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Abstract

This work presents two Mixed-Integer Linear Programming models to solve a pickup and delivery problem from a
Portuguese company. The objective is to determine the minimum travel time for the pickup and delivery of
manufacturing tools of the Manufacturing Tool Repair support service, of this company. The contribution of this work
involves the presentation of two three-index mathematical models. Those models reflect the integration of the
Simultaneous Delivery and Pickup Problem, with the Capacitated Vehicle Routing Problem with Time Windows. The
two mixed-integer linear model formulations are presented and used to solve the problem using several real-world test
instances. It is also compared their performance using some benchmark instances, proving its feasibility and
comparing its behavior.
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1. Introduction

Organizations are continuously looking for new ways to improve their efficiency. However, the services that support
the value chain are normally overlooked and sometimes a great opportunity for improvement is lost.

The present work aims to improve the efficiency of a Portuguese automotive factory, by increasing the efficiency of
the production support services, in particularly, the Manufacturing Tool Repair (MTR) support service. The workers
of the MTR service are responsible for the repair and calibration of the tools used in the machines that produce the
company’s products. However, before repairing and calibrating, the workers need to pickup the used tools from the
production lines, and after repair, deliver them to the production lines. Since no production line must stop due to lack
of manufacturing tools, and currently there is no real-time information of the tools’ availability in the lines, the MTR
workers need to constantly go to the shopfloor to check the tools’ stock levels. This results in 30% of the total working
time being allocated to transport activities, which are considered non-value adding for this service.

Due to the applicability of the VRP in real-world situations, and the fact that it is classified as an NP-hard problem,
extensive research has been made to optimize it (Kumar & Panneerselvam 2012). When considering time windows
constraints and the simultaneous Pickup and Delivery (P&D) a variant of the VRP, the VRPSDPTW is obtained. In
this problem, every single customer may be, simultaneously, a pickup and delivery customer. Moreover, the delivering
and picking service must be done within pre-defined time windows.

Zhang et al. (2020) applied two different approaches to solve the HVRPSPDTW with multiple depots: an exact and a

metaheuristic approach. For the first, they solved a mixed-integer non-linear programming model using the software
CPLEX, and for the latter they used a combination between the Parallel Differential Evolutionary algorithm and the
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Differential Evolutionary algorithm (Par-DE). In the work of Madankumar and Rajendran (2019), an exact approach
using a Mixed Integer Linear Programming (MILP) model is used. By testing it using 24 modified instances of the
Vehicle Routing Problem with Time Windows (VRPTW) given by Solomon (1987), the authors concluded that this
model obtains the optimal solutions within better computational times than the model of Wang and Chen (2012).
Although there are many publications in the area of vehicle route planning, there are very few that show the application
of these developed methods to real problems. Furthermore, when applied to solve practical problems, sensitivity
analysis or an evaluation of the effectiveness of various approaches is not always performed.

The work presented here was initiated in Romeira and Moura (2022) with a Vehicle Routing Problem with
Simultaneous Pickup and Delivery and Time Windows (VRPSPDTW), and then extended in Romeira and Moura
(2023) as a VRPSDPTW and a Two-Dimensional Bin-Packing Problem (2D-BPP).

The current work presents a comparative study between the three-index vehicle-flow model for the VRPSDPTW used
in Romeira and Moura (2022) and a new model, a three-index commodity-flow model for the VRPSDPTW.
Subramanian et al. (2010) work presents an indirect and a direct formulation of the latter model, which uses variables
that indicate the pickup, the delivery, and the simultaneous pickup and delivery flows. The authors use a branch-and-
cut approach based on a previous work of Lysgaard (2003). Later on, the same authors in (Subramanian et al. 2011)
proposed a branch-and-cut method over a symmetric formulation with only edge variables.

The problem addressed in this work is presented in section 2 and the mathematical models are presented in section 3.
In order to prove the efficiency of the models some tests were performed using both real-world instances and
benchmark instances, and the related results are presented in section 4. The conclusions and relevant remarks are
presented in section 5.

