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Management Summary

<How can more storage efficiency be obtained by using an optimized box allocation method for the 
Kardex shuttles at Benchmark? =

• 

• 

• 
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Table 1: Comparison between the situa琀椀on before and a昀琀er implemen琀椀ng the box alloca琀椀on method

€

Table 2: Required volume and added boxes by  placement of a carrier type

34 B006 & 11 B002

Table 3: Total costs of implemen琀椀ng the box alloca琀椀on method at Benchmark

€ 2131.46
€ 335.09
€ 
€ 
€ 563.15
€ 
€ 
€ 7756.48
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€ 7756.48

€ 7



v

Preface

In front of you lays my MSc Thesis =Improving storage efficiency by implementing optimized box 
allocation for the Kardex shuttles at Benchmark= which I created to achieve the Master Industrial 
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Chapter 1 - Introduc琀椀on

1.1 Background Informa琀椀on

Figure 1: Map visualizing loca琀椀ons of Benchmark Electronics around the World

1.2 Problem Context

1.2.1 Kardex Shu琀琀les
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Figure 2: Example of a Kardex shu琀琀le used by Benchmark

1.2.2 Warehouse Layout

house which includes boxes placed on pallets that currently won’t fit in the ZKDX1001 
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Figure 3: Warehouse Layout at Benchmark

1.2.3 So昀琀ware Environments
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1.2.4 ZKDX1001 Processes

1.2.5 SKU Informa琀椀on 
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Figure 4: Example of a printed label containing informa琀椀on on the SKU

1.2.6 Storage Process of Incoming Goods
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Figure 5: Overview of the recep琀椀on of incoming goods and storage process
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1.3 Problem Statement

Figure 6: Problem cluster for the Kardex shu琀琀les at Benchmark

1.3.1 Problem Cluster

1.3.2 Core Problem
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1.4 Research Design

1.4.1 Research Objec琀椀ve

1.4.2 Deliverables

 

 

Figure 7: Models used for the Box Alloca琀椀on Method

1.4.3 Scope

1.4.4 Methodology
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Figure 8: Visualiza琀椀on of the DSRM (Pe昀昀ers et al., 2007)



20

1.4.5 Research Ques琀椀ons & Thesis Outline

Main RQ: < How can more storage e昀케ciency be obtained by using an op琀椀mized box alloca琀椀on method 
for the Kardex shu琀琀les at Benchmark? =

–
< ? = 

< in the Kardex shuttles? =

–
< Which methods could be used by the box 

defining box types for SKUs? = 

RQ 4: < Which algorithms can be used for the creation of the reallocation model? =

–
RQ 5: < What would be an efficient box division model for Benchmark? =

RQ 6: < model =

RQ 7: < 
for Benchmark? =

–
: < 

Benchmark? =
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Chapter 2 – Current Situa琀椀on Analysis
This chapter provides the current situa琀椀on analysis and is related to the following research ques琀椀ons:

RQ 1: < What does the current inventory layout of the Kardex shuttles look like at Benchmark? = 

RQ 2: < Which box types are currently preferred for storage of SKUs in the Kardex shuttles? =

2.1 Kardex Shu琀琀les Layout

2.1.1 Box Types

Table 4: Types of Boxes and their Sizes

Figure 9: Overview of the box types star琀椀ng from B001 (le昀琀) to B006 (right)

Box Type Dimensions (H x W x D) Volume Available Boxes Net Price
B001 117 x 148 x 200 mm 3.5 L 0 €3.93
B002 170 x 200 x 300 mm 10.2 L 336 €7.00
B003 220 x 300 x 400 mm 26.4 L 320 €9.93
B004 320 x 400 x 600 mm 76.8 L 352 €20.67
B005 120 x 400 x 600 mm 28.8 L 0 €12.07
B006 80 x 89 x 558 mm 4 L 0 €4.73
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2.1.2 Overview of Boxes in the Kardex Shu琀琀les

Table 5: Kardex shu琀琀les box division

        
        
        
        
        
        
        
        
        
        
        

        

2.1.3 Carrier Setup

Figure 10: Impression of a retrieved carrier containing B003 boxes
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Table 6: Carrier setup in the Kardex shu琀琀les

4 9 7 4 6 6 9 11 3 3
8 7 7 9 8 12 8 8 5 5
18 18 16 17 14 20 16 10 12 13
10 7 10 11 11 7 8 12 17 16
7 6 4 4 4 6 5 3 5 5
1 1 0 1 1 0 0 2 1 1

