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Abstract

In Western countries, the so-called Blood Donation Supply Chain (BDSC) provides
blood units to several health services. Its first echelon is the collection of unit from
donors, which requires a careful management because an unbalanced supply of units
to the rest of the chain could trigger alternating periods of blood shortage and wast-
age. However, the management of blood collection is only marginally studied in the
literature, in comparison to other BDSC echelons. In this work, we propose a new
organizational model for blood collection, in which blood is collected at donor’s
homes, and provide a decision support tool for its management. This new model pro-
vides a novel contribution to the understudied blood collection echelon and, at the
same time, it responds to the emerging need of delocalization of health services. The
proposed decision support tool consists of an interconnected matheuristic frame-
work with three decision stages: (i) a planning model to create the donation slots
that will be assigned to donors, (ii) an online allocation of these slots using a flexible
set of criteria, and (iii) a Multi-Trip Vehicle Routing Problem with Time Windows
(MTVRP-TW) to route the bloodmobiles that collect blood at donors’ homes. The
main goals are to balance the production of blood units between days and to mini-
mize the distance travelled by the bloodmobile fleet, while respecting time windows
negotiated with donors. This framework also has the feature of immediately provid-
ing a list of slots to choose from when a donor makes a booking request. The deci-
sion support tool has been tested on data from a real Italian provider. Results con-
firm its effectiveness, and the capability of providing good quality and economically
sustainable solutions in reasonable timeframes.
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1 Introduction

In Western countries, blood is collected from healthy individuals who donate it
and provided to health care systems through the so-called Blood Donation Supply
Chain (BDSC). Its complex management, pushed by the short shelf life of blood
products, includes both strategic and operational decisions (Pierskalla 2004).
The BDSC consists of four echelons (Sundaram and Santhanam 2011; Osorio
et al. 2015): (i) collection, which includes donor eligibility assessment, donation
and screening of the blood unit; (ii) transportation; (iii) storage; (iv) utilization,
which includes distribution to end users and demand prediction to properly allo-
cate units.

In this work, we focus on collection, an essential step to make the entire BDSC
work properly. The latest available statistics on world blood need (Roberts et al.
2019) estimated it to be 305 million units, whilst production was assessed at
around 272 million units. In the absence of supply alternatives, the main lever-
age to meet the blood need is to increase the number of donations. In addition,
the collection temporal trend should be consistent with that of the demand, as an
unbalanced supply of units could trigger alternating periods of blood shortage
and wastage. For example, in the case of supply to a large hospital with many
elective procedures, low demand variability, and well-sized storage capacity, the
main goal should be to provide a number of units of different blood types as con-
stant as possible between days (Puranam et al. 2017).

Moreover, a well-functioning blood collection should consider the quality of
the service offered to donors, and the emerging delocalization trend.

Delocalization of health services in the territory is a growing trend, as demon-
strated by home care (HC) services (Lanzarone and Matta 2012; Regis-Hernén-
dez et al. 2020; Lahrichi et al. 2022). The SARS-CoV-2 pandemic in 2020 has
strengthened this trend (Govindan et al. 2020) and also affected blood collection
directly. For instance, the production of red blood cells in Italy in April 2020 was
reduced by 36.4% in comparison to April 2019 (Centro Nazionale Sangue 2020).
Shortages all over the world were linked to three concomitant factors (Gniadek
et al. 2020; Gupta et al. 2020; Pagano et al. 2020). First, blood drives organized
in schools or companies with the aid of specially-equipped vehicles were can-
celled because of the closures of these structures. Second, infected and exposed
donors were suspended from donation until they tested negative for the virus.
Third, the unavoidable gathering of people in blood collection centers discour-
aged potential donors.

A deeper restructuring of blood collection service is thus needed to meet both
delocalization needs and cope with any future pandemic or emergency. However,
the management of blood collection is only marginally addressed in the literature
when compared to other BDSC echelons, e.g., storage (Belién and Forcé 2012;
Bas Giire et al. 2016, 2018b; Piraban et al. 2019; Yal¢indag et al. 2020).

Within this context, we propose a new organizational model for blood collec-
tion at donors’ domiciles (home blood donation), and provide a decision support
tool for its management. In our model, donations are made via mobile vehicles
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(bloodmobiles), which reach donors’ addresses to carry out the donation. After
collecting a number of donations, they return to the depot from which they left to
unload the collected units.

This new model entails challenges that must be adequately addressed to ensure
its sustainability. First, vehicles must be properly routed to avoid inefficiencies that
would dramatically increase costs. Moreover, they must return to the depot within
a limited time period to reduce the equipment installed to the minimum necessary
for the donation, without taking charge of processing the collected blood units that
will be carried out at the facility. From the donor’s point of view, this alternative
must be attractive and represent an increase in service quality with respect to the
classical donations made at the collection center. Therefore, appointments should
be made efficiently, providing an immediate response to the donor when making the
reservation and allowing the donor to express preferences. Then, booked donation
slots should not be canceled or postponed. Finally, the same production challenges
and goals as for classic donations in a collection center must be achieved with the
new model, e.g., planning the workforce and reaching target production levels and
production balancing between periods.

In agreement with the above challenges, the home donations are planned by
means of an appointment system, as commonly done in several blood collection
centers. The specific goals of the proposed system are to balance the production of
the different blood types, and to respect of the appointments agreed with the donors.
Moreover, this system allows donors to express their preference on the day and
period of the donation.

The architecture of the system consists of three stages: (i) an offline planning of
time slots for donations, (ii) an online allocation of slots to donors when they make
a reservation, and (iii) the routing of a fleet of bloodmobiles to serve reserved dona-
tions. The goal of the planning phase is to create donation slots in such a way that
the production of the different blood groups is balanced between days. The alloca-
tion stage assigns a suitable slot to each donor at the time of booking, by propos-
ing alternative days and time slots, according to a certain priority defined to respect
the quality of the plan. Donors choose a slot suitable for their blood type starting
from the one with the highest priority. The list of available slots must be immedi-
ately available when donors are making a reservation, to meet the requirement of a
real-time feedback. Finally, the routing stage consists of a Multi-Trip Vehicle Rout-
ing Problem with Time Windows (MTVRP-TW). It organizes the daily tours of the
bloodmobiles and defines the actual arrival time at the donors’ homes, which should
fall within the time window assigned at the time of booking. Both planning and
routing stages are solved through Mixed Integer Linear Programming (MILP) mod-
els, while the prioritization of the slots for the allocation consists of a dynamically-
updated linear formula to be able to provide an immediate response to donors.

The developed tool has been tested considering a possible service extension
towards home blood donation for the case of the Milan department of the Asso-
ciazione Volontari Italiani Sangue (AVIS), referred to as AVIS Milan in the follow-
ing. AVIS is the largest blood donor association in Italy, covering 70% of national
demand. The Milan department is one of the largest in the AVIS network, and
supplies the collected units to one of the largest hospitals in Milan, the Niguarda
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Hospital. The blood demand of this hospital is characterized by rather low varia-
bility, as it mostly takes care of elective surgeries and of only a small amount of
emergency requests. Therefore, it must be replenished daily with a constant (and
possibly high) amount of units of each blood type. Finally, AVIS Milan shares many
characteristics with several others worldwide in terms of donors, activities and man-
agement problems. Therefore, the approach we propose can be considered of gen-
eral validity, and applicable to extend the activities of several other blood collection
centers towards home donation.

The remainder of the paper is structured as follows. A literature review on related
topics is presented in Sect. 2. The addressed problem is detailed and formalized in
Sect. 3, while the proposed architecture with three stages is presented in Sect. 4.
Then, the computational tests carried out to validate the tool and evaluate its per-
formance, together with the results, are shown in Sect. 5. Finally, discussions and
conclusion are presented in Sect. 6.