2. Problem Description

A manufacturing tool has a specific lifespan defined by the number of components it can manufactured. In a perfect
world this number is always the same, and thus the repair and calibration frequency will also be the same. However,
due to defects or misuse this frequency can vary.

The repair and calibration of the manufacturing tools is done by the MTR support service. Besides this, the MTR
service is responsible for picking the tools that reached their lifespan from the production lines, delivering the repaired
and calibrated tools to the production lines (henceforth defined as customers), and for solving the issues related to the
tools in the customers. However, only the repair and calibration are defined as value-adding activities for this service.
All the remain are non-value adding and thus, should be eliminated or minimized.

The MTR service is organized in 3 shifts. Both the morning and evening shifts are comprised by 3 workers and the
night and weekend shift by 2 workers each. To perform the P&D routes the workers follow 3 different standardized
routes (A,B, and C) presented in Figure 1. The P&D process takes, on average, 18, 15 and 7 minutes for standardized
routes A, B and C, respectively.
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Figure 1. Standardized routes for the P&D of manufacturing tools.
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It is important to note that, this service needs to guarantee that no customer will ever stop producing due to lack of
manufacturing tools. This rule together with the fact that currently there is no real-time information regarding the
available tools to collect in each customer, forces the MTR workers to continuously go on site to check the existing
stocks in each customer.

To deal with above, the MTR workers perform one P&D route in the beginning of the shift (to guarantee that all
customers have the necessary tools for the shift) and another at the middle. Then, depending on the customer, the
workers may need to go on site to check the stocks available, which leads to an average of 6 additional routes per
shift. So, we can say that on average 30% of the workers time is wasted doing the P&D activity, which hinders the
available time to repair and calibrate tools (value-added activity).

The MTR services has 2 different vehicles to perform the P&D activity: a manual vehicle and an automatic vehicle,
as can be seen in Figure 2. The manual vehicle can transport up to 90 tools and is the one adapted to carry tools with
a special support that can only fit in this vehicle (henceforth defined as extraordinary tools). For this vehicle, the
allocation of tools is straightforward, because a tool will correspond to a specific space in the vehicle.

Figure 2. MTR service vehicles: A — Manual vehicle; B — Automatic Vehicle.

Contrarily, the automatic vehicle carries the manufacturing tools inside baskets, which are then placed in a trailer
attached to the vehicle. The trailer is 120cm height and 120cm width, has 2 sides equally divided into 3 levels and has
a capacity limit of 22 baskets. The baskets have 4 different standardized dimensions and depending on this can carry
a maximum number of tools. Figure 3 presents the different baskets, their dimensions (width and height, respectively)
and the maximum number of tools they can carry.

24x15 cm 24x9 cm 32x40 cm 32x25 cm
1 tool 6 small tools 6 high tools 6 toals

Figure 3. Baskets used to transport tools in the automatic vehicle.

2.1 Optimizing the MTR service

In the work of Romeira et al. (2021) an e-Kanban system for production planning and control was developed. This
system collects real-time information about production and stocks levels in all production stages. To this system, we
added a Manufacturing Tool stock menu, which shows us the tools that need to be collected in each customer and the
tools available to be deliver in the MTR service. This data is continuously processed to trigger a P&D route, as
presented in the framework of Figure 4.
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A P&D route can be triggered when, the minimal stock is reached in a production line or when there are enough tools
to fill the selected vehicle. The analysis that leads to this is the output of the Data Pre-processing process, which will
be presented ahead in next section.
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Figure 4. Decision support system framework for the Pickup and Delivery activity of the MTR service.

Once a route is triggered, the customers to be visited, the tools to pickup and delivery in each one and the priority
level of each customer are inputted into the MILP model and the P&D route that minimizes the total travel time is
obtained and shared with the MTR worker. In the MILP model several important constraints of the problem are
considered:

e  FEach customer is visited by only one vehicle and exactly once per route;

e The MTR service time windows;

e  Customers time windows (which indicate the visiting priority level);

e Vehicles’ capacities.

