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4.  Application of the scientific results of the dissertation in practice

During my research I have accomplished a detailed literature survey. I systemized the theoretic and
practical solutions for the problems occurring at the planning of order picking systems and processes. A
system-oriented method has been developed for the planning and control of order picking processes. The
results of this dissertation offer a system of tools for the planners and controllers of order picking processes,
but can be used in the higher education of logistics.

Using the developed entities (atoms) and with minimal level of programming, the developed
simulation model can be used to simulate picker-to-part order picking systems in warehouses with any layout.
With help of this simulation model the interaction between storage policy which determines the product layout
in the warehouse and the routing policy which determines the length of the order picking routes.

In this dissertation two algorithms are presented for the single and for the multi-criteria routing
problems, which are special cases of the traveling salesman problem. The sequencing of the order picking
places on the picking lists is also a problem in warehousing systems different from the system presented in this
dissertation. Such systems are for example automated storage and retrieval systems (AS/RS). Literature about
the routing problems in AS/RS systems has also been investigated. In AS/RS systems the position of the
storage bays and the physical parameters (velocity, acceleration, manipulation time) are also known. By
restructuring the model which calculates the distances traveled and the travel times needed, that it considers
the specialties of AS/RS systems, the developed genetic algorithms for routing can be used to solve the routing
problems in AS/RS systems.

I see the possibility of further development of the scientific results presented in this dissertation in two
other areas. On direction of developments can be the enlargement of the simulation model for order picking
activities. As a first step the order batching strategies could be implemented and the effect of these strategies
on the routing could be analyzed. The handling of more than one unit loads by the simulation model is of
course a precondition.

The goals of the developments in the other direction should be the more detailed modeling of human
order pickers. Calculations should consider the fatigue of order pickers and the effect of pauses on their
performance.
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1.  Introduction

1.1.  Timeliness of the research topic

As a result of the nowadays undergoing economical and social changes in Europe: the European
integration, globalization, explosive development of information and communication technologies, a “new
economy” has been developed and the market environment has changed.

In this new environment companies lay emphasis on the responses given to customer demands, and
realize that their competitiveness, flexibility and market share could only be increased by the reengineering of
their processes and the development of their logistics and utilization of advanced information technologies.

Although, one of the main objects of logistic developments is the reduction of stock levels in
warehouses, it remains obvious that warehouses are needed along the logistic chain connecting suppliers and
customers. But warehouses must face new requirements to fulfill their changed role in the future.

Warehouses are important nodes in the logistic (supply/distribution) chain. Warehouses enable the
equalization of the timely differences between production, transport and distribution, the smooth realization of
material flow between sources and sinks, and the minimization of risks.

The basic function of warehouses is storage, but in most cases it is completed with other logistic services
(i.e. packaging, pricing, labeling). The main object of operating warehouses is the assurance that all needed
products are available at the right time, in the right quantity and quality. It must be solved with the lowest
possible level of stocks and costs. At the same time the service level of the warehouses must be increased:

 reduce of transportation times;

 increase the number of on-time deliveries;

 increase the level of readiness;

 increase the flexibility;

 reduce failure rate.

In order to meet the growing requirements by ever decreasing stock levels and costs, warehouses need
well structured, transparent processes and highest degree of discipline and punctuality. In general it can only
be realized with the application of computer aided warehouse management systems (WMS).

As a result of the efforts to minimize stock levels, customers order more frequently, smaller quantities
from the growing product variety so the importance of order picking procedures in the warehouses is growing.
Order picking is the process of retrieving and sorting of products according to customer orders. Order picking
is one of the most labor-intense tasks in the warehouses.

The human hand as a handling equipment is hard to substitute, the economical atomization of order
picking is seldom possible. The costs of order picking can add up to half of the total operating costs of
warehousing, so any improvement in this field can result significant cost reduction.

