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ABSTRACT

Time, cost and quality are major concerns in construction project management. To achieve a balance between time-cost
and time-quality, a trade-off problem among time-cost-quality (TCQ) is proposed for optimisation by the application of
a genetic algorithm (GA). A GA attempts to minimise a fitness function that describes the objective to be achieved. The
fitness function is specifically designed according to the nature and characteristics of the construction project. By inputting
the project parameters, the fitness function should be able to provide a balance between the time, cost and quality of the
project. This study applied a GA to strategically search for the best project parameters for an offshore wind farm project
to achieve a more accurate prediction for construction time, cost and quality of the project in the pre-construction stage.
A series of practical mathematical models are developed through a review of previous studies based on specific merits,
and a real offshore wind farm project is studied to identify and verify the applicability and viability of the mathematical
models. After the process of optimisation, the results show that the output data is very close to the actual case in terms of
construction time, cost and quality.
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1. Introduction

The requirement for the generation of sustainable
energy has increased rapidly in recent years as the severe
and irreversible environmental costs of traditional methods
of energy generation have been concerned. New green
energy development is now coming to the forefront,
with an unprecedented level of application. After the
first conference about an offshore wind farm held in
Copenhagen in 2005, the world began to pay more attention
to wind power generation because it is renewable and free
from pollution. Furthermore, the benefits are even more
pronounced in an offshore wind farm generation system
(Zhixin et al., 2009). Unlike traditional methods of power
generation such as fossil fuels, green energy including
hydro, biomass, wind and solar power is renewable and
sustainable (Klugmann-Radziemska, 2014). Among these
types of green energy, hydro and biomass power have
potential production limitations but wind and solar power
are abundant and infinite. Wind power is relatively easy
to generate and transfer, and it is thus widely recognised
as a reliable and viable method for electricity production.
Wind farms, as a new type of power generation, are widely
applied worldwide and have developed rapidly in China
since 2006 with both on-land and offshore applications.
Compared to on-land wind farms, offshore wind farms
occupy less land which allows fewer environmental
limitations while the wind resources are more sufficient
(Zhixin et al., 2009). However, offshore wind farms have
some serious negative impacts on marine environment, such
as on marine mammals, plants, and even on the landscapes

and geological conditions (Carstensen et al., 2006). A
conflict develops between the increasing need for electricity
in human’s lives and the demand to reduce these negative
effects on the marine environment. More complicated
and advanced techniques are applied to ensure a sufficient
amount of electricity which can be generated with fewer
wind farms, and results in the use of larger capacity turbines
and higher voltage cables, to increase the generation
efficiency of wind power and to reduce the electricity loss
during transport. A more advanced technique requires a
more precise installation and this leads to a more difficult
and expensive construction process. An offshore wind farm
project, as a large-scale one-time project, contains many
uncertainties and no correct measures or amendments are
allowed after construction. Therefore, the planning and
budgeting processes are essential to avoid unforeseen
problems and predictable errors that may happen during
construction. One of the core objectives of construction
planning, which consists of the pre-contract construction
management, is to reach a perfect balance among
construction time, cost and quality. This study proposes a
systematic formulation to simulate the best circumstances
in terms of project time, cost and quality simultaneously
to ensure that the planning stage is close to the future real
case. The case of a 50 MW offshore wind farm in China,
established in 2016, was studied with a genetic algorithm
(GA) to identify the viability of the proposed formulation.
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2. Time-cost-quality (TCQ) in offshore wind farm
construction management

2.1. Importance

Large scale offshore wind farms consist of offshore
foundations, platforms and turbine towers which must
tackle numerous obstacles during the construction period
and thus higher cost and longer time are required to achieve
the desired quality (Thomsen, 2014). Due to the unique
attributes of such projects, no reversals or amendments
are allowed. Even if the quality of a completed project is
up to standard, on-going maintenance must be extremely
comprehensive. In addition, substandard construction work
may also lead to negative impacts on the marine life and
the ecosystem. Additionally, regardless of the difficulties
and high standards for wind farm projects, the costs are
highly focused. Profitability is always the greatest concern
for both the investors and contractors. Good budgeting
allows the best use of labour, materials and equipment
and is cost effective. In addition, due to the unique climate
in the offshore area, the construction period of a wind
farm is strictly limited as construction is forbidden during
flood or typhoon period. An effective control mechanism
is necessary to uphold the project time, cost and quality
during the planning phase and to ensure the progress of the
project is smooth while meeting the multiple objectives,
such as quicker progress, lower cost and higher quality.

