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Abstract. Maintenance service delivery constitutes one of the most problematic
tasks for companies offering such service. Besides dealing with customers ex-
pecting to be served as soon as possible, companies must consider the penalties
they are incurring if the service is delivered later than the deadline, especially if
the service suppliers want to establish long and lasting relationships with custom-
ers. Despite being advisable to use appropriate tools to schedule such activity, in
many companies, planners rely only on simple tools (e.g., Excel sheets) to sched-
ule maintenance interventions. Frequently, this results in a suboptimal allocation
of the interventions, which causes customer satisfaction problems. This paper,
contextualised in the Balance Systems case study, proposes an optimisation
model that can be used by planners to perform the intervention allocation. The
optimisation model has been developed in the context of the Dual-perspective,
Data-based, Decision-making process for Maintenance service delivery (D3M)
framework, which aims to improve the maintenance service delivery by making
a proper use of real-time and historical data related to the asset status and the
service resources available. The proposed model tries to cope with the current
problems present in the company’s service delivery process by proposing the in-
troduction of a mathematical instrument in support of the planner. Being strongly
influenced by the contextual setting, the model discussed in this paper originates
from the D3M framework logic and is adapted to the company necessities.

Keywords: Maintenance, Product-Service Systems, decision-making, task allo-
cation.

1 Introduction

The productivity of the industrial assets depends on how production and maintenance
schedules complement themselves [1]. Production constraints, established maintenance
policies, and unexpected failures significantly impact the company schedule [2] and, in
turn, the definition of the maintenance calendars. The definition of effective mainte-
nance schedules, or the capacity to intervene as soon as the failure presents itself, be-
comes even more important in the Product-Service System (PSS) context [3], where
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maintenance is offered as a service by a supplier to a customer. From the maintenance
supplier perspective (the one assumed in this work), knowledge and experience guide
not only the definition of the maintenance policies (in agreement with the customer)
but also the operational decisions (e.g., the allocation of the maintenance intervention
to the technician), which are rarely executed using supporting tools (e.g., software) as
guidance [4] despite the availability of data collectable from the field [5]. Even in an
Industry 4.0 context, data gathering and analysis are not fully exploited if decision-
makers rely on their experience instead of field data to make decisions [6]. Despite the
availability of maintenance and scheduling software on the market, their adoption is
obvious for various reasons. For instance, companies may be used to carry out these
activities without their support or may consider too expensive the costs for the adoption
of a software. On the other hand, companies may not be so aware of the potentialities
and benefits that the introduction of such software in their processes may lead to and,
thus, may decide to avoid such an investment.

Maintenance delivery is a complex process encompassing a series of activities and
relations between decision-makers and should guarantee a satisfactory result for the
customer and the supplier [7]. Especially in the PSS context, where the access to the
asset operational data depends upon the PSS typology, the contractual and data sharing
agreements between the stakeholders, it is necessary to be reactive and make suitable
decisions to tackle in a short time the assets problems. To do so, it is necessary to make
use of all the asset and service data available and evaluate the intervention alternatives
matching the requests with the available solutions, figuring out the resolution scenario
that maximises the utility for the customer and the provider [8]. Despite this, some
authors identified a lack in terms of approaches able to manage, process and match data
and information, especially as far as the service characteristics are considered [9]. A
possible solution consists of adopting optimisation models that can improve the inter-
vention allocation according to various objective functions and constraints. A literature
review on the topic showed how the adoption of optimisation is becoming increasingly
important [10] and requires additional research based on case studies. This paper is
settled into this research stream, where an optimisation model (part of a wider frame-
work for the improvement of the maintenance service delivery) is proposed in response
to the willingness of a company to improve the maintenance delivery process in terms
of management and decision-making. Considering a literature perspective, researchers
proposed various resolution approaches focused on different objectives such as costs
minimization [11], profit maximisation [12], optimisation of the resolution teams [13]
and others. This paper proposes an approach that has as objective the minimization of
the number of late (i.e., tardy) interventions justified by the idea that the maintenance
supplier has to pay a penalty for every tardy intervention.

The authors [14] developed a Dual-perspective, Data-based, Decision-making pro-
cess for Maintenance service delivery (D3M) framework to exploit at best the possibil-
ities offered by data-based decision-making that rely on the asset and service data. The
D3M framework uses the asset and service data to support the service planner in organ-
ising the service delivery process by allocating the intervention requests to service tech-
nicians. Maintenance execution decisions should be adapted to the assets requiring it as
well as to other factors such as supplier constraints and customer requirements and



characteristics (e.g., location, availability of maintenance workforce, contractual con-
straints, SLA). The development of the optimisation model discussed in the following
sections of the paper should be seen as a part of the development of the D3M frame-
work, in the scope of ameliorating the interventions allocation based on the data col-
lected and processed during the D3M framework application. From a practical perspec-
tive, the model presented in this paper is strongly influenced by the collaboration with
an Italian manufacturing company and, thus, it is also shaped based on the company
necessities.

