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Abstract: The storage location assignment policy is one of the essential factors 
of the warehouse order picking. In this paper, we have proposed a novel storage 
location assignment policy for storing items in a warehouse that corresponds to 
print production environment. The approach utilizes the concepts of autonomous 
cell way of partitioning resources in print production systems. The results of the 
application of this approach are compared with the well-known cube per order 
index policy (COI) using case studies from print service industry.  
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1. Introduction 

Xerox is a $20 billion global enterprise that manufactures printing devices and provides 
business process and document management services for the $100 billion printing 
industry in the United States. Xerox has invented, tested, and implemented a novel class 
of productivity-improvement offerings, trademarked as LDP Lean Document Production® 
solutions, for the printing industry. The LDP software toolkit models the workflows and 
groups equipment and people in to autonomous cells and performs complex simulation 
models that are used for assessing the performance of the print service centers. This 
methodology and toolkit has been extensively described in [1] and was judged the finalist 
in the 2008 Franz Edelman competition. 
  Print service centers are document manufacturing centers which convert print jobs 
into finished printed material. Print jobs are characterized by a set of print functions that 
require supplies such as toners, inks, staples, papers and other print related items. Items 
are ordered and picked from warehouse for each print production function. In this paper, 
we propose a novel autonomous cell based storage location assignment policy (ACB-
SLAP) that corresponds to the autonomous cell production approach in LDP for order 
picking of print supplies in print service centers.  

Order picking is the process of retrieving items from storage locations in response to 
a specific customer request. It is the most laborious and the most costly activity in a 
warehouse, with up to 55% of warehouse total operating costs [2]. The essential factors 
that influence the performance and efficiency of the order picking operations in 
warehouse are the layout, storage location assignment strategy, routing method, picking 
strategies and batching method. Despite considering all these aspects, the current study 
focuses on item storage assignment policy with the objective of minimizing the average 
picker travel distance. The proposed storage assignment strategy is compared with well-
known cube per order index policy (COI) using case studies from print service industry. 

This paper is organized as follows. Section 2 provides the literature review on storage 
assignment strategies. Section 3 describes the print service environments. Section 4 
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describes the autonomous cell based storage location assignment policy (ACB-SLAP) for 
order picking of items in print service centers. Section 5 describes some application and 
case studies using a real world example. Finally, Section 6 provides conclusions. 

 

2. Literature Review 

A storage assignment strategy is a set of rules that involves assigning the stock keeping 
unit (SKU), to a particular location in a warehousing system in response to customer 
requests. The storage assignment strategies widely found in the literature are random 
storage, dedicated storage, and class based storage. In random storage policy, each 
incoming pallet is randomly assigned a location in the warehouse that is arbitrarily 
selected from all eligible empty locations with equal probability [3]. A variation of the 
random storage assignment policy is the closest open location storage [4] in which the 
first empty location encountered by an employee during the put away process becomes a 
candidate location for the incoming item. This policy results in high space utilization or 
low space requirement with the expense of increased travel time.    

In dedicated storage, each SKU is assigned a specific slot location(s). However, 
dedicated storage often requires more space than random storage policy. This is because 
no other item can be stored in a location assigned to another item, even if that location is 
empty. One advantage of this storage policy is that order pickers become familiar with 
product locations. An early type of this storage assignment method introduced by Heskett 
[5] is the COI-based storage assignment, where the COI of an item is defined as the ratio 
of the required storage space to the order frequency of the item. The COI-based method 
sorts items by increasing COI ratio and locations on increasing distance from the I/O 
point. Next, items are assigned one by one to locations in this sequence (items with the 
next lowest COI ratio to next quickest-to-access locations).  

In class-based storage assignment (also: ABC-storage, group-based storage), items 
are assigned to storage locations on a group basis. It divides both items and storage 
locations into an identical number of classes. Item classes are based on turnover frequency 
(like pick lines per time unit, or product units picked per time unit). The item classes are 
sorted on decreasing turnover frequency and the storage location classes on increasing 
travel distance from the I/O point. Next, the item classes are assigned to the storage 
location classes in this sequence. Within a storage class, items are randomly stored. For 
detailed comparison of order picking systems we refer the reader to [6]. 

