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Background
Engineers know very well that sharp discontinuities in the shapes of mechanical parts or flow
passages often lead to trouble. We must expect unfortunate results at the borders of trafficcontrolled zones and at the times of day when charging starts or stops abruptly. Such controls
are too blunt. There is not even any incentive to leave town once you have paid your toll for the
day.
This note describes a progressive mechanism that measures accurately the exact parameter we
wish to control. It avoids the problems associated with the vulnerability of the present numberplate recognition method to snipers with paint guns, patches of adhesive tape or judiciously
placed mud splashes converting between B and P or R, C and G or O, E and F or L, etc. It also
avoids the waste of time and risk of apoplexy induced by false charges.
The system can be used on any road over the whole country with no static ground equipment. It
works whether or not vehicles are moving. It will work reliably between tall buildings. It makes
minimum use of the radio bandwidth. It needs no information about vehicle position and makes
no intrusions on civil liberties.
The paper includes a suggestion which will greatly increase voter approval of congestion
charging.
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Essential Features of Congestion Measurement
The present Road Fund tax disk carried by every vehicle would be replaced by an electronic
circuit containing a transmitter, a receiver and counting circuitry. Each unit would transmit a
few thousand cycles of a radio signal with a frequency of a few GHz at intervals of, say, three
seconds. The amplitude of the pulses could vary in a controlled way with a progressive series of
values. The power would be very low, of the order of a few milliwatts, just enough for the
biggest pulses to be detected at perhaps 100 metres and the smallest pulses at about three metres.
By chance a few of the pulses from nearby vehicles may be coincident but this is of no concern
and all transmitters can use the same frequency thus minimising the use of the available
bandwidth.
When a unit is not transmitting it would receive pulses from other vehicles. It would count the
total number of pulses that are above a chosen threshold. The count rate would depend on how
long how many vehicles are within how short a range and so would be an accurate indicator of
traffic density around that vehicle at that time. This is an exact measure of the anti-social
behaviour of occupying space on a busy road which we want to discourage. It would operate
with greatest effect at the most crowded places and the most crowded times of day.
Instead of paying a fixed cost for a Road Fund licence, the vehicle owner would, at convenient
intervals such as a vehicle service or the annual MoT test, pay an amount based on the
accumulated count perhaps with a multiplier for the vehicle type. The units can display the
current total and the cost for any part of a journey so that drivers will get a strong message about
the current cost of being on the road at that time and place. They can learn to avoid expensive
times and places.
It will be possible to have static pulse generators at chosen traffic hotspots such as bridges so that
they can effectively collect tolls and eliminate toll queues. It will also be possible to extend the
design so that units could exchange warnings about fog, ice or motorway pileups. The system
avoids the inconvenience of remembering daily payments. There is no reduction of civil liberties
such as would occur with the transmission of GPS data for each vehicle.

Design Requirements
The equipment should be placed at a point in the vehicle which gives a reasonably clear
transmission path to other vehicles. The ideal for future vehicles would have a vertical aerial
stubby enough to resist a car wash at the highest point of the roof. However this implies roof
penetrations if equipment is to be fitted to existing ones. An acceptably good place, needing the
least intrusive installation for existing vehicles, would be at the top of the centre of the
windscreen behind the rear-view mirror.
It is possible that even a good location on the vehicle will have slightly uneven propagation paths
to other vehicles with perhaps lower signal strength to the rear. While this is not ideal, the effect
should average out over a long period.
Some people adopt a lifestyle which allows them to leave town while the majority are coming in.
This makes better use of road during rush hours and is to be encouraged. It can be done if the
aerials which do the transmission and reception are partly polarised at 45 degrees to the
horizontal so that vehicles going in the same direction give and receive slightly higher counts
from one another than from vehicles going in the opposite direction.
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Given that drivers now accept the amount of windscreen blockage by a rear view mirror we have
an indication of the maximum acceptable size for the case. Modern designs of mobile
telephones can pack an astonishing amount of electronic functionality into much smaller cases.
