o
w
1
-
c
()]
S
(<))

(@)
©
c
©
=
[T
o
(]
-
=)
x
)
v
c
<=
[}
S
©
()]
(7}
)
o
")
=)
£
v
©
—
L

Past and Future

Perspectives on Material Handling

10 November 2015

On the occasion of René de Koster’s 20 years full professorship
Rotterdam School of Management, Erasmus University

éﬂSMUS UNIVERSITEIT ROTTERDAM



Past and Future

Perspectives on Material Handling



Bibliographical Data and Classifications

Library of Congress Classification HB141,HF5415.135,HF5483.5,HD9999.C74+,
(LcQ) HE550+,HE1+
Journal of Economic Literature (JEL) B23,C01,C53,C61,L22,L91,M54,R41

http://www.aeaweb.org/journal/jel_class_system.html

Free keywords AGV's
self storage
order picking
sustainability
system design
queuing

optimization

Erasmus Research Institute of Management - ERIM
The joint research institute of the Rotterdam School of Management (RSM)
and the Erasmus School of Economics (ESE) at the Erasmus Universiteit Rotterdam

Internet: www.erim.eur.nl

ERIM Electronic Series Portal:
http://repub.eur.nl/pub

Inaugural Addresses Research in Management Series
Reference number ERIM: EIA-2015-065-LIS

ISBN 978-90-5892-426-1

© 2015, René de Koster

Design and layout: B&T Ontwerp en advies (www.b-en-t.nl)

All rights reserved. No part of this publication may be reproduced or transmitted in any form or by any
means electronic or mechanical, including photocopying, recording, or by any information storage and
retrieval system, without permission in writing from the author(s).




Past and Future

Perspectives on Material Handling

On the occasion of René de Koster’s 20 years full professorship
at Rotterdam School of Management, Erasmus University
10 November 2015

René de Koster

Department of Technology and Operations Management
Rotterdam School of Management, Erasmus University
P.O.Box1738

3000 DR Rotterdam

The Netherlands

E-mail: rkoster@rsm.nl



¥3LSOX 3d IN3IY < ONITANVH TVI43ILVIN NO SIAILDIdSHId *3¥NLN4 ANV LSVd



Content

Content

Introduction by René de Koster

Foreword by Jan Hommes

Part 1: Developments in material handling. Different perspectives

1.

What will the world of material handling look like in ten years?
Jan van der Velden, Market Director Parts & Components,
Vanderlande

Developments in material handling automation
Tom Bonkenburg, St.Onge Company

The role of warehousing / x-docking and material handling
technologies for V&D
Theo Heemskerk, COO V&D

The emergence of material handling research in The Netherlands
Kees-Jan Roodbergen, University of Groningen

Developments in material handling research
Ivo Adan, Manufacturing Networks Group,
Department of Mechanical Engineering,
Eindhoven University of Technology

Compact Storage Systems: a new research area

Yugang Yu, Professor of Logistics and Supply Chain Management,
Executive Dean, University of Science and Technology of China,
Hefei, PRC

n

13

15

21

25

31

36

41

¥3ILSOMN, 30 INIY

wv

ONITANVH TVI43LVIN NO S3IAILDIdSYId :3¥NLN4 ANV LSVd



RENE DE KOSTER

o

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING

Part 2: Selected academic contributions and publications
by René de Koster

Warehouse assessment in a single tour
De Koster, M.B.M. (2008), Warehouse assessment in a single tour,
Facility Logistics. Approaches and Solutions to Next
Generation Challenges, M. Lahmar (ed.), pp. 39-60.
New York: Auerbach - Taylor & Francis Group

Design and control of order picking
De Koster, R., Le-Duc, T., Roodbergen, K.J. (2007),
Design and control of order picking: Aliterature review,
European Journal of Operational Research 182, 481-501

Warehouse automation
De Koster, R. (2013), Magazijnautomatisering,
in:R.Jansen and A.van Goor (Eds.), 40 jaar logistiek,
40 jaar VLM, pp. 41-44

Warehouse math
De Koster, M.B.M. (2010), Warehouse Math,
in: L.Kroon, T. Li, R. Zuidwijk (eds.), Liber amicorum.
In memoriam Jo van Nunen, pp.179-186, Dinalog Breda

Self-storage warehousing
De Koster, R. (2013), Boosting revenues in the
self-storage warehouse industry, RSM Insight 16, 8-10

Accidents will happen
De Koster, R, Stam, D., Balk, B. (2011), Accidents will happen:
do hazard-reducing systems help?, RSM Insight 5, 8-11

Container terminal operations: overview
Gharehgozli, A., Roy, D. & De Koster, M.B.M. (2015),
Sea container terminals: New Technologies and
OR models Maritime Economics and Logistics,
doi:10.1057/mel.2015.

45

47

3

121

133

151

159

167



Optimal design of container terminal layout 221
Roy, D. & De Koster, M.B.M. (2013). Optimal design
of container terminal layout, in: B. Kuipers and
R.Zuidwijk (Eds.), Smart Port Persepectives.
Essays in honour of Hans Smits (pp.129-140).
Erasmus Smartport, Rotterdam

Publication list René de Koster 237

PhD candidates supervised by René de Koster 259

¥3ILSOMN, 30 INIY

~N

ONITANVH TVI43LVIN NO S3IAILDIdSYId :3¥NLN4 ANV LSVd



¥3LSOX 3d IN3IY 0 ONITANVH TVI43ILVIN NO SIAILDIdSHId *3¥NLN4 ANV LSVd



Introduction by René de Koster

Two decades of Material Handling

The world of material handling has changed enormously over the past two
decades. These changes have occurred primarily in the areas of information
technology and social networks, automation and robotization, ergonomics,
safety, sustainability, and efficiency — but also in the place of material handling
in the world of academia.

Twenty years ago very little attention was paid to material handling
both within academic research and higher education. This was true in the
Netherlands but certainly also elsewhere, with the exception of some reputed
research institutes like Georgia Tech, Virginia Tech, and Fraunhofer IML.

For me, with a background in material handling consulting, this was odd,
since storage and transhipment are key to the Dutch economy, providing
employment to many people and responsible for a considerable share of the
gross domestic product. | wanted to change this, and the best way | could see
how was to simply start conducting my own research and teaching in this area.

In teaching, | started a course in Warehouse Management, one that | am still
teaching. Many of the supply chain master’s students | have taught in this
course found their first job during their warehousing project. Some of my
former PhD students continued to conduct research in the field, became
professors,and are now teaching similar courses at their respective universities.

In research, | had a number of subjects in mind: the control and design of
automated guided vehicle systems, order picking methods, storage strategies,
facility layouts, container terminal operations, and compact storage systems.
Since then, thanks to several gifted PhD students, we have been able to explore
all these areas and move our research forward considerably. New research areas
have emerged: sustainability in material handling and, in particular, the human
factor in material handling.

Operational performance in organizations is largely determined by system
design, IT control systems and procedures. But it appears to also depend,
sometimes substantially, on how managers lead the operation, take decisions,
and the behaviour of employees. This area is studied in behavioral operations
management. Leadership styles,incentives, the personality of theleader and the
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- DEVELOPMENTS IN MATERIAL HANDLING. DIFFERENT PERSPECTIVES

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 1

personalities of employees interact with the system design and procedures and
have a strong impact on the productivity, quality, rate of accidents, and job
satisfaction of the employees.

In this booklet, several authors take a retrospective look at the developments
in the field of material handling both in practice and in research over the last
twenty years, and make some predictions for the future. Also included are some
key representative papers used in courses on warehousing and material
handling that highlight what we have learned and taught during this period.

I thank all the authors for their valuable contributions to this book, as well as
ERIM, Stichting Logistica, and the Material Handling Forum (MHF) for making

the publication of this book possible.

René de Koster



Foreword by Jan Hommes

For someone to work twenty years in a line of business is not so remarkable.
For someone to radically change that line of business over the course of twenty
years, certainly is. And that is precisely what René de Koster has done.

René de Koster has given a face to Material Handling in the Netherlands,and
facilitated its emergence as a unique and valuable area within the broader field
of logistics.

The contributions in this celebratory book are largely a tribute to this
achievement. They showcase the developments that have taken place in the
field of Material Handling in the Netherlands from an academic perspective,
and from the point of view of practitioners.

That such developments have occurred across both sectors is an appropriate
reflection of the way in which René has conducted his work as a professor: an
approach that has united academia and practice. A great example of this can be
seen in his work as chairman of the Prize Safest Warehouse, and even more so in
the Material Handling Forum he founded, a platform that regularly draws
together academics, practitioners and suppliers.

René never misses an opportunity to promote and advance the field of
Material Handling via this platform: to develop new research proposals time
and time again and toinvolve business and industry in his endeavours. The most
compelling example may be seen in a comprehensive scientific research project
that studied different order picking methods, with goods made available by
suppliers and with the research jointly executed with real order pickers.

René knows how to inspire and motivate his students to continuously push
and develop themselves as scientists. It is for this reason that, in both 2014 and
2015, the winners of the Dutch Master’s Thesis prize were students of René.

Erasmus University Rotterdam can take pride in having René among its
professors for as long as twenty years.
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Past and Future

Perspectives on Material Handling

Part 1

Developments in material handling.
Different perspectives
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1. What will the world of material handling look
like in ten years?

Jan van der Velden,

Market Director Parts & Components, Vanderlande

President of FEM

The material handling industry supports many logistical processes.To under-
stand how this industry will evolve we need to look at the trends that drive
logistics and thus the key market drivers of the developments within material
handling. What can we say about how the industry will be ten years from now?
In the next pages we hope to give you a glimpse into this new world from the

perspective of our organisation.

Global trends will drive logistical complexity and flexibility

A great many changes are currently taking place in the world. The major

drivers for these are shown in the figure below.

Impact on logistics

Robotics and Sensors / internet
automation of things

« Capabilities
increase and
costs decrease

¢ Autonomous
control and
distributed
intelligence

« Self driving /
flying

¢ Miniaturisation

 Real time and
remote control

» Wireless

« (predictive)
Warnings of
problems

¢ Optimising
routing and
delivery
decisions

Big data, predictive

analytics

* Analysis of
massive
quantities of
data

« Data mining

e Data
visualisation

« Better decisions
inlogistics and
operations

The changing
workforce

o Attracting and
keeping an
adequate
workforce

« Different
workforce and
skills than today

« Innovation of
collaboration
and workplace
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Impact on logistics (continued)

Circular
economy
e Local production

« Usership versus
ownership

* Waste
management

¢ Returns

« Standardisation
for smaller units

« Fast order
fulfilment

« Individual items

« Products are in
stock,without
excessive safety
stock

¢ Returns

« Push to pull

« From planned to
instant delivery

Relentless Mass
competition personalisation

e Third-party
logistics

 Price
 Service

— Shorterlead
times

- End-to-end
visibility

- Respond to
changesin
delivery location
and time

¢ Any time,
anywhere, any way

« Diverse set of order
and distribution
channels

* Rising customer
expectations

e Solutionasa
service

. .. Humanisi q
Urbanisation technolog Value chain

« Challenges for
last-mile
distribution
facilities

« Home delivery
« Smaller quantities

« Higher variety of
products

« Infrastructure
and legislation
restrictions

o Virtual /
augmented reality

« Ergonomic design

« Location-based
services

* Wearable
computing

« Push to pull

« Social acceptance
of technology

« Integration of the
value chain

— Who manages
the grid?

¢ Client might be
potential future
competitor

« Responsiveness
and flexibility




IT and new technologies will become key in future solutions for all market
segments

Material handling solutions are being developed in two market segments:
transport and storage. Solutions in both of these areas are currently developing
independently of the other.

The integrated solution starts where these two worlds meet, and it is here
that IT starts to play an important role. Relevant technologies will, in the future,
enable us to create new products and solutions that can be used in all market
segments, while IT will continue to play a key role in the optimisation of these
market segments.

Relatively new technologies most relevant for cur business

~ 0 K

Robaties  Battery/ Wperience  BEDSla  Algorithmic
enemgy

Transport solutions :
Comveyors, sorters, tuts >

| Increasing role |\ |
" T L - = Exchangeable solutions over market segments
Storage solutions . LG LG WMS ERF [/ = Key role for IT in optimising the value chain
Ergonomics, cranes, foads, y
shurthes
Current solutions Future solutions

What will the future look like in ten years?

Itis evident that the need for automation remains and will continue to grow.
The other certainty is that, as business continues to undergo rapid change, the
demand for complete and on-time delivery is becoming greater. To cope with
these fast-changing requirements, automation will require two main characte-
ristics: adaptability and scalability. Current material handling solutions have
very limited scalability and almost no adaptability.
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ADAPTO: experiencing the future today

Vanderlande has developed ADAPTO as a highly flexible and scalable concept
and a viable option to the challenge of adaptability and scalability.

ADAPTO is a 3D concept, built on a modular configuration of racking, shuttles
and lifts. It consists of the following components:

RENE DE KOSTER

« Aracking structure with an integrated shuttle track system.
« Multidirectional microshuttles that transport product carriers between rack

-
0

locations and system exits / entries.

« Lifts that allow the shuttles to move between rack levels and system exits /
entries.

« Traffic control software that uses unique strategies to maximise system
throughput. This meets the highest standards of quality and usability. The
user interface is very user friendly and offers a real-time overview of the

entire system and its components.

- DEVELOPMENTS IN MATERIAL HANDLING. DIFFERENT PERSPECTIVES

The modular design of racking, shuttles and lifts makes it possible to adapt
the system to changing business needs. Storage capacity and throughput can be
scaled independently.

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 1

ADAPTO requires a low initial investment and allows for a step-by-step
extension as a business grows.



Autonomous or centralised control?

Current solutions are being built with centralised control. An example of a
screening area is shown in the figure below. In the bag screening area, two loop
sorters facilitate the flow to and from the screening machines. The only reason
for the double sorter is redundancy.

This system has been squeezed into the available footprint within the
building. At Vanderlande, we have investigated the use of AGVs to eliminate
everything in this space — except the screening machines. The green dots in the
alternative illustration represent the AGVs.

In this particular example, 130 AGVs could deliver the load throughout the
day, offering clear benefits such as facilitating failure recovery, reducing
redundancy and creating more free space. Prototype AGVs have been built to
verify these design choices, the current level of technology, and the cost
breakdown.

A typical Baggage Handling System

2 Tilt Tray
leapsorters
for redundancy

¥-ray screening
machines

Alternative

Exit system

Supply system

X-ray screaning machinas
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What can we learn from this exercise?

« Autonomous vehicles...

+ Provide superior robustness and scalability.

« The current state-of-the-art trend is for low vehicle density.

« High vehicle density applications are not yet fit for use.
« Untilthen..

+ Traffic control for warehouse automation (ADAPTO) is applicable.
 Typically 30-40% of the cost is directly related to vehicles...

- Starting at the lowest capacity possible.

« Thereis more reusable infrastructure to come.

v

Fully scalable solutions will build from a finite set of reusable components

The figure below indicates that the merging of these three worlds will result
in workable integrated equipment.

Marnl futomated FrOCEss Inkagratec Valiee: chain
SUDpoIT OroteEs process mlmlﬁﬂﬂﬂﬂ
Transport Canweyars
Shaw sorters
ALz T .
et Crogs|
Solution -
MEC
Ergancmics [Jt!fﬂ
el - Cranas Integrated.
Falwising Fulti- equipment
LT e salutians
Rackrg & Unitloads Ml Shutties > SRS
SOMBEE | tying
* Imtegrated selutions ae by ] isation [Lansport and storage| and sulomatian .I‘ranlpnn basad soiticns
= IT goes from being a link between equipment 1o the added value factor in the solution i

» mustomated handiing solutions Secome mare similar [ storage based soluticrs



2. Developments in material handling automation

Tom Bonkenburg,
St. Onge Company

René de Koster must have heard many strange stories from his students
during his twenty years at Erasmus University. But | think this story might be
new to him.

My opportunity to attend university came about because of a forklift.

Like most young students in the United States I needed to pass my high school
exams before | could move on to higher education. | had an extra challenge, how-
ever: | was one quarter of my father’s warehouse workforce. As a savvy business-
man he knew that losing me to college would hurt his bottom line and this was
notideal.

For much of my early life | spent many evenings and weekends working in
our family business, which consisted of my father, my mother, my brother,and I.
My father ran the business side and did the real bulk of the work. My role was
loading and unloading trucks, picking orders, packing boxes, and generally
lifting heavy things and putting them where my mother told me to. My future
university career depended on my finding a replacement for this manual
material-handling grunt work. Salvation came in the form of a used forklift that
arrived the day before | was leaving for university.

My father had faced a challenge that many modern companies are facing -
how to continue to get orders out the warehouse door while the workforce keeps
disappearing. A recent study by BCG shows that over the next fifteen years
Germany alone could see labour shortages grow up to 10 million workers. My
father took the course that most companies do today. He added material
handling equipment to improve his remaining workforce: when using our new
forklift my mother could now do her job, my job, and much more with greater
speed and far fewer complaints (while in the warehouse | was also our
complaint department,i.e. the person who generated the most complaints).

Research shows that 80% of current warehouses are manual. These
warehouses have dealt with the demands for increased productivity and
throughput by supporting existing workers with good layout design, mobile
material handling equipment, and constantly improving IT.
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15% of warehouses are mechanized. In addition to the technology used in
manual warehouses, these distribution centres also use some type of material
handling automation such as conveyors, sorters, goods to picker solutions, or
other mechanized equipment to further improve the existing workforce.

This has been the trend in material handling automation over the last three
decades; most centres with very large order fulfiiment requirements follow this
approach. These technologies supplement the manual workforce, multiplying
their efforts. Today a well-designed e-commerce warehouse using a goods-to-
picker concept can achieve a pick rate of 300+ lines per hour per picker.

While this is impressive, modern mechanized equipment still requires an
accomplished worker to make it run, just as our little forklift required my
mother. Traditional mechanization is not flexible or easily adaptable. A well-
designed system pushes the need for flexibility to the people while removing
tasks that are more mundane and standardized. If you remove the people from
the system it will completely shut down in a matter of minutes.

The last 5% of warehouses are automated. The reality today is that these
‘automated’ warehouses are typically just highly mechanized environments.
True, fully automated distribution operations are hard to find and history shows
that business has not been kind to them. Every year you read in trade magazines
of one or two more highly automated fulfilment centres being built. What
you do not read however is that, every year, one or two highly automated
fulfilment centres are torn down or heavily modified because they did not meet
expectations or easily flex with changing business needs.

The material handing industry has tried to take the techniques of the
‘mechanized’ world and extend them to create ‘automated’ systems, but with
limited success. This approach makes sense from the point of view of the
equipment vendor. Developing new technology is risky and expensive. Vendors
are therefore on much safer ground taking small risks with their current
equipment and doing so only when a customer has agreed to pay for it on a
project-by project basis.

But overall this philosophy has, unfortunately, failed, because typical
material handling mechanization does not have the flexibility required to cover
the needs of the current dynamic business climate. Vendors and customers alike
see these failures and react accordingly: the risks taken get smaller and they
happen less often. True material handling innovation stops.



The only way to break this cycle is to develop an entirely new type of technology
with more inherent flexibility. Vendors in the material handling world are stuck.
They do not have the tools, knowledge, or capital to develop this next level of
automation.

But there is hope on the horizon. The next trend in material handling
automation does not seem to be coming from the traditional equipment
vendors but, rather, from a combination of three groups: universities, start-up
companies, and e-commerce retailers. Many of these groups are focusing on
using robotic technology as a way to bring more flexibility into the material
handling world.

In the context of material handling, one of the main advantages of humans
is our ability to identify, pick up, sort, count, position, and otherwise manipulate
an endless variety of items. If we can see it on a shelf or in abox we generally have
the ability to ‘pick it and pack it’.

Traditional manufacturing robots have no such ability — they are blind and
dumb. The good news is that recent advances are just starting to change this.
While it is still early days, universities around the world are conducting research
in computer science that is advancing the perceptive capability of robots to
identify an object, locate its position, and plan a path of motion that will allow
the item to be picked up.

This is an extremely challenging technical problem to solve that, even a few
years ago, was close to impossible. Yet with the advent of low cost sensors
from the consumer electronics industry, much faster computers, and smarter
software algorithms, we are starting to see this area of research, one that I will
call ‘robotics with advanced perception’, bear fruit.

Several startup companies are using the knowledge generated by these
university studies to develop the next generation of robots. The most talked
about robot in the media today is named Baxter and comes from a company
called Rethink Robotics. Rethink was founded by an MIT professor who took his
lab research and brought it into the industrial world. Baxter has two arms with
three built-in cameras that it uses to identify and pick up objects.

The system used by Baxter is a great leap forward in robotic design on many
fronts,but it has yet to be a commercial success. The reason for this is simple:it is
just not good enough. The technology is promising but still falls far short of a
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skilled human worker. Yet while Baxter’s current performance is limited, it has
helped illustrate to the market the great potential of this technology. Rethink
Robotics has since raised $113 Million USD in investment capital to develop and
advance this technology further. How many material handling vendors could
afford to invest this much money into new research?

Amazon.com also sees the potential of robots. In 2013 they spent $750 million
USD to buy Kiva, another robotics startup company with a focus on warehouse
logistics. In 2014, Google bought six robotic startup companies including one
focused on automatic trailer unloading using advanced perception. Overall,
Google has spent a rumoured $100+ million USD to get into the high-tech
robotics game.

A new startup company that is focused on the distribution market is Fetch
Robotics. Fetch has developed a robotic arm that drives around on a mobile base
to pick items off of a standard warehouse shelf and put them into an order tote.
Amazon is extremely interested in this concept and, earlier this year, sponsored
acontest with a cash prize for anyone who could develop a robotic system to pick
items off of a shelf. Twenty-eight groups entered the contest.The prize wenttoa
group from the Technical University in Berlin for a robot that picked ten items.

This is only the beginning. While no one knows what the future will bring,
there are some clear trends emerging. Labour shortages continue to grow and the
large e-commerce retailers are trying to create their own path towards advanced
automation. Universities, startup companies, and capital investors with deep
pockets are all showing interest in developing robotics with advanced perception.
Traditional material handling companies are taking notice and trying to find
ways to integrate these new technologies into their mechanized solutions.

