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1 Introduction

1.1 Motivation for Minifactory
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�m�a��tv�
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1.2 The Need for Calibration
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Ç8� � ��pA��lm{I�vpi�mc�rs{vcøÈEpqc|ö¨t��mc�y_gi�v{�gihkt|pÁ���mt|�¤��{�ö)�mpZÈ~��d�� �c� tE{ ã�jK{v�É��{a}?��lfg·�¤��lm{vt|{x��{�git|�mc�{a�á{a�)��t
È~rkhsh���{á�?gi}�{á�¡����lm{á�vpq�mc|rk{ac�gi��}éÇMnS� �ági�)��y_gi�É���mc|{vcvdoÃ²lm{?�á{vgit��mc|{v��{v�¡��tAÈ~rkhsh���{árk�m�ahk�m}m{a}
rk�Ö��lm{¨gi�q{a�¡��tMjmc|piæfhk{���t|po��lm{vc|{'rktS��p��m{v{a}7��p��?g�öi{'�ági�)�fgihX�á{vgit��mc|{v��{v�¡��tM}��mc�rs�m�?��l�{�y_gi�a��pqc|�
git�t|{v����hs�qd � ���q�q{vt���rspq�mtIpq�ÖlmpZÈ"�apq�mc�rs{vc�gi�m}*Ç8nx�G�ági�)��y_gi�a���mc�{ac�tI�árs�ql¡�I�?giö�{A��lm{vt|{���{�git|�mc�{ ÿ
�á{a�¡��t~gic|{Ars�m�vhs�m}m{a}�rk����lm{Myz�����mc�{SÈ¤pqc|ö,t�{a�a��rspq��d



Â'�øl¡�
t�rs��gihX�Epi�ájKpq�m{a�)��t Õ

2 Physical Components
wþ}m{a��girkhs{v}%}m{at��vc|rkj���rkpq� piyA��l�{ �apq�mc�rs{vcogi��}òÇMnS�+�Ìt�c�pqhs{0rk�%��l�{���rk��rsy_gi�É��pqc��q�Igit�ÈE{ahkh8git���lm{
��gijmgi�mrkhsrs��rk{vtMc|{vhs{a��gi�¡����p*��gihsrk�mc�g���rs�m����lm{ájfgirscv�®rst�jmc|{vt|{v�¡��{a}.t|p0git���p*jmc�pZ�
rk}�{?rk��t�rk�il)��t�rs�)��pº��lm{
�áp
}m{ahd� t��vpq��t|��c|�m�a��rkpq��d

2.1 Courier

�®rs�q�mc�{MÂ � w"�vpq�mc|rk{ac~gi�m}ors��t²}m{v�qc|{v{atIp�yQyzc|{v{v}�pq�ºd
�Epq�mc�rs{vc|t²jmhàg��,t|{a�i{vc�g�hÜc�pqhs{vt²rk�,��lm{Sy_gi�É��pqc��qd�Ã²lm{É�o�ápZ�q{Mt|�m��ÿ�git�t|{v���mhsrk{at���lmc|pq�m�ql,��lm{My_gi�a��pqc|�

yzc�pq� pq�m{¨pZ�q{ac�lm{vgi}�jmc�p
�v{at�t�pic8��p�gi�mpi��lm{vcad����0��lmrstMc�pqhs{i����lm{a�0c|{vjmhkgi�v{���lm{���c�gi}mr���rkpi�fgihÜy_gi�a��pqc|��� t
�vpq�¡�i{a�qpic���{ahs�vd,Ã²lm{vrscÁl�rk�ql�jmc�{a�vrst�rkpi���Qc�gijmrs} ��pZ�q{v��{v�¡��gihkt|pºhs{a��tA��lm{v� È¤pqc�ö7rs�3g��vp
pqj�{ac�g���rs�i{
y_git�l�rkpq��È~rs��l pZ�q{vc|lm{�g�} j�c�p
�v{vt|t�pqc|t�}m�mc|rk�m�Ögit�t|{v����hs�7��git|ö)tvdY�f�mc���lm{ac���pqc�{��®�vpi�mc�rs{vc�tÁ��gi�>gi�a��git
�ápi�mrkhs{�jfg�c|��t²yz{a{v}m{ac�tvd

�Epq�mc�rs{vc|t�g�c�{A�fgit�{a}Öpq��hkrs�m{�g�c²t|��{ajmjK{vcI�ápi��pqc�tIgi��}º�mt|{ � g�È²�i{vcx��pi��pqc���{a��lm�mpqhspq�i�+� Å � dEÃ²lm{É�
e � ¿Zß ÿ ¿ Õx��rk�ac�pq�mt�gi��pZ�i{~��lm{~jmhàg·��{v���qpq�ági��girkc��K{�g�c�rk���md®Ã²lm{~jmhkg���{a�¨rktøgi�¨�mh���c�g�ÿ e g��®t|��{v{vh�t|�mc|y_gi�a{
È~rs��l?g8��ÈEp�ÿ }mrk��{v��t�rkpi�fgihmÈEggf�{Éÿ�rsc�pq��jfg��|��{ac��?p�y���{a{a��lY� Ë � d�Ã²lm{��¡gijmt¤��{É��ÈE{a{v�,��lm{���{v{a��l�gic|{Iæfhshk{a}
È~rs��l�{vjKpZã
�,��p'jmc�pZ�
rk}�{8g�t���p�pi��l���{vgic�rs�m��t|�mc|y_gi�a{�� Ë � dëÇSc|��lmpq�qpi�fgih�hsrk�m{vgicE��pi��pqc�t¤rk�,��l�{M�vpq�mc|rk{ac
�mt�{M��lm{8jmhàg���{v����t��mc�y_gi�v{M��p��ági�m{a���q{ac²��lm{8�vpi�mc�rs{vcvd

Ã²lm{8hkrk��{�gic¤�ápi��pqc�t�gi�m}ojmhàg·��{v�ot|�mc|y_gi�a{8�qrs�i{M�vpq�mc|rk{ac�t²Å'}m{a�qc�{a{vtIpiyQyzc|{v{a}mpq� � 'U�6)á��c�gi�mt|hàg���rkpq�
gi�m}¨hkrs�ár���{a}h%Mc�p���g���rkpq�W�$�®rk��d®Â��Éd��Epi�mc�rs{vc�t���c�g��q{ahf�mj'��p ¿&i Õ�� j�t�� Ë � dQÃ²lm{²��c�gi�mt�hkg���rspq��c�gi�m�q{�p�y���lm{
�vpq��c�rk{acørktøhkrs�ár���{v}�pq�mhs���)�¨��lm{�t|rk�a{�piy���lm{�jmhàg·��{v�¨t|�mc|y_gi�a{i��gi�m}¨��lm{~��{É��lm{acE�vpi�m�m{v�É��rs�m�A��lm{I�vpq�mc|rk{ac
��p�rs���Ìt~{Éã
��{vc��mgihQ�apq��jm����rs�m�m� j�pZÈ¤{vca��gi�m}*g�rkc²t���jmjmhs�id²Ã²lm{V%¨c�p���g���rkpq��piy®��lm{A�vpq��c�rk{ac~rkt~hkrs�ár���{v},��p



Â�dÆÂ Çx�i{vc�l�{�gi}Ö�Ögi�mrsjm�mhkg���pqc Ø

k Âglvd
wò�?g��q�m{a��rk�~wI�%jmhàg���{v�át�{v��t�pqc�ÈEgit�}m{at�rs�q�m{v}og·�~��gic|�m{v�qrs{M�º{ahkhspq�,�I�mrs�i{vc�t|rs���id�Ã²lmrkt�t|{v�mt|pqc�rst

rk�mt���gihshk{a}árs�?��lm{x�v{v�¡��{vc²piyU��l�{S��p�����pi�×�apq�mc|rk{vc¤t��mc�y_gi�v{�dë��t�rs�m����lmrkt¤t�{v��t�pqca�m��lm{S�apq�mc|rk{vc¤lfgit²g�� 'U�
)¨j�pqt|rs��rkpq��c�{at�pqhs����rspq�áp�yXÂ ßqß ���!� ¿�m ��� Õ � d����ogi}m}�rs��rspq���q��lmrkt¤t�{v��t�pqc��irs�q{at¤��lm{x�apq�mc�rs{vcEgh%�c|pi��g���rkpq�
c�{at�pqhs����rspq�,piy iÆßiß�¿ Ënlo�ÌÕ � d

2.2 Overhead Manipulator

�Qrk�q�mc|{MÅ � w��ºpZ�q{ac�lm{vgi}Ö�ági�mrsjm�mhkg���pqc
Ç8nx�"� t²gihkt|p�jmhkg��át|{a�i{vc�g�h�c�pihk{vt¤rk����lm{xy_g��a��pic|�qd®Ã²lm{vrscEjmc|rk�ágic|�'c|pqhk{Irktë��p�j�rk��ö¨�mj�g�jmgic|�¤yzc�pq�

g�jfgic|��tMyz{v{v}�{vcv�Qgi�m}�jmhkgi�v{���lm{¨jfgic|�8pi����lm{¨�vpq�mc|rk{acvdáÇMnS�"� t8��gi� gihkt|po��{¨�mt|{v} ��p���c�g��mt|yz{acAt|�m�
git�t|{v����hkrk{at�yzc�pq�÷pq�m{8�vpq��c�rk{ac���pági�mpi��lm{vcad¤w�hkpq���¨È~r���l���l�{Á�apq�mc�rs{vca����lm{É�oc�{ajmhàgi�a{M��lm{8��c�gi}mrs��rkpq�mgih
y_gi�a��pqc|��� t � �EwSe~w"c�pq�Kpi�vd

Ç8nx�"� t²lfg��q{Agi�a���fg���{v}W#���c�gi�mt�hkg���rspq�fgihKgi��}W%�c�pi��g���rspq�fgih���p��i{v��{v�¡�~gi�Kpq���²g��vpqrs�m�vrs}m{v�¡�~g·ã�rst
�p�®rs�md¨Å5� d�Ã²l�{`#ºgi�a���fg���pic�t8lfg��q{ág�c�gi�m�q{'p�y ¿ ÂqÕ��'� È~r���l�g�c|{vt|pqhk����rkpq�0p�y~Â^q��ºd?ÇMnS�"� tÁgihkt|p
lfg��q{Ag�Õ�Ë ß l^%'c�gi�m�i{Mpiy®��pZ�q{a�á{a�)�~È~r���log¨c�{vt|pqhk����rkpi�,piy iÆßqßiß ÕOlvd

ÃQpágirk}�rs����lm{8��g�hkrk��c�g���rkpq�ájmc�p
�v{at�tv�KñUâøb&�K{�g��vpq�mtIgic|{8rk�mt���gihshk{v}?rk�,��l�{Al�pqc�rs�vpq�¡��g�h�hkrs�möáp�yQ��lm{
ÇMnS� dmÃ²l�{Áhsrk�ql¡��{a�ár�����{v},yzc�pi�ú��l�{ÁñUâøb"rkt²}m{É��{v�É��{a}Ö�¡�,��l�{�Ç8� � d



