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Terrain Aware Tactical Motion Planning and Control Algorithms for
Off-Road UGVs in GNSS-Denied Hostile Environments

Jyotirmoy Mukherjee

(ABSTRACT)

This dissertation introduces an advanced framework for terrain-aware tactical motion plan-

ning and control of off-road unmanned ground vehicles operating in environments where

global navigation satellite systems are unavailable due to adversarial interference or struc-

tural constraints. The research focuses on enabling autonomous navigation in uncharted,

hostile terrains by developing a hierarchical autonomy stack that seamlessly integrates nav-

igation, path planning, trajectory planning, and control functionalities. The navigation

system employs onboard vision-based and inertial sensors to construct real-time environ-

mental representations, utilizing geometric segmentation techniques such as random sample

consensus and inverse ray tracing to differentiate traversable surfaces from obstacles. These

representations, encompassing occupancy grids and topographic profiles, account for terrain

geometry and surface characteristics, providing a foundation for subsequent planning stages.

The path planning module leverages heuristic-driven graph search strategies to compute way-

point sequences that optimize for tactical concealment while ensuring efficient progression

toward a goal. A novel stealth-inducing mechanism biases paths to exploit obstacle proxim-

ity for cover, and a dual-mode interaction paradigm distinguishes between protective shelters

and hazardous entities, enhancing strategic navigation in contested settings. The trajectory

planning module transforms these waypoints into smooth, time-parameterized trajectories

through cubic polynomial spline interpolation, incorporating terrain-adaptive orientation via



rotation-minimizing frames to maintain kinematic consistency over uneven landscapes. A

tactical velocity modulation scheme adjusts motion dynamics based on terrain elevation and

obstacle proximity, while collision avoidance is achieved through the generation of safe nav-

igation corridors using geometric constructs. The control system ensures robust trajectory

execution, compensating for environmental uncertainties.

Field deployment on a robotic platform in a controlled indoor environment validates the

framework’s capability to map unknown terrains, generate stealth-aware paths, and produce

feasible trajectories under GNSS-denied conditions. The research advances autonomous

off-road navigation by offering scalable algorithms that enhance tactical decision-making,

with potential applications in military reconnaissance, disaster response, and extraterrestrial

exploration.



Terrain Aware Tactical Motion Planning and Control Algorithms for
Off-Road UGVs in GNSS-Denied Hostile Environments

Jyotirmoy Mukherjee

(GENERAL AUDIENCE ABSTRACT)

This dissertation explores new ways to help self-driving off-road vehicles travel through

dangerous areas where GPS signals don’t work, such as in war zones or disaster-stricken

regions. The goal is to make these vehicles, called unmanned ground vehicles, smart enough

to move on their own while staying hidden and safe in tough environments with uneven

ground and obstacles. The research creates a system that acts like a brain for the vehicle,

breaking down the job into steps: understanding the surroundings, planning a safe route,

figuring out how to move smoothly, and making sure the vehicle follows that plan.

The system starts by using cameras and sensors on the vehicle to create a map of the area

as it moves, spotting things like rocks or walls and figuring out what parts of the ground

are safe to drive on. Then, it plans a path that keeps the vehicle close to objects that can

hide it, like trees or buildings, while still heading toward its destination. This path avoids

dangerous spots and chooses routes that make the vehicle harder to spot. Next, the system

makes a detailed plan for how the vehicle should move over the bumpy ground, adjusting

its speed to be careful on steep slopes or near hiding spots, and ensuring it doesn’t bump

into anything by creating safe zones to travel through. Finally, the vehicle follows this plan,

making small changes as needed to handle unexpected challenges.

The ideas were tested on a real robotic vehicle in an indoor space, showing that the vehicle

could map its surroundings, pick a hidden route, and move smoothly while avoiding obstacles.



This work helps make self-driving vehicles more useful for tasks like delivering supplies in

war zones, helping after natural disasters, or even exploring other planets.
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with uncertainty. In such uncharted terrain, companionship becomes not just comforting

but essential. It is the steadfast support, encouragement, and wisdom of others that serve

as guiding stars — helping one stay the course when the path ahead is unclear. This jour-

ney would not have been possible without the presence of many remarkable individuals who
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discussions, that curiosity evolved into a structured research program — from unboxing the
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with confidence, and build with purpose. In many ways, they were my “navigation and
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�`�2�7�H�2�+�i�B�Q�M �i�2�+�?�M�B�[�m�2 �+�Q�K�T���`�2�/ �i�Q �i�?�Q�b�2 �Q�#�i���B�M�2�/ �m�b�B�M�; �i�?�2 �T�`�Q�T�Q�b�2�/ �/�Q�m�#�H�2

�T�`�Q�D�2�+�i�B�Q�M �i�2�+�?�M�B�[�m�2 �B�M�/�B�+���i�2 �`�2�/�m�+�2�/ �i�Q�`�b�B�Q�M �p���H�m�2�b ���H�K�Q�b�i �2�[�m���H �i�Q �x�2�`�Q �#�m�i

�T�`�2�b�2�`�p���i�B�Q�M �Q�7 �i�?�2 �b�T�H�B�M�2�b �+�m�`�p���i�m�`�2�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�3�N

�j�X�N �*�Q�K�T���`�B�b�Q�M �Q�7 �b�B�K�m�H���i�B�Q�M �i�B�K�2 �7�Q�` ���i�i�B�i�m�/�2 �T�H���M�M�2�`�b�, �h�?�2 �T�H�Q�i �+�Q�K�T���`�2�b �i�?�2

�+�Q�K�T�m�i���i�B�Q�M���H �i�B�K�2 �Q�7 �q���M�;�ö�b �/�Q�m�#�H�2 �`�2�7�H�2�+�i�B�Q�M �K�2�i�?�Q�/ �U�H�B�i�2�`���i�m�`�2�V ���M�/ �i�?�2

�T�`�Q�T�Q�b�2�/ �/�Q�m�#�H�2 �T�`�Q�D�2�+�i�B�Q�M �K�2�i�?�Q�/ ���+�`�Q�b�b �p���`�v�B�M�; �i�B�K�2 �p�2�+�i�Q�` �`�2�b�Q�H�m�i�B�Q�M�b�X

�h�?�2 �/�Q�m�#�H�2 �T�`�Q�D�2�+�i�B�Q�M �K�2�i�?�Q�/ �+�Q�M�b�B�b�i�2�M�i�H�v �b�?�Q�r�b �H�Q�r�2�` �+�Q�K�T�m�i���i�B�Q�M���H �i�B�K�2�-

�b�m�;�;�2�b�i�B�M�; �#�2�i�i�2�` �b�m�B�i���#�B�H�B�i�v �7�Q�` �`�2���H�@�i�B�K�2 ���T�T�H�B�+���i�B�Q�M�b�X�X �X �X �X �X �X �X �X �X �X �X �X�3�N

�j�X�R�y �*�Q�K�T�Q�M�2�M�i�b �Q�7 �i�?�2 �p�2�H�Q�+�B�i�v �p�2�+�i�Q�` �7�Q�` �+�Q�M�b�i���M�i �p�2�H�Q�+�B�i�v�, �h�?�2 �i�Q�T �`�Q�r �b�?�Q�r�b

�i�?�2 �+�Q�K�T�Q�M�2�M�i�bvx (t)�-vy(t)�-vz(t) �B�M �i�?�2 �B�M�2�`�i�B���H �7�`���K�2I ���b �� �7�m�M�+�i�B�Q�M �Q�7 �i�B�K�2�-

�r�?�B�H�2 �i�?�2 �#�Q�i�i�Q�K �`�Q�r �b�?�Q�r�b �i�?�2�K ���b �� �7�m�M�+�i�B�Q�M �Q�7 �i�?�2 �b�T�H�B�M�2 �T���`���K�2�i�2�`� �X �X �N�R

�t�B�t



�j�X�R�R �o�2�H�Q�+�B�i�v �T�`�Q�7�B�H�2 ���H�Q�M�; �i�?�2 �b�T�H�B�M�2 �7�Q�` �+�Q�M�b�i���M�i �p�2�H�Q�+�B�i�v�, �h�?�2 �;�`���T�? �b�?�Q�r�b ��

�+�Q�M�b�i���M�i �p�2�H�Q�+�B�i�v �Q�75�K�b� 1 �Q�p�2�` �i�B�K�2�- �`�2�T�`�2�b�2�M�i�B�M�; �m�M�B�7�Q�`�K �K�Q�i�B�Q�M ���H�Q�M�; �i�?�2

�+�m�#�B�+ �b�T�H�B�M�2�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�N�R

�j�X�R�k �o�2�H�Q�+�B�i�v �b�+���H�B�M�; �r�B�i�? �2�H�2�p���i�B�Q�M ���H�Q�M�; �i�?�2 �b�T�H�B�M�2�, �h�?�2 �T�H�Q�i �b�?�Q�r�b �i�?�2 �i���+�i�B�+���H

�p�2�H�Q�+�B�i�vV(� ) �K�Q�/�m�H���i�2�/ �#�v �i�?�2 �Q�T�@�i�2�K�T�Q �7�m�M�+�i�B�Q�M� (� )�- �/�2�+�`�2���b�B�M�; �/�m�`�B�M�;

�2�H�2�p���i�B�Q�M �+�H�B�K�#�b ���M�/ �B�M�+�`�2���b�B�M�; �Q�M �7�H���i �i�2�`�`���B�M�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�N�k

�j�X�R�j �o�2�H�Q�+�B�i�v �b�+���H�B�M�; �r�B�i�? �b�?�2�H�i�2�` �T�`�Q�t�B�K�B�i�v ���H�Q�M�; �i�?�2 �b�T�H�B�M�2�, �h�?�2 �T�H�Q�i �b�?�Q�r�b �i�?�2

�i���+�i�B�+���H �p�2�H�Q�+�B�i�vV(� ) �/�2�+�`�2���b�B�M�; �M�2���` �b�?�2�H�i�2�`�b �U�H�Q�rdO (� )�V ���M�/ �B�M�+�`�2���b�B�M�; �r�?�2�M

�7���`�i�?�2�` ���r���v�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�N�k

�j�X�R�9 �o�2�H�Q�+�B�i�v �+�Q�K�T�Q�M�2�M�i�b �B�M �B�M�2�`�i�B���H ���M�/ �#�Q�/�v �7�`���K�2�b �Q�M �m�M�2�p�2�M �i�2�`�`���B�M�, �h�?�2 �i�Q�T

�`�Q�r �b�?�Q�r�b �+�Q�K�T�Q�M�2�M�i�bvx (t)�- vy(t)�- vz(t) �B�M �i�?�2 �B�M�2�`�i�B���H �7�`���K�2I �- �r�?�B�H�2 �i�?�2

�#�Q�i�i�Q�K �`�Q�r �b�?�Q�r�bv̂x (t)�-v̂y(t)�-v̂z(t) �B�M �i�?�2 �#�Q�/�v �7�`���K�2J�- �r�B�i�? �M�2���`�@�x�2�`�Qv̂y(t)

���M�/̂vz(t) �+�Q�M�7�B�`�K�B�M�; �M�Q�M�@�?�Q�H�Q�M�Q�K�B�+ �+�Q�M�b�i�`���B�M�i�b�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�N�j

�j�X�R�8 �o�2�H�Q�+�B�i�v �+�Q�K�T�Q�M�2�M�i�b �B�M �B�M�2�`�i�B���H ���M�/ �#�Q�/�v �7�`���K�2�b �Q�M �7�H���i �i�2�`�`���B�M�, �h�?�2 �i�Q�T �`�Q�r

�b�?�Q�r�b �+�Q�K�T�Q�M�2�M�i�bvx (t)�-vy(t)�-vz(t) �B�M �i�?�2 �B�M�2�`�i�B���H �7�`���K�2I �- �r�?�B�H�2 �i�?�2 �#�Q�i�i�Q�K

�`�Q�r �b�?�Q�r�bv̂x (t)�-v̂y(t)�-v̂z(t) �B�M �i�?�2 �#�Q�/�v �7�`���K�2J�- �r�B�i�? �K�B�M�B�K���Hvz(t) ���M�/̂vz(t)

�/�m�2 �i�Q �7�H���i �i�2�`�`���B�M�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�N�j

�j�X�R�e ���M�;�m�H���` �p�2�H�Q�+�B�i�B�2�b ���i �?�B�;�? �`�2�b�Q�H�m�i�B�Q�M�, �h�?�2 �T�H�Q�i�b �b�?�Q�r! x (t)�-! y(t)�- ���M�/! z(t)

�+�Q�K�T�m�i�2�/ �#�v �a�G�1�_�S�- �a�Z�l���.�- �_�Q�/�`�B�;�m�2�b�- ���M�/ �6�Q�`�r���`�/ �1�m�H�2�` ���i �e�9�y �i�B�K�2

�T�Q�B�M�i�b�- �+�Q�K�T���`�2�/ �i�Q �i�?�2 �;�`�Q�m�M�/ �i�`�m�i�?�X ���H�H �K�2�i�?�Q�/�b �+�Q�M�p�2�`�;�2 �+�H�Q�b�2�H�v ���i �?�B�;�?

�`�2�b�Q�H�m�i�B�Q�M�- �#�m�i �b�i�`�m�;�;�H�2 ���i �H�Q�r�2�` �`�2�b�Q�H�m�i�B�Q�M�b�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�N�8

�t�t



�j�X�R�d ���M�;�m�H���` �p�2�H�Q�+�B�i�B�2�b ���i �H�Q�r �`�2�b�Q�H�m�i�B�Q�M�, �h�?�2 �T�H�Q�i�b �b�?�Q�r! x (t)�-! y(t)�- ���M�/! z(t)

�+�Q�K�T�m�i�2�/ �#�v �a�G�1�_�S�- �a�Z�l���.�- �_�Q�/�`�B�;�m�2�b�- ���M�/ �6�Q�`�r���`�/ �1�m�H�2�` ���i �9�y �i�B�K�2

�T�Q�B�M�i�b�- �+�Q�K�T���`�2�/ �i�Q �i�?�2 �;�`�Q�m�M�/ �i�`�m�i�?�X �_�Q�/�`�B�;�m�2�b�- �a�G�1�_�S ���M�/ �a�Z�l���. �i�`���+�F

�i�?�2 �;�`�Q�m�M�/ �i�`�m�i�? �K�Q�`�2 �2�7�7�2�+�i�B�p�2�H�v �i�?���M �6�Q�`�r���`�/ �1�m�H�2�`�X�X �X �X �X �X �X �X �X �X �X �X �X�N�e

�j�X�R�3 �P�#�b�i���+�H�2 �K���T �r�B�i�? �p���`�B�Q�m�b �;�2�Q�K�2�i�`�B�+ �b�?���T�2�b ���M�/ �� �M�Q�B�b�2�@�B�M�+�H�m�b�B�p�2 �K�Q�/�2�H �i�Q

�b�B�K�m�H���i�2 �`�2���H�@�r�Q�`�H�/ �+�Q�M�/�B�i�B�Q�M�b�, �h�?�2 �K���T �/�B�b�T�H���v�b �/�B�7�7�2�`�2�M�i �;�2�Q�K�2�i�`�B�+ �Q�#�b�i���@

�+�H�2�b �U�+�B�`�+�H�2�b�- �b�[�m���`�2�b�- ���M�/ �2�H�H�B�T�b�2�b�V �r�B�i�? �M�Q�B�b�2 ���/�/�2�/ �i�Q �b�B�K�m�H���i�2 �2�M�p�B�`�Q�M�K�2�M�i���H

�m�M�+�2�`�i���B�M�i�v�- �T�`�Q�p�B�/�B�M�; �� �+�Q�K�T�H�2�t �i�2�`�`���B�M �7�Q�` �l�:�o �T���i�? �T�H���M�M�B�M�; ���M�/ �Q�#�b�i���+�H�2

���p�Q�B�/���M�+�2�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�N�d

�j�X�R�N �a���7�2�i�v �+�Q�`�`�B�/�Q�` �;�2�M�2�`���i�2�/ �#�v �i�?�2 ���H�;�Q�`�B�i�?�K�- �?�B�;�?�H�B�;�?�i�B�M�; �i�?�2 �+�Q�H�H�B�b�B�Q�M ���p�Q�B�/�@