In recent years, true material handling innovation has stalled. Our best
hope is to find a new technology that has the potential to break paradigms and
kick-start the next wave of logistics development. Will robotics with advanced
perception be this technology? The potential is enormous and, | think we all
agree, will be an interesting trend to watch during René de Koster’s next twenty
years at Erasmus University.

My engineering career was unlocked by a forklift that allowed me to sidestep
a life of manual warehouse labour and go to university. My hope is that many
more careers will be unlocked and lives improved by future developments in
material handling automation and advanced robotics.



3. The role of warehousing / x-docking and
material handling technologies for V&D

Theo Heemskerk,
COO V&D

History of V&D Logistics

Since about eleven years, René and | are jury members for the Logistics
Manager of the Year Award. Many candidates we have evaluated over time have
contributed to their company success through innovation in material handling.
Also V&D has realized remarkable improvements by restructuring its ware-
houses.

In 2006, V&D had four warehouses located in Oedenrode, Aduard, Amsterdam
and Utrecht. These four warehouses were a heritage of an earlier consolidation
round of a maximum of fourteen regional warehouses.

Utrecht was the fashion warehouse, and the others each processed one or
more “hard”-goods departments, such as luggage, stationary or bedlinen. The
fashion warehouse was equipped with an extensive Equinox overhead hanging
rail system for stock keepingstorage and sorting of including a sorter for hanging
garments. For the so-called “flat” goods, a space saver for receiving and labelling
goods together with two Equinox bomb-bay sorters with six infeed stations
were operational.

At the warehouse in Aduard, a Beumer tilt-tray sorter was used. All ware-
houses were also using manual sortation systems supported by screens or
scanners. SAP provided the WMS and the WCSs were from Equinox and Beumer
with interfaces to and fromwith the WMS.

From these warehouses, the (regional) stores received deliveries from of at
least one truck per day from Utrecht, supplying fashion stock, and one truck per
day supplying staple / hard goods.

In 2008, V&D opened its web shop. The warehousing and fulfilment require-
ments for the web shop are currently done by a third party in Waalwijk. The site
in Waalwijk receives deliveries from the new Nieuwegein warehouse in the
same way as a regular store.
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The new warehouse in Nieuwegein was opened in 2012, and the warehouses
in Utrecht and Amsterdam were closed. In 2014, Aduard closed and all
processes were integrated into the Nieuwegein warehouse. Transportation was
combined, resulting in one delivery per day per store.

Fashion distribution Tot 2006
Staple distribution ;

® Aduard

2014




DC Nieuwegein “Building for the future”

Our main goal was to improve the level of service we provide to our stores by
improving goods reliability and goods availability.

One-stop store delivery, which combines the delivery of fashion and
staple items, has been made possible by combining hanging and flat goods
transportation within the same truck. Facilitating cross-dock processes at the
warehouse and consolidating transportation has also minimized direct store
deliveries by suppliers (i.e. A-brands); for the bigger stores this means a
reduction of up to fifty deliveries a day.

Another very important development has been the shift from push flows to
more controlled pull flows, which allows for holding back part of the stock in the
warehouse. This helps to prevent overloading stores with unwanted quantities
at unwanted moments. Goods are also shelf-ready delivered, consolidated on
product group level and store floor level.

This helps to control the logistics handling and costs within stores.

The Nieuwegein warehouse was initially designed to handle V&D fashion
processes and some hard good departments, like luggage. E-commerce fulfil-
ment was also in scope. However in Q2 2011 the decision was made not to
integrate Aduard and e-commerce,based on the required short implementation
time for the new site, including new systems and material handling equipment.
The decisions to push forward these targets made it necessary to enforce some
capacity cuts in material handling solutions.

The total footprint of the Nieuwegein warehouse is 25000 m?, with
mezzanines of 56,000 m2 of useable floors.

¥3ILSOMN, 30 INIY

N
~N

SIAILDISYId LNIYI441d ONITANVH TVI¥ILYIN NI SINIWJOTIAIA — L 1¥Vd —~ ONITANYH TVI¥ILYIN NO SIAILDIdS¥Id 3¥NLN ANV LSVd



RENE DE KOSTER

N
0

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 1 - DEVELOPMENTS IN MATERIAL HANDLING. DIFFERENT PERSPECTIVES

Total footprint of the warehouse is 25.000mz2, with mezzanines 56.000mz2 useable floors

Material handling equipment

The warehouse handles three main flows: hanging, flat goods and cross
dock.The equipment supplier for all flows is SSI-Schaefer.

For hanging garments, Schaefer (Meiko) installed a rail system with chain
driven trolleys. The trolleys are provided with RFID-chips for tracking purposes.



The system extends from the receiving dock into a dynamic stock keeping area
with space for 100,000 pieces of hanging garments and static storage for
another 285,000 pieces. Both areas are built on dedicated mezzanines, each
6,000 M2,

The dynamic storage area feeds the sorter (ladder-type sorter). The WCS for
the whole system including the sorter is supplied by HSP (part of Schaefer). After
sortation, goods are manually moved into the loading area on rolling racks and
the goods are manually loaded onto bars in the trucks.

For flat goods, the material handling equipment is used mainly for
handling smaller, so-called ‘totable’ goods. The buffers for received goods
(totable and non-totable) and the stock keeping of non-totables is done on
pallets in conventional semi-high bay pallet racking.

Growth in the stock keeping of holdback stock and e-commerce stock, and
the need for a fast and efficient picking process, were the key-drivers in the
choice of a miniload system with an integrated pick-by-light system and an extra
goods-to-man (Pick To Tote) picking station. Initially, only fashion goods were
heldin the miniload, most of which have all the physical features necessary tobe
marked “totable”, and a high turnover, making them suitable for stock keeping
inaminiload.

The pick-by-light zone (PBL) can hold 1600 SKUs. Previously, the flow racks in
the PBL zone were permanently occupied by basic goods. With the integration of
Aduard, this was changed into a more dynamic system that involves the daily
refreshing of flow racks with replenishments (pull) articles, making it possible to
increase productivity. The PTT-station was designed to handle customer orders.
From the start it became a pick place for store orders with slim order lines. The
miniload can hold 40,000 totes.

Five parallel sorters were designed for the sortation-to-stores of purchase
orders. Each sorter has an infeed line where boxes from pallets are destacked
onto aninfeed conveyor and sent to a pick station. Each sorter contains aloop for
the store totes. This concept makes it possible to plan the workload on a product
group level per sorter and to work in parallel. The five sorters make easy scaling
up or down possible. The empty cartons are retained and conveyed out on a
special system into shredders and containers.This make it possible to ship goods
out according to the service levels mentioned above.
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All store-ready, totable push and pull goods are buffered in four carrousels, with
a capacity of 3400 totes. A day’s production is held and released to the loading
area in sync with the transportation schedule. The carrousel is also used for
buffering any pre-produced totes with special promotion articles until the
required selling dates. After their release from the carrousel (on store level), the
totes are sorted again per floor level in the store, then stacked onto dollies (max
12 per dolly). Each tote is labelled before entering the carrousel. These labels
contain information for the stores regarding the content of the tote (i.e. the
department, promotion code, floor level).

The trolley system and the conveyor system both have exits to a future
e-commerce fulfilment area. The WCS for the whole system is delivered by
Schaefer.

For the sortation of non-totable goods, the SAP-EWM functionalities are
used, with the addition in 2014 of the manual Screen-to-Sort sortation system
from Equinox, which was re-used from Aduard. The goods are shipped to the
stores in roll containers, according to the same rules as the totables and
the hanging garments.

The handling of cross dock flows is a manual process, with administrative
support by the SAP-EWM functionality. Orders (unopened cartons) are consoli-
dated into V&D rolling cages or totes on dollies.

Administrative functionalities throughout the warehouse are processed by
RF-scanning.

So far, the new warehouse has proven to be very efficient, allowing faster
response to stores and higher availability of stock, with a reduction of transpor-
tation costs.



4.The emergence of material handling research
in The Netherlands

Kees-Jan Roodbergen,
University of Groningen

Inthelate1970’s and early 1980’s,academic research into the optimization of
warehouse processes started to appear regularly in scientific literature. The
Material Handling Research Center at Georgia Tech, established in 1982, was one
of the world’s frontrunners. One of the classic papers of this time is the routing
paper by Ratliff and Rosenthal (1983) which, according to the WebOfScience
database, is currently the second most cited article in order-picking research,
with five citations fewer than De Koster et al. (2007).

Research output on warehousing in the Netherlands began to emerge about
a decade later. The oldest English-language scientific journal article from a
Netherlands-based author on warehouse processes that | was able to find
concerned the performance approximation of pick-to-belt order-picking systems
(De Koster, 1994). The fourth Material Handling Research Colloquium, held in
1996 in Den Bosch, also clearly marked this period.

Many of the following publications looked at one of the most traditional
warehouse systems: manual order picking from racks where workers walk or
drive along the racks to retrieve products. Order picking is a warehouse process,
the importance of which cannot easily be overestimated. It is at the heart of the
order fulfillment process.

De Koster et al. (2007) defined order picking simply as “the process of
retrieving products from storage (or buffer areas) in response to a specific
customer request.” However the true complexity of organizing the order-picking
process becomes apparent when trying tolist all possible control strategies for all
types of systems. Batching, zoning, routing, storage location assignment, sorting;
many control strategies are involved in tuning an order-picking system. And each
control strategy influences the effectiveness of all other control strategies.

This notion is further strengthened by the findings of Faber et al. (2002):“We
found that the number of orderlines to be processed per day and the number of
stock-keeping units are the two main observable aspects of warehouse
complexity; that the more complex the warehouse is, the more tailor-made the
planning and control structure should be.” It therefore may not come as a
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surprise that warehouse control strategy optimization nowadays attracts the
attention of numerous researchers world-wide.

Inthe1990’s, several of the earliest studies in the Netherlands were perform-
ed by students working on their Master theses (e.g., De Koster and Van der Poort,
1998; De Koster et al., 1999a). Their work, as described in De Koster et al. (1999b),
together with the simultaneously published work of Vaughan and Petersen
(1999), while both not highly cited, marked the start of a stream of publications.

These studies introduced a wider variety of layouts in the scientificliterature
on manual order picking. Instead of the commonly studied single block layout,
this research examined multiple-block layouts. Later work demonstrated the
added value of multiple-block layouts compared to single-block layouts, derived
performance estimators, and designed routing methods (Roodbergen, 2001). In
current research, multiple-block layouts continue to appear on a regular basis
in order picking studies. Only for unit-load handling was a significantly better
layout alternative found several years later by Gue and Meller (2009).

The period of the 1990’s and early 2000’s was marked mostly by publications
that studied one single aspect of warehouse control, such as routing of order
pickers (Roodbergen and De Koster, 2001) or vehicle dispatching (De Koster et al.,
2004). With the advance in Operations Research techniques and computing
power, more comprehensive models for material handling control began to
appear in the literature, combining properties of multiple control strategies
into a single modeling construct.

For example, De Koster and Le-Duc (2005) presented a model that aims to
determine the best storage locations for products in a manual order picking
system, based on their demand frequency. This problem of “storage location
assignment” in the literature was thus far mostly addressed by predefining
several possibilities for storage location assignments, after which the various
possibilities were compared, for example, by simulation.

The paper of De Koster and Le-Duc (2005) explicitly investigated (near)optimal
storage assignments based on properties of the routing problem. After all, the
best storage locations are those where the routes involve the minimum
distance. This trend towards an ever-increasing scope is continuing to expand
even today. For example, a recent contribution (Roodbergen et al., 2015) presents
a unified approach for the simultaneous determination of an area layout, the
routing method, as well as the storage location assignment.



In 2007, an overview article was published (De Koster et al., 2007) reviewing
all state-of-the-art order-picking research. Part of our argumentation for
the importance of order-picking research in this article was underlined by the
sentence: “In manufacturing, there is a move to smaller lot sizes, point-of-use
delivery, order and product customization, and cycle time reductions. In
distribution logistics, in order to serve customers,companies tend to accept late
orders while providing rapid and timely delivery within tight time windows
(thus the time available for order picking becomes shorter).”

While this statement is still very true, it also shows how difficult it can be
to predict the near future; we did not even mention e-commerce. This is not
to suggest that warehouse processes have become less important due to
e-commerce. On the contrary, warehousing has become a corner stone of fulfill-
ment strategies for e-commerce companies and, along with that, research into
material handling is on an ever more challenging journey.

The article (De Koster et al., 2007) also notes that scientific literature is
dominated by studies into automated systems, with manual systems being
discussed in only about 30% of publications. Though the absolute number in
publications on manual systems has since increased, | have no reason to believe
that the percentage has changed much. Nevertheless, in practice the need for
control strategies for manual systems is still large, since a majority of
e-commerce companies is employing manual systems, mostly due to their
scalability and low investment costs. The increased consumer demand for fast
delivery and quality requires more real-time decision making as, for example,
discussed in Gong and De Koster (2008).

In e-commerce we see a trend, however, towards mechanization and one
that is detectable in practice, for example, with the shuttle system that is
currently being implemented at Wehkamp in the Netherlands and several
Amazon warehouses that are running KIVA systems.

Research conducted over the past few years has shown many interesting
studies into optimizing automated systems. Pick-and-pass systems have been
analyzed (Yu and De Koster, 2008), and new systems such as 3D compact storage
systems have been receiving more attention (Yu and De Koster, 2009).

Looking back over the past 20 years of material handling research both in the
Netherlands and the world, it is evident that it is a field within which practice
and academic research are easily blended. Numerous algorithms developed at

¥3ILSOMN, 30 INIY

w
w

SIAILDISYId LNIYI441d ONITANVH TVI¥ILYIN NI SINIWJOTIAIA — L 1¥Vd —~ ONITANYH TVI¥ILYIN NO SIAILDIdS¥Id 3¥NLN ANV LSVd



RENE DE KOSTER

w
Y

- DEVELOPMENTS IN MATERIAL HANDLING. DIFFERENT PERSPECTIVES

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 1

universities have found their way into WMS software, as well as some of the
methods mentioned above, while ideas and new systems from practice have
quickly led to scientific articles devoted to investigating their potential.

The Material Handling Forum, initiated by De Koster, has played an impor-
tant role in the interactions between practice and academia and will hopefully
continue to do so in the future.In the 1990’s, nobody could have predicted where
we are now, both in practice as well as research. Knowledge within the field has
increased tremendously.

Yet the challenges that need to be addressed have also grown. When we look
towards the future we see just how much more work there is to be done.There is
a famous saying, “Today is the first day of the rest of your life”, and the same
holds true for the field of material handling research.
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5. Developments in material handling research

Ivo Adan,
Manufacturing Networks Group, Department of Mechanical Engineering,
Eindhoven University of Technology

Itis atruly a pleasure to write a few words on my collaboration over the years
with René on material handling research.

Let me start with my first encounter with René’s research, some 30 years ago.
René had completed his PhD thesis on capacity analysis and the design of
production systems [4], under the supervision of Jacob Wijngaards. In his
PhD thesis he proposed an innovative modeling framework for finite capacity
discrete production systems, namely stochastic fluid flow models, which
attempt to model the discrete flow of products as a continuous fluid flowing
through the workstations, connected by finite buffers (or fluid reservoirs).

The model René formulated is natural in high-volume production environ-
ments and in the (chemical) process industry, but it also seems to work
surprisingly well in discrete production such as the assembly of truck cabins. To
assess the throughput performance of the production system, René developed
an elegant and efficient approximation based on buffer aggregation: the fluid
buffers are aggregated one-by-one until a simple single-buffer system remains
that can be solved exactly.

René’s pioneering work spurred many other researchers, including myself, to
study and analyze stochastic fluid models with finite buffers and to apply these
models in production. Since then,a huge body of literature has appeared on this
topic,leading to efficient decomposition-based approximations [1,2], but also to
new mathematical tools, such as matrix-analytic methods for fluid models with
finite buffers [5] which have been successfully applied in many production
environments, for example, to support decision making in setting conveyor
capacities and machine speeds in bottling (fluid!) lines, and steering daily
maintenance operations in semiconductor assembly plants 7], see Fig. 1.



Fig.1. Bottling line with conveyors (top) and semiconductor plant with “fluid-based” support tool
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This example shows the extent of René’s intuition to find and analyze
problems that are both scientifically and practically relevant, with the latter
often inspired by his close collaborations with companies. Below | will mention
two more examples that illustrate this.

Since the advent of the Internet, the field of e-commerce has been growing
rapidly. In particular, the number of online retailers has drastically increased
over the last decade. Think, for example, of Amazon.com, bol.com, AH.nl and
Wehkamp.nl. Fast response to customer orders is critical in this market,and one
of the possibilities to reduce response times is to employ dynamic order picking:
the order picker travels through the warehouse picking all outstanding order
lines according to a constantly updated pick list, including order lines arriving
online during and downstream this pick route.

To estimate the response-time performance of dynamic order picking, René
realized that a dynamic order picking system could be modeled as a polling
system:amulti-queue single-server model, where queues correspond to storage
locations, customers to order lines at these locations, and the server to the order
picker traveling along the queues, see Fig 2.
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Polling systems are among the best and most intensively studied models in
the mathematical theory of queues, with many applications in computer,
communication and manufacturing networks. But its application to ware-
housing systems is completely new. By picking the appropriate results from the
vast polling literature, René’s observation resulted in an award-winning journal
paper [3], written together with Yeming Gong.

Fig.2. Polling system (first) and multi-segment zone picking system (second)

INEEEEERTHAN

E
i

LT PR %

Bugmnnt o ]

I TR

| i
Hyrlern
T anbranesexin

More recently René, together with Jelmer van der Gaast and others [6],

|

studied zone-picking systems, among the most popular internal transport and
order picking systems in practice due to their scalability, flexibility and high-
throughput ability.



Zone-picking systems are picker-to-parts systems, where the warehousing or
storage area is divided into zones, where in each zone one or more order pickers
are responsible for picking the order lines in that part of the warehouse. Zones
are often grouped in segments and connected by circular conveyors, employing
a dynamic block-and-recirculate protocol to prevent congestion as much as
possible.

These systems can be modeled as finite-capacity queuing networks, which
are, however, highly complex and intractable. René and his collaborators
developed a queuing framework to accurately and efficiently estimate the
throughput performance of zone picking systems, based on classical product-
form results for so-called jump-over networks and Norton’s aggregation
theorem. This framework provides a powerful tool to develop design principles
for multi-segment zone picking systems.

We are now in the midst of the fourth industrial revolution — referred to in
the Netherlands as Smart Industry, and driven by far-reaching digitization,
flexibilization and automation in industry. In warehousing operations, this is,
among others, visible in the developments of novel autonomous vehicle and
conveyor technologies, and robotic systems. Examples are the KIVA system and
the novel shuttle technology ADAPTO, which has recently been developed by
Vanderlande Industries, see Fig. 3.

Fig.3. KIVA system (top) and the shuttle system ADAPTO (bottom)
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The combination of the use of novel warehousing technologies and digitization
imposes enormous challenges for smart design and the control of automated
warehousing systems to achieve the highest performance in terms of through-
put, utilization and availability. In addressing these challenges | am confident
that René will once again be able to play aleading role.
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6. Compact Storage Systems: a new research area

Yugang Yu
Professor of Logistics and Supply Chain Management
Executive Dean, University of Science and Technology of China, Hefei, PRC

Storage systems play an importation role in warehouses and distribution
centres in manufacturing and logistics, but also in automated car parking
(particularly found in congested East-Asian cities), container stacking at
terminals, libraries in educational institutes, dispensing machines for pharma-
ceuticals in hospitals,and so on.

These systems can be found everywhere and are indispensable; they fill a
crucial role in bringing products and related services to the customer. They are
particularly important both in China, the largest manufacturer and exporter in
the world, and the Netherlands, the main gateway to Western Europe.

My research with René de Koster examines storage facilities with a focus on
management problems in compact storage systems. Compact storage systems
solve the problem of space shortage around large cities like Beijing, Shanghai,
and Hefeiin China, as well as in the western part of the Netherlands.They can be
used for parking vehicles, or storing and retrieving loads. They save space by
removing the travel aisles present in conventional systems and utilizing the
available space at much higher utilization rates (of up to 98%) compared with
aisle-based systems (which utilize up to about 85% of the storage locations).
Aisle-space is saved in compact systems by storing loads both multi-deep and
multi-high (3D). In the case of parking systems, space can be reduced by up to1/6
of the space of a traditional car park.

In our research, we have studied systems with autonomously operating
internal transport (for example, shuttles carrying parked cars), making every
load rapidly accessible. In the example system sketched in Fig.1 (a“puzzle-based”
system, or PBS), at all levels each load is stored on a shuttle which transports it in
x and y directions. A requested load can be moved to the output location by
simultaneously circulating this load and other loads on the path to the output
location, which is possible as long as there is at least one open location (Fig.1a). If
multiple open locations are available a virtual aisle can be created (Fig.1.b).

Lifts or conveyors move loads and shuttles between different levels. Compact
autonomous storage systems come in different configurations, like PBSs, general
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shuttle-lift based systems, conveyor-lift based systems, conveyor-crane based
systems, and others. The full automation allows for 24/7 operations, often
making them more efficient than aisle-based systems, with shorter response
times, while the operational cost can go down.

There are also implications for the environment resulting from the need for
much smaller buildings, although this might be partly offset by higher energy
use. Particular PBSs, the newest type of compact storage system, are challenging
to study and optimize, as the movement of loads depends on the number and
location of emptylocations,and the locations of loads at a level is effected by the
movements of other loads.

Figure 1. Work mechanism for moving aload to the gate on each floor

%F D % o Yy oy

(il : b (ERE R

IGR p Oy - o

) ey Dy (e, JEp|a

) o] ol 1ok
[ (<)

A retrieval reguest A restriery ol requnst A solution

(a) One open location (b) Multiple open locations

Y
[ Lyt f-,!ﬁacrmanl'\mh - the requested car I:I an open location |
¥

Overall, my research with René de Koster aims to develop optimized designs
and operations that will improve the performance of different types of compact
autonomous storage systems. We have defined two prime objectives, and have
received several research grants in our bid to meet them, including grants from
NOW-Veni, KNAW in the Netherlands and two from NSF in China.

Our first objective, to propose optimized storage polices for locating loads to
minimize system response time in compact autonomous storage systems, has
led to the following publications:

[1 Zaerpour,Nima,Yu, Yugang & De Koster, René B.M. (2015), Small is Beautiful:
A Framework for Evaluating and Optimizing Live-cube Compact Storage
Systems, Transportation Science, to appear.

