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Abstract.RODOS is a real-time on-line decision support system for emergency
management after a nuclear accident. One objective of RODOS is the simulation of
emergency actions (sheltering, evacuation, administration of iodine tablets) and the
assessment of the radiological and economic consequences without and with these
actions. In the first part of the paper the corresponding models and methods
integrated in the system are described. The action "evacuation of the population" is a
very complex process as many factors may influence the success and the
effectiveness of the measure. The second part of the paper describes the evacuation
simulation module EVSIM which accounts for most of these factors and which
offers an user interface to adapt the underlying data base to the emergency situation.
Decisions on the spatial and temporal implementation of evacuation are complicated
problems which have to take into account different criteria. The third part of the
paper describes the optimisation module STOP which has been developed for
optimising evacuation routes with respect to route length, minimal dose received,
optimal starting time and costs. The STOP module has been coupled to the EVSIM
module. The paper describes the methodology applied for the modules and
illustrates their interaction.

1. Introduction

RODOS is an integrated and comprehensive Real-time On-line Decision Support system for
off-site emergency management of nuclear accidents. The system characteristics and the
current state of development are described in [1-3]. The simulation of the effect of emergency
actions on individual doses and the assessment of other radiological and economic
consequences without and with these actions is the main objective of the module group
EMERSIM, HEALTH and ECONOM in the Countermeasure Subsystem CSY of RODOS.
The emergency actions considered in EMERSIM are sheltering, evacuation and administration
of iodine tablets [2]. These actions are typically limited to areas up to of a few ten kilometres
from a nuclear power plant (NPP), and to time intervals from a few hours before the beginning
of the release to several hours after the cloud of released nuclides has left the near range. In a
given accident situation the areas with emergency actions may be defined by a series of dose
intervention levels and/or emergency zones. Whether, where and when the actions really can
be carried out is a question of the time left in comparison to the time needed for them, and of
the availability of technical and personnel support. This question has to be answered by the
decision maker and his technical advisors.
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2. The Module Group EMERSIM, HEALTH and ECONOM

2.1. The EMERSIM Module

EMERSIM determines the areas with early emergency actions, simulates these actions, and
quantifies individual organ doses with and without countermeasures. It allows the decision
maker for choosing different temporal and spatial patterns of countermeasure combinations.
All calculations of doses and consequences are carried out on the same coordinate grid as it is
used in the RODOS subsystem ASY for calculating the concentration and radiation fields [2].
It is an orthogonal 41 x 41 cells grid. The typical cell size for near range problems is 1 x 1 km2

or 2 x 2 km2.
Modelling of emergency actions and dose calculation in EMERSIM. For the calculation

of doses with protective actions an action scenario has to be defined. The definition of an
action scenario includes the action areas and the action time intervals. The action areas are sets
of grid cells marked with action specific tags. The action time intervals define when a certain
action begins and ends. The action times are user input to EMERSIM. With given potential
dose histories ( a dose history is a time sequence of half hour dose segments; potential dose
histories are calculated in ASY [2] ), action areas and action time intervals the dose field
calculations taking into account of emergency actions can be carried out (a dose field is an
array of dose values for all grid cells). For this purpose in each grid cell without an action tag
the potential dose segments are summed up. The cells with an action tag are treated in a
different way: the potential dose segments are summed up only at times before the action has
started. During or after the action the value of each dose segment is modified by a specific
factor or function modelling the effect of actions on dose. Then all cell dose segments are
added to get the cell dose.

The dose reduction during sheltering is simulated in EMERSIM using building type
specific shielding factors for external cloud and ground gamma radiation. The shielding
factors are defined as average values for each grid cell and are derived from the building types
in that cell. In the present version of EMERSIM the simplifying assumption is made that
before the start of and during the evacuation people get the potential dose of their home
location. After the evacuation no additional dose is added (dose cut off). In the next versions
of EMERSIM a more realistic modelling of exposure during the evacuation will be possible
using the results of the evacuation simulation module EVSIM described below. The time
dependence of the reduction factor resulting from administration of iodine tablets is modelled
by an exponential function.

Modes of operation. EMERSIM can be run in an interactive and an automatic mode. In
the automatic mode there is no user input of area and action defining variables. Fixed dose
intervention levels are used for estimating emergency actions. In the resulting intervention
areas a series of three basic actions is calculated: sheltering only, evacuation only and intake
of stable iodine only.

