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"OwW|t |Ov@`tH xYqN Qw] x@ ẁ[wt 'xr�Ut h} QaD

l}Uqm �AS/RS� |xR}v=mt Q=@v= |Ov@ Qm}B w Q=DN=U "1"5
|Q=Ri=CNU |xawtHt w Q=@v= |=[i pt=W |Q=DN=U |=Q=O ,=twta xR}v=mt |=yQ=@v=
sDU}U w �|Q@ Q=@ w |Q=PoQ=@� 3O=wt pkvwptL '2Ov@ Q=@ w Q}oQ=@ xwQo xU pt=W
`=wv= x@ Ovv=wD|t Q=@v= |rQDvm sDU}U w |L=Q] ẁv Q@=v@ s=Om Qy xm OvDUy 4p}kFQH

[5w4]"OvwW s}UkD Cw=iDt |}=Q=m =@ hrDNt
QO ?U=vt |=[i ?=NDv= w |OQ@y=Q Ca}kwt '|@=}u=mt C=t=Rr= R= xDWPo
R= &CU= xS} w C}U=UL |=Q=O x@vH OvJ R= Q=@v= |L=Q] "CU= syt Q=@v= CN=U
h}=_w |xRwL QO =Q |Q=H |=yR=}v xv}y@ pmW x@ CU= Q=Qk Q=@v= l} xm |}=Hu;
QO C}=yv QO xm |Q=Ri=CNU sDU}U |Q}PB=vh=]av= x@ xHwD =@ Ovm xOQw;Q@ OwN
[8]"OyO VWwB R}v =Q xOv}; |=yR=}v Ov=wD@ O}=@ 'OwW|t xDiQo Q_v QO u; |L=Q]
sRq CkO Q=@v= |rN=O |=ysDU}U |L=Q] xS} w x@ |L=Q] u=tR QO CU= sRq TB
"OwWv u=Ykv Q=JO h}=_w x@ |} woNU=B |xRwL QO R}v xOv}; QO Q=@v= =D OwW p=ta=
|Q}os}tYD u; C=}YwYN OQwt QO CU= sRq Q=@v= l} |L=Q] u=tR QO 'wQu}= R=
x@ u; |}=QH= C=twRrt w =y|oDU@=w xOW s=Hv= |=y|Q}os}tYD T=U= Q@ w OwW
OQ@y=Q x@ |oDU@ xQ=wty Q=@v= l} |xv}y@ OQmrta CU= |y}O@ "OwW ?=NDv= CkO

[9]"OwW|t xDiQo Q_v QO u; |=Q@ xm OQ=O |D=R}yHD |xv}y@ OQmQ=m w xOW h} QaD
|xRwL QO 'Q=@v= |L=Q] QO |rQDvm |=yOQ@y=Q w |Ov@ Qm}B |xwLv OQwt QO
Q@ RmQtDt C=k}kLD ?re= Cio u=wD|t xYqN Qw] x@ '5Q=@v= |Q=DN=U |L=Q]
=} VQ=@v= C}iQ_ x@ w CU= Single Storage Rack u=tO}J |x@U=Lt |wQ
|=yQO |xv}y@ C}akwt ẁ[wt x@ CQOv x@ =} &CU= xOWv xHwD VQ=@v= C}akwt
u=kkLt ?re= Q=@v= pQDvm |xv}tR QO w [11w10]" CU= xOW xHwD q=m GwQN w OwQw
p}NO OwN |O=yvW}B Q=@v= Q=DN=U |L=Q] QO =Q |rQDvm QwDUO |tm O=OaD =} l}
|xwLv w Q=@v= pN=O pkvwptL p}=Uw |xv}y@ C}akwt |L=Q] C=aw[wt w Ov=xOQm
xmu}= =@ w CU= xOWv xO}O ,=U=U= Q=@v= |L=Q] QO T=vH= |Ov@xDUO w |Ov@s}UkD
C=k}kLD QO 'OvQ=O pt=m |oDU@=w sy x@ Q=@v= |Q=DN=U |L=Q] w |rQDvm sDU}U
w |OwQw O=OaD ẁ[wt x@ w Ov=xOW |UQQ@ ,qkDUt w |}=yvD x@ l} Qy xOW s=Hv=

