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Abstract 

Project scheduling aims to balance competing time, cost, and quality objectives. Traditional scheduling methods like 

CPM focus on time optimization but cannot systematically consider trade-offs between objectives. This paper reviews 

state-of-the-art multi-objective optimization (MOO) techniques for construction project scheduling, focusing on multi-

family projects. MOO provides a mathematical framework to balance multiple objectives simultaneously and evaluate 

trade-offs through Pareto-optimal solutions. Algorithms and mathematical programming methods applied to optimize 

time-cost quality are discussed. MOO offers advantages over traditional approaches by considering interactions, 

resource optimization, risk management, and dynamic adjustment capabilities. However, it's essential to know the 

challenges around data availability, computational complexity, model adaptability, and stakeholder buy-in when 

implementing optimization. Awareness of these challenges will help you prepare for and overcome them in your 

construction project scheduling. 
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I.  INTRODUCTION 

Project scheduling is a crucial part of construction project management. It aims to efficiently coordinate activities, 

resources, and deliverables to ensure a project is completed on time, within budget, and to the required quality standards. 

Efficient project scheduling is essential for construction companies to achieve competitive advantage through improved 

productivity, cost savings, and client satisfaction. 

Multi-family development and high-rise apartment buildings, for instance, have complex and challenging scheduling 

requirements in terms of complexity and size. There will be numerous interrelated jobs, a high level of stakeholder 

involvement, and tight delivery schedules driven by market demand. Project managers must coordinate conflicting 

priorities among contractors, subcontractors, future homeowners, developers, and suppliers. Delays in any activity can 

trigger a domino effect, leading to cost overruns and setbacks in unit delivery. Factors such as weather dependencies and 

limited crew capacities further complicate scheduling decisions. With significant financial stakes and reputational risks, 

optimizing multi-objective decision-making around time, cost, and quality is crucial in these construction projects. 

The paper will focus on optimizing project schedules for multi-family construction projects involving trade-offs between 

time, cost, and quality objectives. It will also review the literature on multi-objective optimization techniques applied to 

construction project scheduling, including evolutionary algorithms and mathematical programming methods. 
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II. OVERVIEW OF PROJECT SCHEDULING IN CONSTRUCTION 

Project scheduling in construction aims to plan the sequence and duration of project activities to achieve timely completion 

within budget and resource constraints. The Critical Path Method (CPM) and Program Evaluation and Review Technique 

(PERT) are the most commonly used traditional techniques [1]. 

CPM involves identifying the critical path of activities that must be completed on schedule for the project to finish on 

time [2]. Activity durations are assumed to be deterministic. Using beta distributions, PERT adds probabilistic durations 

by incorporating three estimates (optimistic, most likely, pessimistic) to calculate the expected durations. While intuitive 

and easy to apply, conventional CPM/PERT has limitations. For instance, these methods assume unlimited resources, 

which is unrealistic and potentially leads to infeasible schedules. Their simplicity comes at the cost of being unable to 

capture the multi-dimensional nature of construction project planning problems.  

The Situated Action model suggests that having a highly detailed plan for the entire project from the start is intrinsically 

futile or pointless. Projects evolve and unfold in unpredictable ways. Most project managers believe plans should have a 

maximum time horizon (cover the whole project duration), be comprehensive (cover all aspects), be detailed, and be 

complete. However, even without considering the Situated Action model directly, it is logical that the level of detail in a 

plan should match the information available. For activities far in the future, when there is more uncertainty, the plan should 

define them at a higher/broader level without too much detail. As start times for activities approach, the plan can define 

them with an increasingly finer or more detailed level of information since there is less uncertainty about what will happen. 

This suggests that a CPM (Critical Path Method) schedule would be easier to manage and more responsive to changing 

realities if it adopted this approach of less detail far out and more detail as activities near their start [3]. 

