithfv�rwdjr
dnoWkl_�|lp]|s_�klitksdfmqo ¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦7#8�

`y¦ � bepL_Yx&ks|�ith���oyithfv�rwdjr.�!p]pyhndf_ u ksm � iq| u dfmU�Uiqrlx&g]hjit|
ito u �._9rwpydn|�iUklmq|lv�ksdf^J_�rs_�|ldf_Yr1¦�¦�¦�¦�¦�¦�¦�¦´¦�¦7#��

,.-0/1,�2



��� 
 ���������$� 8���
���� 8����+3�� 3)�	��
;8��'
�� � 6+893�� �
� 8�� 3��+3�� �0/ #

`y¦ �]¦f� bepL_Yx&ks|�ith ¥ iqo u iqrlrw_9rsrs^�_�oWk ¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦7#��
`y¦ �]¦ � {¡it|�it^�_�ks_�|�r
iqrlrw_9rsrs^�_�oWk$¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦7#t`

��354 ! �t���U� @
�
	V� @ # ���M�J� 4�4 @�� ! *B� ( 4 � # ��� ( @ (�� �M�q� @��
	0* 4 ��� � ( @ (�� �¿�q��@�� ( 	0*��¿��� ( 	V� � �
#�¦f� ­¬oWks|lm u gyx2kldnm8o ¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦7#��
#�¦ � bepL_Yx&ks|�ith���oyithfv�rwdjr
dno�{R[ev�rwdfmqhfmq�8dfxYith � mqo u d£kldnm8oµ³Ibehf_�_Yp�rwksg u v ¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦7#W�

#�¦ ��¦f� ��_�ks[]m u r�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦7#W�
#�¦ ��¦ � �._9rwgyh£k�r ¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦7#W�
#�¦ ��¦ � Ã"dfrlx&g=rsrsdnm8o1¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��y�

#�¦ � bepL_Yx&ks|�ith���oyithfv�rwdjr
dno�{¡iUkl[]mqhfmq�8dfxYith � mqo u d£kldnm8oµ³ � []|lmqo]djx´[]_Yiq|wk
�¿itdfhfg]|s_�rwksg u vC¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�
#�¦ �]¦f� ��_�ks[]m u r�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�
#�¦ �]¦ � �._9rwgyh£k�r ¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�
#�¦ �]¦ � Ã"dfrlx&g=rsrsdnm8o1¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�

���"��� ! % � ��� # ��	 � �
	���@ # ���¿� ���
�]¦f� ­¬oWks|lm u gyx2kldnm8o ¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�
�]¦ � ­¬oyrwkliqo8k�ito]_Ymqgyr.½y|s_9¹Wg]_�oyx�v°¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�

�]¦ ��¦f� ­~½ u _&®yoyd£kldnm8o ¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�
�]¦ ��¦ � º�dn^�dnkliUkldnm8o�mt��kl[]_�dfoyr~k�itoWkliqo]_�m8gyr��¤|s_9¹Wg]_�oyx�v±x&m8oyx&_Yp�k ¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�

�]¦ ����iq|s^�m8o]dfx�iqoyithfv�rwdjr�³ � m8^Jpyhn_�z�Ã�_ ��m u g]hjiUkldnm8o�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ �t�
�]¦ �]¦f� {R|ldfoyx&dfp]hf_�mt� � m8^�p]hn_�z�Ã"_�^�m u g]hjiUkldnm8o ¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ �t�
�]¦ �]¦ � ��p]p]hfdfxYiUksdfmqo�mq��ks[y_�x&mq^�p]hf_&z u _�^�m u g]hjiUkldnm8o�klm)x�it| u dfmU�Uiqrlx&g]hjit|�rwdf�qoyiqhfr ¦�¦�¦�¦�¦�¦�¦´¦�¦ ���
�]¦ �]¦ � º�dn^�dnkliUkldnm8oyr
mt�¡x&m8^�p]hn_�z u _Y^Jm u gyhfitksdfmqo�ks_Yx�[yo]df¹Wg]_�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ �q�

�]¦ ` Z
df^J_�ªM�¤|l_Y¹Wg]_Yoyx&v�itoyiqhnv�rsdfrY³Rbe^�mWmqks[]_ u {�rw_Yg u m)§¶df�qo]_Y|wª � dfhnhf_ u djr~kl|sd ¥ g�kldnm8o ¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ � �
�]¦ `y¦f� Ã"_&®yoyd£kldnm8o�mq�¡b�^Jmemqks[]_ u {Irs_�g u m)§¶dn�8o]_�|sª � dfhnhf_�Ã�djr~kl|sd ¥ g�kldnm8oc¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ � �
�]¦ `y¦ � ��p]p]hfdfxYiUksdfmqo�mq��be^�memtkl[]_ u {Irs_�g u mJ§¶df�qoy_�| � dfhfhn_�klm�x�it| u dfmU�Uiqrlx&g]hjit|�hndf¢q_´ksdf^�_�rw_Y|sdf_Yr�¦�¦ �U`
�]¦ `y¦ � be^�memtkl[]_ u {Irs_�g u m�§¶dn�8o]_�|sª � dnhfhf_�iqhn�8mq|ld£kl[]^«hfdn^�dnklitksdfmqoyr"¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ �8�

� �"��� ! � ��� # ��	 � �
	���@ # ���¿��� 4 4 @ � ! *B� ( 4�� # ��� ( @ ( � �¿�8� @I�
	0* 4 ��� � ( @ ( � �¿�8� @�� ( 	 * �¤��� ( 	�� � �
�e¦f� ­¬oWks|lm u gyx2kldnm8o ¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ � �
�e¦ � �R�Uithfgyitksdfmqo�mt��ks[]_�^�_&kl[]m u r�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦ � �

