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Abstract: By logging position data from GPS-equipped construction machines, we re-create daily activities as 3D animations to 
analyze performance and facilitate look-ahead scheduling. The 3D animation enables going back to any point in time and space to 
observe the activities as they took place. By segmenting data into a set of activities, it is possible to obtain actual measures of 
performance such as cycle times, production, speed profiles and idle times. The measures of performance can then be compared to 
those expected (e.g., theoretical speed profiles vs. observed profiles), and instances of significant difference can be flagged for further 
investigation. Idle times and queues that exceed prescribed thresholds can also be identified. In general, many of the traditional real-
time performance analyses can be performed after the fact. Situations of interest can be identified automatically and the events in this 
manner enhances effective performance improvement in construction. The proposed research is explained and demonstrated using a 
real push-loaded earthmoving operation. 
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I.  INTRODUCTION 

 Discrete-event simulation can represent the operation 
of a dynamic and uncertain process, such as construction 
operations, as a chronological sequence of events in a 
computer model. Experiments with a simulation model 
allow users to better understand system behavior, evaluate 
impacts of various constraints and factors, identify 
bottlenecks, allocate resource, manage risks, and 
ultimately improve system performance. Simulation 
applications can be found in planning and optimizing 
various types of construction operation, such as high-risk 
building, earthmoving, tunneling, sewer-line construction, 
and paving operations [1,2]. 
 However, simulation has been primarily used for 
long-term planning (e.g., master scheduling or optimizing 
site layout) during pre-construction stage, where a 
simulation model is designed to predict long-term, steady 
state system behavior. The modeling process usually 
assumes that the target system is stationary and that 
models will operate under a given set of system design 
parameters, for example activity precedence relationships 
and duration distributions [3]. In contract, the goal of 
look-ahead scheduling is no longer to average out the 
randomness in the system’s behavior but rather to account 
for and react to system changes on a real-time or near-
real-time basis. It requires that a simulation model must 
be able to capture site condition changes constantly and be 
updated accordingly so that the changes and their impacts 
can be evaluated in a timely manner [4]. This also 
presents several unique challenges when applying 
simulation as a look-ahead scheduling tool. First, data

  

regarding the most recent project performance are the 
basis for look-ahead scheduling, yet the time and cost 
required to manually collect and analyze these data within 
a short period of time can be prohibitive. Second, since 
rescheduling is necessary whenever there is a significant 
change in project status or future outlook, such frequent 
manual updating can be daunting task in the light of 
inevitable and constant changes in the project 
environment along the project timeline. These frequent 
manual data collection and model updating procedures 
will inevitably make traditional simulation studies 
expensive and cumbersome for industry use [4]. 
 Therefore, to make simulation useful for look-ahead 
scheduling, the current set of simulation modeling 
methods, such as STROBOSCOPE [5], must be enhanced 
to a more automated and low-maintenance modeling 
process. Song and Eldin [4] address that real-time 
tracking of operation data is the catalyst necessary to 
transform the current simulation modeling process for 
look-ahead scheduling. With the recent advancement of 
tracking sensors (e.g., location, motion, and image 
sensors), a large set of data can be captured and streamed 
off construction sites for remote and automated data 
processing and analysis. These data contain the most 
current performance data that can be analyzed for 
operational changes and uncertainties for look-ahead 
scheduling. This information can also be used to drive a 
real-time and more automated model updating process, 
which can significantly reduce engineers’ burden in 
maintaining a simulation model. 
 Moreover, the collected data can be used to visualize 
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operations in 3D space as animation. It is necessary to 
depict the movement, transformations, and interactions 
between these visualization elements to analyze 
operations. To depict smooth motion, visual elements 
must be shown at the right position and orientation several 
times per second. Many sensors, such as Global 
Positioning System (GPS), are capable of recording and 
transmitting data with a frequency of a few minutes of 
even seconds for accurate visualization of operations. 
 Thus, this research proposes an adaptive real-time 
sensor-based analysis and 3D visualization-simulation 
framework for earthmoving construction applications for 
the purpose of look-ahead of scheduling. This paper 
describes this new analysis framework and demonstrates 
its feasibility through a prototype system.  
 

