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Abstract — This paper considers the integrated order picking (joint order batching and picker routing) and
delivery problem in a manual picker-to-parts and multi-block 3D warehouse with considering overbooking and
delivery-delay allowed strategies. Received orders by the customers are grouped into the batches, assigned to
the pickers with horizontal and vertical velocities to compute the travel time, picked up from the shelves of the
warehouse, and delivered to customers’ community. The warehouse’s policy is to accept orders for a certain
number of unavailable products in addition to the available products. Thus, the concept of the overbooking
strategy for supplying unavailable products and the delivery postponed strategy for delayed delivery is applied.
Hence, this study introduces a novel mathematical model to deal with such a system, where the objective aims
to minimize the cost of the completion time of all batches, the purchasing of the unavailable products and the
return time of all vehicles to the depot. To solve this model, four new heuristic algorithms are devised, a broad
range of numerical experiments is investigated to illustrate the validity and applicability of the proposed model
and solution approaches.

Keywords— Integrated order picking and delivery; Joint order batching and picker routing; Overbooking;
Deliver-delay allowed; Heuristics

I. INTRODUCTION

Order picking as a critical planning operation is the retrieval of requested products from storage locations to fulfill
order requests. Manual order picking systems are usually divided into two groups: picker-to-parts systems and parts-to-
picker systems. In a picker-to-parts system, order pickers walk and ride through the warehouse to retrieve the required
products. In parts-to-picker systems, automated storage and retrieval systems (AS/RS) pick up required products from the
warehouse and deliver them at a pickers’ fixed station. It should be noted that the current research is focused on the
picker-to-parts systems. In a picker-to-parts order picking system, two operational planning problems can be considered:
1) order batching, which means grouping orders to picking orders (batches); and 2) picker routing, which means
determining a sequence for collecting the required products of each picking order (Henn, 2012). In the warehouse
literature, the two problems of the order batching problem and the picker routing problem have been vastly studied as two
separate problems while, these two problems are interdependent strongly (Van Gils et al., 2019). The picker routing
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problem can be solved that the outcome of the order batching problem is known. Also, the order batching problem cannot
be solved without knowing the routing strategy, i.e., how the pickers can walk through the warehouse (Aerts et al., 2021).
It is essential for order picking systems to consider a joint order batching and picker routing problems efficiently to
achieve effective performance in picking operation. The researches on the joint order batching and picker routing
problems can be found in the warehouse literature since 2005. This study focuses on supplying two types of available and
unavailable products in the warehouse. Therefore, the overbooking strategy is applied to buy the unavailable products. In
addition, due to the unavailable products have delay in the delivery process, the delivery-delay allowed strategy is used.
To the best of our knowledge, there is a research gap regarding mathematical modeling of a joint order batching and
picker routing problems with the delivery process with two mentioned strategies in order picking systems.

Subsequently, a novel mathematical model is proposed to formulate order picking and delivery problem with
considering two mentioned strategies, where the objective function minimizes cost of the completion time of all batches,
the purchasing of the unavailable products and the return time of all vehicles to the depot. Duo to the complexity of the
problem and achieving high-quality solutions within a reasonable time, four new heuristic algorithms are devised. Hence,
the main contributions of the current study to the literature are listed as follows:

e Considering order picking (order batching and picker routing problems) with multi pickers, scanning-packing
orders in depot, two types of products and delivery problem in a novel integrated model.

e Regarding a multi-block 3D warehouse with pickers’ horizontal and vertical velocities.
e Considering overbooking and delivery-delay allowed strategies.
e  Proposing four new heuristic algorithms for solving the proposed model.

The remainder of this paper is organized as follows. Section 2 offers an overview of the related literature. In section
3, the problem definition and formulation are described. Section 4 contains the description of the new heuristic algorithms.
Computational experiments and sensitivity analysis are reported in section 5. Finally, the conducting remarks and some
directions for future research are given in section 6.

II. LITERATURE REVIEW

In this section, we review the literature in the relevant areas of order batching, picker routing, joint order batching and
picker routing problems.

