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Abstract With the development of computer science,
communications technology and environmental modeling,
virtual geographic environments (VGEs) have been linked
with field observations and geographic modeling. VGEs
enable researchers in various fields to collaboratively per-
form computer-aided geographic experiments. This study
proposes a collaborative environment to conduct a virtual
flood experiment that integrates cellular automata and
dynamic observations. Some of the key techniques,
including a cellular automata flood modeling method, a
real-time parameter similarity evaluation method, and a
collaborative visualization and operation method, are
explored. The proposed techniques are tested with a pro-
totype system as part of a flood simulation case study of the
Hunhe River in Liaoning Province. We conclude that a
virtual experiment environment can provide effective
technical support for flood research.
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Introduction

A geographic environment system is huge, open and
complex; geographic research originates from field obser-
vations (Chen and Liu 2004), and physical and numerical
models are based on observations and assumptions. Both
simulations and observations are important means of gen-
erating and validating scientific knowledge (Chiggiato
et al. 2012; Bever et al. 2013). However, when only relying
on simulations in virtual space, errors are continuously
augmented during the modeling process due to the lack of
accurate parameters (Zhang et al. 2011). Therefore, geo-
graphic analysis and decision-making must combine the
power of replicable experiments with field observations
(Fiore et al. 2009).

Flooding is a typical geographic phenomenon, and the
implementation of open-channel flow models plays an
important role in floodplain management (Rinaldi et al.
2007). “Three Yellow Rivers” is a conceptual framework
proposed by the Yellow River Hydro-Conservancy Com-
mittee of China to manage the Yellow River (Li 2002) and
it includes “a real Yellow River”, “a model Yellow River”
and “a digital Yellow River”. The modeling and experi-
ment of natural rivers are mostly accord with the thought of
“Three Yellow Rivers”. With the development of infor-
mation technology, the integration of geographic infor-
mation system (GIS) with hydrological and hydraulic
models has been widely investigated (Bates and De Roo
2000; Al-Fuagara et al. 2008; Van Der Knijff et al. 2010;
Ernst et al. 2009; Soulis 2013; Li et al. 2012, 2013; For-
metta et al. 2014). However, GIS usually has no dedicated
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model for the processes that govern system dynamics,
adaptation, and evolution (Torrens 2009; Kulkarni et al.
2014).

The goal of geographic experimentation as an integrated
research method was to simulate the natural and social
worlds under one explanatory umbrella (Mackinder 1987,
Matthews and Herbert 2008; Lin et al. 2012). The con-
struction of virtual geographic experimentation (Ramasun-
daram et al. 2005; Lin et al. 2009; Lu 2011; Li et al. 2015)
can be an effective way to enhance the efficacy of experi-
mental geography. Virtual geographic experimentation
supports geovisualization (Rink et al. 2014; Helbig et al.
2014), geosimulation, geocollaboration, and human partici-
pation, it serves as a workspace that is suitable for model
and data integration and collaborative flood analyses (Chen
et al. 2012; Lin et al. 2013). In addition, a cellular automaton
(CA) model can be defined with flexible and adjustable
transition rules (Wang et al. 2000; Evensen 2003; Zhang
et al. 2011). When combined with collaborative operations
and analyses, CA can serve as an experimental platform to
improve model predictions by integrating observations.

In this study, we design a virtual geographic environment
for a collaborative flood experiment that consists of a cellular
automaton for calibrating and sequentially updating a coupled
hydrologic-hydraulic model using dynamic observational
information. Several key techniques are introduced, including
cellular automata modeling in virtual flood experiments,
parameter similarity evaluation, and the construction of col-
laborative experimental environments. A flood routine
experiment of the Hunhe River in Liaoning Province is used
as a case study to develop the prototype system.

System framework

The design of the collaborative virtual experiment environ-
ment should meet the following requirements: the basic
physical behavior of flood should be well simulated and some
important user-defined parameters can be adjusted during the
experiment; the dynamic observation data should be imported
into the experiment environment and real-time similarity can
be performed; meanwhile the environment should support
collaborative work and expressions of experiment elements.
The system framework is shown in Fig. 1.

The numerical simulation of the flood adopts a CA
framework, which mainly includes the mechanism for
simulating the physical flood, the parameter adjustment
mechanism, and the model status assimilation mechanism.
The detailed techniques of CA framework will be intro-
duced in “Adjustable cellular automata model for obser-
vation-coupled flood simulations”. The dynamic
observations are processed at the same spatial and temporal
scales as the numerical simulations. The dynamic
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Fig. 1 The framework of the collaborative flood experiment
environment

observations are integrated with the numerical simulations
in asynchronous steps so that the simulations can run ahead
of the actual flood events and generate predictions. The
similarity analyses are performed to find the degree of
accordance between the numerical simulations and the
observations (introduced in “Similarity evaluation method
of the dynamic flood process”). In addition, the virtual
experiment environment provides a platform for collabo-
rative discussions and operations and supports the expres-
sion of flood processes, flood models and observational
data, which will be discussed in “Collaborative flood
visualization and experimental techniques”.

