12. Requires no pallet returns to itself or is stacked on itself (Avoids cycling)

13. Requires variable ZL is equal to variable X when forklift moves from first stored
pallet to store a second pallet

14. Requires variable ZP is equal to variable X when forklift moves from first picked
pallet to pick a second pallet

15. Requires return to depot after storing 2 pallets

16. Requires return to depot after picking 2 pallets

17. Requires a return move from pick pallet to depot

18. Prevents cycling between any 2 nodes (pallet or dummy)

19. Requires going from picking pallets to depot

4.6. Numerical Examples:
Heuristic 1: 5 pallets: The model of heuristic 1 will be used to solve a problem with 5
pallets which has a stackability matrix that contains 5 ones, meaning a stackability
density of 25%. The storage pallets are pallets number 1 and 2 while the pick pallets are
pallets number 3, 4, and 5. The optimal path is presented below. D represents the depot
and i represents pallet i.
D-1-2-D-4-3-D-5-D
This path can be translated as shown below. S means storage and P means picking.
D-S-S-D-P-P-D-P-D

This solution requires a total travel plus handling time of 4.9 minutes. For

comparison, the travel time was 3 minutes; while the handling time was 1.9 minutes. This
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model considered the handling time which was not considered in previous models. The
handling time is around 38.7 % of the total time, which would likely be considered
significant in practice. This is good as it emphasizes the importance of this research

modeling the handling time which was not done before in literature.

Heuristic 2: 5 pallets: The model of heuristic 2 will be used to solve the same problem
with 5 pallets. The optimal path is presented below. D represents the depot, Du represents
dummy (middle zone) and i represents pallet i.
D-1-Du-3-D-2-Du-4-5-D
This path can be translated as shown below. S means storage and P means picking.
D-S-Du-P-D-S-Du-P-P-D

This solution requires a total travel and handling time of 4.2 minutes. For
comparison, the travel time was 2.5 minutes; while the handling time was 1.7 minutes.
The handling time is almost 40 % of the total time, which would likely be considered
significant in practice. This is again good as it emphasizes the importance of this research
modeling the handling time which was not done before in literature.
Summary

Table below show results of 5 pallets problem

5 pallets problem | Total time in minutes

Combined Model 4.1
Heuristic 1 4.9
Heuristic 2 4.2

Table 4.1: Results in 5 pallets problem
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Heuristic 1: 7 pallets: The model of heuristic 1 will be used to solve a problem with 7
pallets which has a stackability matrix that contains 7 ones, meaning a stackability
density of 16.67%. The storage pallets are pallets number 1, 2, and 3 while the pick
pallets are pallets number 4, 5, 6, and 7. The optimal path is presented below. D
represents the depot and i represents pallet i.
D-1-3-D-2-D-4-6-D-5-D-7-D
This path can be translated as shown below. S means storage and P means picking.
D-S-S-D-S-D-P-P-D-P-D-P-D

This solution requires a total travel plus handling time of 6.833 minutes. For
comparison, the travel time was 4.33 minutes; while the handling time was 2.5 minutes.
This model considered the handling time which was not considered in previous models.
The handling time is around 36 % of the total time, which would likely be considered
significant in practice. This is good as it emphasizes the importance of this research

modeling the handling time which was not done before in literature.

Heuristic 2: 7 pallets: The model of heuristic 2 will be used to solve the same problem
with 7 pallets. The optimal path is presented below. D represents the depot, Du represents
dummy (middle zone) and i represents pallet i.

D-1-Du-4-6-D-2-Du-5-D-3-Du-7-D

This path can be translated as shown below. S means storage and P means picking.

D-S-Du-P-P-D-S-Du-P-D-S-Du-P-D
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This solution requires a total travel and handling time of 5.43 minutes. For
comparison, the travel time was 3.13 minutes; while the handling time was 2.3 minutes.
The handling time is almost 42 % of the total time, which would likely be considered
significant in practice. This is again good as it emphasizes the importance of this research
modeling the handling time which was not done before in literature.

Summary

Table below show results of 7 pallets problem for combined model with 2

heuristics
7 pallets problem | Total time in minutes
Combined Model 5.4333
Heuristic 1 6.8333
Heuristic 2 5.4333

Table 4.2: Results in 7 pallets problem

Heuristic 1: 8 scattered pallets: The model of heuristic 1 will be used to solve a
problem with 8 pallets which has a 10x10 stackability matrix that contains 56 ones,
meaning a stackability density of 14.29%. The storage pallets are pallets number 1, 2, 3,
and 4 while the pick pallets are pallets number 5, 6, 7, and 8. The optimal path is
presented below. D represents the depot and i represents pallet i.
D-1-3-D-2-4-D-7-6-D-8-5-D

This path can be translated as shown below. S means storage and P means picking.