[2] Zaerpour, Nima, Yu, Yugang & De Koster, René B.M. (2015), Storing Fresh
Produce For Fast Retrieval In An Automated Compact Cross-Dock System,
Production and Operations Management, 24(8),1266-1284



[3] Yu, Yugang & De Koster, René (2009). Designing an optimal turnover-based
storage rack for a 3D compact automated storage and retrieval system.
International Journal of Production Research, 47(6),1551-1571.

[4] Yu,Yugang & De Koster,René (2009). Optimal zone boundaries for two-class-
based compact three-dimensional automated storage and retrieval
systems. IIE Transactions, 41(3),194-208.

[5] Koster, René de, Le-Duc, T. & Yu, Yugang (2008). Optimal storage rack design
for a 3-dimensional compact AS/RS. International Journal of Production
Research, 46(6),1495-1514.

[6] Gharehgozli, Amir; Yu, Yugang*; De Koster, René; Udding, Jan Tijmen (2014),
A Decision-Tree Stacking Heuristic Minimizing the Expected Number of
Reshuffles at a Container Terminal, International Journal of Production
Research,52(9),2592-2611.

The studies listed above have taught us how to segment the storage area of
the system and where to store various loads. Different real-life applications have
been studied, including public car parking systems, storage and cross-dock
systems for fresh produce or frozen goods, and container terminal systems.

Our second objective, which proposes scheduling algorithms for optimally
moving loads with minimum operational costs or makespan, has resulted in the
following publications:

[1] Gharehgozli, Amir; Laporte, Gilbert; YU, Yugang; De Koster, René (2015),
Scheduling Twin Yard Cranes in a Container Block, Transportation Science,
49(3),686-705.

[2] Gharehgozli, A.H.; YU, Yugang; Zhang, X.D.; De Koster R. (2014), Polynomial
Time Algorithms to Minimize Total Travel Time in a Two-Depot Automated
Storage/Retrieval System, Transportation Science, to appear.

[3] Gharehgozli,Amir;Yu,Yugang;De Koster René (2014), An Exact Method for Sche-
duling a Yard Crane, European Journal of Operational Research, 235(2), 431-447.

[4] Yu, Yugang & De Koster, René (2012). Sequencing heuristics for storing and
retrieving unit-loads in 3D compact automated warehousing systems, IIE
Transactions, 44(2), 69-87.
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[5] Le Anh, T., De Koster, René & Yu, Yugang (2010). Performance evaluation of
dynamic scheduling approaches in vehicle-based internal transport
systems. International Journal of Production Research, 48(24),7219-7242.

As a result of our research in relation to this second objective, we now
understand when to move which loads and how to move them individually or
together. We have also challenged class-based storage in our research by
considering a finite number of items that can only share storage space to a
limited extent, within their storage class.

The extant literature assumes space sharing is always and fully possible
(implicitly assuming the number of stored items is infinite). We developed a
travel-time model and used it for optimizing the number and the boundaries of
storage classes (Guo et al, 2015; Yu et al., 2015). Contrary to the results revealed in
this literature, our findings illustrate that a small number of classes is often
optimal, and that the full turnover-based storage is often suboptimal.

The following articles represent this stream of research:

[1] Guo,Xiaolong;Yu,Yugang; De Koster,René (2015), Impact of Required Storage
Space on Storage Policy Performance in a Unit-Load Warehouse, Internatio-
nal Journal of Production Research, to appear.

[2] Yu,Yugang, De Koster, René B.M., Guo, X.L. (2015), Class-Based Storage With A
Finite Number Of Items: Using More Classes Is Not Always Better, Production
and Operations Management, 24(8),1235-1247.

[3] Yu, Yugang & René B.M. de Koster (2013), On the suboptimality of full
turnover-based storage, International Journal of Production Research,

51(6),1635-1647.

[4] Zaerpour, Nima, De Koster, René B.M. & Yu, Yugang* (2013), Storage policies
and optimal shape of a storage system, International Journal of Production
Research, 51(23-24), 6891-6899.

My research with René de Koster forms part of along-term research partner-
ship in the area of warehouse management and material handling, which is a
prime research theme at the Rotterdam School of Management, and one of the
three key themes defined in the School of Management at USTC. Our joint
research has proven to be very productive and successful, and | look forward to
an equally rewarding and fruitful collaboration in the future.



Past and Future

Perspectives on Material Handling

Part 2

Selected academic contributions
and publications
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Abstract

This paper presents an assessment method for warehouses based on a single
facility tour and some Q&A.The method helps managers and students that visit
a facility to get more information from tour visits through a simple and rapid
assessment form. Since its inception, it has been applied to a number of cases,
successfully identifying weak and strong points of the operations.



1. Introduction

Over the last decades, many companies have offshored manufacturing
activities to Asia Pacific and Eastern Europe. Since the consuming markets have
not moved, this has put an increasing burden on the distribution operations of
such companies. Companies have centralized warehouse operations in few, but
often large facilities responsible for distributing products over a large region.
Managing efficiency and effectiveness (service) is a great challenge for managers
of such facilities. As a result, they feel a great need to benchmark warehouse
operations, not only their own, but also their competitors’. However, assessing
the performance of a distribution facility is a tricky business. Even after having
visited a large number of them, it is still difficult to tell after a visit, whether
this was a best-in class operation, just above-average, or even relatively poor
performing. Nevertheless, even short tour visits can reveal a lot of information
to the trained eye.

This paper proposes a method to help managers getting more information
from tour visits, through a simple and rapid assessment form. The form should
be filled out immediately after the visit. The evaluation has been inspired by the
ideas of Gene Goodson in Harvard Business Review on rapid plant assessment
(Goodson, 2002). Since its development, the method has been successfully
applied in several visits, with different groups of managers (with and without
warehouse experience), and students.

The major functions of a warehouse are to store products in order to make
an assortment for customers, to assemble customer orders, sometimes to add
value to the orders by customization activities, organize transport to the custo-
mers, and ship orders timely, in the way desired by the customer. Warehouse
performance therefore, has multiple dimensions. Often, performance is measured
in terms of ratios of output and input factors. Output factors include production
(shipped orders, lines and units), quality (for example, order completeness, error-
free and on-time delivery), flexibility (possibility to cope with changes in
customer demand), agility (process adaptation to changed environment), and
innovativeness (use of mew supply-chain concepts yielding competitive
advantage). Inputs are the resources used to achieve the outputs. These include
the number of full-time equivalents (work hours used per year), investment
in systems, buildings and IT infrastructure, process organization (i.e. the
management), or the assortment carried.
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Some researchers have tried to develop benchmark tools for warehouses
(McGinnis et al, 2002; Hackman et al.,, 2001; De Koster and Balk, 2008). One
such tool is DEA (data envelopment analysis), which expresses the warehouse
efficiency as a ratio of weighed output and weighed input factors, normalized
on a o to 1scale. Although DEA is a powerful tool, it is usually difficult to obtain
the necessary data at the required accuracy level. Also, for every factor that is
included in the efficiency analysis, more cases are needed in order to
have statistically meaningful results. Furthermore, the warehouses should be
comparable, which in practice may be difficult to realize. It is also difficult to
compare warehouses in different countries, even when they operate in the same
industry branch (think of cultural differences, or just of the number of working
hours per full-time employee). Finally, it is difficult to include factors in DEA that
are not measured on interval scales, or more subjective assessments (like
teamwork, motivation, safety, cleanliness).

As an alternative, or addition, to more quantitative analyses, this tool is
based on a single facility tour and can be carried out in a few hours, including
some Q&A. It is not necessary to have deep insight in the operations. The main
objectives of the tool are to discern the warehouse’s strengths and weaknesses
after some elementary training on how to use the tool. The tool can also be
used to evaluate operations of logistics service providers, operating public or
dedicated warehouses. This is not to say that the tool can be a substitute for
due diligence and care when analyzing company performance. In particular,
financial performance is not part of the tool. However, all too often managers
ignore visual signals that can be easily acquired in favor of seemingly objective
data, like quantities processed, inventory turns or company profits (which are
rarely directly attributable to a warehouse).



2. The Assessment Method

The tool is based on a factor-rating method (see, for example, Heizer and
Render 2004) and consists of 11 areas that have to be assessed, each on a six-
category scale (see Exhibit 3). Seven areas (1 to 5, 8 and 10) are more or less
generally applicable toindustrial facilities and have been adapted to warehouse
environments from Goodson (2002). Areas 6 and 7 (storage and order picking
systems) form the heart of any warehouse (Tompkins et al., 2003) and must
therefore be included in an assessment. Areas 9 (level and use of IT) and 1
(managing efficiency and flexibility) are equally important in an assessment.To
aid filling out the assessment form, a number of yes / no questions have been
formulated (Exhibit 2), which serve the purpose of conveying the opinions on the
area and aiding area scoring. A score is measured on a 6 category ordinal scale
and ranges from poor (1 point) to excellent (9 points) with an additional category
‘best in class’ (11 points). Best-in-class means that there is no better. We first
discuss the areas in more detail and then discuss results as well as further
validation of the method.

Area 1:
Customer Satisfaction

Customer satisfaction is difficult to rate in a facility visit. However, all people
in the facility —and particularly workers — should clearly know who the customers
are, both internal and external. Management can take care of this by explicitly
showing external quality performance indicators to the workers. Signboards with
picking or shipping errors, customer complaints and returns over time, quality
guidelines for workers, and so on, indicate sensitivity to wishes of customers and
quality assurance. Try asking an order picker, packer or dispatcher: “What is the
impact for customers when you make an error?” When this person answers that it
will result in a complaint (or return, or a customer credit note), it should lead to a
higher score than when the employee has no idea at all, or when she or he deems
there are no clear consequences.

Even when products are picked by article (batched over multiple customer
orders), the person should have an idea of the customers’ wishes, whether there
are deadlines for the (batch) order to be shipped (many large warehouses work
with fixed departure schedules in order to reach their customers timely) and what
the consequences are for not finishing the work in a timely manner.

Questions 1,4,14 and 21 are related to this area.
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Area 2:
Cleanliness, Environment, Ergonomics, Safety, Hygiene (HACCP)

This is an area that is relatively easy to assess. If a facility is clean, it usually
indicates that management organizes the processes well. In clean facilities, items
do not get lost, inventory accuracy is higher (as well as order fulfillment accuracy),
and there is an overall sensitivity to orderliness. Order picking warehouses (where
case and item picking occur) typically generate much waste (pallets have to be
unwrapped, boxes have to be opened) and workers have to be able to get rid of it
in an easy way. In well-run warehouses, one can find waste baskets in front of the
racks, where waste can be separated immediately at the source by type (which is
compulsory in the EU). In a well-run facility, the air is clean, noise levels are low,
and it is well-lit. In short, it is comfortable to work in. All location codes are easily
readable (also from a distance) and barcoded, such that there is no confusion as
to which code refers to which location (particularly for the lower beams in a
pallet rack, or in a shelf area where location sizes are often tiny). Worker positions
should have been designed with attention for ergonomics. As much of the work is
repetitive, or strenuous, ill-designed work positions lead to high absence rates
and labor turnover.

In many warehouses, pickers do not have fixed work positions, because they
drive trucks or walk with pick carts. Even in such cases ergonomics pays off. The use
of tiny screens and buttons on mobile terminals leads to low productivity and
even to errors (reduction of which often was the main reason for the use of such
terminals). In the European warehouse of a large Japanese manufacturer of
consumer electronics, pickers use mobile terminals to receive pick instructions
and confirm the picks. When they were asked about the contents of their work, it
appeared that for a single order (of a few units) about 20 entries had to be made
to confirm this. If 20 cases of the same product had to be picked from a pallet,
labeled, scanned and put on a conveyor belt, it might take minutes to confirm this
via the RF-terminal / scanner in the information system. Workers obviously find
workarounds (do first and confirm when convenient), which may compromise the
system integrity.

Safety is of utmost importance in many warehouses, especially where heavy
pallet lifting or order picking trucks or cranes are used. Order-pick and forklift
trucks may weigh up to several tons and can drive at considerable speeds.
Warehouses should have safe travel paths for pedestrians and safety collision
protection devices. Workers on foot should not work in narrow aisles together
with heavy order-pick trucks. Unsafe working conditions can be discerned from



the amount of damage at the racks, at the trucks or signboards indicating the
number of accidents, or if people smoke in a battery charging area. Unsafe
working conditions should lead to a low score on this criterion.

Hygiene (based on hazard analysis and critical control points) is of particular
importance for warehouses which process (pet) foods, drugs, or raw materials
for such products. If deep-frozen products wait for a considerable time in an
insufficiently conditioned receiving or shipping area, the condition of the product
may deteriorate. Questions 2a, 2b, 3,17 and 21 relate to this area.

Area 3:
Use of Space, Condition of Building and Technical Installations

Although (particularly in distribution warehouses) labor is the most important
ingredient of operational cost (in particular the order pickers, see Tompkins et
al., 2003), facility cost (including technical installations) is a close second.
Whether buildings and technical installations are owned, rented or leased is
irrelevant. Therefore, space should not be wasted. Excessively large warehouses
do not only lead to high cost, but often also to inefficient processes, due to long
travel times for storage, order picking or cross-dock. In case of storage of large
numbers of loads of slow-moving products, high-bay stacking is preferred.There
is, of course a difference between countries in the costs of land and labor. If labor
and land are relatively cheap (USA), buildings are usually lower. If land is
expensive (Japan), buildings are higher.

On the other hand, insufficient space may prevent a process from being
executed effectively and efficiently. If products have to be dropped at temporary
locations because of lack of space in the proper area, if products have to be dug
up because they are stored at wrong locations, or if much waiting and delays
occur because maneuvering spaces are used by other workers, this area receives
alow score. It may be necessary that multiple persons work in the same area (for
example order pickers and replenishers in a pallet storage area); nevertheless
blocking and congestion should be avoided. This can be enforced by having one-
directional traffic or distribution of fast-moving articles over multiple storage

zones.

Many facilities have undergone natural expansion: gradually, more and
more buildings and systems have been added. In many cases this leads to
suboptimal logistic processes. Warehouses spread over multiple locations lead
to necessary transport movements between the parts. How is this process
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organized? Can inventory get lost while in transport? If not handled properly it
should lead to alow score for this area.

The technical state of buildings, doors, floors, dock levelers, dock shelters,
sprinkler installation, heating, cooling installations is fairly easy to asses during
a visit. The quality of floors (i.e. flatness, and absence of pits and ramps) is
particularly important if forklifts, reach trucks and high-bay trucks are used for
discrete transport.

The basic facility layout is important for achieving top performance.
U-shaped layouts, where dock doors are mainly located along one facade,
usually lead to better performance (greater expansion possibilities, more
flexible use of dock doors and receiving / shipping personnel, less crossing flows,
shorter average travel distances) than layouts with dock doors on opposite sides
of the buildings (I-shaped layout).

Questions 5a, 5b, 6a, 6b, 15, and 21 support the assessment of this area.

Area 4:
Condition and Technical State of Material Handling Equipment

Although it may seem wise at first sight to use a special truck for every
different type of work, multiple brands of material handling equipment lead to
less flexibility, higher risk of unavailability and higher maintenance cost.
Material handling equipment that breaks down frequently or batteries that do
not charge sufficiently may lead to an inefficient operation and missed
deadlines. Even old trucks can work properly, if well maintained. You might try to
ask a driver whether (s)he experiences any problems with the trucks. While
asking this in a warehouse of a Serbian food retailer, it appeared that the
batteries of one of the narrow-aisle pallet trucks charged insufficiently. This
made the truck unavailable for a substantial part of the day, leading to orders
that could not be filled completely on time.

Proper working material handling equipment shows from maintenance
recorded on the equipment, the looks of the equipment and few failure records
or performance obstructions in the operation. Question 16 supports this area.



Area s:
Teamwork, Management and Motivation

As Bartholdi and Eisenstein (1996) and Bartholdi et al. (2000) showed,
bucket brigades, a teamwork order-picking concept, can lead to substantial
performance (particularly throughput) improvements in picker-to-parts order
picking systems. Although the bucket-brigade concept is only applicable under
special circumstances, people working as a team will perform better than as
individuals. This is particularly true in order picking, receiving and shipping. If
people are multi-skilled and rotate in different areas of the warehouse, this
might be an indicator of team spirit. If people are proud of their work and the
company, this is a positive indicator. One might try to discern this factor by
asking questions to the employees and management.

Questions 1,12, 21 support this area.

Areas 6 and 7:
Storage and Order Picking Methods

Storage and order picking form the heart of most warehouse operations.
Warehouse efficiency depends to a large extent on the methods used for
storing products and picking the orders. The question is whether the
appropriate methods are used. This is probably difficult to assess, particularly
for inexperienced visitors. Also, great varieties of storage and picking
technologies are available on the market. The choice of these also depends on
the volume to be picked, the variety in the assortment and quantity to be stored
and thelabor cost rate. Higher labor costs and larger throughput volumes justify
more automated storage and picking systems, and a higher level of order
picking aids, like scanners, mobile terminals, or voice-recognition equipment. In
Tow volume warehouses, i.e. with few orders, the preferred way is picking by
order. Although multiple workers can work on the same order, the order is kept
intact: it does not have to be split and sorted, but can, after possible order
assembly, immediately be packed for shipping. In very high throughput volume
warehouses, picking by order is impossible. Instead, orders are picked by article
(in batch) after which the items are sorted and grouped by order.
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Area 6:
Storage Systems and Strategies and Inventory Management

In order to assess the methods used the visitor might pay attention to the

following elements.

Are products stored at their appropriate locations? This includes storage
based on physical properties (conditioning, dimensions, weight, and theft-
proneness) and turn-over speed: fast-moving items should be located on
easily accessible locations at short distances from the dispatch position (Q7a).
Are locations used dynamically? In many warehouses fixed locations are
used, from which products are picked. Even when products are initially
assigned to these locations on turnover frequency (to reduce travel time),
such an assignment will be far from optimal if not regularly maintained (like
reassignment every month). Few companies do this. Companies that use
dynamic locations, taking into account dynamic turnover frequency, score
better than companies with fixed locations and little reassignment (Q7b).

Is the number of different storage systems (with different racks, material
handling systems and storage logic) justified? Warehouses often store large
numbers of products. The idea is to create the highest throughput efficiency
possible, with the fewest systems used. These are often contradictory
requirements, but a balance between the two should be struck. In case many
different storage systems are used consideration should be given to merging
two of them, without decreasing order picking efficiency or where few
storage systems are used part of the assortment could be taken from a
system and stored separately to increase efficiency and homogeneity of
handling (Q7a, Q7b, Q8).

Is the inventory of certain products split into bulk storage and forward pick
storage? If items are picked in a condensed forward storage area, the order
picking lead times are reduced considerably and storage activities can be
decoupled from order picking. Such systems can be designed for box picking
(bulk stored on pallets, lower pallet locations used for picking the boxes), or
item picking (bulk stored on boxes on pallets, shelves used for item picking).
Particularly if bulk quantities tend to be large and order pick quantities are
small, splitting inventory pays off and outweighs the replenishment efforts
(Q9a).

Is family grouping applied in storage with the objective of making processes
efficient? Many forms exist, such as grouping items that are frequently
ordered together. Grouping methods that do not immediately lead to higher
efficiency (such as products of the same supplier together, or products of the
same owner together) score lower (Q7a, Q7b).



+ Is inventory managed appropriately? Are inventory levels appropriate? It
may be difficult to answer these questions, but clear visible signals should
not be ignored. For example, in a company with short product life cycles,
there should be an explicit program to get rid of “old” products. Look for a
corner in the warehouse where seemingly non-movers are stored. These can
be recognized by little pick activity, great product inhomogeneity, and some-
times small quantities stored per product. Inventory levels (ask for inventory
turnover rate) depend on product properties, where suppliers are located
and on the degree of supply chain cooperation. If suppliers are located
further and products are cheaper, higher inventory levels are justified.
Expensive products with short life cycles should have low inventory levels
(Qgb, Q19).

Area 7:
Order Picking Systems and Strategies

Before making an assessment, the order picking methods used (often more
than one!) should be classified. A typical classification and explanation of
methods can be found in Exhibit 1. Have the weak points of the order picking
systems used been addressed adequately and sufficiently? Every order picking
system has strengths and weaknesses. The strengths are usually immediately
visible in a visit (apparently, the system works); weaknesses are more difficult to
discern.Batch picking, followed by sorting on an automated sorter, requires that
all items (including the last items, which usually are missing) are picked in
time for the sorter to start. Is this handled adequately? Order throughput
times in picker-to-parts systems can sometimes be very long. Is this controlled
sufficiently? For example in Océ’s parts warehouse (Océ is a manufacturer of
professional copiers and printers), which supplies parts overnight directly to
technicians in Western Europe, orders are picked in batches (of orders for
technicians in the same country) of about 60-120 order lines per order picker.The
throughput time can be very long and is difficult to predict. Also, pickers can
decide themselves on the number of lines they want to work on. This makes
it difficult to guarantee that the fixed departure times of the trucks can
be realized, requiring extra control effort (regular progress checking and
emergency help) to guarantee this. The European warehouse of Yamaha Motor
Parts uses a zoned pick-by-order system. A conveyor passes the order bins
between the zones. As there are many zones (about 60), and orders can
sometimes be large, orders queue before every zone, making order throughput
times close to unpredictable at busy moments. Yet, Yamaha has a fixed truck
departure schedule for all customer destinations. The problem was solved by

¥3LSOX 30 IN3IY

1%,]
~N

SNOILYD118Nd ANV SNOILNEININOD DINIAVIVY d31D373S — Z L¥Vd - ONITANVH TVI¥3ILVIN NO SIAILD3IdSHId 13¥NLN4 ANV LSVd



RENE DE KOSTER

wv
-]

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 2 - SELECTED ACADEMIC CONTRIBUTIONS AND PUBLICATIONS

batching multiple small orders into the same order bin, thereby strongly reducing
queuing. In C-Market’s warehouse (a supermarket chain) pickers on order pick
trucks travellong distances in alarge pallet warehouse to pick orders for a single
supermarket. In competitors’ warehouses, pickers on long-fork trucks pick two
or three stores simultaneously in roll containers in one warehouse zone only,
which leads to alarge increase in productivity.