The collaborative experiment mainly follows such a
workflow: (1) confirm the aim and boundary conditions of
flood experiment; (2) process flood model input data and
make it standardized; (3) setup flood simulation model and
spatial/temporal unit; (4) evaluate similarity and calibrate
flood model; (5) simulation results analysis and discus-
sions. During this workflow GIS experts and hydrologists
can collaboratively setup models and calibrate them, while
policy-makers and researchers in other fields can also make
comments through discussions.

Key techniques

Adjustable cellular automata model for observation-
coupled flood simulations

In this study, an adjustable cellular automata model that
performs flood simulations using finite element methods is
introduced. The model is also designed to integrate the
observed attributes of river floods and to make adjustments
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when the flood attributes of the observed data and
numerical models differ.

CA model structure and parameters

The Von Neumann neighbor structure is adopted in the CA
model, and the entire simulated region is divided into
several river sections along the direction of flow according
to the distribution of the observation points (Fig. 2). The
application of the hydraulic model requires accurate
roughness parameters, which are indirect coefficients that
cannot be measured; thus, we adopted uniform roughness
parameters for each section. The observation stations
record continuous measurements of water depth to cali-
brate the flood simulation model.

The parameters of CA model can be divided into three
types: (1) attributes of single cell, which include y;; (flow
velocity in the x direction), v;; (flow velocity in the y
direction), h;; (water depth), zc;; (water stage), M;; (single
width fluxes in the x direction), N;; (single width fluxes in
the y direction), Dem, D;; (cumulative distance from sec-
tion origin), zm;; (observed water stage); (2) attributes of
river section, which include ny (roughness coefficient), Ly
(Iength of section); (3) attributes of CA model, which
include j (iterations that simulation ahead of the observa-
tion), Tgan (change interval parameter), o (roughness
adjustment coefficient), At (temporal unit), Ax (spatial unit
in the x direction)and Ay (spatial unit in the y direction).

Fig. 2 CA model structure and
parameters

—Observation
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| 4

CA transition rules

The simulations are only sensible when the predictions
occur ahead of the actual flood events, so the flood simu-
lations are asynchronous with the observation data. For-
mulas (1-3) describe the physical behavior of flood routine,
while Formulas (4, 5) describe how the CA model inte-
grates dynamic observations to adjust the roughness coef-
ficients and water depth.

First, the hydrodynamic and water mass conservation
mechanisms were used to model the physical behavior of
the floods. The Saint-Venant equations were discretized
using the finite difference method (Liu et al. 1991) and
were added to the CA framework using the appropriate
conversion laws (Li et al. 2013).
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In Egs. (1), (2), and (3), Af; ; Tepresents the average water
depth (m) of CA cell (i, j) at time #; M}; and Nj; are the
single-width fluxes (m2 s_l) of CA cell (i, j) at time 7 in the
x and y directions, respectively. The terms y;; and v};
represent the average horizontal water speeds (m s~ ') in
CA cell (i, ) at time tin the x and y directions, respectively,
where ;= M;;/hi; and v;, = Nj;/h; . zc}; is the average
water stage (m) of CA cell (l, J) at time . [;; is the infil-
tration value (m sfl) of CA cell (i, j) (omitted in this
study); n;; is the hydraulic roughness coefficient (m~ "3 s)
of CA cell (i, j). At, Ax, and Ay represent the temporal unit
(s), the spatial unit (m) in the x direction, and the spatial
unit (m) in the y direction, respectively.

Second, because of the accumulated simulation error
from the finite difference method, we integrated the
dynamic observed water depth values to adjust the rough-
ness coefficients according to Formula (4), and to modify
the water depth according to Formula (5).

