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Summary
Production planning aims to organize the production activity, making it
consistent with the business plans which define the economic and financial
objectives of the entire company. In manufacturing companies, it concerns with
defining the production plans or programs and establishes what, how much and
when to produce, with different levels of detail and different time horizons.
Among the planning activities, scheduling is responsible for organizing
production in the short term, the work shift or the day. It is a decision-making
process allowing to create and assign a sequence of activities to each resource
(equipment, machines, operators). Technological development has enabled the
development of new tools useful for managing the production process. The latter,
integrated within the production line, allows to enhance the effectiveness and the
efficiency of the company’s management functions. The purpose of this study is
to create and evaluate a new algorithm for scheduling the sanding and buffing
processes within the production flow of plastic eyewear in the Luxottica
department located in Agordo (BL). This working is an intermediate phase of
the process to remove the sprue creating by the injection presses during the
moulding of the frontal. The algorithm considers three factors, not currently
considered in the scheduling, with the aim of improving efficiency and service
level. The latter play a key role as performance indices in the evaluation of the
department’s production. In detail, the first factor has been pointed out for this
specific study as a priority index and shows great potential as useful tool in the
scheduling of all the other processes within Luxottica's departments. The second
factor is the division of the machines by type of processing to optimize set-up
times. In the end, the third factor concerns with looking ahead, i.e., what is being
processed on the presses and will come in for sanding and buffing. A design of
experiment is used to evaluate the effectiveness of these factors. This technique,
used in the early stages of a new process, allows, through field trials, to
determine the main factors that influence performance goals.
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Introduction
The following paper investigates the issue of production scheduling and the main
methods used to solve this problem, focusing on the case of parallel machines
and presenting a case study in which the application of some theories, integrated
with the proposal of a new priority index, brought improvements in terms of
performance.
In the first chapter, the Manufacturing Execution System (MES) is presented:
how it was born, how it is integrated within a production system and what
potential it offers. The structures of production, the systems of control and
information systems that help the various business functions to take decisions on
the production planning are presented.
Moreover, the second part of the first chapter deals with production scheduling,
one of the activities that can benefit from the integration of MES in the
department. A typical corporate manufacturing production and control system
(MPCS) is presented, within which scheduling is placed. Various activities
making up this activity are described, exploring typical scheduling problems.
The second chapter proposes the of Design of Experiment (DoE), a technique
through which it is possible to evaluate how a variable impact on a system
behaviour through the analysis of a selected response variable in different
scenarios. According to the circumstances, several strategies of application of
DoE can be exploited.
The third chapter describes the Luxottica case study. The DoE technique is used
to evaluate a new scheduling algorithm proposed starting from the theories and
tools described in the previous chapters and considering the performance indices
that the company observes to evaluate the production departments.
The fourth chapter presents the results obtained during the field application of
the proposed DoE in the Luxottica scheduling process.
In the fifth chapter has been drown the conclusions taken from the results found
in the previous chapter and some indications for possible next studies are
exposed.
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1. MES system and production
scheduling
1.1 MES system
Factories are increasingly coming up against their own transformation from
production facilities to service centers where value creation does not come from
product performances but from process performances. It means that the decisive
potential of companies does not lie anymore just in their production capability
but mainly in their process capability [1].
Collecting information related to the production cycle, it is possible to evaluate
the efficiency of the production system, its critical points and the resulting costs.
An effective collection of data and an efficient management of information leads
to the optimization of resources and materials and the consequent reduction of
production costs.
The high level of technological development over the last twenty years has
contributed significantly to the improvements of systems for the collection and
analysis of data from the industrial production processes.
Achieving process capability requires all processes to be transparent and clear in
order to obtain a real-time mapping of the value stream. To satisfy this need for
information collection and analysis, specialized information systems have been
developed for production management, Manufacturing Execution System is one
of them. They, through communication of the machines directly to the network,
generate real time and historical maps of production that can be used as basis for
optimization processes.
This category of Information Systems aims to monitor and improve short-term
performances which, in turn, has a significant impact on business strategies and
long-term performance developed by the management and administration of the
enterprise.
The key to achieve this objective and manage all business processes is the
accurate analysis of information, which might, therefore, be correct and credible.
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From the data collection referred to the production cycle, it is possible to deduce
the efficiency (machines and operators) of the production process and
consequently it is possible to identify with more accuracy problems related to
the management of the cycle (times, logistics, movements, machine loading,
operators training, lack of manpower) and the amount of costs.
The Manufacturing Execution System (MES) is a software that allows you to
computerize the management and control of the production department in the
company. It was indeed created with the aim of connecting the business
management system (ERP) with the control systems of the machines in the
departments.
The main functionalities that must distinguish a MES are the following:
•

automatic data acquisition from machines

•

data acquisition from direct operators during processing

•

sanding of production orders

•

productive advancement of semi-finished/finished products in terms of
quantity and time and their deposit in the warehouse

•

communication regarding quality control: type of controls to be carried
out, frequency and non-conformities received

In addition, many systems offer additional features such as KPI calculation (like
OEE or Inventory), document management and a production scheduler.
It can also be considered a system of support and control of production because
it is responsible for monitoring and communicating data that characterize not
only production activities but also support one such as maintenance, inventory
and product quality. Thanks to this tool, therefore, it is possible to reconstruct
the entire production process in real time, identifying which phases and which
procedures have been carried out in a given period of time. In this way, it will
be easier to identify possible criticalities and promptly propose possible
solutions to be implemented to improve specific production performances; this
could have a strong impact on the global performance of the company.
Within a production process, it is important to individuate the factors that define
it, before proposing improvements on it. For this reason, it is necessary to
analyse the possible types of production structures (section 1.1.1), the control
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methods (section 1.1.2), the actors who manage the process (section 1.1.3),
which technological tools help the implementation of planning strategies (1.1.4)
and the MES objectives (1.1.5).

1.1.1 Production structures
There are different types of production facilities that differ among each other in
the number of products they have to process, the standardization of the product
and the flexibility in changing product and volumes. Below are described the
two extremes of these approaches. It is important anyway to know that there are
many others depending on the primary optimization goal the facility have.
In the Shop production the department is divided into zones in which there are
machines performing the same type of work. The time flow of the production is
given by the lots. In fact, a batch moves to the next phase only after the last piece
has been processed. This type of organization is designed to increase flexibility
and to simplify the layout of the department, but it creates long transport routes,
queues and large buffers between processes. For this reason, the manufacturer's
interest is to make transactions between machining operations as short and
smooth as possible.
The Line flow production follows the layout by product, i.e., machines and
operations are organized in order to follow the subsequent processing step
product must perform. The risk of this structure is the lack of flexibility. If a
failure or a misalignment of the various phases should occur, indeed, arise and
recovering them might be hard. Moreover, these plants have high investment
costs, hence there is a need for standardized production and large quantities. As
advantage of this structure, however, productivity is optimized by minimizing
transport times, queues and stocks in WIP.

1.1.2 Control systems
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The production systems can be categorized as push, pull or hybrid depending on
the scheduling strategy used. What differentiates them is the mechanism that
triggers the movement of work in the system.
The trigger for release can be from outside or inside the system.

Push System
In the push system, demand forecasting is the input to develop master production
schedules and material requirements plans. This method is used for standard and
high quantity products like pens, balls, t-shirts. The disadvantage of this method
is that the forecasts can be imprecise and the question can often have
unpredictable variations. In this case the inventory can increase and so the
correlated costs.
An example of a push system is the MRP (management requirement planning)
whose basic function is to determine quantities and process start times for
intermediate products (or order times for raw materials) based on actual or
anticipated demands for final products. Its purpose is to ensure the availability
of raw materials and components for planned production while maintaining the
lowest possible level of inventory [2].
Figure 1 shows the inputs to and outputs from the MRP system. The three major
inputs are the master production schedule, the bill of material, and the inventory
data.
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Figure 1. Material requirements planning

The Master Production Schedule (MPS) specifies which finished products are to
be produced and when. This schedule must be in accordance with the Aggregate
Production Plan (APP). An APP determines the quantity and timing of
production for a product family for a year or month. The plan is developed by
the Sales and Operations Planning (SOP) department based on independent
demand forecasts.
An example of Master Production Schedule is presented in Figure 2.

Figure 2. Master production schedule based on an aggregate plan

Very important in the push system is that all the components of the final product
are correctly release. The BOM (Bill Of Materials) identifies the set of
components that, when assembled, create a final product unit (Figure 3). For
example, a pair of eyewear consists of different components: two rims, two
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screws, two temples, two temple tips, one top bar, one bridge, two nose pads,
two pad arms, two lenses, two end pieces, two hinges (Figure 4).

Figure 3. A bill of material

Figure 4. Parts of an eyewear

Also important in the push system are the inventory data. They contain the status
of all items in inventory, including on-hand inventory, scheduled receipts, and
safety stock. On-hand inventory shows what is in stock, but the scheduled receipt
shows what is on order [2].
Pull System
With the pull principle, items are produced only in response to a customer
request. The customer's order generates a requirement in the final assembly
department. This requirement itself generates a requirement in pre-assembly and
10

so on until a material supply order is created. The purpose of the pull principle
is to reduce inventory overhead and WIP, i.e., the inventory in the production
flow [1].
An example of pull production control system is Kanban which in Japanese
means card. The Kanban control is a system that controls the production
quantities in each process. It limits the amount of inventory to a fixed maximum
for each workstation, where with workstation is considered a process and its
output buffer. The maximum is equal to the number of kanbans circulating in the
workstation.

Figure 5. An example of Kanban system [2]

In a Kanban system (Figure 5) the following rules must be followed:
1. Downstream workstations should only withdraw parts/containers in the
precise amounts specified on the kanban.
2. Upstream workstations should only send parts/containers to downstream
workstation in the precise amounts and sequences specified by the kanban.
3. A kanban must always be attached to each part/container.
4. No parts/containers are made or moved without a kanban.
5. Defective parts are never sent to the next downstream workstation.
6. The number of kanbans should be kept as small as possible (because it
determines the maximum inventory of a part).
As you can see in the Table 1, the characteristics of these two strategies are
different and also their use depends on the type of product you want to produce.
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Table 14. Difference between Push and Pull Systems [3]

1.1.3 Function levels
Production structures and control methods are coordinated by decision-making
structures organized at different levels.
Corporate management
Corporate management is the level that deals with the commercial part of the
company. It collects all sales data and proposes a planning of the product range
and the relative quantity required. Once quantity planning has been completed,
on a customer-order or stock-oriented basis, the order will be released. As a
result of this process, time planning and capacity requirements for production
will be done.
The planning result will be approximate because it is based on theoretical
calculations of machine capacities. Based on the inputs coming from the
production it is possible to improve the planning for the next period.
Production management
Production management receives the workload, often called business plan,
thought up by corporate management and creates a much more detailed schedule
based on available capacity and with the most exact possible start dates, which
are passed to the production department. This level of management needs
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production data to make a comparison between input and actual work progress.
Resource management and quality are also defined at this level.
The production level
The control of machines, personnel, maintenance and actual production of goods
is entrusted to the production level. This is where information flows and material
flows intersect and where much of the economic value for the company is
created. In particular, the production level tries to implement the plans of
production management by colliding with all the problems of reality and storing
data on the quality of the parts produced (rejects, non-conformities, repairs),
working times and material consumption. The analysis of this information
allows to identify the status of the assigned order.

1.1.4 Classic IT support in production: MRP and ERP
Production planning is supported by IT tools that are part of the company's
management system. The two main components are:
•

MRP

•

ERP

Material requirements planning (MRP) is a system that calculates the
requirement of the components that are part of the bill of materials of a final
product considering the quantities and timing of the master production schedule
(MPS) [4].
ERP integrates the business processes of different departmental functions into a
unified system. The basic concept behind the use of this unified system is the
use of the enterprise database. Each stakeholder benefits from the integration of
the information system provided by the ERP as can be seen in the Figure 6
because they receive information that would otherwise be unobtainable without
great effort.
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Figure 6. Exchange of information between stakeholders thanks to an ERP system [4]

The first production management systems were the MRP (Management
Requirements Planning) useful to the company to take charge of orders and plan
the raw materials and tools to be used. The advancement of the production,
instead, was inserted time by time manually in the system, causing delays and
incongruities important also to the aims of the communication with the system
ERP. The result, therefore, was a disclosure of information that could be
inaccurate or imprecise in all areas of the firm. In fact, the most considerable
limitation of the MRP was not to be able to create reliable production plans that
can be easily integrated with the dynamics of the process. Among the main
causes of this limitation there are:
•

Delays in communication and information exchange, as there is a lack of
real-time transmission between work areas;

•

The assumption that resources are infinite and that for a given type of
product the production time is always the same.

