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ABSTRACT

�e advent of e-commerce has challenged the functionality of warehouses and their opera-
tions. Ways to tackle these challenges on a tactical and operational level have been widely
studied. However, the design of storage and retrieval systems, representing the strategical
decisions that count as a �rst step towards more e�cient picking operations, have been in-
vestigated far less.

In this literature review, we present a framework based on three objectives that underlie
an e�cient design of a storage and retrieval system: e�cient use of available storage space,
minimization of order pickers� travel distance, and �exibility of the order picking system as
a whole. �e framework is complemented with design-related decisions considered to have
an in�uence on one of the proposed objectives. Additionally, we restructure this framework
into a classi�cation table that allows to compare and evaluate storage and retrieval systems
by means of the three objectives.

Our classi�cation reveals an evolution of storage and retrieval systems towards an in-
creased use of automation, with the use of AGVs as the latest development. We highlight the
most important turning points in this evolution of storage and retrieval systems, and give an
overview of performed research and future research directions.

KEYWORDS
Storage and retrieval systems; warehouse design; automation; AGV

1. Introduction

�e growth of e-commerce has changed the role of warehouses in the supply chain. Ware-
house operations have increased in complexity due to a larger product variety, reduced or-
der lead times, increased demand variability, and a shi� from unit-load quantities (pallets) to
orders consisting of a small number of items (De Koster, Johnson, and Roy, 2017). �ese evo-
lutions put a strain on the order picking activity, de�ned as the activity of retrieving Stock
Keeping Units (SKUs) from inventory to ful�l speci�c customer requests. �is activity has
been estimated to be the most costly component of all warehouse operations, amounting to
55% of the total warehousing cost (De Koster, Le-Duc, and Roodbergen, 2007). For this rea-
son, the order picking activity has been an important subject of research, aiming to improve
its e�ciency and reduce related costs.

In the past decades, numerous studies and literature reviews have been published on the
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subject of (order picking in) warehouses, with a lot of a�ention being paid to tactical and op-
erational decisions, i.e., the planning and control of the order picking activities. In contrast,
a much smaller number of contributions have focused on strategical issues, i.e., decisions
that relate to the design of the warehouse. Strategic decisions mainly pertain to the type of
order picking and storage equipment to be used, and consequently whether moving items
through the warehouse is done by humans, machines, or a combination of both. We study
the decisions that play a crucial role in the selection of an adequate storage and retrieval
system (S/RS) and evaluate the di�erent designs that have been proposed, with a particular
interest in adaptations made to cope with challenges posed by e-commerce. Fig. 1 illustrates
the di�erent decision levels in warehouse operations and visualizes the scope of this paper.

Figure 1.: Strategical, tactical, and operational decisions related to S/RSs (Adapted from
Van Gils et al. (2017b))

As shown in �g. 1, decisions on the strategical level include the selection of handling
unit(s), the choice of storage and handling equipment, and the level of automation of the
S/RS. Strategical order picking ma�ers have been discussed by Rouwenhorst et al. (2000),
Roodbergen and Vis (2009), Marchet, Melacini, and Pero�i (2015), De Koster, Johnson, and
Roy (2017), De Koster, Le-Duc, and Roodbergen (2007), Dallari, Marchet, and Melacini (2009),
and Azadeh, De Koster, and Roy (2017). �e la�er three present a classi�cation of S/R sys-
tems that demonstrates the application �eld of each system. �e classi�cation of Dallari,
Marchet, and Melacini (2009) focuses on the operational policy of systems (how systems
carry out the movement and retrieval of products), while the others classify systems based
on the type of equipment they use. All papers clearly demonstrate a growing interest in
the use of automation in warehouses, culminating in the introduction of Automated Guided
Vehicles (AGVs) to execute or support order picking activities. AGV technology can assist
in creating a more �exible order picking environment, a quality deemed to be crucial in an
e-commerce warehouse. However so far only li�le a�ention has been paid to this feature in
the warehouse literature.

A large share of the warehouse and order picking literature is dedicated to decisions on the
tactical and operational level. Tactical issues comprise the con�guration and dimensioning
of the pick area (number of blocks, number of aisles, shape formed by aisles, length and
width of aisles and location of the pickup and deposit point where all pick tours start and
end), the assignment of products to storage locations in this area, and the adopted picking
policies. De Koster, Le-Duc, and Roodbergen (2007) summarizes the literature studying the
optimal layout of pick areas and gives an overview of the most frequently used storage and
picking policies in manual order picking systems.

On the operational level, the most crucial decision is how to sequence the retrieval ac-
tions. For manual picker-to-parts systems, this entails determining the routes the pickers
have to take. De Koster, Le-Duc, and Roodbergen (2007) provides an overview of commonly
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used routing heuristics and compares their performance for a manual picker-to-parts sys-
tem. Up until 2009, a large number of studies assumed a single-picker situation, resulting in
a single route without the need to consider blocking (i.e., the fact that pickers may hinder
one another, thereby losing time). Parikh and Meller (2009) are one of the �rst to study the
occurrence and consequences of picker blocking in wide-aisles con�gurations. Extensions
on the topic include the estimation of blocking in other con�gurations (Hong, Johnson, and
Peters, 2013; Parikh and Meller, 2010; Hong, Johnson, and Peters, 2015) and the study of
alternative storage and picking policies to control blocking (Pan, Shih, and Wu, 2012; Hong,
Johnson, and Peters, 2012). Order pickings problems have generally been studied in iso-
lation, notwithstanding the obvious relationships that exist between storage, picking, and
routing policies. Although most studies conclude by acknowledging these interdependen-
cies, research that simultaneously considers storage and order picking planning problems
remains scarce. Van Gils et al. (2017b) present a literature review of academic research on
combinations of tactical and operational order picking problems and Van Gils et al. (2017a)
perform a full factorial ANOVA to capture the relationship between several storage, picking,
and routing policies, both applied to a manual operated order picking system.

As mentioned, the underlying paper focuses on strategic issues, that determine the long-
term design of the warehouse. We present a new classi�cation of S/R systems, where such
systems are evaluated along three dimensions, each a highly relevant objective in an e-
commerce environment. �e �rst objective is the reduction of human pickers’ travel distance.
It is a primary objective used in warehouse literature and has led to one of the most crucial
divisions within the S/R systems, namely the picker-to-parts and parts-to-picker systems.
�e la�er reduces human pickers’ distance by having products moved rather than people
and time formerly spent on travelling can now be dedicated to actual order ful�lment. �e
second objective is the e�cient use of available storage space, i.e., the type and dimensions
of the storage system given the available warehouse space (Rouwenhorst et al., 2000). �e
third objective is the �exibility of the warehouse and refers to the power to easily adapt
the warehouse’s throughput capacity (i.e., the number of items retrieved in a certain time
period, given the available resources (Vis, 2006)) to the current needs (Marchet, Melacini,
and Pero�i, 2015).

We propose a variant of the �shbone diagram based on these three objectives. We com-
plement the �shbone diagram with various design characteristics that each in�uence one of
the objectives in a certain way. Next, we bundle all these choices into a classi�cation table.
In contrary to previous classi�cations, we integrate all S/RSs — from completely manual
systems to the most advanced and recently introduced AGVSs — and classify them along
multiple dimensions. �is results in a framework that demonstrates the evolution of S/R
systems, mostly as a response to the challenges posed by e-commerce.

�e remainder of this paper is organised as followed. In the next section, we present the
�shbone diagram and get into more detail about the three objectives. In section 3, the classi-
�cation table is presented, grouping systems that share similar characteristics and marking
borders that demonstrate the di�erences. In this section S/RSs are presented in more de-
tail, demonstrating their �eld of application and discussing their drawbacks that have led
to the development of di�erent systems. In section 4, the evolution of S/RSs is captured
with the help of the �shbone diagram. We highlight important turning points and give a
brief overview of speci�c topics addressed by literature and the areas that currently lack
academic a�ention. Section 5 summarizes our conclusions.
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2. Design of storage and retrieval systems

�e design of a suitable S/RS is a complex task. Once the decision on the handling unit
(pallets, boxes, individual units) is made, one has to decide which equipment will be used to
pick and the level to which this equipment is automated, which type of storage racks will
be installed to store the products, and so on. �ese choices are driven by the aim to achieve
maximal service level and throughput with minimal investment and operational cost. In this
paper, we translate these goals into three design-oriented objectives and structure them in
a �shbone diagram (�g. 2). Together, the objectives re�ect the desirable characteristics of a
S/RS that is suitable to handle e-commerce operations, and is able to cope with the resulting
challenges: reduced order lead time, larger product variety, higher demand variability, and
a switch to item picking.

