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Abstract

The offshore renewable energy market is rapidly growing, particularly in wind and solar sectors. The
intermittent nature of these energy sources underscores the necessity for offshore energy storage
solutions. Among the techniques being explored, Marine Pumped Hydro-Energy Storage (MPHES)
emerges as a promising option. This innovative concept operates similarly to artificial lakes, where
water is stored and released to generate electricity. In the MPHES system, a seabed-based reservoir
is established, in which water flows, driving turbines to generate electricity. During periods of energy
surplus, the system is charged by pumping water out of the reservoir.

The available energy storage capacity increases with both depth and volume. Current designs pro-
posed in the literature discuss installation depths ranging from 600 to 1000 meters, while achieving
internal volumes of 9:000 to 12:000 cubic meters. These system adopt a spherical shape of the reser-
voir, with external diameters ranging from 30 to 34 meters. The material of choice for these structures
is concrete.

Through extensive interviews and a review of relevant literature, two significant challenges have been
identified in these designs. The spherical shape and large dimensions of the reservoir make construc-
tion highly complex. The most promising construction approach outlined in the literature, involves a
hybrid method of 3D Concrete Printing (3DCP) and conventional casting, where the formwork is con-
structed using 3DCP followed by concrete pouring. However, this method relies on unproven tech-
niques that have never been implemented on this scale. Additionally, the draught of the structure is at
least 26 meters. Despite using pontoons to provide extra buoyancy, this considerable draught seems
too challenging for construction even in some of the worldôs largest dry docks.

The aforementioned challenges have prompted questions regarding the suitability of a spherical reser-
voir. Initially chosen for its effectiveness in distributing hydrostatic forces associated with significant
depths, the spherical shape is now being reassessed. Investigations were undertaken to explore the
most optimal shape for anMPHES system, considering the viability of a cylinder or torus. These shapes,
identified through a literature review, maintain rounded features for efficient distribution of hydrostatic
load, while potentially being constructible with existing techniques and offering a lower draught. How-
ever, it is anticipated that the cylinder and torus may require more material. The key question here is
whether the ability to adopt simpler construction methods and achieve a lower draught outweighs the
increased material usage, while also factoring in considerations of transportation and installation.

To assess the efficiency of a shape, a novel parameter, the CIV-ratio
�

Vconcrete
Vinternal

�
is introduced. This quan-

tifies the correlation between costs, indicated by the volume of material used, and benefits, expressed
in internal volume. Through analytical methods and verified numerical simulations, the spherical reser-
voir has emerged as the most advantageous shape in terms of the CIV-ratio. With an internal volume
of 10:000 m3 and a depth of 1000 meters, the sphere demonstrates a CIV-ratio of 0; 78, whereas the
cylinder exhibits a CIV-ratio of 1; 09. At this volume, the cylinder and torus have a slenderness value
of 12. While the method to achieve these results has not been applied to the torus, it showed results
very similar to those obtained for the cylinder in other analyses. A neutral buoyant CIV-ratio is 0; 75.
Ultimately, the sphere exhibits a CIV-ratio that is 23% to 29% lower than that of the cylinder.

The slenderness values for the cylinder are defined as the ratio between its length and its internal radius,
while for the torus, it is the ratio between its major radius and its minor radius. An analytical examination
revealed that for both the cylinder and torus, a higher slenderness results in a lower CIV-ratio. However,
higher slenderness values lead to significantly larger external dimensions of the reservoir, presenting
challenges in terms of constructability and transportability. Drawing insights from reference projects
involving dry docks and immersed tunnel construction, a favorable slenderness range of 10 to 20 was
identified for the cylinder. A slenderness value of 12 in combination with an internal volume of 9:000
m3 yields an external diameter of 12; 92 meters and a length of 129; 0 meters. However, applying a
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similar methodology, no such favorable range was found for the torus. Its external dimensions become
impractically large, with a major diameter of approximately 100 meters for an internal volume of 9:000
m3 and acceptable slenderness values. These substantial dimensions impose constraints on feasible
construction sites for the torus, contradicting the initial goal of avoiding such limitations. Consequently,
further consideration of the torus was discontinued.

After conducting a literature review of reference projects and examining general concrete construction
methods, five approaches for constructing a cylinder were identified and assessed. Through deductive
analysis, reasoned evaluation, and expert interviews, the horizontal jump-forming technique emerged
as the most practical method. This approach entails a semi-continuous process wherein the cylinder
is constructed gradually using ring elements. The production cycle of each ring element begins with
extending a launching girder, onto which inner formwork is affixed. Subsequently, the outer formwork
is positioned to facilitate the pouring of concrete.

In contrast to the construction method for the sphere, literature demonstrates that the horizontal jump-
forming technique has proven successful in tunnel construction, underscoring its reliability. Notably,
while the preferred construction method for the cylinder is not suitable for the sphere, the reverse is
not true. This observation suggests that constructing a cylinder is comparatively less complex than
constructing a sphere.

During transport, the cylinder would be submerged and suspended from two or more catamaran-like
pontoons, with tug boats facilitating the transportation process. This method, as evidenced in literature
and verified analytically, seems to pose no more pronounced complications than transporting a sphere,
which would also rely on tug boats for transportation and installation.

Furthermore, a review was conducted to assess the favorability of adopting a hemispherical cap design
for the cylinder compared to a flat one. Through analytical calculations, it was found that opting for
a hemispherical cap design can result in a significant reduction in material usage. Additionally, the
hemispherical design proves to distribute hydrostatic pressure more effectively than its flat counterpart,
with no significant additional stresses observed, as confirmed through finite element analysis.

A comparative analysis suggests that the cylindrical design presents a feasible option, especially for
larger internal volumes. Here, the additional costs associated with increased material usage may be
offset by the enhanced constructability of the cylindrical design, making it more desirable than the
spherical option. Potential investors should therefore carefully consider the trade-off between higher
material consumption and a simpler construction process. Nonetheless, for lower internal volumes, it
is evident that the sphere still stands out as the optimal choice.
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�������� �7�K�L�F�N���Z�D�O�O�H�G �W�X�E�H �Z�L�W�K �L�Q�W�H�U�Q�D�O �D�Q�G �H�[�W�H�U�Q�D�O �O�R�D�G�� �U�H�S�U�H�V�H�Q�W�L�Q�J �W�K�H �F�\�O�L�Q�G�H�U �F�U�R�V�V���V�H�F�W�L�R�Q����
�������� �1�X�P�H�U�L�F�D�O �Y�H�U�L�I�L�F�D�W�L�R�Q �R�I �X�Q�L�I�R�U�P �F�R�P�S�U�H�V�V�L�R�Q �D�V�V�X�P�S�W�L�R�Q �Z�L�W�K �'�L�D�Q�D �)�(�$�� �� �� �� �� �� ������
�������� �8�Q�L�I�R�U�P �V�W�U�H�V�V �R�Y�H�U �Z�D�O�O �W�K�L�F�N�Q�H�V�V �Y�H�U�L�I�L�F�D�W�L�R�Q��

�D�Wd = 1000 �P �D�Q�Gf cd = 40 �0�3�D �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
�������� �5�H�Y�L�V�H�G �Z�R�U�N�I�O�R�Z �I�R�U �G�H�W�H�U�P�L�Q�L�Q�J �Z�D�O�O �W�K�L�F�N�Q�H�V�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
�������� �&�,�9���U�D�W�L�R�V �I�R�U �V�S�K�H�U�H �D�Q�G �F�\�O�L�Q�G�H�U �I�R�U �X�Q�L�I�R�U�P �D�Q�G �Q�R�Q���X�Q�L�I�R�U�P �S�U�H�V�V�X�U�H �G�L�V�W�U�L�E�X�W�L�R�Q

�D�Wd = 1000 �P �D�Q�Gf cd = 40 �0�3�D��V�L�Q�W�H�U�Q�D�O���F�\�O�L�Q�G�H�U= 9 :000�P�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������



�0�M�W�X �S�J �*�M�K�Y�V�I�W ��

�������� �&�,�9���U�D�W�L�R�V �I�R�U �V�S�K�H�U�H �D�Q�G �F�\�O�L�Q�G�H�U �Z�L�W�K �K�H�P�L�V�S�K�H�U�L�F�D�O �F�D�S �D�I�W�H�U �L�Q�W�U�R�G�X�F�L�Q�J �Z�D�O�O �W�K�L�F�N�Q�H�V�V
�X�Q�F�H�U�W�D�L�Q�W�\��
�D�Wd = 1000 �P �D�Q�Gf cd = 40 �0�3�D��V�L�Q�W�H�U�Q�D�O���F�\�O�L�Q�G�H�U= 9 :000�P�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������

�$���� �6�S�K�H�U�L�F�D�O �F�D�S �Y�R�O�X�P�H �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������

�%���� �+�7�6 �F�R�Q�V�W�U�X�F�W�L�R�Q �P�H�W�K�R�G�� �3�K�D�V�H ���� �I�U�R�Q�W �Y�L�H�Z �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�%���� �+�7�6 �F�R�Q�V�W�U�X�F�W�L�R�Q �P�H�W�K�R�G�� �3�K�D�V�H ���� �W�R�S �Y�L�H�Z �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�%���� �+�7�6 �F�R�Q�V�W�U�X�F�W�L�R�Q �P�H�W�K�R�G�� �3�K�D�V�H ���� �I�U�R�Q�W �Y�L�H�Z �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�%���� �+�7�6 �F�R�Q�V�W�U�X�F�W�L�R�Q �P�H�W�K�R�G�� �3�K�D�V�H ���� �I�U�R�Q�W �Y�L�H�Z �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�%���� �+�7�6 �F�R�Q�V�W�U�X�F�W�L�R�Q �P�H�W�K�R�G�� �3�K�D�V�H ���� ���' �Y�L�H�Z �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������

�&���� �'�H�U�L�Y�D�W�L�R�Q �R�I �%�D�U�O�R�Z�¶�V �I�R�U�P�X�O�D �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�&���� �7�K�H �J�H�R�P�H�W�U�\ �R�I �D �W�R�U�X�V �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�&���� �0�H�P�E�U�D�Q�H �I�R�U�F�H�V �L�Q �D �W�R�U�X�V �X�Q�G�H�U �K�\�G�U�R �V�W�D�W�L�F �S�U�H�V�V�X�U�Hp �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�&���� �0�D�[�L�P�X�P �Y�D�O�X�H �I�R�U �P�H�P�E�U�D�Q�H �I�R�U�F�Hnyy �L�Q �D �W�R�U�X�V �X�Q�G�H�U �K�\�G�U�R �V�W�D�W�L�F �S�U�H�V�V�X�U�Hp �� �� �� ��������

�'���� �1�X�P�E�H�U �R�I �L�W�H�U�D�W�L�R�Q�V �U�H�T�X�L�U�H�G �W�R �G�H�W�H�U�P�L�Q�H �W�K�L�F�N�Q�H�V�V�� �I�R�UV = 10:000m3��depth = 1000 m ������
�'���� �6�S�K�H�U�H �I�R�X�Q�G�D�W�L�R�Q �G�H�V�L�J�Q �L�Q �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�'���� �1�H�J�D�W�L�Y�H �E�H�Q�G�L�Q�J �P�R�P�H�Q�W �L�Q �F�L�U�F�X�O�D�U �I�R�X�Q�G�D�W�L�R�Q �S�O�D�W�H�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�'���� �6�F�K�H�P�D�W�L�]�D�W�L�R�Q �R�I �Q�H�J�D�W�L�Y�H �E�H�Q�G�L�Q�J �P�R�P�H�Q�W �L�Q �F�L�U�F�X�O�D�U �I�R�X�Q�G�D�W�L�R�Q �S�O�D�W�H�� �� �� �� �� �� �� �� ��������
�'���� �&�U�R�V�V���V�H�F�W�L�R�Q �R�I �V�S�K�H�U�H�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�'���� �&�\�O�L�Q�G�H�U �I�R�X�Q�G�D�W�L�R�Q �V�L�G�H �Y�L�H�Z�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�'���� �7�R�U�X�V �I�R�X�Q�G�D�W�L�R�Q �V�L�G�H �Y�L�H�Z�� �F�U�R�V�V���V�H�F�W�L�R�Q �$�$ �R�I �)�L�J�X�U�H �'������ �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�'���� �7�R�U�X�V �I�R�X�Q�G�D�W�L�R�Q �W�R�S �Y�L�H�Z�� �4�X�D�G�U�D�Q�W �S�O�R�W�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�'���� �$�O�J�R�U�L�W�K�P �I�R�U �G�H�W�H�U�P�L�Q�L�Q�J �I�R�X�Q�G�D�W�L�R�Q �Z�L�G�W�K �I�R�U �F�\�O�L�Q�G�H�U �D�Q�G �W�R�U�X�V�� �� �� �� �� �� �� �� �� �� �� �� ��������
�'������ �1�X�P�E�H�U �R�I �L�W�H�U�D�W�L�R�Q�V �L�Q �F�\�O�L�Q�G�H�U �D�Q�G �W�R�U�X�V �I�R�X�Q�G�D�W�L�R�Q �G�H�V�L�J�Q�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������

�)���� �6�F�K�H�P�D�W�L�F �G�L�D�J�U�D�P �R�I �D �W�\�S�L�F�D�O �V�O�L�S���I�R�U�P �V�\�V�W�H�P �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�)���� �1�R�Y�H�O �K�R�U�L�]�R�Q�W�D�O �V�O�L�S���I�R�U�P �W�H�F�K�Q�L�T�X�H �I�R�U �U�H�J�H�Q�H�U�D�W�L�Q�J �H�[�L�V�W�L�Q�J �W�X�Q�Q�H�O �>�����@�� �� �� �� �� �� �� �� ��������
�)���� �&�R�Q�V�W�U�X�F�W�L�R�Q �R�I �6�W�H�L�Q�K�D�X�V �W�X�Q�Q�H�O �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�)���� �6�K�R�W�F�U�H�W�H �D�S�S�O�L�F�D�W�L�R�Q �L�Q �W�K�H �U�H�S�D�L�U �R�I �D �F�R�Q�F�U�H�W�H �I�D�F�H �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�)���� �0�D�[�L�P�X�P �R�Y�H�U�K�D�Q�J �D�Q�J�O�H(� ) �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������

�*���� �0�D�S �R�I �I�M�R�U�G�V �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�*���� �7�R�Z�L�Q�J �R�I �7�U�R�O�O �$ �S�O�D�W�I�R�U�P �W�R �L�W�V �I�L�Q�D�O �O�R�F�D�W�L�R�Q �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������

�+���� �&�R�P�S�U�H�V�V�L�R�Q �V�H�D�O �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�+���� �:�H�W �M�R�L�Q�W �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�+���� �5�H�L�Q�I�R�U�F�H�P�H�Q�W �F�R�Q�W�L�Q�X�L�W�L�H�V �I�R�U �F�R�O�G �M�R�L�Q�W�V �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�+���� �:�D�W�H�U �O�H�H�N�D�J�H �S�U�H�Y�H�Q�W�L�R�Q �P�H�D�V�X�U�H�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������

�,���� �2�F�W�D�Q�W �V�S�K�H�U�H ���' �P�R�G�H�O�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,���� �2�F�W�D�Q�W �V�S�K�H�U�H �P�H�V�K�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,���� �2�F�W�D�Q�W �V�S�K�H�U�H �J�O�R�E�D�O �G�H�I�R�U�P�D�W�L�R�Q�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,���� �2�F�W�D�Q�W �V�S�K�H�U�H �S�U�L�Q�F�L�S�D�O �V�W�U�H�V�V�H�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,���� �2�F�W�D�Q�W �V�S�K�H�U�H �S�U�L�Q�F�L�S�D�O �V�W�U�H�V�V�H�V�� �U�D�Q�J�H� 38 �W�R� 48 �0�3�D�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,���� �2�F�W�D�Q�W �V�S�K�H�U�H �S�U�L�Q�F�L�S�D�O �V�W�U�H�V�V�H�V�� �]�R�R�P�H�G �L�Q�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,���� �4�X�D�U�W�H�U �F�\�O�L�Q�G�H�U ���' �P�R�G�H�O�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,���� �4�X�D�U�W�H�U �F�\�O�L�Q�G�H�U �P�H�V�K�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,���� �4�X�D�U�W�H�U �F�\�O�L�Q�G�H�U �J�O�R�E�D�O �G�H�I�R�U�P�D�W�L�R�Q�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �4�X�D�U�W�H�U �F�\�O�L�Q�G�H�U �S�U�L�Q�F�L�S�D�O �V�W�U�H�V�V�H�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �4�X�D�U�W�H�U �F�\�O�L�Q�G�H�U �S�U�L�Q�F�L�S�D�O �V�W�U�H�V�V�H�V�� �U�D�Q�J�H� 30 �W�R� 50 �0�3�D �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �4�X�D�U�W�H�U �F�\�O�L�Q�G�H�U �S�U�L�Q�F�L�S�D�O �V�W�U�H�V�V�H�V�� �]�R�R�P�H�G �L�Q�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �/�H�Q�J�W�K���U�H�G�X�F�H�G �I�O�D�W �F�D�S �P�R�G�H�O�V �I�R�U �D�Q�D�O�\�]�L�Q�J �L�Q�I�O�X�H�Q�F�H �O�H�Q�J�W�K�� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �/�H�Q�J�W�K���U�H�G�X�F�H�G �K�H�P�L�V�S�K�H�U�H �F�D�S �P�R�G�H�O�V �I�R�U �D�Q�D�O�\�]�L�Q�J �L�Q�I�O�X�H�Q�F�H �O�H�Q�J�W�K�� �� �� �� �� �� �� �� �� ��������
�,������ �0�H�V�K�H�V �R�I �O�H�Q�J�W�K���U�H�G�X�F�H�G �I�O�D�W �F�D�S �P�R�G�H�O�V �Z�L�W�K �Q�R�G�H�V �X�V�H�G �I�R�U �G�D�W�D �F�R�O�O�H�F�W�L�R�Q �K�L�J�K�O�L�J�K�W�H�G������
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�,������ �0�H�V�K�H�V �R�I �O�H�Q�J�W�K���U�H�G�X�F�H�G �K�H�P�L�V�S�K�H�U�H �F�D�S �P�R�G�H�O�V �Z�L�W�K �Q�R�G�H�V �X�V�H�G �I�R�U �G�D�W�D �F�R�O�O�H�F�W�L�R�Q
�K�L�J�K�O�L�J�K�W�H�G�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������

