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ABSTRACT

This thesis investigates the impact of integrating Zone Bypass (ZBP) conveyor to a Pick-
To-Light (PTL) order picking system. This integration results in a new system (PTL+Z), which
could be helpful to achieve higher levels of productivity in warehousing operations.

Two options have been proposed to improve the current PTL system productivity. One is
to adapt the ZBP conveyor, which will help each order to bypass unnecessary zones with nothing
to pick. Another one is to better plan stock keeping units (SKU) assignment by applying level
loading assignment.

Mathematical models are developed to evaluate system throughput of PTL system with
random assignment (PTL/R), PTL system with level loading assignment (PTL/L), PTL+Z
system with random assignment (PTL+Z/R), and PTL+Z system with level loading assignment
(PTL+Z/L). Simulation models are validated to test the reliability of mathematical models. Also,

economic analysis is developed in term of payback period for decision purpose.
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CHAPTER 1. INTRODUCTION

1.1.  Background

Warehouse is a place for receiving incoming goods, processing and shipping fulfilled
orders. Heragu et al. (2004) state that a warehouse is usually divided into three functional areas;
they are reserve storage area, forward area and cross-docking area. A reserve storage area is also
known as the bulk storage area, which is a unique area for storing most of the Stock Keeping
Units (SKU) in a warehouse. It is considered as the most economic way for storing. A forward
area is the most important area for storing the most popular SKUs in a warehouse to offer

conveniently picking.

_____________ — _>
Forward Area
g " 2
= =
@ Reserve Area 2
2 S N S N
_________________________________________________ ’
—— —— _> _> _________ >
Consolidation process Break-down Cross docking
(Flow 1) (Flow 2) (Flow 3)

Figure 1.1. Relations between Forward Area and Reserve Area
A summary of product flows in a typical warehouse can be seen in Figure 1.1. Flow 1
indicates the consolidation operation that products already in required pack size are put into
forward area for necessary consolidation before shipping. Flow 2 is a typical warehouse
operation indicates the break-down process that the pallet loads of bulk package products are
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received in this area first, and then the products are waiting to be consolidated in the forward
area before shipping. Flow 3 indicates the cross-docking operation. There are two situations that
might be happening in this process. First, the receiving products might be storing in reserve area
for some time before they get shipped out. Second, the products might be transferring to shipping
area without any storage process. Normally, the reserve storage is aiming at achieving the high
space utilization, which compares to a relatively smaller forward area for performing fast-
moving goods picking process. A better organized warehouse can achieve higher productivity by
shortening the traveling time and order processing time within the warehousing activities.

Warehousing is a series of activities happening in a warehouse. It consists of several
activities such as receiving, prepackaging, put-away, storage, order picking, packaging, sortation,
packing and shipping, cross-docking and replenishment (Tomkins et al. 1996). For the first three
steps, the incoming goods that are in full package will be broken down based on their properties.
Then, the broken-down items will be placed in a carton, a tote or an alternative container into a
specific storage area before picking. Warehousing should be continuously improved, like
rearranging the warehouse plan to make total travel time comparatively shorter and applying
technologies to increase total productivity. Studies in how to balance the needs of current
warehouse situation and budget are highly desired. This thesis is only focused on the activities in
the forward area, and to be more specific on the order picking system (OPS).

Order picking can be referred as a process that with the correct quantity of the correct
SKUs at the correct time are retrieved for the storage location in a warehouse specified on a
picking list in order to fulfill customers’ needs (Pan and Wu, 2009). One or more pickers will be
responsible for finishing picking an order according to different picking policies (Rouwenhorst et

al. 1999), which is considered as the most labor-intensive activity.
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In particular, an OPS is the unique area for assigning pickers and arranging the racks for
SKUs in order to meet the demand within the constraints of labor and facilities. The entire OPS
shares the strategic goal as improving the throughput and the utilization of each workstation. At
the meantime, the OPSs are trying to minimize the average processing time. Tompkins et al.
(1996) and Yu and De Koster (2007) indicate that order picking occupies about 55% of operating
cost and takes about 50% of total order picking time in travel time. Coyle et al. (1996) conclude
that up to 65% of the operating costs of warehouses would be consumed in the OPSs. Therefore,
the criteria of choosing right OPSs and the design of OPSs are becoming critical (Gillespie,

2009, Dallari et al. 2006, and Dallari et al. 2009).