II. RESEARCH BACKGROUND 

 The limitation of current simulation approaches and 
the need for a real-time simulation environment have been 
documented in several publications [3]. The construction 
industry has recognized the opportunity for real-time 
project monitoring and control using the voluminous data 
streaming off job sites that are made available because of 
new sensing and communication technologies [6]. 
However, there is very limited work in integrating real 
time data collection and simulation for more efficient 
look-ahead scheduling in the field. For progress 
monitoring and measuring project, algorithms were 
developed to utilize real-time project data for measuring 
project progress, productivity, and actual consumption of 
materials [7]. The applications of real-time simulation 
concepts in construction are rather more limited. Chung, 
Mohamed, and AbouRizk [2] collected project data from a 
tunneling project manually on a biweekly basis and used 
the data to improve simulation input models using 
Bayesian updating techniques. Their study showed that 
repetitive long-term projects provide opportunities to fine-
tune simulation input parameters based on actual project 
progress. Lu [8] developed a real-time decision-support 
system for planning concrete plant operations. This 
system tracks activity durations in real time and later uses 
the data to update simulation input models. 
 In summary, the prior studies focused primarily on 
leveraging real-time data for modeling activity durations. 
Application of real-time data also brings new 
opportunities to transform other components of simulation 
modeling, such as input modeling, model validation and 
updating. In addition, since simulation-based look-ahead 
scheduling as a relatively new research area, there is a 
need to define a systematic approach to transform and 
integrate various modeling components. The following 
section defines system components of the proposed 
adaptive sensor-based analysis and 3D visualization-
simulation framework and explains at the conceptual level 
how it can transform the existing simulation process for 
look-ahead scheduling. 

III. FRAMEWORK FOR SENSOR-BASED ANALYSIS AND 3D 
VISUALIZATION-SIMULATION 

 The proposed adaptive real-time 3D visualization-
simulation framework contains four components, 
including real-time data acquisition, process 
knowledgebase, adaptive modeling, and discrete-event 
simulation services. These system components integrate 
real-time data and process knowledge to facilitate constant 
model updating and refinement to reflect changes in the 
construction field for look-ahead scheduling. 

A. Real-Time Data Acquisition 

 Real-time simulation is a data-driven modeling 
process. To accurately represent and forecast the system 
performance, a significant amount of data is required for 
determining current project status and fine-tuning the 
model’s operation logic structure (e.g., activity definition 
and sequence) and input models (e.g., activity duration 
distributions). The proposed data-collection component 
constantly collects data that can adequately describe 
current project status and the future outlook of the field 
operations, such as productivity performance, current 
project progress, and resource allocation for the near 
future. These data can be collected from various sources, 
such as data-collection sensors, information systems and 
databases, as well as project personnel. 
 Operation and planning data must be collected 
constantly to reflect the changes in project performance in 
the job site environment. However, collecting data in real 
time can be challenging. The time and cost required to 
manually collect and process these data are prohibitive. 
Nevertheless, with the recent advent of sensing and 
communication technology along with already widely 
used information systems and database applications, the 
lack of real-time data is becoming less and less of a factor 
in the development and implementation of real-time 
simulation. 
 A broad range of embedded, wide-area, and satellite-
based sensors (e.g., speed, location, motion, and image 
sensors) are economically available for wireless, 
automatic, or remote data gathering. For example, 
equipment-intensive heavy construction projects have 
been leveraging the Global Positioning System (GPS) to 
track the real-time locations of construction equipment 
such as earth-moving machines [7,9] and concrete-hauling 
trucks. GPS is also used in the prototype system for this 
research. 

B. Process Knowledgebase 

 Once data are collected and made available from a 
highly sensed construction site, the next logical step is to 
analyze and interpret the time-sequenced data for 
simulation modeling. Many sensors, such as GPS, are 
capable of recording and transmitting data with a 
frequency of a few minutes or even seconds. This high-
frequency data collection process not only improves data 
accuracy but also generates a significant amount of data 
that challenge the ways in which meaningful information 
can be extracted in a timely fashion. While complete 
automation of this information extraction process is not 
realistic, there is an opportunity to streamline and semi-
automate the process by incorporating domain knowledge 
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of real-world operation, such as activity sequencing and 
input modeling, into the real-time simulation framework, 
so direct user involvement can be minimized. 

C. Adaptive Modeling 

 To call something adaptive is to say it has the ability 
to become more suitable or fit for a specific use or 
situation. The key feature of the proposed real-time 
simulation is its capability to adapt a pre-defined 
simulation model to constant changes of the project 
environment. This adaptive modeling capability is 
achieved by updating both the model operation logic and 
the input models when they are no longer able to 
accurately represent current and anticipated future project 
performance. Our prototype system does not address this 
component yet, but such a capacity is envisioned. 

