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ABSTRACT 

In the thesis, a performance analysis of warehousing operations is conducted in a global 

environment. A redesign of the current performance measurement system is made for the company 

together with the development of a benchmarking process that can be applied specifically for the 

situation where great difference exists regarding the complexity of warehouses’ background settings. 

Data envelopment analysis is applied for warehouses operations benchmarking and categorization is 

added to the current DEA approach addressing the enough similarity between warehouses. The 

analysis shows that DEA approach is able to provide more information when applied to DMUs with 

enough similarity and otherwise the results are misleading. A target-setting algorithm is also 

developed based on categorizations, which will help to narrow the gap between best practices and 

current performances. 
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EXECUTIVE SUMMARY 

The company has a global supply chain network that continuously meets customers’ requirements 

within a short lead-time. One essential component of the supply chain is the distribution center 

where orders are picked, packed and transported to customers. Measuring and benchmarking 

performances of warehousing and transportation operations globally are difficulties that company 

managers are facing right now. The company has applied the scorecard for management in which 

key performance indicators (KPIs) are identified and monitored with targets for continuous 

improvement. However, the target is simply set as the best practice among all warehouses, which is 

not convincing enough since the complexity of warehouses are different from each other. The main 

goal for the project is to develop the benchmarking and target setting process that takes into 

account the dissimilarities between warehouses. The KPIs discussed in this thesis include inbound 

efficiency, return efficiency, picking efficiency, packing efficiency, outbound efficiency and total 

efficiency. The data envelopment analysis (DEA) approach is applied in the benchmarking process to 

measure the performance from both human resource efficiency and space efficiency perspectives. 

The benchmarking process is developed under three levels that provide information from different 

perspectives (see Figure 23). The first level is the benchmarking of all warehouses where an overall 

performance of the warehouses in scope can be seen. However, as argued, the benchmarking on 

this level could be too general to capture the different complexities of warehouses background and 

consequently a further level is needed.  

On the second level, warehouses in scope are categorized based on four parameters that are 

identified through interviews with important stakeholders. These four parameters, automation level, 

products mix, value-adding services and order structure, are beyond the control of warehouse 

managers as they depend on customer behaviors, market organization characteristics, or higher 

level of management decisions, etc. By making uncontrollable parameters as categorizations, only 

controllable parameters are remained in the benchmarking process and thus it is possible to 

discover their relationships with the operations efficiency. In another words, warehouses are 

benchmarked within their own categories on the second level so that the influence of those 

uncontrollable parameters are minimized. The group performance of categories can also be 

benchmarked on this level.  

The third level is for individual warehouse benchmarking where the performances of different 

operations are compared so that the strength and the weakness of warehousing operations can be 

identified. Bottlenecks can also be discovered at this level especially for picking, packing and 

outbound performance benchmarking since these processes are connected most closely. 

Furthermore, the individual warehouse should be able to examine its current performance together 

with the status of the company’s best practice implementation. We have discovered that there is a 

significant relationship between the implementation status (in percentage) and the performance for 

picking, packing, outbound and overall operations. Although no significant relations are found for 

inbound and return processes, individual warehouses should try to implement more of the 

company’s best practices as it improves the total performance. 

After the benchmarking process, warehouses managers should be able to position the warehouse in 

the performance picture of the company and find improvement possibilities through warehouse 

comparisons and individual warehouse benchmarking. 

In addition to the benchmarking process, another main objective of the project is to develop a 

target-setting algorithm that can help the company to set targets for each warehouse based on its 
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category. The DEA approach itself is already a target setting method and its application for target 

setting has been validated through various literatures. Moreover, in this project we developed an 

algorithm for target setting which is named the Max-Average algorithm. A decision tree method is 

involved to decide either the max or the average performance of the category will serve as the 

target. The difference between targets set by two methods are calculated. We discover that the 

introduction of the average performance helps to generate targets that are more realistic for bad 

performing warehouses. For best practices that have high space efficiency, the DEA targets are able 

to reflect this efficiency, not the targets generated by the Max-Average algorithm. Well performing 

warehouses have similar targets from both of two methods. We conclude that although the DEA 

approach is a more scientific method with sound theoretical background, the Max-Average 

algorithm is more suitable for the company at the current stage as space efficiency has never been 

measured before and it is not well accepted among managers. The Max-Average algorithm is 

programmed into an Excel document with Macros that will be adopted by the company for future 

target setting.  

Through the analysis, we have made several recommendations that should be addressed to the 

company. Firstly, the data quality is the foundation of the performance analysis and benchmarking. 

During the project, there were some confusions led by the wrong data and it took time to make the 

clarification. Consequently, we recommend the company to clarify the definitions of the required 

data and develop a process for the data quality audit. 

Regarding the scope of the warehouses, we recommend the company to expand the scope to 

include warehouses in Priority 2 (see Figure 6) as they still generate a certain degree of values. On 

the other hand, priority 3 should not be considered in the scope unless there is expansion since they 

are small in both capacity and daily volume. 

The human resource input (i.e. man-hours) is the only input considered for the operational 

performance benchmarking. Considering that the space involves costs and that there has not been 

measurements for the space efficiency, we recommend the company to pay more attention on the 

space efficiency, which can bring a more comprehensive measurement of a warehouse. 

As for the performance, we have noticed many warehouses that have low automation level, low 

value-adding services (no matter they have higher or lower pallet percentage) are not performing 

well. Theses warehouses are mostly located at Asian-Pacific and South American regions. Although 

the location is not one of the categorization parameters, there should be more similarities between 

warehouses in the same region. Therefore, we recommend the company to discover the potential 

reasons and improve the performance of the region. 

Lastly, the picking or packing processes can be the bottleneck that limiting the entire performance of 

the operations. This unbalance exists in many warehouses. In some of them, the remedy of this issue 

is to allocate workers flexibly. Therefore, it is recommended to first balance the workflow and 

remove the bottleneck by improving its efficiency or having better human resources planning before 

trying to improve other processes. 

If all warehouses in the scope were brought to the current best practice frontier, the expected 

growth of daily outbound volume are 35% in Europe, 42% in North American area and 162% in Asia 

and South America regions under same level of inputs. However, since the outbound volume highly 

depends on the orders quantity, the expected cost reduction for human resources and space are 26% 

in Europe, 29% in North America and 62% in the regions of Asian and South America. 
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1 INTRODUCTION 

In this chapter, the background of the company and the project will first be provided. Secondly, the 

research questions, which serve as the frame of the project, will be discussed based on the literature 

study. In the end, a description of methodologies that will be applied in the research is introduced.  

1.1 COMPANY BACKGROUND 
The thesis is conducted in a world leading company in the construction sector that provides various 

high quality, cutting-edge and value-adding products, services and system solutions to customers in 

more than 120 countries all over the world. Identifying the needs of customers and providing them 

with high quality solutions are the main objectives. The direct sales strategy is adopted by the 

company through which the producer sells products directly to the end-customer without any 

retailers in between. In the year of 2014, the company achieved sales growth in all regions even 

though some regions have experienced difficulties in the construction sector.  

The company is responsible for all different aspects of goods flow including tools, accessories, 

services and installation jobs that can be delivered to anywhere customers need them, either to 

warehouse or construction site. Moreover, the company takes charge of returning or repairing 

goods flow as well, in which company staff will pick up products at the customer office or jobsite. 

Every year, there are more than 1,100 employees shipping over 5 million orders worldwide.  

 

 

Figure 1 Market organizations worldwide 

Figure 1 displays the global market organizations of the company that are colored differently. It can 

be seen that markets are separated into several regions managed by the region headquarter 

accordingly. Distribution centers are located worldwide to ensure quick and accurate deliveries.  

The supply chain network, as demonstrated in Figure 2, is composed of regional distribution centers 

(RDC), central warehouses (CW), national distribution centers (NDC) and distribution centers (DC), 

which are mainly differentiated by their functions. RDCs are responsible for deliveries to customers 

or cross-border service centers. DCs take charge of deliveries in a single country to customers and 
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service centers. CWs and NDCs (different names with similar functions) are responsible for goods 

deliveries in a single country to customer, service centers and DCs. In some cases, CWs and NDCs 

also perform cross-border deliveries to DCs. The supply flow of these distribution centers also vary. 

RDCs, CWs and NDCs receive goods from local suppliers, international suppliers, and the main 

logistics center located in the company’s headquarter. DCs only receive goods flow from CWs or 

NDCs. 

 

Plant

Supplier

RDC

Customer

Market organization A

Service 
centers

Service 
centers

Customer

CW
Customer

Service 
centers

DC

Market organization B

Market organization C

Global Replenishment

Logistics Center

 

Figure 2 Distribution network 

Although the distribution network is standardized across the world, there are some differences 

regarding market size and management. European and North American regions are important 

markets for the company where much more distribution centers are located than in the other 

regions of the world. The African region has a very small number of distribution centers. Additionally, 

the company manage distribution centers themselves in Europe, North America and Russia mostly. 

In Asia-pacific area, DCs are mainly run by 3PL companies. In total, there are around 100 warehouses 

in the world. Warehousing and transportation are managed under the same department but in 

separate teams. Globally, mainly 3PL companies conduct the transportation operation. 

1.2 PROBLEM DESCRIPTION 
For companies who adopt direct sales strategies, sourcing and supply issues are very important 

factors that influence cash flow and company growth ability (Crittenden & Crittenden, 2004). As 
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distribution is a key for the entire supply chain, a high efficiency in distribution is essential for the 

improvement regarding the supply chain efficiency. 

Measuring and benchmarking performance of warehousing and transportation operations globally 

are difficulties that company managers are facing right now. The company has applied scorecard for 

management in which KPIs are identified and monitored with a target set for continuous 

improvement. In the field of warehousing, the identified KPIs include overall performance, inbound 

performance, outbound performance, return performance, picking performance, packing 

performance, which are all measured in the unit of “lines/man-hour”. It is desired to maximize the 

number of inbound, outbound, picking and packing lines under the current level of labor resource 

(i.e. improve labor efficiency). Return lines, however, is not the case. There are two causes for the 

return logistics, one is due to customer complaints (e.g. wrong deliveries, wrong quantity) which can 

also be measured under KPI “inventory accuracy”; the other one is due to stock-clean-up through 

which products are returned from service center or DCs to CWs or NDCs. The goal from the 

warehousing perspective is to improve the operation efficiency no matter if it comes from the 

customer or stock-clean –up.  

In the warehouse scorecard, warehouses are ranked based on the abovementioned KPIs and the 

highest KPI value achieved is set as the target for the others. For example, assume the best practice 

of the total performance is 100 and it is achieved by warehouse A. Warehouse A is ranked as the top 

and 100 is set as the target for other warehouses including warehouse B that only performs at the 

level of 50. In the next year, warehouse B is expected to improve its performance by 200% to reach 

the target. Currently, this target setting and benchmarking process is far from satisfaction since the 

target could be unrealistic and the ranking could be biased. 

Through the discussion with stakeholders and a study of the relevant literature, there are two 

possible reasons. One of the reasons is that the distribution centers and transport operations could 

differ from each other and benchmarking without a proper category between warehouses, which 

can lead to incomparable situations. Some situations have already drawn the attention of 

management, which are as follows. 

 Equipment variance. Automated operations are adopted by some warehouses while manual 

operations are dominant in the others. Accordingly, the equipment utilized varies between 

automation operations and manual operations. 

 Information technology variance. The warehouse information system is not standardized 

globally. 

 Product variance. The product mix varies from one warehouse to another. There exist bulky 

products that need more effort than other products in some warehouses.  

The other reason lies in the current performance measurement system. Currently, as mentioned, 

performances are measured in the unit of “lines per man hour”. Hackman et al. (2001) pointed out 

that performance measurement that is solely based on “units handled per man-hour” is not accurate 

since this measurement implicitly views labor resource as the only resource and all units have the 

same scale (i.e. all units are full case quantity or all units are less-than-full case), which is not the 

case.  

It can be concluded that current problems have impeded the process of internal benchmarking and 

target setting, which further limits improvement possibilities. The desired solution is to have a 

target-setting method that can perform the target-setting process taking into consideration of the 

issues described above. The model should be programmed in a tool through which the company is 
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able to generate next-year KPIs targets for distribution centers around the world. Research 

questions that should be answered in order to achieve this desired solution will be discussed in next 

section. 

1.3 RESEARCH QUESTIONS 
Research questions that aim at solving current problems will be discussed in this sub-section. In total, 

there are three research questions. Research question 1 contains two sub-questions which mainly 

address the incomparable situation as mentioned in the problem description. Research question 2 

and 3 concern the target setting method and the benchmarking process, respectively. 

Research question 1 

For the purpose of target setting and benchmarking, warehouses cannot be simply compared all 

together since certain factors can lead to an incomparable situation. The first research question 

should address the following problem. 

How to deal with the incomparable situation for the purpose of target setting and 

benchmarking?  

This question can be answered by answering two sub-questions. Sub-question 1 focuses more on the 

incomparability caused by resources and outputs, while sub-question 2 addresses the 

incomparability caused by processes of how resources are turned into output.  

Sub-question 1: Which factors (both input and output) should be considered in the performance 

measurement system to appropriately measure and steer performance? 

