
An Application-Agnostic Replication System for 
Ubiquitous Computing 

���������
	�� ������������������������� !�"�$#
%'&)(�*,+.-$+0/21�3546-7468�*9(7:
;=<><�?@:!+BADCE-7+BFHGJIE4�K
L 8�ANM�*9&"O�P.4RQ0SUT

VXW Y,Z7[]\�^`_6ab[dc)e�fg_R^`_Xh�i�j e9_R[

kUl�m$n2o�p�q�n9r�s`tvuxw�y)zN{0|�{~}7���
}�{.��}�zg}$t>uU�g�7�0�`}���|'{���|�u �����g��|�t���{��g�,���`|R�U��y)t��
���g|��]}������`�Huxw�|�u�}$t0|�����}�z]|�{�{.�Xy)�9|�uxy���t0z�ux�������g��uxw�}��Ry)t.���X����|��`y�|������B���`��t�t~}$��uX}$���
�6|�u)|R�2z9w�|��`y)t�� ���g��¡�{¢uxw�|�uvuX��{.y �Ry�},z£¡��RyX¤�¡0y"ux��¡.z¥�9���b{�¡>uxy)t���¦¨§�w�}©{���|�u �R�R�g�
�9|,{>u"¡���}�zUuxw�}]z�}��U|6t>uxy)�,zb�)��|�{�{.�Xy)�9|�uxy���tN��{B}$�`|�uxy��6t0zJ��y�|�|�zg�Bz$uX},�©����|��7uxy��6t0zb|6t��
�9�Rt.z$u"�g|Ryxt>uxz����ªw�y)�,w«y"u¬��yXz$u"�`yx�R¡>uX}�zux�v{B}9}$�`z®y)t¯|°���g�6¡�{±¡0z9y)t��²}g{0yx��}��dy)�
{.�g��{0|,�0|�uxy)�Rt�¦!³J¡��bzg�~z7uX},�°{���}�zg}7t�u"zJz�}���}$�g|��!|�����|6t>u)|,�B}�z$´�µ"¶9·]�
}U�9|,{�u"¡���}]|¸�`yx�,w
zg},�U|�t>uxy)�¹�d���6}$�0�X�b|,{�{���y)�,|�uxy���t�¡.z`|,�0}5|����g�Rz9z�|��X��{0|6��uxy)�,y {0|�t�u"z¹y)t�|5�����6¡�{���µ�º�·5�
}
{~}$�`z9y)z�u�uxw�yXz��`y)�,w»zg},�U|�t>uxy)���U���6}$�~y)t��6}g{~}7t���}$t�u"���]�X�Ju"w6}5�9�Rt.z$uxy"u¼¡B}$t�u�|�{�{���yx�`|�uxyX��t.z��
µ�½�·¹{.�g��{0|,�.|�uxyX��tH�X�¸uxw�}bzg},�U|6t�uxyx�ª�U����}$�@yXzJu)����}$�g|6t�u����d��|����By)t��D�`�6t�t~}$�7uxy)��y"u)��µ�¾�·
�
}¿¡.zg}Àuxw�}¨zg},�U|�t>uxy)�Á�U�R�6}$�Âu)�°��}$�9��t.�,y)��}¿�9��t���¡��`��}$t>u��d����y �Ryx�`|�uxyX�Rt.z��������
zg}g{B|��g|�uX}�{.|���uxy)�,y {0|�t�uxz��¹µ�Ã�·=�
}5}7t��9|,{.z,¡���|�uX}
|��X�.�X��uxw�yXz���¡�t.�7uxy)�Rt.|���y"uX�¸y)t�|�{.y�}$�`}=�)�
|�{�{���y)�9|�uxy���t.�2|,��t.�Rz$uxy)�Ä�dyx������}���|���}R¦