�e¦ ��¦f� �R�Uiqhngyitksdfmqo�mt�Vks[]_�dfoyrwkliqo8k.pyiq|liq^�_&ks_Y|
_Yrwksdf^�itksm8|lr ¥ i8rw_ u m8o�rsveoWks[]_�ksdjx�rwdf�qoyiqhfr ¦�¦�¦´¦�¦ � �
�e¦ ��¦ � �R�Uiqhngyitksdfmqo�mt�Vks[]_�dfoyrwkliqo8k.pyiq|liq^�_&ks_Y|
_Yrwksdf^�itksm8|lr ¥ i8rw_ u m8o�|l_Yiqh ��� u iUk�i ¦�¦�¦�¦�¦´¦�¦ � �
�e¦ ��¦ � bedf�qo=ith
p]|lm�x&_Yrlrsdno]� ¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��8�

�e¦ � �._9rwg]hnklr
¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��8�
�e¦ ` �R�Uithfgyitksdfmqo�mt��ks[]_�dfoyrwklitoWk�ito]_Ymqgyr.rsp=_9x2kl|liqh
pyit|�it^�_&kl_�|�rIm8o�rwveoWks[]_�ksdjx�rwdf�qoyiqhfr¨¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��y�
�e¦/# �R�Uithfgyitksdfmqo�mt��ks[]_�dfoyrwklitoWk�ito]_Ymqgyr.rsp=_9x2kl|liqh
pyit|�it^�_&kl_�|�rIm8o�|s_9ith ��� ksdf^�_�rw_Y|sdf_Yr ¦�¦�¦�¦�¦�¦´¦�¦��y�

�e¦/#�¦f� Ã"g]|ldno]�)rsp=m8oWklitoy_�mqg=r ¥ |s_9iUkl[]dnoy��dfo�o]mq|l^)ithµrsg ¥ }~_Yx&klrJ¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��y�
�e¦/#�¦ � Ã"g]|ldno]��pyi8x&_ u�¥ |s_9iUks[ydno]�Jdfo�oymq|l^�iqhµrwg ¥ }~_Yx&klr0¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�
�e¦/#�¦ � Ã"g]|ldno]��[]_9i u ªKg]p�ksdfhnk�ito u itg�klmqo]m8^�dfx ¥ hfm�x�¢;i u _�dno�o]m8|s^)iqhDrsg ¥ }~_9x2k�r ¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��!�
�e¦/#�¦ ` Ã"g]|ldno]��pyi8x&_ u�¥ |s_9iUks[ydno]�Jdfo�oymq|l^�iqhµito u � []|lmqo]djx �!_9it|sk.½=itdfhngy|s_�rsg ¥ }~_Yx&klr ¦�¦�¦�¦�¦´¦�¦��!�

�e¦ � Ã"dfrlx&gyrlrsdnm8oC¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��8�
�e¦ �]¦f� � iqhnd u iUkldnm8o�mt�
kl[]_R}~m8dnoWk!be{R§ � Ã!ª � Ã�� ^�_&ks[ym u ksmJiqrlrw_9rsrIdnoyrwkliqoWklitoy_�mqg=rIx�iq| u dnmU�Uiqrlx&g]ª

hjit|.pyiq|liq^�_&ks_Y|lr ¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��8�
�e¦ �]¦ � �Irwksdf^)iUkldnm8o�mq��kl[]_�­¬oyrwklitoWk�ito]_Ymqgyr!bepL_Yx&ks|�ith
{¡it|�it^�_�ks_�|�r´¦�¦�¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��8�
�e¦ �]¦ � Z
df^�_&ªK�;iq|svedfo]��itoyiqhnv�rsdfr�dfo � [y|sm8o]dfx ��_Yit|sk!½yiqdnhfg]|l_�rsg ¥ }~_9x2k�r ¦�¦´¦�¦�¦�¦�¦�¦�¦�¦�¦�¦�¦´¦�¦��y�

� � ( 	V�$@�
���� ( 	V���
	0* � ! �U� 4 ! �t��� ��! � � �

/ /����
�������



� ���������
	�����
���������	������������

� � �J()#������&��/���������������� �)���.�&�&�&��/��L�������)��%��I���&���

���	� 
���
�����������
������

Z
[]_��¤g]o=x2ksdfmqo�mq��ks[y_�x&df|lx�g]hfitksdfmqo�dfr�klm)rwg]pyp]hnv±ksdjrsrsg]_9r
©.d£kl[�m;z�ve�q_Yoµ�eoeg�ks|ldn_YoWklr.ito u klm�|s_Y^JmU�8_´xYit| ¥ m8o u dfm;z�d u _
ito u mqks[]_Y|
xYiUk�i ¥ mqhfd£k�r�¦¡Z
[]_�mq|l�8iqoyr�dnoe�qm8hn�8_ u dno�ks[]djr
�¤g]o=x2ksdfmqo�it|l_q³Vkl[]_�hng]oy�8r
©.[]djx�[�iqhnhfmU©»�Wiqr�_&z]x�[yiqo]�q_9r��8ks[]_
[]_9it|sk�©.[]dfx�[°p]gy^Jp=r ¥ hfmem u iqo u ks[]_±�;i8rsx�g]hjit|�rsverwks_Y^ ©.[]djx�[1x�iq|s|ldn_9r�^�mqhf_Yx&gyhn_9r�ksm�kl[]_)ksdjrlrwg]_9r���rs_�_�®y�=¦ � �   ¦
Z
[]_�|l_��8g]hjiUksdfmqo�mq�¡ks[]_9rw_�_�z]x�[yito]�8_Yr.djr!gyo u _�|�� �0/�� 
���� 89/ � �´^�_Yx�[yiqo]dfrs^)r��=©.[]djx�[�ks_�o u ksm�¢8_�_Yp�p][eversdfmqhfmq�qdjx�iqh

