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Investigating Asymmetric Collaboration and Interaction in Immer-
sive Environments

Daniel Enriquez

(ABSTRACT)

With the commercialization of virtual/augmented reality (VR/AR) devices, there is an in-

creasing interest in combining immersive and non-immersive devices (e.g., desktop com-

puters, mobile devices) for asymmetric collaborations. While such asymmetric settings have

been examined in social platforms, questions surrounding collaborative view dimensionalities

in data-driven decision-making and interaction from non-immersive devices remain under-

explored. A crucial inquiry arises: although presenting a consistent 3D virtual world on both

immersive and non-immersive platforms has been a common practice in social applications,

does the same guideline apply to lay out data? Or should data placement be optimized

locally according to each device’s display capacity? To this effect, a user study was con-

ducted to provide empirical insights into the user experience of asymmetric collaboration

in data-driven decision-making. The user study tested practical dimensionality combina-

tions between PC and VR, resulting in three conditions: PC2D+VR2D, PC2D+VR3D, and

PC3D+VR3D. The results revealed a preference for PC2D+VR3D, and PC2D+VR2D led

to the quickest task completion. Similarly, mobile devices have become an inclusive alterna-

tive to head-worn displays in virtual reality (VR) environments, enhancing accessibility and

allowing cross-device collaboration. Object manipulation techniques in mobile Augmented

Reality (AR) have been typically evaluated in table-top scale and we lack an understanding

of how these techniques perform in room-scale environments. Two studies were conducted

to analyze object translation tasks, each with 30 participants, to investigate how different



techniques impact usability and performance for room-scale mobile VR object translations.

Results indicated that the Joystick technique, which allowed translation in relation to the

user’s perspective, was the fastest and most preferred, without difference in precision. These

findings provide insight for designing collaborative, asymmetric VR environments.



Investigating Asymmetric Collaboration and Interaction in Immer-
sive Environments

Daniel Enriquez

(GENERAL AUDIENCE ABSTRACT)

With the commercialization of virtual/augmented reality (VR/AR) devices, there is an in-

creasing interest in combining immersive and non-immersive devices (e.g., desktop com-

puters, mobile devices) for collaborations across different devices. While such asymmetric

settings have been examined in social platforms, questions surrounding collaborative view

differences in 2D views or 3D views affect data-driven decision-making and interaction re-

main under-explored. A crucial inquiry arises: although presenting a consistent 3D virtual

world on both immersive and non-immersive platforms has been a common practice in social

applications, does the same guideline apply to lay out data? Or should data placement be

optimized on each device according to each device’s display capacity? To this effect, a user

study was conducted to provide insights into the user experience of collaboration across dif-

ferent devices in data-driven decision-making. The user study tested different combinations

of 2D and 3D layouts between PC and VR, resulting in three conditions: PC2D+VR2D,

PC2D+VR3D, and PC3D+VR3D. The results revealed a preference for PC2D+VR3D, and

PC2D+VR2D led to the quickest task completion. Similarly, mobile devices have become

an inclusive alternative to head-worn displays in virtual reality (VR) environments, enhanc-

ing accessibility and allowing cross-device collaboration. Object manipulation techniques in

mobile Augmented Reality (AR) have been typically evaluated in table-top scale and we lack

an understanding of how these techniques perform in room-scale environments. Two studies

were conducted to analyze object translation tasks, each with 30 participants, to investigate



how different techniques impact usability and performance for room-scale mobile VR object

translations. Results indicated that the Joystick technique, which allowed translation in

relation to the user’s perspective, was the fastest and most preferred, without difference in

precision. These findings provide insight for designing collaborative, asymmetric VR envi-

ronments.
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1.1 (a) The environment of the object translation user study with a user using

the application. (b) A user superimposed into the VR environment (c-d) A

closeup of the user’s perspective with the user performing a translation. (e-f)

showcase the object translation tasks that were evaluated in the user studies:

(e) , (f) , (g) . . . . . . . . . . . . . . . . . . 5

1.2 A VR user and a PC user are collaborating to find the best hotel that suits

their needs from the same set of hotels. This was the study task we tested in

the controlled, layout collaboration study. . . . . . . . . . . . . . . . . . . . 5

3.1 Three tested conditions in our user study. (a) , where the layout of

views is 2D in both PC and VR; (b) , which involves a 2D layout

for the PC collaborator and a curved 3D layout for the VR collaborator;

and (c) , where both PC and VR have a 3D layout. The PC

collaborator uses pan&zoom to navigate in 2D environments (i.e.,

and ), while employing a combination of WASD keys and the mouse

to navigate in 3D environments (i.e., ). This navigation method

is similar to playing a first-person shooter (FPS) game and is commonly

provided by commercial PC+VR social platforms. The VR collaborator walks

in the space for both 2D and 3D layouts. . . . . . . . . . . . . . . . . . . . . 18

xii



3.2 Demonstration of real-time awareness cues across PC and VR. Leveraging

the depth-adaptive cursor technique [90, 97], we are able to provide real-time

awareness cues across platforms and dimensions (i.e., in ). On PC

(left), a moving dot shows which window the VR collaborator is looking at.

