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An optimization model to solve the
resource constrained project scheduling
problem RCPSP in new product
development projects

Un modelo de optimizacién para resolver el problema de
programacion de proyectos con recursos restringidos RCPSP
en proyectos de desarrollo de nuevos productos

Nestor Raul Ortiz-Pimiento ® nortiz@uis.edu.co
Universidad Industrial de Santander, Colombia

Francisco Javier Diaz-Serna ° javidiaz@unal.edu.co
Universidad Nacional de Colombia, Colombia

Abstract: New product development projects (NPDP) face different risks that may
affect the scheduling. In this article, the purpose was to develop an optimization model
to solve the RCPSP in NPDP and obtain a robust baseline for the project. The proposed
model includes three stages: the identification of the project’s risks, an estimation of
activities’ duration, and the resolution of an integer linear program. Two versions of the
model were designed and compared in order to select the best one. The first version uses
a method to estimate the activities’ duration based on the expected value of the impact
of the risks and the second version uses a method based on the judgmental risk analysis
process. Finally, the two version of the model were applied to a case study and the best
version of the model was identified using a robustness indicator that analyses the start
times of the baselines generated.

Keywords: project scheduling, new product development, baseline, risks, random
duration, robustness.

Resumen: Los proyectos de desarrollo de nuevos productos (PDNP) enfrentan riesgos
que afectan su programacién. En este articulo, el propésito fue desarrollar un modelo de
optimizacion para resolver el RCPSP en PDNP y obtener una linea-base robusta para el
proyecto. El modelo propuesto incluye tres etapas: identificacion de riesgos, estimacion
deladuracién de las actividades y resolucién de un programa lineal entero. Dos versiones
del modelo fueron creadas con el fin de compararlas y seleccionar la mejor version. La
primeraversion utiliza un método para estimar la duracién de las actividades basado en el
valor esperado del impacto de los riesgos, y la segunda, un método basado en el proceso de
anilisis de riesgos criticos. Finalmente, las dos versiones del modelo fueron aplicadasaun
caso de estudio y la mejor version fue identificada empleando un indicador de robustez
que analiza los tiempos de inicio de las lineas-base generadas.

Palabras clave: programacion de proyectos, desarrollo de nuevos productos, linea-base,
riesgos, duracion aleatoria, robustez.

1. Introduction

The NPDP are an interesting subject and focus for researchers of different
academic areas. The large number of unplanned events that usually appear
in these types of projects can complicate its scheduling. In this article,
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the resource-constrained project scheduling problem (RCPSP) has been
considered as a suitable reference to address the scheduling process in
NPDP.

Traditionally, the RCPSP has been solved taking into account
deterministic input parameters. However, this approach is only
applicable when parameters such as the availability and quantity of
resources required, the involved costs or the activities duration are
assumed as static values.

The static or deterministic RCPSP does not apply to NPDP since its
activities are executed under unforeseen circumstances. Therefore, this
type of project must be analyzed as a non-deterministic problem and its
input parameters must be analyzed under a probabilistic or uncertain
context, for example, using probability functions, fuzzy numbers or other
types of representation.

In this article, the RCPSP is analyzed under a probabilistic context,
since the activities duration and the impact of the risks are represented
by probability distributions. Also, the appearance probability of new
activities, different to those originally planned, are incorporated as an
additional parameter. Therefore, the problem analyzed is called RCPSP
with random duration of activities and stochastic tasks insertion.

The purpose of this research is to develop an optimization model to
solve the RCPSP in NPDP and obtain a robust baseline for the project.
The proposed model to solve this problem covers three stages: in the first,
the risks and their impacts are identified; in the second, the activities
duration is estimated from a redundancy based method; and in the third,
an integer linear program to generate the project baseline is solved. Stage
two of the model is flexible because any redundancy based method can be
used to estimate the duration.

Two versions of the model were designed and compared in order
to select the best one. The first version uses a method to estimate the
activities’ duration based on the expected value of the impact of the
risks and the second version uses a method based on the judgmental risk
analysis process.

