













































































The CCP has been widely used over the years to address optimization problems
under uncertain scenarios: it is a valuable tool for addressing optimization prob-
lems in the presence of uncertainty, but its application requires attention to detail

and an in-depth understanding of the challenges involved.
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2 Exact and Heuristic Solutions for the Stock

Allocation Problem with FIFO Picking Oper-

ations

In this chapter, we study the problem concerning the allocation of the initial stock
and of the produced quantity of several products to the warehousing area, when

picking operations are performed on the basis of the FIFO principle.

2.1 Introduction

The effective management of stock and storage capacity is a crucial and very com-
mon challenge for companies operating in various industries. This has a signifi-
cant impact on operational decisions and on the company’s financial performance.
Companies that are driven by a Make-to-Stock production strategy must have par-
ticular attention in managing the storage capacity, meeting the market demands,
and simultaneously minimizing the operational costs.

The advent of the Covid-19 pandemic showed the impact that uncertainty and
demand variability could have on supply chains. As a result, the management
of storage capacity has emerged as a critical factor in responding to this unpre-
dictability. The first response in that particular situation was to raise stock levels
at all stages of the supply chain. However, under normal operating conditions, stor-
age capacity is inherently limited, and optimal management practices are needed
to prevent cost increase, and diminished profit margins. In this setting, the op-
timization of stock allocation in existing warehouse facilities becomes a necessary
activity for any company, to maintain its competitiveness and profitability.

The problem we study is a Stock Allocation Problem with picking operations
that corresponds to a real-world operational challenge routinely encountered by
a primary Italian mineral water bottling company. In this company, seven Stock
Keeping Units (SKUs) of bottled products are produced in a plant, with dedicated
zones designated to bottling production lines, and then the finished products are
stored in a warehouse. The entire production schema runs around Polyethylene
Terephthalate (PET) containers of varying capacities, ranging from 0.5 to 2 liters.
The facility operates on a continuous 24-hour basis, Monday through Friday, with
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sporadic weekend operations. Strategic and tactical production planning are de-
signed considering the Make-to-Stock strategy, in which the production quantity is
defined on the basis of demand forecasts. The production is then stored in either
an internal depot or external warehouse facilities. Since the mineral water indus-
try is characterized by high volumes and low unit values, an optimized logistics
management assumes a pivotal role to pursue corporate profitability.

The problem under examination is based on three types of operations:
1. Allocation of the initial stock to the warehousing area.

2. Allocation of the quantities produced to the warehousing area.

3. Picking from the warehousing area in order to fulfill pending orders.

In the first two operations, the logistic manager has to decide what is the
optimal allocation of the stock, while picking is based on the ” First-In-First-Out”
(FIFO) principle, meaning that the selection of the stock location for picking
depends on where the SKUs were placed in the previous two steps. The goal
is to minimize the total number of bins used, as unused bins provide additional
capacity when the problem is solved again on the same day. Taking into account
that this problem is typically solved four times every day, the total cost saving can
be relevant. In fact, thanks to these "additional” available bins, part of the SKUs
can be stored in the internal depot, instead of sending them to external warehouse
facilities at higher costs.

For this problem, we formulate an integer linear programming model, able to
handle FIFO picking operations, prove that it is NP-hard, and solve it to opti-
mality. Then, we design a heuristic algorithm, based on the current rule of thumb
used by the company, and compare its solutions with the optimal solutions and the
ones applied by the company. In particular, we carry out computational experi-
ments using real-world data, thus offering valuable insights into their performance
and applicability in addressing the real-world complexities of stock allocation and
storage capacity management.

The chapter is organized as follows. In Section 2.2, we describe the problem
we study. In Section 2.3, we formulate an integer linear programming model to
solve this problem. In Section 2.4, we propose a heuristic algorithm based on

the current rule of thumb applied by the company. In Section 2.5, we carry out
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an extensive computational experiment on real-world instances, to compare the

optimal solution with the heuristic solution and the company solution.

2.2 Problem description

In the Stock allocation problem we study, several SKUs are bottled in a production
plant. For each of them, we know the initial stock, the expected production,
and the expected demand. The warehouse capacity is defined by the number of
available bins. Each bin has a storage capacity that varies on the basis of the SKU
stored in the bin. In each bin, pallets are organized in rows and stacked two levels
high. A Dedicated storage policy is used, i.e., different SKUs cannot share the
same bin. Picking is carried out on the basis of the FIFO principle.

Two time periods are given. The first corresponds to the beginning of the
operations. At this time period, the initial stock is available for each SKU, before
production starts. The second time period corresponds to the allocation of the
quantities arriving from the production lines, and then to the picking operations
carried out to satisfy pending orders. The planning over these two time periods
can be repeated several times on the same day. Any bin, totally or partially not
used in the current allocation, can be used in the next one, providing in this way
a reduction of the quantities of SKUs that must be stored in external facilities at
higher costs.

The problem is to assign the initial stock and the quantity produced of each
SKU to bins, and how to manage picking from these bins, in order to satisfy the

demand, with the goal of minimizing the total number of bins used.

2.3 Model formulation

In this section, we formulate an integer linear programming model for the problem
described in the previous section. The following indices, parameters, and variables

are introduced:

Indices:

1, s =1,2,...,n: indices of the SKUs
7 =1,2,...,m: index of the bins
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Constraints (31) apply the FIFO logic to the bins used in the assignment of the
production. In fact, they guarantee that, given any SKU i and any bin j at
which the initial stock and the production of ¢ is assigned, if bin j has some
residual quantity of SKU i after having picked up the quantities US;; and UF;;
(ie., A, = 1), then ¢}, = 0 for any bin s = j +1,j 4+ 2...,m. Therefore, no
quantity can be picked up from any bin s =75+ 1,5 +2,...,m, i.e., UP;; = 0 for
any bins=754+1,7+2,...,m.

We now prove that this problem is NP-hard, by showing that the Unbounded
knapsack problem, which is known to be NP-hard for m > 2, is a particular case
of it.

Theorem 1. Problem (8)-(31) is NP-hard.

Proof. Consider the simplified version of the problem with £ = 0 only, and in
which the initial stock of just one SKU must be assigned. Assume that m > 2.
Problem (8)—(31) becomes:

min » Y] (32)
j=1

j=1
Y;. X; > 0 integer ji=12,....m (35)

By summing up Constraints (34), the following relaxation is obtained:

min Z Y; (36)
j=1
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S<Y CGY; j=12...,m (37)
j=1

Y; > 0 integer j=1,2,....m (38)

The latter problem is the Unbounded Knapsack Problem, which is known to
be NP-hard for m > 2 (see Martello and Toth [59]). O

In the formulation of the model, we first inserted constraints to minimize the
use of the BINS and subsequently concentrated on respecting the FIFO logic. The
simplified version of the problem does not require FIFO for picking operations,
but analyzes the case in which only the initial stock needs to be allocated at time
period 0. The fact that this part is NP-hard is enough to demonstrate that the
whole model is NP-hard too, as the assignment of the production stock and the

outbound flow according to the FIFO logic are modeled at time period 1.

2.4 A heuristic algorithm

In this section, given that the problem is NP-hard, we provide a heuristic algorithm
for the solution of the problem, inspired by the current rule of thumb applied by
the company. This rule is based on operational procedures, refined over the years,
mainly on an experiential basis. Daily, at least four times a day, the manager of
the logistics area and his team update the stock flow data in Microsoft Excel files,
obtaining in this way a report of the stock levels and, at the end of the day, the
final stock levels. On the basis of the processed data, they decide how to assign
the quantities produced. The decision is based on their experience. The first
part of the warehouse, from bin number 1 to bin number 6, is dedicated to high
rotation SKUs, while the remaining bins are used for medium and low rotation
SKUs. Based on the current stock levels, the expected production plan and the
orders to be processed, the allocation of the SKUs is done, trying to have as many
free bins as possible. Since only one SKU can be stored in each bin, the choice

is based on the trade-off between how much production of a SKU a bin is able to
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contain, and how quickly it can be emptied, for the next allocation, based on the
orders that need to be fulfilled. All data, as mentioned, are processed on Excel
printouts, while the calculations of the various trade-off scenarios are made by
physically inspecting the warehouse. Following this analysis, the sequence of the
bins used until the next update is established. Sometimes, the need to provide
housekeeping activities emerges from the analysis. The most recurrent example is
need of repositioning the pallets at the beginning of the bin. For each bin, stock is
allocated from one side and removed from the other. This promiscuity determines
that any bin that has exhausted the space available for stock allocation cannot
be used until it is completely emptied from the opposite direction. Repositioning
the remaining pallets at the beginning of the bin allows the manager to have new
space for stock allocation.

Let us now describe the heuristic we propose, in which three consecutive steps
are carried out: Assign, Production and Outbound.