At the same time, the quality of order picking, the performance of order picking systems greatly
influences the customer service level. Therefore, with the optimization of order picking processes, operating
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costs of warehouses can be reduced (especially the labor costs), and by the fast and flexible retrieval of
customer orders, the customer service level can be increased.
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Order picking systems must retrieve the picking lists compiled by the warehouse management system. In
most cases the order of the items on the order picking lists determines the routing of order pickers. Order
picking costs can add up to 45-55% of all warehouse operating costs, and traveling times can reach half of the
total order picking time, so the reduction of traveling times can result in significant cost reductions. In case of
every order picking list one of the most important tasks is the minimization of the order picking route.

Flexibilization of labor is an important issue in warehouses. Flexibilization implies that throughout the
day personnel are shifted between activities whenever extra capacity is needed. Furthermore, if the available
labor capacity is insufficient, then temporary staffs are hired from a specialized agency. Accordingly, labor
costs will be minimized. Such an approach requires effective capacity planning procedures for the various
activities in the warehouse (receiving, storage, order picking, replenishment, shipping, et cetera). Capacity
planning determines the number of personnel and resources that are required at any activity. Furthermore,
procedures are needed for scheduling such complicated warehousing operations under tight time constraints.
By monitoring progress, resources may be redistributed among activities.

1.1. Objects and methods of research

At present, the planning, organization and control of order picking processes (i.e. routing) are based on
static, average values of order picking parameters.

Because of the daily changing volume of tasks, this can lead to bottlenecks, reduction of service level or
on the other hand to unutilized resources and extra costs.

My aim is therefore, to develop such optimization algorithms to solve order picking problems that can
be easily implemented in any computer aided warehouse management system, by using the possibilities
offered by computer simulation and the newest optimization methods.

Objects of the research in detail:

 exploration of the decision problems considering order picking in a warehouse, and the planning
and controlling tasks at the tactical and operative levels;

 detailed analysis of the order picking strategies, especially routing policies;

 analysis of the multi-criteria optimization problem and its possible solutions;

 elaborating new routing algorithms to minimize the length of the traveled routes and such that
consider other factors (i.e. physical parameters of products) besides the distance traveled;

 developing a scheduling method to determine the optimal sequence of retrieving order picking lists,
considering their deadlines, the utilization of resources and the incurring expenses;

 building such a model and tool for the above mentioned tasks, which enables the analysis of order
picking activities and the retrieving of each order picking list. It is an essential requirement that the
developed computer model must have appropriate interface with the (self-developed) optimization
algorithms.
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3. Based on my experiences of my practical activities it can be stated, that in case of physically
heterogenic product variety, besides the minimization of the order picking routes other
optimization criteria must be taken into consideration when the retrieval sequence of the
products is determined. Such criteria are to best utilize the volume of the order picking
devices, to avoid repeated reordering of products on the order picking device and to form
well-built, safe loads. Considering these optimization objects too, a multi-criteria optimization
algorithm to determine the optimal order picking sequence has been developed.
To solve the multi-criteria optimization problem a Pareto-based genetic algorithm has been
developed, which is less sensitive to the shape of the Pareto front and continuity of the Pareto
front. This algorithm also finds more than one members of the Pareto front in one step.
An algorithm based on the weighted sum concept has been developed, which enables the
different consideration of optimization criteria. Thru this algorithm the behavior of the
decision maker(s) can be modeled and the multi-criteria decision making can be automated.
/own publications: [Mol2], [Mol7]/

4. Based on the theoretic analysis and the practical time measurements undertaken, a simulation
model of processes in a picker-to-part order picking system has been elaborated and built. The
simulation model was built in the discrete event simulation program of Enterprise Dynamics
by Incontrol. With help of the simulation model the human (i.e. fatigue) and other stochastic
(i.e. velocity, acceleration, pick time) factors can be taken into consideration.

The three differently detailed version of the model is able to determine the traveling time and
the full order picking time of the picking lists, and to complete the scheduling of order
picking lists (by shift). To achieve that, an interface between Enterprise Dynamics (simulation
model) and Delphi (optimization algorithms) was built to assure the data flow and to simplify
the parameter input procedure.

The operative warehouse management controlling the order picking processes with help of the
simulation model can analyze the order picking processes in detail and the effects of the
planned modifications (layout modification, storage strategies change) in the system.

The applicability of the model has been proven during test experiments.

