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Abstract: The aim of this paper is to develop a computer model based

on service-oriented architecture hosted in cloud computing for the

process of human resource allocation in multiple projects. We adopted

qualitative approach to present computational. The results demonstrate

that the proposed computational model can help to reduce the time spent

by managers in the process of project elaboration, cost containment, and

the scheduling of projects with impact on Resource-Constrained-Project-

Scheduling-Problem. The contribution of this study is evidenced in the

use of algorithms to achieve the lowest possible cost while respecting the

competence of the human resources available in an environment of

multiple projects.
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1. INTRODUCTION
The scarcity of resources and schedule problems are

increasingly on the agenda of professionals and scholars in

project management (Coelho & Vanhoucke, 2020). The

process of human resource allocation in projects has gained

a prominent position in the face of various restrictions on the

traditional techniques of project management. Techniques

such as PERT (Program Evaluation and Review Technique)

and CPM (Critical Path Method) depict the interconnections

of activities using network diagrams, dealing only with the

aspect of time without considering the constraints on the use

of resources (Burgelman and Vanhoucke, 2019; Cynthia,

2020). The result of these constraints is a problem discussed

by the community during the last four decades, known as the

Resource-Constrained Project Scheduling Problem

(RCPSP).

The RCPSP is considered a severe problem of combinatorial

programming to solve   because the high number of possible

combinations can be considered a challenging and

complicated task (Blazewicz et al., 1983; Vanhoucke and

Coelho, 2019). Aspects related to this problem category lie in

the allocation of human resources in project activities

(Agarwal et al., 2011; Sönke, 2013), in which several

constraints associated with human resource allocation in

multiple projects can occur (Kurtulus and Narula, 1985;

Mohanty and Siddiq, 1989). The challenge is to establish a

minimum duration schedule, respecting the start date, the

precedence of each activity, and the availability of human

resources (Lageweg et al., 1977), which characterize the

existence of the RCPSP in organizations.
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The RCPSP is considered a mathematical problem,

classified as NP-Hard resolution (Blazewicz et al., 1983;

Ulusoy and Özdamar, 1989; Coelho and Vanhoucke, 2020).

We can say that such a problem can be understood when an

algorithm seeking to solve a combinatorial problem cannot

obtain the solution in a nondeterministic polynomial time

because considerable computational means are required

(Hochbam, 1997), requiring considerable computational

means (Arora et al., 2003; Micu et al., 2011). So, in this type

of problem, the use of mathematical models is considered

the most effective solution for a computational time

(Eugeniusz Nowicki and To, 2003). 

This research can be understood as an extension to the

study by Coelho and Vanhoucke (2020). In the study, the

authors define the number of activities and resources and

should be observed in relation to the network structure of the

activities in consideration of the resource constraints of the

project. In relation to new research, the authors suggest that

the new studies develop radically new algorithms to resolve

the restrictions imposed by the RCPSP. With this objective in

mind, the algorithms proposed in this research extend

current studies on the topic, assuming that the available

human resources should be allocated to the activities of

multiple projects to achieve the lowest possible cost among

the set of activities to be allocated.

Therefore, supporting the high processing volume generated

by such mathematical models, a cloud computing

architecture can mitigate failures associated with redundant

processing (Brabra et al., 2019), in addition to allowing the

minimization of the overall execution time of a computational

process (Kim et al., 2020), contributing for the solution to the

problems of the RCPSP to be executed in a timely

computational time. In this scenario marked by constraint

and the need to optimize the allocation of human resources

in projects, the objective of this research is to develop a

computer model based on service-oriented architecture

hosted in cloud computing for the process of human

resource allocation in multiple projects in a software

company using computational experiments.

Thus, the contribution of the proposed algorithms is related

to the skills of human resources, seeking to allocate the

available human resources with the necessary skills to

perform them as quickly as possible at the lowest operating 

cost, contrasting the studies of Herroelen et al. (1998) and

Sallam et al. (2020) that characterize the RCPSP with the

unique vision of activities without assessing the cost and

skills of available human resources. A relevant aspect that

must be highlighted is that the software used in the

experiments was developed in architecture oriented to

microservices, hosted in cloud computing architecture to

support the process of allocation of human resources in

multiple projects. The results showed less frequent usage of

allocations if we consider allocations performed through

traditional techniques of project management, which

contribute managerially as a support tool to the company. 

This article is structured as follows. Besides this section, the

introduction, Section 2 presents an overview of the literature

on the possible solutions to the RCPSP focused on the

adoption of mathematical models. Section 3 describes the

methodological procedures and the proposed cloud

computing programming model. Section 4 is devoted to

computational experiments and results analysis. The paper

is finished in Section 5, presenting the conclusions,

limitations of this research, and indications for future studies.

2 THEORICAL BACKGROUND
This section summarizes the main concepts and possible

solutions on RCPSP and the computational model hosted in

cloud computing used for human resource allocation across

multiple projects.

2. 1  Resource-Constrained Project Scheduling

Problem
The RCPSP is known as a problem of combinatorial

programming originating in the allocation of human

resources in project activities (Akers and Friedman, 1955).

The solution to this type of problem is to minimize the total

project time without violating the precedence and the

restrictions on human resources (Habibi et al., 2018; Van

Den Eeckhout et al., 2019).

The scarcity of human resources in activities has occurred in

various industries, such as civil engineering, production

engineering, software development, among others (Brucker

et al., 1999). The organizations are seeking to perform

human resources programming more quickly in projects 

(Eugeniusz Nowicki and To, 2003). The goal of such

organizations is to keep as few human resources as possible

allocated to various project activities. According to Arkhipov

et al. (2019), this is a difficult task to solve. The authors

explain that the problem lies in determining the start date of

the activities of a given project that meet the human resource

precedence and priority relationships, which makes it difficult

to minimize the total time or idleness of human resources in

a multiple project environment.

In the day-to-day of organizations, the use of adopted tools

to support the development of human resource allocation

schedules, such as Microsoft Project, Primavera, and Open

Project, may have some limitations when there are multiple

projects to be completed. In this case, there is evidence of

competition in the use of the same human resource since the

use of this kind of software can make it difficult to change or

reschedule human resources in projects (Sabar et al., 2018).