MES plays an important role as a link between the decision-making level of the
enterprise, managed by ERP systems, and the operational level, consisting of
production activities, succeeding in overcoming the limitations of an MRP
system.
In Figure 7 the important role of the MES system is illustrated: a link between
the decision-making level, managed by the ERP systems, and the operational
level, composed of the production activities.
14

Figure 7. The linking scope of MES

1.1.5 MES objectives
The fundamental objectives that an MES system must achieve are:
•

Integration with the business level through real-time information
exchange that reduces the inaccuracy and imprecision of data transmitted
from one area of the company to another. The way in which information
is exchanged and the quality of the information have a strong impact on
the overall efficiency of the company;

•

The elaboration of production plans (PDP) that are reliable and
applicable to the reality of the company through the analysis of the
capacity and presence of resources (personnel, raw materials, tools for
processing) and through especially the control of plant activities, having
clear production cycles and processing times to update them in case of
improvements or changes in processes. This continuous monitoring
makes the entire production system more flexible and responsive to
changes;

•

The improvement of short-term performance (quality control, increased
machine and/or operator efficiency, cycle time reduction) through the
processing of KPIs established by the company.
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Figure 8. Management systems within a company [5]

The diagram in Figure 8 shows the activities that coexisting management
systems must perform and the information they must exchange in order to have
efficient results [5].
We can, moreover, distinguish for a MES software ten pillars, which are
indicated by the international model MESA and which correspond to the
processes that the system must be able to manage:
1) The planning of production resources.
2) The distribution of manpower.
3) The management of orders and production plans (PDP).
4) The manual collection of data taken in the field by the operators that must be
analyzed and compared with the results and target performance.
5) The control of the data and the link with the technology, taking into
consideration the characteristic parameters of the machines, but also the
variables attributable to the human component.
6) Monitoring production progress: quantity, time, order status and compliance
with deadlines.
7) The control on the quality of the products, on the payments to the warehouse
and on the quantities in stock of the products.
8) The traceability of finished products but also of semi-finished products (WIP)
that allows, in case of defects and non-conformities, to trace back more easily

16

the cause origin of the problem and to intervene promptly only on the interested
part.
9) The analysis of downtime, distinguishing productive activities (machine
changeover, creation of tests and prototypes, training) from unproductive
activities with no added value (repairs, machine tooling, component selection,
downtime, workplace cleaning, material recovery, handling and transport,
waiting for components and dust).
10) The analysis of the productive performances, comparing the data of the
effective production with those previewed in the plan of production [6].

Figure 9. Pillars of MES system [5]

Figure 9 summarizes the pillars of MES described above and which correspond
to the processes that the system must be able to manage [5].

Figure 10. Intermediary role of MES system between management systems

The diagram in Figure 10 shows the intermediary role played by the MES in the
dialogue between the company's management system and the production process
and vice versa. The MES therefore guarantees the exchange of information and
production data in real time between the management part and the production
part of the company.
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1.2 Production scheduling
This chapter discusses the topic of production scheduling. It starts by giving a
definition of production scheduling, specifying its characteristics, and showing
where it fits into a company's production planning and control system (MPCS).
Next, the activities that make up scheduling are outlined and a classification of
the types of scheduling problems is provided. The most commonly used solving
techniques in production scheduling are then presented, particularly those
involving machines in parallel, as they are of most interest to the study.

1.2.1 Scheduling within the company's production planning system
Scheduling is a decision-making process that involves allocating resources to
tasks over a time interval in order to optimize one or more performance
objectives such as cost, set up time, delivery delays or equipment utilization. The
level of detail used is elevated since it specify which operation will have to carry
out the single resource in a given moment and for how much time. The necessity
of a high level of detail implies a time horizon of decisions limited to a day or a
week.
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Figure 11. Manufacturing Planning and Control System (MPCS) diagram [7]

In the Figure 11 an example of a corporate production planning (or
manufacturing planning) and control system (MPCS), proposed by Vollmann,
Berry, Whybark, 1997, is provided.
The MPCS is divided into three parts; the first, the front end, constitutes the set
of all activities for setting the overall direction, i.e., it establishes business
objectives for production planning and control. Front end activities operate over
a high time horizon and consequently information needs to be aggregated at a
low level of detail. Demand management scope is forecasting consumer demand
for the final product in order to coordinate all activities that must meet this
demand.
Aggregate production planning involves determining the level of production
required to meet expected future demand balancing it against current capacity,
in order to pursue the objectives, set by the company's strategy, or business plan.
It is necessary at this stage to aggregate the information to be processed in order
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to cope with uncertainty. The aggregate production plan usually operates on an
aggregate unit of production, i.e., a product with average characteristics among
those sold by the company in terms of weight, volume, value, production time.
The aggregate production plan is then disaggregated into the master production
schedule (MPS), which involves establishing for each product the quantity to be
produced in each period. The resource plan, or resource planning, is the most
aggregate and long-term plan for capacity planning decisions. It involves
determining whether current production capacity is sufficient to meet expected
demand or whether expansions are needed in terms of machines, space, people,
capital, etc.
Rough-cut capacity planning (RCCP) allows to implement a plan for coarse
planning of the capacity needed. It is the most disaggregated version of resource
planning and requires the information provided by the MPS.
The second part is the engine part; the time horizon over which decisions are
made begins to decrease (long to medium term) while the level of detail
increases. The engine phase receives as input the final product of the front end
phase, i.e. the MPS. The MPS directly feeds the detailed material planning that
represents the central system in the phase of engine. Many companies use MRP
logic in detailed material planning. it determines period-by-period plans for all
components and raw materials needed to produce the products defined in the
MPS.
The MRP uses as inputs, in addition to the MPS, product bills of material and
current inventory levels, or inventory status data. The bills of material provide
information about the parts needed to produce a certain product and then allow
the MPS to explode the final product to determine the need for components and
raw materials. Current inventory levels are necessary because it is important to
know how many of the parts to be produced or purchased are already in stock,
rather than in production or ordered.
MRP data then allows you to build a detailed, time-phased plan of your business
needs. The MRP then translates the overall production plans into detailed
information needed to develop capacity plans and to guide production activities.
Using the MRP, a detailed capacity requirement plan, or CRP, can also be
structured. The CRP also receives work-in-process, routing, and planned order
information as input to determine the capacity requirements needed. For
20

resource planning, RCP, and CRP, the arrows are bidirectional because there
needs to be a match between the capacity needed to execute a given material
plan and the capacity available to execute it.
The last part is the back end which represents the activities involved in executing
the detailed material plans (MRP). The activities operate on a short-term basis
and with a high degree of detail. Order release is the phase that authorizes the
launch of orders and provides the necessary documentation.
Purchasing consists of purchasing management where information flow,
reporting, terms and conditions of purchase are established.
However, the main part of the back-end phase is the production activity control
(PAC). The PAC deals with the execution, monitoring and control of the
production plans defined at the previous levels. The vendor scheduling and
follow-up activity deals with keeping the purchase orders aligned with the
delivery dates established by the materials plan (MRP). The other activity from
which the PAC is made up is shop-floor scheduling and control (SFC).
It is precisely the shop-floor scheduling and control phase that is part of the
production

scheduling. The SFC is responsible for establishing priorities for

production orders for each work centre so that orders can be scheduled in order
to optimize performance targets.
Such phase deals to emit the orders, to sequence them and to assign them to a
level of detail of single machine or operator.
Therefore, the activity of production scheduling can be placed in a business
MPCS system within the phase of shop-floor scheduling and control (SFC) and
has the objective of guiding operational activities to achieve the plans drawn up
at previous levels.
Finally, the input-output analysis monitors the current consumption of
production capacity and the progress of orders in order to indicate the need to
modify plans if shop-floor performance deviates from expectations [7] [20].
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1.2.2 Activities that make up the production scheduling
The scheduling phase is concerned with assigning and sequencing a series of
orders respecting certain constraints, so that performance criteria are optimized.
Typical production scheduling activities fall into 4 categories shown in Figure
12 [8]:
- Load assignment
- Scheduling with the start and end dates of each task (the Gantt chart is often
used)
- Defining the sequence of work
- Monitoring and control
Load allocation consists of assigning the amount of work to the individual parts
of the production process. It can either take the process capacity into account or
disregard it; in the first case we speak of finite capacity allocation, in the second
case we speak of infinite capacity allocation. Finite capacity loading allocates
the load to the work center (set of productive resources) within a certain
predefined limit. This limit is determined by the maximum capacity of the work
center which defines a constraint on loading. Infinite-capacity loading assigns
loads to work centers without limiting their acceptance (e.g., a hospital
emergency room cannot refuse patients to be seen).
In addition to assigning workloads, it is necessary to define the sequence of jobs
to be performed, i.e., deciding which jobs to perform first and which to perform
later.
Finally, the monitoring and control allows us to compare the current status of the
operations with the programmed ones and in case to intervene with a
reprogramming. In this phase, it is useful to be able to carry out what if analysis,
that is an hypothesis of what could happen if the scheduling is modified in some
way.
The output of the scheduling process is the planned plan, which contains all the
information about the use of production resources and the work program for each
department. The schedule must operate at the highest possible level of detail and
must take into account the constraints present at the level of the individual
machine, such as production capacity, company calendars, shifts, precedence
22

between activities, unavailability of resources for a given period or required
delivery dates.

Figure 12. The critical mechanisms of programming and control [8]

1.2.3 The scheduling problem
The first forms of scheduling of the production appeared in the late 1800's and
consisted simply in listing when an order had to begin or for when it was to be
delivered, without any information regarding the duration of the single
operations. With the increase of the complexity of the companies began to be
born the first offices for the control of the production. The problem was faced
for the first time in a formal way from Henry Gantt, who created an innovative
graph for the control of the production. Such graph allowed to compare the actual
performance with the planned performance and therefore to understand if the
activities were in advance or behind the programmed one.
Gantt charts are still widely used today as an effective representation tool for
production planning and monitoring.
The diagram consists of a horizontal time axis and a vertical axis representing
all activities to be performed. Each task is represented by a rectangle with a base
equal to its completion time. Gantt diagrams are used to represent the solution
to a scheduling problem.
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With the increase in the complexity of production processes and product variety
and thanks to the spread of information technology, scheduling decisions have
gone from being dealt manually to being entrusted to computers, up to and
including modern scheduling systems that allow production plans to be created,
evaluated and modified [9].
Using such systems, it is possible to obtain, through more or less sophisticated
algorithmic techniques, optimal or suboptimal scheduling solutions in order to
maximize the performances of the process.
Data on which a scheduling algorithm is based are the following:
- a set of resources, work centers or machine tools, each specialized in a
particular operation to produce the finished product;
- a set of work orders or jobs, each characterized by its own work sequence, or a
sequence of operations that must be implemented by the centers. can be a single
piece but also a batch of equal pieces, treated as a non-divisible unit. In both
cases, it means a product or a set of products required by a production order or a
delivery order;
- some performance indicators of the obtained sequence, to be evaluated in terms
of permanence of the lots in the system or of delay in delivery.
The above basic data needs to be better detailed depending on the type of
production system for which work orders are to be scheduled. These systems can
be classified as follows (Figure 13):
a) a system consisting of a single processing center;
b) a system composed of several machining centers in parallel, as in the case of
molding machines, often similar, used as a stage of component’s manufacture;
c) a system composed of several machining centers in series, as in the case of
production lines. It is the most widespread systems in medium and large
industrial enterprise;
d) and a system composed by several machines with mixed connections, as in
the case of a small enterprise.
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Figure 13. Examples of production systems

If we try to make a simple example, it is immediately clear how, by varying the
sequence of processing, it is possible to obtain different results.
Consider the data reported in Table 2, with only two job, indicated by A and B,
which must be scheduled on two machine tools, M1 and M2, connected in series:
Table 15. Example: system of two machines

Assume to assess the effectiveness of the scheduling in terms of the indicator
completion time C of the set of job.
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In order to obtain a solution, it is necessary to verify not only one sequence, but
possibly to compare all the alternative sequences that can be done from the
available data, and for each calculate the value of the indicator chosen.
Figure 14 and Figure 15 below illustrates the two alternative sequences that the
case covers.
1° admissible sequence: job A is loaded as first to be processed:

Figure 14. Example: Gantt of two machines, 1st sequence

2nd admissible sequence: job B is loaded as first to be processed:

Figure 15. Example: Gantt of two machines, 2nd sequence

This example already has the fundamental characteristics of a programming
problem, in fact, by modifying the sequence of the workings, the value of the
performance indicator changes. The optimization of the scheduled sequence
therefore coincides with the improvement of the value of the chosen performance
indicator.
Unfortunately, the search for the solution of an optimization problem, even one
as simple as in this example, should be obtained from a comparison of the
allowable alternatives. But the number of alternatives is affected by both the
number of jobs and the type of production system, as can be seen from the
example.
Solutions to scheduling problems can be found through several methods:
- by applying rules, known as "constructive type" solutions;
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- by approximate rules, also known as "heuristics";
- through a numerical search of the optimal, that is, through computer programs
[11].