Classification
of OPSs

: '

Automated Manual

‘ A 4 \ 4 A 4

Pick-and- Pick-and- Parts-to- Picker-to-
Pass Sort Picker Parts
A 4
Pick-To-
Light system

Figure 1.2. Classifications of OPSs
Figure 1.2 illustrates the detail of the classifications of order picking process with
highlighted arrows showing the approach of this thesis topic. By taking the final picking process
into consideration, the OPS can be divided into two major parts as automated picking and

manually picking. For automated picking, there will be no labor attached to the whole process,
3



machines and robot will finish all the orders. By taking the travel direction between pickers and
SKUs into consideration, the manual picking process can be divided more specifically into
“Picker-to-Parts”, “Parts-to-Picker”, “Pick-and-Sort”, and “Pick-and-Pass”.

“Picker-to-Parts” system can be considered as the basic picking activity. Picker will
travel along the aisles to retrieve items from racks for each order. “Parts-to-Picker” system will
be using technologies, like carousal systems and retrieval systems (AS/RS) to bring the SKUs to
the picking station and the picker will select the required items to finish picking. “Pick-and-Sort”
system is dealing with wave picking, which means that picker will only pick one item at one time
and all the orders only can start next picking by completing the current picking.

Furthermore, a new branch of manual picking as “Pick-and-Pass” (PAP) system is
proposed in De Koster et al. (2007) to better define OPS. This system is dealing with zone
picking that each order will travel along the zones and the picker will be responsible for picking
the required items in each zone.

Several researches have been done in the area of Forward Reserve Problem (FRP), whose
topics are including the picking routines, storage polices, and the influence of applying the
updated technologies. One common system that implements both PAP and FRP system in
practice is a Pick-To-Light (PTL) system (Pan and Wu, 2009). In the growing number of
warehouses, PTL systems are commonly used because of their efficient and accurate methods
that deal with sorting, picking and assembling. In the PTL system, lights will inform pickers
where the SKUs are and how many SKUs should be picked for this specific order. However,
PTL systems are usually dealing with small-sized and human-friendly handling SKUs with a

large volume of demand.



In an effort to further improve system’s productivity, some operations integrate
conveyors to speed up. By considering various automated conveyor systems can move boxes
more time-effectively and minimize the chance for manual operations and total picking time, a
Zone Bypass (ZBP) conveyor is proposed in English et al. (2007). Therefore, PTL system with

ZBP conveyor (PTL+2Z) system is proposed based on integrating a ZBP conveyor to the current

PTL system.
Entrance Zone 1 Zone 2 Zone3 Zone4 Zone n
| SN — [ Ye— Y T T ——————— R — »
PTL System
Entrance Zonel Zone?2 Zone 3 Zone 4 Zone n

IR NN B
S0 1 6 S A

PTL+Z System

Material Flow PTL Conveyor Bypass Conveyor Scanne

—— > —_—— ®

Figure 1.3. Workflows of Systems
A comparison is shown in Figure 1.3 to present the workflows in PTL and PTL+Z
systems. First, in the PTL system, an order travels on the conveyor to be scanned at the
beginning of each zone. Then, the lights in each zone will help the picker with the locations and
quantities of SKUs after scanning the barcode on each box. After finishing picking SKUs in a

zone, the picker will manually push the order to the next zone to continue picking.



The difference in the PTL+Z system are the extra ZBP conveyor and one more scanner,
an order will wait to be scanned at the first scanner before entering the system. The scanner will
decide where to push this order, either the bypass conveyor or the PTL conveyor. Then, the
procedures for picking are exactly the same as PTL system. However, after done with picking in
one zone, the conveyor will automatically push the order to either the next zone through PTL
conveyor or the following zones through bypass conveyor. In PTL+Z system, each order will
only need to enter the zones, where SKUs need to be picked.

In addition, the proper placement of SKUs has a significant impact to the performance of
system. Generally, random assignment can be referred as allocating SKUs randomly in the
storage area without considering the priorities of SKUs. In the beginning, random assignment
was applying to the picking system, but with the development of warehouse management, new
principles of balancing the workload of the picking are established in order to reduce the travel
time and increase the picking efficiency.