Moreover, activity durations in reality are not always deterministic but subject to uncertainty variability. CPM/PERT 

models also assume unlimited resources, which is unrealistic and potentially leads to infeasible schedules [4]. Their 

simplicity comes at the cost of being unable to capture the multi-dimensional nature of construction project planning 

problems. 

To address these shortcomings, various simulation-based approaches have been applied—for example, discrete-event 

simulation models schedule activities by simulating resource allocation and operations over time. Monte Carlo simulation 

incorporates probabilistic activity durations to evaluate schedule risk [5]. However, these techniques focus on single 

objectives and cannot systematically generate trade-off-efficient schedules. 

III. MULTI-OBJECTIVE OPTIMIZATION IN CONSTRUCTION 

Multi-objective optimization (MOO) provides a mathematical framework to balance competing objectives that cannot be 

optimized simultaneously [6]. Key concepts in MOO include: 

• Pareto optimality: A schedule is Pareto optimal if no other schedule is superior in all objectives [7]. This means 

that any improvement in one objective can only be achieved at the cost of worsening another objective. The set 

of all Pareto optimal solutions is called the Pareto front [7]. This concept is crucial in multi-objective optimization 

as it helps project managers understand that there is no single 'best' solution, but a range of solutions that represent 

different trade-offs between the objectives.  

• Trade-offs: No single schedule can simultaneously optimize all objectives. MOO evaluates trade-offs between 

objectives to assist decision-making. For instance, a project manager may have to decide between using more 

expensive but faster construction methods to meet a tight deadline, or opting for slower but cheaper methods to 

reduce costs. 
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• Non-dominated solutions: Schedules not dominated by any other schedule in all objectives, forming the Pareto 

front approximations. In other words, a non-dominated solution is one that is not worse than any other solution in 

all objectives. These solutions are important in MOO as they represent the best possible trade-offs between the 

objectives. 

IV. METHODS FOR TIME-COST-QUALITY TRADE-OFFS 

• Existing Frameworks, Algorithms, and Tools 

Over the years, several frameworks and algorithms have been developed to tackle the challenge of balancing time, 

cost, and quality in construction scheduling. These include heuristic algorithms, metaheuristic algorithms, and 

mathematical programming methods. 

• Mathematical Programming Methods 

Linear Programming (LP), Integer Programming (IP), and Mixed-Integer Nonlinear Programming (MINLP) are 

computational techniques that have been increasingly used for optimizing construction scheduling. While these 

methods offer precise solutions to optimization problems, they can be computationally expensive and impractical for 

large-scale construction projects [8]. Nonetheless, they are highly effective for smaller projects or specific tasks where 

the relationship between objectives can be expressed mathematically. 

• Multi-Criteria Decision Analysis (MCDA) 

In addition to the aforementioned methods, Multi-Criteria Decision Analysis (MCDA) has gained prominence in 

construction project scheduling. MCDA evaluates various alternatives based on criteria, considering each objective's 

relative importance [9]. 

Analytic Hierarchy Process (AHP) and Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) are 

commonly used for decision-making in multi-objective optimization. 

 

Figure 1 Flow chart of MCDA [10] 

NSGA-II has been used to solve multi-objective challenges to improve building energy efficiency and sustainability. For 

example, Eliades et al. [11] applied NSGA-II to select optimal positions for indoor air quality sensors, focusing on factors 

like sensor quantity, average damage, and the most severe potential damage while considering the building’s usage 

characteristics. The study involved buildings with different room counts, subjected to various contamination scenarios, 

which were generated using grid and random sampling techniques simulated in the CONTAM multi-zone building 

software. 
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Analyzing building height, floor area, and building shape offers insights into design decisions that impact cost and 

environmental outcomes. Researchers [12] developed a model to evaluate how architectural variables like building height, 

number of buildings, width, and floor area impact construction costs and environmental performance (thermal loss) of 

multi-family housing projects. They looked at typical construction methods for low to mid-rise apartments, including light 

wood framing and concrete/steel hybrid systems allowed by building codes. Costs were estimated using industry-standard 

methods like RS Means. Thermal loss was calculated based on envelope areas and required insulation values from 

ASHRAE 90.1. When floor area was held constant, wider floor plates were found to be more cost-effective and have 

better thermal performance due to reduced perimeter. With height and width constant, fewer, more significant buildings 

were cheaper to build and had less thermal loss than smaller buildings. Shorter buildings were generally more affordable 

for a given footprint, but mid-rise heights had better envelopes. Taller buildings had advantages in larger floor areas. 