2.1.4 Kardex Shu琀琀les Dimensions and Usable Volume

ĈąĊďĂĉĄąđđċĆÿēĒĊąĂċăē = ĈąĊďĂćĊąĈďĕēĊąĂċăē 2 ĈąĊďĂăđđċĆÿēĒĊąĂċăē

Figure 11: Cross sec琀椀on of a Kardex shu琀琀le showing the three zones
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ĈąĊďĂćĊąĈďĕēĊąĂċăē= ćĊąĈďĕēĊąĂċăēþďđāćÿĒē + ćĊąĈďĕēĊąĂċăēĉĆĆēĈĂĈąĄĊćÿĒē+ ćĊąĈďĕēĊąĂċăēĀąčēĈĂĈąĄĊćÿĒē
ćĊąĈďĕēĊąĂċăēþďđāćÿĒē= (þďđāćÿĒēĈąĆ 2 þďđāćÿĒēþąĊĊąă) ∗ ÿďĈĈÿēĈċÿĒĊ/ ∗ ÿďĈĈÿēĈ ĀēĆĊ/= (693.48 đă 2 4.44 đă) ∗ 304.5 đă ∗ 85đă1000000 j 17.83 ă3 ćĊąĈďĕēĊąĂċăēĉĆĆēĈĂĈąĄĊćÿĒē= (ĉĆĆēĈĂĈąĄĊćÿĒēĈąĆ 2 ĉĆĆēĈĂĈąĄĊćÿĒēþąĊĊąă) ∗ ÿďĈĈÿēĈċÿĒĊ/ ∗ ÿďĈĈÿēĈ ĀēĆĊ/= (693.48 đă 2 144.20 đă) ∗ 304.5 đă ∗ 85 đă1000000 j 14.22 ă3 ćĊąĈďĕēĊąĂċăēĀąčēĈĂĈąĄĊćÿĒē= (þďđāćÿĒēĈąĆ 2 þďđāćÿĒēþąĊĊąă) ∗ ÿďĈĈÿēĈċÿĒĊ/ ∗ ÿďĈĈÿēĈ ĀēĆĊ/= (29.42 đă 2 4.44 đă) ∗ 304.5 đă ∗ 85 đă1000000 j 0.65  ă3 

Table 7: Volume overview of a single slot in a Kardex shu琀琀le
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Table 8: Overview of used slots for each carrier type

ĈąĊďĂăđđċĆÿēĒĊąĂċăē = ÿďĈĈÿēĈăđđċĆÿēĒĊąĂċăē + ĉĄċĉďĐĂēĊąĂċăē

Table 9: Overview of Carrier Occupied Volume and Total Usable Volume

29.89 m3 2.80 m3
28.21 m3 4.49 m3
27.56 m3 5.13 m3
29.51 m3 3.19 m3
27.82 m3 4.87 m3
30.41 m3 2.29 m3
27.44 m3 5.26 m3
28.21 m3 4.49 m3
29.64 m3 3.06 m3
29.38 m3 3.32 m3

288.07 m3 38.90 m3
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2.2 Kardex Shu琀琀les SKU Analysis

2.2.1 SKU Analysis Overview

 

 

 

Figure 12: Overview of Complete Kardex Analysis
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2.2.2 Kardex Inventory Analysis Module

shows the output file <Export Kardex SKUs= which contains 

Figure 13: Screenshot of the <Export Kardex SKUs= of the Kardex Inventory Analysis

a summary file called <Export SKU Summary= t

as in the <Export Kardex SKUs <

Figure 14: Screenshot of the "Export SKU Summary" of the Kardex Inventory Analysis
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Lastly, the Kardex Inventory Analysis module exports the <Complete Kardex List= which contains an  

Figure 15: Screenshot of the "Complete Kardex List" of the Kardex Inventory Analysis

2.2.3 Demand & Supply Analysis Module

This is done by only collecting data on SKUs placed in the <Complete SKU List=  file from the 

the <DemandAnalysis= output from the module where the total 

Figure 16: Screenshot of the "DemandAnalysis" from the Demand & Supply Analysis
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has been made. This is exported to the <FullDemand= file by the module as can be seen in 

Figure 17: Screenshot of the "Full Demand" from the Demand & Supply Analysis

shows the <SupplyAnalysis= file which 

won’t be supplied in the upcoming month.

