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ABSTRACT ARTICLE HISTORY

A literature review on the order picking process in warehouses is Received 26 July 2022
presented for delineating the trends in time of research topics in Accepted 9 March 2023
this field. A total of 269 journal papers published between 2007 and KEYWORDS

2022 were retrieved from Scopus. After a methodological classifica- Order picking; literature
tion, descriptive analyses were performed on authors, journals, review; research trends;
subject area and top publishing countries. Bibliometric tools were bibliometric analyses
used to map the topics covered by the reviewed studies, categorise

them and determine possible relationships. Papers’ contents were

evaluated in terms of eight categories, including five typical issues

of order picking systems, plus three aspects dealing with the char-

acteristics of the application. Insights about the extent to which

these aspects have been covered in the literature are derived;

relationships between the various aspects of the picking process

are also delineated. Suggestions for future research activities are

finally deducted, offering researchers and practitioners strong

bases for works on order picking systems.

1. Introduction

Order picking is the process of retrieving goods from specific storage locations to meet
customer orders and usually contributes to more than 55% of the total warehouse cost (J.
Zhang, X. Zhang, et al., 2021b). This is especially true for manual picker-to-parts systems,
in which the pickers walk through aisles, search and pick items and bring them to a depot
for consolidation (Aerts et al., 2021).

To improve the order picking process, researchers have usually focused on its
economic efficiency (de Koster et al., 2007). Indeed, the traditional goal of planning
approaches to the picking problem consists in decreasing the time required for
completing a single order or a set of orders or, more in general, the minimization
of the travel distance (Schenone et al., 2020; Zuiiiga et al., 2020). Besides this well-
known aim, in the last years, additional aspects have been introduced by researchers
when investigating order picking systems. A recently emerged topic is the optimiza-
tion of the ergonomic conditions of order pickers (Al-Araidah et al, 2020). The
rationale for evaluating this aspect is that the picking process typically includes
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manual tasks, so that an accurate planning of the ergonomic conditions can improve
the pickers’ health and safety, thus reducing the risk of injuries or disorders (M.
Zhang, Winkelhaus et al., 2021). Also, demographic changes imply that people live
longer, while also growing older, with obvious consequences on labour capabilities.
As a second aspect, the recent (and somehow still actual) COVID-19 pandemic has
changed consumers’ attitudes and behaviours towards the usage of technological
tools, involving a tremendous development of some sectors, such as the e-commerce
field (Abbu et al., 2021). Some authors have also argued that the attitude towards the
usage of digital technologies will continue in time (Alderighi, 2021), suggesting a
pivotal role of e-commerce in the next years. Because of the wide number of single
items managed in e-commerce warehouses, order picking will certainly cover a crucial
role in this sector; hence, researchers have started investigating the performance of
picking in e-commerce warehouses, with the aim to minimize the errors made
(Villarreal-Zapata et al., 2020).

These brief considerations, besides confirming the relevance of order picking systems
in practice, suggest a transition in the focus of scientific research on order picking from
the key design issues traditionally evaluated to some emerging aspects. With the aim to
explore the trends in the research on order picking and to highlight the recently emerged
interests, this study conducts a detailed literature review on order picking systems using a
combination of descriptive analyses and bibliometric techniques on a sample of over 260
studies published from 2007 to 2022. The starting point of the selected time span was
chosen taking into account the previous review by de Koster et al. (2007). Although this is
not the only available review paper on order picking (cf. Section 2.2), it was taken as a
reference because the analysis made is similar to ours: indeed, the study classified the
literature on the basis of the typical issues of order picking system design, which are also
referred to in the present study, using a sample of 140 papers published up to 2006.
Instead, the duration of the time span (16 years) is typical of scientometric studies, and in
particular, it is wide enough to delineate the evolution in time of research interests.

From the outcomes from the literature review, the present study delineates the trends
in the research on order picking systems, highlighting the themes that have been more or
less studied, and thus suggests an agenda for future research in this field. These aspects
are expressively evaluated:

(i) Warehouse layout and structure

(ii) Picking processes, storage allocation policies and routing policies
(iii) Problem constraints
(iv) Outcomes observed, in terms of output and performance indexes
(v) Industrial sectors

The article consists of five sections. The next section reviews the relevant literature, to
highlight the contribution of this study compared to the published papers. Section 3
details the research methodology used in this review. A qualitative/quantitative analysis
of the content of the papers reviewed and the relating results are extensively reported in
Section 4. Discussion and conclusions regarding the contributions made by this study are
formalised in Section 5, highlighting the main limitations, and suggesting future research
directions.
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2. Literature review

The literature on order picking is very wide. In line with the aim of this study, this section
recalls the aspects traditionally investigated in order picking studies and discusses pre-
vious reviews on order picking.

2.1. Traditional design issues of order picking

Research on order picking has originally focused on the efficiency of the process, in the
lightof the fact that order picking is the most labour-intensive and costly activity of a
warehouse. To achieve this aim, the literature has deepened some key design aspects,
namely the optimization of the warehouse layout, the efficient assignment of items to
storage locations, the batching of orders and the optimal routing of order pickers in the
warehouse (de Koster et al., 2007; Masae et al., 2020). Indeed, the order picking design
involves many interrelated decisions that affect the final cost of the process (Yener &
Yazgan, 2019).

Warehouse layout planning defines the configuration of the warehouse, including the
number of aisles and cross-aisles (Franzke et al., 2017). Caron et al. (2000) claimed that
the warehouse layout had an effect of more than 60% on the total picking travelling
distance. If the warehouse uses low-level storage racks, items can be picked directly from
the racks without requiring vertical movements, while in case of high-level racks, vertical
movements may be necessary as well (Masae et al., 2020). An important aspect of the
warehouse layout is also the location of the input/output (I/O) depot, i.e. the place where
pickers deposit the items they have retrieved from the warehouse locations. The 1/0O
depot is also the place where pickers receive instructions on the orders they need to pick
in their next picking trip (Ho & Tseng, 2006). Warehouses around the world can have
various layouts, such as conventional or non-conventional. The conventional (rectan-
gular) layout is characterized by the arrangement of parallel aisles, orthogonal to the
walls. On the contrary, there are some non-conventional layouts such as fishbone, U-
shaped and flying-V. A fishbone layout has two diagonal cross-aisles, and the aisles in the
lower zones are perpendicular to the aisles in the upper zones (Cardona et al., 2015). A U-
shaped layout, instead, has the central aisle that is arranged in form of a U put upside
down, and a front cross-aisle connects the central aisles to the depot (Henn et al., 2013).
Finally, in a flying-V design, the middle aisle extends from the depot point to the left and
right of most pick aisles in a V-shape (Celk & Siiral, 2014).

Storage assignment policies address the assignment of products to storage locations in
a warehouse. The literature discusses three typical storage allocation strategies: random
storage assignment; dedicated storage assignment, where items are assigned to shelf
locations based on the item characteristics (e.g. size, weight or usage rate), and class-
based storage, where the warehouse is divided into zones according to item character-
istics, with storage allocation in each zone being random (Masae et al., 2020a).

The picker routing problem, instead, can be described as determining the sequences in
which items are to be collected in the picking tour to minimize the travel time/distance.
The solution approaches for the picker routing can be distinguished into exact, heuristic
and meta-heuristic algorithms (J. Zhang, X. Zhang, et al., 2021b). No matter if simple
heuristics or optimal procedures are used, the goal of routing policies is to minimize the
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distance travelled by the picker. Optimal procedures offer the best solution but may result
in confusing routes. A recent review by Masae et al. (2020) has expressively evaluated the
order picker routing, concluding that there are only few papers that have proposed exact
algorithms for solving the order picker routing problem in non-conventional ware-
houses. Heuristics often yield near-optimal solutions while being easy to use and to be
learnt by pickers (Petersen & Aase, 2004). Examples of these routings include the S-
shape, the midpoint and the largest gap heuristics. Meta-heuristic algorithms, instead, are
powerful techniques applicable generally to a large variety of problems. A meta-heuristic
algorithm is an iterative procedure that guides and modifies the operations of subordi-
nate heuristics by combining intelligently different concepts for exploring and exploiting
the search space (El-Sherbeny, 2010). Examples include genetic algorithms (GAs), ant
colony optimization (ACO), particle swarm optimization (PSO) or tabu search (TS).

To increase space utilization for order picking warehouses, the so-called ‘narrow’
warehouses are commonly employed, and the usage of ‘ultra-narrow’ aisles has been
introduced recently to the same end (F. Chen et al., 2019). Narrow/ultra-narrow aisle
warehouses have one major disadvantage, however, as aisles in such warehouses are
usually too small to allow order pickers to overtake each other. The consequence is that in
narrow aisle warehouses, order pickers working in the same zone may block each other.
Picker blocking or picker congestion can result in longer travel times due to idle, waiting
times or stops and ultimately reduce the efficiency of the process (Franzke et al., 2017).
The number of stops in each tour can also be determined by the available capacity of the
picking device, as well as by the capacity requirements of the items to be picked. For the
definition of the capacity of the picking device, various criteria have been suggested in the
literature. For example, the capacity can be expressed in terms of the maximum number
of orders (Le Duc & de Koster, 2007) or items (Bozer & Kile, 2008; Henn et al., 2010,
2012). The bucket brigade concept that originated from general assembly-line operations,
instead, is a well-known solution to a fixed zone approach. Employing a ‘bucket brigade’
order picking strategy relocates the human labour to balance the workload per worker
(Hong et al., 2016).

2.2. Previous reviews on order picking

The first review paper on order picking is the well-known study by de Koster et al. (2007).
Being a pioneering study, the aim of this paper was to provide a comprehensive descrip-
tion of the order picking process in its various design aspects, including warehouse
layout, storage assignment, order batching/zoning and routing. Similar considerations
hold true for the study by Gu et al. (2007), who have presented and classified various
problems of warehouse design, including (but not limited to) picking activities. After
these studies, subsequent reviews have in general targeted specific aspects of order
picking (e.g. Cergibozan & Tasan, 2019; Gong & de Koster, 2011), or evaluated individual
planning problems, at the same time concluding that many planning problems are not
independent on one another.

To be more precise, Hassini (2009) has focused on the design problems affecting the
optimal storage and order picking of carousels. A similar work has been carried out by
Litvak and Vlasiou (2010), who have reviewed the performance measures and design
approaches to carousel systems, thus discussing picking issues that are typical of those
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systems. Lodree et al. (2009) were the first authors to introduce human factors into
warehouse problems; although inspired by the order picking process, as declared by the
authors themselves, this study has not expressly targeted this activity, taking instead the
more general perspective of task sequencing by minimizing the risk and maximizing the
productivity of workers. The ergonomic issues in picking were deepened later, in the
reviews by Grosse et al. (2015) and Grosse et al. (2017). Recently, De Lombaert et al.
(2022) have proposed a toolset of five modelling constructs, obtained by varying work
rates, quantitative physical state indicators, stochastic worker behaviour and work
execution, subjective worker experience and judgement and socio-demographic worker
differentiations, and it is suitable to be used for humanising order picking planning
problems.

Recent review studies as well have typically targeted a specific design issue of order
picking. Reyes et al. (2019) have presented a systematic literature review (SLR) on the
storage location assignment problem, in which 71 representative papers published
between 2005 and 2017 were classified according to the methods of solution, perfor-
mance measures and restrictions or considerations. Cergibozan and Tasan (2019) have
proposed a review of order batching mechanisms; the same theme has been approached
by Cano et al. (2018), incorporating also considerations about sequencing and picker
routing. Masae et al. (2020) have presented the results of a systematic review of research
on order picking routing. In particular, the authors have identified order picker routing
policies in a systematic search of the literature and then have developed a conceptual
framework for categorising the various policies. Fragapane et al. (2021) have identified
and classified research related to the planning and control of autonomous mobile robots
(AMRs) in intralogistics. The authors have provided an exhaustive literature review that
highlights how technological advancements in AMRs can affect planning and control
decisions. Jaghbeer et al. (2020) have proposed a review of automated order picking
systems, in the light of the developments of the e-commerce channel. Boysen et al. (2019)
have analysed warehousing systems that are well suited for the special requirements of
online retailers in the B2C segment from an operational research perspective.
Winkelhaus et al. (2021) have conceptualised order picking 4.0 (OP 4.0), considering
substitutive and supportive technologies. Based on a conceptual background, the authors
have developed a framework for OP 4.0 as a socio-technical system.