Respiratory system

Cardiovascular system

CNS

Right
heart

Left
heart

Heart

Systemic vascular system

Pulmonary vascular system

CO O22

OCO2 2

center

of the

nervous

cardiovascular

system

center

of the

respiratory

nervous

system

Lungs

air

½Vdn�8g]|l_N�q³ � � 
�� � �	� �58��'
�� ���'� 3�1�����8�� ����� 3��+3�� �0/ �"! � # � �'� ����3��+3�� �0/ 3 ����� � ��8 � � � � 3���1$1 � ��� � 3�3���� 3%$ ���&� �(' � �$� �*)
�'� 3�1�����8�� �����,+ 6+893 � �
� 8��.-�3��+3�� �0/ � �%8���
 1��
� /����-8����0/,+ ��� ��� ��8�� ��� � 6 ��� 3�3��+3�� �0/ 8���
1� �58����2�

�Uit|ldfi ¥ hf_Yr´it|lmqg]o u i�x�mqoWks|lmqhVhn_Y�q_Yh43
kl[]_Yrs_J^J_9x�[yitoydfrs^)r�[yi;�8_�klm�i u itp�k´ks[y_�xYit| u dfmU�;i8rsx�g]hjit|�rsv�r~kl_�^'ksm�x�[yiqo]�q_9r
� m8|wkl[]m8rwklitksdjrw^�_
iqr�©�_�hfh]iqrV_&z�_Y|lx�dfrs_   ¦��¶rwks|ldfx&k����9/ ���+3�� 893�� 3VpLmqdfoWk�mq�=�edf_�© |l_ u gyx&_9rVks[]_!x�mq^�p]hf_&z�d£k~v�mq�ykl[]_.hndf�ednoy�
rsverwks_Y^)r�|s_Y�qg]hjiUkldnm8oµ¦ � iq|sdji ¥ hf_Yr´dfoe�qmqhf�q_ u dfo°xYit| u dfmU�;i8rsx�g]hjit|�|l_��8g]hjiUksdfmqo��µrwgyx�[°iqr ¥ hfmem u ¯ymU©�� ¥ hnmem u p]|s_9rsrsg]|l_
hf_��q_YhM�Wm;z�ve�q_�o ¥ hfmem u x&mqo=x&_�oWkl|litksdfmqoµ�qiq|s_.¢8_�p�k�it|lmqg]o u kl[]_�df|I|l_&�¤_Y|s_Yoyx&_.pLmqdfoWk ¥ v��¤_�_ u]¥ iqx�¢Jx&mqoWkl|sm8h]^�_Yx�[yiqo]dfrs^)r��
iqr
dfhfhngyrwks|�iUkl_ u dno�®y�=¦ � ���   ¦

Z
[]_9rw_¨x&mqoWkl|sm8h�^�_Yx�[yiqo]djrw^)r�[=i;�q_ u d£¸D_�|l_�oWk u vWo=it^�dfxYr�iqo u ©�_²iq|s_ dnoWks_Y|s_9r~kl_ u m8o]hfvBdfo»kl[]_°rw[]m8|wk�ks_Y|s^
x&m8oWks|lmqh6��i ¥ m8g�kJiN�¤_�©«^�dfoeg�ks_9r��¡mq�.ks[]_�x�iq| u dfmU�Uiqrlx&g]hjit|�rsv�r~kl_�^��¡©.[]djx�[�djrJi8rsrsg]^�_ u°¥ v¨ks[y_�o]_Y|s�8mqgyr�rwv�rwks_Y^��
^�mq|l_�p]|l_Yx&djrs_�hfv ¥ v�dnklr"itg�klmqo]m8^�dfx�pyiq|wk � ��¼´b   ¦DZ
[]djr�rs[]mq|sk.ks_Y|s^'x&m8oWks|lmqhµdfoe�qmqhf�q_9r��¿iqrwk�^�_Yx�[yiqo]djrw^)r.mq� ¥ hnmem u
¯ymU©«iqo u p]|l_Yrlrsg]|s_±|s_Y�qg]hjiUkldnm8oµ��ks[]_ ¥ iq|sm8|s_9x&_�p]ksmq|�x&mqoWkl|sm8h�hfmemqpµ�¡o]_Y�qhf_Yx&ksdfo]�²rshnmU©�_�|�mqo]_9r��Rrsgyx�[Biqr�[]mq|l^�mqoyiqh
|l_��qgyhfitksdfmqoµ¦�� �qmem u itg]ksmqoymq^�dfx��¤g]oyx2kldnm8o djr�mq�Ix&|lgyx&djithVdf^JpLmq|skliqoyx&_��¤mq|´hndn�¤_�iqo u djr�mq�R�q|l_YiUk"p]|sm8�qo]mWr~kldfx��;iqhngy_
dfo�^)iqoWv u dfrs_Yi8rw_9r�¦

