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[bookmark: _Toc113474753]Abstract
With the development of "One Road, One Belt", China's construction industry is booming, bringing more and more construction projects. As the scale of construction projects becomes larger and the construction process more complex, the demand for project schedules becomes more and more demanding, and the scheduling methods need to be innovated. Therefore, how considering the constraints of project resources on construction operations and realizing reasonable management of the project construction process in advance is a pressing issue at present.
For the construction scenario, this paper studies and proposes a particle swarm algorithm (PSO)-based solution to the resource-constrained project scheduling problem (RCPSP). The algorithm can solve the J30 problem set in the PSPLIB standard problem set and is compared with the genetic algorithm to demonstrate that, for the RCPSP problem, the PSO algorithm is more efficient in solving the problem.
In addition, a project scheduling system was analyzed and designed to provide a data source to RCPSP and to provide a more user-friendly service to users. The front-end and back-end of the system are developed through spring cloud and vue respectively, and MySQL is used as the database.
Key words：Project schedule; RCPSP; PSO; Spring Cloud


CONTENTS PAGE
Abstract	3
1 Introduce	6
1.1 Research Objective	6
1.2 Research Background	7
1.3 Research Content	8
2 Literature Review	10
2.1 Traditional Methods	10
2.2 Resource-Constrained Project Scheduling Problem	12
2.3 Algorithm related to RCPSP problem	15
2.3.1 Based on genetic algorithm	16
2.3.2 Based on particle swarm algorithm	17
2.3.3 Based on hybrid meta-heuristic algorithm	19
3 PSO-based algorithm for solving RCPSP	21
3.1 RCPSP	21
3.1.1 Description of the problem	21
3.1.2 Test set	22
3.1.3 Comparison of scheduling generation options	24
3.2 Particle swarm algorithm	25
3.2.1 Basic definition of particle swarm algorithm	25
3.2.2 Basic process of particle swarm algorithm	27
3.2.3 Study of particle representation methods in RCPSP	28
3.2.4 Particle priority number representation	30
3.3 Results and analysis	31
4 Requirements analysis and general design	33
4.1 System Requirements Analysis	33
4.1.1 System Functional Requirements	33
4.1.2 System Performance Requirements	34
4.1.3 System Design Objectives	35
4.2 System Architecture Design	36
4.2.1 System Architecture	36
4.2.2 System Function Structure	37
4.2.3 System Operation Flow	38
4.3 Chapter Summary	39
5 System Design and Results	40
5.1 Technical architecture and key technologies of system	40
5.1.1 Introduction to the system base framework	40
5.1.2 Front-end application layer design	42
5.1.3 Spring Cloud-based Microservices Architecture	44
5.2 Functional design and implementation	45
5.2.1 Basic Information Module	45
5.2.2 Project initialization module	46
5.2.3 Project Scheduling Module	47
5.3 System function implementation effect	48
5.3.1 Basic information module implementation effect	48
5.3.2 Project initialization function implementation effect	49
5.3.3 Project scheduling function implementation	50
5.4 System Performance Testing	51
5.4.1 Test Environment	51
5.4.2 Back-end performance testing	52
5.4.3 Front-end performance testing	53
5.5 Chapter Summary	54
6 CONCLUSIONS AND RECOMMENDATIONS	56
7 REFLECTION	58
Reference	59




[bookmark: _Toc113474754]1 Introduce
[bookmark: _Toc113474755]1.1 Research Objective
Project schedule management occupies the most critical position in project management theory, and project planning plays a vital role in the project management life cycle. In the construction process, a reasonable and efficient project schedule can ensure that the construction can be carried out smoothly, the schedule will not be delayed, the cost will not be overrun, and even if there are problems, it can be adjusted in time to correct them. Wang[1] found in a sample survey that most of the projects had different degrees of schedule delays, and only 12.5% of the projects had no hesitations. This shows that traditional project schedule management methods and approaches need to be improved, enhanced, and changed through emerging technical means.
For large projects with long duration and complex processes, there are difficulties in schedule management, and subcontracting labor management is also a problem. Large-scale projects often need to coordinate multiple construction teams to work together, and some of them also exist.
At present, construction schedule management is mainly based on the traditional process constraints after task decomposition to develop schedule plans and guide on-site construction management. However, the execution of each construction task will occupy related resources. Suppose other tasks occupy the resources required for a job. In that case, the task can only wait for the release of its required resources, which will inevitably affect the actual construction schedule and make the planned schedule deviate significantly from the existing program, weakening the utility of construction schedule management. Therefore, the schedule plan that satisfies both process and resource constraints is more suitable for guiding on-site construction management. In addition, in actual construction management, due to the influence of various uncertainties and changes in the focus of management objectives, the construction schedule plan needs to be adjusted in time for resource and schedule optimization. The resource-constrained project scheduling problem (RCPSP) is a typical operations research problem that has been one of the hot research topics in recent years. Depending on the different settings and focuses of the research problem, researchers have proposed various scheduling schemes and solution algorithms.
The purpose of this study is to analyze and implement the project scheduling problem based on the particle swarm algorithm and solve the resource-constrained project scheduling problem from the basic theory of project schedule management, and design and complete the construction schedule preparation in construction project schedule management after fully understanding the current practical means of construction schedule management.
[bookmark: _Toc113474756]1.2 Research Background
Project management is not newborn. As early as 2700 BC, the ancient Egyptians built the pyramids, and project management has particular relevance. However, project management theory took shape in the 20th century when the United States designed and implemented the moon landing program.
Project management theory differs from business management on several levels, and the two are fundamentally different. Projects must be executed and achieve one or more objectives under certain constraints (mainly time and resource constraints). On the other hand, business management is long-term, with profitability as the goal. As you can see, projects are more time-sensitive and have a shorter cycle time, so the need for project planning is very high.
During the development of project management for so many years, several modern international project management associations have been gradually established internationally. Among them, the most prestigious should be the Project Management Institute (PMI) and the International Project Management Association (IPMA).
The critical path method (CPM) and the plan review technique (PERT) are widely used tools for solving project scheduling problems. However, they both have the problem of assuming an unlimited supply of resources for project scheduling planning, which is unrealistic. The amount of resources is often limited during the actual execution of a project and cannot be used indefinitely. For example, in a house renovation project, the activity of modulating paint must occur before painting the walls. Therefore, the Resource-Constrained Project Scheduling Problem (RCPSP) refers to how project managers allocate activities to generate a scientific and reasonable scheduling plan to achieve a specific optimization goal under activity timing constraints and limited resource constraints. Process. The classical resource-constrained project scheduling problem belongs to the NP-hard problem and has been widely and intensively studied, with its main components being the specification of a project scheduling plan and the rational allocation of resources. This problem is commonly found in construction and manufacturing industries with single or small batch production modes such as ship and aircraft manufacturing and IT software. In addition, the RCPSP problem also belongs to one of the problems of combinatorial optimization with various problem models, such as flow shop scheduling and job shop scheduling.
Modern companies' manufacturing process requires standardization, i.e., it is carried out on a project basis. Project managers must consider not only the execution of project activities but also the consumption of resources, operation of machinery and equipment, and other issues. In particular, in the actual project implementation process, the execution of activities needs to follow specific timing rules, i.e., some activities can be carried out simultaneously, but some must wait for the completion of their preceding activities before they can be executed. Moreover, each activity has a specific execution time and different types and amounts of resources required for its execution. The core of the RCPSP problem is, as the name implies, the resource constraint, i.e., the amount of resources available is limited in the overall execution of the project, so the project manager needs to reasonably arrange the start time of activities and resource allocation, and generate a scientific scheduling schedule.
[bookmark: _Toc113474757]1.3 Research Content
This paper is developed as a starting point for the resource-constrained project scheduling problem, which can solve many problems in the project scheduling phase of construction preparation. The objective is to explore and study the resource-constrained project scheduling problem to solve the resource-constrained project scheduling problem and optimize the corresponding algorithm. Based on this, the PSPLIB standard problem set is used as a test case to analyze which algorithm is more suitable for solving the resource-constrained project scheduling problem by comparison.
The main drawback of the current project scheduling research is that there is no user-friendly system for project managers and other practitioners to apply the research results in practice, and any research needs to be applied in practice to show its value. In order to further bridge the gap between project management practice and project management research, and to improve the information construction scheduling management, this paper designs and implements a project scheduling management system based on the resource-constrained project schedule problem. The core functional modules are designed and implemented, such as basic information, project initialization, and project scheduling. According to the functional and performance requirements of the project schedule management system, we designed and implemented the core functional modules such as basic information, project initialization, and project scheduling. Finally, the B/S architecture and functions of the system are implemented through the Vue framework in the front end and the Spring Cloud microservice framework in the back end. Finally, the problem of missing data sources in the RCPSP study is solved. With the help of the essential information function and project initialization module, the scheduling function module can quickly obtain the problem model and solve it according to various parameters set to generate the baseline scheduling plan.
2 [bookmark: _Toc113474758]Literature Review
[bookmark: _Toc113474759]2.1 Traditional Methods
Project management currently has an extraordinary phenomenon of cutting-edge research and practice. With so many variations of the resource-constrained project scheduling problem, it is surprising that many project managers still use the old and outdated critical path theory for project management. The resource-constrained project scheduling problem does have some obstacles in the application process. However, the shortcomings of traditional methods such as critical path theory are even more severe. There must be a deeper reason behind this phenomenon that makes project managers reluctant to adopt the resource-constrained project scheduling problem model. To explore this point, I have targeted various traditional project management methods.
Gantt of the United States was the first to establish the Gantt chart concept and put it into the project schedule control, and until now, the method is still the most used means in the field of global infrastructure construction, the process according to the year, month, day pattern of a project's key aspects are marked one by one, you can see at a glance the project progress information of different vital nodes. Compared to other techniques, this technique makes it easier to sort out the specifics of construction by making the various nodes of the project clearer and more readily apparent at a glance. However, it is difficult to express the logical relationship between the project activities and the related delays or the internal resource allocation. Therefore, the technique is relatively suitable only for relatively simple and small projects[2].
The critical path method (CPM) is essential in project schedule management, which is presented by preparing a network diagram, and when the project network diagram is drawn, the longest work path is found based on the estimated activity time of each work task, which is the critical path for this project. This method was originally invented to address the maintenance of large equipment. In 1958, the U.S. Navy's Special Programs Directorate created and applied the Project Management Plan Review Technique (PERT) during the development of the Polaris nuclear submarine, which was developed from CPM and introduced the concept of probability calculations. Assuming that the duration of the activity follows a beta distribution, the optimistic time 𝑡𝑜 (hopeful time), the most likely activity time 𝑡𝑚 (most likely time), and the pessimistic time 𝑡𝑝 (gloomy time) are used to describe the activity The two techniques are sometimes referred to collectively as the CPM/PERT method. Both the critical path method and the plan review technique are classical methods in project schedule management, and both require finding critical paths in activities, drawing network diagrams, and specifying the logical relationships between activities. The plan review technique differs from the critical path method in that it considers the duration of activities uncertain and needs to be described using probabilities, whereas the critical path method considers the period of each activity in the project to be fixed[3].
Based on CPM/PERT, in 1997, Dr. Gaudrat proposed Critical Chain Project Management (CCPM), which differs most from traditional project management methods in that it considers the dual constraints of processes and resources on the project and takes into account the human behavior factor in the project management process. CCPM is the application of TOC in project management and is considered one of the most significant advances in project schedule management after CPM/PERT[4].
The project planning process covers objectives, tasks, the scope of work, and contractual requirements,  in addition to determining the project's time schedule. The Work Breakdown Structure (WBS) aims to analyze the contents mentioned earlier and systematically decompose the whole project into project units that are independent of each other, affect each other, and are interrelated. These units will be used as a series of project management work objects such as planning, implementation, control, and information transfer of the project, and then all the project units will be combined into a working whole through project management to achieve comprehensive planning and control requirements[5] finally.
The WBS is usually decomposed into a tree structure, represented by a tree hierarchy diagram, as shown in Fig.1.1.