Â�dÌÅ ÇSj���rk�vgihÜ�Ep
pqc�}�rk�fg���rkpq� � {v��t�pqc Ù

2.3 Optical Coordination Sensor
Ã²lm{�Ç8� � rst���pq�m�¡��{a} ��pº��l�{?t�rs}m{?p�y���lm{?�vpq�mc|rk{acÁg��m}>�mt|{v}>��pº}m{a��{v�É�¨ñUâëbV� t���pq�m�¡��{v}3rs� ��lm{
ÇMnS�"� tolmpqc�rs�vpq�¡��gihShkrs�mö�d Ã²lm{ j�c�rk�ágic�� jm��c�jKpqt�{7piyÁ��lmrst�t�{v��t�pqc�rkt���p.girs} rs� ��gihsrk�mc�g���rs�m� ��lm{
�vpq��c�rk{ac;:qÇMnx�Êjmgirkcad?Ã²lm{¨æf{vhs} p�yE�
rk{ÉÈ piyE��lm{?ÇA� � È�g�t���{�git|�mc�{a}��®g��m} t|lmpZÈ~�3��p��K{?g��Ahs{�git��
ÙiØ'}m{v�r� Ø � �p�®rs�md®Ë2� d

w�hk{v��t²rkt�rs�mt|��gihkhs{v},rs�,��lm{AÇ8� � rk��pqc|}m{vc���p'rk�m�ac�{vgit�{S��lm{Agi�ápi�m�¡��piyQhkrs�ql¡���vpihkhk{a�a��{v},yzc�pi�×��lm{
ñUâëb�d�Ã²lmrkt²hs{v�mt~rktE�vp¡g���{v}oÈ~rs��lºg��)��r�ÿ c�{ e {v�a��rs�i{M�?g���{vc|ràgih���p¨��rk�mrs�árs�v{~c�{ e {v�É��rkpi�mtvd

�®rs�q�mc�{xË � Ã²lm{ÁÇ8� � æf{ahk}opiyX�
rk{aÈ8d
Ã²lm{oÇ8� � �vpq�¡��girk�mtÁgÖ}m��p�ÿ�hkg���{ac�gihøjKpqt�r���rkpi��t|{v�mt|rk�m�0}�{a��{a�a��pqcW�°� � bb� dUÃ²lmrkt'� � bõt|{v�mt|{vt���lm{

�v{a�)��c�pqrs}ÖjKpqt�r���rspq�ºp�y���lm{�hsrk�ql¡�It�jKpi�xt�lmrs�mrk�m��pq�0r��c� t�t|�mc|y_gi�a{W� Ù � d�Ã²lm{�c|{vt�pihk����rkpq�ºpiy���l�{��v{a�)��c�pqrs}
j�pit�rs��rkpq�?pq����lm{A� � b�È�git~��{�git|�mc�{a}���p¨��{ ¿ Õ ß ���s� ¿bm ��� Ù � gihspq�m�'{vgi��lÖg�ã�rstvd



Å��Ög���l�{v�ág���rs��gih��ºp
}m{vh Þ

3 Mathematical Model
wx� gi�v�a�mc�g·��{¨�áp
}m{ah�piy�l�p�È5��lm{?ÇMnS�r:·�vpq�mc|rk{acMjfgirkc8g � {a�a�8��lm{áÇ8� � pq����j����Arkt8�mpZÈ }m{at��ac�rk�K{v}�d
Ã²lmrktx�áp
}m{vhQc�{É���mc|�mtAgoÂ�ã ¿ �i{v�É��pqca�X�apq�¡��girs�mrk���?��lm{'{ ã�j�{a�a��{a}+'U�*)ºhkrk�il)�xt�jKpi�MjKpqt�r���rspq�Öyzc�pi� ��lm{
Ç8� � dmÃXp����mrkhs}?��lmrst���p�}m{ah��)��lm{8�apq�mc�rs{vca�fÇMnS� �mgi�m}ºÇ8� � g�c�{8gi�fg�hs�
�v{a}o��p'}m{a��{vc|�árs�m{SlmpZÈÀ��lm{a�
g � {v�a�~��lm{�Ç8� � pq����j�����d~��p�}m{ahkt~piy®lmpZÈ�{�gi��lÖpiy®��lm{vt|{��vpi�ájKpq�m{a�)��tIg � {a�a�I��lm{�Ç8� � pq����jm���xgic|{
��lm{a�3�apq�mt|��c��m�É��{a}�dºw�}m}mr���rkpi�fgihkh��q����lm{?���m�v{ac|��g�rk�¡��rs{vtAc�{vhkg���rs�m����lm{at�{árk�m}mr��
rk}m�fg�h��vpq��jKpq�m{v�¡��t�gic|{
�áp
}m{ahk{v}�d®w��²��l�{S{v�m}opiyU��lmrkt�t|{v�É��rkpi������lm{M�áp
}m{ahkt�g�c�{S�apq���mrs�m{v}�rs�)��p'g��vpi�ájmhs{a��{x�vpi�mc�rs{vc;:iÇ8nx�
�áp
}m{ah���lmg��~jmc�{a}mrk�É��t²��l�{M{Éã�j�{a�a��{v}0Ç8� � pq����jm����d

Ã²lm{vt|{I��p
}m{vhst®lfg��q{²��È¤pM����jK{vtøpiyKrs�mjm����t �n>A@�B�C$@5E�F�G 1²gi�m} P @�BQ@ . G 3 G�B 1ÉdXwxt�{ ã�j�hàgirs�m{v}'rs�'t�{v�É��rspq�
¿ dÌÅ�� >A@�BDC$@5E�F�G 17gic|{*rk�mj�����t?È~r���l9ö)�mpZÈ~������lfgi�m�irk�m�3��gihs�m{vta�²È~lmrkhs{ P @�BQ@ . G 3 G�B 10gic�{*rs�mjm����t?È~rs��l
�vpq��t|��g��)�v�m�m�mö)�mpZÈ~���ig�hk�m{atvd

ÃQp¨��g�hk�v��hàg���{x��lm{8{ ã�jK{v�É��{a}0Ç8� � pi����jm��������lm{8c�{vhkg���rspq�mt|lmrkj,�K{a��È¤{v{a�º��lm{AñXâøbV� t²j�pit�rs��rkpq�og��m}
��lm{,Ç8� � �vpq��jKpq�m{v�¡��tÁ����t|���K{áyzpi�m�m}�d�Ã²lm{?c|{vhkg���r��q{�j�pqt|rs��rkpq�7piy���lm{�Ç8� � g��m}�ñUâøb÷��lfgi�m�i{vt
}m{vjK{v��}mrk�m�ºpq�3��lm{?��pZ�q{v��{v�¡��piy���l�{?�vpi�mc�rs{vcÁgi�m}éÇMnS��dQÃ²lmrst���pZ�q{v��{v�¡�Á��gi�3��{á�áp
}m{vhs{v} �)�
}m{vt|�vc|rk�mrs�m�º��lm{,�vpi�mc�rs{vc�g��m}éÇMnS�"� t�}m{a�qc�{a{vt'piy²yzc|{v{a}mpq��t�git�ö)rs�m{v�ág���rs�¨��lfgirk��tvd*Ã²lm{obS{a�fg��
rs�|ÿ
nxgic���{a�
�K{vc|�t�°bMn?�E�apq�¡�q{a�)��rkpq��rkt���lm{v���mt|{v}o��p¨c�{ajmc�{at�{v�¡�I��lm{at�{Aö)rk�m{a�?g���rk����lfgirk��th� Þ � d

3.1 Courier Model

�®rk�i�mc�{8Õ � Ã²lm{8�vp
pqc�}mrs�fg���{xyzc�gi��{vt²p�yQ��lm{8�vpq�mc|rk{ac
���o��lmrkt²t|{v�É��rkpi������l�{A{ � {a�a�IpiyX��lm{M�apq�mc|rk{vc7�Ìt²��pZ�q{a�á{a�)�Ipq����lm{AÇ8� � �apq�ájKpq�m{a�¡��t²rkt²��p
}m{vhs{v}�d

Ã²lmrktørstøgi�v�apq�áj�hkrkt|lm{v}¨�¡�'æ�ã�rk���ÁgMyzc�g��á{��2u ß �)t|pq�á{ÉÈ~lm{vc|{�rs�¨t�jfgi�a{i��gi�m}ág�����gi��lmrs�m�Ag8yzc�gi�á{��2uaÅ��)��p
��lm{AÇ8� � dfÃ²l�{A�apq�mc|rk{vc7�Ìt²}�{v�qc|{v{vtIpiyXyzc�{a{v}mpq�v�('U�6)?��c�gi��t�hàg·��rkpi�fgihKgi�m}�%'c�pi��g���rspq�fgih��ëg�c�{M��p�}m{ahk{a}
gitSg?�øc|rkt|�?g���rk� ÿO��c�rst��ág���rs�ÉÿOe~{a�ipqhk����{0�_�ø�ëe��I��{v��lmgi�mrkt|�ºdIÃ²lm{]uÉÅáyzc�g��á{Arkt�}m{aæf��{v}*��p?��{�g��x��lm{



Å�d ¿ �Epi�mc�rs{vc~�ºp
}m{ah ó

�®rk�q��c�{MØ � w"ö)rk��{v�ág���rs�xc�{ajmc�{at�{a�)��g���rspq��piy�g'�apq�mc�rs{vcad
{vhs{v�a��c�rs��gihX�v{a�)��{vcApiyø��lm{¨� � b t���c|y_gi�a{id'wx}�}mrs��rkpq�fg�hkhs�i�f��lmrstSyzc�gi��{�rktxpqc�rs{v�¡��{a}7È~r���l*��lm{¨gi�a���fg���{v}
'*g��m}W)?}mrsc�{v�É��rspq�mt�piyU��lm{M�vpq��c�rk{acvd Ã²lm{bu ß yzc�gi��{Srkt�}�{aæf�m{a}ºt|�m��lº��lfg��v��È~lm{a�Ögihsh�piyU��lm{8gi�a���fg���{v}
,|pqrk�¡��t�piyX��lm{A�ø�øeò�á{a��lfgi�mrst��õg�c�{ ß ����lm{Syzc�gi��{vt^u ß gi�m}�uaÅ't|lfgic�{M��lm{8t�gi��{Mpqc�rs�qrk��d

bMnòjfgic�g��á{É��{vc|t�yzpqc���l�{M�vpq�mc|rk{ac~gic�{Mt|lmpZÈ~�Örk�oÃQgi�mhs{ ¿ d
ñÜrk��ö,Ä�p�d ggw xyw }�w %�w
¿ ß z { u�|<} ßÂ ß z { u�| { z {Å ß ß ß u;~��

ÃQgi�mhk{ ¿�� bMnòjfgic�g��á{É��{vc|t�yzpqc���l�{A�apq�mc|rk{vc
Ã²lm{bu7|�}¤gi��}Wu7| { ��gic�rkgi�mhs{vtë�vpq�¡��c|pqh���lm{Sc|{vhàg·��rs�i{xjKpqt�r���rspq�?piyÜ��lm{M�vpi�mc�rs{vc¤yzc|pq� ��lm{S�mgit�{Syzc�gi�á{

È~lmrkhs{�u;~���rst���lm{8�v��c�c�{a�¡��c|pi��g·��rkpi�,piyX��lm{8�vpi�mc�rs{vc~gi�Kpq������lm{8{vhs{v�a��c�rs��gih��v{v�¡��{vcIpiyQ��lm{A� � b�d
�Epq�¡�q{vc���rs�m�0��lm{�bMnújfgic�g��á{É��{vc|t�t�l�p�È~� rk��ÃQgi�mhs{ ¿ rk�¡��p*��lm{arkc�{7�)�mrs��gihs{v�¡����c�gi�mt�yzpqc��ág���rspq�mt

�
rk{vhs}mtE��lmc�{a{AË·ã�Ë¨�ág���c|rk�a{vt � ù ûzüû } �mù û }û { ��gi�m}�ù û
{
û � È~lm{ac�{MùX�w }m{a�mpi��{vt~��lm{S��c�gi�mt�yzpqc��úpiyUyzc�gi��{���È~rs��l

c�{at�jK{v�a�~��p¨yzc�gi��{��fd
Ã²lm{M��c�g��mt|yzpqc|�÷piyXyzc�g��á{buÉÅ�È~rs��loc|{vt�jK{v�É�~��p�u ß rst²t�lmpZÈ~�Örs�o{��)�fg���rkpq�oÅ�d ¿ d
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3.2 Overhead Manipulator Model
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3.5 Expected Optical Coordination Sensor Output
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Å�dÆÕ â®ã�jK{v�a��{v}*ÇMj���rk�vgihÜ�Ep
pqc|}mrk�fg·��rkpi� � {a�mt�pqc�ÇS����jm��� ¿ ó

