DIFFERENT VEHICLE SPEEDS AND
CONGESTION COSTS

By A. Tzedakis*

INTRODUCTION

The development of the theory of congestion costs has been dominated by the
concepts of homogeneous traffic and the speed-flow relationship. Road pricing
diagrams show curves which indicate that cost depends on the quantity of homo-
geneous traffic, the density of which determines the speed of vehicles (Sharp, 1973).
This approach was made more realistic by the concept of the Passenger Car Unit.
Vehicles contributing more than average to congestion were considered as the
equivalent of (e.g.) two such units. This adjustment of the volume of traffic is subject
to the objection that it does not incorporate sufficiently the effect of the variables
which determine the congestion costs imposed by particular types of vehicles.

Beesley (1965) proposed that, in the context of road pricing, account should be
taken of the impact of vehicles on other vehicles’ speeds. The assumption of speed-
flow relationships, that time of journey depends on density of vehicles, does not help
the specification of this impact. Low speed, as a cause rather than an effect of
congestion, requires attention, as is indicated by the existence of queues during the
alleged “free flow” range. Quantification of the congestion costs imposed by slow
vehicles on faster ones can result in more equitable charges.

The existence of differing speeds and their importance for the quantification of
congestion costs has been acknowledged, but the predominance of the idea that speed
is a function of density has inhibited the explicit analysis of their impact. Various
approaches have been adopted which either do not consider low speed as a cause of
congestion costs or treat it as exogenous.

In this paper the assumptions that traffic can be treated as homogeneous, that
general conversion factors can be used, and that speed is a function of density are
abandoned. A model is developed for the quantification of delay costs and of the
change in vehicle operating costs caused by a traffic of slow vehicles to a traffic of fast
ones on a lane of a two-lane road. The stochastic nature of vehicle entries is taken into
account, and the quantification is general, covering traffics of all probability distri-
butions. The model covers conditions in which overtaking is not possible. The
quantification of costs with overtaking can also be done, in a more complex way, for
traffics of all probability distributions (Tzedakis, 1978). Subsequently, the model is
applied to Poisson traffic and the implications of the resulting costs are considered.

In part I the nature of the model is discussed. In part II the model is developed. In
part III the model is applied to Poisson traffic for different combinations of the
relevant variables, the sensitivity of congestion costs to these is considered, and
marginal congestion costs are derived for different conditions. In part IV congestion
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prices, estimated on a speed-flow basis, are compared with equivalent prices estimated
on the basis of this model. In part V we examine the implications of our approach for
traffic flow theory and the calculation of congestion costs. In part VI we summarise
the main conclusions.

I. THE MODEL

A traffic of slow vehicles and a traffic of fast ones are taken, and the congestion costs
imposed by the former on the latter per time period are quantified. The speed of each
traffic is not made to depend on the level of traffic. Therefore, no speed-flow relation-
ship is used. No pcu equivalent is used to adjust the volume of traffic for the purpose
of estimating congestion costs, as these are estimated directly. As the quantification is
that of delay costs and changes in vehicle operating costs, other than time, of the fast
vehicles which are impeded by the slow ones, congestion costs tend to zero as vehicles
tend to be all of one speed. Furthermore, the marginal slow vehicle reduces the speed
of some fast vehicles, those which it impedes, for part or the whole of their journey,
rather than reducing the speed of both slow and fast vehicles.

The congestion costs caused by the slow traffic per time period (e.g. per hour) are
estimated as follows: a slow vehicle is taken and some relationships are first
established between the delay suffered by fast vehicles impeded by it during its journey
on a road, the sum of their queuing times and the sum of lengths of road over which
they queue. The expected value of the sum of queuing times of fast vehicles impeded
by the slow vehicle is then calculated. On the basis of the expected value of queuing
time, the expected value of delay costs and the change in vehicle operating costs are
quantified. The value of these costs caused by the slow traffic per hour is then
estimated by multiplying the costs per slow vehicle journey by the hourly number of
slow vehicle journeys.

