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Abstract: - Unforeseen Evacuation Vulnerability Assessment for Targu-Mures Using Critical Cluster 
Model. As safety becomes a very important concept the evolving society want to offer proper procedures to 
keep the population in safe and to rise the sense of security in people. With all these unforeseen hazardous 
events are present in everyday life and their proper handling is important. One of the first things that should 
be known is how vulnerable are certain locations regarding evacuation, where may appear bottlenecks if a 
crowd want to leave a place. This research’s objective is to apply the Critical Cluster Model for an important 
city of Romania (Targu-Mures) modeling the population distribution and the predicted traffic flow through 
different scenarios. Through this the Critical Cluster Model becomes more powerful as not only the population 
that are in buildings is taken account but also the people being in traffic. As result we could have identified 
the most vulnerable intersections in the city for different day times and for different evacuation distances. We 
also have identified, which are the locations where the vulnerability significantly changes over a day and in 
which direction. The results emphasize that the hidden attributes of a structurally visible network, such as road 
direction, capacity, traffic flow, population distribution are very important factors in unforeseen evacuation 
vulnerability assessment.    
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1. Introduction
As the society evolves, new challenges are 

emerging. A significant part of the challenges is 
related to security as in modern society human 
life is considered the most valuable thing. Due to 
intense urbanization cities are the most exposed 
locations for different risk situations, either we 
consider natural, technological or social origins 
(Li, 2008). 

The main objective in pre-disaster 
emergency situations is to grant the possibility 
to people to reach safe, protected places before 
the imminent risky event happens. There are two 
different situations: when is sufficient time for a 
planned evacuation (Perry and Lindell, 2003) and 
there are specially trained people to supervise and 
guide the evacuation process, or it’s a suddenly 
happening event when the people have to make 
decisions by own in an extremely short time 
in a chaotic environment. In first case due to 
various training situations and/or simulations the 
evacuation efficiency can be higher as the existing 

infrastructure can be utilized effectively. In second 
case the importance of infrastructural capacity is 
more outstanding and due to the lack of proper 
timing, bottlenecks appear more frequently. In 
both cases is essential to know the limitations and 
shortcomings of the infrastructure to be effective.

Network model is appropriate to study 
the transport infrastructure a considering the 
intersections as nodes and the connecting routes 
as links in the model. Based on network model 
several studies focuses on hazard and risk 
assessment, identifying the most vulnerable 
roads (Myung and Kim, 2004; Magyari-Sáska 
and Dombay, 2017; Zhang and Virrantaus, 
2010), assessing the capacity for road segments 
(Newton et al., 1997) or efficiency of evacuation 
infrastructure (Lovas, 1995). Part of them go 
beyond structural network analysis and includes 
traffic data (Jenelius et al., 2006; Jenelius and 
Mattsson, 2015).

An important and appreciated hazard 
assessment model for evacuation risk is the 
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Critical Cluster Model developed and presented 
by Cova and Church in 1997 and tested in 2002 
by Cova and Johnson. Various implementations 
and completion of the original idea were made, 
considering routing behaviors (Chen et al., 
2012), application in public bus network (Chen 
et al., 2010) or in emergency traffic (Li, 2010). 

In Romania evacuation plans and indicators 
are mandatory for public institutions and in several 
cases (especially in schools) simulations are made 
for building evacuation. Although no analysis was 
made to estimate vulnerability for evacuation of a 
larger area in case of unforeseen disaster.

This study examines the spatial and 
temporal situations that may present risk when 
a particular site needs to be evacuated. For 
analysis we not just applied the Critical Cluster 
Model but we tried to model the distribution of 
the population and the main traffic flow within 
the settlement for three different scenarios 
representing three period of a workday.  By this 
way not only the infrastructural limitations are 
discovered but a more realistic vulnerability 
assessment can be made.

In our research the selected city was Targu-
Mures, a medium level city being the 7th city of 
Romania based on the number of inhabitants, in 
which the first SMURD (Romanian acronym for 
Mobile Emergency Resuscitation and Extrication 
Service) base was founded in 1991, famous for 
its Medicine University and hospital network 
and also for its most diversified Zoo through 
Romania. All these together with downtown and 
the commercial centers represent areas of interest 
in our research.  