���M�+�2 �b�i�`���i�2�;�v�, �h�?�2 �7�B�;�m�`�2 �b�?�Q�r�b �i�?�2 �b���7�2�i�v �+�Q�`�`�B�/�Q�` �U�B�M �#�H�m�2�V ���`�Q�m�M�/ �i�?�2 �i�`���@

�D�2�+�i�Q�`�v�- �r�B�i�? �`�2�/ �B�M�/�B�+���i�B�M�; ���`�2���b �Q�7 �T�Q�i�2�M�i�B���H �+�Q�H�H�B�b�B�Q�M�X �h�?�2 ���H�;�Q�`�B�i�?�K ���/�D�m�b�i�b

�i�?�2 �T���i�? �r�B�i�?�B�M �i�?�2 �+�Q�`�`�B�/�Q�` �i�Q �2�M�b�m�`�2 �b���7�2 �M���p�B�;���i�B�Q�M ���M�/ �Q�#�b�i���+�H�2 ���p�Q�B�/���M�+�2�X�N�3

�j�X�k�y �1�H�H�B�T�b�Q�B�/�@�#���b�2�/ �+�Q�H�H�B�b�B�Q�M ���p�Q�B�/���M�+�2�, �h�?�2 �7�B�;�m�`�2 �b�?�Q�r�b �i�r�Q �2�H�H�B�T�b�Q�B�/�b �U�#�H�m�2 �r�B�`�2�@

�7�`���K�2�b�V �+�2�M�i�2�`�2�/ ���H�Q�M�; �i�?�2 �i�`���D�2�+�i�Q�`�v�- �+�Q�M�M�2�+�i�2�/ �#�v �� �`�2�/ �H�B�M�2 �7�`�Q�K(x; y; z) �

(5; 5; � 2) �i�Q(x; y; z) � (15; 15; 2)�- �K���`�F�2�/ �#�v �;�`�2�2�M ���M�/ �`�2�/ �b�i���`�b�X �P�#�b�i���+�H�2

�T�Q�B�M�i�b �U�#�H���+�F �/�Q�i�b�V �H�B�2 �Q�m�i�b�B�/�2 �i�?�2 �2�H�H�B�T�b�Q�B�/�b�- �2�M�b�m�`�B�M�; �� �+�Q�H�H�B�b�B�Q�M�@�7�`�2�2 �T���i�?�X�X �R�y�y

�j�X�k�R �1�H�H�B�T�b�Q�B�/�@�#���b�2�/ �+�Q�H�H�B�b�B�Q�M ���p�Q�B�/���M�+�2 �U�+�H�Q�b�2�@�m�T�V�, �h�?�2 �7�B�;�m�`�2 �b�?�Q�r�b �i�r�Q �2�H�H�B�T�b�Q�B�/�b

���H�Q�M�; �i�?�2 �l�:�o �i�`���D�2�+�i�Q�`�v�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�y�y

�9�X�R �h�?�2 �A�M�i�2�H �_�2���H�a�2�M�b�2 �.�9�j�8�B �+���K�2�`�� �T�`�Q�/�m�+�2�b �+�Q�H�Q�` ���M�/ �/�2�T�i�? �B�M�7�Q�`�K���i�B�Q�M �Q�7

�b�m�`�7���+�2�b �B�M �B�i�b �7�B�2�H�/ �Q�7 �p�B�2�r �B�M �i�?�2 �7�Q�`�K �Q�7 �T�Q�B�M�i �+�H�Q�m�/�b�X �X �X �X �X �X �X �X �X �X �X �X �X�R�R�y

�t�t�B



�9�X�k �A�M�i�2�H �_�2���H�a�2�M�b�2 �h�k�e�8 �i�`���+�F�B�M�; �+���K�2�`�� �T�`�Q�p�B�/�2�b �e�.�Q�6 �T�Q�b�2 ���M�/ �B�M�2�`�i�B���H �B�M�7�Q�`�@

�K���i�B�Q�M �i�?�`�Q�m�;�? �p�B�b�m���H�@�B�M�2�`�i�B���H �Q�/�Q�K�2�i�`�v �U�o�A�P�V�- �2�M���#�H�B�M�; �`�Q�#�m�b�i �H�Q�+���H�B�x���i�B�Q�M

�B�M �:�L�a�a�@�/�2�M�B�2�/ �2�M�p�B�`�Q�M�K�2�M�i�b�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�R�R

�9�X�j �*�Q�K�T���`�B�b�Q�M �Q�7 �l�:�o �T���i�? �m�b�B�M�; �b�2�M�b�Q�` �7�m�b�B�Q�M �p�2�`�b�m�b �/�2���/ �`�2�+�F�Q�M�B�M�;�, �h�?�2 �`�2�/

�H�B�M�2 �`�2�T�`�2�b�2�M�i�b �i�?�2 �T���i�? �2�b�i�B�K���i�2�/ �#�v �i�?�2 �h�k�e�8 �+���K�2�`�� ���H�Q�M�2�- �r�?�B�H�2 �i�?�2 �#�H�m�2

�H�B�M�2 �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �i�?�2 �T���i�? �Q�#�i���B�M�2�/ �i�?�`�Q�m�;�? �1�t�i�2�M�/�2�/ �E���H�K���M �6�B�H�i�2�` �U�1�E�6�V

�7�m�b�B�Q�M �Q�7 �h�k�e�8 �T�Q�b�2�- �J�B�+�`�Q�a�i�`���B�M �j�.�J�@�:�s�j�@�k�8 �A�J�l�- ���M�/ �r�?�2�2�H �2�M�+�Q�/�2�` �/���i���X�R�R�9

�9�X�9 �_�:�" �p�B�2�r �Q�7 �� �i�2�b�i �i�2�`�`���B�M �r�B�i�? ���`�i�B�7�B�+�B���H �Q�#�b�i���+�H�2�b�, �h�?�2 �B�K���;�2 �b�?�Q�r�b �� �+�Q�M�@

�i�`�Q�H�H�2�/ �2�t�T�2�`�B�K�2�M�i���H �b�2�i�m�T �7�2���i�m�`�B�M�; �� �i�2�`�`���B�M �r�B�i�? �p�B�b�B�#�H�2 �i�`���+�F�b�- �b�B�K�m�H���i�B�M�;

�`�2���H�@�r�Q�`�H�/ �+�Q�M�/�B�i�B�Q�M�b �7�Q�` �i�2�b�i�B�M�; �i�2�`�`���B�M �b�2�;�K�2�M�i���i�B�Q�M ���M�/ �Q�#�b�i���+�H�2 �/�2�i�2�+�i�B�Q�M

�b�v�b�i�2�K�b�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�R�8

�9�X�8 �S�Q�B�M�i �+�H�Q�m�/ �`�2�T�`�2�b�2�M�i���i�B�Q�M �Q�7 �i�2�`�`���B�M�, �� �j�. �p�B�b�m���H�B�x���i�B�Q�M �Q�7 �i�?�2 �i�2�`�`���B�M �+���T�@

�i�m�`�2�/ �#�v �i�?�2 �l�:�o�ö�b �b�2�M�b�Q�`�b�- �b�?�Q�r�B�M�; �i�?�2 �/�B�b�i�`�B�#�m�i�B�Q�M �Q�7 �b�m�`�7���+�2 �T�Q�B�M�i�b �m�b�2�/

�7�Q�` �;�`�Q�m�M�/ �b�2�;�K�2�M�i���i�B�Q�M ���M�/ �i�Q�T�Q�;�`���T�?�v �K���T�T�B�M�;�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�R�e

�9�X�e �a�2�;�K�2�M�i�2�/ �T�Q�B�M�i �+�H�Q�m�/�b �B�M �i�?�2 �+���K�2�`�� �7�`���K�2�X �h�?�2 �v�2�H�H�Q�r �/�Q�i�b �+�Q�`�`�2�b�T�Q�M�/ �i�Q

�i�?�2 �T�Q�b�B�i�B�p�2 �Q�#�b�i���+�H�2 �b�2�i �r�?�2�`�2���b �i�?�2 �;�`�2�2�M �/�Q�i�b �+���T�i�m�`�2 �i�?�2 �i�2�`�`���B�M �i�Q�T�Q�;�`���T�?�v�R�R�N

�9�X�d �� �/�Q�K�2 �r�B�i�? �/�B�b�+�2�`�M�B�#�H�2 �?�2�t���;�Q�M���H �7�2���i�m�`�2�b �Q�M �B�i�b �b�m�`�7���+�2�- �B�H�H�m�b�i�`���i�B�M�; �i�?�2

�H�B�M�2�@�Q�7�@�b�B�;�?�i �T�`�B�M�+�B�T�H�2 �m�b�2�/ �B�M �B�M�p�2�`�b�2 �`���v �i�`���+�B�M�; �7�Q�` �i�2�`�`���B�M �b�2�;�K�2�M�i���i�B�Q�M�X�X �X�R�k�R

�9�X�3 �A�H�H�m�b�i�`���i�B�Q�M �Q�7 �i�?�2 �B�M�p�2�`�b�2 �`���v �i�`���+�B�M�; �i�2�+�?�M�B�[�m�2 �7�Q�` �i�2�`�`���B�M �i�Q�T�Q�;�`���T�?�v �2�t�@

�i�`���+�i�B�Q�M�, �h�?�2 �/�B���;�`���K �b�?�Q�r�b �?�Q�r �p�B�`�i�m���H �`���v�b ���`�2 �+���b�i �7�`�Q�K �� �T�H���M�2Vp �#�2�H�Q�r

�i�?�2 �i�2�`�`���B�M �i�Q �/�2�i�2�+�i �i�2�`�`���B�M �T�Q�B�M�i�bT �- �r�?�B�H�2 �B�;�M�Q�`�B�M�; �Q�#�b�i���+�H�2�bO�- �2�M���#�H�B�M�;

���+�+�m�`���i�2 �i�2�`�`���B�M �K�Q�/�2�H�B�M�;�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�k�k

�t�t�B�B



�9�X�N �j�. �`�2�T�`�2�b�2�M�i���i�B�Q�M �Q�7 �i�2�`�`���B�M �i�Q�T�Q�;�`���T�?�v�, �h�?�2 �K�2�b�? �;�`�B�/ �B�H�H�m�b�i�`���i�2�b �i�?�2 �i�2�`�@

�`���B�M�ö�b �b�m�`�7���+�2�- �?�B�;�?�H�B�;�?�i�B�M�; �F�2�v �7�2���i�m�`�2�b �b�m�+�? ���b �2�H�2�p���i�B�Q�M �+�?���M�;�2�b ���M�/ �+�m�`�p���@

�i�m�`�2�b�X �h�?�2 �T�Q�B�M�i �H���#�2�H�2�/ �r�B�i�? �i�?�2 �v�2�H�H�Q�r �+�B�`�+�H�2 �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �i�?�2 �i�2�`�`���B�M �b�2�i

T �- �r�?�B�+�? �B�b �`�2�;�B�b�i�2�`�2�/ �B�M �i�?�2 �;�H�Q�#���H �7�`���K�2 �i�Q �7�Q�`�K �i�?�2 �i�2�`�`���B�M �i�Q�T�Q�;�`���T�?�v �K���T

M T �X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�k�8

�9�X�R�y �S�Q�B�M�i �+�H�Q�m�/ �`�2�;�B�b�i�`���i�B�Q�M�, �� �j�. �p�B�b�m���H�B�x���i�B�Q�M �/�2�K�Q�M�b�i�`���i�B�M�; �i�?�2 �T�`�Q�+�2�b�b �Q�7

���H�B�;�M�B�M�; �T�Q�B�M�i �+�H�Q�m�/ �/���i�� �B�M �p�B�`�i�m���H �/�B�b�+�`�2�i�2 �#�B�M�b �+���H�H�2�/ �p�Q�t�2�H�b�- �r�B�i�? �T�Q�B�M�i

�+�H�Q�m�/�b �U�#�H�m�2�V �`�2�T�`�2�b�2�M�i�B�M�; �Q�#�b�i���+�H�2 �H�Q�+���i�B�Q�M�bO �r�B�i�?�B�M �i�?�2 �K���T�T�2�/ �2�M�p�B�`�Q�M�@

�K�2�M�i�X �h�?�2 �`�2�;�B�b�i�`���i�B�Q�M �T�`�Q�+�2�b�b �B�b �+�`�m�+�B���H �7�Q�` ���+�+�m�`���i�2�H�v �K�Q�/�2�H�B�M�; �i�?�2 �i�2�`�`���B�M

���M�/ �Q�#�b�i���+�H�2�b �B�M �l�:�o �M���p�B�;���i�B�Q�M�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�k�e

�9�X�R�R �o�Q�t�2�H �K���T �`�2�T�`�2�b�2�M�i���i�B�Q�M �Q�7 �Q�#�b�i���+�H�2 �/���i��M O �, �h�?�2 �j�. �;�`�B�/ �B�H�H�m�b�i�`���i�2�b �i�?�2

�/�B�b�+�`�2�i�B�x���i�B�Q�M �Q�7 �b�T���+�2 �B�M�i�Q �p�Q�t�2�H�b�- �r�B�i�? �#�H���+�F �+�m�#�2�b �`�2�T�`�2�b�2�M�i�B�M�; �;�`�B�/ �2�H�2�K�2�M�i�b

���b �Q�+�+�m�T�B�2�/ ���7�i�2�` �`�2�;�B�b�i�`���i�B�Q�M �Q�7 �i�?�2 �Q�#�b�i���+�H�2 �b�2�iO�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�k�d

�9�X�R�k �1�t�T�2�`�B�K�2�M�i���H �b�2�i�m�T ���M�/ �`�2�b�m�H�i�b �7�Q�` �j�. �p�Q�t�2�H �K���T�T�B�M�; �B�M ���M �B�M�/�Q�Q�` �H���# �2�M�p�B�@

�`�Q�M�K�2�M�i�X �h�Q�T�, �S�?�Q�i�Q�;�`���T�?�b �Q�7 �i�?�2 �H���# �U�k�y �K� �k�y �K�V �b�?�Q�r�B�M�; �+�H�m�i�i�2�`�2�/ ���`�2���b

�r�B�i�? �/�2�b�F�b ���M�/ �#�Q�t�2�b �U�H�2�7�i�V ���M�/ �Q�T�2�M �b�T���+�2�b �U�`�B�;�?�i�V�X �"�Q�i�i�Q�K�, �*�Q�`�`�2�b�T�Q�M�/�B�M�;

�p�Q�t�2�H �K���T�b �p�B�b�m���H�B�x�2�/ �B�M �_�o�B�x�- �r�B�i�? �+�Q�H�Q�`�b �`�2�T�`�2�b�2�M�i�B�M�; �?�2�B�;�?�i �U�#�H�m�2 �7�Q�` �?�B�;�?�2�`

�2�H�2�p���i�B�Q�M�b�- �;�`�2�2�M �i�Q �v�2�H�H�Q�r �7�Q�` �H�Q�r�2�` �2�H�2�p���i�B�Q�M�b�V�X�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�j�R

�9�X�R�j �o���H�B�/���i�B�Q�M �Q�7 �k�. �Q�+�+�m�T���M�+�v �;�`�B�/ �K���T�T�B�M�; �B�M ���M �B�M�/�Q�Q�` �?���H�H�r���v �2�M�p�B�`�Q�M�K�2�M�i�X

�h�Q�T�, �S�?�Q�i�Q�;�`���T�? �Q�7 �i�?�2 �?���H�H�r���v �r�B�i�? �i�B�H�2�/ �7�H�Q�Q�`�b �U�2���+�? �i�B�H�2 �e�y �+�K� �e�y �+�K�V�-

�b�?�Q�r�B�M�; �� �/�B�b�i���M�+�2 �Q�7 �8 �i�B�H�2�b �U�j �K�V �#�2�i�r�2�2�M �r���H�H�b�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�j�9

�9�X�R�9 �A�M�/�Q�Q�` �i�2�b�i �2�M�p�B�`�Q�M�K�2�M�i �r�B�i�? �i�B�H�2�/ �7�H�Q�Q�` ���M�/ �b�i���i�B�+ �Q�#�b�i���+�H�2�b�, �h�?�2 �B�K���;�2

�b�?�Q�r�b �� �?���H�H�r���v �b�2�i�m�T �m�b�2�/ �7�Q�` �p���H�B�/���i�B�M�; �Q�#�b�i���+�H�2 �/�2�i�2�+�i�B�Q�M ���M�/ �Q�+�+�m�T���M�+�v

