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List of abbreviations used 

 Codes for policies (also see Table 1):  

Policy Code Number 

Class-based storage, starting from 

indices (0;0) 

CB00 1 

Class-based storage, taking 

minimum distance to p/d point 

CBPD 2 

Closest open location storage COL 3 

Family-grouped storage FGS 4 

Full-turnover storage, starting from 

indices (0;0) 

FT00 5 

Full-turnover storage, taking 

minimum distance to p/d point 

FTPD 6 

Random storage Random 7 

 

 ANOVA: analysis of variance 

 AS/RS: automated storage/retrieval system 

 COI/CPO: cube per order index 

 DOS: duration of stay 

 ECR: efficient customer response 

 EIQ: entry-item quantity 

 FRP: forward-reserve problem 

 i/o-point: input/output point 

 OASS order accumulation and sorting system 

 p/d-point: pick/deliver point 

 SCM: supply chain management 

 SKU: stock keeping unit 

 SLAP: storage location assignment problem 

 TSP: travelling salesman problem 

 WKPI: warehouse key performance index 

 WPGA: warehouse performance gap analysis 
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Dutch Summary –     
Nederlandstalige samenvatting 

Deze thesis bestudeert de mogelijk opslagpolitieken in magazijnbeheer.  

Magazijnbeheer is de dag van vandaag meer en meer het uitgangspunt van academisch onderzoek. 

Men is zich sinds de jaren ’70 bewust geworden van het belang ervan, vooral gezien de invloed die 

het kan hebben op de kosten in een magazijn.  

Opslagsystemen zijn nauw verweven met de ophaalvolgordes die gebruikt worden. 

Tijdens de simulaties die hier uitgevoerd worden zal dan ook niet alleen de afstand om producten 

weg te zetten besproken worden, maar ook de afstand die dient afgelegd te worden om ze terug op 

te halen. Om de simulaties te kunnen uitvoeren zijn er twee databasen aangelegd aan de hand van 

gegevens die verkregen zijn van bedrijven. De ene is een grote Belgische retailer, de andere een 

wereldspeler op de markt van bagage. De eerste database bevat 2342 productnummers, de tweede 

600. 

In deze studie zullen er zeven varianten van opslagpolitieken bestudeert worden, met name: 

 Random of willekeurige opslag, op voorwaarde dat de locatie beschikbaar is (Random) 

 Opslag in klassen waarbij ieder product in de eerstvolgende locatie geplaatst wordt, te 

beginnen in de linker boven hoek en te eindigen in de rechter onder hoek. Eerst wordt de 

eerste kolom van iedere rij gevuld, daarna gaat men verder naar de volgende kolom (CB00) 

 Opslag in klassen waarbij ieder eerstvolgende product op de locatie wordt geplaatst die het 

dichtst van het p/d-punt verwijderd is (CBPD) 

 Opslag op de vrije locatie die het dichtst van het p/d-punt gelegen is (COL) 

 Volume-gebaseerde opslag waarbij begonnen wordt in de linker boven hoek en alle locaties 

afgelopen worden tot men in de rechter onder hoek eindigt (FT00) 

 Volume-gebaseerde opslag waarbij telkens de locatie wordt genomen die het dichtst bij het 

p/d-punt gelegen is, mits deze nog beschikbaar is (FTPD) 

 Opslag waarbij de producten vooraf in families gegroepeerd worden. De plaatsing gebeurt 

terug door de locaties af te lopen, te beginnen links boven en te eindigen recht onderaan 

(FGS) 
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Het p/d-punt is de plaats waar de goederen zowel toekomen, als vertrekken. In dit geval wordt een 

rechthoekig magazijn besproken, waarbij de locatie van het p/d-punt in het midden gelegen is van 

een van de twee korte zijden.  De gangpaden liggen parallel met de lange zijden van het magazijn. 

Voor het ophalen van de producten wanneer een order binnenkomt, wordt gebruik gemaakt van een 

optimaal algoritme. Dit resulteert in kortere afstanden dan de heuristieken die meestal in de praktijk 

worden gebruikt, maar heeft als nadeel dat het kan lijden tot inconsistente routes, met als gevolg dat 

de operatoren in de war kunnen raken.  

De simulaties zijn telkens uitgevoerd voor vijf groottes van klantenorders, namelijk orders met 10, 

20, 30, 40 en 50 productnummers. Dit leidt tot 35 situaties per database die getest moeten worden, 

waarbij telkens 30 simulaties worden uitgevoerd per situatie. Uiteindelijk ontstaan er zo 1050 

observaties per database. De simulaties zijn uitgevoerd via een zelfgeschreven programma in de Java 

Netbeans IDE (versie 7.0.1), waarna een statistische analyse in SPSS (versie 20) werd uitgevoerd. 

De resultaten van beide databasen tonen duidelijk aan dat, zoals verwacht werd na het 

literatuuronderzoek, de willekeurige opslag telkens leidt tot de langste afstanden. De beste 

prestaties komen van de politieken die de producten ordenen op basis van hun populariteit of 

gevraagd volume. Hierbij lijkt de afstand het kortst te zijn wanneer het magazijn systematisch wordt 

afgelopen, te beginnen in de linkerbovenhoek.  

Het dient wel genoteerd te worden dat voor kleine magazijnen de locatieregel gebaseerd op het p/d-

punt net iets beter uit de hoek komt. Naarmate het magazijn dat groter wordt, wordt dit teniet 

gedaan met de andere uitkomst tot gevolg. 

Algemeen gezien blijkt ook dat de afstand die afgelegd wordt om de producten in het magazijn te 

plaatsen, niet beïnvloed wordt door de grootte van de orders, maar wel door de gebruikte 

opslagregel. De lengte van de route om te producten op te halen wordt wel door beide 

onafhankelijke variabelen beïnvloed. 

Voor volgend onderzoek kunnen er nog meerdere simulaties worden uitgevoerd, waarbij de 

assumpties die hier gemaakt worden wel mee in rekening worden gebracht. Dit zou tot meer 

realistische situaties moeten leiden.  
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Verder is er een groot hiaat in de literatuur op het vlak van het toewijzen van producten aan klassen. 

Er wordt nergens een degelijke methode of systematiek voorgesteld waarbij het aantal klassen, hun 

grootte, of hun proportie in de het totale volume wordt vastgelegd.  

Bijgevolg zullen veel onderzoeken op andere regels gestoeld zijn, wat een veralgemening of een 

vergelijking van de verschillende resultaten kan bemoeilijken. 
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I. Introduction 

 

“The bottom line is the processes, policies and procedures that are carried out  

inside the four walls of the warehouse.”  

(Frazelle, 2001, p.67) 

 

This quote by E. Frazelle, illustrates his conviction that the practices used are what separates good 

warehousing from world-class warehousing. 

In this master dissertation, different storage policies will be investigated on the impact they have on 

both travel time to store products in a warehouse, and to retrieve them.  

These two policy decisions can have a large impact on the costs incurred, and have therefore been 

extensively discussed in literature. They are however not the only two decisions to be taken in 

warehouse management. A multitude of activities exists that each need to be optimized in order for 

a warehouse to operate smoothly.  

The storage and picking policy choice is thus a vital, albeit small part of warehouse management and 

it may often have to be adapted if external or internal influencers change. 

This dynamism is what makes warehouse management so interesting for researchers, as can be seen 

from the amount of literature that is available on the subject. 
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Structure of the dissertation 

The remainder of this master dissertation will proceed as follows; 

First a general overview will be given of the information that is available in literature on this subject. 

The general problem will be discussed, together with all the elements that are linked to making 

decisions about storage policies. To conclude this chapter, some issues that authors have put 

forward are discussed. These issues may be problems incurred in real-life situations or just gaps in 

literature that need to be filled up.  

In the third  chapter the methodology will be presented with a focus on the assumptions made, the 

algorithms used and the overall flow of the simulation program.  

Next the results from the research and statistical analysis will be discussed. The goal is to find 

statistically relevant differences in the objective measure for the different storage policies in each of 

the proposed situations. These will be linked to results from similar studies performed in the past. 

Finally conclusions are drawn based on the results section, including some suggestions for further 

research. 

  



 

 

3 

 

II. Literature study 

1. Problem situation 

In this study the focus will lie on one of the most important activities in warehouse management, 

deciding upon where to place incoming goods in the warehouse.  

There are many factors that influence the choice for a specific policy, e.g. size, layout of the 

warehouse, product characteristics, demand trends, etc. This multitude of parameters makes it very 

hard for a human being to keep all these factors in mind when making a decision. 

The term ‘warehouse’ is used if the main function is buffering and storage. When the focus is put on 

a distributive activity, the proper terminology becomes ‘distribution centre’.  

The reasons why warehouses are necessary are listed in Lambert, Stock, and Ellram (1998). 

The job of a warehouse manager is composed out of two core elements, being inventory 

management, and the actual warehouse management, meaning the operations within the 

warehouse.  

In order to achieve a high return on floor space and equipment investments, the layout of the 

warehouse needs to maximize floor space utilization and minimize travelling time/distance. The 

chosen layout must also be robust enough to handle changes in inventory level and demand (Larson, 

March, Kusiak, 2007).  

The storage capacity of a warehouse is mainly determined by the type and dimensions of the storage 

system. The actual storage policy is less important, but still plays an important part in the opinion of 

several authors (e.g. Rouwenhorst et al., 2000). 

2. Warehouse classifications 

Technically speaking, there are three key elements to a warehouse; processes, resources and 

organization (e.g. Rouwenhorst et al., 2000).  

The basic elements of warehouse operations are receiving, putaway, storage, order picking, 

sortation, unitizing and shipping (Figure 1). Most, if not all authors in the field of warehouse 

management identify these same seven activities  (Frazelle, 2001).  
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Figure 1: Warehouse activities (de Koster et al., 2007) 

According to de Koster et al. (2007), the storage assignment decision is situated on the tactical and 

operational level, while the picking route, which is an element of the picking policy, belongs at the 

operational level. 

Regarding warehouses, van den Berg and Zijm (1999) identify different types of warehouse systems 

in an increasing level of automation: 

 Manual warehouse systems that usually work with a picker-to-product routine 

 Automated warehousing systems that make use of product-to-picker systems. These may 

include a carousel or AS/RS, and can be organised as a single command-cycle or a dual 

command cycle. In single command cycles the storage and retrieval each require a separate 

visit to the p/d point. In dual command cycles, one ‘route’ consists of storing an item, 

travelling to a next location (interleaving travel) and retrieving another item before returning 

to the p/d point 

 Automatic warehousing systems 

These same authors also look at warehouses from another point of view and again identify three 

types; 

 Distribution warehouses where products from different suppliers are collected to be 

delivered to a number of customers 

 Production warehouses in which the products are stored in a production facility 
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 Contract warehouses where the warehousing activities are performed by an external party 

who performs these activities for one or more customers. 

In his paper, van den Berg (1999) sees two main categories of issues to be dealt with. First he defines 

planning of warehouse systems as the decisions that affect the intermediate term or tactical level. 

Some elements that belong in this category are inventory management and storage location 

assignment. Secondly he identifies control of warehouse systems as the operational decisions that 

have an influence in short term. Examples of this are routing, sequencing, scheduling and order-

batching. Solving planning and control problems can be done through combinatorial optimization 

techniques. This view is shared in van den Berg et  al. (1999), where it is also added that planning 

policies in nature define a framework for the control of warehouse systems and processes. 

Chan and Chan (2011) from their side, identify four tactical and operational decisions to be taken 

within warehouse management: 

 Layout design: layout of the facility containing the order picking system and layout within 

that order picking system 

 Picking policies: how the orders are to be grouped or batched for a picking tour 

 Storage assignment policies 

 Routing policies: the sequence of items to be picked during any tour 

3. Warehouse design flow 

Warehouse operations are just one, albeit crucial, element of warehouse management. Warehouse 

design contains several steps which are often given alternative definitions and names by different 

authors.  

Gu, Goetschalckx and McGinnis (2010) for example, state that it involves five main decisions;  

 Overall warehouse structure 

 Sizing and dimensioning of the warehouse and its departments 

 Determining the detailed layout within each department 

 Selecting warehouse equipment 

 Selecting operational strategies (e.g. storage and picking policies) 



 

 

6 

 

In their paper, Strack and Pochet (2010) propose a tactical model that integrates several phases of 

the decision process and try to determine whether there is an additional value to be achieved by 

using this integrated approach. Their aim is to minimize all relevant warehousing and inventory costs 

through the optimization of the quantity of each product put in the forward area, the location of this 

product within the forward area and the inventory replenishment policy.  

The only element that comes forward in every methodology is that it is preferable to start from a 

upper, more aggregate level of design and then work your way down to lower level design decisions. 

Ideally all these different steps in the warehouse design problem should be done through 

simultaneous optimization in an attempt to reach the global optimum. Especially interrelated 

decisions should be clustered when relevant and solved simultaneously.  

In reality however, the different steps are more often performed sequentially, taking the restrictions 

and assumptions from each step along to the next one. One author believes the warehouse design 

problem is a coherent cluster of decisions, and he defines coherent decisions as “…when a sequential 

optimization does not guarantee a globally optimal solution” [Rouwenhorst et al., 2000, p.519]. 

He also states that the storage allocation policies and the picking route decision are situated on the 

operational level of warehouse design decision making and as such are more or less independent. 

This implies that the decisions concerning these policies could also be based on separate 

optimizations. Another paper adds to his that decisions taken at the tactical level should be revised 

whenever operational conditions change (de Koster et al, 2007). 

The problem areas of warehousing that are most often discussed in literature can be divided into 

three subsections, each having their separate models developed for them. These are throughput 

capacity models, storage capacity models and warehouse design models. Picking policies 

predominantly help to achieve a maximum throughput. 

Overall warehouse structure 

One of the most high-level decisions concerns the general layout of the warehouse.  

De Koster et al. (2007) divide this into two sub problems: the facility layout problem where they 

assign the different departments to a particular area, and the internal layout design or aisle 

configuration problem which determines the number of blocks, length and width of the aisles, etc. 
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Larson et al. (1997) claim it should also consider the number of docks and where to position them, 

where the i/o- or p/d-points should be, etc. The i/o- (input/output) or p/d- (pick/deliver) point 

indicates where products arrive or should be brought to after they have been picked (Figure 2). 

 

Figure 2: Central p/d point vs. corner p/d point 

It is also during this generic phase that the manager should decide which part of the warehouse will 

serve as the forward area and which part will be the reserve area. In literature this is referred to as 

the forward-reserve problem (FRP) (van den Berg et al., 1999).  

The forward area is where the actual order picking takes place and usually is smaller than the reserve 

area. The replenishments are performed from the reserve area. Chan et al. (2011) even add a third 

functional class to this, called the cross-docking area. Here the incoming goods are directly prepared 

to be transported again. The products are not really put in stock, which means that putaway and 

picking activities can be avoided. 

Another element to be considered is the type of warehousing system the company wants to use. Van 

den Berg (1999) provides a choice between three types of systems: 

 Picker to product systems 

 Product to picker systems 

 Picker-less systems 

Picker to product systems include pick-to-belt systems which van den Berg et al. (1999) explain as the 

use of a conveyor for the transportation of picked products, instead of using the traditional vehicles 

for transportation (Figure 3).  
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Figure 3: Order picking methods (de Koster, 2007) 

Product to picker systems are most frequently implemented through an automated storage/retrieval 

system (AS/RS). This means that machines perform the storage and retrieval of stored items. Another 

popular concept here is the carousel, where the storage positions themselves move or rotate around 

a closed loop. The carousel moves the products to the order picker, who remains more or less 

stationary. It is also possible that one order picker operates multiple carousels at the same time.  

Finally, a decision should be made between within-aisle storage or across-aisle storage (Figure 4) (de 

Koster et al., 2007; Chan et al., 2011).  

Le-Duc and de Koster (2005) have found from their research that across-aisle storage is closest to 

optimal. 

 

Figure 4: Within-aisle vs. across-aisle storage 
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Storage and picking – their role in warehousing 

The storage process can easily be defined as placing items in storage locations upon their arrival. In 

Goetschalckx and Ratliff (1990) we find that a storage policy is optimal for a certain situation if it 

minimizes the average time that is needed to store and retrieve an item while satisfying the 

constraints placed upon the system.  

Order picking is the retrieval of items that are on the picking list from their storage locations. This can 

either be done manually or automatically. The picking list contains the items to be picked and is 

constructed from the incoming orders from clients. Order picking is generally assumed to be the 

most labour-intensive operation when the warehouse is operated through manual systems, and can 

be quite capital intensive for automated systems. 

Within the order picking activity, both de Koster et al. (2007) and Petersen and Schmenner (1999) 

have found that travelling of the order picker is the most time consuming activity –usually estimated 

at about 50%. As a result it is the most obvious candidate for improvement (Figure 5).  

 

Figure 5: Break down of order picking time (de Koster, 2007) 

Storage policies 

In their paper, Chan et al. (2011) state that storage assignment in picker-to-parts systems like the one 

that is discussed in this research, can be classified into two groups. First of all there is the opportunity 

to use product orders, which means that if storage policies require a product classification, the 

classes are based on product characteristics. This would improve accuracy. Secondly, one can use 

customer orders, in which case the classes are based on turnover, which benefits the products that 

are characterized by a high turnover rate. Both approaches will find a way to be integrated into this 

work through the application of family-grouped-storage and class-based-storage. 
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Finally, the authors mentioned above also indicate that the usage of a specific storage policy depends 

on the requirements of the warehouse operators as well as certain environmental constraints. These 

could be the size and layout of the warehouse or the storage and material handling system. 