A case study that describes the process to develop a material for the
leadframe of a semiconductor package was used as a reference project to
apply the two versions of the optimization model. The baselines obtained
from each version of the model were compared using a robustness
indicator. It is important to remember that a robust baseline will require
few adjustments when the disruptions affect the activities duration.
Therefore, 10000 scenarios were generated through a Monte Carlo
simulation process.

The article has been organized as follows: section 2 describes the main
characteristics of the RCPSP with random duration of activities. In
section 3, a brief literature review is presented, which refers to the most
relevant articles on the project scheduling problem applied to NPDP.
Section 4 describes the proposed model to solve the RCPSP with random
duration of activities and stochastic tasks insertion. Then, section 5
presents a case study, which is resolved in section 6 using the first version
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of the proposed model. Subsequently, in section 7 the second version of
the model is applied, this version uses an alternative method to estimate
the duration of the activities. The baselines obtained by the two versions
of the model are compared in section 8. Finally, section 9 presents the
conclusions of the investigation.

2. Resource constrained project scheduling problem with
random duration of activities

The RCPSP secks minimize the project duration taking into account
the availability of resources, the activities duration and their precedence.
In the formulation of the optimization model n activities are defined
and identified by a subscript (i or j) with values between 1 and n. For
practical programming reasons, the first and last activity are represented
as fictitious activities of zero duration.

The time horizon is divided into partial periods represented by a
subscript (t) with values between 1 and T. In each period, activity i
consumes 7 ; units of the renewable resource k. The maximum amount of
renewable resource k available for each period tis defined as 1774, . Some
mathematical models also include non-renewable resources and partially
renewable resources [1]. A mathematical model to solve the RCPSP can
be expressed as linear program [2]:

Minimize 35,

Subject to:
5,2 5 +d; v(i.j) € E 2)
Z ]":",ll- = ngr v k,\i‘" t
IEA(TL) (3)
5=0 Wi

(4)

Where § ; represents the start times of each activity i, and d ; its
duration. Eq. (2) establishes the start times for each activity j taking into
account the start times and the duration of the preceding activities. £
represents the set of activities and their precedences. Eq. (3) refers to the
restriction of renewable resources, since the active activities in period t
cannot exceed the available amount of type k resources. Finally, eq. (4)
indicates that the start times are continuous positive variables.
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Under a non-deterministic focus, the input parameters of the integer
linear program (d ; , 7 % , or W 4 ) must be modeled as probability
functions, fuzzy numbers or other type of representation. An extensive
review of scientific literature about the RCPSP under a non-deterministic
focus can be consulted in [3]. In this article, the RCPSP is analyzed under
a probabilistic context, since the activities duration and the impact of
the possible risks are represented through probability distributions. The
duration can be modeled from historical information, data from similar
projects or through the experience of expert personnel.

Procedures to solve the RCPSP with random duration of activities are
designed taking into account predictive, reactive or proactive strategies.
According to [4], a predictive strategy takes the average durations of the
activities as input data in order to create a project baseline. A reactive
strategy re-schedules the original baseline when an unexpected event
occurs. A proactive strategy takes into account the variation of the
activities duration to generate a robust baseline for the project. A baseline
can be considered robust when few adjustments are required for facing
the project’s disruptions.

According to the scientific literature review carried out in this research
for the period 1996-2019, the solution techniques most frequently used
to solve the RCPSP with random duration of activities were the Genetic
Algorithms [5-16] and the Critical Chain Method [17-28]. The RCPSP
with random duration of activities and stochastic tasks insertion was
presented by [29]. In that work, the appropriate size of the project buffers
was computed in order to support the disruptions that may appear during
its’ execution.

3. A relevant literature review for the scheduling problem in
NPDP

According to the documents identified in the Scopus database for the
period 1996-2019, the project scheduling problem applied to the NPDP
was addressed in 19 research works. These contributions correspond to
6.64% of the total scientific articles related to the project scheduling
problem.