The current view of researchers is that order picking operations need to be optimized
by solving a wide range of interdependent problems; on the contrary, optimizing design
problems sequentially would probably lead to suboptimal performance. In line with this
consideration, the recent review by van Gils, Ramaekers, Braekers, et al. (2018) has tried
to investigate a combination of multiple order picking planning problems. The 61 studies
reviewed were classified by the authors in terms of the approach, performance measure
and relationships between the design issues addressed. A similar perspective has been
taken by Keshavarz et al. (2021), who reviewed 92 studies on order picking, classifying a
combination of tactical and operational problems (e.g. cost, equipment, warehousing,
allocation, routing, batching, sequencing and tardiness). Vanheusden, et al. (2022) have
performed a state-of-the-art of existing literature in order to identify, classify and analyse
practical factors in order picking planning.

The study at hand adds knowledge to reviews on order picking cited just above, in that
it takes into account a greater number of papers (>260) published across a time span of
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16 years, which is wide enough for clearly delineating the trends in the research on order
picking and highlighting the topics emerged in the recent literature. Also, the analyses
made will consider both the traditional design factors of order picking systems and a
comprehensive set of additional aspects that allow the research on picking to be described
in detail.

3. Methodology

To evaluate the state-of-the-art of order picking, an SLR was carried out. SLRs aim to
search, appraise, synthetize and analyse all the studies relevant for a specific field of
research (Hamja et al., 2019; Palmarini et al., 2018). Moreover, a contextualized literature
review helps create or improve our knowledge of ‘for whom’, ‘in what circumstances’ and
‘when’ certain phenomena can be observed (Durach et al., 2021). This kind of review was
selected because it allowed us to construct and understand specific theoretical concepts,
obtain the information needed to construct a set of relevant bibliographical references,
analyse the results at a quantitative and qualitative level, as well as suggest future research
directions on the subject (Seuring et al., 2005). The methodology adopted to conduct the
SLR consisted of the following three steps: (1) creation of the sample of papers; (2) data
collection and (3) data analysis (Liao et al., 2017).

3.1. Sample creation and papers classification

The inclusion criteria of any SLR have to be clearly specified, with the purpose of
correctly selecting the studies to be reviewed and make the selection process replicable.
The Scopus database (http://www.scopus.com/) was used to search for the relevant
literature, to ensure that all pertinent papers are included. In terms of criteria, we have
only included the following review articles:

(1) those in English and published in international journals;
(2) those expressly focusing on order picking in warehouses; and
(3) those published between 2007 and 2022 (included).

First, the keywords to be used in the query were defined. To retrieve a comprehensive set
of papers, the search query was built by combining the ‘OR’ operator in ‘Article title’
between each of the following three terms: ‘order picking’, ‘picker routing’ and ‘picking
order’. The type of document was set as ‘article’. Figure 1 illustrates the procedure
followed.

As can be seen from Figure 1, the query generated a total of 755 papers
(numbers effective 31 December 2022). By applying the first and third inclusion
criteria, the original number of manuscripts was reduced to 316 papers written in
English and published in international journals in the selected time span. The full
text of all these documents was retrieved and examined in detail to ensure that
they met the second inclusion criterion. This screening led to further 47 papers to
be excluded from the analysis because of their limited relevance to order picking
or the unusual or very specific context (see Table 1 for the full list of papers
retrieved and examined). As an example of the excluded papers, Fifller et al.
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wSearch» with the following
terms in wArticle title» of the
Scopus database:

Application of inclusion
criteria (English, International
«Order picking» OR «Picker journal, Article and time-
routing» OR «Picking order» span)

¢ ¢ 4

755 papers ) —-=c=:= - 316 papers g 269 papers

Figure 1. Scheme of the query and relating results.

Manual screening for
appropriateness (focus on
order picking)

(2019) have investigated picking activities in a cafeteria with the purpose of
finding a sequence of customers and scheduling the service for the waiter; this
context is very different from traditional warehouses, which justifies the exclusion
of the study.

The resulting 269 papers were retained and included in the SLR. For classifica-
tion purpose, the paper type was also determined, based on a direct analysis of
the full text; more precisely, papers were categorised into one or more' of the
following categories:

(a) Simulation paper, which provides simulations in an industrial context (van Gils,
Ramaekers, Caris, et al., 2018);

(b) Case study, which presents one or more order picking applications to real contexts
(Maestrini et al., 2017);

(c) Analytic paper, which presents a mathematical model to solve an order picking
problem (van Gils, Ramaekers, Caris, et al., 2018);

(d) Conceptual paper, which identifies order picking research problems and proposes
some conceptual or theoretical solutions, but without any direct application
(Bartolini et al., 2019).

Despite the query was limited to ‘articles’, a small set of eight papers was found to
be more similar to review papers,” as particularly detailed in the analysis and
consolidation of findings and knowledge from publications, which is typical of
reviews (Durach et al., 2021). For completeness, they have been highlighted with
an asterisk in Table 1.

The final sample of papers along with the corresponding classification is proposed in
Table 1.
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Table 1. Full list of papers retrieved and analysed (note: * denotes papers with similarities with review

studies).

Reference

Included
(Y/N)

Classification

Simulation
paper

Case
study

Analytic
paper

Conceptual
paper

Accorsi et al. (2012)

Aerts et al. (2021)

Aitziane et al. (2021)
Al-Araidah et al. (2017)
Al-Araidah et al. (2020)
Aldarondo and Bozer (2022)
Alipour et al. (2020)

Altarazi and Ammouri (2018)
Andriansyah et al. (2011)
Andriansyah et al. (2014)
Ardjmand et al. (2020)
Ardjmand et al. (2021)
Ardjmand et al. (2019)
Ardjmand et al. (2018)
Artal-Sevil et al. (2017)
Atashi Khoei et al. (2022)
Atchade Adelomou et al. (2021)
Atmaca and Ozturk (2013)
Azizpour et al. (2022)
Bahrami et al. (2017)
Bahrami et al. (2019)

Bal et al. (2022)

Bansal and Roy (2021)
Battini et al. (2015)

Battini et al. (2017)

Battini et al. (2017)

Battini et al. (2016)

Beroule et al. (2017)

Bindi et al. (2009)

Bloss (2013)

Bddis and Botzheim (2018)
Bottani et al. (2012)

Bottani and Vignali (2019)
Boysen et al. (2017)

Boysen et al. (2020)
Boywitz et al. (2019)

Bozer and Aldarondo (2018)
Bozer and Kile (2008)

Briant et al. (2020)

Bukchin et al. (2012)
Burinskiene (2010)
Burinskiené et al. (2018)
Calzavara et al. (2016)
Calzavara et al. (2017)
Calzavara, Glock, et al. (2019)
Calzavara et al. (2018)

Y

< < <X << << << << << << <Z< << << << << <Z<K<XZ<Z<<<=<Z=<=<=<2Z2=<2=22Z=<

X X X X X X X

X

X X X X

x

xX X X X

x

xX X X X

X

(Continued)
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Reference

Included
(Y/N)

Classification

Simulation
paper

Case
study

Analytic
paper

Conceptual
paper

Calzavara, Sgarbossa, et al. (2019)
Cano (2020)*

Cano et al. (2018)

Cano et al. (2020)

Cano et al. (2022)

Gelik and Sural (2016)

Celik and Siiral (2019)

Celk and Sural (2014)
Chabot et al. (2018)

Chabot et al. (2017)
Chackelson et al. (2013)
Chan and Chan (2011)
Chandra and Natalia (2021)
Charkhgard and Savelsbergh (2015)
C. -M. Chen et al. (2010)

F. Chen et al. (2013)

F. Chen et al. (2016)

Y. Chen et al. (2022)

R. -C. Chen and Lin (2020)
Cheng et al. (2015)

Choy et al. (2017)

Chuang et al. (2014)
Cierniak-emerych et al. (2021)
Claeys et al. (2016)

da Piedade et al. (2016)
Dallari et al. (2009)
Damayanti et al. (2022)
Dauod and Won (2022)

de Koster et al. (2007)*

De Lombaert et al. (2022)

de Vries et al. (2016)

de Vries et al. (2015)
Dickinson (2016)

Diefenbach et al. (2022)
Diefenbach and Glock (2019)
Djurdjevic et al. (2022)*
Dmytréw (2022)

Duki¢ et al. (2010)

Dukic and Oluic (2007)
Dukic et al. (2015)

Diizgit et al. (2021)

D’haen et al. (2022)
Eisenstein (2008)

Elbert et al. (2018)

Elbert and Miiller (2017)
Elbert, Franzke, Glock et al. (2017)

Y

<< < << Z<<Z<<<<Z<<<<Z<<<=<=<=<=<=<=<=<=<=X====<====x===H=<2=<

x

X X X X X X X X X

X

X
X

X X X X X X X

(Continued)
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Table 1. (Continued).

Reference

Included
(Y/N)

Classification

Simulation
paper

Case
study

Analytic
paper

Conceptual
paper

Ellinger and Hompel (2012)
Fang and An (2020)

Farhadi Sartangi et al. (2022)
Fibrianto &Hong (2019)
Foroughi et al. (2021)

Fumi et al. (2013)

FiBler and Boysen (2017)*
FiBler et al. (2019)

Gajsek et al. (2021b)

Gajsek et al. (2022)

Gajsek et al. (2021a)

Giannikas et al. (2017)

Glock and Grosse (2012)

Glock et al. (2019)

Glock, Grosse, Elbert et al. (2017)
Goeke and Schneider (2021)
Gong and de Koster (2008)
Grosse et al. (2016)

Grosse and Glock (2013)

Grosse and Glock (2015)*

Grosse et al. (2014
2013
2015
Grosse et al. (2017
Gu et al. (2010)
Guo et al. (2011)
Habazin et al. (2017)
Hanson et al. (2018)
Haouassi et al. (2022)
Hara et al. (2020)

HeBler and Irnich (2022)
Henn (2012)

Henn et al. (2010)

Henn and Schmid (2013)
Henn and Schmid (2013)
Henn and Wascher (2012)
Ho and Lin (2017)

Ho et al. (2008)

Hong (2018)

Hong (2019)

Hong et al. (2012)

Hong et al. (2013)

Hong et al. (2015)

Hong et al. (2016)

Hong and Kim (2017)
Hong and Kim (2018)

Grosse et al.
Grosse et al.

)
)
)
)

N

Z < < << <<=<=<=<=<=<=<=<=<2Z=<=<=<=<2Z==<=<=<="==="=<=X"===<=<===<2H=<=H+=<H+=-+=+=<=

xX X X X

X X X X X X

x

x

X X X X X X X X X X X

xX X X X

x

x

xX X X X

x
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Reference

Included
(Y/N)

Classification

Simulation
paper

Case
study

Analytic
paper

Conceptual
paper

Hossein Nia Shavaki and Jolai (2020)
Hsieh and Huang (2011)

Hu et al. (2009)

Huang et al. (2018)

Hulett and Damodaran (2019)
Isler et al. (2016)

Jaghbeer et al. (2020)
Jharkharia and Das (2019)
Jiang et al. (2020)

Kajiwara et al. (2019)

Kang (2021)

Kasparova and Dyntar (2021)
Keung et al. (2022)
Khachatryan and McGinnis (2014)
Khojasteh and Son (2016)
Khojasteh-Ghamari and Son (2008)
Kim et al. (2019)

Klein-Theyer et al. (2016)
Klodawski et al. (2018)
Klumpp and Loske (2021)

Koo (2009)

Kostrzewski (2020)
Kostrzewski et al. (2020)
Kovac and Djurdjevic (2020)
Kubler et al. (2020)

Kulak et al. (2012)

Kuo et al. (2016)

Lam et al. (2014)

Latif and Shin (2020)

H. -Y. Lee and Murray (2019)
I. Lee et al. (2020)

J. Lee et al. (2020)

S. -D. Lee and Kuo (2008)
Lenoble et al. (2020)

J. Lietal. (2017)

Y. Li et al. (2021)

Lind et al. (2020)

Liu et al. (2011)

Lolli et al. (2022)

Lorenc and Burinskiene (2021)
Loske (2022)

Loffler et al. (2022)

Lu, McFarlane, Giannikas, & Y. Zhang (2016)
Madani et al. (2020)

Manzini et al. (2019)

Manzini et al. (2007)
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Table 1. (Continued).

