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Abstract— Active Traffic Management (ATM) is the ability
to dynamically manage recurrent and nonrecurrent congestion
based on prevailing traffic conditions. Focusing on trip relia-
bility, it maximizes the effectiveness and efficiency of freeway
corridors. ATM relies on fast and trustworthy traffic simula tion
software that can assess a large number of control strategies
for a given road network, given various scenarios, in a matter
of minutes. Effective traffic density estimation is crucialfor the
successful deployment of feedback algorithms for congestion
control.

Aurora Road Network Modeler (RNM) is an open-source
macrosimulation tool set for operational planning and man-
agement of freeway corridors. Aurora RNM employs Cell
Transmission Model (CTM) for road networks extended to
support multiple vehicle classes. It allows dynamic filtering
of measurement data coming from traffic sensors for the
estimation of traffic density. In this capacity, it can be used for
detection of faulty sensors. The virtual sensor infrastructure
of Aurora RNM serves as an interface to the real world mea-
surement devices, as well as a simulation of such measurement
devices.

I. INTRODUCTION

Traffic congestion is a world-wide source of productivity
and efficiency loss, wasteful energy consumption and exces-
sive air pollution. Texas Transportation Institutes 2009 Urban
Mobility Report [18] estimates that congestion imposed on
urban Americans 4.2 billion hours of delay and an extra 2.9
billion gallons of fuel for a cost of $78 billion. Active Traffic
Management (ATM) is the ability to dynamically manage
recurrent and nonrecurrent congestion based on prevailing
traffic conditions. Focusing on trip reliability, it maximizes
the effectiveness and efficiency of freeway corridors.

The task of implementing ATM lies with a Traffic Man-
agement Center (TMC). Fig. 1 shows what TMC is expected
to provide. The core of a TMC is a Control Center and a
communication network that feeds real-time measurements
from field elements in the road network to the Control Center
and transfers commands generated by the control algorithms.
The other entities in the diagram embody the “smarts”.
One key entity is the “trusted, fast corridor simulator”. The
simulator is trusted because it is founded on sound theory
of traffic flow; it is parsimonious, only including parameters
that can be estimated; and it is tested for reliability. Real-
time measurements and predicted short-term future traffic

This research is supported by the California Department of Transportation
through the California PATH program.

A. A. Kurzhanskiy is with the Department of Electrical Engineer-
ing and Computer Science, University of California, Berkeley, USA
akurzhan@eecs.berkeley.edu

P. Varaiya is with the Department of Electrical Engineering
and Computer Science, University of California, Berkeley,USA
varaiya@eecs.berkeley.edu

Fig. 1. Structure of Traffic Management Center.

demands are continuously fed to a module that estimates
the current traffic state and makes short-term predictions,
using predictor-corrector estimation techniques. The simula-
tor periodically simulates a set of scenarios involving events
and changes in demand pattern, and calculates the resulting
congestion, capacity loss and potentially serious stresses. The
scenarios incorporate known events such as a football game
or a confirmed accident, or future events considered plausible
on the basis of statistical inference and learning techniques
that combine historical data with the current estimate of the
state of the system (e.g., likelihood of an accident occurring
in a certain location, conditional on the current congestion
state, rain or fog conditions). If a scenario results in an
unacceptable condition, an alarm is created. The operator
in the Supervisory Control and Data Acquisition (SCADA)
system studies the alarm and decides whether to counter the
unacceptable hypothetical future with one of the available
control policies in case the scenario indeed materializes.

Aurora Road Network Modeler (RNM) [1] is an open-
source macrosimulation tool set for operational planning
and management of freeway corridors. Aurora RNM sim-
ulation is based on the Cell Transmission Model (CTM) [2],
[3], which, compared with microscopic simulators, requires
negligible computational effort. The model is calibrated
following the procedure in [6], and the missing demand data
is imputed using the techniques described in [12]. Various
event classes allow the user to generate simulation scenarios,
such as incidents, demand change and road closures. Control
strategies involving local and coordinated ramp metering,
signal coordination at intersections, variable speed limit and
lane management can be evaluated in terms of performance
benefits they provide [9].