/own publications: [Mol2], [Mol3], [Mol5], [Mol6], [Mol7]/

5. Based on the literature survey it can be stated that no effective capacity planning procedure
for the elaboration of the daily order picking plan has been developed yet.

A two-phase model has been developed to estimate the optimal number of order pickers. The
algorithm aims the equal load of order pickers.

A multi-criteria optimization algorithm has been developed for the elaboration of the daily
order picking plan, which considers the minimization of labor costs, earliness and tardiness
costs of completing order picking lists and idle times of the order pickers. The algorithm is
capable to analyze the effects of altering the numbers of order pickers in the shifts.

The elaborated multi-criteria optimization algorithm has been integrated into the simulation
model, so the complete model is capable to prepare the daily order picking schedule
effectively.

/own publications: [Mol2], [Mol3], [Mol6], [Mol7]/
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3.  New scientific results

The new scientific results elaborated in the dissertation can be summarized in the following five theses:

1. Based on the literature survey it can be stated that considering the planning and controlling
tasks of order picking processes and order picking systems, only such theoretical and practical
solutions have been developed that are able to model one sub process which do not take the
interaction between subsystems into consideration.

Therefore, the decisions about order picking systems were organized into a hierarchical order
and a system-oriented method for the planning and control of order picking processes has
been elaborated. After that the exploration and analysis of the tasks at the tactical and
operative level and the interaction between them was undertaken.

Based on this, the computer aided control method for order picking processes have been
elaborated. It was assumed that the modeled warehouse operates according to the most often
applied picker-to-part order picking concept. The functional program environment consists of
the following elements: database connection, simulation application, optimization algorithms.

The most significant feature of the model is that – for the best applicability – the developed
algorithms are task-specific but have only few restricting conditions and can be easily
integrated into computer aided warehouse management systems. The data required for their
operation are available in the SKU and warehouse master file of all warehouse management
systems or can be derived from these.

/own publications: [Mol1], [Mol8], [Mol9]/

2. The duration of order picking can be reduced significantly through the shortening of order
picking routes, optimization of the retrieval sequence from picking bays. The routing
heuristics presented earlier in the literature have been analyzed, and a new, genetic algorithm
based method for the optimal retrieval sequencing of picking from picking bays has been
developed. The effectiveness of the search was further enhanced through the integration of a
local search procedure. Based on a number of experiments, it can be stated that the developed
method is more effective – in the analyzed cases – than the heuristics presented earlier in the
literature.

During the experiments the developed method found the retrieval sequence for all order
picking lists in 0.7 seconds. The results were compared with the results of the Combined+

heuristic, the most effective heuristic presented in the literature. It can be stated that
depending on the number of aisles in the warehouse and the number of items to be retrieved,
the difference between the results of the two methods concerning the length of the picking
routes can reach as high as 3.9-14.7%.

A further advantage of the developed algorithm is that contrary to previous methods the
starting and ending points of the routes can have any coordinates (can differ from each other).

/own publications: [Mol4], [Mol6]/.
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Routing of order pickers in a warehouse is the special case of the traveling salesman problem, which is
an NP-hard problem [176]. In general, researches accepted that NP-complete problems are non-polynomial, to
find fast and accurate solutions is extremely hard, so in most cases it is more practicable to find or develop an
approaching algorithm [33]. Researchers and engineers apply heuristics to solve NP-complete problems, in
order to reach an acceptable solution close to the optimum in acceptable time.

Because of their versatility and effectiveness, genetic algorithms (GA) from the family of the general
approaching heuristics, are used to solve more and more combinatorial optimization problems, like TSP [79],
[120], [121], [135], [173]. The advantage of genetic algorithms is that they can be combined with other
methods developed to solve the given problem, so their effectiveness can be further enhanced.

Genetic algorithms are also suitable to solve multi-criteria optimization problems (multi-objective
evolutionary algorithms, MOEA), because they operate on a set of possible solutions (population) in one
iteration step.

Contrary to classic mathematic programming techniques where a series of separate runs are necessary,
GAs are able to find a number of members of the Pareto front in one step.