Gray et al. (1992) hold the goal as by balancing the total picks in zones to minimize
picking time associated with labor cost. The conclusion can be drawn as by assigning SKUs
based on their demand priorities requires less time for picking than by using different storage
type in each zone. Kong (2007) and Kong and Masel (2008) present a heuristics method for
storage assignment, whose objective is to evenly balance the expected picks among picking
zones based on the demand of SKUs, which can be divided into several levels as expected. This
goal is complied with the lean principles to eliminate any idle time in the process.

Also, English et al. (2007) propose a storage policy as level loading, which can be
considered as one of the optimum assignments for PTL system. In this method, the product

demand is leveled through each zone and placed accordingly to the ease of access for the pickers.
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For instance, the highly demanded SKUs will be allocated in the most optimum locations for the
pickers to reach. Two principles will be used to define level loading assignment. The first one is
ABC analysis, which is a method to organize inventory to divide them into A, B, and C level. A
level item takes a large proportion of overall value but only a small percentage of total items.
The second one is called Pareto Principle, which is also known as 80-20 rule; it states that
roughly 80% of the effects come from 20% of the causes. This principle can be applied to the
warehouse environment that 80% of the order can be fulfilled by 20% of all the available SKUs,
which can be considered as the most popular SKUs. However, in the modern warehouse, most of
the facilities discover that their orders exceed the 80-20 rule percentage, which is to say that
almost 90% of the orders can be fulfilled by 10% of the SKUs (Specter, 2010). By applying a
more advanced picking strategy in the forward area, where the most popular SKUs can be stored,
the strategy can help increasing the order handling speed and reducing the overall pickers’ travel
time.
1.2.  Motivation

The major issue for further improving the PTL system performance is how to benefit
from different combinations of applying technologies and new SKU storage policy. On one
hand, the advantages for adapting PTL system has already been proved by increasing the
efficiency to about 50% and 99% of accuracy (Lin, 2010). On the other hand, Roodbergen and
Vis (2006) state that namely routing, batching, and storage assignment will impact the order
picking efficiency. In this thesis research, two advantages can be drawn from using PTL+Z
system and level loading assignment. First, the advantage of adapting a ZBP conveyor system is
to help orders to bypass the unnecessary zones, where no SKUs need to be picked. By delivering

orders directly to the must-pick zones to finish picking will improve the system throughput
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significantly. Second, the advantage of adapting level loading assignment is especially by
balancing the demand of SKUs in each zone in order to avoid any imbalance between busy zones
and idle zones.
1.3.  Research Objective and Methodology

The objective of this thesis research is to compare the system throughput in PTL and
PTL+Z systems with two different assignments, random assignment and level loading
assignment. The purpose of the comparison is to test which combination of system and storage
policy will have a better performance and which investment option will have a shorter simply
payback period as PTL system to PTL+Z system and random assignment to level loading
assignment. The idea for a 2 by 2 comparison design is given in Table 1.1 in order to measure
the four system throughputs.

Table 1.1. Measurements for Different Combinations of Assignments and Systems

Systems

PTL PTL+Z

Random Assignment

System Throughput

Level Loading Assignment

In order to model the system throughput, the average system throughput needs to be
addressed first. However, some of the time related factors, including setup time, total picking
time and travel time will be affected by the associated storage policy, more detailed study will be
further discussed in Chapter 3.

This thesis research will be contributing to both academic research and industry
application. The mathematical models in Chapter 3 are aimed at studying the proposed system
and also provide future potentials to be expanded for future work by relaxing more assumptions

and constant variables like setup time and number of SKUs in each order. In addition, knowledge




that has been obtained from this study can be applied to practical use to help decision makers to
further optimize current system within budget.
1.4.  Thesis Outline

This thesis is organized as follows. Chapter 1 presents the background of this research
and motivations to conduct this thesis. Chapter 2 reflects the literature review and other related
work done by the previous research. Moreover, the significance of this thesis research will be
explained in this chapter. Chapter 3 introduces the situation for the environment setting, and the
mathematical models are presented. In chapter 4, numerical studies and validated simulation
models are presented to prove the reliability of the mathematical models. Economic analysis is
followed to show the simple payback period of all the available conversions. Also, sensitive
analysis is carried out to study the relation between gross profit per order and payback period.
The final chapter, chapter 5 is the conclusions derived from the study. In addition, future

research about the potential area has been enhanced in this chapter.