ÅdÆ�Ç�ÈNÉ~Ê7Ë!Ì�ÍRÎ�Ï~Ð�Ñ)Ò)ÑxÓ"Ô�Õ~Ö�ÏBÒxÒx×6Ð�Ï0Ø9×�Ó2Ñ"ÏBÙ>Õ~Ø�Ú6ÖRÏ~ÙEÖ7ÑxÒ)Ñx×�Ó2ÑxÏBÙ>Õ~Û2Ø,×�Î�ÚRÜ�ÏBØ,Ý�Þ

1 Introduction ß@à Ú6Ø�Úd×�Ø�ÚdÓ¼ÜHÏHÑ)ÎDáEÒ)Ñ)Ö�Ñ)Ó¹Ó à Ú�Î�Ú6ÞbÑXÙ�â@Ð�Ñ"ã.â@Ñ)Ó�Ï.âEÞJÖRÏ0ÎNá!â@Ó2Ñ)ÙEä�å)æXâ@Ð�Ñ)Ö�Ï0ÎNáEç)è�Ó à ×�Ó�Ö7âEØ9Ø�Ú�Ù@Ó
×�á@á@ÒxÑ)ÖR×�Ó�ÑxÏ~Ù!Þ�×�Ø�Ú�Ñ)Ò)Òxé�Ú�ã.â@Ñxá@á!Ú�ê�Ó�Ï�Î�Ú�ÚRÓgë ß@à Ú�Û�ÑxØ,Þ,ÓªÑxÞ�Ó à Ú�á!Ú�Øgì@×�Þ�Ñ�ì!Ú�Þ à ×�Ø9Ñ)Ù!äíÏBÛbêE×�Ó�×
Ð>ÚRÓ¼Ü�Ú�ÚRÙ©êEÚ�ì�ÑxÖRÚ6ÞÂ×�Ù!êvÐ>Ú�Ó¼Ü�Ú6ÚRÙvá�Ú6Ï0á@Ò¼ÚîÑ)Ù×ïÎDÏ0Ð�ÑxÒ"Ú�ÖRÏ~Ù@Ó�Ú6ð�Ó`ëªñ�Þ'×òâ!Þ$Ú6Ø�Î�Ï~ì@Ú�Þ
Ð>ÚRÓ¼Ü�Ú�ÚRÙóÖ�Ï0ÎNá!â@Ó�×�Ó2ÑxÏBÙE×�Ò¬ÚRÙ�ì@Ñ)Ø�ÏBÙ�Î�Ú�Ù@Ó�Þ,Õ à Ú£ÎDÑ"ä à Ó¨Ð�Ú«ê�Ñ"Þ�ÖRÏ0Ù>Ù!ÚRÖRÓ�Ú�ê�Û�Ï0ØvÒ"Ï~Ù!ä
áEÚ6Ø9ÑxÏ�êEÞ,ÕEÐ�â@Ó à Ú�Ü�ÏBâEÒ"êôÞ�Ó2Ñ)ÒxÒÄÒ)Ñ)Ý>Ú¸Ó�ÏNÐ>Ú�×6Ð�Ò"Ú¸Ó�Ï�×�Ö�Ö�Ú6Þ$ÞU×6Ù�êÂÎ�Ï.êEÑ)Û"Ô à Ñ"ÞdêE×�Ó�×�ê�âEØ9ÑXÙ!ä
Ó à Úbê�ÑxÞ$ÖRÏBÙ�ÙEÚ�Ö�Ó2ÑxÏ0Ù�ë

ß@à ÚHÞ$Ú6ÖRÏBÙEêîÓ à Ú�Î�Ú�Ñ"Þ�Ö�ÏBÒxÒx×�Ð>Ï0Ø,×�Ó2ÑXì@Ú�Ü�ÏBØ,Ý@ë>õbÏ0ÒxÒx×�Ð�Ï.Ø,×�Ó�ÑxÏ~Ù�ÑXÙ�Û�Ø9×�Þ�Ó2Ø,â@Ö�Ó2â!Ø,Ú6ÞdÑxÙ
â�Ð�Ñ)Ö�Ï0ÎNáïÎDâ!Þ,ÓJÙEÏBÓ]ÏBÙ@ÒXÔ�Þ$â@áEá!Ï0Ø9ÓJÎDâEÒ)Ó2Ñ)áEÒ"ÚNÖRÏ0Ò)Òx×�Ð>Ï0Ø,×�Ó�Ï0Ø,Þ�Ï0Ù¬×íê@×�Ó�×�é�Þ7Ú�ÓbÐ�â@Ó»ÎDâEÞ�Ó
×�ÒxÞ$Ï£Û�×�ÖRÑ)ÒxÑ)Ó�×�Ó�Ú×öÞ�Î�Ï�ÏBÓ à Ó2Ø,×�Ù@Þ�ÑxÓ2ÑxÏBÙ²Ð>Ú�Ó¼ÜHÚ�Ú�Ù÷Þ`Ô�Ù@Ö à Ø�Ï~Ù!ÏBâ!Þø×6Ù!ê±×�Þ9Ô�Ù@Ö à Ø�ÏBÙEÏ0âEÞ
ÖRÏBÒxÒx×�Ð�Ï.Ø,×�Ó2ÑXì@Ú¿Î�Ï.ê!Ú�Þ,ÕHÜ à ÑxÖ à Ø�Ú6Þ�â@Ò)Ó'Ú�Ñ)Ó à ÚRØ�Û�Ø,ÏBÎùâ!Þ7ÚRØòÖ à ÏBÑxÖ�ÚøÏ0Ø�Û�Ø,ÏBÎúìE×�Ø`Ô>ÑXÙ�ä
ÖRÏ~Ù�ÙEÚ6Ö�Ó2Ñ�ì@Ñ)Ó"Ô!ë5ñUá@á@ÒxÑxÖR×�Ó2Ñ"Ï~ÙøÑ)Ù�Ó�Ú�Ø,×�Ö7Ó2Ñ"Ï~ÙøÑ)ÙøÐ�Ï0Ó à ÖRÏ0Ò)Òx×�Ð�Ï.Ø,×�Ó�Ñ�ì@ÚÂÎ�Ï�êEÚ6Þ�Þ à Ï0âEÒ"êøÒxÏ�Ï.Ý
×�ÙEêNÛ�Ú6Ú�Ò�×�Þ�Þ,Ñ"ÎNÑxÒx×�Ø=×�Þ=á�Ï0Þ$Þ�Ñ)Ð�Ò"ÚJÓ�Ï¸Ó à ÚJâEÞ7Ú6Ø$ë�ûôÏ0Ø,Ú�Ï�ìEÚ6ØgÕ.Ñ)ÓEÜ�ÑxÒ)Ò�Ð�ÚJÖ�ÏBÎ�Î�Ï~ÙNÓ à ×�Ó@Ð>ÏBÓ à
Î�Ï.ê!Ú�Þ¹Ü�ÑxÒ)ÒBÐ�Ú�Ñ)Ù�âEÞ7Ú�ÜHÑ)Ó à ÑXÙ�Ó à ÚªÞ$×�Î�Ú�ÖRÏ0Ò)Òx×�Ð�ÏBØ�×�Ó2Ñ�ìEÚbäBØ�Ï0â@á�ë