[13w12]"CU= xOW xDN=OQB CQOv x@ =yv; |xv}y@ C}akwt w Q=@v= GwQN

xR}v=mt |=yQ=@v= QO VQ=@v= |rY= |=yCU=}U "6
[14w7'6'2]"OQ=O OwHw xR}v=mt |=yQ=@v= QO VQ=@v= |=Q@|rY=CU=}U GvB|rm Qw] x@

|Y=YDN= |R=UxQ}NP "1
?}a &OQ}o|t jraD X=N C}akwt l} x@ xQ=wty q=m ẁv Qy VwQ u}= QO
|tm |=[i xH}Dv QO w CU= |R=UxQ}NP |=Q@ O=} R |=[i x@ R=}v u; |rY=
R= "OvDU}v xR}v=mt C=R}yHD u}= ,=twta w O@=}|t X=YDN= VQ=@v= C=R}yHD x@

[4]"OQ@ s=v =Q u}ovU =} nQR@ sHL =@ |=yq=m VQ=@v= u=wD|t u; |=}=Rt
|iO=YD |R=UxQ}NP "2

OwHw u=Um} p=tDL= =@ VQ=@v= u=mt= Q=@v= |r=N |=y=[i s=tD QO VwQ u}= QO
"OQ=O
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"""Q=
@v=Q

Ou
=tO}

J|
R=Ux

v}y@
|H

vUu
=mt=O}OH pOt |=aO= OQwt |=y|}=v=wD 'O}OH |Q=mD@= sD} Qwor= T=U= Q@ w OwW xO=iDU=

"OwW |}=tR;|DU=Q

q=m VOQo Q@ |vD@t |R=UxQ}NP |}=tv=H |k}irD pOt "1"8
�COI VQ=iU Q@ ?amt XN=W�

|=[i X}YND� 8VQ=@v= |}=tv=H |xRwL QO [16w14]"OW xQ=W= xm Qw] u=ty
OwHw xR}v=mt |=yQ=@v= QO VQ=@v= |=Q@ |rY= CU=}U GvB |rm Qw] x@ �VQ=@v=
OQwt xR}v=mt |=yQ=@v= QO Q[=L p=L QO xm =yv; u} QD|OQ@ Q=m w u} QD`t=H xm OQ=O

"CU=yCU=}U u}= R= |k}irD 'OQ}o|t Q=Qk xO=iDU=
"OwW|t h} QaD Q=@v= x@ |OwQw Q=@ Qy |=Q@ �COI� XN=W VwQ u}= QO
Q=@ u; |=Q@ VQ=iU O=OaD x@ Q=@ R=}v OQwt |=[i C@Uv Ck}kL QO COI XN=W
u} QDl}ORv QO =Q QDtm COI[10] =@ |=yQ=@ 'xOa=k u}= "CU= X=N |v=tR |xR=@ QO
QO |UQDUO p@=k |=[i w "Ovm|t |}=tv=H GwQN w OwQw |=y?QO x@ =yC}akwt
=[=kD Ot=U@ T=U= Q@ xm =yQ=@ ,=@k=aDt w OwW|t s}UkD CtUk u}OvJ x@ Q=@v=
\ki =[i Qy x@ xm CQwY u}= x@ OQ}o|t jraD =[i Qy x@ Ov=xOW |Ov@Tqm
QO Ov=wD|t Tqm xDUO Qy |=yq=m |}=tv=H w O@=}|t X}YND q=m Tqm l}
x@ xw}W u}= QO "OQ}o CQwY |iO=YD CQwY x@ Tqm u; |Y=YDN= |=[i
Q_v QO q=m |iQYt Tqm xU xOta CQwY x@ 'u=tR w =[i QDy@ C} Q}Ot Qw_vt
x@DQt 'QDtm hQYt=@� C Tqm =D �hQYtQB |q=m �A Tqm R= xm OwW|t xDiQo
QO hQYtQB Tqm |=yq=m |}=tv=H VwQ u}= |=}=Rt R= "OvwW|t |Ov@xk@] �swU
x@ Q=@v= |Q}PBh=]av= C} Rt R= xO=iDU= =@ x=Qty |HwQN/|OwQw |=y?QO |m}ORv
R= |xv}y@ xO=iDU= w �Tqm Qy QO� xOW |Ov@xDUO |=yq=m |iO=YD VQ=@v= p}rO
|=}=Rt j}irD =@ xm xv} Ry |[=} Q pOt "CU=H C}OwOLt |=Q=O |=yQ=@v= QO =[i
u=tO}J C=@U=Lt w Cq=kt QO Q[=L p=L QO w CU= xOW x�=Q= =yCU=}U u}=
OwQw \=kv x@ sqk= |}=Hx@=H |xv} Ry xm CU= xOW s}_vD |Qw] OwW|t xO=iDU=