 
Fig.1.1 WBS decomposition tree
The WBS is always at the center of the project planning process and is also essential for developing the project schedule, cost budget, risk management, resource requirements, and procurement plan. The WBS is a vital tool for project schedule management, and its advantages are obvious: the WBS is a tool for planning and designing the project schedule, and the decomposition structure can give a clear idea of the schedule management plan and other related plans. The WBS not only presents a complete picture of the project but also precisely reflects the subprojects and tasks that must be completed to complete the project and their detailed requirements. In addition, the WBS can highlight the interconnection between individual tasks, grasp the progress of the whole project, and make timely adjustments in case of unexpected situations[6].
[bookmark: _Toc113474760]2.2 Resource-Constrained Project Scheduling Problem
Project Scheduling Problem (PSP) is to optimize all activities in the project plan by arranging their execution order scientifically and reasonably and determining each activity's start and end time. On the other hand, the Resource-Constrained Project Scheduling Problem (RCPSP) is based on the premise that resources are constrained, and then project scheduling is carried out. Since the RCPSP problem was proposed, it has attracted extensive attention and research from many scholars. With the rapid development of the information age, the socio-economic competition has become increasingly fierce, and the uncertainty of the project environment and the complexity of the project have increased daily. Therefore, the study of the RCPSP problem is not only of crucial practical value but also more in line with the development needs of modern project management. The focus of research on this problem has gradually changed from scheduling problems to research on multiple constraints of resource constraints, making the RCPSP problem more and more abundant with more affluent research contents, which are in line with the characteristics of modern projects[7].
The manufacturing process in modern companies requires to be standardized, i.e., carried out on a project basis. Project managers must consider not only the implementation of project activities but also the consumption of resources, operation of machinery and equipment, and other issues. Especially in the actual project implementation process, the execution of activities needs to follow specific timing rules, i.e., some activities can be performed simultaneously, but some must wait for the completion of the preceding activities before they can be executed. Moreover, each activity has a specific execution time and different types and amounts of resources required for its execution. The core of the RCPSP problem is, as the name implies, the resource constraint, i.e., the amount of resources available is limited in the overall execution of the project, so the project manager needs to rationalize the start time of activities and resource allocation, and generate a scientific scheduling schedule[8]. In the actual manufacturing process, the availability of resources is limited due to project costs. In short, the classical resource-constrained project scheduling problem (RCPSP) refers to how a company, under the dual constraints of limited resources and activity timing constraints, can scientifically and rationally schedule the execution of activities to achieve pre-determined project end goals such as minimizing production costs and earliest completion time.
Melo E et al.[9] proposed a method for solving resource-constrained project scheduling problems using genetic algorithms and demonstrated the high relevance of metaheuristics in solving such problems. The benchmark tests are directly compared with a relatively new heuristic algorithm and other performed work. Applying the genetic algorithm in combination with the method and solution form to solve the resource-constrained project scheduling problem achieved better results than other methods.
Mendes J J M et al.[10] proposed a genetic algorithm for solving the resource-constrained project scheduling problem. The chromosome representation of the problem is based on random keys. The scheduling is constructed using heuristic priority rules, where the genetic algorithm defines the priority of activities. The heuristic generates a parameterized activity schedule. The method was tested on common problems, and the computational results verified the algorithm's effectiveness.
Kolisch R[11] considered serial and parallel scheduling methods and gave theoretical results for the class of schedules generated by each method, showing that for single-pass scheduling and sampling, there is no difference in the performance ranking of the priority rules, sampling improves the performance of single-pass scheduling. In contrast, parallel methods cannot be considered superior in general.
Mika M et al.[12] studied a class of multimodal resource-constrained project scheduling problems that are schedule-dependent in terms of build time. A local search element heuristic is a forbidden search algorithm that was proposed and compared with a multi-start iterative improvement algorithm and a random sampling algorithm to demonstrate the superiority of the algorithm.
Colak S et al.[13] proposed two non-greedy heuristic algorithms for solving the multimodal resource-constrained project scheduling problem with renewable resources for mode selection and proved their performance over the greedy heuristic algorithms. In addition, the dual adjustment and backward/forward scheduling effects and serial and parallel scheduling effects of MRCPS are investigated, and an adaptive neural network-based metaheuristic procedure is proposed.
Kim J et al.[14] studied the role of schedule generation schemes in multi-project scheduling problems under resource constraints and compared the results of two schedule generation schemes, and the algorithm with a serial scheme provided better solutions than the algorithm with a parallel scheme through computational experiments on multi-criteria problems.
Doula S[15] focused on the development of a project resource balancing algorithm that solves the multi-resource balancing problem allowing activity partitioning using a new hybrid genetic algorithm, which was demonstrated by 5000 activities with multiple resources and for large networks, the algorithm balancing criterion is at least 76% better than earlier scheduling schemes.
Sallam KM[16] proposed a two-stage multi-operator differential evolutionary algorithm for solving the RCPSP, and the efficiency and competitiveness of the algorithm were verified by scheduling through a single-mode test set from a project scheduling repository using design of experiments techniques for a comprehensive evaluation of the composition and parameters of the algorithm.
[bookmark: _Toc113474761]2.3 Algorithm related to RCPSP problem
The algorithms for solving the RCPSP problem are classified into three categories: exact, heuristic, and metaheuristic algorithms. There are two directions of solution schemes for this class of problems: precise algorithms and heuristic algorithms, which mainly use branch-and-bound, a type of exhaustive search algorithms that can eventually obtain a globally optimal solution, but the RCPSP problem belongs to the NP-hard problem[17], and the running time is exponentially complex, thus making it difficult to adapt to large-scale instances; approximate algorithms, on the other hand, only require finding approximate solutions that can end in polynomial time, but there is no guarantee that the final result must be a globally optimal solution. Currently, the exact algorithm cannot be applied in most scenarios since only projects with tiny activity sizes can be used. Therefore, an approximation algorithm is used to solve the RCPSP problem, and specific strategies make the result more convergent to the optimal local solution.
Approximation algorithms can be classified into heuristic and metaheuristic algorithms, which use specific priority rules to rank activities and arrange the start time of activities to achieve a better result at a certain level. Meta-heuristic algorithms, on the other hand, are mainly evolutionary algorithms, such as genetic algorithms (GA), ant colony algorithms (ACO), and particle swarm algorithms (PSO), which are capable of obtaining locally optimal solutions to the RCPSP problem.
[bookmark: _Toc113474762]2.3.1 Based on genetic algorithm
Genetic algorithm[18] is an evolutionary algorithm introduced in the 1970s, and the main idea of this algorithm is to simulate the superiority and inferiority of the natural world.
Genetic algorithm is a series of genetic operations such as selection, crossover, and mutation applied to the current population so as to produce a new generation of population and gradually evolve the population to contain or near the optimal solution state.
1. Encoding: the critical parameters of the problem to be solved are "digitized" in some way (constraints need to be considered) to establish the mapping between genotype (the encoding of individuals) and expression type (the solution of individuals to the problem); 
2. Initializing the population: To pursue genetic diversity, genetic algorithms usually use random generation to obtain the initial population. Differentiated initialization methods are also needed because the problems faced are different, and the coding methods differ.
3. Evaluate fitness: after the genotype is transformed into the expression type, the fitness of individuals needs to be obtained based on the fitness function. Fitness is proposed to judge the degree of merit of individuals. And in this way, all individuals within the MeteoGroup are ranked.
4. Selection: eliminate some individuals according to some way; 5. Genetic (crossover and mutation): after elimination, the population between two individuals exchanges a part of the code to produce the next generation. During this period, a part of the code may mutate to obtain a different value from the parental age; 6. Evolution: the population reaches the upper limit again and continues with the next round of evaluation, selection, and inheritance when the number of iterations is not zero. After a certain number of iterations, the genotypes of the population will converge, and the final optimal individual is decoded to be the solution obtained by the algorithm.
In the application of the RCPSP problem, genetic algorithms generally use a list of activities as genotypes, i.e., the ordinal numbers of all activities are sorted and stored in a set, and the genotypes need to follow certain specific rules when generating, crossing, and mutating to satisfy the tight-ahead-tight-back constraint.
Liu[19] used an improved genetic algorithm to solve the RCPSP problem, whose main improvement is to pass a part of the suitable genotypes of the parent generation directly to the next generation without crossover and mutation, which ensures that a part of the relevant genotypes can be preserved and will not be changed by crossover.
Yang[20] applied the genetic algorithm to the RCPSP solution and showed the solution process of the genetic algorithm with a scheduling case in which this study used a network diagram to establish the tight forward and tight backward relationship between activities.
Wei[21] used building renovation as a background and firstly performed a WBS decomposition of the process of building renovation, and then the resulting activities were scheduled using a genetic algorithm for resource-constrained scheduling.
Wang[22] used a genetic algorithm to solve the multi-mode RCPSP problem, which refers to the existence of multiple modes of each activity to be scheduled in the RCPSP that can be selected at the time of scheduling, with different ways having different durations and required resources. The authors used a prioritized coding approach instead of the activity list coding approach commonly used to solve RCPSP problems.
[bookmark: _Toc113474763]2.3.2 Based on particle swarm algorithm
The particle swarm optimization (PSO) algorithm originated from the observation and study of birds flock predation behavior and was first proposed by Kennedy and Eber- hart in 1995[23].
When PSO solves an optimization problem, the solution of the problem corresponds to the location of a bird in the search space, calling these birds "particles" (particles) or "subjects" (agents)[24]. Each particle has its position and velocity (which determines the direction and distance of flight) and an adaptation value determined by the optimized function. Each particle remembers, follows the current optimal particle, and searches in the solution space. Each iteration process is not entirely random, and if a better solution is found, it will be used as a basis to find the next solution. The particle updates its velocity and position according to equations (4) and (5). The information of particle i can be represented by a D-dimensional vector, with position denoted as X and velocity as Y. The other vectors are similar. Then the velocity and position update equations are