2.2. The problem

The main objective of a construction project, so as
the offshore wind farm project, is to make construction to
meet the requirements of the contract with the lowest cost,
higher quality and shorter time, in parallel with other targets
comprehensively. Those multi-objectives are interrelated,
interacted and inter-conflicted. As a result, the multi-
objective trade-off problem among various components
comes to be condition precedent at the project planning
stage (Mohammadipour and Sadjadi, 2016). Beginning
with a determination of construction activities, the planning
phase attempts to put in place a reasonable and applicable
construction plan and duration for the respective tasks.
Then, a reasonable budget can be set to match the quality
objectives. Conflicts among time, cost and quality of a
project are, however, extensive and inevitable (Hajiagha et
al., 2015). Higher quality requires a high level of support,
such as excellent construction techniques, skilled labour
and innovative materials, and this requires more effort and
resources during construction to check and monitor the
progress continuously, which may lead to a higher cost. In
addition, the more time spent on the construction project,
the more money required for daily expenses. Establishing
a balance between project timing, cost and quality is thus a
critical issue (Babu and Suresh, 1996).
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2.3. Previous solutions

As a common project management issue, this multi-
objective problem involving the project TCQ trade-off
has been addressed by project management experts while
many efficient and effective models to simulate this kind
of problem have been proposed (Zhang et al., 2014). The
problem continues to be examined by scholars in various
fields. However, none has provided solid evidence for
offshore wind farm projects.

To solve the general construction problems in a
residential setting, Hajiagha et al. (2015) developed a
series of mathematical models for a continuous TCQ trade-
off which estimated the parameters of the project activity
uncertainty with grey numbers. However, the precision
of the simulation mostly relies on the correction of these
parameters while the definition of the grey numbers
is highly dependent on the experiences of the project
managers involved over long terms, and it is too specialised
to be understood by non-experts. Thus, Vahid Faghihi et
al. (2014) presented a hands-on model of time-cost-quality
trade-off problem (TCQTP) which aimed at generating
more effective project networks and schedules without the
need for on-site experience, planning ability and oversight.
They considered the project scheduling to be the core of
TCQTP and integrated it with virtual three-dimension
geometric modelling. This type of transformation involves
geometric elements in a 3D model, with activities to be
scheduled and presented as nodes, and the dependencies
between each activity as columns and beams. This method
reduces the effect of experience but introduces more
difficulties in the transformation of the model into three-
dimensional geometry. In this study, the valid cost and time
which differ from grey numbers and are easier to acquire
and collect, are put into analysis. This method depends
less on the experience of individuals and has less bias from
personnel influence. It also produces a more objective and
reliable result for decision-making.

Despite traditional objectives which stuck on time,
cost and quality, several other objectives are proposed to
achieve a more efficient monitoring of the construction
process. Afruzi et al. (2014) proposed a trade-off model in
terms of two kinds of activity performance modes: normal
and crush. Specifically, the crush mode appears to lead to
shorter time requirement but has a higher direct cost with
more resources required and poorer quality than those of
the normal mode. Three objective functions were developed
based on these two performance modes. However, the cost
objective function is simply choosing the direct cost rather
than the total cost of the activity and the project time is
treated as the sum of all activities. The activities of a project
are treated as a sequence, ignoring the interactions with
preceding activities. In contrast, Narayanan and Suribabu
(2014) established a cost model by dividing the total
project cost into direct and indirect costs; and the quality
model considered the influence of processor activity by
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quality indicators. However, the models are proposed for
the management of on-going projects and serve for main
contractors only. Mohammadipour and Sadjadi (2016)
provided a trade-off model among higher cost, higher risk
and poorer quality when facing the client’s requirement on
crushing construction schedule. The multi-objectives are
isolated to three single objective functions, which indicate
the floating value of risk, quality and cost. By applying the
enhancement of the risk, deduction of quality and increase
of the cost, it could be easier to quantify the change value
of the risk and quality. However, similarly, quantifying
method applied constraint to the model’s applicability and
flexibility into the in-progress projects only.

