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Abstract

:

Complex construction projects are developed in a dynamic environment, where uncertainty conditions have a great potential to affect project deliverables. In an attempt to efficiently deal with the negative impacts of uncertainty, resilient baseline schedules are produced to improve the probability of reaching project goals, such as respecting the due date and reaching the expected profit. Prior to introducing the resilient scheduling procedure, a taxonomy model was built to account for uncertainty sources in construction projects. Thence, a multi-objective optimization model is presented to manage the impact of uncertainty. This approach can be described as a complex trade-off analysis between three important features of a construction project: duration, stability, and profit. The result of the suggested procedure is presented in a form of a resilient baseline schedule, so the ability of a schedule to absorb uncertain perturbations is improved. The proposed optimization problem is illustrated on the example project network, along which the probabilistic simulation method was used to validate the results of the scheduling process in uncertain conditions. The proposed resilient scheduling approach leads to more accurate forecasting, so the project planning calculations are accepted with increased confidence levels.
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1. Introduction


Large construction projects are characterized by their complexity in terms of organization, as they consist of hundreds of activities and require numerous resources. To successfully manage important project objectives, scheduling efforts must be applied to ensure that a project is completed within the contract requirements [1]. Schedule management concentrates on the processes that are essential to appropriately deliver critical project aspects, such as time, cost, resources, etc. [2] Scheduling methods which are used to establish reliable construction plans can be broadly classified into exact [3,4,5,6], heuristic [7,8,9], or metaheuristic approaches [10,11,12,13,14]. Current practices in the domain of construction planning and scheduling are oriented towards automatic schedule development and the application of specialized optimization techniques [15]. Although modern technologies such as BIM have already been applied to the optimization problems in the realm of construction scheduling [16,17,18,19,20,21], additional development and possible extensions are still needed to effectively automatize scheduling practices and improve both customizability and user-friendliness of emerging technologies for practical use [22,23].



As construction projects take place in a dynamic environment, they are consequently prone to the negative impacts of internal and external sources of uncertainty. Due to the fact that uncertainty has been recognized as a cause of risks that can influence the final outcome of a project [24], there is an indisputable need to manage the uncertainty which is present in almost all of the construction activities [25]. However, there is still a lack of mechanisms that would leverage state-of-the-art technologies such as BIM with the uncertainty management frameworks in complex construction projects [26]. BIM-based uncertainty management frameworks are currently emerging at the theoretical level, where the automatization and practical integration of existing frameworks with new technologies remain the main challenges thus far [27].



To diminish unfavorable impacts stemming from the construction project environment, a relevant strategy is to prepare for uncertainty from the early stages of the project life cycle. To account for uncertainty as early as in the project planning phase, a resilient scheduling approach has been developed recently [28,29,30]. Resilient scheduling is a procedure to develop the optimal baseline makespan for a project, considering the trade-off between schedule stability or robustness, and other important objectives, such as makespan minimization [29]. Moreover, additional trade-offs can be considered when defining the equilibrium state of the project, such as the limited budget of the project, expected net present value, as well as adequate risk management, among other equilibrium facets [28].



Resilient schedules are defined by their multidimensionality: they tend to be robust, flexible, and adaptable. Previous studies in construction scheduling have predominantly focused on the robustness aspect, which is already a complex concept. On the one hand, robustness depicts the insensitivity of objective function in the optimization model, may it be project minimization or NPV maximization, for example; on the other hand, it tends to minimize the deviations between baseline schedule and realized state. For instance, Zhao et al. [31] propose the framework for integrated robustness evaluation, considering composite robustness measure. Authors have been using improved subjective and objective weights in order to evaluate the schedule robustness. In another research, Zhao et al. [32] investigated the importance of schedule robustness by use of metaheuristic optimization techniques, considering both activities’ starting-time deviation, as well as a structural deviation in a schedule.



On the other hand, information about the uncertainty in a construction project is usually scattered, as it arises from various sources, and due to the dynamics of complex construction projects, it is extremely demanding to organize, collect, and reuse that knowledge. Lack of information or ambiguous data can have undesirable consequences on project success and cause a negative impact to project objectives. According to Reference [33], significant efforts have been undertaken to consider more general sources of uncertainty in the project management domain. Because of the inherent complexity in large construction projects, there is a need to manage a considerable amount of information [34].



In the realm of construction management, different researchers have attempted to integrate knowledge about uncertainty into formal conceptualization. This way, domain knowledge can be accessed and reused by users in a form of computer-readable data [35]. For example, Tah and Carr [36] proposed a knowledge-based approach to facilitate effective risk management procedures in a construction project. Ping Tserng et al. [37] developed an ontology-based risk management framework to improve the overall effectiveness of risk management practices for a construction contractor. The study of Ding et al. [38] coupled ontology and semantic web technology in a BIM environment to manage construction risk knowledge. Apart from enhancing general risk management procedures, other practical applications of ontology in the construction domain include knowledge sharing [39,40,41], information extraction [42,43,44], and performance analysis [45,46,47,48].



So far, however, there has been little discussion about modeling a comprehensive knowledge base by considering general sources of uncertainty in construction projects. Therefore, the first aim of this research was to structure uncertainty sources related to complex construction projects in a faceted taxonomy, as a basis for the analysis and uncertainty management in construction projects from the early planning stages. Comprehensive identification and characterization of uncertainties in the construction domain is a first step towards increasing the probability of reaching project goals during the execution phase.



