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Abstract

Scheduling, routing, and layout tasks are examples of hard operations-research problems that
have broad application in industry. Typical algorithms for these problems combine some form of
gradient descent to find local minima with some strategy for escaping nonoptimal local minima.
Our idea is to divide these two subtasks cleanly between human and computer: in our paradigm
of human-guided simple search the computer is responsible only for finding local minima using
a simple hill-climbing search; using visualization and interaction techniques, the human user
identifies promising regions of the search space for the computer to explore, and intervenes
to help it escape nonoptimal local minima. We have applied our approach to the problem of
capacitated vehicle routing with time windows, a commercially important problem with a rich
research history. Despite its simplicity, our prototype system is competitive with the majority of
previously reported systems on benchmark academic problems, and has the advantage of keeping
a human tightly in the loop to handle the complexities of real-world applications.
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÷Rq|rZyQ�HvXrRy3v1�¡�7���HvQqx�1���1}�{7� îÑú1�Z�H�;rZyQq�tR�Q��r���÷c{5}��7��}��H�Xõ
½>»U´3°(Â�ÁuºHÓ ±H¶·°Z±�¼�Æx½U²u¸DÓ^¼�»UÂ�Ác¾�¹[¾�¶·¸3ÁÈ½J½U±H²RÁ>²u°u¼�¸G³3¾�»>ÀD°�¼~¸3°�²�»U¸�¼�Æ
Ä�¶·¸3¶·Ä�¶·ëu¶·¸3¹-½U¼�½(¾�µa³H¶·ÁÈ½(¾�¸H°u²K½>»(¾fË[²uµ·²f³1ÍJJ³H³H¶Ð½U¶·¼~¸G¾�µ·µ·À�ºH¶Ð½J¶·Á ÁÈ½(¾�¸7Ç
³3¾�»(³9ÅH»(¾�°�½U¶·°u² ¶·¸5½U±3²�µ·¶Ð½U²�»(¾�½U´7»U² ½U¼K»U²�ÅX¼�»>½E»U²uÁ>´3µÐ½UÁEÊ�À@¾fË[²�»(¾�¹~¶·¸3¹
½U±3²c½>»U´3°(Â7Á ¾�¸G³¡³7¶·ÁÈ½(¾�¸3°�²uÁ ¼�Ë~²�» Ä	¾�¸�À	ÅH»U¼�Ê3µ·²uÄM¶·¸3ÁÈ½(¾�¸3°u²�ÁuÍ
ï í�²^²uÁÈ½U¶·Ä	¾�½U²f³�½U±H²O¾fË[²�»(¾�¹~²OË�¾�µ·´H²^¼�Æ3°u¼~Ä�ÅH´H½U²�»>Çè¼�¸3µÐÀRÁ>²f¾�»U°Z±

é ²�ÁÈ½cÆx¼~´3¸3³ é ²uÁÈ½ Æ�¼�´3¸G³êÊ�À é ²uÁÈ½ Å3´HÊ£Í
Ê�À�Á>¶·Ä�ÅHµs² ±�´3Ä	¾�¸HÇè¹~´H¶s³H²f³ Á>¼~µ·´H½U¶·¼~¸
Á>²u¾�»U°(± Á>¶·Ä�ÅHµs²RÁ>²u¾�»U°(±