At the same time, in VR (right), an icon is rendered to indicate the PC

collaborator’s cursor position. . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.3 Demonstration of multiple-level of the hotel information and the amount of

information presented on at each level. . . . . . . . . . . . . . . . . . . 18

3.4 Illustration of bidirectional multiscale zooming in VR. Inspired by proxemic

interaction [3, 5], the presented level of detail is determined by the distance

between the user and the views. Three levels of detail were provided in

our study: far distance results in an overview with hotel images; medium

distance adds hotel names, prices, and ratings; close distance further provides

breakdown ratings and amenities. The same levels of detail were provided on

PC, and users used the mouse scroll to switch between them. . . . . . . . . . 19

3.5 The figure shows the mean and 95% confidence intervals across all three

conditions with the result of all measures, i.e., (a) task time in seconds, (b)

error rate, with 0 being the correct choice, 1.0 being the second best choice,

2.0 being the third best, etc., (c) task load, (d) spatial reference frequency,

(e) communication category frequency, (f) memorability frequency, and (g)

group awareness. Additionally, a stacked bar chart displays (h) shows the

distribution of ranking. Dotted lines indicate marginal significance, while

solid lines with stars indicate the level of significance, with symbols denoting

a p-value of less than .05 (�), .01 (��), and .001 (� � �). . . . . . . . . . . . . 29
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4.1 A sketch of an application of mobile device users interacting with a person

inside of a virtual environment. . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2 The UI for . (a) Initial state of the environment, with a movable

object (red) that needs to be translated to touch a target object (blue) with

x-axis. (b) The state of the environment with the y-axis button selected.

(c) The state of the environment with the z-axis button selected. (d) The

movable object has been translated successfully and turned green with the

z-axis button selected. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.3 The UI for . (a) Initial state of the environment, with a movable

object (red) that needs to be translated to touch a target object (blue). (b)

The user has grabbed the movable object by pressing the ”Grab” button,

translated it using physical device movements, and changed its depth using

the slider, so that the movable object is touching the target. . . . . . . . . . 40

4.4 The UI for . (a) Initial state of the environment, with a movable

object (red) that needs to be translated to touch a target object (blue), along-

side two joysticks. (b) The state of the environment with the vertical joystick

moving. (c) The state of the environment with ground-plane joystick mov-

ing (d) The movable object has been translated successfully with no joysticks

being moved. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
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4.5 Objective measures summary showing the main effects of each independent

variable. The first three columns are from User Study 1, with the first column

representing completion time (a,d,g), the second column representing fine-

tuning phase (b,e,h), and the third column representing user movement (c,f,i)

with the first row showing each translation technique (a-c), the second row

showing each target size (d-f), and the third row showing each target distance

(g-i). The next three columns are from User Study 2 with the same layout.

Error bars represent standard error. Asterisk (�) indicates a statistically

significant difference between the two conditions with Bonferroni correction:

p < 0:05/3 = 0:0167. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.6 Objective measures for combinations of translation technique and target size.

The top row indicates results from User Study 1: (a) Completion time, (b)

Fine-tuning phase, and (c) User movement. The bottom row indicates results

from User Study 2: (d) Completion time, (e) Fine-tuning phase, and (f) Use

movement. Error bars represent a standard error. . . . . . . . . . . . . . . . 52

4.7 Objective measures for combinations of translation technique and distance.

The top row indicates results from User Study 1: (a) Completion time, (b)

Fine-tuning phase, and (c) User movement. The bottom row indicates results

from User Study s: (d) Completion time, (e) Fine-tuning phase, and (f) User

movement. Error bars represent a standard error. . . . . . . . . . . . . . . . 52

4.8 Mean usability score for each translation technique. (a) User Study 1. (b)

User Study 2. Asterisk (�) indicates a statistically significant difference be-

tween the two conditions with Bonferroni correction: p < 0:05/3 = 0:0167 . . 56
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4.9 Mean workload score for each translation technique. (a) User Study 1. (b)

