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Abstract

The container loading problem considered in this thesis is to determine placementsf a set of
packages within one or multiple shipping containers. Smaller packages are consolidated on pallets
prior to being loaded in the shipping containes together with larger packages. There are multiple
objectives which may be summarized as fittingll the packages while achieving good stability of the
cargo as well as the shipping containarthemselves

According to recent literature reviews, previous research in the field have to large extent been
neglecting issues relevant in practice. Oureal-world application was developed for the industrial
company Atlas Copco to be used for sea container shipments at their Distribution Cent®C) in
Texas, USA. Hence all applicabfgactical constraints faced by the DC operators had to be treated
properly. A high variety in sizes, weights and other attributes such as stackability among packages
added complexity to an already challenging combinatorial problem.

Inspired by how the DC operators plan andgerform loading manually, the batch conceptwas
developed, which refers to grouping of boxes based on thaiharacteristics and solving suproblems

in terms of partial load plans. In each batch, an extensive placement heuristic and a load plan
evaluation run iteratively, guided by a Genetic Algoritm (GA).In the placement heuristic, potential
placements are evaluated using a scoring function considering aspects of the current situation, such
as space utilization, horizontal support and heavier boxes closer to the flodrhe scoring function is
weighted by coefficients corresponding to the chromosomes of an individual in the GA population.
Consequently, the fitness value of an individual in the GA population is the rating of a load plan.

The loading optimization software has been tested and succes#fuimplemented at the DC in Texas.
The software has been proven capable of generating satisfactory load plans within acceptable
computation times, which has resulted in reduced uncertainty and labor usage in the loading process.
Analysis using real sea aatainer shipments shows that the GA is able to tune the scoring coefficients
to suit the particular problem instance being solved.

Keywords: container loading; 3D packing real-world application; heuristic; genetic algorithm






Acknowledgements

Several p@ple have made valuable contributions to this project and some of them are acknowledged
below. My sincere gratitude is also forwarded to everyone else at Atlas Copco that have provided
support in any way. The project has been truly exciting and an incredilearning experience for me.

First of all | would like to thank Thomas Dahlgren for connecting me with thBC This project would
not have happened without your favorable introduction of me to management at the DC. Second, |
would like to thank lan Halefor giving me the opportunity to join the business analysis team at the
DC for an internship the summer of 2015, and for initiating this project. Your articulation of the
business need was the seed which led to the development of the software.

Further, | would like to devote enormous gratitude toSteven Vogel and Andrew Kirchnerwho

commonly are referred to as theDC operatorgdhroughout the thesis. Your support, feedback and help

in testing the software in practice has without doubt been crucial for thigproject. Your tireless

attitude and elaborate responses to my questions and ideas have been vital for the development of

the algorithms in the software. | would particularly like to highlight Steverd 0 ZAAAAAAE ET O,
specific comments on flawed or undsirable suggestions of placements in load plans, which has

driven significant improvements in the algorithms.

Moreover, | would like to thank Tinto Skariaand Matthew Scottfor continuous help related to the
enterprise software and Microsoft Access. Youwssistance has been crucial for making the software
operational within a very limited time frame. | would also like to thank Steve Bialasfor very
important help in the deployment phase, including eneuser testing. Further, | would like to express
sincere gratitude to Juan Cordovaand Michael Moriarty, who ommonly are referred to as tte
customer service representativeghroughout the thesis. Your feedback on the endser experience
and positive attitude to try and start using the software in practice is much appreciated.

Second to last, | would like to devote immense gratitude to Williai@witzer for incredible mentorship,
sponsorship and hospitality. Your mentorship in terms of advice and encouragement have not only
helped me in this project, but also developed me a lot on both a professional and a personal level. |
am so thankful for your sponseship in terms of promoting the project and advocating for my return
the summer of 2016. The project involved much ambiguity and many stakeholders to persuade, and
your guidance combined with trust in me has been key to what we have accomplished.

Finally, I would like to thank Nils-Hassan Quttinehand Torbjérn Larssonat Linkdping University for
great mentorship in the work with the thesis. Your guidance have been essential to present the
project in a comprehensible manner and it has enhanced my understamgj of the concepts used, as
well as developed awareness of potential improvements in future work. Your engagement in the
project, as well as tutoring interesting courses in operations research at Linkdping University, have
truly been a great source of inspation.

To all mentioned above, and everyone else that have supported the project in any way: thank you!

Jonas Olsson






Contents

1

o T 15 Tox 1 o o R
1.1 Atlas Copco and MRS diVISIQN..........cuuuiiiiiimeecccce e mmmmmmeme e e e e e mmmmmmeme e e e e e s
1.2  Distribution Center in Allen, TeXaAS, USA. .. ..ooeuiiieiiee s eceemmcems et st s eee s smmmmmmnms s s s s e e eee s amen
1.3 LoAding Of SEA CONTAINEIS ... ..uuuiiiiiiieeeisimmmmmmms sttt e e e e e e e s emmmmmmmms bbb e e e s e e em
1.4  Loading optimization SOftWAIE...........uuuuuiiii i imcmmmmme e e eeeeeemms e e e e
1.5 Outline of fOlloWING CRAPLEIS...........uuiiiiiiiii e et

Problem defiNitiON.......... i ommeeee e emmmmmmm ettt e bbb e
P2 N @ V=T Vi TV A o o] (o] o] =T o o PP PP PP PP
Y2272 @70 [0 111 0T 0 F-3N {0 g (0= To |1 T S

221 PACKAGES. .....coiiieiiiiiiiiitimmmmmmmms e e e e e eeeeeee et iocmmm———r e s s se e ebeees s vmmmmmmmms s e e e eaeeeeeee s smmmmmnnr st e e e nnnes

A2 0 11o] o 11 g o T oT] o] = 11 =1 £ O

2.2.3  Consolidation PAlIEIS.......coiiiiiiiiii i ccmeeeeemr e smmmmmmens et
P22 T € To - L=30 (0] gl 0T Vo [T o USRS

2.3. 1 OULNE O OAIS....ciiiiiiiiiiiiiimmmmmmeme et e e e smmmmmmnns ettt e e e e e e emmmmmmmms e e e e s e

2.3.2  Aninitial itemization of ObJECHIVES...........cooiiiiiii e e
2.4 PUIPOSE Of SOfIWAIE .. ...ttt mmmmmme e e e e e e mmmmmmmms e e e e e e e e e e e e ammmmnn

PIEVIOUS WOTK ...ttt emeeme e e emmenmet e e e e oo e 44 e smmmmmmmns e et e et e e e e s smmmmmmmns e e s e e e e e e s
3.1 A note on commercial optimization SOMWAIE.............ceviiiiiiimmmmiiie e e
3.2  The literature on contaiNer 10ading........ccoooiieiii i mmmmmmmms e e e e e e e e e e s smmmes

3.21 Identifying the field Of reSearch............c.uuuiiii e

3.2.2  Solving problems iN PraCtiCe...........oeviviiiiviieemmmmmmee e eeeeeeeeeeee e e eeeeesseees s vemmmmmnns s
3.3 Assessment Of OUr Problem TYPES.......ooiiiiiiiiiitcememeenr e e e mmmmmmeme et e e e e e e emmmmmnnnees

R 0 A Y= o 1 (=] - PR PR

3.3.2  Conclusion 0N Problem TYPES.......uuuueiiiiiiie i immmmmm ettt emmmmmmmm e
3.4 ASSESSMENt Of OUI CONSTIIAINTS ... ..uuuveiiiieiiiii i e e emmmmmmt e e

3.4.1  Container-related CONSIrAINTS...........uuuuiriiiiii i e e

3.4.2  Item-related CONSIIAINTS..........uuuiiiiiiiiii it e mmemmmme e e e e e es

3.4.3  Cargorelated CONSIIAINTS......cccooiiiiiiiie et vmmmmmmmms e e e e e e e e e e e e s smmmmmer s eeee

3.4.4  POSItIONING CONSIIAINTS .. ..eviiiiiiiiieiis i immmmmeenseeeeeeeeee e e e s emmmmmmmms bbb e e e e e e s ammmmmmmm e

3.45 Load-related CONSIIAINTS........coooi et emeemmmma s

3.4.6  Summary of applicable CONSIraINIS............eeiiiiiiiieee e e
3.5  Promising concepts for our approach............oooo oo

I R 1= o 1= = | I oo o= o] J OO PPPPPRP

3.5.2  SPECITIC CONCEPLS ...ttt e ettt e s+ e ek et oo oo e e e mmn

3.5.3  Summary of promiSing CONCEPLS......cceeiiiiiiiieeieeeeeeemetie et e e e eeee e eeeees

D bt ww NP R PR

wwwwNNNNNNBNNPPHHHHPHPHH
5P O O0O©0OwNNWWNROIW©D©O®DNND™DDMNDNLE

H
£



4

5
6

7
8
9

Y 0] 0] 0 7= Uod o T SOOI
4.1 Outline Of BPIOACK. .......ii ittt mmmmmeet e e e e e e e rmmmmnnnmr e et et e e e e e
4.1.1 2 Fo 1 (o] I o] Tt o ) O U
4.1.2  Overall algorithmi..........oooiiiii i cemmmmeem et smmmmmmnnr e e e e s emmmmmmmms e e s
N ©7o ] o ¢= 1 o1 Y= 1= ox 1] o PP P PP PP
4.3 Load Plan EVAIUATION. ..........c.oiiiiiitcemmmmeeme et e e e e e e e e s smmmmmmmms et e e e e e e e e s smmmmmmmns e e e e e e e e e e
4.3.1 Load plan evaliation algorithm..............oooiiiiiimeeeeeee e s e eeeeeees
4.3.2 LOoAd PIAN fIINESS ... iiiiiiitemmmeee e mmmmnmmme ettt e e e e e e e smmmmmmmns e et e e e e e e
4.3.3  Load plan CONSITAINTS.........cc.uvuuiiiiiermmmmmmmms e e e eeeeeeeee s smmmmmeense s eeesnnnes s smmmmmmmm e e e aaeaee s
4.4 Placement NEUFISTIC. ....ccoiiii ettt e e e e e et e e e e e emeems e et s
44.1 Placement heuristiC algorithmM............uuuieiiiimme e s
4.4.2 BOGCP CONSIIAINTS.....ciiiiiiieiiiiii i cemmeememseeeeeeeeeee s s s smmmmmmnessseeeeeeeeeee s smmmmmmmms s sssssseee e e e s ammnn
4.4.3 BOGCP SCOME.. it eemmmmemt et emmmmmmme e et e et s emmmmmmmt e ebb e e e e s emmmmmmnt e e
T € 1= 1= 1107 2N [o o 11 ] o USRS
451  Overall GA PrOCEAUIE .........uuuiiiiiiiiiiemmmm st semmmmmms s e e
45.2 Parameter SEHINGS........cooiiiiiiiieesceeeeeem s s smmmmmmmme e e e e e e e e e e e e s meeenmens s s s e e e enn

35
35
35
38
45
46
46
47

52
52
59
63
69

4.6  Summary of how objectives and constraints are handled.............ccccooiircrcce e e e, 71

IMPIEMENTALION ......iiiiiiiiiiieei s eeeemmmme e e e e e e e e e e e e e e emmmmme e e e e e e eeessee s mmmmmmmms s e seeeeeess smmmmmmmme s seessssnes
RESUILS AN @NAIYSIS.....coiiiiiiiiiiiteeeeee e emmmmmer e e e e e e e e e s immmmmmnns e ettt e e e e e e e s ammmmmmnns e e
6.1  Overview of problem INSTANCES.............ooiiiiiiiceeeeeee s s eeeeeeenr e
6.2 LOAd Plan EXAMPIES.......uuiiiiiiiiiii ettt s

6.2.1 Example 1: loading of one 20 ft. container................ooiiiccceeeeevve v L

L7

6.2.2 Example 2: loading of two consolidation pallets.............ccoe oo s e 80

6.3  Introduction to computational eXPEeriMENtS..........cccooiiiiiiiiiceeeeeee e e e
6.4  Achievement Of ODJECTIVES..........oiiiiiiii it eeeeeeee et eeeemmeme e e e e e e smmmmmnnns e e e e as
6.5 BOCP SCOre COEMfICIENTS......ccceiiiiiiii i eeeeeeene et cmmmeeeees et e e e e e e e e s smmmmmmmns e e e e e e e e enn
@0 o T 1113 [ L3PPSR
] (=] (= o == PSSP
APPENAIXES. ... eeeeeeeer et e s e e s e s smmmmmmmme e s e et et e e e eee s mmmmmmn——s s s a s smmmmmm—mt ettt teeeeerres mnnn
0.1  PACKAGING QBA.......eeuiiiiiiiieie ettt e oo emmmmemmt e e e e e e e e
LS 2022 U1 ox 1 o o 1 SRR
9.2.1 SO | Y PSP RRPPPPPPR
1S I o 1o P
9.3 BOCP score coefficients: remaining problem instances

vi

95,
97

20...

69....
70..

A3
5.
8.

83..
84....
89..



1 Introduction

Atlas Copcaand the Mining and Rock Excavations Serviagivision are introduced in Section 1.1. The
Distribution Center in Texas, USA, is introduced in Section 1The former process for bading of sea
containersis describedin Section 1.3which leads tothe development of theoptimization software
announced in Section 1.4The following chaptersof the thesisare outlined in Section 1.5.

1.1 Atlas Copco and MRS division

Atlas Copco is a Swedish industrial company providing sushable productivity solutions to
businesses across in a wide range of industries. The company was founded in 1873 and has today
over SEK 100 billion in revenue and more than 43 000 employees globally. To reflect the variety of
industries, the company is dvided in five business areas. Mining and Rock Excavation Technique
(MR) is the second largest business area and provides equipment for drilling and rock excavation,
including rock drills as well as related consumables and services.

Figure 1. A surface drillng rig - one of numerousproducts offered byAtlas Copco Mining and Rock Excavation Technigue
Source:Mining & Construction(2013)

Mining and Rock Excavations Service (MRS) is one of six divisions within thdR business area. In
order to supply spare parts to mining and construction companies across the globe, MR&three
Distribution Centers (DC$ located in Orebro (Sweden), Allen (Texas, USA) and Nanjing (China).

1.2 Distribution Center in Allen, T exas, USA

The DAn Allen, a northern suburbof Dallas,holds inventory and ships spareparts to a large number
of customers using several modes of transport.he DC has about 15 employees in the office aadout
70 employees in the warehouseTlheir customers includeend-customers as well as customer centers
(CCs) which areAtlas Copcosales officeslocated closer to endcustomers.Air-freight is their most
common mode of transport for customes located overseas, followed by sea container shipping which
is slower butless expensive for largevolume shipments. The DC currently ships up to 20 trucks per
day (many of which goto an airport) and up to5 sea containers per weekThe value of all packages
in one sea container may vary from belovi SD50,000 to above USD250,000.

1



1.3 Loading of sea containers

For someoverseascustomers packages for multiple orders are accumulated over a period of time
and shipped all at once in one or two 20 ft. or 40 ft. intermodal containers. The containers are ordered
as soon as the predicted volume utilization is high enough, or if the cusber requeststheir orders

to be shippedimmediately.

Prior to the implementation of the solution presented in this thesis, the taslof predicting volume
utilization and planning how to load the containersvas entirely manual. Due to significant variety in
sizes, weighs and other attributes such as stackabilityamongpackages, these activities wereften

too complicated to do without actually manually attempting to perform the loading. Hence, the
loading process for sea containers included an activity call (pre-stagingd, which meart performing

a test load on the warehouse floor. This wasecessaryto predict if the container would be full
enough,and also toensurethat all packages would fitin the container.

Figure 2. Completed pe-staging of a 40 ftseacontainer

Pre-staging exercises were performedepeatedly by the DC operators before giving the proper
customer service representative &@o aheadto order the containers. The containerswvould then
show up at the DCand the DC operatorswvould usually haveonly one hour available to load the
container before departure.

1.4 Loading optimization software

With the ambition to reduce uncertainty as well as labor usagen the shipping process DC
management desired a solution that would support more efficient activities. More specifically,
management wanted to eliminate delays in ordering containers whilealso being confident about
fitting all packages in thenumber of containers ordered, with as little excess capacity as possie. Due
to the complexity anddiversity between shipmentsthe possibility to simply use historical metrics of
volume utilization was quickly ruled out. It was concluded thatthe loading would have to be
predetermined rather than predicted, and these discussions ledto the development ofcontainer

loading optimization software. |t was determinedthat an @ff-the-shelfdsolution would likely require



too much tailoring to fit the unique business needs, si was decided that an irhouse loading
optimization software should be developed.

The software ultimately becamea decision support toolin the loading processthat fully eliminated

the labor associated with pre-staging. The customer service representativewas able to run the
software repeatedly as neworders were received,to know quickly when containers should be
ordered. By removing their dependence on@o ahead from DC operators potential delays were
indeed reduced. The ambition wasto be able to load containers right away basedpon load plans
generated by the software with only minor adjustments by the DC operators upon loading.
Acceptable adjustmens includes minor changes of placements as well as the use of bands, straps and
airbags to secure thecargo.

Throughout the development and deployment of the software, many different benefits were
identified by various stakeholders. To improve volume utilization of the containers was not the main
reason for theendeavor. The expectation with the software was onlyto achieve utilization as good
aswithout the software. The five benefits listed below to improve processes and reduce costs were
recognized by management at the DC:

1. Reduce labor usage by eliminating prstaging (test loading) activities

2. Reduce lead time by eliminating delays in ordering containers

3. Reduce damage during transport by having DC operators focus more on securing cargo rather
than makingall cargofit in containers

4. Improve customer service by providing visual load manifestto identify exactly where an
item is located within alarge, densely packedcontainer

5. Improve safety by ensuring stability and capacity of containers

This thesis presents the design of the software witan emphasis on the mathematics and algorithm
design,but abrief chapter is also dedicated to the implementatiomf the softwarein practice.

1.5 Outline of following chapters

In Chapter 2 the container loading problem considered in this thesis is defined. The input to the
problem and the output from the problem are elaborated upon. In Chapter 3 the literature on
container loading is studied, preceded by a brief review of commercial optimization software.
Assessments of our problem types and constraints applicable to our problefacilitate search for
promising conceptsin past publications. In Chapter 4the proposed method for solving our container
loading problem is thoroughly explained. First, théotal approach is outlined. Second, the major parts
of the overall algorithm are treated in further detail. In Chapgr 5 the implementation of the software
in practice is treated, focused on the user interfaceB1 Chapter 6 results and analysis are presented.
Real shipments are used to analyze the performance of the proposed methadhich include relating
computational experiments to actual loadingsin Chapter 7 conclusions are presented, confirming
both that the approach has been proven successful and that the purpose of the software was fulfilled.






2 Problem definition

The container loading problem considered irthis thesis isdefined in Section 2.1 The inputto the
problem in terms of packages to be loaded, available shipping container types and available
consolidation pallet typesare described in more detailin Section 2.2 Goals for loading are outlined,
followed by an initial itemization of objectives in Section 2.3 The purpose ofthe optimization
software linked to the output from the problem, i.e. a solution, is elaborated updn Section 2.4

2.1 Overview of problem

Thecontainer loadingproblem considered n this thesiscan be described as determining/acements
of a set ofpackageswithin one or multiple shijpping containers This can also be phrased as generating
a /oad plan 1t is a multi-level loading problem since smaller packages are consolidate@n pallets
(commonly called consolidation pallets prior to being loaded in theshipping containers, together
with larger packages A package may contain one or multipldaems (spare parts) dependingon what
the customer has orderedwhen theitems are packed as well asthe characteristics of theitems. The
packing and loadinghierarchy is illustrated in Figure 3, andis explained further below.

Packing Loading
Input to problem Output from problem
1 L \ [ L \

Level 0 Levell Level2 Level3 Level4

Bareitem Package with one item  Package with multipleitems  Consolidation pallet Shipping container
_ —_— ﬁ

I ﬁ ~_

D——- T

—_— ‘ N
) —— % %
) 5
L |

Figure 3. Entire packing and loading hierarchy



Items are receivedby the DCfrom the supplier at either at level 0 or level 1as illustrated above in
Figure 3.Itemsreceived at level O are packed individually upomeceiving,to ensure thatitems are at
level 1 when putinto stock.There are however some exceptionfr special itemsthat are still at level
0 when put into stock, for example very smallitems (e.g. nuts and bolts)which are not ordered in
standard quantitiesby customers

Smallerlevel 1 packages are packed together with other (similar or differentjtems for the same
customer, resulting in level 2 packages. Aftethis packing, level 2 packages are moved to shipping
locations in the warehouse. Any level 1 packages too large or too heavy to be considered for level 2
are moveddirectly to these shipping locations.The level 1 and level 2 packages available at the
shipping locations serveasinput to the multi-level loading problem. At level 3smaller packages are
consolidated on consolidation pallets prior to being loaded ito a shipping container.

The reason why both level 2 and level 3 exist is that packages faigiven customer sometimes are
accumulated over a period of time before being loaded in a containdthis means that packages that
end up in the same container might be packedeveral different days, sometimes evenduring
different weeks. Therefore package that could have been consolidated at level 2 during packing are
instead consolidated at level 3 during loadingAt level 4, packages from level 1 and level 2 as well as
consolidation pallets are loaded ito the shipping container. Both level 3 and level is considered to
be loading and hence considered as the output from the mulievel loading problem.

In total, the input consists ofthree components packages to be loaded, availabkhipping container
types and available consolidatiorpallet types.Since it is only providedwhich types are available, the
number of containers as well as the numéx of pallets to use must also be selectefdr each type.
Therefore the total problem can be expressed as an integrated container selection and loading
problem.

When selecting containers and pallets, the objectivis to minimize volume capacityor cost. When
loading, there are multiple objectives,which can be summarized asfitting all packageswhile
achieving good stability of the cargo as well as the shipgincontainers themselves These loading
objectives are constrained ly many practical considerations.A solution is called a/oad pl/an and
consists which shipping containers and consolidation pallets to use, and placements (position and
orientation) of the packages within these.

Prior to the development and deployment of the software presented in this thesis, load plans were
generatedmanually through test loadingexercisescalled pre-stagingas described in Section 1.3The
intent with the loading optimization software was to replacethe manual work associated withpre-
staging. The following sections of this chapter describein more detail the conditions and goals for
loading, as well aswhat the load plansgenerated by the softwareconsist of and how they are used
by the DC operators.

2.2 Conditions for loading

In this section the three components of inputto the problem are described in more detail These are
packages to be loaded, available shipping containgipes and available consolidation pallet types

2.2.1 Packages

The first componentof the input is the cargoto be loaded. Thidypically entails packages fomultiple
orders from the same customersto be shipped toa single destination overseas. A package may
contain one or multiple items. The attributes of packagesare therefore partly inherited from the

6



content, and partly based on the packaging material used to accommodate the contdéfur multiple
reasons the number ofpackages in a container may vary significanthyfrom less than 10 to over 100.
Most shipments however consists of 20 packages.

One reason for the differences in number of packages is that volume utilization of containers may be
sacrificed if the custome desires shipment prior to a full container accumulating Another reasonis
due to alarge variety in sizes, weights and other attributes such as stackabiliymongpackagesThe
variety amongpackagess partly aresult of vast differencesamongitems, snce the DC distributes all
kinds of spare parts for adrilling rig . Figure 4 exemplifies how characteristics of packages may vary.

Figure 4. Packages with a large variety of sizes, welghts and other attributes

Packaging options

When level 1 packagesre packed together with other (similar or different) parts resulting in level
2 packagesthere are 25 packaging options available for the DC operatoras listed in Table 15 in
Section 91. The high number of options enable packing items of all different shapes, sizes and
weights without too much excess spacéeing generated as a resulin the current packing process
the DC operatormakes the decisionof which packing options to use for theitems that have been
assigned to the operatorTypically, the weight and the size of thétems limits the number of rational
options significantly, but still leaves several reasonable options to choose from basagon individual
judgment and preference.One important parameter in making the choice is whether theackaging
has a pallet attached, whichs required for packages over 80 Ibs. (36 kg). 10 of all 25 packaging
options havea pallet attached.

The 25 packagingoptions do not however limit the packages to 25 standard sizesince5 of the 25
options are (hon-standardd options. These5 non-standard options allow for packaging to be
customizedto better accommodateone or multiple parts. The customization maybe cutting down
the height of astandard size box, or increasinghe height of aQelescopia box.5 of the standard

options have telescopic possibility.& T O A@Ai b1 Ah EZ OEA EAECEO T £ A
45x30x21-4 A1 AOAT pA6 xi O A AA ETAOAAOAAR aGdo-AtandddAEACET
O 0 Al Fudhérdegarding customization of packageghe non-standard] D OET T  Oferbulky %6 E O

parts and meansto build customizedcrates of wood from scratch which is the case irFigures7-10.
These nonstandard packaging options createn infinite amount of possibilities in size and weight
and henceis another reasonleading tothe variety amongpackages.