Although some of these works used fuzzy numbers to represent
the activities duration, the most frequent representation was from
probability distributions.

In 1996, Schmidt et al. [30] modeled the duration of activities through
discrete probability distributions and proposed a mixed-integer linear
program to maximize the net present value in a new product development
project. The mathematical model did not take into account the restriction
of resources; however, it incorporated two very important elements of
analysis: the probability of carrying out successfully each project activity
and the occurrence probability of the futures scenarios.

In 2001, Subramanian et al. [31] addressed the scheduling problem of
multiple projects with constrained resources (RCMPSP) and presented
a procedure that combines mathematical programming with discrete
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events simulation to assess uncertainty, to control the risk in the
selection of NPDP and to schedule the tasks. The combined simulation-
optimization model maximized the net present value taking into account
the probability of carrying out successfully each project activity, their
random duration, and the uncertainty of the amount of required
resources.

The RCMPSP applied to the NPDP was also analyzed by Choi et al.
[32], who used a discrete time Markov chain to analyze the costs variation,
the probability of success or failure of each activity and their random
duration. Three heuristic procedures were used to create an adequate
state space to solve the mathematical model by Dynamic Programming,
In 2005, Gao et al. [33] proposed a heuristic algorithm that took into
account the randomness in the activities duration, the possibility of
reworking, and the inclusion of concurrent activities that shared scarce
resources. At the end, the algorithm obtained a probability distribution
for the project duration and for the start times of each activity.

Then in 2006, Mizuyama [34] proposed a heuristic solution algorithm
to solve the project scheduling problem (PSP) without constrained
resources, based on a probabilistic decision-making process in multiple
stages. The proposed algorithm evaluated the possibility of shortening
the project activities in order to meet the due date, and at the same
time reduce the negative impact generated by the quality of each sub-
deliverables of the project.

Later, Zafra-Cabeza et al. [35-36] proposed a novel approach that not
only took into account the random duration of each activity but also the
impact of the possible risks of a project. The formulated mathematical
model uses a Model Predictive Control (MPC) technique to evaluate the
risks impact of a project and the possibility of carrying out mitigation
actions. The proposed procedure allowed solving the project scheduling
problem (PSP) without constrained resources, supported by a Petri
network type p-timed. According to the authors, this type of network
provided a dynamic model to represent the time and cost of a NPDP.

Dynamic programming was once again used as a solution technique
by Creemers et al. in 2010 [37] and in 2015 [38]. The authors designed
a model that incorporates technological development alternatives and
secked to maximize the expected net present value of a NPDP. The
proposed model incorporated the probability of success or failure of each
activity and its random duration.

In 2014, Mohammadi et al. [39] presented a solution procedure to
the project scheduling problem (PSP) without constrained resources
based on the Dependency Structure Matrix (DSM) and the Monte
Carlo simulation techniques. In this research work, the DSM was uses
to arrange the precedence relationships of activities and the information
flows between them. The simulation process generated different scenarios
from the probability distributions associated with the activities duration
and a parameter related to the overlap between tasks. Finally, when the
simulation process stabilizes, the average value for the project duration
and its variance are computed.
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In 2016, Nelson et al. [40] proposed a model that uses GERT
type networks. According to the authors, GERT-type networks allowed
adequate representation of parameters such as the random duration of
activities, the possibility of executing an activity more than once, or
the anticipated completion of the project. In this research work, the
GERT type network was modeled by means of a simulation process based
on Monte Carlo techniques. Additionally, the concept of concurrent
engineering was associated with the principle of rework and the overlap
of activities.

Also, in 2016, Nasr et al. [41] presented an analytical method to
estimate the expected duration of a NPDP without constrained resources,
this method uses a Markov Chain with reward as a starting point of the
process. The information flow and the reworks were represented from a
DSM.