,.-0/1,�2



��� 
 ���������$� 8���
���� 8����+3�� 3)�	��
;8��'
�� � 6+893�� �
� 8�� 3��+3�� �0/ �

����� � �����������	� ��
 ��������
������
�	���������,� ��
�� ����������� �	� ���!���"�	��� �����#��� � �$�%���$� �2
'&(�����
�)� �������+* �-,.�+/0� ��
 ���

Z
[]_Iiqdn^ mt�ekl[]dfr�|s_Yp=m8|wkµdjr
klm u djrsx�gyrlrµ¢eo]mU©.hf_ u �8_YrDmqo�kl[]_Irs[]mq|skwª6ks_Y|s^ x&m8o8kl|sm8htmt�]xYit| u dnmU�Ui8rsx�g]hfiq|Lrsv�r~kl_�^��9�¤m�x&gyrsdnoy�
mqo�ks[]_�ito=ithfversdjrRmt�Vx�it| u dfmU�Uiqrlx&g]hjit|�kldn^�_&ª¬rs_�|ldn_9r�iqo u m8o)ks[]_�it|sks_Y|sdjith=p]|l_Yrlrwg]|l_"���
ª6dfoWks_Y|s�UithDx&m8oWks|lmqhy^�_9x�[yito]djrs^�¦
� hjiqrlrwdjx�iqh�x�iq| u dnmU�Uiqrlx&gyhfiq|�rwdf�qo=ithVp]|sm�x�_Yrlrwdfo]��©.dfhnh ¥ _�|s_Yhfitks_ u ksm�i±x�iq| u dnmU�Uiqrlx&gyhfiq|!^�m u _�h¡ito u ksm�i±|l_Yi8rwm8oyi ¥ hf_
x&m8oWks|lmqhµhji;©�¦!Z
[]_�|l_Yrsp]df|litksmq|lv±i8x2ksdf�ed£k~v�©.dfhnh ¥ _21wiqp]p]hfdn_ u�3 []_�|l_�iqr"ito�_&zekl_�|loyith�dno]pyg�k�klm�dnoe�8_Yrwksdf�8iUkl_�ks[]_J��¼´b
x&m8oWks|lmqh�mq� ��� rsv�r~kl_�^�¦ ­¬o¾i uyu d£kldnm8oµ��©�_ u _��q_Yhnm8p=_ u i rsdf�qoyiqh�p]|lm�x&_Yrlrsdno]��ksmemqh ¥ m;z � º����5476 � ��� � �'��� � � ���

-8 8��-8����+3 �)
�� 3������ � / � 3 4 �58�� 
�� �9698+3 � �
� 8���� � 3)� � �'� 3�1�����8�� �����'�   dno±i�rsx�dn_YoWksdn®=x._�oe�edf|sm8o]^�_�oWk � b � ­~º�� + Á b � ­ � ��b   ¦
º��"�5496 � �1djrµkl[]_Im ¥ }~_Yx&k�mq��ks[]_�­~¼��.­~��Z�_9x�[]o]djx�ithe�._Yp=m8|wk+)	:<;>=>? �
@ �!#BA   ¦ � hjiqrlrwdjx�iqhqrwdf�qo=ithqpy|sm�x&_9rsrsdfo]�.^�_&ks[ym u r��
rsgyx�[�iqr�rwpL_Yx&ks|�ith u _Yx&m8^�p=mWrwdnksdfmqo1m8|�ksdf^�_&ª6�¤|s_9¹Wg]_�oyx�v°|s_Yp]|s_9rw_YoWkliUkldnm8oyrY��it|l_±i u itp�kl_ u klm _Yrwksdf^)iUkl_�|s_9rwpydn|�iUklmq|lv
ito u xYit| u dnmU�Ui8rsx�g]hfiq|$dfoWks_�|�iqx&ksdfmqoyrJdfo��Uiq|sdfmqgyr�rsd£klgyiUkldnm8oyrY¦�­¬o u _�_ u ��xYit| u dnmU�Ui8rsx�g]hfiq|�iqo u |l_Yrsp]df|litksmq|lv°|s[evWks[y^�r
ito u ks[]_Ydn|�i u itp�k�iUkldnm8oNit|l_�rwksg u df_ u g]o u _Y|"py[Wv�rsdnm8hnm8�qdjx�iqh � m8|wkl[]m8rwklitksdjrw^�_q�
rshn_Y_�p   �DpyiUkl[]mqhfmq�8dfxYith � x�[]|lmqo]djx�[]_9it|sk
�¿itdfhfg]|s_8�t�UiqrsmU�Uit�8iqhWrsveoyx&m8p=_   ito u p][yiq|s^)iqx�mqhfmq�8dfxYith8x�mqo u d£kldnm8oyr � i8x2ksdf�UiUklmq| Á dfo][]d ¥ d£klmq|Vmt�=ks[]_!�"¼"b   ¦q�._Yrsp]df|litksm8|sv8�
_�hf_Yx&ks|lm�x�it| u dfmq�8|liqp][]djx � ��C2D   iqo u iq|wkl_�|ldfiqh ¥ hfmem u p]|l_Yrlrwgy|s_ � � +�{   rsdn�8oyithjr±iq|s_²_Yi8rwdfhnv¶iqo u o]m8o¾dfoe�;i8rwdf�q_Yhnv
|l_Yx&m8| u _ u ¦ +�g�k.mqo]hfv±x�iq| u dfi8x ¥ _YiUk.klm ¥ _Yitk!�Uit|ldfi ¥ hn_9rI_�zeks|�iqx2kl_ u �¤|sm8^«|li;©Crwdf�qoyiqhfr�it|l_´gyrw_ u �¤m8|
ks[]_�_9r~kldn^)iUkldnm8o
mt� ¥ iq|sm8|s_�¯y_&z�rs_�oyrsd£kldn�ednk~v±ito u xYit| u dfmU�;i8rsx�g]hjit|I�Uiq|sdji ¥ dfhfd£k~v8�]iqr
_&z�p]hjitdfo]_ u dfo�rw_9x2ksdfmqo � �   ¦