Tompkins and Smith (1998) stated that maximizing the effective use of space, equipment and labor 

are the objectives to define a successful warehouse, which is included in the research of Hackman et 

al. (2001). More recently, De Koster & Balk (2008) and Johnson & McGinnis (2010) developed a 

measurement system based on Hackman et al. (2001) with discussions applicable to their own 

situation. Deciding input and output factors are highly dependent with the specific scenario. 

Therefore, it is proposed to also root the thesis in the research of Hackman et al. (2001) and develop 

the system that suits for the current situation. 

Sub-question 2: How to categorize warehouses so that they are comparable for the purpose of 

target setting and benchmarking? 

Van Donselaar et al. (1998) pointed out that the good segmentation between different operations 

are essential for the measurement success and the segmentation should be more based on their 

way of operations than their performance. Looking from an aggregate view, operations and 

processes in warehouses are more or less identical. Looking closely, however, there are no two 

warehouses with the exact same operations due to various reasons including the environment, the 

market or the product, etc. Therefore, it is proposed to identify factors that have enough influence 

on warehouse operations as a whole. For example, as mentioned by company managers, operations 

under automated and manual systems are too different to be able to compare.  

Moreover, considering that uncontrollable factors cannot be changed in the short term, 

Banaszewska et al. (2012) suggested differentiating controllable and uncontrollable input factors in 

benchmarking process for a more accurate result. Although this segmentation is not applied for the 

purpose of categorization in Banaszewska et al. (2012), it brings the idea that only uncontrollable 

factors should be considered for categorization so that controllable factors can be compared and 
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benchmarked within a category. The level of automation and space are popular segmentations 

proposed in literatures (see Hackman et al., 2001; Banaszewska et al., 2012).  

Research question 2 

As mentioned before, currently the best practice is set as the target for all warehouses, which could 

be problematic since the target sometimes is not achievable. Hence, the second research question 

will focus on the target setting process. 

 How to set KPIs targets for warehouses so that they are proper and achievable? 

Through the literature study, it can be found that data envelopment analysis (DEA) has been widely 

and successfully applied in the case of target setting in distribution centers, 3PL and transportation 

operations. It can be said that this method has dominated the research field of quantitative target 

setting and benchmarking in recent years. The DEA approach can fulfill the requirements of the 

company for several reasons. 

 It is able to estimate the production frontier without any priori assumptions, which is 

important for warehouse operations since there is little such assumptions in literatures 

(Bogetoft & Otto, 2010) 

 It can incorporate multiple inputs and outputs factors to generate the “best practice frontier” 

through which targets can be set 

 It can calculate an “efficiency score” through which warehouses can be compared or ranked 

 The combination of the DEA with statistical methods enables the analysis of the impact of 

certain operations on the performance 

 The concept is easy to understand so that the result can be better understood 

 The process can be automated in Excel workbook, which needs little effort to be integrated 

in the company’s current work process 

Considering the previous successful applications of the DEA and its advantages from the company 

management point of view, it is proposed to apply DEA for the target setting process. 

Research question 3 

The last research question focuses on the benchmarking process.  

How to benchmark warehouse operations in order to ensure continuous improvement? 

This process highly depends on the “efficiency score” generated through the DEA approach. Ranking 

warehouses is a way to demonstrate the gap between the current performance and the best 

practice. Other studies have examined the impact of size (space), level of automation and regional 

differences on performance. This analysis can help to understand reasons of differences and find out 

which actions are recommended to take to generate a better performance in future years. Especially, 

these analyses are proper under the global scope of the problem since it can provide guidance 

without detailed and comprehensive analysis of each warehouse’s operational processes. 

1.4 METHODOLOGY 
First, the framework developed in Elmuti and Kathawala (1997) as shown in Figure 3 will serve as the 

basic framework for benchmarking. The target setting process is part of the framework as can be 

seen in Figure 3. Based on this benchmarking process, a benchmarking process framework that could 

answer research question 3 will be developed.  
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Figure 3 Benchmarking framework (adapted from Eimuti and Kathawala) 

Secondly, the DEA approach will be applied in the target setting process including quantitative 

performance measurement and comparisons. The DEA approach is a linear programming 

methodology that is able to identify the best practice by calculating the “efficiency” based on 

multiple input and output values. For the detail description of the DEA approach, please refer to 

Chapter 2.  

Lastly, statistical data analysis will also be applied in the research to discover hidden connections. 

There are two stages where data analysis is essential. The first one is the data collection where 

missing data or outliers exists, and the data analysis could generate a high quality data set to 

enhance the result quality. The second one is the last stage where data analysis is utilized for 

discovering useful information and suggesting conclusions from data generated. There are some 

analyses that have been done in the literature, which can also be applied in the thesis. Pearson 

correlation analysis can be applied to identify factors with high correlation (Banaszewska et al., 

2012). Regression analysis is a common method used in literatures to estimate relationships 

between variables (Johnson & McGinnis, 2010). Besides that, interviews and qualitative analysis are 

also applied to ensure a comprehensive analysis of the performance. 
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2 CURRENT PERFORMANCE ANALYSIS 

As already mentioned in the the problem decription, the current performance measurement system 

solely measures the perfomance regarding human resource. The previous literatures have pointed 

out that space and equipment are two more important inputs. The information of the space is 

relatively easy to acquire. Information for the equipment is more complex since it involves different 

types of equipments and it is difficult to aggregate them into one single indicator.  

As suggested by various literatures, data envelopment analysis is a proper approach to deal with 

multiple inputs/outputs performance analysis. Therefore, in this chapter, a comparison between the 

current performance measurement system (only human resource efficiency is measured) and the 

DEA approach will be conducted. A current performance analysis based on the DEA approach is also 

discussed. This is the first level of the benchmarking process as shown in Figure 4. In this analysis, 

the warehouses to be compared are assumed to share enough similarity as it is in the current 

benchmarking processes.  

Warehouses in scope

Return ProcessInbound Process

Picking Process Packing Process

Outbound Process

Total Process

 

Figure 4 First level of benchmarking process 

2.1 SCOPE 
According to Elmuti and Kathawala (1997), the first step of benchmarking concerns which funtions 

should be benchmarked (see Figure 3 in chapter 1). The company has clearly stated that operational 

performance in warehousing is of their interest. However, an important question would be which 

warehouses and which operations should be benchmarked. The company has overall ninety-eight 

warehouses listed around the world among which many warehouses are not attracting management 

focuses. For small warehouses outside the management focus, the data update is hard to achieve. 

Another barrier that comes along with less management focus is the data availability. The very 

important data source for benchmarking, man hour, is captured manually by warehouses. 

Considering the high workload for submitting data manually every month, the data submission is not 

compulsory for every warehouses. Due to factors mentioned, it is reasonable and important to 

identify warehouses in scope by considering management decisions, data availability and warehouse 

size.  

Regarding warehousing operations, the main interests lie in operations which are already identified 

by the company in current documents including inboud, picking, packing, outbound and return 

operations. It is important to see whether these identified operations have a comprehensive 

reflection of the warehousing processes. Discussions of warehouses in scope and KPIs in scope will 

be elaborated in section 2.1.1, and section 2.1.2 respectively. 
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2.1.1 Warehouses scope 

Among ninety-eight warehouses, there is one that will be moved and five are integrated with other 

warehouses, which leads to a total number of independent warehouses of ninety-two instead of 

ninety-eight. Moreover, there are two warehouses located at the same site but with different 

functions, such as CW or DC. These warehouses are separated logically but physically they are 

identical. Only one of the identical warehouses is included since they share the same management, 

the same human resource, same operations and same processes, etc. Therefore, in total there are 

ninety-one independent warehouses documented. 

Management decision 

Stakeholders are asked to provide their opinions regarding which warehouses they are interested to 

perform the benchmarking analysis. The decision is made mainly based on experience, and daily 

delivery volume is also a consideration. The argument is that for small volume warehouses which are 

mostly located at less important market regions and outsourced, it is not worthy to spend time 

requiring the information update, and it is also not profitabal to put much effort on their 

improvement at current stage. From another perspective, efficient global communications are 

always difficult to  achieve. Thus, it is resonable to leave out small warehouses at current stage and 

focus on more valuable warehouses.  

Warehouse size 

Warehouse size can be measured both by space in square meter or by volume in daily delivery lines. 

Space varies from 60 m2 to 14,000 m2, while volume varies between several lines to 9000 lines. 

There is a high correlation (see Table 11 in Appendix, section 1 for the Pearson correlation test result) 

between these two, which is reasonable since larger warehouses are expected to have higher 

delivery lines per day. From the management point of view, volume is a more meaningful indicator 

than space as volume can reflect sales.  

After comparing warehouses in scope suggested by managers with their respective daily volume, it is 

discovered that most warehouses left out are those with daily volume lower than 100 lines/day. 

Interestingly, many warehouses are clustered below 100 lines/day (see Figure 26 in Appendix, 

section 1) and they do not generate great values. Thus, 100 lines/day is a reasonable threshold that 

can differentiate less important warehouses from the important ones.  

Under the consideration of management decisions and warehouse size, fifty-nine warehouses are 

included. Note that if warehouses have no data regarding the warehouse size, the warehouse space 

is considered (warehouses below 100 lines/day are generally smaller than 500 m2). In total, fifty-

eight warehouses are included. Only one warehouse that has small size lies in the company’s 

interest. The reason is that this warehouse is located at a promising market region with the 

expectation to expand in the near future. 

Data availability 

Data availability is another essential factor to consider because not only the DEA method highly 

depends on the data, but also no matter which benchmarking method is applied, data should be the 

basis as long as a quantitative benchmarking is needed. Note that in this analysis, there is also data 

that needs to be captured regarding categorization parameters (see Chapter 3). Therefore, the data 

availability here only concerns data tracked by information system and updated through monthly 

manual updates. 
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The company currently adopts scorecard as a management method in which performance 

(lines/man-hour) are calculated. Man hour, which needs monthly manual submission, is compulsory 

only for thirty-eight warehouses because these thirty-eight warehouses are considered to have 

better performance and generate more values than the others. In some regions, the data is captured 

only for the best warehouses.  

Consequently, there are sixty-eight warehouses which have at least the data for performance (e.g. 

lines/month), and thirty-eight warehouses that have also manually updated data. The other 

warehouses with no data available are excluded. 

2.1.2 Operations in scope 

Warehouses operations can be generally differentiated into inbound and outbound processes which 

most of time occur at different time period as shown in Figure 5. Goods storage does not involve 

much operations but instead requires inventory management, pick-face profile management and 

special care for dangerous goods.  

In the inbound operation, the process can further be seprated into goods receiving and put-away. 

For goods receiving, workers break pallets, separate goods according to their storage position, or 

scan the ID to match goods with storage boxes (the process is not entirely the same due to special 

constraints in each warehouse). Put-away is closely followed by goods receive where workers put 

received goods to storage locations. The inbound process can be conducted by a smaller group of 

people than outbound process in general. One special operation in the inbound region is the return 

process during which experts check the quality of products that have been returned from customers 

and decide whether they are able to be sold again. This process is seperated from other processes 

and takes longer time to finish as sometimes it involves other functional departments such as 

customer service. 

The outbound process, which is of most importance in the warehouse, involves picking, packing and 

loading processes. The picking area is also the largest area in the warehouse where routing is an 

essential topic if the warheouse desires to be efficient. The picking process is largely influenced by 

the warehousing technology since the automated equipment can help picking without human work 

or it can reduce a great portion of the work. 

At packing stations, picking lines are combined into order lines and packers perform the final 

inspection of the item, quantity etc. The customer delivery notes and special stickers (e.g. dangerous 

goods notice, express delivery notice etc.) are affixed to the package. The value-adding service such 

as fleet management and engraving are also performed during the packing process. Some 

warehouses have special packing stations for fleet management, some incorporate fleet packing into 

normal packing stations. 

These processes are able to reflect the warehouse operations comprehensively. Considering that 

goods receiving and put-away are generally small processes compared to the picking and packing, 

they are measured together by the inbound process. In conclusion, the target performance are 

inbound, return, picking, packing, outbound and total performance. 

From a time perspective, the target setting process should focus on the annual performance in order 

to provide enough guidance and avoid variance happened due to holidays, seasons, etc. Notice that 

currently the monthly data submission has not exceeded one year yet. The data used in the thesis is 

from monthly data in the year of 2015. 
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Figure 5 Warehouse operations flow 

2.1.3 Summary 

Warehouses are labeled with different priorities based on their size, data availability and 

management suggestions. The target setting process should be different for each priority since 

without enough data and management focus, the complex and quantified benchmarking process is 

not realistic. The analysis in this thesis is only focused on Priority 1 which has enough data to be 

applied.  

The three factors, warehouse size, daily volume and management decisions, are highly correlated 

with each other. This fact can be interpreted and explained as: the small volume leads to less 

management focus, and less management focus will further lead to a low data availability which  

reduce the improvement opportunity, and in return the bad performance together with small 

volume will furthuer reduce the management focus. Figure 6 demonstrates the portion of each 

priority in all warehouses. Priority 1 and Priority 2 together occupy sixty percent of total warehouses.  

 

Figure 6 Warehouses priorities 

 

Figure 7 Information for each priority 
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Figure 7 provides the information of warehouses regarding their average surface, capacity and daily 

volume. Warehouses in Priority 2 have the potential to be moved to Priority 1, while warehouses in 

Priority 3 have rather small values and also capacities. Therefore, for future development, 

warehouses in Priority 2 should be required for manual data submission and warehouses in Priority 

3 should not be considered if there are no expensions. Once again, all the analyses in this thesis are 

applied only to warehouses in Priority 1. 

