
DETERMINING A HEURISTIC FOR PICK LOCATION DESIGN IN AN END USER WAREHOUSE 

 

A Thesis presented to the Faculty of the Graduate School 

University of Missouri 

 

In Partial Fulfillment 

Of the Requirements for the Degree 

Master of Science 

 

by  

NICOLAS KLEIN 

 

Dr. James Noble, Thesis Advisor 

Dr. Cerry Klein, Thesis Co-Advisor 

MAY 2014 

 

 

 



The undersigned, appointed by the Dean of the Graduate Faulty, have examined a thesis 

entitled 

DETERMINING A HEURISTIC FOR PICK LOCATION DESIGN IN AN END USER WAREHOUSE 

Presented by Nicolas Klein 

a candidate for the degree of Master of Science 

and hereby certify that in their opinion it is worthy of acceptance 

 

 

Dr. James S. Noble, Thesis Advisor           

 

 

Dr. Cerry M. Klein, Thesis Co-Advisor     

 

 

Dr. Lori S. Franz    



ii 
 

ACKNOWLEDGMENTS 

 I would like to express my gratitude toward all of the professors, friends and 

family that made this research possible. First, I would like to thank the Faculty of the 

IMSE department at the University of Missouri who combined to give me the skills and 

knowledge needed to write this thesis. Specifically I would like to thank Dr. James Noble, 

Dr. Wooseung Jang and Dr. Cerry Klein for their patience and tireless work in helping me 

become a successful engineer and master’s student.  

 I also would like to thank my family and friends for all their support and prayers 

during my studies. They consistently provided any resource I needed to successfully 

complete my research. Specifically I would like to thank my wife, Alissa, who has been 

so supportive and understanding allowing me to focus on nothing but my thesis over the 

last 5 months. Additionally I would like to thank my mentor William Burke, who 

provided me with all the data that was used for this research and was a constant 

motivator and consular throughout my graduate career. 

 Finally I would like to thank my father without whom none of this would have 

been possible. His constant help, advice and most importantly his time has been given 

freely and has been beyond value. He has always been a role model and inspiration for 

me to give my best and is the most significant reason for my graduate pursuits and any 

successes I’ve achieved. 

  



iii 
 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS ................................................................................................................ ii 

TABLE OF CONTENTS ................................................................................................................. iii 

LIST OF ILLUSTRATIONS ............................................................................................................. vi 

LIST OF TABLES ......................................................................................................................... vii 

ABSTRACT.................................................................................................................................viii 

Chapter 1 Introduction ............................................................................................................... 1 

Chapter 2 Literature Review ....................................................................................................... 4 

2.1 Background and Literature Review .................................................................................... 4 

2.2 Warehouse Background .................................................................................................... 4 

2.3 Warehouse Operations...................................................................................................... 5 

2.4 Layout Design .................................................................................................................... 7 

2.5 Pick Routing ...................................................................................................................... 8 

2.6 Product Assignment .......................................................................................................... 9 

2.6.1 Storage Strategy ......................................................................................................... 9 

2.6.2 Picking Strategy ........................................................................................................ 10 

2.6.3 Replenishment Strategy ............................................................................................ 12 

2.6.4 Slotting ..................................................................................................................... 13 

2.6.5 Product slotting ........................................................................................................ 14 

2. 7 Summary of Literature Reviewed .................................................................................... 16 

Chapter 3 Problem Statement and Formulation....................................................................... 19 

3.1 Problem Overview ........................................................................................................... 19 

3.2 Problem Description ........................................................................................................ 23 

3.2.1 Warehouse ............................................................................................................... 23 

3.2.2 Picking Operation ..................................................................................................... 24 

3.2.3 Storage and Replenishment Strategy ........................................................................ 24 

3.2.4 Slotting approach ..................................................................................................... 24 

3.3 Formulation .................................................................................................................... 25 

3.3.1 Notation ................................................................................................................... 26 

3.3.2 Parameters ............................................................................................................... 26 



iv 
 

3.3.3 Decision Variables .................................................................................................... 27 

3.3.4 Objective Function .................................................................................................... 27 

3.3.5 Constraints ............................................................................................................... 28 

3.3.6 Complete Formulation .............................................................................................. 30 

3.3.7 Model accuracy ........................................................................................................ 30 

3.3.8 Solving ...................................................................................................................... 32 

Chapter 4 Heuristic Creation .................................................................................................... 33 

4.1 Assumptions.................................................................................................................... 33 

4.2 Procedure ....................................................................................................................... 34 

4.3 Quality Check .................................................................................................................. 46 

4.4 Summary ......................................................................................................................... 47 

4.5 Flowchart ........................................................................................................................ 49 

Chapter 5 Results and Discussion ............................................................................................. 51 

5.1 Chapter Overview............................................................................................................ 51 

5.2 System Attributes ............................................................................................................ 51 

5.3 System Constraints .......................................................................................................... 53 

5.4 Heuristic Application ....................................................................................................... 54 

5.5 Comparing Methods ........................................................................................................ 65 

5.5.1 Single Location Size................................................................................................... 66 

5.5.2 Location sizes that match product need .................................................................... 68 

5.6 Discussion ....................................................................................................................... 68 

Chapter 6 Case Study................................................................................................................ 70 

6.1 Inventory......................................................................................................................... 70 

6.2 Warehouse Setup ............................................................................................................ 70 

6.3 Operations ...................................................................................................................... 71 

6.4 System Attributes ............................................................................................................ 72 

6.5 Location Design ............................................................................................................... 72 

6.6 Methodology ................................................................................................................... 73 

6.7 Results ............................................................................................................................ 73 

6.8 Summary ......................................................................................................................... 75 

Chapter 7 Conclusion and Further Research ............................................................................. 76 

7.1 Conclusion....................................................................................................................... 76 



v 
 

7.2 Further Research Opportunities ...................................................................................... 77 

7.2.1 Space utilization and multiple storage locations........................................................ 78 

7.2.2 Real Dimensions ....................................................................................................... 78 

7.2.3 Actual Position in the Shelving Unit .......................................................................... 79 

7.2.4 Different Approaches to Bin Sizing ............................................................................ 79 

REFERENCES ............................................................................................................................. 81 

APPENDIXES ............................................................................................................................. 84 

Appendix A. Inventory Characteristic Summary ..................................................................... 84 

Appendix B. Location Summary ............................................................................................. 85 

 



vi 
 

LIST OF ILLUSTRATIONS 

Figure 2.1 Warehouse Processes (Tompkins et al., 2003)............................................................. 6 

Figure 3.1 General Warehouse Layout ...................................................................................... 19 

Figure 3.2 Typical Storage Design (Wutthisirisart, 2010) ............................................................ 20 

Figure 3.3 Wasted Space from Single Bin Size ............................................................................ 21 

Figure 3.4 Bulls-Eye Pattern ...................................................................................................... 22 

Figure 3.5 Pick Module Layout .................................................................................................. 23 

Figure 4.1 Example of Choosing Percentile ................................................................................ 36 

Figure 4.2 Example of Using Bin Factor ...................................................................................... 38 

Figure 4.3 Example of One Location Per Product ....................................................................... 44 

Figure 4.4 Example of Multiple Locations Per Product ............................................................... 45 

Figure 4.5 Flowchart ................................................................................................................. 50 

Figure 5.1 Pick Distances ........................................................................................................... 52 

Figure 5.2 Picking and Stocking Distances.................................................................................. 62 

Figure 5.3 Example of Bin Quantity Process ............................................................................... 64 

Figure 5.4 Example of Identifying Locations............................................................................... 64 

Figure 5.5 Example of Calculating Costs..................................................................................... 65 

Figure 5.6 Example of Space Utilization Calculation ................................................................... 65 

Figure 5.7 Locations with Distances ........................................................................................... 66 

Figure 5.8 Slotting Data ............................................................................................................. 67 

Figure 5.9 Cost Calculation ........................................................................................................ 67 

Figure 6.1 Warehouse Layout .................................................................................................... 71 



vii 
 

LIST OF TABLES 

Table 4.1 Experiment Results .................................................................................................... 47 

Table 5.1 Dimension and Volume Percentiles ............................................................................ 55 

Table 5.2 Bin Sizes ..................................................................................................................... 60 

Table 5.3 Location Data ............................................................................................................. 63 

Table 5.4 Comparison Table ...................................................................................................... 69 



viii 
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WAREHOUSE  

Nicolas Klein 

Dr. James Noble, Thesis Advisor 

Dr. Cerry Klein, Thesis Co-Advisor 

ABSTRACT 

 Picking is the number one cost center for most warehouses, representing up to 65% of 

their total expenditures. Travel time is the largest component of the picking cost which makes 

travel distance an extremely important variable. The critical issue is to reduce a warehouses 

picking cost by reducing the overall distance traveled by pickers. While there have been many 

attempts to reduce travel distance by improving product assignment, pick routing and 

warehouse design, this research addresses pick location design.  Existing methods to pick 

location design are very basic as the issue is barely addressed. Most research either assumes 

location sizes are not a constraint, or that a single location size will be sufficient. This research 

shows that that an intelligent approach to pick location design can significantly increase a 

warehouses space utilization and decrease the distance traveled in its picking operation. The 

method developed utilizes product dimensions and volumes as well as system attributes and 

constraints. By using the method developed in this research, the cost incurred by traveled 

distance can be reduced by up to 48%. Finally, the method is shown to be successful in real 

world application through a comprehensive case study performed in an actual distribution 

warehouse.
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Chapter 1  Introduction 

Companies currently compete at levels never experienced in the past because 

anyone with a desire to sell can utilize the power of the internet and instantly become a 

retailer. As a result, ecommerce not only increases competition for retailers, but also 

increases companies’ need to focus on minimizing cost and maximizing efficiency. 

Supply chain management attempts to provide cost effective solutions for the storage 

and transportation of product. Though supply chain management involves every 

department from merchandising to logistics, warehouses often represent a critical 

component. Up to 20 percent of the supply chain’s total cost stems from the warehouse 

due to substantial amounts of manual labor (de Koster et al., 2007). The ability of the 

company’s warehouses to process customer orders in minimal time and maintain 

constantly changing inventory products cost effectively often determines the company’s 

agility and responsiveness to market shifts. 

These pressures have spawned a large amount of research in the field focused on how 

to improve warehouse efficiency. The sheer amount of work done allows us to survey 

the topics of research and clearly delineate between two major categories: design and 

operation (Gu et al., 2007). Of these two topics, the more relevant vein for this research 

is the operation of a warehouse. However, just as the research at the top level had 

delineation, so too does the research inside warehouse operations. When looking 

through current literature, there are four main components that appear: receiving, 

storage, picking and shipping (Gu et al., 2007). Of these categories, there is one that has 
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received far more attention than any other: picking. This will be the topic of this 

research.  