In the interactive mode action areas can be defined indirectly starting from dose
intervention levels which can be edited by the user, or directly by graphical input of these
areas in the form of sectors and zones around the NPP or of arbitrary shape. The user can
define several overlapping action areas, starting times and durations. Fig. 1 gives an example.
The capital letters denote the action tags of the areas: Sheltering, Evacuation, intake of stable
Iodine. The combination SEI means that Sheltering, Evacuation and intake of stable Iodine
take place in the area tagged with it. 'No action' denotes areas without emergency actions with
normal living conditions. The starting times and durations of the actions can be chosen
indepenently in different areas as follows: the sheltering time intervals in S and SI areas are
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equal; the sheltering time interval in areas with additional E tag (SE and SEI areas) may be
completely different. The evacuation starting before the end of sheltering terminates
sheltering. The intake of stable iodine is assumed to occur synchronously in all I tag areas. It
is not carried out in E areas if evacuation starts before the time of iodine intake.

No action

No action

INPUT
Radiological data,

demographical data,
geographical data.

a) action areas: S = area with shelterig,
E = area with evacuation, I = area with
iodine tablets intake.

Duration of sheltering in areas S and S I:

1 I - - I '

Duration of sheltering in areas S E and SEI :

I I I I
Duration of exposure during evacuation in areas E, S E and S E

L IE ~
Time of intake of iodine tablets in areas I, SI and SEI :

I H

b) action timings

Fig.l: Example action areas and timings
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Fig. 2: Program flow of EMERSIM, EVSIM
HEALTH and ECONOM
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Dose results of EMERSIM. Each dose is estimated for 7 different integration times:
24h, 7d, 14d, 30d, 0.5y, ly and 50y (except the external cloud gamma dose). The doses are
calculated separately for the three exposure pathways cloudshine, groundshine, inhalation, and
as the sum of all three pathways. All doses are fields defined on each of the 41 x 41 cells grid.
The organ doses calculated are: lung dose, bone marrow dose, thyroid dose, uterus dose and
effective dose for adults and partially for children.

2.2. Health Effects and Economic Costs

The health effects module HEALTH estimates the numbers of people with deterministic and
stochastic somatic health effects resulting from individual doses. The models used are the
same as those implemented in the program package COSYMA [4]. Input to the health effects
module are the organ dose fields calculated in the EMERSIM module and the population
distribution. From these dose fields the following individual risk fields are calculated:
• Individual risk of deterministic health effects:

• morbidity: lung function impairment, hypothyroidism, and mental retardation
• mortality: pulmonary syndrome, hematopoietic syndrome, pre- and neo-natal death

• Risk of stochastic somatic health effects: cancer mortality
The number of people with different health effects are determined from the risk fields and the
population distribution.

In the economic module ECONOM various off-site economic consequences of the accident
are assessed in the form of monetary costs. The different kinds of costs are calculated in
several models:

• model for costs of medical treatment of persons with health effects
• model for costs of evacuation and accommodation of people
• model for productivity losses to society due to illness or death of people

The models contain realistic economic parameters and data describing the economic structure
of the areas affected by the accident. Input data to ECONOM are population data, the health
effects data, regional economic data, and the numbers of persons affected by evacuation. The
modelling of economic consequences is oriented at the methodology used in COSYMA [5]

2.3. Program Structure

The program structure and interaction of modules is shown in Fig. 2. The INPUT module
provides geographic and demographic data and the potential dose segments stored in the
RODOS data base. In the module NO ACDOS fields of individual doses are calculated under
the conditions of 'no action'. Two cases are distinguished: 'open air' doses equal to potential
individual organ doses and doses under 'normal living' conditions calculated with location
factors for urban areas. In the interactive mode the user can define his action scenarios in the
module ACTIONS specifying dose intervention levels, a list of actions to be simulated and
starting times and durations. The module AREAS determines the areas with grid cells in
which the doses exceed the intervention levels. Once these areas are determined the user can
modify them graphically on the screen. The dose calculations including actions are performed
in the module ACDOS. The information about the movement of people during an evacuation
provided by the module EVSIM will be input to ACDOS and allow a more realistic dose
calculation. The modules HEALTH and ECONOM are called to estimate the health effects
and the monetary costs with and without protective actions.
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2.4. Presentation of Output

There is a variety of output presentations in RODOS: Emergency action areas, population,
dose fields, individual risks and numbers of health effects are typically displayed as colour
coded areas together with geographical information on the RODOS main window. In addition,
local values can be shown on the screen by mouse clicking. Other forms of graphical dose
presentation are dose frequency distributions in the population and the time dependence of
dose accumulation. Output data not suited for graphical display are presented in tables: such
data are collective doses, areas and numbers of people affected by protective actions, total
numbers of health effects, costs, and important parameters of the simulated emergency actions
like intervention levels, timing parameters, and logical flags. Both graphical output and table
output can be printed.

