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Abstract

Language system diversity is a source of individual differences. Research on human cognition has established that writing
direction influences non-linguistic mental schemata such as spatial orientation. However, there is little empirical evidence of
its impact on task performance. We examine whether task performance in manual order-picking is higher when the in-aisle
travel direction follows the writing direction of order pickers. We conducted this study in cooperation with a German brick-
and-mortar grocery retailer, allowing us to employ a unique real-world data set comprising 3,200,534 storage-location visits
by 113 order pickers, 61 of whom had a left-to-right and 52 a right-to-left writing direction. Our statistical analyses suggest
that order-picking task performance improves when the in-aisle travel direction follows individual writing direction. This
creates a path to diversity-inspired operations management that treats efficiency and the diversity and inclusion of human
workers as equally important for optimization.
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source of individual differences that might impact operational
performance.

Given that DEl-related factors are integrated into the
United Nations Sustainable Development Goals, it is sur-
prising that operations management (OM) scholars have yet
to investigate the performance implications of DEI efforts.

I Introduction

Matching operating system policies to individual worker char-
acteristics is a central avenue through which firms can improve
operational performance (Bendoly et al., 2010; Donohue et al.,
2020). The behavioral operations management (BOM) liter-
ature establishes that individual picker characteristics, such
as motivation (de Vries et al., 2016a), personality (de Vries
etal., 2016b), experience (Grosse and Glock, 2015), and learn-
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ing speed (Loske, 2022), are sources of individual differences
impacting operational performance. Recent studies identify
the potential for improvements in manual order-picking when,
for example, batch assignment takes picker skills (Matusiak
et al., 2017) or prior picker experience into account (Batt
and Gallino, 2019) and when prior human deviations are
incorporated into algorithmic prescriptions (Sun et al., 2022).
Although warehouses typically host diverse workforces, the
BOM literature on manual order-picking systems pays little
attention to diversity, equity, and inclusion (DEI) factors as a
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The lack of attention to DEI in the literature is also problem-
atic—diversity research suggests that language-based diver-
sity may impact other non-linguistic perceptual schemata such
as spatial orientation (Bergen and Chan Lau, 2012; Roman
et al., 2013). English speakers (who learn a left-to-right writ-
ing direction) use a spatialized mental number line oriented
from left to right. In this perceptual schemata, small numbers
are associated with the left side of a space, and larger numbers
are associated with the right side (Bachtold et al., 1998; Shaki
et al., 2009).

However, operating system policies may require order pick-
ers to navigate through the warehouse and travel in different
directions, for example, from right to left in an S-shaped route.
In such circumstances, the interaction of operating system
policies and DEI-related individual differences may have per-
formance implications. We address this gap by answering the
following research question: Is task performance in manual
order-picking higher when in-aisle travel directions follow the
writing direction of order pickers?

We employ empirical field data extracted from a picker-
to-parts order-picking system to investigate this question. The
archival data are accessed through a partnership with a nation-
wide brick-and-mortar retailer operating twenty warchouses
in Germany. We obtain information about writing direction as
primary data through short surveys of order pickers on com-
pletion of a batch picking. The data set covers the period from
March 2022 to June 2022 and includes 3,200,534 storage loca-
tion visits. We select 113 participants from among the 238
order pickers employed in the warehouse. The data identify
the writing direction of participants’ first written language (the
language in which they first learned to read and write) as left to
right for 61 participants and as right to left for 52 participants.

This article is intended to strengthen the dialog between
DEI and OM, with a view to enhancing our understanding
of how these interact. We offer a first-of-its-kind empiri-
cal proof of the hypothesis that the writing direction of the
first written language of an order picker substantially influ-
ences their order-picking performance. This may inspire other
efforts to connect human-in-the-system diversity with oper-
ational performance. Such empirically based insights would
allow operations managers to design and implement inclusive
and efficient operations systems that consider individual-level
and diversity-driven heterogeneity.

The remainder of the article is structured as follows. In
Section 2, we present related literature. In Section 3, we
describe our empirical strategy, and in Section 4, we intro-
duce our statistical model. After presenting our empirical
results in Section 5, we discuss the theoretical and managerial
implications of language-based diversity in Section 6.

2 Related Literature

With over 7,000 recognized languages worldwide, linguis-
tic differences are a source of considerable individual human

diversity (Bromham et al., 2022). Across the world, com-
munities have developed unique writing and reading systems
that have shaped the way that humans perceive and interact
with their environment (Chan and Bergen, 2005; Fitch, 2010).
Given that writing and reading are among the most frequent
and spatially systematic ways humans interact with their envi-
ronments, learning a particular language entails mastery of
mental routines in the direction of writing systems (Maass
et al., 2007; Bergen and Chan Lau, 2012).