This paper focuses on other elements of Aurora RNM



necessary for ATM. It describes the handling of multiple
vehicle types, particularly, how HOV1 lanes are modeled;
extends set-valued traffic density estimation [8] to road
networks; and introduces the concept of virtual sensors that
serve as interfaces to real world measurement devices as well
as simulation of such measurement devices.

The rest of the paper is organized as follows. Section II
explains the traffic flow model supporting multiple vehicle
types employed by Aurora RNM. Section III describes how
HOV lanes are simulated. Section IV is dedicated to dynamic
filtering for traffic density estimation. Section V introduces
the concept of virtual sensors. Finally, Section VI concludes
the paper.

II. MULTI-TYPE VEHICLE FLOW MODEL

Previous work on the first order macroscopic modeling
of heterogeneous traffic includes the extension of the LWR
model to incorporate multiple lanes and different vehicle
types [7], [20], and a discrete freeway model of two vehicle
types with a subset of lanes reserved for one of the types
based on Godunov scheme applied to the LWR equation [4]
used for simulation [5]. In this section we discuss the multi-
type vehicle flow model employed by Aurora RNM.

As described in [9], the road network consists of links
and nodes, where links represent stretches of roads and nodes
connect the links. A node must always have at least one input
and at least one output link. A link is called an ordinary
link, if it has both begin and end nodes. A link with no
begin node is referred to assource linkor source, and a link
with no end node is calleddestination linkor sink. Each link
is characterized by its length and the fundamental diagram
(capacityF , free flow speedv and congestion wave speed
w), which takes into account the number of lanes. Sources
are the links through which the vehicles enter the system,
and therefore have demand profiles assigned to them. Each
node is characterized by a split ratio matrix that determines
how the incoming flows are distributed among the output
links. Nodes may be used not only to represent intersections,
merge, or diverge points, but also to split long links into
smaller sections.

The state of the system at each simulation step is described
by the vehicle density in each link. For each link, the density
~ρ = (ρ1, · · · ,ρK)T is K-dimensional vector, withK being
the number of modeled vehicle types, andρk representing
density of vehicles of typek, k = 1..K. Total vehicle density
for a link is computed simply asρT = ∑K

k=1 ρk. The state
update equation for a link is

~ρ(t +1) =~ρ(t)+
∆t
∆x

(

~f u(t)−~f d(t)
)

, (1)

where ∆t is the sampling period,∆x is the link length,
and K-dimensional vectors~f u = ( f u1, · · · , f uK)T and ~f d =
( f d1, · · · , f dK)T are upstream (entering the link) and down-
stream (exiting the link) flows respectively, where elements
f uk and f dk correspond to flows of vehicles of typek,
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k = 1..K. For sources,~f u(t) = ~r(t), where ~r(t) is K-
dimensional demand vector at time stept. For sinks,~f d(t) =

v~ρ(t)min
{

1, F
vρT (t)

}

. Otherwise,~f u(t) is determined by the

begin node, and~f d(t) is determined by the end node. Total
input or output flow is defined asf×T = ∑K

k=1 f×k, where “×”
should be replaced by index “u” or “ d” respectively.

A node withm input andn output links hasmK×n split
ratio matrix B = {β(k−1)m+i, j}

j=1..n
k=1..K,i=1..m. This matrix is

nonnegative, its elements lying in the interval[0,1], and
the sum of the elements in each row equals 1. Element
β(k−1)m+i, j defines the portion of the flow of vehicles of type
k coming from input linki that has to be directed into output
link j. At each time stept, the input flow vectors~f d

i (t) and
output flow vectors~f u

j (t), k = 1..K, i = 1..m, j = 1..n, for
the node are computed as follows.

1) Compute supply for each output:

sj (t) = min
{

Fj ,wj

(

ρ j −ρT j(t)
)}

, j = 1..n, (2)

where Fj is the capacity,wj is the congestion wave
speed,ρ j is the jam density, andρT j(t) is the total
density of the output linkj.

