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A B S T R A C T   

The time-space conflicts may have severe negative impacts on the productivity and safety level in a construction 
site. However, little attention is paid to propose an automated, integrated system for managing potential time- 
space conflicts, considering the site space system’s dynamic nature. This study contributes to the body of 
knowledge by proposing a novel integrated approach to manage time-space conflicts automatically. The pro-
posed hybrid approach is based on Discrete Event Simulation (DES), Building Information Modeling (BIM), and 
Rapidly-exploring Random Tree (RRT) path planning. All types of time-space conflicts during the entire project 
timeline are automatically detected, evaluated, and resolved based on predefined if-then rules. The proposed 
approach is applied successfully in a real case study to estimate the project duration considering site space 
limitations. The results indicate that the proposed system can considerably prevent the negative impacts of time- 
space conflicts, particularly in congested construction sites.   

1. Introduction 

Construction projects affect daily lives as they provide all physical 
spaces and systems for home, work, and travel [1]. On-time completion 
is a crucial success factor in managing and evaluating the performance 
of a construction project [2,3]. Thus, effective scheduling is vital to plan 
and control various processes and time-oriented events in a construction 
project [1]. Several scheduling techniques are developed in the last 
decades, including bar charts, Gantt charts, network-based methods 
such as the Critical Path Method (CPM), and simulation-based sched-
uling techniques [4–6]. 

Resources are included in the scheduling of construction projects to 
represent their actual conditions better [7]. Space is also a constrained 
resource in construction projects. The total available site space is 
limitedly shared among the required spaces of the building elements 
under construction, temporary facilities, laborers, materials, and ma-
chinery [8]. However, space is usually neglected in planning construc-
tion activities. The traditional network-based scheduling techniques, 
such as those based on the CPM, only consider the activities’ temporal 
interferences. Creating construction schedules considering space avail-
ability is challenging due to the complexity of modeling spatiotemporal 

relationships among activities. This phenomenon contributes to the 
occurrence of time-space conflicts [9]. 

In space management literature, a time-space conflict is faced when 
the required workspaces of two activities, partially or entirely per-
forming concurrently, interfere. As a general definition, a time-space 
conflict occurs when two or more types of site spaces, such as the 
required spaces of the activities, temporary facilities, or machinery, 
interface with each other in the same period. The negative impacts of 
time-space conflicts (i.e., loss of productivity, safety hazards, conges-
tion, disputes and quarrels among working crews, access blockage, poor 
quality of execution, reworks, and delays) are widely mentioned in the 
literature [8,10–15]. 

Time-space conflict management in construction projects deals with 
identifying the time-space conflicts in the entire project duration, 
evaluating the detected conflicts, and consequently resolving them to 
prevent their negative impacts [8,10–12,16–18]. Some other expres-
sions such as “time-space analysis”, “schedule-workspace management”, 
and “workspace planning” are also used by the previous researchers to 
describe this process [19,20]. Time-space conflicts in construction sites 
have three unique features, which challenge their management, as fol-
lows: 1) Unlike the other construction resources, which change only 
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through the project timeline, space requirements change in four di-
mensions of x, y, z, and time; 2) They occur temporarily during the 
project timeline in some specific periods; 3) They occur in different 
forms due to the diverse types of the space requirements in a site; 4) The 
diverse forms of time-space conflicts create different problems [21]. Due 
to such a complex dynamic nature, performing manual time-space 
planning, particularly in congested construction sites, is challenging 
even for experienced site engineers. Therefore, an integrated approach 
that automatically manages all the activities’ interfaces (i.e., consid-
ering temporal and spatial aspects) is essential in construction projects. 
Such an efficient site-space management system can improve con-
structability, reduce waiting and stoppage periods, enhance productiv-
ity, increase site safety, decrease conflicts among the workers, prevent 
costly temporary facilities, reduce reworks, and better protect finished 
works. Consequently, the mentioned advantages lead to time and cost 
savings and improved construction quality [11,14,16,22–26]. 

Several research studies are performed in the area of time-space 
planning. However, little attention is paid to propose an automated 
system for managing possible time-space conflicts considering the site 
space system’s dynamic nature. This study presents an integrated 
framework to detect, analyze, and resolve all the potential time-space 
conflicts during construction projects by employing BIM and simula-
tion modeling. The proposed system considers the temporal conflicts 
among all groups of site spaces (e.g., building elements, workspaces, and 
mobile machinery) in the process-level activities by respecting the 
spatial constraints. 

The rest of the paper includes the following sections. First, a 
comprehensive literature review of time-space management and the 
existing research gaps are presented. Then the methodology and the 
framework of the proposed BIM-based simulation approach are 
explained in-depth. Afterward, a case study for implementing the pro-
posed method is provided. Once the implementation process is illus-
trated in-depth, the obtained results are discussed, and conclusions are 
drawn. Finally, the contributions and limitations of the proposed 
approach are provided. 

2. Literature review 

Construction sites have a dynamic nature that is primarily unstable 
and under change [27]. Therefore, space availability and requirements 
during the progress of the construction activities are continuously 
changing. This phenomenon can be due to the construction of the per-
manent building elements, changes in the temporary facilities’ location, 
and mobile machinery movements. As the site space is limitedly shared 
between the site objects, some interactions exist among the space 
requirement changes. This fact contributes to a complicated dynamic 
space system in construction sites. However, the increasing pressure for 
shorter delivery schedules makes the contractors increase the activities’ 
resources or execute them simultaneously. Both of these strategies in-
crease the demand for space per time unit, leading to time-space con-
flicts [21]. Time-space conflicts occur when two activities, executed 
simultaneously, share a part of the construction site space as their 
workspace [12]. Time-space conflict management includes detecting 
possible time-space conflicts and making the best decision for 
responding to the detected conflicts. 

Different approaches are used for detecting and resolving conflicts in 
time-space management studies. Among the most relevant for this pur-
pose, Thabet and Beliveau [14] developed a simple framework for 
quantifying workspace demand and availability in multistory buildings. 
Akinci et al. [21,25,28] proposed a 4D-based framework in which 
workspace conflicts are automatically detected, categorized, and prior-
itized. A user is required to define the resolution strategy. Guo [16] 
introduced a system for identifying workspace conflicts by integrating 
CAD with a scheduling software application. As conflicts are detected, 
the project planner must decide and manually implement some resolu-
tion strategies considering a series of criteria for analyzing conflicts. 

Mallasi [10] developed a framework for analyzing and quantifying 
construction workspace congestion. An add-on to AutoCad is also 
designed for visualizing workspace congestion in a 4D environment. 
Winch and North [29] presented a 2D CAD-based decision support 
system that helps planners in construction space scheduling. Zhang et al. 
[30] proposed a cell-based simulation approach for detecting time-space 
conflicts in construction sites. Chua et al. [23] developed a 4D computer- 
aided design method for quantifying spatiotemporal congestion in 
construction sites. Bansal [8] proposed a 4D Geographic Information 
System (GIS) for construction site space topology and geospatial 
analysis. 

Some research studies have proposed mathematical models for time- 
space planning. For instance, Lucko et al. [31] proposed a mathematical 
approach based on singularity functions for avoiding tempo-spatial 
conflicts in two-dimensional floor plane areas. The proposed system 
minimizes the total project duration by altering the start time of activ-
ities. Roofigari-Esfahan and Razavi [17] presented a mathematical 
framework to optimize linear construction projects’ duration besides 
minimizing their congestions. They introduced the concept of time- 
space float for taking into account the Spatio-temporal constraints of 
activities. Isaac et al. [32] employed a network-based scheduling 
method and singularity functions for spatial scheduling and work-path 
modeling in construction sites. Tao et al. [33] studied repetitive proj-
ect scheduling to achieve minimum resource reallocation and conges-
tion. They proposed a multi-objective mixed-integer programming 
model to minimize repetitive construction projects’ time, cost, and 
congestion. Su et al. [34] presented a research study in which a multi-
dimensional mathematic model is developed to plan construction pro-
jects regarding space requirements. However, the implementation of the 
mathematical approaches is limited to research purposes as they de-
mand a high volume of calculations. Many of these approaches cannot 
be connected to the actual dynamic nature of construction sites. They 
usually concentrate on only a tiny part of a given construction project 
[19]. 