             （4）

                                                 （5）





 is the velocity of particle i in dimension d in the kth iteration. is the current position of particle i in dimension d in the kth iteration. is a random number between [0, 1]. is the position (i.e., coordinates) of the individual extremum of particle i in dimension d. Andis the position of the global extremum of the whole swarm in dimension d. c1 and c2 are acceleration factors (or learning factors) that regulate the flight toward the best global particle and the best individual, respectively. In the top step of particle direction flight, if it is too small, the particle may be far away from the target region. If it is too large, it will lead to a sudden flight toward the target region or fly through the target region. A suitable c1, c2 can speed up the convergence and is less likely to fall into the local optimum, usually so that c1=c2=2.
The particle swarm algorithm was initially applied only to local search problems in continuous space, and then Clerc[25] introduced the TSP-DPSO algorithm, which is a discrete particle swarm algorithm proposed to solve the traveling quotient problem (TSP), and Clerc introduced the concepts of swaps and swap sequences in the PSO algorithm. Since then, the PSO algorithm has been widely used to solve various types of search problems in discrete spaces, and the literature[26] summarizes the applications of the DPSO algorithm in multiple fields.
There are generally two modes of solving RCPSP problems using the PSO algorithm; the first is the priority-based particle swarm algorithm, which takes the encoding of priority and searches for continuous spaces, and can be solved directly by applying the original PSO algorithm; the other is the alignment-based particle swarm algorithm, which takes the encoding of activity list and searches for discrete spaces, and requires the use of the DPSO algorithm.
The fundamental difference between these two approaches is that the priority coding needs to give priority to the immediate pre- and post-activity constraints in the decoding process and then schedule according to the priority of the coding. In contrast, the activity list's immediate pre- and post-activity constraints are expressed in the initialization process of the coding and the "migration" process of the particles.
Deng[27] used a particle swarm algorithm based on activity alignment to solve the RCPSP problem and updated the particle coding through the crossover of particle points.
Wang[28] also introduced a priority-based particle swarm algorithm using an activity-based swarm algorithm and genetic algorithm to solve an RCPSP case simultaneously and concluded that the computation time of the PSO algorithm and the probability of obtaining the optimal solution is much higher than that of GA algorithm.
[bookmark: _Toc113474764]2.3.3 Based on hybrid meta-heuristic algorithm
In recent years, the hybrid metaheuristic algorithm has been the hotspot of the RCPSP problem research. Pellerin[29] counted most hybrid metaheuristic algorithms in the past two decades. According to statistics, a total of 27 basic metaheuristic algorithms are used to solve the RCPSP problem hybrid metaheuristic algorithms, which can be classified into three categories: local search algorithms, population-based metaheuristic algorithms, and machine learning algorithms.
One is integrated hybrids, where different metaheuristics are directly applied to different processes of the solution process, and a common approach is to combine local search methods with population-based metaheuristics. Kochetov[30] combined taboo search, variable neighborhood search, and genetic algorithm and used a taboo list of taboo searches during the algorithm operation to prevent the population from converging to the optimal local solution prematurely.
Another type is collaborative hybrids, which can be divided into two categories, serial collaborative hybrids, and parallel collaborative hybrids. Serial collaborative hybrids are those that, after a solution is obtained by one metaheuristic algorithm, the solution is used as the initial state of the following metaheuristic algorithm to start the operation and iterate at such a pace. Algorithms use a central memory during the run to aggregate the excellent encodings of all algorithms and use them as the initial population for the next iteration, or different algorithms exchange the pheromones of excellent results during the operation. Zeighami[31] integrated two cooperative search methods: the Bee colony optimization (BCO) and the genetic algorithm (GA), as shown in Fig.2.1. The BCO phase is used as a global search, while the GA phase is used as a local search. Each loop starts with the BCO method, and the schedule obtained by the BCO is passed to the GA to generate a new schedule with a smaller makespan. Then, the solution found by the genetic algorithm is passed to the BCO method, and the next iteration begins. The BCO and GA methods iterate cycle by cycle until the termination condition is satisfied.


Fig.2.1 A Parallel Collaborative Hybrid Approach


[bookmark: _Toc113474765]3 PSO-based algorithm for solving RCPSP
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[bookmark: _Toc113474767]3.1.1 Description of the problem






















The classical Resource-Constrained Project Scheduling Problem (RCPSP) can be described as follows: the project contains the set of tasks , which includes two dummy processes that do not consume any time and resources: task 1 and task , task 1 is used to mark the beginning of the project and task is used to mark the Task 1 is used to mark the beginning of the project and task  is used to mark the end of the project; the task cannot be deprived of resources and cannot be interrupted during processing. The tasks of the project share renewable (reusable) resources, of which the capacity of the resources is , . For task , the duration is , where , the demand for the resource required for processing task is , , the start time of task is marked as , the end time is marked as , and the set formed by all predecessors of task is noted as . The set of tasks in progress at the moment is labeled , and the tasks are in a delay-free start-end type relationship with all parameters in the model being non-negative.
In summary, the mathematical model of RCPSP can be described in the following form[32]

                                                     (3.1)
s.t.