2. Data and methods
2.1. Data acquisition and preprocessing

Among several proprietary online map 
content providers (Microsoft Bing Maps, Google 
Maps, Here Technologies Here WeGo etc.) 
OpenStreetMaps (OSM) is a publicly editable, 
free map offered as Volunteered Geographic 
Information (VGI). The main reason for choosing 
OSM in our research is based on the following 
two advantages: it contains building shapes and 

POI’s (Zhang and Pfoser, 2019) and raw data 
can be download while for proprietary maps 
only analysis results can be obtained freely (ex. 
shortest routes).

For publicly editable data content the 
data accuracy should be examined. These kind 
of studies are area constrained the testing area 
varying from China (Wang et al, 2013) through 
Turkey (Hacar et al., 2018) and Germany 
(Helbich et al, 2012) to Great Britain (Haklay, 
2010) and Ireland (Ciepłuch et al, 2010). Hacar 
and collaborators emphasizes how the volunteers 
experience level determines the accuracy. In case 
of China the position data accuracy proved to 
be very poor especially for low level roads. The 
situation is much better in Europe where position 
imprecision varies a few meters, mentioning 
that high accuracy is mainly present in highly 
populated urban centers, such as Targu-Mures 
the city in which we conducted the research.

The data and related data sources are 
presented in table 1. The OSM data was download 
through Geofabrik (https://download.geofabrik.
de/europe/romania.html)

 Table 1. – Source of used data
No. Content type Source
1 buildings

OSM (Geofabrik)2 POIs
3 roads
4 administrative 

boundaries
www.geo-spatial.org

5 number of inhabitants INSSE Tempo database

Before proceeding to the effective analysis 
a manual pre-processing was necessary. As the 
population distribution in the city was based 
on building types, a type code was assigned to 
every building. The building layer information 
was combined with two POI layers using 
location based selections. The following building 
categories were identified: apartment, house, 
commercial, service, tourism, industry, park, 
school, hospital. The area of each building was 
also calculated as the population distribution for 
each category is based on buildings area (Yao et 
al, 2017).  Further the area of each category and 
the total population number was added to every 
row in the building layer.
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In case of the road network the pre-
processing was made in five steps as follows:

• assuring that the road network is represented 
as connected graph by eliminating all road 
connections that represents disconnected 
components

• completion of missing speed limit for some 
road segments based on their category and 
type (ex. 20 km/h for service roads, 4 km/h 
for pedestrian roads)

• verifying the correct topology of the layer 
and assuring that all intersecting lines has 
common vertexes

• building a graph from the road network, 
creating a separate node layer beside the 
connection layer

• adding length and unique id fields to the 
connection layer

The administrative boundary of the city 
was used to clip all spatial data to the extent of 
the city.

2.2. Analysis workflow
2.2.1. Scenarios
The analysis of identifying the vulnerable 

locations in case of an unforeseen evacuation 
was carried out for three different scenarios, 
representing three different time of the day. The 
steps of the analysis were the same but differently 
parametrized for each scenario. The considered 
parameters were: the peoples in building and 
traveling population share, the share of peoples 
in different building/location category, the 
estimated traffic flow between different building 
categories (table 2).

Table 2. – Scenario data

Scenario 1 - Midday
In building population 
share 60% from which in

A

Traveling population share 40% with priorities below graded from 0 (insignificant 
traffic) to 4 (intense traffic)

U S H C I V T P

Apartment 5% 0 0 4 2 2 4 4 1 1

hoUse 10% 0 0 4 2 2 4 4 1 1

School 20% 0 0 0 0 0 0 0 0 0

Hospital 10% 0 0 0 0 0 0 1 0 0

Commercial 10% 0 0 1 0 0 0 0 1 0

Industry 15% 1 1 1 1 1 3 2 0 0

serVices 20% 0 0 0 1 0 0 1 0 0

Tourism 5% 0 0 0 0 1 0 0 2 2

Parks 5% 0 0 0 0 0 0 0 0 0

Scenario 2 - Afternoon
In building population 
share 40% from which
in

A

Traveling population share 60% with priorities below graded from 0 (insignificant 
traffic) to 4 (intense traffic)