A. Data pre-processing process

The data pre-processing process, presented in Figure 5, is composed of a set of heuristics that, using the MILP model
proposed, determine the manufacturing tools to P&D in each customer and the route to follow. This math-heuristic
uses the input data from the e-Kanban system and triggers a route when the minimal stock is reached, or the selected
vehicle’s capacity is matched.

When a route is triggered due to the minimal stock, the customer that gave this alert is now considered a priority
customer. After this, the system verifies if the priority tools are ready to be delivered, if not an urgent alert is sent to
the MTR workers. Having the priority tools available, the vehicle is selected (Vehicle Selection procedure) and then,
to take full advantage of the vehicles capacity, the system verifies if there are non-priority tools to be picked-up or
delivered from or to these priority customers (Availability of tools to P&D procedure). Once the P&D tools are
defined, the MILP model for the VRPSDPTW creates and delivers the P&D route.
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Figure 5. Decision support system framework for the Pickup and Delivery activity of the MTR service.

On the contrary, if there are no priority customers, a vehicle is selected (Vehicle Selection procedure) and then, the
system determines if there are enough tools to P&D to fill the selected vehicle (Tools to P&D procedure). Once the
tools to P&D are defined the route is obtained.

The Vehicle Selection procedure (Figure 6) is the procedure responsible for selecting the vehicle in function of the
tools to be transported and the availability of the vehicles.

Vehicle Selection Select the vehicle available
One
Number of
i Select the 1t vehicle t
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Figure 6. The Vehicle Selection procedure.

3. Mixed-Integer Linear Programming models

In this section, we present two different flow formulations for the VRPSDPTW problem. The VRPSDPTW is NP-
hard in a strong sense. But since the Pickup and Delivery activity of the MTR service deals with a small number of
production lines (customers) and tools (P&D demand), the idea was to solve the P&D routes optimality. The first
mathematical model used is a three-index vehicle-flow formulation (subsection 3.2) and the second one a three-index
commodity-flow formulation (subsection 3.3).

Both models are used to solve the same problem. So, it will be expected that the solutions obtained will be the same,
since they will return the optimal solution. However, the idea is to check the performance of each of the models in
terms of computation times and relative MILP gap tolerance.

3.1 General models notation and data

Considering the VRPSDPTW is defined on a direct graph G(C, A), where each customer is represented by a set of
nodes and with different geographical location. The set of customers and the set of edges in G are represented as C =
{1,..,cyand A = {(i,/):i,j € C,i # j}, respectively. The length of each arc is given by t;;, which consists in the
time needed to travel from customer i to j. Moreover, each customer has a P&D demand, which is represented by p;
and d;, respectively. To deliver the required demand, a set of vehicles V = {1, ..., v} is available, and their capacity
is given by Q. The customer must be visited within a pre-defined time windows [a;, b;] and the service time
associated to each one corresponds to st;. Furthermore, the depot node (MTR support service) also has a time window,
[ag, bg],which defines the total time available to execute the P&D requirements in each shift.
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In order to fulfill these time windows, a decision variable must be useds;,. This variable gives the arrival time of the
vehicle at each customer and the depot. Another decision variable used in the following models is x; ;. This is a binary
variable that indicates if arc (i, j) is traversed by the vehicle k or not.

3.2 A Three index vehicle-flow model for the VRPSDPTW problem
This model has a binary variable assigned to each arc of the graph. Besides the decision variables presented in the
previous subsection, there are other integer variables that must be considered.
o [, related to the number of tools after the vehicle k visits a customer i.
e ldy, related to the number of tools that must be delivered by vehicle k to customer i and to all the other
subsequent customers.
e Ilpy, related the number of picked-up tools after the vehicle k visits customer i.