ß@à ÑxÞ
ÑxÞª×6ÙDÑXÙ>ìEÚ�Ø�Þ�ÑxÏ~Ù�Ï0Û�Ó à Ú»Î�Ï�êEÚ�Ò�â!Þ$Ú�êDÓ�Ï�Ö7Ø�Ú6×�Ó�Ú]×�á@á@ÒxÑ)ÖR×�Ó2Ñ"ÏBÙEÞ
Ó�Ï.êE×6Ô�å)Ü à Ñ)Ö à
ÜHÚ�Ü�ÑxÒ)Ò�Ó�Ú6Ø9Î²Ó à Ú�æXá�ÚRØ,Þ7ÏBÙ@×�Ò�Ö�Ï0ÎNá!â@Ó2ÑXÙ!äBç�Î�Ï�êEÚ6Ò)ègë ß@à ÑxÞ]ÎDÏ�êEÚ�ÒÄ×~Þ$Þ�â@Î�Ú�Þ»Ó à ×�Ó=ê@×�Ó�×�ÑxÞ
Î�Ï.ê@Ñ)Û2Ñ"Ú�êNÐ�ÔDÏ~Ù!Ú]âEÞ7Ú6Ø=âEÞ�ÑXÙ�ä�ÏBÙEÚdêEÚ�ì�Ñ)Ö�ÚU×�ÙEê�Ó à ×�Ó�Ó à Údê@×�Ó�×�ÑxÞªÚ6Þ$Þ7Ú�Ù@Ó2Ñx×�Ò)Ò�ÔDÏBÜ�ÙEÚ�êDÐ�Ô



×�ÙEêNÖRÏ~Ù@Ó�×�Ñ)ÙEÚ�êHÜ�Ñ)Ó à Ñ)ÙNÓ à ×�Ó!âEÞ$Ú6Ø���ê@Ú�ì�ÑxÖRÚJÖ�Ï0Î�Ð>Ñ)ÙE×�Ó2Ñ"Ï~ÙÄë ßEà ÑxÞ
×~Þ$Þ�âEÎDá@Ó2Ñ"ÏBÙNÑxÞ=Ø�Ú�Û2Ò"Ú�Ö�Ó�Ú�ê
ÑXÙ�Ó à Ú�áEØ,Ï�äBØ,×�ÎNÎDÑXÙ�ädÛ�Ø�×�Î�Ú�Ü�Ï.Ø9Ý�Þ¹âEÞ7Ú�ê�Ó�ÏdÖ�ÏBÙEÞ�Ó2Ø9â@Ö�Ó�Ó à Ú6Þ7Úª×�á@á@ÒxÑxÖR×�Ó2Ñ"ÏBÙEÞRë