1.2.4 Solving techniques for scheduling problems
A scheduling problem can be traced back to an optimization problem which can
be formulated as follows [10]:
𝑚𝑎𝑥(𝑧 = 𝑓(𝑥1, ..., 𝑥n) or 𝑚𝑖𝑛(𝑧 = 𝑓(𝑥1, ..., 𝑥n))
submitted to:
ℎi(𝑥1, ..., 𝑥n) ≤ 𝑎I

i=1,...,s

𝑔h(𝑥1, ..., 𝑥n) ≤ 𝑏h

h=1,...,t

(𝑥1, ..., 𝑥n) ∈ 𝑅n
Such a formal description is called a model.
The relations hi and gh are the constraints between the variables, ai and bh are the
known terms while z is the objective function, i.e. the criterion according to
which one solution is preferred over another.
The methods of resolution of the scheduling problems are numerous and are
differentiated according to: the complexity of the problems that they can treat,
the typology of the problem, the quality of the solution that they supply and the
computational difficulty. Depending on these characteristics, an optimization
problem can be approached with exact techniques, through which the optimal
solution is found, or heuristics, through which a good but approximate solution
is found. The approach with exact methods is applicable only to problems with
a small number of lots, while in reality the problems are of large size and
therefore cannot be solved exactly with reasonable computation time. Therefore,
heuristic solution methods are used because, even if they do not guarantee an
optimal solution of the problem, they find a reasonably good solution in a
relatively short time.
Heuristic techniques themselves are divided into two groups: constructive
techniques and improvement techniques.
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A constructive algorithm is characterized by 3 steps:
1- initialization: a starting element is chosen for the construction of the partial
solution
2- selection of a new element to be added to the partial solution: the selection
criterion is identified
3- stopping criterion: criterion for which the algorithm stops identifying the
solution or restarts from step 2.
These algorithms are called greedy because at each iteration they choose the
element that at the step is more convenient, not making considerations about the
overall composition of the solution. A constructive technique for scheduling
problems is to use priority rules to order the operations to be performed.
Operations are assigned in the order listed as machines become available. The
most commonly used rules are:
- Random assignment;
- FCFS or first come first served, i.e. sorting according to the order of arrival of
the operations to be carried out;
- WSPT (weighted shortest processing time) or WLPT (weighted longest
processing time) that is ordering the operations according to their time of
weighted elaboration;
- EDD or earliest due date that is to order the operations for time of increasing
expiration;
- MST or minimum slack time that is to order the operations according to the
time of increasing slack (slj=dj-rj-pj with dj time of delivery, rj time of release
and pj time of elaboration);
- CR or critical ratio that identifies an index of the criticality of the working
(CRj=(dj-rj) / pj) and the operations will be scheduled in increasing order of CR.
Some rules can also be applied dynamically, such as MST or CR, by substituting
rj with the value of the instant when operation j becomes available as soon as
possible. The choice of rule depends on the type of problem and objective
function.
The improvement techniques allow starting from admissible solutions provided
by the constructive methods, and improve the current solution. They also take
the name of local search algorithms since they search for the improvement by
analyzing around the point of the current solution. Let Ω be the set of the
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admissible solutions, with 𝑆𝜖Ω one of these solutions and with 𝑁(𝑆) ⊆ Ω a
neighbourhood of S. By move we mean an operation that allows to generate N(S)
from S by modifying one or more characteristics of the current solution. Within
N(S) a candidate solution 𝑆′𝜖𝑁(𝑆) is chosen to replace the current solution. S'
will be accepted if in agreement with an acceptance criterion and will replace S.
The steps of an improvement algorithm are:
1- Initialization: an initial solution S is identified and the value of objective
function z(S)
2- identification of the surrounding: we define a surrounding N(S) of the solution
S
3- choice of one new solution and eventual acceptance: selecting 𝑆′𝜖𝑁(𝑆) which
corresponds the minimum of the function objective.
4- stopping criterion: if Z(S') is better than Z(S) replace S with S' and go back to
step 2. Otherwise, the algorithm is stopped.
Then there are also metaheuristic techniques such as simulated annealing, tabu
search and genetic algorithms that have been shown to be effective in solving
scheduling problems [10] [22].
In terms of exact methods two widely used approaches are mathematical
programming and constraint programming. These approaches are similar
optimization techniques that consist in finding the values of variables that
minimize an objective function subject to constraints using the former
mathematical methods or modern computer methods derived from logic
programming, graph theory and artificial intelligence.
In order to model a problem of scheduling it is necessary first of all to define
which can be the parameters and the variable decisions.
The more common parameters of the job j, or production orders, used in the
modeling of the problems of scheduling are:
- pj: execution or processing time
- rj: time of release
- dj: date of delivery
Parameters for machine i can be:
- oj: machine i availability start time
- cj: end time of machine availability j
- vij: speed of execution of job j on machine i
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The actual execution time is given by

𝑝𝑗
𝑣𝑖𝑗

; furthermore, it is possible to consider

within the actual time also the μ efficiency of the machine, which is often not
𝑝

𝑗
100%. The effective execution time can therefore be defined by 𝜇𝑣𝑖𝑗
.

The decision variables that appear in the models can be:
- xij: job j assignment to machine i
- Cj: job j completion time
- sj = Ci - pi: job j execution start time
- Wj = sj - rj: waiting time
- Lj = Ci - di: delay time
- Tj = max(0;Cj - dj): delay time
- Ui: number of times in which it goes in delay
In the following section the problem of parallel machines will be analyzed as an
example because it is the case for the machines investigated in the next case
study.

1.2.5 Parallel machines
It is common in production departments to have machining islands or cells made
up of a group of the same machine tools, or at least of the same type therefore
capable of performing the same operations, even if at different speeds, which
form a single production phase. In other words, the work sequence of the product
supplied by the department requires that each piece be machined by one of these
machine tools.
Therefore, the following scheduling problem is evident: to select which job is to
be tackled in which machine, so that the time required to perform all jobs is
minimized, and thus all jobs can be started to the next stage as quickly as
possible.
The purpose of scheduling jobs on parallel machines is to find:
- On which machine process each job;
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- In what order the jobs assigned to each machine should be processed, so that
all processing activities are performed with maximum efficiency and
effectiveness, which means that all jobs are completed in the shortest possible
time.
Based on the decision to be made, the unknown variable of the problem is
defined as follows: xijk = 1 if job i is assigned to machine j, at position k in the
queue; = 0 otherwise.
However, note that in most cases, the scheduling request does not provide a true
sequencing of jobs in each machine, but the assignment of each job to a given
machine: this happens when the goal is a balancing of machine workloads rather
than an ordering of jobs, cause it is the case in the configuration of a set of
machines in parallel to have no significant time set-up.
This is the scheduling assumption we consider here.
It is therefore a simple unknown variable assumption: xij = 1 if job i is assigned
to machine j ; = 0 otherwise.
A useful mathematical formulation for deriving a solution to the problem is
based on adopting, as an efficiency indicator, the completion time of the entire
set of jobs, i.e., the maximum time in which all jobs assigned to the slowest or
most loaded machine are processed.
We denote this indicator by Cmax.
Therefore, the goal is to minimize this indicator, remembering that each job can
only be assigned to one machine, mathematically:
Minimize Cmax
Where: ∑ pijxij ≤ Cmax, ∀j
With the constraint: ∑xij = 1, ∀i
For values: xij ∈ {0,1}, ∀i,j
where pij denotes the work time of job i on machine j.
The easy-to-understand formulation suggests how to obtain a solution to the
problem in the form of a constructive procedure by basing the reasoning on the
observation that the minimum make-span should be achieved by balancing the
queues at the machines.
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Of course, this balance will be much easier if all machines are identical than
different in terms of processing time for the same job.
Hence the interest in the following case studies:
1st case: set of identical machines; objective is minimum processing time.
Solution procedure: (a) order the job on the LPT - Longest Processing Time
rule, from the job that takes the most processing time to the one with the shortest
execution; (b) progressively assign each additional job to the machine that,
currently, has the shortest completion time in its queue.
The LPT rule assigns at t=0 the longest job to m machines. Then, whenever a
machine is free, the longest unprocessed job is assigned to the machine. In this
way, the shortest jobs are saved for last, so they can be used to balance the loads
on the machines. This rule optimizes the balance of the queues of the machines,
obtaining the minimal difference between the lengths. Pre-selecting a job with a
longer length than the shortest one allows assigning one job at a time to each
machine, each time obtaining a smaller increase in the queue of the machine that
received the job than the other. The last job, with the shortest possible time, helps
to make the queue lengths of the various machines more and more similar.
2nd Case: set of identical machines; objective is minimum global waiting time.
Solution Procedure: (a) sort the jobs according to the LPT rule; (b) progressively
assign each additional job to the machine with the shortest current time to
complete its queue; (c) upon completion of the assignments to the machines, sort
the jobs in each queue according to SPT. This rule, by optimizing the queue
balance, acts on each queue to reduce the overall waiting time.
3rd Case: set of different machines; goal is minimum make-span.
Solution procedure: (a) Pre-allocate jobs i to machines j according to the
minimum processing time - SPT; (b) Calculate the differences between the
processing times of job i on the two machines j=1,2, as an absolute value; (c) To
balance the queues, move a job I from machine j to machine k, selecting the
minimum difference, among those calculated in step (b) (d) iterate step (c) for
all jobs. This rule tends to balance the queues through an iterative search for the
best possible allocation of each job. The rule proposed here is more than
constructive, but involves a search through gradual changes in previous
allocations. Thus, it cannot be estimated a priori the number of alternative
sequences to try [11].
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2. Methodology of Design of
Experiment
This work consists in the application of the statistical technique Design of
Experiment in order to optimize the scheduling of a phase of the eyewear
production process in Luxottica company. In the following sections is described
this method, from the origins to the various typologies and application examples.

2.1. DoE origins
The origin of statistical design dates back to around 1920 in London, thanks to
the English scientist Sir Ronald A. Fisher, who at that time was responsible for
statistics and data analysis at the Rothamsted Agricultural Experimental Station.
Fisher realized that errors in the execution of the experiment, during the
generation of data, compromised the statistical analysis of the system's data.
Collaborating with various scholars from different fields, he developed the
approach and principles of planned experimental investigation: randomization,
replication and use of blocks. He also introduced the concept of factorial
planning and analysis of variance.
Initially, statistical design was used in agronomy and biological sciences and
during the early '30s it began to be applied in industry. Subsequently, thanks to
Box and Wilson, the methodology of response surfaces was developed and other
techniques of experimental design were born, which became widespread in the
process and chemical industries. Statistical design, despite everything, was not
yet widely diffused in particular in the production processes and in the factories
sector, due to the scarce preparation of engineers and process specialists,
moreover there was no statistical software able to support this technique. In the
late 1970s, Japanese engineer Genichi Taguchi focused on the practical use of
the technique rather than the complex mathematical theory behind it, advocating
robust parameter design and proposing the use of fractional factorial planes and
orthogonal matrices. His experimental strategies and methods of analysis were
questioned by experts in the field, but nevertheless, thanks to Taguchi and the
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controversy that arose, the interest in programmed experiments became even
more widespread, finding wide use in automotive, aerospace, and various areas
of industry [12].

2.2 Basic principles
The term Design of experiment (DoE) refers to a series of experiments to be
performed and analyzed, the goal is to optimize a process or system by drawing
conclusions from its behavior during the application of the experiments. The
application of the technique requires attention to two main variables: factors and
responses. The responses are the outputs of the analysis, the information
collected that will be studied. Factors are the input variables that determine and
influence the responses whose impact is concerned (Figure 16). The strength of
the DoE technique is that, unlike the intuitive approach that bases the search of
the optimal model changing sequentially on every single variable, it changes all
the factors simultaneously allowing to find the optimal solution more quickly.

Figure 16. Process or system diagram

The basic concept is to distribute the experiments symmetrically around a central
point and it is performed in this order: a range is established for each factor, the
central point is calculated and the symmetrical distribution is created. This
established the experimental region of the study, different types of regions and
how these impact the methodology are explained in the following sections.
To better explain the main idea of the theory, Figure 17 and 18 compare the
traditional COST (Change Only one Separate factor at a Time) method and the
DoE approach. In the traditional method the experimenter does not know which
value of X1 or X2 to change, he goes by trial and error, changing their value one
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at a time. DoE, on the other hand, creates a symmetrical distribution of
experiments around the central point, changing all factors simultaneously,
outlining a direction that yields better results. As shown in Figure 18, given the
following factors x1, x2, x3 whose ranges for example are 300-500, 60-110, and
60-110, respectively, the DoE technique will calculate the central coordinate
point (400,85,85) and distribute all experiments around that point [13].