ð ²u±£Í ðJ¶sÁÈ½fÍ ð ²u±£Í ðK¶·ÁÈ½fÍ ð ²�±£Í ðK¶·ÁÈ½fÍ
ñ ��ì � ì ìzä ò3ó:ô,ò ìzä ì"ê�ê 	 ì"æ ìzê�ê�ë
ñ ��ì �y	 ì"å ì+æyë�ë ò-õ ìzä�ê�ë ì 	 ì<ä�ä�ä
ñ ��ì � å ì�ì ì 	 ë�å ì�ì ò-õDõYö ì�ì ì�ì�ì �
ñ ��ì � æ ì � ì�ì<ä/ê ì � ò:ò3ô:ó ì � ì�ì"å�ê
ñ ��ì � ä ì+æ ìzä�ä/è ò-ô ì"ê�ë-ì ìzå ìzê�åyç
ñ ��ì � ê ì 	 ì+æ � ç ò:ò ì+æ�ç�ä ì�ì ì"æ�å 	
ñ ��ì � ç ì�ì ì 	 æyç ì�ì ò-õDô:ó ì�ì ì 	 å-ì
ñ ��ì � è ì � ì�ìzë3ì ì � ò:ò3÷:ø ì � ì�ì+æ �
cË[²~Í ì 	 Í � ì"åyç/å ì�ì~Í ê�å ì"å�ëyç ì�ì�Í ä � ìzå�ê�æ
ö×�7wQz|{ �1¥�Mc{~tUr^t(�Hz|vXr�q|�H�1t��É�7v1�1���XvQ��q|�1��P7�7�JyQ�HvQ�ut%���Xt(qx�¡�Qzx{
t({~���u}uyn}��7�¡�1�7�Z{~�ÑrZ� Á qX� �¿yQ�7v1��t9���c�Q�Z{~}��H�D�1vXr���rZqx�7� �7�1�q��Q� N9yQ�7vQ�utO���ayGvQ�����XõÈ�7v1qx�X{~��tZ{��7��}uyE�×öKyQ{Kw�{�t(r �QvQwQzxq�t(yQ{~�
t(�Hz|vXr�q|�H�1tK����{�t(yQ��÷R���É�7��}��7�¡�1�7�Zq�t(�H��
}�zxv1�X{@rZy1��r9�H� Ó	yQ�7vQ�utc����QvQ��{9y3v1�¡�7�XõÈ�7vQq��X{���t({~���u}uyQq|�1�	qxt
}��7�¡�1�7���7wQzx{�rZ����w��7vXr�ÓX� ��yQ�HvQ��t@���cvQ�Q�7v1qx�X{~��yQqxz|z�}�z|qx�êwXõ
q|�Q�£� � ��÷c{��7{��~�R�Q� �îyQ�HvQ�ut¿���	�1vQ�Z{ü�7vQq��X{~�#t({~���u}uyQqx�Q�ïqxt
w£{�r(rZ{�� r�y1�������Q� ��yQ�HvQ�ut ���v1�Q�7vQq��X{~��yQqxz|z%}�zxqx�êwQqx�Q�1�3÷RyQq�}uy
q|�1�Qqx}���rZ{~tJrZy1��r-�7�Q�Qqsr�q|�H�1��z%r�q|�¡{�q�tR���O�¡�7��{5w£{��Q{<%Qr-rZ�¡rZy1{
�7vQq��X{��n�Z{��7qx�D{êrZy1�7��rZ��rZy1{êvQ�Q�HvQq��X{�� �7�Q{H�9öKyQ{¡�[�7{����7�7{
tZ}��7��{5�É�7�@�1� �¿yQ�7vQ�ut��7� �7vQq��X{~�nt({~���u}uyÑ÷Rqsr�yn�Q��{�}��H�¡�QvXrZ{~�
t({�{��Ñt(�Hz|vQrZqx�7�1tRq�t-�7zxtZ�¿tZyQ��÷R�¥�r�yQ{�tZ{�{~��tZ�7zxvXr�q|�H�1tRqx�D�£���Zr
�9�Qqxt(rZqx�1}fr w�{��1{<%Qr~�7wQvXr �7�Z{K�Q�7rOrZyQ{�tZ�7zx{J�è�7}fr��7�Ow�{�yQqx�1�DrZy1{
�X�7�¡qx�1���1}�{5��� � v¹��¢Q¢����H{��JvQ�Q�7v1qx�X{~�Ñt(qx�¡�Qz|{	tZ{��7��}uyE�
Ü �JÝ�ÅjÅùØª-Þ ª�«�X«��Yú ¤�û ú�«�¥j�Yú�X¬[« «��G®y¥j�[�Fü��[�GªY  öKy1{
¢G�7zx�7�¡�7�¡�Q��r��7tZ{�rut ����{����H{����	v1tZ{��ÉvQz£w£{��1}uyQ������ù	�É�H�c}��H�Dõ
�1����q|�1����zxzarZy1{5�Qqt¡a{���{��3rRyQ{�v1�Zq�tUr�qx}�õÈtZ{��7��}uy¡r�{�}uyQ�1q}�3vQ{~tJrZy1��r
y1�[�7{Dw£{�{��ï���1�Qz|qx{��ür��ÑrZyQ{��c�9o^öK# �Q���7wQzx{��Ñ�×q|�1}�z|v£�Xq|�1�
r���w1vÌtZ{����u}uy#���£�#q|r�t�������qx�7�Hrut��-{��7�Hz|vQrZqx�7�1�7�Z�]tUr�����rZ{��7qx{�t��
}��7�£tUr����7q|�3r@�1�Z�H�7�u���¡�¡q|�Q�£���7�1�Õ���3r(õ>}��Hz|�H�3���7�QrZqx�Dqxø���rZqx�7��
ö×�7wQz|{~N�qx�1}�z|v1�Q{�tJ�£{��(�É�H�Z���7�1}�{9�Q��ru���É�7�crZy1{�tZ{-r�{�}uyQ�Qqý�3vQ{�t
���1�9��r�yQ{��ut��EöKyQ{ t�}��H�Z{~ta÷c{��HwXr��7q|�Q{~�5÷Rqsr�y5rZyQ{ �ÉvQz|z � v¹��¢1¢
���Q�Q���H�H}uy � qÖ� {H�|�9÷Rqsr�yB�Q��{�}��7�¡�QvXr�{��Ìt({�{��BtZ�7zxvXr�q|�H�1t+������{
}��7�¡��{�r�qsr�q|�H{Õ÷Rq|rZyñr�yQ�HtZ{T�7wXru��qx�Q{��ÌwG�#r�yQ{îtUru��r�{�õÈ��� õÖrZyQ{�õ
���Zr-rZ{~}uyQ�Qqý�3vQ{�t���X�7�¡qx�1��r�q|�1��tZ{��7{����7z×�7� rZy1{��Ñ����1� w£{�q|�1�
}�zx{�����zx�¡�Q�7�¡q|�£��rZ{~�¿�H�Qz|��wG�¡r�yQ{5�Z{~t(vQz|r�t �É���7�?���Z{~}�{��3rK�7{�õ
�Q{�r�qx}5��zx�7�H�Zq|rZy1� ��� �7�êw�{����7{��oþS�9{�yQ�Zqx�Q�Ñ���H�7�D�f�
� ��÷c{��7{��~�[rZy1{K�ÉvQz|z � v¹��¢1¢�rZ{�}uy1�Qq}�3vQ{Rv£t({~t�w£{�rU÷c{�{��¡�7�1{