Figure 2.: Fishbone diagram representing design objectives (axes), design-related decisions
(arrows) and design options (branch on arrow). �e farther a design option is located from
the origin of the arrow, the more it positively in�uences the respective objective.

A �shbone diagram is a tool o�en used by companies to list the causes that have resulted
in an (unfavourable) e�ect or problem and to resolve the problem at its source. In our dia-
gram, multiple objectives are integrated which represent the e�ects or problems, while the
causes are replaced by the design-related decisions that in�uence these objectives. �e deci-
sion that should be taken care of prior to any other design-related decisions is the unit size
that will be handled by the S/RS. Pallets are the largest units commonly used in warehouses.
�is is also referred to as unit-load handling and especially common in a B2B context. A trend
towards a smaller handling unit size is noticed as a result of the shi� towards e-commerce
(De Koster, Le-Duc, and Roodbergen, 2007). �e choice of unit size has a major impact on
the type of handling equipment than can be used, and therefore a�ects all three objectives
pursued during the design stage of the warehouse. �e �rst of these objectives is the reduc-
tion of human pickers’ travel distance. In manual order picking systems travelling from one
pick location to the next is the most important factor in�uencing the operational cost of the
system (De Koster, Le-Duc, and Roodbergen, 2007). �e development of S/RS designs that al-
low to reduce or even eliminate the travel distance of pickers, can lead to higher throughput
as time formerly spent on travel can be dedicated to other activities. �e second objective
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Figure 3.: Representation of a manual picker-to-parts system using the �shbone diagram,
linking all design options present in this type of S/RS.

is a more e�cient use of the available storage space, exempli�ed by ever taller and denser
warehouses and the aim for be�er �oor space utilization (De Koster, Le-Duc, and Roodber-
gen, 2007; De Koster, Johnson, and Roy, 2017). �e third objective is a more �exible S/RS, a
property of S/RSs that has received increased a�ention especially in the past decade. A �ex-
ible S/RS o�ers the opportunity to adequately respond to variable picking volumes in the
short term (as a result of, e.g., seasonality), and allows for warehouse expansion in the long
term (Marchet, Melacini, and Pero�i, 2015). In �g. 2 these objectives are presented by the
main axes. From each axis, arrows which refer to the design-related decisions in�uencing
the corresponding objective, point outward. For each decision a choice is made from a range
of options, presented on the arrow in a certain order: the farther away from the origin, the
more the objective is in�uenced in a positive manner. In this way, each S/RS con�guration
can be represented on the �shbone diagram. As an example, a representation of the simple
manual picker-to-parts system is shown in �g. 3.

2.1. Design-related decisions influencing the human pickers’ travel distance

�e reduction of human picker’s travel distance has been a primary concern in the design of
S/RSs. It has led to one of the most crucial divisions among these systems, namely the picker-
to-parts and parts-to-picker systems. �e division is driven by the question ‘who or what
moves’: in picker-to-parts systems it is the picker who moves through the aisles towards the
pick locations and retrieves the right amount of each SKU, while in parts-to-picker systems
the products move (Dallari, Marchet, and Melacini, 2009). In the la�er case, automated or
autonomous machines are used to perform the storage and retrieval actions. �e requested
loads are then escorted towards a human picker, who picks the right amount of individual
items.

Even though human pickers are still more common, advances in picking technology has
enabled also the last step of the picking process, the picking of individual items, to be au-
tomated (De Koster, Le-Duc, and Roodbergen, 2007; Dallari, Marchet, and Melacini, 2009).
In the case of machine picking, no human intervention is required in the entire picking
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operation.
Besides knowing who moves and who picks, it is important to de�ne the zone in which

these activities will take place. In most warehouses (picker-to-parts system), pickers travel
through a pick area by crossing aisles that act as a separation between racks �lled with
products. �ese pick areas are generally large, which bene�ts storage space availability but
leads to many and long aisles that need to be travelled in order to retrieve all requested items.
Pick faces or workstations o�er an alternative as both were introduced with the purpose to
reduce the pick area size. Pick faces limit the travel movements of a picker to just one aisle. In
such a system the bo�om racks of the aisle contain the SKUs that are required by the current
order(s), while in the upper racks the remaining SKUs are stored. An automated mechanism
is operational in the background and continuously performs shu�es between the SKUs in
the lower and upper part of the rack (Yu and De Koster, 2010). Workstations, also called
picking bays or pick stations, allow to eliminate the travel component of human pickers
entirely and are very common in parts-to-picker systems. In such systems, bins are retrieved
from the warehouse through automated equipment and brought to these workstations where
a human picker awaits.

2.2. Design-related decisions influencing the storage availability

Not only the actual size of the pick area, but also the type of storage racks used strongly
in�uences the storage space availability of S/RSs.

Figure 4.: Di�erence between single-deep racks (le�) and multi-deep racks (right).

Concerning the dimensions of a storage rack, a considerable amount of space can be
obtained by choosing high and multi-deep racks in contrary to the commonly used low and
single-deep (sometimes double-deep) racks (see �g. 4). High racks allow to use all available
space up to the ceiling, but require more expensive equipment to reach the upper levels
(De Koster, Le-Duc, and Roodbergen, 2007). Multi-deep racks, on the other hand, allow to
store multiple SKUs at one pick location (the loads are stored deeper into the rack) behind
each other. �is way more storage space is created while removing the need for additional
aisles. �is stands in contrast to single-deep racks (a pick location is dedicated to only one
SKU), where the creation of more storage space would result in the installation of extra racks
and therefore extra aisles (Azadeh, De Koster, and Roy, 2017).

In multi-deep racks, not all loads are directly accessible. Di�erent technologies applied
in multi-deep S/RSs can be distinguished based on the way they create product accessibil-
ity. Having permanent access to all products (as is the case with single-deep racks), allows
to save valuable time because no additional movements are required to store or retrieve a
speci�c load as no obstructing loads need to be removed �rst. However a large share of
available space is taken by aisles instead of racks necessary to reach all pick locations. S/RSs

6



with racks that are equipped with a rotating or shu�ing mechanism work very well in cases
where it is not necessary to have products permanently available but can be made accessible
(in an e�cient way) when required. In the case of non-perishable goods, one can consider
the application of the last in-�rst out principle (LIFO) where the load stored last in the rack
is also the �rst one to be retrieved (Azadeh, De Koster, and Roy, 2017).

Within the category of multi-deep racks we classify the puzzle-based systems, in which
loads are stored behind each other but there is no longer a physical barrier between the
pick locations. �is allows loads not only to move to the front and back of a pick location,
but also to move in between pick locations (to the right and le�). �is concept facilitates
product accessibility, another design decision related to storage space availability. Puzzle-
based systems and how they operate will be discussed in section 3.2.1.

Most S/RSs have racks �xed to the �oor, which implies aisles are �xed as well. �is re-
quires a lot of aisle space which, depending on the speci�c situation, might not be used
intensively. Mobile racks, however, can be located immediately next to each other, elimi-
nating all aisles at the initial con�guration, and can be moved to create pathways where
necessary for picking purposes. �is system is commonly found in libraries and archives
(Boysen, Briskorn, and Emde, 2017).

2.3. Design-related decisions influencing the scalability and flexibility

In this last section, we focus on the design-related features that contribute to the �exibility
of a storage and retrieval system. �ese properties have received increased a�ention in the
past decade as a response to the ever-growing e-commerce and the higher demand variability
that comes with it.