These mental routines vary depending on the direction in
which the text is written (Gevers et al., 2003; Faghihi et al.,
2019). While Latin writing systems are directed from left to
right and top to bottom, this is by no means the only option;
written Arabic and Hebrew runs from right to left and then top
to bottom, and, Chinese and Vietnamese writing goes from top
to bottom and then right to left (Suitner and Giacomantonio,
2012). This suggests that humans who differ in terms of their
writing direction also differ in how they think and interact dif-
ferently in writing and reading tasks. There is evidence that
the direction of writing also influences mental schemata, such
as spatial orientation (Chan and Bergen, 2005).

The literature reflects a general agreement that human
cognition organizes the world into non-arbitrary semantic con-
cepts and that how humans order mental categories has a
major impact on how they perceive their environment (Rosch,
1973; Gardenfors, 2020). According to the theory of spreading
activation in semantic memory networks, initially proposed
by Collins and Loftus (1975), abstracting the environment
in semantic concepts (e.g., discriminating between storage
location 01-0020 and 01-0048) and into different cognitive
categories (e.g., the left side of the aisle) by means of vari-
ous neural networks is a basic feature of the cognitive system
by which humans simplify the environments in which they
operate (Gardenfors, 2020). For simple discrimination tasks,
mental categories are connected through links representing
their weighted relationship (Dobel et al., 2007). For example,
Huttenlocher (1968) refer to the three-term series problem,
which demonstrates one principle of transitivity: Knowing that
x>y and y > z, one can conclude that x > z. In a spatial rep-
resentation of this relationship, one may think of a chain as
a horizontal sequence in the mental space, for example, x-y-z
(von Hecker and Klauer, 2021); this chain need not run from
left to right.

Such patterns suggest some systematic relationships
between writing direction and mental schemata beyond the
tasks of writing and reading (Maass et al., 2016). As evidence,
various studies show that writing direction impacts spatial
mental number lines, conceptualized as the spatial-numerical
association of response codes (SNARC) effect. In this regard,
Dehaene et al. (1993) proposed that the mental representa-
tion of numerical magnitude is related to the left-right axis
for humans with a left-to-right writing direction. Therefore,
large numbers elicit faster rightward task responses, and small
numbers elicit faster leftward task responses (Ninaus et al.,
2017). Shaki et al. (2009) find empirical support for a reversed
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SNARC effect for Arabic speakers with a right-to-left writ-
ing direction. Gevers et al. (2003) also find a SNARC-like
effect for nonnumerical ordinal information. This suggests
that writing direction is, in general, associated with the mental
schemata of sequences (Zebian, 2005).

Mental schemata of sequences are structures relevant for
spatial orientation, that is, the ability of humans to understand
the environment in relation to their own bodies (egocentric
orientation) and in relation to external points of reference
(allocentric orientation) (Byrne et al., 2007). Spatial mental
models include those that help us understand the layout of
the environment and our position therein and those that allow
us to navigate and move through that environment (Santoro
et al., 2021). There is growing empirical evidence that writing
direction affects mental spatial representations (Zhou et al.,
2019). Tversky et al. (1991) proposed that the directional-
ity of represented relations is affected by writing direction,
with left-to-right dominant for English speakers and right-to-
left for Arabic speakers. Kazandjian et al. (2009) go on to
show that writing direction and egocentric reference in spatial
orientation are closely related. Bergen and Chan Lau (2012)
extended this understanding using a task in which participants
had to arrange a set of three pictures in a sequence from the
earliest to the latest on a cardboard tray. Relatedly, Mishra
et al. (2015) demonstrated a left-to-right bias in an orienta-
tion task when crossing streets in the absence of barriers or
walk signals. Together, this line of research reflects the idea
that writing directions affects our spatial representations of
arbitrary sequences of events.

However, there is also empirical evidence that the SNARC
and reverse-SNARC effects do not exclusively prime the men-
tal representation of sequences. After replicating the SNARC
effect for movement tasks, Bichtold et al. (1998) find that
the number scale (from left to right) cannot be the decisive
factor in the observed interaction between number size repre-
sentation and hand movement. Roman et al. (2013) challenged
the standard view that writing direction impacts spatial men-
tal number lines. The authors argue that habitual reading in
reverse directions might lead to weaker, or even reversed, lat-
eral spatial biases. In line with these arguments, Lopiccolo and
Chang (2021) proposed that cultural factors weaken but do
not reverse the spatial biases caused by writing direction. In
addition, Masson et al. (2020) find that the SNARC effect is
not replicable for their participants and call for current models
to be reconsidered. Bender et al. (2018) suggested that writ-
ing direction alone cannot explain individual differences in
spatial mental models and that including more cultural charac-
teristics may improve predictions of performance in movement
tasks.

