Chapter 5

Summary, Contributions and Future Work
5.1 Summary and conclusions
This research is an attempt to apply the cell-based method to construction simulation, trying to incorporate site layout planning, simulation and animation, to detect and resolve spatial conflicts, and to analyze the effects of spatial constraints.   
The literature review of the construction simulation tools, the site layout planning approaches as well as the animation techniques has revealed some improved implementations in this field. During the past three decades, these tools opened the door for the construction simulation research and pushed it forward constantly. Nevertheless, the fact that workspace was not considered and spatial conflicts were not detected/resolved in construction simulation limited the application of these tools. Explicit representation of space will contribute to a more realistic simulation result. In addition, an adequate space representation can bridge the gap between site layout planning and simulation, allowing examination of the various site layout patterns in simulation. Moreover, a conflict-free and uninterrupted animation, which is helpful in site layout planning and visualizing the activity sequence, may be achieved by introducing the space into construction simulation.    
This research proposed a cell-based construction simulation method using the Cell-DEVS technique. In this method, the spatial constraints, site layout patterns and resource allocations can be explicitly represented. Consequently, spatial conflicts can be detected and resolved. The effects of spatial constraints can be analyzed based on site layout patterns, resource combinations and changeable moving speeds. Two case studies were used to implement and demonstrate the advantages and applicability of this method. 
The discussions and comparisons in this research demonstrate some distinguishing characteristics of the cell-based simulation method: 
(1)  It is a general-purpose simulation tool for broad domains and can be used to simulate complex construction operations, especially when spatial constraints are crucial to the project. 
(2)  Space is represented explicitly so that the occupation of the workspace and other spatial information about the construction environment can be understood more easily than the abstract symbols in simulation networks.
(3) Physical construction resources can be allocated considering different site layout patterns as if the user were planning a real project.
(4) The programmability and the capability of defining rules to control entities make the cell-based simulation systems more flexible and capable of detecting and resolving spatial conflicts during the simulation.

(5) An uninterrupted conflict-free animation provides a better means for the practitioners to check the simulation results and compare various resolutions.

(6)  More information (occupancy, moving direction and ID, etc.) is integrated in the cell-based model, which makes it easy to identify and trace a specific object.  Furthermore, the detailed output helps to verify the outcome of the system.

(7)  Space can be considered as an independent construction resource. 
5.2 Contributions

The contributions of this research are grouped into the following areas:

(1) It is the first time to propose a construction simulation method which integrates site layout planning, simulation and animation. This cell-based, space-involved and conflict-resolving simulation method will help the decision makers or the field personnel to easily understand, predict and compare the performances of construction operations with different resource combinations considering site layout patterns. This innovative simulation method provides multiple perspectives to examine the construction operations in which space is explicitly represented and serves as an independent construction resource. 

(2) Designed a general process to apply the cell-based method to the construction simulation. It consists of the Pre-processing, Main-processing and Post-processing phases, involving system modeling, preparing data input, simulation running, verification and validation, animation and result analysis. Through the three phases, a whole cell-based simulation system can be developed and implemented.

(3) Applied two case studies to demonstrate the advantages and applicability of the proposed method. A new cell-based model was developed for the case study of the Jacques Cartier Bridge rehabilitation project to consider different site layouts and investigate the effects of spatial constraints. This model overcame the limitations of the previous study. It took into account all necessary construction resources and used a group of cells to represent objects. Through a mechanism designed for the trucks to find their corresponding teams, different site layout patterns could be compared. The improvement in this research makes the model more practical and closer to the real conditions of the construction operations. The case study of the traffic flow analysis considering work zones presented a non-cyclic simulation system. Through the evaluation of the conditions on the observed road section and the control of the vehicles’ movement, the effects of construction operations on the traffic flow under different scenarios were investigated. 

(4) Defined sets of rules for the Cell-DEVS models and related DEVS models to establish basic modules of the “Modeling Elements Library” that can be reused in the future. More than 500 rules are coded to control the movement of objects and explore the possibilities of detecting and resolving spatial conflicts. These rules have been tested over 200 successful tests for different resource combinations and site layout patterns. Based on the experience, the modeling concepts of “master-slave” cells and the “macros” were created, which greatly reduce the efforts of developing rules. 

(5) Analyzed the simulation results according to different requirements. The effects of spatial constraints were quantified and the results were analyzed from the aspects of site layout patterns, resource combinations and the changeable moving speed. The simulation result shows that: (1) Pattern-A has less spatial constraints than the other two patterns; (2) The productivities of the cell-based method are lower than those of MicroCYCLONE by 3-5% (1-2 panels) when the object’s moving speed was constant; and (3) When the turning speed dropped from 10 km/h to 1km/h, the productivity might drop over 10% for some resource combinations (Figure 4.23). Through the comparisons with those of MicroCYCLONE, the results of the cell-based method reflect the effects of the spatial constraints. This difference illustrates that in some cases the impact of spatial constraints is significant and should not be neglected.
Although the manner and degree to which spatial constraints affect the construction operations may be different from one project to another, the perspectives to analyze simulation results provided in this chapter could be used for other projects to analyze the impact of spatio-temporal constraints.  
5.3 Limitations and future work
While pursuing this research, several limitations have been identified related to the requirements and the performance of the developed method. In order to enhance the capabilities of the cell-based simulation method, the following points should be explored in the future research.  

(1) More case studies should be investigated to further validate this cell-based method, and to accumulate more experiences in building models and developing rules, making this method more practical and easier for more applications. 
(2) In the cell-based method, the simulator needs to scan each rule and related cells to check their activation conditions. When the amount of rules or cells is very large and the compositions of the entities such as resources and logical dependencies to start activities are complex, the simulation will become slow. A solution is Parallel CD++ (Glinsky and Wainer 2006; Liu and Wainer 2007). Using this parallel computing algorithm, the performance of the cell-based method can considerably speed up by distributing calculation over multiple possessors. 

(3) More issues, such as site layout patterns and the size of cells, have to be considered in the proposed method. With the increase of the amount of entities, modeling may become complicated. A graphical modeling interface or other techniques that can facilitate modeling and data input should be developed. 

(4) Based on the DEVSView (Khan et al. 2005), a 3D animation could be realized. On the other hand, since the cell-based simulation method provides a very detailed data output, the potential to link VITASCOPE could be also investigated.
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