��gihk�m{���lfg��²È¤{8æf�m}��mt�rs�m����lm{8�vgihkrs�mc�g���rkpq�ájmc�p
�v{a}m�mc|{id
ôëgic|ràgi�mhs{vt bS{vt|�vc|rkj���rkpq� ��pqhs{vc�gi�m�v{
| û } }mrst|��g��m�v{8�vpi�mc�rs{vc���pZ�q{v}oyzc�pi�ú��l�{A� ß yzc�gi��{Mrk�,��lm{o# û_ü }mrsc�{v�É��rspq�+�_��� � d Â ßqß ¥¯�
| û { }mrst|��g��m�v{8�vpi�mc�rs{vc���pZ�q{v}oyzc�pi�ú��l�{A� ß yzc�gi��{Mrk�,��lm{ ª ' ûzü }�rkc�{a�a��rkpq�*�z�á�`�Éd Â ßqß ¥¯�
u;~�Å c�p���g���rkpq��piyQ�vpi�mc�rs{vc²gi�Kpq���±# û �h�_}m{a�qc�{a{vt
� ß�iÌßqß�¿ Ë5l
| ý ¿ Ã²lm{A{Éã
��{a�mt�rspq�opiyX��lm{ÁÇMnS� jmc�rst��ág���rs�=,|pqrs�¡�o�_��� � Â £ �
� ~|Â Ã²lm{Ac�pi��g���rspq�,piyX��l�{�ÇMnx� c|{a�ipqhk����{º,|pqrk�¡�o�z}m{v�qc|{v{at;� iÆßißqß Õ�l

Ã®gi��hk{MË � ôëgic|ràgi��hk{vtErk����lm{M��p
}m{vh°d

����ö ÃXpqhs{vc�g��m�v{ bS{at��vc|rkj���rkpq��®g�c�gi��t
ù ûzüý ü[» � k Õg���ù ûzüý ü[» § k Õg���ù ûzüý ü[» ¨ k Õg��� â�hk{a�á{a�¡��t~piyX��lm{S��c�gi�mt�yzpqc��
ùIûzüý ü[» ¼ k'¿ l c|{vhàg·��rk������lm{Mæ�ã�{a}Ö�vpi�mc�rs{vc
ù ûzüý ü[» ½ k'¿ l gi��}*ÇMnS� �fg�t�{8yzc�gi��{vt
ù ûzüý ü[» ¾ k'¿ l
�W�
Â k ÅqÞ ßg£ � }mrst|��gi�m�v{AñUâøb&rst�yzc�pq�÷g·ã�rktOÿ�piyàÿ c�pi��g���rspq�áp�y�ÇMnS��d
u;~OË k8ß�i Õ�l Ã²lm{8æfc|t|�~c�p���g���rkpq��rs�,��lm{Mù û �û ® ��c�gi��t|yzpqc|�u;~|Õ k � ßZi Õ�l ¶ i Ë)Õ�l
� Ã²lm{At�{a�vpq��}ºc|pi��g���rkpq�?piyQ��lm{Mù û �û ® ��c�gi�mt�yzpqc��u;~�Ø k8ß�i Õ�l Ã²lm{8��l�rkc�}�c|pi��g·��rkpi�,piyX��lm{Mù û �û ® ��c�gi��t|yzpqc|�¤=�c¥y� û �� k'¿Zßqßg£ � ão�apq��j�pq��{v�¡�~piyX��lm{M�q{a�a��pqc²��p'��lm{8�a{v�¡��{ac�piyX��l�{Mhk{v��t
¤=�c¥y� û �� k'¿Zßqßg£ � ão�apq��j�pq��{v�¡�~piyX��lm{M�q{a�a��pqc²��p'��lm{8�a{v�¡��{ac�piyX��l�{Mhk{v��t
¤=�c¥y��û �� k'¿Zßqßg£ � ão�apq��j�pq��{v�¡�~piyX��lm{M�q{a�a��pqc²��p'��lm{8�a{v�¡��{ac�piyX��l�{Mhk{v��t

ÃQgi�mhs{AÕ � Ã²lm{Ajfgic�gi�á{É��{ac�t²rk�,��lm{8t|�
t|��{v�õÈ¤{Á��{v{v}o��p¨c|{v�vpZ�i{vcvd
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4 Calibration Procedure
Ä�pZÈé��lfg·��gx��p�}�{vh)piyf��l�{�{Éã�jK{v�a��{v}¨�vpi�mc�rs{vc;:iÇ8nx�×jfg�rkcX{Éã�rkt���tv�q��lm{E��{Éã
�øt|��{vj'rktX��pS�apqhkhs{v�É��gx��t�{ayz��h
t�{É�~piyX�á{vgit��mc|{v��{v�¡��ta�fgi�m}�æm�²��lm{M�m�mö)�mpZÈ~���áp
}m{ah�jfgic�gi��{a��{ac�tE��p���lm{M�apqhkhs{v�É��{v}���{�g�t��mc|{v��{v�¡��tad

Ã²lm{8��gihsrk�mc�g���rspq�?jmc|p��a{v}m��c�{8rkt²�mc|pqöi{a�ºrs�¡��p'��ÈEp�jfgic���t �
¿ �º{vgit���c�{v��{v�¡���vpqhshk{a�a��rspq�
¿ �®r�����rk�m����lm{8�m�mö)�mpZÈ~���áp
}m{vh�jfgic�g��á{É��{vc|t���p'��l�{A�apqhkhs{v�É��{v}���{�g�t��mc|{v��{v�¡��tad

4.1 Measurement Collection

4.1.1 Triangulation

�Qrk�q�mc|{ ¿ Ø � w&�apq�mc|rk{vc²��pZ�
rk�m����p'��ÈEpáj�pqt|rs��rkpq�mtë��p¨{vt���rs�?g���{x��l�{ÁñUâøb"hkp
��g���rkpq��d
ÇM��{E�fgit|rk�ë�á{vgit���c�{v��{v�¡�Q��lfg��Q��g�����{¤�?g�}m{¤rs�¡�qpqh��q{vtX��c|ràgi�m�i�mhàg���rk�m�¤yzc�pq�ò��È¤pM}mr � {vc|{v�¡�Q�vpq�mc|rk{ac

hkp
��g���rkpq��t���p���{�git|�mc�{���lm{�c�{vhkg���r��q{Ij�pit�rs��rkpq��piyXgi��Ç8nx� dmâøgi��l���{�g�t��mc|{v��{v�¡�Eyzc|pq� ��lm{8Ç8� � �vgi�
��{M��lmpq�m�ql¡�Ipiy�gitIgáhkrs�m{x��c�g��q{ahkrk���¨��lmc�pi�m�qlo��lm{ÁñUâëb��KÇ8� � jmrk��lmpqhk{��zhk{a�mt;� ��gi�m}o��lm{Á� � b�g��~��lm{
t�jKpi�²c|{vjKpqc|��{v}o�¡�?��l�{Mt�{v��t�pqcadë� yX��l�{Mhkrk��{vt�g�c�{M}mc�gZÈ~�ors�,��lm{Sæ�ã�{a}��apq�mc|rk{vcE�fgit�{Myzc�gi�á{V�_� ß �É����lm{a�
t�lmpi�mhk}�rs�)��{vc|t�{v�É��g��²��lm{AñUâøb�d

Ã²lm{M��c�rkgi�m�q��hàg���rkpq��jmc�p
�v{a}m�mc|{A�apq�mt|rkt|��t~piyQæ��q{At|��{ajmt �
¿ dI�ºpZ�i{¨��lm{'�vpi�mc�rs{vc���pog��Shs{�git��S��È¤p�jKpqt|rs��rspq�mtIpq�*��l�{'jmhàg���{v��d � gZ�i{���lm{¨g��a���mg���{a}*�ig�hk�m{atSpiy
��lm{8�vpq�mc|rk{acÀ,|pqrk�¡��t~g�t�ÈE{ahkhUgit���lm{ÁÇA� � pq����jm���vd

Â�d^�fpqcQ{�gi��l¨jKpqt�r���rkpi�Á��{�git|�mc�{a}��i��c�gi�mt�yzpqc�����lm{��mpq��rk�mgih)hk{v��t®jKpqt�r���rkpi��gi�m}'ÇA� � t|j�p���j�pit�rs��rkpq�
��p¨��lm{ou ß yzc�gi�á{M��t�rk���áâO��dëÅ�dÌÅ�g��m}�â=��dëÅ�d Ëmd



Ëmd ¿ ��{�git|�mc�{a�á{a�)�x�Epqhshk{a�a��rspq� Â ¿

Å�d±ÁM{v�m{ac�g���{���lm{�{��)�fg���rkpq�épiySg hkrs�m{,rs� ��lm{!u ß yzc�gi��{,��lfg·����c�g��q{ahkt¨��lmc|pq�m�qlé��l�{*Ç8� � t|j�p��
jKpqt�r���rspq�ogi�m}o�mpq��rk�mgih�hs{v�mt~jKpqt�r���rspq��d

Ëmd^�®rs�fgihshs�ác��m�Ögáhk{vgit|��ÿ�tQ�
�mgic�{atxgihs�qpqc|rs��l��×��p�æf��}Ö��lm{AjKpqrk�¡�Irk�o��lm{\u ß yzc�g��á{S��lfg����árs�mrk��rk�a{vt
��lm{8t[�)�fgic|{v}�ÿ }mrkt���gi�m�a{M��p¨{a�i{vc|�ohsrk�m{�d

Õ�d²Ã²lmrst~j�pqrs�¡�²rkt²pq��c²{vt|��rk�ág���{�yzpqc���lm{AñUâøb&rs����lm{ou ß yzc�gi��{id
wx��{Éã�gi��jmhk{Sp�y®lmpZÈ ��p¨rk��jmhk{a�á{a�¡�E��l�rkt²rk�o�ág���hkgi�,rst²rk�m�ahk�m}m{a}�rk����l�{8gijmjK{v�m}mr ã�d

4.1.2 Data Collection Procedure
�Ögi�¡��t�{É��tSpiyøt��
t|��{a� �apq��æf�i�mc�g���rkpq����{�git|�mc�{a�á{a�)��tv��{�gi��l*�apq�¡��girs�mrk������lm{�gi�É���fg·��{v}],|pqrk�¡�I�ig�hk�m{at
gi�m}o�vpic�c�{at�jKpq�m}mrs�m��Ç8� � pi����jm����t²È~rkhsh��K{M�vpqhshk{v�É��{a}�d
� rs��lA��g�hkrk��c�g���rkpq��{��)�mrkj��á{a�)�®gihsc�{�g�}��S�m��rkhs�Urs�¡��p²��lm{ë�vpi�mc�rs{vcXgi�m}�ÇMnS� �Z��l�{¤jmc|p��a{vt|tQpiy��vpqhshk{a�a�|ÿ

rk�m�~��{�git|�mc�{a�á{a�¡��tXrktÜt�rs�áj�hkrsæm{v}�dÜÃ²lm{ë��g�hkrk��c�g���rkpq�S{7�)�mrkjm��{v�¡�X}mp
{vtX�mpi�X�m{a{v}���p��K{øc�{�g�t�t�{a���mhs{v}�pic
}mrkt�git�t|{v����hk{v}oyzpqcI{�gi��lÖ��gihsrk�mc�g���rspq������lm{vc|{v�¡��t�g��
rk�m����rk��{id²w��m}���yz�mc|��lm{vc|�ápic�{i�KgitI��{�git|�mc�{a�á{a�)��t
��gi�o�K{M��giö�{v�ºgi����pi�?g���rk�vgihkh��q�q��l�{Aj�c�p
�v{vt|t~rkt²�mpi�~hkgi�Kpqc�ÿ rk�¡��{a�mt�r��q{id