The objective of the first step (Assign) is to minimize the waste of space in
the assignment of the initial stock. If the stock of a SKU to be assigned is less
than or equal to the capacity available in one or more bins, the logic is to select
the available bin which allows us to minimize the difference between the assigned
stock and the storage capacity of the bin. However, if the stock to be allocated is
greater than the capacity of all the available bins, the logic is to choose the bin
that allows us to allocate the largest quantity of product; we choose the one with

the largest capacity with the aim to minimize the total number of bins used.

This step can be described as follows:

Assign
1. Sort the initial stock .S; in the non—increasing order.
2. Following this ordering, for each SKU i:

(a) Stock; :=S;
(b) Let B be the set of available bins. If Stock; > 0, select the bins to

allocate Stock; on the basis of the following rule:

IF there exists at least one available bin in B with storage capacity Cj;
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greater than or equal to Stock;, select the one, say j°, that minimizes the
difference between the storage capacity and the stock to be allocated,
ie.,

1° = i C,L—St kz
J arg r]%%l( j ock;)
The quantity of SKU 7 assigned to bin j° is equal to Stock;, i.e.,
X()ijo = StOCk’i

Stock; =0

Remove bin j° from the set B.
ELSE

i. Select the bin that has the largest storage capacity, i.e.,
J° = arg rjneaéc Cij.

The quantity of SKU i assigned to bin j° is equal to the bin capacity,
ie.,
XOij° = Cijo-

Remove bin j° from the set B.
ii. Set
Stock; := Stock; — X;jo

and go to step (b).

Let us now describe the second step (Production) of the heuristic algorithm.
This step is very similar to the one used in the previous step. The activity
always concerns the assignment of the pallets to the BINS; in particular in
this second step we must choose where to place the pallets coming from the
production lines: the volume to be managed depends on the production plan
and varies from day to day. The goal is again to minimize the waste of
warehouse space. In this step, however, we have the additional constraint to
first fill up to capacity the bins used, in the first step, to assign the initial

stock. Bins are assigned using a Dedicated storage policy. Therefore, if in
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the list of used bins, there is one bin with residual storage capacity, this
one will be the first to be used to allocate production. Again, the idea is to
saturate its capacity, which, by definition, cannot be occupied with another
SKU. Note that at most one bin can have positive residual capacity in the

first step of the algorithm.

This step can be described as follows:

Production

(a) Sort the production quantities P; in the non-increasing order.
(b) Following this ordering, for each SKU i:
i. Stock; .= P,
ii. Check if there exists a bin, say j°, among the ones used in the

Assign step, having residual capacity Cjjo — X, greater than 0.
IF Cijo — XOijo Z -Pi; then

]Dijo =P
Stock; .= 0
ELSE

Pijo := Cijo — Xoijo

StOCl{IZ’ = PL — Pijo.

iii. Let B be the set of available bins. If Stock; > 0, select the bins to
allocate Stock; on the basis of the following rule:
IF there exists at least one available bin in B with storage capacity
C;; greater than or equal to Stock;, select the one, say j°, that
minimizes the difference between the storage capacity and the stock

to be assigned, i.e.,
= in(C;; — Stock;).
j arg Ij%ln(CU Stock;)
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The quantity of SKU 7 assigned to bin j° is equal Stock;. i.e.,
Pjo := Stock;

Stock; == 0

Remove bin j° from the set B.
ELSE
A. Select the bin that has the largest storage capacity, i.e.,

-0
j° = argmax Cj;.
JjEB J

The quantity of SKU ¢ assigned to bin j° is equal to the total
bin capacity, i.e.,
-Pijo = Oij°~

Remove bin j° from the set B.

B. Set
Stock; := Stock; — Pyjo

and go to step iii.

Let us now describe the third step of the heuristic (Outbound), the one re-
lated to picking quantities from bins, following the FIFO principle, to satisfy
the pending orders.

Outbound

(a) For each SKU i:

i. Let B; be the set of bins used to assign the initial stock and the
production of the SKU 7. Let this set be ordered on the basis of
the sequence in which the bins have been used to assign the initial
stock and the production. Therefore, the first bin in B; is the first
bin used to assign the initial stock, the second is the second bin

used to assign initial stock and/or production.
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Let Q;; = Xoi; + Pi; be the total quantity of SKU 4 allocated to
bin j.

ii. Order; .= F;

iii. j:=1

iv. IF Order; > @);;, we set the quantity to fulfill from this bin equal
to the overall quantity that is allocated to the bin, i.e.,

Uij == Qi
Order; := Order; — U;;
J=J+1
and go to step iv.

ELSE we set the quantity to fulfill from this bin equal to the re-

maining quantity to deliver, i.e.,
Uij = O?"CZGT'Z‘

Order; := 0.

2.5 Computational results

The mathematical model formulated in Section 2.3 and the heuristic algorithm
described in Section 2.4 were implemented in C++ using Visual Studio. The model
was solved by using CPLEX 20.1.0 on an Processor Intel(R) Xeon(R) W-1290P,
CPU @3.70GHz, 64 GB RAM. A dataset of 108 real-world instances was created by
using the data of the company in 2022. To allow the reader to replicate the results
of the developed approaches, these instances are available at https://github.com
/Fepeder/PhD_Thesis_Data.git. For each instance, the optimal solution found
by CPLEX and the heuristic solution are compared with the company solution.
To analyze the quality of the solutions, the following performance indicators

are taken into consideration:
- Total number of bins used at time periods 0 and 1

- Computational time (in seconds).
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Moreover, we consider another metric to compare the solutions, given by the
saturation of the space in the warehouse, at time periods 0 and 1. Even if this
metric is not in the objective function of the model, it is important from a practical

point of view. To do that, we use the following two indicators:

- Free space: It expresses the residual capacity of the warehouse, calculated as
the sum of the capacity of each unused bin. These bins can be used in the

future to allocate any SKU.

- Remaining space: It expresses the residual capacity of the warehouse, calculated
as the sum of the residual capacity of used bins. Partially used bins can be
useful in the future to assign the same SKU that is currently allocated to

each of them.

Note that both indicators are expressed in number of pallets.

‘_
',

REMAINING SPACE FREE SPACE [ usED SPACE

Figure 2: Free space and Remaining space

Figure 2 shows a graphical example of what has just been described: 8, 9
and 10 are three bins, each of them having capacity of 240 pallets. Each bin is
composed of four parallel rows of 60 pallets each. Bin 8 has no free space, but
it has remaining space, that can be used only to allocate the same SKU in the
future. Bin 9 has free space, as no SKU is currently assigned to it. Any SKU can
be assigned to it in the future. Finally, bin 10 has neither free space nor remaining
free space, as it is completely occupied by a SKU.

Let us first show the results in terms of number of bins used. Figure 3 shows
the results obtained, for each of the 108 instances, by the mathematical model
(Opt), the heuristic algorithm (Heur), and the company solution (COM), in terms

of total number of bins used at time periods 0 and 1.

If we look at the total number of the bins used over the 108 instances, the

optimal solution uses 3103 bins, the heuristic solution 3298 and the company
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Figure 3: Total number of bins used

solution 3521 bins. Therefore, the percentage of optimal saving given by the

Heuristic is

COM-Heur
COM—-Opt

meaning that the heuristic already achieves 53.35% of the benefits of optimization.

= 53.35%,

Figure 4 shows, for each of the 108 instances, the computational time required
to compute the optimal solution and the heuristic solution. The time required by

the company is estimated in 600 seconds for each instance.

Figure 4: Computational time (sec.)

The average results, in terms of total number of bins and computational time,

are summarized in Figure 5. On average, the model requires 28.73 bins, the heuris-

Opt Heur COM
Average # of bins 28.73 30.54 32.60
Average time (sec.) 1.44 0.08 600.00

Figure 5: Solution analysis

tic 30.54 bins, while the company 32.60 bins. Therefore, the average number of
bins used in the optimal solution is 5.93% less than the one used by heuristic,
and 11.87% less than the one used by the company. Since the average number of
bins used by the heuristic is 6.32% less than the one used by the company, a first

significant saving could be obtained by the company simply using the heuristic.

40



This provides evidence of the importance of formalizing and improving the deci-
sion process used by the company. The optimal solution uses approximately 1700
pallets less than the company solution on each day. This implies a significant sav-
ing in the annual shuttle cost the company has to pay to send part of these pallets
to external facilities. Instead, the saving of the heuristic solution, with respect to
the company solution, is about 50% of the one obtained with the optimal solution
(920 pallets per day).

The average computational time to solve the mathematical model to optimality
is 1.41 seconds, to apply the heuristic algorithm is 0.08 seconds, while the average
time currently taken by the company is 600 seconds. Given that we have to solve
the problem 4 times a day and considering a time horizon equal to one year, the
time saving that can be obtained by using the model is about 167.61 hours in
total, and therefore about 39.91 minutes per day, while it is 167.98 hours, and
therefore about 39.99 minutes per day when the heuristic algorithm is applied.
The time saving generated by using the model and/or heuristics over one year,
converted into cost, is approximately 21,600 euros. This considers both the direct
costs deriving from carrying out the activity (time in the strict sense) and the
indirect costs deriving from the possible standardization of the process.