õªÚ�Ø9Ó�×�ÑXÙ Ö7Ò"×�Þ$Þ7Ú�Þ®Ï0Û¬×�á!á@Ò)ÑxÖ�×�Ó2ÑxÏBÙóåxÎDÏ�Þ�Ó�ÙEÏBÓ�×�Ð>Ò�Ô�����û ×�áEá@Ò)ÑxÖ�×�Ó2ÑxÏBÙ@Þ�è à ×6ì@Ú
×�Ó2Ó�Ú�ÎNáEÓ�Ú�ê�Ó�ÏÂÞ$Ï0Ò�ìEÚ�Ó à Ú�ì@×�ØgÔ�Ñ)Ù!ä�Ö�ÏBÙ>Ù!Ú�Ö�Ó2ÑXì�Ñ)Ó"Ôîá@Ø,ÏBÐ�Ò¼Ú�Îíë���Ï0ÜHÚ�ìEÚRØ`Õ�Ó à ÚHÓ�Ú6Ö à Ù�Ñ¼ã.â!Ú6Þ
Ú�ÎNáEÒ"ÏBÔ�Ú�ê à ×�ìEÚ�Ð>Ú�ÚRÙíìEÚRØ`ÔÂÞ�á!Ú�Ö�ÑxÛ2Ñ)Ö�Ó�ÏDÓ à Ú�êE×�Ó�×�êEÏBÎ�×�Ñ)Ù'×�ÙEêíì@Ú�Ø`Ô�Ñ)Ù@Ó2Ø9â!Þ,ÑXì@Ú¸Ó�ÏDÓ à Ú
×�á@á@ÒxÑ)ÖR×�Ó�ÑxÏ~ÙÄë ß@à ÚD×�áEáEÒ)ÑxÖR×�Ó2ÑxÏBÙ¬Î�âEÞ�ÓUêEÚ�ê�Ñ"Ö�×�Ó�Ú�×�Þ�Ñ"ä0Ù�ÑxÛ2Ñ)ÖR×�Ù@Ó]×�ÎDÏ.â�Ù@ÓUÏBÛUÞ�á!Ú�Ö�Ñx×�Ò)Ñ	�~Ú�ê
ÒxÏ�äBÑ"Ö$Õ!Ï0Û2Ó�Ú�Ù'Ó�ÏNÓ à Ú�êEÚ�Ó2Ø,Ñ)Î�Ú�Ù�Ó5Ï0Û¹Ñ)Ó�Þ»ÖRÏ.Ø�Ú�Û2â@Ù@Ö7Ó�Ñ"Ï~ÙE×�ÒxÑ)Ó"ÔEë�
.â!Ø9Ó à Ú�Ø`Õ@Ó à Ú6Þ7Ú¸×�á@áEÒ)Ñ)ÖR×�Ó2ÑxÏBÙEÞ
×�Ø,Ú�â�Þ�âE×�Ò)ÒXÔÂêEÚ6Þ�Ñ¼äBÙEÚ�êÂ×�Ø,ÏBâEÙEêÂÒxÏ0Ö�Ý�é�Þ�Ó�Ú�áôÞ9Ô�Ù@Ö à Ø,ÏBÙ�Ñ	��×�Ó2Ñ"ÏBÙÂÏ.Û=ê@Ú�ì@Ñ)Ö�Ú6Þ]×�ÙEêÂØ,Ú�ã.â@ÑxØ�Ú�×
Û�×�Ñ)Ø©×�Î�Ï0â�Ù@ÓÀÏ0ÛÀâEÞ7Ú6Ø©ÑXÙ�Ó�Ú�Øgì!Ú�Ù@Ó2ÑxÏBÙ�òÓ à ÚRÔ êEÏ÷ÙEÏBÓ®Þ�âEá@á�ÏBØ9ÓøÓ à Ú�Û2Ò)â@Ñ¼ê>Õ�ÎDâ@ÒxÓ2Ñxé
Þ9Ô�ÙEÖ à Ø�ÏBÙEÏ0âEÞ�ÖRÏ0Ò)Òx×�Ð�ÏBØ�×�Ó2ÑxÏBÙ®Ø�Ú6ã�â@ÑxØ,Ú�Î�ÚRÙ�Ó�ÞíÏ0Û�×�Ù®â�Ð>Ñ)Ö�ÏBÎDáÚRÙ�ì@Ñ)Ø�Ï~ÙEÎ�Ú�Ù@Ógë�
.Ñ)Ù@×�Ò)ÒXÔ�Õ
Ú6×�Ö à ×�áEá@Ò)ÑxÖR×�Ó2Ñ"Ï~Ù Ñ)ÎDáEÒxÚ�Î�ÚRÙ@Ó�Þ©Ñ)Ó�ÞöÏ0Ü�Ù Þ9Ô�ÙEÖ à Ø�ÏBÙ�Ñ	��×�Ó2ÑxÏBÙ ÒxÏ�äBÑxÖ7Õ�ÒxÚ�×�ì@ÑXÙEä±Ó à ÚRÎ
Þ$Ú�äBØ�Ú�ä0×�Ó�Ú�êH×6Ù!ê�Ñ)Ù@ÖRÏBÎ�áE×�Ó2ÑXÐ�ÒxÚ�Ü�Ñ)Ó à ÏBÙEÚª×�ÙEÏ0Ó à Ú�Ø7ë

