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Abstract — Geographic Information System (GIS) is an
information technology that is readily applied as a decision aid
for a variety of water resource applications. System dynamics as
a method of computer simulation of dynamic systems is based on
the basic concept of stock with incoming and outgoing flows. In
most real-world problems the change in the level of the basin is
considered to be the result of summation of incoming and
outgoing flows over a certain period of time, taking into account
the initial level of the basin. This makes system dynamics an
appropriate tool for modelling the behaviour of water basins. A
digital terrain model consists of a digital elevation model and a
digital model of the situation. For the needs of system dynamics
modelling in this case-study only the digital elevation model
(DEM) is used. GIS product — DEM —usage in system dynamics
models advances simulation-based analysis and decision making
for local and regional operational forecasting.

The task of the article is to formulate both necessary and
sufficient requirements for DEM usage in effective forecasting of
water basin behaviour with system dynamics model. Within the
proposed approach simple system dynamics models of a basin are
developed and verified. These models include incoming and
outgoing flow models in form of time-series and basin level DEM-
based model. The incoming flow is defined with a hydrograph.
The water regime of the basin is determined by its geometrical
properties. The outgoing flow is formed at the exit from the
basin. The models are formalized as a set of first-order difference
equations, which are solved sequentially after constant time steps.
The solutions provide simulation progress over time. The concept
of constant time step is associated with the periodicity of
observations of the natural water objects. The basin level
function of the volume makes it possible to develop the system
dynamics model of the basin suitable for simulation of the level
changes in the basin. The developed system dynamics models are
used for experimentation with various scenarios of the behaviour
of the system under investigation and for forecasting the
consequences of changes in parameters or structure of the
system. The requirements for DEM usage in system dynamics
models are formulated.

The application of system dynamics with incorporated DEM-
based basin models makes it possible to analyse the behaviour of
the investigated basins and to obtain operational forecasts of the
situation for various scenarios. Further research is outlined on
the accuracy of simulation results depending on the complexity
increase in the simulated object for closer similarity to real
reservoirs.
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I. INTRODUCTION

Recently many of GIS projects have been implemented with
the use of digital elevation models (DEMs). Actual examples
from different human activity areas are Afghanistan
Geological Survey and U.S. Geological Survey 2010 Minerals
Project, Sutton Common Project in Archaeology, US National

Tsunami Hazard Mitigation Program, Okavango Delta
Management Plan and other projects and research programs.
The tasks that can be solved with the help of DEM are diverse
and among them one can find: (a) the calculation of grades
and aspects that is important in the construction of roads and
pipelines and in agriculture, when the fields for crops with
different requirements for lighting are selected; (b) the surface
water flow analysis on a territory; (c) flood modelling and
other tasks [3].

II. GIS AND DEM FOR SYSTEM SIMULATION

GIS is a tool to capture process and store spatial
geographical data and information about related objects.
Nowadays GIS are complex hardware and software systems.
The information may be obtained from remote sensing or
digitization of map information. Two main approaches to store
data in GIS are raster images and vector graphics. Digital
Elevation Models (DEMs) are a type of raster GIS layer [1].
The integration of a raster DEM into a simulation model will
provide extra potential to system simulation in flood event
simulation area.

When forecasting the flooding of a territory, the main
source of information about the area is its digital model [3].
The use of digital models significantly saves time and labour
in comparison with the traditional technology of the extraction
of information from topographic plans or maps. Extraction of
accurate DEMs is important for flood planning, map
generation, three-dimensional GIS, erosion control,
environmental monitoring, and other applications. The
accuracy of DEMs based on space images mainly depends on
the image resolution, height-to-base-relation, and image
contrast [2].

A digital terrain model consists of a digital elevation model
and a digital model of the situation. For the needs of system
dynamics modelling in this case-study only the digital
elevation model is used. DEM is digital data, in which each
point represents X, Y, and z coordinates or latitude, longitude
and height describing the bare soil [5]. A grid format DEM
stores elevations in a regular array, very much like a raster
image comprised of pixels (Fig. 1).