The resource scaling problems caused by RCPSP can be

considered difficult to solve due to the massive quantity of

possible simulations to get the best answer promptly (Chand

et al., 2019; Noori and Taghizadeh, 2018). Regarding the

possible solutions, Condotta et al. (2013) consider

nonparametric mathematical models one of the most

satisfactory supports for the solution of resource scaling

problems caused by RCPSP, to get the best answer

promptly (Li et al., 2019).

2.2. Solutions for Resource-Constrained Project

Scheduling Problem
The use of mathematical models has satisfactory results to

deal with problems associated with resource scheduling

(Condotta et al., 2013; Lageweg et al., 1977). Such models

aim to allow, through combinatorial actions, tasks to be

performed in the shortest possible time and with the lowest

idleness among resources (Akers, 1956; Palacios et al.,

2015).

To calculate the solution, each mathematical model performs

a certain number of hypothesis test. Genetic algorithms have

the characteristic of having an adaptive nature. The objective

of these algorithms is to solve problems associated with the

optimization of complex mathematical operations (Gonçalves

et al., 2008; Vanhoucke and Coelho, 2019). Genetic 

algorithms work with the process of natural selection of

possible solutions for a range of problems. These algorithms

have high performance and are easily adapted by

computational use, being able to provide simple solutions,

such as real-world solutions, as well as highly complex

mathematical problems, such as those related to the

optimization of resources into activities (Pacheco and

Santoro, 1999).

2.3. Computational architecture to support the

project scheduling problem with resource

constraints
The use of mathematical models, through an adequate

computational model, can be considered a possible solution

for the treatment of problems related to the allocation of

resources in activities, among them the RCPSP (Van Den

Eeckhout et al., 2019), since the computational architecture

allows tasks to be performed in the shortest possible time

and with the least idleness among resources, within

combinatorial actions (Habibi et al., 2018).

In this context, cloud computing can provide computational

resources on-demand, streamlining companies'

management processes (Garg et al., 2013). Cloud

computing contributes to increasing the performance of

highly complex problems (Mauch et al., 2013), such as the

NP-Hard problem, existing in the RCPSP. Another

architecture's highlight is to allow the dimensioning of the

infrastructure automatically in case of high processing

volume (Alcaraz Calero and Gutiérrez Aguado, 2015).

3 Proposed Computacional Model
The developed model to perform the computational

experiment with the cloud computing architecture for use as

a support tool in the process of human resource allocation in

multiple projects in a software development company.  The

proposed computational model is composed of two

processes: (i) in the initial allocation process of human

resources in various projects and for (ii) resource

reallocation(s) Human(s) project(s) running. To conduct this

study, the requirements were: 1) a list of available human

resources consisting of the competencies and the name of

each resource, with hourly value and the tasks each one 
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could perform (e.g., development, analysis, testing, approval,

and implementation); 2) a list of tasks to be performed on

each project containing the name of each project, its

respective tasks, the duration of each task (in hours), and

the precedence relationship between the tasks.

The proposed model calculates the time for completion of

the projects and the possible deviations relative to the plan.

It is worth mentioning that the proposed model presents the

terms of the reallocated projects in graph form. The graphs

represent different scenarios, which make them a tool to

support the decision-making process about which project will

have the most significant or least negative financial impact.

This assumption is in line with the one proposed by

(Ichihara, 2002) because the author states that establishing

the best relation between resource-activity allocation can

contribute to the reduction of project activity scheduling

problems.

It is noteworthy that the model will optimize the initial

allocation of human resources available in the various

project activities with parallel execution. The proposed model

assumes that human resources do not have distinct

competences for carrying out the set of activities in the

projects. Thus, for its execution, the model stipulates the

following premises: (1) it should be ensured that a resource

has the competence to perform a specific activity; (2) the

resource allocation process cannot transcend its availability;

(3) a given resource must be allocated from the beginning to

the end of the execution of a given activity; and (4) the model

does not distinguish or prioritize activities from any project.

3. 1 Data Collection
We selected five projects from the portfolio of the company

under study. They have no strategic relationship with each

other, and no restrictions associated with the use of human

resources. Projects selected were financially approved, and

the initial schedule set accordingly to the company's current.

Each project has its activities sequenced, considering the

relationship of precedence between them. Each project has

a start date of execution, as well as its initial budget

calculated concerning the cost of each activity and the hourly

value per available resource capable of performing the

activity. Regarding the volume of potential projects,

respondents have managed an average of 100 annual 

software projects over the past seven years.

3. 2 Computacional Experiment
The experiment lasted fifteen months, and the team had six

human resources available for allocation in project activities.

The experiment was divided into two phases. In the first, six

human resources were allocated into four projects. In this

phase, the allocation was made by the project managers and

by the researcher using the computational model.

The second phase included the fifth project to be executed in

parallel with the four ongoing projects, considering a new

allocation of the six human resources, now for the five

projects, also carried out by project managers and

managers, and by the researcher using the computational

model.

3. 3 Validation of the proposed model
The researcher monitored the activities until the completion

of the five projects. The project results were recorded, either

by current practices or by the use of the proposed

computational model. Information regarding project

performance was used to compare both current practices

and the use of the proposed computational model.

The performance of the projects was measured utilizing the

techniques of Earned Value Management (EVM) proposed

by PMI. EVM is a project management technique for

measuring project performance and progress with the ability

to combine project management scope, time, and cost

measures (PMI, 2017).

Regarding managerial contributions, the model was

evaluated using the Focus Group (FG) technique. According

to (Barbosa, 2008), FG is considered a qualitative research

strategy that employs a small discussion group, aiming to

obtain in-depth information. The author asserts that the FG is

a fast-performing technique that can provide a wealth of

qualitative information on the performance of activities

delivered, service provision, among other situations.