Several researchers have used BIM-based approaches for time-space 
planning. Among the most relevant studies, Zhang and Hu [35,36] 
introduced a 4D-BIM framework for conflict management in construc-
tion projects. This system detects spatiotemporal conflicts using hier-
archical bounding boxes. Su and Cai [37] presented a framework for 
modeling workspaces according to the dynamic site space requirements. 
Moon et al. [12] proposed a framework to identify and visualize time- 
space conflicts using 4D-BIM. The system does not resolve the detec-
ted workspace conflicts after their detection. Moon et al. [13] intro-
duced an optimization framework to find an alternative schedule with a 
minimum level of workspace interfaces in a 4D-BIM environment. The 
proposed system repeatedly moves the activities within their total floats 
to minimize workspace conflicts. Therefore, the time-space conflicts are 
not entirely resolved in this approach. Moreover, the proposed method 
does not consider the tempo-spatial conflicts of other site spaces, such as 
mobile resources. Choi et al. [11] proposed a workspace planning 
framework using a 4D-BIM approach to identify workspace re-
quirements, represent workspace occupations, and identify tempo- 
spatial conflicts. However, the proposed system only reports the detec-
ted conflicts and does not automatically resolve them. Kassem et al. [38] 
presented a methodology based on Industry Foundation Class (IFC) and 
4D modeling for workspace management. As time-space conflicts are 
detected and visually shown in the system, the project’s planner has to 
resolve them interactively. Rohani et al. [39] introduced a framework 
for managing time-space conflicts in construction projects based on the 
combination of 5D BIM and time-cost trade-off analysis. Some strategies 
are manually implemented in the schedule of the project to resolve the 
detected conflicts. Getuli et al. [20] proposed a BIM-based approach to 
automatically create workspaces based on the space syntax analysis. 
This framework enables the practitioners to analyze the construction 
sequence scenarios to mitigate time-space conflicts. 

Most recently, Getuli et al. [3,40] proposed a novel approach for 
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manual activity workspace planning using immersive Virtual Reality 
(VR) and BIM technologies. The configuration of the workspaces is 
eventually improved by analyzing the previously collected active and 
passive data from the worker’s immersive VR activity simulation. Hosny 
et al. [41–44] developed a 4D-BIM approach for probabilistic modeling 
of the workspaces and detecting their interfaces in their research studies. 
The authors indicated the significance of construction workspaces’ non- 
deterministic factors in a qualitative and quantitative evaluation. They 
recommended modeling the construction workspaces in a bottom-up 
approach for considering the emergent behavior of crews in work-
space collisions. Mirzaei et al. [45] proposed a 4D-BIM time-space sys-
tem, which identifies time-space conflicts according to the labor crew’s 
parameters movement. This study introduces the best execution pattern 
by quantifying the severity of conflicts in a set of execution alternatives 
based on network-based scheduling methods. However, the study does 
not automatically resolve the time-space conflicts during the construc-
tion process. It does not consider the possible dynamic conflicts due to 
the mobile machinery’s movements, either. 

3. Research gaps and contributions 

Although several studies have been conducted in the area of time- 
space conflict management, yet the following gaps exist in the literature:  

1- Each construction site accommodates several types of spaces (e.g., 
the building elements space, workspaces, temporary facilities spaces, 
machinery spaces). Previous studies have mainly concentrated on 
proposing a time-space planning approach according to only one 
type of conflicts mentioned above. For instance, some studies have 
focused on possible conflicts between the workspaces of the activities 
performed simultaneously. Some other studies have tried to address 
the potential conflicts among mobile resource machinery. To the best 
of the authors’ knowledge, none of the previous studies have pro-
posed an integrated framework to respect all potential time-space 
conflicts (e.g., workspace conflicts, mobile machinery conflicts). 

2- The construction sites have a dynamic space system with two sig-
nificant features: the first one is that the space requirements (e.g., 
required space of the activities, temporary facilities, machinery) are 
continuously changing due to the progress of the activities and site’ 
changes. The second feature is the deep interactions among the 
changes in the spatial requirements. Any approach that does not 
consider the site space system’s dynamic nature may not be realistic. 
To the best of the authors’ knowledge, none of the previous studies 
have proposed a comprehensive time-space planning approach to 
trace the changes in the site space requirements, considering the 
entire interactions of this dynamic space system.  

3- Most of the previous studies have used conventional network-based 
scheduling methods for time-space planning. However, these 
scheduling methods, such as the Critical Path Method (CPM), have 
some fundamental shortcomings in time-space planning: 1) Space is 
not considered a constraint resource in scheduling activities in the 
CPM-based approaches. 2) The network-based scheduling methods 
are based on defining the sequential relationship between some 
project milestones. Construction projects’ milestones depend on the 
duration of the primary and logistic activities. The primary activities 
are those executed in the working areas (e.g., drilling a pile). How-
ever, process-level (logistic) activities are those executed between 
the temporary facilities (e.g., on-site transportation of the materials), 
usually by some mobile resources such as laborers or machinery 
[46]. Efficient time-space planning requires investigating changes in 
the space requirements in both primary and process-level activities. 
However, network-based scheduling methods do not consider the 
process-level activities in scheduling construction operations. 
Therefore, most previous studies have neglected time-space conflicts 
in process-level activities due to using network-based scheduling 
methods. 3) Due to the inability to consider the process-level 

activities, the network-based scheduling methods cannot appropri-
ately consider cyclic activities. Furthermore, they neglect the effects 
of the laborers’ travels and machinery’ movements on the project’s 
schedule. 5) The conventional scheduling methods’ static nature 
cannot adequately consider the site space requirements’ dynamic 
changes and their interactions throughout the entire project 
duration. 

4- Based on the explanations mentioned above, there are some signifi-
cant reasons for inefficiencies of the previous 4D BIM-based ap-
proaches proposed by the earlier studies in time-space management. 
The typical 4D BIM models usually contain only the parametric 
building elements of the project. Therefore, the other taxonomies of 
space requirements (e.g., required space for temporary facilities and 
mobile machinery) are not modeled in usual 4D BIM models. 
Furthermore, the 4D BIM models are usually developed using a 
network-based schedule, which only considers the project mile-
stones’ temporal information. These milestones are linked to some 
sets of building elements in a 4D BIM model. Therefore, the usual 4D 
BIM models do not consider the process-level activities. Thus, 
although using 4D BIM approaches by the previous studies has 
partially satisfied some of the time-space management requirements, 
their mentioned inefficiencies should be resolved.  

5- Furthermore, most previous studies have concentrated on merely 
detecting and reporting the time-space conflicts during the project’s 
timeline. However, one of the main challenges in time-space plan-
ning is how to resolve the detected conflicts. In most previous 
studies, the practitioners should resolve the reported conflicts by 
revising the project schedule or postponing non-critical activities. 
None of the previous studies has proposed an automated approach 
for resolving the detected conflicts to the best of the authors’ 
knowledge. 

This study contributes to the body of knowledge in the area of time- 
space management in construction projects by proposing an integrated 
approach, which has the following capabilities: 1) The proposed 
approach considers the dynamic changes in the space requirements of 
the process-level activities and their entire interactions using a 
simulation-based scheduling engine. 2) The introduced framework 
manages all the possible Spatio-temporal conflicts among different site 
space requirements (e.g., the space for the building elements, activities, 
machinery, temporary facilities) in one general framework. 3) The sys-
tem automatically generates the required site spaces using the BIM 
model for time-space planning. 4) The proposed system can automati-
cally detect, evaluate, and resolve the time-space conflicts and modify 
the project’s schedule. 5) The motions of the mobile resources during the 
construction process are also simulated. 6) An integrated framework 
based on 4D BIM, Discrete Event Simulation (DES), and Rapidly- 
exploring Random Tree (RRT) path planning algorithm is provided in 
the proposed approach. 

4. Background 

This section provides a brief background about the DES and the RRT 
algorithm as the primary bases for the proposed framework. 

4.1. Discrete event simulation 

Several scheduling techniques have been developed in the last de-
cades, ranging from bar charts to network-based methods such as the 
Critical Path Method (CPM) [4]. DES as a well-known simulation 
approach can eliminate the mentioned deficiencies of the network-based 
scheduling methods in time-space planning. The process-level activities, 
sequential relationships, and cyclic interactions are modeled by some 
graphical elements in this approach. Once the simulation model is 
developed, the practitioner can test various scheduling scenarios of the 
construction process by changing a vast range of parameters, such as the 
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number of resources, duration of the activities, and project environment. 
One of the main advantages of the simulation-based scheduling methods 
is their ability to consider the site space as a constraint resource, which 
leads to more realistic project schedules. 