The process of picking product represents the largest cost center for warehouses 

(Tompkins et al., 2003, Gu et al., 2007, de Koster et al., 2007) and also contains a large 

number of inputs that offer opportunities for improvement or optimization. The 

majority of the research covers the most influential components of the picking 

operation: layout design (Bartholdi & Hackman, 2008, Peterson, 2002), product 

assignment (Frazelle, 2002), and pick routing (Roodbergen and de Koster, 2001a). Each 

of these areas has many facets and sub categories that contain process specific research 

that addresses the varied types of warehouses that exist. A component that appears to 

have been overlooked, and is the focus of this research, is the actual locations that the 

products are going to be placed in and picked from. For some warehouses this is not a 

significant problem. Pallet pick and carton pick warehouses have the luxury of being 

able to use standard sized locations that will fit all of their products. However, in today’s 

environment many of the retailers are selling directly to the customer and have the 

majority of their picking done at the piece level. This requires locations that are 

designed specifically for their products and can have a large impact on picking. Poorly 

designed locations can cause wasted space and poor space utilization which will lead to 

greater travel distances and increased picking costs. However, as with many of the other 

components in a warehouse, the design of these locations can be done intelligently 

using an established assignment philosophy and some basic product information.  
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This thesis will examine the design of storage bins and will develop a model to optimize 

these bins in conjunction with different product assignment philosophies. The 

optimization will increase the efficiency of the picking operation by reducing the overall 

travel distance required. From this model, a heuristic will be developed that can be used 

in real world scenarios with large data sets. The validity of the heuristic will be shown 

using a scenario simulation and an actual case study. Chapter two will provide a 

complete literature review of warehousing and picking. Chapter three will contain the 

problem statement and formulation. Chapter four will be heuristic creation. Chapter five 

will be results and discussion. Chapter six will be a case study and chapter seven will 

present conclusions and future research. 
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Chapter 2 Literature Review 

2.1 Background and Literature Review 

 This literature review will consist of two parts, the first deals with warehouse 

operations and their associated issues. The second focuses on the various approaches to 

product assignment. This second section is the area of interest for this research. 

2.2 Warehouse Background 

 In today’s world, business takes place on a global scale. And while the global 

economy has opened up new markets for companies, it has also introduced competition 

that had never been present in local markets. Due to this increase in competition, 

companies are always looking for ways to increase quality and decrease costs and 

delivery times. For any supply chain network, its efficiency and effectiveness are largely 

determined by the operation of the nodes in the network; i.e. the warehouses (Lee & 

Elsayed, 2005). As such, warehousing is an extremely important piece of any companies 

supply chain.  And while the traditional role of storing product is still important, 

ecommerce and a renewed focus on cost have increased the warehouses responsibility 

and importance. While there has been some research that has established the 

importance of the warehouse in terms of supply chain management (Koster et al., 2007, 

Lee & Elsayed, 2005), most of the additional research has focused on the design and 

operation of a warehouse. In a perfectly synced supply chain, the design of the 

warehouse would be performed with the operational plan in consideration and there 

would be perfect synergy from top to bottom. However, due to the inherent complexity 
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of each of these areas, most of the established research focuses on one facet or the 

other. While this research seems like it falls more in line with the design of the 

warehouse, in actuality it is more directly an outcome of how the operations are 

performed. 

2.3 Warehouse Operations 

 Warehouses perform a large number of processes. However, most of the 

processes performed can be combined into larger buckets that express the goal of each 

of the processes. These buckets are generally accepted to be receiving, storage, picking 

and shipping (Gu et al., 2007, Kim, 2009, Tompkins et al., 2003). Receiving is the process 

of taking product into the warehouse from outside vendors. This can include inspection, 

updating inventory and breaking down cartons or pallets. Storage is the process of 

taking received product and storing in primary locations that are designated by a 

slotting approach, or placing the product in secondary locations until it is needed in the 

primary picking areas. Picking is the process of taking product from primary picking 

locations and assigning it to a customer order. Finally, shipping is the process of taking 

products that have been picked for a customer order and boxing them up and 

transporting them to the customer. See Figure 2.1 for pictorial representation. 
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Figure 2.1 Warehouse Processes (Tompkins et al., 2003) 

 While each of these buckets represent important functions that must be performed for 

a warehouse to effectively operate, some are more labor intensive than others. Due to 

the receiving, stocking and even shipping processes taking place in “batches” (large 

chunks of products being treated and handled as a single entity), they are generally less 

costly than the picking operation. There has been a considerable amount of research 

performed on the importance of the picking operation and the collective opinion is that 

picking makes up anywhere from 40 to 60% of the warehouses total operating costs 

(Tompkins et al., 2003, Gu et al., 2007, de Koster et al., 2007). With the significant 

amount of cost tied up in the picking operation, the improvement and, if possible, the 

optimization of each identified piece is of significant importance both academically and 
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in application. Part of the reason the picking operation is so costly is the large number of 

inputs that impact how the process performs. These inputs can be generically 

categorized into layout design (Bartholdi & Hackman, 2008, Peterson, 2002), product 

assignment (Frazelle, 2002), and pick routing (Roodbergen and de Koster, 2001a). There 

are other areas that could be added to this list, but they are generally system specific so 

they are left out of this review. Again, in application each of these areas should be 

considered together as they each impact the total operations. However, due to the 

complexity of each, research is generally focused on just one of these aspects.  

2.4 Layout Design 

Layout design is more fundamentally contained in the warehouse design sector. 

However, it is necessary to recognize its significant impact on the picking operation and 

the incompleteness of the current approaches. Fundamentally, layout design is 

specifically the physical design of the forward pick area(s). This includes choosing the 

number of locations, the location sizes, the number of aisles, types of technology that 

will be used and many other inputs. There are many different combinations of factors 

that can be used and the appropriate choice can depend greatly on the type of business 

and who the end customer is. The different approaches are nicely described and 

categorized in multiple review papers that can be referenced for further explanation (Gu 

et al., 2009, Koster et al., 2007). However, one thing that each of these papers fails to 

address is the sizing of the actual bins that are used for product storage. Most of these 

approaches make the assumption that bin sizes are the same or that the location size 
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can be anything, a false assumption that can be catastrophic in application.  The main 

impact that the layout design has on picking is that it places a bound on the travel 

distance that pickers will walk. If the size of the forward pick area is too large, walking 

distance could be increased and the picking process would be inherently inefficient. As a 

matter of necessity, storage strategy and slotting procedures will play a huge part in the 

layout design process. These will be discussed more fully in the product assignment 

section of this review. 

2.5 Pick Routing 

Pick routing is the process of how pickers are routed to their pick locations. In 

many companies routing is left to the employee actually performing the task due to the 

complexity in directing employees on an exact path to follow and the simplicity of some 

picking processes. For example, if a company predominantly has small orders containing 

only one or two products, there is no need for pick routing as the optimal solution is 

evident to the employee. The pick routing problem is actually a special case of the 

traveling salesmen problem (Koster et al., 2007, Lawler et at., 1995). The pick locations 

that need to be visited are known in advance and the shortest route between them that 

visits all of them need to be chosen. This is a special case however because the paths 

are directed around a warehouse with nodes that do not have to be visited and each 

pick location can be visited as many times as necessary. There are a number of 

researchers who determined heuristics to solve this problem (Ratliff & Rosenthal, 1983, 

Cornuejols et al., 1985, Roodbergen & Koster, 2001a, b, Hall, 1993) but most of these 
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are dependent on the layout of forward pick area. While the pick routing can have a 

significant impact on the total picking cost, it does not impact this research as any of the 

routing protocols can work with any bin sizing approach. 

2.6 Product Assignment 

Product assignment is the process of determining what product to store, how 

much, where to store it and how often it should be replenished. These decisions are the 

key components to determining location sizes and will be the main input for this 

research. To determine how to perform product assignment, there are some key 

strategies that need to be explored and an approach chosen. These strategies include 

storage strategy, picking strategy and replenishment strategy. 

2.6.1 Storage Strategy 

A large part of deciding where to place product is going to be determined by a 

company’s storage strategy. There are two main strategies’ that are commonly used in 

modern warehouses: dedicated and shared storage. In a dedicated storage approach 

SKU’s are given a designated location and that is the only one that they occupy 

(Bartholdi & Hackman, 2011). No other product can be stored in that location and it is 

only occupied when the product is in stock. Shared storage allows product to occupy 

different locations and products do not continue to monopolize a location when it is out 

of stock (Bartholdi & Hackman, 2011, Goestschalckx & Ratliff, 1990). Bartholdi and 

Hackman show that shared storage is a much more efficient approach when looking at 

the space required to execute a strategy. However, shared space also does not allow 
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employees to learn product locations and by necessity needs a WMS (warehouse 

management system) that is capable of telling employees where product is. Due to 

these factors, the technological capability of a company will dictate storage strategy as 

much as anything. 

In addition to the two main storage strategies, there are multiple other approaches that 

will use a combination of shared and dedicated depending on product and location 

characteristics. These approaches will be discussed in more detail in the slotting section 

of this review. 

2.6.2 Picking Strategy 

A picking strategy is the decision of how orders will be treated once they are 

ready to be fulfilled. While there are a number of ways to treat an order, most 

approaches can be described by the following strategies.  

Single Order 

Historically single order picking has been the most common approach (Petersen & Aase, 

2004). This approach is simple as it requires employees to pick an entire order one at a 

time. This approach is easy to deploy, simple to follow and reliable. The main decision 

for this type of picking is where to place depots and how to structure the picking 

locations to allow for easy navigation. This approach restricts the technology utilized 

and also can restrict some of the more effective ways to approach product assignment. 
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Batch Picking 

In batch picking, an employee will go to a location and pick products to fulfill multiple 

orders (Petersen & Aase, 2004, Bartholdi & Hackman, 2011). This approach offers an 

advantage as it reduces the total walk time. However, there are potential issues 

introduced as time will be required to sort items into the correct order after picking and 

there is a chance for quality issues when working with multiple SKU’s. The main goal 

when using this approach is to minimize the total batch travel time. There is a 

considerable amount of science that goes into deciding how large batches should be 

(De-Luc & Koster, 2002), how items should be chosen for a batch (Gu et al., 2007) and 

what the best layouts are for batches. These do not have an impact on this research and 

therefore will not be explored further. 

Zone Picking 

As an alternative to the traditional approaches already listed, a commonly practiced 

approach is zone picking. In zone picking, the picking area is sectioned off into zones 

that each contains a different array of products. Typically in this setup, pickers are 

assigned to a zone and they fulfill the picks that are required from their zone (Gagliardi, 

2008). This approach allows for a lot of flexibility as the zones can be different sizes and 

different combinations can be used. Depending on product and business characteristics, 

these zones can be altered and set up to optimize productivity (Petersen, 2002). Zone 

picking can also be used in conjunction with Single Order and Batch picking. In each 



12 
 

zone pickers can focus on just one order at a time or they can utilize batch picking and 

pick multiple orders simultaneously. Depending on the material handling technology 

being used, the orders may need to be consolidated using a separate process. However, 

this can be avoided if a conveyor system is in use (Kim, 2009). The flexibility and agility 

of this approach lends itself to the modern warehouse and is being used more and more 

often. 

Wave Picking 

Part of any picking strategy will be how and when picking will be performed. A wave 

picking approach groups orders together and releases a “wave” of order to be picked. 

Depending on business practices this wave can be sorted and organized in any way that 

will serve the strategic goals of management. Picking without waves is continuous 

picking. Orders are picked and fulfilled as they come in and are not held. Continuous 

picking is the more common approach in modern warehouses as it is a faster approach 

and is considered to be a more lean approach (Gallien, J. and Weber, 2008). 

2.6.3 Replenishment Strategy 

Each company has to decide how they want to handle replenishing products that 

reside in the primary pick area. While there is a considerable amount of research on 

whether replenishments should be performed at the same time as picking (Bartholdi & 

Hackman, 2011, Van Den Berg et al., 1998), the timing of the replenishment does not 

impact this research and will not be further discussed. What will have an impact is the 

decision on how often replenishments are required. This becomes an input to the 
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slotting approach and location design. If a company wants to minimize replenishment, 

does not have a large secondary storage area or only wants product with certain 

characteristics to be replenished, locations will need to be larger. Often times the 

manner in which product is ordered and their EOQ (economic order quantity) and order 

quantities will be a major input into this decision. 

2.6.4 Slotting 

The final piece of product assignment is slotting. Slotting is the process of 

determining how much of a product to place in a primary pick location and what 

location to place it in. In practice, slotting has two major components: decided how to 

segment the products for storage and ranking the products in those segments for 

premier locations (Wutthisirisart, 2010). 