Considering the nature of complex construction projects, which are financially extremely demanding undertakings, appropriate cash procurement is of vital importance. The major source of financing for construction projects is the establishment of the bank overdraft [49,50]. If the cash deficit occurs during the project realization period, contractors will encounter difficulties related to the implementation of the project activities in accordance with a baseline plan [51]. Therefore, the development of a schedule where the cash flows will be suitable for the established bank overdraft is an important subject, since large construction projects require extensive investments and rarely depend solely on the savings of the contractor [49,50].



The main objective of this research is to propose a comprehensive mathematical model for resilient scheduling as a trade-off between project robustness, project duration, and contractor’s profit. Previous studies on resilient project scheduling [28,29,30] have not dealt with the finance flow modeling, so the mathematical problem presented in this study aims to contribute to the growing area of research on resilient baseline scheduling by introducing the additional objective function for profit maximization at the end of the project. The present research contributes to a more practical setting in the context of resilient construction scheduling by including the financial aspect in the existing problem. In this way, we assess the issue of financial feasibility in resilient scheduling for construction projects.




2. Resilience Approach to Manage Uncertainty in Construction Projects


The methodological approach taken in this research is presented as an algorithm for resilient scheduling to manage uncertainty in construction projects, as depicted in Figure 1. At the start, uncertainty sources in a construction project are analyzed to clarify how uncertainty impacts project objectives. From here, the multi-objective optimization (MOO) model is developed to serve as a response to uncertainty in construction projects. The objective functions in the model stem from the uncertainties related to variability in the durations of activities. In such a way, the optimization method overcomes problems of the deterministic approach which cannot account for activities’ completion times with absolute certitude. The optimization problem consists of three objective functions and complementary constraints. Decision variables in the MOO model define the start times for activities in a project once the optimization problem is solved by the use of a hierarchical approach. The solution is obtained in a form of a resilient baseline schedule. Finally, the baseline schedule is validated by the simulation analysis, where recognized uncertainty sources are modeled as stochastic variables.



The structure of this study is organized as follows. The following subsection begins with a discussion on the nature of uncertainty in construction projects. In Section 2.2, the taxonomy development process is described. Resilience framework is discussed in more detail in Section 2.3. In Section 2.4, the MOO model for resilient scheduling is presented. The Section 3 consists of two parts, where the solving process is discussed in more detail in Section 3.1, while the resilient scheduling approach is validated on the construction project example by simulating two baseline cases in Section 3.2. The overall conclusions and suggestions for future research are given in Section 4.



2.1. Understanding Uncertainty


During the execution phase, many undesirable events might affect project constraints, such as budget overrun or timely execution of significant project activities. Disruptions in a project schedule due to mechanical malfunctions or unfavorable meteorological conditions on site could cause delays in project makespan unless managed properly. Occurrence, as well as the impact of disruptive events on project objectives, is uncertain; therefore, it is important to understand sources of uncertainty in a construction project.



Some authors consider uncertainty as various undesirable conditions or events, e.g., unpredictable resource unavailability, changing environmental conditions, various user needs, and system intrusions or faults [52]. Further examples of uncertain events include an increase in material prices, an accident during construction, a decision-maker’s change of mind, etc. [53]. The corresponding perspective was adopted in this study, defining uncertainty as a high variety of possible events and conditions that could occur and affect project objectives.



Previous research has revealed certain characteristics considering the uncertainty in construction projects. For example, Gündüz et al. [54] reported that most of the uncertainty sources can be traced to conditions and events on site. Authors discovered that from 83 identified uncertainty factors that could delay construction performance, over 90% were traceable to the activities within the construction site. On the other hand, considering the time distribution of uncertainty through the project’s life cycle, Ustinovičius [55] concluded that in the initiation phase the majority of uncertain events and conditions could be expected. When it comes to the classification of uncertainty sources, various perspectives are emerging from different studies in the project management domain. Most of the research work categorizes uncertainties in two major categories: internal or external, while both of the categories could be further extended into subcategories, such as technical, commercial, environmental, socioeconomic, political, etc. [56]. Since most studies in the construction domain have only focused on certain aspects of uncertainty analysis, such as uncertainty related to the specific phase of a project [55], or uncertainty related to the particular objective of a construction project [56], this paper aims to discuss a conceptual method based on the comprehensive literature review to accumulate, process, and reuse the dispersed knowledge on uncertainty, considering different aspects of a construction project. The following section aims to explain the process of development for the structured and systematic knowledge base of uncertainties, considering construction projects.




2.2. Taxonomy


Herein, a voluminous body of information is deliberately omitted, aiming to present only the fundamental principles in the process of creating the taxonomy model. Taxonomy is modeled by the use of the open-source platform Protégé. The taxonomy model serves as a basis for modeling the impact of uncertainty on baseline schedules in the final step of resilient schedule validation. In this study, the taxonomy model is a representation of domain knowledge by the use of concepts organized into facets and/or hierarchical structures. In the multifaceted taxonomy, every facet represents different features of the concept which is classified [57]. For example, one facet embodies uncertainties considering project life-cycle phases, and the other depicts uncertainties regarding stakeholders in a construction project, etc. Each of the facets could be further described by an independent taxonomy [57], either in hierarchical, faceted, or combined form.



The taxonomy model is developed to account for a high variety of possible events and conditions that could occur and affect project objectives. As the main objective is the development of construction schedules that are resilient to disruptions stemming from uncertainties, the starting point, i.e., universe of discourse of the taxonomy, is determined as “Uncertainty sources in a construction project”. The main concept is further depicted by sub-concepts, i.e., facets, which ought to exhaustively describe the universe of discourse.