This paper deals with the proposal of an optimisation model, part of the D3M frame-
work, able to handle asset and service data to support decision-making related to the
maintenance service delivery. Section 2 describes the model formulation, while section
3 focuses on its application. Eventually, Section 4 and 5 discuss the analysis results and
concludes the paper delineating future research.

2 Problem description and model formulation

2.1  Problem description

Maintenance requests are generated by customers and shared with the maintenance sup-
plier. Each maintenance request is evaluated by the provider who selects the resolution
approach. Each request can be fulfilled in one or more manners, each one requiring
different skills, execution times, and costs. The maintenance supplier can satisfy the
customers’ requests in different ways depending on the context: remote support, send
spare parts to customer premise, return the failed part to the provider premise, send
technician to customer premise.

Every request R has its characteristics (e.g., failure typology, gravity, skills required
to solve the problem), which determines if it can be solved in one or more ways. Not
all the resolution modes are similar in terms of competencies required (from now on
referred to as skills), execution times (varying depending on the executor's experience),
and costs. Therefore, the planner must match the request with the proper resolution
mode considering all these factors trying to maximise customer satisfaction and mini-
mise the resolution’s times and costs. In the model, expenditures and costs are linked
to the execution of interventions happening after a specific due date, which can be de-
fined by the forecasted failure of a component or defined by Service Level Agreements
(SLA) contracts. The assumptions are: (i) the other costs related to the intervention are
covered by the service contract established between the stakeholders, and (ii) the
maintenance supplier wants to minimise the costs arising when the suppliers fail in
executing the intervention before the due date.

The model aims to be the bridge between asset- and service-related information.
Thus, the model wants to use all the available information source (e.g., maintenance
requests, resolution modes, technicians' skills, and calendar) to optimise maintenance
service delivery while minimising the number of tardy interventions. The originality of
the model is in merging real-time (e.g., RUL, technicians' calendar, position, and avail-
ability) and historical data (e.g., customer information, skills of the technicians) coming
from different sources (asset and service-related) and guided in their collection and use



by the D3M framework structure, to identify the best resolution modes and executors
considering the customer and suppliers constraints and interests. The inclusion of real-
time data such as the technicians’ and resources availability, as well as the contextual
conditions (e.g., failure typology, customer information and history) would allow for
an improved allocation of the interventions as well as for the selection of the solution
the best fits the failure characteristics, the resolution strategies, and the companies’
constraints.
The notation in the following is used to model the problem discussed hereabove:

R: the set of intervention requests.

M:;: the set of modes that can be used to fulfil the intervention request r € R.

T: the set of available technicians.

S: the set of skills required by mode m € M,

W: the set of windows available for each technician. Each window delimitates the
period where the technician is available to execute the intervention.

Each intervention request r € R defines a set of modes M,. that can be used to exe-
cute the intervention and fulfil the request. Each technician t € T has a set of interven-
tion request r € R already assigned before the next planning. Thus, before the planning,
technicians already have some free and busy spots in their calendar. The availability
windows can be described through a start date s,,, and an end date e,,, which can be
used to define the length 6,, = e, —s,, of the window w € W. There is an infinity
window available for each technician, which is the one just after the last busy block in
the calendar.

The problem that wants to be modelled consists in assigning an intervention request
r € R to be executed in a specific mode m € M, to a specific window w € W, which
is associated with a single technician t € T simultaneously minimising the number of
tardy jobs executed. Other assumptions characterising the model are:

e Each technician t € T owns a set of skills that define its competencies and the inter-
vention modes they can execute. Skillsets influence the technician's ability to exe-
cute deal with certain requests, resolution typologies (e.g., on-field vs remote) and
execution length.

o At the moment of the intervention allocation, the schedule of the technicians is not
blank. There are windows of availability and unavailability for all the technicians.

e Each time an on-field intervention is performed, the technician leaves from (and re-
turns to) the headquarter before executing the following one.

The parameters used in the model are the following:

* §,ms- binary, representing the requirements of each mode in terms of skills. In par-
ticular:
_ {1 if the mode m € M, requires the skills € S

- 0 otherwise
* w5 binary, associating the skills of each technician with the mode of resolution.