User Study 2. Asterisk (�) indicates a statistically significant difference be-

tween the two conditions with Bonferroni correction: p < 0:05/3 = 0:0167 . . 58

4.10 Preference rank distribution for each translation technique: from User Study

1 with fixed position (left) and from User Study 2 with movable condition

(right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.11 Distribution on votes for the most easy to learn, intuitive, and fun among the

three translation techniques: from User Study 1 with fixed position (top row)

and from User Study 2 with movable condition (bottom row). . . . . . . . . 60

4.12 The linear regression equation, the coefficients’ lower and upper bound con-

fidence intervals of the constants (CI=95%), and R2 for the fitted Fitts’ Law
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AR Augmented Reality

HWD Head-Worn Displays

VR Virtual Reality

VR is a 3D, interactive environment in which a person is immersed into a digitally created

environment where movements of their head are tracked and images are displayed to their

eyes to give the feeling of being in that environment.

AR is an alteration of the physical environment through a device, done through a mobile

camera in the case of mobile AR or done through an immersive display.

HWDs are the displays of an immersive AR or VR environment, in which a display is held

in place in front of the users eyes.

xviii



The desktop computing environment, commonly known as Personal Computers (PCs), is

the most widely utilized computing environment. As a result, extensive research has been

conducted on collaborative systems involving multiple PCs [76]. Today, a growing array of

technologies has emerged, presenting new opportunities for beyond-desktop computing [7,

75]. Notably, the commercialization of virtual reality (VR) and augmented reality (AR)

devices has accelerated at an astonishing pace, poised to become an integral part of our

daily lives in unprecedented ways [12, 49]. The capacity to deliver interactive 2D and 3D

graphics within VR/AR environments offers an opportunity to revolutionize our interaction

with data and holds immense potential for facilitating collaboration [81, 82].

However, VR devices, more specifically, Head-Worn Displays (HWDs) are not accessible to

all people, as people with certain vision impairments, those that experience VR sickness,

children [44], and those with kinky or coily hair [60] may choose to not use VR. Alterna-

tively, mobile devices are light and hand-held, allowing users to use their peripheral vision,

permitting for many users in an environment simultaneously. Mobile devices such as mobile

phones are widely adopted by the public, making them more accessible and available than

HWD devices. Researchers have created systems that allow mobile device users to observe

and participate in VR environments through a ”Camera” metaphor in which the physical

device position matches the position of the camera in the VR environment [30, 89]. This

implementation of mobile VR provides a more accessible yet less immersive interface into

1
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a VR Environment. This interface is akin to that of mobile AR experiences, with a 3D

environment, viewed through the 6 degree-of-freedom (DoF) pose of a mobile device.

As the range of available computing environments continues to expand, it has become in-

creasingly common for individuals to employ different devices to collaboratively accomplish

tasks [14].

This thesis focus lies in the realm of asymmetrical collaboration between PCs and virtual

reality (VR), given that PCs maintain their position as the mainstream computing environ-

ment, while VR/AR represents the emerging next-gen display and interaction platforms.

The integration of non-immersive and immersive environments presents exciting challenges

and opportunities in interaction and user interface designs. Within PC+VR collaboration,

one area of substantial interest is remote instruction, where PC users provide guidance for

VR users. However, real-world decision-making processes often demand intensive two-way

communication.

The other context for collaboration that requires unique design considerations is the perspec-

tive of mobile devices and VR devices. When interacting inside of a virtual environment,

collaboration and interaction are necessary to study in relation towards one another. Inter-

action methods are well studied in immersive VR [49] and mobile AR [28], however, mobile

VR interaction methods are not heavily investigated and more work is needed to determine

how interaction occurs between these two paradigms.

As a basis, Mobile AR and mobile VR are similar in terms of input, more so than immersive

VR, given that mobile AR and mobile VR both share similar means to interact with the
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�7�`�Q�K �#�Q�i�? �S�* ���M�/ �o�_�X �>�Q�r�2�p�2�`�- �i�?�2�b�2 �T�H���i�7�Q�`�K�b �2�t�+�H�m�b�B�p�2�H�v �Q�7�7�2�` �j�. �2�M�p�B�`�Q�M�K�2�M�i�b �B�M �#�Q�i�?