Considering those decision variables and the general model components, the objective function of the model is defined

as:
minZZZcuxi}- (1)
kX 1
s.a.
k i#j
szijkzl,Vi¢1€C (3)
k j*i
inhk_thjk=0t VkEV;VhEC (4)
i#h j#h
lejkvazceV (5)
j*1
inlk <1,VkeV (6)
i#1
Sik +Sti + Cij < Sjk —MT(l —xijk),Vk € V; Vl,] #i€eC (7)
aiSSikai,ViEC,kEV (8)
ldy > 1dj, +d; — M*(1—x;),VkE€V; Vi,j#1€C 9)
L=l +dj+pj —M?*(1—x;), Yk EV; Vi,j = 1€C (11)
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di <ldy <QuVkeV;Vj+1€eC (12)
Pi<lu <QpVkeV;Vixrlel (13)
jk = lpy +p; —M3(1—x;,), Yk €V; Vi#1,j€C (14)
pi <lpw <Qr+pj,VkEV; VieC (15)
L =lpy +1dy, —d;,VkeV; Vi 1€ (16)
X, € {0,1} 17)
Lig, ldix, lpi. = 0, integer (18)

This model minimizes the total route cost (1) and this objective function is related to constraints (2) and (3), which
ensure that each customer is visited exactly once by a vehicle. Constraint (4) states that if a vehicle enters a node, then
it must leave it and constraints (5) and (6) guarantee that if a vehicle leaves the MTR service, then it must return to it.
Inequalities (7) and (8) are related to the time windows constraints. The first one specifies the vehicle arrival time to
a customer and the second one guarantees that the vehicle arrives within the related time window. With constraint (9),
the delivery quantity that must be loaded at the MTR is specified. Additionally (7) and (9) force a specific order for
customers visiting within the routes, which ensures that no sub-tours are generated without the MTR. Inequalities (10)
and (11) indicate the number of tools in the vehicles after visiting the first customer and the other customers in the
routes, respectively. Constraints (12) and (13) guarantee that the vehicle’s capacity is not violated. To have more
information on pickup loadings, three more constraints were added to the model. With inequality (14) the pickup
quantity that must be unloaded in the MTR is determined. Constraint (15) guarantees that the vehicle’s capacity is not
violated. Constraint (16) correlates the load variables to each other. Constraints (7), (9), (11) and (14) are disjunctive
constraints that are linearized by using large multipliers (‘‘big-M values’’). To create valid inequalities, one set MT =
Sor and M = M? = M3 = Q,.

3.3 A Three index commodity-flow model for the VRPSDPTW problems
This model, in addition to the variables used by the three-index vehicle-flow formulation, requires a new set of
continuous variables (integer variables) associated to the arcs that represent the amount of demand that flows along
them:

®  a;j, is the number of tools to be delivered and carried by vehicle k along arc (i, j).

® Lk, is the number of picked-up tools carried by the vehicle k along arc (i, ).

This model has the same objective function as the previous one (1). The previous constraints from (2) to (8) and (17)
are also considered in this model. Moreover, another set of constraints is considered:

Zalhk—2a11k=d],Vk€V,V]-'#1EC (19)

i#j l#j
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Zuﬂk—z,uijk=pj,VkEV;Vj¢1€C (20)
1#j i#]j

@jye + Wijie < M*xjp, Yk €V Vi j# i €C 21)
T < QuVk EV; Vi,j # i €C (22)
Wije < QuVkEV; Vi,j#i€C (23)
Dy zdvkev;vj#1ec (24)
i

Dl zpuVkEV; Vi 1€C (25)
7

Aj, Uijie = 0, integer (26)

Constraints (19) and (20) are the balance equations to satisfy the delivery and the pickup demands of a customer,
respectively. The consideration of those equations also eliminates sub-tours occurrences. Constraints (21), (22) and
(23) ensure that the capacity of the vehicle is not exceeded and the “big-M value” of the disjunctive constraint (21) is
setto M* = Q. Constraints (24) and (25) are bounds of the total quantities of tools entering and leaving a customer’s
location. By considering these two constraints, we improve the solution solving process. The model ends with
constraint (26), that indicates the variables domain.

4. Computational results

The main objective is to optimize the MTR support service activities, related to the pickup and delivery of tools to the
production lines. Once the tools to delivery and collect are sorted a P&D route that minimizes the total travel time
must be computed.