Sample of packages

To demonstrate the variety amongpackagesa set of661 packages from20 complete sea container
shipments tofour different customershasbeencompiled. These 20 shipments are presented in more
detail in Section 6.1.The average number of packages pahipment was 33 with 11 packages &
lowest and 64 packagestehighest. The average number opackages pessize, i.e. uniqgue combinatio

of length, width andheight, per shipmentwas 1.9, with 1.2 at lowest and 2.5 at highedn total there

were 178 sizes of packages, hence an average of 3.7 packages per size over all shipments, with 1 at
lowest and 53 at highest. Further308 of the 661 packages (47%)had non-standard packaging

Weight

[kg] Weight and Volume of Packages Q = Max(L,W,H) / Min(L,W,H)
1800
1600 -
Q =1 (all sides equal) 124
1400 (o) 0 -
o
1200 o ©
o o o
1000 Q
800
600 ° °
400 oo
o Q>25 169
0
3 4 5 6 7 8 Number of packages
Volume [m3]
Figure 5. Weight and volumédor sample of 661 packages Figure 6. Ratio betweerlargestand smallestdimension

(Length, Width and Height)for sample of661 packages

Considering weight and volume as ifrigure 5,462 of the packages 70%) are less than 200 kg and 1
m3. If doubling these upper bounds to 400 kg and 2 #nthen 595 of the packages (8%) are within
the limits. As can be seen in Figurg, many of the outliers in the sample are far outside even the latter
limits, with the highest weight at1714 kg andthe highest volume at7.980 m3.

Figure 6 is an attempt to illustrate the differences in shapesamongpackagesQis the ratio between

OEA 1 AOCAOO AT A Oi Al 1 AGO AEI( Al OE ight GivefethddefifioA EACA S O
the smallest possiblevalue ofQ is 1, and occurs if all sides are equalhis was the casdor 124 of the

packages (BP%). Packages with Q greater thasome thresholdcould be considered as long or slim,
dependentupon the third dimension (the onethat is neither maximum nor minimum). 169 of the

packages R6%) had a Q value greater tha2.5, and the three most significant outliers had Q values

of 25.4, 19.3 and 19.2respectively. The use of Qo describe the shape o& packagéds just to illustrate

a conceptand not necessarilyterminology recognized by the employees at the DC.

Other attributes for packages

In addition to the dimensions and weighs there are other attributes for packageghat have to be
considered for. Edge Crush Test (ECTyalue and thicknessof a packagé O xeAablé stacking

strength calculations using the McKedéormula (see Example 3 in Section 4.4.2)f a package has
hazardous contentit must be easy accessible, which may be interpreted as other packages placed
above or in front.If a pallet is attached to a packagéhe orientation of the pallet runners are relevant
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for two reasons First because a forklift is used when loadingand secondecause packages without
apallet should preferably not be placed on the container floor due to the risk of moistur& his is due
to the fact that the containers travel by sea.

All attributes mentioned thus far are inherited from either the packaging or theitems within the
packageThe DC operators hae the possibility to overide some of these inherited attributesas well
as a few other assumptions by submittingexceptionsfor packagesExceptions can be submitted to
change the inherited pallet orientation, as well as redueor increase the inherited stacking strength
for packageswhich are fragile or extra strong Exceptions can also be submitted to reject the
assumption that a package can be stacked on other packagistead of being placed on thdéloor) as
well as the opposite, namely that other packages can be stacked on the package. Figur@slO are
examples of such exceptionsThenumber of packages for which exceptions are applicable alsary
greatly from shipment to shipment, fromzero packages with exceptions to exceptions for almost all
packages.Exceptions for the 20 shipments treated above are presented Table 13 in Section 6.1.

Figure 7. Ok to stack similar, but not different, package above Figure 8. Not ok to stack any package
above item inside is glass

Figure 9. Only to beplaced on floor due to weight Figure 10. Only to be placed on floor due tc
fluid, which is inherently prone to leaking



2.2.2 Shipping containers

The second component of the input is the container typashich can be used to ship the packages
sea freight When selectingwhich specific shipping containers to use, the objective is to minimize
volume capacity or costTypically, one or two containersare enough to accommodate the packages
to be shipped Most commonly, only one container at a time is considered

Which container types tochoose fromdepends on infrastructure restrictions on the route from the

$# O OEA AOOOT i AO6O OEOA AO itseftoin thé\dOntabrér fupphe©O AET AAE |
For example, there are customers for which 20 ficontainersare the only option, while for other

customers it is possible to choose between usirgp ft. or 40 ft. containers.

Sometimesvery long packagesalso limit the choice of container. For examplea packagewhich
exceeds the length of a 20 ft. containanay lead to theneed fora 40 ft. container even though this
results in a lower volume utilization. If, however, a 20 ft. container is the only option due to
infrastructure restrictions, the long part could be shipped using a different mode of transport, for
exampleair freight and then bytruck from the airport . Whenever containers as sea freigtare used,
they will also be complementedby truck transportation to and from the harbor.

In total, there are four intermodal container sizesand in addition to their own internal dimensions,

the dimensions of the door as well as the weight capacity are relevant. In practice it is also necessary
to account forthe factthat the container eiling or floor may be dented, theeby reducing the amount

of available space slightly.

Figure 11. A 20 ft. container being loaded from the dock at the D Figure 12. 40 ft.containers.
Source:Wikimedia Commons(2007)
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Figure 13.A container ship - this one is operated by Maersk Line
Source:Wikimedia Commons. Buonaserg2014)

Table 1. Shipping wntainer data including dimensions and welght capacities

Weight | Inner | Inner | Inner Inner Door | Door
Container Capacity | Length | Width | Height | Volume | Width | Height
(k] [m] [m] [m] [m3] [m] [m]
20' container 28200 5.867 | 2.352 | 2.385 | 32.911 | 2.343 | 2.280
40' container 26600 | 12.032 | 2.352 | 2.385 | 67.494 | 2.343 | 2.280
40" high-cube container | 26580 | 12.000 | 2.311 | 2.650 | 73.490 | 2.280 | 2.560
45' high-cube container | 25600 | 13.556 | 2.352 | 2.698 | 86.022 | 2.343 | 2.585

2.2.3 Consolidation pallets

The third component of the input is thetypes of consolidation pallet that can be used to consolidate
multiple smaller packagesprior to being loaded into the container together with larger packages. A
consolidation pallet can be either aropen box on a palleor an empty pallet wrapped in plasticto
prevent the packages form slidingWhen selectingwhich consolidation pallets to usethe goalis to
minimiz e volume capacityTypically one to three consolidation palletsare enough to accommodate
the smaller packagesfor one container. Most commonly, one consolidation pallet issufficient. When
the number of small packages is equal or close to zero no consalin pallet is neededWhich types
to choose from dependupon what packaging material is available in the warehouseas well as
preference of open box versus plastic wrapping

In total, there are four conlidation pallet types, two are open boxes on pakts and two are empty

pallets. In the case of multiple consolidation palletsit is typical that all are of the same typdor
convenience however this is notabsolutely necessaryln Table 2, the open boxes are the ones ending
xEOE OAT OOI | 6b MITIAA Gd&E AO AA Bi Gl UA Enth thé obdn bages arii@ Emp3 7 6 8
pallets have an outer and inner height specified, however in practice the heights are not necessarily
fixed. In the open box casghe walls may be cut down iheededto fit heightwise. In the empty pallet
casethere are no walls and theheight provided in Table 2 is basedupon aQule of thumbodat the DC

in which stackson pallets should notexceedfive feetin height.
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Figure 14. An open box on a pallet used as a consolidation pallet

Table 2. Consolidation pallet datancluding dimensions, weight capacities and tare weights

Weight Tare Quter | Outer | Outer | Inner | Inner | Inner Inner
Consolidation Pallet Capacity | Weight | Length | Width | Height | Length | Width | Height | Volume
[ka] [ka] [m] [m] [m] [m] [m] [m] [m3]
GREEMN45x30x38-bottom 1329 19 1.143 | 0.762 | 0.965 | 1.113 | 0.732 | 0.935 | 0.762
YELLOWA45X45X38bottom 1176 25 1.143 | 1.143 | 0.965 | 1.113 | 1.113 | 0.935 1.158
EURpallet-47X32X6:SW 1000 25 1.200 | 0.800 | 1.524 | 1.200 | 0.800 | 1.524 | 1.463
USpallet-48X40X6-SW 1000 25 1.219 | 1.016 | 1.524 | 1.219 | 1.016 | 1.524 1.887

2.3 Goalsfor loading

For a given selectionof shipping containers and consolidation pallets, thgoals for loading @n be
categorized as follows:

Goal 1) Fit all packages into thehipping containers

Goal 2) Achieve stability of the cargo, i.e. prevent sliding and falling

Goal 3) Achieve stability of the containes, i.e. center of gravity close to middle and bottom
Goal 4) Avoid awkward placements, e.g. orientation of package oppiesio orientation of pallet
runners, package with pallet not reachable by forklift, angpackage without pallet on floor

These goalsare elaborated uponin Section 2.3.1 and an initial itemization of objectives developed
in Section 2.3.2.

2.3.1 Outline of goals

Goal 1 is simply to fit all packages in the selected shipping containersotfly one or a few packages
cannot fit with a given selection of shipping containersthere are possible alternativespresented
One alternative is to increase the containercapacity by selectinga different combination of
containers. Another alternative is to ship the packages that did not fiby using another mode of
transport such as air freight combined with trucks. A third option is to leave the leftover packages
behind, and wait for more packages to accumulatior the next shipmentat a later point in time.
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Goal 2 is to reduce the risk of damag
during transport caused by packages
sliding and falling. Adequate stability
of cargo can be achieved by usin
consolidation pdlets for smaller
packages, as well as having packagt
and consolidation pallets supported
on the sides from either the wall of
the container, or other cargo. This
reduces the need for securing
packages using bands, straps an
airbags, which saves time asvell as
cost of materials spent on loading.

Figure 15. Securing packages from sliding by using bands

Goal 3 is for transporation safety purposes, redudng the risk of accidentswhile the container ison
theri OOA £OT 1 OEA $# Gdrexénipld, a Acdvy 0ddithAt @ @idirib@dd Gnkveenly
could impact the driving of the truck transporting the container to the harbor. A potential worst case
scenarioin this regard is a container with almost all weight on one side widthwisecausesa large
truck to flip over whendriving through a sharp curve.

Goal 4 issimilar to Goal 2, since the impact of not achieving thiss more time and materialbeingspent

on loading. If the orientation ofa package is oppositehe orientation of the pallet runners, the DC
operator would potentially have to get off the forklift and rotate the package by handf a package
with a pallet cannot be reached by the forksf the forklift, the DC operator would potentially have to

get offthe forklift and place the packagdy hand.Another potential option for these two scenarios

if the package is to be placed on top of a previous package, is to place the latter package on top of the
former package outside theshipping container with more leeway, andthen lift both packages into

the shipping container together. Further, f a package without a pallehasto be placed on the floor

and the risk for moisture is considered to be significanthe DC operator would potentially have to

find some material to place belowfor protection.

Goalsl through 3 areconsidered to be more important thanGoal 4. In practice,Goal 1 will be the
main concern whereasGoal 2 and 3 are of secondary concernlt is up to the DC operator to judge
whether sufficient stability of the cargoand container is achieved, which typically translates intao
known risk for damage of the cargo or accident during transportoal 4 would typically be sacrificed
to achieveall other goals The goals are constrained ¥ many practical considerationsmany ofwhich
are related to the attributes of packages described irSection 2.2.1. There are also other
considerations in addition to these, for example sufficient support below a packagéonstraints are
further treated in Section 3.4.
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2.3.2 An initial itemization o f objectives
The following itemization of objectives can be made based on the goals in Section 2.3.1:

Goal 1) Fit all packages into the shipping containers

1.1 Number of leftover boxes lower
1.2 Volume of leftover boxes lower
1.3 Weight of leftover boxes lower

Goal 2)Achieve stability of the cargo, i.e. prevent sliding and falling

2.1 Use consolidation pallets for smaller packages
2.2 All sides of packages and consolidation pallets supported

Goal 3) Achieve stability of the containes, i.e. center of gravity close to middland bottom

3.1 Center of gravity closer to center lengthwise
3.2 Center of gravity closer to center widthwise
3.3 Center of gravity closer to floor

Goal 4) Avoid awkward placements, e.g. orientation of package opposite to orientation of pallet
runners, package with @llet not reachable by forklift, and package without pallet on floor

4.1 Packages with pallet not rotated
4.2 Packages with pallet reachable by forklift
4.3 Packages without pallet not on floor

These objectives are furthettreated in Chapter 4.

2.4 Purpose of software

A solution to the multi-level loading problem is called doad plan. A load plan consists ofvhich
shipping containers and consolidation pallets to use, and placements (position and orientation) of
the packages within these. Prior to the development and géoyment of the software presented in
this thesis, load plans weregenerated(but not necessarily documented in detail)manually through
test loading exercises called pre-staging as described in Section 1.3The ambition to reduce
uncertainty as well as ldor usage in the shipping proces$ed to the idea of a software thatvould
eliminate the need for prestaging. If the software could generatesatisfactory load plansand beused
by the DC operatorsin practice it would completely replace the pre-staging exercise. Hence the
purpose of the software came to beeplacing pre-staging.
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The forklifts used by the DC operators are equipped with small laptopss seen in Figurel6. These
laptops wereidentified as a key element to enable the DC operators to ukmd plans generated by
the software. The laptops would be able to display visual stepy-step instructions, suggestingthe
placement ofeach packageBy having these visual instructions in the forklift, the DC operators would
be able to load containersimmediately without pre-staging. Also, the customer service
representative would be able to run the software repeatedly as new orders were received, to know
as soon as possible when containensould be full and thusshould be ordered. By removing their
dependence on(@o ahead from DC operators, potential delays in ordering containers would be
reduced.

Figure 16. Laptop in the forklift can be used to visualizetep-by-step loading instructions
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3 Previous work

Preceded by abrief review of commercial optimization softwarein Section 3.1 the literature study
consists of four main sectionsFirst, a brief overview of the literature in Section 3.2 Secondan
assessment of our problem types based on five classification criteriam Section 3.3 Third, an
assessment of the constraints applicable to our problem based on a framework with 10 categories of
constraints in Section 3.4 Fourth, both general and specific concepts we found promising for our
approachin Section 3.5 The assessmas of problem types and constraintshelp to narrow down the
number of past publications to examine in the search gbromising concepts.

3.1 A note on commercial optimization software

To develop an inhouse software rather than purchasing an ofthe-shelf solution was a directive
from management as explained in Section 1.4. The rationale was that a commercial softwasas
anticipated to require too much tailoring to fit their needs. Despie this directive we want to gain
someawarenessabout commercial offerings. This is partly just out of curiosity, and partly to beble
to answer inevitable questions about our competition in terms ofsoftware already available on the
market.

Hence we conduct a search for commercial offerings, without the intention to bemprehensive. We
find an article in the magazine Inbound Logistics by Douglas (2@) helpful as a starting point.
Douglas (2008) describe a loading optimization software from Ortec that was implemented at SCA
Tissue North America, a part of Svenska Cellda Aktiebolaget.According to Ortec (2016) their
software solutions are offeredasstand-alone, custommade or embedded in the enterprise software
SAP.ORTEC Load Building consists of three modules for mul&vel optimization. These are carton
optimization (order picking into cartons), pallet optimization (order picking onto pallets), and load
optimization (loading into trucks, sea containers, train vehicles and air cargo containers).Ortec
(2016) state that their software can handleboth rectangular and cylindrical items andconstraints
including (physical constraints such as orientation, load weight, allowed overhadghdiffe€@nt
DAAEEI ¢ OOOAOACEAOG6h OOOAAEET ¢ OOI AOGdoh OAT I PAOEAI
OAAT OAO T AAQDA Ok @&d C EROrthek, Otk (RD1A)GeEphasized that ORTEC Load
Building can be combined with ORTEC Route Schedulittgalso sole the vehicle routing problem.

Douglas (2008) also list other optimization softwareincluding MaxLoadPro by TOPSCubelQ by

MagicLogic andCargoWizby Softtruck. By continuing to search using keywordsdentified on the

O O b b Iwebsi@W® find many other offerings, including AutoO; by Transportation | Warehouse
Optimization, Cargo Optimizer byDreamsofts Optimizationand CubeMaster by Logen Solutions.

Similar to Ortec heseother suppliers seem to offer a mixof configurations, involving both stand-

alone applications, customization as well as various level of integration with enterprise softwaidike

SAP- ACEA, T CEA CTpQ OOAOA OEAO OI OAO -@thatwéreE 1T OO A
OPAAEAEAAI I U i1 AEEEAA /Eihé DO manhgément Brficipited irefdrding A A A E
tailoring . These other suppliers alsooffer multi-level optimization such aspackaging (including

design of new packaginy palletization andloading. All of the reviewed suppliers list many types of

constraints that their software are capable of handling.There are alsoseveral other handy features
promoted, for example dragand-drop to edit a generated load planto just name one.

In general, we findplenty of information regarding features and benefitsonthe OOD B EAOS x AAOE

but less information on the inner workings of their algorithms. Some of the sup1 EAO0OO6 x AAOE OAC
to academicresearch in a broader senséyut references to specific solution approaches or particular
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publications are scarce. We also have difficulty finding academic research that refers to commercial
software.

Based on this briefreview of commercial optimization software for container loadingwe note:

U Thereseem to beplenty of attractive commercial optimization software available

U Customization of software seems to be commgas anticipated by DC management

U Commercial softwareseem to be related tcacademicresearch to somedegree butin order
to assessthe extent of the interchange, primary research on this subject itself would be
necessary

3.2 The literature on container loading

This sectionoffers a brief overview of the literature on cntainer loading optimization. The overview

is based on two recent literature review publications.The first review by Bortfeldt and Wascher

(2013) is focused on constraints in cordiner loading. The second reviewby: EAT h " AT T AT 1T h
and Dowsknd (2016) is instead concentrated on algorithms for solving container loading problems.

Zhao et al. (2016)make it clear that their work is intended to be complementary to that oBortfeldt

and Wascher (2013.

3.2.1 Identifying the field of research

Bortfeldt and Wascher (2013) define container loading problems as thredimensional small items
(called cargo that have to be assigned (packed into) threglimensional rectangular /arge objects
(called containers) such that some objective function is optinzed with respect to applicable
constraints. Certain geometric constraints such as the cargo being entirely inside the containers as
well as the cargo notintersecting will always exist, while the presence of other more practical
constraints depends on theapplication.

Bortfeldt and Wascher (2013) note that most publications on container loading only treat
rectangular smallitems, and therefore introduceboxesas a better describing naming for carg&Zhao

et al. (2016) also use the tem boxes We therefore adopt boxesand use it instead ofpackages
throughout this chapter as well as inChapter 4 on our approach, to facilitate discussions about
promising concepts found in the literature We make exceptionsfrom this and 4gill refer to packages
when the context isdirectly related to the DC.

By skimming the references providedn Bortfeldt and Wascher (2013) as well aZhao et al. (2016)
we notice that there are many different naming used for problems in this area of research. d¢
example the termsthree-dimensional, 3D, packing, bin packing container packing, pallet loadingare
commonly used in titles of publicationsin addition to container loading. Wemainly stick to using
container loadingfor convenience.

Bortfeldt and Wascher (2013) use the termoading pattern to name a solution to a container loading
problem. Zhao et al. (2016) use the term packing patterinstead,or simply pattern. We acknowledge
that pattern seems to be a fairly established term for naming a sdlon, but we mainly use /oad p/an
in the succeeding chapters sincthis term is more familiar at the DC.

Bortfeldt and Wascher (2013) recognize thattheir definition of a container loading problemalso
holds for trucks as well as pallets that are limitedo be loaded up to a certain height. In line with this
comparison Zhao et al. (2016) argue that arranging boxes into a container, truck or pallet is one of
the more complex packing problems due to the presence of reaforld constraints.
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Regarding thepractical relevance ofthe field Zhao et al. (2016) argue that container loadig is an
important factor in transportation of goods. Bortfeldt and Wascher (2013) considercontainer
loading to be a pivotal function for operating supply chains efficiently as it impacts both costs and
service. Considering the practical importance of this research we are not surprised by the
acknowledgement byBortfeldt and Wascher (2013) tha there are plenty of researchon container
loading problems. Bortfeldt and Wascher (2013) as well a8hao et al. (2016) also recognize a growth
in the number of publications within recent years. Zhao et al. (2016) note that recent research also
examine irtegrating packing with routing and scheduling problemsBased on our problem definition
routing and scheduling is not relevantfor us now, but it might become interesting for future
extensions of our problem.

3.2.2 Solving problems in practice

When it comes tosolving container loading problemsZhao et al. (2016) conclude that heuristic
algorithms are more common as approach than exact algorithms (i.e. based on mathematical
formulations) and suggest two reasons for thiskirst, a difficulty in representing possble loading
patterns and practical constraints in modelsSecond, if a representation is possiblethe formulation
typically scales badly withincreasingnumber of boxes and containers. Despite these challeng&hao
et al. (2016) recognize that encouragimg progress has been made in this area of the research.
Bortfeldt and Wascher (2013) alscacknowledgethat progress has been made in the development of
exact and approximation algorithms, butat the same timethey argue that heuristic algorithms, and
particularly meta-heuristics, will remain the most important class of algorithms for solving container
loading problems in practice in the foreseeable futureBortfeldt and Wascher (2013) state thatin the
foreseeable future only heuristic algorithms will be able to provide solutions of sufficient quality
within acceptable computation times, for problem instances of relevant sizesif constraints are
present. Therefore we make the decision toonly focus on heuristic algorihms for our approach
moving forward.

Bortfeldt and Wascher (2013) emphasize that loading patterns typically have to satisfy several
constraints at the same time to be feasible in practic®espite the high number of publications on
container loading problems both Bortfeldt and Wascher (2013) andZhao et al. (2016) conclude that
research on problems dealing with several practical constraints simultaneously is deficierifhao et

al. (2016) argue that only a small portion of papers consider realorld constraints properly and that
most papersinsteadfocus on only a few specific constraints. Similarlgortfeldt and Wascher (2013)
arguethat research have been neglecting issues relevant to container loading in practice and instead
has been dealing with standardproblems. Since our softwarehave to deal with many practical
constraints we havea great opportunity to make a contribution to the field.

Both Bortfeldt and Wascher (2013) andZhao et al. (2016)identify one potential cause for these
shortcomings in the research to be that the same datets, whichlack practical elementsfrequently
have been used to develop and test new approaches. Realistic and challenging problem instances
would help moving the research forward according to botrBortfeldt and Wascher (2013) andZhao

et al. (2016).We realize that the availability of real problem instancefrom the DCcapturing relevant
constraints isfundamental for our development efforts.

3.3 Assessmentof our problem types

Both Bortfeldt and Wéascher (2013) andZhao et al. (2016) rely on dypology for classifying container
loading problem types developed byWéascher, HauRner and Schumann (2007).The work by
Wascher et al. (2007) consist of categorization criterias well asnamesfor the problem categories.
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We examine their typologyin order to classify and name our problemThis exercise facilitates our

further study of the literature. In particular it is helpful in Section 3.4 wherreviewing the evaluation

by Bortfeldt and Wascher (2013) on how constraints are dealt with in paspublications, as these are
distinguished based on problem typesAdditionally, it facilitates potential referring to our work.

The work by Wascher et al. (2007) is not limited to container loading problems but rather all types
of cutting and packing problemsWascher et al. (2007)use five criteria to categorizeall cutting and
packing problem types. We use their five criteria, lut present them in a slightly different order
compared to their paper. We note thathe terms small items and large objectare usedby Wascher
et al. (2007) similarly to how they are used in the definition of container loading problems by
Bortfeldt and Wéscher (2013).

3.3.1 Five criteria

The first criteria we address is dimensionality and we conclude that our problem is three
dimensional.

The second criteriawe addressis shape of small itemsThe three alternatives provided by Wascher
et al. (2007) are rectagular, circular and irregular items. We decide tdreat our problem as only
rectangular items. GivenFigures7-10 in Section2.2.1 this might not bean obvious simplification , but
it is both desirable and necessanyjt is desirable because it enables a me straightforward approach
and also becausethere are more publications to find inspiration from. Recall thenote by Bortfeldt
and Wascher (2013)that most publication only treat rectangular items It is necessarybecausethe
available dimension data for packageat the DC only consist of length, with and height regardless if
the package is fully rectangular or notFurther, the simplification is supported by the DC operators
who estimate it to cause negligible reduction in tilization of space. It is motivated by that the
majority of packages are either fly or almost fully rectangular, while stackingon the remaining non
rectangular packagesoften is limited anyway. Dealing with only rectangular items enables usto
alternate the use ofsmall items and large objectswith boxesand containers respectively in this
section as well.