[18]"OwW xv}tm GwQN w

xDi=}X}YND |R=UxQ}NP CU=}U |[=} Q pOt "2"8
OQ=w Q=@v= x@ TvH srk m =yv; j} Q] R= xm OQ=O GwQN w OwQw |x]kv p Q=@v= l} QO
OvwW|t xQ}NP uOQm Q=@v= |=Q@ OwHwt u=mt n R= |m} QO sqk= &OwW|t GQ=N =}
s}v=O|t w OvQ=O R=}v uOQm Q=@v= |=Q@ |w=Ut |R=UxQ}NP |=[i '=yu=mt |xty w

%xm CU= u}= p;xO}= TB "OQ=O R=}v Si |xR=Ov= x@ |}=[i x@ i �|q=m � srk xmXm

i=1 Si = n (1)

|xv} Ry 'OQ=O OwHw k |HwQN/|OwQw |x]kv R= i pwYLt |=Q@ QiU fik O=OaD
|OwQw |x]kv R= Ci=Ut OL=w l} |xR=Ov= x@ i pwYLt R= OL=w l} |}=Hx@=H
|OwQw |x]kv R= j |R=UxQ}NP |=[i |xrY=i w CU= Cik pO=at 'k |HwQN/

CQwY x@ xij s}tYD Q}eDt uDiQo Q_v QO =@ "CU= dkj pO=at 'k |HwQN w
xDi=} X}YND j |xQ}NP pLt x@ i TvH =}; Ovm|t XNWt xm 'l} w QiY
|R=UxQ}NP |=y=[i x@ sqk= X}YND |=Q@ =Q Q} R |[=} Q pOt u=wD|t 'Q}N =}
|HwQN w |OwQw \=kv x@ sqk= |}=Hx@=H |xv} Ry xm |wLv x@ &OQm |Ov@pwtQi
pY=L CQwY x@ VQ=@v= |=[i/q=m CiH Qy |=Q@ xv} Ry "�2 |x]@=Q� OwW xv}tm

"CU= xOW x@U=Lt pt=a xU ?Q[
GwQN/OwQw \=kv R= l} Qy x@ =yQiU |v=w=Qi �hr=

w VQ=@v= |=yVwQ R= |O}OH h} QaD pw= sOk QO '|yOCtON CkO 'CaQU QO
|=ysD} Qwor= R= xO=iDU= =@ u; QO xm OwW x�=Q= OvtWwy |=yQ=@v= |=[i QO u=tO}J
R= |Q=}U@ 'l}v=mt |UOvyt xrtH R= |UOvyt |=yxv}tR Q}=U |R=Uxv}y@ w p}rLD
|O}OH s}tYD =yQ}eDt w C=_Lqt u; |=H x@ w xOW uwoQoO |r@k |=yC}OwOLt
R= Q=@v= |=[i 'l}Uqm pOt hqNQ@ O}OH |O=yvW}B sDU}U QO =D OwW h} QaD