In addition to the above, advanced storage assignment policies are discussed in 
literature. Mantel [7] proposed the order oriented strategy to store items that appear 
together in orders, close to each other. In [8] the application of data mining approach on 
storage location assignment decision was considered. The storage allocation rules based 
on similarity coefficients and clustering techniques was studied in [9]. Using the concept 
of linear placement, the minimum delay algorithm was developed to generate the item 
storage layout by considering the relationship among items [10].  

Most of the literature focuses on order picking systems in distribution warehouses 
and very few in manufacturing environments. Peerlinck [11] has proposed a method for 
the design of order picking system in a manufacturing environment based on product 
parameters, order specifications and cost. Yoon and Sharp [12] developed an order 
picking systems design procedure for distribution warehouses, and suggested that several 
of its characteristics can be implemented in manufacturing systems. In this paper we have 
proposed a novel storage location assignment policy using the concept of autonomous 
cells in printing production environment described in [13]. 
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3. Print Service Center Environment 

Print service centers are document manufacturing centers which convert printing orders, 
such as print jobs, into finished printed material. Print service centers can be classified 
into three categories based on the activity that they perform: transaction printing, on-
demand publishing, or a combination of both. A transaction-printing environment 
produces documents such as checks, invoices, etc. Each document set is different. Mail 
metering and delivery are part of the workflow. On-demand publishing environments 
focus on producing several copies of identical documents with more finishing options 
such as cutting, punching and binding. Examples of such products include books, sales 
brochures and manuals. Other environments perform both types of document production 
simultaneously with varying emphasis on each one.  

The document production steps associated with print jobs are shown in Figure 1. 
Typically print service centers have departments that support individual steps of this 
workflow. Each department supports many different types of internal workflows resulting 
from the use of different types of software tools, printing machines types (e.g., offset, 
digital) and a variety of finishing equipment (such as cutting, binding, laminating, shrink-
wrapping). For further description of each of the steps, we refer the reader to [1]. 

 
Figure 1: A Print Production Workflow showing the Various Production Operations 

3.1 Challenges in Print Service Environment 

Print service centers experience many sources of variability. They exhibit high levels of 
job size variations, routing complexity and demand fluctuations as shown in Figure 2 that 
makes them hard to analyze/optimize. These service centers are primarily make-to-order 
service systems that cater to specific requests of each incoming customer. The incoming 
service requests have random arrival and due-date requirements that vary from job to job 
and often exhibits variability within the same job-type. The size of the jobs is often 
characterized by highly non-normal distributions and sometimes fat-tail distributions [14]. 
In addition to the above challenges, print service centers also experience long bid times, 
variability in labor and equipment characteristics etc. 

3.2 LDP Solution for Print Service Environment 

To address the complexity of operations associated with the print production processes, 
Xerox has invented, tested, and implemented the Lean Document Production (LDP) 
solution which uses the autonomous grouping of service center resources in to production 
cells. Print shop contains several print related equipment’s which are utilized to process 
print jobs. These resources are partitioned in to autonomous cells. Each cell has 
workstations and labor that can deliver at least one work type or more than one type. For 
example, an autonomous cell might include equipment such as multiple printers and a 
shrink-wrapper. Another autonomous cell could include different types of printers, cutters, 
and copiers. Next print jobs are intelligently assigned to the autonomous cells to provide 
desired load balancing and throughput.  
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Figure 2: Multiple sources of variability in a print production environment such as power law job-
size distributions, multiple co-existent job types and high demand fluctuation. 

This approach enhances the efficiency of the shop; decreases the work in progress, 
labor and inventory cost associated with running the print jobs and increases the 
utilization of the printing equipment in the print shop. Figure 3 shows how traditional 
print service centers are organized based on a departmental structure operated by 
specialized workers and compare it to the redesigned operational framework based on 
autonomous cells where diverse pieces of equipment are collocated and operated by cross-
trained workers.  