Wascher et al. (2007) note thain the literature rectangular items are usually assume to be laid out
orthogonally, meaningthat the boxes are alwayglaced parallel to the inner walls of the container.
This simplification is also supported by the DC operatorsas they very rarely gain anything from
rotating a package other than 90 degreesince most packags are more or lessectangular.

The third criteria we address isassortment of small itemsand the three possible cases declared by
Wascher et al. (2007) areidentical, weakly heterogeneous or strongly heterogeneousNo strict
threshold for weakly versus strongly heterogeneus is provided. Weakly heterogeneous is described

AO OOI Al ibe gradpkd ifio rdldkively fewclasses (in relation to the total number of items),

£ O xEEAE OEA EOAI 0 AOA EAAI \&diekback roBdoton2Q.A«dd A A O
argue that the description for weakly heterogeneous typicallydoes not match our instancesand
hencewe deal with a strongly heterogeneous assortment of boxes.

The fourth criteria we address iskind of assignment For this criteria the two options are output
maximization or input minimization. For output maximization problems the selection ofarge objects
is fixed and not sufficient to accommodate aBmall itemsaccording to the definition by Wascher et
al. (2007). For input minimization problems on the contrary, the selection oflarge objectsis variable
and all small items have to be accommodatedhis links back toGoall in Section2.3.1. Simply put,
both casesare possiblein practice at the DCand this may changefrom time to time. To exemplify
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this, supposea realistic scenario where a set of packages is considered to be loaded in one 20 ft.
container and all but a few packages are able to flt this scenarioit is typically the customer service
representative that have to decide whether two 2 ft. containers (or one 40 ft. container) should be
used, or if some packages should be left behind and/or shipped using another mode of transport.
Similarly, for consolidation pallets, suppose another realistic scenario where all but a few small
packagesare able to fit in one consolidation pallet. In this scenario it is typically the DC operator that
have to decide whether two consolidation pallets (or one largeconsolidation pallet if available)
should be used, or if some small packages should be pldadirectly in the container. Therefore we
conclude that oth output maximization and input minimization are applicableto our problem.

Finally, the fifth criteria we addressis assortment of large objectsThis criteria is divided in two sub
criteria. Thefirst sub criteria is if the number of large objects is one or several. As described in Section
2.2.2 and 2.2.3 most commonly only one container and one consolidation pallet is enough. However
this is not always the case, both multiple containers and miipple consolidation pallets do occur.
Hence we cannot make a strict distinction here. The second sub criteria is for the one large object
case whether dimensions are fixed or variable, and for the several large object caséhether objects
are identical,weakly heterogeneous or strongly heterogeneous. In the one large object case we first
consider containers and conclude that dimensions are fixed since an intermodal container has no
variable dimensions. We then consider consolidation pallets anicall that height is variable as
described in Section 2.2.3. With the desire to develop a more general approach we decide to still treat
both levels of our multirlevel problem as fixed dimensions. We consider the maximum heights of each
type of consolidation palet, but in our approach we remain aware of the possibility to have lower
heights. Regarding the second sub criteria for the several large object case most commonly deal
with identical containers as well as identical consolidation palletsas describedin Section 2.2.2 and
2.2.3. Howeverthis is also not always the case, for example scenarios with two different types of
containers or two different types of consolidation pallets are possibledencewe deal with either an
identical or a weaklyheterogeneous assortment of large objects ithe several large objects case

3.3.2 Conclusion on problem types

Wascher et al. (2007)also provide names for the problem typesbased on their system for
classification. Given our assessment of the five criterithere are five possiblenames ofour three
dimensional rectangular items problem. These are Single Knapsack Problem (SKRultiple
Identical Knapsack Problem (MIKP), Multiple Heterogeneous Knapsack Problem (MHKB)ngle Bin
Size Bin Packing Problem (SBSBPRhd Multiple Bin Size Bin Packing Problem (MBSBPP)s we
most commonly deal with either one container or multiple identical containers, the three most
suitable classifications for ourthree dimensional rectangular itemsproblem are Single Knapsack
Problem (SKP), Multiple Identical Knapsack Problem (MIKP) and Single Bin Size Bin Packing
Problem (SBSBPP)Our reasoning is illustrated in Figure 17, with a representation slightly different
from that Wascher et al. (2007) but still the very same criteria.
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Figure 17. Categorization of our problem using thecriteria provided by Wéscher et al. (2007)

3.4 Assessmentof our constraints

The work by Bortfeldt and Wascher (2013)includes aframework for classifying container loading
constraints and a comprehensivevaluation of 163 paperspublished in mainly Englishfrom 1980 to
2011. The framework consists of 10 categories of constraints distributed over five category groups
as outlined in Table 3The evaluationincludesassessment of problem typesising namesproposed
by Wascher et al. (2007) and which of the 10 categories of constraintsthat are applicable.The
classification of our constraints not only make it easier tgearchfor inspiration for our approach, but
it alsohelp us to faster identify all relevant considerationsthat we have todeal with. Additionally, it
facilitates potential referring to our work.

Table 3. Categories for container loading constraints provided by Bortfeldt and Wéscher (2013)

Category | Categaoy group Category | Category

group number

number

_ _ 1 Weight limits

1 Container-related constraints - —— -
2 Weight distribution constraints
3 Loading priorities

2 Item-related constraints 4 Orientation constraints
5 Stacking constraints

3 Cargorelated constraints 6 Complgteshlpmeqt constraints
7 Allocation constraints

4 Positioning constraints 8 Positioning constraints

5 Loadrelated constraints 9 Stability gonstralnts_
10 Complexity constraints

N
N



Bortfeldt and Wascher (2013) clarifythat item-related for category group 2 refesto one individual
item while cargo-related for category group 3 refes to a set of items. Further, positioningfor
category group 4concernspositioning of itemswithin containers andload-related for category group
5 concernsthe final arrangement of the items

Bortfeldt and Wascher (2013) also note that constraints may occur asither hard or as soft
constraints. Any hard constraints must be feasible for a loading pattern to be feasibhéhile violations

of soft constraints ae tolerated, at least within certain limits.Based on discussions with the DC
operators we concur with this note, as the operators describe certain scenarios as unacceptable
while other scenarios as acceptable but not preferred.

We address the 10 categoriewith the intention to better understand what they meanand to assess
if they are applicable to our problem

3.4.1 Container-related constraints

Category 1weight limits refers to that the total weight of boxes loaded in a containerh®uld not
exceed a certain weight limit of the container. This is applicable to our problem since weight
capacities are available for both shipping containers and consolidation pallets.

Category 2 weight distribution constraints considers how the weight ¢ the cargo is distributed
across the container. Uneven weight distribution may cause damages and accidents during handling
and transportation. The weight distribution is recognized by the DC operators as a concern and hence
applicable to our problem.

3.4.2 Iltem-related constraints

Category 3/oading priorities is only relevant to output maximization problemsasit refers to how
boxes should be prioritized if the containers are not sufficient to accommodate all boxéghis is to
some extent relevant for us and we refer back to oueasoningabout thekind of assignmentcriteria

in Section3.3.1. Based ondiscussion with customer service representatives and management at the
DC we conclude that whenever needed prioritization shaild be done manually rather than
automatically by our software. For example, the customer service representatihould rather be
removing packagedrom the input than entering prioritization rules for the packages.Therefore we
conclude thatloading priorities is not applicable to our problem.

Category 4 orientation constraints refers to how orientation of boxes may be restricted both in
vertical and horizontal direction. Bortfeldt and Wascher (2013) exemplif that violation in vertical
direction may cause damage of the content as well as the packaging. Horizontal direction may matter
for boxes with pallets attached when loading using a forkliftif the pallet runners are onlygoingin
one direction (two-way entry rather than four-way entry). We note hat if a pallet is attached then
only one vertical direction makes sense.Given only athogonal placements as stated ifsection3.3.1
there are six potential orientations for boxesBortfeldt and Wascher (2013) define five different
cases to describe to wht extentthese sixorientation s of boxesare restricted. We prefer to instead
define the six gientations numbered 1-6 using baseto describe vertical orientation and rotation to
describe horizontal orientation. To facilitate further discussion we illustrate this in Figure 18 using a
fixed three dimensional axis and fixed notation of the length, width and height of the box.
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A Z-axis Orientation 1 1 Orientation 2

Base: length-width Base: length-width
Rotation: no Rotation: yes
Orientation 3 Orientation 4

Base: length-height Base: length-height
Rotation: no Rotation: yes

Y-axis \

Orientation 5 Orientation 6
Base: width-height Base: width-height

Rotation: no 4 Rotation: yes

length height

\,

\ width —

X-axis

Figure 18.Possible orientations of three dimensional rectangular items

We typically have both boxeswith pallet attachedand boxeswithout pallet attached, as indicated in
Section 2.2.1

For boxes with pallet attached wedefine that the palletis alwaysadjacent to the lengthwidth base.
Forklifts are used at the DCwhen loading and according to the DC operators boxes withpallet
attached are always placed so that thgallet is facing downwards(in contact with the container floor
or packages below) Hence we conalde that only orientation 1 and2 are relevanthere.

For pallet runners in both directions (four-way entry) we note that both orientation 1 and 2 are
acceptable For pallet runners in one direction (two-way entry) it seemsat a first glancereasonable
to only allow one orientation. However,based on discussionsvith the DC operators wedentify two
exceptionswhen packages with pallets attachednay beplacedin the container oriented opposite to
the direction of the pallet runners.The first exception is for long packages such as the cylinder in
Figure 7 which are partly pushedinto the container using the faks on the forklift. For very long
packages this might be necessary due to the package only fittimgthe container lengthwise, while

in other scenarios it isnot required but beneficial to better utilize the container volume. The second
exception is forany package light enough to be rotatedither by hand or using the forklift. This links
back toobjective 4.1in Section2.3.2 as itis not desirablefrom a loading efficiency standpoint with
respect to time.Therefore it is only usedwhen expectedto be necessary from a volume utilization
standpoint, e.g. to fit all packagesA rule of thumb among the DC operators is that packages up to
200 Ibs. (91 kg) may be rotated by handAltogether we realize that the direction of the pallet runners
relative the base dimensions (length and width) of abox is essential to handle orientation
constraints. To remark this insightwe define three possible pallet orientations as illustratedn Figure
19.
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Parallel to length Parallel to width Both directions

N ————

length width
Figure 19. Possiblepallet orientations for boxes with pallet attached

For boxes without pallet attachedit is necessary to determinewhether only orientation 1 and 2

should be acceptableor if all six orientations should be acceptableBased on discussionith the DC

operators we realize thatduring packing on level 1 and level 2s illustrated in Figure 3 the operators

may make assumptions about the vertical direction upon loading. For examplan operator may

assume that the package will be loaded AAT OAET ¢ O1 AT U i AOEET C 11 OEA
Oboh OOEEO OEAA Obd Ity upwar@sUFroh ithe DCxofetaiorsve @Qlsdleasrd BT E 1
that deviating from the vertical direction without knowledge about the content and the packaging

could occasionally cause damage of parts during transpottiowever, the operatorsacknowledgethat

on rare occasions boxes arturned over to better fit or to achieve better stability of carga Inthese

occasions it is desirable to inspect the content as weds the packaging firstbut whether it is done

properly is very dependent on the operatorsperforming the loading. To avoid potential risks for

damageof partswe decide in agreement with the DC operators as well as managemetd only accept
orientation 1 and 2for boxes without pallet attached.

Category 5stacking constraintsconsiders how boxes can be placed (stacked) on top of each other.
Bortfeldt and Wasder (2013) comment that /oad bearing constraintsis also usedto name this
category.Four factors arementioned by Bortfeldt and Wéascher (2013) to have a significant impact
on how much weight or pressure a box may endure before burstingortfeldt and Wascher (2013)
note that the purpose of stacking constraintsis to avoid damaging boxes ad based on discussions
with the DC operators weconcludethat this is one of the aspectgonsideredto be most important
for our problem.

The first factor is the strength of the packagingvhich is dependent on the construction as well as the
material of the box itself. The second factor is the content of the box, for exampldnether it is filled
with solid content that can help withstand the load aboveThe third factor isrelated to the way of
stacking, for example how many edges (or cornerghat is used by alower box to support a box
above.Bortfeldt and Wascher (2013) note thatmuch of the strength of a boxcomesfrom the side
walls and refer toEdge Crush Test (ECT) as a measure related to thisThe fourth factor is related to
the transportation and includes aspects such as the duration of the transport, the humidity
throughout the route, etc.

The DC operatorgecognize all four factors to be relevantHowever, the operatorsrefer to common
sense when it comes to evaluating feasible placementsyt acknowledge that they likely are using
the four factors either consciously or subconsciouslyBortfeldt and Wéascher (2013)mention several
ways in which stacking constraintsare dealt with in the literature. Approaches includerules for
stacking basedn classifications of boxesuch as fragility, number of boxes, weight of boxes, density
of boxes and pressure as in weight units pearea unit.

From initial experiments which entailed pre-staging (test loading) together with DC operators we
learned that the third factor, namely the way of stacking have a significant impact on feasible
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placements.For example, we learned thain many situations support from two cornersis almost as
good as support fromfour corners, while support from only one corner dramatically reduce how
much weight thatcanbe loaded abovea given packageWe also learned thaffor cases with support
from less than four corners, plenty of the strength from the walls of the box below is gained if the box
abovealmost reach out to the other edges.Henceit matters how close the box above is to reach éu
to the other edges of the box below in these casds.Figure 20 belowwe illustrate a few examples of
various levelof support with respect to corners and edges.

Support from one Support from one, but almost Support from four
corner two, corners corners

q q q
> Q) o2 Q 7 <P

Figure 20. Examples ofvarious level of support from box below

SinceBortfeldt and Wascher (2013)only mention ECTin passing we review a guide on ECT provided

by Fibre Box Association (2008), a notprofit trade association representing corrugated packaging
manufacturers in North America. ECT is described as a measure of a physical property of a corrugated
board and is typically expressed in units of force per unit of length (i.e. 1 ECT = 1 Ibs. per inch). The
ECT value alone does nanswer how much weight or pressurea box mayendure before bursting,
but it can be usedcombined with other parameters to estimate stacking strength. Fibre Box
Association (2008) state that the McKee Formula developed by McKee, Gander and Wachuta (1963)
is despite its age commonly used by the indust, including in commercial optimization software, to
relate ECT values to stacking strength.

A key parameter in the McKee formula is the environmental factor. This fact@necessary to capture
aspects such as the way of stacking, the duration of thatrsport, the humidity throughout the route,

etc. Related to the way of stackingFibre Box Association (2008) note that the strength of a box is in
particular focused in the cornersWe note that ECT is a measure for corrugated board, while we also
have crates of wood, as mentioned in Section 2.2.1. However, the crates of wood are typically stronger
than packaging of corrugated board according to the DC operators.

Based onthe abovewe conclude that stacking constraintsis applicable to our problem including
consideration to the way of stacking The McKeeformula seems promising in order torelate ECT
values to stacking strengthand therefore we treat the McKee Brmula further in Example 3 in Section
4.4.2

Finally, exceptions to reject the assumption that other packages can be stacked on a package as
mentioned in Section 2.2.1 may either be considered as this category or category 8 (see Section 3.4.4).
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3.4.3 Cargo-related constraints

Category 6 complete-shipment constraintsis similar to loading priorities in the sense that it is only
relevant for output maximization problems in which by definition all cargo cannot fit. Complete
shipment constraints refers to a practical consideration that a sulset of boxes may represena
functional or administrative entity. A functional entity could for example be that pieces in multiple
boxesare supposed to be assembled at the customer site. An administrative entity could forample
be an order. W& note that a functional entity may but does not have to correspond to an
administrative entity, and viceversa. If complete-shipment constraints is applicable then albr none
of the boxes in a subset must be loadebh other words, if one box in a subst is loaded, then all other
boxes must be loadedand if one box cannot be loaded, no box should be loadeBortfeldt and
Wascher (2013) note that if several containers are loaded there are two cases, namifligoxes have
to be loaded in the same containeor just loaded in any of the containersBoth functional and
administrative entities are relevant considerations for us according to customer service
representatives at the DC. However, based on discussions with both customer service
representatives andmanagement we conclude that this should be handled manually rather than
automatically by our software. For example the customer service representativ&ould be adding
packages tg and removing packages fromthe input in sets made up of whole ordersHence we
conclude that completeshipment constraintsis not applicable to our problem

Category 7 allocation constraints is relevant for problems with multiple containers and is quite
similar to complete-shipment constraintsas it also deals with subsetsfdoxes.Boxes may have to be
loaded in the same container due to requirements from the customer, anay not be allowedto be
loaded together, for example if the content of the boxes is not suitable to be transported together.
Bortfeldt and Wascher (2013) mention food with perfume asan example of the latter.Similar to
complete-shipment constraints we conclude that this should be handled manually rather than
automatically by our sdtware. Hence we conclude thaallocation constraints is not applicable to ar
problem.

3.4.4 Positioning constraints

Catggory 8 positioning constraints restricts the location of boxes within a container. Bortfeldt and
Wasder (2013) distinguish between absolute positioning constraints and relative positioning
constraints. Absolute positioning constraintsrefers to how individual boxes should or should not be
located relative the container, e.g. a specific position or spa&uch restrictionsmay be caused by the
size, the weight or the content of the boxRelative positioning constaintsrefers to how boxes should
or should not be located relative each otherSuch restrictions may be related to loading and
unloading considerationsand for example applicable when loading problems are integrated with
vehicle routing problems. Bortfeldt and Wascher (2013) note that positioning constraintsoften are
combinations of the absolute and the relativesub categories

We identify multiple positioning constraints from Section 2.2.1 First, we have one relative
positioning constraint in that packages with hazardous conterftaveto be easy accessible, which may
be interpreted as no other packages placed above oriront of it. SecondOE A A @ AdoeobtE 1 1
OOAAE A AEAEAZAAOAT O DAAEAGARARAAA OBBI Al KO OD A DE A EA
as relative positioning constraints Third, we havetwo absolute positioning constraints. The first
absolute positioning constraint isthat packages without pallet attached should preferably not be
placed on the container floor due to the risk of moistte. The second absolute positioning constraint
EO PAAEAGCAO xEOE Amuathepléet dnthed® A [iodEebdnblA dud o ligdd or
weight. Therefore we conclude that positioning constrants is applicable to our problem.
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3.4.5 Load-related constraints

Caegory 9 stability constraints considers the risk that boxes do not remain at the initial position in
the container e.g. due to falling or shifting. Bortfeldt and Wéscher (2013) note that unstable loads
may cause damage of cargo as well as injuries of people during loading, transpddatand unloading.
Based on discussions with DC operators as well as customer service representatives we conclude
that this is considered to be one of the most important aspects of our probleitlinks back to Goal2

in Section2.3.Bortfeldt and Wascher(2013) also acknowledge this to be one of the important issues

in container loading, but also recognize that despite this it is natommonly considered explicitly in
publications. Bortfeldt and Wéascher (2013)comment that many authorsinstead simply argue that
good stability is a consequence of high space utilization.

Bortfeldt and Wasder (2013) distinguish betweenvertical stability and horizontal stability . Vertical
stability is described as preventing boxes from falling down while the container is nahoving (i.e.
withstand gravity). Bortfeldt and Wascher (2013)note that one way this is dealt with in the literature
is to require either total or partial support of the base area of a baxf a box is placed on the container
floor the support will always be 100%of the base areawhile for a boxplaced on top of one or several
other boxes the support may be below 100% whiclthen implies overhang. Horizontal stability is
described as preventing boxes from shifting while the container is moving (i.e. withsta inertia). In
practice this is achieved by a combination of boxes receiving support from adjacent boxes and the
container walls as well asadditional securing. As mentioned inSection2.3.1 material used at the DC
to secure packages consist dfands, staps and airbagsBortfeldt and Wéasder (2013) note that one
way horizontal stability is dealt with in the literature is to measure contactith the four side surfaces
of each boxIn Figure 21 belowwe exemplify how one may conceiveertical as well as haeizontal
stability.

Vertical stability Horizontal stability
Percentage of base area supported Number of sides supported
4 4 3
100% N
0,
25% 1 o
s A 100%
100%

Figure 21. Examples of various level of vertical and horizontal stability

Based on discussion with DC operators we conclude that botrertical stability and horizontal
stability are very important for us. In particular horizontal stability is something that the operators

are very conscious about. Placements resulting in interlocking of packages is praised as a key aspect
when loading. Towers of packages is recognized as something that if possible should be avoided. The
DC operators stress the importance of common sense when it comes to evaluating feasible
placements. We conclude that stability constraints is applicable to our problem.

Category10 complexity constraintsrefers to any limitations of technological and human resources.
Bortfeldt and Wascher (2013) stress that solutions must be visualized and easy to understand for
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the operators doing the loading so that the loading procedure does not become too time consuming.
This links back toSection2.4 about the small laptops in thedorklift that should be used to display
visual step-by-step instructions. We realize that this aspect is critical fous, butwe questionwhether
this should be consideredas aconstraint or instead a more general concernrelated to the loading
process Either way, based on ourinitial experiments which entailed pre-staging (test loading), we
identify another consideration related to forklifts that clearly is a complexity constraint. More
specifically, for a package to be placedbove one or several othepackages using a forklifithe forks
should preferably be able to reach the intended positionFigure 22 below illustrates a scenario in
which the intended position cannot be reached.

N \|\

Figure 22. Example of htended position not reachable by forkiift

Potential options if a position cannot be reached are mentioned undeGoal4 in Section 2.3.1. W
conclude that complexity constraints is applicable to our problem.

3.4.6 Summary of applicable constraints

The classification of our constraints using the categorgeprovided by Bortfeldt and Wascher (2013)
is summarized in Table 4In total 7 of the 10 categories of constraints are applicable to our problem.
We note that only 2 of the 163 publications (1.2%)evaluated by Bortfeldt and Wascher (2013)
consider 7 constaints, and no publication consider more than 7 constraintsThis confirms our
anticipation mentioned in Section3.2.2that we are facing many practical constraints relativgublicly
available container loadingresearch

Table 4. Categories for container loading constraints applicable to our problem

Category | Category Applicable to
number our problem
1 Weight limits Yes

2 Weight distribution constraints | Yes

3 Loading priorities No

4 Orientation constraints Yes

5 Stackingconstraints Yes

6 Complete-shipment constraints | No

7 Allocation constraints No

8 Positioning constraints Yes

9 Stability constraints Yes

10 Complexity constraints Yes
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3.5 Promising conceptsfor our approach

We define criteriato filter among the 163 publications evaluated byBortfeldt and Wascher (2013)
based on the assessment of our problem types in Section 3.3 and the assessment of our constraints
in Section 3.4 The following are ourfiltering criteria, preceded by motivations:

Avoid problemsthat are not relevant for us given the assessment of our problem types:

U Consider onlythree dimensionalrectangular items SKP, MIKP, MHKP, SBSBPP, MBSBPP
More likely to be a problem from practice like ours:

U Include at least four constraintcategories

Mostimportant constraints for our problem:

U Include both stacking and stability constraints

By applying the criteria the 163 publications are narrowed down to 15. We find these 15 publications
interesting to further examine in order to identify promising conceps for our approach.However,
first we assemblesome general ideas about algorithms for solving container loading proéins from
the work by Zhao et al. (2016).

3.5.1 General concepts

Zhao et al. (2016) claim that in many publications problems with several contaérs are tackled by
simply extending models for one containenWe have decided to solely focus on heuristic algorithms
as stated in Section 3.2. Zhao et al. (2016) note that all heuristic approaches include a mechanism
to placeboxes n the containers and call this placement heuristic Zhao et al. (2016) further note that
many heuristic approaches also include some kind ofmprovement heuristic and mention Genetic
Algorithm (GA), Tabu Search (TS) and Simulated Annealing (SA) as commonly used rr@taristics.
For more information on metaheuristics we refer to the extensive work by Talbi (2009) titled
Metaheuristics: From Design to Implementation

Regarding placement heuristis Zhao et al. (2016 distinguish betweenwall building, layer building
and other approaches Other approaches include block building as well as boxes placed one at a time.
In wall building walls of boxes are created lengthwise in the container and in layer building layers of
boxes are created heightwise in the containetn block building multiple boxes are arranged to form

a block that may be treated as one larger boXhao et al. (2016) claim thatwall building and layer
building are most common wherboxes areweakly heterogeneous, while other approaches are more
common for stronglyheterogeneous boxedn Section3.3.1we concludedthat our boxes are strongly
heterogeneous and thereforewe decide tofocus onother approaches thanwall building and layer
building.

Zhao et al. (2016)distinguish that placement heuristic adopt either static sequencing or dynamic
sequencing. This refers to theorder in which boxes are placed in the container,e. the apparent
guestion after each placementnamely which box to place nextln static sequencing the odering of
boxesmay be determnedbefore the first placementas it is not impacted by the followingplacements.
On the contrary, in dynamic sequencing the ordering of boxes is updated after each placement,
meaning that the choice which box tplace nextmay bedependent on pievious placements. For both
static and dynamic sequencing some sort of scoring is typicallysed to generate the ordering, he
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differences lie in which criteria that may be usedfor the scoring. For example static criteria is

typically focused on characteristics ofll boxeswhile dynamic criteria alsomay include aspects such
as available spacegunutilized volume) as well ascharacteristics of remaining boxes after each
placement Zhao et al. (2016)arguethat the sequencing can be criticdor the performance of a given
approach. We intend to pay a@areful attention to this aspect and intuitively we find dynamic

sequencing more appealing.