U S H C I V T P

Apartment 20% 3 3 1 2 4 1 1 3 3

hoUse 15% 3 3 1 2 4 1 1 3 3

School 2% 2 2 0 0 0 0 0 0 0

Hospital 5% 1 1 0 2 0 0 0 0 0

Commercial 30% 3 3 0 0 2 0 0 2 2

Industry 5% 4 4 0 0 1 0 0 0 0

serVices 3% 4 4 0 0 1 0 0 0 0

Tourism 10% 0 0 0 0 2 0 0 4 4

Parks 10% 2 2 0 0 2 0 0 3 2

Scenario 3 - Evening
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In building population 
share 85% from which
in

A

Traveling population share 15% with priorities below graded from 0 (insignificant 
traffic) to 4 (intense traffic)

U S H C I V T P

Apartment 45% 2 2 0 1 2 1 1 0 0

hoUse 35% 2 2 0 1 2 1 1 0 0

School 0% 0 0 0 0 0 0 0 0 0

Hospital 3% 0 0 0 0 0 0 0 0 0

Commercial 3% 1 1 0 0 0 0 0 1 0

Industry 5% 0 0 0 0 0 0 0 0 0

serVices 1% 0 0 0 0 0 0 0 0 0

Tourism 5% 4 4 0 0 1 0 0 4 3

Parks 3% 4 4 0 0 1 0 0 3 3

2.2.2. Modelling population distribution
To assign the estimated population number 

to every communication node in the graph based on 
scenario parameters, an automated computational 
model was developed in QGIS (fig. 1) which had 

as inputs the people in buildings share, the share 
of population for different building categories and 
the buildings layer with area, total area of category 
which belongs, total area of all buildings and total 
population of the city.

Fig. 1. – Automatic QGIS model to calculate the population distribution 

Due to the fact that several buildings 
contributes to a communication node 
(intersection) (fig. 2) Voronoi polygons were 
created both for the buildings centroids as for 
the communication nodes. Intersecting the two 
Voronoi polygon layers we have calculated 
the number of inhabitants (inclusively having 
information about what type of building they 

are coming from) that are related to every 
communication node.

Another part of the model simply adds 
X and Y coordinates to the node layer. This 
information necessary to apply the Critical 
Cluster Model for a given evacuation distance 
taken as Euclidean distance. 
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2.2.3. Applying the Critical Cluster Model
The Critical Cluster Model (CCM) was 

developed by Cova and Church in 1997 as 
possibility of evaluating the vulnerability of 
evacuation process. The analysis needs as input 
a graph weighted both on nodes and edges. 
The node weight represents the number of 
population while the link weight is related to the 

instantaneous capacity. The analysis starts from 
a given node and progressively adds other linked 
nodes. The process continues until no nodes 
are present inside a given distance. After every 
added node the ratio between total population 
and total outbound line (connections) capacity is 
calculated (fig. 3). The maximum value of this 
ratio is retained representing the vulnerability for 
the starting node.

Fig. 2. – The building centroids and the road network with intersections and the associated Voronoi polygons

a. – the network

b. – steps of the analysis

c. – evolution of the vulnerability value through the 
analysis

Fig. 3. – Schematic representation of the CCM showing the network with starting node A, evacuation area 
delimited with dotted line (a), the analysis process steps (b) and the vulnerability value evolution (c) 

To calculate the node vulnerability value 
for every connection we assigned a capacity value 
based on its category. The assigned values were 
related to the number of persons who can walk/
run side by side along and empty street of that 
category (ex. primary/main roads – 15 persons; 
residential – 5 persons; path/steps – 2 persons).  

