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In 1965 the Swedish Ministry of Transport set up a Committee
whose terms of reference comprised, among other things, the

study of two questions: rst, what are those costs incurred by
the public bodies (the State and the municipalities) which
should be referred to road tra ic?; and second, how should
these costs be distributed among various categories of road
users (lorries, private cars, etc.) by using different road pricing
charges? One of the points that is of fundamental importance
in dealing with the last-mentioned question is whether there
exist, or whether it is possible to evolve, any methods of road
pricing which comply with more extensive requirements in
respect of differentiation of road pricing charges, than the
present methods.

Further, the research then taking place in the United
Kingdom of the possibilities of reducing road traf c con-
gestion by means of special road pricing charges attracted
the attention of the Committee for reasons other than the
wish to arrive at a more equitable distribution of the public
cost. In such a system, road pricing is thus used at the same
time for traf c regulation purposes.

Accordingly, the National Swedish Road Research Institute
(the predecessor of the present National Swedish Road and
Traf c Research Institute) was requested to carry out a survey

of different technical methods of road pricing. This survey
was submitted to the Committee in 1967. The survey showed
that the technical problems were primarily met with in con-
nection with the payment of road pricing charges in congested
traffic. Furthermore, many advantages would be derived
from a system in which the charges could be calculated in an
on-vehicle meter based exclusively on the continuous measure-
ment of the journey time in terms of distance travelled (traffic-
actuated charging method). This would enable all the journey-
dependent charges (including the charges intended to reduce
traf c congestion) to be paid by means of the same meter.
Since traf c-actuated charging was a new method, which was
in need of being developed, e.g. by means of practical tests,
the Committee requested the Institute in 1968 to investigate
this method more thoroughly, with special reference to road

pricing under congested traffic conditions. The results of this
investigation have been published in a separate reportl, and
are brie y summarised in the present article. The application
of new methods of road pricing in Sweden, e.g. methods of
the types described in what follows, is however to be regarded
only as a long-term possibility.
The technical charging method should be chosen with due

regard to the basic purpose of road pricing. In accordance
with the principles of pricing which can be applied in road
traf c, the pricing shall so far as possible result, rst, in opti-
mum utilisation of the existing resources; and second, in

fully covering the optimum cost of investment, as well as
other social costs, due to road traf c. From the standpoint
of the technical charging method, the rst-mentioned require-

ment, i.e. the optimum utilisation of the available resources,
is dominated by the problem of avoiding uneconomical traf c
congestion.

In conformity with current pricing theory, in order to
ensure the optimum utilisation of the available road and
street space at every moment, it is necessary that each road
user shall pay under congested tra ic conditions a charge
which is equal to the total additional cost that he causes to

other road users. The theory is illustrated in Fig 1. To
attain balance between demand and supply of road space the
road user should have to pay an amount equal to the total
cost increment that he causes by his journey, i.e. the marginal
cost MC. The marginal cost includes partly the road user s
private cost approximating the average cost AC and partly
the social cost I caused to others. The social cost is dominated
by the increased time cost that the individual road user is
causing all the other road users by increasing traf c congestion

Fig 1. The costs of road users in regard to traf c demand and
congestion charge = I.

Cost per vehicle-kilometres
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Without a congestion charge the road user s cost amounts
only to AC, and according to the example given in Figure 1
the traf c demand is Nl, e.g. the number of journeys per unit
time, decided to take place over a given road section. If the
road user has to pay the amount I as a congestion charge,
his cost is MC = AC+I. The increased cost reduces the traf c
demand to Ng. In this case Nl N2 journeys are not made,
compared to the other case, because the bene t would be

less than the total cost increment from each of these journeys*.

 

* Using differential calculus, the theory can be expressed as follows,

where the total cost TC = N . AC: .

I = MC AC = dTC/dN AC = d(N.A)/dN AC=
= AC+N.dAC/dN AC = NJdAC/dN =
= AC-N-dAC/AC-dN = AC-E (AC;N)

The elasticity coefhcient E expresses relative changes in AC as a
function of relative changes in N.



  

This requires an entirely new technical method, which
should preferably be capable of being used also for payment
of other charges. After a general survey of the conceivable
variables which might determine the road pricing charge, and
which are considered with due regard to the road pricing

problem as a whole, the report prepared by the Institute deals
at some length with various technical methods of charging
under congested traf c conditions. .