The following questions (see also questions 10, 113, 11b, and 20) might guide

the evaluation of the order picking process:

+ Are throughput times sufficiently controlled?

- Does avoidable double handling occur?

« Are obvious improvements possible in the picking process? You might think
of some improvements and ask the pickers for their evaluation.

« How is the progress of the order picking process monitored and controlled?

+ Are the used picking aids (order lists, labels, RF terminals, scanners, picking
carts) well designed and of help to increase quality and efficiency?

« Have measures been taken to make the picking process sufficiently ergo-
nomic?

Area 8:
Supply Chain Coordination

The degree of supply chain coordination is visible at the shop-floor in several
areas. At the yard, inbound trucks may be waiting to be allocated to a dock door,
due to inability to properly coordinate arrival times. In the receiving area,
trailers and containers must be unloaded and goods must be processed. s this a
rapid, well-organized process, or very time-consuming because the product
carriers are wrong and products have to be restacked, information cannot be
found or is incomplete, boxes of the same product are spread over multiple
pallets or over the entire container? In case much paperwork is necessary to
check incoming shipments, this is also not a sign for well-tuned processes. You
might also ask what happens in case of wrong, under or over receipts. Does this
happen often? Does it delay the process? Attention also has to be paid to
the frequency of supply and the drop size. Drop size might be identified at a
visit, frequency not without asking. If you see small drop sizes, ask the
receivers the frequency of supply of these suppliers. At some warehouses,
powerful customers try to reduce their inventories by JIT policies: frequently
ordering small quantities. Although this leads to inventory reduction at the
customer’s facility, it leads to high handling and transportation cost for
the supplier, which might retaliate against the customer.



In an extreme case, we asked a US wholesaler where the customer returns were
handled. In response to that question we were taken to a warehouse at the other
side of the street, where an endless heap of mostly damaged boxes were waiting
to be processed. These were the returns of mainly one customer, who returned
“suddenly” a few dozen truckloads of excess stock. This was representative for
the company’s entire receiving process.

Even if products are loosely stacked in sea-containers, it is still possible to
have an efficient receiving process if adequate agreements have been made
with suppliers. In the warehouse of Zeeman, a textile hard-discounting retailer
mainly receiving products in sea containers from East-Asian suppliers, the boxes
are grouped by product in the container, and box-sizes are standardized. This
allows rapid manual unloading of the containers using extendible conveyors,
after which the boxes are automatically counted, labeled and palletized.
Conversely Schuitema, a franchise retail organization, has to restack all of
Unilever’s pallets (a main supplier), because they do not fit into the storage slots.

The level of supply chain coordination is also visible in the shipping area. An
abundance of paperwork needed to ship products is an indicator, as well as the
carriers on which products are shipped. If products are shipped on product
carriers that return (for example pool pallets, or closed-loop bins), this often
indicates an efficient distribution and collection process, coordinated with the
recipients. It saves one-way packaging materials which, particularly in Europe,
are expensive, not only because of material cost,but also because fees have to be
paid to green-dot systems in different countries to organize proper recycling of
these materials. If products are shipped in sea containers on slipsheets (loads on
flat carton ‘pallets’ that can be pushed into the container by ‘push-pull’ trucks)
this saves space in the container and it suggests advanced coordination with the
receiving customer (who also needs such a truck).

Question 19 refers to this area.

Area 9:
Level and Use of IT

Nowadays, warehouses do not run without a sufficient level of information
systems. Best-in class warehouses use systems for electronic information
exchange with suppliers, customers, carriers, customs authorities, and brokers
in the supply chain. They use a warehouse management system for managing
the warehouse processes and they use appropriate tools and aids to support
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important warehouse processes. Warehouse management systems come in
a great variety, varying from simple spreadsheet applications, to standard
modules of ERP software packages, specialized WMS packages or tailor-made
applications. In general, the more complex the operation (mainly measured in
number of order lines, assortment size, different processes and uncertainty in
demand and supply, see Faber et al., 2002), the more justified or even necessary
specific or tailor-made software becomes. A warehouse management system is
necessary to find the best location where an incoming load can be stored, the
best location from which an order line can be picked, the right person to pick an
order line (in the right sequence, minimizing travel time), the regular update of
article-to-location assignments (based on turnover frequency) to internally
move products to make sure that articles are cycle counted regularly without
disturbing the main work flows, and so on. Tools that can be used to speed up
processes and reduce errors include pick-to-light and put-to-light systems and
use of the right communication means with drivers and pickers to guarantee
real-time monitoring of work progress. Bakker, a mail-order company which
specializes in flower bulbs, uses a put-to-light system for distributing bulbs that
have been pre-picked over the right customer order bins. A graphical screen
helps the picker, as it shows visually which bins have to be addressed. These aids
increase productivity significantly.

Question 20 reflects this area.

Area10:
Commitment to Quality

Commitment to quality can be derived from a number of factors in a facility.
First, from the design itself, at which points is it easily possible to make errors? If
an operator can determine where to store an incoming load and later provide
confirm, this is an obvious source for errors. Storage errors are very serious, as
they potentially impact multiple customer orders. The same is true for picking:
can an operator easily pick the wrong item or the wrong quantity? Best-in class
operations do not ensure quality by building in additional checks of the picked
orders. Instead, they take measures that prevent people from making obvious
errors (‘poka-yoke’, or fool proofness principle). In the previously mentioned
warehouse of Yamaha, pickers at a miniload workstation have to pick a unit
from a compartmented bin containing multiple products. In order to prevent
errors,the computer screenis divided in the same way as the bin, with the proper
part illuminated. On top of this, a battery of spotlights illuminates exactly the
right compartment of the bin.



Second, is continuous process improvement actively propagated in the facility?
Are workers stimulated to improve their processes and can proof be found
for this? Indicators for this can be an idea-box, implementation of six-sigma
improvement projects or the number of master black-belts, or the number of
process improvements recently realized. You might try and ask about this.In a
recent tour of the European distribution center of a US manufacturer, we were
told that people could be promoted to management level only if they at least
owned a six-sigma green-belt.

This area is addressed with questions 4,11a,11b,12,13,14,17 and 20.

Area 11:
Managing Efficiency and Flexibility, as a Function of Volume,
Assortment and Variety

It is very difficult — if not impossible — to manage a large number of orders,
together with a large assortment and a variety of customer wishes efficiently,
in a manner that is flexible enough to accommodate late changes. Process
automation and mechanization, with multiple solutions for different storage
areas can help for efficiency, but usually bring down flexibility. Logistics
service providers with public warehouses and short-term contracts usually opt
primarily for flexibility and sacrifice efficiency to some extent. Flexibility is
expressed as the ease to which different customer order patterns (large versus
small orders), different customer wishes (product and order customization) can
be accommodated, the processes expanded or shrunk, assortment changes
handled. During a visit attention can be paid to what extent any of these
principles have been sacrificed. If processes seem very efficient you might ask
whether the above-mentioned flexibility features can be accommodated. In
case an operation seems very flexible, it is interesting to estimate whether
customers are really willing to pay for the inefficiency. If aright balance seems to
have been struck a company scores higher than when there are obvious flaws.
This is addressed with question 18.
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3. Results and Validation

The assessment has been carried out with several groups of managers and
students. Within a group the areas are divided over different group members.
Immediately after the visit, each group filled out the warehouse rating sheet as
a team effort. Exhibit 4 shows the outcomes of some assessments carried out in
2004 and 2005 with different groups of international people (in total 96 persons
from 22 countries participated, about 30-40 people per visit, with and without
warehousing experience). For every facility, the maximum score is 121. The
results show a clear distinction between high and low-ranking facilities. Low
ranked facilities nearly always score ‘NO’ on question 21; high-ranked facilities
‘YES’. The outcomes of area ratings are quite varied as well, although “Customer
satisfaction” (area 1) obviously scores fairly high in general.

In order to validate the method, basically three different methods were used.
First, we independently benchmarked the warehouses using data envelopment
analysis (DEA), based on a database of 71 warehouses. Second we compared the
standard deviations of area and total scores among groups. If these standard
deviations are moderate, we can at least say that the scoring is reliable. Third, we
asked the managers method for feedback on the scores per area (the method
was mailed to them prior to the visit).

In order to benchmark the warehouses with DEA, we asked the warehouse or
logistics manager to fill out a questionnaire, addressing performance in the
areas of shipment quality, production (volume and variety) and flexibility (for a
full description of the method see De Koster and Balk, 2008). The resulting
efficiency scores (the maximum efficiency to be obtained is 100%) can be found
in Exhibit 4. Although the factor rating and benchmarking methods look at
different indicators, the correlation between the two scores is quite high: 64%
for the companies listed in Exhibit 4, indicating that the assessment method is a
good forecaster of performance (albeit the number of included warehouses is
still small).

Exhibit 4 also displays the standard deviation of total and area scores. The
maximum standard deviation of the total score is within 16% of the average.
For individual area scores, the average standard deviation varies between 1.4
and 1.7 (less than 25% of the average area score). Usually there are 1or 2 areas of
some disagreement between groups, with standard deviations up to 2.6. No
areas consistently showed a higher standard deviation in the scoring. The score
reliability improves when the assessment is done with more experienced



people:having seen more facilities obviously helps in calibrating one’s judgment.
However, it should be emphasized that all facilities were also visited by such
inexperienced people, leading to the above-mentioned moderate standard
deviations of scores.

After every visit, the warehouse manager was confronted with the area
scores. In all cases, they agreed with the relative ranking of their scores. Obviously,
warehouse management is often aware of weak points, but it is not always easy
to improve. For example a weak layout cannot easily be changed by the
management; such a conclusion should serve as input for the company’s facility
development staff.
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4. Conclusion

The method presented in this paper may help managers and students to
rapidly assess warehouse facilities. The method serves as an addition to more
quantitative methods, like financial analysis. We have validated the method
with DEA benchmarking. Although the number of warehouses benchmarked
with both methods is still small, first results indicate that indeed the method
shows some value in an assessment. Total and area scores are reasonably homo-
geneous among the different groups (although every warehouse so far shows
one or two areas with standard deviations higher than 2, which may be as much
as 40% of the average area score). It is helpful, in this respect, that the assessors
have applied the method more than once.

In conclusion, if a warehouse appears to score well, based on the visual
information and Q&A, it usually is. If it scores poorly, there definitely is room for
improvement, particularly in the low-ranked areas.

Exhibit 1:
Order-picking Methods

The next figure shows different order picking methods that can be found in
warehouses (for a description of some of these methods, see Tompkins et al.,
2003). In many warehouses multiple methods are used. The large majority
employs humans for order picking. Among those, the picker-to-parts system,
where the picker walks or rides along the items, is most common. Parts-to-picker
systems include automated storage and retrieval systems (AS / RS), mostly using
aisle-bound cranes that retrieve one or more unit loads (bins: miniload system,
or pallets) and bring it to a pick position. At this position the picker takes the
number of pieces required by the customer order, after which remaining load is
stored again. Other systems use vertical lift modules (VLM), or carousels that
also offer unit loads to the picker, who is responsible for taking the right
quantity. Put systems are positioned between the picker-to-parts and parts-to-
picker systems, because they often combine the two principles. First, inventory
has to be retrieved, which can be done in a parts-to-picker or picker-to-parts
manner. Second, the carrier (usually a bin) with these parts is offered to a picker
who distributes the items over customer orders. Put systems are particularly
popular in case a large number of customer order lines have to be picked in a
short time window (for example at the Amazon German warehouse) and can
result in about 500 packages on average per picker hour (for small packages) in
well-managed systems.



Order-picking Method

Order-picking methods
emploving employing
humans machines
picker-to- pul syslem parts-to- automated picking
parts picker picking Tohels
- low level ~AS/RES ! ‘:‘.'mec_
- high level -minifoad - CiFpERREr
- VLM
- hor, carousel
pick by article < pick by order - vert. carousel

not zoned (1 zone) < zoned
progressive <+ synchronized (if zoned)
- surt-while pick

pick-and-pass
- pick-und-sort
= wave picking

Picker-to-part systems are the most common. The basic variants include
picking by article (sometimes called batch picking) or pick by order. In the case
of article picking, multiple customer orders (the “batch”) are picked simulta-
neously by a picker. Many in-between variants exist: picking multiple orders
followed by immediate sorting (on the pick cart) by the picker (“sort-while-
pick”), or “pick-and-sort” in which case the sorting takes place after the pick
process has finished. Another basic variant is zoning, which means that alogical
storage area (this might be a pallet storage area, but also the entire warehouse)
is split in multiple parts, each with different pickers. The pickers can work
sequentially, traveling along the locations in their zone and pass the product
carrier with pick instruction to pickers in the next zone, or they can work in
parallel, and work on the same orders. If this is the case, the order parts have to
be assembled before they can be packed and shipped. Parallel and batch
picking speed up the picking process, at the cost of additional sorting and
order assembly work. The term “wave picking” is used if orders for a common
destination (for example, departure at a fixed time with a certain carrier) are
released simultaneously for picking in multiple warehouse areas. Usually it is
combined with batch picking.
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Exhibit 2:
Questionnaire

The total number of yeses on this questionnaire is an indicator of the
warehouse’s overall performance. The more yeses, the better the performance. A
question should be answered a yes only, if the warehouse obviously adheres to
the principle implied by the question. In case of doubt, answer no.

Warehouse . Date visit
Group: Yes : No
1 Are visitor welcomed and given information about awarehouse |:| D

operation, customers and products?

2a | Is the facility clean, safe, orderly and well lit? |:| D
Is the air quality good and noise level low?

2b : Isthe environment attractive to work in? |:| |:|

3 Arethe work processes ergonomically well-thought over? O O

4 : Dothe employees appear committed to quality? [l [

5a : Isthe warehouse laid out in a U-shape, rather than an I-shape?

oo
oo

5b : Does the layout prevent major crossing flows?

6a : Is material moved over the shortest / best possible distances?

oo
oo

6b | Is double handling prevented and are appropriate product

carriers used?

7a : Are products stored on their right locations? |:| D
Do storage strategies lead to operational efficiency?

7b | Arelocations used dynamically? |:| |:|

8 : Isthe number of different storage systems (with different (| O

racks, material handling systems and storage logic) justified?

9a | Is appropriate (non-)splitting of inventory in bulk and forward (| O
pick stock applied?
9b : Is there an effective process management for introducing new [l [

products, getting rid of non-movers, and internal relocations?



Continued

Warehouse | Date visit
Group: Yes
10 : Isthe organization of the picking process well-designed without [l

obvious improvement possibilities?
1a : Are storage and receiving processes monitored [l
and controlled on-line?

1b | Is the response to mistakes and errors immediate? |:|

12 Are work teams trained, empowered and involved in |:|

problem solving and ongoing improvements?

13 : Are up-to-date operational goals and performance measures O

for those goals prominently posted?

14 : Areratings for customer satisfaction and shipping errors displayed? O

15 : Are the buildings, floors and technical installations in good D

quality and well-maintained?

16 : Are the material handling systems used, the racks and the product [l

carriers in good operating condition and well-maintained?

17 : Areinventories accurate? D

18 | Has aright balance been struck between order customization, |:|

process flexibility and efficiency?

19 : Arereceiving and shipping processes, and inventory levels [

tuned with suppliers and customers?

20 | Isthelevel of IT, picking and storage technologies adequate [

for the operation?

21 : Is this a warehouse you would like to work in? |:|

Total yes / no
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Exhibit 3:
Warehouse Rating Sheet

Warehouse : : : : : ~ Date visit
Group: Area Related Poor: Below :Average (Above :Excellent : Bestin
questions average average class

0 6 (s) ()] (9) )

1 Customer 1,14,21

satisfaction

2 Cleanliness, : 2a,2b,3,
environment, : 17,21
ergonomics,
safety,
hygiene

3 Use of space, : 5a,5b,6a,
condition of : 6b,15,21
building and
technical

installations

4 Condition and: 16
maintenance
of material
handling

equipment

5 Teamwork, 1,12,21
management

& motivation

6 Storage 73,7b, 8,
systems 9a,9b,19
& strategies,

inv.man.

Total



Continued

Warehouse

Group: Area

Order picking
systems and

strategies

Supply chain

coordination

Level and use

of IT

Commitment

to quality

Managing
efficiency and

flexibility

Total score

Date visit

Related :Poor : Below :Average | Above :Excellent  Bestin : Total

questions average

0 6 (s) @) (9) )

average class

10,113, 11b,

20

20

4,1a,1b,

12,13,14,17,

20
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Exhibit 4:
Some Examplles of the Tool’s Results. N = Number of Groups

Ware | Description Ave. total Std. Average DEA efficiency

house rating (N) devia- (max)std : score
tiom dev. per
area
A Multinational 65.9 (8) 10.8 1.6 (2.5) 58.8%

interior-decoration retailer

B Automotive manufacturer, 82.5(8) 8.9 1.7(2.6) 95.5%
spare parts

C National wholesaler 76.3(6) 3.5 1.4 (2.0) 100 %
supermarket products

D National food retailer 59.2(9) 7.2 1.5 (2.1) -

E Multinational hard-discounting : 64.0 (6) 10.0 1.6 (2.5) 66.2%

non-food retail chain
F Multinational fashion products : 73.0 (6) 3.1 1.4(2.2) 44.2%

manufacturer / wholesaler /

retailer

1 In calculation, we interpreted the scores as measured on an interval scale.
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Abstract

Order picking has long been identified as the most labour-intensive and
costly activity for almost every warehouse; the cost of order picking is estimated
to be as much as 55% of the total warehouse operating expense. Any under-
performance in order picking can lead to unsatisfactory service and high
operational cost for its warehouse, and consequently for the whole supply chain.
In order to operate efficiently, the order-picking process needs to be robustly
designed and optimally controlled. This paper gives a literature overview on
typical decision problems in design and control of manual order-picking
processes. We focus on optimal (internal) layout design, storage assignment
methods, routing methods, order batching and zoning. The research in this
area has grown rapidly recently. Still, combinations of the above areas have
hardly been explored. Order-picking system developments in practice lead to
promising new research directions.

Keywords: Order picking; Warehouse management; Logistics



1. Introduction

As more companies look to cut costs and improve productivity within
their warehouses and distribution centres, picking has come under increased
scrutiny. Order picking —the process of retrieving products from storage (or buffer
areas) in response to a specific customer request — is the most labour-intensive
operation in warehouses with manual systems, and a very capital-intensive
operation in warehouses with automated systems (Goetschalckx and Ashayeri
1989, Drury 1988, Tompkins et al. 2003). For these reasons, warehousing
professionals consider order picking as the highest-priority area for productivity
improvements.

Several recent trends both in manufacturing and distribution have made
the order-picking design and management become more important and
complex. In manufacturing, there is a move to smaller lot-sizes, point-of-use
delivery, order and product customisation, and cycle time reductions. In
distribution logistics, in order to serve customers,companies tend to accept late
orders while providing rapid and timely delivery within tight time windows
(thus the time available for order picking becomes shorter). Many smaller
warehouses are being replaced by fewer large warehouses to realise economies
of scale. In these large warehouses, the daily pick volume is large and the
available time window is short. In order to be more responsive to customers,
many companies have adopted a postponement strategy (Van Hoek 2001)
leading to various value-adding activities (like kitting, labelling, product or
order assembly, customised packaging or palletisation) that take place in the
distribution centre and which have to be scheduled and integrated in the order-
picking process. Warehouses are also involved in recovering products, materials,
and product carriers from customers in order to redistribute them to other
customers, recyclers, and original-equipment manufacturers (De Koster et al.,
2002).

The organisation of order-picking operations immediately impacts the
distribution centre’s and thereby the supply chain’s performance. Between
the time an order is released to the warehouse and the time it takes to reach
its destination, there is ample opportunity for errors in both accuracy and
completeness, not to mention time lost. There is also room for improvement.
Industry has come up with innovative solutions, making it possible to attain
productivity up to 1,000 picks per person hour. Science is also progressing
rapidly. Over the last decades, many papers have appeared studying order
picking processes. New problems have been studied and new models have been
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developed. Still, there is a gap between practice and academic research, since not
all new picking methods have been studied and the optimal combinations of
layout, storage assignment, order clustering, order release method, picker
routing and order accumulation have been addressed to a minor extent only.
This paper presents a systematic overview of these recent developments in
academic literature. We structure typical decision problems in design and
control of order-picking processes by focusing on optimal (internal) layout
design, storage assignment methods, routing methods, order batching, and
zoning. Several areas appear to have received only little attention from
researchers. Innovations from practice also lead to new research challenges.

The remainder of the paper is organised as follows. In the next section, we
briefly highlight warehouse missions and functions and give an overview of
order-picking systems. In Sections 3 to 8, we review recent literature on design
and control of order-picking processes, focussing on layout design, storage
assignment, batching, picker routing,and order accumulation. We conclude and
discuss potential research directions in Section 8.



2. Warehouses and Order Picking

According to ELA / AT Kearney (2004), warehousing contributed to about 20%
of the surveyed companies’logistics costs in 2003 (other activities distinguished
are value added services, administration, inventory costs, transportation and
transport packaging). Warehouses apparently form an important part of a
firm’s logistics system. They are commonly used for storing or buffering
products (raw materials, goods-in-process, finished products) at and between
points of origin and points of consumption. The term ‘warehouse’ is used if the
main function is buffering and storage. If additionally distribution is a main
function, the term‘distribution centre’is commonly used, whereas ‘transhipment,
‘cross-dock’, or ‘platform’ centre are often used if storage hardly plays a role. As
we focus on order picking from inventory, we use the term ‘warehouse’
throughout the paper. Lambert et al. (1998) state that more than 750,000
warehouse facilities exist worldwide, including state-of-art, professionally
managed warehouses, as well as company stockrooms and self-store facilities.
Warehouses often involve large investments and operating costs (e.g. cost of
land, facility equipment, labour ...). So, why do warehouses exist? According to
Lambert et al. (1998) they contribute to a multitude of the company’s missions,
like

+ Achieving transportation economies (e.g. combine shipment, full-container
load).

+ Achieving production economies (e.g. make-to-stock production policy).

- Taking advantage of quality purchase discounts and forward buys.

« Supporting the firm’s customer service policies.

+ Meeting changing market conditions and uncertainties (e.g. seasonality,
demand fluctuations, competition).

« Overcoming the time and space differences that exist between producers
and customers.

« Accomplishingleast total costlogistics commensurate with a desired level of
customer service.