The raster model of the terrain is a subset of the broader
class of raster models that can represent the distribution of any
quantity (temperature, the exposition of the slopes, etc.) on the
surface of the earth. For the purposes of this article, let us
consider a simplified geometrical raster model of the reservoir
V as a structure

V =(S,h,Ah) (1)
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where

S — the finite set of sections of the basin defined by lines of
equal level; S = {sl’sz,""sn};

N — the number of items in the set S, n=H/Ah;

H — the maximum depth of the reservoir, relative to the
selected base mark.

The level of the basin h does not exceed a certain base
mark.

h — the current level of the reservoir, which is defined with
a precision of up to Ah;

Ah — the increment of measurements of vertical size of
the object, the size of the raster; determines the accuracy of
the model (up-to-date DEMs provide planimetric resolution of
1 m and even finer [8]).

Within the approach, the natural object — basin — is
described as a discrete mathematical structure, which can be
used in the mathematical modelling of the changes of the
basin level.

In most real-world problems the change in the level of the
basin V(t) is considered to be the result of summation of
incoming and outgoing flows over a certain period of time,
taking into account the initial level of the basin. Intensity of
incoming F,, and outgoing F,, flows can be obtained in the
form of water consumption (water volume flowing through the
cross-section of the flow per time unit, usually in m*/sec). This
kind of data can be obtained for some particular points of time
and can be interpreted as time-series:

Fip = f(t) and Fy, =g(t) @

Then

t t

V)=V, + [ f (t)de- [g(t)at 3)

0 0

or taking into account the discrete nature of measurements of
levels and flow rates in such systems

V(t)=V(t—At)+(f(t)-g(t))- At 4)

The latter equation makes it possible to assert that
Forrester’s system dynamics may be an appropriate tool to
determine a reservoir level at particular points of time with
time increment At , taking into account the assumptions about
the nature of the input data.

III. SYSTEM DYNAMICS FOR FLOOD SIMULATION

In system dynamics continuous models the time steps are
constant, time advance is regular and the state variable
changes are directly linked to time advance, and simulated
system state variable values display the state of the system at
any particular time. In system dynamics models the flows may
be interpreted as flows of liquids in pipes, at any time the
liquid volume could vary, but flows in general are continuous.
Flow intensities are constant during a single fixed time step.
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System dynamics (SD) simulation models are discrete-time
models, which implement one of the basic system
specification  formalisms — Discrete Time System
Specification (DTSS). Discrete time models belong to the
most intuitive dynamic system models [6].

Discrete time model formalism provides step-by-step
simulation. At any time t the model state is exactly and
unambiguously defined, and this state determines the model
state at time t + At.

System dynamics models are developed using a fairly small
number of model element types. The main SD model elements
are: (a) levels or stocks — the elements for simulating
quantities of some objects or resources; (b) flows for
simulating the intensities or rates of level changes; (c) decision
functions and variables and (d) informative connectors
simulating the information exchange between model elements.

Among model elements there are “flows”, which can be
used to simulate a variety of natural flow objects within
system dynamics models. In system dynamics any type of
“savings” are simulated as stocks, e.g., product inventory item
in transit, cash in a bank, the staff of a company, requests for
assistance system, means of transport on a road, liquid in a
reservoir, tank or basin, etc. Stocks are simulated as variables.
At any simulation time t the stock variable value can be
derived from the stock variable value at time t — At . Here At
is a constant value, which was determined before the
simulation run and is appropriate for the current study of the
system under investigation.

The stock values provide information about the state of the
simulated system at any particular simulation time t. The flow
rates provide changes of stock values and characterize the
activity of the system. In general, the equations for decision
functions determine system behaviour. Decisions are made on
the basis of the values of stock variables and flow rates.
Information links provide data exchange between elements of
the model.

Model behaviour and simulation results are dependent on
the determined time step value At. In practice, this means that
a discrete model is developed and the model state changes
after every time step At. When the time step At is large, the
model can give inaccurate results. In turn, with fine time steps
At simulation results should be reasonably accurate, but the
volume of performed calculations and the volume of the saved
model data will increase dramatically. The correct choice of
At value depends on the goals of the simulation project and
on the experience of the author of the model.