Won and Olafsson (2005) presented a mathematical model for the two simultaneous problems of order batching and
picker routing. The goal of the model was to minimize the total traveled distances by all batches and the order holding
time. They presented two heuristic algorithms to solve the model. In the first algorithm, the batching of the orders was
specified, and in the second algorithm, picking and picker routing were determined. But in this research, the three-
dimensional space of the warehouse and the delivery process are not considered. Henn et al. (2012) conducted a
comprehensive research on the problem of order batching in the order picking system. The manual order picking systems,
picker-to-parts systems, were investigated in both offline and online environments. Different characteristics and
conditions of the order batching problem were proposed and several approaches were presented to solve the above
problems. Kulak et al. (2012) presented a programming model for order batching and picker routing problems
simultaneously. This model minimized the total traveled distances by all batches. They proposed a tabu search heuristic
algorithm based on a similarity-regret value index (RS_RV). This means that if the orders are merged, the overlap is
defined in the travel distances. Also, two heuristic algorithms were used for picker routing problem. But, the three-
dimensional space of the shelves and the delivery process are not regarded. Valle et al. (2017) proposed a mixed integer
programming model for order batching and picker routing problems. The purpose of the model was to determine the
shortest route between the requested locations. The arrangement of the warehouse was considered as multi-block. An
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exact solution approach was presented to solve the above two simultaneous problems. But the set of pickers and the three-
dimensional space of the shelves in the warehouse have not been considered. Also, the horizontal and vertical velocities
for the pickers and the delivery process are not regarded. Scholz et al. (2017) presented a mathematical model for order
batching and picker routing problems. Each order had a due date and the purpose of the model was to minimize the total
order delivery delay. A heuristic algorithm was presented to solve the model simultaneously. They proposed a heuristic
approach to generate the initial solution and a variable neighborhood search approach to solve the problem. But the
assumptions related to the pickers’ velocities and the order delivery process have not been regarded. Jiang et al. (2018)
presented a mathematical model for the order batching and sequencing problem, which was an extension of the order
batching problem. The purpose of the model was to determine the batching and sequencing orders in online supermarkets
so that the total completion time of the picking and sorting-packing processes was minimized. The presented model was
solved by a developed heuristic seed algorithm. But they did not consider the set of pickers for assigning, picking and
routing of the batches. Also, the process of delivery to the customers is not regarded. Pansart et al. (2018) presented an
optimization model for picker routing problem, and two exact algorithms were developed and presented to solve the above
model. However, the order batching, the set of pickers, the characteristics related to the pickers and travel time between
the slots of the shelves in the three-dimensional warehouse have not been considered. Also, the simultaneous and
integrated delivery process is not regarded. Weidinger (2018) rendered a model for picker routing problem based on the
scattered storage strategy so that the total traveled distance was minimized. The model was solved by heuristic algorithms
with low computational complexity. But in the mentioned model, none of assumptions related to the order batching, the
pickers’ characteristics and the delivery process are considered. Weidinger et al. (2019) presented a mathematical model
for picker routing problem in a warehouse with mixed shelves. The allocation of the products was based on the scattered
strategy, and each unit of the products was placed in several different places in the warehouse with a small number. The
goal of the model was to determine the total traveled distance. Three heuristic algorithms and one improved heuristic
algorithm were used to solve the model. However, the order batching, set of pickers, the pickers’ velocities and the process
of delivery orders to the customers have not been considered. Van Gils et al. (2019) investigated the problems of order
picking, picker routing and picker scheduling and presented a mathematical model simultaneously. The goal of the model
was to minimize the completion time of all batches by all pickers. A local search algorithm was presented, which included
heuristic algorithms for creating initial solution, routing and picker scheduling, and perturbation. But the integrated
process of order delivery to customers along with order picking is not considered. Wang et al. (2019) presented three
mathematical models for the problem of shipping cargo by considering two strategies of overbooking and delivery-delay
allowed. They sated that there was always a gap between recorded order amount and the actual order amount. The amount
of this gap or the value of conversion rate can affect the income of the shipping companies. The goal of the first model
was to maximize revenue. In the second model, the overbooking strategy was used, and the goal of this model was to
maximize profit. In the third model, in addition to the first strategy, delivery-delay allowed strategy was also used. The
cargoes were divided into two groups, sensitive and insensitive. As a result, by considering some cargoes with postponed
delivery, the amount of resulting penalty from the first strategy was minimized by the second strategy. Also, they
presented a heuristic approach to solve this model. Briant et al. (2020) investigated the problems of the order batching
and picker routing and presented a column generation based heuristic algorithm. Also, an exponential linear programming
formulation was presented so that the variables or columns were related to the picking paths in the warehouse. But the
process of delivery is not included. Cano et al. (2020) presented two mathematical models due to the importance of
simultaneous considering the two problems of order batching and picker routing. In order to model the picker routing
problem, relations for distances and travel time between the shelves of the warehouse were rendered. Also, two other
mixed integer models were presented. The purpose of the models was how to minimize the total delay by considering the
due dates of the orders based on time windows. The solution approach for the mentioned models was not provided. They
also did not consider the delivery process. Masae et al. (2020) studied the picker routing problem in manual order picking
systems. Also, the extent of using three general methods of exact, heuristic and metaheuristic solution approaches for this
problem was stated. Aerts et al. (2021) presented a cluster-based model for the order batching and picker routing problems
simultaneously. The goal of the model was to minimize the total travel distance of all batches. Three heuristic algorithms
for assigning orders to the batches were described and finally, a metaheuristic two-level variable neighborhood search
algorithm was rendered to solve two problems simultaneously. But the integrated process of picking and delivery has not



164 Vahdani, B, et al. / The integrated order picking and delivery with overbooking and delivery-delay allowed....

been regarded.

To improve efficiency and reduce supply chain costs, a green supply chain design was modeled as a multi-objective
programming model by Jamshidi et al. (2012) to minimize the total cost of the supply chain. A memetic algorithm with
Taguchi method were applied to solve the proposed model. Considering closed-loop supply chain network design,
Boronoos et al. (2019) proposed a mathematical model to minimize the total cost of the multi-echelon network and
maximize the responsiveness in two directions. They utilized an augmented e-constraint approach to solve the model.
Agahgolnezhad et al. (2021) presented a bi-objective mathematical model with perishable products to delivery customers’
demands. The aim of this model was to minimize the total cost and the total amount of emmissions at all levels of the
network. In another study by Kalantari Khalil Abad et al. (2020), a three-objective mathematical model was presented for
green closed-loop supply chain. The chance-constraint and a random cost function approach were applied to define some
deterministict parameters. For solving the model, the goal attainment and GAMS software were utilized. In addition,
Rabbani et al. (2020) presented a novel multi-period mathematical model for bioenergy supply chain to minimize the total
costs of the network and vehicle routing. Also, NSGA-I1 algorithm was utilized to solve the proposed model. Keshmiry
Zadeh et al. (2021) stated that disruption in products distribution had an important factor in supply chain management
and planning. They proposed a multi-objective mathematical programming for green closed-loop supply chain to
minimize the total cost and the total amount of emmissions. Gitinavard et al. (2019) presented a new evaluation approach
based on fuzzy set environment. A bi-objective multi-echelon supply chain mathematical model was proposed. This
approach aimed to rank the obtained pareto optimal points from the presented model. Gitinavard et al. (2020) offered a
dynamic hesitant fuzzy consensus method to access sustainable feedstock. Also, a revised multi-choice goal programming
is extended for renewable product allocation. Vakili et al. (2021) presented a green open location routing stochastic model
with pickup and delivery to minimize the total costs of this system. Gitinavard et al. (2021) presented a possibilistic
programming approach to estimate the hesitant fuzzy membership function. Based on this approach, a mathematical
model was proposed to minimize the sum of squared errors between the total data.

According to the literature, no model for a joint online order batching and picker routing problem in a multi-picker-
to-parts system within a 3D warehouse has been offered in which the considerations of two types of available and
unavailable products, scanning-packing orders in depot, applying two strategies of overbooking and delivery postponed,
and order delivery to the customers as an integrated order picking and delivery process have been reflected.

