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MANAGEMENT SUMMARY

This research is performed at BearingPoint Netherlands (BE NL) in Amsterdam. BE NL is part of
BearingPoint (BE). BE is an independent multinational management and technology consulting
firm and offers three types of services, which are consulting, products, and capital. BE NL only
has the Consulting service and is active in People & Strategy (P&S), Customer & Growth (C&G),
Data & Analytics (D&A), and Technology (TECH). Consulting is a professional service provided
by firms to offer specialized advice and solutions to individuals or organizations, addressing spe-
cific challenges or improving performance. These challenges or performance improvements are
referred to as projects and can run from 1 week until multiple years. The consultancy firm has
to match consultants to these projects with respect to required skill set and consultant satisfac-
tion and that is a difficult decision. We call this the Consultant-To-Project assignment(s) (C2Pa)
procedure. The Operational Team Lead (OTL) team makes the C2Pa and the stakeholders for
the C2Pa procedure are the consultants of BE NL, BE NL itself (due to its financial dependence
on the C2Pa), and their clients. The OTL team currently bases their staffing decision on com-
mon sense and does not involve any computational intelligence like for example assignment
cost, consultant utilization, or consultant satisfaction. Since the OTL team bases their C2Pa
decisions on common sense, the C2Pa procedure is unstructured and ambiguous.

The unstructured and ambiguous C2Pa procedure hinders the OTL (team) with effectively man-
aging the resource allocation, consultant satisfaction, project quality, and consultant assignment
cost, resulting in suboptimal C2Pa that a) fail to balance the needs of all stakeholders involved,
b) lack transparancy and visibility, c) are subjective & biased, d) are time intense, and e) lack
long-term planning. The reason why BE NL currently has an unstructured and ambiguous C2Pa
procedure is threefold. First, there are no clear measurable performance KPIs. Second, the
input data is incomplete or absent. Third, the decision-making in the C2Pa problem has many
stakeholders, is ever changing, and has a subjective element, making the decision-making very
complex. Improving BE NL's C2Pa procedure is important since the C2Pa procedure is a crucial
and multifaceted element in the consultancy, playing an important role in the effectiveness and
success of client engagements, consultant satisfaction, and the financial performance. There-
fore, the main research question is:

“How can BearingPoint Netherlands create a C2Pa model that helps improving the C2Pa pro-
cedure by making the C2Pa procedure structured and unambiguous?”

According to literature, the C2Pa application area deals with methods to match consultants to
projects in a way that maximizes the project’s success probability while also ensuring client and
consultant satisfaction. The C2Pa application area does not have a standard problem base and
solution for solving the C2Pa problem. The simultaneous multi-project scheduling and multi-skill
staffing problem of Heimerl and Kolisch (2010a) is the most suitable base for modelling the C2Pa
problem (Section B.9). However, the model of Heimerl and Kolisch (2010a) required significant
adaptions in constraints and objectives to be able to solve the C2Pa problem. We made the
single-objective model of Heimerl and Kolisch (2010a) multi-objective by implementing the re-
vised Multi-Choice Goal Programming (MCGP) of Chang (2008). Next to the hourly cost of



assigned consultant KPI which is based on the cost KPI on the model of Heimerl and Kolisch
(2010a), we also added the consultant-to-project utilization KPI based on the efficiency of the
workforce KPI of Zabihi et al. (2019), consultant satisfaction KPI based on the salesmen satis-
faction KPI of Abboud et al| (1998), and the C2Pa skill match KPI on the quality KPI of Chen
et al) (2020). The C2Pa model maximizes the consultant-to-project utilization KPI, minimizes
the hourly cost of assigned consultants, maximizes the consultant satisfaction KPI, and brings
the C2Pa skill match KPI as close to zero as possible. Furthermore, the C2Pa model declines
projects in case accepting the project leads to an infeasible solution.

With the C2Pa model we provide the following insights:

» Performance evaluation of the current procedure versus the C2Pa model: By compar-
ing the outcome of the C2Pa model with the outcome of the current procedure, we can
check the solution quality of the C2Pa model. This evaluation helps assessing the overall
effectiveness of the C2Pa model.

* Impact of flexibility in the project start time window sizes: By varying the start time windows
we can investigate the impact of the start time windows on the solution. These insights
are valuable for companies to determine if they want to negotiate more with their clients
about the starting times of projects.

» Useability C2Pa model with respect to company (problem) size: By increasing the number
of projects and consultants we provide insights in the usability of the C2Pa model for
different company sizes with respect to performance as well as computational times.

+ Effect organizational capabilities: By using different consultant skill sets, we can see the
impact of companies with better and worse skilled people on the solution. Furthermore,
varying the organizational capabilities illustrates how training your employees on skills in-
fluences the solution.

In the benchmark between the OTL assignments and the C2Pa model assignments, we ob-
serve that the C2Pa model outperforms the OTL assignments by improving 2 KPIs (decreasing
the average hourly cost with 4.19% and increasing the satisfaction with 5.95%) and keeping
one KPI| the same (utilisation since the same projects are assigned). The C2Pa model com-
promises on the C2Pa skill match KPI by making the assignments slightly more underqualified
(-1). Moreover, the C2Pa model's computation time is 0.99 seconds. Notice that due to the
time intensiveness of creating the OTL benchmark instance we were only able to perform the
benchmark on a small instance (creating the assignments for the OTL scenario costs a lot of
time for the OTL team).

The flexibile project start time windows experiment showed that increasing the time window
sizes decreases the number of declined projects, increases the consultant to project utilization,
increases the average hourly cost, decreases the skill match, and an increase in satisfaction
for a start time window size of 2 and 3 weeks.

The company size experiment showed that increasing the company size decreass the number
of declined projects, increases the utilisation, increases the average hourly cost, increase the
consultant satisfaction, and decreases the skill match (with exception for the smaller company
size scenario). Furthermore, we observed an exponential trend between the company (prob-
lem) size and the computational times. For large companies, the C2Pa model in current form
therefore becomes problematic.



The organization capabilities experiment showed that increasing the organizational capabilities
has no effect on the number of declined projects, has no effect on the consultant to project
utilisation, has no relationship with the satisfaction, increases the skill match, and decreases
the average hourly cost. Moreover, based on these instances even a sweet spot for the C2Pa
skill match KPI was found (skill match KPI equals 0). The sweet spot is reached between an
average consultant skill level increase between 0.5 and 1.

Based on the experimental results and insights of the research, we are able to formulate the
following recommendations:

+ C2Pa model implementation and integration: The C2Pa model is proven to be succesful
in solving the issues with the current C2Pa procedure. We therefore recommend BE NL
to implement the C2Pa model in the C2Pa procedure as decision-support tool.

 Improving the availability of input data: To ease the process of transforming project infor-
mation to project characteristics needed for the C2Pa model, we recommend to create a
prompt for generative Al like Bing Copilot or ChatGPT. This enables the user to copy and
paste the project description together with the prompt in the generative Al and automati-
cally receive the skill levels for the required project skills as output. However, make sure
to use a generative Al that is in line with the company’s policy and the GDPR.

» C2Pa model input extension: Currently the C2Pa model only focuses on the D&A service
line. However, since the issues of the current C2Pa procedure are experienced in every
service line it is recommended to extend the model to all service lines. In this way, the
C2Pa model can do the assignments for BE NL as a whole. Extending the C2Pa model
for all service lines can easily be done by extending the input data.
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1 INTRODUCTION

The research we describe in this master thesis is a graduation assignment conducted at Bear-
ingPoint Netherlands (BE NL) for the master Industrial Engineering and Management (IEM) at
the University of Twente. BE NL is a consultancy company and the research is about the assign-
ment of consultants to projects. The Consultant-To-Project assignment(s) (C2Pa) procedure at
BE NL is currently unstructured and ambiguous leading to suboptimal assignments. This re-
search solves this problem by introducing a C2Pa model. Section gives a short summary
about BearingPoint’s history as well as their services. Section describes the reason for this
research. Section gives the problem statement of the action problem that followed from
the research motivation. Section describes the research goal. and the research questions.
Section describes the research design by elaborating on the approach and methods used
for answering the research questions.

1.1 About BearingPoint

BearingPoint (BE) is an independent multinational management and technology consulting firm.
BearingPoint offers three types of services, which are consulting, products, and capital. In 2021,
BearingPoint employed 4261 people over 41 practices (offices) in 23 countries (BearingPoint,
2021)). BearingPoint’s roots go back over 100 years ago. At that time, two big names existed
in professional services: KPMG and Arthur Andersen. In 2000, KPMG spun off some of its
consulting units and began a rapid global expansion — acquiring a majority of Arthur Ander-
sen’s business practices. In 2002, the company changed its name to BearingPoint Inc. and
so BearingPoint started. The rapid growth continued but eventually led to financial difficulties
and bankruptcy in 2009. This challenging situation created an opportunity for BearingPoint’s
European leaders. They seized the opportunity and executed a management buyout, making
the independent BearingPoint partnership they are today (BearingPoint, 2019). Figure Vi-
sualizes the locations of BE'’s offices as well as some key numbers of BE.
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BE NL only has the Consulting service and is active in People & Strategy (P&S), Customer &
Growth (C&G), Data & Analytics (D&A), and Technology (TECH). In January 2023, BE NL ap-
proximately employed 80 persons working in consultancy, finance, and human resource man-
agement. Figure visualizes BE NL’ service lines and some of BE NL’ clients.
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Figure 1.2: BearingPoint Netherlands company structure (BearingPoint, 2022)

1.2 Research motivation

The C2Pa procedure is a crucial and multifaceted element in consultancy, playing an important
role in the effectiveness and success of client engagements, consultant satisfaction, and the
financial performance. The C2Pa procedure involves strategically matching consultants with
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the right expertise, experience, job position, and skill sets to the specific projects.

From a financial perspective, the C2Pa procedure allows consultancy firms to optimize their
resource allocation. By carefully considering the project’s objectives and requirements, and the
consultants’ availability, BE NL can allocate the resources efficiently, making sure that consul-
tants are utilized (cost) effectively and clients are satisfied. Simultaneously, the C2Pa proce-
dure also takes into account the satisfaction and preferences of the consultants themselves. By
considering factors such as personal interest, and professional growth opportunities, the con-
sultancy firm can foster employee engagement and satisfaction. This approach helps attracting
top talent to the consultancy firm, reducing turnover rates, and promoting a positive work en-
vironment. Balancing project profitability, resource utilization, the match between the project
and the consultant, and the consultant satisfaction throughout the C2Pa procedure, therefore,
contributes to the sustainability and financial viability of the consultancy firm making the C2Pa
procedure a crucial element. Figure shows a visualization of the C2Pa stakeholders and
their needs.
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Figure 1.3: Visualization of the C2Pa stakeholders and their needs

The Operational Team Lead (OTL) team is responsible for the C2Pa and consists of five people,
including one from HR and one for each service line. The OTL team bases their C2Pa decisions
based on common sense and does not involve any computational intelligence like for example
the cost of the assigned consultants. Since the OTL team bases the C2Pa decisions on common
sense the C2Pa procedure is unstructured and ambiguous. Furthermore, the C2Pa procedure
is only triggered when the need arises. This need arises when a new request for consultant(s)
for a project comes in. The C2Pa procedure therefore happens ad hoc implying decisions on
a case-by-case basis often based on immediate needs or based on the consultant’s availabil-
ity at a specific time. While an ad hoc procedure can offer adaptability and flexibility, an ad
hoc procedure for BE NL also leads to inefficiency (time intense and suboptimal assignments),
lack of visibility and transparancy, inconsistency (subjective & biased decisions), and a lack of
long-term planning. Table explains the reasons of the consequences of the current C2Pa
procedure. The short description of the current C2Pa procedure at BE NL provided in this sec-
tion is to illustrate the problem BE NL encounters. Section .3 provides the detailed description
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of the C2Pa procedure at BE NL.

Consequence Reason
Suboptimal assign- Since the OTL (team) performs the current C2Pa procedure manually and
ments in an unstructured way, suboptimal assignments could be made. The

OTL (team) could for example forget to include a consultant in the C2Pa
decisions which had a very good match with the project, or the OTL (
team) could unbalance the stakeholders by (consistently) favouring one
group’s interests over another’s. For example, a client could desire a
certain consultant for a specific project while this desired consultant could
have a different personal interest. In this case, one of the stakeholders
does not get their wish. This situation is inevitable, but it is important that
the OTL (team) ensures that these compromises are equally spread over
the stakeholders so the stakeholders’ needs are balanced.

Lack of transparancy The current C2Pa procedure does not have measurable KPIs to base

and visibility the assignment decision on. Decision-making currently therefore only
happens on common sense. The OTL (team) does not document this
common sense making the past C2Pa opaque.

Subjective & biased  Since the decision-making only happens based on common sense, emo-
tions of the OTL (team) and relations with the consultants that need
to be assigned influence the assignment decision. Furthermore, each
OTL member has different interests and believes and could decide differ-
ently on C2Pa decisions. These reasons lead to subjective and biased
decision-making.

Time intense The current C2Pa procedure is time intense since the OTL (team) per-
forms the C2Pa procedure manually due to absence of a decision-support
tool. The OTL (team) has 2 hours each for performing the C2Pa proce-
dure, but the OTL (team) spends 4 hours on the C2Pa procedure.

Lack of long-term The current C2Pa procedure focuses mostly on immediate needs, over-

planning looking long-term requirements. This procedure therefore hinders strate-
gic assignments and may result in a reactive approach instead of a proac-
tive one.

Table 1.1: Negative consequences of BE NL’ current C2Pa procedure

Due to negative consequences BE NL experiences by using their current C2Pa procedure, BE
NL wants to make the C2Pa procedure structured and unambiguous to solve these negative
consequences. This desire is therefore the starting point of this research. We formulate BE NL’
research problem as follows:

“The absence of a structured and unambiguous C2Pa procedure hinders the OTL (team) with
effectively managing the resource allocation, consultant satisfaction, project quality, and con-
sultant assignment cost, resulting in suboptimal C2Pa that a) fail to balance the needs of all
stakeholders involved, b) lack transparancy and visibility, c) are subjective & biased, d) are time
intense, and e) lack long-term planning.”

1.3 Problem statement

As concluded in Section [1.2, the current C2Pa procedure hinders the OTL (team) with effec-
tively managing the resource allocation, consultant satisfaction, project quality, and consultant
assignment cost resulting in suboptimal C2Pa. Therefore, this section elaborates upon this ac-
tion problem by identifying the intermediate and core problems. Figure [1.4, gives an overview of
the identified relations between the action problem, intermediate problems, and core problems.



The reason why BE NL’ current C2Pa procedure is unstructured and unambiguous is threefold:
1) input data is incomplete or absent, 2) no clear measurable performance KPls, and 3) complex
decision-making in the C2Pa problem.

The reason for the incomplete or absent input data is threefold. First, the person who brought
in the incoming and potential projects did not document the projects properly because this per-
son did not know what information the OTL (team) needs. BE NL is aware of this problem and
therefore already improved the information transfer by implementing staffing request templates
(Figure [C.1)). Nevertheless, still large improvements can and must be made. Section 2.2 elab-
orates more on the procedure of how projects come to BE NL. Second, the information about
the wishes and skills of the employees is not available or outdated. Third, BE NL currently does
not have a data warehouse with relevant data for the C2Pa, meaning that the OTL (team) must
acquire the data manually and from different sources. However, since the OTL (team) does this
manually, only factors they consider relevant are taken into account leaving important informa-
tion out. Section .5 elaborates more on this core problem. All three factors lead to incomplete
or absent input data which hinders BE NL from creating a structured and unambiguous C2Pa
procedure. We label these three core problems as non-influential since these problems are part
of data and knowledge management and fall outside the scope of direct intervention.

No clear measurable performance KPIs complicate the evaluation of the objectives since this
evaluation cannot be based on facts or numbers, but only on intuition and common sense which
is vague and person dependent. No clear measurable performance KPIs therefore hinder the
creation of a structured and unambiguous C2Pa procedure. An example of an ambiguous C2Pa
is the situation where one of the OTL members chooses consultant 1 for project A, while an-
other OTL member chooses consultant 2 for project A under the exact same circumstances.
Subsection elaborates more on the KPIs BE NL currently uses or wants to use.

The complex decision-making in the C2Pa procedure complicates the creation of a structured
and unambiguous C2Pa procedure for BE NL, since complex decision-making leads to chal-
lenges related to objectivity, communication, and clarity. Complex decision-making creates
challenges in maintaining clarity due to the multifaceted considerations involved like skills, cost,
and satisfaction. Obijectivity is compromised as subjectivity emerges in the interpretation of
complex information like stakeholder needs. Communication becomes challenging as convey-
ing intricate decision processes and outcomes to stakeholders becomes complex, leading to
gaps in understanding and potential misunderstandings. Chapter | elaborates more on the
complex decision-making of C2Pa procedure.
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Figure 1.4: Overview of the problem cluster with regard to BE NL' C2Pa procedure

1.4 Research objective and research questions

This section describes the research goal in combination with the scope of the research, and the
research questions. In this research we develop a C2Pa model that enhances BE NL's C2Pa
procedure by transforming the current unstructured and ambiguous aspects into a well-defined
and clear process. This modification aims to address the challenges posed by the existing
procedure, ensuring that the C2Pa model is structured and unambiguous. The emphasis on
structure and clarity is driven by the need to streamline the consultant-to-project assignment
process, providing a more efficient and effective framework for project management within the
organization. The research goal of this research is therefore:

“To develop a C2Pa model that helps improving BE NL’ C2Pa procedure by making the C2Pa
procedure structured and unambiguous.”

After defining the research objective, we formulate several research questions and the main
research question. We formulate the main research question as follows:

“How can BearingPoint Netherlands create a C2Pa model that helps improving the C2Pa pro-
cedure by making the C2Pa procedure structured and unambiguous?”

To answer the main research question, this chapter formulates and elaborates on the research
questions.

1.4.1  Approach problem identification & analysis

The problem identification & analysis part consists of the first three chapters of this research.
Chapter [l introduces the problems involved with BE NL’ current C2Pa procedure as well as the
approach and the research questions to solve the problem. Chapter | deals with the analysis
of the C2Pa procedure and the involved processes at BE NL. Chapter 3 discusses alternatives
to the current C2Pa procedure provided by the literature review.

The research question we answer in Chapter B is:

1. What is the current situation of C2Pa procedure at BearingPoint Netherlands?



(a) What are the relevant consultant characteristics for the C2Pa procedure?
(b) What are the relevant project characteristics for the C2Pa procedure?

(c) What is the current C2Pa procedure at BearingPoint Netherlands?

(d) What are the KPIs, constraints, and requirements of the C2Pa procedure?

(e) What data is available at BE NL concerning the C2Pa procedure, and how is the
(absent) data collected?

The research question we answer in Chapter [ is:

2. What models and approaches related to the C2Pa are available in literature?

1.4.2 Approach solution generation & choice

Chapter } deals with the modelling approach for the C2Pa model. The research question we
answer in Chapter [ is:

3. What is a good modelling approach for the C2Pa problem?

(a) What mathematical base model represents BE NL' C2Pa problem the best?
(b) What necessary aspects is the chosen mathematical base model missing?

1.4.3 Approach solution experimentation

Chapter B deals with the results, analysis, and validation. The research question we answer in
Chapter § is:

4. How does the model perform for different scenarios of the C2Pa problem?

(a) Is the C2Pa obtained from the C2Pa model valid?
(b) What are the different scenarios that we should consider to analyse the model?
(c) What is the performance of the C2Pa model with respect to the different scenarios?

1.4.4 Approach evaluation & implementation

Chapter B deals with the evaluation and implementation. Chapter § covers the conclusion of
the research, recommendations for implementing the C2Pa model for all service lines of BE NL,
a discussion, and future research.

1.5 Research design

Section presented the four research phases: problem identification & analysis, solution
generation & choice, solution experimentation, and evaluation & implementation. These four
research phases together form the research design. The research design systematically ad-
dresses the main research question by sequentially solving the (sub) research questions. This
approach is a proved method for solving business problems (Heerkens and van Winden, 2017).
Figure visualizes the research design.
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2 CURRENT SITUATION

Chapter [1] described the introduction to the C2Pa problem BE NL encounters as well as the
approach and the research questions to solve the problem. This chapter answers the research
question: "What is the current situation of C2Pa procedure at BE NL?”. To understand the
C2Pa procedure we first describe two primary elements of the C2Pa: consultants and projects.
Section explains the relevant consultant related information, while Section P.9 explains the
relevant project related information. Section 2.3 describes the current C2Pa procedure at BE
NL. Section P.4 describes the KPIs, constraints, and requirements for BE NL' C2Pa problem.
Section P.5 describes the data required for solving the consultant-to-assignment problem. At
last, this chapter ends with a conclusion in Section R.6.

2.1 Relevant consultant characteristics for the C2Pa procedure

BE NL has a diverse team consisting of consultants with different job positions, skillsets, and
interests. Furthermore, all consultants are working in a specific service line and/or segment.
Recognizing and leveraging the unique qualities of the consultants lead to a more fulfilling,
inclusive, and productive work environment which is important for the consultants, and therefore
for BE NL. Hence, this section elaborates upon these relevant consultant characteristics:

» Job positions: the job position a new hire at BE NL receives depends on the new hire’s
experience and degree of education. BE NL has the following consultancy related job
positions (in order of hierarchy): Management/ Business Analyst (MA), Consultant (C),
Senior Consultant (SC), Manager (M), Senior Manager (SM), Director (D), and Partner
(P). Figure shows the distribution of consultants over the job positions in 2022. For
the C2Pa process, BE indicated that only the MA, C, SC, and M need to be assigned.
Table shows the hourly cost per consultant depending on the job position. Next to the
beforementioned job positions, BE NL also has sub functions that employees perform next
to their job position. Relevant sub functions for this research are Engagement Manager
(EM), and OTL (team). Section already described the OTL (team), so this section
describes the EM. The EM supports employees during projects and serves as a feedback
channel to which consultants can reach out to in case of questions or issues. Next to this,
the EM also talks with the companies to manage the relations between the company and
BE NL and seeks for new business opportunities. Every project therefore has next to the
consultant(s) one EM assigned. The EM has a job position of manager or higher.

Job positition Cost per hour (€)
Business/ management analyst 115
Consultant 127
Senior consultant 140
Manager 165

Table 2.1: Cost per hour per consultant level
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Figure 2.1: Distribution of consultants over the job positions in 2022

» Service lines & segments: as Section explained, BE NL operates in several markets
on different expertises (D&A, TECH, C&G, and P&S). During the recruitment process, BE
NL selects their candidates based on required experience and expertise with respect to
the service line and sometimes the segment (market). Each consultant therefore always
belongs to a specific service line within BE NL and this is important to consider for the
C2Pa procedure. Figure R.2 shows the distribution of consultants over the service lines
in 2022.
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Figure 2.2: Distribution of consultants over the service lines in 2022

» Skillsets: eventhough a consultant works in a specific service line and/or segment, the
consultant still encounters many diverse projects that require different skillsets. Incorpo-
rating the different skills and corresponding skill levels in the C2Pa procedure is therefore
important. Appendix B shows an example of identified skills and the explanation of the
possible skill levels for these skills for the D&A service line. The D&A service line already
defined 23 skills and competences.

» Consultants’ interest: the consultants’ interest relates to the consultants’ development
ambitions and reflects where the consultant wants to work and develop on. Since many
interests exists and most of these are not relevant for the C2Pa procedure the consultants
filled in their interests based on the before identified skills with a skill satisfaction score
according to Table B.2.

» Consultants’ availability: the consultants’ availability is an important aspect for the C2Pa
procedure since this aspect determines the feasibility of the assignment. Currently the
OTL (team) considers a consultant (partly) available if the consultant has an (partly) empty
timetable. Updating the timetable in case of new project assignments or leave of absence
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is therefore important. An entire project should fit within the consultant’s availability in
case the OTL assigns this consultant to the project since BE NL applies the business rule
that the OTL (team) is not allowed to split a project over multiple consultants in case the
project team consists of only one consultant.

2.2 Relevant project characteristics for the C2Pa procedure

In order to make good C2Pa, BE NL should also understand the project related aspects. This
section describes the following relevant project aspects:

Project team: the composition of a project team is an imporant project characteristic for
the C2Pa procedure since the project team composition ensures that the elements of a
project are addressed effectively, leading to higher chances of overall project success.
Forming the project team involves identifying the right combination of consultants with
complementary knowledge, job positions, expertise, and skills to complete the project.
Approximately 33% of the projects requested in 2022 required a project team larger than
1 consultant. The EM is not part of the project team since the EM is not working on the
required project skills. Each team member in a project team can have a different number
of project hours. The project hours per team member remain constant during project
duration.

Skillsets: assessing the required skills and corresponding skill level for a project is es-
sential for assigning the most suitable consultants to increase the chances of successful
project delivery. The assessment of the required skillset for the project is done by using
the identified skills and skill levels presented in Appendix B.

Time windows: the project’s earliest start and latest start time are crucial in determining
the alignment and feasibility of the C2Pa with the available consultants. In 20-30% of the
cases, BE NL has the freedom to choose their preferred start date for a project. Therefore,
including the information if a project has a flexible start date is important for the C2Pa
procedure.