 
Figure 3: Figure showing how a departmental configuration of a print service center is transformed 
into a cellular structure utilizing autonomous cells. 

4. Autonomous Cell Based Storage Location Assignment Policy  

In this section we describe the autonomous cell based storage location assignment policy 
(ACB-SLAP) that corresponds to the LDP autonomous cell production approach for 
storing items in warehouse [15]. The production cell is identified for each stock keeping 
unit (SKU) and groups/clusters are created within the warehouse that corresponds to the 
requirements of each production cell. Item’s that is required by multiple production cells 
is grouped into a common area. The methodology functions as follows:  

STEP 1.     Identifying the production cell(s) for each SKU in the pick order list 
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STEP 2. Creating the warehouse cells: Group the SKU’s that is demanded by the same    
production cell in to a warehouse cell. SKU’s that have their demand in more 
than one production cell will be grouped under general cell.  

STEP 3. Assigning each warehouse cell to the dedicated area of the warehouse storage 
location 

STEP 4. Placing items within a warehouse cell either randomly or by using Cube per 
Order Index (COI) strategy 

5. Application and Case Study 

In this section we compare the ACB-SLAP item assignment strategy with the COI 
strategy using the data from a sample transaction print service center. The print service 
center has two cells. Cell one has one color printer, one black and white printer and one 
inserter. Cell two has one color printer, one black and white printer, one coil binder, one 
punch machine and one mail station. Job demand data for a time period of six weeks is 
collected from the print service center with 179 jobs arrived in the period. Table 1 
illustrates a sample of demand data collected.    
      A print job might require one or more production functions. For example print job 
with job ID 1 in Table 1, require black and white printing, punch and coil bind functions. 
Each print function may require one or more number of production items. For example a 
print function might require different form/paper types (i.e. form type A, form type B 
etc.). An insert function might require different insert types (i.e. Insert 1, Insert 2 etc.). 

Table 1: Illustrates a sample of job data collected from a transaction print service center. 
Job 
ID 

Arrival Due Quantity BW 
Printing 

Color 
Printing 

Punch Coil 
Bind 

Insert Mail 

1 1/5/04 
8:31 

1/7/04 
8:31 

369 22562 0 22562 369 0 0 

2 1/5/04 
10:59 

1/7/04 
10:59 

346 27003 0 27003 0 0 346 

3 1/5/04 
13:38 

1/7/04 
13:38 

277 28862 0 0 0 15602 277 

4 1/5/04 
16:16 

1/7/04 
16:16 

370 0 7402 20947 370 0 0 

5 1/6/04 
11:01 

1/8/04 
11:01 

28879 28879 0 28879 0 0 0 

Table 2 provides the list of items corresponding to each function in general. A pick 
order is generated for each print job’s function. Table 3 illustrates a sample of pick orders. 

Table 2: Provides the list of items corresponding to each function in a generalized manner. 
Function Name List of Items 

BW Printing SKU 1 SKU 
2 

SKU 3 SKU 
4 

SKU 
5 

SKU 
6 

SKU 
7 

  

Color Printing SKU 8 SKU 
9 

SKU 
10 

SKU 
11 

SKU 
12 

SKU 
13 

SKU 
14 

SKU 
15 

SKU 
16 

Punch SKU 
17 

SKU 
18 

SKU 
19 

SKU 
20 

SKU 
21 

    

Coil Bind SKU 
22 

SKU 
23 

SKU 
24 

SKU 
25 

SKU 
26 

SKU 
27 

   

Insert SKU 
28 

SKU 
29 

SKU 
30 

SKU 
31 

SKU 
32 

SKU 
33 

SKU 
34 

  

Mail SKU 
35 

SKU 
36 

SKU 
37 

SKU 
38 

SKU 
39 

SKU 
40 

   

 



50                                                        Sudhendu Rai and  Ranjit Kumar Ettam 
 

Table 3: Illustrates a sample of pick orders. 
Job ID Function Name Bill of Material 
Order 1 BW Printing SKU 1 SKU 3 SKU 6 SKU 7  
Order 2 Punch SKU 17 SKU 19    
Order 3 CoilBind SKU 22 SKU 24 SKU 27   
Order 4 BW Printing SKU 1 SKU 4    
Order 5 Punch SKU 17 SKU 20    