Many researchers have used DES as a widely accepted and efficient 
approach to plan and schedule construction projects [47–54]. Several 
DES-based tools are also developed over the last decades after the 
adventure of CYCLONE [55] as the first tool in the construction industry, 
such as STROBOSCOPE [56], EZStrob [57], Simphony.NET [58], and 
COSYE [59]. Therefore, DES is used as the scheduling engine of the 
proposed integrated BIM-based simulation approach in this study for 
automatic management of the time-space conflicts. 

4.2. Rapidly-exploring Random Tree (RRT) algorithm 

Rapidly-exploring Random Tree (RRT) as a well-known stochastic 
path planning algorithm can deal with a non-holonomic high degree of 
freedom problems such as path planning of the mobile machinery in the 
dynamic nature of construction sites. The RRT algorithms’ family is 
implemented successfully in different fields of studies, such as motion 
planning of intelligence vehicles [60] and autonomous mobile robot 
path planning [61]. 

The basic version of the RRT algorithm gradually generates a tree 
from the start point to the path’s endpoint. In each iteration, a new node 
called Xrand is randomly generated. If Xrand is not colliding with any 
obstacle, it is then linked to the nearest existing node. The link is limited 
to a specific amount of distance (d). Therefore, if the length of the link is 
more than the defined distance (d), a line from the nearest node with the 
length of (d) is created toward the Xrand. After that, if the link’s line is 
not colliding with any obstacle, it is added to the tree as a new branch. At 
the initiation process of random branch generation, the tree contains 
only one node (i.e., the start node of the path). This iterative procedure 
extends the tree to explore the environment until the endpoint is reached 
by a branch [62]. Fig. 1(a) shows a sample process of pathfinding using 
the RRT algorithm after 1500 iterations. 

Since introducing the basic version of the RRT path planning algo-
rithm, many developments have been proposed for different applica-
tions. Karaman and Frazzoli [63] demonstrated that almost all the paths 
created by the basic RRT algorithm are sub-optimal as the created 
branches of the tree always stay in their initial form. They improved the 
basic version of the RRT algorithm and called the new one RRT*. Using 
RRT*, the generated tree is continuously modified and smoothed 
through each iteration leading to a shorter path (Fig. 1(b)). 

The informed version of the RRT* algorithm has the same perfor-
mance as the RRT* until a solution is found. However, this algorithm 
only generates new random nodes in an area where the previously found 
path may be improved. Fig. 1(c) depicts a sample process of pathfinding 
using the RRT* informed algorithm developed in the current study after 
1500 iterations. Once a path is fined, further random points are only 

located in an ellipse. The previous studies show a high efficiency for this 
algorithm in various optimization domains [64]. Thus this algorithm is 
used in the proposed framework for path planning of mobile machinery 
in construction sites. 

5. Methodology 

This chapter proposes a generic framework for the automatic man-
agement of time-space conflicts in the pre-construction planning phase 
(i.e., prior to the actual work on the site). The proposed method con-
siders the dynamic changes in the site space requirement and their deep 
interactions. All types of possible time-space conflicts are automatically 
detected, analyzed, and resolved in a hybrid 4D BIM-based simulation 
environment. The proposed integrated system is composed of three 
major modules and one engine, including (Fig. 2):  

• Workspace generation module  
• Scheduling module  
• Motion planning module  
• BIM-based collision detection and evaluation engine 

The main modules of the system intensively benefit from BIM and 
simulation concepts. The collision detection and evaluation engine is 
utilized in the first triple modules (i.e., workspace generation, sched-
uling, and motion planning modules) to provide an integrated BIM- 
based framework. Each module is illustrated in-depth in the following 
sections. 

5.1. Workspace generation module 

Space is a fundamental construct of the time-space conflict man-
agement area of knowledge. All objects in a construction site (i.e., the 
building elements, temporary facilities, materials, equipment, machin-
ery, and individuals) occupy space. The first step in managing time- 
space conflicts is defining what spaces can exist in a construction site. 
Defining these taxonomies enhances the visual interpretation of site 
space requirements and lays a foundation for time-space conflict anal-
ysis [3]. Previous studies have proposed different taxonomies for site 
space requirements [10,11,16,22,28,29]. In this study, the site space 
requirements are classified into five major groups, including “Site object 
space”, “Building element space”, “Workspace”, “Temporary facility 
space”, “Machinery space”, and “Safety clearance space”. The definition 
of each site space taxonomy is provided in Table 1. For simplicity, the 
required space for laborers, equipment (lightweight tools), and working 
materials required during the execution of an activity are not classified 
in a separated group. Instead, they are all considered in the activities’ 
workspace taxonomy. 

Once different space types in a construction site are determined, the 
next step is defining how to model and consider this limited resource in 

(a) Generated path by RRT algorithm 

after 1500 iterations

(b) Generated path by RRT* algorithm 

after 1500 iterations

(c) Generated path by RRT* informed 

algorithm after 1500 iterations

Fig. 1. Performance of the family of RRT path planning algorithms.  
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time-space conflict analysis. The traditional network-based scheduling 
methods, such as the Critical Path Method (CPM), have some de-
ficiencies in considering space as a significant limited resource. There-
fore, the previous studies have used different approaches to model space 

in time-space planning, such as gridding the site area [30,34], deter-
mining different spatial layers [14], or using CAD and BIM models 
[10,11,65,66]. 

The well-known Building Information Modeling (BIM) approach is 

Determine the start and 
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the activity

Are the required 
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Consider the time step 

of ∆t as the working 

time of the resources
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End
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StartDefining initial parameters by the user
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Fig. 2. The general framework of the proposed automatic time-space management system (The black flow lines show each module’s intrinsic data flow, while the red 
flow lines indicate the dataflow between the modules of the system). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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used in this study as the best method for modeling site space. BIM 
models can collect all the required spatial information for time-space 
conflict analysis in a parametric platform. The common BIM models 
usually contain only the parametric building elements of the project 

[67]. However, other types of space requirements during the execution 
of construction projects may not be reflected in a BIM model, such as the 
spaces of the temporary facilities and mobile machinery (Table 1). 
Therefore, this study proposes enriching the common BIM models with 
the other space taxonomies. An enriched BIM model for time-space 

Table 1 
The proposed general classification system for site space requirements.  

Taxonomies of site space 
requirements 

Definition 

Site object space The space of permanent objects in a construction site 
such as trees or other buildings 

Building element space The space of building elements which are constructed 
during the project 

Workspace The space required for performing an activity that 
accommodates the required work materials, laborers, 
equipment, and machinery during an activity 

Temporary facility space The space for temporary facilities such as storage areas 
Machinery space The bounding space of existing machinery (heavy 

construction equipment) 
Safety clearance space The additional required space for protecting the other 

groups of space such as building elements, machinery, 
and temporary facilities from possible hazards during 
the construction process  

a) Project’s BIM Model

b) Project’s BIM Model enriched by the 3D models of the machinery

c) Project’s BIM Model enriched by the 3D models of the machinery and their bounding boxes 

d) Project’s BIM Model enriched by the 3D models of the machinery, their bounding boxes 

and the activities’ workspaces 

Fig. 3. Generating site space requirements in 3D by enriching the project’s BIM model.  

Bounding sphere (BS)

Axis aligned bounding box (AABB)

Oriented bounding box (OBB)

Accelerated Collision Detection Algorithm

Fig. 4. The proposed three-step algorithm to accelerate the collision detection 
process in the BIM environment. 
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conflict analysis includes the 3D models of site objects, building ele-
ments, activities’ workspaces, temporary facilities, and machinery. 
Before running the system, the site objects, building elements, and 
temporary facilities are modeled in a BIM environment. The other space 
taxonomies, including activities’ workspaces, machinery space, and 
safety clearance space, are added to the BIM model using the space 
generation module. An Application Programming Interface (API) in 

Autodesk Navisworks Manage is developed as the BIM engine of the 
system. While the system runs, the process of space generation is per-
formed in three major steps as follows:  

1. The project’s BIM model, which includes 3D models of site objects, 
building elements, and temporary facilities, is imported in the first 
step.  