A �rst decision is on the type of tool or machine that performs or assists the storage
and retrieval operations. We particularly focus on the degree of autonomy integrated into
these tools and machines as an indicator to how easily the capacity can be adapted when
the number of orders changes. Manual, manned tools, like carts and forkli�s, help human
pickers to carry items or to transport pallets, but have no autonomy and always need to be
controlled by a person. As we move away from the origin of the arrow towards the arrow
labeled ’Degree of autonomy’ on the ’Flexibility’-axis in �g. 2, we meet more intelligent tools
that can operate in an independent way, and require li�le e�ort when capacity needs to be
changed in the short (e.g., a larger number of orders in comparison with the previous hour)
and medium term (e.g., seasonality). Structural capacity changes on the other hand require
more adaptations. Not only do these changes a�ect the number of required machines but
possibly also the entire infrastructure of the S/RS. To capture this aspect, we introduce the
decision on the structure of a storage system with the desing option of a bounded versus an
unbounded structure. A bounded structure is characterized by a �xed layout of the storage
racks, which means that any expansion of the S/RS needs to �t within the existing layout,
usually a rectangular shape. In an unbounded storage structure, racks or large products can
be stored anywhere in the pick area as long as there is room to pass for people and vehicles.
�e machines or tools utilized in an unbounded system should be able to serve all racks and
products, and are therefore interchangeable.

�e last issue is the number of input/output (I/O) points in the S/RS. �e I/O-point is the
location where a storage action starts and the retrieval operation ends. In a picker-to-parts
system, the I/O-point (also referred to as depot), is the location where all pickers start their
pick tour and the point to which they return a�er picking all requested items. In a parts-to-
picker system, the I/O-point is the location to which a retrieved load is brought for further
item-level picking and from where it is stored back into the racks. Most S/RSs have only one
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I/O-point (usually located at the end of an aisle in the case of parts-to-picker systems). As
a result all storage and retrieval operations have to pass this single I/O-point, which might
lead to queues and waiting times endured by the picker. By weakening the requirement that
the I/O-point should be located at the end of aisle, an I/O-point can be situated anywhere
within the aisle and multiple I/O-points are possible.

3. Classi�cation of storage and retrieval systems

�e design of S/RSs has evolved throughout the years, resulting in a wide range of systems.
In section 2 we introduced a framework built around the design choices of S/RSs and the
objectives that play a major role in this decision stage: reduction of human pickers’ travel
distances, su�cient available space to store products, and the opportunity to easily adapt
the capacity of the warehouse to the current and future needs. We have incorporated most
elements of �g. 2 into a classi�cation table (�g. 5) that allows to make a comparison between
the various systems and highlight similarities and di�erences that stress the added value of
each system. Using this classi�cation we are able to distinguish three groups of systems that
represent the major streams within the evolution of S/RSs: human picker-to-parts, parts-to-
picker, and automated guided vehicle (AGV) systems. Based on this high-level classi�cation,
we construct in this section a detailed classi�cation table and discuss the di�erent groups of
S/RSs based on their characteristics.

In the classi�cation table in �g. 5, the top axis classi�es systems according to the hu-
man pickers’ travel distance (high on the le�, low on the right). Based on this characteris-
tic, we are able to distinguish three groups of systems that di�er in the way they answer
the questions ’who picks?’ and ’who moves?’: human picker-to-parts, parts-to-pickers, and
AGV picker-to-parts. Systems belonging to the �rst group have human pickers performing
movements whilst picking. Parts-to-pickers on the other hand only require people for pick-
ing while automated equipment takes care of the movement of products. In AGV picker-to-
parts systems both the movement and the picking operation is transferred to a robot, more
speci�cally to automated guided vehicles (AGVs).

Vertically, systems are classi�ed based on the type and degree of autonomy of the han-
dling equipment used. �e scale on the le� moves from purely manual systems, over auto-
mated equipment, to autonomous equipment. �is again gives rise to three groups of S/RSs.
�e borders however are less clear cut than those on the other axis, caused by the blurred
line that exists between ‘automated’ and ‘autonomous’ tools. S/RSs classi�ed at the top of
the table utilize equipment that needs to be manually driven to be operational. S/RSs situ-
ated vertically in the middle of the table employ machines that independently (independent
of people) perform retrieval and storage operations on loads and move the loads throughout
the racks. Di�erences between systems in this group are explained by the movements they
are capable of: some are restricted to solely horizontal movements, some perform rotating
movements while others can move throughout the entire storage construction without any
further help. Systems at the bo�om of the table classify as automated guided vehicle systems
(AGVS). An AGV is an unmanned, ba�ery-powered vehicle, consisting of a transporting and
a driving unit that together ful�l the transportation of goods in a facility. Depending on the
navigation technology, AGVs travel along �xed (equipped with wires) or free routes. �e
wide variation of AGV types and their �exible nature have evoked an increased use of AGVs
in several areas, with earliest implementations in manufacturing areas and more recently
extending to distribution and transportation facilities (Fazlollahtabar and Saidi-Mehrabad,
2015; Le-Anh and De Koster, 2006). S/RSs in the ‘autonomous’ category meet three crite-
ria. First, a vehicle is used to perform or support the picking operations. Second, this vehicle
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Figure 5.: Classi�cation table of S/RSs, distinguished by their ability to reduce human
picker’s travel distance (horizontal axis), �exibility (vertical axis), storage availability (sub-
division on horizontal axis).
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should be able to execute its tasks in a mobile autonomous manner (Fazlollahtabar and Saidi-
Mehrabad, 2015). Finally, and this criterion clari�es the di�erence between automated and
autonomous equipment, the vehicles in an AGVS are not bounded to the existing storage in-
frastructure and should be able to operate in a stand-alone manner (independent of people,
independent of construction). �is last criterion allows to make a strict di�erence between
AGVs and the most advanced tools found in the middle of the classi�cation table.

In �g. 5 we observe a correlation between the �exibility of a S/RS and its ability to reduce
pickers’ travel distances. S/RSs that reduce the human pickers’ travel distance also tend to
be more �exible with a higher degree of autonomy caused by the choice of tool and es-
pecially its degree of autonomy. Only one exception in the bo�om le� of the classi�cation
table can be found, the low-level item rack (see �g. 5). Given this relationship, we distinguish
the three main streams within the evolution of S/RSs: human picker-to-parts systems with
manual tools (section 3.1), parts-to-picker systems (section 3.2) and automated guided vehi-
cle systems (section 3.3). Within each block, further distinctions are based on storage-related
characteristics and type of equipment, which we will discuss in the following sections.

3.1. Human picker-to-parts system assisted by manual tools

S/RSs within this stream have human pickers moving through the pick area assisted by
equipment they control. Trolleys and carts are convenient and low-cost tools that the human
picker takes with him to store retrieved items temporarily instead of carrying them during
the remaining pick tour. Additionally, bins can be installed on the shelves of carts or on
trolleys, so that a separate bin can be used for each individual order. By pu�ing the retrieved
item(s) directly in the correct bin(s), valuable time can be saved which is otherwise spent on
an additional sorting operation. Within these S/RSs, picking can only occur in low-level item
racks as neither trolleys or carts are equipped with the right tools to reach upper levels or to
pick up pallets (Richards, 2014). Hand pallet trucks o�er a solution to the la�er problem but
because they are not electrically driven, their use is limited to pick areas that store pallets
on racks no higher than a person’s height. In the literature this is referred to as low-level
picking and is applied in many studies published in the past decade. De Koster, Le-Duc,
and Roodbergen (2007) review the design and control of low-level, picker-to-parts picking
systems. Despite their low investment and li�le maintenance requirements, these low-level
systems are not preferred in practice because of the limited height at which products can
be stored. To reach upper levels, powered trucks, such as forkli�s, are geared to store and
retrieve pallets at reasonable heights and to move them throughout the warehouse.

�e S/RSs that have been discussed so far are operational in �xed and single- or double-
deep racks. �e use of multi-deep storage racks is less common in manual picker-to-parts
systems. Unless the LIFO-principle holds, the storage of products right behind each other
will result in many additional movements necessary to retrieve the requested load. �e lack
of specialised equipment would make this an intensive manual operation. One S/RS found
within this stream is operational in an unbounded storage structure and is referred to as a
bulk or �oor storage system. With bulk storage there are no racks and pallets are stored on
the �oor and on top of each other. �e only criterion to be met is that su�cient space should
be provided for people and forkli�s to move. �e system works well for palletized goods and
large products that otherwise would require customized racks (Richards, 2014).