2) Compute input demands:

d̃(k−1)m+i(t) = viρk
i (t)min

{

1,
Fi

viρTi(t)

}

,

k = 1..K, i = 1..m, (3)

whereFi is capacity,vi is free flow speed, andρTi(t)
is the total density of the input linki. Quantity
d̃(k−1)m+i(t) represents the desired flow of vehicles of
type k from the input linki.

3) Compute output demands:

d j(t) =
m

∑
i=1

K

∑
k=1

β(k−1)m+i, j(t)d̃(k−1)m+i(t),

j = 1..n. (4)

Quantityd j(t) represents the total flow that desires to
enter the output linkj.

4) Initialize the scaling factors̃δ(k−1)m+i(t) = 1 for k =
1..K, i = 1..m.

a) For q = 1..n update scaling factor according to
the output supply, if necessary:

δ̃(k−1)m+i(t)←
{

δ̃(k−1)m+i(t), if ∀k, β(k−1)m+i(t) = 0

min
{

δ̃(k−1)m+i(t),
sq(t)
dq(t)

}

, otherwise
,

i = 1..m, k = 1..K; (5)

b) recompute input demands

d̃(k−1)m+i(t)← d̃(k−1)m+i(t)δ̃(k−1)m+i(t) (6)

and recompute output demandsd j(t), j = 1..n,
according to (4).

This step implements the proportional priority rule
for merging links and the first-in-first-out rule for
diverging links as they are stated in [3].



5) Vector of flows leaving the input linki is

~f d
i (t) =











d̃i(t)
d̃m+i(t)

...
d̃(K−1)m+i(t)











, i = 1..m. (7)

6) Vector of flows entering the output linkj is

~f u
j (t) =











∑m
i=1 βi, j d̃i(t)

∑m
i=1 βm+i, j d̃m+i(t)

...
∑m

i=1β(K−1)m+i, j d̃(K−1)m+i(t)











,

j = 1..n. (8)

Aurora RNM simulation starts with given initial density
vectors on all the links. At every step of the simulation, at
first the input/output flow vectors are computed on all the
nodes, then the state is updated on all the links using (1).

The presented vector structure for densities and flows
allows arbitrary number of vehicle types to be modeled.
Vehicle types can be used to represent vehicle classes, such
as cars, trucks or buses; certain vehicle properties, such
as occupancy (high or single), electric or hybrid; route
information; or combination of these.

If type k represents vehicles of certain size, trucks for
example, one should replaceρk with αkρk, f uk with αk f uk,
and f dk with αk f dk in the definition of~ρ, ~f u and~f d, where
the weightαk specifies how many cars are equivalent to one
vehicle of typek.

If a type represents vehicles that should follow a particular
route, the split ratios for this vehicle type are fixed and
constant directing the corresponding flow along the given
route. Aurora RNM simulation input is normally given in
the form of demand profiles for source links and split ratio
profiles for nodes. The ability of vehicle types to carry route
information allows Aurora RNM to accept the simulation
input in the form of origin-destination (OD) matrices.

III. HOV MODELING

To model HOV lane on freeways, we introduce two vehicle
types (K = 2): HOV (type k = 1) and SOV2 (type k = 2).
Since Aurora RNM allows multiple links to connect the
same pair of nodes in the same direction, we replace each
freeway link with two, freeway HOV and freeway mainline
(ML), at locations where HOV lane is present (Fig. 2). HOV
and ML links are parallel, if they connect the same pair
of nodes. Parallel HOV and ML links may have different
per lane fundamental diagrams. Vehicles can change between
HOV and ML at nodes. If it is desirable to enable switching
between HOV and ML in the middle of a long parallel link
pair, it is possible to create a node that would split this link
pair, as does node 3 in Fig. 2.

HOV lane is active, if only vehicles of type 1 are allowed
into HOV links. There are two types of HOV facilities: a
dedicated HOV lane that is active all the time, and time
dependent HOV lane that is active only at certain hours
during the day.
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Fig. 2. Freeway is represented as a set of parallel link pairs: mainline
(ML) and HOV.