Figure 18: Screenshot of the "SupplyAnalysis" from the Demand & Supply Analysis
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2.2.4 Box Quan琀椀ty Analysis Module

Figure 19: Screenshot of "SKU Bin Quan琀椀ty" from the Box Quan琀椀ty Analysis

shows an impression of the <SKU Bin Quantity= output file which 

been performed on older Put Data resulting in the output <Merged Bin Quantities= w

2.2.5 Complete Kardex Analysis

called <KardexInventoryAnalysis=. 
. A valuable addition is the <Rank= indicating the earliest 

Figure 20: Screenshot of "KardexInventoryAnalysis" from the Complete Kardex Analysis
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2.3 Box Analysis of the Kardex Shu琀琀les

2.3.1 Occupancy Rate

ăđđċĆďĄđďĆďĊēĄēĈþąĎĈďĆē =  ăđđċĆÿēĒþąĎēĉĄēĈþąĎĈďĆēĈąĊďĂýČďÿĂďĐĂēþąĎēĉĄēĈþąĎĈďĆē

2.3.2 Box Capacity Usage

<KardexInventoryAnalysis<
in the box type from the <SKU Bin Quantity< file as provided in Section 2.2.4. This results 

2.4 Conclusion
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Chapter 3 – Literature Review

RQ 3: < Which methods could be used by the box division model to improve storage efficiency by 
defining box types for SKUs? = 

RQ 4: < Which algorithms can be used for the creation of the reallocation model? =

3.1 Storage Alloca琀椀on Methods

location of SKUs won’t 
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that don’t sell at all.

3.2 Storage Alloca琀椀on Methods for a Mul琀椀ple VLM Setup

Figure 21: Illustra琀椀on of di昀昀erent storage alloca琀椀on methods in a VLM (Ba琀�ni et al., 2016)
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3.3 Determining the Storage Alloca琀椀on Method

3.4 Decrease Occupied Volume in a VLM by a Box Alloca琀椀on Method

the model of Đukić 

3.5 Determining the Order of Realloca琀椀ons 

3.5.1 Combinatorial Op琀椀miza琀椀on Problem



35

3.5.2 Construc琀椀ve Heuris琀椀cs
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3.5.3 Improvement Heuris琀椀cs 
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3.6 Conclusion
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Chapter 4 – Solu琀椀on Design

RQ 5: < What would be an efficient box division model for Benchmark? =

RQ 6: < How could the costs of execution determined by the reallocation model =

RQ 7: < Which KPIs can be used to measure the change in storage efficiency due to the implementation 
of the box allocation method for Benchmark? =

4.1 Overview of the Solu琀椀on Design

Figure 22: Overview of solu琀椀on design steps for crea琀椀ng a box alloca琀椀on method for Benchmark

4.2 Box Division Model

Figure 23: Overview of the Box Division Model

’s
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4.2.1 Impor琀椀ng & Preparing Input Data

Figure 24: Overview of Impor琀椀ng Input Data

CSV files generated by the <Kardex SKU Analysis=

<KardexInventoryAnalysis=

4.2.2 Recommend Box Type for this Month’s Supplied SKUs

Figure 25: Overview determining the recommended box type for supplied SKUs

= = 
in the <SupplyAnalysis=

< =
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< =
< =

ýČēĈďĕēþąĎĊąĂċăē =  ĀĄÿĊÿďĂþąĎĊąĂċăē + ĂÿĄďĂþąĎĊąĂċăē2
to calculate the <AverageBoxVolume= introduces parameters <InitialBoxVolume= and 

<FinalBoxVolume=. <InitialBoxVolume= refers to the 

<FinalBoxVo <

ĀĄÿĊÿďĂþąĎĊąĂċăē = [ ćÿĉćċĆĆĂÿēĒąċďĄĊÿĊďćÿĉþąĎąċďĄĊÿĊď  ] ∗ þąĎĈďĆēĊąĂċăē 
ĂÿĄďĂþąĎĊąĂċăē = [ ĆēăďÿĄÿĄĕćÿĉćċĆĆĂÿēĒąċďĄĊÿĊď ćÿĉþąĎąċďĄĊÿĊď  ] ∗ þąĎĈďĆēĊąĂċăē 

<InitialBoxVolume=
<SKUSuppliedQuantity= <SKUBoxQuantity=

<SKUBoxQuantity=
the <SKU Bin Quantity= Dividing <SKUSuppliedQuantity= 

<SKUBoxQuantity= 
volume of a box type <BoxTypeVolume= to 

< BoxVolume= of the supplied SKU.

<Final = <InitialBoxVolume=
<FinalBoxVolume= considers the

<RemainingSKUSu =

<SKUSuppliedQuantity= <RemainingSKUSuppliedQuantity=
<SKUBoxQuantity=

by the <BoxTypeVolume< provides the <FinalBoxV <
the <AverageBoxVolume< shows an example of the <AverageBoxVolume< 
calculation for a supplied SKU. This example shows the <AverageBoxVolume= for each possible box 
type. It can be seen that the lowest <AverageBoxVolume= is obtained by choosing 10 B001 boxes when 

arrives at Benchmark leading to an <AverageBoxVolume= of 26.3L. 

Figure 26: Example of the Average Volume Calcula琀椀on for a supplied SKU



41

the <AverageBoxVolume= for 

e < RecommendedBoxType= and <RequiredBoxes< named =Supply Data=.