Recently, the RCMPSP was addressed again in an article published by
Song et al. [42]. In this research work, the authors proposed a simulation
model based on agents and applied to a new product development
program. The designed model is supported in heuristic techniques
integrated with schedule generation schemes (SGS) and includes both
proactive and reactive scheduling,

In this literature review, only four articles that tackle the RCPSP
with random duration of activities were identified. In the other cases (9
articles), the mathematical models presented do not take into account the
resources restriction; therefore, the problem addressed was the PSP with
random duration of activities.

On the other hand, itisimportant to indicate that the articles described
above assumed that the probability distribution of the activities duration
included all the impacts caused by the project's risks. The exception to this
approach was proposed by Zafra-Cabeza et al. [35-36] who presented a

detailed analysis of each risk associated with the project’s activities.

4. An optimization model to solve the resource-constrained
project scheduling problem with random duration of
activities and stochastic tasks insertion

The proposed model to solve the problem consists of three stages:
identification of risks, estimation of the activities duration and generation
of the project baseline.

4.1. Stage 1: identification of risks

According to Elmaghraby [43] the project duration can be affected by two
types of risk: the first, known as external risk, refers to events that interfere
with the normal development of activities, such as equipment failure, loss
of documents and accidents at work, among others. The second, called
internal risk, refers to the margin of error caused by estimating the activity
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duration in the absence of external risks. The internal risk isn’t related to
external events and doesn’t cause interruption of activities.

The external risks identified in this stage must be associated to
each activity of the project, indicating their impact and probability
of occurrence. The impact of an external risk implies carrying out an
extra task whose duration can be represented through a probability
distribution. Likewise, the probability of occurrence of each risk can
be determined based on the experience and judgment of experts. In
order to organize information about the risks and their impact on the
activities, a risk activity matrix is build (see Table 3) using the following
nomenclature: Pr 4; indicates the probability of occurrence of external
risk k that affects activity i and / 4; refers to the random duration of the
extra task executed when the external risk k appears and affects activity i.
Table 3 only includes the activities that are affected by risks.

In this article, the probability distributions of 4 ; and » 4 were
taken as input data. On the other hand, external risks were assumed as
independent and the probability of occurrence of external risks through
the project planning horizon was considered constant.

4.2. Stage 2: estimation of activities duration

In this stage, any redundancy based method can be used to calculate the
activities duration (¢ ; ). The strategy requires to add extra time to
the original duration in order to face the eventualities that may appear
during the project’s execution. The new duration must be computed
even for activities that could be integrated in the project’s network
(stochastic activities). The redundancy based methods are considered
proactive methods to solve the RCPSP under uncertainty [4].

In this article, two methods were evaluated: the first based on the
expected value of the risk’s impact and the second on the judgmental
risk analysis process. The application of each method created a different
version of the proposed model.

4.3. Stage 3: generation of the project baseline

Once the activities duration (4 ; ) was computed, including the activities
duration for the stochastic activities, the project baseline was obtained by
solving the following integer linear program.

Input parameters:

d ; : Estimated duration of the activity i (including the stochastic
activities)

P ; : Binary parameter that indicates the precedence relation between
activities. P ; is equal to 1 if activity i precedes activity j, and equal to zero
otherwise.

The time horizon is splited in partial periods represented by the
subscript t, which takes values between 1 and T. T is the maximum value
for the project duration.
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Decision variables:

S ; : Planned start time of the activity i

A ;; : Binary variable that indicates if the activity i should be scheduled
in period t. 4 ; is equal to 1 if activity i is active in period t, and equal
to zero otherwise.