��E �-E�� � ����* � (�� �]�9�$
�@¿�]���
	0* � ! � 4 �¤�U��� ( � # ���:� ! � ! � � ! �
� k~vWpydfxYithqp=iUkwkl_�|lo�mt� ¥ hnmem u p]|l_Yrlrsg]|s_8�Y|l_Yrsp]df|litksm8|sv´ito u _Yhn_9x2kl|sm�x�iq| u dnm8�q|�itp][]djx�rwdf�qo=ithjrµdjr�rs[]mU©.o�dfo�®y�=¦ � �   ¦V½]|lmq^
ks[y_Yrs_�rsdn�8oyithjr��9�¤m8g]|�kldn^�_
rw_Y|sdf_YrVit|l_R_�zWkl|liqp=m8hfitks_ u ³µ�!��dfoWks_Y|s�Uith6�Urwv�rwksm8hndjx ¥ hfmem u p]|l_Yrlrwg]|l_ � b +�{   � u djiqrwksm8hndjx ¥ hnmem u
p]|l_Yrlrwgy|s_ � Ã�+�{   ito u |l_Yrsp]df|litksmq|lv�ksdf^�_�rw_Y|sdf_YrY¦

SBP SBP

DBP

RR

DBP

RR int.

0.0 3.5 7.0
−11802

8751

time (s) 

Respitrace signal (a.u.) 

0.0 3.5 7.0
−2644

1691

time (s) 

EKG signal (a.u.) 

0.0 3.5
57.6

156.2
Blood Pressure signal (mmHg) 

SBP, DBP peak time series 

Respiratory activity 

R peak time serie 

time (s) 

7.0

106.9

½Vdn�8g]|l_��]³GF � � � 
 1��'� 353�� �'� +���� � � ��� � �58�� 
�� � ����851�� � � 8���
 �'� 3�1�����8�� ����� ��8 $ 3������-8�� 3 �>H � 8�������
 �'� 3�1 � � ��� 6�� ���IH��KJ � 4
�-851��'� 30+ � � ����8 � � � � � � � ���'� 
�� 3 8���
ML � 3�1���� ��8 ��� �
b +�{ ito u Ã�+�{¶|l[ev8kl[]^)r
it|l_"kl[]_�rwg=x�x&_9rsrsdf�q_�it^�p]hfd£klg u _Yr!mt� ¥ hnmem u py|s_9rsrsg]|l_´x�mq|l|s_9rwpLmqo u dno]�$ksm)^�_Yx�[=ito]djx�iqh

x�iq| u dfi8x$_Y�q_�oWk�r�³�b +�{ dfr�kl[]_�^)iUz�dn^�g]^ �Uithfg]_)mq�Iks[y_)p]|s_9rsrsg]|l_q�µx�mq|l|s_9rwpLmqo u dno]�±ksm�ks[y_)_~}~_Yx&ksdfmqo°mt��ks[]_ ¥ hnmem u
dfo8klmJks[]_�iqmq|skli]��Ã�+�{¶dfr�kl[]_�^�dno]df^)ithµ�Uiqhng]_�mq��kl[]_�p]|l_Yrlrwg]|l_q�em�x�x�g]|l|sdfo]� u g]|ldno]�Jkl[]_�x�iq| u djiqx u djiqrwksm8hn_8¦

Z
[]_�|l_Yrsp]df|litksm8|sv�|l[ev8kl[]^ dfr�rwhfmU©�_Y|�ks[yiqo°ks[]_�x�it| u djiqxJ|l[WvWkl[]^ iqo u i�|l_Yrsp]dn|�iUklmq|lv x&v�x�hn_±xYito1x&m8oWklitdfo1itp�ª
p]|lm;z�dn^)iUkl_�hfv��¤|sm8^ ks[y|s_Y_�ksmJks_Yo�[y_Yit|sk ¥ _9iUk�r�¦

/ /����
�������



� ���������
	�����
���������	������������

bedf�qoyiqhyito=ithfversdjr¡dno�kl[]_!kldn^�_ u mq^)itdfoµ�q�¤|s_9¹8gy_�oyx�v u m8^)itdfoJm8|Idfo�i
}~mqdfoWkRksdf^�_&ª6�¤|s_9¹Wg]_�oyx�v u mq^)itdfo)dfrRks[]_Y|s_��¤mq|l_
itpyp]hndf_ u klm�kl[]_Yrs_�ksdf^�_�rw_Y|sdf_Yr
i8r
dnhfhng=r~kl|litks_ u dfo�kl[]_��¤mqhfhfmU©.dno]��x�[yiqp�ks_Y|lrY¦