"OwW p}O@D =} wB |=[i l} x@ =DU}= |=[i l}
w OvwW xDiQo Q_v QO =} wB CQwY x@ VQ=@v= |=RH= CU= sRq =DU=Q u}= QO
CaQU x@ xDU@� u=tR Qy QO w OvW=@v C@=F OwN |=H QO l}Uqm pOt Ovv=t Qo}O
^=Lr R= w OvW=@ Q}eDt |v=mt C=YDNt |=Q=O �""" w GwQN w OwQw QD=wD 'hQYt
|x@U=Lt |=Q@ xm OvQ}o Q=Qk Q=@v= QO OwN |xv}y@ u=mt QO x_Lr QO CU= sRq xv} Ry
|x@U=Lt QO q=@ CaQU ut[ xm OQm xO=iDU= |Q=mD@= |tD} Qwor= R= O}=@ u;
j}kO |v=mt C=YDNt |x�=Q= QO w OW=@ j}kO pL |x�=Q= x@ QO=k 'xv}y@ u=mt
uOQm xOQw;Q@ |=Q@ xOwRi= VRQ= OL=w l} CQwY x@ 'sD} Qwor= u}= |DQ=@a x@ &OW=@
CQwY u}= x@ "Ovm pta Q=@v= w u=tO}J |xRwL QO CavY sQ=yJ pUv C=t=Rr=
|} woNU=B x@ QO=k w CW=O Oy=wN =Q =} wB VQ=@v= C}a[w |=[Q= C}r@=k pOt u}=
Oy=wN q=@ CaQU=@ |D=tON =} |O}rwD |=ysDU}U R= GDvt `} QU |=ylQLt x@

"Ow@

xr�Ut h} QaD "8
'O}rwD |=yOv}=Qi ẁvD '|O}rwD |=ysDU}U VQDUo '|Qw=:vi OWQ x@ xHwD =@ xRwQt=
w |Q}PBh=]av= CaQU Q_v R= |O}rwD |=ysDU}U uOW xv}y@ w |O=YDk= OWQ
'|O}rwD |=ysDU}U |D=tON w |v=@}DWB |=yOv}=Qi CaQU V}=Ri= swRr u; `@D x@
OwHw =@ w OQ=O xm |}=yC}OwOLt x@ xHwD =@ xR}v=mt |=yQ=@v= l}Uqm pOt
|=yR=}v |woNU=B 'u; xOR=@ Ow@y@ w |R=Uxv}y@ |=Q@ xOW s=Hv= |=yxSwQB w C=k}kLD
j@=]t |t}Ok h} Q=aD |NQ@ CU= sRq w CU}v O}OH CaQUQB |O}rwD |=ysDU}U
|=ysD} Qwor= w =yVwQ |NQ@ u; p=@vO x@ w OvwW h} QaDR=@ O}OH |=y|OvtR=}v =@
|yOu=tR=U |=Q@ |O}OH |=ysD} Qwor= w =yVwQ &OvwW xDW=Po Q=vm |D=@U=Lt

"OwW h} QaD =yv; p�=Ut pL w O}OH h} Q=aD
|xi}_w xm|}=RH= 'CU=DU}= pOtl} xR}v=mt Q=@v=l}Uqm pOt xm|}=Hu; R=
C@=F pOt u}= QO 'OvQ=O xOya x@ =Q �|vRw =} |tHL� q=m w TvH |Q=Oxov w VQ=@v=
CQwY x@ 'xv} Ry CqO=at |R=Uxv}y@ x@ \w@ Qt C=@U=Lt w OvwW|t xDiQo Q_v QO
QO w �q=m CmQL w pkvwptL� Ci=Ut w u=tR |=ypt=a Vy=m j} Q] R= xOta
q=m pkvwptL pt=wa =D Ovvm|t pta VQ=@v= |=RH= |xv}y@ u=tO}J |L=Q] C}=yv
C}=yv QO w u=tR u} QDtm w �Ci=Ut u} QDtm � Q}Ut u} QDx=Dwm QO =Q OwN |xi}_w
\}Lt pOt |Ov@s}UkD V}=Ri= 'l}Uqm Q=@v= pOt QO "Ovvm =QH= xv} Ry u} QDtm =@
w Q=@v= |=[i |Ov@s}UkD O=OaD V}=Ri= =} q=m O=a@= Vy=m 'q=m O=OaD V}=Ri=� Q=@v=
xv} Ry x@ \w@ Qt CqO=at QO �Q=@v= QO GwQNw OwQw |=y?QO C}akwt w O=OaD Q}}eD
O=} R |Q@u=tR w |Q=wWO =@ =Q u=tO}J x@ \w@ Qt p�=Ut pL w CU= Q=PoQ}F-=D Q=}U@