The composition of the FG is a group of eight project

managers of IT (Information Technology) companies. The

selected managers have more than nine years of experience

in managing and allocating human resources in multiple

projects. They all have a Project Management Professional 

(PMP) certification. PMP is a Project Management Institute

(PMI) issued certification and certifies that the professional

has the necessary knowledge of good project management

practices and techniques.

4 COMPUTACIONAL MODEL IN CLOUD

COMPUTING FOR HUMAN RESOURCE

ALLOCATION IN MULTIPLE PROJECTS
In the process of conducting this research, a computational

model in cloud computing was developed to allocate a set of

available human resources, considering the lowest cost and

timeframe within a set of simultaneous and concurrent

projects. The model assigns the durations of various projects

and their activities that will be executed by available human

resources. The available human resources should be

allocated to the activities of the various projects to achieve

the lowest possible cost among the set of activities to be

allocated, represented in Equation 1.

The model ensures the execution of an activity by a human

resource respecting the precedence relationship between all

activities of multiple projects. This constraint defines that a

given human resource should remain allocated from the

beginning to the end of a given activity without interruption.

The Equation 4 represents this restriction.

For the realization of allocations, the model will ensure the

integrity of the human resources available for the multiple

project activity set. At run time, the model holds that human

resource allocation processes cannot transcend their

availability. The Equation 2 represents this relationship.

To ensure the allocation of one human resource across

multiple projects, the model assumes that the start of a given

activity must have a corresponding human resource

available between projects for allocation. For this, the

premise considers the activity and its associated project,

shown in Equation 3.

The model uses another constraint to establish the best

human resource x activity x project ratio and ensure the

shortest allocation downtime. The model establishes that the

resource x activity relationship comprises the duration of the

activity of the multiple projects, thus minimizing possible

problems of time deviations. The Equation 5 demonstrates

this.

Finally, the model assumes that resources have the same

competencies to perform a specific set of activities of various

projects. At this moment, the model's purpose is to ensure

that a resource, with appropriate competence, performs a

particular activity in the set of projects available for

allocation, shown in Equation 6.

It is essential to say that the model does not distinguish or

prioritize activities between projects. Another determining

factor is that the model does not reconsider the critical path

of projects since tasks have predefined durations from the

beginning. Importantly, the mathematical equations have as

a primary objective minimizing the total cost through the

allocation of available human resources in activities of

multiple projects. Thus, this model provides scenarios to

assist decision making in case of constraints imposed by the

RCPSP. The relationship between competing activities by

the RCPSP and the proposed model equations is described

in Figure 1.
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In terms of its architecture, the proposed computational

model was developed under the standards of service-

oriented architecture and coded under Microsoft Visual

Studio 2019 platform, using ASP .NET MVC and Microsoft

C# programming languages, hosted in cloud computing.

4.1 Description of the cloud architecture of the

proposed computational model
The cloud architecture of the proposed computational model

is composed of the following components: Application built

under the Progressive Web App (PWA) paradigm, where

there is no update of the pages to load the data.  Written

under the current paradigms of web programming, always

aiming at data security and already in compliance with

European data protection laws. The model was developed

based on simulations of activities of multiple projects, with

the objective of obtaining yield obtained considering the

team size and the work limit to be performed (Lunesu et al.,

2018).

Regarding the computer services developed to support the

equations: (i) manages calendars, including holidays. The 

objective is guaranteeing the integrity of task allocations

apart from schedules (working hours, working days, local,

state, national and international holidays); (ii) manages the

human resources that will be allocated to the projects. This

service manages the availability of the project resources, as

well as the skills that each resource can perform; (iii) service

that makes persistence and reading the resource allocation

history by project. Two layers support the visual pattern and

presentation. The first is a standard portal for access,

programmed in angular languages 4, CSS 3, and HTML 5.

This portal is made available through a website and

allocated on the Microsoft Azure as Platform As a Service,

represented in Figure 2.

The result is the integration of services with the developed

equations, to guarantee the necessary calculations to carry

out the simulations of possible allocations of human

resources in activities of multiple projects, characterized by

the RCPSP.

4.2 Results of the first phase of the computational

experiment 

The first phase allocated the six human resources available

in the four projects. The allocation was done manually by

project managers responsible for projects at weekly

meetings. The approximate time spent by each actor in

these processes of allocation was recorded along with the

time simulated by the researcher using the computational

model proposed for the same allocation. Table 1 shows the

results.

The table 1 shows the time taken by the computer model to

allocate the same projects that were also allocated manually.

We can say that the time spent was considerably less than

the allocation time made by the organization's current

process. When it comes to human resource allocation,

traditional PM (Project Management) techniques suggest

that resource allocation should be performed according to

the order of execution of the activities, in which the allocation

of resources takes place through the possible constraints of

availability - resource scaling (Ichihara, 2002; Laslo, 2010).

In this context, the search for optimized resource allocation

in project scheduling can influence the increase in allocation

time by traditional PM techniques, thus characterizing the 

presence of RCPSP (Blazewicz et al., 1983; Brucker et al.,

1999; Kolisch et al., 1995). This scenario is aggravated since

that traditional software to support the schedule of

development has limitations regarding the optimal

management of resources (Schwaber, 2002; Chang et al.,

2008) as this software treats the resources, including human

resources, as temporary, unique, and part of a team 

FIGURE 2: CLOUD ARCHITECTURE OF THE PROPOSED COMPUTATIONAL MODEL.

FIGURE 1: CLOUD ARCHITECTURE PROPOSED AND THE RELATIONSHIP WITH THE

MODEL EQUATIONS.

TABLE 1: ALLOCATION TIME BY THE CURRENT ORGANIZATION PROCESS X

ALLOCATION TIME THROUGH THE COMPUTATIONAL MODEL.
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appointed to carry out each project (Kerzner, 2019). This

research identified the resource exclusivity scenario by

project, at the time of initial allocation. The execution of

several projects is a negative impact factor on the company,

in which most managers spend hours allocating a project

due to competition and lack of insight into the resources

allocated to the various competing projects.

Another highlight in addressing resource optimization is

associated with project cost. The project cost calculation task

requires managers to know the competencies and the unit

cost of each of the resources divided by a known metric unit.