2. In the second step, the 3D models of the foreseen machinery and their 
clearance from the other space groups are imported. The system 
automatically adds the imported 3D models to the project’s BIM 
model using the API in the BIM environment (Fig. 3 (b)). The mobile 
types of machinery are considered as some rotating cuboids during 
time-space conflict analysis. Therefore, some bounding boxes are 
automatically created in Autodesk AutoCAD 3D and then added to 
machinery’s 3D models using the space generation module (Fig. 3 
(C)).  

3. In the third step, the activities’ workspaces are automatically 
generated as rectangular boxes. The length, width, and height of 
each activity’s workspace, as well as its clearance from the other 
space groups, should be defined. The accuracy and reliability of 
estimating workspaces’ dimensions are highly dependent on the 
construction manager’s experience and knowledge and the infor-
mation provided by the subcontractors and laborers involved in 
executing the activities [3]. The size of each workspace should be 
large enough to accommodate the required machinery, laborers’ 
required working area, working materials, etc. The system auto-
matically generates all the workspaces of the activities using an 
Autodesk AutoCAD 3D API. The generated workspaces are modeled 
as 3D cuboids divided into sub-cuboids (Fig. 3 (d)). Once the work-
spaces are developed, they are also automatically appended to the 
BIM model. 

5.2. Simulation-based scheduling module 

After generating the site spaces and enriching the BIM model, the 
project is simulated based on the DES-based scheduling module utilizing 
the Simphony. Net simulation engine’s core services. The system pro-
ceeds the simulation time in equal steps of Δt, and it checks for 

Fig. 5. The imaginary bounding volumes of the site objects.  

Automated Time-Space Conflict Management System

Space Generation 
Module

Simulation-Based 
Scheduling Module

The quantities of the activities, as 

well as the project spatial information

The current and target locations of 

the moving resource

Spatial changes of the site

Path Planning and moving the mobile 

resources toward their destination

Motion Planning 
Module

� Free conflict schedule 

of the project

� Motion plan of the 

mobile resources

� Enriched 4D digital 

model of the project

� List of resolved time-

space conflict

� Productivity of the 

activities 

� Utilization of the 

resources

� Other obtained results

Use
r

Use
r

BIM-based Collision Detection and Evaluation Engine

User

� Project BIM model

� Required space 

generation information

� Required scheduling 

parameters 

� Other required time-

space management 

information

Input Data

Output Data

Fig. 6. The overall chronological data interactions among the user, the triple modules, and the collision detection and evaluation engine.  
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scheduled events in each time step [68,69]. Once the user populates the 
required scheduling parameters (e.g., the available number of resources, 
the productivity of laborers and machinery, moving speed of mobile 
resources), the project’s activities are scheduled in sequence based on 
the DES engine. The quantities associated with activities are automati-
cally taken off from the BIM model of the project and saved in a pre-
design database. Subsequently, the activities are selected based on their 
occurrence order. The volume of each activity (V) and its productivity 
(p) are assigned using the database (Fig. 2). 

In the next step, the availability of the workspace of the activity is 
checked. Suppose the required space for performing the activity is not 
available. In that case, the activity will be delayed until the simulation 
engine’s proceeding for the time step of ∆t, when the availability of its 

required workspace is rechecked. Otherwise, the other required re-
sources’ availability is checked if the required workspace for initiating 
the activity is free (Fig. 2). 

Two types of resources (i.e., stationary and mobile) are considered 
for each activity in the current study. Stationary resources (e.g., light-
weight tools without the need for planning their movements) are sup-
posed to be available in the activities’ working area. However, mobile (i. 
e., the movable) resources such as heavy machinery may require 
walking due to initial inaccessibility to the activities’ working area. In 
the proposed system, first, the availability of each stationary resource is 
checked. Once the resource is available, it is assigned to the activity. 
Otherwise, the activity is delayed until the proceeding of the simulation 
engine for the time step of ∆t. The availability of mobile resources is 

Fig. 7. Schematic plot and Google Earth aerial photo of the project (Yazd, Iran).  

Laydown Area

Travelling Area

Piling AreaP P P P P P P P P P P P P P P P P P P P P

A lateral pile

A fabricated rebar basket (F.R.B)

A mobile crane pathA mobile crane path

A truck path

1
1

 m
3

0
 m

5
 m

227 m

F.R.B

F.R.BF.R.B

F.R.B

F.R.B

F.R.B

F.R.B

Fig. 8. Site layout plan for constructing the lateral piles.  
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checked one by one in the next step. Once a required mobile resource is 
not available, the activity is delayed until the proceeding of the simu-
lation engine for the time step of ∆t. Otherwise, the activity captures it 
(Fig. 2). 

After that, the current location of the mobile resource is checked too. 
If the available mobile resource is out of the activity’s working area, it 
will be transferred to the working area using the motion planning 
module. When all the required resources, including the workspace, the 
stationary resources, and the mobile resources, are captured by the ac-
tivity, the simulation engine proceeds for the time step of ∆t. In this step, 
the time-space conflicts between the activity’s workspace and all other 
workspaces are checked. In the case, which no time-space conflict is 
detected, the activity progresses for ∆P, as shown in Eq. (1): 

∆P = (∆t*p) (1)  

where p represents the productivity of executing the corresponding 

Fig. 9. Installation of a fabricated bar basket using a mobile crane.  

Table 2 
Diameters and depths of the lateral piles.  

Pile type P1 P2 P3 P4 P5 P6 P7 

Diameter (m) 0.8 0.8 0.9 0.9 1 1 1 
Depth (m) 2 6 10 14 18 22 26 
Number 13 13 13 13 13 13 13  
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activity. The system considers ∆t as the working time of stationary and 
mobile resources. The remaining activity volume (Vr) is calculated using 
Eq. (2): 

Vr = V − ∆P (2) 

However, if any time-space conflict is detected, the system evaluates 
the conflict’s volume and compatibility. Once the activity is executable 
under the detected time-space conflicts, then a loss coefficient (c) is 
implemented to its productivity based on the collision percentage and 
some predefined If-then rules. Therefore, in this situation, the activity 
progresses for ∆Pc, as depicted in Eq. (3): 

∆Pc = (∆t*c*p) (3) 

The system considers ∆t as the working time of stationary and mobile 
resources. The remaining activity volume (Vr), in this case, is calculated 
using Eq. (4): 

Vr = V − ∆Pc (4) 

Suppose the activity is not executable due to the detected time-space 
conflict. Two scenarios can occur: 1) If the activity is started before, the 
time-space conflict stops the activity. Then it does not progress in the 
time step of ∆t. However, the activity cannot release its captured sta-
tionary and mobile resources after its initiation. Therefore, the time step 
of ∆t is considered the ideal (waiting) time of the resources. The activity 
is delayed until the proceeding of the simulation engine for the next time 
step of ∆t. 2) If the activity is not started yet, it releases the captured 
resources. The initiation of the activity is automatically delayed until the 
proceeding of the simulation engine for the next time step of ∆t. 

This procedure is continued until the end of the activity in each time 
step progress of ∆t. When the activity is executed entirely, it releases all 
the captured resources. The same procedure is being performed for all 
the activities of the project. In each step of simulation engine progress, 
all the activities are checked, whether they can be started based on the 
sequential relationships or not (Fig. 2). 

5.3. Motion planning module 

As explained in the previous section, before initiating any activity in 
the proposed approach, the mobile resources, which are not in the 
activity’s working area, should be transferred to the activity’s zone using 
the motion planning module. Therefore, at the first step, the coordinates 
of the mobile resources’ current and destination positions, which should 
be transferred, are determined using the BIM model of the project by an 
API in the BIM environment (Fig. 2). The start and target coordinates are 
sent to the RRT* informed algorithm for path planning. A path is 
generated for moving each mobile resource from its current position to 

the target position, taking into account the static obstacles in its way. 
After determining the mobile resource’s moving path, it waits until the 
∆t progress step of the simulation engine. When the simulation engine 
progresses in the time step of ∆t, the mobile resource is moved toward its 
destination for ∆xr, obtained from Eq. (5): 

∆xr = vr∆t (5)  

where vr represents the velocity of the mobile resource, which is read 
from the system database. 

