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Order picking and packing are two essential operations

in the order fulfillment process, where workers can be

allocated and scheduled under different policies. This study focuses on a pick-pack switching policy in a picking
and packing wave of a multi-depot warehouse to shorten its completion time. All workers are responsible for the
order picking task at the beginning, and then some move to packing stations for packing. We formulate the
worker scheduling problem and propose a simulated annealing algorithm initialized by a backward scheduling to
effectively solve the problem within a short computational time. The experimental results demonstrate that the

pick-pack switching policy accelerates the completion

time of a wave compared to the monotasking policy.

Additionally, our proposed algorithm provides efficient solutions, achieving an acceptable difference from the

weak lower bound.
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Figure 1. An Example of the Target Warchouse

2229 97 A AR A% AR, o5 A7 BEY 24
A7, 283 59 AHe ERAT 2 2 Aol B 24

S.&

3} depotol] we} o] F Al 7ke] GERAEE, A3 depot?] Al
< 7 E 2B 97 N7 FEAZE A TH(Tran-Vo et al
2022). =9, 9424 02 T2 depotdl %ﬂﬂ Y2EE AT
of, g o] B9 2 g A Thel| G &S v A = A AFY depot 1

o] A Fole Aol Basith 2t Y 2EY A A 1
Ao glom, AA Y 24 AIZHE fhatete] A4t

<Figure 2> 7 7FA AA 2} 2% B AA MTH SW 2+
A WA & GEPHTE MT A Ao A A AAEES ALR ol 97 =
= W7 44 F skt Aol A Eo] e ARt
gy, o]} 2, SW BN BE AYAE 97 Y
At o] & di AdAE WA A4, U A A= A
& 97 A4S T F AN ] Aol WA
A= A A4 FE depot®] o o) ATt £ B
€ A9 Ay a8 sYsitt /g

Before After

Y X ¥ Y

Monotasking Packing i i i‘ ‘ﬂ‘
PickPack | 7one M M P e "
Switching Packing i ﬂ

Figure 2. MT and SW Policies
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scheduling problem in order picking and packing system-WPPS)
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Table 1. Table of Notations

Notation Meaning
b, B Index and set of lists
w, W | Index and set of workers
d,.D Index and set of depots
P, Picking time of list b to depot d
DT, Packing time of list b
L, Travel time from the most-left depot to depot d

M A large positive number
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(1) WPPS-SW 2.9

Combined worker-depot Q184 W& 53l WPPS-SW A
© A4l A 97 2 )7 Ao wiA ol ¥, A E At
= Ao Ges3itt ol g ¢ 2o wheh, WPPS-SW &
Ale th&3 2ol 32 stdt.

Decision variables:
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Y& o) W
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ExpressionS'

=g 2E b9 97 S8 A= 5P+, PT}, Y,
dED
D,= Y 2E b9 §7 &E ATt = SD,+ DT,

Objective function:

(WPPS—SW) Min C,,, (1)
Subject to:
dx, =1 VbE B, )
we W
My, =1 VbEB, 3)
deD
SD, = CP, VbEB, (4)
SPy > OP,+ MTy—(3—X,, — Xy, — ZPy) M (5)
VwE W, VY EB | b=V,
ZPy+ ZPy, =1 Vb EB | b=V, (6)
SDy > CD,— (3= Y,,— Yy,— ZDy) M (7)
VdED VY EB | b=V,
ZDy+ZDy, =1 Vb6 EB | b=1, (8)
SDy > CP+ MTy—(2— X, — Yy, ) M )
Yw € W,v,d e DVbbER |
w=d,b=1,

MTy = Y L, Y~ D LYy, VO EB 1 b=V, (10)
d=D d=D

MTy = Y LYy — 3, LYy VoW EB 1 b=V, (1)
deD deD

Che = CD,

m,

VbE B, (12)

)(?/u;’ Y;)d’ ZPI}b" ZD])}'E {0’1} (13)
Vbbb EBNVwE W,VdED,
8P, SDy MTy, C. =0 VbV EB | b=V, (14)
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WPPS MT &A= WPPS-SW Zd o depote] &4 8 o
Ui ¥ g9 97 2 97 8 A & gFE A
g; %710] 749t} wehA, WPPS-MT 222 WPPS-SW &
do] A9l t}S Aok 2 AL 2712 L33}