�S�* ���M�/ �o�_ �b�2�i�i�B�M�;�b�X �P�m�` ���B�K �B�b �i�Q �b�v�b�i�2�K���i�B�+���H�H�v �B�M�p�2�b�i�B�;���i�2 �/�2�b�B�;�M �T�Q�b�b�B�#�B�H�B�i�B�2�b�- �b�T�2�+�B�7�B�+���H�H�v

�+�Q�M�b�B�/�2�`�B�M�; �p���`�B�Q�m�b �+�Q�K�#�B�M���i�B�Q�M�b �Q�7 �/�B�K�2�M�b�B�Q�M���H�B�i�B�2�b�- �7�Q�` �S�*�Y�o�_ �B�M�i�2�;�`���i�B�Q�M �B�M �� �T�`�Q�/�m�+�@

�i�B�p�B�i�v �+�Q�M�i�2�t�i �7�Q�+�m�b�2�/ �Q�M �/���i���@�/�`�B�p�2�M �/�2�+�B�b�B�Q�M�@�K���F�B�M�;�X

�q�2 �+�?�Q�b�2 �i�Q �7�Q�+�m�b �Q�M �� �+�Q�H�H���#�Q�`���i�B�p�2 �/�2�+�B�b�B�Q�M�@�K���F�B�M�; �i���b�F �7�`�Q�K �i�?�2 �H�B�i�2�`���i�m�`�2 �(�9�j�)�- �r�?�2�`�2 �+�Q�H�@

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

�i�B�2�b�X �h�Q ���H�H�Q�r �m�b�2�`�b �i�Q �+�Q�H�H���#�Q�`���i�B�p�2�H�v �+�Q�K�T�H�2�i�2 �i�?�2 �i���b�F ���M�/ �#���b�2�/ �Q�M �T�`�2�p�B�Q�m�b �r�Q�`�F �(�d�d�-�N�y�)�-

�R�e



�k�Y�l�Y �/�¶���Ô�Ì�é �R�d

�r�2 �T�`�Q�T�Q�b�2�/ �i�?�2 �7�Q�H�H�Q�r�B�M�; �/�2�b�B�;�M �;�Q���H�b�,

�Ç �6���+�B�H�B�i���i�2 �?�Q�i�2�H �+�Q�K�T���`�B�b�Q�M�X�h�?�2 �+�Q�K�T���`�B�b�Q�M �Q�7 �/�B�7�7�2�`�2�M�i �?�Q�i�2�H�b �B�b �� �+�`�m�+�B���H ���b�T�2�+�i

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

�Q�#�D�2�+�i�B�p�2�X

�Ç �a�m�T�T�Q�`�i �K�m�H�i�B�@�b�+���H�2 �M���p�B�;���i�B�Q�M�X�o�B�2�r�B�M�; �� �H���`�;�2 �M�m�K�#�2�` �Q�7 �?�Q�i�2�H�b�ö �/�2�i���B�H�b �b�B�K�m�H�@

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

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

���M�v �;�B�p�2�M �i�B�K�2�X

�Ç �S�`�Q�p�B�/�2 �`�2���H�@�i�B�K�2 �p�B�b�m���H ���r���`�2�M�2�b�b�X�A�M �+�Q�H�H���#�Q�`���i�B�p�2 �b�2�i�i�B�M�;�b�- �K���B�M�i���B�M�B�M�; ���r���`�2�@

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

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

�i�2�+�?�M�B�[�m�2�b �i�Q ���b�b�B�b�i �+�Q�H�H���#�Q�`���i�B�Q�M�X

�j�X�k �.�2�b�B�;�M

�j�X�k�X�R �a�K���H�H �J�m�H�i�B�T�H�2 �G���v�Q�m�i�b �B�M �k�. ���M�/ �j�.

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

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

�b�m�+�? ���b �;�`���T�?�b �Q�` �+�?���`�i�b�- �i�?���i �2�M���#�H�2�b �2���b�v �+�Q�K�T���`�B�b�Q�M �(�N�k�)�X �A�M �Q�m�` �i���b�F �b�+�2�M���`�B�Q�- �r�2 �m�i�B�H�B�x�2�/

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

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

�� �;�`�B�/ �7�Q�`�K���i�- ���b �B�H�H�m�b�i�`���i�2�/ �B�M�6�B�;�m�`�2 �j�X�R�X �A�M �� �j�. �2�M�p�B�`�Q�M�K�2�M�i�- �i�?�2 ���/�/�B�i�B�Q�M���H �/�B�K�2�M�b�B�Q�M

���H�H�Q�r�2�/ �7�Q�` �/�B�7�7�2�`�2�M�i �b�K���H�H �K�m�H�i�B�T�H�2 �H���v�Q�m�i�b�X ���b �K�2�M�i�B�Q�M�2�/�- �G�B�m �2�i ���H�X �(�8�j�- �8�9�) �2�t���K�B�M�2�/
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�K�ž�á�Ô�é�Ì