5.1. Calculation of  Picker Traveling Distance  

For this study we have considered a single block- open end aisle with depot situated on 
the upper left of warehouse having five aisles with each aisle having eight bins as shown 
in Figure 4. We consider return routing policy where the order picker enters and leaves the 
aisle containing items to be picked from the front side of the aisle. We assume that the 
bins have equal space and items can only be picked from only one side of the aisle. Next, 
we demonstrate a sample calculation of picker travel distance involving the picking of 
multiple items in a single tour using the layout shown in Figure 4. 

 

Figure 4: Illustrates the single block layout having five aisles 

We define,  
𝑊𝑎 is the horizontal center to center distance between the aisle and storage bin 
𝐿𝑤 is the vertical center to center distance between the bins or the distance from the center 

of a bin to the center of the space in front of an aisle.  
𝑆  is the basic distance travelled from the depot to the center of the space in front of the 
first aisle 
We assume, the values of S = 2, Wa = 1 and Lw = 1. All these values are in distance units. 
Total distance travelled in a tour = 2 * (basic distance+ across the aisle distance + within 
the aisle distance)  
For example, the distance travelled by the travel picker to pick items 4, 10,14,25,31 is 
given as follows: 
Basic distance (S) = 2   
Across the aisle distance (dashed blue lines) = 6 * Wa = 6 
Within aisle distance (dashed red lines) = (4 units in aisle 1+6 units in aisle 2+7 units in 
aisle 4) * Lw = 17 
Total distance travelled=2 *(2+6+17) = 50 units. 

5.2. Cube per order index strategy (COI) 

Cube per order index method was introduced by Heskett [6]. The COI is defined as the 
ratio of the product’s required space to the product frequency. First we find the COI ratio 
by dividing the allocated space of each item by its item frequency (the demand of item 
over a period of time). Since the space required by each item is considered as same, we 
either take a constant value or simple ignore it. Then rank the items from the lowest to 
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highest COI values. Table 4 illustrates the calculated COI values for the items described 
in Table 3. Afterwards, the highest ranked COI items are assigned closest to the depot. 
Figure 5 depicts the warehouse layout with items assigned using the COI policy. 

 
Figure 5: Depicts the warehouse layout I with items assigned using the COI policy 

Table 4: Illustrates the calculated COI values for the top 10 SKU for the transaction print service 
center. 

Sl. No SKU Name COI Sl. No SKU Name COI 
1 SKU 2 0.0139 6 SKU 1 0.0152 
2 SKU 7 0.0141 7 SKU 6 0.0164 
3 SKU 4 0.0143 8 SKU 21 0.0256 
4 SKU 3 0.0145 9 SKU 17 0.0263 
5 SKU 5 0.0149 10 SKU 20 0.0270 

5.3. Autonomous Cell based Storage Location Assignment Policy (ACB-SLAP) 

In this section, we describe the application of the autonomous cell based storage location 
assignment policy (ACB-SLAP) to allocate items/stock keeping units to warehouse 
locations.  

STEP 1. Identifying the production cell(s) for each SKU: A production cell(s) of each 
SKU can be identified using the automatic job shop scheduling feature of LDP tool kit. 
Figure 6 shows the production cell of each job function for the job list shown in Table 1. 
As pick orders are generated for each job function, the production cell for all the SKU’s in 
that pick order will be same. For example, Job ID 1 requires BW Printing, Punch and Coil 
Bind functions. All these functions are scheduled to Cell Two using the LDP automatic 
scheduling algorithm. Therefore, the production cell for SKU 1, SKU 3, SKU 6, and SKU 
7 for pick order 1 as shown in Table 3 is Cell Two. Similarly, the production cell for each 
SKU is identified and SKU’s are grouped according to the production cell. For those 
SKU’s that have their demand in more than one production cell will be grouped under 
general cell. Tables 5, 6 and 7 show the SKU’s and their frequency in Cell One, Cell Two 
and General Cell.  