A general classification of the different storage policies has been provided by Chan et al. (2011). They 

suggest three broad categories: 

 Random storage where all products are stored in a single class 

 Dedicated storage where each product constitutes its own class 

 Class-based storage which provides an in-between solution. Products are assigned to a class 

and each class has its own dedicated area in the warehouse. Storage within that dedicated 

area is random.  

A second author to mention this classification is van den Berg (1999). He adds to this that 

randomized and class based storage are also known as shared storage. 

The principle of shared storage is introduced in Goetschalckx et al. (1990). Shared storage means that 

successive storage of different types of products in the same location is allowed. The opposite is 

dedicated storage. In this situation each storage location is preserved for units of a single product for 

the duration of the planning horizon.  

Shared storage implies that at each point in time, the room to store the maximum amount of items 

for all products simultaneously must be available, which of course increases the space requirements. 

This in turn will lead to longer average travel times. In addition, locations may stay reserved for 

products even if they are out of stock (de Koster et al., 2007), resulting in a low space utilization. 

 The benefit of dedicated storage is that order pickers become familiar with the product locations 

over time, given the fact that the products are logically grouped. It can also assist in storing products 

with different weights into appropriate locations. Heavy items for instance should be stored in 

locations near the ground.  

In shared storage on the other hand, there will be higher data and computational requirements. In 

reality most systems will be adaptive systems. 

Other than the assignment to a specific location in the warehouse, products also need to be assigned 

to a storage method. This could be block stacking, bin shelving, modular storage drawers, pallet 

racks, gravity flow racks or mobile storage racks. 
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Van den Berg  (1999) offers a four step storage location planning procedure for when the products in 

a warehouse need to be reassigned to a new storage location. First the products need to be assigned 

to a certain warehousing system. This includes choosing whether the product will be stored per unit, 

box or pallet, and whether it will be stored on a storage rack, or whether bin shelving will be used, 

etc. Most large warehouses in reality employ several types of systems, even in the same warehouse. 

Secondly the products that seem to show correlations can be clustered. Next the workload within the 

different warehousing systems needs to be balanced.  

Finally, the actual storage location assignment of the products can be determined. 

Picking policies 

Order picking policies are regarded as critical to warehouse performance and can be influenced by 

both internal as well as external elements (de Koster et al., 2007). Examples of internal factors are 

system characteristics and organizational and operational policies. These organizational and 

operational policies include storage, batching, zoning, routing and order release mode. Chan et al. 

(2011) add to this that the efficiency of picking is also highly related to the class configuration and 

the way the warehouse has been designed. External factors include marketing channels, customer 

demand pattern, state of the economy, etc. (Goetschalckx, Ashayeri, 1989). 

In their work, Le-Duc et al. (2005) propose another classification for the determinants of order 

picking efficiency and performance: 

 The demand pattern 

 Layout of the warehouse 

 Storage strategy 

 Batching method 

 Routing and sorting method 

Of course it is evident that in most classifications the same elements will reappear. 

Petersen II et al. (1999) in turn identify two policy decisions that would be the main determinants of 

order picking efficiency; the storage policy and the routing policy. He defines the routing policy as the 

route a picker needs to follow on a specific picking tour, determining the sequence in which items 

are to be picked. This route can be created either by a heuristic procedure or by an optimal 

algorithm. 
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Order picking productivity is calculated as the number of items or SKUs picked per man-hour.  

The pick density gives an idea about the variety of the items in a customer order. It is calculated as 

the number of items in a customer order, divided by the total number of items in the warehouse. 

Since it is a vital operation within warehouse management, one has to pay attention to several issues 

when establishing a particular picking policy. 

The first decision to take is whether or not a zoning policy will be applied. This means the pick area 

will be divided into several picking zones which will each have a picker assigned to them (Petersen II, 

Aase, 2004). It implies that an additional consolidation activity will have to take place after the 

picking to ensure order integrity. Linked to this is the choice between parallel or sequential zoning.  

Secondly one has to determine whether to apply single order picking or batch picking. In single order 

picking each picker gets a customer order and performs picks all over the warehouse for just this one 

order. Other authors also refer to this as strict-order picking or discrete picking. Some authors, like 

Chan et al. (2011) have stated that this would be preferable when orders sizes are large. The 

advantages are that it is easy to implement and order integrity is maintained. 

In batch picking each picker gets assigned to a batch of orders. The number of orders to be batched is 

subject to the vehicle capacity and the fact that an order must be completed in a single trip. These 

trips usually take between thirty minutes to up to two hours to complete (Petersen, 2000).  

The advantage of batch picking over single-order picking is that it reduces total picking time 

significantly. In their paper, Chan et al. (2011) state that order batching would be appropriate when 

order are small. In reality it seems to be most frequently used in a warehouse that uses an ABC-

classification. Both order batching and zoning are important elements that can highly influence the 

order picking efficiency (Yu, de Koster, 2009). 

According to Yu and de Koster (2009) there always is an optimal batch size so this component of the 

picking policy is a candidate for optimization as well. Van den Berg et al. (1999) contribute to this by 

mentioning the OASS, or order accumulation and sorting system, which is to establish order integrity 

if orders are not picked in a single-order fashion. This is exactly the case in batch picking. 

Next, the warehouse manager needs to decide whether or not products will be picked in complete 

packages, resulting in pallet-picking, or whether they will be picked at the level of individual 

products, pointing more towards less-then-case picking.  
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When multiple orders are released at the same time, the next choice is whether to pick-and-sort or 

whether to pick-while-sort. For the pick-and-sort a separate area will be necessary at the p/d-point 

where the sorting process can take place.  

If orders for a common destination are released simultaneously for picking in multiple warehouse 

areas, it is called wave picking. According to Petersen II et al. (2004) and van den Berg et al. (1999), 

this policy is a combination of zoning and batching. It implies that each picker will have to take care 

of several orders in their zone. This policy will especially be beneficial for large warehouses. 

Finally the routing policy needs to be determined. This is the sequence in which the picker needs to 

visit the different locations containing items on the pick list. 

Within order picking, there are two possible approaches that can be used to establish a pick route. 

 First of all there is the option of using a heuristic to determine the route to be travelled by the 

picker. Within this category there is the s-shaped or traversal method, the return method, the 

midpoint method, the largest gap method and the combined or composite method (Figure 6) (de 

Koster et al., 2007). 

 

 

Figure 6: Picking tour heuristics (Petersen, 1999) 
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The traversal routing is generally regarded as simple to implement. It is widely used and yields good 

results when pick density is large. Pickers have to traverse the entire aisle once it is entered 

(Petersen II et al., 2004). The combined heuristic is, as the name suggests, a combination of the 

traversal and the return route. It may further reduce picker travel to produce near-optimal routes. 

As many authors, amongst which Petersen II et al. (1999) have investigated, the heuristics usually 

perform differently in other situations so there is not one general best heuristic. These heuristics will 

not be further discussed into detail since for this study the choice has been made to work with the 

second option, the optimal algorithm (Figure 7).  

For the type of warehouse used here, the algorithm by Ratliff and Rosenthal (Ratliff, Rosenthal, 1983) 

offers a very good fit, so it will be the one applied to the simulation. In the method-section this 

algorithm will be further elaborated on. 

 

Figure 7: Example of a picking route by the Ratliff and Rosenthal optimal algorithm 

When looking at practical applications, it is evident from several literature works that heuristics seem 

to be most popular. This is due to several reasons. First of all there is not an optimal algorithm 

available for every layout that is used in reality. Secondly, optimal routes may seem illogical to the 

pickers that have to work with them, leading to confusion and deviations from the designated paths. 

In addition, the standard optimal algorithm cannot take aisle congestion into account.  

Heuristic methods may be able to reduce or even avoid aisle congestions. They can provide near-

optimal solutions with less confusions and a reduction in the number of inefficiencies. This then 

results in less mistakes made by the pickers. The downside of course is that they can only provide a 
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near optimal solution to the problem. They often are be overly simple, and not based on any strategy 

at all.  

Finally, the optimal algorithm may just be much more complicated to implement in practice 

(Petersen II et al., 1999).  

In normal situations travel time will be lower when applying the optimal algorithm. This contradiction 

between theoretical optimality and practical efficiency was also noticed by Petersen II (1997). The 

former concluded that the gap between the optimal algorithm and the applied heuristic can be very 

significant, so it would be worth investigating further. The latter proposed that even if an optimal 

approach exists for a certain situation, it might still be interesting to examine the performance of 

some heuristic procedures. 

4. Costs of warehousing 

Warehousing imposes significant costs on companies. Some authors estimate the impact at 2%-5% of 

the cost of sales of organizations (Frazelle, 2001).  

De Koster et al. (2007) claim that warehousing contributed to about 20% of the logistics cost in the 

companies he surveyed in 2003. Automation has been frequently mentioned in literature as a means 

to reduce the labour costs, although many organizations continue to apply manual order picking. This 

action is supported by the presence of variability in many warehouse elements. 

Costs in warehousing usually are generated from either space, systems or labour.  

Specific estimates of the role order picking plays in the overall costs range from 50-75% of total 

operating costs (Petersen et al., 2004), to 65% of overall cost and 50% of the workforce of a 

warehouse (Strack et al., 2010). The estimate of 65% of total costs is equivalent to what Petersen II et 

al. (1999) and Coyle, Bardi and Langley (1992) suggest. Van den Berg et al. (1999) observed the costs 

in UK companies and found a slightly smaller share of 60%, while Tompkins et al. (2003) even keep it 

at 55%. 

Now that labour has been established as one of the main cost elements in this study, it is imperative 

to look at the different activities the labour force needs to perform.  
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More specifically, Frazelle (2001) shows that of the different actions a picker must undertake, 55% of 

the time is dedicated to travelling. Hence, the distance travelled in the simulation will be a key 

determinant when deciding upon the performance of the different storage policies.  

Of the all the activities, it will probably also be the one that allows for the largest margin of  

improvement. Searching can sometimes be reduced or even largely eliminated, but this will be done 

through other elements or technologies, e.g. experience, electronic systems such as pick-to-light, 

AS/RS systems, etc.  and as such will not be included in this study. 

5. Performance measurement 

In their paper, Larson et al. (1997) suggest that every successful warehouse should achieve the 

following goals; maximization of the available space, maximal use of the equipment, maximal use of 

labour, maximal accessibility to all the items, and maximum protection of the items present in the 

warehouse. 

To be able to apply this in practice, some specific performance measurements are needed in order to 

perform a first analysis. 

The travelling distance of the pickers should be kept at a minimum, space utilization should be 

sufficiently high to justify the investments in the warehouse but it should also be evenly divided to 

minimize congestions, and honeycombing should be avoided. When honeycombing occurs it results 

in storage locations that are partly filled with items, often blocking others from access (Larson et al., 

1997). 

Petersen et al. (1999) is one of the many authors to support the use of travel distance to compare 

different policies. In his opinion distance is better than time to measure performance, since the 

travel time could be influenced by the travel method, while distance will not.  

The SLAP problem mainly influences the mean travel times, the occurrence of congestion, and the 

throughput capacity. 

Gu et al. (2010) broaden the perspective, and claim that performance methods like cost, throughput, 

space utilization and services can be used within several evaluation methods. Evaluating 

performance, both through internal and external benchmarking is pivotal in order to identify the 

weak points in the operations and determine how they may be improved. 
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Furthermore, a number of a single-score indicators have been developed, the most popular ones 

being the warehouse key performance index (WKPI) and the Warehouse Performance Gap Analysis 

(WPGA). The WKPI contains measures of productivity, shipping accuracy, inventory, accuracy, dock-

to-stock time, warehouse order cycle time, storage density and the level of automation. The WPGA 

can also be used for setting goals, selecting benchmarking partners, etc.  

The first measure is related to three warehouse design factors and is less interesting in the context of 

this study. The second one, which focusses on the operations themselves seems very applicable to 

this situation (Frazelle, 2001).  

While the selected performance criteria can be implemented either as a constraint or as an objective, 

here it will be used as an objective upon which a comparison between the different storage policies 

can be made. 

As Larson et al. (1997) remark, most optimal approaches to warehouse layout issues only look at one 

single objective and provide a solution to a static problem. Somewhat in contrast to this, van den 

Berg (1999) states that in reality, maximizing throughput for instance is never the only objective. 

Usually warehouse managers consider a trade-off between productivity and the urgency to meet a 

certain deadline. This urgency to meet deadlines is also linked to the warehouse service level. 

According to van den Berg et al. (1999), a higher service level and shorter response times could result 

in additional savings down the supply chain. 

6. Trends 

Several authors, amongst which van den Berg (1999), have noticed an increasing interest in 

warehousing systems since the seventies. This can be explained by the fact that at that time, 

management focus shifted from productivity improvements to inventory reduction.  

Nowadays the main goal of warehouse managers is to offer a high service level while minimizing the 

amount of warehousing and inventory costs. Many authors (e.g. Petersen II et al., 1999) reformulate 

this and say that the objective today is to simultaneously reduce the costs and increase the speed of 

the order picking activity. 

 

Van den Berg et al. (1999) in turn states that companies now try to achieve high volume production 

and distribution using minimal inventories that need to be delivered with short response times. This 

may have a large impact on management, resulting in lower volumes and frequent deliveries, short 
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response times and a larger variety of SKUs. SKUs are stock keeping units or in other words, the 

products that are handled in the warehouse. Furthermore, this same paper claims that reduced 

inventory levels can improve the efficiency of order picking in the warehouse. 

These evolutions in the demands put on warehousing are responsible for shifting the general 

attention from warehousing being a predominantly technical issue, to researchers actually 

investigating inventory and storage systems theory in depth. 

There are some trends in manufacturing and distribution like collaboration, e-commerce, just-in-time  

policies and an increasing demand for flexibility that increase the strains on warehouse managers 

and lead to the new idea that instead of a necessary cost, warehousing is vital for a company’s 

viability (van den Berg et al., 1999). In this work, the author states that electronic shopping will have 

a big influence on the way logistics are organised and can lead to a drastic change in inventory 

management.  

De Koster et al. (2007) also touches upon this topic and explains his opinion by the emergence of 

several trends. In the manufacturing process there is a tendency to move to smaller lot sizes, point-

of-use delivery, customization of products and the need for cycle time reductions.  

In distribution logistics, people are more acceptant of late orders, while in the mean time trying to 

tighten the time window in order to better serve the customer. This means that the available time 

frame for warehousing activities also decreases and many smaller warehouses are being replaced by 

fewer, larger warehouses to achieve economies of scale.  

In their own logic, Le-Duc et al. (2005) explain the phenomenon of a simultaneous reduction of the 

cost and the increasing speed of order picking, by the fact that the new demand patterns consist of 

many small orders instead of few large orders, and the increased customer demand for very tight 

time frames. This view was also shared by Petersen (1997). 

Van den Berg et al. (1999) claim that the new market forces and the technological developments are 

responsible for the shorter product life cycles and the centralized inventory management we witness 

today. Shorter product life cycles introduce a higher financial risk on high inventories and expensive 

high-performance warehousing systems. Centralizing inventory management should lead to an 

increased productivity and shorter response times of warehouse systems. With technological 

development the authors refers to information technology and an introduction of business 

information systems. Business information systems include supportive administrative processes. One 

example of this is the ERP-system. 
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In his paper, van den Berg (1999) mentions that in 1998, supply chain management (SCM) and 

efficient customer response (ECR) already lead to a more demand driven organization with small 

inventories and a demand for short response times throughout the entire supply chain.  

He adds to this that the rapidly changing markets increase the financial risk of introducing capital 

intensive, high-performance warehouse equipment that in time may turn out to be difficult to 

reconfigure or discard. 

Finally there is the trend of the postponement strategy. Companies are moving value-adding 

activities down the value chain so they take place at the distribution centre. 

One of the new policies to try and cope with these changes is dynamic storage. In this case the pick 

area is very small in order to reduce travel time, and the items are brought to the storage locations 

dynamically, just in time for the picking operation. 

7. Research focus 

During this study the focus lies on storage policies. Determining which product goes where is an 

important step in the overall warehouse design procedure and can impact travel time, cost, 

throughput, the productivity of pickers and congestion.  

In addition, it appears that choosing a storage policy is inevitably combined with selecting a picking 

policy. Like de Koster et al. (2007) have indicated in their work, these two elements have a big 

influence on each other and should be considered together when making big policy decisions.  

Chan et al. (2011) state that the efficiency of both policies is very interdependent and that the 

storage policy is the most important factor to affect the performance of the picking policy. It is this 

interdependency that leads him to conclude that simulation is the best tool to analyse the 

performance levels of different storage and picking policies.  

In this work, the choice has been made to focus on  storage policies and measure the impact they 

have on travel time during picking when applying an optimal algorithm. This algorithm will be further 

elaborated on in the methodology section. 
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Figure 8: Warehouse structure for simulations 

The type of warehouse that is the basis of this study is a rectangular warehouse, with one block of 

aisles meaning that there are no cross-aisles (Figure 8).  

The activities are performed manually and the picking is done within a picker-to-parts system.  