Regarding where to place a boXhao et al. (2016) mention that evaluating combinations of boxes,
orientations and available spaces (unutilized volume) or boxes, orientations and placement points
are two commons methodsWe find these methodspromising.

Consideringimprovement heuristics Zhao et al. (2016) explain the benefit as broadening the search
space and make neighborhood moves in order to find better solutions.This is commonly
accomplished using meteheuristics such as GA, TS and 8%t guidethe placement heuristics Based
on examples provided by Zhao et al. (2016) we realize that the metheuristics may be used in many
different ways. We therefore limit our study of meta heuristics to the 15 publications we have
selectedfrom the evaluation by Bortfeldt and Wéascher (2013). Fromthese publications we also
identify more specifics related to placement heuristics.

3.5.2 Specific concepts

Based on an initial assessment of the relevance for our workewecide to not further examine 11 of
the 15 publications. We briefly elaborate on the reasns for excluding these 11 publications irthis
segment Gendreau, lori, Laporte and Martello (2006), Fuellerer, Doerner, Hartl and lori (2010), lori
and Martello (2010) as well as Bortfeldt (2012) all treat integrated vehicle routing and container
loading problems. For understandable reasons the loading approaches in these publications are not
presented with as much detailcompared to other publications treating pure loading problems.
Bortfeldt and Gehring (2001), Gehring and Bortfeldt (2002) as well as Gehia and Schaerf (2013)
propose placement heuristics based on wall building or layer building, which we det#d earlier in
this section to not adopt.The work of Balakirsky, Proctor, Kramer, Kolhe and Christensen (2010)
concerns palletizing rather than container loading and hence more relevant for consolidation pallets.
We find loading of shippingcontainers much more importantin our problem and we prefer to begin
wit h an approachmainly intended for this. Gehring and Bortfeldt (1997) present an approach based
on building and placing box towers. InSection 34 we noted that towers of packages is recognized by
the DC operators as something undesirablélakarem and Haraty (2010) suggest an approach with
four agents, one for each of the activities packing, tracking, loading and unloadikge find this quite
interesting, but are discouraged as neither Zhao et al. (2016) nor Bortfeldt and Wascher (2013)
mention agent based approachem their reviews. Lastly, the work by Bortfeldt and Gehring (1999)
is written in German and excluded simply based asur convenienceas nonGerman speakers.

Out of the four remaining publications we favor the work by Techanitisaad and Tangwiwatwong
(2004) in which the loading approach is thoroughly explainedWe find several aspects of the
approachpromising, while we also appreciate thait seems to offergoodflexibility for modifications.
Techanitisawad and Tangwiwatwong2004) tackle an integrated container selection and container
loading problem. The problem is defined as to determine a set of containers that minimize cost and
a loading pattern for each containe that maximize volume utilization subject to practical loadhg
constraints.

Techanitisawad and Tangwiwatwong (2004) propose an integrated procedure based o8As in
which two main heuristics called container selection and container loading are solved iteratively
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until all boxes are loadedBoth the container seletion and the container loading are driven by GAs,
but with different design of chromosomes, fitness functions, etd@he container selectionis designed
to minimize cost constrained by volume and weight of boxedNe note that cost easilymay be
replaced with volume capacity. We alsonote that a GA for our container selectiorproblem is
redundant as we typically deal with only one or a couple of shipping containers and consolidation
pallets with only one or a couple of different types of each to choose frorRurther, Techanitisawad
and Tangwiwatwong (2004) design thecontainer loading heuristic using two evaluation functions
with weighted coefficients to first select position and second select box for next placementhe
chromosomesof each individual in thecontainer loading GA represents the actual values of these
total 18 weighted coefficients.

Step 1: Select a loading positiofwith coordinates & o hx among available pointssuch that
Ed n & 4 & N ¢ n ® & A ® ¢ /i & &« f o
R ® 1N & wheref B M are weighted coefficientsand alsochromosome values.

Step 2: SeIectNa boi’Qarpong remaining poxes to be loaded at the selected positicRsuch that
i A® B ® "Qda§where B o are weighted coefficients andalsochromosome values.

Each"Qd o ¢ B AQ & ¢ feflects characteristics of boXCrelated to either size, weight, feasible
orientations, stackability or how many similar boxes thereare.

Werecognize that this is static sequencing according to the definitions by Zhao et al. (2016) as none
of the factors are dependent on previous placement. In other words, all box evaluation factors may
be calculated before the first placement and reain fixed throughout the whole loading procedure,
which clearly also is the case in the algorithm outlined by Techanitisawad and Tangwiwatwong
(2004). As stated earlier in this section, we find dynamic sequencing more appealingowever, we
assume that theconcept of GA with weighted coefficient as chromosomésappropriate not only for
static sequencing but also for dynamic sequencing.

In the container loading heuristic proposed byTechanitisawad and Tangwiwatwong (2004)the
boxes are placedne at a timeginto one container at a timegwithout any type of wall building or layer
building mechanism. Upon evaluation of a box with a given orientation at a certain point the
constraints evaluated are weight capacity of container, stacking (based on densitylmixes) as well
as vertical stability, in addition to basic constraints such as inside container and not intersecting
other boxes. Techanitisawad and Tangwiwatwong (2004) acknowledge as a concluding remark that
the lack of consideration to horizontal stability may cause damage of boxes when containers are
being moved and suggest further work to address this issue. As noted3ection3.4.5, category 9this

is one of our primary concerns.

When there are no more feasible placements remaining the container stability in terms of center of
gravity is evaluated. The fithess ofa GA individual corresponding toone loaded container is
calculated asid ¢ £ & UG GEAOAOTQG "Qd B B KE'AD dxdviere then Q& YD s based on
the container stability. Based onSection2.3.2 we realize that a fithess function for our problem have
to incorporate more aspects than container volume utilization and container stability. More
specifically, the fitness functionproposed by Techanitisawad and Tangwiwatwong (2004) do not
include stability of cargo and awkward placement in the final load plan.

In the three other publications remaining after the initial scanningwe also identify someother
promising ideas.
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Lin, Chang and Yang (200&lso use a GA and propose an overall proceduséth clustering of boxes
basedon capacity of containers, dimensions oboxes and unloading sequence of boxeg he overall
algorithm consists of two stages, namely a grouping peedure and a packing procedure, which are
executed iteratively. The grouping procedure consist of determining a number of groups, assigning
boxes to hese groups and selectingotential containersfor each group.In the packing procedure the
containers are packed one at a timasing only one container per group of boxes. If none of the
potential containers selectedfor a given group of boxes were suffient to accommodate all boxes in
the group then the entire packing procedure is terminated and the grouping procedure is called for
a new attempt togroup the boxesLin et al. (2006) state that the number of containers typically range
from 4 to 12 for their problem instances, whichis very different from our problem with typically one
or two shipping containers and consolidation pallets respectively However, we do like the idea of
grouping boxes when considering the large variety of packages at the DQlascribed inSection2.2.1.
Grouping is in fact already practiced with the use of consolidation palletsas described in Sectian
2.1 and 2.2.3Based on discussions with the DC operators waso note that to think about groups of
packagesheyond consolication pallets actually reflects the thought process when loading in practice.
For example, large and heavy packages with better strength and stackability are typically placed first.

To continue a the topic of imitating the thought process in practice we find the two heuristics
proposed byWang, Guo, Chen, Zhu and Lim (2010¥ry interesting. Wang et al. (2010) state that
two heuristics called DeepestBottom-Left-Fill and Maximum Touching Area mimic how loading is
done in practice. In the DeepestBottom-Left-Fill heuristic boxes are loaded one at a time bylacing
the current box as close to the innebottom-left corner of the container as possiblein the Maximum
Touching Area heuristicplacements are selected based omaximizing the total contact area of the
evaluated box which is defined as the sum of areas for all six sides that are adjacent to either other
boxes or the inner walls of the containerBased on discussions with the DC operators we note that
these wo strategies are similar to how they are thinking, either consciously or subconsciously, when
loading a container.We find it intuitive that rewarding contact with all sides of boxes contribute to
achieve horizontal stability.

Tarantilis, Zachariadis and Kiramoudis (2009) propose six variants of packing heuristics called
BackLeftLow, LeftBackLow, MaxTouchingAreaW, MaxTouchingAreaNoWallsW, MaxTouchingArealL
and MaxTouchingAreaNoWallsL. Ashe names conveythese heuristics are similar to the two
suggested by Wanegt al. (2010). Tarantilis et al. (2009) argue that by favoring a packing structure it

is more likely to obtain feasible load plansWe concludethat it seemsappropriate to consider how
boxes are placed relative the innebottom-left corner of the containe as well as to what extent boxes
are touching other boxes or e inner walls of the container.Finally, we recognize that these
representsexamples of dynamic sequencing.
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3.5.3 Summary of promising concepts

Promising concepts for our approach obtained from the literatureare summarizedbelow. It is worth
emphasizing that with Zhao et al. (2016) as source of inspiration we refer to the accumulated
knowledgein their literature review. Recognition should also beforward edto the authors behind the
work that Zhao et al. (2016) have studied.

Inspired by Zhao et al. (2016)

U Place boxes one at a time rather than using a wall building or layer building mechanism

U Consider potential placements as combinations of eitheBox-Orientation-Point or Box-
Orientation-Space

Inspired by Zhao et al(2016), Wang et al. (2010), Tarantilis et al(2009)

U Dynamic sequencing of boxes rather than static sequencing, includirapnsideration of
available spaces (unutilized volume), characteristicsfaemaining boxes positioning relative
inner-bottom-left corner of the container, as well as to what extent the sides of boxes are
touching other boxes or the container walls

Inspired by Techanitisawad and Tangwiwatwong (2004)

U Genetic Algorithm as improvenent heuristic with chromosomes representing values of
weighted coefficients in evaluation function for placement heuristic

Inspired by Lin et al. (2006)

U Groupingof boxes
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4 Approach

The proposed method for solving our container loading problem ighoroughly explained. At an
overarching level, the explanation is organized in three blocks. Firdhe entire approach is outlined

in Section 4.1 including the batch conceptand the overall algorithm which iteratively solves four
subproblems (batches) Second, thenajor parts of the overall algorithm are treated in further detail

in Sections 4.24.5. These major parts are container selection, load plan evaluation, placement
heuristic and Genetic AlgorithmThird, it is summarized how objectves and constraints arehandled
within the load plan evaluation and the placement heuristién Section 4.6

4.1 Outline of approach

In Section 41.1 the batch concepis explained,which is a fundamentaldesign element of our total
approach. In short, the batch conceptefersto grouping of boxes based on their characteristics and
solving subproblems in terms of partial load plans.

In Section 4.1.2our overall algorithm is outlined, which iteratively solves four subproblems
(batches). In total there are two variants of container selection procedures and four variants of
container loading procedures Both consolidation palletsand shipping containersare referred to as
simply containerswhen appropriate, as mentioned in the chapter prefacelhe overall algorithm is
presented in a schematic which also shows how th&ucceedingSections 4.24.5 are relatedto each
other. Section 4.2 treats the container selection while Section 4485 are related to container loading.
In brief, complete enumerationis used for the container selection andan extensive placement
heuristic guided by a Genetic Algorithm (GA) is used for the container loading. The placement
heuristic is deterministic, while the GA isstochastic The container loadingprocedure is designed
with two diffe rent types of objective functions:one to describe howsmart a placement is expected to
be, and the other to describe how good a complete load plan is.

4.1.1 Batch concept

The batch conceptalludes to the meaning ofthe word batch as arrange things in groups(to be
handled togethen, as well aghe term batch productionin manufacturing. By the batch concept we
refer to grouping of boxes based on their characteristics and solvirgybproblems in terms of partial
load plans.

The rationale was discussedn Sectian 3.5.2, inspired bythe grouping approach proposed by Lin et
al. (2006). In brief, grouping of boxes is already practiceét the DCwith the use of consolidation
pallets, and it also reflectd¢he thought processof DC operatorsvhen loadingin general For example,
large and heavy packages with better strength and stackability are typically placed first.

The total problem outlined in Section 2.1is broken down into four subproblems and four
corresponding batchesare defined These arenamed Baich 1 Pre-check Batch 2and Batch 3 The
differences in naming is intended to reflect thatctual placements of boxes only occun the first,
third and fourth subproblem, while the secondsubproblemis a test thatgeneratesinput parameters
for the third and the fourth subproblem.

At the start of Batch 1 neither shipping containers nor consolidation pallets have been selected, and
hence no packages have been loaded. At the end of Batch 3 both slmgpcontainers and
consolidation pallets have been selected, consolidation pallets have been arranged, and everything
have been loaded into the shipping containet The procedure is illustrated in Figure 3.
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Batch 1 Pre-check Batch 2 Batch 3
Large/heavy packages Predetermine placements Small/light packages Consolidation pallets and
into shipping containers of consolidation pallets onto consolidation pallets remaining packages into
shipping containers

Figure 23. Batch concept partial load plans generateaby solving four subproblems (batches)

Each batch concerns a partial load plaand each batch is dependent on therevious batches with
exception forBatch 1which is startedwith a blank load plan.Only one partial load planis transferred
from one batch to the next At the end of Batch 3 the load plan fally complete.

Grouping of boxes

The grouping of boxeds done before Batch 1 begins. All boxes are assigned to either Batch 1, Batch
2 or Batch 3.There are two types of batch reassigments that may occur, namely that boxemitially
assigned to Batch 1 or Batch 2 are reassigned to Bat8h This occurs if the particular batch is
terminated by the userprior to all boxes being loaded as opposed t@llowing an increase otapacity

by changing/adding shipping container or consolidation pallet(depending on which batch).

The criteria for the initial grouping involve weight, dimensionsand three of the additional attributes
that were presented in Section 2.2.1Thesethree attributes are if the box has a pallet attached, if the
box is required to be placed on the container floorand if the box is hazardous.More specifically,
each box is assigned to one batch according to the criterend sequencebelow that have bea
developed together with the DC operatorsSomenumerical values are fromSectiors 2.2.1and 2.2.3.

Assign box to Batch 1 it least oneof the following conditions are true

Weight ofthe box isgreater than 36 kg (80 Ibs.)
Maximum dimension ofthe box is greater than1.5 m
The box has a pallet attached

The hox s required to be placed on the container floor

(eI el i

Assign box to Batch 2 iéll of the following conditions are true

Weight ofthe box is less thar36 kg (80 Ibs.)

Maximum dimension ofthe box is less tharil.113 m

Maximum base dimension (length or width) of the box is less than 1.113 m
Minimum base dimension (length or width) of the box is less than 0.732 m
Volume ofthe box is less tharD.3 m3

The box has not a pallet attached

The box is nd required to be placed on the container floor

The box is nothazardous

coocoocccc

Assign box to Batch 3 if neither criteria for Batch 1 nor Batch 2 are satisfied.
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What happens in each batch

Figure 24 is a complementary illustration to Figure23 to support the explaration of what happens
in each batchwhich follows below.

Yes 1 Yes Yes
@ paeh @ . ND ateh 2 Nu pateh 3 @

Figure 24. Schematic of atch concept- four subproblems (batches) solved iteratively

Batch 1 begins with selection of shipping containers among available type®ackagesassigned to
Batch 1 arethen loadedinto the shipping containers. If thelimit for number of attempts is reached
without successfully fitting all packagesn the selected shipping containers, the capacity is increased
by reselecting a combination of shipmg containers with more capacity.If instead the batch is
terminated by the user prior to capacity being added, the remainingackagesnot yet loaded are
reassigned to Batch 3.

Pre-check begins with selection of consolidation pallets among available type The selected
consolidation pallets (still empty) are then test loaded into the shipping containersFor the test
loading the tare weight of the consolidation pallets are considered togethavith a minimum height
only sufficient to accommodate the Batcl2 boxes with lowest height.During the test loading the
maximum possble weight (due to stacking strength constraint) as well as maximurpossible height
(due to container ceiling or other packageabove limiting ) is registered given theposition in the
shipping container, and in relation to packagesloaded in Batch 1.If there are empty consolidation
pallets that do not fit inside the shipping container a new combinatiotis selected and test loaded. If
all consolidation pallets fit, orif there is no relevant combination left to try, all successfully test loaded
consolidation pallets are transferred to Batch 2. In this transfer, the weight capacity as well as inner
height are updated for consolidation pallets according to limitationsinherited from the
predetermined placement Additionally, the consolidation pallets are given the attributes that no
other packages can be stacked on top of them, neither similar nor different on&sis is because the
consolidation pallets have no solid lid protecting the pacages, as indicated in Section 2.2.3he
predetermined placements will be executedin Batch 3 when the consolidation pallet areno longer
empty.

In Batch 2 the packages assigned to Batch 2 are loaded onto the consolidation palieteived from
the preceading Pre-check.If the limit for number of attempts is reached without successfully fitting all
packages on the consolidation pallets, the procedure restarts at Rohieck with a new selection of
consolidation pallets followed by test loading. If instead Batch 2 is terminated by the user prior to
initiating another Pre-check,or if there is no relevant combination of consolidation pallets left to try,
the remaining packages not yet loaded are reassigned to Batch 3.

In Batch 3 he consolidation pallets thatare filled with packages from Batch 2 are loadginto the
shipping containers at the positions predetermined in Precheck. Since all constraints have ben
checked during Precheck, all consolidation are guaranteed to be loadedny remaining packages
that either were assigned to Batch 3 from the start, or that were reassigned to Batch 3 from Batch 1
or Batch 2, are also loaded into the shipping containerf.the limit for number of attempts is reached
without successfully fitting all the remaining packagesthe execution is terminated anyway and the
user is provided with the bestload plan available.
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Based on experiments with real problem instances wknow that this is typically not an issue if the
remaining packages in Batch 3 only consist of packagdsat were initially assigned to Batch 3given
the criteria for grouping. Typically it is also not an issue to fit somgackages that were reassigned
from Batch 2 to Batch 3. However, packages that wereassigned toBatch 3 fromBatch 1 after not
being abk to fit during Batch 1 despie many attemptsare (as expected very unlikely to fit during
Batch 3. Such packages will most likely remain leftoveire.not included in the completeload plan.

Further information on experiments and results are provided in Chapter6, but we would like to
remark already now that Batch 1 typically is by far the most challenging batch forreal problem
instances. To clarify, the challenge entirely lies in the loading. The selection is very straight forward
as the number of shipping containers and consolidation palletsre typically very low, as described
in Section 2.2.2 and 2.2.3 respectie

Wewould like to make some final comments on the benefits with generating partial load plans rather
than loading all packages at oncég.to only have one batchFirst, it reflects how the DC operators
plan and perform loading manually which is helgul when discussing the software with DC operators
as well as other personnel at the DCSecond it facilitates design with various objectives and
constraints for different stages of the loadingWe have found this to bevery valuable in order to
generatesolutions that arefeasible in practice This aspect becom&apparent in Tables 5, 6, 7 and 8
in Sectiors 4.3.2, 4.3.3, 4.4.2 and 4.4.fespectively. Third, by breaking up the total problem in
subproblems the time complexity is reduced. During each attempb generate a load plan fewer
potential placements need to be evaluated:his aspectbecomes more apparent whendiscussing our
placement heuristicalgorithm in more detail in Section 4.41.

4.1.2 Overall algorithm

The overall algorithm is presentedin three steps.The first two stepsresult in conceptual modules
that are integrated in the third step.

In the first step the batch conceptis generalizedto a design in whichtwo variants of container
selection procedures and four variants of containerdading proceduresrun iteratively . Figure 26is
the conceptual module from this step.

Afairly simple complete enumeration algorithmis usedfor the container selection We directly refer

to Section 4.2 whichreats the selection algorithm sufficiently.Instead,the second steps devotedto

a high level explanation of our container loading approactZhao et al. (2016) present heuristic
approaches as combinations of placements heuriss and improvement heuristics as discussed in
Section 3.50ur extensive placement heuristic guided by a Genetic Algorithiis presentedaccording

to this. Figure 27is the conceptual module from this step.

Finally, in the third stepthe modulesare integrated according to Figure25 in order to construct the
schematic of the overall algorithm inFigure 29. In Figure 29it is also outlined how Sections 4.24.5
are related to each other.

Figure 26

Figure 27 Figure 27 Figure 27 Figure 27

N a

Figure 25. Integration of conceptual modules to construct schematic of overall algorithm
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Generalization of batch concept

Recall that consolidation palletsand shipping containersmay be referred to as simply containers.
Also recall that boxesmay be used instead opackagesas suggested by the literature.

The generalization of container selection is fairly straight forward as botleonsolidation pallets and
shipping containers are selected to minimize capacity or costonstrained by volume andveight of
boxes,as indicated in Secttns 2.2.2 and 2.2.3 respectivelyThe generalization of container loadinds
less intuitive given that the height of corsolidation pallets may be altered betweerPre-checkand
Batch 2 as opposed to shipping containerthat have fixed dimensionsas described in Section 4.1.1.
This aspect was addressedlready in Section 3.3.1 on the topic afssortment of large objectswhere

it was stated that wedesired to develop a general approachDuring Pre-check consolidation pallets
are test loadedwith the height set to the minimum height that would be needed to at least
accommodate the smallest boxes in Batch, &s explained in Section 4.1.1. In particulat was
mentioned that the maximum possible heght of the consolidation pallet given the position in the
OEEDPDPET C Adgisterddg anditat CFFAA CE11 AO EAECEO 1T £ OEA AT 1 OT1E
based on this.

To articulate the test loadingin a more general way, consider Preheck to bdoading of boxes émpty
consolidation pallets with minimum relevant height) into containers (shipping containers).
Similarly, consider Batch 2 to be loading of boxes (packages) into containemn{pty consolidation
pallets with altered inner height). The remaining articulations of Batch 1 and Batch 3are more
intuitive. ConsiderBatch 1 to be loading of boxes (packages) into containers (shipping containers).
Finally, consider Batch 3 to be loading of boxes (filled consolidation pallets and packages) into
containers (shipping containers).

Given the generalization to container selction and container loading for each batch, Figur24 from

Section 4.1.1can be extendedo Figure 26 below, which is the first conceptual module needed to
construct the schematic of the overall algorithm:

T Yes T Yes Yes
@ Batch 1 @ No Pre-check @ No Batch 2 N° Batch 3 @

Container Container
| loading : | loading !

Figure 26. Batch conept generalized- the first conceptual module

selection loading selection loading

I Container H Container . Container H Container |

Given the generalization of container loading to be loading of boxes into containetss now possible
to discuss container loading in a broader sense.

Containers are loaded to maximize an objective functiordesigned to describe to what extent the
objectivesfor loading listed in Section2.3.2 are achieved for a completdoad plan. The constraints
for loading assessed in Section 3.4re designed as either hard or softconstraints, or merely
incorporated in an objective function. Further, the constraints apply for either a completeload plan
or immediately upon a placement. For example, weight distribution (center of gravity) is not set until
the last box is placed, while stacking feasibility is sufficient to @tk upon the placement of each box.
Most of our constraints can be checked directly upon placesnt.
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A few different types of mechanismsare neededbased on the aboveFirst, a mechanism to place
boxes. Second, mechanism to evaluate how good a load plas when finished. Third, a mechanism
that guides the first mechanism togenerateload plans that areevaluated as good by the second
mechanism. This leads to the design of what Zhao et al. (2016) framed as placement and
improvement heuristics.

Placement and improvement heuristics

The container loading approach is designed based on the need for mechanisms to place boxes, to
evaluate load plans, and to guide the placement of boxes so that good load plans are generated. Some
key elements for the approach aredund in Section 3.5.

We place boxes one at a time rather than using wall building or layer building mechanism, as
advised by Zhao et al. (2016). We consider potential placements as combinations of Bdentation-
Container-Point, abbreviated adBBOCP This facilitates loading of multiple containers simultaneously.
A set of BOCPs is denoted és0 6 and a single BOCP within the set is denoted &si ¢ &, where™Q
is the identifier of a potential placement. In certain phases of the algorithm it is appropriate to
separately consider combinations of BoOrientation and combinations of ContainerPoint. These
sets are denoted a$ Uand 6 Orespectively, and henc&0 ¢ 8an be generated by combining Gand
6 Oin a nested loop.