We used the difference in the water stages between the
two closest observation stations, N and N + 1, to compute
a perturbation value to rectify the roughness coefficients
and flood depth values of the CA cells in river section N,
assuming that the simulation was j iterations ahead of the
observation. One cell in river section N was labeled (i, j) at
a cumulative distance of D;; from the origin of the section
(station N).

k k k k
W oc(zml(vﬂ) - zm,(\, j)) + (1 - oc)(zc](\,Jr{> - zc](\, ]))

ny- = T %
(zcl(VJr{) — ch(\, ]))
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(5)

In Egs. (4) and (5), the simulated water stage of station N at

k — j iterations was defined as zc,(\, (m); the corre-

sponding observed water stage was defined as zm (m)

n,(é) is the k + j iterations of the roughness coefficient of

(k)

river section N, and ny~ is the adjusted value. hl(];) is the

k + j iterations of the water depth at cell (i, j); h;gc) is the
adjusted value, and Ly is the length of section N.

The change in the trend of the water stages lags behind
the adjusted roughness coefficients; therefore, frequently
changing roughness coefficients are likely to result in over-
adjustment. We also used coefficient « and a suitable

change interval parameter, Ty, to avoid over-adjustment.
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Similarity evaluation method of the dynamic flood
process

We determined the model parameter optimization approach
through a similarity evaluation of the numerical model and
the physical model for a given time series. Euclidean dis-
tance (ED) and dynamic time warping (DTW) (Berndt and
Clifford 1994) are two classic methods for measuring time
sequence similarity. The Euclidean distance method cannot
reflect the dynamic characteristics of the flood time series
because it is very sensitive to small changes in the timeline.
Compared with the Euclidean distance, the dynamic time
warping distance is more suitable for the coupled flood
similarity evaluation process described in this study.

The DTW method was adopted for the similarity cal-
culation. The coupled calculation of the water depth time
series at station N between two neighboring stations (time

: . kelk kn
span is Topan) is ZCy - {ZCN,ZCN, .. ch , while the

corresponding time series for the observed water depth is

keky kon] -
my, o {sz,zm]ﬁ, .. .,sz\}“}. Therefore, the simi-

larity index obtained by the DTW method at station N can
be iteratively calculated by Eq. (6):

DTW(ZchE et , meve g ’k’"]) K i )

= Dgiw (zcy', zmy

Datw (zc,\}“ ! Zm’,‘\}”)

6)
= d(ch\;”, me\’,”) +ming Dy, (zeyy!, zmiy™")
Dy (ZC;(\}" ’ Zmlli}Wl )

In Eq. (6), d(zciy, zmfy) represents the Euclidean distance

between zcly and zm’. The similarity index for the entire
river, D, was measured using the average value for each
station. We found that a smaller value of D implies that the
flood simulation is more similar to the dynamic
observations.

Collaborative flood visualization and experimental
techniques

A collaborative flood experiment environment can help
participants in different locations visualize and analyze
hydrological data and models in the same virtual work-
space. Hydrological experts and technical staff can act as
3D avatars while logged into a virtual workspace for
cooperative research and for communicating in real time by
exchanging video, audio, text, etc. Electronic sand tables,
geographic images and 3D models can be dynamically
updated to enhance the collaborative visualization of a
flood event and the calibration of flood simulation models.
The adjustment of flood model parameters can be simul-
taneously forwarded to the server so that every participant
can visualize the modified flood simulations.
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Fig. 3 Construction of a collaborative flood experiment environment
system

The construction of a collaborative flood experiment
environment involves a server and a client (Fig. 3). The
server consists of a message server, a compute server and a
data server. The message server handles the event-driven
messages to the experiment participants and transfers
experiment control messages and submitted parameters to
the compute server. The data server stores the CA model
input data and the corresponding reference materials for the
flood experiment while receiving real-time observational
data from the sensor network and delivering the necessary
data to the compute server. The compute server runs the
adjustable coupled flood CA simulation model and evalu-
ates the similarity between the simulation and the obser-
vational data.

During the collaborative experiment, the real-time
computational results and dynamic observational results
are saved on server. When there are emergency network
obstacles, the server can keep the experiment data in its
local disk, and deliver them to clients when the network
recovers. So the reliability of collaborative experiments
can be ensured.

Implementation of a prototype system
Case study

The Hunhe River originates in the Changbai Mountains in
Qingyuan County, Liaoning Province, China, and passes
through Fushun, Shenyang, and other major cities. Flood
prevention efforts in Shenyang focus on the Hunhe River. To
research the effects of floods and flood prevention planning
projects, the Liaoning Water Resources Department created

a physical model (Fig. 4) of the Shenyang section of the
Hunhe River.

The physical model was constructed based on the Test
Regulation for River Models (Ministry of Water Resources
of China 1995a) and the Test Regulation for Normal
Hydraulic Models (Ministry of Water Resources of China
1995b). This model can be used to simulate real floods and
to observe the hydraulic properties of floods of different
magnitudes (e.g., water level, flow velocity, flow pattern,
and extent of flooding). Here, we used observational data
from the physical model as a substitute for observations
from the Hunhe River.

