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classical objective of the Resource-Constrained Multi-Project Scheduling Problem
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RCMPSP where each project has a different priority for the organization. With this infor-
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1. Introduction

Project-Based firms organize their operations through projects (Artto & Kujala, 2008) regardless of
whether they are internal (i.e. capital investment projects) or external (i.e. customer delivery pro-
jects). These companies must simultaneously manage internal and external projects, large and small
projects, and unique and repetitive projects (Gareis, 1991). Consequently, new challenges emerge
for managers, and new project management methods are required to manage multiple projects com-
peting for resources and financial support (Engwall & Jerbrant, 2003). Maylor et al. (2006) evidence
the “projectification of the firm”. Taking data from a survey, they argue that while projects are the
basic organizational elements in companies, programs and portfolios of programs are the current
mechanisms for managing organizations. In this context (managing multiple projects), a main chal-
lenge is to define a clear process to handle priorities within projects (Platje & Seidel, 1993): the
project leaders will compete for resources and, to avoid conflicts and crisis, the general management
should focus on setting priorities, authorizing the portfolios and resolving bottlenecks. Platje and
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Seidel (1993) already stated that the portfolio-management team will need new tools to make ex-
plicit the tradeoffs between conflicting interests by calculating the feasibilities of the various con-
figurations for the portfolio. Caniéls and Bakens (2012) claim, as Gareis (1991) did two decades
ago: there is a demand for software that can provide a more realistic approach for resource allocation
and activities scheduling so that portfolio managers can simulate different portfolio configurations.

In this context, the aim of this paper is to present an algorithm for multi-project scheduling that
provides a feasible schedule (considering resource constraints) in which the total duration of the
portfolio is minimized while considering the priority allocated by the portfolio manager to each
project within the portfolio in the scheduling process.

The rest of the paper is organized as follows: In Section 2, we present a background on project
scheduling and Portfolio Management. Section 3 focuses on the description of our approach in
which we integrate multi-project scheduling and the consideration of the portfolio manager’s prior-
ities in the scheduling process. Section 4 describes the functioning of the algorithm. In Section 5,
we discuss the contributions of our work and provide an example of the application of the algorithm.
Finally, we present the conclusions of this paper.

2. Background on project scheduling and Portfolio Management

Project scheduling is a branch of Project Management whose objective is to find a date for project
activities in which a set of constraints hold. Project scheduling is in fact a major issue for companies
facing rapid changes in its environment (Demeulemeester et al., 2013). One of these constraints is
considering that the execution of project activities consumes resources while there is a limited num-
ber of shared resources available for the execution of the project activities. Obtaining a schedule in
which all the resources required for the execution of an activity are available at the date that activity
has been scheduled is not a trivial task (Hartmann & Briskorn, 2010). So much so that it became a
line of research in Project Management’s literature under the name of Resource-Constrained Project
Scheduling Problem (RCPSP) (Herroelen, 1972).

RCPSP was proven to be, in terms of Complexity Theory, a NP-Hard problem in strong sense,
which implies that obtaining the optimal solution by means of the traditional techniques proposed
by Operational Research is not possible in a polynomial time (Blazewicz et al., 1983). Despite this,
researchers have struggled to develop new methods to obtain feasible (yet maybe not optimal) pro-
ject schedules in which this resource constraint holds (Habibi et al., 2018). Some authors proposed
applying linear techniques such as Integer Linear Programming (ILP) or Mixed Integer Linear Pro-
gramming (MILP) (Demeulemeester & Herroelen, 2002). Regardless of the applied technique, any
solution of the RCPSP provides a feasible project schedule in which there are no conflicts among
the resources shared by the project activities.

However, in general terms, companies do not normally manage one single project with shared re-
sources, but a set of projects whose execution requires sharing some company’s resources among
activities from different projects (i.e. a project portfolio). This multi-project problem obviously in-
creases the difficulty of the scheduling process far beyond the RCPSP. The research on scheduling
techniques for the multi-project case was given the name Resource-Constrained Multi-Project
Scheduling Problem (RCMPSP) (Davis & Patterson, 1969). Several proposals were made to solve
the RCMPSP as an Integer Linear Programming, ILP (Toffolo et al., 2016) or a Mixed Integer
Linear Programming, MILP (Kyriakidis et al., 2012) but, as in the single project case, this problem
cannot be resolved in a direct way as it is also considered an NP-Hard problem in strong sense
(Villafafiez et al., 2018).

