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We study a vehicular traffic scenario on Swiss roads in an emergency situation, calculating
how sequentially roads block due to excessive traffic load until global collapse (gridlock)
occurs and in this way displays the fragilities of the system. We used a database from
Bundesamt für Raumentwicklung which contains length and maximum allowed speed of
all roads in Switzerland. The present work could be interesting for government agencies
in planning and managing for emergency logistics for a country or a big city. The model
used to generate the flux on the Swiss road network was proposed by Mendes et al 2012.
It is based on the conservation of the number of vehicles and allows for an easy and
fast way to follow the formation of traffic jams in large systems. We also analyze the
difference between a non-linear and a linear model and the distribution of fluxes on the
Swiss road.
Keywords: Scenario planning; Traffic gridlock; Emergency logistics; Evacuation planning.
PACS Nos.: 05.70.Fh, 89.20.Kk

1. Introduction
Disasters can be a consequence of natural cause (natural hazard, such as flood,
hurricane, volcanic eruption, earthquake, heat wave, landslide and others) or of
1
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human activity. They expose the vulnerability of an affected region and demand
a big effort of government agencies which are responsible for logistics support and
evacuation in case of a large emergency [1]. The logistics of such a situation can have
four main features related to the complexity and difficulty resulting from correlated
events as it is the case for the evolution of blocked roads in the network. First,
the information about the severity of disaster-induced effects on the destroyed and
problematic areas which typically are unpredictable using historical data. Second,
individual decisions quickly responding to emergency logistics distribution system
can be unbalanced. Third, the infrastructure affected by disaster may impede a
restructuring of the emergency logistics network , e.g., a blocked emergency exit [2].
Fourth, most systems are correlated that allows for a simple change to produce a
large effect on the entire system, e.g., a traffic jam on a highway can trigger a big
sequence of blocked roads.
In order to study vehicular traffic it is necessary to understand the global traffic
as a result of the behavior of individual drivers. Since the 1950s, researches from
different fields have proposed many traffic models [3] to understand from basic
principles global traffic phenomena. These models are organized in microscopic (see
Refs.4, 5, 6, 7, 8), macroscopic (9, 10), mesoscopic (gas-kinetic) model (see Refs. 11,
12). The microscopic models assume that the acceleration of a driver is influenced
by the car in front. On the other hand, macroscopic models [9, 10] are restricted
to the description of the collective vehicle dynamics in terms of the spatial vehicle
density per lane and the average velocity as a function of freeway location x and
time t. From the point of view of numerical efficiency, the macroscopic models are
preferred to microscopic models, but both approaches are less efficient than cellular
automata models. These mesoscopic traffic models [11] describe the microscopic
vehicle dynamics as a function of macroscopic fields.
Despite the huge importance of evacuation planning, only a limited amount of
related research has been carried out. A few pioneering studies about emergency
situations are illustrated below for further discussion.
In Refs. 13, 14, and 15 suggest a model in which avacuees are only sent out of
the evacuation region into a safe zone. In particular Hamacher and Tjandra present
variations of discrete time dynamics network flow problems (maximum dynamic
flows and quickest flows) and an overview of mathematical modeling of evacuation
problems.
A short overview of the literature of mathematical models and optimizations
methods that are designed for evacuations problems of urban areas can be found in
Refs. 16, 17, 18, 19, 20, and 21. In particular, Cova et al. [22] propose a lane-based
model which minimizes the total travel distance considering forbidding intersections crossing conflicts. Bretschneider [23], Kimms et al. [24] and Kim [25] suggest a
heuristic approach to solve a model for large-scale networks for evacuation planning
in urban areas. Dopler et al. [26] introduced the within-day replanning technique
which is useful to replan the routes between drivers while they are travelling, in particular, this study was realized for the city of Zurich considering the daily schedule
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a)

Zurich
Geneve
Bellinzona
St. Margrethen
Kreuzlingen
Schaffhausen
Basel

b)

Zurich
Martigny
Brig
Bellinzona
Splugen
St Moritz
Davos

c)

Zurich
Geneve
Martigny
Brig
Bellinzona
Splugen
St. Moritz

Fig. 1. The three emergency situations studied here where the drivers leave Zurich to (a) border
cities (Geneve, Bellinzona, St. Margrethen, Kreuzlingen, Schaffhausen and Basel), (b) mountain
cities (Martigny, Brig, Bellinzona, Splugen, St. Moritz and Davos), and (c) southern border cities
(Martigny, Brig, Bellinzona, Splugen and St. Moritz) and Geneve.