According to de Koster et al. (2007) this type of low-level picker-to-parts system is used in up to 80% 

of the warehouses in Western Europe. In contradiction to this, there is a lack of recent papers 

performing research in this field. In the last couple of years the focus has been put more on AS/RS 

systems and other situations where some degree of automation is applicable. 

As mentioned before, the main element of this work is the simulation study. Cormier and Gunn 

(1992) believe that in complex situations, analytical models can become impractical and simulations 

are more helpful in selecting a policy. This method is usually fairly simple to implement for other 

users in order to repeat the results if necessary. 

For this research two databases, obtained from two companies in Belgium are used for input data. 

The goal is to determine which storage policy is appropriate in each situation and to develop some 

rules of thumb.  

In the ‘method’ section the simulation study and the way in which it has been performed will be 

explained more thoroughly.  

Determining the optimal location of a product is part of the ‘slotting’ activity (Frazelle, 2001). It also 

consists of choosing the appropriate storage mode, selecting the appropriate allocation of space in 

its appropriate storage mode. As a result, slotting is one of the key operations in warehouse 

management and has a big impact on the different WKPI’s. Slotting in itself requires a large amount 

of data. This quantity can be reduced by means of assumptions and generalizations. A reduction in 

the amount of data is necessary to keep the simulation program manageable.  
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8. Issues identified in literature 

In previous research, authors have touched upon several problems that exist in this field of study.  

One problem that can be identified in a lot of companies is that data is most often stored in 

monetary terms, in kilograms, etc. Warehouse managers need them to be unitized in terms of 

pallets, boxes, cases, etc. Some companies do not even keep track of their data at all. 

According to both Rouwenhorst et al. (2000) and Hassan (2002) there is a serious lack of a theoretical 

basis for a warehouse design methodology. It appears to be a complex task with many trade-offs 

between different objectives at each subsequent stage. Many authors have created their own 

methodology containing a different number of steps, but there has never been a real consensus. This 

all leads to the conclusion that a systematic approach to warehouse design is needed in the future.  

Rouwenhorst et al. (2000) also saw a trend in that most research up to the year 2000 seemed to 

focus primarily on fine-tuning the warehouse organization instead of offering a comprehensive 

model or framework. This again supports the call for studies that try to encompass all elements of 

the general design problem and can perhaps even perform the decisions simultaneously. These 

should also focus on the more traditional systems instead of the fully automated AS/RS systems.  

In de Koster et al. (2007), the authors come to the conclusion that there is a gap between reality and 

academic research. Not all new picking policies have been studied extensively and yet there still is a 

lack of research that looks for the optimal combination of layout, storage assignment, order 

clustering or batching, order release method, picker routing and order accumulation.  

Daniels, Rummel and Schantz (1998) suggest that previous models often have assumed that all 

products belonging to a certain article number or type are stored in just one location in the 

warehouse. This was due to the fact that permanent locations were necessary to be able to track 

inventory. In these situations the order picking problem is limited to establishing a sequence in which 

the locations need to be visited. As a result it becomes similar to the travelling salesman problem or 

TSP that has been documented elaborately in literature.  

Larson et al. (1997) support this linkage and state that in the past, most of the research in the area of 

travel time and distance reduction has been motivated by the need to improve the efficiency of the 

order picking operation. In reality however, the average composition of the demand can change, so 

allocating space to specific parts can become more difficult and expensive.  
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Being able to assign particular parts to multiple locations throughout the warehouse will reduce the 

importance of the stock allocation problem. This implies that the order picking policy not only 

includes determining the picking route, but also assigning inventory to the current order.  

In their paper Daniels et al. (1998) provide a solution for this problem.  

In his research, van den Berg (1999) however claims that storing products at multiple locations may 

not be acceptable in reality due to the fact that it does not take inventory ageing into account and it 

increases storage space requirements. This is due to the fact that several incomplete pallets storing 

the same product can each occupy an entire storage location. 

Even if a company decides to assign certain products permanently to their own location, these 

locations or even the assignment policy can alter over time. In addition, various assignment policies 

may be used simultaneously throughout different parts of the warehouse if necessary. Hassan (2002) 

adds to this the concept of shared storage where various items may occupy the same location in 

succession. This policy could be applicable in situations where a reduction in space and travel time is 

necessary. 

From Chan et al. (2011) we can learn that in the past, most studies that have investigated the 

performance of storage and/or picking policies have focused on random and class-based storage. 

They also usually consider single-level rack warehouses or focus on AS/RS, especially when the 

results are to be obtained through a simulation study. 

Another element that could have been given more attention in the past, is the construction of 

optimal picking tour algorithms for the most frequently used warehouse types and layouts (van den 

Berg, 1999). Most papers focus on heuristics when a picking tour needs to be constructed. 

The interaction of storage and picking policies is a final item that could get some more attention in 

literature, although some authors have attempted to investigate this, usually through simulation 

studies.  

Petersen et al. (1999) focus on the heuristics that are most frequently used in practice, in 

combination with different storage policies, while Petersen (1997) has evaluated different routeing 

heuristics and the optimal algorithm in a random storage environment. The latter also included the 

effect of warehouse shape and the location of the p/d-point to see how these factors would 

influence the total travel distance. 
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To provide an even more general overview, Rosenblatt and Roll (1984) have presented a procedure 

for solving the combined problem of warehouse size, internal layout and storage policy. He supports 

the statement that has been made earlier that most research seems to focus on just one aspect. For 

his research, he assumes two sets of data to be known; distributions governing arrival, composition 

and retrieval of shipments, and the approximate cost models. In the end he used total cost as the 

performance measure.  

The only problem he encountered was that no general model for the storage policy costs can be 

suggested since these costs can vary strongly according to the circumstances. Once the estimates of 

these costs are available, a systematic approach to warehouse design could become available, filling 

the gap in literature that many researchers have detected in the past. 
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III. Methodology 

1. Research question  

As mentioned before in the segment on the research focus, the purpose is to find out which storage 

policies are best to apply in certain conditions.  

The research question itself can be best described as ‘What storage policies apply for the data 

provided, in a warehouse with predetermined dimensions’.  This also comes forth from the title of 

this paper. The results will be obtained with the help of a simulation and will be analysed and 

compared to results from other relevant papers found during the literature study. 

2. Simulation study 

For this research a simulation study was performed. In order to do this a computer program had to 

be written. This was done in Java, using the Netbeans IDE (version 7.0.1). The code for this program 

can be found on the CD-ROM accompanying this paper.  

The output has been written to excel-sheets, allowing a fluent statistical analysis with the help of the 

SPSS software program (version 20). 

Some authors, like Rouwenhorst et al. (2000) believe that both a pure analytical approach and a 

simulation study in itself do not lead to an overall practical design method. They suggest a 

combination of the two would be preferable. De Koster et al. (2007) on the other hand state that 

simulation models are very helpful in quantifying performance measures in complex situations where 

analytical models would prove to be impractical. 

In any case, simulations have been extensively used in literature to provide some solid conclusions 

(e.g. Gu et al, 2010; Petersen II et al., 1999; van den Berg et al., 1999; Le-Duc et al., 2005) and are as 

such generally accepted. Most of these papers investigate situations similar to the one presented 

here.  
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Before the simulation can be performed, a warehouse structure or layout has to be decided upon. In 

this case the choice was made to work with a rectangular warehouse with just one block of aisles. 

Goods are stored on either side of an aisle (Figure 8). This layout has been frequently used in the past 

(e.g. van den Berg, 1999) which justifies its use. The fact that there are no real cross-aisles present in 

the warehouse also implies that the Ratliff and Rosenthal algorithm for order picking can be used. 

This algorithm is discussed in depth in a following subsection.  

The overall objective measure will be travel distance. This measure is the most frequently used one 

in literature and according to de Koster et al. (2007), it is linearly related to the travel time in manual 

order picking systems. On top of that it has been mentioned before that travelling requires the 

majority of the time of order pickers, again underlying its significance in the composition of 

warehousing costs. 

3. Assumptions 

Although simulation studies should aim for a realistic representation of actual behaviour, some 

assumptions need to be made to make it more manageable and to allow for generalization. 

This generalization is important to increase the usefulness towards other researchers involved in a 

similar field of work. 

The assumptions made in for this simulation program are: 

 The dimensions of the warehouse and the location of the p/d point are fixed beforehand 

The warehouse has a rectangular shape and a midpoint p/d. Earlier studies (e.g. Petersen II, 

1997) justify this choice by suggesting a superior performance in travel distances 

 The warehouse is strictly regarded as a forward area. A reserve area is not included 

 Only full case/pallet picking occurs, meaning that when an item on the picking list is picked, 

the location where the product was stored becomes vacant. This assumption has been made 

in several simulation studies and is implied in the standard Ratliff and Rosenthal algorithm as 

well. Goods that arrive are already stored on pallets 

 Pallets are not stacked on top of each other. Only floor levels are used to store products 

 No shortages can occur 

 The warehouse applies manual picking, and the general policy is a pick-and-sort policy. This 

study does not regard AS/RS systems 
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 The facility has just one p/d point where products have to enter as well as exit. It will be a 

midpoint p/d, a choice that has been justified by the research done in Petersen II et al. 

(1999), which states that a saving of up to 4% can be achieved in comparison to a corner p/d 

point 

 All aisles are parallel and of the same length 

 Strict order picking is used, not batch picking. Each order will represent a single simulation 

run 

 The product numbers on the pick lists are randomly generated 

 Picking orders of different sizes will be used in the simulation to find out whether or not it 

will influence the outcomes 

One of the simulation studies that bare similarities with the layout and system suggested here, is Le-

Duc et al. (2005). This paper focusses on picker-to-parts, narrow-aisle, manually operated order 

picking systems and suggests that it is one of the most common systems in practice. This is mainly 

due to the convenient implementation and maintenance and the fact that it is more flexible than 

automated systems which require large investments. 

A second simulation study that shows parallels with the approach suggested here is presented in 

Petersen (1997). This research investigates the performance of different heuristics for picking and 

compares the results to the optimal algorithm. Similarly to the paper mentioned above, this research 

also looks at the impact of warehouse shape and p/d-location the travel distance needed to 

complete a pick list. 

4. Data collection and manipulation 

For a simulation study it is always more interesting when real-life data can be used.  

For this research two databases are available from two Belgian companies. One is a large retailer, the 

other is a global player in travel luggage. From each company a list of products was obtained, 

together with additional data to allow the application of different storage policies.   

In the remainder of this study, they will be referred to as database C and database S. Both have been 

stored in an excel workbook and will automatically be accessed by the Java simulation program when 

it is run. 

In database C, 2342 different items are provided, each with a quantity (of pallets) equal to one. No 

real alterations were made. 
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For database S however, only 12 different products are listed, not mentioning the quantity that is in  

storage. Having only one pallet per product would result in a total number of twelve SKUs.  

This might possibly be a hindrance to the execution a sound simulation study, so the decision was 

made to assign a quantity of 50 to each product. As a result, the database used for the simulation 

now contains 600 items. 

To be able to apply the different algorithms correctly, some minor manipulations were necessary. 

There had been data provided about the popularity of each item in database C, but there was no 

information as to what class they belong to. This is needed to apply class-based storage. 

Consequently, some manipulations were performed in excel to create classes and assign each 

product to a class.  

For the database S, no data was provided on the popularity of the items either, so some fictional data 

were assigned to each product. This again was necessary to be able to apply the algorithms to the 

databases. The method that was used to perform these alterations is explained into more detail in 

the section on the specific storage policies. 

To be able to work with the data in a fast and easy way, a shorter code was assigned to each storage 

policy. Some of the tests used for statistical analysis do not allow string variables to be used as 

independent variables. For this reason each policy received a number as well. The codes and 

numbers can be found in Table 1. 

Policy Code Number 

Class-based storage, starting 

from indices (0;0) 

CB00 1 

Class-based storage, taking 

minimum distance to p/d point 

CBPD 2 

Closest open location storage COL 3 

Family-grouped storage FGS 4 

Full-turnover storage, starting 

from indices (0;0) 

FT00 5 

Full-turnover storage, taking 

minimum distance to p/d point 

FTPD 6 

Random storage Random 7 

Table 1: Codes and numbers of the storage policies 
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As mentioned earlier, for each database a total of 35 different situations has been simulated (Table 

2). These stand for the seven storage policies and the five different pick list sizes. 

For each of these 35 cells, 30 simulations have been run. This enables the use of means for the 

statistical analysis and helps assure that no accidental outlier is used as a sole source of information. 

Factor Levels Values 

Storage policies 7 Random, CB00, CBPD, COL, FT00, 

FTPD, FGS 

Picking list sizes 5 10, 20, 30, 40, 50 

Table 2: Overview of factors for simulations 

Before performing the simulations, there are some effects that would be expected to appear; 

 Storage distance will probably be affected by storage policy, but should not show any effects 

from the differences in pick list size. The latter should show no correlation to the storage 

distance 

 Picking distance will normally be affected by both storage policy and picking list size. A longer 

pick list will result in a longer travel distance 

 Within class-based storage and full-turnover storage, a difference has been made with 

respect to the assignment rule. This difference should show up in the results.  

 In literature, most authors have observed the largest picking distances in situations with 

random storage. This is also is an effect that is expected to come forward. 

 According to Petersen et al. (2004), pick list size should significantly influence the results. The 

p/d location’s influence on the other hand is expected to be negligible, with a maximum 

difference of around 5%. This will be examined into depth in a separate subsection in each of 

the two following chapters. 

In the next two chapters, the simulation results from database C and S will be presented. 
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5. Storage policies – algorithms 

In total, five different storage policies were investigated: random storage, closest open location 

storage, family-grouped storage, class-based storage and full-turnover storage. These seem to be the 

most cited policies and should provide an adequate base to perform an analysis (Rouwenhorst et al. 

2005; Petersen et al., 2004; de Koster et al., 2007). To broaden the perspective and add an additional 

layer to the analysis, both class-based storage and full-turnover storage were implemented in two 

different variations. This brings the total number of policies to be tested up to seven. The variations 

will be discussed in the subsections covering these storage policies. 

In this research, partial-aisle storage will be allowed. Products from two different groups can be 

stored in the same aisle, as opposed to whole-aisle storage. 

Random storage 

Random storage does exactly what it says. For each incoming product, a random location is assigned 

to it. The only prerequisite is that the chosen location is still available. The storage location then 

needs to be recorded for future retrieval jobs. 

Some authors (e.g. de Koster et al., 2007) claim that it can only be implemented correctly in a 

computer-controlled environment. If operators are to choose freely, they will most likely opt for the 

first open location, which would result into closest-open location storage instead. 

This particular policy has been extensively used in other research as a basis to look at the 

performance of picking policies (e.g. Petersen II, 1997). The reason why it has been used so much is 

quite straightforward; it is very simple to apply, no additional data is needed and it often requires 

less space than other storage policies (Petersen et al., 2004). 

Another advantage of this policy are that it optimizes the spreading of the different products (Choe 

and Sharp, 1991). In contradiction to, for instance class-based storage, the frequently demanded 

products are spread more evenly over the entire warehouse, reducing the amount of congestions.  

Congestion when a lot of pickers have to pick up products from the same area and as a result lose 

time because they have to wait for each other leave.  
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The spreading of the most popular products also immediately exposes the biggest drawback of this 

policy as well. Since the most popular items will be spread out over the entire warehouse, the mean 

travel distance will increase. Hence a trade-off will have to be made between mean travel distance 

and the time loss due to congestion.  

Other factors that can play a key role in this matter are for instance the layout of the warehouse and 

the pick list size (Petersen II et al., 1999). 

Random storage can also be described as an extreme case of class-based storage, where there is only 

one class. Class-based storage will be discussed later in this section. 

According to Chan et al. (2011), random storage is often used in bulk storage areas that utilize a 

computerized inventory system. 

The general steps of the algorithm are: 

Step  1: Retrieve the list of items to be stored 

Step 2: For each product 

 a) Generate a random number within the range determined by the warehouse size 

b) Check if the randomly generated location is still available. If not then go back to a. If it is 

available you can proceed 

 c) Assign the product number to the location and set the location status to ‘occupied’ 

Closest open location storage 

In this policy the goal is to find the closest location that is available, and store the product at that 

particular location. It is quite simple and just like the random storage policy, it does not require 

additional data, but it is more advanced in the sense that it already uses a specific rule. 

Overall, the advantages that were applicable to random storage are applicable here as well, since no 

specific priority rule is being used towards the products. This implies that congestions should be 

minimized but as a result the mean travel distance will probably increase. 

De Koster et al. (2007) support these opinions by claiming that performance will be similar to random 

storage if the products are moved by full pallets only, like it is the case here. 
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The outline of the algorithm is the following: 

Step 1: Retrieve the list of items to be stored 

Step 2: For each product 

a) Look for all the available, open locations 

b) Search within that list for the location that is nearest to the p/d point 

c) Assign the product to that location and set the location status to ‘occupied’ 

Family-grouped storage 

In family grouped or correlated storage items are assigned to a family if they are often ordered 

together with the other products in the family. Consequently, it makes sense to place products that 

often have to be picked together during the same tour, in each other’s’ vicinity. The family’s location 

in the warehouse itself needs to be dependent on the properties of all the products in that particular 

group (de Koster et al., 2007). The statistical correlation between the different items should be 

investigated. 

This policy could also be used in combination with some of the other storage policies. 