Investigations made in the United Kingdom
In the investigations of road pricing which have been carried
out in the United Kingdom, a distinction is made between
direct and indirect road pricing chargesz. The direct charges
are paid on the basis of the journey time and the journey
place. The indirect charges comprise, for instance, vehicle and
motor fuel taxes, parking charges and daily licences for travel-
ling in certain areas, e.g. central parts of urban areas. Greater

interest attaches to the more or less exact automatic methods,
which are divided according to method of payment into on-
vehicle and off-vehicle systems.

On-vehicle systems. In these systems, the road pricing charge
is paid'by means of a meter which is tted on the vehicle. For
example, the payment is effected when the vehicle passes
certain de nite points in the street network, where buried
transmitter loops have been installed in the carriageway.
These systems are analogous to the calculation of the fare by
means of a taximeter. What is characteristic of the automatic
on-vehicle systems is the fact that the amount of the charge
to be paid for a journey on a given road is regulated according
to the time of day, e.g. by increasing or decreasing the number
of transmitters in operation on this road. This is done by
means of central control equipment which operates on the
basis of the actual or expected traf c situation.

S
h
o
r
t
-
t
i
m
e

p
a
r
k
i
n
g

     C
h
a
r
g
e

p
o
r

k
i
l
o
m
e
t
e
r

o
r

p
e
r

h
o
u
r

  L
o
n
g
-
t
i
m
e

p
a
r
k
i
n
g

C
h
a
r
g
e

f
o
r
:

Charge_in congested

traffic  
/ Ii

/ il

Charge-speed rel at Ly( .

/

points in the road network are added together, and then the
charge is calculated, and bills are sent to the motor vehicle
owners.

Automatic on-vehicle as well as off-vehicle systems exist in
the form of prototypes. They have been tested, and were

found to work. However, in addition to the charges to be
collected under congested traf c conditions, it is only the

parking charges that can be handled by means of these
methods.

Traf c-actuated charging method
The new traf c-actuated charging method, which has been
proposed by the authors, is rendered possible by the fact that
a journey graph (a curve representing the relation between
the distance and the time) in congested traf c exhibits
characteristic differences from a journey graph under un-
congested traf c conditions. It would therefore be practically
possible to use the traf c-actuated road pricing method for
charges in congested traf c. As has been mentioned in the
above, this method can also be utilised for payment of other
charges, e.g. ordinary charges per unit distance, charges for
high speeds and parking charges. In order to calculate the
amount of the charge to be paid under different traffic
conditions, only on-vehicle equipment is required. The total
charge in congested traf c is determined as the product of a
charge per unit distance, which is dependent on the degree of

traf c congestion, and the road distance travelled by the
vehicle. Examples of those parameters constituting the journey
graph which can be recorded, and which can indicate whether
a journey has taken place under congested traf c conditions
or not, are travel time or speed, acceleration, number of stops
and stopped time.
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Off-vehicle systems. In these systems, the road pricing meter
is installed outside the vehicle. The systems in question require
that the vehicle shall be identi ed and recorded when it
passes certain de nite points in the street network. Such
systems are analogous to the counters used for telephone
metering. One method which has been studied in this con-
nection, and has also been submitted to practical tests, necessi-
tates that each vehicle shall be equipped with an electronic
identification unit (passive electronic circuit). on receiving

power from buried road loops, this unit will re ect a coded
signal which is transmitted to the roadside equipment. The
re ected signal is decoded, and is then transmitted over the
telephone system to an automatic data processing centre,
where the records are sorted so as to be entered under the

respective motor vehicles in the central motor vehicle register.
The numbers of times that each vehicle has passed the pricing

lOO
7

Schematic sketch showing the
principle of the method.

1 20 charges.
Travel speed, km/h

Figure 2 shows examples of the traf c-actuated charges
that can be levied by means of this method in various traf c
situations, which are represented in this case by different
speed ranges. Travelling under uncongested traffic conditions
entails a fixed charge per unit distance. For small private cars,
this charge may be lower than for large ones. For lorries, the
charge per unit distance can also be made dependent on other
variables, e.g. the maximum permissible gross laden weight of

the vehicle. If a vehicle travelling within a high speed range
exceeds a general speed limit, then the rate of charging per
unit distance may be increased in Order to reduce the number of

times that the speed limit is exceeded. If use is made of the
present-day engineering resources, then the information about
the speed limit which is in force in a given area at a given time
can be transmitted to the charge meter, so that a higher charge
may also be collected when local speed limits are exceeded.