Figure 27: Overview of the <Supply Data=  data frame created by the box division model

4.2.3 Indicate Realloca琀椀ons for Boxes Stored in the Kardex Shu琀琀les

eginning of the month <CurrentBoxQuantity= and the 
in a box at the end of the month <RemainingBoxQuanity=. 

ĀĄÿĊÿďĂþąĎĊąĂċăē = [ ÿċĈĈēĄĊþąĎąċďĄĊÿĊďćÿĉþąĎąċďĄĊÿĊď  ] ∗ þąĎĈďĆēĊąĂċăē 
ĂÿĄďĂþąĎĊąĂċăē = [ ĆēăďÿĄÿĄĕþąĎąċďĄĊÿĊď ćÿĉþąĎąċďĄĊÿĊď  ] ∗ þąĎĈďĆēĊąĂċăē 

The <CurrentBoxQuantity= is provided by the <KardexInventoryAnalysis= as shown in 
The <RemainingBoxQuanity= 

of the <RemainingBoxQuanity=

Figure 28: Example of the "RemainingBoxQuan琀椀ty" calcula琀椀on
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Hence, for each possible box type the <InitialBoxVolume= and <FinalBoxVolume= are determined after 
which the <AverageBoxVolume= can be calculated for each box type. 

<AverageBoxVolume=

<AverageBoxVolume= he box type with the least <AverageBoxVolume= will be chosen as the 

Figure 29: Example of a One-to-One Realloca琀椀on

Figure 30: Example of a One-to-Many Realloca琀椀on
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B003 box having an <Initial Volume= of 26.4 L
data, this month’s demand for the SKU stored 

<Final Box Volume = and <Average Box Volume=

<Initial Box Volume= 

this month. This leads to a <Final Box Volume= of 
10.2L and an <Average Box Volume= < me= is lowe

Table 10: Overview of possible carrier changes

Carrier Type Box Types that 昀椀t on Carrier Type Contains Boxes



44

Figure 31: Overview of Key Parameters that should be set in the Box Division Model

4.2.4 Provide Insight into the Storage E昀케ciency

Table 11: Overview of the output parameters of the box division model
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Figure 32: Visualiza琀椀on of the number of boxes throughout the month a昀琀er using box division model 
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Figure 33: Example of proposed ac琀椀ons by the box division model

4.3 Realloca琀椀on Model

Figure 34: Process Flow of the Realloca琀椀on Model
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Table 12: Overview of dedicated shu琀琀les for order pickers

Figure 35: Overview of the temporary ZKDX1001 zone 
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4.3.1 Extrac琀椀on of Realloca琀椀ons from Removed Carrier Types 

Figure 36: Overview of scheduling the extrac琀椀ons of realloca琀椀ons from removed carrier types

Figure 37: Overview of input sec琀椀on for the requested carrier type changes



49

ĄÿđāÿĄĕĈÿăē = ĄċĈĕēĈÿăē + ĈēăĆćĊąĈēĈÿăē = 10 + 30 = 40 ĉēđ

ĄÿđāÿĄĕĈÿăē = ĄċĈĕēĈÿăē + ĈēăĆćĊąĈēĈÿăē + ÿďĈĈÿēĈĈĈďČēĂ Ĉÿăē = 10 + 30 + 25

4.3.2 Execu琀椀on of Proposed Carrier Type Changes

Figure 38: Overview of the logic for the carrier change process
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ÿďĈĈÿēĈÿ/ďĄĕēĈÿăē =  ÿďĈĈÿēĈĈĈďČēĂĈÿăē + ĆēăąČďĂĈÿăē + ýĒĒÿĊÿąĄĈÿăē

ÿďĈĈÿēĈĈĈďČēĂĈÿăē = { 25, ÿĔ Ċ/ēĈē ďĈē ąĄĂď ĀąĐĉ ďČďÿĂďĐĂē ďĊ ąĄē ĉ/ċĊĊĂē                         0, ÿĔ ĀąĐĉ ďĈē ďČďÿĂďĐĂē ďĊ Ċčą ĉ/ċĊĂĂēĉ ąĈ ďĊ Ċ/ē ĉďăē đďĈĈÿēĈ
ĆēăąČďĂĈÿăē =  ăđđċĆÿēĒþąĎēĉ ∗  (ĄċĈĕēĈÿăē (10) + ĈēăĆćĊąĈēĈÿăē (35))+  ÿĂēďĈÿďĈĈÿēĈĈÿăē (10) +  þąĎēĉĈąĆēăąČē ∗  āăĆĊďþÿĄĆēăąČďĂĈÿăē(10) 