2 Literature review

We first review the relevant literature related to BDSC management, and to the col-
lection echelon in particular. Then, we provide a brief overview of VRP in blood
collection and in some related non-urgent health care settings.

As for the BDSC, one of the earliest works addressing it from a non-clinical point
of view was proposed by Millard (1959), who suggested to apply industrial inven-
tory models to blood collection. However, the BDSC management began to receive
broader attention only a decade later (Beli€n and Forcé 2012; Osorio et al. 2015;
Piraban et al. 2019).

Focusing on the collection echelon, to which our work refers, several problems
arise in its management, ranging from the long-term (e.g., centers location, staff and
equipment dimensioning) to the short-term (e.g., appointment scheduling, screen-
ing policies, demand prediction) planning horizon. However, the attention devoted
to collection is in any case marginal in comparison to other echelons of the chain
(Bas Giire et al. 2016, 2018b). Blood collection merges the typical features of a pro-
duction system with those of a service provider, which increases the management
complexity (Lanzarone & Yal¢indag 2019). From the service provider perspective,
a blood collection center must take into consideration several aspect related to the
quality of service delivery. For example, the possibility of booking a donation in
advance, the inclusion of donor preferences in defining reservations, and the reduc-
tion of waiting times in the center are crucial aspects to consider. From the pro-
duction system perspective, typical goals are to increase the number of produced
units and to balance the daily production with respect to the demand (Bas Giire et al.
2018a). Moreover, unique features make blood donation different from other health
care-related problems, e.g., perishability of collected units and legal requirements
on collection and transportation.

Considering this dual nature, several techniques have been employed to study
blood collection. Michaels et al. (1993) used simulation to compare donor sched-
uling strategies for a Red Cross blood drive, using donor cycle time as main
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performance index. Alfonso et al. (2012) used Petri net models to analyze how dif-
ferent donor scheduling and workforce planning strategies interact in terms of sys-
tem efficiency. More closely to the BDAS problem, Alfonso et al. (2015b) presented
a simulation-optimization approach for capacity planning and appointment schedul-
ing. However, no work but Bas Giire et al. (2018a) took into account the issue of
balancing the production of the different blood types. More specifically, they pro-
posed an appointment scheduling framework, which includes both booked and non-
booked donors, with the goals of balancing the production and avoiding the increase
in queue times. Related to Bag Giire et al. (2018a), Yal¢indag et al. (2020) extended
the framework including stochastic arrivals of non-booked donors, and Doneda et al.
(2021) developed a discrete event simulator to evaluate the feasibility of the appoint-
ment schedule at the operational level. To the best of our knowledge, no work con-
siders home blood donation and, although the framework proposed in this study
was inspired by Bas Giire et al. (2018a), none of the available contributions can be
applied to this service layout.

Home blood donation requires the integration of a VRP into the system. The
literature on VRP is immense, so we will now focus on what is more relevant to
this problem. Blood collection through bloodmobiles has been considered in some
works (Gunpinar and Centeno 2016), but in a different setting where donors donate
at temporary mobile collection sites that serve areas far from blood collection cent-
ers, with no appointment scheduling. Other works consider the use of bloodmobiles
for the distribution of blood products to end users (Liu et al. 2020), which however
include different actors and different constraints. Bloodmobiles routing traditionally
dealt with vehicles used to create temporary collection sites (Alfonso et al. 2015a;
Sahinyazan et al. 2015). On the contrary, home blood donation requires to schedule
of a fleet of vehicles that visit a number of locations, with time windows and mul-
tiple trips for each vehicle, as well as a series of practical constraints linked to the
specific features of the problem.

Therefore, our problem presents many similarities to problems arising in non-
urgent health care, such as HC and home sample collection, being a combination
between a VRP with Time Windows (VRP-TW) and a Multi-Trip VRP (MTVRP)
(Braekers et al. 2016), thereby falling into the MTVRP-TW category. The most sim-
ilar problem in the MTVRP-TW area is the transportation of perishable biomedical
samples (Anaya-Arenas et al. 2016), where the goal is to satisfy the requests of col-
lection centers for the transport of biomedical samples to a central laboratory. How-
ever, in their formulation, multiple requests may arise from the same center in the
same day, which does not fit the case of blood donors; moreover, their architecture
is not linked to a mid-term planning, while routing depends on previously scheduled
appointments in our problem; in addition, we pursue different goals.

2.1 Contributions

To the best of our knowledge, this is the first management tool proposed for home
blood donations in the literature.
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First of all, the three-stage architecture in which the decision stages are combined
to properly coordinate the different decisions of the problem has never been pro-
posed before.

From the methodological viewpoint, our MTVRP-TW differs from other formu-
lations available in the literature in several ways. The most important difference is
that, in the standard MTVRP-TW, customers are required to be visited according to
their TW information; no other decisions previously made are taken into account nor
external goals (e.g., production balancing) are considered. On the contrary, in our
home blood donation setting, the VRP represents the third stage of the framework
and includes assignment decisions from previous stages, made in order to balance
blood production. These decisions are then taken as an input for the MTVRP-TW
model: some of them are fixed, while some others can be partially modified. Moreo-
ver, our MTVRP-TW includes specific characteristics of blood collection, such as
the maximum transportation time of collected units due to the perishable nature of
donated blood. Our MTVRP-TW is also different from routing problems arising in
HC. The main difference between HC problems and our home blood donation lies
in the fact that HC does not consider the production viewpoint of our home blood
donation. Therefore, all patients are independently considered in HC while in our
problem we combine all collected units to reach the production goals. Moreover,
no production goals are considered when scheduling a visits in HC, while already
allocated slots and pre-allocated ones are considered in our home blood donation
when booking a new donation. Finally, in realistic HC settings, different constraints
are taken into account (such as continuity of care, synchronization and the presence
of different skills among the operators), which are not meaningful in the blood dona-
tion process.

Our system also presents elements of novelty regarding the first two stages, which
are different from those available in the literature because of the specific features
of home blood donation, which required to include some relevant modifications. In
particular, they are different with respect to those in Bas Giire et al. (2018a), as spe-
cifically discussed in Sect. 4.4 after the new architecture is detailed.

3 Problem statement

Blood collection includes all phases between donor arrival and preparation of
a blood unit. The process starts with the registration of the donors; then, they are
visited by a physician, who assesses their eligibility. If donors pass the assessment,
consisting of an anamnestic questionnaire and a brief objective examination, they
can make the donation. This sequence of activities is common in both blood collec-
tion centers and in our proposed home donation, although in our framework they are
performed in a modified setting, due to the use of bloodmobiles.

A bloodmobile is any medium-sized vehicle capable of hosting one donor at a
time, equipped with all facilities required to collect blood safely. If donors are
deemed eligible, the donation takes place and, after that, donors rest directly in their
own home. Then, the bloodmobile travels to the next location in its schedule. Travel
time between two consecutive locations can be used to sanitize the bloodmobile and
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prepare any necessary equipment. To reduce the time required to assess donors’ eli-
gibility, they can be invited to fill in the anamnestic questionnaire before the arrival
of the bloodmobile, for example compiling a web form.

To support the management of home blood donation, we propose a new decision
support tool tailored to it. When donors make a reservation, they decide the day
and the time period within the day in which the donation will take place, choosing
from a set of suitable slots, proposed by the center in a decreasing order of priority.
The order is determined by the goals of the collection center, mainly by balancing
the amount of collected units between days for each blood type. As already men-
tioned, neglecting this aspect may trigger alternating periods of blood shortage and
wastage. Other goals are related to the efficiency of the collection process, e.g., the
reduction of travel times.