Navigation is an essential element of movement tasks in
any environment and comprises two inherently connected ele-
ments: wayfinding and travel (Jul and Furnas, 1997). Wayfind-
ing refers to the cognitive element of navigation and is
grounded in spatial knowledge. The mental representation of

one’s spatial knowledge of an environment constitutes a cog-
nitive map in human memory (Darken and Peterson, 2014).
This map is the basis for tactical and strategic guides for travel.
Traveling is the motoric element of navigation and involves
active travel, “getting from here to there,” and maneuver-
ing (a subset of traveling including small adjustments such
as the reorientation of perspective when rotating along the
vertical body axis or sidestepping (Bowman et al., 1997)).
Wayfinding and travel are not serial events but enmeshed in the
context (Suchman, 1987); observable navigation performance
also depend on environmental characteristics and individual
human differences. Jul and Furnas (1997) proposed a model of
navigation that captures these aspects of navigation for move-
ment tasks. Figure 1 depicts the model of navigation adapted
from Darken and Peterson (2014).

Environmental characteristics are likely to define the nav-
igation problem. Girling et al. (1986b) identified three envi-
ronmental characteristics relevant to navigation: the degree of
differentiation, the degree of visual access, and the complexity
of the spatial layout. The degree of differentiation is the degree
to which parts of an environment look the same or different,
which affects the ability of humans to wayfind elements and
travel paths (connecting elements) or nodes (intersections and
junctions among routes). The degree of visual access refers to
the extent to which parts of the environment are visible from
other parts. Wayfinding and traveling to distant locations are
enhanced when there are vantage points from which other parts
of the environment or targets in that environment are visible.
Spatial layout complexity is related to the size of the environ-
ment, the number of elements therein, possible routes through
the environment, and intersections and junctions among routes
(Evans et al., 1984). According to the classification by Gérling
et al. (1986a), a low degree of differentiation and visual access
and a highly complex spatial layout reflect a high level of nav-
igational problems and a potentially high effect of individual
human differences in navigation performance.

Typically, warehouse environments present many such nav-
igational problems as order pickers move from one location to
another. Order-picking includes the task of finding an exact
predefined location in a complex environment by, for exam-
ple, following a route from the left to the right side of the
aisle. These route-following tasks require spatial comprehen-
sion and the ability to perceive, understand, remember, and
recall solutions to navigation problems for future use. How-
ever, a range of elements might depend on the order picker’s
writing direction, for example, individual differences in the
time required for wayfinding, egocentric spatial orientation to
understand the environment in relation to one’s own body,
allocentric orientation to understand the relation to exter-
nal reference points, active traveling, maneuvering, or strat-
egy collection in route-following tasks. We thus investigate
whether task performance in manual picker-to-parts order-
picking is higher when the in-aisle travel direction follows the
order pickers’ writing direction. We identify a set of possible
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Figure 1. Model of navigation adapted from Darken and Peterson (2014).

mechanisms through which diversity in writing direction may
lead to differences in task performance:

e Cognitive map: Humans construct cognitive maps to navi-
gate warehouse environments based on their spatial knowl-
edge. Writing direction may influence the way these are
constructed and interpreted, which can, in turn, lead to
differences in the time required for wayfinding, thereby
impacting order-picking task performance.

e Spatial orientation: Spatial orientation, both egocentric and
allocentric, is crucial for understanding and navigating
warehouse environments. An individual’s writing direction
might influence their spatial orientation, as it affects their
habitual spatial representations. Disparities in spatial orien-
tation can lead to differences in travel speed when moving
on paths or through intersections and junctions among
routes, impacting order-picking performance.

e Strategy selection: Navigating aisles requires understand-
ing sequences within the spatial layout, especially when
the pick lists are fixed in sequence. Writing direction could
shape the mental schemata of sequences, affecting how indi-
viduals perceive and navigate a sequence of elements (in
this case, storage locations). When navigating sequences,
individuals may, depending on their writing direction, take
varying paths with varying travel distances, impacting their
order-picking performance.

e Environmental characteristics: Environmental differentia-
tion, visual access, and spatial-layout complexity might be
perceived and interpreted differently based on one’s writing
direction. Hence, an order picker with a right-to-left writ-
ing direction may perceive right-to-left traveling as an easier

navigation problem than left-to-right traveling. Individuals
with different writing directions may exhibit varying paths
with varying travel distances when navigating sequences,
which might impact their order-picking performance.

We examine whether order-picking performance improves
when the in-aisle travel direction aligns with the order pick-
ers’ writing direction and describe our empirical setting in
Section 3.

3 Empirical Setting and Data

3.1 Data Sources and Warehouse Layout

The entire data set was collected in co-operation with a
nationwide brick-and-mortar grocery retailer operating twenty
warehouses for cooled and non-cooled products and nonper-
ishable goods in Germany. At the time of data collection
(between March 2022 and June 2022), this retailer special-
ized as a full-range grocery retailer and operated about 3,700
stores at the time of data collection; the data cover 3,200,534
storage-location visits. The warehouse selected for this study
stored non-cooled perishable products organized in several
independent areas for products with different required storage
temperatures. During our observation period, the 42,000-m?
facility processed an average of 130,000 stock-keeping units
per day and stored between 5,787 and 5,937 products in an area
for non-cooled perishable products. Zones are differentiated
based on the groups to which products are assigned. Pick-
ers travel with motorized industrial trucks through the various
aisles using an S-shaped routing system.
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Figure 2. Picker travel in the studied company’s s-shaped routing method.