Previous optimization techniques were developed to search in large spaces or to multi-criteria decision
making. GAs are also attractive to researchers, because they are capable of solving both problems.

As a result of the above mentioned reasons, genetic algorithm was chosen to solve the retrieval
sequencing (routing) problem and the scheduling of order picking.

It is hard to see the result of a decision in advance in such complex systems as order picking in a
warehouse. As a result of the developments in the field of simulation enables the building of accurate and true
to life models in a short time. With the help of simulation a virtual copy of the real system can be built which –
based on our measurements and observations – enables the direct analysis of all the modeled features of the
system. A number of ‘what if’ type of questions can be analyzed in order to reach a well-founded, objective
decision with the help of a well built, validated simulation model. This is why simulation technique has been
chosen to determine the object function values during the optimization.

2.  Literature survey

The research has been continuously accompanied by the processing of researches and scientific
publications linked with the research topic. The object of the literature survey was on one hand to master the
knowledge, on the other hand to explore and analyze the national and international research that has been done
linked with the research topic. The main focus of the work was the development of a simulation model to
simulate order picking activities and the elaboration of optimization algorithms to determine the retrieval
sequence of items and to schedule the daily order picking tasks by considering a number of optimization
criteria.

The literature survey included 69 books, PhD theses, Diploma theses, catalog and research reports, 88
journal articles and 71 conference proceedings and electronic publications.

In the 1970’s GUDEHUS [91], [92], [93] introduced the planning and control of order picking
processes and systems as a new research topic. GUDEHUS also studied the technical and organizational
solutions of order picking and systematized the order picking activities and methods.

Besides the works of GUDEHUS the publications [74], [188], [206], [211] and [213] give an overview
of the order picking systems applied in the industry and commerce. The publications [181], [184], [185], [186]
investigate the role and possibilities of development of order picking activities in warehousing systems. The
publications : [18], [19], [21], [25], [28], [85], [102], [111], [145], [146], [148], [152], [161], [163], [219],
[221], [225] analyze the planning and performance of order picking systems.
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The publications [20] and [110] consider the duration of order picking activities. [75], [82], [94] and
[155] present the technical solutions and applicable equipments in order picking systems. The newest
technical, information and communication technologies used in order picking systems are presented in [94],
[101], [112], [140], [141], [154], [165] and [187].

LOLLING [142] prepared a study about order picking failures based on laboratory experiments at the
University of Dortmund.

The newest method of consolidation of orders is crossdocking, where inbound products of a short
period of time leave the warehouse without storage by the end of the period (1 day). This method is used in
case of fast turnover and perishables. BARTHOLDI [12], [13], DONALDSON [63], GUE [95], [96], [97] and
SCHAFFER [182] treat the planning and organization questions considering crossdocking centers.

TEN HOMPEL and SCHMIDT [201] systemize the procedures and functions in warehousing and the
tasks warehousing management systems. The authors show the connection points where warehouse
management systems are linked to other control systems. The main steps of controlling of warehousing and
order picking processes are presented. The authors give a short survey about policies applied at the
organization of warehousing procedures and possible optimization methods, and about planning techniques of
material flow, automation and identification of order picking systems.

FRAZELLE [76], [77], VAN DEN BERG [206], and the publications [124], [131] present the operating
policies applicable at the planning of order picking processes.

Before products are retrieved they must be taken in and stored in the warehouse. The applied storage
policy decides what product will be stored where, which has a great influence on the order picking. From the
research done at this field, the works of CARON, MARCHET and PEREGO [24], [25], HACKMAN and
ROSENBLATT [98], HESKETT [104], and JARVIS and MCDOWELL [115] are the most significant. Further
research results can be found in [22], [136], [137] and [156].