A. Dedicated HOV lane

Dedicated HOV lanes are present on freeways in Southern
California. These HOV lanes are separated from ML by
double solid line or a concrete divider. Vehicles of type 1
can cross between HOV and ML at special areas,HOV gates.
In Aurora RNM configuration, nodes should be placed at or
near HOV gate locations. If, on the other hand, a node is
present where there is no HOV gate, its split ratio matrix
should indicate that no crossing between HOV and ML is
allowed.

For example, suppose there is no HOV gate near node 1
in Fig. 2, the first input and the first output links for this

node are HOV, then the split ratio matrixB =









1 0
0 1
0 1
0 1









will ensure that no crossing between HOV and ML occurs
at node 1. The fact that all SOVs are forced from HOV into
ML (β32 = 1) is not a problem, since there should be zero
SOV flow from the HOV input link.

A more interesting question is how to specify the split ratio
matrix at nodes where the crossing between HOV and ML is
allowed. When the split ratio matrix is well defined, that is,
all its elements are nonnegative and each row sums up to 1,
it determines the demand for each of the output links. This
demand is determinedapriori, meaning that no matter what
the traffic state is, given portion of the flow must be directed
into the specific output. In some cases (recall our example
with node 1) such interpretation of the split ratio matrix is
perfectly adequate. In that case, no switching between HOV
and ML is allowed no matter what the traffic conditions in
the downstream links.

Consider another example. Suppose, node 3 in Fig. 2 is
placed at the HOV gate, and vehicles of type 1have a choice,
which of the downstream links, HOV or ML, to take. This
choice mainly depends on the traffic conditions downstream.
Any fixedmatrixB eliminates the possibility of such choice.
Therefore, Aurora RNM allows split ratio matrices with
undefinedelements that are computed at simulation run
time based on the traffic state in the downstream links.
For node 3, the split ratio matrix is partially defined:B =








−1 −1
−1 −1
0 1
0 1









. Elements in the first two rows of matrixB

correspond to the vehicle flows of type 1, and their negative
sign indicates that they are undefined and the corresponding
input-to-output flows must be assigned by the simulation.
The details of this flow assignment are given in [10].



B. Time dependent HOV lane

Time dependent HOV lanes are present on freeways in
Northern California. These HOV lanes are not separated from
ML by any special divider, and switching between the two
is allowed everywhere. Moreover, HOV lane is active only
at certain time periods during the day. At other time, both
vehicle types can enter HOV links.

There are two ways of modeling time dependent HOV
in Aurora RNM. The obvious way, is to repeat what was
done for the dedicated HOV lane with exception that now
all nodes must act as HOV gates, and at times when HOV
lane is inactive, the structure of the split ratio matrix should
permit vehicles of type 2 to switch between HOV and ML.
In the example with node 3 (Fig. 2), the split ratio matrix
will be time dependent:

B(tactive) =









−1 −1
−1 −1
0 1
0 1









, B(tinactive) =









−1 −1
−1 −1
−1 −1
−1 −1









.

Here the subscripts “active” and “inactive” indicate active
or inactive HOV. This approach is straight forward, since
Aurora RNM admits time variant split ratio matrices.

The second way is to close HOV links at times when
HOV lane is inactive while simultaneously increasing the
capacity of ML:FML(tinactive) = FML(tactive)+FHOV. As HOV
lane activates, the system returns to the usual dedicated HOV
lane operation — HOV links are opened and ML capacity
is reduced:FML(tactive) = FML(tinactive)−FHOV. Aurora RNM
allows to change fundamental diagrams on links at any
given time during the simulation by means of events. In the
example with node 3 (Fig. 2), the time dependent split ratio
matrix for HOV active time will be the same as before, and
for the rest of the time it will direct all the traffic to ML:

B(tactive) =









−1 −1
−1 −1
0 1
0 1









, B(tinactive) =









0 1
0 1
0 1
0 1









.