In addition, researchers proposed dozens of methods
to simulate the interaction between the time, cost and
quality. Zhang et al. (2014) used the critical path method
(CPM) to monitor the schedule of the project, and the
quality performance index (Q) is proposed to quantify
the individual quality of each activity in a project. Hu and
He (2014) proposed a trade-off model based on a work
breakdown structure. They divided a construction project
into a series of activities with respect to the construction
labour, materials, equipment and administration. The
breakdown based models provide a brief analysis of each
activity in a project and make it possible for managers
to modify the design in detail. However, it is impractical
for a project manager to deal with all activities at such a
detailed level. Despite the simultaneous activities in the
resource allocation, the total duration of the project is
overestimated, and the effects of the preceding activities,
in terms of total quality, are not monitored. Recently, Lim
et al. (2015) set up a time-cost-quality-trade-off (TCQT)
model according to the satisfaction of the parties involved
in the construction project. Evidential reasoning was first
used in the multi-criterion decision-making (MCDM)
approach of Monghasemi et al. (2015), who proposed a
comprehensive framework to integrate MCDM methods
with optimisation techniques. They combined a multi-
objective genetic algorithm (MOGA) and non-dominated
sorting genetic algorithm-II (NSGA-II) to solve a discrete
TCQTP. Tran et al. (2015) applied a minimum ratio method
to combine parameters for time, cost and quality into one
objective function, and by solving this objective function,
the trade-off problem could be consequently solved. Zhong
et al. (2017) applied the on-site monitoring system to obtain
the real-time quality of the on-going structure, in order to
analyse the dynamic motion of the construction quality.
However, almost all cases studied in these researches are
applied on small or medium scaled residential projects,
which are relatively standard and related to smaller scales
of variation.

Instead, Zhong et al. (2017) applied the trade-off
model established to the rock fill dam project during its
construction process with dynamic in-situ monitoring
system. Aminbakhsh and Sonmez (2016) applied the
proposed discrete time-cost trade-off model on all small,
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medium and large-scale projects by tuning the diameter
settled during the running and processing of the particle
swarm optimisation method. However, none of these
methods have been applied to offshore wind farm projects
and the applicability and effectiveness for this kind of
project has never been verified.

A literature review has identified multiple methods
that were developed to solve the proposed model, and based
on these endeavours, this study aims to establish a more
systematic and applicable set of models to simulate the
interaction among TCQ, with the purpose of simplifying
the pre-construction planning for offshore wind farm
projects. Models are selected and proposed with their merits
to simulate the interaction among time, cost and quality.
With easier control for project executors and managers, less
dependence is required on experts’ experiences and a result
closer to the final project construction. CPM is applied
to sum up the total time for project construction (Fu and
Zhang, 2014); the work breakdown theory (WBT) divides
the total cost into individual activities, each with their own
direct, indirect and tardiness costs (Hu and He, 2014);
and the indicator, the Q is proposed to ensure the project
quality (Zhang et al., 2014). To achieve the optimisation of
these three elements, the minimum ratio method (MRM)
is used to combine them into one objective function. Only
when the minimum value of this function is found, the
corresponding value of the time is marked as the optimal
solution, in addition to the indicated cost and quality.

All of the parameters required for establishing the
model are relatively objective and there is no need for long-
term construction experience. All of the models used to
solve the trade-off problem are familiar and convincing
after long-term development, to be understandable for
executors and managers. The computational intelligence
method of the GA is proposed for the optimisation of the
proposed objective function.

3. Mathematical modelling of the multi-objective TCQT

To solve the multi-objective optimisation problem,
this study separates the objectives and first finds the inter-
relationship functions for each objective, then to build
an objective function to integrate them into one function.
With the optimisation of the objective function, the optimal
solution can be derived. This study begins by qualitatively
analysing the relationship and form models between time-
cost and time-quality in a construction project, and uses the
MRM to promote an objective function f, combining and
fully considering all the linkages.