If there is no information for the unit value of the resource,

traditional PM techniques suggest the use of an estimated

measure in which the allocation of each resource is done

manually by each manager project to project (Tuli et al.,

2020).

For the company under study, in which the multiple project

scenario is real and constant, the projects, from their initial

resource allocation moment, may compete for the allocation

of available resources (Kujala et al., 2011). Thus,

establishing the best use of resources is an essential factor

for the performance increase of the projects (Cooper and

Kleinschmidt, 2001), which occurs from the process of the

initial allocation of resources (Laslo, 2010).

Based on the results of this phase, it was possible to point

out the cost of the projects that were part of this study

through the current resource allocation process and the use

of the computational model. Table 2 shows the results.

Given the information presented in Table 2, the allocation

made through the computational model was more efficient

than the company's current resource allocation process,

 except for project four, in which the project established the

same cost, justified by the model's premise, in which the

resource-activity relationship prevails with the lowest cost

and lowest possible downtime for each available resource

(Plekhanova, 1999). In contrast, the organization has a

negative impact or does not achieve better performance

because of the challenges associated with the resource

allocation process, such as the type of resource and the

number of team members that may change during the

project life cycle, assignment of resources with lower skills

than those required for execution of the activity, and the use

of intuition for resource allocation. The result can cause an

impact on activities with deviations or delays, or it may cause

an unnecessary increase in the total cost of the project

(Padovani et al., 2010).

4.3 Results of the second phase of the

computational experiment 
The second phase of the experiment included a new project

to the set of projects proposed in Phase 1 of this research,

all still under execution. This new scenario relocates the six

human resources across the five projects. For each

relocation, the approximate time spent by each actor and the

approximate time spent by the proposed computational

model were stored.

The organization's current process took approximately 3.5

hours to reallocate resources across the five projects, while

the same allocation made through the computational model

took approximately 1 minute and 40 seconds, resulting in a

99.20% of the time spent by the proposed computational

model compared with time spent by project managers. 

Based on the results shown, when a resource reallocation

scenario occurs, or by the event of allocation for a new

project occurs, the organization also suffers from the impacts

caused by resource escalation (Ichihara, 2002; Laslo, 2010).

Due to the set of projects of the studied company being in

progress and thus sharing the same resources (Park & Lee,

2014; Reeves et al., 2013), the task of establishing resource

allocation to minimize total project time without violating

resource precedence (Mingozzi et al., 1998) cannot be

considered a trivial task. The biggest challenges of this

activity are associated with allocating and balancing

resources in pursuit of project set performance, establishing

the allocation respecting the organization's strategy, and

maintaining the appropriate number of resources per project

(Cooper and Kleinschmidt, 2001).

Based on the results of this phase, it was possible to point

out the part of the project's cost incurred through the current

process of resource reallocations and the use of the

computational model. The result also includes the entry of

the fifth project. Table 3 shows these costs.

Data presented in Table 3 points out that upon the entry of a

new project, the process of reallocating human resources in

multiple projects had better results using the computational

model compared to the current practices of the project in the

studied company. For this company, this scenario of

resource reprogramming is presented as typical and existing

in software development projects (Brucker et al., 1999). To

minimize negative impacts, it is necessary to take action as

soon as possible to establish a reprogram that can bring

financial benefits to the organization (Sönke, 2015).

It is worth mentioning that the compliance of the cost and

time has a close relationship with project performance.

Projects that exceed their costs or time limits cannot reach

their goals (Jeffery & Leliveld, 2004), or even taking the risk

of not deliver any product (Group, 2019). Thus, to increase

the project’s performance concerning cost and schedule, to

minimize the idleness of resources between more than one

project can contribute to the increase of company results.  

When it comes to initial resource allocation and the resource

reallocation process, the flexibility of the proposed

computational model can contribute to matrix structure

organizations for both cost optimization and impact on

possible lead time deviations. Matrix organizations carry out

their work through projects coordinated by managers who

have the responsibility to execute their projects within a pre-

planned cost, time, and quality (White & Fortune, 2002). The

following relationships can establish the contribution of

proposed computational model: (1) the lower the allocation

cost, the higher the financial performance of project trends to

be; (2) regarding the deadline, ensuring the delivery deadline

may minimize contractual issues, customer dissatisfaction,

and resource reallocation risks of other projects. 

When it comes to financial performance, regarding a sample

of only five projects, the cost reduction percentage does not

appear to be very representative. However, when looking at

the costs involved in projects, Gartner's research predicts

that spending on information technology projects in Brazil will

total US$ 64 Billion in 2020, representing an increase of

2.5% compared to the accumulated amount in 2019

(“Gartner IT SYMPOSIUM|Xpo,” 2019). By observing these 

NOTE: CONVERSION FROM R$ TO US$ WITH THE CONVERSION RATE OF R$ 5.21 ON NOVEMBER 11, 2020.

TABLE 2: ALLOCATION COST BY CURRENT ORGANIZATION PROCESS X ALLOCATION

COST THROUGH A COMPUTATIONAL MODEL.

NOTE: CONVERSION FROM R$ TO US$ WITH THE CONVERSION RATE OF R$ 5.21 ON NOVEMBER 11, 2020.

TABLE 3: INITIAL ALLOCATION COST BY CURRENT ORGANIZATION PROCESS X

ALLOCATION COST THROUGH COMPUTATIONAL MODEL
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values and applying the average reduction of the five

projects (2.68%), shown in Table 3, the use of the proposed

model would represent a reduction of approximately US$

1,715,200,000.00 (One billion seven hundred and fifteen

million two hundred thousand dollars) for companies in this

sector in Brazil.

After the end of the second phase, we may conclude that the

higher the number of projects involved in the allocation of

human resources, thus enhancing the constraints imposed

by RCPSP, the proposed computational model has more

effective results, as can be seen in Tables 2 and 3. When

applied to four projects, the model presented an average

cost reduction of 0.85%, but when applied to five concurrent

projects, the model presented an average cost reduction of

2.68%. Thus, we concluded that as more significant is the

restrictions imposed by RCPSP in business are, the higher

the effectiveness of the model in search of cost reduction

associated with the allocation of human resources across

multiple projects is.