2.2 DATA ENVELOPMENT ANALYSIS 
Data envelopment analysis is a non-parametric method applying linear programming to estimate 
production frontiers. It has been widely used in warehousing benchmarking as summarized in 
section 1.3. Efficiency scores are generated from the DEA approach using basic linear programming 
methods. When efficiency scores are 1, DMUs are considered as efficienct. All efficient DMUs consist 
of the best practice frontier which is the current best performances that can be reached by DMUs. 
With the “effciency” above or below 1, it means that there is still space to reach the frontier and the 
number means the distance between current performance and the best practice. For example, a 
efficiency score of 1.37 means that 37% improvement are needed to reach the best practice frontier.  
 
For the model with only one input and output, the calculation is rather simple. The model first 
calculates the value of efficiency of each DMUs (output/input). By maximizing the 𝜃𝑜, the model is 
searching for the highest ratio of other DMUs’ efficiency to its own efficiency. For instance, suppose 
the highest efficiency is 20 belonging to DMU1 and the current DMU has efficiency of 18, the highest 
ratio will be 20/18=1.11. When there are multiple inputs and outputs, there will be new variables 
that serve as weights for each inputs and outputs involved but the calculation follows the same logic. 
The model is still finding the highest ratio by changing weights. 
 
The concept of the efficiency is similar to the  frontier concept to a great extent. The efficiency is 
defined as relative efficiency meaning a DMU is efficient based on available evidence if and only if 
the performances of other DMUs does not show that some of its inputs or outputs can be improved 
without worsening some of its other inputs or outputs (Bogetoft and Otto, 2010).  
Figure 8 demonstrates the basic concept behind the DEA approach where multiple inputs are 

consumed to produce multiple outputs and the “efficiency” is used to capture how efficient the 

production is made.  

2.2.1 DEA model 

In this thesis, global warehosues are DMUs denoted by 𝑘(𝑘 = 1,2,3 … … 𝐾) . Warehousing 

technology is represented by 𝑆 = {(𝑥, 𝑦)|𝑥 𝑐𝑎𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 𝑦} where 𝑥 = (𝑥1, 𝑥2, … , 𝑥𝑁) is the vector 

of 𝑁 inputs and 𝑦 = (𝑦1, 𝑦2, … , 𝑦𝑀) is the vector of 𝑀 outputs. Provided the observed data for 

warehouses, the dataset {(𝑥𝑘 , 𝑦𝑘)|𝑘 = 1,2,3, … , 𝐾)} denotes all currrent production realities. 

 

 

 

 

 

2.2.1.1 Assumptions 

Assumptions including the basic assumptions made by the DEA approach and assumptions made 

under consideration of the real situation are listed in this sub-section.  

x1 

… 

xN 
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y1 
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yM 
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Figure 8 DEA approach concept 
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1) It is assumed that the data are measured and recorded correctly.  

2) It is assumed that warehouses scale is in alignment of regional sales. Considering that the 

output lines in warehouses depend on the regional sales, the measurement of efficiency 

could be not accurate if the capacity and sales are not in alignment. 

3) Unlike regression analysis, no deviation is accounted for frontier estimation in the DEA 

approach. Considering that there is no priori assumption of warehousing production funtion 

and that the potential of improvement is unknown, it is reasonable and meaningful to 

assume previous high performance is not solely resulted by stochastic deviation but should 

be reached again. 

4) Free disposality holds. Free disposality means that it is possible to produce less output with 

the same input, and produce same output with more input, which is obviously true in the 

warehousing operations. 

5) It is assumed that the convexity holds for the best practice frontier in warehousing 

operations. This assumption reflects the nature of warehousing operations. 

6) Additivity is assumed, which means that, it is possible to produce the sum of output when 

adding input together. In the field of warehousing, this is a natural assumption since when 

combining man-hour and space of two warehouses, the produced output is of course added 

together. 

7) DMUs have the same access to the same technology. From a general perspective, this 

assumption is true as all warehouses apply warehousing technology and produce same 

outputs with same inputs.  

8) The frontier is estimated with the assumption of constant returns to scale (CRS). Constant 

returns to scale is a concept rooted in classic economics and is differentiated from variable 

returns to scale, which provides the assumption of the production frontier shape. Under 

constant returns to scale, a proportional increase in inputs lead to proportional increase in 

output. Warehousing output depends on number of orders or sales largely, while 

warehousing input is often in alignment with the output level during design phase (see 

assumption 2). Therefore, considering the property of warehousing operations, proportional 

increase of input should be assumed to lead to proportional increase of output. 

9) Output orientation is assumed. Normally warehouse operations benchmarking is applied 

under the input orientation in previous literatures. However, due to management purposes 

and possible legal regulation in some regions (e.g. labor regulation), improving output level 

is decided to be the direction. This assumption is also in alignment with assumption 6) which 

indicates that output improvement is not expected to be constrained by sales growth. 

Besides, the number of DMUs is a constraint for DEA approach, which needs special attention before 

applying it. DMUs will all be considered efficient if there is not enough number of them due to the 

nature of the DEA approach. The proposed rule of thumb is at least 3 times of number of input and 

number of output together. Therefore, in order to acquire useful result, the total number of inputs 

and outputs should be less than five.  

2.2.1.2 Inputs and outputs 

Hackman et al. (2001) pointed out that human resource, space and equipment are three main inputs 

for warehouse operations among which space and equipment are easily neglected by companies 

since the investment is made during the warehouse setting up phase. Hackman et al. (2001) 

considered the inputs through a finicial point of view from which it can be seen that the space, 

equipment and human resource occupies most of warehouse cost. On the other hand, from 

operations point of view, these three inputs are also important since they are able to reflect 
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whether the warehouse operations are designed in a way to maximally utilize the resources and thus 

show the improvement potentials.  

Human resource measured by man hour is the first input. The company has established a 

standardized way of capturing man hour. This standard has separated man hour into operation 

hours, administration hours and maintenance hours. On the other dimension, man hours are 

differentiated into each process such as inboud hours, outbound hours which capture operation 

hours and administration hours for each process.  

Space is measured in square meter which tracks the operation area for each process. There is 

currently no information for operations space and neither the standard for space capturing in the 

company. Considering that the space is needed for the purpose of measuring operation efficiency 

instead of financial efficiency, space cannot be measured simply based on the ground area of 

warehouses. Instead, a questionnaire is developed (see Appendix, section  2)in this thesis in order to 

capture the correct information regarding the space. The questionnaire mainly considers the  actual 

operations area and it is able to take into account two floors situation. For instance, in warehouses 

with two floors, it is not suitable to only count ground floor nor to simply count twice of ground floor 

since high cranes may not have two floors for operations. Space is also measured for each process 

separately. 

The equipment is not included in the model considered as an input due to the complexity of 

equipment involved and the lack of DMUs. In previous lieteratures, the equipment has been 

measured simply by number of forklifts (Hackman et al., 2001), arregated into equipment costs 

(Johnson and McGinnis, 2010) or measured in categories (De Koster and Balk, 2008). In the company, 

warehouses adopt different warehousing technology with many variants (see section 3.1.1 for 

details). The investment of the warehouse equipment is not easily reachable, and considering the 

purpose of operations benchmarking, the involved financial perspective could seem unrelated to 

shop-floor workers. Therefore, the equipment is categorized based on their impact on actual 

operations in the thesis. However, due the the constraint of DEA approach (see section 2.2.1.1.), 

adding one more input could lead to less desireable result, it is decided to reflect equipment input in 

the benchmarking process as a categorizaion parameter which will be discussed in section 3.1.1.   

Delivery lines are the main output produced in a warehouse. Considering that warehouses are 

benchmarked in the individual process, delivery lines in each process are measured as inbound lines, 

picking lines, packing lines, return lines, outbound lines and total lines respectively. Lines are 

measured at SKU level instead of order level as one order generally need one more picking or 

packing processes. These delivery lines represent the quantity but the quality is not reflected by 

them. Therefore, inventory accuracy should also be considered as an indicator for warehouse 

operations’ quality. The inventory accuracy is the direct way of measuring how many mistakes are 

made during the whole process. However, after a examination of the current inventory accuracy, it is 

found out that all warehouses have very high accuracy (around 98%) and the differences between 

warehouses are at most 3%. Thus a measurement of inventory accuracy is not necessary. 

Another perspective of warehouse operations that has been mentioned in broad literature is the 

flexibility (e.g. Beamon, 1999; Gunasekaran and Kobu, 2007). However, flexibility is more an KPI on 

strategy level benchmarking instead of operations level (Gunasekaran et al., 2001). Therefore, it is 

decided to keep benchmarking on operations level and leave out flexibility in the model. 

The relative efficiency of the warehouse 𝑜 (DMU 𝑜) can be calculated in the following way by 

changing values of  𝜃𝑜and λ1, λ2 … λ𝑘.  
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𝑀𝑎𝑥 𝜃𝑜 

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 

 𝑥𝑜 ≥ ∑ 𝜆𝑘

𝐾

𝑘=1

∙ 𝑥𝑘 

𝜃𝑜 ∙ 𝑦𝑜 ≤ ∑ 𝜆𝑘

𝐾

𝑘=1

∙ 𝑦𝑘 

 

𝑤ℎ𝑒𝑟𝑒 

 𝜃𝑜:     𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑟𝑒𝑠𝑢𝑙𝑡 𝑜𝑓 𝐷𝑀𝑈 𝑜 

𝜆𝑘:     𝑤𝑒𝑖𝑔ℎ𝑡𝑠 𝑜𝑓 𝑒𝑎𝑐ℎ 𝐷𝑀𝑈 

𝑥𝑘:     𝑖𝑛𝑝𝑢𝑡 𝑣𝑒𝑐𝑡𝑜𝑟 𝑜𝑓 𝑒𝑎𝑐ℎ 𝐷𝑀𝑈 

𝑦𝑘:     𝑜𝑢𝑡𝑝𝑢𝑡 𝑣𝑒𝑐𝑡𝑜𝑟 𝑜𝑓 𝑒𝑎𝑐ℎ 𝐷𝑀𝑈 

2.2.2 Model validation 

In order to test whether the model is applicable and is able to provide useful results, the model is 

fun first for one operation. Outbound lines are able to reflect picking, packing and loading process 

and it is provided from information system automatically. Therefore, we select the outbound 

performance for the model validation. 

The model was run with solver in Excel VBA and the results are listed in Table 1. The average of the 

DEA efficiency is 1.90, while the worst performance is 6.35. Figure 9 demonstrates the relative 

position of warehouses where x-axis represents space efficiency and y-axis refers to human resource 

efficiency. Warehouse WH28 and WH5 are considered to be on the frontier (𝜃 = 1) by the DEA 

approach as the goal is to improve efficiency and the frontier is desired to move towards upright 

direction.  

Table 1 DEA results of current performance 

Rank Name 𝜽 Efficiency 
space 

Efficiency 
man-hour 

Rank Name 𝜽 Efficiency 
Space 

Efficiency 
man-hour 

1 WH28 1.00 14.16 36.90 15 WH33 1.59 9.44 22.24 
2 WH5 1.00 37.08 22.25 16 WH17 1.61 4.41 22.89 
3 WH4 1.02 12.17 36.13 17 WH24 1.62 8.48 22.80 
4 WH32 1.03 25.48 27.96 18 WH15 1.74 7.10 21.22 
5 WH27 1.04 14.22 34.30 19 WH18 1.75 3.13 21.10 
6 WH22 1.17 7.28 31.62 20 WH23 1.78 7.76 20.73 
7 WH13 1.19 23.62 21.84 21 WH16 1.96 6.01 18.79 
8 WH20 1.22 9.54 30.32 22 WH30 2.12 6.68 17.35 
9 WH29 1.25 7.58 29.62 23 WH31 2.14 10.27 13.75 

10 WH19 1.31 11.66 26.63 24 WH10 3.08 4.47 12.00 
11 WH25 1.34 9.64 27.61 25 WH35 3.28 4.03 11.24 
12 WH1 1.39 9.61 26.48 26 WH38 3.32 3.94 11.13 
13 WH8 1.40 12.69 22.91 27 WH34 3.98 3.34 9.26 
14 WH21 1.59 6.98 23.20 28 WH2 6.35 1.54 5.81 

 

Specifically, WH2 has attracted the notice of company managers by its bad performance. WH5, 

although currently there is no measurement for space efficiency in the company, is well known for 

its small space and high efficiency. WH34 and WH35 are two warehouses that locate at South 

American. Their performances are also not satisfactory enough, which is consistent with managers’ 

opinions. Most of the warehouses that cluster in the middle locate at North America. The land cost 

there is cheaper and these warehouses mostly have more than enough space, which could be the 
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reason for their relatively lower space efficiency. WH4, WH27 and WH32, stand closely to the best 

practice frontier, are three well performing warehouses located in the Europe. In general, the 

positions of warehouses’ performances are in alignment with managers’ opinion. Therefore, we 

conclude that the DEA approach is able to reflect the performance and identify best practices taking 

into account two important warehousing inputs, namely human resource and space. 

 

Figure 9 Warehouse performance 

2.3 RESULTS 
We then apply the validated DEA model for inbound, picking, packing, return and total performance 

benchmarking. First, a comparison is made between the current measurement system and the DEA 

approach. Figure 10 shows the rankings for total performance from two systems. The lower position 

indicates a higher ranking. From the figure, we noticed that warehouses that rank low in current 

measurement system also rank low in the measurement system developed in the DEA approach. 