It would also be possible to build a case with a rear face that could function as a mount for a
rear-view mirror.
It should be made as difficult as possible to remove the equipment from the vehicle. There are
very strong, but slightly flexible, gap-filling adhesives that will give a bond to glass stronger than
the glass itself can take. The flexibility means that the bond does not induce any stress
concentrations in the glass and gap-filling means that the curvature if the front case does not
have to be an exact match to that of the windscreen.
If the unit is to give useful information to the driver, the size of the display characters should be
chosen so that a driver with vision corrected for infinity but with no accommodation for closer
distances (such as would result from a cataract operation) could still read it. Even with good
contrast this suggests display characters at least 10 mm high.
The units could provide instantaneous information about the current charging rate. However this
option should be treated with caution partly because of the distractions it could induce but, more
seriously, because the effects it might have on people prone to road rage. A reasonable
compromise would be for the total cost to date, the cost of a journey or part of a journey or
selected group of journeys to be displayed.
The cost of the semiconductors of the mobile telephones of 2003, (which have absurd
complexities of personal organisers, variable ring-tones, calculators and electronic games) is
about £8 and so the cost of a basic system would be quite negligible when spread over a
production run of tens of millions of identical units. A deluxe box could incorporate many extra
features such as map lights, a flux gate compass, distress beacons, an intruder alarm, even an 'I
have been stolen' transmitter.
Payment
From time to time the accumulated count must be read from the unit and the charge calculated.
This could conveniently be done by equipment in a garage which is doing a vehicle service or
road-worthiness inspection and can add the congestion charge to the service invoice. In the UK
garages already do a good deal of form-filling, VAT collection and measurement of parameters
like exhaust emission. The congestion count download would be only a small addition. The
actual charge would be based on the accumulated count since the last readout, perhaps with a
multiplier for engine type and vehicle size. Frequent payments will give repeated messages
about congestion costs but would avoid the accumulation of desperately large bills.
There are several ways in which the information can be transferred. A direct electrical connector
is easy but gives a point of vulnerability for tampering. Photo-electric links are widely used for
short range messages between computer peripherals. If a light beam from the reader box is
directed at part of a liquid crystal screen, the amount reflected can be used to transfer
information. It could be done by radio link to the filling station attendant with the bill added to
the cost of petrol. The time taken will be much less that the time to refuel. Close-coupled
induction loops are also possible and would be the most secure. These need very little power
from an internal battery because the inside loop can be shorted or opened giving a change of
impedance in the outer loop. It is also possible for such loops to be used to recharge an internal
power source and detect changes in vehicle heading.

3

Fraud prevention
At present a good deal of tax revenue is lost because people do not pay for a tax disk at all. With
computer scanners and colour printers it is all too easy to forge a superficially plausible tax disk.
Some vehicle break-ins will be by people wanting to steal one. It should not be difficult to make
the new system considerably more resistant to dishonesty. This is fortunate because people who
regularly drive along very congested roads may be paying considerably more than the standard
cost of the present tax disk. Absolute prevention is not necessary. All that is needed is to make
the cost of evasion exceed the cost of paying the correct congestion charge.
The electronics can be potted in a tough epoxy resin case marked with a prominent and indelible
copy of the vehicle registration number. This could be large enough to be read from a moving
police car.
There are non-volatile chip technologies which can hold data indefinitely with no power supply.
A 48 bit binary counter could count 1000 pulses per second continuously for nearly 9000 years
so there is no need to provide any counter reset. There is not even any need to do an initial
counter set-zero if a central computer is given the arbitrary start number for a new car
registration which is subtracted from later readings.
The greatest opportunities for fraud lie in the suppression of the strength of incoming pulses and
the immobilising of the receiver circuitry by disconnection of the power supply. If an attempt is
made to reduce the strength of incoming signals, say by the application of a partially conductive
coating to the windscreen, the receiver gain can compensate by a variable gain control. This
could use information from some universally available standard source of similar frequency such
as a satellite-based transmitter. This should have a distinctive Doppler shift due to road bumps.