4.4 Focus group validation of the model 
The proposed computational model and the results of

Phases 1 and 2 were presented to the FG. The FG

evaluated the data for 30 days and presented their opinions

regarding the proposed computational model concerning the

process of initial allocation or reallocation of resources in the

projects. Regarding managerial contributions, FG highlighted

the speed provided by the use of the model, helping reduce

the time spent on allocations tasks and free time for project

managers to perform other management activities. Another

contribution pointed out by the FG was the end of internal

disputes by project managers to allocate one or more human

resources. The managerial highlight of the purposed

computational model is presenting the multiple critical paths

involving the projects in execution, transforming the model

into a decision support tool regarding the constraints

imposed by the RCPSP. 

The model showing the various critical paths in projects

running can help companies achieve more exceptional

project performance in terms of cost, time, and efficiency of

human resources use (Salas-Morera et al., 2018). The FG

pointed out two suggestions for model improvements. The

first refers to highlighting the activities of a human resource 

in the various projects of the company. With this view, FG

stressed that it would be possible to analyze the impact on

projects when a human resource is prioritized or withdrawn

from a project. This feature of the model may contribute to

the human resource view throughout the project lifecycle in

the organization, which may contribute to the time and cost

performance of projects (Kerzner, 2019). The second

suggested improvement was the storage of project activity

estimates, considering the human resources competencies

needed to carry out each activity. The purpose of the storage

is that the model contributes to create or collect knowledge

necessary for the execution of new projects (Pospieszny et

al., 2018).

Regarding the possible restrictions on the model’s use, the

FG pointed to the need to apply it in a more significant

number of projects and other company's departments to

validate the results.

5 CONCLUSION
The result also pointed to the effectiveness of the

computational model in reducing resource idleness,

benefiting the organization through less time deviation from

the start of projects. The results showed that the use of a

computational model as a tool to support the process of

human resource allocation in multiple projects could

contribute to minimizing the impacts caused by the RCPSP. 

The first contribution is related to the time spent by

managers to prepare the allocation schedule. The proposed

model presented considerably reduced allocation times

compared to what is currently spent by the organization

using traditional project management techniques. By

reducing time in setting the schedule, managers can focus

their competencies on other management activities, such as

intensifying project control and monitoring to increase

delivery quality or in advance, to participate in activities

associated with new projects that will soon integrate the

project portfolio. The computational model, due to its

architecture, streamlined the company's management

processes concerning the allocation of human resources in

multiple projects, as suggested by (Alcaraz Calero and

Gutiérrez Aguado, 2015).

Another contribution refers to the resource optimization used

in the studied company either in the initial allocation or in

reallocation. The model presented satisfactory results for

making the allocation by trying to obtain the best cost per

activity ratio with the shortest possible idle time of each

human resource. This scenario contributed to the reduction

of project costs, both in the initial allocation activities and in

the entry of new projects.

In terms of managerial contribution, the proposed model, by

addressing the available human resources for allocation in

the shortest possible time and without internal dispute, offers

project managers the possible critical paths in the process of

human resource allocation in multiple projects, which can be

explained by the cloud architecture of the proposed

computational model (Tuli et al., 2020) guaranteeing the

solution of the RCPSP in a timely computational time

(Alcaraz Calero and Gutiérrez Aguado, 2015).

This view goes in the opposite direction proposed by PMI

(2017), in which the critical path is defined as the sequence

of activities that represents the longest path of a project,

which determines the shortest possible duration for the

project. Using the proposed computational model in a multi-

project environment, project managers will gain insight into

the current critical paths involving the allocation of human

resources arising from the need to prioritize resources or

projects, as well as new project needs or the cancelation of

ongoing projects.

In terms of practical contribution, the proposed software, by

treating the human resources available for allocation in the

shortest possible time without internal dispute for allocation,

presents project managers with the possible critical paths in

a process of human resource allocation in multiple projects.

This view goes in the opposite direction to that proposed by

PMI (2017), where the critical path is defined as the

sequence of activities that represents the longest path of a

single project, which determines the shortest possible

duration for the project. From the use of the proposed

software, in an environment of multiple projects, project

managers will have a vision of the critical paths that exist

involving the allocation of human resources, arising from the

need to prioritize resources or projects, as well as the entry

or canceling an ongoing project. In this context, the proposed 

software can be used as a tool to support decision making

involving human resource restrictions in an environment of

multiple projects, where the objective will be to guarantee the

efficient use of human resources in search of increased

performance.

Thus, the proposed computational model can be used as a

support tool for decision-making involving human resource

constraints in a multiple project environment, in which the

goal is to ensure the efficient use of human resources

supporting project performance increase.

By observing the results of this research, it can be

recommended that organizations address the problems

caused by the resource scheduling no longer through

traditional human resources allocation methods, which are

interpreted as temporary and exclusive to a project (PMI,

2017; Kerzner, 2019), but through a view in which the

resource is no longer unique to a project but instead is

allocated to some project activity within its competencies in

search of performance increase (Sandhu et al., 2019;

Wikstrom et al., 2009).

Finally, the proposed computational model can be used to

support schedule development tools such as Microsoft

Project, Primavera, and Open Project to eliminate limitations

on optimal resource management (Chang et al., 2008),

besides allowing the proposed model to contribute to

minimizing the time spent by managers in the manual

resource allocation process (Schwaber and Beedle, 2002).

The computational model elaborated in this research was

built from the perspective of an architecture hosted in cloud

computing, presenting flexibility and agility for

implementation in organizations that support a more

significant number of projects. However, this work is limited

only to the presentation of a computational model and the

exclusive use in IT projects. In this sense, such limitations

generate a vast opportunity for future studies, such as the

construction and application of the proposed computational

model in IT projects and the comparison of project results by

current project management techniques and the use of the

computational model suggested by the FG. Another

possibility for future work is to apply the model proposed in

companies that are not part of the Information Technology

sector and compare the results.