MNX, <(1—U)M YdED VweE W,w=d, (15)
VERB
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bEB
U,;={0,1} VdE D, (17)
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WPPS-SW A 3l 4ol A Backward 2AEH-& F 7HA F
Qolde AFAh AA, A7 = AT depote A AT
ZH 97 N 734 depot TF A A ZES AP A & < SlT 24,
W7 A A1 g8 2 A4 A T°]’E 1 97 A
A S B3l £ APLEANTE F5T F QU <Figure 4>+
A Fsk= Backward 2~AE8 79k -_rL/‘é Fe 2~ BW)olH
WPPS-SW =4 & s 23t7] ) 42A = T 2.

o ((steps:

§ Sequence all lists in non-decreasing packing time order.

B |step2:

ﬁ < Consider list b, evaluate each worker w (w € D) by the value of:

'g’ WA,, = Current load of worker w + Picking time of b on corresponding depot of worker w
£ | select the worker w which has smallest WA,, value to assign b to this worker

é Update worker w's load and fix the picking time of b

o

>Repeal step 2 until all lists are scheduled for packing
Step 3:

Consider the worker w* with current lowest load.

Evaluate each list b by the value of:

BA,, = Ccompletion time of b if assigning it to the next picking operation on worker w
(considering moving time between depots)

Select the list which has smallest B4, value to assign to the next operation of worker w*

Update worker w'’s load

Picking S‘t:heduling

Repeat step 3 until all lists are scheduling for picking
Step 4:
\Fnrward scheduling based on the assignment and sequence obtained

Figure 4. Backward Scheduling Method
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Forward }\7-]] E] o 7]- Xl-ﬁx].o]] EHE]- .,4714,]. J,H7] X]-%A -]
g BAE FAFHA 7hed g W AYs AZES
e, A Y2 s HA Aol ¢s o] TRt /‘]’5}%
o}, Forward A& 2 3<} Backward 2AE7 234 9
AAAEA L 3 AT

BACKWARD SCHEDULING

400 350 300 250 200 150 100 50 0

bt ’ B2 | || B7 | B1 ss|ss
o | B8 ‘ B4 | B8 | B2 |B4|Bs|
Worker 3 B7 | Bl | BS | B6 |
FORWARD REVERSE
o 50

ooy B

s B8 | B4 | B8 | B2 |s4|33|
Worker 3 B7 | Bl | B5 | B6 |

\:Picking |:|Packing

Figure 5. An Example of Solutions of Backward Scheduling and

its Corresponding Forward Scheduling
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SA ¢1TEL 5% GA-Y AANA IS He HF
ZIRolH & A Ao A A H Ao WA= S W
3t7] el GEH O R o9 & & ot g =
(Pinedo, 1995). AlZko] AV A &% (temperature) 7} A2} 7
23t 19 g & Woled FEL oS50, HH B 2
A HAE T SA Aabe 27 25, W4 Al B E
4 5 FR uESTE 2838, <Figure 6>l £9k= o] 9]
=3 "Hiﬂ- a5 A oat7] el Al 7HA] o] £ FA ALk A
&3ttt Pick_swap A= F 719 729 ﬂ/\E"ﬂ/ﬂ 77
2o X E w38, Pack swap> I 7 2S w33t}
o}x) 8k o 2 Reassignment G4HAE F2+¢) g 2Eo O E 7}
QA £ depotE A T3t

J Mo
e
Ogl_",
o,

ﬂll

Parameters initialization (Temperature T = T, Cooling factor e, and
Maximum number of iterations N)
current_solution := BWHeuristic()
best_solution := current_solution
for i=1toNdo
Randomly select one of two operators:
new_solution := Pick_Swap (current_solution)
or new_solution := Pack_Swap (current_solution)
or new_solution := Reassignment{current_solution)
Evaluate Cmax value of new solution
If Cmax(new_sol) < Cmax(best_sol) then
current_solution := new_solution
best_solution := new_solution
Else if Cmax(new_sol ) < Cmax(best_sol ) then
current_solutionl:= new_solution
Else
current_solution := new_sol with a probability of

Cmax(current_solution) - Cmax(new_solution)
T

p=e

T:=aT

return current_solution

Figure 6. The Proposed SA Procedure
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AtAtt EFAEHY T2 Fo ;2 A 71X Z ol tig
ARS TPt ol shte] FEof thate] do] 157 H,