Similarly, warehouses with higher ranks in current system also rank high in the DEA system mostly. 

However, warehouses that rank in the middle experience greater differences under the DEA system. 

It can be seen that after introducing the space efficiency into the measurement system, the rankings 

are indeed different and the new dimension can bring new information to the system. 
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Figure 10 Comparison between current measurement system and the DEA system 

Table 2 demonstrates result obtained from DEA approach. The results have slight deviation from 
managers’ expectation since their focus is on lines/man-hour instead of lines/sqm. For instance, 
WH35 is the only warehouse not located in Europe or US but with a high ranking. If looking closely at 
WH35’s performance, it is not difficult to notice that the performance regarding space is much 
better than performance regarding human resource and thus lead it to be on the efficient frontier.  

WH5 has good performances in all processes and position at the top in the total performance. 

Besides, WH4 and WH27 have satisfied performance in most operations followed by WH28, WH8 

and WH13. In general, the top 10 warehouses in all processes are similar from each other except 

WH35. Despite the slight deviation from the current performance measurement system due to the 

introduction of space, the result generated from DEA approach is in alignment with managers’ 

opinions.  

Table 2 Rankings of warehouses by DEA approach 

 Inbound 

process 
Return process Pick process Pack process 

Outbound 

process 
Total 

1 WH20 1.00 WH35 1.00 WH32 1.00 WH19 1.00 WH32 1.00 WH5 1.00 

2 WH18 1.00 WH21 1.00 WH21 1.46 WH5 1.00 WH4 1.00 WH27 1.00 

3 WH24 1.00 WH25 1.00 WH20 1.49 WH13 1.00 WH5 1.07 WH32 1.05 

4 WH19 1.00 WH4 1.00 WH18 1.49 WH25 1.01 WH13 1.24 WH4 1.16 

5 WH17 1.06 WH20 1.01 WH4 1.51 WH4 1.06 WH28 1.32 WH8 1.19 

6 WH27 1.11 WH29 1.09 WH5 1.53 WH16 1.10 WH27 1.37 WH26 1.24 

7 WH28 1.17 WH5 1.15 WH8 1.55 WH28 1.20 WH19 1.52 WH20 1.27 

8 WH26 1.18 WH26 1.22 WH28 1.57 WH26 1.24 WH8 1.62 WH19 1.32 

9 WH21 1.25 WH27 1.23 WH25 1.64 WH8 1.24 WH25 1.68 WH21 1.36 

10 WH5 1.26 WH13 1.26 WH13 1.65 WH18 1.31 WH20 1.70 WH13 1.42 

 

Since it is already known that there are differences between warehouses, the next step should be 

validating whether these differences are influencing operations performance. Considering that the 
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purpose of this analysis is to discover possible impacts of tehcnology on opeartions efficiency and 

mainly managers experience are needed, only human resource efficiency which has already been 

aware among managers is analysed here. Figure 11 scatters warehouses’ performance based on 

current measurement system with man-hour as x-axis and total lines as y-axis. The larger the slope, 

the better the performance (i.e. higher value of lines/man-hour).  

From Figure 11,  it can be seen that warehouse WH32, WH4 and WH27 are three warehouses with 

the highest slope, which represents the highest efficiency. These three warehouses obviously share 

similar technology of warehousing automation system. Surprisingly, warehouse WH1, the one with 

the most advanced techonology, does not have the highest performance. The reason behind could 

be warehouse function as introduced in section 1.1. WH1 is responsible for global replenishment 

during which orders come with high quantity and have to be picked, packed and deliveried in whole 

pallets instead of small parcels. Consequently, although WH1 shares similar technology, its high 

order quantities and high pallet percentage could bring down its efficiency. Note that the efficiency 

is not measured in quantity but in lines. In another words, no matter how heavy one line is, it is still 

measured as one line. The warehouse function is also highly related with order structure since RDCs 

which supply DCs generally have more pallet orders than DCs which only suppy shops and customers. 

Beyond these findings, there are other parameters that cannot be easily seen from the figure are 

under discussion in the company.  

 

Figure 11 Warehouse human resource performances 

2.4 CONCLUSION 
The benchmarking scope of warehouses and operations are defined and the DEA approach is 

described in this chapter. The capabilities of the DEA approach to identify best practices and 

quantify the improvement needed for reaching the best practice frontier are validated by applying 

the DEA in a single operation. Moreover, from the performance results, it can be clearly seen that 

warehouses with automation warehousing systems are performing better in most operations. The 

influence of order structure is also visible from the current performance. Although figures cannot 

demonstrate the influence of every relevant parameters, it is enough to show the necessity of 

categorizations.  
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3 DESIGN OF THE PERFORMANCE MEASUREMENT SYSTEM 

In this chapter, parameters that have influences on performance identified through interviews are 

discussed first, followed by a description regarding the rule of categorizations. Finally, the 

characteristics and performance expectations of each category are analyzed.  

3.1 CATEGORIZATION PARAMETERS 
Through interviews with important stakeholders, several parameters that could influence the 

performance are identified. A throughout description of these parameters is presented first and the 

argument for whether they are included in the model will follow. 

As discussed, the parameters should focus on uncontrollable ones that are caused by the 

warehouses background instead of changeable processes. These parameters are presented in two 

sub-sections, namely warehouse background complexities and business settings.  

3.1.1 Parameters for the warehouse background complexities 

 

Equipment 

Warehouse equipment includes storage equipment, material-handling equipment and internal 

transport equipment, which will be utilized in various warehousing processes. The equipment has 

enormous effects on warehouse efficiency since advanced equipment could largely reduce the 

requirement of human resource, and change the warehousing process as well. In the company, the 

equipment utilized in warehouses is at different levels. There are fully automated warehouses where 

robot machines exist and are able to handle high-workload processes like moving goods to pallets in 

another standard according to country regulations. In some warehouses, fully automated packing 

stations also replace much human work while in other warehouses packing have to be performed by 

workers one by one which not only leads to a high man-hour but also a higher error rate.  

Automated warehouse equipment is generally expected to generate higher efficiency but involves 

higher cost on the other hand. However, in some cases, highly automated equipment could lead to 

low efficiency due to machine constraints. For example, some warehouses are adopting automation 

systems installed decades ago. The original design does not match the current situation anymore, 

and high maintenance cost is involved. Consequently, the equipment should be one of the 

categorization parameters. The reason of considering equipment as a parameter for categorization 

instead of an input of the DEA model has been explained in section 2.2.1.2.  

Information system 

Information systems that are adopted in warehouses include enterprise resource planning system 

(ERP), warehouse management system (WMS), inventory management system (IM), etc. They track 

all kinds of daily data in order to assist warehouse management. For warehousing operations, the 

most influential systems are WMS and IM as WMS is able to tell workers where to find a certain 

good while IM is only capable for recording the amount of goods in stock. In another words, workers 

in warehouses with only IM system need additional documents to assistant performing picking 

operations. The IM system also restricts the pick-face profile management in the way that workers 

need to remember different locations each time when pick-face profile are changed. It can be seen 

that the WMS is able to largely reduce the complexity of picking process.  

Information system is an essential parameter that would influence the operational efficiency. 

However, unlike the automated equipment that could largely reduce the flexibility, information 

system is the trend for business that benefits companies. Most importantly, all warehouses that are 
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in the management focus right now possess warehouse management systems. Therefore, a category 

based on information system is not proper at least during the current stage. Whether to include it in 

the future depends on how information systems have developed for warehouses. 

3.1.2 Parameters for the business settings 

 

Product mix 

The company provides products in more than 10 systems including measurement, diamond system, 

anchor system, etc. Under each system, there are dozens of sub-categorizes of product types. The 

product range differs from region to region in general. Although the product range is wide, one type 

of product can be clearly distinguished from the others: the channel products. Channel products are 

long and heavy, and they do not fit into the standard shelves or cranes. The internal transportation 

of this kind of products also involves special operations. For example, forklifts have to move 

sideways because that the lengths of channel products are sometimes longer than the width of the 

aisle. Therefore, every process for channel products from inbound to outbound requires longer time 

and more effort than standard products. However, channel product lines are not clearly separated 

from current performance measurement system.  

Moreover, in several regions, channel products are stored at an external warehouse with a different 

location. The responsibilities for these external warehouses are also not clearly defined. For some 

managers, external channel warehouses are not part of their responsibilities, and data regarding 

external channels is not reported; while for the others, external warehouses are also operated under 

managers’ control and thus channel products data is reported monthly together with standard 

products. Channels that are less than two meters can be treated as standard products sometimes in 

warehouses since for transportation carriers, trucks do not have to be opened from the side to load 

channels. Channels that are longer than two meters need special operations during loading and 

unloading processes. 

On the one hand, warehouses with channel products could have a lower performance than they 

actually are. On the other hand, warehouses without channel products would miss opportunities to 

improve since the performance could be overrated. Consequently, considering channel products 

separately in the measurement system is a key for correctly measuring the warehouse performance.   

Value-adding service 

Value-adding service is another parameter that differs from region to region. Fleet management is 

one example that falls in this category. Customers can lease tools with their own company labels 

instead of buying them. In the warehouse area, fleet management has special operations in the 

packing area in which tools need to be cleaned first; labels of the corresponding company will be 

printed and labeled. Engraving is another service that mostly comes along with fleet management 

but can also exist individually. The whole process takes roughly twice of time as the normal packing 

process, fleet lines that involves engraving service take even longer time.  

Another example of value-adding service is the cutting and the kitting services for channel products. 

As mentioned, the lengths of most channel products are long. In market regions where cutting 

service is provided, customers can do the cutting by themselves or they can order channels with the 

length they desire. This process is a make-to-order process and thus the lead-time for cutting service 

is longer. There are also some regular customers who order same products regularly that can be 

predicted. In most cases, however, the process can only start after receiving the order including the 

details of desired length.  
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Kitting service is often provided along with channel products. Different kinds of small accessories 

used on channel products are repacked together in a small box. Customers do not need to order 

each of accessories in large quantity anymore. Instead, they can simply order these repacked boxes 

with the exact quantity they need. This service involves the process of unpacking and repacking 

which are all conducted manually. 

The value-adding services need more input resources to process one line. Nevertheless, in the 

current performance measurement system, there is no documentation for the value-adding services 

range. This is an important parameter since providing value-adding services would increase 

customer satisfaction and generate profit, which are aims of the company (Christopher, 2005). 

Order structure 

Depending on order weights, goods can be transported on pallets or in boxes, which involves 

different levels of effort. In addition, customers can order a whole pallet of one product. For this 

pallet picking process, workers need to spend more time to bring down one pallet from the top of 

shelves as normally whole pallets are stored at upper levels of shelves. Likewise, due to the high 

quantity, pallet lines consume more human resources in the process of internal transportation, 

packing, loading, etc. The order structure is also able to reflect functions of warehouses grounded 

that more pallet orders are expected for RDCs than DCs (see section 1.1 for the difference between 

RDCs and DCs). The impact is hard to quantify since it influences multiple processes in diverse ways. 

Consequently, the reasonable decision is to form categorizations taking into account the order 

structure.  

Beside the abovementioned parameters, several parameters have been considered but are not 

applied due to several reasons. In some regions, there are special legal requirements for delivery 

notes that are affixed to packages during packing process. However, after gathering data from global 

warehouses, it is discovered that most warehouses have legal processes needed. Regional culture is 

another parameter that could largely influence warehouse operations implicitly in the sense of 

customer behaviors, value propositions and labor regulations. Nevertheless, it is also impossible to 

quantify the culture for performance assessment. Parameters that cannot be assessed in the model 

will be pointed out to managers as notices when comparing within the category. 

3.2 CATEGORIZATION RULES 
In total, thirty-two categories will be formed with these five categorization parameters, which is not 

practical anymore since only thirty-eight warehouses are with high priority. Considering that the goal 

is to benchmark, the number of categories has to be reduced.  

From the description of the warehouse operations and the product mix, it can be seen that channel 

products are different from standard products in every ways. For channel product operations, there 

is little automated equipment used; the channel area is generally small so that information system 

would only make small differences; only pallets can be used for channel products transportation. 

Moreover, the channel process is less complicated than standard products since there is less product 

variety in channel products. It can be seen that three of the five parameters, automation level, 

information system and order structure, are not relevant for channel products. Consequently, it is 

reasonable to measure channel products individually instead of under same measurement system as 

standard products. Notice that value-adding service is an important parameter for both channel 

products and standard products since it reflects most valuable services and is aligned with 

company’s strategy. 
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Among remaining four parameters, there are no warehouses in Priority 1 applying IM system. 

Therefore, as mentioned, instead of forming separate categories, the difference in information 

systems will be explicitly noted during the comparison process (see also section 3.1.1). In the end, 

three parameters are left forming eight categories for standard products. For channels, the value-

adding service is the main parameter for categorization. There is one more parameter should be 

noticed in channels, the storage location. Storing channels together with standard products could 

lead to inconveniences also for standard products processes, as channels need more space for 

internal transportation and especially for value-adding services. Storing channels in external 

warehouses nearby is the solution for some warehouses. 

Figure 12 demonstrates the categorization system for products developed through the analysis. 

After obtaining categories, characteristics and performance expectation in each category can be 

described. 