Table 1. A brief literature review
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A. Research gap

This paper, different from the above studies, considers integrated order picking (joint order batching and picker
routing) and delivery in a manual order picking system. Multi pickers are regarded to pick up orders from the slots of the
shelves. There is a multi-layer warehouse in the form of a three-dimensional with various shelves with known capacity.
Also, the travel time with considering the pickers’ horizontal and vertical velocities in this multi-block 3D warehouse can
be calculated between each two slots. The warehouse policy regards to accept the orders which include unavailable
products in addition to the available products. For this purpose, total products are divided into two types of products:
unavailable and available. Thus, the concept of the overbooking strategy for purchasing the unavailable products and the
delivery-delay allowed strategy for delayed deliveries are applied. According to these conditions, the orders are divided
into two parts. Each customer’ order has at least one unavailable product. Thus, each order is definitely divided into two
parts. In this study, it is assumed that the delivery to each customer will be done in two times at most. Split orders must
be identified (scanned) and packed during the consolidation process at the depot. Therefore, for each order, two packages
are packed for delivery: unavailable products and available products. Finally, for such an order picking system, a novel
mathematical model is proposed to minimize the cost of the completion time of all batches, the purchasing of the
unavailable products and the return time of all vehicles to the depot.

I11. PROBLEM DEFINITION

This research studies the two processes of picking orders in the warehouse and delivering orders to customer
community in an order receiving environment. This system involves a multi-layer warehouse in the form of a three-
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dimensional warehouse that has numerous shelves with known capacities, each separated into two slots. There are
horizontal and vertical aisles between the shelves facilitating the pickers' mobility. In addition, three levels are expected
for all shelves, and one depot is planned for the pickers' arrival and departure. Pickers can go down all of the aisles in the
warehouse to find the products they need. Fig. 1 depicts the structure of the investigated subject. The mentioned system
intends to supply a certain number of unavailable products. For this purpose, it has a plan to buy unavailable products
from a certain number of sellers. Therefore, the total number of the presented products in the system is divided into two
parts: available products and unavailable products. Orders are batches after arriving into the system. Each order is divided
into two parts if there are two types of products. For each order, it is not necessary to put all other products of that order
in the same batch. In the delivery process to the customer community, the scanning and packing times are considered for
each product of each order in the depot. After order batching, the batches are picked from the shelves by the pickers. Duo
to the orders are divided into unavailable and available products, and are delivered to customer community in two steps,
the total number of batches is divided into two parts. The unavailable products are supplied from specific sellers, and their
number, location, and the round-trip time from depot to their vendors are known. Also, the total number of each type of
unavailable products in all orders is known based on their information of the arrival times. Therefore, to provide the
unavailable products and also to have these products in the warehouse, the overbooking strategy is used. This means that
more than the required number of these types of products, the purchasing process is done. In order to deliver orders to
customer community, the vehicles are divided into two parts. Therefore, because unavailable products have delay in the
delivery process, the delivery-delay allowed strategy is used. The first and the second parts of the vehicles are considered
for the delivery of the unavailable and available products, respectively. The space of the warehouse is three-dimensional,
and three layers are considered for the shelves. Thus, the structure of the multi-block 3D warehouse is regarded for this
study. To calculate travel time in 3D warehouse (multilayered warehouse), let B denotes the set of blocks, where & € B.
In this regard, U, and D, represent the y-coordinates of the upper and lower end of block &, respectively. Travel time
in three dimensions depends on the simultaneity of the horizontal, and vertical movements, where horizontal movements
are on the x-axis and the y-axis and vertical movements are on the z-axis. Thus, the pickers’ horizontal and vertical
velocity should be regarded and denoted by v, and v,,. Eq. (1) calculates travel time between slots i and j. If two slots
belong to the same aisle, the first term of Eq. (1) calculates the maximum time between horizontal and vertical movements
based on Tchebychev metrics. Otherwise, for two slots belonging to different aisles, the minimum time required for
changing the aisle by walking one of the top or bottom cross aisle is calculated by the second term of Eq. (1). In this
regard, an example of the configuration of a two-block 3D warehouse between two slots belonging to different aisles is
shown in Fig 2. For this example, the points (0, U,, 0) and (0, D,, 0) are considered as the top and bottom coordinates
for block 2, and two points (0, U;, 0) and (0, D,, 0) are the top and bottom coordinates for block 1. Two slots i and j can
be shown as i = (x;3, ¥iz, Zi2) and j = (X1, Yj1, Zj1)-

xi—xj|+lyi=yj| |zi-z; . . .
max {' - ]|v| - ’l,l ’V ]l} ifi and j belong to the same aisle
h v
o= . lyi=Ul+|xj—x;|+|U-y;| |zi-z; |yi=D|+|x;—x;|+|D-y;| |z;-z; . 1
t; mm{max{L i+ 10y ]|}’max{L frixjl+1D-y)| |z ,I}} otherwise (1)
Vp Vp Vh Vp

for0<i#j<M
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The following assumptions are considered to formulate this problem:
e There is at least one unavailable product per customer’ order.

e Each order is definitely divided into two parts.

Fig 2. The structure of the multi-block 3D warehouse.

e All products include unavailable products and available products.

e The consolidation process in the depot must be done for all products.

e For each customer, there are two packages for delivery, which include unavailable products and available

products.

e Delivery to each customer is made in two times at most.
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B. Sets and indices

<L >>TESTITEE IO N

Set of slots of the shelves indexed by i, j, I {depot: 0; slots : 1, ..., S}
Set of orders indexed by o

Set of the unavailable products of the orders

Set of the available products of the orders

Set of all products with P = U U A indexed by p

Set of batches for the set of products U of the orders

Set of batches for the set of products A of the orders

Set of all batches with B = ' U @ indexed by b

Set of pickers p

Set of vehicles for delivery the set of products U to customers
Set of vehicles for delivery the set of products A to customers
Set of all vehicles with V = A U A indexed by v

C. Parameters

Maximal number of the products in batch b

Arrival time of order o, where0 < 2, < #t,,;and1<0<0-1
1 if product p is in order o; 0 otherwise

1ifslot i is considered for product p; 0 otherwise

Setup time of batch b by picker p

Distance between slots i and j

Pickers’ horizontal velocity

Pickers’ vertical velocity

Travel time between slots i and j

Round-trip time from depot to product vendor location p(p € U)
Consumed time at product location p(p € U)

Number of product p of order o

Total number of products p(p € U) in order o; ¥ ,ey Myo
Total number of products p(p € A) in order o0; ¥,e4 Mo

Total number of product p(p € U) through all orders

The overbooking percentage for purchasing product p(p € U)
Allowed number of product p(p € U) on its shelf