���1�êrU÷c�5�H���X{���t^�7�������H�Qq|rZv1�X{K�¡�7��{R}��H�D�1vXr���rZqx�7�1�7zX{<¡a�7�Zr
rZy1�7�î��r�yQ{��êrZ{�}uy1�Qq}�3vQ{~t����-rZy1{����7z|�H�7��qsr�yQ��t	���[�Õw£{��Q{<%Qr
�É�Z�H� �Ñ}��7�¡�1�7���7wQzx{¡�7�¡�7vQ�3r����R}��H�D�1vXr���rZqx�7��×wQvXr�rZy1{���{
qxt-�Q��r9{��Q�HvQ�7ynqx�X�É�H�Z����r�q|�H��q|�nrZyQ{D}�q|rZ{�� �1����{��utRr����H}�}�vQõ
����rZ{�zx�¿�7t�tZ{�t�tcy1��÷B�êv£}uy�w�{��1{<%QrRr���{�þX�£{~}fr~�Qqs�����G�H�
ö×�¿r�{�t(r9÷RyQ{�rZyQ{��-r�yQ{ � v¹��¢1¢n���1�Q�Z�3�7}uyÑ�É�H�-r�yQqxt9�Q���7wQõ

z|{��V}����nw�{ê{/¡�{~}frZqx�7{ê÷Rqsr�ynz|{~tZt9}��H�¡�QvXr���rZqx�7�1�7zE{/¡��H�(r~�1÷J{
���7�¿�ê�Qqxzx��rJtZ{�rK���×{�þX�£{��Zqx�¡{��3r�tc÷Rq|rZy¿r�yQ{9zx��rZ{�t(rK�7{��utZq|�H�����
�7vQ�^t(�Xt(rZ{�� � qsrut×qx�¡�Q�����7{��¡{��Hrut���H{��%r�yQ{JtZ�XtUr�{��M�X{~tZ}��Zqxw£{~�
��w����7{ �7�Z{Jz|q�t(rZ{��êq|�êrZyQ{R}��7�1}�z|v1�Qq|�Q�5tZ{�}fr�q|�H�ê�7�QrZyQq�t^�1����{��z�f�
ý>��rZyQ{~t({D{�þX��{���q|�¡{��Hrut��%÷J{êv£t({~�n�7�1z|���7���¡q|�GvXr�{�t9��� �1�Z{�õ
}��7�¡�QvQr���r�q|�H�����1�Ñ�7�¡�¡qx�GvXrZ{~t����O�7v1qx�X{~��t({~���u}uy�¾#Õ{	�u���
�7�Q{�rZ{~tUr���{����Q���7wQzx{��Ñ�c÷Rqsr�yjr�yQ��{�{Ñ���@rZyQ{�rZ{~tUr¿tZvQwXûU{~}fr�t
Æx¼�»]ÿ;±3¼�´H»UÁ ¼�Æ°u¼�Ä�Å3´H½(¾�½U¶·¼~¸¡Ê�À	½(¾�Â�¶·¸3¹9½U±H²RÊX²uÁÈ½cÁ>°u¼�»U²RÆ�¼�´3¸3³
¶·¸²ÿ ±H¼~´H»UÁ^¼�Æa°�¼~Ä�Å3´7½(¾�½U¶·¼~¸�»(¾�¸G³H¼�Ä�µÐÀ	ÁU¾�Ä�Å3µ·²f³5Æ|»U¼~Ä ½U±H²~ì ���
±H¼~´7»UÁc¼�Æ^´H¸3¹~´H¶s³H²f³¡Á>²f¾�»U°Z±¿ÓO²�»U²u°u¼�»(³H²f³¡Æx¼�»R²f¾�°Z±¿Å7»U¼~Ê3µ·²uÄ ¶·¸HÇ
ÁÈ½(¾�¸3°u²�ÍJíÑ²�»U²uÅX²f¾�½U²f³�½U±3¶·Á~ì ����� ½U¶·Ä�²uÁcÆx¼�»R²f¾�°Z±�ÅH»U¼�Ê3µ·²uÄ ¾�¸3³
»U²�ÅX¼�»>½�½U±3²�¾fË[²Z»(¾�¹~²K»U²�Á>´3µÐ½fÍ



�É���7� r�yQ{H%1�ut(rêt({�r	���R{�þX��{���q|�¡{��3rut�� � ý>�îtZ�7�¡{�}��7tZ{�t��r�yQ{
tZvQwXûU{�}�r�tê÷c�H�ZùH{��ü�7�î�Ñ�Q���7wQzx{�� qx�1tUru���1}�{¡rZy1��rêr�yQ{��Õy1�7�
÷J�7��ù7{����7��tZ�7�¡{5�D�H�3rZy1tR{~����z|qx{��~�Ô���@t�tZyQ��÷R��qx��ö×�7wQzx{¶N1�
÷J{Ñ�H}uyQqx{��7{~� }��7�¡�1���u��w1z|{��Z{~t(v1zsrut¡÷Rqsr�ye�HvQ�¡�Q{�÷*tZ�Gt(rZ{��
÷Rq|rZy�tZq|�H�Qq&%£}��7�Hr�z|�¡zx{�t�t }��7�¡�QvXru��rZqx�7�£��z£�7�1��yGvQ������{<¡a�7�Zr��
rZyGv1t-}�zx�HtZq|�Q��rZy1{��H����÷Rq|rZy�rZyQ{	t(r���rZ{�õÖ�7� õ§r�yQ{�õ>���ZrKtZ�XtUr�{���t��
ý>� t(v1�D���7�Z�H�QrZy1{�tZ{ê��{�tZvQzsrut-tZvQ�7�H{�t(r�rZy£��r@yGvQ���7���7vQq��Gõ