� ìEÚRÙ�Ñ)Û¹×�ÒxÒ!Ï.Û�Ó à Ú�Þ7Ú�Þ9Ô�Þ$Ó�Ú�Î�ÞªÜHÚ6Ø�Ú�×�Ò)Ø�Ú�×~ê�Ô�Þ�â@ÑxÓ�×6Ð�ÒxÚdÛ�Ï.Ø�â�Ð�ÑxÖRÏBÎ�á�ÜHÚ�Þ à Ï0â@Ò¼ê
Ù@Ï0ÓdÓ à ÑXÙ�ÝïÏBÛdæXâEÐ�Ñ)Ö�Ï0ÎNá®×�áEá@Ò)ÑxÖ�×�Ó2ÑxÏBÙ@Þ�çªÐ>â@ÓdØ,×�Ó à Ú6ØH×�áEá@ÒxÑ)ÖR×�Ó2Ñ"ÏBÙEÞHÓ à ×�Ó à ×�á@áEÚ�Ù¨Ó�Ï�Ð�Ú
Ø9â�Ù�Ù�Ñ)Ù!ä¨ÑXÙ×�ÙvâEÐ�Ñ)Ö�Ï.ÎNá ÚRÙ>ì�Ñ)Ø�ÏBÙ@Î�Ú�Ù�Ógë ß@à Ú�Î�Ú�Ö à ×�Ù�Ñ)Ö�ÞÂÏBÛ�áE×�Ø9Ó2Ñ)Ö�Ñxá!×�Ó2Ñ)ÙEä¨Ñ)ÙvÓ à ×�Ó
ÚRÙ�ì@Ñ)Ø�Ï~Ù@Î�Ú�Ù@Ó�Þ à Ï0â@Ò"ê�Ð�ÚUÞ7Ú�áE×�Ø,×�Ó�Ú]Û�Ø�ÏBÎ¥Ó à ÚU×�á!á@Ò)ÑxÖ�×�Ó2ÑxÏBÙ�@ÚRÙ�ÖR×�á!Þ�â@Ò"×�Ó�Ú�ê�ÑXÙ�×�áEÑ"Ú�ÖRÚdÏ0Û
â�Ð�Ñ)Ö�Ï0ÎNáHÎ�Ñ"êEê@Ò"Ú�ÜH×�Ø�Ú�ë

�¼ÙNÓ à Ñ"Þ=áE×�á!Ú�Ø`Õ0Ü�ÚJá!Ø,Ï0á!Ï.Þ7Ú��"â!Þ�Ó�Þ�â@Ö à ×dÞ9Ô�Þ�Ó�Ú�Î�ë��dâEØ5á@Òx×�Ó2Û�Ï0Ø,Î�Õ0Ù@×�Î�Ú�ê��`ÏBÔ�Ö�ÚRÕ
ÑxÞb×�Ù�×�áEá@Ò)ÑxÖ�×�Ó2Ñ"ÏBÙ�é�×BäBÙEÏ�Þ,Ó�Ñ)Ö»Ø�Ú�á@Ò)ÑxÖR×�Ó2ÑxÏBÙ�Þ,Ô�Þ�Ó�ÚRÎ�Ó à ×�Ó�ÚRÙ@×�Ð�Ò"Ú6ÞJê!Ú7ì@Ñ)Ö�Ú6ÞªÓ�Ï�Û�Ï0Ø9Î�×~ê à Ï0Ö7Õ
ê@×�Ó�×�é�Þ à ×�Ø9ÑXÙ�ä ä0Ø,Ï.â@á!Þ�ë��9Ï�Ô>ÖRÚ à ×~Þó×�áEá@Ò)Ñ)ÖR×�Ó�ÑxÏBÙ�é2ÑxÙEêEÚ�á!ÚRÙ!êEÚRÙ�Ó ÒxÏ�ä0ÑxÖ Û�Ï0Øóä0Ø�ÏBâEá
Û�Ï0Ø,ÎD×�Ó2ÑxÏBÙ>Õ�ì@×�Ø9Ñx×�Ð�Ò"Ú�Ö�ÏBÙ�Ù@Ú6Ö�Ó2Ñ�ì@Ñ)Ó"Ô�Õ�ê@×�Ó�×NØ,ÚRá!Ò)Ñ)Ö�×�Ó2ÑxÏBÙ�×�ÙEê�Ø,Ú6ÖRÏBÙ@Ö�Ñ)Ò)Ñ"×�Ó2Ñ"ÏBÙ�Õ�×6Ù!êîÎDâ@ÒxÓ2Ñ)é
Þ9Ô�ÙEÖ à Ø�ÏBÙEÏ0âEÞ¨Ö�Ï0Ò)Òx×�Ð>Ï0Ø�×�Ó2Ñ"Ï~ÙÄë��2ÓîêEÚRÒ"Ñ�ì@Ú�Ø�ÞÁÓ à ÑxÞÁÛ2â@Ù@Ö�Ó2ÑxÏBÙ@×�ÒxÑ)Ó¼Ô¥Ó�Ï Ó à Úvê@Ñ"Þ�Ó2Ø9ÑXÐ�âEÓ�Ú�ê
×�á@á@ÒxÑ)ÖR×�Ó�ÑxÏ~Ù!Þ�×�Þ�â�Ù!Ï~Ð�Ó2Ø,âEÞ�Ñ�ìEÚ�ÒXÔ�×�Þ�á!Ï.Þ7Þ,Ñ)Ð�Ò"ÚRÕ�Ð�Ô�Ñ)Ù�Ó�Ú6Ø9Ö�ÚRáEÓ2ÑXÙ�äÂÓ à ÚDÞ�Ó�×�ÙEêE×�Ø�êïû'Ï�êEÚ�Ò)é
� ÑxÚ�Ü�é2õªÏ0Ù�Ó2Ø,Ï0ÒxÒxÚ6ØÄÑXÙ@Ó�Ú�Ø,×�Ö�Ó2ÑxÏBÙ�Ö7Ô�Ö�Ò"Ú�ë