Allowed number of product p(p € U) in the warehouse

The scanning time of each product

The packing time of each product

Capacity of vehicle v

Purchase price per unit product p(p € U)

Round trip-time from depot to the community of customers
Required search and pick time for slot i

Completion cost per each pickup

Return cost per each delivery
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D. Decision variables

b

x; 1if slot j is visited immediately after slot i by batch b in pickup process ; 0 otherwise
Y 1 if product p of order o is assigned to batch b; 0 otherwise
Zbp 1 if batch b is assigned to picker p; 0 otherwise
Opi 1 if slot i is visited by batch b ; 0 otherwise
w? Position slot i in routing batch b
Spp Start time of batch b by picker p
Top Travel time of batch b by picker p
SPy, Pick time of batch b by picker p
top Service time of batch b by picker p
Cpp Completion time of batch b by picker p
9 Quantity purchased of product p(p € U)
H1, The number of unavailable products of order o
H2, The number of available products of order o
v, The scanning-packing time of order o contains unavailable products
Q, The scanning-packing time of order o contains available products
Foo 1 if order o is assigned to vehicle o ; 0 otherwise
D, Departure time of vehicle o from depot
R, Return time of vehicle v to depot
E. Mathematical model

s.t

min z = wi ZbelB ZpeP Gbp + ZpEU Sp Qp + w; ZDEV IRn

Z£=1y'ﬁb_apo VpeU;o0€0
Yor1 %o = Gyo VpEA0ED
Yi=1 20=1 Mooy < Gy VbeT
Y1 X0=1 Moo < Cp Vb € ®
=18 =1 Vb €T
P13 = 1 Vb € ®
Obi = Ao Yo Tip ViES;0€0;beET;pEU
Obi = Ao Yo Tip ViES;0€E0;beEd;pEA
f:oxp':%j VjeS;beTl
S0 xl) = o VieES;beT
oxl = Yioxf = VBET;jES

Obi < Xioo X VbET;ieM

169

@)

®)
(4)
(®)
(6)
(7
®)
©9)
(10)
(11)
(12)
(13)

(14)
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Qy = 5,(1+9D,)

Q, =M, + I,

i= Oxbj O'bj

j= Ox?] Ohi
{V[oxg {“L/L;Oijl =0

S b
Obi < Xj=oXij

Bpp = Zo 1Zp 1’5}01,

Bpp = P 1Zp 1’5}01,

S = max {t Yoo} + =1 20-1(Ry + C,) wi

0€0,p

Sop = max £ )

Top = Xi-o Xj=0 tij ¥i) Zup
Spbp Zl 1 ®; 0% Zpp
= m + 11,1, + S]P)bp)zhp
Cpp = (Gop + Top) 2y
w —w + |l < |l -1
x{’] =0
b

w; —wjb+|l|x?j < -1

bo_
;=0

o= Zg=1 Zgzl %ﬁb Po

H2, = Z§=1 Z;D=1 ’y};b 9o
¥, = H1,(t; +t;)
Q, = H2,(t; +t;)

{)\=1 foo =1

0_ < C

o=1 po'ﬁov — ®p

nA=1 foo =1

Zgzl @o'ﬁov < (Cn

VpeU

vpeU

VjeES;beED
VieS;bed
VbE P;jES
VbeP;i €S
VbeT;p€EP

vbe d;peP

Vb € d;p € P

vbeEB;p€EP

VbeE B;p €P

VbeB;pEP

Vb EB;p €P

vi,j e S\{0},i #j;l€S; bET
vi,j € S\{0},i=j;b €T

vi,j e S\{0},i #j;l€S;beED
vi,jeS\{0},i=j;bED

Vo €0

Yo €0

Vo

Vo

Yo €0

Vo €A

Yo €0

Vo EA

VbET;p € P

(15)
(16)
a7
(18)
(19)
(20)
(21)
(22)

(23)

(24)

(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)

(40)
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D, = (max (G} + D61 fu¥s) Vo EA (41)
D, = (berggép{@bp }+ 201 £o0) Vo €A (42)
R, =D, +1 Vo € A (43)
R, =D, +1 Vo € A (44)

25, Yho, Bops Ooir Fou € 10,1}, o, SPp , Top 1 Fop » Cp Dy, Ry, ¥y, Q, = 0,07, 0, H1,, H2, €
Z Vb,i,j,p,0,0,p,0 (45)

