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Abstract	
This research is performed at Neways Industrial Systems (NIS), an operating company of Neways 
Electronics International NV. The turnover of NIS has increased over the last years and NIS expects to 
grow even more. Besides, there is a trend to smaller production batches at NIS, which leads to an 
increase in production orders. The main effect of both developments on the warehouse of NIS is an 
increase in the number of pick lines. In order to be able to cope with this increase, the pick line 
productivity of NIS has to improve. In this research, several scenarios that potentially improve the order 
pick productivity have been tested using discrete event simulation and historical orders. The results 
showed that, in the best scenario, NIS is able to improve their pick line productivity by at most 18% if 
they do not have the desire nor the opportunity to invest in additional resources. However, it was shown 
that this improvement is sufficient for at most 2.5 years. After this time period NIS has to further improve 
the pick line productivity in order to avoid future pick problems. It was indicated that this can be done 
by complementing the ‘best scenario’ with a decreased leftover time, which can possibly be realized 
without investing in additional resources. If this is not possible, it was shown that it is inevitably that at 
a certain point in time NIS has no other option than to invest. Recommendations with regards to multiple 
options that exist were given, in which it was not advised to invest in new VCs but to invest in an 
alternative storage system that is able to process both incoming and outgoing product flows.  
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Executive	summary	
This research is performed at Neways Industrial Systems (NIS), an operating company of Neways 
Electronics International NV. NIS is a provider of product life cycle management of advanced and 
integrated electronic applications, within the EMS market (i.e. Electronics Manufacturing Services 
market). Examples of the products that NIS produces are printed circuit board assemblies and box-build 
applications.  
 
Problem description and research question 
The turnover of NIS has increased over the last years and, by contracting new customers and producing 
new products for existing customers, NIS expects to grow even more the 6.2% Compound Annual 
Growth Rate (CAGR) that is expected for the EMS market, of which NIS is part of. 
 
An increase in turnover will result in several warehouse related challenges, such as a higher inventory 
turnover and an increase in the number of pick lines of NIS’ order picking process. Order picking is the 
main activity of the warehouse and can be defined as the process of retrieving Stock Keeping Units 
(SKUs) from storage locations in response to a specific production order. It is the most labor-intensive 
operation in warehouses with manual systems, which is also the case at NIS (Goetschalckx and Ashayeri, 
1989; Tompkins et al., 2003). The production orders consist of pick lines, each line for a unique SKU, 
in a certain quantity. Besides, there is a trend to smaller production batches at NIS, which leads to an 
increase in production orders. Especially this increase will cause difficulties because NIS is not able to 
process this increase with the current number of employees and the current order pick process. Therefore, 
it is important for NIS to discover how they can improve their productivity. Consequently, the following 
research question was formulated: 
 

‘How can Neways Industrial Systems improve their pick line productivity1?’ 
 
The scope of this research was the inbound warehouse of NIS, which consists of a single-floor area with 
Vertical Carousels (VCs: a rotatable circuit of shelving) and a multi-floor area with Normal Storage 
Racks (NSRs). 
 
Important to note is that NIS has indicated that they do not have the desire nor the opportunity to hire 
additional pickers or to invest in mechanic storage systems or software packages in the short term. 
Therefore, this research has focused on scenarios that potentially reduce the time per pick line in order 
to improve the pick line productivity. 
 
Current situation and limitations of order pick process 
In order to answer the research question, it was important to determine the current situation at the 
warehouse of NIS. This was done by conducting semi-structured interviews analyzed with the 
Framework Method (Ritchie & Spencer, 1994; Gale et al., 2013), a quantitative analysis of the current 
pick process and by doing observations within the warehouse. Table 0-1 summarizes the main 
characteristics. This table shows that the warehouse of NIS consists of both single- and multi-floor 
areas with VCs and NSRs and that they have 2 variants of order picking systems. 
 
Additionally, the level of complexity of the current order picking systems of NIS was determined and it 
was shown that these systems are relatively elementary at the moment.  
 
Finally, the current pick line productivity was calculated. This was done using a formula consisting of 
the number of pick lines and the total pick time. The outcome showed that the current pick line 
productivity of the warehouse of NIS is 17.9 pick lines per hour per order picker (based on June and 
July 2017, which is according to the warehouse manager of NIS a representative time period). 
 
 

                                                
1 Pick line productivity is defined as the number of pick lines that one order picker is able to process in a certain time unit (t). 
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Layout Single-floor area with VCs 

Multi-floor area with NSRs 
Storage assignment policy Combination of class-based storage and closest open location storage 
Order picking systems Variant 1 (NSR area): picker-to-parts of type low-level picking, pick-by-order, one-

sided order picking, no zoning 
 
Variant 2 (VC area): similar to variant 1, except combination of picker-to-parts and 
parts-to-picker due to VCs 

Order release method Discrete, pick orders are known in advance 
Table 0-1: Main characteristics warehouse of NIS 

In determining the current situation, some limitations were identified. Examples are the order picker 
congestion at the VCs, the delaying characteristics of the current VCs (they rotate slowly, switch often 
to ‘failure mode’, skip plateaus and it is not possible to cancel a command) and the absence of back 
cross-aisles. 
 
Results and recommendations  
The objective of this research was to determine scenarios that result in an improved pick line 
productivity, with a focus on reducing travel - and waiting time. The scenarios were based on the 
methodologies determined in the structured literature review. By using them separately and combined, 
approximately hundred scenarios were formulated. After formulating these scenarios, each scenario was 
tested using discrete event simulation and historical pick orders of NIS. It was shown that all suggested 
scenarios result in an improved pick line productivity.  
 
In order to determine the most appropriate scenario for NIS, it is important that NIS first determines the 
main objective of their warehouse. If maximizing the pick line productivity at the expense of 
implementation time is their main goal, it is recommended to move the NSR SKUs of floor 0 to the VC 
area and the NSR SKUs of floor 1 to floor 0. Furthermore, they have to merge the current eight VCs 
into four VCs. Next to these changes, NIS has to implement the application ‘zoning’ combined with the 
order batching heuristic ‘TT-S’ and storage assignment policy ‘organ-pipe’ at the VC area. Results 
showed that this application is expected to improve the pick line productivity by 18% (hereafter called 
‘best scenario’). However, if NIS does not have the desire to move warehouse departments an alternative 
scenario is suggested, which is expected to improve the pick line productivity by at most 16%. Important 
to note is that both scenarios require an implementation period of 75 – 90 hours. 
 
If NIS aims for the most optimal ratio between pick line productivity improvement and implementation 
time, the methodologies ‘system of VCs’, zoning (both VC area) and the order batching heuristic ‘CW 
1’ (NSR area) are recommended. Both can be implemented within a short period of time (i.e. total 
implementation time <20 hours), but result nonetheless in an 11% improvement in pick line productivity.  
 
Finally, if the objective is to change the order picking system and warehouse as little as possible NIS is 
recommended to implement the VC methodologies ‘system of VCs’ and zoning before the end of 
semester 1 2018. It is expected that this will improve the pick line productivity by 6%, which is sufficient 
to handle the 4% increase in the number of pick lines in the first semester of 2018. From semester 1 
2018 onwards, this research has formulated a road map that shows what methodologies minimally must 
be implemented at a certain point in time to ensure that all pick lines can be picked with the same 
resources. However, from 2020, it is expected that the number of pick lines will increase even more than 
the 18% increase in productivity that can be achieved in the ‘best scenario’ of this research and without 
investing in additional resources. Therefore, even when NIS implements the ‘best scenario’, they have 
to further improve the pick line productivity. This research showed that this can be done by 
complementing the ‘best scenario’ with a decreased leftover time. However, it is unclear how this can 
be done and whether this can be realized with or without investments in additional resources. This has 
to be further investigated and will be elaborated upon in the section recommendations for future research.  
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In the case that decreasing the leftover time is not possible without any investments, it seems inevitably 
that at a certain point in time NIS has no other option than to invest in additional resources, for which 
multiple options exist. It was indicated that NIS could hire additional order pickers or they could replace 
the current VCs with new VCs. Although the advantages of new VCs, such as less failure time and the 
possibility to integrate software, seem tempting, it was argued that the disadvantage, namely the single 
point of access that VCs have, outweighs the advantage. Therefore, it is not recommended to invest in 
new VCs but to invest in, as is advised in this research, an alternative storage system that is able to 
process both incoming and outgoing product flows. 
 
In conclusion, without hiring additional order pickers or making significant investments in software 
packages or storage systems NIS is able to improve the pick line productivity by at most 18% by 
applying the scenario ‘moving + merging warehouse departments’ and the VC scenario ‘zoning + order 
batching + storage assignment’. This improvement is expected to be sufficient for at most 2.5 years. 
After this time period NIS has to further improve the pick line productivity in order to avoid pick 
problems. It seems that complementing the ‘best scenario’ with a decreased leftover time is their only 
option if they still do not have the desire nor the opportunity to invest in additional resources. When 
investing is an option, it is strongly recommended to select a storage system that is able to process both 
incoming and outgoing product flows. Besides the practical implications and recommendations for NIS, 
this research also provided theoretical implications such as the evidence that all advanced picking 
methodologies used in this research, which were identified using relevant literature, are able to improve 
the pick line productivity at an EMS warehouse. Furthermore, recommendations for future research 
were formulated for NIS specifically regarding the possibilities to decrease the leftover time of their 
pick process. Finally, recommendations were provided for future scientific research. For instance, future 
research could focus on the underlying causes of the minimal improvement in pick line productivity of 
the order batching heuristic of Rosenwein (1996). Furthermore, it could investigate whether the minimal 
improvement of this heuristics is also applicable to other EMS warehouses.  
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1. Company	introduction	
Neways Electronics International NV (Neways) is an international one-stop provider for product life 
cycle management of advanced and integrated electronic applications (e.g. printed circuit board 
assemblies, cables, microelectronics and box-build applications). They serve professional and industrial 
growth markets and support global players in the manufacturing industry and their first-tier suppliers in 
aiming for the best total cost of ownership. Neways is one of the top 40 EMS businesses worldwide and 
ranks among the top 10 in Europe, which means Neways is a medium-sized international player 
(Neways annual report 2017). Table 1-1 shows a summary of the main characteristics of Neways. In 
2017, Neways had a net turnover of €438.7 million and around 2,750 employees (annual report 2017).  
 

	
Table 1-1: Main characteristics Neways Electronics International NV (Neways annual report 2017) 

Neways is listed on the Euronext Amsterdam and consists of eleven operating companies, which are 
spread across five countries in Western Europe, Eastern Europe and China. One of the mentioned 
operating companies is Neways Industrial Systems BV (NIS). NIS is the operating company where this 
research is performed. The main activities of Neways Industrial Systems are assembling printed circuit 
boards, engineering/prototyping and constructing of box-build applications. NIS employs around 165 
employees in 2017. 
  

Serving markets Industrial and professional growth markets, such as automotive and semiconductors
Customer base Primarily West-European Original Equipment Manufacturers (OEMs)
Relationships OEM first-tier partners
Scope Entire product life cycle
Added value High
Batch production Low to high
Complexity of assembly Medium to high mix
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2. Introduction		
Neways Industrial Systems (NIS) is part of the Electronics Manufacturing Services market (EMS 
market), which is a market that consists of companies that design, manufacture, test, distribute, and 
provide return/repair services for electronic components and assemblies for Original Equipment 
Manufacturers (OEMs; Lüthje, 2002). The EMS market is expected to experience a 6.2% Compound 
Annual Growth Rate (CAGR) in the period 2016-2020 worldwide (New Venture Research, 2016). 
Technological progress and the broader acceptance of technological innovations are key drivers of the 
growth of the global manufacturing industry. In addition, the ‘Internet of Things2’ unlocks a world of 
completely new intelligent devices for numerous specialized applications, particularly in the 
professional and industrial markets in which Neways Industrial Systems is primarily active.  
 
The turnover of NIS has increased over the last years and, due to contracting new customers and by 
producing new products for existing customers, NIS expects to grow even more significant than the 
expected 6.2% CAGR (see Figure 2.1-1 for the turnover history and - forecast of NIS). Furthermore,                     
Figure 2.1-2 shows the turnover history of Neways.  
  
 

 
Figure 2.1-1: Turnover history and - forecast NIS (ERP system);                    Figure 2.1-2: Turnover history Neways (ERP system);                   

2.1 Practical relevance research 
As mentioned above, the turnover of NIS is expected to increase significantly in the upcoming years, 
which will result in several warehouse related challenges, such as a higher inventory turnover and an 
increase in the number of pick lines. Especially the latter will cause difficulties because NIS has 
indicated that they do not have the desire nor the opportunity to hire additional pickers or to invest in 
mechanic storage/pick systems or software packages in the short term. To be able to cope with this 
future development, the time per pick line has to decrease. The remaining of this section will elaborate 
on this statement in more detail.  
 
The scope of the research was the inbound warehouse of NIS (see Figure S-1 and Figure S-2 for the 
layout of the warehouse), which consists of a single-floor area with Vertical Carousels (VCs: a rotatable 
circuit of shelving) and a multi-floor area with Normal Storage Racks (NSRs). The main processes of 
the warehouse are receiving of Stock Keeping Units (SKUs, an individually identifiable item stored in a 
specific location and tracked by an inventory system; Sawaya and Giauque, 1986), putting away of 
SKUs, order picking and order preparation (see Figure B-1 for the basic structure of NIS). The put away 
process consists of put away lines, each line for a unique SKU. Order picking is the process of retrieving 
SKUs from storage locations in response to a specific production request and is the most labor-intensive 
operation in warehouses with manual systems, which is also the case at NIS (Goetschalckx and Ashayeri, 
                                                
2

Internet of Things (IoT): a network of everyday devices, appliances, and other objects equipped with computer chips and sensors that can 
collect and transmit data through the Internet (Dictionary.com, n.d.)  
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1989; Drury, 1988; Tompkins et al., 2003). The production orders consist of pick lines, each line for a 
unique SKU, in a certain quantity (varying from 1 piece to hundreds of pieces). The order preparation 
process is about making customer and order specific stickers and has to be finished before an order can 
be released for production.  
 
The turnover is expected to increase by contracting new customers and by producing new products for 
existing customers. Moreover, there is a trend to smaller production orders at NIS. As a result of both 
developments, it is assumed that the following warehouse related cause-and-effect relations exist (: 
parameter value increases; # pick orders: number of pick orders): 
 
 

Turnover ↑ # orders ↑ 
(1)                        

Size production orders ↓ 

# pick orders ↑ # pick lines ↑  

# order preparation ↑  
AND                        

(2)      Turnover ↑    # orders ↑                         
Inventory turnover ↑ # put away lines↑  

Inventory level ↑  
AND/OR                        

 
 
 

Based on (1), order preparation will increase when turnover increases. Currently, based on qualitative 
research, order preparation is a manual process with many exceptions. It is a challenge to locate the 
sticker files and when found, the files are often not complete. So, when NIS wants to meet the expected 
growth, the order preparation process has to improve. Fortunately, NIS has started already an 
improvement project that solve those limitations.  
 
In addition to the order preparation, the number of pick lines is expected to increase according to (1). 
Whether the warehouse of NIS is able to process the increase in the number of pick lines, depends on 
the parameters ‘available pick time’ and ‘time per pick line’, because the following cause-and-effect 
relations exist (®: parameter value stays the same; : parameter value increases): 
 

(1.1) Time per pick line → AND # pick lines ↑  Available pick time ↑  
(1.2) Available pick time → AND # pick lines ↑  Time per pick time ↓    

 

So, if the time per pick line stays the same and the number of pick lines increases, then the available 
pick time has to increase (1.1). The available pick time can be increased by hiring additional pickers or 
by converting time, spend on alternative activities, to pick time. However, hiring additional pickers is 
not an option, because NIS has indicated that they do not desire an increase in the number of employees. 
The latter is also hard to accomplish, because, in general, those alternative activities still have to be 
performed. Therefore, the only logical opportunity to handle the future increase in the number of pick 
lines is to decrease the time per pick line (1.2). 
 
In addition to (1), the inventory level and/or the inventory turnover will increase when turnover increases 
(2). However, NIS can absorb an increase in inventory level, because the current warehouse utilization 
rate is approximately 60% and the space utilization is <45% (see Appendix D). In other words, NIS will 
have sufficient storage capacity when the inventory increases. The alternative, an increase in the number 
of put away lines, will cause more difficulties, because the put away process also has to be performed 
at the same moment, in the same area, as the order pick process. It is even the case that each VC can 
only be used by one employee at the time due to its single point of access. As a result, the put away 
process will increase the pressure on the pick process even more. 
 
Summarizing, the number of pick lines is expected to increase in the coming years. In addition, it is 
expected that the put away process will increase the pressure on the pick process even more. To be able 
to cope with this future development, the time per pick line has to decrease and this research will show 
how NIS can achieve this. 
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2.2 Theoretical relevance 
Lambert et al. (1998) state that more than 750,000 warehouse facilities exist worldwide. From those 
warehouses, over 80% uses the order picking system low-level, picker-to-parts, employing humans (and 
with multiple picks per route), like NIS. “Surprisingly, academic order-picking literature does not focus 
on this 80%, but on more high-level picking and AS/RS systems” (De Koster et al., 2007).  
 
In general, the design of real order picking systems is often complicated, due to a wide spectrum of 
external and internal factors which impact design choices. According to Goetschalckx and Ashayeri 
(1989), main decision problems of order picking systems are layout, batching, zoning and storage 
assignment strategies. And even though the number of publications in those areas is growing, the number 
of publications that address combinations of those decision problems are still relatively limited. Yet, 
this is necessary as there is obvious interdependency in their impact on the order picking objectives.  
 
This research will provide a case study that combines decision variables as batching, zoning, routing 
and storage assignment in a low-level, picker to parts-parts to pickers warehouse containing vertical 
carousels and normal storage racks. In addition, it will complement the limited literature and will support 
(EMS) warehouses that are faced with an increase in the number of pick lines, but do not have the desire 
nor the opportunity to hire additional pickers or to invest in mechanic storage/pick systems in the short 
term. The case study will help to improve the pick performance, such that one is able to meet the growth. 
 
2.3 Research question 
As a result of the mentioned challenges discussed in Section 2.1 and Section 2.2, the following research 
question is formulated: 
 
 

‘How can Neways Industrial Systems improve their pick line productivity3?’ 
 

 

Assumptions: 
- No additional employees can be hired; 
- No significant investment budget is available for software -, storage system - or warehouse 

expansion. 
 
2.4 Sub-questions 
This section describes the sub-questions that need to be answered to fulfil the research question defined 
in Section 2.3. The following questions are formulated: 
1. What methods/heuristics/techniques exist for improving the pick line productivity and are suitable 

for the warehouse of NIS? 
2.   What are the current characteristics and bottlenecks of the warehouse? 
3. What is the current pick line productivity? 
4. How does the framework of the developed simulation model look like? 
5. What is, after simulating the suggested scenarios, the new hypothetical pick line productivity?  
6. How much time does it take to implement the suggested scenarios? 
7. What other scenarios, besides the elaborated and simulated suggestions, are possible?  
8. What is the effect on the pick line productivity of those other scenarios? 
9. What is, after implementing the suggested improvements, the new actual pick line productivity?  

 
 
 

                                                
3 Pick line productivity is defined as the number of pick lines that one order picker is able to process in a certain time unit t: 
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2.5 Scope and research - and company goal 
The research will be conducted at the operating company of Neways Electronics International NV, 
Neways Industrial Systems BV, department operations. The research will take six months and will focus 
on the conventional order pick process (NSRs 0AA, 0BB, 1CC, 1DD and 1 GG + VCs 0MB-0MJ; see 
basic structure Figure B-1).  
  
The objective of this research is to determine scenarios that result in improved pick line productivities. 
The scenarios will be based on the methodologies determined in the structured literature review and a 
simulation model will be used to evaluate them. As a result, this research supports NIS to determine 
what they have to do in order to be prepared for the future increase in the number of pick lines.  
 
 
 
 

 
Figure 2.5-1: Research design  
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3. Methodological	framework	
The motivation and the research question of this master thesis are provided in Chapter 2. This chapter 
will outline the multiple steps of this research. (Section 3.1). Furthermore, the main research methods 
and the way data is gathered will be provided, Section 3.2 and Section 3.3.    
 
3.1 Research design 
The research design of this master thesis is based on the DMAIC model (Smith, 1986) and is visualized 
in Figure 2.5-1. The DMAIC model is a systematic, structured and fact-based methodology with a well-
defined start and finish. DMAIC is an acronym for the 5 phases Define, Measure, Analyze, Improve and 
Control and has its origin in Six Sigma. As can be seen in Figure 2.5-1, the research model is adjusted 
for the purpose of this research. A new phase called structured literature review is added, and so the 
model consists of 6 phases. The outgoing arrows in Figure 2.5-1 describe the deliverable of the particular 
phase, e.g. the deliverable of the 1) structured literature review is an overview of the existing methods 
that are able to improve the pick line productivity of NIS. Next, each phase of the research design is 
elaborated briefly.  
 
Phase 0. Structured literature review 
The Structured Literature Review (SLR) is the starting point of the phases Define, Analyze and Improve 
of this research and is defined as ‘A review of clearly formulated questions that uses systematic and 
explicit methods to identify, select, and critically appraise relevant research, and to collect and analyze 
data from the studies that are included in the review (Cochrane Collaboration, 2014).  
 
The structured literature review will assist the Define phase with understanding and defining the current 
situation of the warehouse. Next, the structured literature review will support the Analysis phase by 
developing the simulation model by focusing specifically on the decision variables. Finally, during the 
Improve phase, the structured literature review will be used to implement the suggested model. An 
overview of existing methods that can potentially improve the pick line productivity will be the 
deliverable of this phase and will provide an answer to sub-question 1: ‘What 
methods/heuristics/techniques exists for improving the pick line productivity and are suitable for the 
warehouse of NIS?’ 
 
Phase 1. Define 
The goal of the Define phase is to determine and understand the current bottlenecks that lower the pick 
line productivity. During this phase, first the current characteristics of the warehouse will be defined. In 
this respect, semi-structured interviews with seven warehouse employees and the warehouse supervisor 
will be conducted. Through these interviews, insights will be gathered on each particular process for 
which a respondent is responsible. Analyzing the interviews altogether will provide an overview of the 
total process within the warehouse. Following this phase, sub-question 2 will be answered: ‘What are 
the current characteristics and bottlenecks of the warehouse?’. 
 
Phase 2. Measure 
The outcomes of the Define phase will be the input for the second phase, referred to as the Measure 
phase. During the measure phase, the main processes of the warehouse will be analyzed. In this respect, 
data like the number of pick lines and the corresponding durations, will be collected from the ERP 
system of NIS.  Based on the data, the current pick line productivity will be established and sub-question 
3 will be answered: ‘What is the current pick line productivity?’. 
 
Phase 3. Analyze 
During the third phase, referred to as the Analyze phase, the decision variables/scenarios of the 
model/case study will be determined. The choice for particular scenarios are based on the research that 
has been done in the prior phases. Subsequently, hypotheses of each scenario will be defined by using 
the literature gathered in the structured literature review phase. The deliverable of this phase will be the 
framework of the model which will therewith provide an answer to sub-question 4: ‘How does the 
framework of the developed model look like?’. 
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Phase 4. Improve 
In the Improve phase the suggested case study of phase 3 will be conducted, based on the literature 
gathered in the structured literature review phase. Existing historical order data of NIS will be used to 
test and validate the model. In addition, multiple simulations will be conducted to determine the 
hypothetical pick line productivities. This phase will therewith provide an answer to sub-questions 5: 
‘What is, after simulating the suggested scenarios, the new hypothetical pick line productivity?’. 
Furthermore, sub-question 6 will be answered, ‘How much time does it take to implement the suggested 
scenarios?’. In addition, a short analysis will provide an answer to sub-questions to 7 and 8: ‘What other 
scenarios, besides the elaborated and simulated suggestions, are possible?’. In other words, what can 
be done besides the already tested suggestions?  
 
The Improve phase will conclude with answering the research question, ‘How can Neways Industrial 
Systems improve their pick line productivity?’. It will provide scenarios that are recommended to 
implement in order to be able to cope with the future increase in the number of pick lines. However, the 
actual implementation of the suggested scenario will not be a part of this research.  
 
Phase 5. Control 
In the final phase, called Control, NIS has to evaluate the implemented scenario. The actual new pick 
line productivity must be calculated and has to be compared with the hypothetical new pick line 
productivity determined in the Improve phase. In the Control phase, sub-question 9 will be answered: 
‘What is, after implementing the suggested improvements, the new actual pick line productivity?’ 
 
3.2 Research methods 
This section is about the main research methods that have been used in this research. Firstly, the 
Framework Method, a qualitative method, will be discussed. Secondly, the quantitative method 
‘Experiments’ will be explained. This section will end with the explanation of the ABC analysis, the 
Ishikawa model. In addition, a brief justification for discrete event simulation is given.  
 
3.2.1 The Framework Method 
In the Define phase, data is collected by conducting semi-structured interviews with seven warehouse 
employees and the warehouse supervisor. Through these interviews, insights were gathered on each 
particular process for which a respondent is responsible. Analyzing the interviews altogether provided 
an overview of the total process within the warehouse. The interviews were conducted in Dutch using a 
topic list (see Appendix F). The topic list was based on previous, informal and short conversations with 
warehouse employees and was created to enhance the consistency of data collection. It also helped to 
ensure that all relevant issues are covered systematically and with uniformity (Arthur & Nazroo, 2003).  
 
The coded transcripts of the interview can be found in Appendix J. Researchers (e.g. Ritchie & Spencer, 
1994; Ritchie et al., 2003; Gale et al., 2013) have described a method for analyzing qualitative data, 
which is called the Framework Method. This method is an analytical process that involves a number of 
distinct and highly interconnected stages, which allow a full review of the material collected (Ritchie & 
Spencer, 1994). Furthermore, it allows comparisons between, and associations within cases to be made 
(Ritchie & Spencer, 2004). The strength of the Framework Method is that by following a well-defined 
procedure, it is possible to reconsider and rework ideas precisely, because the analytical process has 
been documented and is therefore accessible (Ritchie & Spencer, 1994). For these reasons, and because 
it has been identified as a method that produces credible and relevant findings (Gale et al., 2013), the 
Framework Method is used for the analysis of the interviews. The several steps included in the 
Framework Method are well described in the research of Gale et al. (2013) and are summarized in 
Appendix G.  
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3.2.2 Experiments 
During this research, multiple experiments have been conducted. For instance, in the Define phase, the 
space utilization is determined by conducting an experiment. Since the amount of storage locations was 
enormous, speed was required and great accuracy was not essential, a sample was a convenient research 
method. The experiment was typically industrial, therefore, a confidence level of 95% and a margin of 
error of 0.1 was used. Furthermore, every storage location had even probability to be selected and the 
order of measurements is random.  The measurements are done by hand, using a tapeline, according to 
the procedure described in Appendix D. Also, for the other experiments a confidence level of 95% and 
a margin of error of 0.1 are used.  
 
3.2.3 ABC analysis 
The SKU portfolio is analyzed using the classical ABC analysis (Pareto, 1906) with the number of pick 
lines as base variable. Because each pick line represents a storage location to be visited, and since travel 
is the largest labor cost in a typical warehouse, the number of pick lines is considered as a good base 
variable. The classical ABC analysis distinguishes 3 SKUs categories: A, B and C products. A SKUs 
are responsible for 80% of the total pick lines, B SKUs are responsible for the next 15% of the total 
number of pick lines and C SKUs are responsible for the remaining 5% of the pick lines (Visser & Van 
Goor, 2004). 
 
3.2.4 Ishikawa diagram 
The Ishikawa diagram (Ishikawa, 1968) is also named fishbone diagram, herringbone diagram, cause-
and-effect diagram or Fishikawa, and is especially used in the Define phase. The model helps to identify 
the factors that affect the warehouse performance negatively. Each cause or reason defined through 
interviews, experiments, observations and brainstorming sessions.  
 
3.2.5 Discrete event simulation 
This research used Discrete Event Simulation (DES) as modelling method. DES divides processes into 
discrete parts to simplify the analysis and is a powerful modelling method that naturally thrives in 
process-centric environments. In addition, DES makes the basic modelling simple, while still keeping 
flexibility for further detailing if needed to fulfil the objectives. Since order picking is easily described 
as a sequence of discrete processes and by nature, process-centric, DES was a logical choice. 
Furthermore, DES allows an easy supervision of the key performance indicator travel time. Lastly, order 
pick processes, have been extensively modelled using DES before.  

 
However, the decision on using DES was not done without examining other modelling methods like 
real word testing, optimal methods, agent based modelling and system dynamics. Real world testing is 
costly, time-consuming and inconvenient for the entire warehouse of NIS. As a result, real world testing 
was never a realistic option. Optimal methods via mathematical formulations were also disregarded 
because they are very time-consuming and the global optimal value might not even be obtained by 
optimizing every individual topic. In addition, the stated problem of NIS is relatively small. Therefore, 
it was expected that optimal approaches will not result in huge improvements compared to 
approximations. Finally, agent based modelling and system dynamics were discarded because, 
according to the author, they add complexity to the model while this is not necessary to fulfil its objective. 
 
Nevertheless, the choice of DES does not imply that the use of other approaches is incorrect or that DES 
excels in every aspect versus other approaches.  
 
3.3 Data collection and analysis 
Data is gathered from several sources. The main source will be the ERP system of NIS. For example, 
all inventory mutations can be found in this system. Secondly, interviews will be used. Thirdly, samples 
are taken in order to determine the values of several model parameters, like average waiting time or 
travel speed. Furthermore, experiments and observations are used to gather data.  
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3.4 Chapter summary 
This chapter delineated the methodological framework of this research. Firstly, this chapter outlined the 
multiple steps of the used research design, which is based on the DMAIC (Define, Measure, Analyze, 
Improve and Control) model. In addition to these 5 phases, a new phase, called ‘structured literature 
review’ is added for the purpose of this research. The used model consists therefore of 6 phases. 
Secondly, this chapter provided several main research methods, both qualitative and quantitative, that 
have been used in this research. Furthermore, this chapter provided the way data is gathered.  
 