�;�`�B�/ �K���T�T�B�M�;�- �r�B�i�? �i�B�H�2 �/�B�K�2�M�b�B�Q�M�b �K���`�F�2�/ �i�Q �2�p���H�m���i�2 �Q�+�+�m�T���M�+�v �K���T ���+�+�m�`���+�v�R�j�8
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�9�X�R�8 �h�2�`�`���K�2�+�?���M�B�+�b �`�B�;�, �*�Q�M�i�`�Q�H�H�2�/ �2�t�T�2�`�B�K�2�M�i���H �7���+�B�H�B�i�v �r�B�i�? �p�B�b�B�#�H�2 �i�2�`�`���B�M �7�2���@

�i�m�`�2�b �B�M �i�?�2 �Q�`�/�2�` �Q�7 �+�2�M�i�B�K�2�i�2�`�b�X �h�?�2 �2�t�T�2�`�B�K�2�M�i���H �`�B�; �+�Q�M�b�B�b�i�b �Q�7 �� �+���`�`�B���;�2

�i�?���i ���H�H�Q�r�b �7�Q�` �H�Q�M�;�B�i�m�/�B�M���H �K�Q�i�B�Q�M ���H�Q�M�; �i�?�2 �`�m�i�- �r�?�B�+�? �r���b �m�b�2�/ �7�Q�` �i�2�b�i�B�M�;

�i�?�2 ���+�+�m�`���+�v �Q�7 �i�?�2 �Q�M�@�#�Q���`�/ �M���p�B�;���i�B�Q�M �b�v�b�i�2�K�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�j�N

�9�X�R�e �h�2�`�`���K�2�+�?���M�B�+�b �`�B�;�, �*�Q�M�i�`�Q�H�H�2�/ �2�t�T�2�`�B�K�2�M�i���H �7���+�B�H�B�i�v �r�B�i�? �p�B�b�B�#�H�2 �i�2�`�`���B�M �7�2���@

�i�m�`�2�b �B�M �i�?�2 �Q�`�/�2�` �Q�7 �+�2�M�i�B�K�2�i�2�`�b�X �h�?�2 �2�t�T�2�`�B�K�2�M�i���H �`�B�; �+�Q�M�b�B�b�i�b �Q�7 �� �+���`�`�B���;�2

�i�?���i ���H�H�Q�r�b �7�Q�` �H�Q�M�;�B�i�m�/�B�M���H �K�Q�i�B�Q�M ���H�Q�M�; �i�?�2 �`�m�i�- �r�?�B�+�? �r���b �m�b�2�/ �7�Q�` �i�2�b�i�B�M�;

�i�?�2 ���+�+�m�`���+�v �Q�7 �i�?�2 �Q�M�@�#�Q���`�/ �M���p�B�;���i�B�Q�M �b�v�b�i�2�K�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�j�N

�9�X�R�d �j�. �K�Q�/�2�H �Q�7 �`�m�i �+���T�i�m�`�2�/ �m�b�B�M�; �� �H���b�2�` �b�+���M�M�2�`�, �h�?�2�X�b�i�H�7�B�H�2 �`�2�T�`�2�b�2�M�i���i�B�Q�M

�Q�7 �i�?�2 �i�B�`�2 �i�`���+�F �`�m�i �T�`�Q�p�B�/�2�b �?�B�;�?�@�`�2�b�Q�H�m�i�B�Q�M �i�2�`�`���B�M �/���i���- �m�b�2�/ �7�Q�` �p���H�B�/���i�B�M�;

�l�:�o �M���p�B�;���i�B�Q�M ���H�;�Q�`�B�i�?�K�b ���;���B�M�b�i �T�`�2�+�B�b�2 �i�2�`�`���B�M �7�2���i�m�`�2�b�X �X �X �X �X �X �X �X �X �X�R�9�y

�9�X�R�3 �1�t�T�2�`�B�K�2�M�i���H �p���H�B�/���i�B�Q�M �Q�7 �i�2�`�`���B�M �i�Q�T�Q�;�`���T�?�v �K�Q�/�2�H�B�M�;�, �h�?�2 �;�`���T�? �+�Q�K�T���`�2�b

�i�2�`�`���B�M �i�Q�T�Q�;�`���T�?�v �+���T�i�m�`�2�/ �#�v �� �H���b�2�` �b�+���M�M�2�` �U�#�H���+�F�V�- �B�i�2�`���i�B�p�2 �+�Q�M�p�2�t �?�m�H�H

�i�Q�T�Q�;�`���T�?�v �U�`�2�/�V�- ���M�/ �B�M�p�2�`�b�2 �b�2�M�b�Q�` �K�Q�/�2�H �U�;�`�2�2�M�V�X �h�?�2 �`�2�b�m�H�i�b �/�2�K�Q�M�b�i�`���i�2

�i�?�2 ���+�+�m�`���+�v �Q�7 �i�?�2 �T�`�Q�T�Q�b�2�/ ���H�;�Q�`�B�i�?�K�b ���;���B�M�b�i �i�?�2 �;�`�Q�m�M�/ �i�`�m�i�? �Q�#�i���B�M�2�/
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�b�+�2�M���`�B�Q�b �H�B�F�2 �+�?�2�K�B�+���H�- �#�B�Q�H�Q�;�B�+���H�- �`���/�B�Q�H�Q�;�B�+���H�- ���M�/ �M�m�+�H�2���` �U�*�"�_�L�V �2�p�2�M�i�b �(�d�)�- �K���M�M�2�/ �p�2�@

�?�B�+�H�2�b �+�Q�m�H�/ �2�t�T�Q�b�2 �Q�T�2�`���i�Q�`�b �i�Q �?�2���H�i�? �?���x���`�/�b�X �l�:�o�b�- �?�Q�r�2�p�2�`�- �+���M �K�B�M�B�K�B�x�2 �i�?�2�b�2 �`�B�b�F�b�X

�A�M �m�`�;�2�M�i �`�2�b�+�m�2 �Q�T�2�`���i�B�Q�M�b�- �l�:�o�b �+���M �Q�T�2�`���i�2 �r�?�2�M �?�m�K���M �`�2�b�T�Q�M�/�2�`�b ���`�2 �m�M���p���B�H���#�H�2�-

�R
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�T�Q�i�2�M�i�B���H�H�v �b���p�B�M�; �H�B�p�2�b �/�m�`�B�M�; �i�?�2 �+�`�B�i�B�+���H �ô�;�Q�H�/�2�M �?�Q�m�`�ô �(�3�)�X �h�?�2 �/�2�p�2�H�Q�T�K�2�M�i �Q�7 �Q�7�7�@�`�Q���/

�l�:�o�b �i�?�m�b �Q�7�7�2�`�b �#�2�M�2�7�B�i�b ���+�`�Q�b�b �K�m�H�i�B�T�H�2 �/�Q�K���B�M�b�, �2�+�Q�M�Q�K�B�+���H�H�v�- �#�v �`�2�/�m�+�B�M�; �i�`���B�M�B�M�; ���M�/

�+�`���b�? �+�Q�b�i�b�c �B�M �i�2�`�K�b �Q�7 �?�m�K���M �b���7�2�i�v�- �#�v �K�B�i�B�;���i�B�M�; �`�B�b�F�b �B�M �?���x���`�/�Q�m�b �b�+�2�M���`�B�Q�b�c ���M�/ �b�+�B�2�M�@

�i�B�7�B�+���H�H�v�- �#�v �+�`�2���i�B�M�; �b�+���H���#�H�2 ���H�;�Q�`�B�i�?�K�b �i�?���i ���/�p���M�+�2 �`�Q�#�Q�i�B�+ �+���T���#�B�H�B�i�B�2�b�- ���b �2�p�B�/�2�M�+�2�/ �#�v

�;�`�Q�r�B�M�; �`�2�b�2���`�+�? �B�M �i�?�B�b �7�B�2�H�/ �(�N�-�R�y�)�X

�h�?�2 �`�2�K���`�F���#�H�2 ���/�p���M�+�2�K�2�M�i�b �B�M ���m�i�Q�M�Q�K�Q�m�b �p�2�?�B�+�H�2 �i�2�+�?�M�Q�H�Q�;�v �i�`���+�2 �#���+�F �i�Q �i�?�2 �p�B�@

�b�B�Q�M���`�v �r�Q�`�F �Q�7 �i�?�2 �.�2�7�2�M�b�2 ���/�p���M�+�2�/ �_�2�b�2���`�+�? �S�`�Q�D�2�+�i�b ���;�2�M�+�v �U�.���_�S���V �(�R�R�)�X �� �+�2�M�i�`���H

�+�?���H�H�2�M�;�2 �B�/�2�M�i�B�7�B�2�/ �r���b �+�`�2���i�B�M�; �`�Q�#�Q�i�B�+ �T�H���i�7�Q�`�K�b �+���T���#�H�2 �Q�7 �i�`���p�2�`�b�B�M�; �+�Q�K�T�H�2�t�- �m�M�T�`�2�@

�/�B�+�i���#�H�2 �i�2�`�`���B�M�b�X �q�?�2�2�H�2�/ �`�Q�#�Q�i�b�- �B�M �T���`�i�B�+�m�H���`�- �b�?�Q�r �B�K�K�2�M�b�2 �T�Q�i�2�M�i�B���H �/�m�2 �i�Q �i�?�2�B�` ���#�B�H�B�i�v

�i�Q �i�`���M�b�T�Q�`�i �?�2���p�v �T���v�H�Q���/�b�- �b�m�T�T�Q�`�i�2�/ �#�v �2�t�i�2�M�b�B�p�2 �H�B�i�2�`���i�m�`�2 �Q�M �p�2�?�B�+�H�2 �/�v�M���K�B�+�b�X �>�Q�r�@

�2�p�2�`�- �r�?�B�H�2 �+�m�`�`�2�M�i �i�2�+�?�M�Q�H�Q�;�v �b�m�7�7�B�+�2�b �7�Q�` �M���p�B�;���i�B�Q�M ���+�`�Q�b�b �7�H���i�- �b�i�`�m�+�i�m�`�2�/ �i�2�`�`���B�M�b�- �i�?�2

�m�M�T�`�2�/�B�+�i���#�B�H�B�i�v �Q�7 �m�M�b�i�`�m�+�i�m�`�2�/ �2�M�p�B�`�Q�M�K�2�M�i�b �T�Q�b�2�b �b�B�;�M�B�7�B�+���M�i �K�Q�#�B�H�B�i�v �+�?���H�H�2�M�;�2�b�X �G���`�;�2�`

�p�2�?�B�+�m�H���` �b�v�b�i�2�K�b �Q�7�i�2�M �H���+�F �i�?�2 �i���+�i�B�+���H ���;�B�H�B�i�v �`�2�[�m�B�`�2�/ �7�Q�` �+�Q�K�T�`�2�?�2�M�b�B�p�2 �+�Q�K�#���i �Q�T�2�`���@

�i�B�Q�M�b�- �H�2���/�B�M�; �i�Q �.���_�S���ö�b �h���+�i�B�+���H �J�Q�#�B�H�2 �_�Q�#�Q�i�b �U�h�J�_�V �T�`�Q�;�`���K�- �2�b�i���#�H�B�b�?�2�/ �#�v �i�?�2�B�`

�h���+�i�B�+���H �h�2�+�?�M�Q�H�Q�;�v �P�7�7�B�+�2�X �h�?�B�b �T�`�Q�;�`���K �/�`�2�r �B�M�b�T�B�`���i�B�Q�M �7�`�Q�K �#�B�Q�K�B�K�2�i�B�+�b�- �`�2�b�m�H�i�B�M�; �B�M

�+�Q�K�T���+�i �`�Q�#�Q�i�B�+ �T�H���i�7�Q�`�K�b �i�?���i �2�K�m�H���i�2 ���M�B�K���H �H�Q�+�Q�K�Q�i�B�Q�M�X

�h�?�B�b �`�2�b�2���`�+�? �b�i�2�K�b �7�`�Q�K �i�?�2 �+�?���H�H�2�M�;�2�b �T�Q�b�2�/ �#�v �i�?�2 �h�J�_ �T�`�Q�;�`���K�X �q�?�B�H�2 �i�?�2 �h�J�_

�T�`�Q�;�`���K �/�2�7�B�M�2�/�i���+�i�B�+���H���b �i�?�2 ���#�B�H�B�i�v �i�Q �K���M�2�m�p�2�` �m�M�b�i�`�m�+�i�m�`�2�/ �i�2�`�`���B�M�- �i�?�B�b �/�B�b�b�2�`�i���i�B�Q�M �`�2�@

�/�2�7�B�M�2�b�i���+�i�B�+���H���b �i�?�2 �l�:�o�ö�b �+���T���+�B�i�v �i�Q �b�i�`���i�2�;�B�x�2 �T���i�?�b �7�Q�` �+�Q�M�+�2���H�K�2�M�i ���;���B�M�b�i �Q�T�T�Q�M�2�M�i�b�X

�h�?�2 �`�2�b�m�H�i�b �2�t�i�2�M�/ �#�2�v�Q�M�/ �i�?�2 �h�J�_ �T�`�Q�;�`���K�- ���/�/�`�2�b�b�B�M�; �M�2�2�/�b ���i �.�Q�. �`�2�b�2���`�+�? �+�2�M�i�2�`�b �H�B�F�2

���_�G �U�h�"���J�- �a���_�� �T�`�Q�;�`���K�b�V�- �:�o�a�*�- ���M�/ �1�_�.�*�X �h�?�2 �7�`���K�2�r�Q�`�F�ö�b ���T�T�H�B�+���i�B�Q�M�b ���H�b�Q

�B�M�+�H�m�/�2 �+�B�p�B�H�B���M �b�+�2�M���`�B�Q�b�- �b�m�+�? ���b �b�m�T�T�Q�`�i�B�M�; �H���r �2�M�7�Q�`�+�2�K�2�M�i ���M�/ �7�B�`�b�i �`�2�b�T�Q�M�/�2�`�b �B�M �T�Q�b�i�@

�/�B�b���b�i�2�` �2�M�p�B�`�Q�M�K�2�M�i�b �U�2�X�;�X�- �2���`�i�?�[�m���F�2�b�- �7�H���b�? �7�H�Q�Q�/�b�V�- �b�i�2���H�i�? �K�Q�M�B�i�Q�`�B�M�; �B�M �M���i�B�Q�M���H �T���`�F�b�-

���M�/ �2�t�T�H�Q�`���i�B�Q�M �Q�7 �+�2�H�2�b�i�B���H �#�Q�/�B�2�b �H�B�F�2 �i�?�2 �K�Q�Q�M ���M�/ �J���`�b �i�?�`�Q�m�;�? ���m�i�Q�M�Q�K�Q�m�b �;�`�Q�m�M�/

�p�2�?�B�+�H�2�b�X
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�R�X�k �J�B�b�b�B�Q�M �_�2�[�m�B�`�2�K�2�M�i ���M�/ �*�?���H�H�2�M�;�2�b

�h�?�2 �i���+�i�B�+���H ���H�;�Q�`�B�i�?�K�b �B�M�p�2�b�i�B�;���i�2�/ �B�M �i�?�B�b �`�2�b�2���`�+�? �i���`�;�2�i �l�:�o�b �T�`�Q�p�B�/�B�M�; �H�Q�;�B�b�i�B�+ �b�m�T�@

�T�Q�`�i ���M�/ �2�t�T�H�Q�`�B�M�; �m�M�F�M�Q�r�M�- �T�Q�i�2�M�i�B���H�H�v �?�Q�b�i�B�H�2 �2�M�p�B�`�Q�M�K�2�M�i�b�- �B�M�/�Q�Q�`�b �Q�` �Q�m�i�/�Q�Q�`�b�X �q�?�2�i�?�2�`

�i�?�2 �K�B�b�b�B�Q�M �B�M�p�Q�H�p�2�b �`�2���+�?�B�M�; �� �;�Q���H �Q�` �2�t�T�H�Q�`�B�M�; �� �`�2�;�B�Q�M�- �� �T�`�B�K���`�v �+�Q�M�+�2�`�M �B�M �?�Q�b�i�B�H�2 �b�2�i�@