of drivers (see Ref. 27).
Our work focuses on the vehicular traffic on Swiss road network when at a time of
low traffic for some reason a large fraction of the population should abandon the city
of Zurich to safe zones abroad. The city of Zurich is the largest city in Switzerland
and located in the central part of the country, its populations has approximately
400000 inhabitants, in the bigger Zurich area live one million inhabitants.
We will simulate a model for vehicular traffic on the Swiss road network (28)
until reaching traffic gridlock which is a transition to a vanishing traffic flux. To do
it, we will use the model introduced by mendes et al. [29] which is based on the
conservation of the number of vehicles and provides an easy and fast way to monitor
the formation of traffic jams and flux in large road networks. The parameters which
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were taken account to simulate the scenario of disaster are: the maximum allowed
speed, the length, the capacity and the position of each road. They are all obtained
from a database of the Swiss Bundesamt für Raumentwicklung. In fact, our work is
a complement of Mendes’ approach using a real network instead of an artificial one.
It mainly considers the Swiss road network and different boundary conditions. In
any case, this is certainly the first study to use real network data in the framework
of Mendes’ approach [29].
The paper is organized as follows. In section 2, the linear and non-linear vehicular
model is described. Section 3 contains our results for both models. Finally, in Section
4, we will provide some general conclusions.
2. Vehicular traffic model
The purpose of the model is to simulate the vehicular traffic over large areas (countries or big cities) when the initial flux is almost negligible and the streets are empty
[26]. This kind of scenario might occur at night when the population sleeps at home,
and therefore, the vehicles are parked and the roads are free.
We consider vehicles moving on a road system which is given by a directed
network G = (N, S) with vertices i ∈ N := 1, ..., n. The vertices and links represent
crossroads and roads respectively. The directed links on the network reproduce the
direction of the streets. A visualization of the road network is shown in figure 1
which illustrates three different scenarios studied here on the Swiss road network.
The movement of vehicles on a road follows the fundamental diagram (see figure 2
which shows the behavior of flux versus driver pressure), linear or non-linear. Driver
pressure can be understood as the necessity of the drivers to go from a certain place
to another one.
Description: In the linear model each link of the network is a road with linear
l
behavior, σjk
, i.e.,
( vmax
jk
if V ≤ Vc
l
ljk
σjk =
(1)
0 for otherwise
l
max
where σjk
is the probability that a driver takes a road, vjk
is the maximum allowed
speed, ljk is the length of the link, V is the driver pressure and Vc is the critical
driver pressure. In this framework, if two roads present the same driver pressure, the
road having the highest driver tendency will have the highest flux of vehicles. Note
that the value of flux varies proportionally to the external driver pressure applied
up to critical pressure, Vc . When it is exceeded, the road is blocked.
The reason to choose this expression is simple. Drivers are assumed to prefer
short and fast roads to long and slow ones, i.e., drivers want to save time. Observe
that the driver tendency to go from j to k is inversely proportional to the time
spent on a given track. Figure 2a shows the behavior of equation 1.
A more realistic description of traffic is given by the fundamental diagram of
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Fig. 2. The fundamental diagram of a flux against driver pressure for (a) the linear case (b) the
non-linear case for a maximum allowed speed of 100, different road lengths and different thresholds
Vc . Vc = 10, length=10 (black line), Vc = 10, length=15 (red line), Vc = 6, length=10 (green line),
Vc = 6, and length=15 (blue line).

traffic flow, i.e. the empirical relation between flux and density which in a first
approximation can be described by an inverse parabola [7, 30] corresponding to a
non-linear driver tendency, to change speed as the externally applied driver pressure
increases. The driver affinity depends on the length ljk , the maximum allowed speed
max
vjk
, and the driver pressure difference between the sites k and j at the previous
time step , Vk (t − 1) − Vj (t − 1). The driver affinity is given by,
(
nl
σjk
(t)

=

1−

|Vk (t−1)−Vj (t−1)|
Vc

 vmax
jk
ljk

0

if V ≤ Vc

(2)

for otherwise

If the applied driver pressure exceeds Vc , the road is blocked irreversibly, thus
changing into a road without flux. We are interested in studying how this network
formed by roads will be blocked as the external driver pressure across the system is
increased.
To understand the traffic jamming process, we first choose the vertices on which
we will apply the external driver pressure. Observe that the initial conditions define
the direction of the flux. Then, we calculate the pressure on the other vertices by
imposing locally the conservation of the number of vehicles on each crossroad:
X

Ijk = 0

∀j,

k

where Iij is the car flux from vertex j to its neighbor k.