��E �-E � � � � 	D� ! � � � @
�
	0* ��@ (1( * 4 � ! �Y��
�� !'� �]���M�����:@��¿� #
­Kk�djr�©�_Yhnh.¢eo]mU©.o ks[yitk�^J_9ito x�iq| u dfmU�Uiqrlx&g]hjit|��Uithfg]_Yr)xYitoB�;iq|sv�i8x�x�mq| u dnoy�Nksm u dn¸D_�|l_�oWk�p][ev�rwdjx�iqh
x�mqo u d£kldnm8oyr��
rsgyx�[Niqr.|l_Yrwk�ito u _&z�_�|�x&djrw_8� ¥ g�k�ithjrwm�xYit| u dfmU�;i8rsx�g]hjit|��;iqhngy_Yr.¯=gyx2klgyiUkl_�g]o u _Y|�|l_�hjiUkldn�8_�r~k�i ¥ hf_�x&m8o u dnksdfmqoyrY¦.Z
[]dfr
u veoyiq^Jdjx ¥ _�[=i;�Wdfmqgy|�df^Jpyhndf_Yr"ks[=iUk´xYit| u dfmU�;i8rsx�g]hjit|!^�_YiqoN�Uithfg]_Yr´ito u �Uit|ldfi ¥ dnhfdnk~v�[yi;�8_�klm ¥ _Jrwksg u dn_ u ksm8�q_�ks[]_Y|
ksm |s_�¯y_Yx&k�ks[]_�itg�klmqo]m8^Jdjx)o]_Y|s�8mqgyr$rwv�rwks_�^ � �"¼"b   rw[ymq|skwª6ks_�|l^�x�mqoWks|lmqhImt�
ks[]_�x�it| u dfmU�Uiqrlx&g]hjit|�rsverwks_Y^�¦ � it|sª
u dfmU�Uiqrlx&g]hjit|�¯ygyx&ksgyitksdfmqoyr�x�ito ¥ _$rwksg u df_ u kl[]|sm8g]�q[ ¥ _Yitkwª6ksmtª ¥ _YiUk!iq|wkl_�|ldfiqh ¥ hnmem u p]|l_Yrlrwg]|l_�ito u �!� ^�_Yiqoyr!iqo u
�Uit|ldfiqoyx&_9r�iqo u �qi8r�[yi8r�^�m8|s_�|s_9x&_Yo8klhnv ¥ _�_Yo u m8o]_q�;kl[]|sm8g]�q[��¤|s_9¹8gy_�oyx�v u mq^)itdfo$iqoyithfv�rwdjr�¦V�!��pLmU©�_�|�rwpL_Yx&ks|lg]^,dfr
x&m8oyrsd u _Y|s_ u klm ¥ _!itoJ_&¸D_Yx&ksdf�q_
o]m8o�dfoe�;i8rwdf�q_�^�_Yi8rwg]|l_��¤mq|Rrwksg u vedfo]��o]_�gy|liqhW^�m u g]hjiUkldnm8oyr�mt�D�!�BdnoJ^)itoev$x�hndfo]djx�ith
ito u |l_Yrs_Yiq|lx�[�rwksg u dn_9r�¦RZ
[]_�^)iU}~m8|�dfoWks_Y|s_9r~k
dno�^�_Yi8rwg]|ldfo]�JxYit| u djiqx!oy_�|l�q_"ks|�iUÀ�x�djr
o]mqk.rsg]|lp]|ldfrsdnoy�y�ex&mqo=rwd u _�|ldfo]�

0 600
600

1100

+

0 300 600
80

182

250

+

0 300 600
40

82

110

+

0 300 600
−5

0

5

+

300
time (s)

time (s)

time (s)

time (s)

RR interval (ms)

SBP (mmHg)

DBP (mmHg)

Respiration (arbitrary units)

850

½�df�qgy|s_��]³�L L ����� � � 698�� + ��F�� + ! F�� 8���
 � � 3�1�����8�� ����� � � /�� 3 � ��� � 3�$ ���&� 8������ �'� 3 8 /21 � ���$� �

ks[y_��8|s_9iUk�p]|lmq�qoym8rwksdjxR�Uithfg]_
mt�Ditg�klmqo]m8^Jdjx�o]_�|l�qm8gyr�rsv�r~kl_�^ ¥ _�[=i;�Wdfmqgy|�dfo�oymq|l^�iqh�ito u g]o][]_9ithnks[ev$rsg ¥ }~_9x2klrY¦ +�g�k
^�mq|l_$p]|l_Yx�dfrs_�x�[yit|�iqx&ks_�|ldjrsitksdfmqoyr.mq���!� x&mqoWkl|sm8h�[yi;�8_ ¥ _�_Yo²pL_�|s�¤mq|l^�_ u�¥ v�|l_�hjiUksdfo]���!� �Uiq|sdji ¥ dfhfd£k~v � ��� �´  klm
|l_Yrsp]dn|�iUkldnm8o�iqo u iq|wkl_�|ldfiqh ¥ hnmem u py|s_9rsrsg]|l_��Uit|ldji ¥ dfhndnk~v � +�{ ��  ¦WZ
[]|s_Y_�^)it}~mq|�m8rlx&dfhnhjiUklmq|lv�x&mq^�pLmqo]_YoWklr¡it|l_�gyrwg=ithfhnv
u _�ks_Yx&kli ¥ hn_�dfo ¥ mqks[��!� � iqo u +�{ � ©.d£kl[�^Jm8|s_�m8|�hf_Yrlr
p]|lmqo]m8g]oyx�_ u rwpL_Yx&ks|�ith
pL_Yit¢�r @ �e�µ���8�e�
�8��#e�µ�8��` AK³
�8¦
ks[]_�[]df�q[y_YrwkY�yrsveoyx�[]|lmqo]m8gyr�©.d£kl[�|l_Yrsp]df|litksdfmqo � kl[]_�rwm)xYithfhn_ u |l_Yrsp]df|litksm8|sv�rsdnoegyr.iq|s|l[evWks[]^�dji]�]��b��$�]dfo����
rwdf�qoyiqhM�Lito u |l_Yrsp]df|litksm8|sv�mWrsx�dnhfhjiUksdfmqo=r.dno ¥ hnmem u p]|l_Yrlrwgy|s_�rsdn�8oyith   �Ldjr u _9rsx�|sd ¥ _ u iqr 1 � ���,� ��� �
	 ��� � � � 3 � ��½��
i ¥ mqg�k!�]¦ ��#�����ito u �Uit|lvednoy��©.dnks[�|l_Yrsp]dn|�iUklmq|lvJ�¤|s_9¹8gy_�oyx�v   3