Faceted systems are in their nature general knowledge management models based on a multidimensional classification of heterogeneous data [57]. Since different authors argued sources of uncertainty in construction projects in a constrained way, e.g., solely with impact on transaction cost [56], multifaceted classification was imposed on the representation of the gathered knowledge.



The main concept is depicted by sub-concepts, i.e., facets, which ought to exhaustively describe the universe of discourse. To maintain integrity while modeling sub-dimensions (facets) of the main concept, fundamental categories were developed by following the core principles of knowledge organization, referring to five fundamental categories of knowledge classification [58], as presented in Table 1.



The facets are revealed through the literature review, and they tend to describe the main concept exhaustively. To prevent ambiguity or vagueness of any kind, we offer five main facets:




	
Member facet tends to describe all aspects of human attributes together with their mutual relationships which could lead to project perturbations. Members in a construction project could be individuals as well as groups of people, i.e., organizations.



	
The project is described as features of a construction project which represent substantial means of how a project affects uncertainty existence.



	
Impact means all the direct effects of uncertainty sources on traditionally determined project objectives (schedule-budget-quality goals), with additional sustainability aspects [59].



	
Causes are states, conditions, and events in which sources of uncertainty are triggered.



	
The life cycle presents stages of a construction project in which uncertainties may arise. This facet is the time dimension of the universe of discourse.








The structure of five main facets further depicted with the second-level entities (sub-facets) is shown in Table 2. Currently, the taxonomy model counts more than 300 entities in the form of mutually categorized terms, accompanied by the definition for each term to prevent any ambiguity. While the main idea of classification is to systematically represent the integrity of the source term, compounding terms is the process of composing different concepts to form a distinct term. For example, the term “Crane failure due to mechanical malfunctions or breakdowns” is compounded from concepts “Resources” and “Breakdowns”, so there is no need to explicitly denote the existence of the compound term. Due to the complexity of the task, it is on the final users of taxonomy to validate possible combinations of uncertainty sources in construction projects.



The presented taxonomy model in a comprehensive, yet restricted manner describes uncertainty sources in a construction project. The uncertainty assessment plays an important role in the overall approach to model resilient schedules since the detailed examination of uncertainty sources is needed to recognize the impact on project objectives. Therefore, this taxonomy reveals the fundamental need to cope with unfavorable disruptions in the process of creating a baseline schedule. As a next step in the overall methodology, resilient scheduling is deployed to produce stable makespans for construction projects under the impact of uncertainty.




2.3. Resilience as a Response to Uncertainty in Construction Projects


Herein, we propose the procedure based on the resilient scheduling concept and optimization modeling to manage uncertainty in a construction project and develop a construction schedule resilient to disruptions. The resilience strategy to cope with uncertainties is to recognize them as early as possible, namely in the project planning phase. By doing this we reduce the number and intensity of disruption shocks during the project implementation. Resilient scheduling, together with early identification of the uncertainties, plays a crucial role in reducing the risks of the construction projects. The main goal of resilient project scheduling is to maximize the preservation of the project baseline schedule at the equilibrium state during project execution. The concept of equilibrium state generally refers to timely project completion and minimized project tardiness amount, considering both project due date and activities’ start times when executed activities are compared to a baseline schedule [28]. In this study, we extend the concept of equilibrium state by examining the degree of credit limit preservation and achievement of the baseline profit goal.



The goal of the proposed approach is to obtain the proactive baseline schedule as a response to the impact of uncertainty, from the contractors’ perspective. As illustrated in Figure 2, the research procedure consists of three main parts. The starting point is identification, evaluation, and interpretation of uncertainty sources by the systematic literature review and also by using the developed taxonomy to avoid ambiguity and vagueness. The systematic literature review in this study was done by following the process for uncertainty identification and classification from Warmink et al. [60]. This way, the taxonomy serves as an essential tool for contractors to manage uncertainty in the planning phase, in view of the knowledge extraction and reuse during the optimization process. However, by finding new concepts during the identification process, the taxonomy is being constantly updated. The second phase in the proposed method is oriented toward solving the multi-objective optimization problem, where objective functions capture uncertainties. In this paper, we show an optimization model for resilient scheduling problem with three objective functions that strive to simultaneously (i) minimize project duration, (ii) maximize the level of resilience built in the baseline schedule, and (iii) maximize profit from the contractors’ perspective.



The detailed finance framework is incorporated into the problem of resilient baseline scheduling so the cash flows can be calculated throughout the duration of a project. The model is built from the contractors’ perspective to ensure the financial feasibility of a baseline schedule. In the case of a cash deficit, the contractor is threatened with the possibility of impeded work on the construction site. The interrupted workflow could lead to significant delays and eventually to additional overheads and liquidated damages and, hence, lower profit [51]. Since the appropriate financing of the construction project is of the utmost importance when it comes to the timely execution of project activities, the research hypothesis is that the contractor will be able to reliably commit to the baseline schedule if the final profit is maximized. Project profit maximization indicates reduced overhead expenses, so the overall project cost is minimized; therefore, project performances are improved to benefit all stakeholders. This way, the additional layers of adaptability and flexibility are implicitly included in the mathematical model by realistically calculating cumulative cash flows throughout the project makespan.



In the following step of the proposed procedure, the optimization process is conducted for the resilient scheduling problem, and the result is obtained in the form of a baseline makespan, by determining the optimal start time for each activity.




2.4. Optimization Model for Resilient Scheduling Problem


This section describes the optimization model for creating a feasible, resilient baseline schedule. Details related to the resilience improvement through surrogate measure maximization are discussed in the following subsection, followed by the statement of the mathematical problem in Section 2.4.2.