                                  (3.2)

                                   (3.3)

                                             (3.4)


Where: is the start time of the project, is the completion time of the project. The objective function in Eq. (3.1) represents the optimization objective of minimizing the project duration, and Eqs. (3.2) and (3.3) represent the timing constraints and resource constraints between tasks, respectively. The whole project can be represented by an AoN (Activity-on-Node) directed network diagram (project network structure diagram), in which the nodes represent the tasks and the arcs represent the temporal relationships of the tasks; two virtual tasks, respectively, are represented as the starting and ending points of the project network diagram.
[bookmark: _Toc113474768]3.1.2 Test set
With extensive research in the field of project scheduling, the construction of a benchmark test case base was investigated by several research groups in order to more closely model actual engineering projects. In 1969, Davis constructed 83 cases[33] , on the basis of which Patterson et al. progressively refined them, eventually arriving at 110 cases[34] , which have since been used in many studies, called Patterson's problem set. However, the Patterson problem set has two shortcomings: (1) these problem instances come from different sources, and they do not regularly respond to certain characteristics that affect the project; (2) there are some problem instances in the problem set that are particularly difficult to solve. Based on this, Alvarez-Valdes and Tamarit constructed a new test set[35] , where they constructed 144 cases based on 5 problem parameters that have been cited in several research works. A benchmark test case set that is now generally accepted comes from the study by Kolisch et al.[36] , who developed a case generator ProGen for general project scheduling problems by combining the experimental design with the characteristic parameters of project networks, and constructed a test case base containing resource-constrained single-mode project scheduling problems and resource-constrained multi-mode project scheduling problems, collectively referred to as PSPLIB. There are four test sets J30, J60, J90 and J120 in the resource-constrained single-mode project scheduling problem. ProGen considers the following three parameters in constructing the problem instances:

The complexity of the network, i.e., , represents the ratio of the number of antecedent relationships to the number of tasks in the project network structure diagram, i.e., the ratio of the number of arcs to the number of tasks in the project network structure diagram;




The resource factor, , represents the kind of resources occupied by the task and can be calculated from the two-dimensional array of resources and tasks . Assume that the demand state of the task on the resource is :

                                              (3.5)

Then is.

                                          (3.6)
If the resource factor is 1, then the task requires all kinds of resources, and if the resource factor is 0 then all tasks do not require any kind of resources, and the problem then becomes a project scheduling problem without resource constraints.

The resource intensity, , reflects the proportion of resources occupied by the project and is calculated as:

                                                (3.7)




Where is the minimum amount of resources required for the project to be able to run, i.e. is the maximum consumption of resources by a single task among all tasks. is the maximum resource consumption of the size that guarantees that all tasks start at the earliest time . If the resource intensity is 1, then it means that all tasks can start at the earliest time, which then becomes the project scheduling problem without resource constraints.

In this section, the algorithm is tested mainly using test instances from the PSPLIB standard test library. To facilitate the analysis of the performance of the algorithm, the generation parameters of each test set are given in Tab.3.1 and Tab.3.2, and the parameters of the problem instances in the test set vary regularly. Where denotes the type of reusable resources used by the project, the test sets J30, J60 and J90 each have 480 problem instances, the number of non-empty tasks per problem instance is 30 for J30, 60 for J60 and 90 for J90, and each problem instance in the three test sets occupies four reusable resources.
Tab.3.1 parameters of J30,J60 and J90
	problem set
	Number of questions
	Number of assignments
	

	

	

	


	J30
	480
	30
	4
	1.5
	0.25
	0.2

	J60
	480
	60
	4
	1.8
	0.50
	0.5

	J90
	480
	90
	4
	2.1
	0.75
	0.7

	
	
	
	
	
	1.00
	1.0


Tab.3.2 parameters of J120
	problem set
	Number of questions
	Number of assignments
	

	

	

	


	J120
	600
	120
	4
	1.5
	0.25
	0.1

	
	
	
	4
	1.8
	0.50
	0.2

	
	
	
	4
	2.1
	0.75
	0.3

	
	
	
	
	
	1.00
	0.4

	
	
	
	
	
	
	0.5




[bookmark: _Toc113474769]3.1.3 Comparison of scheduling generation options

In RCPSP, there are two widely used Schedule Generation Scheme (SGS): Serial SGS (SSGS)[37] and Parallel SGS (PSGS)[38] . The Serial SGS is a task-by-task scheduling scheme, starting from a preliminary plan containing only task 1 at time 0, and divided into phases. Each phase selects a task to be added to the preliminary plan by some priority rule, and gradually adds tasks to the preliminary plan until a complete task scheduling scheme is formed. The parallel scheduling generation scheme adds tasks according to their completion moments, starting from a preliminary plan that initially contains only task 1 at the beginning of time О, and adding tasks to the plan moment by moment until finally a complete task scheduling scheme is formed. Two scheduling generation scheme algorithms .
In 1996 Kolish[32] compared and evaluated these two scheduling generation schemes, and both scheduling methods generate optimal schedules when there are no resource constraints. The scheduling generated by the serial scheduling method is usually aggressive scheduling, while the scheduling generated by the parallel scheduling method is non-delayed scheduling. For both scheduling generation schemes, the solution space searched by the parallel scheduling generation scheme is smaller than that searched by the serial scheduling generation scheme, so in some cases, the global optimal solution may not be searched. Kolisch[32] found by studying PSPLIB that both schemes are capable of generating optimal solutions when resource constraints are not considered, and the serial scheme has better performance than the parallel scheme when dealing with larger scale problems with appropriate resource constraints.
[bookmark: _Toc113474770]3.2 Particle swarm algorithm
The PSO algorithm was proposed by J. Kennedy and R. Eberthart in 1995, and the algorithm draws on the behavior of birds foraging for food. None of the birds know their location when searching for food, but are able to know the distance between themselves and the food, and by the birds communicating with each other between populations, the birds eventually move closer to the bird closest to the food. The essence of the algorithm is also that by sharing information between particles, the particles learn from each other and facilitate the movement of the population towards the better target.
[bookmark: _Toc113474771]3.2.1 Basic definition of particle swarm algorithm


In the basic PSO with particles, the dimension of the problem is also the dimension of the particles, and the velocity and position information of the particles is as follows[39] ;


(1) The particle velocity is avoiding blind search to limit its velocity;




(2) The particle is positioned at ; where is the lower limit of the bounded search space and is the upper limit;


(3) At the completion of each iteration, the particles need to record the optimal positions they have obtained  and the optimal position among all the particles , and the position information of these particles is itself the potential solution.
The standard model of the particle swarm algorithm is as follows: 

        (3.8)

                                              (3.9)











, ; where and ,are the random numbers between ; and denote the learning factors, controls the degree to which the particle learns from the individual extremes and is the individual acceleration factor, controls the degree to which the particle learns from the global extremes and is the global acceleration factor; denotes theth iteration.
Eqs. (3.8) and (3.9) are the original particle swarm algorithm model, called Basic Particle Swarm Optimization (BPSO). In BPSO, the flight speed of the particle is the length of the particle position update, and the speed iteration is based on the original speed plus the role of the influence factor, the original speed accounted for a fixed proportion can not well meet the requirements of local search and global search, in the early stage requires a stronger global search to quickly approach the optimal solution, and in the later stage requires a stronger local search to find the location of the optimal solution. And the velocity update in BPSO cannot do a good job of balancing these two kinds of search, so Professors Russell C. Eberhart and Yuhui Shi proposed the concept of inertia weights, adding weights to the velocity of the original velocity update formula to balance the search performance, and the velocity formula becomes:

                  (3.10)


is the inertia weight, i.e., the particle flies with a certain inertia. The particle swarm algorithm model introduced at is called the standard particle swarm algorithm, or PSO algorithm for short.
[bookmark: _Toc113474772]3.2.2 Basic process of particle swarm algorithm
The basic process of PSO is shown as follow.
Stepl, initialize the population, randomly generate particle velocities and positions in range, set learning factors, inertia weights and maximum number of iterations of the algorithm.
Step2, the individual optimum of the particle at the beginning is the initial position, and the fitness of the initial population is calculated according to the fitness function set, and the individual optimum and global optimum of the particle are recorded;
Step3, update the particle position and velocity according to equations (3.9) and (3.10);
Step4, compute the updated particle fitness, and if the current fitness is better than the individual historical optimum then take the current position as the new individual optimum;
Step5, for the particles updated by Step3, select the particle with the best fitness and the corresponding fitness value, if it is better than the historical optimum then replace it with it, otherwise it remains unchanged;
Step6, determine whether the maximum number of iterations is reached, if so, end the algorithm and output the optimal solution, otherwise go to Step3 to continue the execution.
The PSO algorithm flowchart is shown in Fig.3.1:



Fig.3.1 Flow chart of PSO
[bookmark: _Toc113474773]3.2.3 Study of particle representation methods in RCPSP

Intelligent optimization algorithms applied to practical problems are not only related to the evolutionary mechanism of the algorithm itself, but also to the representation of the problem in the algorithm. For RCPSP, Hartmann[40] uses a chromosome with genes to represent a potential solution to the RCPSP problem in a genetic algorithm (GA), and three different genetic algorithms are studied according to the different meanings represented by the genes. The three algorithms use the same serial scheduling generation scheme, two-point crossover genetic operation and optimal individual selection mechanism. The chromosome representation, initialization method and evolution mechanism used by Hartmann are as follows:
(1) Task list: Each gene in the chromosome stores a task, and the order of the tasks in the chromosome represents the priority order of task scheduling. The algorithm uses RBRS to initialize individuals ;
(2) Random numbers: Each gene in the chromosome is fixed to represent the priority when scheduling tasks, and the order of task scheduling is decided at scheduling time based on the magnitude of task priority. Each gene is initialized to a random number on [0,1];


(3) Priority rules: The genes in the chromosome are used to represent the priority rules for selecting tasks, and the priority of each executable task at the scheduling stage is calculated based on the priority rules stored on the gene, and then the corresponding task is selected for scheduling based on the magnitude of the priority. The chromosome is initialized to a random combination of priority rules .
The experimental results show that the genetic algorithm based on the task list representation has better performance than the algorithm with the other two representations. However, the experiments conducted by Debel[41] show that the key to the impact of the individual representation of the algorithm on the performance of the algorithm is how to reduce the solution space searched by the algorithm.
Zhang[42] In a study of PSO for two representations of PSO based on priority number and task list based:


(1) Priority number: The position and velocity of each particle are dimensional vectors, and each dimension of the position vector is fixed to represent the priority of a task in making a selection, and is a real number on the interval, similar to the chromosome representation in the Hartmann[40] genetic algorithm, used to represent the priority of task scheduling, and the particles update their position and velocity according to equations (2.9) and (2.10);
(2) Task list: the position vector of particles is a sequence of tasks satisfying inter-task timing constraints, the arrangement of tasks represents the priority order of task scheduling, and the velocity vector of tasks is a probability characterizing the change of tasks in the evolutionary process, by using partial mapping crossover for particle evolution.
Zhang[42] By testing the test set of J30, the experimental results show better performance of PSO based on task alignment of particle representation.
A comprehensive study of the literature shows that the problem representation has a significant impact on the performance of the problem solving algorithm. In order to investigate the effect of particle representation on the performance of PSO algorithms, this paper will study the Priority Value based PSO (PVPSO) particle swarm algorithm.
[bookmark: _Toc113474774]3.2.4 Particle priority number representation









In the priority number encoding based particle swarm algorithm, the position and velocity of each particle are dimensional vectors, where . Each dimension of the particle is fixed to represent the priority of a task, and the magnitude of its value represents the priority of that task to be selected in the scheduling process, and the higher its priority number the higher the priority. In previous studies, the individuals based on priority number representation were initialized with each dimension of particle position initialized as a random number on the interval and each dimension of velocity initialized as a random number on the interval . That is, each dimension of the particle  is a random number on the interval , and is a random number on the interval . For the two virtual tasks of the project, this paper specifies their priority value to be 1.

                                    (3.11)

For example, for the corresponding project in Fig.3.2, a particle based on a priority number representation can be represented for example in the form :

                                (3.12)

Using a serial scheduling scheme can transform into a schedule with a duration of 9 as shown in Fig.3.3.


[image: ]         [image: ]

Fig. 3.2 Project network               Fig. 3.3 Schedule of particle
[bookmark: _Toc113474775]3.3 Results and analysis
Based on the above basic principles of particle swarm algorithm, the corresponding solution program is prepared in java. The algorithm is simulated and tested using the single execution mode project scheduling problem from the standard problem library PSLIB. 480 problems from J30 are randomly selected here to verify the running time of the algorithm and the superiority of the results. Two algorithms are used. The first one is based on the GA algorithm to solve the RCPSP problem, and the second one is based on the PSO algorithm, both of which take a population size of 100 and a number of iterations of 100. With this parameter configuration, either intelligent algorithm is able to solve the locally optimal solution of the J30 problem. The solution time for the 480 problems in J30 is shown in Fig.3.4.
[image: ]
Fig. 3.4 Solving time for J30
As can be seen from the above figure, the solution time of GA is longer than that of PSO for the vast majority of problems in the J30 problem set. The GA algorithm has the same computational conditions as the PSO algorithm due to setting the same population size as well as the number of iterations. This means that PSO is faster than GA in solving each generation, although it is not significant at a problem size of 30 activities. On this basis, Fig.3.5 shows the solution results for both algorithms for the J30 problem set, i.e., the makespan of each item.
[image: ]
Fig.3.5 The makespan of J30
It is clear that for the J30 problem set, the PSO algorithm is not only faster than the GA in terms of computational efficiency, but also easier to avoid falling into local optimal solutions. This can further indicate that the PSO algorithm is superior to the GA algorithm in solving the RCPSP problem.
[bookmark: _Toc113474776]4 Requirements analysis and general design
[bookmark: _Toc98508784][bookmark: _Toc103095874][bookmark: _Toc113474777]4.1 System Requirements Analysis
[bookmark: _Toc72406273][bookmark: _Toc98508785][bookmark: _Ref103074274][bookmark: _Toc103095875][bookmark: _Toc113474778]4.1.1 System Functional Requirements
[bookmark: _Toc98508786][bookmark: _Toc103095876]	With the rapid growth of China's national power and industrialization capacity in recent years, there are more and more large-scale engineering projects related to the national economy and people's livelihood, which usually have the characteristics of large investment scale, long implementation period, high technical compound degree, and large mutability of benefits, and occupy an important strategic position in the national economy and social development. The construction of large-scale engineering projects is often characterized by "many points, wide area and long lines", compact construction schedule, many construction intersection points, and a large on-site coordination workload. If the scheduling is still arranged according to the traditional mode, project managers will face severe tests in project construction preparation and project schedule. In this context, this system focuses on solving the following.
	(1) The large volume of the project, the many resources used, and the long construction period have a huge impact on the process of preparing the construction plan. This has a huge impact on the process of preparing the construction plan, and the slightest inattention may lead to the actual construction causing workers to work and machinery to be idle, which has a great impact on both the schedule and cost. Therefore, the way engineering projects are constructed needs to be innovated and a new modeling approach is needed to generate unscheduled engineering plans quickly and concisely.
	(2) Project scheduling is an important part of engineering management. A good project scheduling can lead to shorter duration and less cost, while poor project scheduling can lead the project to collapse. This system needs to replace traditional methods such as CPM and PRET with emerging software technologies and novel algorithms to obtain baseline scheduling plans for projects based on data from upstream of the system.
	According to the above requirements, the system should be divided into two parts: project initialization and project schedule. Project initialization requires reserving basic information, structuring project jobs, project resources, and other information, and constructing the project's job tree. The project schedule needs to accept the project reserve information from upstream and generate the baseline scheduling plan according to certain algorithms. After generating a suitable plan, the plan is applied to the project and displayed using a Gantt chart.
	To analyze the above requirements, the specific functions of the Project Schedule Management System should satisfy the following points.
	(1) In the initialization stage of the project, the overall project overview, construction master plan, construction organization plan, and construction schedule are prepared, the main construction resources such as manpower, machines, and materials are allocated, and the total duration of operations, the immediate future relationship between operations and resource constraints are specified.
	(2) In the project scheduling stage, firstly, it is necessary to determine whether the project satisfies the scheduling, and to prevent problems such as loops and unsatisfied resource constraints from arising during the scheduling process before scheduling. Next, various parameters of the project scheduling algorithm need to be set. Then, the algorithm needs to be executed to start the scheduling of the project. Finally, the scheduling results are viewed and selected for adoption or not.
[bookmark: _Toc113474779]4.1.2 System Performance Requirements
Project Schedule Management System is designed to help project managers manage projects and achieve paperless construction, so the performance of the system must meet the following requirements.
(1) Low latency access. Project managers can access the system from any place to get the actual construction information of the project. The network bandwidth and distance factors of different regions will affect the access speed of the system, so in order to ensure the user experience, the system should ensure the low latency of the network everywhere.
(2) High system availability. The project plan scheduling function will take up a lot of arithmetic power of the server, and the transmission of model files needs to take up a lot of bandwidth of the system. When designing the server side of the system, it is necessary to consider the high availability of the system and reduce the risk of system operation and maintenance.
[bookmark: _Toc103095877][bookmark: _Toc113474780]4.1.3 System Design Objectives
[bookmark: _Toc98508787]The overall goal of the Project Schedule Management System is to effectively schedule the operations in the project. The system project is decomposed by WBS, and the project organization structure is presented in a tree structure to facilitate project managers to manage and divide responsibilities and to clarify scheduling objectives. A genetic algorithm with job classification set correlation is used to generate feasible job plans under resource constraints.
The functional objectives of the overall system design are as follows.
(1) Construction operation process flow configuration. To extract construction objects with similar structures, establish a set of construction standard specifications for cement production line construction, group the sub-project systems with similar types into one category, and configure the same construction operations for the same category of sub-project systems. Through WBS decomposition technology, the project is divided into four levels, and the subproject level is bound to the job level in a one-to-many way. When the project manager creates the subproject system, he only needs to select the corresponding subproject to achieve the purpose of binding the job to the subproject system.
(2) Job plan generation. Using ANOVA method to identify key resources in the project, the project manager sets the optimal constraint level for the key resources, and at the same time configures the logical relationship between jobs and the resource requirements of each job to generate the job plan and display the job progress through Gantt chart in the web interface.
(3) Construction job plan scheduling. The project creates a new job plan for the project with dangerous schedule, and the system automatically screens the jobs that have not started execution and resets the duration of the job and the amount of resources to shorten the remaining job duration.
The overall system design performance objectives are as follows.
(1) Deploy the system using cloud servers to provide the system with global network access capabilities and cloud computing capabilities with elastic performance to ensure smooth access of Project Schedule Management System anywhere in the country and provide users with good performance experience.
(2) Design the server side of Project Schedule Management System based on Spring Cloud microservice architecture, share data among modules, allocate equipment performance on demand, avoid scheduling module and cost analysis module from taking up too much arithmetic power or bandwidth and other resources, resulting in system server downtime and thus affecting the normal execution of other modules, provide system operation and maintenance security, to ensure the high availability of the system.
(3) Fully responsive layout design of Project Schedule Management System based on Vue framework, providing a better user experience.
[bookmark: _Toc103095878][bookmark: _Toc113474781]4.2 System Architecture Design
[bookmark: _Toc98508788][bookmark: _Toc103095879][bookmark: _Toc113474782]4.2.1 System Architecture
[bookmark: _Toc98508789]With the development of "One Road, One Belt", China's construction industry is booming, bringing more and more construction projects. As the scale of construction projects becomes larger and the construction process more complex, the demand for project schedules becomes more and more demanding, and the scheduling methods need to be innovated. 	
Therefore, how considering the constraints of project resources on construction operations and realizing reasonable management of the project construction process in advance is a pressing issue at present.
For the construction scenario, this paper studies and proposes a particle swarm algorithm (PSO)-based solution to the resource-constrained project scheduling problem (RCPSP). The algorithm can solve the J30 problem set in the PSPLIB standard problem set and is compared with the genetic algorithm to demonstrate that, for the RCPSP problem, the PSO algorithm is more efficient in solving the problem.
In addition, a project scheduling system was analyzed and designed to provide a data source to RCPSP and to provide a more user-friendly service to users. The front-end and back-end of the system are developed through spring cloud and vue respectively, and MySQL is used as the database.