Reference

Included
(Y/N)

Classification

Simulation
paper

Case
study

Analytic
paper

Conceptual
paper

Marchet, et al. (2011)
Marchet et al. (2015)*
Marzialia et al. (2022)
Masae, Glock, & Vichitkunakorn (2020b)
Masae, Glock, & Vichitkunakorn (2020a)
Masae et al. (2021)

Mejri et al. (2022)

Melacini et al. (2011)

Miguel et al. (2022)

Mobhring et al. (2020)

Moons et al. (2019)

Moons et al. (2018)

Mou (2022)

Mowrey and Parikh (2014)
Muter and Oncan (2022)
Nagda et al. (2019)

Oh et al. (2021)

Olah et al. (2020)

Ozden et al. (2021a)

Ozden et al. (2021b)
Oztiirkoglu and Hoser (2019)
Oztiirkoglu and Hoser (2019)
Pan et al. (2012)

Pan and Wu (2009)

Pan and Wu (2012)

Pansart et al. (2018)

Parikh and Meller (2008)
Parikh and Meller (2009)
Parikh and Meller (2010a)
Parikh and Meller (2010b)
Poon et al. (2009)

Pugliese et al. (2022)

Purba et al. (2018)

Quader and Castillo-Villar (2018)
Ramaekers et al. (2018)
Rammelmeier et al. (2012)
Ran et al. (2020)

Rao and Adil (2013)

Rasmi et al. (2022)

Redmer (2020)

Reif and Giinthner (2009)
Renaud and Ruiz (2008)
Revillot-Narvaez et al. (2020)
Rijal et al. (2021)

Rim and Park (2008)
Rojanapitoon and Teeravaraprug (2018)
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Reference

Included
(Y/N)

Classification

Simulation
paper

Case
study

Analytic
paper

Conceptual
paper

Roodbergen et al. (2008)

Saylam et al. (2022)

Scholz et al. (2016)

Scholz and Wascher (2017)
Scholz and Wascher (2017)
Schrotenboer et al. (2017)
Schubert et al. (2018)

Shekari Ashgzari and Gue (2021)
Schubert et al. (2021)
Schwerdfeger and Boysen (2017)*
Sgarbossa et al. (2019)
Sgarbossa et al. (2022)

Shen et al. (2011)

Shetty et al. (2020)

Shiau et al. (2021)

Shouman et al. (2007)

Silva et al. (2020)

Soyaslan et al. (2017)

Srinivas and Yu (2022)

Stinson and Wehking (2012)
Stinson and Wehking (2016)

T. -S. Su and Hwang (2017)

Y. Su et al. (2022)

Sundram et al. (2019)

Tajima et al. (2020)

Taljanovic and Salihbegovic (2010)
Tappia et al. (2019)

Theys et al. (2010)

Trindade et al. (2021a)

Trindade et al. (2021b)

Urzda et al. (2019)

Valle et al. (2017)

van der Gaast and Weidinger (2022)
van Gils et al. (2019)

van Gils, et al. (2018)

van Gils et al. (2017)
Vanheusden, et al. (2022)
Vanheusden et al. (2020)
Vazquez-Noguerol et al. (2020)
Vazquez-Noguerol et al. (2022)
Venkitasubramony and Adil (2017)
Villarreal-Zapata et al. (2020)
Walter et al. (2013)

Wan and Liu (2022)

M. Wang et al. (2020)

X. Wang et al. (2013)
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Table 1. (Continued).

Reference

Included
(Y/N)

Classification

Simulation
paper

Case
study

Analytic
paper

Conceptual
paper

X.-Z. Wang et al. (2013)
Webster et al. (2012)
Weichert et al. (2014)
Weidinger (2018)
Weidinger et al. (2019)
Winkelhaus et al. (2021)
Winkelhaus et al. (2018)
Winkelhaus et al. (2022)
W. Wu et al. (2020)

Y. Wu and Wu (2014)

Y. Wu and Zhang (2008)
Y. Wu et al. (2017)
Z.-H. Wu et al. (2020)
M. -F. Yang (2008)

D. Yang et al. (2022)

J. Yang et al. (2021)

Yousefi Nejad Attari, Ebadi Torkayesh, Malmir, &

Neyshabouri Jami (2021)
Yu and de Koster (2008)
Yu and de Koster (2010)
Yu and de Koster (2009)

X. Zhang et al. (2022)

K. Zhang and Gao (2022)

J. Zhang et al. (2019)

Zhang et al. (2022)

Y. Zhang (2016)

J. Zhang et al. (2021a)

J. Zhang et al. (2021b)*

S. Zhang et al. (2022)

J. Zhang et al. (2022)

Y. Zhuang et al. (2022)
Zhao et al. (2019)

Zhou et al. (2010)

Zhu, J., Guo, J,, Zhou, L., & Zhang, H. (2016)
Zhu et al. (2011)

Z. Zhuang et al. (2021)

Y. Zhuang et al. (2022)
Zidtkowski and Legas (2019)
Zivanic et al. (2019)

Zulj et al. (2018)

Zufiga et al. (2020)
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3.2. Data collection

For each paper in the final sample, eight further categories of data were collected and
recorded in a structured database’; some of the data were retrieved directly from the
Scopus database, while other ones were deduced from an analysis of the paper full
text.

(1) Paper metadata. The first category includes the metadata of the papers, such as
title, authors, year of publication, country, source title, keywords and number of
citations; these data were directly taken from Scopus using the ‘export’ function.

(2) Warehouse characteristics. The second class of data includes the details related to
the warehouse characteristics:

(a) layout (i.e. rectangular, fishbone, U-shaped and flying-V) and
(b) structure (e.g. presence of cross-aisles, depot location, shape factor and nar-

row aisles).
(3) Picking process. The next class of data includes specific characteristics of the

picking process, namely:

(a) picking type (high vs. low level, manual vs. automated);
(b) picking strategy (order picking, batch picking or zone picking);

(4) Storage allocation policies, i.e. random, class-based, correlated or other;

(5) Routing policies, i.e. heuristic, meta-heuristic or exact;

(6) Problem constraints (e.g. picker capacity, congestion, and bucket brigade);

(7) Application context. This category describes the context of application of the study,
which typically include the industry field (for instance, manufacturing, food, auto-
motive, health care, retail, etc.);

(8) Results. The last class of information describes the results obtained in the reviewed
paper. These results were classified as follows:

(a) output type (process improvement, process optimization or comparative
results); and
(b) Key Performance Indicators (KPIs) measured.

Most of the options listed in the previous classes of data are not mutually exclusive. For
example, it is always possible that a study takes into account more warehouse layouts in
the attempt to make a comparison of the results obtained with different warehouse
configurations. These situations will obviously result in the document to be classified
into more categories. At the same time, it is also possible that a paper is not classified into
one of the above classes, if the relating aspect has not been treated in the manuscript.

3.3. Papers analysis

The data collected on the sample of papers were analysed applying both qualitative and
quantitative methods, as detailed in the subsections below.
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3.3.1. Descriptive statistics

The paper metadata were used to make some preliminary qualitative analyses, in the
form of descriptive statistics on the sample of studies. These analyses, carried out using
the basic functions of Microsoft Excel™, aim at delineating the trend of research on
order picking over time, as well as the distribution of the papers among the various
journals and countries. Relating outcomes are described in Section 4.1.

3.3.2. Citation analysis

Citation analysis is a ‘quantitative-oriented’ bibliometric tool, typically used to determine
the most influential articles on a subject, to illustrate the connections between papers in a
literature sample and to identify works that have been pivotal for shaping a specific
research field (Masae et al., 2020). Such an analysis was made on the sample of studies
reviewed, using again the papers metadata elaborated in Microsoft Excel™, to gain
insights into how an author’s work is positioned in relation to others and indicate how
a research field is evolving, as well as to determine the most influential papers in the field
of order picking. Relating outcomes are proposed in Section 4.2.

3.3.3. Keyword analysis

Keywords or research terms are important tools in any research area, as they help
researchers have access to papers, books and works related to their field of expertise
(Amini et al., 2021). Indeed, keywords are deliberately selected or created by authors
themselves, with the aim to (correctly) express the main subject of their papers (L. Yang
et al., 2018). In scientometrics, author keywords are recognised to reflect research topics
(J. Zhang et al,, 2016), and in particular, they are regarded as ‘unique’ topics inside a
wider evolving theme (K. Li & Yan, 2019).

Following the approach by Fadlalla and Amani (2015), a keyword analysis was applied
for mapping the topics covered by the published articles and their classification into well-
established (‘core’), intermittent, phantom/emerging or trendy topics. To this end, the
analysis evaluates the frequency of usage of the keywords of a sample of papers and their
persistence: the former reflects the number of occurrences of a keyword, while the latter
represents the continuity of a given concept over time and is measured as the number of
years since a concept was first introduced as a keyword (Bigliardi et al., 2021). Results are
presented and discussed in Section 4.3.

3.3.4. Content analysis

The last set of analyses was made using the eight categories of data listed in Section 3.2,
which were mapped across the various studies reviewed to deepen the specific contents of
each paper. Cross-analyses, supported by Statistical Package for the Social Science (SPSS)
release 27, were made where appropriate to identify possible relationships between the
various categories. Results are detailed in Section 4.3.
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4. Review results
4.1. Descriptive statistics

In this section, some key results from the descriptive analyses of the sample of papers are
discussed. Figure 2 presents the distribution of the articles reviewed by the year of
publication.

From 2007 until 2015, an average of 8-9 studies per year were published. As can be
seen from Figure 2, in 2016 the number of studies per year started increasing,
reaching 27 articles in 2017, 24 in 2018, 27 in 2019, 35 in 2020, 28 in 2021 and 34
in 2022. Taking into account the fact that the query made was quite general in nature,
the resulting distribution of the papers highlights an increase in time of the number
of papers about order picking, suggesting a stable and continuous focus on this
subject during the last years.

Figure 3 details the distribution of papers as a function of the type of study. We recall
that the papers reviewed could be classified into more than one category; this is for
instance the case for studies that make use of combined approaches, hybrid models or,
more simply, various techniques. Hence, Figure 3 takes into consideration the total
number of applications of each method within the sample of papers reviewed. Having
said that, analytic studies emerged as the most frequent type of study (188 papers),
followed by simulation methods (181). Simulation models are generally recognised as
suitable tools for providing an effective representation of order picking systems, and
compared to analytical models, they allow for the evaluation and testing of a wide set of
policies, even in combination (van Gils, Ramaekers, Caris, et al., 2018). Nonetheless, it is
interesting to note that 130 articles (48.33% of the sample) adopted simulation coupled
with analytic approaches, suggesting that the combined usage of these techniques
enhances the effectiveness of the analysis.
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Figure 3. Paper distribution by research methodology applied.

Many papers (104 out of 269, 38.66%) have proposed a case study, referring to a real
context in which the study was made, or the solution proposed was tested; this outcome
confirms the relevance of order picking in real industrial systems, as also highlighted by
many authors (e.g. de Koster et al., 2007; Melacini et al., 2011). It can also be seen from
Figure 3 that case studies have become more popular in recent years; such outcome could
suggest that recent research has focused on solving picking problems in real contexts,
probably, because of the increased implementation and usage of order picking systems.
Overall, research on order picking seems to privilege practical over theoretical
approaches.

The remaining category (conceptual papers) includes a significantly lower number of
studies. The recalled study by de Koster et al. (2007) has targeted the general context of
order picking systems. Other studies have focused on more specific topics, such as the
level of adoption of order picking systems (Marchet et al., 2015), human factors and
ergonomic issues (Elbert et al., 2017; Grosse et al., 2015, 2017) and, more recently, the
automation of order picking systems (Jaghbeer et al., 2020). Grosse et al. (2016) have
discussed the relevance of human factors in order picking and have developed a meth-
odological approach for the use of qualitative interviewing to study the interaction
between order picking design and human factors. The objective of Battini et al. (2017)
study, instead, is to define how to study fatigue and recovery time in order picking
systems. The main focus is the understanding of which instrument can be used for this
kind of analysis and what are the steps to be taken for the improvement of picking
efficiency through the analysis of fatigue accumulation of the operators.

The 269 papers reviewed have been published on a total of 97 different journals. Table 2
shows the key academic journals in which the articles were published, limited to the
sources that published at least five papers to be more effective. This table is useful for
identifying the most influential journals in the area of order picking systems.

The International Journal of Production Research stands at the top by publishing the
highest number of papers (34 papers out of 269, 12.64% of the sample). Moreover, papers
have appeared on this journal with a good continuity: in 3 years only, there were no
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Figure 4. Geographic distribution of the studies reviewed.

publications about order picking published on the International Journal of Production
Research. Similar considerations hold true for the European Journal of Operational
Research, which is the second ranked journal in terms of publications (25 papers,
9.29% of the sample), and for Computer & Industrial Engineering, the third ranked
journal with 22 publications (8.18% of the sample). Overall, the top three sources
encompass 30.11% of all the selected studies: this suggests that there is a restricted
group of journals which is recognised by the authors working in the field of order picking
as a suitable outlet for their research. These journals are also well established and top
sources in their subject areas.