In particular:

6rms



1if the techniciant € T has the skills € S
Wmts = required for the mode m € M,
0 otherwise

e M,.,: number of skills required to perform the intervention that satisfied the request
r € R with the mode m € M, so that M,.,,, = Y.ccs Orms-

e DD,: due date of intervention request r, defined as min {SLA,; RUL,}, where SLA,
is the date before which the request r has to be executed according to the SLA stip-
ulated between the stakeholders and RUL, is the residual life before the breakdown
of the component associated with the request r € R.

e tTOP: travelling time for the technician to reach (and come back from) the location
of the intervention request r addressed with the mode m € M,.. This value is not
dependent on the single technician t € T.

e t>5: time to get the spare parts in place for the execution of the intervention in mode
m € M, fulfilling the request » € R. This time is dependent upon the intervention
request r, which determines the necessity of spare parts.

o t!NT: the time required to perform the intervention in mode m € M, by the techni-

ciant eT;

M: a constant, large number for modelling purpose.

Finally, the following variables:

e (.= completion time of intervention r € R;
o U = {1 if the request r € R is satisfied after the due data DDp _ tardiness

) 0 otherwise
1if request r € R is satisfied in mode m € M,

® Xrmtw = by operator t € T in windowsw € W
0 otherwise

Each request must be allocated to a single technician, and all the tasks have to be allo-
cated.

2.2 Model formulation

The model formulated is described by equations from (1) to (11). In particular, the ob-
jective function (1) minimises the number of tardy interventions. Such an objective is
relevant in the considered case because it minimises the number of requests that should
be re-negotiated with the customers (i.e., if the planning returns a tardy job, it may be
possible to renegotiate the terms of that job with the customer). Constraint set (2) stip-
ulates that each intervention request is allocated precisely once, whereas constraint set
(3) guarantees that each window contains at most one task. Constraint sets (4), (5), and
(6) define the completion time of the intervention executed through the mode memr,
assuring that the intervention starts after the beginning of the availability window and
concludes before its end, leaving the technician the time to travel back to the headquar-
ter. Constraint set (7) defines the match between technician and intervention mode
based on the skills required (by the mode) and owned (by the technician). Constraint
set (8) introduces the decision variable U, that assumes the value ur=1 only if the inter-
vention is tardy, which means that completion time cr>pDr, otherwise ur=0, which



means that the intervention satisfied the condition of being completed before the due
date (cr<DDr). Constraint sets from (9) and (11) define the domains of the variables.

minZ = Z U, @

Xpmew = 1 VT in R )

MEMy,teT, ,WEW:0,,2min(tNT

Xrmew < 1VWEW 3)
TER,MEMy,tET
c, > Z (5 + tIT + max(£79F; ¢55)) Vr € R (4)
MEMy,tET,WEW
(%)

0, = (T + tTOP % 2) % Xppppy VT ER,MEM  t ET,WEW

C, < Z (e, — tIOPY vr € R (6)
MEMR,tET,WEW

Xrmew * Mypm < Z Orms * Wmes VTER,MEM, , t ET,WeEW (7
SES
C, <DD,+M=+U.Vr €R ®)
U, € {01} vr € R ©)
Xrmew €{0,1}VFERMEM, ,tET,WEW (10)
(11)

C, > 0vVr €R

3 Model application

3.1 Balance Systems

Due to space constraints, a complete description of the model application cannot be
reported. For this reason, in the following, a summary of three applications run using
historical data of Balance Systems (BS) is reported. BS is a manufacturing company
headquartered in Italy that sells balancing machines and offers maintenance services to



customers who buy the company products. The company manages the scheduling of
the maintenance requests through a Microsoft Excel® sheet that is filled by the planner
with the support of service technicians. Due to how this process is managed, the sched-
uling activity is time-consuming. The company has five service technicians, two of
them execute only remote support, while the remaining carry out on-field activities.

An analysis of more than 150 maintenance reports allowed to summarise the infor-
mation useful to run the model (e.g., request, technician, customer, travel time, execu-
tion time, spare parts used). Data has been used to create scenarios that differentiate
themselves for the number of requests. The data used in the three scenarios have been
randomly generated based on the historical data available from BS. Each scenario
aimed to verify that the model could guarantee the minimisation of the number of tardy
interventions while demonstrating that it would be possible to introduce such an instru-
ment in the planning process to support the planner in his activity.