The next chapter will be about the structured literature review, phase 0. It will provide the main findings 
of this study and will therefore answer sub-question 1, ‘What methods/heuristics/techniques exists for 
improving the pick line productivity and are suitable for the warehouse of NIS?’. 
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4. Structured	literature	review	
The turnover of Neways Industrial Systems is expected to increase significantly in the upcoming years. 
This increase results in several warehouse related challenges. Especially order picking (the process of 
retrieving products from storage in response to a specific customer request) has to be prepared for this 
growth. As a result, the following research question is defined: ‘How can Neways Industrial Systems 
improve their pick line productivity?’. In order to answer this question, a structured literature review is 
conducted. This chapter will provide the main findings of this study and will therefore provide an answer 
to sub-question 1, ‘What methods/heuristics/techniques exist for improving the pick line productivity 
and are suitable for the warehouse of NIS?’. 
 
According to Dekker et al. (2004) and De Koster et al. (1999a), travel time is often the dominant 
component that determines the order pick performance (often 50% of total pick time; Tompkins et al., 
2003). Therefore, the main objective of the structured literature review was to provide a complete 
overview of the significant literature published on the topic ‘order picking - travel time’. The study 
surveyed 75+ scholarly articles, books and other sources to map out the academic field of order picking 
and are analyzed in detail. The review was split into two subtopics, namely ‘normal storage racks’ 
(Section 4.1) and ‘vertical carousels’ (Section 4.2) and will be the theoretical basis of this master thesis.  
 
4.1 Main findings ‘normal storage racks’ 
According to Goetschalckx and Ashayeri (1989) and Xu, Liu, Li and Dong (2013), the main topics that 
impact the order pick productivity of the NSRs are order batching, storage assignment and routing. The 
natural question that arises is: ‘Which factor has the greatest influence on the pick line productivity?’. 
Petersen and Aase (2004) examine the effect of picking, storage assignment, and routing operations on 
order picker travel time. Results showed that batching of orders yield the highest savings particularly in 
case of smaller order sizes. Dukic and Oluic (2007) confirmed this statement. Albareda-Sambola et al. 
(2009) compared the effect of storage assignment and routing in a single block warehouse on the pick 
performance and subsequently concluded that the storage assignment policy had the greatest positive 
impact. The remaining part of this section will further elaborate the topics order batching, storage 
assignment and routing. 

 
- Order batching 

Order batching (or order clustering) is defined as grouping several orders into one pick order, which 
can be retrieved by a single pick tour. In literature, many batching algorithms and heuristics exist. 
However, it can be concluded that even simple order batching heuristics lead to significant 
improvement compared to the elementary First-Come-First-Serve (FCFS) priority rule-based 
algorithm. Simple heuristics are often seed and saving algorithms and according to Wolters (1996), 
the `largest, longest, or farthest’ rules constantly outperform the `smallest, shortest and nearest’ 
rules. Besides, multiple studies have even showed that the relatively simple savings algorithm 
C&W(ii) is already close to optimal (Henn et al., 2010; Henn and Wäscher, 2012). Nevertheless, 
some researchers have demonstrated that more advanced batching heuristics provide even better 
performances, but none of them showed huge improvements compared to, for example, the already 
mentioned C&W(ii). Even with the current number of new developed heuristics, in practice, still 
the FCFS priority rule-based algorithm is very often used due its simplicity.  
 

- Storage assignment  
Storage assignment policies are sets of rules which can be used to assign SKUs to storage locations. 
Examples of two well performing heuristics are: class-based and volume-based storage. The idea 
of class-based storage is simple: decrease travel distance by assigning the most frequently 
requested SKUs to the storage locations closest to the depot by using classes. Those classes are 
determined by some measure of demand frequency of the SKUs. The volume-based storage policy 
is actually an extreme variant of the class-based storage policy: it assigns SKUs with the most 
requests to locations near the depot, without using classes. As a result, Petersen et al. (2004) 
showed that the volume-based storage policy outperforms class-based storage and other heuristics. 
However, the results confirmed also that a simple two-class system attained already nearly 80 
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percent of the benefits offered by a volume-based policy; the gap even decreases as the number of 
storage classes increases. Therefore, researchers suggest using the class-based method with 2 to 4 
classes in practice as it is easier to implement than the volume-based policy: it does not require a 
complete list of SKUs ranked by volume and it requires less administration time than the other 
dedicated methods do. 
  
After defining the classes, the classes have to be positioned in the warehouse (the storage 
implementation strategy). Two variants are often used in practice, the within-aisle and the across-
aisle strategy (see Figure 4.1-1, A SKUs are the most and C SKUS are the least frequently asked 
SKUs). In order to minimize the travel distance, the within-aisle strategy aims for traversing as few 
aisles as possible. The across-aisle strategy tries to minimize the travel distance by minimizing the 
distance within an aisle. It is known that the within-aisle strategy is in general a good strategy for 
the optimal routing policy and Le-Duc & De Koster (2005c) showed that the across-aisle strategy 
is close to optimal when using a return routing policy. Clearly, the optimal implementation strategy 
depends on more factors than just the routing policy, for instance warehouse dimensions and 
number of SKUs per pick tour.   
 
 

 
Figure 4.1-1: Storage implementation strategies (A-SKUs are the most frequently picked SKUs, C the least) 

 
- Routing 

The objective of a routing policy is to sequence the items on the pick list to ensure a ‘good’ route 
through the warehouse that minimizes the total travel distance. A good routing policy should not 
only induce short total travel distance, it should also help the picker visualize the next location and 
how to travel there most directly (Bartholdi & Hackman, 2014).  
 
Because optimal routing algorithms have multiple disadvantages (e.g. optimal routes may seem 
illogical to the order pickers which then, as a result, deviate from the specified routes; Gademann 
& Van de Velde, 2005) and because the best routing heuristic is only, on average, 5% more than 
the optimal solution in terms of total travel distance (Petersen, 1997), routing heuristics are often 
used in practice. The most common routing heuristics are the S-shape/traversal, the return, the 
midpoint, the largest gap and composite method (see also Figure 4.1-2 for visualization).  
 
 

 
Figure 4.1-2: Examples of routes using several routing heuristics and an optimal algorithm (Roodbergen, 2001)  
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A subject related to routing is the location of the depot (the start and end location of an order). ‘The 
interesting question is whether the depot location effects the pick performance?’ Petersen (1997) 
evaluated this question and concluded that, on average, the difference in route length between a 
depot located in the corner and a depot in the middle was less than 1%. The depot location does 
not have a great effect on the performance. 
 
Last, it must be noted that when an order contains many pick lines, the picker must traverse most 
of the warehouse. This suggests that one can reduce the need for routing optimization by batching 
orders, because the larger the batch, the less there is to be gained by optimization of the pick route.  

 
4.2 Main findings ‘vertical carousels’ 
A Vertical Carousel (VC) is a rotatable circuit of shelving. Instead of traveling to the storage location, 
the storage location travels to the order picker (see Figure 5.1-2 for a visualization). Currently, NIS 
experiences congestion at the VC area. Obviously, congestion results in non-value-added time and has 
therefore a negative impact on the pick productivity. To avoid congestion, it is important to balance 
work among the vertical and to store popular product on multiple VCs (Bartholdi & Hackman, 2014). 
If those two conditions are met, but congestion still occurs, then zoning can be a potential solution (De 
Koster et al., 2007; Mellema & Smith, 1988). In addition, order batching, sequencing, storage 
assignment, rotation/routing, family grouping and creating a system of multiple carousels are topics that 
can potentially improve the pick productivity.  

 
- Zoning 

Zoning is about dividing the pick area into subdivisions and the main objective of zoning at NIS is 
avoiding congestion at the VCs. Multiple zoning rules exist, but a simple zoning rule, originating 
from the production control literature, is the following: assign to each zone a similar pick profile 
and only one order picker. The former guarantees that no congestion occurs, because only one 
order picker is assigned to each zone. The latter balances work equally over the several zones in 
order to avoid a bottleneck.  
 
The main disadvantage of zoning is that orders are split and must be consolidated again (De Koster, 
Le-Duc, & Roodbergen, Design and control of warehouse order picking: a literature review, 2007). 
According to the literature, two approaches can be used to cope with this disadvantage. The first 
approach is that of progressive assembly of an order. Using this approach, one order picker starts 
the order. When he finishes his part, the pick list is handed to the next picker, who continues to 
pick the order. This system is also called pick-and-pass. The second approach for zoning is 
parallel/synchronized picking, where a number of order pickers start on the same order at the same 
time, each order picker in his own zone. The partial orders are merged after picking. 
 

- Order batching and sequencing 
Picking multiple orders from VCs in a single pick tour can be done in two ways: a predefined set 
of orders is picked where two consecutive picks do not or do necessarily belong to the same order. 
The former is comparable to the order batching problem of the NSRs. However, to the best of the 
researcher’s knowledge, no order batching heuristics especially designed for VCs exist. Therefore, 
the order batching heuristics of the NSRs will be used as (theoretical) basis. The latter is more a 
sequencing problem.  
 
The objective of the sequencing is to connect the orders in such a way that there is as little travel 
as necessary, both within individual orders and to connect the orders. Bartholdi and Platzman 
(1986) and Lee and Kuo (2008) proposed both three heuristics to sequence orders, but the min-first 
heuristic of Lee and Kuo (2008) has showed to be the most efficient and most effective for real 
time implementation.  
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- Storage assignment policy 
Two well-known heuristics are: two-class-based and organ-pipe storage. The idea of two-class-
based storage is simple: divide the SKUs in two classes based on their demand frequency. The 
most frequent SKUs are randomly assigned to one continuous region of the carousel, while the less 
frequently asked SKUs occupy the complementary region. The organ-pipe storage policy places 
the SKU with the highest demand in an arbitrary bin, the items with the second and third highest 
demands in the bin next to the first one but from opposite sides. Ha and Hwang (1994) showed by 
simulation that the two class-based storage can reduce significantly the expected cycle time. 
However, the organ-pipe storage policy has been proven to be optimal in Bengü (1995) and in 
Vickson and Fujimoto (1996) under a wide variety of settings.  
 

- Rotating 
The objective of a rotating policy is to turn the VC in a way that minimizes the travel time. Two 
simple and well understood heuristics, which are very often used in practice, are the monomaniacal 
heuristic and the shorter direction heuristic of Bartholdi and Platzman (1986). Under the 
monomaniacal heuristic, the VC always rotates to the right and subsequently selects the order that 
minimizes the rotation time between the current and the next order. Under the shorter direction 
heuristic, the VC determines the shortest direction between the current item location and the next 
item location. Two simple possibilities exist: clockwise or counter-clockwise. Also, the nearest 
item heuristic is frequently used in practice. Under this heuristic, the VC always rotates to the 
nearest unvisited location required by the order. Therefore, the next item to be picked is always the 
one that is closer to the picker at any given moment. 
 
Obviously, the nearest item heuristic performs better than the monomaniacal heuristic and the 
shorter direction heuristic in terms of travel time and its statistical properties have been investigated 
by Litvak and Adan (2001) and Litvak et al. (2001). However, this heuristic is more complex to 
implement and to use. 
 

- System of multiple vertical carousels 
So far, all mentioned heuristics and methods concern individual VCs. In industry though, one rarely 
meets a facility where only one carousel is used (this is also the case at NIS). Multiple carousel 
systems tend to have a higher level of throughput (Litvak and Vlasiou, 2010). ‘A natural question 
is how much the throughput will improve when using a system of carousels instead of treating 
every VC individually’. This is evidently a very hard question, because multiple carousel problems 
differ intrinsically from single-carousel problems. Even with many simplifications, to the best of 
the researcher’s knowledge, no accurate answers and results exists. However, one thing can be 
stated for certain, multiple VC systems tend to have smaller mean travel times and can therefore, 
help to improve the pick productivity. 

 
Family grouping 
All storage assignment policies discussed so far did not take possible relations between SKUs into 
account. For example, customers may tend to ask a certain product together with another product. In 
this case, it may be interesting to locate these two SKUs close to each other in order to reduce travel 
time. This phenomenon is referred as family grouping (correlated storage) and will reduce travel time. 
In literature, two types of family grouping are distinguished: complementary-based and contact-based 
methods.  The complementary-based methods consist of two major phases. The first phase is about 
clustering SKUs into groups based on a measure of strength of joint demand. In the second phase, it 
locates the SKUs within one cluster as close to each other as possible (Wäscher, 2004). The contact-
based methods are similar to the complementary methods, except they use contact frequencies to cluster 
SKUs into groups. 
 
Clearly, grouping of SKUs can be combined with some of the previously mentioned storage policies. 
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5. Define:	current	characteristics	and	bottlenecks	of	warehouse	
This chapter is part of the Define phase, also referred to as phase 1 and will delineate the characteristics 
(Section 5.1) and bottlenecks (Section 5.2) of the current order pick process. In addition, it will highlight 
and introduce potential improvement opportunities. As a result, in this chapter sub-question 2 will be 
answered, ‘What are the current characteristics and bottlenecks of the warehouse?’.  
 
5.1 Current characteristics warehouse of NIS 
As described in Section 2.5, the scope of this research is the conventional warehouse of NIS. This section 
will provide the current characteristics of this warehouse, which was determined by conducting semi-
structured interviews analyzed with the Framework Method (Ritchie & Spencer, 1994; Gale et al., 2013), 
a quantitative analysis of the current pick process and by doing observations within the warehouse. 
Firstly, an overview of all processes is given. Secondly, the layout of the warehouse and the current 
storage location assignment policy will be discussed. The section will end with the current order picking 
systems, the used picking route and the order release method. 
 
5.1.1 Processes warehouse 
The main processes of the conventional warehouse are receiving of SKUs, assigning storage locations 
to SKUs, putting away of SKUs, order picking and order preparation (see Figure B-1 for the basic 
structure of NIS). From those processes, order picking has been identified as the most labor-intensive 
and costly activity. Appendix C shows the distribution of time of all key warehouse processes of NIS.    
 
The receiving activity includes the unloading of packages from the transport vehicle, inspecting of the 
incoming SKUs to determine if there is any quantity or quality inconsistency and updating the inventory. 
In addition, it consists of assigning storage locations to SKUs and putting away of SKUs to those 
assigned storage locations. Section 5.1.2 describes the current storage location assignment policy. The 
order preparation process is about making the necessary stickers for a specific customer and order. It is 
a process that has to be finished before an order can be released for production. Order picking is the 
process of retrieving SKUs from storage locations in response to a specific production request. The 
production orders consist of pick lines, each line for a unique SKU, in a certain quantity. Section 5.1.3 
describes the current applied order picking system. Important to know is that order pickers are 
responsible for the order pick process and that the employees from the receiving area are responsible 
for the put away process. However, in the hypothetical situation that both activities have to be performed 
at the same time at the same area, while this is not possible, the order pickers will get priority.   
 
5.1.2 Current storage assignment policy 
NIS uses a combination of the storage assignment policies ‘class-based storage’ and ‘closest open 
location storage’. Firstly, the class-based storage policy divides the warehouse, based on SKU 
functionality and SKU dimension, into classes. Then, one assigns the SKUs to the storage locations 
according the closest open location storage policy. In general, this means that the first empty location 
that is encountered by the employee will be used to store the SKU. Furthermore, NIS does not take 
family grouping (statistical correlation between items), pick frequencies or any other SKU characteristic 
into account.  
 
5.1.3 Current order picking systems 
Currently, two order picking system types can be found at the warehouse. The first system, hereafter 
called order picking system 1, employs humans for order picking and uses the method picker-to-parts 
of the type low-level picking. In this respect, the variant pick-by-order is used and only one zone is 
distinguished. The second order picking system, hereafter called order picking system 2, is quite similar 
to the first one, except that the second one is a combination of the variant picker-to-parts and the variant 
parts-to-picker. For the parts-to-picker part, NIS uses eight vertical (bidirectional) carousels. Vertical 
carousels are automated carousels that contains several levels which can rotate (Figure 5.1-2). Even 
though the VCs are automated, the command input and the actual picking still has to be done by hand. 
In addition, order pickers pull from one VC at the time.  
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The classification of the order picking systems, based on De Koster (2004), is shown in Figure 5.1-1. 
 

   
Figure 5.1-1: Classification of order picking systems of NIS (based on De Koster, 2004); 

Figure 5.1-2: Vertical carousel (Industry-plaza.com, n.d.) 

5.1.4 Layout warehouse and characteristics of storage space 
The layout of the conventional warehouse is visualized in Figure S-1 and Figure S-2. The warehouse 
can, based on the current order picking systems, be divided into two areas; Area 1 uses order picking 
system 1 and consists of a multi-floor area with NSRs. It contains 3975 storage locations, where each 
storage location can store exactly one SKU. Area 2 uses order picking system 2 and consists of a single-
floor area with VCs. The storage capacity of this area is 12817 storage locations.  
 
Furthermore, every storage location has a unique identification code and a QR code. On average, 7 
million components are stored in the VCs and the NSRs.   
 
5.1.5 Picking route 
The objective of a routing policy is to sequence the items on the pick list to ensure a good route through 
the warehouse that minimizes the total travel distance (De Koster et al., 2007). Currently, the sequence 
is determined by sorting all relevant storage location in an ascending order (e.g. 0AA01 09 à 0AA01 
10 à 0BB01 03 à 0DD01 44 (see Appendix A for clarification storage location code). This approach 
is elaborated and visualized for the hypothetical case that all storage locations have to be visited, see 
Figure S-1 and Figure S-2 (green route).  
 
Furthermore, order pickers are able to take the shortest route from storage location to storage location. 
This is possible, because the warehouse of NIS is relatively small, symmetric and structured. However, 
due to the absence of some back-cross aisles/existing warehouse layout, it is not always possible to take 
the optimal route. Therefore, NIS also uses the return method (entering and leaving each aisle, 
containing at least one pick line, from the same side). 
 
5.1.6 Order release method 
NIS uses a discrete order release method: orders that require order picking are released one day before 
the start of the production of those orders. As a result, the pick orders are known in advance.  
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5.2 Current bottlenecks of order pick process of NIS 
Section 5.1 examined the current characteristics of the warehouse of NIS. Figure 5.1-1 provides an 
overview thereof. In determining the current situation of the warehouse of NIS (see Section 5.1), also 
some limitations of the order pick process were identified. The most important ones are: 
- Congestion and other disadvantages of VCs 

Although VCs have advantages, they also have a major disadvantage, namely their single point of 
access, which causes congestion and limits the rate at which SKUs can be obtained.  

 
Furthermore, as more SKUs have to be picked in the near future, it becomes necessary to restock 
the VCs more frequently and both of these tasks (picking and restocking) must be done by using 
the same point of access. This combination of picking and restocking can decrease the rate of 
picking and reduces the ability of the warehouse to respond to increases in demand (Bartholdi & 
Hackman, 2014). In addition, it increases the probability of congestion even more. When 
congestion occurs, it is to the picker’s judgements whether they wait on each other or switch to the 
next VC. However, both possibilities create non-value-added time: the former waiting time, the 
latter additional setup time of the barcode scanners. 
 

- Obsolete and delaying properties of VCs 
All VCs are acquired between 1988 and 2009. They rotate slowly, switch often to ‘failure mode’, 
skip plateaus and it is not possible to cancel a command. Failures do not add value and will not 
contribute to an efficient order pick process. Clearly, the slow rotation speeds of the VCs enlarge 
the order pick time. 
 

- Absence of back-cross aisles and not performing two-sided order picking  
Due to the absence of a back-cross aisle at warehouse block A and C (see Figure S-1 and 
Figure S-2), the optimal route from one location to another location cannot always be taken. In 
addition, due to the current numbering of the storage locations and the current method that 
determines the sequence of the items on the pick list, two-sided order picking is in general not 
possible without deviating from the pick list (two-sided order picking outperforms one-sided order 
picking; Goetschalckx & Ratliff, 1998a). This results in unnecessary travel time.  
 

- Age limitations order pickers 
The ages of order pickers differ a lot (see Appendix E), some order pickers are 25 years old and 
other order pickers have already reached 60. In general, this is not really a problem. However, 
many SKUs (mostly stored in the NSR area) are (too) heavy for the older order pickers. As a 
consequence: younger order pickers have to be asked for help or orders will not even be assigned 
to some order pickers if one already knows the order characteristics in front. As a result, order pick 
time increases. 

 
Additionally, the level of complexity of the current order picking systems of NIS is determined (see 
Figure 5.3-1, based on Goetschalckx and Ashayeri, 1989). The complexity is measured by the distance 
to the origin, e.g., no zoning is the least complex variant of zoning. As can be seen in Figure 5.3-1, the 
current order picking systems of NIS are relatively elementary at the moment because every aspect of 
the system is close to the origin. This suggests potential opportunities to improve the order pick 
productivity.  
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5.3 Chapter summary 
Summarizing, this chapter is part of the Define phase and answered sub-question 2, ‘What are the 
current characteristics and bottlenecks of the warehouse?’. Firstly, the current situation was provided: 
see Table 5.3-1 for an overview. 
 
 

Layout Single-floor area with CV’s 
Multi-floor area with NSRs 

Storage assignment policy Combination of class-based storage and closest open location storage 
Order picking systems Variant 1 (NSR area): picker-to-parts of type low-level picking, pick-by-order, one-

sided order picking, no zoning 
 
Variant 2 (VC area): similar to variant 1, except combination of picker-to-parts and 
parts-to-picker due to VCs 

Order release method Discrete, pick orders are known in advance 
Table 5.3-1: Overview main characteristics warehouse NIS 

 
 
In addition, this chapter identified the current bottlenecks and limitations that lower the pick line 
productivity. Examples hereof are the relatively basic order picking systems, the congestion at the VCs, 
the delaying characteristics of the VCs and the absence of back cross-aisles. An overview of the factors 
that affect the warehouse performance negatively is shown in the Ishikawa diagram of Appendix L. 
 
The next chapter will continue with sub-question 3, ‘What is the current pick line productivity?’ and 
will therefore be part of the Measure phase (phase 2). 
 
 
 
 

 
Figure 5.3-1: Current order picking systems, including complexity, measured by the distance to the origin (based on Goetschalckx and 
Ashayeri, 1989) 
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6. Measure:	current	pick	line	productivity	
In the research question, defined in Section 2.3, the Key Performance Indicator (KPI, an item of 
information collected at regular intervals to track the performance of a process or system; Fitz-Gibbon, 
1990) ‘pick line productivity’ is introduced. This KPI will be used to evaluate all suggested scenarios of 
this research and is defined as the number of pick lines that one order picker is able to process in a 
certain time unit t: 
 

𝑃𝑖𝑐𝑘	𝑙𝑖𝑛𝑒	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦	 𝑡12 =
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑	𝑝𝑖𝑐𝑘	𝑙𝑖𝑛𝑒𝑠

𝑇𝑜𝑡𝑎𝑙	𝑝𝑖𝑐𝑘	𝑡𝑖𝑚𝑒	 𝑡
 

 
In order to answer sub-question 2, being ‘What is the current pick line productivity?’, the pick lines of 
June and July 2017 (which is according to the warehouse manager a representative time period) are 
analyzed. In total 10993 pick lines are processed in 612.61 hours (ERP system). As a result, the current 
pick line productivity is on average 17.9 pick lines/hour/order picker.  
 
The remainder of this chapter will provide descriptive statistics about the pick lines (June and July 2017; 
Section 6.1) and it will provide the decomposition of the total pick time (Section 6.2). 
 
6.1 Descriptive statistics of processed pick lines and their corresponding orders 
The numerator of the pick line productivity formula is about the number of pick lines. On average, 262 
pick lines a day, which are part of 20 pick orders every day (average) are processed. Table 6.1-1 shows 
other descriptive statistics about the number of pick lines per day. Furthermore, the distributions of the 
number of pick lines per order are determined and showed in Figure 6.1-1. It can be derived from the 
figure that most orders only had a couple of pick lines (e.g. 27% of the pick orders only had 1-5 pick 
lines), which suggests potential opportunities for efficient handling. They could be grouped together 
into a single batch and then be picked in a single pick tour for example. Another interesting related graph 
is the distribution of pick lines by order size (Figure 6.1-1). It depicts the fraction of all picks that come 
from single-line orders, two-line orders, and so on. Because pick lines are a good indication of work, 
this shows which types of orders, small or large, contain the most aggregate work. For instance, about 
27% of the 101 pick orders contain 1-5 pick lines, but those orders account only for about 3% of the 
total pick lines. 
 
 

  
Table 6.1-1: Descriptive statistics processed pick lines (based on June and July 2017; in pick lines/day) 

 

  
Figure 6.1-1: Order - and pick line characteristics warehouse NIS (based on June and July 2017) 
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6.2 Categories total pick time 
The total pick time is the denominator of the pick line productivity formula and can be decomposed, 
based on semi-structured interviews, observations and quantitative analysis, into the following 
categories (see Figure 6.2-1). In addition, based on historical order data of June and July 2017 + multiple 
samples, this figure shows the relative distribution of each category. 
 
As can be derived from Figure 6.2-1, the biggest time category is ‘leftover time’. This category consists 
of different time components, such as the actual collection time of SKUs, the time for finding the 
requested SKUs and the time that the pickers are in conversation with other employees (from these 
examples, the time component ‘actual collecting time’ contributes most to the ‘leftover time’). The 
‘leftover time’ category is therefore the most logical category to focus on in this study in order to 
improve the pick line productivity. However, NIS has indicated that someone else is going to investigate 
how to reduce this time category. Additionally, and although this value is significant lower than the 50% 
at a typical warehouse (Tompkins et al., 2003), travel time (17%, categories 1-3) seems to be more a 
more interesting topic from an academic point of view than the biggest time category ‘leftover time’. 
The same applies to the categories ‘failure - and waiting time’ (fourth and fifth category). Therefore, 
this research will focus on reducing pick time categories 1-5 in order to improve the pick line 
productivity instead of reducing category 6. 
 
6.3 Chapter summary 
In the research question, the Key Performance Indicator (KPI) ‘pick line productivity’ is introduced. 
This chapter first defined this KPI in more detail. Subsequently, it determined the current value of this 
KPI, namely 17.9 pick lines/hour/person, and answered therefore sub-question 2, ‘What is the current 
pick line productivity?’.  
 
 

 
Figure 6.2-1: Distribution total pick time categories (based on June and July 2017) 
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7. Analyze:	case	study	application	
In Chapter 5, the bottlenecks and limitations of the current order pick process, which lower the pick line 
productivity, were identified and Chapter 6 determined the current pick line productivity. This chapter 
is part of the Analyze phase and will provide, by using the structured literature review, multiple 
scenarios/topics which potentially result in an improved pick line productivity (Section 7.1). Next to the 
scenarios itself, this chapter will list hypotheses regarding these scenarios (Section 7.2). As a result, sub-
question 4, ‘How does the framework of the developed simulation model look like?’, will partly be 
answered.  
 
7.1 Scenarios 
This section provides the scenarios that	will potentially result in an improved pick line productivity. 
These scenarios will be tested later on by using the simulation model of Chapter 8 and for every scenario, 
the following questions have to be answered: ‘Does the suggested scenario indeed improve the pick line 
productivity?’ If yes: ‘What is the corresponding relative improvement?’. If no: ‘Why does the scenario 
not result in an improved pick line productivity?’. Furthermore, important to know is that each suggested 
scenario meets the requirements of NIS (stated in Section 2.3). 
 
As stated in Chapter 4 (Structured literature review), the NSR methodologies that can potentially 
improve the pick line productivity are ‘order batching’, ‘storage assignment’ and ‘routing’. For the VC 
area, the related topics are: ‘zoning’, ‘order batching and sequencing’, ‘storage assignment’ and ‘rotating’ 
(Chapter 4). However, ‘zoning’ is only a logical suggestion if the following two conditions are met:  
(1) The amount of work is balanced among the VCs, and  
(2) The most frequent asked SKUs are also balanced over the several VCs.  

If both conditions are met, but congestion still occurs, then zoning can be a potential solution (De Koster 
et al., 2007; Mellema et al., 1988).  
 

 
Figure 7.1-1: Distribution number of pick lines (based on June and July 2017) 

Figure 7.1-2: Distribution pick lines of A SKUs (based on June and July 2017) 

In order to check these conditions, the VC pick lines of June and July 2017 are analyzed. The results of 
this analysis can be found in Figure 7.1-1 and Figure 7.1-2. As can be derived from Figure 7.1-1, the 
pick lines are fairly equally distributed over the several VCs. This is also the case for popular SKUs, 
which are determined by applying the ABC analysis of Pareto (1906, Figure 7.1-2). Therefore, ‘zoning’ 
is a logical suggestion in order to improve the pick line productivity.  
 
However, it must be noted that many variants of each suggested methodology exist, e.g., the topic ‘order 
batching’ includes priority rule-based batching algorithms, seed algorithms, saving algorithms, data 
mining approaches, and metaheuristics. Which variants to use depends greatly on the specific 
circumstances of each case. At NIS, the problem is relatively small when using warehouse dimensions 
and the number of orders/pick lines a day as criteria. In addition, NIS does not have any experience with 
the suggested methodologies. In general, adaptation to new working methods usually goes slowly and 
must be planned carefully in order to avoid that employees reject the new way of working. Starting with 
understandable methods will increase the probability of accepting the new methods. Lastly, based on 
literature, the expectation exists that simple variants already result in significant improvements 
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compared to the current order picking system of NIS. Off course, more advanced variants could result 
in an even better performance, but according to the literature none of them showed extraordinary 
improvements compared to the uncomplicated ones. Therefore, in case of NIS, already relatively 
elementary variants can be suitable and effective in order to increase the pick line productivity.  
 