3. The EVSIM Module

The task of the evacuation simulation module EVSIM developed at Forschungszentrum
Karlsruhe is to estimate the time evolution of the spatial population distribution in the early
countermeasure phase. Therefore, both the topology and the geometry of the traffic net have to
be considered in the model. Because of the need of a very fast evacuation simulation the
traffic net in EVSIM is modelled on a grid. The time evolution of the population distribution
is modelled using constant timesteps. In the present version of EVSIM the length of a grid
element is one kilometre and a timestep of a typical run is one minute of evacuation time. The
model takes into consideration that the velocities on the road segments depend on the type of
road. To improve the model efficiency, EVSIM uses the concept of representatives:
individuals with the same or a very similar evacuation pattern are grouped. EVSIM simulates
the movements of the group individuals by considering only one representative. The
computed spatial population distributions for every timestep are output data from EVSIM
which will be used by other RODOS modules (e.g. to estimate the doses of the individuals
arriving at the emergency stations). Very important units of the EVSIM code are the EVSIM
User Interface and the EVSIM Analysing module.

3.1. Traffic Net Data and User Interface

EVSIM reads the traffic net information from a data file. One part of this file contains a
database of evacuation routes for the nuclear power plant considered. The traffic net
information can be generated or modified by a text editor. The input module of EVSIM
checks the information for consistency and fills the matrices in the computer memory with the
traffic net and the information on the evacuation routes. The input module is able to recognise
comment areas in the data file. Therefore it is possible to build new data files by the editor
using one commented data file as an example.

The success of an evacuation strongly depends on a lot of factors which may change during
daytime (e.g. actual number of people in settlements, availability of private cars,...) and even
during the evacuation (e.g. possible traffic blocks, availability of technical and personnel
support). To handle all these actual conditions and to use the knowledge of experts about
evacuation managment (e.g. by exercises and in the planning phase) EVSIM has its own User
Interface. It includes a graphics package designed for the special needs of EVSIM. This
graphics package is based on the graphics library used in RODOS [3]. The graphical
information is organised in layers. This concept gives the user the opportunity to select and
erase information from the graphics screen. So the user is able to specify the amount of data
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presented on the graphics screen. A HELP tool explains the functionality of EVSIM and offers
example sessions to the untrained user.

3.2. E VSIM Scenarios and Simulation Control

Due to the modelling in EVSIM evacuation decisions have to be based on settlements
(villages, cities, districts of cities, ...). The time schedule of the evacuation of the settlements
in the evacuation zone is very important for the success in dose reduction. Therefore an
evacuation scenario in EVSIM defines which settlements will be evacuated at which time. In
EVSIM the user can either use predefined scenarios or define its own scenarios using the
EVSIM User Interface. Furthermore it is possible to adapt the simulation data to the actual
situation by means of this Interface (e.g. setting traffic blocks or the population distribution at
the beginning of the evacuation)

The user can interrupt and resume the evacuation simulation by control buttons. He is able
to make changes (e.g. set/unset traffic blocks) if the simulation is interrupted. EVSIM presents
graphically roads by polygonal lines on the screen. The traffic net, the chosen scenario and the
actual simulation status are depicted by special symbols. 'Information Windows' of EVSIM
give the symbol explanation. The user can specify the simulation time intervals between
updates of the screen. So it is possible to follow the simulation in 'slow motion'. EVSIM
detects when the evacuation is finished.

3.3. The EVSIM Analysing Module

Taking decisions on the most appropriate evacuation pattern and designing effective
evacuation plans are complicated tasks. To support solving such problems EVSIM has its own
Analysing Module. It is a module that evaluates the efficiency of the simulated evacuation.
Endpoints are:
• Simulation data describing in summary the evacuation process simulated by EVSIM
• A graphical representation of the duration of the evacuation for each settlement.
• Driving time distributions
• Dose distributions computed during an EVSIM run
Furthermore it calculates so called "counter-measure indices", which are indicators for the
efficiency of the evacuation decisions.

Simulation Data comprise the following data:
• Starting time and duration of the whole evacuation
• Number of evacuated persons
• Number of persons per private car
• Mean transport performance in persons per hour and in cars per hour
• Mean individual driving time and collective driving time in minutes
• Quality measure indices for the evacuation process

Duration of evacuation. To optimise the evacuation with respect to traffic jams and with
respect to dose exposure it is extremely important to know the starting time and the end of the
evacuations for each settlement. Therefore the starting time, the duration and the end of the
evacuation of each of the settlements are graphically presented in one diagram. The
connection of these data with the information about the movement of the cloud of
radionuclides released by the NPP is necessary to optimise the evacuation with respect to dose
exposure.