ýĒĒÿĊÿąĄĈÿăē =  ĂÿĂĂÿďĈĈÿēĈĈÿăē (10) + þąĎēĉĈąýĒĒ ∗  āăĆĊďþÿĄćĊąĈēĈÿăē(10)
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4.3.3 Simulate Execu琀椀on of OTM Realloca琀椀ons

employees don’t influence 

Figure 39: Overview of the steps in the simula琀椀on of OTM realloca琀椀ons

ăĈāÿąăĆĂēĊÿąĄĈÿăē =  ćĊąĈēĄĈēĆ +  ĆēăąČďĂĈÿăē + ýĒĒÿĊÿąĄĈÿăē 
ćĊąĈēĄĈēĆ =  10 ∗ ĆēćċÿĈēĒþąĎēĉ = 10 ∗ 2 = 20

ĆēăąČďĂĈÿăē =  ĈĈďČēĂĈÿăē + þąĎĄÿđāċĆĈÿăē[10,20]
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ýĒĒÿĊÿąĄĈÿăē =  ĈĈďČēĂĈÿăē +  ÿďĈĈÿēĈĈĈďČēĂĈÿăē (25) + ĄċĊ Ĉÿăē[10,20]

ăĈāÿąăĆĂēĊÿąĄĈÿăē =  ĄĈÿĄĊĈÿăē + ćĊąĈēĄēĈĆ +  ĆēăąČďĂĈÿăē + ýĒĒÿĊÿąĄĈÿăē 
ĄĈÿĄĊĈÿăē = 30 ĉēđ

ĄċĊĈÿăē = [5 ∗ ĆēćċÿĈēĒþąĎēĉ, 10 ∗ ĆēćċÿĈēĒþąĎēĉ]

ĄċĈĕēĈÿăē =  10

ăĈāÿąăĆĂēĊÿąĄĈÿăē =  ĄċĈĕēĈÿăē + ćĊąĈēĄĈēĆ +  ĆēăąČďĂĈÿăē + ýĒĒÿĊÿąĄĈÿăē 
ăĈāÿąăĆĂēĊÿąĄĈÿăē =  ĄĈÿĄĊĈÿăē +  ĄċĈĕēĈÿăē + ćĊąĈēĄēĈĆ +  ĆēăąČďĂĈÿăē + ýĒĒÿĊÿąĄĈÿăē 
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4.3.4 Execu琀椀on of OTO Realloca琀椀ons