7.1.1 Selected	topic	variants	regarding	the	normal	storage	racks	
This section will provide the variants that are selected for the NSR area. Subsection 7.1.1.1 will delineate 
the variants of the topic ‘order bathing’, Subsection 7.1.1.2 is about the topic ‘storage assignment’ and 
the last subsection is about the ‘routing’ method. The VC variants will be provided in Section 7.1.2. For 
a more detailed description of each variant, consult Appendix M. 
 
7.1.1.1 Order	batching	
First-come-first-served priority rule-based algorithm 
The first-come-first-served (FCFS) priority rule is the most elementary of the suggested order batching 
variants and is still very often used due its simplicity. It exists of two phases: in the first phase, priorities 
are assigned to the pick orders in their order of arrival. The first order in the queue has highest priority, 
and so on. In the second phase, in accordance with these previously assigned priorities, the pick orders 
are assigned successively to batches ensuring that the pick cart capacity constraint is not violated.  
 
Seed algorithms 
Seed algorithms, introduced by Elsayed (1981), construct batches in two phases. Firstly, the seed order 
has to be selected from the orders not yet added to a batch (according to a certain seed selection rule). 
Secondly, not yet selected orders have to be added to the seed order until the pick cart is filled to its 
capacity (according to a certain order addition rule/order congruency rule).  
 
According to Wolters (1996) the `largest, longest, or farthest’ rules constantly outperform the `smallest, 
shortest and nearest’ seed selection rules. The reasoning behind this, is that in all those cases, it is 
difficult to add those orders in a later stage to the existing route, because of the big size of the order. 
With this knowledge, three well performing seed selection rules will be considered in this case study 
(De Koster, 1999b): 
- Of all unassigned orders, the order with the largest number of aisles (A) that have to be visited will 

be chosen as seed order. 
- Of all unassigned orders, the order with the longest travel distance/time (TD) will be selected as 

seed order. 
- Of all unassigned orders, the order with the largest number of pick lines/unique SKUs will be 

identified as seed order. 
 

Further, the following addition rules are considered due to the good performance (De Koster, 1999):  
- Choose the order that minimizes the number of additional aisles (A), compared to the seed order, 

that have to be visited in the route (Rosenwein 1996).   
- Choose the order that, together with the seed order, ensures the largest time saving compared with 

individual picking of the orders (S, derived from Clarke and Wright 1964).   
 
Saving algorithms 
Saving algorithms are based on the Clarke-and-Wright algorithm for the vehicle routing problem (Clarke 
and Wright, 1964) which has been adapted in several ways for the order batching problem. Two well-
known variants will be tested: the initial version of the algorithm and a second variant. The initial version 
of the algorithm, hereafter called ‘CW 1’, computes for each combination of orders the saving which 
can be obtained in terms of travel distance reduction by assigning the items of the orders to one batch 
instead of collecting them separately. In the second variant of the algorithm, hereafter called ‘CW 2’, 
savings are recalculated each time a new assignment of customer orders to batches has been made. The 
order with the biggest saving is added to the batch. 
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7.1.1.2 	Storage	assignment	
Researchers (e.g. Petersen et al. 2004) suggest using the class-based storage assignment policy with 3 
classes in practice as it is easier to implement than the volume-based policy: it does not require a 
complete list of SKUs ranked by volume and it requires less administration time than the other dedicated 
methods do. The classes will be determined by demand frequency, using the well-known ABC analysis 
of Pareto (1906, A-SKUs/B-SKUs/C-SKUs=80%/15%/5% of pick lines, see Section 3.2.3).  
 
After defining the classes, the classes have to be positioned in the warehouse (the storage 
implementation strategy). The within-aisle and the across-aisle strategy are often used in practice and 
will therefore also be tested in this research. In addition, it is known that the within-aisle strategy is in 
general a good strategy for the optimal routing policy and the across-aisle strategy is an efficient strategy 
for the return routing method (Le-Duc & De Koster, 2005c). However, due to the absence of some back-
cross aisles/existing warehouse layout, the used routing policy is a combination of the optimal and return 
method. Therefore, also a combination of the ‘within aisle’ and ‘across aisle’ storage implementation 
strategies will be Figure 7.1-3 for a visualization of the three class-based storage variants. 
 
Storage within a class is according to the random storage assignment policy. 
	
7.1.1.3 Routing	
Because the NSR area is relatively small (15x15m), symmetric and has a clear outline, order pickers are 
able to determine the shortest route from storage location to storage location (based on semi-structured 
interviews and observations). Approximations/routing heuristics will therefore not reduce the travel time 
and so we suggest not to take routing heuristics into consideration.  
 
However, the expectation is that the pick line productivity can be potentially improved by eliminating 
the limitations ‘absence of back-cross aisles’ and ‘not performing two-sided order picking’ by creating 
back-cross aisles and by reassigning the storage location names. Additional back-cross aisles will ensure 
that the optimal route between consecutive points can always be taken, while this is currently not the 
case. By renumbering the storage locations, two-sided picking can be introduced (two-sided order 
picking outperforms one-sided order picking; Goetschalckx & Ratliff, 1998a). The following two 
variants will be tested: only adding back-cross aisles (hereafter called ‘routing 1/R1’) and adding back-
cross aisles + renumbering storage locations (hereafter called ‘routing 2/R2’). See Appendix AA for 
visualization of R1/R2. 
 

																		 	
Figure 7.1-3: Visualization class-based storage variants (A-SKUs are the most frequently picked SKUs, C the least) 

Figure 7.1-4: (right) Illustration of the organ-pipe storage assignment policy, where the upper numbers indicate the frequency ranking of a 
SKU (Litvak and Vlasiou, 2010) 

7.1.2 Selected	topic	variants	regarding	the	vertical	carousels	
The prior section provided the variants that are selected for the NSR area. This section will provide the 
variants that are selected for the VC area. Subsection 7.1.2.1 will elaborate the topic ‘zoning’, 
Subsection 7.1.2.2 is about the topic ‘order batching and sequencing’, Subsection 7.1.2.3 about the topic 
‘storage assignment’ and the last subsection is about the ‘rotation/routing’ topic. For a more detailed 
description of each variant, consult Appendix N. 
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7.1.2.1 Zoning	
The main objective of the VC area is avoiding congestion and zoning is designated as method to achieve 
this. Another advantage of zoning is that one is able to assign certain zones to certain order pickers. For 
instance, a zone that mainly consists of heavy SKUs, can be assigned to a younger order picker. A simple 
method that can be used for this zoning problem is the following (Van Ooijen, 2016): 
 
1. Divide each VC order in 8 suborders, each suborder for one specific VC. 
2. Simulate all suborders and determine the total pick times of every VCs, consisting of the time 

needed to pick all suborders of that specific carousel. 
3. Order the VCs according to non-increasing total pick times. 
4. Determine the number of available pickers of that (part of the) day, which equals the number of 

zones of that day. 
5. Allocate the VCs according to this sequence to the order picker/zone that has the lowest already 

allocated work load. The sequence in which the order picker processes VCs is not relevant. 
 
This method has its origin in deterministic production control and results in a balanced workload and in 
a minimal make span (the time it takes to process all orders). As a result, the zone borders will be 
dynamic, the number of zones equals the number of order pickers at that time unit, no congestion occurs 
and the load over the different zones is balanced in order to avoid a bottleneck. Last, 
parallel/synchronized picking will be used. A disadvantage of this approach is that the suborders have 
to be merged after picking. This results in consolidation time. 
 
Assumptions for this method are: 
- Order pickers are identical 
- Work of every VC cannot be split 

 
7.1.2.2 Order	batching	and	sequencing	
According to the literature, the min-first sequencing heuristic is the most efficient and most effective 
sequencing heuristic for real time implementation (Lee & Kuo, 2008) and will therefore be tested. This 
heuristic is partitioned into two sub-problems: the sequence of items to be picked within an order and 
the sequence of all orders. The first part is simplified to finding the minimal spanning interval (MSI) by 
omitting the largest gap on the loop. The second part firstly determines each distance of one of the two 
end points of the current order to the two end points of each other order. The order with the smallest 
distance will subsequently be selected.  
 
In addition to the sequencing heuristic, the following order batching heuristics, originating from the 
NSRs literature, will be tested in order to improve the pick line productivity:  
- Priority-based rule: FCFS priority rule; 
- Seed algorithms: 

- Seed order selection rule: order with the largest number of levels (L) that have to be visited 
and the order with the longest travel time (TT); 

- Order congruency rule: largest saving; 
- Saving algorithm: CW 1; 

 
This selection is made, because all suggested batching heuristics are relatively easy to understand. 
Besides, multiple researchers have shown that the performance of these heuristics are already quite good 
for NSRs (De Koster, 1999). Since it is expected that the order batching problem (OBP) of the VCs is 
comparable with the OBP of NSRs, it is also expected that these heuristics result in good performances 
when using for VCs.  
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7.1.2.3 Storage	assignment	
The organ-pipe storage policy has been proven to be optimal in Bengü (1995) and in Vickson and 
Fujimoto (1996) under a wide variety of settings (see Figure 7.1-4 for illustration of the organ-pipe 
storage assignment policy). However, the two class-based storage assignment policy can also reduce the 
expected travel time significantly, while this policy is easier to implement and to maintain than the 
organ-pipe assignment policy. Therefore, both assignment policies will be tested. 
 
7.1.2.4 Rotating	
Currently, the shorter direction heuristic is used. This heuristic is convenient, well understood and 
because multiple topics will already be tested, the author has decided to remain working with this 
heuristic.  
 
7.1.3 Section	summary		
Sections 7.1.1 (NSRs) and 7.1.2 (VCs) delineated the selected topics (and the corresponding variants) 
which are potentially able to improve the pick line productivity. These topics will be tested later on by 
using the simulation model of Chapter 8. It would be desirable to know the effect of all topics together 
on the pick line productivity. However, if NIS does not have the opportunity nor the desire to implement 
all of these methodologies, knowing the effect of each individual topic on the pick line productivity is 
also very valuable. As a result, by using them separately (e.g. Order batching OR routing) and combined 
(e.g. ‘order batching + storage assignment’ OR ‘order batching + routing 1 + storage assignment’) 
approximately hundred scenarios were formulated. In addition to these scenarios multiple pick cart 
capacities have been tested. An overview of the selected topics and the corresponding variants is given 
in Table 7.1-1.  
 

 
Table 7.1-1: Overview of individual methodologies, by using them separately (e.g. Order batching OR routing) and combined (e.g. ‘order 
batching + storage assignment’ OR ‘order batching + routing 1 + storage assignment’) approximately hundred scenarios were formulated. 

Concluding, it must be known that zoning is considered as main objective of the VC area. As a 
consequence, the order batching and sequencing heuristics are adjusted to the hypothetical situation with 
zoning. Therefore, the individual topics ‘order batching’ and ‘sequencing’ will not be tested in this case 
study. Additionally, it must be known that each suggested scenario can be implemented without hiring 
additional order pickers, investing in new software packages or investing in new storage systems. Lastly, 
it must be noted that each scenario is relatively easy to understand and that the way of working hardly 
changes.  
 
7.2 Hypothesis normal storage racks 
This section provides a list with hypotheses regarding the NSR scenarios and are based on literature (see 
Chapter 4) or on the expertise of the author. In some cases, an extra reasoning is given. Each hypothesis 
will be tested. The results hereof can be found in Chapter 9.  
1. ‘The topic ‘order batching’ has the greatest impact on the pick line productivity. After order 

batching, the topic ‘storage assignment’ has the biggest positive effect on the pick line productivity. 
The topic ‘routing’ has the least impact of the three.’ 
 

Full	name Abbreviation Detailed	description

Order	Batching	
(Section	7.1.1.1) B

-	FCFS	priority-based	rule
-	6	seed	algorithms
-	2	saving	algorithms

Storage	assignment	
(Section	7.1.1.2) S

-	Class-based	storage	assignment	policy;	Implementation	strategy	'across-aisle	'
-	Class-based	storage	assignment	policy;	Implementation	strategy	'withing-aisle	'
-	Class-based	storage	assignment	policy;	Implementation	strategy	'combination	of	across	-	and	within	-	aisle'

Routing	1	(Section	7.1.1.3) R1 Creating	additional	back-cross	aisles
Routing	2	(Section	7.1.1.3) R2 Creating	additional	back-cross	aisles	+	renumbering	storage	locations

Order	Batching	
(Section	7.1.2.2) B

-	FCFS	priority-based	rule
-	2	seed	algorithms
-	1	saving	algorithm

Sequencing	(Section	7.1.2.2) Seq. Min-first	heuristic
Storage	assignment	
(Section	7.1.2.3)

S -	Two	class-based	storage	assignment	policy
-	Organ-pipe	storage	assignment	policy

Zoning	(Section	7.1.2.1) Z Deterministic	production	control	problem

NS
Rs

VC
s
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2. ‘The topic R2 outperforms the intervention R1.’ 
Routing 2 adds two back-cross aisles and enables two-sided aisle picking, while intervention R1 
only adds the same two additional back-cross aisles.  
 
Furthermore, it is expected that, due to the relative small number of orders and pick lines, the effect 
of adding back-cross aisles on the travel time is limited. However, this does not automatically mean 
that adding back-cross aisles is not a potential good suggestion, because an increase in the number 
of pick lines is expected in the next coming years.   
 

3. ‘All seed and saving algorithms will be superior compared to the FCFS priority-based rule.’ 
 

4. ‘Seed algorithms with order addition rule ‘largest saving’ will excel compared to the seed 
algorithms with order addition rule ‘additional aisle’.’ 
Especially in this situation, it must be known that the NSR area consists of multiple floors and that 
changing floors consumes relatively a lot of time. However, this knowledge is not taken into 
account by the congruency rule ‘additional aisle’. The order congruency rule ‘savings’, on the other 
hand, does select the order with the biggest achievable savings in terms of travel time. Therefore, 
it is expected that the seed algorithms with order addition rule ‘saving’ outperforms the seed 
algorithms with order addition rule ‘addition aisles’. 
  

5. ‘Both saving algorithms will result in an average travel time comparable with the seed algorithms 
with congruency rule ‘largest saving’.’ 
The only difference between the two types of order batching rules is the order selection rule. 
Therefore, the average travel time performance is expected to be comparable.  
 

6. ‘The relative travel time reduction due to order batching is greatest when pick cart capacity is 
biggest.’ 
A greater pick cart capacity means that one is able to pick more orders in the same single picking 
tour. 
 

7. ‘The relative difference between the best and the worst scenario with order batching is greatest 
when pick cart capacity is smallest.’ 
The reason of this hypothesis is related to the relatively small number of pick orders every day 
because the following is applicable: when the pick cart capacity is bigger than the number of orders, 
any batching heuristic will suggest the same batch. Consequently, the travel time will also be the 
same. However, if the pick cart capacity is small, it is important to cluster the right orders together 
and good batching heuristics will distinguish themselves. As a result, instinctively, not only the 
relative difference between the best and the worst scenario is decreasing when the pick cart capacity 
is increasing, but the relative difference between all scenarios will decrease when the pick cart 
capacity is increasing. 
 

8. ‘The storage assignment policy ‘class-based–within-aisle’ performs best compared to the policies 
‘class-based - across-aisle’ and ‘class-based - combination’. The ‘class-based - across-aisle 
storage assignment policy’ is expected to perform worst.’ 
Based on literature, the ‘class-based based - within-aisle storage assignment policy’ should 
outperform the ‘class-based - across-aisle storage assignment policy’. When comparing the within-
aisle distance (the distance from one storage location to another storage location within an aisle) 
with the across-aisle distance (the distance from the first storage location of an aisle to the first 
storage location in the next aisle) of NIS, the same belief arises: the within-aisle distance is smaller 
than the across-aisle distance (Appendix S). The variant ‘combination’ is a mix of the other two 
variants. Therefore, it is expected that this variant will result in second best.   
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9. ‘Scenarios consisting of two topics, will result in a greater relative travel time reduction than 
scenarios containing only one topic. Scenarios consisting of three topics, will result in a greater 
relative travel time reduction than scenarios containing two topics’ 

 
 
7.3 Hypotheses vertical carousels 
This section provides a list with hypotheses regarding the VC scenarios and are based on literature (see 
Chapter 4) or on the expertise of the author. In some case, an extra reasoning is given or a reference is 
made to the previous section regarding the NSR. Each hypothesis will be tested. The results hereof can 
be found in Chapter 9.  

 
10. ‘The organ-pipe storage assignment policy is superior to the random storage and two-class 

based storage assignment policies.’ 
From literature, the organ-pipe policy performs very close to optimality in a wide range of 
system parameters. In addition, only this policy takes the horizontal travel time into account, 
which is a relevant component of the total travel time. 
 

11. ‘The two-class based storage policy outperforms the random storage policy.’ 
 

12. ‘The seed and saving algorithms will be superior in terms of travel time reduction compared to 
the first-come-first-serve priority-based rule.’  
 

13. ‘The saving algorithm will result in an average TW time reduction comparable with the seed 
algorithms.’ 
Same reasoning as hypothesis 5. 
 

14. ‘The relative TW time reduction is greatest when pick cart capacity is biggest.’ 
Same reasoning as hypothesis 6. 
 

15. ‘The relative difference between the best and the worst ‘zoning + order batching’ variant of one 
pick cart capacity is greatest when pick cart capacity is smallest. The same applies for the best 
and worst scenario in general.’ 
Same reasoning as hypothesis 7. 
 

16. ‘Scenarios consisting of two topics, will result in a greater relative travel time reduction than 
scenarios containing only one topic. Scenarios consisting of three topics, will result in a greater 
relative travel time reduction than scenarios containing two topics’ 

 
7.4 Chapter summary 
This chapter was related to the Analyze phase and partly provided an answer to sub-question 4, ‘How 
does the framework of the developed simulation model look like?’. It introduced, by using the structured 
literature review, multiple scenarios/variants which potentially result in an improve pick line 
productivity. An overview of all scenarios can be found in Table 7.1-1. In addition, this chapter listed 
the stated hypotheses regarding these scenarios.  
 
The next chapter will describe how the used simulation model looks like and will therefore complete 
the answer to sub-question 4.  
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8. Analyze:	simulation	model	
The prior chapter determined the scenarios that potentially result in an improved the pick line 
productivity. Those scenarios will be tested by using discrete event simulation and Matlab R2017a 
(academic use) is chosen as modeling language (see 3.2.5 for justification DES). This chapter will 
describe how the used simulation model looked like. Firstly, the framework of the simulation model 
will be delineated so that sub-question 4 can be fully answered, ‘How does the framework of the 
developed simulation model look like?’. In addition, each part of the framework will be explained in 
detail. Section 8.2 will describe the procedure that is used to verify and validate the simulation model. 
Verification and validation are essential phases of the model development process and will therefore be 
elaborated in detail. In the last section, the assumptions made will be described. 
 
8.1 Model description 
This section accurately describes the simulation model developed for this research.  
 
8.1.1 Model objectives 
The main objective of the simulation model is to assess the effect of the suggested scenarios (Section 
7.1) on the conventional order pick process at NIS. Each scenario will be judged by its respective total 
travel time compared to the total travel time of the current situation. Because the actual collecting time 
of SKUs is assumed to be a constant, every difference in total travel time will therefore only be caused 
by the chosen scenario. Furthermore, Table 8.1-1 summaries the model properties.  
 

 
Table 8.1-1: Summary of model properties 

8.1.2 Model framework 
This section will describe the model framework and will therefore answer sub-question 4. The model 
framework can be divided into three categories, inputs of the model, the model itself and the output of 
the model, and each category will be elaborated in detail. The model framework is visualized in 
Figure 8.1-1. Furthermore, a summary of all used parameters is given in Table 8.1-4. 
 

 
Figure 8.1-1: Model framework 

 

The	model	should…
…represent	the	order	pick	process	of	the	two	order	picking	systems	of	NIS.
...simulate	the	order	pick	process	and	provide	at	least	the	theoretical	travel	time	of	each	scenario.
…consider	singularities	that	significantly	impact	the	order	pick	performance,	like	the	number	of	orders,	the	number	of	pick	lines	or	the	rotation	speed	of	the	VCs.
…be	able	to	process	historical	order	data	from	a	representative	and	significant	period	of	time.
…be	an	exact	representation	of	the	warehouse	dimensions	and	its	storage	locations.

Model inputs (8.1.2.1) Main model (8.1.2.2) Model outputs (8.1.2.3)

Batching or 
sequencing

Actual order 
picking

• (historical) Orders
• Distances between 

NSR storage locations
• Distances between VCs
• Characteristics VCs
• Characteristics NSR 

area

• Other parameter values 
like:
• Collecting time
• Consolidation 

time
• Failure time
• Floor switch time
• Pick cart capacity
• Rotation speed 

VCs
• Travel speeds
• Waiting time

• Total pick time

• Execution time



 
 

28 

8.1.2.1 Inputs of model 
This section will delineate the input components/parameters of the simulation model. The model 
framework is visualized in Figure 8.1-1.  
 
Historical orders NSRs 
Obviously, pick orders are one of the main inputs of the simulation model. Those orders consist of pick 
lines, each line for a unique SKU, in a certain quantity. The storage location of each SKU is known and 
is currently indicated by a unique code consisting of numbers and letters, e.g. 0AA 01 01 (see Appendix 
A for clarification storage location code).  
 
In order to make the orders appropriate for the model, every storage location has been translated into a 
numeric code of which the model is able to process. For instance, ‘storage location 0AA 01 01’ is 
translated into ‘storage location 1’, ‘storage location 0AA 02 01’ into ‘storage location 2’, and so on. In 
addition, the start and end position of the order pick process (depot) are added. The used order translation 
approach is visualized in Table 8.1-2. 
 
 

                      
Table 8.1-2: Visualization of order translation approach – NSRs           

Table 8.1-3: Visualization of order translation approach - VCs 

It must be noted that when SKUs have to be assigned to different storage locations (due to the 
implementation of a different storage assignment policy for example), the order input data changes and 
not the simulation model itself. For instance, currently SKU X is stored at storage location 0AA 01 01 
with corresponding numeric code 1. After implementing another storage assignment policy, SKU X will 
be stored at storage location 0AA 21 01 with corresponding numeric code 64. 
 
Historical orders VCs 
Similar to the NSR orders, the VC orders also have to be translated. However, due to the different way 
of storage, there is difference between NSR and VC orders: at the NSR area, vertical distances are 
assumed to be negligible, this is obviously not the case at the VC area. As a result, every VC location 
has been translated into two numeric codes. One numeric code will represent the shelf number and is 
related to the vertical distance. The second numeric code will represent the bin position and is related 
to the horizontal distance. An example is given in Table 8.1-3. 
 
Travel speed at NSR area 
In order to create a representative output, the model uses the real travel speed of the order pickers. This 
travel speed is determined by conducting an internal motion study. Two different order pickers walked 
multiple times, with a small pick cart, a (predefined) route through the warehouse of NIS. This route 
traversed complete aisles and contained several turns. In addition, in order to exclude the effect of the 
weight of the pick cart on the travel speed, order pickers have walked with an empty and a fully loaded 
pick cart. As a result, the walking speed is set to 0.6 m/s. See Appendix Q for more details. Last, travel 
time is assumed to be linear to the travel distance. The constant velocity assumption is commonly made 
in literature (De Koster et al., 1999; Roodbergen & Vis, 2006).  
 
 
 

Before order 
preparation

After order 
preparation

Start position Depot 0
Pick line 1 0AA 01 01 1
Pick line 2 0AA 03 02 9
Pick line 3 0AA 05 01 16
Pick line 4 0AA 21 01 64
Pick line 5 0AA 34 19 103
Pick line 6 0BB 01 09 197
Pick line 7 0BB 03 01 205
Pick line 8 0CC 11 18 388
End position Depot 0

After order 
preparation
Shelve nr. Bin nr.

Starting shelve Random Random 0
Pick line 1 0MB01 01 2 7
Pick line 2 0MB 03 02 9 6
Pick line 3 0MB 05 01 16 7
Pick line 4 0MB 21 01 64 7
Pick line 5 0MB 34 08 103 0
Pick line 6 0MB 01 09 197 1
Pick line 7 0MB 03 01 205 7
Pick line 8 0MB 11 10 388 2

Before order 
preparation
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Floor switch time 
The warehouse of NIS has multiple floors, floor 0, floor 1 and floor 2, and one has to use an elevator to 
switch floors. Switching 1 floor consumes 40 seconds and switching two floors consumes 60 seconds. 
Those elevator times are determined by internal motion studies. See Appendix R for more details. 
 
Travel time NSR area 
In order to produce outputs that represent reality, real case dimensions of the warehouse of NIS have 
been used (see Appendix S for dimensions NSR departments). As a result, distances between all storage 
locations have been determined, translated into travel times and subsequently stored in a matrix. See 
Figure 8.1-2 for a visualization of this matrix. Symmetric distances are assumed, which means that the 
distance from storage location x to y is equal to the distance from y to x. This is realistic because of the 
rectangular shape of the aisles and storage racks. 
 
Rotation speed and setup time VCs  
Clearly, changing VC shelves takes time. This time can be subdivided into two time components: time 
to rotate from one shelve to another (rotation time) and time to enter new shelve number at control panel 
(setup time). 
 
A simple approach to determine the rotation speed of the VCs is to check the user manual. However, 
the majority of the VCs are built already 20+ years ago and the stated rotation speeds cannot be trusted 
anymore. Therefore, for each VC, the time of one complete rotation is measured. As a result, multiple 
rotation speeds exist. Details can be found in Table 8.1-4. In addition, it turned out that the setup time 
also fluctuates among the VCs. Details can also be found in Table 8.1-4. 
 
Travel speed at VC area 
The travel speed of the order pickers at the VC area is higher than the travel speed at the NSR area due 
to the absence of narrow aisles and turns. Based on an internal motion study, this travel speed set to 1 
m/s.  
 
Travel time between storage locations at VC area 
The travel time of the VCs consists of a vertical (time to switch shelves), a horizontal (walking time 
between bins) and a setup time component.  
 
Pick cart capacity 
Order pickers use bins to collect orders and each bin may contain only one order. In addition, order 
pickers use pick carts. Two pick carts sizes exist: a cart that can maximum store four bins and a cart that 
can maximum store eighteen bins. However, the used barcode scanners are able to process at most ten 
orders. Therefore, the maximum capacity of the larger pick cart is set to ten orders. In addition, it is 
assumed that the smaller pick cart is used at the NSR area due its size, its maneuverability and its lower 
weight compared to the bigger pick cart.  
 
Consolidation time 
A disadvantage of zoning is that suborders have to be consolidated again. Obviously, merging great 
orders consume more time than merging small orders. Therefore, the total consolidation time is a 
function of the number of pick lines that have to be consolidated. From an internal motion study, it is 
determined that a consolidation time of 5 seconds per pick line is realistic (see Appendix V).  
 
Leftover time 
The leftover time per pick line is assumed to be 2.6 minutes (based on June and July 2017, Appendix 
P).  
 
Waiting and failure time 
One of the main findings of the semi-structured interviews and observations is that congestion occurs 
at the VCs (Section 5.2). To quantify this congestion, order pickers were instructed to notice the 
number of times, including the duration, they had to wait at a VC. In addition, this research showed 
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that the VCs often switch to failure mode. To quantify the failure time, the same empirical method is 
used. The waiting and failure times are assumed to be the same each day and are therefore considered 
as model input. See Appendix T and Appendix U for more details. 
 
 

   
Figure 8.1-2: Segment of distance matrix (current situation, in seconds), including example of a pick order consisting of three pick lines 

        Table 8.1-4: Overview simulation parameters 

 
8.1.2.2 Simulation model itself 
The core of the simulation model consists of two parts. Part 1 is about clustering and sequencing orders 
and will or will not be executed, depending on the scenario. Part 2 represents the actual pick process 
and will always be executed. A simple graphical representation/example of part 2 is given in 
Figure 8.1-2, the example is about a pick order consisting of three pick lines. Furthermore, part 1 keeps 
running until all orders are assigned to a batch or until all orders are sequenced. Part 2 stops running if 
all orders are picked.  
 
8.1.2.3 Outputs of model 
The key performance indicator total travel time will be the main output of the model. In addition, the 
execution time of the simulation will be monitored. 
 
8.2 Model validation and model verification 
The phases verification and validation are essential in a model development process and are often 
performed simultaneously. Verification refers to the steps and tests the model designer deploys to ensure 
that the model behaves according to every initial specification and assumption (with no bugs or any 
other errors). Validation refers to the steps the model designer deploys to ensure that the model 
adequately represents and reproduces the behaviors of the real-world phenomenon. So, model 
verification deals with building the model right and model validation deals with building the right model 
(Balci, 1997). 
 
8.2.1 Verification 
In this research, the process of verification of the model embraced several steps and tests that were 
performed repeatedly throughout the development of the model: 
- Stress testing 

Stress testing is a form of deliberately intense or thorough testing used to determine the stability of 
a given system or entity. It involves testing beyond normal operational capacity, often to a breaking 
point, in order to observe the results (Wikipedia.org, 2018). As a result, the entire model and model 
components have been tested under a wide range of parameters and orders, like for example: an 
order consisting of all SKUs of the warehouse of NIS, an order with only one pick line, orders with 
twice as many pick lines on average and different pick cart capacities. 

- Debugging  
The model is improved by the debug function of Matlab. 

Depot A1 A2 A3 A4 A5
1 2 3 4 5 6

Depot 1 0,0 38,5 37,8 37,2 36,5 35,8
A1 2 38,5 0,0
A2 3 37,8 0,7 0,0
A3 4 37,2 1,3 0,7 0,0
A4 5 36,5 2,0 1,3 0,7 0,0
A5 6 35,8 2,7 2,0 1,3 0,7 0,0
A6 7 35,2 3,3 2,7 2,0 1,3 0,7
A7 8 34,5 4,0 3,3 2,7 2,0 1,3
A8 9 33,8 4,7 4,0 3,3 2,7 2,0
A9 10 33,1 5,4 4,7 4,0 3,3 2,7

Storage	location	location	i

St
or
ag
e	
lo
ca
tio

n	
j

Travel	time	green	route	=	37.8	+	1.3	+	0.7	+	35.8	=	75.6	sec.