Project duration: the project duration of a project is a relevant project characteristic to con-
sider for the C2Pa procedure since some projects may have tight deadlines (depending
on the start time window in combination with the project duration) and/or the availability
of the consultant with respect to the project duration, while others may allow for a more
flexible schedule enabling more possible consultant(s) to be assigned to the project.

Project priority: In the C2Pa problem, projects have different project priority due to char-
acteristics of the projects. These characteristics are: signed (sold) projects, existing en-
gagements, full-time assignments, long term projects, and/or internal projects. Subsec-
tion elaborates more in detail about project priority and the project characteristics
influencing the project priority.

EM: Each project has an EM assigned. This assignment is known beforehand and pre-
determined.

2.3 Current C2Pa procedure at BearingPoint Netherlands

This section describes the different phases of the current C2Pa procedure at BE NL. Subsection
discusses the triggers of the current C2Pa procedure. Subsection describes the
process of assigning consultants to projects. Figure .3 visualizes the elements of the current
C2Pa procedure. Subsection ends this section by describing the scope and the scale of
the current C2Pa procedure at BE NL.
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2.3.1 Triggers of the current C2Pa procedure at BE NL

The C2Pa procedure starts when the OTL (team) gets an email with a filled in resource request
(Figure [C.1)) for consultant(s) for a project. Before a resource request can be sent to the OTL
(team) the project should satisfy three criteria: 1) the chance of getting the project is higher than
60%, 2) the proposal of the project is submitted, and 3) the project has a clear starting date. The
first criterion is subjective and based on the assessment of the manager or higher job position
that brought in the project opportunity. The C2Pa procedure starts by the following triggers:

* Project switches: A project switch is a switch of assigned consultant to the project. For
a project switch the consultant personally reaches out to the responsible OTL who will
then try to fulfill this request as soon as possible. Unfortunately, this mostly takes a long
time because in the current C2Pa procedure there are 1) no insights in projects that will
be available in the future which is necessary since the consultant needs another project
and 2) the OTL (team) does not plan the C2Pa far ahead enough for other consultants to
(easily) facilitate the project switch.

» Beach requests (internal project): When the OTL (team) receives a beach request, the
OTL (team) first makes sure all resource requests for projects are handled since projects
have priority. In case the OTL (team) dealt with all projects and there are still consultant(s)
left with availability, the OTL (team) tries to search for the best match between the beach
request and the required consultant(s).

* New projects and project extensions: For the resource requests for new projects and
project extensions, the OTL (team) wants to receive at least one month before the consul-
tant(s) are needed the request for the required consultant(s). However, currently this most
of the time only happens two weeks in advance leading to stress for the OTL (team). The
cause for this stress is because the OTL team quickly needs to provide the consultant(s)
which is hard to do due to the current ad hoc C2Pa procedure.

2.3.2 The assignment process

The incoming resource requests always relate to one or more service lines, but the main re-
sponsible service line is not always clear from the start. In situations where the main responsible
service line is clear, the responsible OTL selects the required consultant(s) based on common
sense, consultants’ availability, and business rules. However, in situations where the main
responsible service line is unclear, the OTL team and BE NL’ partners discuss the resource re-
quest during the weekly OTL meeting. In the weekly OTL meeting, next to the resource request
for the projects with an unclear service line, the OTL members and the partners also discuss
the difficult C2Pa and give an overview of the consultants they already matched individually.
Difficult consultant assignments are assignments where the OTL is in doubt about, due to for
example conflicting objectives, or because the OTL sees no good available match in the re-
quired period. The other OTL members or partners then give suggestions about consultants
that might fit, discuss if BE NL should decline the project (also based on common sense, consul-
tants’ availability, and business rules), or discuss if BE NL should try to negotiate with the client
about a different starting time and/or deadline for the project. For certain resource requests, the
OTL (team) offers more consultants than required. The resource requester should then inform
the OTL (team) with information about the choice for the chosen consultant(s).

After the weekly OTL meeting, the OTL team fills in or updates the C2Pa file and informs all
involved stakeholders. The OTL approaches the stakeholders in the following order. First the
consultant who is proposed will be asked if (s)he agrees. In case the consultant agrees the per-
son who requested the consultant(s) will be informed. In case the consultant does not agree, the
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OTL goes into conversation with this consultant until an agreement between the OTL and the
consultant is reached. This could either be that the consultant accepts the assignment or that
the OTL (team) starts the C2Pa procedure over again to find (an)other suitable consultant(s).
The process from resource request until C2Pa takes at most one week since all assignments
have to go through the weekly OTL meeting before the consultant is approached. So if the con-
sultant(s) agree(s) the OTL contacts the resource requester with the name(s) of the required
consultant(s). Most of the resource requests for a project want a consultant that can be as-
signed immediately. However, since the consultant can only start if the client has signed the
contract, the consultant starts effectively two to four weeks after the resource request.

After the resource requester gets the information about the required consultant(s), the resource
requester contacts the client which requested the project with the contract. For all resource re-
quests except the project extension, the assigned consultants’ availability gets blocked for the
project after the client signs the contract. For project extensions with the same consultant(s)
BE NL already blocks the consultant(s)’ availability before the client signs the contract. With
the current C2Pa procedure the situation that the same consultant is proposed for two different
projects could occur. The client who signs the contract first then gets the specific consultant.
The other client gets a consultant with a similiar skillset. If such a consultant is not available,
BE NL has to disappoint the client and decline the project. However, in most cases BE NL is
able to find a suitable consultant and the project is still executed. Since BE NL uses this way of
matching consultants to projects, BE NL never promises a specific consultant for a project, but
only a skillset the consultant should have.

Figure .3 visualizes all different steps mentioned in the current and previous subsections.

Responsible OTL selects consultant(s)
based on common sense, consultant -Yes
availability, and business rules
During the week\y OTL meeting the OTL
OTL team) receives (team) and partners of BE NL select
—Yes consultant(s request fora consultant(s) based on common sense, —Yes
project consultant availability, and business
rules
|
No
Legend

Reject
Activity project

Figure 2.3: Visualization of the current C2Pa procedure at BE NL

Assign
consultant

2.3.3 The scope and scale of the current C2Pa procedure

The previously described C2Pa procedure happens ad hoc, meaning that each resource request
triggers the C2Pa procedure and that the assignment decisions are made on a case-by-case
basis. Therefore, the frequency of the C2Pa procedure depends on the resource requests the
OTL (team) receives between the weekly OTL team meetings. On average, the OTL team
matches consultants to 4 projects, and 5 beach request per week while there are at least 25
consultants that are available for matching every week. The consultants where the OTL team
could not find a project for (internally or externally), determine their own planning with regards
to trainings and helping other colleagues.
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In the future, BE NL has the ambition to incorporate project opportunities (non-signed projects)
and trainings in the consultant assignment procedure. This extension combined with the fact
that BE NL has strong growth ambitions and aims for a growth from 80 consultant to 150 con-
sultants in 2023, means that the current C2Pa procedure faces greater workload. Since the
current C2Pa procedure is already having major limitations with the current workload (Section
[.2)), this increase of workload will be problematic.

2.4 KPIs, constraints, and requirements of BE NL' C2Pa procedure

This section elaborates upon the KPIs, constraints, and the requirements of BE NL' C2Pa prob-
lem. Subsection discusses the KPIs that BE NL finds important. Subsection dis-
cusses the constraints. Subsection discusses the requirements to meet the desired ob-
jectives.

2.4.1 KPIs for BE NL' C2Pa procedure

BE NL divides their strategy, vision, and goals over three categories: economical, enviromental,
and societal. BE NL concretised these categories with respect to their three stakeholders which
are their clients, their company (BE), and their consultants. The KPIs from BE NL’ strategy,
vision, and goals that are relevant for BE NL' C2Pa problem are:

» Consultant-to-project utilization
» Hourly cost of assigned consultants
» Consulant satisfaction

« C2Pa skill match

Consultant-to-project utilization rates KPI

The consultant-to-project utilization rates KPI is a KPI that keeps track of the utilization of
the consultants. BE NL considers utilization as the percentage the consultant works on client
project(s). For this KPI, BE NL wants to achieve the consultant-to-project utilization norms they
specified per job position (Table R.d). BE NL calculates the consultant-to-project utilization KPI
per consultant individually by dividing the sum of the total chargeable hours plus the sum of EM
hours of the consultant by the sum of the working hours of the consultant.

The chargeable hours are the total hours in a specified period a consultant worked on project(s)
for client(s) that paid for this work. The EM hours are hours a consultant worked as EM on
project(s). Per project the assigned EM gets a predefined number of EM hours per week un-
til project completion. The working hours of a consultant refer to time period during which a
consultant is expected to perform their job duties. Table R.2 shows the current values of this
KPI.

Job position Target (norm) in % | Planned (reality) in %
Analyst 90 83
Consultant 80 79
Senior consultant | 75 74
Manager 65 62

Table 2.2: Norm and reality of the consultant-to-project utilization rates KPI specified per job
position for BE NL
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Hourly cost of assigned consultants KPI

The hourly cost of assigned consultants KPI is a KPI that BE NL currently does not have but
wants to use. The KPI should keep track of the weighted average hourly cost of the consultants
that are assigned to projects. BE NL wants to minimize this cost by minimizing the overqualifica-
tion. Consultants with a higher job positions are more expensive but also have more experience
and a broader skillset. Consultants with a higher job position therefore fit to more projects than
consultants with less experience and a smaller skillset. The reason BE NL wants to keep track
of this KPI is because minimizing the weighted average hourly cost will stimulate the assigment
of the lower job positions to the projects. This is beneficial in the following ways: 1) The consul-
tants from lower job positions gain more experience and improve their skills leading to broader
skillsets, and 2) the higher job positions fit more easy to projects, so assigning the lower job
positions (which are harder to assign) gives more flexibility. The cost savings in terms of salary
for a C2Pa planning with more lower job positions in comparison to one with more higher job
positions is not mentioned since the client always pays for the consultant that is assigned. BE
NL therefore does not benefit in terms of cost savings for this. Section describes the cal-
culation of this KPI as well as the norm and reality.

Consultant satisfaction KPI

The consultant satisfaction rates KPI is also a KPI that BE NL does not have but wants to use. In
the current C2Pa procedure the consultant satisfaction is intuitively taken into account, however
BE NL wants this KPI to be measurable and transparent. The KPI therefore should measure
the average satisfaction of all assigned consultants to projects based on the project’s charac-
teristics and the consultant’s wishes. Section describes the calculation of this KPI as well
as the norm and the reality.

C2Pa skill match KPI

The C2Pa skill match KPI is a KPI that assesses the quality of the work BE NL delivers at the
client. Currently, the skill match is only intuitively taken into account and BE NL therefore wants
to include this as a KPI. Section describes the calculation of this KPI as well as the norm
and the reality.

2.4.2 Constraints for BE NL' C2Pa procedure

To understand how we can improve the current C2Pa procedure at BE NL, we should under-
stand the constraints that BE NL' C2Pa procedure has. We define a constraint as a limitation or
restriction to the C2Pa procedure that must be taken into account. BE NL' stakeholder needs
are mostly the cause for the constraints for BE NL' C2Pa procedure. This subsection describes
the following constraints:

* Non-preemptive: BE NL uses the rule that consultants should finish the entire project once
assigned to the project. The reason why BE NL decided to have a non-preemptive con-
straint is because project switching increases consultant inefficiency, creates additional
work for the OTL (team), and is unpleasant for the client. However, under certain circum-
stances a project switch is allowed. Subsection describes these circumstances.

» Consultants’ availability: Since BE NL uses the non-preemptive constraint, the OTL can
only assign projects to the consultant(s) in case the project fits entirely within the consul-
tants’ availability. The consultants’ availability can never be exceeded. This also applies
for EM hours. During the project duration, the EM on average spends 4 hours per week
with EM responsibilities per project.

+ Time windows: The time windows constraint (a project must start within its starting time
window) is an important constraint when considering the possible consultants for the as-
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signment to a project. Wider time windows for starting a project enlarges the chances for a
larger consultants pool that could be assigned to the project leading to better performance
of the C2Pa procedure.

» Team member constraints: BE NL uses multiple constraints regarding team members.

— 1 consultant per team member role: A team member role can only be performed
by one consultant and this consultant should remain assigned until the project is
completed.

— Not more consultants assigned to a project than team member slots: Unless the
project is declined, exactly the number of consultants required for the project should
be assigned to the project.

— 1 team member per project skill: The skill the project requires should be covered
by the project team members. A project skill can only be assigned to 1 of the team
members.

— Same skill assignment during project duration: During a project the team members
remain assigned to the same skills. This cannot change over time.

2.4.3 Requirements for BE NL' C2Pa procedure

Next to understanding the constraints, understanding the requirements of BE NL’ C2Pa problem
is also important for improving the current C2Pa procedure at BE NL. We define a requirement
as something the procedure must do or achieve to meet the desired objectives. BE NL’ business
rules inspire most of the requirements. This subsection describes the following requirements:

» Scheduling: Scheduling in the C2Pa problem involves determining when in the project’s
starting time window a project starts (in case the project is not declined).

+ (Many-to-many) assignment: Assignment in the C2Pa problem involves matching consul-
tants to projects. During the C2Pa procedure the OTL (team) has to deal with many-to-
many assignments. In case of part-time projects (projects where consultants work fewer
than 80% of their working hours on) the OTL tries to assign other projects to the consul-
tant to reach the target utilization rates. Therefore the multiple projects to one consultant
assignment is relevant to consider. The OTL also assigns at least two consultants to
each project. This multiple consultants to one project situation is caused by following two
constraints:

— Project team: For larger projects, multiple consultants need to work on the same
project which causes the OTL (team) to assign multiple consultants to a project.

— EM: Even though a project is a small project, always one EM is responsible for mon-
itoring the progress and keep close contact with the client as described in Section
2.1. In 2022, BE NL had 34 different EMs.

» Simultaneous scheduling and assignment: The timing of the projects (scheduling) deter-
mines the demand for the required consultants which influences the matching process (as-
signment). Both elements, are therefore dependent on each other and cannot be solved
separately.

 Declining a project: BE NL uses the business rule to only decline a project in case accept-
ing the project leads to an infeasible solution.

* Project switch: BE NL values the satisfaction of their consultants highly, meaning that BE
NL listens to the needs and wishes of their consultants. Since consultants are most of
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the time in the consultancy because they like project diversity, most of the consultants do
not like being assigned to the same project for multiple years. Furthermore, projects can
deviate from the consultant’s expectation leading to dissatisfaction as well. This dissat-
isfaction can lead to a project switch request. As earlier described, project switches are
inefficient. BE NL therefore, does not want that project switches to occur too often, but
BE NL also does not want unsatisfied consultants. BE NL therefore thinks that 6 months
is the perfect trade-off. The project switch rule is therefore: consultants who have been
on a project for an extended period (longer than 6 months) can, in discussion with their
EM and DM, indicate that they would like to switch. The OTL team will then try to facilitate
this switch in joint discussion with the EM.

100% C2Pa for MA and C: BE NL believes that an employee learns the most when working
on a project, so BE NL wants their management analysts and consultants to be working
on projects as much as possible. Furthermore, to achieve the yearly averages as stated
in Table R.2 the OTL (team) has to try to plan the management analysts and consultants
for 100% of the time on projects. Otherwise, the situation could occur that after a man-
agement analyst or a consultant finishes a project while the OTL (team) could not find a
suitable project that starts immediately after the previous project leading to an utilization
loss. Since the OTL (team) has no influence on this they should compensate for the risk
that this occurs by trying to assigning the consultants and management analysts 100% of
the time to projects.

Project assignment order (project priority): In the C2Pa process, BE NL wants to consider
the difference in project priority between the projects. BE NL has the following require-
ments (in order of importance):

— Signed (sold) projects: Projects that already have a signed contract go before new
(unsigned) projects, other non-chargeable work (beach or goodwill projects), and
consultants’ availability reservations for future projects.

— Existing engagements over new: Existing engagements (BE NL’ current clients) and
extensions have priority above new engagements (projects from new clients).

— Full-time assignment projects over part-time: Full-time C2Pa projects (projects with
a consultant-to-project utilization higher than 80%) have priority over part-time C2Pa
projects. BE NL uses this requirement since assigning consultants with multiple
smaller projects to the utilization norm is harder then when achieving the utilization
norm with assigning the consultant to one project. Furthermore, smaller (part-time)
projects occur less complicating the assignment procedure even more.

— Long-term projects over short-term: Long-term projects (projects that have process-
ing times > 6 months) have priority over short-term projects, since they give BE NL
more financial stability.

— Client projects over beach projects: Client projects have priority over beach (internal)
projects, since beach projects do not generate revenue for BE NL and BE NL needs
the revenue for their financial stability.

According to the list, Table R.3 shows the priority value weights in case certain priority
aspects are included in the project. The OTL currently only takes the priority aspects
intuitively into consideration. By conducting expert interviews we concretize the priority
values. The values in Table R.3 are the result of these interviews. The most important
project for BE NL is a project of which the contract is signed (0.4), an existing engagement
(0.3), with full time assignments (0.2), and a long project (0.1). This project has a total
priority value of 1 (=0.4+0.3+0.2+0.1). This total priority value of 1 is also the maximum
priority value a project could get since the project is either signed or unsigned or a beach
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project. Furthermore, the least important projects have a priority value of 0.01 in case
the project is only a beach project. The reason why BE NL wants such a low value is
because BE NL does not want that beach projects impact the C2Pa skill match KPI too
much. The reason why the value cannot be equal to 0 is because the beach projects are
not considered at all and the C2Pa skill match KPI becomes 0. This results that the C2Pa
skill match KPI does not play a role in the C2Pa procedure anymore, which is undesired.

Priority aspects Priority value weights
Signed contract 0.4
Existing engagement 0.3
Full time assignment 0.2
Long project 0.1
Unsigned contract (opportunity) 0.1
Beach (internal) project 0.01

Table 2.3: Project priority aspects value in case included in project

2.5 Data

This section describes and analyzes the relevant data for solving BE NL' C2Pa procedure. As
mentioned in Section 1.3 the relevant input data is incomplete or absent due to absence of a data
warehouse, inconsistency in documentation, and unavailability or outdated data. Figure R.4
visualizes BE NL’ current structure that the OTL (team) could collect manually versus the data
warehouse that is necessary for solving BE NL' C2Pa procedure. The entities in the proposed
database table marked in bold are either not present or need adaption to be useable.

Consultant's capabilities ‘ External project requests
Consultant ID | Int — Client name Char
Skill Char ——}— Client project name | Char
Skill level Int Start time window | Date Consultant-to-project
. . assignment database
Deadline or project Date or Int
duration Time (1) Int
# team members | Int Consultant ID int
Consultant-to-project assignment overview f’m/ect hm;]rs per It Consultantt's name Char
eam memboer per | Ini Consultant's job position  Char
——— Consultant ID Int week
Consultant's service line  Char
Name Char Description project ch
. X requirements ar Consultant's availability  Float
Assigned project(s) name |Char H—
. EM Char Consultant's
Start date assignment Date satisfaction Int
Preferred resource | Char
End date assignment Date Consultant's skillset It
Job position Char Project name Char
SAP Beach project requests — L
Project's priority aspect Int
je characteristics
Consultant ID int Beach project Char isti
Service line Char name Project service line Char
Time (t) int Service line Char Project’s required Int
y Start time window  Date skillset
Consultant's Float
availability Project duration Int Project's starting time Date
window
# team members  Int
. Project duration Int
Project hours per
team member per | Int # team members Int
week .
Legend » ) Project EM Char
. Desgr/prlon project Char Project hours per team
Existing table requirements member per week int
Proposed table EM Char
Preferred resource Char

Figure 2.4: Visualization of the datasets relevant for the C2Pa procedure at BE NL

The relevant entities for BE NL' C2Pa procedure are defined as follows:

» Consultant ID: The consultant ID is a number that is associated with a specific consultant.
This number serves as a unique identifier for each record, allowing efficient organization,
retrieval, and manipulation of data.
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Consultant’s name: The name describes the first and lasthame of the consultant. The
name is necessary since the OTL needs to contact the specific consultant in case the
consultant is proposed to be assigned to a project.

Consultant’s job position: The job position is the description of the level of the consultant.
The possible job positions are specified in Section R.1].

Consultant’s service line: The service line is a description of the service line the consultant
operates in. The possible service lines are specified in Section .1].

Consultant’s availability: The consultant’s availability is an floating-point number that shows
the number of hours a consultant still has available in time period ¢.

Consultant’s satisfaction: Currently BE NL does not have the consultant’s satisfaction with
respect to the capabilities or skills. We, therefore, collect the consultant’s satisfaction with
a survey that asks consultants their satisfaction level with respect to the skills according
to Appendix B.

Consultant’s skillset: The input for the current consultants’ skill levels is outdated (not
representing their actual skills) or not available. Therefore, we conduct a survey that
asks the consultants to rate their skills according to the identified capabilities and skills of
Appendix B. This appendix also shows the skill level scale.

Project name: The project name displays the name of the specific project making it pos-
sible to distinguish different project from each other.

Project’s priority aspect characteristics: The project’s priority aspects characteristics are
the binary values corresponding to the project priority aspects (Subsection R.4.3). The
project priority aspects are: signed contract, existing engagement, full time assignment,
long project, beach project, or unsigned contract (opportunity).

Project service line: The project service line describes the service line(s) expertise the
project requires for completion. Currently BE NL only register this for beach projects. We
therefore conduct an expert interview to identify the service lines of the client projects in
the past. The possible service lines are specified in Section .1].

Project’s required skillset: Currently BE NL does not classify the project’s required skillset
according to the capabilities and skills. We collect this information via expert interview with
the OTL team to identify the project’s required skillset of projects in the past according to
Appendix B.

Project’s starting time window: The project’s starting time window consists of the earliest
start time of a project and the latest start time of a project to ensure the project is finished
before the deadline. In case no starting time flexibility is possible, the earliest start time
equals the latest start time. The earliest start time and latest start time are provided in
date format.

Project duration: The project duration is an integer that represents the amount of weeks
that are necessary for completing the project. The project duration is always known.

# team members: The # (number of) team members specifies the integer amount of con-
sultants necessary for executing the project.

Project EM: The project EM specifies the name of the EM for the project.
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* Project hours per team member per week: The project hours per team member per week
is an integer specifying the allocation hours to each team member per week during the
project duration. In case multiple consultants are assigned to one project, the number of
project skills assigned to each team member are based on the proportion of project hours
the team member works on the project.

2.6 Conclusion

This chapter extended the introduction of BE NL' problem provided in Chapter (| by providing
the current situation of the C2Pa procedure at BE NL to create the necessary context. Relevant
consultant characteristics are the job positions, service lines & segments, skillsets, consultants’
interest, and the consultants’ availability. Relevant project characteristics are the project team,
skillsets, time windows, project duration, project priority, and the engagement manager. Chap-
ter [ investigates the existing literature on these characteristics. After the context description,
this chapter continued with a detailed description of the current C2Pa procedure at BE NL.
We described this procedure by explaining the triggers of the procedure, the assignment pro-
cess, and a scope and scale of the procedure. After the current C2Pa procedure, this chapter
described the KPlIs, constraints, and requirements of the C2Pa problem BE NL encounters.
Chapter [ also investigates the existing literature on the KPls, constraints, and requirements.
At last, this section presents the required data for solving the C2Pa problem.
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3 LITERATURE REVIEW

This chapter answers the research question "What models and approaches related to the C2Pa
problem are available in literature?”. The structure of this chapter is as follows: Section
describes the application area of this research, the C2Pa problem. Section B.2 reviews literature
related to the C2Pa application area to come up with the most suitable problem base for the
C2Pa problem. Section B.3 explores how existing literature addresses the missing elements
between the C2Pa problem and the most suitable problem type. Section B.4 describes the
solution methodologies for solving the C2Pa problem. Section 8.5 wraps up the literature review.

3.1 C2Pa application area

This section starts by giving a general description of the C2Pa application area. This section
then continues by extending the general description by providing the needs as well as the rele-
vance, significance, and the broader context of the of the C2Pa application area.

3.1.1  General description

The C2Pa is an application area that deals with developing techniques and methods to match
consultants to projects in a way that maximizes the project’'s success probability while also
ensuring client and consultant satisfaction (Hossein et all, 2015). This application area gained
significant interest in recent years due to (Poulfelt et al. (2017)), Ernst et al. (2004)):

+ the growing importance of having the right consultants with the right skills and expertise
to perform the projects successfully

* more service oriented and cost conscious businesses in a global environment

* the increasing complexity of projects

One aspect of the C2Pa application area involves developing models and algorithms that iden-
tify the best assignment match based on various criteria, such as preferences, consultant’s
skills, availability, and experience, as well as the budget, timeline, location, and project’s re-
quirements. These models and algorithms may use optimization techniques for making the
best match (Martinovic and Savic, 2019). Another aspect of this application area focuses on
investigating factors that affect the consultant’s willingness to work on a particular project (con-
sultant’s wishes), such as the project’s scope, risks, complexity, theme, company, as well as the
potential growth and learning opportunities. Understanding these consultant factors can help
consulting firms and project managers to design and/or attain more attractive projects to retain
and attract top talents. Overall, C2Pa is an important application area with practical implica-
tions for consulting companies and their customers. By developing and implementing effective
assignment strategies and tools, companies can enhance their reputation, increase their prof-
itability, improve their project success rates, while providing clients with better quality, and their
consultants with rewarding and more satisfying work experiences.
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3.1.2 Relevance, significance, and broader context

Historically, the consulting industry undergone major changes over the past few decades. Ex-
amples of these changes are the increasing complexity of business operations and the rise of
globalization. These changes led to a growing demand for specialized consulting services. The
consultancy market has a highly competitive nature, where continuously adaption of consul-
tancy companies to meet the changing needs of their clients is a must to survive. The demand
for specialized consulting services in combination with this quick changing environment empha-
sizes the need for efficient C2Pa procedures (Poulfelt et al., 2017)) (Wang et al., 2023).