CHAPTER 2. LITERATURE REVIEW

In this chapter, previous studies on the warehouse operation, OPSs, storage policies and
modern technologies will be concluded. These topics will be discussed in length as following,
from the generally idea of warehouse management, classifications of OPSs, storage policies, and
advanced technologies. Finally, a discussion will be stated for the unique idea of this thesis
research based on the known area.

2.1.  Warehouse Management

Nowadays, companies are trying to reduce the total inventory level to shorten product life
cycles, which creates more research opportunities in the warehouse environment. Warehouse
management is dealing with material handling activities, like receiving, picking and shipping.
Warehouse management system is a part of applications of supply chain management principles
to fulfill the requirement of each warehouse to satisfy customers within the acceptable shortest
response time (Van den Berg, 1999 and Gu et al. 2007). Three types of warehouses can be
divided into distribution warehouses, production warehouses, and contract warehouse.

In the literature, the emphasis of warehouse management can be tracked down with
multiple variables, which should be considered and defined coherently. Rouwenhorst et al.
(2000) classify the warehouse design decision making into strategic level, tactical level, and
operational level. At strategic level, the forward and reserve areas are planned for long term
impact. At operational level, most of the decisions are regarding to batching and storage policies.
Since there are so many criteria that should be met from different perspectives, it is hard to carry
out a warehouse layout.

Therefore, based on the principle of warehouse design, several studies address on the

design models of warehouse aiming at different goals. Roodbergen and Vis (2006) present a
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model for warehouse layout design to minimize the average travel distance for the pickers.
Hwang and Cho (2006) develop a mathematical model to minimize the operating cost by
minimizing the number of pickers. Furthermore, Hsieh and Tsai (2006) invent an analytical
method to find the optimum combination for the warehouse design by considering the cross aisle
quantity, storage level, and order picking policies together.

In addition, the storage area is usually divided into two area as reserve area and forward
area (Kong, 2007 and Van den Berg and Zijm, 1999), which has already been briefly introduced
in Chapter 1. In the forward area is used for storing a limited amount of fast-moving SKUs,
which won’t occupy too much space for a long time and for performing value added services or
order collation (Heragu et al. 2004). Research in this forward area can be called as a forward
reserved problem (FRP).

FRP is a non-trivial problem for assigning a SKU to the forward area, which will reduce
the labor cost and address relevant replenishment issues (Van den Berg et al. 1998 and Gu,
2005). FRP is a typical tactical level problem based on the principles that describe in
Rouwenhorst (2000). The studies in the FRP are mainly focused on what type of SKUs can be
classified as the high priority items, and how many of them should be placed in the forward area.
Hackman et al. (1990) propose a heuristic method aiming at minimizing the total cost for picking
and replenishing by considering both assignment and location in the forward area. The result
proves that the cost for picking and replenishing in the forward area depends on the size of the
forward area. Also, the authors present an analytical method for deciding the quantities and
proving it is useful to rank the priority of the SKUs. Van den Berg et al. (1998) develop a
minimum linear programming function in order to minimize the cost of picking and replenishing

to find the most optimal solution for the storage allocation in the forward area. Heragu et al.
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(2004) carry out a model to minimize the total cost of material handling by assigning SKUs to
their respective area. Frazelle et al. (1994) use the heuristic method to design a framework of
making decision of the size of forward area and also the allocation of SKUs. In addition, Kong
and Dasel (2008) propose a heuristic method for SKUs assignment, which is using the average
number of picks per zone and space assignment. Martinez (2008) presents an assignment model
for the fast picking area in the warehouse as well.

Frazelle (2002) summarizes several references on measuring warehouse performance.
The measurements can be divided into financial performance, productivity performance, quality
performance and cycle time performance. Especially in the order picking system, the key
performance indicators are the picking cost per order line, order lines picked per man-hour,
percentage utilization of picking labor and equipment, percentage of perfect picking lines, and
order picking cycle time (per order). Also, Frazelle discovers a way to combine these indicators
into a single performance indicator.

After the layout and function designs of a warehouse, researches are going into more
detailed classification. VVan den Berg and Zijm (1999) divide the warehouse into three categories
as manual warehousing, automated warehousing and automatic warehousing. In the warehousing
activities, order picking is a process that withdraws items in the warehouse to fulfill customers’
needs. It can be considered as the most important part and the most cost-consuming labor
intensive activity in the warehouse operations.