There are a large number of ways to segment products for storage and many companies 

are going to have system specific approaches based on their layout and technological 

capability. However, there some standard approaches that are repeated through the 

literature and represent how most approaches could be categorized. 

No Segmentation 

In this approach all products are viewed as the same. There is no segmentation and the 

slotting approach will be the only differentiating factor. This is the approach is the most 

commonly utilized as it does not require any additional steps and is easy to understand 

and implement. 
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Class Based 

Class based segmentation utilizes Pareto’s Rule. In most companies, there are 15-20% of 

SKU’s that make up over 80% of the turnover. In class based segmentation these two 

groups are separated and treated with different preference. In addition, locations are 

also separated into different classes in conjunction with the product classes. The can be 

any number of classes based on product demand statistics but typically three classes are 

used (Kim, 2009). The SKU’s with higher demand and slotted into the locations closer to 

the depot and the lower classes are placed toward the back of the warehouse.  

Correlated 

Correlated segmentation takes advantage of a product makeup that has large orders 

and a smaller number of SKU’s. The main goal of correlated based segmentation is to 

co-located items that have a high correlation. To be able to successfully implement this 

strategy, the statistical correlation of products needs to be known and predictable 

(Frazelle and Sharp, 1989). In certain situations, correlated base segmentation and 

slotting has been shown to be significantly more efficient than other approaches 

(Wutthisirisart, 2010). 

2.6.5 Product slotting 

Using each of these segmentations as a strategic goal, the individual products 

then need to be slotted to locations. To do this each product needs to be given a priority 
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to find out what products get the best locations. While each of these strategies has an 

approach that is generally used in conjunction with them, each approach could be used 

with each strategy. There are a number of product slotting approaches that are 

commonly used (Petersen & Aase, 2004, Petersen et al., 2005). 

Random 

Random slotting is similar to not having a slotting approach at all. Products are simple 

assigned to an area without consideration to any inputs. Locations are randomly 

selected and products are summarily placed into those locations. This is a very simple 

approach and is used with great regularity (Petersen & Aase, 2004). 

Item popularity 

This is the equivalent of pick based slotting. Products are ranked based on how often 

they are picked. The higher the number of picks, the better location the product is 

given. This is an intuitive approach and is the most commonly implemented slotting 

practice today (Frazzelle, 2002). 

Turnover 

This is more easily understood as demand based slotting. Items with the highest number 

of sales over a given period of time are given the best locations. In most situations, this 

will be very similar to popularity based slotting. 
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Volume 

Volume based slotting takes the product size into consideration. The demand for the 

product is multiplied by its volume to give it a score. Items with the lowest score are 

then slotted in the best locations to reduce the overall travel distance in the pick area. 

Pick Density 

Similar to volume based slotting, pick density slotting uses a ratio of popularity to 

volume. The idea is to measure the amount of picking activity per unit of space 

(Petersen et al., 2005). The items with the highest ratios are given the best locations. 

Cube-per-order index (COI) 

The COI approach uses the ratio of the cube of a SKU to the turnover of the SKU with 

the SKU’s ranked in ascending order of the index (Heskett, 1963). This approach was 

originally developed by Heskett in 1963 and it has been the most widely research of the 

slotting methods. This is due in part to the fact that it was the first approach to take into 

consideration both the items popularity and size. COI has been considered using a 

multitude of picking approaches and was shown to be optimal in a single command 

traveling operation (Kallina & Lynn, 1976).  

2. 7 Summary of Literature Reviewed 
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 When surveying the literature reviewed, there are many factors that impact 

warehouse operations. However, the process of picking stands out as the largest 

contributor to costs and the potential for the largest impact from improvement. As with 

the overall warehouse, picking has many integral pieces that can help or hinder its 

overall performance. Layout design, pick routing and product assignment were all 

covered in this literature review. Since the main focus of this research is the 

optimization of SKU’s location, particular emphasis was placed on the understanding of 

the main inputs to product assignment.  

Product assignment requires an understanding of how a company is going to store 

products and assign products to locations. This splits into two sub categories of strategy 

and slotting. The main strategy decision this research is concerned with is the decision 

on whether to use dedicated or shared storage. What storage strategy is used can have 

a significant impact on the size of locations and the overall approach to slotting 

(Bartholdi and Hackman, 2011). 

Slotting deals with the decisions of how much product will be stored and where. 

Location optimization will be a direct output of this process which makes slotting the 

most important piece of this review. There are two main components to the slotting 

process, segmentation of storage assignment and item slotting (Petersen et al., 2005). 

The main storage assignment methods covered were no segmentation, product class 

and correlation. Each of these methods has their advantages and can be useful when 

deployed in the right environment. The primary inputs to choosing the correct storage 
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assignment method are the inventory makeup and order structure used by the 

company. Item slotting is the ordering of products for sequential assignment to 

locations. There are a number of approaches that have been developed over the years 

but six methods have become standard. Random, popularity, turnover, volume, pick 

density and COI. Of these, turnover is the most commonly used and COI is the most 

researched and tested. The choice of which approach to use will be the biggest single 

factor in determining what size the storage locations will be. 

All of the literature reviewed acknowledges that storage locations must be present for 

products to be assigned. Some of them even acknowledge that the locations have more 

than two static dimensions and that some locations are more ergonomic than others 

(Petersen et al., 2005). However, none of the research provides a process on how to 

determine what size locations to create. The creation of a model and heuristic to 

determine location sizes is the focal point of this research and will be discussed in more 

detail in chapters three and four.
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Chapter 3 Problem Statement and Formulation 

3.1 Problem Overview 

In traditional piece pick warehouses, there are a large number of SKU’s stored in 

one or more forward pick areas. There are additional SKU’s stored in secondary 

locations composed of standard pallet racking (Figure 3.1). These secondary locations 

often hold overflow replenishment quantities for some of the SKU’s housed in the 

forward pick areas as well. With the picking operation being the focal point for this 

research, the forward pick areas and specifically the individual product locations are of 

interest. 

 

Figure 3.1 General Warehouse Layout 

There are a number of ways to set up a forward pick area and a number of technologies 

that can be implemented to help with picking. However, most warehouses still use a 
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fairly simple approach with standard shelving or smaller racking style shelves. This 

creates smaller locations that are not as deep as pallet racking, allowing for ergonomic 

picking and more efficient storage of smaller parts. In addition to the shelving, distinct 

locations for storage are defined for individual products. These locations are commonly 

called bins. In most research, it is assumed that there are no constraints on location size 

and that product can just be assigned wherever (Bartholdi & Hackman, (2008)). 

However, some research assumes that products are simply assigned to as many bins as 

are needed to store the product (Wutthisirisart, 2010). A traditional forward pick 

location setup can be seen in Figure 3.2. 

 

Figure 3.2 Typical Storage Design (Wutthisirisart, 2010) 

The approach of assigning products to however many bins are needed is simple to 

implement and easy to maintain, but it has shortcomings. Most importantly, the 



21 
 

approach fails to fully take into account the importance of bin utilization and its 

relationship to pick distance. The approach makes sense for the traditional role of 

warehouses when they were supplying retail stores and shipped everything in pallet or 

carton quantities. Pallets have a standard size and most cartons are similar in size or can 

at least be palletized. These standard size and shapes allow locations to be sized the 

same and the bins are almost fully utilized. However, in the modern distribution center 

where the end consumer is the customer and items are purchased and stored at the 

piece level, sizes are not standard. If one location size is be used, it would have to be 

large enough to handle most of the products dimensions. This would result in a large bin 

that small products would not utilize very well. Additionally, when larger products 

required just a little more space than one bin, a second bin would be used and 

additional space would be wasted as seen in Figure 3.3.  

 

Figure 3.3 Wasted Space from Single Bin Size 

While space utilization and conservation is a benefit of bin design, it is not the main 

benefit derived. The most important benefit that bin utilization provides is its significant 

impact on travel distance. In traditional picking operations there is a depot where picked 
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orders are brought when finished. The time taken to travel from this depot to the 

picking locations makes up the majority of the picking cost (Petersen & Schmenner, 

1999, Mantel et al., 2007, Tompkins et al., 2003). With the depot being the focal point of 

the picking operation, the locations closest to the depot will have the shortest picking 

distance and travel time with both increasing as the locations get further from the 

depot. The result is a “bulls-eye” type pattern radiating from the depot (Figure 3.4) 

 

Figure 3.4 Bulls-Eye Pattern 

When a bin is underutilized it impacts all of the bins in the “rings” further out. This 

results in a cascading effect of increased pick distances from poorly designed bins. When 

a warehouse uses only one location size, this becomes an opportunity costs as they have 

no way to increase their bin utilization without storing more than one SKU per location. 

However, if a warehouse identifies this problem and intelligently designs bins of varying 
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sizes to accommodate differing products sizes, bin utilization can be increased and 

travel distance can be reduced. 

3.2 Problem Description 

3.2.1 Warehouse 

The warehouse considered for the model in this research is a distribution center that 

ships to end consumers. The warehouse is assumed to be 100% piece pick in its 

operations and utilizes a traditional setup with a single forward pick area that is 

composed of standard shelving units. The forward pick area has a number of depots 

that are the drop off points for finished orders. Each of these depots is located at a 

material handling point that transports completed orders to the shipping department 

(such as a conveyor belt) (Figure 3.5).  

 

Figure 3.5 Pick Module Layout 

 

Depots 
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3.2.2 Picking Operation 

For this model, the picking operation is assumed to be as basic as possible. Orders are 

picked using a zone picking scheme and there is no pick routing used. The picker is 

assumed to return to the depot after each pick. 

3.2.3 Storage and Replenishment Strategy 

In keeping with the simplistic approach for the rest of the system, it is assumed that only 

one SKU is stored per location in the forward pick area. This model will work with either 

a dedicated or shared storage policy, but will assume a shared policy. The model also 

assumes that products are stocked into a location in one trip. Replenishments are 

considered the same as stocking in the model and are assumed to be taken into 

consideration in the slotting approach. As an example, if an item popularity slotting 

strategy was implemented and a two week inventory turn was assumed for each SKU, 

then each location would be emptied every two weeks. After those two weeks the 

location would be stocked with new product from receiving or with replenishment from 

the warehouse. This model does not differentiate between the two. 

3.2.4 Slotting approach 

The system will utilize one of the slotting approaches listed in the literature review. This 

chosen slotting approach will be used to determine the volume of the product to be 

assigned to the forward pick module and the ranking of products to be placed in 
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premier locations. The approach can be changed without having an impact on the 

model generated by this research as it is considered an input. 

3.3 Formulation 

 In order to determine an optimal number of bins and the corresponding rack 

assignment, a mathematical model needs to be developed. This model needs to 

represent the environment surrounding bin creation and take into account previously 

established approaches to product assignment. The first step in the creation of this 

model is to list and justify assumptions. 

1. It is assumed that prior to the determination of bin design, a slotting approach 

has been selected. From this slotting approach the volume of product to be 

assigned to the pick module and the order in which they will be assigned is 

known. 

2. When assigning products to a bin type, the overall volume of the product will be 

used to determine the required bin or how many of a bin is needed. While this 

assumption could lead to a small number of products being assigned to bins that 

they will be unable to fit in, it will allow for a general model to be created and is 

a commonly used approach in slotting today. 

3. A shelving unit (rack) will be treated as single location. This will allow a travel 

distance to be assigned to each unit and every bin inside the unit will be 

assumed to have the same travel distance. While this restricts the models ability 

to fully represent the value of golden zone locations or other nuances in specific 
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product location, it correctly represents travel distance which is the focus for this 

research and allows for the creation of a general model. Additionally, when 

assigning bins to a shelving unit the total volume of bins and total volume of the 

shelving unit will be used instead of actual dimensions. This will allow the user to 

simply see the output in terms of bins per shelving unit and standardize the 

shelving profile from that information. 

