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Abstract. In order to solve the difficulty in simulation and prediction the evolution of oil spill incidents in port wa-
ter area caused by system complexity and environment variety, a simulation model based on Dynamic Data-Driven
Application System (DDDAS) was developed. By assimilating real-time data, simulation model can update its initial
condition and solutions, and modify its parameters. Firstly, the framework for DDDAS-based simulation model was
designed. Then the method for mapping of real-time data to simulation model, the method for recovery of initial data
for DDDAS, and the algorithms to simulate the behavior of oil spill were studied. Finally, numerical tests were pro-
vided to illustrate the validity of the proposed model. Results indicate that the DDDAS-based simulation method can

improve the prediction accuracy of oil spill incidents.
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Introduction

Marine crude oil transport has the characteristics of
large ship capacity and high liquidity. There will be seri-
ous damages to water environment and public security
once transport accidents happen. Subject to the influ-
ence of meteorology, hydrology and other factors such
as oil spill diffusion and drift, the cleanup of marine oil
spill accident is difficult, and the emergency manage-
ment process is complicated.

Port water area has high frequency of marine oil
spill incidents. The emergency management for oil spill
in port water area should not only consider the features
of marine oil spill, but the complex vessel traffic condi-
tions in port water area and the influence of port pro-
duction. Thus, the requirements for emergency decision
and response are higher. Meanwhile, with rapid increase
in crude oil transport during the recent years, many
crude oil ports face increasing risk of oil spill incidents.
Therefore, emergency management of oil spill in port
water area receives increasing attention.

Analysis of the evolution mechanism based on the
simulation and prediction of diffusion process of oil spill
incidents is one of the key issues to improve science and
effectiveness of emergency response. Numerous stud-
ies have been carried out. And many simulation mod-

els were developed (Chen et al. 2007; Sebastido, Soares
2007; Wang et al. 2008; Guo, Wang 2009) by combina-
tion of oil spill calculation model with GIS technology
and simulation modeling method to simulate and pre-
dict the oil spill diffusion process.

Marine oil spill has a complex mechanism of occur-
rence, development and evolution, as well as the second-
ary and coupled disasters. While analyzing and predict-
ing the accidents, diffusion patterns of oil spill under
the influence of complex meteorological, hydrological
and environmental factors, the effect of multi-agent and
stochastic factors should be considered. Due to the non-
linearity, time-variability, multivariable and uncertainty
system characteristics, it is difficult to analyze and pre-
dict complex behaviors in emergency response system of
oil spill incidents by using traditional analytical models.
As a result, simulation technology has been widely ap-
plied. However, current simulation model mainly de-
pends on offline historical incident data for simulation
analysis. The real-time data is not used to improve the
prediction accuracy of simulation model.

Dynamic Data-Driven Application System (DDDAS)
is a new simulation paradigm where applications, simu-
lations, experiments and tests become a feedback control
system. In this method, simulation can dynamically as-
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similate data from the actual system and make response
during running simulation, and the simulation results
can control the actual system processing dynamically.
The integration of the real-time data, simulation models,
and application systems provides more efficient, reliable,
and precise predictions and analyses of the characteris-
tics and behaviors of complex systems.

Since the National Natural Science Foundation
of United States first put forward DDDAS, increasing
applications have been made in variety of engineering
and science practices, e.g. pollutant migration (Doug-
las, Efendiev 2006; Douglas et al. 2004), fire simulation
(Douglas et al. 2004; Mandel et al. 2005), engineering
system design and control (Kim, Heller 2006; Zhao et al.
2004), ecosystem prediction (Muttil, Lee 2005), emer-
gency medical treatment decisions (Gaylor et al. 2005),
and natural disaster prediction (Parashar et al. 2004), etc.

Considering the difficulty in predicting accident
developing during emergency management, a DDDA-
based simulation model for oil spill emergency decision
is developed to improve the accuracy of simulation and
prediction of oil spill. Problems such as the method to
map real-time data to simulation model, the method to
recovery initial data of simulation model and the algo-
rithms to simulate behavior of oil spill are designed.

1. Framework of DDDAS-Based Simulation Model

According to Ouyang et al. (2007), DDDAS is a feed-
back-control system that consists of the following five
symbiotic features, namely, human controls, dynamic
computations, application models, measurement in-
frastructures, and software support systems. Human
controls and interacts with application models, meas-
urement infrastructures and software support systems
through computational infrastructures. And the similar
concept was defined by National Natural Science Foun-
dation of United States in 2000.

Based on the above concept, the framework of
DDDAS-based simulation model for oil spill is designed
as Fig. 1. In this simulation framework, historical and
real-time online data are used simultaneously in simu-
lation model to forecast and simulate oil spill diffusion.
Firstly, oil spill emergency management simulation
model is developed. Then simulation model is calibrated
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Fig. 1. Framework of DDDAS-based simulation model
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using massive historical data of oil spill incidents. The
calibrated simulation model can be used to simulate oil
spill diffusion and analyze emergency response process.
When the oil spill accidents happen, the accidents data
are input to the simulation model to predict the oil dif-
fusion process. While the simulation model is running,
it can dynamically assimilate real-time data from the ac-
tual system, feedback the real-time state of the accident
to the simulation model. The assimilation of real-time
data makes the simulation model adjust its prediction
and modify the model continuously. Through the inter-
action of the simulation model and actual system data,
the prediction accuracy of simulation model can be im-
proved.