The social context of the C2Pa is mainly about the characteristics of (professional) consultants.
Mobile and highly skilled workforce characterizes the consultancy sector. Consultants often
have the desire to perform challenging projects, are highly motivated, want to advance their
careers, and have advanced degrees in fields such as engineering, business, and technology.
Furthermore, professional consultants evolve and not just stick to their assigned role. Profes-
sional consultant take responsibility, do whatever it takes to finish the project, are team players,
are loyal, are observant, are honest, listen to their clients’ needs, commit to quality, and show
initiative (Poulfelt et al., 2010).

The economical context of the C2Pa is about the size of the consultancy sector where the C2Pa
happens. The consultancy industry is a significant contributor to the global economy, valued
at almost 900 billion U.S. dollars in 2021 (The Business Research Company, 2021)) (Statista,
2022b). The consultancy sector employs millions of people worldwide and provides its consult-
ing services across a broad range of sectors amongst others government, finance, healthcare,
and technology (Statista, 2022a). The demand for consulting services is closely linked with
broader economic trends such as geopolitical developments, changes in business cycles, and
shifts in industry dynamics.

As described in Section [1.3, the current C2Pa procedure of BE NL is unstructured and ambigu-
ous leading to the problems mentioned in Section [.2. Not only BE NL experiences these prob-
lems, also in literature, there is need for a structured and systematic approaches to decision-
making in complex C2Pa scenarios due to the need for dealing with complexity, creating consis-
tency, reducing risk, creating transparency, and improved optimization (Gregory et al., 2012).
Unfortunately, this application area does not have a standard problem base for solving the prob-
lem.

3.2 Problem base

In the C2Pa application area all activities are executed in the form of projects. Efficient project
management (PM) is therefore crucial. PM applies skills, knowledge, technologies, and tools
to project activities. PM organizes, plans, controls, and coordinates these project activities to
achieve the set objectives. A large part of PM is project scheduling. Project scheduling aims
to determine the time schedule for implementing project activities and to allocate resources for
activities under certain constraints. Project activities compete for limited resources and follow
predetermined precedence relationships, leading to the optimum schedule for attaining specific
goals (Ding et al., 2023).

Dike (1964) defines this situation as the Resource-Constrained Project Scheduling Problem
(RCPSP), which became the standard problem for project scheduling. The RCPSP is an NP-
hard problem (Hartmann and Briskorn, 2022). A summary of the standard RCPSP is as follows:
A project has J activities and each activity has processing time d;. Once an activity is started,
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the activity cannot be interrupted until completion (non-preemptive property). Between (some)
activities precendence relationships exist due to (technological) requirements. The (technolog-
ical) requirements are in the set of predecessors (P;). P; indicates that activity j; cannot be
started before each of the predecessors w (w € P;) is completed. To complete an activity,
K types of renewable resources are required. Renewable resources refer to resources that
are not consumed with the completion of activities, such as human resources. In each period,
activity j requires r;; units of resource k£ when processing is carried out. The availability of
resource k is assumed to be constant during all periods and represented by R and cannot be
exceeded. RCPSP also considers two dummy activities: j = 0 and j = J + 1, for which the
resource requests and durations are zero. These dummy activities represent the start and com-
pletion of the project. The objective of the RCPSP is to find a schedule that leads to the earliest
completion time of the project. At last, all information required for the RCPSP is assumed to be
deterministic and known in advance.

Although, the standard RCPSP knowledge base is extensive and powerful, it cannot address
the problem encountered in the C2Pa application area. The single-skill case does not take into
account that human resources have multiple skills which is relevant to consider in the C2Pa
problem. The multi-skill extension of the RCPSP (MS-RCPSP) is capable of depicting this
multi-skill case and simultaneously schedules activities and assigns resources to meet demand
(Ding et all, 2023). Simultaneously solving the two resource allocation steps (scheduling and
assigning) is imporant for the C2Pa problem since in a project context these two steps are inter-
related. Furthermore, in the C2Pa problem we have multiple projects simultaneously that need
to share (limited) resources, require diverse skill sets, and could have conflicting priorities. The
single-project case of the standard RCPSP cannot represent these multi-project aspects. The
multi-project extension of the RCPSP (RCMPSP) is capable of depicting this multi-project case
(Ding et all, 2023).

A combined MS-RCPSP and RCMPSP model solves both the multi-project and multi-skill re-
quirement, however, such a model still considers tasks, precendence of tasks, and the schedul-
ing of tasks. Heimerl and Kolisch (2010a) therefore develop a simultaneous multi-project schedu
ing and multi-skilled staff assignment model which is a special case of a combined MS-RCPSP
and RCMPSP model. Different to other combined MS-RCPSP and RCMPSP models, Heimerl
and Kolisch’s model:

+ does not consider tasks, precedence of tasks, and the scheduling of tasks
» does not consider project selection

» does not consider learning and forgetting (not account for the potential changes in ef-
ficiency over time due to learning effects or the loss of efficiency due to forgetting) but
heterogeneous and static efficiencies (effiency over time remains constant)

* is represented as a MILP which can be solved to optimality due to tight LP-relaxations
(even for large instances)

+ considers internal (employees) and external (subcontractors) resources

* has the fundamental assumption that each employee can work in each period at multiple
projects, possibly using different skills

Heimerl and Kolisch’s model considers multiple projects simultaneously that require specific
skills that should be done to complete the project. The model assigns employees to the skills
based on their capacity (availability) and skill set. The order of the required skills for a project
is fixed (no scheduling needed), but the project itself as a whole can be scheduled. Project p
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has fixed duration d,, and in project period ¢ = 1, ..., d,, project p requests r,s, work units of skill
s. A project must start within its time window [ES,,, LS,] where ES, is the earliest start period
of project p and LS, the latest. The latest finish period is calculated as LF), = LS, +d, — 1
where the time line goes from period t = 1 to t = T and T denotes the planning horizon. The
model has a single-objective that minimises the labor costs of external and internal resources.
The internal labor costs are similar to the external labor costs except that the efficiency of the
employees on the skills influences the total working time (high efficiency, less time needed),
and that there is distinction between overtime and regular working time cost. The cost KPI is
similar to the one required in the C2Pa application area, except that we do not need to consider
external resources, overtime, and efficiency that impacts the working hours.

Despite that the model of Heimerl and Kolisch (2010a) has a good fit for the C2Pa application
area, the C2Pa problem needs to be multi-objective, misses project priorities, skill levels, and
a project team constraint that makes sure a predetermined number of resources is assigned to
a project. Table summarizes relevant literature extending the model of Heimerl and Kolisch
(2010a). None of the extended models turns out to be a better problem base than the origi-
nal model. The reason for this is because the extended models add too much unnecessary
complexity to the model without adding enough value for becoming the problem base for C2Pa
problem. However, the extended models provide useful aspects for extending the model of
Heimerl and Kolisch (2010a).

Chen et al/ (2014)) extend the model of Heimerl and Kolisch (2010a) by adding a parameter that
specifies the assigned number of employees for task k of project j (V). Although the C2Pa
problem does have projects that consists of tasks, the problem has to respect the predeter-
mined project team sizes. This parameter could therefore be adapted to represent the project
team size constraint for the C2Pa problem.

Chen et al/ (2020) maximize the quality of a project in their MS-RCPSP model by assessesing
the quality as the weighted sum of the development qualities of the projects in the portfolio.
The development quality of a project is calculated as the average efficiency of the employee
assigned to the project based on the required skills. Chen et al. (2020) quality KPI is similar to
the C2Pa skill match KPI.

Reference Extension(s) Useful as-
pect(s) for
C2Pa problem
| (Heimerl and | Learning and forgetting effect, Single-project No
Kolisch, 2010b)
| (Kolisch and | Task scheduling No
Heimerl, 2012)
| (Chen et all, | Task scheduling, Specified number of employees for task % of | Yes
2014) project j, Multi-objective
| (Walter and Zim{ | Hierarchical approach of project selection, workforce assign- | No
mermann, 2014) | ment, and utilization leveling
| (Chen et all, | Learning and forgetting effect, Multi-objective, 1 skill per em- | No
2017) ployee per project, Variable task duration, Task scheduling
" (Felberbauer General model, Stochastic task duration, Task scheduling No
et al), 2019)
| (Chen et all, | Multi-objective (Skill match KPI), Learning effect, Task | Yes
2020) scheduling

Table 3.1: Extensions to the model of Heimerl and Kolisch (2010a)
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3.3 Solution for gaps

Subsection B.9 identified gaps between the C2Pa problem and the model of Heimerl and Kolisch
(20104) and related relevent model extensions. Since very few literature considers simultane-
ous multi-project scheduling and multi-skill staffing (Chen et all, 2017]), we could not solve these
gaps with simultaneous multi-project scheduling and multi-skill staffing models. We therefore
broadened our literature search for solving these gaps to related RCPSP MILP models. We dis-
cuss the following gaps: project priority, consultant-to-project utilization rates, and consultant
satisfaction rates.

3.3.1 Project priority

One of the extensions of RCMPSP models, is the project priority characteristic. The (project)
weight extension of the RCMPSP enables project preferences or priorities to be taken into ac-
count during the assignment and scheduling process. The (project) weight extension is added
to the RCMPSP since in several environments, (project) priorities or preferences are needed
for modelling daily operations (e.g. a hospital emergency room) (Gomez Sanchez et al., 2022).
A common approach for modelling weights is by adding a parameter that assesses the weight
(priority degree) of a project and including this weight parameter in the objective value. For
example, Afruzi et al. (2020) uses this method.

3.3.2 Consultant-to-project utilization rates

Zabihi et al! (2019) present a MS-RCPSP model that minimizes the total salary of the work-
force, minimizes the total completion time of the activities, and maximizes the efficiency of the
workforce on performing skills related to activities. The last objective has potential for solving
the identified gap for the consultant-to-project utilization rates KPI. Zabihi et al. (2019) model
the efficiency objective as "the average efficiency of workforces (employees) allocated to the
project’s different skills” [p.198]. Equation shows this objective where M is the number of
workforce (employees), K is the number of skills, E'F,,,;, is the efficiency of workforce m on skill
k, and r,, is the binary decision variable that equals 1 if workforce m can do skill £ and 0 other-
wise. Zabihi et al. (2019) compute the average availability by dividing the sum of all efficiencies
for all skills and workforce over the sum of the assigned workforces to the skills for all skills and
workforce.

M K
Zm:l Zkz:l Eka (31)

Max Z =
M K
Zm:1 Zkzl T'mk

3.3.3 Consultant satisfaction rates

The consultant satisfaction rates KPI is a KPI not seen in RCPSP models. Abboud et al/ (1998)
present an approach for calculating the consultant satisfaction rates KPI. They focus on a real
size manpower allocation problem that needs to distribute salesmen force over the company’s
branches. Equation 8.2 shows the calculation of the salesmen satisfaction KPl where si; is the
satisfaction of the i*" salesman when assigned to the j* branch and x;; is the binary decision
that equals 1 in case salesman ¢ is assigned to branch j and 0 otherwise. Furthermore, n is the
total number of salesmen and m is total number of branches.

m
Max Z = Zsijmij, 1= 1, N (32)
J=1
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3.4 Solution methodologies

This section elaborates on solution methodologies by discussing the mathematical formulation
type in Subsection B.4.1, computation time in Subsection B.4.2, metaheuristics in Subsection
B.4.3, and how to deal with multiple objectives in Subsection

3.4.1  Mathematical formulation type

The simultaneous scheduling and assignment is often solved modelled as a Mixed-Integer Lin-
ear Programming (MILP) (Haghi et al., 2017)) (Heimerl and Kolisch, 2010a) (Kolisch and Heimerl,
2012). However, very few literature considers simultaneous multi-project scheduling and multi-
skill staffing. Therefore, we also consider the choices for mathematical formulations of the MS-
RCPSP and RCMPSP models. The most used mathematical formulation type for MS-RCPSP
is the MILP model which is used in 54.2% of the cases (Afshar-Nadjafi, 2021). The most used
mathematical formulation for solving the RCMPSP exact are linear-programming based tech-
niques which are used 73% of the time (Gdmez Sanchez et al., 2022). MILP is also part of this

group.

The reasons why literature uses MILP so often for these types of problems is the fact that MILP
handles the resource-constraints needed for these problems naturally, MILP is flexible in terms
of constraints, objectives and variables, MILP can handle the multi-skill consideration, and the
ability of MILP to handle complexity that is often involved with these models.

Next to the fact that literature uses MILP quite often for similar problems and the advantages
of using MILP, there are also some disadvantages of using MILP. The first disadvantage is that
in a MILP all equations should contain linear variable relationships. The second disadvantage
is that the computational time should be considered since the MILP’s computational time can
increase rapidly as the size of the problem grows. Large-scale scheduling problems with nu-
mereous projects, tasks, and resources can therefore be computational heavy leading to long
solution times. Determining if the MILP could be solved exact in a reasonable time or needs a
(meta)heuristic is therefore important.

3.4.2 Computational time

To get a feeling for the computational time of the C2Pa problem, we look at problem instances
and computational time of similar simultaneous scheduling and staffing models. Heimerl and
Kolisch (2010a) prove that simultaneous scheduling and staffing models are NP-hard, meaning
that solving large and medium-scaled problem instances of this problem type go beyond the
scope of exact algorithms (Kolisch and Heimerl, 2012). Heimerl and Kolisch (2010a) solve a
small instance of the problem to optimality and show that increasing time windows results in
sharp increases in computational time due to the increasing number of binary variables. Fur-
thermore, they show that the number of projects and skills per resource has a linear influence on
the computational time due to the growing number of continuous variables. Haghi et al. (2017)
show two effective metaheuristics for solving medium to large-scale instances of the simultane-
ous scheduling and staffing problem. Although, both methods worked well in the small instance
problem, simulated annealing outperformed genetic algorithm on the large-scale instances on
both CPU-time and accuracy measures.

26



3.4.3 Metaheuristics

As discussed in Subsection B.4.9, simultaneous scheduling and staffing is a NP-hard problem.
Due to the NP-hardness of these problem types (meta)heuristics and hybrid approaches are
developed to find near-optimal solutions in polynomial time. The most popular solution method-
ology for simultaneous scheduling and staffing problem are metaheuristics such as Genetic
Algorithm (GA), Simulated Annealing (SA), and Tabu Search (TS) (Haghi et all, 2017) (Kolisch
and Heimerl, 2012). Of all mentioned metaheuristics, SA is usually easily implemented. Fur-
thermore, Haghi et al. (2017) prove that SA for simultaneous scheduling and staffing problems
outperforms the other metaheuristics in both computational time and performance.

SA is a probabilistic search technique that approaches the global optimum. By accepting poorer
solutions with some probability, SA can escape local optima. An initial solution is needed for
the general SA approach. The initialization solution phase of a SA algorithm involves gener-
ating an initial solution for the problem at hand. While a feasible initial solution (solution that
satisfies the problem’s constraints) is desirable, having a feasible initial solution is not always a
strict requirement. Whether this is a strict requirement depends on the problem and the specific
implementation of the algorithm. In some cases, having a feasible initial solution can help the
SA algorithm to start in a region of the solution space that is closer to optimal. This can poten-
tially improve the overall performance and speed up convergence of the SA process. However,
if finding a feasible initial solution is time-consuming or difficult, some implementations of SA
might tolerate an infeasible initial solution. The SA algorithm will then work to gradually explore
the solution space, including feasible and infeasible regions, as it iteratively progresses.

Furthermore, SA requires the following parameters: a starting temperature, cooling factor, and
Markov chain length. In SA, temperature serves as a control parameter that regulates the prob-
ability of accepting worse solutions during the optimization process. The temperature starts
high allowing for exploration of the solution space and then gradually decreases. Lower tem-
peratures prioritize exploitation, helping converge toward optimal solutions. A rule of thumb for
determining the initial temperature (Ts:,+): Choose T+ such that almost every transition is
possible to ensure high diversification at the start of the algorithm (Kirkpatrick et all, 1983). This
means that Ty;,,; is chosen such that the initial acceptance ratio is approximately 1.

#of accepted worse transitions

(3.3)

acceptance ratio = —
# of proposed worse transitions

The temperature changes after M iterations, where M represents the Markov chain length.
The Markov chain length can be static (fixed M) or dynamic (after each chain increase M, be-
cause the probability of a transition decreases). A rule of thumb for determining the Markov
chain length is setting the length to the number of neighbor-solutions. Neighbor solutions are
generated by making small changes to the current solution. The last parameter is the cooling
factor. The cooling factor is part of a cooling scheme. Several cooling schemes for updating
the temperature exist. A commonly used cooling scheme for SA is Ty 1 = o7}, (Rader, 2010).
« denotes the cooling factor and follows from the Markov chain length and the available com-
putation time (# iterations).

The SA algorithm generates neighbor solutions by modifying the existing one. In the SA algo-
rithm, the neighborhood functions phase plays an important role in the exploration of the solution
space. This phase consists of defining and using various neighborhood moves to the current
solution in order to explore nearby potential solutions. These moves alter the current solution
while ensuring feasibility. Neighborhood functions can include a range of modifications, from
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subtle adjustments to more significant changes. The decision on the type of move can vary and
might encompass swaps, insertions, deletions, or other transformations that alter the solution.
The goal of the neighborhood function is to introduce diversity in the search process, allowing
the SA algorithm to explore different regions of the solution space. For good performance of
the SA algorithm, suitable neighborhood operators should be chosen that reach every solution
(connectivity) in as few transitions as possible.

If the neighboring solution is superior to the existing one, it is accepted. The solution can nev-
ertheless be accepted against a probability if it is not better. The Boltzmann distribution is used
to determine the likelihood of accepting poorer solutions (Equation B.4). The chance of accep-
tance follows a cooling strategy and is iteratively decreasing. When the temperature is high,
there is a greater likelihood that less desirable options are accepted. The likelihood of adopting
poorer solutions reduces as the temperature gradually drops with the cooling factor. Diversifica-
tion is the acceptance of many inferior solutions, and intensification is the gradual reduction of
the likelihood of accepting worse alternatives (Kirkpatrick et al), 1983) (Amine, 2019) (Delahaye
et al, 2019) (Henderson et al., 2003).

CurrentSolution— NeighborSolution

RandomNumber < e T (3.4)

The original (before described) SA algorithm can only deal with single objective combinatorial
problems (Suman and Kumar|, 2006).

3.4.4 Multi-objective optimization

As anticipated, our C2Pa problem deals with multiple objectives, making the problem a multi-
objective problem (MOP). When dealing with a MOP, it is very uncommon that there exists a
solution that is optimal for all objectives, as the objectives might be conflicting. We can deal with
this in two ways: reduce the MOP to a single-objective problem with a single objective value,
or consider all objectives at the same time, leading to multiple possible solutions (Pareto front).

For the latter case, there are two methods: Pareto optimization or indicator-based methods.
Pareto optimization focuses on solutions that are non-dominated. Non-dominated means that
no solution is better than another solution in all objectives. Pareto optimization aims to create
a diverse set of solutions that represent various trade-offs between conflicting objectives. In
contrast with pareto optimization, indicator-based methods assess the quality of the solutions
by calculating performance indicators instead of using the concept of dominance (Talbi, 2009).

Reducing the MOP to a single-objective problem can be done by criterion-based methods or
scalarization to aggregate the objectives. Often used scalarization methods are MCGP and the
weighted sum method ([Talbi, 2009). The weighted sum method lacks flexibility since only fixed
weights could be specified and has loss of information (all objectives are aggregated into one
single objective value). The MCGP has the following disadvantages (Chang, 2008):

» Complexity. The multiplicative terms of binary variables in the standard MCGP model lead
to difficult implementation and is not easy to understand by consultant-to-project planners.
Complexity of a MCGP model is therefore a disadvantage compared to the weighted sum
method.

* Weighttuning. The standard MCGP model has more weights (w; and oy ) than the weighted
sum method. These extra weights need to be determined which can be difficult.
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+ Solution space exploration. Another disadvantage of using multiple aspiration levels, is
that this possibly leads to a larger solution space to explore. Finding an optimal/ good
solution can therefore be more computationally intense and time-consuming.

Chang (2008) solves two of the three limitations of the MCGP models with his revised MCGP
model. Chang (2008) replaces the multiplicative terms of binary variables, with an alternative
method that is easily understood by industrial participants and has a linear form that can easily
be solved by common linear programming packages (solving the complexity limitation of the
standard MCGP). Furthermore, the revised MCGP model is also proven to be superior to the
standard MCGP in terms of running times solving the solution space exploration limitation as
well. The only difficulty that remains for the revised MCGP model is the determination of the
weights. This difficulty has to be taken into account during implementation. Several methods
existin literature for determining the weights: equal weights, analytical hierarchy process (AHP),
best-worst method (BWM), sensitivity analysis, and consultation with experts (Sahin, 2020).

Wang et al| (2022) use gj maq. for the maximum aspiration level of goal % in case "the more
the better applies” and g, i, otherwise. This extension is added to avoid underestimation of
decision making (Chang, 2008). Chang formulated this MCGP model as follows:

Min zn:[wk(dz’ +d; ) + aglel +ep)] (3.5)
k=1
subject to
fk(:v)—dZ—Fd,;:yk k=1,2,...,n (3.6)
Yk — eg + €, = Gkmaz OT Gkymin kK =1,2,...,m (3.7)
Ikmin < Uk < Gkmaz K =1,2,...,n (3.8)
dZ,d;,eZ,eleO k=1,2,....,n (3.9)

yi, is a continuous variable that represents a value in the aspiration level interval range of the k"
goal. The range is between gy, i, @Nd g maz- fr() is the linear function of 1, o, ..., z,, for the
k" goal. dz and d,. are the positive and negative deviation to the absolute difference between
fr(x) and y; (difference between the KPI and continuous variable that represents a value in
the aspiration level interval range), while eg and e, are the positive and negative deviations
attached to |y; — (9kmaz O gr,min)| (Difference continuous variable that represents a value in
the aspiration level interval range and the desired minimum or maximum aspiration level). oy
is the weight attached to the sum of deviations of |y, — (9k.maz O gk.min)| @and wy, is the weight
attached to the k** goal (Chand, 2008).

3.5 Conclusion
This chapter started with describing the C2Pa application area and its needs. The C2Pa appli-

cation area deals with methods to match consultants to projects in a way that maximizes the
project’s success probability while also ensuring client and consultant satisfaction. The C2Pa
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application area does not have a standard problem base for solving the C2Pa problem. Dur-
ing the literature search we found that the simultaneous multi-project scheduling and multi-skill
staffing problem of Heimerl and Kolisch (2010a) was the most suitable for modelling the C2Pa
problem. However this model and related simulaneous multi-project scheduling and multi-skill
staffing models were not able to solve the entire C2Pa problem. We therefore conducted future
research with respect to the missing elements: project priority (Afruzi et all, 2020), consultant-
to-project utilization rates (Zabihi et all, 2019), and consultant satisfaction rates (Abboud et al.,
1998). Chapter f uses these findings as base for the modelling approach.

Next to modelling the C2Pa problem, we also conducted research for solution methodologies
so we could solve the problem. This research included research to most suitable mathemati-
cal formulation types, computational complexity, most suitable metaheuristics, and how to deal
with multi-objective problems. The most suitable mathematical formulation type turned out to be
MILP. However, for large instances MILP can be computational intensive and a metaheuristic is
therefore often used for simultaneous scheduling and staffing problems. Subsection there-
fore investigates common used metaheuristics for the simultaneous scheduling and staffing. SA
was most suitable for the C2Pa problem since SA outperforms the other metaheuristics in both
computational time as performance.

Atlast, we deal with multi-objectiveness. There are two ways of dealing with multi-objectiveness:
reducing the MOP to a single-objective problem or consider all objectives at the same time. Re-
ducing the MOP to a single-objective problem is the most suitable for the C2Pa problem since
the original SA requires a single objective function to work. Reducing the MOP to a single-
objective function can be done by criterion-based methods or scalarization. Companies with
C2Pa problems want a MOP method that is easy to use and understand, preferably not compu-
tational intense, and that allows trade-offs. Scalarization fits these criteria the best since they
are relatively easy to understand and implement due to the single solution, allows the decision-
maker to express their preferences and trade-offs between different objectives using weights,
and has comparable performance with other multi-objective methods (Giagkiozis and Fleming,
2015).