The warehouse considered here has a rectangular layout for
low-level picker-to-parts order-picking, with vertical picking
aisles arranged in parallel. The horizontal cross aisles do not
contain any storage locations but enable order pickers to travel
from one aisle to another. There was one depot positioned at
the center of each front cross aisle. In applying the S-shape
routing method to the entire warehouse, a picking aisle must
be traversed in one direction and, once the area is entered, must
be completed. The left side of Figure 2 depicts a sample S-
shaped route and demonstrates that spatial orientation plays a
pivotal role in order-picking.

As indicated by the encircled digits, order pickers are
required to constantly switch from left to right (1) and right
to left (2) when moving through the aisles. The pickers are
provided a pick list containing a fixed sequence of storage
locations to visit, as depicted on the right side of Figure 2.

3.2 PFarticipants

Our starting point in the process of gathering empirical data
is an archival data set containing order-picking performance

data from the warehouse management system provided by
our research partner. This data set includes picking data for
238 order pickers employed during the sample period. After
an initial screening of the data set, we approached our part-
ner to acquire additional order-picker data, such as age and
writing direction. In close co-operation with the company, we
surveyed order pickers at the warehouse on a day on which
a majority were present; 183 order pickers were present on
the day of the survey, and 55 (23.11%) were absent due to
vacation or sickness. Given the limited time for our survey
(we were restricted to one day), it was not possible to sur-
vey all 183 order pickers. Some order pickers declined to
participate because they felt the survey might be too time-
consuming, were concerned about the confidentiality of their
personal information, or were uncomfortable sharing specific
personal details on the job.

We aim to obtain a balanced sample that adequately
matches the general population of order pickers and, there-
fore, positioned ourselves at the central depot approached by
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order pickers at the end of a batch. We paid particular atten-
tion to gender in the sampling process, as we wanted to avoid
a sample heavily dominated by men, which would make it dif-
ficult to generalize the findings to pickers who are women.
Our final sample comprises 113 order pickers (24 women and
89 men), adequately reflecting the gender distribution in the
warehouse picker population. We mitigate concerns related to
selection bias by comparing the average pick travel time of
the surveyed pickers (113) to those of non-surveyed pickers
(70), which did not reveal any systematic differences between
the groups.

We distinguish between participants’ native language (that
they grew up with) and their first written language, the lan-
guage in which they first learned to read and write. We use
the latter to define their writing direction. Of the 113 partic-
ipants, 61 learned a left-to-right writing direction with their
first written language (15 women, 46 men). Of these, 21
are left-handed, and the remaining 40 are right-handed and
aged between 18 and 48 (mean 31.6 years, standard devia-
tion 7.27 years). Another 52 participants learned to write from
right to left in their first written language (9 women, 43 men),
with 14 left-handed and 38 right-handed persons in this second
group; their ages range from 21 to 54 (mean 36.4 years, stan-
dard deviation 9.72 years). All participants had, at the time of
observation, been employed by the company for at least a year
and had processed at least 3,000 batch lines in the observation
period from March 2022 to June 2022.

3.3 Data Aggregation and Data Cleaning

We define our unit of analysis as a single storage location i vis-
ited by an order picker j when traveling through the warehouse
to retrieve a given number of products from that location. The
aggregation of data at the level of storage location visited
for picker traveling allows us to distinguish whether an order
picker had to travel on a diagonal from left to right or from
right to left or if they remained on the same side when moving
fromitoi+ 1.

We place restrictions on the data we use since we are
interested in the impact of writing system diversity on order-
picking performance under typical conditions. We start with a
data set comprising 3,386,904 location visit observations from
March 2022 to June 2022. We check the dependent variable,
pick travel time, and decide that a maximum of 11,782.00 sec-
onds (for one storage location visit) is unlikely to reflect a
realistic time for the process under investigation; this observa-
tion is perhaps the result of workers forgetting to manually log
off the system. We thus exclude all values above the 95th per-
centile (60 seconds) and are left with 3,200,534 observations.
We provide detailed descriptive statistics for all variables in
Appendix 1. The final data set includes N = 3,200,534 storage
location visits by 113 order pickers.