3.1. Introduction
Multi-objective problems are common in almost all of

the decisions made in a project process. Therefore, finding
a solution is critical for all managers in each hierarchy.
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The basic multi-objective problem model can be described
below, where x is the N-dimension decision vector, y is the
objective vector, f(x) are the individual minimum objective
functions, g(x) is the j, constraint function and S is the
feasible solution region for the decision vector (Ulungu and
Teghem, 1994).

x =[xy, X3, .0, X,/

miny = fO)={f, C), [, (), ... f, )}
ves= ffe (<0, j=1,2, ... p} (1)

3.2. Time modelling

This study chooses the duration of each activity as the
basic element for calculation, together with a Gantt chart, to
determine the overall duration of the project.

3.3. Time-cost modelling

Since the development of the scheduling network,
many practical mathematical models have been proposed
based on an analysis of the link between the duration
of the activities and the total cost for the accomplished
activities, such as the linear time-cost relationship model
(Perera, 1980) in which the linear programming is easy to
display but cannot accurately simulate a real case and the
discrete time-cost trade-off model which is closer to real
cases but harder to calculate. Thus, a power function with
several indicators is applied in this study to simulate real
cases more accurately than the linear model, but is easier to
calculate than the discrete model.

The proposed relationship between time and cost is
presented in Figure 1, where b, is the lowest cost of the
activity, T is the shortest duration of the activity, 7 is
the normal duration of the activity, and 7, is the longest
duration of the activity (Zhang et al., 2014). The total cost
of construction is usually broken down into the direct cost,
the indirect cost and the tardiness cost, which can be added
together for each individual activity.

3.3.1. Direct cost

The direct cost includes the direct labour, material
and equipment, together with bills to subcontractors. In
this study, the increasing marginal direct cost coefficient 7;
is used to consider the construction environment and
level. If the construction materials are easy to obtain, the
construction level will increase with the rising level of
labour and 7; will be small; if the construction materials
are not easy to obtain, }; will be relatively large. The
duration of the activity is inversely proportional to 7; . The
formula of can be presented as:

DC= Folb + (T - T 1, )
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where DC is the direct cost, b; is the direct cost of the
activity i in normal duration, i=1, 2, ...n, for all the
activities of a project, 7; is the increasing marginal direct
cost coefficient, TIR is the real duration of the activity
i TlRE[ T,S TlL 1 T,S is the shortest duration of the activity
i, Ttis the longest duration of the activity 7, and T} is the
initial duration of the activity i (proposed in the contract).
This formulation shows that the cost of the project will
increase in its power function with fluctuations in the
project duration.

A
Cost

- Total cost

bij

| Direct cost

| — Indirect cost

>

Project
duration

Ts Ty T;
Figure 1. Relationship between the project duration and cost.
3.3.2. Indirect cost

The main element of the indirect cost is the
manufacturing costs, which contain the indirect labour cost
and depreciations, and is often calculated by multiplying
the rate of /C with DC. This rate is proposed in the contract
according to the project evaluation. In China, taxes are an
important element and are proportional to the construction
profit and the indirect cost.

IC,
IC= TT—O", 3)

ICy=DCy *ryc, )

where IC is the indirect cost, 7' is the real duration of
the project, ICy is the indirect cost at the planned initial
duration, 7} is the initial duration of the project, DCj is the
direct cost at the planned initial duration, and 7, is the rate
of indirect cost.

3.3.3. Tardiness cost

The tardiness cost is a condition listed in the contract
and is the reward or punishment for being ahead of or
delaying the proposed schedule. In this study, the formula
proposed by Deckro et al. (1995) was used, where €1 is the
coefficient of reward for early completion ($ per day).

e (T,-T), &T<T,
C = Ty (5)
(e -1)(DC +1C), &T>T,
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To conclude, the target minimum total cost of a project
can be shown as follows:

MinC=DC+IC + TC. (6)

With reference to the concept of marginal utility in
economics theory, these time-cost models are presented
in the power function together with a new indicator. Real
cases are in fact much more complex than the formula
presented in Equation (3), because the tardiness rules are
always factored into the cost when completing a project.
Equation (6), which combines the direct and indirect costs
with the tardiness cost, is thus much closer to the realistic
conditions of construction projects and therefore it is treated
as the basis formula for the time-cost model.