In the paper above, there are two types of family grouping mentioned: 

 Complementary-based grouping where the measure of strength or joint demand is decisive 

 The contact-based method where grouping is done based on contact frequencies 

For this study, the products in database C are grouped according to the product category they belong 

to. This data was provided by the company. The items in database S were not accompanied with such 

information, so clustering has been done based on the number of products that are grouped on a 

single pallet, a data component that was provided by the organization. As such, this classification also 

offers a reflection on the size of the products. 

There is no strict hierarchy to determine which products need to be closest to the p/d position, so 

this is done randomly. In practice, the amount of families and the size of each family is set, and the 

position of each product within the area is chosen randomly. 

In this simulation the items are stored in a sequence that is determined by their position on the list 

containing the elements to be stored. 
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One advantage of this method mentioned by Chan et al. ( 2011) is that it may help improve the 

efficiency of order picking. It reduces the number of storage and retrieval operations.  

Roll and Rosenblatt (1985) on the other hand suggests that family grouped storage would lead to 

increased space requirements. Several other authors also claim that it may lead to congestions. The 

simulation will have to show whether or not there is a performance improvement after the 

implementation of this policy. 

The algorithm used in the program is built up from the following steps: 

Step 1: Retrieve the list of items to be stored and, if applicable, the family to which they belong 

Step 2: For each product: 

Store the product number in the appropriate list. A list has been created for each family, 

designed to contain the product numbers of the family. This also gives an indication of 

how much space is needed for each family. 

Step 3: For each family, and for each product within that family 

a) Start from the first available location. There is no distance parameter involved to 

determine where a product should be stored. For the first family, start at location 1. For 

the subsequent families, proceed where the previous family stopped. If the first aisle is 

full, proceed in the next aisle. (Figure 9)  

b) Assign the product to that location and set the location status to ‘occupied’. 

 

Figure 9: Flow in family-grouped storage 
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Class-based storage 

Class-based storage is another storage policy that has been extensively discussed in previous 

literature work (Rouwenhorst et al., 2000; Chan et al., 2011) .  

 This policy often makes use of the infamous Pareto rule that measures popularity and states that 

80% of revenue comes from only 20% of the products. As a result, the products can be assigned to 

classes according to their revenue, from a cumulative perspective. Petersen, Aase and Heiser (2004) 

suggest to use two to four classes. They made this suggestion based on a simulation they performed 

in a manual order-picking system. This is similar to the situation proposed here and as such their 

results are deemed very relevant. It  shows that generally speaking, full-turnover storage 

outperforms class-based storage in terms of total travelled distance, but this gap can be heavily 

influenced by the class partitioning strategy and the routing method. Graves, Hausman and Schwarz 

(1977) have found in the past that space requirements increase with the number of classes used, so 

this also needs to be taken into consideration. This insight is supported in van den Berg (1999). 

 In this research, the frequently used number of three classes will be used.  

Up to this point, no record has been found of a general classification strategy in literature for low 

level picker-to part systems. The data provided by the companies did not include such a classification 

either, so it has been added later on. Having a sophisticated class allocation system  can lead to a 

higher overall service level, caused by a better space utilization (Le-Duc et al., 2005). 

To provide an additional parameter to the study, two different classifications were used, based on 

the demand distribution. In literature, Petersen II et al. (1999) have suggested three possible demand 

patterns according to the level of skewness. He discerns high skewness, where the 80/20 rule 

applies, medium skewness and low skewness, which implies an even distribution of demand for all 

products. 

For the data of C, demand figures were provided, so the classification alone sufficed. This was done 

by calculating the cumulative demand numbers. Next the skewness of the demand was investigated. 

The results were that the 80/20 rule was not completely applicable. 20% of the products were only 

responsible for 67% of the return figures, leading to the conclusion that the demand skewness was 

medium.  

The decision was taken to put 10% of the items in the A-class, 30% in the B-class and 60% in the C-

class.  
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In the database of S, no demand or return figures were provided. To make optimal use of this degree 

of freedom, the choice was made to assign a highly skewed fictional return distribution which would 

result into the 80/20 rule of Pareto. The products were again divided into three classes. In the end, 

class A would contain 15% of the items that accord for 80% of demand, class B contains 35% of the 

products and 14% of demand and class C accounts for 50% of the items and 6% of the total demand. 

When looking at class-based storage, it is evident that it is a combination of methods, located in-

between dedicated storage and random storage. The space per class is dedicated, but within the 

class the products are assigned to random locations.  

For this study however, a different approach was used. The storage locations are not assigned 

randomly to each product, but rather in a sequence determined by their location on the list of 

products to store. This list is sorted on the product numbers, in ascending order. 

In the first implementation of class-based storage, which was given the code CB00, storage is 

initiated in the first location. The beginning is analogous to family-grouped storage instead now, the 

subsequent products are not stored further down the aisle, but in the first position of the next aisle. 

This is a practical application of across-aisle storage (Figure 4, Figure 10) 

 

Figure 10: CB00 vs. CBPD 

The second option is a little more complicated. For each product within a class,  a list is created with 

all the available storage locations. The product is then taken to the location which is closest to the 

p/d-point.  

The lower their product number, the closer they will be to the p/d-point, taking into account the 

class to which they belong. This policy was given the code CBPD (Figure 10). 

To difference between the two alternative forms of class-based storage thus lie in the sequence in 

which the locations will be used. This will be further referenced to as the ‘positioning problem’. 
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To apply class-based storage in practice, some additional data is needed. For each product the 

revenue or demand level is required, preferably accompanied with the subsequent class it belongs 

to. Most companies do not perform this analysis though, so the researcher will have to assign the 

products to classes him- or herself.  

The biggest advantage of class-based storage is that the products that are ordered most often are 

usually stored close to the p/d-point and as a result, the mean travel time will be reduced. It also 

means though that the most popular items will be stored in each other’s vicinity, so congestion can 

cause some real problems here. The products are not evenly spread across the warehouse which 

heavily influences the storage density of the different areas and can cause workload imbalance (Chan 

et al., 2011; Petersen II et al., 1999).  

In literature this policy has already been used in many analyses. Petersen II et al. (1999) also have 

looked at the different possibilities of how to organize class-based storage (Figure 11, Figure 12).  

The author compared several different types of layouts and picking policies, looking for optimal 

combinations. Since he concludes that the diagonal layout generally outperforms the others, this will 

be the layout applied to this study, by means of the CBPD-policy.  

 

Figure 11 : Three possible layouts for class-based storage (Chan et al., 2011) 
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Figure 12: Possible layouts for volume-based policies (Petersen et al., 1999) 

To apply class-based storage in practice, the warehouse must be divided in as many areas as there 

are classes. This also means that the size, in terms of the number of items, needs to be determined 

beforehand. When the products from a particular class are assigned to a location, this generally is 

done randomly. For this program it will be done according to the positioning rule. 

The classification used should be carefully examined to reduce the honeycombing effect mentioned 

previously (Larson et al., 1997). This should help increase  space utilization. A good classification  may 

also help decrease material handling costs by clustering and placing items based on throughput and 

storage space requirements. 
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For the program, the CB00-algorithm was applied as follows: 

Step 1: Retrieve the list of items to be stored and the class to which they belong 

Step 2: For each product: 

Store the product number in the appropriate list. A list has been created for each class, 

designed to contain the product numbers of the class. This also gives an indication of 

how much space is needed for each class. 

Step 3: For each class (starting with the class with the largest demand and proceeding in descending 

order), and for each product within that class: 

a) Start at the first location, the upper left corner, and then proceed to the first positions of 

each aisle. If these are full, move to the second position in each aisle, and so on. 

b) Assign the product to that location and set the location status to ‘occupied’ 

 

A slightly different algorithm was used to test the CBPD-storage rule: 

Step 1: Retrieve the list of items to be stored and the class to which they belong 

Step 2: For each product: 

Store the product number in the appropriate list. A list has been created for each class, 

designed to contain the product numbers of the class. This also gives an indication of 

how much space is needed for each class. 

Step 3: For each class (starting with the class with the largest demand and proceeding in descending 

order), and for each product within that class: 

a) Look for all the available, open locations 

b) Search within that list for the location that is nearest to the p/d point 

c) Assign the product to that location and set the location status to ‘occupied’ 
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Besides using an adaption of the Pareto rule, some authors have suggested other classification rules 

to construct classes. 

One of these is the COI or cube-order-index first described by Heskett (1963). Most authors use the 

COI abbreviation but some prefer to use CPO as an alternative. 

The COI of an item is calculated as the ratio of an item’s total required space to the number of trips 

needed to satisfy its demand. The SKUs with the lowest COI are located closes to the p/d-point.  

A limitation mentioned by Chan et al. (2011) is that it would not be completely applicable to multi-

level rack warehouses where picking items at a higher level generally results in longer picking time. 

In addition, Le-Duc et al. (2005) suggest that the COI rule is only applicable in a situation with stable 

product assortments and only minor changes in order frequency and stored volume.  

A second possibility would be to use pick volume (de Koster et al., 2007). Larson et al. (1997) also 

suggests the possibility of clustering based on floor space utilization, frequency of single-command 

storage or retrieval or average inventory level. 

In recent literature, a new classification based on DOS or duration of stay has been designed 

(Goetschalckx et al., 1990). This policy is presented as an alternative for DED which, according to the 

authors, is a synonym for the CPO or COI rule. The author states that turnover rate, the basis for the 

COI rule, is a product characteristic, while time in storage or DOS is a unit characteristic. Unit 

characteristics can be different between items of the same product. 

In DOS class-based storage the products are assigned to classes according to the average arrival and 

departure times of items with alternative durations of stay. The experiments in the paper show that 

DOS offers an average reduction in travel time of 25%. The authors also comment that overall, 

shared storage policies provide better performances than dedicated storage policies. 

Next, the EIQ or entry-item-quantity analysis presented in Li (2009) claims to be more superior in 

inventory classification than any other data mining technique and results in lower travel distance. It 

is supposed to be well adopted by researchers and the superiority is claimed to be due to the fact 

that the classification is based on three key factors, providing more information on the order data. In 

traditional ABC data only two key factors are used.  

The author concludes by saying that the ability to classify new items into a class, based on the 

forecasted sales level is a major advantage of COI over EIQ. 
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Finally, some authors have suggested different layout types for the warehouse. Van den Berg (1999) 

has presented the use of L-shaped class regions (Figure 13) and also investigated the organ pipe 

organization. In the latter arrangement, if the p/d point is at the end of the centre aisle, the products 

with the highest COI are to be stored in the aisles closest to the centre. 

In Petersen II et al. (1999) the authors present four variations, being the diagonal, within-aisle, 

across-aisle or perimeter shaped classes (Figure 12). 

 

Figure 13: L-shaped layout for class-based storage (van Den Berg, 1999) 

Full-turnover storage 

The final storage policy to which the simulation will be applied is full-turnover- or volume-based 

storage. In this situation the products to be stored are ranked according to their revenue or their 

popularity, and then stored in that order. Again, as with the class-based storage policy, the two same 

variants that were applied. To the policy that starts in the upper left corner, the code FT00 has been 

assigned. If the location closest to the p/d-point is chosen, the code is FTPD. Unlike class-based 

storage where the sequence of storage was done based on the product number, full-turnover 

storage assigns products to their location based on their popularity. The products with the highest 

demand are stored first. 

In reality, full-turnover storage is an example of dedicated storage. It can also be regarded as an 

extreme case of class-based storage for which there are as many classes as there are products. This 

means that every location in the warehouse is dedicated to one product and one product only, which 

reduces the flexibility. Changes have to be made to the warehouse configuration when the product 
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assortment changes and there will be a general increase in the amount of data required. As a result 

this policy would only be advisable for companies with fairly stable product ranges. The main 

disadvantage of this policy is that it requires a lot of data (processing). 

When comparing class-based storage to full-turnover storage, Petersen et al. (2004) concludes that 

class-based storage can achieve similar savings when applied to an AS/RS system, while requiring less 

data (processing). 

This policy could also cause congestions and reduce equal spreading of storage density, but it could 

compensate for these drawbacks by reducing the mean travel time. 

For the program, the FT00-algorithm was applied as follows: 

Step 1: Retrieve the list of items to be stored and their revenue or another type of popularity score 

Step 2: Sort the products according to the chosen popularity score in descending order. 

Step 3: For each product, starting from the product with the highest rank and proceeding in 

descending order: 

a) Store the first product in the upper right corner, with index (0;0). For the subsequent 

products, move to the first position of the next aisle and if necessary, proceed in the 

second position of each aisle. 

b) Assign the product to that location and set the location status to ‘occupied’ 

The FTPD-algorithm was implemented as follows: 

Step 1: Retrieve the list of items to be stored and their revenue or another type of popularity score 

Step 2: Sort the products according to the chosen popularity score in descending order. 

Step 3: For each product, starting from the product with the highest rank and proceeding in 

descending order: 

a) Look for all the available, open locations 

b) Search within that list for the location that is nearest to the p/d point 

c) Assign the product to that location and set the location status to ‘occupied’ 
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The COI rule mentioned before can also be applied here. The only difference is that now each 

product will have its own preserved space, while the class-based storage application will group SKUs 

with similar COIs into the same class and choose the locations within that class randomly. 

A downside of this method is that demand rates and product assortments are varying more rapidly in 

today’s environment, as mentioned before, which would each time result into a reclassification. The 

result is a loss of flexibility and efficiency. 

6. Picking policy – algorithm 

In literature, there are many picking policies available. A distinction can be made between optimal 

algorithms and heuristic policies.  

The most discussed heuristic algorithms are (Figure 6) (e.g. Petersen et al., 1999): 

 S-shaped route or traversal route 

 Return route 

 Largest-gap route 

 Midpoint route 

 Combined route  

Their performance is influenced by the particular operating conditions.  

For warehouses like the one used in this simulation, the algorithm by Ratliff and Rosenthal can be 

used (Ratliff et al., 1983) to represent the optimal algorithm. This algorithm dates back to 1983 but 

still is used by researchers when applicable. It has been referenced to when authors include an 

optimal algorithm in their simulation studies (e.g. van den Berg, 1999). In addition, the latter author 

also claims that the computation time of this algorithm is linear in the number of stops a picker must 

perform. 

Furthermore, several authors have suggested that optimal routes are usually a combination of the 

traversal and largest gap heuristic. Heuristics are however more straightforward and seem more 

natural to order pickers, as mentioned previously.  

In theory the optimal algorithm will always outperform the heuristic methods in terms of mean travel 

distance. In practice though, heuristic methods are predominantly used due to the fact that they are 
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often far more simple to apply. The optimal algorithm can lead to confusion for the pickers and fails 

to provide any consistency in the pick path.  

It must be said that the discrepancy between theoretical performance and practical ease of use can 

be highly influenced by the size of the picking order (Petersen II, 1997; Petersen II et al., 1999).  

Some authors (Petersen, 1997) even find in their results that the best performing heuristic has a 

picking path that is only 5% longer than the optimal algorithm.  
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IV. Results – Database C 

1. Outputs – general overview 

After running 30 simulations for each cell, the means were calculated to present an overview (Table 

3) and offer a first glance at the effects that may be at play.  

A first, tentative conclusion could be that the expectation that the picking or retrieval distance will 

increase with the picking list size, is justified.  

Secondly, the results confirm that there does not seem to be a significant difference between the 

storage distances when comparing the picking list sizes. Only the storage distances within the 

random storage policy differ, but this is due to the nature of the policy itself. 

Both storage and picking distance appear to be heavily affected by the storage policy chosen.  

Storage policy Picking list size Total distance Storage distance Picking distance 

Random 

 

10 239.301 238.939 362 

20 239.400 238.823 577 

30 239.669 238.905 764 

40 239.814 238.886 927 

50 239.916 238.865 1.051 

COL 

 

10 234.233 233.860 373 

20 234.442 233.860 582 

30 234.646 233.860 786 

40 234.760 233.860 900 

50 234.899 233.860 1.039 

CB00 

 

10 122.065 121.784 281 

20 122.190 121.784 406 

30 122.321 121.784 537 

40 122.443 121.784 659 

50 122.548 121.784 764 

CBPD 

 

10 234.204 233.860 344 

20 234.342 233.860 482 
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30 234.450 233.860 590 

40 234.576 233.860 716 

50 234.668 233.860 808 

FT00 

 

10 212.059 211.918 141 

20 212.106 211.918 188 

30 212.178 211.918 260 

40 212.212 211.918 294 

50 212.222 211.918 304 

FTPD 

 

10 234.064 233.860 204 

20 234.123 233.860 263 

30 234.139 233.860 279 

40 234.154 233.860 294 

50 234.160 233.860 300 

FGS 

 

10 122.220 121.784 436 

20 122.454 121.784 670 

30 122.617 121.784 833 

40 122.754 121.784 970 

50 122.888 121.784 1.104 

Table 3: Overview of means from simulations database C 

In a next step, the data was put into graphs to further allow a first analysis. 

The first graph (Figure 14) shows the total travel distance of each storage policy for all the picking list 

sizes. It is already apparent that large differences between the storage policies may occur. For this 

reason two other graphs have been created, to allow for a more detailed perspective.  
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Figure 14: Overall graph of total distance database C 

The first one (Figure 15) focusses on the group made up of random storage, closest-open location 

storage, class-based storage (p/d), full-turnover storage (0;0) and full-turnover storage (p/d). The 

travel distances of these storage policies range between approximately 210.000 and 245.000.  