D-S-S-D-S-S-D-P-P-D-P-P-D
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This solution requires a total travel and handling time of 14.6 minutes. For
comparison, the travel time was 11.4 minutes; while the handling time was 3.2 minutes.
This model considered the handling time which was not considered in previous models.
The handling time is around 22 % of the total time, which would likely be considered
significant in practice. This is good as it emphasizes the importance of this research

modeling the handling time which was not done before in literature.

Heuristic 2: 8 scattered pallets: The model of heuristic 2 will be used to solve the same
problem with 8 pallets. The optimal path is presented below. D represents the depot, Du
represents dummy (middle zone) and i represents pallet i.
D-1-3-Du-6-7-D-2-4-Du-8-5-D
This path can be translated as shown below. S means storage and P means picking.
D-S-S-Du-P-P-D-S-S-Du-P-P-D

This solution requires a total travel and handling time of 13.4 minutes. For
comparison, the travel time was 10.2 minutes; while the handling time was 3.2 minutes.
The handling time is almost 24 % of the total time, which would likely be considered
significant in practice. This is again good as it emphasizes the importance of this research

modeling the handling time which was not done before in literature.

Summary

Table below show results of 8 scattered pallets problem for combined model with

2 heuristics
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8 pallets problem | Total time in minutes

Combined Model 12.6
Heuristic 1 14.6
Heuristic 2 134

Table 4.3: Results in 8 pallets problem
The results show that combined model beats heuristics 1 and 2. Also you can see figure

4.4 below showing combined model solution progress during running time for 8 scattered

pallets.
8 pallets solution during running time
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Figure 4.4: Solution during running time

Heuristic 1: 9 pallets: The model of heuristic 1 will be used to solve a problem with 9

pallets which has a stackability matrix that contains 9 ones, meaning a stackability
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density of 12.5%. The storage pallets are pallets number 1, 2, 3, and 4 while the pick
pallets are pallets number 5, 6, 7, 8 and 9. The optimal path is presented below. D
represents depot and i represents pallet i.
D-1-3-D-2-D-4-D-5-D-6-D-7-9-D-8-D.
This path can be translated as shown below. S means storage and P means picking.
D-S-S-D-S-D-S-D-P-D-P-D-P-P-D-P-D

This solution requires a total travel and handling time of 8.967 minutes. For
comparison, the travel time was 5.87 minutes; while the handling time was 3.1 minutes.
This model considered the handling time which was not considered in previous models.
The handling time is around 34 % of the total time, which would likely be considered
significant in practice. This is good as it emphasizes the importance of this research

modeling the handling time which was not done before in literature.

Heuristic 2: 9 pallets: The model of heuristic 2 will be used to solve the same problem
with 9 pallets. The optimal path is presented below. D represents the depot, Du represents
dummy (middle zone) and i represents pallet i.
D-1-Du-5-D-2-Du-6-D-3-Du-7-9-D-4-Du-8-D
This path can be translated as shown below. S means storage and P means picking.
D-S-Du-P-D-S-Du-P-D-S-Du-P-P-D-S-Du-P-D

This solution requires a total time both traveling and handling of 6.9 minutes. For
comparison, the travel time was 4 minutes; while the handling time was 2.9 minutes. The

handling time is almost 42 % of the total time, which would likely be considered
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significant in practice. This is again good as it emphasizes the importance of this research
modeling the handling time which was not done before in literature.
Summary

Table below show results of 9 pallets problem for combined model with 2

heuristics
9 pallets problem | Total time in minutes
Combined Model 6.7
Heuristic 1 8.9667
Heuristic 2 6.9

Table 4.4: Results in 9 pallets problem

4.7 Conclusions and Future Research

In this research a mathematical model was developed to solve the combined order
picking and storage (dual command) problem of optimizing the forklift route with
multiple pick and storage orders in a warehouse which has stackable pallets. We conclude
that this mathematical model is a working model, as it was coded in OPL software and
solved for five, seven, eight, and nine pallets size problems successfully with validated
solutions. Also, two heuristics were developed which give quick solutions which are
close but sub optimal to solutions out of combined model. In the future research, a
Metaheuristic like genetic algorithms or simulated annealing can be used to build a model

to solve bigger problems such as a hundred pallet problem.

71



CHAPTER FIVE

CONCLUSIONS

In the first part of the research we addressed the order picking and storage
problems with stackable pallets. In this research three mathematical models were
developed. One model analyzed the order picking operation in terms of travel distance. A
second model analyzed the order picking operation in terms of time, adding the time
elements of picking and stacking a pallet and a third model analyzed the order storage
operation in terms of time. The concept of pallet stackabilty was applied in all three
models. We concluded that these three mathematical models are working validated
models, as they were coded in OPL software and solved for 25, 50, 75, 100, 125, 150,
175, 200, 225 and 250 pallets size problems successfully. Each was solved using five
different variations of stackability options; total of 150 examples for the three models.
Problems with a small number of pallets had the solution confirmed by complete
enumeration. So, contributions of chapter 3 are: introduced stackability in the order
picking problem, constructed a detailed time-based math programming model to find
optimal pick or store sequence, and explicitly included the time associated with stacking

pallets in a math programming model.