3.4. Time-quality modelling

In terms of the breakdown activities, researchers
traditionally found quality to be proportional to the
schedule of an activity for calculation convenience
(Pollack-Johnson and Liberatore, 2006). They assumed that
the activity quality is 100% when the activity is completed
in its normal time frame. However, this study uses a more
practical method for simulating the mathematical link
between the quality and the duration of a single activity,
as it is suggested that the quality will in fact reduce with
the extension of the activity time. It is assumed that the
relationship should be treated as a quadratic one, which is
more in line with real cases, and Q is used to quantify the
quality of the project (Zhang et al., 2014). The Q of each
single activity can then be defined as follows:

0, = a;t} +bit; +c;, (7

where #; is the duration of the activity i; a;, b; c¢; are the
coefficients of the quadratic equation, which can be derived
from known information as in Figure 2; Ts is the shortest
duration of the activity; Tpis the best duration of the
activity, and can be derived by:

T =Ts+0.618(T.-Ty), ®)

where 7 is the longest duration of the activity.
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Figure 2. Relationship between the project schedule and
quality.

In addition, the total quality of a project is determined
by the quality of each individual activity within a designated
schedule. Interactions among individual activities will have
strong effects on the total quality. Researchers suggested
evaluating the total quality by combining the quality of the
individual activities with a quality importance weighting.
However, this method requires more on-site working
experience and a large amount of work. Thus, a new
method was proposed by Zhang et al. (2014) that involves
applying a project network to monitor the interaction
between sequential activities. Since the whole project
quality is closely connected to each single activity, and
each following activity i is affected by its predecessor j, this
study updated the processing of the quality output of each
activity as:

0= [1- T/ (1-07)] <0, )

where O, is the quality of the predecessor activity
j (=1, 2, ..., m, m is the number of predecessors of
activity 7). The final output is the 0°* of the whole project.

Compared to the traditional importance weight
method, the new Q method uses the quadratic function
that better fits the actual circumstances of a construction
project. This method can then derive the whole project
quality from the individual quality of the activities, rather
than confirming the importance weights of every activity,
which is more natural and accurate if manual experience is
limited.

3.5. Multi-objective mathematical function

In addressing multi-objective problems, a
mathematical formulation is typically developed to quantify
problems and solve them by mathematical optimisation.
The idea is to generate an objective function and find the
optimal solution of this function. Many methods can be
used to generate the objective function, such as the linear
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weight sum method and the weighted averages method.
This study uses the MRM to formulate the objective
function f{x), and by finding the minimum value of f(x),
the measurement indicator 7 can be obtained and the best
trade-off between our models can be found:

1C.1,0)= (0.5 +org
C=cm,
0=0(1),

+ wQ%)/(wc +wr+ wQ), (1())

(11
(12)

where ., o, @y are the relative importance indices of

cost, time and quality of the project, respectively.

4. Case study

In this study, an actual offshore wind farm engineering

project is used to verify the proposed models and the

Table 1. Initial information about the wind farm project.
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computational intelligence of the GA is used to assist in
the solving process. The case is a 50 MW offshore wind
farm with ten 5 MW turbines located in Putian, Pinhai
Harbour, Fujian Province, China, which is approximately
12 km from Pinghai. Basic information about the Putian
offshore wind farm project is presented in Table 1, where
b; is the direct cost of the activity i in normal duration;
i=1, 2, ..n, for all the activities of a project; y, is the
increasing marginal direct cost coefficient; Tls is the shortest
duration of the activity j; 7% is the longest duration of the
activity 7; and Tl’ is the initial duration of the activity 7
(proposed within the contract). Tis, Tl' and b; are given in
tenders from the contractor, and 7; is also derived from the
tender. The initial schedule of this project can be derived as
shown in Figure 3.