Given the difficulties in finding the optimal solution for the RCPSP / RCMPSP with ILP and MILP
formulations, researchers recently explored new ways of dealing with project / portfolio scheduling
by means of heuristics and metaheuristics (Villafanez et al., 2019), which provided sufficiently
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satisfactory (yet not optimal) results. They may be based on techniques such as ant colony optimi-
zation algorithms (Majazi & Ranjbar, 2012), simulated annealing (Fink & Homberger, 2013), multi-
agent systems (Zheng et al., 2014), genetic algorithms (Pérez et al., 2015; Habibi et al., 2018),
combinatorial auctions (Song et al., 2016; Villafafiez & Poza, 2010) or even negotiation mecha-
nisms (Homberger & Fink, 2017).

Regardless of the resolution approach, the advances in the research on multi-project scheduling are
giving as a result in new algorithms that provide a feasible schedule in an environment in which
several projects compete for the same resources, which are often referred to as global resources
(Villafafiez et al., 2018). However, sharing resources among projects is only one of the issues com-
panies face in a real environment. In practice, companies that manage multiple projects simultane-
ously must adapt their structure (portfolios and portfolios of programs) and their resources to meet
the contractual objectives of scope, schedule, costs, quality and satisfaction of their stakeholders.
These companies make an effort to ensure that projects are in line with the company’s strategy,
yielding what is known as Project Portfolio Management (Turner, 1999; Martinsuo, 2013).

In this context, there exists a lot of research on management techniques for project selection criteria
(Doerner et al., 2006; Kaiser et al., 2015; Henriksen & Traynor, 1999; Kavadias & Loch, 2003;
Zuluaga et al., 2007; Cooper et al., 2000; Olson & Wu, 2010; Ghassemi & Amalnick, 2018). These
criteria may be defined in the interest of the business success (Meskendahl, 2010), aligning the
portfolio to improve the performance (Dooley et al., 2005), balancing the resources across the port-
folio (Engwall & Jerbrant, 2003), considering investment decisions (Birge, 2007) or minimizing the
risk for investors (Yu et al., 2010). Once the projects that will form part of the portfolio have been
selected, not all of the projects will normally have the same priority for the company (Cooper et al.,
1997). Several authors have proposed methods to determine what projects within the portfolio are
a priority for the company (Koc et al., 2009; Ghasemzadeh et al., 1999; Simao et al., 2018; Hannach
et al., 2016). Due to the conflicts that arise when many projects use the same critical resources
(Laslo & Goldberg, 2008), projects may need to be re-prioritized by a higher strategic management
level by making decisions that include re-allocation of resources (Jonas, 2010).

Despite the academic achievements and software developments in the last decades, project execu-
tions continue to present time and cost overruns (Herroelen, 2005). The introduction of uncertainty
in classical methods, both in in project scheduling (Herroelen & Leus, 2005; Demeulemeester &
Herroelen, 2007; Lambrechts et al., 2008) and project planning and control (Pajares & Lopez-
Paredes, 2011; Acebes et al., 2014) contributes to provide a more realistic approach to project man-
agement operational issues.

In this paper we propose to integrate project prioritization in the resource constrained multi-project
scheduling problem (RCMPSP) to find a feasible schedule compatible with the priorities assigned
by the portfolio manager while we ensure an optimal allocation of (global) constrained resources to
reduce the total duration of the portfolio (makespan).

3. Method: a market-based approach for the allocation of resources in multi-project scheduling

In multi-project scheduling some of the resources required for the execution of the activities are
shared by several projects (Villafafiez et al., 2018). If the portfolio manager decides to assign a
higher priority to a given project, there must be set a mechanism that favors the scheduling of the
activities that belong to that project.

A trivial solution would be to establish a strict hierarchy by sorting the projects in descending order
of priority (Pj > Px > .... > Pw) so that the activities that belong to Pj are scheduled in the first place,
then the activities that belong to Pk... and eventually the activities that belong to Pw. This option
generates significant inefficiencies in the use of resources and increases the total duration of the
portfolio unnecessarily.
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We propose to use the efficiency of the markets to solve allocation problems, in this case, allocation
of resources to activities. Each project will be endowed with some funding (according to the priority
it has been assigned) that gives the chance to acquire the resources it needs. The price of the re-
sources will vary according to the punctual demand. In this way, when several activities compete
for a resource, the activity with the ‘highest reserve price’ will be able to acquire the resource and
consequently be scheduled whereas the other activity (activities) will be postponed until the re-
source is released.