C L O U D  C O M P U T I N G  A R C H I T E C T U R E . . . PAGE 63

JOURNALMODERNPM.COM JAN/APR 2022

REFERENCES

Agarwal, A., Colak, S., & Erenguc, S. (2011). Computers & Operations

Research A Neurogenetic approach for the resource-constrained project

scheduling problem. Computers and Operation Research, 38(1), 44–50.

https://doi.org/10.1016/j.cor.2010.01.007 

Akers, S. B. (1956). Letter to the Editor — A Graphical Approach to Production

Scheduling Problems. Operations Research, 4(2), 244–245.

Akers, S. B., & Friedman, J. (1955). Journal of the Operations Research

Society of America A Non-Numerical Approach to Production Scheduling

Problems. Journal of the Operations Research Society of America, 3(4), 429–

442.

Alcaraz Calero, J. M., & Gutiérrez Aguado, J. (2015). Comparative analysis of

architectures for monitoring cloud computing infrastructures. Future Generation

Computer Systems, 47, 16–30. https://doi.org/10.1016/j.future.2014.12.008 

Arkhipov, D., Battaïa, O., & Lazarev, A. (2019). An efficient pseudo-polynomial

algorithm for finding a lower bound on the makespan for the Resource

Constrained Project Scheduling Problem. European Journal of Operational

Research, 275(1), 35–44. https://doi.org/10.1016/j.ejor.2018.11.005 

Arora, Sanjeev, David Karger, M. K. (2003). Polynomial Time Approximation

Schemes for Dense Instances of NP-Hard Problems. Random Structures and

Algorithms, 23(1), 73–91. https://doi.org/10.1002/rsa.10072 

Barbosa, E. F. (2008). Instrumentos De Coleta De Dados Em Pesquisas

Educacionais. (i), 1–10. Retrieved from

http://www.serprofessoruniversitario.pro.br/imprimir.php?

modulo=21&texto=1325 

Blazewicz, J., Lenstra, J.K., Rinnooy Kan, A. H. G. (1983). Scheduling subject

to resource constraints: classification and complexity. Discrete Applied

Mathematics, 5, 11–24.

Brabra, H., Mtibaa, A., Petrillo, F., Merle, P., Sliman, L., Moha, N., ... &

Gargouri, F. (2019). On semantic detection of cloud API (anti) patterns.

Information and Software Technology, 107, 65-82.

https://doi.org/10.1016/j.infsof.2018.10.012

Brucker, P., Drexl, A., Möhring, R., Neumann, K., & Pesch, E. (1999).

Resource-constrained project scheduling: Notation, classification, models, and

methods. European Journal of Operational Research, 112(1), 3–41.

https://doi.org/10.1016/S0377-2217(98)00204-5 

Burgelman, J., & Vanhoucke, M. (2019). Computing project makespan

distributions: Markovian PERT networks revisited. Computers & Operations

Research, 103, 123-133. https://doi.org/10.1016/j.cor.2018.10.017 

 Chand, S., Singh, H., & Ray, T. (2019). Evolving heuristics for the resource

constrained project scheduling problem with dynamic resource disruptions.

Swarm and Evolutionary Computation, 44(October 2018), 897–912.

https://doi.org/10.1016/j.swevo.2018.09.007 

Chang, C. K., Jiang, H. yi, Di, Y., Zhu, D., & Ge, Y. (2008). Time-line based

model for software project scheduling with genetic algorithms. Information and

Software Technology, 50(11), 1142–1154.

https://doi.org/10.1016/j.infsof.2008.03.002 

Cynthia, O. U. (2020). Implementation of Project Evaluation and Review

Technique (PERT) and Critical Path Method (CPM): A Comparative Study.

International Journal of Industrial and Operations Research, 3(004).

https://doi.org/10.35840/2633-8947/6504 

Coelho, J., & Vanhoucke, M. (2020). Going to the core of hard resource-

constrained project scheduling instances. Computers & Operations Research,

121, 104976.

Condotta, A., Knust, S., Meier, D., & Shakhlevich, N. V. (2013). Tabu search

and lower bounds for a combined production-transportation problem. 

Computers and Operations Research, 40(3), 886–900.

https://doi.org/10.1016/j.cor.2012.08.017 

Cooper, R. G., & Kleinschmidt, E. J. (2001). Stage-gate process for new

product success. Innovation Management U, 3, 2001. Retrieved from

http://wiki.bio.dtu.dk/teaching/images/3/3c/Stage-gate.pdf 

Eugeniusz Nowicki, C. S., & To. (2003). A Fast Taboo Search Algorithm for the

Job Shop Problem. Manage. Sci., 42(6), 797–813.

Garg, S. K., Versteeg, S., & Buyya, R. (2013). A framework for ranking of cloud

computing services. Future Generation Computer Systems, 29(4), 1012–1023.

https://doi.org/10.1016/j.future.2012.06.006 

Gartner IT SYMPOSIUM|Xpo. (2019). Gartner IT SYMPOSIUM. Retrieved

from https://www.gartner.com/en/conferences/la/symposium-brazil 

Gonçalves, J. F., Mendes, J. J. M., & Resende, M. G. C. (2008). A genetic

algorithm for the resource constrained multi-project scheduling problem.

European Journal of Operational Research, 189(3), 1171–1190.

https://doi.org/10.1016/j.ejor.2006.06.074 

Group, S. (2019). The Chaos Report. Retrieved from

https://www.projectsmart.co.uk/white-papers/chaos-report.pdf 

Habibi, F., Barzinpour, F., & Sadjadi, S. J. (2018). Resource-constrained

project scheduling problem: review of past and recent developments. Journal

of Project Management, 3, 55–88. https://doi.org/10.5267/j.jpm.2018.1.005 

Herroelen, W., De Reyck, B., & Demeulemeester, E. (1998). Resource-

constrained project scheduling: A survey of recent developments. Computers

and Operations Research, 25(4), 279–302. https://doi.org/10.1016/S0305-

0548(97)00055-5 

Hochbam, D. S. (1997). Approzimation Algorithms for NP-Hard Problems

Introduction ( Abridged ). ACM Sigact News, 28(2), 40–52.