ß@à ÑxÞ�á!×�á�ÚRØ
áEØ,Ï0Ö�Ú6Ú�ê@Þª×~Þ�Û�ÏBÒxÒ"Ï~Ü�ÞRë��¼Ù��.Ú6Ö�Ó2ÑxÏ~Ù���ÜHÚ�äBÑ�ìEÚU×dÐ�Ø9Ñ"Ú6Û�êEÚ�Þ,ÖRØ9Ñ)á!Ó2ÑxÏBÙ�Ï0Û
Ó à Ú Ý>Ú�Ô Ñ"Þ$Þ�â�Ú�ÞÓ à ×�ÓïÎDâEÞ�Ó¬Ð�Ú£×�ê!ê�Ø�Ú�Þ$Þ$Ú�ê�Õî×�ÙEê Û�Ø,ÏBÎ Ó à Ú�Þ7Ú£êEÚ6Ø9ÑXìEÚ ×�Þ$Ú�ÓÁÏ.Û
Ø,Ú�ã.âEÑ)Ø�Ú�Î�Ú�Ù�Ó�ÞvÛ�ÏBØ®Ó à Ú Û2Ø,×�Î�Ú�ÜHÏ0Ø9Ý@ë���ÚRÖ�Ó2Ñ¼Ï~Ù � äBÑ�ì!Ú6Þv×«Þ9Ô�Þ�Ó�Ú6Î Ï~ì@Ú6Øgì@ÑxÚRÜ ×6Ù!ê
ê@Ú6Þ$Ö�Ø9Ñ)Ð>Ú6ÞîÓ à ÚïÖRÏBÙ@Ö�Ú�á@Ó�ÞîÓ à ×�ÓDâ�Ù!ê@Ú�Ø9Ò)Ñ"Ú¬Ó à Ú¬Û2Ø�×�Î�ÚRÜHÏ.Ø9Ý�ë!�.Ú6Ö�Ó2ÑxÏBÙ#"vê@Ú6Þ$Ö�Ø9Ñ)Ð�Ú�ÞîÓ à Ú
×�á@á@ÒxÑ)ÖR×�Ó�ÑxÏ~Ù Î�Ï�êEÚ�Ò¥êEÚ�Û2Ñ)ÙEÚ�êúÐ.Ô Ï0âEØ Û�Ø,×�Î�ÚRÜHÏ0Ø,Ý�ë$�.Ú6Ö�Ó2ÑxÏBÙ�% êEÚ6Þ$Ö�Ø9Ñ)Ð>Ú6Þ Ó à Ú
ÖRÏBÎDá!ÏBÙEÚRÙ@Ó�Þ�Þ�â@á@áEÒxÑxÚ�ê'Ð.ÔíÓ à Ú�Û�Ø,×�Î�ÚRÜ�Ï0Ø9Ý�Ó�Ï�Ú�Ù@×�Ð�Ò"Ú�×�áEá@Ò)Ñ"Ö�×�Ó2ÑxÏBÙ@ÞdÓ�Ï�áE×�Ø9Ó2Ñ)Ö�Ñ)á!×�Ó�Ú�Ñ)Ù
ê@×�Ó�×�é�Þ à ×�Ø9ÑXÙ�äíä.Ø,ÏBâ!áEÞRë�.Ú�Ö�Ó2Ñ"Ï~Ù'&Nê!Ú�Þ$Ö�Ø9Ñ)Ð�Ú�Þ à ÏBÜ²Þ à ×�Ø�Ú�ê�êE×�Ó�×�Ñ"Þ�Ý>ÚRáEÓ�Þ9Ô�Ù@Ö à Ø,Ï~Ù!ÏBâ�ÞRë
(*),+.-0/2143657+81�3�+:9	;�<=)?>8@

2 Key Issues A�B )DCE/F3=<G1*HI;KJ�/L+,1�M�N#)83�O�/LPQ1�3�MR).3�-S- B�T -I- B )D+81UM�M�;=3K/L-2V B�T >W)83�O=/	>X/	1�3=)?<G>Y/F3K+,)
Z[),/	>:)\P]/F3�-0PX1*<�;=+,)?<^- B )7-_1UN�/L+�`aZb),/2>:)8Pdcfe?g B=T >hJ)?).3�+ B�T P T +.-_),P�/2if)?<^J*V T N�PQ1U9L/	Hj),P T -0/	1U3
1UHkM�1UJE/	92)�<=).OK/L+,)\>l- B�T -kH_1UP�Mm>XN�1�3K- T 3�),1*;=>Qnd< T - T?o > B=T P�/L3�pq3�),-sr^1UP�C> T >t- B ).VuM�14O�)
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3 System Overview 
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Three applications on different devices use Joyce to form a collaborative group. In this 