In the second part of the research we addressed the combined order picking and

storage problem, also known as dual command with stackable pallets. In this research a

mathematical model was developed to solve the combined order picking and storage
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(dual command) problem of optimizing the forklift route with multiple pick and storage
orders in a warehouse which has stackable pallets. We concluded that this mathematical
model is a working model, as it was coded in OPL software and solved for five, seven,
eight, and nine pallets size problems successfully with validated solutions. Also, two
heuristics were developed which give quick solutions which are close but sub optimal to
solutions out of combined model. Comparing the results of the two heuristics versus the
combined model, the combined model beats heuristics 1 and 2 in three out of four
examples. So contributions of chapter 4 are: developed a detailed time-based math
programming model for the dual command problem (allows picking and storing in the
same route), developed two heuristics for the dual command problem, and proved that
handling time is a significant time element 22 to 46 % of total time spent to pick and

store pallets.

In the future research, a Metaheuristic like genetic algorithms or simulated

annealing can be used to build a model to solve bigger problems such as a hundred pallet

problem.
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Appendix A: 50 pallets distance matrix

= D P1 P2 P3 P4 P5 P6 P7 P8 P9 P10P11P12P13P14P15P16P17P18 P19 P20 P21 P22 P23 P24 P25 P26

D 0 [290]280|270]260/250[240/230|220|210/200/190|180/170|160|150{140]130{120/110/100| 90 | 80 | 70 | 60 | 50 | 50

P1 |290] 0 |[50|60|70|80|90(100/110/120{130]|140/150/160]170|180]190/200|210|220|230{240{250{260(270|280|290

P2 128050 0 |50|60|70|80|90|100/110{120]|130{140/150/160|170]180|190|200|210|220|230{240|250|260|270|280

P3 |270[60|50| 0 |50 |60 |70|80|90|100/110/120/130(140/150|160/170/180{190|200|210/220{230|240|250|260|270

P4 |260[70|60|50| 0 |50|60|70|80|90|100/110/120(130/140]150/160|170{180]190|200/210{220|230|240|250|260

P5 |250[80|70|60|50| 0 |50/60|70|80|90|100/110{120/130{140/150/160{170]180|190/200{210{220|230|240|250

P6 |240[90|80|70]60|50| 0 |50|60|70|80|90100{110/120]130/140/150{160]170|180/190{200{210]220|230|240

P7 |230[100{90|80|70|60|50| 0 |50|60|70|80 90 |100/110{120/130/140{150]160|170/180({190{200|210|220|230

P8 |220/110{100{90|80|70|60 /50| 0 |[50|60| 70|80 |90 |100{110/120/130{140]150|160/170({180|190|200/210|220

P9 |210/120]110{100/90|80|70|60|50| 0 |50|60 70|80 |90 |100/110/120{130]|140|150/160({170|180]|190/200|210

P10 |200/130]120/110/100/90|80|70|60|50| 0 |50|60|70 |80 |90 |100/110/120]130{140]150{160|170|180/190/200

P11 [190/140/130/120/110/100/90|80|70|60|50| 0 |50 |60 |70|80|90|100/110/120(130|140/150/160]170/180/190

P12 [180]150/140/130/120/110/100{90|80|70|60|50| O |50 |60 |70|80|90100/110{120]|130{140|150|160|170/180

P13 [170]160]150/140/130/120/110{100{90 |80 |70|60|50| O |50|60|70|80 |90 |100{110{120{130|140]150/160/170

P14 |160/170{160/150/140{130/120/110/100/90 80|70 (60|50 | 0 | 50|60 70|80 |90 |100{110{120(130{140/150{160

P15 |150/180(170/160/150{140/130/120/110/100/90 |80 | 70|60 |50 | 0 |50 |60 |70 |80 |90 |100{110{120|130/140{150

P16 |140/190/180/170/160{150/140/130/120/110/100{ 90 80| 70|60|50| O |50 |60 |70 |80 |90 |100{110{120/130{140

P17 |130j200{190/180/170{160/150/140/130/120/110{100{ 9080|7060 |50 | 0 |50 |60 |70 |80 | 90 [100{110/120{130

P18 |120/210j200/190/180(170]160/150/140/130/120]110{100{ 90 | 80| 70|60 |50| O |50 |60 |70 |80 |90 [100/110{120

P19 |110j220}210/200/190(180/170/160/150/140/130{120{110]100{ 90|80 |70 |60 |50 | O |50 |60 |70 |80 |90 |100{110