Figure 17. Comparison between the traditional method and DOE [13]

Figure 18. DOE technique example [13]

Given this assumption, experiment planning consists of six phases:
1° Recognition and formulation of the problem.
2° Choice of factors, levels and intervals.
3° Choice of response variables
4° Choice of experimental plan.
5° Execution of the experiment.
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6° Statistical analysis of the data.
7° Conclusions
The first three steps are fundamental and can be reversed. Before using the
statistical approach it is essential to establish the objective of the investigation,
understand how to collect the data and how to analyze them.
During the first phase, it is advisable for the various areas of the project to work
together, as good planning is guaranteed if you have a clear idea of the problem
and a complete understanding of the various goals to be achieved. It is good for
all team members to talk to each other and share their knowledge. The overall
goal could be different based on the scope, the possible ones are:
•

Screening: used in the initial stages of a new process or system where
you want to determine the main factors that affect responses;

•

Optimization: used in an established system. Its task is to provide
detailed information about the factors and how they affect responses,
allowing them to be optimized;

•

Exploration: used to study the influence of new factors on responses;

•

Stability: focuses on how to modify factors so that small fluctuations do
not change responses.

The second phase concerns the choice of factors affecting the problem. They are
divided into two categories: design factors and disturbance factors.
The firsts are divided into:
•

design factors: these are of main interest, they are the factors that you are
actually interested in studying because they affect responses;

•

factors kept constant: they could cause some variation in the response
but are not interesting for the study, so it is preferred to keep them
constant;

•

factors left to vary: these are the experimental units and "raw materials"
because the different combinations are not homogeneous, usually these
factors are chosen randomly.

The disturbance factors instead are divided into:
•

controllable factors: the ones for which the experimenter can decide the
levels, for example he can decide the days of the week when to run the
tests;

36

•

non-controllable factors: when the experimenter cannot control them,
but only measure them. In this case, a covariance analysis can be
performed to compensate for their effects;

•

noise factors: when the experimenter cannot control them in the process,
but only during the experimental phase. In this case it will be tried a
combination of controllable factors that are able to minimize as much as
possible the influence of noise factors (robust design method).

Once the factors have been chosen, the ranges within which they will vary and
the various levels will be chosen.
The third phase concerns the choice of the response variable, which must be able
to provide useful information to the study.
These early stages relate to pre-experimental planning. If they are well
conducted, the subsequent stages will be easy to carry out and will give good
results.
The choice of the experimental plan, the fourth phase, depends on: the number
of replications you want to perform, the order of the tests, the presence or
absence of restrictions for randomization and the choice or not to work in blocks.
Then there is the execution of the experiment. It is good to conduct tests before
the main experiment to make sure that everything is under control, otherwise the
first four phases are rechecked.
The sixth phase is the data analysis where statistical methods are used to
objectively analyze the system. Sometimes it is sufficient to simply use graphical
methods to interpret the data, while other times it is preferable to use empirical
models, i.e., to derive an equation from the data that relates the responses to the
most influential factors. Two other popular techniques are residual analysis and
model fit checking.
It is important to remember that statistical methods do not show whether
different factors or a particular factor affect the response, they only allow to
calculate the error in the final result and give a degree of confidence in the
conclusion drawn.
Finally, after analyzing the data, the investigator must determine how to proceed
and perform tests to check and confirm his conclusions [12] [18].

37

2.3 DoE planning techniques
The main techniques used are grouped in three design styles: Classical, Optimal,
Space-filling. Before analyzing the various styles it is better to stop us on the
base principles that characterize the technique DoE: replication, casualization
and execution to blocks. These three principles allow statistical reliability.
Replication means the possibility to repeat the experiment using the same inputs
in order to obtain a more accurate result and to estimate the experimental error.
Randomization allows experiments to be performed in random order: each trial
is independent from the previous and the next, avoiding systematic errors.
Finally, block execution improves accuracy by grouping experiments by similar
factors, reducing sources of variability.

2.3.1 Classical Designs
This design style is very popular and reliable in case the experimental regions to
be studied are regular and easy to handle, such as hypercubes and spheres. The
most popular experimental plans are: Full Factorial, Fractional Factorial, Central
Composite, Box-Behnken, Plackett-Burman.

Full factorial Plan
It is the most widespread and intuitive plan. It is called "Full" because in the
investigation it includes the entire cube, including all corners. A very important
feature of this method is the efficiency in using experimental data and the high
ability to analyze two or more factors. We will speak of a family of factorial
plans when the investigation of the factors is carried out with the same number
of levels, if L denotes the levels and k the factors, 𝐿𝑘 will be the number of trials
necessary to characterize the problem completely [14].
Examples of the full factorial plan structure are shown in Figure 19.
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Figure 19. Examples of full factorial plans [14]

Figure (a) represents the factorial plan structure having 2 levels and 2 factors,
figure (b) represents the plan having 2 levels and 3 factors, finally figure (c)
represents a plan having 3 levels and 3 factors. The plane will be represented:
For k=2 as a square,
For k=3 as a cube,
For k>3 as a hypercube in a k-dimensional space.

Fractional Factorial Plan
As the number of factors increases, the evidence required for the analysis may
become too much to support, so if the experimenter realizes that some higher
order factor may be overlooked, one may opt to use the Fractional Factorial plan
which considers only a subset (subset) of the experiments of the full fractional.
The subset can be one-half, one-quarter, and so on, of the trials planned for the
full fractional. These plans are widely used in both design and process
improvement.

Figure 20. Example of Fractional Factorial plan [14]
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An example of the Fractional Factorial plan is shown in Figure 20, in this case
we are in the presence of a Factorial plan having two levels and three factors,
but only four of the possible eight points are investigated.

Central Composite Plan
The Central Composite plan is a 2k full factorial to which the center point and
star points are added. The star points are sample points, which are all set to their
average level except for one. The latter is set due to the distance from the center
point: if the distance between each point of the full factorial and the center point
is normalized to 1, you can choose the distance of the star points from the center
point in different ways. Depending on where they are located, the type of the
Central Composite plane changes:
Central Composite Circumscribed (CCC)
The distance of the star points is equal to 1, so they are at the same distance from
the central point as the full factorial points, all sampling points are located on a
hypersphere with center in the central point. The plan requires five levels for
each factor.
Central Composite Faced (CCF)
The distance of the star points is set

√𝑘
,
𝑘

they will be positioned on the face of the

square, cube or hypercube of the full factorial. Requires three levels for each
factor.
Central Composite Inscribed (CCI)
You have a sampling like the CCC plane but without violating the limits of the
levels, the CCC plane will be resized so that all the sampling points are

√𝑘
,
𝑘

far

apart from the central point. It requires five levels for each factor.
Central Composite Scaled (CCS)
Whether star points are determined to be inside the hypersphere, outside the
hypersphere, or inside the design region. The plan requires five levels for each
factor. There are some examples in Figure 21.
Ultimately for Central Composite plans, with k parameters, the sizing of the
samples will be given by the sum 2𝑘 + 2𝑘 + 1, where 2k denotes the full
factorial plan, 2k denotes the star points and 1 the central point [14].
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Figure 21. Examples of different Central Composite plans [14]

Box-Behnken
Box-Behnken is the combination of 2k factorials with incomplete block plans.
They are used to limit the sample size that would increase as the number of
parameters increases [14]. The sample size is sufficient to estimate the second
degree least squares coefficients of the polynomial. Box-Behnken repeats a
block of samples of two factorial levels on different groups of parameters and
the parameters not included in the factorial design remain at their main level, the
latter will be denoted by the value 0. Both the size of the samples and the number
of blocks depend on the number of parameters chosen so as to meet the
rotatability criterion. An experimental plane is rotatable if the variance of the
responses at each point x, depends only on the distance of point x to the center
point. An example of a three-variable Box-Behnken is shown in Table 3 and its
representation in Figure 22.
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Table 16. Example of Box-Behnken [12]

Figure 22. Box-Behnken plan [14]

The Box-Behnken plan is a spherical plan of radius √2. We note that the plan
has no points on the corners and the samples lie on the midpoint of the edges of
the space and in the center. This is an advantage in case the vertices of the cube
represent impossible combinations due to physical limitations or expensive
combinations of factor levels.
Plackett-Burman
This plan is very inexpensive since there are few trials performed. It is a twolevel fractional factorial plan and to use it the sample size must be a multiple of
4 up to 36, it allows to study k=N-1 variables. Sometimes these types of planes
are called "non-geometric" because they are not representable by cubes.
We report in Table 4 the signs used for the construction of Plackett-Burmann
planes with N=12,20,24,36.
Table 17. Signs used for Plackett-Burman plans [12]
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Table 5 shows an example for obtaining Plackett-Burman plans, in this case
N=12 and k=11.
In column we write the row of signs corresponding to N=12 and k=11, then the
second column is obtained from the first by moving one position, so that the last
element of the first column becomes the first of the second column and the first
element of the first column becomes the second of the second column, and so on
for the following k columns.
Finally, to complete the plan we place a minus sign in the last row.
Table 18. Example to get a Plackett-Burmann plan [12]

These plans are recommended for screening projects where you want to
investigate main effects.

2.3.2. Optimal designs
This technique is one of the best if you have a deep knowledge of the system and
the constraints are well understood, unlike other techniques that may fail in the
presence of constraints. Moreover it is used when:
•

dealing with an irregular experimental region;

•

the model chosen by the experimenter is not a standard model;

•

you want to reduce the number of trials.

Several computer programs are capable of constructing these plans.
As an example in Figure 23, an irregular experimental region is shown and
assumed to be the region to be studied. One could proceed in two ways: by
shrinking the area to a quadratic shape, but this could alternate the investigation,
or one could use the Optimal Design technique using a calculator.
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If you go with the second approach, the algorithm will pick two points on the
edge of the constraints increasing the number of trials, but it will be a needed
procedure to study the restricted region.

Figure 23. Example on how to manage an irregular experimental region [13]

In general, the steps for building the plan with an Optimal Design approach are
the following:
1. Define the model;
2. Establish the region of interest;
3. Choose the number of tests to be performed;
4. Specify which optimality criterion to use;
5. Choose from a set of candidate points, the points of the plan that could
be used.
In general this method is iterative and could perform onerous calculations that
would take time to complete. For example if we have k parameters and for each
parameter we have L levels, the number of possible combinations will be:

𝐿𝑘𝑁
𝑁!

.

For this reason algorithms are used in order to optimize the search, after a
number of iterations the procedure will be interrupted: when the maximum
number of iterations is exceeded or when for a certain number of iterations an
appreciable change of the optimal value has not been verified.
With the increasing number of the factors it is preferable to use the Optimal plans
instead of the Full Factorial or the Fractional Factorial cause the number of
necessary tests is inferior. Some examples are brought back in Table 6.
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Table 19. Example of evidence required for the respective plans [13]

There are many optimality criteria:
D-Optimality
This is the most commonly used criterion; its purpose is to minimize |(X'X)-1|.
This plan minimizes the volume of the joint confidence region for the vector of
regression coefficients.
According to the D-criterion we could compare two planes and calculate the
relative efficiency of one plane with respect to the other [13].
1/𝑝

|(𝑋 𝑖 2 𝑋2 )−1 |
𝐷𝑒 = ( 𝑖
)
|(𝑋 1 𝑋1 )−1 |

X1 and X2 denote the X matrices of the two planes, while p denotes the number
of model parameters.
A-Optimality
This is a rarely used criterion due to the computational difficulty in updating the
process. The purpose of this criterion is to minimize the trace of the dispersion
matrix (X'X)-1, minimize the sum of the variances of the regression coefficients
[13].
𝐴𝑒 = 𝑡𝑟𝑎𝑐𝑒((𝑋 ′ 𝑋)−1)

G-optimality
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Aims to minimize the maximum prediction variance in the plan region. That is,
if N denotes the points in the plan, the maximum value of:
𝑁𝑉[𝑦̂(𝑥)]
𝜎2
is a minimum in the region of the plane [13].
The G-efficiency of a plane is calculated as follows:
𝐺𝑒 =

𝑝
𝑁𝑉[𝑦̂(𝑥)]
𝑚𝑎𝑥
𝜎2

where 𝑝 represents the parameters.
V-optimality
V-optimality minimizes the mean prediction variance in a set of chosen points
in the plan region, they can be:
•

the candidate points used to choose the plan;

•

the points of importance to the experimenter.