Regression analysis confirmed that wider, taller buildings with fewer units minimized costs, while compact, taller designs 

optimized thermal performance. An optimal compromise balanced these factors with medium heights and numbers of 

buildings. Wider floor plates also provided benefits across the board [12]. 

Early-stage architectural design optimization is crucial in multi-family construction when deciding on building form and 

plan layout factors, directly influencing cost, space efficiency, and user preferences in apartment buildings. The study [13] 

proposes a multi-objective early-stage design optimization model for residential real estate development projects. It uses 

the NSGA-2 genetic algorithm to optimize building form and layout based on daylight, views, sun exposure, saleable area, 

and cost. The model considers weighted user preferences for housing types (1-bedroom- or 2-bedroom). It was 

implemented in Rhino/Grasshopper, the Wallacei plugin was used for NSGA-2 optimization, and Viktor.ai was used to 

deploy a user app. Design variables included building depth/length, orientation, buildable area, and "seed" values that 

determined unit layouts. Objectives were cost minimization, saleable area maximization, and maximizing sun hours, 

daylight, and views. The methodology involved setting up the genetic algorithm in Grasshopper, using plugins like 

Ladybug for sun/daylight analysis. NSGA-2 generated solutions that were evaluated based on the objective functions. The 

model was tested on 6 sample plots in Istanbul, generating Pareto-optimal designs responding to user preferences. While 

demonstrating parameter responsiveness, focusing on Pareto solutions limited unit mix diversity. A user app allowed 

professionals to evaluate results. While finding the approach practical, they noted limitations like additional factors 

considered in real projects and a need for more project-specific data [13]. 

In the context of multi-family construction, optimizing the profitability of a project while balancing critical objectives 

such as time, cost, and quality is a key challenge.  According to [14], multi-unit construction projects common in 

residential and commercial sectors require careful planning and scheduling due to their repetitive nature. The paper [14] 

presents an optimization model to maximize profit for multi-unit construction projects, a common type of repetitive 

project. These projects involve scheduling works and selecting alternative execution modes while considering durations, 

costs, and investor deadlines. The model formulates the problem as a multi-objective optimization using the NSGA-II 

genetic algorithm. The objectives are to minimize costs and maximize saleable areas, sun-hours, daylight, and views. 

Design variables include building attributes and "seed" values determining unit layouts. The methodology implements 

NSGA-II in Grasshopper and uses plugins like Ladybug and Wallace. It generates Pareto-optimal designs responding to 

parameters and user preferences. The model was tested on 6 sample plots in Istanbul. While demonstrating parameter 

responsiveness, focusing on Pareto solutions limited diversity in unit mixes for some sites. Smaller sites favored smaller 

units due to land constraints. A user app allowed professionals to evaluate results. They found it practical but noted 

additional real-world factors and the need for more project-specific data. The paper models profit optimization for multi-

unit projects as a discrete problem involving work sequencing and alternative execution modes. Costs, penalties, and cash 

flows are formulated. [14]. 

The optimization of repetitive construction projects is a key characteristic of many multi-family construction projects. 