�,������ �6�W�U�H�V�V�H�V �L�Q �W�K�H �F�U�R�V�V���V�H�F�W�L�R�Q �R�I �O�H�Q�J�W�K���U�H�G�X�F�H�G �I�O�D�W �D�Q�G �K�H�P�L�V�S�K�H�U�L�F�D�O �F�D�S �P�R�G�H�O�V�� �� ��������
�,������ �,�Q�F�R�P�S�D�W�L�E�O�H �V�X�S�S�R�U�W �F�R�Q�G�L�W�L�R�Q�V �L�Q �H�G�J�H �R�I �V�O�L�F�H�G �P�R�G�H�O�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ 1

64 �W�K �V�O�L�F�H �R�I �K�H�P�L�V�S�K�H�U�H �P�R�G�H�O �Z�L�W�KL �W�X�E�H= L �L�Q�I�O�X�H�Q�F�H�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ 1

64 �W�K �V�O�L�F�H �R�I �K�H�P�L�V�S�K�H�U�H �P�R�G�H�O �Z�L�W�KL �W�X�E�H= 2L �L�Q�I�O�X�H�Q�F�H�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �6�O�L�F�H �P�R�G�H�O �P�H�V�K�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �6�W�U�H�V�V�H�V �L�Q �W�K�H �F�U�R�V�V���V�H�F�W�L�R�Q �R�I �V�O�L�F�H �P�R�G�H�O�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �3�U�L�Q�F�L�S�D�O �V�W�U�H�V�V�H�V �D�W �W�K�H �V�L�Q�J�X�O�D�U�L�W�\ �R�I �W�K�H �V�O�L�F�H�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �6�F�K�H�P�D�W�L�F �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q �R�I �F�U�R�V�V���V�H�F�W�L�R�Q �X�V�H�G �I�R�U �H�G�J�H���G�L�V�W�X�U�E�D�Q�F�H�� �� �� �� �� �� �� �� �� ��������
�,������ �7�K�L�Q �V�K�H�O�O �P�R�G�H�O �I�R�U �Y�D�O�L�G�D�W�L�R�Q�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �0�H�V�K �R�I �W�K�L�Q �V�K�H�O�O �P�R�G�H�O �I�R�U �Y�D�O�L�G�D�W�L�R�Q�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �2�X�W�S�X�W �R�I �W�K�L�Q �V�K�H�O�O �P�R�G�H�O �I�R�U �Y�D�O�L�G�D�W�L�R�Q�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �2�X�W�S�X�W �R�I �W�K�L�Q �V�K�H�O�O �P�R�G�H�O �I�R�U �Y�D�O�L�G�D�W�L�R�Q�� �D�G�M�X�V�W�H�G �I�R�U �V�O�L�F�H �Z�L�G�W�K�� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �+�H�P�L�V�S�K�H�U�H �W�K�L�F�N�Q�H�V�V �P�R�G�H�O��th = tc �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �+�H�P�L�V�S�K�H�U�H �W�K�L�F�N�Q�H�V�V �P�R�G�H�O��th = 0 ; 6tc �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �+�H�P�L�V�S�K�H�U�H �W�K�L�F�N�Q�H�V�V �P�R�G�H�O��th = 0 ; 5tc �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �+�H�P�L�V�S�K�H�U�H �W�K�L�F�N�Q�H�V�V �P�R�G�H�O��th = 0 ; 4tc �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �$�E�U�X�S�W �W�U�D�Q�V�L�W�L�R�Q �P�R�G�H�O��th = 0 ; 5tc �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �7�U�L�D�Q�J�X�O�D�U �W�U�D�Q�V�L�W�L�R�Q �P�R�G�H�O��th = 0 ; 5tc �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,������ �&�L�U�F�X�O�D�U �W�U�D�Q�V�L�W�L�R�Q �P�R�G�H�O��th = 0 ; 5tc �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
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������ �0�H�P�E�U�D�Q�H �I�R�U�F�H�V �D�F�U�R�V�V �V�S�K�H�U�H�� �F�\�O�L�Q�G�H�U �D�Q�G �W�R�U�X�V �X�Q�G�H�U �G�L�V�W�U�L�E�X�W�H�G �Q�R�U�P�D�O �O�R�D�Gp �� �� ��

������ �,�O�O�X�V�W�U�D�W�L�Y�H �S�D�U�D�P�H�W�H�U�V �I�R�U �0�3�+�(�6���V�S�K�H�U�H�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ����
������ �3�R�W�H�Q�W�L�D�O �O�R�F�D�W�L�R�Q�V �I�R�U �0�3�+�(�6 �>���@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������

������ �)�U�H�T�X�H�Q�W�O�\ �U�H�F�X�U�U�L�Q�J �S�D�U�D�P�H�W�H�U�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �6�S�K�H�U�H �G�L�P�H�Q�V�L�R�Q�D�O �S�D�U�D�P�H�W�H�U�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �&�\�O�L�Q�G�H�U �G�L�P�H�Q�V�L�R�Q�D�O �S�D�U�D�P�H�W�H�U�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �7�R�U�X�V �G�L�P�H�Q�V�L�R�Q�D�O �S�D�U�D�P�H�W�H�U�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �,�O�O�X�V�W�U�D�W�L�Y�H �F�R�Q�I�L�J�X�U�D�W�L�R�Q�V �I�R�U �F�\�O�L�Q�G�H�U �D�Q�G �W�R�U�X�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������

������ �0�H�P�E�U�D�Q�H �I�R�U�F�H�V �D�Q�G �Y�R�O�X�P�H�V �I�R�U �V�S�K�H�U�H�� �F�\�O�L�Q�G�H�U�� �D�Q�G �W�R�U�X�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� ������

������ �7�U�D�G�H���R�I�I �H�[�S�O�R�U�D�W�L�R�Q �F�\�O�L�Q�G�H�U �F�R�Q�V�W�U�X�F�W�L�R�Q �P�H�W�K�R�G�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �'�L�P�H�Q�V�L�R�Q�V �R�I �L�O�O�X�V�W�U�D�W�L�Y�H �F�\�O�L�Q�G�H�U�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �&�R�Q�F�U�H�W�H �F�R�Q�Q�H�F�W�L�R�Q �W�\�S�H�V �R�I �F�\�O�L�Q�G�H�U�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �6�X�P�P�D�U�\ �I�H�D�W�X�U�H�V �S�U�H�F�D�V�W �H�O�H�P�H�Q�W �P�H�W�K�R�G �D�Q�G �K�R�U�L�]�R�Q�W�D�O �M�X�P�S���I�R�U�P�L�Q�J �P�H�W�K�R�G�� �� �� �� ����

������ �0�R�G�H�O�O�H�G �K�H�P�L�V�S�K�H�U�H �W�K�L�F�N�Q�H�V�V�H�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �0�D�[�L�P�X�P �D�E�V�R�O�X�W�H �P�R�P�H�Q�W�V �I�R�U �Y�D�U�L�R�X�V �K�H�P�L�V�S�K�H�U�H �W�K�L�F�N�Q�H�V�V�H�V�� �� �� �� �� �� �� �� �� �� �� �� ������
������ �6�S�D�Q���W�K�L�F�N�Q�H�V�V �U�D�W�L�R�V �R�I �V�S�K�H�U�H �D�Q�G �F�\�O�L�Q�G�H�U�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������
������ �'�L�D�Q�D �)�(�$ �P�R�G�H�O �S�D�U�D�P�H�W�H�U�V �I�R�U �Y�H�U�L�I�L�F�D�W�L�R�Q �R�I �X�Q�L�I�R�U�P �V�W�U�H�V�V �D�V�V�X�P�S�W�L�R�Q�� �� �� �� �� �� �� ������
������ �&�R�P�S�D�U�L�V�R�Q �R�I �H�V�W�D�E�O�L�V�K�H�G �V�S�K�H�U�L�F�D�O �G�H�V�L�J�Q �G�L�P�H�Q�V�L�R�Q�V �Z�L�W�K �O�L�W�H�U�D�W�X�U�H�� �� �� �� �� �� �� �� �� ������

������ �6�X�P�P�D�U�\ �R�I �U�H�V�X�O�W�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ������

�$���� �3�D�U�D�P�H�W�H�U�V �R�I �V�S�K�H�U�H �D�V �G�H�V�F�U�L�E�H�G �L�Q �6�H�F�W�L�R�Q �������� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�$���� �3�D�U�D�P�H�W�H�U�V �R�I �F�\�O�L�Q�G�H�U �D�V �G�H�V�F�U�L�E�H�G �L�Q �6�H�F�W�L�R�Q �������� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������

�%���� �&�R�P�S�R�Q�H�Q�W�V �L�Q �+�7�6 �F�R�Q�V�W�U�X�F�W�L�R�Q �W�H�F�K�Q�L�T�X�H�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������

�&���� �0�H�P�E�U�D�Q�H �I�R�U�F�H�V �R�Y�H�U�Y�L�H�Z �I�R�U �V�H�Y�H�U�D�O �W�K�L�Q���Z�D�O�O�H�G �V�K�D�S�H�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�&���� �*�H�R�P�H�W�U�L�F�D�O �W�R�U�X�V �S�D�U�D�P�H�W�H�U�V �>�����@�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
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�*���� �/�L�V�W �R�I �W�K�H �Z�R�U�O�G�V �O�D�U�J�H�V�W �O�D�Q�G���E�D�V�H�G �G�U�\ �G�R�F�N�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������

�,���� �'�L�D�Q�D �)�(�$ �P�R�G�H�O �S�D�U�D�P�H�W�H�U�V �I�R�U �Y�H�U�L�I�L�F�D�W�L�R�Q �R�I �X�Q�L�I�R�U�P �V�W�U�H�V�V �D�V�V�X�P�S�W�L�R�Q�� �� �� �� �� �� �� ��������
�,���� �&�\�O�L�Q�G�H�U �I�O�D�W �F�D�S �D�Q�G �K�H�P�L�V�S�K�H�U�H �P�R�G�H�O �S�D�U�D�P�H�W�H�U�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
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64 th �V�O�L�F�H �P�R�G�H�O �S�D�U�D�P�H�W�H�U�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,���� �7�K�L�Q �V�K�H�O�O �P�R�G�H�O �S�D�U�D�P�H�W�H�U�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,���� �0�R�P�H�Q�W�V �F�D�X�V�H�G �E�\ �H�G�J�H �G�L�V�W�X�U�E�D�Q�F�H �P�R�G�H�O �S�D�U�D�P�H�W�H�U�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
�,���� �&�\�O�L�Q�G�H�U���K�H�P�L�V�S�K�H�U�H �W�U�D�Q�V�L�W�L�R�Q �P�R�G�H�O �S�D�U�D�P�H�W�H�U�V�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��������
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�7�K�H �Z�R�U�O�G �L�V �D�W �D �F�U�L�W�L�F�D�O �M�X�Q�F�W�X�U�H �Z�K�H�Q �L�W �F�R�P�H�V �W�R �P�H�H�W�L�Q�J �L�W�V �H�Q�H�U�J�\ �Q�H�H�G�V�� �:�L�W�K �J�U�R�Z�L�Q�J �F�R�Q�F�H�U�Q�V
�R�Y�H�U �&�2�� �H�P�L�V�V�L�R�Q�V �D�Q�G �W�K�H �O�L�P�L�W�H�G �D�Y�D�L�O�D�E�L�O�L�W�\ �R�I �I�R�V�V�L�O �I�X�H�O�V�� �W�K�H �J�O�R�E�D�O �I�R�F�X�V �R�Q �U�H�Q�H�Z�D�E�O�H �H�Q�H�U�J�\
�K�D�V �L�Q�W�H�Q�V�L�I�L�H�G�� �1�R�W�D�E�O�\�� �Z�L�Q�G �D�Q�G �V�R�O�D�U �H�Q�H�U�J�\ �K�D�Y�H �H�P�H�U�J�H�G �D�V �S�U�R�P�L�V�L�Q�J �F�R�Q�W�H�Q�G�H�U�V�� �F�R�Q�W�U�L�E�X�W�L�Q�J
�D�S�S�U�R�[�L�P�D�W�H�O�\ �������� �D�Q�G �������� �R�I �W�K�H �Z�R�U�O�G�¶�V �H�O�H�F�W�U�L�F�L�W�\ �S�U�R�G�X�F�W�L�R�Q �L�Q ���������� �Z�L�W�K �W�K�H�L�U �S�U�R�S�R�U�W�L�R�Q �F�R�Q�W�L�Q��
�X�L�Q�J �W�R �L�Q�F�U�H�D�V�H �>�������@�� �+�R�Z�H�Y�H�U�� �W�K�H�L�U �L�Q�W�H�U�P�L�W�W�H�Q�W �Q�D�W�X�U�H �S�R�V�H�V �D �V�L�J�Q�L�I�L�F�D�Q�W �G�L�V�W�U�L�E�X�W�L�R�Q �F�K�D�O�O�H�Q�J�H�� �,�Q
�W�K�L�V �F�R�Q�W�H�[�W�� �H�Q�H�U�J�\ �V�W�R�U�D�J�H �H�P�H�U�J�H�V �D�V �D �F�U�L�W�L�F�D�O �V�R�O�X�W�L�R�Q �W�R �D�G�G�U�H�V�V �W�K�L�V �L�V�V�X�H��

�$�W �S�U�H�V�H�Q�W�� �D�S�S�U�R�[�L�P�D�W�H�O�\ ������ �R�I �W�K�H �Z�R�U�O�G�¶�V �H�Q�H�U�J�\ �V�W�R�U�D�J�H �F�D�S�D�F�L�W�\ �U�H�O�L�H�V �R�Q �S�X�P�S�H�G �K�\�G�U�R���H�Q�H�U�J�\
�V�W�R�U�D�J�H ���3�+�(�6�� �V�\�V�W�H�P�V�� �F�R�O�O�R�T�X�L�D�O�O�\ �U�H�I�H�U�U�H�G �W�R �D�V �D�U�W�L�I�L�F�L�D�O �O�D�N�H�V �R�U �U�H�V�H�U�Y�R�L�U�V �>���@�� �7�K�H�V�H �L�Q�Q�R�Y�D�W�L�Y�H
�V�H�W�X�S�V �K�D�U�Q�H�V�V �W�K�H �K�H�L�J�K�W �G�L�I�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q �W�Z�R �U�H�V�H�U�Y�R�L�U�V�� �D�O�O�R�Z�L�Q�J �Z�D�W�H�U �W�R �E�H �S�X�P�S�H�G �W�R �W�K�H �X�S��
�S�H�U �U�H�V�H�U�Y�R�L�U �G�X�U�L�Q�J �S�H�U�L�R�G�V �R�I �H�Q�H�U�J�\ �V�X�U�S�O�X�V�� �:�K�H�Q �H�Q�H�U�J�\ �G�H�P�D�Q�G �U�L�V�H�V�� �W�K�H �Z�D�W�H�U �L�V �U�H�O�H�D�V�H�G �W�R
�W�K�H �O�R�Z�H�U �U�H�V�H�U�Y�R�L�U�� �J�H�Q�H�U�D�W�L�Q�J �H�O�H�F�W�U�L�F�L�W�\ �W�K�U�R�X�J�K �W�X�U�E�L�Q�H�V�� �7�K�H�V�H �V�\�V�W�H�P�V �Q�D�W�X�U�D�O�O�\ �R�S�H�U�D�W�H �R�Q �O�D�Q�G��
�U�H�T�X�L�U�L�Q�J �D �V�S�H�F�L�I�L�F �J�H�R�J�U�D�S�K�L�F�D�O �O�D�\�R�X�W �I�R�U �W�K�H �F�R�Q�V�W�U�X�F�W�L�R�Q �R�I �W�K�H �X�S�S�H�U �D�Q�G �O�R�Z�H�U �U�H�V�H�U�Y�R�L�U�V��

�)�L�J�X�U�H ���������&�R�Q�F�H�S�W �R�Y�H�U�Y�L�H�Z �R�I �0�3�+�(�6

�,�Q �������� �D �Q�R�Y�H�O �G�H�H�S���V�H�D �3�+�(�6 �V�\�V�W�H�P �Z�D�V �S�U�H�V�H�Q�W�H�G �E�\ �*�H�U�P�D�Q �S�K�\�V�L�F�L�V�W�V �3�U�R�I�H�V�V�R�U �+�R�U�V�W �6�F�K�P�L�G�W��
�%�|�F�N�L�Q�J �D�Q�G �'�U�� �*�H�U�K�D�U�G �/�X�W�K�H�U �>���@�� �,�W �L�Q�Y�R�O�Y�H�V �D �O�R�Z�H�U �U�H�V�H�U�Y�R�L�U �L�Q �W�K�H �I�R�U�P �R�I �D �F�R�Q�F�U�H�W�H �V�S�K�H�U�H �V�L�W�X��
�D�W�H�G �R�Q �W�K�H �V�H�D�E�H�G �>���@�� �'�X�U�L�Q�J �S�H�U�L�R�G�V �R�I �H�Q�H�U�J�\ �V�X�U�S�O�X�V�� �W�K�H �V�S�K�H�U�H �L�V �F�K�D�U�J�H�G �E�\ �S�X�P�S�L�Q�J �Z�D�W�H�U �R�X�W
�R�I �L�W�� �:�K�H�Q �H�Q�H�U�J�\ �G�H�P�D�Q�G �L�Q�F�U�H�D�V�H�V�� �W�K�H �R�F�H�D�Q �Z�D�W�H�U �L�V �U�H�O�H�D�V�H�G�� �I�O�R�Z�L�Q�J �E�D�F�N �L�Q�W�R �W�K�H �V�S�K�H�U�H�� �D�Q�G
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�J�H�Q�H�U�D�W�L�Q�J �H�O�H�F�W�U�L�F�L�W�\ �W�K�U�R�X�J�K �W�X�U�E�L�Q�H�V�� �7�K�L�V �L�Q�Q�R�Y�D�W�L�Y�H �L�G�H�D �H�[�S�O�R�U�H�V �W�K�H �S�R�W�H�Q�W�L�D�O �R�I �X�W�L�O�L�]�L�Q�J �W�K�H �R�F�H�D�Q
�I�O�R�R�U �I�R�U �H�Q�H�U�J�\ �V�W�R�U�D�J�H�� �R�I�I�H�U�L�Q�J �D �S�U�R�P�L�V�L�Q�J �D�O�W�H�U�Q�D�W�L�Y�H �W�R �W�U�D�G�L�W�L�R�Q�D�O �O�D�Q�G���E�D�V�H�G �3�+�(�6 �V�\�V�W�H�P�V��

�7�K�L�V �F�R�Q�F�H�S�W�� �L�O�O�X�V�W�U�D�W�H�G �L�Q�)�L�J�X�U�H �������� �L�V �U�H�I�H�U�U�H�G �W�R �D�V �P�D�U�L�Q�H �S�X�P�S�H�G �K�\�G�U�R���H�Q�H�U�J�\ �V�W�R�U�D�J�H ���0�3�+�(�6����
�:�K�L�O�H �W�K�H �V�\�V�W�H�P �K�D�V �Q�R�W �E�H�H�Q �L�P�S�O�H�P�H�Q�W�H�G �\�H�W�� �F�X�U�U�H�Q�W �G�H�V�L�J�Q�V �H�Q�Y�L�V�L�R�Q �D �V�S�K�H�U�H���V�K�D�S�H�G �U�H�V�H�U�Y�R�L�U
�Z�L�W�K �D �G�L�D�P�H�W�H�U �R�I �X�S �W�R ���� �P�H�W�H�U�V�� �7�K�H �F�R�Q�V�W�U�X�F�W�L�R�Q �D�Q�G �V�F�D�O�D�E�L�O�L�W�\ �R�I �V�X�F�K �V�W�U�X�F�W�X�U�H�V �S�R�V�H �V�L�J�Q�L�I�L�F�D�Q�W
�F�K�D�O�O�H�Q�J�H�V �D�Q�G �U�D�L�V�H �T�X�H�V�W�L�R�Q�V �D�E�R�X�W �W�K�H �V�X�L�W�D�E�L�O�L�W�\ �R�I �D �V�S�K�H�U�H �D�V �W�K�H �V�K�D�S�H �I�R�U �W�K�H �U�H�V�H�U�Y�R�L�U��

�7�K�L�V �W�K�H�V�L�V �X�Q�G�H�U�W�D�N�H�V �D�Q �L�Q���G�H�S�W�K �H�[�S�O�R�U�D�W�L�R�Q �D�Q�G �D�V�V�H�V�V�P�H�Q�W �R�I �F�\�O�L�Q�G�U�L�F�D�O �D�Q�G �W�R�U�R�L�G�D�O���V�K�D�S�H�G �U�H�V�H�U��
�Y�R�L�U �G�H�V�L�J�Q�V �I�R�U �W�K�H �0�3�+�(�6 �V�\�V�W�H�P�� �7�K�H �F�R�U�H �T�X�H�V�W�L�R�Q �G�U�L�Y�L�Q�J �W�K�L�V �U�H�V�H�D�U�F�K �L�V�� �:�K�D�W �L�V �W�K�H �R�S�W�L�P�D�O
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�7�K�H �H�Q�H�U�J�\ �V�W�R�U�D�J�H �F�D�S�D�F�L�W�\ �R�I �D �V�L�Q�J�O�H �0�3�+�(�6 �V�\�V�W�H�P �U�H�O�L�H�V �S�U�H�G�R�P�L�Q�D�Q�W�O�\ �R�Q �W�Z�R �N�H�\ �S�D�U�D�P�H�W�H�U�V��
�W�K�H �K�H�L�J�K�W �G�L�I�I�H�U�H�Q�F�H �E�H�W�Z�H�H�Q �W�K�H �X�S�S�H�U �D�Q�G �O�R�Z�H�U �U�H�V�H�U�Y�R�L�U�V �D�Q�G �W�K�H �Y�R�O�X�P�H �R�I �Z�D�W�H�U �W�K�H�\ �F�D�Q �K�R�O�G�� �$
�J�U�H�D�W�H�U �K�\�G�U�D�X�O�L�F �K�H�D�G �W�U�D�Q�V�O�D�W�H�V �W�R �L�Q�F�U�H�D�V�H�G �W�X�U�E�L�Q�H �G�U�L�Y�H�� �Z�K�L�O�H �O�D�U�J�H�U �U�H�V�H�U�Y�R�L�U �Y�R�O�X�P�H�V �R�I�I�H�U �P�R�U�H
�Z�D�W�H�U �W�R �S�R�Z�H�U �W�K�H �W�X�U�E�L�Q�H�V�� �+�R�Z�H�Y�H�U�� �W�K�H�V�H �I�D�F�W�R�U�V �S�R�V�H �O�L�P�L�W�D�W�L�R�Q�V �R�Q �W�K�H �V�W�U�X�F�W�X�U�D�O �G�H�V�L�J�Q �R�I �0�3�+�(�6��
�+�L�J�K�H�U �K�\�G�U�D�X�O�L�F �K�H�D�G�V �D�U�H �D�F�K�L�H�Y�H�G �D�W �G�H�H�S�H�U �G�H�S�W�K�V�� �U�H�V�X�O�W�L�Q�J �L�Q �J�U�H�D�W�H�U �K�\�G�U�R�V�W�D�W�L�F �I�R�U�F�H�V �H�[�H�U�W�H�G
�R�Q �W�K�H �V�W�U�X�F�W�X�U�H�� �/�D�U�J�H�U �V�W�R�U�D�J�H �Y�R�O�X�P�H�V �Q�H�F�H�V�V�L�W�D�W�H �O�D�U�J�H�U �V�S�K�H�U�H �G�L�D�P�H�W�H�U�V�� �O�H�D�G�L�Q�J �W�R �K�L�J�K�H�U �L�Q�W�H�U�Q�D�O
�V�W�U�H�V�V�H�V �Z�L�W�K�L�Q �W�K�H �V�W�U�X�F�W�X�U�H�� �%�R�W�K �W�K�H�V�H �I�D�F�W�R�U�V �G�H�P�D�Q�G �D �W�K�L�F�N�H�U �V�S�K�H�U�H �R�U �K�L�J�K�H�U �F�R�Q�F�U�H�W�H �F�O�D�V�V �W�R
�Z�L�W�K�V�W�D�Q�G �W�K�H�V�H �I�R�U�F�H�V�� �L�Q�H�Y�L�W�D�E�O�\ �O�H�D�G�L�Q�J �W�R �L�Q�F�U�H�D�V�H�G �F�R�Q�V�W�U�X�F�W�L�R�Q �F�R�V�W�V�� �7�K�H �W�U�D�G�H�R�I�I �E�H�W�Z�H�H�Q �H�Q�H�U�J�\
�V�W�R�U�D�J�H �F�D�S�D�F�L�W�\ �D�Q�G �W�K�H �Y�R�O�X�P�H �R�I �F�R�Q�F�U�H�W�H �X�V�H�G �L�V �D �F�U�L�W�L�F�D�O �I�D�F�W�R�U �L�Q �W�K�H �G�H�V�L�J�Q �D�Q�G �Z�L�O�O �V�L�J�Q�L�I�L�F�D�Q�W�O�\
�L�Q�I�O�X�H�Q�F�H �W�K�H �R�Y�H�U�D�O�O �S�H�U�I�R�U�P�D�Q�F�H �R�I �0�3�+�(�6 �V�\�V�W�H�P�V��

���������(�I�T�X�L�� �Z�S�P�Y�Q�I �E�R�H �I�R�I�V�K�] �W�X�S�V�E�K�I �T�S�X�I�R�X�M�E�P
�7�K�H �I�H�D�V�L�E�L�O�L�W�\ �R�I �0�3�+�(�6 �L�V �F�R�Q�W�L�Q�J�H�Q�W �R�Q �D �V�X�E�V�W�D�Q�W�L�D�O �Z�D�W�H�U �G�H�S�W�K�� �'�X�U�L�Q�J �W�K�H �H�D�U�O�\ �V�W�D�J�H�V �R�I �L�W�V
�G�H�Y�H�O�R�S�P�H�Q�W�� �P�L�Q�L�P�D�O �F�R�Q�V�W�U�X�F�W�L�R�Q �G�H�S�W�K�V �R�I ������ �P�H�W�H�U�V �Z�H�U�H �F�R�Q�V�L�G�H�U�H�G �D�F�K�L�H�Y�D�E�O�H �>���@�� �&�X�U�U�H�Q�W�O�\��
�W�K�H �)�U�D�X�Q�K�R�I�H�U �,�Q�V�W�L�W�X�W�H�� �W�K�H �O�H�D�G�L�Q�J �G�H�Y�H�O�R�S�H�U �R�I �W�K�L�V �F�R�Q�F�H�S�W�� �L�V �W�D�U�J�H�W�L�Q�J �D�Q �L�Q�V�W�D�O�O�D�W�L�R�Q �G�H�S�W�K �U�D�Q�J�L�Q�J
�I�U�R�P ������ �W�R ������ �P�H�W�H�U�V �>���� ���� ���@�� �,�W �Z�D�V �I�R�X�Q�G �W�K�D�W �D �P�L�Q�L�P�X�P �G�H�S�W�K �R�I ������ �P�H�W�H�U�V �L�V �U�H�T�X�L�U�H�G �I�R�U
�W�H�F�K�Q�R���H�F�R�Q�R�P�L�F�D�O�O�\ �V�X�I�I�L�F�L�H�Q�W �V�W�R�U�D�J�H �F�D�S�D�F�L�W�\�� �$ �G�L�I�I�H�U�H�Q�W �F�D�V�H �V�W�X�G�\ �R�I�I �W�K�H �F�R�D�V�W �R�I �6�F�R�W�O�D�Q�G �D�L�P�H�G
�I�R�U �D �J�U�H�D�W�H�U �G�H�S�W�K �R�I �������� �P�H�W�H�U�V �>���� �@�� �)�R�U �F�R�P�S�D�U�L�V�R�Q�� �W�U�D�G�L�W�L�R�Q�D�O �3�+�(�6 �V�\�V�W�H�P�V �W�\�S�L�F�D�O�O�\ �R�S�H�U�D�W�H
�Z�L�W�K �D �K�\�G�U�D�X�O�L�F �K�H�D�G �U�D�Q�J�L�Q�J �I�U�R�P �E�H�O�R�Z ������ �W�R �P�R�U�H �W�K�D�Q �������� �P�H�W�H�U�V �>���� �@�� �$�P�R�Q�J �W�K�H �I�L�Y�H �O�D�U�J�H�V�W
�S�X�P�S�H�G �K�\�G�U�R���H�Q�H�U�J�\ �V�W�R�U�D�J�H ���3�+�(�6�� �V�\�V�W�H�P�V�� �W�K�H�L�U �K�\�G�U�D�X�O�L�F �K�H�D�G�V �U�D�Q�J�H �I�U�R�P ������ �W�R ������ �P�H�W�H�U�V
�>���� �@��

�:�K�H�U�H �L�Q�W�H�Q�G�H�G �L�Q�V�W�D�O�O�D�W�L�R�Q �G�H�S�W�K�V �P�D�\ �G�L�I�I�H�U �L�Q �Y�D�U�L�R�X�V �V�W�X�G�L�H�V�� �W�K�H �W�D�U�J�H�W�H�G �L�Q�W�H�U�Q�D�O �Y�R�O�X�P�H �R�I �W�K�H
�0�3�+�(�6 �F�R�Q�V�W�U�X�F�W�L�R�Q �U�H�P�D�L�Q�V �U�H�O�D�W�L�Y�H�O�\ �F�R�Q�V�L�V�W�H�Q�W�� �U�D�Q�J�L�Q�J �I�U�R�P ���������� �W�R ������������ �P�� �>���������������� �@�� �&�R�U��
�U�H�V�S�R�Q�G�L�Q�J�O�\�� �I�R�U �D �V�S�K�H�U�H�� �W�K�L�V �Z�R�X�O�G �U�H�V�X�O�W �L�Q �D�Q �L�Q�Q�H�U �G�L�D�P�H�W�H�U �U�D�Q�J�L�Q�J �E�H�W�Z�H�H�Q �������� �D�Q�G �������� �P�H��
�W�H�U�V��

�8�O�W�L�P�D�W�H�O�\�� �W�K�H �S�H�U�I�R�U�P�D�Q�F�H �R�I �W�K�H �F�R�Q�F�H�S�W �L�V �G�H�S�H�Q�G�H�Q�W �R�Q �W�K�H �V�W�R�U�D�J�H �F�D�S�D�F�L�W�\�� �7�K�H �U�H�O�D�W�L�R�Q �E�H�W�Z�H�H�Q
�W�K�D�W�� �W�K�H �L�Q�W�H�U�Q�D�O �Y�R�O�X�P�H �D�Q�G �G�H�S�W�K �F�D�Q �E�H �H�[�S�U�H�V�V�H�G �E�\�(�T�X�D�W�L�R�Q �������>���@��

��



�������� �6�I�U�Y�M�V�I�H �W�X�S�V�E�K�I �G�E�T�E�G�M�X�] ��

C = � �V�Z� g � d � V�L�Q�W�H�U�Q�D�O� � �W�X�U�E�L�Q�H ����������

�:�K�H�U�H��

�‡C �L�V �W�K�H �V�W�R�U�D�J�H �F�D�S�D�F�L�W�\

�‡� �V�Z�L�V �W�K�H �G�H�Q�V�L�W�\ �R�I �V�H�D�Z�D�W�H�U

�‡g �L�V �W�K�H �J�U�D�Y�L�W�D�W�L�R�Q�D�O �F�R�Q�V�W�D�Q�W

�‡d �L�V �W�K�H �R�S�H�U�D�W�L�R�Q�D�O �G�H�S�W�K

�‡V�L�Q�W�H�U�Q�D�O�L�V �W�K�H �L�Q�W�H�U�Q�D�O �Y�R�O�X�P�H �R�I �W�K�H �U�H�V�H�U�Y�R�L�U

�‡� �W�X�U�E�L�Q�H�L�V �W�K�H �H�I�I�L�F�L�H�Q�F�\ �R�I �W�K�H �W�X�U�E�L�Q�H

�,�W �L�V �L�P�S�R�U�W�D�Q�W �W�R �Q�R�W�H �W�K�D�W �W�K�H �H�I�I�L�F�L�H�Q�F�\ �R�I �W�K�H �H�Q�W�L�U�H �V�\�V�W�H�P �L�V �Q�R�W �V�R�O�H�O�\ �U�H�O�L�D�Q�W �R�Q �W�K�H �H�I�I�L�F�L�H�Q�F�\ �R�I
�W�K�H �W�X�U�E�L�Q�H�� �E�X�W �D�O�V�R �G�H�S�H�Q�G�H�Q�W �R�Q �W�K�H �H�I�I�L�F�L�H�Q�F�\ �R�I �W�K�H �S�X�P�S�V�� �.�H�\ �S�D�U�D�P�H�W�H�U�V�� �G�H�U�L�Y�H�G �I�U�R�P �>���� ���@��
�D�U�H �R�X�W�O�L�Q�H�G �L�Q�7�D�E�O�H �������� �8�W�L�O�L�]�L�Q�J �W�K�H�V�H �S�D�U�D�P�H�W�H�U�V�� �D �V�W�R�U�D�J�H �F�D�S�D�F�L�W�\ �R�I �������� �0�:�K �L�V �F�D�O�F�X�O�D�W�H�G��
�H�P�S�O�R�\�L�Q�J �D �F�R�Q�Y�H�U�V�L�R�Q �I�D�F�W�R�U �R�I �������(�� �W�R �W�U�D�Q�V�I�R�U�P �X�Q�L�W�V �I�U�R�P �-�R�X�O�H�V �W�R �0�:�K��

C =
1025� 9; 81� 1000� 10:000� 0; 82

3; 6E9
= 22; 9 �0�:�K

�&�R�Q�V�L�G�H�U�L�Q�J �W�K�H�V�H �L�O�O�X�V�W�U�D�W�L�Y�H �S�D�U�D�P�H�W�H�U�V�� �R�Q�H �F�D�Q �D�Q�W�L�F�L�S�D�W�H �D �U�R�X�Q�G�W�U�L�S �H�I�I�L�F�L�H�Q�F�\ �R�I �D�S�S�U�R�[�L�P�D�W�H�O�\
������ �I�R�U �W�K�H �0�3�+�(�6 �V�\�V�W�H�P�� �+�R�Z�H�Y�H�U�� �L�W �L�V �Z�R�U�W�K �Q�R�W�L�Q�J �W�K�D�W �H�[�S�H�U�L�P�H�Q�W�V �F�R�Q�G�X�F�W�H�G �W�R �G�D�W�H �K�D�Y�H �Q�R�W
�\�H�W �D�F�K�L�H�Y�H�G �W�K�L�V �O�H�Y�H�O �R�I �H�I�I�L�F�L�H�Q�F�\�� �S�U�L�P�D�U�L�O�\ �E�H�F�D�X�V�H �W�K�H �I�R�F�X�V �K�D�V �E�H�H�Q �R�Q �H�V�W�D�E�O�L�V�K�L�Q�J �D �S�U�R�R�I �R�I
�F�R�Q�F�H�S�W �U�D�W�K�H�U �W�K�D�Q �R�S�W�L�P�L�]�L�Q�J �S�X�P�S �H�I�I�L�F�L�H�Q�F�\ �>���� �@��

�3�D�U�D�P�H�W�H�U �6�\�P�E�R�O �9�D�O�X�H �8�Q�L�W
�'�H�Q�V�L�W�\ �V�H�D�Z�D�W�H�U� sw 1025 �N�J �P����

�*�U�D�Y�L�W�D�W�L�R�Q�D�O �F�R�Q�V�W�D�Q�Wg 9; 81 �P �V����

�&�R�Q�V�W�U�X�F�W�L�R�Q �G�H�S�W�Kd 1000 �P
�,�Q�W�H�U�Q�D�O �U�D�G�L�X�V �R�I �V�S�K�H�U�Ha 13; 37 �P
�,�Q�W�H�U�Q�D�O �Y�R�O�X�P�H �R�I �V�S�K�H�U�HV�L�Q�W�H�U�Q�D�O10:000 �P��

�:�D�O�O �W�K�L�F�N�Q�H�V�V t 2; 72 �P
�(�O�H�F�W�U�L�F�D�O �V�W�R�U�D�J�H �F�D�S�D�F�L�W�\C 22; 9 �0�:�K
�,�Q�V�W�D�O�O�H�G �H�O�H�F�W�U�L�F�D�O �F�D�S�D�F�L�W�\P 5 �0�:
�(�I�I�L�F�L�H�Q�F�\ �R�I �W�X�U�E�L�Q�H� �W�X�U�E�L�Q�H0; 82 ��
�(�I�I�L�F�L�H�Q�F�\ �R�I �S�X�P�S�V� �S�X�P�S 0; 89 ��

�7�D�E�O�H ���������,�O�O�X�V�W�U�D�W�L�Y�H �S�D�U�D�P�H�W�H�U�V �I�R�U �0�3�+�(�6���V�S�K�H�U�H

���������6�I�U�Y�M�V�I�H �W�X�S�V�E�K�I �G�E�T�E�G�M�X�]
�7�K�H �Q�H�F�H�V�V�D�U�\ �V�W�R�U�D�J�H �F�D�S�D�F�L�W�\ �R�I �D�Q �H�Q�H�U�J�\ �V�W�R�U�D�J�H �V�\�V�W�H�P �L�V �F�O�R�V�H�O�\ �W�L�H�G �W�R �W�K�H �S�R�Z�H�U �R�X�W�S�X�W �R�I
�W�K�H �H�Q�H�U�J�\ �I�D�U�P �L�W �V�X�S�S�R�U�W�V�� �:�L�W�K�L�Q �W�K�H �I�U�D�P�H�Z�R�U�N �R�I �0�3�+�(�6�� �R�I�I�V�K�R�U�H �Z�L�Q�G �D�Q�G �V�R�O�D�U �H�Q�H�U�J�\ �H�P�H�U�J�H
�D�V �W�K�H �S�U�L�P�D�U�\ �D�Q�G �F�R�P�S�H�O�O�L�Q�J �F�D�Q�G�L�G�D�W�H�V �I�R�U �H�Q�H�U�J�\ �V�W�R�U�D�J�H�� �2�I�I�V�K�R�U�H �Z�L�Q�G �I�D�U�P�V �D�U�H �H�[�S�H�U�L�H�Q�F�L�Q�J
�D �Q�R�W�D�E�O�H �V�X�U�J�H�� �E�R�W�K �L�Q �W�K�H�L�U �L�Q�F�U�H�D�V�L�Q�J �Q�X�P�E�H�U�V �D�Q�G �D �G�L�V�F�H�U�Q�L�E�O�H �W�U�H�Q�G �W�R�Z�D�U�G �K�L�J�K�H�U �F�D�S�D�F�L�W�L�H�V
�>���� ������ �@�� �&�R�Q�Y�H�U�V�H�O�\�� �R�I�I�V�K�R�U�H �V�R�O�D�U �I�D�U�P�V�� �Z�K�L�O�H �Q�R�W �\�H�W �Z�L�G�H�V�S�U�H�D�G�� �H�[�K�L�E�L�W �F�O�H�D�U �S�R�W�H�Q�W�L�D�O �I�R�U �J�U�R�Z�W�K��
�$ �Q�R�W�H�Z�R�U�W�K�\ �S�U�R�M�H�F�W�L�R�Q �I�U�R�P �7�1�2 �V�X�J�J�H�V�W�V �W�K�H �L�Q�V�W�D�O�O�D�W�L�R�Q �R�I ���� �*�: �R�I �R�I�I�V�K�R�U�H �V�R�O�D�U �S�R�Z�H�U �L�Q �W�K�H
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�V�W�U�X�F�W�X�U�H�� �7�K�H�U�H�I�R�U�H�� �Y�H�U�L�I�\�L�Q�J �W�K�H �P�D�[�L�P�X�P �F�U�D�F�N �Z�L�G�W�K �R�I �W�K�H �V�W�U�X�F�W�X�U�H�V �L�V �F�U�X�F�L�D�O�� �+�R�Z�H�Y�H�U�� �W�K�L�V
�D�V�S�H�F�W �L�V �Q�R�W �I�X�U�W�K�H�U �G�L�V�F�X�V�V�H�G �L�Q �W�K�L�V �U�H�S�R�U�W��

���������*�I�E�W�M�F�M�P�M�X�] �G�S�R�W�M�H�I�V�E�X�M�S�R�W
�7�K�L�V �6�H�F�W�L�R�Q �S�U�R�Y�L�G�H�V �D�Q �D�V�V�H�V�V�P�H�Q�W �R�I �W�K�H �I�H�D�V�L�E�L�O�L�W�\ �R�I �0�3�+�(�6 �D�Q�G �R�I�I�H�U�V �D �U�H�I�O�H�F�W�L�Y�H �D�Q�D�O�\�V�L�V �R�I
�L�W�V �V�W�D�Q�G�L�Q�J �L�Q �W�K�H �F�X�U�U�H�Q�W �V�W�D�W�H �R�I �W�K�H �D�U�W�� �)�L�U�V�W �W�K�H �P�D�U�N�H�W �S�R�W�H�Q�W�L�D�O �I�R�U �H�Q�H�U�J�\ �V�W�R�U�D�J�H �L�V �H�[�D�P�L�Q�H�G��
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�F�O�L�P�D�W�H �F�K�D�Q�J�H �D�Q�G �H�Q�V�X�U�L�Q�J �D �V�X�V�W�D�L�Q�D�E�O�H �H�Q�H�U�J�\ �I�X�W�X�U�H�� �$�V �W�K�H �V�K�D�U�H �R�I �Z�L�Q�G �D�Q�G �V�R�O�D�U �H�Q�H�U�J�\ �L�Q
�W�K�H �H�Q�H�U�J�\ �P�L�[ �L�Q�F�U�H�D�V�H�V�� �W�K�H �Q�H�H�G �I�R�U �H�I�I�H�F�W�L�Y�H �H�Q�H�U�J�\ �V�W�R�U�D�J�H �V�R�O�X�W�L�R�Q�V �E�H�F�R�P�H�V �L�Q�F�U�H�D�V�L�Q�J�O�\ �F�U�L�W�L�F�D�O��
�7�K�H �L�Q�W�H�U�P�L�W�W�H�Q�W �Q�D�W�X�U�H �R�I �U�H�Q�H�Z�D�E�O�H �H�Q�H�U�J�\ �V�R�X�U�F�H�V �F�U�H�D�W�H�V �D �P�D�U�N�H�W �G�H�P�D�Q�G �I�R�U �H�Q�H�U�J�\ �V�W�R�U�D�J�H
�W�H�F�K�Q�R�O�R�J�L�H�V �W�R �E�D�O�D�Q�F�H �H�Q�H�U�J�\ �V�X�S�S�O�\ �D�Q�G �G�H�P�D�Q�G �D�Q�G �H�Q�K�D�Q�F�H �J�U�L�G �V�W�D�E�L�O�L�W�\��
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�/�D�U�J�H���V�F�D�O�H �H�Q�H�U�J�\ �V�W�R�U�D�J�H �V�R�O�X�W�L�R�Q�V �D�U�H �E�H�F�R�P�L�Q�J �L�Q�F�U�H�D�V�L�Q�J�O�\ �Q�H�F�H�V�V�D�U�\ �W�R �D�G�G�U�H�V�V �W�K�H �F�K�D�O�O�H�Q�J�H�V
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�W�H�F�K�Q�L�T�X�H�V�� �W�K�H�U�H �D�U�H �V�H�Y�H�U�D�O �F�R�Q�V�L�G�H�U�D�W�L�R�Q�V �I�U�R�P �D �I�L�Q�D�Q�F�L�D�O �V�W�D�Q�G�S�R�L�Q�W�� �)�L�J�X�U�H������ �L�Q�G�L�F�D�W�H�V �W�K�D�W
�0�3�+�(�6 �L�V �Q�R�W �\�H�W �Z�L�W�K�L�Q �W�K�H �P�R�V�W �I�D�Y�R�U�D�E�O�H �U�H�J�L�R�Q �R�I �W�K�H �J�U�D�S�K�� �U�H�S�U�H�V�H�Q�W�H�G �E�\ �W�K�H �O�R�Z�H�U �O�H�I�W�� �7�K�H
�Z�L�G�H �L�Q�Y�H�V�W�P�H�Q�W �F�R�V�W �U�D�Q�J�H�V �I�R�U �E�R�W�K �&�$�(�6 �D�Q�G �3�+�(�6�� �L�Q�I�O�X�H�Q�F�H�G �E�\ �J�H�R�J�U�D�S�K�L�F�D�O �S�U�R�S�H�U�W�L�H�V�� �F�D�Q
�E�H �P�L�V�O�H�D�G�L�Q�J�� �7�K�H �R�Y�H�U�O�D�S�S�L�Q�J �U�H�J�L�R�Q �R�I �0�3�+�(�6 �Z�L�W�K �&�$�(�6 �D�Q�G �3�+�(�6 �G�R�H�V �Q�R�W �L�Q�K�H�U�H�Q�W�O�\ �L�P�S�O�\
�F�R�Q�V�L�V�W�H�Q�W �F�R�V�W���F�R�P�S�H�W�L�W�L�Y�H�Q�H�V�V�� �,�Q�V�W�H�D�G�� �L�W �V�X�J�J�H�V�W�V �W�K�D�W �0�3�+�(�6 �F�R�X�O�G �E�H �P�R�U�H �I�L�Q�D�Q�F�L�D�O�O�\ �D�W�W�U�D�F�W�L�Y�H
�L�Q �U�H�J�L�R�Q�V �Z�K�H�U�H �J�H�R�J�U�D�S�K�L�F�D�O �D�Q�G �W�R�S�R�J�U�D�S�K�L�F�D�O �F�R�Q�V�W�U�D�L�Q�W�V �P�D�N�H �W�K�H �L�P�S�O�H�P�H�Q�W�D�W�L�R�Q �R�I �&�$�(�6 �R�U
�3�+�(�6 �P�R�U�H �H�[�S�H�Q�V�L�Y�H�� �V�X�F�K �D�V �D�U�H�D�V �Q�H�D�U �R�I�I�V�K�R�U�H �Z�L�Q�G �I�D�U�P�V��

�)�R�U �0�3�+�(�6 �W�R �J�D�U�Q�H�U �L�Q�Y�H�V�W�R�U �L�Q�W�H�U�H�V�W�� �L�W �P�X�V�W �R�I�I�H�U �D �Q�H�W �S�R�V�L�W�L�Y�H �D�Q�Q�X�L�W�\�� �7�K�H �V�W�X�G�\ �L�Q �>���@ �H�V�W�L�P�D�W�H�G
�W�K�D�W �D �V�L�Q�J�O�H �0�3�+�(�6 �X�Q�L�W �F�R�X�O�G �\�L�H�O�G �D �S�R�V�L�W�L�Y�H �D�Q�Q�X�L�W�\ �R�I �V�H�Y�H�U�D�O �K�X�Q�G�U�H�G �W�K�R�X�V�D�Q�G �H�X�U�R�V�� �+�R�Z�H�Y�H�U�� �D�V
�G�H�S�L�F�W�H�G �L�Q �)�L�J�X�U�H�������� �D�F�K�L�H�Y�L�Q�J �D �Q�H�W �]�H�U�R �D�Q�Q�X�L�W�\ �I�R�U �D�Q �0�3�+�(�6 �I�D�U�P �Z�L�W�K ���� �X�Q�L�W�V �U�H�T�X�L�U�H�V �V�L�J�Q�L�I�L�F�D�Q�W
�S�U�L�F�H �D�U�E�L�W�U�D�J�H�� �Q�H�F�H�V�V�L�W�D�W�L�Q�J �D�W �O�H�D�V�W �� �¼�F�H�Q�W�V �S�H�U �N�:�K �D�W �������� �R�S�H�U�D�W�L�R�Q �K�R�X�U�V�� �7�K�L�V �L�P�S�O�L�H�V �W�K�D�W �W�K�H
�S�O�D�Q�W �V�K�R�X�O�G �L�G�H�D�O�O�\ �D�F�K�L�H�Y�H �������� �I�X�O�O �F�\�F�O�H�V �L�Q �D �\�H�D�U�� �R�U ������ �I�X�O�O �F�\�F�O�H�V �S�H�U �G�D�\�� �7�K�L�V �R�S�H�U�D�W�L�R�Q�D�O
�U�H�T�X�L�U�H�P�H�Q�W �L�V �V�X�E�V�W�D�Q�W�L�D�O�� �D�Q�G �W�K�H �H�[�S�H�F�W�H�G �S�U�L�F�H �D�U�E�L�W�U�D�J�H �S�R�V�H�V �D �S�R�W�H�Q�W�L�D�O �F�K�D�O�O�H�Q�J�H�� �5�H�V�H�D�U�F�K �L�Q
�>���� �@ �G�H�P�R�Q�V�W�U�D�W�H�G �W�K�D�W �W�K�H �G�D�L�O�\ �S�U�L�F�H �G�L�I�I�H�U�H�Q�W�L�D�O�V �L�Q �(�X�U�R�S�H �U�D�Q�J�H�G �I�U�R�P ������ �¼�F�H�Q�W�V �S�H�U �N�:�K �L�Q �1�R�U�Z�D�\
�W�R ������ �¼�F�H�Q�W�V �S�H�U �N�:�K �L�Q �,�U�H�O�D�Q�G�� �7�K�H�V�H �I�L�J�X�U�H�V �L�Q�G�L�F�D�W�H �W�K�D�W �W�K�H �R�X�W�O�R�R�N �S�U�H�V�H�Q�W�H�G �L�Q �>���@ �P�L�J�K�W �E�H �R�Y�H�U�O�\
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�H�U�D�W�L�R�Q �R�I �P�X�O�W�L�S�O�H �I�D�F�W�R�U�V�� �L�Q�F�O�X�G�L�Q�J �S�U�L�F�H �D�U�E�L�W�U�D�J�H�� �R�S�H�U�D�W�L�R�Q�D�O �K�R�X�U�V�� �D�Q�G �J�H�R�J�U�D�S�K�L�F�D�O �O�R�F�D�W�L�R�Q�� �L�V
�F�U�X�F�L�D�O �W�R �G�H�W�H�U�P�L�Q�H �L�W�V �H�F�R�Q�R�P�L�F �Y�L�D�E�L�O�L�W�\ �D�Q�G �D�W�W�U�D�F�W�L�Y�H�Q�H�V�V �W�R �L�Q�Y�H�V�W�R�U�V �L�Q �S�U�D�F�W�L�F�D�O �D�S�S�O�L�F�D�W�L�R�Q�V�� �)�X�U��
�W�K�H�U �U�H�V�H�D�U�F�K �D�Q�G �U�H�D�O���Z�R�U�O�G �G�D�W�D �Z�L�O�O �E�H �H�V�V�H�Q�W�L�D�O �W�R �S�U�R�Y�L�G�H �D �P�R�U�H �F�R�P�S�U�H�K�H�Q�V�L�Y�H �D�V�V�H�V�V�P�H�Q�W �R�I
�0�3�+�(�6�¶�V �S�U�R�I�L�W�D�E�L�O�L�W�\ �L�Q �Y�D�U�L�R�X�V �V�F�H�Q�D�U�L�R�V��
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�R�I �L�P�S�O�H�P�H�Q�W�L�Q�J �V�X�F�K �O�D�U�J�H���V�F�D�O�H �H�Q�H�U�J�\ �V�W�R�U�D�J�H �V�\�V�W�H�P�V�� �$�V �P�H�Q�W�L�R�Q�H�G �L�Q �W�K�H �S�U�H�Y�L�R�X�V �V�H�F�W�L�R�Q�V�� �V�H�Y��
�H�U�D�O �F�R�Q�V�W�U�X�F�W�L�R�Q �W�H�F�K�Q�L�T�X�H�V �K�D�Y�H �E�H�H�Q �S�U�R�S�R�V�H�G �I�R�U �0�3�+�(�6�� �H�D�F�K �Z�L�W�K �L�W�V �D�G�Y�D�Q�W�D�J�H�V �D�Q�G �F�K�D�O�O�H�Q�J�H�V��
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�V�\�V�W�H�P�V��

�����������'�S�W�X �E�R�E�P�]�W�M�W
�$�V �K�L�J�K�O�L�J�K�W�H�G �L�Q �6�H�F�W�L�R�Q�������� �D �W�H�F�K�Q�R���H�F�R�Q�R�P�L�F �D�Q�D�O�\�V�L�V �K�D�V �G�H�P�R�Q�V�W�U�D�W�H�G �W�K�D�W �0�3�+�(�6 �F�D�Q �D�F�K�L�H�Y�H
�F�R�V�W �F�R�P�S�H�W�L�W�L�Y�H�Q�H�V�V �F�R�P�S�D�U�H�G �W�R �H�[�L�V�W�L�Q�J �H�Q�H�U�J�\ �V�W�R�U�D�J�H �W�H�F�K�Q�L�T�X�H�V�� �%�H�\�R�Q�G �W�K�L�V �D�V�V�H�V�V�P�H�Q�W�� �L�W �L�V
�L�Q�V�L�J�K�W�I�X�O �W�R �H�[�D�P�L�Q�H �W�K�H �G�H�W�D�L�O�H�G �E�U�H�D�N�G�R�Z�Q �R�I �W�K�H �R�Y�H�U�D�O�O �F�R�V�W�V �D�V�V�R�F�L�D�W�H�G �Z�L�W�K �W�K�H �L�P�S�O�H�P�H�Q�W�D�W�L�R�Q
�D�Q�G �R�S�H�U�D�W�L�R�Q �R�I �W�K�H �0�3�+�(�6 �V�\�V�W�H�P�� �$�F�F�R�U�G�L�Q�J �W�R �>���@�� �D �V�L�J�Q�L�I�L�F�D�Q�W �S�U�R�S�R�U�W�L�R�Q�� �6�S�H�F�L�I�L�F�D�O�O�\��73; 7��
�R�I �W�K�H �D�Q�Q�X�D�O �F�R�V�W�V �L�V �D�O�O�R�F�D�W�H�G �W�R �V�H�U�Y�L�F�L�Q�J �F�D�S�L�W�D�O �L�Q�Y�H�V�W�P�H�Q�W�V�� �,�Q�)�L�J�X�U�H ���������� �D�Q �H�[�S�D�Q�G�H�G �Y�L�H�Z
�R�I �W�K�H �F�D�S�L�W�D�O���U�H�O�D�W�H�G �F�R�V�W�V �S�U�R�Y�L�G�H�V �D �F�O�R�V�H�U �O�R�R�N �D�W �K�R�Z �W�K�H�V�H �F�R�V�W�V �D�U�H �G�L�V�W�U�L�E�X�W�H�G �D�P�R�Q�J �Y�D�U�L�R�X�V
�H�[�S�H�Q�G�L�W�X�U�H �F�D�W�H�J�R�U�L�H�V��

�7�K�H �L�Q�W�U�L�J�X�L�Q�J �U�H�Y�H�O�D�W�L�R�Q �I�U�R�P �W�K�H �D�Q�D�O�\�V�L�V �L�V �W�K�D�W �W�K�H �S�X�P�S �W�X�U�E�L�Q�H �F�O�D�L�P�V �W�K�H �P�R�V�W �V�L�J�Q�L�I�L�F�D�Q�W �V�K�D�U�H �R�I
�W�K�H �L�Q�Y�H�V�W�P�H�Q�W�� �F�O�R�V�H�O�\ �W�U�D�L�O�H�G �E�\ �W�K�H �H�[�S�H�Q�V�H�V �D�V�V�R�F�L�D�W�H�G �Z�L�W�K �W�K�H �F�R�Q�V�W�U�X�F�W�L�R�Q �D�Q�G �L�Q�V�W�D�O�O�D�W�L�R�Q �R�I �W�K�H
�F�R�Q�F�U�H�W�H �V�S�K�H�U�H�� �,�W �L�V �H�V�V�H�Q�W�L�D�O �W�R �U�H�F�R�J�Q�L�]�H �W�K�D�W �W�K�H�V�H �I�L�J�X�U�H�V �D�U�H �H�V�W�L�P�D�W�L�R�Q�V�� �J�L�Y�H�Q �W�K�D�W �W�K�H �V�\�V�W�H�P
�K�D�V �Q�R�W �E�H�H�Q �S�K�\�V�L�F�D�O�O�\ �L�P�S�O�H�P�H�Q�W�H�G�� �D�Q�G �K�H�Q�F�H �V�S�H�F�L�I�L�F �G�D�W�D �R�Q �W�K�H �F�R�V�W�V �L�V �X�Q�D�Y�D�L�O�D�E�O�H�� �1�R�Q�H�W�K�H�O�H�V�V��
�G�H�V�S�L�W�H �E�H�L�Q�J �S�U�R�M�H�F�W�L�R�Q�V�� �W�K�L�V �D�V�V�H�V�V�P�H�Q�W �S�U�R�Y�H�V �L�Q�V�W�U�X�P�H�Q�W�D�O �L�Q �S�L�Q�S�R�L�Q�W�L�Q�J �F�U�L�W�L�F�D�O �I�D�F�W�R�U�V �L�Q�I�O�X�H�Q�F�L�Q�J
�W�K�H �H�F�R�Q�R�P�L�F �Y�L�D�E�L�O�L�W�\ �R�I �W�K�H �0�3�+�(�6 �V�\�V�W�H�P��

�7�K�H �F�R�V�W�V �O�L�Q�N�H�G �W�R �F�R�Q�V�W�U�X�F�W�L�R�Q �D�Q�G �L�Q�V�W�D�O�O�D�W�L�R�Q �F�R�Q�V�W�L�W�X�W�H2; :8�� �R�I �W�K�H �W�R�W�D�O �D�Q�Q�X�D�O �F�R�V�W�V �R�I �W�K�H �V�\�V�W�H�P��
�P�D�N�L�Q�J �X�S30; 9�� �R�I �W�K�H73; 7�� �F�D�S�L�W�D�O���U�H�O�D�W�H�G �F�R�V�W�V�� �:�K�L�O�H �W�K�H �F�D�O�F�X�O�D�W�L�R�Q�V �L�Q �>���@ �O�D�F�N �I�X�O�O �W�U�D�Q�V�S�D�U�H�Q�F�\�� �L�W
�L�V �D�V�V�X�P�H�G �W�K�D�W �I�D�F�W�R�U�V �V�X�F�K �D�V �P�D�W�H�U�L�D�O �F�R�V�W�V�� �F�R�Q�V�W�U�X�F�W�L�R�Q �O�D�E�R�U �F�R�V�W�V�� �U�H�Q�W�D�O �F�R�V�W�V �R�I �W�K�H �F�R�Q�V�W�U�X�F�W�L�R�Q
�O�R�F�D�W�L�R�Q ���G�U�\ �G�R�F�N �R�U �I�D�F�W�R�U�\ �K�D�O�O���� �U�H�Q�W�D�O �F�R�V�W�V �R�I �F�R�Q�V�W�U�X�F�W�L�R�Q �P�D�W�H�U�L�D�O ���F�U�D�Q�H�� �F�R�Q�F�U�H�W�H �S�X�P�S�V�� �H�W�F������
�D�Q�G �U�H�Q�W�D�O �F�R�V�W�V �R�I �W�R�Z�L�Q�J �E�R�D�W�V �D�Q�G �L�P�P�H�U�V�L�R�Q �V�K�L�S�V �K�D�Y�H �E�H�H�Q �F�R�Q�V�L�G�H�U�H�G��



���������� �'�S�R�G�P�Y�W�M�S�R�W �J�V�S�Q �P�M�X�I�V�E�X�Y�V�I ����

�)�L�J�X�U�H �����������3�L�H���F�K�D�U�W �R�I �D�Q�Q�X�D�O �F�R�V�W�V �R�I �L�P�S�O�H�P�H�Q�W�D�W�L�R�Q �R�I �0�3�+�(�6���V�\�V�W�H�P�>���@

�5�H�F�R�J�Q�L�]�L�Q�J �W�K�D�W �W�K�H �O�L�V�W �S�U�R�Y�L�G�H�G �L�V �Q�R�W �H�[�K�D�X�V�W�L�Y�H�� �D�Q�G �D�F�N�Q�R�Z�O�H�G�J�L�Q�J �W�K�H �L�Q�K�H�U�H�Q�W �F�R�P�S�O�H�[�L�W�\ �R�I �H�V��
�W�L�P�D�W�L�Q�J �W�K�H �D�F�W�X�D�O �F�R�Q�V�W�U�X�F�W�L�R�Q �F�R�V�W�V �R�I �W�K�H �V�\�V�W�H�P�� �L�W �L�V �F�U�X�F�L�D�O �W�R �Q�R�W�H �W�K�D�W �R�Q�O�\22; 8�� �R�I �W�K�H �W�R�W�D�O
�D�Q�Q�X�D�O �F�R�V�W�V �D�U�H �H�V�W�L�P�D�W�H�G �W�R �E�H �D�O�O�R�F�D�W�H�G �W�R �F�R�Q�V�W�U�X�F�W�L�R�Q �D�Q�G �L�Q�V�W�D�O�O�D�W�L�R�Q�� �)�U�R�P �W�K�L�V�� �R�Q�H �F�D�Q �L�Q�I�H�U
�W�K�D�W �P�D�W�H�U�L�D�O �F�R�V�W�V �H�[�H�U�W �D �P�R�G�H�V�W �L�Q�I�O�X�H�Q�F�H �R�Q �W�K�H �R�Y�H�U�D�O�O �S�U�R�M�H�F�W �F�R�V�W�V�� �7�K�H�U�H�I�R�U�H�� �W�K�H �D�Q�W�L�F�L�S�D�W�H�G
�D�G�G�L�W�L�R�Q�D�O �P�D�W�H�U�L�D�O �D�V�V�R�F�L�D�W�H�G �Z�L�W�K �W�K�H �F�R�Q�V�W�U�X�F�W�L�R�Q �R�I �W�K�H �F�\�O�L�Q�G�H�U �D�Q�G �W�R�U�X�V �P�L�J�K�W �E�H �G�H�H�P�H�G �D�F�F�H�S�W��
�D�E�O�H�� �7�K�H�V�H �L�Q�F�U�H�D�V�H�G �P�D�W�H�U�L�D�O �F�R�V�W�V �P�L�J�K�W �H�Y�H�Q �E�H �R�I�I�V�H�W �E�\ �W�K�H �F�\�O�L�Q�G�H�U �D�Q�G �W�R�U�X�V �R�X�W�S�H�U�I�R�U�P�L�Q�J �L�Q
�R�W�K�H�U �H�[�S�H�Q�G�L�W�X�U�H �F�D�W�H�J�R�U�L�H�V��

�����������'�S�R�G�P�Y�W�M�S�R�W �J�V�S�Q �P�M�X�I�V�E�X�Y�V�I
�7�K�H �U�H�Y�L�H�Z �R�I �O�L�W�H�U�D�W�X�U�H �K�D�V �S�U�R�Y�L�G�H�G �Y�D�O�X�D�E�O�H �L�Q�V�L�J�K�W�V �D�S�S�O�L�F�D�E�O�H �W�R �W�K�H �G�H�V�L�J�Q �F�R�Q�V�L�G�H�U�D�W�L�R�Q�V�� �)�L�U�V�W�O�\��
�W�K�H �H�Q�H�U�J�\ �V�W�R�U�D�J�H �F�D�S�D�F�L�W�\ �R�I �D�Q �0�3�+�(�6 �V�\�V�W�H�P �P�X�V�W �D�O�L�J�Q �Z�L�W�K �W�K�H �V�S�H�F�L�I�L�F �U�H�T�X�L�U�H�P�H�Q�W�V �R�I �W�K�H �V�X�S��
�S�R�U�W�H�G �H�Q�H�U�J�\ �I�D�U�P�� �Z�L�W�K �D �W�\�S�L�F�D�O �G�H�P�D�Q�G �H�[�F�H�H�G�L�Q�J ������ �0�:�K �I�R�U �R�I�I�V�K�R�U�H �Z�L�Q�G �I�D�U�P�V�� �D�V �G�L�V�F�X�V�V�H�G
�L�Q �6�H�F�W�L�R�Q��������

�7�K�H �S�R�W�H�Q�W�L�D�O �H�Q�H�U�J�\ �V�W�R�U�D�J�H �F�D�S�D�F�L�W�\ �L�Q�F�U�H�D�V�H�V �Z�L�W�K �J�U�H�D�W�H�U �G�H�S�W�K �D�Q�G �L�Q�W�H�U�Q�D�O �Y�R�O�X�P�H�� �+�R�Z�H�Y�H�U��
�O�L�P�L�W�D�W�L�R�Q�V �R�Q �L�Q�V�W�D�O�O�D�W�L�R�Q �G�H�S�W�K�� �F�R�Q�V�L�G�H�U�L�Q�J �W�R�S�R�J�U�D�S�K�\�� �K�\�G�U�R�V�W�D�W�L�F �S�U�H�V�V�X�U�H�� �D�Q�G �D�F�F�H�V�V�L�E�L�O�L�W�\�� �Q�H��
�F�H�V�V�L�W�D�W�H �D �I�R�F�X�V �R�Q �D�X�J�P�H�Q�W�L�Q�J �V�W�R�U�D�J�H �F�D�S�D�F�L�W�L�H�V �E�\ �L�Q�F�U�H�D�V�L�Q�J �W�K�H �W�R�W�D�O �L�Q�W�H�U�Q�D�O �Y�R�O�X�P�H �R�I �W�K�H �V�\�V��
�W�H�P��

�$�V �R�X�W�O�L�Q�H�G �L�Q �6�H�F�W�L�R�Q�������� �D�F�K�L�H�Y�L�Q�J �D �K�L�J�K�H�U �W�R�W�D�O �L�Q�W�H�U�Q�D�O �Y�R�O�X�P�H �I�R�U �D �V�W�R�U�D�J�H �I�D�U�P �L�V �P�R�U�H �I�D�Y�R�U�D�E�O�H
�E�\ �H�Q�K�D�Q�F�L�Q�J �W�K�H �L�Q�W�H�U�Q�D�O �Y�R�O�X�P�H �R�I �L�Q�G�L�Y�L�G�X�D�O �X�Q�L�W�V �U�D�W�K�H�U �W�K�D�Q �L�Q�F�U�H�D�V�L�Q�J �W�K�H �Q�X�P�E�H�U �R�I �X�Q�L�W�V�� �7�K�L�V
�S�U�H�I�H�U�H�Q�F�H �L�V �V�K�D�S�H�G �E�\ �F�R�Q�V�L�G�H�U�D�W�L�R�Q�V �U�H�O�D�W�H�G �W�R �V�\�V�W�H�P �H�I�I�L�F�L�H�Q�F�\�� �Y�X�O�Q�H�U�D�E�L�O�L�W�\�� �D�Q�G �F�D�S�L�W�D�O �H�[�S�H�Q�G�L��
�W�X�U�H�V�� �S�D�U�W�L�F�X�O�D�U�O�\ �W�K�R�V�H �D�V�V�R�F�L�D�W�H�G �Z�L�W�K �W�K�H �S�X�P�S���W�X�U�E�L�Q�H �V�\�V�W�H�P�� �$�G�G�L�W�L�R�Q�D�O�O�\�� �L�W �L�V �D�G�Y�L�V�D�E�O�H �I�R�U �H�D�F�K
�U�H�V�H�U�Y�R�L�U �W�R �K�D�Y�H �L�W�V �R�Z�Q �S�X�P�S�� �7�K�H �L�P�S�D�F�W �R�I �L�Q�F�U�H�D�V�L�Q�J �W�K�H �L�Q�W�H�U�Q�D�O �Y�R�O�X�P�H �R�Q �W�K�H �P�D�W�H�U�L�D�O �X�V�D�J�H �R�I
�W�K�H �U�H�V�H�U�Y�R�L�U �L�V �D �F�U�L�W�L�F�D�O �F�R�Q�V�L�G�H�U�D�W�L�R�Q�� �H�[�S�O�R�U�H�G �H�[�W�H�Q�V�L�Y�H�O�\ �L�Q �&�K�D�S�W�H�U����

�:�K�L�O�H �*�,�6 �D�Q�D�O�\�V�H�V �K�D�Y�H �L�Q�G�L�F�D�W�H�G �V�X�L�W�D�E�O�H �O�R�F�D�W�L�R�Q�V �I�R�U �L�Q�V�W�D�O�O�L�Q�J �W�K�H �0�3�+�(�6 �V�\�V�W�H�P�� �V�R�P�H �D�Q�D�O�\�V�H�V
�D�U�H �O�L�P�L�W�H�G �W�R �V�S�H�F�L�I�L�F �U�H�J�L�R�Q�V�� �V�X�F�K �D�V �W�K�H �0�H�G�L�W�H�U�U�D�Q�H�D�Q �6�H�D�� �D�Q�G �P�D�\ �U�H�T�X�L�U�H �X�S�G�D�W�H�V�� �0�R�U�H�R�Y�H�U�� �D
�W�H�F�K�Q�R�H�F�R�Q�R�P�L�F �D�V�V�H�V�V�P�H�Q�W �K�D�V �K�L�J�K�O�L�J�K�W�H�G �W�K�H �F�O�H�D�U �S�R�W�H�Q�W�L�D�O �I�R�U �H�F�R�Q�R�P�L�F �S�U�R�I�L�W�D�E�L�O�L�W�\ �R�I �W�K�H �0�3�+�(�6
�V�\�V�W�H�P�� �+�R�Z�H�Y�H�U�� �W�K�H �F�X�U�U�H�Q�W �F�R�Q�V�W�U�X�F�W�L�R�Q �I�H�D�V�L�E�L�O�L�W�\ �R�I �W�K�H �V�\�V�W�H�P �D�S�S�H�D�U�V �W�R �E�H �D �V�L�J�Q�L�I�L�F�D�Q�W �E�R�W�W�O�H��
�Q�H�F�N �W�K�D�W �Z�D�U�U�D�Q�W�V �I�X�U�W�K�H�U �H�[�S�O�R�U�D�W�L�R�Q��

�)�U�R�P �W�K�H �S�U�R�S�R�V�H�G �F�R�Q�V�W�U�X�F�W�L�R�Q �W�H�F�K�Q�L�T�X�H�V �I�R�X�Q�G �L�Q �O�L�W�H�U�D�W�X�U�H�� �W�K�H �5�&�$�0���P�H�W�K�R�G�� �Z�K�L�F�K �X�V�H�V �D �F�R�P��
�E�L�Q�D�W�L�R�Q �R�I ���'�&�3 �D�Q�G �F�R�Q�Y�H�Q�W�L�R�Q�D�O �F�D�V�W�L�Q�J�� �H�P�H�U�J�H�V �D�V �W�K�H �P�R�V�W �S�U�R�P�L�V�L�Q�J �F�R�Q�V�W�U�X�F�W�L�R�Q �P�H�W�K�R�G �I�R�U
�W�K�H �V�S�K�H�U�H��

�'�X�H �W�R �W�K�H �U�H�T�X�L�U�H�G �G�L�P�H�Q�V�L�R�Q�V�� �F�R�Q�V�W�U�X�F�W�L�Q�J �W�K�H �V�S�K�H�U�H �L�V �K�L�J�K�O�\ �F�R�P�S�O�H�[�� �&�X�U�U�H�Q�W �S�U�R�S�R�V�H�G �F�R�Q��
�V�W�U�X�F�W�L�R�Q �P�H�W�K�R�G�V �U�H�O�\ �R�Q �X�Q�S�U�R�Y�H�Q �W�H�F�K�Q�L�T�X�H�V�� �$�G�G�L�W�L�R�Q�D�O�O�\�� �W�K�H �K�L�J�K �G�U�D�X�J�K�W �R�I �W�K�H �V�W�U�X�F�W�X�U�H �G�X�U�L�Q�J
�F�R�Q�V�W�U�X�F�W�L�R�Q �O�L�P�L�W�V �S�R�W�H�Q�W�L�D�O �F�R�Q�V�W�U�X�F�W�L�R�Q �O�R�F�D�W�L�R�Q�V�� �7�K�H�U�H�I�R�U�H�� �W�K�H �F�R�Q�V�W�U�X�F�W�L�R�Q �S�U�R�F�H�V�V �V�K�R�X�O�G �S�U�L�R�U�L�W�L�]�H
�W�K�H �I�H�D�V�L�E�L�O�L�W�\ �R�I �W�K�H �F�R�Q�V�W�U�X�F�W�L�R�Q �P�H�W�K�R�G �R�Y�H�U �R�S�W�L�P�L�]�L�Q�J �F�R�Q�V�W�U�X�F�W�L�R�Q �F�R�V�W�V��
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�H�I�W�M�K�R

�,�Q �W�K�L�V �&�K�D�S�W�H�U�� �W�K�H �I�R�X�Q�G�D�W�L�R�Q �I�R�U �W�K�H �G�H�V�L�J�Q �S�U�R�F�H�V�V �L�V �O�D�L�G �W�K�U�R�X�J�K �W�K�H �H�V�W�D�E�O�L�V�K�P�H�Q�W �R�I �N�H�\ �V�W�D�U�W�L�Q�J
�S�R�L�Q�W�V�� �D�Q�D�O�\�V�L�V �R�I �L�Q�L�W�L�D�O �S�D�U�D�P�H�W�H�U�V�� �D�Q�G �F�R�Q�V�L�G�H�U�D�W�L�R�Q �R�I �V�W�U�X�F�W�X�U�D�O �O�R�D�G�V�� �,�W �V�H�U�Y�H�V �D�V �W�K�H �E�D�V�L�V �I�R�U
�W�K�H �V�X�E�V�H�T�X�H�Q�W �F�D�O�F�X�O�D�W�L�R�Q�V �W�K�D�W �G�H�W�H�U�P�L�Q�H �W�K�H �P�D�W�H�U�L�D�O �X�V�D�J�H �I�R�U �H�D�F�K �V�K�D�S�H �L�Q �&�K�D�S�W�H�U����

�7�R �H�Y�D�O�X�D�W�H �W�K�H �H�I�I�H�F�W�L�Y�H�Q�H�V�V �R�I �D �V�K�D�S�H�� �D �Q�H�Z �S�D�U�D�P�H�W�H�U�� �W�K�H �&�,�9 �U�D�W�L�R
�

V�F�R�Q�F�U�H�W�H
V�L�Q�W�H�U�Q�D�O

�
�� �L�V �L�Q�W�U�R�G�X�F�H�G�� �7�K�L�V

�P�H�W�U�L�F �T�X�D�Q�W�L�I�L�H�V �W�K�H �U�H�O�D�W�L�R�Q�V�K�L�S �E�H�W�Z�H�H�Q �F�R�V�W�V�� �U�H�S�U�H�V�H�Q�W�H�G �E�\ �W�K�H �Y�R�O�X�P�H �R�I �P�D�W�H�U�L�D�O �X�V�H�G�� �D�Q�G
�E�H�Q�H�I�L�W�V�� �H�[�S�U�H�V�V�H�G �L�Q �L�Q�W�H�U�Q�D�O �Y�R�O�X�P�H��

�7�K�H �F�K�D�S�W�H�U �E�H�J�L�Q�V �E�\ �H�V�W�D�E�O�L�V�K�L�Q�J �W�K�H �L�Q�W�H�Q�G�H�G �L�Q�V�W�D�O�O�D�W�L�R�Q �G�H�S�W�K�� �J�X�L�G�L�Q�J �W�K�H �V�H�O�H�F�W�L�R�Q �R�I �P�D�W�H�U�L�D�O�V
�I�R�U �W�K�H �S�U�R�M�H�F�W�� �)�R�O�O�R�Z�L�Q�J �W�K�L�V�� �N�H�\ �G�H�I�L�Q�L�W�L�R�Q�V �D�W �W�K�H �F�U�R�V�V���V�H�F�W�L�R�Q �R�I �H�D�F�K �V�K�D�S�H �D�U�H �G�R�F�X�P�H�Q�W�H�G��
�S�U�R�Y�L�G�L�Q�J �F�O�D�U�L�W�\ �D�Q�G �F�R�Q�W�H�[�W�� �$ �G�H�W�D�L�O�H�G �O�D�\�R�X�W �R�I �W�K�H �G�H�V�L�J�Q �L�V �W�K�H�Q �S�U�H�V�H�Q�W�H�G�� �)�L�Q�D�O�O�\�� �W�K�H �F�K�D�S�W�H�U
�G�H�O�Y�H�V �L�Q�W�R �G�L�V�F�X�V�V�L�R�Q�V �V�X�U�U�R�X�Q�G�L�Q�J �V�W�U�X�F�W�X�U�D�O �O�R�D�G�L�Q�J �F�R�Q�G�L�W�L�R�Q�V��

���������7�X�E�V�X�M�R�K �T�S�M�R�X�W
�7�K�L�V �6�H�F�W�L�R�Q �R�X�W�O�L�Q�H�V �W�K�H �L�Q�L�W�L�D�O �S�D�U�D�P�H�W�H�U�V �I�R�U �W�K�H �G�H�V�L�J�Q �S�K�D�V�H�� �7�K�H �V�H�O�H�F�W�H�G �Z�D�W�H�U �G�H�S�W�K �I�R�U �W�K�H�V�H
�V�W�U�X�F�W�X�U�H�V �L�V �L�Q�L�W�L�D�O�O�\ �I�L�[�H�G �D�W �������� �P�H�W�H�U�V�� �$�V �G�L�V�F�X�V�V�H�G �L�Q �6�H�F�W�L�R�Q�������� �W�K�L�V �G�H�S�W�K �U�H�S�U�H�V�H�Q�W�V �W�K�H �P�R�V�W
�D�P�E�L�W�L�R�X�V �G�H�S�W�K �L�Q �H�[�L�V�W�L�Q�J �O�L�W�H�U�D�W�X�U�H�� �:�K�L�O�H �V�K�D�O�O�R�Z�H�U �L�Q�V�W�D�O�O�D�W�L�R�Q �V�L�W�H�V �D�U�H �I�H�D�V�L�E�O�H�� �W�K�H �F�K�R�L�F�H �R�I �W�K�L�V
�G�H�S�W�K �L�V �Q�R�U�P�D�W�L�Y�H�� �$ �G�H�V�L�J�Q �V�X�L�W�D�E�O�H �I�R�U �������� �P�H�W�H�U�V �F�D�Q �D�O�V�R �E�H �D�G�D�S�W�H�G �I�R�U �V�K�D�O�O�R�Z�H�U �G�H�S�W�K�V�� �,�W �L�V
�L�P�S�R�U�W�D�Q�W �W�R �Q�R�W�H �W�K�D�W �V�K�D�O�O�R�Z�H�U �G�H�S�W�K�V �R�I�I�H�U �D�G�Y�D�Q�W�D�J�H�V �O�L�N�H �W�K�L�Q�Q�H�U �Z�D�O�O�V �D�Q�G �U�H�G�X�F�H�G �F�R�Q�F�U�H�W�H �X�V�D�J�H��
�E�X�W �F�R�P�H �Z�L�W�K �W�K�H �W�U�D�G�H���R�I�I �R�I �V�P�D�O�O�H�U �V�W�R�U�D�J�H �F�D�S�D�F�L�W�L�H�V��

�&�R�Q�V�L�V�W�H�Q�W �Z�L�W�K �H�D�U�O�L�H�U �G�H�V�L�J�Q�V �G�R�F�X�P�H�Q�W�H�G �L�Q �W�K�H �O�L�W�H�U�D�W�X�U�H ���U�H�I�H�U �W�R �6�H�F�W�L�R�Q���������� �F�R�Q�F�U�H�W�H �H�P�H�U�J�H�V �D�V
�W�K�H �P�D�W�H�U�L�D�O �R�I �F�K�R�L�F�H �I�R�U �W�K�L�V �S�U�R�M�H�F�W�� �7�K�H �V�H�O�H�F�W�L�R�Q �L�V �X�Q�G�H�U�S�L�Q�Q�H�G �E�\ �L�W�V �Z�L�G�H�V�S�U�H�D�G �D�Y�D�L�O�D�E�L�O�L�W�\ �D�Q�G
�F�R�V�W���H�I�I�H�F�W�L�Y�H�Q�H�V�V�� �E�R�W�K �R�I �Z�K�L�F�K �D�U�H �S�L�Y�R�W�D�O �I�D�F�W�R�U�V �G�X�H �W�R �W�K�H �V�X�E�V�W�D�Q�W�L�D�O �Y�R�O�X�P�H �R�I �F�R�Q�F�U�H�W�H �U�H�T�X�L�U�H�G
�I�R�U �F�R�Q�V�W�U�X�F�W�L�R�Q�� �0�R�U�H�R�Y�H�U�� �F�R�Q�F�U�H�W�H �L�V �U�H�Q�R�Z�Q�H�G �I�R�U �L�W�V �F�D�S�D�F�L�W�\ �W�R �Z�L�W�K�V�W�D�Q�G �V�L�J�Q�L�I�L�F�D�Q�W �F�R�P�S�U�H�V�V�L�Y�H
�I�R�U�F�H�V�� �D �T�X�D�O�L�W�\ �R�I �S�D�U�D�P�R�X�Q�W �L�P�S�R�U�W�D�Q�F�H �J�L�Y�H�Q �W�K�H �L�Q�W�H�Q�G�H�G �R�S�H�U�D�W�L�R�Q�D�O �G�H�S�W�K��

�,�Q �W�K�H �D�Q�D�O�\�V�H�V �L�Q �W�K�L�V �&�K�D�S�W�H�U�� �W�K�H �F�R�Q�F�U�H�W�H �J�U�D�G�H �&���������� �L�V �H�P�S�O�R�\�H�G�� �7�D�N�L�Q�J �L�Q�W�R �D�F�F�R�X�Q�W �D �P�D�W�H�U�L�D�O
�V�D�I�H�W�\ �I�D�F�W�R�U �R�I
 c = 1 ; 5�� �W�K�H �G�H�V�L�J�Q �F�R�P�S�U�H�V�V�L�Y�H �V�W�U�H�Q�J�W�K(f cd)�� �L�V �H�V�W�D�E�O�L�V�K�H�G �D�W ���� �1���P�P�� ��

�,�Q �W�K�L�V �V�S�H�F�L�I�L�F �S�K�D�V�H �R�I �W�K�H �G�H�V�L�J�Q �S�U�R�F�H�V�V�� �W�K�H �F�R�Q�V�L�G�H�U�D�W�L�R�Q �R�I �U�H�L�Q�I�R�U�F�H�P�H�Q�W �L�V �G�H�O�L�E�H�U�D�W�H�O�\ �R�P�L�W�W�H�G��
�7�K�H �I�R�F�X�V �R�I �W�K�L�V �F�K�D�S�W�H�U �L�V �W�R �H�V�W�L�P�D�W�H �W�K�H �U�H�T�X�L�V�L�W�H �F�R�Q�F�U�H�W�H �Y�R�O�X�P�H�V �I�R�U �H�D�F�K �V�W�U�X�F�W�X�U�D�O �F�R�Q�I�L�J�X�U�D�W�L�R�Q��
�,�W �L�V �Q�R�W �L�Q�W�H�Q�G�H�G �W�R �S�U�H�F�O�X�G�H �W�K�H �S�R�V�V�L�E�L�O�L�W�\ �R�I �U�H�L�Q�I�R�U�F�H�P�H�Q�W �E�H�L�Q�J �U�H�T�X�L�U�H�G �L�Q �W�K�H �U�H�V�H�U�Y�R�L�U�� �I�R�X�Q�G�D�W�L�R�Q��
�R�U �V�W�U�X�F�W�X�U�D�O �G�H�W�D�L�O�L�Q�J�� �*�L�Y�H�Q �W�K�H �F�R�Q�V�L�G�H�U�D�E�O�H �O�H�Q�J�W�K �R�I �F�\�O�L�Q�G�H�U�V �D�Q�G �W�R�U�L�� �L�W �L�V �D�Q�W�L�F�L�S�D�W�H�G �W�K�D�W �V�R�P�H
�U�H�L�Q�I�R�U�F�H�P�H�Q�W �Z�L�O�O �E�H �H�V�V�H�Q�W�L�D�O �I�R�U �U�H�V�L�V�W�D�Q�F�H �D�J�D�L�Q�V�W �E�H�Q�G�L�Q�J�� �+�R�Z�H�Y�H�U�� �D�W �W�K�L�V �V�W�D�J�H�� �V�X�F�K �F�R�Q�V�L�G�H�U��
�D�W�L�R�Q�V �D�U�H �L�Q�W�H�Q�W�L�R�Q�D�O�O�\ �V�H�W �D�V�L�G�H��

�7�K�H �G�H�V�L�J�Q �R�I �W�K�H �U�H�V�H�U�Y�R�L�U �D�V�V�X�P�H�V �D �O�H�Y�H�O �V�H�D�E�H�G�� �I�D�F�L�O�L�W�D�W�L�Q�J �W�K�H �D�G�R�S�W�L�R�Q �R�I �D �V�K�D�O�O�R�Z �I�R�X�Q�G�D�W�L�R�Q

����
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�G�H�V�L�J�Q�� �:�K�L�O�H �W�K�H �S�R�V�V�L�E�L�O�L�W�\ �R�I �H�P�S�O�R�\�L�Q�J �D �I�R�X�Q�G�D�W�L�R�Q �V�X�S�S�R�U�W�H�G �E�\ �S�L�O�H�V �H�[�L�V�W�V�� �L�W �L�V �L�P�S�R�U�W�D�Q�W �W�R �Q�R�W�H
�W�K�D�W �W�K�L�V �D�V�S�H�F�W �L�V �E�H�\�R�Q�G �W�K�H �F�X�U�U�H�Q�W �V�F�R�S�H �R�I �W�K�H �U�H�S�R�U�W�� �7�K�H �H�P�S�K�D�V�L�V �U�H�P�D�L�Q�V �R�Q �W�K�H �I�H�D�V�L�E�L�O�L�W�\ �D�Q�G
�S�U�D�F�W�L�F�D�O�L�W�\ �R�I �D �V�K�D�O�O�R�Z �I�R�X�Q�G�D�W�L�R�Q �G�H�V�L�J�Q��

�7�K�U�R�X�J�K�R�X�W �W�K�L�V �U�H�S�R�U�W�� �V�H�Y�H�U�D�O �S�D�U�D�P�H�W�H�U�V �I�U�H�T�X�H�Q�W�O�\ �U�H�F�X�U�� �H�Q�V�X�U�L�Q�J �F�R�Q�V�L�V�W�H�Q�F�\ �D�Q�G �F�O�D�U�L�W�\ �L�Q �W�K�H
�F�D�O�F�X�O�D�W�L�R�Q�V�� �7�K�H�\ �D�U�H �O�L�V�W�H�G �L�Q�7�D�E�O�H ��������

�3�D�U�D�P�H�W�H�U �6�\�P�E�R�O �9�D�O�X�H �8�Q�L�W

�&�R�Q�F�U�H�W�H �F�R�P�S�U�H�V�V�L�Y�H �G�H�V�L�J�Q �V�W�U�H�Q�J�W�Kf cd ���� �1 �P�P����

�'�H�Q�V�L�W�\ �F�R�Q�F�U�H�W�H � �F�R�Q�F�U�H�W�H�������� �N�J �P����

�'�H�Q�V�L�W�\ �V�H�D�Z�D�W�H�U � �V�Z �������� �N�J �P����

�'�H�S�W�K d �������� �P
�*�U�D�Y�L�W�D�W�L�R�Q�D�O �F�R�Q�V�W�D�Q�Wg �������� �P �V����

�+�\�G�U�R�V�W�D�W�L�F �S�U�H�V�V�X�U�H p �1 �P�P����

�0�H�P�E�U�D�Q�H �I�R�U�F�H n �1 �P����

�0�D�[�L�P�X�P �H�I�I�H�F�W�L�Y�H �F�R�P�S�U�H�V�V�L�Y�H �V�W�U�H�V�V� max �1 �P�P����

�7�D�E�O�H ���������)�U�H�T�X�H�Q�W�O�\ �U�H�F�X�U�U�L�Q�J �S�D�U�D�P�H�W�H�U�V

���������7�L�E�T�I �K�I�S�Q�I�X�V�M�I�W
�,�Q �W�K�L�V �6�H�F�W�L�R�Q�� �W�K�H �S�D�U�D�P�H�W�H�U�V �W�K�D�W �V�K�D�S�H �W�K�H �J�H�R�P�H�W�U�\ �R�I �H�D�F�K �I�R�U�P �D�U�H �G�H�W�D�L�O�H�G�� �5�H�I�H�U�U�L�Q�J �W�R �W�K�L�V
�6�H�F�W�L�R�Q �K�H�O�S�V �L�Q �U�H�P�H�P�E�H�U�L�Q�J �W�K�H �G�H�I�L�Q�L�W�L�R�Q�V �R�I �W�K�H �S�D�U�D�P�H�W�H�U�V �Z�L�W�K�L�Q �W�K�H�L�U �F�R�Q�W�H�[�W �D�Q�G �I�D�F�L�O�L�W�D�W�H�V �Y�L�V�X��
�D�O�L�]�D�W�L�R�Q��

�������������7�T�L�I�V�I
�,�Q�)�L�J�X�U�H �������D �Y�L�V�X�D�O�L�]�D�W�L�R�Q �R�I �W�K�H �F�U�R�V�V���V�H�F�W�L�R�Q �R�I �W�K�H �V�S�K�H�U�H �G�H�V�L�J�Q �L�V �S�U�H�V�H�Q�W�H�G�� �7�K�H �S�D�U�D�P�H�W�H�U�V
�D�U�H �D�O�V�R �O�L�V�W�H�G �L�Q�7�D�E�O�H �������� �7�K�H �S�D�U�D�P�H�W�H�Ua �U�H�I�H�U�V �W�R �W�K�H �L�Q�Q�H�U �U�D�G�L�X�V �R�I �W�K�H �V�S�K�H�U�H��

�)�L�J�X�U�H ���������6�F�K�H�P�D�W�L�F �F�U�R�V�V���V�H�F�W�L�R�Q �R�I �V�S�K�H�U�H



�������� �7�L�E�T�I �K�I�S�Q�I�X�V�M�I�W ����

�3�D�U�D�P�H�W�H�U �6�\�P�E�R�O �8�Q�L�W �)�R�U�P�X�O�D

�,�Q�W�H�U�Q�D�O �U�D�G�L�X�Va �P
�6�K�H�O�O �W�K�L�F�N�Q�H�V�Vt �P
�3�H�G�H�V�W�D�O �K�H�L�J�K�Wh�S�H�G�H�V�W�D�O�P
�3�H�G�H�V�W�D�O �W�K�L�F�N�Q�H�V�Vt �S�H�G�H�V�W�D�O�P
�)�R�X�Q�G�D�W�L�R�Q �S�O�D�W�H �W�K�L�F�N�Q�H�V�Vt �S�O�D�W�H �P
�)�R�X�Q�G�D�W�L�R�Q �S�O�D�W�H �G�L�D�P�H�W�H�U� �P 2 (a + t)

�,�Q�W�H�U�Q�D�O �Y�R�O�X�P�HV�L�Q�W�H�U�Q�D�O�P
4
3

�a 3

�7�D�E�O�H ���������6�S�K�H�U�H �G�L�P�H�Q�V�L�R�Q�D�O �S�D�U�D�P�H�W�H�U�V

�������������'�]�P�M�R�H�I�V
�7�K�H �F�\�O�L�Q�G�U�L�F�D�O �U�H�V�H�U�Y�R�L�U �D�G�R�S�W�V �D �W�X�E�H �G�H�V�L�J�Q �Z�L�W�K �I�O�D�W�� �F�L�U�F�X�O�D�U �S�O�D�W�H�V �V�H�U�Y�L�Q�J �D�V �F�D�S�V�� �:�K�L�O�H �W�K�L�V �G�H�V�L�J�Q
�P�D�\ �Q�R�W �E�H �W�K�H �P�R�V�W �R�S�W�L�P�D�O �I�R�U �Z�L�W�K�V�W�D�Q�G�L�Q�J �K�\�G�U�R�V�W�D�W�L�F �S�U�H�V�V�X�U�H�� �W�U�D�Q�V�P�L�W�W�L�Q�J �L�Q�W�H�U�Q�D�O �V�W�U�H�V�V�H�V �D�U�L�V�L�Q�J
�I�U�R�P �H�G�J�H �G�L�V�W�X�U�E�D�Q�F�H�V�� �R�U �F�R�Q�V�H�U�Y�L�Q�J �F�R�Q�F�U�H�W�H �X�V�D�J�H�� �L�W�V �V�L�P�S�O�L�F�L�W�\ �I�D�F�L�O�L�W�D�W�H�V �D �S�U�H�O�L�P�L�Q�D�U�\ �H�V�W�L�P�D�W�L�R�Q
�W�K�D�W �\�L�H�O�G�V �X�V�H�I�X�O �U�H�V�X�O�W�V �D�W �W�K�L�V �V�W�D�J�H �L�Q �W�K�H �G�H�V�L�J�Q �S�U�R�F�H�V�V��

�7�K�H �V�K�H�O�O �R�I �W�K�H �U�H�V�H�U�Y�R�L�U �P�D�L�Q�O�\ �W�U�D�Q�V�I�H�U�V �W�K�H �K�\�G�U�R�V�W�D�W�L�F �O�R�D�G�V �L�Q�W�R �P�H�P�E�U�D�Q�H �I�R�U�F�H�V�� �+�R�Z�H�Y�H�U�� �L�W �L�V
�H�[�S�H�F�W�H�G �W�K�D�W �D �E�H�Q�G�L�Q�J �P�R�P�H�Q�W �Z�L�O�O �D�U�L�V�H �L�Q �W�K�H �F�H�Q�W�H�U �R�I �W�K�H �F�D�S�� �7�R �U�H�V�L�V�W �W�K�L�V �E�H�Q�G�L�Q�J �P�R�P�H�Q�W�� �L�W �L�V
�D�V�V�X�P�H�G �W�K�D�W �W�K�H �F�D�S�V �U�H�T�X�L�U�H �W�Z�L�F�H �W�K�H �W�K�L�F�N�Q�H�V�V �R�I �W�K�H �V�K�H�O�O�� �7�K�L�V �L�V �Q�R�W �I�X�U�W�K�H�U �H�O�D�E�R�U�D�W�H�G �R�Q��

�$ �Y�L�V�X�D�O�L�]�D�W�L�R�Q �R�I �W�K�H �F�\�O�L�Q�G�U�L�F�D�O �G�H�V�L�J�Q �L�V �S�U�H�V�H�Q�W�H�G �L�Q�)�L�J�X�U�H �������� �Z�K�L�O�H�7�D�E�O�H �������H�[�S�O�D�L�Q�V �W�K�H �S�D�U�D�P��
�H�W�H�U�V�� �%�R�W�Ka �D�Q�GL �U�H�I�H�U �W�R �W�K�H �L�Q�W�H�U�Q�D�O �V�X�U�I�D�F�H �R�I �W�K�H �U�H�V�H�U�Y�R�L�U��

���D���/�R�Q�J�L�W�X�G�L�Q�D�O �V�H�F�W�L�R�Q

���E���&�U�R�V�V���V�H�F�W�L�R�Q

�)�L�J�X�U�H ���������6�F�K�H�P�D�W�L�F�V �R�I �F�\�O�L�Q�G�H�U
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�3�D�U�D�P�H�W�H�U �6�\�P�E�R�O �8�Q�L�W �)�R�U�P�X�O�D

�,�Q�W�H�U�Q�D�O �U�D�G�L�X�Va �P
�6�K�H�O�O �W�K�L�F�N�Q�H�V�Vt �P
�,�Q�W�H�U�Q�D�O �O�H�Q�J�W�KL �P
�(�[�W�H�U�Q�D�O �O�H�Q�J�W�KL �H�[�W�H�U�Q�D�O�P
�:�L�G�W�K �R�I �I�R�X�Q�G�D�W�L�R�Q �E�D�V�HW�E�D�V�H �P

�6�O�H�Q�G�H�U�Q�H�V�V �� ��
L
2a

�,�Q�W�H�U�Q�D�O �Y�R�O�X�P�HV�L�Q�W�H�U�Q�D�O�P �a 2L

�7�D�E�O�H ���������&�\�O�L�Q�G�H�U �G�L�P�H�Q�V�L�R�Q�D�O �S�D�U�D�P�H�W�H�U�V

�������������8�S�V�Y�W
�7�K�H �W�R�U�X�V �F�O�R�V�H�O�\ �U�H�V�H�P�E�O�H�V �W�K�H �F�\�O�L�Q�G�H�U�� �H�V�V�H�Q�W�L�D�O�O�\ �D �F�X�U�Y�H�G �W�X�E�H �Z�L�W�K �F�R�Q�Q�H�F�W�H�G �H�Q�G�V�� �H�O�L�P�L�Q�D�W�L�Q�J
�W�K�H �Q�H�H�G �I�R�U �D �F�D�S �G�H�V�L�J�Q�� �+�R�Z�H�Y�H�U�� �D�V �G�L�V�F�X�V�V�H�G �L�Q �G�H�W�D�L�O �L�Q�$�S�S�H�Q�G�L�[ �&�� �W�K�H �P�H�P�E�U�D�Q�H �I�R�U�F�H �L�V �Q�R�W
�X�Q�L�I�R�U�P �D�F�U�R�V�V �W�K�H �H�Q�W�L�U�H �F�L�U�F�X�P�I�H�U�H�Q�F�H �R�I �W�K�H �F�U�R�V�V���V�H�F�W�L�R�Q��

�7�K�H �P�D�[�L�P�X�P �P�H�P�E�U�D�Q�H �I�R�U�F�H �L�V �V�O�L�J�K�W�O�\ �K�L�J�K�H�U �W�K�D�Q �W�K�D�W �R�I �W�K�H �F�\�O�L�Q�G�H�U�� �Z�K�L�O�H �W�K�H �P�L�Q�L�P�X�P �P�H�P�E�U�D�Q�H
�I�R�U�F�H �L�V �P�D�U�J�L�Q�D�O�O�\ �O�R�Z�H�U�� �5�H�I�H�U �W�R �$�S�S�H�Q�G�L�[�&�I�R�U �D �G�H�W�D�L�O�H�G �G�H�U�L�Y�D�W�L�R�Q �R�I �W�K�H�V�H �I�L�Q�G�L�Q�J�V�� �7�K�H �S�R�V�L�W�L�R�Q�V
�R�I �W�K�H�V�H �P�H�P�E�U�D�Q�H �I�R�U�F�H�V �D�U�H �L�Q�G�L�F�D�W�H�G �L�Q�)�L�J�X�U�H �������E�� �7�K�H �P�H�P�E�U�D�Q�H �I�R�U�F�H �D�F�W�V �L�Q �D �W�D�Q�J�H�Q�W�L�D�O
�G�L�U�H�F�W�L�R�Q�� �D�V �G�L�V�F�X�V�V�H�G �L�Q �6�H�F�W�L�R�Q��������

�7�K�H �F�U�R�V�V���V�H�F�W�L�R�Q�D�O �W�K�L�F�N�Q�H�V�V�� �G�H�W�H�U�P�L�Q�H�G �E�\ �W�K�H �F�D�S�D�F�L�W�\ �W�R �Z�L�W�K�V�W�D�Q�G �W�K�H �P�D�[�L�P�X�P �P�H�P�E�U�D�Q�H �I�R�U�F�H��
�U�H�P�D�L�Q�V �F�R�Q�V�W�D�Q�W �D�U�R�X�Q�G �L�W�V �F�L�U�F�X�P�I�H�U�H�Q�F�H�� �7�K�L�V �P�D�\ �S�R�W�H�Q�W�L�D�O�O�\ �O�H�D�G �W�R �R�Y�H�U�G�L�P�H�Q�V�L�R�Q�L�Q�J�� �D�V �W�K�H
�G�H�V�L�J�Q �W�K�L�F�N�Q�H�V�V �L�V �E�D�V�H�G �R�Q �W�K�H �Q�R�U�P�D�W�L�Y�H �P�H�P�E�U�D�Q�H �I�R�U�F�H�� �2�S�W�L�P�L�]�L�Q�J �W�K�H �O�R�F�D�W�L�R�Q �R�I �W�K�H �W�X�Q�Q�H�O
�W�K�U�R�X�J�K �W�K�H �W�R�U�X�V �V�K�H�O�O �E�\ �S�O�D�F�L�Q�J �L�W �P�R�U�H �R�X�W�Z�D�U�G �F�D�Q �U�H�V�X�O�W �L�Q �D �P�R�U�H �H�I�I�L�F�L�H�Q�W �G�L�V�W�U�L�E�X�W�L�R�Q �R�I �W�K�H �O�R�D�G��
�W�K�H�U�H�E�\ �O�H�D�G�L�Q�J �W�R �P�D�W�H�U�L�D�O �V�D�Y�L�Q�J�V �>���� �@��

�$ �Y�L�V�X�D�O�L�]�D�W�L�R�Q �R�I �W�K�H �W�R�U�X�V �L�V �S�U�R�Y�L�G�H�G �L�Q�)�L�J�X�U�H �������� �D�Q�G �G�H�W�D�L�O�H�G �S�D�U�D�P�H�W�H�U�V �D�U�H �H�[�S�O�D�L�Q�H�G �L�Q�7�D�E�O�H ��������
�6�L�P�L�O�D�U �W�R �W�K�H �V�S�K�H�U�H �D�Q�G �F�\�O�L�Q�G�H�U��a �U�H�I�H�U�V �W�R �W�K�H �L�Q�W�H�U�Q�D�O �V�X�U�I�D�F�H �R�I �W�K�H �W�R�U�X�V�� �7�K�H �P�D�M�R�U �U�D�G�L�X�Vb
�U�H�P�D�L�Q�V �X�Q�D�I�I�H�F�W�H�G �E�\ �W�K�H �V�K�H�O�O �W�K�L�F�N�Q�H�V�V�� �H�O�L�P�L�Q�D�W�L�Q�J �D�Q�\ �G�L�V�W�L�Q�F�W�L�R�Q �E�H�W�Z�H�H�Q �L�Q�W�H�U�Q�D�O �D�Q�G �H�[�W�H�U�Q�D�O
�P�D�M�R�U �U�D�G�L�L��

�3�D�U�D�P�H�W�H�U �6�\�P�E�R�O �8�Q�L�W �)�R�U�P�X�O�D

�0�L�Q�R�U �U�D�G�L�X�V �L�Q�W�H�U�Q�D�Oa �P
�0�D�M�R�U �U�D�G�L�X�V b �P
�6�K�H�O�O �W�K�L�F�N�Q�H�V�Vt �P
�:�L�G�W�K �R�I �I�R�X�Q�G�D�W�L�R�Q �E�D�V�HW�E�D�V�H �P

�6�O�H�Q�G�H�U�Q�H�V�V �� ��
b
a

�,�Q�W�H�U�Q�D�O �Y�R�O�X�P�HV�L�Q�W�H�U�Q�D�O�P 2� 2a2b

�0�D�[�L�P�X�P �P�H�P�E�U�D�Q�H �I�R�U�F�Hn�P�D�[ �1 �P���� � pa
� 1

2 + b
a

� 1 + b
a

�0�L�Q�L�P�X�P �P�H�P�E�U�D�Q�H �I�R�U�F�Hn�P�L�Q �1 �P���� � pa
1
2 + b

a

1 + b
a

�7�D�E�O�H ���������7�R�U�X�V �G�L�P�H�Q�V�L�R�Q�D�O �S�D�U�D�P�H�W�H�U�V
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���D���0�D�M�R�U �F�U�R�V�V���V�H�F�W�L�R�Q

���E���0�L�Q�R�U �F�U�R�V�V���V�H�F�W�L�R�Q

�)�L�J�X�U�H ���������6�F�K�H�P�D�W�L�F�V �R�I �W�R�U�X�V

�������������7�P�I�R�H�I�V�R�I�W�W
�:�K�H�Q �G�H�V�L�J�Q�L�Q�J �D �V�W�U�X�F�W�X�U�H �Z�L�W�K �D �V�S�H�F�L�I�L�H�G �Y�R�O�X�P�H�� �W�K�H �F�K�R�L�F�H �R�I �V�K�D�S�H �D�Q�G �L�W�V �G�L�P�H�Q�V�L�R�Q�V �E�H�F�R�P�H�V
�F�U�X�F�L�D�O�� �)�R�U �D �V�S�K�H�U�H�� �W�K�H �Y�R�O�X�P�H �V�R�O�H�O�\ �G�H�S�H�Q�G�V �R�Q �W�K�H �U�D�G�L�X�Va�� �V�L�P�S�O�L�I�\�L�Q�J �W�K�H �G�H�V�L�J�Q �S�U�R�F�H�V�V��
�&�R�Q�Y�H�U�V�H�O�\�� �I�R�U �D �F�\�O�L�Q�G�H�U�� �W�K�H �V�K�D�S�H �L�V �G�L�F�W�D�W�H�G �E�\ �W�K�H �U�D�W�L�R �R�I �L�W�V �U�D�G�L�X�Va �W�R �L�W�V �O�H�Q�J�W�KL �� �6�L�P�L�O�D�U�O�\�� �I�R�U
�D �W�R�U�X�V�� �W�K�H �V�K�D�S�H �L�V �G�H�W�H�U�P�L�Q�H�G �E�\ �W�K�H �U�D�W�L�R �E�H�W�Z�H�H�Q �L�W�V �P�L�Q�R�U �U�D�G�L�X�Va �D�Q�G �P�D�M�R�U �U�D�G�L�X�Vb�� �8�W�L�O�L�]�L�Q�J
�W�K�H�V�H �G�L�P�H�Q�V�L�R�Q�V�� �R�Q�H �F�D�Q �F�R�P�S�X�W�H �W�K�H �P�H�P�E�U�D�Q�H �I�R�U�F�H�V �Z�L�W�K�L�Q �W�K�H�V�H �V�W�U�X�F�W�X�U�H�V�� �Z�K�L�F�K �L�Q �W�X�U�Q �D�U�H
�L�Q�V�W�U�X�P�H�Q�W�D�O �L�Q �H�V�W�L�P�D�W�L�Q�J �W�K�H �U�H�T�X�L�U�H�G �W�K�L�F�N�Q�H�V�V �R�I �W�K�H �V�W�U�X�F�W�X�U�D�O �P�D�W�H�U�L�D�O��

�)�R�U �F�\�O�L�Q�G�H�U�V �D�Q�G �W�R�U�L�� �W�K�H �U�D�W�L�R�V �E�H�W�Z�H�H�Q �O�H�Q�J�W�K �D�Q�G �Z�L�G�W�K �D�U�H �U�H�I�H�U�U�H�G �W�R �D�V �V�O�H�Q�G�H�U�Q�H�V�V�� �7�K�H�\ �D�U�H
�G�H�I�L�Q�H�G �D�V��L

2a �I�R�U �F�\�O�L�Q�G�H�U�V �D�Q�Gb
a �I�R�U �W�R�U�L�� �Z�K�H�U�H �D �K�L�J�K�H�U �Y�D�O�X�H �U�H�S�U�H�V�H�Q�W�V �D �P�R�U�H �V�O�H�Q�G�H�U �V�K�D�S�H��

�7�D�E�O�H �������G�H�P�R�Q�V�W�U�D�W�H�V �Y�D�U�L�R�X�V �F�R�Q�I�L�J�X�U�D�W�L�R�Q�V �R�I �F�\�O�L�Q�G�H�U�V �D�Q�G �W�R�U�L�� �K�L�J�K�O�L�J�K�W�L�Q�J �W�K�H �L�P�S�D�F�W �R�I �L�Q�F�U�H�D�V�L�Q�J
�W�K�H�V�H �S�D�U�D�P�H�W�H�U �U�D�W�L�R�V�� �7�K�H�V�H �F�R�Q�I�L�J�X�U�D�W�L�R�Q�V �L�O�O�X�V�W�U�D�W�H �K�R�Z �K�L�J�K�H�U �U�D�W�L�R�V �F�D�Q �O�H�D�G �W�R �V�W�U�X�F�W�X�U�H�V �W�K�D�W
�D�U�H �V�L�J�Q�L�I�L�F�D�Q�W�O�\ �V�O�H�Q�G�H�U�� �S�R�W�H�Q�W�L�D�O�O�\ �F�R�P�S�U�R�P�L�V�L�Q�J �W�K�H�L�U �U�R�E�X�V�W�Q�H�V�V�� �,�W �L�V �L�P�S�R�U�W�D�Q�W �W�R �Q�R�W�H �W�K�D�W �W�K�H �Z�D�O�O
�W�K�L�F�N�Q�H�V�V �L�Q�7�D�E�O�H �������G�R�H�V �Q�R�W �Q�H�F�H�V�V�D�U�L�O�\ �U�H�I�O�H�F�W �W�K�H �D�F�W�X�D�O �U�H�T�X�L�U�H�G �W�K�L�F�N�Q�H�V�V �W�R �Z�L�W�K�V�W�D�Q�G �K�\�G�U�R�V�W�D�W�L�F
�S�U�H�V�V�X�U�H �D�W �D �G�H�S�W�K �R�I �������� �P�H�W�H�U�V�� �7�K�H �S�U�L�P�D�U�\ �I�R�F�X�V �K�H�U�H �L�V �W�R �V�K�R�Z�F�D�V�H �G�L�I�I�H�U�H�Q�W �V�O�H�Q�G�H�U�Q�H�V�V �Y�D�O�X�H�V
�I�R�U �F�\�O�L�Q�G�H�U�V �D�Q�G �W�R�U�L��

�$ �V�L�J�Q�L�I�L�F�D�Q�W �S�R�U�W�L�R�Q �R�I �W�K�H �I�L�J�X�U�H�V �L�Q �W�K�L�V �F�K�D�S�W�H�U �F�R�Q�W�D�L�Q�V �S�O�R�W�V �I�R�U �G�L�I�I�H�U�H�Q�W �V�O�H�Q�G�H�U�Q�H�V�V �Y�D�O�X�H�V �I�R�U �W�K�H
�F�\�O�L�Q�G�H�U �D�Q�G �W�R�U�X�V�� �7�R �H�Q�V�X�U�H �F�R�Q�V�L�V�W�H�Q�F�\�� �S�O�R�W�V �Z�L�W�K �V�H�O�H�F�W�H�G �V�O�H�Q�G�H�U�Q�H�V�V �Y�D�O�X�H�V �R�I ���� ���� �D�Q�G ���� �K�D�Y�H
�E�H�H�Q �F�K�R�V�H�Q�� �7�K�U�H�H �G�L�I�I�H�U�H�Q�W �Y�D�O�X�H�V �D�U�H �V�X�I�I�L�F�L�H�Q�W �W�R �G�H�P�R�Q�V�W�U�D�W�H �W�K�D�W �V�O�H�Q�G�H�U�Q�H�V�V �K�D�V �D�Q �L�Q�I�O�X�H�Q�F�H



�������� �7�L�E�T�I �K�I�S�Q�I�X�V�M�I�W ����

�R�Q �W�K�H �F�D�O�F�X�O�D�W�H�G �U�H�V�X�O�W�V�� �D�Q�G �L�W �D�O�O�R�Z�V �I�R�U �W�K�H �R�E�V�H�U�Y�D�W�L�R�Q �R�I �R�E�V�H�U�Y�D�E�O�H �W�U�H�Q�G�V�� �,�Q�F�O�X�G�L�Q�J �P�R�U�H �W�K�D�Q
�W�K�U�H�H �Y�D�O�X�H�V �F�R�X�O�G �P�D�N�H �P�R�V�W �S�O�R�W�V �X�Q�F�O�H�D�U��

Cylinder Torus

L
2a

= 4
b
a

= 4

L
2a

= 8
b
a

= 8

L
2a

= 12
b
a

= 12

L
2a

= 20
b
a

= 20

�7�D�E�O�H ���������,�O�O�X�V�W�U�D�W�L�Y�H �F�R�Q�I�L�J�X�U�D�W�L�R�Q�V �I�R�U �F�\�O�L�Q�G�H�U �D�Q�G �W�R�U�X�V



�������� �(�I�h�R�M�X�M�S�R�W �S�J �Q�I�Q�F�V�E�R�I �J�S�V�G�I�W �E�R�H �M�R�X�I�V�R�E�P �W�X�V�I�W�W�I�W����

���������(�I�h�R�M�X�M�S�R�W �S�J �Q�I�Q�F�V�E�R�I �J�S�V�G�I�W �E�R�H �M�R�X�I�V�R�E�P �W�X�V�I�W�W�I�W
�,�Q �&�K�D�S�W�H�U���� �W�K�H �G�H�W�H�U�P�L�Q�D�W�L�R�Q �R�I �Z�D�O�O �W�K�L�F�N�Q�H�V�V �L�V �E�D�V�H�G �R�Q �W�K�H �P�D�[�L�P�X�P �P�H�P�E�U�D�Q�H �I�R�U�F�H�� �7�K�H
�V�S�K�H�U�H�� �G�X�H �W�R �L�W�V �J�H�R�P�H�W�U�\�� �H�[�S�H�U�L�H�Q�F�H�V �P�H�P�E�U�D�Q�H �I�R�U�F�H�V �V�R�O�H�O�\ �L�Q �W�K�H �W�D�Q�J�H�Q�W�L�D�O �G�L�U�H�F�W�L�R�Q�� �D�V �L�O�O�X�V��
�W�U�D�W�H�G �L�Q�)�L�J�X�U�H �������� �&�R�Q�Y�H�U�V�H�O�\�� �W�K�H �F�\�O�L�Q�G�H�U �D�Q�G �W�R�U�X�V �H�Q�F�R�X�Q�W�H�U �P�H�P�E�U�D�Q�H �I�R�U�F�H�V �L�Q �E�R�W�K �O�R�Q�J�L�W�X�G�L�Q�D�O
�D�Q�G �W�D�Q�J�H�Q�W�L�D�O �G�L�U�H�F�W�L�R�Q�V�� �G�H�S�L�F�W�H�G �L�Q �)�L�J�X�U�H�V������ �D�Q�G������ �U�H�V�S�H�F�W�L�Y�H�O�\��

�7�R �H�V�W�D�E�O�L�V�K �W�K�H �Z�D�O�O �W�K�L�F�N�Q�H�V�V�� �F�R�Q�V�L�G�H�U�L�Q�J �W�K�H �P�D�[�L�P�X�P �P�H�P�E�U�D�Q�H �I�R�U�F�H�� �L�W �L�V �F�U�X�F�L�D�O �W�R �L�G�H�Q�W�L�I�\
�Z�K�H�W�K�H�U �W�K�H �O�R�Q�J�L�W�X�G�L�Q�D�O �R�U �W�D�Q�J�H�Q�W�L�D�O �P�H�P�E�U�D�Q�H �I�R�U�F�H �S�U�H�Y�D�L�O�V�� �)�R�U �W�K�L�Q���Z�D�O�O�H�G �F�\�O�L�Q�G�H�U�V�� �W�K�H �I�R�O�O�R�Z�L�Q�J
�U�H�O�D�W�L�R�Q�V�K�L�S�V �D�S�S�O�\ �>���� �@��

nLL; �F�\�O�L�Q�G�H�U= �
pa
2

n��; �F�\�O�L�Q�G�H�U= � pa

�5�H�J�D�U�G�L�Q�J �D �W�R�U�X�V�� �O�R�Q�J�L�W�X�G�L�Q�D�O �D�Q�G �P�D�[�L�P�D�O �W�D�Q�J�H�Q�W�L�D�O �P�H�P�E�U�D�Q�H �I�R�U�F�H�V �K�D�Y�H �E�H�H�Q �G�H�U�L�Y�H�G �L�Q �$�S��
�S�H�Q�G�L�[�&��

nLL; �W�R�U�X�V= �
pa
2

n��; �W�R�U�X�V= � pa
� 1

2 + b
a

� 1 + b
a

�*�L�Y�H�Q �W�K�D�W �I�R�U �D �W�R�U�X�Vb
a > 1�� �W�K�H �P�D�[�L�P�D�O �W�D�Q�J�H�Q�W�L�D�O �P�H�P�E�U�D�Q�H �I�R�U�F�H �F�R�Q�V�L�V�W�H�Q�W�O�\ �H�[�F�H�H�G�V �W�K�H �O�R�Q�J�L�W�X��

�G�L�Q�D�O �P�H�P�E�U�D�Q�H �I�R�U�F�H�� �,�Q �I�D�F�W�� �W�K�H �P�L�Q�L�P�X�P �W�D�Q�J�H�Q�W�L�D�O �P�H�P�E�U�D�Q�H �I�R�U�F�H �I�R�U �D �W�R�U�X�V �L�V� 3pa
4 �� �D �G�H�U�L�Y�D�W�L�R�Q

�G�H�W�D�L�O�H�G �L�Q �$�S�S�H�Q�G�L�[�&�� �5�H�I�H�U �W�R �6�H�F�W�L�R�Q������ �I�R�U �G�H�I�L�Q�L�W�L�R�Q�V �R�Ia �D�Q�Gb��

�,�Q �&�K�D�S�W�H�U���� �W�K�H �D�V�V�X�P�S�W�L�R�Q �L�V �P�D�G�H �W�K�D�W �W�K�H �Q�R�U�P�D�O �W�D�Q�J�H�Q�W�L�D�O �V�W�U�H�V�V �L�Q �W�K�H �V�K�H�O�O �Z�D�O�O� �� �L�V �F�R�Q�V�W�D�Q�W
�D�F�U�R�V�V �W�K�H �Z�D�O�O �W�K�L�F�N�Q�H�V�V�� �7�K�L�V �D�V�V�X�P�S�W�L�R�Q �J�H�Q�H�U�D�O�O�\ �K�R�O�G�V �I�R�U �P�H�P�E�U�D�Q�H�V �Z�L�W�K �Da

t �U�D�W�L�R �H�[�F�H�H�G�L�Q�J
���������� �)�R�U �W�K�L�Q �V�K�H�O�O�V ���Z�L�W�K4000> a

t > 30���� �W�K�H �Q�R�U�P�D�O �V�W�U�H�V�V �L�Q �W�K�H �V�K�H�O�O �Z�D�O�O �O�L�Q�H�D�U�O�\ �Y�D�U�L�H�V �R�Y�H�U �W�K�H
�V�K�H�O�O �W�K�L�F�N�Q�H�V�V �>���� �@��

�(�D�U�O�L�H�U �G�H�V�L�J�Q�V �R�I �W�K�H �V�S�K�H�U�L�F�D�O �U�H�V�H�U�Y�R�L�U �L�Q�G�L�F�D�W�H �D �W�K�L�F�N�Q�H�V�V���V�S�D�Q �U�D�W�L�R �R�Ia
t = 5 :26 �>���@ �D�Q�Ga

t = 5 :38
�>���� �@�� �&�O�D�V�V�L�I�L�H�G �D�V �D �W�K�L�F�N �V�K�H�O�O�� �W�K�H�V�H �W�\�S�L�F�D�O�O�\ �H�[�K�L�E�L�W �D �Q�R�Q���O�L�Q�H�D�U �V�W�U�H�V�V �G�L�V�W�U�L�E�X�W�L�R�Q �R�Y�H�U �W�K�H �V�K�H�O�O
�W�K�L�F�N�Q�H�V�V �>���� �@�� �&�R�Q�V�H�T�X�H�Q�W�O�\�� �L�W �L�V �H�[�S�H�F�W�H�G �W�K�D�W �L�Q �U�H�D�O�L�W�\��� �� �Y�D�U�L�H�V �Q�R�Q���O�L�Q�H�D�U�O�\ �D�F�U�R�V�V �W�K�H �V�K�H�O�O
�W�K�L�F�N�Q�H�V�V��

�'�H�V�S�L�W�H �W�K�L�V �H�[�S�H�F�W�D�W�L�R�Q�� �F�D�O�F�X�O�D�W�L�R�Q�V �E�D�V�H�G �R�Q �W�K�H �D�V�V�X�P�S�W�L�R�Q �D�U�H �V�W�L�O�O �G�H�H�P�H�G �Y�D�O�X�D�E�O�H�� �7�K�H �Y�H�U�L�I�L�F�D��
�W�L�R�Q �R�I �W�K�L�V �D�V�V�X�P�S�W�L�R�Q �L�V �X�Q�G�H�U�W�D�N�H�Q �L�Q �6�H�F�W�L�R�Q��������



�������� �(�I�h�R�M�X�M�S�R�W �S�J �Q�I�Q�F�V�E�R�I �J�S�V�G�I�W �E�R�H �M�R�X�I�V�R�E�P �W�X�V�I�W�W�I�W����

���D���7�D�Q�J�H�Q�W�L�D�O �P�H�P�E�U�D�Q�H �I�R�U�F�Hn �� ���E���5�D�G�L�D�O �V�W�U�H�V�V �R�U �G�L�V�W�U�L�E�X�W�H�G �I�R�U�F�H� rr

���F���7�D�Q�J�H�Q�W�L�D�O �V�W�U�H�V�V� ��

�)�L�J�X�U�H ���������6�S�K�H�U�H �P�H�P�E�U�D�Q�H �I�R�U�F�H�V �D�Q�G �V�W�U�H�V�V �G�H�I�L�Q�L�W�L�R�Q�V �D�W �F�U�R�V�V���V�H�F�W�L�R�Q




	Preface
	Abstract
	Nomenclature
	Introduction
	Problem definition
	Shape proposal
	Research question
	Project approach
	Report structure

	State of the art
	Depth, volume and energy storage potential
	Required storage capacity
	Reservoir size
	Competetiveness of MPHES to exisiting storage techniques
	Requirements for potential MPHES installation locations
	Experiments
	Construction methods spherical design
	Hemisphere concept by MIT
	Hybrid 3D concrete printing and casting method by RCAM
	Air pressured formwork by HTS
	Other construction techniques

	Implementation aspects spherical design
	Construction location
	Transport
	Installation
	Watertightness

	Feasibility considerations
	Market feasibility
	Financial feasibility
	Construction feasibility of spherical design

	Cost analysis
	Conclusions from literature

	Starting points for initial structural design
	Starting points
	Shape geometries
	Sphere
	Cylinder
	Torus
	Slenderness

	Definitions of membrane forces and internal stresses
	Pump/turbine system placement
	Loading conditions

	Initial structural design
	Initial reservoir design
	Initial thickness estimation
	Iterative adjustment of thickness
	Internal Radius - Wall Thickness Relation
	Optimization of cylinder- and torus-configuration
	Sensitivity study concrete strength

	Initial foundation design
	Foundation design spherical reservoir
	Foundation design cylindrical and toroidal reservoir
	CIV-ratio comparison in foundation design

	Reservoir and foundation design combination

	Construction and implementation of cylindrical design
	Dimensions of cylindrical and toroidal designs
	Cylinder dimensions
	Torus dimensions
	Evaluation of dimensional suitability for construction locations

	Exploration construction methods cylindrical design
	Cast-in-place
	Precast elements
	Horizontal jump-forming
	Vertical slip-forming
	Hybrid 3DCP + cast-in-place
	Trade-off

	In-depth analysis construction methods cylindrical design
	Precast elements
	Horizontal jump-forming
	Watertightness
	Evaluation

	Implementation aspects cylindrical design
	Transport
	Immersion
	Stability


	Optimization
	Cap refinement cylindrical design
	Reduction of the edge disturbance
	Hemispherical cap design
	Numerical verification of edge disturbance reduction
	Redistribution of stress concentrations at cylinder-hemisphere transition
	Contribution of hemispherical cap to CIV-ratio

	Verification of uniform compression assumption
	Analytical verification of uniform stress assumption for sphere
	Analytical verification of uniform stress assumption for cylinder
	Numerical model of sphere and cylinder
	Evaluation of uniform stress assumption

	Revised CIV-ratios
	Increased wall thickness by satisfying found pressure distribution
	Introduction of uncertainty in CIV-ratios


	Synthesis, Implications, and Future Directions
	Summary of results
	Discussion
	Conclusion
	Recommendations

	References
	Draughts
	Draught of sphere in state-of-the-art
	Draught of sphere in summary of results
	Draught of cylinder in summary of results

	Hochtief construction technique
	Membrane forces
	Spherical and cylindrical membrane forces
	Toroidal membrane forces

	Calculation of concrete volumes
	Determination of reservoir dimensions
	Initial thickness estimation of spherical design
	Initial thickness estimation of cylindrical design
	Initial thickness estimation of toroidal design
	Iterative thickness determination
	Calculation of volumes of concrete
	Iterations of calculations for graph production

	Determination of foundation dimensions
	Sphere
	Cylinder foundation width
	Torus foundation width
	Iterative foundation width determination for cylinder and torus

	CIV-ratio for cylinder with hemisphere cap
	Python code

	Interview Bernhard Ernst, Deputy Head of Energy Storage at Fraunhofer IEE
	General concrete construction techniques
	Conventional casting using formwork
	Slip-forming
	Jump-forming
	Shotcrete
	3D Concrete Printing

	Relevant construction locations
	Land-based factory
	Dry dock
	Fjord
	Open sea

	Concrete connection methods
	Diana models
	Verification of uniform stress assumption
	Sphere model
	Cylinder model

	Reduced models of cylindrical design
	Validation of reduction of cylinder tube length
	Validation of axisymmetrical reduction

	Edge disturbance models
	Validation of edge disturbance with thin shell
	Models with various hemisphere thicknesses
	Models for redistribution of stress concentration at cylinder-hemisphere transition