It is also necessary to have a notation of boxes to be placed that are not associated with a particular
placement. Since boxes are assigned to batches, the notatioh @ is usedto access properties of

a box®assigned to the current batch, for example volume of a box, denoted&sd & &% & 6.4tQ

is beneficial to easily access certain overarching properties of the current batch as well, for example
volume of all boxes denoted ash & &Rk & 6 & QU "QfnéteaddfB 6 HHO 8L E & 6.4 Q

We use dynamic sequencing rather than static sequencing, inspired by Zhao et al. (2016), Wang et al.
(2010) and Tarantilis et al. (2009). Zhao et al. (2016) state tht some kind of scoring is typically used

to generate the order in which boxes & placed, and we find the termBOCP scorappropriate for

our approach, denoted asY'Q. The BOCP scoréY™Q is designed to incorporate many different
aspects of the current guation upon each placement. Several suggestions are listed in Section 3.5.3,
including consideration ofavailable spaces (unutilized volume), characteristics of remaining boxes
and to what extent the sides of boxes are touching other boxes or the comtar walls. These and other
aspects incorporated in'Y'Q are referred to as BOCP score components and denoted a$1Q, where

Qs the identifier of a component. Hence, eadh '@Q describes some aspect of the current situation
relative a potential placementd 0 ¢ ®.

All BOCP score components are designed that a higher valud "@Q indicates that the placement

is anticipated as smarter, and vice versa, considering one aspect of the current situation. Hence, the
BOCP scoréYQ indicates how smart the placement is anticipated to be considering all evaluated
aspects of the current situation. This means thatthé 0 ¢ @ with highest score among all available,
e.’YG YQH Q G, is the most desirable and hence should bthe next placement.Since
components may be of different importance when generating the order in which boxes are placed,
eachi @Q is assigned a coefficienb Qto weightii ¢ OEA OAT OA AiLétPTuehdteds O
a simplified function for BOCP score o potential placementd 0 & ®. This simplified function is
further developed in Section 4.4.3:

~ Py
g

YQ 0 Q i @Q
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The work by Techanitisawad and Tangwiwatwong (2004) is very helpful in ordeto combine our
placement heuristic intoduced above with an improvement heuristic. Techanitisawad and
Tangwiwatwong (2004) propose a Genetic Algorithm (GA) with chromosomes representing values
of weighted coefficients in two evaluation functions within their placement heuristic. Techanitisawad
and Tangwiwatwong (2004) use static sequencing, but we argue that their use of GA is appropriate
for dynamic sequencing as wellas noted in Section 3.5.2

Our scoringis therefore constructedin a similar manner, namely with GA chromosomes representing
the values ofd "OH "QIn other words, eachi "@Q is related to a chromosome of an individual in the
GA population. This means that each individual in the GA population represents a unique set of
coefficients for the BOCP score. An individual in the GA population is denoted@snd hence the
extendednotations"Y  "fIQ and 0 "fiQare also use with popto emphasize the relationto the
GA population Moreover,®  "Qis used to denoted  "fICH "Qlet"Y "fIQ denote a simplified
function for BOCP score of a potential ptementé 0 6 ®, and a particular individual ‘Qn the GA
population. This simplified function is further developed in Section 4.4.3:

Yo EQ 0 "AQ i 6Q

Based on the above, the objective for the GA is to find a set of coefficsegd  "Qthat results in smart
placements, which in turn result in a good load plan, denoted as "Q A load plan is a set of
performed placements, andd 08 U 6 i8 used to denotethe placements that were performed lt

is beneficial to easily access certain overarching properties of a load plan, for example volume of all
boxes, denoted a® Boé & 0 @ QU "Qostead@iB 0 B 0 6 D B é¢d&dE & 9.At'B
also beneficial to easiy access properties of a given container in a load plan, for example center of
gravity denoted asO "R & "Qvhere wis the identifier of the container.

Since a good load plan is theverarching goal for the container loading procedure, it is@propriate
to define the fitness for each individual in the GA population as thevaluation of the corresponding
load plan.This is referred to as/oad plan fitnessand denoted asO "Q Thefitness function usedby
Techanitisawad and Tangwiwatwong (2004) is designed ira manner comparable to ours even
though their evaluation is less inclusive than what we needasdiscussed in Section 3.5.2We
incorporate all objectivesfor loading listed in Section 2.32in the evaluation of load plan fithessMore
specifically how load plan fitness is calculated is treated in Section 4.3.

Finally, coefficient sets (chromosome values), load plans and fitness values for the entire GA
population, i.e} "Qare denoted asv ,0 and’O respectively.
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Mechanisms and notations to place boxes, evaluate load plans and guide the placement of boxes so
that good load plans are generatedhave been introduced Figure 27 is a high-level sketch of the
container loading procedurebased on the abovewhich isthe secondconceptual module needed to
construct the schematic of the overall algorithm:

Woop| Placement
heuristic
Genetic
algorithm
Load plan
Foop evaluation

Figure 27. Container loading procedure the second conceptual module

Figure 27shows that the Genetic algorithm sends out coefficient sets  and receives fitness values
"O inreturn.

Now, recall that two different types of objective functionshave been introduced The first type was
the BOCP scoréY  "@Q which describes how smart a placemerth 0 6 ® is expected to be in order
to generate a good load plan. The second type was the load plan fitn&s "Qwhich describes how
good a complete load plan islY "6IQ is calculated in the placement heuristic, whiléO "Qis

calculated in the load plan evaluationFigure 28is an extended version ofigure 27, combined with

a downsized version offFigure 32 presented in Section 4.4.1to highlight where the two different

objective function are located within the container loading procedure

il I r— Woop(i) Placement
heuristic

= IFirst

Genetic
algorithm

Lpop(i)

Load plan
evaluation

AN

Load plan fitnessO Q BOCP scoréY "fiQ
calculated here calculated here

Figure 28. Where the two different objective functions are located within theontainer loading procedure

The GA procedure sends out BOCP score coefficiemts for the entire GA population. The
placement heuristic and the load plan evaluation are then executed for each individu@in the GA
population, from"Q  to "Q . In each iteation, the placement heuristicreceives thecoefficients
@  "Qfor the current individual. Inside the placement heuristic, the load plan is generated by
performing the placements with highest BOCP scofey "I . The placement heuristicsends out a
complete load plan0  "Qto be evaluated. The load plan evaluation receives the load plan Q
and calculates load plan fitnessO "Q The load plan evaluation sends out the load plan fitness
0 Q
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If the current individual “(s not the last individual in the GA population, the set of coefficients ~ "Q

for the next individual is selected and another iteration with placement heuristic followed by load
plan evaluation is executed. If insad the current individual ‘@ctually is the last individual in the GA
population, the setof fithess values’O for all individuals (n the GA population are sent to the GA

procedure.

Based on the fitness value® of the individuals of thecurrent GA population, a new GA population

is producedasa combination of clones and children. The GA procedure then sends out BOCP score
coefficientsw  for the new generation and the cycle repeat§.he load pland  “Q corresponding

to the individual "Qwith 'O "0 'O "CH "Q "Qis considered to be the best load plarThis load
plan will be returned from the container loading procedure when the last generatiohasfinished, or
whenever the execution is terminated by the user.

With the desire to relateFigure 27 and 28 to the term improvement heuristic used byZhao et al.
(2016) we argue that the GAand the load plan evaluation combined makes up our improvement
heuristic. To clarify, it would be possible to run the placement heistic once with a fixed set of
weighted coefficients @  Q and without load plan evaluation to calculate 'O "Q
afterwards. Wedo however believe it would be very difficult to developaw  Q that would
work for any problem instance.

To elaborate on this statement, let usupposethat our simplified BOCP scoreY "Q hQ

B0 "Q hQ i @Q includesa componenti Q hQ reflecting a particular aspet of the
current situation, namely to what extentthe box is touching other boxes and/or the container walls.
Let us also suppose that we have two different problem instances at hand. Given these suppositions,
we may conceive that forthe first problem instance it turns out tobe very beneficial to reward this
aspect, in other words to have a high valuen 0 "Q  hQ , in order to generate a good load
plan. At the same time, we may conceiwle opposite for the second problemristance, namelythat

it turns out to be devastating to reward this aspect in order to generate a good load plan. Instead, for
the second problem instance it turns out to be beneficial to have a low value on

0 "Q  hQ , and irstead reward some other aspects more.

Sincewe have included many aspects of the current situation in our scoringe do value the dynamic
weighting which the improvement heuristic offers. By this statement we suggestthat the GAover
generationsfindsw  "Qthat are tuned forthe particular problem instance beingsolved.To enclose

the example the GA would ovegenerationsrecognize thatit is beneficial to have a high value on
0 00 for the first problem instance, but indead beneficial to have a low value on

0 K7 [0] for the second probleminstance. This topic is revisited in Section 6.5.
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Schematic of overall algorithm

Figure 26 and 27 that have been presented earlier in this sectionvere introduced as conceptual
modules. Figure 26is a module in which two variants of container selection procedures and four
variants of container loading procedures run iteratively Figure 27is a module in which one variant
of container loading procedure rurs iteratively. To solve our total problem,the modules are
integrated according to Figure &, namely with one instance oFigure 26and four instances ofigure
27.

The result of the integration is the schematic of the overall algorithm ifrigure 29. We want to
emphasize that each container loading proceduriitiates entirely new coefficient setsw , i.e.GA
populations are never transferred between batchedn Figure 29we haveinserted section numbers
in parenthesis to direct the reader where respctive part of the overall algorithmare treated in more
detail.

T Yes T Yes Yes

@ Batch 1 @ No Pre-check @ No Batch 2 N" Batch 3 @
‘;' Container Container
: loading : : loading '

Woop| Placement | | Woop| Placement |\ Wpop| Placement |
heuristic (4.4) |\ : heuristic (4.4) | heuristic (4.4) |
Genetic i '

' 1| selection (4.2) loading

'|  Container Container
selection (4.2) loading

+| Container H Container |

Wpop| Placement |: !
heuristic (4.4) |: !

il Genetic Genetic
| algorithm algorithm algorithm

45) @) @)
Load plan [i ! Load plan | :
Fpop evaluation (4.3) Fpop evaluation (4.3) Fpop

Figure 29. Schematic of overall algorithm conceptual modulesin Figures 26 and 27 integrated

Genetic
algorithm
(4.5)

Load plan

Load plan f
evaluation (4.3)'

evaluation (4.3)|" '

Fpop

Section 4.2 on the container selection provide some more insight dow the complete enumeration

is performed. Section 4.3 on the load plan evaluation covers load plan fitness, the constraints
applicable to a complete load plan, and how all of this is incorporated in an algorithm. We believe it
is helpful to establish whata good load plan is prior to drilling into the inner workings of the
placement heuristic, as the former impact the design of the kar. Section 4.4 on the placement
heuristic covers BOCP score, the constraints applicable immediately upon a placement, o all

of this is incorporated in an algorithm.Section 4.5 on the GA provide some more insight on what
choices we have made regarding genetic operators such as selection of parents, the crossover
procedure and parameter settings.

Throughout Section 4.34.4 various objectives and constraints are treated in many different ways.
Section 4.6 is asummary of the approach focused on objectives and constraints, aimed to highlight
how the container loading approach is linked taall the objectives from Section &.2 and all the
constraints from Section 3.4.

We believe it is important for the reader to understand how load plan fithess and BOCP score are
related in the overall algorithm, and in particular to the Genetic Algorithm, prior to undertaking
Section 4.34.5. Figure 28 and the segments before and after iB figure are intended to help the
reader accurately distinguish between load plan fithess and BOCP score.
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4.2 Container selection

The container selection is accomplished with a fairly simple complete enumeran algorithm. In our
approach the objective is to minimize volume capacity of containerd.he volume capacitycould
easily be replaced with cost of containersBy a container combinationwe refer to the number of
containers of eachavailable containertype. For example, a combination of shipping containeris
Batch 1could be simply one20 ft. container.An example of combination of consolidation palletsn
Pre<check AT O1 A AA (46X30x3B-A2 DD | 6 Al A -hex4ox3d0iv) O iTheo 8
steps of thecontainer selection algorithmare outlined below:

Step 1.Calculate minimum volume and minimum weight based on boxes to be loaded

Step 2.GenerateQelevantd container combinations based on availablecontainer types that satisfy
minimum volume and minimum weight, avoidany combinations selected in previous attempts

Step 3. Sortthe generatedcontainer combinationsbasedon volume capacity

Step 4. Select the container combination withthe lowest volume capacity

Step 5.Update the history of container combinations selected in previous attempts

(Relevand E1 r2f@dAtD avaidng any container combinations that are edundant given the

history of combinations selected in previous attempts. For example, supposag selection of
consolidation palletsin PreAEAAE /El O x45B0xE8-Ad'ODWUIAG OA %45X45X38

AT 60i i o AOA OEA Oxi AOAEI AAI A OUPAO8 &OMEAOh O
O' 2 %A6x30x38-AT OOT i00eOA %A -46X85X38AT OOT 1 o AO ET OEA OAATI
is generated in Step ZT'he latter suppositionimplie s that this combinationsatisfies minimum volume

and minimum volume, as well as that this combination has not been selected in a previous attempt.

Now, examples of redundant, i.e. not relevantombinations are three (or more) O' 2 %4%5x30x38-

AT OOT iobeOMIYA -46XU5X38AT OOT | 6 h mwbO' 2 Bebk30x88A T OOT itdo AT A

(or more) O 9 %, -46XA5X38A 1T O OThesé sombinations that are currently not relevant may of

course become relevanin a potential later container selectionattempt when the history is longer.

(
)

We want to stress that our container selection approach is based dow number of available
container types as well asow total number of containers for our problem instances, as mentioned in
Section 2.2.2 and 2.2.3he algorithm outlined above scales badly, s@f problems with significantly
higher number of available container types and/or total number of containers ourcontainer
selection approach may result in too high time complexity.
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4.3 Load plan evaluation

Calculation of load planfitness and checks of constraints applicable to a complete load plan are
incorporated in an evaluation algorithm.

Figure 28 in Section 4.1.2. Figure 30 is a snippet of Figu
28 which shows that the load plan evaluation receives ¢
single load plan0  "Qand calculates load plan fitness [ Load plan
"O "Qfor this load plan, which is then forwarded. Since Fpop(i) [ evaluation
the load plan evaluation only deals with one individuakef

the GA population at a time, thenotation within the

evaluation for load plan and load plan fithness are
simplified to 0 and "Orespectively.

Recall the role of the load plan evaluation by revisiting li_ (i)
pop

Figure 30. The role of the load plan evaluation

In Section 4.3.7it is explainedhow the evaluation algorithm scansthrough each container inthe load
plan to calculate fitness and check constraints. In Section 4.3t % presentedin more detail how load
plan fitness is calculated to describe to what extent thebjectivesfor loading listed in Section 2.2
are achieved. This was on purposkeft out from Section 4.1.2 as an attempt to make the presentation
of the overallalgorithm more comprehensible.In Section 4.3.3 it is presented in more detail how the
soft load plan constraints are checked. Some constraints form Section 3.4 that are apie to a
complete load plan are merely incorporated in the load plan fitess presented in Section 4.3.2As
noted in Section 4.1.1he batch concept facilitates design with various objectives and constraints for
different stages of the loadingTables 5 ad 6 in Sectiors 4.3.2 and 4.3.3espectively demonstrate
how this opportunity is utilized with different configurations per batch.

4.3.1 Load plan evaluation algorithm

Load plan fitness"Oand constraints applicable to a complete load plan arevaluated based on the
performed placementsin each container of the load plan, i.&) @& U 6,0 w A component of the
load plan fitness'Ois denoted asQa . How™Qa ,! arelates to"Ois presented in Section 4.3.2.

Theload plan evaluationalgorithm loops over thecontainersin the load planand for each container
wa nested bop overd @& U 6 i8 executed.In the inner BOCP loop,dr eachd @& U 6 & some
aspects relative the otherplacementsd @& 0 6 ®,! 'Q "Qare evaluated, for example to what
extent the other boxes are touching the particular boxAt the same time, someaspects of
0 w& U 6 W are not dependent on the othed @& U & W and hence these aspects are evaluated
in the outer BOCP loopfor examplewhether the particular box is placed on the container floor.

Since the load plan fitness "Oreflects the loading of all containers in the load plan, the fithess
components "Qa are not calculated until all containers have been scanned. Howevemeparing
fitness calculations & well as checks of constraints do naturalliake place both after thanner BOCP
loop as well as after theouter BOCP loogor each container After the last container has been scanned
and all fithess components’Qa have been calculated, the final calculation dbad plan fithess™O
occurs.
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4.3.2 Load plan fitness

As explained in Section 4.3,1he calculation of load plan fithessQusing the fithess comporents "Qa ,
| Gis the very last step in the load plan evaluation algorithnmFirst in this sectionthe design of the
fitness function is explainedin general terms and secondhe different fitness function components
are explained in more practical terms

Design of fitness function

An important characteristic of all fitness componentsQa is that they are designed to only adopt
values betweenOand 1,i.et "Qa p,! G where'Qa  palways is the most desirable. For certain
it is possible to obtain"Qa 1tas well as’Qa  p, while for other dreal problem instances will
almost always result inTt  "Q&  p. This design allows for an interpretationthat the load plan
fithess "Ais related tothe distance to a truly optimal (butmost likely practically impossible) point in
the fitness componentspace whereQa  pH & This distance can be expressed as

p "Qa

"Ois also designedo also only adopt values between 0 and 1, i.a. 'O p,where 'O p is most
desirable.HenceCcan be considered as the complement to thidistance and expressed as

P p Qa

Based on experiments we found that it is beneficial to give certain fithess componenf3d more
weight in this calculation, in other words to penalize greater distance to the truly optimal point more
for certain & This weighing is however fixed, as opposite to theveighted coefficiento "@Qfor the
BOCP scoreThe fixed coefficients for weighting'Qd are denoted ago & . To maintainmt  "O  pthe
weighted distanceis scaled downFinally, the function for the load plan fitness is formulated as:

O p wd p QA

P
B wa

Overview of fitness function components

In Table5it is presentedwhich fithess components'Qa are included in the load plarfitness "Cbased
on which batch is being executed in the overall algorithmn total 18 different fithess components
have been developednd the number of componentaisedfor each batch varies from 7 to 15In the
leftmost column of Table 5 the associatedobjectivesfor loading from Section 2.32 are referred to.
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Table 5. Load plan fitness components per batcwith the associated objectives

Objective | Load plan fitness componentQa Batch Pre- Batch | Batch
1 check

11 Leftover boxes none n n n n

11 Leftover boxes fewer n n n n

1.2 Leftover boxes volume lower n n n n

1.3 Leftover boxes weight lower n n n n

2.1 Promising spaces foiconsolidation pallets n

2.1 Consolidation pallets possible height n

2.1 Consolidation pallets possible weight n

2.1 Consolidation pallets closer to floor n n

2.2 Horizontal stability behind boxes n n n n

22 Horizontal stability in front, left and right of boxes n n n n

2.2 Utilization of floor space higher n n n

22 Softconstraints for boxessatisfied n n n

3.1 Center of gravity lengthwise closer to center n

3.2 Center of gravity widthwise closer to center n

3.3 Center ofgravity heightwise closer to floor n

4.1 Boxes with pallet not rotated n n n

4.2 Boxes with pallet reachable by forklift n n n

4.3 Boxes without pallet not on floor n n

All Total number of fithess components 15 13 7 11

Introduction to examples
Four more detailed examples on how fithess components are calculatéollows.

In the exampleshelper functions "Qare usedfor the preparing fitness calculations that are needed
prior to calculating actualfithess components Recallthe notation 6 @ &as all boxes assigned to the
batch that is being exeuted in the overall algorithm.

To enable amore practical, non-binary, evaluation of certain aspects sigmoid/logistic curvas used
and denoted as "Y6 6 1 aiQ'Q R & "@EDQ ) avkkerei wis the input value andd "QQn éd@t o
i 0 'QQnae@arameters. OurYO o ifundon can befound in Section 92.1 In the examples below
our values on these and other parameters are written to avoid additional notatiorAn exceptionto
this is © 0 U ;¥iDich is a constant, and more specifically a small decimal number to count almost
adjacent surfaces as adjacerfurther, for Example 2below we refer toExample 2in Section 4.4.3 for

detailsonOEO OODPDI OGEAGAZELORAT 1 BABO AOAA 1 6

In the first examplebelow "Qa p if all boxes in the current batch are loadedn
the second exampléQa p if all loaded boxes hasadequat support from
behind. In the third example ™ Qa pif none of the loaded boxes break a load plan
constraint associated with an individual boxIn Section 4.3.3 we will present the checks that precede
the calculation of 'Qa .In the fourth example™Qa pifall

containers in the load plan have adequateveight distribution widthwise.
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Example 1: Leftover boxes volume lower
After container loop:
6 OERIE GO0 A'QL "QEBLEDI 6 a'QV Q6 ¢ wQi

"Qa T T N AN S NS
P OWERVE A0 QL Q0 € WQI

Example 2: Horizontal stability behind boxes
Inside inner BOCP lop (! Q@ Q:

Bos 06000 61N éIDBREIG RO GO0 @ g-
"Q 'i’Q "Q ’?’Q
GE & OMICBAN O 66 Gt OB 66 B

Inside outer BOCP lop (! Q:

Bossio@a ¢ @060 0 "W g

0 N 0006 VP BYQQQ & ALH
0 Q
NGB 61 i Q o) o
001 566 s BYooo@m e

After container loop:

0

"Qd
08 Wi VL'QO0 € WQI

Example 3: Soft constraints for boxes satisfied
After container loop:

Q

Qa P B 61 008 ¢ wai

Example 4: Center of gravity widthwise closer to center
Inside outer BOCP loop (Q:

Q o Q O 00&B0 6T B ¢ dd QW
0 O& 660 @ ¢ @ o

DoBIoMB B¢t 0@ VOB 6 MH & ¢ @ o
G
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Outside outer BOCP loof &):

0 o

Lod B s oG 06 ¢ 6 Qi

0 08D 'Qa "'0i8d VEAD
C

0 w80 Qa "0&8d QEAD

C

_ b M0 O& "8
0 W& "00@NQ

Y6 oI D & 00 RN Tt
After container loop:

. Q
V8 Wi VL'QO € € 0

4.3.3 Load plan constraints

As explained in Section 4.3,thecks of constraints applicable to a complete load plan take place both
after the inner BOCP loop as well as after the outer BOCP loop for each container in the load plan

evaluation algorithm.

When discussingthe generalization ofthe batch concept in Setion 4.1.2it was concluded that most
constraints can be checked directly upon placement, and hence these covered in Section 4.4 when
presenting the placement heuristic.Moreover, any constraints from Section 3.4 that are merely
incorporated in the load plan fitness &e not covered in this section.

The practical impact of breaking soft constraints is only that the user receives a warning from the
software stating that the load plan does not satisfy all soft constraints. Based on feedback from the
customer service representative and DC operators the best load plan should always be provided,
even though it may have some flawsSome adjustments upon loading are acceptable, as stated in
Section 1.4.

Overview of constraints

In Table6 below it is presentedwhich soft constraints are applicable based on which batch is being
executed in the overall algorithm. In totalthree different soft constraints for a complete load plan
have been developednd the number of constraintsusedfor each batchvaries from three to none.
In the leftmost column of Tableb the associatedcategories fom Section 3.4 are referred to

Table 6. Load plan constraints per batchwvith the associated categories

Category | Load plan constraint Batch Pre- Batch | Batch
1 check 2 3

2 Container stability limits n n

9 Support behind and in front for slim box not on floor n n n

9 Support behind for not slim box not on floor n n n

All Total number of constraints 3 2 0 3
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Constraint checks

Below checks forall three constraints are outlined using similar notation as in the fithess compnt
examples in Section 4.3.2.

0B 1 QdOQQE "QH ¢ is used tadennteé whether at least one constraint has been broken for the
entire load plan, while’Q is used to denote how many boxes have broken at least

one constraint.Our values on the constraint thresholds are written to avoid additional notationl0%
is used as a threshold for support from behind. 30% an@0% are used as threshold for relative
difference tothe center ofa container lengthwise and widthwise respectively.

Using Q to calculate the load plan fitness componeniQa
despite the existence ofQa is to better handle the most important horizontal
stability considerations, based on feedback from the DC operators.

Inside outer BOCP loop!("Q:

Do oo0e e @mone|:

H& 0 6 0 B £ &Y o A g -

Q Q
5B 66 0 BYooo&m an P

"Q TQ
&b 5 he Byaaamam < Im-

o

081 QOQNQE Q6 € &TYOODQE O

- D& U 6B £ 68 0QNG I 64 oy QQE Q

Q Q p

m" m

"§2 TQ
B o000 evocomam @ e

081 QOQNQE Q€ ETYOOBDQE O

o (e 6O W £ 0 ¢ 00QQ6 T 64 fgdQQE Q

Q Q p

Outside outer BOCP loop @):

l o8 oco'now
° B O8 00BNOR <« | g-

0B 1 QOQNQE Q6 £ £ TYDDBQE O
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4.4 Placementheuristic

Aload plan is generated by placing boxes one at a timeati the selected containerssimultaneously.
Generating evaluating and selectingpotential placements are incorporated in a placement heuristic
algorithm. The evaluation includes checks of constraints applicable immediately upon a placement
as well as calculation of BOCP scare

Recall the role of the placement heuristic by revisiting

Figure 28 in Section 4.1.2. Figure 31 is a snippet :

Figure 28 which shows that thge placement het?;ic Wpop(!) Placement
receives a set of BOCP score coefficients "Qand heuristic
generates a load plarv  "Qusing these cofficients, ,
which is then forwarded. Since the placemen Lpop(l)

heuristic only deals with one individual ‘f the GA

population at a time, the notaton within the heuristic

for BOCP score coefficients and load plan ai  Figure 31. The role of the placement heuristic
simplified to ®w and 0 respectively.