Research [15] introduces a novel optimization approach called "opposition multiple objective symbiotic organisms 

search" (OMOSOS) to schedule repetitive construction projects by optimizing time, cost, quality, and work continuity 
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simultaneously. The key aspects of the proposed OMOSOS approach are that it uses an opposition-based learning 

technique to initialize the population and for generation jumping, which helps diversify the search space. It integrates a 

scheduling module to determine project objectives like time, cost, quality, and interruptions based on the crew options 

and start times specified in the candidate solutions. It applies symbiotic organism search operators like mutualism, 

commensalism, and parasitism between candidate solutions to evolve the population towards the Pareto front. It selects 

the population for the next generation using non-dominated sorting and crowding distance to maintain the diversity of the 

solutions. The approach is tested on two case studies involving repetitive construction activities. The results show that 

OMOSOS can find the Pareto front and compromise solutions by balancing the four objectives. Statistical metrics also 

indicate that it performs better than NSGA-II, MOPSO, MODE, and MOABC regarding convergence and the spread of 

solutions. 

Researchers [16] have developed a hybrid model using artificial neural networks (ANNs) and ant colony optimization 

(ACO) to estimate the quantity and cost of construction waste during the early project planning stage. It uses ANNs to 

model the nonlinear relationships between waste quantities/costs and influencing factors like building size/type. ANNs 

alone have issues determining optimal parameters. It applies ACO to optimize the ANN parameters like several hidden 

nodes, learning rate, and momentum. ACO helps reduce ANN training time and improves accuracy. It collects data on 118 

Korean residential building projects, dividing them into training, validation, and test datasets to develop and evaluate the 

models. Statistical metrics like mean squared error, mean absolute error, and standard deviation indicate that the hybrid 

ANN-ACO model provides more accurate waste quantity/cost estimates than a simple ANN. The model is valuable for 

construction project planning and budgeting as it facilitates early waste management strategy development. The research 

contributes a hybrid machine learning approach to address the critical problem of construction waste estimation. However, 

further validation with diverse project types and sensitivity analysis of model parameters are recommended areas for 

future work. 

The paper [17] explores strategies to achieve Zero Energy (ZE) or Zero Energy Ready (ZER) status in mid- to high-rise 

multi-family buildings, focusing on optimizing cost, energy performance, and design efficiency. The study addresses 

balancing cost efficiency, design risks, and energy performance. Efficient equipment selection significantly reduces 

operational costs. 

Advanced heat pump technologies lower energy demand, contributing to cost optimization. Optimized designs using LED 

lighting and energy recovery ventilation systems improve energy efficiency without compromising construction quality. 

The report includes real-world case studies showing how optimized design strategies result in cost-effective, high-

performance multi-family buildings. The paper identifies cost-effective pathways to achieve ZE status, emphasizing the 

need to balance initial construction costs with long-term operational savings. 

V. COMPARISON WITH TRADITIONAL APPROACHES 

Multi-objective optimization techniques offer several advantages over traditional project scheduling methods like CPM 

and PERT. While CPM and PERT are useful for identifying the critical path and estimating task durations, they focus 

primarily on time optimization and do not directly address trade-offs with cost and quality. MOO methods provide a more 

comprehensive framework for balancing multiple objectives simultaneously. 

Some key advantages of MOO include: 

• Consideration of Interactions: MOO allows project managers to evaluate how changing one objective, such as 

reducing schedule duration, would impact other objectives, like cost and quality. Traditional methods do not 

effectively capture these interactions. 

• Multiple Criteria Decision Making: MOO supports decision-making based on numerous prioritized criteria by 
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evaluating a range of optimal solutions. Project managers can select alternatives that best meet stakeholder needs 

rather than focusing on a single metric. 

• Resource Optimization: MOO helps optimize resource utilization across the project duration, cost, and quality 

dimensions. Resources can be allocated more efficiently based on their impacts on all objectives. Traditional 

methods provide limited insights into resource optimization. 

• Risk Management: MOO techniques consider potential risks and uncertainties in tasks that can affect time, cost, 

and quality outcomes. Models can be developed to mitigate risks through optimized scheduling and resource 

allocation. Risk is not explicitly addressed in CPM and PERT. 