To choose the most suitable scalarization method we first have to understand the wishes of
the company dealing with the C2Pa problem regarding the C2Pa KPls. Having target ranges
instead of target values is desirable due to additional flexibility and extra optimization guid-
ance these ranges bring for optimally scheduling and allocating resources. Take for example
the consultant-to-project utilization KPI. A consultant with an management analyst job position
should be staffed at least 90% of the consultant’s working hours to generate enough income for
the company, however, 100% is desired due to utilization losses between consecutive projects
(Subsection P.4.3). Therefore the company could state that the utilization KPI range is between
90% and 100% while the "higher the better” applies within this range because this generates
more income. From the scalarization methods only the revised MCGP could deal with these
wishes. We therefore model the C2Pa problem as the revised MCGP. Chapter } uses these
findings for creating the modelling approach.
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4 MODELLING APPROACH

This chapter answers the research question: "What is a good modelling approach for the C2Pa
problem?”. We describe the modelling approach by elaborating on the model requirements of
the C2Pa problem in Section and by providing the MILP model in Section #.2. We conclude
this chapter in Section §.3. The most suitable problem base is the simultaneous multi-project
scheduling and multi-skill staffing of Heimerl and Kolisch (20104) (Section B.2). This model
includes the required multi-project and multi-skill case, time windows, and employee availabil-
ity. Other than Heimerl and Kolisch (2010a), we do not consider external resources, overtime,
and heterogeneous and static efficiency. We also extend the model of Heimerl and Kolisch
(2010a) with several KPIs, constraints, and parameters. Furthermore, we deal with the multi-
objectiveness by implementing a revised MCGP model in the MILP model (Chang, 2008).

4.1 Problem

This section explains the model requirements of the C2Pa problem. Subsection gives the
problem description of the C2Pa problem. Subsection gives the objectives of the C2Pa
problem. Subsection gives the constraints of the C2Pa problem.

4.1.1 Problem description

The C2Pa problem is a simultaneous multi-project scheduling and assignment problem that
matches multi-skilled consultants to required project skills. The project set consists of P inde-
pendent projects with index p. The consultant set consists of I independent consultants with
index i. The skill set consists of S required project skills with index s. Furthermore, the C2Pa
problem has a time horizon of T'. The index for time is ¢.

Consultants

Consultant i has a skill set with skill levels csl ; and satisfaction css,; for working and/or de-
veloping on the project skill s. Appendix table defines the skill level scale, which reaches
from 0 (no experience) until 3 (expert experience). Appendix table B.2 defines the satisfaction
scale, which reaches from 1 (extremely dissatisfied) until 10 (extremely satisfied). Furthermore,
consultant ¢ has an hourly cost ¢; and has limited net available working hours that cannot be
exceeded and are time dependent. NH,; represents the net available working hours of con-
sultant ¢ at time ¢t. IV H,; equals the working hours for consultant ¢ at time ¢ (W H; ;) minus the
assigned projects, trainings, and holidays.

Projects

Projects require one, or more consultants. We call this the project team. m,, represents the
number of team members of project p. There is always one consultant assigned per team
member role m and the consultant assigned to the team member role stays assigned to this
role until project completion. The project hours per time period per team member are PH, ,.
To be able to process the projects, the C2Pa model assigns to each required project skill one
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of the consultants of the project team. The duration of a project is pt,. Each project has a
starting time window in which the project must start to ensure that the project is completed in
time. ££S, is the earliest start time, LS, is the latest start time, and LF}, is the latest finish period
where LF, = LS, + pt, — 1. Moreover, projects have varying priorities, pv,, due to relation-
ships with clients, company strategy (e.g. target markets), and the difference between internal
and goodwill projects versus client projects. At last, every project has an engagement manager
who manages the project and the stakeholders. The EM is a consultant, however, the EM is
not working on the required project skills. The activies of the EM are outside the scope of the
C2Pa model.

Decision variables

The C2Pa model has three decision variables: ;¢ m.s, Upt, @Nd ap,. T;p1m, s is the binary
assignment decision variable that equals 1 in case consultant i is assigned to team member
slot m and skill s of project p at time ¢, and 0 otherwise. Note that assigning consultants to
required project skills results in the allocation of these consultants to the project’s team member
slots as well. u,; is the binary scheduling decision variable for setting the project start time
and equals 1 in case project p starts at time ¢ and O otherwise. At last, we have ap,. ap, is
the project declining binary decision variable that equals 1 in case project p is accepted, and 0
otherwise. A projectis only declined in case accepting the project leads to an infeasible solution.

Objective

The goal of the C2Pa problem is to maximize the consultant-to-project utilization KPI, minimize
the hourly assignment cost KPI, maximize the consultant satisfaction KPI, and to bring the C2Pa
skill match KPI as close to zero as possible. Subsection describes each KPI in detail.

Assumptions
To build the multi-objective optimization C2Pa model for the above-described C2Pa problem,
we use the following assumptions:

+ The project hours per time period per team member (PH, ,,) remains constant during
project duration. A consultant’s skill level (csl, ;) therefore does not influence the project’s
duration, the time it takes to perform a skill, or the project hours per time period per team
member.

* In case multiple consultants are assigned to one project, the number of project skills as-
signed to each team member are based on the proportion of project hours the team mem-
ber works on the project (st ).

+ Each required project skill yields an equal amount of chargeable hours (CH,; ) in case
of a client project and non chargeable hours (NCH,; , in case of a beach project, of the
total project hours per time period for the project. In other words, NCH,;, or CHp; , is
the same for every s at project p for all ¢.

* Projects must proceed without interruption with the same consultants fulfilling the same
roles and skills throughout project duration.

» Performing the EM role takes a predetermined hours per time period (emh) and remains
the same throughout the project duration.

* In case the project is accepted, each project skill is performed by one of the project’s team
members

* Projects consist of maximal 5 team members (excluding EM)
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+ The consultant’s satisfaction for working on a sKill (css, ;) remains constant during a run
of the C2Pa model.

4.1.2 Problem objectives

The C2Pa problem’s KPIs are to maximize the consultant-to-project utilization, minimize the
consultant-to-project assignment cost, maximize the consultant satisfaction, and to bring the
C2Pa skill match as close to zero as possible. This subsection first discusses the KPlIs inde-
pendently, and afterwards provides the objective function, which aggregates the KPlIs into one
single objective.

Consultant-to-project utilization KPI

Equation calculates the average consultant-to-project utilization rates per consultant. We
base the consultant-to-project utilization KPI on the efficiency of the workforce KPI of Zabihi
et al) (2019). Recall that the consultant-to-project utilization KPI keeps track of the percentage
consultants work on client project(s). We calculate the utilization per consultant as the sum
over all chargeable project hours of the consultant divided by the product of the sum over all
working hours of the consultant (W H; ;) and the time horizon (T"). Chargeable project hours are
the sum of three sources: allocated by the C2Pa model (CH; ;s - i p.tm,s), already assigned
project hours (W H; ,— N H; ;), and em hours (emh-em; - pd, ;). The already assigned hours are
the working hours minus the net available hours. The net available hours are the total working
hours of a consultant in the same period minus the time working for a client, education hours,
and excused leaving hours like vacation. The consultant-to-project utilization KPl makes use
of the following auxiliary variables: pdy, d; ., d; > @Nd Yiwrii- pdp is the binary auxiliary
variable that equals 1 in case project p is in execution at time ¢ and 0 otherwise. We include
pdy,; to make sure that the hours for performing the EM role are only taken into consideration
if the project is in execution. We compare the result of the consultant-to-project utilization KPI
with a continuous variable in the aspiration level interval range of this KPI (yl wtil), negative
deviations are captured in dl w1 While positive deviations are captured in d+ . The higher this
KPI the better, with an upperbound value for the aspiration level interval range of 100%. The
current value of this KPI as well as the lowerbound aspiration level interval range value (norm)
can be seen in Table R.2.

Avg. utilization per consultant =

Z;J;D:l Zio(Z% Zé 1CHips Tiptms) + WHi g — NH; g +emh - em; - pdy ¢

(i  WHiy) - T
d:rutzl + d;util = Yi,util Vi

-100 4.1)

Hourly cost of assigned consultants KPI

The hourly cost of assigned consultants KPI (Equation §.9) calculates average cost per hour
of assignment. We base the hourly cost of assigned consultants KPI on the labor costs KPI of
Heimerl and Kolisch (2010a). This KPI takes the consultant’'s hourly cost (¢;) into account in
case the consultant is assigned to project skill(s) (z;p.:,m,s = 1). The KPl sums the cost of all
assignments and divides this sum by the total project hours of the accepted projects (T'PT).
The result of this KPI is therefore the weighted average hourly cost of assigned consultants.
In order to formulate the consultant weighted average hourly cost of assigned consultants KPI
calculation within the constraints of the MILP model (maintaining linearity), we replace the de-
nominator variable T PT in the division with its maximum achievable value T PT,,4:. TPT 0z
represents the total project duration in case all projects are accepted in the planning horizon.
This replacement allows us to maintain linearity in the model since T PT,,,. is not dependent
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on ap, while still capturing the essence of the weighted average hourly cost of assigned con-
sultants KPI. Since T PT,,., remains constant during the optimization, this does not influence
the optimization process (since all variable settings deal with the same T PT,,,..). After solving
the MILP model, we recalculate the weighted average hourly cost of assigned consultants KPI
using T'PT to ensure the accuracy of our results. The weighted average hourly cost of assigned
consultants is compared to the aspiration level interval range of the cost KPI. In case there are
negative deviations between the total cost of assigned consultants and the continuous variable
in the aspiration level interval range of the cost KPI (y..st), these are captured in d_ The

cost*

positive deviations are captured in d .. This KPI has an target level of €127,- (hourly cost of

cost*

the Consultant job position), but the lower the better. The lowerbound for this aspiration level is
therefore €115,- (hourly cost for the lowest job position, Management Analyst).

Weighted average hourly assignment cost =

I P LF, m S
Zi,:l ZI):l Zt:JpESp Zanzl s=1 C; Ii,p,t,m,s n 3 (42)
TPT - dcost + dcost = Ycost

Consultant satisfaction KPI

Equation .3 calculates the consultant satisfaction KPI by summing the satisfaction rate (css ;)
of the assigned consultant (z;, ;s = 1) for each project skill over all consultants over all
projects over all project execution time over all skills over all team members. This sum is then
divided by the total number of required skills of all accepted projects in the planning horizon (7°S).
In this way the average satisfaction of all assignments for all employees is expressed as a value
between 1 and 10. We base the consultant satisfaction KPI on the salesmen satisfaction KPI of
Abboud et al. (1998). In order to formulate the consultant satisfaction KPI calculation within the
constraints of the MILP model (maintaining linearity), we replace the denominator variable T'S
in the division with its maximum achievable value T'S,,q». TS represents the total number
of required skills in case all projects in the planning horizon are accepted. This replacement
allows us to maintain linearity in the model since T'S,,,, is not dependent on ap,, while still cap-
turing the essence of the consultant satisfaction KPI. Since T'S,,,,,. remains constant during the
optimization, this does not influence the optimization process (since all variable settings deal
with the same T'S,,....). After solving the MILP model, we recalculate the consultant satisfaction
KPI using T'S to ensure the accuracy of our results. The consultant satisfaction is compared
to the aspiration level interval range of the consulant satisfaction KPI. In case there are nega-
tive deviations between the consultant satisfaction of assigned consultants and the continuous
variable in the aspiration level interval range of the consultant KPI (ys.+:5), these are captured
ind,_,;,. The positive deviations are captured in d} ,,.. The norm (and lowerbound value of the
aspiration level) of this KP1 is 6 (out of 10), but the higher this KPI the better. The upperbound
value for the aspiration level interval range is 10.

I P LF, 5
Dim1 2ap=1 Zt:gsp D mit 2oset Tip,tm,s * CSSs,i

Total consultant satisfaction = TS (4.3)

+ - P .
7dsatis + dsatis = Ysatis

C2Pa skill match KPI

Since we cannot measure the quality the assigned consultant is going to deliver during the
project, we decide to evaluate the quality of the match by assessing the match between the
consultants’ skills and competences with respect to the project’s required skills and compe-
tences. We evaluate the match by subtracting the project’s skill level from the consultant’s skill
level. Hence, the higher this KPI the higher the chance that the consultant delivers better qual-
ity for the client. However, systematically assigning overqualified consultants to projects is also
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not good. The assigned consultants might become bored and disengaged. For BE NL this
could lead to resource misallocation since the project could also be done by less experienced
consultants, leaving the experienced consultants for the more difficult projects.

Equation 4.4 calculates the C2Pa skill match. We base the C2Pa skill match KPI on the qual-
ity KPI of Chen et al. (2020). We calculate the skill match by subtracting the required project
skill level (psl, ) from the consultant’s skill level (csl;) of the same skill. In case of under-
qualification (psls, > csls;), the skill match for that specific skill becomes negative. While in
case of qualification (psi,, = csls;), the skill match for that specific skill is 0. The other option
is overqualification (psls, < csls;), the skill match for that specific skill is then positive. If we
calculate for both the overqualification and underqualification the skill match in the same way,
this will mean that in case we have two skills were one is overqualified by two levels, and the
other is underqualified by two levels the overal skill match would be 0 which would mean that
the consultant qualifies (total skill match of 0). In the C2Pa problem, a consultant who does
not have underqualification or overqualification is a better match than a consultant who has
overqualification on half of the skills and underqualification on the other half of the skills. How-
ever, if we calculate both the overqualification and underqualification for the skill match in the
same way, both situations yield a skill match of O which means that both solutions are equal.
This is not desired and we, therefore, decide to penalize underqualification more severely by
squaring the consultant’s skill level and project skill level before subtracting them. The reason
why we choose to use a squared value is because larger differences between required skill
levels and consultant’s skill level (could indicate mismatch) are penalized harder than small
skill level deviations for underqualification. Furthermore, a squared underqualification prevents
equal overqualification for compensating the equal underqualification.

Moreover, we add the project priority value (Subsection P.4.3). Since we have two ways of cal-
culating the underqualification and overqualification, we introduce two binary parameters (g, s ;
and w, ;) to make sure the right calculation. ¢, ,; equals 1 in case there is underqualification
and 0 otherwise. While w,, ; equals 1 in case of overqualification and 0 otherwise. At last, to
make sure that the skill match is calculated for all consultants that are assigned to team mem-
ber roles and skills of projects over the entire planning horizon, we sum over time periods, team
members, and project skills. The norm of the C2Pa skill match KPI equals 0 and there is no
aspiration level interval. The upper and lowerbound value of the aspiration level interval are
therefore equal to the norm making v; ,, matcn always equal to 0. dr therefore measures

i,p,match

the positive differences between the skill match and 0, and d;fpmatch the negative differences
between the skill match and 0.

LF, my S
Skill match per project per consultant = Z Z (Z(Cb’lf,i —psl2,) - Qpsit

t=ES, m=1 s=1

(4.4)

o . A . _dr — s i
(CSZSJ pSlé’vP) wp,s,z) PUp - Tip,t,m,s di,p,match_kdz,p?match_y%PvmatCh Vz,p

Calculation of deviations between the KPIs and the aspiration levels

We already described the deviations to the KPI target levels (d), however, the deviations be-
tween the KPI and the aspiration level (e) are not described yet. Equation §.5 shows the calcu-
lation of the deviation between the continuous variable that represents a value in the aspiration
level interval range of the hourly cost of assigned consultants KPI (y..s:) and the lowerbound of
the hourly cost of assigned consultants KPI aspiration level interval range. Equation §.6 shows
the interval range for the hourly cost KPI. Equation §.7 shows the calculation of the devation
between the continuous variable that represents a value in the aspiration level interval range
of the consultant-to-project utilization KPI for consultant i (y; ..;;) and the upperbound of the
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consultant-to-project utilization KPI aspiration level interval range. Equation 4.8 shows the in-
terval range for the assignment cost KPI. Equation §.9 shows the calculation of the deviation
between the continunous variable that represents a value in the aspiration level interval range
of the consultant satisfaction KPI (y..:is) and the lowerbound of the consultant satisfaction KPI
aspiration level interval range. Equation shows the interval range for the assignment cost
KPI. The C2Pa skill match KPI does not have an apsiration level interval range and is therefore
not included.

Ycost — ez)st + €ost = 0 (45)
115 < Yeost < 127 (46)
Yiutit = €y + €y = 100 Vi (4.7)

90 < y; i < 100 (in case consultantiis M A)
80 < yiutit < 100 (in case consultantiis C')

4.8

75 < yi wa < 100 (in case consultantiis SC') (4.8)
65 < y;uti < 100 (in case consultantiis M)

Ysatis — e;tztis + es_atis =10 (49)

6 S Ysatis S 10 (410)

Objective function

The objective function (#.11)) balances the goals encountered in a C2Pa problem by minimizing
the normalized deviations between the KPI values and the norms and multiply this normalized
deviation by the weights. The objective function uses deviations to the target level and aspira-
tion levels of the KPIs instead of KPI values as derived from the MCGP model (Chang, 2008).
We normalize the deviations to prevent one deviation dominating the optimal solution due to a
different magnitude (scale). For example, the consultant satisfaction KPI has a value between 0
and 10, while the consultant-to-project utilization KPI has a value between 0 and 100. The most
suitable normalization method for the C2Pa problem is the Chebychev normalization (Appendix
E). The Chebyshev normalization involves dividing each element by the largest absolute value,
ensuring that the range of normalized values is [-1, 1]. Since we capture the negative deviations
as a positive number in the negative deviation variable, we do not encounter negative values
meaning that the Chebyshev normalization always lead to a value of [0, 1]. Advantages of us-
ing the Chebyshev normalisation is that this normalization ensures that extreme values have
a significant impact on the normalized values and tends to be robust to outliers. These char-
acteristics are important for the C2Pa problem due to the varying magnitudes and variations
between the KPI deviations.

Moreover, note that the model calculates the deviations attached to the consultant-to-project
utilization per consultant instead of for all consultants. The reason for this is that in the C2Pa
application area, companies have for each consultant an individual consultant-to-project uti-
lization target level. Since not all deviation KPIs are calculated for each consultant and then
summed, we use the average deviation to the consultant-to-project utilization target level KPI
for all consultants.
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We want the skill match KPI to be independent of the project time to ensure good quality for
each project, instead of focusing more on the longer projects. Furthermore, the skill match KPI
should be considered per consultant to make sure that the model does not compensate the
skill match between consultants in a consultant. To make the skill match consultant and project
dependent we make the skill match deviation constraint a two-index variable and sum over the
projects and consultants to make sure we still calculate the overall skill match. However, since
not all KPIs are calculated as the sum for the projects and the consultants, we calculate the
average value by dividing by P - I. To be able to make the skill match KPI time independent we
need to multiply the normalization factor with the project duration.

At last, we add a penalty term for the declined projects to the C2Pa model’'s objective. The
declined project penalty term consists of the sum of the multiplication of the priority value of
the project and the weight for declining a project in case the project is declined, for all projects.
However, since not all objective terms are calculated as the sum over all projects, we calculate
the average penalty term over all projects by dividing by P.

Minimize
+

€cost

TotMaxAbsCost

a-

cost

TotMaxAbsCost

+ dg,

cost -

wr oo Feost 4=
cost " ot Max AbsCost + Weost

€cost

+ Qeost © TotMaxAbsCost

+
+ Qost -

I . _
1 + i util - i util + €3 util - €, util
*7 ; (“’“f“ TotMazAbsUtil T " TotMazAbsUtil T " TotMazAbsUtil | “uti TotMaxAbsUtil)
dr .. d_ .. el
+ A satis - . __ Ysatis + . satis
T Wsatis TotMaxAbsSatis + Woatis TotMaxAbsSatis + satis TotMaxAbsSatis to

Csatis

satis " ot Max AbsSatis

1 1 + di,p,match — Zp,match
+ﬁ I Z Z <wm“t5h TotMaxAbsMatch - pty + Wmaten TotMaxAbsMatch - pty
1 &
+F . Z Wdecline * PUp * (1 - app)

p=1

.11)

4.1.3 Constraints C2Pa problem

The C2Pa problem deals with the following constraints:

Project declined constraint

With use of three constraints, we make sure that the model avoids assigning consultants to
project skills in case a project is declined: one constraint for binary decision variable x; p ; s,
one constraint for binary decision variable v, ;, and one constraint for binary decision variable
pdy+. Constraint makes sure that no consultants are assigned to any team member roles
and skills of the projects at any time. Constraint makes sure that there is no starting time
for a project in case the project is declined. Constraint makes sure that the project is not
executed (pd,,; = 0) in case the project is declined. In Constraint we multiply the project
duration (pt,) to the decision variable if the project is declined or not to make sure that in case
the project is not declined that the project execution variable can be 1 for the entire project
duration.

zviylht7ﬂq75 f; (117p \/i’ b, tv m,s (41.1 :2)
LS,
Z Upt = app p (4.13)
t=ES,
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T
Zpdm <pty,-ap, Vp (4.14)
t=1

Project execution constraint

To make sure that the C2Pa model only assigns consultants during project execution to all
required team member roles and project skills, we introduce two constraints. Constraint
makes sure that the project execution starts (pd,, ; = 1) when the decision variable (u,, ;) equals 1
and ends with being 1 when the project duration is over (t = t+pt,). Constraint .16 makes sure
that all project team members are assigned to a number of project skills based on the proportion
of project hours they work (st, ). Since the sum over st,, ,, for the project team members equal
the total number of required project skills, we ensure all project skills are assigned. Furthermore,
this constraint ensures that all team members roles are filled in case a project is accepted, since
pd, = 1 during execution of the project.

min(t+ptp,T)

Pty ups < Y. pdps t € {ESp,..., LSy} and Vi, p,m,s (4.15)
t1=t
I S

Z Z xi,p,t,m,s = Stp,m ' pdp,t Vp, t, m (416)

i=1 s=1

One consultant per team member role constraint

A team member role can only be performed by one consultant and this consultant should remain
assigned until the project is completed. We use three constraints for enforcing this behaviour for
the C2Pa model, and introduce auxiliary variable z; ,, . 2, m iS @ binary variable that equals 1
in case consultant i is assigned to team member m of project p. Constraint makes sure that
only 1 consultant can be assigned per project and team member role. Constraint makes
sure that only 1 team member can be assigned per project and consultant. At last, we have
Constraint to make sure that the model only assigns 1 consultant per team member m of
project p. The constraint ensures that z; ,,; ,, - can only be assigned 1 in case z; ;,,, equals 1.

1

> zipm <1 VYp,m (4.17)
=1
Mp
> zipm <1 Vp,i (4.18)
m=1

Li,pt,m,s g Zi,p,m \VIZ.?p? ta m,s (419)

Net available hours constraint

The net available hours constraint (Constraint 4.20) ensures that consultant i does not work
more than the consultant has time available in time period ¢ (/N H; ;). Note that this constraint
enables consultants to work simultaneously on multiple projects in case the consultants’ avail-
ability allows this. This is the case since we sum for consultant ¢ all chargeable (CH,, ;) and
nonchargeable hours (NCHy,, ) for skill s of project p at time ¢ to which the consultant is as-
signed to (x; p.¢,m,s). Moreover, we add the EM hours.
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P myp

S
emh - em;, - pd, ¢
S35 (O i+ T N )

my - S
p=1m=1 s=1 p

(4.20)
< NH;; Vit

One team member per required project skill
Constraint makes sure that only 1 team member per required project skill can be assigned.

I m
> Z Tiptms <1 Vp,t,s (4.21)

i=1 m=1

Starting time window constraint
Constraint makes sure that the C2Pa model cannot be assigned outside the project time
window.

Tiptms <0 t&{ES,,..,LF,}and Vi,p,m,s (4.22)

Only assign to required project skills constraint
Constraint makes sure that the C2Pa model cannot assign to project skills not required by
the project. The avoids extra assignments of consultants to irrelevant skills to improve KPls.

xi7p7t7m,s S TSS,p VZ, p7 ta m7 S (423)

Same skill assignment during project duration constraint

Constraint and make sure that the same project skills are assigned to the same con-
sultant (team member) during project duration. v; ,, ., s is @ binary variable that equals 1 in case
consultant i is assigned to team member role m and skill s of project p. Constraint makes
sure that for all project and skills only 1 consultant (team member) can perform the project skill
independent of the time. Constraint makes sure that this behaviour applies to z; ¢ m. s as
well.

I mp
DD Vipms =app p;s (4.24)
i=1 m=1

Tiptms = Vipm,s Vi, P,t,m,s (4.25)

Sign constraints

The sign constraints (Constraint until 4.34)) restrict the feasible solution space, guide the
behaviour of variables in mathematical models, or represent real-world limitations in certain
context.