The objective function (2) minimizes the cost of the completion time of all batches, the purchasing of the unavailable
products and the return time of all vehicles to the depot. The first part of the objective function minimizes the completion
time of all batches by all pickers in pickup process. The second part of the objective function minimizes the cost of the
purchasing of all unavailable products from known products vendors. The third part of the objective function minimizes
the return time of all vehicles to depot in delivery process. Constraints (3) and (4) assign two types of available and
unavailable products of the orders to the batches. These constraints guarantee that each of the unavailable and available
products in each order will be only assigned to one batch of I and @, repectively. Constraints (5) and (6) guarantee that
for each of the batches of I' and @, repectively, the total number of unavailable products and the available products of
allocated orders to it should be less than the batch capacity. Constraints (7) and (8) ensure that each of the batches of T
and @ should be assigned to only one picker. Constraints (9) and (10) state that each slot is only visited once for each of
the batches I and @. Constraints (11) and (12) provide a linkage between connectivity and visiting slots. Constraint (13)
represents connectivity constraint. Constraint (14) ensures that only activated batches of T" can visit slots. Constraints (15)
and (16) calculate the minimum and the maximum purchased amount per unavailable product in total orders. Constraints
(17) and (18) provide a linkage between connectivity and visiting slots. Constraint (19) represents connectivity constraint.
Constraint (20) ensures that only activated batches of & can visit slots. Constraints (21) and (22) ensure that only activated
batches are assigned to the pickers. Constraint (23) signifies the start time of each batch T by each picker. This time is the
sum of the unavailable products purchasing time and the maximum arrival time of the orders allocated to the batch.
Constraint (24) signifies the start time of each batch & by each picker. The mentioned time is the maximum arrival time
of the orders allocated to the batch. Constraint (25) determines that the travel time of each batch is the sum of travel times
of all visited slots by each picker. Constraint (26) states that the pick time of each batch is equal to the pick times of all
visited slots by each picker. Constraint (27) specifies that the service time of each batch by each picker is the sum of the
setup time, the pick time and the travel time. Constraint (28) calculates the completion time of each batch by each picker,
which is the sum of the start time and the service time. Constraints (29) and (30) are subtour elimination constraints for
the routing of the batches I'. Constraints (31) and (32) are subtour elimination constraints for the routing of the batches
@. Constraints (33) and (34) calculate the number of unavailable products and available products of each order,
respectively. Constraint (35) determines the scanning-packing time of each order, which contains unavailable products.
Constraint (36) determines the scanning-packing time of each order, which contains available products. Constraints (37)
and (38) state that each order containing unavailable products should only assigned to one vehicle A, so that the total
orders allocated to it must be less than the vehicle capacity. Constraints (39) and (40) signify that each order containing
available products should only assigned to one vehicle A, so that the total orders allocated to it must be less than the
vehicle capacity. Constraints (41) and (42) calculate the departure time of each vehicle of A and A, respectively. These
times are the sum of the maximum completion time in the pickup process and the sum of the scanning-packing times of
all allocated orders to each vehicle. Constraints (43) and (44) specify the return times of each vehicles of A and A,
respectively, that is the sum of the departure times of the vehicles and the round trip-time from depot to the community
of customers. Constraint (45) determines the type of decision variables. Since constraints (23) to (28) and (41) and (42)
are non-linear, they could be linearized by defining axillary decision variables O, @, %}4p: Zinp: Opp: Sop» Cop» Lop: d
and é, and substitute and adding constraints (46) to (75).
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Gop =0, + X1 201 (R, + C,) why VbET;p EP (46)
Op 2 TJ-1 X0-1%0 Yop vb €T (47)
CH Vb E ®;p €P (48)
Ap= Y1 Xo-1%0 Y Vb € ® (49)
Top = Dieo Xi=0tij Xijnp Vb € B;p € P (50)
Xipp < %) Vb EB;p €EP;i,jES (51)
Zivp < Bop VbEB;p EP;i,jES (52)
Kjpp = 20 + Zop — 1 VbEB;pEP;i,jES (53)
SPyp = Xi=1 9 Ziny VbEB;p EP (54)
Zipp < O vVbeEB;p€eEP;i€ES (55)
Zipp < Zpp VbeEB;pEP;i€ES (56)
Zipp = O + Zop — 1 VbEB;pEP;i€ES (57)
Top = (topBop T Obp + Sop) vb € B;p € P (58)
Oop < Ty Vb EB;p €P (59)
Opp < M 2y Vb € B;p € P (60)
0oy = Ty — M(1 — 2) Vb EB;p €P (61)
Spp < SPy, vbeB;p€eEP (62)
Sop < M3y, VbEB;p EP (63)
Sop = SPy, — M(1 — 2y, Vb EB;p €P (64)
Cpp = (Cop + Top) Vb eEB;p EP (65)
Cop < Gpp vbeB;p€EP (66)
Cop < Mzy, VbEB;p € P (67)
Cop = Gpp — M(1 — z4p) Vb EB;p €P (68)
top < Top Vb EB;p €EP (69)
top < Mz, VbEB;p€EP (70)
Bop = Typ — M(1 — 2p) Vb EB;p €P (71)
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D, = (CI + Zg=1 Foo o) Vo €EA (72)
d = b1 Yp=1Cp Yo €A (73)
D,=(e+ Zg=1 Fooldo) Vo €EA (74)
€251 2h-1Chyp Vo € A (75)

IV. HEURISTIC ALGORITHMS

In this section, four effective heuristic algorithms are presented to solve the proposed model, including order batching
based on two types of products, picker routing, assigning orders to the vehicles, and integrated order picking and delivery
heuristic. In fact, the purpose of this section is to propose an effective and fast heuristic approach to solve the presented
integrated model.

For order batching problems, constructive heuristic solution approaches are usually divided into three groups: seed
algorithms, saving algorithms and priority-rule based algorithms. The seed algorithms include two steps: selecting seed
orders and assigning the other orders to the seed orders. There are various rules for selecting the seed orders and assigning
other orders. The saving algorithms calculate the saving of each pair of orders and then merge the orders based on
particular rules. The priority-rule based algorithms include two phases of assigning priorities to the orders and allocating
orders to the batches. There are several rules for determining priorities to the orders, one of which is FCFS (First-Come-
First-Serve) rule. This rule assigns the priorities to the orders according to their arrival times. There are two different
approaches for assigning orders to the batches: Next-Fit Rule and First-Fit Rule or Best-Fit Rule. In the first approach, if
the batch capacity is sufficient, only that batch is activated. But in the second approach, batches can be simultaneously
activated for allocation (Henn et al., 2012). After determining the batches of the orders, the pickers' path for each batch
should be specified. An effective picker routing can reduce the travel time as well as the picking time of the batches.
Therefore, an effective heuristic solution approach of picker routing should be combined with the order batching heuristic
approach. The picker routing problem can be considered as a TSP problem. Order batching and TSP problems are both
NP-hard and there are many solution approaches for each of these problems. But to solve the presented integrated problem
in this research, quick and consecutive solutions are needed. Algorithms that can create fast and acceptable solutions in a
reasonable and short solution time can be suitable solution approaches for our research. Therefore, in this study, the
heuristic approaches are used to solve the above integrated model. Algorithms based on priority-rule based are applied in
our research duo to less computational complexity. In order to respond quickly to the received orders, we applied the
FCFS rule. Also, in order to create the optimum number of batches, the Next-Fit Rule has been used. Finally, we present
an order batching heuristic algorithm based on the two types of the products in the orders. Among the constructive
heuristic solution approaches for the TSP problem, the nearest neighbor method is used duo to its less computational
complexity. In this study, it is assumed that orders are delivered to each customer twice at most. So, the existence of two
types of products in the orders is an important and effective factor in the process of assigning orders to the delivery
vehicles. For this purpose, we have presented a heuristic algorithm for assigning orders to the vehicles. Finally, for the
two integrated processes of order picking and delivery, considering two types of products and regarding the two
mentioned strategies, a heuristic approach is proposed for this research.