In this market, the price of each resource unit at a given time comes from the difference between
the supply (i.e. the number of available units of that resource at that time) and the demand for that
resource (i.e. the number of units of that resource requested by all the projects in the portfolio at
that time). If a resource is highly demanded at a particular time, its price will be relatively high.
This means that only the projects with the highest funding (i.e. prioritized projects) will be able to
acquire that resource at that time. When a project achieves the resources it needs, the activity that
required those resources will be scheduled, and the resulting price of those resources will be sub-
tracted from the project’s budget. On the other hand, when the resources needed by an activity
cannot be bought because the project to which it belongs has an insufficient budget at that time, the
schedule of that activity will be postponed until that project can afford the acquisition of that re-
source.

We would like to remark that the price a project must pay to acquire the resource required by an
activity does not correspond to the real execution cost of that activity. In our approach, we use
funding as the underlying mechanism that drives the prioritization. This means that this funding
does not correspond to the real project’s funding requirements (which can be calculated once the
portfolio schedule has been obtained). We use funding as an artifice to ‘pay’ for the resources re-

quired by the activities (whose price is determined by the internal market on a supply and demand
basis).

This mechanism allows the portfolio manager to select and evaluate different scenarios to prioritize
the projects. In Figure 1 we present four options to do this:

— Funding curve a). The portfolio manager allocates enough funds to cover & times the total
planned cost of the project Cmax(P)) from the beginning: k*Cimax(Pj)

— Funding curve b). The portfolio manager allocates enough funds to cover the total planned
cost of the project Cmax(Pj) from the beginning.

— Funding curve c). The portfolio manager allocates the funds to cover the total planned cost
of the project Cmax(P;) providing the funding in different moments during the project lifecy-
cle, but always providing enough funds to cover the planned cost along the project lifecycle.

— Funding curve d). The portfolio manager allocates the funds to cover the total planned cost
of the project Cmax(P;) providing funds in different moments during the project lifecycle
although the funding curve is below the project cost baseline.

m.u.

Crax(P) |

Project j’s Cost Baseline

Fig. 1. Four options to select the funding (i.e. priority) of the project j within the portfolio (mu:
monetary units)
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Following an analogy with project funding, in our approach, the profile of the funding curves rep-
resents the availability of funds to pay the scheduling prices of the activities. Therefore, its shape
will condition the moment and the amount of resources that can be allocated to the project. Since
in our approach the scheduling of an activity will require to ‘pay’ a scheduling price (which will
depend on how valuable that resource is according to the internal market created by the algorithm),
it is necessary to ensure a sufficient amount of money at the moment the activity is scheduled to
pay the scheduling price of that activity. If the funds are not available at that time, the activity will
need to be scheduled at a later moment at which the project has obtained the necessary funds for
the acquisition of the resources required by the activity.

Each project within the portfolio will have some funding, which will be taken as input for the sched-
uling process in our algorithm. This funding will determine how easy it is for a project to acquire
the resources needed by the activities.

It is common that some projects within the portfolio have a higher priority for the company. In a
practical situation, the portfolio manager may want to allocate a higher budget to those projects to
accelerate its execution (i.e. to facilitate an early completion of the schedule of those projects). Our
approach can be used to prioritize some projects within the portfolio by means of the allocation of
higher or lower funds to the projects depending on their priority.

4. Implementation

We consider that the portfolio’s time horizon is split into several indivisible units that we will call
time-slots. These units can be any temporal magnitude (days, weeks, months, etc.). The duration of
the activities, the project and the portfolio will be measured in time-slots.