�6�B�;�m�`�2 �j�X�R�, �h�?�`�2�2 �i�2�b�i�2�/ �+�Q�M�/�B�i�B�Q�M�b �B�M �Q�m�` �m�b�2�` �b�i�m�/�v�X �U���V�S�*�k�.�Y�o�_�k�.�- �r�?�2�`�2 �i�?�2 �H���v�Q�m�i �Q�7
�p�B�2�r�b �B�b �k�. �B�M �#�Q�i�? �S�* ���M�/ �o�_�c �U�#�V�S�*�k�.�Y�o�_�j�.�- �r�?�B�+�? �B�M�p�Q�H�p�2�b �� �k�. �H���v�Q�m�i �7�Q�` �i�?�2 �S�*
�+�Q�H�H���#�Q�`���i�Q�` ���M�/ �� �+�m�`�p�2�/ �j�. �H���v�Q�m�i �7�Q�` �i�?�2 �o�_ �+�Q�H�H���#�Q�`���i�Q�`�c ���M�/ �U�+�V�S�*�j�.�Y�o�_�j�.�- �r�?�2�`�2
�#�Q�i�? �S�* ���M�/ �o�_ �?���p�2 �� �j�. �H���v�Q�m�i�X �h�?�2 �S�* �+�Q�H�H���#�Q�`���i�Q�` �m�b�2�b �T���M���x�Q�Q�K �i�Q �M���p�B�;���i�2
�B�M �k�. �2�M�p�B�`�Q�M�K�2�M�i�b �U�B�X�2�X�-�S�*�k�.�Y�o�_�k�.���M�/�S�*�k�.�Y�o�_�j�.�V�- �r�?�B�H�2 �2�K�T�H�Q�v�B�M�; �� �+�Q�K�#�B�M���i�B�Q�M �Q�7
�q���a�. �F�2�v�b ���M�/ �i�?�2 �K�Q�m�b�2 �i�Q �M���p�B�;���i�2 �B�M �j�. �2�M�p�B�`�Q�M�K�2�M�i�b �U�B�X�2�X�-�S�*�j�.�Y�o�_�j�.�V�X �h�?�B�b �M���p�B�;���i�B�Q�M
�K�2�i�?�Q�/ �B�b �b�B�K�B�H���` �i�Q �T�H���v�B�M�; �� �7�B�`�b�i�@�T�2�`�b�Q�M �b�?�Q�Q�i�2�` �U�6�S�a�V �;���K�2 ���M�/ �B�b �+�Q�K�K�Q�M�H�v �T�`�Q�p�B�/�2�/
�#�v �+�Q�K�K�2�`�+�B���H �S�*�Y�o�_ �b�Q�+�B���H �T�H���i�7�Q�`�K�b�X �h�?�2 �o�_ �+�Q�H�H���#�Q�`���i�Q�` �r���H�F�b �B�M �i�?�2 �b�T���+�2 �7�Q�` �#�Q�i�?
�k�. ���M�/ �j�. �H���v�Q�m�i�b�X

�6�B�;�m�`�2 �j�X�k�, �.�2�K�Q�M�b�i�`���i�B�Q�M �Q�7 �`�2���H�@�i�B�K�2 ���r���`�2�M�2�b�b �+�m�2�b ���+�`�Q�b�b �S�* ���M�/ �o�_�X �G�2�p�2�`���;�B�M�; �i�?�2
�/�2�T�i�?�@���/���T�i�B�p�2 �+�m�`�b�Q�` �i�2�+�?�M�B�[�m�2 �(�N�y�- �N�d�)�- �r�2 ���`�2 ���#�H�2 �i�Q �T�`�Q�p�B�/�2 �`�2���H�@�i�B�K�2 ���r���`�2�M�2�b�b �+�m�2�b
���+�`�Q�b�b �T�H���i�7�Q�`�K�b ���M�/ �/�B�K�2�M�b�B�Q�M�b �U�B�X�2�X�- �B�M�S�*�k�.�Y�o�_�j�.�V�X �P�M �S�* �U�H�2�7�i�V�- �� �K�Q�p�B�M�; �/�Q�i �b�?�Q�r�b
�r�?�B�+�? �r�B�M�/�Q�r �i�?�2 �o�_ �+�Q�H�H���#�Q�`���i�Q�` �B�b �H�Q�Q�F�B�M�; ���i�X ���i �i�?�2 �b���K�2 �i�B�K�2�- �B�M �o�_ �U�`�B�;�?�i�V�- ���M �B�+�Q�M
�B�b �`�2�M�/�2�`�2�/ �i�Q �B�M�/�B�+���i�2 �i�?�2 �S�* �+�Q�H�H���#�Q�`���i�Q�`�ö�b �+�m�`�b�Q�` �T�Q�b�B�i�B�Q�M�X