Proposing a list of donation slots and allowing donors to choose among them is a
fundamental requirement of the home donation setting. Moreover, when donors call
to make the reservation, the set of slots should be immediately available, to give an
immediate response to their requests.

To develop and test the new organizational model, we have referred to the case of
AVIS Milan. Originally, AVIS Milan implemented a simple and manual reservation
system, which however neglected the requirement of production balancing. Then,
the architecture developed by Bag Giire et al. (2018a) was proposed to this center,
to deploy a more performing scheduling system. The proposed architecture modifies
and extends this approach to be applied to the home donation setting.

4 Interconnected matheuristic approach

The architecture is shown in Fig. 1. It consists of three interconnected and subse-
quent stages:

1. The first preallocation stage generates a set of donation slots associated with any
blood type, day in the planning horizon, period within the day, and bloodmobile.
Slots are generated in order to balance the production of each blood type through-
out the planning horizon while considering capacity constraints and target arrivals
of donation requests.

2. Inthe second stage, when a donor calls to make a reservation, the slots generated
for the corresponding blood type are presented in a decreasing order of priority,
until the donor accepts a slot. This converts some planned slots into actual blood
collection appointments.

3. The last stage routes the bloodmobile fleet taking into account donors’ geographi-
cal locations and their reserved donation times.

Then, the donations are collected following the solution of the routing problem.

The preallocation problem is periodically solved at the beginning of each day, or
alternatively with a higher frequency, to update the list of the slots for all subsequent
days in the planning horizon. The second stage is executed during the day each time
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Fig. 1 Proposed decision support tool for home blood donation

a donor calls for a reservation, to fix an appointment in one of the next days. Finally,
the routing stage is solved at the end of the day for the following one, for which the
list of appointments is completed and fixed. Then, the process is repeated on each
day moving the planning horizon of the preallocation stage forward by one day.

This multi-staged architecture complies with the flexibility granted to donors,
who are free to choose the donation slot from a list of predetermined ones. Alter-
natively, this flexibility could be achieved within a single model where all decisions
are taken simultaneously, but only assuming that online reservation requests are
known in advance. This is not realistic, while sequential decisions are required to
mimic real life. In this sense, our three-stage approach is not a simple division of
the problem into sub-problems, as the solutions of the second and third stage also
depend on exogenous variables that are not determined by previous stages, i.e., the
donors who ask to make a reservation and the slots actually chosen by the donors.

Besides being flexible, as donors must be able to select their preferred slot from
a set of alternatives, the second stage needs to be fast, as donors must receive the
alternatives immediately when booking. For this reason, the generated slots are
ranked using a simple allocation policy based on a single linear equation. On the
contrary, the first and the third stages consist of a MILP model.

4.1 Stage 1: MILP model for planning slots

Donation slots are planned through a MILP model that balances the production
of the different blood types b € B over a set of days ¢t € T. Donations are col-
lected with a fleet of bloodmobiles k € K, which travel in the area served by the
collection center. We assume that each day is divided into periods p € P, which
represent the time windows in which the donors are allocated upon reservation,
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and in which they expect to be served. Moreover, in the proposed formulation,
we consider only whole blood donations and assume that all blood units are suc-
cessfully collected, as the amount of unsuccessful donations is negligible, while
cancellations can be included. This assumption is justified by the fact that, both in
AVIS Milan and similar providers, the amount of unsuccessful donations is negli-
gible (less than 1% in AVIS Milan).

The model defines a number of slots for each blood type b € B, day t € T,
period p € P and bloodmobile k € K, represented by a non-negative integer deci-

sion variable w’. The sum of w* over p € P and k € K gives the daily num-
pt Pt

ber of planned slots mf for blood type b and day ¢. The expected number of col-
lected units for blood type b € B at day ¢ € T (if all pre-allocated slots are filled)
is given by the sum between the number of planned slots mi’ and that of already
booked slots /” (integer parameter). Finally, the overall sum Zthl (m? + IP) over the
days t gives an expectation of the collected units of blood type b over the time
horizon, which should be equal the expected number of donors d” in the planning
horizon for each blood type. However, since exact number of donations cannot be
known in advance, a flexibility parameter € € [0, 1] is introduced to limit the total
planned bags between (1 — €)d” and (1 + €)d®.

We assume that each bloodmobile k € K has a capacity CZ  foreachdayreT
and period p € P, representing the maximum number of donors that can be
served in day  and period p. A fraction s’; . of this capacity represents the capacity
allocated to already booked donors for day ¢ and period p, linked to l};'

Finally, a decision variable zf for each t € T and b € B denotes the absolute
variation of mf + lf with respect to its average value over 7, computed as
L S e+ D)

The planning of a specific bloodmobile should concern the routing problem.
However, it is anticipated here, by including the index k in the variables wﬁf, in
order to consider capacity limits and provide an initialization to the rest of the
stages. Then, this decision can be rediscussed and changed in the MTVRP-TW,
as shown in Sect. 4.3, ranging from a complete discharge to keeping all previous
decisions.

All sets, parameters and decision variables of the MILP model are summarized
in Table 1.

The objective of the model is to balance the production of each blood type
b € B among the days, which is formalized through the minimization of the total
and maximum absolute variations zf . Accordingly, the objective function is:

min{nZZZZi’+m|T||B|V} 1)

beB teT

where the first term minimizes the sum of the absolute variations, and the second
the maximum of the absolute variations. The two terms are scaled by two posi-
tive parameters #, and #,, and v is multiplied by |71 and |BI to make the two terms
comparable.

Variables are subject to the following constraints:
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Table 1 Sets, parameters and decision variables of the planning of slots

Sets

B
K
T
P

Blood groups
Bloodmobiles

Days in time horizon

Periods in each day

Parameters

Capacity of bloodmobile k in day ¢ and period p

Number of expected donors of type b in the considered time horizon

Flexibility parameter on the expected number of donors in the time horizon

Number of already booked donors of type b at day ¢

Capacity allocated to already booked donors in period p and day ¢ for bloodmobile &

Weight of the sum of absolute variations in the objective function

Weight of the maximum absolute variation in the objective function

Decision variables

bk
pt
b
t

“N@ § g

<

Number of planned slots of blood type b for bloodmobile & in day ¢ and period p

Number of planned slots for blood type b in day ¢
Absolute variation of mf’ + lf with respect to its average value over 7'

Maximum of variations zf over T and B
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meN VieT,beB )

w’;feN VkeK,teT,peP,beB (10)

Constraints (2) compute the total number of planned slots mf for each day r €T
and blood type b € B as the sum of all the wﬁf corresponding slots. Constraints (3)

and (4) limit the total number of slots in the considered horizon to be around the
value of d”, with flexibility €. Constraints (5) limit the number of slots assigned to
each bloodmobile k € K in each day ¢ € T and period p € P. Constraints (6) and (7)
compute the absolute variation z between the amount of planned slots (m? + %) for
each blood type b € B and day t € T and the corresponding average amount over
T, while constraints (8) compute the maximum v of the absolute variations. Finally,
constraints (9) and (10) define the domain of the decision variables.

4.2 Stage 2: online allocation for actual donation requests

The goal of this stage is to assign a donation slot to donors when they book. Propos-
ing only one slot might be inefficient, as donors may not accept it because of per-
sonal preferences or other constraints. At the same time, the center has to orient the
donor towards the best possible slot, in terms of its production targets. A possible
solution to balance these aspects is to propose a set of possible appointments and let
donors choose among them.