Ã²lm{á���mrkh��|ÿ�rs�Ö�vgihkrs�mc�g���rkpq�Ö{��)�mrkj��á{a�)�8��l
��tÁ{a�fgi�mhs{vt8hàgic|�q{V�)�fgi�¡��rs��rs{vt8piy¤}fg���go��p��K{¨�vpqhshk{a�a��{a}
pZ�q{vc8g,È~rs}m{�c�g��m�q{'piyë�vpi��æf�q�mc�g���rspq�mtadÁÃ²lmrstSrktMrs�ájKpqc���gi�¡��rk�0pqc|}m{vcx��po�árs�mrk��rk�a{S��lm{'{ � {a�a�8��lfg·�
c�gi��}mpq� ��gic|ràg���rkpq�ºrk��gi�¡�0pq��{���{�g�t��mc|{v��{v�¡�8lfgit8pq�0��l�{�c|{v�ap��i{vc|{v}3���mö)�mpZÈ~�3jfgic�gi��{a��{ac�tad¨eI{ ÿ
}m�m�ark�m����lmrstxc�g��m}mpq� ��gic�rkg���rspq�o�?giö�{vtx��lm{�c|{v�vpZ�i{vc�{a} ��p
}m{vhUjfgic�gi��{a��{ac�t�hk{vt|tSt�{a�mt�r���r��q{���p,�mpqrst�{i�
gi�m}���l�{vc�{Éyzpqc�{8��pqc�{xc�{ e {v�a��rs�i{ÁpiyX��l�{Mc�{�g�hÜt|�
t|��{v���Ìt~jfgic�gi��{a��{ac�tad

Ã²lm{8}fg���g'�apqhkhs{v�a��rkpq�?jmc�p
�v{a}m�mc�{8rst²}m{vt|�vc�rs��{a}
¿ d~â®ã
��{a�m}Öjmc|rkt|�?g���rk�O,|pqrk�¡�²piyX��l�{�ÇMnx� yz�mhshs�id
Â�d~e~pi��g·��{S��l�{Ac|{a�ipqhk����{X,|pqrk�¡�~piyX��l�{AÇ8nx� ��p ß l d
Å�d²ÃXc�rkgi�m�q�mhkg���{���lm{8ñUâøb5�mt|rk�m����lm{8jmc�p
�v{a}m�mc|{At|lmpZÈ~�Örs��t�{v�É��rspq�ºË�d ¿ d ¿ d
Ëmd~â�t|��rk�ág���{���lm{¨�v�mc|c�{a�)�Ahsp��vg���rspq�Öpiyë��l�{áñUâøb �mt�rs�m����lm{¨rk��rs��rkgihÜ��c|ràgi�m�i�mhàg���{v}*jKpqt|rs��rspq���Üg��m}
��lm{8�v�mc|c�{v�¡��gi�É���fg���{v}ÖÇMnS� �ig�hk�m{atvd

Õ�d~�It�rk���,��lm{'{at|��rs�?g·��{v}7ñUâøb hkp
��g���rkpq����jmc|{v}mrs�a�SÈ~l�{vc�{'��lm{'�vpq��c�rk{acx�vgi�7�ápZ�q{'pi�*��lm{'jmhkg���{a�
gi��}Öpq����girk�o��gihkrs}ot�{v��t�pqc�c�{�g�}mrk�m�it~yzc|pq�õ��l�{�Ç8� � dKÃ²lmrktIrktIgáÅqÞ&l��apq�m{Át|��g�c|��rs�m�'yzc�pq� ñUâøb
}mrsp�}�{8gi�m}o{Éã
��{a�m}mrs�m����p'��lm{S��pqjºp�yQ��lm{AÇ8� � d
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Ø�d²Ã²lm{Ihàg�c��q{at|� ¿Zß^Â?¿Zß t[�)�fg�c�{I�qc�rs}'piy�jKpqrs�)��t��v{a�)��{vc|{v},�K{vhsp�È ��l�{�ñUâøb rk�'��lmrstøÅqÞ8}m{v�qc|{v{~�vpi�m{
rst²�q{v�m{ac�g���{v}�d

Ù�dI�ºpZ�i{A��lm{8�vpq�mc|rk{ac���p¨{�gi��l��qc|rk}�jKpqrk�¡��d®w���{vgi��l�j�pqrs�¡����lm{8��{�git|�mc�{a}h,|pqrk�¡�²��gic�rkgi�mhs{vtEp�yQ��lm{
ÇMnS�þgi�m}��vpi�mc�rs{vc²gic|{8c�{v�apqc�}�{v}ºgihkpq����È~rs��l,��lm{ÁÇ8� � �Ìt~pq����jm���vd

Þ�d~e~pi��g·��{S��l�{�ÇMnx�þË ß l
ó�d � ��{vjmtIË�ÿ
Ã�Þ'g�c�{Mc�{aj�{vg���{a}º���)��rkh���lm{ÁÇMnS� c�pi��g���{at~ÅqØ ß l
¿Zß d~e~{a��c�gi�É�I��lm{AÇMnS�"� tIjmc�rst��ág���rs�=,|pqrs�)� ¿Zß �á��d
¿q¿ d � ��{vjmtIË�ÿ
Ã ¿�ß gic�{Mc|{vjK{�g���{v}��m�¡��rkh���lm{AÇMnS�+�ÌtIjmc�rst��ág���rs�=,|pqrs�¡�²rkt²�apq�áj�hk{a��{vh��?c|{a��c�gi�a��{v}�d
Ã²lm{���gihs�m{vtAt�{ahk{a�a��{a} yzpqcM��lm{ác|{vhkg���r��q{¨�áp���rkpi�mtMpiyE��lm{?Ç8nx� git8È¤{vhkhëgit8��l�{á�)�m���K{vcApiyE�qc�rs}

j�pirk�¡��tøÈE{ac�{M{ ã�jK{vc|rk��{v�¡��g�hkhs��yzpq�m�m},��p�j�pit�rs��rkpq�¨��l�{S�vpq��c�rk{ac�gi��}oÇMnS� g��E�?gi�¡�á}mr � {vc|{v�¡���apq��æf�·ÿ
�mc�g·��rkpi�mtvdEbSr � {vc�{a�¡���)�m����{ac�tx�apq�mhs}º�K{Át|{vhs{v�a��{v}��KlmpZÈ¤{a�q{acxyzpqc~��lm{Ac�{vgit�pi�mtxpq����hkrs�m{v}�g��~��lm{�t���gic��
piy���lmrkt¤t�{v�É��rspq�,rs�¤rktërk��jKpqc|��gi�¡�ë��p�t|{vhk{a�a�²�)�m����{ac�t¤��lfg��Ec�{vt|�mhs�Erk�á�vpqhshk{v�É��rs�m�8�?gi�¡����{�git|�mc�{a�á{a�)��t
t�jmc|{�gi}�pZ�q{ac~��lm{8�vpq��c�rk{ac;:qÇMnx� �vpq��æm�q�mc�g·��rkpi��t�jfgi�a{id

4.2 Identification
���0��lmrstSt�{a�a��rspq������lm{¨�á{vgit���c�{v��{v�¡��tSyzc�pq� ��lm{'}mg���g,�apqhkhs{v�a��rkpq�ºjmc�p
�v{a}m�mc|{ág��m}0�áp
}m{ah®}m{É�q{vhspqjK{v}
rk��t|{v�a��rkpq��Å�gic�{M��t�{v}o��p�c�{a�vpZ�q{ac²��lm{8jfgic�gi��{a��{ac�t²rs�o��lm{M�vpi�mc�rs{vc;:iÇ8nx� jfgirkcad

ÃQp'c|{v�vpZ�i{vc²��lm{at�{8jfgic�gi��{a��{ac�ta��rs��rkt²git|t��m��{v},��lfg�����lm{M��p�}m{ahd� t²Ç8� � pq����jm���²�ahkpqt|{vhs�á�ág�����lm{at
��lm{¨��{�git|�mc�{a�á{a�¡�c� tMc�{v�apqc�}�{v}�Ç8� � pq����jm���8rsy¤�Kpi��l7t|�
t���{v��tÁgic�{'{ ã��ars��{v}7È~rs��l7rs}m{v�¡��rs��gih®rk�mjm����tvd
�fpqc���lmrktx��p���{Á��c���{i����l�{��áp
}m{ah®���mt��8gi�a�v�mc�g���{ahs�ºc�{ e {v�a�M��lm{'��{�git|�mc�{a}0t|�
t|��{v��d�Ä�p���{���lfg��S��lm{
�áp
}m{ahXj�c�{v}�rk�a��{v}�Ç8� � pq����jm���8g��m}*��lm{��á{vgit��mc|{v��{v�¡�c� t8Ç8� � pq����jm���SÈ~rshkhU�m{É�q{vcM{ ã�gi�a��hs�º�?g�����l
}m�m{M��p¨�mpirkt�{Mrs�,��lm{8�apqhkhs{v�a��{v}o��{�git|�mc�{a�á{a�)��tvd

Ã²lm{?g�t�t����áj���rkpq�7��lmg��8��lm{¨��p�}m{ahøgi�m}�c�{vgihøt|�
t|��{v� gi�a�A�q{ac|�7t|rk��rkhàg�cx�qr��q{v� rk}m{a�¡��rk�vgih�rs�mjm����t
jmc�pZ�
rk}�{vt�g*È�g��épiy���lm{v��ö)rs�m�3lmpZÈ÷�qp�p
}ég7t�{a��piyxjfgic�gi�á{É��{ac�t�æm�'��lm{o�vpqhshk{v�É��{a} ��{�g�t��mc|{v��{v�¡��tad
eI{a��gihsh���{�gi��l��á{vgit���c�{v��{v�¡�Ic�{a�vpqc|}m{v}oyzc�pi�÷��lm{8}fg·��g'�vpqhshk{a�a��rspq�,jmc|p��a{v}m��c�{8�vpq�¡��girk�mt²��lm{M�ig�c�ràg��mhk{
rk�mj�����t²yzpqc²��l�{Á��p�}�{vhn�pu�|�} �Äu7| { �ÄuD~��Z� � ~
}É� �W| { �Igi��}���lm{o'U� )opq����jm���~yzc�pq�ú��lm{�Ç8� � d�ÃXp�}m{a��{vc���rk��{
lmpZÈ.È¤{vhshfgMt�{É�¤p�y�jfg�c�gi��{a��{vc�t®�?g�����l'��lm{²��{�git|�mc�{a�á{a�¡��tøpq�mt|{vc|�i{v}��){vgi��lá��{�g�t��mc|{v��{v�¡�c� t��ig�c�ràg��mhk{
rk�mj�����tQgic�{¤rk�A,|{a�a��{v}�rs�)��p���lm{���p�}m{ah
gihkpq���IÈ~r���l���lm{Ejfg�c�gi��{a��{vc�tU��px��{¤��lm{v��ö�{v}�døÃ²lm{��a�mc�c|{v�¡����{�g·ÿ
t��mc|{v��{v�¡��txpq����j����xrst���lm{v�*�apq��jfgic�{a}*gi�qgirk�mt�����lm{���p
}m{vhUpq����jm���vd���l�{�jfgic�gi��{a��{ac�t�gic�{�git�t|�m��{v}
��p¨�K{8g¨�ip�p
}�æm���mr�yU��lm{8pq����jm����tI�ahkpqt|{vh��?�ág�����lopZ�q{acI��lm{8�á{vgit���c�{v��{v�¡��tvd
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w×��{a��c�rs�i��� · ¹Å~Æ´\�A��¹-���ÜrstM}m{aæm�m{v}��U��p��)�fgi�¡��r�yê�*lmpZÈ �ip�p
}7g�t|{a�ApiyEjfgic�g��á{É��{vc|tSæm�8��lm{¨��{�g·ÿ
t��mc|{v��{v�¡��t~�apqhkhs{v�a��{v}�d
¿ d^�fpqc�{vgi��lo�á{vgit���c�{v��{v�¡�v����lm{xpq�mt�{ac|�i{v}ºgi�m}o�áp
}m{ah�jmc|{v}mrs�a��{v}�Ç8� � t�jKpi�²jKpqt�r���rkpi�mt�gic|{St�����ÿ
��c�gi�É��{v}o��p'yzpqc|�Ç'*gi�m}W),{vc|c�pqc���gihs�m{vtad