As the mobile resource is moved for ∆xr, the collision of its bounding 
box with the other groups of site spaces is checked. Once no collision is 
detected, the time step of ∆t represents the busy (i.e., working) time of 
the mobile resources. Otherwise, if any collision is detected, the system 
recognizes the mobile resource’s movability by evaluating its collision. 
It moves back the mobile resource to its previous location, which is 
recorded in the database. After evaluation, if the mobile resource can 
move toward its destination under the detected collision, a loss coeffi-
cient (cv) is calculated and implemented to its velocity based on the 
collision percentage and some predefined If-then rules. This situation, 
called “soft collision”, happens when the distance of the mobile re-
sources from each other or the other space taxonomies (e.g., activities’ 
workspaces or building elements’ spaces) is less than the maximum 
allowed safety clearance distance. Therefore, in the time step of ∆t, the 
mobile resource travels toward its destination for ∆xrc obtained from Eq. 
(6). The time step of ∆t is considered as the working time of the mobile 
resource (Fig. 2). 

∆xrc = c*vr*∆t (3) 

Suppose the mobile resource cannot move toward its destination. 
This situation, which is called “hard collision”, happens when the dis-
tance of the mobile resources from each other or the other space tax-
onomies (e.g., activities’ workspaces or building elements’ spaces) is less 
than the minimum allowed safety clearance distance or their main 
bounding boxes have a collision with each other. Two scenarios can 
occur in this situation: Once the collision can be resolved by waiting for 
a few minutes, the mobile resource waits for the next ∆t progress of the 
simulation engine. The time step of ∆t is considered as the ideal time of 
the mobile resource. Otherwise, the collision-free path may not become 
available for the mobile resource by waiting. For example, in the case 
that another mobile resource with a higher priority has blocked the path 
and will not move soon. In this scenario, the mobile resource will be re- 
planed to find a new path, and the procedure will be iterated. The system 
automatically makes the best decision based on some previously defined 
rules. 

While the project is simulated, in each time-step of ∆t, the mobile 
resources’ locations are checked to see whether they have arrived at 
their destination or not. If a mobile resource has arrived at its work-
space, the moving process is stopped to send the results to the scheduling 
module. Otherwise, the explained procedure is iterated (Fig. 2). 

As it can be inferred from the above explanations, the proposed 
approach can simultaneously and automatically plan several mobile 
resources’ on-site motions. It can automatically manage the mobile re-
sources’ possible collisions with the other groups of the site space. Once 
the entire project is simulated using the proposed BIM-based simulation 
approach, a post-simulation 4D model is generated using the database’s 
recorded data. 

5.4. BIM-based conflict detection and evaluation engine 

The capabilities of the BIM-based platforms’ 3D modeling engine can 
detect and analyze the time-space conflicts during the project’s simu-
lation. Therefore, this study considerably benefits from the BIM 
approach’s advantages in detecting and evaluating time-space conflicts. 
A BIM-based collision detection engine is developed in the proposed 
approach using an API in the Autodesk Navisworks Manage 

Table 3 
Scheduling parameters of fabricating and installing the bar baskets.  

Parameter Value 

Number of drilling machine(s) 1 
Movement speed of the drilling machine(s) (m/s) 0.65 
The productivity of the drilling machine(s) (m/h) 1.7 
Number of available loader(s) 1 
Loading productivity of the loader(s) (m3/ min) 1.6 
Movement speed of the loader(s) (m/s) 1.2 
Number of available truck(s) 2 
Hauling capacity of each truck(s) (m3) 5 
Travel speed of the loaded truck(s) (m/s) 8.1 
Dumping duration of the truck(s) (min) 3 
Return speed of the truck(s) (m/s) 10.8 
Number of the available fabricating laborer (s) 6 
The productivity of the fabricating crew (m/h) 2.7 
Number of available mobile cranes 1 
Number of available crane laborer (s) 2 
Picking up duration for each fabricated rebar basket (min) 20 
Movement speed of the mobile crane(s) (m/s) 1.2 
Installation duration for each fabricated rebar basket (min) 20  
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environment. The three modules of the system utilize the engine to 
provide an integrated BIM-based framework (Fig. 2). As the project is 
simulated, the collision detection and evaluation engine checks all the 
possible conflicts and collisions among different site space requirements 
in each simulation time step of ∆t. Executing this process in a 3D BIM 
environment demands a large volume of computations, which is highly 
time-demanding. However, in some situations during the project’s 
simulation, some spaces have long distances from each other. Therefore, 
they can be quickly removed from the provisional list of potentially 
colliding spaces using some accelerating techniques. 

Using bounding volumes can significantly reduce the computational 
efforts to accelerate the collision detection process. Bounding volumes 
are developed as some simple shapes enclosing the entire body of a 3D 
object. Detecting collisions between two bounding volumes demands 
significantly less computational effort than the real 3D shape of objects. 
Various types of bounding volumes have been introduced, such as 
bounding spheres (BS), axis-aligned bounding boxes (AABB), and ori-
ented bounding boxes (OBB) [70]. A three-step algorithm is proposed in 

Lateral Piles

Fig. 10. The BIM model of the project.  

Table 4 
Samples of the if-then rules used for the evaluation of the detected time-space 
conflicts.  

Row If-Then rules 

1 In the case of detecting hard collision between the mobile machinery,ifa mobile 
crane has a conflict with a dump truck, then the crane has a higher priority 

2 If two dump trucks have a conflict with each other in the case of detecting a hard 
collision between the mobile machinery,thenthe loaded one has a higher priority. 

3 Ifthe collision percentage of the workspace of an activity is equal to or more than 
70 in the case of detecting a compatible time-space conflict,thenit is not executable 
anymore 

4 Ifthe collision percentage of an activity’s workspace is less than 70 in detecting a 
compatible time-space conflict, it can be continued by implying the productivity loss 
coefficient. The relationship between the collision percentage of an activity’s 
workspace and its productivity loss coefficient is supposed to be linear (inspired by 
Thabet & Beliveau [14])  
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the current study to accelerate the collision detection process in the BIM 
environment, as depicted in Fig. 4. 

As the first step, some imaginary spheres enclosing each type of site 
space requirements (i.e., object space requirements) are checked against 
each other using the collision detection and evaluation engine. The 
sphere’s radius equals the longest distance from each space’s center to 
any of its points. If the distance between the center of two objects is more 
than the sum of the radius of their spheres (plus the possible safety 
distance), they will not collide. Thus, they are removed from any further 
collision detection computations. Fig. 5 (a) illustrates an example of the 
bounding spheres. 

In the second stage, some imaginary AABB volumes of the spaces 
passing the first stage are checked to remove those with no chance to 
collide. The minimum and maximum dimensions of the AABB are 
computationally checked against each other. Once the axis-aligned 
bounding boxes of two objects collide in all axes of the XYZ coordi-
nate system, they are considered colliding. In cases where the safety 
clearance distance should be considered for a space requirement, its 
associated AABB is enlarged. Fig. 5 (b) shows an example of AABB. Note 
that the illustrated figures of BS and AABB are imaginary created to 
clarify their concepts. 

The last two steps swiftly remove many of the site spaces from 
further collision detection analysis. In the third step of the proposed 
BIM-based collision detection approach, the oriented bounding boxes of 
those spaces that have passed the two first steps are checked for collision 
detection using the BIM engine. The site spaces, such as the mobile 
machinery’s spaces, can be assumed as rotating cuboids using oriented 
bounding boxes. This step is the most accurate step of the collision 
detection approach, which acquires the most computational efforts. 
Fig. 5 (C) illustrates an example of the OBB. As explained in the previous 

sections, OBBs are automatically created in Autodesk AutoCAD 3D and 
then added to the project’s BIM model using the space generation 
module. The created volumes move precisely with mobile machinery 
during the project simulation. 

Once the system detects a time-space conflict, it evaluates the con-
flict and automatically decides to resolve it. As mentioned before, the 
proposed approach generates all the site spaces and divides them into 
some sub-cuboids using the workspace generation module before initi-
ating the project simulation (Fig. 3). As the system detects a collision 
between two site spaces, it computes their collided percentages by 
dividing the collided cuboids’ number into their total number of cu-
boids. The system automatically makes the best decision for resolving 
the detected conflict based on the calculated collision percentage and 
some If-then rules that can be previously defined and coded in the sys-
tem. The if-then rules can be customized according to each project’s 
activities and mobile resources, site situations, and site experts’ opin-
ions. For instance, If the collision percentage of the workspace of an 
activity is equal to or more than 70 in the case of detecting a compatible 
time-space conflict, then it is not executable anymore. 