Parameter	name Parameter	value
Distances See	Appendix	S
Floor	switch	time
					1	floor 40	(s)
					2	floors 60	(s)
Horizontal	travel	speed	NSR 0.6	m/s
Horizontal	travel	speed	VC 1.0	m/s
Orders See	Appendix	O	for	order	characteristics
Pick	cart	capacity	NSR	area 1-4	orders
Pick	cart	capacity	VC	area 1-10	orders
Rotation	speed	+	setup	time	VCs
					MB,	MC,	MD,	ME,	MF,	MH,	MJ 82;	3	(s)
					MG 78;	2	(s)
Starting	level	VC Randomly	generated
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- Stage by stage  
The model was constructed stage by stage, with extensive testing every step of the way. Testing 
each stage separately made it easier to identify incongruences since each stage by itself is easier to 
understand than the full model. However, the sum of the proper working stages does not necessarily 
result in a properly working full model. Nonetheless, a flaw in a stage would definitely result in a 
model breakdown. 

 
8.2.2 Validation  
In addition to verification, the model was subject to validation. Validation ensures that the model 
adequately represents reality at NIS and that the outputs are meaningful. The validation techniques 
adopted in this research are based on the work of Reis (2010). It includes several features: 
- Requirements validation (the model should answer to clear requirements and questions about the 

real world)  
The model specifications are therefore described thoroughly in Section 8.2.1. In short, the model 
is required to simulate the conventional order pick process of NIS.  

- Data validation (the data in the model should be valid)  
The model uses historical order data of NIS and is collected using the ERP system of NIS.  

- Face validation (the assumptions of the model should be valid) 
Every assumption of the model is based on field observations by the author or interviews conducted 
with the warehouse employees. 

- Process validation (the steps in the model have to be clear, meaningful and correspond to the real 
world) 
The structure of the model replicates the pick process at NIS. 

 
Additionally, the travel times of 25 historical orders calculated by the simulation model are compared 
to the travel times calculated by using a stopwatch. As a result, the NSR outputs of the model were 
structural higher than the real case (on average 7%). In order to produce data that represent the real-life 
situation as much as possible, the travel speed is adjusted from 0.62 m/s to 0.66 m/s. The same approach 
is used to test the travel time at the VC area. Results showed that the travel times were comparable to 
the travel times measured by hand. Furthermore, simulations resulted in the same batches/sequences as 
the batches/sequences calculated by hand, which is good. Finally, after simulating all orders of the 
months June and July 2017, it can be concluded that the model deviates, on average, only 4% from the 
current pick time noted by the bar code scanner. Therefore, is can be concluded that the models are 
appropriate for this research. 
 
8.3 Model assumptions 
This section will describe the main assumptions of this research. It must be noted that the majority of 
these assumptions are often made in literature.  
- Batch creation time: The time to create a batch is assumed to be negligible. 
- Leftover time: The actual leftover time per pick line is assumed to be a constant, independently 

of the number of pieces of the pick line. Furthermore, it is assumed that the extraction time is 
independent of the scenario. The requirement is that all pick lines should be retrieved, the 
extraction times can therefore be omitted from the optimization problem. In addition, it assumed 
that the extraction time and the travel are independent from each other. According to Litvak and 
Vlasiou (2010), this assumption is natural to assume.  

- Congestion: It is assumed that no congestion occurs at the NSR area, because the aisles at the NSR 
area are wide enough. This assumption has been checked by conducting semi-structured interviews 
and doing observations. 

- Consolidation time: Due to zoning, suborders have to be consolidated again. As a result of an 
internal motion study, the consolidation time is assumed to be 5 seconds per pick line. 

- Depot: The warehouse has one depot. The depot is not only the place where the order pickers 
receive order pick instructions, but also the place where pickers deposit the picked orders. 

- Distances between NSR locations: Because the warehouse of NIS is relatively small and 
structured, it is assumed that order pickers are able to estimate the shortest route from storage 
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location to storage location. This assumption is checked and confirmed by observation and by 
conducting short interviews. In addition, symmetric distances are assumed, which means that the 
distance from x to y is equal to the distance from y to x. This is realistic because of the rectangular 
shape of the aisles and racks. Last, because the aisle width is relatively narrow, two-sided order 
picking is possible. It is assumed that the time to cross from the left-side rack to the right-side rack 
is negligible and therefore assumed to be zero. 

- Floor switch time: The time to switch floors is assumed to be constant and is independent of the 
composition and size of an order/batch. The floor switch time is determined by internal motion 
studies (Appendix R). In addition, it is assumed that the elevator is always directly available when 
needed.  

- Order picker: It is assumed that the working pace of the order picker is constant during the day. 
In addition, it is independent of the amount of work on that day. 

- Pick lines second floor not taken into account: Due to the large dimensions of the SKUs, the 
order batching problem does not take SKUs from the second floor into account. It is assumed that 
the pick lines from the second floor already consume the total capacity of the pick cart.  

- Pick orders: all pick orders are known in advance and no pick orders may be spread over more 
than one batch. In addition, it is assumed that every initial order fits in one pick bin. 

- Storage location dimensions VCs: Although this is not completely the case, for modeling 
purposes, it is assumed that all storage locations from the same shelf have the same dimensions. 

- Start and finish VC pick line: It is assumed that every VC pick line starts and ends at the pick 
cart in order to put the SKU away in the pick bin. It is assumed that the pick cart is located at the 
center of the VC, closest to the control panel. 

- Starting shelves VCs: A VC is a rotatable circuit of shelving. Consequently, the first step of the 
order pick process is the rotation to the shelf of the first pick line. However, the starting shelf is 
unknown, because the VCs are also used by other people than order pickers. In order to cope with 
this random variable, the simulation model will assume that the starting shelf is uniformly 
distributed over the number of shelves of that specific carousel (U[1, total number of shelves]).  

- Waiting + failure time: the waiting time is assumed to be 35 min/day for each simulation of 
chapter 9 and 11 and 70 min/day for Section 10.1. The failure time of the VCs is assumed to be 19 
min/day. The waiting and failure time are determined by taking samples. See Appendix T and 
Appendix U for more details. 

- Time to enter new command at VC: By taking samples, the time to enter the right level at the 
control panel is assumed to be 1,5 second. 

- Travel time: The horizontal travel time is assumed to be linear. In addition, the travel speed of the 
picker is constant, which is commonly made in literature on batching (De Koster et al., 1999; 
Roodbergen et al., 2006).  

 
8.4 Chapter summary 
This chapter was related to the simulation model that has been used to test each scenario of Chapter 7. 
It firstly provided the model objectives of which multiple exist, but the main goal of the simulation 
model is to assess the effect of the suggested order pick scenarios on the pick line productivity. 
Subsequently, the model framework is elaborated in detail. This chapter therefore fully answered sub-
question 4, ‘How does the framework of the developed simulation model look like?’. Furthermore, the 
procedure that is used to verify and validate the simulation model is showed. Verification and validation 
are essential phases of the model development process and are therefore also elaborated in detail. 
Finally, the made assumptions are listed. 
 
Yet again, the described simulation model of this chapter has been used to test each scenario of Chapter 
7. The next chapter will provide the results and will therefore provide an answer to sub-question 5, 
‘What is, after simulating the suggested improvements, the new hypothetical pick line productivity?’. 
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9. Improve:	results	main	case	study	
A simulation model has been used to determine the effect of several scenarios (introduced in Chapter 7) 
on the pick line productivity. Details of this model are outlined in Chapter 8. This chapter will provide 
the simulation results. First, the used historical orders will be described (Section 9.1). Secondly, the 
results of the NSR part and the VC part will be provided and subsequently evaluated. Furthermore, the 
hypotheses, defined in Section 7.2 and Section 7.3, will be tested by using the potential travel time 
reduction as KPI. The chapter will conclude with combining the results of the NSRs and the VCs and 
sub-question 5 will be answered, ‘What is the new theoretical pick line productivity of each scenario?’.  
 

9.1 Description input data 
Historical pick orders from the period June and July 2017 have been used as input. This period consists 
of 42 order pick days and is, according to the warehouse supervisor, a representative time period of the 
year. Descriptive statistics can be found in Table 9.1-1 and Table 9.1-2 (PL: pick lines, #: number of). 
As can be derived from the tables, the historical orders are split into NSR suborders and VC suborders. 
For instance, on average, VC MB processed 7.8 orders a day.  
 

 
Table 9.1-1: Descriptive statistics input orders (based on June and July 2017) -  NSRs 

 
Table 9.1-2: Descriptive statistics input orders (based on June and July 2017) -  VCs 

9.2 Results normal storage racks part (NSR) 
The case study’s NSR part tested and evaluated 227 different scenarios (see Section 7.1 for the 
scenarios). Yet again, the objective of the suggested NSR scenarios is to minimize the corresponding 
travel time. Therefore, all scenarios will be evaluated on this KPI. The section will start with answering 
the most interesting question, ‘Which scenario has the greatest positive impact on the NSR travel time 
and what is the corresponding relative travel time reduction?’: 
 

 
Those reduction can be achieved without making any significant investment and using the maximum 
pick cart capacity.  
 
The remainder of this section will provide the NSR results of the case study in more detail. In addition, 
this section will test each stated hypothesis of Section 7.2 by using the potential travel time reduction as 
only KPI. Firstly, the results are summarized in Figure 9.2-1. This figure shows the best performing 
variant of every scenario in terms of travel time reduction, e.g., the best performing order batching 
variant is ‘CW 1’ (Clarke and Wright, 1964). The travel time reduction of CW 1 is therefore provided. 
For an overview of the results of all scenarios and variants, see Appendix X. 
 

Avg.	#	
orders/day

St.	dev.	#	
orders/day

Min.	#	
orders/day

Max.	#	
orders/day

Avg.	#	
PL/order

St.	dev.	#	
PL/order

Min.	#	
PL/order

Max.	#	
PL/order

Avg.	#	
PL/day

St.	dev.	#	
PL/day

Min.	#	
PL/day

Max.	#	
PL/day

NSR	 20 7,4 10 39 4,9 6,9 1 43 99 33 46 206

Avg.	#	
orders/day

St.	dev.	#	
orders/day

Min.	#	
orders/day

Max.	#	
orders/day

Avg.	#	
PL/order

St.	dev.	#	
PL/order

Min.	#	
PL/order

Max.	#	
PL/order

Avg.	#	
PL/day

St.	dev.	#	
PL/day

Min.	#	
PL/day

Max.	#	
PL/day

MB 7,8 3,6 2 18 2,2 1,3 1 6 17,1 8,7 2 44
MC 11,1 4,6 4 22 2,6 2,4 1 24 18,4 16,0 8 95
MD 7,9 3,7 2 16 2,3 1,9 1 18 18,0 8,9 3 40
ME 5,3 2,7 1 12 2,8 5,5 1 49 15,0 12,9 2 64
MF 9,9 3,9 4 20 2,5 1,8 1 12 24,4 10,8 10 55
MG 2,7 2,2 0 10 2,3 2,4 1 12 6,1 5,0 0 21
MH 9,5 4,3 2 20 2,4 3,3 1 16 23,1 10,4 2 44
MJ 9,8 4,5 3 21 2,5 2,0 1 13 24,3 11,1 4 51

By implementing… 
… 1 topic, the NSR travel time can be reduced with 60%. This improvement can be achieved 
by applying the scenario ‘order batching’.  
… 2 topics, the NSR travel time can be reduced with 72%. This improvement can be achieved 
by applying the scenario ‘order batching + storage assignment’. 
… 3 topics, the NSR travel time can be reduced with 83%. This improvement can be achieved 
by applying the scenario ‘order batching + storage assignment + routing 2’. 
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Figure 9.2-1: Effect scenarios (best cases) on travel time - NSR 

9.2.1 Hypotheses	1	and	2	–	performance	individual	topics	
This section will test hypotheses 1 and 2: 
1. ‘The topic order batching has the greatest impact on the pick line productivity. After order 

batching, the topic storage assignment has the biggest positive effect on the pick line productivity. 
The intervention routing has the least impact of the three.’  

 
2. ‘The topic R2 outperforms the topic R1.’ 

 
As can be derived from Figure 9.2-1, the topic order batching is able to reduce the travel time by at least 
39% and at most by 60%, depending on the pick cart capacity. The topic storage assignment does not 
depend on the pick cart capacity and will reduce the travel time by 23%. Also, the routing topics, R1 
and R2, do not use pick cart capacity. The corresponding travel time reductions are respectively 1% and 
9%. As a result, the topic order batching will cause a greater reduction in travel time than the topics 
storage assignment and routing. Furthermore, the topic storage assignment outperforms R1 and R2 when 
using the KPI ‘travel time’. Therefore, hypothesis 1 is correct and confirmed.  
 
It can also be concluded that hypothesis 2 is true: the intervention R2 reduces the travel time more than 
intervention R1, namely an additional 8% (9%-1%). The reason for this performance difference is clear, 
namely: the scenario R2 exists of multiple components, while the scenario R1 only changes one aspect 
(Section 7.1.1.3). In addition, it can be concluded that the effect of adding back-cross aisles on the travel 
time is limited (scenario R1). An explanation for the minor effect is possibly the relative small number 
of orders and pick lines a day. However, it is expected that the number of pick lines is going to increase 
in the coming years. Adding back-cross aisles can therefore still be a potential good improvement.  
 

9.2.2 Hypotheses	3,	4	and	5	–	order	batching	
This section will test the order batching hypotheses 3, 4, and 5: 
3. ‘All seed and saving algorithms will be superior compared to the FCFS priority-based rule.’ 

 
4. ‘Seed algorithms with order addition rule ‘largest saving’ will excel compared to the seed 

algorithms with order addition rule ‘additional aisle’.’ 
 

5. ‘Both saving algorithms will result in an average travel time comparable with the seed algorithms 
with congruency rule ‘largest saving’.’ 
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Firstly, it must be noted that eight different order batching heuristics/variants are tested (see Section 
7.1.1.1): the first-come-first-serve priority-based rule (FCFS), 6 seed algorithms and 2 saving algorithms. 
The performances of all batching variants are shown in Figure 9.2-2 (using a pick cart capacity of four 
orders, see Chapter ‘Definitions and abbreviations’ for definitions order batching abbreviations). It can 
be concluded that the two saving algorithms and the batching heuristics with the order congruency rule 
‘largest saving’ perform comparable and best. However, the saving algorithms result in smaller boxes 
and less outliers, and so in smaller standard deviations. The two saving algorithms have therefore the 
best overall performance.  
 
So, hypothesis 3 is true for the seed algorithms with order congruency rule ‘largest saving’ and true for 
both saving algorithms. Those more advanced batching algorithms will reduce the travel time with at 
least 12% more than the FCFS priority rule (Appendix X). However, unexpectedly, the performance of 
the FCFS rule is comparable with the performances of the seed algorithms with order addition rule 
‘additional aisles’ (Rosenwein, 1996). It is even true that of the 42 simulated days, the FCFS rule 
performed better in 18 days compared to the three seed algorithms with order congruency rule ‘addition 
aisles’. The cause of this unexpected outcome may possibly be the order addition rule, because each 
relevant seed algorithm uses a unique seed order selection rule, but a common order congruency rule. 
Again, this rule selects the order that minimizes the number of additional aisles compared to the seed 
order. Furthermore, it must be known that the NSR area consists of multiple floors and that changing 
floors consumes relatively a lot of time. However, this knowledge is not taken into account by the 
congruency rule ‘additional aisle’ and the heuristic will therefore not always result in the shortest 
possible travel time. In order to clarify this limitation/statement, suppose the following hypothetical 
situation: a seed order is chosen and exist only of SKUs that are stored at floor 0. Subsequently, orders 
have to be added to this seed order. Two possible orders exist: an order that contains one additional aisle, 
which is located at floor 1, or an order that contains two additional aisles which are located close to the 
depot on floor 0. By definition, the order with one extra aisle is selected. However, this is not the best 
choice, because the order picker has to travel to floor 1, while this should not be the case when the 
alternative order was selected. Apparently, this kind of opportunities occur relatively often. So, even the 
FCFS rule often results in a comparable or even a better performance than the seed algorithms with 
order addition rule ‘additional aisle’.  
 
This statement is also relevant for hypothesis 4. While the order congruency rule ‘largest saving’ really 
selects the order with the biggest achievable saving in terms of travel time, the order addition rule 
‘addition aisles’ may select orders that are not necessarily the best choice in terms of travel time. 
Therefore, as can be seen in Figure 9.2-2, the seed algorithms with order addition rule ‘largest saving’ 
indeed outperforms the seed algorithms with order addition rule ‘addition aisles’: hypothesis 4 is true. 
 
Hypothesis 5 is also true. The performances of the seed algorithms with congruency rule ‘largest saving’ 
are, in terms of average travel time reduction, close to the performances of both saving algorithms of 
Clarke and Wright (1964). The relative difference in travel time reduction is in all cases at most 2% (see 
Appendix X). However, in terms of variation, the saving algorithms win (see Table X-1 for the average 
standard deviation and Figure 9.2-2 for size boxes and outliers).  

The same conclusion can be made when using capacities of two or three orders (see Appendix X). 
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Figure 9.2-2: Effect batching variants on travel time - NSRs;                     Figure 9.2-3: Effect storage assignment on travel time - NSRs 

9.2.3 Hypotheses	6	and	7	–	effect	pick	cart	capacity	
This section will test the pick cart capacity hypotheses 6 and 7: 
6. ‘The relative travel time reduction due to order batching is greatest when pick cart capacity is 

biggest.’ 
7. ‘The relative difference between the best and the worst scenario with order batching is greatest 

when pick cart capacity is smallest.’ 
 

Hypothesis 6 is about the performance of the batching types, while varying the pick cart capacity. Three 
pick cart capacities have been taken into consideration, namely 2, 3 and 4 orders. It is expected that the 
travel time reduction is greatest when the pick cart capacity is biggest. As a result, this expectation is 
true (see Figure 9.2-1): the travel time reduces most when the pick cart capacity is 4 and reduces least 
when pick cart capacity is 2, the relative difference is 21%. However, the relative difference between 
the best and the worst batching type is greatest when pick cart capacity is smallest (49%, 44% and 40% 
for respectively pick cart capacity 2, 3 and 4; Appendix X). Therefore, also the hypothesis 7 is confirmed. 
When comparing the relative differences of all batching scenarios, the same conclusion can be drawn: 
the average deviation from the best scenario is 26%, 22% and 20% for respectively pick cart capacity 2, 
3 and 4.  
 

9.2.4 Hypothesis	8	–	storage	assignment	
This section will test hypothesis 8: 
8. ‘The storage assignment policy ‘class-based - within-aisle’ performs best compared to the policies 

‘class-based - across-aisle’ and ‘class-based - combination’. The ‘class-based - across-aisle 
storage assignment policy’ is expected to perform worst.’ 

 
The selected storage assignment policy is called class-based storage and three variants of this policy are 
tested: the ‘class-based - across-aisle storage assignment policy’, the ‘class-based - within-aisle storage 
assignment policy’ and the ‘class-based - combination storage assignment policy’. It is expected that 
the across-aisle variant performs worst and the within-aisle best of the three variants. The results are 
shown in Figure 9.2-3. It can be concluded that the stated hypothesis is true. In 39 of the 42 days, the 
storage assignment policy ‘within-aisle’ resulted in the greatest travel time reduction.  
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9.2.5 Hypothesis	9	–	multiple	topics	
This section will test hypothesis 9: 
9. ‘Scenarios consisting of two topics, will result in a greater relative travel time reduction than 

scenarios containing only one topic. Scenarios consisting of three topics, will result in a greater 
relative travel time reduction than scenarios containing two topics’ 

 
Instead of implementing only one topic, the opportunity exists of implementing two topics or even three 
topics. Obviously, because the blocks are not independent from each other, the result will not just be the 
sum of the individual travel time reductions.  

However, as stated in hypothesis 9, it is still expected that more topics will result in a greater reduction 
in travel time. As a result, one topic can potentially reduce the travel time by at most 60%, two topics at 
most 73% and three topics at most 83% (Figure 9.2-1). Those travel time reductions can be achieved by 
respectively applying the scenarios ‘order batching’, ‘order batching + storage assignment’ and ‘order 
batching + storage assignment + routing 2’. Therefore, the last hypothesis is correct.  

9.2.6 Section	conclusion	
This section tested each NSR hypothesis of Section 7.2 and evaluated each NSR scenario using the KPI 
travel time. It can be concluded that the majority of the results are promising. However, are the scenarios 
also promising when using a different KPI? To answer this question, the scenarios are also evaluated 
using the KPI ‘the number of needed Full-Time Equivalents’ (FTEs). In case of NIS, 1 FTE equals 8 
working hours a day and currently, on average, 0.67 FTE are needed to collect all NSR pick lines of 
floor 0 and 1 (important to know is that all total pick time categories of Section 5.1.2 are included).  
 
As a result, after translating the travel time reductions of each scenario into the new KPI, the following 
FTEs are needed in order to collect all pick lines: see Table 9.2-1. In addition, this table shows the 
relative difference compared to the needed FTEs of the current situation. For example, 0.59 FTE is 
needed to pick all NSR pick lines under the scenario ‘order batching’ when using a pick cart capacity 
of 4. Compared to the current number, 0.67 FTE, this is a 13% reduction. It can be derived from the 
table that the application of the best order batching variant (CW 1) combined with the best order 
assignment policy (class-based - within-aisle) and the second routing variant is expected to result in the 
greatest FTE reduction, namely 16% less FTEs are needed to collect all NSR pick lines. 
 

  
Table 9.2-1: Potential needed FTEs for each NSR scenario, including comparison with needed FTE of the current situation (0.67 FTE) 

 
9.3 Results vertical carousel part (VC) 

The case study’s VC part tested and evaluated 68 different scenarios (see Section 7.1.2 for the scenarios). 
The objective of each scenario is to minimize the corresponding travel + waiting time (TW time, pick 
time categories 1 and 4). Therefore, all scenarios will be evaluated on this KPI. The section will start 
with answering the most interesting questions: ‘Which scenario has the greatest positive impact on the 
TW time and what is the corresponding relative TW time reduction?’:  
 

72% Current	situation 0,68

Dev.	from	best 4 3 2 4 3 2
Batching B 0,59 0,61 0,63 -13% -11% -8%
Storage assignment policy S 0,65 0,65 0,65 -5% -5% -5%
Routing 1 R1 0,68 0,68 0,68 0% 0% 0%
Routing 2 R2 0,67 0,67 0,67 -2% -2% -2%
Batching + Storage assignment policy B + S 0,58 0,59 0,60 -15% -14% -11%
Batching + Routing 1 B + R1 0,59 0,61 0,62 -13% -11% -8%
Batching + Routing 2 B + R2 0,59 0,60 0,62 -13% -12% -9%
Storage assignment policy + Routing 1 S + R1 0,65 0,65 0,65 -5% -5% -5%
Storage assignment policy + Routing 2 S + R2 0,65 0,65 0,65 -5% -5% -5%
Batching + Storage assignment policy + Routing 1 B + S + R1 0,58 0,59 0,60 -15% -14% -12%
Batching + Storage assignment policy + Routing 2 B + S + R2 0,58 0,58 0,60 -16% -14% -12%

1 block

3 blocks

2 blocks

Pick cart capacity Pick cart capacity

Potential needed FTEs Compared with current needed FTE
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Those reduction can be achieved without making any significant investment and using the maximum 
pick cart capacity.   
 
The remainder of this section will provide the VC results of the case study in more detail. In addition, 
this section will test each stated hypothesis of Section 7.3 by using the potential TW time reduction as 
only KPI. Firstly, the results are summarized in Figure 9.3-1. This figure shows the best performing 
variant of every scenario in terms of TW time reduction, e.g. the best performing ‘zoning + order 
batching’ variant, TT-S, is shown (it must be noted that consolidation time is already taken into account). 
For an overview of the results of all scenarios and variants, see Appendix Y. 
 

 
Figure 9.3-1: Effect scenarios (best cases) on travel + waiting (TW) time - VCs 

Yet again, avoiding congestion is considered as main objective of the VC area and can be avoided by 
introducing zoning (see Section 7.1.2.1). Therefore, all scenarios (one exception) consist at least of the 
topic zoning.  
 

9.3.1 Hypotheses	10	and	11	–	storage	assignment	
This section will test hypotheses 10 and 11: 
10. ‘The organ-pipe storage assignment policy is superior to the random storage and two-class based 

storage assignment policies.’ 
 

11. ‘The two-class based storage policy outperforms the random storage policy.’ 
As can be derived from Figure 9.3-1 and Figure 9.3-2, the best storage assignment policy is the organ-
pipe storage policy, which is able to reduce the TW time with 16.2%. The two-class based storage policy 
is able to reduce the TW time with 15.5% (see Appendix Y).  So, both hypotheses are correct.  
 
However, it was expected that the organ-pipe policy should easily outperform the two-class based policy, 
but this is clearly not true. The possible cause of this unexpected outcome could be the current SKU 
‘skewness’ in the demand distribution. From Section 7.1.2.3 it is known that both policies use the pick 
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By implementing… 
… 1 topic, the TW travel time can be reduced with 25%. This improvement can be achieved 
by applying the scenario ‘zoning’.  
… 2 topics, the TW travel time can be reduced with 61%. This improvement can be achieved 
by applying the scenario ‘zoning + order batching’.  
… 3 topics, the TW travel time can be reduced with 76%. This improvement can be achieved 
by applying the scenario ‘zoning + order batching + storage assignment’.  
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frequency (the simulation used the pick frequency of June and July 2017) of the SKUs as base variable. 
By definition, the two-class based policy distinguishes two SKU classes, where the organ-pipe policy 
distinguishes each SKU individually. However, many SKUs are demanded the same number of times 
in the months June and July, e.g., 10 SKUs are collected 4 times in months June and July 2017. As a 
result, less distinction can be made between SKUs, which ruins the unique selling point of the organ-
pipe policy. Therefore, it is expected that the current SKU ‘skewness’ is the possible cause of this 
unexpected outcome. In addition, it can be concluded that the more uniform the demand distribution of 
the SKUs is, the more similar the two policies also become. However, when the skewness in demand 
distribution increases, the relative difference in performance between the two policies will also increase. 

9.3.2 Hypotheses	12	and	13	–	order	batching	
This section will test the order batching hypotheses 12 and 13: 
12. ‘The seed and saving algorithms will be superior in terms of travel time reduction compared to the 

first-come-first-serve priority-based rule.’  
 

13. ‘The saving algorithm will result in an average TW time reduction comparable with the seed 
algorithms.’ 

Firstly, it must be noted that the ‘zoning + batching’ scenario exists of a batching type originating from 
the NSR literature. However, it still results in the greatest TW time reductions (Figure 9.3-1) compared 
to the other two-topic scenarios. The best ‘zoning + batching’ variant is the seed algorithm with seed 
selection rule ‘longest travel time’ and order addition rule ‘largest saving’ (TT-S, Figure 9.3-3).  
 
Secondly, when comparing the results of the ‘zoning + FCFS priority-based rule’ with the other ‘zoning 
+ batching’ variants, it can be concluded that FCFS rule performs significant worse than the others 
(Figure 9.3-3). Hypothesis 12 is therefore true.  Hypothesis 13 is also true. The performances of the seed 
algorithms with congruency rule ‘largest saving’ are, in terms of average TW time reduction, 
comparable with the performance of the saving algorithm of Clarke and Wright (1964). The relative 
difference in TW reduction is for all pick cart capacities at most 2% (see Table Y-1). Notable is, that 
the seed algorithm TDS performs constantly slightly better and the seed algorithm LS regularly worse 
than the saving algorithm. However, the differences are negligible and all three heuristics are suitable 
for implementation. 
 
The same conclusion can be made when using the alternative pick cart capacities (Appendix Y). 
 
9.3.3 Hypotheses	14	and	15	–	effect	pick	cart	capacity	
This section will test the pick cart capacity hypotheses 14 and 15: 
14. ‘The relative TW time reduction is greatest when pick cart capacity is biggest.’ 

 
15. ‘The relative difference between the best and the worst ‘zoning + batching’ variant of one pick 

cart capacity is greatest when pick cart capacity is smallest. The same applies for the best and 
worst scenario in general.’ 

 
The TW time reduction increases as the pick cart capacity increases, namely TW time reduction of 
70.9%, 74.2%, 76.0%, 76.8% and 77.2% can be achieved for respectively the pick cart capacities 1, 4, 
6, 8 and 10. Therefore, hypothesis 14 is true. However, the relative difference between the best and the 
worst performing ‘zoning + batching’ variant decreases when the pick cart capacity increases (7.4%, 
6.7%, 5.5%, 5.4% for respectively pick cart capacities 4, 6, 8 and 10; see Appendix Y). The same can 
be concluded for the best and the worst scenario in general. Hypotheses 15 is therefore also confirmed. 
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9.3.4 Hypothesis	16	–	multiple	topics	
This section will test hypothesis 16: 
16. ‘Scenarios consisting of two topics, will result in a greater relative TW time reduction than 

scenarios containing only one topic. Scenarios consisting of three topics, will result in a greater 
relative TW time reduction than scenarios containing two topics’ 

 
Additional TW time reduction can be achieved by implementing extra topics. For example, the three-
topic scenario ‘zoning + sequencing + storage assignment’ results in a maximum TW time reduction of 
75.2%, realized by using a pick cart capacity of ten orders. However, the scenario ‘zoning + batching + 
storage assignment’ is superior in 37 of the 42 days, (both in terms of TW time reduction and dispersion) 
and can theoretically achieve a TW time reduction of 77.2%, attained by a pick cart capacity of ten 
orders. Furthermore, even the smallest tested pick cart capacity (4 orders) is able to reduce the TW time 
by 12% more than the best two-topic scenario. Therefore, also the last hypothesis ‘More topics will 
result in a greater relative travel time reduction’ is true. 
 