Each resource k has a certain number of units available per time-slot (?), which we will call resource-
units. It is important to mention that the resource-units are indistinguishable and, therefore, inter-
changeable. Consequently, at a particular time-slot, all the units of the same resource will have the
same price. The actual number of resource-units of the resource k available at the time-slot ¢ will be
referred to as resource availability (r«y). In addition, we will use the term resource capacity (rk-max)
to describe the maximum number of resource-units available per time-slot for the resource £. Figure
2 illustrates the concepts of time-slot (t), resource-unit, resource availability (rx) and resource ca-
pacity (k-max).

units A

kma
J ) E c—=>
] ) O
0 T l n T T T T T T ;
1 5 10 15 t
Fig. 2. Concepts of time-slot, resource-unit, resource capacity and resource availability

The graph shows the availability of the resource k in time-slots 1 to 15 (1t t € [1, 15]). The dotted
line shows the resource capacity (rk-max = 5 units). The actual availability of this resource (rx) is
represented as the number of piled cubes in each time-slot. For example, although the capacity of
this resource is rk-max = 5 units, its actual availability at time-slot 1 is 2 resource-units (rx,1=2) be-
cause presumably the other three resource-units have already been allocated to other activities of
the portfolio. Our approach is based on a case of the RCMPSP known as SMRCMPSP (Single-
Mode Resource-Constrained Multi-Project Scheduling Problem). In single-mode scheduling, it is
considered that activities have a fixed duration and a fixed number of resources required for its
execution (whereas in multi-mode scheduling, activities can be executed with different durations
depending on the number of allocated resources). We also consider that activities cannot be inter-
rupted once they have started. Therefore, in our implementation, for an activity to be scheduled, it
must have enough funds to acquire the entire set of resource-units it requires during the whole
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duration of the activity. Consequently, the entire disbursement on resources will occur at the time-
slot when the activity begins. The scheduling process starts once the portfolio manager has defined
the funding curves for each project, which are taken as an input. This process is composed of a
succession of iterations, which we will call scheduling-steps. There will be as many scheduling-
steps as necessary until all the activities in the portfolio have been scheduled. Fig. 3 shows a
flowchart of the algorithm.

The main actions will be:

Generate a preliminary schedule for the activities that have not been yet scheduled.
Calculate the demand for resources and update the resource’s supply.

Calculate the price of the resource-units in the current scheduling-step.

Retrieve the current balance for each project.

Create a list of prioritized candidate activities.

Attempt to schedule the candidate activities of the current scheduling-step

SNk =

e Step 1. Generate a preliminary schedule for the activities that have not been yet scheduled

The schedule is composed of two types of activities: activities whose schedule is definitive (because
they were definitively scheduled in a previous scheduling-step) and activities whose schedule is
temporary (because it is not guaranteed that the resources they need are available at those provi-
sional dates).

First, the activities with a definitive starting date (if any) are placed in the schedule. Notice that the
dates of these activities will not undergo any changes during the rest of the scheduling process.
Then, their successors are added to the schedule. The scheduling of the successors is temporary and
is based on the Critical Path Method (CPM), in which the constraints associated with the consump-
tion of resources are ignored. The dates of these activities will become definitive if the following
two conditions (which will be checked in later steps) meet. First, all the resources needed by the
activities must be available during the whole duration of the activities. Secondly, the project to
which an activity belongs must have enough funds to acquire all the resources required by that
activity.

e Step 2. Calculate the demand for resources and update the supply of resources

For each resource, a demand curve is built on the theoretical amount of resources required by each
activity according to the provisional schedule created in step 1. The supply of resources is based on
the current availability of resources (i.e. they depend on the resource’s maximum capacity and the
number of resource-units that have already been allocated to other activities already scheduled).

e Step 3. Calculate the price of the resource-units in the current scheduling-step

For each resource (k), and for each time-slot (t), we compare the number of resource-units required
by the activities (i.e. resource demand, Dxkts) and the available number of resource-units (i.e. re-
source supply, Sk.s).

The market-based mechanism embedded in the algorithm generates a price for each resource-unit
in every time-slot (pk.ts). This price is calculated by modifying the price it reached in the previous
scheduling-step (pk.s-1) by certain amount (Arauzo et al. 2010). This amount is proportional to the
difference between the demand and the supply of that resource in that time step. In order to obtain
the price of the resource-unit & in the time-slot ¢ for the scheduling-step s, we proceed as shown in

Eq. (1).
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The manager sets the funding curves for each project
in the portfolio

Y

scheduling process starts

5=5+ 1 (next scheduling-step)

Scheduling-step s starts

Generate atemporary schedule forthe activities that
have not been yet scheduled

Calculate the demand for resources and update the
supply of resources

* MARKET-BASED
MECHANISM

Calculate the price of the resource-units in the
current scheduling-step

Retrieve the current balance for each project

I

Create list of prioritized candidate activities
(activities susce ptible of being definitely scheduled in
the current scheduling-step)

RESOURCE ALLOCATION: TRY TO SCHEDULE EACH CANDIDATE
ACTIVITY j FROM PROJECT i

Are there any

candidate activities? Calculate the cost of scheduling the activityy

Encugh resources in
project i?