Therefore, a prioritization policy is enforced in this stage, assigning a numeri-
cal score to each alternative slot that suits the donor’s blood type. Slots are then
presented to the calling donor in descending order, starting with the one with the
highest score. This solution allows to compromise between donors’ need to express
preferences and management’s production needs with little computational effort and
in a very fast way.

Three items are assumed when scoring the slots of a blood type:

1. Flexibility the reservation system should avoid to immediately occupy all the slots
in a period of a day, preventing all subsequent donors from choosing it. On the
contrary, donors should be directed to the combination of day, period and vehicle
with the largest number of prepared slots still available, to ensure the greatest
number of alternatives available to subsequent donors. Flexibility is guaranteed
because blood donation is a voluntary act, and it is important to try to accom-
modate donors’ preferences.

2. Timeliness the slots of the nearest days should be preferred over the others. In fact,
keeping these slots empty can result in a waste of system capacity if no further
donors of the same blood type call to book an appointment.

3. Clustering each cluster refers to the donors allocated to a combination of day
t € T, period p € P and vehicle k € K. The allocation of slots should take into
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account the geographical location of donors and create clusters of donors who
live relatively close to each other, thus reducing distances.

The first two items are concurrent and should be properly balanced. The latter is funda-
mental in providing a fair initialization for the routing of bloodmobiles in the next stage.

This factors have been considered based on a discussion with the staff of AVIS
Milan, who identified these three priorities. Actually, the two factors also included
in Bag Giire et al. (2018a) came from a previous discussion; then, when analysing
the alternative home blood donation setting, the staff of AVIS Milan identified only
one additional factor (the third).

The score SI% of the ' slots for day #, period p and vehicle k when donor i € /
makes the reservation is given by the following linear equation:

— ; A A

k _ " bk t k ik

T T (11
pt

where b(i) denotes donor i’s blood type and ¢ represents the day in the time horizon,
starting from day ¢ = 1in which donor i is making the reservation. Lg‘r is the distance
between donor i’s location and the centroid of the already-formed cluster of vehicle
k on day ¢ and period p, which includes its already allocated donors.

The first term generates higher scores when more slots are available, to pursue
flexibility. The second term generates lower scores for slots that are further away in
time, to pursue timeliness. Lastly, the third term returns higher scores for clusters
that are geographically closer to donor i’s location, to pursue an efficient clustering.

The distance Lg‘t between donor i and the cluster for ¢, p and k is the Euclidean
one, as in Cattaruzza et al. (2016). We consider a Cartesian system in which the
location of donor i is defined by latitude @; and longitude f;, and the centroid of the
cluster by latitude &ﬁ _and longitude ﬂ;’jt for each ¢, p and k. Therefore, the distance is:

ik _ ~k gk ;
Lpt_\/(ai_apt)2+(ﬁi_ﬁpt)2 VielLkeK,teT,peP

The coordinates of the centroid are the average of the respective coordinates among
all donors who are part of the cluster and those of the blood center, which is the
depot. If no donors have already been assigned to a cluster, its centroid simply coin-
cides with the depot.

The three terms in (11) are weighed by three coefficients 4, (for flexibility), 4, (for
timeliness) and A, (for clustering). These terms are made comparable via normaliza-
tion, dividing them by cﬁ - 1T and R, respectively, which represent the maximum val-

ues that variables wﬁii)k, t and Lg‘t can reach, respectively. Parameter R is a reference
distance for the served territory, e.g., the radius when the area of the territory can be
approximated as a circle.

Each time a donor is assigned to a slot, the corresponding value of w’p’f is reduced
by 1 before the next reservation if the planning model is not rerun, and the coordi-

=k gk
nates @, and ﬂp . are updated.

@ Springer



A three-stage matheuristic for home blood donation appointment...

In case it is not possible to find a slot for blood type b(i), a donation slot from
other blood groups can be forcibly allocated. Though this may lead to an unbalanced
production plan, such a local inefficiency can be quickly absorbed by the rolling
nature of the proposed framework without any manual intervention.

4.3 Stage 3: bloodmobile fleet routing with time windows

The routing part consists of a MTVRP-TW that determines the daily routes of the
bloodmobile fleet. We assume that each vehicle can perform up to |II] trips to unload
the collected blood units, to respect the maximum transportation time allowed for
blood units according to government regulations. While routing, we also assume
that all donors are available on the appointed day, i.e., no-shows are not considered.

The MTVRP-TW is solved on every single day after the reservations are closed,
including all and only the donors allocated to the next day. The assignment of
period p € P and vehicle k € K are included as inputs in the daily MTVRP-TW.
The assigned vehicle is directly considered in the model, while the assigned period
is transformed into two variables: the appointment time period and the vehicle trip.
The former is in terms of a time interval [a;, b;] associated to each donor i € I, which
defines the temporal interval in which donors expect the bloodmobile to arrive. Late
and early arrival violations are penalized, to guarantee the promised service to the
donor. The trip is indexed with z# € I1, and the trip associated to each donor is ini-
tialized by assuming a perfect correspondence between trips and time windows,
i.e., donors assigned to period p are planned to be visited during trip # = p of the
assigned vehicle. Then, z can be changed at no cost, as it does not impact on donors.

The routing is modeled by means of two sets of decision variables: Boolean vari-
ables x;; , are equal to 1 if vehicle k € K traverses an arc spanning from node i € N
to node j € N during its 7 € II trip, and 0 otherwise; continuous variables #;., rep-
resent the arrival time of vehicle k € K at node i € N during trip # € II, and O oth-
erwise. The set N of nodes includes both the donors, (when i = {1,...,|I|} €N,
and the depot. When i = 0, it represents the depot as a departure point; when with
i=|I|+1, it models the depot as an arrival destination. With respect to other
MTVRP-TW formulations, the four indexes associated with variables x;, are
required to connect the second and the third stage decisions (vehicle and period
assignments).

If the arrival of donor i’s vehicle is not within time window [a;, b;], two slack
variables are activated: variable I'; is equal to O if the vehicle arrives at donor i’s
home after a; and positive otherwise; similarly, variable A; is equal to 0 if the vehicle
arrives at donor i’s home before b; and positive otherwise. When either of them is
positive for a donor i, it represents the deviation between the actual and the agreed
arrival times of the vehicle. To pursue the respect of the arrival times, variables I';
and A, are penalized in the objective function by means of a coefficient y.

The inputs for vehicle and trip assignments made at the previous stages are
included through two sets of Boolean parameters: 52{ is set equal to 1 donor i € I is
assigned to vehicle k € K in the online allocation, and O otherwise; ‘V,g, is set equal
to 1 if donor i € I is allocated to trip 7 € II of the vehicle associated in the online
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allocation, and 0 otherwise. Then, vehicle and trip assignments produced as a solu-
tion of the MTVRP-TW are represented by a set of decision variables: &, is equal to
1 donori € I is assigned to vehicle k € K, and 0 otherwise; y;, is equal to 1 if donor
i € I is allocated to trip # € IT of the associated vehicle.

Service times for donation and travel times are assumed as follows. The service time

for donor i € [ is given by parameter o;, while the travel time from i € N to j € N by
parameter T};. As for the depot, 6, and o, represent the loading time of the equipment
and the unloading time of the collected donations, respectively.
Finally, parameter 7,,,, sets the maximum transportation time allowed for each
blood unit from donation to depot delivery. Technical standards impose that whole
blood destined for platelet production should be processed within 6 hours from dona-
tion; consequently, 7, .. should be set at a sufficiently lower value so that the sum of
transportation and processing times does not exceed this limit. Similarly, parameters
T, bound the maximum working time of vehicle k € K not to exceed the legal working
time limits of the involved personnel.