3.3.1 Notation 

In this paper indices i, j, k, l, m and n will be used with the following association: 

i  product 

j  bin 

k  shelving unit 

l current instance of product i 

m current instance of bin j 

n current instance of shelving unit k 

3.3.2 Parameters 

B(x)  the set of feasible bin sizes based on shelving constraints 

Vj  volume of product j 

Vk  volume of shelving unit k 
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vi  volume of bin i 

pjk cost of picking for product j in shelving unit k 

sjk cost of stocking for product j in shelving unit k 

C Constant representing the variability in the systems inventory 

3.3.3 Decision Variables 

xijk the use of bin i with product j in shelving unit k 

xijk = 1 for product i assigned to bin j in shelving unit k. 0 otherwise 

3.3.4 Objective Function 
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The objective is to minimize the cost associated with the bin and shelving unit 

configuration. Each configuration can be translated into cost based on picking and 

stocking. As was stated earlier, the main component of picking addressed in this 

research is the travel distance. Each of the shelving units that bins are assigned to has a 

designated travel distance. This travel distance is used in conjunction with previously 

determined factors to calculate total picking and stocking costs. For picking costs, the 

travel distance is translated into a labor cost using the established walking speed and 

cost per labor hour for the facility. This cost is then multiplied by the value given to a 

product based on whatever slotting approach is used. As an example, if popularity based 

slotting is used the total number of picks for the product would be multiplied by the 
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labor costs to determine the total cost of placing the item in that location. This total 

picking cost is then multiplied by a space utilization factor that is based on the number 

of shelving units the product occupies. The number of shelving units the product is 

assigned to are summed and plugged into an equation for calculating space utilization 

that was developed by Bartholdi and Hackman (2011). This is then multiplied by a factor 

value between 0 and 0.5 that is determined by the systems overall variability. A full 

explanation of how this space utilization component works can be found in chapter 4. 

The stocking component of the cost works in a similar fashion to the picking component. 

There is a distance traveled to stock the location which is translated into a labor cost 

using the walking speed and cost per labor hour for the facility. This amount is then 

multiplied by the cost per stock for the facility. There is no additional cost for requiring 

multiple trips to fill a location as it is assumed that every location gets stocked with a 

single trip. These costs are calculated for every shelving unit that a product is assigned. 

Minimizing these costs will give the optimal number and size of bins for the facility. 

3.3.5 Constraints 

                                                                                                                                             (3.2) 
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     = 0 or 1                                                                                                                                (3.5) 
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The first constraint details that the bin used must exist in the set of all bins B. The set of 

all bins is a component that will be determined at the beginning of the process and will 

be used as an input. Instead of treating the number of bins as an infinite set or a 

variable to be determined, this model realizes that constraints bound potential bins 

sizes. These constraints create a finite number of bin possibilities that can be 

determined and represented as stated. An example of constraints that limit the size and 

number of bins are shelving unit dimensions and the size restrictions of the bin 

manufactures. A large number of distribution centers use cardboard for their bins due 

to the low cost and ease of replacement. Dies are used to cut these bins and there are 

restrictions on the incremental changes in dimension that can be achieved. 

The second constraint ensures that the total volume of bins used for a product is 

sufficient to contain the total volume required for the product. In the same manner as 

the cost components for the products, the required volume for each product is 

determined by the slotting approach chosen. 

The third constraint is to ensure that the total volume of bins assigned to a shelving unit 

does not exceed the total volume for the shelving unit. The volume of the shelving unit 

will be given based on what the facility has determined as useable space in their storage 

configuration. 

 

 



30 
 

3.3.6 Complete Formulation 
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Subject to:  
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3.3.7 Model accuracy 

While this model is a good representation of a general approach to determining shelving 

profiles and bin sizes, there are major assumptions made that impact the accuracy of 

the model. The model could be improved and made more accurate with some of the 

following adaptations: 

1. Product location inside of the shelving unit. We know from recent research that 

even though the walking distance is the main component of picking cost 

(Petersen & Schmenner, 1999, Mantel et al., 2007, Tompkins et al., 2003), the 

actual location of the SKU inside of the shelving unit can have a significant 

impact on the efficiency of the picking (Petersen et al., 2005). The model could 



31 
 

be improved by altering the shelving volume constraint and cost function to 

consider an actual geographical location in the shelving unit. 

2. Actual product sizes. This model deals with product volume as a generic number 

and assumes a product of volume x can be assigned to a bin with volume x as 

well. This ignores the dimensions of the product and the dimensions of the bin. 

While this works well for most products as they are generally rectangular and of 

small individual volume, there is a percentage of products that will not fit in the 

bin they are assigned to. The model’s accuracy could be improved by modifying 

the product constraint to actually perform three dimensional bin packing and 

insure the products fit in the bin they are assigned to. 

3. Costs. The model’s accuracy could also be improved by including additional 

system specific costs. Some bins potentially cost more than others and different 

sizes generally have different costs. Additionally, some facilities would have 

differing costs for the assembly of different shelving profiles. Each new profile 

would require a “stencil” to be created and extra time to construct. The model 

could be improved by adding in the additional system specific costs. 

This model was constructed without these enhancements for a number of reasons. First, 

this research is concerned specifically with creating a general approach to shelving and 

bin creation. The assumptions made that removed the possibilities listed above created 

a simplified model. However, even this simple model is very difficult to solve. The 

constraints listed show this to be the same as a 0-1 integer linear program which has 

been shown to be NP-complete (Karp et al., 1972). The objective function is nonlinear 
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which makes the problem a nonlinear integer program which has also been shown to be 

NP-hard (Murty & Kabadi, 1987, Bellare & Rogaway, 1992) and therefore unsolvable in a 

reasonable amount of time for real world situations. The relaxation of the stated 

assumptions would simply have generated an even more complex model. Additionally, 

the assumption made for the generation of this model are the same assumptions that 

are made in industry for simplicity. Additional complexity can detract from the goal of 

the model and create unneeded focus on less important factors. 

3.3.8 Solving 

When looking to solve the model, we see that it is combinatorial in nature. That is, since 

the number of bins is finite; there are a finite number of possible combinations of bin, 

product and shelving. While this would not be a problem if we were talking about ten 

products and small number of bin options, most real world problems will be 

considerably larger. Consider the case study used for this research, the distribution 

center sold more than 100,000 different products and housed over 48,000 of them in 

their forward pick module. When this product offering is coupled with 100 possible bin 

sizes, the state space is equal to 100^48000 (Bi) and the problem becomes unsolvable 

using complete enumeration in reasonable time.
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Chapter 4 Heuristic Creation 

Due to the complexity of the model developed, a heuristic needs to be created to 

generate a solution to the problem. As with the model, the heuristic will establish 

assumptions and chart a general approach that can be tailored to each facility’s needs. 

4.1 Assumptions 

1. As was assumed with the formulation, it is maintained that prior to the 

determination of bin design; a slotting approach has been selected. From this 

slotting approach the volume of product to be assigned to the pick module and 

the order in which they will be assigned is known. 

2. For this heuristic we will relax the assumption that the only thing considered for 

product to bin assignment is volume. When determining bin sizes, a products 

overall dimensions will be taken into account. However, when determining how 

many of a product will fit into a certain bin size, volume and not dimensions will 

be used. 

3. In the same manner as the model, shelving units (rack) will be treated as single 

location. This will allow a travel distance to be assigned to each unit and every 

bin inside the unit will be assumed to have the same travel distance. However, 

the assumption that bins will be assigned to a shelving unit strictly based on 

volume will be relaxed. Actual dimensions of bins and shelves will be used to 

create a shelving profile that will be accurate and tangible. 
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4. The use of multiple locations to store product offers a cost benefit from the 

resulting increase in space utilization. Organizational knowledge will need to be 

utilized to determine if multiple locations should be used for a single product. 

The reliability of product order quantities, delivery timeframes and stocking 

processes should be taken into consideration for this portion of the heuristic.  

5. To minimize potential issues from a complex shelving profile, it will be assumed 

that bins will not be mixed at the shelf level. Each bin will use a whole number of 

shelves. There will be no half shelves for certain bin sizes. 

4.2 Procedure 

As a prequel to the first step in the procedure of determining bin sizes and shelving 

profiles, it needs to be determined what slotting approach will be utilized. From this 

choice, the quantity, volume and ranking of products to be assigned to the pick module 

will be determined. This product information needs to be cataloged and stored for 

additional analysis during this process.  

Step 1: Generate percentiles of the product volumes and dimensions. 

To be able to determine bin sizes, an understanding of how much variation exists in the 

product offering is important. This information will be used when analyzing potential bin 

sizes. The dimension percentile needs to be calculated for length, width and height. For 

this procedure to work, the product dimension needs to be manipulated so as the 

largest dimension is listed as the length, second largest is listed as width and the 

smallest dimension is listed as the height. 
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Step 2: Using shelving constraints, system constraints and the calculated percentiles, 

determine the smallest usable bin size. 

The goal of this step is to identify the lower bound of the bin range. There are a number 

of constraints that come into play in this step and depending on their nature can 

significantly impact the potential number of bins. Shelving constraints are the physical 

dimensions of the shelving unit which bound how large a bin can be. System constraints 

are less specific and could be a combination of facility desires and manufacturing 

limitations. An example of a system constraint could be that all bin dimensions must be 

in intervals of two inches, as that is the precision capability of the dies used to create 

the bins. Or the facility could add the constraint that the height of a bin cannot be larger 

than the width. These constraints need to be determined before executing this 

procedure. 

Step 3: Determine how many products will fit in the bin based on both volume 

percentile and dimension percentile. 

This is an example of a relaxation of the one of the assumption used in the optimization 

model. The optimization model made the assumption that only product volumes would 

be used to determine bin sizes, not actual product dimensions. For this heuristic, both 

product volume and dimension percentiles are compared to the bin size and volume to 

determine what quantity of products will fit in the bin. This brings up an issue that could 

benefit from further research. If comparing the bin volume to the volume percentiles 

suggests a large percent of products fit in the bin, but the bin to product dimension 
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comparison shows a smaller percentage of products can fit in the bin, the smaller 

percentage should be used (Figure 4.1).  

Length Width Height Percentile 
 

Volume Percentile 

11.5 6.4 3 90th 
 

679.598 90th 

9 5 2.2 80th 
 

360.114 80th 

7.6 4.4 1.8 70th 
 

230.3325 70th 

6.4 3.8 1.5 60th 
 

155.376 60th 

5.9 3.3 1.3 50th 
 

104.832 50th 

5.2 2.75 1 40th 
 

68 40th 

4.4 2.2 0.75 30th 
 

41 30th 

3.4 2 0.5 20th 
 

20.0868 20th 

2.1 0.9 0.5 10th 
 

6.5 10th 

       

 
Bin Length Width Height Volume 

 

 
Size 1 6 6 6 216 

  

Figure 4.1 Example of Choosing Percentile 

However, if the dimension comparison shows a large number of products should fit in 

the bin and the volume comparison suggests otherwise, there are a number of options 

that could be chosen. This suggests that if the bin size is chosen, the larger volume 

needs of the products could be meet by using this smaller volume bin. For this general 

procedure it will be assumed that we can determine a good starting point for small bins 

versus large bins from the system. Given the variability of the inventory in the system, 

delivery times from vendors and the importance of space utilization, a factor can be 

determined. High variability in inventory levels and delivery times would increase the 

need for smaller bins. This is because the smaller bins offer a level of flexibility that 

larger bins do not. For example if on average the warehouse gets 100 units of product A 

delivered twice a month, a storage size of 100 may seem preferred. However, if the first 

The percentage of 

products that should 

be able to fit in the 

bin based on the 

volume of the bin. 