The used algorithm was based on a Breath-
First approach (Zuse, 1972) in searching adjacent 
nodes. The stop parameter of the analysis was the 
evacuation distance measured as Euclidean distance 
from the starting (analyzed) node. The analysis was 
carried out for all nodes of the network.
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2.2.4. CCM combined with Node 
Betweenness Centrality

A novelty of applying the CCM algorithm 
in current research was to model occupancy of 
nodes due to internal traffic and to include this 
results in vulnerability assignment. Because in 
different day times the traffic intensity changes 
we tried to made a scenario based calculation of 
persons travelling between different building/
location types. The calculation was made based 
on the following steps:

for each i node in the graph 
 for each j location type
  calculate the number of incoming people
   for each k location type considered as 

incoming source type
    calculate the number of incoming people 

from k source type based on traffic intensity
     for each l(≠i) node calculate the sum 

of k type share from total people
     for each l(≠i) node calculate the 

outgoing people based on previous share value 

Having the estimated number of persons 
travelling between different location types the 
node betweenness centrality was calculated 
using Dijkstra’s extended versions of shortest 
path algorithm (Dijkstra, 1959) from one node 
to every other node. The implementation of the 
algorithm was made in C++ due to efficiency 
issue. 

The node betweenness centrality is a 
commonly used centrality measure in graph 
analysis, assigning a frequency to every node 
based on its participation of all shortest paths in 
the graph (Freeman, 1977). The node betweenness 
centrality is defined also for weighted graphs. In 
our research two types of weight was considered. 
For the shortest path finding we considered as 
weight the travelling speed instead of shortest 
distance. To create a more realistic model the 
number of persons travelling between different 
locations was taken as weight. Practically in 
our adaptation the node betweeness centrality 
cumulates the estimated number of people 
traveling through that node. 

The final vulnerability assignment with 
CCM of each node is based on the cumulated 
number of traveling persons and the number 
of persons situated in buildings. The traffic 
fluctuation in time was not modeled, considering 

in all cases the worst (although impossible) 
situation when the analyzed node has the total of 
estimated traffic.

The effective analyzes of the last two steps 
cannot be done using classic GIS commands, it 
has to be implemented as a network processing 
algorithm. It could have been done in the used 
QGIS system in Python language with the 
advantage of working in a single environment. 
Although Python being an interpreted high 
level language the computing speed of the 
implemented algorithm would have been much 
slower (sometimes over a hundreds of times) 
(Fourment and Gillings, 2008). In our case for a 
network of 7400+ nodes and 9400+ connections 
the complete CCM analysis took over 40 minutes 
using the C++ (much faster) implementation on 
an i5 4th generation processor with 8GB RAM.

3. Results and discussion
We carried out a total of 12 simulations. 

Having 3 scenarios, for each of them we run 
the developed algorithm 4 times: for 300m and 
500m evacuation distance and for each of them 
with and without considering road traffic.

The value actually returned by the algorithm 
for every node is the maximum value of people 
number in cluster divided by the evacuation lines 
total capacity. 

When we didn’t consider the traffic, just 
the number of persons in buildings, almost 
all nodes had very low vulnerability value for 
each scenario with 300m evacuation distance, 
in spite of having different number of persons 
in buildings. When we added the traffic to the 
simulation the differences appeared. The most 
sensitive day time is morning to midday (fig. 4-a), 
but also in the afternoon (fig. 4-b). At evening 
the vulnerability value significantly decreases as 
the traffic volume is also low (fig. 4-c).  Even if 
the morning-midday and afternoon vulnerability 
maps (fig. 4-a,b) seems to be similar, at least 
two significant differences should be noted: 
the vulnerability value decreases around the 
Emergency Hospital, Medical University and 
rises near the Zoo.
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Considering the two different evacuation 
distance, 300m and 500m respectively in case of 
no traffic simulation the vulnerability value has 
an increase around the railway station area (fig. 
4-d,e). Considering the traffic, the differences 
between 300m and 500m simulations for 
afternoon are more evident. For 500m evacuation 
distance a higher vulnerability value is present in 
the eastern part of the city along the E60 incoming 
road, at T. Vladimirescu residential quarter. The 

same situation is observable near the bridge over 
the Mures river along 15E county road, at Unirea 
residential quarter. 