Ichihara, J. de A. (2002). Restrição De Recursos ( Resource-Constrained

Project Scheduling Problem ). XXII Encontro Nacional de Engenharia de

Produção, (3), 1–8.

PMI - Project Management Institute. (2017). Guide to the project Management

body of knowledge - Sixth Edition (Project Management Institute, ed.).

Pennsylvania USA.

Jeffery, M., & Leliveld, I. (2004). Best practices in IT portfolio management",

MIT Sloan Management Review. MIT Sloan Management Review, 45(2), 26–

32. https://doi.org/10.1371/journal.pone.0015090 

Kerzner, H. (2019). Using the project management maturity model: strategic

planning for project management. Sons, John Wiley &.

Kim, T., Min, H., Choi, E., & Jung, J. (2020). Optimal job partitioning and

allocation for vehicular cloud computing. Future Generation Computer

Systems, 108, 82–96. https://doi.org/10.1016/j.future.2020.02.007 

Kolisch, R., Sprecher, A., & Drexl, A. (1995). Characterization and Generation

of a General Class of Resource-Constrained Project Scheduling Problems.

Management Science, 41(10), 1693–1703.

https://doi.org/10.1287/mnsc.41.10.1693 

Kujala, S., Kujala, J., Turkulainen, V., Artto, K., Aaltonen, P., & Wikstrom, K.

(2011). Factors influencing the choice of solution-specific business models.

International Journal of Project Management, 29(8), 960–970.

https://doi.org/10.1016/j.ijproman.2011.01.009 

Kurtulus, I. S., Narula, S. C. (1985). Multi-Project Scheduling : Analysis of

Project Performance. IIE Transactions, 17(1), 37–41.

https://doi.org/doi:10.1080/07408178508975272 

Lageweg, B. J., Lenstra, J. K., & Rinnooy Kan, A. H. G. (1977). Job-Shop

Scheduling By Implicit Enumeration. Management Science, 24(4), 441–450.

https://doi.org/10.1287/mnsc.24.4.441 

Laslo, Z. (2010). Project portfolio management: An integrated method for

resource planning and scheduling to minimize planning/scheduling-dependent

expenses. International Journal of Project Management, 28(6), 609–618.

https://doi.org/10.1016/j.ijproman.2009.10.001 

Li, K., Xiao, W., & Yang, S. lin. (2019). Scheduling uniform manufacturing

resources via the Internet: A review. Journal of Manufacturing Systems,

50(September 2018), 247–262. https://doi.org/10.1016/j.jmsy.2019.01.006 

Lunesu, M. I., Münch, J., Marchesi, M., & Kuhrmann, M. (2018). Using

simulation for understanding and reproducing distributed software

development processes in the cloud. Information and Software Technology,

103, 226-238.

https://doi.org/10.1016/j.infsof.2018.07.004

Mauch, V., Kunze, M., & Hillenbrand, M. (2013). High performance cloud

computing. Future Generation Computer Systems, 29(6), 1408–1416.

https://doi.org/10.1016/j.future.2012.03.011 

Micu, A., Micu, A. E., Susanu, I., & Cristache, N. (2011). Planning and

developing of a relationship marketing project: challenges and opportunities. In

Zemliak, A and Mastorakis, N (Ed.), Recent Advances In Business

Administration (Pp. 21–26). Ag Loannou Theologou 17-23, 15773 Zographou,

Athens, Greece: World Scientific And Engineering Acad And Soc.

Mingozzi, A., Maniezzo, V., Ricciardelli, S., & Bianco, L. (1998). An exact

algorithm for the resource-constrained project scheduling problem based on a

new mathematical formulation. Management Science, 44(5), 714–729.

https://doi.org/10.1287/mnsc.44.5.714 

Mohanty, R. P., & Siddiq, M. K. (1989). Multiple projects-multiple resources-

constrained scheduling : some studies. International Journal of Production

Research, 27(2), 261–280. https://doi.org/10.1080/00207548908942546 

Noori, S., & Taghizadeh, K. (2018). Multi-mode resource constrained project

scheduling problem: a survey of variants, extensions, and methods.

International Journal of Industrial Engineering & Production Research, 29(3),

293–320. https://doi.org/10.22068/ijiepr.29.3.293 

Pacheco, R. F., & Santoro, M. C. (1999). Proposta de classificação

hierarquizada dos modelos de solução para o problema de job shop

scheduling. Gestão & Produção, 6(1), 1–15. https://doi.org/10.1590/s0104-

530x1999000100001 

Padovani, M., De Carvalho, M. M., & Muscat, A. R. N. (2010). Seleção e

alocação de recursos em portfólio de projetos: Estudo de caso no setor

químico. Gestao e Producao, 17(1), 157–180. https://doi.org/10.1590/s0104-

530x2010000100013 

Palacios, J. J., González, M. A., Vela, C. R., González-Rodríguez, I., &

Puente, J. (2015). Genetic tabu search for the fuzzy flexible job shop problem.

Computers and Operations Research, 54, 74–89.

https://doi.org/10.1016/j.cor.2014.08.023 

Park, J. G., & Lee, J. (2014). Knowledge sharing in information systems

development projects: Explicating the role of dependence and trust.

International Journal of Project Management, 32(1), 153–165.

https://doi.org/10.1016/j.ijproman.2013.02.004 

Plekhanova, V. (1999). Capability and Compatibility Measurement in Software

Process Improvement. Process Improvement, Proceedings of the 2nd

European Software Measurement Conference - FESMA’99, 179–188.

