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Now, it is time to introduce my research to you. Managing partner relationships within global supply
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hope this work inspires you to pursue sustainable practices, regardless of the industry and its size.
Every small step counts and it is crucial for everyone and every sector to contribute to a sustainable
future now.

T.P. (Tim) Verwer
Delft, August 2024
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Executive summary

In the context of global environmental challenges, the aviation industry, including cargo airlines, faces
significant pressure to enhance sustainability. While most attention has been placed on the sustainabil-
ity of airlines themselves, the ground operations, managed by various partners worldwide, also play a
crucial role. The necessity to integrate sustainability into these operations is critical for the industryôs
overall environmental impact reduction. Cargo airlines must address the environmental impact of their
entire supply chain to achieve sustainability.

The Main Research Question (MRQ) guiding this study is: How can a Decision Support System (DSS)
be developed to guide Partner Relationship Management (PRM) for the operations of existing partners
of cargo airlines to achieve sustainability goals? This question addresses the challenge of creating
a structured approach to managing and enhancing the sustainability practices of partners within the
global supply chain of cargo airlines. Achieving these sustainability goals is complicated by the diverse
nature of global partners and the varying levels of commitment and capability regarding sustainable
practices.

The research follows a systematic design approach divided into six phases: problem identification,
designing solution objectives, design and development, demonstration, evaluation, and communication.
The different Research Questions (RQs) are based on the phases of the design approach.

1. Problem identification: Key aspects from the literature on sustainability, PRM, and DSS were
identified to frame the problem, highlighting the need for a decision-focused system that integrates
models and analytical techniques with user-initiated and controlled processes.

2. Designing solution objectives: The objectives for the DSS were established, emphasising a
decision-focused system, user initiation and control, and the integration of models and analytical
techniques. The DSS aims to develop sustainable strategies for different segments of partners
based on specific criteria.

3. Design and development: A conceptual model for the DSS was created, incorporating sustain-
ability goals, partner data, and a Multi-Criteria Decision Making (MCDM) method using the Best-
Worst Method (BWM). This phase ensured the DSS was systematically structured to address the
sustainability objectives through partner evaluation and segmentation.

4. Demonstration: The DSS was applied to KLM Cargoôs operations, focusing on achieving zero
emissions and zero waste by evaluating and segmenting partners based on capabilities and will-
ingness. This practical application illustrated the DSSôs functionality and its potential impact on
guiding PRM towards sustainability goals.

5. Evaluation: The effectiveness of the DSS was assessed through result validation and alignment
with the systemôs objectives. This phase included exploring the generalisability of the DSS for
broader application across cargo airlines, confirming the systemôs robustness, and identifying
areas for further refinement.

6. Communication: Answering the MRQ and the whole thesis serves as the communication to
other researchers and practitioners.

The DSS effectively segmented partners into four segments based on their sustainability capabilities
and willingness. Analysing the results based on the Ground Handling Agent (GHA) of the outstations
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and the areas they operate in proved highly effective. It revealed that GHAs operating multiple out-
stations tend to score better overall, with Europe scoring the highest based on the capabilities and
willingness scores. This categorisation enabled the creation of a step-by-step strategy in addition to
the DSS, which identified which partners to focus on first. Specified components of strategies were
developed for each segment, providing actionable guidance for sustainability efforts. Additionally, it
became clear that a checklist is necessary to assign a sustainability score to each outstation, offering
insights into how sustainable these outstations already are beyond just their capabilities and willingness
scores.

The validation process confirmed the robustness of the scoring, criteria, and segmentation methods
used in the DSS. However, it also identified specific areas for improvement, such as the need for re-
assessment and enhanced communication strategies. The DSSôs practical applicability in guiding PRM
towards sustainability goals was demonstrated, indicating that the system could significantly enhance
the sustainability performance of cargo airlines by providing structured and systematic guidance on
managing partner relationships.

This research contributes to the field by developing a comprehensive DSS tailored to the unique needs
of cargo airlines, focusing on sustainability. It provides a validated framework for segmenting partners
based on their capabilities and willingness to adopt sustainable practices. The research presents a
full list of sustainability criteria based on capabilities and willingness. It also demonstrates that market
segmentation, as done before, can also be used for partner segmentation based on existing relation-
ships to achieve sustainability goals. By integrating MCDM with BWM, the DSS offers a robust method
for evaluating and prioritising partners, facilitating the development of targeted sustainability strategies.
The approaches can be applied more widely and help to achieve sustainability goals. The research
also highlights the importance of collaboration among cargo airlines to collectively pressure Ground
Handling Agents (GHAs) into adopting sustainable practices. Furthermore, the study offers valuable
insights into the practical application of DSS in a real-world context, demonstrating its potential for
broader application in the industry.