The number of production lines is relatively small however the number of tools to P&D can be higher than the vehicle’s
capacity. For that reason, two types of instances were created. In the first 5 instances, the total number of tools to P&D
is always less or equal to the vehicle’s capacity, which for the manual vehicle corresponds to 90 tools and for the
automatic vehicle to 22 baskets. All the remaining instances the total number of tools to be delivered and collected
are higher than the vehicles’ capacity. In total, 11 problem instances with real data for each type of vehicle were
developed and tested.

Besides the difference in the quantity of tools to P&D, the difference between the two types of instances is related to
the customer’s time windows, which were obtained randomly.

In order to teste the effectiveness of the two models, bigger and more challenging problems instances, from the
literature, specifically the benchmark tests (PDPTW) from Li and Lim (2001) were used. However, since the primary
goal of both the real problems and those benchmark problems is to minimize the number of vehicles or routes, and
due to the computational complexity of the VRPSDPTW, only the first 20 customers of each problem instances (IC2,
IR2 and IRC2) were considered.

All the problem instances were solved using the CPLEX software, and the experiments were run on an Intel(R) Core
(TM) i7-10750H CPU @ 2.60GHz 2.59 GHz with 16.0Gb of memory.
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4.1 Real data test results

The next two tables (Table 1 and Table 2) present the results achieved for the automatic and manual vehicles in terms
of number of vehicles needed to deliver and collect all the required tools, objective function value, that gives us the
total time of a route, computational time (CPU) in seconds and the relative MILP gap tolerance in percentage.
According to the results presented in Table 1 and 2, the number of vehicles and objective function values are the same,
as to be expected. Although the computational (CPU) time of the two models is similar and very small, the
Commodity-Flow (C-F) has slightly higher values. For this model, in most of the instances the optimal solution is
achieved. The vehicle-flow (V-F) model in half of the instances has a considerable GAP. The difference between the
average GAP values of the two models is 80%, which can be consider very high.

Related to the size of the problems in terms of number of variables and constraints, the average values were, for the
V-F model 442 and 620 respectively and for the C-F model 764 and 2422 respectively. This difference (more or less
58% for the variables and 26% for the constraints) can be the reason for the difference, not only, for the computational
times, but also for the GAP’s values.

Table 1. Vvehicle-flow and Commodity-flow model results for the real problem instances with the manual vehicle.

Vehicle Flow Commodity Flow
Instance N° Vehicles FO CPU GAP N° Vehicles FO CPU GAP
1 1 5.02 1.09 11.16 1 5.02 1.11 0.00
2 1 6.55 0.05 0.00 1 6.55 0.03 0.00
3 1 3.46 0.05 0.00 1 3.46 0.03 0.00
4 2 5.03 0.02 0.00 2 5.03 0.87 0.00
5 1 4.49 0.01 0.00 1 4.49 0.02 0.00
6 2 5.80 33.47 7.29 2 5.80 53.47 0.00
7 2 6.32 0.14 49.37 2 6.32 3.19 17.26
8 2 6.47 0.14 31.60 2 6.47 3.19 0.00
9 2 6.73 0.13 29.72 2 6.73 2.03 0.00
10 3 7.85 0.45 51.08 3 7.85 5.00 19.04
11 3 8.66 352.98 4.78 3 8.66 403.17 0.00
Average 35.32 16.82 42.92 3.30

Table 2. Vehicle-flow and Commodity-flow model results for the real problem instances with the automatic vehicle.

Vehicle Flow Commodity Flow
Instance N° Vehicles FO CPU GAP N° Vehicles FO CPU GAP
1 1 8.77 0.06 0.00 1 8.77 0.08 0.00
2 1 9.24 0.05 0.00 1 9.24 0.14 0.00
3 1 12.35 0.08 0.00 1 12.35 0.16 0.00
4 1 9.23 0.05 0.00 1 9.23 0.05 0.00
5 2 9.27 0.06 0.00 2 9.27 0.17 0.00
6 1 8.77 0.11 18.56 1 8.77 0.39 0.00
7 2 10.76 0.31 11.37 2 10.76 0.87 0.00
8 2 12.68 0.13 0.00 2 12.68 0.27 0.00
9 3 12.83 0.61 30.55 3 12.83 1.21 10.37
10 3 14.85 0.30 18.18 3 14.85 2.37 0.00
11 3 14.85 0.45 23.91 3 14.85 2.48 7.81
Average 0.20 9.32 0.74 1.65

4.2 Benchmark test results

As mentioned in the beginning of this section, to test the effectiveness and efficiency of the models, bigger instances
were also solved. Using the PDPTW, of Li and Lim (2001), some of the benchmarks were selected and adapted. Only
the first 20 customers were considered, and the results are presented in Table 3.