[bookmark: _Ref103074246]Fig.4.1 General system architecture diagram
[bookmark: _Toc103095880][bookmark: _Toc113474783]4.2.2 System Function Structure
According to the system functional requirements analysis in Section 4.1.1, the main functional requirements of the smart construction planning and scheduling system can be obtained as shown in Fig.4.2.


[bookmark: _Ref103074296]Fig.4.2 System function structure diagram
(1) System management. Save system information such as users, roles and menu permissions in the system, and provide the login permission verification function for different roles in the system.
(2) Basic information management. Save the basic information of construction, such as construction operation specification, WBS decomposition structure, basic information of human, machine and material resources, etc. When users configure different projects, they can complete the project configuration through options instead of complex text filling, so as to improve the reusability of the system and enhance the user's operation experience.
(3) Project initialization. The project manager needs to delineate the main content of construction by analyzing the contracted scope divided by the contract, and the project manager needs to list all the workshops that need to be constructed by the contracted scope. For example, the silo construction process can be divided into hydraulic slipform method, large formwork inversion method and small formwork inversion method, etc. The construction process of different processes is different, and the construction period, quality and cost also have certain differences. Finally, the project manager needs to complete the WBS with the above results, and the project will be divided from the top project level to the bottom operation level.
(4) Project plan scheduling. The project manager configures the logical relationship of each job through the construction jobs generated in the project initialization and the resources required for the jobs, and configures the construction duration and resource requirements for the jobs in different construction modes, and finally invokes the sub-project plan scheduling and project group multi-resource balance scheduling interfaces to generate job plans.
[bookmark: _Toc103095881][bookmark: _Toc113474784]4.2.3 System Operation Flow
Through the design of the functional structure above, the overall operation process of Project Schedule Management System is shown in Fig.4.3, and the system operation process can be divided into three parts.
(1) The system administrator configures basic information such as personnel role permissions, construction operation specifications, construction standard documents, and human, machine, and material resources at the early stage of system operation.
(2) The project manager creates a new project and designs the construction organization according to the project profile, sets the project duration cost target, and assigns the duration and resource usage under different construction modes to the operation.
(3) The project manager schedules sub-projects and project groups separately using the two-stage combination algorithm to obtain a resource-balanced project construction plan and resource entry plan.


[bookmark: _Ref103074352]Fig.4.3 System Operation Flow
[bookmark: _Toc98508790][bookmark: _Toc103095882][bookmark: _Toc113474785]4.3 Chapter Summary



This chapter firstly analyzes the functional requirements and performance requirements of the Project Schedule Management System from the problems encountered in the management process of current engineering projects, designs the overall architecture and specific functional structure of the system accordingly, and finally analyzes the operation flow of the system in the actual use process.
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[bookmark: _Toc113474786]5 System Design and Results
[bookmark: _Toc103095913][bookmark: _Toc113474787]5.1 Technical architecture and key technologies of system 
[bookmark: _Toc103095914][bookmark: _Toc113474788]5.1.1 Introduction to the system base framework
The scheduling system adopts B/S infrastructure and is developed using the front and back-end separation model. The application layer of the system relies on the Node.js environment and is deployed separately in the application layer server, while the service layer of the system relies on the Java environment and is deployed on multiple servers by functional modules with the help of microservice architecture. The access flow diagram of the system based on the front and back-end separation architecture is shown in Fig.5.1.


[bookmark: _Ref97057349][bookmark: _Ref97057291]Fig.5.1 System access flow chart
The user interacts with the system through the view interface of the browser on a mobile device or PC device. The browser analyzes the user's operation and sends an HTTP request to the application layer server. Firstly, the application layer server receives the user request and responds to the page layout file to the user's browser via HTTP, and if the service layer interface needs to be called, it initiates another HTTP request to call the API of the service layer server. After executing the business logic, the data is sent to the application layer server in JSON format. Finally, the application layer server transmits the page layout and business logic data to the user's browser at the same time and renders them through the browser.
The basic technical architecture of the system is shown in Fig.5.2.


[bookmark: _Ref103071219][bookmark: _Ref103071208]Fig.5.2 System infrastructure diagram
The system is developed and designed using the concept of front-end and back-end separation. The technical architecture of the system development part uses Vue.js, Element-UI, Echarts, and other major technical frameworks to complete the front-end application layer development, and Spring Cloud, Gateway, Nacos, and other microservice technical frameworks to complete the back-end service layer development, and through Alibaba Druid, Apache Mybatis, JDBC and other persistence layer technologies to achieve the service layer and database communication. The cloud base part transmits the quality data, cost data, progress data, and model data collected by the system through the network, and stores them in the database in the cloud platform or local server room, where the database includes relational database MySQL, key-value pair database Redis, object storage system Oss, and distributed storage system HDFS, etc. The system is developed based on Windows 10 operating system and runs on the Linux operating system, which ensures the convenience of system development and the stability of system operation and maintenance.
Among the application layer technologies, Vue.js is a set of progressive JavaScript frameworks for building application layer interfaces, and Vue.js can be used to develop with other components on top of the core according to actual needs. Element-UI is a set of desktop component libraries based on Vue.js, which can be installed and used directly in front-end application layer projects. Echarts, a JavaScript-based data visualization chart library, provides a large number of intuitive, vivid, and interactive charts. The Ajax-based Axios framework realizes the refreshing of local data on the page and improves the access performance of the page. Finally, the front-end application layer services are deployed under the Nginx proxy server.
The service layer of the system is a microservice architecture designed based on the Spring Cloud framework, developed and run under the jdk1.8 environment. The Spring Cloud Gateway is responsible for accepting all HTTP requests from the application layer to the service layer, identifying and authenticating the request permissions through the authentication service implemented by the Spring Security framework, and finally forwarding the authenticated requests to the microservice Finally, the authenticated requests are forwarded to each functional service module of the microservice, and the remote invocation between the services is realized through Feign Client. The microservice architecture implemented in this system divides the service layer of the system into multiple microservices according to the performance and functional requirements and deploys them on different servers, which improves the disaster recovery performance and the elastic expansion capability of the system.
[bookmark: _Toc103095915][bookmark: _Toc113474789]5.1.2 Front-end application layer design
Vue is a set of progressive JavaScript frameworks for building user interfaces, known for its flexibility and modularity, combined with the MVVM (Model-View-ViewModel) design pattern, which divides the front-end application layer into three layers: View, Model, and ViewModel. The structure is shown in Fig.5.3.
(1) The view layer is the layout and appearance that users can see on the screen, which is the traditional static page of HTML, CSS, and JavaScript. Vue uses a simple template syntax to declaratively render data into the DOM as a way to provide user interaction with the view layer.
(2) The view model layer is a dispatcher. Vue connects and automatically synchronizes the view and model layers through bidirectional binding, requiring the view model layer to act as an intermediary whenever the view layer needs to fetch or save data.
(3) The model layer saves the data of user operations and calls the back-end server's interface to obtain data services through Axios, avoiding page refreshing with feedback on real-time user operations.