Future research should focus on testing best practices to ensure consistent scoring, exploring the corre-
lations of capabilities and willingness criteria in sustainability contexts, and validating and applying the
step-by-step strategy in broader contexts. Additionally, it is essential to assess the DSSôs applicability
to other cargo airlines and industries to determine its adaptability and effectiveness across different
operational environments. Developing clear guidelines for using different segmentation techniques will
also be crucial, as current literature lacks detailed recommendations on this aspect. Investigating al-
ternative segmentation methods, such as segmenting partners based on their dependence or impact
within the supply chain, can provide further insights and enhance strategy development.

Cargo airlines are recommended to adopt the DSS, starting with small sustainability goals to validate
the system and gradually progressing to more extensive objectives. Collaboration among airlines to
pressure GHAs collectively can accelerate the adoption of sustainable practices, creating a unified
effort towards sustainability in the aviation industry. By continuously refining the DSS and incorporating
feedback from its application, cargo airlines can ensure that their PRM strategies remain effective and
aligned with evolving sustainability goals.
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�U�D�W�H�G �L�Q �W�K�H�'�6�6�� �6�K�R�U�W�F�R�P�L�Q�J�V �R�I �F�X�U�U�H�Q�W �I�U�D�P�H�Z�R�U�N�V �D�Q�G �P�R�G�H�O�V �Z�L�O�O �E�H �S�D�U�W �R�I �W�K�H �R�X�W�F�R�P�H �R�I �W�K�L�V
�5�4�� �7�K�H �D�V�S�H�F�W�V �D�Q�G �W�K�H �V�K�R�U�W�F�R�P�L�Q�J�V �Z�L�O�O �E�H �L�P�S�R�U�W�D�Q�W �I�R�U �W�K�H �G�H�V�L�J�Q �R�I �W�K�H�'�6�6 �G�X�U�L�Q�J �W�K�H �G�H�V�L�J�Q
�D�Q�G �G�H�Y�H�O�R�S�P�H�Q�W �S�K�D�V�H��
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�:�K�L�F�K �R�E�M�H�F�W�L�Y�H�V �V�K�R�X�O�G �W�K�H�'�6�6 �D�F�K�L�H�Y�H �W�R �J�X�L�G�H�3�5�0�I�R�U �W�K�H �R�S�H�U�D�W�L�R�Q�V �R�I �S�D�U�W�Q�H�U�V�"

�7�K�L�V�5�4 �I�R�F�X�V�H�V �R�Q �H�V�W�D�E�O�L�V�K�L�Q�J �D �V�H�W �R�I �R�E�M�H�F�W�L�Y�H�V �I�R�U �W�K�H�'�6�6 �W�R �J�X�L�G�H�3�5�0 �I�R�U �W�K�H �R�S�H�U�D�W�L�R�Q�V �R�I
�S�D�U�W�Q�H�U�V �R�I �F�D�U�J�R �D�L�U�O�L�Q�H�V�� �+�R�Z �W�K�H �R�E�M�H�F�W�L�Y�H�V �V�K�R�X�O�G �E�H �D�F�F�R�P�S�O�L�V�K�H�G �Z�L�O�O �E�H �V�W�X�G�L�H�G �G�X�U�L�Q�J �W�K�L�V�5�4�� �$
�G�H�V�N �U�H�V�H�D�U�F�K �Z�L�O�O �E�H �X�V�H�G �W�R �J�D�W�K�H�U �W�K�H�V�H �L�Q�V�L�J�K�W�V�� �%�\ �D�Y�R�L�G�L�Q�J �G�L�U�H�F�W �U�H�O�L�D�Q�F�H �R�Q �W�K�H �I�L�U�V�W�5�4�R�X�W�F�R�P�H�V��
�W�K�H �D�L�P �L�V �W�R �J�H�Q�H�U�D�W�H �W�K�H �R�E�M�H�F�W�L�Y�H�V �L�Q�G�H�S�H�Q�G�H�Q�W�O�\�� �7�K�H �G�H�O�L�Y�H�U�D�E�O�H �Z�L�O�O �V�H�U�Y�H �D�V �D �I�R�X�Q�G�D�W�L�R�Q �I�R�U �W�K�H
�Q�H�[�W �S�K�D�V�H�� �W�K�H �G�H�V�L�J�Q �D�Q�G �G�H�Y�H�O�R�S�P�H�Q�W �S�K�D�V�H��

�5�4 �,�,�,
�'�H�V�L�J�Q �D�Q�G �G�H�Y�H�O�R�S�P�H�Q�W

�+�R�Z �F�D�Q �W�K�H �L�G�H�Q�W�L�I�L�H�G �D�V�S�H�F�W�V �E�H �L�Q�W�H�J�U�D�W�H�G �L�Q�W�R �D�'�6�6 �W�K�D�W �J�X�L�G�H�V�3�5�0�W�K�U�R�X�J�K�0�&�'�0 �I�R�U
�D�F�K�L�H�Y�L�Q�J �V�X�V�W�D�L�Q�D�E�L�O�L�W�\ �J�R�D�O�V�"

�7�K�H �W�K�L�U�G�5�4 �D�L�P�V �W�R �G�H�V�L�J�Q �D�Q �L�Q�L�W�L�D�O�'�6�6 �Z�L�W�K �W�K�H �D�V�S�H�F�W�V �J�D�W�K�H�U�H�G �L�Q �W�K�H �I�L�U�V�W�5�4�� �Z�K�L�F�K �W�U�L�H�V �W�R
�D�F�K�L�H�Y�H �W�K�H �R�E�M�H�F�W�L�Y�H�V �D�V �L�Q�Y�H�V�W�L�J�D�W�H�G �L�Q �W�K�H �V�H�F�R�Q�G�5�4�� �7�K�H �L�Q�L�W�L�D�O�'�6�6 �Z�L�O�O �E�H �F�U�H�D�W�H�G �E�D�V�H�G �R�Q �G�H�V�N
�U�H�V�H�D�U�F�K �Z�K�L�O�H �D�O�O�R�Z�L�Q�J�0�&�'�0 �D�V �D �U�H�V�H�D�U�F�K �P�H�W�K�R�G �W�R �E�H �D�S�S�O�L�H�G �W�R �W�K�H�'�6�6 �Z�K�H�Q �S�X�W�W�L�Q�J �L�W �L�Q�W�R
�S�U�D�F�W�L�F�H�� �7�K�H�U�H�I�R�U�H���0�&�'�0 �Z�L�O�O �E�H �W�K�H �V�H�F�R�Q�G �U�H�V�H�D�U�F�K �P�H�W�K�R�G �I�R�U �W�K�L�V�5�4 �W�R �P�D�N�H �V�X�U�H �W�K�H�'�6�6 �L�V
�F�R�P�S�D�W�L�E�O�H �X�V�L�Q�J �W�K�L�V �T�X�D�Q�W�L�W�D�W�L�Y�H �P�H�W�K�R�G��
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�+�R�Z �F�D�Q �W�K�H �G�H�V�L�J�Q�H�G�'�6�6 �E�H �D�S�S�O�L�H�G �W�R�.�/�0 �&�D�U�J�R�¶�V �J�U�R�X�Q�G �R�S�H�U�D�W�L�R�Q�V �R�I�*�+�$�V �D�W �R�X�W�V�W�D�W�L�R�Q�V �W�R
�D�F�K�L�H�Y�H �]�H�U�R �H�P�L�V�V�L�R�Q�V �D�Q�G �]�H�U�R �Z�D�V�W�H�"