 



If it is desired to impose a special toll on traf c along certain

de nite roads, for reasons other than the wish to prevent
traf c congestion, then it is possible to collect charges at
individual pricing points on these roads, e.g. by means of
transmitters embedded in or near the road surface, which

emit pulses to on-vehicle charge meters. As has been pointed
out above, the charge meter can also be used to collect
parking charges. It might be expected that this method of
collecting parking charges could completely replace the park-
ing meters which are employed at the present time. Further-

more, the charge meter can also be provided with a speed-
recording device, which can be utilised for police supervision
and enforcement. For this purpose, the charge meter can be
equipped with a circular disc consisting of a layer that can be
magnetised. It operates as a tape recorder, and always keeps

a record of the speed during the last kilometres travelled. This
device can be used for routine checks, and can thus enable
the intensity of supervision to be increased several ' times
without requiring any additional staff efforts. Moreover, the

device in question can be employed for determining the speed
of a vehicle before and in connection with an accident, and this
can be of great importance in research as well as in judicial
inquiries.

Charge meter. A charge meter can comprise, for instance,
an AC generator, a main unit and an optical signalling device
(Fig 3). The AC generator is coupled to a wheel axle or to a

gear box, and charges a small storage battery which is
incorporated in the main unit, and which serves as a source
of current supply for the charge meter. The AC generator is
also utilised as a speed indicator by emitting pulses at a
frequency that is proportional to the speed. In addition to the
storage battery, the main unit also contains an electric clock
and an electronic computer unit for calculating the amount of
the charge. Furthermore, this unit contains a counter which
indicates the amount of the charge. This is a printing counter
which prints the amount of the charge on an appropriate
medium, e. g. a charging card, which is subsequently forwarded
to the competent authorities for billing. Moreover, the main
unit is provided with push buttons for setting the parking
rate, etc. This equipment makes it possible to use various
programme, cards for programming the calculation of the
charges to be paid for the vehicle in question. By reading the
indication of the counter, the driver can estimate the amount of

the charges to be paid for a given journey. The main functions
of the equipment are based on electronic circuits, and this may

be expected to guarantee a high reliability of operation, even
in relatively unfavourable surroundings. In addition, owing to
this feature, the dimensions of the main unit can be kept

small, e.g. 10 ><15 X 15 cm, on condition that use is made of
miniaturised electronic circuits.

Since the main unit is provided with a built-in storage
battery, only one electrical input (AC generator) is required
for the operation of the equipment. The optical signalling
device, i.e. the visual indicator, can be tted, for instance, on
the windscreen so as to be visible to the driver as well as to
roadside observers. This indicator comprises blinker lamps
which produce during travel a number of ickering signals
that is proportional to the instantaneous value of the amount
of the charge. During parking, the blinker lamps show that
the charge meter is working, and that it is correctly set. The
charge meter can be designed in such a way as to ensure that
all defects due to unwarranted alterations, e.g. those which
are caused by intentional tampering, shall result in higher
charges. It is then in the driver s own interest to see to it that
the charge meter always works properly. If the charge meter
is out of order, this is brought to the driver s attention by
means of signal lamps or an acoustic signalling device.
Inspection and maintenance of the charge meter can take
place, for instance, in connection with the regular inspection
of motor vehicles, which is obligatory in Sweden. The charge
meter needs to be manufactured in one model only, and it
should be possible to cut down its price to a few hundred

Swedish kronor on a mass production basis. If the generator is

tted in the hub of a wheel, then the charge meter can also

be used on trailers.

Calculation of road pricing charge in congested tra ic
A traf c-actuated road pricing system presupposes that the
actual method of charging should be as close as practically
possible to that which is ideally correct. However, no com-
pletely irreproachable ideal charging function which might
be used for road pricing under congested tra ic conditions is
available at the present time. The ideal charging function,
which has been deduced in the studies of road pricing pub-
lished in the United Kingdom, cannot be used at low speeds.
Nevertheless, if the basic theoretical assumptions are slightly
modi ed, then it is possible to improve the applicability of the

charging function to shuttle traf c, i.e. that type of traf c
which is most important from a road pricing point of view.

Fig 3. Example of A Main unit.
Charge meter» D A.C. generator and indicator for

distance travelled.

C Optical signalling device on the wind

screen. This device shows that the

charge meter is in working amount of

the charge. The signalling device is

visible to the driver as well as to

the enforcement officers.