(3)
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Ijk = σjk (Vk − Vj ),

(4)

where σjk is the driver tendency to go from vertices j to k. The pressures on vertices
j and k are Vj and Vk . Using equations 3 and 4, the coupled linear equations to
calculate the local driver pressures are given by:
X

σjk (Vk − Vj ) =

k

X
k

σjk Vk − Vj

X

σjk = 0.

(5)

k

Solving these equations, give us the pressure on each crossroad. To obtain the car
fluxes through each road, we use equation 4. Roads for which the pressure difference
is higher than Vc , will be blocked, i.e. driver affinity vanishes. As in general the
crossroad of a network are not highly connected, equation 5 will have many vanishing
terms. We write the linear coupled equations as A· x = b where A is a sparse matrix
due to the vanishing terms in equation (5). From the computational point of view,
the solution of A· x = b can be accelerated and the simulation of large networks
becomes possible since A is sparse. To simulate our model, we use the routine
”sprsin” from Numerical Recipes in C (see ref. 31). It converts a matrix from full
storage mode into row-indexed sparse storage mode, discarding any element that
is smaller than a specified threshold. To obtain the pressure vector x, we use an
other routine from Numerical Recipes in C called ”Linbcg”. It solves sparse linear
equations by the iterative biconjugate gradient method. The number of iterations
depends on the chosen error tolerance in x.
After we found all pressures and blocked all roads, we increment the external
driver pressure and update the driver affinity. This process is repeated as the external driver pressure is increased until the flux leaving the system vanishes.
3. Results and discussions
In our simulations of vehicular traffic, we consider three emergency situations where
the drivers leave Zurich to certain border cities of Switzerland (see the Fig. 1). The
first scenario considers the main border cities which are Geneve, Bellinzona, St.
Margrethen, Kreuzlingen, Schaffhausen and Basel, the second one the mountain
frontier cities Martigny, Brig, Bellinzona, Splugen, St. Moritz and Davos, and the
third one the southern border cities represented by Martigny, Brig, Bellinzona,
Splugen and St. Moritz and Geneve. In the first case, for simplification we consider
only four exits in the north although there are many more. We consider a disaster
happens in Zurich forcing a displacement of its inhabitants to safe regions abroad.
In this context, the city of Zurich is considered to be a place of high driver pressure
(driver source) while the other regions have zero driver pressure (driver attractor). It
defines the direction of flux on the road network which is driven from high pressure to
low pressure areas. To avoid problems in the solution of the linear coupled equations
(5) and simplify our code, we assume that a blocked road retains a small remaining
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Fig. 3. All three emergency situations studied in this paper where the drivers leave Zurich. (a)
(linear model) From Zurich to border cities (Geneve, Bellinzona, St. Margrethen, Kreuzlingen,
Schaffhausen and Basel), (b) (linear model) From Zurich to mountains cities (Martigny, Brig,
Bellinzona, Splugen, St. Moritz and Davos), and (c) (linear model) From Zurich to southern border
cities (Martigny, Brig, Bellinzona, Splugen and St. Moritz) and Geneve (d) (non-linear model) From
Zurich to border cities (Geneve, Bellinzona, St. Margrethen, Kreuzlingen, Schaffhausen and Basel),
(e) (non-linear model) From Zurich to mountains cities (Martigny, Brig, Bellinzona, Splugen, St.
Moritz and Davos), and (f) (non-linear model) From Zurich to southern border cities (Martigny,
Brig, Bellinzona, Splugen and St. Moritz) and Geneve.