Zipem € {0,1} (4.26)
upy € {0,1} (4.27)
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app € {0,1} (4.28)

pdps € {0,1} (4.29)
Vipm,s € 10,1} (4.30)
Zipm € {0,1} (4.31)
TPT >0 (4.32)
75 >0 (4.33)
df,d; el e >0 (4.34)

4.2 Model description

We can now model the following mixed integer linear programming (MILP) model:

Indices Description

) Consultant index s withi =1, ..., 1

m Team member index m withm =1, ...,m,
P Projectindexpwithp =1,..., P

s Skill index swiths =1, ..., S

t Time indextwitht=1,....T

Parameters Description
ab o, and a, Positive and negative weight attached to the normalized sum of

cost

deviations of e}, and e,

ot and a Positive and negative weight attached to the normalized sum of
deviations of ¢!, and e,

of . and a,.. Positive and negative weight attached to the normalized sum of
deviations of e} . and e__ ..

¢ Hourly cost parameter for assigning consulant i to a project based
on the consultant’s job position (see Table R.1))

CHyp s Chargeable hours parameter for required skill s of project p at pe-
riod ¢

csls; Consultant i’s skill level parameter for skill s (according to the skill
level range as specified in Table B.1)

CSSs i Consultant i’s skill satisfaction parameter for skill s (according to
the satisfaction scale as specified in Table B.2)

ems p Binary parameter that equals 1 in case consultant i is working as
EM on project p and 0 otherwise.

emh Parameter that represents the hours an EM is working as EM per
project per week.

ES, Project p’s earliest start time parameter

1 Number of consultants parameter
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Parameters

Description

LF,
LS,
mp

NCH;p s

psls p

Dy
DPUp

Qp7s7i

TSp.s

S

Stp.m

T

TotMaxAbsCost

TotMaxAbsM atch

TotMaxAbsSatis

TotMaxAbsUtil

TPl

TSmax

Project p’s latest finish time where LF, = LS, + pt, — 1

Project p’s latest start time parameter

Number of team members in project p parameter

Non-chargeable hours parameter for required skill s of project p at

period ¢

Net hours parameter of consultant i in period ¢

Number of projects parameter

Number of project hours for team member m of project p for every

t during the project. PH,, ,, remains constant during the project

(does not change).

Project p’s skill requirement level parameter for skill s (according to

the skill levels range as specified in Table B.1))

Project p’s processing time parameter

Priority value parameter for project p according to (Subsection

R.4.3)

Binary parameter underqualification for skill s for consultant i on
. _ | Yifpslsy > csls;

project p. gp,s.i = { 0 otherwise

Binary parameter if skill s is required for project p. 1rs,, =
Lif pslsp > 1

{ 0 otherwise

Number of skills parameter

Number of required skills of project p that are assigned to team

member m parameter.

Number of time in planning horizon parameter

The total maximum absolute hourly cost is a parameter that repre-

sents the maximum absolute value of the hourly cost of assigned

consultants KPI. The maximum absolute cost value is 165.

The total maximum absolute skill match is a parameter that rep-

resents the maximum absolute value of the C2Pa skill match KPI.

The maximum absolute C2Pa skill match value is reached when a

project requires a skill at expert level (3) while the consultant does

not have this skill (0). The skill match for the required project skill

would then become 02 — 32 = 9. Since in the absolute worst case

this could be required for all project skills and all projects we multi-

ply this value by the number of projects P and the number of skills

S. Therefore Tot Maxz AbsMatch = (max(PSLs ;)% P - S.

The total maximum absolute satisfaction is a parameter that rep-

resents the maximum absolute value of the consultant satisfaction

KPI. The maximum satisfaction that a consultant can give a certain

skill is 10. Therefore TotMaxAbsSatis = 10.

The total maximum absolute consultant-to-project utilization is

a parameter that represents the maximum absolute value of

the consultant-to-project utilization KPI. The maximum utiliza-

tion that a consultant can achieve is 100 percent. Therefore

TotMaxAbsSatis = 100.

Parameter that represents the total project hours for all projects in

the planning horizon.

Sum of the number of required skills parameter for all projects in

the planning horizon.
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Parameters Description
Wp,s,i Binary parameter overqualification for skill s for consultant i on
. _ | Llifesls; > pslsy
project p. wp,s.; { 0 otherwise
Wecline Weight attached to the normalized penalty factor for declining a

+
Wepst and Weost

+
utt

w landw

util

+ p—
Wgatis and Wgatis

+ —
Winatch and Winatch

WH;;

Decision
variables

project

Positive and negative weight attached to normalized deviations of
the hourly cost of assigned consultants goal (4}, and d__,)
Positive and negative weight attached to normalized deviations of
the total consultant-to-project utilization rates goal (d.',, and d_,,)
Positive and negative weight attached to normalized deviations of
the consultant satisfaction rates goal (df ,;, and d__,,.)

Positive and negative weight attached to normalzied deviations of
the C2Pa skill match goal (¢ ., andd_ . .)

Parameter that represents the working hours of consultant ; at time

t

Description

Up,t

:Iji7p7t7m7s

app

Auxiliary
variables

Binary decision variable that equals 1 if project p starts at time ¢
and 0 otherwise.

Binary decision variable that equals 1 in case consultant i is as-
signed to team member slot m and skill s of project p at time ¢, and
0 otherwise.

Binary decision variable that equals 1 in case project p is accepted
(all team member slots are assigned to consultants), and 0 other-
wise.

Description

dr . and d

cost cost

JF —
dwm and d;

i util

+
di,p,match and

i,p,match

d-‘r

satis

and d_

satis

_l’_
Ccost and 6cost

Positive and negative deviation variable between the hourly cost of
assigned consultants KPI and the continuous variable that repre-
sents a value in the aspiration level interval range

Positive and negative deviation variable between the consultant-
to-project utilization rates KPI and the continuous variable that rep-
resents a value in the aspiration level interval range for consultant
2

Positive and negative deviation variable between the C2Pa skill
match KPI and the continuous variable that represents a value in
the aspiration level interval range for consultant ; and project p
Positive and negative deviation variable between the consultant
satisfaction rates KPI and the continuous variable that represents
a value in the aspiration level interval range

Positive and negative deviation variable between the continuous
variable that represents a value in the aspiration level interval range
and the desired minimum or maximum aspiration level of the hourly
cost of assigned consultants KPI
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Auxiliary Description
variables
z utzl and e,

Positive and negative deviation variable between the continuous

variable that represents a value in the aspiration level interval

range and the desired minimum or maximum aspiration level of

the consultant-to-project utilization rates KPI for consultant i

Positive and negative deviation variable between the continuous

variable that represents a value in the aspiration level interval range

and the desired minimum or maximum aspiration level of the con-
sultant satisfaction rates KPI

pdp ¢ Binary auxiliary variable that equals 1 in case project p is in execu-
tion at time ¢ and 0 otherwise

TPT Auxiliary variable that represents the total project hours for all ac-
cepted projects in the planning horizon.

Ts Auxiliary variable that represents the number of required skills pa-
rameter for all accepted projects in the planning horizon.

Vipm,s Binary auxiliary variable that equals 1 in case consultant : is as-
signed to team member role m and skill s of project p and 0 other-
wise

Yeost Continuous variable that represents a value in the aspiration level
interval range of the hourly cost of assigned consultants KPI

Yiutil Continuous variable that represents a value in the aspiration level
interval range of the consultant-to-project utilization rates KPI for
consultant ¢

Ysatis Continuous variable that represents a value in the aspiration level
interval range of the consultant satisfaction rates KPI

Zipm Binary auxiliary variable that equals 1 in case consultant i is work-

ing as team member m on project p

i util

and e

satzs satis

Minimize
w+ e djoat 4w .- d(:).st T + .- ej:).st +o .- e;ost
cost " ot MazAbsCost |t TotMazAbsCost | <t TotMaxAbsCost " Tot MazAbsCost

+1 . Z 'U)+ ] jutzl - i, utzl + ) i, util - . € util
I “ util ” TotMaa:AbsUtzl Wutit * TotMaxAbsUtzl Yutil * TotMaxAbsUtzl Gutil TotMaxAbsUtil

=1

bwtg et e e e G = Cos
satis ot Max AbsSatis satis ot Maz AbsSatis satis ot Max AbsSatis satis ot Maz AbsSatis
P I + _
d; d;
_ .. i,p,match i,p,match
+P I pg Z:: ( Wmateh ™ 7P ot N a Abs Match - Py F Wnaten * TotMaxAbsMatch - ptp>
1
+F . deecline *PUp - (1 - app)
p=1
(4.35)
Subiject to:
LFy, S ) )
Ez 1 zp_l t=ES, me1 2us=1 Ci " Tip,tm,s LAt = yeout (4.36)
TPT cost cost

21}7):1 ZZ—‘:O(Zzpzl Zsszl CHt,p78 . $i7p7t’m’3) + WHi}t — NHi,t + emh - em;p - pdp,t 100
(X WHiy) - T (4.37)
dz util + dz util = Yiutil Vi
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I P LF, mp S
Zl:l Zp:l Zt:ESp m=1 s=1 xi,pi,mjs . 638571 d+ d_ B
TS — lgatis T Qgqris = Ysatis
LF, mp S
2 2
Z Z (Z(CSZS,i - pszs,p) *Qp,s,i + (CSlsyi — pSlS’p) . wp,s,i)

t=ES, m=1 s=1

. N — _ .
PUp * Tip,t,m,s di,p,match + di,p,match =0 Vi,p

P myp S

emh - em;y - pdp ¢

550 Y (CHip g + ST NCH, i

p=1m=1 s=1

< NH;; Vit

Tiptms < app Vi,p,t,m,s

1
Z Zivpvm S 1 \v/p’ m
=1

Mp

Z Zl'7p7m S 1 Vp7i
m=1

xi,p,t,m,s S Zi,pvm Vz,p, ta m,s

I mp
Z Z $i7p7t7m7s S 1 vp7t7 S
i=1 m=1
LS,
> upr=apy p
t=ES,

Tiptms <0 t&{ES,,..,LF,}and Vi,p,m,s

Dtp - Upp <

$i7p»t7m75 S TSS,P VZ? p? t? m7 S

I S
Z Z :L‘/L'7p9t7m7s = Stpym ' pd 7t vp? t? m

i=1 s=1
min(t+ptp,T)
Z pdpt te€{ESy,..,LS,}andVi,p,m,s

t=t

T
> pdypy < pty-ap, Vp
t=1

I myp

Z Z Vipm,s = app VD, S

=1 m=1

Tiptms = Vipm,s Vi,P,t,m,$

+ -
Yeost — €cost T Coost = 0
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(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)



Yiutil = €y + €y = 100 Vi (4.55)

Ysatis — €aopis T Cantis = 10 (4.56)
Tiptm € {0,1} (4.57)
up: € {0,1} (4.58)
app € {0,1} (4.59)
pdy € {0,1} (4.60)
Vipm.s € {0,1} (4.61)
Zipm € {0,1} (4.62)
TPT >0 (4.63)

TS >0 (4.64)
dif,d; el e >0 (4.65)
115 < Yeost < 127 (4.66)

90 < y; i < 100 (in case consultantiis M A)
80 < y; wta < 100 (in case consultantiis C)

: . (4.67)
75 < y;iutit < 100 (in case consultantiis SC)
65 < yiue < 100 (in case consultantiis M)
6 S Ysatis S 10 (468)

4.3 Conclusion

This chapter started with describing the model requirements of the C2Pa problem. The C2Pa
model requires 3 decision variables: an assignment decision variable, a scheduling decision
variable, and a decline project decision variable. Furthermore, the C2Pa model has 4 objec-
tives: consultant satisfaction, consultant-to-project utilization, hourly assignment cost, and skill
match. We deal with the multiple objectives by implementing the revised MCGP of Chang
(2008). In the revised MCGP the objective function is to minimize the deviations to the target
level and the aspiration interval level. Target levels are the predetermined goals for each KPI
(minimum desired performance). The aspiration interval level range is the range between the
target level and the optimal desired performance. Furthermore, Subsection elaborates on
the constraints in the C2Pa problem. Combining all these elements leads to the mathematical
model described in Section §.2. We use this model in Chapter f to perform the experiments
with.
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5 MODEL RESULTS, ANALYSIS, AND VALIDATION

Chapter @ described the modelling approach for creating the C2Pa model. This chapter uses
that model to generate results, to use these results for the analysis, and to validate the model
to answer the research question: "How does the model perform for different scenarios of the
C2Pa problem?”. Section describes the experimental design of this research. Section 5.2
verifies the model. Section .3 validates the model. Section 5.4 analyses the performance of
the model. Section 5.5 evaluates the impact of different time window sizes on the results of the
C2Pa model. Section b.6 evaluates the impact of different company sizes on the C2Pa model’s
computational time. Section .7 evaluates the impact of different organizational capabilities on
the results of the C2Pa model. Section 5.8 presents the main take-aways of Chapter f.

5.1 Experimental design

This section discusses the experimental design. Subsection provides the dataset for the
C2Pa model. Subsection provides the experiments. We execute all experiments using
a Python 3.11.5 engine on Spyder IDE version 5.4.3, on a computer with an Intel(R) Core(TM)
i7-8750H CPU of 2.20GHz and 16.0 GB RAM. In Python we use the PuLP package version
2.7.0 and the Gurobi Optimizer version 11.0.0 build v11.0.0rc2.

5.1.1 Dataset

Table shows the dataset for the C2Pa model. The input is based on data of the D&A service
line of BE NL (Appendix F and [G). For the experiments, we generate data instances from the
dataset. This is possible since the distributions with the same setting give different values for
each instance.

All weights, except the weight for declining a project, are 1. The weight for declining a project
is a large number (200,000,000) since BE NL only wants to decline a project in case this
leads to an infeasible solution. The normalization factors (T'otMax AbsUtil, TotMaxAbsCost,
TotMaxzAbsMatch, and TotMaxAbsSatis) are according to Section 4.3. The EM hours per
project per week parameter (emh) equals 4 hours. We have 15 consultants (1), 9 projects (P),
a planning horizon of 52 weeks (7"), and 23 project skills (S).

We evenly spread the projects by generating the earliest start periods of the projects E.S, from
a discrete uniform distribution between period 0 and 51 minus pt,, as inspired by Heimerl and
Kolisch (2010a). There are no start time windows for the projects so £S, = LS,. Further-
more, we generate if the project is a beach request or not and the number of team members
with a probability determined from the distribution of the base case parameters. One third of
the projects in the D&A team is a beach request (two third a client project) and 2 out of the 9
projects has two team members (7 out of the 9 one team member).

46



For the other parameters, we try to fit appropriate probability distributions to capture the vari-
ability and uncertainties associated with these parameters. Our approach involves employing
a goodness of fit test to identify and fit distributions that align with the observed data. Since
all input values are integers and all inputs are defined as integers as well (for example skill
levels are in integers) we need a discrete distribution. The Poisson distribution is the most
suitable discrete distribution since we do not have trials until success (so geometric distribution
not suitable), we have more than two possible outcomes (so binomial distribution not suitable
either), and we want to model the parameters that occur in a fixed interval of time (planning
horizon). The goodness of fit tests (Appendix ll) prove that for the csls i, psls i, and css,; the
Poisson distribution is a good option, while for the pt,, and PH,, ,, the Poisson distribution is not
a good option. We use truncated Poisson distributions to make sure the values stay in feasible
regions (T'runcated Poisson(\, lowerbound, upperbound)) where X represents the average. For
pt, and PH, ,, we randomly generate input data from the pt,, and PH, ,,, dataset of BE NL from
2022-2023 (Appendix [G).

Weights (w & ) = Appendix
TotMaxAbsUtil = 100
TotMaxAbsCost = max(c;) - 40 - sum(pt,,)

T=52
S=23
pv, and EM,, = Appendix F.3

TotMaxAbsMatch = (max(PSL;,))? - P- S

NH;; ~ NH (Appendix table [G.3)

TotMaxAbsSatis =10

csss,; ~ Truncated Poisson(5.7, 0.0, 10.0)

emh =4 pt, ~ PT (Appendix table [G.2)

I=15 PH,, ., ~ PH (Appendix table [G.1))
P=9 psls p ~ Truncated Poisson(0.5, 0.0, 3.0)
ES,— LS, =0 ES, ~ U[0, 52 - pt,]

P(beach, = 0) = 2/3
P(beach, =1)=1/3

P(m, = 1) = 7/9
P(m,, = 2) = 2/9

esls,; ~ Truncated Poisson(0.8, 0.0, 3.0) in case consultant ¢ has job position MA
esls,; ~ Truncated Poisson(1.3, 0.0, 3.0) in case consultant ¢ has job position C
csls,; ~ Truncated Poisson(1.2, 0.0, 3.0) in case consultant ¢ has job position SC

Table 5.1: Dataset for the C2Pa model

5.1.2 Experiments

This subsection provides the experiments of this research. Table 5.2 shows the different sce-
narios for each experiment. We have 4 experiments with in total 16 scenarios. For the first
experiment we run 1 instance per scenario due to time intensiveness of creating the scenario,
while for the last three experiments we run 10 instances per scenario. This leads to a total of
142 runs since the total number of runs is determined by adding up the instances run for each
scenario.

Experiment Factor(s) Scenarios Instance(s) per sce-
nario
Performance OTL vs | z;,:m.s (assignment | free, fixed according to | 1
C2Pa model variable) Table 5.3
Flexible start time win- | LS,—ES, (in weeks) 0.0,1.0,20,3.0,4.0 10
dow of projects
I=8&P =35,
. I=15& P =09,
Company size I&P [—238&P =14, 10
I=30&P =18
Organizational capa- | Aincsls; -0.5, 0.0, +0.5, +1.0, | 10
bilities +1.5

Table 5.2: Experimental test design
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Performance evaluation of the C2Pa model versus the current OTL C2Pa procedure

By comparing the outcome of the C2Pa model with the outcome of the OTL C2Pa procedure, we
can benchmark the C2Pa model against the current OTL assignment procedure. This evaluation
helps assessing the overall effectiveness of the C2Pa model. For the performance evaluation
experiment, we have 2 scenarios: one where the C2Pa model can freely assign the decision
variable x; ,, ; m s, and one where the C2Pa model assigns according to the decisions of the OTL
(Table B.3) to calculate the OTL’s performance.

Project | x; . t,m,s

2 x3.2.10s =1s€{0,1,4,15,16}and t € {32, 33,34}
4 L12,4,t,0,s = 1se {0, 11, 16} andt e {27, 28}

5 T12,5.4,0,s = 1 s € {11,16,19,21} and t € {33}

6 Z13,6.40s = 1 s €{0,1,3,8,9}and t € {11}
8

0

@161 =1s€{11,12,15,16,19} and t € {11}
T12,8,¢,0,s — 1se {7, ].4, ].7, 20} andt e {19, 20, ceny 3].}
,1,3,7 | allother z; .t s =0

Table 5.3: OTL assignments for the base case

Impact flexibility start time windows on the solution

By varying the start time window sizes of the projects we can investigate the impact of the start
time window size on the solution. These insights are valuable for companies to determine if
they want to negotiate more with their clients about the flexible starting times of projects. For
the start time window experiment, we have 5 scenarios: 0, 1, 2, 3, and 4 weeks. We choose
to experiment with these five scenarios since the maximum feasible start time window seen in
actual projects equals 4 weeks.

Usability of C2Pa model with respect to company size
By increasing the number of projects and consultants we provide insights in the usability of the
C2Pa model for different company sizes. We asses the usability of the model based on the
computational times involved with running the C2Pa model. For the company size experiment,
we have 4 scenarios: 8 consultants and 5 projects, 15 consultants and 9 projects, 23 consul-
tants and 14 projects, and 30 consultants and 18 projects.

Effect organizational capabilities on the solution

By using different consultant skill sets, we can see the impact of companies with better and
worse skilled people on the solution. Furthermore, varying the organizational capabilities illus-
trates how training your employees on the skills influences the solution. For the organizational
capability experiment, we have 5 scenarios varying the average skill level of a consultant (1))
of the truncated Poisson distribution with steps of 0.5 between -0.5 and +1.5. The reason for
this experimental level range is because decreasing A with 0.5 will lead to a A value closest to
0 (lowerbound consultant skill level), while increasing A with 1.5 will lead to a A value closest to
3 (upperbound consultant skill level).

5.2 Model verification

To verify the correctness of the C2Pa model, we focus on optimizing one KPI at a time and
compare the C2Pa model’s result with manually determined values. Simplifying the model to
one KPI allows thorough examination of the model’s behavior and performance with respect to
that single KPI and eases the calculation of the optimal value which we use to check the cor-
rectness of the model. In this way, we can verify that the C2Pa model behaves as expected and
produces accurate results for each KPI. For the verification experiment (single KPI optimization)
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the value of the weight factors (w & «) of the chosen KPI equal 1 while the others are equal to 0.
This makes sure the C2Pa model only takes the single KPI in consideration during optimization.
The C2Pa problem has 4 KPIs and we therefore have 4 scenarios for the verification case. For
each scenario we run 2 instances. Table .4 shows the results of the single KPI optimization
experiments. Appendix H shows the manual calculations of the single KPI experiments for in-
stance 1. Since the results of Table 5.4 and Appendix H are the same, we prove the correctness
of the C2Pa model. We performed the manual calculations for instance 2 in a similar way as the
manual calculation for instance 1 as presented in Appendix H. Also, for instance 2 the results
are the same proving the correctness of the C2Pa model for different instances.

Scenario KPI value instance 1 | KPI value instance 2
Single utilisation KPI optimization (in %) | 55.61 55.94

single cost KPI optimization (in €) 127.00 127.00

single satisfaction KPI optimization 6.40 5.99

single skill match KPI optimization 2.00 -1.33

Table 5.4: Results of the C2Pa model for the single KPI optimization experiments

5.3 Model validation

The goal of the model validation is to evaluate if the results of the model are accurate in com-
parison with real observations. We validate the model by discussing the outcomes of the model
with experts (OTL team). For the validation experiment we have one scenario which is the
data instance (Table 5.1) and we use the same 2 instances as the model verification experi-
ment for this scenario. We discuss the following topics: (i) declined projects and (ii) assigned
consultants.

5.3.1 Instance 1

Project 0, project 1, project 3, project 4, project 5, project 6, project 7, and project 8 are the
declined projects in the first instance. Project 0 is a project that requires 2 consultants. The first
consultant for 40 hours per week, and the second 32 hours per week. The project runs from
week 31 until 47. When discussing the possible consultants for this project with the OTL, we
conclude that only consultant 11 is available for team member role 0 and team member role 1.
Since a consultant can only work on one team member role per project and all team member
roles need to be filled, declining the project is the only option. Using the C2Pa model results in
the same decision. The same applies for project 3, also only consultant 11 is available for both
team member roles (2 consultants for both 40 hours per week from week 39 until 47). For the
other declined projects, we observe that no consultants are available for assignment: project 1
(2 consultants both 40 hours per week in week 9 until 29), project 3 (2 consultants both 40 hours
per week in week 39 until 47), project 4 (2 consultants both 40 hours per week in week 10 until
19), project 5 (1 consultant for 40 hours per week in week 15 until 45), project 6 (1 consultant
for 20 hours per week in week 0 until 43), project 7 (2 consultants both 40 hours per week in
week 11 until 27), and project 8 (2 consultants both 40 hours per week in week 5 until 34).

When comparing the optimal assignments of the C2Pa model with the assignments of the OTL
team forinstance 1, the assignments are the same. This is alogical observation since consultant
9 was the only available consultant to be assigned to project 2. Therefore, in case the OTL also
sees this assignment option they make the same assignment as the C2Pa model.
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5.3.2 Instance 2

Project 0, project 2, project 3, project 6, project 7, and project 8 are the declined projects in
the second instance. Project 0 is a project that requires 2 consultants both for 40 hours per
week. The project runs from week 10 until 16. When discussing the possible consultants for
this project with the OTL, we conclude that only consultant 11 is available for team member
role 0 and team member role 1. Since a consultant can only work on one team member role
per project and all team member roles need to be filled, declining the project is the only option.
We observe that the C2Pa model also noticed this and made the same decision. For the other
declined projects, we observe that no consultants are available for assignment: project 2 (1
consultant for 40 hours per week in week 0 until 50), project 3 (1 consultant for 40 hours per
week in week 18 until 26), project 6 (2 consultants both 40 hours per week in week 0 until 50),
project 7 (1 consultant for 40 hours per week in week 9 until 47), and project 8 (1 consultant for
40 hours per week in week 29 until 45).

When comparing the optimal assignments of the C2Pa model with the assignments of the OTL
team for instance 2, the C2Pa model assigns project 4 differently than the OTL. The C2Pa
model assigns project 4 to consultant 11, while the OTL team assigns project 4 to consultant 2.
When discussing these changes with an OTL and comparing the differences with respect of KPI
performance, the OTL agreed that they did not think of this consultant as assignment option.
However, the OTL sees the potential of this assignment and agrees that the model assignment
is better than their manual assignment.

5.4 Model performance evaluation

This section analyses the model performance by comparing the OTL assignment versus the
optimal assignment according to the C2Pa model. Table 5.5 shows the results of this compar-
ison. The C2Pa model increases consultant satisfaction, and decreases the hourly cost for an
increase in underqualification. Since the number of declined projects remains the same and
the same projects are accepted for both scenarios, the utilisation keeps the same for both sce-
narios. Moreover, the C2Pa model has a computational time of 0.99 seconds. Note that the
differences between the OTL and C2Pa in terms of performance are not that big due to the small
instance used for this scenario. Using a larger instance for this experiment was not possible
due to the time intensiveness involved with creating such an instance.