�i�B�M�;�b �B�b �#���H���M�+�B�M�; �i���b�F �+�Q�K�T�H�2�i�B�Q�M �r�B�i�? �b�i�2���H�i�? ���M�/ �b�2�+�m�`�B�i�v�X �l�:�o�b �K�m�b�i �Q�T�2�`���i�2 �+�Q�p�2�`�i�H�v �i�Q

�`�2�/�m�+�2 �i�?�2 �`�B�b�F �Q�7 �/�2�i�2�+�i�B�Q�M�- �i���`�;�2�i�B�M�;�- ���M�/ �/�B�b���#�H�2�K�2�M�i �#�v �Q�T�T�Q�M�2�M�i�b�X ���/�/�B�i�B�Q�M���H�H�v�- �i�?�2�b�2

�2�M�p�B�`�Q�M�K�2�M�i�b �Q�7�i�2�M �H���+�F �T�`�B�Q�` �K�Q�/�2�H�b�- ���M�/ �`�2�H�v�B�M�; �Q�M �2�t�i�2�`�M���H �b�Q�m�`�+�2�b �H�B�F�2 �:�L�a�a �B�b �m�M�`�2�H�B���#�H�2

�/�m�2 �i�Q �T�Q�Q�` �b�B�;�M���H �`�2�+�2�T�i�B�Q�M �Q�` �B�M�i�2�M�i�B�Q�M���H �/�B�b�`�m�T�i�B�Q�M�b�X �h�?�m�b�- �i�?�2 �7�B�`�b�i �Q�p�2�`���`�+�?�B�M�; �;�Q���H �Q�7

�i�?�B�b �`�2�b�2���`�+�? �B�b �i�Q �/�2�p�2�H�Q�T ���H�;�Q�`�B�i�?�K�b �i�?���i �2�M���#�H�2 �� �l�:�o �i�Q �M���p�B�;���i�2 �7�`�Q�K �� �b�i���`�i �T�Q�B�M�i �i�Q

�� �;�Q���H �b�2�i �r�B�i�?�Q�m�i �T�`�B�Q�` �2�M�p�B�`�Q�M�K�2�M�i���H �F�M�Q�r�H�2�/�;�2�- �`�2�H�v�B�M�; �b�Q�H�2�H�v �Q�M �Q�M�#�Q���`�/ �b�2�M�b�Q�`�b �r�?�B�H�2

�T�`�B�Q�`�B�i�B�x�B�M�; �+�Q�p�2�`�i�M�2�b�b�X

�l�:�o�b �i�`���p�2�`�b�B�M�; �m�M�2�p�2�M �i�2�`�`���B�M�b ���`�2 �H�Q�+���H�H�v �+�Q�M�b�i�`���B�M�2�/ �i�Q �i�?�2 �b�m�`�7���+�2 �#�m�i �Q�T�2�`���i�2 �B�M �j�.

�`�2�H���i�B�p�2 �i�Q �� �;�`���p�B�i�v�@���H�B�;�M�2�/ �B�M�2�`�i�B���H �7�`���K�2�- �M�2�+�2�b�b�B�i���i�B�M�; �T���i�? �T�H���M�M�B�M�; �i�?���i ���+�+�Q�m�M�i�b �7�Q�`

�i�2�`�`���B�M �2�H�2�p���i�B�Q�M�X �h�2�`�`���B�M ���i�i�`�B�#�m�i�2�b���+���i�2�;�Q�`�B�x�2�/ ���b �i�Q�T�Q�;�`���T�?�v �U�;�2�Q�K�2�i�`�B�+ �7�2���i�m�`�2�b�V ���M�/

�b�m�`�7���+�2 �T�`�Q�T�2�`�i�B�2�b �U�2�X�;�X�- �+�Q�?�2�b�B�p�2�M�2�b�b�- �K�Q�B�b�i�m�`�2�- �7�`�B�+�i�B�Q�M�V���/�B�`�2�+�i�H�v �B�K�T���+�i �K�Q�#�B�H�B�i�v�X �h�?�B�b

�H�2���/�b �i�Q �i�?�2 �b�2�+�Q�M�/ �Q�p�2�`���`�+�?�B�M�; �;�Q���H�, �B�M�+�Q�`�T�Q�`���i�B�M�; �i�2�`�`���B�M �T�`�Q�T�2�`�i�B�2�b �B�M�i�Q �K�Q�i�B�Q�M �T�H���M�M�B�M�; �i�Q

�2�M�b�m�`�2 �7�2���b�B�#�H�2�- �+�Q�p�2�`�i �i�`���D�2�+�i�Q�`�B�2�b �i�?���i ���/���T�i �i�Q �p���`�v�B�M�; �b�m�`�7���+�2 �+�Q�M�/�B�i�B�Q�M�b �r�?�B�H�2 �K���B�M�i���B�M�B�M�;

�b�i�2���H�i�?�X

�R�X�j ���m�i�Q�M�Q�K�v �a�i���+�F

�h�?�B�b �`�2�b�2���`�+�? ���/�Q�T�i�b �� �?�B�2�`���`�+�?�B�+���H ���`�+�?�B�i�2�+�i�m�`�2 �7�Q�` �i�?�2 ���m�i�Q�M�Q�K�v �b�i���+�F�- �2�M���#�H�B�M�; �� �K�Q�/�m�@

�H���` �7�`���K�2�r�Q�`�F �i�?���i �B�M�i�2�;�`���i�2�b �/�B�p�2�`�b�2 �7�m�M�+�i�B�Q�M���H�B�i�B�2�b�X �h�?�2 �b�i���+�F �+�Q�K�T�`�B�b�2�b �7�Q�m�` �K���B�M �K�Q�/�m�H�2�b��

�M���p�B�;���i�B�Q�M�- �T���i�? �T�H���M�M�B�M�;�- �i�`���D�2�+�i�Q�`�v �T�H���M�M�B�M�;�- ���M�/ �i�`���D�2�+�i�Q�`�v �i�`���+�F�B�M�;���2���+�? �T�`�Q�+�2�b�b�B�M�; �B�M�@
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�T�m�i�b �T�`�Q�;�`�2�b�b�B�p�2�H�v �i�Q �`�2�7�B�M�2 �`���r �/���i�� �B�M�i�Q ���+�i�B�Q�M���#�H�2 �K�Q�i�Q�` �+�Q�K�K���M�/�b�- ���b �b�?�Q�r�M �B�M �6�B�;�m�`�2�b

�R�X�k���M�/�R�X�R

�6�B�;�m�`�2 �R�X�R�, �_�P�a�@�#���b�2�/ ���m�i�Q�M�Q�K�v �b�i���+�F �7�Q�` �i���+�i�B�+���H �M���p�B�;���i�B�Q�M �Q�M �i�?�2 �*�H�2���`�T���i�? �>�m�b�F�v ���k�y�y�X
�h�?�2 �/�B���;�`���K �B�H�H�m�b�i�`���i�2�b �i�?�2 �/���i�� �7�H�Q�r �7�`�Q�K �b�2�M�b�Q�`�b �U�A�M�i�2�H �_�2���H�a�2�M�b�2 �h�k�e�8 ���M�/ �.�9�j�8�B�V �i�?�`�Q�m�;�?
�1�E�6 �b�2�M�b�Q�` �7�m�b�B�Q�M�- �T�Q�B�M�i �+�H�Q�m�/ �b�2�;�K�2�M�i���i�B�Q�M�- �K���T�T�B�M�;�- �T���i�? �T�H���M�M�B�M�;�- ���M�/ �i�`���D�2�+�i�Q�`�v �T�H���M�@
�M�B�M�; �K�Q�/�m�H�2�b�- �+�m�H�K�B�M���i�B�M�; �B�M �+�Q�M�i�`�Q�H �+�Q�K�K���M�/�b

�L���p�B�;���i�B�Q�M�,�h�?�2 �M���p�B�;���i�B�Q�M �K�Q�/�m�H�2 �m�b�2�b �Q�M�#�Q���`�/ �p�B�b�B�Q�M�@�#���b�2�/ �b�2�M�b�Q�`�b �7�Q�` �2�t�i�2�`�Q�+�2�T�i�B�p�2

�/���i�� ���M�/ �T�`�Q�T�`�B�Q�+�2�T�i�B�p�2 �b�2�M�b�Q�`�b �i�Q �#�m�B�H�/ �� �+�Q�K�T�m�i���i�B�Q�M���H �`�2�T�`�2�b�2�M�i���i�B�Q�M �Q�7 �i�?�2 �2�M�p�B�`�Q�M�K�2�M�i�-

�B�M�+�H�m�/�B�M�; �Q�#�b�i���+�H�2�b ���M�/ �i�2�`�`���B�M �i�Q�T�Q�;�`���T�?�v�X �h�?�B�b �K���T�- ���H�Q�M�; �r�B�i�? �i�?�2 �l�:�o�ö�b �m�T�/���i�2�/ �T�Q�b�B�@

�i�B�Q�M�- �B�b �7�2�/ �i�Q �Q�i�?�2�` �K�Q�/�m�H�2�b�X �A�M �i�?�B�b �`�2�b�2���`�+�?�- �i�?�2 �M���p�B�;���i�B�Q�M �b�v�b�i�2�K �b�2�;�K�2�M�i�b �T�Q�B�M�i �+�H�Q�m�/�b

�7�`�Q�K �/�2�T�i�? �+���K�2�`���b�- �`�2�;�B�b�i�2�`�b �i�?�2�K �B�M�i�Q �� �K���T�- ���M�/ �T�2�`�7�Q�`�K�b �b�2�M�b�Q�` �7�m�b�B�Q�M �7�Q�` �H�Q�+���H�B�x���i�B�Q�M

�B�M �:�L�a�a�@�/�2�M�B�2�/ �2�M�p�B�`�Q�M�K�2�M�i�b�X



�S�Y�k�Y �������ñ�é�ñ�è�- �b���ž�«�á �8

�S���i�? �S�H���M�M�B�M�;�,�h�?�2 �T���i�? �T�H���M�M�B�M�; �K�Q�/�m�H�2 �m�b�2�b �i�?�2 �`�2���H�@�i�B�K�2 �K���T �7�`�Q�K �i�?�2 �M���p�B�;���i�B�Q�M

�K�Q�/�m�H�2 �i�Q �;�2�M�2�`���i�2 �� �+�Q�H�H�B�b�B�Q�M�@�7�`�2�2 �b�2�[�m�2�M�+�2 �Q�7 �r���v�T�Q�B�M�i�b�X �h�?�2�b�2 �r���v�T�Q�B�M�i�b ���`�2 �b�T���i�B���H

�K���`�F�2�`�b �i�?���i �T�`�B�Q�`�B�i�B�x�2 �i�?�2 �i���+�i�B�+���H ���b�T�2�+�i �Q�7 �i�?�2 �T���i�?�- �`�2�r���`�/�B�M�; �+�Q�M�+�2���H�K�2�M�i�X �h�?�B�b �`�2�b�2���`�+�?

�B�M�p�2�b�i�B�;���i�2�b �� �;�`���T�?�@�#���b�2�/ �T���i�? �T�H���M�M�2�` �r�B�i�? �?�2�m�`�B�b�i�B�+ �7�m�M�+�i�B�Q�M�b�- �K�B�M�B�K�B�x�B�M�; �� �+�Q�b�i �7�m�M�+�i�B�Q�M

�i�?���i �#���H���M�+�2�b �m�`�;�2�M�i �;�Q���H �T�m�`�b�m�B�i �r�B�i�? �b�i�2���H�i�?�v �K�Q�i�B�Q�M�X

�h�`���D�2�+�i�Q�`�v �S�H���M�M�B�M�;�,�h�?�2 �i�`���D�2�+�i�Q�`�v �T�H���M�M�B�M�; �K�Q�/�m�H�2 �;�2�M�2�`���i�2�b �� �i�B�K�2�@�T���`���K�2�i�2�`�B�x�2�/�-

�?�B�;�?�@�`�2�b�Q�H�m�i�B�Q�M �p�2�+�i�Q�` �Q�7 �p�2�?�B�+�H�2 �+�Q�M�7�B�;�m�`���i�B�Q�M�b �U�T�Q�b�B�i�B�Q�M ���M�/ �Q�`�B�2�M�i���i�B�Q�M�V�- �2�M�b�m�`�B�M�; �F�B�M�2�@

�K���i�B�+ ���M�/ �/�v�M���K�B�+ �7�2���b�B�#�B�H�B�i�v ���M�/ �b�?�Q�`�i�@�`���M�;�2 �+�Q�H�H�B�b�B�Q�M �b���7�2�i�v�X �h�?�B�b �`�2�b�2���`�+�? �2�K�T�H�Q�v�b �T�Q�H�v�@

�M�Q�K�B���H �+�m�`�p�2�b �r�B�i�? ���M ���M���H�v�i�B�+���H ���i�i�B�i�m�/�2 �T�H���M�M�B�M�; �7�`���K�2�r�Q�`�F �i�Q �T�`�Q�/�m�+�2 �?�B�;�?�@�`�2�b�Q�H�m�i�B�Q�M

�i�`���D�2�+�i�Q�`�B�2�b�X

�h�`���D�2�+�i�Q�`�v �h�`���+�F�B�M�;�,�h�?�2 �i�`���D�2�+�i�Q�`�v �i�`���+�F�B�M�; �K�Q�/�m�H�2�- �Q�` �+�Q�M�i�`�Q�H �K�Q�/�m�H�2�- �;�2�M�2�`���i�2�b �+�Q�K�@

�K���M�/�b �i�Q �i�`���+�F �i�?�2 �`�2�7�2�`�2�M�+�2 �i�`���D�2�+�i�Q�`�v�- �2�M�b�m�`�B�M�; �T�`�2�+�B�b�2 �2�t�2�+�m�i�B�Q�M �/�2�b�T�B�i�2 �m�M�K�Q�/�2�H�2�/ �m�M�@

�+�2�`�i���B�M�i�B�2�b�X

�6�B�;�m�`�2 �R�X�k�, ���M �B�M�i�2�;�`���i�2�/ ���m�i�Q�M�Q�K�v �b�i���+�F �7�Q�` �l�:�o�b�, �h�?�2 �7�B�;�m�`�2 �B�H�H�m�b�i�`���i�2�b �i�?�2 �B�M�i�2�`�/�2�T�2�M�@
�/�2�M�i �K�Q�/�m�H�2�b �Q�7 �L���p�B�;���i�B�Q�M�- �S���i�? �S�H���M�M�B�M�;�- �h�`���D�2�+�i�Q�`�v �S�H���M�M�B�M�;�- ���M�/ �*�Q�M�i�`�Q�H�X
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�R�X�9 �_�2�b�2���`�+�? �Z�m�2�b�i�B�Q�M�b

�1���+�? �K�Q�/�m�H�2 �B�M �i�?�2 ���m�i�Q�M�Q�K�v �b�i���+�F �b�2�`�p�2�b �� �b�T�2�+�B�7�B�+ �T�m�`�T�Q�b�2�X �h�Q �/�2�p�2�H�Q�T �i�2�`�`���B�M�@���r���`�2�-

�i���+�i�B�+���H �K�Q�i�B�Q�M �i�`���D�2�+�i�Q�`�B�2�b�- �i�?�2 �7�Q�H�H�Q�r�B�M�; �`�2�b�2���`�+�? �[�m�2�b�i�B�Q�M�b ���`�2 �B�M�p�2�b�i�B�;���i�2�/�,

�R�X�>�Q�r �+���M �i�?�2 �+�Q�M�+�2�T�i �Q�7 �ó�+�Q�p�2�`�i�M�2�b�b�ô �#�2 �[�m���M�i�B�i���i�B�p�2�H�v �K�Q�/�2�H�2�/ �r�B�i�?�B�M �K�Q�i�B�Q�M �T�H���M�M�B�M�;

���H�;�Q�`�B�i�?�K�b �i�Q �2�M�?���M�+�2 �i�?�2 �i���+�i�B�+���H �+���T���#�B�H�B�i�B�2�b �Q�7 �l�:�o�b�\ �*�Q�p�2�`�i�M�2�b�b �B�b �+�`�m�+�B���H �7�Q�`