These results clearly show the advantage of using the model and the heuristic
with respect to the company solution. Moreover, the model is able to have a
significant reduction of the average number of bins with respect to the heuristic,
in a computational time that is comparable with the one required by the heuristic.

We now carry out some additional analyses to better understand the results we
obtained. In Figure 6 we compare the optimal solution with the company solution
in terms of how many bins are saved moving from the company solution to the
optimal solution. The comparison shows that the optimal solution uses up to 8
bins less than the company solution in about 8.3% of the instances, up to 4 bins less
in 46.3% of the instances, and up to 1 bin less in 98.1% of the instances. Finally, in
only 2 cases (about 1.8% of the instances) the number of bins is the same. Figure
7 shows the same type of analysis when we compare the heuristic solution with
respect to the company solution. The comparison shows that, in large part of the
instances, the heuristic uses a lower number of bins. In 70 out of 108 instances
(64.8%) the difference is from minus 5 to minus 1 bins. However, in 29.6% of the

instances there is no gap. Finally, the heuristic never uses more bins than in the
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Figure 6: Reduction of the number of bins moving from the company solution to
the optimal solution

company solution. The heuristic approach was designed by studying the business
approach. The number of instances without gaps could be representative of the

idea of taking care of the operational rules in the optimization approach.

35 55 120,0%
30 100,0%
25
25
80,0%
20
60,0%
15
12 1
10 40,0%
10
s , 3 20,0%
1
0 0,0%
8 7 6 5 4 3 2 1 0

m Num of Instances — =====9% Cumulative

Figure 7: Reduction of the number of bins moving from the company solution to
the heuristic solution

In Figure 8 we overlap the two distributions of the reduction of the number of
bins. The graph shows that the optimal solution is able to have a larger impact

on the reduction of the number of bins than the heuristic.

Let us now show a more detailed analysis concerning the computational time.

Figure 9 shows the Pareto graph of the solution time of the mathematical model.
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Figure 8: Comparison of the reduction of the number of bins

The Pareto chart is a combination of a bar chart and a line chart. The x-axis
of the graph contains the categories: in our case the time intervals to compute
the solution. The categories are reported in decreasing order of histogram width.
Meanwhile, a line represents the cumulative total of individual values in percentage
form. We can see that 50% of the instances are solved from 0.1 to 1.1 seconds.

If we move to the following echelon, up to 2.1 seconds, the percentage raises to
85.18%.

100%
90%
80%
70%
60%
50%
40%
30%
20%
4 10%
0

[0.100,1.100]  (1.100,2.100]  (2.100,3.100]  (4.100,5.100]  (3.100, 4.100]

B Time (sec) Opt

Figure 9: Pareto graph of the solution time of the mathematical model

Figure 10 shows the Pareto graph of the solution time of the heuristic algorithm:
61.1% instances are solved from 0.052 to 0.072 seconds.

Finally, we show the results obtained in terms of Free space and Remaining

43



100%

90%
80%
70%
60%
50%
40%
30%
20%
10%
_ 0 0%

[0.052, 0.072] (0.092,0.112] (0.112,0.132] (0.072, 0.092]

M Time (sec) Heur

Figure 10: Pareto graph of the solution time of the heuristic algorithm

space. Even if these goals are not in the objective function, they represent a
key driver to understand the capacity of the depot. The indicators are expressed
in terms of number of pallets. Note that the maximum storage capacity of the
warehouse is 11, 525 pallets. Figures 11 and 12 show a comparison of the Free space,
in the optimal solution, in the heuristic solution, and in the company solution, at

time periods 0 and 1, respectively.

8,000
7,000
6,000
5,000
4,000
3000 g2
2,000

1,000

——T=0| Free Space Optimal ~ ===T=0 | Free Space Heur ~ ===T=0 | Free Space COM

Figure 11: Free space at time period 0

The Free space in the optimal is very similar to the one in the company solutions
at time period 0, while the heuristic has a larger Free space. Instead, the situation
changes when looking at the results obtained at time period 1. The gap between the
optimal solution and the company solution becomes wider, the heuristic solution
continues to have a larger Free space, but very similar to the optimal solution.

Figures 13 and 14 show the Remaining space, related to bins that are just
partially used and that can be used in the future only to assign the same SKU

currently assigned to each of them. We can note that, as it happens for the Free
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Figure 12: Free space at time period 1
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Figure 13: Remaining space at time period 0

space, the heuristic solution is better than both optimal and company solutions:
for this KPI, a greater number of pallets is equal to a greater number of space not
being used effectively.

Figure 15 shows the average Free space and Remaining space obtained with the
optimal solution, the heuristic solution, and the company solution. Considering
the Free space, we can notice that the heuristic solution, at time period 0, allows
us to have, on average, 446 and 659 more pallets than the optimal solution and
the company solution, which represent 3.87% and 5.71% of the maximum storage
capacity. At time period 1, the heuristic has 161 and 391 more pallets, equal to
1.39% and 3.39% of the maximum storage capacity. Note that the average Free
Space decreases going from time period 0 to time period 1. A part of the efficiency
is physiologically lost passing from time period 0 to time period 1, due to the fact
that the flow rules are both considered at the second time. This is due to how the
heuristic is designed: the Assign step selects the bin that best fits the quantity to
be allocated at each iteration, trying to minimize waste of space; the production
assignment flow and picking quantity flow are both considered at time period 1
and the second one follows exclusively the FIFO picking logic. Concerning the
average Remaining space at time period 0, the heuristic solution has 420 pallets

less than the optimal solution, and 870 pallets less the company solution. At time

45



5,000
4,500
4,000
3,500
3,000
2,500
2,000
1,500
1,000
500
0

——T =1 Remaining Space Optimal =T =1 | Remaining Space Heur =T =1 | Remaining Space COM

Figure 14: Remaining space at time period 1

Time =0 Opt Heur COM
Average Free space 3,572.27 4,018.10 3,359.56
Average Remaining space 1,358.62 938.06 1,808.20
Time =1 Opt Heur COM
Average Free space 2,314.35 2,475.46 2,084.84
Average Remaining space | 2,580.09 2,408.29 3,231.32

Figure 15: Average Free space and Remaining space

period 1, the heuristic solution has 823 pallets less than the company solution, and
171 pallets less the optimal solution. By analyzing these results, it is immediate
to understand that for this KPI there is a gap between the proposed methods
and the company solution. The Remaining space increases going from time period
0 to time period 1: in addition to the assignment of production at time period
1, the picking of the quantities that must be delivered also takes place. This
physiologically leaves bins open, thus generating this unused space which can then
be filled with the next flow.
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3 An Integrated Goal Programming and Chance
Constrained Optimization Approach for Pro-

duction Planning with Uncertain Demand

In this chapter, we study the problem concerning the optimization of the produc-
tion plan of several products when demand is uncertain and the goal is to achieve

different targets on stock levels.

3.1 Introduction

One of the problems that impact all levels and all activities of any production
company, that is the definition of a production plan in line with company objec-
tives, able to include constraints on available resources. Different goals, in terms
of stock target levels, are balanced at best, costs are minimized, and produc-
tion capacities are saturated at best. This has an even greater impact in case of
Make-to-Stock production strategy, uncertain demand, high rotation, short shelf
life, low profit margins. These features are common in companies that deal with
the so called Fast-Moving Consumer Goods: food, beverages, cosmetics, cleaning
products, personal hygiene items, non-prescription drugs, office supplies and, in
general, consumables. In addition to these intrinsic features, the trading logic,
the tensions along the supply chains, and the rapid and continuous changes in the
world, push the company management to make strategic, tactical and operational
decisions in conditions of uncertainty. Therefore, the ability to manage uncertainty
is more and more a primary driver.

The problem we study is a real-world operational challenge routinely encoun-
tered by a primary Italian mineral water bottling company. Six distinct Stock
Keeping Units (SKUs) of bottled products are processed in a plant with two pro-
duction lines. The entire production schema runs around Polyethylene Tereph-
thalate (PET) containers with different capacities, ranging from 0.5 liters to 2
liters. The facility operates on a continuous 24-hour basis, Monday to Friday, and
Monday to Saturday during a specific period of the year. Tactical and operational
production plans are designed considering the Make-to-Stock strategy adopted by

the company, wherein production quantities are determined on the basis of de-
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mand forecasts. The quantity produced is stored either in an internal depot or in
external warehousing facilities, to be able to satisfy the orders of the customers.
Since the mineral water industry is characterized by high volumes, demand uncer-
tainty and low unit values, the definition of an optimized production plan plays a
pivotal role to pursue corporate profitability.

The process that leads to the definition of the production plan of each SKU on
each production line is characterized by different time horizons: Yearly, quarterly
and monthly. Concerning the Yearly budget, a study is carried out in the last
months of the year T-1, to estimate the resources necessary to achieve the objec-
tives in terms of sales volumes, to be able to define the budget of the year T. First

of all, the following values are computed:

- The strategic forecast, obtained by aggregating, on a monthly basis, the ex-
pected sales of each SKU.