YES

Encugh founds in
Deelay one time-slot the candidate project i?
activities that could not be scheduled in s

[and their successors too)
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h 4 A 4 v
Update the list of not scheduled | schedule activitys | I Discard activitys
activities

Update project i's
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availability
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Remove activitys from the list
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"Any activities pending
to be scheduled?

scheduling process ends

Fig. 3. Flowchart of the algorithm
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Pkts = max (pkts-1 + A (Dkts — Skts), 0) (1)

Equation 1. Calculation of the price of each resource-unit k in the time-slot t during the schedul-
ing-step s.

The parameter 4 represents the increment in the price of a resource-unit between two consecutives
scheduling-steps. This provokes an increase in the price of the resource-units located in time-slots
where the demand is higher than the supply. Consequently, the greater the difference between the
demand and the supply, the higher the increase in the price raise. On the contrary, in those cases
where the demand is lower than the supply, the price of the resources will go down.

The prices obtained for the time-slots in a concrete scheduling-step will only be valid for that sched-
uling-step, as they will be recalculated in subsequent scheduling-steps. Note that the prices for the
same resource-unit k in the same time-slot will normally change in every scheduling-step (pk.ts #
pk.ts+1) due to changes in the demand and the supply of resources as the activities are definitely
scheduled.

e Step 4. Retrieve the current balance for each project

Each project’s current balance will be used to acquire the resources needed for their activities. Each
project’s initial balance corresponds to the funds allocated by the portfolio manager to that project.
However, that balance will change over time: they may fall as the project activities are scheduled
(as it requires spending money on resources) or they may rise due to new cash inflows at particular
dates defined by the portfolio manager.

o Step 5. Create a list of prioritized candidate activities

By candidate activities, we mean those activities with no predecessors or activities whose prede-
cessors have already finished. In other words, they are the subset of activities (of any of the projects
in the portfolio) that are susceptible of being definitely scheduled in the current scheduling-step.

Once this list is obtained, we must establish an order in which the candidate activities will be tried
to be scheduled. To this aim, we use the priority rule-based heuristic introduced in Villafanez et al.
(2019). First, we try to schedule the activity with the minimum total slack. Since it is possible that
several activities have the same total slack, we use a second priority rule that breaks the ties ran-
domly.

e Step 6. Attempt to schedule the candidate activities of the current scheduling-step

We try to schedule each candidate activity, one by one, following the steps below:

First, we check whether the resources needed by the activity are available. If they are not, that
activity is immediately discarded. If all the resources required by the activity are available, the
scheduling process continues. Secondly, we calculate the scheduling price of each activity, as the
sum of the acquisition prices of the resources needed for the execution of that activity. The acqui-
sition price of a resource is calculated as the number of required resource-units multiplied by the
price of each resource-unit along the time-slots in which that resource is needed. As a matter of
example, let the activity i/ (i.e. the activity j from the project i) be the activity whose scheduling
price we need to calculate. Let dj; be the duration of that activity. Let us assume that there are K
resources involved in the execution of this activity. Let 7i;: be the number of resource-units of the
resource K required by the activity ij at the time step ¢. The scheduling price of this activity is
calculated as shown in Eq. 2:
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K dij )
Tijkt  Pkts
k=14&=dt=0

Equation 2. Calculation of the scheduling price of an activity.

Once the scheduling price is calculated, we check if the project i has enough balance to cover the
scheduling cost of the activity ij. Note that the disbursement of money is to be done at the moment
the activity ij starts. If the balance is enough, the activity ij will be definitely scheduled and the
scheduling cost will be subtracted from the budget of project i. Since the activity ij has been sched-
uled, the resource-units allocated to that activity will disappear from the market, which will result
in a decrease of the supply of that resource. On the other hand, if the project’s balance was not
enough to pay for the scheduling price, the activity is discarded.

In the next scheduling-step, a new temporary scheduling will be built on the results of the current
scheduling-step. All the candidate activities that could not be scheduled in the current scheduling-
step (either because the resources required were not available or because the project’s budget was
not enough), will be delayed one time-slot in that provisional schedule. Consequently, the succes-
sors of those activities will also undergo the subsequent delay. The scheduling process continues
until the scheduling of all the activities is definitive.