�e equipment discussed in this section is only operational when controlled by people,
which causes a considerable amount of time to be dedicated to (on-board) travelling rather
than picking. �is has resulted in part-to-picker systems in the 1960s, with the primary
purpose to provide a solution for this problem.
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3.2. Parts-to-picker systems

Parts-to-picker systems use automated equipment to store loads in racks and retrieve them
when necessary. When item picking is requested, the load is escorted to a pick face or work-
station where a human picker awaits to take the right amount of each load (usually bins).
Azadeh, De Koster, and Roy (2017) review these systems and classify them as automated
picking systems. �e authors discuss the system analysis, design optimization, and opera-
tions planning and control for each system using a classi�cation that slightly di�ers from
the one we present. Azadeh, De Koster, and Roy (2017) primarily make a distinction between
S/RSs based on the type of equipment. Further subdivisions are based on rack characteristics.
In our classi�cation this order is reversed, we start the division of parts-to-picker systems
based on whether they are operational in a bounded or unbounded structure. �e majority
of parts-to-picker systems is operational in a bounded structure. Only two, the GridFlow
and Kiva system (see section 3.3), are operational in an unbounded structure and simulta-
neously classify as AGVSs. �erefore the �rst division that we discuss within the stream of
parts-to-picker systems is based on the mobility of storage racks; an aspect that has been
covered only super�cially in previous reviews.

3.2.1. Storage and retrieval systems operational in �xed racks

All parts-to-picker systems discussed in this section are operational in racks �xed to the
warehouse �oor, resulting in prede�ned aisles along which loads are moved from pick loca-
tions to workstations and the other way around. S/RSs with �xed racks are further classi�ed
based on the depth of the racks. �e depth of the rack is an indication of the number of SKUs
stored at one pick location. Literature on parts-to-pickers makes a distinction between sys-
tems with single-, double-, or multi-deep racks, arranged from low to high considering the
number of SKUs at one pick location. By utilizing the depth of racks and storing multiple
SKUs at one pick location, the number of aisles can be signi�cantly reduced while the num-
ber of stored SKUs remains the same or increases.

3.2.1.1. Storage and retrieval systems operational in �xed single- or double-deep
racks. Automated storage and retrieval systems (AS/RS) have been widely studied because
of their e�cient use of space and increased accuracy in contrast to manual picking systems.
An AS/RS consists of cranes moving through the aisles which are equipped with tools to
store and retrieve loads. �e most basic AS/RS is one that stores and picks pallets with at the
end of each aisle an Input/Output (I/O) point where retrieved loads can be dropped o� and
waiting loads can be stored (back) into the system. �is is also called an end-of-aisle system.
Bins, instead of pallets, can be stored in the system as well, which is then called a miniload-
AS/RS (�g. 6). For a comprehensive overview of the literature on design and control issues of
AS/RSs up until 2008, we refer to Roodbergen and Vis (2009). Boysen and Stephan (2016) and
Azadeh, De Koster, and Roy (2017) complement this review with research on AS/R systems
up until 2016 and 2017 respectively. In a particular aisle, a single crane carries out all storage
and retrieval operations that need to happen within this area. In such a system throughput
capacity cannot be altered by simply changing the number of cranes. Alternatives to increase
throughput capacity include balancing the balance workload over all aisles by applying an
appropriate storage policy, or increasing the number of aisles which inevitably results in
more racks.
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Figure 6.: Mini-load automated storage and retrieval system (Vanderlande, 2018)

A recent extension to the basic AS/RS, considering AS/R systems exist since the 1960s, is
the introduction of multiple in-the-aisle pick positions (MIAPP-AS/RS). �e concept is also
known as a crane-supplied pick face (CSPF) and was introduced by Yu and De Koster (2010)
as a dynamic storage system. �e MIAPP-AS/RS functions similarly to the AS/RS, but in-
stead of having just one I/O point at the end of the aisle there are multiple points in the aisle
where loads can be dropped for picking or taken to restore in the racks. An MIAPP-AS/RS
is a semi-automated system with a crane retrieving a load (bins in most cases) from the up-
per part of the aisle and bringing it to the bo�om part of the aisle. A human picker travels
the aisle back and forth to pick all requested items from the loads on the ground �our. �is
way picking is limited to a pick face as opposed to a lengthy pick tour in the entire pick
area. Bins are switched continuously from the upper to the lower part of the aisle and the
other way around to make sure all requested items are accessible from the lower ground at
least once and human pickers are not forced to endure long waiting times. Schwerdfeger
and Boysen (2017) introduce the SKU switching problem and present an exact and heuris-
tic solution method. Ramtin and Pazour (2014) developed analytical travel time models for
this particular system which they later used in a simulation to study the optimal design of
MIAPP-AS/RSs. Although the presence of multiple I/O points creates more slack, the fact
that all operations within an aisle rely on the performance of a single crane still imposes an
undesirable in�exibility.

Autonomous vehicle-based storage and retrieval systems (AVS/RS) o�er a solution to this
problem. AVS/RSs (�g. 7a) adopt the storage rack structure of an AS/RS but use shu�les
(�g. 7b) rather than aisle-captive cranes to perform storage and retrieval operations on loads.
Depending on the mobility of the shu�les, a distinction is made between horizontal, vertical,
and diagonal AVS/RSs. In the �rst case, additional li�s need to be installed to perform the
vertical movements of loads. �e la�er, more recent and advanced types, are able to move
throughout the entire storage rack without additional equipment. AVS/RSs have received
increased a�ention in the past decade (vertical AVS/R systems were not introduced into
research until 2016) as a �exible alternative for the traditional AS/R system. �roughput
can be easily ��ed to current needs by exchanging shu�les to busy areas or by increasing
or decreasing the total number of operational shu�les. Azadeh, De Koster, and Roy (2017)
presents a review of research performed on AVS/RSs.
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(a) Perfect Pick AVS/RS (OPEX Corporation, 2018) (b) iBOT shu�le (SupplyChain247, 2013)

Figure 7.: Example of an autonomous vehicle-based storage and retrieval system with shu�le.

3.2.1.2. Storage and retrieval systems operational in �xed multi-deep racks. Both
in single- or double-deep AS/RSs and AVS/RSs, a large share of space is reserved for aisles
used by cranes and shu�les to reach all pick locations. By using the depth of racks and
storing loads behind each other rather than at the next pick location, more storage space
becomes available. In so called multi-deep racks or compact S/RSs an additional mechanism
takes care of the depth movement of loads. Azadeh, De Koster, and Roy (2017) distinguishes
three types of mechanisms: push-back, satellite-, and conveyor-based. Push-back racks are
equipped with a slope such that loads pushed into the storage lane can slide to the front. �is
ensures there is always a load ready for retrieval by crane or shu�le, as would be the case
in a single-deep A(V)S/RS. In such systems the last-in-�rst-out (LIFO) principle is adopted:
because the storage lanes are only accessible from one side, loads being pushed �rst into the
lane only will become accessible if all loads pushed in front have been retrieved or moved
out of the way (Azadeh, De Koster, and Roy, 2017).

Satellite-based S/RSs on the other hand are equipped with an electrically powered mech-
anism, and utilize ‘satellites’ which are connected to aisle-captive cranes. �e crane is re-
sponsible for the horizontal and vertical movement of the load, while the satellite takes care
of the depth movement. �e crane carries the load to the assigned storage lane and the shut-
tle �nishes the storage operation as the shu�le is released into the lane and drops o� the
load. Shu�les (vehicles) can be used instead of satellites to eliminate the presence of the
crane. �is system can be seen as the multi-deep variant of the basic single- or double-deep
AVS/R system. Still the LIFO-principle is applicable as neither satellites nor shu�les are able
to move loads when stored behind another load (Azadeh, De Koster, and Roy, 2017).