- The number of production work shifts, estimated on the basis of the expected

yield per production line and the minimum stock target level of each SKU.

- The production stops, needed to perform the ordinary and extraordinary main-

tenance already scheduled.

- The number of workers, estimated on the basis of the number of needed work

shifts per production line, taking into account the HR requirements.

BUDGETT El BUDGET T+1
[ | | | | | | | | | | | | | |

| Nov | bec | Jan | Feb | Mar | Apr | May | Jun | ul | Aug | sep | Oct | Nov | Dec |
Year T-1 Year T

Figure 16: Representation of the Yearly budget cycle

On the basis of these values, the yearly production plan is obtained. Then, this plan
is revised in at least two subsequent time periods, in April/May and in Septem-
ber/October: at these points the data from the past months are consolidated and
the data from the following months are recalculated taking into consideration the
opportunities and changes present in the market. These can be considered as a
budget update (see EO and E1 in Figure 16).

Considering the Quarterly plan, starting from the Yearly budget, the sales

managers provide forecasts for each SKU for the next 4 months (Tactical forecast).

48



These new forecasts replace the values previously reported in the Yearly budget,

in a rolling way (see Figure 17).

BUDGETT El BUDGET T+1
| | | I I I | | | | | | I |

| Nov | Dec | Jan | Feb | Mar | Apr I May I Jun I Jul ] Aug | Sep | Oct | Nov | Dec I
Year T-1 Year T
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Figure 17: Representation of the Quarterly plan cycle

Finally, considering the Monthly plan, based on the stock target levels and the
tactical forecasts, the daily production plan is defined for each SKU, with the goal
to reach the desired stock levels, and to be aligned with the sales objectives. Oper-
ational constraints, such as minimum production quantities and setup operations,
must be taken into account. The stock level of each SKU is planned and then
monitored during the month: starting from the initial stock, the hypothetical final
stock of the month is calculated considering the tactical forecasts and the available
working shifts. Attention is also paid to information on expected sales, to take
actions to avoid understock or overstock. Note that we use the word understock,
and not shortage, because we refer to the ability of reaching the stock target level,
and not to the ability of satisfying the demand. Figures 18 and 19 give an idea of
what it means operating on the basis of a Make-to-Stock strategy in this setting.
The first shows how daily sales are tracked within a single month: as they con-
solidate, how the sales behave compared to the expected forecast is measured and
the part still to be processed within the month is arithmetically re-proportioned.
The second shows the difference between stock and the stock level: the first is the
stock actually present while the second is the desired stock level which varies over
the periods depending on production and expected sales: in view of an upward
forecast of sales, by increasing production we could have an actual stock higher
than the desired stock if the forecast is not met (see t+1 in Figure 19).

The definition of the production plan is based on deterministic and uncertain
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Figure 18: Representation of the Monthly Plan Forecast Monitor

data. One example of deterministic data is that the company cannot use more
than three 8-hour working shifts per day. The expected yield of each production
line can be either deterministic or uncertain, depending on the industrial sector
in which the company operates. The demand of each SKU, when operating with
the Make-to-Stock strategy, is typically uncertain, mainly in case of high volumes
and low values. In this setting, having the right solution approach is critical. Too
rigid plans can lead to losses of business opportunities or can generate a costly
inventory management. On the contrary, plans that are too flexible may require
an increase in raw material inventories to cope with all possible variations, and
the management of the workforce in a discontinuous and inefficient manner.

In our study, we propose an integrated Goal Programming and Chance Con-
strained Optimization approach to provide an optimized production planning. We
formulate two mixed integer linear programming models, that are used to define
the production plans at the tactical and at the operational level. The first is
used to compute the optimal quantity to produce for each SKU on a monthly
basis over the year. Goal Programming allows us to balance at the best the stock
target level of the SKUs, while Chance Constrained Optimization to handle de-
mand uncertainty. The model at the tactical level is used in a rolling horizon way,

and optimization is carried out on different reduced time horizons. Just to better
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Figure 19: Representation of the Monthly Plan Stock Level

understand the concept of reduced time horizons, consider optimizing a rolling
annual planning. In this case the total time horizon H is equal to the total time
over which the planning is carried out (12 months). The total time horizon is di-
vided into shorter segments, named reduced time horizons. On each reduced time
horizon S the optimization is carried out based on the new information available.
In the second model, which is based on a daily time unit, additional operational
constraints, related to the minimum production quantity and setup operations,
are introduced. Computational results, obtained using data provided by company,
allow us to show that this integrated approach is effective in terms of ability of
balancing the achievement of the stock target levels, cost minimization, and satu-
ration of the production capacity.

In Section 3.2 we describe and formulate an integrated Mixed Integer Linear
Goal Programming and Chance Constrained model for the tactical level. In Section
3.3 we describe and formulate a Mixed Integer Linear Goal Programming model
for the operational level. In Section 3.4 we carry out a computational experiment

to show the effectiveness of the proposed approach.
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3.2 Problem definition and formulation at the tactical level

In this section, we formally describe the problem at the tactical level. Then,
we formulate an integrated Mixed Integer Linear Goal Programming and Chance
Constrained Optimization model, in which production planning is started in month
t, where 1 <t < H. The optimization is carried out on a reduced time horizon of
S months, where 1 < § < H. This model is applied in a rolling horizon way, for
t=1,2,...,H, and the optimization is performed over s =¢,t+1,...,t + S5 — 1.
The optimal value of the variables related to month ¢ is captured, and the final
inventory level of each SKU is used as the initial starting inventory level of the
successive month ¢ + 1.

The following indices, parameters and variables are introduced to formulate
the model.

Indices:

1 =1,2,...,n: index of the SKUs
k=1,2,...,m: index of the production lines
s =1tt+1,...,t + 5 — 1. index of the months on which the optimization is

performed, where S is a given reduced time horizon.
Data:

I?: initial stock of SKU i, available at the beginning of month ¢

D;s: stochastic demand of SKU 7 in month s. Let Fp, (y) := P(D;s < y) be the
corresponding cumulative probability distribution. We assume that it is invertible.
Yii: expected yield of SKU ¢ on production line k£, i.e., the number of bottles per
work shift. It is calculated starting from the nominal speed of the line, to which
a weighted target efficiency percentage is applied. Some products can be bottled
on both lines, other just on single one.

W: number of regular work shifts in month s on production line k, obtained by
counting only the days from Monday to Friday included

WE: number of extra work shifts in month s on production line k. These work
shifts can be used only on Saturday

cl: cost of one regular work shift on production line &

cE: cost of one extra work shift on production line k, i.e., the cost of the work

shifts carried out on Saturday
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a: confidence level in the chance constraints, i.e., the minimum probability at
which the chance constraints related to the stock levels are satisfied (0 < a < 1)
T;s: stock target level of SKU 7 in month s. It is the desired stock level.

p;: unit penalty cost charged when the stock target level of SKU i is not reached

0;: unit overstock cost charged when the stock target level of SKU ¢ is exceeded.

Variables:
¢is: non—negative integer variable representing the quantity of SKU ¢ produced in
month s
z . non-negative continuous variable representing the number of regular work
shifts assigned to production line k£ to produce the SKU ¢ in month s
rE_: non-—negative continuous variable representing number of extra work shifts,
carried out on Saturday, assigned to production line k£ to produce the SKU 7 in
month s
d,,;: non-negative integer variable representing the quantity of SKU 7 missing to
reach the target T} in month s
d: non-negative integer variable representing the quantity of SKU i exceeding
the target T;s in month s
I;5: free integer variable representing the stock level of SKU i at the end of month
s. Note that this variable is free because the stock level can be negative.