P20 |100j230|220|210/200{190/180/170]160/150{140]130{120]110{100; 90 |80 | 70 |60 |50 | O |50 |60 | 70 | 80 | 90 |100

P21 |90 |240|230/220/210{200/190/180|170/160/150{140(130]120{110j100; 90 |80 | 70 |60 |50 | O |50 |60 |70 |80 | 90
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p22
P23
P24
P25
P26
P27
P28
P29
P30
P31
P32
P33
P34
P35
P36
P37
P38
P39
P40
P41
P42

D P1 P2 P3 P4 P5 P6 P7 P8 P9 P10P11P12P13P14P15P16P17P18P19P20P21 P22 P23 P24 P25 P26
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= D P1 P2 P3 P4 P5 P6 P7 P8 P9 P10P11P12P13P14P15P16P17P18P19P20P21P22P23P24P25P26
P43 |220/460[4501440/430/420/410}400|390|380|370|360/350|340/330|320|310/300|290/280|270{260|250{240|230{220|210

P44 |230/470/460/450/440/430/420410]400/390/380|370(360]350{340|330|320/310|300/290|280{270|260(250|240|230|220

P45 |240/480/470}460/450/440/430420/410/400/390|380(370]360/350|340|330/320|310/300|290{280|270(260]250{240|230

P46 |250/490[480/470/460/450/440430[4201410/400|390(380|370/360|350|340/330|320/310|300{290|280(270]260{250|240

P47 |260/500[490/480/470/460450{440/4301420/410]400{390|380(370]360|350/340|330/320|310{300|290(280|270{260|250

P48 [270]/510/500/490/480/470/460}450[440/430420[410]400/390(380|370|360|350[340/330|320|310/300{290|280[270|260

P49 [280]520/510500(490/480/470}460[450/440430[420/410/400{390|380|370|360/350|340|330|320/310(300|290|280|270

P50 [290]530]520510/500/490/480470{460/450440[430]420/410/400|390|380|370/360/350|340|330/320(310|300{290/280

Dummy 0 j0/0j0;0)j0}j0)0}j0Jj0OJjOjO]O]O]O|JOJOJO]O]O]O]O]O]O]O]JO]O

83



= P27P28P29P30P31P32P33P34P35P36P37P38P39P40P41P42P43 P44 P45P46 P47 P48 P49 P50 Dummy
D 60|70|80|90(100{110/120/130/140]150/160]1/0|180]190/200|210{220|230|240/250|260|270{280(290] 0

P1 300/310|320/330|340/350|360/370|380(390/400/410/420]430/440[450/460]470/480|490/500/510/520/530
P2  290/300|310/320[330[340[350{360|370/380|390/400/410]420/430|440/450|460(470|480490/500/510/520
P3  280[290/300|310|320/330{340|350|360|370/380|390{400|410/420(430]440]450/460/470/480490|500/510
P4  270(280]290|300|310/320/330|340|350|360(370|380|390|400/410(420]430|440|450/460|470480|490/500
P5 260(270]280[290|300/310{320|330|340|350/360|370|380|390/400(410]420|430/440/450/460]470|480/490
P6  250{260]270]280/290/300{310|320|330|340(350|360|370|380/390/400410]420/430/440/450]460470/480
P7  240/250]260[270]280/290/300|310|320|330[340|350|360|370/380[390/400|410/420/430|440]450/460/470
P8  230[240]250(260|270/280{290|300|310|320/330|340|350|360/370(380|390|400/410/420|430]440]450/460
P9  220/230|240[250|260/270{280|290|300/310(320|330|340|350/360(370|380|390/400/410|420]430]440/450
P10 210/220{230|240]250|260(270|280|290|300/310/320|330|340|350(360|370|380|390/400/410]420]430/440
P11 200/210{220|230]240|250{260|270|280|290/300/310|320|330|340(350|360|370|380/390/400410]420/430
P12 190/200{210]220|230/240(250|260|270|280/290/300|310|320|330(340|350|360|370/380/390|400/410/420
P13 180|190{200|210]220|230{240|250|260|270/280{290|300|310|320(330|340|350|360/370/380|390|400/410
P14 170/180/190/200]210/220|230{240]250{260]270|280/290|300/310|320/330|340/350|360/370|380|390/400
P15 160]170/180/190]200{210|220{230|240{250]260|270|280|290/300|310|320|330(340|350/360|370|380/390
P16 150/160]170/180]190/200|210{220]230{240]250|260|270]280/290|300{310|320(330|340/350|360|370|380
P17 140150/160/170]180|190|200{210]220{230]240|250|260|270/280|290/300|310(320|330/340|350|360|370
P18 130/140/150/160/170|180]{190{200]210{220]230|240|250|260/270|280{290|300(310|320|330|340|350|360
P19 120]130/140/150/160|170]180{190]|200{210]220|230|240|250/260|270{280|290(300|310/320|330|340|350
P20 110j120/130/140/150|160(170{180]190{200]210|220|230|240/250|260{270|280{290|300/310|320|330|340
P21 100j110/120/130/140|150/{160{170]180{190|200|210|220|230/240|250{260|270{280|290|300|310|320|330