It is calculated as follows:
𝑛

1
𝑉 = ∑ 𝑥 ′ 𝑖 ∗ (𝑋 ′ 𝑐 𝑋𝑐 )−1 ∗ 𝑥𝑖
𝑛
𝑖=1

Denoting by n the number of candidate points, by 𝑋𝑐 the regression matrix of the
points, and by 𝑥𝑖 the vector describing the single experiment, the row of the
regression matrix.

2.3.3. Space Filling
The Space Filling technique is used when:
•

there is little knowledge of the system, so the effects of factors on
responses are unknown;

•

the constraints are uncertain;
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•

It is not known the shape of the model and it is considered that useful
information could be obtained in different regions of the experimental
plane.

The technique distributes the design points uniformly throughout the ndimensional study region, allowing the range of factors to be maximized quickly.
The design points do not depend on the number of factors. This technique is
appropriate for deterministic computer models and even a single trial can provide
useful information [15]. Some examples of experimental plans related to this
technique are described below.
Latin Hypercube Sampling (LHS)
This is the first space-filling scheme proposed by McKay, Conover, and
Beckman in 1979. For n runs and k factors, an n×k matrix is created where each
column is a random permutation of the n levels. An example of an LHS plan is
shown in Figure 24.

Figure 24. Example of LHS plan

Lattice
The Lattice experimental plan provides N points for each N levels of factors,
moreover the points are not randomly generated but an algorithm that will
choose a prime number for each factor is used. A good choice of prime numbers
is fundamental, because it allows to distribute the points evenly within the design
space, otherwise in the projection of the project you will see lines or planes. In
the case of few tests and few points, in relation to the number of factors, it is
47

preferred to use LHS models, to avoid creating planes or lines. Figure 25 shows
an example to clarify the importance of the choice of prime numbers considering
the same number of sample points: in the left plane a good choice of prime
numbers has been made, in fact the points are well distributed in space, while in
the right plane they are not.

Figure 25. Comparison between two Lattice planes, to show the importance of the choice of prime numbers

2.4 Model concept
The DoE technique uses mathematical models to approximate reality. With this
method we will create a model that is not 100% correct, but it will allow us to
study our complex reality with simple equations. The mathematical model will
allow us to study the laws that govern the system and to perform simulations in
order to predict the required conditions of operation. Different mathematical
model can be used, the most used one are the linear regression models which put
in relation an answer y with a number n of factors x1,x2..xn:
(𝑌 = 𝑓(𝑥1 , 𝑥2 , … 𝑥𝑛 ) + 𝜀
The mathematical function expresses the cause-and-effect relationship between
the response and the factors. The term ε denotes the error variable.
The simplest regression models used are: linear models, interaction models, and
quadratic models.
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Linear models
The following equation is an example of a three-factor linear model. The linear
terms are a linear combination of the coefficient βi, which corresponds to the
parameter to be determined, and the factor xi. This means that all the factors are
of the first grade and are not multiplied in any term.
𝑌 = 𝛽0 + 𝛽1 𝑥1 + 𝛽2 𝑥2 + 𝛽3 𝑥3 + 𝜀

Interaction model
The following equation is an example of a three-factor interaction model; it has
the same terms as the linear model plus the interaction terms, i.e. the combination
between two factors xi and xj multiplied itself by a coefficient βij.
𝑌 = 𝛽0 + 𝛽1 𝑥1 + 𝛽2 𝑥2 + 𝛽3 𝑥3 + 𝛽12 𝑥1 𝑥2 + 𝛽13 𝑥1 𝑥3 + 𝛽23 𝑥2 𝑥3 + 𝜀
Quadratic model
The following equation is an example of a quadratic model, i.e., it is the
previously expressed interaction model with the addition of the quadratic terms
of each factor xi with their respective coefficients βii. Typically, these models are
used to optimize processes.
𝑌 = 𝛽0 + 𝛽1 𝑥1 + 𝛽2 𝑥2 + 𝛽3 𝑥3 + 𝛽11 𝑥1 2 + 𝛽22 𝑥2 2 + 𝛽33 𝑥3 2 + 𝛽12 𝑥1 𝑥2
+ 𝛽13 𝑥1 𝑥3 + 𝛽23 𝑥2 𝑥3 + 𝜀
Estimating the value of the coefficients a function is obtained called regression
model and can be obtained for each response Y. It is an interpolating or
approximating k-dimensional hyper-surface in a (k+1)-dimensional space
formed by the k factors and the objective function (Figure 26). This allows us to
graphically evaluate the input parameters that lead to an optimal response and to
represent an analytical function that does not need to be modified by other
simulations or experiments.
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Figure 26. Graphical representation of response surface

2.5 Results analysis and model adequacy
The experiments carried out provide as a response a considerable amount of
experimental data to be analyzed rigorously in order to draw conclusions that are
acceptable from a scientific point of view. [19]
For this evaluation we can use a statistical method called Analysis of Variance
(ANOVA), whose objective is to evaluate the importance of different sources of
variation, that can be divided in two main group: systematic sources of variation,
under the control of the experimenter as the input factors; and random sources
of variation, such as variations related to environmental causes or measurement
errors.
Mathematically we need to formulate a null hypothesis, H0, and its negation, the
alternative hypothesis HA. The first will be that a particular group of variables
has no influence on the result and that the differences observed are only due to
random variations, it coincides with the equality of the averages of all groups
that attests that they belong to the same population. The alternative hypothesis
is that the factors considered significantly influence the experiment, that is: in
addition to random sources of variation there are also systematic ones,
specifically at least one group has a mean that is statistically different.
To compare the null hypothesis and the alternative hypothesis, two types of
variance must be defined:
- The within-groups variance, which is the share of the overall variance
attributable to random fluctuations;
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- The between-groups variance, i.e., the share of the overall variability of the
response variable attributable to experimentation.
The second is the one of interest. In general evaluating the preponderance of one
over the other allows us to determine whether the variation of the response is
actually attributable to the variation in the inputs or whether instead it is within
a range of variability that can not be correlated with the input.
To mathematically identify this we evaluate the coefficient "F", obtained as the
ratio of standard deviations between the groups. If the hypothesis that the groups
belong to the same population is true, the variance in the group would represent
a good estimate of the variance between groups, giving a value around 1. On the
other hand a value of F that is high means that the variability between the
averages is greater than expected, so the alternative hypothesis applies, that is all
samples do not belong to the same population.
Every hypothesis test leads to a conclusion that must be statistically significant
with respect to a fixed threshold value α conventionally equal to 0.5. After a
model is estimated it is calculated a value called P-value that indicates the
probability of obtaining a result equal to the one observed.
•

A p-value less than 0.05 is statistically significant. It indicates strong
evidence against the null hypothesis, as there is less than a 5% probability
the null is correct (and the results are random). Therefore, we reject the
null hypothesis, and accept the alternative hypothesis.

•

A p-value higher than 0.05 is not statistically significant and indicates
strong evidence for the null hypothesis. This means we retain the null
hypothesis and reject the alternative hypothesis.

Before considering the conclusions of the analysis of variance to be true, one
should check the adequacy of the model used, verifying whether certain
assumptions are satisfied: the observations must be adequately described by the
model and the errors must be normally distributed and independently with
constant variance.
If these assumptions are met, the analysis of variance allows the assumptions to
be verified.
The main diagnostic tool for these assumptions is the analysis of residuals, which
in a two-factor model is defined:
51

𝑒 = 𝑦 − 𝑦∗
Where 𝑦∗ is the expected value of the single observation, which for multiple
observations corresponds to the arithmetic mean, from which we get:
𝑒 = 𝑦 − 𝑦𝑀
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3. Luxottica case study
In this chapter the Luxottica case study will be described, in which a DoE will
be carried out with the aim of optimizing the scheduling method of the sanding
and buffing production phase in the plastic eyewear cycle.
Luxottica Group is a leader in the design, manufacture and distribution of highend, luxury and sports eyewear, with a strong and well-balanced portfolio of both
proprietary brands, including Ray-Ban, Oakley, Vogue Eyewear, Persol, Oliver
Peoples, Arnette, Costa del Mar and Alain Mikli, and licensed brands, such as
Giorgio Armani, Burberry, Bulgari, Chanel, Dolce&Gabbana, Ferrari, Michael
Kors, Prada, Ralph Lauren, Tiffany & Co., Valentino and Versace.
Over the years, Luxottica has progressively diversified its technological mix,
moving from classic materials such as metal, plastic and acetate to more unusual
proposals such as wood and fabric. In addition, Luxottica was the first
manufacturer ever to introduce revolutionary materials for the eyewear sector,
such as Liteforce and graphene. These materials are produced and used in
production facilities in the five blue-shaded countries in Figure 27. A very
important fact is that the six Italian plants alone account for 41% of total world
production. The Foothill Ranch plant in California produces sports and highperformance frames, while Brazil, China and India supply local markets.
Frames can be made from many different materials, chosen according to
functionality, use and certain aesthetic standards. The three most classic raw
materials for Luxottica frames are: acetate, metal and nylon. Acetate is the basis
for many frames because of its versatility and virtually endless creative
possibilities. Acetate frames are easy to adjust and above all hypoallergenic
thanks to the high content of cotton fibres. Metal frames, on the other hand, are
extremely resistant and resilient, adaptable to the customer's face and highly
polished thanks to the galvanic treatments they undergo. Finally, nylon is an
extremely light plastic material, which makes the frames comfortable to wear. It
is the only material that allows the production of any type of frame, for sports
models, but also for refined models commissioned by fashion houses; it is also
a material insensitive to temperature.
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In addition to the three general categories of materials just outlined, it is possible
to get more specific about the plastics used for molding because the process of
plastic eyewear will be following analyzed. The most used is Grilamid, a
transparent, noble and high quality material. Special rubbers are also used to
make terminals, nosings or details. Propionate is chosen to obtain animated
temples or glasses that are softer, warmer to the touch [17]. In particular, for
what concern Luxottica Italy, the most used plastic materials are the following:
1.

Nylon;

2.

Propionate (11% and 18%);

3.

Peek, the most expensive and delicate;

4.

Other types of gum in small amounts relative to the total.

Figure 27. Countries with Luxottica production plants [16]
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3.1 The process
In this section the process of the plastic eyewear will be analyzed.
Luxottica uses mainly three types of plastic: peek, propionate and nylon. The
plastic arrives in granule form and is stored in a raw material warehouse. From
there it is dried to achieve the correct moisture content for injection molding.
The granule is then slaved to the presses by calculating the kilo requirement of
the order to be produced.
With order is considered the production lot whose main characteristics are:
•

quantity of semi-finished components (fronts or temples), variable
according to production requirements

•

model code

•

grid: caliber (i.e. eyewear size) and color

•

production cycle and sequence of processing phases

•

bill of materials

•

date of previewed delivery

From now on, on this study, we will concentrate on the production cycle of the
fronts since it previews the phase of sanding and buffing that will be deepened
in the next sections in order to optimize the method of scheduling.
In the Figure 28 is presented the layout of the Agordo injected eyewear
department.
The layout of the department is organized according to the principles of Group
Technology, i.e., machines characterized by similar production outputs are
located close to each other.

Figure 28. Layout of the Agordo injected eyewear department

55

The fronts follow mainly three flows according to the particularities of the
processing and the characteristics of the finished product:
1. molding - sanding and buffing - finishing
2. molding - sanding and buffing - painting - finishing
3. molding - sanding and buffing - tumbling - finishing
Molding is the first stage of the production cycle and the presses that carry out
this type of processing are highlighted by the red rectangles in Figure 28.
Granules of different colors are melted and injected into molds to obtain semifinished frames.
Tumbling is the beauty treatment of eyewear that eliminates imperfections and
smoothes and shines the surfaces of the fronts. This effect is achieved by rolling
and hitting the pieces in a barrel (the tumbler) with abrasive material, shaped for
the purpose, which speeds up the operation. This processing is carried out
outside the described department.
Painting is done in order to obtain special colors such as the tortoiseshell effect.
Finishing is the last phase of production, during which the finished product is
assembled and packaged, in Figure 28 the assembly and packaging lines are
outlined by the green rectangle.
In the process called "sanding and buffing" the sprue of the injection point is
removed, which is usually located on the nose of the face plate. The machines
are highlighted by yellow rectangle in Figure 28. To carry out this phase a
robotized machine is used to brings the face plate close to an abrasive belt that,
with precise and repetitive movements, removes the excess material to prepare
the face plate for the next phase.
In particular, three different processes are carried out depending on the
respective flow that follows the face plate mentioned above:
1. Cloth sanding
2. Water sanding
3. Dry sanding
The first one, called "cloth sanding", is carried out by cutting the sprue and then
a double taping: a coarser one that is done with an abrasive belt to smooth it,
while the second one is done with a soft fabric belt and a polishing paste that is
used to polish the taped surface. In fact, this process prepares the front for going
directly to the assembly line and has a standard cycle time, greater than the other
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two, of 12 seconds (from now on values are altered to maintain the
confidentiality of company data).
The second is called "water sanding" and it also starts with the cutting of the
sprue, followed by a passage on an abrasive belt wet by a flow of water that
makes the processing more precise. The next phase is the coating, which, due to
its characteristics, covers any imperfections but requires a clean surface. This
process has a standard cycle time of 10 seconds.
The third is called "dry sanding", in which, after cutting the sprue, the eyewear
makes a single pass over the abrasive belt without any water flow. This is a
rougher process because these semi-finished products will later do the tumbling
that will complete the polishing of the entire front piece. The standard cycle time
is therefore shorter, at 5 seconds.
As can be seen in the Table 7 machine time is different from standard cycle time.
The former is the time that elapses between the occurrence of an event in the
production cycle and its repetition and therefore represents the processing time
of a product unit; the latter, on the other hand, takes also into account the time
of loading and unloading parts on the machine and is therefore a more precise
approximation of machine productivity.