Pospieszny, P., Czarnacka-Chrobot, B., & Kobylinski, A. (2018). An effective

approach for software project effort and duration estimation with machine

learning algorithms. Journal of Systems and Software, 137, 184–196.

https://doi.org/10.1016/j.jss.2017.11.066 

Reeves, L., Dunn-Jensen, L. M., Baldwin, T. T., Tatikonda, M. V, & Cornetta,

K. (2013). Partnership between CTSI and Business Schools Can Promote Best

Practices for Core Facilities and Resources. CTS-CLINICAL AND

TRANSLATIONAL SCIENCE, 6(4), 297–302. https://doi.org/10.1111/cts.12059 

Sabar, N. R., Turky, A., & Song, A. (2018). A genetic programming based

iterated local search for software project scheduling. GECCO 2018 -

Proceedings of the 2018 Genetic and Evolutionary Computation Conference,

1364–1370. https://doi.org/10.1145/3205455.3205557 

Salas-Morera, L., Arauzo-Azofra, A., García-Hernández, L., Palomo-Romero,

J. M., & Ayuso-Muñoz, J. L. (2018). New Approach to the Distribution of

Project Completion Time in PERT Networks. Journal of Construction

Engineering and Management, 144(10), 1–12.

https://doi.org/10.1061/(ASCE)CO.1943-7862.0001552 

Sallam, K. M., Chakrabortty, R. K., & Ryan, M. J. (2020). A two-stage multi-

operator differential evolution algorithm for solving Resource Constrained

Project Scheduling problems. Future Generation Computer Systems, 108,

432–444. https://doi.org/10.1016/j.future.2020.02.074 

Sandhu, M. A., Al Ameri, T. Z., & Wikstrom, K. (2019). Benchmarking the

strategic roles of the project management office (PMO) when developing

business ecosystems. BENCHMARKING-AN INTERNATIONAL JOURNAL,

26(2), 452–469. https://doi.org/10.1108/BIJ-03-2018-0058 

Schwaber, K., and Beedle, M. (2002). Agile software development with Scrum

(Vol. 1). Upper Saddle River: Prentice Hall.

Sönke, H. (2013). Project scheduling with resource capacities and requests

varying with time : a case study. Flexible Services and Manufacturing Journal,

25, 74–93. https://doi.org/10.1007/s10696-012-9141-8 

Sönke, H. (2015). Handbook on project management and scheduling vol. 1.

Handbook on Project Management and Scheduling Vol. 1, 1, 1–663.

https://doi.org/10.1007/978-3-319-05443-8 

Tuli, S., Sandhu, R., & Buyya, R. (2020). Shared data-aware dynamic resource

provisioning and task scheduling for data intensive applications on hybrid

clouds using Aneka. Future Generation Computer Systems, 106, 595–606.

https://doi.org/10.1016/j.future.2020.01.038 

Ulusoy, G., & Özdamar, L. (1989). Heuristic performance and

network/resource characteristics in resource-constrained project scheduling.

Journal of the Operational Research Society, 40(12), 1145–1152.

https://doi.org/10.1057/jors.1989.196 

Van Den Eeckhout, M., Maenhout, B., & Vanhoucke, M. (2019). A heuristic

procedure to solve the project staffing problem with discrete time/resource

trade-offs and personnel scheduling constraints. Computers and Operations

Research, 101, 144–161. https://doi.org/10.1016/j.cor.2018.09.008 

Vanhoucke, M., & Coelho, J. (2019). Resource-constrained project scheduling

with activity splitting and setup times. Computers & Operations Research, 109,

230-249. https://doi.org/10.1016/j.cor.2019.05.004 

White, D., & Fortune, J. (2002). Current practice in project management - An

empirical study. International Journal of Project Management, 20(1), 1–11.

https://doi.org/10.1016/S0263-7863(00)00029-6 

Wikstrom, K., Hellstrom, M., Artto, K., Kujala, J., & Kujala, S. (2009). Services

in project-based firms - Four types of business logic. International Journal of

Project Management, 27(2), 113–122.

https://doi.org/10.1016/j.ijproman.2008.09.008



Cristina Dia Prá Martens

Received her Ph.D. in 2009 from the from Federal University

of Rio Grande do Sul, Brasil. Director and Professor of

Postgraduate Programs in Project Management and

Administration at Universidade Nove de Julho. Reviewer of

scientific journals in Administration and Project Management.

Consultant of Entrepreneurship, Information Management,

Data Collection, and Analysis. Organizer of the International

Module in Project Management at Bentley University, in the

United States, for the Professional Master's in Administration

- Project Management, from University Nove de Julho.

E-mail: cristinadpmartens@gmail.com

ORCID: 0000-0003-0955-97863

LinkedIn: linkedin.com/in/cristina-dai-prá-martens-b0ba5122

Lattes: lattes.cnpq.br/3471910853542167

Cláudia Terezinha Kniess

Received her Ph.D. in 2005 from the Federal University of

Santa Catarina, Brasil. Adjunct Professor at the Federal

University of São Paulo. Professor of the Postgraduate

Program in Management and Regional Development at

University of Taubaté. Professor and researcher at

University São Judas Tadeu with experience in

undergraduate courses and Professional Master in Civil

Engineering. Member of the research groups registered at

CNPq research group directory: Smart and Sustainable

Cities, Innovation and Sustainability, Development of New

Materials from Solid Waste, Sustainability Management,

Human Resource Management and Environmental

Management, Strategic Management of Educational

Projects, and Project Management.

E-mail: kniesscl@gmail.com

ORCID: 0000-0002-1961-2037

LinkedIn: linkedin.com/in/cláudia-kniess-b1954456

Lattes: http://lattes.cnpq.br/8233265633962510

C L O U D  C O M P U T I N G  A R C H I T E C T U R E . . . PAGE 65

JOURNALMODERNPM.COM JAN/APR 2022

Renato Penha

Received his Ph.D. in 2018 from the University Nove de

Julho. He is professor of the Postgraduate Program in

Project Management at University Nove de Julho. Member of

the editorial board and permanent reviewer of journals in the

Project Management area. His specialties include cloud

computing, software development, and project management.

E-mail: rp.renatopenha@gmail.com

ORCID: 0000-0002-1431-2860

LinkedIn: https://www.linkedin.com/in/renatopenhaphd/

Lattes: http://lattes.cnpq.br/4084921313999501

ABOUT AUTHORS

CLOUD COMPUTING
ARCHITECTURE

PROPOSAL FOR RESOURCE-CONSTRAINED
PROJECT SCHEDULING