OO0 0O|0O|I0O0O|I0O|0O|0O|0O|0O|O(0O|O|O|O|O|O|O|O
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D= P27P28P29P30P31P32P33P34P35P36P37P38P39P40P41P42P43 P44 P45P46 P47 P48 P49 P50 Dummy
P22  90]100]110/120]130/140]150|160]170{180]190{200|210|220|230|240/250|260|270|280(290|300/310{320] 0

P23 80|90 |100/110/120/130{140/150]160{170|180/190/200]210/220|230{240|250{260]270|280|290|300/310
P24 70|80 |90 100/110/120]130/140]150{160]170/180|190]200/210|220{230|240(250]260|270|280|290,300
P25 60]70|80|90|100/110{120{130]140{150/160/170|180]190/200|210{220|230(240]250|260|270|280/290
P26 5060|7080 |90 100{110{120]|130{140/150/160|170]180/190|200{210|220(230]240|250|260|270/280
P27 0 |50|60|70|80|90100/110{120/130/140{150/160]|170/180(190/200|210|220/230{240|250|260|270
P28 50| 0 |50|60|70|80|90|100{110{120/130{140]150|160|170(180/190|200|210/220|230|240|250|260
P29 60|50| 0 |50|60|70|80|90(100/110/120{130]140|150/160(170/180(190|200/210{220|230|240/250
P30 70|60|50| 0 |[50|60|70|80|90|100/110{120]130|140/150(160/170|180|190/200{210]220|230/240
P31 80|70(60|50| 0 |50|60|70|80|90100{110]120|130/140(150/160(170|180/190{200|210]220|230
P32 90|80|70|60|50| 0 |50|60|70|80 |90 100/110{120/130(140/150|160|170/180{190|200|210/220
P33 100/90(80|70|60|50| 0 |50|{60|70|80|90|100/110/120(130{140|150/160|170/180]190|200/210
P34 110/100{90|80|70|60|50| 0 [50|60|70|80|90|100/110/120/130|140/150/160{170]180|190/200
P35 120/110{100/90|80|70|60|50| 0 |50|60|70|80|90|100/110/120|130/140/150/160]170]|180/190
P36 130/120{110/100{90|80|70|60|{50| O |50|60|70|80 |90 |100/110{120|130/140/150/160|170/180
P37 140/130{120/110]{10090 |80 |70|60|50| 0 |50|60| 70|80 |90 |100{110{120/130/140/150/160/170
P38 150/140/130/120/110/100{90 |80 |70|60|50| 0 | 50|60 70|80 |90(100/110/120{130/140/150/160
P39 160/150/140/130/120|110{100/ 9080|7060 50| 0 |50 |60 |70 |80 |90 |100/110/120/130/140/150
P40 170]160]150/140/130/120]{110{100{ 90|80 |70 |60|50| O |50 |60 | 70|80 |90 |100{110/120/130/140
P41 180/170/160/150/140/130]{120{110j100{ 90|80 | 70|60 |50 | 0 |50 | 60|70 | 80|90 |100/110/120/130
P42 190/180/170/160]150/140({130{120]110{100{ 90 |80 | 70 |60 |50 | O |50|60 | 70|80 |90 |100/110/120

OO0 |0O0O|0O|0O|0O|0O|0O|O|O|O|O|0O|O|O|O|O|O
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= P27P28P29P30P31P32P33P34P35P36P37P38P39P40 P41 P42 P43 P44 P45P46 P47 PA8 P49 P50 Dummy
P43 200/190/180/170/160/150/140{130{120{110{100{ 90|80 |70|60| 5 | 0 |50 |60|70|80|90|100/110] O
P44  210/200/190/180/170|160]{150/140|130{120/110/10090 |80 | 70 |60 |50| O |50|60 | 70|80 |90 |100
P45 220/210/200/190/180|170]160/150{140{130/120/110/100/ 90 |80 | 70 |60 |50 | O |50 |60| 70|80 |90
P46 230/220]210/200/190/180|170/160]{150{140/130{120/110/100,90 |80 | 70|60 |50 | O | 50|60 |70 |80
P47  240/230]220/210]200/190/180|170]160{150/140/130/120/110/100{ 90 |80 | 70 |60 |50 | 0 |50 |60 |70
P48 250/240{230|220|210/200/190/180|170]160/150{140/130{120/110{100{ 90 |80 | 70 |60 |50 | 0 |50 | 60
P49 260/250{240]230|220|210{200{190|180]170/160{150/140{130|120|110{100{ 90 | 80 | 70 |60 | 50 | 0 | 50
P50 270/260(250|240[230|220/210{200]190|180|170/160/150/140|130/120(110/100{ 90 |80 | 70 |60 | 50| O
Dummy 0/ 0/0}]0O|O]O|J0O]0O]O]O]JO|JO]O]O]O|JO|0O]O]|O]OJ0O|O]O]O