The placement heuristic is deterministic in the sense that for a given set of BOCP soawefficients,
the very same load plan will always be generated.

In Section 4.4.1 it is explained how the placement heuristic algorithm generates, evaluates and selects
potential placements for all containers simultaneously.

In Section 4.4.2t is presentedin more detail how BOCP constraints are checked within the evaluation
procedure. Constraints from Section 3.4 that are applicable immediately upon a placemeantd
designed as hardare presented here, whileconstraints merely incorporated in the BOCP scorare
treated in Section 4.4.3.If any hard constraint are not satisfied for a potential placementhe
evaluation is immediately terminatedand hencescoring is not performed for that placement.

In Section 44.3it is presentedin more detail how BOCP score is calculated describe how smart the
placement is anticipated to be considering the current situationas discussed in Section 4.1.2A
placement is smart if it contributes to achievindhigh load plan finess in the load plan evaluation that
succeedsthe placement heuristic in the overall algorithm The function for the BOCP score of a
potential placement introduced in Section 4.1.2 is further developed in Section 4.4.3.

The BOCP constraints and BOCP seoare configured per batch similar to load plan fithess
components and load plan constraints in Section 4.3.2 and 4.3.3 respectivelyables 7 and 8in
Sectiors 4.4.2 and 4.4.3espectively demonstrate this.

4.4.1 Placementheuristic algorithm

First in this secton a schematic ofthe overall procedure of the heuristic algorithm is presented
seconda simpleillustrat ive example ofthe overall procedureis drawn and third some aspects of the
sub procedures are explained in more detaillThe main things we want toconvey in this section is
how new potential placement points are generated and where constraint checks as well as scoring
occur.
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Schematic of placement heuristicalgorithm

In the placement heuristic sets ofpotential placements structured asBox-Orientation-Container-
Points,denoted asd U 0, are generatedand evaluatediteratively. The overall procedure is illustrated
in Figure 32

Update BO
and CP

Initialize BO Generate
and CP BOCP

Select best
BOCP(k)

Evaluate
BOCP(k)

Figure 32. Schematic of placement heuristic algorithmhow a load plan is generated

The procedureillustrated in Figure 32 begins with initializing sets of BoxOrientations denoted as
0 Uand sets of ContainefPoints denoted a®d DA nested loop ovel® Dandd Us executed to generate
initial 6 0 6.0

Eaché 0§ 6 W is then evaluated by first checking BOCP constras and second, if alhard constraints

are satisfied, calculating BOCP scordny 6 0 6 ® that does not satisfy all hard constraintsis
marked infeasible, i.ed U 6 WMBOQ Wi "QMHA If 5 § 6 W is infeasible and itis possible to
determine that it will never become feasible it is also marked to be rejected, i®@.0 6 WY’ QQQ GO Q'Q
"Yi O0For example, if6 U 6 W is not entirely inside the container it will be both infeasible and
rejected, since this will not change throughout the loading. Howeverfor example,if 6 0 ¢ ® does

not receive sufficient vertical support (e.g. not sufficient ratio of base area supported by boxes
below), it will be infeasible but not rejected, since this might change asher placements are made.

Whend 0 6 @  has been evaluategthe placement wth highest BOCP score is selectelich that
Y3  YOHQ Q. Therebyd 0 6 W is added tod& O 6 @sa performed placementd Gand
6 Uare then updaedbased oné § 6 & , more specifically firsté 0 ¢ W & 0Ois removed fromd 0
and second® Uis re-initialized with up to three new placement points.

The secondteration, as well as alsubsequentiterations, beginwith storing the potential placements
from the previous iteration asé 0 © and then emptyingd 0 6. &fter these preparations, twosteps
follow to transfer old potential placements and togeneratenew potential placements.The first step
is to transfer any Gelevantd potential placementsfrom the previous iteration, denoted as6 0 o
to be potential placements in the current iteration, still denoted as® 0 6.¥he second step is a nested
loop over® Uand 6 ) to generate new potentiaplacements for the current iteration. What relevant
implies, as well as how placements points ii Umay be adjusted to generatadditional new potential
placements such thaty 0 6 W& Ve & Jare explainedin more depth towards the end of this sectia.

Eachd U 6 W@ is then evaluated and the cycle repeats untiine of the two termination criteria is met.
The first termination criteria is if & 0 6 i8 empty afteragenerationattempt, which occur if all boxes
in the batch have been loadedut alsoin a couple of other scenariosThe second termination criteria
is if all potential placements are infeasible, i.&. £ ®0 6 8OQ ¢ i AYE bn Bther case the current
08 0 6 id sent out from the placement heuristic.
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An illustrative example of the overall procedure

A simple illustrative example of the overall procedure is drawn for a fictive problem instance in
Figure 33, consisting of only three boxes to be loaded in one container that is small relative the boxes.
Two of the boxes hae only one acceptable orientation, while one of boxes has two acceptable
orientations. For simplicity any details related to scoring are omitted and it is just assumed that the
Box-Orientation-Container-Point selected in each iteration is the one with higest score among all
feasible placements. Regarding feasibilitgnly basic constraints such as boxes being entirely inside
the container and boxes not intersectingre considered Only normal and projected placement points
are used. Tomake the illustration cleaner, Clis not written as the container id for each option, and
point id is only written upon creation. An explanation on what happens in each iteratiofollows.

P1 B1
o1

initialization

iteration 1 inai feasible and
feasible not inside ) feasible
B1, B2, B3 \/ container \/ highest score \/
P4
B1 .
P2
iteration 2 . . I—
B1. B3 X not inside not inside / feasible X not inside
' container container container
o1 B3
B3 L o1
B1 o1 ] o1 P
o1
o feasible and
not inside v highest score
container
B1
01
iteration 3 . ]
B1 X B1and B3 X not inside J feasible (and not inside
intersecting container highest score) X container
B1
— A P10 a1 7
B3 B3 =
01 B1 01 01
01
B1 Py Y
ot Pe
pg

Figure 33. &kample of threeplacement heuristiciterations to place three boxes in oneontainer
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6 Uis initialized with four possible combinations B101, B201, B202, B301 aidis initialized with

one possible combination C1P16 ( 6 15 generated with four possible combinations. These are
evaluated and three of four are feasible. Among the three feasible, B20O2C1P1 has the highest BOCP
score and is therefore selected. All combinations involving B2 and C1P1 are removed frénti & 0
andd U © .C1P2, C1P3 and C1P4 are generated as new placement painis.6 i® generated with

six possible combinations. These are evaluated and two of six are feasible. Among the two feasible,
B301C1P4 has highest BOCP score and is thereforiested. All combinations involving B3 and C1P4
are removed from6 G 6 Dand 6 G 6 . C1P5, C1P6 and C1P7 are generated as new placement
points. C1P6 is a projected point. BLO1C1P2 is also removed since it was marked to be rejected as it
will never be inside the container. 8 0 6 i8 generated with four possible combinations. These are
evaluated and only B1O1C1P6 is feasible and hence selected. All three biwea® now beenloaded.

Initialize BO and CP

Recallwhat happens in each batclirom Secton 4.1.1,which imply that in Batch 1 and Batch 2 the
placement heuristic begins with empty containers, while ifPre-checkand Batch 3 theremay already
be boxes in the containers vienthe placement heuristic begins. In other words)& 0 6 i§ empty for
Batch 1 and Batch 2 upon start, but natecessarilyfor Pre-checkand Batch 3.

The initialization of & Ois not impacted by this since it will always be the combinations of all boxes
assigned to the batchwith acceptable orientations for @ch box. In Section 3.2.it was concluded that
each box will have either oneor two acceptable orientations, where the pallet orientation matters if
the box has a pallet attached

The initialization of 6 Uis however very much impacted by the differencebetween batches In Batch
1 and Batch 2he initial & Owill simply be the orlglnsfor each container, defined as thaner-bottom-
left corner of the container whered & £ '@ 06 @& ¢ @D 06 @ ¢ @ o1 In Pre-checkand
Batch 3 when starting with a partially loaded container,it is not possible to start with origin since
there will always have been a placement made theadready, unless no loxes were assigned to Batch
1. Ingtead, forPre-checkand Batch 3, the initialé Owill be the origins ofavailable spaces (unutilized
volume) from Batch 1. These available spaces are identified via the evaluation procedure.

Generate BOCP empty containers

If the containers are emptythe generation ofd U 6 i very straight forward, but this is only the case
for the first iterations of the placement heuristic in Batch 1 and Batch 2 nested loop overd Uand
& Uis executed, and only new potential placements such théat) 6 & 0N & Uare generated. Based
on our design of the evaluation procedure, and in particular how available spacese identified,
efficiencyis gainedby having the outer loop overd Uand the inner loop overd G

Evaluate BOCP(K)

BOCP score and constraints apphble immediately upon a placement are evaluated based on already
performed placements of all the boxes in th@articular container 0 w8& 0 6 where wcorresponds
to6 U6 W& B £ & 0 OQE Qi

The BOCP evaluation algorithm loops oveb @&0 6 to evaluate aspects of these performed
placements relative to6 0 6 ®, for example to what extent other boxes would be touching the
particular box if & O 6 @ would be performed.At the same time, some aspects 6f 0 6 @ are not
dependent onthe already performed placements) & 0 6 and hence these aspects are evaluated
separately prior to entering the loop,for example if the particular box is placed on the container flogr
or if the box isplacedentirely inside the container.
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Given our design of constraints and scoring there are also certain aspectsdofi 6 W that are too
complex to capturedirectly within the loop over 0 @& 0§ 6. These aspects require additional sub
procedures that are called within the evaluation algeithm. Example of such complex aspects are
stacking strength constraintsand scoring based on available spacesifutilized volume). With the
intent to make the presentation more comprehensible, the evaluation algorithris not presentedat
that level of detil. However,some examplesare provided in Section 4.4.2 and 4.4.% convey the
complexity of these aspects.

Constraint checks and preparing scoring calculations occur simultaneously. If a hard constraint is
broken, the execution is terminated and the fial calculation of BOCP score do not occudard
constraints are presented in Section 4.4.2f instead all hard constraints are satisfiedowards the end

of the evaluation,calculation of BOCP score components occRecall the notationi "@Q to denote a
component of the BOCP scofer Q. After all BOCP score components '@Q have been calculated the
final calculation of BOCP scoréY'Q occurs. How i "@QH "Q relates to "Y'Q is introduced in a
simplified format in Section 4.1.2 ands further developed in Section 4.4.3.

Select best BOCP(k)

Onlyé 0 6 W that satisfy all hard constraints arefurther considered as the placement to perform in
a given iteration. Among feasible potential placements the selection is simply to picketplacement
with highest BOCP score such tha¥™3  "Y'QH 'Q Q. We actually register this during the
evaluation throughout®@ toQ , so the selection is in fact already made afté® , assuming at
least one potential placement sasfied the hard constraints.6 0 6 & is added to0& 0 6 as a
performed placement.

Update BO and CP

The update of 6 Uis simply to remove all combinations such that) 8 ¢ @6 0 6 W & & & .®
Then, 6 Uis first emptied, followed byup to three placement pointsbeing created andadded to6 0
These arebased on6 U 6 & , and for certain cases also based asther performed placements
0 & 06 WA Q Q. Overall we distinguish three main typesof placement pointsand we call
them: normal placement points projected placement pointsand adjusted placement points The
typesnormal and projectedare treated here, andadjustedis covered belowon the topic of generating
6 O 6 for containers that are not empty

A normal placement pointrefers to a ContainerPoint
that is adjacent to a corner ofy U 6 W and created
independently of anynew potential Box-Orientation.
A projected placement pointrefers to a Container
Point that is not adjacent to a cornerod 0 ¢ & , but
still created independently of anynew potential Box-
Orientation. The three placement points added wher
6 Uis re-initialized may be either normal or projected.
There are a few different cases to coveio properly
handle the creation of normal and projected points.
These cases are not presented in detail, but instee
four normal points and one projected point (the

rightmost) are illustrated in Figure 34. Figure 34.Example of four rormal points andone
projected point (the rightmost)

56



Generate BOCP not empty containers

The generation ofé § & 1 the containers are not empty is more complicated than in the empty
containers case. The generation begin with storing the potential placements from the previous
iterationas® 0 © and then emptyingd 0 6. @A fter these preparations, two steps follow to transfer
old potential placements, as well as generate new potential placemis.

4EA EEOOO OO0ADP EO O1 OOAT OAAO AT U OOAI AOAT 0o
as6 U B , to be potential placements in the current iteration, still denoted a8 0 6. or a potential
placement from the previous iterdion 6 0 © Q to be relevant in the curent iteration it must
satisfy:

o000 QEYQVQMHOQQ
=|=-!66 NMHH 600 VO
+-808 QH50 660 W&D

The purpose of maintaining dd potential placements instead of simply regenerating all potential
placementsin each iteration is toenableskipping certain things in the evaluation sub procedure and
thereby gaining efficiency.

The second step is a nested loop ovér Hand 6 () to generate new potential placements for the
current iteration. As mentioned in the explanatiom of the empty containers casegfficiencyis gained
by having the outer loop overd v

When the containers are not empty the nested loop is not limited to onlyrsught combinations of 6 0
and 6 0 Additional new potential placements such that § 6 W& 0e 6 Dare also generatedand
the term adjustedplacement pointshas been introduced for this. A normal placement point refers to
a Container Point that is created dependently of anew potential Box-Orientation, based on either a
normal or a projected point.Adjusted placement points are only considered for placements that are
not directly on the container floor. Any adjusted placement points will be in addion to the straight
combinations ofé UGand 6 OFor the creation of adjusted points, either the BoXrientation below the
original Container-Point or the inner walls of the particular container is considered. Further, we
distinguish between forward adjusted and backward adjustedplacement points. The rationales
behind forward and backward adjustedare different, and both cases have evolved based on testing
with real problem instances at the DC.

Regarding forward adjusted, the rationale is to enablea design of BOCP constraints related to
stackingin Example 3in Section 4.4.2 that comply with the third factor mentioned in Section 3.4.2
under category 5 stacking constraints The third factor stated that the way of stacking, for example
how many edged(or corners) that is used by a lower box to support a box above, has a significant
impact on how much weight or pressure a box may endure before burstingrom testing with real
problem instances we learned that if only normal and projected points anesed, potential placements
may beunnecessarilyinfeasible (andrejected) based onexceedingstacking strength of boxes below
These placements woulchave been feasible if just the placement point would have been adjusted
forward so that the BoxOrientation would have received support from more edges/corners of the
boxes below.There are a few different cases to cover to properly handle the creation @drward
adjusted points. These cases are not presented in detail, but insteas#o examples of forward
adjusted points are illustrated in Figure 35. In the left example the point is adjusted forward along
one axis, while in the right example the point is adjusted forward along two as.
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Figure 35. Examples of 6rward adjusted points - one axis (left) and two axes (right)

Regarding backward adjusted the rationale is toenable a design oBOCPconstraints related to
vertical stability in Section 4.4.2 thatutilize the possibility of partial support of the base area of a box
asmentioned in Sction 3.4.5 under category 9 stability constraintsRegarding partial support it was
stated that a box placed on top of one or several other boxes may have support below 100% which
then implies overhang.From testing with real problem instances we learnd that if only normal and
projected points are used, potential placementsnay be unnecessarilyinfeasible due to not being
entirely inside the container, or intersecting with other boxes. These placements would have been
feasible if just the placement poihwould have been adjusted backward so that the Be®rientation
would have been entirely inside the container, orwould not have intersected with other boxes,
respectively. There are a few different cases to cover to properly handle the creat of backward
adjusted points. These cases are not presented in detail, but insteddo examples of backward
adjusted points are illustrated in Figure 36. In the left example the point is adjusted backward along
one axis, while in the right example the point is adjusid backward along two aes.

Figure 36. Examples of lackward adjusted points- one axis (left) and two axes (right)
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4.4.2 BOCP constraints

As explained in Section 4.4.1, checks of constraints applicable immediately upon a placement occur
within the evaluation procedure of the placement heuristic algorithm. More specifically, the checks
take place within a loop over already performed placements, but also as smaller separate checks
prior to entering the loop, as well as via more complex sub procedures.

Constraints applicable immediately upon a placemenand designed ashard are treated in this
section, whileany constraints from Section 3.4 that are merely incorporated in the BOCP score are
covered in Section 4.4.3 insteadWe want to remark that orientation constraints (category 4 in
Section 3.42) have already been handled in the initialization o6 § butare also incorporated in the
BOCP score in Section 4.4.8B.any hard constraint are not satisfied for a potential placement the
evaluation is immdliately terminated and hence scoring is not performed.

Overview of constraints

In Table7 below it is presented which hard constraints are applicable based on which batch is being
executed in the overall algorithm. In totall0 different hard constraints for a placementhave been
developed and the number of constraintsused for each batchvaries from 9 to 10. In the leftmost
column of Table7 the associated categories from Section 3.4 are referred.to

Table 7. BOCP constraints perdich with the associated categories

Category | BOCP constraint Batch Pre- Batch | Batch
1 Check 2 3
Basic Box entirely inside container n n n n
Basic Box not intersecting other boxes n n n n
1 Container weight capacity not exceeded n n n n
5 Stacking strength of boxes below not exceeded n n n n
5/8 Box not on top of different box if the other box is n n n n
submitted as "not ok to stack a different package above] j j j
5/8 Box not on top of similar box if the other box is n n n n
submitted as "not ok tostack a similar package above" j j j ]
8 Box not above floor if submitted as "must be placed on n n n n
the floor" j j j ]
8 Box not in front of or above hazardous box n n n n
9 Box receives sufficient base support n n n n
N/A Consolidation pallet minimumpossible height n
All Total number of BOCP constraints 9 10 9 9

Introduction to examples

Below three more detailed examples are outlined on e BOCP constraints are checked.he two
first examples below are straight forward and therefore outlined in detail. The third example
however is associated with a fairly complex sub procedurand hence an illustration with supporting
notes isprovided instead.
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Example 1: Box not intersecting other boxes
Inside BOCP loop!('Q Q:

B: 4080608 & ¢ 0 FD:R6WS & ¢ @ o

1

s WOPHOO WD E ¢ Q @DER) 6 W & ¢ B o

1
1

NE BOER0 6 WS @ ¢ @ o

m-~

s WO 06N &
cMOBOOMBE ¢ @O S0 6 WD @ £ QE @OEQ
s WMOBVONBH B £ 'BWO606WH B £ QE @DE Q
s WOHOOWD E ¢ @060 60D & ¢ Q BONGg®
60 6 BOQGI "QiDHHS
6006 WEYQQQOLIRA Q
Example 2: Box not above floor if submitted as "must be placed on the floor"

Before BOCP loop:

068 & ¢ @ o

+-B50D e e a0 & Cufpgni
60 6 MEOQGiI "QDwai Q
606 MEYQQQAGHERD Q
Example 3: Stacking strength of boxes below not exceeded

Separate sub procedure:

Recallthe importance of the way of stacking and th@otential use ofMcKee formula to relate ECT

values to gacking strength, asdiscussedin Section 3.4.2 category 5Also recall that ECT values and

thickness| £ A D AAE &€ dadiléble atdbltésOas stated in Section 2.2.1. Consider this
adaption of the simplifiedMcKee formula for a givensub area

L x .00 YUYQ0 Qe Didi "Qa Qo Qi
[OF-BVINOI N OTAYA Y I

DOWD € ®W Q0 we-Q

An explanation of sub areas well asthe various components in the expression above follows.

First, to elaborate onwhat a sub area is, gppose a fictiveproblem instance with four boxes B1B4.

In Figure 37below B1, B2 and B3 have already been placed and the potential placement of B4 on top
of B3 is being evaluated, in particular if stacking strengtfor any of the two sub areas SA1 and SA2
would be exceeed.
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B2 g2 \
< B3 : b
~ SA1

Figure 37. Example of two sub areas SA1 and SAZ to lewaluated with respect to stacking strength

The following can be understoodabout sub areas from the example above:

U Sub areas are generated belothe potential placementbeing evaluated
U A b areais located in the contact area of two boxes stacked on each other
U A sub area may beither the whole, or a portion of, the contact area of two boxes

Now the various components in our adoption of the simplified McKee formula can be discussed

D Oé QO dsthd rAaximum weight (inlbs.) that is acceptableon top of a given sub area.

If the sum of the weights of the boxes above angf the sub ares is exceeded i.e.

D€ 0Q0 QOWDDI ¢ &'QRhd plac&nent is not feasibleand also rejected Boxesabove

not entirely within the boundaries of the sub area contributes with a portion of their weight

that is proportional to the ratio of base area thatlies within the boundaries. Hence,

0 ¢ Q06 dpé IATIs a portionof 68 O  pldsEh€ éhe weight of B4, whiled € HGQO ©E U Q
for SA2 is the weight of B4.

v& Xs a constant developed by McKee et al. (1963).

‘00 ¥ a value (in Ibs. per inch)of the box immediately below the sub area related to its
packaging, and more specifically the strength of the walls of the boxTypically

T Y ‘O0 "Yy tfor packages at the DAn Section 2.2.1 itis noted that exceptions can be
submitted to reduce or increase the inherited stacking strength for packaged hese
exceptions ae fulfilled by multiplying ‘O 6 With a constant 0, 0.5, 1.5 or 2.0.

"m&béiﬂhgtthickness (in inch) of the walls of the box immediately below the sub area.
Typically "YXQw Q¢ ‘Qrik i for packages at the DC.

0 Qi "Qd @eferQio the meaning of perimeter as the distance around a two dimensional

shape. The shape we consider is the subrea (in inch), but we only use
0 Q1 Q&G Qo Qi QEMa;  w 'QAI support from 4 corner is present.Since the strength
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is focused inthe walls, the edges of the boxmmediately below covered by the box
immediately above is consideredSA2 results in0 Qi "Qa QP Qi Qe Mk« 'QWxas
only one edge of B3 is covered by B4 lengthwis€he choice b consider the sub areaather
than the whole contact areds not obvious, especially notfor SAL, asone may argue that the
weight of B4 is distributed along the wall of BVia B3widthwise, beyond the end of SAlHere

a somewhat pessimistiqtoo low) 0 G ¢ HG'Q 6 ds ébtaiRed by considering SA1 rather than
the full contact area of B1 and B3dowever, the positive effect of B3 for SAl is to large extent
captured inNO¢ U "Qi "Oditchie same time, there are other cases when optimistic (too high)
D Ohé @D ¢ is Gbtained by not considering weight of boxes outside the boundaries of the
sub area. For example, suppose that a fifth box would be placed on top of B3, next to B4. The
weight of the fifth box would not be accounted for irh G Hé Q1 @é SAL, even though
some if its weight likely would be distributed to SA1 via B3vidthwise.

0% 0 Qi "Oferdté the environmental factorpresented by Fibre Box Associatior{2008).
Via'0 6 "and "X o Qe tieistrength of thepackaging is captured. By caling© 6 ‘Based on
submitted exceptionsthe content of the box is captured. The way of stacking is only to some
extent captured via howd Qi "Qd iQus&li In order to betterhandle the way of stacking, as
well as transportation aspects such as duration of the transport, humidity throughout the
route, etc. the environmental factor is necessaryWe choose todesign the environmental
factor as 0% 0 Qi "'0OOOD & Vi TODHWEEE U 'Q TOODO £0& 0 QI OO €
0¢ 0 QI OO Gaagtures all remaining aspects except for the way of stacking. From
experiments with real packages at the DC we have fouri@¢ 0 Qi 10 ¢ 6c® to be
appropriate. ConsequentlyO ¢ 0 "Qi 100 @od@nd 0& 0 "Qi 10w w d&de both related to
the way of stacking.