�7�K�H �I�R�X�U�W�K�5�4 �X�V�H�V �W�K�H �L�Q�L�W�L�D�O�O�\ �F�U�H�D�W�H�G�'�6�6 �R�Q�.�/�0 �&�D�U�J�R �D�V �D �X�V�H �F�D�V�H �I�R�U �W�K�H �G�H�P�R�Q�V�W�U�D�W�L�R�Q �S�K�D�V�H��
�7�K�H �F�K�D�U�D�F�W�H�U�L�V�W�L�F�V �R�I�.�/�0 �&�D�U�J�R �Z�L�O�O �E�H �L�Q�Y�H�V�W�L�J�D�W�H�G �E�D�V�H�G �R�Q �G�H�V�N �U�H�V�H�D�U�F�K�� �7�K�H �J�U�R�X�Q�G �R�S�H�U�D�W�L�R�Q�V
�R�I�*�+�$�V �D�W �R�X�W�V�W�D�W�L�R�Q�V �Z�L�O�O �E�H �G�H�I�L�Q�H�G�� �D�V �Z�H�O�O �D�V �W�K�H �V�S�H�F�L�I�L�F �V�X�V�W�D�L�Q�D�E�L�O�L�W�\ �J�R�D�O�V �R�I �]�H�U�R �H�P�L�V�V�L�R�Q�V �D�Q�G
�]�H�U�R �Z�D�V�W�H�� �7�K�H�'�6�6 �Z�L�O�O �E�H �X�V�H�G �D�V �D �I�U�D�P�H�Z�R�U�N �Z�L�W�K �V�S�H�F�L�I�L�H�G �S�D�U�W�Q�H�U�V �D�Q�G �V�X�V�W�D�L�Q�D�E�L�O�L�W�\ �J�R�D�O�V �I�R�U
�W�K�H �R�S�H�U�D�W�L�R�Q�V �R�I�.�/�0 �&�D�U�J�R�� �7�K�H�0�&�'�0 �P�H�W�K�R�G �Z�L�O�O �E�H �D�S�S�O�L�H�G �I�R�U �W�K�H �G�H�F�L�V�L�R�Q���P�D�N�L�Q�J �V�W�H�S�V �R�I �W�K�H
�'�6�6�� �Z�K�L�F�K �U�H�T�X�L�U�H�V �L�Q�S�X�W �I�U�R�P �H�[�S�H�U�W�V �W�K�U�R�X�J�K �V�H�P�L���V�W�U�X�F�W�X�U�H�G �L�Q�W�H�U�Y�L�H�Z�V �W�R �V�H�O�H�F�W �W�K�H �F�U�L�W�H�U�L�D �D�Q�G
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�I�L�Q�G �W�K�H �W�U�D�G�H���R�I�I �E�H�W�Z�H�H�Q �W�K�H �F�U�L�W�H�U�L�D�� �$�O�V�R�� �D �I�R�F�X�V �J�U�R�X�S �Z�L�O�O �E�H �R�U�J�D�Q�L�V�H�G �W�R �V�S�H�F�L�I�\ �W�K�H �V�W�U�D�W�H�J�L�H�V
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�+�R�Z �F�D�Q �W�K�H �H�I�I�H�F�W�L�Y�H�Q�H�V�V �R�I �W�K�H�'�6�6 �E�H �D�V�V�H�V�V�H�G �L�Q �W�H�U�P�V �R�I �L�W�V �I�X�Q�F�W�L�R�Q�D�O�L�W�\ �Z�L�W�K�L�Q�.�/�0 �&�D�U�J�R��
�E�D�V�H�G �R�Q �W�K�H �Y�D�O�L�G�D�W�L�R�Q �R�I �W�K�H �U�H�V�X�O�W�V �D�Q�G �R�Q �W�K�H �R�E�M�H�F�W�L�Y�H�V �V�W�D�W�H�G �L�Q�5�4 �,�,�"

�%�D�V�H�G �R�Q �W�K�H �R�X�W�F�R�P�H�V �R�I �W�K�H �D�S�S�O�L�F�D�W�L�R�Q �R�I �W�K�H�'�6�6 �R�Q�.�/�0 �&�D�U�J�R �D�Q�G �R�Q �W�K�H �R�E�M�H�F�W�L�Y�H�V �D�V �F�U�H�D�W�H�G
�G�X�U�L�Q�J�5�4 �,�,�� �W�K�H �I�L�I�W�K�5�4 �D�V�V�H�V�V�H�V �W�K�H �H�I�I�H�F�W�L�Y�H�Q�H�V�V �R�I �W�K�H�'�6�6�� �3�R�V�V�L�E�O�H �V�K�R�U�W�F�R�P�L�Q�J�V �R�I �W�K�H�'�6�6
�F�D�Q �E�H �G�R�F�X�P�H�Q�W�H�G �D�Q�G �S�R�V�V�L�E�O�\ �E�H �F�K�D�Q�J�H�G �L�Q �W�K�H�'�6�6 �L�I �L�W�H�U�D�W�L�R�Q �L�V �S�R�V�V�L�E�O�H�� �7�K�H �R�X�W�F�R�P�H�V �R�I �W�K�H
�I�R�F�X�V �J�U�R�X�S �Z�L�O�O �V�X�S�S�R�U�W �W�K�H �D�V�V�H�V�V�P�H�Q�W �R�I �W�K�H �H�I�I�H�F�W�L�Y�H�Q�H�V�V �R�I �W�K�H�'�6�6��
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�:�K�D�W �D�G�M�X�V�W�P�H�Q�W�V �D�U�H �Q�H�H�G�H�G �W�R �H�Q�K�D�Q�F�H �W�K�H�'�6�6�¶�V �D�S�S�O�L�F�D�E�L�O�L�W�\ �D�Q�G �S�H�U�I�R�U�P�D�Q�F�H �D�F�U�R�V�V �F�D�U�J�R
�D�L�U�O�L�Q�H�V �L�Q �J�H�Q�H�U�D�O�"