 

Figure 12 Categorization parameters structure 

Considering the number of warehouses, it is decided to have two levels for each parameter, namely 

the high level and the low level. Consequently, by applying the structure, eight categories for 

standard products and four categories for channel products can be formed. A questionnaire is sent 

out to global warehouse managers in order to gather information for these parameters (see section 

1 in Appendix for the questionnaire’s details). Figure 13 shows the structure of categories for 

standard products where the red square represents the category with the lowest performance 

expectation (the category: low automation level, high value-adding service and high pallet 

percentage) while the green one refers to the highest performance expectation (the category: high 

automation level, low value-adding service and low pallet percentage).  

For channels, a similar structure can be developed with the expectation that high value-adding 

service warehouses will have relatively lower performance. The expectation for whether channels 

are stored together or separately is not clear. However, moving channels to an external warehouse 

could reduce much inconvenience to the current warehouse. 
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Figure 13 Performance expectation cube 

3.2.1 Rules of categorization 

After the decision for the number of categories is made, thresholds for each parameter should be 

decided as well to properly locate warehouses into categories.  

Automation level 

Equipment in goods receiving, outbound shipping areas (e.g. conveyor) serve more as the 

transportation tool with less impact on the process. On the contrary, fully automated cranes, 

conveyor-picking machines with sorting systems embedded and automated packing machines have 

great impact on the efficiency. Therefore, based on the information gathered from warehouses, 

these three types of automated machines are decided as indicators for highly automated 

warehouses.  

- If there are fully automated cranes, conveyor picking with automated sorting systems or 

fully automated packing machines, the warehouse is considered as highly automated 

warehouse. 

Value-adding service level 

Fleet management and engraving service are two main parts of the value-adding service for 

standard products. Fleet management is a basic value-adding service, and it is provided in many 

countries while engraving only exists in several countries. Considering that the volume of value-

adding services is growing from time to time, the average of fleet management percentage is 

decided to be one of the thresholds. The engraving service is a more advanced service that comes 

after fleet management. In another words, there is no warehouse that only have engraving service 

but no fleet management service. The growth of engraving is slower and currently the highest 

engraving percentage is only 1%. As engraving is highly time-consuming, warehouses with engraving 

services should be considered as a warehouse with level of high value-adding services. Consequently, 

the rule for value-adding service level is as follows, 
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- In total, if the warehouse performs engraving service or has more fleet management service 

than the average of all warehouses, it is considered as a warehouse with high value-adding 

service level 

Order structure (pallet picking percentage) 

Before making the decision about the threshold for pallet picking percentage, it is important to 

describe its distribution among warehouses. More warehouses’ percentages are between 10% and 

20%, while some warehouses have the percentage of around 40%-50%. There are only a few 

warehouses having the percentage between 20% and 50%. The average is about 15%. If the average 

is decided as the threshold, the differentiation between the high/low pallets picking percentage will 

become unclear. After considering the experts’ opinions, the middle number, 25%, is determined as 

the threshold. 

Notice that the pallet picking specifically refers to the operations where pallets are brought down 

during picking phrase and will be shipped as pallet. There are warehouses that perform extra pallet 

picking where the pallet is brought down for picking several goods and then brought back. This 

process is indeed time-consuming but it is resulted from bad warehouse planning instead of the 

uncontrollable order structure. 

- In total, if the warehouse performs pallet picking operations more than 25%, it is considered 

as a warehouse with high pallet picking percentage 

We apply the rules to the available information and in total six categories are formed without any 

warehouses falling into categories of “High automation level, high value-adding services level, high 

pallet percentage” (“HaHvHp”) and “High automation level, ow value-adding services level, low 

pallet percentage” (“HaLvLp”). The numbers of warehouses in each group are shown in Table 3. 

Table 3 Number of warehouses in each category 

1 2 3 4 5 6 7 8 

HaHvHp HaHvLp HaLvHp HaLvLp LaHvHp LaHvLp LaLvHp LaLvLp 

0 4 1 0 3 9 4 17 

 

The single warehouse in the category “HaLvHp”, WH1, is indeed an unique one as it is responsible 

for global replenishment with little direct supplies to customers. Recall that in section 2.3 we 

mentioned that WH1 does not perform well although it has the most advanced automated 

warehousing equipment. The answer is indeed that WH1 has much higher whole-pallet orders than 

the other warehouses with the similar technology.  

One may question that why not to adjust the categorization rules to have balanced numbers among 

categories. The argument is that the result should not be biased by only aiming at finding balanced 

numbers among categories, and instead it should reflect the nature of warehouses. From Table 4 in 

section 3.2.2, it can be seen that the relationship between category “HaHvLp” and “HaLvHp” is 

comparable without clear expectation. In this case, it is more reasonable to compare category 

“HaHvLp” and “HaLvHp” together for benchmarking than changing categorization rules. The 

performances of categories are measured by the DEA approach and will be analyzed in following 

sections. 
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3.2.2 Characteristics 

As presented in Figure 13, the performance of each category can be different due to their 

characteristics. For instance, orders’ sorting is an important part of picking process in manual 

warehouses while in automated warehouses, it is conducted by the system automatically. The 

sorting process in some warehouses is highly time-consuming since workers need to match the order 

number from a bunch of goods belonging to multiple orders. Moreover, since highly automated 

warehouses always have conveyors going through, workers stand at several working stations 

steadily instead of crossing through warehouses with orders. The highly automated warehouses are 

more organized than manual warehouses, but less flexible. Manual warehouses, on the other hand, 

have much more flexibilities as working areas can be changed easily to pursue efficiency. Automated 

warehouses cannot change the layout easily since the working flow is constrained by the design of 

the equipment. Pallets are piled up everywhere in a warehouse with high pallets percentage which 

takes up a lots of space. Value-adding service has more impacts on the involved effort instead of the 

layout of a warehouse. 

Table 4 demonstrates the relationship of performance expectation between groups. The “<” / “>” 

means that group in the row has a lower / higher expected performance than the group in column, 

respectively. The “< or >” shows that they are still comparable but without the clear expectation 

between groups as each category is higher in one dimension but lower in another one. The “-” 

symbol stands for the incomparable situation. For example, “HaLvHp” and “LaHvHp” is not 

comparable since the diffidence between automation levels has made the warehouse settings 

completely different from the other. The logic behinds this matrix is as follows, 

 If warehouse x and y are different in only one dimension, 

o The performance can be compared by this dimension  

o Rules: Ha > La, Hv < Lv, Hp < Lp 

 If warehouse x and y are different in 2 dimensions, 

o If x and y are different in automation level, 

 Not comparable 

o If x and y are same in automation level, 

 Comparable without clear expectation 

Table 4 provides guidelines when there is not enough number of warehouses in the same category. 

Considering the small amount of warehouses, it often happens when only one or two warehouses 

are in the same group. In that case, with this guideline, it is possible to combine groups together to 

set targets. For example, when combining category “HaLvHp” and “HaLvLp”, it is clear that 

performances of warehouses in the category “HaLvLp” should be higher than performances in the 

category of “HaLvHp”. In addition, Table 4 helps to guide the best practice in categories to improve 

by comparing its current performance with its expectation. 
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Table 4 Performance expectation 

 1 2 3 4 5 6 7 8 

 HaHvHp HaHvLp HaLvHp HaLvLp LaHvHp LaHvLp LaLvHp LaLvLp 

HaHvHp - < < < > - - - 

HaHvLp  - < or > < - > - - 

HaLvHp   - < - - > - 

HaLvLp    - - - - > 

LaHvHp     - < < < 

LaHvLp      - < or > < 

LaLvHp       - < 

LaLvLp        - 
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4 PERFORMANCE ANALYSIS UNDER CATEGORIZATION 

This chapter extends the performance analysis to the next level (see Figure 14) where warehouses 

are categorized based on parameters identified in chapter 3 to reflect their heterogeneity. The 

performance analysis is conducted within the category and between categories. 

Warehouses in scope

Return ProcessInbound Process

Picking Process Packing Process

Outbound Process

Total Process

Categories
 

Figure 14 Second level of the benchmarking process 

4.1 TOTAL PERFORMANCE 
Figure 15 shows the results of all warehouses for total performance in the most recent period (note 

that not all DEA efficiency values are provided due to the reason that data are clustered close). Each 

category has a different legend in the graph and the number next to the point represents the 

efficiency score generated from DEA approach. Data points that located at axles are warehouse with 

only part of data is available currently, and “no category” is for warehouses without answering the 

questionnaire. 

It can be seen that indeed “HaHvLp” is generally performing better than other categories. In the 

category of “LaLvLp”, WH20 (efficiency score is 1.27) is the best one while it is ranked only at 

seventh if compared with all warehouses. Likewise, WH24 (1.58) is ranked at the top within the 

group but it is not even inside the top 10 warehouses in all warehouses. Another interesting finding 

is that category “LaLvLp” is supposed to have the highest average efficiency in all “La” warehouses, 

but currently only a few warehouses has a sufficient performance and most of warehouses in this 

category are clustered at low performance area. The performance of category “LaHvLp” also needs 

improvement as it is expected to exceed the performance of group “LaHvHp”. Warehouses with high 

pallet percentage are clustered at around the area of medium performance.  
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Figure 15 Total performance under categorizations 

It can be seen that some patterns can be identified through the categorization although it is not 

completely clearly. The reason could be the high variance of performance in some categories. Table 

5 shows the average and the standard deviation of warehouses efficiency in each category. By 

comparing with the performance expectations in Table 4 (the green shade indicates that the 

performance meets the expectation while the red shade indicates the less sufficient performance 

compared with the expectation), it is found out that category “LaLvHp” and “LaLvLp” has less 

sufficient performance as they supposed to have higher performances (lower DEA efficiency values) 

than other groups. Moreover, category “LaLvHp” has a high standard deviation, which means that 

the performance margin between warehouses in this category is huge. 

Table 5 Total performance average 

 2 3 5 6 7 8 

Group HaHvLp HaLvHp LaHvHp LaHvLp LaLvHp LaLvLp 

Average 1.17 1.58 1.75 1.28 4.89 2.22 

StDev. 0.18 0 0.22 0.14 4.41 0.95 

Best practice WH32 WH1 WH21 WH5 WH20 WH11 

Best in all WH32 

4.2 INBOUND PERFORMANCE 
The result for inbound performance is demonstrated in Figure 16. Unlike the total performance, the 

performance for categories do not have obvious gap between each other in inbound performance. 

The performance for high automation level warehouses is mixed with other categories, and it is also 

hard to identify the clusters. 
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Figure 16 Inbound performance under categorizations 

The average and standard deviation of inbound performance for each category can be found in 

Table 6. As can be seen, only category “LaHvHp” and “LaHvLp” meet the expectation while other 

categories are below the expectation. Moreover, it can be seen that the average performance of 

categories does not have a large difference as it is in total performance (Table 5). 

Table 6 Inbound process average 

 2 3 5 6 7 8 

Group HaHvLp HaLvHp LaHvHp LaHvLp LaLvHp LaLvLp 

Average 1.87 2.32 1.86 1.52 2.16 2.24   

StDev. 0.45 0 0.90 0.60 1.28 1.21 

Best Practice WH24 

 

The reason behind could be that categorization parameters do not impact inbound process 

performance as they do to total performance. The inbound process consists of goods receiving and 

put-away. No matter what the level of automation the warehouse is, there is unavoidable manual 

work still needs to be done, such as pallet breaking, quantity check, etc. Besides, the value-adding 

services level also has little impact on inbound process since value-adding services are operated 

mainly during picking and packing processes. Therefore, it can be said that although inbound process 

is influenced by the categorization parameters, the influence is not as large as it is in other processes. 

During the benchmarking process, it should be noticed that best practice of all warehouses is also 

meaningful for warehouses beside best practices in their own categories. 

4.3 RETURN PERFORMANCE 
The return process is a relatively independent operation compared with other processes. 

Performances of the return process is shown in Figure 17. Similar as inbound process, there are also 
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no clear clusters of categories. The performances of highly automated warehouses are also not 

dominant. The best practice and the lowest performance warehouse both belong to the category 

“LaLvLp”, which results in a high standard variation. On the other hand, warehouses in category 

“LaHvLp” have performance close to each other. 

 

Figure 17 Return performance under categorizations 

Table 7 shows the average and standard deviation of the return performance for each category. 

Group “LaLvLp” has the lowest performance in terms of average although it contains the best 

practice warehouse. We found another similarity between the return performance and the inbound 

performance in this table: four categories do not meet the expectation and the average efficiency 

values of categories resemble each other. As mentioned in the beginning of this section, the return 

process is more independent than other processes. The influences of the automated equipment, 

value-adding services and pallet percentage are even smaller in this process. The efficiency is more 

influenced by the local customer return handling processes or the expertise knowledge of the 

worker. However, there could be potential influences resulted from value-adding services since the 

returned goods could be in different conditions due to the different level of value-adding services. 

Although the return process is independent in warehousing operations, the connections it has with 

local customer service departments make it difficult to be standardized and thus difficult to improve 

as well. 