System dynamics software makes it possible to describe the
simulated system behaviour with first-order difference
equations. The “current” model state is derived from the
previous state using these equations. The basis of system
dynamics theory was formulated in the 1960s and is widely
applied to a global problem theoretical analysis. Jay Forrester,
the founder of system dynamics, defined the system dynamics
approach emphasizing the role of feedbacks: an approach to
continuous dynamic systems analysis by treating such systems
as informative systems with systemic feedbacks. Feedbacks as
specific system elements are mostly associated with the
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philosophy of system dynamics, whereas computer model
development is based on DTSS formalism. The models are
formalized as a set of first-order difference equations, which
are solved sequentially after time steps At. The solutions
provide simulation progress over time.

Taking into account the above-mentioned considerations,
one can suggest that system dynamics may be applied as a
method of investigation of some types of dynamic hydraulic
systems. Such characteristic elements of system dynamics
models as levels and flows directly encourage modelling the
main objects of hydraulic systems. The concept of constant
time step At is associated with the periodicity of observations
of the natural water objects. The principle of information
feedback can be used for realistic modelling and simulation of
reservoirs with input and output flows. The main challenge in
this area is to formulate the basic principles of arbitrary shape
reservoir simulation.

IV. THE CONCEPTUAL MODEL OF BASIN LEVEL ESTIMATION

Let us consider an object that represents a basin of irregular
shape, described as a simple raster model and formulated on
the basis of lines of equal level (Fig. 1).

Basin surface elevation contour makes it possible to
generate a DEM from contour lines and scattered data. The
altitude difference between the lines of equal level Ah allows
for the estimation of the volume of the basin along the lines of
equal level. Data on the basin volume in relative units are
presented in Table 1.

The basin level function of the volume is shown in Fig. 2.

The available information about the basin makes it possible

to develop the system dynamics model of the basin suitable
for simulation of the level changes in the basin under various
scenarios.
The water regime of the basin is determined by its geometrical
properties and incoming flow Q, which is defined with a
hydrograph, as shown in Fig. 3. The outgoing flow is formed
at the exit from the basin.

Fig. 1. The basin equal level lines and a detail of the coastal line
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TABLE I
THE LEVEL FUNCTION OF THE VOLUME
Basin layers from The share of the
bottom to top volume of the basin
0 0%
1 17%
2 38%
3 60%
4 87%
5 99%
6 100%
6
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Fig. 2. The level function of the basin
QA
Time

Fig. 3. A hydrograph showing the rate of incoming flow of the basin Q

V. SIMULATION SOFTWARE AND SYSTEM DYNAMICS MODEL

System dynamics software, e.g., Analytica, AnyLogic,
DYNAMO, Stella, iThink and others provide very similar
tools for model creation, even the conceptual models in
various software environments look similar. Vensim PLE
software is a tool that allows conceptualizing, developing and
simulating dynamic systems of various natures using system
dynamics method and has outstanding features for analysing
and optimizing models of these systems. The model of the
basin is developed using Vensim PLE software.
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Fig. 3. A fragment of a system dynamics model of a simple basin

The fragment of the model overview is shown in Fig. 4. The
share of the volume of the basin, determining the level of the
reservoir, is represented in the model with VENSIM object of
type Level. The total input flow in the form of a hydrograph is
specified using the VENSIM Graph Lookup function, see
Fig. 4.

The total outgoing flow is determined by the set of
constraints on the volume of the basin, the total incoming flow
and initial level. The basin level is determined by the Graph
Lookup function, based on the graphic dependencies shown in
the figures above. The period of one year is used as the length
of simulation experiments. The simple simulations provided
the results of the simulation as time-series of the share volume
of the basin and its level changes over the year. Simulation
results are associated with a particular set of initial conditions
and a particular total incoming flow.

VL

Simulation results are available in the form of graphs and
tables, fragments of which are depicted in Figures 5, 6 and 7.

SIMULATION RESULTS

Automatic sensitivity analysis is not available in Vensim
PLE; nevertheless, the comparison of alternative scenarios can
be performed. An example of comparison of the simulation
results — basin level time-series — is shown in Fig. 7.

The verification of the system dynamics model of a simple
basin is performed analytically.

The results shown in Fig. 7 are obtained by simulating the
hydrographs with different rates and allow making
conclusions regarding the magnitude and duration of changes
of the basin level.