"Ovm|t xH=wt
VQDUo |a}@] sD} Qwor= R= uDiQo s=yr= =@ xm CU= xOW |aU j}kLD u}= QO
x@ |DW=ov ' �VvD VQDUo |wor= |Q=DiQ Cy@=Wt x@ xHwD =@� s=UH= QO VvD
VwQ R= w OwW x�=Q= w |L=Q] 'Q=@v= QO xv}y@ u=tO}J X}YND pOt QO CQwY
p}rLD |=Q@ p}Uv=DB |SQv= |xv}tm |x} Q_v w OwOLt |=RH= |r}rLD w |D=@U=Lt
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q=m VOQo CU=}U Q@|vD@t |R=UxQ}NP pOt pL sD} Qwor= "4"8
Q} R KQW x@ 1 pmW sD} Qwor= =@ xv} Ry |xv}y@ pOt u}= R= xO=iDU= =@ p�=Ut pL

%OQ}o|t CQwY
w CU= CtUk wO |=Q=O xv}y@ `@=D 'CU= XNWt sD} Qwor= QO xm Qw]u=ty
|Ov@s}UkD R= TB w pw= |xrLQt &OwW|t s=Hv= xrLQt wO QO xv}y@ u=tO}J Ov}=Qi
w Q=@v= K]U C=t}UkD |wQ Q@ (Wj) Ci=Ut XN=W |x@U=Lt 'Q=@v= |=[i
u} QDy@ xm |wLv x@ &VQ=@v= C}r@=k |=v@t Q@ =ylwr@ |Ov@C} wrw= uOWXNWt
CU= |y}O@ "CU= (Wj) XN=W u} QDtm |=Q=O xm CU= |OL=w VQ=@v= C}akwt
'Q=@v= K]U C=t}UkD O=OaD w Q=@v= K]U QO OL=w Qy C}akwt Q@=v@ XN=W Q=Okt
OYQO w xOW s=Hv= C=t}UkD R= =y?QO |xrY=i '=y?QO C}akwt '=y?QO O=OaD
(Tj) XN=W w xv} Ry C=@U=Lt swO |xrLQt "Ovm|t Q}}eD QO Qy R= q=m Qy QiU
QD=wD |=v@t Q@ q=mQy VQ=@v= C} wrw= Cr=L u}= QO &CU= Q=@v= C=t}UkD |wQ Q@
sm =QD |x@U=Lt C}=yv QO w �=yOL=w� q=m O=OaD Q@ s}UkD q=m u; GwQN w OwQw
sm =QD |=Q=O xm |}q=m Qy CU= |y}O@ "OQ}o|t CQwY q=m Qy (Tj) |r=oJ
"OQ=O Q=@v= QO xv}y@ |=yC}akwt QO VQ=@v= Q@ |QDq=@ C} wrw= 'CU= |QDW}@ |r=oJ
|OwQw \=kv x@ sqk= |}=Hx@=H |xv} Ry xm CU= |wLv x@ C=@U=Lt ẁtHt QO
GwQN w OwQw O=OaD =@� QDW}@ hQYt ?} Q[ =@ |}q=m w OwW xv}tm |HwQN w
x@ xt=O= QO "OwW u} Ro}=H VQ=@v= |xv}y@ \=kv QO ��QDW}@ |r=oJ sm =QD� QDW}@
x�=Q= xvwtv |xr�Ut l} pL 'l}Uqm xv}y@ pOt u=tO}J OQmrta |xOy=Wt Qw_vt

[14]"OwW|t

"q=m VOQo CU=}U Q@|vD@t |R=UxQ}NP pOt pL sD} Qwor= "1 pmW

GwQN/OwQw |x]kv Qy x@ xOW xOwt}B |xrY=i �?
"Ci=Ut OL=w |=R= x@ xv} Ry �G

Minimize
Xm

i=

Xn

j=1

�
(
Pp
k=1 cikfikPkdkj)

si

�
xij (2)Xn

j=1 xij = si; i = 1; 2; :::;m (3)Xm

i=1 xij = si; j = 1; 2; :::; n (4)

xij = 0 or 1 ; i = 1; 2; :::;m j = 1; :::; n (5)

%|Q=Po}=H =@
wij =

(
Pp
k=1 cikfikPkdkj)

si
%OQm |U} wvR=@ Q} R CQwY x@ u=wD|t =Q hOy `@=D

Minimize
Xm

i=

Xn

j=1 wijxij (6)