Â�d²Ã²lm{A{vc|c�pqc���gihs�m{vt�yzpic²gihkhK��lm{8��{�git|�mc�{a�á{a�¡��tIgic�{M�apq���mrs�m{v}�rs�¡��p�g�Â���ã ¿ �q{v�É��pqca�mÈ~lm{vc|{Á�orst
��lm{8�
������{ac~piy®��{�g�t��mc|{v��{v�¡��t²�apqhkhs{v�a��{v}�d

Å�d²Ã²lm{At��ágihshk{vcë��lm{8�mpic��÷p�yQ��lmrkt��i{v�a��pqcv�m��lm{8��{É����{vc���l�{8æ���d
w�����lmrkt'jKpqrs�)�¨c|{v�ap��i{vc|rk�m�7��lm{ojfg�c�gi��{a��{vc�t'lmgit¨��{a{v� c�{v}��m�v{a}.��p g0�mpq�mhsrk�m{vgic�pqj���rk��rk�vg���rspq�

jmc�pi�mhk{a�þÈ~l�{vc�{���lm{��qp¡gihërktÁ��p7�árs�mrk��rk�a{�� · ¹-~Æ´o�g�g¹-��d��3{���t�{og7�Ög���hàgi�>yz���m�a��rkpq���©�p�cÈA¥¦¹-¥¦���d¥Q�È~lmrk��l ��gic�rs{vt¨��lm{���lmrsc|��{a{v�.�m�mö)�mpZÈ~�%�áp
}m{ah²jfgic�g��á{É��{vc|tr�zÃ®g��mhk{ÖÕ&�'rk� pic�}m{ac���p3��rk�mrs�árs�v{?��lm{
� · ¹-~Æ´o�g�g¹-�A��{a��c�rs�id®Ã²l�rkt�g�hk�qpqc|rs��lm�º���$�ÅÈA¥¦¹-¥¦���p¥*rktEg�t��m��t�jfgi�a{x��c|�mt|��c�{v�irkpq���á{É��lmp
},g��m},rkt¤�fgit|{v}pq�º��lm{�rs�)��{vc|rkpqcOÿ�c�{ e {v�É��r��q{AÄ�{ÉÈ²��pq�*��{a��lmp
}É� ó � d�Ã²lm{��fg�t�rk�Ark}�{�gáp�y���c���t|�Sc|{v�qrspq�Ö��{a��lmp
}mtxg�c�{Á��p
gijmjmc|p�ã�rs�?g·��{���lm{¨lmrk�ql7}mrs�á{a�mt�rspq�fgihXyz�m�m�É��rkpi�7��pº�K{¨�árs�mrk��rk�a{v}�È~rs��l g�t�rs�ájmhs{vcxyz���m�a��rkpq��d¨Ã²lmrst
t�rs�ájmhs{vc�yz�m�m�É��rspq�?c|{�git|pq�fgi�mh��¨c�{ e {v�É��t���l�{xlmrs�ql?}mrs�á{a�mt�rspq�fgihmyz���m�a��rkpq�,rs�,g���{vrk�il
�Kpqc|lmp�p
}ágic�pq���m}
��lm{¨�a�mc�c|{v�¡���K{vt���jKpqrk�¡�vdáw ��c|ràgih®j�pqrs�¡�Árst8��gihs�v�mhkg���{a}��¡�7��rk�mrs�árs�vrs�m����lm{�t�rk��jmhs{vcSyz�m�m�É��rspq�0��lmrst
�m{vrs�ql)��pic�lmp
p�}Ê�_pqcá��c���t|�oc�{a�qrkpi�a�Éd&Ã²lm{*��c|ràgih�j�pirk�¡�,rst?��lm{a� rk�mjm����rk�¡��p>��lm{0lmrs�ql%}mrk��{v��t�rkpi�fgih
yz�m�m�É��rkpi��do� y²��lm{?��c�rkgih�j�pirk�¡��rst�g��>rk��jmc�pZ�i{v��{v�¡��pZ�i{vc���lm{?jmc|{a�
rkpi�mt��K{vt��'j�pirk�¡���U��lm{a�>��lm{���c|ràgih
j�pirk�¡����{a�vpq��{vt���lm{���{at|�?j�pqrs�¡��d � yS��l�{º��c|ràgih²jKpqrs�)��rstá�mp��,gi� rk��jmc�pZ�q{a�á{a�¡�ápZ�i{vc?��lm{Ö�a�mc�c|{v�¡�
j�pirk�¡���¡��l�{v����lm{���c���t|�²c|{v�qrspq�?rstEt�l�c��m�mö?gi�m}og���{aÈ �árs�mrk��rk�a{v}¨j�pirk�¡�Erst���g�hk�v��hàg���{v}�dQÃ²lmrkt�j�c�p
�v{vt|t
rkt,c|{vjK{�g���{v}����m�¡��rshSg��m{aÈ �árs�mrk���m�Ê��gi���mpi�o�K{*yzpq�m�m}���pqc?��lm{"� · ¹-~Æ´o�g�g¹A� rkt,t|�?g�hkhk{acá��lfgi� g��pqhs{vc�gi�m�v{���lmc|{vt�l�pqhk}�d�� ¿ZßA�
Ëi�mt|�'�K{v�vgi�mt|{?��lm{,gihk�qpic�rs��lm� ��{vc���rk�mg���{atv�®}�p�{at��mpi���m{v�a{vt�t�gic�rshs����{�gi�3��lfg��Á��lm{,jmgic�gi��{a��{vc|t

yzc�pq�Ê��lm{Ö��{�git|�mc�{a}%t|�
t|��{v� ÈE{ac�{0c�{a�vpZ�q{ac�{a}�d � {a�i{vc�g�hSjmc�pi�mhk{a�át���gi�%p
�v�a�mcá��lfg��?jmc�{É�q{v�¡����lm{
gihk�ipqc�r���lm��yzc|pq� æf�m}mrs�m����lm{x�á{vgit��mc|{v}ot|�
t���{v��� t²jfgic�g��á{É��{vc|tvd�� yU��l�{Mrk�mr���ràg�hft|��g�c|��rs�m��jKpqrk�¡�Erkt��mp��
�vhspqt�{ø{v��pq�m�qlA��p~��lm{ø��{�git|�mc�{a}�t|�
t���{v����lm{Eg�hk�qpqc|rs��lm� �ág��M�q{É�Qt����m��ö8rs��g~hkp
��gihi�árs�mrk�ág�d�wé�m�mrÌ�)�m{
t�{É�8piyëjfgic�g��á{É��{vc|tS��rk�ql¡�S��pi�M�K{�yzpq�m�m}0�K{v�vgi�mt�{¨�mp��M{v�mpi�m�ql7�á{vgit���c�{v��{v�¡��txÈE{ac�{¨�vpihkhk{a�a��{v}���pic
��lm{É��È¤{vc�{I�vpihkhk{a�a��{v}¨rk��gMÈ�g��'��lmg�����lm{~��{�git|�mc�{a�á{a�¡��tø}mpq�¦� �ëjmc�pZ�
rk}�{²{v�mpq���qlárs��yzpqc|�?g���rkpq��d � pq��{
piyø��lm{at�{'�apq�m�v{ac��mt8�vgi�7��{¨gihshk{É��rkg���{a}Ö�¡�*hsp�piö
rs�m�,g·�S��lm{�,�g��vpq�mrkgi�*piyø��lm{'�vpqt��Myz�m�m�É��rkpi��d8Ã²lmrktMrst
}mpq�m{Mrs�ot�{v�É��rspq�rÍ�Ífd

ÃQpát��m���?g�c�rk�a{i��g?}mg���g¨�vpqhshk{a�a��rspq�ojmc�p
�v{a}m�mc|{ÁÈEgitx}m{at��ac�rk�K{v}º��p?�apqhkhs{v�É���ági�¡�o��{�git|�mc�{a�á{a�)��t
pZ�q{vc²��lm{Á�apq�mc|rk{vc
:qÇMnS� �vpi��æf�q�mc�g���rspq��t�jmgi�v{�d¤���ºgi}m}mr���rspq���mg���{v��lm�mrÌ�)�m{Ayzpic²c�{v�apZ�q{vc|rk�m����lm{8��{�g·ÿ
t��mc|{v} t|�
t|��{v��tájmgic�gi��{a��{vc|t¨ÈEgit�}m{a�i{vhspqj�{a}.��t�rk���7��lm{o�á{vgit���c�{v��{v�¡��tv�E��p
}m{vh²g��m} g7�mpq��hkrk��{�gic
pqj���rk��rk��g·��rkpi�?gihs�qpqc|rs��l��ºd
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5 Simulation Results
Ã²lmrktX��lfgij���{vcQ}mrkt|�v�mt|t�{at�t�rs���mhàg·��{v}8c|{vt���hs��tXÈ~lmrk��lÁt�lmpZÈ~t ¿ �XnIp�Èé�ahkpqt|{vh��M��lm{ë��gihsrk�mc�g���rspq�Mjmc|p��a{v}m�mc|{
c�{a�vpZ�q{ac�tA{�gi��l��m�mö)�mpZÈ~��jfgic�g��á{É��{vc7�QÂ&��Ã²lm{¨jKpqt�{¨{vc|c�pqcSyzpicMg,����j�rk��g�h���gihsrk�mc�g���{a}*�vpi�mc�rs{vc;:iÇ8nx�
jfgirscIrs�*{�g���l0}mrk��{v�mt|rkpq�M��Å&�Iwx�0{at|��rk�ág���{Apiy�lmpZÈ"È¤{vhkhU��l�{���gihsrk�mc�g���rspq��jmc|p��a{v}m�mc|{�È¤pqc�ö)tMrk�º�q{v�
ÿ
{vc�gih²�mt�rs�m� g���pq�¡��{a��gic|hkp7t�rs���mhàg·��rkpi�¦�EË2�'nIp�Èõt�{v��t�rs��rs�i{���lm{º�vgihkrs�mc�g·��rkpi�3jmc|p��a{v}m�mc|{ºrst���p {vgi��l
jfgic�gi�á{É��{acvd

Ã²lm{,��{�git|�mc�{a}>t|�
t|��{v� È�git�t�rk���mhàg���{v}�rk� �?g���hàgi��d�Ã²l�{,�áp
}m{ahëp�y²��lm{á�á{vgit��mc|{v}>t��
t|��{a� rst
rk}m{a�¡��rk�vgih���p���l�{Mpq�m{S}m{at��ac�rk�K{v}�g��E��lm{M{a�m}opiyXt�{v�É��rspq�rÍ�Í�d�����pic�}m{ac���p'��pqc�{xgi�v�a�mc�g���{vh��?t|rk���mhkg���{
��lm{�c�{�g�hQ�apq�mc�rs{vc
:qÇMnS�Gjfg�rkcv�K�mpqrst�{�yzc|pq� {�gi��l7t|{v�mt|pqcMgi�m}*��lm{�c|{vt�pihk����rkpq�ºpiyø{�gi��l�gi�É���fg·��pqch�_t|{v{
t�{a�a��rspq�rÍ�Í2�Erkt~gi}m}�{v}o��p'��lm{8��{�git|�mc�{a�á{a�¡��tvd