4 Statistical Model and Variables

Our empirical analysis focuses on estimating how the effect of
picker diversity (writing direction as our independent variable
of'interest) on order-picking performance (dependent variable)
varies depending on the in-aisle travel direction (modera-
tor). Given the longitudinal nature of our study, we measure
order-picking performance for each order picker repeatedly.
Given that repeated measurement of individuals would vio-
late the assumption of independence of observations in stan-
dard linear regression models (observation-level errors € are
assumed to be independent), we propose a mixed-effects
model with random slopes. Mixed-effects models allow indi-
vidual order pickers to be measured more than once without
artificially inflating our estimates. Since our statistical analysis
in Section 5 presents variations of a single statistical model, we
began by describing the base model, including the dependent,
independent, and control variables and the between-subject
variance.

4.1 Dependent Variable

Our dependent variable, order-picking performance, is mea-
sured as pick travel time (mean = 19.60; sd = 12.01); this is
defined as the time elapsed in seconds between storage loca-
tion i-1 and i by picker j in aisle £, including the time to pick
products from storage location i. The clock starts when the
order picker enters the check digit of storage location -1 on a
personal digital assistant mounted on the industrial truck. The
device maintains a constant wireless connection with the ware-
house management system, which documents relevant time
stamps. After traveling to storage location i, the clock stops
when the order picker enters the check digit of storage loca-
tion i to pick the required number of products. Pick travel time
is measured as a continuous metric variable.

4.2 Between-Subject Variance

Next, we test whether we need to account for between-subject
variance by incorporating random slopes. Random slopes
address the dependence between observations by clustering
observation-level data from the same high-level subjects, for
example, participants (order pickers) or other subjects (pick-
ing aisles) (Antonakis et al., 2021). Random effects account
for any between-subject variance that might arise from order-
picker heterogeneity (Matusiak et al., 2017).

We test whether we need to include random effects by
calculating the intraclass correlation coefficient (ICC) for
three separate no-predictor models. We test whether within-
and between-subject variance exists for (a) order pickers, (b)
aisles, and (c) the interaction of order pickers and aisles. The
ICC values of the no-predictor models can be interpreted as
the total amount of variance in the dependent variable pick
travel time originating from picker- or aisle-related variation.
These variations are attributed to the between-subject varia-
tion (between-picker, between-aisle, and between-picker-aisle
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interaction) rather than within-subject variation over time.
Higher values also indicate a nontrivial degree of observation
non-independence, making traditional regression approaches
inappropriate (Bell et al., 2019).

The ICC value for pick travel time is 0.047 for order pick-
ers, 0.045 for aisles, and 0.073 for the order picker—aisle
interaction, indicating that between 4.5% and 7.3% of the
variance in pick travel time is attributable to between-subject
variability; the remainder is explained by within-subject vari-
ability over time. The ICC values suggest that pick travel time
differs between order picker j, aisles k, and across interac-
tions. Estimating more complex models with hierarchies and
temporal change is thus warranted.

We thus allow order picker j to vary as a random main inter-
cept @; to account for order picker heterogeneity. Furthermore,
we allow aisle & to vary as a random intercept 6; to take into
account aisles-based differences (e.g., products with specific

J

—_—

LTRwrite; = {0

And right-to-left writing direction as:

otherwise

—_—

RTLwrite; = )
0, otherwise

, if left-to-right writing direction is observed for the order picker

, if right-to-left writing direction is observed for the order picker

characteristics stored in specific aisles). Finally, («6);, denotes
the random interaction term between picker j and aisle k. Note
that (), is treated as a crossed random effect and not as a
nested random effect because there is no fixed assignment of
order picker j to aisle k. For a detailed introduction on mixed-
effects modeling with crossed random effects for subjects, see
Baayen et al. (2008).

4.3

Our main independent variables of interest are the inter-
actions between two dummy variables, namely, in-aisle
travel direction and writing direction. Writing direction
is a binary variable (k = 2) reflecting the left-to-right
or right-to-left writing direction of order pickers. We
dummy-coded left-to-right writing direction as follows:

Independent Variable

o

2

We also capture aisle travel direction as a three-stage categorical variable (k¢ = 3) when order pickers travel from left to right,
right to left, or in the same direction within the aisle. We denote the dummy variables as follows:

LTRtravel, = 1, if 1eft-t.o-right travel direction is observed 5
0, otherwise
RTLtravel, = 1, if rightjto-left travel direction is observed @
0, otherwise
1, if same travel direction is observed
sametravel; = ' )
0, otherwise

Our primary interest is in how the effect of writing direc-
tion on pick travel time varies depending on the in-aisle travel
direction, mathematically expressed as the interaction term of
writing direction X in-aisle travel direction. Therefore, we first
integrate the interaction terms of left-to-right writing direc-
tion X left-to-right travel direction and left-to-right writing
direction X right-to-left travel direction, which is compared
to same-direction travel when the picker’s writing direction
is from left to right. Note that we do not include same-
direction travel to avoid the dummy variable trap while the
effect is absorbed in the intercept. The same logic applies to

(

right-to-left writing direction X left-to-right travel direction
and right-to-left writing direction X right-to-left travel
direction.