IV. DYNAMIC FILTERING OF MEASUREMENT
DATA

The set-valued estimation of freeway traffic density using
cell transmission model is explained in [8]. Those results can
be extended to the case of road network.

We assume that demands~r(t) at source links are known
with some uncertainty, more precisely, they are constrained
by a box~r−(t)≤~r(t)≤~r+(t) (~r−(t) and~r+(t) are known)3.
The problem of demand prediction can be addressed by var-
ious available approaches, such as [11], [13], [17]. Systems
such as PeMS [15] provide historic measurement data. The
other assumption is that the link capacitiesF lie within
given intervalsF− ≤ F ≤ F+ (F− and F+ are known).
Accordingly, denote

ρ+ =
F+

w
+

F+

v
and ρ− =

F−

w
+

F−

v
. (9)

3Vectorsx,y∈ RK are partially ordered,x≤ y, iff xk ≤ yk, k = 1..K.

Noisy measurements of the total output flow

yf (t) = f d
T (t)+ ω f (t), (10)

and speed
yV(t) = V(t)+ ωV(t), (11)

are available at each link. Hereω f (t) ∈ [−ω0
f (t),ω

0
f (t)] is

the flow measurement noise,ωV(t) ∈ [−ω0
V(t),ω0

V(t)] is the
speed measurement noise, and boundsω0

f (t) andω0
V(t) are

known. Thus, for each link we get an estimate of the total
density coming from the measurements:

ρ̂−T (t)≤ ρ̂T(t)≤ ρ̂+
T (t), (12)

where

ρ̂−T (t) =
yf (t)−ω0

f (t)

yV(t)+ ω0
V(t)

, ρ̂+
T (t) =

yf (t)+ ω0
f (t)

yV(t)−ω0
V(t)

. (13)

Define state bounds update equations for each link:

~ρ−(t +1) =~ρ−(t)+
∆t
∆x

(

~f u−(t)−~f d+(t)
)

, (1−)

and

~ρ+(t +1) =~ρ+(t)+
∆t
∆x

(

~f u+(t)−~f d−(t)
)

. (1+)

For sinks, ~f d−(t) = v~ρ−(t)min
{

1, F−

vρ−T (t)

}

and ~f d+(t) =

v~ρ+(t)min
{

1, F+

vρ+
T (t)

}

. Otherwise,~f u−(t) and ~f u+(t) are

determined by the begin node, and~f d−(t) and ~f d+(t) are
determined by the end node. Lower input/output flow bounds
~f d−(t) and~f u−(t) are computed using steps 1-6 from Section
II with slight modifications. For a node with input links
i = 1..mand output linksj = 1..n, the algorithm is as follows.

1) Compute lower supply bounds for each output:

s−j (t) = max
{

0,min
{

F−j ,wj

(

ρ−j −ρ+
T j(t)

)}}

,

j = 1..n. (14)

2) Compute lower input demand bounds:

d̃−(k−1)m+i(t) = viρ−k
i (t)min

{

1,
F−i

viρ−Ti(t)

}

,

k = 1..K, i = 1..m, (15)

3) Compute lower output demand bounds:

d−j (t) =
m

∑
i=1

K

∑
k=1

β(k−1)m+i, j(t)d̃
−
(k−1)m+i(t),

j = 1..n. (16)

4) Initialize the scaling factors̃δ(k−1)m+i(t) = 1 for k =
1..K, i = 1..m.

a) For q = 1..n update scaling factor according to
output supply, if necessary:

δ̃(k−1)m+i(t)←
{

δ̃(k−1)m+i(t), if ∀k, β(k−1)m+i(t) = 0

min
{

δ̃(k−1)m+i(t),
s−q (t)

d−q (t)

}

, otherwise
,

i = 1..m, k = 1..K; (17)

b) recompute lower input demand bounds

d̃−(k−1)m+i(t)← d̃−(k−1)m+i(t)δ̃(k−1)m+i(t) (18)



and recompute output lower demand bounds
d−j (t), j = 1..n, according to (16).