� rk����hàg���rk�m�0��l�{0�á{vgit��mc|{v} t|�
t���{v� lfgit�t�{É�q{ac�gihMg�}���gi�¡��gi�q{at�pZ�q{vc��apqhkhs{v�É��rk���3��{�git|�mc�{a�á{a�)��t
yzc�pq�õg�c|{�gihÜ�apq�mc�rs{vc
:qÇMnS� jfgirkcad¤���o��l�{Át|rk���mhkg���{a}ot|�
t|��{v������lm{A�vpq�mc|rk{ac;:qÇMnS� jfgic�gi��{a��{ac�t²�mt|{v}
��p²�q{a�m{vc�g���{���lm{¤Ç8� � pi����jm����tUgic|{�ö
��p�È~��d®Ã²lmrstUgihkhsp�È~t�pq�m{���p²�apq��jfgic�{�{vgi��lAjfgic�g��á{É��{vc�c�{v�apZ�q{vc|{v}
rk�7��lm{���g�hkrk��c�g���rkpq�0jmc|p��a{v}m��c�{,g��¡girk��t|�M��l�{?�vpic�c�{at�jKpq�m}mrs�m���á{vgit��mc|{v}>t��
t|��{a�Gjmgic�gi��{a��{vc|tvd,Ã²lmrst
hk{É��t8pq�m{¨�vpi��æfc�� ��lfg��8��l�{á��{�git|�mc�{a} t��
t|��{a�átÁjfgic�gi�á{É��{ac�tAgic�{¨�apqc�c|{v�a��hs�0}�{a��{ac���rk�m{a}�dábSrkc�{a�a��hs�
�á{vgit���c�rk������lm{at�{Ajfgic�gi�á{É��{ac�t²pq��g'c�{vgihÜt|�
t|��{v� rst��q{vc��o}mrÌ���a�mhs�v��rsyX�mp��~rk��j�pqt|t�rs�mhk{�d

��t�rs�m�og�t�rs���mhàg·��{v}Ö�á{vgit��mc|{v}7t|�
t���{v� �ágiö�{vtMrs�S{�git|rk{vcS��p��vpq��jfgic|{'lmpZÈ5È¤{vhsh®��l�{'��gihsrk�mc�g���{a}
t|�
t|��{v� jmc|{v}mrs�a��t¨��l�{º��{�git|�mc�{a} t���t���{a�t� t?{a�m} { � {a�a��picájKpqt�{�d9Ã²lmrstárst¨��{a��gi�mt|{º��lm{º��{�g�t��mc|{v}
t|�
t|��{v���ÌtI{v��}*{ � {v�É��pqc|txgic|{�g�hsÈEgZ�
tIö)�mpZÈ~�*jmc�{a�vrst�{vh��qd��Epq�ájmgic�rs�m�'��lm{A��gihsrk�mc�g���rspq�,jmc|{v}mrs�a��{v}Ö{a�m}
{ � {v�É��pqcAj�pit�{vtA�
tÁ��l�{á��{�git|�mc�{a}>t|�
t���{v��t�{a�m}>{ � {a�a��picÁjKpqt�{atv��pZ�i{vc��ági�¡�7�vpi��æf�q�mc�g���rspq�mta�X�irs�q{at
pq�m{8gi��rk}�{�g�piy®lmpZÈÀÈ¤{vhkh���lm{8��g�hkrk��c�g���{v}�t|�
t���{v� j�c�{v}�rk�a��t²��lm{8��{�git|�mc�{a}ºt���t���{a�ºd¤�º{vgit��mc|rk�m�'��lm{
jml¡�
t�rk�vgihët|�
t|��{v��t'j�pqt|{i��jfg�c|��rs�v�mhkgic�h��*pZ�q{ac��ági�¡�3}mr � {ac�{a�)���vpq��æf�q�mc�g���rspq�mtArkt�}�rÌ���v�mh���g��m}3��rs�á{
�vpq��t��m��rk�m��d
Îë{a�~gi��pi��lm{ac²gi}���gi�¡��gi�q{SpiyXt|rk���mhkg���rs�m�M��lm{M��{�g�t��mc|{v}�t|�
t���{v�÷rktE��lm{Mgi�mrshkr����'��p'��p�}m{ah�t|j�{a�vr�æf�

t|�
t|��{v��t�È~lmrk��l gic|{�rk��j�pit�t�rs�mhk{¨��p0�ac�{vg���{�rs�ég7c|{�gih¤�vpq��c�rk{ac;:qÇMnx� jfgirkcadH�fpqc�{Éã�gi��jmhk{?��lm{,��rshs�
piy���l�{'� � b rk�mt|rk}m{8��lm{�Ç8� � lmpi�mt�rs�m�,��g��0��{���gic|rk{a}ºÈ~lmrshk{�hs{�g��
rk�m�?gihkhXpiy���lm{�pi��lm{vcSjmgic�gi��{a��{vc|t
g��A��lm{arkcA�mpq��rk�fgih���gihs�m{vtadr8¤��rs�mt�jK{v�É��rk���ÖlmpZÈ ÈE{ahkhø��lm{á��gihsrk�mc�g���rspq�7jmc�p
�v{a}m�mc|{áÈ¤pqc�ö)t�pq� ��lm{at�{
t�jK{v�arsæf�It|�
t|��{v��t�pq�m{I��g��,�¡girs�át|pq�á{Irk��t�rk�il)�ërs�)��pA��lm{xrs�ájKpqc���gi�m�a{²piyÜc|{v�vpZ�i{vc�rs�m��{vgi��l,jfg�c�gi��{a��{vcvd

� rk����hàg���rk�m�S��lm{x��{�git|�mc�{a},t|�
t���{v�×}mp
{vt¤�mpi���apq��{IÈ~r���lmpq���E}mc�g�È~�fgi��ö)tvdøÃ²lm{S��pqt��Et|rk�q�mr�æf��g��)�
}mc�g�È~�fg���öÖ��p�t|rk���mhkg���rs�m�á��lm{'��{�git|�mc�{a}�t��
t|��{a� rktx��lm{¨c�rst�öo��lfg��M��lm{'��p�}m{ahk{a}0t|�
t|��{v� }mp
{vt8�mp��
��{alfg��q{�hsrkö�{Ágác�{�g�hX�apq�mc|rk{vc
:qÇMnS�þjfgirkcad~� y���lmrst�rstI��lm{��vgit�{����mpi�xpq�mh���gic�{8��lm{Át�rs���mhàg·��rkpi��c�{vt|�mhs��t
�m�mc|{vhkrkgi�mhs{i�f�m������lm{�{v�¡��rsc�{��vgihkrs�mc�g·��rkpi��jmc�p
�v{a}m�mc�{��?g����mpi��ÈEpqc|ö�dSÃ²lm{vc|{ayzpqc|{i��r��xrstx�m{a�v{at�t�g�c|�Ö��p
�q{ac�rsyê�A��l�{²��gihsrk�mc�g���rspq�Áj�c�p
�v{v}��mc�{²pq�¨gSc|{�gih��vpq��c�rk{ac;:qÇMnx�÷jfgirkcad®�I��yzpqc����m�fg·��{vh��q�ig8�ági�)��y_gi�É���mc|rk�m�
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jmc�pi�mhk{a�"È~r���l���lm{��apq�mc�rs{vc|t�jmc�{É�q{a�)��t���lmrstQyzc�pi�5�K{vrs�m�S}mpq��{²g��®��lmrktQ��rk��{ët�pMpq�mh��At�rk���mhàg���{v}Ác�{vt|�mhs��t
gic�{Mt|lmpZÈ~��d

5.1 Simulation Setup
�fpqcÁ{vgi��l�t�rs���mhkg���rspq������l�{,�á{vgit���c�{v}3t|�
t|��{v� rstÁ�apq�mt���c����a��{a}��¡�3t|{vhk{a�a��rk�m�0go��gihk�m{�yzpqcA{�gi��l�jfg�ÿ
c�gi��{a��{vcët�lmpZÈ~�ork�áÃ®g��mhk{SÕ�d�Ã²lm{x��gihs�m{xpiyU{vgi��l�jfgic�gi��{a��{acErstEt�{ahk{a�a��{a}�c�gi��}mpq��hs��yzc|pq�×g��m�mrsyzpic��
}mrkt���c|rk�m����rkpq�IpZ�q{acXr��c� t���pihk{vc�gi�m�a{�c�gi���q{idXÃ²lm{�t�rs���mhkg���{a}8ÇMnS� �fgit|{øyzc�gi��{�rkt�j�hàgi�a{v} ¿ Õ ß ��� k Õg���
gi�Kp��i{á��lm{,�vpi�mc�rs{vc8ÈEpqc|ö t|�mc|y_g��v{?È~lm{a�>yz�mhkh��0{Éã
��{v�m}m{a}�d0Ã²lm{oÇMnx� È�git�jmhàgi�a{v}�g·�Á��lmrktÁlm{vrs�ql¡�
t�p,��lm{�{v��}�{ � {a�a��pqcSÈ�g�tM�m{�gic���lm{��apq�mc|rk{vc�ÈEpqc|öÖt|�mc|y_gi�a{�È~lm{v�0yz�mhshs�o{ ã���{v�m}�{v}�dÁÃ²lm{'j�pit�rs��rkpq�ºpiy
��lm{�ÇMnS� pq�Ö��lm{�j�hàg���{v�ºÈEgit8gic|�mrs��c�gic|rkh��?t|{vhk{a�a��{v}*��p?��{�Õ ß ���ÐÏ Õg���0�ÜÕ ß ���ÐÏ Õg��� git���lm{
j�pit�rs��rkpq�?lfgit²�mp�{ � {v�É��pi�o��lm{8��gihsrk�mc�g���rspq�?j�c�p
�v{v}��mc�{�d

5.2 Typical results
Ãë�
jmrs��gih²c|{vt|�mhs��t�p�y���lm{o��gihsrk�mc�g���rspq�3jmc|p��a{v}m��c�{�gic�{ot|lmpZÈ~� rk�éÃQgi�mhs{oØ�déÃ²lmrkt'��g��mhk{�t|lmpZÈ~tálmpZÈ
�vhspqt�{'{vgi��l3c|{v�vpZ�i{vc�{a}>jfgic�gi��{a��{acMrktM��p���lm{¨�vpqc|c�{vt|j�pi�m}mrk������{�g�t��mc|{v}3t��
t|��{a�átAjfgic�gi��{a��{acvd'Ã²lmrst
�vpq��jfgic|rkt|pq��rst��mt�{Éyz�mh���pM�vpq��æmc��5��lfg�����lm{²��g�hkrk��c�g���rkpq�Ajmc�p
�v{a}m�mc|{²�vhkpit�{vh��Ac�{v�apZ�q{vc|{v}���lm{���{�g�t��mc|{v}
t|�
t|��{v��tSjfgic�gi��{a��{ac�tadS� �S}mp
{vtx�mpi����lmpZÈE{É�q{acv�Üjmc|p��
rs}m{�gi�¡�º}mrkc|{v�É�Srk��t�rk�il)��rk�¡��p,lmpZÈ"ÈE{ahkhU��lm{�{a�m}
{ � {v�É��pqc|tI�vgi�o��{8jmc|{v}mrs�a��{v}��mt�rs�m����lm{8�vgihkrs�mc�g���{v}�jfg�c�gi��{a��{vc�tad