2.1.1. Order picking system classification

As the order picking is indentified as the most labor intensive and costly activity, review

the available studies for the OPSs available in the past, Yoon and Sharp (1996) introduce the

complexity of OPSs and list eight major departments for a OPS, which are receiving area, pallet
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reserve area, case pick area, item pick area, sorting area, utilizing area, shipping area and
auxiliary areas. A structured procedure for the OPSs’ system analysis and design is presented by
considering relations between the different functional departments.

Dallari et al. (2009) lead the approach to divide a fairly new OPS classification based on
the previous research of Yoon and Sharp (1996), Dallari et al. (2006) and De Koster et al.
(2006), this classification includes five categories, which are “Picker-to-Parts” system, “Parts-to-
Picker” system, “Pick-and-Sort” system, “Pick-to-Box” system, and automated picking through
the case studies of several actual warehouses on the order volume, number of order lines, and the
number of items. Figure 2.1 illustrates the proposed classifications of OPSs.

Who picks == -
goods Humans Machines

v
Who moves in Pickers Goods
picking area

Use of conveyor | N
to connect
picking zones

o ) Pick by Pick by Pick by
Picking policy order/item order item
"""""""""""""""""" y 0 4 L
OPS Picker-to- Pick-to- Pick-and- Parts-to- Automated
parts box sort picker picking

»

Automation level

Figure 2.1. Classification of OPSs, adapted from Dallari et al. (2009)
2.1.2. Order picking system selections and design
Since a significant number of design and cost parameters should be considered to design
the most proper OPS, Dallari et al. (2006) and Dallari et al. (2009) develop a way to help

decision makers for choosing the most suitable OPS by carrying out the in-depth survey of
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distribution centers in Italy. The results show that the number of order lines picked per day, the
number of items and the average order size, are the key parameters in the OPS selection.

In addition, Gillespie (2010) summarizes the critical factors for companies to operate a
warehouse or a distribution center, which can be listed as followed.

1). Minimize picker travel time and distances

2). Minimize product touches

3). Use of “golden zoning” principles

4). Incorporate dynamic work zones or flexible picking zones

5). Utilize slotting principles and techniques

6). Use of task interleaving

7). Use of picking technology aids

In addition, by taking the demand levels, labor rates, order sizes, and other related factors
into consideration, Russell and Meller (2003) develop a descriptive model to help the decision
makers to decide whether choosing automated OPSs or remaining manual picking to minimize
the total cost and to meet the demand constraints. Also, an analytical model is developed in order
to determine the optimal batching level for manual system in a set of constraints in picking and
packing.

In the study of OPSs’ design, Brynzer and Johansson (1995) propose the factors that
influence the OPSs’ design. They are location of the OPS, batching policy, and zone picking.
The conclusion can be drawn that the picking efficiency and accuracy can be further improved
by improving SKUSs’ priorities and storage policies. Furthermore, Brynzer and Johansson (1996)
present a description of restructuring components and information for pickers, which leads to a

more efficient material handling process.
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Peterson (2002) studies that the capacity of picking area, the storage allocation policies,
and the order sizes have essential effects on the performance with in the picking area. Hsieh and
Tsai (2006) summarize the factors that could impact the performance of order picking system,
which include the order batching, picking strategy, storage allocation, and picking area zoning.

By setting the minimum cost as the goal, which is constrained by the throughput and
storage space, Hwang and Cho (2006) present a mathematical model to measure the system’s
performance. The picker’s total time can be calculated, which includes traveling, picking and
pausing time in front of each picking zone. The conclusion can be also drawn as the number of
aisles can be optimized in an aisle picking area.

2.1.3. Pick-and-Pass OPS

In the determination of picking strategy, previous researches are mainly focused on
discrete picking, batch picking and zone picking. Discrete picking can be referred as single order
picking, which indicates that each picker is responsible for only one order upon a time. Then,
batch picking indicates that each picker is responsible for one SKU in a batch. Batching is a
popular strategy for reducing the mean travel time per order, which is often used in conjunction
with zone picking and automated material handling equipment. However, orders must be
accumulated in the system until there are enough similar picks to create the batches. Le-Duc and
De Koster (2007) evaluate the travel time assumption in a 2-block warehouse setting and also the
order batching effects.