The variations between the produced solution and the inputs are represented by other
Boolean decision variables: variables £, are equal to 1 if &, is different from 5?, and 0
otherwise; variables W, are equal to 1 if y;,, is different from 1//3[, and O otherwise. The
maximum number of allowed changes are then bounded by means of two parameters
Hz € [0, 1] and py € [0, 1]. Both refer to the maximum fraction of donors allowed to
change vehicle or trip. When pz = py = 0, all assignments made at the previous stage
are kept and the MTVRP-TW is reduced to a Multi-Trip Travelling Salesman Problem
with Time Windows (MTTSP-TW). On the contrary, when pz = py = 1, the problem
is a complete MTVRP-TW, which coul be too complex to be solved from the computa-
tional viewpoint.

Therefore, values 0 < pyz <1 and 0 < py < 1 can be set to provide an heuristic
approach to solve the MTVRP-TW, which limits the admissible domain of the problem
through the closeness to an initialization. As usual in heuristic approaches, parameters
Hz and gy can be tuned based on the case to make them effective. With respect to other
heuristics, this setting allows: (i) to limit the admissible domain based on something
provided in agreement with the goal of the problem; (ii) to know where the approxi-
mations induced by the heuristic lie in the presence of low optimality gaps, i.e., in the
fixed variables. In fact, in other literature works on VRP problems where an initializa-
tion based on previous decisions is not possible, heuristics such as local searches or fix-
and-optimize approaches are generally used. However, in those cases the presence of
non-negligible optimality gaps cannot be attributed to specific aspects of the heuristic
approximation.

All sets, parameters and decision variables included in the MTVRP-TW are listed in
Table 2.

The MTVRP-TW is formulated though some groups of constraints. The first group

defines the structure of the routes:
Y Y =1 YEN 12)
ieN\{|I|+1} keK rell
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Table2 Sets, parameters and decision variables of the MTVRP-TW

Sets
N Set of nodes, given by /U {0} U {|I] + 1}
K Set of vehicles
I Set of possible trips
Parameters
i Service time at each donor node i
a; Earliest starting time for donor i (lower bound of the time windows)
b; Latest starting time for donor i (upper bound of the time windows)
T, Maximum working time for vehicle k € K
T ax Maximum transportation time for a blood unit
T; Travel time from node i € N to node j € N
5& Equal to 1 if donori € I C N is initially assigned to vehicle k € K
1,/3[ Equal to 1 if donori € I C N is initially assigned to trip z € I1
Hz Fraction of donors allowed to change vehicle
My Fraction of donors allowed to change trip
x Weight for the sum of I'; and A, over i € [ in the objective function

Decision variables

Xijkr Equal to 1 if vehicle k € K traverses the arc from i € N to j € N during its trip
7 € II; 0 otherwise
Lie Arrival time of vehicle k € K at node i € N during trip z € IT
I; Slack variable of donor i € I C N for the deviation from respecting the target value g;
A; Slack variable of donori € I C N for the deviation from respecting the target value b;
Ei Equal to 1 if donori € I C N is assigned to vehicle k € K
778 Equal to 1 if donori € I C N is assigned to trip z € I1
i Equal to 1 if &, # £3; 0 otherwise
Y., Equal to 1 if y;, # y/i(jr; 0 otherwise
Y Xpe= D Xu, ViENkEKzell (13)
JEN\{0} JEN\{IT|+1}

Xour <1 Ve K, m €1l

14
JEN\{ON{I]+1} 14

Xojkr = Z Xinrijr VKEK, meTl

(15)
JENVLOIN (11141} JENVION{I71+1)

Constraints (12) ensure that all donors in the set are visited exactly once. Constraints
(13) are the flow conservation constraints: if a vehicle enters a node which is not the
depot, it should also leave it. Constraints (14) and (15) force all vehicle trips to start
and end at the depot.

The second group of constraints deals with the time dimension:
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tig + 0+ Tjj— 1y, < T (1 —xij,(,,) Vie N\ {|I] +1},

16
jeN\{0},keK,rell (16)

To=a,— ) Yty ViEN (17)

keK zell

A=) Yty —b ViEN (18)
keK nell

loer Z tus1kn1 VK € K, € IT\ {1} (19)

btkr —lon STy Vke K,z ell (20)

frstir = ir < T + Tk<l - ) xy.k”) Ve N\ {0}.keK,z eIl
ieN\{|1]+1}
2D
Constraints (16) define the arrival times at donors’ homes and eliminate sub-tours.
Constraints (17) and (18) compute the slack variables to calculate the deviations
from time windows for the arrival of the vehicle, which are then penalized in the
objective function. Constraints (19) ensure that, if a vehicle performs multiple trips,
the starting time of its trip # is after the arrival time of its trip # — 1 at the depot
(node || + 1). Finally, constraints (20) impose vehicles to respect maximum work-
ing limits, and constraints (21) limit the maximum transportation time of blood
units.
The third group of constraints determines the assignments of donors to vehicles
and trips:

gik = Z Z xﬁkﬂ Vie N, k €K (22)
r€ll jeN\{|I|+1}

y/m_ = Z z xﬁk,r Vi (S N,ﬂ S I1 (23)
keK jeN\{|I|+1}

The fourth group of constraints bounds maximum number of changes with respect
to the inputs:

By =& —& VieNkek (24)
By =& —& VieNkek (25)
Y. >y, -y, VieNzell (26)
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V,>y) -y, VieNzell (27)

3 = <2 L ] (28)

iEN\{O}\{[Z]+1} keK

Z Tiﬂ < 2 LM‘P |I|J (29)

iEN\{O}\{[Z|+1} =€l

Constraints (24)-(27) compute the number of changes, which are then bounded in
constraints (28) and (29), where |- | denotes truncation to integer. The multiplier 2
in (28) and (29) is used because every time a change from the original assignment
occurs, E; and ¥;, register two changes: the disappearance of the original assign-
ment and the creation of the new one. Let us remark that even using values of g
and py close to 1 does not completely discard the allocation decided at the second
stage, as the time window of the donations is preserved thanks to the penalty y in
the objective function.

Finally, the last group of constraints enforce symmetry breaking according to
Coelho and Laporte (2014):

Z Xoik1 ~ Z Xoi-11 S0 Vhke K\ {1} (30)

iEN\{ON\{I7]+1} iEN\{ON{I7]+1}

The objective function of our MTVRP-TW is as follows:

min{ DD D D Tyt x (r,.+Ai)} 31)

ieN\{|I|+1} j=N\{0} keK zell iEN\{O}\{I7]+1}

The first term, denoted by OF'1, aims at minimizing the total travel time spent by the
bloodmobile fleet, whole the second, denoted by OF2 and weighed by parameter y,
penalizes the amount of arrival time window violations.

4.4 Comparison with Bas Giire et al. (2018a)

Though we took inspiration for the previous work of Bag Giire et al. (2018a), this
interconnected matheuristic includes some novelty elements that make it remarkably
different.

First of all, the addressed problem is different and includes the routing of blood-
mobile. Therefore, our architecture includes three stages while that of Bas Giire
et al. (2018a) includes only the first two. Moreover, the first two stages also include
new components that make them different.

The MILP model of the first stage extends the one reported in Bag Giire et al.
(2018a) because it copes with routing decisions to give an initialization to the
MTVRP-TW. More specifically, capacity limits are associated with each individual
vehicle, and the MILP model must separately manage them. It also constitutes a
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hard constraint, whilst soft constraints were considered in Bas Giire et al. (2018a)
for the overall continuous capacity of the collection center.

