N

N
N

HAL

open science

Estimation of traffic density on motorways

Neila Bhouri, Habib Haj Salem, Markos Papageorgiou, Jean Marc Blosseville

» To cite this version:

Neila Bhouri, Habib Haj Salem, Markos Papageorgiou, Jean Marc Blosseville. Estimation of traffic
density on motorways. IFAC/IFIP/IFORS International Symposium (AIPAC’89), Jul 1989, Nancy,

France. pp.579-583. hal-01485770

HAL Id: hal-01485770
https://hal.science/hal-01485770
Submitted on 27 Mar 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01485770
https://hal.archives-ouvertes.fr

Estimation of
traffic density on motorways

by Neila Bhouri, Habib Hadj-Salem, Markos Papageorgiou and Jean-Marc Biosseville
Département Analyse et Régulation du Trafic (DART)
Institut National de Recherche sur les Transports et leur Sécurité (INRETS)

changing application conditions.

A scalar Kalman filter is applied to traffic density estimation in a 500-metre section
of the Boulevard Périphérique in Paris using presence detector data. After
derivation of the model and filter equations, estimates are compared to real traffic
density measurements extracted from a film. Results indicate accuracy of
estimates; excellent tracking capabilities; and low sensitivity with respect to

Introduction. Traffic density records are
needed in real time for motorway surveill-
ance and control. However direct density
measurement on motorways is only possi-
ble on the basis of aerial photographs
obtained by recently-developed video
camera detectors!. On the other hand,
traffic occupancy measurements obtained
by standard induction loops are known to
be related to the traffic density around the
measurement location. In fact, several
algorithms have been proposed in the past
for the estimation of traffic density from
presence detector data. Most of these
algorithms?* assume detectors to be placed
at roughly 500-metre intervals along the
road. Further algorithms>” have also been
developed on the basis of more sophisti-
cated traffic flow models, requiring detec-
tors at 2-3 km spacing.

A particularly simple and efficient
method for density estimation in the case
of relatively short (typically 500-m) dist-
ances between detectors was proposed and
tested on the basis of microscopic simula-
tion data*’. The method applies a Kalman
filter in order to reduce density observa-
tion errors included in the occupancy
measurements. This paper presents the
application of the basic estimation tech-
nique*S to a section of the Boulevard
Périphérique in Paris, along with testing
against real traffic data. The impact of on-
ramp and off-ramp traffic, of section length
and of sample time interval length on
estimate quality is also examined.

Definitions and problem statement
Consider a section of motorway of length A
with m lanes and detector loops located at
each lane at both ends of the section. No
on-ramps and off-ramps are considered at
this point, although they will be introduced
for the application later on. Let ni(k)
denote the number of cars passing a given
detector station at lanes i = 1,..., m.
Integer argument k corresponds to car
count during the time interval [(k — 1)
T,kT] where T is the sample time interval.
Corresponding traffic volumes are given by
g; (k) = n; (k)/T.
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The occupancy time of a detector i due
to the passage of a vehicle jis t; = (l; +
djly; where I, y; are the vehicle’s length
and speed respectively, and d is the length
of the detector loop which is equal for all
detectors. Occupancy o; (k) of detector i is
then given by

)

oik) = 100/T > t; (Y}
i=1

Introducing the effective vehicle length L;

= [; + d, and substituting #; in Equation

(1), we obtain:

o ni(k)

oik) = 100/T 3} (Lylyy) )
j=1

Measurement errors are mainly caused by

lane changes of vehicles activating either

both or neither of two adjacent detectors.

Furthermore, occupancy measurement

errors may be the result of variable vehicle

height. Hence, the volume (; and

occupancy O; measurements provided by
the detectors will be disturbed, i.e.

qi(k) = Qi(k) + ni(k) E)
oi(k) = Oy(k) + Ei(k) @
where m;, E are the corresponding
measurement errors.

Station volume g resp. Q is defined as the’
sum of lane volumes gq; resp. Q; whilst
station occupancy o resp. O is the average
of lane occupancies o; resp. O. Traffic
density p(k) is defined as the number of
cars in the segment at time kT divided by
the segment length A. The problem
statement is as follows:
Given measurements (3), (4) for the
upstream and downstream detector
stations, provide estimates of traffic
density p; (k) in the segment.