Countries with the highest number of order picking research are shown in Figure 4 in
ascending order of the relating number of publications. To determine the country of the
study, if conflicts existed, the nationality of the first author was taken as reference, which
is a common approach in review studies (Bottani & Vignali, 2019; Gao et al., 2017).

Germany by itself contributed 18.22% of the studies on picking (49 papers). China
held the second position by publishing 33 papers. The third and fourth ranked countries
are United States and Italy with 29 and 24 studies, respectively. From a practical point of
view, the relevance of the order picking problem in these countries could be justified in
the light of the fact that Germany, China, the US and Italy are all characterized by a quite
high cost of manpower, which plays a very important role in order picking (Daniels et al.,
1998). The top four countries, overall, account for 50.19% of the total papers.

Figure 5 outlines the top contributing authors along with the number of their papers.

In total, 551 different authors contributed to the order picking literature, resulting in
an average of 3.14 authors per paper. Out of 269 papers, only 16 have a single author, 68
articles have two authors, 91 papers have three authors and 64 papers have four different
authors. Also, the majority of authors (433 =78.6%) published one paper only.
Leveraging the facts that multiple papers are typically necessary for a researcher to
exert a high academic impact in a given field (Hou et al., 2020) and that co-author
networks tend to increase across a scholar’s career (S. Lee & Bozeman, 2005), we could
argue that most of the authors analysed are relatively new to the order picking area. One
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Figure 5. Top authors and the number of articles.

hundred-eighteen authors (21.4%) published instead more than one study, and, among
them, Glock dominates the ranking with 23 published papers, followed by Grosse,
Sgarbossa and Calzavara with 21, 12 and 11 papers each, respectively.

4.2. Citation analysis

Citation analysis was made on the sample of papers reviewed, and related results are
presented in Table 3. The left part of the table shows the 10 most-cited publications
overall, while the right part ranks the papers in descending order of the number of
citations per year. This latter parameter was computed as the raw citation counts of the
paper (directly retrieved from Scopus) divided by the number of years elapsed from the
publication of the paper to the time of data extraction (end of 2022).

The papers with highest absolute number of citations are de Koster et al. (2007) (1212
citations), Grosse et al. (2015) (226 citations) and Poon et al. (2009) (223 citations). We
recall that the former study owns some characteristics typical of review papers, which, by
nature, tend to be more cited than original research articles; this is probably the reason
for the very high number of citations, more than four times higher than the second
ranked paper. This latter is instead an original research article that has proposed the
usage of radio frequency identification (RFID) for order picking management in ware-
houses. It is reasonable to argue that the popularity of RFID and its potential for being
used in logistics have contributed to the impact of this paper. Time normalisation of
citations based on calendar years confirms the popularity of the two papers by de Koster
etal. (2007) and Poon et al. (2009), which hold the top and fifth positions, respectively, in
the ranking by citations per year. In this respect, it should be mentioned that the number
of citations per year, although recognised as a suitable index for comparing articles, could
generate inconsistent results for recent papers, as it takes a few years for an article to gain
a foothold in science and at least 2-3 years for it to become successful (Ioannidis et al.,
2016). In our sample, this is reflected by the lower number of citations per year of papers
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Table 3. Top-cited publications.

# Reference Citations # Reference Citations per year (up to 2022)
1 (de Koster et al., 2007) 1212 1 (de Koster et al., 2007) 75.75
2 (Grosse et al., 2015) 226 2 (Grosse et al., 2015) 28.25
3 (Poon et al., 2009) 223 3 (Grosse et al., 2017) 24.00
4 (Grosse et al., 2017) 144 4 (Scholz et al., 2017) 16.67
5 (Theys et al., 2010) 138 5 (Poon et al., 2009) 15.93
6 (Chan & Chan, 2011) 131 6 (Lu et al., 2016) 14.00
7 (Henn & Wascher, 2012) 112 7 (J. Zhang et al., 2019) 13.00
8 (Kulak et al., 2012) 112 8 (Kim et al., 2019) 12.75
9 (Henn, 2012) 109 9 (J. Li et al,, 2017) 12.50
10 (Yu & de Koster, 2009) 102 10 (Valle et al., 2017) 11.83

published since 2017, whose popularity, therefore, cannot be fully evaluated at the time of
writing.

4.3. Keyword analysis

Among the 269 studies reviewed, 260 (96.65%) papers have author keywords, which
accounted for 545 different terms in total. It should be mentioned that the keyword
‘order picking’ was excluded from the analysis because it was originally used to make the
search query on the Scopus database. A preliminary analysis revealed that authors often
use slightly different keywords to express a similar (or the same) concept. This is the case
for ‘RFID’/‘radio frequency identification’ or ‘simulation’/‘simulations’. We consequently
screened manually the various keywords and grouped them into the same semantic area.
Moreover, to be more effective, the analysis was focused on keywords whose frequency is
at least 2, i.e. 133 selected keywords. For the purpose of this study, the persistence was
calculated taking into account the first appearance of a keyword.

By correlating the persistence of the keywords with their frequency, we obtained the
outcomes in Figure 6. This graph is divided into quarters using one horizontal and one
vertical lines as separators. For the persistence, the horizontal line is set at persistence = 8,
corresponding to half of the time span covered in the review. As far as frequency is
concerned, the median value (i.e. frequency = 3) was taken as the threshold. According to
the quadrant they finally belong to, keywords were categorised into four groups:

(1) Well-known research topics (39), with high frequency and high persistence
(2) Intermittent research topics (32), with low frequency and high persistence
(3) Emergent research topics (51), with low frequency and low persistence

(4) Trendy research topics (11), with high frequency and low persistence

Most of the well-established research topics describe very general concepts, and there-
fore, they are likely to be mentioned with a higher frequency by researchers. As shown in
Figure 6, ‘warehousing’, ‘order batching’, ‘warehouse management’, ‘routing’, ‘storage
assignment’, ‘human factor’, ‘logistics’, ‘simulation’, ‘warehouse’ and ‘ergonomics’ belong
to these topics. These keywords cover most of the traditional picking themes, which
indeed have been widely addressed in the literature. Among routing applications,
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Figure 6. Persistence vs. frequency of the keywords.

Weidinger (2018) has investigated the picker routing problem in a rectangular scattered
storage warehouse, which differs from classical picker routing problems by being a
combined selection and routing problem. Similarly, Masae et al. (2020a) have developed
an optimal order picker routing policy for the Chevron warehouse using a dynamic
programming procedure.

An example of intermittent topic is ‘Markov chain’; some of its applications have been
mentioned by Mohring et al. (2020), who depicted the order picking system with levelled
order release, or by Bukchin et al. (2012), who set an optimal decision-making policy. As
shown in Figure 6, other keywords in the quadrant of intermittent concepts refer to
‘radio frequency identification (RFID)’, ‘stochastic model’, ‘queueing’, ‘vertical lift mod-
ule’ (VLM), ‘warehouse optimization’, ‘storage regulatory focus’, ‘pick-and-pass’, ‘ware-
house layout’, ‘multi-picker operations’ and ‘fuzzy logic’. RFID technology has been
treated in three studies, namely Poon et al. (2009), X. Wang et al. (2013) and Choy et
al. (2017). The former authors have adopted RFID technology to facilitate the collection
and sharing of data in a warehouse. Tests were performed for evaluating the reading
performance of both active and passive RFID apparatus. Similarly, Choy et al. (2017)
have proposed an RFID-based decision support system for storage assignment in a
warehouse. Looking at multi-picker operations, Pan and Wu (2012) have presented an
approximation method based on closed queueing network by using the self-correcting
approximation technique algorithm to evaluate the throughput time of an order picking
system with multiple pickers and aisle congestion considerations for different routing
policies. An interesting application of fuzzy logic technique is provided by Lam et al.
(2014) for dividing the receiving orders into batches and prioritise the batch-handling
sequence for picking.

Emerging research topics either include very specific concepts or refer to a particular
process/policy, which is likely to be mentioned with lower frequency by researchers.
These concepts include the specific methodologies applied in some studies (e.g. integer
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programming, genetics algorithms, variable neighbourhood search or multi-objective
optimization) or general topics relating to an order picking system (robotic mobile
fulfilment system, mixed shelves, pick-by-AR, shared storage, put-to-light and pallet
storage).

Among trendy topics, we found few (11) keywords, namely 'vehicle routing problem/,
‘order picking methods', 'e-commerce’, ‘performance analysis', ‘'dynamic programming,
'meta-heuristics’, 'energy expenditure’, PSO/, 'fatigue', 'precedence constraint' and 'pro-
ductivity'. Cheng et al. (2015) have proposed an efficient hybrid algorithm for solving the
joint batch picking and picker routing problem to determine the batch size, order
allocation in a batch and the travelling distance. The core of this hybrid algorithm
consists in the PSO and the ACO algorithms. Studies dealing with fatigue have been
developed by Battini et al. (2017), Winkelhaus et al. (2018), Calzavara et al. (2018), Zhao
et al. (2019) and Al-Araidah et al. (2020). Among them, Battini et al. (2017) have
discussed how to determine fatigue and recovery time in order picking systems. The
focus was on the understanding of the appropriate tool to be used for this kind of analysis
and of the steps to be taken for the improvement of picking efficiency through the
analysis of the fatigue accumulated by the operators.

4.4. Content analysis

4.4.1. Warehouse layout and structure

From the analysis of the papers, it emerged that 99 studies do not precisely mention the
warehouse layout, suggesting that this was not the primary focus of the study. The
remaining 170 papers (63.2% of the sample) instead refer to one or more warehouse
layouts.

Figure 7 shows an analysis of the trend in time of the studies. As shown in Figure 7, the
conventional (rectangular) layout is by far the most popular configuration analysed by
authors and has always been widespread in the literature, being also the only layout
considered in the first studies on order picking. Overall, 158 articles have evaluated the
conventional layout. The remaining layout types are significantly less studied in the
literature and have been studied somehow discontinuously; moreover, they have
attracted the attention of researchers more recently compared to the conventional layout.
This could be due either to the greatest difficulty in modelling layouts other than the
rectangular one or to the lower relevance these layouts have in practice compared to the
rectangular shape. Overall, 17 papers only have considered non-conventional layouts,
either individually or in combination® with other layouts. To be more precise, looking at
the individual layout analyses, the U-shaped layout has been treated in five studies (i.e.
Diefenbach & Glock, 2019; Glock & Grosse, 2012; Glock et al., 2019; Grosse & Glock,
2013; Henn et al., 2013); also, five papers have studied the fishbone layout, while four
studies have evaluated irregular warehouse layouts: three circular layouts (Hong et al.,
2013; Parikh & Meller, 2009, 2010a) and one Chevron (Masae et al., 2020a). More in
detail, Altarazi and Ammouri (2018) have proposed a concurrent simulation-based
design of experiments approach for the design of manual order picking warehouses.
Four different warehouse layouts have been investigated: the conventional one-block
layout, a two-block layout (i.e. a warehouse with one cross-aisle), the horizontal layout
and the fishbone layout. The authors found that the horizontal layout is to be preferred
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compared to all other studied layouts. On the contrary, Celk and Siiral (2014) have
demonstrated that the multi-item order picking problem can be solved in polynomial
time for both fishbone and flying-V layouts. In their study, these two layouts are
compared with the conventional parallel-aisle design under the case of multi-item pick
lists. In addition, the fact that the flying-V layout has never been studied individually
could suggest that research is mainly devoted to exploring this layout as alternative to
more conventional ones, thus further supporting the previous consideration about the
still limited relevance of this unconventional layout in practice.

As far as the warehouse structure is concerned, the key elements taken into account in
this review are the presence of cross-aisles, the depot location, the warehouse shape factor
and the presence of narrow aisles. Each study reviewed was first screened to check
whether these aspects were evaluated, and, if so, which specific warehouse configuration
was examined.

Figure 8 depicts the trend in time of the studies that have evaluated the presence of
cross-aisles in the warehouse structure. A general consideration from the outcomes in
Figure 8 is that most of the studies on order picking have not taken into account the
presence of cross-aisles in the warehouse; overall, this aspect has been analysed in 62 of
the 269 studies reviewed (23.05%).