F. Order batching, routing and delivery heuristics

The order batching heuristic algorithm aims to classify the orders based on the two types of unavailable and available
products. All batches can be divided into two categories: batches for unavailable products and batches for available
products. First, according to the FCFS rule, the priorities are assigned to the products of the orders. Then, the first
unavailable product from the first order is assigned to the first batch of T'. Also, the first available product from the first
order is assigned to the first batch of ®. The next unavailable products and also the next available products of the orders
are assigned to the same batch, respectively, if there is batch capacity. Otherwise, the next batch will be activated for
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unavailable products and available products. This process is repeated to allocate all types of the products of the orders to
the batches. The pseudo-code of the proposed order batching heuristic algorithm is provided in Algorithm 1. The nearest
neighbor heuristic algorithm is used to determine the sequence of visiting slots and calculate the travel time of the created
batches. First, after selecting an arbitrary slot, the closest unselected slot to the specified slot is determined. Then this
process continues until all the unselected slots in the batch are selected. Finally, after meeting the last slot, the initial slot
is selected again. The structure of the above approach is explained in the pseudo-code of Algorithm 2. The assigning
orders heuristic algorithm aims to assign orders to the vehicles according to the all types of products. The first order
including the unavailable products and the available products with the minimum arrival time and the highest priority are
assigned to A and A vehicles, respectively. Subsequent orders will be assigned to the same vehicles if there is vehicle
capacity. Otherwise, the next vehicles from each group of A and A vehicles are activated. This process continues until all
orders are assigned to the vehicles. The pseudo-code of the proposed assigning orders heuristic algorithm is provided in
Algorithm 3.

Algorithm 1. Batching orders

0 seto,U,APRT, @B

1  assign the priorities to all products of all orders according to FCFS Rule

2 sortall products of all orders according to non-ascending priorities

3 assign the first product p € U of the first order to the first batch I' (active batch)
4 assign the first product p € A of the first order to the first batch @ (active batch)
5 while0 # @ do

6 if number of product p € U of order o < capacity of active batch T

7 assign p € U to activate batch I’

8 else

9 select new batch from I’

10 assign p € U to new batch

11 endif

12 if number of product p € A of order o < capacity of active batch ®

13 assign p € A to activate batch @

14 else

15 select new batch from @

16 assign p € A to new batch

17 endif

18 endwhile

Algorithm 2. Nearest neighbor
set S
select an arbitrary slot i € S(depot:0, i « 0)
set j =i and S\{i}
while S = @
letie S
calculate t; = min {¢t;;|i € M}
connect j to i
setS=S\{itandj =i
endwhile
connect j to the slot i selected in line 1
return a batch tour
return Iy,

PP O0O~NO O WNEFEO

= O
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Algorithm 3. Assigning orders to the vehicles

0 setO,AAVY,p,, 9,

1  assign the first order to the first vehicle A (active vehicle) according to their priorities
2 assign the first order to the first vehicle A (active vehicle) according to their priorities
3 while0o # @ do

4 if p, < capacity of active vehicle A

5 assign order o to A

6 else

7 select new vehicle from A

8 assign order o to new vehicle

9 endif

10 if g, < capacity of active vehicle A

11 assign order o to A

12 else

13 select new vehicle from A

14 assign order o to new vehicle

15 endif

16 endwhile

G. Integrated order picking and delivery heuristic

175

This section presents a novel heuristic algorithm to solve our problem including the integrated order picking and
delivery with considering two strategies of overbooking and delivery postponed. At first, the proposed algorithm aims to
assign the products of the orders to the batches according to Algorithm 1. In fact, the created batches are divided into two
groups including unavailable products and available products. Then, the number of required unavailable products is
calculated. The created batches from the two groups of I' and @ are assigned to the pickers. The pickers' travel time is
calculated by Algorithm 2, and the completion time of all batches by all pickers is calculated. In order to deliver the orders
to the customers, Algorithm 3 is applied to allocate orders to the vehicles. Activated vehicles are divided into two groups,
including unavailable products and available products. The scanning-packing time is calculated for all orders and finally,
the times of departure and return of the vehicles is determined. The pseudo-code of the proposed integrated order picking

and delivery heuristic algorithm is provided in Algorithm 4.

Algorithm 4. Integrated order picking and delivery

set0,U,APT,90,B,P,S,AAV
calculate a set of batches I8 according to Algorithm 1
MW, « a set of batches I'
W, « a set of batches ®
calculate Quantity purchased of product p (Q,) by Eg. (15,16)
Zy < ZpEU Sp Qp
set current batch a to the first batch 28, and assign a to a picker p
if W, = ¢, go to line 11; otherwise, go to next step
take the batch a as the ath batch and calculate start time (Sy,) by Eq. (23)
calculate travel time (¥,) according to Algorithm 2

© ooO~NO Ul ~WNEO

[EEY
o

(28), a =a +1 and go to line 6
11 set current batch b to the first batch 23, and assign b to a picker p
12 if W, = ¢, go to line 31; otherwise, go to next step
13 take the batch b as the bth batch and calculate start time (Sg,,) by Eq. (24)
14 calculate travel time (y,,) according to Algorithm 2

15 calculate pick time (SIPy,,) Eq. (26), service time (%;,) Eq. (27) and completion time (€,,,) Eq.

(28), b=b+1 and go to line 11
16 endif
17 endif

calculate pick time (SPPy,) by Eq. (26), service time (%;,) by Eq. (27) and completion time (C,,) by Eq.
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18 Z] < ZBEJB ZpeP Gbp

19 calculate a set of vehicles 8 according to Algorithm 3

20 B, « aset of vehicles A

21 B, « a set of vehicles A

22 calculate number of the products of U and A (H1,, H2,) by Eq. (33,34)

23 W, H1,(t; + t;)

24 O, « H2,(t; +t;)

25 set current vehicle c to the first vehicle 3,

26 take the vehicle c as the cth vehicle and calculate start time from depot (D,) by Eqg. (41) and
return time (R,), c=c+1 and go to line 25

27 set current vehicle d to the first vehicle B,

28 take the vehicle d as the dth vehicle and calculate start time from depot (D,) by Eq. (41)
and return time (R,), d=d+1 and go to line 27