By interrupting the supply of power to the congestion-counting circuitry a dishonest driver can
try to reduce the count. If this also stops the transmission of pulses then the effect could be
noted by a receiver in a road-side speed camera which could photograph the passage of every
vehicle not transmitting convincing signals. An extra sophistication could include a 'my circuit is
OK' data word based on the re-encryption of a word sent from the speed camera or a police car.
While it is convenient to use power from the vehicle battery it is also possible for the equipment
to contain its own internal power source. With very low power pulses and a low transmission
rate the energy needed is very low. For example a one microsecond pulse with a power of one
milliwatt from a transmitter with 10% DC to RF efficiency once a second needs only 6.3 Joules
over 20 years while small computer backup batteries can store thousands of Joules. Shelf life is
the problem and ten years may be a limit. The receiver and counting circuit is likely to consume
about 3 milliwatts but will be on whenever the vehicle in movement. It would also be possible to
recharge an internal battery from a photo-voltaic cell or from the vibrations of a coil/magnet
assembly or piezo-electric element which would be excited by the vehicle movements. These
sensors could also let the counting circuitry know that a vehicle is being driven without a proper
feed from the vehicle battery. The times for which this had occurred could be played back
during a future count transfer along with a record of gain control settings.
The count transfer could have uniquely coded information in both directions so that the vehicle
will know that it is connected to a genuine central computer and that central computer will know
that it is connected to the correct vehicle unit. Each transfer can repeat the history of previous
transfers. This makes it very difficult for a dishonest garage owner to keep the money. It is not
necessary for communication with the central computer to be immediate. The data for a whole
month of readings could be sent along with the payments.
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Political Considerations and Cost
Politicians have to tread a narrow path between what they would like to do and how doing it will
affect their chances of being re-elected. Actions which bring benefits after they have moved
office seem less attractive. Nearly all arguments boil down to questions of money. It is useful to
consider all the mechanisms by which car owners pay. We want payments to raise revenue and
modify behaviour. To make them acceptable, people must think that they are fair.
Value added tax and any special vehicle tax are paid on the initial purchase. They are in direct
proportion to the vehicle cost which has some relation to engine size but they have no effect on
when and where a vehicle is used.
The original Road Fund licence bought everyone a tax disk and, for a long while, was constant
for every four-wheel vehicle with a reverse gear. This has now been changed to give some
advantage to small, clean vehicles but again has no effect on when and where a vehicle is used.
A tax on fuel does have a direct effect on both distance and vehicle size but none on when and
where a vehicle is used. It is more constructive with respect to driver behaviour but, at present,
the cost is born more heavily by rural drivers who have no alternative transport because of higher
rural fuel prices. Indeed the highest pump prices are paid in Orkney and Shetland where much
of the North Sea Oil is brought ashore. There is no need for this unfairness because fuel tax
could be varied for each filling station according to the inverse of local population density. A
number which depends on the sum of the distances to the rest of the population (or perhaps the
nearest 100,000 of them) will give a stable, smooth density-gradient. This would not be steep
enough for urban drivers to exploit by driving out of town to refuel but it would still remove a
great deal of justified rural discontent.
The fixed border and time charges have proved effective but unpopular at the discontinuities and
because of false charges. There are various reports about setup and running costs of the central
London scheme. An initial setup cost of £200 million and running costs between £90m and
£130m a year have been quoted with a net revenue of only £50 m. Nearly one thousand people
are needed to process one transaction a day for each vehicle and chase the defaulters. If the idea
is to be extended to a larger area, the cost will rise in proportion to perimeter. Unless the large
area is divided into small patches, vehicles which remain within the new area will not be
charged. If it is divided into small patches then the costs will rise with the square of the
perimeter.