Kalman filter equations. The problem
statement and equations of a scalar,
discrete-time Kalman filter (one-step pre-
diction) is provided here in a simplified
form which is sufficient for the present

application, see Jazwinsky® for details.
Consider a process state equation:

pk +1) = p(k) + u (k) +v(k) (5
and an observation equation:
z(k) = p(k) + E(k) ... (6

where p,u are the system state resp. input.
¥ (k), § (k), the system resp. measurement
noise, are white gaussian sequences with
zero means and known variances I' resp. Z,
with I' > 0, Z > 0. For simplicity, y and {
are assumed to be uncorrelated.

On the basis of known measurements z
(k), u (k) at time k, we wish to predict the
state at time £ + 1 so as to minimise the
mean squares error. Ignoring the initial
estimation phase, the steady-state filter
equation is the following

plk) + 1) = (1 — H) p(k) + H.z(k) +
u(k) ..(D

H is the constant filter gain, given by
H=B+VE+4p I+ B+ VF+4p)
... (8)

where § = I' /Z. From Equation (8), it is
easily seen that 0 < H < 1, depending upon
the value of the noise variance ratio §. In
fact, if B is small, which means that the
state equation (5) is more accurate than the
observation (6), then H becomes small,
and the estimation equation (7) approxi-
mates (5). On the other hand, if § is high,
then H approximates 1, and (7) is based
essentially on the observations.

In summary, application of filter (7) to
traffic density estimation requires deriva-
tion of a state and an observation equation
of the form (5) resp. (6) with known noise
variances.

State equation. A state equation is
readily derived from conservation of cars.
In fact, we have for traffic density:

plk+1) = p(k) + TIA . [q“(k) - qd(k)](g)

where upper indices u, d stand for
upstream resp. downstream measurement
station. Substituting the measurements (3)
in (9), we obtain (5) with u = T/A (Q* —
Q% and y = T/IA (m* — n?). Clearly, y will
not be zero means white noise if there is
any reason for systematically more (or less)
lane changes in the upstream segment and
as compared to the downstream end.
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Furthermore, the noise variance I' may
only be approximately known. However, it
will be seen that the estimation results are
fairly insensitive with respect to 8 —
variations.

If volume measurements were accurate,
i.e. ¥ =0, and the initial density p (0) were
known, Equation (9) would furnish accu-
rate estimates of density. However, both
detector errors and initial value errors are
unavoidable, and hence an observation
equation is necessary for reliable density
estimation.

Observation equation. The local mean
speed around a detector i is defined as the
harmonic mean of vehicle speeds y;?:

n;
W;= nilz (1/)’;'1‘)
j=1

...(10)

Combining Equations (2) and (10), we get
... (11)

where L; is the mean effective vehicle
length for lane i, defined as

w; = 100 . Li . qi/oi

n; n;

Li=24/3 (Uyy)

i=1 j=1

... (12)

Recalling #; = Lyly;, it is easily deduced
from Equation (12) that, if car speeds y;
are equal, then L; equals the arithmetic
mean of the individual car lengths. On the
other hand, if all effective car lengths are
equal to, say, A then L; = A even if car
speeds are not equal.

The station local mean speed w is given
by:

m n; m
w=nl3 3 (ly) =100. /'Y (o/L)
i=1j=1 i=1

...(13)

If we assume space-time homogeneous
conditions, then® ¢ = p.w holds with g the
density around the detector station. From
this and Equation (13) we get:

m
p=0.01 (o/Ly
i=1

Our observation of the segment density
will be more accurate if we take the
average of the two detector stations, in
order to approximate the density of the
motorway segment, i.e.:

... (14)

p(k) = 0.01 Zm{ [oi(k) + o,-"(k)] 12L}
i=1 ... (15)

Equation (15) presents a linear density-

occupancy relationship which may serve as

observation equation. The following re-
marks are in order:

(1) Equation (15) requires the availability
of mean effective vehicle lengths L, for
each lane. Good estimates of L, are
required, otherwise the observation
equation and eventually the filter
estimates may be biased. However, L,
estimates can be easily derived in real-
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time from Equation (12) if there is one
single speed-detector station along the
whole motorway.