 

 
Figure 9.3-2: Performances storage variants on TW time - VCs;          Figure 9.3-3: Performances order batching variants on TW time - VCs 

9.3.5 Section	conclusion	
This section tested each hypothesis of Section 7.3 and evaluated each scenario using the KPI TW time. 
It can be concluded that the results are promising. However, are the scenarios also promising when using 
the KPI ‘the number of needed full-time equivalents’ (FTEs). Yet again, 1 FTE equals 8 working hours 
a day and currently, on average, 1.08 FTEs are needed to collect all VC pick lines (important to know 
is that all total pick time categories of Section 5.1.2 are included).   
 
As a result, after translating the travel time reductions of each scenario into the new KPI, the following 
FTEs are needed in order to collect all pick lines: see Table 9.3-1. In addition, this table shows the 
relative difference compared to the current needed FTEs. For example, 0.98 FTE is needed to pick all 
VC pick lines under the scenario ‘zoning + batching’ with a pick cart capacity of 4. Compared to the 
current number of FTEs, this is a 9% reduction. It can be derived from the table that the application of 
zoning in combination with the best order batching variant (TT-S) and the best order assignment policy 
(organ-pipe) is expected to result in the greatest FTE reduction, namely 14% less FTEs are needed to 
collect all VC pick lines. 

 
Table 9.3-1: Potential needed FTEs for each VC scenario, including comparison with needed FTE of current situation (1.08 FTE) 
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Met	failure	time:	(FTE) 0,03794643
Current situation 1,08

1 4 6 8 10 1 4 6 8 10
Storage assignment S 1,05 -3%
Zoning Z 1,04 -4%
Zoning + batching Z + B 0,98 0,97 0,97 0,96 -9% -10% -10% -11%
Zoning + sequencing Z + Seq 1,01 0,99 0,99 0,99 0,99 -6% -8% -8% -8% -8%
Zoning + storage assignment Z + S 1,00 -7%
Zoning + Batching + Storage assignment Z + B + S 0,94 0,94 0,93 0,93 -13% -13% -13% -14%
Zoning + Sequencing + Storage assignment Z + Seq + S 0,96 0,94 0,94 0,94 0,94 -11% -13% -13% -13% -13%

Potential needed FTEs Compared with current needed FTE

Pick cart capacity

1 Block

2 Blocks

3 Blocks

Pick cart capacity
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9.4 Conclusion 
In Chapter 7, multiple scenarios were given which could potentially result in an improved pick line 
productivity. To evaluate these scenarios, each scenario is simulated and this chapter analyzed the 
outcomes by using the potential travel/TW time reduction as KPI.  
 
As a result, it can be concluded that all scenarios potentially result in smaller travel/TW times and less 
needed FTEs. Therefore, it can also be concluded that all scenarios are expected to result in improved 
pick line productivities. A quantification of this statement is shown in Table 9.4-1 and will therefore be 
an answer to sub-question 5, ‘What is the new theoretical pick line productivity of each scenario?’. The 
table shows the theoretical pick line productivity of each scenario. Additionally, Table 9.4-2 shows the 
relative improvement compared to the existing order pick situation. For instance, it is expected that the 
NSR scenario ‘batching’ + the VC scenario ‘storage assignment’ improves the pick line productivity by 
1.9%. The best performing scenario is highlighted in green.  
 
As can be derived from the tables, the greatest potential improvement in pick line productivity is 16%, 
which can be achieved by applying the order batching heuristic ‘CW 1’ in combination with the storage 
assignment policy ‘class-based - within-aisle’ and the second routing variant to the NSR area. 
Furthermore, NIS has to implement zoning in combination with the order batching heuristic TT-S and 
the storage assignment policy ‘organ-pipe’ at the VC area in order to achieve the best pick line 
productivity of 20.8 pick lines/hour. Consequently, after applying these scenarios, the remaining total 
pick time primarily consists of the pick time category ‘leftover time’: see Figure 9.4-1.  
 
Important to note is that each scenario is evaluated by using the KPIs potential travel/TW time reduction 
and pick line productivity improvement. However, in order to determine the most appropriate scenario 
for NIS, it is also important to evaluate each scenario by using the implementation time/feasibility as 
KPI. This evaluation will be provided in the ‘Implication’ chapter (Chapter 12).   
 
 

 
Table 9.4-1: New hypothetical pick line productivity (in pick lines/hour/person), assuming maximum pick cart capacities 

 
Table 9.4-2: Relative pick line productivity improvement, compared with current situation (17.9 pick lines/hour/person) 

 
Figure 9.4-1: Hypothetical distribution total pick time categories after applying the best scenario (16% improvement in pick line 
productivity)  

Z	+	Seq	+	S Current situation B S R1 R2 B + S B + R1 B + R2 S + R1 S + R2 B + S + R1 B + S + R2
19,46 Current situation 17,9 18,8 18,3 18,0 18,1 19,0 18,9 18,9 18,3 18,3 19,0 19,1
20,52 S 18,3 19,2 18,6 18,3 18,4 19,4 19,2 19,3 18,6 18,7 19,4 19,4
19,83 Z 18,4 19,3 18,7 18,4 18,5 19,5 19,3 19,4 18,7 18,8 19,5 19,5
19,48 Z + B 19,2 20,2 19,5 19,2 19,3 20,4 20,2 20,3 19,5 19,6 20,4 20,4
19,61 Z + Seq 18,9 19,9 19,2 18,9 19,0 20,1 19,9 19,9 19,2 19,3 20,1 20,1
20,74 Z + S 18,7 19,7 19,1 18,8 18,9 19,9 19,7 19,8 19,1 19,1 19,9 20,0
20,54 Z + B + S 19,5 20,6 19,9 19,5 19,7 20,7 20,6 20,6 19,9 19,9 20,7 20,8
20,59 Z + Seq + S 19,5 20,5 19,8 19,5 19,6 20,7 20,5 20,6 19,8 19,9 20,7 20,7
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10. Improve:	sensitivity	analysis	
In light of the future challenges that NIS may face regarding their pick line productivity, such as the 
increase in the number of pick lines, it is important to test whether the particular scenarios can be applied 
to future/other order pick situations. This can be tested by a conducting a sensitivity analysis, which 
tests the so called ‘robustness’ of a suggested scenario (Section 10.1). A scenario is robust if it can be 
applied to another order pick situation and still yield good results. In addition, the sensitivity analysis 
aims to increase the understanding of the relationships between the input and output variables of the 
model by determining the effect of multiple consolidation times, leftover times and walking speeds on 
the pick performance. 
 

10.1 Robustness of scenarios 
In order to test the robustness of the suggested scenarios, two extreme order pick situations are 
distinguished and subsequently tested:  
- the situation where twice as many orders have to be picked (hereafter called MO), and  
- the situation where every order has twice as many pick lines (hereafter called BO).   

 
Firstly, based on the historical order properties/distributions (e.g. SKU portfolio skewness), hypothetical 
orders are generated; For the MO case, twice as many orders a day have to be picked compared to the 
initial situation. The number of pick lines per order is similar. For the BO case, the same number of 
orders have to be picked each day, but every order has twice as many pick lines compared to the existing 
orders. Descriptive statistics about the orders can be found in Appendix O. Secondly, the hypothetical 
order pick situations are simulated and the travel/TW time reductions of each scenario are compared 
with the travel/TW time reductions of each scenario of the main case study (Chapter 9). The results are 
shown in Table 10.1-1 (NSR) and Table 10.1-2 (VC). The tables show the absolute difference in 
travel/TW time reduction between the hypothetical case and the main case study. For instance, the 
hypothetical travel time reduction of the scenario ‘storage assignment policy - BO’ at the NSRs is 3% 
greater than the travel time reduction of the ‘storage assignment’ scenario of the main case study. For 
the ‘storage assignment - MO’ case, the absolute difference is 1%, etc.   
 

 
Table 10.1-1: Absolute difference in travel time reduction main case study with extreme cases ‘MO’ and ‘BO’ (travel time reduction extreme 
case – travel time reduction main case study)  – NSRs 

 
Table 10.1-2: Absolute difference in TW time reduction main case study with extreme cases ‘MO’ and ‘BO’ (TW time reduction extreme case 
– TW time reduction main case study)  – VCs 

4 3 2 4 3 2
Batching B 15% 18% 22% 12% 14% 15%
Storage	assignment	policy S 3% 3% 3% 1% 1% 1%
Routing	1 R1 0% 0% 0% 0% 0% 0%
Routing	2 R2 3% 3% 3% 0% 0% 0%
Batching	+	Storage	assignment	policy B	+	S 3% 3% 3% 3% 3% 3%
Batching	+	Routing	1 B	+	R1 4% 4% 4% 4% 4% 2%
Batching	+	Routing	2 B	+	R2 4% 4% 4% 3% 4% 4%
Storage	assignment	policy	+	Routing	1 S	+	R1 3% 3% 3% 1% 1% 1%
Storage	assignment	policy	+	Routing	2 S	+	R2 4% 4% 4% 1% 1% 1%
Batching	+	Storage	assignment	policy	+	Routing	1 B	+	S	+	R1 3% 3% 3% 3% 4% 3%
Batching	+	Storage	assignment	policy	+	Routing	2 B	+	S	+	R2 1% 0% 0% 1% 0% 0%

Average	performance	difference 4% 4% 4% 3% 3% 3%
St.	deviation 4% 5% 6% 3% 4% 4%

1	block

3	blocks

2	blocks

More	order	case	(MO)Bigger	order	case	(BO)

Pick	cart	capacityPick	cart	capacity

Storage	assignment S 5% 1%
Zoning Z 7% -4%
Zoning	+	batching Z	+	B 6% 6% 6% 6% 2% 3% 3% 4%
Zoning	+	sequencing Z	+	Seq 4% 1% 0% 0% 0% 3% 6% 5% 5% 5%
Zoning	+	storage	assignment Z	+	S 12% -3%
Zoning	+	Batching	+	Storage	assignment Z	+	B	+	S 3% 2% 2% 2% 1% 1% 1% 2%
Zoning	+	Sequencing	+	Storage	assignment Z	+	Seq	+	S -3% 0% -1% -1% -1% -7% 1% 1% 1% 1%

1	Block

2	Blocks

3	Blocks

Bigger	order	case	(BO) More	order	case	(MO)

Pick	cart	capacity Pick	cart	capacity
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As can be derived from Table 10.1-1, the travel time reductions of the NSR BO and MO cases are all 
comparable with the travel time reductions of the main case study, except the one-topic scenario ‘order 
batching’. This scenario results namely in a significant better performance. However, this was expected, 
because order batching is more effective with more pick lines and more orders. As a result, it can be 
concluded that the NSR scenarios of the main case study are robust and promising. The same conclusion 
can be drawn for the VC (10.1-2). The scenarios of the VC area are therefore also robust. 
 

10.2 Effect consolidation time on pick performance 
As mentioned before, a disadvantage of zoning is that orders have to be consolidated again. In order to 
understand the influence of consolidation time on the pick performance, multiple consolidation times, 
varying from -30% to +30% (step sizes of 10%) of the current value, have been simulated. Two VC 
scenarios are distinguished: the worst performing scenario (‘zoning’) and the best performing scenario 
(‘zoning + batching + storage assignment’) of the main case study. The results are shown in 
Figure 10.2-1. As can be derived from the figure, consolidation time has a fairly small effect on the total 
pick time.  
 

 
Figure 10.2-1: Results sensitivity analysis. Two scenarios of the main case study are distinguished: the best scenario (‘zoning + batching + 
storage’) and the worst scenario (‘zoning’) – VCs 

 
10.3 Effect leftover time on pick performance 

Currently, the time to collect one pick line is 156 seconds on average (see Appendix P). Even though 
this value is assumed to be constant, it is interesting to know what the effect of this parameter is on the 
pick performance. Therefore, for this sensitivity analysis, the leftover time per pick line is varied 
between -30% and +30% (step sizes of 10%) of the current value. Again, two VC scenarios are 
distinguished: ‘zoning’ (worst performing scenario) and ‘zoning + batching + storage assignment’ (best 
performing scenario) of the main case study. The results can be found in Figure 10.2-1. As can be 
derived from the figure, the gradients of both scenarios are steep, which suggests potential opportunities 
for efficient handling.  
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Additionally, two NSR scenarios are distinguished: single order picking (worst performing scenario) 
and ‘batching + storage assignment + routing 2’ (best performing scenario). The NSR results can be 
found in Appendix Z, Figure Z-1. It can be concluded that leftover time also has a great impact on the 
pick performance of the NSR area. 
 

10.4 Effect travel speed on pick time performance 
The case study assumed a travel speed of 0.6 m/s for the NSR part and a travel speed of 1 m/s for the 
VC part, which are determined by internal motion studies. In order to understand the influence of travel 
speed on the pick performance, multiple travel speeds, varied between -30% and +30% (step sizes of 
10%) of the current value, have been simulated. Again, two VC scenarios are distinguished: ‘zoning’ 
(worst performing scenario) and ‘zoning + batching + storage assignment’ (best performing scenario) 
of the main case study. Also, two NSR scenarios are distinguished: single order picking (worst 
performing scenario) and ‘batching + storage assignment + routing 2’ (best performing scenario). The 
VC results are shown in Figure 10.2-1 and the NSR results in Appendix Z, Figure Z-1. 
 
As can be derived from Figure 10.2-1, both VC lines are fairly horizontal. Therefore, it can be concluded 
that the VC travel speed only has a small effect on the needed FTEs. The NSR results are comparable 
with the VC case (see Appendix Z, Figure Z-1). 
 

10.5 Conclusion 
From Section 6.2, it was already known that leftover time is the greatest (relative) pick time category. 
Therefore, it was also expected that this parameter ‘time to collect one pick line’ affects the order pick 
performance most. This chapter confirmed this hypothesis: the parameter ‘leftover time’ is, compared 
to the parameters ‘travel speed’ and ‘consolidation time’, the most important indicator for the order pick 
performance at NIS. In addition, the sensitivity analysis showed that the results of the main case study 
are robust. Even with twice as many orders a day, or with twice as many pick lines per order, the 
suggested scenarios still perform as expected and are able to improve the pick line productivity. 
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11. Improve:	alternative	scenarios	
From Chapter 6, it is known that the current pick line productivity is 17.9 pick lines/day/person. 
Subsequently, Chapter 9 showed that this KPI can be increased by 16% to 20.8 pick lines/day/person. 
This improvement can be achieved by applying the NSR scenario ‘order batching + storage assignment 
+ routing 2’ and the VC scenario ‘zoning + order batching + storage assignment’. However, besides the 
already tested scenarios (Chapter 7), other scenarios exist that may result in improved pick line 
productivities. In this chapter, these scenarios will be introduced and elaborated on, which will result in 
an answer to sub-question 7 and sub-question 8: 
- ‘What other scenarios, besides the elaborated and simulated suggestions, are possible?’ (sub-

question 7) 
- ‘What is the effect on the pick line productivity of those other scenarios?’ (sub-question 8) 

 
Firstly, the hypothetical situation that VCs are merged will be elaborated (Section 11.1). Section 11.2 is 
about moving the NSR SKUs of floor 0 to the VC area. In addition, this scenario suggests moving the 
NSR SKUS of floor 1 to floor 0. The third section proposes a scenario that consists of combining two 
order pick days into 1. Section 10.4 is about creating multiple systems of two VCs. The last scenario 
will discuss the effect of family grouping (correlated storage) on the pick line productivity.  
 
Furthermore, it must be known that each proposed scenario can again be implemented without any 
significant investment in storage systems or software packages.  
 

11.1 Increasing VC utilization by combining vertical carousels 
Currently, NIS uses eight VCs for the conventional pick process (8VC). However, it should be 
determined whether NIS actually needs eight vertical carrousels.4 
 
Table 11.1-1 shows the average utilization rate5 (of January-September 2017, see Appendix D for 
utilization distributions and other details) and the current storage capacity of each VC. It must be noted 
that the utilization rates are relatively low. Therefore, it can be concluded that NIS does not necessarily 
need eight VCs when using the needed number of storage locations as decision variable, but how many 
VCs does NIS need?  
 

 
Table 11.1-1: VC characteristics of 8VC, 4VC and 2VC case 

In order to answer this question, first it must be known that the number of storage locations can be 
extended by creating sub locations in a bin (NIS uses this principle already for the VCs stored with SMD 
SKUs), see Figure 11.1-2 for a visual clarification. However, a major disadvantage of this approach is 
that the storage locations will become smaller. Therefore, two extreme answers of the earlier stated 
question how many VCs NIS needs can be distinguished: the answer that uses the current number of 
storage locations or the answer that extends the number of storage locations. 
 
In general, approximately 6000 SKUs (ERP system) are stored in VCs and when assuming that a 
utilization rate of 80% is healthy (this value is often used in literature), at least 7500 storage locations 
are necessary (<===

>=
×100). As a result, at least four VCs are required when the current number of 

storage locations is used (see Table 11.1-1). The second case is more complex to solve, because the 

                                                
4 To answer this question, it is assumed that all SKUs that are currently stored in the VCs, also have to be stored in the new VC situation.  
5 Utilization rate is defined as: current occupied storage locations/total number of storage location x 100%. 

Warehouse	
department

#	storage	
locations

Current	
Utilization

Current	#	
SKUs

New/hypothetical	
situation New	#	SKUs New	Utilization

MB 720 63% 454 4VC	case MF	+	MB 1345 81%
MC 1495 66% 987 MG	+	MC 1589 77%
MD 1140 50% 570 MH	+	ME 1560 75%
ME 1600 39% 624 MJ	+	MD 1444 69%
MF 1650 54% 891
MG 2052 46% 603
MH 2080 45% 936 2VC	case MB	+	ME	+	MF	+	MH 2905 70%
MJ 2080 42% 874 MC	+	MD	+	MG	+	MJ 3033 73%
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storage locations will become smaller. An experiment is conducted to determine the space utilization. 
As a result, the average space utilization of the VCs is 40% (a confidence level of 95% and a margin of 
error of 0.1 is used, see Appendix D for the experiment setup and other details). Therefore, at most twice 
as many locations can be created (splitting every storage location in half) and at least two VCs are 
necessary to store all SKUs. However, when checking the distribution of the space utilization 
(Figure 11.1-1), it is very important to realize that using only two VCs will most likely cause storage 
problems. Therefore, in order to handle this complication, at least an advanced storage assignment 
system has to be developed and the inventory model has to be optimized. Nonetheless, for now, it is 
assumed that two VCs do not cause any storage problems.  

              
Figure 11.1-1: Distribution space utilization VCs;                                                                  Figure 11.1-2: Visualization of creating sub locations 

The next questions will be:  
- ‘Does the four vertical carousel combination (4VC) result in a better pick line productivity?’ 
- ‘Does the two vertical carousel combination (2VC) result in a better pick line productivity?’  

 
In order to answer the first question, VC MF is combined with MB, MG with MC, MH with ME and 
MJ with MD. As a result, the average utilization is 76% (see Table 11.1-1) and the pick lines are fairly 
equally distributed over the four VCs (see Figure 11.1-3). For the 2VC case, VC MH is combined with 
MB, ME + MF and VC MJ is combined with MC, MD + MG. As a result, the average utilization is 71% 
(see Table 11.1-1). Furthermore, the pick lines are equally distributed over the two VCs (see Figure 
11.1-4). 

 
Figure 11.1-3: Distribution pick lines 4VC case;        Figure 11.1-4: Distribution pick lines 2VC case 

Next, historical orders are used to determine the potential total pick times (see Appendix O for the order 
characteristics). Not only single order picking is tested, but also the best performing VC scenarios of the 
main case study are simulated (Chapter 9). See Table 11.1-2 for the results. The table shows the relative 
deterioration or improvement in pick line productivity compared to the pick line productivity of each 
scenario of the current 8VC situation. For instance, the expected pick line productivities of the 4VC 
scenario ‘order batching’ (NSR) and ‘zoning’ (VC) are 1% better than the pick line productivities of the 
same scenario in 8VC situation (see Table 11.1-2). See Appendix DD for more details. 
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Table 11.1-2: Relative deterioration or improvement of pick line productivities ‘4VC’ and ‘2VC’ case compared to pick line productivities main 
case study (a positive percentage implicates an improvement in pick line productivity due to ‘4VC’ or ‘2VC’ case) 

As can be derived from Table 11.1-2, all 4VC scenarios result in approximately the same theoretical 
pick line productivities as the scenarios of the main case study (8VC case). A possible explanation for 
this outcome is that the 4VC case also focused, like the scenarios of the main case study, on reducing 
the TW time (the collecting time of the SKUs, the consolidation time, etc. did not change). And since 
the TW time is not the dominant category of the total pick time, the effect of combining VCs is negligible. 
The results of the 2VC case are slightly better, but it must be noted that those results do not take the 
expected storage capacity problems into account.   
 
Summarizing: combining VCs does not result in significant improved pick line productivities compared 
to the scenarios of the main case study. However, combining VCs does result in space savings. In 
addition, in the hypothetical situation that NIS will be investing in new VCs, they only have to invest in 
four (or two) VCs instead of eight.  
 

11.2 Moving warehouse departments 
The warehouse of NIS exists of multiple floors with NSRs and a single floor area with VCs. A relatively 
slow elevator is used to switch floors. In addition, the NSRs are, compared to the VCs, not space efficient. 
Therefore, one could argue that moving ‘NSR SKUs’ to VCs might improve the pick line productivity. 
So, the following question is formulated: ‘Does moving normal storage rack SKU to vertical carousels 
result in an improved pick line productivity?’. This presumption is tested and this section will provide 
the details and the results of this investigation. 
 
As can be derived from Figure S-1 and Figure S-2, the NSR area can be divided into multiple subareas: 
0AA, 0BB, 1CC, 1DD and 1 GG. In general, 0AA and 0BB store small SKUs and are situated on floor 
0. 1CC, 1DD & 1 GG store bigger components and are situated on floor 1. Since the storage locations 
of the VCs are relatively small, it is assumed that SKUs from floor 1 do not fit in the VCs. Contrary to 
the prior assumption, it is expected that the (majority of the) SKUs of 0AA and 0BB do fit in the VCs.  
 
On average, 750 SKUs are stored at department 0AA and 775 SKUs at 0BB (ERP system). When 
assuming that a utilization rate of 80% is healthy (this value is often used in literature), at least 938 
storage locations are necessary to store the SKUs of 0AA (CD=

>=
×100) and at least 969 locations for 0BB. 

As a result, two VCs are required when the current number of storage locations is used.  
 
In order to answer the main question of this section whether moving NSR SKUs to VCs would result in 
an improved pick line productivity, VC MC is assigned to store the SKUs of 0AA and VC ME to store 
the SKUs of 0BB6. As a result, the average utilization is 49% (see Table 11.2-1) and the pick lines are 
fairly equally distributed over the VCs (see Figure 11.2-1). In addition, due to the movement of 0AA 
and 0BB to the VCs, warehouse departments 1CC, 1DD and 1GG can be moved to floor 0. It is expected 
that this interception results in a smaller total pick time, because it is no longer necessary to travel to the 
first floor. Appendix BB, Figure BB-1, shows the warehouse layout (NSR area) of the hypothetical 
situation. 

                                                
6 Moving 0AA and 0BB to the VC area does also imply that the current VCs have to merge in order to create empty VCs. Therefore, this 
hypothetical situation assumed the 4VC case. 

4VC case 2VC case
Current situation 1% 2%
S 0% 1%
Z 1% 5%
Z + B 1% 3%
Z + Seq 1% 4%
Z + S 0% 3%
Z + B + S -1% 1%
Z + Seq + S -1% 1%
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Table 11.2-1: Hypothetical utilization rates VCs after moving the NSR SKUs of floor 0 to the VC area;      

Figure 11.2-1: Distribution pick lines after moving the NSR SKUs of floor 0 to the VC area 

Next, historical orders are used to determine the potential total pick times (see Appendix O for the order 
characteristics). Not only single order picking is simulated, but also the best performing VC and NSR 
scenarios of the main case study are tested.  
 
The results can be found in Table 11.2-2 - Table 11.2-5 (for meaning scenario abbreviations see Section 
7.1.3, the maximum pick cart capacities are shown):  

- Table 11.2-2 shows the theoretical pick line productivities of the main case study. 
- Table 11.2-3 provides the theoretical pick line productivities of the new situation.  
- Table 11.2-4 shows the relative pick line productivity improvement of the new situation 

compared to the current pick line productivity (17.9 pick lines/hour/person).  
- Table 11.2-5 shows the relative deterioration or improvement compared to the pick line 

productivities of the current 8VC situation.  
 
For instance, the hypothetical pick line productivity of ‘batching’ (NSR) and ‘zoning’ (VC) of the main 
case study is 19.3 pick lines/hour/person (Table 11.2-2). The pick line productivity of the same scenario, 
but in the new situation is 19.7 pick lines/hour/person (Table 11.2-3). This is an improvement of 2% 
(Table 11.2-5). However, compared to the current pick line productivity, 17.9 pick lines/hour/person, 
this a 10% improvement (Table 11.2-4).  
 

 
Table 11.2-2: Hypothetical pick line productivities main case study (Chapter 9, in pick lines/hour/order picker) 
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Z + S 18,7 19,7 19,1 19,9 19,1 20,0
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Table 11.2-3: Hypothetical pick line productivities after moving warehouse departments (in pick lines/hour/order picker) 

 

 
Table 11.2-4: Relative improvement of pick line productivities, due to moving warehouse departments, compared to current pick line 
productivity (17.9 pick lines/hour/order picker) 

 

 
Table 11.2-5: Relative deterioration or improvement of pick line productivities ‘moving warehouse departments’ case compared to pick line 
productivities main case study (comparison between Table 11.2-2 and Table 11.2-3, a positive percentage implicates an improvement in pick 
line productivity due to moving warehouse departments)  

It can be concluded that a better pick line productivity, 21.1 pick lines/hour/order picker compared to 
20.8 pick lines/hour/order picker of the current situation (Table 11.2-2 and Table 11.2-3), can be 
achieved by moving warehouse departments. In addition, it can be derived from Table 11.2-3 that this 
improvement only depends on what VC scenario is applied. The best VC application consists of zoning 
in combination with the order batching heuristic ‘TT-S’ and the storage assignment policy ‘organ-pipe’. 
An explanation for the minor effect of the NSR scenarios is that, due to the warehouse department 
movements, most pick lines have to be collected from the VC area. And because only a small amount 
of pick lines is left for the NSR area, the advanced NSR picking methodologies can hardly make a 
difference in pick performance. 
 

11.3 Combining two order pick days 
Currently, pick orders are released one day before production plans to begin with those orders. However, 
it may possibly be that combining several days result in a greater pick line productivity, as it is expected 
that a greater order pool results in more efficient batches or sequences.   
 
In order to determine whether this hypothesis can be confirmed, the hypothetical situation that two 
consecutive order pick days are combined is tested. It is assumed that combining two days does not 
jeopardize the due date of each order and that no other concessions have to be made. Historical orders 
of June and July 2017 are used and results are shown in Table 11.3-1 (NSRs) and Table 11.3-2 (VCs): 
the relative differences between the needed FTEs of the main case study (Chapter 9) and the needed 
FTEs of the hypothetical situation of this section are shown (by using the maximum pick cart capacities). 

Current situation B S B + S S + R2 B + S + R2
Current situation 18,4 18,4 18,5 18,4 18,5 18,4
S 18,8 18,8 18,8 18,8 18,8 18,8
Z 19,7 19,7 19,7 19,7 19,7 19,7
Z + B 21,0 21,0 21,0 21,0 21,0 21,0
Z + Seq 20,7 20,7 20,7 20,7 20,7 20,7
Z + S 20,1 20,1 20,1 20,1 20,1 20,1
Z + B + S 21,1 21,1 21,1 21,1 21,1 21,1
Z + Seq + S 21,0 21,0 21,0 21,0 21,0 21,0
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Current situation B S B + S S + R2 B + S + R2
Current situation 3% 3% 3% 3% 3% 3%
S 5% 5% 5% 5% 5% 5%
Z 10% 10% 10% 10% 10% 10%
Z + B 17% 17% 17% 17% 17% 17%
Z + Seq 15% 15% 15% 15% 15% 15%
Z + S 12% 12% 12% 12% 12% 12%
Z + B + S 18% 18% 18% 18% 18% 18%
Z + Seq + S 17% 17% 17% 17% 17% 17%
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Current situation B S B + S S + R2 B + S + R2
Current situation 3% -2% 1% -3% 1% -3%
S 3% -2% 1% -3% 1% -3%
Z 7% 2% 5% 1% 5% 1%
Z + B 9% 4% 7% 3% 7% 3%
Z + Seq 9% 4% 8% 3% 7% 3%
Z + S 7% 2% 5% 1% 5% 1%
Z + B + S 8% 3% 6% 2% 6% 1%
Z + Seq + S 8% 2% 6% 1% 6% 1%
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For instance, 1% less FTEs are needed in order to pick all orders of the NSR area in the hypothetical 
case when using ‘batching’ (Table 11.3-1) compared to the current order pick situation.  
 
It can be derived from the tables that the effect of combining two consecutive order pick days on the 
pick performance is negligible for both the NSR and the VC area. Therefore, combining two order pick 
days is not recommended.  
 