+ Supporting the just-in-time programs of suppliers and customers.

« Providing customers with a mix of products instead of a single product on
each order (i.e. consolidation).

+ Providing temporary storage of material to be disposed or recycled (i.e.
reverse logistics).

+ Providing a buffer location for trans-shipments (i.e. direct delivery, cross-
docking).
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In some special situations (e.g. lean manufacturing, ‘virtual’ inventory, cross-
docking), storage functions in a supply chain can be reduced. But, in almost all
supply chains, raw materials, parts, and product inventories still need to be
stored or buffered, implying that warehouses are needed and play a critical role
in the companies’logistics success.

2.1 Warehouse flows

Figure 1shows the typical functional areas and flows within warehouses.The
main warehouse activities include: receiving, transfer and put away, order
picking / selection, accumulation / sortation, cross-docking, and shipping.

Figure 1. Typical warehouse functions and flows (Tompkins et al. 2003)
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The receiving activity includes the unloading of products from the transport
carrier, updating the inventory record, inspection to find if there is any quantity
or quality inconsistency. Transfer and put away involves the transfer of incoming
products to storage locations. It may also include repackaging (e.g. full pallets
to cases, or standardised bins), and physical movements (from the receiving
docks to different functional areas, between these areas, from these areas to the
shipping docks). The order picking / selection is the major activity in most ware-
houses. It involves the process of obtaining a right amount of the right products
for a set of customer orders. The accumulation / sortation of picked orders into
individual (customer) orders is a necessary activity if the orders have been
picked in batches. In such a case the picked units have to be grouped by customer
order,upon completion of the pick process. After picking, orders often have to be



packed and stacked on the right unit load (e.g. a pallet). Cross-docking is
performed when the received products are transferred directly to the shipping
docks (short stays or services may be required but little or no order picking is
needed).

2.2 Order picking

Order picking involves the process of clustering and scheduling the customer
orders, assigning stock on locations to order lines, releasing orders to the floor,
picking the articles from storage locations and the disposal of the picked
articles. Customer orders consist of order lines, each line for a unique product or
stock keeping unit (SKU), in a certain quantity. In Figure 1, order lines are split,
based on quantity and product carrier of the SKU, in pallet picks, case picks and
broken case (unit) picks. Many different order- picking system types can be
found in warehouses. Often multiple order-picking systems are employed
within one warehouse, for example in each of the three zones of Figure 1.
Figure 2 distinguishes order-picking systems according to whether humans or
automated machines are used. The majority of warehouses employ humans for
order picking. Among these, the picker-to-parts systems, where the order picker
walks or drives along the aisles to pick items, are most common (De Koster 2004).
We can distinguish two types of picker-to-parts systems: low-level picking and
high-level picking. In low-level order-picking systems, the order picker picks
requested items from storage racks or bins (bin-shelving storage), while
travelling along the storage aisles. Other order-picking systems employ high
storage racks; order pickers travel to the pick locations on board of alifting order-
pick truck or crane. The crane automatically stops in front of the appropriate
pick location and waits for the order picker to perform the pick. This type of
systemis called a high-level or a man-aboard order-picking system.

Parts-to-picker systems include automated storage and retrieval systems
(AS / RS), using mostly aisle-bound cranes that retrieve one or more unit loads
(pallets or bins;in the latter case the system is often called a mini-load) and bring
them to a pick position (i.e. a depot). At this position the order picker takes the
required number of pieces, after which the remaining load is stored again. This
type of system is also called a unit-load or end-of-aisle order-picking system.The
automated crane (also: storage and retrieval (S / R) machine) can work under
different operating modes: single, dual and multiple command cycles. The single-
command cycle means that either a load is moved from the depot to a rack
lTocation or from a rack location to the depot. In the dual-command mode, first a
load is moved from the depot to the rack location and next another load is
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retrieved from the rack. In multiple command cycles, the S / R machines have
more than one shuttle and can pick up and drop off severalloads in one cycle. For
example, in a four-command cycle (described in Sarker and Babu 1995),the S /R
machine leaves the depot with two storage loads, stores them and returns with
two retrieved loads. Other systems use modular vertical lift modules (VLM), or
carousels that also offer unit loads to the order picker, who is responsible for
taking the right quantity.

Put systems, or order distribution systems (see Figure 2) consist of a retrieval
and distribution process. First, items have to be retrieved, which can be done in
a parts-to-picker or picker-to-parts manner. Second, the carrier (usually a bin)
with these pre-picked units is offered to an order picker who distributes them
over customer orders (‘puts’them in customer cartons). Put systems are particu-
larly popular in case a large number of customer order lines have to be picked in
ashort time window (for example at the Amazon Germany warehouse, or flower
auctions) and can result in about 500 picks on average per order picker hour (for
small items) in well-managed systems (De Koster 2004). Newly developed
systems indicate that up to 1000 put handlings per picker hour are feasible.

Figure 2 also shows several organisational variants of picker-to-parts
systems. The basic variants include picking by article (batch picking) or pick by
order (discrete picking). In the case of picking by article, multiple customer orders
(the batch) are picked simultaneously by an order picker. Many in-between
variants exist, such as picking multiple orders followed by immediate sorting
(on the pick cart) by the order picker (sort-while-pick), or the sorting takes place
after the pick process has finished (pick-and-sort). Another basic variant is
zoning, which means that a logical storage area (this might be a pallet
storage area, but also the entire warehouse) is split in multiple parts, each with
different order pickers. Depending on the picking strategy, zoning may be
further classified into two types: progressive zoning and synchronised zoning,
depending on whether orders picked in a zone are passed to other zones for
completion or picked in parallel. The term wave picking is used if orders for a
common destination (for example, departure at a fixed time with a certain
carrier) are released simultaneously for picking in multiple warehouse areas.
Usually (but not necessarily) it is combined with batch picking. The batch size is
determined based on the required time to pick the whole batch completely,
often between 30 minutes to 2 hours (see Petersen 2000). Order pickers pick
continuously the requested items in their zones, and a next picking wave can
only start when the previous one is completed.



Automated and robotised picking is only used in special cases (e.g. valuable,
small and delicate items).

Figure 2. Classification of order-picking systems (based on De Koster 2004)
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In this paper we concentrate on low-level, picker-to-parts order-picking
systems employing humans (and with multiple picks per route). These systems
form the verylarge majority of picking systems in warehouses worldwide (based
on the authors’ experience: over 80% of all order-picking systems in Western
Europe). Surprisingly, academic order-picking literature focuses more on high-
level picking and AS / RS systems. Although not the main topic of this paper, we
will briefly mention some of the latter type of literature as well.

The design of real order-picking systems is often complicated, due to a
wide spectrum of external and internal factors which impact design choices.
According to Goetschalckx and Ashayeri (1989) external factors that influence
the order-picking choices include marketing channels, customer demand
pattern, supplier replenishment pattern and inventorylevels, the overall demand
for a product, and the state of the economy. Internal factors include system
characteristics, organisation, and operational policies of order-picking systems.
System characteristics consist of mechanisation level, information availability
and warehouse dimensionality (see Figure 3). Decision problems related to these
factors are often concerned at the design stage. The organisation and operational
policies include mainly five factors: routing, storage, batching, zoning and order
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release mode. Figure 3 also shows the level of complexity of order-picking
systems, measured by the distance of the representation of this problem in the
axis system to the origin. In other words, the farther a system islocated from the
origin, the harder the system is to design and control.

Figure 3. Complexity of order-picking systems (based on Goetschalckx and Ashayeri 1989)
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2.3  Order picking objectives

The most common objective of order-picking systems is to maximise the
service level subject to resource constraints such as labour, machines, and
capital (Goetschalckx and Ashayeri 1989). The service level is composed of a
variety of factors such as average and variation of order delivery time, order
integrity, and accuracy. A crucial link between order picking and service level is
that the faster an order can be retrieved, the sooner it is available for shipping to
the customer. If an order misses its shipping due time, it may have to wait until
the next shipping period. Also, short order retrieval times imply high flexibility
in handling late changes in orders. Minimising the order retrieval time (or
picking time) is, therefore, a need for any order-picking system.

Figure 4 shows the order-picking time components in a typical picker-to-
parts warehouse. Although various case studies have shown that also activities



other than travel may substantially contribute to order-picking time (Dekker et
al. 2004, De Koster et al. 1999a), travel is often the dominant component.
According to Bartholdi and Hackman (2005) ‘travel time is waste. It costs labour
hours but does not add value’. It is, therefore, a first candidate for improvement.

Figure 4. Typical distribution of an order picker’s time (Tompkins et al. 2003)
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For manual-pick order-picking systems, the travel time is an increasing
function of the travel distance (see, for example, Jarvis and McDowell 1991,
Hall 1993, Petersen 1999, Roodbergen and De Koster 2001a,b, Petersen and Aase
2004). Consequently, the travel distance is often considered as a primary
objective in warehouse design and optimisation.Two types of travel distance are
widely used in the order-picking literature: the average travel distance of a
picking tour (or average tour length) and the total travel distance. For a given
pick load (a set of orders), however, minimising the average tour length is
equivalent to minimising the total travel distance.

Clearly, minimising the average travel distance (or, equivalently, total travel
distance) is only one of many possibilities. Another important objective would
be minimising the total cost (that may include both investment and operational
costs). Other objectives which are often taken into consideration in warehouse
design and optimisation are to:

« minimise the throughput time of an order

+ minimise the overall throughput time (e.g. to complete a batch of orders)
« maximise the use of space

« maximise the use of equipment

« maximise the use of labour

« maximise the accessibility to all items
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Companies make decisions on design and control of order picking systems at
tactical or operational level, with a different time horizon (Rouwenhorst et al.
2000). Common decisions at these levels are:

+ layout design and dimensioning of the storage system (tactical level)

+ assigning products to storage locations (storage assignment) (tactical and
operational level)

- assigning orders to pick batches and grouping aisles into work zones
(batching and zoning) (tactical and operational level)

« order picker routing (routing) (operational level)

+ sorting picked units per order and grouping all picks of the orders (order
accumulation / sorting) (operational level)

In realising the above objectives, decisions made at the various levels are
strongly interdependent. For example, a certain layout or storage assignment
may perform well for certain routing strategies, but poorly for others. However,
including all decisions (with obvious different decision horizons) in one model is
intractable.Researchers, therefore, limit themselves to one or few decision areas
simultaneously. In practice, decisions are also made sequentially, or variations
are simply not considered. In the following sections we therefore subsequently
treat these decision areas and mention area interactions observed by authors
when appropriate. We first give an introduction to the problem and then briefly
mention the concernedliterature.Issuesin design and planning of warehousing
systems have been discussed in Ashayeri and Gelders (1985), Cormier and Gunn
(1992), Cormier (1997), Van den Berg (1999), Van den Berg and Zijm (1999)
and Rouwenhorst et al. (2000). Issues in design and control of order-picking
processes in particularly are mentioned in Goetschalckx and Ashayeri (1989),
Choe and Sharp (1991), Roodbergen (2001) and Wascher (2004). An extensive
bibliography on order-picking systems is gathered in Goetschalckx and Wei
(1994) and Roodbergen (2001). As many papers on the order-picking problem
have appeared recently, most of the above-mentioned overview publications
are not up-to-date. Wascher (2004) chooses a similar approach to ours and
discusses storage assignment, order batching and picker routing problems, but
treats only a small fraction of the available literature.



3. Layout Design

In the context of order picking, the layout design concerns two sub-
problems: the layout of the facility containing the order-picking system and the
layout within the order-picking system. The first problem is usually called the
facility layout problem; it concerns the decision of where to locate various
departments (receiving, picking, storage, sorting, and shipping, etc.). It is
often carried out by taking into account the activity relationship between the
departments. The common objective is minimising the handling cost, which in
many cases is represented by a linear function of the travel distance. We refer to
Tompkins et al. (2003) for a description of several efficient layout design
procedures and to Meller and Gau (1996) for a general literature overview on this
subject. Furthermore, Heragu et al. (2005) give a model and heuristic for sizing
of areas and assignment of products to areas. In this paper, we focus on the
second sub-problem, which can also be called the internal layout design or aisle
configuration problem. It concerns the determination of the number of blocks,
and the number, length and width of aisles in each block of a picking area (see
Figure 5). The common goal is to find a ‘best’ warehouse layout with respect to a
certain objective function among the layouts which fit a given set of constraints
and requirements. Again, the most common objective function is the travel
distance.

Literature onlayout design for low-level manual order-picking systems is not
abundant. An early publication, albeit focussing on unit loads, is by Bassan et al.
(1980).They compare two different parallel-aisle layouts for handling (including
travel) and layout costs. Rosenblatt and Roll (1984), using both analytical and
simulation methods, study the effect of storage policy (i.e. how to assign
products to storage locations) on the internal layout of warehouse. Rosenblatt
and Roll (1988) examine the effect of stochastic demands and different service
levels on the warehouse layout and storage capacity. Recently, Roodbergen
(2001) proposed a non-linear objective function (i.e. average travel time in
terms of number of picks per route and pick aisles) for determining the aisle
configuration for random storage warehouses (including single and multiple
blocks) that minimises the average tour length. Also considering minimisation
of the average tour length as the major objective, Caron et al. (2000) consider
2-block warehouses (i.e., one middle cross aisle) under the COl-based storage
assignment (see Section 4 for a discussion of storage assignment methods),
while Le-Duc and De Koster (2005b) focus on the class-based storage assignment.
For both random and volume-based storage assignment methods, Petersen
(2002) shows, by using simulation, the effect of the aisle length and number of
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aisles on the total travel time. Much of the existing knowledge on warehouse
layout is captured in the Erasmus-Logistica website
(http://www.fbk.eur.nl/OZ/LOGISTICA) that can be used to interactively optimise
warehouse layouts for various storage and routing strategies.

Figure 5. Typical layout decisions in order picking system design (top view of storage area)
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Compared to manual-pick order-picking systems, the layout design
problem for unit-load (mainly AS / RS) systems has received much attention. For a
literature review on throughput time models for AS / RS, we refer to Sarker and
Babu (1995),Johnson and Brandeau (1996),Van den Berg (1999),and Le-Duc (2005).
We briefly mention here theliterature focussing on designing the picking face. For
random storage assignment, Bozer and White (1984) show that a square-in-time
rack (i.e. a rack where the ratio of height to length equals the ratio of the S / R
machine vertical to horizontal velocity) is optimal for single and dual-command
cycles.Larson et al.(1997) use a heuristicapproach tolayout a unit-load warehouse
and to assign product classes to locations, with the objective of increasing floor
space utilisation and decreasing travel distance. Eldemir et al. (2004) give
estimates for storage requirements. Few papers deal with laying out three-
dimensional unit-load systems. Park and Webster (1989) are an exception. They
deal with the problem of finding rack locations for product turnover classes to
minimise the travel time. De Koster and Le-Duc (2005) extend Bozer and White’s
(1984) method to determine the optimal dimensions of a three-dimensional rack
of given capacity that minimise the unit-load retrieval time.



4.Storage Assignment

Products need to be put into storage locations before they can be picked to
fulfil customer orders. A storage assignment method is a set of rules which can
be used to assign products to storage locations. Before such an assignment
can be made, however, a decision must be made which pick activities will take
place in which storage system.

4.1 Forward - reserve allocation

In order to speed up the pick process, it is in many cases efficient to separate
the bulk stock (reserve area) from the pick stock (forward area). The size of the
forward area is restricted: the smaller the area, the lower the average travel
times of the order pickers will be. It is important to decide how much of each SKU
is placed in the forward area and where in the area it has to be located. Figure 2
shows three areas in which a single SKU can be stored and picked, depending on
the storage and pick quantity. Dividing a SKU’s inventory over multiple areas
implies regular internal replenishments from the reserve to the forward area.
One of the trade-offs to be made is then to balance additional replenishment
efforts over extra pick effort savings. It may even be advantageous to store some
of the SKUs only in the reserve area, for example if demand quantities are high
or if demand frequencies are low. Furthermore, replenishments are often
restricted to times at which there is no order picking activity, which gives
additional constraints. The decisions concerning the problems described here
are commonly called the forward-reserve problem. Literature includes Frazelle et
al. (1994) Hackman and Platzman (1990), and Van den Berg et al. (1998). In their
book Warehouse science, Bartholdi and Hackman (2005) devote a full chapter to
this problem.

A concept closely related to the forward-reserve problem is dynamic storage.
It aims at making the pick area very small in order to reduce travel time, and
bringing the SKUs to the storage locations dynamically, just in time for the pick
(by an automated crane, carousel, or VLM). The number of locations available
in the forward area is usually smaller than the total number of SKUs. As
these systems are capable of achieving very high picker productivity, they are
becoming more and more popular (according to the authors’knowledge at least
15 implementations the last few years in Western Europe). The interesting
decision problems are in the interaction of the grouping of orders in a batch
(more orders means fewer replenishments, but simultaneously more SKUs are
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needed implying larger travel distances), the assignment of SKUs to locations,
the timing of the replenishments, and scheduling of the automated crane. This
area is still virgin ground for academics.

4.2  Storage assignment policies

There are numerous ways to assign products to storage locations within the
forward and reserve storage areas. We describe five frequently used types of
storage assignment: random storage, closest open location storage, dedicated
storage, full turnover storage and class based storage. For random storage every
incoming pallet (or an amount of similar products) is assigned a location in the
warehouse that is selected randomly from all eligible empty locations with
equal probability (see e.g. Petersen, 1997). The random assignment method
results in a high space utilisation (or low space requirement) at the expense of
increased travel distance (Choe and Sharp, 1991). The random storage policy will
only work in a computer-controlled environment. If the order pickers can choose
the location for storage themselves we would probably get a system known as
closest open location storage.The first empty location that is encountered by the
employee will be used to store the products. This typically leads to a warehouse
where racks are full around the depot and gradually more empty towards the
back (if there is excess capacity). Hausman et al. (1976) argue that closest open
location storage and random storage have a similar performance if products are
moved by full pallets only.

Another possibility is to store each product at a fixed location, which is called
dedicated storage. A disadvantage of dedicated storage is that a location is
reserved even for products that are out of stock. Moreover, for every product
sufficient space has to be reserved such that the maximum inventory level can be
stored. Thus the space utilisation is lowest among all storage policies. An
advantage is that order pickers become familiar with product locations. In retail
warehouses often the product-to-location assignment matches the layout of the
stores (De Koster and Neuteboom, 2001). This can save work in the stores because
the products are logically grouped. Finally, dedicated storage can be helpful if
products have different weights. Heavy products have to be on the bottom of the
pallet and light products on top. By storing products in order of weight and
routing the order pickers accordingly, a good stacking sequence is obtained
without additional effort. Dedicated storage can be applied in pick areas, with a
bulk area for replenishment that may have, for example, random storage. In this
way, the advantages of dedicated storage still hold, but the disadvantages are only
minor because dedicated storage is applied only to a small area.



A fourth storage policy is full-turnover storage. This policy distributes products
over the storage area according to their turnover. The products with the highest
sales rates are located at the easiest accessible locations, usually near the
depot. Slow moving products are located somewhere towards the back of the
warehouse. An early storage policy of this type is the cube-per-order index (COI)
rule, see Heskett (1963,1964).The COl of an item is defined as the ratio of the item’s
total required space to the number of trips required to satisfy its demand per
period. The algorithm consists of locating the items with the lowest COI closest to
the depot. See also Kallina and Lynn (1976), Malmborg and Bhaskaran (1987,1989,
1990) and Malmborg (1995, 1996). A practical implementation of full-turnover
policies would be easiest if combined with dedicated storage. The main
disadvantage is that demand rates vary constantly and the product assortment
changes frequently. Each change would require a new ordering of products in the
warehouse resulting in alarge amount of reshuffling of stock. A solution might be
to carry out the restocking once per period. The loss of flexibility and consequently
the loss of efficiency might be substantial when using full-turnover storage. The
adoption of COl-based storage assignment, or other assignments based on
demand frequency generally require a more ‘information intensive’ approach
than random storage, since order and storage data must be processed in order to
rank and assign products (Caron et al. 1998). In some cases this information may
not be available, for example, because the product assortment changes too fast to
build reliable statistics (see De Koster et al., 1999a).

4.3  Class-based storage

The concept of class-based storage combines some of the methods mentioned
sofar.Ininventory control,a classical way for dividing items into classes based on
popularity is Pareto’s method. The idea is to group products into classes in such
a way that the fastest moving class contains only about 15% of the products
stored but contributes to about 85% of the turnover2. Each class is then assigned
to a dedicated area of the warehouse. Storage within an area is random. Classes
are determined by some measure of demand frequency of the products, such
as COl or pick volume. Fast moving items are generally called A-items. The next
fastest moving category of products is called B-items, and so on. Often the
number of classes is restricted to three, although in some cases more classes can
give additional gains with respect to travel times.

Based on simulation experimental results, Petersen et al. (2004) show
that with regards to the travel distance in a manual order-picking system,
full-turnover storage outperforms class-based storage. The gap between the

2 It is based on an observation of the Italian sociologist and economist Vilfredo Pareto: “85%
of the wealth of the world is held by 15% of the people”.
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two depends on the class partition strategy (i.e.number of classes, percentage of
the total volume per class) and the routing method used. However, they suggest
using the class-based method with 2 to 4 classes in practice as it is easier to
implement than the volume-based method; it does not require a complete list of
the items ranked by volume and it requires less time to administer than the
other dedicated methods do. While for AS / RS, Yang (1988) and Van den Berg and
Gademann (2000) found that (in their studies) 6-class is the best among other
options.The advantage of this way of storing is that fast-moving products can be
stored close to the depot and simultaneously the flexibility and low storage
space requirements of random storage are applicable. Graves et al. (1977) observe
that in order to enable an incoming load to be stored in the correct class region,
empty slots must be available, thus increasing space requirements with the
number of classes. Accordingly, class-based storage requires more rack space
than randomised storage.