(2) If the effective lengths of the individual
lanes are equal, i.e. L, = L, we deduce
from Equation (14)

p=001/L.m.o ...(16)
whilst for equal occupancy values for each
lane, i.e. 0; = o, we get:

p=001/L.m.o ... (17
where L = m . (D 1/L;) ! is the harmenic
mnean of the mean effective lengths of the
lanes.

(3) Errors (noise) in the observation
equation are due to two reasons. The
first source are measurement errors
arising if one substitutes Equation (4)
into Equation (15). The second source
are modelling errors due to the space-
time homogeneity assumption behind
the derivation of Equation (14) resp.
Equation (15). Again, the resulting
total observation error ¢(k) may not
correspond exactly to the theoretical
requirements of the Kalman filter.
Furthermore, the noise variance can
hardly be estimated. Finally, observa-

“tion noise may be correlated to state
noise with an unknown, but presum-
ably small, covariance due to the
common source of measurement
errors. However, the remark made for
the system noise applies here as well,
as will be clear after presentation of
the results.

(3) The observation equation may be
directly used for density estimates.
Clearly, the estimation error in this
case will be equal to Z. Hence,
application of Kalman filtering should
lead to an estimation error variance
which is less than Z, the observation
error variance.

D o fa]
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Fig 1. Test sections of the Brancion on-ramp and
Boulevard Périphérique in Paris.

Application segment. The traffic density
estimation, Equation (7), was applied*to a
three-lane section of the Boulevard
Périphérique in Paris (on-ramp Brancion,
Fig 1). More particularly, the algorithm
was applied to five sections, namely AB,
BC, CD, AC, AD with lengths 221 m, 125
m, 130 m, 346 m and 476 m respectively.
Detector stations A, B, C, D, E, F provide
traffic volume and occupancy measure-
ments on the basis of T = § sec.

Real density values, needed for compari-
son purposes, were extracted for each
section from a film for a duration of 12
minutes. The density in the segment during

this time-period is around the critical
density which is 120 veh/km. Particularly in
the stretch DC, density obtains values up
to 180 veh/km. Unfortunately, no stop-
and-go traffic conditions are present in the

“available data madterial.

For each section, the conservation
equation was appropriately modified to
consider on-ramp and/or off-ramp
volumes, if any. Furthermore, the observa-
tion equation was appropriately modified
in order to take into account the
systematically inhomogeneous space
distribution of density due to the on-ramp
and the off-ramp. Besides, since mean
vehicle lengths for each lane were not
available, Equation (16) rather than
Equation (14) provided a basis for the
observation. More specifically, the
observations for sections AB, BC, CD, AC
read:

zap(k) = «. Ou(k) ... (18)
Zpelk) = o2 . [Og(k) + Oc(k)] ... (19)
ZCD(k) =«.Up k) L e (20)
Zaclk) = « [OAOA(k) . AB + (Og(k) +

OC(k)) . BG2JAGC  ...(21)
with & = 0.01-3/L. For section AD, two
alternative observation_s were studied:
zaplk) = of'[OA(k)_ LAC +

Op(k). CD)/AD ... (22)

ZAD(k) = Ot[OA(k) . AB + (OB(k) +
Oc(k) . BC2 +
Op(k). DCYAD @)

Since mean effective length L was not
available, it was derived such that the
observation error subject to the known real
density values by minimum. A value of L
= 6.25 m resulted regardless of th
particular section considered. :

As a first approach, the state error
variance I' was calculated using the real
density values available. The values
obtained ranged from 75 (veh/km)? for
section AD to 358 (veh/km)? for section
CD. In a similar way, calculation of
observation error variance Z was per-
formed leading to values 170 (veh/km)? for
section AD with observation (23) up to 603
(veh/km)? for section CD.

There are several reasons why measure-
ment error variances differ for different
sections. First, there is a systematic space
inhomogeneity in some sections which is
not visible in the observations. For
example, vehicles entering from the on-
ramp form a density hump which appears
much smoother when observed at station
D. Second, lane-change behaviour is
different in each section depending upon
the existence (or not) of an on-ramp resp.
off-ramp. Finally, the section length may
have an impact on the accuracy of the
observation effected at the section’s ends.