The allocation stage is also extended and now includes the geographical cluster-
ing, which was absent in Bag Giire et al. (2018a). Clustering achieves the fundamen-
tal goal of merging the decisions taken at the various stages together, and partici-
pates to the initialization of the MTVRP-TW so that any vehicle serves donors close
to each other on any tour.

5 Computational experiments

We have first conducted experiments on individual stages to analyze the impact of
model parameter values in a controlled setting. Results of these experiments are
reported in the Supplementary Materials.

The overall approach was then tested with the best values of model parameters
in realistic instances derived from the AVIS Milan case and described in Sect. 5.1.
Results are reported in Sect. 5.2 along with an economic evaluation in Sect. 5.2.2.
The analysis continues in Sect. 5.3, including cancellations and donors who do not
accept the first proposed slot but choose another one from the list.

It is important to underline that home blood donation has not been treated neither
in the practice nor in the literature. Thus, there are no literature works or existing
tools that can be used for directly benchmarking our framework. To make a com-
parison, we have again considered the work of Bag Giire et al. (2018a) and made
in Sect. 5.2.1 a comparison in terms of the common parts between the approaches,
i.e., the balancing goal and the number of waiting days between reservation and
donation.

The MILP models have been implemented and solved via CPLEX 12.8.0 (IBM,
Armonk, NY, US) through its OPL interface. The experiments have been run on a
Windows virtual machine installed on a server, with an Intel Xeon Gold 6130 CPU
at 2.10 GHz and 12 GB of dedicated RAM. The relative gap limit of both models
has been set to be 0.01, while time and memory limits have been set differently for
the two models, as detailed below. The architecture that links the MILP models and
defines the entire approach has been implemented in Visual Basic (Microsoft, Red-
mond, WA, US).

5.1 Tested instances

The functioning of the framework has been simulated basing on the current context
of the AVIS Milan case over a period of 90 days. Then, in order to exclude the ramp-
up period, the results are reported and analyzed for the last 31 days of the rolling
approach.

On each rolling day, the MILP model of the first stage plans the donation slots
for the next |T| = 28 days, which are converted into real reservations through the
online allocation stage based on the reservation requests for that day. Afterwards,
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the MTVRP-TW model provides the daily routes considering all donors allocated to
the day, resulting from bookings made on the same day and in the previous days. In
parallel, at the end of each rolling day, the amounts of the newly booked slots for the
upcoming days are fed-back to the planning model for the next executions.

The number of donors who require a reservation at each rolling day and their
blood types are taken from historical data of AVIS Milan regarding whole blood
donation. In that period, the total number of donors was 4932, and the percent-
ages of the blood types were as follows: 34.12% for A Rh+ (b = 1), 5.68% for A
Rh- (b = 2), 10.20% for B Rh+ (b = 3), 1.521% for B Rh- (b = 4), 3.67% for AB
Rh+ (b =5), 0.59% for AB Rh- (b =6), 37.67% for O Rh+ (b =7), and 6.55%
for O Rh- (b = 8).

We have assumed that the 60% of those donors are served with the home dona-
tion service, while the others make the donation at the blood collection center.
Therefore, the 60% of historical donations have been randomly extracted from the
historical data and included in the simulations.

For each included donor, information regarding previous donation date and sex
have been used to compute their first available donation day, i.e., after 90 days
from donation for men and 180 days for women. Then, the date of the reservation
request has been generated adding a random number (sampled from a uniform
distribution with support [0, 30] days) to this first available day. This way of mod-
eling donors’ behavior is coherent with what is observed in practice at AVIS.

In the absence of detailed data, in this realistic setting, donors’ locations
have been randomly generated in a circle of radius R using polar coordinates,
by assigning a distance r; from the center, sampled from a uniform distribution
with support [0, R], and a random angle 6;, sampled from an independent uniform
distribution with support [0, 27) where R is the radius of the served area. These
coordinates have been then converted into the Cartesian latitude @; = r; cos (Qi)
and longitude f; = r; sin (Qi). In particular, the area of Milan is 181.67 km? and
is well approximated by a circle, so we assumed R = 7.604 km. Then, consider-
ing the location of AVIS Milan within the city, the depot has been placed at a
distance of 0.2 R from the center of the cycle. To obtain travel times, Euclidean
distances between points have been considered and the average speed p has been
set to 50 km/h, which well represents the situation in Milan.

The parameters of the framework have been set to be the same on each rolling
day, exploiting the values identified with the experiments reported in the Supple-
mentary Materials. We have considered 3 vehicles (|K| = 3), 3 periods and 3 trips
(IP| = |II] = 3) per day, and a capacity of 4 donations for each trip (¢, =4),
which correspond to a total capacity of 36 donations per day. The other parameters
for the planning stage have been set as follows: d® = [336;37:84:14:39:7:420;66],
€ = 0.25, n, = n, = 1. The parameters of the online allocation stage have been set
as follows: A, = 4, = 4, = 1. Moreover, it has been assumed that all donors accept
the first suggested slot (with the highest score Sg‘t). As for the routing stage, we
have set ¢; for i = 1,...,|I| to 20 minutes, o, = o741 O 5 minutes, T, to 1440
minutes, 7, . to 240 minutes. As for the heuristic procedure associated with the

max

MTVRP-TW, we have chosen pz = puy = 0.5and y = 10.
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We imposed a time limit of 5400 seconds together with a memory limit of 3
GB for the first-stage planning model, while a time limit of 14400 seconds with a
memory limit of 8 GB for the MTVRP-TW.

5.2 Results

Table 3 reports the results of the first stage pre-allocation MILP. Notably, all
instances are solved to optimality in a maximum computational time of 100.55 s.
The number of planned slots and donations (slots filled by calling donors) for each

Table 3 Planned number of

donors, objective function (OF) Planned n Time OF

and computational time (Time) 1 13 1.46 344.64

of the first stage model on each

day 2 34 1.70 344.64
3 34 143 344.64
4 36 1.67 344.64
5 33 82.58 209.07
6 33 40.60 209.07
7 33 30.44 209.07
8 33 78.49 209.07
9 34 26.18 209.07
10 32 42.47 209.07
11 33 27.89 209.07
12 31 20.97 209.07
13 35 14.37 209.07
14 32 7.32 209.07
15 34 9.56 209.07
16 34 6.56 209.07
17 36 100.55 209.07
18 34 57.84 209.07
19 33 39.02 209.07
20 32 8.75 209.07
21 35 13.98 209.07
22 34 24.59 209.07
23 34 1.90 344.64
24 34 1.33 571.93
25 34 0.89 573.21
26 34 2.05 572.50
27 33 1.51 573.21
28 34 2.05 575.21
29 34 1.00 577.21
30 34 1.10 579.21
31 33 0.79 577.21
Average 33.61 21.00 325.36
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Fig.2 Planned slots and executed donations over the 31 analyzed days (a); executed donations of each
blood type over the 31 analyzed days (b)

analyzed day are also reported in Fig. 2a, which shows an almost stable trend for
both of them. At the same time, the executed donations are able reach a satisfac-
tory level of saturation with respect to the planned slots. Indeed, executed donations
account for 96.45% of the planned ones, with a minimum daily production of 30
bags over 36 available slots. Figure 2b presents the amount of executed collections
of each blood type on each day. It confirms the balanced trend and also highlights
that each blood type has an almost individually balanced production amount among
days.