Zone picking indicates that each picker will be assigned to zones to fulfill all the orders.
It is to remove items form zone to zone and push the order bin to the next zone when the
previous zone is done. The picking strategy is verified as the most effective in large operations

with high total numbers of SKUS, high total number of orders, and low to moderate picks per
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order. The labor assignment in each zone is accommodated enough for the picks (Piasecki,
2003). Le-Duc and De Koster (2005a) present a method to determine the proper number of zones
in the zoning system in order to minimize the total order processing time.

In the study of mail order companies, Petersen (2000) evaluates the different picking
policies of strict order, batch picking, sequential zone, batch zone, and wave picking in the labor
requirements, processing time, and customer service. The conclusion shows that wave picking
and batch picking won’t be influenced by the daily order demand. However, the zone picking,
batch and sequential will be affected by the increasing order sizes significantly. For sequential
zones, the zone imbalances and order sequencing will cause the delay of picking. Workload-
imbalance is more prominent when the order sizes increase.

Parikh and Meller (2008) present a mathematical model for choosing from batch picking
and zone picking in the OPS. Several parameters are considered, such as the effects of pick-rate,
blocking problem, workload balance problem, and the sorting system requirement. The
conclusion is that zone picking requires pickers only pick those SKUs within their assigned
picking zone. A reduction of travel time will lead to a will lead to the order throughput time and
warehousing costs as well. The size of the picking zones depends on the total number of SKUs in
the warehouse, the amount of time available for order processing, and the number of pickers
available to process the order.

The Pick-and-Pass system (PAP) can be referred as an application of zone picking. In this
system, conveyor systems are used to move orders from zone to zone, and it is very important to
balance the number of picks from zone to zone to maintain a consistent flow. According to the
principle of zoning, two approaches of zoning have been discussed (De Koster et al. 2006). The

first approach is about the order’s progressive assembly, where the PAP divides the picking area
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into zones with one or more pickers assigned to each picking zone. In particular, the picking
zone can be divided into equal size and unequal sizes. Petersen (2002) draws the conclusion that
with the equal sized picking area, larger picking zones will reduce picking productivity and
increase the travel time correspondingly. Otherwise, small picking zones will increase the
picking productivity and the setup time for each particular zone, but decrease the intensive of
labor at the same time.

There are only limited references focused on the PAP problem. An approximation
method based on G/G/m queuing method to evaluate the performance of PAP system has been
presented by Yu and De Koster (2008). The effects of storage policies, station sizes with
numbers of pickers, batching orders and slitting orders to the system performance are tested.
Furthermore, Yu and De Koster (2009) propose an approximation model based on queuing
network to identify the impact of order batching and picking area zoning in a PAP order picking
system. By taking more different parameters into consideration, such as the setup time per zone
and order arrival rate, the results show that the mean order throughput time is quite robust for a
varying number of zones around the optimum number of zones. In addition, the arrival rate only
has slight impact on the mean order throughput time. Yu and De Koster (2009) confirm the
relations between the number of zones and optimization. With the increasing order size, the
operational cost will reduce, whereas the average throughput time intends to grow, which
indicates that PAP system might be suitable for the order size increasing and will be more
advantage to have more picking zones.

By taking the SKUSs’ priorities into consideration, Melacini et al. (2010) use two levels of
SKUs and whose demands are evenly distributed over the products, also the authors propose a

frame work for PAP order picking system aiming at minimizing the whole picking cost with the
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considerations of the required service level. Pan and Wu (2009) develop an analytical model to
describe the operation as a Markov Chain for the estimation of the expected travel distance of the
picker in a picking line and three different ways are considered as single picker, multiple pickers
with equal size zones and with unequal size zones. In addition, they propose three algorithms for
optimally allocating item to storages for the cases of a single picking zone, a picking line with
unequal-sized zones, and a picking line with equal-sized zones in a PAP system to show that
both equal size zones and unequal sized might have the shorter travel time than the model that
has been presented in Jewkes et al. (2004), where the storage location in a rectangular or linear
storage racks are considered. The algorithms have been presented to minimize the order finishing
cycle time and to decide the optimal product allocation and server location.