 

Figure 15: Group one of total distances database C 
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The second group consists of class-based storage (0;0) and family-grouped storage. Their values are 

much lower and range between 122.000 and 123.000. As a result, a second tentative conclusion may 

be that these storage policies provide a better performance (Figure 16).   

 

Figure 16: Group two of total distances database C 

Table 3 showed that the largest part of the total distance is to be attributed to the storage distance. 

This is due to the fact that in this database, 2342 products are stored, while a maximum of 50 is 

picked. The table also indicates that only the picking distance shows real fluctuations for the different 

picking list sizes, so these will have to be investigated in detail. 

To this end a separate graph has been formed to show the evolutions in picking distance (Figure 17).  

 
In literature, this phenomenon also has been noticed by Petersen et al. (2004). He concluded that 

changing the storage policy will have a much larger influence on the travel distances than changing 

the routing policy. For this reason he suggests using a heuristic for order picking. The picking distance 

will increase but it will also lead to less picker confusion and more consistent routes. 
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Figure 17: Picking distances database C 

This graph indeed shows that the differences in picking distance are much more pronounced than 

the differences in total distance when comparing the picking list sizes. 

Family-grouped storage is again one of the better performers and class-based storage (0;0) now 

show up as an overall third. The largest picking distance is to be attributed to the random storage 

policy, which is in accordance with findings from other research papers. Petersen et al. (2004) have 

already mentioned that volume- and class-based storage will usually offer better performances that 

random storage. 

For further results, a statistical analysis was performed on all the data from the simulations (1050 

observations). 

2. Descriptive statistics  

The descriptive measures for this database are provided in appendix 1. The reason why this is 

performed first is to discover any potential abnormalities indicating an error in the outputs from the 

simulation. A second reason to apply it is to check for normality. If the data are not normally 

distributed, this will affect the tests that can be used in the future. 
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From the tests performed on this data it is evident that they do not follow the normal distribution – 

as was to be expected-, so non-parametric tests will have to be used. 

Finally, it needs to be mentioned that all relevant tests will be performed at a 95% significance level. 

3. Overall differences – ANOVA 

In order to get a look at the differences between the factors, a one-way ANOVA analysis was 

performed. Although ANOVA analyses belong to the group of parametric tests, they are frequently 

used and provide an overall view of the effects that influence the data. Later on other non-

parametric tests will be applied to allow for comparison. 

There are two dependant variables (storage distance and picking distance) and two independent 

elements (storage policy and picking list size). This leads to three analyses since the picking list size 

will definitely not influence the storage distance in a significant way. The subtitles each stand for one 

of the three probable interactions, with the results presented below. 

Storage distance vs. storage policy 

From table 3, it is clearly visible that the storage policy used does in fact influence the storage 

distance. In a next step the individual influences are investigated. The post-hoc test used in ANOVA is 

the Bonferroni test. Later on this will be compared to the results of the Mann-Whitney test, which 

offers a non-parametric counterpart. 

ANOVA 

Storage Distance 

 Sum of Squares df Mean Square F Sig. 

Between Groups 2598991710471,406 6 433165285078,568 25988961,229 ,000 

Within Groups 17383972,693 1043 16667,280   

Total 2599009094444,099 1049    

Table 4: ANOVA (storage distance - storage policy), database C 

The overall ANOVA table (Table 4) shows that there is an effect in the storage distance that can be 

retraced to the influence of the storage policies. To get a first clear view of which storage policies 
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have different means, the post-hoc Bonferroni test results are given below. This test performs a 

pairwise comparison of the means of two groups of data. 

Multiple Comparisons 

Dependent Variable: Storage Distance (Bonferroni) 

(I) 

Storage 

policy in 

numbers 

(J) 

Storage 

policy in 

numbers 

Mean Difference (I-

J) 

Std. 

Error 
Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

CB00 

CBPD -112076,000
*
 14,907 ,000 -112121,40 -112030,60 

COL -112076,000
*
 14,907 ,000 -112121,40 -112030,60 

FGS ,000 14,907 1,000 -45,40 45,40 

FT00 -90134,000
*
 14,907 ,000 -90179,40 -90088,60 

FTPD -112076,000
*
 14,907 ,000 -112121,40 -112030,60 

Random -117099,573
*
 14,907 ,000 -117144,97 -117054,17 

CBPD 

COL ,000 14,907 1,000 -45,40 45,40 

FGS 112076,000
*
 14,907 ,000 112030,60 112121,40 

FT00 21942,000
*
 14,907 ,000 21896,60 21987,40 

FTPD ,000 14,907 1,000 -45,40 45,40 

Random -5023,573
*
 14,907 ,000 -5068,97 -4978,17 

COL 

FGS 112076,000
*
 14,907 ,000 112030,60 112121,40 

FT00 21942,000
*
 14,907 ,000 21896,60 21987,40 

FTPD ,000 14,907 1,000 -45,40 45,40 

Random -5023,573
*
 14,907 ,000 -5068,97 -4978,17 

FGS 

FT00 -90134,000
*
 14,907 ,000 -90179,40 -90088,60 

FTPD -112076,000
*
 14,907 ,000 -112121,40 -112030,60 

Random -117099,573
*
 14,907 ,000 -117144,97 -117054,17 

FT00 
FTPD -21942,000

*
 14,907 ,000 -21987,40 -21896,60 

Random -26965,573
*
 14,907 ,000 -27010,97 -26920,17 

FTPD Random -5023,573
*
 14,907 ,000 -5068,97 -4978,17 

*. The mean difference is significant at the 0.05 level. 

Table 5: Bonferroni (storage distance - storage policy), database C 
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From the results it is evident that most policies have means that significantly differ from each other, 

illustrating again that the policy chosen has a statistically significant influence on the storage 

distance. The policies that do not differ are: 

 Class-based (0;0) and family-grouped storage 

 Class-based (p/d)  and closest open location storage 

 Class-based (p/d)   and full-turnover (p/d) storage 

 closest open location storage and full-turnover (p/d) storage 

A possible and logical explanation for these phenomena may be the positioning rule used. Class-

based (0;0) and family-grouped storage both have a policy that assigns the first product to the 

location with index (0;0.  

Secondly, there seems to be a link between the three policies that use the location closest to the p/d-

point to store the next product. These are class-based (p/d), full-turnover (p/d), and closest open 

location storage.  

The influence of the positioning rule will be discussed further on in a separate section. 

As a final test in this subsection, the homogeneity of variances was investigated. The results clearly 

show that this assumption is not valid. The presence of heterogeneous variances is yet another 

reason why the Bonferroni test would be a bad fit to use with the data provided. The test for the 

homogeneity of variances will not be discussed into detail in the next subsections, only the results 

will be mentioned. 

Test of Homogeneity of Variances 

Storage Distance 

Levene Statistic df1 df2 Sig. 

291,157 5 894 ,000 

Table 6: Homogenous variances (storage distance - storage policy), database C 

 

 



 

 

51 

 

Picking distance vs. storage policy 

ANOVA 

Picking distance 

 Sum of Squares df Mean Square F Sig. 

Between Groups 46758308,291 6 7793051,382 202,476 ,000 

Within Groups 40143784,760 1043 38488,768   

Total 86902093,051 1049    

Table 7: ANOVA (picking distance - storage policy), database C 

In the results of the second ANOVA-analysis the same effects reappear (Table 7). The storage policy 

used does seem to have an effect on the picking distance.  

The results also show that again, that the assumption of homogeneous variance is not justified.  

Finally, we again look at the individual differences by making use of the Bonferroni test (Table 8). 

These results will be compared to the ones from the non-parametric test later on. 

Multiple Comparisons 

Dependent Variable: Picking distance (Bonferroni) 

(I) Storage 

policy in 

numbers 

(J) Storage 

policy in 

numbers 

Mean 

Difference (I-

J) 

Std. 

Error 
Sig. 

95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

CB00 

CBPD -58,980 22,654 ,196 -127,97 10,01 

COL -206,960* 22,654 ,000 -275,95 -137,97 

FGS -273,327* 22,654 ,000 -342,32 -204,33 

FT00 291,520* 22,654 ,000 222,53 360,51 

FTPD 261,053* 22,654 ,000 192,06 330,05 

Random -207,227* 22,654 ,000 -276,22 -138,23 

CBPD 

COL -147,980* 22,654 ,000 -216,97 -78,99 

FGS -214,347* 22,654 ,000 -283,34 -145,35 

FT00 350,500* 22,654 ,000 281,51 419,49 

FTPD 320,033* 22,654 ,000 251,04 389,03 

Random -148,247* 22,654 ,000 -217,24 -79,25 

COL 

FGS -66,367 22,654 ,073 -135,36 2,63 

FT00 498,480* 22,654 ,000 429,49 567,47 

FTPD 468,013* 22,654 ,000 399,02 537,01 
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Random -,267 22,654 1,000 -69,26 68,73 

FGS 

FT00 564,847* 22,654 ,000 495,85 633,84 

FTPD 534,380* 22,654 ,000 465,39 603,37 

Random 66,100 22,654 ,076 -2,89 135,09 

FT00 
FTPD -30,467 22,654 1,000 -99,46 38,53 

Random -498,747* 22,654 ,000 -567,74 -429,75 

FTPD Random -468,280* 22,654 ,000 -537,27 -399,29 

*. The mean difference is significant at the 0.05 level. 

Table 8: Bonferroni (picking distance - storage policy), database C 

Again, most policies do differ significantly in their mean picking distance. The ones that do not are: 

 Class-based (0;0) and class-based (p/d) storage 

 Closest open location and family-grouped storage 

 Closest open location and random storage 

 Family-grouped storage and random storage 

 Full-turnover (0;0) and full-turnover (p/d) storage 

In this data series, it is not as much the assignment rule that results in similar means, but the general 

rule that decides upon the order in which the products are stored. The two class-based storage 

variants do not show any significant differences, nor do the two full-turnover policies. The other 

three policies also seem to be linked together, but the test values here are much closer to the border 

value between significant and insignificant results. 

In a later subsection, graphs will be provided to illustrate the differences between class-based (0;0)  

and class-based (p/d)  on the one hand, and full-turnover (0;0)  and full-turnover (p/d) storage on the 

other had. 
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Picking distance vs. picking list size 

The third ANOVA analysis investigates if the picking list size affects the picking distance in a 

significant manner (Table 9). The results show that it does have an impact, and again, the variances 

cannot assumed to be homogeneous.  

ANOVA 

Picking distance 

 Sum of Squares df Mean Square F Sig. 

Between Groups 28082497,356 4 7020624,339 124,730 ,000 

Within Groups 58819595,695 1045 56286,694   

Total 86902093,051 1049    

Table 9: ANOVA (picking distance - pick list size), database C 

In a second stage the Bonferroni test is used again to give a first view of the pairwise comparisons. It 

is clear that all the picking list sizes differ from each other, as was to be expected. 

Multiple Comparisons 

Dependent Variable: Picking distance  (Bonferroni) 

(I) Pick list 

size 

(J) Pick list 

size 

Mean Difference (I-

J) 

Std. 

Error 
Sig. 

95% Confidence Interval 

Lower 

Bound 

Upper 

Bound 

10 

20 -146,581
*
 23,153 ,000 -211,71 -81,45 

30 -272,600
*
 23,153 ,000 -337,73 -207,47 

40 -374,090
*
 23,153 ,000 -439,22 -308,96 

50 -461,248
*
 23,153 ,000 -526,38 -396,12 

20 

30 -126,019
*
 23,153 ,000 -191,15 -60,89 

40 -227,510
*
 23,153 ,000 -292,64 -162,38 

50 -314,667
*
 23,153 ,000 -379,80 -249,54 

30 
40 -101,490

*
 23,153 ,000 -166,62 -36,36 

50 -188,648
*
 23,153 ,000 -253,78 -123,52 

40 50 -87,157
*
 23,153 ,002 -152,29 -22,03 

*. The mean difference is significant at the 0.05 level. 

 

 

 



 

 

54 

 

4. Individual differences – Mann-Whitney test 

As mentioned before, the data from the simulation does not follow the normal distribution, which 

implies that parametric tests may not be used if reliable results are desired. The Mann-Whitney test 

provides the non-parametric equivalent to the t-test that is most often used for pairwise 

comparisons, or the Bonferroni test presented above. 

Storage distance vs. storage policy 

For brevity reasons, only one output is shown here as an illustration (Table 10).  

Ranks 

 Storage policy in numbers N Mean Rank Sum of Ranks 

Storage Distance 

1 150 75,50 11325,00 

2 150 225,50 33825,00 

Total 300   

 

Test Statistics
a
 

 Storage Distance 

Mann-Whitney U ,000 

Wilcoxon W 11325,000 

Z -17,292 

Asymp. Sig. (2-tailed) ,000 

a. Grouping Variable: Storage policy in numbers 

Table 10: Example of Mann-Whitney test  outcome, database C 

In reality, the test has to be performed for each possible combination of policies, leading to a total 

number of 22 tests. Table 11 shows the combined results for all tests performed in a summary.  

Since most results seem to be significant, the few ones that are not are highlighted in blue. 
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Policy  Policy 2 Significance 

CB00 

CBPD 
0.000 

COL 0.000 

FGS 1.000 

FT00 0.000 

FTPD 0.000 

Random 0.000 

CBPD 

COL 1.000 

FGS 0.000 

FT00 0.000 

FTPD 1.000 

Random 0.000 

COL 

FGS 
0.000 

FT00 0.000 

FTPD 1.000 

Random 0.000 

FGS 

FT00 0.000 

FTPD 0.000 

Random 0.000 

FT00 
FTPD 0.000 

Random 0.000 

FTPD Random 
0.000 

Table 11: Mann-Whitney test (storage distance-storage policy), database C 

If the results are compared to the ones presented from the Bonferroni test, it is evident that they 

lead to the same conclusions (Table 11). Most policies have means that differ from the ones 

observed in other policies, except for the four exceptions mentioned above.  

This confirms the results that were provided earlier. 
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Picking distance vs. storage policy 

Here, the same test was performed so no additional output is given as an illustration, only the table 

showing a summary of the results obtained (Table 12). 

Policy 1 Policy 2 Significance 

CB00 

CBPD 
0.010 

COL 0.000 

FGS 0.000 

FT00 0.000 

FTPD 0.000 

Random 0.000 

CBPD 

COL 
0.000 

FGS 0.000 

FT00 0.000 

FTPD 0.000 

Random 0.000 

COL 

FGS 
0.026 

FT00 0.000 

FTPD 0.000 

Random 0.979 

FGS 

FT00 0.000 

FTPD 0.000 

Random 0.028 

FT00 
FTPD 0.001 

Random 0.000 

FTPD Random 
0.000 

Table 12: Mann-Whitney test (picking distance-storage policy), database C 

In contradiction to the previous results, these do differ from their parametric counterparts. The 

Bonferroni test showed less differences than the Mann-Whitney does. The only two policies that do 

not differ are the closest open location and random policy.  

The element that both have in common is that they do not apply any rule determining the order in 

which the products are placed in storage. They are somewhat similar. As mentioned in the chapter 
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devoted to the literature study; if random storage is not done through computerization but left to 

the judgement of the operators, there is a strong possibility that they will actually apply closest open 

location storage in practice. 

The difference in outcomes between Bonferroni and Mann-Whitney again shows the importance of 

the test for normality performed during the initial descriptive investigation. 

Picking distance vs. picking list size 

Finally, the results are shown for the pairwise comparisons of the different picking list sizes (Table 

13). 

List size 1 List size 2 Significance 

10 

20 0.000 

30 0.000 

40 0.000 

50 0.000 

20 

30 0.000 

40 0.000 

50 0.000 

30 
40 0.000 

50 0.000 

40 50 0.000 

Table 13: Mann-Whitney test (picking distance-picking list size), database C 

Similar to the Bonferroni test, the means of all the list sizes show to differ with a statistical 

significance of 95%. This confirms the results obtained before. 
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5. Regression 

In order to establish whether or not the storage policy and the picking list size are determinants of 

the storage and picking distance, some regressions are performed. These will also show which 

determinant has the strongest influence over the travel distances. 

Scatterplots 

First some scatterplots were generated to get an overview of the data. These confirm the image that 

was presented in the graphs in the first section of this chapter. 

The first graph (Figure 18) depicts the influence of the determinants on the storage policy. Again we 

see that some policies show very similar performances, while a few stand out. 

It also confirms our assumption that the picking list size has no influence on the storage distances, 

since only one observation is noticeable. The only exception to this is the random storage policy, but 

this variance is due to the nature of the policy itself, not the influence of the picking list sizes. 

 

Figure 18: Scatterplot storage distance, database C 

The graph for the picking distance (Figure 19) shows a very different situation. Here the picking list 

size does affect the picking distance, which is evident from the numerous observations shown for 
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each picking list size. It also confirms the result obtained previously, showing that the variances 

increase with the picking list size. 

The performances are again similar to the ones from the beginning of this chapter, but now it 

becomes more apparent that the difference in performance does increase with the picking list size. 

 

Figure 19: Scatterplot picking distance, database C 
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Regressions 

In the next step, the actual regressions are run to investigate the influence the two determinants 

have on the travel distances in depth. 

Storage distance 

Variables Entered/Removed
a
 

Model Variables Entered Variables Removed Method 

1 Storage policy in numbers, Pick list size
b
 . Enter 

a. Dependent Variable: Storage Distance 

b. All requested variables entered. 