ćēĊĉĀ = {1,2, & . , ăĈăĆēđďĂĂąđďĊÿąĄĉ}                          ćēĊ ąĔ ăĈă ĆēďĂĂąđďĊÿąĄĉ Ċą Đē ĆēĈĔąĈăēĒ Ą = {1, . . . , 5}                                                                ćēĊ ąĔ ąĈĒēĈ ĆÿđāēĈĉ ĐēÿĄĕ ďđĊÿČē ÿĄ Ċ/ē ÿďĈĒēĎ ĐąĄē þ = {þ001, þ002, þ003, þ004, þ005, þ006 }     ćēĊ ąĔ ĒÿĔĔēĈēĄĊ ĐąĎ ĊďĆēĉć = {ćÿ01, ćÿ02, & , ćÿ10 }                                    ćēĊ ąĔ ÿďĈĒēĎ ĉ/ċĊĊĂēĉĀĄĒēđēĉÿ, Ā  ∈ Ā         ĀĄĒēĎ ĔąĈ ăĈă ĈēďĂĂąđďĊÿąĄĉ  Ć ∈ Ą           ĀĄĒēĎ ĔąĈ ąĈĒēĈ ĆÿđāēĈĉ  Đ ∈ þ            ĀĄĒēĎ ĔąĈ Ċ/ē ĐąĎ ĊďĆēĉĉ1, ĉ2   ∈ ć   ĀĄĒēĎ ĔąĈ Ċ/ē ĉ/ċĊĊĂēĉ   ĄďĈďăēĊēĈĉā1(ÿ) =  Ĉ/ē ăďđ/ÿĄē (ĉ/ċĊĊĂē) č/ēĈē Ċ/ē ���� þ�ý� ĔąĈ ĈēďĂĂąđďĊÿąĄ ÿ ÿĉ ĂąđďĊēĒ ĊĊ(ĉ1, ĉ2) =   ĈĈďČēĂ Ċÿăē ĐēĊčēēĄ ĉ/ċĊĊĂē ĉ1 ďĄĒ ĉ/ċĊĊĂē ĉ2ćĊďĈĊĀąđďĊÿąĄ Ă = ĀĄĊÿĊďĂ ĉĊďĈĊÿĄĕ ĂąđďĊÿąĄ ąĔ ĆÿđāēĈ ĆĈ (ÿ) =  ĈēăąČďĂ Ċÿăē ÿĄ ĉēđąĄĒĉ ĔąĈ ĈēĂĂąđďĊÿąĄ ÿĆ (ÿ) =   ĆċĊ Ċÿăē ÿĄ ĉēđąĄĒĉ ĔąĈ ĈēĂĂąđďĊÿąĄ ÿĒ (ÿ) =  ĒÿĕÿĊďĂ ăĈă /ďĄĒĂÿĄĕ Ċÿăē ÿĄ ĉēđąĄĒĉ ĔąĈ ĈēĂĂąđďĊÿąĄ ÿđč (ÿ) =  čďÿĊÿĄĕ Ċÿăē č/ēĄ ĈēćċēĉĊÿĄĕ ď đďĈĈÿēĈ ĔąĈ ĈēĂĂąđďĊÿąĄ ÿÿċĈĈēĄĊþąĎĈďĆēÿ =  ÿċĈĈēĄĊ ĐąĎ ĊďĆē ąĔ ąĔ ĈēďĂĂąđďĊÿąĄĉ ÿĆēćċÿĈēĒþąĎĈďĆēÿ =  ĆēćċÿĈēĒ ĐąĎ ĊďĆē ąĔ ĈēďĂĂąđďĊÿąĄ ÿÿċĈĈēĄĊþąĎēĉ�,ą =    ÿċĈĈēĄĊ ĄċăĐēĈ ąĔ ĐąĎēĉ ąĔ ĊďĆē Đ ĆĂďđēĒ ÿĄ ĉ/ċĊĊĂē ĉĄÿđāēĈÿąĉĊĉ =  CąĉĊ ĈďĊē ąĔ ďĄ ąĈĒēĈ ĆÿđāēĈ ĆēĈ secondĀēđÿĉÿąĄ ĊďĈÿďĐĂēĉČÿ,p         {1,   ÿĔ ĈēďĂĂąđďĊąĄ ÿ ÿĉ ĆēĈĔąĈăēĒ Đď ąĈĒēĈ ĆÿđāēĈ Ć 0,       ēĂĉēĎi,s,b         {1,   ÿĔ ĈēďĂĂąđďĊÿąĄ ÿ ÿĉ �ÿþ ďĊ ĉ/ċĊĂē ĉ ÿĄ ĐąĎ ĊďĆē Đ 0,       ēĂĉēčÿ,j,p         {1,   ÿĔ ĈēďĂĂąđďĊąĄ Ā ĔąĂĂąčĉ Ċďĉā ÿ ĔąĈ ąĈĒēĈ ĆÿđāēĈ Ć 0,       ēĂĉēĊÿ,Ă =  ćĊďĈĊ Ċÿăē ąĔ ĈēďĂĂąđďĊÿąĄ ÿ Đď ąĈĒēĈ ĆÿđāēĈ ĆÿĂ =  ÿąăĆĂēĊÿąĄ Ċÿăē ĔąĈ ĆÿđāēĈ Ć
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Derived Equa琀椀onā2(ÿ) = ∑ ∑ Ďÿ,s,b ∗  ĉ       ∀i b∈ý  s∈þ The put machine is determined based on the decision variable Ďi,s,b 
ăĐĀēđĊÿČē ĂċĄđÿĊąĄ āÿĄ Đ =  ∑ ÿĂ ∗Ă∈� ĄÿđāēĈÿąĉĊĉ
The objec琀椀ve func琀椀on minimizes the total costs of comple琀椀ng the realloca琀椀ons.ÿąĄĉĊĈďÿĄĊĉ

1. Realloca琀椀on completeness∑ Čÿ,p = 1Ă∈�      ∀ÿ
2. Carrier and Shu琀琀le Assignment∑ ∑ Ďÿ,s ,b = 1s∈þ b∈ý      ∀ÿ

∑ Ďÿ,s ,ýþăćÿĄþýýāýÿþĂþ� = 1s∈þ      ∀ÿ

3. Flow Constraints ∑ čÿ,j,p j∈� = 1    ∀ÿ, ∀Ć,   ÿ b Ā, 
 ∑ čÿ,j,p i∈� = 1    ∀Ā, ∀Ć,   ÿ b Ā

4. Capacity Constraints ÿċĈĈēĄĊþąĎēĉ�,ą 2 ∑ Ďÿ,s,b i∈� ≥ 0    ∀Đ, ∀ĉ
5. First Realloca琀椀on Start TimeĊÿ,Ă  ≥ ĊĊ (ćĊďĈĊĀąđďĊÿąĄĂ, ā1(ÿ))     ∀ÿ, ∀Ć