Most research on class-based storage has been performed in the context of
AS /RS.Hausman et al. (1976) consider the problem of finding class regions for an
AS / RS using the class-based storage assignment method and the single-
command operating mode.The authors prove that L-shaped class regions where
the boundaries of zones accommodating the corresponding classes are square-
in-time are optimal with respect to minimising the mean single-command
travel time. They also analytically determine optimal storage class-sizes for two
product classes. Rosenblatt and Eynan (1989) extend these results and establish
optimal class boundaries for any given number of classes in a square-in-time
rack.Eynan and Rosenblatt (1994) extend this method further to any rectangular
rack. For S / R machines with dual-command cycles and class-based storage
racks, Graves et al. (1977) show by simulation that the L-shaped regions with
square-in-time boundaries are not necessarily optimal. However, an L-shaped
class allocation will in general be no more than 3% above the optimum.
For multi-command cycles with class-based storage, Guenov and Raeside
(1992) compare three zone shapes. Ashayeri et al. (2003) develop a travel time
calculation method used for designing storage-class shapes in both square-in-
time and non-square-in-time racks with single and multiple depots.

Various possibilities exist for positioning the A-, B- and C-areas in low-level
picker-to-part systems. Jarvis and McDowell (1991) suggest that each aisle should
contain only one class, resulting in the within-aisle storage as depicted in Figure 6.
Petersen (1999, 2002), Petersen and Schmenner (1999), Petersen and Aase (2004)
and Petersen et al. (2004) compare multiple configurations among which across-
aisles storage (also depicted in Figure 6). Roodbergen (2005) compares various



storage assignment policies for warehouse layouts with multiple cross aisles.
Based on a closed form travel-time estimate for the return routing policy, Le-Duc
and De Koster (2005c¢) optimise the storage-class positioning. They claim that the
across-aisle storage method is close to optimal. Le-Duc (2005) extends these
results for other routing policies. The optimal storage strategy depends on the
routing policies (and on warehouse size and number of SKUs per pick route). In the
warehousing literature, there is no firm rule to define a class partition (number of
classes, percentage of items per class, and percentage of the total pick volume per
class) for low-level picker-to-part systems.

Figure 6. [llustration of two common ways to implement class-based storage

l depot '

within-aisle storage

depot

across-aisle storage

4.4  Family grouping

All storage assignment policies discussed so far have not entailed possible
relations between products. For example, customers may tend to order a certain
product together with another product. In this case, it may be interesting to
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locate these two products close to each other. An example of this is called family-
grouping, where similar products are located in the same region of the storage
area. Clearly, grouping of products can be combined with some of the previously
mentioned storage policies. For example, it is possible to use class-based storage
and simultaneously group related items. However, the decision in which class
to locate the products has to depend on a combination of the properties of all
products in the group. Roll and Rosenblatt (1983) compare the space requirements
for the random and grouped storage for a port warehouse and show that the
grouped storage assignment increases space requirements compared to
random storage assignment. Rosenblatt and Roll (1984) set up a model for
warehousing costs, taking the effect of space requirements into account.

To apply family grouping, the statistical correlation between items (e.g.
frequency at which they appear togetherin an order, see Frazelle and Sharp 1989
and Brynzer and Johansson 1996) should be known or at least be predictable. In
the literature, two types of family grouping are mentioned. The first method is
called the complementary-based method, which contains two major phases. In
the first phase, it clusters the items into groups based on a measure of strength
of joint demand (‘complementary’). In the second phase, it locates the items
within one cluster as close to each other as possible (Wascher 2004). Rosenwein
(1994) shows that the clustering problem can be formulated as a p-median
problem. For finding the position of clusters, Liu (1999) suggests that the item
type with the largest demand should be assigned to the location closest to the
depot (volume-based strategy), while Lee (1992) proposes to take into account
also the space requirement (COI-based strategy). The second type of family-
grouping method is called the contact-based method. This method is similar to
the complementary method, except it uses contact frequencies to cluster
items into groups. For a given (optimal) routing solution, a contact frequency
between item type i and item type j is defined as the number of times that an
order picker picks either item type i directly after item type j, or item type j
directly after item type i. However, the routing decision is dependent on the
location of the item types, which demonstrates the strong interrelationship
between item location and routing. Due to the fact that finding a joint optimal
solution for both problems is not a realistic approach, at least not for problem
instances of the size encountered in practice, contact-based solution methods
alternate between the two problem types (Wascher 2004). The contact-based
method is considered, for example, in Van Oudheusden et al. (1988) and Van
Oudheusden and Zhu (1992).



5. Zoning

As an alternative to single order picking, the order picking area can be
divided into zones. Each order picker is assigned to pick the part of the order that
is in his assigned zone. Compared to other planning issues, the zoning problem
has received little attention despite its important impact on the performance of
order-picking systems. Possible advantages of zoning include the fact that each
order picker only needs to traverse a smaller area, reduced traffic congestion,
and furthermore the possibility that order pickers become familiar with the
item locations in the zone. The main disadvantage of zoning is that orders
are split and must be consolidated again before shipment to the customer.
Two approaches can be used to cope with this. The first approach is that of
progressive assembly of an order. Using this approach one order picker starts on
the order. When he finishes his part, the tote and pick list (or any other means
that are used) are handed to the next picker, who continues the assembly of the
order.Hence an order (or batch of orders) is only finished after having visited all
relevant zones. This system is also called pick-and-pass. The second approach
for zoning is parallel (or synchronised) picking, where a number of order pickers
start on the same order, each order picker in his own zone. The partial orders
are merged after picking. In practice, zoning is partially based on product
properties, like size, weight, required temperature and safety requirements.

Little literature on zoning is available. A generic discussion on zoning is given
in Speaker (1975). De Koster (1994) models a zoned pick-and-pass system as a
Jackson queuing network which allows rapid estimation of order throughput
times and average work-in-process. Results are compared with simulations. The
estimates can be used to determine the number of zones and the system size.
Mellema and Smith (1988) examine the effects of the aisle configuration, stocking
policy and batching and zoning rules by using simulation. They suggest that a
combination of batching and zoning can significantly increase the productivity
(pieces per man-hour). Also, using simulation, Petersen (2002) shows that the
zone shape (number of aisles per zone, the aisle lengths), the number of items on
the pick-list and the storage policy have a significant effect on the average travel
distance within the zone. Choe et al. (1993) study the effects of three strategies in
an aisle-based order-picking system: single-order-pick, sort-while-pick, and pick-
and-sort. They propose analytical tools for a planner to quickly evaluate various
alternatives without using simulation. In Malmborg (1995) the problem of
assigning products to locations is studied with zoning constraints. Brynzer and
Johansson (1995) describe a case study with zoning and batching. An important
issue, particularly in progressive zoning is that the workload must be equally
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distributed (balanced) over the order pickers. Analogous to manufacturing flow
lines, imbalance can cause serious deterioration of order throughput and order
throughput time. Jane (2000) proposes several heuristic algorithms to balance
the workloads among the order picker and to adjust the zone size for order volume
fluctuation in a progressive zoning system. Jane and Laih (2005) consider the
problem of heuristically assigning products to zones in a synchronised system.
The method is based on co-appearance of items in the same order (i.e. items
appear in the same order are stored in the same zone). Jewkes et al. (2004) tackle
the product assignment problem (as well as zone sizing and picker home base
location) for a progressive system. Their method is based on dynamic
programming. Using a mixed-integer linear program, Le-Duc and De Koster
(2005a) determine the optimal number of zones in a synchronised zoning system
such that the total order-picking and assembly time is minimised.

An alternative for progressive zoning with fixed zone sizes, would be a
more dynamic way of zone sizing and assigning order pickers to zones. The
bucket-brigades concept is an example of this. It coordinates workers who are
progressively assembling products along a flow line. The idea is roughly as
follows. There is one rack from which the products are to be retrieved. One order
picker starts an order at the far left of the rack. He picks a number of products
and at some point gives the partially fulfilled order to the next order picker, who
continues picking the products along theline.The order is handed from picker to
picker until it reaches the far right of the line, where it is put on a conveyor for
further transport. The special feature of the bucket brigades is the way in which
it is determined when an order is handed from one order picker to the next.
Suppose, at some point in time all order pickers are working on separate orders,
if the order picker closest to the end of the line deposits his finished order, he
walks back along the line towards the starting point. If he meets another order
picker, he then takes over the order from the other person and continues picking
this order.The order picker from which the order was taken moves back along the
line until he meets another order picker, and so on. One order picker starts all
orders. The order pickers have to be in sequence of their respective speed
of working for the system to function adequately. The main advantage of
bucket brigades is that they are self-balancing with respect to workload. See
Bartholdi (1993), Bartholdi et al. (1999, 2005) and Bartholdi and Eisenstein (1996,
2005a,b). Bartholdi et al. (2001) report the implementation of bucket brigades in
a distribution centre and show that bucket brigades increased the throughput
rate and reduced management efforts.



6. Batching

When orders are fairly large, each order can be picked individually (i.e. one
order per picking tour). This way of picking is often referred as the single order
picking policy (or discrete or pick-by-order). However, when orders are small,
there is a potential for reducing travel times by picking a set of orders in a single
picking tour. Order batching is the method of grouping a set of orders into a
number of sub-sets, each of which can then be retrieved by a single picking tour.
According to Choe and Sharp (1991), there are basically two criteria for batching:
the proximity of pick locations and time windows.

Proximity batching assigns each order to a batch based on proximity of its
storage location to those of other orders. The major issue in proximity batching
is how to measure the proximities among orders, which implicitly assumes a
pick sequencing rule to visit a set of locations. Gademann et al. (2001) consider
the proximity order-batching problem in a manual-pick wave-picking ware-
house. The objective is to minimise the maximum lead-time of any batch (this is
known as a common objective in wave picking). They show that the order-
batching in this case is an NP-hard problem. They propose a branch-and-bound
algorithm to solve this problem exactly for small instances and a 2-opt heuristic
procedure for large instances. Furthermore, they claim that the 2-opt heuristic
provides very tight upper bounds and would suffice in practice. Also for a
manual picking system, Gademann and Van de Velde (2005) consider the order-
batching problem with a more general objective: minimising the total travel
time. They show that the problem is still NP-hard in the strong sense when the
number of orders per batch is greater than 2. A branch-and-price algorithm is
designed to solve instances of modest size to optimality. For larger instances, it is
suggested to use an iterated descent approximation algorithm. Chen and Wu
(2005) measure the proximity of orders by taking into account the level of
“association” between orders (orders having more similar items have a high
association and may form a batch). They develop a clustering model based
on o-1 integer programming to maximise the total association of batches. A
data-mining approach is given in Chen et al. (2005) and genetic algorithms are
employed in Hsu et al. (2005).

As order batching is an NP-hard problem, many studies focus on developing
heuristic methods for solving it. For manual picking systems, we can distinguish
two types of order-batching heuristics: seed and savings algorithms. Seed
algorithms construct batches in two phases: seed selection and order congruency.
Seed selection rules define a seed order for each batch. Some examples of a
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seed selection rule are: (a) a random order; (b) an order with large number of
positions; (c) an order with longest pick tour; (d) an order with most distantly-
located (i.e. furthest from the depot); (f) an order with the largest difference
between the aisle number of the right-most and the left-most aisle to be visited
(see De Koster et al. 1999b for more seed selection rules). Order congruency rules
determine which unassigned order should be added next into the current batch.
Usually, an order is selected, to be included in a batch, based on a measure of
the ‘distance’from the order to the seed order of the batch. Examples are: (a) the
number of additional aisles which have to be visited if the order is added; (b)
the different between the gravity centre of the order and the gravity centre of the
seed order; (c) the sum of the travel distances between every location of an item
in the order and the closest location of item in the seed order. Seed algorithms
are considered in Elsayed (1981), Elsayed and Stern (1983), Hwang et al. (1988),
Hwang and Lee (1988), and Pan and Liu (1995) for single aisle man-on-board AS /
RS systems, and in Gibson and Sharp (1992), Rosenwein (1994), Ruben and Jacobs
(1999) and De Koster et al. (1999b) for multiple aisle systems. Saving algorithms
are based on the algorithm of Clarke and Wright (1964) for the vehicle routing
problem: a saving on travel distance is obtained by combining a set of small
tours into a smaller set of larger tours. Elsayed and Unal (1989) propose four
batching heuristics of which the SLalgorithm (combine Small with Large orders),
which classifies orders as ‘large’ or ‘small’ ones before assigning them to
different batches, generates smallest travel distances.

De Koster et al. (1999Db) perform a comparative study for the seed and time
savings heuristics mentioned above for multiple-aisle picker-to-parts systems.
The performance of the algorithms is evaluated using two different routing
heuristics. The batching heuristics are compared for travel time, number of
batches formed and also for the applicability in practice. They conclude that: (a)
even simple order batching methodslead to significant improvement compared
to the first-come first-serve batching rule; (b) the seed algorithms are best in
conjunction with the S-shape routing method and a large capacity of the pick
device, while the time savings algorithms perform best in conjunction with the
largest gap routing method and a small pick-device capacity.

Under time window batching, the orders arriving during the same time
interval (fixed or variable length), called a time window, are grouped as a batch.
These orders are then processed simultaneously in the following stages. If
order splitting is not allowed (thus each order picker picks a group of complete
orders in one picking tour), it is possible to sort items by order during the picking
process. This picking strategy is often referred as the sort-while-pick



picking strategy.If order splitting is possible,a further effort is needed to sort the
items after picking (the pick-and-sort strategy). Tang and Chew (1997), Chew and
Tang (1999) and Le-Duc and De Koster (2003a, 2003b) consider variable time
window order batching (i.e.number of items per batch is ‘fixed’) with stochastic
order arrivals for manual picking systems. They model the problem as a batch
service. For each possible picking batch size, they first estimate the first and
second moments of the service time. Then using these moments, they can find
the time in system of a random order. The optimal picking batch size is then
determined in a straightforward manner. Results from the simulation
experiments show this approach provides a high accuracy level. Furthermore, it
is simple and can be easily applied in practice.

All publications mentioned above do not take into account the order due
time and the penalty of violating the due time. Elsayed et al. (1993) and Elsayed
and Lee (1996) consider the order-batching problem in a man-aboard system
with minimising of the penalties and tardiness as respective objectives. They
propose a heuristic which first establishes batches and then determines the
release times for the batches. Won and Olafsson (2005) focus on customer
response times by jointly considering the batching and picking operation.
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7. Routing Methods

The objective of routing policies is to sequence the items on the pick list to
ensure a good route through the warehouse. The problem of routing order
pickers in a warehouse is actually a special case of the Travelling Salesman
Problem, see also Lawler et al. (1985). The travelling salesman problem owes its
name to the problem described by the following situation. A salesman, starting
in his home city, has to visit a number of cities exactly once and return home. He
knows the distance between each pair of cities and wants to determine the
order in which he has to visit the cities such that the total travelled distanceis as
small as possible. Clearly, the situation of the travelling salesman has many
similarities with that of an order picker in a warehouse.The order picker starts at
the depot (home city), where he receives a pick list, has to visit all pick locations
(cities) and finally has to return to the depot. An example layout of a warehouse
with pick and a corresponding graph representation is given in Figure 7.

Figure 7. Illustration of an order picking situation (left) and its graph representation (right)
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Some differences exist between the classical Travelling Salesman Problem
and the situation of order picking in warehouses. First of all, if we look at the
graph in Figure 7, a number of nodes do not have to be visited (indicated with



white circles). These nodes are the cross points between aisles and cross aisles.
The order picker is allowed to visit them, but does not have to. The black circles
represent the pick locations and the depot; these nodes must be visited. It is
permissible to visit the pick locations and depot more than once. The problem of
order picking classifies as a Steiner Travelling Salesman Problem because of the
two facts that some of the nodes do not have to be visited and that the other
nodes can be visited more than once. The difficulty with the (Steiner) Travelling
Salesman Problem is that it is in general not solvable in polynomial time. How-
ever, for type of warehouse shown in Figure 7, it was shown by Ratliff and
Rosenthal (1983) that there does exist an algorithm that can solve the problem in
running time linear in the number of aisles and the number of pick locations.

In Cornuéjols et al. (1985) it is shown that the algorithm of Ratliff and
Rosenthal (1983) can be extended to solve the Steiner Traveling Salesman
Problem in all, so-called, series-parallel graphs. In De Koster and Van der Poort
(1998) and Roodbergen and De Koster (2001) the algorithm by Ratliff and
Rosenthal (1983) is extended to different warehouse situations that cannot be
represented as series-parallel graphs.The algorithm from De Koster and Van der
Poort (1998) can determine shortest order picking routes in a warehouse of one
block with decentralised depositing. Decentralised depositing means that order
picker can deposit picked items at the head of every aisle, for example on a
conveyor. Instructions for the next route are given via a computer terminal.
Roodbergen and De Koster (2001b) developed an algorithm for a warehouse with
three cross aisles, one in the front, one in the back, and one in the middle.

7.1 Routing heuristics

In practice, the problem of routing order pickers in a warehouse is mainly
solved by using heuristics. This is due to some disadvantages of optimal routing
in practice. Firstly, it must be noted that an optimal algorithm is not available for
every layout. Secondly, optimal routes may seem illogical to the order pickers
who then, as a result, deviate from the specified routes (Gademann and Van de
Velde 2005). Thirdly, a standard optimal algorithm cannot take aisle congestion
into account, while with heuristic methods it may be possible to avoid (or at
least to reduce) the aisle congestion (i.e. the S-shape method has a single traffic
direction if the pick density is sufficiently high). Hall (1993), Petersen (1997) and
Roodbergen (2001) distinguish several heuristic methods for routing order
pickers in single-block warehouses. Example routes are shown in Figure 8.
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One of the simplest heuristics for routing order pickers is the S-shape (or
traversal) heuristic. Routing order pickers by using the S-shape method means
that any aisle containing at least one pick is traversed entirely (except poten-
tially the last visited aisle). Aisles without picks are not entered. From the last
visited aisle, the order picker returns to the depot. Another simple heuristic for
routing order pickers is the return method, where an order picker enters and
leaves each aisle from the same end. Only aisles with picks are visited. The
midpoint method essentially divides the warehouse into two areas (see Figure
8). Picks in the front half are accessed from the front cross aisle and picks in the
back half are accessed from the back cross aisle. The order picker traverses to
the back half by either the last or the first aisle to be visited. According to Hall
(1993),this method performs better than the S-shape method when the number
of picks per aisle is small (i.e. one pick per aisle on average).

The largest gap strategy is similar to the midpoint strategy except that an
order picker enters an aisle as far as thelargest gap within an aisle,instead of the
midpoint. The gap represents the separation between any two adjacent picks,
between the first pick and the front aisle, or between the last pick and the back
aisle. If the largest gap is between two adjacent picks, the order picker performs
areturn route from both ends of the aisle. Otherwise, a return route from either
the front or back aisle is used. The largest gap within an aisle is therefore the
portion of the aisle that the order picker does not traverse. The back aisle
canonly be accessed through either the first orlast aisle. The largest gap method
always outperforms the midpoint method (see Hall 1993). However, from
an implementation point of view, the midpoint method is simpler. For the
combined (or composite) heuristic, aisles with picks are either entirely traversed
or entered and left at the same end. However, for each visited aisle, the choice is
made by using dynamic programming (see Roodbergen and De Koster 2001a).

Petersen (1997) carried out a number of numerical experiments to compare
six routing methods: the S-shape, return, largest gap, mid-point, composite and
optimal in a situation with random storage. He concludes that a best heuristic
solution is on average 5% over the optimal solution. A route improvement
method using Lin and Kernighan’s (1973) k-opt methodology is presented by
Makris and Giakoumakis (2003).



Figure 8. Example of a number of routing methods for a single-block warehouse

(Roodbergen, 2001)
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All above-mentioned methods were originally developed for single-block

warehouses, however, they can be used for multiple-block warehouses with

some modifications (see Roodbergen and De Koster, 2001a). Methods specifically

designed for multiple-block warehouses can be found in Vaughan and Petersen

(1999) and Roodbergen and De Koster (2001a). The latter paper compared six
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routing methods (optimal, largest gap, S-shape, aisle-by-aisle, combined and
combined+), in 8o warehouse instances, with the number of aisles varying
between 7and 15, the number of cross aisle between 2 and 11 and the pick-list size
between 10 and 30. They report that the combined+ heuristic gives the best
results in 74 of the 8o instances they analysed.

7.2 Otherrouting issues

All articles discussed so far assume that the aisles of the warehouse are
narrow enough to allow the order picker to retrieve products from both sides of
the aisle without changing position. In Goetschalckx and Ratliff (1988b) a
polynomial-time optimal algorithm is developed that solves the problem of
routing order pickers in wide aisles. Another problem with routing may arise if
products are stored at multiple locations in a warehouse. In this case a choice
has to be made from which location the products have to be retrieved. A model
for the problem of simultaneous assignment of products to locations and
routing of order pickers is given in Daniels et al. (1998). Furthermore, heuristics
are given to solve the problem. A further routing problem is that of allowing the
order picker to do multiple picks per stop. That is, the order picker travels
through a warehouse with a vehicle. He stops the vehicle and walks back and
forth toanumber of pick locations to retrieve products. Then he continues to the
next stop location, and so on.The trade-off is between the time to start and stop
the vehicle and the distance walked by the order picker. This problem was
analysed and solved optimally in Goetschalckx and Ratliff (1988a).

7.3 Analytical estimation of routing time

Part of the research on routing consists of travel time estimation. Using
techniques from statistics and operations research an attempt is made to give
an estimate of how much time (or distance) it takes to collect an order. Many
results are known for systems where the vehicle is confined to a single aisle, see
for example Bozer and White (1984). For travel time estimates of single and dual
command cycles in multiple aisle systems see e.g. Bassan et al. (1980), Francis
(1967), Larson et al. (1997) and Pandit en Palekar (1993). A recent interesting
addition is Bozer and Cho (2005) where analytical expressions are presented for
an AS /RS under stochastic demand.

Few researchers have looked for travel time estimates for picking in systems
with multiple aisles and multiple picks per route. Kunder and Gudehus (1975)
give travel time estimations for three routing heuristics in a warehouse



consisting of one block. This work is extended in Hall (1993) with more advanced
routing heuristics for one block warehouses. Furthermore, a lower bound on
travel time for the optimal algorithm from Ratliff and Rosenthal (1983) is given.
Formulations for average travel time in a situation with decentralised depositing
are given in De Koster et al. (1998). From Hall’s analyses it appears that largest
gap outperforms S-shape when the pick density is less than about 4 picks per
aisles. De Koster and Van der Poort (1998) and De Koster et al. (1998) use
simulation to compare the optimal and S-shape methods for several single-
block random storage warehouses. They find that the S-shape provides routes
which are, on average, between 7% and 33% longer than the optimum solutions.
Even though no paper has included this notion, it would actually be fairly simple
to prove on the basis of statistical properties that for random storage situations
an upper bound for the average length of S-shape routes equals two times the
average length of optimal routes.