The mathematical model proposed to solve the RCPSP with random
duration of activities and stochastic tasks insertion is expressed as an
integer linear program:

Minimize §

n (5)

Subject to:
S; = P[5 +di] VLV] (6)
S;+d; — 1= t-4; vivt (7)
S;=t+(1-4Ay)-M  vivt (8)

9)
n
Z{?"fk' Ait) = Wi vkvwt
i=1 (10)
5; = 0 integer vi an
A; €{0.1} Yivt (12)

The objective function of the RCPSP secks to minimize the makespan
or project duration (S , indicates the start time of the fictitious activity
n). Eq. (6) guarantees that the activities start only when their precedences
have ended. Eq. (7)-(9) assure that 4 ; is equal to 1 when activity i is
active at time t, otherwise, 4 ; is equal to zero. The contribution of each
equation is presented below: eq. (7) allows A4 ;; to be 1 only if activity i has
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not ended at time t, eq. (8) allows 4 ;, to be 1 only if activity i started after
of the moment t (big M represents a large number), and eq. (9) ensures
that A ; is 1 for the interval {§ ; , S ; +d ; }.

On the other hand, eq. (10) allows that several activities can be
scheduled simultaneously as long as the available resources are not
exceeded. Finally, eq. (11)-(12) indicate the conditions of non-negativity
and the type of variable required.

The following considerations are also importants for the proposed
model:

o 'The duration of each activity must be estimated from any
redundancy based method.

e The durations calculated above must be adjusted taking into
account the probability of ocurrence of each activity. This
consideration only is applied to the stochastic activities, since
their probabilities of appearance are different to 1 (one).

o The durations obtained should be rounded to the nearest integer
value, because the proposed mathematical model was formulated
in discrete time [44].

o The precedence relationships P ; associated with stochastic
activities must be incorporated as input parameters. Therefore,
the location of these activities in the network layout must be
known in advance.

o The proposed model only takes into account the renewable
resources of the project.

This integer linear programming model was programmed in GAMS
using MIP solver of CPLEX. Finally, the start times for each project
activity (S ; ) were obtained, and the project baseline was built.

5. Case study

In this section a NPDP is presented. Many case studies provide basic
information related to a project (list of activities, precedents, and
duration) but the information related to the project’s risk analysis is
scarce or non-existent. A case study presented by Lertapiruk [45] was
selected as a reference because it provides detailed information on the
project’s risk analysis. However, this case does not include data such as the
random duration of activities, the probability of occurrence of risks, or the
insertion of tasks in the project network. For this reason, a new case study
was designed based on the information provided by Lertapiruk [45].

The case study presented in this article incorporates all the adjustments
required to apply the proposed model. The project consists in developing
a leadframe material for a semiconductor package. A new material can
be obtained by applying a special technology called RT Technology. This
new technology allows to increase the adhesion between the materials of
the integrated circuit and the leadframe material.
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The activities required to develop the project, its durations (b ;
) represented as normal probability distributions and the precedence
relationships, are detailed in Table 1. It is important to remember that
some data of the original case study [45] has been intentionally altered
in order to transform this case in an RCPSP with random duration
of activities and stochastic task insertion. As is presented in Table 1,
activities 16S and 18S are stochastic activities, since they are only executed
if the results of the TMCL and HTSL reliability tests are not accepted.
For this project, the probability of failure of the TMCL (activity 16) and
HTSL (activity 18) tests are 20% and 18% respectively; therefore, these
values indicate the probability that 16S and 18S activities will be inserted
into the project network.

Table 1
List of activities.

Duration in Predecessor
weels ()

Activities
1. Identifing the list of matenals

needed to build the new product N(L.0.1) i

2. Drawing, reviewing and approving

the leadframe NE.04 i

3. F‘{equestng new @de fu_r the NE.02) )
package and collecting information

4. Defining the new flow of the N(1L0.1) 1123
productive process

3. Start meeting to introduce the new

project and to ensure the stakeholders  N(1,0.1) 4

commitment

6. Selecting of the dnving cable for the
prototype sample. Defining gquality  N({6.0.6) -
critena and reliability tests.

7. Ordering the new material: create

202
the purchase order for the supplier. N2.0.2) 3,6
2. Building the sample leadframe N(16.1.6) 7
9. Checking dimensions of the 109
leadframe NEZ.0.D §
10. checking plating thickness N(2.0.2) 8
11. Checking the topography of the
surface N(.0.6) §
2. Camving i
12. Camying out the manufactuning N@.0.4) 9. 10

test and building the sample prototype
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Table 1 (cont.)