5) Vector of lower input flow bounds from linki is

~f d−
i (t) =











d̃−i (t)
d̃−m+i(t)

...
d̃−(K−1)m+i(t)











, i = 1..m. (19)

6) Vector of lower output flow bounds to linkj is

~f u−
j (t) =











∑m
i=1βi, j d̃

−
i (t)

∑m
i=1 βm+i, j d̃

−
m+i(t)

...
∑m

i=1 β(K−1)m+i, j d̃
−
(K−1)m+i(t)











,

j = 1..n. (20)

Upper input/output flow bounds~f d+(t) and ~f u+(t) are
obtained through the same procedure by replacing “−”
superscripts with “+” and vice versa.

By definition of ~ρ(t) in (1), ~ρ−(t) in (1−), and ~ρ+(t)
in (1+), if ~ρ−(0) ≤ ~ρ(0) ≤ ~ρ+(0), then ~ρ−(t) ≤ ~ρ(t) ≤
~ρ+(t) for t ≥ 0 in every link. Note that~ρ−(t) and~ρ+(t)
are restricted so that 0≤ ρ−T (t) and ρ+

T (t) ≤ ρ+. These
restrictions are not satisfied automatically in (1−), (1+),
and must be imposed explicitly every time step. Boundary
trajectories~ρ−(·) and~ρ+(·) are used to filter the incoming
measurement data.

Systems (1−) and (1+) start evolving at timet = 0 with
initial conditions~ρ−(0)≤~ρ+(0) for every link, that possibly
result from previous estimation. If no initial conditions are
available, take the flow and speed measurementsyf (0) and
yV(0) for each link, determinêρ−T (0) and ρ̂+

T (0) from (13),
and set

ρ−k(0) =
ρ̂−T (0)

K
, ρ+k(0) =

ρ̂+
T (0)

K
, k = 1..K.

Systems (1−) and (1+) evolve in time until time stepτ > 0
when the results of new measurements,ρ̂−T (τ) and ρ̂+

T (τ),
arrive. Density bounds~ρ−(τ) and~ρ+(τ) are adjusted ac-
cording to these measurements:

~ρ−(τ)←max

{

1,
ρ̂−T (τ)

ρ−T (τ)

}

~ρ−(τ), (21)

and

~ρ+(τ)←min

{

1,
ρ̂+

T (τ)

ρ+
T (τ)

}

~ρ+(τ). (22)

These corrections make sense only if
[

ρ−T (τ),ρ+
T (τ)

]
⋂

[

ρ̂−T (τ), ρ̂+
T (τ)

]

6= /0. (23)

Condition (23) must be true in theory. Otherwise, it would
mean that we made wrong assumptions about the range of
measurement noise. In reality, however, empty intersections
do occur. What to do in case condition (23) is not satisfied
depends on the specific situation. If we trust our model more
than the measurements, we should skip the correction (21)-
(22). Moreover, we can use our dynamic filter to detect faulty
measurement sensors. If, on the other hand, we believe that

the measurement data are reliable, modified corrections (21)-
(22) should apply:

~ρ−(τ)←
ρ̂−T (τ)

ρ−T (τ)
~ρ−(τ), (21∗)

and

~ρ+(τ)←
ρ̂+

T (τ)

ρ+
T (τ)

~ρ+(τ). (22∗)

Once the lower bound~ρ−(τ) is corrected according to (21)
or (21∗), we must check that for each link

ρ−T (τ)≤ ρ−. (24)

If for some link condition (24) is not fulfilled, there are
two alternative ways to proceed. The first way is to modify
~ρ−(τ):

~ρ−(τ)←
ρ−

ρ−T (τ)
~ρ−(τ). (25)

The alternative way is to modify the lower capacity bound
of the link:

F ←
ρ−T (τ)

ρ−
F, (26)

and then adjust jam densityρ− according to (9). Once the
corrections (21)-(25) are applied, vector densities~ρ−(τ) and
~ρ+(τ) in every link can be treated as new initial conditions,
and starting at these initial conditions, systems (1−), (1+)
should run until the next set of measurements arrives, and
so on.
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Fig. 3. Actual density with its lower (green) and upper (red)bounds.