In conveyor-based S/RSs loads are moved through a rotating mechanism. Each storage
lane is equipped with a conveyor belt on which loads are stored. �e LIFO-principle still
holds in case the conveyor belt is only capable of moving loads to the front and back of the
storage lane. However, when conveyor belts work in pairs they form a loop that enables
the movement of loads to the front of the storage lane through its rotating mechanism, as
shown in �g. 8. Consequently, all loads on a particular conveyor belt have to move when a
certain load is requested, but in contrary to previous mechanisms these loads do not have
to leave the storage lane in order to make the requested load accessible. For more details on
these types of systems and underlying mechanisms, we refer to Azadeh, De Koster, and Roy
(2017).
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Figure 8.: Pair-wise conveyor-based storage and retrieval system (Based on De Koster, Le-
Duc, and Yugang (2008))

An extension to the use of multi-deep racks is the integration of the puzzle concept. �e
puzzle-based concept has drawn its inspiration from a famous puzzle game which was ap-
plied to the warehouse se�ing for the �rst time by Gue and Kim (2007). �e puzzle-based
S/RS is a conveyor-based system where each load is placed on an individual tile, each
equipped with a conveyor mechanism. All tiles together form a grid in which some tiles,
called escorts, are kept deliberately empty. Blocking loads are repeatedly moved to these
empty tiles through the rolling mechanism of the conveyor such that requested loads can
pave their way towards the exit. In contrary to prior multi-deep systems, only loads ad-
jacent to the requested load are moved such that the movement of all loads is minimized.
�e result is a very dense storage system that, at the same time, o�ers a high throughput;
two objectives that were hard to combine until the introduction of the puzzle-based system
(Gue et al., 2014). Azadeh, De Koster, and Roy (2017) reviews the literature on this compact
storage concept and distinguishes di�erent puzzle-based systems. �e systems we classify
as parts-to-picker systems with automated tools are GridStore, GridPick, and the Live-cube
compact storage system. �e GridStore system is equipped with a replenishment conveyor
in the back and a retrieval conveyor in the front to bring loads to workstations if necessary.
In between the conveyors is a grid of tiles, each equipped with a multi-direction conveyor
platform that can move the carrying load to one of the four adjacent tiles, with at least one of
them empty. A decentralized control system allows the conveyor modules to communicate
with their direct neighbours and negotiate about the upcoming movements. Additional con-
trol rules avoid the occurrence of deadlock. GridPick has inherited the GridStore-structure
with one distinct di�erence: loads do not leave the system, only items requested for direct
order ful�lment (marked by the black tiles in �g. 9) exit the grid. �e replenishment and
retrieval conveyors have been removed and the bo�om edge of the grid functions as a pick
face, manned by a manual picker. Loads move through the grid using the empty slots and
are directed towards the pick face where the picker takes the right quantity of the presented
products (�g. 9). A backward movement (applicable to the tiles with a dot in �g. 9) helps
to spread the empty slots over the grid and to avoid deadlock (Uludag, 2014). �e GridPick
system is strongly related to the MIAPP-AS/RS discussed before, and can be almost imag-
ined as an MIAPP-AS/RS construction laid out over the warehouse �oor. Both systems work
with a pick face (the bo�om aisles in case of the MIAPP-AS/RS, the front edge of the grid
in case of the GridPick) that is continuously changed as the mechanisms in the background
(the upper aisles in case of the MIAPP-AS/RS, the back tiles in case of the GridPick) switch
the loads in the pick face. Both the GridStore and GridPick system are characterized by the
presence of multiple I/O-points.
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Figure 9.: GridPick (Based on Azadeh, De Koster, and Roy (2017))

So far systems applying the puzzle-based concept neglected the opportunity to add
�oors and store more products in a high-level construction. �e Live-Cube compact storage
system extends the grid-layout to multiple �oors, accompanied by a li� to perform the
vertical movements and bring requested loads to and move loads away from the single I/O
point. Although the concept of performing shu�es by using empty slots still holds, there
is a distinct di�erence between the Live-Cube compact storage system and the GridStore
and -Pick system. Live-Cube compact storage systems utilize shu�les to carry loads instead
of tiles equipped with conveyor modules. A movement in the GridStore or -Pick system is
the shu�e of a load from one tile to an empty adjacent tile, while in a Live-Cube compact
system the actual movement of the shu�le (carrying a load) is accounted as a move. In this
case the load does not leave the shu�le on which it was initially stored. On each �oor, at
least one gap in the grid is provided to allow shu�les to move (Zaerpour, Yu, and De Koster,
2015). Advanced car parkings are an example of facilities that use this type of system.

Robot-based compact S/RSs are very similar to the puzzle variants, but instead of move-
ments within the grid, vehicles perform moves on top of the grid. �ere are no racks but
rather piles of bins placed next and on top of each other, forming an adjacent grid. Vehicles
move on top of the grid and store or retrieve bins by executing a li�ing operation (�g. 10a).
�e vehicle brings the retrieved bin to one of the workstations, located at the ground �oor
by lowering it at the side of the frame (Azadeh, De Koster, and Roy, 2017). �e Autostore
system is an example of such a system, invented by Ha�eland (�g. 10b). �e Tilt-Tray sys-
tem, implemented by the Chinese parcel delivery company STO Express, works similarly
but for sorting rather than retrieval actions. Vehicles drive on top of a grid each carrying
an individual package. �e grid is constructed by tiles where some tiles have been removed
and a bin has been positioned below the gap that occurred. �e bin collects packages that
share a certain characteristic, for instance the destination. �e vehicle brings the package
to one of the four tiles adjacent to the designated bin and a tilt movement �nally drops the
package in this bin. For more details on these types of systems and underlying mechanisms,
we refer to Azadeh, De Koster, and Roy (2017).
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(a) Autostore vehicle (Swisslog, 2018) (b) Autostore system (Element Logic, 2018)

Figure 10.: Example of a robot-based compact storage and retrieval system.

3.2.2. Storage and retrieval systems operational in mobile racks

�e parts-to-picker systems discussed so far share the characteristic of being operational in
�xed racks. Although we have seen ideas to overcome the problem of ine�cient use of space
by opting for multi-deep racks, in the majority of these systems available storage space is
still occupied by aisles that exclusively function as passage for machines (cranes and shut-
tles). �e transfer to mobile racks o�ers a solution to this problem. Within the category
of mobile-rack systems, we classify mobile storage systems (MSS). An MSS originally cate-
gorizes as a traditional picker-to-parts system, with the only di�erence that racks can be
moved and aisles can be created where needed (�g. 11a). Although this kind of system has a
higher storage space utilization, the manual operations required still result in high picking
costs, where the travelling component again acts as a dominant factor. Chang, Fu, and Hu
(2006) presents the application of an integrated multi-level conveying device (IMCD) to an
MSS, e�ectively creating a mobile AS/RS (M-AS/RS) and transferring the traditional MSS to
a parts-to-picker system. Hu et al. (2009) extends this con�guration by presenting the in-
tegration of a middle cross aisle model (MCAM) in an M-AS/R system which allows travel
distances to be further reduced. A middle cross aisle splits the aisles in two blocks, the aisle
space created in between the blocks allows to cross aisles when there are no items to be
picked in the second part of the aisle.

Within the category of mobile racks, we also classify carousels and vertical li� modules
(VLMs). Mobile shelves or drawers form the basics of these systems, rather than mobile
racks. Multiple di�erent SKUs are combined on one shelf, which means that carousels and
VLMs are particularly useful for smaller units (bins or individual items). A carousel consists
of several shelves which are linked to each other and rotate in a loop. Depending on the
direction in which these shelves rotate, a distinction is made between horizontal (�g. 11b)
and vertical carousels, with most literature being dedicated to the former type (Azadeh,
De Koster, and Roy, 2017). Shelves are moved around until the shelve with the requested
item(s) is brought to the opening of the carousel. �e mechanism is very similar to the
one utilized in the pair-wise conveyor-based S/RS explained before. However the carousel
system eliminates the intermediary presence of a crane as a human picker is positioned at
the opening of the carousel and can take the right item(s) directly. In reality, one picker is
responsible for multiple carousels, which leads to increased productivity and a very e�cient
S/RS for item-level units. Litvak and Vlasiou (2010) presents an overview of research on the
design and control of carousel systems.
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(a) Mobile storage system
(Jungheinrich, 2018)

(b) Horizontal carousel
(MHI, 2018a)

(c) Vertical li� module
(MHI, 2018b)

Figure 11.: Illustrations of storage and retrieval systems operational in mobile racks.