ID  Activities Predecessors Initial cost ~ Increasing direct Shortest Initial duration ~ Longest
(b)) (¥) cost margin duration (77 )(days) duration
1
parameter (7;) (T%) (days) (TF) (days)
1 Preparation 25,527,460.00 0.7000 10 15 20
2 Temp. work establishment 1 10,273,470.00 0.8000 15 18 30
3 Foundation construction 2 23,971,430.00 0.9000 90 93 135
4 Piling works 1 60,441,283.00 1.000 90 119 160
4.1  Manufacture of 1 41,224,943.00 2.9818 40 50 68
dia. 1.9 m steel piles
42  Installation of dia. 1.9 m 2 12,286,130.00 2.2143 20 29 40
steel piles
43  Concreting 4.2 6,930,210.00 1.1237 40 56 70
5 Construction of piling platform 2 45,883,324.00 0.6160 90 113 210
5.1 Fabrication of steel casing 2 3,993,520.00 1.9461 30 36 50
5.2 Line 1 construction 2 11,975,442.00 34234 100 110 188
5.2.1 #9 Station 2 3,005,982.00 1.4056 70 110 130
5.2.2  #10 Station 42 4,484,730.00 3.6604 35 38 65
5.2.3 #8 Station 4.2 4,484,730.00 1.0190 35 43 65
53 Line 2 construction 2 7,490,712.00 3.9839 43 104 160
5.3.1 #4 Station 2 3,005,982.00 0.2315 35 104 120
5.3.2 #2 Station 2 4,484,730.00 1.1316 35 38 50
5.4  Line 3 construction 2 22.423,650.00 1.4480 82 82 120
5.4.1 #6 Station 2 4,484,730.00 2.4919 35 47 65
5.4.2 #]1 Station 2 4,484,730.00 0.2449 35 60 65
5.4.3 #3 Station 2 4,484,730.00 04316 35 39 65
5.4.4 #7 Station 2 4,484,730.00 2.8659 35 60 65
5.4.5 #5 Station 2 4,484,730.00 1.2766 35 39 65
6 Bearing steel, steel ladder, 5 2,610,750.00 0.6500 45 61 85
handrail construction platform
7 Cap rubber fender system 5 4,500,000.00 1.5385 45 46 65
installation construction platform
8 Submarine cable laying 5 14,567,960.00 0.6500 59 70 168
8.1 Underwater rock excavation 5 165,322.00 9.4873 35 44 45
82 Submarine cable installation 8.1 10,813,654.00 4.1507 35 43 45
8.3 Cement sandbags scour 8.2 3,588,984.00 1.9511 20 43 45
protection layer
9 Wind fan installation 5,6,7,8 50,716,870.00 108.0683 122 140 250
9.1  #1 and #2 fans installation 53,54 10,143,374.00 0.0149 20 30 75
9.2  #3,4,5, 6 fans installation 53,54 20,286,748.00 3.0130 20 59 85
93  #7,8,9, 10 fans installation 52,54 20,286,748.00 1.7133 20 37 85
10 Fans commissioning and 9 4,200,000.00 10.2641 100 119 200
operation
11 Project checking and accepting 10 60,000.00 7.0588 10 12 20
Sum 242,752,547.00 - - - -
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4.1. Case background

Initial cost: According to the formula provided and the
tax payment criteria in China, the rate of the indirect cost
is assumed to be 20%, the firm profit tax rate is 8% and the
comprehensive tax rate is 3.41%. The initial cost can then
be calculated as follows:

DC, = 242,752,547, (13)
ICy = ¥ 242,752,547 x20% = ¥48,550,509.40, (14)
Ry = (DCy+ICy) x8% = ¥23,304,244.51, (15)

Cy=(DCy+1ICy+ Rp) x (1 +3.14%) = ¥325,335,409.87. (16)

Initial time: According to the Gantt chart in Figure
4, the initial schedule for this project is 334 days, so
Ty =334(d).

Initial quality of project: Theoretically, the initial O
should be 100%, but after the calculation with the proposed
models, the QO of the project is 77.32%.

Importance index: In this study, a questionnaire was
prepared with questions to find the relative importance
level of time, cost and quality for a large-scale construction
project in different phases of planning and constructing
from the construction management. After collecting 211
questionnaires, with a 50% feedback rate from those
involved in the construction industry all around China, the
importance index of cost, time and quality is determined
to be 1.2336, 1 and 1.0456, respectively, which means
that most of the participants believe that the cost is of the
highest importance to a project, followed by quality, then
time. Therefore, - =1.2336, wr =1, and wo = 1.0456.

