


�w�h�i�c�h�r�e�l�a�x�e�s�a�f�u�n�d�a�m�e�n�t�a�l�a�s�s�u�m�p�t�i�o�n�o�f�p�r�e�v�i�o�u�s�r�e�s�e�a�r�c�h�a�n�d�p�r�o�v�i�d�e�s�a
�b�e�n�eû��c�i�a�l�t�o�o�l�t�o�p�r�a�c�t�i�t�i�o�n�e�r�s�.

�T�h�i�s�r�e�s�e�a�r�c�h�c�o�n�t�r�i�b�u�t�e�s�t�o�t�h�e�c�u�r�r�e�n�t�b�o�d�y�o�f�k�n�o�w�l�e�d�g�e�b�y�i�n�c�r�e�a�s�i�n�g�t�h�e�u�n�d�e�r�-
�s�t�a�n�d�i�n�g�o�f �w�h�a�t�f�a�c�t�o�r�s �m�o�s�t�c�o�n�t�r�i�b�u�t�e�t�o�s�e�l�e�c�t�i�n�g�p�i�e�c�e�-�l�e�v�e�l�o�r�d�e�r�-�f�u�lû��l�l�m�e�n�t�t�e�c�h�-
�n�o�l�o�g�i�e�s�f�o�r�d�i�f�f�e�r�e�n�t�s�e�g�m�e�n�t�s�o�f�t�h�e�d�e�m�a�n�d�c�u�r�v�e�. �O�u�r�p�r�i�m�a�r�y �m�a�n�a�g�e�r�i�a�l�i�n�s�i�g�h�t�i�s
�t�h�a�t

�S�u�c�c�e�s�s�f�u�l�o�r�d�e�r�-�f�u�lû��l�l�m�e�n�t�t�e�c�h�n�o�l�o�g�y�i�m�p�l�e�m�e�n�t�a�t�i�o�n�s�t�e�n�d�t�o�e�m�p�l�o�y�a�u�-
�t�o�m�a�t�i�o�n�f�o�r�t�h�e�f�e�w�,�f�a�s�t�-�m�o�v�i�n�g�S�K�U�s�a�n�d�t�h�e�m�a�n�y�,�s�l�o�w�-�m�o�v�i�n�g�S�K�U�s�.

�O�u�r�d�e�v�e�l�o�p�e�d�m�o�d�e�l�a�n�d�i�n�s�i�g�h�t�s�h�a�v�e�p�o�t�e�n�t�i�a�l�b�e�n�eû��t�s�f�o�r�p�r�a�c�t�i�t�i�o�n�e�r�s�,�w�h�i�c�h�i�n�-
�c�l�u�d�e�r�e�d�u�c�i�n�g�t�h�e�t�i�m�e�t�o�d�e�v�e�l�o�p�i�n�i�t�i�a�l�d�e�s�i�g�n�c�o�n�c�e�p�t�s�,�p�r�o�v�i�d�i�n�g�a�f�o�r�m�a�l�i�z�e�d�b�a�s�i�s�f�o�r
�e�v�a�l�u�a�t�i�n�g�a�l�t�e�r�n�a�t�i�v�e�d�e�s�i�g�n�c�o�n�c�e�p�t�s�,�r�e�d�u�c�i�n�g�t�h�e�e�d�u�c�a�t�i�o�n�a�l�t�i�m�e�a�n�d�t�r�a�i�n�i�n�g�e�x�p�e�n�s�e�s
�f�o�r�n�e�w�e�m�p�l�o�y�e�e�s�,�i�m�p�r�o�v�i�n�g�t�h�e�s�o�l�u�t�i�o�n�s�t�h�a�t�n�e�w�e�m�p�l�o�y�e�e�s�r�e�c�o�m�m�e�n�d�,�a�n�d�g�a�i�n�i�n�g
�i�n�s�i�g�h�t�s�i�n�t�o�o�r�d�e�r�-�f�u�lû��l�l�m�e�n�t�t�e�c�h�n�o�l�o�g�i�e�s�a�n�d�t�h�e�i�r�a�p�p�l�i�c�a�t�i�o�n�s�.