�b�i�`���i�2�;�B�+ �/�2�T�H�Q�v�K�2�M�i �B�M �?�Q�b�i�B�H�2 �2�M�p�B�`�Q�M�K�2�M�i�b�X �h�?�B�b �`�2�b�2���`�+�? �7�Q�+�m�b�2�b �Q�M �� �?�2�m�`�B�b�i�B�+�@

�#���b�2�/ ���H�;�Q�`�B�i�?�K �i�?���i �`�2�r���`�/�b �T���i�?�b �+�H�Q�b�2�` �i�Q �Q�#�b�i���+�H�2�b�- �`�2�/�m�+�B�M�; �/�2�i�2�+�i���#�B�H�B�i�v �r�?�B�H�2

�/�2�K�Q�M�b�i�`���i�B�M�; �b�+���H���#�B�H�B�i�v ���+�`�Q�b�b �`�Q�#�Q�i�B�+ �T�H���i�7�Q�`�K�b�X

�k�X�A�M �r�?���i �r���v�b �+���M �i�2�`�`���B�M �i�Q�T�Q�;�`���T�?�v �#�2 �2�7�7�2�+�i�B�p�2�H�v �B�M�+�Q�`�T�Q�`���i�2�/ �B�M�i�Q �K�Q�i�B�Q�M �T�H���M�M�B�M�;

�i�Q �2�M�b�m�`�2 ���/���T�i���#�B�H�B�i�v �i�Q �m�M�2�p�2�M �i�2�`�`���B�M �T�`�Q�7�B�H�2�b�\ �*�?���H�H�2�M�;�2�b �H�B�F�2 �F�B�M�2�K���i�B�+ �7�2���b�B�#�B�H�B�i�v

���M�/ �H�Q���/ �i�`���M�b�7�2�` �`�2�[�m�B�`�2 ���+�+�Q�m�M�i�B�M�; �7�Q�` �i�2�`�`���B�M �2�H�2�p���i�B�Q�M�- �B�K�T�`�Q�p�B�M�; �T���i�? �7�2���b�B�#�B�H�B�i�v

�Q�p�2�` �T�H���M���` ���b�b�m�K�T�i�B�Q�M�b�X

�j�X�q�?���i �b�i�`���i�2�;�B�2�b �+���M �#�2 �2�K�T�H�Q�v�2�/ �i�Q �T�H���M ���M�/ ���/�D�m�b�i �i�`���D�2�+�i�Q�`�B�2�b �Q�M�H�B�M�2�- �m�i�B�H�B�x�B�M�; �H�B�K�@

�B�i�2�/ �b�2�M�b�Q�` �/���i���- �r�B�i�?�Q�m�i �T�`�B�Q�` �2�M�p�B�`�Q�M�K�2�M�i���H �F�M�Q�r�H�2�/�;�2�\ �A�M �?�Q�b�i�B�H�2 �b�2�i�i�B�M�;�b�- �`�2�H�v�B�M�;

�Q�M �Q�M�#�Q���`�/ �b�2�M�b�Q�`�b �b�?�B�2�H�/�b �i�?�2 �l�:�o �7�`�Q�K �2�t�i�2�`�M���H �/�B�b�`�m�T�i�B�Q�M�b�- �2�M���#�H�B�M�; �`�2���H�@�i�B�K�2 �i�`���@

�D�2�+�i�Q�`�v ���/�D�m�b�i�K�2�M�i�b�X

�9�X�>�Q�r �+���M �i�?�2 �m�M�/�2�`�H�v�B�M�; ���H�;�Q�`�B�i�?�K�b �#�2 �7�Q�`�K�m�H���i�2�/ �i�Q �2�M�b�m�`�2 �`�2�H�B���#�H�2 �+�Q�K�T�m�i���i�B�Q�M���H �2�7�@

�7�B�+�B�2�M�+�v �7�Q�` �`�2�2���H�@�i�B�K�2 �/�2�T�H�Q�v�K�2�M�i�\ �.�2�T�H�Q�v�B�M�; �i�?�2 �K�Q�i�B�Q�M �T�H���M�M�B�M�; ���H�;�Q�`�B�i�?�K�b �B�M�i�2�`���+�i

�r�B�i�? �H���`�;�2 ���K�Q�m�M�i�b �Q�7 �/���i���- �?�2�M�+�2 �Q�T�i�B�K�B�x�B�M�; �i�?�2 �b�Q�H�m�i�B�Q�M �T�`�Q�+�2�b�b ���M�/ �/���i�� �?���M�/�H�B�M�;

�B�b �F�2�v �i�Q ���+�?�B�2�p�2 �/�2�b�B�`���#�H�2 �`�2���H�@�i�B�K�2 �T�2�`�7�Q�`�K���M�+�2�X
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�R�X�8 �*�Q�M�i�`�B�#�m�i�B�Q�M�b

�h�?�B�b �`�2�b�2���`�+�? �/�2�p�2�H�Q�T�2�/ �� �+�Q�K�T�`�2�?�2�M�b�B�p�2 �i���+�i�B�+���H �M���p�B�;���i�B�Q�M �7�`���K�2�r�Q�`�F�- ���/�/�`�2�b�b�B�M�; �i�?�2

�+�?���H�H�2�M�;�2�b �Q�7 �:�L�a�a�@�/�2�M�B�2�/ �2�M�p�B�`�Q�M�K�2�M�i�b �i�?�`�Q�m�;�? �M�Q�p�2�H ���H�;�Q�`�B�i�?�K�b ���M�/ �2�t�T�2�`�B�K�2�M�i���H �p���H�B�@

�/���i�B�Q�M�X �� �F�2�v �+�Q�M�i�`�B�#�m�i�B�Q�M �B�b �i�?�2 �M���p�B�;���i�B�Q�M �K�Q�/�m�H�2�- �r�?�B�+�? �B�M�+�H�m�/�2�b �i�r�Q �;�2�Q�K�2�i�`�v�@�#���b�2�/

�;�`�Q�m�M�/ �b�2�;�K�2�M�i���i�B�Q�M ���H�;�Q�`�B�i�?�K�b �i�Q �T�`�Q�+�2�b�b �T�Q�B�M�i �+�H�Q�m�/�b �7�`�Q�K �/�2�T�i�? �+���K�2�`���b�, �i�?�2 �_���M�/�Q�K

�a���K�T�H�2 �*�Q�M�b�2�M�b�m�b �U�_���L�a���*�V ���H�;�Q�`�B�i�?�K ���M�/ �� �M�Q�p�2�H �B�M�p�2�`�b�2 �`���v �i�`���+�B�M�; �U�A�_�h�V �K�2�i�?�Q�/

�U�*�?���T�i�2�`�9�V�X �A�_�h �Q�p�2�`�+�Q�K�2�b �_���L�a���*�ö�b �H�B�K�B�i���i�B�Q�M �Q�7 �7���H�b�2 �T�Q�b�B�i�B�p�2�b �#�v �H�2�p�2�`���;�B�M�; �;�2�Q�K�2�i�@

�`�B�+ �T�2�`�b�T�2�+�i�B�p�2�b�- �2�M�b�m�`�B�M�; ���+�+�m�`���i�2 �/�B�b�i�B�M�+�i�B�Q�M �#�2�i�r�2�2�M �i�`���p�2�`�b���#�H�2 �b�m�`�7���+�2�b ���M�/ �Q�#�b�i���+�H�2�b

�r�B�i�?�Q�m�i �i�?�2 �+�Q�K�T�m�i���i�B�Q�M���H �Q�p�2�`�?�2���/ �Q�7 �H�2���`�M�B�M�;�@�#���b�2�/ �K�Q�/�2�H�b �(�R�k�)�X

�h�?�2 �b�2�;�K�2�M�i�2�/ �T�Q�B�M�i �+�H�Q�m�/�b ���`�2 �`�2�;�B�b�i�2�`�2�/ �B�M�i�Q �K���T�b �m�b�B�M�; �i�r�Q ���T�T�`�Q���+�?�2�b�, �� �p�Q�t�2�H�@

�#���b�2�/ �K���T�T�B�M�; �i�2�+�?�M�B�[�m�2 �r�B�i�? �� �"���v�2�b�B���M �B�M�p�2�`�b�2 �b�2�M�b�Q�` �K�Q�/�2�H �7�Q�` �i�?�2 �Q�+�+�m�T���M�+�v �K���T�-

���M�/ �� �M�Q�p�2�H �B�i�2�`���i�B�p�2 �+�Q�M�p�2�t �?�m�H�H �K�2�i�?�Q�/ �7�Q�` �i�?�2 �i�2�`�`���B�M �i�Q�T�Q�;�`���T�?�v �K���T �U�*�?���T�i�2�`�9�V�X �h�?�2

�p�Q�t�2�H ���T�T�`�Q���+�? ���+�+�m�`���i�2�H�v �+���T�i�m�`�2�b �Q�#�b�i���+�H�2�b�- �r�?�B�H�2 �i�?�2 �+�Q�M�p�2�t �?�m�H�H �K�2�i�?�Q�/ �T�`�2�b�2�`�p�2�b �i�2�`�`���B�M

�+�m�`�p���i�m�`�2 �r�B�i�?�Q�m�i ���`�i�B�7�B�+�B���H �/�B�b�+�`�2�i�B�x���i�B�Q�M�- �2�M�?���M�+�B�M�; �+�Q�K�T�m�i���i�B�Q�M���H �2�7�7�B�+�B�2�M�+�v�X �h�?�2�b�2 ���H�;�Q�@

�`�B�i�?�K�b �r�2�`�2 �2�t�T�2�`�B�K�2�M�i���H�H�v �p���H�B�/���i�2�/ �B�M �+�Q�M�i�`�Q�H�H�2�/ �B�M�/�Q�Q�` ���M�/ �Q�m�i�/�Q�Q�` �b�2�i�i�B�M�;�b�- �+�Q�M�7�B�`�K�B�M�;

�i�?�2�B�` �b�m�B�i���#�B�H�B�i�v �7�Q�` �`�2���H�@�i�B�K�2 �K���T�T�B�M�;�X

�h�?�2 �T���i�? �T�H���M�M�B�M�; �K�Q�/�m�H�2 �B�M�i�`�Q�/�m�+�2�b �� �i���+�i�B�+���H �T�H���M�M�2�` �#���b�2�/ �Q�M ��� ���M�/ �G�S��� �- �B�M�+�Q�`�@

�T�Q�`���i�B�M�; �b�i�2���H�i�?�@�2�M�?���M�+�B�M�; �K�Q�/�B�7�B�+���i�B�Q�M�b �i�?�`�Q�m�;�? �� �?�2�m�`�B�b�i�B�+ �i�?���i �`�2�r���`�/�b �T���i�?�b �+�H�Q�b�2�` �i�Q

�Q�#�b�i���+�H�2�b �U�*�?���T�i�2�`�k�V�X �h�?�2 �T�H���M�M�2�` �m�b�2�b �i�?�`�2�2 �i�m�M���#�H�2 �T���`���K�2�i�2�`�b �i�Q �K�Q�/�m�H���i�2 �b�i�2���H�i�? �B�M�@

�i�2�M�b�B�i�v�- �2�M���#�H�B�M�; �� �b�T�2�+�i�`�m�K �7�`�Q�K �m�`�;�2�M�i �;�Q���H �T�m�`�b�m�B�i �i�Q �2�t�i�`�2�K�2 �+���m�i�B�Q�M �r�B�i�? �+�Q�M�+�2���H�K�2�M�i�X

�� �/�m���H�@�K�Q�/�2 �Q�#�b�i���+�H�2 �B�M�i�2�`���+�i�B�Q�M �b�i�`���i�2�;�v �/�B�b�i�B�M�;�m�B�b�?�2�b �b�?�2�H�i�2�`�b �7�`�Q�K �?���x���`�/�b�- �2�M�b�m�`�B�M�; �b���7�2

�M���p�B�;���i�B�Q�M�X �q�?�B�H�2 �G�S��� �/�B�/ �M�Q�i �Q�m�i�T�2�`�7�Q�`�K ��� �- �B�i �T�`�Q�p�B�/�2�/ �+�Q�K�T�H�2�K�2�M�i���`�v �#�2�M�2�7�B�i�b �B�M

�/�v�M���K�B�+ �2�M�p�B�`�Q�M�K�2�M�i�b �#�v �`�2�m�b�B�M�; �b�2���`�+�? �`�2�b�m�H�i�b �7�Q�` �7���b�i�2�` �m�T�/���i�2�b�X

�h�?�2 �i�`���D�2�+�i�Q�`�v �T�H���M�M�2�` �;�2�M�2�`���i�2�b �� �i�B�K�2�@�T���`���K�2�i�2�`�B�x�2�/ �i�`���D�2�+�i�Q�`�v �m�b�B�M�; �+�m�#�B�+ �T�Q�H�v�M�Q�@



�3 �+�Ñ�ž�ÿ���¶�� �S�Y �B�é�����ñ�²���«���Ô�ñ�é

�K�B���H �b�T�H�B�M�2�b�- �B�M�i�2�`�T�Q�H���i�B�M�; �r���v�T�Q�B�M�i�b �r�?�B�H�2 �2�M�b�m�`�B�M�; �F�B�M�2�K���i�B�+ �7�2���b�B�#�B�H�B�i�v ���M�/ �+�Q�H�H�B�b�B�Q�M �b���7�2�i�v

�U�*�?���T�i�2�`�j�V�X �� �M�Q�p�2�H �Q�T�@�i�2�K�T�Q �p�2�H�Q�+�B�i�v �`�2�;�m�H���i�B�Q�M �7�`���K�2�r�Q�`�F ���/�D�m�b�i�b �b�T�2�2�/ �#���b�2�/ �Q�M �i�2�`�`���B�M

���M�/ �Q�#�b�i���+�H�2 �T�`�Q�t�B�K�B�i�v�- ���M�/ ���M ���i�i�B�i�m�/�2 �T�H���M�M�2�` �+�Q�K�T�m�i�2�b �j�. �Q�`�B�2�M�i���i�B�Q�M�b �m�b�B�M�; �`�Q�i���i�B�Q�M�@

�K�B�M�B�K�B�x�B�M�; �7�`���K�2�b �U�_�J�6�b�V �p�B�� �� �/�Q�m�#�H�2 �T�`�Q�D�2�+�i�B�Q�M �K�2�i�?�Q�/�- �2�M�b�m�`�B�M�; �b�K�Q�Q�i�?�- �i�2�`�`���B�M�@���r���`�2

�K�Q�i�B�Q�M�X �h�?�2 �i�`���D�2�+�i�Q�`�v �i�`���+�F�B�M�; �K�Q�/�m�H�2 �;�2�M�2�`���i�2�b �+�Q�M�i�`�Q�H �+�Q�K�K���M�/�b �i�Q �2�t�2�+�m�i�2 �i�?�2 �i�`���D�2�+�@

�i�Q�`�v �Q�M �i�?�2 �*�H�2���`�T���i�? �>�m�b�F�v�- ���/���T�i�B�M�; �i�Q �m�M�K�Q�/�2�H�2�/ �m�M�+�2�`�i���B�M�i�B�2�b�X

�h�?�2 �B�M�i�2�;�`���i�2�/ ���m�i�Q�M�Q�K�v �b�i���+�F �r���b �/�2�T�H�Q�v�2�/ ���M�/ �p���H�B�/���i�2�/ �Q�M �i�?�2 �*�H�2���`�T���i�? �>�m�b�F�v �B�M

���M �B�M�/�Q�Q�` �H���# �K���x�2�- �/�2�K�Q�M�b�i�`���i�B�M�; ���+�+�m�`���i�2 �K���T�T�B�M�;�- �b�i�2���H�i�?�@���r���`�2 �T���i�? �;�2�M�2�`���i�B�Q�M�- ���M�/

�7�2���b�B�#�H�2 �i�`���D�2�+�i�Q�`�v �T�H���M�M�B�M�; �U�*�?���T�i�2�`�8�V�X �h�?�2 �`�2���H�@�r�Q�`�H�/ �i�2�b�i�b �?�B�;�?�H�B�;�?�i �i�?�2 �7�`���K�2�r�Q�`�F�ö�b

�T�Q�i�2�M�i�B���H �7�Q�` �K�B�H�B�i���`�v ���T�T�H�B�+���i�B�Q�M�b�- �r�B�i�? �G�S��� �2�M�?���M�+�B�M�; �T���i�? �m�M�T�`�2�/�B�+�i���#�B�H�B�i�v�- �i�?�Q�m�;�? �7�m�H�H�@