The integrated Goal Programming and Chance Constrained Optimization model

can be formulated as follows.

m n t+S—1 n t+S—1
min» Y Y (cfa 4 efag) YD (pid + 0idy) (39)
k=1 1=1 s=t i=1 s=t

Subject to:
Gis = > Yu(af, +af) i=12..n s=tt+1...t+S—1 (40)

k=1

daf, <WlE k=12...m s=tt+1,.. . t+5-1 (41)
=1
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gxfisgw,g k=1,2,....om s=tt+1,...,t+S-1 (42)
Ly +d;, —df =T, i=1,2,....,n s=t,t+1,...,t+5—-1 (43)
P{lis1+qis— Dis > Iis} > « i=1,2,...,n s=tt+1,...,t+5—1 (44)
Ly, =1 i=1,2,...,n (45)
gis > O integer i=1,2,...,n s=t,t+1,...;.t+5—1 (46)
rE.>0 k=1,2....om i=12...,n s=tt+1,....t+S—1 (47)
rE. >0 k=1,2....m i=12...,n s=tt+1,....t+S—1 (48)
d;, > 0Ointeger ¢=1,2,...,n s=tt+1,...,t+5—-1 (49)

di, > 0integer i=1,2,....,n s=tt+1,....,6+5—1 (50)
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I;s integer i=1,2,....,.n s=t,t+1,...,t4+5—1 (51)

The objective function (39) minimizes the total cost, given by the sum of the
cost of the used regular and extra work shifts (Production cost), and the penalty
costs for not having reached the target (Understock cost), and the cost for having
produced more than the target (Overstock cost). Constraints (40) allow us to
compute the quantity of each SKU produced in each month on the basis of the used
regular and extra work sheets, taking into account of the yield on each production
line. Constraint (41) guarantee that the used regular work shifts do not exceed the
number of available regular shifts for each production line. Similarly, Constraint
(42) guarantee that the total number of used extra work shifts does not exceed the
number of available extra work shifts on each production line. Constraints (43)
are the Goal Programming constraints, i.e., the constraints to compute either the
stock d;, missing to reach the stock target level Tj, or the stock dj; exceeding the
stock target level T;,, for each SKU ¢ and month s. With these constraints, the
stock I;s of each SKU 7 in each month s is computed. It is equal to the stock target
level T;, whenever d;, and d;, are both equal to zero. Otherwise, a unit penalty cost
p; or a unit overstock cost o; is charged in the objective function for each unit of
deviation from the stock target level. Constraints (44) are the Chance constraints:
they guarantee that the probability of having a stock level of each SKU i at the end
each month s greater than or equal to the stock I;5, computed in the Constraints
(43), is not lower than the minimum probability required. Constraints (45) set
the stock level of each SKU available at the beginning of month ¢, i.e., the stock
available at the end of month ¢ — 1, equal to the given initial stock I?. Finally,
constraints (46)—(51) define the decision variables of the problem.

Note that model (39)—(51) is non—linear, due to the chance constraints (44). Let
P, be the a-quantile of the distribution D;s. Although not all chance constraints
can be linearized (see Birge and Louveaux [14]), we now prove that the chance

constraints (44) can be linearized as follows:

Izs—1+st_Iz Z-Pz 221,2,,71 s:t,t—l—l,,t—i—S—l (52)
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In fact,
P{[is—l + Qis — Dis Z Izs} Z (6%

can be written as
P{D;s < ILis -1+ qis — Lis} > «

which is equivalent to
FDis(IiS—l + Qis — Iz ) Z Q.

If we take the inverse of both sides, we have
Lis 1+ qis — Lis > Fﬁi(&)-
Let us rename, for simplicity, the percentile F' 51,15(04) as P;;. Then, we have
lis o1 + qis — Lis = Py,

that are the deterministic (linear) equivalent constraints to the Chance constraints
(44). It should be underlined that Chance constraints were modeled for each pe-
riod; this type of constraints are called Individual Chance Constraints: subsequent
periods are therefore modeled independently (regardless of possible correlations in
the underlying demand), and a certain probability is imposed on the satisfaction
of each constraint, but not on their simultaneous satisfaction. We implement the
model with constraints (52), to have a Mixed Integer Linear Programming Model

to solve.

3.3 Problem description and formulation at the operational

level

The model formulated for the tactical level is useful, but it is not enough for the
operational level. In fact, the Make-to-Stock strategy requires a more detailed
solution based on a daily time unit, in which additional constraints have to be
taken into account. For example, a minimum production quantity is required
whenever a SKU is produced, and setup operations are carried out to move from
the production of one SKU to another one.

In this section, we formally describe the problem at the operational level to
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create a daily schedule for each month separately. Then, we formulate a Mixed
Integer Linear Goal Programming model to solve it. Let ¢, with 1 <t < 12, be
the month under consideration. The following additional indices, parameters and
variables are introduced. For the sake of clarity, we will omit the reference to

month ¢ in this additional notation.
Additional indices:

T=1,2,...,5s: index of the days in month ¢

Additional data:

crr: cost one work shift on production line £ on day 7 in month ¢. From Monday
to Friday, cx, = cf, while on Saturday cx, = cF

Wi-: number of work shifts available on production line k£ on day 7 in month t.
From Monday to Friday, Wy, = W,ﬁ, while on Saturday Wy, = W,ftj

frji: setup time needed on production line k£ to move from the production of SKU
j to the production of SKU 4. This time is expressed in terms of number of bottles
not produced to carry out setup operations. Note that it is equal to 0 if j is equal
to 7

by;: minimum quantity of SKU ¢ that must be produced on production line £ when-
ever the production of SKU 1 is started on this production line. It corresponds to
the minimum number of bottles that must be produced

By maximum quantity of SKU ¢ that can be produced on production line &

mr: a-percentile of SKU ¢ on day 7 in month ¢. It is computed by dividing the
monthly a-percentile P;; by the number of sales days. Since sales are not allowed

on Saturday, m;; = 0 on Saturday, while it is constant on the other days.

Variables:

Trir: nNon—negative continuous variable representing the number of work shifts as-
signed to production line k to produce the SKU ¢ on day 7 in month ¢

Jri»: DoOn—negative integer variable representing the quantity of SKU 7 bottled on
production line k£ on day 7 in month ¢

®,;-: binary variable equal to 1 the SKU 7 is bottled on the production line £ on

day 7 in month ¢, and 0 otherwise
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I;-: non—negative integer variable representing the stock level of SKU ¢ at the end

of each day 7 in month t¢.

We have the following Mixed Integer Linear Goal Programming formulation

for each month ¢:

min Z Z i: ChrTir + Z(pidi_t + 0;d3})
k=1 i=1 =1 i=1

Subject to:

m St

f?+ZZ%—Ht+d;—dit=nt i=1,2,...,n

k=1 =1

qkiT:YkijkiT k:1,2,...,m z':1,2,...,n T21,2,...,St

Thir < Wir Prir k=1,2....om i=12,....n 7=1,2,...,5

o8

(53)

(54)

(57)

(58)



Tgir 2 0 i=1,2,....n T=1,2..., 58

d, >0 integer 1=1,2,...,n

di >0 integer 1=1,2,...,n

Grir > 0 integer k=12,...m i=12,....n 7=1,2,...

29

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)



I, >0 integer i=1,2,....n 7=1,2,...,8 (68)

The objective function (53) minimizes the sum of the production cost, which
is a function of the number of working shifts, and of the penalty cost paid when
the stock level at the end of month ¢ is lower or greater than the stock target
level in month ¢. Constraints (54) are the Goal Programming constraints, as they
compute the negative and positive deviations from the stock target level at the
end of month ¢. Constraints (55) are used to compute the quantity of each SKU 4
produced on each production line k£ on day 7, on the basis of the number of working
shifts used. Constraints (56) establish that, if a SKU is produced on a given day,
the quantity produced must be greater than or equal to the minimum quantity to
be bottled. Constraints (57) allow us to manage the maximum quantity of each
SKU i that can be produced on each line k on each day 7, taking into account
of setup operations. In fact, if the SKU produced on day 7 is different than the
one produced on day 7 — 1 on the same line, the maximum production quantity
is reduced by the number of bottles lost due to setup operations. Constraints
(58) establish that the number of working shifts assigned of each SKU 7 on each
bottling line k& can be at most equal to those available for each day. Constraints
(59) guarantee that at most one SKU is produced on each bottling line on each
day. Constraints (60), (61) and (62) are related to the stock level. They compute
the stock level of each SKU at the end of each day, and guarantee that the stock
level at the end of each day is at least equal to the forecast. In this way, we ensure
that the stock level covers at least two days of sales, given that m;, is constant for
all day, with the only exception of Saturday in which it is 0. Finally, constraints
(63)—(68) define the decision variables of the problem.

Note that this model can require, in some months, a very long computational
time. In this case, we can apply the procedure used by the company to define the
operational production plan, or we can use a heuristic algorithm.

The procedure used by the company is based on the commercial logic. When-
ever it is necessary to choose which SKUs to miss from the market in case of limited
production capacity, the SKUs with lower penalties are not produced. This proce-

dure can be improved by the following heuristic algorithm inspired to it. A binary
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variable D;; is introduced for each SKU 7. It is equal to 1 if the corresponding
variable d;; must be greater than 0 in month ¢, i.e., if a negative deviation from the
stock target level T}, is forced, and 0 otherwise. Moreover, a parameter 3, having
1,2,...,n as possible values, is introduced. We assume that a feasible solution
exists for 8 = n. This parameter limits the number of SKU that can have d;, > 0.
The following two constraints are added to model (53)—(68):

Dy<d, i=12,...,n (69)

Zn: Dy <p (70)
i=1

The heuristic algorithm, in which the SKUs are selected in a greedy way on

the basis of the unit penalty cost p;, can be described as follows.
Greedy Algorithm

1. Sort the SKUs on the basis of the non—decreasing order of the penalty cost
Pi-
2. Set :=0
3. Do while a feasible solution is not found:
(a) B:=B+1
(b) Set D;; =1 for the first 5 SKUs in the ordered list
(c) Solve the model (53)—(68) with the two additional constraints (69)-(70).