�]¦
ks[]_!rsp=_9x2kl|liqh]p=_9it¢�dno�kl[]_!^�d uyu hn_8�8©.[ydfx�[)x&m8|s|l_YrspLmqo u rVklm�rwhfmU©B©�i;�8_Yr @ ��� A � mq| � i;vq_�|¡©
i;�q_9r   djr u _9rsx�|sd ¥ _ u
iqr 1 � � $ ���'�
	 ��� � � � 3 � º�½��Vi ¥ mqg�k$�y¦n�����   ¦ ��mU©�_Y�q_�|9�
kl[]_�x&_Yo8kl|liqh¡�¤|l_Y¹Wg]_�o=x&vNmq��kl[]_±º�½¾x&m8^�p=m8o]_�oWk$x�iqo
ithjrwmJ�Uit|lv±x&m8oyrwd u _Y|li ¥ hnv � �¤|sm8^ �]¦ �t`�ksm��y¦n�������  )@ `$�]��`e�BA6¦

�y¦
ks[]_�rshnmU©�_YrwkY�]x�mq|l|s_9rwpLmqo u dnoy�$klm)ks[]_��8_�|lv±rshnmU©C©�i;�8_Yr
djr u _Yrlx&|ld ¥ _ u i8r�1 6 � ��� � � $ ���'�
	 ��� � ��� 3 �¤� º�½��]�¤|lmq^
�$klm)�]¦ �t`!���   ¦

§¨_
iq|s_�dfo8kl_�|l_Yrwks_ u m8o]hnv�dfo�º�½Niqo u �"½ rsp=_9x2kl|liqhWpL_Yiq¢�r��t©.[ydfx�[�|s_�¯y_Yx&k¡rs[]m8|wkVks_Y|s^ x�mqoWks|lmqhemq�]ks[]_!xYit| u dfmU�;i8rsx�g]hjit|
rsverwks_Y^�¦

,.-0/1,�2



��� 
 ���������$� 8���
���� 8����+3�� 3)�	��
;8��'
�� � 6+893�� �
� 8�� 3��+3�� �0/ �

� � ���V���&�! ´��#���%��&����#µ()#
�V�!�+* �-�)���.�&# ����� #��&/������&#

� �	� � � � �����5����� � �)�$� ��� & � 
���� � ��� �	� �	�	���

Z
[]_�xYit| u dnmU�Ui8rsx�g]hfiq|�rsv�r~kl_�^ x�mqoyrsdjr~k�r�mq��i�x�mq^�p]hf_&z u mqg ¥ hf_�x�[yit^ ¥ _Y|.p]g]^�p � kl[]_�[]_Yiq|wk   �]pyg]^�p]dnoy��iJx�mq^�p]hf_&z
¯yg]d u � ks[y_ ¥ hnmem u   dfo8klm)x&mq^�p]hf_&z�pydnpL_Yr � ks[]_ ¥ hfmem u �8_Yrlrw_Yhfr   m8|s�Wito]djrs_ u dfoWksm��Uiqrlx&g]hjit|
x&m8^Jp=it|sks^�_�oWklrY��iqr
rs[]mU©.o
dfo�®=�y¦ � `   ¦

Upper Limbs art.

Pulmonary Vascular System

Systemic Vascular System

Aorta
Thoracic

+
−

[O  ]2

[O  ]2

[O  ]2

Ascending
aorta

BR

Pulmonary arteriesPulmonary veins

+ + −−

 

branch
Carotid

BR

VR

VR BR

BR

BR

Head

−
+

Trunk & Lower Limbs

Upper Limbs ven.

−
+

�	�

� �

��
���

��� �
��� �

� �

���

� �	�
�����

���

���


 �

� �
���


��
� �


 �

� � �

� � �

* ���

! �

"
!#�	� ! �

$�% �
� �'&

"

$�% �
" � � �

$ �'&

� � � �
$ � � �

� �


 �)(

� �
� �

� �)(


 �
� �

� � � ��� � �

* � ���

 � ���


�� �
 ���

+ ,.-0/ �)(

+ ,.-0/ �1� �

� �
� � �
+ , - / �
� �

� � �
� �

2#3

2#3

243
$ � �

$ � �

$ � �

½Vdn�8g]|l_±`y³ !)�:8 ����8 / �	� �&��� �58��'
�� �9698+3 � �
��8�� 3��+3�� �0/ �65 * 8���
7598 3��78���
�� ��� � � � �����,� �%8���
 � � ��� 1�8����)� � � � �
� �58���� + �'� 3�1 � � ��� 6�� ��� �;:�* 8���
<:=8 8��'� � � ��6���� � / � 3"�	� �&��� ����� � �.8���
 � � ��� 6 � ��� ��� � � � 30+ �'� 3�1 � � ��� 6�� ���,+ / ��893�� �'��

H �
6���� ���'� � �71�� ���53 ->:@?�/ �BA�� 
 � �����DC���� $ � � 6���� ���'� ��� 1�� ���53�8��'� � ����� �'����� � 
 H � � � � ��E �*�GF=8 �0� 6+893�� �
� 8�� ���9/%4
1�8�����/�� ��� � 3 �0� 8���8 � � � ��� 3 ��
IH ������3 � � ��8�� � �'�935354 3 � � ��� ���-8��28��'�5894�1�� � 353�� �'� �'� � 8�� � ����3 � � 1IHKJ 8���
 ����3�1�� � 353�� �'�MLGJ
- 'ONPH +�Q +G5 &�+GRTS ( +GRTSVU +�W�+.W�SPS�+,(#X +�U#X�/ �MY*� ��8���� � ���:8�� 1��'� 353�� � �ZLD[=8	\�/ ��893�� �'��

8�� �&��� ��1)1 � � � � / H 3MH �
� '�� � ���-8�� 
��06 � ��� 30+ � ��� ��8�� � � �^] � � � � � �06�����H �7J`_'E ����L�F � ��L`J - 'ON^H�+aQ +GW�+�(#X +�Ucb / 8��'� � � �./ ��893�� �'��
 H � � � 

1�� � 353�� �'� 8��

�� #�� �'� ����/ 1��������:3 ��� � � ����8��'
�� � 6+893 � �
� 8���3��+3�� �0/ H � ��E �-4 � ����� �'����� � 
 H�8��'��� � ���71�� ���53 -edf?�/ �gA��)
��
�����GC���� $ � � H�8��'��� � ���71�� ������� �&���hUOb ���9/ 1 8�����/ � ��� � 3 ��������� ����� ��
 H � � � � ��E � �PY*� � 3 3��+3�� �0/ � 3�� ��
 � � ������� �'��� � �
� � � ��E � - ���91�� �:3hi)j�+.i [=8	k � +.i)l 8m8	n +.i 
 � +.i.o � +.i)l � +.i \qp � / + � ��
�� ��� � 3�1�����8�� �����!/ � �0� 8���� �58�� ���4r
��� � ��� - ���91�� �
L � + 1��
� /����-8����%1��'� 3�3�� �'��/ 8���
 � ��
 � � � � �58�� ��������� ��� � � H�� � � 
��(' � �$� � ����� ��� ��� ��8�� � ��� - ��� 1�� �Ts tKuwv>j^x +ys t�uzv [={|k +
s t�uzv}l 8	8 / �MY*��� 
�� � 
�� 3�8���
 � � ���'� 3�� 3�� 8�� ��� 3�3�� 8���
 � ����8@~���� ��Lg� �V��? � ��8���8 � � � ��� 3�� � ��$ ��� �'����L � 3�� � � H � � � 

1�� � 353�� �'�)
��'��1 8 � �'�93�3 � � � 
�� � 
�� �

/ /����
�������



�Y� ���������
	�����
���������	������������

­¬oN®=�y¦ � `   �
ks[]_)rsv�r~kl_�^�dfx��Uiqrlx&g]hjit|�rsverwks_Y^ djr´rsp]hfd£k�dfo kl[]|l_�_J^�iqdno¨pyiq|wk�r"_Y�ed u _Yoyx&dfo]��ks[]_�^�_Yi8rwgy|s_9r"i;�Uitdfhnª
i ¥ hn_ ¥ v ��¼´b�klm�x&mqoWkl|sm8h�kl[]_)x�iq| u dfmU�Uiqrlx&g]hjit|´rwv�rwks_Y^�¦)Z
[]_9rw_J^�_Yi8rwg]|l_Yr�iq|s_Jp]|lmU�Wd u _ uN¥ v itm8|wkldfxJito u xYit|lmtksd u
¥ iq|sm8|s_9x&_�p]ksmq|�rY� ¥ v�hfmU©
ª6py|s_9rsrsg]|l_�it|sks_Y|sdjith�p]gyhn^�mqo=it|lvNr~kl|s_�klx�[]|l_Yx�_�p�klmq|�r�� ¥ v rwks|l_&klx�[y|s_9x&_�p]ksmq|�r"hnm�x�iqhndjrs_ u dno²ks[]_
ks[ymq|�iqx&djx�iqmq|skli�ito u dno�ks[]_��8_�oWks|ldfx�hn_"©�iqhnhjrY¦V­¬o�i u]u d£kldnm8oµ��dno�x&hjiqrlrwdjx�iqhLx�hndfo]djx�iqhµr~klg u df_YrY�ei�o]m8o±dfoW�Ui8rwdf�q_´^�_Yiqrsg]|l_
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u djr~kl|sd ¥ g�kl_ u ^�m u _�hµmq���Uiqrlx&gyhfiq|
x�mq^�pyiq|wkl^J_YoWk.xYito ¥ _ u _&®yo]_ u iqr��¤mqhfhfmU©!r�³����� ����

� HKJ����� � ~ J� � �
	
� � � ~@J��� � �� �
� ~ uJ

HKJ�� ��� H�J� � L`J� � ��� � k����� ~@J
HKJ

� �  

Z
[]djr�^�m u _�hedfr ¥ iqrs_ u m8o$kl[]_
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x&m8oWks|lmqh
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