Both Hall (1993) and Kunder and Gudehus (1975) assume that pick locations
are distributed randomly over the order picking area according to a uniform
distribution. In Jarvis and McDowell (1991) travel time estimates are determined
and used to determine which products (fast moving, slow moving) should be
located in which aisles. Le-Duc and De Koster (2004) develop similar travel time
estimates for the return heuristic. A travel time analysis for a general product-
to-location assignment is given in Chew and Tang (1999) and Tang and Chew
(1997). That is, demand rates for products can vary throughout the warehouse.
They use the travel time estimates to evaluate batching strategies. Expected
travel distances for two routing methods in a warehouse consisting of two blocks
are givenin Caron et al. (1998).Theylocate the depot between the two blocks and
items are assumed to be distributed according to the cube-per-order index.
Hwang et al. (2004) present analytical expressions for three routing methods
(return, S-shape, midpoint) under various COl-based storage rules.
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8. Order Accumulation and Sorting

When batching and / or zoning is applied, usually some additional effort is
needed to split the batch and to consolidate the items per customer order or per
destinations to which orders will be shipped. These processes are often called
accumulation / sorting (A / S).

Figure 9. Atypical accumulation / sorting (A/S) system

Storage! pleking area

- -

Transportation conveyor

Circulation conveyar

{ SORTER

Shipping lanes

Figure 9 shows an example of a typical A / S system (mentioned in Meller,
1997 and Johnson, 1998). Iltems of a group of orders (a pick-wave) that are to be
loaded onto a certain number of trucks are picked from the picking area. In
general, items from the same order are assigned to multiple order pickers (to
maintain high order picker efficiency) and the order pickers follow pre-specified
routes to pick the items assigned to them. After picking, order pickers place their
items on the transportation conveyor and the items are transported to the
sorter. Owing to the assignment of orders to more than one order picker, the
items of each order arrive at the sorter in arandom sequence. Items are released
onto the circulation conveyor of the sorter and enter the assigned shipping lane
if all items of the preceding order assigned to that lane have already entered. If
not, the items re-circulate around the circulation conveyor. Orders are released
from shipping lanes as needed by the trucks and the lane capacity is made
available for the next sort-group. The throughput of an A/ S system depends not
only on the equipment capacity (i.e. sorter capacity and conveyor speed) but also
on operating policies like assignment of orders to shipping lanes (see Figure 9).



The order-to-lane assignment problem is critical for most A/ S systems as usually
thenumber of shipping lanesisless than the number of orders, which may cause
ablocking of orders at the entrance of the lanes.

The number of publications on A / S systems is limited. By simulation, Bozer
and Sharp (1985) examine advantages of using a recirculation loop to avoid lane
blockinginanA/S system when a shippinglane is full,assuming that each lane
is assigned to one order. Considering A/ S systems where multiple orders can be
are assigned to one lane, Bozer et al. (1988) and Johnson (1998) recommend that
assigning orders to shippinglanes just before the orders arrive at the circulation
desk of the sorter is a better than any static fixed-assignment rule. Johnson and
Lofgren (1994) describe an A / S system used at Hewlett-Packard. Meller (1997)
proposes an integer formulation for the order-to-lane assignment problem in
an A/ S system. He claims that the problem can be solved efficiently for small
instances (in terms of the number of lanes) by solving a number of minimum-
cardinality sub-problems.Russell and Meller (2003) present a model to aid in the
decision whether or not to automate the sorting process. Le-Duc and De Koster
(2005a) present an integer-programming model to minimise the total picking
and order accumulation time. Although the general problemis NP-hard, it solves
to optimality in reasonable time for a real-life problem.
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9. Conclusions

We can draw the following conclusions from the literature. First, in spite of
their dominance in practice, pickers-to-parts order-picking systems have
received less research attention compared to parts-to-picker order-picking
systems. Less than 30 percent of the about 140 papers we considered concerns
pickers-to-part order-picking systems. The reasons for this may have something
to do with the complexity and diversity of picker-to-parts order-picking systems.
Furthermore, parts-to-picker systems are often fully or partly automated, thus
catch the attention of researchers.

Second, although the number of publications in the areas of layout, batching,
zoning, storage strategies (like forward-reserve allocation, family grouping,
and dynamic storage), and accumulation and sorting is still limited, their
number is growing. Particularly, the areas of storage assignment and routing
appear to have matured the last decade. Few authors address combinations of
the decision problems. Yet, this is necessary as there is obvious interdependency
in their impact on the order picking objectives. New developments in practice
yielding unprecedented picker productivities like dynamic storage and put
(order distribution) systems have not yet led to attention from academics.

Third, existing studies in picker-to-parts order-picking systems mainly focus
on random storage assignments. Analytical models for optimising dedicated
and class-based storage assignment manual-pick order-picking systems are still
lacking. Furthermore, storage assignment has an impact on the performance of
the routing method. However, this effect seems to be largely neglected in the
literature. Instead, many authors focus on random storage assignment to
discuss about the performance of routing methods.

Fourth, almost all research in order picking treats demand as given (or known
inadvance). Certainly, this is not true, especially in fast picking environments (e.g.
small orders arrive on line and need to be shipped within a tight time window).
These order-picking situations are becoming more and more daily practice,
particularly for mail order companies which sell products online. Optimisation
problems arising from these order-picking systems, therefore, should be
considered as stochastic optimisation problems, not deterministic ones.



Finally, most of the research focuses on a specific order picking situation or
decision problem. However, it is not straight forward to apply methods developed
for a specific situation to another situation. ‘General’ design procedures and
‘global’ optimisation models for order picking are still lacking.

¥3LSOX 30 IN3IY

-
o
~N

SNOILYD118Nd ANV SNOILNEININOD DINIAVIVY d31D373S — Z L¥Vd - ONITANVH TVI¥3ILVIN NO SIAILD3IdSHId 13¥NLN4 ANV LSVd



RENE DE KOSTER

-
o
o0

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 2 - SELECTED ACADEMIC CONTRIBUTIONS AND PUBLICATIONS

10. References

Apte, U.M. and Viswathan, S., Effective cross docking for improving distribution
efficiencies. International Journal of Logistics: Research and Applications, 2000,

3(3),291-302.

Ashayeri, J. and Gelders, L.F., Warehouse design optimization. European Journal
of Operational Research,198s, 21,285-294.

Bartholdi, J.J., Balancing two-sided assembly lines: a case study, International
Journal of Production Research,1993,31(10), 2447-2461.

Bartholdi, J., Bunimovich, LAA. and Eisenstein, D., Dynamics of two- and three-
worker “bucket brigade” production lines. Operations Research,1999, 47(3), 488-
491

Bartholdi, J. and Eisenstein, D., Bucket brigades: a self-organizing order-picking
system for a warehouse, Report, School of Industrial Engineering, Georgia Tech,
Atlanta, USA, 1996.

Bartholdi,J. and Eisenstein, D., Bucket brigades. Available on line at:
http://www.isye.gatech.edu/~jjb/bucket-brigades.html (Accessed May 2005a).

Bartholdi, J. and Eisenstein, D., Using bucket brigades to migrate from craft
manufacturing to assembly lines. Manufacturing & Service Operations
Management, 2005b, 7(2), 121-129.

Bartholdi, J., Eisenstein, D. and Foley, R., Performance of bucket brigades when
work is stochastic. Operations Research, 2001, 49(5), 710-719.

Bartholdi, J., Eisenstein, D. and Lim, Y.F, Bucket brigades on in-tree assembly
networks. European Journal of Operational Research,2006,168(3), 870-879.

Bartholdi,J.J).and Hackman, S.T., Warehouse & distribution science. Available on
line at: http://www.tli.gatech.edu/whscience/book/wh-sci.pdf (Accessed May
2005).

Bassan, Y., Roll,Y.and Rosenblatt, M.J., Internal layout design of a warehouse. AllE
Transactions,1980,12(4), 317-322.



Bozer,Y.A., and Cho, M., Throughput performance of automated storage / retrie-
val systems under stochastic demand, /IE Transactions, 2005, 37(4), 367-378.

Bozer, Y.A., Quiroz, M.A. and Sharp, G.P, An evaluation of alternative control
strategies and design issues for automated order accumulation and sortation
systems. Material Flow,1988, 4,265-282.

Bozer, Y.A. and Sharp, G.P, An empirical evaluation of general purpose auto-
mated order accumulation and sortation system used in batch picking. Material
Flow, 1985, 2,111-113.

Bozer, Y.A. and White, J.A,, Travel-time models for automated storage / retrieval
systems. IIE Transactions, 1984,16,329-338.

Brynzér, H., and Johansson, M.I,, Design and performance of kitting and order
picking systems, International Journal of Production Economics,1995, 41,115-125.

Brynzér, H. and Johansson, M.I,, Storage location assignment: using the product
structure to reduce order picking times. International Journal of Production
Economics, 1996, 46, 595-603.

Caron, F, Marchet, G. and Perego, A., Routing policies and COI-based storage
policies in picker-to-part systems. International Journal of Production Research,
1998,36(3), 713-732.

Caron, F, Marchet, G. and Perego, A., Optimal layout in low-level picker-to-part
systems. International Journal of Production Research, 2000, 38(1), 101-117.

Chen, M.C,, Huang, C.L,, Chen, KY., and Wu, H.P, Aggregation of orders in
distribution centers using data mining, Expert Systems with Applications, 2005,

28(3), 453-460.

Chen, M.C,, and Wu, H.P, An association-based clustering approach to order
batching considering customer demand patterns, Omega International Journal
of Management Science, 2005, 33(4), 333-343.

Chew, E.P. and Tang, L.C., Travel time analysis for general item location assign-
ment in a rectangular warehouse. European Journal of Operational Research,
1999, 112, 582-597.

¥3LSOX 30 IN3IY

-
o
(-]

SNOILYD118Nd ANV SNOILNEININOD DINIAVIVY d31D373S — Z L¥Vd - ONITANVH TVI¥3ILVIN NO SIAILD3IdSHId 13¥NLN4 ANV LSVd



RENE DE KOSTER

-
-
o

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 2 - SELECTED ACADEMIC CONTRIBUTIONS AND PUBLICATIONS

Choe, K. and Sharp, G. P, Small parts order picking: design and operation.
Available on-line at:
http://www.isye.gatech.edu/logisticstutorial/order/article.htm, 1991 (Accessed
May 2005).

Choe, K., Sharp, G.P. and Serfozo, R.S., Aisle-based order pick systems with
batching, zoning and sorting, in Progress in Material Handling Research: 1992,

1993,245-276.

Clarke, G. and Wright, W., Scheduling of vehicles from a central depot to a
number of delivery points, Operations Research,1964,12,568-581.

Cormier, G., A brief survey of operations research models for warehouse design
and operation, Report, Bulletin, CORS-SCRO, 1997.

Cormier, G. and Gunn, E.A,, A review of warehouse models. European Journal of
Operational Research, 1992, 58, 3-13.

Cornuéjols, G., Fonlupt, J.,, and Naddef, D., The traveling salesman problem on a
graph and some related integer polyhedra, Mathematical Programming, 1985,
33: 1-27'

Daniels, R.L.,, Rummel, J.L. and Schantz, R., A model for warehouse order picking.
European Journal of Operational Research,1998,105,1-17.

De Koster, R., Performance approximation of pick-to-belt orderpicking systems.
European Journal of Operational Research,1994,72,558-573.

De Koster, R., How to assess a warehouse operation in a single tour, Report, RSM
Erasmus University, the Netherlands, 2004.

De Koster,R. De Brito, M.P.and Van de Vendel, M., Return handling: An exploratory
study with nine retailer warehouses, International Journal of Retail &
Distribution Management, 2002,30(8/9); 407-421.

De Koster, R.and T. Le-Duc, Single-command travel time estimation and optimal
rack design for a 3-dimensional compact AS / RS, in R. Meller, M.K. Ogle, B.A.
Peters, G.D. taylor, J. Usher (eds.), Progress in Material Handling Research: 2004,
2005, 49-66, (Material Handling Institute, Charlotte).



De Koster, R. and Neuteboom, A.J, The logistics of supermarket chains, 2001
(Elsevier, Doetinchem).

De Koster, R., Roodbergen, K.J. and Van Voorden, R., Reduction of walking time in
the distribution center of De Bijenkorf, in M.G. Speranza, P Stdhly (eds.), New
Trends in Distribution Logistics, 1999a, 215-234 (Berlin: Springer).

De Koster, R. and Van der Poort, E.S., Routing orderpickers in a warehouse: a
comparison between optimal and heuristic solutions. I/E Transactions, 1998, 30,

469-480.

De Koster, R., Van der Poort, E.S. and Roodbergen, K.J.,, When to apply optimal or
heuristic routing for orderpickers, in B. Fleischmann, J.AEE.E. van Nunen, M.G.
Speranza, P. Stahly (eds.), Advances in Distribution Logistics, 1998, 375-401 (Berlin:
Springer).

De Koster,R.,Van der Poort, E.S. and Wolters, M., Efficient orderbatching methods
in warehouses. International Journal of Production Research, 1999b, 37(7), 1479-

1504.

Dekker, R., de Koster, R.,Roodbergen, K.J. and Van Kalleveen, H., Improving order-
picking response time at Ankor’s warehouse. Interfaces, 2004, 34(4),303-313.

Drury,J., Towards more efficient order picking, IMM Monograph No.1,Report, The
Institute of Materials Management, Cranfield, U.K.,1988.

ELA / AT Kearney, Excellence in logistics 2004, 2004, (Brussels: ELA).

Elsayed, E.A., Algorithms for optimal material handling in automatic ware-
housing systems. International Journal of Production Research, 1981, 19(5), 525-

535.

Elsayed, E.A. and Lee, M.K., Order processing in automated storage / retrieval
systems with due dates. International Journal of Production Research,1996,28(7),

567-577.

Elsayed, E.A,, Lee, M.K., Kim, S. and Scherer, E., Sequencing and batching proce-
dures for minimizing earliness and tardiness penalty or order retrievals.
International Journal of Production Research,1993,31(3), 727-738.

¥3LSOX 30 IN3IY

-
-
-

SNOILYD118Nd ANV SNOILNEININOD DINIAVIVY d31D373S — Z L¥Vd - ONITANVH TVI¥3ILVIN NO SIAILD3IdSHId 13¥NLN4 ANV LSVd



RENE DE KOSTER

-
-
N

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 2 - SELECTED ACADEMIC CONTRIBUTIONS AND PUBLICATIONS

Elsayed, E.A. and Stern, R.G., Computerized algorithms for order processing in
automated warehousing systems. International Journal of Production Research,
1983, 21(4),579-586.

Elsayed, E.A. and Unal, O.I,, Order batching algorithms and travel-time estima-
tion for automated storage / retrieval systems. International Journal of Produc-
tion Research,1989, 27,1097-1114.

Francis, R.L., On some problems of rectangular warehouse design and layout,
Journal of Industrial Engineering, 1967,18(10), 595-604.

Frazelle, E.H. Hackman, S.T., Passy, U., and Platzman, L.K,, The forward-reserve
problem, in:T.C. Ciriani, R.C. Leachman (eds), Optimization in industry 2,1994, 43-
61 (Wiley: New York).

Frazelle, E.A. and Sharp, G.P, Correlated assignment strategy can improve order-
picking operation. Industrial Engineering,1989, 4,33-37.

Gademann, AJR.N., Van den Berg, J.P. and Van der Hoff, H.H., An order batching
algorithm for wave picking in a parallel-aisle warehouse. I/E Transactions, 2001,
33,385-398.

Gademann, N. and Van de Velde, S., Batching to minimize total travel time in a
parallel-aisle warehouse. /IE Transactions, 2005, 37(1), 63-75.

Gibson, D.R. and Sharp, G.P,, Order batching procedures. European Journal of
Operational Research,1992,58(1), 57-67.

Goetschalckx, M. and Ashayeri, J., Classification and design of order picking
systems. Logistics World, 1989, June, 99-106.

Goetschalckx, M. and Ratliff, D.H., An efficient algorithm to cluster order picking
items in a wide aisle. Engineering Costs and Production Economy,1988a,13, 263-
271.

Goetschalckx, M. and Ratliff, D.H., Order picking in an aisle. /IE Transactions,
1988Db, 20, 531-562.



Goetschalckx, M. and Wei, R, Bibliography on order picking systems, Vol. 1:1985-
1992. Available on line at: http://www.isye.gatech.edu/people/faculty/Marc_
Goetschalckx/research.html (Accessed May 2005).

Graves, S.C., Hausman, W.H. and Schwarz, L.B., Storage-retrieval interleaving in
automatic warehousing systems. Management Science, 1977, 23, 935-945.

Guenov, M. and Raeside, R., Zone shape in class based storage and multi-
command order picking when storage / retrieval machines are used. European
Journal of Operational Research,1992,58(1), 37-47.

Hackman, S.T. and Platzman, L.K., Near optimal solution of generalized resource
allocation problems with large capacities. Operations Research, 1990, 38(5), 902-
910.

Hall, RW., Distance approximation for routing manual pickers in a warehouse.
IIE Transactions, 1993, 25, 77-87.

Hausman, W.H., Schwarz, L.B. and Graves, S.C., Optimal storage assignment in
automatic warehousing systems. Management Science, 1976, 22(6), 629-638.

Heragu, S.S., Dy, L., Mantel, R.J., and Schuur, PC., Mathematical model for ware-
house design and product allocation, International Journal of Production
Research, 2005, 43(2),327-338.

Heskett, J.L., Cube-per-order index — a key to warehouse stock location. Transport
and Distribution Management, 1963, 3,27-31.

Heskett, J.L., Putting the cube-per-order index to work in warehouse layout.
Transport and Distribution Management, 1964, 4, 23-30.

Hsu, C.M., Chen, KY., and Chen, M.C., Batching orders in warehouses by mini-
mizing travel distance with genetic algorithms, Computers in Industry, 2005,
56(2),169-178.

Hwang, H., Baek, W. and Lee, M., Cluster algorithms for order picking in an
automated storage and retrieval system. International Journal of Production
Research, 1988, 26,189-204.

¥3LSOX 30 IN3IY

-
-
w

SNOILYD118Nd ANV SNOILNEININOD DINIAVIVY d31D373S — Z L¥Vd - ONITANVH TVI¥3ILVIN NO SIAILD3IdSHId 13¥NLN4 ANV LSVd



RENE DE KOSTER

-
ry
=Y

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 2 - SELECTED ACADEMIC CONTRIBUTIONS AND PUBLICATIONS

Hwang, H. and Lee, M.K,, Order batching algorithms for a man-on-board auto-
mated storage and retrieval system. Engineering Costs and Production Econo-
mics,1988,13, 285-294.

Hwang, H., Oh, Y.H., and Lee, Y.K., An evaluation of routing policies for order-
picking operations in low-level picker-to-part system, International Journal of
Production Research, 2004, 42(18),3873-3889.

Jane, C.C,, Storage location assignment in a distribution center. International
Journal of Physical and Logistics Management, 2000, 30(1), 55-71.

Jane, C.C.and Laih, Y.W., A clustering algorithm for item assignment in a synchro-
nized zone order picking system. European Journal of Operational Research,
2005,166(2),489-496.

Jarvis,J.M. and McDowell, E.D., Optimal product layout in an order picking ware-
house. IIE Transactions, 1991, 23(1), 93-102.

Jewkes, E., Lee, C. and R. Vickson, Product location, allocation and server home
base location for an order picking line with multiple servers, Computers &
Operations Research, 2004, 31, 623-626.

Johnson, M.E., The impact of sorting strategies on automated sortation system
performance. lIE Transactions, 1998, 30, 67-77.

Johnson, M.E. and Brandeau, M.L., Stochastic modeling for automated material
handling system design and control. Transportation Science,1996,30(4), 330-350.

Johnson, M.E. and Lofgren, T., Model decomposition speeds distribution center
design. Interfaces, 1994, 24(5), 95-106.

Kallina, C. and Lynn, J., Application of the cube-per-order index rule for stock
location in a distribution warehouse. Interfaces, 1976, 7 (1), 37-46.

Kunder, R., and Gudehus, T., Mittlere Wegzeiten beim eindimensionalen Kom-
missionieren, Zeitschrift fiir Operations Research, 19,1975, B53-B72.

Lambert, D.M., Stock, J.R. and Ellram, L.M. (Ed.), Fundamentals of logistics mana-
gement,1998 (Singapore: McGraw-Hill).



Larson, T.N., March, H. and Kusiak, A., A heuristic approach to warehouse layout
with class based storage. IIE Transactions, 1997, 29,337-348.

Lawler, E.L, Lenstra, J.K,, Rinnooy Kan, A.H.G., and Shmoys, D.B., The traveling
salesman problem, 1995, (Chichester: Wiley).

Le-Duc, T, Design and control of efficient order picking processes, PhD thesis,RSM
Erasmus University, 2005.

Le-Duc, T. and De Koster, R., An approximation for determining the optimal
picking batch size for order picker in single aisle warehouses, in R. Meller, M.K.
Ogle, B.A. Peters, G.D. Taylor, J. Usher (eds.), Progress in Material Handling
Research: 2002,2003a, 267-286.

Le-Duc,T.and De Koster,R., Travel time estimation and order batching in a 2-block
warehouse, 2003b, to appear in European Journal of Operational Research.

Le-Duc, T. and De Koster, R., Travel distance estimation in a single-block ABC
storage strategy warehouse, in B. Fleischmann and B. Klose (eds.) Distribution
Logistics: advanced solutions to Practical Problems, 2004, 185-202, (Berlin:
Springer).

Le-Duc, T. and De Koster, R., Determining the optimal number of zones in a pick-
and-pack order picking system, Report ERS-2005-029-LIS, RSM Erasmus Univer-
sity, the Netherlands, 2005a.

Le-Duc, T. and De Koster, R., Layout optimization for class-based storage strategy
warehouses, in R. de Koster, W. Delfmann (eds), Supply Chain Management —
European Perspectives, 2005b (Copenhagen, CBS Press), 191-214.

Le-Duc, T. and De Koster, R., Travel distance estimation and storage zone optimi-
sation in a 2-block class-based storage strategy warehouse. International Jour-
nal of Production Research, 2005¢, 43(17), 3561-3581.