�6�B�;�m�`�2 �j�X�j�, �.�2�K�Q�M�b�i�`���i�B�Q�M �Q�7 �K�m�H�i�B�T�H�2�@�H�2�p�2�H �Q�7 �i�?�2 �?�Q�i�2�H �B�M�7�Q�`�K���i�B�Q�M ���M�/ �i�?�2 ���K�Q�m�M�i �Q�7
�B�M�7�Q�`�K���i�B�Q�M �T�`�2�b�2�M�i�2�/ �Q�M�S�*�k�.���i �2���+�? �H�2�p�2�H�X
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�6�B�;�m�`�2 �j�X�9�, �A�H�H�m�b�i�`���i�B�Q�M �Q�7 �#�B�/�B�`�2�+�i�B�Q�M���H �K�m�H�i�B�b�+���H�2 �x�Q�Q�K�B�M�; �B�M �o�_�X �A�M�b�T�B�`�2�/ �#�v �T�`�Q�t�2�K�B�+
�B�M�i�2�`���+�i�B�Q�M �(�j�-�8�)�- �i�?�2 �T�`�2�b�2�M�i�2�/ �H�2�p�2�H �Q�7 �/�2�i���B�H �B�b �/�2�i�2�`�K�B�M�2�/ �#�v �i�?�2 �/�B�b�i���M�+�2 �#�2�i�r�2�2�M �i�?�2 �m�b�2�`
���M�/ �i�?�2 �p�B�2�r�b�X �h�?�`�2�2 �H�2�p�2�H�b �Q�7 �/�2�i���B�H �r�2�`�2 �T�`�Q�p�B�/�2�/ �B�M �Q�m�` �b�i�m�/�v�, �7���` �/�B�b�i���M�+�2 �`�2�b�m�H�i�b �B�M ���M
�Q�p�2�`�p�B�2�r �r�B�i�? �?�Q�i�2�H �B�K���;�2�b�c �K�2�/�B�m�K �/�B�b�i���M�+�2 ���/�/�b �?�Q�i�2�H �M���K�2�b�- �T�`�B�+�2�b�- ���M�/ �`���i�B�M�;�b�c �+�H�Q�b�2
�/�B�b�i���M�+�2 �7�m�`�i�?�2�` �T�`�Q�p�B�/�2�b �#�`�2���F�/�Q�r�M �`���i�B�M�;�b ���M�/ ���K�2�M�B�i�B�2�b�X �h�?�2 �b���K�2 �H�2�p�2�H�b �Q�7 �/�2�i���B�H �r�2�`�2
�T�`�Q�p�B�/�2�/ �Q�M �S�*�- ���M�/ �m�b�2�`�b �m�b�2�/ �i�?�2 �K�Q�m�b�2 �b�+�`�Q�H�H �i�Q �b�r�B�i�+�? �#�2�i�r�2�2�M �i�?�2�K�X

�p���`�B�Q�m�b �b�K���H�H �K�m�H�i�B�T�H�2 �H���v�Q�m�i�b �B�M �o�_�- �B�M�+�H�m�/�B�M�; �� �7�H���i �H���v�Q�m�i �U�b�B�K�B�H���` �i�Q �� �k�. �2�M�p�B�`�Q�M�K�2�M�i�V�-

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

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

�7�Q�` �Q�m�` �j�. �2�M�p�B�`�Q�M�K�2�M�i�X

�j�X�k�X�k �J�m�H�i�B�@�b�+���H�2 �L���p�B�;���i�B�Q�M

�.�m�2 �i�Q �i�?�2 �2�t�i�2�M�b�B�p�2 ���K�Q�m�M�i �Q�7 �B�M�7�Q�`�K���i�B�Q�M �+�Q�M�i���B�M�2�/ �r�B�i�?�B�M �i�?�2 �?�Q�i�2�H �/���i���b�2�i�- �B�i �B�b �B�K�@
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�+�H���B�K�B�M�;�ó�q�?�2�M �K�v �T���`�i�M�2�` �?���/ �k�. �?�2 �r�2�M�i �i�Q�Q �7���b�i�- ���M�/ �A �?���/ �i�?�2 �K�Q�b�i �T� �̀Q�#�H�2�K �F�2�2�T�B�M�;

�m�T �r�B�i�? �?�B�K�ô���M�/ �S�* �S�k �b���v�B�M�;�ó�h�?�2 �k�M�/ ���M�/ �j� �̀/ �+�Q�M�/�B�i�B�Q�M �r���b �2�b�b�2�M�i�B���H�H�v �i�?�2 �b���K�2 �7�Q�`
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�K�ž�á�Ô�é�Ì

�K�2 �#�2�+���m�b�2 �S�* �r���b �k�.�- �#�m�i �A � �̀��M�F�2�/ �i�?�2 �o�_�j�. �?�B�;�?�2�` �#�2�+���m�b�2 �r�2 �r�2� �̀2 �� �H�Q�i �K�Q� �̀2 �2�7�7�B�+�B�2�M�i�-

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

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

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

�+�Q�H�H���#�Q�`���i�B�p�2 �2�7�7�Q�`�i �`�2�[�m�B�`�2�/ �#�v �i�?�2�K �Q�` �i�?�2�B�` �T���`�i�M�2�`�b�X �h�?�B�b �B�b �B�M�/�B�+���i�2�/ �#�v�S�*�k�.�Y�o�_�k�.