2.2.  Storage Policy

De Kaoster et al. (2006) discuss five frequently used storage assignment, which are
random assignment, closest open location assignment, dedicated storage, full turnover storage,
and class-based storage. There are three common storage location assignments as dedicated
storage, randomized storage and class-based storage. In the randomized storage, SKUs are
assigned to all eligible empty locations with equal probability (Petersen, 1997).

The closest open location assignment is referring as the SKUs will be assigned to the first
storage location that the picker firstly encountered. However, Hausman et al. (1976) state that
this assignment performance is similar to the random assignment if only full pallets moving
considered. The dedicated storage is referring as the SKUs are having the fixed location to be
stored. However, this assignment is usually applied to small-sized area. The full turnover storage
is referring as the storage allocation is based on the SKUs’ turnover rate. For instance, the higher

rate of turnover, the easier assessable location the SKUs will be assigned to. The early
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application of this method was Cube-per-Order (COI) rule that has been proposed in Heskett
(1963, 1964). 1t is referred to the ratios of the SKU’s total required space to the number of picks
per unit time.

Le-Duc and De Koster (2005b) are focused on the class-based storage assignment in
inventory control management. Pareto’s method is generally used to level the SKUSs into classes
based on the priorities of fulfilling orders. The classifications of SKUs are often broken down
into maximum three levels. A level can be referred as the fastest moving SKUs, which take the
first place of priorities, and followed as B and C level. In addition, by taking the return routing
into consideration, Le-Duc and De Koster (2005¢) demonstrate that the across-aisle storage
method is better optimized than the class-based storage assignment. Petersen et al. (2005)
introduce the new storage assignment policy that is involved with the golden zone, which slot
high demand SKUs at the height between the pickers’ waist and shoulders. The result shows the
saves of order finishing time.

Roodbergen and Vis (2006) discuss that in order to improve the efficiency of warehouse
operations, three groups of policies have the potentials to improve, namely routing, batching, and
storage policy. A not well-optimized storage policy might results in having lower the picking
speed and longer the travel distance, which will cause more congestion during picking process.
Bartholdi and Eisenstein (1996) discuss about the importance to balance the workload in the
picking system.

In order to evaluate the performance of how the storage assignment is going to influence
the OPSs, diversity of models have been studied in this area. Maleki (2009) discusses the ways to
improve order picking throughput by integrating the “level loading” method for optimizing

inventory position by using popularity ranking matched up with the location ranking, which is
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listed in the order of accessibility and proximity to the stating location (English et al. 2007,
Barrett et al. 2007, and Rooks et al. 2005).

In the further study of work balance in the picking system, Jane (2000) proposes several
heuristic methods in order to balance the workloads among the order picker and to adjust the
zone size in order to achieve a better system performance. Based on the lean principles of
avoiding idle time, Kong (2007) proposes a method of designing a lean OPS and further
economic analysis is provided in Lin (2010). In addition, Jane and Laih (2005) provide a
heuristic algorithm to balance the workload among all pickers in order to improve the utilization
of OPSs and to reduce the time consuming. Overall, the storage allocation is one of the crucial
parameters that should be paid more attention to.

2.3.  Modern Picking Technology

In a traditional warehouse using the paper-based system to follow an order, locating the
items will increase the traveling time and labor cost. Also, there are some follow-up steps need to
be done after the final picking of each order. In these steps, there might be possibilities for errors,
which will result in investing more in the quality control system. Nam et al. (2004) study how to
reduce the error rate in OPSs. Therefore, if a new technology can be brought in to reduce the
error chances, the whole system efficiency can be increased significantly.

In order to improve the picking efficiency and accuracy, there are several automation
technologies that can be used in material handling, however, three of them are highly occupied,
which are Automated Storage and Retrieval System (AS/RS), Carousel system and PTL system.
2.3.1. Automated storage and retrieval system (AS/RS)

AS/RS is a storing technology for the fast moving items. Most of the studies are focused

on the storage policies. This advanced storing system can provide close depot, retrieve and lower

20



storage space requirements of random storage policy in the warehouse (Van den Berg and
Gademann, 2000). Available studies on the class-based storage policy (Hausman et al. 1976,
Yang, 1988, Rosenblatt and Eynan, 1989, Goetschalckx et al. 1990, Eynan and Rosenblatt, 1994,
Kouvelis and Papanicolaou, 1994, and Malmborg, 1996). In addition, Ashayeri et al. (1996)
study the maximum capacity of system throughout of AS/RS system under different storage
policies. Simulation is also used to test the impact of storage policies (Guenov and Raeside,
1992, Lee, 1992, and Muralidharan et al. 1995).