4.2. Model establishment

This case is a multi-objective problem, which
attempts to optimise the project duration in parallel with
cost reduction and quality improvement, under the criteria
defined in the contract. The multi-objective optimisation
models in this case can be presented as follows, when
accounting for the initial conditions:

1.  Cost optimisation model. The models could be

referred in Equations (2) - (6).

2. Quality optimisation model.

0=GL0,= 0" (17)

G - Gathering of all the activities of the project.
3. Time optimisation model.

MinT = ) ecti (18)

where #; is the time duration of the activities in the
critical path of the project (El-Rayes and Kandil, 2005).

4. Multi-objective fitness function. The function could
be referred in Equation (10).

HK=~E

4.3. Solution with GA

In this study, a mature computational intelligence
algorithm known as the GA is applied to confirm the
solution found by the proposed model (Gen et al., 2008). The
duration of each activity in the project is set as the variable
vector, and there are 34 variables. The initial population size
was set at 100 and generated randomly, and the termination
rule was set at 5,000 as the maximum generation and the
real number encoding method was applied in MATLAB.
The progress of the solution and the main programme code
can be described as follows:

Step 1. Recognition of the optimisation problem,
giving a definition of the fitness function as shown in
Equation (10) and setting the running parameters as follows:
the dimension of the feasible solution is D = 34; the feasible
solution domain is given as [x,,;,, X, J"» Where x,,;, iS
the allowable shortest duration and lower bound of this
project; and x,,,, is the allowable longest duration and
upper bound of the project; population size N = 100; the
generation g = 10,000; the stall generation limit is given
as 50; the constraint tolerance and function tolerance are
both set as (le - 20); and the initial penalty and penalty
factor are 1.

Step 2. Initialisation. This phase has two parts. First,
the initial information 73, Cy, Q() of the case problem is
produced, according to the initial accomplishment duration
of the project and the fitness function - Second, the initial
population P; is randomly generated (g = 1). As presented
in Step 1, P, contains 100 solutions with 104 genes and
represents the feasible duration of all the activities in the
project.

Step 3. Evaluation. The fitness scores of the initial
generation are computed by monitoring the fitness function
presented in Equation (10) and assessments are made of
the survival possibility of these feasible solutions. After
evaluating the fitness score of the feasible solutions, the
parts of the solutions with good performance and relatively
high fitness scores are chosen to be a parent chromosome
for the regeneration of new generations and to update
the population. Chromosomes with bad performance are
simultaneously eliminated.

Step 4. Reproduction. The parent population is the
operator for crossover and mutation to re-arrange the genes
of the solutions, thus producing offspring solutions.

Step 5. After evaluation based on the fitness function,
a selection operation is conducted to select the high fitness
solutions from both the parent and child populations and
then the selected solutions are reunited as a new combined
population, accomplishing an update of the population.
Steps 3 - 5 are repeated until the termination criteria of
10,000 times that the generation number is met.

Step 6. After 10,000 generations, the best fitness
solution is obtained, which is the so-called optimal solution.

The evolution process is shown in Figure 4.
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Figure 4. Evolution process by a GA for the wind farm project.

4.4. Results analysis

It is a practical method to evaluate the practicability
and reliability of the optimisation process by directly
comparing the actual data and the optimal output. The
closer the distance between optimal output and the actual
data is, the more useful the optimal process is. In this case,
after running the GA, the final results are as follows:

As Figures 5 - 7 show, the quality of the project is
found to be high and approaching the value 1 with a 0.01%
increase in cost. The duration of the project is extended to
improve the project quality but is still within the contract-
required period. Additionally, when compared to the
actual completed project, the bias between the programme
optimising and the real-case optimising by experts is
reasonable, with the deviations in duration, cost and quality
at 5.76%, -0.0040% and 0.02%, respectively. These data
mean that the time, cost and quality, as optimised by the
programme, are closer to the real project, as constructed
and monitored by experts, than to the original planning
scheme. After applying the proposed mathematical models
to an offshore wind farm project, it is apparent that the
multi-objective optimisation is constructed reasonably
well and is close to the real case results. It provides the
possibility for the project manager to acquire a clearer and
more accurate prediction of the future project in terms of
project time, cost and quality at the pre-construction stage.
It can be concluded that this type of optimisation for the
TCQ of a project is practical and could be applied to assist
in improving the planning and management of the wind
farm project. In addition, with different importance priority
parameter settings for the project time, cost and quality, this

mathematical model is sufficiently flexible for managers to
achieve optimisation under different requirements.