�?���p�B�M�; �� �H�Q�r�2�` �+�Q�K�T�H�2�i�B�Q�M �i�B�K�2 �i�?���M�S�*�k�.�Y�o�_�j�.�X

�>���p�B�M�; �+�Q�M�b�B�b�i�2�M�i �/�B�K�2�M�b�B�Q�M���H�B�i�v ���+�`�Q�b�b �S�* ���M�/ �o�_ �`�2�b�m�H�i�2�/ �B�M �� �ó�7�Q�H�H�Q�r �i�?�2

�H�2���/�2�`�ô �r�Q�`�F�7�H�Q�r�- �r�?�B�H�2 �/�B�7�7�2�`�2�M�i �/�B�K�2�M�b�B�Q�M���H�B�i�B�2�b �U�S�*�k�.�Y�o�_�j�.�V �T�`�Q�K�Q�i�2�/ �?�v�T�Q�i�?�@

�2�b�B�b �/�B�b�+�m�b�b�B�Q�M ���M�/ �H�2�/ �i�Q �K�Q�`�2 �+�Q�H�H���#�Q�`���i�B�p�2 �2�7�7�2�+�i�b�X�ó�6�Q�H�H�Q�r �i�?�2 �H�2���/�2�`�ô�B�b �� �r�Q�`�F�7�H�Q�r

�B�M ���b�v�K�K�2�i�`�B�+ �+�Q�H�H���#�Q�`���i�B�Q�M �B�/�2�M�i�B�7�B�2�/ �#�v �a���7�7�Q �2�i ���H�X�ö�b �(�d�d�)�- �r�?�2�`�2 �m�b�2�`�b �r�B�i�? �p�B�2�r�b �/�2�b�B�;�M���i�2�/

�i�Q �i�?�2�B�` �i���b�F �i�Q�Q�F �Q�M �� �H�2���/�2�`�b�?�B�T �T�Q�b�B�i�B�Q�M�X �q�2 �Q�#�b�2�`�p�2�/ �i�?���i �i�?�2 �S�* �m�b�2�` �B�M �i�?�2�S�*�k�.�Y�o�_�k�.

�m�b�2�` �r���b �K�Q�`�2 �7�`�2�[�m�2�M�i�H�v �i�?�2�H�2���/�2�`�;�B�p�2�M �i�?���i �i�?�2 �p�B�2�r �7�Q�` �i�?�2 �o�_ �m�b�2�` �r���b ���H�i�2�`�2�/ �i�Q

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

�r�B�i�? �i�?�2 �o�_ �m�b�2�` �#�2�B�M�; �� �H�2���/�2�` �B�M �i�?�2�S�*�j�.�Y�o�_�j�.�+�Q�M�/�B�i�B�Q�M�X �q�2 �7�Q�m�M�/ �i�?���i �i�?�B�b�7�Q�H�H�Q�r �i�?�2

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

�.�> ���M�/ �a�� �B�M �i�?�2 �T���B�`�r�B�b�2 �+�Q�K�T���`�B�b�Q�M �r���b�S�*�k�.�Y�o�_�j�.�- �i�?�2 �+�Q�M�/�B�i�B�Q�M �B�M �r�?�B�+�? �B�M�/�B�p�B�/�m���H

�2�7�7�2�+�i�B�p�2�M�2�b�b �r���b �T�`�B�Q�`�B�i�B�x�2�/ �7�Q�` �#�Q�i�? �m�b�2�`�b�X �A�M�S�*�k�.�Y�o�_�j�.�- �b�B�M�+�2 �i�?�2 �T���`�i�B�+�B�T���M�i�b ���`�2�2�[�m���H

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

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

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

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

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

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

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

�7�`�Q�K�7�Q�H�H�Q�r �i�?�2 �H�2���/�2�`�X
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�P�M�2 �+�Q�M�+�H�m�b�B�Q�M �i�?���i �+�Q�m�H�/ �#�2 �K���/�2 �+�H�2���` ���b �� �`�2�b�m�H�i �Q�7�S�*�k�.�Y�o�_�j�.�?���p�B�M�; �i�?�2 �K�Q�b�i �.�> ���M�/