�b�i���+�F �B�M�i�2�;�`���i�B�Q�M �`�2�p�2���H�2�/ ���`�2���b �7�Q�` �B�K�T�`�Q�p�2�K�2�M�i �B�M �`�2�7�2�`�2�M�+�2 �i�`���+�F�B�M�;�X

� � � 



�*�?���T�i�2�` �k

�:�H�Q�#���H �S���i�? �S�H���M�M�B�M�;

�*�Q�M�i�`�B�#�m�i�B�Q�M�b

�h�?�B�b �+�?���T�i�2�` �T�`�2�b�2�M�i�b �i�?�2 ���H�;�Q�`�B�i�?�K�B�+ �7�Q�m�M�/���i�B�Q�M�b �Q�7 �i�r�Q �i���+�i�B�+���H �;�H�Q�#���H �T���i�? �T�H���M�M�2�`�b

�i�?���i �;�2�M�2�`���i�2�b �� �T���i�? ���b �� �b�2�`�B�2�b �Q�7 �r���v�T�Q�B�M�i�b �B�MR3 �+�Q�M�M�2�+�i�B�M�; �� �b�i���`�i �H�Q�+���i�B�Q�M �i�Q �� �;�Q���H

�b�2�i�X �h�?�2 �F�2�v �+�Q�M�i�`�B�#�m�i�B�Q�M�b ���`�2�,

�Ç �� �M�Q�p�2�H �b�i�2���H�i�? �B�M�/�m�+�B�M�; �7�m�M�+�i�B�Q�M �7�Q�` �+�Q�M�+�2���H�K�2�M�i�@�b�2�2�F�B�M�; �#�2�?���p�B�Q�`

�Ç �h���+�i�B�+���H �2�t�i�2�M�b�B�Q�M�b �i�Q �i�?�2A � ���M�/ �G�SA � ���H�;�Q�`�B�i�?�K�b �m�b�B�M�; �+�Q�b�i �`�2�;�m�H���i�B�Q�M

�Ç �� �/�m���H�@�K�Q�/�2 �Q�#�b�i���+�H�2 �B�M�i�2�`���+�i�B�Q�M �b�i�`���i�2�;�v �7�Q�` �K�B�M�2�7�B�2�H�/ �b�+�2�M���`�B�Q�b

�Ç �L�m�K�2�`�B�+���H �+���b�2 �b�i�m�/�B�2�b �B�M �`�2���H�B�b�i�B�+ �K���T�b

�k�X�R �A�M�i�`�Q�/�m�+�i�B�Q�M

���m�i�Q�M�Q�K�Q�m�b �M���p�B�;���i�B�Q�M �B�M �m�M�+�?���`�i�2�`�2�/ �i�2�`�`�B�i�Q�`�B�2�b �M�2�+�2�b�b�B�i���i�2 �i�?�2 �T�H���M�M�B�M�; �Q�7 �� �b�T���i�B���H

�`�Q�m�i�2 ���b �r�2�H�H ���b �� �i�B�K�2 �T���`���K�i�2�`�B�x�2�/ �i�`���D�2�+�i�Q�`�v �7�`�Q�K �� �b�i���`�i �H�Q�+���i�B�Q�M �B�M �i�?�2 �7�B�t�2�/ �B�M�2�`�i�B���H

�7�`���K�2 �i�Q �� �;�Q���H �T�Q�B�M�i �Q�` �� �;�Q���H �b�2�i �B�M �i�?�2 �7�B�t�2�/ �B�M�2�`�i�B���H �7�`���K�2�X �h�?�2 �i�2�`�K�K�Q�i�B�Q�M �T�H���M�M�B�M�;

�B�b �m�b�2�/ �B�M�i�2�`�+�?���M�;�2���#�H�v �B�M �H�B�i�2�`���i�m�`�2 �r�B�i�? �+�Q�M�i�2�t�i�m���H �/�2�7�B�M�B�i�B�Q�M�b �B�M �/�B�b�i�B�M�+�i ���T�T�H�B�+���i�B�Q�M�b �(�R�j�)�X

�A�M �i�?�B�b �/�B�b�b�2�`�i���i�B�Q�M�-�K�Q�i�B�Q�M �T�H���M�M�B�M�;�`�2�7�2�`�b �i�Q �i�?�2 �T�`�Q�+�2�b�b �Q�7 �;�2�M�2�`���i�B�M�; �#�Q�i�?�- �i�?�2 �`�2�7�2�`�2�M�+�2

�b�T���i�B���H �r���v�T�Q�B�M�i�b ���b �r�2�H�H ���b �i�?�2 �i�2�K�T�Q�`���H �`�2�7�2�`�2�M�+�2 �b�i���i�2 �p�2�+�i�Q�` �i�?���i �+�Q�M�M�2�+�i�b �� �b�i���`�i �T�Q�B�M�i

���M�/ �� �;�Q���H �b�2�i �r�B�i�?�B�M �� �K���T �Q�7 �i�?�2 �2�M�p�B�`�Q�M�K�2�M�i�X

�N



�R�y �+�Ñ�ž�ÿ���¶�� �l�Y �;�ã�ñ�ª�ž�ã �T�ž���Ñ �T�ã�ž�é�é�Ô�é�Ì

�G�2�iI , f O; X; Y; Z g �/�2�M�Q�i�2 �� �;�`���p�B�i�v�@���H�B�;�M�2�/ �Q�`�i�?�Q�M�Q�`�K���H �B�M�2�`�i�B���H �`�2�7�2�`�2�M�+�2 �7�`���K�2 �+�2�M�@

�i�2�`�2�/ ���iO�X �G�2�ir 2 R3 �/�2�M�Q�i�2 �i�?�2 �T�Q�b�B�i�B�Q�M �Q�7 �i�?�2 �l�:�o�ö�b �+�2�M�i�2�` �Q�7 �;�`���p�B�i�v �U�*�X�:�X�V ���M�/

J , f r ; X 0; Y 0; Z 0g �/�2�M�Q�i�2 �� �#�Q�/�v �7�B�t�2�/ �Q�`�i�?�Q�M�Q�`�K���H �`�2�7�2�`�2�M�+�2 �7�`���K�2 �+�2�M�i�2�`�2�/ ���i �i�?�2 �l�:�o�ö�b

�*�X�:�X�-r �X �G�2�ir0 2 R3 �/�2�M�Q�i�2 �i�?�2 �B�M�B�i�B���H �T�Q�b�B�i�B�Q�M �Q�7 �i�?�2 �l�:�o�-G , f r i j kr i � rgk2 < �; i 2

N; r i 2 R3g �/�2�M�Q�i�2 �i�?�2 �;�Q���H �b�2�i�- �Q�7 �� �`���/�B�m�b� 2 R ���`�Q�m�M�/ ���M �2�t�T�2�+�i�2�/ �;�Q���H �T�Q�B�M�irg 2 R3�-

�B�M �i�?�2 �`�2�7�2�`�2�M�+�2 �7�`���K�2I ���M�/M O , Zn � Zm � Zk ! f 0; 1g �/�2�M�Q�i�2 �i�?�2 �p�Q�t�2�H �K���T �Q�` �Q�+�+�m�@

�T���M�+�v �K���T �r�?�B�+�? �`�2�T�`�2�b�2�M�i�b �i�?�2 �+�Q�K�T�m�i���i�B�Q�M���H ���#�b�i�`���+�i�B�Q�M �Q�7 �i�?�2 �r�Q�`�H�/�X �h�?�2 �i�`���M�b�7�Q�`�K���i�B�Q�M

�K���i�`�B�t

T ,

2

6
4

R r

01� 3 1

3

7
5 ; �U�k�X�R�V

�r�?�2�`�2T 2 SE(3) �`�2�T�`�2�b�2�M�i�b �i�?�2 �T�Q�b�2 �Q�7 �i�?�2 �l�:�o �B�MI �-R 2 R3� 3 2 SO(3) ���M�/r 2 R3�X �h�?�2

�K�Q�i�B�Q�M �T�H���M�M�B�M�; �T�`�Q�#�H�2�K �B�M �i�?�B�b �/�B�b�b�2�`�i���i�B�Q�M �B�b �i�?�m�b �/�2�7�B�M�2�/ �K�Q�`�2 �7�Q�`�K���H�H�v ���b �/�2�i�2�`�K�B�M�B�M�;

�#�Q�i�? �i�?�2 �b�T���i�B���H �r���v�T�Q�B�M�i�b ���M�/ �b�m�#�b�2�[�m�2�M�i�H�v �� �i�B�K�2 �T���`���K�2�i�2�`�B�x�2�/ �`�2�7�2�`�2�M�+�2 �p�2�+�i�Q�` �Q�7 �i�?�2

�l�:�o�ö�b �b�i���i�2�b �i�?���i �+�Q�M�M�2�+�i�b �i�?�2 �b�i���`�i �T�Q�B�M�ir0 ���M�/ �i�?�2 �;�Q���H �b�2�iG�X

�h�r�Q �T�2�`�i�B�M�2�M�i �/�2�7�B�M�B�i�B�Q�M�b �2�M�i���B�H�X �A�7 �i�?�B�b �`�2�7�2�`�2�M�+�2 �p�2�+�i�Q�` �B�b �T���`���K�2�i�2�`�B�x�2�/ �T�m�`�2�H�v �B�M �b�T���+�2�-

�r�B�i�?�Q�m�i �i�2�K�T�Q�`���H �/�2�T�2�M�/�2�M�+�2�- �i�?�2�M �B�i �/�2�7�B�M�2�/ ���b ���T���i�?���M�/ �2�t�T�`�2�b�b�2�/ ���b�-W , f r i gi 2 W �-

���H�i�2�`�M���i�B�p�2�H�v�- �B�7 �i�?�B�b �`�2�7�2�`�2�M�+�2 �p�2�+�i�Q�` �B�b �T���`���K�2�i�2�`�B�x�2�/ �B�M �i�B�K�2�- �B�i �B�b �/�2�7�B�M�2�/ ���b ���i� �̀��D�2�+�i�Q�`�v

���M�/ �2�t�T�`�2�b�b�2�/ ���bR , T(t); t 2 [0; 1 )�X �6�m�`�i�?�2�`�K�Q�`�2�- �� �T�H���M�M�2�` �+���M ���H�b�Q �#�2 �+�H���b�b�B�7�B�2�/ �#���b�2�/

�Q�M �#�Q�m�M�/���`�v �+�Q�M�/�B�i�B�Q�M�b�, ���;�H�Q�#���H �T�H���M�M�2�`�+�Q�M�M�2�+�i�b �� �b�i���`�i �T�Q�B�M�ir0 �i�Q �i�?�2 �K�B�b�b�B�Q�M�@�r�B�/�2

�;�Q���HG�- �r�?�2�`�2���b�- ���H�Q�+���H �T�H���M�M�2�`�;�2�M�2�`���i�2�b �H�Q�+���H �Q�` �B�M�i�2�`�K�2�/�B���i�2 �b�2�;�K�2�M�i�b �Q�7 �i�?�2 �`�2�7�2�`�2�M�+�2

�p�2�+�i�Q�`�X
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�i�?�2 �/�2�b�+�`�B�#�2�/ �b�+�2�M���`�B�Q�b �(�j�k�)�- �A�M �Q�`�/�2�` �i�Q �B�K�#�m�2 ���r���`�2�M�2�b�b �Q�7 �i�2�`�`���B�M �i�Q�T�Q�;�`���T�?�v�- �� �p�Q�t�2�H �K���T

�#���b�2�/ �T�`�Q�D�2�+�i�B�Q�M ���H�;�Q�`�B�i�?�K �B�b �/�2�p�2�H�Q�T�2�/�X �h�?�2 �b�m�#�b�2�[�m�2�M�i �b�2�+�i�B�Q�M�b �/�2�H�B�M�2���i�2 �i�?�2 �i�?�2�Q�`�2�i�B�+���H

�7�`���K�2�r�Q�`�F ���M�/ �b�Q�H�m�i�B�Q�M �K�2�i�?�Q�/�Q�H�Q�;�v �i�Q �b�Q�H�p�2 �i�?�2 �T���i�? �T�H���M�M�B�M�; �T�`�Q�#�H�2�K�X

�k�X�j �S�`�Q�T�Q�b�2�/ �;�H�Q�#���H �i���+�i�B�+���HA � �T���i�? �T�H���M�M�2�`

�h�?�2 �m�M�/�2�`�H�v�B�M�; �T�?�B�H�Q�b�Q�T�?�v �Q�7 �i�?�2A � �T���i�? �T�H���M�M�B�M�; �T�`�Q�#�H�2�K ���/�/�`�2�b�b�2�/ �B�M �i�?�B�b �`�2�b�2���`�+�?

�B�b �i�r�Q�7�Q�H�/�X �6�B�`�b�i�- �i�?�2 �T���i�? �T�H���M�M�2�` �;�2�M�2�`���i�2�b ���M �Q�T�i�B�K���H �T���i�? �Q�M �� �k�. �Q�+�+�m�T���M�+�v �K���T

M O , Zn � Zm ! f 0; 1g�X �h�?�B�b �b�2�[�m�2�M�+�2 �Q�7 �Q�T�i�B�K���H �r���v�T�Q�B�M�i�b �B�MR2 �B�b �i�?�2�M �i�`���M�b�7�Q�`�K�2�/ �i�QR3

�m�b�B�M�; �� �b�2�T���`���i�2 �K���T�- �+���H�H�2�/ �i�?�2 �i�2�`�`���B�M �i�Q�T�Q�;�`���T�?�v �K���TM T , f r i jr i 2 R3g �r�?�B�+�? �2�b�b�2�M�i�B���H�H�v

�2�M�+���T�b�m�H���i�2�b �i�?�2 �i�2�`�`���B�M�ö�b �b�m�`�7���+�2 �T�`�Q�7�B�H�2 ���b �� �b�2�i �Q�7 �T�Q�B�M�i�b�X �A�M �T�`���+�i�B�+�2�- �Q�M�+�2 �i�?�2 �Q�+�+�m�T���M�+�v

�K���TM O ���M�/ �i�?�2 �i�2�`�`���B�M �i�Q�T�Q�;�`���T�?�v �K���TM T ���`�2 �m�T�/���i�2�/ �#�v �i�?�2 �M���p�B�;���i�B�Q�M �b�v�b�i�2�K�- �i�?�2�v ���`�2

�b�v�M�+�?�`�Q�M�B�x�2�/ �7�Q�` �`�2���H�@�i�B�K�2 ���T�T�H�B�+���i�B�Q�M�b�- ���M�/ �i�?�2 �i�r�Q�@�b�i�2�T �T�`�Q�+�2�b�b �B�b �2�K�T�H�Q�v�2�/�X ���b �/�2�H�B�M�2���i�2�/

�B�M �1�[�m���i�B�Q�M�k�X�k�- �i�?�2 �T�`�Q�#�H�2�K �B�M�p�Q�H�p�2�b �b�Q�H�p�B�M�; �� �b�2�[�m�2�M�+�2 �Q�7 �r���v�T�Q�B�M�i�b �i�?���i �+�Q�M�M�2�+�i �i�?�2

�b�i���`�i�B�M�; �T�Q�b�B�i�B�Q�Mr0 �i�Q �� �7�B�M���H �;�Q���H �b�2�iG �#�m�i �r�B�i�? ���M ���/�/�2�/ �`�2�[�m�B�`�2�K�2�M�i �Q�7 �K�B�M�B�K�B�x�B�M�; ��

�m�b�2�`�@�/�2�7�B�M�2�/ �+�Q�b�i �7�m�M�+�i�B�Q�M�X �h�?�2 �+���M�Q�M�B�+���H �+�Q�b�i �7�m�M�+�i�B�Q�M �7�Q�`A � �T���i�? �T�H���M�M�B�M�; �B�b �/�2�7�B�M�2�/ ���b�,

f k , gk + hk ; k 2 f 0; : : : ; npg; �U�k�X�j�V

�r�?�2�`�2gk �B�b �F�M�Q�r�M ���b �i�?�2�+�Q�b�i�@�i�Q�@�+�Q�K�2�7�m�M�+�i�B�Q�M�-hk ���b �i�?�2�?�2�m�`�B�b�i�B�+ �+�Q�b�i�- �i�?�2 �B�M�i�2�;�2�`

k 2 f 0; :::; npg �b�2�`�p�2�b ���b �� �r���v�T�Q�B�M�i �B�M�/�2�t ���M�/np 2 N �B�b �i�?�2 �b�B�x�2 �Q�7 �i�?�2 �b�2�i �Q�7 �r���v�T�Q�B�M�i�b�X �h�?�2