���£}�{T}����B�Z{��Qzx�H}�{ rZyQ{Õ�1��qx�1t(r��7ù3qx�Q�Hz|�,}��u��� r�{��%�@�Q���7wQzx{��Dõ
tZ�£{~}�q&%£}eyQ{�vQ��q�tUr�qx}�t r�y1��rî�7�Z{jrZyQ{]{~tZtZ{��1}�{j�7���7rZyQ{��T�7�Xõ
�Q���H�H}uyQ{�tc÷Rqsr�yQ�7vQrRtZqx�7�Qq&%£}��7�3rK}��7�¡�Q���7�¡qxtZ{9q|��rZyQ{¶�3v1�7z|q|rU�
���^rZy1{��Z{~t(vQz|r�t��

ÎO¶sÄ�² ð ²u±£Í ðK¶·ÁÈ½fÍ
ÔJ´H» ±H¶·µsµÐÇ ìR±3¼�´H» ì 	 Í åyä ì+æ 	 æ
°uµ·¶·Ä9ÊH¶s¸H¹ 	 ±3¼�´H»UÁ ì 	 Í 	 å ì+æYìzê
Á>²f¾�»U°Z±¡²�¸3¹~¶·¸H² ä@±3¼�´H»UÁ ì 	 Í�ì<ä ì+æ � å
¾�µ·¼�¸3² è7Í æ�±3¼�´H»UÁ ì 	 Í�ìzå ì"å�ë �

	�� ±H¼~´H»UÁ ì 	 Í � ê ì"å�è�è
Ã ´��R¯3¯ ì~Í ä9±3¼�´H»UÁ ì 	 Í�ìzå ì+æyå 	
��Ó���¼�´H½ Á>²u²f³7Á�� å9±3¼�´H»UÁ ì 	 Í ��� ì+æYìzå
Ã ´��R¯3¯ ì � ±H¼~´H»UÁ Å7»U²u°u¼~Ä�Å7Ç ì�ì�Í è�è ì"å�è�ë
��Ó ¶Ð½U±¡Á>²u²f³7Á�� ´H½(¾�½U¶·¼�¸�¾�¸3³rå9±H¼~´H»UÁ

¹~´3¶s³7²f³DÁ>²f¾�»U°Z±¡¼�¸
ä ��� ã Ã ëRÄ	¾�°(±3¶·¸3²

Ã ´��R¯3¯ ë � Ä�¶·¸£ÍÅ7»U²u°u¼�Ä�ÅHÇ ì�ì�Í è�è ì"å�è �
� Å3¶·µ·¼�½ ²�Ã7ÅX²�»U¶ÐÇ ´H½(¾�½U¶·¼�¸�¾�¸3³rë � Ä�¶·¸1Í
Ä�²u¸�½UÁ^Ó ¶Ð½U± ¹~´3¶s³7²f³DÁ>²f¾�»U°Z±¡¼�¸
¸3²ZÓO²uÁÈ½ ÁÈÀ7ÁÈ½U²uÄ¬� ä ��� ã Ã ëRÄ	¾�°(±3¶·¸3²
�O¾�»UµÐ½U¼�¸�� ëyä�� Ç ìzå�Í 	 ä ì+æ �y	
ñ ¼�°Z±3¾�½ ¾�¸3³ æ�æ5Ä�¶·¸£Í¼�¸�ì ��� ì 	 Í å�è ì"å�ê�ë
Îa¾�¶sµ·µs¾�»(³�� ëyä ã Ã ëRÄ	¾�°(±3¶·¸H²
�^±3¶s¾�¸3¹�¾�¸G³ Ç ì�ì�Í è�è ì"å�ëyç
ñ ´3Á>Á>²uµ·µ	� ëyç�

Îa¾�¶sµ·µs¾�»(³ å7Í�ì�±3¼�´H»UÁ�¼~¸Hä � ì�ì�Í è�è ì"å�è-ì
â���JÜ~å���� ë�ç ã Ã ëRÄ	¾�°(±3¶·¸H²
ðK² é ¾�°(Â[²�»c¾�¸3³ Ç ì"æ7Í 	 ä ì"å�èyä
Ä3´7»U¸3¼~¸�� ëyç
¯7±3¾uÓ�� ë�è ìR±3¼�´H» ¼~¸sì ��� ì 	 Í ��� ì"å�ê-ì