UH 3P E 3, ol 15709 A% A2 FAHAS
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Windows 10 Al ~Elol| A 4= 5} 9 T}

Table 2. Experimental Design

Parameters Values

# of aisles 4 6 8
Depot positions {2,4} {2,5} {1,3,6,8}
# of workers 3 6 10

# of lists 6,7,8 25,50,75,100,200
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T X#OSZ} &3 A Fes BA] K3l 419 B2
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S ]
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1.3~13.5A1t2] %rﬂﬁgi 5 74]4/\17“31 EcRCh= )
<Figure 8> A HA| 2l A HAHE A
A gt MT %4 4 <] @4011 T2, #%’j 1877 Ao 2
Potr] AR 291 3 9 AYS F Jﬂt‘w} A2t 1 &
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} E(53.31%)< Holw, 8% 752“011*1«1 F AASEAT
& 694z0ltt, HhA SW A A9 F AAAEAIFL 574%0
o, MT A 4ol "3 17.29% Z4H &35 BT SW A 4
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E
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fit

CIMT_Cmax BEEESW_Cmax = -=MT_Cpu —SW_Cpu
1000 14
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Instance
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Figure 7. Performance Comparison between MT and SW Policies
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Qb daelEe & F4 7 < Lower Bound(LB)
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A= ), 25~7570¢] F& thate] 753 (feasible solution) &
AZE = AAATE, 1007 o] g2 —Zr% MJEHH s
AFA EFHT LB &5 A2E 204 HFs) oy
3.5~6.4%9 zto]E HGlom, 1A "% Tt FNETE
MILP Y] Diff 7} Z4shs B3 daelE 5% 7t S8l
48 5 905E gdsyh

l-

rufH

—_— |:| Picking |:| Packing |:| Depot transition
orker

wi 86 [s8] 7 [es[s1pa
w2 | B3-D1 [ B6-D1 | Bs-p1 | Ba-p1 |
w3 | B2-D1 | B8-D1 | B7-D1 [ B1-p1 |

0 100 200 300 00 500 0 700
(a) Under monotasking policy

Worker

w1 | B4-D1 | B7-D1 [ B2 |4 B7 [B8]
w2 [ B8-D1 | B2-D1_ || B1-D2 | B6 | B3 |B1|E5
w3 | B6 - D2 | B3-D2 | B5-D2 |

0 100 200 300 400 500 600 700

(b) Under pick-pack switching policy

Figure 8. Optimal Solutions of Instance 1
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Table 3. Algorithm Performance Evaluation

Gwangheon Lee *

Soondo Hong

# of . MILP BW SA
. # of lists LB - - :
aisles Cmax DiffLB Cpu Cmax DiffLB Cpu Cmax DiffLB Cpu
6 415.5 441.9 6.4% 8.6 5324 28.5% 0.0 4547 9.5% 0.7
4 7 480.0 500.7 | 43% 131.6 | 5789 | 20.7% 0.0 5104 | 6.4% 0.7
8 542.1 560.9 35% | 24652.0 | 667.9 | 23.3% 0.0 574.9 6.1% 0.5
25 967.4 | 1075.8 | 11.2% ~3h 1173.6 | 21.4% 0.0 1037.1 | 7.2% 1.5
50 1893.0 | 21853 | 15.6% ~3h | 2140.0 | 13.0% 0.0 19787 | 4.5% 33
6 75 2873.4 3390.7 18.1% ~3h 3142.5 9.4% 0.0 2977.3 3.6% 5.7
100 38412 - - ~3h | 41094 | 7.0% 0.0 39625 | 3.2% 8.8
200 7661.2 - - ~3h 8047.6 5.1% 0.0 7868.1 2.7% 234
25 6133 709.7 | 15.8% ~3h 868.7 | 41.7% 0.0 6944 | 132% 3.8
50 1190.5 | 14405 | 21.0% ~3h 1457.9 | 22.5% 0.0 12955 | 8.9% 9.7
8 75 1819.8 | 25433 | 39.8% ~3h | 21011 | 15.5% 0.0 1950.6 | 7.2% 17.7
100 2415.0 - - ~3h | 27033 | 11.9% 0.0 25715 | 6.5% 27.8
200 4738.0 - - ~3h 5125.2 8.2% 0.0 4988.5 5.3% 32.8
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