More specifically regarding the environmental factor, O¢ 0 "Qi 1O & 6 doncerns the number of
edgedcorners of the boximmediately below covered by the box immediately abovelrhe placement
of B4 exemplifies support fromtwo corners.’0¢ 0 "Qi 10 @ 6 doncerns if the box above reach
beyond the box below and hence may receiaditional support from other boxes. The right example
in Figure 36in Section 4.4.lexemplifies such scenarioThere are several different cases to properly
handle the various level of support and overlap. We do not present these in detdiyt note that in
ourdesignp 0% 0 QI TOH®WO é08 andT® 0 'O¢ U QI TOHWO & T X

Using our"YO 0 ifun&on (see Section 92.1) we have also incorporated consideration tecenarios

when the box immediately above the sub area almost reach out to the edges of the borediately

below. Note that B3 almost reach out to the second edge of B1 lengthwise, so instead of simply

Al T OEAAO OOODPDPI OO0 &FO®ihi AGdde pA OO AEH 11 IETAAROXxT h AT
considered. In this specific case the latter will always result in a highed ©té Q0O cHoweger,

more complicated scenarios are possiblefor example if no corner and no edge of box below is

covered, it may in fat be appropriate with anythingupto OO ODBHT OO0 AOT I AT 11T 00 Al O«
The design withO £ 0 "Qi 100 o oféils if the suppot, AAODEOA Al 1T OEAAOET ¢, OOODPDI
is bad For example ilho corner and no or oneedge ofthe box immediately below is covered by the

box immediately above. These cases are not covered®y 0 Qi 10O 0 6 & 08, soinstead a fixed

weight threshold based on the packagingption of the box below limits theweight from boxesabove
with bad support.

Our approach on stacking strengtthas evolved froma mix of theory, experiments, crafting and
testing. We argue by no means that our way guarantees sufficient stacking strength ame rather
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acknowledge that more dedicated effort on this topievould be required to develop a more rigorous
approach. However, feedback from the DC operators indicates that it worksally well in practice.

4.4.3 BOCP score

As explained in Section 4.4.1, the calculation of BOCP scdf& using the BOCP score components
i "@QH Gs the last step in the evaluation procedure within the placement heuristic algorithnFirst

in this section the design of the scoring function is explained in general terms and second the different
scoring function components are explained irmore practical terms.

Design of scoring function
Recall the simplified scoring function thawasintroduced in Section 4.1.2:

YQ 0 Q i WQ

In the further development of this function the BOCP score componernits @QH "Gare distinguished
as two types, @ 0 and’® 0. The extended functionis developedvia two sub functions"Y "Q and
"Y "Q corresponding to these two types, and the sum dlfie two sub function make up the extended
scoring function:

:\Y?’Q nY ‘?Q uY ?’Q

The score componentsi ‘@QH '@ 0 are designed to only adopt values between 0 and 1, i.&.

i @Q p,) " 0,wherei 'TQ palways is the most desirableTypically these componentsadopt
valuesgreater than 0, i.et i '‘@Q p. Tomaintaint "Y 'Q  pthe sub function is scaled down
and hence this formulation:

VAR p 7 AR
Y Q —_—= L Q i QaQ
By 0 QN

The remaining sore components i ‘@QH " 0 are different in three major ways. First, these
components much more frequently adopt values equal to 0,..i '‘BQ Tt Secondmany of these
components have @inary characteristic,i.e.i "@Q N 1 Q, wherei "Qis a constant for
a given’® v . Third, these components may adopt values greater than 1, ie@Q pis possible
for at least onehl 0. Toensure that the values'Y "Q are of appropriate magnitude relative Y Q

each component of the sub function is scaled down with , Which is the maximum valug) " Q
may adopt, and hence this formulation:

.~ vQ L
Y Q 5 i QQ

N

Finally, the extendedfunction for the BOCP score is formulated as the sumof Qand Y Q:

nY‘?'Q p r ?‘Q r T’ﬁQ 0 7Q r ’;’"?‘Q
B. 0O = ! 0 !

N
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We view the contribution of Y "Q as the baseline score and the contribution ofY "Q mainly as being
bias towards certain more difficult aspectsThis may be interpreted from the following overview of
scoring function components

Overview of scoring function components

In Table8 below it is presented whichBOCP score componenis "@Q are included in the BOCP score
"Y'Q based on which batch is being executed in the overall algorithm. In totaB different score
components have been developednd the number ofcomponentsused for each batclvariesfrom 11

to 20. In the leftmost column of Table8 the associatedgjoals andobjectivesfor loading from Section
2.3.2 are referred to. The second leftmost column of Table 8 states whether the score component is
included in"Y "Qor "Y Q. Recall our interpretationof type 1as the baseline score ahtype 2mainly

as being bias towards more difficult aspects.

Table 8. BOCP score components per batwith the associated goals/objectives and type of component

Goal/ Type | BOCP score component Batch Pre- Batch | Batch
Objective 1 Check 2 3
1,22,33|1 Box with higher weight closer to floor n n n
1,22 1 Box closer to floor n n n n
1,22 1 Box closer to intersection of inner wall and ceiling n n
lengthwise i ]
1,22 1 Box with higher stacking strength- if would provide n n n
support with edges/corners - closer to floor
1,22 1 Box with higher stacking strength- if would provide n n n
support with only lid, i.e. no edges/corners- closer
to floor
1,22 1 Utilization of space length higher n n n n
1,22 1 Utilization of space width higher n n n n
1,22 1 Utilization of space height higher n n n n
2.1 1 Consolidation pallet possible height n
2.1 1 Consolidation pallet possible weight n
2.2 1 Horizontal stability behind box n n n n
2.2 1 Horizontal stability in front, left and right of box n n n n
21 2 Consolidation pallet atPre-check placement point n
1 2 Adjusted point backward n n n n
1 2 Adjusted point forward n n n n
1 2 Boxending at same height as other adjacent box to n n n
the left
1 2 Box with same height as more other boxes n n n
1 2 Box on top of similar box submitted as "not ok to n n
stack a different package above"
1 2 Box submitted as "must be placed on thiéoor" n
1 2 Box considered to be long, with the largest n
dimension greater than a certain threshold (1.5 m)
1 2 Hazardous box closer to intersection of door and n n
ceiling lengthwise or box submitted as not ok to
stack a package (neither similar nor different) above
closer to ceiling
4.1 2 Box with pallet not rotated n n n
4.3 2 Box without pallet not on floor n n
All Total number of score components 20 11 13 19
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Introduction to examples

Below four more detailed examples are outlined on how BOCRa&e components are calculatedlhe
three first examples below are fairly straight forward and therdore outlined in detail. Thefourth
example however is associated witha fairly complex sub procedure and hence an illustration with
supporting notes isprovided instead.

In the examples below lelper functions ‘Qare used for the preparing scoring calculations that are
needed prior to calculating actual score componenRecall the notationd @ ®as all boxes assigned
to the batch that is being executed in the overall algorithm.

To enable a more practical, notbinary, evaluation of certain aspects sigmoid/logistic curve is used
and denoted as"Y6 0 | ABOQQRHE OO 'QQN twhdrd wis the input value andd "QQn éat o
[ 0 'QQnareparameters.Another function denoted as'Y @ & & GO 6ig dlso usedwhere wis
the input value and™Qd @ Gséaiparameter. Detad on"Y6 6 1 abdQY o ¢ dca&E b&found inSection
9.2.1 and 92.2 respectively.In the examples below our values on these and other parameters are
written to avoid additional notation. An exception to this isd 0 U ;¥iDich is a constant, ananore
specifically a small decimal number to count almost adjacent surfaces as adjacent.

In the first example belowi Q hQ pifé 0 & W is the heaviest box in the current
batch and placed on the floor. In the second example’™Q hQ pifo 0 6™

has adequate support from behindThe third example isof type 2wherei Q RQ adopts a
constant value In the fourth examplei "Q hQ pifé 0 6 W is a great fitin the

available space (unutilized volume) lengthwise, and similarly for width andheight.

Example 1: Box with higher weight closer to floor
After BOCP loop (but could be done earlier)

i hQ
666@285@3é'%60uom83®8 Qedié@soﬂ)oﬁ'zanlﬁ)e @ O
P 5006 0D @ ¢ o BN 0BORWO

606 W8 I ¢ dd QWO
Ni A D 8L QWO

Example 2: Horizontal stability behind box
Inside BOCP loop!("Q "Q:

Poxio s B¢ @OLED IOY S0 6 WS & ¢ @ o

+. B0 6RBHE @060 6W B ¢ Q¢ BOE Q

1

1
1

+.- o060 & ¢ 0t @OEO0 6 O @ ¢ @ o

1
~

+-Bo06RB B¢ @006 WS & ¢ Q¢ FOE Q

1
1

L. WO 060 & ¢ 0 @D Q06 0 & ¢ @ o | g
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Q Q Q Q
[EDO® 06 08 B ¢ Q¢ @O 10 0a & ¢ Q¢ @D Q
AP 68 & ¢ @Po 6 0 & ¢ @ o
ED 0806 08 @ ¢ 0 @O 100 0d & ¢ Q¢ @D Q
AP O8 66 e @ ¢ @POo 6T & ¢ @ o

After BOCP loop

Boo@s @ ¢ @o600 W] g
0 N 606 RDH BYQQQ & WD
i Q RQ

0 Q..
001 % Byanaa aan o5 T

Example 3: Box submitted as "must be placed on the floor"
After BOCP loop (but could be done earlier):

BoosRas ®eae awd e @figs i

i Q Qo m

i o n

Example 4: Utilization of space length/width/height higher
Separate sub procedure:

Prior to presenting the calculation of utilization it is necessary to explain how available spaces
(unutilized volumes) are handled.Recall the statement in Section 4.4.1 thabased on how available
spaces are identifiedefficiency is gained by having the outer loop ovel Owhen & 0 6 i® generated.
More specifically, one new spaceis generatedfor 60 6 (p & 0and each time 6 U 6 W& 0
606 p& Q c.

Figure 38 below illustrates a fictive problem instance with five placement points after two
placements have been performed. Faach placement pointbne space is generated.
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Figure 38. Examples of available spaces (unutilized volumes) for five placement points

Points on the floor are more straightforward than points above the floor. For points on the floor, the
spacereach from the point to the intersection with either the containerwalls or another box. For
Pl ET OO0 AAT OA OEA Al 11 Oh
or the intersection with another box.There are many cases to cover to properly handle the creation
of spaces. These are nqtresented in detail, but as a hintconsider the extended examplein Figure

39 when three placements have beeperformed:

P6 P10

B1 ® B1

%/if

B3

Figure 39. Extendedexamplebased on Figure 38, with available spaces for the two placement points P6 and P10

An important observation is that B1 and B3 have the same height. Now, consider the space for P6.
There ae two potential spaces that could be assigned P&iven that 100% base support for a

OEA OPAAA OAAAE OIf OEI

B1

OEA

platform is required. This is not to be confused with theconstraint OAT @ OAAAEOAO OO0 &£LE

O00DPDI 006 TalhinESkchoA 4.£2. In fact, we do require leshan 100% base supporfor

a box (80% with a few exceptions when even less is required, to be specifidhis results in the
possibility for the space utilization to reach above 100%, which is handled by the mifunction in the
score component presented belowSpaces are distinguished based on base area such that the space
with highest base area is assigned to the placement point. Further, one of fh&ential spaces for P6

is also applicable forP104 T T 11 U AT T OEAAO OEA AAOA AOAA
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be deficient, as the space utilization would seem better than it is, and hence the limitation caused to
placements at P6 would nobe captured.

Given the basis for spaces explained above, consider thalculation of space utilization lengthwise.
Calculation of widthwise and heightwi space utilization are similar. The purpose of our function
Y & 0i&Qé ri@inly reward quite high space utilization (seeSection 92.2).

i Q hQ

,gﬁméﬁéﬁ)&j@é'né &“Déé’@é@&ﬁé"%%
H YR b QEo v

YOOl
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4.5 Genetic Algorithm

Coefficients for the BOCP score are tuned for the particulaubproblem (batch) being solved viaa

Genetic Algorithm (GA).

Recall the role of the GA by revisiting Figure 28 in Sectio
4.1.2. Figure 40s a snippet of Figure 28 which shows tha
the GA recéves fithess values for the entire GA populatior
"O and updates the population (coefficient setsyo

which is then forwarded."™0 "Qandw  "Qare used to
access fitness and chromosomes of a specific individual

the population.m "O "Q pH "Gs indicated in Section
4.3.2 on load plan fithess. The number of chromosomes ft
an individual varies from 11 to 20 as indicated in Sectior
4.4.3 on BOCP score. The values of the chromosomes

integers between 0 and 10000, i.em 0 (7[0]

p T T TIQE O QOGN

w,
pop
Genetic
algorithm
Fpop

Figure 40. The role of the genetic algorithm

The GA isstochasticin the sense thatfor different runs of the same problem instance different
coefficientsfor the BOCP scorvill be generated, and hence possiblglsodifferent load plans.

4.5.1 Overall GA procedure

The overall GA procedure is illustrated in
Figure 41, which is consistent with
Figures27, 28 and 40.The GA procedure
begins with randomly initializing a
population This population is
evaluated through the iterative sequence
of placement heuristic and load plan
evaluation (see Figure 28 in Sectior
4.1.2) which returns fitness for the
population "O . A new population is
produced as a combination of clonesral
children. More specifically, cloning is
done according to elitism concept, anc
the following techniques are used to
make children:

Initialize
population

Evaluate
population

(placement

heuristic and load
plan evaluation)

i

Roulette wheel method to select

parents

0 Random crossover for inheriting
chromosomes

U Mutation to maintain genetic
diversity
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9 = JLast
or termination

Yes
Select best
individual

Figure 41. Schematic of genetic algorithm




In order to better distinguish fitness of individuals"™O  "CH "Gare scaledbased on the highest fitness
'O "© O "tH"Q "Qusing our function denoted as"Y® ¢ & GG O Wheere wis the input
value and Qo & dséa iparameter(see Section 92.2). More specifically, the update of the population
is based on the scaled fitness valué® "0 "@alculated as:

Q.

0 0 "Y(B(bd,—é}%%;o‘ -2

With "Qc @ 0 & as abovethe scaled fitnessO "Q pgtrif 'O "Q "0 "Q, while™O "Q
™ "0 Q meom O Q,etc.

When the population has been updatedhe cycle is repeated for the next generation. When the last
generation has been evaluated, or whenever the execution is terminated by the user, the best
individual "O  "Q is selected.

4.5.2 Parameter settings

In Table 9 below the GA parameters that are unige per batch are listed. The chromosomsizes
match the number of BOCP score components for each batch as listed in Takle 8ection 4.4.3

Table 9. GA parameters per batch

GA parameter Batch 1 Pre- Batch 2 | Batch 3
Check

Chromosome size 20 11 13 19

Generation max 500 5 20 10

In Table 10 below the GA parameters that are applicable to all batches are listed. The chromosome
values are integers. Population size and mutation percentage is dependent on chromosome size, and
hence thesealso vary per batch

Table 10. GA parameters applicable to all batches

GA parameter All batches
Chromosome value min | O
Chromosome value max | 10000

Population size 3 x Chromosome size
Cloning percentage 0.05
Mutation percentage 3/ Chromosome size

We want to stress that venyittle effort has been dedicated to developing the GA parameteis Table
10. These parameters work well for us, but shoulgreferably be considered by the reader as a
potential starting point for future work.

70



4.6 Summary of how objectives and constraintsare handled

This sectionsummarizeshow the objectives from Section 2.3.2 and the constraints from Section 3.4
have been handled throughout Section 4:3.4.Tables11 and 12 below lists where in the placement
heuristic and load plan evaluation the various ojectives and constraints respectively are handled.

Table 11. Summary of how objectives are handleth placement heuristic and load plan evaluation

Objective | Objective Placement heuristic Load plan evaluation
number BOCP BOCP Other Load plan | Load plan
constraints score constraints fitness

11 Number of leftover boxes lower n n

12 Volume of leftover boxes lower n n

13 Weight of leftover boxes lower n n

21 Use consolidation pallets for smaller n n n
packages

2.2 All sides of packages and n n n
consolidation pallets supported

3.1 Center of gravity closer to center n n
lengthwise

3.2 Center of gravity closer to center n n
widthwise

3.3 Center of gravity closer to floor n n

4.1 Packages withpallet not rotated n n

4.2 Packages with pallet reachable by n
forklift

4.3 Packages without pallet not on floor n n

Table 12. Summary of how constraints are handleéh placement heuristic and load plan evaluation

Category | Category Placement heuristic Load plan evaluation

A BOCP BOCP Other Load plan | Load plan
constraints score constraints fitness

1 Weight limits n

2 Weight distribution constraints n n n

4 Orientation constraints n n n

5 Stackingconstraints n n

8 Positioning constraints n n n

9 Stability constraints n n n n

10 Complexity constraints n

A key observation inTables 11 and 12 is that objectives are to some extent handled via BOCP
constraints and load planconstraints, while constraints are to quite significant extent handled via
BOCP score and load plan fitness. This is because our objectives and constraints are very interrelated.
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5 Implementation

The loading optimization software was developed using Visual Basic for Applicationd/BA) in
Microsoft Access. This enabled immediate access to data base talftesn the enterprise software
usedat the DC, as well ageneratingload plansin Microsoft Excel, which is an environment the users
are familiar with. More specifically, the loadiry optimization software receivesdimensions and
weights for packages from the enterprise software. In Section 2.2.listmentioned that DC operators
have the possibility to override inherited attributes and assumptions about padages by submitting
exceptions. These exceptions are also received by the loading optimization software. The loading
optimization software generates a load plan in Microsoft Excel containing visual stdyy-step
instructions, suggesting the placement of each packadgefore a sea cotainer departsthere is a final
AEAAE AAIT T AA Ol 1 AikorderAd esiEd thaDall fadkbgesitiaivere nofuded in the
load plan haveactually beenloaded, and therebyscannedto the sea container. Theentire loading
process in terms of apfications used is illustrated in Figure42 and theuser interface of the loading
optimization software is presented in Figure43.

Dimensions and
weights for package

(enterprise software) . oo ;
Loading optimization Load plan Load manifest
software [ > (Microsoft Exce) I > validation
. (Microsoft Access) (Microsoft Access
Exceptions for

packages
(Microsoft Acces$

Figure 42. Applications used in loading processit the DC

Atlas Copco E:;!:g;ﬂ:tljr: Loading optimization Progress
— e | Review batch 1 |
Customer Start optimization
| Add capacity to current batch |
397701 | View/refresh deliveries | ¥| Include invoiced deliveries
Number of days for package cutoff |14 |z| | Cancel optimization | | Finish current batch |
Delivery | Order | Address Packages Generation: 000 | Candidate: 00 | Optimization score: 0.0000
11137120 | 00 o | 1CL20 i oy
11155131 | |
11155132 | |
1115 | |
11157266 | 0010877026 | 1CL20
11158994 | 0010877655 | 1CL20
11159004 | 0010877655 | 1CL20
11161058 | 0010878394 | 1CL20
11167525 | 0010873394 | 1CL20
11163046 | 0010879094 | 1CL20 -
5 deliveries selected |M| 8 packages selected
— 13.5% of one 20' container
Container types Consolidation pallet types
20' container EUR-pallet-47X32X6-5W Capacity used in current batch:
28'LTL pup trailer GREEN-45x30x38-bottom
40' container US-pallet-48X40X6-5W
40" high-cube container YELLOW-45X45X38-bottom
45' high-cube container
48" flatbed
53" high-cube van

Figure 43. User interface of loading optimizationsoftware to select inputand run the overall algorithm in Figure 29
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As can be seen ifrigure 43, the user enters a customer number and clicks to view deliveries, i.e.
orders that have been released for picking. The user views which deliveries are available, with
associated order number and address number (if the customer has multiple locations). The user
selects which deliveries to be included, and the packages associated with these deliveries are then
selected. At this point the user can see a predicted volume ligation, based on the assumption that

all packages will fitin the selected shipping container typeThe user also selects which consolidation
pallet types that may be usedWhen all selections have been made, the user clickstart
optimization & While the optimization is running, the user has the possibility to review the load plan,
add extra shipping containers or consolidation pallets (depending on which batch ignning), as well
asforce the current batch to be finished. These possibilities are linketo the decision point in the
CAT AOGEA Al CI OEOEI OA U Esbilpstr@ié v iQure2l iAR&ioni458 0 OOAOe 6 A

Regarding the exceptions for packages, there are five exceptionatimay be submittedto override
the defaults as illustrated in Figure44 below.

_[I Las Cone Drilling Solutions Exceptions for packages
Allen DC, TX, U.S5. used in loading optimization
Scanning mode
ON 4102216; Submit Clear last
Orientation of pallet runners OK to stack a different package above
\ L \\. L \' SE @ Yes (default)
Length Wilth OK to stack a similar package above M
@ Parallel to length (default) ) Parallel towidth ) Both directions
Stacking strength - P 0 !
i
@ Yes (default) © No
This package must be placed on the floor
AN N
v v v X X
J o] | sl |
100% (default) IZI @ Yes @ No (default)
Figure 44. User interfaceto submit exceptions for packages
O/ OEAT OAOGEI 1T 1T £ DPAI 1 AO initalxhtibrAod issibld Box-Okiéntatdrs® EOAA OD]
xEEAE EO OOAAOAA EIT B3AAOQEIT 18 1p%diededibaniec OOOAT

3inSection4.420/ + O OOAAE A AEAEAAOAT O PAAEACA AAI OAoh ¢
O4EEO DPAAEACA 1 0600 6AAAA ARARIAATTAA OEEAA EI/THO0O AT 1T 000
components, which are treated in Section 4.4.2 and 4.4.3 respectively.
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6 Results and analysis

The loading optimization software has been tested and successfully implemented at the DC in Texas.
The software has been proven capable of generating satisfactory load plans within acceptable
computation times, which has resulted in reduced uncertainty and lalvausage in the loading process.
This chapter is intended to closer study the performance of the software. In Section 6.1 an overview
of 20 real probleminstancesfrom the DC instances is given. In Section &&0 examples of load plans
are presented. In Section 6.3 an introduction to theomputational experiments that have been
conducted using thee problems is given. In Section 6.4 achievement of objectives is treated and in
Section 6.5 the ability of the GA to tune the BOCP score coefficients is analyzed.

6.1 Overview of problem instances
Data for 20 loadingsbased upon load plans generated by the software is provided Trable 13 below:

Table 13 Problem instances used for computational experimeniwvith summaries of packages and shipping containers

Number of paclages | & Volume Number of packages with attribute/exception®
" @ E’ utilization 3
[T} [3} = () °
© o > = < >
% Q = 3 = g 2 = =i
= c ‘S c x®l E ol £ c~ o5 DS
<@ s} o g ol %35 S| €9 9| o
o) O S I IS R I (1 = —_ o | 53 ¥Xa| <o 25 £5| £3| 3
o o = = = ol N = ol o oX| 8| L2 og| BE| B> ©
o = e e e ° 7 L ° Koi TR no| @ = e ol of| &
S © @© © - = © — o 52 o8| of El Exl E2| ®
= o o) o GC) X | X =z 0 8 Te] 8 S| T
» kS 72 | 5|2 8 |87 |67 58
8 | 52 |9 |a S
1 1 20ft 22 |40 | 2 | 64 29 | 341% | 404% | O 1 0 0 0 0 0 0
2 1 20ft 16 | 4 0 | 20 14 | 419% | 426% | O 0 0 0 0 0 0
3 1 20ft 18|16 | 0 | 34 18 | 714% | 748% | O 0 0 0 0 12 0 0
4 1 40ft 29 | 1 0 | 30 12 | 46.7% | 47.0% | O 0 0 0 0 0 3 0
5 1 40ft 22 | 2 0 |24 15 | 575% | 57.7% | 5 5 5 0 0 0 0 0
6 1 40ft 37 | 1 0 | 38 18 | 46.7% | 46.8% | O 2 0 0 0 0 0 0
7 1 40ft 24 | 2 0 | 26 19 | 46.4% | 46.6% | O 0 0 0 0 0 0 0
high-cube
8 1 20ft 26 | 2 0 | 28 16 | 62.6% | 63.4% | 3 0 0 0 0 0 1 0
9 1 40ft 38 0 | 40 19 | 456% | 45.6% | O 0 0 0 0 0 3 0
10 1 40ft 24 0 | 25 12 | 439% | 43.9% | O 0 0 0 0 0 0 0
11 2 20ft 29 | 24| 0 | 53 26 | 47.7% | 48.9% | 2 0 3 0 0 0 3 0
12 1 20ft 17 | 16 | 0 | 33 17 | 57.8% | 59.4% | 1 0 1 0 0 0 2 0
13 1 20ft 14| 0 0| 14 9 38.3% | 383% | O 0 0 0 0 0 0 0
14 1 40ft 33 0 | 34 19 | 472% | 47.3% | 4 0 0 0 0 0 13 |0
15 1 20ft 20| 22| 2 | 44 20 | 36.7% | 39.9% | 1 2 2 2 0 1 3 1
16 1 20ft 35|10 | 1 | 46 30 |68.8% | 70.8% | O 4 4 4 1 0 2 0
17 1 20ft 22 0 |24 10 | 43.7% | 445% | O 0 0 0 0 0 0 0
18 1 40ft 9 0 |11 9 20.4% | 205% | 4 0 3 0 0 0 4 0
19 1 20ft 24 0 |24 11 | 80.0% | 80.0% | 1 0 0 0 0 0 1 0
20 1 20ft 23| 26| 0 | 49 25 | 403% | 43.1% | 3 2 0 0 2 1 0 0

75



Clarifications for some ofthe columns in Table 13 follows:

(0 Based on grouping of boxes explained in Section 4.1.1

 Number of unigue combinations of length, width and height of packages

® Sum ofouter volume of packages divided by sum of inner volume of shipping containers
excluding volume of any consolidatia pallets suggested to be used

@ All attributes other than hazardous are obtained by DC operators submitting exceptions for
packages, see Section 2.2.1 and Chapter 5.