During the scheduling process, the market-inspired mechanism embedded in the algorithm calcu-
lates a scheduling price for each activity (Equation 2), which depends on the price of the resources
required by the activity at that particular time during the scheduling process, which, in turn depends
on the demand — number of projects that require the same resource — and the supply — number of
resource-units available at that time. It should be taken into account that this scheduling price is not
the cost associated with the execution of the activity. This price is an artifice that allows calculating
how ‘valuable’ a resource is at a specific time. Consequently, in case of a resource conflict (i.e. if
there are not enough resource-units available for all the projects requesting them) the algorithm
allocates the resource to the projects that ‘value that resource the most’. How much a project ‘val-
ues’ a resource is also a market metaphor: this value is the project’s amount of funds available at
that time for the acquisition of the resource, which in essence depends on the funding assigned to
that project by the portfolio manager in the beginning of the scheduling process. Consequently,
since the scheduling prices are an artifice, so is the funding provided by the portfolio manager. That
is to say, if the portfolio manager assigns a higher amount of funds to a project to obtain a schedule
that prioritizes its completion, these funds do not need to be the actual funds for the execution of
the project: they simply need to be relatively higher than the funds assigned to other projects in the
portfolio that are not a priority.

Obtaining the real funding required for the execution of the portfolio is beyond the schedule of this
study. However, its calculation is immediate. Once the portfolio manager has obtained a feasible
schedule that is in line with her priorities, she simply needs to consider that schedule and the real
costs associated to the execution of the activities to obtain a portfolio cost baseline. From this in-
formation, she will simply need to find a (real) funding that is compatible with the desired schedule.

5. Discussion: project portfolio scheduling with market-based prioritization

The approach presented in this paper provides a feasible schedule in which the duration of the port-
folio is minimized while considering the priorities of the projects within the portfolio. By using the
funding curves to represent the different priorities of the projects, the portfolio manager obtains a
schedule that is in line with the priorities of the organization. Let us remember that the possibility
of an activity being scheduled depends on the current amount of funds of the project to which it
belongs. Therefore, providing a project with a relatively higher amount of funds will increase the
probability of its activities being scheduled.
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This functionality may be used by the portfolio manager to test how different allocation of funds
affects the scheduled obtained for the portfolio. If the portfolio manager is not satisfied with the
schedule obtained for the portfolio, she can allocate a new set of funding curves to the projects and
obtain different schedules.

In this paper we have used an extension of the heuristic-based algorithm for multi-project schedul-
ing presented in Villafafiez et al. (2019). The performance of this algorithm was validated with all
the testing problems collected in the library MPSPLib (Homberger 2007). The novelty is that project
priorities are now considered during the scheduling process. The portfolio manager can select the
projects’ relative priority by allocating a relatively higher funding to the priority projects. It should
be noted that if we provide an unlimited funding scheme to every project in the portfolio (i.e. all the
projects receive the same amount of money - greater than the maximum cost for every project -
from the beginning) we will obtain the results presented in Villafaiez et al. (2019).

We will use a very simple case from MPSPLib to show that our algorithm provides the expected
prioritization results, while the criteria used in MPSPLib to rank the best algorithms Total Makespan
(TMS) and Average Project Delay (APD) both remain with good values. The portfolio is shown in
Figure 4 and consists of five projects, with 30 activities each. We represent each project as a hori-
zontal bar indicating its duration and its start/end dates. For simplicity, we have chosen a portfolio
comprised of the repetition of the same project five times with certain delay between the starting
dates of each project. If we take Project 1 as a reference, the starting date of the other four projects
are delayed 4, 9, 16 and 20 time-units, respectively. This figure shows the critical-path duration
(CPD) of the five projects (i.e. the duration of the projects assuming that all the resources required
will be available at the times required by the activities).

0 10 20 30 40 50 60 70

PROJECT_1 | 52
0 a2

PROJECT 2 ‘ 52 ‘

PROJECT 3 I 52 |

PROJECT 4 | 52 I

PROJECT 5 | 52 |
20 72

Fig. 4. Critical-path duration (CPD) of the five projects that comprise the portfolio

Due to the limitation in the number of resources, this schedule is not feasible. Fig. 5 shows the
resulting schedule after the application of resource leveling by means of the algorithm proposed by
Villafafiez et al. (2019). Since this algorithm does not consider prioritization, it simply provides a
feasible schedule for the portfolio with a minimum makespan.