�T�h�e�a�r�e�a�o�f�o�r�d�e�r�-�f�u�lû��l�l�m�e�n�t�t�e�c�h�n�o�l�o�g�y�s�e�l�e�c�t�i�o�n�p�r�e�s�e�n�t�s�a�h�o�s�t�o�f�c�h�a�l�l�e�n�g�i�n�g�p�r�o�b�-
�l�e�m�s�. �O�u�r�p�r�i�m�a�r�y�p�e�r�f�o�r�m�a�n�c�e�o�b�j�e�c�t�i�v�e�i�s�e�c�o�n�o�m�i�c�, �w�h�e�r�e�a�s�f�u�t�u�r�e�r�e�s�e�a�r�c�h�c�o�u�l�d
�e�x�p�l�o�r�e�a�d�d�i�t�i�o�n�a�l�o�b�j�e�c�t�i�v�e�s�t�h�a�t�i�n�c�l�u�d�e�e�n�v�i�r�o�n�m�e�n�t�a�l�f�a�c�t�o�r�s�,�a�c�c�u�r�a�c�y�,�r�i�s�k�,�o�rû��e�x�i�-
�b�i�l�i�t�y�a�s�s�o�c�i�a�t�e�d�w�i�t�h�t�h�e�s�e�l�e�c�t�e�d�t�e�c�h�n�o�l�o�g�i�e�s�.�I�n�a�d�d�i�t�i�o�n�,�i�f �m�o�r�e�d�e�t�a�i�l�e�d�S�K�U�d�a�t�a
�a�r�e�a�v�a�i�l�a�b�l�e�,�t�h�e�p�h�y�s�i�c�a�l�d�i�m�e�n�s�i�o�n�s�o�f�p�r�o�d�u�c�t�s�c�o�u�l�d�b�e�i�n�c�o�r�p�o�r�a�t�e�d�i�n�t�o�o�u�r�a�n�a�l�y�-
�s�i�s�.�I�n�a�d�d�i�t�i�o�n�, �w�e�a�s�s�u�m�e�t�e�c�h�n�o�l�o�g�y�h�a�s�a�c�o�n�s�t�a�n�t�t�h�r�o�u�g�h�p�u�t�r�a�t�e�r�e�g�a�r�d�l�e�s�s�o�f�t�h�e
�n�u�m�b�e�r�o�f�S�K�U�s�a�s�s�i�g�n�e�d�t�o�t�h�e�t�e�c�h�n�o�l�o�g�y�a�n�d�t�h�u�s�f�u�t�u�r�e�r�e�s�e�a�r�c�h�c�o�u�l�d�i�d�e�n�t�i�f�y�d�i�f�f�e�r�-
�e�n�t�c�o�nû��g�u�r�a�t�i�o�n�s�o�f�t�h�e�s�a�m�e�t�e�c�h�n�o�l�o�g�y�.�T�y�p�i�c�a�l�l�y�,�a�n�o�v�e�r�h�e�a�d�c�o�s�t�o�f�i�m�p�l�e�m�e�n�t�i�n�g�a
�s�o�l�u�t�i�o�n�e�x�i�s�t�s�,�w�h�i�c�h�i�n�c�l�u�d�e�s�t�h�e�c�o�s�t�o�f�a�w�a�r�e�h�o�u�s�e�c�o�n�t�r�o�l�s�y�s�t�e�m�(�W�C�S�)�,�c�o�n�v�e�y�o�r
�s�y�s�t�e�m�s�,�r�e�c�e�i�v�i�n�g�,�a�n�d�s�h�i�p�p�i�n�g�a�r�e�a�s�. �A�p�o�s�t�-�p�r�o�c�e�s�s�i�n�g�s�t�e�p�c�o�u�l�d�b�e�i�n�c�o�r�p�o�r�a�t�e�d�i�n�t�o
�o�u�r�a�n�a�l�y�s�i�s�t�o�c�a�l�c�u�l�a�t�e�t�h�e�c�o�s�t�s�o�f�o�v�e�r�h�e�a�d�t�o�p�r�o�v�i�d�e�m�o�r�e�c�o�m�p�r�e�h�e�n�s�i�v�e�c�o�s�t�i�n�g�r�e�-
�s�u�l�t�s�.�A�d�d�i�t�i�o�n�a�l�l�y�,�w�e�f�o�c�u�s�e�d�o�n�p�i�e�c�e�-�l�e�v�e�l�o�r�d�e�r�-�f�u�lû��l�l�m�e�n�t�t�e�c�h�n�o�l�o�g�i�e�s�;�h�o�w�e�v�e�r�,�o�u�r
�m�e�t�h�o�d�o�l�o�g�y�c�o�u�l�d�b�e�a�p�p�l�i�e�d�t�o�t�e�c�h�n�o�l�o�g�y�s�e�l�e�c�t�i�o�n�a�n�d�d�e�m�a�n�d�a�s�s�i�g�n�m�e�n�t�t�h�r�o�u�g�h�o�u�t
�t�h�e�d�i�s�t�r�i�b�u�t�i�o�n�c�e�n�t�e�r�(�i�.�e�.�,�a�t�t�h�e�p�a�l�l�e�t�o�r�c�a�s�e�l�e�v�e�l�s�)�.