driver tendency of 10−8 (in arbitrary units) while a normal road has values bigger
than unity. It is very important that the increment of the external driver pressure
varies slowly, assuring the convergence of the method, specially for the non-linear
vehicular model which depends on the previous step. Our results are shown in figures
3 and 4 based on a database from Bundesamt für Raumentwicklung which contains
length, maximum allowed speed and position of all roads in Switzerland.
The plots in Fig. 3 quantify the driver flux through the border cities for the
linear and the non-linear vehicular model. If the maximum allowed speed of roads
is increased, the values of fluxes shift to higher values. Note that for small external
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driver pressure the behavior of flux for the linear and the non-linear models are
similar. This is the case because in a small interval, the non-linear fundamental
diagram of vehicular model can be approximated by the linear fundamental diagram.
On the other hand, if the interval is large, they will diverge one from another.
As the external driver pressure increases, the effects of topology and of particular
fundamental diagram merge and the roads block up to traffic gridlock. Note that
Fig. 3 presents higher values of flux for the linear vehicular model. It is because the
area below the non-linear fundamental diagram (Fig. 2b) is smaller than that of the
linear one (Fig. 2a).
Fig. 3 exhibits an interesting behavior in all plots, it has a sequence of steps which
depend on the order of blocked roads and the number of parallel paths from Zurich to
certain regions. 29 showed that the fluxes increase and the traffic gridlock is shifted
to higher values of external driver pressure when the number of parallel paths gets
larger. Once a blocked road appears, it decreases the number of alternative paths
and reroutes the flux in the road system.
From Fig. 3, we can conclude that in case of a disaster in Zurich, main border
cities are better options to be a route of escape than mountain southern border
cities. The first scenario, Fig. 3a, from Zurich to the main border cities, presents a
higher flux than the other two situations (Fig. 3b and Fig. 3c). Another advantage
of the first scenario is that it can support a higher external driver pressure, i.e., the
displacement of the population to border cities will be hardly interrupted (the traffic
gridlock is reached for high external driver pressure). Geneve can best support the
effect of gridlock, it is the last route of escape to fail. We can observe in the plot
3a Schaffhausen, St. Margrethen and Kreuzlingen being first route to fail. On the
other hand, the plot 3c shows distant cities being disconnected from Zurich region
only for high external driver pressure.
If the linear model given by Eq. 1 neglects the maximum allowed speed, it is
modified to
1
l
σjk
=
if V ≤ Vc ,
(6)
ljk
and the non-linear one to


|Vk (t − 1) − Vj (t − 1)| 1
nl
σjk
(t) = 1 −
if V ≤ Vc .
Vc
ljk

(7)

When we assumed our model given by Eq. 6 or 7, the sequence of blocked roads
and the flux were little affected. It shows the lenght of roads play a important role
in formation of traffic jams and the traffic gridlock when compared to maximum
allowed speed.
Another important consequence of Zurich and other cities being connected by
many alternatives paths can be observed in Fig 4. It shows that a large number
of parallel paths are related to a high number of blocked roads before the collapse
of road network, i.e., a high resistance (robustness) against traffic gridlock. In this
framework, the first scenario which fails is b) and e) (mountain cities) with few
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Fig. 4. Number of blocked roads as the external driver pressure increases for different situations
for (a) the linear vehicular model and (b) the non-linear vehicular model. In both graphs, the
maximum allowed speed considered was obtained from database, Vc = 0.1 and at each step the
external driver pressure drop was increased by 10−4 (arbitrary units).

parallel path connecting to Zurich. On the other hand, the main border cities are
very robust and a high number of roads should be blocked to reach the traffic
gridlock. From a comparison between Fig. 4a and 4b, we can conclude that when
the maximum allowed speed is changed, there are only small changes in the number
of blocked roads as the external driver pressure increases. It means the number
of blocked roads as well as the traffic gridlock are not strongly dependent on the
maximum allowed speed. Basically, the strongest influence of the traffic gridlock is
on the distributions of the flux on the Swiss road network which exhibits a powerlaw with slope −0.418. It happens due to the preferential choice of the drivers to go
directly from Zurich to certain regions with low driver pressure, remembering that
drivers have information on the global network structure (Eq. 3). From a detailed
analysis we observed that roads associated with highways are the first to fail. The
failure of highways then overloads a large part of the system, triggering the collapse
of the road network, i.e. producing a traffic gridlock. An interesting point to be
studied is how a different set of cities would affect the distribution of fluxes on
roads and the sequence of blocked roads. From plots similar to Fig. 4, Swiss road
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designers could plan routes (see Ref. [28]) to avoid the triggering of blocked roads,
mainly, when situations of panic arise.
4. Conclusions
In summary, we used a new model that describes the emerging of traffic jams and
flux on roads up to traffic gridlock on the Swiss road network to simulate an evacuation after a possible disaster at night. The vehicular model is relatively simple
capturing at least some basic features of vehicular traffic. It gives a realistic distribution of fluxes on the roads as the external driver pressure increases and does not
require a substantial computational effort. It would be very interesting to apply the
vehicular model including background flux and study the consequences of applying
the external driver pressure at different cities. This can reveal the best route to
escape and provide solutions to system design. At last, it would be very interesting
to consider data about real flow of vehicles in Switzerland, which could be used for
validation and in the presented examples, but the implementation is a hard task
once the the situations studied differ from the daily vehicular traffic ones. Another
challenge is the fact that we do not have access to the daily traffic flow data of the
Swiss road network. In fact, we hope to eventually obtain additional data to analyze
situations that are more realistic than those studied in the manuscript.
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