3.4 Computational results

The mathematical models formulated in the previous two sections were imple-
mented in the AMPL sofware and solved on an Intel(R) Xeon(R) CPUW 3680Q,
3.33GHz, RAM 64 GB PC by using CPLEX 20.1.0.
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3.4.1 Data

We use the following parameters, obtained from the real-world case of the primary

Italian mineral water bottling company under consideration, and referred to the
year 2023:

Time horizon H: 12 months
Number of SKUs n: 6
Number of production lines m: 2

Cost ¢l of one regular working shift on production line k: Line 1 (multi-

product): 48.00 euros, Line 2 (single-product): 40.00 euros

Cost cF of one extra working shift on production line k: 62.39, 52 euros
Unit understock cost p;: 17.39, 30.43, 10.87, 13.04, 10.00, 8.69 euros
Unit overstock cost o;: 1.00, 0.74, 1.00, 0.43, 1.08, 0.34 euros.

The previous unit costs were obtained from company data by scaling them by
a constant, to preserve data confidentiality. We set the confidence level a =
0.95 in the chance constraints. To allow the reader to replicate the results of
the developed approaches, all remaining data are available at the following URL:
https://github.com/Fepeder/PhD_Thesis_Data.git.

Remember that the tactical model is based on the availability of the a-quantile
P;s of the distribution D;; for each SKU 7 and month s (see constraints (52)).
To compute it, the corresponding invertible cumulative probability distribution
function Fp, (y) of the demand is needed. We considered the sales per month in the
last six years for each SKU, and tried to build this function. However, no classical
probability distribution function was able to fit the data in an appropriate way.
Therefore, we computed the a—quantile as follows (see Gravetter and Wallnau [36]).
We sorted the N historical demand values of each SKU ¢ in a non—decreasing order.
Let v(k) be the k-th value of the demand in this ordered list, with k = 1,2,..., N.

Then, we computed the fractional rank, as follows:

r=a(N—-1)+1.
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Finally, we computed the a-quantile as follows:

Fis = v([z]) + [o([2]) = v([z])] (z = [=]).

Figure 20 shows that this method outperforms other two classical methods,
that are Linear regression and Exponential smoothing with seasonality, in terms
of Weighted Mean Absolute Percentage Error (WMAPE) calculated on the total
sales of the year 2023, for each SKU separately. WMAPE is widely used to measure
forecasting accuracy (see Terblanche and Wilson [80], Qi et al. [70] and Mohamed
et al. [61]) and it is computed as follows for each SKU i:

H N

=1 | Yit — Yir ‘
o

Zt:l ’ Yit |

where y;; denotes the actual sales and ¢;, the forecast value for the SKU ¢ in month
t.

WMAPE, — &=

a-quantile |Linear Regression| Exponential Smoothing
SKU A 12.97% 15.87% 16.37%
SKU B 38.61% 41.44% 43.30%
SKUC 12.30% 16.50% 22.39%
SKU D 22.62% 26.96% 30.69%
SKUE 23.81% 22.67% 32.06%
SKU F 133.34% 113.00% 110.41%
Total 20.42% 23.26% 25.45%

Figure 20: Comparison of different demand forecast methods in terms of WMAPE

3.4.2 Tactical level

Let us first provide the computational results obtained by solving the model at
the tactical level.

Performance of the tactical model on each month

A first computational experiment is carried out to evaluate the saving the com-
pany can have if the optimal solution is used, instead of using the solution of the

company, separately for each month. To do that, we introduce the Single Month
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(SM) approach, where the reduced time horizon S is set equal to 1, and the initial
stock I;;_1 of each SKU 7 in month ¢ is set equal to the one used by the company.
Since the starting stock level for each month is equal to the one used by the com-
pany, this comparison can be useful for understanding how the model performs
with respect to the company solution.

Figure 21 shows the comparison of the costs obtained by the company and the
optimal costs in each month, and the average cost (AvG), in terms of production
cost and overstock cost. Moreover, the Stock on Target performance indicator,
measuring the percentage of observations that have reached at least the stock

target level, is provided. The total number of observations is 72, given that we
have 6 SKUs and 12 months.

[ Solution  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec AG ]

Production Cost Company 5,242 4311 5,064 5,300 6,118 6,254 6,332 6,339 5,121 4,440 3,968 3.528 5,168
SM 4423 4,135 5,077 4,521 5,152 5,967 6,977 6,183 4,125 3,622 4,162 3.574 4,826

‘ Overstock Cost Company 2,309 3,941 3,652 5,847 6,099 2,738 3,434 5637 3,302 1,946 1,836 1,807 3,554 ‘

SM 987 4,188 3,163 4417 1,533 3,093 5171 5,230 1,603 936 4,309 2,572 3,100

Stock on Target Company 100.00% 83.33% 66.67% 66.67% 6667% 83.33% 66.67% 83.33% 83.33% 66.67% 100.00% 8333% 79.17%
SM 66.67% 100.00% 83.33% 50.00% 66.67% 83.33% 100.00% 8333% 8333% 66.67% 83.33% 83.33% 79.17%

Figure 21: Comparison of the company and optimal solutions in the SM approach

The results show that the solution proposed by the model allows us to save
approximately 7%, on average, in terms of production cost, and 13% on average
in terms of overstock cost. The percentage of achievement of the stock target level
is the same for both solutions: the average performance over the 12 months is
79.17%, i.e., both solutions are able to have a monthly stock level at least equal
to the desired target in 57 times out of 72 observations. Let us now consider the
Understock cost. To have a fair comparison, we need to consider that the plan is
constantly revised by the company, to take into account of the differences between
the forecasts and the corresponding actual sales. Figure 22 shows the comparison
of the costs if we use the corrections applied by the company, in the company
solution and in the SM solution. The goal of this task, referred to as fine-tuning,
is to use the residual production capacity to bring the stock levels close to the
desired ones, on the basis of information revealed over time on when sales peaks
will occur.

The results show that the average total cost of the optimal solution is about
25.80% lower than the cost of the company solution, mainly due to the reduction

of the understock cost. Production and overstock costs are lower than those in
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Solution Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec AVG

Production Cost Company 5,242 4311 5084 5300 6118 6254 6332 6339 5121 4440 3068 3528 5,168
Production Gost SM 4,642 4135 5008 4,987 5185 6164 6077 6267 4134 3834 4179 3646 4942
Overstock Gost Company 2,309 3941 3652 5847 6099 2738 3434 5637 3302 1046 1836 1,907 3,554
Overstock Gost SM 988 4188 3164 4420 1,534 3004 5171 5231 1,604 937 4300 2573 3,101
Understock Gost Company 0 870 4028 5301 4417 1061 3946 1704 2313 730 0 948 2,117
Understock Gost SM 0 0 0 0 0 0 0 0 0 0 0 0 0
Total Company 7,551 9122 12744 16530 16634 10053 13712 13681 10736 7,116 5804 6382 10,840
Total SM 5630 8323 8262 9407 6719 9258 12,148 11,498 5738 4831 8489 6,219 8,043
Normal Shifis Company 11906 9830 11578 10800 13200 12600 12600 13200 11683 10100 9000 8000 11208
Normal Shifts SM 10722 9565 11697 10734 11803 12503 12600 12857 9620 9098 0688 8361  107.78
Extra Shifts Company 0.00 000 0.00 985 525 1219 1346 1010 0.00 0.00 0.00 000 424
Extra Shifts M 0.00 000 0.00 513 0.00 1200 2547 1200 0.00 0.00 0.00 000 455

Figure 22: Comparison of the company solution and the SM solution after fine-
tuning

the company solution, while the average decrease in number of working shifts is
equal to about 4 from Monday to Friday, while there is an increase of about 0.5
on Saturday. The saturation of the production capacity offered by the optimal
solution is, even after fine-tuning, better than the one offered by the company

solution.

Performance of the tactical model over the planning horizon

A second computational experiment is carried out to use the tactical model with a
rolling horizon approach, with different reduced time horizons S. In this approach,
the initial stock of each SKU i is equal to the one in the company solution in month
1, while, for each successive month s = 2,3,..., H, it is equal to the stock level
obtained by using the optimal values of the variables in month s — 1, and the
actual sales in month s — 1. Concerning the reduced time horizon S, we consider

these two extreme cases:

- Single Month Rolling approach (RSM): In this case, the reduced time horizon
S is set equal to 1 month, i.e., the optimization is carried out on one month
at a time.