The reason for the limited number of studies is that it is undoubtedly challenging
to model the picking process in a warehouse that also include cross-aisles because of
the increased complexity of the routing problem, which cannot always be solved in
polynomial time. From a practical point of view, cross-aisles divide the warehouse
into blocks and offer greater flexibility in the routing of pickers; as a result, shorter
travel distances are typically generated. However, this positive effect could be nullified
if the number of cross-aisles becomes excessive, as in that case, the cross-aisles
themselves have to be crossed to reach the items to be picked, increasing the length
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of the picking tour (Bottani, Volpi, et al., 2019). This is why various researchers have
focused on determining the optimal number and position of cross-aisles in the
warehouse (e.g. Oztiirkoglu & Hoser, 2019). The difficulty in modelling the picking
tour and solving the routing problem in warehouses with cross-aisles is confirmed by
the outcomes proposed in Figure 9, which relates the presence of cross-aisles with the
warehouse layout. Indeed, what emerges from this figure is that unconventional
layouts are rarely associated to cross-aisles, which, on the contrary, are more fre-
quently considered when referring to rectangular warehouses.

A further consideration is that the theme of cross-aisle is somehow more popular
among the studies published in the last years (from 2017 onwards); having stated just
above that is it challenging to solve the routing problem in polynomial time, it could be
conjectured that the increased computational power available today might help research-
ers approach this problem. In this respect, the recent literature also suggests possible
relationships between picking and Industry 4.0 (e.g. Winkelhaus et al., 2021).

The presence of narrow aisles in a warehouse is a further important point of its
structure and is relevant to the order picking process because congestion between pickers
can originate from this system configuration (Klodawski et al., 2018). In numerical terms,
as shown in Figure 10, this aspect was studied in 36 (13.38%) of the 269 articles reviewed,
while 233 articles have neglected it. The topic has also been studied quite discontinu-
ously: although the first studies date back to 2007, the number of papers per year that
evaluated warehouses with narrow aisles is quite limited; the only exception is the
presence of five papers in 2018, but overall, this aspect has not gained success in the
literature. The interest towards the analysis of narrow aisles seems to stem from the
industrial practice: indeed, recent studies on the topic (e.g. F. Chen et al., 2019) state that
narrow aisles represent a relatively new features of warehouses, observed at sites of big
retailers and online retailers. From a scientific perspective, as mentioned, the key issue of
narrow aisles is the possibility of congestions; in line with this, mathematical models and
heuristic and exact methods have been proposed by researchers to take into account
congestions and solve them (Chabot et al., 2018; Pan & Wu, 2012).
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As shown in Figure 11, a further consideration is that most of the available studies on
narrow aisles have focused, once again, on the rectangular warehouses, which are easier
to be modelled compared to unconventional layouts. Interestingly, irregular warehouses
are all characterised by narrow aisles, which probably are the features that actually make
these layouts irregular.

Figure 12 presents the trend in time of the studies that have evaluated the depot
location in the warehouse structure. As shown in Figure 12, 113 studies out of 269
(42.01%) have expressly taken into account this aspect in the analyses made, for example
by varying the warehouse configuration and setting different possible locations for the
depot. Examples of these studies are Beroule et al. (2017), Khachatryan and McGinnis
(2014) or C. -M. Chen et al. (2010). Looking at the picking process, it is evident that the
position of the depot affects the total length of the picking tour, as the picker is forced to
start from a given point in the warehouse and come back to the same point once he/she
has completed the tour. In line with this consideration, some studies have also attempted
to optimize the position of the depot taking into account the routing policy applied (e.g.
Roodbergen & Vis, 2006). Once again, recent studies have more frequently considered
the depot location, compared to the older ones, highlighting an increasing interest
towards this topic. As it could be reasonable to expect, the warehouse configuration
typically taken into account when evaluating the depot location is the rectangular one
(Figure 13).

In a similar way, the shape factor, i.e. the ratio between the width and the depth of the
warehouse (Petersen, 1997), affects the picking tour because it modifies the geometry of
the warehouse itself. As shown in Figure 14, this aspect has been almost neglected in the
scientific literature: only 14 studies out of 269 (=5%) have expressly evaluated it, which
means, for instance, that various warehouse configurations were tested (e.g. Chabot et al.,
2017). A possible explanation for the very limited number of studies on this topic is that
most of the studies relating to order picking targets real contexts, in which the warehouse
is already available and owns a precise structure; hence, testing alternative shape factors is
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unfeasible (or at least useless). On the contrary, such testing could be more effective if
made at the design stage of the warehouse, to determine its best configuration (Bottani,
Montanari, et al., 2019).

4.4.2. Picking process
In this section, the main results derived from an analysis of the characteristics of the
order picking process are presented.

Overall, data about the picking level is available in 199 studies of the sample analysed
(73.98%); the trend in time of the studies focusing on this topic is presented in Figure 15.
According to the findings, low-level picking is by far the most used picking solution
(60.81% of the studies), followed by high-level picking (30.65%). It is interesting to note
that in 8.54% of the papers, both levels of picking are evaluated, resulting in a combina-
tion of solutions. This is for example the case for Calzavara et al. (2016), who have
evaluated ergonomics indicators of order picking activities under various scenarios,
namely (1) picking from full pallets at ground level (low-level picking); (2) picking
from half pallets at ground level (low-level picking) and (3) picking from half pallets
on the upper rank of the shelf (high-level picking). To be more precise, the authors have
developed a mathematical model for the ergonomics analysis of picking activities and
have discussed the risk factors related to musculoskeletal disorders associated with the
specific picking system.

Looking at the level of automation of picking systems, the relating aspects are
discussed in 246 studies (91.45% of the sample). Figure 16 presents the frequency of
usage of the different picking types in time. As can be seen from this figure, the picking
type most commonly investigated in the literature is manual picking (76.42%), followed
by the automated picking (14.63%). Indeed, humans and human work remain important
factors in many real picking processes, and manual picking represents the most common
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approach to order preparation in warehouses and distribution centres (Grosse et al.,
2017). At the same time, however, businesses are today forced to implement automated
solutions at various levels, especially in picking, which is the highest labour-intensive
process of a warehouse. In line with these considerations, automated picking processes
are more popular in recent studies (from 2016 onwards) and have gained sufficient
continuity in the last years. At the same time, it is interesting to note that in 8.94% of the
papers, both types of picking (manual and automated) are investigated, with an increase
in recent years. Cano et al. (2020) have introduced for the first time a study of several
mathematical programming models for solving the joint order batching/picker routing
problem (JOBPRP) and the joint order batching, sequencing and routing problem
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(JOBSRP) in manual order picking systems, considering the real warehouse environ-
ments of distribution centres. The authors have presented various formulations of the
travel distance and travel time between picking positions in low-level vs. high-level
picker-to-parts systems and single-block vs. multiple-block warehouses. Instead,
Khojasteh and Son (2016) have addressed an order picking problem in a multi-aisle
automated warehouse, in which a single storage/retrieval (S/R) machine performs storage
and retrieval operations. The objective was to minimize the total time travelled by the S/R
machine to complete the retrieval process of customer orders in the shortest time. da
Piedade et al. (2016) have presented a modelling and simulation approach for evaluating
alternative material handling systems. The approach is based on the combination of
IDEF-SIM (Integrated Definition Methods - Simulation) technique, along with an
implementation using commercial simulation software packages. Two different material
handling settings were proposed and compared, the first one comprising a human-based
system and the second one an automation-based system.

About 10 studies focus on a particular manual order picking system called the ‘bucket
brigade’. Bucket brigade order picking is an essential function of distribution centre
operations. The bucket brigade’s workload balancing characteristic ultimately leads to
high productivity, even though order picking frequently encounters operational disrup-
tions, mostly because of fluctuating demand (Hong, 2019). Among these studies, Hong et
al. (2015) have modelled and quantified picker blocking in bucket brigade order picking
systems. The authors showed that bucket brigade order picking experiences picker
blocking when there is a workload imbalance per pick face. Also, they derived a
closed-form solution to quantify the level of blocking for two extreme walk speed
cases. The bucket brigade system has also been applied in combination with zone picking
strategies (Koo, 2009), or batch picking (Fibrianto & Hong, 2019), and with random
allocation policies (Webster et al., 2012).

Besides order picking, in which a worker picks all the items for a single order on each
tour, other strategies are discussed in the literature, such as batch picking, in which a
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worker collects items for several orders on each tour, and zone picking, in which the
order picking area is zoned. In each zone, an order picker is responsible for picking from
a specific part of the warehouse (Gue et al., 2006; Van Der Gaast et al., 2020). Figure 17
shows the trend in time of the picking strategy applied. The detailed description of the
picking strategy (order picking vs. batch picking vs. zone picking) is available in 253
studies out of 269 analysed (94.05%). As the query made for retrieving the sample of
papers focused expressly on order picking — in line with the scope of the work - this
strategy is obviously the most recurring one in numerical terms, with 153 studies (56.88%
of the sample). At the same time, however, it is interesting to note that the remaining
strategies have been studied as well, even if the primary focus of the papers reviewed was
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order picking. Batch picking, for instance, has been studied in 45 papers, approximately
half of which published since 2017. One of the reasons for this outcome is that batch
picking represents a strategy typically applied in e-commerce distribution centres, which
need to handle thousands of orders in a short time (P. Yang et al., 2020). As recalled
earlier, a recent driver for the increase in e-commerce transactions was the COVID-19
pandemic, whose effect on the consumer’s behaviour is expected to last in time. Hence, it
could be argued that the batch picking strategy will be even more used in the next years.

In contrast, the less common picking strategy is the zone picking (26 articles), quite
scattered across the time span of analysis. As a stand-alone strategy, zone picking has
been discussed in 10 articles only (3.95%), while in the remaining ones (16 papers), it is
always compared with other strategies. More in detail, Kuo et al. (2016) have proposed an
application of meta-heuristic algorithms, namely PSO and GAs, for item assignment in
the synchronized zoning system. The experimental results showed that PSO and GAs can
perform better than the existing algorithms. Y. Wu et al. (2017) have developed a model
for finding merging sequences with minimum order fulfilment time considering a zone
automated order fulfilment system with a number of zones linked by a main conveyor.
Experimental tests showed that the solution presented by the authors can reduce the
order fulfilment time by approximately 5% with both empirical and simulated data. X.
Wang et al. (2013) have proposed an information system framework of the real-time
synchronized zone order picking (R-SZOP) for balancing pickers’ workload by using
RFID technologies. The results proved the feasibility of the R-SZOP system in practice.

4.4.3. Storage allocation policies
Out of the 269 studies reviewed, 143 papers (53.16%) have addressed the theme of
allocation policies, with the frequencies shown in Figure 18.

In general terms, allocation rules attempt to provide an effective way of locating
products, with the final goal to improve the efficiency of the picking process. Random
storage, i.e. the allocation policy in which the location for each item can be selected
randomly from all eligible empty locations, is the most common strategy in the literature,
with 61 studies addressing this policy. From a practical perspective, this outcome reflects
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the wide usage of random storage in real scenarios, due to its simplicity, better utilization
of the available picking locations, as well as to the fact that it requires less storage capacity
compared to other methods (Petersen & Schmenner, 1999). Indeed, the interest towards
random storage is quite stable during the years. Among recent studies dealing with this
policy, Al-Araidah et al. (2020) have presented a Monte Carlo simulation model to
estimate the average rate of energy expenditure and fatigue allowance in manual order
picking systems with high demand rates. Replicates of 10,000 orders with random order
size and random location of items are used. Results highlight a significant impact of body
mass and walking speed on the productivity and rate of energy expenditure.

From a scientific point of view, research has demonstrated that in general, allocation
policies other than the random one have potential to significantly reduce the travel time
(Jarvis & McDowell, 1991; Petersen & Schmenner, 1999). The class-based storage policy,
in particular, assigns items to a number of different classes on the basis of various
possible criteria, an example of which is the cube-per-order index (Mirzaei et al.,
2021). Other classification criteria also exist, such as turnover-based storage classes
(van Gils, Ramaekers, Braekers, et al., 2018), popularity of the item over its life cycle
(Manzini et al., 2015) or density-turnover index (Hwang, Yong, & Cha, 2003). The typical
number of classes ranges from 2 to 5 (Rao & Adil, 2013). An increase in the picking
performance, in terms of length of the picking tour, has been generally observed when
using class-based storage compared to random storage. In line with this, class-based
turns out to be the second most popular allocation strategy in the literature, with 40
studies addressing this topic. The interest is also increasing in time, as recent (2017)
studies have focused the attention on this topic, with a peak in 2020 (8 studies).