Real productivity (pcs/h)

Time machine (s)

Theoretical productivity (pcs/h)

Cycle time (s)

Table 20. Sanding data

Cloth sanding 12 300 38 95
Water sanding 10 360 18 200
Dry sanding
5 720 11 327
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There are nineteen machines capable of performing these processes in the
injected parts department at Agordo and nine of these are fixed and dedicated to
cloth sanding to serve the thirteen assembly lines inside the department. The
other ten machines, on the other hand, deal with dry sanding or water sanding
for the semi-finished products that will continue their flow outside the
department.
Every day a mix of patterns passes through the sanding and buffing phase that is
not always constant for the three types of processing, as can be seen in the Figure
29.

Figure 2289. Production WIP trends for the three processing types during May and June 2021

3.2 Performance indexes
Below there are the performance metrics and indices by which Luxottica
measures its production departments and the planning team.
•

Efficiency: is the ratio between standard hours produced and actual hours
worked.

Efficiency =

𝐻𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝐻𝑎𝑐𝑡𝑢𝑎𝑙

=

𝑥𝑖 ∗ 𝑡𝑖
𝑙

where:
xi is the number of pieces machined for machining type i
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ti is the standard cycle time for the type of machining i
l is the number of hours that the workers of the sanding area have stamped in the
day
The numerator is obtained by multiplying the number of pieces processed during
the day by its cycle time, while the denominator is the sum of the hours worked
by the operators on the machines (the operators at the entrance and exit in fact
stamp on a dedicated stamping machine). Obviously, the value of this parameter
depends a lot on the number of people that the production manager decides to
insert to work in the sanding area according to the needs of the department. The
term FTE (full-time equivalent) is used in companies to take into consideration
different type of contracts, such as part-time or full-time; an FTE corresponds to
a resource available for an entire shift.
The level of service is monitored through various indices:
•

WOP (Weighted Overdue Program): this is an internal Luxottica
parameter that evaluates the department's delay on production order
delivery. The global WOP of the department is the sum of the WOPs of
each production order with an expired delivery date in WIP or in paper,
i.e., orders planned but not yet put to work. It is calculated as a ratio with,
as numerator, the number of pieces of the lot i (qi) times the difference
between the current week (WKcurrent) and the one of planned delivery
(WKplanned) and, as denominator, the industrial plan (PI), that is the daily
planned output of pieces that must leave the department.

𝑊𝑂𝑃𝑖 =

𝑞𝑖 ∗(𝑊𝐾𝑐𝑢𝑟𝑟𝑒𝑛𝑡 −𝑊𝐾𝑝𝑙𝑎𝑛𝑛𝑒𝑑 )
𝑃𝐼

Every week, this data is analyzed in an internal meeting where the WOPs
of the different Italian plants and departments are compared and
commented to monitor the WIP expired and the value of the WOP.
•

BO (Back Order): the back order is a customer order that is accepted even
though there is no available stock of the product, so it is the sale of a
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product that the company does not yet physically own. Obviously the
back order orders that arrive in the department have the highest priority
and every week the total number of pieces in back order of each
department is monitored. The value of this parameter for each lot is
therefore binary, it can be 1 or 0.
•

FF (Stop on Phase, in Italian “Fermo su Fase”): this is a parameter that
indicates the number of days the production order has been stopped
waiting for processing. This parameter is monitored less frequently than
the others.

3.3 Machines scheduling
The scheduling of the sanding and buffing processing phase takes place in two
different ways. For the nine cloth sanding operations, the machines mainly
follow the demand of the assembly lines, according to the eyewear models that
are being processed on the lines and according to the availability of incoming
components to produce them. For the other ten sanding machines, which are used
for the water and dry sanding processes, the only criterion used is to maximize
output volumes, without considering some of the objectives of the department
described above.
The scheduling to date is done once a day and plans the work for the next three
shifts. The WIP is taken into consideration, which is the one of sanding and
buffing, in which there are various models of fronts that group together several
production orders. Each model will become a scheduling batch. Thus, the
scheduling will not be based on production orders, but on their grouping by
model, since the shape, material, and thus processing is homogeneous. Table 8
shows a picture of the WIP of the models processed with dry sanding (left) and
water sanding (right).
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Table 8. Picture of the WIP of sanding and buffing processes
Models for dry sanding Quantity (pcs) Hours of work (time machine)
2RB2132FX0
1.900
5,81
2FR0593AX0
1.900
5,81
2RB20270X0
1.700
5,19
0RB4068
1.660
5,07
2PS004IVX0
1.650
5,04
2AN41820X0
1.400
4,28
2FR0496AX0
1.400
4,28
0RB4147
1.375
4,20
0RB4226
1.259
3,85
2RX51650X0
1.200
3,67
2AN41780X0
1.100
3,36
2RB42010X0
1.100
3,36
2DG50260X0
1.097
3,35
2FR1083AX0
800
2,44
2AN41790X0
800
2,44
2RB41620X0
800
2,44
2RB41260X0
700
2,14
2FR0780AX0
700
2,14
2HU20020X0
700
2,14
0RB4181
650
1,99
2RB41700X0
608
1,86
2HU20010X0
600
1,83
2FR0455AX0
600
1,83
2PR009MSX0
600
1,83
2FR0636AX0
600
1,83
2FR0921AX0
600
1,83
2RB41780X0
500
1,53
0RB4187
500
1,53
2PS003QSX0
500
1,53
2RB20160X0
491
1,50
0RB4325
469
1,43
0RB4222
450
1,38
2RB4165FX0
400
1,22
2AR71040X0
400
1,22
2PS001TSX0
400
1,22
2PR008OSX0
400
1,22
2PR032PSX0
400
1,22
2RB21320X0
400
1,22
2FR0468AX0
300
0,92
2RB42780X0
300
0,92
2FR0579BX0
300
0,92
2FR0616AX0
300
0,92
2PS008GVX0
300
0,92
0RB2132
269
0,82
0RB4232
72
0,22
0RX4640VF
60
0,18
0RB4640F
60
0,18
2RB42740X0
49
0,15
2RB2180FX0
40
0,12
Total
34.859
106,5

Models for water sanding Quantity (pcs) Hours of work (time machine)
2RB41710X1
12.200
61,00
1FR0032A10
5.185
25,93
0RB2132
4.018
20,09
0RB4264
2.429
12,15
0RB4098
2.325
11,63
0RB4320CH
2.015
10,08
0RB4321CH
1.955
9,78
0RB4165
1.700
8,50
2FR1042AX0
1.570
7,85
2SH1043YX0
1.512
7,56
2FR0830AX0
1.500
7,50
2FR1473AX0
1.493
7,47
2FR1004AX0
1.400
7,00
0RB4089
1.370
6,85
1MPOO90141
1.300
6,50
2FR1462AX0
1.250
6,25
2RB42280X0
1.230
6,15
2FR1373AX0
1.196
5,98
2RB41870X0
1.150
5,75
2FR1084AX0
1.100
5,50
2FR0800AX0
1.100
5,50
2FR0851AX0
1.035
5,18
2FR0579AX0
1.018
5,09
2FR1378AX0
1.000
5,00
2RB4259FX0
994
4,97
2FR1155AX0
850
4,25
2RB41950X1
800
4,00
2FR0702AX0
800
4,00
2FR0416AX0
800
4,00
0RX8907M
799
4,00
2RB42160X0
632
3,16
2RB2180FX0
600
3,00
2FR0464AX0
600
3,00
2FR1487AX0
513
2,57
2FR0593AX0
500
2,50
2FR0795AX0
500
2,50
2FR1160AX0
494
2,47
0RB4101
471
2,36
2RB42590X0
400
2,00
2FR0593BX0
400
2,00
0RB4324
345
1,73
2FR0483AX0
300
1,50
2FR0488AX0
300
1,50
0RB4263
200
1,00
2FR1360AX0
150
0,75
2FR1093AX0
130
0,65
2FR1135AX0
100
0,50
0RX4323VF
42
0,21
Total
63.771
318,9

Each model has preferential machines on which it is machined because the
machining program is already present on them. Such programs are present on
the different machines according to their ability to work the models of the
frontals for their characteristics of form, size and type of plastic. In Table 9 a
part of the matrix is presented where for each model (rows) the number of times
it has been processed on a given machine (columns) is indicated.
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Table 21. Matrix of the number of times a pattern has been made on a machine
modello
0RB2132
0RB4068
0RB4075
0RB4089
0RB4098
0RB4101
0RB4147
0RB4165
0RB4171
0RB4171F
0RB4181
0RB4184
0RB4187

G1

G2
650
6

74
49
10
52
68
9
1
23

G3
181
2
3
2
3
4
2
102
433
68
29
1
57

G4
64

4
1084
185
58
1
60

G5
449
57

28
39
67
182
182
23
15
1
10

G6
397
9
6
5
5
87
13
444
108
31
13
20

G7
52
19

25
32
14
71
14
8
2
5
23

G8
97
7
4
2
11
19
49
13
5
6
4

G9

G 10

31
23
9

14
71
20

50
11
4

4
47
30
40
25
4
6
18
21

32
43
5
54
19
14
4
5
36

1
9
35
26
8
10
1
27

For each machine, the first model to be processed is chosen from those that have
already been processed in the past. According to the logic of the longest
processing time, the queues of the machines are filled to maximize the output
volumes. Most likely they will come worked the models with more pieces and
left behind the others. According to the same logic the models with less pieces
will be left behind every day and this could negatively influence other KPI as
back order, WOP or stops on phase. For this reason, the objective of this study
is to create a scheduling model that takes into account all the objectives described
above, to optimize the use of these machines and improve their performance.

3.4 Scheduling factors
The main purpose of scheduling is the optimal allocation of a certain number of
tasks to be executed to a specific number of available resources in order to
minimize or maximize an objective function. In the case of sanding and buffing
the tasks to be executed will be defined by the code of the frontal model, which
represents a set of production lots with products of the same type, which can
differ only by color.
The algorithm of scheduling that will be chosen, will try to optimize the indices
of performance previously explained, taking into account some design factors
described later on the study.
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A priority coefficient (COB) has been created to consider all the main service
level parameters as the first design factor. Giving importance to the back order,
to the WOP and to the stops on phase, helps the scheduling of the most urgent
lots. Thus, the COB is calculated for each i-th batch as follows:

𝐶𝑂𝐵𝑖 = 𝑤𝐵𝑂 ∗

𝑛𝑖,𝐵𝑂
𝑊𝑂𝑃𝑖
𝐹𝐹𝑖
+ 𝑤𝑊𝑂𝑃 ∗
+ 𝑤𝐹𝐹 ∗
∑ 𝑛𝑖
∑ 𝑊𝑂𝑃𝑖
∑ 𝐹𝐹𝑖

where:
𝑛𝑖,𝐵𝑂
∑ 𝑛𝑖

is the number of BO pieces of production lot i on the number of total BO

pieces in wip at the time of scheduling. It will therefore be a percentage value
with minimum 0 and maximum 1.
𝑊𝑂𝑃𝑖
∑ 𝑊𝑂𝑃𝑖

is the WOP value of production batch i on the sum of the WOPs of all

batches in wip at the time of scheduling. It will therefore be a percentage value
with minimum 0 and maximum 1.
𝐹𝐹𝑖
∑ 𝐹𝐹𝑖

is the number of days stopped on phase of production batch i on the sum of the

days stopped on phase of all batches in wip at the time of scheduling. It will therefore
be a percentage value with minimum 0 and maximum 1.