�e vertical li� module (VLM) is the last type of system we discuss in the current stream
of S/RSs. VLMs share similarities with the vertical carousel system, but di�er in the way they
move products through the construction, not by rotation, but with an extraction/insertion
device, and presented to the picker in the same manner as the carousel (�g. 11c). �e VLM
system is very comparable to the MIAPP-AS/R system. Both systems are equipped with an
automated mechanism that performs a vertical movement to bring products down to the
picker and repeatedly performs shu�es to facilitate order ful�lment. An essential di�erence
between both systems is that VLMs move shelves �lled with several di�erent SKUs, while
in an MIAPP-AS/RS a crane is only able to perform a retrieval or storage action on one load.
An MIAPP-AS/RS might need to perform multiple vertical movements to present the same
number of products as achieved with a VLM. �e composition of the rack in a VLM on the
other hand is of crucial importance as waiting times of the picker can increase quickly if
the majority of products on a shelve are not required to �nish the pick list and still multiple
shu�es are requested. Dukic, Opetuk, and Lerher (2015) studies the throughput model of
a dual-tray VLM, o�ering a solution to the problem by implementing two pick faces rather
than one. �is allows pickers to pick from one shelve while the other one is being switched in
the background. Azadeh, De Koster, and Roy (2017) gives an overview of the limited research
that has been performed on VLMs.

Although we use the term ‘mobile racks’ when discussing MSSs, carousels and VLMs,
the mobility of the racks these systems use is still constrained. In MSSs racks can only be
moved to the right or le�, guided by the notches in the ground. In carousels and VLMs,
all movements need to be executed in the �xed construction built around the shelves. In
other words, the con�guration formed by the racks or shelves (in most cases a rectangular
shape) has to be preserved. Consequently, MSSs, carousels and VLMs are all operational in
a bounded storage structure, a concept we have introduced in section 2.3. Problems that
reoccur in the study of these S/RSs is the way items are combined on shelves (carousels
and VLMs) or racks (MSSs) and the sequence of picking orders, both with the objective to
minimise the number of rack movements and consequently reduce waiting time (Boysen,
Briskorn, and Emde, 2017).

3.3. Automated Guided Vehicle Systems

As de�ned in the introduction of this paper, an AGV is an unmanned, ba�ery-powered ve-
hicle with a transporting and driving unit which enables it to transport goods. Multiple
operational AGVs together form an AGV system (AGVS). We have set out three criteria that
distinguish AGVS from other S/RSs: a vehicle is used to perform or support the picking
operation, the vehicle should execute its tasks in a mobile autonomous manner (a forkli�
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for example does not qualify as an AGVS because it is manually controlled), and the vehi-
cle should not need any existing storage infrastructure in order to be operational. We have
added this last criterion in an a�empt to clarify the added value of an AGVS in comparison
to automated S/RSs, like AS/RSs and AVS/RSs, that already achieve high e�ciency levels.
An AVS/RS for example scores positive on the �rst two criteria, but the shu�le used in this
system needs the rack construction in order to move. An AGV on the other hand can be
positioned anywhere in the warehouse and with the right implementation, it will be able to
move throughout the entire facility. �is facilitates easy capacity changes on the short term
(increased �ow of incoming orders), middle-long term (seasonality e�ects) and long term
(expansion of the facility). Hence, this results in increased �exibility; a desirable character-
istic in the e-commerce environment.

AGVs, such as the one shown in �g. 12a, are increasingly used for the internal and ex-
ternal transport of materials. A signi�cant amount of literature has been dedicated to the
design and control of AGVs in manufacturing processes. Reviews by Le-Anh and De Koster
(2006) and Vis (2006) both emphasize new areas of application, like distribution, transship-
ment and transportation centres, where the use of AGVs is growing. Important di�erences
between the use of AGVs in manufacturing areas and these new application environments
include, among others, the number of vehicles, the amount of congestion, and the spatial di-
mensions of the warehouse. Warehouses are known to perform a large number of repeating
transportation requests, which explains why more vehicles are required and are fully oc-
cupied (Fazlollahtabar and Saidi-Mehrabad, 2015). Vis (2006) questions whether the models
composed for AGVs in manufacturing processes can be extended and used in a warehouse
se�ing, as the majority of problems related to AGVs in a warehouse se�ing have hardly
been studied. �ese issues involve guide-path design, determining of vehicle requirements
(number of vehicles), vehicle scheduling, idle-vehicle positioning, vehicle routing, deadlock
resolution, and ba�ery management.

In this section we give an overview of the di�erent AGVS that are currently used or ex-
perimented with in warehouses without going further into detail about the tactical and op-
erational issues discussed above. Depending on their ability to reduce human pickers’ travel
distances, AGVs can be integrated into a human picker-to-parts or parts-to-picker system,
or they can operate without interference of people as an AGV picker-to-parts systems.

(a) Forkli� AGV (Dematic, 2018b) (b) Collaborative AGV (E�dence, 2018)

Figure 12.: Examples of automated guided vehicles used in warehouses.

3.3.0.1. Human picker-to-parts system assisted by AGVs. Pick support AGVs (PS-
AGVs) are introduced with the purpose to reduce the travel distance not directly related
to the actual picking operation. It mainly concerns the travel distance to the depot a�er a
pick list was �nished such that retrieved items can be sent o� to the next stage (sorting or
shipment). In such a system, an AGV is assigned to a person and follows him during the pick
round. Because a human picker still travels from pick location to pick location, the system
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classi�es as a picker-to-parts system. �e picker puts retrieved items on the AGV, which
behaves like a cart, but when its capacity is reached the AGV (�g. 12b) drives to the depot
on its own. A new empty AGV navigates to the current position of the picker and assists
him for the remaining part of the pick tour. �e picker does not have to interrupt his pick
tour which leads to increased productivity. A variant of the system reverses part of the set-
up. �e AGV guides the human picker by driving in front of him. �e international courier,
DHL, currently utilizes this type of AGV and further experiments with other collaborative
robots.

3.3.0.2. Parts-to-picker system supported by AGVs. Although PS-AGVs release manual
pickers from trips back and forth to the depot, they do not eliminate or reduce the travel
between pick locations. In previous sections we have established that a transfer to parts-
to-picker systems might solve this problem. Pick stations are �xed and manned by human
pickers while products are being moved by small-sized AGVs that drive underneath the rack
storing the requested item(s). �e li�ing unit of the AGV enables it to pick up the rack, while
the driving unit allows it to move the rack to any destination. In contrary to the storage racks
in former sections, the racks in these types of systems are smaller in all dimensions, enabling
an easy movement. �e racks can be positioned anywhere in the warehouse, meeting the
criterion of an unbounded storage structure. Two systems are found in literature, GridFlow
and RMFS. �ey di�er from each other in the variety of products they are able to carry.

�e GridFlow system belongs to the group of puzzle-based S/RSs. Instead of conveyors
or shu�les performing movements on loads, AGVs are now used. Loads are moved by AGVs
by using the puzzle network and empty slots therein, comparable to the grid utilized in
Live-Cube compact storage systems. Additional advantage is taken of the fact that the con-
�guration of this puzzle network can be changed; all loads together do not necessarily have
to form a perfect rectangular shape which enables more �exibility. �e capacity of this S/RS
can be easily adjusted by increasing or decreasing the number of AGVs. So far, to our knowl-
edge the GridFlow system has been adopted mostly for the movement of pallet units rather
than less-than-unit-load sizes. Azadeh, De Koster, and Roy (2017) gives an overview of the
limited research that has been performed on the planning and control of GridFlow systems.

(a) Kiva system (IEEE Spectrum, 2008) (b) AGV used in RMFS (E�dence, 2012)

Figure 13.: Example of a robotic mobile ful�lment system.