OO0 |O|O
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50 pallets stackabilty matrix

D P1 P2 P3P4P5P6P7P8PIP10P11P12P13 P14 P15 P16 P17P18 P19 P20 P21 P22 P23 P24 P25 P26 P27

0/0/0/0/0|0|0O|0O|0O|0O]O
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0/0]1]|0/1/0]|0]|0f0]0O]O

0/0/0/1/0/0|0|0O|0O|0O]O

0/0/|0]0|1]/0|0]|0|0O]|0O]| O

0/0/0]0|0]21|/0]|0|0O]|0O]| O

0/0/0]0|0]OJ1]|0|0]|0O]|O

0/0/0/0/0|0|0Of1/0]0]O

0/0/0/0/0|0|0Of0Of1 /0O

0/0/0/0/0|0|0O|0OJO]1]|O

0/0/]0]0|0]0O|0O|0O|O|O|1

0/0/0]0|0]0O|0O|0O|0O]|0O]| O

0/0/0/0|/0|0|0O|0O|0O|0O]O

0/0/0/0|/0|0|0O|0O|0O|0O]O

0/0/0/0|/0|0|0O|0O|0O|0O]O

0/0/]0]|0|0]0O|0O|0O|O]|0O]| O

0/0/0]0|0]0O|0|0O|0O]|0O]| O

0/0/0]0|0]0O|0|0O|0O]|0O]| O

0/0/0/0|0|0O|0O|0O|0O|0O]O

0/0/0/0/0|0|0O|0O|0O|0O]O

0/0/0/0/0|0|0O|0O|0O|0O]O

0/0/0]0|0]0O|0O|0O|O]|0O]| O

0/0/0]|0|0]0|0|0|0O]|0O]|O

0/0/0|0|0]|0|0|0|0O]|0O]| O
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D P1 P2 P3 P4 P5P6P7P8P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20 P21 P22 P23 P24 P25 P26 P27

0/0/0/0/0|0|0O|0O|0O]0O]O
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0/]0]0
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0/0/0/0/0|0|0O|0O|0O]0O]O

0/0/0/0/0|0|0O|0O|0O]0O]O

0/]0/]0]0|0]0O|0O|0O|0O]0O]| O

0/]0/]0]0|0]0O|0O|0O|0O]0O]| O

0/0/0]0|0]0O|0|0O|0O]|0O]| O

0/0/0/0/0|0|0O|0O|0O|0O]O

0/0/0/0/0|0|0O|0O|0O|0O]O

0/0/0/0/0|0|0O|0O|0O|0O]O

0/0/0]0|0]0O|0|0O|0O]|0O]| O

0/0/0]0|0]0O|0|0O|0O]|0O]| O

0/0/0]0|0]0O|0|0O|0O]|0O]| O

0/0/0/0/0|0|0O|0O|0O]0O]O

0/0/0/0|/0|0|0O|0O|0O|0O]O

0/0/0/0|/0|0|0O|0O|0O|0O]O

0/0/0]0|0]0O|0|0O|0O]|0O]| O

0/0/0]0|0]0O|0|0O|0O]|0O]| O

0/0/0]0|0]0O|0|0O|0O]|0O]| O

0/0/0/0|/0|0|0O|0O|0O|0O]O

0/0/0/0|/0|0|0O|0O|0O|0O]O

0/0/0/0/0|0|0O|0O|0O|0O]O

0/0/0]|0|0]0|0|0|0O]|0O]|O

0/0/0/0|0]|0|0|0O|0O]|0O| O

P23
P24
P25
P26
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0/0/0/0|0]|0|0O|0O|0O]|O]| O
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P48
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P50
Dummy|0/0|0|/0|0|0[0|0]|0]0] O
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Depot

pallet 1
pallet 2
pallet 3
pallet 4
pallet 5
Dummy

Appendix B: 5 pallets stackability and distance matrices

Depot

pallet 1
pallet 2
pallet 3
pallet 4
pallet 5
Dummy

Depot pallet 1 pallet 2 pallet 3 pallet4 pallet5 Dummy

Distance Matrix

0 70 60 50 60 70 0

70 0 45 35 10 55 0

60 45 0 10 35 10 0

50 35 10 0 25 20 0

60 10 35 25 0 45 0

70 55 10 20 45 0 0

0 0 0 0 0 0 0

Stackability Matrix
Depot pallet1 pallet2 pallet3 pallet4 pallet5 Dummy

0 0 0 0 0 0 0
0 0 1 0 0 0 0
0 0 0 1 0 1 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
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Layout