𝑤𝐵𝑂 , 𝑤𝑊𝑂𝑃 , 𝑤𝐹𝐹 are the weights given to each term according to the importance
the company gives to each of them, in particular BO will be worth 50%, WOP
40% and FF 10%.
In order to minimize set up times and therefore model changeover on the
machine, it is possible to look ahead, i.e. what will come from the previous
processing phase. At the time of scheduling it is possible, thanks to the MES, to
have a picture of what is being molded on the presses, i.e. to have additional
information to decide when to put a certain model into work. For example, if
there are less than 500 pieces of a model in WIP, but the presses are still stamping
and another 500 pieces are expected to arrive by the next shift, then the model
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will not be put in the machine immediately, but will be put in a queue, to wait
for those additional 500 pieces. Since the productivity of dry and water sanding
is always higher than the productivity of the presses, as you can see in the Table
10, if you started processing that model right away you would risk to need to
change the model produced twice, so to have two set ups instead of just one.
Table 22. Example of models on productive presses at a given time of day and comparison of press
productivity and S&B productivity. Data coming from MES
Resource (press)
101 - ARBURG 370S 700-100 (AUT)
115 - ARBURG 370S 700-100 (AUT)
116 - ARBURG 370S 700-100 (AUT)
076 - ARBURG 520S 1600-290/170 (AUT)
089 - ARBURG 370S 700-100 (AUT)
104 - ARBURG 520S 1500-290/170

Status
Productive
Productive
Productive
Productive
Productive
Productive

Model
Molding productivity (pcs/shift) S&B productivity (pcs/shift)
2RB21800X0
500,0
2500
2RB42590X0
519,2
1700
2RB21800X0
519,2
1700
2FR0446AX0
843,8
2500
2FR1373AX0
380,3
2500
0RB4321CH
450,0
2500

The set-up times are not perfectly symmetrical, as you can see in Table 11.
Table 23. Set-up times

From
water sanding
dry sanding
water sanding
dry sanding

To
Time (minutes)
water sanding
10
dry sanding
10
dry sanding
12
water sanding
12

For this reason one scope of the study is to verify the possibility to optimize
model changes by assigning a machine to the same type of processing throughout
the day. At the time of scheduling you can look at the mix of products in wip
and decide, on the basis of the required working hours, to divide the machines
by type of work.
The example in the previous Table 8 shows that the total working hours between
dry and water sanding are 425.4. As a percentage, the work is divided into
106.5/425.4=0.25, i.e. 25% dry sanding and 318.9/425.4=0.75, i.e. 75% water
sanding. At this point, approximating the calculations, it could be decided to
schedule 2,5 dry machines and 8,5 water machines.
From this description, three design factors can be defined. By taking these
factors into account in the scheduling method, it is wanted to verify the possible
consequences described in Table 12.

64

Table 24. Design factors and expected consequences if used in the scheduling process

What happens to performance
Factors

indices

What happens in scheduling

Processing of old batches, in BO Models with small production volumes

COB

and stopped on phase for many

will be scheduled and therefore there

days. Percentage increase in

will be higher set-up times. Service

service level

level indices will improve

Machines Improved efficiency index for

Each machine will mainly have only

clustering shorter set-up times

one type of machining
Models with a high production volume
will be scheduled, the smaller ones will

Look

Improved efficiency index for

remain waiting for other pieces to be

forward

volume accumulation

machined.

There are other factors that are non-controllable factors and could also influence
the response variable that will be observed. They are:
-WIP: the number of lots that are waiting for the sanding and buffing depends
on what comes from the previous phase of processing and is often fluctuating.
In fact, some days are printed large quantities of fronts that will pass from the
sanding and buffing phase, other days will be printed more temples, which
instead do not have this phase;
-WIP mix: this factor also depends on what is printed, in fact some days are
printed more models that make dry sanding, other days instead models for water
sanding;
-Programs saved on the machines: programs to process all models are not present
on each machine. The presence of a program on a machine depends on the
operators who every day implements them. It is therefore possible that over time
the number of programs saved on the machines will increase;
-Machine start-up or shut-down: it is possible that during the day not all the
machines are switched on, this depends on the presence of operators,
maintenance work, machine stops due to lack of abrasive belts and many other
reasons;
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-Number of operators present: this value is not controllable because every day it
is possible that some people are missing or that the department needs to move
people from one area to another.

3.5 Response variable and scheduling algorithm
To monitor the performance of the industrial department considering all the
previous indexes, and to apply the DoE methodology, a response variable V has
been defined. In this equation has been put coefficients to give different weights
to the various performance percentages:
𝑉 = 𝑤𝑒𝑓𝑓 ∗ 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 + 𝑤𝐿𝑆 ∗ 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑙𝑒𝑣𝑒𝑙
= 𝑤𝑒𝑓𝑓 ∗ 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 + 𝑤𝐿𝑆 ∗ (𝑤𝐵𝑂 ∗ 𝑣𝐵𝑂 + 𝑤𝑊𝑂𝑃 ∗ 𝑣𝑊𝑂𝑃 + 𝑤𝐹𝐹 ∗ 𝑣𝐹𝐹 )

where:
Efficiency is a percentage value that indicates production performance
vBO is the percentage value of how many pieces in BO have been processed at
the end of the day, based on the pieces in BO present in WIP at the time of
scheduling
vWOP is the percentage value of the sum of the WOPs of the batches processed at
the end of the day based on the sum of the WOPs of all batches present in WIP
at the time of scheduling
vFF is the percentage of downtime days on phase of batches processed at the end
of the day based on the sum of downtime days on phase of all batches present in
WIP at the time of scheduling
weff is the weight given to the efficiency term and has a value of 0.5
wLS is the weight given at the end of the service level and has a value of 0.5
wBO is the weight given at the end of the BO which, evaluating the importance
for the department, will have a value of 0.5
wWOP is the weight given at the end of the WOP which, evaluating the importance
to the department, will have a value of 0.4
wFF is the weight given at the end of the FF which, evaluating importance to the
department, will have a value of 0.1

66

Taking as hypothesis to keep all the design factors into account, an algorithm for
scheduling sanding machining has been defined according with these steps:
1. Models in the machine: at the time of scheduling, each machine will
already be machining a model. Those models cannot be moved, so they
are already assigned and are removed from subsequent reasoning.
2. Machine clustering: considering the mix of working hours in WIP, the
number of machines to be used for S&B (dry sanding) and the number
for S&B WATER (water sanding) is chosen.
3. For each model:
i.

If there are more than 500 pcs in WIP: LPT (Longest Processing
Time) logic is used to assign models to machines, following the
constraint of the programs present on the machines (if a machine
does not have the program to process a model, it is not possible
to schedule that model on that machine).

ii.

If there are less than 500 pcs in WIP the input from the previous
steps is checked:
•

If the model is not arriving: it is part of the schedule of
point I.

•

If the model is arriving: it is considered the productivity
of the previous phase (pcs/shift) and waits for the model
to reach 1000 workable pcs before scheduling it.

4. At the end of the schedule, it is checked to see if the 2 models with the
highest COB priority coefficient, for both water and dry sanding, have
been included in the schedule. If not, they are inserted as the first model
change on the machine where they have been made several times in the
past.
Through the scenarios of our DoE we are going to consider all or just some of
these steps.
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3.6 Experimental plan
The design of experiment to be performed is based on the use of the three
previously defined design factors: COB, machine clustering and look forward.
The overall goal of the study is to optimize the planning system providing
detailed information about their effects on response variable.
Two levels, 0 and 1, were chosen for each factor, representing the use or nonuse of the part of the algorithm relate to that factor. The effect of noncontrollable factors, on the other hand, will not be taken into account because
the study wants to investigate the impact of the three design factors. The random
repetition of scenarios will normalize the effect of the non-controllable variables.
Starting from the theory described in the section 2.3, the design chosen is the
Full factorial plan because the number of scenarios, that is defined by 𝐿𝑘 , equal
to eight, is a reasonable number to be applied in a concrete reality and with the
time available. The scenarios studied are presented in the Table 13.
Table 25. Scenarios tested with DOE

Scenarios COB
1
2
3
4
5
6
7
8

Machines clustering Look forward
0
0
0
1
0
0
0
1
0
1
1
0
0
0
1
1
0
1
0
1
1
1
1
1

Figure 30 presents the scheme of the system highlighting the input (factors) and
the output (response variable) of the study, while in Figure 31 is shown the
factorial plan structure that will be analyzed in the following chapter; giving that
k=3 this structure is a cube.
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Figure 30. Studied system with inputs and outputs

Figure 11. Factorial plan for Luxottica case of study
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4. Results
During July, August and September, the eight scenarios described above were
implemented. Each scenario was randomly repeated five times for a total of 40
observations. The repetitions are necessary to avoid possible random
correlations due to non-controllable factors, so that the data collection is
normalized. During the scheduling phase, the proposed algorithm was followed
using the DOE scenarios that determined whether or not to consider the study
factors. The scheduling was done during the afternoon of one day for the entire
day after, divided into three shifts, at the end of which the level of service and
efficiency produced is calculated, thus the response variable.
The Table 14 shows the observations that have been collected. In particular in
which order the scenarios have been performed, visible in the column RunOrder,
and their respective observed response variables.
A software called Minitab was used to randomize the order of the experiments,
analyze the data and study the results collected during the observations. In fact,
after performing the experiment and enter the results, Minitab provides several
analytical tools and charts to understand the results.
The work of analyzing the collected data began by doing a first test in Minitab
considering an interaction model. This allows to study all factors linearly, but
also their interactions and their effects on the response variable. It was initially
proposed an interaction model of the type:
𝑌 = 𝛽0 + 𝛽1 𝑥1 + 𝛽2 𝑥2 + 𝛽3 𝑥3 + 𝛽12 𝑥1 𝑥2 + 𝛽13 𝑥1 𝑥3 + 𝛽23 𝑥2 𝑥3 + 𝜀
The significance of each factor of the equation has been evaluated using the
statistical method ANOVA.
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Table 14. Observations collected following the proposed scenarios

Data
Machines
Row

StdOrder

RunOrder

COB

clustering

Look forward

V

1

19

1

0

1

0

0.22

2

11

2

0

1

0

0.21

3

36

3

1

1

0

0.38

4

38

4

1

0

1

0.45

5

37

5

0

0

1

0.29

6

17

6

0

0

0

0.25

7

32

7

1

1

1

0.39

8

14

8

1

0

1

0.50

9

28

9

1

1

0

0.35

10

13

10

0

0

1

0.40

11

18

11

1

0

0

0.41

12

40

12

1

1

1

0.39

13

33

13

0

0

0

0.29

14

31

14

0

1

1

0.33

15

27

15

0

1

0

0.25

16

7

16

0

1

1

0.32

17

10

17

1

0

0

0.38

18

23

18

0

1

1

0.28

19

20

19

1

1

0

0.34

20

29

20

0

0

1

0.38

21

3

21

0

1

0

0.20

22

6

22

1

0

1

0.42

23

39

23

0

1

1

0.36

24

21

24

0

0

1

0.37

25

35

25

0

1

0

0.28

26

4

26

1

1

0

0.35

27

12

27

1

1

0

0.32

28

25

28

0

0

0

0.32

29

8

29

1

1

1

0.41

30

9

30

0

0

0

0.21

31

30

31

1

0

1

0.39

32

2

32

1

0

0

0.36

33

24

33

1

1

1

0.42

34

16

34

1

1

1

0.40

35

1

35

0

0

0

0.24

36

15

36

0

1

1

0.33

37

5

37

0

0

1

0.36

38

22

38

1

0

1

0.42

39

34

39

1

0

0

0.38

40

26

40

1

0

0

0.33
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For an initial analysis, the Pareto plot of effects shows which terms contribute to
the variability of the response. Minitab plots the effects in the decreasing order
of their absolute values. The reference line on the chart indicates which effects
are significant. By default, Minitab uses a significance level of 0.05 to draw the
reference line.
The Pareto plot shown in Figure 32 that only the three design factors effects are
significant at an Alpha = 0.05 level, since these are the effects that cross the red
line. The diagram shows that the effect of COB and Look forward are much more
influential on the response variable than the Clustering of machines. The effect
of the interactions between the three main factors, on the other hand, is not
significant, as we will also see from later analyses.