Results from the online allocation and from the MTVRP-TW are reported in
Table 4 in terms of the following performance indicators:

e average waiting days from request to the actual appointment (Z,,),

Table 4 Results in terms of T T T T
indicators Z,,, Z,, Z, and 7, v : ? dd
obtained from allocation (and From allocation 1072 90.05%

MTTSP-TW for Z, and Z,,), and

indicators Z, and 7, updated From allocation and 5968.10 5.94
after MTVRP-TW MTTSP-TW
After MTVRP-TW 3059.64 3.04
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e average saturation (Z,), expressed as the average number of booked appoint-
ments over the total capacity of vehicles;

e total traveled distance in km (Z,), obtained by directly applying a MTTSP-TW
(routing with pz = puy = 0) to the allocation solution;

e distance traveled per donor in km (Z,,;), expressed by the ratio between 7, and
the number of donors.

It can be seen that the online allocation provides an average waiting time from call
to donation is 10.72 days with around 90% system saturation. It can be also observed
that both indicators Z, and 7, provided by the online allocation are quite satisfac-
tory, but at the same time the MTVRP-TW allows decreasing their values even fur-
ther. More insight on this point can be found in Fig. 3, which provides a visual rep-
resentation of routes in three days: day 15 (the central one in the 31 observed), the
day with the lowest OF1, and that with the highest OF1.

We have also analyzed the transportation times of the collected blood units. All
blood units are significantly transported within the legal requirement of 6 hours, and
the average transportation time is equal 141.33 minutes. These low transportation
times, which are far from the imposed bound, allow to reduce projected costs, as it is
not required to equip the vehicles with special refrigerators.

Table 5 reports the objective function value OF and its components OF1 and
OF2, together with the computational time and the dimension of the problem (the
number of routed donors).

Results show that, in the cases in which the imposed time limit is reached, the
maximum optimality gap of the solver with respect to the bound is 6.83% and the
average is 4.60%. This means that, although the run terminates, the result is close
enough to the theoretical optimal from the application viewpoint. In particular, over
all days, the average optimality gap of the solver with respect to the bound is 3.14%,
which we consider an acceptable value. It is also possible to observe that, in most
cases, vehicles do not violate donors’ time windows, as OF2 = 0 in 30 out of 31
days. Even in the case of violations, a maximum of 27 seconds is observed, which
is negligible in practice. Over the simulated days, the average computational time
for a single instance is of 1.4 hours. Finally, with y,, = u. = 0 (the MTTSP-TW)
all instances are always solved to optimality with an average computational time of
5.75 seconds.

5.2.1 Benchmark comparison

Home blood donation has not been treated neither before. Therefore, no literature
works or existing tools can be used to directly benchmark our framework, while a
comparison is possible with similar architectures for related problems. In particular,
the BDAS problem (Bas Giire et al. 2018a) has been used for benchmarking, not
least because we have tested our framework on the same set of donors. In particu-
lar, we have taken the case of Bas Giire et al. (2018a) with £ = 0.25, |T'| = 28 and
|B| = 8. Then, as we have assumed that the 60% of donors are served with the home
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(a) (b)

(d)

(e) ®
X Vehicle 1 [ Vehicle 2 = Vehicle 3 Trip 1 . Trip 2 . Trip 3 A Depot

Fig. 3 Routes from allocation and MTTSP-TW (left), and after the MTVRP-TW right: day 15 (a, b); day
6 with lowest OF1 (¢, d); day 20 with the highest OF1 (e, f)
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Table5 Results of the MTVRP-TW for the entire approach on each day in terms of number of donors,
OF, OF1, OF2, computational time (Comp t) and value of 7,

# donors Comp t OF OF1 OF2 Gap Zia
1 32 1861.44 92.527 92.527 0.000 Opt 2.89
2 34 1342.12 94.658 94.658 0.000 Opt 2.78
3 33 7902.33 105.806 105.806 0.000 9.76% 3.21
4 33 1326.62 101.715 101.715 0.000 0.36% 3.08
5 33 4045.56 95.143 95.143 0.000 Opt 2.88
6 32 6624.95 84.010 84.010 0.000 Opt 2.63
7 31 1188.64 89.065 89.065 0.000 0.99% 2.87
8 32 5772.07 78.048 78.048 0.000 Opt 2.44
9 33 3349.59 110.107 110.107 0.000 15.72% 3.34
10 32 427.63 92.790 92.790 0.000 Opt 2.90
11 30 785.37 105.626 105.626 0.000 Opt 3.52
12 31 4292.33 89.247 89.247 0.000 0.95% 2.88
13 30 511.57 89.409 89.409 0.000 Opt 2.98
14 32 4827.81 102.222 102.222 0.000 10.10% 3.19
15 33 9534.68 107.228 107.228 0.000 11.10% 3.25
16 34 3174.48 108.752 108.752 0.000 10.95% 3.20
17 33 4640.91 104.814 104.814 0.000 Opt 3.18
18 34 TL 109.261 109.261 0.000 2.05% 3.21
19 32 TL 88.906 88.906 0.000 6.83% 2.78
20 31 TL 114.478 114.478 0.000 3.16% 3.69
21 35 8970.24 110.309 110.309 0.000 Opt 3.15
22 33 TL 90.319 90.319 0.000 6.36% 2.74
23 34 10128.17 103.444 103.444 0.000 Opt 3.04
24 32 521.23 91.585 91.585 0.000 Opt 2.86
25 33 319.45 108.896 108.896 0.000 Opt 3.30
26 31 7123.94 94.268 94.268 0.000 Opt 3.04
27 32 5212.79 92.007 92.007 0.000 Opt 2.88
28 32 178.29 108.055 107.090 0.096 Opt 3.38
29 34 865.47 108.871 108.871 0.000 Opt 3.20
30 33 4062.57 92.260 92.260 0.000 Opt 2.80
31 31 854.22 96.773 96.773 0.000 Opt 3.12
Average 3242 5078.85 98.729 98.698 0.003 3.14% 3.05

TL denotes the time limit

donation service, with respect to Bag Giire et al. (2018a) we have scaled d? to the
60% and randomly included the 60% of the donors in the analysis.

The first comparison is in terms of production balancing. Figure 2b show a
slightly better balancing with respect to that of Bas Giire et al. (2018a), reported in
Fig. 4.
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Fig.4 Executed donations of each blood type over the same 31 analyzed days, for the DBAS problem
(Bas Giire et al. 2018a)

Other common metrics analyze waiting time and saturation. The average Z,
over the 31 days was equal 5.27 waiting days in Bag Giire et al. (2018a), while
it is 10.72 days in our case. As for 7, its average value was 80.05% in Bag Giire
et al. (2018a), while we are able to reach the 90.05%. These value show that the
waiting times are about double in the home blood donation setting, but these
longer times are compensated by the advantages of donating blood at home. Satu-
rations are more comparable, but they refer to capacities calculated in a com-
pletely different way and with different overtime policies.