VOQo CU=}U Q@|vD@t |R=UxQ}NP |}=tv=H |[=} Q pOt "3"8
�COI VQ=iU Q@ ?amt XN=W� q=m

s} Q}o|t Q_v QO =Q xDi=}X}YND |R=UxQ}NPCU=}U|L=Q] pOt R=|Y=NCr=L
w Ovvm|t xO=iDU= C@Uv l} x@ |HwQN w |OwQw |=y?QO R= sqk= |xty u; QO xm
"CU= |HwQN/|OwQw |x]kv R= pkDUt i |q=m Q=@ OL=w l} |}=Hx@=H |xv} Ry
|OwQw |x]kv R= xm s}vm|t h} QaD i |q=m |=yQiU R= |OYQO u=wva x@ =Q Pk
q=m Qy |=Q@� k = 1; 2; 3; :::P xm |Qw] x@ &Ovm|t xO=iDU= s= k |HwQN/

TB �"Ovvm|t xO=iDU= C@Uv l} x@ |HwQN/|OwQw \=kv R= =yq=m |xty uwJ
QO T}Ov= u}rw= x@ |R=}v w OvwW|t hPL pOt u}= QO |i=[= |=yC}OwOLt
x@ |[=} Q pOt w OvwW|t u} Ro}=H ci w fi ?}DQD x@ 'u}=Q@=v@ "CU}v cik w fik

%OwW|t |Ov@pwtQi Q} R CQwY
wij =

(
Pp
k=1 cifidkj)

si
(7)

|Q=Po}=H =@
wj =

Xp

k=1 Pkdkj

%CWwv Q} R CQwY x@ u=wD|t =Q hOy `@=D
Minimize

Xm

i=

Xn

j=1
cifi
si

wjxij

subjected to constraints (3)� (5) (8)

\xv} Ry" x@ \w@ Qt CqtH |HwQN |R=U?DQt ut[Dt pOt u}= |=QH= xt=O= QO
�Ci=Ut� x@ \w@ Qt CqtH C=@U=Lt|HwQN w i|q=m srk Qy |=Q@ �(cifi=si)
|rwRvQ}e w |OwaYQ}e CQwY x@ ?}DQD x@ j |R=UxQ}NP |=[i Qy |=Q@ (Wj)

x@ 'CUq=m OL=w QO |}=Hx@=H |xv} Ry u} QDW}@ |=Q=O xm |}q=m |DQ=@a x@ &CU=
R= "O@=}|t X}YND 'OQ=O =Q |HwQN/|OwQw |=yQO R= xrY=i u} QDtm xm |D}akwt
u=wva x@ T i QDt=Q=B R= cifi |xv} Ry CqtH |=H x@ u=wD|t pOt u}= QO |iQ]
xQy@ R}v q=m OL=w QO hQYt QD=wD u=wva x@ (Ti=si) CQ=@a w q=m hQYt QD=wD
x@ =} q=m OL=w QO hQYt QD=wD u} QDW}@ xm =Q |}q=m 'pOt u}= Cr=L u}= QO "CUH
u} QDtm xm |D}akwt x@ �OW=@ QDhQYtOvD� OW=@ xDW=O =Q q=m |r=oJ sm =QD |DQ=@a

"Ovm|t |yOTQO; 'OW=@ xDW=O =Q |HwQN/|OwQw |=y?QO R= xrY=i

55



"""Q=
@v=Q

Ou
=tO}

J|
R=Ux

v}y@
|H

vUu
=mt="q=m VQ=@v= C}wrw= |x@U=Lt w Q=@v= C=YNWt OQwt QO |OOa p=Ft |=yZQi "1 pwOH

pwYLt Tj Ai Si
T j=Si VQ=@v= C}wrw=�GwQN w OwQw QD=wD� �CL=Ut� �OL=w O=OaD�

A 750 3600 9 83 33 1
B 900 6400 16 56 25 3
C 800 4000 10 80 2

"(A > C > B) C}wrw= ?}DQD x@ CqwYLt |}=tv=H "4 pmW

Q}=U w C=t}UkD O=OaD w =y?QO C}akwt x@ xHwD =@ xv}y@ u=tO}J pmW "5 pmW
"l}Uqm pOt QO Q=@v= C=YNWt
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1. automated storage and retrival system
2. rack
3. handling
4. crane
5. physical design
6. cube-per-order index
7. ABC storage
8. storage assignment
9. �nite element method
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