D. Simulation Services 

 Simulation services required by real-time simulation 
include model verification, validation, simulation 
execution, and output data collection. Many simulation 
software tools available offer simulation functions such as 
graphical modeling, simulation algorithms, and output 
data analysis, and they allow end users to construct 
models and conduct simulation experiments to verify and 
validate the simulation model. This checking process is 
normally conducted with intensive user intervention. The 
proposed real-time 3D animation-simulation system 
provides support for verifying and validating a simulation 
model through the efficient means of 3D animation. 

IV. ACTIVITY SEGMENTATION 

 The prototype system uses GPS (5Hz) tracking which 
can record equipment’s location, speed, direction, and 
time stamp. However, the states of equipment are hidden 
behind the collected observation data. The proposed 
framework uses Hidden Markov Model (HMM) to extract 
activity information from GPS observation data. HMM 
consists of two simultaneous stochastic processes. The 
first underlying stochastic process constitutes a Markov 
chain, but unlike with ordinary Markov models, the states 
cannot be observed. The second stochastic process 
produces a sequences of observations. Each state has a 
probability distribution for the observations to appear. 
Thus, based on the sequence of observations the most 
probable respective state sequence can be deduced. Due to 
the stochastic and dualistic nature of HMMs, they are very 
often used in modeling human actions and performance. 

A. Hidden Markov Models 

 An HMM with one dimensional discrete observation 
probability distributions can be defined as follow. A 
Hidden Markov Model ç consists of the following 
elements [10]. 

1) A set of possible hidden states, �6 ��?60� 6=� @ � 6A�BC The state at time D is denoted as EF  and the state sequence within � G D G H  as I � ?E0� E=� @ � EJBC 
2) Observation symbols KL , where � G M G NC 

Observation at D  is denoted as OF  and the 

observation sequence within � G D G H  as P � ?O0� O=� @ � OJBC 
3) State transition probabilities Q � RS9TU� 

representing the probability of transition from 
state 69  to 6T�  where S9T � 3VEFW0 � 6TXEF �
69Y� � G Z� [ G \C 

4) Observation probabilities ] � R T̂7M<U� 
representing the probability of observation 
symbol KL  in state 6T�� where T̂7M< � 37OF �
KLXEF � 6T< and�� G [ G \� � G M G N. 

5) The prior probabilities of states _ � ?_9B, where _9 � 37E0 � 69<� � G Z G \C 
For convenience of A HMM is usually presented ` � 7Q� ]� _<C 

B. Viterbi-algorithm 

The Viterbi-algorithm [11] is a dynamic 
programming algorithm for decoding the most likely 
sequence of hidden states given a sequence of observed 
events. To be able to find the best matching sequence, an 
incremental quantity aF7Z<  has to be defined (for 
states�� G Z G \): 

aF7Z< � b VaF7Z<S9�TY T̂7M<9 � OFW0 � KL (1) 

The Viterbi algorithm has four steps, initialization, 
recursion, termination and backtracking of state sequence. 
At initialization, the values of the quantity aF7[< and the 
state sequence back tracking array c are initialized (for 
states�� G [ G \): 

a07[< � T̂7M<_T����O0 � KL;  c07[< � � (2) 

Then the values are updated recursively using the 
sequence of observations O=� @ � OJ�  and maximizing the 
probability of the possible state transitions (from state � G Z G \ to state 1G [ G \). 

aF7[< � b VaFd07Z<S9�TY T̂7M<9e9eA � OF � KL (3) 

cF7[< � Sfg b VaFd07Z<S9�TY9e9eA      (4) 

V. THE PROTOTYPE SYSTEM 

 Earthwork operations involve the excavation, 
transportation and placement or disposal of materials. 
Successful execution and control of these projects rely on 
an efficient look-ahead scheduling approach that can 
capture dynamic project data and incorporate them into 
the scheduling of upcoming work. The proposed 
framework was implemented to earthwork operations with 
three push-loaded tractor scrapers and one pusher as a 
case study.  

A. Push-loaded Earthmoving Operations 

 Tractor-pulled scrapers are designed to load, haul, 
and dump loose material. The greatest advantage of 
tractor-scraper combinations is their versatility. The key 
to a pusher-scraper spread’s economy is that both the 
pusher and the scraper share in the work of obtaining the 
load. To the extent that they can self-load, they are not 
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