 

Model Summary
b
 

Model R R Square Adjusted R Square Std. Error of the Estimate Durbin-Watson 

1 ,473
a
 ,224 ,222 43901,083 ,016 

a. Predictors: (Constant), Storage policy in numbers, Pick list size 

b. Dependent Variable: Storage Distance 

 

ANOVA
a
 

Model Sum of Squares df Mean Square F Sig. 

1 

Regression 581120622696,752 2 290560311348,376 150,760 ,000
b
 

Residual 2017888471747,370 1047 1927305130,609   

Total 2599009094444,122 1049    

a. Dependent Variable: Storage Distance 

b. Predictors: (Constant), Storage policy in numbers, Pick list size 

 

Coefficients
a
 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients t Sig. 

B Std. Error Beta 

1 

(Constant) 152373,996 4175,826  36,490 ,000 

Pick list size -,120 95,800 ,000 -,001 ,999 

Storage policy in 

numbers 
11762,740 677,408 ,473 17,364 ,000 

a. Dependent Variable: Storage Distance 

Table 14: Regression storage distance, database C 
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The model (Table 14) has a very low R² value, suggesting that the two determinants cannot explain a 

large part of the variance in the observations. Since it was observed before that the picking list size 

does not affect the storage distance, an attempt was made to improve this coefficient of 

determination.  

A second regression was run after omitting the picking list size as a determinant, but this did not 

increase the R² value. The ANOVA analysis however shows again that the two determinants do have 

an influence at the 95% confidence interval. 

When looking at the bottom table with the coefficients, it is obvious that the storage policy is the 

only determinant that has an influence on the storage distance. This had already been mentioned 

and tested before. The test also shows however that the influence of the storage policy is very 

strong. The coefficient value is not useful since we are not dealing with numeric data for the storage 

policies. 

Picking policy 

The second regression that was run shows the effect that both storage policy and picking list size 

have on the picking distance. Here it is presumed that both will have a significant impact on the 

travel distance. 

Variables Entered/Removed
a
 

Model Variables Entered Variables Removed Method 

1 Storage policy in numbers, Pick list size
b
 . Enter 

a. Dependent Variable: Picking distance 

b. All requested variables entered. 

 

Model Summary
b
 

Model R R Square Adjusted R Square Std. Error of the Estimate Durbin-Watson 

1 ,580
a
 ,336 ,335 234,751 ,197 

a. Predictors: (Constant), Storage policy in numbers, Pick list size 

b. Dependent Variable: Picking distance 
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ANOVA
a
 

Model Sum of Squares df Mean Square F Sig. 

1 

Regression 29203896,881 2 14601948,441 264,969 ,000
b
 

Residual 57698196,170 1047 55108,115   

Total 86902093,051 1049    

a. Dependent Variable: Picking distance 

b. Predictors: (Constant), Storage policy in numbers, Pick list size 

 

Coefficients
a
 

Model Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. 

B Std. Error Beta 

1 (Constant) 285,660 22,329  12,793 ,000 

Pick list size 11,500 ,512 ,565 22,449 ,000 

Storage policy in 

numbers 

-18,460 3,622 -,128 -5,096 ,000 

a. Dependent Variable: Picking distance 

Table 15: Regression picking distance, database C 

This model again shows a relatively low R², although it is better than the first model. The ANOVA 

analysis does show that both determinants impact the picking distance (Table 15). 

The coefficients table indicates that both determinants influence the picking distance. Again, the 

coefficient of the storage policy does not contain valuable information, but the one of the picking list 

size does. It suggests that each time the picking list size is increased by 10, the travel distance will go 

up by 11.500. 

6. Graphical analysis of [0;0] vs. [p/d] and Class-based vs. Full-

turnover 

As mentioned before, the positioning rule seems to influence the performance of the storage 

policies. In this section this effect will be analysed through some graphs. 

Since it was established that the picking list size does not influence the storage distance, this element 

will not be taken into account in this subsection. 
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(0;0) vs. p/d 

To investigate the performance of both positioning rules, data was generated for both class-based 

storage and full-turnover storage situation. 

Again, when using the (0;0)-rule, you start at the upper-left corner and work your way down the 

columns and aisles to end up in the lower-right corner of the warehouse. 

With the p/d-rule on the other hand you determine for each product which location is closest to the 

p/d point and place it there. 

For class-based storage, this results in the following graph (Figure 20): 

 

Figure 20: (0;0) vs. p/d in class-based storage, database C 

It is easy to see that when there are not a lot of products to be stored, locating products near the 

p/d-point is the most advantageous choice. When the number of products to be stored increases 

however, the distance to be travelled will increase much faster than it is the case with the (0;0)-rule. 

This indicates that the p/d-rule would be more suitable for smaller warehouses. 

When the graph for full-turnover storage is constructed, it shows a slightly different image (Figure 

21): 
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Figure 21: (0;0) vs. p/d in full-turnover storage, database C 

Here we see that the performance of the p/d-rule outperforms the (0;0) for a larger amount of time, 

indicating that it is more robust for increasing warehouse sizes or storage list sizes.  

The (0;0)-rule shows a worse performance for small storage lists than in class-based storage, since it 

increases progressively in the beginning. 

Class-based vs. Full-turnover policy 

In this section graphs are shown that compare the performance of the class-based policy versus the 

full-turnover policy. This is done both for the (0;0)- and p/d-rule. 

 

Figure 22: Class-based vs. full-turnover with (0;0)-rule, database C 
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Figure 22 shows that overall, class-based storage performs better than full-turnover storage. This 

difference increases as the warehouse or the storage list increases. 

The second graph (Figure 23) shows that when the p/d-rule is applied, there is no noticeable 

difference in the performance of the two storage policies. 

 

Figure 23: Class-based vs. full-turnover with p/d-rule, database C 

  

0

50000

100000

150000

1 501 1001 1501 2001

Class-based vs. Full-turnover  
(p/d-rule) 

CB

FT



 

 

66 

 

V. Results – Database S 

1. Outputs – general overview 

For the second database, the same methodology was followed. The storage policies were again 

assigned the same code and number to allow for easier processing (Table 16). 

StorageMode PickListSize TotalDist StorageDist RetrievalDist 

Random 

 

10 33.035 32.852 183 

20 33.097 32.825 272 

30 33.124 32.799 326 

40 33.159 32.791 368 

50 33.226 32.807 419 

COL 

 

10 29.945 29.722 223 

20 30.049 29.722 327 

30 30.111 29.722 389 

40 30.153 29.722 431 

50 30.170 29.722 448 

CB00 

 

10 19.336 19.200 136 

20 19.389 19.200 189 

30 19.419 19.200 219 

40 19.466 19.200 266 

50 19.513 19.200 313 

CBPD 

 

10 29.878 29.722 156 

20 29.924 29.722 202 

30 29.960 29.722 238 

40 29.989 29.722 267 

50 30.018 29.722 296 

FT00 

 

10 27.572 27.456 116 

20 27.636 27.456 180 

30 27.644 27.456 188 

40 27.664 27.456 208 

50 27.672 27.456 216 
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FTPD 

 

10 29.882 29.722 160 

20 29.902 29.722 180 

30 29.920 29.722 198 

40 29.924 29.722 202 

50 29.944 29.722 222 

FGS 

 

10 19.396 19.200 196 

20 19.434 19.200 234 

30 19.473 19.200 273 

40 19.469 19.200 269 

50 19.496 19.200 296 

Table 16: Overview of means from simulations database S 

The same first tentative conclusions can be drawn as with database C. The pick list size does not 

seem to influence the storage distance, but does seem to be positively correlated with the picking 

distance.  

A second element that seems to reappear is the large differences in total travel distance between the 

storage policies used. This can easily be illustrated through a graph (Figure 24). This graph is 

constructed out of the averages from the 30 runs performed for each situation. 

This first graph again indicates that two groups of policies appear that should be looked into in more 

detail. To that end the next two graphs were constructed. 

 

Figure 24: Overall graph of total distance database S 

19

21

23

25

27

29

31

33

35

10 20 30 40 50

Tr
av

e
l d

is
ta

n
ce

 (
x1

0
0

0
) 

Pick list size 

Total distance 

Random

COL

CB00

CBPD

FT00

FTPD

FGS



 

 

68 

 

 

Figure 25: Group one of total distances database S 

Figure 25 shows the first group of storage policies. It is evident that random storage delivers the 

worst performance. The two versions of class-based storage and one version of full-turnover storage 

have very similar performances. In this situation it is the full-turnover storage that used the (0;0)-

positioning rule that provides the shortest total distance. 

These results are very similar to the ones from database C. 

 

Figure 26: Group two of total distances database S 
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The second group, which contains the two best performing policies is shown above (Figure 26). 

It is evident that they are the same two policies as the ones that provided the best performances in 

database C. The shape of the curves however does differ.  

In the previous database the graphs ran more or less parallel to each other, with class-based (0;0) 

offering the best results. Here the two only run parallel up to a picking list size of 30. When the 

picking list reaches the size of 40, both perform equally good and if the picking list size reaches 50, 

family grouped storage comes out on top. 

Again, it is evident from the first table that the largest part of the total travel distance is to be 

attributed to the storage distance. The explanation for this is equivalent to the one provided for 

database C.  

In order to allow a better view on the performances in terms of picking distance, the graph below 

was constructed (Figure 27). 

 

Figure 27: Picking distances database S 
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In one way, the image is similar to the one found in database C, but in other ways, it is very much 

different. In database C, the three worst performers were random-, family grouped- and closest open 

location storage. Here there are only two that slightly separate themselves from the rest, being 

closest open location and random storage. The former clearly is the worst performer, which it was 

not in database C. 

Another element is that generally, the full-turnover options outperformed the others in database C, 

with the difference increasing with picking list size. Here this is only slightly the case.  

The curve of family grouped storage is also totally different from the one observed before. 

The only element that does seem to reappear very clearly is the fact that the two versions of both 

class-based and full-turnover storage have similar performances. 

2. Descriptive statistics 

For the following analyses, all the outputs from the simulations are stored in one common file, 

resulting in a total of 1050 observations. 

Some descriptive statistics were generated  that can be found in appendix 2. These again indicate 

that most of the data do not follow the normal distribution. The picking distance does however seem 

to follow the normal distribution for some of its subgroups when a partition is made in the data 

according to the storage policy. The four groups of data that do follow the normal distribution are 

class-based (0;0), class-based p/d, family grouped and random storage. Since the general data from 

the picking distances does not follow the normal distribution, the results from the non-parametric 

tests will be used to draw the final conclusions. 

3. Overall differences – ANOVA 

The ANOVA analysis again provides an overview of whether or not the factors influence the different 

travel distances. The same two independent variables (storage policy and picking list size) and 

dependent variables (storage- and picking distance) as before are used. 
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Storage distance vs. storage policy 

The ANOVA analysis shows that the factor ‘storage policy’ does influence the performance of the 

storage distances (Table 17). The variances again do not appear to be homogeneous (Table 18). 

ANOVA 

Storage distance 

 Sum of Squares df Mean Square F Sig. 

Between Groups 26659920228,571 6 4443320038,095 737808,037 ,000 

Within Groups 6281285,333 1043 6022,325   

Total 26666201513,905 1049    

Table 17: ANOVA (storage distance - storage policy), database S 

Test of Homogeneity of Variances 

Storage distance 

Levene Statistic df1 df2 Sig. 

223,170 6 1043 ,000 

Table 18: Homogenous variances (storage distance - storage policy), database S 

As with database C, the data appear not to follow the normal distribution so parametric tests may 

not yield valid results. The data from the Bonferroni test are given in order to provide an image of 

the pair-wise comparisons, which can later be compared to the results from a non-parametric test 

(Table 19). 

Multiple Comparisons 

Dependent Variable: Storage distance 

Bonferroni 

(I) Storage 

policy in 

numbers 

(J) Storage 

policy in 

numbers 

Mean 

Difference (I-

J) 

Std. 

Error 
Sig. 

95% Confidence Interval 

Lower 

Bound 

Upper 

Bound 

CB00 

CBPD -10522,000* 8,961 ,000 -10549,29 -10494,71 

COL -10522,000* 8,961 ,000 -10549,29 -10494,71 

FGS ,000 8,961 1,000 -27,29 27,29 

FT00 -8256,000* 8,961 ,000 -8283,29 -8228,71 

FTPD -10522,000* 8,961 ,000 -10549,29 -10494,71 

Random -13614,667* 8,961 ,000 -13641,96 -13587,38 

CBPD COL 10522,000* 8,961 ,000 10494,71 10549,29 
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FGS 2266,000* 8,961 ,000 2238,71 2293,29 

FT00 ,000 8,961 1,000 -27,29 27,29 

FTPD -3092,667* 8,961 ,000 -3119,96 -3065,38 

 
COL 

Random 10522,000* 8,961 ,000 10494,71 10549,29 

FGS 2266,000* 8,961 ,000 2238,71 2293,29 

FT00 ,000 8,961 1,000 -27,29 27,29 

FTPD -3092,667* 8,961 ,000 -3119,96 -3065,38 

 
FGS 

Random -8256,000* 8,961 ,000 -8283,29 -8228,71 

FT00 -10522,000* 8,961 ,000 -10549,29 -10494,71 

FTPD -13614,667* 8,961 ,000 -13641,96 -13587,38 

 
FT00 

Random -2266,000* 8,961 ,000 -2293,29 -2238,71 

FTPD -5358,667* 8,961 ,000 -5385,96 -5331,38 

 Random -3092,667* 8,961 ,000 -3119,96 -3065,38 

*. The mean difference is significant at the 0.05 level. 

Table 19: Bonferroni (storage distance - storage policy), database S 

The results show that most policies have different means at a 95% significance level. 

Four comparisons however do not show a significant difference in mean: 

 Class-based (0;0) and family-grouped storage 

 Class-based (p/d)  and closest open location storage 

 Class-based (p/d)   and full-turnover (p/d) storage 

 closest open location storage and full-turnover (p/d) storage 

These are exactly the same ones as those found in database C, indicating that it is not just a fluke or a 

database-bound phenomenon. 

The same explanation as the one mentioned before may very well be the underlying cause of this. 
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Picking distance vs. storage policy 

The second ANOVA analysis (Table 20) shows that the storage policy does have a significant impact 

on the picking distance. The null hypothesis that the variances are homogeneous can again be 

rejected. 

ANOVA 

Picking distance 

 Sum of Squares df Mean Square F Sig. 

Between Groups 3893056,107 6 648842,684 165,150 ,000 

Within Groups 4097742,907 1043 3928,804   

Total 7990799,013 1049    

Table 20: ANOVA (picking distance - storage policy), database S 

Multiple Comparisons 

Dependent Variable: Picking distance 

Bonferroni 

(I) Storage policy 

in numbers 

(J) Storage policy 

in numbers 

Mean 

Difference (I-J) 

Std. 

Error 
Sig. 

95% Confidence 

Interval 

Lower 

Bound 

Upper 

Bound 

CB00 

CBPD -7,453 7,238 1,000 -29,50 14,59 

COL -139,320
*
 7,238 ,000 -161,36 -117,28 

FGS -29,160
*
 7,238 ,001 -51,20 -7,12 

FT00 42,853
*
 7,238 ,000 20,81 64,90 

FTPD 32,053
*
 7,238 ,000 10,01 54,10 

Random -89,093
*
 7,238 ,000 -111,14 -67,05 

CBPD 

COL -131,867
*
 7,238 ,000 -153,91 -109,82 

FGS -21,707 7,238 ,058 -43,75 ,34 

FT00 50,307
*
 7,238 ,000 28,26 72,35 

FTPD 39,507
*
 7,238 ,000 17,46 61,55 

Random -81,640
*
 7,238 ,000 -103,68 -59,60 

COL 

FGS 110,160
*
 7,238 ,000 88,12 132,20 

FT00 182,173
*
 7,238 ,000 160,13 204,22 

FTPD 171,373
*
 7,238 ,000 149,33 193,42 

Random 50,227
*
 7,238 ,000 28,18 72,27 

FGS 
FT00 72,013

*
 7,238 ,000 49,97 94,06 

FTPD 61,213
*
 7,238 ,000 39,17 83,26 
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Random -59,933
*
 7,238 ,000 -81,98 -37,89 

FT00 
FTPD -10,800 7,238 1,000 -32,84 11,24 

Random -131,947
*
 7,238 ,000 -153,99 -109,90 

FTPD Random -121,147
*
 7,238 ,000 -143,19 -99,10 

*. The mean difference is significant at the 0.05 level. 

Table 21: Bonferroni (picking distance - storage policies), database S 

The results show that most of the policies again differ from each other at a 95% significance level. 

The ones that do not differ are (Table 21): 

 Class-based (0;0) and class-based (p/d) storage 

 Class-based (p/d) and family grouped storage 

 Full-turnover (0;0) and full-turnover (p/d) storage 

In contradiction to the previous ANOVA, this outcome does differ from the one in database C. 

The first and third combination are the same as the ones found in the other database. However, the 

second one does not appear there and there are two combinations found there that do not appear 

here. 

The fact that the first and third combination do not show a difference is again very logical since these 

storage policies are closely related. The reason for the second combination is not directly apparent. 

One does has to mention that the test value is very close to the border of statistical significance. 

Picking distance vs. storage policy 

In lign with all the results that were found previously, the element of picking list sizes does have a 

significant impact on the picking distances and again, the variances are heterogeneous (Table 22). 