5.5. Summary of the proposed framework 

Based on the explanations in the last parts, the overall chronological 
data interactions among the user, the triple modules, and the collision 
detection and evaluation engine are shown in a top-down order in Fig. 6. 
This figure provides an overall understanding of the system’s func-
tioning. However, the internal processes of each module are neglected in 
this figure for simplicity. 

Fig. 11. The Entity-Relationship Diagram (ERD) for the database of the system.  
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6. Case study 

6.1. Description 

The proposed integrated approach is implemented in a real under-
pass construction project executed in Yazd province (in Iran) to evaluate 
its performance. Fig. 7 shows the Google Earth aerial photo of the 
project. Two highways, which are usually under heavy traffic, intersect 
with each other at a traffic circle. The city managers decided to construct 
an underpass on the west-east highway to decrease traffic congestion 
and the risk of accident occurrence. The construction site is established 
in the middle part of the west-east highway (the green areas in Fig. 7). 
The vehicles are temporarily steered to both sides of the highway (the 
red regions in Fig. 7), which increases daily traffic jams. Fig. 7 depicts 

that this project is executed in a congested urban area, under time and 
space limitations. 

Based on the contractor’s project managers’ points of view, the 
project’s critical milestone, which significantly influences its completion 
time, is constructing a set of 91 concrete piles on each side of the un-
derpass ramps. The piles are built for stabilizing the lateral routes of the 
underpass ramps. The construction process of the lateral piles is 
described briefly in the following section. 

Fig. 8 depicts the schematic layout of the construction site during the 
construction of the lateral piles. As shown in the figure, based on pre-
vious experiences, the project managers divide the construction site into 
three major areas: the laydown area, traveling area, and piling area. The 
construction process begins in the piling area by drilling some piles 
using a hydraulic drilling machine. Once the piles are drilled, the 

b) Detected conflicts between the required workspace for loading the excavated dirt of 

pile#1 and the required workspace for drilling pile#2  (simulation time = 1.80 h)

c) Collision free workspace for loading the excavated dirt of pile #1  (simulation time = 6 h)

Drilling workspace

Loading 

workspace

Detected time-space 

conflict

Drilling workspace

Loading 

workspace

a) Drilling pile#1 in its assigned workspace (simulation time = 0 - 1.80 h)

Drilling workspace

Fig. 12. Automatic management of the conflicts between excavation and loading activities.  
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excavated soil is loaded into some dump trucks by a loader and then 
hauled to an offsite location through the traveling area. Concurrently 
with drilling the piles, several laborers fabricate some reinforcing rebar 
baskets at the laydown area. While the piles are drilled, their excavated 
dirt is hauled, and their related rebar baskets are manufactured, then the 
rebar baskets are moved and installed in their corresponding piles, one 
by one. 

In lifting the bar baskets, a mobile crane stays in front of the laydown 
area, in the direction with the center point of a rebar basket to pick it up 
(Fig. 8). After picking the rebar basket up, the mobile crane moves to-
ward the corresponding drilled pile through the traveling area. Once the 
mobile crane arrives, it stays in front of the drilled pile and installs the 
rebar basket. Fig. 9 shows a mobile crane during the installation process 

of a rebar basket. Some laborers are also required to pick the rebar 
baskets up, lift, and install them. The same process is iterated for 
installing all the rebar baskets of each section in their bored piles. Once 
all the rebar baskets are installed, concrete is poured into the bored piles 
as the final stage of constructing the lateral piles. 

Table 2 shows different types of lateral piles on each side of the 
underpass ramps. They are classified into seven groups based on their 
depths and diameters. The major scheduling parameters of fabricating 
and installing the bar baskets are demonstrated in Table 3. 

In this project, the project managers decided to execute the main 
activities of constructing the lateral piles in parallel to decrease the 
project’s completion time. Such a strategy prevents social discontent due 
to project operations. Consequently, three main activities are executed 
simultaneously: drilling the piles, fabricating and lifting the rebar bas-
kets, and installing them in the drilled piles. However, the time-space 
conflicts between different space requirements for performing the ac-
tivities may increase due to the limitation of the available site space in 
this situation. The chance of clashes occurring among the mobile re-
sources moving through the site’s traveling area also increases. All these 
possible time-space conflicts and clashes may influence the project’s 
completion time due to a decrement in the productivity of executing the 
activities or lead to some on-site safety hazards. Therefore, the open 
issues that the project managers are faced with are included but not 
limited to the following:  

• Is there any integrated solution for planning the execution of the 
main activities of constructing the lateral piles in such a congested 
site, which can automatically manage all types of possible time-space 
conflicts?  

• Is it possible to automate the processes of detecting, evaluating, and 
resolving all the mentioned conflicts?  

• Could it be possible to consider the impacts of the detected conflicts 
on the project’s completion time? 

6.2. Implementing the automated time-space conflict management system 

The integrated BIM-based simulation approach for automated time- 
space conflict management is implemented in the case study to eval-
uate its capabilities. In doing so, a software application is developed in 
the.Net framework as an add-on for Autodesk Navisworks Manage. It is 
programmed using C# language in Visual Studio 2015 environment. 

In the first step, the underpass project’s BIM model is developed 
using Autodesk Revit (Fig. 10). The 3D models of all the required ma-
chinery (e.g., the drilling machine, the mobile crane, the dump trucks, 
and the loader) are also prepared. The BIM model of the project and the 
3D models of the machinery are then imported to the system and 
identified by the add-on. After that, the user is asked to input all the 
initial parameters, such as those required for site space generation and 
the project’s scheduling (Table 3). In the following step, the workspaces 
of the activities (e.g., drilling the piles, loading the excavated dirt, 
picking the rebar baskets up, and installing the rebar baskets), and the 
bounding volumes of the machinery, are automatically created in 
Autodesk AutoCAD 3D. They are then appended to the BIM model of the 
project using the workspace generation module. Consequently, the BIM 
model of the project is enriched by all types of site space requirements. 

Once the underpass’s BIM model is enriched, the project is simulated 
using the system’s integrated modules. All the activities of the project 
are coded in the simulation-based scheduling module. The materials’ 
quantities are automatically taken off from the project’s BIM model to 
calculate the activities’ volume. In simulating each of the activities, the 
availability of the mobile and stationary resources is considered. The 
path planning module plans the mobile machinery movements (i.e., the 
loader, dump trucks, and the crane). All the time-space conflicts among 
the site space requirements (e.g., the workspaces of the activities and the 
bounding boxes of the machinery) are checked and identified in each 
time step of ∆t using the collision detection and evaluation engine. The 

b) Detected conflicts between the required workspace for installing bar basket#1 and 

the required workspace for drilling pile#6 (simulation time = 6.33 h)

c) Collision free workspace for installing bar basket#1  (simulation time = 7.50 h)

a) Picking bar basket #1 (simulation time = 0.91 h)

Drilling workspace

Workspace for picking 

bar baskets up

Drilling 

workspace

Installation 

workspace

Drilling 

workspace

Installation 

workspace

Detected time-space 

conflict

Fig. 13. Automatic management of the conflicts between loading and instal-
lation activities. 
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three-step algorithm of checking Bounding Spheres (BS), checking Axis- 
Aligned Bounding Box (AABB), and checking Oriented Bounding Boxes 
(OBB) is used to accelerate the collision detection process. The collision 
percentage of each workspace is computed by dividing the number of 
collided cuboids into its total number of cuboids. Some if-then rules are 
introduced to evaluate the detected time-space conflicts based on the 
site engineers’ opinions. Table 4 shows samples of these if-then rules. 
The appropriate resolution method is automatically implemented for 
each identified time-space conflict until the project simulation finishes. 
The final simulation results are recorded in the database of the system. 

After simulating the project, the system’s post-simulation 4D digital 
model is generated using the database’s recorded data. Some options are 
provided in the developed add-on to animate the construction process in 
the desired manner. For instance, the user can play, pause, or stop the 4D 
model during the simulation process to visually check the work se-
quences. He\she can also choose the number of frames for updating the 
scene per second to provide a smooth animation or change the 4D 
model’s speed. The proposed system is integrated with a database in 
Microsoft Access for facilitating the management of the data. Fig. 11 
shows the Entity-Relationship Diagram (ERD) for the database of the 
system. 

7. Results and discussion 

During the simulation run, all the process-level activities are simu-
lated in detail using the DES scheduling module. The motions of the 
mobile resource during the construction process are also simulated. All 
the time-space conflicts between all types of site space requirements are 
automatically detected, evaluated, and resolved during the project’s 
simulation process. The final duration for performing the selected 

milestones obtained from the proposed system equals 753 h (i.e., 94 
days). 