�7�K�H �O�D�V�W�5�4 �P�D�N�H�V �V�X�U�H �W�K�H�0�5�4 �F�D�Q �E�H �D�Q�V�Z�H�U�H�G �E�\ �F�K�H�F�N�L�Q�J �Z�K�H�W�K�H�U �W�K�H�'�6�6 �L�V �D�S�S�O�L�F�D�E�O�H �W�R �R�W�K�H�U
�F�D�U�J�R �D�L�U�O�L�Q�H�V�¶ �S�D�U�W�Q�H�U�V�� �D�F�K�L�H�Y�L�Q�J �V�X�V�W�D�L�Q�D�E�L�O�L�W�\ �J�R�D�O�V �Z�K�L�F�K �F�R�X�O�G �S�R�V�V�L�E�O�\ �G�L�I�I�H�U �I�U�R�P �W�K�H �R�Q�H�V �I�U�R�P
�.�/�0 �&�D�U�J�R�� �7�K�H �R�X�W�F�R�P�H�V �R�I �W�K�H �R�W�K�H�U�5�4�V �Z�L�O�O �V�K�R�Z �W�K�H �J�H�Q�H�U�D�O�L�V�D�E�L�O�L�W�\ �R�I �W�K�H�'�6�6�� �7�K�H �R�X�W�F�R�P�H
�Z�L�O�O �E�H �D �V�H�W �R�I �D�G�M�X�V�W�P�H�Q�W�V �W�K�D�W �P�X�V�W �E�H �D�S�S�O�L�H�G �W�R �W�K�H�'�6�6 �W�R �P�D�N�H �L�W �D�S�S�O�L�F�D�E�O�H �W�R �R�W�K�H�U �F�D�U�J�R �D�L�U�O�L�Q�H�V��
�$�Q�R�W�K�H�U �S�R�V�V�L�E�O�H �R�X�W�F�R�P�H �F�R�X�O�G �E�H �W�K�D�W �V�R�P�H �F�O�H�D�U �J�X�L�G�D�Q�F�H �L�V �J�L�Y�H�Q �R�Q �Z�K�D�W �D�G�M�X�V�W�P�H�Q�W�V �V�K�R�X�O�G �E�H
�P�D�G�H �W�R �P�D�N�H �L�W �H�Y�H�Q �I�X�U�W�K�H�U �D�S�S�O�L�F�D�E�O�H �W�R �R�W�K�H�U �V�H�F�W�R�U�V �L�Q �I�X�W�X�U�H �U�H�V�H�D�U�F�K��

�7�K�H �V�L�[�W�K �D�Q�G �O�D�V�W �S�K�D�V�H �L�V �W�K�H�F�R�P�P�X�Q�L�F�D�W�L�R�Q�� �6�L�Q�F�H �W�K�H �W�K�H�V�L�V �L�W�V�H�O�I �D�L�P�V �W�R �F�R�P�P�X�Q�L�F�D�W�H �K�R�Z �W�K�H
�'�6�6 �L�V �F�U�H�D�W�H�G �D�Q�G �K�R�Z �L�W �V�K�R�X�O�G �E�H �X�V�H�G�� �W�K�H �Z�K�R�O�H �U�H�V�H�D�U�F�K ���Z�K�L�F�K �L�Q�F�O�X�G�H�V �W�K�H�0�5�4 �F�D�Q �E�H �V�H�H�Q �D�V
�W�K�H �F�R�P�P�X�Q�L�F�D�W�L�R�Q �S�K�D�V�H�� �7�K�H �F�R�P�P�X�Q�L�F�D�W�L�R�Q �Y�L�D �W�K�H �W�K�H�V�L�V �L�V �P�D�L�Q�O�\ �G�L�U�H�F�W�H�G �W�R �R�W�K�H�U �U�H�V�H�D�U�F�K�H�U�V �W�R
�F�R�Q�G�X�F�W �I�X�U�W�K�H�U �U�H�V�H�D�U�F�K �D�Q�G �D�O�V�R �W�R �S�U�D�F�W�L�W�L�R�Q�H�U�V �W�R �D�S�S�O�\ �W�K�H �U�H�V�H�D�U�F�K �L�Q �S�U�D�F�W�L�F�H�� �)�R�U �F�R�P�S�O�H�W�H�Q�H�V�V��
�W�K�H�0�5�4 �L�V �S�U�H�V�H�Q�W�H�G �E�H�O�R�Z��
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�0�D�Q�D�J�H�P�H�Q�W ���3�5�0�� �I�R�U �W�K�H �R�S�H�U�D�W�L�R�Q�V �R�I �H�[�L�V�W�L�Q�J �S�D�U�W�Q�H�U�V �R�I �F�D�U�J�R �D�L�U�O�L�Q�H�V �W�R �D�F�K�L�H�Y�H �V�X�V�W�D�L�Q�D�E�L�O�L�W�\
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�$�V �V�K�R�Z�Q �L�Q �W�K�H �S�U�H�Y�L�R�X�V �V�H�F�W�L�R�Q�� �G�L�I�I�H�U�H�Q�W �P�H�W�K�R�G�V �Z�L�O�O �E�H �X�V�H�G �Z�L�W�K�L�Q �W�K�H �U�H�V�H�D�U�F�K �W�R �D�Q�V�Z�H�U �W�K�H�5�4�V��
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�R�X�W�F�R�P�H �R�I �V�W�H�S ���� �Z�K�L�F�K �X�W�L�O�L�V�H�V �D �Q�R�Q���O�L�Q�H�D�U �R�S�W�L�P�L�V�D�W�L�R�Q �S�U�R�F�H�V�V �W�R �G�H�W�H�U�P�L�Q�H �W�K�H �Z�H�L�J�K�W�V �I�R�U �H�D�F�K
�F�U�L�W�H�U�L�R�Q���5�H�]�D�H�L�����������E�� �V�X�S�S�R�U�W�V �W�K�H �H�[�H�F�X�W�L�R�Q �R�I �W�K�H �I�L�Y�H �V�W�H�S�V �Z�L�W�K �D�Q �(�[�F�H�O �V�R�O�Y�H�U�� �Z�K�L�F�K �X�V�H�V �D
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�O�L�Q�H�D�U �P�R�G�H�O �R�I�%�:�0 �W�R �I�D�F�L�O�L�W�D�W�H �W�K�H �F�D�O�F�X�O�D�W�L�R�Q�V���5�H�]�D�H�L�����������D�� �S�� �������� �S�U�R�Y�L�G�H�V �W�K�H �O�L�Q�H�D�U �P�R�G�H�O
�R�I�%�:�0��

�6�W�H�S �� ���O�L�Q�H�D�U�����7�K�H �R�S�W�L�P�D�O �Z�H�L�J�K�W�V ��w�
1 ; w�

2 ; :::; w�
n �� �I�R�U �W�K�H �F�U�L�W�H�U�L�D �F�D�Q �E�H �F�D�O�F�X�O�D�W�H�G �Z�L�W�K �W�K�H �I�R�O�O�R�Z�L�Q�J

�I�R�U�P�X�O�D�V��

min max
j

fj wB � aBj wj j ; jwj � ajW wW jg �� �V�X�F�K �W�K�D�W
X

j

wj = 1

wj � 0�� �I�R�U �D�O�Oj

����������

�7�U�D�Q�V�I�R�U�P�L�Q�J �)�R�U�P�X�O�D������ �L�Q�W�R �D �O�L�Q�H�D�U �S�U�R�J�U�D�P�P�L�Q�J �S�U�R�E�O�H�P��

min � L �� �V�X�F�K �W�K�D�W

jwB � aBj wj j � � L �� �I�R�U �D�O�Oj

jwj � ajW wW j � � L �� �I�R�U �D�O�Oj
X

j

wj = 1

wj � 0�� �I�R�U �D�O�Oj

����������

�:�K�H�Q �)�R�U�P�X�O�D������ �L�V �V�R�O�Y�H�G�� �W�K�H �R�S�W�L�P�D�O �Z�H�L�J�K�W�V ��w�
1 ; w�

2 ; :::; w�
n �� �D�Q�G� L � �D�U�H �D�F�T�X�L�U�H�G�� �7�K�H �(�[�F�H�O

�V�R�O�Y�H�U �D�X�W�R�P�D�W�L�F�D�O�O�\ �F�D�O�F�X�O�D�W�H�V �W�K�H �R�S�W�L�P�D�O �Z�H�L�J�K�W�V �D�I�W�H�U �V�W�H�S�V �� �W�R �� �K�D�Y�H �E�H�H�Q �H�[�H�F�X�W�H�G �E�\ �W�K�H �H�[�S�H�U�W��
�7�K�H �V�R�O�Y�H�U �V�X�S�S�R�U�W�V �H�Y�D�O�X�D�W�L�Q�J �W�K�U�H�H �W�R �Q�L�Q�H �F�U�L�W�H�U�L�D ���P�R�U�H �W�K�D�Q �Q�L�Q�H �F�U�L�W�H�U�L�D �D�U�H �S�R�V�V�L�E�O�H�� �E�X�W �F�O�X�V�W�H�U�L�Q�J
�L�V �U�H�F�R�P�P�H�Q�G�H�G���� �$�G�G�L�W�L�R�Q�D�O�O�\�� �W�K�H �V�R�O�Y�H�U �F�D�O�F�X�O�D�W�H�V �W�K�H �L�Q�S�X�W���E�D�V�H�G �F�R�Q�V�L�V�W�H�Q�F�\ �U�D�W�L�R�� �Z�K�L�F�K �L�Q�G�L�F�D�W�H�V
�W�K�H �F�R�Q�V�L�V�W�H�Q�F�\ �O�H�Y�H�O �R�I �W�K�H �L�Q�S�X�W �S�U�R�Y�L�G�H�G �E�\ �W�K�H �H�[�S�H�U�W�� �7�K�L�V �U�D�W�L�R �L�V �F�U�X�F�L�D�O �I�R�U �Y�H�U�L�I�\�L�Q�J �W�K�H �O�R�J�L�F�D�O
�F�R�Q�V�L�V�W�H�Q�F�\ �R�I �S�D�L�U�Z�L�V�H �F�R�P�S�D�U�L�V�R�Q�V�� �H�Q�V�X�U�L�Q�J �U�H�O�L�D�E�O�H �U�H�V�X�O�W�V�� �:�K�L�O�H �W�K�H �F�R�Q�V�L�V�W�H�Q�F�\ �L�Q�G�H�[ �P�H�D�V�X�U�H�V
�W�K�H �F�R�Q�V�L�V�W�H�Q�F�\ �R�I �D �F�R�P�S�D�U�L�V�R�Q �L�Q �Q�R�Q���O�L�Q�H�D�U �P�R�G�H�O�V�� �R�Q�O�\ �W�K�H �F�R�Q�V�L�V�W�H�Q�F�\ �U�D�W�L�R �L�V �U�H�O�H�Y�D�Q�W �I�R�U �W�K�H
�O�L�Q�H�D�U �P�R�G�H�O �X�V�H�G �I�R�U �W�K�L�V �U�H�V�H�D�U�F�K�� �7�K�H �L�Q�S�X�W���E�D�V�H�G �F�R�Q�V�L�V�W�H�Q�F�\ �U�D�W�L�R �L�V �F�D�O�F�X�O�D�W�H�G �D�V �I�R�O�O�R�Z�V ���/�L�D�Q�J��
�%�U�X�Q�H�O�O�L�� �	 �5�H�]�D�H�L���������� �� �S�� ������

CRI = max
j

CRI
j �� �Z�K�H�U�H

CRI
j =

8
<

:

j aBj �a jW � aBW j
aBW �aBW � aBW

aBW > 1

0 aBW = 1

����������

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

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

�6�F�D�O�H�V
�&�U�L�W�H�U�L�D

�� �� �� �� �� �� ��

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

�:�K�H�Q �P�X�O�W�L�S�O�H �H�[�S�H�U�W�V �D�U�H �X�V�H�G �W�R �G�H�W�H�U�P�L�Q�H �W�K�H �Z�H�L�J�K�W�V�� �W�K�H �J�H�R�P�H�W�U�L�F �P�H�D�Q �R�I �W�K�H �Z�H�L�J�K�W�V �F�D�Q �E�H
�H�P�S�O�R�\�H�G �W�R �F�R�Q�V�R�O�L�G�D�W�H �W�K�H �L�Q�S�X�W�� �7�K�H �J�H�R�P�H�W�U�L�F �P�H�D�Q �L�V �S�D�U�W�L�F�X�O�D�U�O�\ �V�X�L�W�D�E�O�H �I�R�U �F�R�P�E�L�Q�L�Q�J �H�[�S�H�U�W
�R�S�L�Q�L�R�Q�V �D�V �L�W �P�L�Q�L�P�L�V�H�V �W�K�H �L�Q�I�O�X�H�Q�F�H �R�I �H�[�W�U�H�P�H �Y�D�O�X�H�V �D�Q�G �L�V �X�V�H�I�X�O �I�R�U �U�H�S�U�H�V�H�Q�W�L�Q�J �W�K�H �D�Y�H�U�D�J�H �R�I
�D �V�H�U�L�H�V �R�I �Y�D�O�X�H�V �W�K�D�W �D�U�H �D�O�Z�D�\�V �P�X�O�W�L�S�O�L�H�G ���9�R�J�H�O�� �������� ���� �7�K�H �J�H�R�P�H�W�U�L�F �P�H�D�Q �F�D�Q �E�H �F�D�O�F�X�O�D�W�H�G
�X�V�L�Q�J �)�R�U�P�X�O�D�������� �Z�K�H�U�Hwi �U�H�S�U�H�V�H�Q�W�V �W�K�H �L�Q�G�L�Y�L�G�X�D�O �R�S�W�L�P�D�O �Z�H�L�J�K�W�V �F�D�O�F�X�O�D�W�H�G �E�\ �W�K�H�%�:�0 �I�R�U �H�D�F�K
�H�[�S�H�U�W �D�Q�Gn �L�V �W�K�H �W�R�W�D�O �Q�X�P�E�H�U �R�I �H�[�S�H�U�W�V��

�*�H�R�P�H�W�U�L�F �0�H�D�Q(wGM
i ) = n

p
wi; 1 � wi; 2 � ::: � wi;n ����������

�:�K�H�Q �W�K�H �J�H�R�P�H�W�U�L�F �P�H�D�Q �L�V �F�D�O�F�X�O�D�W�H�G�� �W�K�H �Z�H�L�J�K�W�V �P�X�V�W �E�H �Q�R�U�P�D�O�L�V�H�G �D�J�D�L�Q �W�R �H�Q�V�X�U�H �W�K�H�\ �V�X�P �X�S �W�R
�R�Q�H�� �7�K�L�V �Q�R�U�P�D�O�L�V�D�W�L�R�Q �H�Q�V�X�U�H�V �W�K�D�W �W�K�H �F�R�P�E�L�Q�H�G �Z�H�L�J�K�W�V �D�S�S�U�R�S�U�L�D�W�H�O�\ �U�H�I�O�H�F�W �W�K�H �U�H�O�D�W�L�Y�H �L�P�S�R�U�W�D�Q�F�H
�R�I �H�D�F�K �F�U�L�W�H�U�L�R�Q �D�V �D�J�U�H�H�G �X�S�R�Q �E�\ �W�K�H �H�[�S�H�U�W�V�� �1�R�U�P�D�O�L�V�H�G �Z�H�L�J�K�W�V �F�D�Q �E�H �F�D�O�F�X�O�D�W�H�G �D�F�F�R�U�G�L�Q�J �W�R
�)�R�U�P�X�O�D�������� �Z�K�H�U�HwGM

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

�1�R�U�P�D�O�L�V�H�G �Z�H�L�J�K�W(wN
i ) =

wGM
iP n

j =1 wGM
j

����������

�8�V�L�Q�J �W�K�H�6�L�P�S�O�H �$�G�G�L�W�L�Y�H �:�H�L�J�K�W�L�Q�J ���6�$�: �� �P�H�W�K�R�G�� �W�K�H �D�J�J�U�H�J�D�W�H�G �F�U�L�W�H�U�L�D �V�F�R�U�H�V �F�D�Q �E�H �F�D�O�F�X�O�D�W�H�G
�I�R�U �H�D�F�K �S�D�U�W�Q�H�U ���7�D�K�H�U�G�R�R�V�W���������� ���� �7�K�L�V �P�H�W�K�R�G �S�U�R�Y�L�G�H�V �D �P�H�D�V�X�U�H �R�I �H�D�F�K �S�D�U�W�Q�H�U�¶�V �R�Y�H�U�D�O�O �S�H�U�I�R�U��
�P�D�Q�F�H �E�D�V�H�G �R�Q �W�K�H �F�U�L�W�H�U�L�D �V�F�R�U�H�V�� �)�R�U�P�X�O�D������ �F�D�O�F�X�O�D�W�H�V �W�K�H �D�J�J�U�H�J�D�W�H�G �V�F�R�U�HS �R�I �D �V�H�W �F�U�L�W�H�U�L�D �I�R�U
�S�D�U�W�Q�H�Uj �� �Z�K�H�U�HwN

i �U�H�S�U�H�V�H�Q�W�V �W�K�H �Q�R�U�P�D�O�L�V�H�G �Z�H�L�J�K�W �R�I �F�U�L�W�H�U�L�R�Qi ��sij �L�V �W�K�H �D�V�V�L�J�Q�H�G �V�F�R�U�H �R�I �S�D�U�W�Q�H�U
j �I�R�U �F�U�L�W�H�U�L�R�Qi �� �D�Q�Gn �L�V �W�K�H �W�R�W�D�O �Q�X�P�E�H�U �R�I �F�U�L�W�H�U�L�D��

�$�J�J�U�H�J�D�W�H�G �V�F�R�U�H(Sj ) =
nX

i =1

(wN
i � sij ) ����������

�7�K�H�V�H �J�H�Q�H�U�L�F �I�R�U�P�V �R�I �W�K�H �I�R�U�P�X�O�D�V �Z�L�O�O �E�H �D�S�S�O�L�H�G �G�X�U�L�Q�J �W�K�H �D�S�S�O�L�F�D�W�L�R�Q �S�K�D�V�H �R�I �W�K�L�V �U�H�V�H�D�U�F�K�� �'�X�U�L�Q�J
�W�K�H �D�S�S�O�L�F�D�W�L�R�Q �L�Q �&�K�D�S�W�H�U���� �W�K�H�V�H �I�R�U�P�X�O�D�V �Z�L�O�O �E�H �V�S�H�F�L�I�L�H�G �D�F�F�R�U�G�L�Q�J �W�R �W�K�H �V�H�W �R�I �F�D�S�D�E�L�O�L�W�\ �D�Q�G
�Z�L�O�O�L�Q�J�Q�H�V�V �F�U�L�W�H�U�L�D �L�G�H�Q�W�L�I�L�H�G �I�R�U �W�K�H �F�R�Q�W�H�[�W �R�I�.�/�0 �&�D�U�J�R��
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