29 Z3 < Znew Rn

30 return z; + z, + z3
31 No activated batches exists, stop the process

V. COMPUTATIONAL EXPERIMENTS

H. Numerical results

This section presents the numerical results to illustrate the validation and effectiveness of the proposed mathematical
models and solution approaches. For this purpose, 30 test problems are designed, where Table Il represents the
specifications of all test problems. Also, the source of random generation values for parameters is provided in Table Il1.
The GAMS software and MATLAB R2015b are used to code models and solution approaches, respectively, where all of
them are executed on a 2.13 GHz Intel Core i3 processor notebook with 4GB of RAM memory. The summary of the
obtained results is provided in Table IV in terms of objective function values (OFVs), CPU times, and the GAPs (%)
between the OFVs of GAMS and heuristic algorithms. Notably, in order to obtain optimal solutions via GAMS software,
CPU time is restricted to 11640s (three hours and fourteen minutes). As can be seen in these tables, the proposed heuristic
algorithms have obtained high-quality solutions in a reasonable time compared to GAMS software. The computational
results in Table 1V shows that as the dimensions of the test problems increased (test problem 16), GAMS did not provide
the optimal solution at this restricted time (11640s). Additionally, in all test problems, the maximum GAP is up to 8.14%,
and the average GAPs is 1.87%. Moreover, for better understanding, one designed test problem has been shown on the
graph in Fig. 3.

Table II. The specifications of all test problems

No. of No. of No. of No. of No. of
Probi lot: o £ No.of No. of No. of No. of batches batches No. of No. of vehicles vehicles No. of
r(/)voem $ athseo 0rl;ef's unavailable unavailabl all for for all i:[.(eors for for all
. shelves products(U)  products(A) products products  products  batches P products  products  vehicles
U A U A
1 27 10 5 5 10 5 5 10 10 5 5 10
2 27 10 5 5 10 5 5 10 10 5 5 10
3 27 10 5 5 10 5 5 10 10 5 5 10
- 4 27 10 5 5 10 5 5 10 10 5 5 10
§ 5 27 10 5 5 10 5 5 10 10 5 5 10
c=Ets 6 27 12 5 5 10 6 6 12 12 6 6 12
» 7 27 12 5 5 10 6 6 12 12 6 6 12
8 27 12 5 5 10 6 6 12 12 6 6 12
9 27 12 5 5 10 6 6 12 12 6 6 12
10 27 12 5 5 10 6 6 12 12 6 6 12
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Medium-sized

Large-sized

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

48
48
48
48
48
48
48
48
48
48
75
75
75
75
75
75
75
75
75
75

30
30
30
30
30
42
42
42
42
42
70
70
70
70
70
100
100
100
100
100

15
15
15
15
15
15
15
15
15
15
20
20
20
20
20
20
20
20
20
20

15
15
15
15
15
15
15
15
15
15
20
20
20
20
20
20
20
20
20
20

30
30
30
30
30
30
30
30
30
30
40
40
40
40
40
40
40
40
40
40

15 15 30 30 15
15 15 30 30 15
15 15 30 30 15
15 15 30 30 15
15 15 30 30 15
21 21 42 42 21
21 21 42 42 21
21 21 42 42 21
21 21 42 42 21
21 21 42 42 21
35 35 70 70 35
35 35 70 70 35
35 35 70 70 35
35 35 70 70 35
35 35 70 70 35
50 50 100 100 50
50 50 100 100 50
50 50 100 100 50
50 50 100 100 50
50 50 100 100 50

15
15
15
15
15
21
21
21
21
21
35
35
35
35
35
50
50
50
50
50

177

30
30
30
30
30
42
42
42
42
42
70
70
70
70
70
100
100
100
100
100

Table II1. The sources of random generation values for parameters

Parameter _Corresponding random distribution
Co U[6,30]
t, U[1,110]
top U[5,50]
di; U[2,200]
vn U[2,20]
v, U[2,20]
ti; U[2,200]
R, U[3,60]
G, U[3,60]
Ny U[5,40]
Po U[1,20]
o U[1.20]
5, U[1,40]
0, U[2,100]
N, U[50,100]
m, U[50,100]
t, U[2,220]
t, U[2,220]
C, U[6,50]
3, U[2,40]

t U[50,700]
o0; U[3,30]
" u[o,1]
w, U[0,1]
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Table IV. The summary of results for all test problems

GAMS Heuristic method

Problem No. OFVs CPUtime(s) OFVs CPU time(s) GAP %
z z z z z
1 719 0:16:43 740 0:2:05 2.92
2 1842 0:16:43 1860 0:2:05 0.97
3 2037 0:16:43 2090 0:2:05 2.60
E 4 2240 0:16:43 2290 0:2:00 2.23
B 5 2443 0:16:43 2490 0:2:00 1.92
= 6 4810 0:16:44 4811 0:2:14 -
uE) 7 4562 0:16:44 4884 0:2:14 7.05
8 4802 0:16:45 4964 0:2:14 3.37
9 4897 0:16:43 5154 0:2:00 5.20
10 5993 0:11:01 6244 0:2:00 4.10
11 17225 0:53:39 18628 0:2:37 8.14
12 19625 0:53:58 20528 0:2:38 4.60
= 13 20224 0:53:37 21148 0:2:38 4.56
N 14 20824 0:53:46 21748 0:2:38 4.43
"é’ 15 21425 0:53:55 22348 0:2:38 4.30
= 16 - 3:14:00 33484 0:3:257 -
§ 17 - - 37484 0:4:26 -
18 - - 37684 0:4:26 -
19 - - 38384 0:4:84 -
20 - - 39684 0:4:86 -
21 - - 103076 0:6:76 -
22 - - 110076 0:6:80 -
23 - - 110356 0:6:80 -
2 24 - - 111756 0:6:90 -
z 25 - - 112036 0:6:99 -
= 26 - - 151616 0:10:01 -
— 27 - - 155616 0:10:01 -
28 - - 159616 0:11:10 -
29 - - 163616 0:11:10 -
30 - - 167616 0:11:21 -

Average 1.87
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Fig 3. Schematization of the one designed test problem