The basic quantities of the model are:

(a) The probability that the nth fast vehicle enters the road after the lapse of
more than a specified length of time from the entry of the slow vehicle for
which the estimate is made.

(b) The probability that the jth slow vehicle enters the road after the lapse of
more than a specified length of time from the entry of the slow vehicle for
which the estimate is made.

These probabilities are used for the estimation of the expected value of total queuing
time of fast vehicles, and the consequent estimation of the expected value of
congestion costs. The specification of each of these probabilities according to the form
required by the probability distribution of the fast vehicle and the slow vehicle traffic,
respectively, makes possible the application of the model to traffics of all probability
distributions. After the quantification of the expected value of congestion costs, these
probabilities are specified for Poisson traffic. To retain its generality, the model sums
the probabilities that the nth fast vehicle is queuing behind the slow one, for which the
estimate is made, during particular small equal time periods; it does not use inte-
gration, as the procedure of integration is different for different probability distri-
butions.
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II. QUANTIFICATION OF CONGESTION COSTS

Let A be the speed of slow vehicles, B that of fast ones, D the length of the road under
consideration, 7" the sum total of lengths of time for which fast vehicles queue behind
the slow one during the slow vehicle’s journey on the road, L the sum total of lengths
of distance over which fast vehicles queue during its journey, and R the sum total of
delays suffered by fast vehicles impeded by the slow vehicle during its journey. For
example, if two fast vehicles are delayed, and one queues for 4 minutes and the other
queues for 2, T is 6 minutes; if one queues over one mile and the other over half a
mile, L is 1.5 miles. Delay (R) is equal to the following:

R=——-—= 1
77 (1)
That is, delay is equal to the amount of time required by the fast vehicles to traverse
the total of lengths of distance over which they queue (L/4) minus the amount of time
they would have required to traverse the same total of lengths of distance if they had
been able to travel unimpeded, i.e. at their own speed (L/B). By re-arrangement of

terms, it follows that:
L=R / ( P ) )]
7 /\4 B

Therefore, total queuing time (7'), i.e. total queuing distance divided by the slow
vehicle speed (L/A), is equal to the following:

1 1
ren| 54 ®
Delay (R) is also equal to the following, as can be deduced from (3):
R=T (1 - i) “
B

Equations (2) to (4) make possible the conversion of queuing time (7°) into queuing
distance (L) and delay (R).

For the estimation of the delay (R) caused by the slow vehicle under consideration,
queuing time (7') may be calculated. The slow vehicle’s travelling time (D/4) may be
taken and the probability that fast vehicles are queuing behind it during small equal
time periods (e.g. seconds) of this travelling time may be quantified. The probability
that the nth fast vehicle is queuing behind the slow vehicle during small time period k
depends on the time interval between the entry on to the road of the slow vehicle and
of the nth fast vehicle, on their speeds, and on whether no other slow vehicle stopped
the fast one from joining the queue of the slow vehicle under consideration.

If the time interval between the entries of a slow and a fast vehicle is H, the queuing
time of the fast vehicle can be estimated as follows. Let M, be the distance travelled by
the fast vehicle to catch up with the slow one. Then:

M, M,

A—B+H %)
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That is, the time required by the slow vehicle to traverse this distance is equal to the
time required by the fast one to traverse the same distance plus the time interval
between the entries of the two vehicles. Hence this distance (M,) is equal to the
following:

_ HAB ©
""B—4 ]

Therefore the queuing time of the fast vehicle (7,) is equal to the following:

_ (D HAB )/A
v=\P=3—7 ' »(7)

That is, queuing distance of that vehicle divided by the speed of the slow vehicle.