To obtain these observations, water depth sensors were
placed in different sections of the physical model, and the
data were collected at 5-s intervals with a depth accuracy
of 5 mm. The locations of the sensors are shown in Fig. 5.
The coordinates were measured with a Topcon total station
instrument and were mapped onto the cell matrix. Nine
sensors were used to adjust the CA flood model, and four
were used for the validation. The CA model was con-
structed using a digital elevation model (DEM) of the
Hunhe River, and the water depth time series was input
into the CA model after performing the time-scale
(2, = 41.8) and vertical-scale (4, = 70) transformations.

Prototype system

The collaborative prototype system supports multiple par-
ticipants such that collaborative visualization of physical
model observations and numerical Hunhe River flood
dynamics can be achieved. Participants can set the exper-
imental parameters of the flood simulations and send their
parameters and control messages to the compute server.
The compute server performs the flood simulations using
the CA model coupled with the dynamic observations
obtained by the water depth sensors. The simulation results
are then sent back to each client for collaborative visual-
ization and discussion. The collaborative virtual flood
experiment prototype system, which integrates cellular
automata and dynamic observations, is shown in Fig. 6.

The participants in the experiment can determine the CA
model parameters (Tspan, j, At, and o) through the evolution
of the similarity between the simulation results and
dynamic observations. For example, Fig. 7 illustrates the
similarity evaluation function for the simulation results and
the dynamic observations using different values for
parameter j (the other parameters are held constant at
Typan = 1000 s, At = 2's, and o = 0.02).

The collaborative experiments were conducted with dif-
ferent sets of parameters, as detailed in “Adjustable cellular
automata model for observation-coupled flood simulations”
Tspans J» At, and o). Through collaborative experimental
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Fig. 4 The physical model of the Hunhe River

Fig. 5 Distribution of the N

observation points in the
physical model A

analysis and comparisons of the results, the experiment
participants found that the coupled flood simulations can
achieve results that are similar to the physical model obser-
vations when the time delay is long and when the chosen
parameters are Ty = 1000's, j =900, Ar =2s, and
o = 0.02 (the time delay between the numerical and physical
models is j x At = 1800 s). A comparison of the inundated
area predicted by the numerical flood simulation only and the
numerical solution coupled with the dynamic observations
(Tspan = 1000, j = 900, At = 25, and o = 0.02) is shown
in Fig. 8. We find that the accuracy of the simulation
improves after it is coupled with the dynamic observations.

Discussion
Geographic Science, similarly to other experimental disci-

plines (physics, chemistry, etc.), requires multiple observa-
tional and experimental methods for validating theoretical

@ Springer
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models. Geographic Science is also complex, and computer
and communication technologies should be used to support
multiple participants in collaborative experiments. Although
the thought of experiment is widely adopted by geographers
who performs hypothesis-testing in their researches, the
virtual geographic experiment is more inclined to build an
environment that can customize the necessary elements of
geographic experiments, and can integrate geographic
models, data analysis tools, geographic researchers and
dynamic observational data to collaboratively solve geo-
graphic problems and discover new knowledge.

Similarity evaluation between simulation information
flow and observation information flow is important in the
experimental analysis. Characteristic parameter should be
determined according to the aim of experiment before
similarity analysis. In future study, the similarity analysis
should be a quick evaluation tool that can judge the simi-
larity between simulation and observations
comprehensively.
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Flooding is a typical geographic process for which a
hydrological model is used as a simplified representation of
a complex system. However, existing models must be
calibrated to the specific conditions of each landscape and
to the goals of each study (Rinaldi et al. 2007). A data-
driven flood simulation framework, which supports the
incorporation of dynamic observational data and informa-
tion processing, can achieve more accurate modeling and
simulation of flood events. In this study, we describe a

collaborative virtual flood experiment that integrates cel-
lular automata and dynamic observations. Through an
experiment with the prototype system, we found that the
collaborative flood experiment can combine the advantages
of numerical simulations, dynamic observations and col-
laborative visualizations to generate accurate predictions of
flood events.

With the rapid development of networking and big data,
flood simulations and predictions can be supported by
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Fig. 8 Comparison of the inundation areas

cellular automata with adjustable parameters and collabo-
rative experimental analysis. In future work, dynamic flow
velocity observation data are also needed to rectify CA
model; the flood model library and parameter database
should be improved to support the virtual flood experiment
such that participants can customize flood models and
parameters for specific landscape conditions and study
goals. Additionally, how human perception affects group
decisions in the virtual flood experiment environment
should be more thoroughly studied.
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