KPI OTL C2Pa model
Utilisation (in %) | 75.40 | 75.40
Hourly cost (in€) | 120.75 | 115.69
Satisfaction 6.05 6.41

Skill match -4.80 -5.80
Declined projects | 4.00 4.00

Table 5.5: Comparison between performance OTL assignments versus C2Pa model assign-
ments

5.5 Impact of flexibility in start time windows

This section analyses the results of the impact of flexbility in the project start time window sizes.
Table b.6 presents the results of an experiment examining the impact of time window size on the
performance of the C2Pa model. The experiment explores various scenarios where the time
window size equals 0, 1, 2, 3, or 4 weeks. The key metrics measured include computational
time in seconds, declined projects ratio, utilization percentage, average hourly cost in euros,
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satisfaction, and skill match. The mean and standard deviation values for each metric are pro-
vided for different scenarios which are all run 10 times, offering insights into how time window
sizes influences the performance of the C2Pa model. We use the same layout for Table 5.7 and

Table B.8.

We expect that increasing the start time window size decreases the number of projects de-
clined due to the created additional flexibility in scheduling and assigning consultants to projects
(projects can be scheduled at more time periods leading to more consultants that might be avail-
able for executing the project). This increase in flexibility could lead to overcoming the consultant
availability constraint resulting in accepting the project. In case this is true, we also make more
assignments leading to higher utilizations. However, since the choice of accepting a project only
depends if accepting a project would result in a feasible solution, we expect that accepting ex-
tra projects comprises the other KPIs (hourly cost KPI, satisfaction KPI, and the skill match KPI).

Table 5.6 confirms the expectation of increased accepted projects, utilisation, hourly cost, and
the decrease in skill match. However, the consultant satisfaction KPI is not according to ex-
pectation because for a start time window size of 2 and a time window size of 3 the satisfaction
increases. The reason why the satisfaction for these two scenarios increase is because not
all extra created flexibility (by increasing the time window sizes) could be used for accepting
projects. The C2Pa model is then able to use the leftover flexibility for improving the KPIs. In
this case the consultant satisfaction.

Exp. Scenario Computational time (s) Dec. projects ratio Utilisation (in %) Hourly cost (in €) Satisfaction Skill match

mean std dev mean std dev mean std dev mean std dev mean std dev mean std dev
0 (base) 43.88 0.17 0.70 0.00 55.71 0.17 128.10 0.40 5.85 0.02 -4.11 0.02
1 41.37 27.03 0.69 0.13 55.71 0.70 129.31 476 5.77 0.46 -4.49 4.40

TW 2 40.30 15.82 0.66 0.13 56.07 1.18 128.38 6.64 5.89 0.56 -6.15 4.50
3 44.24 21.71 0.66 0.13 56.07 1.18 128.39 6.64 5.91 0.57 -6.10 4.55
4 48.47 29.56 0.63 0.16 56.20 1.21 128.38 6.24 5.83 0.49 -6.39 5.02

Table 5.6: Effect time window size on the performance of the C2Pa model

5.6 Useability of the C2Pa model with respect to company size

Table 5.7 shows the results for running the company size scenarios. The mean and standard
deviation for these scenarios are based on 4 data instances instead of 10, since 6 of the data
instances from the 8 consultants and 5 projects scenario led to declining all projects. Instances
that declined all projects have an average hourly cost of 0, a satisfaction of 0, and a skill match
of 0 and therefore distort the experiment. We therefore decide to remove these data instances
to get clear insights. To keep the comparison between the company size scenarios fair, we
remove the instances with the same seed value also in the other scenarios.

We expect for the company size experiments that the larger the problem size the more assign-
ment options are available and therefore the better the KPI values will be. Table 5.7 confirms
this expectation for the declined projects, utilisation, and satisfaction. However, this does not
hold for the hourly cost and the skill match. We do observe an decreasing trend in the skill
match from the base case to the larger problem sizes. Nevertheless, the smaller problem size
contradicts this trend. The reason why the hourly cost increase is because more assignment
options lead to a larger chance of accepting projects. In case the projects could only be ac-
cepted when assigning a more expensive consultant, the model will still do this because of BE
NL’ business rule. The average hourly cost could therefore increase.

Furthermore, we observe an exponential trend between the problem size and the computational
times. Increasing the problem size for large companies with the current C2Pa model, therefore
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becomes problematic (Figure b.1).

Exp. Scenario Computational time (s) Dec. projects ratio Utilisation (in %) Hourly cost (in €) Satisfaction Skill match
mean std dev mean std dev mean std dev mean std dev mean std dev mean std dev
size 8&5 8.37 1.41 0.70 0.12 57.24 0.16 131.08 6.15 5.74 0.43 -1.63 2.50
size 15 & 9 (base) 66.26 71.96 0.64 0.14 55.86 0.89 129.63 3.80 5.62 0.28 -7.41 513
size 23& 14 1492.58 1136.88 0.70 0.09 60.66 0.56 129.74 4.45 5.94 0.38 -6.21 2.84
size 30& 18 3211.01 2607.22 0.61 0.05 62.62 0.80 129.96 3.15 6.01 0.32 -5.60 3.23

Table 5.7: Effect company size on the performance of the C2Pa model

Impact company size on computational time
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Figure 5.1: Trend computational time with respect to problem size

5.7 Effect organizational capabilities

The experiments involving different consultant skill sets demonstrate how companies with em-
ployees of differing skill levels affect the performance. Furthermore, varying the organizational
capabilities illustrates how training your employees on skills influences the performance. We
expect that increasing the organizational capabilities has no effect on the number of declined
projects and the consultant-to-project utilization, since this will not create additional flexibility
to overcome the consultant availability constraint. However, we do expect the skill match to
increase if the average skill levels increase since more cheaper consultants will have a better
fit on the projects, leading to decreasing hourly cost. We do not expect a relationship between
increasing the average skill level and the satisfaction. Table 5.8 confirms this expectation. An
interesting observation that can be seen from the instances generated for this experiment is that
there is a sweet spot for the C2Pa skill match KPI if the average consultant skill level increases
between 0.5 and 1 level.

Exp. Scenario Computational time (s) Dec. projects ratio Utilisation (in %) Hourly cost (in €) Satisfaction Skill match
mean std dev mean std dev mean std dev mean std dev mean std dev mean std dev
CSL -0.5 37.08 14.87 0.70 0.14 55.71 0.70 127.07 3.83 553 0.43 -7.61 4.02
CSL 0 45.16 36.61 0.70 0.14 55.71 0.70 128.10 3.32 5.85 0.46 411 4.62
CSL 0.5 50.53 53.54 0.70 0.14 55.71 0.70 127.67 474 5.76 0.66 -0.67 1.87
CSL 1 47.73 47.86 0.70 0.14 55.71 0.70 127.75 4.08 5.89 0.48 1.63 2.16
CSL 1.5 33.17 4.99 0.70 0.14 55.71 0.70 127.53 4.29 5.51 0.56 3.90 2.73

Table 5.8: Effect organizational capability on the performance of the C2Pa model

5.8 Conclusion
We started this chapter, by establishing a data instance for the experiments. This data instance

was based on input data of the D&A service line of BE NL. With this data instance, we verified,
validated, and evaluated the performance of the C2Pa model. Table b.5 proves the effectivess
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of the C2Pa model compared to the current C2PA procedure. Furthermore, we used this data
instance to experiment with the project start time window sizes, company sizes (number of
projects and consultants), and the average consultant skill level.

The start time window size experiments prove an increasing relation between the accepted
projects, utilisation, and hourly cost. Furthermore, we observed a decreasing realtion with the
skill match. We did not observe an relation between the project start time window size and the
consultant satisfaction.

The experiments involving the company size suggest an exponential behaviour between the
number of projects and consultants and the computational time. The company size experiments
also demonstrated the limitation of the C2Pa model for large company sizes. Furthermore, in-
creasing the company sizes proved a positive relation with the number of declined projects,
utilisation, and satisfaction.

The experiments involving the consultant skill distribution mostly impacted the C2Pa skill match
KPI. However, also the cost where positively influenced when varying the consultant skill dis-
tribution. Moreover, we observed that the C2Pa skill match KPI is optimal between an average
increase in skill level between 0.5 and 1.
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6 CONCLUSIONS AND RECOMMENDATIONS

This chapter gives the conclusions and recommendations following from the research. Section
concludes this research. Section .2 elaborates on the theoretical and practical contribution
of this research. Section B.3 discusses the limitations of the consultant-to-project assignment
model. Section 6.4 adresses the recommendations for BE NL resulting from this research. At
last, Section .5 gives the future research resulting from this research.

6.1 Conclusions

This section concludes this research. The research started with describing the problem. From
this problem description, we formulated the main research goal. The main research goal is:

“To develop a Consultant-to-Project Assignment(s) (C2Pa) model that helps improving BE NL’
C2Pa procedure by making the C2Pa procedure structured and unambiguous.”

The C2Pa procedure is the process of strategically matching consultants with the right exper-
tise, experience, job position, and skill sets to the specific projects while also taking into account
their satisfaction working with specific skills. The C2Pa procedure plays an imporant role in the
effectiveness and success of client engagements, consultant satisfaction, and the financial per-
formance of the company. The stakeholders for the C2Pa problem are the consultants of BE
NL, BE NL itself, and their clients. We solve the main research goal by answering the following
research question:

“How can BearingPoint Netherlands create a C2Pa model that helps improving the C2Pa pro-
cedure by making the C2Pa procedure structured and unambiguous?”

We use the following sub-research questions to help answering the research question:

1. What is the current situation of C2Pa procedure at BearingPoint Netherlands?
2. What models and approaches related to the C2Pa problem are available in literature?
3. What is a good modelling approach for the C2Pa problem?

4. How does the model perform for different scenarios of the C2Pa problem?

The first sub-research question addresses the current situation at BE NL. The absence of a
structured and unambiguous C2Pa procedure hinders the OTL (team) with effectively manag-
ing the resource allocation, consultant satisfaction, project quality, and consultant assignment
cost, resulting in suboptimal C2Pa that a) fail to balance the needs of all stakeholders involved,
b) lack transparancy and visibility, c) are subjective & biased, d) are time intense, and e) lack
long-term planning. The reason why BE NL currently has an unstructured and ambiguous C2Pa
procedure is threefold. First, there are no clear measurable performance KPIs. Second, the
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input data is incomplete or absent. Third, the decision-making in the C2Pa problem is complex.

The second sub-research question addresses the models and approaches that are available
in literature related to the C2Pa problem. The C2Pa application area deals with methods to
match consultants to projects in a way that maximizes the project’s success probability while
also ensuring client and consultant satisfaction. The C2Pa application area does not have a
standard problem base and solution for solving the C2Pa problem. The simultaneous multi-
project scheduling and multi-skill staffing problem of Heimerl and Kolisch (2010a) is the most
suitable base for modelling the C2Pa problem (Section B.9). However, the model of Heimerl
and Kolisch (2010a) required significant adaptions in constraints and objectives to be able to
solve the C2Pa problem. We made the single-objective model of Heimerl and Kolisch (2010a)
multi-objective by implementing the revised MCGP of Chang (2008). Next to the hourly cost of
assigned consultant KPI which is based on the cost KPI on the model of Heimerl and Kolisch
(2010a), we also added the consultant-to-project utilization KPI based on the efficiency of the
workforce KPI of Zabihi et al| (2019), consultant satisfaction KPI based on the salesmen satis-
faction KPI of Abboud et al, (1998), and the C2Pa skill match KPI on the quality KPI of Chen
et al. (2020). Chen et al. (2014) add a parameter to the model of Heimerl and Kolisch (2010a)
that specifies the assigned number of employees for task k& of project j. We could adapt this
parameter to create the project team size constraint.

The third sub-research question addresses the modelling approach for the C2Pa problem. Ac-
cording to the literature review, a MILP model is the most suitable mathematical formulation for
creating the C2Pa model. To be able to deal with the multiple objectives of the C2Pa problem, we
extend the MILP model by implementing a revised MCGP. This results in the final MILP model
that performs multi-project scheduling and assignment of multi-skilled consultants to projects.
The MILP model runs in Python and has 5 indices: consultants, projects, time, team members,
and skills. The C2Pa model maximizes the consultant-to-project utilization KPI, minimizes the
hourly cost of assignments, maximizes the consultant satisfaction KPI, and brings the C2Pa
skill match KPI as close to zero as possible. Furthermore, the C2Pa model declines projects in
case no suitable assignment is possible.

The fourth sub-research question addresses the C2Pa model’s performance for different sce-
narios. In the benchmark between the OTL assignments and the C2Pa model assignments, we
observe that the C2Pa model outperforms the OTL assignments by improving 2 KPIs (decreas-
ing the average hourly cost with 4.19% and increasing the satisfaction with 5.95%) and keeping
one KPI the same (utilisation since the same projects are assigned). The C2Pa model com-
promises on the C2Pa skill match KPI by making the assignments slightly more underqualified
(-1). Moreover, the C2Pa model’s computation time is 0.99 seconds. Notice that due to the time
intensiveness of creating the benchmark instance we were only able to perform the benchmark
on a small instance (creating the assignments for the OTL scenario costs a lot of time for the
OTL team).

For the experiments with the flexible project start time windows, we expected that increasing
the time window sizes decreases the number of declined projects. Furthermore, we expect the
consultant to project utilization to increase, while the other KPIs are compromised. The exper-
iments proved the expectation of increased accepted projects, utilisation, hourly cost, and the
decrease in skill match. However, the consultant satisfaction KPI is not according to expecta-
tion due to an increase in satisfaction for a start time window size of 2 and 3 weeks.

For the experiments that test the useability of the C2Pa model with respect to the company
size, we expect that increasing the company size improves the KPI values. The experimental
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results proved that this is the case for the number of declined projects, utilisation, and cost.
However, this does not hold for the hourly cost and the skill match. Furthermore, we observed
an exponential trend between the company (problem) size and the computational times. For
large company, the C2Pa model in current form therefore becomes problematic.

For the experiments with the different organizational capabilities, we expect that increasing the
organizational capabilities has no effect on the number of declined projects, and the utilisation.
However, we do expect the skill match to increase and the cost the decrease. Furthermore,
we do not expect a relationship between the organizational capabilities and the satisfaction.
The experimental results proved the expectations. Moreover, based on these instances even a
sweet spot for the C2Pa skill match KPI (sweet spot when skill match KPI equals 0) was found.
The sweet spot is reached between an average consultant skill level increase between 0.5 and
1.

Now that we answered all sub-research questions, we are able to address the main research
question. By implementing the C2Pa model, BE NL creates a structured and unambiguous
C2Pa procedure that improves the C2Pa with respect to balancing the different stakeholders’
needs and solves the current C2Pa procedure issues. Section [6.4 elaborates more in detail
about the implementation of the C2Pa model and recommendations for BE NL. Subsection
describes the advantages of implementing the C2Pa model for BE NL more in detail.

6.2 Contribution

This section describes the theoretical and practical contribution of the research.

6.2.1 Theoretical contribution

As stated in Section B.2, there is no standard problem and solution for the C2Pa application area.
The theoretical contribution of this research lies in the formulation of a foundational framework
(outlining the core elements, relationships, and underlying principles that define and character-
ize the problem) that describes the problem of assigning and scheduling multi-skilled consul-
tants to multiple projects, and provides a modelling approach to solve this problem. The C2Pa
model uses the simultaneous multi-project scheduling and multi-skill staffing problem of Heimer!|
and Kolisch (2010a) as base. However, the C2Pa required significant adaptions in constraints
and objectives. We made the single-objective model of Heimerl and Kolisch (2010a) multi-
objective by implementing the revised MCGP extension of Chang (2008). Next to the hourly
cost of assigned consultant KPI which is based on the cost KPI on the model of Heimerl and
Kolisch (2010a), we also added the consultant-to-project utilization KPI based on the efficiency
of the workforce KPI of Zabihi et al. (2019), consultant satisfaction KPI based on the salesmen
satisfaction KPI of Abboud et al| (1998), and the C2Pa skill match KPI on the quality KPI of
Chen et all (2020). Moreover, we implemented the project priority element based on Afruzi
et all (2020), and the project team size element based on Chen et al/ (2014). Furthermore, this
research provides insights in the useability of the C2Pa model for different company sizes, the
impact of different organizational capabilities on the results of the C2Pa model, and the impact
of different start time window sizes on the results of the C2Pa model.

6.2.2 Practical contribution

This research has multiple practical contributions to BE NL. First of all, the C2Pa model solves
the unstructured and ambiguous C2Pa procedure at BE NL by clearly defining and assessing the
KPls, and by simplifying the complex decision-making of the C2Pa problem. Second, the C2Pa
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model assists the OTL (team) with effectively managing the resource allocation, consultant sat-
isfaction, project quality, and consultant assignment cost resulting in balanced stakeholders,
transparancy and visibility in decision-making, objective assignments, long-term planning, and
faster and better decisions. In the benchmark between the OTL assignments and the C2Pa
model assignments, we observe that the C2Pa model outperforms the OTL assignments by im-
proving 2 KPIs (decreasing the average hourly cost with 4.19% and increasing the satisfaction
with 5.95%) and keeping one KPI the same (utilisation since the same projects are assigned).
The C2Pa model compromises on the C2Pa skill match KPI by making the assignments slightly
more underqualified (-1). Moreover, the C2Pa model’s computation time is 0.99 seconds. No-
tice that due to the time intensiveness of creating the benchmark instance we were only able
to perform the benchmark on a small instance (creating the assignments for the OTL scenario
costs a lot of time for the OTL team).

6.3 Limitations

Next to the benefits of the C2Pa model, also some limitations exist. We identify the following
limitations:

6.3.1 Input data

The quality of the outcome of the C2Pa model is dependent on the input of the C2Pa model.
The input relies on the data quality and data availability.

One significant limitation concerning the quality of the input data is that the C2Pa model re-
lies on subjective input from consultants regarding their skill satisfaction and skill levels. While
these insights are crucial for matching consultants to projects that align with their interests and
strengths, the subijectivity of these self-reflections introduces potential inaccuracies and a de-
gree of variability (for example in case of underestimating or overestimating the skill levels).
Ensuring reliable and consistent reporting of the satisfaction and skill levels is an ongoing chal-
lenge.

One significant limitation concerning the availability of the input data is that the C2Pa model
needs up-to-date and comprehensive input data. In cases where the input is outdated or in-
complete, the model’s utility and accuracy may be compromised.

6.3.2 Computational time

The potential exponential behaviour of the computational times are a significant limitation for
the useability of the C2Pa model. The computational time of 1.5 times the size of the D&A team
already took approximately 60 hour, making the C2Pa model in its current form impractical for
application in larger companies.

6.3.3 Dashboard

The development of the C2Pa dashboard was outside the scope of this research, and therefore
only developed up to the minimum viable product (MVP) stage. This stage shows the outcomes
of the C2Pa model and eases the comparison between experiments and input settings. How-
ever, much more value can be created by the dashboard when the dashboard is developed
further. Especially with respect to the Gantt chart, that currently is not able to visualize the
assignment of multiple projects to the same consultant at the same time.
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6.4 Recommendations

Based on the research, we set up the following recommendations for BE NL:

6.4.1 C2Pa model implementation and integration

The issue with BE NL' current C2Pa procedure is that this procedure leads to suboptimal C2Pa
that a) fail to balance the needs of all stakeholders involved, b) lack transparancy and visibility,
c) are subjective & biased, d) are time intense, and e) lack long-term planning. Since the C2Pa
model is proven to be succesful in solving these issues, we recommend BE NL to implement
the C2Pa model in the C2Pa procedure as a decision-support tool.

Integrating a model in the current C2Pa procedure can be hard, so we therefore also make
some recommendations concerning the model integration. We identified two important aspects
to enlarge succesfull model integration. The first aspect is keeping the consultants’ availability,
satisfaction, and skill levels up to date. This can be done by creating guidelines. For example,
update the consultants’ availability, satisfaction, and skill level for each team member of the
project after each project close. The second aspect is making sure that the OTL (team) starts
using the C2Pa model in their C2Pa procedure. This can be done by giving a workshop to
the OTL explaining the purpose and benefits of the model as well as giving instructions how
the C2Pa model works. Giving this workshop together with providing a instruction manual will
enlarge the changes that the OTL (team) will start using the tool.

6.4.2 Data warehouse

Since BE NL currently does not have a data warehouse for storing all information required for
the C2Pa procedure centrally, all the data needs to be manually loaded into the tool. This costs
time and is prone to errors. Implementing a data warehouse would make this step redundant
and enables the C2Pa model to draw its information directly from the data warehouse. An-
other benefit of using a data warehouse is that the data is always up-to-date since it is directly
connected to the source generating the information.

6.4.3 Interactive improvement

Another recommendation for BE NL is to transform the model into an application that manages
the input, the C2Pa model itself, and the output (dashboard). This application will streamline
data input, processing and output, leading to higher efficiency and less risk of errors. The data
of the application could possibly be stored into a data warehouse to leverage these benefits as
well.

Further developing the dashboard to enable more advanced analytics of the results and a better
user experience should also be part of the interactive improvement. Currently, the dashboard
could only be created as a minimum viable product (MVP) due to not being in the scope of this
research but much more value can be created when the dashboard is developed further.

6.4.4 Improving the availability of input data

The model needs detailed project information like required project skill levels. Since transform-
ing the project description into required project skill levels can be quite time consuming we
recommend to create a prompt for generative Al like Bing Copilot or ChatGPT to automatically
substract the required skill levels from the project description. In this way the user could copy
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and paste the project description in the generative Al and receives the skill levels for the re-
quired project skills as output. However, make sure to use a generative Al that is in line with
the company’s policy and the GDPR.

6.4.5 Reduce computational times

Subsection already mentioned the limitations of larger problem instances for C2Pa model.
A possible solution for larger problem instances is implementing a metaheuristc. During the lit-
erature research, we observed that SA outperformed the other metaheuristics in both computa-
tional time and performance (Haghi et al., 2017)). We therefore recommend BE NL to implement
simulated annealing. Section provides more information about how to do this.

6.4.6 C2Pa model input extension

Currently the C2Pa model only focuses on the D&A service line. However, since the issues of
the current C2Pa procedure are experienced in every service line it is recommended to extend
the model to all service lines. In this way, the C2Pa model can do the assignments for BE NL as
a whole. Extending the C2Pa model for all service lines can easily be done and does not require
changes in the model itself. Defining the skills for each service line in a similar way as Appendix
B in combination with extending the input files is sufficient. The input files should include the
projects of the other service lines including project characteristics and the consultants of the
other service lines including the consultant characteristics.

6.5 Future research

The beforementioned limitations create opportunities for potential future research. We list the
most promising future research below:

6.5.1 Simulated Annealing

To improve useability of the C2Pa model for large problem instances and improve testing and
experimenting with the C2Pa model, lowering the computational times is desired. We already
performed research on how to implement simulated annealing for the C2Pa problem. Appendix
U shows this research. Due to the potential decrease in computational times makes finishing
the implementation of simulated annealing (best performing metaheuristic for the C2Pa problem
(Haghi et alJ, 2017)) for the C2Pa problem very valuable and highly recommended. However,
take into account that optimising the C2Pa problem with simulated annealing is different than
optimising the C2Pa problem exact. The performance in terms of assignment solution and
computational time should therefore be analysed.

6.5.2 Extending the C2Pa model

During this research, we gathered many insights in the C2Pa model. However due to the scope
we had to leave some potentially beneficial aspects out of the C2Pa model. Therefore, we
discuss these aspects in this subsection. Market opportunities and growth potential as well
as sustainability and environmental friendless are project characteristics that are currently not
taken into account during the C2Pa problem. Including these aspects in the model and investi-
gate their impact would be a good future research aspect. The most convenient way of adding
these aspects would be in the priority factor.
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Moreover, the C2Pa model currently does not include personal characteristics when deciding
on the C2Pa. Adding this to the C2Pa model could be beneficial since clients could desire
a consultant based on personal traits like for example independent worker, critical, analytical,
goalgetter, social, connecting, and so on. Adding this to the C2Pa should therefore be consid-
ered. However, keep in mind that the current complexity of the model is already quite high and
adding such an aspect would only increase this complexity level even more.

6.5.3 Developing a standard method for defining the relevant project skills

To enable the C2Pa model to also be useful for other companies than BE NL, we should develop
a method that companies can use to identify the relevant project skills they encounter during
their projects. Identifying these skills is an essential step for using the C2Pa model since these
skills are the basis for the C2Pa model. Future research in exploring frameworks to identify the
required project skills that are company independent is therefore valuable.
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A LIST OF USED TOOLS

During the preparation of this work, | used:

» TeXstudio and MiKTeX Console to create this report

Mendeley to manage the citations

ChatGPT to discuss certain topics and for ideation

» Miro to draw some of the images

Lucidchart to draw some of the images

Excel for the dashboard
* Python for running the C2Pa model and creating the results

After using these tools/services, | thoroughly reviewed and edited the content as needed, taking
full responsibility for the final outcome.
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B SKILLS AND COMPETENCES OF D&A PROJECTS

By combining the different capability models of the different data domains (data management,
data analytics and data engineering), BE NL created a comprehensive capability model. In
addition to the capabilities present in the different models, BE NL added additional capabilities
they saw in their daily practice as consultants or are seen as important trends by market research
firms. Figure shows the resulting capability model BE NL wants to consider during the C2Pa
process. Figures B.2 and B.3 explain the definitions of the capabilities. Furthermore, Table
and B.Z explain the scales for the satisfaction and skill levels for the capabilities respectively.