It can be seen from (6) that, if the time interval between the entry on to the road of
the s.v. and the f.v. is H, the queuing time of the latter is, by re-arrangement of (7),
[D/A] — [HB/(B — A)l. Therefore, for every change by one unit of the time interval
between their entries, the queuing time changes by one unit multiplied by B/(B — A4).
Furthermore, a difference of one unit in queuing time is associated with a difference in
the time interval between the entries of one such unit divided by B/(B — A). Let
B/(B — A) be equal to f. The probability that, during the kth small unit of the slow
vehicle’s travelling time, the fast vehicle is queuing behind it, is determined by (i) the
probability that the time interval between their entries is k/f such units or less and (ii)
the probability that the time interval between this slow vehicle and the next one is
greater than that between this slow vehicle and the fast vehicle considered.

Let the travelling time of the slow vehicle, (D/A4), be divided into k small equal time
units (e.g. seconds); and let the intervals between the entries of vehicles be measured in
“units of interval time”, each one of which is equal to one unit of queuing time divided
by f; for example, if the unit of queuing time is one second and f is 3, the unit of
interval time is one third of a second. Let Z{ be the probability that the interval
between the entry of the s.v. and of the nth f.v. is greater than a units of interval time,
and let U'D be the probability that the interval between the entry of the s.v. for which
the calculation is made and the next s.v. is greater than a units of interval time. Unless
otherwise specified, time will henceforth be measured in terms of units of queuing time
(which are the same as units of the slow vehicle’s travelling time).

The probability that the nth f.v. joins the queue of the s.v. during the ath period of
the latter’s travelling time (J{) is equal to the following:

IP =@, -2 Uy ®

That is, the probability that the nth f.v. enters the road during the ath unit of interval
time after the entry of the s.v. for which the calculation is made and is not stopped
from joining its queue by the next s.v.

The probability that the nth f.v. is queuing behind the s.v. during the kth time period
of the latter’s travelling time (X {) is equal to the following:

k
XP=3 @R, -z UP &)

a=1
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That is, the probability of having joined the queue during any time period of the s.v.’s
travelling time up to and including k. The expected value of total queuing time of all
fast vehicles that queue behind the slow one during its journey on the road, (T), is
equal to the summation by n and k of the probability that the nth f.v. is queuing
behind the s.v. during the kth time period of the latter’s travelling time.

s D/A

T=3 2 X (10)

n=1k=1

The s of the outside loop indicates that we sum up to a significant number of fast
vehicles.

By travelling at a lower speed, the fast vehicles have different operating costs. Let G
be the difference in operating costs, excluding time, per unit of distance used, between
travelling at speed A4 and travelling at speed B. Queuing distance, (L), indicates the
sum of lengths of road over which this difference in operating costs is realised. There-
fore, queuing distance (L) multiplied by G gives the difference in vehicle operating
costs, excluding time, of the fast vehicles impeded by the slow one during its journey.
G may be positive or negative, in view of the U-shaped relationship of some such costs
to speed.

It can be seen from (2) and (3) that L is equal to TA. Therefore, the change in
vehicle operating costs of fast vehicles per journey is equal to GTA. It can be seen
from (4) that delay is equal to queuing time multiplied by (1 — 4/B). Let C be the
congestion costs imposed by the slow vehicle during its journey. As both components
of these costs can be estimated on the basis of queuing time, C is equal to the
following (V' being the value of time of the fast vehicles):

o +(1-5)]
C=|GAa+(1=-=|p'|T (11)
B

As (10) gives the expected value of queuing time of fast vehicles, the expected value of
congestion costs imposed by the slow vehicle during its journey can be estimated. The
congestion costs imposed by the slow vehicles on the fast ones per time period (e.g.
per hour, week or month), (C*), is equal to the expected value of congestion costs
imposed by the slow vehicle during its journey, multiplied by the number of slow
vehicle journeys per time period considered (N*). C* is, therefore, as follows, on the
basis of (10) and (11):

A s D/A
n=1k=1

If, during (e.g.) three periods of the day, the densities and distributions of the different
traffics are different, the expected value of congestion costs per slow vehicle journey
can be calculated for each, and the weekly or monthly costs derived correspondingly.