In this section, the results of simulating the process-level activities in 
installing the first bar basket are explained to illustrate the system’s 
performance in the automatic management of time-space conflicts. 
While the simulation process is initiated, the drilling machine starts 
drilling pile #1 in its assigned workspace (Fig. 12(a)). Pile #1 is entirely 
drilled in the simulation time of 1.80 h. Once pile#1 is drilled, the 
drilling machine moves to the next pile. Therefore, the workspace of 
drilling the first pile is released, and the workspace of drilling pile#2 is 
assigned. Instantly after completing the drilling of pile#1, the simula-
tion engine schedules the truck’s loading. All the resources for loading 
the excavated dirt, including the loader and the trucks, are available in 
this time step. However, the system detects a time-space conflict be-
tween the required workspace for loading the trucks and the workspace 
needed for drilling pile#2 (Fig. 12 (b)). The detected conflict is subse-
quently evaluated. This type of collision is previously considered to be 
incompatible due to safety considerations. Therefore, the system auto-
matically delays the activity of loading the trucks for the subsequent ∆t 
progress of the simulation engine. This condition does not change until 
completing drilling pile#5 in the simulation time of 5.88 h. Then the 
required workspace for loading the trucks becomes completely available 
(Fig. 12(c)). While the loader loads the trucks, the motion planning 
module determines their traveling path to the offsite location and their 
returning path to the site. The excavated dirt of pile#1 is wholly hauled 
to the outside in the simulation time of 6.33 h. 

On the other hand, the bar basket of pile#1 is already fabricated in 
the simulation time of 0.57 h. Subsequently, a workspace is assigned to 
the mobile crane for picking bar basket#1. After that, the motion 
planning module moves the mobile crane to the workspace from its 

The ellipse of the RRT* 

informed algorithm 

(colored in blue)

The initial generated path

(colored in green)
The start point 

(colored in orange)

The goal point

(colored in red)

The randomly generated branches of the tree 

(colored in black)

The current position of the truck

(colored in orange)
The goal point

(colored in red)
The re-planned generated path

(colored in green)

a) The initial path generated for traveling a truck

b) The re-planned path generated for traveling the truck

Fig. 14. A sample in-site motion planning of the mobile resources during the simulation process.  
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previous location. The mobile crane picks bar basket#1 in the simula-
tion time of 0.91 h (Fig. 13(a)). Once the excavated dirt of pile#1 is 
wholly hauled, the simulation-based scheduling module calls the ac-
tivity of lifting and installing bar basket #1 in its drilled pile. All the 
required resources of this activity are available in the simulation time of 
6.33 h. However, its required workspace conflicts with the workspace of 
drilling Pile#6 (Fig. 13(b)). The detected conflict is evaluated and 
considered to be incompatible due to the safety considerations. There-
fore, the system automatically delays moving and installing bar basket 
#1 for the simulation engine’s subsequent ∆t progress. This condition 
does not change until completing drilling pile#6 in the simulation time 

of 7.06 h. At this time, the required workspace for installing bar bas-
ket#1 becomes available. Therefore, the mobile crane is moved to the 
workspace by the motion planning module, and it installs bar basket #1 
in the simulation time of 7.85 h (Fig. 13 (c)). A similar process is iterated 
for completing the installation of all the bar baskets in their drilled piles. 

All the in-site motions of the mobile resources are planned during the 
simulation process. Once any time-space conflict among volumes of the 
mobile machinery or other site space requirements is detected, the 
detected conflict is automatically resolved. All the motion paths of the 
mobile resources are stored in some image files. These images help 
significantly to understand, evaluate, and validate the process of motion 
planning. For instance, Fig. 14(a) shows the truck’s generated path from 
the site entrance position with the coordinates of (− 15, 10) to the 
workspace of a loading activity with the coordinates of (181, 9.5). The 
start (S) and goal (G) points in the motion path are displayed in orange 
and red colors. The ellipse of the RRT* informed algorithm is shown in 
blue. The final path and the branches of the tree are colored in green and 
black, respectively. While the truck moves toward its target point in 
each time step of ∆t, it collides with the workspace of installing a bar 
basket. Therefore, the moving path of the truck is re-planned. Fig. 14(b) 
shows the new path created for the truck from the coordinates 
((83.97,9.5) to the coordinates (181,9.5)). 

Table 5 shows the type and the number of those detected time-space 
conflicts among the space requirements of the temporary facilities, ac-
tivities, and machinery. The upper triangular part of the table (colored 
in green) shows the detected conflicts, which are evaluated to be 
compatible. This kind of conflict is resolved by implementing produc-
tivity or velocity loss coefficients. The lower triangular part of the table 
(colored in red) shows the detected conflicts that are evaluated as 
incompatible. This kind of conflict is automatically resolved based on 
appropriate methods such as postponing an activity, interrupting the 
machinery’s movement, and re-planning their motion paths. 

Table 5 
The type and number of the detected time-space conflicts (i.e., compatible (colored in green) and incompatible (colored in red)) among the site space requirements 
during project simulation. 

Site space 
requirements 

Activities’ workspaces Machinery Temporary 
facilities 

Drilling the 

piles 

Loading the 

trucks 

Picking the 

baskets up 

Installing the 

baskets 

Drilling 

Machine 
Loader Truck 1 Truck 2 Crane 

Fabrication 

areas 

T
he

 w
or

ks
pa

ce
s o

f t
he

 
ac

tiv
iti

es
 

Drilling the 

piles - 0 0 0 0 0 0 0 0 0 

Loading the 

trucks 82 - 0 0 0 0 0 0 0 0 

Picking the 

baskets up 
0 0 - 0 0 0 2 3 0 0 

Installing the 

baskets 78 85 0 - 0 0 0 0 0 0 

M
ac

hi
ne

ry
 

Drilling 

Machine 
0 0 0 0 - 0 0 0 0 0 

Loader 0 0 0 0 0 - 0 0 0 0 

Truck 1 0 0 0 5 0 0 - 0 32 0 

Truck 2 0 0 0 8 0 0 2 - 36 0 

Crane 0 0 0 0 0 0 44 45 - 0 

T
em

po
ra

ry
 

 
seitilicaf

Fabrication 

areas 
0 0 0 0 0 0 0 0 0 - 

Table 6 
The total travel distance of the machinery during the project.  

Mobile resources Total travel distance (m) 

Drilling machine 236 
Loader 236 
Dump truck1 11,362 
Dump truck2 11,115 
Mobile crane 6158  

Table 7 
Utilization of the resources during the project.  

Resources Utilization (%) 

Fabrication laborers 62.7 
Drilling machine 99.6 
Loader 1.6 
Dump truck1 7.2 
Dump truck2 7.1 
Mobile crane 8.2  
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As shown in Table 5, the workspaces of drilling the piles conflicted 
with workspaces of loading the trucks 82 times during the project. Due 
to the predefined incompatibility between these two activities, loading 
the trucks is automatically postponed in these situations during the 
project simulation. Fabricating of the bar baskets is performed in some 
temporary facilities located at the site’s laydown area. Thus, no conflict 
is detected between the spaces of these temporary facilities and other 
site space requirements. The spaces of picking the bar baskets and 
installing the bar baskets conflicted with the dump trucks moving 
through the traveling area 18 times. In 5 situations, this type of conflict 
has reduced the dump trucks’ moving speed or delays in their travel. The 
system has automatically made this decision by evaluating the detected 
conflicts by calculating the conflict percentage and the predefined if- 
then rules. However, this conflict has led to re-planning the dump 
trucks’ moving path in 13 situations. 

The drilling machine is supposed to have the highest priority over the 
other machinery. It moves straight and continues drilling the piles 
without having any conflict with the other machinery. The loader is used 
in the loading activity’s workspace, behind the drilling activity’s 
workspace throughout the entire project. Thus, the loader’s bounding 
volume does not collide with the other space requirements during the 
project. The trucks collided with each other two times during the project 
simulation. In both situations, these conflicts led to re-planning the 
moving path of the trucks. The trucks also conflicted with the mobile 
crane 157 times. In 68 situations, the distance of the mobile crane and 
the truck have been less than the maximum allowed safety clearance 
distance (Occurrence of soft collision). The mobile crane has a higher 
priority than the trucks due to the safety considerations of transferring 
the bar baskets. Therefore, in 68 situations, this conflict reduced the 
dump trucks’ moving speed. However, in 89 situations, the distance of 
the mobile crane and the truck have been less than the minimum 
allowed safety clearance distance (Occurrence of hard collision). 
Consequently, this type of conflict led to an interruption in the trucks’ 
travel or changes in their moving path in 89 situations (Table 5). 