A limitation of class-based allocation policies is that they neglect the possible affinity
between two products in historical orders, i.e. the fact that two products could appear as
‘correlated’ in customer orders, being ordered together. ‘Correlated’ assignment policies
are expected to capture this aspect: according to these logics, items often picked together
should be allocated close to each other, to reduce the travel time of pickers (Frazele &
Sharp, 1989). Research on these policies, however, is still limited: 10 papers only were
found to focus expressly on correlated assignment logics (e.g. Y. Zhang, 2016; Accorsi et
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al., 2012; Calzavara, Glock, et al., 2019 or Zhang Y., Y. Zhang, 2016), which emerge as the
least used strategies, on which the literature is limited.

Moreover, it is interesting to note that 32 studies (11.9% of the sample) have proposed
a combination/comparison of more allocation policies; an increase in the number of
combined studies can also be observed in the last years. Bindi et al. (2009) have devel-
oped, tested and compared a set of different storage allocation rules based on the
application of an innovative similarity coefficient coupled with clustering techniques.
This study pays particular attention to the comparative analysis of the performance of
distinct similarity indices, storage assignment strategies (e.g. random, class-based and
correlated) and assignment rules.

In most articles where item allocation policies are considered, the typical aim is to
minimise the travel distance and retrieval time. However, ergonomic aspects are taken
into account in some studies. Among them, Battini et al. (2016) have modelled and
analysed the integration of human energy expenditure, as a key aspect of ergonomics,
into the storage assignment problem. The authors applied a bi-objective approach that
takes into consideration both the total order picking time and the ergonomic aspects.
Calzavara et al. (2017) have developed economic and ergonomic performance measures
for the case where orders are picked from pallets, half-pallets and half-pallets equipped
with a pull-out system. A comprehensive analysis of the different rack layouts showed
that there are opportunities to replace the traditional pallet storage system by half-pallets
with a pull-out system on the lower rank to improve both ergonomic and economic
performance values. Finally, Glock et al. (2019) have proposed an integrated model that
supports the planning of order picking operations and pallet rotations taking into
account both the time required for completing a set of orders and the spinal load of
the order picker, with consequent risk of injuries. The results of a numerical experiment
indicated that selective rotation of pallets may reduce both order picking time and the
workload on the order picker, leading to a quicker and less risky order picking process.
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4.4.4. Routing policies

Among the 269 articles reviewed, 179 studies investigated the various routing policies
existing in the literature (66.54%); Figure 19 displays the share of routing methods across
the years.

As can be seen from the outcomes, more than two-thirds of the studies reviewed
have made use of heuristic (54.75%) or meta-heuristic (14.53%) approaches for
routing order pickers. This result is in line with the review by Masae et al. (2020),
who found that heuristic algorithms are the most widely used approaches in the
routing field, followed by meta-heuristic algorithms. Indeed, the problem of routing
order pickers in a warehouse is a special case of the travelling salesman problem
(TSP), which is recognised as a NP-hard problem in operation research (Theys et al.,
2010). The exact solution of this problem cannot always be determined in polynomial
time; this somehow contrasts with the fact that picker routing is an operational
decision, which need to be made almost in real time (Bottani et al.,, 2012). In the
attempt to combine these antithetical needs, the general aim of research on routing
policies is to find optimal or near-optimal solutions for minimizing the travel distance
of pickers, using relatively fast methods, such as heuristic and meta-heuristic
approaches. Also, the number of papers focusing on these approaches has increased
in the last years, showing that research on heuristic or meta-heuristic algorithms is
still actual.

Routing and storage allocation policies have been frequently evaluated in conjunction,
showing a general relationship between storage and routing planning problems (Manzini
et al., 2007; Theys et al., 2010). In Table 4, a cross-analysis has thus been made to relate
the routing algorithm with the storage allocation policy. The outcomes show that
heuristic algorithms have been proposed in conjunction with all storage assignment
policies, with a prevalence of random storage (24 studies). Meta-heuristic algorithms
have instead been proposed in conjunction with random and class-based storage policies.
Neither exact nor meta-heuristic algorithms, instead, are available for correlated storage
policy environments.

Among the studies that coupled random allocation strategies with heuristic routing
policies, Shouman et al. (2007) have addressed the problem of routing methods in
warehouses with multiple cross-aisles. In particular, the authors have developed two
new ad hoc heuristics, called block-aislel and block-aisle2, with the aim of decreasing the
total time spent in the order picking process. The order size and locations were randomly
selected. J. Zhang et al. (2018) have studied the online order fulfilment scheduling
problem in B2C economic companies. The authors have modelled the problem as an
online scheduling problem of order picking and multizone delivery with limited vehicle
capacity. In this paper, the S-shape strategy is used to define the picking route and the
random storage is chosen. The final goal is to minimize the makespan and the total
delivery cost. Looking at meta-heuristic routing policies coupled with random allocation,
Zhao et al. (2019) have presented a work-rest schedule model for the picker-to-parts
system. Two objectives are proposed that include minimization of the picking time and
of the picking error rate. The authors have used a GA to solve a multi-objective
optimization problem in which goods are stored randomly in static shelves. In addition,
a case study is developed to check the model effectiveness and confirm the opportunity of
taking into account the human factor in picking systems.
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Figure 19. Routing policies vs. publication year.

From the review of the literature, it is also evident that a relationship exists between
the routing algorithm, the warehouse layout and the number of blocks. In Table 5, a
further cross-analysis was thus made to relate routing policies and warehouse structure.

Overall, 140 papers out of the 269 in the sample have expressly related the routing
policy to a specific warehouse layout. Moreover, it can be seen from this table that most
of the available algorithms have targeted the rectangular warehouse layout (126 papers
out of 140); a peak of 74 papers has proposed heuristic algorithms in rectangular ware-
houses. Also, almost all the exact algorithms (10 papers out of 11) have been developed
for rectangular warehouses, probably in the light of the easier representation of the
picking tour in these warehouses compared to non-traditional ones. For U-shaped,
flying-V and other unconventional layouts, no exact algorithms are available in the
literature. It is also immediate to observe that if the warehouse structure is more complex
in terms of the number of blocks (i.e. if it owns cross-aisles), solving exactly the routing
problem becomes significantly more difficult, with less algorithms available and limited
to the rectangular layout.

Among the studies that analysed rectangular layouts with heuristic routing policies,
Hsieh and Huang (2011) have developed and verified by simulation experiments, two
new batch construction heuristics called k-means batching (KMB) and self-organization
map batching (SOMB) in a rectangular warehouse. Both batching strategies show a
preferment of superior performance in total travel distance and average picking vehicle
utility, and, from a computational point of view, even a conspicuous improvement in
total CPU running time. Y. Zhang (2016) has instead developed a correlated storage
assignment strategy (CSAS) to reduce the travel distance in the picker-to-parts order
picking system for a conventional rectangular single-block warehouse. Consequently,
various heuristic algorithms of the CSAS are developed and tested.

Related to the picking process and relating design problems is the software tool that
the authors can use to solve the problem. In this respect, Figure 20 shows the usage of
software tools across the studies reviewed, paying particular attention to analytic and
simulation studies. To be more effective, the representation is limited to those software
tools that were used at least three times. As the figure shows, CPLEX and Matlab are the
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Table 4. Cross-analysis of routing algorithms and allocation policies.

Routing policies

Storage allocation policy Heuristic Meta-heuristic Exact Combination Total
Random 24 6 9 1" 50
Class-based 20 6 1 9 36
Correlated 5 0 0 2 7
Combination 20 0 1 6 27
Total 69 12 1" 28 120

Table 5. Cross-analysis of routing algorithms and warehouse characteristics.

Routing policy

Warehouse characteristics Heuristic Meta-heuristic Exact Combination Total
Rectangular No cross-aisles 49 10 5 17 81
With cross-aisles 25 4 5 1 45
Subtotal 74 14 10 28 126
Fishbone No cross-aisles 1 0 0 0 1
With cross-aisles 0 0 0 0 0
Subtotal 1 0 0 0 1
U-shaped No cross-aisles 2 1 0 2 5
With cross-aisles 0 0 0 0 0
Subtotal 2 1 0 0 5
Flying-V No cross-aisles 0 0 0 0 0
With cross-aisles 0 0 0 0 (1]
Subtotal 0 0 0 0 0
Irregular No cross-aisles 2 0 0 0 2
With cross-aisles 0 0 0 1 1
Subtotal 2 0 0 1 3
Combined No cross-aisles 1 0 1 0 2
With cross-aisles 0 0 0 3 3
Subtotal 1 0 1 3 5
Total No cross-aisles 55 11 6 19 91
With cross-aisles 25 4 5 15 49
Total 80 15 " 34 140

most used software packages, with 30 and 23 applications, respectively. The usage of
CPLEX is typical of analytic problems, in line with the capabilities of this software
package, or to mixed analytic/simulation studies; Matlab, instead, seems to be exploited
mainly for simulation purposes or, again, in mixed analytic/simulation studies.

4.4.5. Problem constraints
In this section, the main results in terms of constraints evaluated are presented. Among
the 269 reviewed articles, 99 studies (36.80%) have taken into account various con-
straints, whose frequency is shown in Figure 21.

As it is easy to observe from Figure 21, the capacity of pickers, in terms of the number
of items that a picker can handle in a tour (Ardjmand et al., 2020), is the problem
constraint most frequently evaluated in research articles (62 out of 99 papers). This aspect
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is probably the most relevant in practice too, as in real operating environments, orders
must be assigned to pickers with sufficient capacity or, alternatively, the picking tour
should be revised in the light of the picker capacity (Ardjmand et al., 2019). Twenty-one
papers have instead analysed issues relating to the congestion of pickers and almost
always have dealt with the case of narrow aisle warehouses (16 out of the 21 studies).
Earlier in the manuscript, it has been recalled that narrow aisles are typical features
recently observed at sites of big retailers and online retailers; in line with the newness of
this feature, most of the studies on narrow aisles appeared in the recent literature. Seven
papers only have instead focused on bucket brigade order picking. This latter represents a
flexible response of pickers to the operational variation in order picking (Hong, 2019).
Studies on this topic are somehow discontinuous in literature, probably, because of the
limited potential for applying this solution in practice; indeed, bucket brigade is well
suited for some order picking systems only (i.e. flow-rack order picking system). The
remaining eight studies have considered a combination of multiple constraints. To be
more precise, the capacity constraint has been typically associated to congestion con-
siderations (Bahrami et al., 2017; Moons et al., 2018; Tappia et al., 2019; van Gils et al.,
2019). In turn, congestion issues have been evaluated in conjunction with the bucket
brigade scenario by Hong (2018, 2019). One study only (i.e. Hong et al., 2016) has taken
into account the whole set of three constraints.

4.4.6. Application context

The industrial sectors in which the case studies were carried out are shown in Figure
22. As a first consideration, many papers (162) did not present a case study, thus
preventing the possibility of identifying an industrial sector in which the research was
carried out. These papers could be in the form of a laboratory experiment or a
simulation study. In 16 cases, the application involved multiple industrial sectors,
resulting in the paper to be categorised into multiple fields. This is for instance the
case for Gu et al. (2010), who have proposed a branch-and-bound algorithm to solve
the forward-reverse allocation problem in an office product warehouse and in a tyre
warehouse. Glock, Grosse, Elbert et al. (2017) have applied their proposed approach
to various industrial sectors simultaneously: manufacturing, automotive, retail and
chemical. J. Zhang et al. (2019) have studied the online integrated order picking and
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Figure 22. Industrial sectors vs. publication year.

delivery problem for an online-to-offline community supermarket, and order pickers’
learning effects were considered to better plan the integrated problem. Manzini et al.
(2019) have introduced a practice-ready systematic methodology for the management
of storage assignments and allocation decisions as well as an assessment of the
resulting performance in an order picking system. The analysis targeted a real-
world case study and addressed a third-party provider warehouse operating in the
beverage sector responsible for serving hundreds of canteens, restaurants, and bars in
Italy. Briant et al. (2020) have presented an exponential linear programming formula-
tion to tackle the joint order batching and picker routing problem. The methodology
proposed by these authors was applied to two distinct industrial scenarios, Foodmart
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and HappyChic; the former originates from online grocery shopping, while the latter
is a French company specialized in men clothes.

As far as the specific sectors are concerned, retailing is by far the most popular field in
which order picking research has been carried out, with 38 papers, followed by e-
commerce and manufacturing, with 33 and 19 papers, respectively. Also, the retailing
and manufacturing sectors have been studied with good continuity, while papers addres-
sing picking problems in the e-commerce field started being published in 2017, thus
confirming the increased importance of this field in recent years.