[bookmark: _Ref103071382]Fig.5.3 MVVM architecture diagram
Ethan Marcotte proposed the design concept of responsive web pages, applying this design concept to front-end development. By implementing features such as elastic grids and layouts, images, CSS media queries, etc., the same web page can be automatically adapted on different end devices, avoiding secondary development on the mobile side and satisfying good visualization on both desktop and mobile.
Element is a set of hungry team for developers, designers and product managers to prepare the desktop component library. Its page design meets the aesthetics of today's users, and its large library of components can basically meet the application layer of the system's development, allowing developers to focus on the development of business logic and graphics on the page. Since this component library supports responsive design, its mobile pages also have good performance on the basis of PC-oriented development.
[bookmark: _Toc103095916][bookmark: _Toc113474790]5.1.3 Spring Cloud-based Microservices Architecture
Project Schedule Management System has a certain scale of functional business modules, and the potential data interaction is large, which may generate a large amount of computation and bandwidth consumption in the scheduling process, and if the Monolithic architecture is used, when any one module in the system has a problem, it may cause the whole system to be abnormal If the Monolithic architecture is used, if any one module of the system fails, the whole system may become abnormal or even cause the server to go down. Monolithic architecture also has the problem of poor scalability and long and complex process of fixing online problems.
Microservices architecture is a way to decouple a single application into a set of small businesses, where each service runs on its own process or even on its own machine. It uses a decentralized mindset to manage a combination of small Spring Boot services and uses Feign, a lightweight communication framework, to communicate between services, decoupling a complex single application while ensuring inter-service communication, with the advantages of scalability, flexible combination and high reliability.
The back-end service layer of the system consists of five microservices, among which GateWay Server and Auth Server mainly authenticate and forward the requests of the application layer calling interface, and these two services ensure the security of system access. According to the business logic of the system, all functions of the system are divided into System Server, BaseInfo Server and Schedule Server, where System Server mainly manages user information, role information, menu information and dictionary information; BaseInfo Serve manages resource information, construction step information and project information, etc.; BaseInfo Serve is responsible for managing resource information, construction step information and project information. BaseInfo Serve is responsible for managing resource information, construction step information and project information, etc.; Schedule Server is required to generate project baseline scheduling plan by particle swarm algorithm based on the upstream data.
The equipment configuration for deploying the microservices of this system is shown in Tab.5.1.
Tab.5.1 System Microservice Deployment Configuration Sheet
	Server
	CPU
	RAM
	Bandwidth
	IP 
	Operating System

	GateWay
	4核(vCPU)
	8GiB
	10Mbps
	47.**.**.26
	CentOS 7.7 64位

	Auth
	4核(vCPU)
	4GiB
	10Mbps
	47.**.**.25
	CentOS 7.8 64位

	System
	4核(vCPU)
	4GiB
	50Mbps
	47.**.**.25
	CentOS 7.8 64位

	BaseInfo
	4核(vCPU)
	4GiB
	10Mbps
	47.**.**.26
	CentOS 7.7 64位

	Schedule
	8核(vCPU)
	8GiB
	10Mbps
	47.**.**.214
	CentOS 7.8 64位


[bookmark: _Toc103095917][bookmark: _Toc113474791]5.2 Functional design and implementation
The main functions of the Project Schedule Management System are divided into three functional modules, which include the Basic Information Module, the Project Initialization Module, and the Project Based Scheduling Module.
[bookmark: _Toc113474792]5.2.1 Basic Information Module
[bookmark: _Ref103071235][bookmark: _Toc103095918]The basic information module is the data support of the whole system, which is needed to support all operations and resources of the project. This module can be divided into sub-project management, resource category management and construction process management.
The system adopts a WBS decomposition scheme, which divides the project into a hierarchical operation model with five levels: project level, sub-project level, professional level, sub-project level and operation level. Each project is a project-level operation. Project-level operations are divided into sub-project-level operations, and each sub-project-level operation is a part of the project. Some large projects require contracting for electrical installation or mechanical equipment installation in addition to civil construction. Because of the great difference in technology, the construction teams of different professions need very different types of work, which also leads to the need to divide the professional-level work under the subproject-level work; under the professional-level work is the subproject-level work, part of the professional-level work is more complex in composition, so this layer is needed as a buffer; the job-level work is the bottom scheduling object according to the operation of the entire project, and cannot be divided downward.
[bookmark: _Toc113474793]5.2.2 Project initialization module
[bookmark: _Toc99123861][bookmark: _Ref101623474][bookmark: _Ref101623485]At the beginning of a project, the most important thing is the initialization of the project and the project manager needs to make certain preparations, i.e. construction preparation. First, the project manager needs to analyze the scope of the contract to determine the main content of the construction, for example, the cement production line, the project manager needs to list all the workshops to be constructed through the scope of the contract. For example, the silo construction process of the cement production line can be divided into the hydraulic slipform method, large formwork inversion method and small formwork inversion method, etc. The construction process is different, and the construction time, quality, and cost are also different. Finally, the project manager needs to complete the Work Breakdown Structure (WBS) with the above results, and the project will be divided from the top project level to the bottom operation level. The configuration process of the project at the time of construction organization design is shown in Fig.5.4.


Fig.5.4 Functional flow chart of construction organization design
[bookmark: _Ref103071161][bookmark: _Toc103095919](1) New Project: Create a new project in the system.
(2) WBS: The project manager divides the project into several sub-projects according to the construction structure and construction process of the project, and configures the sub-projects' divisional works, sub-divisional works, sub-projects and other project construction processes under the civil construction, equipment installation and electrical installation.
(3) Generate job code: The project manager clicks the "Generate Job" button, and the system automatically generates jobs with unique job codes according to the project job decomposition structure in step (3). 
(4) Configure job resources: The project manager refers to the job project information in the design document and adds the construction duration and resource requirements for the job in various construction modes.
[bookmark: _Toc113474794]5.2.3 Project Scheduling Module
[bookmark: _Toc99123862][bookmark: _Ref101623572][bookmark: _Ref101623583]The scheduling function of the Project Schedule Management System is designed to obtain satisfactory baseline scheduling plans with the help of upstream data. In Chapter 3, this article has completed the solution of the PSO algorithm on the RCPSP problem and can be directly applied to PSMS. Before starting the scheduling, the resource constraint configuration must be executed, the algorithm parameters set, and the plan must be confirmed to be loop-free. Subsequently, the execution of the PSO algorithm is started. After waiting for the scheduling to complete, the acquired baseline scheduling plan is then viewed. The flow of the project scheduling function is shown in Fig.5.5.


Fig.5.5 Project scheduling function flow chart [image: ]
[bookmark: _Toc103095922][bookmark: _Toc113474795]5.3 System function implementation effect
This section uses the system technical framework shown in Fig.5.2 to implement the three main functional modules of the system designed in the previous section, namely, the basic information module, the project initialization module, and the project scheduling module. The actual data of cement clinker construction project A are also combined to demonstrate the functions and implementation effects of each module under practical application.
[bookmark: _Toc113474796]5.3.1 Basic information module implementation effect
As described in 5.2.1, the basic information module is divided into three information management functions: item management, resource category management, and construction process management.
Subproject management is mainly responsible for managing sub-entities, which for cement production lines can be divided into: buildings, mega mechanical produces, electrical equipment and non-standard equipment. Fig.5.6.
[image: ]
Fig.5.6 Sub-project management
Construction process management is responsible for managing the operations and steps that continue to be subdivided down the project (the steps do not participate in scheduling, but only complement the operations), and has a certain hierarchical structure, as shown in Fig.5.7.
[image: ]
Fig.5.7 Construction Process Management
[bookmark: _Toc103095923][bookmark: _Toc113474797]5.3.2 Project initialization function implementation effect
[bookmark: _Toc99123866]According to the project initialization function flow in 5.2.2, the functions in the flowchart are implemented in the system designed in this paper. It includes the project configuration function, the sub-project configuration function, the job automatic generation function, and the Gantt chart viewing function.
The project Gantt chart interface is the core of the whole function module, which will display the specific information of the job and the specific plan of the project, as shown in Fig.5.8. 
[image: ]
Fig.5.8 Project Gantt Chart Interface
[bookmark: _Toc103095924][bookmark: _Toc113474798]5.3.3 Project scheduling function implementation
[bookmark: _Toc99123867]According to the functions designed in 5.2.3, the project manager can view all the scheduling plans of the project in the scheduling management page, and all the scheduling plans set for this project are shown in Fig.5.9.
[image: ]
Fig.5.9 Project Scheduling Plan
After the scheduling of the project by PSO algorithm, the construction plan of the project was obtained, and the project construction plan using Gantt chart shows the effect as shown in Fig.5.10.
[image: ]
Fig.5.10 Baseline Scheduling Plan for Cement Projects
[bookmark: _Toc99123869][bookmark: _Toc103095927][bookmark: _Toc113474799]5.4 System Performance Testing
[bookmark: _Toc99123870][bookmark: _Toc103095928][bookmark: _Toc113474800]5.4.1 Test Environment
In this paper, the front-end presentation layer and the back-end service layer of the smart construction scheduling system are designed and implemented respectively by combining the development techniques of front-end and back-end separation. In this section, the performance of the front-end and back-end servers of the system is tested separately to verify the reliability and stability of the system. The testing environment of the front-end and back-end servers of the system is shown in Tab.5.2.
Tab.5.2 System test environment
	Server
	Name
	Parameters