2. Simulation Model

Two problems should be solved when developing the
simulation model of oil spill emergency management.
The first one is abstraction of the complex spatial ele-
ments, environmental factors and oil spill diffusion be-
haviors into simulation model, and the second one is
description of the process of emergency plans, such as
the effect on accident development caused by emergency
rescue, and the behaviors in accidents.

To solve the problem, non-formal object-oriented
simulation modeling method is used. The objects in the
emergency system are divided into entity object, infor-
mation object and control object. The overall structure
and logical flow of the simulation model is designed
base on function analysis by non-formal object-oriented
simulation modeling method. In aspect of oil spill dif-
fusion, calculation models for oil spill behaviors such as
drift, diffusion, evaporation and emulsification are de-
veloped, which can simulate the oil spill diffusion pro-
cess in all directions.

The method of integrating each module in the
simulation model is shown in Fig. 2. AnyLogic is the
software to construct the simulation model, by which
the general structure and logical flow of the simulation
model are developed. ArcGIS is used as GIS platform,
and the current universal S-57, S-52 standard format of
electronic ocean chart is converted to ArcGIS. The inte-
gration of each module is accomplished by control mod-
ule developed by Java. When the process is running, the
simulation model returns to the results after accepting
the simulation command of control module. Meanwhile,
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Fig. 2. Simulation model for oil spill emergency management
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the diffusion process and the demonstration of simula-
tion data on GIS are controlled by control module. The
algorithm module and application module run under
the control of the control module, and exchange data
with system data base on real-time.

3. Simulation Algorithms Design
3.1. Algorithms for Oil Spill Diffusion

Simulation algorithms for oil spill behaviors are needed
in simulation model. When the crude oil spills in the sea,
it mainly behaves as drift, diffusion, evaporation, emulsi-
fication, dissolution, dispersion, settlement and biodeg-
radation etc. however, in the actual oil spill incidents,
decision-makers mainly take measures according to the
diffusion oil spill and change of oil film area. Therefore,
four common behaviors, drift, diffusion, evaporation
and emulsification are considered in this paper:

(1) Drift model:

The drift movement can be divided into advec-
tion process and diffusion process according to particle
model equations. The advection movement mainly re-
sults from the synthesis of tidal and wind currents. The
three-dimensional space position and distribution of
oil spill is the comprehensive function result of various
motions. According to Lagrange Equation, the displace-
ment of single oil particle in the period of At can be
formulated as:

Ay; =U;-At+ W, - At +v;, (1)

where: y; is the position of particle i; U is the advection
speed of particle i; W; is the vertical speed; and v; is the
random movement distance.

(2) Diffusion model:

The diffusion of oil spill in the sea includes hori-
zontal and vertical diffusion. In recent years, the ran-
dom movement method is widely used to simulate the
turbulent flow diffusion process. In this method, the
formulation of oil particle is regarded as the superposi-
tion of advection drift and turbulent drift. For the three-
dimension case, the random movement distance can be
calculated by Eq. (2):

Aa=R-[6-K,-At, (2)

where: Aa is the turbulent diffusion distance in the di-
rection g; R is a random number uniformly distributed
between [-1, 1]; K, is the turbulent diffusion coefficient
in the direction a; At is the time step.

Moreover, oil drops in the water make random
movements in vertical direction. The distance can be
calculated by Eq. (3):

K(z)-At, (3)

where: K (z) is vertical diffusion coefficient; & is a ran-
dom number uniformly distributed between [-1, 1].
K (z) can be represented by Eq. (4):

AZ=E.

2
K(z) =0.028- [%J e2kz (4)

where: k represents wave number; T represents wave pe-
riod; z represents wave depth.

(3) Evaporation model:

By using the parametric formula proposed by Stiver
and Mackay (1984), the equation for evaporation rate
can be formulated as:

T T
F,=In|1+B'"- G 1.9"e| A'=B"- 2| T , (5)
T T )) BT,

where: F, is evaporation rate; T is the gradient of boil-
ing point curve; T is oil temperature, T, is original
boiling temperature of oil; 8 is evaporation coefficient;
A'=6.3; B'=10.3.

(4) Emulsification model:

The equation (6) proposed by Mackay (Stiver,
Mackay 1984) is used to calculate the moisture content of
emulsified materials, where Y, is the moisture content of
emulsified materials; U,, is wind speed; K, =4.5-107%;
K, ~1.25.
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3.2. Algorithm for Simulation Data Update

In the DDDAS-based simulation model, one of the ob-
jectives of dynamic data driven simulations is to incor-
porate the real time data into simulations. As the data
inputted into the simulator, algorithms are needed to as-
similate real-time data and update the initial condition
of simulation mode, thus modified the simulation model
and improve the prediction effect. The update can be
performed based on the sensor measurements as well as
other large scale measurements.