�R�3 �+�Ñ�ž�ÿ���¶�� �l�Y �;�ã�ñ�ª�ž�ã �T�ž���Ñ �T�ã�ž�é�é�Ô�é�Ì

�7�m�M�+�i�B�Q�Mgk �i�v�T�B�+���H�H�v �`�2�T�`�2�b�2�M�i�b �i�?�2 ���+�i�m���H �+�Q�b�i �B�M�+�m�`�`�2�/ �i�Q �K�Q�p�2 �7�`�Q�K �Q�M�2 �M�Q�/�2 �i�Q ���M�Q�i�?�2�`�X

�*�Q�M�p�2�`�b�2�H�v�-hk �B�b �� �m�b�2�`�@�/�2�7�B�M�2�/ �?�2�m�`�B�b�i�B�+ �i�?���i �B�/�2���H�H�v �m�M�/�2�`�2�b�i�B�K���i�2�b �i�?�2 �+�Q�b�i �i�Q �`�2���+�? �i�?�2

�;�Q���H�- �B�M�7�m�b�B�M�; �i�?�2 �Q�T�i�B�K�B�x���i�B�Q�M �T�`�Q�+�2�b�b �r�B�i�? �� �b�i�`���i�2�;�B�+ �#�B���b �i���B�H�Q�`�2�/ �i�Q �b�T�2�+�B�7�B�+ ���T�T�H�B�+���i�B�Q�M

�M�2�2�/�b�X �6�Q�`�K���H�H�v�- �i�?�2 �+�Q�b�i�@�i�Q�@�+�Q�K�2 �7�m�M�+�i�B�Q�M �B�b �2�t�T�`�2�b�b�2�/ ���b�-

gk ,
kX

q=0

[� (d2(r̂q; O))d2(r̂q; r̂q+1 )]; �U�k�X�9�V

�r�?�2�`�2�-r̂q 2 M O �/�2�M�Q�i�2�b �i�?�2 �l�:�o�ö�b �+�m�`�`�2�M�i �H�Q�+���i�B�Q�M�-f r gq+1 � M O �/�2�M�Q�i�2�b �i�?�2 �l�:�o�ö�b

�b�m�#�b�2�[�m�2�M�i �T�H���M�M�2�/ �r���v�T�Q�B�M�i�b�- ���M�/d2(�; �) �/�2�M�Q�i�2�b �i�?�2�1�m�+�H�B�/�2���M �/�B�b�i���M�+�2�X �h�?�2 �?�2�m�`�B�b�i�B�+

�7�m�M�+�i�B�Q�M �B�b �7�Q�`�K���H�H�v �2�t�T�`�2�b�b�2�/ ���b�-

hk , (1 � � 2)d2(r̂ k ; G) �U�k�X�8�V

���M�/

� (� ) , 1 � � 2e4� 1 � 3 � (� 3 � + � 1 � � 1 )2
; � > 0: �U�k�X�e�V

�h�?�2 �b�+���H���` �p���`�B���#�H�2k 2 N �`�2�T�`�2�b�2�M�i�b �i�?�2 �B�M�/�2�t �Q�7 �i�?�2 �[�m�2�`�v �;�`�B�/ �+�2�H�H �B�M �i�?�2 �K���TM O �X

�k�X�j�X�R �q�2�B�;�?�B�M�; �6�m�M�+�i�B�Q�M �7�Q�` �*�Q�M�+�2���H�K�2�M�i�@�a�2�2�F�B�M�; �"�2�?���p�B�Q�` �B�M �:�H�Q�#���H

�S���i�?�b

�A�M �i�?�2 �+�Q�M�i�2�t�i �Q�7 �i���+�i�B�+���H �T���i�? �T�H���M�M�B�M�; �B�M�p�2�b�i�B�;���i�2�/ �B�M �i�?�B�b �`�2�b�2���`�+�?�- ���i���+�i�B�+���H �T���i�? �b�?���T�2

�`�2�7�2�`�b �i�Q �� �T���i�? �i�?���i �b�i�`���i�2�;�B�+���H�H�v �M���p�B�;���i�2�b �+�H�Q�b�2 �i�Q �i�?�2 �Q�#�b�i���+�H�2 �b�2�i�-O , f x i ; yi j M O (x i ; yi ) =

1g�- �i�Q �K�B�M�B�K�B�x�2 �i�?�2 �p�2�?�B�+�H�2�ö�b �2�t�T�Q�b�m�`�2 �i�Q �2�t�i�2�`�M���H �i�?�`�2���i�b�- �b�m�+�? ���b �/�2�i�2�+�i�B�Q�M �#�v ���/�p�2�`�b���`�B���H

�b�2�M�b�Q�`�b�- �r�?�B�H�2 �b�i�B�H�H �`�2���+�?�B�M�; �i�?�2 �;�Q���H �b�2�iG�- ���b �B�i �`�2�/�m�+�2�b �i�?�2 �l�:�o�ö�b �2�t�T�Q�b�m�`�2 �i�Q �/�2�i�2�+�i�B�Q�M ���b



�l�Y�k�Y �T���ñ�ÿ�ñ���¶�² �Ì�ã�ñ�ª�ž�ã ���ž�«���Ô�«�ž�ãA � �ÿ�ž���Ñ �ÿ�ã�ž�é�é�¶�� �R�N

�r�2�H�H ���b �2�t�i�2�`�M���H �i�?�`�2���i�b�X �P�i�?�2�`�r�B�b�2�- �i�?�2 �T���i�? �B�b �b���B�/ �i�Q �#�2 �`�2�+�F�H�2�b�b�X �h�?�B�b �#�2�?���p�B�Q�` �B�b �+�`�B�i�B�+���H

�B�M �b�i�2���H�i�?�@�Q�`�B�2�M�i�2�/ �K�B�b�b�B�Q�M�b�- �r�?�2�`�2 �i�?�2 �l�:�o �K�m�b�i �#���H���M�+�2 �i�?�2 �i�`���/�2�@�Q�7�7 �#�2�i�r�2�2�M �T���i�? �H�2�M�;�i�?

���M�/ �/�2�i�2�+�i���#�B�H�B�i�v�X �� �T�m�`�2�H�v �/�B�b�i���M�+�2�@�Q�T�i�B�K���H �T���i�?�- ���b �T�`�Q�/�m�+�2�/ �#�v �� �+�H���b�b�B�+���HA � ���H�;�Q�`�B�i�?�K�-

�K���v �i�`���p�2�`�b�2 �Q�T�2�M �b�T���+�2�b�- �B�M�+�`�2���b�B�M�; �i�?�2 �`�B�b�F �Q�7 �/�2�i�2�+�i�B�Q�M�X �A�M �+�Q�M�i�`���b�i�- �� �i���+�i�B�+���H �T���i�? �H�2�p�2�`�@

���;�2�b �2�M�p�B�`�Q�M�K�2�M�i���H �7�2���i�m�`�2�b�- �b�m�+�? ���b �r���H�H�b �Q�` �#���`�`�B�2�`�b�- �i�Q �Q�#�b�+�m�`�2 �i�?�2 �l�:�o�ö�b �i�`���D�2�+�i�Q�`�v�- �2�p�2�M

�B�7 �B�i �`�2�b�m�H�i�b �B�M �� �b�H�B�;�?�i�H�v �H�Q�M�;�2�` �T���i�?�X

�h�?�2 �i���+�i�B�+���H �T���i�? �b�?���T�2 �B�b �B�M�/�m�+�2�/ �#�v �B�M�i�`�Q�/�m�+�B�M�; �i�?�2 �r�2�B�;�?�B�M�; �7�m�M�+�i�B�Q�M�-� : (0; 1 ) !

(0; 1] ���b �/�2�7�B�M�2�/ �B�M �2�[�m���i�B�Q�M�k�X�e�X �>�2�`�2�-� 2 R �`�2�T�`�2�b�2�M�i�b �i�?�2 �/�B�b�i���M�+�2 �i�Q �i�?�2 �M�2���`�2�b�i �Q�#�b�i���+�H�2�X

���M�/ �B�b �+�Q�K�T�m�i�2�/ �7�Q�` �2���+�? �M�Q�/�2(x; y) �#�v �/�2�i�2�`�K�B�M�B�M�; �i�?�2 �K�B�M�B�K�m�K �/�B�b�i���M�+�2 �i�Q ���M �Q�#�b�i���+�H�2

�B�M ���M�v �/�B�`�2�+�i�B�Q�M�X �h�?�2 �T���`���K�2�i�2�`�b� 1 2 R�-� 2 2 R�- ���M�/� 3 2 R �+���M �#�2 ���/�D�m�b�i�2�/ �#�v �i�?�2 �m�b�2�`

�i�Q �K�Q�/�m�H���i�2 �i�?�2 ���H�;�Q�`�B�i�?�K�ö�b �T�`�Q�T�2�M�b�B�i�v �i�Q�r���`�/�b �`�2�+�F�H�2�b�b �Q�` �i���+�i�B�+���H �#�2�?���p�B�Q�`�X �h�?�2 �7�m�M�+�i�B�Q�M

� (� ) �b�+���H�2�b �i�?�2 �+�Q�b�i �Q�7 �i�`���p�2�`�b�B�M�; �� �M�Q�/�2�- �`�2�r���`�/�B�M�; �T���i�?�b �+�H�Q�b�2�` �i�Q �Q�#�b�i���+�H�2�b �U�b�K���H�H� �V �#�v

�`�2�/�m�+�B�M�; �i�?�2 �2�7�7�2�+�i�B�p�2 �+�Q�b�i�- �r�?�B�H�2 �T�2�M���H�B�x�B�M�; �T���i�?�b �B�M �Q�T�2�M �b�T���+�2�b �U�H���`�;�2� �V�X

�6�B�;�m�`�2 �k�X�R�, �S�H�Q�i �Q�7 �i�?�2 �b�i�2���H�i�? �B�M�/�m�+�B�M�;� (� ) �7�m�M�+�i�B�Q�M �r�B�i�? �/�B�7�7�2�`�2�M�i �i�m�M���#�H�2 �T���`���K�2�i�2�`
�i�`�B�T�H�2�i�b�X



�k�y �+�Ñ�ž�ÿ���¶�� �l�Y �;�ã�ñ�ª�ž�ã �T�ž���Ñ �T�ã�ž�é�é�Ô�é�Ì

�h�?�2 �m�M�/�2�`�H�v�B�M�; �2�7�7�2�+�i�b �Q�7 �i�?�2 �K�Q�/�m�H���i�B�M�; �T���`���K�2�i�2�`�b �+���M �#�2 �Q�#�b�2�`�p�2�/ ���b �7�Q�H�H�Q�r�b�,

�Ç �h�?�2 �T���`���K�2�i�2�`�b� 1 ���M�/� 3 �/�B�+�i���i�2 �i�?�2 �l�:�o�ö�b �T�`�Q�T�2�M�b�B�i�v �i�Q�r���`�/ �i���+�i�B�+���H �#�2�?���p�B�Q�`

�Ç � 1 �+�Q�M�i�`�Q�H�b �i�?�2 �b�2�M�b�B�i�B�p�B�i�v �i�Q �Q�#�b�i���+�H�2 �T�`�Q�t�B�K�B�i�v�X �G���`�;�2�` �p���H�m�2�b �Q�7� 1 ���K�T�H�B�7�v �i�?�2 �2�7�7�2�+�i

�Q�7� �Q�M� �- �2�M�+�Q�m�`���;�B�M�; �i�?�2 �l�:�o �i�Q �b�i���v �+�H�Q�b�2�` �i�Q �Q�#�b�i���+�H�2�b�X

�Ç � 3 ���/�D�m�b�i�b �i�?�2 �/�2�+���v �`���i�2 �Q�7 �i�?�2 �2�t�T�Q�M�2�M�i�B���H �i�2�`�K�- �7�B�M�2�@�i�m�M�B�M�; �i�?�2 �i�`���M�b�B�i�B�Q�M �#�2�i�r�2�2�M

�i���+�i�B�+���H ���M�/ �/�B�b�i���M�+�2�@�Q�T�i�B�K���H �#�2�?���p�B�Q�`�X

�Ç �h�?�2 �T���`���K�2�i�2�`� 2 2 [0; 0:5]�- �r�?�B�+�? ���7�7�2�+�i�b �#�Q�i�? �i�?�2�+�Q�b�i�@�i�Q�@�+�Q�K�2���M�/�?�2�m�`�B�b�i�B�+ �+�Q�b�i�-

�`�2�;�m�H���i�2�b �i�?�2 �7�Q�+�m�b �Q�M �;�Q���H �T�m�`�b�m�B�i�X �6�Q�` �2�t���K�T�H�2�- �b�2�i�i�B�M�;� 2 = 0 �2�M�+�Q�m�`���;�2�b �`�2�+�F�H�2�b�b

�;�Q���H �T�m�`�b�m�B�i ���b �Q�T�T�Q�b�2�/ �i�Q �+�Q�M�+�2���H�K�2�M�i �b�2�2�F�B�M�; ���7�7�B�M�B�i�v �Q�i�?�2�`�r�B�b�2�X

�Ç �h�?�2 �K�B�M�B�K�B�x�2�` �Q�7� (�) �B�b
p

� 1� � 1
3 �(�R�-�k�)�X �*�Q�M�b�2�[�m�2�M�i�H�v�- �i�?�2 �+�?�Q�B�+�2 �Q�7� 1 ���M�/� 3 ���7�7�2�+�i�b

�i�?�2 �T���i�? �#�2�?���p�B�Q�`�X �h�?�2 �T�`�2�b�+�`�B�#�2�/ �`���M�;�2�b �7�Q�` �i�?�2 �T���`���K�2�i�2�`�b ���`�2 �2�b�i���#�H�B�b�?�2�/ �i�Q �#�2

� 1 2 (1; 1 )�- � 2 2 [0; 0:5]�- ���M�/� 3 2 (0:7; 1 ) �7�Q�` �`�2�+�F�H�2�b�b �#�2�?���p�B�Q�`�b ���M�/� 1 2 (0; 1)�-

� 2 2 (0:5; 1]�-� 3 2 (0; 0:7]) �7�Q�` �i���+�i�B�+���H �#�2�?���p�B�Q�`�X

�h�?�B�b �7�H�2�t�B�#�B�H�B�i�v ���H�H�Q�r�b �i�?�2 �T���i�? �T�H���M�M�2�` �i�Q ���/���T�i �i�Q �K�B�b�b�B�Q�M�@�b�T�2�+�B�7�B�+ �`�2�[�m�B�`�2�K�2�M�i�b�- �2�M�b�m�`�B�M�;

�i�?���i �i�?�2 �l�:�o�ö�b �i�`���D�2�+�i�Q�`�v ���H�B�;�M�b �r�B�i�? �i�?�2 �/�2�b�B�`�2�/ �i���+�i�B�+���H �T�`�Q�7�B�H�2�X

�k�X�j�X�k �S�`�Q�Q�7�b �Q�7 �P�T�i�B�K���H�B�i�v ���M�/ ���/�K�B�b�b�B�#�B�H�B�i�v

�h�Q �2�M�b�m�`�2 �i�?���i �i�?�2 �K�Q�/�B�7�B�2�/ �+�Q�b�i �7�m�M�+�i�B�Q�M�b �v�B�2�H�/ �Q�T�i�B�K���H �v�2�i �i���+�i�B�+���H �T���i�?�b�- �r�2 �K�m�b�i

�p�2�`�B�7�v �i�?���i �i�?�2�v �b���i�B�b�7�v �i�?�2�T�`�B�M�+�B�T�H�2 �Q�7 �i�`�B���M�;�m�H���` �B�M�2�[�m���H�B�i�v�U�7�Q�` �i�?�2 �T���i�? �Q�T�i�B�K���H�B�i�v�V ���M�/