2.4.1. Surrogate Measure and Activity Weights


The concept of resilient scheduling is built on the idea of providing enough time intervals in the initial baseline structure so the schedule is able to absorb disturbances caused by the impact of uncertainty. A common approach is to provide enough time floats in the initial solution by the use of different surrogate measures [28,29,30,61,62]. This way, the stability of a schedule is approximated under the low cost of computational complexity, providing a simple solution in the overall computationally demanding optimization process.



The surrogate measure in this study is modeled as a weighted sum of resource-technology free floats [30] of all activities in a project. The resource-technology free float (    FF  i   ) calculates the amount of time for which an activity can be prolonged without postponing start times of succeeding activities, in a way that both precedence and resource relations are considered. On the other hand, activity weights (   w i   ) are significant for appropriate float distribution, since they express the relative importance of the      FF  i   . For activities with the higher weight (wi), it is more important to provide bigger FFi, so the baseline schedule is as resilient as possible. Activity weight is calculated based on four indices:




	
ASi—Equation (1) states the relative number of successors per activity. The number of direct and indirect successors (Nsucc) for the activity i is divided by the number of all activities in a project, n (both dummy start and dummy end included);



	
DPi— Equation (2) calculates relative duration of the activity, i;



	
ACi— Equation (3) determines relative cost of the activity, i;



	
RUi— Equation (4) counts relative resource usage as required by the activity, i.








The assumptions are as follows: (i) with an increased number of successors, there is a higher probability to propagate time disruptions through the baseline schedule; (ii) activities that are expected to be executed during a longer time have a higher probability of disruption; (iii) the higher the cost of the activity, the bigger is the impact to the cash flow of a project; and (iv) with higher resource consumption, there is a higher probability of resource breakdown. Therefore, the activity weight (   w i   ) is calculated as follows:


  A  S i  =    N  s u c c    n   



(1)






  D  P i  =    d i     ∑  i = 1  n   d i     



(2)






  A  C i  =    c i     ∑  i = 1  n   c i     



(3)






  R  U i  =    ∑  r = 1  k   u  i r      ∑  i = 1  n   ∑  r = 1  k   u  i r      



(4)







Finally,


   w i  =   A  S i  + D  P i  + A  C i  + R  U i     4   



(5)







Multiplication of     FF  i    by the activity weight (   w i   ) accounts for proper float distribution in the baseline schedule, aiming to preserve the project at the equilibrium state. Therefore, by maximizing the weighted sum of the resource-technology free floats, the resilience of the initial makespan is improved.




2.4.2. Optimization Problem


The optimization model presented in this study is based on the existing bi-objective resilient scheduling problem [30], which is improved by introducing the additional objective function to maximize the profit from a contractors’ perspective. This way, an additional layer of financial stability is provided in the project baseline structure. With the net profit increase, the hypothesis is that contractor is fit to make financial compensation for perturbed activities. This means that adaptability to project disruptions is enhanced by maximizing the third objective function in the model. Moreover, the credit limit is included as one of the constraints in the optimization model, thus ensuring the financial feasibility of the optimal baseline schedule. A credit limit is imposed to assure that a financial flow is bounded to an allocated cash amount through the entire execution of the project.



In addition, the methodology of activity weight calculation is introduced. This way, the surrogate measure is appropriately quantified so the resilience of a schedule can be approximated in the optimization process. Activity weight calculation is inspired by the work of Torabi Yeganeh and Zegordi [29], where the weight of each activity is determined based on resource usage, network complexity, and time overlap. For this study, the additional layer concerning the direct cost of each activity was combined with the existing factors to quantify the activity weights. Table 3 summarizes the notation used in the optimization model. In the optimization model, binary decision variables were used to calculate activity start times, where    x  i t   = 1   if activity, i, starts at the time, t; otherwise,    x  i t   = 0  .



The multi-objective optimization model (MOO) for resilient baseline scheduling in construction projects is expressed as follows:


   Min      ∑    t    ∈    T     t    ×  x  n + 1 , t    



(6)






   Max      ∑    i    ∈ A      w i  ×      FF   i     



(7)






   Max   P   



(8)







Subject to:


    ∑    t    ∈ T    x  it   = 1 ,   ∀  i    ∈ A ∪   0 ,    n  + 1    



(9)






    ∑    t    ∈ T    t    ×  x  it   ≤     ∑    t    ∈ T   t ×  x  jt   −      d   i  ,   ∀   i , j   ∈ E  



(10)






    CG  l  ≤ W ;   ∀  l    ∈    EOM     



(11)






    ∑   i = 1  n    ∑   q = max   0 ,    t  −      d   i  + 1    t   u  ir   ×  x  iq   ≤  a r  ,   ∀  t    ∈ T ,   ∀ r ∈ R  



(12)






   x   it      ∈     0 ,   1   ,   ∀  i    ∈ A ∪   0 ,    n  + 1   ,   ∀  t    ∈ T  



(13)







The first objective function, shown in Equation (6), minimizes the start time for dummy end activity, minimising the project duration in total. Multiplication of binary variable    x  i t   = 1   with specific time step (t) defines the start of activity (i) at the start time, t, supposing that time, t, corresponds to the start time of activity (i) from the baseline solution. For all other time steps, the binary variable    x  i t     equals 0, as stated in the constraint part of the model. The second objective function, as stated in Equation (7) maximizes resilience through the surrogate measure (SM), which is represented by the sum of weighted resource-technology free float [30] for each activity, as explained in the previous subsection. The third objective function, shown in Equation (8), maximizes profit for the contractor at the end of the project by maximising the cumulative cash flow of dummy end activity. Constraint expressed in Equation (9) ensures that each activity, including the dummy start and end, can be started only once. Precedence constraint is expressed in Equation (10), defining that no activity can start before the precedent one is finished, for all activities that belong to the set of precedence related pairs. Financial constraint is shown in Equation (11) and it states that at the end of each month, the cumulative cash gap (before receiving the payment from the investor) must not exceed the permitted credit limit. Resource constraints are specified in Equation (12) by considering all possible start times,    x  i q    , for all activities (i) such that activity is in progress in period q, for every time step, t, and every resource, r. Multiplication of binary variable    x  i q     with resource consumption        u    ir       must not exceed resource availability,    a r   . Constraint which is stated in Equation (13) defines the decision variable as a binary one.