Table 7 Return performance average 

 2 3 5 6 7 8 

Group HaHvLp HaLvHp LaHvHp LaHvLp LaLvHp LaLvLp 

Average 2.16 

 

1.95 2.09 2.44 4.24 

StDev. 1.06 

 

0.61 0.78 2.44 2.64 

Best in all WH20 
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Consequently, based on what we discover from the current performance, it can be concluded that 

the influences of parameters do not influence return process largely. Nevertheless, a categorization 

is still necessary to avoid potential influences that cannot be seen from the results or have not been 

found out. Note that local customer service processes that are out of the scope of this research may 

also influence the efficiency of return process. 

4.4 PICKING PERFORMANCE 
The picking process is the main component of warehousing operations. The efficiency of this process 

generally is able to reflect the performance of inventory management, pick face management, etc. 

The influence of categorization parameters could have the highest influence on this process. Figure 

18 demonstrates the performance of picking process under categorizations.  

It can be seen that the clusters are more obvious than the previous two processes. Categories 

“LaHvHp” are clustered all together. Most warehouses in “LaLvLp” are clustered at a less sufficient 

performance region (left-bottom corner). Moreover, the influence of the parameter “pallet 

percentage” can be discovered as most warehouses with high pallet percentage (markers with 

dotted filling) have lower performance than those with small pallet percentage (markers without 

dotted filling). Moreover, it can be seen that there is a huge performance gap between best 

practices and other warehouses. 

Warehouses with high automation level do not have obviously higher performance than those with 

lower automation level. The reason could be that well performing warehouses with low automation 

level could have more flexible warehouses’ layout to deal with changes while high automation level 

warehouses do not have much flexibilities to be adjusted based on new situations. In this case, low 

automation level warehouses could improve the efficiency by adjusting layout but high automation 

level warehouses cannot. This reality indicates that although it is expected that the high automation 

level should have higher performance due to its higher cost, sometimes the expectation could be 

misleading or optimistic.  
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Figure 18 Picking performance under categorizations 

Table 8 shows the average efficiency values of categories. Four categories meet the expectation 

while group “LaLvHp” and “LaLvLp” does not meet the expectation. Each category has its own best 

practice that is different from the best practices for all warehouses. These best practices can be seen 

as targets for other warehouses in the category. The variance of categories “LaLvHp” and “LaLvLp” is 

higher due to the reason that there are more warehouses locating at rather new markets regions. 

Moreover, warehouses with high automation level are obviously performing better than warehouses 

with low automation level. It can be said that the performance in picking process is influenced by 

categorization parameters to a large extend. 

Table 8 Picking performance average 

 2 3 5 6 7 8 

Group HaHvLp HaLvHp LaHvHp LaHvLp LaLvHp LaLvLp 

Average 1.57 1.68 2.37 1.71 2.80 2.60 

StDev. 0.48 0 0.15 0.45 0.79 1.01 

Best Practice WH32 WH1 WH23 WH21 WH22 WH20 

Best in all WH32 

4.5 PACKING PERFORMANCE 
Packing process is the operation directly after the picking process where goods are packaged 

according to local regulations, customer requirements, etc. Value-adding services mostly happen 

during packing process (or starts from picking process if there is a specialized area in the warehouse). 

Pallet packing and parcel packing have great difference as pallets weight much higher and more 

efforts are needed for operations. 
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Figure 19 Packing performance under categorizations 

In packing process, the best practice warehouse overwhelming others on both human resource and 

space dimensions. The automated packing machine could partly explain its well performing. There 

are a few other warehouses having automated packing machine in the category “Ha”, the 

performance of them is not sufficient compared with the best practice. As mentioned, the 

performance of “Lv” and “Lp” are expected to be higher especially in packing process. The influence 

of pallet percentage and value-adding services level are not clear as can be seen from Figure 19 due 

to the high variance of warehouses performance. However, we can still notice that more 

warehouses in the category “LaLvLp” locate at well performing region, which is a sign showing that 

low value-adding services level and low pallet percentage are influencing. 

Table 9 again shows the average efficiency and standard deviation of each category. The 

performance of category “HaHvLp” is also one of the best as it is in picking process. Another best 

performing category is “LaHvLp” with an even lower variance. Category “LaLvHp” and “LaLvLp” are 

still having less sufficient performance mainly due to some relatively bad performing warehouses. 

Table 9 Packing performance average 

 2 3 5 6 7 8 

Group HaHvLp HaLvHp LaHvHp LaHvLp LaLvHp LaLvLp 

Average 1.40 
 

1.57 1.40 2.36 1.97 

StDev. 0.30 
 

0.19 0.23 1.25 0.85 

Best Practice WH4  WH23 WH19 WH22 WH11 

Best in all WH4 

4.6 OUTBOUND PERFORMANCE 
Lastly, the outbound performance measures the overall performance for picking and packing 

processes, which is the most important measurement for warehousing operations. Categorization 

parameters are expected to have the highest effect in this measurement as it reflects the influences 
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on both picking and packing processes. The performance of outbound process is demonstrated in 

Figure 20. Looking at the x-axis, categories with high pallet percentage (i.e. category “HaLvHp”, 

“LaHvHp” and “LaLvHp”) are clustered closely in the middle. Warehouses in the category “LaHvLp” 

are scattered at the area with slightly higher performance than categories with high pallet 

percentage. From the space efficiency perspective, most warehouses have less efficiency on this 

dimension while warehouse WH5 is having the highest space efficiency which his roughly twice than 

the others.  

High space efficiency in outbound process reflects a relatively small surface of the warehouse since 

picking and packing area consist of most of a warehouse’s space. The large surface could reduce the 

efficiency of human resource since there could be long walking distance during the operations. On 

the other hand, the small space could as well reduce the human resource efficiency since it is more 

difficult to organize goods in a good order especially when there is a long queue before the packing 

station. WH5, which has the highest space efficiency, is suffering from such difficulties. 

 

Figure 20 Outbound performance under categorizations 

Recall that in section 4.5, we mentioned that more warehouses in the category of “LaLvLp” locate at 

well performing area. If we look again at Figure 18, Figure 19 and Figure 20, it is not difficult to 

discover that warehouses that have better performances in packing process does not have better 

outbound performances. They are limited by the performance of the picking process. Combined with 

Table 10, it can be seen that best warehouse in picking process is not best practice for outbound 

process as it has a lower packing performance. The bottleneck is limiting the outbound performance. 

As for the group performance, automated warehouses have the highest performance and category 

“LaHvLp” has the second highest performance, which is identical as picking and packing performance 

(category “HaLvLp” is not considered here since it is a unique warehouse). The category “LaLvHp” 

and category “LaLvLp” again have lowest performance and highest variance. 
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Table 10 Outbound performance average 

 2 3 5 6 7 8 

Group HaHvLp HaLvHp LaHvHp LaHvLp LaLvHp LaLvLp 

Average 1.08 1.39 1.68 1.37 2.95 2.31 

StDev. 0.10 0 0.08 0.24 2.01 1.04 

Best Practice WH4 WH1 WH24 WH19 WH22 WH28 

Best in all WH4 

 

4.7 CONCLUSION 
The analysis in this chapter helps to discover how much the influence of categorization parameters 

have on performances, and it helps to visualize the current performance of categories.  

First, inbound and return process are two processes with little impact by automation level, value-

adding service and pallet percentage. The performances of warehouses from different categories are 

mixed in the inbound and the return processes. The average performances of categories are similar 

from each other in these two processes. The reason is that these two processes have less equipment 

involvement, less difference regarding value-adding services and pallet percentage. The influence of 

these parameters is rather indirect and small. Note that there could still be influences since the 

inbound goods variety and quantity could depend on the characteristics of outbound goods. 

For other processes, the influence of automation level is the clearest one as highly automated 

warehouses perform better than other groups and are best practices in many processes. This 

parameter is also the most discussed one when during benchmarking process.  

The impact of value-adding service and pallet percentage can be discovered but not obvious from 

the results. The reason is that in “La” categories, warehouses are located globally with much more 

differences in terms of warehouses development. One cannot simply conclude that the less 

satisfactory performance is due to the high value-adding services level or the high pallet percentage. 

However, most of time, we do see that the well performing warehouses in these categories are 

following the expectations. 

One thing needs to be pointed out is that the current performance highly depends on the location 

which implies the development. For example, warehouses in Europe have developed early and they 

are generally performing better. This is also the reason why the influence of automation level can be 

easily discovered through graphs and tables. The performances of warehouses with high automation 

level are all located in Europe and they already have a better performance after several years’ 

development. For other parameters, there are always warehouses having bad performance that is 

not resulted from the influence of the parameter but the late development or the less management 

focuses.  

The high value-adding service is related to better performance in most of times as can be seen from 

the tables above. Categories “LaLvHp” and “LaLvLp” are not performing well. This is another 

reflection of the late development or the low maturity of market regions. Warehouses located in 

mature markets are developed earlier and provide more services, while warehouses in developing 

markets start late and only provide basic services. 
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Regarding group performance, the categories “LaHvLp” and “HaHvLp” are performing well not 

because that they have the highest performances but that they meet the expectations in more 

processes than other categories. However, the reason could be the less satisfied performance of 

other categories. The performance of the category “LaHvHp” is hard to determine since it is 

expected to have the lowest performance and thus always meets the expectation. Nevertheless, by 

looking at the absolute value of performance, the category “LaHvHp” performs well since it has 

generally better performance than many other categories. 

 

Within each category, some warehouses can be specially identified. WH29 is not performing well 

compared with other automated warehouses in category “HaHvLp” although it has relatively good 

performance among all warehouses. WH28 and WH11 are outperforming within the group but 

cannot be easily identified in the entire scope. Moreover, warehouses located in Asian and Latin 

American on average do not have sufficient performance compared either within group or in whole. 
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5 INDIVIDUAL WAREHOUSE PERFORMANCE 

At the last stage, the performance of individual warehouse is another important component of the 

benchmarking process since the improvement is made on individual warehouse. In this chapter, the 

focus is moved to the performance of operations in individuals. Firstly, performance of individual 

warehouse will be analyzed. Secondly, the relationship between performance and company 

guidance document will be studied to find out whether the guidance has direct influences on the 

performance. Finally, a recommendation will be provided for identifying the improvement 

possibilities. 

5.1 PERFORMANCE OF INDIVIDUAL WAREHOUSE 
For the analysis, the rankings of the best two warehouses of total performance in each category are 

used (warehouses with missing data are left out). Figure 21 is the graph showing rankings of the 

performance, warehouses in the same category have same colors but different shapes. To make a 

clearer demonstration, we take the reciprocal of the ranks in the graph so that the higher value is 

indicating the higher ranking. It can be seen that no single warehouse has high rankings across all 

processes, which means that the difference between performances of each process is large. For 

example, warehouses WH27, WH5, WH32 rank at the top in total performance in their categories, 

but the rankings for other performances are low. Warehouse WH20 has more stable performance 

among processes compared with other warehouses. Therefore, it can be said that although these 

warehouses are the best in each category in total performance, good performances for other 

processes are not guaranteed. On the other hand, good performances in some of processes do not 

ensure the good overall performances. The performances of all processes should be improved in 

order to provide a better total performance grounded that some processes together form a 

workflow where performance of previous workstation will influence the performance of the next 

workstation from human resource efficiency perspective.  

 

Figure 21 Rankings of individual warehouse 
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Figure 22 shows the human resource efficiency across processes of same warehouses as shown in 

Figure 21. The performance of warehouses generally follows a pattern that the return operation is 

the slowest one and that picking and packing are the fastest processes. Indeed, the return process 

needs more knowledge and consumes more time since it involves the decision-making process. 

Picking and packing are two main processes in warehousing operations and the time consumed for 

one line is the lowest since the process is not difficult. The difficulty for picking and packing is how to 

organize the material flow so that lines can be quickly picked, sorted and packed.  

One important issue that can be noticed from Figure 22 is that there is a large margin between 

picking and packing process that indicates an unbalanced workflow, which has already be mentioned 

in the previous chapter. If the picking process is faster than the packing process, there will be a 

queue before the packing station. Therefore, for the improvement of the outbound process as a 

whole, instead of simply improving picking or packing efficiency based on targets, a systematic view 

of these two processes are more important in order to have a balanced workflow and avoid waste 

(e.g. space, human resource, time, etc.). If the workflow is not balanced, the performance of the 

outbound operation will be limited by the bottleneck. Therefore, a balanced workflow can improve 

the outbound performance as a whole. 

 

Figure 22 Human resource efficiency of individual warehouse 

5.2 THE INFLUENCE OF THE MANAGEMENT GUIDANCE 
For the performance management, the company has a document in which best practices are 

documented. Warehouses are required to implement the best practices as much as possible and the 

percentages of implemented best practices are recorded. A linear regression analysis is applied to 

discover the influence of the guidance on the current performance. In this analysis, a R2 value will be 

generated to demonstrate the independence degree between two variables. For engineering and 

physical science, the acceptable R2 value should be between 0.7-0.9, while in social science, the 

value should be around 0.3-0.4 (Hair et al., 2006). Note that there are only thirty-one warehouses 

participating in both warehouse scorecard and the best practice performance management. 
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Therefore, the sample size for the linear regression analysis is not enough. The result obtained 

should be treated carefully. 

After the analysis, it was found out that there is no significant relation between the best practice 

implementation percentage and the performance for the inbound and the return processes (see 

Appendix, section 3 for results). The significant relations between implementation percentages with 

other processes are found. In these processes, only the R2 of total performance is slightly greater 

than 0.4, which indicates an enough fit (warehousing operations do not belong to social science but 

considering their involvement of human resource, management and other many subjective 

parameters, they can be treated as the social science). The results indicate that:  

- a higher implementation of best practices has no significant influence on the performance 

for inbound and return operations; 

- a higher implementation of best practices has some influences on the performance for 

picking, packing and outbound operations; 

- a higher average implementation of all best practices has influence on the performance for 

total performance, and 1 percent of more implementation lead to 0.19 lines growth on the 

performance. 