�e RMFS (robotic mobile ful�lment system) has been a very hot topic in the past decade,
with earliest publications dating back to 2011. It is be�er known as the Amazon owned Kiva
system (�g. 13a) which has been adopted in many of their warehouses. �e movable racks
in these systems are called pods that in contrary to the GridFlow system each store multiple
small products. Pods are moved by AGVs (�g. 13b) towards workstations where pickers
assemble orders with items gathered from the incoming pods or replenish the pods for the
upcoming orders. Similarly to other systems equipped with mobile racks, it is advantageous
to plan well-though rack combinations in order to facilitate order ful�lment. Determining
the routes, as well as the workstations these pods should pass, become additional planning
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problems. Enright and Wurman (2011) are the �rst ones to introduce the Kiva system in
the literature and describe the con�guration of the system together with the problems it
encounters. Azadeh, De Koster, and Roy (2017) present an overview of the academic research
performed in the �eld of RMFSs, supplemented by the recent work of Merschformann et al.
(2018) who have studied the decision rules occurring in the control of RMFSs.

3.3.0.3. AGV picker-to-parts. AGV systems discussed so far still require the interven-
tion of a human picker to perform the actual retrieval of products on the item level, which
autonomous picking AGVs do not. Autonomous S/RSs use AGVs that are equipped with spe-
cialized tools that enables them to pick loads without any human intervention. �eir driving
unit allows them to move to the pick locations, which is why they are classi�ed as a picker-
to-parts system. Di�erent AGVs can be found, depending on the type of load they can carry.
Forkli� AGVs are equipped with forks to pick up and move pallets (�g. 12a), while clamp
AGVs are utilized for the movement of products that are large and non-palletized or that
have an irregular shape, e.g., rolls (�g. 14a). �e most innovative type of AGV and the last
S/RS that completes our classi�cation table, is one that is able to autonomously perform
picking operations on single (small) items (e.g., a shoebox). Such AGV is supplied with grab-
bing tools that enable it to fetch the right product from the rack. Experiments with this type
of AGV have been executed so far by Fetch Robotics (�g. 14b) and Magazino (Toru Picking
Robot).

(a) Clamp AGV (Dematic, 2018a) (b) Robotic picking on item-level (RBR, 2015)

Figure 14.: Examples of automated guided vehicles used for storage and retrieval operations
on item-level.

4. Evolution of storage and retrieval systems

�e list of S/RSs discussed in the previous sections, shows an interesting evolution where
systems have gradually adapted to the current retail context and the ever-increasing impor-
tance of e-commerce.

�e �rst observed trend concerns the unit size handled by S/RSs. In the design phase of
S/RSs, a shi� can be observed from pallets to individual items. An illustration of this trend
can be found in the fact that AS/R systems were primarily introduced for the storage and
retrieval of unit-load quantities. �e mini-load as a variant on the AS/R system, was created
later to speci�cally handle units smaller than pallets (Azadeh, De Koster, and Roy, 2017). Pick
faces and workstations as another example, function exclusively as stations where item-level
picking is performed. Lastly, the most recent introduced AGVs, like Toru, are technologically
capable of picking single items in a stand-alone manner.
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�e reduction of human pickers’ travel distance has been another decisive trend in the evo-
lution of S/RSs. �e fact that (long) distances have to be travelled in a manual picker-to-parts
system is not caused primarily by a poor storage assignment or an ine�cient routing, but
by the design of these systems. �erefore, the desire for designs that reduce travel distances
has grown rapidly, starting with the �rst AS/R systems dating back to the 1960s (Azadeh,
De Koster, and Roy, 2017). Additionally, the decrease of pick areas (and therefore travel dis-
tance of the picker) by transferring to pick faces and workstations, has received increasing
interest. Dynamic storage systems for example (mentioned brie�y in De Koster, Le-Duc,
and Roodbergen (2007), and �rst studied by Yu and De Koster (2010)) can be compared to
the MIAPP-AS/RS described earlier in this review and are becoming increasingly popular.
Only items required for current orders are presented in the pick area, while other items and
loads are stored in the upper aisles and brought to the pick face by a crane when necessary.
�e ratio of items a pickers can access (with assistance of the crane) to the distance he has to
travel to reach them, is very high in comparison to traditional picker-to-parts system. Lastly,
the introduction of AGVs in the warehouse environment has been well received and creates
many new research opportunities. �e use of pick-support AGVs give rise to interesting
human-robot collaborations, where AGVs take care of movements that do not contribute
directly to ful�lment of orders, such as the trip to the depot.

�e availability of storage space and a higher utilization rate of this space have received
increased a�ention throughout the years. Because of e-commerce, warehouses are now ad-
dressed directly by customers to ful�l their online orders. A large product variety, as well
as su�cient stock, contribute to the quality of service the warehouse can deliver to these
customers. In the design of S/RSs we observe that more complex concepts have been im-
plemented in order to make the most of the warehouse surface that is given. �e LIFO-
principle in multi-deep racks is being challenged and has led to more advanced systems like
the conveyor- and puzzle-based system, that in turn give rise to other operational challenges
like the distribution of escorts in the system. �e MSS system as an a�empt to transfer from
a rigid infrastructure with �xed racks to a space-saving construction with mobile racks, has
received less a�ention in the warehouse literature. �e idea however of creating more mo-
bility by having multiple SKUs moving simultaneously towards a human picker, has worked
out well and can be found in the carousel, VLM, and Kiva systems. Especially the Kiva system
has been a very popular subject in the past years. �e popularity of Kiva systems, carousels,
and VLMs also indicates that the literature has focussed more on the storage of small unit
sizes (items or bins) that facilitate the ful�lment of orders containing less-than-unit-load
requests.

�e last trend that has driven the evolution of S/RSs, is the aim for more �exibility. �e
varying demand of e-commerce orders increases the need for S/RSs that are able to swi�ly
change throughput capacity. Initially, one looks at the type of tool or machine being used
for this. �e use of bin-picking shu�les for example is considered to be a promising solu-
tion, as it was introduced with the purpose to solve the limited employability of aisle-captive
cranes (Azadeh, De Koster, and Roy, 2017). AGVs on the other hand are becoming increas-
ingly popular in the warehouse context not only because of their versatility (they can move
throughout the entire warehouse and can retrieve any load/bin in any aisle) but also because
they can be used non-stop with the ba�ery as their only limitation. Besides the choice of
machine, we also observe that the infrastructure of the S/RS is brought into consideration
when evaluating the �exibility. In this respect, we have introduced the distinction between
systems operational in a bounded and unbounded structure. Systems belonging to the la�er
category, like Kiva and GridFlow, create long term expansion opportunities that might be
less convenient for systems operational in bounded structures.

�e evolution of S/RSs is graphically presented in �g. 15 in which each contour presents
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a type of S/RS. �e purpose of this �gure is to show the transition between systems rather
than decomposing each layer. Starting from the center we have the manual picker-to-parts
systems, followed by the AS/R systems that introduced the transfer to parts-to-picker sys-
tems. �e next remarkable step in the design of S/RSs is the use of mobile shelves as inte-
grated in carousel and vertical li� modules. With carousels we encounter a �rst a�empt of
improving product accessibility through rotation rather than by allowing permanent access
to all products, or applying the LIFO-rule. �e introduction of the puzzle-based system in
warehouses over a decade ago, created the opportunity to take full advantage of the depth
of racks while maintaining easy product accessibility through pathway creation. Latest de-
velopments (bounded by the bolt line) include the use of shu�les (particularly in AVS/R
systems) and AGVs, and the �rst implementations of systems operational in an unbounded
structure. Both developments further improve the e�ciency of S/RSs.