Financial flow is modeled from the contractors’ perspective by equations used in the work of Elazouni and Metwally [49] that, in turn, rely on the financial terminology clarified by Au and Hendrickson [63]. Since the bank overdraft has been recognized as a prevailing method for financing construction projects [49,64,65], this study also considers the bank overdraft as a single source of financing the construction project. For this reason, the cash-flow model in this study adopted established calculation [49] and incorporated two adjustments to improve the validity of financial flows. The first modification refers to the inclusion of interest rate, h, which rewards the contractor with an interest paid for positive cash flow. The interest rate (h) applicable on positive balances is less than the interest rate, ir, charged for borrowing in the case of a negative cash balance for the contractor [66]. The second adjustment is applied to explicitly display the return of the retainage amount at the end of the project. By modeling the retainage amount as an absolute value, it is assured that a contractor receives complete payment from an investor. Notation for required input variables to model financial flow is presented in Table 4.



It is assumed that receipts from the investor lag one month after realized expenses. Effects of financing costs are considered and calculated as seen in Reference [49], with two adjustments as previously described. The goal of finance flow modeling is to determine accurate values for the maximal cash gap (CG) and final profit for the contractor (P) for a particular instance of the baseline schedule. In the work of Elazouni and Metwally [49], the mentioned output variables of interest are denoted as    F t ^     for the cash gap amount at the end of the period t, and G for the net profit achieved at the end of the project. The direct cost of an activity is linearly distributed over the length of its duration. For implementation purposes, finance calculation is coded by using Python programming language. Any readers interested in the detailed calculation process considering cash-flow analysis can contact the corresponding author for additional information.






3. Application of Resilient Scheduling on a Test Problem Instance


3.1. Solving the Multi-Objective Optimization Problem


The multi-objective optimization model was applied to the test case adjusted from Reference [30] to provide a detailed description of the solving process for the multi-objective optimization problem on a single problem instance. The activity list for the problem instance is given in Table 5. The project network is shown in Figure 3, along with activities’ durations in months, their resource requirement per activity, and activities’ direct costs in thousand of financing units. Only one resource type is required during project execution, of which 7 units are available at any time. Since the model proposed herein requires cash-flow analysis, financial data, and contract terms are provided in Table 6. All integer values considering financial input are given in thousand of financial units.



In the test case, we assume recognized uncertainty sources as follows:




	
Unfavorable weather conditions might interfere with the execution of Activity 2, which is performed on the construction site;



	
Architectural innovation involves an element of uncertainty while implementing the Activity 4;



	
Change orders in Activity 6 might cause technical difficulty for accomplishing the execution in the estimated time frame.








Having in mind optimization problems with multiple objectives, a single optimal solution cannot always be found in an unambiguous manner. For example, one baseline schedule may provide a shorter makespan, with lower values considering resilience surrogate measure and profit, while another baseline schedule may have a longer duration and significantly higher values of surrogate measure and profit. Therefore, from the mathematical point of view, one optimal solution generally is not guaranteed when solving optimization problems with more than one objective function.



To date, different methods have been introduced to solve the MOO problems. One of them is to combine or weigh different objective functions [67], so the range of solutions can be found as Pareto optimal points. Following this approach, it is hard to obtain a single optimal schedule, since neither of the Pareto solutions can be improved without compromising other objective values [68]. As can be seen in Reference [69], although Pareto solutions can be considered broadly comparable, it is not possible to select only one dominant solution. Another problem then arises, as it is not always clear how to combine objective functions with different measurement units. For these reasons, a hierarchical approach was used to proceed with the solving process in the current study.



Since the initial assumption was that the decision-maker’s preferences in obtaining the final solution were known in advance, a hierarchical approach is employed to find a single baseline solution that can be implemented for a construction project. Priorities for all objectives are assigned in decreasing order of importance as follows: timeline minimization, surrogate measure maximization, and profit maximization. This way, project duration is optimized on the uppermost level of the solving process, and the following preference is to find the highest surrogate measure value amongst all solutions that satisfy the first hierarchical objective. At the final step of solving process, a profit value is maximized for the baseline schedule, without causing degradation in earlier objective functions.



The test problem was solved to optimality with an exact algorithm written in the Mathematica programming language. The overall process led to obtaining a single baseline schedule, with a makespan duration of 18 months, SM value of 0.487, and deterministic profit value evaluating to 904.12 thousand of financial units. This way, the stable baseline schedule, which is considered to be resilient under the impact of uncertainty, was produced as a result of the optimization process.