Driving Times and Countermeasure Indices. The Analysing Module calculates the
driving time distributions for settlements and for the complete evacuated population using the
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simulation data. The distributions are presented as data files and as diagrams. The following
diagrams are available:

• Absolute Frequency Distributions of Driving Times
• Normalised Frequency Distributions of Driving Times
• Cumulative Absolute Frequency Distributions of Driving Times
• Cumulative Normalised Frequency Distributions of Driving Times
• Countermeasure Quality Index 0 presents the inverse mean personal driving time

in (hour)**-l for every evacuated settlement and the whole evacuation zone
• Countermeasure Quality Index 1 presents the inverse collective driving time in

(hour)**-l for every evacuated settlement and the whole evacuation zone.
Individual Doses. Furthermore the user can select an EVSIM mode, in which dose field

data from the EMERSIM module are used to compute individual doses of the people in the
evacuation zone. In this case the Analysing Module of EVSIM builds a set of histograms for
each combination of organ, exposure pathway and integration times (see chap. 2.1). A set of
histograms consists of the following distributions and moments of distributions:

• Absolute Dose Frequency Distribution
• Normalised Dose Frequency Distribution
• Cumulative Absolute Dose Frequency Distribution
• Cumulative Normalised Dose Distribution
• Mean Dose presents the mean dose of the evacuated individuals got for every

evacuated settlement and the whole evacuation zone.
• Collective Dose presents the sum dose of all evacuated individuals for every

evacuated settlement and the whole evacuation zone.
If EVSIM is used in its standalone version this mode is very useful for optimising or testing
evacuation plans. In this mode EVSIM is able to graphically present the potential dose
histories calculated in a previous RODOS ran. This enables the user to optimise the
evacuation time schedule with respect to the individual dose (e.g. to compare the arrival time
of the radioactive cloud at a settlement with the evacuation starting time and with the time
when the evacuation is terminated.) Furthermore EVSIM presents the action areas from the
EMERSIM module. This gives the decision maker the opportunity of defining the evacuation
scenario consistent with the action area used in EMERSIM.

3.4. The EVSIM Data Manager

EVSIM simulations produce a huge amount of output. The data exchange with other RODOS
modules is performed by shared memory segments (Shared Memory is a UNIX feature for
interprocess communication). EVSIM stores huge data files on the fixed disk for its own
purposes (e.g. data for the EVSIM Analysing Module). To avoid missing disk space the
output data files of a new EVSIM simulation override the output files of older EVSIM
simulations. For the optimisation and the development of evacuation plans it is necessary to
compare the results of different simulations. Therefore EVSIM has a 'Data Manager Tool'. It
allows to store the output data files in compressed archives and to expand such EVSIM
archives. The data of EVSIM archives can be analysed by the Analysing Module of EVSIM.
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4. The STOP Module

The optimisation module STOP (System of Transport Optimisation) has been developed at
Cybernetics Centre in Kiev. For the decision maker it will be important to know the routes of
minimal length, the routes on which people can receive the minimal doses, the starting time of
evacuation (time when people finished sheltering and evacuation begins). STOP has been
developed according to these needs. The methodology of solving problems in the STOP
module is based on the theory of discrete optimisation and graph theory. STOP represents the
road network of the region where the accident takes place as a graph. The nodes of this graph
can be interpreted as intersections of the roads, the edges can be interpreted as road segments.
Each edge of the graph has its weight. The weights can be interpreted differently according to
the chosen optimisation criteria. For instance, if the time criteria is chosen, the weights will be
the times, if doses are chosen the weights will be the doses (Fig. 3).

The STOP module can solve the following problems: (1) finding the "optimal" route
between two nodes, (2) the travelling salesman problem and (3) finding the optimal starting
time for evacuation. The module can optimise under different criteria such as route length,
dose and time. In the future the dose criteria for the organs bone marrow, lungs, thyroid gland,
uterus and effective dose will be used. First, the user chooses the problem he wants to solve
and than selects the optimisation criteria. It is necessary to notice that the dose rates change in
time. STOP receives the information about the dose rate in discrete time intervals as described
above. The algorithms were chosen such that their calculation time is less than the time
intervals, with which the dose rates change. This is essential for the travelling salesman
problem which is NP-compIete. (NP-complete i.e. NonPolynomial complete ; the computation
time for an exact solution of NP-complete problems increases with N as exp(const.*N) .)