 
Table 11.3-1: Relative differences between needed FTEs main case study and needed FTEs due to scenario ‘combining two order pick days’ – 
NSRs 

 
Table 11.3-2: Relative differences between needed FTEs main case study and needed FTEs due to scenario ‘combining two order pick days’ – 
VCs 

 
11.4 System of vertical carousels 

A VC is a rotatable circuit of shelving, as shown in Figure 5.1-2. Instead of the order picker traveling to 
the storage location, the storage location travels to the order picker. However, this conveys no advantage 
unless an order picker pulls from multiple VCs, in which case he is able, in effect, to walk through 
multiple aisles simultaneously (Bartholdi & Hackman, 2014). This means in practice that an order picker 
collects the first SKU at VC X and while collecting, VC Y rotates already to the relevant shelf of the 
second pick line. Subsequently, the order picker walks to VC Y and collects the second pick line. In the 
same time period, VC X rotates to the next shelf, and so on. Consequently, the total rotation/waiting 
time will reduce at the expense of more walking time (to the other VC). Still, it is expected that the 
throughput will improve when using a system of carousels instead of treating every VC individually. 
However, NIS does not pull from multiple VCs.  
 
The logical follow-up question will therefore be how much the pick line productivity will improve when 
NIS uses a system of VCs. In order to answer this question, first the relevant literature is consulted, but 
unfortunately, to the best of the authors knowledge, no accurate answers and results exists.  Therefore, 
to be able to answer this question, the hypothetical situation where NIS pulls from two facing VCs7  is 
simulated (the walking time between the facing VCs is approximately 2.5 seconds, the time to switch 
shelves is approximately 1 second/shelf + 1 second reaction time), using historical orders of June and 
July 2017. Because NIS uses eight VCs in the current situation, the hypothetical situation consists of 
four systems of two VCs.  
 
                                                
7 The situation tested the following VC systems: MB-MJ, MC-MH, MD-MG and ME-MF. 
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Several situations are distinguished: 
- the order picker changes from VC if the shelf difference between two consecutive pick lines of 

the same VC is greater than 0;	
- the order picker changes VC if the shelf difference is greater than 1;	
- the order picker changes VC if the shelf difference is greater than 2;	

. 

. 

.	
- And so on. 

 
It must be noted that changing from VC if the shelf difference between two consecutive pick lines of 
the same VC is greater than 0 results in relatively a lot of walking time, because the order picker often 
has to switch from VC. Changing from VC if the shelf difference is, for instance, greater than 10 results 
in relatively a lot of rotation/waiting time, because the order picker has to wait on the VC while rotating. 
Therefore, as mentioned earlier, a tradeoff between walking and rotation/waiting time has to be made.  
 

	
Figure 11.4-1: TW time reduction when using a system of two VCs (for meaning scenario abbreviations see Section 7.1.3)  

An overview of the results is given in Figure 11.4-1. This figure plots the TW time reduction against the 
shelf difference. As can be derived from the figure, when applying the system of VCs in combination 
with zoning, the order batching heuristic ‘TTS’ and the storage assignment policy ‘organ-pipe’, the 
greatest potential TW time reduction is 80%, which can be achieved when using a shelf difference of ‘> 
0’. The corresponding pick line productivity improvement is 16% (in combination with the best scenario 
of NSR area: ‘B + S + R2’), marginally better than the best scenario of Chapter 9. It can also be derived 
from Figure 11.4-1 that the smallest TW time reduction, 59%, can be achieved by using the system of 
VCs in combination with zoning. The corresponding pick line productivity improvement is 6% (in 
combination with the current order picking system at the NSR area). Therefore, it can be concluded that 
each ‘system of VCs’ scenario indeed improves the pick line productivity. However, it can also be 
concluded that the best scenario of this research (pick line productivity improvement of 18%, Section 
11.2) is more efficient than the best ‘system of VCs’ scenario. See Appendix EE for pick line 
productivities of other ‘system of VCs’ scenarios. 
 

11.5 Family grouping 
So far, all storage assignment policies discussed did not take possible relations between SKUs into 
account. For example, customers may tend to ask a certain product together with another product. In 
this case, it may be interesting to locate these two SKUs close to each other in order to reduce travel 
time. This phenomenon is referred to as family grouping (correlated storage, De Koster et al. 2007).  
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However, it is important to note that family grouping, like all scenarios of the main case study, focuses 
on reducing travel time. From Section 9.4 it is known that the order pick categories ‘travel times’ 
(categories 1, 2 and 3: Section 6.2) will only contribute for 5% to the total pick time when implementing 
the best performing scenario of Chapter 9. In addition, family grouping requires a complete list of 
relations between SKUs and it requires an up to date warehouse: both requirements will take extra time. 
Therefore, it can directly be concluded that family grouping is not able to significantly further improve 
the pick line productivity.   
 

11.6 Conclusion 
In addition to the scenarios of Chapter 9, there exist other scenarios that may result in an improved pick 
line productivity. In this chapter, these scenarios have been introduced and elaborated on. Therefore, 
this chapter provided an answer to sub-question 7 and sub-question 8: 
- ‘What other scenarios, besides the elaborated and simulated suggestions, are possible?’ (sub-

question 7) 
- ‘What is the effect on the pick line productivity of those other scenarios?’ (sub-question 8) 

 
Firstly, the hypothetical situation of merging VCs has been outlined (Section 11.1). As a result, it can 
be concluded that merging VCs does not further improve the pick line productivity. However, 
combining VCs does result in space savings. Section 11.2 was about moving NSR SKUs to the VC area. 
It can be concluded that this scenario is able to increase the pick line productivity by 18% to 21.1 pick 
lines/hour/person. Important to note is that this improvement is 2% better than the best scenario of 
Chapter 9. The third section proposed a scenario that consists of combining two order pick days into 
one. However, it can be concluded that the positive effect of combining two consecutive order pick days 
on the pick line productivity is negligible. Section 10.4 was about creating multiple systems of two VCs. 
In the section, it was illustrated that this scenario will potentially result in a better pick line productivity 
than most other suggested scenarios of this research. The last section discussed the effect of family 
grouping (correlated storage) on the pick line productivity, but no significant improvement of the pick 
line productivity is expected. 
 
Finally, when applying the best scenario (Section 11.2), the remaining total pick time primarily consists 
of the pick time category ‘leftover time’ (see Figure 11.6-1), which suggests potential opportunities to 
further improve the order pick productivity of NIS in the future. 
 
 

 
Figure 11.6-1: Distribution total pick time categories after implementing the scenario 'moving warehouse departments' (best scenario) 
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12. Implications		
In Chapters 9 and 11 multiple scenarios that may improve the pick line productivity were introduced 
and evaluated using only the KPIs potential travel/TW time reduction and pick line productivity 
improvement. However, to determine the most appropriate scenario for NIS, each scenario is also 
evaluated using the implementation time as KPI. Section 12.1 will provide the results hereof. Finally, 
Section 12.2 will provide the theoretical implications. 
 

12.1 Practical implications  
The aim of this research was to help NIS determine what they can do in order to be prepared for the 
future increase in the number of pick lines. Multiple scenarios to tackle this increase, i.e. by improving 
their pick line productivity, were simulated and evaluated. 
 
To determine the most appropriate scenario for NIS, this research evaluated each scenario using the 
KPIs pick line productivity improvement (Chapters 9 and 11) and the implementation time (based on 
PERT, see Appendix CC for more details). The results of this evaluation are summarized in 
Figure 12.1-1. For instance, it can be derived from the figure that the scenario ‘system of VCs + order 
batching + zoning’ potentially results in an improved pick line productivity of 7% and that the 
implementation time is 10 working hours. In addition, it can be seen from the figure that this scenario 
lies on the efficient frontier, which means that the scenario is an optimal combination of pick line 
productivity improvement and implementation time. Furthermore, the expected increase in number of 
pick lines of the period 2018 – 2020, compared to the current level (2nd semester 2017), is shown in 
Figure 12.1-1 (based on the expected turnover growth of NIS)8. For instance, it is expected that the 
number of pick lines will increase with 4% in the first semester of 2018 compared to the second semester 
of 2017. 
 
To determine the most appropriate scenario for NIS, it is important that NIS first determines the main 
objective of their warehouse. If maximizing the pick line productivity at the expense of implementation 
time is their main goal, it is recommended to move the NSR SKUs of floor 0 to the VC area and the 
NSR SKUs of floor 1 to floor 0. Furthermore, they have to merge the current eight VCs into four VCs. 
Next to these changes, NIS has to implement the application ‘zoning’ combined with the order batching 
heuristic ‘TT-S’ and storage assignment policy ‘organ-pipe’ at the VC area. Results showed that this 
application is expected to improve the pick line productivity by 18% (hereafter called ‘best scenario’). 
However, if NIS does not have the desire to move warehouse departments, the greatest pick line 
productivity improvement will be 16% and can be achieved by implementing the order batching 
heuristic ‘CW 1’, the storage assignment policy ‘class-based - within-aisle’ and the second routing 
variant at the NSR area. Furthermore, the methodology ‘system of VCs’ in combination with ‘zoning’, 
the order batching heuristic ‘TT-S’ and the storage assignment policy ‘organ-pipe’ has to be applied to 
the VC area. Important to note is that both scenarios require an implementation period of 75 – 90 hours.  
 
If NIS aims for the most optimal ratio between pick line productivity improvement and implementation 
time, the methodologies ‘system of VCs’, zoning (both VC area) and the order batching heuristic ‘CW 
1’ (NSR area) are recommended. Both can be implemented within a short period of time (i.e. total 
implementation time <20 hours), but result nonetheless in an 11% improvement in pick line productivity.  
 
Finally, if the objective is to change the order picking system and warehouse as little as possible NIS is 
recommended to implement the VC methodologies ‘system of VCs’ and zoning before the end of 
semester 1 2018. It is expected that this will improve the pick line productivity by 6%, which is sufficient 
to handle the 4% increase in the number of pick lines in the first semester of 2018, see Figure 12.1-1. 
Furthermore, Figure 12.1-1 indicates that the number of pick lines in the second semester of 2018 will 
not increase. Consequently, no additional methodologies have to be implemented in that time period. 
However, in order to cope with the increase in the number of pick lines in the second semester of 2019, 
the order batching heuristic ‘CW 1’ has to be implemented at the NSR area. As a result, NIS will collect 

                                                
8 It is assumed that a 1% increase in turnover will result in a 1% increase in the number of pick lines. 
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the VC-orders using a ‘system of VCs’ and zoning. The NSR-orders will be collected by using order 
batching. In the second semester of 2019, the number of pick lines is again expected to increase. As a 
consequence, it is recommended to add the order batching heuristic ‘TT-S’ and the storage assignment 
policy ‘organ-pipe’ to the order picking system of the VC area. Unfortunately, after this time period 
(from 2020), it is expected that the number of pick lines will increase even more than the 18% increase 
in productivity that can be achieved in the ‘best scenario’ of this research and without investing in 
additional resources (see Figure 12.1-1). Therefore, even when they implement the ‘best scenario’, NIS 
has to further improve the pick line productivity. This research showed that this can be done by 
complementing the ‘best scenario’ with a decreased leftover time. However, it is unclear how this can 
be done and whether this can be realized with or without investments in additional resources. This has 
to be further investigated and will be elaborated upon in the section recommendations for future research.  
 

	
Figure 12.1-1: Evaluation scenarios using expected pick line productivity improvement and implementation time as KPIs, including forecast 
number of pick lines of the period 2018 – 2020 (compared to current level; for meaning scenario abbreviations see Section 7.1.3) 

 
In the case that decreasing the leftover time is not possible without any investments, it seems inevitably 
that at a certain point in time NIS has no other option than to invest in additional resources, for which 
multiple option exist. For example, NIS could hire additional order pickers or they could replace the 
current VCs with new VCs. New VCs have three advantages compared to the current ones: higher 
rotation speeds, less failure time (it is expected that the failure time of new VCs is negligible) and the 
possibility to integrate software (Bartholdi & Hackman, 2014; Visser, 2017). However, the first and 
third advantage will only have a minor positive impact on the pick line productivity because they also 
focus on the travel/rotation time (which is not the category where the biggest improvements can be made; 
see Figure 11.6-1). However, the second advantage, less failure time, can increase the pick line 
productivity by an extra 2% (see Figure 11.6-1). As a result, NIS would be able to process the expected 
increase in the number of pick lines for the first semester of 2020 if they decide to invest in new VCs in 
combination with the ‘best scenario’ as formulated in this research. However, after this period, the 
improvement in pick line productivity will no longer tackle the increase in the number of pick lines.  
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Besides the mentioned advantages, VCs have in general also a disadvantage: a single point of access. A 
single point of access limits the rate at which SKUs can be obtained because it is not possible to increase 
this rate by assigning additional pickers (Bartholdi & Hackman, 2014). Furthermore, since more SKUs 
have to be picked in the near future it becomes necessary to restock the VCs more frequently and both 
tasks (picking and restocking) must be performed using the same point of access. This combination of 
picking and restocking can decrease the rate of picking and reduces the ability of the warehouse to 
respond to increases in demand (Bartholdi & Hackman, 2014). Since NIS is expecting an increase in the 
number of pick lines and aims to tackle this, the disadvantage outweighs the advantages of new VCs. 
Therefore, investing in new VCs is not recommended. 
 

12.2 Theoretical implications  
This research consisted of a case study that combined advanced picking methodologies such as order 
batching, zoning, routing and storage assignment in a low-level, picker to parts-parts to pickers 
warehouse that includes a single-floor area with VCs and a multi-floor area with NSRs. Thereby, this 
research complemented the limited literature that is available on the – combination of – these picking 
methodologies. Furthermore, this research complemented the limited literature that is available on low-
level, picker to parts-parts to picker warehouses (De Koster et al., 2007). Additionally, during the 
literature review that was done for this research, it became clear that limited literature is available on 
testing multiple advanced picking methodologies within multi-floor warehouses. Thereby, this research 
will also complement the limited research that is available on multi-floor warehouses.  
 
Additionally, this research confirmed that all suggested methodologies in the relevant existing literature 
are indeed able to improve the pick productivity. However, the results also showed that the used seed 
algorithm (order batching) with order congruency rule ‘additional aisle’ (Rosenwein, 1996) does not 
result in a significant improved pick line productivity compared to the elementary FCFS priority rule-
based algorithm. An explanation for this might be that it does not apply to the warehouse in this research 
that consisted of multiple floors and substantial floor switch time.  
 
Furthermore, this research contributed to the research field of pick line productivity, by defining 
scenarios that can improve the pick line productivity of (EMS) warehouses that are faced with an 
increase in the number of pick lines, but do not have the desire nor the opportunity to hire additional 
pickers or to invest in mechanic storage/pick systems in the short term. 
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13. Limitations	and	recommendations	
A number of limitations of this research must be noted. Firstly, it is important to note that the total pick 
time consists of multiple categories of which the category ‘leftover time’ is the largest. However, this 
research focused on two other categories, namely the travel + waiting time.  Although the suggested 
scenarios do result in significant improved pick line productivities, a greater pick line productivity may 
possibly be achieved when this research also had focused on the pick time category ‘leftover time’. 
Therefore, for NIS specifically, future research on reducing the leftover time is recommended.   
 
Secondly, based on semi-structured interviews and observations, this research determined that 
congestion and failures occur at the VC area. To quantify these time categories, order pickers were 
instructed to notice the number of times including the duration they had to wait at a VC due to congestion 
or failures. This approach is subjective and prone to error. Therefore, for future research it is 
recommended to investigate how these time categories can be measured objectively thereby increasing 
the reliability of the outcomes. 
 
Thirdly, this research assumed similar waiting and failure times at the VCs every day. Nevertheless, this 
assumption does not totally represent reality since the pick profiles, number of order pickers and the 
number of pick lines were not completely identical during the weekdays. However, when congestion 
occurs, it is to the picker’s judgements whether they wait on each other or switch to the next VC. 
Additionally, coincidence also affects the failure time. Clearly, both circumstances complicated the 
assignment to determine more accurate waiting and failure times. As a result, the assumption of constant 
waiting and failure times was made. Therefore, for future research it is recommended to investigate how 
these time categories can be measured more accurately in order to better represent reality. 
 
Moreover, this research did not consider possible congestion at the NSR area, which may have a 
detrimental effect on the improvement in pick line productivity. It can be assumed that congestion may 
occur when using the storage assignment policies ‘class-based – within aisle’ and ‘class-based-
combination’, because the most frequent asked SKUs are stored within only a couple of aisles. The 
possibility to congestion if using the storage assignment policy ‘class-based – across aisle’ is assumed 
to be significantly less, as the most popular SKUs of this policy are spread across more aisles. It must 
be noted that as long only one order picker is assigned to the NSR area, congestion will not even occur. 
However, any increase in order pickers may lead to congestion and thus it might be interesting to 
consider possible congestion at the NSR area in future research. 
 
Finally, it was shown that one of the suggested order batching heuristics, the seed algorithm (order 
batching) with order congruency rule ‘additional aisle’ (Rosenwein, 1996), did not result in a significant 
improvement in the pick line productivity compared to the elementary FCFS priority rule-based 
algorithm. However, this is only concluded based on a single case study. It would be interesting for 
future research to investigate the underlying cause of this and if this is also applicable to other 
warehouses that consist of multiple floors and substantial floor switch time.   
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14. Conclusion	
This research aimed to answer the following research question: 
 

‘How can Neways Industrial Systems improve their pick line productivity?’ 
 
The results showed that all suggested scenarios lead to an improved pick line productivity. Moreover, 
the outcomes of the simulations showed that NIS is able to potentially improve the pick line productivity 
by at most 18%. To accomplish this improvement, warehouse departments must be moved and Vertical 
Carousels (VCs) must be merged. An alternative scenario, in which it is not necessary to move 
warehouse departments, was also calculated. The outcomes showed that within this scenario the 
expected improvement in pick line productivity is at most 16%. Important to note is that both scenarios 
can be applied without investing in additional resources, which was a requirement formulated by NIS. 
However, this research showed that these scenarios will be sufficient for only 2 – 2,5 years. After this 
time period NIS has to further improve the pick line productivity. It was indicated that this can be done 
by complementing the ‘best scenario’ with a decreased leftover time, which can possibly be realized 
without investing in additional resources. If this is not possible, it was shown that it is inevitably that at 
a certain point in time NIS has no other option than to invest in new software packages, storage systems 
or extra order pickers. Recommendations with regards to multiple options for investments were given, 
in which it was not advised to invest in new VCs but to invest in an alternative storage system that is 
able to process both incoming and outgoing product flows.   
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Appendices	
 

A. Definitions and abbreviations  
 
2VC Hypothetical case that NIS is going to use two VCs instead of eight.

  
 
4VC Hypothetical case that NIS is going to use four VCs instead of eight. 
 
8VC The case that NIS uses eight VCs (current situation) 
 
A-A Order batching variant for NSRs (seed algorithm with seed order 

selection rule 'largest number of aisles' and order congruency rule 'least 
extra aisles') 

 
A-S Order batching variant for NSRs (seed algorithm with seed order 

selection rule 'largest number of aisles' and order congruency rule 
'largest saving') 

 
BGO Binnenkomst Goederen Ontvangst, the process of receiving a delivery 

and putting away of SKUS 
 
CW 1 Order batching variant for NSRs and VCs (initial version of saving 

algorithm of Clarke and Wright, 1964) 
 
CW 2 Order batching variant for NSRs (second version of saving algorithm 

of Clarke and Wright, 1964) 
 
Internet of things A network of everyday devices, appliances, and other objects equipped 

with computer chips and sensors that can collect and transmit data 
through the Internet (Dictionary.com, 2018)  

 
FCFS Order batching variant for NSRs and VCs (First-Come-First-Served 

priority rule-based algorithm) 
 
KPI/key performance indicator An item of information collected at regular intervals to track the 

performance of a process or system (Fitz-Gibbon, 1990). 
 
EMS Electronics Manufacturing Services. A market that consists of 

companies that design, manufacture, test, distribute, and provide 
return/repair services for electronic components and assemblies for 
Original Equipment Manufacturers (OEMs, Boy 2002). 

 
OEM Original Equipment Manufacturer, a company that produces parts and 

equipment that may be marketed by another manufacturer. 
 
One-sided order picking Picking one side of the aisle first and then pick the other side. 
 
Order preparation  The process of making the necessary stickers for a specific customer 

and order. It is a process that has to be finished before an order can be 
released for production. 

 
FTE Full-time equivalent (FTE) is a unit that indicates the workload of an 

employed person in a way that makes workloads or class loads 
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comparable across various contexts. FTE is often used to measure a 
worker's involvement in a project or task. In case of NIS, 1 FTE is 
equivalent to a full-time worker, which works 40 hours a week/8 hours 
a day. 

 
Low-level picking The order picker picks requested SKUs from the storage locations, 

while travelling along the storage aisles (De Koster et al., 2007). 
 
LS-S Order batching variant for VCs (seed algorithm with seed order 

selection rule 'largest number of shelves and order congruency rule 
'largest saving'). 

 
Order addition rule Rule that determines which unassigned order should be added to the 

seed order/the current batch. 
 
Order congruency rule See order addition rule. 
 
Order batching Grouping several orders into one pick order, which can be retrieved by 

a single pick tour. Also called ‘order clustering’ 
 
Manco A pick order that cannot be completed because components are not 

available. 
 
NIS Neways Industrial Systems 
 
NSR    Normal Storage Rack 
 
Parts-to-picker The phenomenon that an automatic device brings the SKU to the order 

picker (Dallari, 2009) 
 
PCB Printed Circuit Board, a bare printed circuit board without any 

component 
 
PCBA Printed Circuit Board Assembly, a PCB including installed components  
 
PCB ink jetting the process of giving every PCB a unique identification code, consisting 

of the article and reference number.  
 
Pick-by-order Only one order is picked simultaneously by an order picker. Also 

named: discrete picking, single order picking and single command 
order picking. (De Koster et al., 2007) 

 
Pick line instructions to the order-pickers, telling them where and what to pick 

and in what quantity and units of measure. 
 
Picker-to-parts the order picker walks or drives along the aisles to pick the SKUs (De 

Koster et al., 2007) 
 
PL Pick Line 
 
Routing Sequencing the items on the pick list to ensure a good route through the 

warehouse that minimizes the total travel distance 
 
Seed order The base/first order of a batch.  
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Sequencing Connecting the orders in such a way that there is as little travel as 
necessary   

 
SKU Stock Keeping Unit. A SKU is an individually identifiable item stored 

in a specific location and tracked by an inventory system (Sawaya and 
Giauque, 1986) 

 
SKU-A Order batching variant for NSRs (seed algorithm with seed order 

selection rule 'largest number of unique SKUs' and order congruency 
rule 'least extra aisles') 

 
SKU-S Order batching variant for NSRs (seed algorithm with seed order 

selection rule 'largest number of unique SKUs' and order congruency 
rule 'largest saving') 

 
SLR An abbreviation for ‘structured literature review’. See ‘structured 

literature review’ for definition. 
 
SMD Surface Mounted Device. A technique of placing components on a PCB, 

instead of using through-holes, by using solder. 
 
SMD retour When a production order is finished, the remained SMD rolls are going 

retour to the warehouse. 
  
SMD roll  SMD components taped on a roll.  
 
Structured literature review A review of clearly formulated questions that uses systematic and 

explicit methods to identify, select, and critically appraise relevant 
research, and to collect and analyze data from the studies that are 
included in the review (Cochrane Collaboration, 2014). 

 
Storage assignment policy A set of rules which can be used to assign products to storage locations 
 
Storage code warehouse Neways standardized her storage locations code, e.g. 101/0 SD 01 35 

A: Warehouse 101 à floor 0 à department SD à rack 01 à 
compartment 35 à bay A 

 
Taping     Taping/placing individual components on a SMD roll. 
 
TD-A Order batching variant for NSRs (seed algorithm with seed order 

selection rule 'longest travel distance' and order congruency rule 'least 
extra aisles') 

 
TD-S Order batching variant for NSRs (seed algorithm with seed order 

selection rule 'longest travel distance' and order congruency rule 'largest 
saving') 

 
Two-sided order picking Picking from both sides of the aisle simultaneously, without changing 

position  
 
TT-S Order batching variant for VCs (seed algorithm with seed order 

selection rule 'longest travel time’ and order congruency rule 'largest 
saving') 
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VC Abbreviation for Vertical Carousel. See ‘vertical carousel’ for 
definition 

 
Vertical carousel  A rotatable circuit of shelving.  
 
Warehouse 101   Warehouse with the conventional components 
 
Zoning    Phenomenon of subdividing the pick area into zones 
 
 

B. Basic structure NIS 
The basic structure of NIS is shown in Figure B-1. 
 

 
Figure B-1: Basic structure NIS  

 



 
 

65 

C. Time distribution per warehouse activity 
Table C-1 provides the time distribution per warehouse activity. It can be derived from the table that 
19% of the total warehouse working hours are spend on the conventional order pick activity. 
 

 
Table C-1: Time distribution warehouse activities in hours per week (ERP system, based on week 23-35 2017) 

 
D. Utilization warehouse 

This section is about the warehouse utilization. Firstly, the utilization rates of the storage locations will 
be discussed. This performance indicator shows the ratio between the number of occupied storage 
locations versus the total number of storage locations. Secondly, the performance indicator ‘space 
utilization’ is described. Space utilization is the relative occupancy of the storage locations.  

Utilization rate of storage locations 
The utilization rates of the storage locations will be provided in this part and are based on inventory 
levels from January till September 2017 (ERP system9). 

 
Two utilization rate variants are distinguished: 

1. Utilization 1:  
 

𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛	1 = 	
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑑	𝑠𝑡𝑜𝑟𝑎𝑔𝑒	𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠
𝑇𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑠𝑡𝑜𝑟𝑎𝑔𝑒	𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠

×100% 

 
Reserved storage location: a storage location that is reserved for a certain SKU. However, the 
location can temporary be empty.  As a result, the location cannot be used for storage, except 
for the assigned SKU. 

 
2. Utilization 2:  

 

𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛	2 = 	
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑	𝑠𝑡𝑜𝑟𝑎𝑔𝑒	𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠	𝑏𝑎𝑠𝑒𝑑	𝑜

𝑇𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑠𝑡𝑜𝑟𝑎𝑔𝑒	𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠
×100% 

 
Occupied storage location: a storage location that contains at least 1 SKU. The storage location 
is reserved and occupied.  

 
As a result, utilization 1 will always be greater than utilization 2. 

                                                
9 Inventory levels smaller than 1 are assumed to be empty/not occupied 

Task Average	(h) Average	(%) Min.	(h) Max.	(h) Std.	deviation	(h)
Picking	conventional 69 19% 35 110 19
Assigning	storage	locations	+	putting	away	+	SMD	retour 54 15% 29 85 18
Administration	warehouse 53 14% 35 79 13
BGO 51 14% 44 70 9
Counting	stock 24 7% 1 61 17
Order	preparation 22 6% 15 27 4
Picking	SMD 20 5% 7 29 6
Outsourcing	activities	 19 5% 7 27 7
Poenking 19 5% 2 32 9
Intaping 12 3% 4 21 5
Coordinating 6 2% 3 10 2
Managing	kanban 6 2% 2 17 4
Inkjetting 5 1% 2 10 2
Delivering	of	orders 5 1% 2 12 3
Teaching	new	employees 2 1% 0 11 3
5S	activities 1 0% 0 4 1
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The utilization rate of each VC is shown in Figure D-1. As can derived, significant differences exist 
between the VCs. Vertical carousel MC has the highest utilization rate, 74%. Vertical carousel ME has 
the lowest utilization rates, 40%. The utilization rate of each NSR department is also shown in 
Figure D-1. As can been seen, significant differences exist between the storage rack departments. 
Furthermore, Table D-1 shows the standard deviations of each utilization rate. It can be concluded that 
utilization rates are fairly constant over the time period January – September 2017. 

 

 
Figure D-1: Utilization rates per VC (based on January – September 2017) 

 
Table D-1: Utilization rates warehouse (based on January – September 2017) 

Space utilization 
This section is about the space utilization of the storage locations. Space utilization is the relative 
occupancy of the storage locations and is defined as: 
 
 JKLMNO	PQR	ST	LKUSTVKWX

JKLMNO	YTKZS[O	LKUSTVKWX
	×	100%\

V]2 . 
 
Since the amount of storage locations is enormous, speed is required and great accuracy is not essential 
a sample is taken for the analysis. The analysis is typically industrial, therefore, a confidence level of 
95% and a margin of error of 0.1 is used. The sample sizes were 95 and 89 for respectively the VCs 
MB-MJ and the storage racks AA-GG. Furthermore, every storage location had even probability to be 
selected and the order of measurements is random10.  The measurements are done by hand, using a 
tapeline. 
 
As a result, Table D-2 shows the average space utilizations, including the corresponding standard 
deviations. It can be concluded that large storage locations are used for relatively small SKUs. However, 
the standard deviation is also significant. 
 

 
Table D-2: Space utilization per warehouse department 

 

                                                
10 Microsoft Excel random number generator is used. After generating the random numbers, the list is sorted in an ascending order. 

0% 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
80% 
90% 

100% 

MB MC MD ME MF MG MH MJ AA BB CC DD GG

Average	utilization	rates

Utilization	1 Utilization	2

MB MC MD ME MF MG MH MJ AA BB CC DD GG
Average 69% 74% 58% 44% 62% 48% 51% 47% 78% 98% 40% 66% 76%
St.	dev. 1% 2% 2% 1% 2% 2% 3% 5% 3% 3% 2% 2% 2%
Average 63% 66% 50% 39% 54% 46% 45% 42% 67% 84% 31% 56% 73%
St.	dev. 2% 2% 3% 1% 3% 2% 1% 4% 2% 2% 1% 3% 2%

Utilization	2

Utilization	1

Warehouse	department Average	space	
utilization

St.	dev.	Space	
utilization

AA,	BB,	CC,	DD,	GG 43% 34%
MB,	MC,	MD,	ME,	MF,	MG,	MH,	MJ 40% 36%
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E. Age analysis order pickers 
The ages of the order pickers are determined and showed in Figure E-1. It can be derived that a great 
age dispersion exists.  
 