ā1(ÿ)
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6. Subsequent Realloca琀椀ons Start TimeĊĀ,Ă   ≥ Ċÿ,Ă  + Ē (ÿ) + đč (ÿ) +  Ĉ (ÿ) + ∑ ∑ Ďÿ,s ,bs∈þ b∈ý  ∗  ĊĊ(ā1(ÿ), ā2(ÿ)) + đč (ÿ) + Ē (ÿ) + Ć (ÿ)                + ĊĊ(ā2(ÿ), ā1(Ā))        ∀ÿ, ∀Ā, ∀Ć, ÿ b Ā
7. Comple琀椀on Time of Pickers ConstraintÿĂ  ≥ Ċÿ,Ă + Ē (ÿ) + đč (ÿ) +  Ĉ (ÿ) +  ∑ ∑ Ďÿ,s ,bs∈þ b∈ý  ∗  ĊĊ(ā1(ÿ), ā2(ÿ)) + đč (ÿ) + Ē (ÿ) + Ć (ÿ)     ∀ÿ, ∀Ć
8. Di昀昀erent pick and put shu琀琀leā1(ÿ)  b ā2(ÿ)      ∀ÿ, ∀Ć

Make sure that the put shu琀琀le is a di昀昀erent shu琀琀le than the pick shu琀琀le.

9. Sign ConstraintsČÿ,p,   , čÿ,j,p , Ďi,,s        þÿĄďĈď                 Ċÿ,Ă,      ÿĂ                   ĀĄĊēĈĕēĈ                 

Figure 40: Op琀椀on in the Python app to select a construc琀椀ve heuris琀椀c
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Table 13: Overview of the travel 琀椀me between the Kardex shu琀琀les

Ăēÿĕ/ĐąĈÿąĉĊ <  ÿċĈĈēĄĊÿąĉĊ ąĈ ē(þćĄĄþĀĆþāąĆ − �þÿý/�āĄþāąĆ)þćĄĄþĀĆÿþÿĂ   >  ĆďĄĒąăĂċăĐēĈþēĊčēēĄ [0,1]

Figure 41: Parameters that can be set to  in昀氀uence the Simulated Annealing algorithm
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ÿċĈĈēĄĊĈēăĆ =  ÿċĈĈēĄĊĈēăĆ ∗ ýĂĆ/ď (�) 

4.4 Conclusion 
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Chapter 5 – Results and Evalua琀椀on

RQ 8: < What would be 
at Benchmark? =

5.1 Output of the  Box Division Model

5.1.1 Required Ac琀椀ons

Figure 42: Overview of proposed ac琀椀ons by the box division model
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5.1.2 Occupancy Changes

Figure 43: Overview of the occupancy changes

5.1.3 Impact on Volume  

€

Figure 44: Overview of volume changes by the box division model
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5.1.4 Experiment Outcomes

Table 14: Experiment outcomes of the box division model

MaxOccupancy Occupied 
Volume

Unoccupied 
Volume

Total Volume 
Occupancy

TotalMaterialCosts

90 % 275.5 m3 51.5 m3 84.3 % € 2131.46
89 % 274.6 m3 52.4 m3 84.0 % € 2330.06
88 % 273.4 m3 53.5 m3 83.6 % € 2831.18
87 % 272.5 m3 54.4 m3 83.4 % € 3508.38
86 % 271.1 m3 55.9 m3 82.9 % € 4306.28
85 % 269.6 m3 56.4 m3 82.4 % € 5462.08
84 % - - -

€ 
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5.2 Output of the Realloca琀椀on Model

5.2.1 Extrac琀椀on of Realloca琀椀ons on Removed Carriers 

Figure 45: Overview of the Extracted Realloca琀椀ons by the 昀椀ve order pickers

€ 

Figure 46: Summary of the 昀椀rst step of the realloca琀椀on model
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5.2.2 Execu琀椀on of Proposed Carrier Type Changes

Figure 47: Overview of carrier type changes performed by the order pickers

€

Figure 48: Summary of the carrier changes output
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5.2.3 Simula琀椀on of OTM Realloca琀椀ons

Figure 49: Example of a schedule for the execu琀椀on of extracted OTM realloca琀椀ons

€

Figure 50: Summary on  the extracted  OTM realloca琀椀ons
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Figure 51: Example of a schedule for the execu琀椀on of OTM realloca琀椀ons

€
 

Figure 52: Summary of the OTM realloca琀椀ons

€ 
€

€ 2

Figure 53: Total Summary of execu琀椀ng all OTM Realloca琀椀ons
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5.2.4 Scheduling OTO Realloca琀椀ons using Heuris琀椀cs

Figure 54: Schedule for extracted OTO Realloca琀椀ons using only the nearest neighbour heuris琀椀c