- Decreasing Months Rolling approach (RDM): In this case, S = 12 when ¢t = 1,
S =11 for t = 2, and so on in this way until S = 1 when t = 12, i.e., the
optimization is carried out on the remaining part of the year and only the

decisions on the first month of the reduced time horizon are captured.
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In both cases, first the costs are computed by using the optimal values of the
variables, and the a-quantiles are used to compute the stock levels. Figure 23

shows the results obtained.

| Solution Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total ‘
Production Cost RSM 4,423 4,851 5,091 4,416 5,783 6917 7.260 5,598 4,332 4,053 4,685 3208 60,617
RDM 4,423 4,870 5,073 4,962 6,658 6,461 6,463 5471 4,332 4,053 4,666 3177 60,608
Overstock Cost RSM 0 0 0 0 0 0 0 0 0 0 0 0 0
RDM 0 25 0 729 2,238 947 21 0 0 0 0 0 3,960
Understock Cost RSM 0 0 0 0 0 9,130 6,093 0 0 0 0 0 15,223
RDM 0 0 0 0 0 0 0 0 0 0 0 0 0
Total Cost RSM 4,423 4,851 5,091 4,416 5,783 16,047 13,353 5,598 4,332 4,053 4,685 3208 75,841
RDM 4.423 4,894 5,073 5691 8,895 7.409 6.484 5471 4,332 4,053 4,666 3.177 64,568

Figure 23: Comparison of the rolling horizon approaches

The results show that the RSM approach, as expected, has a total cost higher
than the RDM approach. In fact, RSM provides a total cost that is about 17.46%
greater than the one of the RDM approach. Since the computational time is
negligible in both cases, it is worth extending the reduced time horizon S from 1
month to 12 months. The production cost is similar in both cases. The difference
is totally on penalty costs. In particular, there is an additional overstock cost
in the RDM, especially from April to June. The corresponding extra production
Instead, the

RSM approach, having a reduced time horizon of just one month, is not able to

allows us to avoid paying the understock cost in June and July.

anticipate production. Therefore, penalties are paid in June and July, due to
production capacity saturation. This highlights that optimizing on larger reduced
time horizons, even if there is uncertainty, is able to provide a lower average cost.

Figure 24 shows the number of regular and extra working shifts used by the RSM

[ Solution Type Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total |
RSM Normal Shifts  102.65 110.57 116.82 97.58 131.06 126.00 126.00 114.62 100.06 93.83 108.11 73.17 1,300.58
Extra Shifts 0.00 0.00 0.00 3.14 0.38 24.00 30.00 12.00 0.00 0.00 0.00 0.00 69.53
ROM Normal Shifts  102.65 110.95 116.45 108.00 132.00 126.00 126.00 111.98 100.06 93.93 107.71 72.51 1,308.24
Extra Shifts 0.00 0.00 0.00 3.88 13.95 16.70 17.23 12.00 0.00 0.00 0.00 0.00 63.76

Figure 24: Number of working shifts used by the rolling horizon approaches

and RDM approaches. The total number is greater in the RDM approach, but
RSM uses a larger number of extra working shifts. This different mix provides a
similar production cost, as shown before.

Continuing the analysis, we now do fine-tuning and compute the total costs on
the basis of the optimal values of the variables and of the actual sales. We obtain

the results shown in Figure 25.
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\ Solution Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

Production Cost RSM 4,642 4,632 5,112 4,862 5,382 6,917 7.260 5650 4,291 4,315 4,427 3263 60,752
RDM 4,642 4,650 5,094 5493 6,188 6,785 6,181 5,555 4,291 4,315 4,408 3231 60,833
Overstock Cost RSM 988 4,187 3,163 4,419 1,534 2,035 4,970 5231 1,685 978 4,309 2,573 36,071
RDM 988 4,212 3,163 5,148 3,486 4,091 5,332 5462 1,916 1,209 4,514 2,736 42,258
Understock Cost RSM o] 0 0 0 0 5,536 0 0 0 o] 0 0 5536
RDM 0 0 0 0 0 0 0 0 0 0 0 0 0
Total Cost RSM 5,630 8,820 8,275 9,281 6,916 14,488 12,230 10,881 5,975 5,293 8,736 5836 102,359
RDM 5,630 8,862 8.257 10,641 9,675 10.876 11,513 11,018 6,208 5,524 8.922 5967 103,091
[ Solution Type Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total |
RSM Normal Shifts ~ 107.22 106.01 117.25 103.48 122.67 126.00 126.00 115.71 99.02 99.83 102.36 74.23 1,299.77
Extra Shifts 0.00 0.00 0.00 6.28 0.00 24.00 30.00 12.00 0.00 0.00 0.00 0.00 72.28

‘ RDM Normal Shifts  107.22 106.38 116.87 108.00 129.25 126.00 123.02 113.74 99.02 99.83 101.97 73.57 1‘304.87‘

Extra Shifts 0.00 0.00 0.00 12.92 7.86 21.89 15.00 12.00 0.00 0.00 0.00 0.00 69.66

Figure 25: Comparison of the rolling horizon approaches after fine tuning

The results show that the RDM approach has a cost 0.7% greater than the RSM
approach. The production cost is similar. In the RSM approach, the understock
cost is equal to 0 in all months, with the only exception of June, due to the large
deviation between the forecasts and the actual sales. In fact, the stock target
level cannot be reached, despite the maximum saturation of production capacity.
In the RDM approach, this does not happen because part of the production is
anticipated in the previous months. This implies an higher overstock cost and, in
total, a higher total cost.

The following analysis adds evidence to what we just showed. We increase the
value of a from 0.95 to 0.99, to increase the probability of satisfying the uncertain

demand. Figure 26 shows the results obtained without fine-tuning.

| Solution Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total \

Production Cost RSM 4,681 4,635 5248 4,709 5,475 6,917 7,260 5,608 4,344 4,239 4,408 3,299 60,820
RDM 5,544 4,877 5,086 5154 6,530 6,391 5,843 5,445 4,344 4,239 4,383 3,265 61,111

Overstock Cost RSM 1,136 4,317 3,893 4,548 2,242 2,834 5,847 5,687 2,580 1,467 4,696 3,068 42,334
RDM 2,313 5847 5191 6,554 5917 6,080 6,724 6,353 3,246 2,122 5321 3,647 59,313

Understock Cost RSM 0 0 0 0 0 7.921 0 0 0 0 0 0 7921
RDM 0 0 0 0 0 0 0 0 0 0 0 0 0

Total Cost RSM 5817 8,952 9,141 9,257 7717 17,672 13,107 11,305 6.934 5706 9,102 6,367 111,075
RDM 7,857 10,724 10,287 11,708 12,447 12,471 12,566 11,798 7,590 6,361 9,704 6,912 120,424

| Solution Type Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total \

RSM Normal Shifts  108.02 106.05 120.38 102.24 124.90 126.00 126.00 114.83 100.41 98.02 101.88 75.04 1,303.76

Extra Shifts 0.00 0.00 0.00 4.48 0.00 24.00 30.00 12.00 0.00 0.00 0.00 0.00 70.4%

| RDM

Normal Shifts  126.00 111.09 117.21 108.00 131.35 126.00 115.97 111.44 100.41 98.02 101.41 74.34 1,321.24
Extra Shifts 0.00 0.00 0.00 7.19 12.00 15.57 15.00 12.00 0.00 0.00 0.00 0.00 61.76

Figure 26: Comparison of the rolling horizon approaches with o = 0.99

The total cost increases by 8.5% in the RSM approach, and by 16.81% in
the RDM approach, compared to the total costs obtained with the case with

a = 0.95. The production cost has a slight increase in both solutions, while the
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understock cost is increased in the same months where it was already paid. The
understock cost, on the other hand, increases more in the RDM than in the RSM.
As anticipated, this positive difference between the forecasts and the actual sales
generates higher costs in the rolling horizon approach. The number of working

shifts slightly increases.

3.4.3 Operational level

Let us now show the results we obtained for the model at the operational level.

Performance of the operational model on each month

As already described, this model is used to validate the tactical plan and generate
a daily schedule of the production plan that takes operational constraints, related
to the minimum quantity to produce and setup operations, into consideration.
The analysis of the results on the SM approach is shown in the next figures. The
reduced time horizon S is set equal to 1, and the initial stock [;;_1 of each SKU
7 in month ¢ is set equal to the one used by the company. In particular, Figure
27 compares the optimal solutions of the tactical model, without fine tuning, with
the ones obtained by the operational model. Since finding an optimal solution of
the latter model can require a lot of computational time in some months, we set
a time limit of 60 seconds. The costs are computed on the basis of the values of
the a-quantiles, as it is in the model, and not on the basis of the actual sales, as
our goal is to show the cost increase in the optimal solution due to the additional

operational constraints.

| Solution Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec AvVG \
Production Cost SM - Tactical 4423 4,135 5,077 4,521 5,152 5,967 6,977 6,183 4,125 3622 4,162 3,574 4,826

SM - Operational 4,437 4.134 5,096 4,553 5,163 6,014 6818 6,252 4,139 3835 4178 3,586 4834
Overstock Cost SM - Tactical 0 0 0 0 0 0 0 0 0 0 0 0 0

SM - Operational 59 0 0 0 0 0 0 0 0 0 0 0 5
Understock Cost  SM - Tactical 0 0 0 0 0 0 0 0 0 0 0 0 0

SM - Operational [¢] 0 0 0 0 0 8,044 0 0 0 0 0 670
Total Cost SM - Tactical 4,423 4,135 5,077 4,521 5,152 5,967 6,977 6,183 4,125 3,622 4,162 3,574 ‘ 4,826 ‘

SM - Operational 4,496 4,134 5,096 4,553 5,163 6,014 14,862 6,252 4,139 3,635 4178 3,586 5,509

Figure 27: Comparison of the SM approach at the tactical and at the operational
level

The results show that the average total cost of the optimal solution of the

operational model is about 14% more than the cost of the optimal solution of the
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tactical model. The difference is small in the production cost and in the overstock
cost, while there is a large difference in the understock cost. This is because, in
July, the model at the operational level is not able to determine a daily schedule
without paying a penalty.