Of course, for a normal application, real
density values are not available and the
variances I', Z should be known a priori.
However, we will see that the filter
estimates are fairly insensitive for a broad
range of error variance ratio values 8. The
values of f calculated as above, were found
to range from 0.4 for section AB to 2 for
section BC.




Fig 2. Estimation error variance versus filter gain H.

Results

Above values of I'resulted in filter gains H
ranging from 0.47 (section AB) to 0.62
(section BC}). However, in order to study
the sensitivity of the estimates (Equation
(7)) with respect to the gain H, the filter
was applied for all possible H-values and
the variance of the estimation error was
observed for each section. The correspon-
ding diagrams are depicted in Fig 2, which
also depicts the variances of observation
for each section, which are, of course,
independent of H and appear as horizontal
lines in the diagram. The diagram gives rise
to the following remarks applying to all
sections:

(I) The gain H calculated by using
Equation (8) is not necessarily the
optimal one. This is probably due to
the simplifications introduced and
the uncertainty of calculation of
€rror variances.

Estimates are clearly better than
observations for a broad range of H-
values (0.05) < H =< 0.8). Hence,
ameliorations achieved by applica-
tion of filter (7) are substantial as
compared to direct utilisation of
observations, e.g. Equation (18).

Estimates are fairly insensitive with
respect to moderate H-changes. For
H in the range 0.1 < H < 04,
amelioration of filter error variance
compared to observation error
variance if fairly constant, in the
order of 50 per cent. In view of these
results, a constant gain H = 0.2
many be chosen for all sections.

@

(3)

Fig 3. Filter results.

Figure 3 depicts the real and estimated
density trajectories for H = 0.2, section
AD with observation (23), using an initial
condition p(o) which equals the real one.
Estimates are seen to follow fairly well
even sudden changes for real density.
Detailed results may be found in Bhouri®.

In order to investigate the tracking
capability of filter (7), initial estimate p(o)
was set equal to twice the real density value
resp. equal to zero. In both cases and for
all sections, estimates reached the real
density in approximately one minute.
Figure 4 depicts results for p(o) = 2.p(0),
section AD, with observation (23).

The influence of the length of the sample
time interval T was also investigated.
Results obtained with T = 10 sec. were
comparable to the ones obtained so far
whilst T = 15 sec. led to a substantial
deterioration, see Bhouri'’ for details.

Fig 4. Investigation of tracking capabilities.
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Conclusions

A vparticularly simple Kalman filter for
traffic density estimation was tested against
real density measurements extracted from
a film. The estimation error variance to the
half. Sensitivity of estimates with respect to
filter gain and sample time interval is low.
Tracking behaviour in the case of a wrong
initial estimate was found to be rapid, in
the order of one minute.
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‘No contraflow’ widening on M5

~ Secretary of State for Transport Paul

Channon last month unveiled innovative
plans for widening the final two-lane
section of the M5 motorway in Hereford
and Worcester, the 13 miles between
Warndon (Junction 6) and Strensham
(Junction 8). The new approach, designed
by the DTp in conjunction with consultants
Howard Humphreys and Partners, will do
away with the need for contraflow and
provide benefits in terms of speed.
construction, accident prevention (saving,j
perhaps, 190 personal injuries and 10
deaths) and reduced traffic delays.

Called ‘paralle]l widening’, it involves the
construction of three new lanes and a hard
shoulder alongside one of the carriage-
ways. While work is going on, traffic on the

existing motorway will be generally un-
affected. When the new lanes and bridges
are built, traffic will be transferred from
one carriageway of the existing motorway
onto the new length. The existing motor-
way will then be adapted to make three
new lanes and a hard shoulder. -

The result is no contraflow, a minimum
two-lane flow with hard shoulder in each

direction throughout the works, and a’

central reserve between opposing flows of
traffic at all times.

Mr Channon said that this section of the
M5 is particularly suited to parallel
widening: ‘in other areas, proximity of
property or other physical or engineering
constraints may still point to the more
usual approach as the most economic and
viable solution’.
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