In �g. 15 the shade of the contour gives a rough indication of the amount of research
performed in each of the areas, with most literature dedicated to the study of tactical and
operational problems in manual picker-to-parts systems. AS/R systems have been studied
rather extensively as well, with particular interest in the scheduling of a single crane in
single-deep racks. Current research gaps for AS/RSs include the study of multiple I/O-points
and crane scheduling in dynamic environments (Boysen and Stephan, 2016). Since their aca-
demic introduction in the eighties, carousels have been studied extensively, with a decreased
interest in the past decade (Azadeh, De Koster, and Roy, 2017). �e literature review of Lit-
vak and Vlasiou (2010) particularly focusses on the modelling and performance of carousel
systems. �e authors expose a gap in the literature on carousels concerning the planning of
multiple carousels, because the assignment of a single carousel to a picker is not a situation
commonly found in real-life warehouses. Additionally, the integration of picking strategies
into the multiple carousel problem, where one uses picking times that be�er approaches
reality, is seen as a challenge. Since the introduction of the puzzle-based system in 2006,
about a dozen articles have been published on the subject. Problems tackled in these articles
include the establishment of retrieval time expressions under certain storage assumptions,
and the optimization of the system’s dimensions. A unique problem that arises for this type
of systems is the planning of the escorts (how many empty slots are needed?, where should
they be located in the initial con�guration?, . . . ). �is problem has been studied in a couple
of papers, leaving many future research questions open. AVS/RSs were �rst introduced in
the 1990s and since the �rst study on horizontal AVS/RSs in 2002, this type of systems has
received increased a�ention in academia. With horizontal AVS/RSs, shu�les are assisted by
li�s to perform the vertical movement of loads. �e interaction between both tools gives in-
teresting food for research, with the estimation of vehicle utilization, estimation of waiting
times and vehicle blocking as some of the issues tackled in the past ��een years. Vertical
AVS/R systems have not been introduced until a couple of years ago and therefore have
not received much a�ention in literature so far. Lastly, as set out in section 3.3, the design
and control issues related to AGVs have been primarily studied in manufacturing processes.
Studies on the use and performance of AGVs in order picking se�ings are few and far be-
tween, with the exception of robotic mobile ful�lment systems. Future research directions
in the �eld of AGVSs include the modelling, analysis and optimization of AGVs in order
picking environments, not only in cases where the AGV is used as a stand-alone operator,
but also when it operates in collaboration with human pickers (pick support AGVs), where
the planning of both needs to be done in parallel (Azadeh, De Koster, and Roy, 2017). In
the study of Lamballais, Roy, and De Koster (2017), the authors are aware that the omission
of blocking in their model for RMF systems can be considered a limitation. Although the
authors reason that for RMF systems the in�uence of blocking on throughput and worksta-
tion utilization might be negligible as the human pickers remains the primary bo�leneck,
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we do consider the presence and especially the avoidance of blocking in other AGVS as an
interesting issue. Not only might it help to increase throughput, it is crucial when seen from
a safety perspective to prevent worse-case scenarios that end up in collisions and losses on
an originally expensive investment.

Figure 15.: Evolution of storage and retrieval systems. �e contours present di�erent S/RSs
considered turning points in this evolution. �e shade of each contour gives an indication
of the amount of research performed on each system.

5. Conclusions

Since the advent of e-commerce, warehouses have been playing an increasingly important
role in the supply chain. Warehouses have changed in function, which has led to a remark-
able evolution in the design of S/RSs. �e e-commerce context challenges these systems to
handle larger product variety, reduced lead time of orders, higher demand variability, and
the shi� from pallets to less-than-unit-load orders. A large share of the warehouse literature
has been dedicated to the study of S/RSs on a tactical and operational level, with the aim
to cope with these challenges and to make the order picking operation more e�cient. On a
strategical decision level however, we observe a lack of literature on the topic although an
adequate design of the S/RS is considered to be a prerequisite for e-commerce-ready ware-
houses. In this review, we have derived three objectives from the warehouse literature that
are crucial in the design phase of S/RSs once the unit size has been chosen, for which we
observed a general switch from pallets to items as the basic handling unit. �ese objectives
are the reduction of human pickers’ travel distance, the e�cient use of available storage
space, and an increased �exibility that ensures swi� capacity changes when necessary. �e
objectives form the basics of a �shbone diagram we have presented in section 2, which is
complemented with various design-related decisions and a corresponding range of options
that could help to evolve towards S/RSs that achieve all three proposed objectives. All ele-
ments of the �shbone diagram were restructured in section 3 into a classi�cation table that
allowed us to classify S/RSs and bring the a�ention to similarities and di�erences between
these systems. �is classi�cation has shown that the reduction of human pickers’ travel dis-
tance generally goes hand in hand with an increased �exibility of the S/RS. Especially the
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autonomy of the tools utilized in the S/RSs is considered to have a positive in�uence on both
objectives. In this respect, we observe that the recent introduction of AGVs into the ware-
house comes with promising opportunities because of their autonomy that reaches beyond
the already advanced automated systems. An interesting evolution of S/RSs has unfolded
throughout the years, with technology driving the introduction of ever more complex con-
cepts, e.g., the puzzle-based system. �ese developments have led to the design of S/RSs that
obtain a high score for each of the three proposed objectives. In section 4, we gave a brief
overview of the research performed in the S/RSs that we consider to be a turning point in
the evolution of S/RSs. We complemented this overview with some of the future research
opportunities. Particularly the estimation of the performance and the planning of more ad-
vanced tools that increase �exibility, like the vertical AVS/RS and AVGS have not received
the a�ention they deserve.

References

Azadeh, K., R. De Koster, and D. Roy. 2017. “Robotized Warehouse Systems: Developments
and Research Opportunities.” Available at SSRN .

Boysen, N., D. Briskorn, and S. Emde. 2017. “Sequencing of picking orders in mobile rack
warehouses.” European Journal of Operational Research 259 (1): 293–307.

Boysen, N., and K. Stephan. 2016. “A survey on single crane scheduling in automated stor-
age/retrieval systems.” European Journal of Operational Research 254 (3): 691–704.

Chang, T.-H., H.-P. Fu, and K.-Y. Hu. 2006. “Innovative application of an integrated multi-
level conveying device to a mobile storage system.” �e International Journal of Advanced
Manufacturing Technology 29 (9): 962–968.

Dallari, F., G. Marchet, and M. Melacini. 2009. “Design of order picking system.” �e interna-
tional Journal of Advanced Manufacturing Technology 42 (1-2): 1–12.

De Koster, R., A. Johnson, and D. Roy. 2017. “Warehouse design and management.” Interna-
tional Journal of Production Research 55 (21): 6327–6330.

De Koster, R., T. Le-Duc, and K.J. Roodbergen. 2007. “Design and control of warehouse order
picking: A literature review.” European Journal of Operational Research 182 (2): 481–501.

De Koster, R., T. Le-Duc, and Y. Yugang. 2008. “Optimal storage rack design for a 3-
dimensional compact AS/RS.” International Journal of Production Research 46 (6): 1495–
1514.

Dematic. 2018a. “Clamp AGVs for handling of rolls and unpalletized loads.”
h�p://www.egemin-automation.com/en/automation/material-handling-automation ha-
solutions agv-systems agv-series Egv-STANDARD/clamp-agv. Online; accessed 2 July
2018.

Dematic. 2018b. “FLV - Fork Li� Vehicle AGV.” h�p://www.egemin-
automation.com/en/automation/material-handling-automation ha-solutions agv-
systems agv-types/forkli�-agv. Online; accessed 2 July 2018.

Dukic, G., T. Opetuk, and T. Lerher. 2015. “A throughput model for a dual-tray Vertical Li�
Module with a human order-picker.” International Journal of Production Economics 170:
874–881.

E�dence. 2012. “Warehouse robots come of age.” h�ps://www.extremetech.com/extreme/123765-
automation-warehouse-robots-come-of-age-as-amazon-buys-kiva/2. Online; accessed 2
July 2018.

E�dence. 2018. “E�dence optimise vos �ux logistiques avec des robots collaboratifs et au-
tonomes.” h�ps://www.e�dence.com. Online; accessed 2 July 2018.

Element Logic. 2018. “AutoStore - Automated storage & retrieval system.”

24



h�p://www.elementlogic.net/autostore. Online; accessed 2 July 2018.
Enright, J., and P.R. Wurman. 2011. “Optimization and Coordinated Autonomy in Mobile

Ful�llment Systems.” In Automated Action Planning for Autonomous Mobile Robots, 33–38.
Fazlollahtabar, H., and M. Saidi-Mehrabad. 2015. “Methodologies to optimize automated

guided vehicle scheduling and routing problems: a review study.” Journal of Intelligent
& Robotic Systems 77 (3-4): 525.

Gue, K.R., K. Furmans, Z. Seibold, and O. Uludağ. 2014. “GridStore: a puzzle-based storage
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