�i�?�2�T�`�B�M�+�B�T�H�2 �Q�7 ���/�K�B�b�b�B�#�B�H�B�i�v�U�7�Q�` �i�?�2 �?�2�m�`�B�b�i�B�+�V�X �h�?�2�b�2 �T�`�Q�T�2�`�i�B�2�b �;�m���`���M�i�2�2 �i�?���i �i�?�2A �

���H�;�Q�`�B�i�?�K �`�2�K���B�M�b �Q�T�i�B�K���H �r�?�B�H�2 �B�M�/�m�+�B�M�; �i�?�2 �/�2�b�B�`�2�/ �i���+�i�B�+���H �#�2�?���p�B�Q�`�X



�l�Y�k�Y �T���ñ�ÿ�ñ���¶�² �Ì�ã�ñ�ª�ž�ã ���ž�«���Ô�«�ž�ãA � �ÿ�ž���Ñ �ÿ�ã�ž�é�é�¶�� �k�R

�S�`�B�M�+�B�T�H�2 �Q�7 �h�`�B���M�;�m�H���` �A�M�2�[�m���H�B�i�v

�h�?�2 �i�`�B���M�;�m�H���` �B�M�2�[�m���H�B�i�v �2�M�b�m�`�2�b �i�?���i �i�?�2 �+�Q�b�i �Q�7 �� �T���i�? �#�2�i�r�2�2�M �i�r�Q �M�Q�/�2�b �p�B�� ���M �B�M�i�2�`�@

�K�2�/�B���i�2 �M�Q�/�2 �B�b ���i �H�2���b�i ���b �H���`�;�2 ���b �i�?�2 �/�B�`�2�+�i �+�Q�b�i �#�2�i�r�2�2�M �i�?�2 �i�r�Q �M�Q�/�2�b�X �6�Q�` ���M�v �M�Q�/�2�bu�-

v�- ���M�/w�- �i�?�2 �K�Q�/�B�7�B�2�/ �+�Q�b�i �K�m�b�i �b���i�B�b�7�v�,

c(u; w) + c(w; v) � c(u; v); �U�k�X�d�V

�r�?�2�`�2c(u; v) �B�b �i�?�2 �+�Q�b�i �Q�7 �i�`���p�2�`�b�B�M�; �7�`�Q�K �M�Q�/�2u �i�Q �M�Q�/�2v�- �/�2�7�B�M�2�/ ���b�,

c(u; v) = � (d2(u; O))d2(u; v): �U�k�X�3�V

�*�Q�M�b�B�/�2�` �i�?�`�2�2 �M�Q�/�2�bu�-w�- ���M�/v�- �r�B�i�? �/�B�b�i���M�+�2�bd2(u; w)�-d2(w; v)�- ���M�/d2(u; v)�- ���M�/ �Q�#�b�i���+�H�2

�/�B�b�i���M�+�2�b� u = d2(u; O)�-� w = d2(w; O)�- ���M�/� v = d2(v;O)�X �h�?�2 �H�2�7�i�@�?���M�/ �b�B�/�2 �Q�7 �1�[�m���i�B�Q�M

�U�k�X�d�V �B�b�,

c(u; w) + c(w; v) = � (� u)d2(u; w) + � (� w)d2(w; v): �U�k�X�N�V

�h�?�2 �`�B�;�?�i�@�?���M�/ �b�B�/�2 �B�b�,

c(u; v) = � (� u)d2(u; v): �U�k�X�R�y�V

�a�B�M�+�2� (� ) 2 (0; 1]�- �r�2 �+���M �#�Q�m�M�/� (� u) ���M�/� (� w) �#�v �R�X �h�?�2 �1�m�+�H�B�/�2���M �/�B�b�i���M�+�2 �b���i�B�b�7�B�2�b

�i�?�2 �i�`�B���M�;�m�H���` �B�M�2�[�m���H�B�i�v�,

d2(u; w) + d2(w; v) � d2(u; v): �U�k�X�R�R�V

�h�?�m�b�,

� (� u)d2(u; w) + � (� w)d2(w; v) � 1 � d2(u; w) + 1 � d2(w; v) = d2(u; w) + d2(w; v) � d2(u; v):

�U�k�X�R�k�V



�k�k �+�Ñ�ž�ÿ���¶�� �l�Y �;�ã�ñ�ª�ž�ã �T�ž���Ñ �T�ã�ž�é�é�Ô�é�Ì

�h�Q ���+�+�Q�m�M�i �7�Q�` �p���`�v�B�M�;� �p���H�m�2�b�- �+�Q�M�b�B�/�2�` �i�?�2 �r�Q�`�b�i�@�+���b�2 �b�+�2�M���`�B�Q �r�?�2�`�2� (� u) = � (� w) =

� �K�B�M> 0 �U�2�X�;�X�- �r�?�2�M� �B�b �b�K���H�H�- �K�B�M�B�K�B�x�B�M�;� �V�X �h�?�2�M�,

� �K�B�Md2(u; w) + � �K�B�Md2(w; v) = � �K�B�M(d2(u; w) + d2(w; v)) � � �K�B�Md2(u; v): �U�k�X�R�j�V

�>�Q�r�2�p�2�`�- �i�?�2 �`�B�;�?�i�@�?���M�/ �b�B�/�2 �m�b�2�b� (� u)�- �r�?�B�+�? �K���v �/�B�7�7�2�` �7�`�Q�K� (� w)�X �a�B�M�+�2� (� u) � 1�- �r�2

�?���p�2� (� u)d2(u; v) � d2(u; v)�X �h�?�2 �B�M�2�[�m���H�B�i�v �?�Q�H�/�b �B�M �i�?�2 �r�Q�`�b�i �+���b�2 �U�2�X�;�X�-� = 1�V�- ���M�/ �7�Q�`

�b�K���H�H�2�`� �- �i�?�2 �H�2�7�i�@�?���M�/ �b�B�/�2 �/�2�+�`�2���b�2�b�- �#�m�i �i�?�2 �`�B�;�?�i�@�?���M�/ �b�B�/�2 ���/�D�m�b�i�b �T�`�Q�T�Q�`�i�B�Q�M���H�H�v�X �h�?�m�b�-

�i�?�2 �K�Q�/�B�7�B�2�/ �+�Q�b�i �7�m�M�+�i�B�Q�M �b���i�B�b�7�B�2�b �i�?�2 �i�`�B���M�;�m�H���` �B�M�2�[�m���H�B�i�v�- �2�M�b�m�`�B�M�; �;�2�Q�K�2�i�`�B�+ �+�Q�M�b�B�b�i�2�M�+�v

�Q�7 �i�?�2 �T���i�? �+�Q�b�i�b�X

�S�`�B�M�+�B�T�H�2 �Q�7 ���/�K�B�b�b�B�#�B�H�B�i�v

�h�?�2 �T�`�B�M�+�B�T�H�2 �Q�7 ���/�K�B�b�b�B�#�B�H�B�i�v �`�2�[�m�B�`�2�b �i�?���i �i�?�2 �?�2�m�`�B�b�i�B�+hk �M�2�p�2�` �Q�p�2�`�2�b�i�B�K���i�2�b �i�?�2 �i�`�m�2

�+�Q�b�i �i�Q �i�?�2 �;�Q���H�X �G�2�ih�
k �/�2�M�Q�i�2 �i�?�2 �i�`�m�2 �K�B�M�B�K�m�K �+�Q�b�i �7�`�Q�K �M�Q�/�2k �i�Q �i�?�2 �;�Q���HG�X �h�?�2

�?�2�m�`�B�b�i�B�+ �B�b �;�B�p�2�M �#�v�,

hk = (1 � � 2)d2(r̂ k ; G): �U�k�X�R�9�V

�h�?�2 �i�`�m�2 �+�Q�b�ih�
k �B�b �i�?�2 �K�B�M�B�K�m�K �+�Q�b�i �Q�7 �� �T���i�? �7�`�Q�K ���M�v �M�Q�/�2k �i�QG�-

h�
k = d2(k; G): �U�k�X�R�8�V

�h�?�2 �i�`�m�2 �+�Q�b�i �B�b �i�?�2�`�2�7�Q�`�2 �#�Q�m�M�/�2�/ �#�2�H�Q�r �#�v �i�?�2 �b�+���H�2�/ �1�m�+�H�B�/�2���M �/�B�b�i���M�+�2�,

h�
k � (1 � � 2)d2(k; G); �U�k�X�R�e�V

�h�Q �2�M�b�m�`�2 ���/�K�B�b�b�B�#�B�H�B�i�v�- �r�2 �M�2�2�/�,

hk � h�
k : �U�k�X�R�d�V



�l�Y�k�Y �T���ñ�ÿ�ñ���¶�² �Ì�ã�ñ�ª�ž�ã ���ž�«���Ô�«�ž�ãA � �ÿ�ž���Ñ �ÿ�ã�ž�é�é�¶�� �k�j

�a�B�M�+�21 � � 2 � 1�- �r�2 �?���p�2�,

hk = (1 � � 2)d2(k; G) � d2(k; G): �U�k�X�R�3�V

�Q�`�-

(1 � � 2)d2(k; G) � h�
k : �U�k�X�R�N�V

�T�`�Q�p�B�M�; �i�?���i �i�?�2 �?�2�m�`�B�b�i�B�+ �B�b ���/�K�B�b�b�B�#�H�2�X �h�?�B�b �2�M�b�m�`�2�b �i�?���iA � �r�B�i�? �i�?�2 �K�Q�/�B�7�B�2�/ �?�2�m�`�B�b�i�B�+

�`�2�K���B�M�b �Q�T�i�B�K���H�- ���b �B�i �M�2�p�2�` �Q�p�2�`�2�b�i�B�K���i�2�b �i�?�2 �+�Q�b�i �i�Q �i�?�2 �;�Q���H�X

�k�X�j�X�j �1�t�2�+�m�i�B�Q�M �6�`���K�2�r�Q�`�F �Q�7 �i�?�2 �h���+�i�B�+���HA � ���H�;�Q�`�B�i�?�K

���H�;�Q�`�B�i�?�K �R�S�`�2A � �a�2���`�+�?�, �>�2�m�`�B�b�i�B�+ �S�`�2�+�Q�K�T�m�i���i�B�Q�M

�R�,�A�M�T�m�i�,�k�. �Q�+�+�m�T���M�+�v �;�`�B�/M O : Zn � Zm ! f 0; 1g�- �;�Q���H �b�2�iG�- �T���`���K�2�i�2�`�b� 1; � 2; � 3�-
�b�+���M �H�B�K�B�i�

�k�, �P�m�i�T�m�i�,�>�2�m�`�B�b�i�B�+ �K���Th : M O ! R� 0�-� �K���T� : M O ! (0; 1]
�j�, �7�m�M�+�i�B�Q�M�T���¶���b���ž���UM O ; G; � 1; � 2; � 3; � �V
�9�, �7�Q�`�2���+�? �M�Q�/�2k 2 M O �/�Q
�8�, �B�7k �B�b �M�Q�i ���M �Q�#�b�i���+�H�2�i�?�2�M
�e�, � k  �K�B�Mo2O d2(k; o) �r�B�i�?�B�M �/�B�b�i���M�+�2� . �a�+���M �7�Q�` �M�2���`�2�b�i �Q�#�b�i���+�H�2
�d�, � (k)  1 � � 1e4� 1 � 3 � (� 3 � k + � 1 / � k )2

. �*�Q�K�T�m�i�2� �7�Q�` �M�Q�/�2k
�3�, h(k)  (1 � � 2)d2(k; G) . �*�Q�K�T�m�i�2 �?�2�m�`�B�b�i�B�+ �b�+���H�2�/ �#�v� 2

�N�, �2�H�b�2
�R�y�, h(k)  1 . �P�#�b�i���+�H�2�b �?���p�2 �B�M�7�B�M�B�i�2 �?�2�m�`�B�b�i�B�+ �+�Q�b�i
�R�R�, � (k)  1 . �.�2�7���m�H�i� �7�Q�` �Q�#�b�i���+�H�2�b
�R�k�, �2�M�/ �B�7
�R�j�, �2�M�/ �7�Q�`
�R�9�, �`�2�i�m�`�Mh; �
�R�8�,�2�M�/ �7�m�M�+�i�B�Q�M

�h�?�2 �i���+�i�B�+���HA � ���H�;�Q�`�B�i�?�K �+�Q�K�T�m�i�2�b ���M �Q�T�i�B�K���H �T���i�? �7�`�Q�K �� �b�i���`�i �M�Q�/�2r0 �i�Q �� �;�Q���H �b�2�i

G �Q�M �� �k�. �Q�+�+�m�T���M�+�v �;�`�B�/M O : Zn � Zm ! f 0; 1g�- �B�M�i�2�;�`���i�B�M�; �b�i�2���H�i�?�@�B�M�/�m�+�B�M�; �#�2�?���p�B�Q�`

�p�B�� �i�?�2� (� ) �7�m�M�+�i�B�Q�M ���M�/� 2 �T���`���K�2�i�2�`�X �h�?�2 ���H�;�Q�`�B�i�?�K �B�M�B�i�B���H�B�x�2�b �� �T�`�B�Q�`�B�i�v �[�m�2�m�2 �r�B�i�? �i�?�2



�k�9 �+�Ñ�ž�ÿ���¶�� �l�Y �;�ã�ñ�ª�ž�ã �T�ž���Ñ �T�ã�ž�é�é�Ô�é�Ì

�b�i���`�i �M�Q�/�2�- �b�2�i�i�B�M�;g(r0) = 0 ���M�/ �+�Q�K�T�m�i�B�M�; �B�i�b �?�2�m�`�B�b�i�B�+h(r0) ���b �T�2�` �1�[�m���i�B�Q�M �U�k�X�8�V�X �h�?�2

�b�i���`�i �M�Q�/�2 �B�b �B�M�b�2�`�i�2�/ �B�M�i�Q �i�?�2 �[�m�2�m�2 ���H�Q�M�; �r�B�i�? �B�i�bf �@�+�Q�b�i �;�B�p�2�M �#�v�-f = g + h�- �r�?�2�`�2g �B�b

�b�+���H�2�/ �#�v� (� ) �i�Q �7���p�Q�` �Q�#�b�i���+�H�2 �T�`�Q�t�B�K�B�i�v�- ���M�/h �B�b �K�Q�/�m�H���i�2�/ �#�v� 2 �i�Q �#���H���M�+�2 �;�Q���H �T�m�`�b�m�B�i�X

�P�i�?�2�` �M�Q�/�2�b ���`�2 �B�M�B�i�B���H�B�x�2�/ �r�B�i�? �B�M�7�B�M�B�i�2g�@�+�Q�b�i�b ���M�/h�@�+�Q�b�i�b�X �� �+�H�Q�b�2�/ �b�2�i�- �B�M�B�i�B���H�H�v �2�K�T�i�v�-

�i�`���+�F�b �T�`�Q�+�2�b�b�2�/ �M�Q�/�2�b�X

�h�?�2 ���H�;�Q�`�B�i�?�K �B�i�2�`���i�2�b �m�M�i�B�H �� �M�Q�/�2 �B�MG �B�b �7�Q�m�M�/�- �`�2�K�Q�p�B�M�; �i�?�2 �M�Q�/�2 �r�B�i�? �i�?�2 �H�Q�r�2�b�i

f �@�+�Q�b�i�- �K���`�F�B�M�; �B�i �+�H�Q�b�2�/�- ���M�/ �`�2�+�Q�`�/�B�M�; �B�i�b �T���`�2�M�i �7�Q�` �#���+�F�i�`���+�F�B�M�;�X �A�i �2�t�T���M�/�b �i�?�B�b �M�Q�/�2�ö�b

�2�B�;�?�i �M�2�B�;�?�#�Q�`�b �B�MM O �, �Q�#�b�i���+�H�2 �Q�` �+�H�Q�b�2�/ �M�Q�/�2�b ���`�2 �b�F�B�T�T�2�/�c �7�Q�` �Q�i�?�2�`�b�- �i�?�2 �i�2�M�i���i�B�p�2g�@

�+�Q�b�i�- �b�+���H�2�/ �#�v� (� )�- �B�b �+�Q�K�T�m�i�2�/�X �1�t�B�b�i�B�M�; �[�m�2�m�2 �M�Q�/�2�b ���`�2 �m�T�/���i�2�/ �B�7 �� �H�Q�r�2�`g�@�+�Q�b�i �B�b
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