Figure 55: Extracted OTO realloca琀椀ons using nearest neighbour and simulated annealing
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Figure 56: Summary of extracted  OTO realloca琀椀ons using nearest neighbour and simulated annealing

Table 15: Total cost using construc琀椀ve heuris琀椀cs for extracted OTO realloca琀椀ons

Construc琀椀ve Heuris琀椀c Ini琀椀al Total Costs
Nearest Neighbour € 709.67
Farthest Neighbour € 681.82

Table 16: Cost of using construc琀椀ve heuris琀椀cs with improvement heuris琀椀c for extracted OTO realloca琀椀ons

Construc琀椀ve Heuris琀椀c Ini琀椀al Temp Itera琀椀ons Alpha Improved Costs Simulated Annealing
Nearest Neighbour 200 50 0.99 € 565.67
Nearest Neighbour 300 100 0.99 € 565.67
Nearest Neighbour 400 200 0.99 € 565.67
Nearest Neighbour 1000 500 0.99 € 565.67
Farthest Neighbour 200 50 0.99 € 563.15
Farthest Neighbour 300 100 0.99 € 563.15
Farthest Neighbour 400 200 0.99 € 563.15
Farthest Neighbour 1000 500 0.99 € 563.15

€
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Figure 57: Best schedule for the extracted OTO realloca琀椀ons

Figure 58: Schedule created using Nearest Neighbour for the OTO realloca琀椀ons

Figure 59: Total Summary for OTO realloca琀椀ons
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Table 17: Cost of construc琀椀ve heuris琀椀cs for OTO Realloca琀椀ons

Construc琀椀ve Heuris琀椀c Ini琀椀al Total Costs
Nearest Neighbour € 3321.17
Farthest Neighbour € 3217.33

Table 18: Cost by using construc琀椀ve heuris琀椀cs with improvement heuris琀椀c for the OTO Realloca琀椀ons

Construc琀椀ve Heuris琀椀c Ini琀椀al Temp Itera琀椀ons Alpha Improved Costs Simulated Annealing
Nearest Neighbour 200 50 0.99 € 2104.28 
Nearest Neighbour 300 100 0.99 € 2097.50
Nearest Neighbour 400 200 0.99 € 2095.27
Nearest Neighbour 1000 500 0.99 € 2088.60
Farthest Neighbour 200 50 0.99 € 2160.00
Farthest Neighbour 300 100 0.99 € 2126.72
Farthest Neighbour 400 200 0.99 € 2104.27
Farthest Neighbour 1000 500 0.99 € 2099.12

€ 2088.60

Figure 60: Best schedule for the OTO Realloca琀椀ons



69

5.3 Cost Analysis  

Table 19: Overview of Total Costs of the Box Alloca琀椀on Method

€
€ 
€ 
€ 
€ 
€ 
€ 
€ 

determined at the amount of € 
€

5.4 Conclusion

€ 
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Chapter 6 – Conclusion and Recommenda琀椀ons

6.1 Conclusion 

< How can more storage efficiency be obtained by using an optimized box allocation method for the 
Benchmark? =

• 

• 

• 

€

€

€ 7756
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6.2 Recommenda琀椀ons

6.3 Limita琀椀ons

6.4 Future Research 
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Appendix A – Loca琀椀on List Report from PPG

Figure 61: Screenshot of the Loca琀椀on list coming from PPG

Appendix B – Overview of a Carrier Used in Kardex Shu琀琀les

Figure 62: Speci昀椀ca琀椀ons of a Carrier in use by Benchmark
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Appendix C – Fixed Loca琀椀on List from LN

Figure 63: Screenshot of the Fixed loca琀椀on list coming from LN



76

Appendix D – Time-Phased Planning from Rapid Response

Figure 64: Screenshot of data from the Time-Phased Planning Report coming from Rapid Response

Appendix E – Put Data from PPG

Figure 65: Screenshot of a list with Put Data coming from PPG
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Appendix F – Impression of Box Capacity Usage

Figure 66: Impression of the Box Capacity Usage Calcula琀椀on

Appendix G – Proposed Realloca琀椀ons by the Box Division Model

Figure 67: Overview of proposed OTM realloca琀椀ons by the box division model
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Appendix H  - Pseudocode of the First Step in the Realloca琀椀on Model

 



79

Appendix I  - Pseudocode for the Second Step in the Realloca琀椀on 
Model
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Appendix J  - Pseudocode for the Third Step in the Realloca琀椀on Model
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Appendix K  - Pseudocode for the OTO Nearest Neighbour Heuris琀椀c 
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Appendix L  - Pseudocode for the OTO Farthest Neighbour Heuris琀椀c 
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Appendix M  - Pseudocode for the OTO Simulated Annealing Heuris琀椀c 