4.4.7. Results
4.4.7.1. Output type. The outputs returned by the studies reviewed are shown in Figure 23.
We recall that the outputs were categorised as process improvement, process optimization
and comparative results and that these categories are not mutually exclusive, as a paper can
obviously report both comparative analyses and an improvement of the process. As Figure 23
shows, the comparison of scenarios is very frequent in order picking studies, with 198 out of
269 papers (=70% of the sample) proposing results in this form. Results in terms of process
improvement are achieved in a relevant number of studies as well (138 papers, 51.3% of the
sample). Process optimization is reported in 67 studies (24.91% of the sample); this is
probably a consequence of the objective difficulties in obtaining the global optimal result of
the problem investigated (e.g. in the case of routing problems). Looking at the trend, all
categories of outputs have been studied with good continuity in time, suggesting that research
on order picking has always been approached with a view on quantitative outcomes, intended
for the optimization of the process. Also, all categories experienced an increase in recent
years, thus indicating that researchers are always seeking for the optimal design of the picking
system.

For a deeper investigation of these aspects, in Tables 6 and 7, a cross-analysis was
made to combine the output type with two key design issues of picking systems, i.e.
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Table 6. Cross-analysis of routing algorithm vs. output type.

Routing algorithm

Output type Heuristic Meta-heuristic Exact Combination Total
Improvement 46 8 8 19 81
Optimization 20 7 5 7 39
Combined (improvement/optimization) 2 4 0 3 9
Comparison of scenarios 71 22 8 34 135

Table 7. Cross-analysis of storage allocation policies vs. output type.

Storage allocation policy

Output type Random Class-based Correlated Combination Total
Improvement 27 17 5 15 64
Optimization 14 8 3 2 27
Combined (improvement/optimization) 1 4 1 1 7
Comparison of scenarios 47 31 8 27 113

routing algorithms and storage allocation policy. The cross-analysis for routing algo-
rithms carried out in Table 6 shows that most of the outcomes were reported when
studying heuristic algorithms and that comparative results and improvements are the
most frequent categories of outcomes reported.

Looking instead at the relationship between storage allocation policies and output
type, as shown in Table 7, outcomes first confirm that the random policy has been more
investigated compared to the remaining policies and that most of the studies are
comparative in nature. Similar considerations hold true for the class-based policy. It is
also interesting to observe that optimization studies have been proposed for all policies,
with a prevalence for the random one, but with some studies also targeting more complex
policies such as the class-based or the correlated one.

4.4.7.2. KPIs measured. The full list of KPIs evaluated in the sample of studies is
proposed in Figure 24.

For classification purpose, the KPIs found in the papers reviewed were divided into
five classes, namely:

(1) Technical KPIs, whose aim is to evaluate the operational aspects of the picking
process

(2) Efficiency KPIs, focusing on productivity of the process

(3) Ergonomic KPIs, whose aim is to evaluate the efforts made by the picker during the
process

(4) Computational KPIs, which express the speed in executing the computer program
or algorithm

(5) Other KPIs, which group performance indexes not falling into the above categories

In numerical terms, technical KPIs are the most frequent category of performance
indexes evaluated in order picking systems and appeared in 186 studies (69.14% of the
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Figure 24. KPIs measured vs. publication year.

sample). Within this category, specific KPIs evaluated are the travel time, travel distance
and waiting time. The most analysed technical KPI is travel time, with 72 papers
(38.71%), while the waiting time is the less studied. In practical terms, the travel distance
can be seen as equivalent to the travel time, as this latter is typically a linear function of
the distance covered by the picker in the tour. Among the studies that evaluated the travel
time, X. -Z. Wang et al. (2013) have addressed the order picking problem in a material
handling system consisting of multiple carousels and one picker. The objective was to
find the optimal picking sequence that minimizes the travel time. Ho and Lin (2017) have
instead studied the problems caused by the fixed-sequence-route constraint in a sequen-
tial zone-picking line by proposing a new zone-picking network that offers routing
flexibility to orders. In this study, the authors have proposed and studied 13 tote-
dispatching rules. Among them, there is the minimum travel time dispatching rule.
Various studies have simultaneously evaluated travel time and travel distance, which is
a logical combination; among these studies, Hu et al. (2009) have proposed the middle
cross-aisle model based on the perspective of warehouse layouts of mobile-automated
storage/retrieval system. They found that both travel distance and time could be reduced
significantly by reducing the huge rack row and making rack row movements more
efficient and safer. Shetty et al. (2020) have addressed the problem of routing optimiza-
tion for order picking in a warehouse to minimize the travel time and distance. In
particular, the authors proposed an easy-to-implement vehicle routing-based approach
in conjunction with the distance matrix for determining the optimal route of order
pickers. The waiting time, which is rarely investigated in the literature, is often associated
to congestion constraints and is used to mitigate picker blocking in manual picking
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systems (Hong et al., 2015), especially in warehouses with narrow aisles (F. Chen et al.,
2013, 2016, 2019; Hong et al., 2013).

The second most studied category of KPIs refers to the efficiency of the picking
process (93 studies, 50.0%), either in terms of productivity of the picker or of cost of
the process. To be more precise, from Table 8 it can be seen that productivity has been
evaluated in 48 studies, while cost-effectiveness in 36, resulting in 51.61% of the studies
aimed at improving its productivity and 38.71% aimed at optimising the system’s cost. In
addition, 9.68% of the articles has evaluated both aspects. Among those studies that aim
at reducing the system’s cost, Parikh and Meller (2008) have focused on the issue of
selecting between a batch picking and a zone picking strategy. For this problem, the
authors proposed a model to estimate the cost of both types of picking strategy. Atmaca
and Ozturk (2013) have instead built a mathematical model that minimizes the cost of
holding stocks for an AS/RS system. The authors have obtained the optimal solution as
they limited the analysis to a problem with a small solution space.

As mentioned earlier in the manuscript, ergonomic issues in picking activities are not
marginal, as picking is often carried out manually by human operators and rarely
automated; this review itself has highlighted a small percentage (14.63%) of studies that
evaluated automated picking. Therefore, when analysing an order picking system, the
efforts made by the pickers and the ergonomic working conditions are to be taken into
account. Awareness about the relevance of these aspects has emerged only recently in the
literature on order picking systems: overall, 33 studies have addressed this point, and 30
of these studies were published since 2015. Among these, van Gils et al. (2017) have
introduced workload forecasting in a warehouse context, in particular a zone picking
warehouse. The objective of this study is to present time series forecasting models that
perform well in a zone picking warehouse. Lind et al. (2020) have evaluated the short-
term effect of real-time vibrotactile feedback on postural exposure using a smart work
wear system for work-posture intervention in a simulated industrial order picking
system.

The computational performance, in terms of computational time, has been evaluated
in 66 studies only (=25% of the sample). This outcome is somehow surprising. Indeed,
many authors have highlighted that the computational complexity of the picking (in
particular, routing) problem increases rapidly with warehouse size and the number of
items in the picking list (Theys et al., 2010), which emphasises the relevance of this
aspect. Also, results of this review have confirmed that heuristic and meta-heuristic
algorithms are by far the most applied tools for determining the picking route. The
rationale behind the usage of a heuristic or meta-heuristic approach is typically the
possibility of determining a good (not always optimal) solution in a relatively short
time, which, once again, substantiates the importance of evaluating the computational
time. Hence, it is strange to see that most of the studies have neglected a detailed
evaluation of the computational performance. Looking at the studies that evaluated the
computational performance, Gu et al. (2010) have developed a branch-and-bound algo-
rithm based on outer approximation to optimally solve the forward-reverse allocation
problem. Computational results demonstrate that the proposed optimal algorithm,
although requiring more computation effort than best heuristic algorithm, is fast enough
to solve practical problems. Kulak et al. (2012) have proposed two innovative cluster-
based TS algorithms to solve the order batching and picker routing problems jointly for
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Table 8. Cross-analysis of KPI measured vs. routing algorithm.

Routing algorithm

Detailed KPI Heuristic Meta-heuristic Exact Combination Total

Technical KPIs Travel time 28 6 5 6 45
Waiting time 3 1 0 2 6

Travel distance 32 7 4 16 59

Combination 13 2 4 11 30

Total 76 16 13 35 140
Efficiency KPls Productivity 18 4 2 5 29
Cost-effectiveness 15 8 4 2 29
Combination 5 0 1 1 7
Total 38 12 7 8 65
Ergonomic KPIs Ergonomic efforts 9 4 1 2 16
Total 9 4 1 2 16
Computational efforts Computational time 21 1 5 18 55
Total 21 11 5 18 55
Other KPIs Customer service 3 2 1 0 6
Optimal layout 7 1 0 1 9
Picking errors 3 1 0 0 4

Total 13 4 1 1 19

multiple cross-aisle warehouse systems. Weidinger et al. (2019) have defined the result-
ing picker routing problem in mixed-shelves warehouses and have provided efficient
solution methods.

The last category (other KPIs) includes additional KPIs, not strictly falling into the
remaining classes. Within this category, three relevant KPIs have been identified from the
studies reviewed, such as customer service aspects, layout optimization and picking
errors. Both customer service and picking errors are rarely investigated in the literature
(7 and 10 studies, respectively). Customer service is typically evaluated in terms of the
order fulfilment time (Urzda et al., 2019), possibility of satisfying late orders (Moons et
al., 2018), average throughput time (Melacini et al., 2011) or higher on-time service
completion (Gong & de Koster, 2008). Layout optimization has instead been addressed in
14 studies. For example, Roodbergen et al. (2008) have presented a model that minimizes
the travel distances of pickers by identifying an appropriate layout structure consisting of
one or more blocks of parallel aisles.

Some cross-analyses were made to relate the KPIs evaluated in the paper:

e to the routing algorithm applied in the study and
e to the research methodology.

The first cross-analysis confirms that the computational effort is not always evaluated by
the authors even in studies that proposed heuristic or meta-heuristic routing algorithms
(Table 9); on the contrary, the percentage of studies in which that performance is
evaluated is quite low (21.43% for heuristic algorithms and 42.3% for meta-heuristic
algorithms, respectively). Conversely, technical KPIs, such as either the travel time or
travel distance, are evaluated with respect to any kind of routing algorithm.
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From the correlation of the performance indexes with the research methodology,
some considerations can be made about the methodological tools that enable the
evaluation of specific KPIs. The outcomes (Table 9) show that regardless of the particular
methodology, technical KPIs have almost always been evaluated by authors; reversing the
reasoning, all research tools can be primarily intended to measure technical KPIs. The
combination of various research methodologies contributes to the evaluation of more
KPIs, falling into different classes (e.g. the technical, efficiency and other categories).

Among the studies that coupled simulation with the evaluation of technical KPIs,
Bahrami et al. (2017) have tested and analysed the effect of different routing methods as
well as order sequencing and storage strategies executed under different batching meth-
ods on low-level picker-to-parts picking performance. The authors have carried out
extensive simulations of the order batching process to evaluate the performance of
warehouse picking activities in terms of total distance travelled by operators, collisions
between multiple pickers and order lead times (affected by congestion). Looking at
efficiency KPIs coupled with simulation models, Ramaekers et al. (2018) have estimated
the additional cost of allowing customers to choose a preferred delivery time window
using the integrated order picking vehicle routing problem. An experimental design was
set up by the authors to investigate this service cost under varying circumstances
depending on customer characteristics (clustered in an urban region or dispersed in a
rural setting), time window characteristics (allowed time window width) and operator
size (number of orders to schedule). Based on the results of the simulations, the authors
conclude that the investigated factors have a significant impact on the additional cost of
allowing customers select a delivery time window. Only one study (C. -M. Chen et al.,
2010) has evaluated secondary KPIs (i.e. optimal layout) using simulation; these authors
have developed a novel framework to evaluate the full performance of order picking
systems with different combinations of storage and order picking policies. To be more
precise, the authors have used data envelopment analysis to evaluate the performance of
different policy combinations through the Monte Carlo simulation.

5. Discussion and conclusions

Order picking is the single most expensive activity in warehouse management. Without
tackling order picking successfully and efficiently, it is almost impossible for any business
to have an efficient logistics system (Sankalp et al., 2019). With the aim of deepening the
picking problem, we carried out a detailed analysis of order picking in warehouses, using
bibliometric tools on a sample of 269 journal papers published from 2007 to 2022. These
studies were classified into conceptual papers (33), case studies (104), simulation papers
(181) and analytic papers (138). Probably because of the larger sample of papers analysed,
this preliminary classification turns out to be not fully aligned with the results of van Gils,
Ramaekers, Caris, et al. (2018), who have instead found that simulation studies form the
largest category of research papers about picking. Conversely, in the review of van Gils,
Ramaekers, Caris, et al. (2018), analytical models appear to be significantly less consid-
ered as possible approaches to order picking planning problems.