• Dynamic Adjustment: MOO solutions provide the flexibility to make real-time adjustments in response to changes 

during project execution. Updates can be made without disrupting the balance between objectives, while 

traditional methods require reworking the entire schedule for minor changes. 

• Scalability: Advanced metaheuristic algorithms used in MOO can efficiently handle more extensive and complex 

problems than traditional methods, especially for multi-family projects with hundreds of interdependent tasks. 

While CPM and PERT remain valuable for basic time-based scheduling, MOO offers a more sophisticated approach for 

modern construction projects seeking to optimize multiple performance dimensions simultaneously. The ability to balance 

objectives and consider their interactions is critical for complex multi-objective decisions in construction. 

VI. CHALLENGES AND LIMITATIONS 

Despite the advantages, implementing MOO techniques for real-world construction projects presents practical challenges. 

Some limitations of current optimization models also need to be addressed. 

a. Data Availability and Quality 

MOO models rely on accurate input data representing task durations, costs, resource requirements, and other 

project parameters. However, obtaining detailed, reliable data can be complex in construction, where activities 

are unpredictable, and documentation practices vary. Models may not perform well without sufficient historical 

data. 

b. Computational Complexity 

Large-scale construction projects involve thousands of interdependent tasks and constraints, posing computational 

challenges for metaheuristic algorithms. Processing power and solution times required can be prohibitive for 

practical use. Simplifying assumptions reduces accuracy for complex real problems. 

c. Model Adaptability 

Due to process, resource, and objective variations, standard optimization models may not generalize well across 

different project types. Significant effort is needed to develop customized models for each unique project setting. 

Off-the-shelf solutions have limited flexibility. 

d. Stakeholder Buy-in 

It can be difficult to gain consensus on the objectives, their relative importance, and risk tolerances among various 

stakeholders. Different parties often prioritize conflicting goals, undermining optimization outputs. Engagement 

is critical for successful adoption. Construction projects are subject to frequent changes in scope, specifications, 

resources, and other conditions. 
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VII. CONCLUSION AND FUTURE DIRECTIONS 

This paper reviewed multi-objective optimization techniques for balancing time, cost, and quality in construction 

project scheduling, focusing on applications for multi-family projects. MOO provides a mathematical framework to 

evaluate trade-offs between competing objectives through Pareto-optimal solutions, addressing limitations of 

traditional scheduling methods like CPM, which focus only on time optimization. Various algorithms and 

mathematical programming methods have been developed and applied to optimize time-cost-quality trade-offs. These 

algorithms can generate efficient schedules balancing multiple project objectives in different domains. 

Although Multi-Objective Optimization (MOO) offers significant advantages over traditional methods such as 

considering objective interactions, optimizing resource utilization, assessing schedule uncertainties, and dynamically 

adjusting solutions—its practical implementation still faces challenges. One major hurdle is obtaining comprehensive 

and reliable input data, particularly in construction projects with prevalent uncertainty. Moreover, computational 

intensity is an issue for massive problem scales. Personalization is also essential to tailor general-purpose 

optimization models to specific projects, with processes, assets, and stakeholder concerns changing between 

industries and companies. However, another challenge is getting agreement between project participants about 

objectives and risk tolerance, and such a lack of agreement can slow down widespread use. Overall, in its review, it 

showed MOO methodologies' potential through a careful examination of trade-offs between performance factors such 

as time, cost, and quality and through continued studies in overcoming pragmatic obstacles such as simplifying 

problem forms, developing better data analysis, and enhancing stakeholder collaboration, optimization techniques 

have the potential to revolutionize project management practice. Future work should prioritize developing flexible, 

customizable models tailored to specific projects and contexts and validating solutions using accurate scheduling 

data from completed multi-family construction projects. With appropriate implementation, MOO can enhance project 

performance by balancing competing priorities efficiently, transparently, and quantifiable. 
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