4.4 Control Variables

First, we control for travel distance, capturing the distance
between storage location i— 1 and storage location 7. Prior stud-
ies on order-picking confirm that travel distance has a major
impact on order-picking performance (Pan et al., 2014; Masae
et al., 2020). We need to account for travel distance because
it is included in our dependent variable, pick travel time.
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Second, we account for product weight and volume character-
istics because the OM literature firmly establishes the impact
of product characteristics on order-picking performance
(Wiénstrom and Medbo, 2008; Finnsgard et al., 2011; Finns-
gard and Winstrom, 2013).

Third, we add the variables storage and stacking level to
account for the height of location i at which products are
stored and the level at which these are stacked and sorted
after retrieval. Petersen et al. (2005) included height in their
empirical modeling. Picking height might interact with prod-
uct characteristics because a different physical effort may be
required when retrieving and stacking products (Finnsgérd and
Waiinstrom, 2013; Hanson and Finnsgard, 2014; Hanson et al.,
2018). Finally, we control for pick density, capturing the num-
ber of products retrieved from storage location i. Batt and
Gallino (2019) find that pick density has a significant impact
on order-picking performance. Finally, we add ¢, capturing
time-related effects to control for month, day of the week, and
hour of the day; €; is the error term.

4.5  Model Formulation

To avoid possible validity concerns, we first tested the cor-
relation for all variables and attach a correlation table in
Appendix 1. Furthermore, we calculated the variance infla-
tion factors (VIFs) for each variable. Our model is denoted
as follows:

Log(Travel_Pick_ Timeijk)
= Yoo + @g; + S + (a0)gy + By, LTRwrite; X LTRtravel,
+ Py, LTRwrite; X RTLtravel; + By;RTLwrite; X LTRtravel,
+ Py RTLwrite; X RTLtravel; + Ps;LTRwrite;
+ ﬂbjT ravel _Distance; + ﬂ7iProduct_VI/eighti
+ ﬂgiProduct_Vblumei
+ Bo;Storage_Level; + py;Stack_Level,
+ By Pick_Density; + ¢ + € (6)

a,; ~ N(0,07) ™
Sox ~ N(0, 05 ®)
(@8)g ~ N(0,0,;) ©)

5 Empirical Results
5.1 Model Free Results

To ease the interpretation of our empirical results without
requiring a deep statistical background, we present the group
means and standard deviations per condition as model-free
evidence. We begin by examining the group means for con-
ditions of in-aisle travel and writing direction. We include
in-aisle travel from left to right, right to left, and in the same
direction. For the writing direction, we create group means for
left-to-right and right-to-left travel. Descriptive statistics are

intended to facilitate the understanding of our results without
the need to understand all conditions of our multilevel model.

Table 1 summarizes the group means for each of the 2 X 3
conditions. When we view our moderator in-aisle travel direc-
tion in isolation, the group means range from 19.08 (left-to-
right travel direction) to 20.20 (right-to-left travel direction).
The group means for the order picker’s writing direction show
a pick travel time of 19.45 seconds when the writing direction
is right to left (0.77% difference from grand mean) and 19.72
when it is left to right (0.60% difference from grand mean).

We are interested in the interaction of the direction of writ-
ing and the direction of in-aisle travel and identify significant
differences when comparing the group means in a 23 matrix.
We find the lowest pick travel time when the writing direction
of the order picker is aligned with the in-aisle travel direction,
that is, 17.01 for right-to-left writing direction with right-
to-left travel (in contrast to 22.42 for right-to-left travel and
19.16 for same-direction travel) as well as 16.48 for left-to-
right writing direction with left-to-right travel (in contrast to
22.61 right-to-left travel and 19.71 for same-direction travel).
This calls for a more detailed analysis, possibly capturing
confounding effects such as product characteristics and travel
distance.

Our model-free findings, which offer a preliminary
overview of the relationships between pick travel time, writ-
ing direction, and in-aisle travel, suggest complex dynamics.
We observe differences in group means that suggest an influ-
ence of writing direction on pick travel time, particularly
when it aligns with in-aisle travel direction. However, these
high-level observations do not control for numerous poten-
tial confounding factors, such as product volume and weight
or travel distance. We explore the interaction between writ-
ing and travel direction by quantifying these effects, increasing
our rigor by applying the previously formulated mixed-effects
model.

5.2 Interaction of In-Aisle Travel Direction and
Writing Direction

We use the mixed-effects model with random intercepts for
order pickers, aisles, and picker—aisle interaction to examine
how and to what extent the effect of writing direction on pick
travel time varies with our moderator variable, in-aisle travel
direction. Note that a positive coefficient is associated with a
higher predicted travel time and, therefore, a negative impact
on picking performance; a negative coefficient is related to a
lower predicted pick travel time and a performance improve-
ment. Table 2 summarizes the results of our mixed-effects
model.