VII. CONCLUSION

This paper is the first study to use the DEM in a particular
area — system dynamics. It is obvious that the object and
scenarios considered in this case study are simplified. It
should be mentioned that the feedback principle, which is
typical of system dynamics models and reinforces effective
forecasting, is not fully used in this case study. Nevertheless, it
is possible to formulate the main principles of construction of
system dynamics model of the basin and the main data
requirements for model development of this type. More
research is needed on the accuracy of simulation results
depending on the complexity increase in the simulated object
for closer similarity to real reservoirs.
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Fig. 5. The simulation results as time-series of Level and Flow variables
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Time (Day)  Selected CurrentLevel IncomingFlow Outgoing Flow Volume -
0 Variables 48.3333 0.1 0 97

0.25 Runs: 48.3542 0.100715 0.100006 97.025

0.5 Current  48.3543 0.10143 0.100708 97.0252
0.75 48.3545 0.102144 0.10144 97.0254

1 48.3546 0.102859 0.102142 97.0255

1.25 48.3548 0.103574 0.102844 97.0257

1.5 48.3549 0.104289 0.103577 97.0259
1.75 48.3551 0.105003 0.104279 97.0261

2 48.3552 0.105718 0.105011 97.0263
2.25 48.3554 0.106433 0.105713 97.0264

2.5 48.3555 0.107148 0.106445 97.0266
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Fig. 4. The Graph Lookup function of the total incoming flow
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Fig. 6. The simulation results in a Table Time Down for Level and Flow
variables

The accuracy with which basin topography has been
mapped directly affects the reliability and usefulness of
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elevation-based level rise vulnerability assessments [4].
Further research in this area should be conducted to evaluate
the effects of wvertical uncertainty on the accuracy of
simulation results and to consider ground water flows for
higher model reliability.
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Fig. 7. The simulation results as time-series of basin level for five scenarios
with the same initial conditions and various hydrograph rates
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Jelena Pecerska. Digitala reljefa modeli bazéta rezervuara limena izmainu prognozeSana

Terminu ,,geografiskas informacijas sistémas™ (GIS), biezi lieto, lai atsauktos uz dazadam tehnologijam, procesiem un metodém, tai skaita informacijas
tehnologiju, kas tiek veiksmigi izmantota, lai risinatu dazadas problémas, kas saistitas ar @idens resursiem. Sistému dinamika (SD) ir dinamisku sisteému
datormodel&$anas un imitacijas metode, kas balstas uz krajuma un pliismas pamatjédzieniem. Sa iemesla d&é] SD metode ir piemérota fidens baseinu ar ienako§am
un izejosam plusmam stavokla dinamikas modelé$anai. Viena no GIS tehnologijas produktiem — digitala reljefa modela — pielietoSana sistému dinamikas
modelos lauj sasniegt jaunu limeni, risinot baseinu dinamikas analizes uzdevumus ar imitacijas modeléSanas metodi, un lauj nodrosinat lémumu informativo
atbalstu viet&ja un regionalaja operativaja prognozésana. Raksta pamatuzdevums ir nepiecieSamo un pietickamo prasibu formulésana DRM attéloSanai un
turpmakai pielietoSanai baseina stavokla dinamikas prognoz€Sanai uz sisttmu dinamikas modelu bazes. Saskana ar piedavato pieeju izstradati un verificéti
vienkarsi baseina sistému dinamikas modeli. Sie modeli ietver iendko$o un izejoso plismu laikrindu modelus un DRM-bézétu baseina limena modeli. Izstradatie
baseina sistému dinamikas modeli tiek pielietoti eksperiment€sanai ar sist€émas stavokla dinamikas scenarijiem un sistémas parametru vai struktiiras izmainu seku
prognozésanai. Formulétas DRM izmantoSanas prasibas sisttmu dinamikas modelos. DRM-bazgtu modelu pielietosana lauj analizét pétama baseina stavokla
dinamiku un prognozgt situacijas attistibu dazados scenarijos ar sisttmu dinamikas metodi. Atslégas vardi — datormodeléSana un imitacija, (Forestera) sistému
dinamika, digitalie reljefa modeli, pltidu prognozésana.