Data management Data analytics

Appears in
Data Management Capability Assessment Model [DCAM|
Data Management Maturity (DMM) model
DAMA DMBOK framework

@ DELTA model

@ value driven D&A model

Advanced
analytics & Al 4

Metadata N
. Fundamentals of data engineering (book)

management
. Data ethics maturity model

Data security

Data engineering

Figure B.1: Overview of D&A capabilities (BearingPoint Netherlands, 2023a)
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Each of the capabilities has been defined based on definitions found in the different

frameworks
Capability definitions (1/2)

Advanced analytics 8 Al refers to the (semi-Jautonomous
of data using i and tools.

Advanced analytics & Al

Business intslligence comprises the strategies and technologies
used by enterprises for the data analysis and management of
business information.

Business intelligence

~ The data architecturs speaks to the design, definition,
mznagement and control of infarmation “content” ensuring that
the meaning of data is pracise and unambiguous, and that the

_/ usage of data is consistent and transparent.

Data architecture

ano. |
(=]
@ Data business case
a

mznagement programme by enabling decision making based on

The dats business case justifies the crestion and funding of a data
financial cansiderations and benefits ta the organization

Data cleansing

processes, and methods used to validate and correct data

~
‘ Datz cleansing defines and implements the machanisms, rules,
| zecording to predefined business rules.

N
Dats disposal defines and implements the mechanisms, rules,
processes, and methods used to remove datz in a correct manner

) based on predefined business rules

Data disposal

Figure B.2: D&A capability definitions

Legenda
= Data analytics

| = Data management
| = Data engineering

Data ethics handles with evaluating on how dats practices in 2n

Data ethics

G P iy Y-

rules, establishing policy and implementing oversight to ensure
zdherence to dats management best practices aimed at ensuring
and il

Data governance

N
@ Data ingesticn
J

] Data gavernance is the procass of setting standards, defining

propagatit the

Data ingestion defines and implements the mechanisms, rules,
procasses, and methads used to include data into the
organizational scope based on predefined business rules

3
Data integration combines and optimizes data from different

sources to enables source data optimization, the rezlization of
| cost savings thraugh centralization, and improved data quality

Data integration

Data literacy deals with the awareness of the value of data and
Data literacy

the ability of people in the organization ta work at 2 required
leve! for their role with data and extract value from it.

Data modelling

Datz modelling desls with the crestion of a conceptuzl
reprasentation of dats.

1/2 (BearingPoint Netherlands, 2023a)

Each of the capabilities has been defined based on definitions found in the different

frameworks
Capability definitions (2/2)

., D=tz operstions is the argznizational pracess by which the data
=ssets of an organisation 2re managed in order to realize their
‘ maximum value. This includes the orchestration of stz
capabilities across the dats lifecycle and all arganisstional
functions.

Data operations

_
The data platform ensures that an effective platfarm is
implemented and managed to meet the business needs in the

| field of data

ﬁ Data platform

The data management program enables the realization of the
dats strategy 2nd focuses on how to reslize this.

Data program

- J

Data quality

data is fit for purpose for 2 given business process or operation

~
‘ Data quality describes, measures and ensures the degree in which
=cross muitiple dimensions.

J

Data reporting desls with collecting and formatting data and
translating it into & digestible format to assess the ongoing
performance of an organization.

Data reporting

| Data sacurity defines and implements the mechznisms, rules,
processes, and methods used ta keep data safe aleng the

, integrity and ity based on

@ Data security

J business rules,

Legenda
= Dara analytics

| = Data management
| =Data engineering

~
Data storage defines and implements the mechanisms, rules,

@ Data storage processes, and methods used to retrieve data at a lster date
| Emsed on pradefined business rulss.
Insights narrative combines interactive data visuzlization with
. . storytelling techniques to deliver insightsin compelling, easily
Insights narrative assimilated forms and are used to inform 2nd educate decision

makers.

data management program, and ensures that all relevant
stakeholders are aligned on priorities and the program's
p =nd

Data strategy

J The dsta swategy defines the vision, goals, and abjectives for the

N
Data tool development focus en the creation of new tools for the

& that do nat exist yet and cannot be cavered with
| esisting software.

Data tool develop

infrastructure for specifying and extending dlear and organized
about the structured and unstructured data assets

£

] Matadata management establishes the processes and

under

Figure B.3: D&A capability definitions 2/2 (BearingPoint Netherlands, 2023a)

Skill level | Explanation

No experience

Basic experience - knowing the basic features and possibilities

Professional experience - basic experience + implementation experience

WIN =IO

Expert experience - knowing all ins and outs + many implementation experience

Table B.1: Skill level of the certain skill or competence
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Satisfaction scale | Explanation with respect to assignment to skill/l competence
1 Extremely dissatisfied

Very dissatisfied

Dissatisfied

Somewhat dissatisfied

Neutral to the negative side

Neutral to the positive side

Somewhat satisfied

Satisfied

Very satisfied

Extremely satisfied

OO N OB WN

-
o

Table B.2: Satisfaction scale with respect to the satisfaction of the consultant in working on or
developing in a certain skill or competence
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C RESOURCE AND BEACH REQUEST TEMPLATES

This appendix shows the template BE NL currently uses for requesting resource and beach
requests.

Beach Request

Requirement: CRM stage 6+ & probability >60%

Response needed

Deadline response
When does the client need to know

Client name

Project title

Activity title

Activity description

Impacted segment
[AIM,BCM,CGR,CLR,CME, GPS,INS,UPT)

Project description

Impacted service line
{PS5,CBIG,DBA, TEC)

Start date

Requested hours

End date

Start date

Utilization %

End date / Deadline

Remave which one's not applicable

Level
MA,C,SCM,D,P

Level

Competencies [ skills

Preferred resource
Neme{s) of colleague

Preferred resource
Name(s) of colleague

Number of clients

EM responsible

Expected conversion %

Extra information
(if applicable)

Extra information

Figure C.1: Resource and Beach request templates (BearingPoint Netherlands, 2023b)

(if applicable)
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D OVERVIEW NOTATIONS MATHEMATICAL MODEL

This appendix shows the notations (in alphabetic order) that are used in the mathematatical
model.

Notation Description

app Binary decision variable that equals 1 in case project p is accepted
(all team member slots are assigned to consultants), and 0 other-
wise.

o, and a_ Positive and negative weight attached to the normalized sum of
deviations of ¢}, and e__,

ot and a Positive and negative weight attached to the normalized sum of
deviations of e, and e,

of .and o, Positive and negative weight attached to the normalized sum of
deviations of e} . and e__ ;.

¢ Hourly cost parameter for assigning consulant i to a project based
on the consultant’s job position (see Table R.1))

CHyp s Chargeable hours parameter for required skill s of project p at pe-
riod ¢

csls Consultant i’s skill level parameter for skill s (according to the skill
level range as specified in Table B.1)

CSSs.i Consultant i’s skill satisfaction parameter for skill s (according to
the satisfaction scale as specified in Table B.2)

di ., and d_ Positive and negative deviation variable between the hourly cost of
assigned consultants KPI and the continuous variable that repre-
sents a value in the aspiration level interval range

df ,andd; .. Positive and negative deviation variable between the consultant-

7 ’ to-project utilization rates KPI and the continuous variable that rep-
resents a value in the aspiration level interval range for consultant
(3
AT mateh and Positive and negative deviation variable between the C2Pa skill
i_’p7match match KPI and the continuous variable that represents a value in
o the aspiration level interval range for consultant i and project p
df...andd_ .. Positive and negative deviation variable between the consultant
satisfaction rates KPI and the continuous variable that represents
a value in the aspiration level interval range
el ande. Positive and negative deviation variable between the continuous

_l’_
ei,util and ez,util

variable that represents a value in the aspiration level interval range
and the desired minimum or maximum aspiration level of the hourly
cost of assigned consultants KPI

Positive and negative deviation variable between the continuous
variable that represents a value in the aspiration level interval
range and the desired minimum or maximum aspiration level of
the consultant-to-project utilization rates KPI for consultant 4
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Notation Description

el .ande . Positive and negative deviation variable between the continuous
variable that represents a value in the aspiration level interval range
and the desired minimum or maximum aspiration level of the con-
sultant satisfaction rates KPI

em; p Binary parameter that equals 1 in case consultant ¢ is working as
EM on project p and 0 otherwise

emh Parameter that represents the hours an EM needs per project per
week for performing the EM tasks

ES, Project p’s earliest start time parameter

7 Consultant index i with¢ =1,..., T

1 Number of consultants parameter

LF, Project p’s latest finish time where LI, = LS, +d, — 1

LS, Project p’s latest start time parameter

m Team member index m withm =1,...,m,

my, Number of team members in project p parameter

NCH;, s Non-chargeable hours parameter for required skill s of project p at
period ¢

NH;, Net hours parameter of consultant i in period ¢

D Projectindex p withp =1,.... P

P Number of projects parameter

pdp ¢ Binary auxiliary variable that equals 1 in case project p is in execu-
tion at time ¢ and 0 otherwise

PH, ., Number of project hours for team member m of project p for every
t during the project. PH,, ,, remains constant during the project
(does not change).

pslsp Project p’s skill requirement level parameter for skill s (according to
the skill levels range as specified in Table B.1))

Pty Project p’s processing time parameter

PUp Priority value parameter for project p according to (Subsection
R.4.3)

Ip,s.i Binary parameter underqualification for skill s for consultant 7 on
project p. g, .; = { Lif pslsp > csls;

TP 0 otherwise
TSp.s Binary parameter if skill s is required for project p. 1rs,, =
Lif pslsp >1

{ 0 otherwise

s Skill index s with s =1,..., S

S Number of skills parameter

stpm Number of required skills of project p that are assigned to team
member m parameter.

t Time indextwitht=1,....T

T Number of time in planning horizon parameter

TotMaxAbsCost The total maximum absolute hourly cost is a parameter that repre-

sents the maximum absolute value of the hourly cost of assigned
consultants KPIl. The maximum absolute cost value is 165.
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Notation

Description

TotMaxAbsM atch

TotMaxAbsSatis

TotMaxAbsUtil

TPT
Ts
TPT

TS’I?’LG,I

Wp,s,i

Wdecline

+
Weost and Wepst

+ —
Wil and Wil

wth .. and w_

satis satis

+ —
Wnatch and w

WH;;

,l}?:7p?m?s

Lip,t,m,s

Yeost

match

The total maximum absolute skill match is a parameter that rep-
resents the maximum absolute value of the C2Pa skill match KPI.
The maximum absolute C2Pa skill match value is reached when a
project requires a skill at expert level (3) while the consultant does
not have this skill (0). The skill match for the required project skill
would then become 0% — 32 = 9. Since in the absolute worst case
this could be required for all project skills and all projects we multi-
ply this value by the number of projects P and the number of skills
S. Therefore Tot Maxz AbsMatch = (max(PSLs ;)% P - S.

The total maximum absolute satisfaction is a parameter that rep-
resents the maximum absolute value of the consultant satisfaction
KPI. The maximum satisfaction that a consultant can give a certain
skill is 10. Therefore TotMaxAbsSatis = 10.

The total maximum absolute consultant-to-project utilization is
a parameter that represents the maximum absolute value of
the consultant-to-project utilization KPI. The maximum utiliza-
tion that a consultant can achieve is 100 percent. Therefore
TotMaxAbsSatis = 100.

Aucxiliary variable that represents the total project hours for all ac-
cepted projects in the planning horizon.

Auxiliary variable that represents the number of required skills pa-
rameter for all accepted projects in the planning horizon.
Parameter that represents the total project hours for all projects in
the planning horizon.

Sum of the number of required skills parameter for all projects in
the planning horizon.

Binary decision variable that equals 1 if project p starts at time ¢
and 0 otherwise.

Binary parameter overqualification for skill s for consultant i on
lif esls; > pslsy

0 otherwise

Weight attached to the normalized penalty factor for declining a
project

Positive and negative weight attached to normalized deviations of
the hourly cost of assigned consultants goal (d} , and d_,_,)
Positive and negative weight attached to normalized deviations of
the total consultant-to-project utilization rates goal (d/",;, and d_,,;)
Positive and negative weight attached to normalized deviations of
the consultant satisfaction rates goal (d} ,;, and d__,,.)

Positive and negative weight attached to normalzied deviations of
the C2Pa skill match goal (djnatch andd_ . .)

Parameter that represents the working hours of consultant ; at time
t

Binary auxiliary variable that equals 1 in case consultant 7 is as-
signed to team member role m and skill s of project p and 0 other-
wise

Binary decision variable that equals 1 in case consultant i is as-
signed to team member slot m and skill s of project p at time ¢, and
0 otherwise.

Continuous variable that represents a value in the aspiration level
interval range of the hourly cost of assigned consultants KPI

project p. wy, s; =
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Notation

Description

Yi util

Ysatis

Zi,p,m

Continuous variable that represents a value in the aspiration level
interval range of the consultant-to-project utilization rates KPI for
consultant 4

Continuous variable that represents a value in the aspiration level
interval range of the consultant satisfaction rates KPI

Binary auxiliary variable that equals 1 in case consultant i is work-
ing as team member m on project p
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E NORMALIZATION OF OBJECTIVES

In literature, multiple normalization methods for objectives exist. In this appendix we explain the
most common ones: min-max normalization, z-score normalization(standardization), decimal
scaling, vector normalization(unit vector), sum normalization(equally weighted objectives), and
Chebyshev normalization.

E.1 Min-max normalization

The min-max normalization is suitable when objectives have similar ranges and shapes. Min-
max utilization is sensitive to outliers. Min-max normalization may not be the best choice for our
model since the KPls have significant variations in the ranges of the KPIs (satisfaction between
1 and 10, while cost between 0 and 100, and cost between 0 and 1000/1000000).

X —min(X)

Min-Max Normalization: Xpormalized = max(X) — min(X)

E.2 Z-score normalization(standardization)

The z-score normalization is suitable when objectives have different scales and approximately
follow a Gaussian (normal) distribution. The z-score normalisation is less sensitive to outliers
than min-max scaling, however z-score normalisation requires the standard deviation and mean
of the deviation for each KPI. Since we do not have the time for each experiment to run multiple
times to calculate the mean and standard deviation this is not a suitable method.

X —p
g

Z-Score Normalization: Z =

E.3 Decimal scaling

The decimal scaling is suitable when objectives have a wide range of values (wide scale/magnitude).
Decimal scaling simplifies the computations, but may not be suitable for objectives with large
variations (large spread in scale). Our problem can have large deviations in for example the
cost KPI, making this method less usable.

: : X
Decimal Scaling:  Xnormalized = Tod
E.4 Vector normalization(unit vector)

The vector normalization is suitable when the direction of the vector is more important than

its magnitude. This method is not suitable since the magnitude of the deviations matter in the
C2Pa problem.
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o X
Vector Normalization:  Xnormalized = x|

E.5 Sum normalization(equally weighted objectives)

The sum normalization is suitable when all objectives are considered equally important. Sum
normalization is often used when dealing with percentages or proportions. However, the C2Pa
problem has varying ranges and magnitudes in the deviations to the KPIs making the sum
normalization method less suitable.

. X
Sum Normalization:  Xnormalized = T X,
i 31

)

E.6 Chebyshev normalization

The Chebyshev normalization is suitable when the largest absolute value across objectives is
critical. Chebyshev normalization is appropriate when extreme values should have a significant
impact on the overall analysis (they become the largest value) and when you might be dealing
with outliers. Chebyshev normalization involves dividing each element by the largest absolute
value, ensuring that the range of normalized values is [-1,1]. This normalization method might
be a reasonable choice for the C2Pa problem, giving the varying ranges and magnitudes of
deviations to the KPlIs in the C2Pa problem.

X

Chebyshev Normalization: X ormalized = W
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FINPUT DATA D&A SERVICE LINE C2PA MODEL BASE
CASE

This appendix explains the input data for the base case. We use the data of the D&A service line
as input. Section P.5 explained how we gathered the data and the reason why we only chose
the D&A service line. The input for the C2Pa model consists of several categories with the
following names: parameters, consultants, projects, skills, time horizon, consultant availability,
consultant skill levels, consultant satisfaction levels, project hours per team member, and project
skill level. This chapter only gives the input values for the C2Pa model, but recall that Chapter
H provided explanations why each input is necessary for the C2Pa model.

F.1 Parameters

The parameters input consists of the weights, normalization factors for the KPIs and the pa-
rameter that defines the EM hours per project per week. Table specifies these input values.
Furthermore, the weight for declining a project is set to a large number to make sure that projects
are only declined when they cannot be executed (BE NL'’s policy).

Parameter Value
wT
cost Parameter | Value
Weost at _
Woutil ac_" L Par Valu(e : —
— cost TotMaxAbsCost max(c;) - 40 - sum(ptp
Ygtil TotMaz AbsUtil 100

Xoutil

Yinatch

h 4
TotMaz AbsMatch | (max(PSL. > P 5 | Lemh [ 4 ]
TotMaxAbsSatis 10

Xy til
e

Yinatch
w

ati

alalalalala

ati
= QX atis

Wsatis

N2l alalalalala

00,000,000

Wdecline

Table F.1: Input base case parameters C2Pa model

F.2 Consultants

The consultants input consists of information about the consultants like job position and consul-
tant number. The D&A team of BE NL currently consists of 15 consultants.

F.3 Projects

The projects input consists of project number, earliest start week, latest start week, number
of team members, project duration (in weeks), priority value, binary value representing if the
project is a beach request or not, the EM (consultant number), and the project name. Table F.2
visualizes these inputs. Note that the EM column is left empty, because the EMs of the projects
are not in the consultant set which means that they can be left out. Furthermore, the project
names are left out due to confidentiality. Together with experts from BE NL we decide to analyse
9 projects and use them as input for the C2Pa model.
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project earliest start (wk) latest start (wk) team members project duration priority value beach request (binary) EM (consultant nr)
0 32 32 1 17 1 0
1 25 25 1 10 1 0
2 32 32 1 3 1 0
3 27 31 1 21 1 0
4 25 30 1 2 1 1
5 30 34 1 1 1 1
6 11 11 2 1 1 1
7 12 12 2 6 1 0
8 17 21 1 13 1 0

Table F.2: Input base case projects C2Pa model

F.4 Skills

The skills input consists of skill number, skill name, and skill description. Appendix B gives the
skill names with their definitions used for applying the C2Pa model. The D&A team of BE NL
identifies 23 skills.

F.5 Time horizon

The time horizon input defines the planning horizon of the C2Pa model in weeks. In BE NL case
52 weeks.

F.6 Consultant availability

The consultant availability input gives the time limitation the tool has to deal with when deciding
on the assignment and scheduling of consultants to projects. For the C2Pa tool we use two
instances for the consultant availability: one for verifying the model, and one that represents
the current situation of BE NL.

The full consultant availability instance for verifying the model assumes that every consultant
(7) has full availability during the entire planning horizon (Vt) and works for 40 hours per week
(NH;; = 40). The full availability scenario simplifies the calculations and makes the model
validation (Section 5.3) and model verification (Section 5.2) easier, since we know that the con-
sultant availability will always start with 40 hours per consultant per time period.

The realistic consultant availability instance represents the current situation of BE NL and takes
care of the consultant’s actual work hours per week, projects currently working on (until com-
pletion), projects in the future in case the consultant is already assigned to this project, and
employement start date. Table F.3 shows an example of how this looks like.

Consultant \ Time 0 1 2 3 4 51
0 24 24 0 0 0 8
1 0 8 8 8 27.2 32
2 0 0 0 0 0 0
3 12 12 12 12 12 0
4 0 0 0 0 0 0
5 0 0 0 0 0 40
6 0 3.2 4 4 4 0
7 40 0 0 0 0 40
8 0 0 0 0 0 40
9 0 0 0 0 0 3.6

10 0 0 0 0 0 8
11 0 0 0 0 0 40
12 40 40 0 0 0 40
13 0 0 0 0 0 6.4
14 0 0 0 0 0 40

Table F.3: Input base case consultant availability realistic instance C2Pa model. The table
should be read in the following way: Consultant 0 has 24 hours available at week O (time).
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F.7 Consultant skill levels and consultant satisfaction levels

The consultant skill level input gives the skill level of the consultants with respect to the skills.
The consultant satisfaction level input gives the satisfaction of the consultants with respect to
the skills. Appendix B specifies the scales for both levels. Table F.4 shows the skill level input
(left) and satisfaction input (right) for each consultant for the C2Pa model.

Skill \ Consultant 0 1 2 3 14 Skill \ Consultant 0 1 2 3 14
0 0 1 0 3 2 0 1 7 6 8 6
1 1 2 1 3 2 1 1 8 7 7 7
2 1 1 0 1 2 2 7 7 5 3 7
3 2 0 0 2 0 3 8 4 8 10 3
4 1 2 0 2 1 4 6 6 4 1 6
5 1 0 0 0 0 5 6 5 4 5 5
6 2 0 1 0 2 6 8 1 8 7 8
7 3 1 3 0 1 7 10 3 10 1 7
8 1 3 0 1 1 8 4 10 4 1 4
9 1 2 0 0 2 9 4 9 4 1 3
10 3 0 1 1 1 10 9 3 8 8 7
1 2 1 1 1 2 1 7 8 6 6 8
12 0 1 0 0 1 12 1 7 4 1 3
13 0 0 1 0 2 13 1 6 4 1 3
14 3 0 3 0 2 14 9 4 9 1 4
15 2 1 2 1 1 15 6 4 8 4 7
16 1 2 1 3 1 16 7 8 8 7 7
17 2 0 2 0 1 17 7 4 7 1 2
18 2 3 0 1 2 18 5 9 4 1 7
19 3 1 2 1 1 19 10 3 10 6 6
20 0 3 0 0 0 20 1 10 4 1 7
21 1 1 1 2 1 21 6 7 8 8 8
22 1 1 0 0 1 22 7 5 6 1 8

Table F.4: Input base case consultant’s skill levels (left) and satisfaction (right) C2Pa model.
From the left table it can be seen that consultant 0 has a skill level of 0 (no experience) for
skill 0. From the right table it can be seen that consultant 0 has a satisfaction of 1 (extremely
dissatisfied) for developing or working with skill O.

F.8 Project hours per team member

The project hours per team member input shows the number of hours per week a team member
is required to spend on project execution. Table F.5 shows the input for the C2Pa model.

Project\ Team member 0
40
40
20
32
16
4
20
40
16

ININ|
o| 8| N o| o| o| o| o| of 4|

N O AW N = O

Table F.5: Input base case project hours per team member C2Pa model.

F.9 Project skill level
The project skill level input gives the required skill levels for the project. Appendix B specifies

the scale for the required skill levels. Table F.6 shows the required project skill levels for the
C2Pa model.
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0

Skill \Project

10
1

12
13
14
15
16
17
18
19
20
21

22

Table F.6: Input base case project skill levels C2Pa model.
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G INPUT DATA C2PA MODEL EXPERIMENTAL CASE

This appendix shows the datasets of consultant availability, project duration, and project hours
per time period per team member for all service lines of BE NL in 2022-2023.

[ PHvalue | 40 [ 36 28 20 [ 16 [ 12 [ 10 [ 8 [ 4] 2]
| Occurance | 88 | 4 2 8 [ 7 [1 [1 [1]27]2]]

[ 32 ] [24 ]
[ 137 [ 127

Table G.1: Project hours per time period per team member data set

[PTvalue | 52 | 51 [ 45 | 44 [ 39 | 37 [ 34 [ 33 | 30 [ 29 | 27 [ 25 [ 23 | 21 [ 20 | 19 [ 18 [ 17 [ 16 [ 15 | 13 ]
[Occurance [ 3 |3 [T [ 2 [ 2 [T |1 [T 12 |1 [T 3 3 2 1T 1T [T 714 17171 13]
[PTvalue | 10 [ 9 [ 8 [ 7 [ 6 [5[3[2 10|
[ Occurance | 3 |3 [ 2[4 173 2 112713

Table G.2: Project duration data set

Consultant\Time 0 1 2 3 51
0 0 0 0 0 0
1 8 8 8 8 16
2 6,4 10,4 12 12 21,6
3 32 32 32 32 0
4 0 0 0 0 0
5 4 4 4 4 40
6 3,2 3,2 3,2 3,2 40
7 12 20 20 20 24
8 8 8 8 8 40
9 8 0 0 0 40
102 0 0 0 0 0

Table G.3: Consultant net available working hours per time period data set
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H MANUAL CALCULATIONS SINGLE KPIEXPERIMENTS

We generate according to table 5.1, 2 instances for the single KPI optimization experiments.
Since BE NL has the business rule to accept projects if feasible (so independent of KPIs), we
start by identifying for each instance the projects that can be accepted based on the consultant
availability and the project characteristics (project duration and project hours per team member).
This identification leads to a list of accepted projects and the consultant(s) that can be assigned
to these projects. In case multiple assignments can be made to a project, we check for each
assignment possibility the effect on the single KPI value. We choose the assignment leading to
the best value (lowest value for cost, closest value to zero for skill match, and highest value for
utilization and satisfaction). We compare the manual calculated single KPI experiment values
with the KPI values the C2Pa model came up with. In case both values are the same, the
C2Pa model’s correctness is verified. Table shows the manual calculated KPI values. To
illustrate this verification process, we show the manual calculations for one of the two instances

in Section until H.5.