Fig. 3 shows the density estimation at one of the links of
I-210 West in Southern California on a work day between
5.30 and 11.30 AM using flow and speed measurements from
[15] arriving every 5 minutes.

V. VIRTUAL SENSORS

Traffic flow on a road network is a spatio-temporal phe-
nomenon. Accurate and efficient determination of macro-
scopic traffic flow characteristics is necessary for traffic
operations and management. Following are the quantities of
interest as documented in [19].

1) Flow, which is direct measure of throughput defined
as number of vehicles passing a point on a highway
during unit duration of time.



2) Space mean speed, which is useful for computing
travel times defined as the harmonic mean of speeds
over a given segment of road or an average speed based
on the average travel time of vehicles to traverse a
given segment of road.

3) Density, which is an indicator of traffic conditions
(congested vs. uncongested) defined as number of
vehicles observed on a segment over unit length of
space.

Among the available sensing techniques, we distinguish
betweenpoint sensorssuch as loop detectors and wireless
sensors,mobile sensorssuch as GPS equipped vehicles and
automatic vehicle location techniques, andspace sensors
such as aerial photography and satellite data.

1) Point sensors are fixed in location along a roadway
and measure vehicles passing through this location
throughout the time for which they are active.

2) Mobile sensors move with the traffic flow in space-time
domain and can collect the time stamped position (and
hence the speed) of the vehicle.

3) Space sensors can take snapshots of traffic at a given
instant of time and repeat such snapshots are multiple
time instants.

Aurora RNM implements point sensors and mobile sensors.
Point sensor object is assigned to a link and its position

within this link is defined. A link may have multiple point
sensors assigned to it. Specific sensor class implementing
either loop detector or Sensys wireless sensor [16] inherits
from the base point sensor object. The measurements, which
loop detector class provides, are vehicle counts and, possibly,
speeds. Data coming from Sensys sensors can be processed
to obtain traffic density in in a link, as described in [14].

Mobile sensor object is assigned to a route between given
origin and destination. It represents a probe vehicle. These
probe vehicles are “phantoms” in the sense that they do
not affect the density and flow quantities produced by the
simulation. The class implementing the mobile sensor reports
the speed, the link in which it is currently located and its
position within this link. The intended use of mobile sensors
in Aurora RNM is to compute actual travel time for certain
routes as simulation runs.

Sensor objects have two modes of operation.

1) Standalone simulation. Aurora RNM runs traffic simu-
lation and sensor objects simulate the work of measure-
ment devices reporting vehicle counts and/or speeds
from particular road network locations based on sim-
ulation link data. Within each such sensor object the
user can tweak the noise level and choose the sensing
quality in the range from excellent to unsatisfactory.
The data reported by these sensors is used by traffic
responsive controllers in the simulation. Thus, Aurora
RNM allows to simulate the impact of feedback traffic
control when the measurement data is less than perfect.

2) Dynamic filtering. Sensor objects act as interfaces to
the real measurement devices communicating directly
to the equipment in the field or to the TMC soft-

ware and collecting raw measurement data in real
time, while Aurora RNM simulation running in the
background is used to filter these data before feeding
back to the traffic responsive controllers. In this mode
Aurora RNM can also be used to detect faults in the
sensing equipment.

VI. CONCLUSION

Aurora RNM is the first open-source traffic macrosimu-
lation tool set that could be used not just for operational
planning, but also for active traffic management. It is com-
putationally efficient, allows the user to create scenarios, and
provides means for simulation of complex control strategies.
This paper shows how Aurora RNM accounts for multiple
vehicle types; describes modeling of HOV; explains its
function as a dynamic filter for real-time measurements; and
presents virtual sensors, software objects that simulate real
measurement devices or serve as interfaces to these devices.
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