0 10 2 30 40 50 60 70 80

rrosEcT 1 | 52 | 27
I [67]

PROJECT 2 | 52 | 15

4 [62] 7
PROJECT 3 | 52 l 10

9 [61] E
PROJECT 4 ‘ 52 ‘ 9
16 163]

PROJECT 5 | 52 | 11

Fig. 5. Schedule provided by the algorithm proposed by Villafafiez et al. (2019) in which prioriti-
zation is not considered

We will now use our approach to find a feasible schedule in which the portfolio duration is mini-
mized while considering the priorities of the five projects. As previously discussed, the portfolio
manager is to use the projects’ funding curves to establish a profile that is in accordance with the
company’s priorities. We will perform two experiments, in each of which different priorities for
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the company will be considered. In the first experiment, we will assume that Project 3 is a priority
for the company. In order to favor the scheduling of Project 3’s activities over the activities of other
projects, we will assign a relatively higher budget to this project. Fig. 6 shows the funding curves
used in the first experiment.

PROECT 3 FroECT 4 FROECT

xxxxxxx 2

Fig. 6. Funding curves defined in the first experiment. Project 3 is given a high funding to acceler-
ate its schedule

In the second experiment, we switch the prioritization from Project 3 to Project 4, whereas the other
projects in the portfolio have the same funding as applied in the first experiment. Figure 7 shows
the funding curves used in the second experiment.

FINAN-COST_PLOT FINAX-COST_PLOT 5 FINAK COST_PLOT

FINAN-COST PLOT FINAN-COST PLOT
ost 0

Fig. 7. Funding curves defined in the second experiment. Project 4 is given a high funding to ac-
celerate its schedule

Fig. 8 shows a comparison of the schedules obtained in the two experiments. Due to the resource
constraints, the actual duration (makespan) of the five projects obviously becomes longer after the
scheduling process. In both experiments, the portfolio manager obtains a feasible schedule for the
whole portfolio in which the duration of the whole portfolio is minimized. The particularity of our
approach (beyond other algorithms for the RCMPSP) is that the project manager will obtain differ-
ent feasible schedules for the portfolio depending on the (fictitious) funds allocated to each project,
which represents to what extent each project is a priority for the company.

In the first experiment (top of Fig. 8), if we compare the original critical-path duration of each
project and their actual duration after the scheduling process, we observe that Project 3 (i.e. the
project to which the portfolio manager has assigned a higher amount of funds) achieves a relatively
fastest execution (61 time-units). On the other hand, in the second experiment (bottom of Figure 8),
in which the portfolio manager has assigned more funds to Project 4, we observe that Project 4
obtains the fastest execution (60 time units) as desired by the portfolio manager.
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Fig. 8. Comparison of the schedules obtained in the two experiments
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Our approach can be used as a simulation tool in which the portfolio manager can obtain different
schedules depending on the priorities (i.e. funding) allocated to each project. In all cases, the total
makespan of the portfolio will be minimized. To do that, the portfolio manager simply needs to
select different funding curves (as the curves shown in Fig. 6 or Fig. 7) until she achieves a schedule
in which the projects are prioritized according to the specific needs of the company. The algorithm
proposed in this paper will also provide the schedule shown in Fig. 5 when all the projects are
endowed with the same sufficiently high funding (which would indicate that all the projects have
the same priority).

6. Conclusions

Despite the multiple mechanisms available to obtain feasible schedules in multi-project scheduling
(RCMPSP) and the abundant literature on criteria to prioritize projects within an organization, there
are currently no scheduling tools that allow portfolio managers to obtain schedules that consider the
organization’s priorities in the scheduling process. The algorithm that we have presented in this
paper exploits a market metaphor to solve the resource allocation within the projects in a portfolio
while considering the company’s priorities. The peculiarity of this algorithm is that it incorporates
project prioritization during the scheduling process. Before the scheduling process starts, the port-
folio manager determines what projects are more urgent for the organization. With this information,
the algorithm creates an artificial market that permits scheduling the activities belonging to those
projects with a higher priority. Consequently, the proposed approach provides feasible schedules
for a portfolio (in which its total duration is minimized) while gives the portfolio manager the op-
portunity to test the impact of changing priorities in the company on the portfolio schedule.
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