�A�c�k�n�o�w�l�e�d�g�m�e�n�t�s

�T�h�e�a�u�t�h�o�r�s�t�h�a�n�k�M�a�r�k�u�s�S�c�h�l�a�g�b�a�u�e�r�f�r�o�m�S�S�I�S�c�h �¨�a�f�e�r�-�P�e�e�m�f�o�r�h�i�s�m�e�n�t�o�r�i�n�g�a�n�d�g�u�i�d�-
�a�n�c�e�o�n�t�h�i�s�p�r�o�j�e�c�t�.�T�h�i�s�m�a�t�e�r�i�a�l�i�s�b�a�s�e�d�u�p�o�n�w�o�r�k�s�u�p�p�o�r�t�e�d�b�y�t�h�e�N�a�t�i�o�n�a�l�S�c�i�e�n�c�e
�F�o�u�n�d�a�t�i�o�n�u�n�d�e�r�G�r�a�n�t�N�o�.�1�0�3�7�2�1�1�.
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A. ReturnProcessingandA-FrameSKUInclusion

Productreturnratescanbesubstantial,especiallyforInternetsalesbecausecustomerscan-
nottryandfeeltheproductbeforepurchase.Forexample,onlineapparelretailersexperi-
encereturnratestotalingupto45%oftheirorders[1].Therefore,thehandlingofreturned
products,whichrepresentasignificantcosttodistributioncenters,influencestheselection
oforder-fulfillmenttechnologies.

Atypicalreturnprocessincludesreceivingthereturnedproducts,performingaquality
check,reconditioningthereturnedproducts,andstoringtheproductsforreuseandfuture
orderpicking.ReturnedproductsareoftentreatedasseparateSKUs,especiallywhenfirst-
in-first-outprocessing,expirationdates,orlottrackingareenforced.Consequently,return
processingisimportantfromaspacecapacityperspectiveratherthanatechnologythrough-
putperspective.Returnratestendtobecorrelatedwitherrorratesoftechnologies(i.e.,the
higherthepickerrorratethehigherthepercentageofreturnedproducts).Therefore,im-
provingthepickaccuracyshoulddecreasereturnprocessingcosts.

ToincorporatethereturnprocessingintoourmathematicalmodelfromSection5,de-
fineφasthepercentofpiecesreturned,andreplace(4)with(12),

|J|

∑
j=1

xjtbj−bj−1
ns

st
+φnp ≤wt ∀t∈T. (12)

A-Framesystemsareanautomateddispensingtechnologythatautomaticallydispenses
itemsontoaconveyorbeltthatfillsintoordertotes. A-Framesystemsaremostsuitable
whentheitemstobepickedaresmallinsizeandcanwithstandafallontoaconveyor.For
reasonsrelatedtothephysicalnatureoftheitem,suchaspackagingrestrictionsorproduct
dimensions,notallitemscanbeejectedfromanA-Frameandshouldnotbeconsideredfor
assignmenttoA-Framesystems.

ToincorporateA-FramesystemSKUinclusion,defineαasthepercentofSKUsthat
canbeejectedfromanA-Frame,lett=tdenoteanA-Framesystem,andaddthefollowing
constrainttothemathematicalmodelfromSection5,

|J|

∑
j=1

xjt bj−bj−1 ≤αt. (13)
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