Eunena Ileyepckasi. [Iporno3npoBaHue H3MeHeHHs! YPOBHsSI BOl0eMa MeTO10M CHCTEMHO# JMHAMHMKH Ha 0a3e uudposoii Moxenn peabeda

Tepmun «reorpadudeckas nHpopmannonHas cucreMma» (I'MIC) gacto npumeHseTcst 1uisi 0003HAUCHHS Pa3IMYHBIX TEXHOJOTHH, POIIECCOB H METO/OB, B TOM
yyciie MHOOPMAIMOHHON TEXHOJOTUMM, KOTOpas YCIEIIHO HCHOJb3YeTCs B PEIICHHH HEKOTOPBIX 3aJad, CBA3AaHHBIX C BOJHBIMH pecypcamu. CHCTeMHas
JMHAMHUKA KaK METOJ KOMIIBIOTEPHOTO MOJCIMPOBAHMS AMHAMMYECKHX CHCTEM OCHOBaHAa Ha 0a30BBIX MOHATUSX 3amaca M IMOTOKA. JTO JETaeT METO[
HHCTPYMEHTOM, IIPUTOJHBIM TSI MOAECIIMPOBAHHUS ITOBEJICHHS BOLOEMOB C BXOASAIIMMH W MCXOISAIIMMH NOTOKaMu. IlpuMenenne oxHoro u3 mpoxykros I'IC
TexHOJOrHU — [H(ppoBoil Mozenn penbeda (LIMP) — B Monessx CHCTEMHOH AMHAMUKH IO3BOJSIET BBITH Ha HOBBIH ypOBEHb B PCLICHHH 3a1ad aHAIH3a
JIMHAMHUKH COCTOSIHHSI BOJOEMOB METOJOM MMHTALHOHHOTO MOJCIHPOBAHHSA, a TaKkKe 00ecIeunTh HH(POPMAILMOHHYIO IMOIJEPXKKY PEIICHHIl B JOKAILHOM K
PErHOHaIBHOM OIIepaTHBHOM HPOrHOo3upoBaHHU. OCHOBHAS 3aJa4ya JaHHOH CTaThbH 3aKIIFOYAeTCsl B pa3paboTKe HEOOXOIMMBIX U JIOCTATOYHBIX TPeOOBaHUH K
npencrasiernto LIMP mi1s ucnons3oBanus B 9 GEeKTHBHOM NPOTHO3UPOBAHUH IMHAMHKH COCTOSIHHSI BOJOEMOB Ha 0a3e CHCTEMHO-IAMHAMHYECKHX Mojeneil. B
paMKax MpeaIaraeMoro IoAxoja pa3paboTaHbl U BepU(UIMPOBAHBI HPOCTHIC CHCTEMHO-AMHAMHYECKHE MOJCIN BOAOEMa. DTH MOJEIM BKIIOYAIOT B CeOs
MOJIEJIH BXOISIINX U UCXOJUIIINX ITIOTOKOB B BHJE BPEMEHHBIX PSIOB M MOJENb YPOBHS BojoeMa Ha ocHoBe LIMP. Pa3pabGoTaHHBIE CHCTEMHO-IMHAMUYECCKHE
MOJIE/I BOJOEMA MCIIOJNIb3YIOTCS JUIS 3KCIICPUMEHTOB C PA3iIMYHBIMU CIICHAPUSIMHM TOBEACHHSA CHCTEMbI M JUISl NPOTHO3MPOBAHMS MOCICIACTBHN HU3MEHEHHUS
[1apaMeTPOB WK CTPYKTYphl cuctemsl. ChopmypoBaHbl TpeboBaHust K uconb3oBanuio LIMP B cuctemMHO-anHaMu4eckux Mozeisx. [Ipumenenue Mojeneii Ha
ocHoBe [IMP nenaeT BO3MOXXHBIM aHAIN3 JHHAMHKH COCTOSHHS HCCJIEHLYyEeMOrO BOJOEMa U IOJTy4YEeHHE ONEPAaTHBHBIX IPOTHO30B PasBUTHS CHTYaLUH JUIs
pa3lIMuHbIX CLEHAPUEB METOJOM CHCTEMHOI AuHaMukH. KirtoueBble clloBa — KOMITBIOTEPHOE MOJICIMPOBaHuE, cUcTeMHast AuHaMuka (Poppecrepa), uupposas
Mo/jienb penbeda, MPOrHo3upoBaHUE MABOIKOB.
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