instance the group is fully connected. Note that the members of the group are the applications 
working on the data, not the devices. The applications are still part of the group even if their 

devices are disconnected.
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3.3 Epidemic Propagation 
Joyce uses an epidemic propagation [Demers 87] scheme to distribute modifications 
around the variably connected Joyce group. Epidemic propagation distributes logs by 
making a series of pair-wise exchanges between connected peers in the group. Currently, 
exchanges may happen as the result of a connectivity status change (for example when a 
member joins a group), they may be timed to occur at certain intervals or they may be 
timed to happen during an interaction pause (i.e. if no new actions have been appended to 
a log after a certain period.) U 5/�4��
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Participants in a group log their operations. The logged operations are then propagated 

to the other participants by Joyce.

3.4 Reconciliation ������������������������ ���!�������#"$�%�$&��('�)*��+,�����-��)�������� �(+/.102����.435���76��8&$���9���8+/�$�#�*�����%�:�!35���76;�76$.
�8�76$.<+=0>.�0@?�.�+/�A�8�B�DC�+/�8&$)FE!G$6$���H6*.�'�)��I&*�H0J�(�#�$���(�#�K�76�.L)M.�+,�
�8+,0J�(�$��.N�8�O�
)��(+,�����9��)*�����P���*�Q�('�'%��3!�R���F���!�����$���#��&M.S35�T+,UT���*C53V6*.��Q�����/���:����.<�9��.<�FE8W5��3!.9"*.�+YX��76$.
�$�(���B�:�Z.<�(�-6A)���+,�����9��)M�<�$�[���J�/&�)$)����\.(�A���]+/.<��'�.<�9�^�O�_6$�(+/.��Z�/�����
.`����0J0>�:�A�
�a�('�'
C8+_�8&$)Q0>.�0@?�.�+_��E:b�"�.�+Yc@���-�8'����d.<�202���������������������2����&M�-.��R�e)*��+,�����9��)��(���P���gf(h#i�j\k�l8jnm�o/p�q
r7s�t�r�u p�qJq2p�v!w r�t�r
x(y

z x�u p:v u9{�|�{�t(r�{ p�v { w r7s*x1t�u�r p8m$q x o\} { vM} u p:v u9~ o_o x v r$| p�}8w r p[�$o/pT� ~$u�x1t�u p8qJq2p:v��
v$p�v�� u p8v�m |�{�u9r�{ vM}=w u9s�x � ~$|%x(y�� pTw rVx<��{ w r�{ v�}�o x�u p�v u9{�|%x o_w2q x o/} x�t(u9u pTo/� { v*} r p t �$o x �
� x�r
x o,q { v x �=pTo/� x o!��m
p8o x<�:t qJ� |%xJr�{ q x w r�t q@�Hp8�/���<�^�#�=�*���$�8�����A�7�=�9�������_���/�7�F�,�:�����
� �$���%���>���L�8���@���_�9 ��%�T���2�/�<�9���$�9�������(�������L�_���/�
�<¡¢������£4� � �a¤¦¥*�/��§8�$�%¨9�]���V�(��� ©:ª�ª<«���¬��
g® ��� ® ���-�<�S� ® �g�-��¡J���$�����e�#��¯��T�,¡2�����7�:�����_�: ��%�*�<� � �°���:�*�/���_�����������
�J���_���������V� � ���/�
�/� ® �������%�n� ® �����$�/���-���� ��<�±� ® �4�(�$���������(�������!�-��¡2���$���������

������£n� � �²���_���(���n�/�����:���9�������(�������2�(�n���>��������¡J��³������%���J�$�/� � �%�<¡`�����M¡J�<�/§��<�4�(����� ® �
����§T�>�/�����$���%���Z���=���^�#�$�����:�*�°�����/§��´�-��¡J����������§8�_��� ®A ��� ® �(�9���%���$�>���J�$�������>�<�M�
�8�/���<�,�#�*§[���:���/���_��������� �������*§��<�9�(µI�\� ® �������%�1��� �S���,�< ����/�\�(�¶�T¯$� ® ���n§8�_��� ® �/��� ® � ® �(���(���
� ® �@�/���(�����!���:�*�/���_���������5�(�_�@�\�(�����\¯��%���M�Mµ����]���9���%���$�^�*���1���_�< $���_�-���a�(�/�2�$�_���$�M���M�M��¯²�
�¶�¶�$�(¡J���[�#�¶ ��(�,���<�$� ¯��(���%�_�M� ® �g�/� ® ���$���%��� � �(�9·����/�(�9·��¸�����´���,�%�<�S�@�$��¯�¯
�<�/�9�$� ���_�< $���/�\�����
¹ ® � ® ���*�,���/�����I�/� ® ���$�����#�*§º¯��#���*�=�L���_�< $���_�\���2� ® ���°¡J�#����¡J��³��<�a� ® �H $�(���*�Z��¯°� ® �
���_�8�$�M�<�!���9�����������

» ���V¡>�<¡ � ���S�T¯ � ® �5§8�/�������M� ® �e¼�½Y¾�¿SÀ�½dÁ�ÂFÃ�Ä¸Å/Æ<Ä/Ç*È:É*Ä_Ã�Ê�Ë%ÆgÌ�ÈTÅ�Å/Æ�Í�È�É�Í9Ã�Ë�Ã�É�Î2Ï7Ð�Æ
Ë�È�ÎTÄVÅ/Æ�Í�Æ�Ã#Ñ$Æ�Ò]Ì�Å_È8ÓÕÔ(Ë�Ë�Ï7Ð�Æ;Ó>Æ�Ó@Ê�Æ<Å_ÄVÔ�É*Ò]Ö,×�Ø¸ØSÙ7Ú�Ú�Ù�Û(ÜOÔ>Å/Æ�Í�È�É�Í9Ã�Ë7Æ<Ò�Ä/Í\Ð*Æ�Ò�Ý$Ë7Æ(Þ*ß�Ð�Æ
Ô(Í9Ï�Ã�È:É�Ä±Í�È8ÓJÓJÃ�Ï�Ï�Æ�Ò5Ã�É5Ï7Ð�Ã�ÄàÄ/Í-Ð*Æ�Ò�Ý$Ë%Æ²ÎTÆ�É�Æ�Å_Ô(Ï
ÆnÏ7Ð$Æ4Í�È8ÓJÓ2È�É!Ä/Ï�Ô(Ï�Æ�Þ



Primary

���������	��

The primary member reconciles concurrent modifications from the other participants into 

a commit log, which it then propagates.
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Applications may diverge from the common state. They should preferably give some 

visual clue about the extent of the divergence.
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The traditional MVC interaction cycle



Application

Controller View

Coordinator Model
actions

user input output

actions
constraints

log (actions,
constraints)

update
notifications

Joyce

updates
from other
members

�����N�H�d���
The tentative interaction cycle in Joyce. The controller and sends them to the 
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4.1.2 View 
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5 The Framework 
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The architecture of a typical application using the 

Joyce system. The model, view(s) and controller remain 
specific to the application whilst the coordinator is supplied 
by Joyce.
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Action:
Cut

Action:
Paste

Meta-action:
Type: Group
Group type: Parcel
Members: { n, n+1 }

n n +1 n + 2
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Action:
Cut

Action:
Paste

Meta-action:
Type: Group
Group type: Parcel
Members: { n, (n+1) }

n n +1 n + 2

Meta-action:
Type: Order
Order type: Strong
Predecessor: (n + 1)
Members: { (n + m) }

É

Action:
Replace

n + m

�����N�H�d�(Y
A replace action caused by a spell-check must be strong ordered after the insertion of 

the text it has changed. The meta-action specifies the sequence number of the predecessor and 
successor actions.
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Device

App A

Coordinator

Multi-log for A

<c>
A: +
B: ++

Device

App B

Coordinator

Multi-log for B

<c>
A: +
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Applications on two devices, though currently disconnected, have entries in their multi-
logs for each other. The commit logs (labeled <c>) are empty.
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5.2.1 Vector-clock Exchanges 
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J: ***
M:
C:

James Marc Caroline

J:
M: ****
C:

J:
M:
C: **�����N���d� 
 


James, Marc and Caroline have been making modifications while disconnected. * 
represents a log element. The commit log is omitted for clarity.
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Caroline
Send [ J: 0, M: 0, C: 2 ]

MarcCaroline

Send: [J: 0, M: 4, C: 0 ]

Marc

Request C: 1-2 Request M: 1-4

Respond: C: 1-2

time

Respond: M: 1-4
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Caroline sends her vector clock to Marc and receives Marc’s in return. She sees that 

Marc has a fresher record for his own log and requests sequence numbers 1 – 4 from that log. In 
parallel, Marc examines the vector clock that initiated the exchange, sees that is contains a 

fresher log for C and requests the updates for that log. 
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J: ***
M:
C:

James Marc Caroline

J:
M: ****
C:**

J:
M****
C: **
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After the exchange Marc and Caroline’s multi-logs are the same.
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Marc

Respond: C: 1-2

Request C: 1-2

James
Request M: 1-4

Respond: M: 1-4

MarcJames
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James discovers Marc has fresher records for two logs and so makes two concurrent 

update requests.
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J: ***
M: ****
C: **

James Marc Caroline

J: ***
M: ****
C: **

J:
M: ****
C: **
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Caroline’s changes have propagated to James. 
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5.3 Reconciliation 
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The multi-log for James before and after applying a commit update
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When a commit update arrives the tentative cycle is suspended. The application state 
and view is updated to reflect the commit log.
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A commit arrives that will invalidate the action being constructed
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