List of activities.

- Duration in .

Activities weels (by) Predecessor
13, Carying out the assembly
performance test and fimctional test MNi(1.0.1) 11,12
with its report
14. Prepanng the assembly report N(1.0.1) 13
15. MSLA reliability test N(8.0.8) 14
16. TMCL Eeliability test N(12,1.2) 14
165. Adjusting the product and new .
TMCL test N(o.ly 16
17. HAST Rehiability test N(10.1) 14
15. HTSL Reliability test N(10.1) 14
185. Adjusting the product and new
HTSL test N@08) 18
19. Tramsition to production: Meeting
with the production engineer to share N(1.0.1) 13, 165,
results and parameters of the T 17,185
production process
¥ T 1 -
0. Updatmg  the approved g g4y 14
specifications in the system
21. PAPP: Process of approval of parts
of production (signed) NE08) 14
i, B ¥
Erﬁt Feeport of the development camied N.0.2) 19.20. 21

23. Emiting the signed certificate with
the approval of the new product

24 Pre-production: Work instructions
and inspection of the first 10 lots.

N(4,0.4) 22

Ni(8.0.8) 23

Source: The Authors.

The network diagram of the NPDP was designed especially for this
article and can be seen in Fig. 1.

Figure 1
Case study network diagram.
Source: The Authors.

However, a new product development project contains some decision
activities, which could affect the continuity of a project. An unfavorable
result in a decision activity can lead to the withdraw of the project and as
consequence, the loss of the investment made up to that moment. For this
reason, the decision activities and their predecessors should be scheduled as
soon as possible, while the remaining activities should be scheduled once
the decision activities are completed. This strategy seeks to reduce the loss
of money if the project is canceled.
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In this case study, the decision activities are placed in the reliability
testing phase, and correspond to activities 15, 16S, 17, and 18S.

As stated earlier, these decision activities and their predecessors should
be scheduled as soon as possible; while activities 20 and 21 should be
scheduled immediately after the decision activities. One way to achieve
this purpose is to add fictitious precedence (P ; ), as in Fig. 2.

16S

17

Figure 2

Fictitious precedences.
Source: The Authors.

The risks that can affect the project are showed in Table 2 and the risk
activity matrix is presented in Table 3.
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Table 2
Case study risks list and probability distribution of their durations.
. .. Duration in
Risk Id. Description Weeks ()
: The matenals are not sent by suppliers at
Risk1 o time N(4.0.4)
Risk2  Poor quality of leadframe sample MN(12,1.2)
: Some required resources are assigned to
Risk 3 another current project N2.02)
: Production can't allocate machine to
Risk 4 support prototype sample built N(4.04)
. No electrical test board to support new
RiskS et PP N(12.1.2)
. Long queing time of realiability test after
Risk 6 submit sample to lab. N(4.04)
Source: The Authors.
Table 3
Case study risk activity matrix
L Probability of Occurrence (Pry;)
;;‘““I "]i“'; Riskl Risk? Risk3 Risk4 Risk5 Risk6
risks 02 01 0.1 035 0.1 05
Exira task duration (hy;)
8 N(4.04) N(12.12)
10 N(12.1.2)
11 N(12.1.2)
12 N(2.0.2) N(4.0.4)
13 N(12.1.2)
168 N(4.0.4)
185 N(4.0.4)

Source: The Authors.

Additionally, it is important to remember that critical project resources
can limit the simultaneous scheduling of some activities.

In this case study, the critical renewable resources correspond to the
time dedicated by the specialized personnel: project leader (PL), quality
assessment operator (QA), and design engineer (DE).

Table 4 shows the dedication time required by specialized personnel to
execute each activity. The dedication was associated to the percentage of
time required to contribute to the project activities.