3.2. Validating Resilient Scheduling Process


To validate the resilience of the proposed scheduling process, a probabilistic simulation analysis was conducted for different baseline solutions of the previously presented test problem. Due to the computational complexity of the underlying scheduling problem, the simulation analysis was bounded on two distinctive instances. The first baseline schedule refers to the single makespan instance obtained by solving the MOO test problem as previously described, while the other solution is found when the second and the third objective function were shifted in their hierarchy. For the second case, timeline minimization is still on the highest level of hierarchy in the optimization process; however, the profit maximization is in the second place of importance, and the surrogate measure maximization is at the bottom considering the hierarchical importance of objective functions. This way, the evaluation is made to compare the simulated behavior of two different baseline schedules: both of them have a duration of globally optimal 18 months, but in the first case, the SM value is higher and the baseline profit value is lower compared to SM value and baseline profit value from the second case. Objective function values for both cases are given in Table 7, along with the baseline start times for all activities, including dummy start and dummy end. The credit limit was set to 280 thousand of financial units in both cases.



Since the goal of the simulation process is to analyse the project behavior under the impact of uncertainty, some of the activities’ durations in the process of validation are allowed to take stochastic values. For this reason, the duration of activities 2, 4, and 6 in the project network are allowed to take stochastic values. Uncertain activity times are modeled with beta distribution, where shape parameters are set to   α = 2   and   β = 5   in order to calculate realised activity durations in the Monte Carlo analysis. Stochastic activity durations in the simulation process are bounded between 0.7 and 2.2 of their estimated length, while the mode of the simulated activities is equal to the planned duration,    d i   . Considering the simulated direct cost for each activity, it is assumed that the new cost is proportionally related to the realized duration of activity at a ratio, R, which is used to delineate if the cost of activity (Ca) at a simulated duration (Ta) consists mainly of material or equipment and labour. For example, if the cost of activity consists mainly of material, it will have a lower ratio value, R, while higher dependence on equipment and labour will be represented with a higher R-value [70]. In the simulation analysis, R is set to 0.6 for all activities. To calculate activities’ cost Ca at a simulated duration Ta, Equation (14) is employed from the Reference [70]:


   C a  =  C m  +   (  T a  −  T m  )    T m    ×  R    ×  C m    ,        



(14)




where Cm represents the original cost of activity at the deterministic duration, Tm.



In the simulation analysis, additional resource relations are appended to accompany existing precedence connections between activities, so the baseline resource flow can be preserved throughout the entire simulation process. This way, resource conflicts are avoided through the simulation process where activities’ durations take stochastic values. Additional resource relations are shown for each baseline schedule in Figure 4. Finally, the enhanced Monte Carlo simulation approach, which takes into consideration resource constraints, is taken on 10,000 iterations for each baseline case.



Equilibrium state was examined throughout 6 resilience dimensions: (Eq i) probability of reaching baseline due date, (Eq ii) probability of reaching baseline due date multiplied with coefficient 1.1, (Eq iii) average tardiness amount for the proposed baseline, (Eq iv) average tardiness amount for activities’ start times, (Eq v) the percentage of simulations where credit limit was broken, and (Eq vi) probability of reaching or exceeding the baseline profit. The last equilibrium dimension (Eq vi) is calculated by considering only those simulations for which credit limit, W, was not broken. From the simulation results, as shown in Table 8, it is evident that the first case (single optimal solution from the previous section) generates better results in all equilibrium calculations than the second case, for which profit maximization was considered as a more important objective than maximizing SM value. With an increase in SM value, there is a constant rise in the probability of reaching both strict (Eq i) and relaxed (Eq ii) baseline duration, as well as a constant decrease of average project tardiness (Eq iii), and a decrease of average tardiness for activities’ start times (Eq iv). Moreover, the percentage of simulations for which the credit limit is broken (Eq v) is slightly lower in the first case, where the SM value was higher. Finally, the probability of reaching baseline profit or attaining even higher profit values (Eq vi) is significantly better for the test case with a higher SM value.



According to the simulation results, the initially suggested approach, where SM value maximization was taken as a more important objective function than maximizing the baseline profit, leads to better results considering the overall resilience of the baseline solution. Validation results indicate a positive correlation between increased SM value and resilience of baseline schedule with allocated resources. As a result of enhanced Monte Carlo analysis, probability distribution charts for makespan duration, considering both cases, are shown in Figure 5a. Probability distribution charts for final profit are shown in Figure 5b.



Since the average deviation of the maximal cash gap is negligible in both baseline cases (average deviation from the negotiated CL was around 0.01% in the simulations where the CL was broken), the probability distribution for profit is shown by considering all simulations, including those where violation of credit limit has occurred. After simulating two different baseline schedules with the Monte Carlo approach, where additional resource relations were appended, it was shown that a schedule with a higher SM value produces a better response to uncertainty.



The results of the equilibrium analysis showed improved performances in all equilibrium dimensions (Eq i – Eq vi) when comparing the baseline schedule with higher SM value to another solution in which profit maximization dominated SM improvement. The optimal trade-off between project duration, stability, and profit is obtained for a baseline schedule calculated as a result of the resilient scheduling approach presented in this study. According to validation results, it can be stated that the contractor will benefit from the enhanced resilience of the baseline schedule, since its schedule is improved for the case with the higher SM value. Therefore, this research contributes to the project-management body of knowledge by exploring an approach to develop resilient baseline schedules which will maximize the probability of reaching project goals. With the introduction of the financing aspects in the underlying resilience scheduling problem, the essential issues in construction-management reality are considered. The final output of the MOO problem is given in a form of a baseline schedule which simultaneously minimizes duration of a project, maximizes its resilience, and maximizes final profit from for a contractor. This way, project performances are improved, since the baseline calculations can be accepted with improved confidence levels.