ARMSTRONG et al. [7] represent a model where the number of products in a batch is determined in
advance. EL SAYED [65] present four different algorithms for the batching of orders in an AS/RS system.
Analyzes prove that results depend mostly on the capacity of the equipments and the structure of the orders. EL
SAYED and STERN [66] studied the possibilities of order batching and their effectiveness against minimal route
length. EL SAYED and UNAL [67] developed such a heuristic which reduces the lead times. EL SAYED et al.
[68] elaborated a method which minimizes the difference to deadlines. About batching heuristics in one aisle
PAN and LIU [160], about batching heuristics in more than one aisle DE KOSTER et al. [60] and ROSENWEIN
[177] give comparison and summary. GIBSON and SHARP [83], and HWANG et al. [109] analyzed the batching
heuristics in a man-on-board AS/RS system.

Routing heuristics offer the largest savings on time and resources in an order picking system. The
problem can be defined as the finding of the sequence of retrieval with the shortest route length or time.

RATLIFF and ROSENTHAL [170] developed an algorithm with linear time to the number of variables
for the case of warehouses consisting of one block. DE KOSTER and VAN DE POORT [59] generalize the
algorithm developed by RATLIFF and ROSENTHAL [170] for other order picking cases. In practice heuristics are
used for routing. HALL [99] presents the most often used heuristics and the optimal solution in one block
warehouses, and gives an estimation for the time needed with the different heuristics.
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ROODBERGEN and DE KOSTER [175] prepared a study about the routing heuristics in multi-block
warehouses. VAUGHAN and PETERSEN [210] developed an algorithm that uses dynamic programming elements
for multi-block warehouses. ROODBERGEN [176] presents two new algorithms in his PhD dissertation and a
case study where the order picking time could be reduced up to 34%. All foregoing publications assumed that
aisles are narrow enough for order picking on both sides without changing position. GOETSCHALKX and
RATLIFF [84] developed an optimal method for the case of order picking in wide aisles.

In Hungary the University of Miskolc, Department of Material Flow and Logistics and the Budapest
University of Technology and Economics, Department of Transport Operations has been engaged in research
on the planning and organization of order picking in warehouses since 1970’s.

CSELÉNYI and KOVÁCS [34], [35], CSELÉNYI, BÁNYAI and KLÁTYIK [40] studied the variants of
mobile shelving systems and their applicability, and developed a genetic algorithm for the optimization of
order picking in mobile shelving systems. CSELÉNYI and HAJDÚ [43] compared the order picking strategies in
carousel storage systems. CSELÉNYI [45], [46] studied the strategic questions of paperless order picking, and in
the publications [38] and [39] he studied the control strategies of loading and unloading processes in
automated warehouses. CSELÉNYI and KOLLÁNYI [42] give a survey about the modeling and optimization
possibilities of logistic systems. CSELÉNYI and BÁNYAI [44] present the planning procedure of mobile robot
systems, CSELÉNYI, BÁNYAI and VERNYIK [36] present the control strategies of order picking with mobile
robots. CSELÉNYI, KOVÁCS and SMID [37] present a control algorithm for homogeneous load building with
portal robots. SMID and CSELÉNYI [190], [191] present the planning of simulation and simulating of load
building with portal robots. CSELÉNYI and SMID [41] compare different alternatives of load building with
portal robots with the help of simulation.

TARNAI [195] developed a procedure to determine duration of order picking in storage areas and to
determine the performance of order picking systems with the help of the ’AIM’ time tables. TARNAI [196]
presents a effective procedure for the processing of orders. In [197] the author treats the routing heuristics in
AS/RS warehouses in detail. FELFÖLDI, MOLNÁR and TARNAI [71], [200] give a survey of the technical and
organizational solutions of order picking, order processing, layout planning of order picking warehouses and
zones. PREZENSZKI [167], [168] summarizes the sub processes of order picking, the methods and equipments
of order picking. The publications [198] and [199] of TARNAI introduce the newest trends in warehousing,
especially in order picking. TOKODI [203] and BINÓ [15] consider the questions of integrating methods for
planning and control into the warehouse management module of SAP R/3.

I have joined the research at the Budapest University of Technology and Economics, Department of
Transport Operations in 2002, and published my results in national and international journals and at
conferences: [Mol1], [Mol2], [Mol3], [Mol4], [Mol5], [Mol6], [Mol7], [Mol8], [Mol9].

The reference numbers indicated in the literature survey above can be found in the chapter
‘References’ at the of the dissertation.