The comparison between the same scenario 
with or without traffic, by using different 
vulnerability value categories clearly shows that 
the traffic not simply intensifies the values but 
creates a different typology, contributing to a 
more realistic vulnerability assessment (fig. 5).

a. – scenario 1, 300m, with traffic b. – scenario 2, 300m, with traffic

c. – scenario 3, 300m, with traffic d. – scenario 2, 300m, without traffic
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e. – scenario 2, 500m, without traffic f. – scenario 2, 500m, traffic

Fig. 4. – Vulnerability values (man lines) for different scenarios

a. – scenario 2, 300m without traffic a. – scenario 2, 300m with traffic

Fig. 5 - Different vulnerability typologies due to the traffic

Figure 6 shows nodes vulnerability value by 
categories, characterizing the global evacuation 
vulnerability for the city. It’s noticeable the shift of 
the peak values to right for scenarios from 300m 
to 500m evacuation distance, meaning that the 
number of most vulnerable intersections follows the 
mentioned order. The shape of vulnerability line by 
categories for 500m evacuation distance at midday 

and afternoon scenario is the most constant in the 0 – 
420 interval, which means that approximately 1000 
intersection’s vulnerability value is maintained, 
having a balanced, yet high value. 

The evacuation distance (from 300m to 
500m) influences the vulnerability value. While 
for midday and afternoon scenarios for the 
same evacuation distance the lines showing the 
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cumulated number of nodes follows each other, 
for the evening scenario, especially for 500m 
distance the shape is quite different, illustrating a 
different situation. (fig. 7).  It’s clearly observable 
that considering the whole city the vulnerability 
for midday and afternoon is quite similar and has 
a significant decreased value for evening in case 
of both evacuation distances we have considered. 
If we want to make a difference, the midday 

vulnerability value of the city is a little bit higher 
that the afternoon value.

The intersections with the highest 
vulnerability value for different scenarios are 
located near the rail station. In case of midday and 
afternoon the commercial centers, the downtown 
near the castle, the T. Vladimirescu residential 
quarter and the city side of Mures bridge are the 
most vulnerable locations (fig. 8).  

Fig. 6 – Evacuation vulnerability by categories Fig. 7 – Cumulated evacuation vulnerability

Characterizing the changes of vulnerability 
values we calculated the relative difference of 
the vulnerability values between midday and 
afternoon scenarios. The obtained values were 
quite balanced between -1.7 and 0.9. Differences 
below 20% percent were not considered 
exceptional and covers the most part of the 
downtown and city center. Differences over 20% 

percent, with greater values for midday, we have 
in the hospital/medical area, in the Libertății 
residential quarter and in Azomures area. Values 
raised over 20% for afternoon of the vulnerability 
value is at Orasul de Jos, Dambul Pietros, Unirii 
and part of T. Vladimirescu residential quarters, 
and at recreational spaces such as the Weekend 
Site or Zoo (fig. 9).

Fig. 8 – Highest vulnerability values in case of 
afternoon scenario

Fig. 9 – Vulnerability values relative change 
between midday and afternoon scenario
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4. Conclusions
The critical Cluster Model is a simple, yet 

powerful tool to evaluate evacuation vulnerability. 
Although it was developed for static situations to 
characterize the structural nature of a node and edge 
weighted network, it could be integrated in dynamic 
simulations and produced important results.

The presented research is mainly a GIS 
application, as its aim was to assess vulnerability 
values to spatial locations. The current general 
purpose GIS systems are not prepared for such 
complex analysis. Even if the data preparation 
and results visualization could be easily and 
efficiently carried out in GIS for the network 
based analysis we had to develop and implement 
software modules.

For Targu-Mures we identified the 
vulnerable locations in different vulnerability 
classes which are related to evacuation time. In 
this procedure we were taken account both the 
road network with its estimated capacity and the 
population distribution. The results clearly show 
that evacuation vulnerability cannot be simply 
assessed. The most vulnerable locations in some 
cases are on the main roads, in other cases are 
along residential or third level roads. In some 
case the bottlenecks in evacuation are foreseeable 
due to the network configuration (ex. bridge) in 
other cases are hidden as mainly depends on 
population distribution and traffic flow. 

The obtained results and their interpretations 
represents a case study for which data accuracy 
including scenarios parameters are important 
and determinative as mentioned before. Even if 
scenarios are perfectible and traffic simulations 
were made, the study it’s not about a real 
time simulation, but want to offer a general 
characterization. We think that the model can be 
extended including the visiting tourist number 
also contributing to a more precise vulnerability 
assessment. 
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