The percentage of 

products that 

should be able to 

fit in the bin 

based on the 

dimensions of the 

bin. 



37 
 

delivery is 160 and the second delivery is 40 and doesn’t arrive until thirty days after, it 

makes more sense to have four locations of 40 available for the first delivery and make 

them available for other items as the product is sold. This allows for space and bin 

utilization to increase (Bartholdi & Hackman, 2011). The counter argument to using 

smaller bins is increased stocking costs. Using lots of smaller bins can increase stocking 

costs in some systems. Most systems treat each location differently and have separate 

stocking costs for each location. When a product is split between two locations, the 

stocking cost theoretically doubles because each location has to be stocked. This could 

be avoided or the impact reduced if the locations are co-located and/or the total 

product quantity is treated as a stocking trip instead of the locations. However, this 

model assumes a standard approach to stocking so each additional location for a 

product adds to the total cost. To generate a feasible initial solution, the system 

information referenced will be used to determine a factor that will dictate the 

percentage of products that will be satisfied by multiple smaller bins in the initial 

solution. When the scenario arises that a bins dimension satisfies a larger percentage of 

the products than its volume, the established factor will be multiplied by the percentage 

of products that fit the dimension of the bin, but not the volume (Figure 4.2). This will 

give the overall percentage of products that will be satisfied by the bin. 
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Figure 4.2 Example of Using Bin Factor 

Since the factor is used as a percentage, it needs to be set between 0 and 0.5. With 0 

meaning the system has no variability and 0.5 meaning that the system has high 

variability and places a premium on space utilization. This factor will need to be 

determined by someone with extensive system knowledge and the input of 

management on how the company views inventory and warehouse space.  

Step 4: If the number of products that fit the bin is greater than or equal to 10% of the 

whole product offering and the volume of the product that fit in the bin is greater than 

or equal to 10% of the total product volume, create the corresponding bin.  

Based on the systems inventory characteristics, a factor of 0.5 was chosen. This bin 

size will satisfy all 10% of the products that fit both the dimension and volume of the 

bin. Also, the bin will satisfy the factor (0.5), multiplied by the 20% of products that 

fit the dimension of the bin, but not the volume requirement. This gives a total of 

20% of the products that will be satisfied by this bin size. 

*all products shaded gray have been satisfied by another bin size 
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bin and will need to 
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established factor 
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Step 5: Based on the given bin dimension constraints, determine the smallest possible 

dimension increase and change the bin length dimension by that amount. 

Step 6: Repeat Step 3 and 4 until the max dimension constraint is reached 

Step 7: Repeat Steps 5 and 6 for bin width and height dimensions using the length 

dimension(s) that were used for created bins. For height, also use the width and length 

dimension(s) that were used for created bins. If there was only one length or width 

dimension used for created bins, use every possible length for width determination and 

every possible width for height determination. 

Step 8: If any products are left, create a bin with dimensions to fit the largest product 

and assign the remaining products to this bin. If this dimension is larger than the largest 

possible dimension, create the largest possible bin that meets the constraints and assign 

all remaining products to that bin. 

Step 9: Determine shelving profile from chosen bins. 

The percentage of the total volume of products being served by the bin size should be 

replicated in the space taken by the bin in the shelving profile. To accomplish this, the 

percentage of the volume of the products served by the bin should be multiplied by the 

total volume of the shelving unit. It should be noted that if there is a significant 

discrepancy between the volume of the bin and the volume of some of the products 

being stored, the volume needed for the bin should be adjusted. For example, if a bin of 

300 in3 satisfies 20% of the product and 10% of the total product volume but 10% of the 
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products it satisfies are under 150 in3 the volume assigned in the shelving unit needs to 

be adjusted. In this example the 10% below 300 in3 would be adjusted to equal 300 in3 

and the assigned percentage of the shelving unit would become 13% instead of 10%. 

The volume obtained from multiplying the percent volume of the product by the volume 

of the shelving unit should then be divided by the total volume of the bin with the 

additional volume of the shelf included. Accounting for the shelf is as simple as including 

the additional height of the shelf in the height of the bin when multiplying the 

dimensions to calculate the volume. This will give a total number of bins required to 

satisfy the volume need. To translate the quantity of bins into a shelving profile, the 

number of shelves required for each bin needs to be calculated. This can be done by 

calculating the number of each bin type that will fit in a shelf and then dividing the 

number of bins needed by this number. Since this will almost always give a fraction, the 

final number needs to be rounded to the nearest whole number. The resulting output 

will be a number of shelves that each bin will occupy which gives the shelving profile to 

be used for the warehouse. 

Step 10: Assign picking and stocking distances to locations. 

With the shelving profile determined, pick and stocking distances can be assigned for 

each bin based on its location in the pick module. Based on the warehouse 

configuration, the distances should be uniform in how they increase and decrease. For 

example, the first three shelving units have one pick distance and the next five have a 

pick distance x number of feet further than the first three. Using the warehouses 
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configuration and the determined profile, a list of locations should be generated with 

bin size and shelving unit number. These locations should then be assigned pick and 

stocking distances based on the warehouse configuration. 

Step 11: Assign bins and associated distances to products. 

To accomplish this step, the bin needed for each individual product needs to be 

determined. The initial list of products needs to be ordered by volume and then have 

the appropriate bin assigned. This can be done using the percentage calculations from 

steps 3 through 6. Once the bin type has been determined the number of bins required 

by each product needs to be calculated. This will be based on the total volume required 

by the product. The total volume of the product will be divided by the volume of the 

assigned bin which will give the total number of locations needed for the product. To 

obtain a useable number the output will need to be rounded up to the nearest whole 

number. Then using the list generated in step 10, each location can be assigned to a 

product. The initial list of products should be ordered by the rank assigned by the 

chosen slotting process. In a similar manner, the bins generated in step 10 should be 

sorted by pick distance. Using these two lists, the highest ranked product should be 

assigned to the corresponding bin with the smallest pick distance. Product requiring 

multiple bins to satisfy their volume needs should be assigned to as many locations as 

needed.  
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Step 12: Calculate total cost for the solution. 

Each product should have a number of picks and a number of locations. Additionally, 

each location will have an associated picking and stocking distance. To determine the 

cost of picking, the number of picks should be divided into the total number of locations 

and then multiplied by the pick distance at each location. This calculated value should 

then be multiplied by the systems cost per distance traveled in the picking operation 

and summed to give an initial picking cost for that product. In a similar fashion, each 

locations stocking distance should be multiplied by the stocking cost per distance 

traveled and then summed to give total stocking cost for that product.  

When looking at assigning products to locations and calculating picking and stocking 

costs, the number of locations does not have any positive impact. Assigning a product to 

two locations doubles the costs of stocking but has no positive impact on picking. In fact 

it could have a negative impact if the second location is in a shelving unit with a larger 

pick distance. If there is a benefit to utilizing more than one location for a product, it 

needs to be represented in a different manner than the picking and stocking costs. To 

determine how best to represent the benefit from the additional locations we first need 

to understand what benefit additional locations offer. In the static world that this model 

exists in, there is little benefit from multiple locations for a product. The only potential 

benefit that could be realized is increased space utilization from a product requiring less 

overall space. This is similar to the benefit that is seen by using multiple location sizes as 

was discussed in the problem description. However, this benefit would be represented 
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in pick distance and would be found out by the optimization models complete 

enumeration. Since a heuristic does not enumerate through ever possible solution, the 

benefit would be harder to identify. The additional benefit offered is not actually seen 

until after the design is finished and utilized. As the solution is used by the business, 

things may start to change. Products may run out of stock and change locations, the 

amount of product in-stock will change as it sells and the number of products picked 

may also fluctuate. Depending on the variability of the system, these changes could be 

significant. Bartholdi identified these potential changes and was able to determine the 

benefit that using multiple locations can provide. Every additional location used for 

individual product storage increases the space utilization for that product (Bartholdi and 

Hackman, 2011). This comes from the fact that as time progresses and a product is 

picked, the inventory level steadily decreases. If uniform demand is assumed, a product 

with a single location will have at best 50% space utilization. Each additional location 

used for the product will add to the utilization. However, each additional location added 

has a diminishing return in the increase in utilization. Bartholdi was able to develop the 

following equation to represent the space utilization for a product given the number of 

locations being occupied (k). 

 

   
                                                                                                                                           (   ) 

From this equation we know that as time goes on having additional locations assigned 

to a product will increase space utilization. But how does that impact system cost? If 

there is very little variability in the supply chain, the impact on costs will be minimal. For 
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example, if the system always receives the same products in the same quantities at the 

same time each month, there is no benefit to having multiple locations per product. 

Having multiple locations assigned to a product would simply result in having more 

empty locations between deliveries. However, if the system has a large amount of 

variability in the supply chain the impact can be significant. For example, let’s assume 

the system has high variability in its supply chain. If only one location has been assigned 

for each product, as time goes on picking distance could increase. The scenario detailed 

in Figure 4.3 shows how this could happen. 

 

 

 

 

 

Figure 4.3 Example of One Location Per Product 

However, this scenario would play out differently if multiple locations had been allowed. 

The impact of multiple locations can be seen in Figure 4.4.  

At the time of the initial deployment of the model, only one location could be used for each 

product. After a weeks’ time, product 10 sold out and a new quantity of 14 was delivered. 

These could not fit in the products previous location, so a new location had to be assigned. 

No other locations were available so a new location had to be created in a new shelving unit 

causing the product to be an additional shelving unit further away. 
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Figure 4.4 Example of Multiple Locations Per Product 

From these scenarios we can see that space utilization can be turned into a positive 

benefit from a pick distance standpoint. The challenge then becomes how to represent 

the cost benefit of space utilization in a static model/heuristic. To accomplish this, it is 

proposed to use Bartholdi’s equation and turn it into a factor that can be multiplied 

against the picking cost function. This will reduce the picking costs thereby giving a 

positive impact to the space utilization that comes from additional locations. However, 

since it has already been established that the benefit from additional locations is 

dependent on the systems variability; Bartholdi’s equation needs to be combined with a 

factor that takes into account the systems attributes. From these requirements the 

following equation was created: 

(    )  (
 

   
)                                                                                                                     (   ) 

At the time of the initial deployment of the model, multiple locations could be used for each 

product. After a weeks’ time, product 10 sold out and a new quantity of 14 was delivered. 

Product 1 has sold 6 and two of the locations it occupied have been freed up. The 14 

delivered of product 10 can be placed into the two location freed up by product 1 or placed 

into the two available locations in the second bay.  
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Here V represents the factor that was determined using system attributes in step 3. The 

remainder is simply Bartholdi’s equation subtracted from 1 so as the increase in space 

utilization results in an increased reduction in the picking cost. The value derived from 

this equation should then be multiplied by the picking cost for the product. There are 

some scenarios were this equation could result in a number larger than 1. In these 

instances the picking cost should be multiplied by 1 instead of the value derived from 

this equation. 

This derived equation should then be used to calculate the savings that will be 

generated by space utilization. The output of the equation is multiplied by the initial 

picking cost for the product to give a total picking cost for the product. The picking and 

stocking costs for each product is summed to give the total system cost. 

4.3 Quality Check 

To ensure the solution generated by the heuristic was of good quality and to check if it 

could be improved by altering the controllable inputs, an experiment was performed 

Changing the number of bins used in the solution could alter the total cost for the 

system and the new solution could be compared to the initial solution to see if 

improvements can be made. The experiment was designed based on this concept. This 

experiment used 5 sets of 1000 randomly selected products. Each of these sets was 

randomly assigned a space utilization factor between 0 and 0.5. The heuristic was then 

executed for each of the product sets. Using the results from the heuristic, each of the 

solutions had their percentage of products that could be stored in multiple bins changed 
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by a factor of .1.  The total costs of the new solution were calculated and compared with 

the original solution. The data was then reverted back to the original solution and the 

percentage change was increased by .1. This continued until the factor reached 0.5. 