Time comparison of the wind farm project

Unit: Day
250
200
E
=
3 150
e~
3
s
-2 100
£
5
a
) m
. il s 0
1 2 3 4 5 6 7 g 0 11
Omitial duration 15 18 | 93 | 119 | 113 61 46 70 140 119 12

W Optimal duration | 16.11 | 24.15 [117.21 121.22 113.27 6922  57.18 6849 161.07 159.48 | 16.11
DActual duration 20 26 124 130 200 82 62 92 193 166 16

Figure 5. Time comparison of the wind farm project.

Cost comparison of the wind farm project

Unit: RMB (¥)
90.000.000.00
80.000.000.00
70,000,000.00
£ 60.000.000.00
15
S 50,000,000.00
0=
3 40,000.000.00
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Olnitial cost | 34,211 13,768 32,126 81.003 61492 3,498, 6,030, 19,523 67970 5,628, 80411
WOptimal cost 34211 13,768 32,128 81,003 61494 3.499. 6,031, 19525 67971 5,651, 80,571
DActual cost 34211 13,768 32,129 81,003 61493 3,504, 6,032, 19,525 67971 5,659, 80.562

Figure 6. Cost comparison of the wind farm project.
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Quality comparsion of the wind farm project

Quality of activity
o
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Oinitial quality | 0.98 | 077 | 062 095 076 094 058 065 07 076 0.7
BOptimal quality 1 1 1 1 077 | 1 1 063 087 1 1
DActual quality | 0.8 | 098 097 1 | 08 087 092 087 1 1 1

Figure 7. Quality comparison of the wind farm project.
5. Conclusion

The urgent requirement for renewable and sustainable
green energy generation has led to the rapid development
and application of wind power generation techniques
world-wide. As additional wind farm projects are likely
to be established, the planning of their construction must
be defined and monitored to meet social requirements.
In this study, a brief introduction to the background and
significance of wind farm project construction planning and
the multi-objective optimisation problem were provided.
A summary and analysis of the research and achievements
regarding the multi-objective problem are then presented,
together with previous studies of the GA as a common
problem solver. The relationships between project TCQ are
then analysed. By comparing traditional models from other
researchers and scholars, a series of general mathematical
models for the three parameters was derived and a fitness
function to transform the multi-objective problem into
a single-objective problem was presented. Finally, in a
case study, the proposed models are applied to an actual
offshore wind farm project for verification. By running the
real offshore wind farm project with the original project
data in the proposed model and comparing the output
with the actual values, it can be seen that the optimisation
results are close to the actual case, and the proposed model
is practical for improving the accuracy of the project
condition prediction during the pre-construction stage in
terms of time, cost and quality. Additionally, since the data
and the applied parameters are objective and there is no
need to perform much data analysis, flexibility exists for
managers in execution and monitoring. It is a simple but
efficient tool for managers to control. In addition, because
of the flexibility and data isolation, this trade-off model
should be applicable in many other types of construction
projects. However, this study still has many limitations.
First, the established mathematical models for the TCQ
trade-off are not perfect, as they cannot take all aspects of
real-life projects into consideration, such as the climate,
environmental effects and interactions between preceding
and following activities. The interactions between activities
have been considered as yes or no issues, while in reality,
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many activities can be started when the former activities
are only partially completed. To improve and enhance the
models, recommendations that could be applied in future
studies were provided. Additional actual project conditions
should be taken into consideration, such as the impact of
climate and possible effects on the environment. Specific
client preferences in terms of time, cost and quality should
also be identified. Then, the interactions between the
sequential activities should be presented more specifically.
To conclude, suggestions for improvement and in-depth
study would be appreciated, in the form of valuable advice
from experts, teachers and students in the field.
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