Our baseline is presented in Model (1), which includes all
control variables and allows us to investigate how model fit
changes with the addition of the independent variables. When
we add the moderators in Model (2), we find a drop in the
values for the Akaike information criterion (AIC) and the
Bayesian information criterion (BIC), indicating a better fit.
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Table I. Group means for each of the 2 X 3 conditions.

Picker diversity effects

Right-to-left writing direction

Left-to-right writing direction Group mean

Same-direction travel 19.16 (11.57)
Left-to-right travel 22.42 (13.70)
Right-to-left travel 17.01 (10.21)
Group mean 19.45 (12.06)

19.71 (11.60) 19.47 (11.59)
16.48 (9.78) 19.08 (12.03)
22.61 (13.30) 20.20 (12.38)
19.72 (11.96)

Note: Standard deviations in parentheses; grand mean is 19.60 (12.01); N = 3,200,534 observations.

At the same time, the R? value, determining the proportion
of variance in the dependent variable that can be explained
by the independent variable, increases from 0.140 to 0.141.
Given that the coefficients for the left-to-right writing direction
and the left-to-right travel direction are non-significant, we can
conclude that the main effects of writing and travel direction
in Model (2) do not add significant explanatory value to the
baseline model.

In Model (3), we incorporate dummy variables with dif-
ferent categories (k) holding three-stage ordinal (k = 3 for
travel direction) and binary (k = 2 for writing direction)
information. The default in dummy coding is to leave one ref-
erence level out and report £ — 1 coefficient(s) interpreted in
relation to the reference level. This is necessary to avoid the
dummy variable trap where one variable can be predicted from
the others, which leads to high multicollinearity in the model
(Wooldridge, 2020). For the interactions among dummy vari-
ables, we choose to report all interactions without reference to
the travel direction to avoid this trap (Buis, 2012).

We add the interaction terms for left-to-right writing direc-
tion and left-to-right travel direction, as well as for left-to-right
writing direction and right-to-left travel. These coefficients are
compared to the combination excluded to avoid the dummy
variable trap, that is, the case of same-direction travel when
the picker has a left-to-right writing direction. The estimator
for the interaction of left-to-right writing direction and left-to-
right travel direction is 0.176 and significant at p < 0.01, and
the estimator for the interaction of left-to-right writing direc-
tion and right-to-left travel direction is 0.140 and significant at
p < 0.01. Therefore, compared to the case of same-direction
travel, order pickers with a left-to-right writing direction can
reduce their pick travel time by 17.6% when the travel direc-
tion is aligned to their writing direction (left-to-right travel),
but this time increases by 14.0% when it goes against the travel
direction (right-to-left travel).

Continuing with Model (3), we also include the interaction
terms for right-to-left writing direction and left-to-right travel,
as well as right-to-left writing direction and right-to-left travel.
These coefficients are compared to the case of same-direction
travel and right-to-left writing direction, which is also not
integrated to avoid the dummy variable trap. The estimator
for the interaction between right-to-left writing direction and
left-to-right travel is 0.161 and is significant at p < 0.01;
the estimator for the interaction between right-to-left writing

direction and right-to-left travel is —0.117 and is significant
at p < 0.01. Therefore, compared to same-direction travel,
order pickers with a right-to-left writing direction can reduce
pick travel time when the direction of travel is aligned to their
writing direction (right-to-left) by 11.7%, but pick travel time
also increases (by 16.2%) for this writing direction when not
aligned with the travel direction (right-to-left travel).

We also find that including the interaction of writing and
travel direction improves model fit; the AIC is reduced from
5,606,094 to 5,470,020 when moving from Model (2) to Model
(3); the BIC drops from 5,606,289 to 5,470,240. Further-
more, the R?> value increases from 0.141 in Model (2) to
0.180 in Model (3), indicating that the interaction and indepen-
dent and control variables in Model (3) can explain a greater
share of variance in the dependent variable than is possible in
Model (2).

As further confirmation of the structural validity of our
results, we conduct a robustness check using Model (4) and
replace the random effect for picker ay; with a fixed effect,
dropping the random interaction effect of pickers and aisles
(a6);¢, and keeping the random aisle effect 5. Model (4) thus
includes identical interaction terms but with time- and picker-
fixed effects. A comparison of the results for Models (3) and
(4) shows that the model fit is reduced in the latter case; this
is indicated by the increased AIC, BIC, and R? values. At the
same time, all estimates for the four writing-travel-direction
interaction terms remain consistent in terms of the direction
and magnitude of effects.

6 Discussion and Conclusion

This study examines the question of whether task performance
in manual order-picking is higher when the direction of in-aisle
travel and order pickers’ writing direction match. We take an
exploratory research approach employing a unique real-world
data set that includes 3,200,534 storage location visits by 113
order pickers and find that task performance is highest when
operating system policies (in-aisle travel direction) and worker
diversity factors (writing direction) are aligned. Our empiri-
cal results support broadening diversity efforts within the OM
domain.