���mö)�mpZÈ~� ÃXc���{A��gihs�m{ ��gihkrs�mc�g���rkpq�ác�{a�vpZ�q{ac�{v}���gihk�m{ }mr �
�®gic�gi��t
ùIû_üý ü[» � ¿�i Ë¡óiÞ Â ¿Zß ü { ��� ¿&i ËqóqÞ Â>¿Zß ü { ��� ª Â i Ù�ÞiË Â>¿ZßJÑ ü « ���ù û_üý ü[» § Ø i Õ ß Ùg��� Ø i Õ ß Ùg��� ª Â i ØqÙiØ Â>¿Zß Ñ « ���ù û_üý ü[» ¨ Å i ÂqÕ�ó���� Å i Â�Ø ß ��� ª ó i ØiÞ¡Â Â>¿Zß Ñ « ���ù û_üý üÅÒ � ª�ß�i Ë¡óqÅ¡Ùgl ª\i Ë¡óqÅ¡Ùgl ª Õ i ÙiÕqÙ�l Â>¿Zß Ñ ­ù û_üý üÅÒ � ª ó ß�iÌß ÂiÅ�l ª ó iÌß ÂiÅ�� ¶ ß�¿ l Â i ÙqÕiÅ&l Â>¿Zß Ñ «ùIû_üý ü Ò � Ë i Å¡ÙiÙ l Â>¿ZßJÑ { Ë i ÅqÙiÞ l Â3¿ZßJÑ { ªA¿&is¿ ÞiË l Â>¿ZßJÑ ­
�W�
Â Õ ß�i Â·Ë&��� Õ ß�i Â�Ë&��� ª Ù i Å ß Ù Â>¿ZßJÑ ­ ���
% û « ªoi�¿ ÂqÂiÅ&l ª\i�¿ ÂqÂiÅ�l Ë i ÞiË)Â�� ª Õ�l
% û ­ ª ó ß�i Õ ¿ �Ål ª ó ßZi Õ ¿ l ¿&i ó¡Õ ¿ l Â>¿Zß Ñ «
% û ® Å iÆß Åió l Â>¿ZßJÑ { Å iÆß ÅiË l Â3¿ZßJÑ { Ë i Ø¡ÕiØ l Â>¿Zß2Ñ ­
¤=�c¥y��û �� Ë i ØiËqØ Â ¿ZßJÑ { ��� Ë i ØqÕ ¿bÂ>¿ZßJÑ { ��� ª Ë i ØqÕ ß]Â>¿ZßJÑ ­ ���
¤=�c¥y� û �§ ªA¿&i ÞqÞqØ Â>¿Zß Ñ { ��� ªÁ¿&i Þ¡Ù�Ë Â3¿�ß Ñ { ��� ªA¿&i Â�Å¡Â Â>¿Zß Ñ ü « ���
¤=�c¥y� û �¨ ¿ Ë i óió���� ¿ Ë i óqó���� ª Õ i ØqÂiÞ Â>¿Zß Ñ ­ ���

ÃQgi�mhk{8Ø � Ã²lm{8�m�mö)�mpZÈ~�Öjfg�c�gi��{a��{vc�t�È¤{8c�{a�vpZ�q{ac�{v}ºyzc�pq�÷g'���
jmrs��gih�t|�
t|��{v��d
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5.3 Typical pose accuracy
w ��pqc�{Ark��yzpic��ág���r��q{A�vpq��jfgic|rkt�pi�Örkt��?g�}m{��¡�*�vgihk�a�mhàg·��rk���m�fpZ�q{vcM�ági�¡�º�vpq��æm�q�mc�g·��rkpi�mtv����lm{�j�pqt|{
{vc|c�pqc��K{a��È¤{v{a� ��lm{���g�hkrk��c�g���rkpq��jmc�{a}mrk�É��{a}égi�m}���{�git|�mc�{a} t��
t|��{a�át¨{a�m}é{ � {v�a��pqc�tad"� lm{a�é}mpqrk���
��lmrst8�vpq��jfgic|rkt�pi�7��lm{�t�{v��t�pqcÁ�mpqrkt|{?g��m}>gi�É���fg·��pqc8c�{at�pqhs����rspq�mt8gic|{á{ ã��vhk��}m{v}3yzc|pq� ��lm{á��{�g�t��mc|{v}
t|�
t|��{v��dS� yø��lm{É�ºÈ¤{vc|{'rk�m�ahk�m}�{v}º��lm{v� rs�IÈ¤pq�mhk}Ö�vpq��yzpi�m�m}*��l�{�c�{aj�{vg���gi��rkhkr����,piy���lm{�t���t���{a� È~rs��l
lmpZÈÀÈ¤{vhsh���lm{8�vgihkrs�mc�g���rkpq�ájmc�p
�v{a}m�mc|{Aj�c�{v}�rk�a��t���lm{8��{�git|�mc�{a}ºt��
t|��{a�át~{a�m}º{ � {a�a��pqcvd
� rs��l�pq������pqrkt|{i�®��lm{vc|{�{Éã�rkt���t��mp0jKpqt|rs��rspq�3pic�pqc|rk{v�¡��g���rspq�3{ac�c�pic��K{a��È¤{v{v�é��l�{�jmc�{a}mrk�É��{v}ég��m}

�á{vgit���c�{v}¨�apq�mc�rs{vc�{a�m}�{ � {v�a��pqc�yzc�gi��{vtadÌÃ²l�rkt�rst�}m�m{²��pM��l�{²}m{aæf��rs��rspq�'piyK��lm{²�mgit�{Igi�m}¨{a�m}á{ � {a�a��pqc
�vpq��c�rk{acAyzc�gi��{vt��zt�{a{,t�{a�a��rspq�éÅ�d ¿ �ÉdÖbS{aæf��rk�m����lm{,�apq�mc|rk{vc8yzc�g��á{at�rk� ��lmrstAÈEg��q�ø�á{vgi�mt�gihkhøpiy²��lm{
{vc|c�pqc~�K{a��È¤{v{v�*��lm{A�á{vgit��mc|{v}ºt|�
t|��{v� gi�m}���gihsrk�mc�g���rspq��jmc�{a}mrk�É��{a}Öt|�
t���{v� p
�v�a�mc�t���{É��ÈE{a{v�Ö��lm{Vu ß
yzc�gi��{Mgi��}o��lm{AÇMnS� {v�m}o{ � {a�a��pic~yzc�gi��{i����Â
d=��pic���lmrst�c�{vgit�pq�opq��hs��g'�apq�ájmgic�rst�pq�,�K{a��È¤{v{a�º��lm{
�á{vgit���c�{v}ot���t���{a�át±��Â�yzc�gi��{8gi�m}���l�{A�vgihkrs�mc�g·��rkpi�?jmc|{v}mrs�a��{a}W��Â'yzc�gi�á{xrkt²�ági}m{id

ÃQp�{at|��rk�ág���{I��lm{xgZ�i{vc�gi�q{MjKpqt�{xgi�v�a�mc�gi�É�q� ¿�ßqßqß c�gi�m}mpi�×�apq��æf�i�mc�g���rkpq��t�gic|{xt�{ahk{a�a��{a},yzc�pq� ��lm{
ÇMnS�r:��apq�mc|rk{vcx�vpq��æm�q�mc�g·��rkpi�0t�jfgi�a{id��fpqcM{�gi��l��vpi��æf�q�mc�g���rspq������lm{'��c�gi�mt|yzpic�� c|{vhàg·��rk���?��lm{¨��{�g·ÿ
t��mc|{v}�t���t���{a�átT��Â8yzc�gi��{IÈ~r���l,c|{vt|j�{a�a����pÁ��l�{x��lm{���gihsrk�mc�g���rspq�¨jmc�{a}mrk�É��{a} ��ÂAyzc�g��á{Irkt¤��gihs�v�mhkg���{a}
�mt�rs�m����l�{Áâ��mhs{vc²�apq�¡�q{v�¡��rkpq�H�dÓ®�ÔÎ'�ÖÕb� d

Ã®gi��hk{8Ù � �Epi�ájfg�c�rkt|pq�mt��K{a��È¤{v{a�º��lm{M�á{vgit���c�{v}ot���t���{a� gi�m}���lm{M�vgihkrs�mc�g·��rkpi�ájmc|{v}mrs�a��{v}ºÇMnS�
{v�m}�{ � {v�É��pqc�yzc�gi��{'�m�mt�rs�m�'��lm{Aâ��mhs{vc²�vpi�)�i{v�¡��rspq�H� � �p�M�É� � �p%��É� � �(�T�Q�Éd

bSrkc|{v�É��rkpi� ������gihsrk�mc�g���{a}�â�c�c�pic ��gihsrk�mc�g���{a}�â�c�c�pic
' ¿&i Ù�Ë ß ��� Ë i ÞqØ¡Õ Â3¿�ß Ñ « ���
) ¿&i ÙiØqó���� Ë i Þqó ¿bÂ3¿�ßJÑ « ���
# ß�i Å¡Âg��� Â i ÙióqÅ Â3¿�ßJÑ « ���
ÇSc�rs{v�¡��g���rkpq� ������gihsrk�mc�g���{a}�â�c�c�pic ��gihsrk�mc�g���{a}�â�c�c�pic
% Ë i Ë)Ùió&l Â>¿�ß Ñ { iÌßqß Â�l Â3¿Zß Ñ ­
� ó i Þ ß ó&l Â>¿�ß Ñ � iÌßqß Â�l Â3¿Zß Ñ ­
� Â i Õ l Â3¿ZßJÑ { Ù i ÞqÞ l Â3¿Zß2Ñ ®
ÃQgi�mhk{AÙ � Ãë�
jmrs��gihÜc|{vt���hs��t²p�yQ��lm{AgZ�i{vc�gi�q{8j�pit�{8{vc|c�pqc|t

5.4 MonteCarlo Simulation
���,pqc|}m{vcE��p�{vt���rs�?g���{xlmpZÈ È¤{vhkhK��lm{xjmc�pqjKpqt|{v},�vgihkrs�mc�g���rkpq�¨jmc|p��a{v}m��c�{xÈ¤pqc�ö)t²pq�og��i{vc�g��q{Sw"�ºpi�)��{
��gic�hsp t|rk����hàg���rkpq���ë�vpi�mt�rst|��rs�m�3p�yAÕ ß ��c�ràg�hktv�ëÈ�g�t?{Éã�{a�v����{v} rk�.pqc�}m{acá��p>{vt���rk�ág���{ºlmpZÈ È¤{vhshI��lm{
jmc�pij�pqt|{v}o��g�hkrk��c�g���rkpq�ájmc�p
�v{a}m�mc�{MÈ¤pqc�ö)tIpq��g��q{vc�gi�q{�dëÃ²l�{Ac|{vt|�mhs��t�g�c�{Mt�l�p�È~�ºrk��ÃQgi�mhs{8Þ�d
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bSrkc�{a�a��rkpq� â�c�c�pic
' Å i ÂiÅ Â>¿ZßJÑ ­ ���
) Å i Õ�Ë Â>¿ZßJÑ ­ ���
# ¿&i Ë ¿ ó Â3¿Zß Ñ « ���
ÇMc|rk{a�)��g���rspq� â�c�c�pic
%
�
�

ÃQgi�mhk{8Þ � Ã²lm{AgZ�i{vc�gi�q{8j�pit�{8{vc|c�pqc²pZ�q{acSÕ ß ��c�rkgih�t|rk����hàg���rkpq�mtad

5.5 Sensitivity Analysis
Ã²lm{MjKpqt�{S{ac�c|pqc�t²�K{a��È¤{v{a����lm{S��{�git|�mc�{a}�t��
t|��{a�õgi��}o��lm{S�vgihkrs�mc�g���rkpq��jmc|{v}mrs�a��{a}�{v�m}o{ � {a�a��pic�j�p·ÿ
t�r���rkpi�mtø�?g�����{��ápic�{xt|{v�mt|rs��rs�q{I��p�jmgic|��rk�v��hàgic�jfg�c�gi��{a��{vc�tad����ogi}m}�rs��rspq���¡lmpZÈ%È¤{vhsh���l�{x��g�hkrk��c�g���rkpq�
jmc�p
�v{a}m�mc|{,�q{v��{vc�g�hkhs��c|{v�vpZ�i{vc�t�g*jfg�c�gi��{a��{vc�g � {a�a��t���lm{�jKpqt�{�{ac�c�picvd7Ã²lm{vt|{o}mpq��rk�fg���{ájmgic�gi��{Éÿ
��{ac�t8�vpq��hk}7��{¨jmc|{Éÿ ��gihsrk�mc�g���{a}Ö��p�rk��jmc�pZ�i{���lm{¨jKpqt�{�gi�a�v�mc�gi�a�idáÃ�È¤p�ÈEg��
t�piy¤}m{a��{vc|�árs�mrk�m�á��lm{at�{
}mpq��rk�fg·��{8jfgic�gi�á{É��{ac�t�gic�{A��c�rs{v}�d�Ã²lm{�æfc|t|�xpq�m{�rs�¡�qpqh��q{vtxc��m�m��rk�m����lm{��vgihkrs�mc�g·��rkpi��jmc�p
�v{a}m�mc�{�pq�
t�jK{v�arsæf��t|�
t|��{v��tvdøÃ²lm{St|{v�vpi�m},È�g��árk�¡�qpihs�q{at�{Éã�gi��rk��rk�m�8��lm{O,�gi�vpi�mràgi�ápiy���lm{St�pihk����rkpq�ág��E��lm{x�K{vt��
æm�~jKpqrk�¡��d