Figure 32. Pareto chart

To determine whether the impact of each term considered in the model on the
response is statistically significant, the analysis of variance compares the p-value
of the term to the significance level chosen to evaluate the null hypothesis. The
null hypothesis is that the coefficient of the term is zero, implying that there is
not association between the term and the response. Typically, a significance level
(denoted as α or alpha) of 0.05 works well. A significance level of 0.05 indicates
a 5% risk of concluding that there is an association when there is no actual
association.
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Minitab uses the adjusted sums of squares (Adj SS) and adjusted mean
squares (Adj MS) to calculate the p-values in the ANOVA table. Minitab also
uses the sums of squares to calculate the R2 statistic.
Minitab uses the F-value to calculate the p-value, which is used to make a
decision about the statistical significance of the test. A sufficiently large F-value
indicates statistical significance.
The analysis of variance shown in Table 15 assesses which of three main factors
and their interaction are important to the process.
In these results, the main effects for COB, Clustering of machines and Look
forward are statistically significant at the significance level of 0.05 so the
changes in these variables are associated with changes in the response variable.
The two-way and three-way interaction terms are not statistically significant.
The relationship between each variable and the response may not depend on the
value of the other variables.
Table 15. Analysis of variance

Analysis of Variance
Source

DF

Adj SS

Adj MS

F-Value

P-Value

7

0.162600

0.023229

21.21

0.000

Li nea r

3

0.159150

0.053050

48.45

0.000

COB

1

0.090250

0.090250

82.42

0.000

Cl us teri ng ma chi nes

1

0.009610

0.009610

8.78

0.006

Look forwa rd

1

0.059290

0.059290

54.15

0.000

3

0.003440

0.001147

1.05

0.385

COB*Cl us teri ng ma chi nes

1

0.000040

0.000040

0.04

0.850

COB*Look forwa rd

1

0.003240

0.003240

2.96

0.095

Cl us teri ng ma chi nes *Look forwa rd

1

0.000160

0.000160

0.15

0.705

1

0.000010

0.000010

0.01

0.924

0.01

0.924

Model

2-Wa y Intera ctions

3-Wa y Intera ctions
COB*Cl us teri ng ma chi nes *Look forwa rd

1

0.000010

0.000010

Error

32

0.035040

0.001095

Total

39

0.197640

In Table 16 the effects of each term and thus the coefficients leading to the
formulation of the regression equation are reported. The effects and thus the
coefficients of the different factors show that the use of the "machines
clustering" factor has a negative impact on the response variable.
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Table 16. Coded coefficients

Coded Coefficients
Term

Effect

Cons ta nt
COB

Coef

SE Coef

0.34200

0.00523

T-Value

P-Value

65.37

0.000

VIF

0.09500

0.04750

0.00523

9.08

0.000

1.00

-0.03100

-0.01550

0.00523

-2.96

0.006

1.00

Look forwa rd

0.07700

0.03850

0.00523

7.36

0.000

1.00

COB*Cl us teri ng ma chi nes

0.00200

0.00100

0.00523

0.19

0.850

1.00

COB*Look forwa rd

-0.01800

-0.00900

0.00523

-1.72

0.095

1.00

Cl us teri ng ma chi nes *Look forwa rd

-0.00400

-0.00200

0.00523

-0.38

0.705

1.00

COB*Cl us teri ng ma chi nes *Look forwa rd

-0.00100

-0.00050

0.00523

-0.10

0.924

1.00

Cl us teri ng ma chi nes

From the model summary in the Table 17 it is possible to know if the model has
a good ability to describe the real data. S is measured in the units of the response
variable and represents how far the data values fall from the fitted values. In this
case the value of S is low. This hypothesis is also confirmed by the high value
of R-sq which stands at 82%. The adjusted R2 is used to compare models that
have different numbers of predictors. R2 always increases when you add a
predictor to the model, even when there is not real improvement to the model.
The adjusted R2 value incorporates the number of predictors in the model to
choose the correct model.
Table 17. Model summary

Model Summary
S

R-sq

R-sq(adj)

0.0330908

82.27%

78.39%

The normal probability plot of the effects (Figure 33) shows the standardized
effects relative to a distribution fit line for the case when all the effects are 0.
The standardized effects are t-statistics that test the null hypothesis that the effect
is 0. Positive effects means that the response increase when the factors are
considered. Negative effects means that the response decrease when the factors
are considered. Effects further from 0 on the x-axis have greater magnitude.
Effects further from 0 are more statistically significant.
In this case, the effect of COB and Look forward have a positive standardized
effect. When they move from level 0 to level 1 the response variable increases.
In contrast, the use of factor machines clustering decreases the variable V.
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This graph confirms for us that the effects of the interactions between the main
factors are not statistically significant (blue dots).

Figure 33. Normal plot

After thoroughly analyzing this model, it is possible to implement the reduction
of the model so as to consider only the significant factors, i.e. COB, Machines
clustering and Look forward, without including the interactions between them in
the model.
Model reduction is the elimination of terms from the model, such as the term for
a predictor variable or the interaction between predictor variables. Model
reduction lets you simplify a model and increase the precision of predictions.
At this point further graphs will be analyzed to evaluate the goodness of the
model and the data collected and to make some considerations on the results
obtained.
To evaluate the new model, it is necessary to start from the analysis of the Pareto
chart (Figure 34). Removing terms from a model may imply a change in the
effects of the other terms on the response variable.
In this case the three terms taken into consideration continue to be statistically
significant, in fact they cross the red line.
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Figure 34. Pareto chart

The new model has the coefficients presented in Table 18 that leading to the
formulation of the regression equation in Figure 35.
The R-sq shown in Table 18 is decreased compared to the previous model (Table
19) because some predictors were removed. However, R-sq(adj) is a better
parameter to value the goodness of the model because it helps to compare models
with different predictors. In this case, this index is slightly increased from the
previous model.
Table 18. Coded coefficients

Coded Coefficients
Term

Effect

Cons tant
COB
Machi nes cl us teri ng
Look forward

Coef

SE Coef

T-Value

P-Value

0.34200

0.00517

66.15

0.000

VIF

0.09500

0.04750

0.00517

9.19

0.000

1.00

-0.03100

-0.01550

0.00517

-3.00

0.005

1.00

0.07700

0.03850

0.00517

7.45

0.000

1.00

Regression Equation in Uncoded Units
V

=

0.2715 + 0.0950 COB - 0.0310 Machines clustering + 0.0770 Look forward

Figure 35. Regression equation
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Table 19. Model summary

Model Summary
S

R-sq

R-sq(adj)

0.0326981

80.53%

78.90%

In the Figure 36 is presented the analysis of the residuals useful to verify several
characteristics of them and their distribution. They are presented and briefly
described below.
The normal probability plot of the residuals displays the residuals versus their
expected values when the distribution is normal. The hypothesis that the
residuals are distributed normally is verified since they follow approximately a
straight line.
The histogram of the residuals shows the distribution of the residuals for all
observations. The graph in the figure is not perfectly normally distributed but it
does not seem to present particular criticism.
The residuals versus fits graph plots the residuals on the y-axis and the fitted
values on the x-axis. It is used to verify the assumption that the residuals are
randomly distributed and have constant variance. In the figure we can see that
the points fall randomly on both sides of 0, with no discernible patterns, so we
can say that the hypothesis is verified.
The residuals versus order plot displays the residuals in the order that the data
were collected. This graph helps to test the assumption that the residuals are
independent from one another. Independent residuals show no trends or patterns
when displayed in time order. Patterns in the points may indicate that residuals
near each other may be correlated, and thus, not independent. Ideally, the
residuals on the plot should fall randomly around the center line as in the
following figure.
To summarize the observations above it is possible to conclude that the residuals
have the right behaviour, so it is correct to apply this model.
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Figure 36. Residual plots

In the main effects plot in Figure 37 we can see that the use of COB in the
scheduling algorithm helps a lot to increase the response variable, as well as the
look forward even if less effectively. The machines clustering does not
particularly affect the response variable; indeed, it also leads to a lowering of it.

Figure 37. Main effects plot
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Another visualization of the data that shows how the various levels of the three
factors interact with each other with respect to the response variable is the cube
plot in Figure 38. The plot demonstrates that the highest value of the response
variable 0,4435 corresponds to the corner where COB=1, Look forward=1 and
Machines clustering=0, while the lowest value 0,2405 is exactly the opposite i.e.
when COB=0, Look forward=0 and Machines clustering=1. In general in the
right part of the cube higher values of V are found, apart for the angle COB=0,
Look forward=1 and Machines clustering=0 (0,3485) that is higher than its
opposite COB=1, Look forward=0 and Machines clustering=1 (0,3355).

Figure 38. Cube plot for V (response variable)

As a last analysis the surface plots are presented. A surface plot displays the
three-dimensional relationship in two dimensions, with the variables on the xand y-axes, and the response variable (z) represented by a smooth surface.
Minitab uses the stored model to create the surface plot. In Figure 39 the highest
value of V is in the upper right corner of the plot, which corresponds with high
values of both COB and Look forward. The lowest value of V is in the lower left
corner of the plot, which corresponds with low values of both COB and Look
forward. The third predictor, Machines clustering, is not displayed in the plot.
Minitab holds the value of Machines clustering constant at 0,5 when calculating
the fitted response values of V.
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The Figure 40 shows that the effect of machines clustering when compared to
COB is irrelevant, in fact no particular slope or change in value of V is noticed
when Machines clustering is 0 or 1.
The Figure 41 instead demonstrates that whether or not the Machine clustering
factor is used impacts negatively the response variable V, in fact the highest
value of it is in the upper left corner of the plot where the value of the factor is
0.

Figure 39. Surface plot of V vs Look forward, COB

Figure 40. Surface plot of V vs Machines clustering, COB
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Figure 41. Surface plot of V vs Look forward, Machines clustering
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5. Conclusions
The aim of this work was to propose and evaluate a new scheduling method for
the sanding and buffing process of the Luxottica’s department of plastic
eyewear, located in Agordo (BL).
Starting from the theory of parallel machines scheduling, which is the one that
best describes the processing involved in the study, an algorithm was created
that would take into account departmental performance indexes. The algorithm
is mainly described by three factors that should pursue the goal of improving
efficiency and service level. A DOE was applied in order to find if the factors of
the algorithm impact the department’s performance and in which way.
The first factor is the COB which is a priority index created during the
development of this study. It takes into account the various performance indexes
that outline the level of service used by Luxottica and helps to identify the most
critical batches in terms of priority. The second is Machines clustering which
intends to divide the machines binding them to do a single type of processing
during the day, this decreases the total set-up time. The last is Look forward, it
helps the merging of batches of the same model considering also the incoming
material from the previous phases; like the previous factor it should lead to an
increase of the efficiency index.
As a result of the DOE study conducted, it was found that the COB and Look
forward factors are statistically significant for a positive increase in performance
indexes considered by the response variable. As shown in Table 18, the first
impacts on the response variable of a term of 0.095 that is equal to an increase
of 9.5 points on the performance percentage. The second impact for a term of
0.077 on the response variable that is equal to an increase of 7.7 points on the
performance percentage. COB is likely to have a greater effect on the level of
service term, while Look forward on the efficiency term. On the other hand,
Machines clustering is still significant but has a negative impact on the response
variable. This is probably because forcing the models with the same processing
on a single machine could implied to process a model in a machine that has not
the program already saved this brings the operators to create new programs with
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considerable difficulty and therefore to have set-up times increasing instead of
decreasing.
This brings the conclusion that the algorithm that leads to the best output for the
department in terms of service level and efficiency is the one that consider,
during the scheduling phase, the COB, the Look forward and not the Machines
clustering. It can be described as follow:
1. Models in the machine: at the time of scheduling, each machine will
already be machining a model. Those models cannot be moved, so they
are already assigned and are removed from subsequent reasoning.
2. For each model:
i.

If there are more than 500 pcs in WIP: LPT (Longest Processing
Time) logic is used to assign models to machines, following the
constraint of the programs present on the machines (if a machine
does not have the program to process a model, it is not possible
to schedule that model on that machine).

ii.

If there are less than 500 pcs in WIP the input from the previous
steps is checked:
•

If the model is not arriving: it is part of the schedule of
point I.

•

If the model is arriving: it is considered the productivity
of the previous phase (pcs/shift) and waits for the model
to reach 1000 workable pcs before scheduling it.

3. At the end of the schedule, it is checked to see if the 2 models with the
highest COB priority coefficient, for both water and dry sanding, have
been included in the schedule. If not, they are inserted as the first model
change on the machine where they have been made several times in the
past.
It is interesting to note that the efficiency of the department, in the months of
July, August and September during which the scheduling algorithm was used,
improved by few percentage points (Figure 42).
The obtained results sign the first successful step towards the optimization of the
scheduling method for the sanding and buffing process. However, although
observations were replicated several times for each scenario to avoid the effects
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of non-controllable factors, they could still have impacted on the response
variable. Therefore, some other analyses could study their effects such as
performing additional replications over a longer period of time or making an
ANOVA test on them.
The experiments and results derived from this study have brought improvements
to the scheduling phase and to the departmental performance. A different way,
much more effortful, to optimize them could be to modify the flow and the layout
of the department in order to move from a cell management to a line management
bringing an impact also on the scheduling phase.

Figure 42. Efficiency of department
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