 
Figure E-1: Age distribution order pickers 
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F. Topic list semi-structured interviews 
This appendix will provide the topic list that is used during the semi-structured interviews. 
 
Date:  

Objectives 
- to get a better understanding of the work activities of the respondent. 
- to get a better understanding of the current warehouse situation in general. 

 
Introduction 

- Details respondent: name, age, number of years working for Neways Industrial Systems 
- Function (tasks and responsibilities) 

 
Open questions (sorted per function/process step): 
BGO 

- Determine tasks and responsibilities BGO 
- Determine storage location assignment procedure 

o Easy to find suitable storage location? 
o What aspects are taken into account? 

- What is going well? 
- What can be improved? 

Order preparation 
- Determine tasks and responsibilities order preparation 
- What is going well? 
- What can be improved? 

Pick process (conventional + SMD) 
- Determine tasks and responsibilities pick process 
- Determine pick procedure 
- Determine opinion about the VCs and the NSRs (take situation with multiple pickers into 

account!) 
- Determine opinion about warehouse utilization 
- What is going well? 
- What can be improved? 

General questions 
- Workload distribution? 
- Behavior colleagues and supervisor style? 
- Imagine, tomorrow you are the supervisor of the warehouse. What shall you change? 

Closure 
- Additions? 

 
G. Steps of the Framework Method 

The seven steps included in the Framework Method are well described in the research of Gale et al., 
(2013) and are summarized in Table G-1. 
 

  
Table G-1: The seven steps of the Framework Method (based on Gale et al., 2013) 

Description
Step 1 Verbatim transcription of the interview
Step 2 Familiarization with the interview
Step 3 Coding
Step 4 Development of an analytical framework
Step 5 Applying the analytical framework
Step 6 Charting data into a framework matrix
Step 7 Interpretation of the data
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H. Procedure interview analysis, using the Framework Method 
This appendix will describe the analysis procedure of the 8 interviews conducted during the Define 
phase. First, verbatim (word for word) transcriptions of the interviews were made, using the audio 
recording. According to Gale et al. (2013) this is “a good opportunity to become immersed with the data 
and is strongly encouraged for new researchers” (p. 4). The second step was familiarization with the 
interview using the audio recording, transcript and any contextual or reflective notes, and this step is 
vital for interpretation (Gale et al., 2013). Step three was coding. During this step, the transcript was 
carefully read line by line and a code that described the matter was assigned. Coding is an important 
step, since it “aims to classify all of the data so that it can be compared systematically with other parts 
of the data set (Gale et al., 2013, p.4). Step four was the development of an analytical framework. In this 
stage, I compared all codes used in the different transcripts to see whether they match and/or extra codes 
emerged. I drafted a list of the codes and clearly described them, which formed a working analytical 
framework (Gale et al., 2013). See Appendix I for the used working analytical framework. In step five, 
the analytical framework was applied to all transcripts. This means that the coded transcriptions of the 
interviews were analyzed again to ensure that the same codes were applied in the several transcriptions 
in order for comparisons to be made (Gale et al., 2013). The codes were applied using different colors. 
The sixth step involved charting data into a framework matrix. In this stage, I generated a matrix and 
charted data into the matrix, which involved summarizing the data by category from each transcript 
(Gale et al., 2013, p. 5). The framework matrix can be found in appendix K. 
 

I. Working analytical framework 
This appendix provides the used working analytical framework: see Table I-1. 
 

 
Table I-1: Working analytical framework semi-structured interviews 

J. Interview transcripts 
This appendix provides a transcript of a semi-structured interview conducted at 25-09-17. The 
respondent is an order picker and worked at that time 5 months for the warehouse of NIS. The 
interview was conducted in Dutch, but for thesis requirements, translated in English. The transcripts of 
the other seven semi-structured interviews are available at NIS. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Researcher: Welcome. First of all, thank you in advance for your time. The 
objective of this interview is to get a better understanding of your 
work activities and the current warehouse situation. This interview 
will take 20 minutes more or less and for administration purposes I 
would like to record this interview, is that a problem for you? 

 
Respondent: Hi, no that isn’t a problem for me.  
 
Researcher: Perfect. For the completeness, let’s start with some basic questions: 

What is your name, your age and since when are you working for 
Neways Industrial Systems? 

 

Topic Description
BGO process This topic describes everything that is related to the BGO process.
Control This topic contains control related issues, like the pick planning.
Desk This topic contains desk related issues, like desk applications.
Details respondent This topic describes the function of the respondent and how many years this respondent  has been working for the warehouse of NIS.
Employees Warehouse employees related subjects, like motivation or communication, are linked to this topic.
Management This topic describes leadership matters.
Manco’s This topic describes everything that is related to manco’s.
Order preparation This topic describes everything that is related to the order preparation.
Pick process  This topic describes everything that is interrelated to the conventional or SMD pick process. 
Warehouse utilities Describes the utilities of the warehouse related to the pick process, like the vertical carousels, barcode scanner and pick carts. 
Warehouse utilization Utilization matters are described in this topic.
Working procedure Topics connected to the level of standardization of the processes.
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Details 
respondent 
 
 
 
Details 
respondent 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Details 
respondent 
 
 
 
Warehouse 
utilities 
Pick process 
Working 
procedure 
 
 
 
Control 
 
 
 
 
Manco’s 
 
 
 
 
 
 
 

Respondent: My name is Sjoerd, I am 42 years old and I have been working for 
NIS for 5 months. 

 
Researcher: What are your tasks and responsibilities? 
 
Respondent: I did put away incoming SKUs, not anymore, and now I pick 

components. 
 
Researcher: How does the put away process look like?  
 
Respondent: The destination, the storage locations, were already determined. So, 

the only thing I had to do is putting the SKUs into the storage 
locations. 

 
Researcher: Do you think the storage location were determined logical? Or did 

you have the feeling that you were walking to many meters? Or that 
to many heavy SKUs had to be stored upstairs? 

 
Respondent: I don’t know. If a load was too heavy, I asked for another location at 

ground floor and that was okay. 
 
Researcher: After some time, you were promoted to picker? For conventional 

components or SMD components? 
 
Respondent: Conventional 
 
Researcher: What do you think about the megamats? 
 
Respondent: As you probably have experienced as well, they switch very easily to 

‘failure mode’. But besides, it is easy to work with. Although, you 
have to wait regularly for each other. As long my colleague only 
needs one or two components, I will wait at that megamat. But if he 
needs more components, I always try switch to another megamat. 

 
Researcher: How many pick orders and pick lines do you have every day? 
 
Respondent:  That differs a lot. There are orders which take only 10 minutes and 

there are orders which take longer. 
 
Researcher: And do you experience many manco’s? 
 
Respondent: Yes, that occurs regularly, a couple of times a day. The missing 

components can be at the tray ‘just arrived’. 
 
Researcher:  Imagine, tomorrow you are the supervisor of the pick process. Shall 

you change something about the pick process? 
 
Respondent: I don’t know.  
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Utilization 
warehouse  
Utilization 
warehouse  
Warehouse 
utilities 
 
 
 
Pick process 
 
 
Pick process 
 
 
Pick process 
 
Pick process 
 
 
 
Pick process 
 
Pick process 
 
 
Pick process 
 
 
 
Pick process 
 
 
Pick process 
 
 
 
Pick process 
 
 
 
  
 

Researcher: I have seen locations that are not even occupied by 25%. Have you 
experienced that as well? Does it occur regularly?  

 
Respondent: Yes, that does happen often. Coming back to your last question, I 

frequently have to locate the pick bins and pick carts. All picked 
components are collected in those bins and pick carts. NIS has 
bought 10 new pick carts a while ago, but I still have to locate them. 
That takes unnecessary time. I think that has to change. 

 
Researcher: Besides you, there are a handful of pickers who are also picking. 

How does that go? 
 
Respondent: When an order only has a few pick lines, it is hard to avoid each 

other. You have to wait on each other.  
 
Researcher: Do you have this problem at the NSRs as well? 
 
Respondent: No, at the storage racks this is less a problem, because it is possible 

to cross while in the aisle. Or you both have to pick a component at 
the same location, but that situation is very rare. 

 
Researcher: Do you determine the walking route by yourself? 
 
Respondent: The pick order determines the sequence. But there is no procedure 

how to get to that location. 
 
Researcher: Is that sequence logical in your opinion? 
 
Respondent: Sometimes it is better to go to the second floor first. Those 

components are larger in general. But there is no general procedure 
for this. If I think: it is better to change the sequence, then I will 
change.  

 
Researcher: So, do you think is more logical to turn the pick order around? In 

other words, first the second-floor components, then the first-floor 
components and last ground floor? 

 
Respondent: No, I don’t think that will make a difference. 
 
Researcher: Imagine, tomorrow you are not only the supervisor of pick process, 

but also from the entire warehouse. Shall you change something? 
 
Respondent: I think the warehouse can be cleaner, especially in a busy period. For 

example, the trash bins on the first-floor. 
 
Researcher: Do you experience one day too much workload and another day too 

less, that you don’t know what to do? 
 
Respondent: There is always what to do in a warehouse. 
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K. Framework matrix 

See hardcopy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

74 

 
L. Ishikawa diagram 

 
See hardcopy. 
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M. NSR variants of main case study 
This appendix will elaborate each NSR topic variant in more detail. Firstly, the variants of the topic 
‘order batching’ will be provided. Secondly, the storage assignment topic will be given. Finally, 
Table M-1 shows the definitions of the order batching abbreviations (NSR) used in this thesis.  
 
Order batching 

- First-come-first-serve (FCFS) priority rule-based algorithm in steps:  
1. Order the pick orders in order of arrival 
2. Determine the pick cart capacity 
3. Create new batch 
4. Assign the first order of the queue to a batch and remove that order from the queue.  
5. If all pick orders have been included in a route, order batching problem is solved. If not, but 

capacity of pick cart is reached, go to step 3. If still capacity available, go to step 4. 
 

- Seed algorithms in steps: 
1. Create empty batch 
2. Of all unassigned pick orders, define seed order by using the seed selection rule. Add this 

seed order to the batch.  
3. Determine the pick order that has to be added to the batch according the order addition rule. 

Add this order to the batch.  
4. If all pick orders have been included in batches, order batching problem is solved. If not, 

but capacity of pick cart is reached, go to step 1. If still capacity available, go to step 3. 
 

In addition, all seed selection rules can be applied in two different ways: in a single mode, where 
the seed order is selected only once and in a cumulative mode, where the seed order is renewed 
every time an order has been added to the route (i.e. the seed now consists of all orders in a route 
already added at that stage). However, De Koster et al. (1999) and Elsayed and Stern (1983) 
have already show that the cumulative seed rule hardly performs better than the single seed rule. 
In addition, the cumulative seed rule is more complex than the single seed rule. Therefore, the 
single seed rule will be used only. 

 
- The CW1 algorithm in steps: 

1. Determine pick cart capacity 
2. Calculate the savings for all possible order pairs (i,j) which can be obtained in terms of 

travel distance reduction by assigning the orders (i and j) to one batch instead of collecting 
them separately. Take the pick cart capacity into account 

3. Sort the savings in decreasing sequence 
4. Create new batch 
5. Select from the list, the pair with the highest savings. Three cases can be distinguished: 

- Neither of the orders has been included in an existing batch and the remaining capacity 
of the pick cart is sufficient for both orders: include both orders in the batch.  

- Exactly one order has been included in the existing batch. If the other order still fits in 
the batch, then add it to the batch. If not, proceed with step 4.  

- Both orders have been included in the existing batch: proceed with step 4 
6. Repeat step 3 until all orders have been included in a batch.  

CW2 
It is also possible to recalculate the savings matrix every time one or two orders have been 
clustered. Every formed cluster is considered as a new order. Therefore, the savings matrix 
becomes smaller after every order addition and the clusters become larger.  

For all batching variants, if a tie occurs, the order is selected with the largest number of items. The 
reasoning behind this is that it is easier to add smaller orders in a later stage to an existing route than 
larger ones. 
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Finally, Table M-1 shows the definitions of the order batching abbreviations (NSR) used in this thesis.  

	
Table M-1: Order batching abbreviations - NSRs 

Storage assignment 
Class-based storage assignment policy in steps; 

1. Determine pick frequencies of all SKUs. 
2. Order the pick frequencies in a non-increasing order and determine the cumulative pick 

frequencies. 
3. Determine the A, B and C-SKUs: A-SKUs are SKUs that are responsible for the first 80% of 

pick lines. B-SKUs are SKUs that are responsible for the next 15% of the pick lines. C-SKUs 
are the remaining SKUs. 

4. Divide NSR area into three classes, according to the principles of Figure 7.1-3.   One class is 
intended for the A-SKUs, the second class for the B-SKUs and the last class for the C-SKUs.  

5. Position the SKU with the highest pick frequency closest to the depot.  
6. Position the SKU with the second highest pick frequency next to the first one.  
7. Continue this procedure until all SKUs are assigned to a storage location. 

 
N. VC variants of main case study 

This appendix will elaborate each VC topic variant in more detail. Firstly, the topic ‘sequencing’ will 
be provided. Secondly, the storage assignment topic will be given. Finally, Table N-1 shows the 
definitions of the order batching abbreviations (VC) used in this thesis.	
 
Sequencing 

- Min-first heuristic in steps: 
1. Determine for every pick order the travel time when rotating clockwise and when rotating 

counter clockwise. The sequence of SKUs to be picked is every time the minimum of the 
two determined travel times. 

2. Determine the travel time from one of the two end points in each order to that of the two 
end points if the other orders. The two end points in two different orders with the smallest 
distance are matched. 

3. Repeat step 2 until all orders are assigned to the pick sequence.  
 
Storage assignment 
Organ-pipe storage assignment policy in steps (see Figure 7.1-4 for a visualization): 

1. Determine pick frequencies of all SKUs. 
2. Position the SKU with the highest pick frequency in an arbitrary central bin of the VC 
3. Position the SKU with the second and third highest pick frequency in the bin next to the first 

one, but from the opposite sides.  
4. Position the SKU with the fourth and fifth highest pick frequency in the bin next to the second 

and third one. 
5. Continue this procedure until all SKUs are assigned to a storage location. If all bins of a shelf 

are occupied by a SKU, switch to the next shelf. 
 
 

Two-class based storage assignment policy in steps: 
1. Determine pick frequencies of all SKUs. 

Abbreviation Detailed description
FCFS First-come-first-served priority rule-based algorithm
A-S Seed algorithm with seed order selection rule 'largest number of aisles' and order congruency rule 'largest savings'
TD-S Seed algorithm with seed order selection rule 'longest travel distance' and order congruency rule 'largest savings'
SKU-S Seed algorithm with seed order selection rule 'largest number of unique SKUs' and order congruency rule 'largest savings'
SKU-A Seed algorithm with seed order selection rule 'largest number of unique SKUs' and order congruency rule 'least extra aisles'
TD-A Seed algorithm with seed order selection rule 'longest travel distance' and order congruency rule 'least extra aisles'
A-A Seed algorithm with seed order selection rule 'largest number of aisles' and order congruency rule 'least extra aisles'
CW1 Initial version of saving algorithm of Clarke and Wright (1964)
CW2 Second version of saving algorithm of Clarke and Wright (1964)
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2. Order the pick frequencies in a non-increasing order and determine the cumulative pick 
frequencies. 

3. Determine the A and the B-SKUs: A-SKUs are SKUs that are responsible for the first 80% of 
pick lines. B-SKUs are the remaining SKUs. 

4. Divide VC into two classes. One class is intended for the A-SKUs, the second class for the B-
SKUs.  
 
Storage within a class is according to the random storage assignment policy. 

 

	
Table N-1: Order batching abbreviations - VCs 

 
O. Descriptive statistics orders  

This appendix shows the descriptive statistics of the pick orders. Pick orders are one of the main 
inputs of the simulation model.  
  

 
Table O-1: Descriptive statistics orders NSR (based on June and July 2017) 

 
Table O-2: Descriptive statistics orders NSR to VC’s – case (based on June and July 2017) 

 
Table O-3: Descriptive statistics hypothetical orders of case VC – BO  

 
Table O-4: Descriptive statistics hypothetical orders of case VC – MO 

 
Table O-5: Descriptive statistics orders 4VC – case (based on June and July 2017) 

 
Table O-6: Descriptive statistics orders 2VC – case (based on June and July 2017) 

Abbreviation Detailed description
FCFS First-come-first-served priority rule-based algorithm
CW1 Initial version of saving algorithm of Clarke and Wright (1964)
TD-S Seed algorithm with seed order selection rule 'longest travel distance' and order congruency rule 'largest savings'
L-S Seed algorithm with seed order selection rule 'largest number of shelves and order congruency rule 'largest savings'

Avg.	#	
orders/day

St.	dev.	#	
orders/day

Min.	#	
orders/day

Max.	#	
orders/day

Avg.	#	
PL/order

St.	dev.	#	
PL/order

Min.	#	
PL/order

Max.	#	
PL/order

Avg.	#	
PL/day

St.	dev.	#	
PL/day

Min.	#	
PL/day

Max.	#	
PL/day

NSR	 20 7,4 10 39 4,9 6,9 1 43 99 33 46 206
Bigger	orders 20 6,9 12 34 8,5 8,9 2 79 197 78 83 335
More	orders 41 9,8 26 54 4,9 6,9 1 43 198 29 134 247
0CC	+	0DD	to	floor	0 8 3 4 15 3 3 1 24 22 11 11 52

Avg.	#	
orders/day

St.	dev.	#	
orders/day

Min.	#	
orders/day

Max.	#	
orders/day

Avg.	#	
PL/orders

St.	dev.	#	
PL/order

Min.	#	
PL/order

Max.	#	
PL/order

Avg.	#	
PL/day

St.	dev.	#	
PL/day

Min.	#	
PL/day

Max.	#	
PL/day

MC/0AA 12 4 6 19 3 3 1 17 36 14 12 59
ME/0BB 10 4 5 17 3 4 1 30 35 16 15 66

Avg.	#	
orders/day

St.	dev.	#	
orders/day

Min.	#	
orders/day

Max.	#	
orders/day

Avg.	#	
PL/order

St.	dev.	#	
PL/order

Min.	#	
PL/order

Max.	#	
PL/order

Avg.	#	
PL/day

St.	dev.	#	
PL/day

Min.	#	
PL/day

Max.	#	
PL/day

MB 7,9 3,5 2 14 4,3 1,9 2 11 35 15 7 61
MC 10,7 4,8 1 20 5,0 3,3 1 21 54 24 6 91
MD 8,0 4,0 2 16 4,5 2,7 1 18 36 18 6 71
ME 4,7 2,4 1 10 5,1 4,4 1 18 24 15 3 50
MF 10,0 3,7 4 17 5,1 2,6 1 15 49 16 27 81
MG 2,9 2,1 1 8 4,8 3,2 1 14 14 9 3 35
MH 9,2 3,9 3 20 4,6 2,9 2 14 43 16 10 65
MJ 9,0 4,2 3 20 5,0 2,8 1 14 45 19 20 85

Avg.	#	
orders/day

St.	dev.	#	
orders/day

Min.	#	
orders/day

Max.	#	
orders/day

Avg.	#	
PL/order

St.	dev.	#	
PL/order

Min.	#	
PL/order

Max.	#	
PL/order

Avg.	#	
PL/day

St.	dev.	#	
PL/day

Min.	#	
PL/day

Max.	#	
PL/day

MB 15,0 4,8 8 26 2,2 1,3 1 6 33 12 14 61
MC 21,1 6,0 12 36 2,6 2,4 1 24 53 15 34 75
MD 15,5 4,7 9 25 2,3 1,9 1 18 35 10 19 56
ME 10,3 3,2 5 17 2,8 5,5 1 49 30 18 5 73
MF 18,9 5,5 9 29 2,5 1,8 1 12 47 13 30 67
MG 5,2 2,8 2 13 2,3 2,4 1 12 12 5 5 22
MH 18,1 6,2 10 32 2,4 2,3 1 16 45 14 27 79
MJ 18,6 6,5 11 33 2,5 2,0 1 13 46 14 23 72

Avg.	#	
orders/day

St.	dev.	#	
orders/day

Min.	#	
orders/day

Max.	#	
orders/day

Avg.	#	
PL/orders

St.	dev.	#	
PL/order

Min.	#	
PL/order

Max.	#	
PL/order

Avg.	#	
PL/day

St.	dev.	#	
PL/day

Min.	#	
PL/day

Max.	#	
PL/day

MG	+	MC 12,5 6,1 5 23 2,9 2,7 1 19 37,13 17,39 12 67
MF	+	MB 11,1 5,1 4 20 3,2 2,5 1 15 35,4 15,9 10 61
MH	+	ME 10,0 4,4 4 17 2,8 2,9 1 15 28,2 12,08 5 48
MJ	+	MD 11,9 6,1 4 24 3,0 2,6 1 14 35,33 17,44 6 62

Avg.	#	
orders/day

St.	dev.	#	
orders/day

Min.	#	
orders/day

Max.	#	
orders/day

Avg.	#	
PL/orders

St.	dev.	#	
PL/order

Min.	#	
PL/order

Max.	#	
PL/order

Avg.	#	
PL/day

St.	dev.	#	
PL/day

Min.	#	
PL/day

Max.	#	
PL/day

MB	+	ME	+	MF	+	MH 13,9 5,9 6 23 6,7 4,9 1 28 93,8 36,91 42 158
MC	+	MD	+	MG	+	MJ 15,0 7,2 6 30 4,6 4,7 1 36 70,33 32,69 23 128
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P. Determination leftover time per pick line 
This appendix is about the determination of total pick time category 6, the leftover time (see Section 
5.1.2). 
 
In order to determine the leftover time per pick line, first the total pick time per day and the total number 
of pick lines a day are determined from the ERP system. Subsequently, the values of the first five total 
pick time categories (Section 5.1.2) are subtracted from the total pick time. Finally, the remaining time 
per day is divided by the corresponding number of pick lines of that day. The outcome is the leftover 
time per pick line. It must be noted that this category consists of different time components, such as the 
actual collection time of SKUs, the time for finding the requested SKUs and the time that the pickers 
are in conversation with other employees (from these examples, the time component ‘actual collecting 
time’ contributes most to the ‘leftover time’ category). As a result, the average leftover time per pick 
line is 2.6 minutes (based on June and July 2017). Figure P-1 shows the distribution. This value is 
checked and confirmed by manual time measurements. 
 

 
Figure P-1: Distribution of the parameter ‘leftover time’ (based on the months June and July 2017) 

 
Q. Travel speed NSR area 

In order to create a representative output, the model used the real travel speed of the order pickers. This 
travel speed is determined by conducting an internal motion study. Two different order pickers walked 
multiple times, with a small pick cart, a (predefined) route. This route traversed complete aisles and 
contained several turns. In addition, in order to exclude the effect of the weight of the pick cart on the 
travel speed, order pickers have walked with an empty and a fully loaded pick cart. As a result, the 
walking speed is set to 0.62 m/s. After validation, however, it had to be concluded that a travel speed of 
0.66 m/s better reflects reality. See Table Q-1 for more details. 
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Table Q-1: Determination travel speed NSR (m/s);    Table R-1: Determination floor switch times (s) 

 

R. Floor switch time 
The warehouse of NIS has multiple floors, floor 0, floor 1 and floor 2, and one has to use an elevator to 
switch floors. Switching 1 floor consumes 40 seconds and switching two floors consumes 60 seconds. 
Those elevator times are determined by internal motion studies. See Table R-1 for more details. 
 

S. Warehouse characteristics 
This appendix will firstly provide the layout of the warehouse, see Figure S-1 and Figure S-2. In addition, 
this appendix visualized the warehouse dimensions of NSR departments 0AA, 0BB, 1CC and 1DD 
(Figure S-3) and NSR department 1GG (Figure S-4). 
 
 

 
Figure S-1: Layout warehouse ground floor – current situation 

Empty cart Full cart
27,4 31,3
28,4 33,3
30,5 34,6
30,4 33,9
31,2 36,1
28,6 32,8
31,7 33,7
31,4 32,4
28,0 33,0
29,9 32,5

Average (s) 29,7 33,4
Average empty + full (s)
Distance route (m) 19,6
Travel speed (m/s) 0,62

Travel time (s)

31,6

Measurement cases

Floor i to j 0-->1/1-->2 0-->2
41,2 61,5
40,1 60,1
39,9 61,1
40,5 60,9
38,3 58,9
42,1 58,9
41,2 60,5
40,4 58,7
40,5 61,4
41,6 58,9
38,3 58,8
43,1 58,5
41,1 58,6
40,6 61
39,9 58,5
39,6 61,1
40,4 59,3
38,1 60,2
39,6 60,2
40 59,8

Average (s) 40 60

Floor switch time (s) - elevator

Measurement 
cases
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Figure S-2: Layout warehouse first floor – current situation 

 

 
Figure S-3: Warehouse dimensions NSR departments 0AA, 0BB, 0CC and 0DD 
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Figure S-4: Warehouse dimensions NSR department 1GG 

 
T. Determination waiting time 

One of the main findings of the semi-structured interviews, analyzed with the Framework Method 
(Ritchie & Spencer, 1994; Ritchie et al., 2003; Gale et al., 2013), and observations is that congestion 
occurs at the VCs. To quantify this congestion, order pickers were instructed to notice the number of 
times, including the duration, they had to wait at a VC. After 7 days counting, the order pickers had 
noted 46 waiting moment in total (week 2 and 3 of 2018). See Table T-1 (n.o. is the abbreviation for 
‘number of’) 
 

 
Table T-1: Determination waiting time at VCs (in minutes, based on week 2 and 3 2018) 

  

.		.		.

.		.		.

.		.		.

33	cm 33	cm

G08	XX

1 2 3

140	cm

4 5 6

7 8 9

10 11 12

33	cm

G09

	1/4/7/10

190cm

G07

	1/4/7/10

G07

	2/5/8/11

G07

	3/6/9/12

G08

	1/4/7/10

G08

	2/5/8/11

G08

	3/6/9/12

G09

	2/5/8/11

33	cm 33	cm 33	cm 33	cm 33	cm

G10

3/6/9/12

G10

2/5/8/11

G10

	1/4/7/10

G09

3/6/9/12

33	cm 33	cm

33	cm 33	cm 33	cm 33	cm 33	cm

Front	view

G15

	1/4/7/10

G15

	2/5/8/11

G15

	3/6/9/12

Top	view	

33	cm

G16

	1/4/7/10

G16

	2/5/8/11

G16

	3/6/9/12

33	cm 33	cm 33	cm 33	cm

N.o.	days									
(week	2	+	3	2018)

Total	n.o.	waiting	
moments	

N.o.	waiting	
moments/day

Avg.	time	waiting	
moment		(min)

Avg.	waiting	time	
/day	(min)

7 46 6,57 5,26 34,55
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U. Determination failure time 
One of the main findings of the semi-structured interviews, analyzed with the Framework Method 
(Ritchie & Spencer, 1994; Ritchie et al., 2003; Gale et al., 2013), and observations is that the VCs often 
switch to failure mode. Obviously, failures have a negative effect on the pick line productivity.  
 
To quantify the failure time, order pickers were instructed to tally the number of times the VCs switched 
to failure mode (week 2 + 3 2018). 4 tally categories existed: error is solved in 30 seconds, 1 minute, 2 
minutes or 5 minutes. In total, 122 tally marks were noted, resulting in an average delay of 18.21 minutes 
a day. See Table U-1. Table U-2 shows the failure time per VC.  
 

 
Table U-1: Determination failure time VCs (in minutes, based on week 2 and 3 2018) 

 
 

 
Table U-2: Failure time per VC (in minutes, based on week 2 and 3 2018) 

  

Duration	
failure		(min.)

N.o.	failures Total	n.o.	days	
experiment

Avg.	failure	
time/day	(min.)

0,5 83 41,5
1 19 19
2 11 22
5 9 45

122 127,5

Total	failure	time	(week	2	+	3	2018)

127,5 18,217

VC Duration	failure		
(min.)

N.o.	failures Total	n.o.	days	
experiment

Avg.	failure	
time/day	(min.)

0,5 3 1,5
1
2
5
0,5 25 12,5
1 8 8
2 3 6
5
0,5 6 3
1
2 5 10
5
0,5 7 3,5
1 2 2
2
5
0,5 2 1
1
2
5 1 5
0,5 9 4,5
1 2 2
2
5 4 20
0,5 8 4
1 2 2
2
5 1 5
0,5 23 11,5
1 5 5
2 3 6
5 3 15

122 127,5 127,5 18,21

MB

MH

MJ

Total	failure	time	(week	2	+	3	2018)

1,5

26,5

13

5,5

6

26,5

11

37,5

MC

MD

ME

MF

MG

7 0,21

7 3,79

7 1,86

7 1,57

7 5,36

7 0,79

7 0,86

7 3,79
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V. Determination consolidation 
A disadvantage of ‘zoning’ is that the suborders have to be merged after picking. This results in 
consolidation time. In order to quantify this time component, 20 hypothetical suborders of NIS are 
consolidated and the corresponding time is noted. See Table V-1 for the details. It can be derived from 
the table that suborder 1 consisted of 3 pick lines and that the time to consolidate each pick line to the 
main order (at the depot) was 17.3 seconds. As a result, based on this internal motion study, the 
consolidation time is set to 5 seconds/pick line.  
 