Picking pallets Storage pallets
Rack set 4 Rack set 3
2 i}
Rack set 5 Rack set 2
Rack set 6 Rack set 1
Depot
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Distance Matrix with dummy for Heuristic 2

Depot pallet 1 pallet2 Dummy pallet 3 pallet4 pallet5

Depot 0 70 60 35 50 60 70
pallet 1 70 0 45 30 35 10 55
pallet 2 60 45 0 20 10 35 10
Dummy 35 30 20 0 10 20 30
pallet 3 50 35 10 10 0 25 20
pallet 4 60 10 35 20 25 0 45
pallet 5 70 55 10 30 20 45 0
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Layout with dummy for Heuristic 2

Picking pallets Storage pallets
Rack set 4 Rack set 3
2 3 4
Rack set 5 Dummy Rack set 2
Rack set 6 Rack set 1
Depot
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Appendix C: 7 pallets stackability and distance matrices

Distance Matrix

Depot pallet1l pallet 2 pallet3 pallet4 pallet5 pallet6 pallet7 Dummy

Depot 0 70 65 60 60 65 70 55 0
pallet 1 70 0 35 10 30 5 40 15 0
pallet 2 65 35 0 25 5 30 5 20 0
pallet 3 60 10 25 0 20 5 30 5 0
pallet 4 60 30 5 20 0 25 10 15 0
pallet 5 65 5 30 5 25 0 35 10 0
pallet 6 70 40 5 30 10 35 0 25 0
pallet 7 55 15 20 5 15 10 25 0 0
Dummy 0 0 0 0 0 0 0 0 0
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Depot

pallet 1
pallet 2
pallet 3
pallet 4
pallet 5
pallet 6
pallet 7
Dummy

Stackability Matrix

Depot pallet1 pallet2 pallet3 pallet4 pallet5 pallet6 pallet7 Dummy
0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 1 0
0 0 0 0 0 1 0 0 0
0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0
0 0 1 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
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Layout

pallet6

pallet 2

pallet4

pallet7

pallet 3

pallet5

pallet 1

Road

eachboxis5ftby5ft

Pick pallets

Depot

Storage pallets
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Distance Matrix with dummy for Heuristic 2

Depot palletl pallet2 pallet3 Dummy pallet4 pallet5 pallet6 pallet?7

Depot 0 70 65 60 45 60 65 70 55
pallet 1 70 0 35 10 20 30 5 40 15
pallet 2 65 35 0 25 15 5 30 5 20
pallet 3 60 10 25 0 10 20 5 30

Dummy 45 20 15 10 0 10 15 20

pallet 4 60 30 5 20 10 0 25 10 15
pallet 5 65 5 30 5 15 25 0 35 10
pallet 6 70 40 5 30 20 10 35 0 25
pallet 7 55 15 20 5 5 15 10 25 0
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Layout with Dummy

pallet 6

pallet 2 |pallet 4

pallet7

pallet 3

pallets

pallet1

Dummy

Road

each boxis5ftby5ft

Pick pallets

Depot

Storage pallets
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Appendix D: 8 scattered pallets stackability and distance matrices

Distance Matrix

Depot pallet 1 pallet2 pallet3 pallet4 pallet5 pallet6 pallet7 pallet8 Dummy

Depot 0 295 60 290 55 290 75 70 295 0
pallet1 | 295 0 255 135 250 5 270 265 140 0
pallet 2 60 255 0 250 5 250 15 10 255 0
pallet3 | 290 135 250 0 245 130 265 260 5 0
pallet 4 55 250 5 245 0 245 20 15 250 0
pallet5 | 290 5 250 130 245 0 265 260 135 0
pallet 6 75 270 15 265 20 265 0 5 270 0
pallet 7 70 265 10 260 15 260 5 0 265 0
pallet 8 | 295 140 255 5 250 135 270 265 0 0
Dummy 0 0 0 0 0 0 0 0 0 0
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Depot

pallet 1
pallet 2
pallet 3
pallet 4
pallet 5
pallet 6
pallet 7
pallet 8
Dummy

Stackability Matrix

Depot pallet1 pallet2 pallet3 pallet4 pallet5 pallet6 pallet7 pallet8 Dummy
0 0 0 0 0 0 0 0 0 0
0 0 1 1 1 1 1 1 1 0
0 1 0 1 1 1 1 1 1 0
0 1 1 0 1 1 1 1 1 0
0 1 1 1 0 1 1 1 1 0
0 1 1 1 1 0 1 1 1 0
0 1 1 1 1 1 0 1 1 0
0 1 1 1 1 1 1 0 1 0
0 1 1 1 1 1 1 1 0 0
0 0 0 0 0 0 0 0 0 0
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Layout

Pick pallets Storage pallets

Depot
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Depot
pallet 1
pallet 2
pallet 3
pallet 4
dummy
pallet 5
pallet 6
pallet 7
pallet 8