4. Conclusions


In this study, a novel resilience procedure was proposed as a response to prevailing uncertainty in construction projects. In the initial stage of the research, a taxonomy was built to identify uncertainty sources during the life cycle of a project. The formal conceptualization of the domain knowledge, which was modeled in the open-source software Protégé, enables the reuse of information considering the uncertainty in construction projects. The main contribution of the research is the development of the optimization model with three objective functions. This way, a proactive baseline schedule is produced as a result of the optimization process.



Validation results suggest that resilience of a baseline solution improves with SM value maximization. However, the scope of the research was limited to a small project network, so caution must be applied when examining larger problem instances, since the findings might not be unconditionally transferable to a construction projects based on the more complex precedence networks. Although the research has laid the theoretical foundations for resilient scheduling procedure, the study has certain limitations. For example, the resilience framework should be tested on a larger set of project data collected from real construction projects to analyze the systems’ behavior. Moreover, further research might explore different surrogate measures to interpret the resilience capacity of the baseline schedules for various types of construction projects. Finally, the development of new metaheuristic algorithms will enable detailed analysis and validation of the proposed resilience framework on a larger set of problems.



The present research introduces the financing aspect into the process of resilient scheduling, so the comprehensiveness and feasibility of the initial schedule are significantly improved. The advantage of the proposed resilient project planning is enhanced stability of the baseline schedule in comparison with the simulated state of project execution. This leads to more accurate forecasting, so the project-planning calculations are accepted with higher confidence levels.
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Figure 1. Algorithm for the resilience approach to manage uncertainty. 
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Figure 2. Layout of the proposed resilience procedure for uncertainty management in construction projects. 
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Figure 3. The network of a test problem instance. 
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Figure 4. Baseline schedules with additional resource constraints for (a) Case 1 with the highest SM value and lower profit than in Case 2, and (b) Case 2 with the highest profit and lower SM value than in Case 1. 
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Figure 5. Simulation results: (a) total project duration (months); (b) total project profit for all iterations in simulation, CL may be broken (thousand of financing units). 
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Table 1. Fundamental facets for the uncertainty sources in a construction project.
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	Abstraction Category
	Facet Question
	Facet
	Description





	Personality
	Who
	Member
	Uncertainty related to the member in a construction project.



	Matter
	What
	Project
	Uncertainty related to a construction project itself.



	Energy
	How
	Impact
	Uncertainty impact on the project objective.



	Space
	Where
	Cause
	Cause of uncertainty source in a construction project.



	Time
	When
	Life cycle
	The time dimension of a construction project presenting a stage when uncertainty may arise.
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Table 2. The second level of faceted hierarchy for uncertainty sources in a construction project, where the primary node is “Uncertainty sources in a construction project”.
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	Member
	Project
	Impact
	Cause
	Life Cycle





	Behavior
	Activities
	Cost
	Location
	Conceptualization



	Capacity
	Complexity
	Quality
	Threats
	Planning



	Decision making
	Novelty
	Schedule
	Type
	Execution



	Interactions
	Type
	Sustainability
	-
	Termination



	Nature
	-
	-
	-
	-







Full taxonomy model is available upon request from the corresponding author.
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Table 3. Parameters and sets used in the optimization problem.
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	Symbol
	Description





	T
	Length of the planning horizon (t = 1, 2, …, m)



	A
	Set of project activities (i = 1, 2, …, n), including dummy start 0 and dummy end n + 1



	E
	Set of precedence relations



	R
	Set of project resources (r = 1, 2, …, k)



	    w i    
	Weight of activity i



	    d i    
	Expected duration for activity i



	    c i    
	Deterministic cost of activity i



	    u  ir     
	Consumption of resource r as required by activity i



	    a r    
	Availability of resource r during project time T



	     FF  i    
	Resource-technology free float for activity i



	  P  
	Final profit at the end of a project



	   EOM   
	End of the month considering project timeline (time step used when calculating Cash Flow), (EOM = 1, 2, …, l)



	     CG  l    
	Cumulative cash flow value at the end of the month l



	  W  
	Credit limit for the project
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Table 4. Input variables required for financial flow modeling.
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	Symbol
	Description





	   d i   ,   i ∈ A  
	Duration of activities



	   s i   ,   i ∈ A  
	Start times for activities from baseline schedule



	   c i   ,   i ∈ A  
	Total direct cost per each activity in thousand of financial units



	OP
	Overhead percentage in decimal form



	MP
	Mobilization percentage in decimal form;



	TP
	Tax percentage in decimal form



	MP
	Markup percentage in decimal form



	BP
	Bond percentage in decimal form



	N
	Negotiated duration of the project in months



	S
	Realized duration of the project in months



	ADV
	Advance payment (percentage of TBP in decimal form)



	D
	Late completion penalty in thousand of cost units



	RET
	Percentage of retainage for investors’ payments (decimal)



	ir
	Interest percentage in decimal form



	h
	Surplus percentage in decimal form (h < ir)



	k
	Percentage for interest on the unused portion of a credit



	W
	Specified credit limit of the overdraft
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Table 5. Activity list for the problem instance.
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	Activity Index
	Activity Description





	    A 0    
	Dummy start



	    A 1    
	Procurement



	    A 2    
	Field mobilization and site work



	    A 3    
	Landscape equipment mobilization



	    A 4    
	Systems work



	    A 5    
	Structure work



	    A 6    
	Construction finishing operations



	    A 7    
	Landscape earthwork



	    A 8    
	Landscape surfaces



	    A 9    
	Dummy end
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Table 6. Financial data and contract terms for the test instance.
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	Symbol
	Data
	Value





	OP
	Overhead percentage
	0.15



	MP
	Mobilization percentage
	0.05



	TP
	Tax percentage
	0.02



	MP
	Markup percentage
	0.20



	BP
	Bond percentage
	0.01



	ADV
	Advance
	0.10



	D
	Penalty
	2



	RET
	Retainage
	0.05



	ir
	Interest
	0.008



	h
	Surplus
	0.005



	k
	Interest on unused credit
	0.002
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Table 7. Objective function values for two test instances.
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	Instance
	Baseline
	Duration
	SM
	Profit





	Case 1
	0, 5, 0, 0, 8, 5, 14, 10, 13, 18
	18
	0.487
	904.12



	Case 2
	0, 0, 3, 0, 5, 5, 14, 7, 10, 18
	18
	0.353
	911.81
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Table 8. Simulation results.