Then the quantities were decreased in the same manner until reaching the lower bound 

of 1 bin per product. The results are detailed in table 4.1 below.  

Table 4.1 Experiment Results 

  
Alternate Percentage 

  
0 0.1 0.2 0.3 0.4 0.5 

Initial 
Percentage 

0.1 34.28 34.89 35.24 35.96 36.82 38.09 

0.2 42.14 42.31 42.63 43.22 44.08 45.17 

0.3 37.48 37.59 37.65 37.77 38.11 39.23 

0.4 35.83 34.61 33.44 32.86 32.24 32.56 

0.5 36.72 35.08 33.89 32.73 31.65 30.81 

 

From these results, it can be determined that the heuristic is robust and the solution 

generated is of good quality. Changing the number of bins in the solution did not 

significantly improve the outcome. The difference in total cost was either worse or only 

slightly improved. This shows that the solution generated from the heuristic does not 

require additional iterations for improvement.  

4.4 Summary 

Below the steps of the heuristic are listed without the additional explanations detailed 

above. 

Step 1: Generate percentiles of the product volumes and dimensions. 
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Step 2: Using shelving constraints, system constraints and the calculated percentiles, 

determine the smallest usable bin size. 

Step 3: Determine how many products will fit in the bin based on both volume 

percentile and dimension percentile. 

Step 4: If the number of products that fit the bin is greater than or equal to 10% of the 

whole product offering and the volume of the products that fit in the bin is greater than 

or equal to 10% of the total product volume, create the corresponding bin. 

Step 5: Based on the given bin dimension constraints, determine the smallest possible 

dimension increase and change the bin length dimension by that amount. 

Step 6: Repeat Step 3 and 4 until the max dimension constraint is reached 

Step 7: Repeat Steps 5 and 6 for bin width and height dimensions using the length 

dimension(s) that were used for created bins. For height also use the width dimension(s) 

that were used for created bins. If there was only one length or width dimension used 

for created bins, use every possible length for width determination and every possible 

width for height determination 

Step 8: If any products are left, create a bin with dimensions to fit the largest product 

and assign the remaining products to this bin. If this dimension is larger than the largest 

possible dimension, create the largest possible bin that meets the constraints and assign 

all remaining products to that bin. 

Step 9: Determine shelving profile from chosen bins. 
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Step 10: Assign pick distances to locations. 

Step 11: Assign bins and associated distances to products. 

Step 12: Calculate total cost for the solution. 

4.5 Flowchart 

For additional clarity, the steps listed above can be seen in flowchart form in Figure 4.5. 
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Figure 4.5 Flowchart
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Chapter 5 Results and Discussion 

5.1 Chapter Overview 

This chapter will explore the heuristics performance against currently accepted 

approaches to storage location design. A data set of 2653 products is used for this 

analysis along with real world constraints and system attributes. After each approach 

has been run against the data, the results are compared and discussed. 

5.2 System Attributes 

 For this heuristic to applicable, the system under analysis must be similar to the 

system detailed in the earlier problem statement. For this purpose, all assumptions 

made during the creation of the heuristic are represented in the system being analyzed. 

In addition to the assumptions, there are some other system attributes that need to be 

detailed. 

1. Inventory. The inventory for this system is representative of a typical ecommerce 

retailer. It consists of a large variety of products with varying dimensions and 

demand levels. The smallest product in the inventory is .2” x .1” x .1” and the 

largest product is 13.6” x 8.6” x 8.1”. The demand levels for these products 

varying from 30 sales a month to 1000 sales a month. This inventory typifies a 

retail environment and has the variability needed to fully test this heuristic. 
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2. Slotting approach. The slotting approach chosen for this system is popularity 

based. Popularity based was chosen due to its historic use, ease of application 

and the fact that it is frequently utilized in industry. 

3. Multiple bin factor. The system is assumed to have high variability in delivery 

times, inventory levels and order consistency. These factors all lead to the 

system having a large multiple bin factor of 0.5. 

4. Picking distance. The system is assumed to have four picking zones each with 

one depot located front and center in the zone. The zones are two times as long 

and they are wide but the shelving units are twice as wide as they are long. This 

generates four shelving units with a pick distance of 3 feet in each zone with 

each additional “ring” adding an additional four shelving units and increasing 

pick distance by 3 feet. There are 64 bays in each zone (Figure 5.1). 

 

Figure 5.1 Pick Distances 
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5. Stocking distance. The stocking distance is assumed to be the inverse of the 

picking distance. For this system, there is a stocking depot as well so the bulls-

eye pattern will be reversed. The four shelving units in the last row with the 

lowest pick distance will have the lowest stocking distance. From there the 

stocking distance will increase going out in the same manner as the picking 

distance. 

6. Picking and stocking cost. The picking and stocking costs for this system is based 

on travel distance and time. The total distance is tabulated in the execution of 

the heuristic, but the cost per distance traveled needs to be established. The 

average person’s walking speed is between 2 and 4 miles per hour. It is assumed 

that pickers move with more motivation and average 4.5 miles per hour. 

However, stockers are carrying totes with them and are not able to move as fast. 

The average speed for stockers is 2 miles per hour. The warehouse pay for this 

example assumed to be $12.50 per hour which breaks down to $0.0005 per foot 

traveled in picking operation. The cost per foot traveled in the stocking 

operation is $0.001. For this example it is assumed that additional steps taken in 

picking are mirrored in stocking and therefore incur the same cost. 

5.3 System Constraints 

In order to execute the heuristic, the system constraints need to be declared. These will 

include both physical constraint and any additional constraints that are needed due to 

business rules or warehouse standards. 
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1. Shelving unit dimensions. The shelving units used in the system are 36 inches in 

width, 18 inches in depth and 72 inches in height. Each shelf is 2 inches in height 

which is added to the bin height for every shelf occupied. 

2. Bin manufacturer restrictions. Because of the dies used to cut the cardboard bins 

utilized in this system, the smallest possible dimension for the bins is 6 inches. 

Additionally, each of these dimensions is increased by increments of 1 inch. 

3. Management preferences. To prevent confusion in the picking process, each 

shelf in the shelving unit can only have one bin size on it. Also, to prevent 

ergonomic problems in the picking and stocking process, the max width a bin can 

be is 18 inches and the max height a bin can be is 12 inches. This results in every 

bin length dimension needing to be a factor of 18, width a factor of 36 and 

height a factor of 72 (minus two to account for shelf height). Also the width of a 

bin cannot be greater than its length or more than twice the size of its height. 

Likewise a bins height cannot be greater than its length or more than twice the 

size of its width. 

5.4 Heuristic Application 

 Having established the system attributes and constraints, the heuristic can now 

be applied to the data set. While executing the heuristic, each step is shown in detail 

with accompanying data and figures.  

Step 1: Generate percentiles of the product volumes and dimensions.  

Using the given data set, the calculated percentiles are given in table 5.1 
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Table 5.1 Dimension and Volume Percentiles 

Dimension Percentiles  Volume Percentiles 

 L W H Percentile 
 

Volume Percentile 

17.5 14 8.3 100th 
 

   
34,256.25  100th 

9.2 5 2.5 90th 
 

      
3,169.01  90th 

7.2 4.1 1.9 80th 
 

      
1,602.28  80th 

6 3.7 1.6 70th 
 

      
1,060.95  70th 

5.6 3.2 1.4 60th 
 

         
769.54  60th 

5 2.8 1.2 50th 
 

         
575.19  50th 

4.5 2.5 1 40th 
 

         
419.98  40th 

4 2.125 0.8 30th 
 

         
309.75  30th 

3.2 2 0.5 20th 
 

         
205.20  20th 

2.7 1.4 0.5 10th 
 

            
90.29  10th 

 

Step 2: Using system constraints, determine the smallest usable bin. 

We were given a constraint with the smallest possible dimension for a bin of 6 inches. 

This gives a bin size of 6” in length, 6” in width and 6” in height with a total volume of 

216 cubic inches. Based on the percentiles calculated, these dimensions make sense and 

will work as an initial bin size. These dimensions also work with the given management 

and shelving constraints. 

Step 3: Determine how many product can fit in the bin based on both the volume and 

dimensions percentiles. 
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Based on the calculated dimension percentiles, 70% of the products should fit in this 

bin. However, based on the volume percentiles, only 20% of the products are satisfied 

by this bins volume capability. Using the factor determined to represent system 

variability, we multiple the factor by the difference between the percent of product 

satisfied by the bins dimensions and the bins volume. 

(0.5) * (70% - 20%) = 25% 

This is then added to the percent of products that were satisfied by both the volume 

and dimensions. 

25% + 20% = 45% of products will be satisfied by this bin. 

Step 4: If the number of products that are satisfied by the bin is greater than or equal to 

10% of the whole product offering and the volume of the product that fit in the bin is 

greater than or equal to 10% of the total product volume, create the corresponding bin. 

The number of products satisfied by this bin is 45% of the whole product offering. The 

percent of the total product volume that fits in the bin is 10%. 45% and 10% are greater 

than or equal to 10% so create the bin. 

Bin Length Width Height Volume 

Size 1 6 6 6 216 

 

Step 5: Based on the given constraints, determine the smallest possible dimension 

increase and change the bin length by that amount. 
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The smallest possible increase is 1 inch. However, that would violate the management 

constraint that the length of the bin must be a factor of 18. The next smallest factor of 

18 is 9. Set the length of the new bin size to 9 inches. 

Step 6: Repeat steps 3 and 4 until the max dimension is reached. 

The new bin size will fit 35% of the products based on dimensions and 5% of the 

products based on volume. Using the determined factor again, we get the following: 

5% + (0.5 * (35% - 5%) = 20% of the products are satisfied by the new bin size. This bin 

also satisfies 10% of the total product volume. Since 20% and 10% are greater than or 

equal to 10%, the bin is created. 

Bin Length Width Height Volume 

Size 1 6 6 6 216 

Size 2 9 6 6 324 

 

The next possible factor of 18 is 18. Set the length of the new bin to 18 inches. The new 

bin size will fit 45% of the products based on dimensions and 15% of the products based 

on volume. Using the determined factor we obtain the following: 

15% + (0.5 * (45%-15%)) = 30% of the product are satisfied by the new bin size. This bin 

also satisfies 13% of the total product volume. Since 30% and 13% are greater than or 

equal to 10%, the bin is created. 
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Bin Length Width Height Volume 

Size 1 6 6 6 216 

Size 2 9 6 6 324 

Size 3 18 6 6 648 

 

The max dimension for bin length has been reached. Proceed to step 7. 

Step 7: Repeat steps 5 and 6 for bin width and height using the length dimension(s) that 

were used for created bins. For height also use the width dimensions that were used for 

created bins. If there was only one length or width dimension used for created bins, use 

every possible length for width determination and every possible width for height 

determination 

The next possible width for the bin needs to be a factor of 36. This would be a width of 

9. The 6 inch length used for created bins cannot be used with this width since based on 

constraints the width cannot be greater than the length. Therefore the first possible bin 

size to try is 9” in length, 9” in width and 6” in height. There are 5% of the products that 

are satisfied by this bin size based on dimension and 0% based on volume. This results in 

2.5% of product being satisfied by the bin. Since this is less than 10% of the total 

product offering, the bin is not created.  

The next possible bin size is 18” in length, 9” in width and 6” in height. There are 10% of 

the products that are satisfied by this bin size based on dimension and 1.25% based on 

volume. This results in 5.625% of product being satisfied by the bin. Since this is less 



59 
 

than 10% of the total product offering, the bin is not created. Due to constraints, there 

are no more widths that can be tried. 