5.5.1 Numerical Sensitivity Analysis
âøgi��lÖjfg�c�gi��{a��{vc�ÈEgitI��gic|rk{a}�pZ�i{vcIrs��t²��pqhk{ac�gi�m�a{Mc�gi���q{MÈ~lmrkhs{Möi{v{ajmrk������lm{Ác|{v�ágirk��rk�m��jmgic�gi��{a��{vc|t
g��²��l�{vrkcE�mpq��rk�fgihK��gihk�m{atvd�Ã²l�{Á�vgihkrs�mc�g���rkpq�ájmc�p
�v{a}m�mc|{8ÈEgit~c����oyzpic²{�gi��lºpiyQ��lm{vt|{8��git|{vtvd

eI{aj�pqc���rs�m�Á{vgi��l�jKpqt�{S{ac�c|pqcE�apq�ájKpq�m{a�¡�b�('U� )K�×#��Ö�X�Ä�I��gi�m}��M� ��g�tE{�g���l��áp
}m{vhKjfgic�gi��{a��{acë��gic|rk{at
pZ�q{vcArs��tM��pqhs{vc�g��m�v{¨c�g��m�q{i�Xc�{at��mh���t8rk� gi� rk�m�apq�áj�c�{vl�{v�mt|rk�mhs{'gi��pq�m�¡�Apiy�}fg·��g�dáwú�K{a�|��{vcAgih���{ac��fg·ÿ
��r��q{¨rktS��pº�ac�{�g·��{¨�á{É��c|rk�vtSyzpic8��lm{¨j�pit�rs��rkpq�7g��m} pic�rk{a�¡��g���rkpq�0{ac�c�picvd¨Ã²lm{�j�pqt|rs��rkpq�0��{a��c�rk���Ü��gihshk{a}
· ¹g�Å�$~���¹-¥¦Øo¹��Å�Å´o�g�g¹A�
�Krktx}�{aæf�m{a}7gitx��lm{��mpqc|� piy���lm{�j�pqt|rs��rkpq��{vc|c�pqc���{É��ÈE{a{v�0��lm{�jmc�{a}mrk�É��{v}7g��m}
gi�a���fgih�ÇMnS� {a�m},{ � {a�a��pic¤yzc�g��á{atvd�Ã²lm{�pqc�rs{v�¡��g·��rkpi����{a��c�rs�i�)��gihshk{a}`¹-�g�d�c¥¯~ÆØo¹��Å�Å´o�g�g¹A�
�)rktë}m{aæm�m{v}
git'��lm{o�mpic�� piyI��l�{�pic�rk{a�¡��g���rkpq��{ac�c�pic'��{É��ÈE{a{v� ��lm{ojmc�{a}mrk�É��{v}.gi�m}.gi�É���fgih²Ç8nx� {a�m}.{ � {a�a��pqc
yzc�gi��{vtad

âëg���l9jfgic�gi�á{É��{ac¨ÈEgit��ig�c�rk{a} pZ�q{ac?r��c� t¨��pqhk{ac�gi���v{�c�gi�m�i{i�EÈ~lmrshk{oöi{a{vjmrs�m� ��lm{Öc|{v�ágirk��rk�m�0jfg�ÿ
c�gi��{a��{vc|t¨g��¨��lm{arkc'�mpq��rk�mgih¤��gihs�m{vtad.Ã²lm{o�vgihkrs�mc�g���rkpq�3jmc�p
�v{a}m�mc�{�yzpqc¨{vgi��l �vgit�{oÈ�g�tác|�m��d Ã²lm{
· ¹g�Å�$~���¹-¥¦Øo¹��Å�Å´o�g�g¹A�8g��m}�¹-�g�d�c¥¯~ÆØo¹��Å�Å´\�A�g¹A�8gic|{xt|lmpZÈ~�,yzpqcë��lm{��W�
ÂÁjmgic�gi��{a��{vcad®Ã²lm{�c�{v�ágirs�mrk�m�æf�q�mc|{vt�gic|{�t|lmpZÈ~�9rk����lm{Ög�jmj�{a�m}mr ã��K{v��g��mt�{���lm{W��Â��ic�gijml�tág�c�{oc�{ajmc�{at�{v�¡��g���r��q{�piyx��lm{ºp���lm{ac
jfgic�gi�á{É��{ac�� t��qc�gijmlmtad0Ã²lm{vt|{��qc�gij�lmt�t�l�p�È×��lmg�����lm{,��g�hkrk��c�g���rkpq�7jmc|p��a{v}m�mc|{�rktÁc�{vhkg���r��q{ahs�7t|��gi�mhs{
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pZ�q{vc~{É�q{vc��ojfgic�gi�á{É��{ac�t���pihk{vc�gi�m�a{Mc�gi�m�i{id
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5.5.2 Jacobian Analysis
Ã²lm{?�)�m��{vc|rk�vgihø{vt|��rk�ág���{�piy���lm{b,�g��vpq�mrkgi� g�����lm{?��rk�mrs�árs�v{a}0j�pqrs�¡��gihst�p�jmc�pZ�
rk}�{vt�t|pq��{?rk��t�rk�il)�
rk�¡��p�lmpZÈ }mrst|��rs�m�a�A{vgi��l�jfgic�gi�á{É��{acArst�g·�Á��lmrktAj�pirk�¡��d�Ã²lm{á�)�m�á{ac�rs��gihø{vt���rs�?g���{¨piy���l�{b,�gi�apq�mràg��
c�{É���mc|�m{v}'�¡�0�$�cÈA¥¦¹-¥¦���d¥�rst�gi�0� �¡�h¥?�?g���c�r ã��·È~lm{vc|{�� rktQ��lm{��)�m���K{vc®piy��á{vgit���c�{v��{v�¡��t��vpqhshk{a�a��{a}
gi�m}�¥7rkt²��lm{A�)�m���K{vc~piy®jfgic�g��á{É��{vc|t\� ¿ Å'rk��pq�mc~�vgit�{c�Éd � rk�m�q��hàgicE��gihs�m{8}m{v�apq��j�pqt|rs��rkpq��� � ôMbb��rst
�mt�{a},}m{É��{vc|�árs�m{²��lm{�t�rs�m�q�mhkgic���gihk�m{atEg��m},t�rs�m�q�mhkgic��q{a�a��pqc�t�p�y���lm{©,�gi�apq�mràg���d�â®ã�gi��rk�mrs�m�M��lm{�c�rk�il)�
t�rs�m�q�mhkgic®�q{a�a��pqc�të��lfg��ë�apqc�c|{vt�jKpq�m}¨��p8��l�{�t|�?gihshk{at|�øt�rs�m�q�mhkgic®��gihs�m{vtøjmc|p��
rs}m{vt¤gi��rk�mt|rk�ql¡�ørk�¡��p8È~lmg��
jfgic�gi�á{É��{ac�t~t�lfg�c�{8��lm{A�ápit|�Ic�{a}m�m�m}fg��m�a�id²Ã²lm{Á��lmc�{a{Át|�?gihshk{at|�~t�rs�m�q�mhkgicE�i{v�a��pqc�t�rk�o��lm{At�pihk����rkpq�mt
��lmrst���g�hkrk��c�g���rkpq��jmc�p
�v{a}m�mc|{Mjmc�p
}m�m�a{vt~t�lmpZÈ ��lm{MjKpqt�r���rspq�?piyX��l�{Mjmrk�ml�pqhk{�rkt�t|pq�á{ÉÈ~lfg��~c|{v}m�m��}fgi�¡�
È~rs��l���lm{Ej�pqt|rs��rkpq�Ápiyf��lm{²Ç8nx�"� t��fgit�{�yzc�gi��{idXÃ²lmrkt�t|�m�q�q{at|��t���lfg���gi�'rk��jmc|p��i{v��{v�¡��rs����g�hkrk��c�g���rk�m�
��lm{'��c�gi�mt�yzpqc�� ��{É��ÈE{a{v�3��lm{á�apq�mc|rk{vc8g��m}>ÇMnx� �fgit|{�yzc�gi��{vt8�vpq��hk}7��{��ági}m{'rsyë��l�{ájKpqt�r���rspq�0piy
��lm{Mhs{v�mt~c|{vhàg·��rs�i{x��p'��lm{A� � b"ÈEgitIjmc�{ ÿ���g�hkrk��c�g���{v}�d

6 Conclusion
��� ��lmrkt8c�{aj�pic|���U��l�{?jml¡�
t�rs��gihø�vpi�ájKpq�m{a�)��tÁc|{vhkg���{a}���pÖ��g�hkrk��c�g���rk�m�,��rk��rsy_gi�É��pqc��ºÈEgit�g��fgihs�
�a{v} ��p
}m{a��{vc|�árs�m{ÖÈ~lmrs��l { � {a�a��toÈ¤{vc|{7c�{vhs{a�i{v�¡�o��pé��gihsrk�mc�g���rs�m�7��lm{0�apq�mc�rs{vc
:qÇMnS� jfgirscvd5w �áp
}m{vh�piy
��lm{at�{*{ � {a�a��t,pq� ��lm{*pq����jm���?piyM��lm{*Ç8� � È�git?�vpq�mt���c|�m�a��{v}�dÜ�f�mc���lm{ac���pqc�{��²g3}fg·��g3�apqhkhs{v�a��rkpq�
gihk�ipqc�r���lm� È�git®�vc�{vg���{a}���pSgi����pi�?g���rk�vgihkh����apqhkhs{v�É�®�apq�mc�rs{vc
:qÇMnS�×��{�g�t��mc|{v��{v�¡��tQp��i{vc�gIÈ~rk}m{¤c�gi�m�i{
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piy��apq��æf�i�mc�g���rkpq��tvd®Ã²l�{x��{�git|�mc�{a�á{a�)��tëÈ¤{vc|{���lm{v�,��t�{v}áÈ~rs��l¨��l�{x��p�}m{ahm��pAc�{a�vpZ�q{acE��lm{I�m�mö)�mpZÈ~�
c�{ahàg���rkpq�mt|lmrkj7�K{a��È¤{v{a�>��lm{á�vpq�mc|rk{ac�gi��}éÇMnS� dÀ�®rk�mgihkh��0gºt|rk����hàg���rkpq�0piy²��lm{?�apq�mc|rk{vc
:qÇMnS� jfgirkc
È�g�tA�vgihkrs�mc�g·��{v}�d�Ãë�
jmrs��gih�c|{vt|�mhs��t8yzc|pq� ��lm{¨t�rs���mhàg·��rkpi�Öt�l�p�È¤{v} ��lm{¨{v���vhkrs}mràg��*}mrkt���gi���v{¨��{É��ÈE{a{v�
��lm{Mj�c�{v}�rk�a��{v}�j�pit�{i��g��m}�gi�a���fgih�jKpqt�{MÈEgit~hk{at�t²��lfg�� ¿ �m�ºd

7 Future Work
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