All solutions of the model at the operational level, obtained within the time
limit of 60 seconds, shown in Figure 27, are optimal, with the only exception of
July, where only a feasible solution is obtained within the time limit of 60 seconds.
Figure 28 shows the results obtained running the model (53)—(68) with larger time

limits.

Time limit. | Total cost | Percent gap
60 sec. 12,915 27.89%
600 sec. 12,713 25.31%
6000 sec. 12,713 22.32%
12 hours 12,713 19.33%

Figure 28: Feasible solutions obtained in July with different time limits

The total cost does not improve significantly by increasing the execution time
limit and the percent gap is still large (19.33% in the best case).

A different approach is to apply the procedure applied of the company (see
the end of Section 3.3), to find a production plan for July. Doing that, a feasible
solution having cost 14,862 is obtained for 8 = 3 (see Figure 29).

D; =1 Total cost
Dg Infeasible
Dg, D5 Infeasible
D¢, D5, D3 14,862

Figure 29: Procedure applied by the company when an optimal solution is not
found within the time limit

The results obtained by this procedure could be improved by applying the
heuristic Greedy, described the end of Section 3.3, with given values of 3. In fact,
if we consider § equal to 3, as in the procedure applied by the company, and g = 4,
we obtain the results shown in Figure 30 for different time limits. The percent gap

is still large.
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8 =3 8=4
Time limit | Total cost | Percent gap | Total cost | Percent gap
60 sec. 14,074 30.45% 12,943 27.25%
600 sec. 12,729 18.60% 12,937 26.10%
6000 sec. 12,729 17.35% 12,713 23.34%
12 hours 12,713 17.94% 12,713 21.34%

Figure 30: Feasible solutions obtained in July with constraints (69) and (70) and
different time limits

Comparing the values obtained in the first approach, Figure 28, and the val-
ues obtained in the last heuristic Greedy approach, we can note that in the first
approach proposed the same result is obtained in a lower computational time. So,
this first approach should be used. Moreover, it can be easily shown that, replac-
ing in Figure 27 the total cost 14,862 of the operational model in July with the
value of the lower bound corresponding to the best percent gap 19.33% obtained
in the first approach, the average total cost of the operational model over the year
becomes 5,125 instead of 5,509. i.e., there is an improvement, but not so large,
even in the case in which the optimal solution has a cost equal to the lower bound.
So, the trade-off between the quality of the solution and the computational time
required to compute it must be taken into account. From a practical point of view,
a time limit of 600 seconds in the first approach seems to be the one that should
be suggested to a decision maker.

As a concluding remark, we can say that this analysis demonstrates how the
commercial logic currently used by the company can be significantly improved by

solving optimization models.

3.4.4 Tactical vs. operational

The following analysis shows a comparison between the optimal solutions of the
tactical model and the ones of the operational model, after performing fine-tuning
in the SM approach and considering actual sales, instead of the a-quantiles, to
compute the stock levels.

Figure 31 shows that the model at the operational level is able to generate
a daily schedule having an average total cost with almost no difference than the
one of the model at the tactical level. This is really interesting as the operational

model takes into account of minimum production quantities and setup operations,
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Solution Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec AVG
Production Gost Company 5,242 4311 5,064 5,300 6,118 6,254 6,332 6,339 5,121 4,440 3,968 3528 5,168
Production Gost SM - Tactical 4642 4135 5,008 4,987 5,185 6,164 6,977 6,267 4134 3,894 4179 3646 4,942
Production Gost  SM - Operational 4,677 4134 5120 5048 5196 6227 6,818 6355 4148 3903 4197 3659 4,957
Overstock Cost Company 2,300 3,041 3,652 5,847 6,009 2738 3434 5637 3,302 1,946 1,836 1,907 3,554
Overstock Gost SM - Tactical 088 4188 3,164 4420 1534 3,004 5,171 5,231 1,604 937 4300 2573 3,101
Overstock Cost  SM - Operational 1,140 4202 3248 4444 1,577 3,126 4493 5278 1,643 931 4374 2606 3,005
Understock Cost Company 0 870 4028 5391 4417 1,061 3,946 1,704 2313 730 0 948 2117
Understock Cost SM - Tacfical 0 0 0 0 0 0 0 0 0 0 0 0 0
Understock Cost SM - Operational 0 0 0 0 0 0 0 0 0 0 0 0 0
Total Company 7,951 9,122 12,744 16,539 16,634 10,053 13,712 13,681 10,736 7,116 5,804 6,382 10,840
Total SM - Tacfical 5,630 8,323 8,262 9,407 6,719 9,258 12,148 11,498 5,738 4,831 8,489 6,219 8,043
Total SM - Operational 5,816 8,395 8,368 9,493 6,773 9,353 11,316 11,633 5,791 4,884 8,571 6,265 8,052
Normal Shifts Company 119.06 98.30 115.79 108.00 132.00 126.00 126.00 132.00 116.83 101.00 90.00 80.00 112.08
Normal Shifts SM - Tactical 107.22 95.65 116.97 107.34 118.03 125.93 126.00 128.57 96.20 90.98 96.88 83.61 107.78
Normal Shifts SM - Operational 103.36 93.35 117.45 103.63 118.28 123.87 123.46 130.04 96.50 91.19 97.26 83.88 106.86
Extra Shifts Company 0.00 0.00 0.00 9.85 525 12.19 13.46 10.10 0.00 0.00 0.00 0.00 424
Extra Shifts SM - Tactical 0.00 0.00 0.00 513 0.00 12.00 2547 12.00 0.00 0.00 0.00 0.00 455
Extra Shifts SM - Operational 4.13 2.00 0.00 9.00 0.00 14.49 24 61 11.86 0.00 0.00 0.00 0.00 5.51

Figure 31: Comparison of the models

fine-tuning

at the tactical and operational levels after

while the tactical level can be not feasible with respect to these additional con-

straints. Finally, we can compare the solutions obtained by solving the models

with the company solution. The tactical approach, used together with the oper-

ational approach, allows us to have an average saving on the total costs equal to

approximately 25.71%. A further benefit is given by considering the saturation of

the production capacity, which turns out to be better.
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Conclusion

The goal of this PhD thesis was to address the optimization of Production and Lo-
gistics as a primary driver for pursuing profitability and business success. The use
of optimization models, that are well formulated and able to take into account all
deterministic and uncertain data, can be of great help in solving these challenging
problems.

In Chapter 2, we studied the Stock Allocation Problem. The study presented
has shown how this problem can be difficult to model, considering all features found
in companies, in particular the FIFO picking logic. Moreover, the formulated
model turned out to be NP-hard. However, the computational results on real-
world instances showed that the problem can be solved to optimality in short
computational time. Moreover, the solution provided by the heuristic is effective,
and even better than the optimal solution with respect to different KPI indicators,
such as Free space and Remaining space. Future research could be devoted to
study a multi-objective model, in which all these different KPIs can be balanced
at best. Moreover, the current approach is based on the assumption of a given
layout. Dynamic models, able to adapt the layout on the basis of the stock flows,
could be formulated and solved.

In Chapter 3, we introduced a methodology based on the integration between
Goal Programming and Chance Constrained Optimization, to determine optimal
tactical and operational production plans for companies with a Make-to-Stock
logic and uncertain demand. Computational experiments, on the real-world case
of a the mineral water bottling company, showed that this approach is effective.
Moreover, some interesting take-away messages emerged. The first is that, even
if it is difficult to achieve high forecast accuracy, it is important to use statistical
methods to compute forecasts. The sales department can then add any additional
information related to specific commercial actions. A second take-away message
is that it is important to simultaneously consider a long-term tactical plan and
its validation in a more detailed operational plan. The tactical model can be
easily solved to optimality whenever unplanned commercial opportunities may
arise. The operational model can take long computational times, since it has to
take into account difficult operational constraints related to the minimum quantity

to produce and setup operations. In that case, heuristic algorithms can be used.
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We provided a heuristic based on the procedure applied by the company and one
based on the solution of the model in an appropriate time limit. Future research
could be dedicated to the study of different Stochastic Programming models, to
be able to embed different scenarios of the future demand in the model.

The studied problems aimed at building a “bridge” between scientific research
and its application to real business optimization problems. This research made
a contribution by proposing methods for modeling challenging logistics and pro-
duction problems for the academic and industrial research, and, at the same time,

provided significant improvements in the company results.
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