C a window for reading the counter which

indicates the amount of the charge to

be paid.

b Opening for printing a charging card.

c - c. Push buttons for different parking
rates.

d Acoustic signalling device which sounds
an alarm if the charge meter does not

work.

 

   

A new charging function is deduced in the report. This
function can be applied to all travel speeds, and is therefore
to be regarded as a suitable theoretical basis for traf c-
actuated charging. On the other hand, in view of the assump-
tion made for the deduction of this charging function, the
values of the charges obtained by means of this function are
too low under certain traf c conditions. This ideal charging
function (I) comprises only two variables: rst, the travel
speed under consideration (V); and second, the travel speed
in uncongested traf c (V0). Furthermore, it contains a

constant (W) which expresses the cost of time per unit time.

I = XV ln V 0
V V

If a vehicle is travelling in congested traf c, then it is of course
impossible to obtain continuously a correct measure of the
travel speed at which it would move in uncongested traffic, i.e.
V0. Therefore, in order to provide a charging function that can
be used in practice, some approximations have been intro-
duced. They are stated in what follows.
The journey is divided into primary road sections (or pricing
road sections), about 10 m in length each. A charge is cal-
culated for each one of these road sections. Furthermore, 25
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__road section .
= 25 primary
road sections,
10.3 m in
length each

' Ät? ' Distance travelled

257.5 m 257.5 m 257.5 m

Charging Charging Charging

consecutive primary road sections added together form a
secondary road section (or charging section), which is thus
about 250 m in length. The charge is counted at the end of
each secondary road section. The highest speed on that
secondary road section which the vehicle has passed most
recently is chosen as the reference speed in the charging func-
tion designed for practical use (Fig 4). This highest speed may

be put approximately equal to the speed in uncongested
traf c an approximation that seems to be suf ciently close

for this application.
The practical charging function, A, where Vmax has been

substituted for V0 in the expression for I, is

W Vmax
A - V In V

If Vmax happens to be lower than V, then A is put equal to

zero.
This approximation implies that no charge is made so long

as the vehicle is moving at uniform speed. Accordingly,

driving at a uniform speed on a poor road is free of charge.
In order to distinguish between those charges which are

due to traf c congestion, on the one hand, and on the other
hand those charges which are due to driving at non-uniform

speed that is caused solely by the road conditions e.g. a stop
before a traf c signal the practical charging function has
been provided with a charging criterion. This criterion has
been tentatively chosen in such a way that a charge is made
for the secondary road section only if each one of at least 10
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primary road sections out of the 25 consecutive primary road
sections entails a charge which corresponds to a rate of 25

öre/km or higher (1 Swedish krona = 100 öre). Therefore,
isolated stops do not give rise to any charges.

In addition to the introduction of the charging criterion,
use has also been made of another adjustment, namely, a
restriction which stipulates that the charge shall not exceed
10 öre per primary road section, i.e. 10 kronor/km. Conse-
quently, the maximum cost of journeys in congested traffic
can be estimated in advance by the road user in a more
reliable manner.

Practical tests
Data on distance-time relations recorded on punched tapes
by means of the Institute s journey analyser have been placed
at the disposal of the Institute by the City of Stockholm
Highway Authority. The results of these measurements were

obtained on ve different routes in both directions of travel,
during morning and evening hours, as well as during the

middle part of the day. '
Figure 5 reproduces an example which shows the appli-

cation of the method outlined in the above to the calculation
of the amount to be charged, etc., for a journey on Hässelbyle-
den from Sergels Torg (in the centre of Stockholm) to
Vällingbyvägen (in an outlying district). After analysis, as is
seen from Figure 6, it was found that the highest average
rates of charging were obtained for journeys from the centre
of Stockholm to Hässelby, and from this centre of the motor-
way at Danderyd, during the afternoon peak hours (the time
cost W = 11 Swedish kronor/h). The mean charging rate was
then 35 öre/km, and the total charge was slightly higher than
4 Swedish kronor for journeys to Hässelby. In the opposite
direction of travel, during the same hours, the average
charging rate did not exceed 5 öre/km, that is to say, it was
of the same order as the engine fuel tax.