Nestor Raul Ortiz-Pimiento, et al. An optimization model to solve the resource constrained project scheduling problem RCPSP in new product d...

Table 4

List of activities and resource requirements.

Activities Type of scarce resource  Dedication required per
week
1 PL 50%
2 DE 50%
3 PL.DE 20%, 50%
4 PL 80%
5 PL 30%
6 PL 40%
7
8
9 QA 100%
10 QA 100%
11
12
113
14 PL 100%
15
16
165
17
18
185
19 PL 50%
20 PL 50%
21 QA 100%
22 PL 100%
23
24 PL 20%

Source: The Authors.

The availability of time assigned for the project is 100% for the project
leader, 100% for the quality assessment operator, and 50% for the design
engineer.

6. Solution of the case study from fist version of the proposed
model

Zafra-Cabeza et al. [36] analyzed the impact of risks mitigation strategies
on project scheduling and compute the duration of each activity based
on the negative impact of external risks and the positive impact from the
mitigation strategies.

According to this referent, the activity duration i (d ; ) can be estimated
as the total expected duration, computed from the sum of the expected
value of the basic activity duration (4 ; ) and the expected value of the
extra tasks (b 4; ):
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k

1 (13)

The durations for each project activities were calculated based on the
data of Tables 1 and 3 and applying eq. (13). Subsequently, the start
times were obtained by solving of the integer linear program presented in
section 4.3. The results can be seen in Table 5.

Table S
Estimated durations and start times obtained by the first version of the proposed model

Activity 1 2 3 4 5 6 7 B 9 10 11 12 13
d; 1 4 2 1 1 & 2 18 2 3 7 @&

]

S5i o0 4 6 7 0 8 10 28 30 32 33 39
Activity 14 15 16 165 17 18 188 19 20 21 22 23 24
d; 1 8 12 2 10 10 2 1 4 & 2 4 8

54 41 42 42 34 42 42 52 60 58 56 64 066 70

Source: The Authors.

Additionally, the project duration (S,4) was 78 weeks. To take into
account the durations of the stochastic activities (16S and 18S) were
adjusted according their probabilities of occurrence.

7. Solution of the case study from second version of the

proposed model

A method based on the guidelines of the judgmental risk analysis process
[46] has been used as an alternative procedure to estimate the activities
duration (stage two).

This method is based on a pessimistic risk analysis, since the estimated
duration (4 ; ) corresponded to the maximum value obtained in a
simulation process.

Eq. (14) is used to generate 1000 duration scenarios for each activity i.
This equation takes into account: the expected value of the basic activity
duration (4 ; ), the probability of occurrence of each risk (Pr 4; ), and
the simulated duration of each extra task (b * 4 ). The probability

distributions to obtain / * 4; appear in Table 3.

k
d; = b; + Max| Z(Ff‘;ﬁ' ' hsk:') ]
1 (14)
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8. Comparison of generated baselines

In this research, a reactive procedure was designed in order to simulate
the real execution of the project and at the same time, compare the
baselines generated by each version of the proposed model. The proposed
reactive scheduling is supported in a parallel schedule generation scheme,
which allows to re-schedule the activities and to make the adjustments if
a disruption appear during the project’s execution.

Subsequently, the start times were obtained by solving the integer
linear program presented in section 4.3 (see Table 6). Additionally, the
project duration (S,4) was 81 weeks.

Table 6

Estimated durations and start times obtained by the second version of the proposed model.

Activity 1 2 3 4 5 6 7 8 9 10 11 12 I3
T 1T 4 2 1 1 6 2 19 2 4 8 6 2
S 3 2 0 6 7 0 8 10 33 29 30 35 41

Activity 14 15 16 16 17 18 18 19 20 21 22 23 24

S 3
a; 1 18 12 3 10 10 2 1 4 8§ 2 4 8
S; 43 44 44 56 44 45 55 65 62 59 67 69 73

Source: The Authors

The parallel schedule generation schemes schedule the activities in
some decision points along the planning horizon. Each decision point is
progressive and corresponds to an iteration. The designed algorithm starts
at time zero of the timeline, where activities that do not have precedence
are scheduled, only if the resources are available.