5.2.2 Economic evaluation

Considering the values of OF1 reported in Table 5, (which correspond to the kilom-
eters daily travelled by the fleet), it is possible to estimate the differential operating
cost of the proposed home donation system. As for the AVIS Milan case, we may
assume a Diesel fuel consumption of 8.5 liters/100 kilometers for a suitable minivan
car, and a cost of 1.439 euros/liter, giving an average daily cost for fuel of 12.11
euros. Other costs include the yearly vehicle insurance premium (approximately
2000 euros), yearly maintenance costs (estimated at 500 euros), substitution of worn
tires (approximately 200 euros once every two years), and amortization of the vehi-
cles (approximately 6000 euros per year) for three vehicles, for a global daily cost
of 70.68 euros. The sum of these costs, giving 82.79 euros per day for the entire
fleet, is fully comparable with the costs sustained for the functioning of the blood
collection center (e.g., heating, lightning and cleaning costs). All other costs related
to donation can be considered fixed and common to both layouts. Finally, as the
personnel of the center can be partitioned to serve both on site and home donations,
no additional personnel cost should be required. In addition, implementing a home
donation layout can determine a reduced need for physical space in the collection
center, allowing to generate a revenue by sub-renting some of the unused spaces/
floors of the building.
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5.3 Extended analyses with cancellations and acceptance of slots with lower
scores

We have included two relevant realistic features in the process. First, we have con-
sidered that donors may accept slots with lower scores rather than always accepting
the first proposed slot with the highest one. In particular, we have assumed that:
when two slots are available for the donor’s blood type, 70% of donors choose the
first with the highest score and 30% the other; when three slots are available, 50%
of donors choose the first slot, 30% the second one, and the remaining 20% the third
one; when at least four slots are available, 40% of donors choose the first slot, 30%
the second one, 20% the third one, and the remaining 10% the fourth one.

Second, we have included cancellations and rebookings. There are two ways in
which a cancellation or a cancellation with rebooking may occur. In the first case,
the cancellation or cancellation with rebooking is made in advance, i.e., until the day
before the appointment. If this happens, the respective number l’; of already booked
donors is simply reduced by 1 on the day the donor was originally booked. If the
cancelled donor also books for a new appointment, the new slot is assigned as in
the second stage. Both these situations are not critical because, due to the rolling
approach, the cancelled slot can be reassigned to pursue production balancing before
the MTVRP-TW for that day is solved.

In the second case, a last-minute cancellation or cancellation with rebooking is
requested on the same day the donor is scheduled. They are more critical, require
immediate response, and need to be investigated. Assuming that last minute cancel-
lations happen before the routing phase of the day under consideration, the donors
are eliminated from the daily schedule and the routing is performed without tak-
ing them into account. If a donor also rebooks, the new slot is once again assigned
as in the second stage. However, re-routing is not feasible in this case because it
would result in modifications of appointments for other donors, which is not pos-
sible based on the characteristics of the problem and therefore independent of the
solution approach.

We have included this second critical case in the extended analysis, assuming that
last minute cancellations occur with probability 2%, and that half of the cancelled
donors also rebook.

The random acceptance of slots with lower priority requires to set the weights of
the second stage in a different way, to avoid that slots closer in time remain under-
filled thus losing system capacity. Therefore, to overcome this issue, parameter 4,
has been increased to 10. In this way, all the slots in the list are reasonably close in
time, preventing waste of capacity even when donors choose a slot with lower prior-
ity score.

Results from the overall approach with these extended features in terms of pro-
duction balancing are reported in Fig. 5, where also a setting with 4, = 10 but with-
out cancellations and random slot acceptances is reported. Figures are similar to
each other and to Fig. 2b as well. Therefore, the considered setting, which is closer
to what is expected in the home blood donation practice, does not affect production
balancing performance. In other words, once the weights of the second stage are
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Fig.5 Executed donations of each blood type over the 31 analyzed days with cancellations, random slot
acceptance and {4, 4,, 4,} = {10, 1,1} (a), and with {4;, 4,, 4, } = {10, 1, 1 } only (b)

properly calibrated, the framework is robust with respect to the inclusion of these
features.

We have also analyzed the metrics considered in Table 6, i.e., Z, and Z, from
allocation, and Z,; and Z;; from allocation and MTTSP-TW. We do not consider Z,
and Z,; from MTVRP-TW, because the third stage is not directly affected by the
inclusion of the additional features in these extended analyses. Values are reported
in Table 6 for the extended case with cancellations and random slot acceptance, and
for the case with {/lf, A, A} ={10,1,1} and no extended features. As expected, a
higher weight A, reduces waiting time and increases saturation, which lowers 7,
even if 7, increases. The two introduced features affect these metrics, but rather
marginally, and mainly cause less efficient donor clustering, forcing an increment of
the total distance travelled by ~8.8%. Therefore, even from this viewpoint, the inclu-
sion of cancellations and random slot acceptances generates is still manageable by
the framework, with a proper calibration of weights for the second stage.

Table6 7, and Z, from
w s A T 7 7

allocation, and Z, and Z,;, from v ’ d dd
allocation and MTTSP-TW (i A ) ={10,1,1) 521  93.64% 6494.61 6.03
with extended features f2 o0 Tk
(first row), and with only with extended features
{4, A 4} = {10,1,1} but no {ﬂf,.l,, AJ ={10,1,1} 491 9220% 6162.74 5.82
extended features (second row) without extended

features
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6 Discussions and conclusion

In this paper, we propose a new organizational model to collect blood from donors,
based on the new home donation paradigm. In home blood donation, it is not the
donor who goes to the blood collection center, but it is the collection service that
arrives at the donor’s home. To support the management of this novel service, we
develop a matheuristic framework that combines an appointment-based scheduling
of donations, an online policy to select a suitable slot when the donor actually makes
the reservation, and a MTVRP-TW to route a fleet of bloodmobiles. The structure of
this framework represents a novel contribution in the literature, and the three stages
have notable elements of novelty with respect to similar works. As for the MTVRP-
TW in particular, our model introduces new constraints linked to the perishability of
the transported goods and the variables fixed based on the solution from the previ-
ous stages. Also the planning model differs from the allocation and scheduling mod-
els generally proposed in the literature, especially because the amount of entities to
allocate is an additional decision variable. Even considering the work of Bas Giire
et al. (2018a), our planning model includes novel elements related to assignments
of the slots to specific vehicles rather than to a whole collection center, which also
requires to keep track of the capacity of each single vehicle.

The numerical experiments detailed in this paper have verified the well-per-
forming behavior of the proposed matheuristic framework. In particular, the tests
conducted on realistic instances generated based on the AVIS Milan case have con-
firmed the capability of our approach to balance the production of each blood type
over the days and to create cost-effective vehicle schedules. Computational and eco-
nomic feasibility have been verified as well. Even if these experiments have been
conducted considering a specific case, they can be however considered of general
validity, because the number of donations in AVIS Milan is large enough and its
organizational structure is general enough to make it comparable with that of several
other providers. Although the home donation paradigm refers to a new service, the
assumptions derived from the original blood collection center layout can be con-
sidered of general validity. Moreover, the execution of the experiments on random
datasets allowed us to analyze sensitivity. Therefore, we can argue that our frame-
work can also be effective for many other cases besides that of AVIS Milan.

As for the MTVRP-TW, due to its computational complexity, it was necessary
to include a heuristic approach in order to provide a usable solution within a rea-
sonable amount of time and with a reasonable amount of memory. This heuristic
approach is characterized by two parameters, whose different values make the solu-
tion process more or less efficient and able to get a solution within a predefined time
frame. However, as common in heuristics, they should be retuned when considered
other collection centers with different characteristics.

The approach proposed in this work can be applied to extend the activities of any
blood collection center towards home donation, either for all donors or only for a
part of them, according to the criteria defined by the specific health system or pro-
vider. In addition to improving the donor experience and avoiding crowds at the col-
lection center, our approach could be economically convenient if properly managed.
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In fact, without considering the cost associated to human resources, which can be
considered equivalent in the two settings, the cost of owning and operating a small
fleet of bloodmobiles may be less than maintaining a large physical collection center.

Future work will be conducted to extend the model in order to combine the new home
donation paradigm with the classical one based on blood collection centers. An extended
framework will give donors the option to choose among the two donation settings and
will balance the overall production coming from these settings. At the same time, we will
include the uncertainty of the parameters in the new framework through stochastic pro-
gramming or robust models for the first and the third stage.
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