Table 8. Simulation results.





	Instance
	SM Value
	Profit
	W
	Eq i
	Eq ii
	Eq iii
	Eq iv
	Eq v
	Eq vi





	Case 1
	0.487
	904.12
	280
	0.3
	0.9135
	0.66
	0.12
	1.65%
	0.3769



	Case 2
	0.353
	911.81
	280
	0.2046
	0.8249
	0.93
	0.42
	1.73%
	0.0978
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Taxonomy

D% B AD2GAGd RASA 8F 0B HF o

*® Internal
@ "Location_(fac D = [ @ Late_issue ]
et)" = ‘{ @ External -

[ comomy_|

[ @ Incompleteness ]

*® Uncertainty_sou ’ l. ;Patses_(face‘ J o [Q “Threats_(face ] - . [Q Irationality ]
1" — -

rces_in_a_const...
i ) @ Delay

T~ T o | ® obscurity |
[ ° :'Type_aaoet)' ] —— | ® Epistemic_|
protégé @ Aeatory | @ creneee |

Identifying the sources of uncertainty Optimisation for resilient scheduling problem
. Systematic literature Objectives:
review Min ) t XXpeq (1) |
(2)
I Global identification ‘ Max Z(wix FF;)
i €A z
Max P (3) g 3 A,
e e . ) 3 2
Identification | ‘ Subject to constraints: 2 . A,
A,

o
N

—
Zx"=1.Vi€AU{0,n+1} 8 11

I teT TIME
Y txxes Y txx- 4 V) EE Baseline schedule

e e with allocated
. Uncertainty sources in co = vl e o resources and

a construction project > Ujr X Xjq < ap,Vt ET,Vr€R determined cash

i=1  q=max{0t-d;+1)}
xii € {0,1},Vi EAU{On+1}Vt €T | flow

Classification






nav.xhtml


  applsci-11-06493


  
    		
      applsci-11-06493
    


  




  





media/file2.png
Uncertainty sources

in a construction project /

Multi-Objective Optimisation model

Objective functions

Validation by
simulation

Problem constraints

Optimisation
problem

Decision variables

Hierarchical
approach

Resilient
baseline






media/file5.jpg
A Ay

Ay As As Ay

& &

Ay A et
& a -

A






media/file3.jpg
Taxonomy

<€pmt§gé S e

3

dentifying the sources of uncertanty Optimisation for resilent scheduling problem
.+ systematiclterature Objeceies:
review S w

oo denuhcaton S

|

- | soecoomns | 115

-

Sen-ama | Boseine schedule

with alocated

© Uncenainty sources in g e resources and
2 construction project is metnes | Getormined ash

cumer | flow






media/file1.jpg
Uncertainty sources
na constrution project

Objctive functions

Mult-Objective Optimisation model

Valdaton by
simulation

problem constrains

Optimisation
problem.

Herarchical
approach

Oecsion variaes






media/file7.jpg
Case 2

b)

a) Casel

18

<

le

T T T
roweoa -

SUNN 30MN0S3H

18

T

810 1314

<

5

g . 7
[ U s

SUNN 30Mn0S3H

™

™





media/file10.png
Number of simulations

Number of simulations

Makespan simulation - Case 1

1.0
1200 /7
1000 0.8
/ z
=
800 ©
o e
0.6 5
Q
600 g
- 0.4 ®
3
400 B
o
- 0.2
200
0 - 0.0
15 16 17 18 19 20 21 22
Project duration
Makespan simulation - Case 2 Lo
1400 /
/ 0.8
1200 / >
3
1000 o
/ 068
Q
800 [}
>
600 - 0.4 g
g
400 O
- 0.2
200
0 0.0
16 17 18 19 20 21 22
Project duration

(a)

Number of simulations

Number of simulations

1400

1200

1000

800

600

400

200

1400

1200

1000

800

600

400

200

Cash flow simulation - Case 1

1.0

840

860

880 900

Profit

/

e

L)
o
®

A
o
o

o
>

920

T
o
N

0.0

940

Cash flow simulation - Case 2

960

820

840

860

880
Profit

(b)

yd

—

1.0

- 0.8

900

T
°
[«)]

T
e
&

T
o
N

0.0

920 940

Cumulative probability

Cumulative probability





media/file9.jpg





media/file0.png





media/file8.png
Case 2

b)

Case 1

a)

%
e0]
<
& < |
D g
£ 17
<
?
[ [ 1
N O O <SS OO N
SLINN FOHNOS3IY
A
£ <
: =
< A_.na —
T B
4A1
117 5
<
N
<
[ [ 1

N ©O O < MO N

S1INN 304NOS3Y

18

8 10 1314

5

TIME

TIME





media/file6.png
3,2

2,3

320

2,3

215

9,4

4,2

210

5,4

1150

3,3

430

5,2

530

300

480

(Ao

duration,
resource
requirement

Ai

cost