4.1. The problem of finding the "optimal" route between hvo nodes of the graph

Given the graph G=(V,A) with the weights of the edges w(e), with e member of A and two
nodes s and t (Fig. 3). The problem is to find the path from s to t with the minimal sum of
weights. Using the STOP module for solving this problem two nodes have to be set on the

wcight[e)=lenglh of road , . • '„ - - f t
segmenl[a,s) ." " " f

edge[e]

routd =11.2.3.4.5.6]
routc2=[1.5,2,3.4,6]

node(c)

weigh1(kj=lenglhlc.gj of dose(cg] or tlmefcg)

V: set of nodes
A: set of edges

Fig. 3 Fig. 4
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graph and the optimisation criteria has to be chosen. The optimisation criteria tell the system
how to interpret the weights of the graph. If the user wants to find the route with minimal
length, the weights of the graph will be the length of the roads, which are given to STOP by
EVSIM as input data.

In the case of finding the optimal route, which reduces the doses received by people during
the evacuation, the weights of the graph will be the doses received by people riding on this
road with constant velocity. When minimising the transport time through a contaminated
zone, the weights will be interpreted as times. In STOP the transport velocity is considered
constant for each road segment. For each road segment the velocity depends on the type of the
road and its transport capacity. The module STOP not only solves the above mentioned
problems. The user may set an upper dose value. STOP will calculate the transport velocity
for each road on which the people will receive doses less than this upper value.

To solve the first problem the module uses the Dijkstra algorithm, known as most
appropriate [6]. Because the complexity of this algorithm is only of order n**2 (where n is the
number of graph nodes), the running time of the Dijkstra algorithm can be compared with the
time for looking through the input data of the density graph. The STOP module uses two
modifications of the Dijkstra algorithm, with and without metrics. In the case of the length
and time criteria, where the axioms of metrics are fulfilled, the module applies the first
algorithm and in the case of the dose criteria the module applies the second algorithm. We will
not describe the problem, using the time criteria in detail, because from the mathematical
point of view the time is equivalent to the length criteria in the case of the constant velocity of
the transport.

4.2. The Travelling Salesman Problem

This problem appears when we have to visit some places and want to know the order of
visiting, which gives us minimal times, length or doses. For example we have 6 places which
have to be visited (Fig. 4) . We know the length of each road which connects these places.
The problem is to find the order of visiting which gives the minimal length of the route. The
travelling salesman problem belongs to the NP-complete problems. That means, the time
required solving the problem grows very fast, when the number of the nodes increases.
Therefore the STOP module uses the local-optimisation methods, which are the analogies of
gradient methods well-known in continuous optimisation. These methods permit to find the
solution in acceptable time; they have been improved in the Cybernetic Centre, Kiev [7,8].

4.3. The problem of finding the optimal starting time for evacuation

If several cities or villages have to be evacuated it is a problem to know the time pattern of the
evacuation process. If evacuation starts at the same time at all places, traffic jams on the roads
will appear and the doses, received by the people, may grow. It is more convenient to begin
the evacuation in different moments of time. The module can find the optimal starting time of
the evacuation for each settlement. To solve this problem the algorithms of the local
optimisation are also used.

4.4. Coupling of EVSIM and STOP and applications

The optimisation module STOP has been coupled to the evacuation simulation module
EVSIM. The data flow between the two modules is realised by shared memory. The user may
call the STOP-module to optimise the complete set of evacuation routes of an evacuation
scenario or to find an optimised evacuation route for a specified settlement.
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For all problems, which the STOP module can solve, the following input data will be sent
to STOP automatically from the other parts of the RODOS system after calling the program:
the length of the roads and their segments, the coordinates of the nodes, the population
distribution and dose distribution. The user has to choose the number of the problem, criteria
of optimisation from the list of criteria on the screen and the community of objects for which
this problem will be solved.

Besides the RODOS version of the STOP module there exists an independent DOS version
which consists of the following submodules:

• Interpreting the road net and graphics
• Calculating the weights of the graph in the case of dose optimisation
• Calculating the shortest path on the graph between two nodes for the length criteria
• Calculating the shortest path on the graph between two nodes for the dose criteria
• The local-optimisation methods.
• Graphics interface

This version is written in Pascal language. The module uses the network of the Chernobyl
region and dose data of the Chernobyl accident.

The combined EVSIM and STOP modules will be used for an analysis of the Chernobyl
accident scenario. Therefore work is in progress to create the corresponding input files. The
application of the modules to the Chernobyl accident scenario will help to improve actual
evacuation plans for nuclear power plants.
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