Table 5: Illustrates the SKU’s and their frequency in Cell One  

Sl. No SKU Name Frequency 
1 SKU 34 35 
2 SKU 33 29 
3 SKU 32 32 
4 SKU 31 33 
5 SKU 30 29 
6 SKU 29 29 
7 SKU 28 30 
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Table 6: Illustrates the Top 10 SKU’s and their frequency in Cell Two 
Sl. No SKU Name Frequency  Sl. No SKU Name Frequency  

1 SKU 40 19 6 SKU 35 28 
2 SKU 39 25 7 SKU 27 21 
3 SKU 38 26 8 SKU 26 26 
4 SKU 37 28 9 SKU 25 19 
5 SKU 36 19 10 SKU 24 21 

Table 7: Illustrates the Top 10 SKU’s and their frequency in General Cell.  
Sl. No SKU Name Frequency Sl. No SKU Name Frequency 

1 SKU 10 11,9 6 SKU 5 36,29 
2 SKU 9 12,10 7 SKU 4 42,24 
3 SKU 8 11,10 8 SKU 3 35,31 
4 SKU 7 45,26 9 SKU 2 44,28 
5 SKU 6 37,22 10 SKU 1 39,24 

 
Figure 6: Illustrates the production cell of each job function in LDP suite. 

STEP 2. Creating Warehouse Cells: In this step, we group the SKU’s that are demanded 
by the same production cell as a warehouse cell. For example in Table 5, SKU 34 to SKU 
28 is grouped under Warehouse Cell One. SKU’s that have their demand in more than one 
production cell are grouped under a Warehouse General Cell. For example in Table 7, 
SKU 10 to SKU 11 is grouped under Warehouse General Cell. 

STEP 3. Assign each warehouse cell to a dedicated warehouse storage location: This is 
based on the sum of all the item frequency in each warehouse cell. Table 8 illustrates the 
total item frequency for each warehouse cell. Next, the warehouse cell having the highest 
total item frequency is assigned to the closest location to the depot. Similarly other 
warehouse cells are assigned one by one in this order.  

Table 8: Illustrates the total item frequency of warehouse cell. 
Warehouse Cell Name Total Item Frequency 
Warehouse Cell One 217 
Warehouse Cell Two 445 
Warehouse General Cell 659 

STEP 4. Placing items within a warehouse cell: Once the order of warehouse cells is 
determined, the items in each cell can be placed randomly or using cube per order index 
policy. Figure 7 and Figure 8 depicts the warehouse layouts II and III with items in each 
cell assigned using random and COI policy.    
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Figure 7: Depicts the warehouse layout II with items in each cell randomly assigned 

 
Figure 8: Depicts the warehouse layout III with items in each cell assigned based on COI policy 

5.4 ACB-SLAP versus COI:  

In this section, we compare the distance travelled by the picker when items are assigned 
using traditional COI policy and ACB-SLAP for pick orders defined in Table 3. Figure 9 
depicts the histograms of picker travel distance computed using warehouse layout I (COI 
policy), warehouse layout II and III (ACB-SLAP policy). 

 
Figure 9: Depicts the histograms of picker travel distance using warehouse layouts I, II and III 

6 Conclusions  

In this paper we proposed a novel autonomous cell based storage location assignment 
policy (ACB-SLAP) for order picking operations in print production environments. The 
approach uses the autonomous cell concepts of lean document production used in printing 
industry. It is shown using the analysis of data from a transaction print service center that 
the proposed method reduces up to 15.8% in the mean of picker travel distance, and the 
variance of travel distance from 67.62% to 83.34% when compared with the well-known 
cube per order index (COI) rule. As the approach is being aligned with the production 
floor architecture, we also believe that such a storage and picking approach will lead to 
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less pick errors even though the paper does not specifically model, compare and contrast 
the pick error rates. 

The efficiency of the proposed storage location assignment policy is presented using 
single block-open end aisle layout and return routing policy. In future, other combinations 
of layout designs, routing policies and factors that affect the efficiency of order picking 
operations in print production operations needs to be explored and analyzed.  
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