E. Sensitivity analysis
In order to examine the impacts of parameters on the objective function of the model, sensitivity analysis is performed.
The results of this analysis are presented in Figs 4 to 8. The horizontal axis shows the percentage changes in parameters,
and the vertical axis indicates the value of the objective function. The effects of changes in the batch capacity, arrival
time of the orders, setup time of the batches, travel time between the slots, round-trip time from depot to the sellers'
location, and the consumed time at the sellers' location on the objective function are shown in Fig. 4. This diagram clearly
indicates that the reduction of the batch capacity increases the value of the objective function. Because by reducing this
parameter, more batches are used, and for each batch, setup, travel and completion times are calculated as an effective
part of the objective function. But with increase of this parameter, because fewer batches are activated, the value of the
objective function is expected to decrease. But duo to the parameter of the number of products of the orders is constant,
the value of the objective function does not change. Also, increasing or decreasing the other five parameters causes that
the value of the objective function increases or decreases. With the increase of the arrival time of the orders, the start time
of the batches increases as a part of the completion time of the batches. Also, by increasing the setup time and travel time,
the service time of the batches increases. Increasing the parameters of the round-trip time from depot to the sellers' location
and the consumed time at the sellers' location has a direct effect on the start time of the batches and also on the completion
time of the batches. Fig. 5 demonstrates the effects of changes in the number of products of each order, the total number
of unavailable products in each order, and the number of unavailable products through all orders on the objective function.
Reducing the number of products of each order and the number of unavailable products through all orders causes the
value of the objective function to decrease. Because by reducing these parameters, fewer batches are activated. Also, the
less number of unavailable products are purchased and as, the number of delivery vehicles decreases, the return times of
the vehicles are reduced. But by increasing these parameters, because the number of batches and batch capacity are
constant, the process of order batching is not done. As a result, no batch is activated in the integrated process and the
objective function becomes zero. By decreasing the total number of unavailable products in each order, the objective
function remains fixed. This is duo to the vehicle capacity is constant, therefore, the activated delivery vehicles can leave
the depot with less than its capacity. But by raising this parameter by greater than 400%, the objective function becomes
zero. This is duo to the fact that the vehicle capacity has not been increased and there is no integrated picking and delivery
process. The effects of changes in the overbooking percentage for purchasing unavailable product, vehicle capacity, and
the purchase price per unavailable product on the objective function are depicted in Fig. 6. By raising the overbooking
percentage, the objective function increases. Because the number of purchased products increases, therefore, the purchase
cost increases as the second part of the objective function. But by reducing this parameter, the objective function decreases
and then remains fixed. This is duo to the fact that the reduction of this parameter causes the minimum purchased number
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of each unavailable product. Increasing or decreasing the vehicle capacity does not affect the objective function. Because
the number of products in each order, the total number of unavailable products in each order, and the total number of
available products in each order are constant. Increasing or decreasing the purchase price will increase or decrease the
objective function, because this parameter has a direct effect on the purchase cost as the second part of the objective
function. Fig. 7 indicates the effects of changes the total number of available products in each order, the allowed number
of unavailable product on its shelf, and the allowed number of unavailable product in the warehouse on the objective
function. By decreasing the total number of available products in each order, the objective function remains fixed. Because
the vehicle capacity is constant and each vehicle can leave the depot with less than its capacity. But with the increase of
this parameter, the objective function becomes zero. This is duo to that the vehicle capacity is still constant, as a result,
no integrated order picking and delivery process is done. By increasing or decreasing the other two parameters, the
objective function remains fixed, because the total number of products of the orders, the batch capacity and the vehicle
capacity are constant. Therefore, there are no changes in the whole process of order batching and assigning orders to the
vehicles. The effects of the changes in the scanning time of each product, the packing time of each product, the round-
trip time from depot to the community of customers, and the required search and pick time for each slot on the objective
function are shown in Fig. 8. As can be seen in this diagram, increasing or decreasing these parameters increases or
decreases the objective function, because the scanning and packing times have an effect on the departure times of the
vehicles. Also, the round-trip time is included as part of the return times of the vehicles. The required search and pick
time is a part of the service time of the batches. Therefore, the service time as a part of the completion times of the batches
has an important effect on the first part of the objective function.
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Fig 4. Effects of ¢y, £, E, tij , Ry, C, on the objective function (z).
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1. Managerial insights

e According to the sensitivity analysis, the parameter oo; (the required search and pick time for each slot) plays
an important role in the order picking process. The pickers carry out the process of searching and picking the
products from each slot. Therefore, system efficiency can be improved by applying learning factor for human
workforces (pickers).

e Based on above analysis, the parameter t (the round trip-time from depot to the community of customers) is
also an effective factor in reducing the value of the objective function. As a result, regarding the optimal
routing of delivery to customers will improve the efficiency of the system.

VI. CONCLUSION

The integrated order picking and delivery problems in a warehouse where accepts customers’ orders are studied in
this paper. The warehouse policy regards to accept the orders which include unavailable products in addition to the
available products. Thus, the concept of the overbooking strategy for purchasing the unavailable products and the
delivery-delay allowed strategy for delayed deliveries are applied. As a result, this system involves a warehouse with two
types of products: available and unavailable. In this regard, a new optimization model was proposed for this integrated
process with considering overbooking and delivery-delay allowed strategies. The objective of this model was to minimize
the cost of the completion time of all batches, the purchasing of the unavailable products and the return time of all vehicles
to the depot. Each order is definitely divided into two parts. In this study, it is assumed that the delivery to each customer
will be done in two times at most. Split orders must be identified (scanned) and packed during the consolidation process
at the depot. Also, the travel time with considering the pickers’ horizontal and vertical velocities in this multi-block 3D
warehouse can be calculated between each two slots. Four new heuristic algorithms were proposed for this problem. A
broad range of realistic characteristics was reflected in the proposed model, including order picking (joint order batching
and picker routing), delivery problem, multi-block 3D warehouse, pickers’ horizontal and vertical velocities, scanning-
packing orders, two types of products, overbooking and delivery postponed strategies, in order to provide a practical
action plan. The numerical experiments were conducted to clarify the validity and effectiveness of the proposed
optimization model and heuristic algorithms. Computational results revealed that the proposed framework was able to
significantly increase the efficiency and effectiveness of the investigated system. As future research, the concept of the
learning effects for the pickers might be explored. This concept is beneficial for dealing with the order picking problem.
Because travelling between aisles, searching and picking products from the shelves are repetitive and laborious activities
which are influenced by the pickers’ learning. Furthermore, considering the delivery routing in each customer zone is
another future direction. In other words, the routing of each vehicle after leaving the depot and entering each customer
zone can be mathematically formulated.
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