�a�� �Q�+�+�m�` �+�Q�m�H�/ �#�2 �i�?���i �i�?�2 �B�M�+�Q�M�b�B�b�i�2�M�+�v �B�M �H���v�Q�m�i �/�B�K�2�M�b�B�Q�M���H�B�i�B�2�b �H�2���/�b �i�Q �K�Q�`�2 �/�B�b�+�m�b�b�B�Q�M�X

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

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

���M�/ �a�� �i�?���M �i�?�2 �Q�i�?�2�` �+�Q�M�/�B�i�B�Q�M�b�X

�L���p�B�;���i�B�M�; �� �j�. �2�M�p�B�`�Q�M�K�2�M�i �r���b �+�m�K�#�2�`�b�Q�K�2 �Q�M �� �S�*�,�S�*�j�.�r���b �7�`�2�[�m�2�M�i�H�v

�+�Q�K�T�H���B�M�2�/ ���#�Q�m�i ���M�/�S�*�j�.�Y�o�_�j�.�r���b �K�Q�`�2 �K�2�M�i���H�H�v �/�2�K���M�/�B�M�;�X�a�T�2�+�B�7�B�+���H�H�v �7�Q�`

�S�* �m�b�2�`�b�- �i�?�2�S�*�j�.�Y�o�_�j�.�+�Q�M�/�B�i�B�Q�M �r���b �7�Q�m�M�/ �i�Q �?���p�2 �?�B�;�?�2�` �K�2�M�i���H �/�2�K���M�/ �i�?���M �i�?�2

�S�*�k�.�Y�o�_�j�.�m�b�2�`�b�X �S�Q�b�b�B�#�H�2 �`�2���b�Q�M�b �7�Q�` �i�?�B�b �/�B�b�+�`�2�T���M�+�v �+�Q�m�H�/ �#�2 �#�2�+���m�b�2 �Q�7 �i�?�2 �2�t�i�`�� �/�2�;�`�2�2�b

�Q�7 �7�`�2�2�/�Q�K ���M�/ �2�t�i�`�� �+�Q�M�i�`�Q�H�b �`�2�[�m�B�`�2�/ �i�Q �B�M�i�2�`���+�i �r�B�i�? �i�?�2 �j�. �2�M�p�B�`�Q�M�K�2�M�i�X �l�b�2�`�b �K�Q�p�B�M�;

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

�m�M�7���K�B�H�B���`�B�i�v �r�B�i�? �j�. �2�M�p�B�`�Q�M�K�2�M�i�b �Q�M �� �S�* �b�+�`�2�2�M�- �+�Q�m�H�/ �+�Q�M�i�`�B�#�m�i�2 �i�Q �i�?�2 ���/�/�2�/ �K�2�M�i���H

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

�m�M�/�2�`�b�i���M�/ �i�?�2 �2�M�p�B�`�Q�M�K�2�M�i �+�Q�M�i�`�B�#�m�i�2�/ �i�Q �i�?�B�b �2�7�7�2�+�i �Q�7�S�*�j�.�Y�o�_�j�.�m�b�2�`�b �?���p�B�M�; �K�Q�`�2 ���/�/�2�/

�K�2�M�i���H �/�2�K���M�/�X �h�?�B�b �+�H���B�K �r���b ���H�b�Q �7���+�B�H�B�i���i�2�/ �#�v �b�Q�K�2 �Q�7 �i�?�2 �m�b�2�`�b�- �r�B�i�? �S�* �S�R�e �b���v�B�M�;

���#�Q�m�i �i�?�2�S�*�j�.�Y�o�_�j�.�+�Q�M�/�B�i�B�Q�M�ó�l�b�B�M�; �#�Q�i�? �?���M�/�b ���M�/ �+�Q�K�K�m�M�B�+���i�B�M�; �r�B�i�? �K�v �T���`�i�M�2�` ���i

�i�?�2 �b���K�2 �i�B�K�2 �r���b �p�2�`�v �+�?���H�H�2�M�;�B�M�;�X�ô���M�/ �S�* �S�j �+�H���B�K�B�M�;�ó�A �7�Q�m�M�/ �i�?�2 �m�b�2 �Q�7 �i�?�2 �F�2�v�#�Q��� �̀/

�(�X�X�X�) �� �H�B�i�i�H�2 �B�`�`�B�i���i�B�M�; ���M�/ �i�Q�Q�F �i�B�K�2 �i�Q �K�Q�p�2 ��� �̀Q�m�M�/�X �a�Q �A �r���b �� �#�B�i �b�H�Q�r�2�`�- �b�Q �i�?�2 �T���`�i�M�2�`

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

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

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

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

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

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