ANOVA 

Picking distance 

 Sum of Squares df Mean Square F Sig. 

Between Groups 2785029,204 4 696257,301 139,766 ,000 

Within Groups 5205769,810 1045 4981,598   

Total 7990799,013 1049    

Table 22: ANOVA (picking policy - picking list size), database S 
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Multiple Comparisons 

Dependent Variable: Picking distance 

Bonferroni 

(I) Pick list 

size 

(J) Pick list 

size 

Mean Difference (I-

J) 

Std. 

Error 
Sig. 

95% Confidence Interval 

Lower 

Bound 

Upper 

Bound 

10 

20 -59,248
*
 6,888 ,000 -78,62 -39,87 

30 -94,343
*
 6,888 ,000 -113,72 -74,97 

40 -120,152
*
 6,888 ,000 -139,53 -100,78 

50 -148,657
*
 6,888 ,000 -168,03 -129,28 

20 

30 -35,095
*
 6,888 ,000 -54,47 -15,72 

40 -60,905
*
 6,888 ,000 -80,28 -41,53 

50 -89,410
*
 6,888 ,000 -108,79 -70,03 

30 
40 -25,810

*
 6,888 ,002 -45,19 -6,43 

50 -54,314
*
 6,888 ,000 -73,69 -34,94 

40 50 -28,505
*
 6,888 ,000 -47,88 -9,13 

*. The mean difference is significant at the 0.05 level. 

Table 23: Bonferroni (picking distance - picking list size), database S 

As found in the previous database, the means for the different picking list sizes seem to significantly 

differ from one another (Table 23). 

The results mentioned above need to be interpreted with caution. As mentioned before, the data 

does not follow the normal distribution and on top of that, the variances are not homogeneous. Due 

to all of this, a non-parametric test will be needed to provide more relevant results. 

4. Individual differences – Mann-Whitney test 

In order to compare the different groups of data in a relevant matter, the Mann-Whitney test is 

applied. This is the non-parametric counterpart of the t-test and the Bonferroni test, which are often 

used to analyse data. 
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Storage distance vs. storage policy 

Similar to the chapter on database C, the first output will be given as an illustration to present the 

output as received from SPSS (Table 24). Each combination of storage policies will be tested in this 

manner. A summary of all the outcomes are provided in Table 25. 

Ranks 

 Storage policy in numbers N Mean Rank Sum of Ranks 

Storage distance 

1 150 75,50 11325,00 

2 150 225,50 33825,00 

Total 300   

 

Test Statistics
a
 

 Storage distance 

Mann-Whitney U ,000 

Wilcoxon W 11325,000 

Z -17,292 

Asymp. Sig. (2-tailed) ,000 

a. Grouping Variable: Storage policy in numbers 

Table 24: Example of Mann-Whitney test outcome, database S 

Policy 1 Policy 2 Significance 

CB00 

CBPD 
0.000 

COL 0.000 

FGS 1.000 

FT00 0.000 

FTPD 0.000 

Random 0.000 

CBPD 

COL 
1.000 

FGS 0.000 

FT00 0.000 

FTPD 1.000 

Random 0.000 

COL 
FGS 0.000 

FT00 0.000 
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FTPD 1.000 

Random 0.000 

FGS 

FT00 
0.000 

FTPD 0.000 

Random 0.000 

FT00 
FTPD 0.000 

Random 0.000 

FTPD Random 0.000 

Table 25: Mann-Whitney test (storage distance-storage policy), database S 

As was the case in the previous database, the results back up the ones provided in the Bonferroni 

test. It confirms that some combinations of policies do not show a significant difference in means 

when compared to others. 

Picking distance vs. storage policy 

Policy 1 Policy 2 Significance 

CB00 

CBPD 
0.241 

COL 0.000 

FGS 0.000 

FT00 0.000 

FTPD 0.000 

Random 0.000 

CBPD 

COL 0.000 

FGS 0.001 

FT00 0.000 

FTPD 0.000 

Random 0.000 

COL 

FGS 
0.000 

FT00 0.000 

FTPD 0.000 

Random 0.000 

FGS 
FT00 0.000 

FTPD 0.000 
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Random 0.000 

FT00 
FTPD 

0.227 

Random 0.000 

FTPD Random 
0.000 

Table 26: Mann-Whitney test (picking distance-storage policy), database S 

From Table 26, conclusions can be drawn with regards to the results obtained from the Mann-

Whitney test. The data confirm that the two types of class-based storage on the one hand and the 

two types of full-turnover storage on the other do not show a statistically significant difference in 

means. These combinations also were the most logical ones not to show a difference regarding 

picking distance performance. 

The third combination not to show a difference in means before -class-based (p/d) and family 

grouped storage- do show a difference now, which is more logical. 

 Apparently the use of a non-parametric test reduced the test measures, allowing more observations 

to be significant. This was also the case in database C. It also confirms the suspicion from the 

Bonferroni test, where the test level was just enough to allow the means not to differ. 

The interpretation of these results is analogous to the one from the previous database 

Picking distance vs. picking list size 

List size 1 List size 2 Significance 

10 

20 0.000 

30 0.000 

40 0.000 

50 0.000 

20 

30 0.000 

40 0.000 

50 0.000 

30 
40 0.000 

50 0.000 

40 50 0.000 

Table 27: Mann-Whitney test (picking distance-picking list size), database S 
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As expected and observed from the previous database, the differences between the picking list sizes 

are all different on the 95% significance level (Table 27). 

5. Regression 

After performing the ANOVA analyses, regressions were performed to explore the level in which the 

different determinants (storage policy and picking list size) influence the dependent variables 

(storage distance and picking distance). 

Scatterplots 

In a first step, scatter plots were generated to provide a first glance at the data and check whether or 

not they confirm the information provided in the graphs at the beginning of this chapter. 

 

Figure 28: Scatterplot storage distance, database S 
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The first scatterplot depicts the storage distance as the dependent variable (Figure 28). 

Again, it confirms the assumption that the picking list size has no influence on the travel distances. 

The only storage policy where some variance is observable is the random storage policy, but this is 

attributable to the fact that the storage locations were always randomly picked. 

Secondly, the plot also confirms the rather large differences in performance between the storage 

policies that were observed in Figure 24. 

 

Figure 29: Scatterplot picking distance, database S 

The second scatterplot (Figure 29) shows the picking distance as the dependent variable. Here the 

effect of the picking list size is very much visible. There seems to be quite a large variance within 

some storage policies, making it harder to differentiate the different storage policies in all the 

observations depicted. 

It does however again confirm the overall image that was received through the graphs in the 

beginning of the chapter. 
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Regressions 

Storage distance 

The first regression investigates the measure in which the two determinants (storage policy and 

picking list size) can explain and forecast the observations made regarding the storage distance. 

Variables Entered/Removed
a
 

Model Variables Entered Variables Removed Method 

1 Storage policy in numbers, Pick list size
b
 . Enter 

a. Dependent Variable: Storage distance 

b. All requested variables entered. 

 

Model Summary
b
 

Model R R Square Adjusted R Square Std. Error of the Estimate Durbin-Watson 

1 ,547
a
 ,299 ,298 4225,425 ,016 

a. Predictors: (Constant), Storage policy in numbers, Pick list size 

b. Dependent Variable: Storage distance 

 

ANOVA
a
 

Model Sum of Squares df Mean Square F Sig. 

1 

Regression 7972839232,265 2 3986419616,132 223,276 ,000
b
 

Residual 18693362281,640 1047 17854214,214   

Total 26666201513,905 1049    

a. Dependent Variable: Storage distance 

b. Predictors: (Constant), Storage policy in numbers, Pick list size 

 

Coefficients
a
 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients t Sig. 

B Std. Error Beta 

1 

(Constant) 21328,001 401,918  53,066 ,000 

Pick list size -,178 9,221 ,000 -,019 ,985 

Storage policy in 

numbers 
1377,786 65,200 ,547 21,132 ,000 

a. Dependent Variable: Storage distance 

Table 28: Regression storage distance, database S 
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This model has a similar R² to the one found in database C. It again indicates that the storage policy 

cannot explain the majority of the variance found in the storage distances (Table 28). 

If the picking list size is omitted as a determinant, this does not cause large improvements in the R² 

value. 

The ANOVA analysis does however indicate that the two determinants cause different means within 

the observations. 

In the coefficients table the same phenomena as the ones from the previous database are visible. 

The picking list size does not significantly influence the storage distance.  

Picking distance 

The model for the picking distance shows major similarities to the one presented in the previous 

chapter as well. 

Variables Entered/Removed
a
 

Model Variables Entered Variables Removed Method 

1 Storage policy in numbers, Pick list size
b
 . Enter 

a. Dependent Variable: Picking distance 

b. All requested variables entered. 

 

Model Summary
b
 

Model R R Square Adjusted R Square Std. Error of the Estimate Durbin-Watson 

1 ,581
a
 ,337 ,336 71,121 ,291 

a. Predictors: (Constant), Storage policy in numbers, Pick list size 

b. Dependent Variable: Picking distance 

 

ANOVA
a
 

Model Sum of Squares df Mean Square F Sig. 

1 

Regression 2694937,511 2 1347468,756 266,397 ,000
b
 

Residual 5295861,502 1047 5058,129   

Total 7990799,013 1049    

a. Dependent Variable: Picking distance 

b. Predictors: (Constant), Storage policy in numbers, Pick list size 
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Coefficients
a
 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients t Sig. 

B Std. Error Beta 

1 

(Constant) 143,277 6,765  21,179 ,000 

Pick list size 3,582 ,155 ,581 23,081 ,000 

Storage policy in 

numbers 
,218 1,097 ,005 ,198 ,843 

a. Dependent Variable: Picking distance 

Table 29: Regression picking distance, database S 

The R² again is slightly better than the previous model, but still is not high enough to say that the 

model has a strong predictive power. The ANOVA analysis does confirm that the two determinants 

provide different means (Table 29). 

The only thing that does differ from database C, and which is quite surprising, is that in the 

coefficients table, the storage policy shows not to significantly influence the picking distance. The 

picking list size does so very strongly though and it is suggested that each time the picking list is 

increased by 10 items, the travel distance for picking increases with 3.582. 
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6. Graphical analysis of (0;0) vs. p/d and class-based vs. full-

turnover 

From the pairwise comparison performed earlier, it was clear that for the storage distances there 

were some effects at play between class-based (0;0), class-based p/d, full-turnover (0;0) and full-

turnover p/d. The graphs below illustrate the effects. 

 (0;0) vs. p/d 

 

Figure 30: (0;0) vs. p/d in class-based storage, database S 

 

Figure 31: (0;0) vs. p/d in full-turnover storage, database S 

0

2000

4000

6000

8000

10000

12000

14000

16000

1 101 201 301 401 501

[0;0] vs. [p/d] comparison  
(Class-based) 

[0;0]

[p/d]

0

2000

4000

6000

8000

10000

12000

14000

16000

1 101 201 301 401 501

[0;0] vs. [p/d] comparison  
(Full-turnover) 

[0;0]

[p/d]



 

 

85 

 

The first two graphs (Figure 30 and Figure 31) present a comparison of the (0;0) and p/d  positioning 

rule for both class-based storage and full-turnover storage.  

The curves are very similar to the ones observed in the previous chapter and show analogous effects. 

The p/d-rule outperforms the other one for small warehouses or storage lists, but this turns around 

as the number of products stored increases. This intersection lies further for full-turnover storage 

than for class-based storage. 

Class-based vs. Full-turnover policy 

 

Figure 32: Class-based vs. full-turnover with (0;0)-rule, database S 

 

Figure 33: Class-based vs. full-turnover with p/d-rule, database S 
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The second pair of graphs (Figure 32 and Figure 33) compare the performance of class-based storage 

and full-turnover storage for both the (0;0) rule and the p/d-rule. They again show the same effects 

as the ones in the previous chapter. For the (0;0)-rule, class-based storage will systematically 

outperform full-turnover storage, but for the p/d-rule the performances are equal. 

The observation that full-turnover storage generally outperforms class-based storage has also been 

made in Rosenblatt and Eynan (1989) and Petersen et al. (2004), although the latter mentions a 

smaller difference between the two policies than the former.  
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VI. Conclusion 

The master dissertation presented here has the goal to investigate the implications different storage 

policies have on travel distances in a warehouse. This was done through a simulation study based on 

data from two companies, while using the optimal algorithm by Ratliff and Rosenthal to establish a 

picking tour. The shape and layout of the warehouse used, justified the implementation of this 

optimal algorithm. The seven storage policies that were tested are:  

 Random storage 

 Class-based storage with storage starting in the upper-left corner and ending in the lower-

right corner  

 Class-based storage with each product being assigned to the open location that is closest to 

the p/d point 

 Closest open location storage 

 Family-grouped storage 

 Full-turnover storage, starting in the upper-left corner and ending in the lower right one. 

 Full-turnover storage, with assignment of products to the closest open location. 

 As was expected, random storage generally resulted in the longest travel distances, for each of the 

two databases. The best performances in terms of storage distance came from class-based storage 

with the (0;0)-rule and family-grouped storage. When it comes to picking distance, the smallest tours 

were established when the full-turnover storage policy had been used, in either of the two 

implementations.  

Secondly, the picking list size also had a distinctive impact on the travel distances. Both databases 

clearly showed that for every policy, the picking distances increased with the picking list size. 

This determinant however did not impact the storage distance, as was to be expected. 

The decomposition of the class-based and volume-based policies in terms of storage distances also 

revealed some interesting results.  

First, the positioning rule was investigated. This rule determines the location of the next product to 

be stored. From the graphs it became clear that for both class-based and full-turnover storage, the 

p/d-rule performed best in small warehouses. At a certain warehouse size the roles switched, and 
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the (0;0)-rule provided the smallest picking tours. For full-turnover storage the intersection point was 

situated more to the right than for class-based storage. 

 

Secondly, class-based and full-turnover storage were compared for both the p/d- and (0;0)-rule. 

Again, both databases showed the same image. For the (0;0)-rule, class-based storage always 

outperformed full-turnover storage in terms of storage distance. In a situation where the p/d-rule is 

applied, both storage policies have exactly the same performance. 

To conclude, the policy offering the best overall performance would be the full-turnover storage 

policy, starting at the upper left corner and ending in the lower right one.  

This policy will be especially beneficial for data that show a very skewed distribution. The downside is 

that it may cause congestion, although congestion should be lower than for the p/d-rule since the 

most popular items will be more evenly spread across the aisles, given the fact that across-aisle 

storage is used. Another disadvantage is that this policy requires a lot of data. 

These findings also confirm the findings found in previous research. 

1. Limitations 

For this research, a number of assumptions have been made, which may lead to limitations. 

First of all, the practice of order batching was not included in the policy decision process. Many 

authors however claim that it may have a large impact on the results of the picking policy, especially 

for small order sizes. Zoning, which is often combined with batching, was not taken into account 

either. 

Secondly, only the optimal picking route was regarded, not the heuristics that are typically used in 

practice. This was to ensure that the differences in picking distance could be attributed to the 

influence of the storage policy and the picking list size alone. 

Another element that was not looked at either is the congestion in the warehouse during picking.  

It has not been implemented in the optimal algorithm by Ratliff and Rosenthal yet. 
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Finally, assumptions had to be made about the layout of the warehouse to enable to achieve the 

desired results through simulation. The decision had also been made to only use full-case storage 

and -picking, and only allow for two-dimensional storage.  

2. Recommendations for further research 

In the future, some additional simulations could be set up to extend the results found in this 

research. First of all, different layouts for warehouses could be looked at, as well as multi-level 

storage. Secondly, the heuristic methods for order picking may be added to compare their 

performances to the one of the optimal algorithm. In that situation the element of congestion could 

also be added to compare the performances in that aspect as well.  

Additional simulation studies should also be performed to investigate whether the results found in 

this study may be confirmed in other types of warehouses and with other types of products.  

One of the major hiatuses encountered in literature is that there is no real methodology offered to 

construct the different classes in class-based storage. Every author that has implemented this 

storage policy in the past has made up his or her own rules as to how many classes ought to be used 

and to which class each of the products belong.  

Finally, there is still a lack of research that investigates the links between the different policy 

decisions made in warehouse management. There is no paper or book that offers a general 

methodology for all the levels of warehouse design either. 

To conclude, a link is provided to an interesting Java Applet made by the Erasmus University of 

Rotterdam (http://www.fbk.eur.nl/OZ/LOGISTICA). This site offers an simulation tool to help visualise 

the different policies and allows the user to optimize the travel distances in a warehouse layout of his 

choice. It is a very interesting tool for people to get familiar with the subject discussed in this master 

dissertation. 
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VIII. Appendix 

Appendix 1: Descriptive statistics – Database C 

Picking distance vs. storage policy 

Descriptives 

 Storage policy Statistic 
Std. 