Lee, M.K,, A storage assignment policy in a man-on-board automated storage /
retrieval system. International Journal of Production Research,1992,30(10), 2281-
2292.

Lin, S., Kernighan, BW., An effective heuristic algorithm for the traveling sales-
man problem. Operations Research,1973,21(2) 498-516.

¥3LSOX 30 IN3IY

-
-
(%]

SNOILYD118Nd ANV SNOILNEININOD DINIAVIVY d31D373S — Z L¥Vd - ONITANVH TVI¥3ILVIN NO SIAILD3IdSHId 13¥NLN4 ANV LSVd



RENE DE KOSTER

-
ry
)]

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 2 - SELECTED ACADEMIC CONTRIBUTIONS AND PUBLICATIONS

Liu, C.M,, Clustering techniques for stock location and order-picking in a distri-
bution center. Computers and Operations Research,1999, 26,989-1002.

Makris, PA., and Giakoumakis, I.G., k-interchange heuristic as an optimization
procedure for material handling applications, Applied Mathematical Modelling,
2003, 27(5), 345-358.

Malmborg, C.J., Optimization of Cubic-per-Order Index layouts with zoning
constraints. International Journal of Production Research,1995,33(2), 465-482.

Malmborg, C.J., Storage assignment policy tradeoffs. International Journal of
Production Research, 1996, 34(2),363-378.

Malmborg, C.J. and Bhaskaran, K., On the optimality of the cube per order index
for conventional warehouses with dual command cycles. Material Flow, 1987, 4,

169-175.

Malmborg, CJ. and Bhaskaran, K., Optimal storage assignment policies for
multiaddress warehousing systems. [EEE Transactions on Systems, Man and
Cybernetics,1989,19(1),197-204.

Malmborg, C.J. and Bhaskaran, K., A revised proof of optimality for the cube-per-
order index rule for stored item location. Applied Mathematical Modelling, 1990,
(14), 87-95.

Mellema, P.M. and Smith, C.A,, Simulation analysis of narrow-aisle order selec-
tion systems. Proceedings of the 1988 Winter Simulation Conference, 1988, 597-
602.

Meller, R.D., Optimal order-to-lane assignments in an order accumulation /
sortation system. IIE Transactions, 1997,29(4), 293-301.

Meller,R.D.and Gau, K., The facility layout problem: recent and emerging trends
and perspectives. Journal of Manufacturing Systems,1996, 15(5), 351-366.

Pan, C.H.and Liu, SY., A comparative study of order batching algorithms. Omega
International Journal of Management Science, 1995, 23(6), 691-700.

Pandit,R.,and Palekar, U.S.,Response time considerations for optimal warehouse
layout design,Journal of Engineering for Industry,1993,115,322-328.



Park, Y.H. and Webster, D.B., Design of class-based storage racks for minimizing
travel time in a three dimensional storage system. International Journal of
Production Research, 1989, 27(9),1589-1601.

Petersen, C.G., Routeing and storage policy interaction in order picking opera-
tions. Decision Sciences Institute Proceedings, 1995, 3,1614-1616.

Petersen, C.G., An evaluation of order picking routing policies. International
Journal of Operations & Production Management, 1997, 17(11),1098-1111.

Petersen, C.G., The impact of routing and storage policies on warehouse effi-
ciency. International Journal of Operations & Production Management, 1999,
19(10),1053-1064.

Petersen, C.G., An evaluation of order picking policies for mail order companies.
Production and Operations Management, 2000, 9(4), 319-335.

Petersen, C.G., Considerations in order picking zone configuration. International
Journal of Operations & Production Management, 2002, 27(7),793-805.

Petersen, C.G.and Aase, G.,A comparison of picking, storage,and routing policies
in manual order picking. International Journal of Production Economics, 2004,

92,11-19.

Petersen, C.G., Aase, G. and Heiser, D.R., Improving order-picking performance
through the implementation of class-based storage. International Journal of
Physical Distribution & Logistics Management, 2004, 34(7), 534-544.

Petersen, C.G. and Schmenner, RW.,, An evaluation of routing and volume-based
storage policies in an order picking operation. Decision Sciences, 1999, 30(2), 481-
501.

Ratliff, H.D. and Rosenthal, A.S., Orderpicking in a rectangular warehouse: a
solvable case of the traveling salesman problem. Operations Research,1983,31(3),

507-521.

Roll, Y. and Rosenblatt, M.J., Random versus grouped storage policies and their
effect on warehouse capacity. Material Flow,1983,1,199-205.

¥3LSOX 30 IN3IY

-
-
~N

SNOILYD118Nd ANV SNOILNEININOD DINIAVIVY d31D373S — Z L¥Vd - ONITANVH TVI¥3ILVIN NO SIAILD3IdSHId 13¥NLN4 ANV LSVd



RENE DE KOSTER

-
-
o0

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 2 - SELECTED ACADEMIC CONTRIBUTIONS AND PUBLICATIONS

Roodbergen, K.J., Layout and routing methods for warehouses, PhD thesis, RSM
Erasmus University, the Netherlands, 2001.

Roodbergen, K.J., Storage assignment policies for warehouses with multiple
cross aisles, in R. Meller, M.K.Ogle, B.A. Peters, G.D. taylor, J. Usher (eds.), Progress in
Material Handling Research: 2004, 2005, 541-560.

Roodbergen, K.J. and De Koster, R., Routing methods for warehouses with multi-
ple cross aisles. International Journal of Production Research, 2001a, 39(9), 1865-
1883.

Roodbergen, K.J. and De Koster, R., Routing order-pickers in a warehouse with a
middle aisle, European Journal of Operational Research, 2001b,133,32-43.

Rosenblatt, M.J. and Roll, Y., Warehouse design with storage policy conside-
rations. International Journal of Production Research, 1984, 22(s), 809-821.

Rosenblatt, M.J. and Roll, Y., Warehouse capacity in a stochastic environment.
International Journal of Production Research, 1988,26(12),1847-1851.

Rosenwein, M.B., An application of cluster analysis to the problem of locating
items within a warehouse. IIE Transactions, 1994, 26(1),101-103.

Rouwenhorst, B.,Reuter, B., Stockrahm, V., van Houtum, G.J., Mantel, R.J. and Zijm,
W.H.M., Warehouse design and control: framework and literature review.
European Journal of Operational Research, 2000, 122, 515-533.

Ruben, R.A. and Jacobs, F.R., Batch construction heuristics and storage assign-
ment strategies for walk / ride and picking systems. Management Science, 1999,
45(4),575-596.

Russell, M.L., and Meller, R.D., Cost and throughput modelling of manual and
automated order fulfilment systems, llE Transactions, 2003,35(7),589-603.

Sarker, B.R. and Babu, PS., Travel time models in automated storage / retrieval
systems: a critical review. International Journal of Production Economics, 1995,

40,173-184.

Speaker, R.L., Bulk order picking, Industrial Engineering,1975,7(12),14-18.



Tang, L.C. and Chew, E.P, Order picking systems: batching and storage assign-
ment strategies. Computer & Industrial Engineering,1997,33(3), 817-820.

Thonemanm, UW. and Brandeu, M.L., Optimal storage assignment policies for
automated storage and retrieval systems with stochastic demands. Mana-
gement Science, 1998, 41(1),142-148.

Tompkins, J.A., White, J.A., Bozer, Y.A,, Frazelle, E.H. and Tanchoco, J.M.A,, Facilities
Planning, 2003 (NJ: John Wiley & Sons).

Van den Berg, J.P.,, A literature survey on planning and control of warehousing
systems. IIE Transactions, 1999, 31, 751-762.

Van den Berg, J.P. and Gademann, A.JR.N., Simulation study of an automated
storage / retrieval system. International Journal of Production Research, 2000, 38,

1339-1356.

Van den Berg, J.P, Sharp, G.P.G.AJ.R.N. and Pochet, Y., Forward-reserve allocation
in awarehouse with unit-load replenishments. European Journal of Operational
Research,1998,111,98-113.

Van den Berg, J.P. and Zijm, W.H.M., Models for warehouse management: classi-
fication and examples. International Journal of Production Research, 1999, 59,
519-528.

Van Hoek, R.l,, The rediscovery of postponement a literature review and direc-
tions for research, Journal of Operations Management, 2001,19(2), 161-184.

Van Oudheusden,D.L.,, Tzen,Y.J.and Ko, H.,Improving storage and order picking in
a person-on-board AS / R system. Engineering Costs and Production Economics,

1988, 13(4), 273-283.

Van Oudheusden, D.L.and Zhu, W., Storage layout of AS / RS racks based on recur-
rent orders. European Journal of Operational Research,1992,58(1), 48-56.

Vaughan, T.S. and Petersen, C.G., The effect of warehouse cross aisles on order
picking efficiency. International Journal of Production Research, 1999, 37(4), 881-

897.

¥3LSOX 30 IN3IY

-
-
o

SNOILYD118Nd ANV SNOILNEININOD DINIAVIVY d31D373S — Z L¥Vd - ONITANVH TVI¥3ILVIN NO SIAILD3IdSHId 13¥NLN4 ANV LSVd



RENE DE KOSTER

iy
N
o

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 2 - SELECTED ACADEMIC CONTRIBUTIONS AND PUBLICATIONS

Wascher, G., Order picking: a survey of planning problems and methods, in
Dyckhoff, H., Lackes, R., Reese, J. (eds.), Supply chain management and reverse
logistics, 2004, Springer, Berlin, 323-347.

Won, J., and Olafsson, S., Joint order batching and order picking in warehouse
operations, International Journal of Production Research, 2005, 43(7), 1427-1442.

Yang, M.H., Analysis of optimization of class-based dedicated storage systems,
Report, Material Handling Research Center, Georgia Institute of Technology,
Atlanta, Georgia,1988.

Online sources

Erasmus-Logistica warehouse design, http://www.fbk.eur.nl//OZ/LOGISTICA
(online since 1998, accessed 2005)



Warehouse automation:

developments in practice and in science

De Koster, R. (2013), Magazijnautomatisering, in:

R.Jansen and A. van Goor (Eds.), 40 jaar logistiek, 40 jaar VLM, pp. 41-44.



RENE DE KOSTER

iy
N
N

PAST AND FUTURE: PERSPECTIVES ON MATERIAL HANDLING - PART 2 - SELECTED ACADEMIC CONTRIBUTIONS AND PUBLICATIONS

The first automated high-bay warehouses were introduced some 50 years ago.
Since then, developments have continued at a rapid pace. Initially, automation
was mainly focused on pallet warehouses with bulk storage facilities. A major
reason was to increase the storage density, which could be achieved by
making the warehouses higher. Later, mini-load warehouses and order picking
warehouses were also automated. In this chapter we will discuss the different
types of automated systems as well as a number of scientific results that are
now known about such systems. We will first discuss storage systems for unit
loads (bins and pallets). This will be followed by order picking systems from
which individual packages can be picked. Finally, we will provide our future
expectations of warehouse automation.



1. Systems or Unit Loads

1.1 Automated unit load warehouses with aisle-captive cranes.

These warehouses have already been around since the sixties. Many variants
have been developed since then.Figure 1shows an example of such a warehouse.

Figure1. Automated high-bay warehouse for pallets with aisle-captive cranes.
Source: Daifuku America

In such a warehouse (AS / RS: Automated Storage and Retrieval System), an
aisle-captive crane picks up a load needing storage, usually from a conveyor at
the pick-up and delivery point,and automatically stores it in the racks at heights
of up to 30 m. Driving and lifting take place simultaneously. Retrieval is exactly
the opposite. It is also possible to carry out so-called dual command cycles,
wherein a storage command is combined with a retrieval command, which
saves one movement per dual command cycle. If the stored unit loads consist
of bins, the system is also referred to as mini-load. Many studies have been
conducted into such systems. One of the first scientific articles was written by
Bozer and White and dates from 1984. Among other things, they calculated
the cycle time of the crane for single command cycles, for the situation in
which any location within the rack is equally likely for the crane to travel to.

The average cycle time for a single command cycle (back and forth) is

2
t /'t
E [T] = ( I+ %W -t.,whereby ¢, is the travel time to the farthestlocationin

therackand 7 is thelifting time to the highest location in the rack. It is assumed
that the travel time to the farthest location is longer than the lifting time to the
highest location and the fact that the crane drives and lifts simultaneously has
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been taken into account. So if the travelling distance of an aisle is 100 s and
the lifting height is 100 s, the average travel time for a single command cycle
(without picking up and dropping off the load) is 133 s. This formula can be
applied to obtain all kinds of partial results, for example, to calculate the optimal
ratio between the length and height of an aisle. This proves to be square in time,
meaning the travel time to the farthest location and the lifting time to the
highest location are identical. Since a crane travels approximately four times
faster than it lifts, the aisle should be four times longer than high to achieve a
minimal cycle time. The formula can also be used to determine the optimal
number of aisles and cranes, including optimal dimensions, at a given storage
capacity and throughput.

Over time, the formula has been adjusted to match different storage strategies
(such as ABC storage), dual command cycles, different location of the depot:
the pick-up and delivery point (the above formula assumes one such point, at
the head of the rack), multiple load handling devices, combination with order
picking stations, etc.In the case of ABC storage, the items are divided into classes
(e.g.,3:A,B,C),based on turnover rate. The locations are also divided into groups
based on distance to the pick-up and delivery point. This ensures that the items
from the class with the highest turnover rate are located closest to that point.

Figure 2. Overview of AS / RSs (AS / R systems). Source: Roodbergen and Vis (2009)
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Figure 2 provides an overview of AS / R systems, based on the type of crane,
the type of loads and the types of racks that may be used. The overview also
includes carousels and mobile racks, which are not usually considered part of
the classical AS / R systems.



An important impetus for cycle time calculations with ABC storage dates from
1976, by Hausman, Schwarz and Graves. They calculated the optimal class
boundaries for known ABC demand curves, for example, 20 / 70 demand curves,
whereby 20% of the products are responsible for 70% of the demand. In the
calculation they took account of product replenishment according to a continuous
review <s, Q> ordering policy, with the order quantity O being equal to the
optimal order quantity. However, they did not take account of the fact that
the fewer storage classes there are, the more items are stored in the classes,and
the less space is required per item, since the space within the classes can be
shared by the items. If there are more classes and fewer products are stored per
class, it is more complicated to share the space between products and more
space is required per product. This means that an optimum number of storage
classes can be distinguished. In practice, the optimal number of classes is small
(about 3 to 5) but the cycle time is relatively insensitive to the exact number. At
such a limited number of classes, products can perfectly share the space
available in the class. However, the required number of locations on top of the
average stock level quickly amounts to an additional 30% (Yu et al., 2015).

1.2 Compact storage

Cranes equipped with satellites

The AS /R systems can also be used to store loads double deep in the racks.To
this end, the cranes can be equipped with double-deep telescopic forks. Often
satellites are used if even deepr storage is required. Cranes (or trucks) equipped
with satellites have been on the market for several decades and are widely
used in refrigerated and frozen storage, where savings in the space to be
cooled immediately reduce costs. Other forms of multi-deep storage are racks
containing mounted conveyors (flow or driven conveyors), or multi-deep racks
with multiple, independent satellites. The latter systems are also referred to as
AVS / R (#automated vehicle-based storage and retrieval) systems, and are
discussed below. For crane systems with multi-deep storage, the first questioniis
how deep the storage locations should be (number of unit loads behind each
other). Racks with locations that are too deep have a low location occupancy
rate. This effect is also called “honeycombing” (see Tompkins et al., 2010).
Insufficiently deep locations require too many locations per product, as a result
of which the aisles will be too long, thus increasing the travel time of the crane.
In general, all the loads of one product and batch are stored in one location.
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Aot of research has been conducted into such aisle-captive cranes with multi-
deep storage. It is known, for instance, how to calculate the optimal location
depth, how to calculate the crane travel time, what the optimal storage
strategies are and in which order the commands should be performed in order
to minimise the total time.

Storage on shuttles

Recently, new multi-deep systems have been developed, whereby each load
is placed on a shuttle that can move in both directions. Such systems are used in
parking garages in East Asia, for example, on locations where parking is
expensive. Figure 3 shows an example of the use of such shuttles. The advantage
of shuttle-based storage is that multiple shuttles can be moved at the same
time, thus achieving a high throughput. In addition, it saves a lot of space, since
no transport aisles are necessary. It is known how to calculate the cycle time,
what the effect is of the class-bound storage and what the optimal length, width
and height ratio of these systems is (Zaerpour, 2013). If the lift is located in a
corner of the system, a cube-shaped warehouse (measured in time) almost (but
not quite) minimises the cycle time.

Figure 3. An automated, compact parking garage. Source: avgparking.com




1.3  AVS/Rsystems

AVS /R (“autonomous vehicle-based storage and retrieval”) systems do not
use cranes, but shuttles, which can drive in the x and the y-direction on any level
in the aisle, and lifts that can move shuttles (or unit loads) between the levels.
Such systems are increasingly popular because nowadays, the investment is
similar to that of AS / R systems, while they offer a much higher retrieval capacity
and are significantly more flexible in capacity. By using additional shuttles the
capacity can easily be increased, and by removing shuttles, capacity can be
decreased. Figure 4 shows an example of such a system.

Figure 4. An AVS /R system with autonomous vehicles at every level (see picture below).
Source: Savoye

High-density
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An increasing number of studies is being conducted into these systems.
The performance (throughput, average throughput time of an order) can be
estimated reasonably well as a function of the number of vehicles (see Roy, 2011).
This can be used to calculate the optimum length to depth ratio of the racks, or
an adequate distribution of the shuttles across the system. Meanwhile, shuttle-
based systems for compact (multi-deep) storage have also been developed (see
Tappia et al., 2015).
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2. Order Picking Systems

In addition to systems for unit loads, an increasing number of systems for
the (semi) automatic picking of goods from racks is being developed. A-frames,
fully automatic machines capable of placing products in a passing bin, have
been in use in the pharmaceutical industry for some time now. The machines
can achieve a very high picking capacity for products that are suitable for
automaticdispensing.This section consecutively discusses automated replenish-
ment systems, Kiva systems and systems for automatic (roll)container loading.

2.1 Automated replenishment systems

In the Netherlands, there are several dozen warehouses equipped with
automatic replenishment of the pick locations. Products are stored in bins in
a mini-load warehouse, which complements a flow rack warehouse. Figure 5
shows a picking station with flow racks, whereby the locations are automatically
replenished by a mini-load system.

Figure 5. Picking station with automatic pick stock replenishment
(Technische Unie, Alphen a/d Rijn)

Only fast-moving products are stored permanently in the picking stations.
The other products are delivered just-in-time by the mini-load system, in which
empty bins and items that are not needed for the next batch are retrieved by the
mini-load crane. Some studies have already been conducted for such systems,
especially regarding good system designs (layouts, required number of picking



stations),depending on the necessary storage capacity and the order profile.The
design is especially complicated when picking stations are connected in series
and order bins must visit several stations. As the number of picking stations
increases, the number of stored products per station decreases as well as the size
of the station, thus decreasing the walking distance. This results in fewer, but
also faster, picks per bin per station. On the other hand, a bin should visit several
stations and probably wait more often orlonger in total. This trade-off results in
an optimum number of stations. The allocation of products to stations also
affects the performance. Research into this has led to models that can quickly
and accurately calculate and even optimise different configurations.See Van der
Gaast et al. (2013).

2.2 Robot system

A new development are systems with mobile robots that take products to
the picker. There are already many different systems available on the market. A
recently introduced robotic system is the AutoStore of Swisslog, in which mobile
robots move above the rack and take product bins from the rack slots to the
picking stations.

Most remarkable of all, however, are the Kiva systems, whereby complete
racks (“pods”) are moved by robots. If a product is requested by a customer, a
robot moves to the rack in which the product is located, picks it up and takes it to
a picking station. There the robot awaits its turn with the rack. The picker takes
the requested products and adds them to the bin with the customer order
waiting at a different rack, also on top of a robot. The robot then returns the rack
with the product to storage, at a location that takes account of the expected
moment the item will be needed again. The storage location is therefore fully
dynamic. In principle, the layout can be fully adapted both dynamically and
automatically to the product and order characteristics. The performance of Kiva
systems has hardly been studied scientifically. The systems are ideally suited for
Internet retailers who require the picking of relatively small orders (meaning
not too many items that should be consolidated per order) from a wide product
range. This explains why Amazon recently acquired Kiva Systems and wants to
equip its new warehouses with this system. Meanwhile, other providers have
also entered the market with mobile racks in combination with robots.
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2.3  Automatic loading of roll containers

Retail warehouses have been experimenting with the automatic picking and
loading of store orders in roll containers for years. In the Netherlands, Albert
Heijn in Pijnacker was one of the first retail warehouses with fully automated
order picking: the triple-O system. Products received on pallets are stored in an
automated bulk warehouse. Pallets are then automatically retrieved, the units
are offloaded from the pallets and the packages are stored per product on a
conveyor belt in a storage aisle, from where they are automatically ejected on a
belt which takes them to a roll container loading station. At Albert Heijn, the roll
containers are still loaded manually, however, several manufacturers offer
solutions to perform this process automatically. The first fully automated retail
warehouse is possibly the Edeka warehouse in Hamm (Germany), where the roll
containers are also loaded automatically. This requires accurate sequencing of
the products in the loading of the roll container, which takes account of family
grouping in the store, stackability of products and the loading degree of the roll
containers. Many studies have also been conducted in these areas, the results of
which can be found in the stacking algorithms. Meanwhile, several retailers are
working on largely automating their warehouses.



3. The Future

Is the full automation of both storage and picking the future? The main
advantages of automation are mainly the saving of space (an automated ware-
house can be built on a smaller area), savings on labour costs (a 24 / 7 operation
can be achieved relatively easily and inexpensively), availability (it is not always
easy to find unskilled personnel willing to do warehouse work) and savings on
other operational costs such as heating and lighting. Automation of storage and
order picking, however, still has limitations: it requires considerable scale and a
long-term vision (investments can only be earned back in the medium term).
Furthermore, a part of the process still needs to be carried out manually. This
part of the process is usually not the most interesting work. Especially not if
a person is considered an extension of the automation solution. In short,
manual warehouses will continue to exist for the time being, despite the new
developments, even in economies with high labour costs. Logistics remains a
people business and well-managed warehouses perform significantly better in
the areas of productivity, process innovation, quality and safety (see De Koster et
al,, 2011, and other literature).
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