It can be seen that the guidance is indeed helping the performance improvement but the influence is 

not direct. The reason could be that the current guidance includes more levels than only operational 

level but the measured performance is only on operational level. It is also can be seen that 

warehouses should focus on an overall implementation instead of only focusing on certain process. 

However, once again, considering that the sample size is not enough for a linear regression analysis, 

the results should be treated carefully. 

5.3 IMPROVEMENT POSSIBILITIES 
Through the analysis in this chapter, three improvement possibilities are generated. Firstly, it has 

been found out that no single warehouse is performing as the best for all operations. The 

improvement should be made on the less satisfied processes in order to improvement the entire 

performance since processes are connected with each other.  

The second possibility is trying to balance the workflow and remove the bottleneck. A balanced 

workflow can help reduce the waste of materials, human resources and time. The second possibility 

should be implemented before the first one. As long as the bottleneck exists, it is limiting the 

performance of the entire operations. 

Finally, as the implementation of best practices documented by the company is indeed helping 

warehouses to perform better, it is reasonable to continue implementing more and more of best 

practices as encouraged by the company right now. 

The basis of these possible improvements is the benchmarking process discussed in previous 

chapters. Only when the current position of warehouses and positions of better performing 

warehouses are identified, can the warehouse managers know where the direction is and who 

should be contacted for the experience exchange. Therefore, the bottom level of the benchmarking 

process is a level where benchmarks are interpreted and improvements will be made. Figure 23 

shows the complete process of the benchmarking process where black arrows represent the 

benchmarking process from the top to the bottom and the red arrows showing the improvement 

paths starting from the bottom level of individual processes and warehouse. 
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Figure 23 Benchmarking process 
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6 TARGET SETTING METHODS 

The target setting process is a part of the benchmarking process since targets will be set based on 

warehouses with better performance. The DEA approach itself is a target setting method that has 

been applied in various literatures. Another approach is developed based only on human resource 

input following the logic of the DEA approach. The targets are calculated based on the best practice 

and the average in each category. These two approaches will be described with more details 

together with the analysis of their applications. 

6.1 DEA APPROACH FOR TARGET SETTING 
As described in section 2.2, the DEA approach is able to generate an efficiency score that indicates 

the distance between the current performance and the best practice frontier. Another 

interpretation of this efficiency score is the percentage of improvement needed for a certain 

warehouse in order to reach the best practice frontier. Therefore, this efficiency score can be 

applied as a target that aims at bringing warehouses to the current best practice frontier. For those 

warehouses that are already on the frontier, managers can set targets according to their experiences 

so that the frontier is improving every year. This process is a good representation of the continuous 

improvement. 

One drawback at current application is that the DEA has a constraint of DMU numbers. In this case, 

it is not applicable for the DEA to be applied in each of the group since there are some groups having 

a very small number of warehouses. Therefore, currently, the remedy is to consider the lowest 

efficiency score (i.e. the highest performance) in each category as the target. For example, in a 

category, assuming the lowest score is 1.35, the target for a warehouse with the DEA efficiency of 

1.45 will be 1.45/1.35, which equals 1.07. Therefore, the target for this warehouse is 7% 

improvement instead of 45% improvement. Note that the targets calculated from the DEA approach 

are reflections of two dimensions that indicate the total improvement that should be made on two 

dimensions.  

When applying the DEA approach as the target setting method to warehouses, we found out that 

the targets are not well accepted. The advantage of the DEA approach as a benchmarking method is 

that it measures the performance on two dimensions. However, the targets generated from the DEA 

approach also contain the information for space efficiency (i.e. the targets are set for both human 

resource efficiency and the space efficiency). As mentioned, the company has never measured the 

space efficiency before. An introduction of target setting methods that determines targets for 

warehouses from the space efficiency perspective will lead to confusions. More importantly, as the 

targets will serve as the guideline for not only the managers but also other employees in the 

warehouse, it is unrealistic to apply the targets containing the space efficiency in the short time.  

If we exclude the space dimension from the DEA approach during the target setting process, the 

advantage of being comprehensive disappears and the complexity of the DEA approach remains in 

the meantime. For a one-dimension measurement, the application of the DEA approach is not 

necessary or even redundant. Subsequently, we develop another one-dimension (i.e. the human 

resource efficiency) target-setting method specifically for this case. This algorithm will be introduced 

in the next sub-section. 

 



 

42 
 

6.2 MAX-AVERAGE ALGORITHM 
The DEA approach calculates the distance between the current performances and the best practice 

frontier in multiple dimensions. When the dimension is reduced to one, this concept is still validated 

and easier to understand. Therefore, following the same logic as the DEA approach, the warehouse 

with the highest performance represents the best practice frontier. The distance between the 

current performances and the frontier is simply the margin between them. Therefore, the targets for 

warehouses should simply be the best practice in their respective categories.  

However, there are warehouses that have much lower efficiency than the best performing 

warehouse. For these warehouses, the average performance is applied as the medium target. 

Whether to set the best practice or the average performance as the target depends on the distance 

to the frontier, which is determined by the company. If the distance exceeds the pre-determined 

number, the average performance will be the target. This distance will be measured in terms of the 

percentage of improvement needed to reach the frontier, which is identical to the measurement in 

the DEA approach. 

In some cases, the improvement needed is still very high even the target is set as the average 

performance of the category. There are two reasons that can explain why one should not set the 

target to a value lower than the average. The first reason is that these bad performing warehouses 

have low absolute performance (e.g. 2 lines/man hours). In this case, an improvement of 100% (i.e. 

the distance to the frontier is 100 percent more than its current performance) means 2 lines of 

improvement and 200 percent improvement indicates 4 lines of improvement. The actual 

improvement in terms of lines/man-hour is still small although it seems large in terms of the 

percentage. Another reason is that an improvement from 2 lines/man hour to 10 lines/ man hour is 

easier than the improvement from 20 lines/man hours to 22 lines/man hours. The improvement 

possibilities of bad performing warehouses are much more than that of well performing warehouses. 

As for warehouses that are already on the best practice frontier in each category, the performance 

expectation shown in Table 4 will be applied. The analysis in Chapter 4 has shown that the 

expectations are consistent with the current performance in most cases. Therefore, when a 

warehouse is already on the frontier and its category’s performance is expected to dominant 

another one according to Table 4, one should examine whether its performance is indeed dominant. 

If not, it should aim at dominating it as expected. Additionally, for warehouses that are on the 

frontier and meet all expectations, the managers should determine the targets for them based on 

their experience. 

The Max-Average algorithm follows the logic of the DEA approach and adds more elements to it in 

order to fit the situation. The company very well accepts this method as it involves simple 

calculation and straightforward concept. Figure 24 demonstrates the decision tree of the method 

and the complete algorithm can be seen in Appendix, section 4. 
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comparable category

No Target setting based 
on management 
decisions

 

Figure 24 The decision tree of the Max-Average algorithm 

6.3 CONCLUSION 
Although the DEA approach is able to benchmark the warehouses’ performance in a more 

comprehensive way, it is not ideal for target setting in this specific case considering that the 

company has not measured the space efficiency before. Targets will provide the guideline for 

improvements and thus the logic behind should be acceptable to every employees. To solve the 

problem, we develop a method that follows the logic of the DEA approach but has more 

straightforward calculation process.  

Figure 25 shows the current performance of warehouses and the difference between the targets set 

by two methods. Note that, the DEA approach generates targets for both dimensions, and it is 

assumed in this figure that improvements are expected to make equally on two dimensions (i.e. 

each dimension shares 1 √2⁄  of the total target). The targets are calculated in terms of percentage 

(i.e. how many percent of the current performance need to be improved) and the value shown is the 

margin between targets generated by two discussed methods. The positive values indicate that the 

Max-Average method generates higher targets, vice versa. The line shows their current performance 

with its value on the secondary axis. Different categories are colored differently in this graph. 

We discover that the DEA approach generates much higher targets for warehouses in the categories 

“LaLvHp” (green) and “LaLvLp” (dark blue). The obvious reason is that no average value has been 

adopted in the DEA approach and thus the Max-Average method will generate lower targets (the 

average performance) for warehouses with bad performances. In the category “LaHvLp” (yellow), 

the best practice identified by the DEA approach has the highest space efficiency and thus the DEA 

targets ask for more improvement on the space dimension. However, the Max-Average targets 

cannot reflect this information. For well performing warehouses, the difference between two 

methods is small. 
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Figure 25 Difference between targets determined by two methods 

In conclusion, it is more suitable for warehouses at the current stage to apply the Max-Average 

algorithm. However, it is important to point out that the DEA approach can reflect the space 

efficiency. The DEA approach can be better applied for target setting in the future when the space 

efficiency has drawn enough attentions. At the current stage, it is enough to visualize and 

benchmark the space efficiency from graphs like Figure 15 to Figure 20.    
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7 CONCLUSION AND FUTURE RECOMMENDATION 

In this chapter, firstly the research questions that have been proposed at the beginning of the 

project will be answered. Secondly, the limitation and academic contribution of the thesis is 

discussed, followed by recommendations for future research and management. 

7.1 ANSWERS TO RESEARCH QUESTIONS 
Answers to research questions will be provided in this section. Note that the sequences of research 

questions are slightly different from the contents in the main text. Research questions 2 regarding 

target-setting methods are described in Chapter 6 while research question 3 are discussed in 

Chapter 3, Chapter 4 and Chapter 5. 

7.1.1 Research question 1 

How to deal with the incomparable situation for the purpose of target setting and benchmarking?  

Before answering the research question 1, there are two sub questions need to be answered first.  

Sub question 1: Which factors (both input and output) should be considered in the performance 

measurement system to appropriately measure and steer performance? 

The factors are chosen based on the research of Hackman et al., (2001) and the reality of the 

company’s current performance measurement system. Considering the nature of warehouse 

operations and the small number of warehouses, space and man-hour are considered as the inputs, 

and lines performed are seen as the outputs. The equipment should have been one of the inputs of 

the performance measurement system. However, considering that difficulty to aggregate equipment 

information into one indicator, it is decided to put equipment as a parameter for warehouse 

categorization that can also reflect the performance from the input level. Some other factors that 

have been considered in literatures are not taken into account since the analysis in this thesis is 

focusing on operational performance rather than an overall performance. 

Sub-question 2: How to categorize warehouses so that they are comparable for the purpose of 

target setting and benchmarking? 

The parameters for categorization are those beyond management control from warehousing 

perspective. Several candidates are identified through interviews with stakeholders and in the end 

automation level, value-adding service level, order structure and product mix are chosen as four 

parameters for categorization. Grounded that the total number of warehouses is small, too much 

categorization parameters will lead to a situation where only one or two warehouses are inside one 

category so that the meaning for comparison is lost. Therefore, a structure of categorization is 

developed where standard products and channel products are measured separately (product mix) 

under different categorization parameters. Under standard products, automation level, value-adding 

service level and order structure are three parameters for categorization. Under channel products, 

storage location and value-adding service level for channels are two categorization parameters. 

In the end, the answer of research question 1 can be provided based on two sub-questions. The 

incomparable situation is mainly resulted from differences in inputs and outputs that cannot be well 

reflected. Therefore, by first identifying important inputs and outputs and then discovering possible 

differences can help to clarify the incomparable situations. Value-adding services and order 

structures are able to reflect the difference in output lines, while automation level and storage 

location are reflections of the background setting differences that cannot be easily changed. 
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7.1.2 Research question 2 

How to set KPIs targets for warehouses so that they are proper and achievable? 

Two methods for target setting are proposed in the thesis with their relative advantages and 

disadvantages. One is the DEA approach that was based on previous literatures and the other one is 

Max-Average algorithm developed for this specific situation. No matter which methods are adopted, 

target settings are all conducted based on categorization. The categorization ensures that 

warehouses inside each category are sharing enough similarity so they can be compared. The 

categorization is able to unfold parameters that are beyond managers’ control but can influence the 

operation efficiency largely. We have to admit that every warehouse has some special operations 

and their own characteristics. However, in order to remain the generality for comparison, these 

small specialties are out of scope.  

In conclusion, after the exclusion of these uncontrollable parameters, best practices in each category 

should be able to serve as the target for other warehouses. Considering that the space efficiency has 

not brought enough focus currently, it is recommended to apply Max-Average algorithm to set 

targets first and adopt DEA approach gradually. 

7.1.3 Research question 3 

How to benchmark warehouse operations in order to ensure continuous improvement? 

The benchmarking process consists of three levels as can be seen from Figure 23 in Chapter 5. The 

first level is warehouses in scope without categorization. Although targets should not be set on this 

level due to the lack of similarity, the benchmarking on this level can help to provide a general 

picture of current performance and is able to benchmarking categories’ average performance (e.g. 

performance of each category as a whole).  

The second level is where targets are set. Warehouses are compared and ranked within categories 

and categories’ best practices are compared with each other. Warehouses ranked low are able to 

find warehouses with better performance in the category as a model from which experience can be 

exchanged. The rankings at this level are more valuable since there is enough similarity between 

warehouses. 