Experiment KPI value
single utilisation KPI 55.61
single cost KPI 127.00
single satisfaction KPI 6.40
single skill match KPI 2.00

Table H.1: Manual calculated KPI values for the single optimization KPI experiments

H.1 Possible assignments

Table H.2 shows the possible assignments for the projects. A consultant can only be assigned
to one of the team member roles of a project. Since project 0 and project 3 only have 1 option for
both the team member roles and both options are the same consultant, the projects can not be
accepted since this would lead to an infeasible solution. Therefore, only project 2 is accepted.
The only consultant that can be assigned to project 2 is consultant 9.
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Project

Available consultants

project 0 team member 0

11

project 0 team member 1

11

project 1 team member 0

project 1 team member 1

project 2

9

project 3 team member O

11

project 3 team member 1 11
project 4 team member O -
project 4 team member 1 -
project 5 -
project 6 -
project 7 team member O -
project 7 team member 1 -
project 8 team member O -
project 8 team member 1 -

Table H.2: Possible assignments to each project based on consultant availability

H.2 Best assignment(s) consultant-to-project assignment cost KPI

Table H.3 shows the job position and hourly cost for the consultants. Since only consultant
9 can be assigned to project 2, the weighted average hourly assignment cost will be equal to
consultant 9’s hourly cost which is 127.

Consultant Job position | Hourly cost
Consultant 0 MA 115
Consultant 1 C 127
Consultant 2 C 127
Consultant 3 SC 140
Consultant 4 C 127
Consultant 5 C 127
Consultant 6 C 127
Consultant 7 SC 140
Consultant 8 C 127
Consultant 9 C 127
Consultant 10 MA 115
Consultant 11 C 127
Consultant 12 SC 140
Consultant 13 C 127
Consultant 14 C 127

Table H.3: The job position and hourly cost for the consultants

H.3 Best assignment(s) consultant-to-project utilization KPI

We calculate the average consultant-to-project utilization for every time period for every consul-
tant as the already assigned hours of consultant i at time ¢ plus the assignments of the model of
consultant ¢ at time ¢ divided by the working hours of consultant ¢ at time ¢ multiplied by 100%.
We use the average consultant-to-project utilization to calculate the total weighted average util-
isation. We calculate the total weighted average utilisation by summing over all time periods
the multiplication of the average utilisation of consultant i by the working hours of consultant .
These are then summed for all consultants and divided by the total working hours. This leads
to a total weighted average utilisation of 55.61.
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H.4 Best assignment(s) consultant satisfaction KPI

Table H.4 shows the required project skills for project 2. Project 2 requires skill 5, 14, 15, 18
and 21. Table H.5 shows consultant 9's satisfaction. Since we only have 1 project with 1 as-
signed consultant the weighted average consultant satisfaction equals the average satisfaction
of consultant 9 to project 2. The average satisfaction of consultant 9 to project 2 is 6.4.

Project 2 | Required skill level
Skill 0
Skill 1
Skill 2
Skill 3
Skill 4
Skill 5
Skill 6
Skill 7
Skill 8
Skill 9
Skill 10
Skill 11
Skill 12
Skill 13
Skill 14
Skill 15
Skill 16
Skill 17
Skill 18
Skill 19
Skill 20
Skill 21
Skill 22

O OO OO0 0000 oo —~0O oo oo

Table H.4: Project 2’s required skill levels

Satisfaction Consultant 9
Skill 5 5
Skill 14 7
Skill 15 8
Skill 18 6
Skill 21 6
Average satisfaction 6.4

Table H.5: Consultant 9’s satisfaction levels with respect to project 2’s required skills

H.5 Best assignment(s) C2Pa skill match KPI

Table H.6 shows the required skill levels of project 2 and consultant 9’s skill levels with respect
to the required skills. Since project 2 is the only accepted project and consultant 9 the only
team member of project 2, the average C2Pa skill match equals the C2Pa skill match for the
assignment of consultant 9 to project 2. The C2Pa skill match for the assignment of consultant
9 to project 2 equals 2.
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Project 2 | Required skill level | Consultant 9’s skill level | Skill match

Skill 5 1 1 0

Skill 14 1 3 2

Skill 15 1 2 1

Skill 18 1 0 -1

Skill 21 1 1 0
Sum skill match 2

Table H.6: The C2Pa skill match for the assignment of consultant 9 to project 2
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|  GOODNESS OF FIT TESTS

This appendix shows results of the goodness of fit tests on the input parameters for the experi-
mental case.

1.1 Consultant skills

Fitting Results MA Fitting Results c Fitting Results sC
# Distribution Parameters # Distribution Parameters # Distribution Parameters

1 | Binomial n=3 p=0,25165 1 Binomial n=7 p=0,17526 1 Binomial n=11 p=0,11061
2 | Geometric p=0,55645 2  Geometric p=0,43164 2  Geometric p=0,44574

3  Poisson 4.=0,79710 3  Poisson #=1,31680 3  Poisson #.=1,24350

Figure 1.1: Fitting results Poisson distribution for the skill levels of MA, C, and SC

Goodness of Fit - Summary MA Good of Fit - v C Goodness of Fit - Summary sC
# Distibution “meoorov  Ademen | s pisuibution Mmoo Apderen | e piswibuion  Nimederv  Apderen
Statistic Rank Statistic Rank Statistic Rank Statistic Rank Statistic Rank Statistic Rank
1  Binomial 0.05928 2  22.342 2 1  Binomial 0.09905 2 34.838 2 1  Binomial 0.05175 2 | 19.629 2
2  Geometric 0.13616 3 24.769 3 2  Geometric 0.14592 3 40.563 3 2  Geometric 0.15008 3 28.849 3
3  Poisson 0.04701 1 18.833 1 3 | Poisson 0.07431 1 25.802 1 3 | Poisson 0.03766 1 18.037 1

Figure 1.2: Results goodness of fit Poisson distribution for the skill levels of MA, C, and SC
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Probability Density

0,44000
0,40000
0,36000
0,32000
0,28000
E 0,24000
= 0,20000
0,16000
0,12000
0,08000
0,04000

0

0 1 2
x

- Sample - Poisson

Figure 1.3: Probability density function of the Poisson distribution for the skill levels of MA

Probability Density

0,36000-

0,32000-

0,28000
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0,16000
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x
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Figure 1.4: Probability density function of the Poisson distribution for the skill levels of C
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Probability Density

0.36

0.32+

0.284

0.244

f(x)

0.164

0.124

0.084

0.04+

x

= Sample = Poisson

Figure 1.5: Probability density function of the Poisson distribution for the skill levels of MA

1.2 Consultant skills

Fitting Results

# Distribution Parameters
1 Geometric p=0,14896

2 Poisson 4.=5,71300

3 Binomial no fit

Figure 1.6: Fitting results Poisson distribution for the skill satisfaction

Goodness of Fit - Summary

# Distribution Koflmz’r?:)::’v A[';: :ﬁ;"
Statistic Rank Statistic Rank
1 Geometric 0,28414 2 71,63900 2
Poisson 0,08997 1 @ 22,28300 1
3  Binomial no fit

Figure 1.7: Results goodness of fit Poisson distribution for the skill satisfaction
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Figure 1.8: Probability density function of the Poisson distribution for the skill satisfaction

1.3 Project hours per time period per team member

Fitting Results

# Distribution Parameters
1 Geometric p=0,02890

2 Poisson 1.=40

3 Binomial no fit

Figure 1.9: Fitting results Poisson distribution for the project hours per time period per team
member

Goodness of Fit - Summary

# Distribution Kogmz,?.‘;::’v A[';:fl'i'i;"
Statistic Rank  Statistic Rank
Geometric 0,31745 1 37,63100 1
2  Poisson 0,45808 2  65,27200 2
Binomial no fit

Figure 1.10: Results goodness of fit Poisson distribution for the project hours per time period
per team member
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Probability Density
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Figure 1.11: Probability density function of the Poisson distribution for the project hours per time
period per team member

1.4 Project duration

Fitting Results

# Distribution Parameters
1 Geometric p=0,03379

2 Poisson 2.=28,59700

3 Binomial no fit

Figure 1.12: Fitting results Poisson distribution for the project duration

Goodness of Fit - Summary

# Distribution Kymogorov  Apderson
Statistic Rank  Statistic Rank
1 Geometric 0,06868 1 0,76684 1
Poisson 0,46185 2  148,82000 2
3 Binomial no fit

Figure 1.13: Results goodness of fit Poisson distribution for the project duration
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Figure 1.14: Probability density function of the Poisson distribution for the project duration

[=F

1.5 Project skills

Fitting Results

# Distribution Parameters
1 Geometric p=0.67427

2 Poisson 2.=0.48309

3 Binomial no fit

Figure 1.15: Fitting results Poisson distribution for the project skills

Goodness of Fit - Summary

# Distribution K‘;.:m:,?‘:::’v Aggslﬁ;"
Statistic |Rank Statistic Rank
Geometric 0.05332 1 98.741 2
Poisson 0.08844 2 83.1 1
Binomial no fit

Figure 1.16: Results goodness of fit Poisson distribution for the project skills
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Figure 1.17: Probability density function of the Poisson distribution for the project skills
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J  SIMULATED ANNEALING

Chapter [§ proved that the C2Pa problem (simulatenous multi-project scheduling and muilti-
skilled staffing problem) is NP-hard and that solving large and medium-scaled problem instances
goes beyond the scope of exact algorithms. Increasing the C2Pa problem to all services lines
therefore could create limitations for using the tool in terms of computational times. There-
fore, we investigated the use of (meta)heuristics and hybrid approaches to find near-optimal
solutions in polynomial time. For the simultaneous multi-project scheduling and multi-skilled
staffing problem, the most popular methods in literature are Genetic Algorithm (GA), Simulated
Annealling (SA), and Tabu Search (TS). Since SA is easily implemented and outperforms the
other metaheuristics in both computational time as performance (Chapter ), we opt for simu-
lated annealing. This chapter therefore gives advice for implementing simulated annealing for
the C2Pa model.

J.1 Simulated annealing algorithm

Subsection discussed how simulated annealing worked. Algorithm [l shows the pseu-
docode of SA algorithm.

Algorithm 1: Pseudocode simulated annealing

T « T‘;tart;
Solution <+ ConstructInitial Solution;
CurrentBest <+ Solution;
while 7" > T,,, do ;
for m < 1to MarkovChainLength loop ;
NeighborSolution < FindNeighborSolution(Solution);
if NeighborSolution < Solution then ;
if NeighborSolution < CurrentBest then ;
CurrentBest <+ NeighborSolution;
end if;
Solution < NeighborSolution,;

else;

CurrentSolution— NeighborSolution

if RandomNumber < €
Solution < NeighborSolution;
end if;
end if;
T+ - T,
end loop;
end while;
Result + CurrentBest;

then ;
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J.2 Initialize solution

The pseudocode for the simulated annealing algorithm (Algorithm [y shows that the algorithm
needs a initial solution. We explore two different initial solution techniques to try to find the best
initial solution technique for the SA of the C2Pa problem. We define best as the fastest and
highest performing. The first technique is the random assignment technique. In the random
assignment technique, we randomly pick a consultant and assign this consultant to a project
team member. After all team member roles for all projects are occupied, we randomly assign
for each of the required skills one of the team members. Furthermore, we let all projects start
at their earliest start time. This random assignment technique is fast, but very unlikely to result
in a feasible or optimal solution. The SA algorithm could therefore, take longer to converge and
possibly have weaker performance.

The second technique is the constructive heuristic technique. The constructive heuristic tech-
nique starts from an empty solution and iteratively adds to this solution until all assignments and
scheduling is done. To explore the impact of an feasible solution on the performance of the SA,
we decide to create the constructive heuristic technique in such a way that this technique results
in a feasible solution. For a solution to be feasible, the solution should satisfy all constraints. In
the C2Pa model these are:

* a project starts in its time window

+ all required project skills are distributed over the team members according to the project
hours per team member roles

» consultants assigned to a project stay until completion of the project assigned to this
project as the same team member role and to the same skills

+ the availability of the consultant is respected

Algorithm [ shows the pseudocode for a constructive algorithm that assigns in every increment
one consultant to one or multiple required skills, and one team member role of one project while
ensuring the constraints are met.

We calculate the objective function of the initial solution according to the MILP model (Subsec-

tion #.1.2).
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Algorithm 2: Constructive algorithm for feasible initial solution

for project p + 1to P do
for team member m < 1 to m, do
for consultant i < 1 to m do
for time t < ES, to LS, do
if consultant i has availability then
Assign consultant < from ¢ until ¢ + pt,, to team member m and to st,, ,, random
skills of project p

Update consultant i’s availability
if m = m,, then
Next project
else
Next team member
end
end
end
end
No consultant is available for team member m of project p
end
end

return Feasible initial solution

J.3 Neighborhood functions

Next to an initial solution, the SA algorithm also needs neighborhood functions to seek the
solution space for improvement. We explore seven different neighborhood functions to try to find
the best neigborhood function for the SA of the C2Pa problem. These neighborhood functions
are: skill swap, project shift, team member swap, replace consultant, add/remove assignment,
combination of three neighborhood functions, and VNS.

J.3.1 Skill swap

The first technique is a random skill swap. This neigborhood function swaps one skill between
two team members of the same project. Since all skills take the same duration this move will
always satisfy the working hours constraint and improves or decreases the current assignment.
This move impacts the current assignment by impacting the consultant skill satisfaction KPI and
the C2Pa skill match KPI. Algorithm [§ shows the pseudocode for this neighborhood function.

Algorithm 3: Swap one skill between two team members of the same project

Input: CurrentSolution, the current C2Pa solution.
Output: NeighborSolution, the solution after applying the swap move.
ProjectA + Select one random project from CurrentSolution where m,, > 2;
TeamMember A, TeamMember B < Select two random team members from ProjectA,;
ConsultantA, Consultant B <— Retrieve the two consultants assigned to Team M ember A and
TeamMemberB:;
Skill A, Skill B + Select one random skill of ProjectA to which ConsultantA is assigned to and
one for ConsultantB;
for ¢ in project duration;
Swap Skill A of ConsultantA with Skill B of ConsultantB;
end;
Calculate NeighborSolution;
Return NeighborSolution;
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J.3.2 Team member swap

The second technique is the team member swap. The team member swap can occur within a
project or between projects. In case the team member swap is within a project, the swap is more
likely to be feasible since the consultant gains available time from unassigning from the current
team member role which can be used for the potential assignment to the new team member
role. Both team member swap cases impact all KPIs. Algorithm ¥ shows the pseudocode for
this neighborhood function.

Algorithm 4: Swap team members within and between projects

NOTE: This could create an infinity loop if no team member swaps are possible anymore. Do
something to prevent this! Like counter that after starting again for X times the algorithm stops.
Moreover, how to deal with the for loops. Project A has different time then Project B. Creating
more loops???

Input: CurrentSolution, the current C2Pa solution.

Output: NeighborSolution, the solution after applying the swap move.

ProjectA, Project B < Select two random projects from CurrentSolution;

TeamMember A, TeamMember B < Select one random team members from ProjectA and one

from ProjectB;

Consultant A, Consultant B < Retrieve the two consultants assigned to TeamMember A and
TeamMemberB;

SkillsAssignedT oTeamMember A, Skills AssignedT oTeam M ember B < Retrieve all skills
assigned to TeamMember A and all skills assigned to Team M ember B;

for ¢t in ProjectA’s duration;

Unassign SkillsAssignedT oTeamMember A from Team M ember A;
for t in ProjectB’s duration;
if project hours required for performing Skills AssignedT oT eamMember B fits within
Consultant A’s availability then;
Unassign SkillsAssignedT oT eamM ember B from Team M ember B;
if project hours required for performing SkillsAssignedT oTeamM ember A fits
within ConsultantB’s availability then;
Assign SkillsAssignedT oTeamMember A to TeamMember B and
SkillsAssignedT oTeamM ember B to TeamM ember A;
else;
Reassign SkillsAssignedT oTeamM ember B to TeamM ember B;
Randomly select new project for ProjectB from CurrentSolution and
reset loops;
end;
else;
Reassign SkillsAssignedT oTeamM ember A to TeamMember A;
Randomly select new project for ProjectB from CurrentSolution and reset
loops;
end;
end;
end;
Calculate NeighborSolution;
Return NeighborSolution;

J.3.3 Add/remove assignment

The third technique is the add/remove assignment. The add/remove assignment either adds
one or multiple consultants to the available team member role(s) of a project (only works for
declined projects otherwise all team member roles are filled) or removes all consultants from
all team member roles of a project (making a project a declined project). The reason why we
choose to fill all team member roles is because we then remove the penalty incurred for declin-
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ing a project. The reason why we choose to remove all consultants, is because when a project
is declined we already get the penalty. So letting consultants remain assigned to a declined
project, is therefore a waste of resources. Algorithm g shows the pseudocode for this neighbor-
hood function.

Algorithm 5: Add consultant(s)/ remove all consultants to/from team member role(s) of a
project
NOTE: This could create an infinity loop if no team member swaps are possible anymore. Do

something to prevent this! Like counter that after starting again for X times the algorithm stops.
Input: CurrentSolution, the current C2Pa solution.
Output: NeighborSolution, the solution after applying the add/remove move.
RandNumbr < random(0,1);
Project A + Select one random project from CurrentSolution;
EmptyTeamSlots < Select the empty team slots of ProjectA;
EmptyTeamSlotsNr < Determine the number of empty team slots of ProjectA;
AddConsultants < Randomly select EmptyTeamSlotsNr consultant(s) not in ProjectA;
SkillsTeamMembers + Select for each EmptyTeamSlots the number of unassigned skills that

correspond with the project hours of EmptyTeamSlots;
DeleteConsultants < Select all consultants in ProjectA,;
if RandNumbr > 0.5 then;

for ¢ in ProjectA’s duration;
if availability of AddConsultants is respected when assigned to EmptyTeamSlots

then;
Add AddConsultants to EmptyTeamSlots and SkillsTeamMembers;
else;
Randomly select new consultant(s) for AddConsultants whose availability was
not respected that are not in ProjectA and reset loops;
end;
end;
else;
for ¢ in ProjectA’s duration;
Unassign DeleteConsultants from ProjectA;
end;
end;
Calculate NeighborSolution;
Return NeighborSolution;

J.3.4 Project shift

The fourth technique is the project shift. The project shift is the easiest move for creating a
neighborhood solutions to check if the consultant-to-project utilization KPI for the current so-
lution can be improved. The project shift move creates neighborhood solutions by letting the
project start earlier and later. The project still needs to be feasible meaning that this should
happen within the starting time window. After each shift in schedule we check if the solution is
still feasible by looking if the availability for the consultants is respected and if this is the case
the new neighbor solution objective value is calculated. Algorithm [ shows the pseudocode for
this neighborhood function.
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Algorithm 6: Shift the project to one time period earlier or one time period later

NOTE: This could create an infinity loop if no team member swaps are possible anymore. Do
something to prevent this! Like counter that after starting again for X times the algorithm stops.
Input: CurrentSolution, the current C2Pa solution.
Output: NeighborSolution, the solution after applying the project shift move.
ProjectA < Select one random project from CurrentSolution;
TeamMembersProject A < Select all team members from ProjectA,;
for ¢ in range(ES,,LS));
Let ProjectA start and end 1 time period earlier;
if availability of all TeamMembersProjectA is respected then;
Calculate NeighborSolution;
else;
Let ProjectA start and end 1 time period later;
if availability of all Team M embersProjectA is respected then;
Calculate NeighborSolution;
else;
Randomly select new project for Project A from CurrentSolution and reset

loops;
end,;
end,;
end;
Return NeighborSolution;

J.3.5 Replace consultant

The fifth technique is the replace consultant move. The replace consultant move creates neigh-
borhood solutions by removing a consultant from a project and assign another consultant to this
project. After replacing a consultant the feasibility is checked by looking if the newly assigned
consultant is respected. Algorithm [f| shows the pseudocode for this neighborhood function.

Algorithm 7: Replace a consultant on a project

Input: CurrentSolution, the current C2Pa solution.
Output: NeighborSolution, the solution after applying the replace consultant move.
Project A + Select one random project from CurrentSolution;
TeamMember A < Select one random team member from ProjectA;
Consultant A + Retrieve the consultant assigned to T'eamM ember A;
AddConsultant A + Select a random consultant not in ProjectA;
SkillsTeamMember A < Select the number of unassigned skills that correspond with the project
hours of TeamMemberA;
for tin ProjectA’s duration;
if availability of AddConsultantA is respected when assigned to TeamMember A then;
Unassign Consultant A from TeamMember A and SkillsTeamMember A,
Add AddConsultantA to TeamMember A and SkillsTeamMember A;
else;
Randomly select new consultant for AddConsultantA notin ProjectA and reset

loops;
end;
end;
Calculate NeighborSolution;
Return NeighborSolution;

J.3.6 Combination of three neighborhood functions

The sixth technique is combining three neighborhood functions into one. The reason for using
a combination of three is because we have three decision variables and although most neigh-
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borhood functions impact all of these three, there are certain neighborhood moves which focus
(slightly) more on one of the three decision variables. Furthermore, since testing all combi-
nations of neighborhood functions is not possible within tbe time scope of this research, we
decide to test one combination of three neighborhood functions which impact all decision vari-
ables and has the highest potential for delivering the best simulated annealing results. We think
that combining the team member swap (neighbor move with highest impact on assignment de-
cision variable), add/remove assignment (neighbor move with highest impact on decline/accept
project decision variable), and project shift (neighbor move with highest impact onscheduling
decision variable) is the most promising combination. Moreover, this combination provides a
nice balance between exploration and exploitation, involves many constraints, and includes
three very different neigbor moves.

To decide which neighborhood move we use, we draw a random integer between 1 and 3. 1
corresponds to team member swap, 2 corresponds to add/remove assignment, and 3 corre-
sponds to project shift. Algorithm [ shows the pseudocode for this neighborhood function.

Algorithm 8: Combination of three neighbor moves

Input: Team member swap, Add/remove assignment, Project shift: Import the three selected
neighbor moves.
Output: NeighborSolution, the solution after applying the add/remove move.
RandNumbr < randint(1,3);
if RandNumbr = 1 then;
Perform Team member swap (Algorithm H);
elseif Rand Numbr = 2;
Perform Add/remove assignment (Algorithm B);
else;
Perform Project shift (Algorithm B);

end;
Return NeighborSolution;

J.3.7 VNS

The seventh technique is VNS. This technique uses similar moves as the second technique
however these moves are not chosen according to a probability but dependent on k. k changes
from 1 to 2, until 3 if the current solution is updated with a worse solution and resets to 1 if the
current solution improves (1 for team member swap and 2 for add/delete assignment and 3 for
project shift (Lalla-Ruiz et all, 2020). Algorithm B shows the pseudocode for this neigborhood
function.
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Algorithm 9: Variable Neighborhood Search (VNS) with Three Neighborhoods

1 Input: IntialSolution, Team member swap, Add/remove assignment, Project shift: Import the
InitialSolution and the three selected neighbor moves.

2 Output: NeighborSolution, the solution after applying the VNS neighborhood function.

3 CurrentSolution < InitialSolution;

4 BestSolution < CurrentSolution,;

5 k «+ 1 Setinitial neighborhood;

6 While Stopping criterion not met do

7 if £ = 1 then

8 NeighborSolution < Apply Team member swap to CurrentSolution;
9 end

10 else if k£ = 2 then

1 NeighborSolution + Apply Add/remove assignment to CurrentSolution;
12 end

13 else

14 NeighborSolution < Apply Project shift to CurrentSolution;

15 end

16 if NeighborSolution is better than CurrentSolution then

17 CurrentSolution < NeighborSolution;

18 if CurrentSolution is better than BestSolution then

19 BestSolution < CurrentSolution;

20 end

21 k < 1 Reset neighborhood when improvement is found

22 end

23 else

24 k < k + 1 Try the next neighborhood

25 end

26 end

27 NeighborSolution = BestSolution;
28 Return NeighborSolution;

J.4 Other input parameters SA

At last, the SA algorithm also needs a starting temperature, stopping temperature, Markov chain
length, and cooling schedule.

We choose the initial temperature (Ts:.,+) in such a way that almost every transition is possible
to ensure high diversification at the start of the algorithm. This means that T+ is chosen such
that the initial acceptance ratio is approximately 1 (Subsection 8.4.3). We set the Markov chain
length according to the length of the number of neighbor-solutions. At last, we use a commonly
used coooling schedule for the SA algorithm: Tk = T} (Rader, 2010).
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