 

 
Table V-1: Details internal motion study regarding the consolidation time (in seconds) 

 

  

Random

Pick	line	category
Order	 Number	pick	lines

Total	consolidation	
time	(s)

Consolidation	
time/pick	line	(s)

1-5 1 3 17,3 5,77
1-5 2 3 16,8 5,60
1-5 3 1 6,8 6,80
1-5 4 5 27,6 5,52
1-5 5 4 22,3 5,58
1-5 6 5 26,6 5,32
1-5 7 1 6,1 6,10
6-10 8 6 29,4 4,90
6-10 9 8 38,1 4,76
6-10 10 9 42,1 4,68
6-10 11 7 36,7 5,24
6-10 12 7 35 5,00
11-15 13 13 75,6 5,82
11-15 14 14 67,7 4,84
16-20 15 18 81,1 4,51
16-20 16 19 80,4 4,23
21-30 17 22 89,2 4,05
21-30 18 30 110,2 3,67
21-30 19 26 100 3,85
30-100 20 71 240,7 3,39

Average	(s) 4,98
St.	dev.	(s) 0,87
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W. Simulation codes 
This appendix will provide two simulation codes of the model: single order picking (NSRs) and 
Sequencing (VCs). Other codes are available at NIS.   
 
Single order picking – NSR 
%Calculates the total number of orders 
NumberOfOrders = numel(Orders(1,:)); 
%Determines the pick cart capacity 
Cap = 4; 
%Calculates the number of batches to be created 
NumberOfBatches = ceil(NumberOfOrders/Cap); 
  
  
%Empty arrays 
SeedSelectionTravelDistance=[]; 
  
%for determination travel distances of all orders 
for q = 1:1:NumberOfOrders %this for loop, loops over every individual order 
    j=2;%Defines starting position order: depot 
    i=Orders(2,q);%Defines storage location code of first SKU of order 
    x=2; 
     
    TravelDistance=0;%At start, total covered distance is 0 
     
    SizeOrder = sum(Orders(:,q) > 2);%Calculates number of pick lines per order 
    while x<=(SizeOrder+1) %while loop calculates covered distance, from depot to last SKU 
         
        TravelDistance = TravelDistance + Distances(i,j);%Travel Distance is updated every loop 
        j=i; 
        i=Orders(x+1,q); 
        x=x+1; 
         
    end 
     
    TravelDistance = TravelDistance + Distances(2,j);%Adds distance from last SKU back to depot to 
travel distance 
    SeedSelectionTravelDistance = [SeedSelectionTravelDistance,TravelDistance];%Array with all total 
covered travel distances per order 
     
end 
%Determines total travel time 
TotalTravelTime=sum(SeedSelectionTravelDistance); 
 
 
Sequencing – VCs 
 Number_Of_Orders = ceil((O(1,t+1)-O(1,t))/2); % Determines number of orders per day 
     
    %Creates matrix of 1000's. This matrix will be used to determine order 
    %combination with smallest gap 
    D= zeros(2,numel(Orders_M2(1,:))); 
    for r=1:1:numel(Orders_M2(1,:)) 
        D(:,r)=1000; 
    end 
     
    Finished_Orders=[O(1,t)]; %Initialization: day always starts with first order 
     
     
    I_col = O(1,t); 
    I_row = 1; 
    Order_Of_Orders=zeros(2,Number_Of_Orders);%for determination if order starts at start or at the 
end 
    Order_Of_Orders(1,1)=I_col;%First order is from start to end 
     
    % Calculates gap between every order combination of that specific day 
    for o=1:1:(Number_Of_Orders-1) 
        if I_row ==1%calculates end point order if order starts at lowest level of megamat 
             
            %determine the minimal spanning interval (MSI) by omitting the largest gap on the loop 
            for q= O(1,t):2:(O(1,t+1)-1) 
                First = abs(max(Orders_M2(:,I_col))-Orders_M2(1,q)); 
                 
                if First<=floor(NOlevels_VC/2) 
                    First=First; 
                else 
                    First=NOlevels_VC-First; 
                end 
                 
                D(1,q)=First; 
                 
                Last = abs(max(Orders_M2(:,I_col)) - max(Orders_M2(:,q))); 
                if Last<=floor(NOlevels_VC/2) 
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                    Last=Last; 
                else 
                    Last=NOlevels_VC-Last; 
                end 
                D(2,q)=Last; 
            end 
             
            %if order is already picked, set value on 1000 so that order will 
            %not be selected anymore 
            D(1,Finished_Orders)=1000; 
            D(2,Finished_Orders)=1000; 
             
            %Determine order with smallest distance to current order 
            [MinValue,I] = min(D(:)); 
            [I_row, I_col] = ind2sub(size(D),I); 
             
            %Updates array with already assigned orders 
            Finished_Orders=[Finished_Orders,I_col]; 
            Order_Of_Orders(I_row,o+1)=I_col; 
             
             
        else %calculates end point order if order starts at highest level of megamat 
             
            for q= O(1,t):2:(O(1,t+1)-1) 
                First = abs(Orders_M2(1,I_col)-Orders_M2(1,q)); 
                 
                if First<=floor(NOlevels_VC/2) 
                    First=First; 
                else 
                    First=NOlevels_VC-First; 
                end 
                 
                D(1,q)=First; 
                 
                Last = abs(Orders_M2(1,I_col) - max(Orders_M2(:,q))); 
                if Last<=floor(NOlevels_VC/2) 
                    Last=Last; 
                else 
                    Last=NOlevels_VC-Last; 
                end 
                D(2,q)=Last; 
            end 
             
            %if order is already picked, set value on 1000 so that order will 
            %not be selected anymore 
            D(1,Finished_Orders)=1000; 
            D(2,Finished_Orders)=1000; 
             
            %Determine order with smallest distance to current order 
            [MinValue,I] = min(D(:)); 
            [I_row, I_col] = ind2sub(size(D),I); 
             
            %Updates array with already assigned orders 
            Finished_Orders=[Finished_Orders,I_col]; 
            Order_Of_Orders(I_row,o+1)=I_col; 
             
        end 
    end 
    Order_Of_Orders 
     
    %This for loop calculates travel time of each order of that day 
    for k=O(1,t):2:(O(1,t+1)-1)%Determines orders specified day 
         
        j=1;%Defines first location of order 
        i=2;%Defines second location of order 
        x=2; 
        L=[]; 
        W=[]; 
         
        levelSwitchTime=0; 
        walkingTime=0; 
        totalTimePerOrder=[]; 
         
        GapTime_OtherOrders=[]; 
         
        SizeOrder_M = sum(Orders_M2(:,k) > 0);%Calculates number of pick lines per order 
         
         
        walkingTime = Orders_M2(j,k+1)*2;%calculates walking time from center-->first compartment-
->center 
        %L=[L,levelSwitchTime]; 
        W=[W,walkingTime]; 
         
        while x<=(SizeOrder_M)%-2) %while loop calculates total time per order 
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            %if leveldifference is > 0 
            %than time for pick line = swithtime + walking time (centre megamat-->positie-->centre 
megamat) 
            %else time for pick line =  walking time (centre megamat-->positie-->centre megamat) 
             
            levelDifference = (abs(Orders_M2(i,k)-Orders_M2(j,k)));%this if loop determines if 
clockwise or counter clockwise is fastest direction 
             
            if levelDifference<=floor(NOlevels_VC/2) 
                levelDifference=levelDifference; 
            else 
                levelDifference=NOlevels_VC-levelDifference; 
            end 
             
             if levelDifference==0 
            levelSwitchTime = levelDifference*switchTime;%required time from level j to level i in 
sec 
            L = [L,levelSwitchTime];%Level Switchtime is added to array 
            else 
            levelSwitchTime = levelDifference*switchTime+reactionTime;%required time from level j to 
level i in sec 
            L = [L,levelSwitchTime];%Level Switchtime is added to array 
            end 
             
            walkingTime = Orders_M2(i,k+1)*2;%walking time center-->compartment-->center 
            W = [W,walkingTime]%Walking time is added to array W 
             
            j=i; 
            i=i+1; 
            x=x+1; 
             
        end 
        totalTimePerOrder = [totalTimePerOrder,(sum(L)+sum(W))]; 
        totalTravelTime_SingleOrder=[totalTravelTime_SingleOrder,totalTimePerOrder]; 
        TravelTime_Each_Order = [TravelTime_Each_Order,totalTimePerOrder]; 
         
        totalTravelTime_SingleOrder=[]; 
         
        TravelTime_Each_Order; 
        TotalTravelTime_Orders_Day; 
    end 
    TotalTravelTime_Orders_Day=[TotalTravelTime_Orders_Day,sum(TravelTime_Each_Order)]; 
    TravelTime_Each_Order=[]; 
     
     
     
    %Determines gaptime to first pick line of first order: depends on random initialization 
    %of startlevel 
     
    GapTime_FirstOrder = min(abs((Orders_M2(1,O(1,t))-rand)),(NOlevels_VC-(abs(Orders_M2(1,O(1,t))-
rand))))*switchTime; 
    GapTime_FirstOrderDay = [GapTime_FirstOrderDay,GapTime_FirstOrder]; 
     
    %Determines gaptime between orders: depends on order of orders and on 
    %direction of orders. 
     
    for g=2:1:ceil((O(1,t+1)-O(1,t))/2)%this loops calculates gap time, taking order of orders into 
account 
         
        if Order_Of_Orders(1,g)==0 && Order_Of_Orders(2,g-1)==0 
             
            GapTime_Other_Orders = min(abs(max(Orders_M2(:,Order_Of_Orders(2,g)))-
max(Orders_M2(:,Order_Of_Orders(1,g-1)))),(NOlevels_VC-(abs(max(Orders_M2(:,Order_Of_Orders(2,g)))-
max(Orders_M2(:,Order_Of_Orders(1,g-1)))))))*switchTime; 
             
        elseif Order_Of_Orders(1,g)==0 && Order_Of_Orders(1,g-1)==0 
             
            GapTime_Other_Orders = min(abs(max(Orders_M2(:,Order_Of_Orders(2,g))-
Orders_M2(1,Order_Of_Orders(2,g-1)))),(NOlevels_VC-(abs(max(Orders_M2(:,Order_Of_Orders(2,g))-
Orders_M2(1,Order_Of_Orders(2,g-1)))))))*switchTime; 
             
        elseif Order_Of_Orders(2,g)==0 && Order_Of_Orders(1,g-1)==0 
             
            GapTime_Other_Orders = min(abs(Orders_M2(1,Order_Of_Orders(1,g))-
Orders_M2(1,Order_Of_Orders(2,g-1))),(NOlevels_VC-(abs(Orders_M2(1,Order_Of_Orders(1,g))-
Orders_M2(1,Order_Of_Orders(2,g-1))))))*switchTime; 
        else 
            GapTime_Other_Orders = 
min(abs(Orders_M2(1,Order_Of_Orders(1,g))-  max(Orders_M2(:,Order_Of_Orders(1,g-1)))),(NOlevels_VC-
(abs(Orders_M2(1,Order_Of_Orders(1,g))-  max(Orders_M2(:,Order_Of_Orders(1,g-1)))))))*switchTime; 
        end 
        GapTime_Other_Orders; 
        GapTime_OtherOrders = [GapTime_OtherOrders,GapTime_Other_Orders]; 
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        GapTime_Other_Orders=[]; 
         
    end 
    GapTime_OtherOrdersDay = [GapTime_OtherOrdersDay,sum(GapTime_OtherOrders)]; 
    GapTime_OtherOrders=[]; 
    GapTime_OtherOrdersDay; 
    
  
GapTime = GapTime_OtherOrdersDay + GapTime_FirstOrderDay%Determines total gaptime 
TotalTravelTime_Orders_Day_SEQUENCING = TotalTravelTime_Orders_Day + GapTime%Determines total time 
order picking per day 
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X. Results main case study – NSRs 

 

 
Table X-1: Results main case study (Chapter 9) – travel time reduction - NSR (1/2) 

 

 
Table X-2: Results main case study (Chapter 9) – travel time reduction - NSR (2/2) 
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Table X-3: Results main case study (Chapter 9) – needed FTEs - NSR (1/2; 1 FTE = 8 working hours) 

 

 
Table X-4: Results main case study (Chapter 9) – needed FTEs - NSR (2/2; 1 FTE = 8 working hours) 
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Figure X-1: Effect order batching variants on travel time, using a pick cart capacity of 2;  

Figure X-2:  Effect order batching variants on travel time, using a pick cart capacity of 3 

Y. Results main case study – VCs 

	
Table Y-1: Results main case study (Chapter 9) – TW time reduction - VCs 

	
Table Y-2: Results main case study (Chapter 9) – needed FTEs (1 FTE = 8 working hours) – VCs 
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Figure Y-1: Effect order batching variants on TW time, using a capacity of 4  

 Figure Y-2: Effect order batching variants on TW time, using a capacity of 6 

 
Figure Y-3: Effect order batching variants on TW time, using a capacity of 8 

Z. Sensitivity analysis – NSRs 
Figure Z-1 shows the results of the NSR sensitivity analysis. 
 

 
Figure Z-1: Results sensitivity analysis. Two scenarios of the main case study are distinguished: the best scenario (‘batching + storage + 
routing 2’) and the worst scenario (single order picking) – NSRs 

FCFS CW 1 TTS LS
Batching types

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

Tr
av

el
 ti

m
e 

re
du

ct
io

n 
(%

)
Effect batching on TW time, using pick cart capacity of 4 orders

FCFS CW 1 TTS LS
Batching types

0.4

0.45

0.5

0.55

0.6

0.65

0.7

Tr
av

el
 ti

m
e 

re
du

ct
io

n 
(%

)

Effect batching on TW time, using pick cart capacity of 6 orders

FCFS CW 1 TTS LS
Batching types

0.45

0.5

0.55

0.6

0.65

0.7

Tr
av

el
 ti

m
e 

re
du

ct
io

n 
(%

)

Effect batching on TW time, using pick cart capacity of 8 orders

-40% 
-35% 
-30% 
-25% 
-20% 
-15% 
-10% 
-5% 
0% 
5% 

10% 
15% 
20% 
25% 

-30% -20% -10% Current	value +10% +20% +30% 

Ne
ed

ed
	FT

E

Effect	collecting	time	and	travel	speed	on	pick	performance

'Single	order	picking'	- collecting	time ‘batching	+	storage	assignment	+	routing	2’	- collecting	time
'Single	order	picking'	- travel	speed ‘batching	+	storage	assignment	+	routing	2’	- travel	speed



 
 

92 

AA. Elaboration of ‘routing 1’ and ‘routing 2’  
This appendix shows the hypothetical situation that NIS applied the scenario ‘routing 1/routing 2’ (see 
Figure AA-1 for floor 0 and Figure AA-2 for floor 1). It can be seen that additional back-cross aisles of 
department 0AA and 1CC are created. In addition, two-sided order picking is applied.   
  

 
Figure AA-1: Warehouse layout floor 0 when applying the scenario ‘routing 1/routing 2’ 

 

 
Figure AA-2: Warehouse layout floor 1 when applying the scenario ‘routing 1/routing 2’ 
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BB. Visualization layout due to movement 1CC, 1DD and 1GG to floor 0 
Figure BB-1 shows the warehouse layout after moving the SKUs of floor 1 to floor 0 (part of the 
hypothetical scenario ‘moving warehouse departments’).  
 

 
Figure BB-1: Layout warehouse (NSR area) after moving SKUs floor 1 to floor 0 

 
CC. Suggested scenarios: consequences for order pickers and warehouse 

The main objective of this research was to determine scenarios that potentially result in an improved 
pick line productivity in order to be prepared for the future increase in the number of pick lines. 
However, an increase in pick line productivity does not automatically mean that the scenario is also 
preferable, because the implementation and/or continuation of the scenario also requires working 
hours. Therefore, in order to determine the implementation - and/or continuation time, a brief time 
analysis is conducted by using PERT.  
 
PERT is an abbreviations Project Evaluation and Review Techniques and is a method of analyzing the 
time needed to complete a task, while not knowing precisely the details. PERT requires three types of 
time to approximate a task time: 

- optimistic time: the minimum possible time required to accomplish an activity (o), assuming 
everything proceeds better than is normally expected 

- pessimistic time: the maximum possible time required to accomplish an activity (p), assuming 
everything goes wrong (but excluding major catastrophes). 

- most likely time: the best estimate of the time required to accomplish an activity (m), 
assuming everything proceeds as normal. 

 
As a result, the expected time (ET) is calculated as follows:  
 

𝐸𝑇 = 	
𝑜 + 4𝑚 + 𝑝

6
 

And the standard deviation: 
σbc = 	

𝑝 − 𝑜
6

 

 
The results of this analysis can be found in Table CC-1. It can be derived from this table that, for 
example, the implementation of the methodology ‘zoning’ is expected to be 16,67 hours. In addition, 
this appendix will determine which steps NIS has to take in order to implement each methodology. 
Finally, this appendix will show what implications each methodology has on the order picker itself.  
 

 
Table CC-1: Expected implementation times of each suggested methodology (in hours) 

Methodology Implementation	time	(h) Most	likely	(h) Optimistic	(h) Pessimistic	(h)
Order	batching 8,67 8 4 16
Storage	assignment 24,00 24 16 32
Sequencing 8,67 8 4 16
Zoning 16,67 16 4 32
Merging	VCs 16,00 16 8 24
System	of	VCs 2,00 2 1 3
Order	batching 14,67 12 8 32
Storage	assignment 24,00 24 16 32
Routing	1 9,00 8 6 16
Routing	2 16,00 16 8 24

NSRs	+	VCs Moving	departments 24,67 24 20 32

VCs

NSRs
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Order bathing - VC 
The ‘TT-S’ order batching heuristic has to be integrated in the simulation model of zoning. This model 
will automatically determine the composition of the batches. Besides, pick lines will directly be sorted 
during the pick tour. Therefore, no continuation time exist. Finally, it can be concluded that the way of 
working due to the methodology ‘order batching’ will hardly change. 
 
Storage assignment policy - VC 
Currently, NIS does not use a storage assignment policy. As a result, when implementing a storage 
assignment policy, all SKUs have to reallocated to new storage locations according to their pick 
frequencies (implementation time). Obviously, this takes relatively a lot of time for both suggested 
policies and will therefore create chaos in the warehouse.  
 
After the implementation, it is important to keep the allocation up to date. However, the frequency of 
updating determines the ‘continuation’ time. From Section 9.3, it is known that both storage 
assignment policies are able to maximum save 0.24 hours a day. According to the author, each update 
takes approximately 4 hours (optimistic 2 hours, pessimistic 6 hours, most likely 4 hours). As a result, 
the scenario will be break-even when updating the warehouse every 17 days. Furthermore, it must be 
noted that order pickers do not have to change their way of working. 
 
Sequencing - VC 
This methodology is fairly similar to the methodology ‘order batching’. Therefore, like ‘order 
batching’, it can be concluded that this methodology has a minor impact on the way of working.  
 
Zoning - VC 
Only a simulation model that determines the suborders and the corresponding total pick times has to 
be developed11 before zoning can be implemented. When knowing the total pick time of each VC and 
the number of order pickers of that day, the given zoning rule of Section 7.1 can be performed. This 
rule distributes the VCs over the order pickers. As a result, the order picker collects pick lines only 
from the VCs assigned to him instead of picking from all VCs (current situation). After collecting the 
suborders, the suborders only have to be consolidated. The way of working due to the topic ‘zoning’ 
does therefore hardly change. It must be noted that an additional advantage of zoning is that one is 
able to assign suborders, with heavy SKUs for example, to specific order pickers.  
 
Merging VCs 
After merging the VC’s, no continuation time exist. Besides, the way of working will not change. 
 
System of vertical carousels 
Only a simulation model that determines the suborders has to be developed. However, the order 
pickers have to change their way of working. Instead of picking from all VCs at the same time, the 
order picker is assigned to only two VCs. 
 
Order batching - NSR 
Only a simulation model that determines the NSR suborders and the batch composition has to be 
developed. This model will automatically determine the composition of the batches. Besides, pick 
lines will directly be sorted during the pick tour. Therefore, no continuation time exist. Finally, it can 
be concluded that the way of working due to the methodology ‘order batching’ will hardly change. 
 
Storage assignment policy - NSR 
This topic is expected to be comparable with storage assignment methodology of the VCs. The 
‘storage assignment policy’ of the NSR is also able to save 0.03 FTE per day (=0.24 hours/day). As a 
result, the scenario will be break-even when updating the warehouse every 17 days. 
 

                                                
11 The developed simulation model of this research is able to calculate the total pick time per carousel. However, the determination of the 
suborders and consequently applying the zoning rule have to be done by hand.  
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Routing - NSR 
Obviously, the implementation times of both routing policies are relatively high. However, no 
continuation time exist. Finally, it must be noted that both scenarios will change the warehouse 
drastically (see Section 7.1 and will therefore significantly impact the way of working.  
 
Moving warehouse departments 
After moving the warehouse departments, no continuation time exist. Besides, the way of working will 
not change, although, the order picker will notice that the SKUs of most pick lines will be stored at the 
VC area instead of the NSR area.   
 

DD. Results ‘increasing VC utilization’ scenarios 
This appendix provides detailed results of the ‘increasing VC utilization’ scenarios (Section 11.1, for 
meaning scenario abbreviations see Section 7.1.3, the maximum pick cart capacities are shown): 
- Table DD-1 shows the theoretical pick line productivity of each scenario of the main case study.  
- Table DD-2 and Table DD-4 provide the theoretical pick line productivity of each scenario of the 

4VC and the 2VC case.   
- Table DD-3 and Table DD-5 show the relative deterioration or improvement compared to the pick 

line productivity of each scenario of the current 8VC situation.  
 
For instance, the hypothetical pick line productivity of the scenario ‘order batching’ (NSR) and ‘zoning’ 
(VC) of the main case study is 19.3 pick lines/hour/person (Table DD-1). The pick line productivity of 
the same scenario, but in the 4VC case is 19.6 pick lines/hour/person (Table DD-2). This is an 
improvement of 1% (Table DD-3).  
 

 
Table DD-1: Pick line productivity of each scenario main case study (Chapter 9; in pick lines/hour/order picker) 

 
Table DD-2: Hypothetical pick line productivities ‘4VC’ case (in pick lines/hour/order picker) 

	
Table DD-3: Relative deterioration or improvement of pick line productivities ‘4VC’ case compared to pick line productivities main case 
study (comparison between Table BB-2 and Table BB-1, a positive percentage implicates an improvement) 

Current situation B S R1 R2 B + S B + R1 B + R2 S + R1 S + R2 B + S + R1 B + S + R2
Current situation 17,9 18,8 18,3 18,0 18,1 19,0 18,9 18,9 18,3 18,3 19,0 19,1
S 18,3 19,2 18,6 18,3 18,4 19,4 19,2 19,3 18,6 18,7 19,4 19,4
Z 18,4 19,3 18,7 18,4 18,5 19,5 19,3 19,4 18,7 18,8 19,5 19,5
Z + B 19,2 20,2 19,5 19,2 19,3 20,4 20,2 20,3 19,5 19,6 20,4 20,4
Z + Seq 18,9 19,9 19,2 18,9 19,0 20,1 19,9 19,9 19,2 19,3 20,1 20,1
Z + S 18,7 19,7 19,1 18,8 18,9 19,9 19,7 19,8 19,1 19,1 19,9 20,0
Z + B + S 19,5 20,6 19,9 19,5 19,7 20,7 20,6 20,6 19,9 19,9 20,7 20,8
Z + Seq + S 19,5 20,5 19,8 19,5 19,6 20,7 20,5 20,6 19,8 19,9 20,7 20,7

Scenarios normal storage racks

Sc
en

ar
io

s 
ve

rt
ic

al
 c

ar
ou

se
ls

Current situation B S R1 R2 B + S B + R1 B + R2 S + R1 S + R2 B + S + R1 B + S + R2
Current situation 18,2 19,1 18,5 18,2 18,3 19,3 19,1 19,1 18,5 18,5 19,3 19,3
S 18,3 19,3 18,7 18,4 18,5 19,5 19,3 19,3 18,7 18,7 19,5 19,5
Z 18,6 19,6 18,9 18,6 18,7 19,8 19,6 19,6 18,9 19,0 19,8 19,8
Z + B 19,3 20,4 19,7 19,3 19,5 20,6 20,4 20,4 19,7 19,8 20,6 20,6
Z + Seq 19,2 20,2 19,5 19,2 19,3 20,4 20,2 20,3 19,5 19,6 20,4 20,4
Z + S 18,8 19,8 19,1 18,8 18,9 20,0 19,8 19,8 19,1 19,2 20,0 20,0
Z + B + S 19,4 20,4 19,7 19,4 19,5 20,6 20,4 20,5 19,8 19,8 20,6 20,7
Z + Seq + S 19,3 20,4 19,7 19,3 19,5 20,6 20,4 20,4 19,7 19,8 20,6 20,6

Scenarios normal storage racks
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ou
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ls

Current situation B S R1 R2 B + S B + R1 B + R2 S + R1 S + R2 B + S + R1 B + S + R2
Current situation 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1%
S 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Z 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1%
Z + B 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1%
Z + Seq 1% 2% 2% 1% 2% 2% 2% 2% 2% 2% 2% 2%
Z + S 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Z + B + S -1% -1% -1% -1% -1% -1% -1% -1% -1% -1% -1% -1%
Z + Seq + S -1% -1% -1% -1% -1% -1% -1% -1% -1% -1% -1% -1%

Scenarios normal storage racks
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Table DD-4: Pick line productivities ‘2VC’ case (in pick lines/hour/order picker) 

 
Table DD-5: Relative deterioration or improvement of pick line productivities ‘2VC’ case compared to pick line productivities main case 
study (comparison between Table BB-4 and Table BB-1, a positive percentage implicates an improvement) 

 
 

EE. Results ‘system of VCs’ scenarios 
This appendix shows the expected pick line productivities of each scenario consisting at least of the 
methodology ‘system of VCs’ (Table EE-1). Furthermore, the relative improvements compared to the 
current pick line productivity is given (Table EE-2). 
 

	
Table EE-1: Hypothetical pick line productivities due to scenarios consisting at least of the methodology ‘system of VCs’ (in pick 
lines/hour/order picker) 

	
Table EE-2: Relative pick line productivity improvements, due to scenarios consisting at least of the methodology ‘system of VCs’, compared 
to current pick line productivity (17.9 pick lines/hour/person) 

 
 
 
 

	
 
 
 

Current situation B S R1 R2 B + S B + R1 B + R2 S + R1 S + R2 B + S + R1 B + S + R2
Current situation 18,4 19,3 18,7 18,4 18,5 19,5 19,3 19,4 18,7 18,8 19,5 19,5
S 18,5 19,5 18,9 18,5 18,7 19,7 19,5 19,5 18,9 18,9 19,7 19,7
Z 19,3 20,3 19,6 19,3 19,4 20,5 20,3 20,4 19,6 19,7 20,5 20,6
Z + B 19,8 20,9 20,2 19,8 19,9 21,1 20,9 20,9 20,2 20,2 21,1 21,1
Z + Seq 19,6 20,7 20,0 19,6 19,8 20,9 20,7 20,7 20,0 20,0 20,9 20,9
Z + S 19,3 20,4 19,7 19,3 19,5 20,6 20,4 20,4 19,7 19,7 20,6 20,6
Z + B + S 19,8 20,9 20,2 19,8 20,0 21,1 20,9 21,0 20,2 20,2 21,1 21,2
Z + Seq + S 19,7 20,8 20,1 19,8 19,9 21,1 20,9 20,9 20,1 20,2 21,1 21,1Sc

en
ar

io
s 

ve
rt

ic
al

 c
ar

ou
se

ls
Scenarios normal storage racks

Current situation B S R1 R2 B + S B + R1 B + R2 S + R1 S + R2 B + S + R1 B + S + R2
Current situation 2% 3% 2% 2% 2% 3% 3% 3% 2% 2% 3% 3%
S 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1%
Z 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 5% 5%
Z + B 3% 3% 3% 3% 3% 3% 3% 3% 3% 3% 3% 3%
Z + Seq 4% 4% 4% 4% 4% 4% 4% 4% 4% 4% 4% 4%
Z + S 3% 3% 3% 3% 3% 3% 3% 3% 3% 3% 3% 3%
Z + B + S 1% 2% 2% 1% 1% 2% 2% 2% 2% 2% 2% 2%
Z + Seq + S 1% 2% 1% 1% 1% 2% 2% 2% 1% 1% 2% 2%

Scenarios normal storage racks
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Current situation B S R1 R2 B + S B + R1 B + R2 S + R1 S + R2 B + S + R1 B + S + R2
System of VCs + Z 19,0 20,0 19,3 19,0 19,1 20,2 20,0 20,0 19,3 19,4 20,2 20,2
System of VCs + Z + S 19,2 20,3 19,6 19,3 19,4 20,5 20,3 20,3 19,6 19,7 20,5 20,5
System of VCs + Z + B 19,2 20,3 19,6 19,3 19,4 20,5 20,3 20,3 19,6 19,7 20,5 20,5
System of VCs + Z + Seq 19,2 20,2 19,5 19,2 19,3 20,4 20,2 20,3 19,5 19,6 20,4 20,5
System of VCs + Z + B + S 19,5 20,6 19,9 19,5 19,7 20,80 20,6 20,6 19,9 19,9 20,80 20,84
System of VCs + Z + Seq + S 19,5 20,5 19,8 19,5 19,6 20,7 20,5 20,6 19,8 19,9 20,7 20,76

Scenarios normal storage racks

V
C

s

Current situation B S R1 R2 B + S B + R1 B + R2 S + R1 S + R2 B + S + R1 B + S + R2
System of VCs + Z 6% 11% 8% 6% 7% 13% 11% 12% 8% 8% 13% 13%
System of VCs + Z + S 7% 13% 9% 7% 8% 14% 13% 13% 9% 10% 14% 14%
System of VCs + Z + B 7% 13% 9% 7% 8% 14% 13% 13% 9% 10% 14% 14%
System of VCs + Z + Seq 7% 13% 9% 7% 8% 14% 13% 13% 9% 9% 14% 14%
System of VCs + Z + B + S 9% 15% 11% 9% 10% 16% 15% 15% 11% 11% 16% 16%
System of VCs + Z + Seq + S 8% 14% 10% 9% 9% 16% 14% 15% 10% 11% 16% 16%

Scenarios normal storage racks

V
C

s