Distance Matrix with Dummy for Heuristic 2

Depot pallet1 pallet2 pallet 3 pallet4 dummy pallet 5 pallet 6 pallet 7 pallet 8

0 295 60 290 55 145 290 75 70 295
295 0 255 135 250 155 5 270 265 140
60 255 0 250 5 110 250 15 10 255
290 135 250 0 245 150 130 265 260 5
55 250 5 245 0 105 245 20 15 250
145 155 110 150 105 0 150 125 120 155
290 5 250 130 245 150 0 265 260 135
75 270 15 265 20 125 265 0 5 270
70 265 10 260 15 120 260 5 0 265
295 140 255 5 250 155 135 270 265 0
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Depot

pallet 1
pallet 2
pallet 3
pallet 4
pallet 5
pallet 6
pallet 7
pallet 8
pallet 9
Dummy

Appendix E: 9 pallets stackability and distance matrices

Distance Matrix

Depot pallet 1 pallet2 pallet3 pallet4 pallet5 pallet6 pallet7 pallet8 pallet9 Dummy
0 70 65 60 60 65 70 55 55 45 0
70 0 35 10 30 5 40 15 25 25 0
65 35 0 25 5 30 5 20 10 10 0
60 10 25 0 20 5 30 5 15 15 0
60 30 5 20 0 25 10 15 5 5 0
65 5 30 5 25 0 35 10 20 20 0
70 40 5 30 10 35 0 25 15 15 0
55 15 20 5 15 10 25 0 10 10 0
55 25 10 15 20 15 10 0 5 0
45 25 10 15 20 15 10 5 0 0
0 0 0 0 0 0 0 0 0 0

106




Depot

pallet 1
pallet 2
pallet 3
pallet 4
pallet 5
pallet 6
pallet 7
pallet 8
pallet 9
Dummy

Stackability Matrix

Depot pallet1 pallet2 pallet3 pallet4 pallet5 pallet6 pallet7 pallet8 pallet9 Dummy
0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0 0 0 0
0 1 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
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Depot

pallet 1
pallet 2
pallet 3
pallet 4
Dummy
pallet 5
pallet 6
pallet 7
pallet 8
pallet 9

Distance Matrix with dummy for Heuristic 2

Depot palletl pallet2 pallet3 pallet4 Dummy pallet5 pallet6 pallet7 pallet8 pallet9

0 70 65 60 60 45 65 70 55 55 45
70 0 35 10 30 20 5 40 15 25 25
65 35 0 25 5 15 30 5 20 10 10
60 10 25 0 20 10 5 30 5 15 15
60 30 5 20 0 10 25 10 15

45 20 15 10 10 0 15 20 5

65 5 30 5 25 15 0 35 10 20 20
70 40 5 30 10 20 35 0 25 15 15
55 15 20 5 15 5 10 25 0 10 10
55 25 10 15 5 20 15 10 0 5
45 25 10 15 5 20 15 10 5 0
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Road

eachcellis5Sftby5ft

Layout with Dummy for Heuristic 2

pallet 6

pallet 2 paliet4
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pallet 7

pallet 3

pallet 5

pallet1

Dummy

pallets

Pick pallets

Depot

Storage pallets
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Appendix F: 8 close by pallets stackability and distance matrices (Used in Figure 4.3)

Depot

pallet 1
pallet 2
pallet 3
pallet 4
pallet 5
pallet 6
pallet 7
pallet 8
Dummy

Distance Matrix

Depot pallet 1 pallet 2 pallet 3 pallet4 pallet5 pallet6 pallet7 pallet8 Dummy
0 70 65 60 55 65 70 60 55 0
70 0 35 10 25 5 40 30 15 0
65 35 0 25 10 30 5 5 20 0
60 10 25 0 15 5 30 20 5 0
55 25 10 15 0 20 15 5 10 0
65 5 30 5 20 0 35 25 10 0
70 40 30 15 35 0 10 25 0
60 30 20 5 25 10 0 15 0
55 15 20 5 10 10 25 15 0 0
0 0 0 0 0 0 0 0 0
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Depot

pallet 1
pallet 2
pallet 3
pallet 4
pallet 5
pallet 6
pallet 7
pallet 8
Dummy

Stackability Matrix

Depot pallet1 pallet2 pallet3 pallet4 pallet5 pallet6 pallet7 pallet8 Dummy
0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0
0 1 0 1 0 0 0 0 0 0
0 0 1 0 1 0 1 0 0 0
0 0 0 1 0 1 0 1 0 0
0 0 0 0 1 0 1 0 1 0
0 0 0 1 0 1 0 1 0 0
0 0 0 0 1 0 1 0 1 0
0 0 0 0 0 1 0 1 0 0
0 0 0 0 0 0 0 0 0 0
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Layout
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