Error 

Picking 

distance 

CB00 

Mean 529,12 15,934 

95% Confidence Interval for 

Mean 

Lower 

Bound 
497,64  

Upper 

Bound 
560,60  

5% Trimmed Mean 526,57  

Median 544,50  

Variance 38081,690  

Std. Deviation 195,145  

Minimum 172  

Maximum 981  

Range 809  

Interquartile Range 332  

Skewness ,104 ,198 

Kurtosis -1,054 ,394 

CBPD 

Mean 588,10 14,851 

95% Confidence Interval for 

Mean 

Lower 

Bound 
558,75  

Upper 

Bound 
617,45  

5% Trimmed Mean 587,22  

Median 595,00  

Variance 33083,674  

Std. Deviation 181,889  

Minimum 210  

Maximum 1004  

Range 794  

Interquartile Range 315  
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Skewness -,014 ,198 

Kurtosis -,977 ,394 

COL 

Mean 736,08 20,360 

95% Confidence Interval for 

Mean 

Lower 

Bound 
695,85  

Upper 

Bound 
776,31  

5% Trimmed Mean 737,78  

Median 774,00  

Variance 62178,020  

Std. Deviation 249,355  

Minimum 246  

Maximum 1183  

Range 937  

Interquartile Range 402  

Skewness -,206 ,198 

Kurtosis -1,079 ,394 

FGS 

Mean 802,45 20,259 

95% Confidence Interval for 

Mean 

Lower 

Bound 
762,41  

Upper 

Bound 
842,48  

5% Trimmed Mean 804,73  

Median 812,50  

Variance 61566,786  

Std. Deviation 248,127  

Minimum 235  

Maximum 1269  

Range 1034  

Interquartile Range 407  

Skewness -,188 ,198 

Kurtosis -1,001 ,394 

FT00 

Mean 237,60 5,188 

95% Confidence Interval for 

Mean 

Lower 

Bound 
227,35  

Upper 

Bound 
247,85  

5% Trimmed Mean 239,40  

Median 260,00  
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Variance 4037,530  

Std. Deviation 63,542  

Minimum 132  

Maximum 308  

Range 176  

Interquartile Range 117  

Skewness -,420 ,198 

Kurtosis -1,444 ,394 

FTPD 

Mean 268,07 2,899 

95% Confidence Interval for 

Mean 

Lower 

Bound 
262,34  

Upper 

Bound 
273,79  

5% Trimmed Mean 270,07  

Median 282,00  

Variance 1260,532  

Std. Deviation 35,504  

Minimum 200  

Maximum 300  

Range 100  

Interquartile Range 48  

Skewness -1,039 ,198 

Kurtosis -,467 ,394 

Random 

Mean 736,35 21,481 

95% Confidence Interval for 

Mean 

Lower 

Bound 
693,90  

Upper 

Bound 
778,79  

5% Trimmed Mean 734,93  

Median 738,00  

Variance 69213,141  

Std. Deviation 263,084  

Minimum 271  

Maximum 1222  

Range 951  

Interquartile Range 425  

Skewness -,064 ,198 

Kurtosis -1,085 ,394 
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Tests of Normality 

 
Storage policy 

Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

Picking distance 

CB00 ,088 150 ,006 ,966 150 ,001 

CBPD ,085 150 ,010 ,975 150 ,007 

COL ,093 150 ,003 ,956 150 ,000 

FGS ,078 150 ,025 ,964 150 ,001 

FT00 ,207 150 ,000 ,846 150 ,000 

FTPD ,244 150 ,000 ,773 150 ,000 

Random ,075 150 ,040 ,960 150 ,000 

a. Lilliefors Significance Correction 

 

Picking distance vs. pick list size 

Descriptives 

 Pick list size Statistic Std. Error 

Picking distance 

10 

Mean 305,92 7,451 

95% Confidence Interval for Mean 
Lower Bound 291,23  

Upper Bound 320,61  

5% Trimmed Mean 303,83  

Median 318,50  

Variance 11659,041  

Std. Deviation 107,977  

Minimum 132  

Maximum 563  

Range 431  

Interquartile Range 178  

Skewness ,051 ,168 

Kurtosis -,879 ,334 

20 

Mean 452,50 12,444 

95% Confidence Interval for Mean 
Lower Bound 427,97  

Upper Bound 477,03  

5% Trimmed Mean 449,49  

Median 472,00  

Variance 32519,026  

Std. Deviation 180,330  

Minimum 176  

Maximum 815  
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Range 639  

Interquartile Range 324  

Skewness -,007 ,168 

Kurtosis -1,152 ,334 

30 

Mean 578,52 15,897 

95% Confidence Interval for Mean 
Lower Bound 547,18  

Upper Bound 609,86  

5% Trimmed Mean 576,29  

Median 619,50  

Variance 53068,701  

Std. Deviation 230,366  

Minimum 254  

Maximum 1043  

Range 789  

Interquartile Range 493  

Skewness -,173 ,168 

Kurtosis -1,352 ,334 

40 

Mean 680,01 19,244 

95% Confidence Interval for Mean 
Lower Bound 642,07  

Upper Bound 717,95  

5% Trimmed Mean 676,97  

Median 755,00  

Variance 77769,445  

Std. Deviation 278,872  

Minimum 284  

Maximum 1189  

Range 905  

Interquartile Range 604  

Skewness -,269 ,168 

Kurtosis -1,284 ,334 

50 

Mean 767,17 22,511 

95% Confidence Interval for Mean 
Lower Bound 722,79  

Upper Bound 811,54  

5% Trimmed Mean 768,87  

Median 843,50  

Variance 106417,259  

Std. Deviation 326,217  

Minimum 296  

Maximum 1269  
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Range 973  

Interquartile Range 741  

Skewness -,407 ,168 

Kurtosis -1,327 ,334 

 

Tests of Normality 

 
Pick list size 

Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

Picking distance 

10 ,103 210 ,000 ,963 210 ,000 

20 ,129 210 ,000 ,948 210 ,000 

30 ,187 210 ,000 ,901 210 ,000 

40 ,199 210 ,000 ,886 210 ,000 

50 ,206 210 ,000 ,857 210 ,000 

a. Lilliefors Significance Correction 

 

Storage distance vs. pick list size 

Descriptives 

 Pick list size Statistic 
Std. 

Error 

Storage 

Distance 

10 

Mean 199429,28 3441,845 

95% Confidence Interval for 

Mean 

Lower 

Bound 
192644,09  

Upper 

Bound 
206214,46  

5% Trimmed Mean 201525,27  

Median 233860,00  

Variance 2487722278,785  

Std. Deviation 49877,072  

Minimum 121784  

Maximum 239668  

Range 117884  

Interquartile Range 112076  

Skewness -,876 ,168 

Kurtosis -1,149 ,334 

20 
Mean 199412,68 3440,930 

95% Confidence Interval for Lower 192629,30  
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Mean Bound 

Upper 

Bound 
206196,05  

5% Trimmed Mean 201517,46  

Median 233860,00  

Variance 2486399234,507  

Std. Deviation 49863,807  

Minimum 121784  

Maximum 239340  

Range 117556  

Interquartile Range 112076  

Skewness -,876 ,168 

Kurtosis -1,149 ,334 

30 

Mean 199424,37 3441,573 

95% Confidence Interval for 

Mean 

Lower 

Bound 
192639,73  

Upper 

Bound 
206209,02  

5% Trimmed Mean 201522,02  

Median 233860,00  

Variance 2487328688,148  

Std. Deviation 49873,126  

Minimum 121784  

Maximum 239586  

Range 117802  

Interquartile Range 112076  

Skewness -,876 ,168 

Kurtosis -1,149 ,334 

40 

Mean 199421,76 3441,430 

95% Confidence Interval for 

Mean 

Lower 

Bound 
192637,40  

Upper 

Bound 
206206,13  

5% Trimmed Mean 201523,16  

Median 233860,00  

Variance 2487122331,063  

Std. Deviation 49871,057  

Minimum 121784  

Maximum 239980  
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Range 118196  

Interquartile Range 112076  

Skewness -,876 ,168 

Kurtosis -1,149 ,334 

50 

Mean 199418,75 3441,261 

95% Confidence Interval for 

Mean 

Lower 

Bound 
192634,72  

Upper 

Bound 
206202,78  

5% Trimmed Mean 201523,20  

Median 233860,00  

Variance 2486877525,307  

Std. Deviation 49868,603  

Minimum 121784  

Maximum 239450  

Range 117666  

Interquartile Range 112076  

Skewness -,876 ,168 

Kurtosis -1,149 ,334 

 

Tests of Normality 

 
Pick list size 

Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

Storage Distance 

10 ,326 210 ,000 ,660 210 ,000 

20 ,327 210 ,000 ,659 210 ,000 

30 ,326 210 ,000 ,659 210 ,000 

40 ,327 210 ,000 ,659 210 ,000 

50 ,327 210 ,000 ,659 210 ,000 

a. Lilliefors Significance Correction 
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Appendix 2: Descriptives – Database S 

Picking distance vs. storage policy 

Descriptives 

 Storage policy Statistic Std. Error 

Picking distance 

CB00 

Mean 224,45 5,641 

95% Confidence Interval for Mean 
Lower Bound 213,31  

Upper Bound 235,60  

5% Trimmed Mean 223,35  

Median 215,00  

Variance 4773,592  

Std. Deviation 69,091  

Minimum 92  

Maximum 416  

Range 324  

Interquartile Range 108  

Skewness ,242 ,198 

Kurtosis -,708 ,394 

CBPD 

Mean 231,91 4,743 

95% Confidence Interval for Mean 
Lower Bound 222,53  

Upper Bound 241,28  

5% Trimmed Mean 231,88  

Median 228,00  

Variance 3374,139  

Std. Deviation 58,087  

Minimum 110  

Maximum 344  

Range 234  

Interquartile Range 90  

Skewness -,055 ,198 

Kurtosis -,895 ,394 

COL 

Mean 363,77 7,164 

95% Confidence Interval for Mean 
Lower Bound 349,62  

Upper Bound 377,93  

5% Trimmed Mean 368,28  

Median 394,00  

Variance 7697,640  
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Std. Deviation 87,736  

Minimum 158  

Maximum 482  

Range 324  

Interquartile Range 136  

Skewness -,738 ,198 

Kurtosis -,521 ,394 

FGS 

Mean 253,61 3,658 

95% Confidence Interval for Mean 
Lower Bound 246,39  

Upper Bound 260,84  

5% Trimmed Mean 253,81  

Median 255,00  

Variance 2007,071  

Std. Deviation 44,800  

Minimum 148  

Maximum 350  

Range 202  

Interquartile Range 67  

Skewness -,097 ,198 

Kurtosis -,639 ,394 

FT00 

Mean 181,60 2,891 

95% Confidence Interval for Mean 
Lower Bound 175,89  

Upper Bound 187,31  

5% Trimmed Mean 183,33  

Median 188,00  

Variance 1253,799  

Std. Deviation 35,409  

Minimum 116  

Maximum 216  

Range 100  

Interquartile Range 28  

Skewness -1,025 ,198 

Kurtosis -,340 ,394 

FTPD 

Mean 192,40 1,720 

95% Confidence Interval for Mean 
Lower Bound 189,00  

Upper Bound 195,80  

5% Trimmed Mean 192,56  

Median 198,00  

Variance 443,597  
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Std. Deviation 21,062  

Minimum 160  

Maximum 222  

Range 62  

Interquartile Range 22  

Skewness -,195 ,198 

Kurtosis -1,034 ,394 

Random 

Mean 313,55 7,281 

95% Confidence Interval for Mean 
Lower Bound 299,16  

Upper Bound 327,93  

5% Trimmed Mean 315,38  

Median 322,00  

Variance 7951,793  

Std. Deviation 89,173  

Minimum 128  

Maximum 472  

Range 344  

Interquartile Range 142  

Skewness -,297 ,198 

Kurtosis -,845 ,394 

 

Tests of Normality 

 
Storage policy 

Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

Picking distance 

CB00 ,066 150 ,200
*
 ,979 150 ,020 

CBPD ,063 150 ,200
*
 ,977 150 ,013 

COL ,141 150 ,000 ,915 150 ,000 

FGS ,062 150 ,200
*
 ,989 150 ,280 

FT00 ,282 150 ,000 ,770 150 ,000 

FTPD ,205 150 ,000 ,880 150 ,000 

Random ,066 150 ,200
*
 ,965 150 ,001 

*. This is a lower bound of the true significance. 

a. Lilliefors Significance Correction 
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Picking distance vs. pick list size 

Descriptives 

 Pick list size Statistic Std. Error 

Picking distance 

10 

Mean 167,13 2,943 

95% Confidence Interval for Mean 
Lower Bound 161,33  

Upper Bound 172,94  

5% Trimmed Mean 164,65  

Median 160,00  

Variance 1819,130  

Std. Deviation 42,651  

Minimum 92  

Maximum 294  

Range 202  

Interquartile Range 59  

Skewness ,755 ,168 

Kurtosis ,079 ,334 

20 

Mean 226,38 3,988 

95% Confidence Interval for Mean 
Lower Bound 218,52  

Upper Bound 234,24  

5% Trimmed Mean 222,69  

Median 208,00  

Variance 3340,562  

Std. Deviation 57,798  

Minimum 128  

Maximum 408  

Range 280  

Interquartile Range 78  

Skewness ,959 ,168 

Kurtosis ,051 ,334 

30 

Mean 261,48 5,053 

95% Confidence Interval for Mean 
Lower Bound 251,51  

Upper Bound 271,44  

5% Trimmed Mean 256,93  

Median 235,00  

Variance 5362,078  

Std. Deviation 73,226  

Minimum 164  

Maximum 466  
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Range 302  

Interquartile Range 117  

Skewness ,762 ,168 

Kurtosis -,548 ,334 

40 

Mean 287,29 5,735 

95% Confidence Interval for Mean 
Lower Bound 275,98  

Upper Bound 298,59  

5% Trimmed Mean 282,96  

Median 268,00  

Variance 6906,951  

Std. Deviation 83,108  

Minimum 176  

Maximum 482  

Range 306  

Interquartile Range 135  

Skewness ,689 ,168 

Kurtosis -,825 ,334 

50 

Mean 315,79 5,968 

95% Confidence Interval for Mean 
Lower Bound 304,03  

Upper Bound 327,56  

5% Trimmed Mean 312,66  

Median 298,00  

Variance 7479,267  

Std. Deviation 86,483  

Minimum 216  

Maximum 480  

Range 264  

Interquartile Range 183  

Skewness ,437 ,168 

Kurtosis -1,163 ,334 

 

Tests of Normality 

 
Pick list size 

Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

Picking distance 

10 ,134 210 ,000 ,937 210 ,000 

20 ,170 210 ,000 ,881 210 ,000 

30 ,146 210 ,000 ,892 210 ,000 

40 ,149 210 ,000 ,878 210 ,000 



 

 

XXVII 

 

50 ,151 210 ,000 ,888 210 ,000 

a. Lilliefors Significance Correction 

 

Storage distance vs. pick list size 

Descriptives 

 Pick list size Statistic Std. 

Error 

Storage 

distance 

10 Mean 26839,14 349,043 

95% Confidence Interval for 

Mean 

Lower 

Bound 

26151,05  

Upper 

Bound 

27527,24  

5% Trimmed Mean 26915,66  

Median 29722,00  

Variance 25584482,975  

Std. Deviation 5058,111  

Minimum 19200  

Maximum 33292  

Range 14092  

Interquartile Range 10522  

Skewness -,673 ,168 

Kurtosis -1,162 ,334 

20 Mean 26835,29 348,714 

95% Confidence Interval for 

Mean 

Lower 

Bound 

26147,84  

Upper 

Bound 

27522,73  

5% Trimmed Mean 26914,93  

Median 29722,00  

Variance 25536244,521  

Std. Deviation 5053,340  

Minimum 19200  

Maximum 33354  

Range 14154  

Interquartile Range 10522  

Skewness -,676 ,168 

Kurtosis -1,163 ,334 
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30 Mean 26831,52 348,389 

95% Confidence Interval for 

Mean 

Lower 

Bound 

26144,72  

Upper 

Bound 

27518,33  

5% Trimmed Mean 26913,16  

Median 29722,00  

Variance 25488724,136  

Std. Deviation 5048,636  

Minimum 19200  

Maximum 33092  

Range 13892  

Interquartile Range 10522  

Skewness -,679 ,168 

Kurtosis -1,164 ,334 

40 Mean 26830,40 348,295 

95% Confidence Interval for 

Mean 

Lower 

Bound 

26143,78  

Upper 

Bound 

27517,02  

5% Trimmed Mean 26914,05  

Median 29722,00  

Variance 25474974,921  

Std. Deviation 5047,274  

Minimum 19200  

Maximum 33294  

Range 14094  

Interquartile Range 10522  

Skewness -,680 ,168 

Kurtosis -1,164 ,334 

50 Mean 26832,70 348,500 

95% Confidence Interval for 

Mean 

Lower 

Bound 

26145,67  

Upper 

Bound 

27519,72  

5% Trimmed Mean 26912,99  

Median 29722,00  

Variance 25505005,428  

Std. Deviation 5050,248  



 

 

XXIX 

 

Minimum 19200  

Maximum 33162  

Range 13962  

Interquartile Range 10522  

Skewness -,678 ,168 

Kurtosis -1,163 ,334 

 

Tests of Normality 

 
Pick list size 

Kolmogorov-Smirnov
a
 Shapiro-Wilk 

 Statistic df Sig. Statistic df Sig. 

Storage distance 

10 ,287 210 ,000 ,765 210 ,000 

20 ,288 210 ,000 ,764 210 ,000 

30 ,288 210 ,000 ,763 210 ,000 

40 ,288 210 ,000 ,763 210 ,000 

50 ,288 210 ,000 ,764 210 ,000 

a. Lilliefors Significance Correction 



 

 

 

 

 