The next possible bin height for the bin needs to be a factor 72. This would be 12. 

Subtract off the 2 inches for the shelf height and we have a bin height of 10 inches. This 

cannot be used with the 6 or 9 inch lengths as the height is constrained to be less than 

that length of the bin. The first potential bin size then is 18” in length by 6” in width by 

10” in height. There are 10% of the products that are satisfied by this bin size based on 

dimension and 2.5% based on volume. This results in 6.25% of product being satisfied by 

the bin. That is less than 10% so we move on.  

Since only one width was used in a created bin, all possible widths must be tried. The 

next potential bin is 18” in length by 9” in width and 10” in height. There are 10% of the 

products that are satisfied by this bin size based on dimension and 5% based on volume. 

This results in 7.5% of product being satisfied by the bin. That is less than 10% so we 

move on.  

The next possible bin size is 18” in length by 12” in width by 10” in height. There are 

10% of the products that are satisfied by this bin size based on dimension and 5% based 

on volume. This results in 7.5% of product being satisfied by the bin. That is less than 

10% so we move on. Due to constraints there are no other bin sizes that can be tried. 

Proceed to step 8. 

Step 8: If any products are left, create a bin with dimensions to fit the largest product 

and assign the remaining products to this bin.  
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There are 20% of the products left. The largest product is 17.5” by 14” by 8.3”. Based on 

the given constraints the largest bin that can be made to fit this product is 18” in length 

by 18” in width by 10” in height. The remaining 20% of product will be satisfied by this 

bin size. Create the bin. The final results of bins that were tested and selected can be 

seen in table 5.2. 

Table 5.2 Bin Sizes 

Bin Length Width Height Volume Selected? 

Size 1 6 6 6 216 Yes 

Size 2 9 6 6 324 Yes 

Bin A 9 9 6 486 No 

Size 3 18 6 6 648 Yes 

Bin B 18 9 6 972 No 

Bin C 18 12 6 1296 No 

Bin D 18 6 10 1080 No 

Bin E 18 9 10 1620 No 

Bin F 18 12 10 2160 No 

Size 4 18 18 10 3240 Yes 

 

Step 9: Determine the shelving profile from the chosen bins. 

The chosen bins each represent a percentage of total product volume that they will 

satisfy. These percentages need to be represented by the space they occupy in the 

shelving profile. To do this, the percentage of total product volume each bin represents 

needs to be multiplied by the shelving units total volume to determine the space each 

bin type should be assigned.  
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1. Bin 1: 10% * (72 * 36 * 18) = 5,041.3 in3 

2. Bin 2: 10% * (72 * 36 * 18) = 4,535.5 in3 

3. Bin 3: 13% * (72 * 36 * 18) = 6,033.6 in3 

4. Bin 4: 67% * (72 * 36 * 18) = 31,045.6 in3 

This volume can be translated into total number of bins using the individual bin 

volumes. However, since the shelf will be included in the final shelving unit, the height 

of each bin needs to have the shelf height factored in.  

1. Bin 1: 5,041.3 / (6 * 6 * 8) = 17.5 bins 

2. Bin 2: 4,535.5 / (9 * 6 * 8) = 10.5 bins 

3. Bin 3: 6,033.6 / (18 * 6 * 8) = 6.9 bins 

4. Bin 4: 31,045.6 / (18 * 18 * 12) = 7.9 bins 

Since we know that each bin type must occupy a whole number of shelves, these 

quantities can be translated into number of shelves needed. 

1. Bin 1: 17.5 / (18 bins per shelf) = .97 shelves 

2. Bin 2: 10.5 / (12 bins per shelf) = .87 shelves 

3. Bin 3: 6.9 / (6 bins per shelf) = 1.16 shelves 

4. Bin 4: 7.9 / (2 bins per shelf) = 3.99 shelves 

These shelf requirements can then be rounded to determine the final number of shelves 

of each bin type in the final shelving profile. 
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1. Bin 1: 1 shelf 

2. Bin 2: 1 shelf 

3. Bin 3: 1 shelf 

4. Bin 4: 4 shelf 

Step 10: Assign pick and stocking distances to locations 

Since the warehouse configuration is already know, the number of bays and their 

associated picking and stocking distances are easily determined (Figure 5.2)  

 

Figure 5.2 Picking and Stocking Distances 

Using this information and the shelving profile, locations can be created for each bay 

with the associated picking and stocking distances. An example of the output is shown in 

table 5.3.  
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Table 5.3 Location Data 

Shelving Unit Location Bin Pick Distance Stocking Distance 

Unit 5 Bin 4 3 15 

Unit 5 Bin 4 3 15 

Unit 5 Bin 3 3 15 

Unit 5 Bin 3 3 15 

Unit 5 Bin 3 3 15 

Unit 5 Bin 3 3 15 

Unit 5 Bin 3 3 15 

Unit 5 Bin 3 3 15 

Unit 5 Bin 2 3 15 

Unit 5 Bin 2 3 15 

Unit 5 Bin 2 3 15 

Unit 5 Bin 2 3 15 

Unit 5 Bin 2 3 15 

Unit 5 Bin 2 3 15 

 

Step 11: Assign bins and associated pick distances to products 

To accomplish this step, the list of products used for this example was ordered by 

volume and assigned the appropriate bin. After assigning the bins based on the 

percentage calculations from steps 3 through 6, the number of bins required by each 

product was determined based on each products required volume. This list was then 

ordered by product rank as determined by the Popularity slotting approach. The 

location list generated in Step 10 was then ordered by picking distance in ascending 

order and the smallest rank product was assigned to the corresponding location with 

the correct bin size and smallest picking distance.  This process is detailed for one 

product in Figures 5.3 and 5.4. 
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Figure 5.3 Example of Bin Quantity Process 

 

 

 

 

Figure 5.4 Example of Identifying Locations 

Step 12: Calculate the total cost for the solution. 

To determine the total cost for the solution, the total picking and stocking distances for 

each product is determined and multiplied by the cost per distance traveled. The picking 

cost for each product is then multiplied by the calculated factor to determine a total 

Here the product list has been ordered by Popularity Ranking as determined by the slotting 

process. The number of bins each product needs has been determined and is represented by 

the “Qty Needed” column. In this example, product number 391359 needs to be assigned to 

4 locations with bin 1. These locations need to have the smallest available picking distance. 

Here the location list has been ordered by picking distance. Product number 391359 needed 

4 locations with Bin 1. The first 4 available locations with the smallest pick distance get 

assigned. This process gets repeated until all products are assigned locations.  
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picking cost per product. The total picking and stocking costs is then summed for all 

products to determine the total cost for the system. An example of this process being 

executed can be seen in Figures 5.5 and 5.6. 

 

Figure 5.5 Example of Calculating Costs 

Product 
# 

Picking 
Cost 

Stocking 
Cost 

Number of 
Locations 

Space 
Utilization 

Factor 

Total Cost (Space 
Util * Pick Cost * 

Stock Cost 

55 0.211 0.009 1 1.000 0.220 

138 0.435 0.030 2 0.833 0.392 

1024 0.258 0.024 2 0.833 0.239 

1833 0.185 0.075 5 0.667 0.198 

2166 0.209 0.036 2 0.833 0.210 

99 0.412 0.036 4 0.700 0.325 

521 0.220 0.009 1 1.000 0.229 

444 0.225 0.009 1 1.000 0.234 
Figure 5.6 Example of Space Utilization Calculation 

The total cost for the system was calculated to be $677.81.  

5.5 Comparing Methods 

To fully understand the impact the heuristic can have on a warehouse system, it must 

first be compared with the current approaches that have been established in the 

literature. These approaches are: 

1. Using a single location size for all products 
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2. Allocating whatever size location a product needs. 

First, we will compare the output from the heuristic against using a single location size 

for all products. 

5.5.1 Single Location Size 

The same data set, assumptions and constraints used to execute the heuristic is used for 

this analysis. For a single location size, the location will need to be large enough to 

handle the largest products. The 100th percentile of each of the product dimensions is 

17.5” in length by 14” in width by 8.3” in height. Based on the given constraints, the only 

bin size that will work for those dimensions is 18” in length by 18” in width by 10” in 

height. There can be 12 of these bins in a shelving unit. Using this information and the 

layout detailed earlier, a list of locations and associated picking and stocking distances 

can be created (Figure 5.7).  

Shelving 
Unit 

Location Bin Pick Distance Stocking Distance 

Unit 1 Bin 1 3 12 

Unit 1 Bin 1 3 12 

Unit 1 Bin 1 3 12 

Unit 1 Bin 1 3 12 

Unit 1 Bin 1 3 12 

Unit 1 Bin 1 3 12 

Unit 1 Bin 1 3 12 

Unit 1 Bin 1 3 12 

Unit 1 Bin 1 3 12 

Unit 1 Bin 1 3 12 
Figure 5.7 Locations with Distances 
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Using the list generated in the previous step, each product can be assigned to one or 

more of the locations based on their rank and volume as determined by the popularity 

slotting approach (Figure 5.8). 

Product #  Length   Width   Height  

 
Required 
Volume  

 Popularity 
Rank  

Number of 
Locations 
Needed 

1 
          

13.2  
            

8.5  
            

3.5  
   

4,712.40  
                         

1  1 

3 
          

13.4  
            

6.7  
            

4.5  
   

5,656.14  
                         

2  2 

4 
            

9.3  
            

8.6  
            

5.4  
   

5,614.60  
                         

3  1 

5 
          

15.0  
          

10.0  
            

3.0  
   

5,400.00  
                         

4  1 

79 
          

11.5  
            

7.7  
            

4.2  
   

3,347.19  
                         

5  1 

2 
          

16.0  
          

14.0  
            

2.5  
   

5,040.00  
                         

6  3 
Figure 5.8 Slotting Data 

 

After assigning the products to their appropriate locations, the picking and stocking 

costs are calculated in the same manner as they are in the heuristic (Figure 5.9) 

 

Figure 5.9 Cost Calculation 
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The generated picking and stocking costs can then be summed to obtain the total cost 

for this solution. The total cost for using one bin size for all products is $1,006.38. This is 

48% higher than the solution given by the heuristic. 

5.5.2 Location sizes that match product need 

It would be impossible to compete with a solution that assumes no constraints on how 

much product can be placed in any given location. That solution would be optimal. 

However, this approach is impractical when applied to real world situations. Consider 

the smallest product in the data set: 0.2” in length by 0.2” in width by 0.1” in height. The 

volume required for this product given a popularity slotting approach is 0.26 in3. How 

can this amount of space be allocated in a shelving unit? What if the next product 

requires 6,000 in3, how will these two products be placed by one another without 

wasting any space at all? The approach, while nice in theory, is not practical in real 

world application and cannot be considered a viable solution to any problem set. 

5.6 Discussion 

 It is evident that for the modern distribution center with a varied and complex 

inventory, intelligently designing bin sizes and shelving profiles can have a huge impact 

on the overall costs of operations. The current approaches to location design are either 

meant for warehouses with pallet quantities and standard product sizes, or not realistic 

in their approach. The heuristic generated from this research gives a design that 

performs far better than any of the established approaches (Table 5.4) and is useable in 

a real world industry setting as is shown in the next chapter.  
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Table 5.4 Comparison Table 

 
Approach 

  Single Bin 
Size 

Heuristic 
  

Bin Sizes 1 4 

Locations Used 3181 5779 

Picking Cost  $         993.39   $   717.31  

Stocking Cost  $           38.17   $      63.10  

Space Utilization Savings  $         (25.18)  $ (102.60) 

Total Cost  $     1,006.38   $   677.81  



70 
 

Chapter 6 Case Study 

 To further support the positive impact an intelligent approach to location design 

can have, a case study was performed in conjunction with a local business. The local 

business is an online retailer that does not have a storefront. All of their sales come 

from their website and they ship 100% from the warehouse to the end consumer. 