	Back-end
	Hardware Parameters
	CPU：Intel(R) Xeon(R) Platinum 8163 CPU @ 2.50GHz

	
	
	RAM：16GB

	
	
	Disk：500G SSD

	
	
	Bandwidth：20Mbps

	
	Software Environment
	Operating System：CentOS 7.7 64位

	
	
	Development tool：IntelliJ IDEA Ultimate 2021.3

	
	
	Database：Mysql5.7.31、Redis5.0.9

	
	
	Testing tool：autocannon

	Front-end
	Hardware Parameters
	CPU：Intel(R) Xeon(R) Platinum 8163 CPU @ 2.50GHz

	
	
	RAM：16GB

	
	
	Disk：500G SSD

	
	
	Bandwidth：20Mbps

	
	Software Environment
	Operating System：CentOS 7.7 64位

	
	
	Development tool：WebStorm 2021.3
Browser：Chrome

	
	
	Testing tool：Lighthouse


[bookmark: _Toc99123871][bookmark: _Toc103095929][bookmark: _Toc113474801]5.4.2 Back-end performance testing
The scheduling system is built with BS architecture, providing access to construction project managers through the form of Web, and back-end services provide front-end application calls through REST interface. If the number of visitors increases in a short period of time, it will generate huge pressure on the system and instability, so the system needs to be stress tested to verify the reliability and stability of the system when a large number of users request it.
This section simulates concurrent requests by autocannon, a stress testing tool written based on Node.js, and sets the test parameters as follows: 500 concurrency and 10s request duration. The request command is shown in Fig.5.11, where -c indicates the number of concurrent connections and -d indicates the duration of the stress test.


Fig.5.11 Stress test instructions
The test results are shown below, Tab.5.3 indicates the response time distribution status, and Tab.5.4 shows the division status of the number of responses per second and the size of the content responded per second, where the median response time is 44ms and the average response time is 81.03ms, which meets the performance index and satisfies the performance requirements.
Tab.5.3 Response time distribution
	Stat
	2.5%
	50%
	97.5%
	99%
	Avg
	Stdev
	Max

	Latency
	34 ms
	44 ms
	535 ms
	793 ms
	81.03 ms
	172.63 ms
	1187 ms


Tab.5.4 Number of responses per second and size distribution
	Stat 
	1%
	2.5%
	50%
	97.5%
	Avg
	Stdev
	Min

	Req/Sec
	5683
	5683
	6143
	6215
	6061.2
	169.44
	169.44

	Bytes/Sec
	596 kB 
	596 kB 
	645 kB
	653 kB
	636 kB
	17.9 kB 
	


[bookmark: _Toc99123872][bookmark: _Toc103095930][bookmark: _Toc113474802]5.4.3 Front-end performance testing
This subsection uses Lighthouse to test front-end service performance. The software is simple to use, can be used directly in Chrome developer mode, and can generate page performance reports as shown in Fig.5.12 directly after analyzing system web-side pages.
[image: ]
[bookmark: _Ref101624445]Fig.5.12 Lighthouse Page Performance Test Report
[bookmark: _Toc99123873][bookmark: _Toc103095931]As shown in Fig.5.12, Lighthouse evaluates the performance of front-end pages through six metrics, where FCP (First Contentful Paint) indicates the first content painting time, TI (Time to Interactive) indicates the elapsed time before interactivity, SI (Speed Index) indicates the speed index, TBT ( Total Blocking Time) denotes the cumulative blocking time, LCP (Largest Contentful Paint) denotes the maximum content rendering time, and CLS (Cumulative Layout Shift) denotes the cumulative layout change. Of these, LCP is the most important metric to evaluate because it is the time it takes for the user to see the entire content of the page. Lighthouse's LCP metric is divided into the following three criteria: Fast (LCP < 2.5s), Medium (2.5s < LCP < 4s), and Fast (LCP > 4s).
[bookmark: _Toc113474803]5.5 Chapter Summary



This chapter first analyzes the requirements for the implementation of the scheduling system and designs the infrastructure of the system by combining the front-end and back-end project development frameworks and Spring Cloud microservice architecture. Then it analyzes and designs functional modules such as basic information, project initialization and project scheduling. Then it implements the functions of each module according to the design idea and shows the actual data of cement clinker construction project A running effect on this system, and finally conducts performance tests on the front and back-end servers of the system respectively to verify the reliability and stability of the system.
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[bookmark: _Toc98508844][bookmark: _Toc103095932][bookmark: _Toc113474804]6 CONCLUSIONS AND RECOMMENDATIONS
This paper presents the source, mathematical model, and solution scheme of the resource-constrained project scheduling problem in the context of a construction project. In addition, this paper discusses various types of common problem sets for the resource-constrained project scheduling problem, especially PSPLIB, highlighting the problem parameters therein and how these parameters will affect the complexity of the problem. Among the various algorithms that can solve the resource-constrained project scheduling problem, the particle swarm algorithm and the genetic algorithm are selected and compared, and the implementation is carried out using the java language. Finally, with the help of PSPLIB's J30 problem set, it was demonstrated that the particle swarm algorithm is significantly faster and more optimized than the genetic algorithm. This may be because the particle swarm algorithm has a simpler operation process compared to the genetic algorithm, and the communication between individual particles in its population is limited by the topology and does not fall into a local optimum solution prematurely. The above hypothesis needs more experimental results to justify and is a potential research point.
The Project Schedule Management System implemented in this paper is mainly used to assist the application of the resource-constrained project scheduling problem in reality. Most of the problem sets are abstractly stored in various types of files and do not have a well-developed system and operational procedures. According to the functional and performance requirements of the Project Schedule Management System, the core functional modules such as basic information, project initialization, and project scheduling are designed and implemented. Based on the functional and performance requirements of the Project Schedule Management System, we designed and implemented the core functional modules such as basic information, project initialization, and project scheduling. Finally, the B/S architecture and functions of the system were implemented through the front-end Vue framework and the back-end Spring Cloud microservice framework. Finally, the problem of missing data sources in RCPSP research is solved, and the scheduling function module can easily obtain the problem model and solve the problem based on various parameters set to generate the baseline scheduling plan with the help of the basic information function and project initialization module.
[bookmark: _Toc72406333][bookmark: _Toc103095934][bookmark: _Toc113474805]7 REFLECTION
The biggest problem of this study since it was conducted is that there is an algorithm and a system, and it is difficult to maintain the balance between the two. According to the old Chinese saying, it is often a case of looking at the head but not the butt. The algorithm requires a lot of time and effort to learn, to build the model, and to implement the algorithm. On the system side, it also takes a lot of time to design the database, back-end logic and front-end pages. In order to be able to develop effectively and quickly, I did not completely figure out and build the technical architecture of the whole web system by myself, but used a framework that had been explored in the lab of Wuhan University of Technology. Even with this solution, I still did not have enough time for research and development. According to the original plan, in terms of algorithm, besides implementing and comparing the effect of genetic algorithm and particle swarm algorithm, I should also make some improvements to the particle swarm algorithm to closely match the resource-constrained project scheduling problem. On the system side, in addition to the currently available functional modules, I should also design and implement a progress tracking module to put the scheduling plan into use. However, plans cannot catch up with changes. On the one hand, as mentioned above, I did not allocate the time well. On the other hand, August and September are the peak hiring season for Chinese companies, so I had to give up some of my research to prepare for the hiring process, and I have several interviews to prepare for as I write this article.
I regret that I did not do my research to the best of my ability, but I learned a lot from this project, both in terms of literature reading and hands-on skills.
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