ãr� ° ¯�Ä	¾�°(±3¶·¸3²
¯7±3¾uÓ�� ë�è 	 ±3¼�´H»UÁ ¼~¸�ì ��� ì 	 Í ��� ì"å�ê �

ãr� ° ¯�Ä	¾�°(±3¶·¸3²
�^¼�»(³7¼~¸H²�¾�¸G³ ì 	 Í�ì�Ä�¶·¸D¼�¸ ì 	 Í å�è ì+æ � ë
íÑ¼�µÐÆ�²�»>ÇA�O¾�µ·Ë[¼�� ë�è�� ìzè¶ã��3¼~Å3Á ° ²u¸�½U¶·´3Ä
�K¾�Ä@ÊG¾�»(³H²uµ·µs¾ å � Ä�¶·¸D¼�¸ ì�ì�Í ë 	 ì"å�è�è
¾�¸3³DÎa¾�¶·µsµs¾�»(³�� ë�ë ìzêyç�ã Ã ë~º�ç � ã��3¼~Å3Á

¯7´3¸ â µÐ½>»(¾[¯�ÅG¾�»U°
� ¶·µ·Ê�À�º æyè7Í å5Ä�¶·¸£Í¼�¸ ì 	 Í�ì 	 ì"å�è�è
° »U¼~Á>Á>²�»J¾�¸3³ 	 äxã��3¼~Å3Á���Á
¯7±3¾uÓ�� ë�ë � ðK¶·¹~¶Ð½(¾�µ�cµ·Å3±3¾
Ã ¼�Ä9ÊX²�»U¹�²�» ¾�¸3³ ä@±3¼�´H»UÁ ¼~¸ 	���� ì�ì�Í ä ì+æ � ç
�J²u±7»U¶s¸H¹�� ë�ë ã Ã ëRÄ	¾�°(±3¶·¸H²
é ²uÁÈ½ ÅH´3Ê3µ·¶·Á>±3²u³ cÊX¼~´7½oì<ä-À[²f¾�»UÁ ì�ì�Í ä ì"å�ê�æ
Á>¼~µ·´7½U¶s¼�¸3Á ¼~¸¡Ä@´3µÐ½U¶·Å3µ·²KÄ	¾�°(±3¶·¸H²uÁ
�x Á�»U²uÅX¼�»>½U²f³�Ê�ÀW�ÉÎ�¾�¶·µ·µ|¾�»(³nâ��Ü~å��$ìzë�ëyç��ZÍ

 cÁ�»U²uÅX¼�»>½U²u³�¶·¸ � Ã ¼�Ä9ÊX²�»U¹�²�»����J²u±7»U¶s¸H¹rìzë�ë�ë��ZÍ
�  ÁO»U²uÅX¼�»>½U²u³D¶·¸����K¾�Ä@ÊG¾�»(³H²uµ·µs¾7ºGÎa¾�¶·µ·µs¾�»(³1º��¨c¹~¾�ëuëu¶�ìzë�ë�ëy�ZÍ
ö^��wQzx{�N1¥	oR{��£�H�(r�{��Õ�Z{~t(v1zsrut���öKyQ{��GvQ��w£{���t��7�Z{��[�7{����7�7{~t
���7{���rZy1{@{�q|�HyHrJq|�£tUru���1}�{�t qx��¢G�Hz|�H�¡�7�¼¢ t o��@�-�1�Z�HwQz|{�� t({�r��

�ü./103"^WX&Z<(&UW�=
Mc{~}��7v1t({crZy1{Rv1t({���qxt��Qq|��{�}�rZqx�Q�9rZyQ{�tZ{��7��}uy���HvQ� tZ�Gt(rZ{�� }��7�
w£{�v1t({~���É�7�-r��7tZùXt��7rZyQ{���rZy£����r�yQ{�}�zx�HtZtZqx}D�c�@oOöK# �7�Xr�qsõ
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