The activities scheduled simultancously are called active activities.
When the active activity of shorter duration has ended, the next decision
point is set and a new list of candidate activities to be scheduled is created.
This list of activities must meet with the restrictions of precedence and
availability of resources.

In case that the candidate activities to schedule overcomes the
availability of resources, the activities are selected according to the order
indicated by the baseline and their random duration is computed just at
the moment when each activity is scheduled by the schedule generation
scheme. The procedure is repeated until the list of activities is empty, at
that moment, the real start times of the activities (SR ; ) are obtained
from the start times obtained in the reactive scheduling.

The deviations between the planned start times in each baseline (§
15 ) and the real start times (S g ) are the starting point to analyze
the robustness of the proposed model. However, the robustness concept
implies to compare a solution with several execution scenarios. Therefore,
in this investigation the baselines of the two versions of the proposed
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model were compared with the results of the reactive scheduling for
10000 simulated scenarios from Monte Carlo technique.

The comparison was made using the solution robustness indicator (SR)
which measures the average deviation between the start times planned in
the baseline (S 5 ) and the real start times (S #; ) [47-48]. The first step
to obtain the solution robustness indicator (SR) is to calculate the average
deviation for each project activity (AS ; ) usingeq. (15):

m
rs. — &1 1515 — Sl
. m (15)

S i : Planned start time in the project baseline for the activity i (i=1,
2,..n).

S & : Real start time in each scenario R for the activity i (R=1, 2, ... m).

Subsequently, each value AS ;, was used to obtain the solution
robustness indicator (SR) using the eq. (16):

1t
SR = Z AS,
i=1

A robust scheduling is a feasible solution with a minimum deviation

(16)

from the optimal values of each scenario generated by the random
parameters of the model.

Therefore, the robustness analysis focused on computing the solution
robustness indicator for the baselines generated by the two versions of the
proposed model. For the case study, the following results were obtained:

Table 7
Obtained Results
. Solution Robustness Indicator
Version model :
(SK)
First version 111,98
Second version 119.01
Percentaje deviation 6.28%

Source: The Authors.

According to Table 7, the version of the model that used the method
based on the expected value of the impact of the risks, generated the most
robust project baseline.

The percentage deviation between the robustness indicators of the two
versions of the model was 6.28%. This percentage deviation (D) was
calculated from the eq. (17):
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SR indicatorWorst — SR indicatorBest
SR indicatorBest (17)

D =1100 x

Where:

SR indicator ., : Robustness indicator for the version of the model
that uses the expected value of the impact of the risks.

SR indicator ., : Robustness indicator for the version of the model
that uses the judgmental risk analysis process.

9. Conclusions

In this article, an optimization model was developed to solve the RCPSP
with random duration of activities and stochastic tasks insertion. From
this model, a project manager can obtain the new product development
project baseline.

A case study adjusted that incorporates the main features of a NPDP
was designed in order to apply the optimization model.

The starting point of the proposed model was the identification and
quantification process of project risks; Subsequently, the risk’s impact
was associated to each project activity in order to estimate its durations.
Finally, the project baseline was generated by solving an integer linear
program.

Two versions of the model were proposed: in the first, a method based
on the expected value of the impact of the risks was used to estimate the
duration of the activities, and in the second, was used a method based on
the judgmental risk analysis process.

The generated baselines were compared, in terms of robustness through
a solution robustness indicator (SR) that measures the average deviation
between the planned start times for each baseline (S 15; ) and the real start
times (S g ) obtained from a simulation process. According to the results,
the version of the model that uses the method based on the expected value
of the impact of the risks has a better performance than the version that
uses the judgmental risk analysis process.
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