Based on the above explanations, as the system detects the time- 
space conflicts during project simulation, it automatically takes a suit-
able decision to resolve them based on the conflict percentage and the 
predefined if-then rules. The system automatically makes a wide variety 
of decisions, such as postponing an activity, decreasing the productivity 
of performing an activity, interrupting the execution of an activity, 
lowering the moving speed of mobile machinery, interrupting machi-
nery’s movement, and re-planning the motion paths of machinery. The 
system implements the effects of the made decision on the total project 
duration. The estimated project’s duration in the cases of not time-space 
conflicts considering and considering using the proposed system equals 

711 h and 753 h, respectively. The estimated project’s duration has been 
increased by 5.58% in the case of considering time-space conflicts. It 
illustrates the proposed system’s capabilities in having a more realistic 
estimation for the project’s duration. 

The combination of simulation-based scheduling (based on the 
process-level activities) and RRT* informed path planning method en-
ables the proposed system to plan and trace the site’s mobile resources’ 
motions. This issue is usually ignored in network-based scheduling 
methods. Table 6 shows the on-site travel distance of the mobile ma-
chinery during the project. Using the proposed approach, the site engi-
neers can plan the start point, goal point, safe travel path, travel start 
time, travel finish time, and the travel distance of all the machinery in 
each journey on the site. Detailed planning of all these movements in 
such a congested site, under automatic management of the possible 
time-space conflicts, considerably increases safety and prevents site 
incidents. 

Simulating the construction process enables the practitioners to trace 
two main categories of statistics during the project, including intrinsic 
(time-dependent) and non-intrinsic (time-independent). Utilization is an 
intrinsic statistic that shows the utilization of the activity’s resources 
over time [71]. Table 7 demonstrates the utilization of resources during 
the construction process. The drilling machine has maximum utilization 
during the construction process. This result hints to the project managers 
that increasing this resource may decrease the project’s duration. 

Production rate is a non-intrinsic statistic that shows the ratio of 
count and the simulation time [71]. The production rate of installing the 
bar baskets in their drilled piles is depicted in Fig. 15. The installation 
rate has increased dramatically at the beginning of the project, as it 
reached 0.48 in the simulation time of 16.71 h. After that, it has grad-
ually decreased until the end of the project. The drilling machine’s 
productivity is high at the beginning of the project, as it drills the piles 
with less depth. The fabricating laborers also have higher productivity at 
the beginning of the project as they fabricate short baskets. As the 
project progresses, the depth of the piles and the baskets’ length in-
crease, which in turn reduces the productivity of the drilling machine 
and the fabricating laborers. Therefore, the production rate of installa-
tion increases initially but decreases gradually as the project continues. 

Once the project is wholly simulated using the proposed BIM-based 
simulation approach, a post-simulation 4D model is generated using 
the database’s recorded data. The generated digital model is developed 
to enrich the project’s BIM model with all the required data for the 
project’s time-space management. All types of spatial requirements are 
parametrically modeled in 3D, taking into account safety considerations. 
These parametric objects are also enriched with temporal information, 
including their exact appearance and disappearance time in the 
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Fig. 15. The production rate of installing the bar baskets in their drilled piles throughout the entire project duration.  
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construction site. The practitioners gain insights into the sequence of 
performing the activities using the provided 4D BIM model. Working 
crews can visually trace when and where to complete the job without 
interruption due to unforeseen time-space conflicts. Furthermore, all the 
motions of the mobile machinery are also visualized in a 4D 
environment. 

8. Conclusions 

Time-space planning in construction projects involves identifying 
time-space conflicts in the entire project duration, evaluating the 
detected conflicts, and resolving them to prevent their negative impacts. 
Several research studies have been performed in the area of time-space 
planning. However, none of them have proposed an automated system 
for managing possible time-space conflicts between all types of space 
requirements, which can entirely consider the site space system’s dy-
namic nature. Therefore, this study contributes to the body of knowl-
edge in the area of time-space management in construction projects by 
proposing an integrated approach, which has the following capabilities: 

1) The proposed approach considers the dynamic changes in space 
requirements of the process-level activities and their entire interactions 
using a simulation-based scheduling engine. 2) The proposed approach 
considers all the possible temporal conflicts between all types of site 
spaces (e.g., the spaces of the building elements, activities, machinery, 
temporary facilities). 3) The system automatically generates the 
required site spaces using the BIM model for time-space planning. 4) The 
proposed system can automatically detect, evaluate, and resolve the 
time-space conflicts and modify the project’s schedule. 5) The motions 
of the mobile resources during the construction process are also simu-
lated. 6) An integrated framework based on 4D BIM, Discrete Event 
Simulation (DES), and Rapidly-exploring Random Tree (RRT) path 
planning algorithm is provided in the proposed approach. 

The integrated BIM-based simulation approach for automated time- 
space management is implemented in a real case study to evaluate its 
capabilities. A software is developed in the.Net framework as an add-on 
in Autodesk Navisworks Manage environment for implementing the 
approach. A three-step algorithm based on using various bounding 
volumes (i.e., Bounding Spheres (BS), Axis-Aligned Bounding Boxes 
(AABB), and Oriented Bounding Boxes (OBB)) is used to accelerate 
detection of the time-space conflicts during the project simulation. Once 
the time-space conflicts are detected, the system automatically takes a 
suitable decision for resolving them based on the conflict percentage and 
some predefined if-then rules. Implementing the proposed system il-
lustrates its automatic management capabilities of the time-space con-
flict during the entire project duration. It realistically takes into account 
the impacts of space limitations on the estimation of the project dura-
tion. Combining simulation-based scheduling (which can consider the 
process-level activities) and RRT* informed path planning method en-
ables the proposed system to plan and trace the site’s mobile resources’ 
motions. The proposed approach’s simulation-based scheduling engine 
also allows practitioners to track project resource utilization and con-
struction processes’ productivity rate. The system also generates a post- 
simulation 4D digital model based on enriching the project’s BIM model 
with all the required time-space management data. The results indicate 
that the proposed approach can considerably prevent the negative im-
pacts of the time-space conflicts on productivity and safety, especially in 
congested construction sites. 

9. Limitations and future developments 

Some limitations of the proposed system and future research di-
rections are provided as follow:  

• One of the most critical steps in time-space management is modeling 
workspaces. Estimating the dimensions of the workspaces based on 
the experiences of the project managers and the working crews is a 

limitation of this study. Future research studies can improve the 
system’s performance by using more accurate workspace modeling 
methods.  

• The required spaces for laborers, equipment (lightweight tools), and 
working materials are not separately generated in this study. Instead, 
they are all considered in the activities’ workspaces taxonomy. 
Future research studies are required to eliminate this limitation.  

• Quantifying the negative impacts of congestion in the working areas 
is a long-lasting issue that is highly dependent on factors such as the 
type of activity and site situations. Inspired by Thabet and Beliveau’s 
research study [14], the relationship between the collision percent-
age of the workspace and the productivity loss coefficient is supposed 
to be linear in this study for simplicity. More empirical studies are 
required to scrutinize the relationship.  

• The on-site movements of the laborers are not considered in the 
proposed approach. Combining the developed framework with the 
other simulation approaches such as agent-based modeling can be 
investigated to consider the laborers’ on-site movements.  

• The productivity rate of the activities in the presented case study is 
considered to have a constant value. However, the simulation engine 
can consider a wide range of statistical distributions (e.g., triangular, 
uniform, and exponential) for the productivity of the activities. 
Future research studies can investigate the performance of the sys-
tem in probabilistic conditions.  

• One of the main contributions of this study is proposing an integrated 
framework for scheduling construction projects which can consider 
space as a constrained resource. The authors believe that there is a 
large potential to improve the proposed system by considering the 
other scheduling concepts. For example, the proposed system 
schedules construction projects in a resource-constrained condition. 
However, the system can be combined with optimization algorithms 
to solve the well-known time-cost trade-off problem. In other words, 
the proposed integration method provides a platform to consider the 
effects of site space limitations on different scheduling issues. 
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