Because of this business model, the warehouse has no pallet or case quantity 

shipments.  

6.1 Inventory 

Due to its industry, the company has a large and varied inventory consisting of 100,000 

unique SKU’s. Of these, 48,000 are consistently in-stock over the course of the year and 

represent more than 95% of the sales. The 48,000 can be broken down even further into 

an ABCD classification with the 20% of products in the A and B categories representing 

80% of the sales. 

6.2 Warehouse Setup 

The warehouse has one forward pick module that holds most of the SKU’s. All SKU’s 

with a largest dimension less than 18 inches are housed in the pick module. The 

remaining SKU’s are stored in modified pallet racking outside the pick module and will 

not be considered in this case study. The forward pick module consists of metal shelving 

that is 18” deep, 36” in width and up to 80” in height. There are 1890 shelving units that 

are split between two levels and four picking zones per level. Each of these picking 
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zones has a single depot where orders waiting to be picked are queued. Completed 

orders are placed on a conveyor that transports them to the shipping department for 

final disposition. The layout of the warehouse can be seen in Figure 6.1 

 

Figure 6.1 Warehouse Layout 

6.3 Operations 

Picking is done using hand held computers that are tied into the WMS (warehouse 

management system). Picks are given to employees with the expectation of a return trip 

to the depot after each pick. Stocking is done from a conveyor that lies on the outside of 

the pick module. Each location is stocked using totes and carts that are taken to each 

location. After each location is stocked the employee must make a return trip to the 

conveyor to obtain the next product to stock. In addition to the quantities stored in the 

pick module, there are reserve quantities stored in the outer warehouse for a small 

percentage of the SKU’s. These reserve quantities are stocked into the pick module as 

each location is depleted by fulfilling orders. 
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6.4 System Attributes 

The warehouse uses a popularity slotting approach due to its zone configuration and 

small number of line items per order. However, the popularity approach is modified by 

using a combination of dedicated and non-dedicated storage assignment policies. 

Products are not allowed to share locations but are also not given a dedicated location. 

When a product is no longer in-stock, the location that it occupied is free for another 

product to occupy. 

Due to the nature of the industry and a lack of focus on supply chain management at the 

top level, variability in the supply chain is high. The industry experiences many large 

spikes in demand due to political climate and current events. In addition, vendors have a 

hard time forecasting demand and are inconsistent in delivering orders and maintaining 

requested order quantities. These factors all combine to give the system a high level of 

variability and place a premium on space utilization and flexibility in product storage. 

6.5 Location Design 

Historically this warehouse has attempted to configure their shelving units to whatever 

amount of product was received. When product arrived in the building, the entire 

quantity was sent to the pick module and employees attempted to place the products 

into a location that would hold it as efficiently as possible.  

With the warehouse looking to update their material handling system, the opportunity 

to overhaul their location design and product placement methodology was presented. 
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However, management wanted to maintain their zone picking configuration and class 

based product approach. Using these preferences, a modified version of the heuristic 

presented in this research was used. 

6.6 Methodology 

The inventory was broken down into their ABCD class for analysis. Once separated, each 

data set would independently have the heuristic detailed in this research applied to it. 

However, due to the preferences stated above, slight modifications to the heuristic 

would be made. 

1. Additional percentiles. To increase the flexibility of the solution, the warehouse 

wanted more bin sizes to fit their highly variable inventory. To accomplish the 

desired level of flexibility, the percentiles for volume and dimensions were 

altered to be at the 5 percent level. 

2. To accommodate additional bin sizes, the steps for determining shelving profiles 

were modified to use the volume of two shelving units. This created two 

separate shelving profiles that allowed the additional bins to still occupy an 

entire shelf. 

6.7 Results 

The executed heuristic gave 12 bins sizes and 4 shelving profiles across the 4 product 

classes. Additionally, each zone had the shelving units identified that were required to 

satisfy the storage needs of each class. This allowed for the establishment of physical 
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“rings” that each product class was allocated to. The large number of bins and shelving 

profiles required some manipulation for usability. Each shelf in a shelving unit needed to 

match up to a shelf in the other shelving profiles as an aisle changed from one profile to 

another. This would allow for sight lines to be consistent when looking down an aisle 

and would maintain consistency for the pickers.  

Six months after implementing the design given by the heuristic, the warehouse picking 

operation had observed a 30% decrease in the overall distance walked in the pick 

module. Additionally, there was a decrease in the number of products needing to be 

restocked out of the warehouse as a result of locations that better fit their product 

characteristics. The combination of these improvements led to over $250,000 in savings 

in the first year of implementation. This number is expected to grow as employees 

continue to learn the new layout and management dials in the slotting strategy. In 

addition to the detailed improvements, there were a number of other benefits 

generated by the solution. Each of these added to the monetary gains, but the individual 

impact was hard to quantify. 

1. Standardized layout. Before implementing the solution, the location names, sizes 

and shelving profiles were different throughout the pick module. After 

implementation, the layout was the same in each picking zone. This allowed 

picking employees to learn the layout and continue to improve their picking 

rates. 
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2. Removal of excess material. The new design allowed for bins to be purchased for 

each location. Before the solution was implemented, locations could be any size 

and products were stored in the packing they were delivered in. This material 

had to be removed as the product was picked. The standard bins removed the 

need for the excess material and the labor to remove it. 

All of these improvements show the wide ranging impact that intelligent location 

design can have.  

6.8 Summary 

This case study shows the impact that intelligent location design can have in the real 

world. The warehouse detailed in this exampled was able to modify the heuristic to fit 

its needs and utilize the resulting design to significantly reduce their operating costs. 
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Chapter 7 Conclusion and Further Research 

7.1 Conclusion 

The objective of this research was to develop a heuristic for determining a 

location design that utilized product knowledge and system constraints to generate an 

intelligent solution focused on reducing costs in a forward pick module. This research 

showed that there is a gap in current approaches to location design and that there is a 

way to address the gap. 

Using assumptions based on industry knowledge, a general optimization model 

was constructed. While the model accurately represented the inputs to location design, 

the 0-1 nonlinear combinatorial nature of the model made it unusable for the large data 

sets seen in industry. However, using the identified inputs and assumptions a heuristic 

was developed. The heuristic utilized product dimensions and volumes to determine bin 

sizes and quantities. These bins were then used to create shelving units based on the 

percent of product volume that each bin would satisfy. Using the physical layout of the 

given pick module, each shelving unit was assigned a geographic location and given an 

associated picking and stocking distance. Product was then assigned to each location 

using the systems slotting approach. Having been “slotted” to a shelving unit, each 

product would have an associated picking and stocking distance which could be 

summed and used to calculate total system cost. When the total picking and stocking 

costs were tabulated for the given data, the heuristic significantly outperformed current 
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approaches which verifies the significant impact space and location utilization can have 

on the distance traveled in a pick module. 

To further show the positive impact intelligent location design can have, a case 

study was performed at a local distribution center. The warehouse had formerly been 

using one of the standard approaches to location design and was in the midst of 

installing new shelving units. This allowed for a different approach to designing their 

storage locations. Due to unique system and management constraints, a variant of the 

heuristic detailed in this research was utilized. The results were excellent as the picking 

distance in the forward pick module was decreased by 30% and the overall system cost 

was decreased by more than $250,000 the first year. 

 While this research successfully showed the impact intelligent location design 

can have, it simply scratches the surface of the potential in the area. The approaches 

detailed can be further refined and enhanced with additional research and 

experimentation. 

7.2 Further Research Opportunities 

 As was mentioned above, there are many additional areas that could benefit 

from further research. The presented work was one of the first forays into location 

design for warehouses shipping to end consumers. Due to the lack of similar research on 

which to base procedure, assumptions were made. These assumptions need to be 

further tested and verified. In addition to the assumptions, there were nuances that 

could have made the heuristic more accurate that were ignored with the goal of 
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generating a general approach. These areas serve as excellent candidates for further 

research and are given below. 

7.2.1 Space utilization and multiple storage locations 

During the process of building the optimization model, an assumption was made that a 

space utilization increase from using multiple locations could have a positive impact on 

system cost. This impact was assumed to be from a reduction in the overall travel 

distance caused by freeing locations as product was picked. As a location was emptied 

of one product, another would take its place occupying a location closer to the picking 

depot that would not have been available if the product had all been stored in one 

location. This impact was modeled using an equation developed by Bartholdi and a 

factor developed to represent system variability. While this approach is logically based 

and the results from the developed heuristic are good, it needs further proving. The 

impact of multiple locations in a distribution center needs to be researched, observed 

and represented in mathematical form. In addition, space utilization needs to continue 

to be researched and generalized in terms of the financial impact for a warehouse 

system. 

7.2.2 Real Dimensions 

While the heuristic generated by this research utilized product data to generate bins, 

volume was still used to determine what bin a product was assigned to and how many 

bins a product would require. The accuracy of the heuristic could be improved if further 
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research determined a way to utilize product dimensions when assigning a product to a 

bin and when determining how many bins a products volume would require. 

7.2.3 Actual Position in the Shelving Unit 

This research made the assumption that a products location inside a shelving unit had 

no impact on the overall picking cost. While that assumption made sense from a travel 

distance standpoint, there is an opportunity for further research on how to incorporate 

picking benefits from products located in the golden zone of a shelving unit. It has been 

shown that product location in terms of height and reach can have a significant impact 

on picking efficiency (Petersen et al., (2005). This could also have an impact on the 

location of certain bin sizes in a shelving profile and the slotting of products to reduce 

overall costs. 

7.2.4 Different Approaches to Bin Sizing 

The developed heuristic utilizes a top down approach to determining bin dimensions 

and a bottom up approach to determine bin volume. The largest dimension is 

considered first in conjunction with the smallest possible volume. Additionally, the 

smallest volume percentiles are the first to be considered and satisfied. There are 

numerous research opportunities in looking at different ways to approach the sizing of 

bins.  
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Note: Due to size of the data sets used for analysis in this research, it didn’t make sense 

to include them as appendixes. If there is any need for the data please contact the 

author and it will be provided. Email requests to nmk2k9@yahoo.com.
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APPENDIXES 

Appendix A. Inventory Characteristic Summary 

# of products 2653 

Avg # of picks monthly 209095 

Max # picks/product 1,050 

Min # picks/product 30 

Avg # of picks /product 78.8 

Max Product Vol (cubic in) 974 

Min Product Vol (cubic in) 0.1 

Avg Product Vol (cubic in) 36.5 

 

Percent of 
Product 

Percent of 
Picks 

12% 32% 

20% 48% 

30% 60% 

40% 70% 

50% 75% 

60% 82% 

70% 86% 

80% 92% 

90% 96% 

100% 100% 
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Appendix B. Location Summary 

# of Locations 11264 

# of Shelving 
Units 256 

Locations/Unit 44 

# Bin1 4608 

# Bin 2 3072 

# Bin 3 1536 

# Bin 4 2048 

 

Bin 
Type 

Picking Distance 

3 ft 6 ft 9 ft 12 ft 15 ft 18 ft 21 ft 

# Bin 1 288 576 864 1152 864 576 288 

# Bin 2 192 384 576 768 576 384 192 

# Bin 3 96 192 288 384 288 192 96 

# Bin 4 128 256 384 512 384 256 128 

        
Bin 

Type 

Stocking Distance 

3 ft 6 ft 9 ft 12 ft 15 ft 18 ft 21 ft 

# Bin 1 288 576 864 1152 864 576 288 

# Bin 2 192 384 576 768 576 384 192 

# Bin 3 96 192 288 384 288 192 96 

# Bin 4 128 256 384 512 384 256 128 

 