The whole sample of papers reviewed was analysed through descriptive statistics about
the year of publication, geographic origin of the study, influential authors and journals.
Then, citations and keywords analyses were carried out to delineate the main topics
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Table 9. Cross-analysis of KPI measured vs. research methodology applied.

Paper type
Detailed KPI Simulation Case study Analytic Conceptual Combination Total
Technical KPIs Travel time 7 3 8 1 53 72
Waiting time 1 0 0 0 8 9
Travel distance 12 1 9 0 40 62
Combination 2 2 5 0 34 43
Total 22 6 22 1 135 186
Efficiency KPls Productivity 5 3 3 0 37 48
Cost-effectiveness 4 0 8 0 24 36
Combination 0 0 3 0 6 9
Total 9 3 14 0 67 93
Ergonomic KPIs Ergonomic efforts 3 2 3 2 23 33
Total 3 2 3 2 23 33
Computational efforts Computational time 3 0 6 0 57 66
Total 3 0 6 0 57 66
Other KPIs Customer service 1 0 0 0 6 7
Optimal layout 2 0 0 0 12 14
Picking errors 0 0 0 0 10 10
Total 3 0 0 0 28 31

covered and their level of investigation in the scientific community. Finally, the contents
of the papers were mapped on the basis of eigth categories of data, including both the
typical isses of order picking design (e.g. warehouse layout and structure, picking process,
storage allocation policies and routing policies) and additional aspects, such as the
problem constraints, application contexts, results presented and KPIs measured.

An analysis of the outcomes obtained allowed to derive insights and considerations
about the extent to which these aspects have been covered in the literature, the relating
trend in time, the level of maturity reached and the relationships between the various
aspects of the picking process. In terms of popularity of the order picking topic, some
countries (e.g. Germany, China, U.S.A and Italy) seem to pay particular attention to this
problem, probably in the light of the high cost of labour in these countries and corre-
sponding need to optimize (manual) warehouse activities. There is also a group of (well)
established authors in the field of picking, with a number of articles ranging from 6 to 23.

A summary of the specific topics treated in the literature and of their trend in time is
proposed in Table 10; the last columns of the table highlight the recent interest towards
these topics, evaluated on the basis of the percentage of studies that targeted each topic in
the last years (from 2017 onwards).

From a scientific point of view, a general consideration is that the interest towards the
order picking process in the warehouse context has increased over time, as highlighted by
the growing number of papers focusing on order picking even in recent times. This is
confirmed by the trends: looking at Table 10, it can be observed that for most of the topics
analysed in this paper (26), there is a progressive increase in the interest of researchers,
meaning that order picking is still an important area of research; however, for two of these
topics (highlighted in the table), the interest seems to be less evident in the last years.
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Recalling the points listed in the introduction section, some closing considerations on
the outcomes and some suggestions for future research activities can be delineated.

@

(ii)

Warehouse layout and structure. Most of the studies reviewed (=59%) have
targeted conventional warehouses, which is the possible consequence of their
high degree of space utilization. On the contrary, less of 8% (overall) of the papers
has addressed the order picking problem in non-conventional warehouses.
Because of the limited number of studies that targeted non-conventional ware-
houses, no trends can be delineated. Nonetheless, it can be observed that the
interest towards these unconventional layouts has emerged in recent times. On
the contrary, studies targeting the presence of cross-aisles and the analysis of the
depot location have increased in time. These aspects are important to highlight, as
they represent picking design problems that have been not so explored in the
literature, probably, because of the higher complexity or the limits in the com-
putational capacity available. It could be argued that the current availability of
enhanced computational capacity is helping researchers analyse more complex
picking problems or more complex warehouse configurations. It is, therefore,
recommended to address these less explored topics (non-conventional layouts
and cross-aisle layouts) in future research activities.

Picking processes, storage allocation policies and routing policies. The most inves-
tigated picking method is low-level picking; high-level picking is significantly less
explored, although it has emerged as a topic of interest in recent times. The most
popular picking type is instead manual picking; again, the remaining two types
have been less explored in the literature but are attracting the recent interest of
researchers. Moreover, it was found that the most studied issue (discussed in 179
articles) is picker routing, and on the contrary, bucket brigade received a very
limited attention (7 papers), followed by picker congestion (21 studies); this latter
topic, by the way, is to be evaluated together with narrow-aisle layouts, which, in
turn, are not so explored in literature. Keshavarz et al. (2021) obtained a similar
outcome, as they also found that the most studied order picking problem is
routing. In most of the articles reviewed, random allocation of items is consid-
ered; this topic has received a constant attention in time, meaning that random
allocation is a typical strategy, always of scientific and practical interest. However,
it is worth mentioning that the interest towards other allocation policies, such as
class-based and correlated storage, has increased in time; correlated storage is also
more widely explored in recent papers. Besides the already recalled enhanced
computational capacity of modern Information and Communication
Technologies (ICT) tools, which makes class-based and correlated storage poli-
cies easier to model, it is likely that these policies are being increasingly imple-
mented in practice, which probably also stimulates the scientific interest. Overall,
however, the number of studies targeting either correlated or class-based storage
is still limited and would benefit from additional research activities. We also
found that the algorithms employed for solving the order picking routing pro-
blem differ in terms of accuracy and computational complexity. Heuristics have
enjoyed the highest popularity in the literature, and they represent a quite mature
field (constant trend); exact algorithms have received less attention, but again, the
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development of exact algorithms for picker routing is a quite mature topic
(constant trend), on which future research or additional optimization approaches
do not seem to be strictly required. Obviously, in some cases or layout types, the
computational complexity of exact algorithms becomes excessive and, conse-
quently, the development of an exact algorithm is not feasible, which forces the
authors to shift towards meta-heuristic approaches. Indeed, the interest towards
meta-heuristic algorithms has increased in time; it could be conjectured that the
always higher computational efficiency of the available ICT is stimulating the
researchers towards the development of new algorithms expressively designed for
picker routing or to the implementation of more complex algorithms to the
picking area; this is somehow demonstrated by the high quota of recent studies
making use of meta-heuristic algorithms. As far as the picking process is con-
cerned, manual activities are by far the most popular in the literature, which is
consonant with the traditional nature of order picking. Automated picking is
significantly less explored, but it is interesting to observe that the attention
towards this topic is increasing and that sufficient continuity has been reached
in the last years. It could be conjectured that automated picking will gain a
progressive importance in the order picking literature, both as a consequence
of the implementation of Industry 4.0 solutions in industry and also because of
the COVID-19 pandemic, as automation has sometimes been used by companies
to reduce the presence of personnel at work, with the purpose of reducing the
spread of the virus. Relationships between these aspects (i.e. COVID-19, auto-
mated picking and Industry 4.0) represent interesting topics for future research
activities.

Problem constraints. The picker capacity is the topic, which, although analysed in
a moderate number of studies, seems to be neglected in early studies by research-
ers. In contrast, it is gradually beginning to be investigated in recent years. As far
as the remaining problem constraints, it has been already mentioned that con-
gestion issues have been explored in a limited number of studies only; the trend of
these studies is almost stable in time. Bucket brigade, instead, is still at its early
stage of study, and no trends can be highlighted. Future studies need to investi-
gate this aspect of the picking process for gaining additional insights.

Outcomes observed. The technical KPIs with the highest frequency of usage is the
travel time, followed by the travel distance; this is consonant with the general
objective of picking studies, i.e. minimising the travel time of pickers. In terms of
efficiency, the most used KPIs are instead the productivity and cost-effectiveness of
the order picking system; both KPIs seem to be of particular interest in recent
studies. On the contrary, despite the importance of human resources in the ware-
house environment, as in the Keshavarz et al. (2021) and Masae et al. (2020) articles,
a small number of studies at present have evaluated ergonomic aspects of picking;
again, this topic is emerging in the recent literature. It is, nonetheless, interesting to
note that, exception made for some KPIs which have not been explored to a
significant level of detail (e.g. the ‘other KPIs’ category), the interest towards the
evaluation of the order picking performance, in its various forms, has increased in
time, and recent studies pay a particular attention to this aspect. This is the possible
effect of the general perception of the inefficiency of order picking, primarily in
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economic terms, which makes the evaluation of performance particularly relevant.
The attention towards the picker, demonstrated by the increased usage of ergo-
nomic KPIs, also deserves attention, particularly in manual processes, and is
expected to represent an interesting future line of research. The combination of
various KPIs into a multi-objective optimization problem is suggested as an inter-
esting future research direction. To this end, it is advisable to evaluate the effec-
tiveness of order picking systems taking into account even less used indicators, such
as picking errors or customer service, for a more comprehensive evaluation.
Looking instead at the performance of the solution procedures used by researchers
(e.g. for picker routing or items allocation), it is to be remarked that the computa-
tional time is rarely taken into account as a KPI (66 studies overall). This outcome
sounds strange because of two reasons. First of all, it is evident that the computa-
tional effort is quite relevant for judging the practical usability of an algorithm and
pondering its application in a real context. Indeed, most of the picking decisions (e.
g. routing) are operational decisions, which need to be made in a very short time; a
routing algorithm should therefore be able to provide a quick solution to the
problem. As a second point, let us suppose that a researcher is willing to present
a new algorithm for order pickers’ routing. If this is the case, typically it has not to
(merely) demonstrate that the algorithm performs well, as there are already numer-
ous algorithms for picker routing; rather, the superiority of the new algorithm
compared to other existing approaches must be demonstrated. Obviously, the
computational time is an important parameter to be evaluated to this end.
Indeed, the recent literature seems to be more precise from this point of view, as
the evaluation of the computational time is frequently included in the newer
studies. Our suggestion to researchers, obviously, is to always include, where
appropriate, the evaluation of the computational time in their study.

(v) Industrial sectors. Results of the review show that picking studies have targeted
numerous industrial fields, but that, at the same time, most of them are emerging
and of recent interest, while two fields only are showed increasing interest (retail
and e-commerce). The most striking is e-commerce (more than 90% of the
studies published since 2017), which was partially expected as a consequence of
the changes in the consumers’ behaviour in response to the COVID-19 pan-
demic. The importance of this sector is also likely to last in time, and thus e-
commerce represents an interesting avenue for research on order picking.

As it is typical of review studies, this paper does not present fully ‘new’ research results by
itself. Rather, scientific contributions come from (1) consolidating existing information
from numerous studies on order picking systems and (2) delineating the (recent) trends
of research in this field, at the same time highlighting the need for future research
activities on the topic. As such, we are confident that this study could form the basis
for further investigations in the area of order picking, possibly taking inspiration from
the research directions delineated above.

The study has, of course, some limitations. A first aspect is the fact that the
papers reviewed were taken from one scientific database only. Scopus includes a
wide number of relevant journals, and this is expected to ensure high quality of the
contents retrieved. However, journals that are not indexed in this database have not
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been retrieved or evaluated, resulting in possible losses of data. A similar considera-
tion holds true for the publication language, which was limited to English, and for
the paper type (set at peer-reviewed journal paper). Although this is a reasonable
choice, these settings involve other study types (e.g. conference proceedings or book
chapters) to be neglected and again could lead to some loss of relevant information.
Finally, the usage of specific keywords in the query setting for sure allowed to select
(relevant) papers, but other ones could have been excluded if the authors used
different terms. Expanding the query, for example by including more keywords,
could be a possible way for widening the analysis in future studies; this would
certainly result in a larger pool of papers retrieved, which, therefore, could require a
more careful screening or the usage of more structured approaches in mapping
them (e.g. bibliometric and network analysis tools).

Notes

1. This is typically the case for studies that have implemented multiple approaches (e.g. an
analytic model followed by a simulated study).

2. We have not investigated the particular reason for this outcome, as it is out of scope for the
present study; it is known, however, that classification errors in Scopus (and in any scientific
database) could always occur. Highlighting the similarity of these studies to review papers,
nonetheless, is relevant to our study, as reviews typically have higher figures compared to
journal articles (e.g. more citations).

3. Available in the supplementary material in the form of a Microsoft Excel"™ spreadsheet.

4. By ‘combination’, we refer to the situation in which more than one layout type is evaluated
in the same article.
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