This information has been used to feed the optimisation model that has been mod-
elled in Cplex12 and solved using an Intel® Core™ i5-7200 CPU @ 2.50 GHz, 2 cores.
Table 1 reports the results of the application in three different scenarios. The number
of requests in each scenario has been established following a discussion with the com-
pany, interested in verifying the applicability of the model under different circum-
stances. The number of requests in each scenario has been calibrated based on the av-
erage number of requests that the company is usually responding to in a normal situa-
tion. Variations to the number of requests allowed to test the behaviour of the model in
various scenarios. Following, the applicability of the model in different (more complex)
scenario is foreseen in the future also to investigate the model limitations in the of var-
iables’ handling capabilities.

Each of the requests has been associated with one or more resolution modes, depend-
ing on its characteristics. The resolution mode “Send spare parts” has not been mod-
elled, since it does not occupy the technicians’ time. Once defined all the inputs, these
have been used to run the model and verify its performance. The model has been eval-
uated according to running time and the capability of minimising the number of tardy
interventions.

Table 1. Summary of model application in three scenarios

Scenario Request Available Technicians Resolution Time Tardy Interventions

1 7 5 5-10s 0
2 10 5 20-30s 1
3 12 5 25-355s 1

4 Discussion

The optimisation model was tested in three scenarios with an increasing number of
intervention requests. The results show that the model can optimise the intervention
allocation and select the approach to maintenance delivery to minimise the number of
tardy interventions. Scenario 2 and Scenario 3 see the presence of one tardy intervention



each caused the impossibility, for the model in its current version, to allocate more than
one request in the same window. Thus, this forces the model to search and allocate new
requests in the successive windows, limiting the possibility to execute some interven-
tions in the shortest possible time.

The model is not free form limitations and opportunities for improvement:

e The model allocates only one intervention request per window. Currently, even
though a customer sends multiple requests, each one is treated singularly due to
modelling purposes. Relaxing this constraint would favour a faster resolution of the
intervention requests, especially when multiple intervention requests are received
from the same customer. In this case, the travel time would reduce (the technician
would need to travel only once to solve multiple problems). In other words, this
would disclose the opportunity to execute opportunistic maintenance, anticipating
future interventions.

e The model allocates an intervention to a single technician. Based on the context in
which the model has been developed (i.e., the Balance Systems context), the model
currently does not include the possibility to create teams of technicians for the reso-
lution of interventions requests. At the moment, this limitation may prevent the ap-
plication of this model to other, more complex, contexts.

e The model cannot postpone, re-schedule or re-allocate interventions already con-
firmed. Currently, the model is not able to change the size of the availability win-
dows by moving the interventions or re-allocating them to technicians that may be
free and that can execute them before the moment initially established. Of course,
anticipating the intervention also requires confirmation from the customer.

e The model does not consider costs. This assumption is part of the model boundaries,
which assume the execution costs as part of the contract signed with the customer
and already covered. Something that could help in optimising the intervention allo-
cation is considering the penalty cost associated with each customer in case of tardy
intervention.

e The model does not consider weight for the requests. All the requests are character-
ised by the same weight, which means that simple and complex problems have the
same importance for the model and are differentiated only by the execution and
travel times. Something that could help in prioritising the intervention requests is
considering weights for the interventions that would allow distinguishing between
them facilitating their prioritisation.

e The model works in a deterministic fashion. The model considers data and inputs as
deterministic, neglecting the possibility that there could be variations in the time
required for reaching the customer or the time required to perform the maintenance
(e.g., because new problems emerge). Using a stochastics approach would increase
the realism and the efficiency of the model in terms of allocation.



5 Conclusions

This paper presented an optimisation model developed in the context of the D3M
framework [14]. The model aims to optimise the maintenance delivery by improving
the intervention allocation and identifying the optimal resolution strategy considering
the objective function (i.e., minimisation of the number of tardy interventions).

The model, adapted to fit Balance Systems necessities, was applied in three different
scenarios created using the data collected from the company. The three scenarios were
dimensioned based on the average workload of the company in terms of service re-
quests. The application of the model allowed to show the benefits and limitations con-
nected to the model development status. The model presented in this paper should be
considered as a first version of a model able to overcome the limitations listed in section
4 and, thus, able to be applied in different a various scenario. In addition, it should be
clarified that the baseline used for the model development was based on to the D3M
framework logical structure. Being still in a development phase, the model can, at the
moment, handle simple situations and requires to be integrated with the human
knowledge for the consideration of external factors (e.g., costs).

Following the model application and the company's discussion, it has been possible
to identify a set of limitations (Section 4) that will guide future development and re-
search.
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