The third level focuses on individual warehouses. At this level, we benchmark warehouses based on 

their performance of different operations. The improvement will start first from this level and thus 

this is a more important level for the continuous improvement. The warehouses are able to identify 

their deficiencies by rankings generated from level two and make improvements based on guidelines 

provided by the company as mentioned in Chapter 5. Moreover, it is also important to steer the 

performance in a systematic way: examining whether the processes are balanced in this level 

especially for picking and packing processes. In another words, operations should be first connected 

as smooth as possible before their efficiency can be improved.  

The benchmarking process starts from the top level to the bottom level while the continuous 

improvement starts from the bottom level to the top level. By applying this benchmarking process, 

the improvement of operations efficiency can be made. 

7.2 LIMITATIONS AND ACADEMIC CONTRIBUTIONS 
The thesis has added categorizations to DEA approach to ensure the enough similarity among DMUs 

in the application of warehousing operations area. The main limitation of the thesis is the lack of the 

number of DMUs. Even categorizations are added to the DEA approach, we are not able to apply the 



 

47 
 

DEA approach to each category independently considering that there is not enough number of 

DMUs in each category. If more DMUs are available, we are able to apply the DEA approach to each 

category independently so that multiple frontiers can be discovered. An analysis of the relationships 

between categories’ respective frontiers can be conducted in order to acquire more results. The 

other limitation resulted from the lack of DMUs is the limited number of inputs and outputs. 

Elements that are more relevant can be added to the model, such as the flexibility, the inventory 

accuracy or customer satisfactions regarding packages, to generate the performance analysis with 

multiple dimensions of the warehousing operations. 

In previous literatures regarding the DEA approach for benchmarking and target setting, the 

similarity between DMUs has not been addressed enough. The DMUs chosen in previous researches 

belong to one industry such as airports, banks or distribution centers assuming that they share the 

same technology. However, belonging to one industry sometimes does not ensure the enough 

similarity among DMUs. For instance, do domestic airports and international airports share enough 

similarity for operations? Do banks with business services operate in the similar way as banks with 

only individual services? The thesis has addressed this issue and concludes that when applying the 

DEA among DMUs without enough similarity, the results are not reflecting the real situation and 

could be misleading during the benchmarking process. In this specific project, warehouses with high 

automation level would be considered as efficient in most cases when applying the DEA to all 

warehouses. After categorizations of warehouses are formed, we can see that several manual 

warehouses are also performing well in their respective categories. Through the analysis, some 

recommendations both for future research and for the management are made regarding the 

performance measurement system, the benchmarking and target setting processes. 

7.3 RECOMMENDATIONS 

7.3.1 Future researches 

As mentioned, the similarity shared between DMUs has not been addressed enough in previous 

literatures. The conclusion regarding the DEA application is made with limitations and the thesis only 

focuses on warehousing industries. Consequently, we recommend that for future research, the 

categorization under the DEA approach can be validated with a larger number of DMUs to avoid the 

limitations in this thesis. Moreover, the categorizations for the DEA approach can also be applied to 

other industries, not just the distribution industry, for the performance analysis and to discover what 

essential categorization parameters are in other industries. 

A further research regarding the combination of the DEA approach and the categorization could be: 

whether clusters can be made automatically by taking categorization parameters as the DEA inputs. 

Literatures have validated that the DEA is able to select “role model” for DMUs based on similar 

input levels. Theoretically, by incorporating categorization parameters as the DEA inputs, the “role 

model” generated for DMUs should have similar inputs level, which indicates that they belong to the 

same category. DMUs with the same “role model” should be considered as one category. In this 

thesis, this assumption cannot be examined since there are not enough warehouses to allow more 

inputs. Consequently, we recommend that for future research to validate whether DMUs can be 

clustered by the DEA approach when incorporating categorization parameters as inputs. 

7.3.2 Management recommendations 

The most important and basic element of the performance benchmarking is the data availability and 

quality. During the project, it has been found out that the definitions of some data inputs are 

confusing for warehouse managers. In this case, the data obtained could have different definitions 
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behind that will lead to less accurate results, and thus the benchmarking results could be misleading. 

It is recommended to clarify the definitions of collected data and set up a data quality audit process 

to ensure a high quality for benchmarking. Moreover, the scope of warehouses is recommended to 

expand to Priority 2 (see Figure 6) as they are generating a certain degree of values. On the other 

hand, Priority 3 should not be considered in the scope unless there is expansion since they are small 

in both capacity and daily volume. 

Furthermore, as suggested by literatures, space and equipment are both essential inputs that should 

be utilized maximally in warehousing operations. At the current stage, human resource input is the 

only important input from the company’s perspective. Considering that the space involves costs and 

that there has not been measurements for the space efficiency, we recommend the company to pay 

more attention on the space efficiency, which can bring a more comprehensive measurement of a 

warehouse. 

As for the performance, we have noticed many warehouses that have low automation level, low 

value-adding services (no matter they have higher or lower pallet percentage) are not performing 

well. Theses warehouses are mostly located at Asian-Pacific and South American regions. Although 

the location is not one of the categorization parameters, there should be more similarities between 

warehouses in the same region. Therefore, we recommend the company to discover the potential 

reasons and improve the performance of the region. 

Another issue that should be pointed out is the unbalanced efficiencies in most of warehouses: there 

is no single warehouse perform very well on all processes. The bottleneck can limit the entire 

performance of the operations. This unbalance exists in many warehouses. In some of them, the 

remedy of this issue is to allocate workers flexibly. Therefore, it is recommended to first balance the 

workflow and remove the bottleneck by improving its efficiency or having better human resources 

planning before trying to improve other processes.  
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APPENDIX 

1. STATISTICS RESULTS REGARDING SCOPE 

Table 11 Pearson correlation test 

Correlations 

 DaiVol Surface 

DaiVol Pearson Correlation 1 .787** 

Sig. (2-tailed)  .000 

N 65 59 

Surface Pearson Correlation .787** 1 

Sig. (2-tailed) .000  

N 59 81 

**. Correlation is significant at the 0.01 level (2-tailed). 

 

 
Figure 26 Daily volume histogram 
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2. QUESTIONNAIRE 

General information (fill in actual numbers) 

- Total delivery line/ day, average 

- Storage capacity 

o Total capacity standard products (# of bins) 

o Channel capacity 

o Capacity utilization, average 

Equipment (fill in Y/N) 

- Inbound 

o Conveyor 

o Forklift 

- Storage 

o Cranes 

 Fully automated (machines bring back goods to workers) 

 Manual operation (workers operate the machine to bring back goods) 

o High rackings & shelves (manual operations needed) 

- Picking 

o Conveyor for picking (goods are put on conveyor after picked, the transportation 

and sorting are automated) 

o Manual picking cart 

o Foot moped or other small picking machines 

o Forklifts 

- Packing 

o Standard packing tables 

o Automated packing machines 

- Outbound 

o Conveyor loading (directly to the truck) 

o Forklifts (manual loading of truck) 

o Does carrier perform loading/unloading? 

Value-adding services (fill in actual numbers) 

- Engraving (engraving lines/total outbound lines) 

- Fleet management (fleet lines/total outbound lines) 

- Channel products  

o Cutting services (cutting lines/total channel outbound lines) 

o Kitting services (kitting lines/total channel outbound lines) 

Product mix 

- Channel products sold in the region (Y/N)? 

- Percentage of channels (channel lines/total lines) 

- Which choice between ①②③ can describe how channels are stored?  

① Channels are completely stored separately in another warehouse 

② Channels are completely stored together with standard products in same warehouse 
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③ Mixed (in this case, please also provide the percentage of channels stored in standard 

products warehouse, channels stored in standard products warehouse/total channels 

storage) 

o Channels <= 2 meters (choose between ①②③) 

o Channels > 2 meters (choose between ①②③) 

- If channels are stored in case ① or ③, are thesis channel lines and channel operation 

hours reported together with standard products to the scorecard? (Y/N) 

Order structure (percentage, the sum of these two numbers should be 1) 

- Pallet picking 

- Parcel picking 

Space (in m2) 

(1. if picking is done outside storage area (mainly for fully automated storage machines), please 

count picking together with storage. 

2. Please count static + dynamic area.  E.g., assuming there is 80 m2 in static inbound area and 70 

m2 static for outbound area; 20 square meters are used as inbound in morning and outbound in 

afternoon --> 80+20=100m2 inbound, 70+20= 90m2 outbound. 

3. In case of 2 floors, count the actual operation space. E.g. for high cranes, only count ground area. 

If there are operations on both 2 floors, please count both space into their relative category. 

4. In complicated situation regarding dynamic space, please give estimation.) 

- Inbound 

- Return 

- Storage & Picking 

- Packing  

- Outbound 
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3. REGRESSION ANALYSIS RESULTS 
1) Inbound  

Model Summary 

Model R R Square Adjusted R Square 

Std. Error of the 

Estimate 

1 .057a .003 -.040 .17219 

a. Predictors: (Constant), InboundEfficiency 

 

ANOVAa 

Model Sum of Squares df Mean Square F Sig. 

1 Regression .002 1 .002 .076 .785b 

Residual .682 23 .030   

Total .684 24    

a. Dependent Variable: InboundPercentage 

b. Predictors: (Constant), InboundEfficiency 

 

Coefficientsa 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) .753 .116  6.506 .000 

InboundEfficiency -.002 .006 -.057 -.276 .785 

a. Dependent Variable: InboundPercentage 
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2) Return 

Model Summary 

Model R R Square Adjusted R Square 

Std. Error of the 

Estimate 

1 .138a .019 -.025 .18171 

a. Predictors: (Constant), ReturnEfficiency 

 

ANOVAa 

Model Sum of Squares df Mean Square F Sig. 

1 Regression .014 1 .014 .430 .519b 

Residual .726 22 .033   

Total .741 23    

a. Dependent Variable: ReturnPercentage 

b. Predictors: (Constant), ReturnEfficiency 

 

 

Coefficientsa 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) .723 .051  14.106 .000 

ReturnEfficiency -.001 .002 -.138 -.656 .519 

a. Dependent Variable: ReturnPercentage 
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3) Picking 

Model Summary 

Model R R Square Adjusted R Square 

Std. Error of the 

Estimate 

1 .445a .198 .163 .18702 

a. Predictors: (Constant), PickingEfficiency 

 

ANOVAa 

Model Sum of Squares df Mean Square F Sig. 

1 Regression .198 1 .198 5.673 .026b 

Residual .804 23 .035   

Total 1.003 24    

a. Dependent Variable: PickingPercentage 

b. Predictors: (Constant), PickingEfficiency 

 

Coefficientsa 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) .390 .131  2.982 .007 

PickingEfficiency .006 .002 .445 2.382 .026 

a. Dependent Variable: PickingPercentage 
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4) Packing 

Model Summary 

Model R R Square 

Adjusted R 

Square 

Std. Error of the 

Estimate 

1 .454a .206 .169 .17289 

a. Predictors: (Constant), PackingEfficiency 

 

 

ANOVAa 

Model Sum of Squares df Mean Square F Sig. 

1 Regression .163 1 .163 5.464 .029b 

Residual .628 21 .030   

Total .791 22    

a. Dependent Variable: PackingPercentage 

b. Predictors: (Constant), PackingEfficiency 

 

 

Coefficientsa 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) .541 .113  4.798 .000 

PackingEfficiency .005 .002 .454 2.337 .029 

a. Dependent Variable: PackingPercentage 
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5) Outbound 

Model Summary 

Model R R Square 

Adjusted R 

Square 

Std. Error of the 

Estimate 

1 .511a .262 .229 .12517 

a. Predictors: (Constant), OutboundEfficiency 

 

 

ANOVAa 

Model Sum of Squares df Mean Square F Sig. 

1 Regression .128 1 .128 8.146 .009b 

Residual .360 23 .016   

Total .488 24    

a. Dependent Variable: OutboundPercentage 

b. Predictors: (Constant), OutboundEfficiency 

 

 

Coefficientsa 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) .538 .090  5.963 .000 

OutboundEfficiency .009 .003 .511 2.854 .009 

a. Dependent Variable: OutboundPercentage 
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6) Total performance 

 

Model Summary 

Model R R Square 

Adjusted R 

Square 

Std. Error of the 

Estimate 

1 .650a .423 .398 2.87379 

a. Predictors: (Constant), Percentage 

 

 

ANOVAa 

Model Sum of Squares df Mean Square F Sig. 

1 Regression 139.288 1 139.288 16.866 .000b 

Residual 189.949 23 8.259   

Total 329.238 24    

a. Dependent Variable: Efficiency 

b. Predictors: (Constant), Percentage 

 

 

Coefficientsa 

Model 

Unstandardized Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) 1.361 3.688  .369 .716 

Percentage 19.096 4.650 .650 4.107 .000 

a. Dependent Variable: Efficiency 
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4. THE ALGORITHM FOR MAX-AVERAGE METHOD 

 
- Start from the first warehouse w. w=1. 
- If w is the best practice within the group 

o see whether there is target between group 
 Yes  target is set as the best practice in other comparable group 
 No  determine by management decision (e.g. 10% improvement) 

- If w is not best practice within the group 
o Determine x (max improvement percentage) 
o Calculate the percentage for improvement needed to achieve the best practice 

within group  
 if percentage > x set the average as the target 
 If percentage < x set the best practice as the target 

- Next w 

 