One observaion in Table13 is that very few packages are assigned to Batch 3. However, recall from
Section 4.1.1 that packages assigned to Batch 2 are reassigned to Batch 3 upon termination of Batch
2 by the user, or if there is no relevant combination of consolidation pallets left tby. Another
observation is the great variety in sizes among packages, as there are only about two packages per
size on average. Also note that even in cases when the number of packages assigned to Raigh
relatively high, Batch 1 still makes up for tie majority of the volume.

The fact that volume utilization vaied from 20.5% to 80.0%is partly linked to the statement in

Section 1.3 that containers may be ordered prior to reaching a high volume utilization if the customer

requests shipment immediately It is also related to stacking constraints among packaggelkoth due

to weight and cases when exceptions are applicabl@o exemplifythe latter, consider the partially

completed loading ofProblem 18 in Figure 45. By submiting AGAADOET T O @&kihmiar T E Ol
DAAEACA AAT OAd6 OEA $# 1 PAOAOGIOmM ehgplacedok @fdiecathEA OEO
other, and hence they occupy much of the floor spacét the same time, consider the completed

loading of Problem 3 in Figure 46. Even though thevolume utilization was 74,8% excluding
consolidation pallets this was a fairly easy load, dsdicated in Section 6.3 and 6.4t is therefore not

sufficient to only consider the volume utilization as the measure of how difficula loading is,and we

arguethat it is acommonrule of thumb that should be used with care if stacking is limited.

Figure 45. Partially completed loading ofProblem 18 Figure 46. Completed loading oProblem 3

In Section 3.2.2 remarks byortfeldt and Wascher (2013) andZhao et al. (2016) were outlined,
stating that the same data sets, which lack practical elements, frequently have been used to develop
and test new approaches. Based on these remarks we decidsatly onto not use benchmark data
from the literature at all throughout our development efforts.
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6.2 Load plan examples

The concept of load plans is first mentioned in Section 1.4 and then further discussed in Secsigril
and 2.4.A load plan consist of which shipping containers and consolidation pallets to use, and
placements (position and orientation) of the packages within theseas stated in Section 2.4.aptops

in the forklifts (see Figure 16) were early identified as a key element to display visual stepy-step
instructions, suggesting the placement of each pacga. By having visual instructions in the forklifts,
the DC operatos are able to load containers immediately without prestaging (test loading) first.
This consideration is also recognized in the literature, as mentioned in Section 3.4.Bategory 10,
Bortfeldt and Wascher (2013) stress that solutions must be visualized and easy to understand for
the operators doing the loading so that the loading procedure does not become too time consuming.
Throughout Chapter 4, load plan is used to refer to a solutio Below follows two examples of how
load plans generated by the software look like. The layout in terms of graphics and what information
to show for each placement has been developed together with DC operat@isd customer service
representatives, which has resulted in great perceived usability

6.2.1 Example 1: loading of one 20 ft. container

The first example is the entire loading oProblem 19, which is the most difficult problem instance in
terms of fitting all packages, as indicated in Section 6 roblem 19 has the highest volume utilization
among the 20 instances, and since all packages are assignedB#dch 1, no consolidation pallet is
used. Complementary pictures from the loading oProblem 19 can be found in Section 6.5 when
analyzing BOCP score codffients for this instance more specifically Figures 68, 70 and 7IThe
placements of the 24 packageand center of gravityare shownin Figures47-49 below.

11 1.2

Package nbr: 4204332 Package nbr: 4204235
Location: S901 Location: CON STG
Packaging: US18 (CRATE) Packaging: US18 (CRATE)
Weight (Ib): 3020.33 Weight (Ib): 476.20
Length (in): 104 Length (in): 48

Width (in): 90 Width (in): 32

Height (in): 52 Height (in): 35

Figure 47. Placements 1-2 in Problem 19
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13
Package nbr: 4204515

Location: CON STG

Packaging: US23 (GREEN TUBE-45x30x36)
Weight (Ib): 169.76
Length (in): 45
Width (in): 30
Height (in): 36

16
Package nbr: 4204513

Location: CON TG

Packaging: U523 (GREEN TUBE-45x30x36)
Weight (Ib): 165.35
Length (in): 45
Width (in): 30
Height (in): 36

19
Package nbr: 4204027
Lacation: CON STG
Packaging: US18 (CRATE)
Weight (Ib): 438.72
Length (in): 45
Width (in): 45
Height (in): 15

1.12
Package nbr: 4204067
Location: CON STG
Packaging: US15 (Pallet)
Weight (Ib): 257.94
Length (in): 45
Width (in): 45
Height (in): 45

14
Package nbr: 4204069

Location: CON STG

Packaging: US15->US18 (Pallet->CRATE)
Weight (Ib): 235.89
Length (in): 24
Width (in): 24
Height (in): 25

1.7
Package nbr: 4204017

Location: CON 5TG

Packaging: US15->US18 (Pallet->CRATE)
Weight (Ib): 220.46
Length (in): 45
Width (in): 45
Height {in): 13

110
Package nbr: 4204030
Lacation: CON S5TG
Packaging: US18 (CRATE)
Weight (Ib): 313.06
Length (in): 45
Width (in): 45
Height (in): 15

1.13
Package nbr: 4204028
Location: CON STG
Packaging: US18 (CRATE)
Weight (Ib): 438.72
Length (in): 45
Width (in): 45
Height (in): 15

15
Package nbr: 4204383

Location: CON STG

Packaging: US26 (BLUE PALLET-24X24X26)
Weight (Ib): 231.49

Length (i
Width (in}: 24
Height {in): 26

18

Package nbr: 4204018

Location: CON STG

Packaging: US15->US18 (Pallet->CRATE)
Weight (Ib): 220.46
Length (in): 45
Width {in): 45
Height (in): 13

111

Package nbr: 4204013

Location: CON STG

Packaging: US15->US18 (Pallet->CRATE)
Weight (Ib): 220.46
Length (in): 45
Width {in): 45
Height {in): 13

114
Package nbr: 4204032
Location: CON STG
Packaging: US18 (CRATE)
Weight (Ib): 313.06
Length (in): 45
Width (in): 45
Height (in): 15

Figure 48. Placements 3-14 in Problem 19

78



1.15
Package nbr: 4204061
Location: CON STG
Packaging: US15 (Pallet)
Weight (Ib): 220.46

116
Package nbr: 4204023
Location: CON STG
Packaging: US18 (CRATE)
Weight (Ib): 421.08

1.17
Package nbr: 4204033
Location: CON STG
Packaging: US18 (CRATE)
Weight (Ib): 313.06

Package nbr: 4204062
Location: CON STG
Packaging: US15 (Pallet)
Weight (Ib): 220.46
Length (in): 45

Package nbr: 4204025
Location: CON STG
Packaging: US18 (CRATE)
Weight (Ib): 421.08
Length (in): 45

Length (in): 45 Length (in): 45 Length (in): 45
Width (in): 45 Width (in): 45 Width (in): 45
Height (in): 56 Height (in): 15 Height (in): 15
118 119 1.20

Package nbr: 4204034
Location: CON STG
Packaging: US18 (CRATE)
Weight (Ib): 313.06
Length (in): 45

Width (in): 45

Package nbr: 4204143
Location: CON STG
Packaging: US15 (Pallet)
Weight (Ib): 220.46

Package nbr: 4204531

Location: CON STG

Packaging: US23 (GREEN TUBE-45x30x36)
Weight (Ib): 165.35

Width (in): 45 Width (in): 45
Height (in): 56 Height (in): 15 Height (in): 15
—
|t
121 122 123

Package nbr: 4204063
Location: CON STG
Packaging: US15 (Pallet)
Weight (Ib): 176.37

Package nbr: 4204167
Location: CON STG
Packaging: US15 (Pallet)
Weight (Ib): 149.91
Length (in): 45
Width (in): 30
Height (in): 56

Diff length center: 12.20%
Diff width center: 7.41%
Diff height bottom: 36.80%
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Length (in): 45 Length (in): 45 Length (in): 45
Width (in): 45 Width (in): 30 Width (in): 30
Height (in): 56 Height (in): 36 Height (in): 46
124 1_Center of Gravity

Figure 49. Placements 15-24 and center of gravity inProblem 19



6.2.2 Example 2: loading of two consolidation pallets

The second example ithe two consolidation pallets that were used folProblem 20 to accommodate
the 26 packages assigned to Batch Recall the batch concept from Section 4.1.1, and in particular
Figure 23. First,Figure 50 below shows the placements of both consolidation pallets into the shipping
container, note that yellow is usedor consolidation palletsinstead of bluewhich is used for packages
The placements along the right wall of the shipping container are to accommodate three very long
packages placedt later steps.SecondFigure 51 is a picture from the loading ofProblem 20 showing
the two consolidation pallets that have been prepared prior to loading the shipping container. Third,
Figures52-54 showsthe placemens of smaller packages onto these two consolidation pallets.

Package nbr: Consolidation pallet 1
Location:

Packaging: (GREEN-45x30x38-bottom)
Weight (Ib): 200.54

Length (in): 45

Width (in): 30

Height (in): 29

13 1.10

Package nbr: Consolidation pallet 2
Location:

Packaging: (GREEN-45x30x38-bottom)
Weight (Ib): 183.74
Length (in): 45
Width (in): 30
Height (in): 36

Figure 51. The two consolidation pallets in Problem 20 have been prepared outside the shipping container
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11
Package nbr: 4218144
Location: 5207

Packaging: USO8 (21x21x17)
Weight (Ib): 62.09

Length (in): 21

Width (in): 21

Height (in): 17

14

Package nbr: 4242808
Location: 5207
Packaging: USO1 (7x7x7)
Weight (Ib): 3.40
Length (in): 7

Width (in): 7

Height (in): 7

17
Package nbr: 4246005
Location: 5207

Packaging: US01 (7x7x7)
Weight (Ib): 1.43
Length (in): 7
Width (in): 7
Height (in): 7

110
Package nbr: 4222876
Location: 5207

Packaging: US04 (17x17x17)
Weight (Ib): 54.30
Length (in): 17
Width {in): 17
Height (in): 17

12
Package nbr: 4201634
Location: SZ07
Packaging: US16 (BOX)
Weight (Ib): 4.43
Length (in}: 21

Width (in): 16

Height (in): 5

15
Package nbr: 4201768
Location: SZ07
Packaging: USO1 (7x7x7)
Weight (Ib): 2.62

Length (in): 7

Width (in): 7

Height (in): 7

18
Package nbr: 4249058
Location: SZ07
Packaging: USO1 (7x7x7)
Weight (Ib): 1.03
Length (in): 7
Width (in): 7
Height (in): 7

111
Package nbr: 4240358
Location: SZ07

Packaging: US25 (17X17X8)
Weight (Ib): 6.96
Length (in): 17
Width (in): 17
Height (in): 8
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13
Package nbr; 4198446
Location: SZ07
Packaging: USO1 (7x7x7)
Weight (Ib): 5.14
Length (in):

Width (in}: 7

Height (in): 7

16

Package nbr: 4241201
Location: 5207
Packaging: USO1 (7x7x7)
Weight (Ib): 0.57
Length (in): 7
Width (in}: 7
Height (in): 7

19
Package nbr: 4241145
Location: 5207
Packaging: USO1 (7x7x7)
Weight (Ib): 0.94
Length (in):
Width (in}: 7
Height {in): 7

112
Package nbr: 4247653
Location: 5207

Packaging: US02 (11x11x11}
Weight (Ib): 6.01
Length (in): 11
Width (in}: 11
Height (in): 11

Figure 52. Placemens 1-12 for consolidation pallet 1 inProblem 20



113

Package nbr: 4217911
Location: 5207

Packaging: US02 (11x11x11)
Weight (Ib): 3.88

Length (in): 11

114

Package nbr: 4247647
Location: SZ07

Packaging: US02 (11x11x11)
Weight (Ib): 2.99

115

Package nbr; 4204774
Location: SZ07

Packaging: US02 (11x11x11}
Weight (Ib): 2.68

Length (in}: 11 Length (in):
Width (in): 11 Width (in): 11 Width (in}: 11
Height (in): 11 Height (in): 11 Height {in): 11
2.1 2.2 23

Package nbr: 4233231
Location: 5207

Packaging: US13 (40x11x11)
Weight (Ib): 19.15

Length (in): 40

Width (in): 11

Height (in): 11

2.4

Package nbr: 4241076
Location: 5207

Packaging: US25 (17X17X8)
Weight (Ib): 5.43

Length (in): 17

Width (in): 17

Height (in): 8

2.7

Package nbr: 4237851
Location: 5207

Packaging: US03 (13x13x13)
Weight (Ib): 24.14

Length (in): 13

Width {in): 13

Height (in): 13

Package nbr: 4242863
Location: SZ07

Packaging: US13 (40x11x11)
Weight (Ib): 18.16

Length (in): 40

Width (in): 11

Height (in): 11

2.5

Package nbr: 4207911
Location: SZ07

Packaging: USO3 (13x13x13)
Weight (Ib): 4.98

Length (in}: 13

Width (in): 13

Height (in): 13

2.8

Package nbr: 4237853
Location: SZ07

Packaging: USO3 (13x13x13)
Weight (Ib): 13.69

Length (in): 13

Width (in): 13

Height (in): 13

Package nbr: 4242873
Location: 5207

Packaging: US13 (40x11x11}
Weight (Ib): 18.16

Length (in): 40

Width (in}: 11

Height (in): 11

2.6

Package nbr: 4233076
Location: 5207

Packaging: US02 (11x11x11}
Weight (Ib): 2.56

Length (in):

Width (in}: 11

Height (in): 11

2.9

Package nbr: 4243157
Location: 5207

Packaging: US03 (13x13x13)
Weight (Ib): 13.33

Length (in): 13

Width (in}: 13

Height (in): 13

Figure 53. Placement 13-15 for consolidation pallet 1 and placemerg 1-9 for consolidation pallet 2 inProblem 20
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210

Package nbr: 4248923

Location: S207

Packaging: USO3 (13x13x13)

Weight (Ib): 6.78
Length (in): 13
Width {in): 13
Height (in): 13

6.3 Introduction to computational experiment s

2,11
Package nbr: 4239608
Location: SZ07
Packaging: USOG (31x8x8)
Weight (Ib): 15.29

Length (in}: 31

Width (in): 8

Height (in): 8

Figure 54. Placemens 10-11 for consolidation pallet 2 inProblem 20

Section 6.4 and 6.5 that follows are based on I@ns to solve each of the 20 problemsvith the

shipping containers specifiedin Table 13 and one consolidation pallet type Onlydata for Batch 1 is
considered hereas itis the most difficult batch. In eachrun, 200 Genetic Algorithm generations are
executed.Recall from Section 4.5.2 that GA population size = 3 x Chromosome size = 60 for Batch 1,

which implies 60 load plans per generation. A packagedfit for every run and problem except fortwo

runs of Problem 19. For14 of the problems, all packages fit during the very first GA generation, while
for all problems improvements aregainedthroughout the 200 GAgenerations.A Dell laptop with an
Intel Core i5-2520M 2.50 GHz CPU and 4 GB RAM was ugeat.example, average 92 GA generations

to fit all packages forProblem 19 translates to run time9 x 92 = 828 seconds = 14 minutes

Table 14 Summary of 10 runs to solve each ahe 20 problems with run times and numbers of GA generations

Run time for GA generation for Batch 1 in which a load plan | GA geneation for Batch 1 in which the final best
Problem Batch 1 with no Ieft_over packages was gener_ated for the| load plan was generated for t_he first time (max
(seconds / GA first time (max 200 GA generations) 200 GA generations)
generation) Min Max Average Min Max Average
1 11 1 1 1 38 185 98
2 5 1 1 1 48 187 100
3 5 1 1 1 23 199 96
4 18 1 1 1 46 191 119
5 7 1 1 1 28 194 122
6 32 1 4 2 44 200 142
7 10 1 1 1 13 200 131
8 12 1 6 3 11 195 111
9 29 1 1 1 133 183 163
10 8 1 1 1 77 185 139
11 15 1 1 1 19 194 120
12 4 1 14 5 33 159 88
13 3 1 1 1 39 180 127
14 25 1 1 1 33 190 129
15 10 1 1 1 6 59 18
16 28 11 196 57 39 196 145
17 9 1 1 1 22 10
18 1 1 1 1 128 51
19 9 27 n/a 92 14 180 110
20 11 1 6 3 37 199 146
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6.4 Achievement of objectives

In Section 4.1.2 the load plan fitnes®© "Qis introduced as the fitness value of an individual in the
GA population and consequently a measure of how good a load plan is. In Section 4Q¢Ris used
to denote a load plan fithess component when a load plan is being evaluatead to capture the
relation to an individual in the GA population this notation can be extended t§®2 "@x. Recall that
T Q @ p,!owhere’Q ‘@ pis the most desirable As shown in Table 5 each component
"Q @ is related to an objectivefor loading from Section 2.3.2. In order tguantify the achievement
of objectives, the fitness component values for the best solution, i.& "ORH ¢ in the last
generation for the 10 runs are studied for each problem instance inTable 14 The 15 fitness
components forBatch lare listed below, with the associated objective in parenthesis:

Leftover boxes none (1.1)

Leftover boxes fewer (1.1)

Leftover boxes volume lower (1.2)

Leftover boxes weight lower (1.3)

Promising spaces for consolidatiorpallets (2.1)
Horizontal stability behind boxes (2.2)

Horizontal stability in front, left and right of boxes (2.2)
Utilization of floor space higher (2.2)

Soft constraints for boxes satisfied (2.2)

10. Center of gravity lengthwise closer to center (3.1)
11. Cente of gravity widthwise closer to center (3.2)
12. Center of gravity heightwise closer to floor (3.3)
13. Boxes with pallet not rotated (4.1)

14. Boxes with pallet reachable by forklift (4.2)

15. Boxes without pallet not on floor (4.3)

©CONUAWNE

The values of Q@ "ChxH afor Batch 1are presented as radar chartsin Figures 55-58 for the 20
problems, with each nuancerepresenting one of the 10runs in Table 14 When all series are not
visible it is because the values are close or equandthereby markers and linesare on top of each
other. All valuesequal do not imply identical load plans, buthat is obviously a possibility.

"Qer (20 Problem 1 "Qer (020 Problem 2
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Figure 55. Load plan fitness component values for the best solutions in the last generation Broblems1-2
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Figure 56. Load plan fitness component valuesor the best solutions in the last generation foProblems 3-8
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Figure 57. Load plan fitness component valuefor the best solutions in the last generation foProblems 9-14
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Figure 58. Load plan fitness component valuesor the best solutions in the last generation foProblems 15-20
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When considering the fitness components,ecall from Section 4.3.2 that certain components have
more weight in the fitness'O  "Q . This is for example true forQ G ,"Q O and™Q O .

One general observationfrom Figures 55-58 is that the objectives to large extent are achieved.
Another observation is that the resultsypically are similar over the 10 runs, which indicates stability
in the proposed approach. Some more specific observations are discussed below.

Q Cp to'Q Ot are always exactly 1 except foProblem 19, which is related to the statement
in Secton 6.3 saying that all packages fit for every run and problem except for two runs Bfoblem

19. Among these far fithess components™Q "Ofp stands out as’Q "Ofp  Tif there is any
leftover box, independently of the number, volume and weighhat is leftover.

Q G and'Q "Op 1 stands out astwo of the fitness components with highest variabiliy.
Regarding 'Q "¢ which refers to promising spaces for consolidation pallets significant
deviations from 1 may not be a issue at allgiven our current design of this component, where any
Q v  mimplies at leastsome gaces for consolidation pallets andQ v p may in fact
be a lot more space than necessary. From this we identify an opportunity for improvemein terms
of redesigning our'Q "0y to better reflect how much space for consolidation pallets that is
actually needed, based on packages assigned to BatchB¥. not striving for more space than
necessary, other objectives may be achieved to evgreater extent.

Regarding’Q "Ofp 1 which refers to boxes with pallet reachable by forklift, deviations from lis
expected based on feedback from the DC operator$he scenario illustrated in Figure 22 in Section
3.4.5is not desirable, but as described in Section 2.3.1 Goal4 there are several options this is dealt
with in practice. One frequently used option is to place the package above on top of the packadewe
outside the shipping containerwith more leeway, and then lift both packages into the shipping
container together.The achievement ofQ "Cfp 1 could be improved by including a corresponding
BOCP score componenibut then other goals would suffe.

Further, 'Q "Ohp is higher than "Q O in | 1centerofGravity
3 Diff length center: 3.35%
agreement with the feedback from DC operators tha it width center: 6.26%

. . . . Diff height bottom: 26.04%
support from behind is most important, as mentioned

in Section 4.3.3. Moreover,”Q K p would
imply support in front, left and right of all boxes,
which most times is practically impossible. Some
problems stands out with very low 'Q Oy

however, for exampleProblem 20. As seen inFigure L-—.‘ |=ﬁ
g SN
59, this is partly due to three very long packages, bt E :!!-
also due to a gap alonghe right wall which is wider ..i““!!}\?l“k
than our constantd 0 0 "¥¥@e examples in Sectior N
e e r-ﬁﬂlll
4.3.2and4.4.3) currently setto 0.1 meter.6 0 U ™May n‘g__,_.@m
be settoo low as this gap would not be consideredan “\‘-!‘g.l‘_'!l

issue in practice, and the packages would likely b
placedadjacent to the wall upon loading anyway.

Figure 59. Completed loading ofProblem 20
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6.5 BOCP score coefficients

In Section 4.1.2 iis established that BOCP score coefficientss  "Qis a fundamental element in our
approach. Itis explained that the objective for the GA is to find a set of coefficierds  "Qthat results
in smart placements, which in turn result in a good load plan. In particulawve argued that it would
be very difficult to develop a fixed set of weighted agfficients®w  "Q that would work for any
problem instance.In this section wefirst demonstrate that the argument was sound, i.e. that the
dynamic weighting of coefficients which the improvement heuristic offers really is necessary.

In order to conduct the analysis, the four most difficult problem instancefom Table 14in terms of
fitting all packagesare mainly used, namelyProblems8, 12, 16 and 19Recall from Section 4.4.3 that
each BOCP score component ‘@Q is associated with a BOCP score coefficient "6iQ The
coefficient valuesfor the best solution i.e.0 "OROH "Qin the last generationfor the 10 runs are
presented as box plot chartdor each of these four probleminstances in Figure60. Charts for the
remaining 16 problem instances are presented in Figue74-77 in Section 93. Note that it is still
Batch 1 that is being consideredAs per convention, the lines irmbox represent the first quartile, the
median and the third quartile,while the extended lines represents the minimunand maximum value
respectively.

Recallthat for Batch 1 there are 10 BOCP score components of type 1 and 10 components typas?
presentedin Table 8in Section 4.4.3Alsorecallour interpretation of type 1 as the baseline score and
type 2 mainly as being bias towards more difficult aspectsAs the reader may understand from
Section 2.2.1, theresenceof more difficult aspects is to large extehbased on the characteristics of
the packages, which in turn vary greatly between problem instances. As a result of this, several type
2 components may be redundant for a given problem instance. For examptemponent 15which
rewards a box submitted as must be placed on the floor,' is redundant for a problem instance
with out any box with thatexception.

From studying the box plotcharts in Figures 60 and 74-77, an initial remark is that our design seems
fairly robust in the sense that for a given problem instance,all coefficients do not have to be tuned
into a narrow interval in order to generate a good load plarOn the contary, it seems like for each
problem instances, several coefficients can adopt values within a fairly wide range, and this is not
only true for potentially redundant type 2 components. At the same time, faall problem instances
there are clearpatterns that certain aspects of the curent situation upon each placement should be
rewarded relatively more or less.By more carefully comparing the chartan Figure 60 with each
other, it is possible toobserveindications which support our proposition that the dynamic weighting

iS necessary

"Op is higher for Problem 12 than for Problem 16 (and 8)

‘O is higher for Problem 19 (and 16) than for Problem 12 (and 8)
"0y is higher for Problem 8 (and 19) than for Problem 12

"Ohp is higher for Problem 16 (and 8) than for Problem 19

"Ofp ois higher for Problem 8 than for Problems16 and 19

"OFp T is higher for Problem 12 than for Problems16 and 19

et en I e et S et A
c-c-Gc-G-C-C

Clear patterns can also be observed from the other 16 problem instances in Figures74in Section
9.3. Henceat seems evident that the GAs capable of tuning the coefficients for the particulaproblem
instance being solvedNote that this was over 200 generations, with more generations and/or more
runs we would expect tte boxes in the plots @ shrink.
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