However, due to the size of those instances, if the optimal solution is not reached within the pre-defined time limit (2
hours), the column of the objective function (costs) presents the best integer solution, and the CPU displays a
horizontal bar.
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The instances are symmetric and are grouped in clustered customers (IC type), uniformly distributed customers (IR
type) and a mix of IC and IR types. As can be seen in Table 3 and like in the real problems (presented in Table 1 and
Table 2), the results in terms of solution GAP obtained with V-F model are slightly worse than the C-F model. The
procedure based on V-F model provides the fastest running times since the CPU time is rather lower (55% on average)
than the CPU time of the C-F model. For the IRC problems (more complex instances), the optimal solution was not
achieved for the last two instances, within the time limit pre-established. And only one instance was solved optimality
with the two models, the IC201.

Table 3. Vehicle-flow and Commodity-flow model results for the adapted benchmark problem instances.

Instances Vehicle-Flow Model Commodity-Flow Model
Costs CPU (sec) GAP (%) Costs CPU (sec) GAP (%)

1C201 252 0.01 0.00 252 0.01 0.00
1C202 202 1.69 11.88 202 3.07 5.70
I1C203 194 8.69 2.36 194 8.60 0.00
1C204 186 42.01 0.96 186 9.69 0.00
I1C205 251 2.75 1.40 251 1.17 0.00
IC206 230 1.64 3.28 230 3.29 1.42
1C207 218 1.89 1.87 218 2.06 1.04
IC208 205 3.74 3.78 205 2.68 0.00
IR202 399 146.84 0.87 399 166.36 0.00
IR203 354 391.19 0.71 354 734.03 0.00
IR204 289 42.68 0.81 289 66.10 0.00
IR205 350 1.86 1.19 350 242 0.00
IR206 318 11.40 2.83 318 31.03 0.00
IR207 318 61.82 0.00 318 175.81 0.00
IR208 260 2.53 1.08 260 2.01 1.04
IR209 312 3.87 2.26 312 3.23 0.00
IR210 353 79.06 0.69 353 103.96 0.00
IR211 293 253.83 0.00 293 99.98 0.00
IRC202 341 156.23 3.16 341 1310.44 0.00
IRC203 309 - 20.95 307 - 10.69
IRC204 268 - 17.91 283 - 9.76
|Average 63.88 3.71 143.47 141

5. Conclusions

The main idea started with the need to improve the MTR support service’s efficiency of a Portuguese company. This
service is one of the most time-consuming activities because it consists of delivering and collecting the manufacturing
tools, from the MTR workshop to the production lines and vice-versa.

To focus on improving this distribution process, it was proposed to develop and implement a support system that
informs workers when to do a P&D route, according to the tools needed for production and the tools available for
collection. The data related to what tools were available for collection in the production lines and what tools were
available for delivery in the MTR service is known. Every time that a P&D route must be done, we are facing a
VRPSDPTW. Since the number of production lines, vehicles and tools is not very high, it was decided to solve this
problem using a linear programming model.

However, the need arose to test more than one approach, to validate its efficiency in terms of computational time and
solutions. Hence the proposal presented in this paper to make a comparative study of the performance of two models:
Vehicle-Flow model and the Commodity-flow model.

With the two models, most of the real-world instances tested were solved optimality in a reduced computational time
and good upper bounds could be generated for the remaining instances.

The models were also tested, and its performance compared with the well-known benchmark tests for Li and Lim
(2001). Even with these more complex and larger instances, the conclusions drawn for the real instances were the
same. In conclusion, after the tests performed, the commodity-flow model has a better performance regarding
computational times and GAP values, than the vehicle- flow model, being proven its efficiency.
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