If we can make the pulse-counting boxes for £20 each, the initial capital investment for 25
million vehicles over the entire UK would be £500 million, little more than double that for
central London alone. Subsequent investment for 2.4 million new vehicles a year for the entire
UK would be £48 million, less than half the running cost for central London. There would only
be a few, perhaps even just one transaction a year as opposed to one a day. The cost of tracing
defaulters would add nothing to the present costs of tracing people who evade the Road Fund
licence. These investments can be used to trigger the £16 billion which has been estimated that
we should raise from congestion charging so the revenue per unit investment is very high.
The total present world market is 600 million vehicles and is forecast to rise to one billion by
2010.
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Who gets the money?
The low running costs of the scheme mean that a large fraction of the money raised will have to
be distributed somewhere. An early criticism of the idea raised thorny arguments about where
the money should go. While the Treasury is likely to have a strong opinion and the means to
enforce it, there could be alternative claims from local authorities where the congestion had
occurred who would want it for improved roads in areas of heavy congestion. There might also
be claims from local authorities in the areas of vehicle owners.
An idea which will increase the enthusiasm of the general public is due to Ken Caldeira of
Stanford University. He argues that it is wrong to combine revenue-raising with social
engineering and suggests that the money from congestion charging should be distributed through
the entire population on an equal per capita basis, just like a negative poll tax. If a small fraction
of the community causes a large fraction of the congestion it follows that quite a large majority
of the population, in particular the poorer sections, the disabled, those from rural communities
and non-drivers, will cause less than average congestion and so would get a net benefit at the
expense of a few heavy, urban road users. Everyone would have an incentive to cause less than
average congestion and would be competing to do exactly what we want.
The problems about avoiding multiple claims and paying passing tourists and day visitors would
be solved if the congestion dividend went to people already on the electoral roll for whom there
should already close scrutiny to prevent multiple voting. A further option, with even better
attraction for the electorate, would be to give the money to those people on the electoral roll who
actually turned up to vote or filled in genuine papers for a postal vote. Each person would be
given a claim certificate, the value of which would be determined when the total number of
eligible people was known, soon after each election. Everyone would feel that they had won a
small lottery. While voters would still have the right to abstain there would be a strong
incentive, perhaps several £100 and maybe £1000, to turn out. This would be most valuable for
democracy as well as for traffic congestion and the redistribution of wealth. It would be very
likely to be accepted by the majority of the population. It is fair because, through their lifetime,
everyone has the same chance of being a voter.
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Conclusions
Rigid borders and fixed times are crude ways to levy congestion charges.
Number plate recognition is reported to be producing an unacceptable number of false charges
and is very vulnerable to character editing, perhaps even to snipers with paint guns.
A smoother charge mechanism can be achieved if charging is based on an accumulated
measurement of the magnitude and duration of local traffic density. This mechanism could also
replace the present Road Fund licence and the paper tax disks used for it.
Traffic density can be measured in a number of ways. An electronically convenient way is to
use the accumulated count of radio pulses transmitted by adjacent vehicles. This needs no static
ground equipment and is immune to the blockages which tall building cause to GPS
transmissions.
The use of the same frequency by all vehicles leads to a great economy of bandwidth.
Charge information can be taken by electronic readers in garages at infrequent intervals.
Short-term information about costs will allow drivers to make economic decisions about routes
and journey times so as to improve usage of the road system.
Partially polarised aerials can allow us to reduce charges to vehicles moving in the direction
opposite to a rush hour flow.
Static transmitters at bridges can collect tolls and increase the charge at times of high pollution.
Electronic equipment can be protected from fraud to a greater degree than the present paper tax
disk particularly if units can transmit a sophisticated ' my counter is OK' signal to road side
speed cameras and police vehicles.
Drivers do not have to remember to make payments. The rage that they feel over a false charge
can be avoided. The time wasted by sorting out these distractions must have a significant cost.
The cost of the electronics per vehicle would amount to a few days of central London congestion
charges.
The technique can allow for different charge rates for different engine types and vehicle sizes.
The circuit design can be extended to convey other useful information to the driver on matters
such a fog, ice, accidents on the road ahead and vehicle security.
A problem about border-crossing methods is that they cannot work over an entire country while
the problem with pulse-counting methods is that they have to.
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