Our exploratory approach makes a contribution to the lit-
erature on writing direction on a theoretical level and adds
evidence that a writing-direction bias can impact the perfor-
mance of tasks involving spatial orientation. Our study also
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serves as a starting point for further explanatory research
on the specific workings of the mechanisms linking writing
direction and order-picking performance. Explanatory DEI
research in OM could also juxtapose the writing-direction
hypothesis with alternative explanations for left-to-right bias,
such as hemispheric specialization (Kinsbourne, 1987) or the
pseudo-neglect effect (Taylor and Heilman, 1980).

From a managerial perspective, aligning picker routing
with DEI principles presents a rich opportunity for enhanc-
ing operational efficiency and inclusion in warehouse oper-
ations. We distinguish three possible approaches, each with
its own implications. First, routes can be optimized based
on the writing direction of the majority of order pickers.
While this may simplify navigation for a significant portion
of the workforce, it warrants careful consideration from a DEI
perspective. Aligning routing based on a majority direction
might inadvertently penalize individuals with different writing
directions.

Second, existing routes could be assigned to order pick-
ers based on their writing direction. On this approach, aspects
of individual diversity are acknowledged and accommodated.
Third, the routing and batching algorithms could be compre-
hensively transformed to generate routes that best suit each
individual picker, taking into account their writing direction
and other relevant diversity factors. Dynamic routing could
promote fairness and inclusion in operations systems and
could enhance operational performance by customizing routes
at the individual level.

Ouranalysis is limited by our use of secondary data.
Although we can identify the order-picker travel direction
using the storage-location visits documented in the warehouse
management system, we did not have access to detailed pri-
mary movement data because these were not recorded. A
future research path could implement sensors to track, mea-
sure, and monitor worker activities, that is, through motion
tracking systems. We remain confident that our main results
are robust as travel direction is determined objectively.

The generalizability of our findings is somewhat limited.
The context studied here is one in which order pickers’ routes

are organized in an S-shape. Our findings should be generaliz-
able to similar contexts involving a variety of travel directions
and thus necessitate continuous navigation. Our results could
be dependent on the extent to which travel direction varies, and
the effect may weaken in settings where navigation is less of an
issue, for example, routes with mostly same-direction travel.

Our work opens the door for future research on DEI in
order-picking. This study is a first step in research on the
interaction of order pickers’ writing and travel direction and,
specifically, its impact on performance in the context of man-
ual picker-to-parts order-picking. Future research could con-
sider whether our findings extend beyond the setting studied
here—order pickers traveling on industrial trucks—to set-
tings in which pickers are required to walk, considering that
travel speed could influence the decision-making process;
higher speeds on industrial trucks may necessitate more rapid
decision-making, and the slow speed of walking may afford
pickers more time to orient themselves, suggesting an identi-
cal underlying mechanism but with varying decision-making
velocities.

Further research approaches could examine the same inter-
action effect on an alternative but relevant dependent variable,
namely the quality of completed tasks, a variable not observed
in the current study due to an error rate of ~ 0.05% resulting
in insufficient data. Our observations in the warehouse suggest
that writing direction could also be relevant to the selection of
the correct item in search tasks (Batt and Gallino, 2019), for
example, in high-density storage systems.

Future studies can build on our findings concerning the
impact on performance of the interaction of order-picker
writing direction and travel direction by studying how other
DElI-related factors interact with operational design policies
(Corbett, 2023). Lastly, considering the recent increase in the
use of robotic coworkers, future studies could investigate how
the role of DEI in OM may be impacted by these technolo-
gies and their design—for example, human-leading robot-
following versus robot-leading human-following schemes.

Appendix |. Descriptive Statistics and Cross-Correlation
Min. Mean Max. SD VIF | 2 3 4 5 6 7 8
|: Travel_Pick_Time 3.00 19.60 60.00 2.0l
2: Left_To_Right_ 000 056 1.00 049 1.00 0.01™
Writing
3: Travel_Direction ~ 1.00 1.99  3.00 083 1.37 0.02™ 0.00™
4: Travel_Distance  0.60 17.21 149.40 2650 1.02 0.13"* 0.01™ —0.02™
5: Product_Weight ~ 0.03 3.I5 2498 306 128 006" 0.04™  0.00 0.02"
6: Product_Volume  0.05 10.64 25 536 1.08 0.07°" 007" 003" 000" 024
7: Storage_Level 0 026 660 065 1.0l 000 000 001" -002"" —0.15"" —0.11I"™
8: Stack_Level 1.00 62.00 [11.00 574 1.0 0.00™ 008" 000" -0.10"" —0.15"" 0.00 0.19™
9: Pick_Density 1.00 10.64 29.00. 581 1.06 0.08™ 000 000" -002"" 012 012" 001™ 0.06™

VIF: variance inflation factors; SD: standard deviation.
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