2.3.2. Carousel system

Nowadays, carousel systems are one of the popular order picking systems because of the
easier access, minimal picker required and increased throughput capabilities. Carousel systems
allow pickers to remain in one location while product to be picked travels around a track.
Throughput is increased by minimizing pickers’ travel distance compared to traditional
warehouse.

Carousel systems are available in a wide variety of heights, widths and depths, one
example can be seen in Figure 2.2. It allows for simultaneous picking by one picker on multiple
carousels. Carousels utilize similar PTL technology to automate their process and further reduce
picking time. When the orders are scanned into the system, the carousel automatically begins
rotating to bring the SKU to the picker. A vertical light bar tells the picker the SKUSs’ location
and quantity to be picked. When the picker completes the pick, they push the complete button
and the carousel automatically begins to move the next product to be picked forward. As one
item is being picked from carousel A for example, another carousel, carousel B, is bringing the

next SKU to be picked next. The picker will then pick from carousel B while carousel A is
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bringing the next SKU to be picked next. Following that pick, the picker will move back to

carousel A. This process is repeated until all items have been picked.
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Figure 2.2. Top View of Horizontal Carousel System, adapted from English et al. (2007)

Carousels provide an alternative by bringing the items to the pickers instead of the
pickers going to the items. When two or three carousels are operated by one picker, each
carousel may be driven independently to position containers so that each picker will never wait
for an item. The density of storage can be greatly improved because the carousel units can be
placed closer together eliminating the wide aisles typically needed for forklifts or carts. Using
carousels, picker can pick at a rate of 150-600 picks per hour. Picker efficiency and accuracy can
be assured through the use of light bars to indicate the appropriate container.

In addition, carousel system is commonly used with other picking technologies, such as
PTL system and A-frame, which can maximize each system’s advantages.
2.3.3. Pick-To-Light system

Technically, the PTL system can be considered as a real practice for a PAP system and
using the zone picking theory. The basic idea of PTL system is to use lights to indicate the
location of the needed items. After scanning the barcode associated to an order, the lights that in

charge of each SKU will be illuminated. When the picker collects the required amount of items,
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the lights will be flashed to notice the picker to confirm finish picking. By using this light-
directed picking method, the pickers won’t travel around to find the items and no need to read
the paper list, which dramatically increases the picking effort. Specter (2010) draws the
conclusion that the PTL system is best for fast-moving goods, and split case items.

Nowadays, the trend of small sized order is increasing, which calls for the most desired
picking method for fast-moving items. Trunk (2002) explains the increasing usage of PTL
system than any other picking technologies. By using PTL system, it will cut about half the time
to finish the orders. Meanwhile, it could also reduce errors by 70 to 90 percentages comparing to
the paper-based picking lists. Sharp et al. (1996) develop a method for choosing the order
picking equipments. A comparison between PTL system and other system is carried out in both
quantitative and qualitative in some case studies.

2.4.  Conveyor System

Conveyor systems are used to route totes from one picking location to the next instead of
routing totes to all the pick area (Levans, 2009). Conveyor systems are the essential parts in
transporting and connecting between each picking zone in the PTL system. Nowadays, the speed
of conveyor can go up to 700 feet per minute in high throughput facilities. Also, the conveyors
system can be adjusted base on the identical requirements for ergonomic loading or picking. It is
important to have a well-designed conveyor system, which has an operational life expectancy for
15 to 20 years in average. Also, it has lots of options to get modernized and extended system’s
life. Several advanced improvement of conveyors have been studied in (Trebilcock, 2010).

However, there are only a few literatures about the conveyor systems. The Bypass
conveyor is first brought up by Soemon Takakuwa. Takakuwa (1990) provides a performance

evaluation of conveyor systems in various picking conditions. It uses the chance-constrained
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goal programming to make the multiple objective decisions about the optimal job-assignment
and different conveyor systems. Four particular types of conveyor systems are presented as
single container/continuous system, multiple containers/continuous system, single
container/discontinuous conveyor system and bypassed conveyor system.

The major idea for ZBP conveyor is to assign several pickers to the equal-numbered
successive sections resp