The real-time data here is mainly obtained by sen-
sor, and the initial condition refers to the condition of
simulation model at the last decision-making moment,
not the condition when the simulation model starts. The
reason of this hypothesis is mainly for improving the
operational effect of simulation model. Based on the ap-
proach proposed by Douglas and Efendiev (2006), the
following updated algorithms are used.

Let N, denote the number of sensor; x ( =1..,N )
denote the position of sensor j; N, denote tile number of
decision-making points; t; (k L...N ) denote the mo-
ment k; v; (tk) denote the data obtained by the sensor
j at the moment k, with M(y,t; )= {yj (tx)»j=1...N; }
C t( )( =1.., c) denotes the state value of simulation
model at the moment ¢, which could be the state value
of oil spill diffusion, as well as the state value of emul-
sification and evaporation etc. N, represents the dimen-
sions of data in simulation model. The initial condition
of simulation model is defined as:

N, _
CO(X)=2 0;-CP(X). )
i=1
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Using the Superposition Principle, EIO(X is re-
garded as the initial value and substituted into Eq. (8),
then Eq. (9) can be obtained:

aa—(;+v-VC—V(D-VC)=O; (8)
NC _
C(X,t)=0;-C(X,t). ©)

i=1
In order to calculate the difference between the ac-
tual date and simulated data, Eq. (10) is formulated:

N[ N¢ _ 2 N¢ 5
F(a)zz Zai -Ci(xj,t)—yj (t) +Zki -(ai —Bi) ,
j=1\i=1 i=1 (10)
where: k:(kl,kz,...,kN ) is the penalty coefficient of
system information before the initial condition.
The objective of data update in simulation model is
to minimize Eq. (10) by solving Eq. (11):
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where: R represents the state value after the simulation
models accomplishes updating. If m = #n, §,,,, =1; oth-
erwise, 9, =0.
Therefore, the data updating of simulation models
can be expressed by (12):
NS
R, =2Cm(xj,t)-y(t)+km B,,. (12)
j=1
These values are obtained from the sensor data,
if available. At each step of the simulation, the sensor
data needs to be mapped to the solution space. In ad-
dition, the sensor data is not available at some location,
interpolation methods are needed to evaluate the data
between the sensor points. The method proposed by
Douglas et al. (2004) was used to map the sensor data
to solution space and obtain the data where sensor data
is not available.

OF a 4. Numerical Experiments
oo, 0, m= (1’ 2+ Ne ) (b The oil spill incident that happened in Dalian port water
area in 2005 is used as an example to illustrate the va-
Suppose that: lidity of the proposed model. The quantity of oil spill in
Aa =R this accident was about 240. As for there wasn't any sen-
N, _ sor to monitor information, the data used in the analysis
A, = Zcm (x i >t) -C, (x j,t) +8, Koo is dependent on the accident description material which
Jj= was recorded by Maritime Department during the ac-
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Fig. 3. The distance of central drift trajectory between DDDAS-based model and real case
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cident. The simulation model is updated every two, four
and six hours respectively, and the real-time information
includes wind speed, changes in natural conditions, and
the actual position of oil spill diffusion. Considering that
there are no statistics data for evaporation and emulsifi-
cation behaviors, only drift and diffusion are simulated.

Firstly, the distance of central drift trajectory be-
tween DDDAS-based model and real case is calculated.
In DDDAS-based model, the simulation model is up-
dated every two, four and six hours. And the drift of
48 hours after oil spill accident is simulated. Results
are shown in Fig. 3. From the results in Fig. 3, we can
find that the difference between simulated model and
real case increases with the increasing of updating time
interval. This indicates that the prediction accuracy of
simulation model improves with the increasing of data
updating frequency.

Moreover, similar results are shown in the results of
the oil film area is simulation (Fig. 4). With the increas-
ing of updating frequency, the prediction accuracy of oil
film area improves.

Results indicate that simulation model with high
updating frequency is more closed to the actual diffu-
sion process compared to those with low updating fre-
quency, which indicates the validity of DDDAS-based
model. DDDAS model can absorb real-time data and
adjust the prediction results in time, thus to the increase
of oil spill simulation accuracy.

Conclusions

1. In this paper, a DDDAS-based simulation model for
oil spill emergency decision was developed. By assim-
ilating real-time data, simulation model can update its
initial condition and modify its parameters. Results in-
dicate that the proposed could predict oil spill accident
more precisely compared to general simulation models.

2. In practical applications, real-time data can be ob-
tained through the way to install sensors on port water
area. Recently sensing technology developed rapidly,
which provides better prospect for the application of
DDDAS method. Without sensors, real-time data can
be acquired by present observation technology, which
can also increase the model accuracy to some extent.

3. In the DDDAS-based model, one of the key problems
is how to receive data dynamically from actual system
and make response simultaneously. Further studies
are required to focus on the improvement of two as-
pects: one is the method to mapping real-time data to
simulation model, and the other is the method to re-
covery initial data for DDDAS. In this paper, there are
no real-time sensor data in numerical experiments;
further experiments with real-time sensor data are
needed in future studies.
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