In the outlying urban areas, the charges made for journeys
during the off-peak hours were nearly always found to be low.
So were the charges for journeys during the peak hours in a
direction opposite to that of the peak hour traf c. The travel

speeds seem to indicate that the impediments to tra ic under
such conditions are relatively unimportant. Traf c congestion
is characteristic of the peak hour traf c in the direction from
the outskirts to the centre of Stockholm in the morning, and
in the opposite direction, away from the centre, in the after-
noon. This was thus clearly re ected in the high rates of
charging and in the low travel speeds. These trends are brie y

Fig 4 (above, left). Speed variables Vand Vmax
which were used in the tests on traf c-actuated
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charging. Each primary road section is a pricing
section, i.e. it is included in the calculation of the
amount of the charge. Each secondary road section
is a charging section, i.e. the charge is counted at

the end of this section.
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Fig 5 (left). Distance travelled, per cent stopped
time, number of stops, charge (collected under
congested trafic conditions). Direction of travel
from the centre ofStockholm (Sergels Torg) to the
outskirts ( Va'llingbyva'gen), starting at 17.00 hours

on June 8, 1970.



Fig 6. Average total charges and
speeds observed during journeys
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Table I. Average charges and speeds observed during journeys
along ve routes in various Greater Stockholm areas. Note the
marked difference between the journeys during the peak hour
traffic and the other journeys.

 

Area Journeys to the centre Other journeys
in the morning and
from the centre in the

 
 

 

afternoon

öre/km km/h öre/km km/h
Central districts 22.5 19.0 10.5 _ 22.2
Outlying districts 23.0 20.5 5.5 36,1

Near suburbs 18.0 23.0 2.3 43.2
Remote suburbs 13.0 28.7 0.8 50.1

Total 19.0 21.5 4.3 36.4
 

summarised in Table I, which gives the average values for the
ve routes taken together.
The conclusions which can be drawn from the results re-

viewed in the above are stated in what follows. If experience

shows that the traf c is heavily congested, and if the speeds
are found to be low, then the charges will be high. On the
other hand, if judging from the speeds the road users
are not noticeably impeded by traf c, then no charge will be
made. Accordingly, it is to be expected that the traf c-

actuated method of charging can in principle be used for road
pricing in congested traf c.

Multi-purpose charging system can be pro table

The question as to what charges should be levied in road
traf c is of a political nature. Therefore, the above-mentioned
report of the Institute discusses only the technical possibilities
of implementing the collection of various conceivable charges.
To use a system to collect only the charges under congested
traf c conditions would be impracticable in Sweden for
economic reasons. Furthermore, this involves the problem
of deciding what motor vehicles shall be provided with equip-
ment for collection charges. In fact, it is scarcely feasible to
provide all motor vehicles with equipment for charges to be
collected under congested traffic conditions if only a small

percentage of these vehicles will take part in congested traf c
to any notable extent. However, the traf c-actuated charging
system described in this paper, if supplemented with some
very small additional features, can also be utilised for other
charges, and can then replace the present-day system of
engine fuel taxes and motor vehicle taxes. Moreover, if this
system is used to collect the parking charges and to increase
the capacity of the police in connection with speed limit
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enforcement, then the system in question may be expected to
be suf ciently pro table. In the main, this system is self-

regulating, and does not require any devices for centralised
regulation in order to adapt the amounts of the charges to

varying traf c conditions. '
The British and the Swedish solutions regarding congestion

charges differ in respect of main strategies, which are of two
kinds. The British solution is adapted to a strategy which has
the advantage that xed congestion charges in time and space
are announced to the public. Thus, road users may know the

economic consequences when they make journey decisions,
that is, before journeys are made, if they care to study the
rather complicated information. Of course, they might be

partly mistaken on the time when they will pass charging
point and thus on the time-dependent charges. The main
disadvantage of this strategy is, however, that the charges are
only estimates and often faulty- of the real marginal social
costs. A simpli cation of the charging system may be import-

ant and can only be bought by increasing the faults.
The strategy behind the Swedish solution is to charge for

congestion according to direct estimates depending on
measured traf c effects of the marginal social costs. This

advantage cannot be combined with preannounced charges
However, it is quite possible for the road users themselves to
make good estimates of the charges that will be made, if a

certain journey is undertaken, given the right opportunities.
This can be done in a very simple way: up to a certain critical
amount, no congestion charges are to be paid. This critical
amount should be proportionate to the distance driven

during each payment period, say three months time. The result-
ing congestion charge free driving should give enough
information for adequate decision-making as to regular
driving in dense traf c. The irregular driving in dense traf c,
would usually be free for long-distance travellers.
The results reported in the above justify further develop-

ment work on this system, and this work should be directed
towards the determination of the accuracy of the method,

among other things.
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