If the entry of vehicles is assumed to follow a Poisson distribution, Z{ and U
above must take the form required by that probability distribution. Z{™ is specified as
the value indicated by the Gamma distribution. If w is the rate of fast vehicle entries
per unit of time, Z{" is as follows:
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Zo="S (atwif)l? e on)/y! (13)
y=0

UWY is specified as the value indicated by the exponential distribution. If g is the rate of
slow vehicle entries per unit of time, U{) is as follows:

Uf,” = e—a(d/f) . (14)

III. COST LEVELS AND IMPLICATIONS

_ This model was applied to Poisson traffic for different combinations of values of the
relevant variables, and congestion costs were quantified for these. The queuing time of
impeded fast vehicles per slow vehicle journey was derived, the unit of queuing time
chosen being the 2 second period.! The consequent hourly delay costs and changes in
vehicle operating costs other than time were calculated for mid-1976 United Kingdom
price levels.

As the quantification of congestion costs requires the value of time and the costs of
operation, other than time, of fast vehicles, we used the latest estimates of the
Department of Transport for cars (Holman, 1977). These are average values for mid-
1976, given occupancy rates and trip purposes. In these the resource value of time is
£1.313 p.h. and the resource cost, excluding time, of vehicle operation at different
speeds is derived on the basis of the following formula:

Cost = 1.81 + 25.08/v + 0.000056v?

where Cost is the cost in pence per car kilometre, excluding time, and v is the average
car speed in kilometres per hour.

Hourly costs were first quantified for a flow of 35 slow vehicles and 350 fast
vehicles per hour over a one-mile road, with a slow vehicle speed of 18 miles per hour
and a fast vehicle speed of 30 miles per hour.

These values of the variables will be called their reference values. Subsequently, the
value of each variable was varied upwards or downwards, with all the other variables
retaining these reference values. Costs resulting from different combinations of the
variables were thus estimated, and their sensitivity to each variable became apparent.
Slow vehicle speed was varied from 12 to 24 m.p.h. in steps of 2 m.p.h.; fast vehicle
speed from 21 to 39 m.p.h. in steps of 3 m.p.h.; slow vehicle traffic from 5 to 65 v.p.h.
in steps of 10 v.p.h.; fast vehicle traffic from 50 to 650 v.p.h. in steps of 100 v.p.h.;
finally, road length was varied from half to one and a half mile in steps of 0.16 or 0.17
of a mile. The resulting total congestion costs are given in Table 1. The figures for
each value of each variable are for the combination of that value of that variable and
the reference values of the other variables, which are underlined.

The percentage changes in hourly congestion costs, resulting from percentage
changes in the different variables, are shown in Figure 1. It can be seen that, over the
range covered, costs are most sensitive to changes in slow vehicle speed. A fall in slow

1 Mr. K. G. Abdel-Nasser, of Transport Section, Imperial College, processed through the computer
the queuing time part of equation (12).
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TABLE 1
Hourly Total Congestion Costs

Slow Total Other Sum of Fast Other Sum of
Vehicle Delay Veh. Oper.  Delay and Vehicle Delay Veh. Oper.  Delay and
Speed Costs Costs Other Costs Speed Costs Costs Other Costs
M.p.h. Pence Pence Pence M.p.h. Pence Pence Pence

12 1212.13 198.89 1411.02 21 46.65 7.69 54.34
14 778.98 123.16 902.14 24 133.68 21.21 154.89
16 498.14 75.56 573.71 27 226.03 34.37 260.40
18 312.98 45.34 358.32 30 312.98 45.34 358.32
20 186.89 25.71 212.60 33 391.67 53.68 445.35
22 102.06 13.26 115.32 36 461.87 59.44 521.31
24 51.34 6.25 57.59 39 524.27 62.78 587.05

Slow Other Sum of Fast Other Sum of
Vehicle Delay Veh. Oper.  Delay and Vehicle Delay Veh. Oper.  Delay and
Traffic Costs Costs Other Costs Traffic Costs Costs Other Costs

V.p.h. Pence Pence Pence V.p.h. Pence Pence Pence

5 55.20 8.00 63.20 50 44.71 6.48 51.19
15 153.96 22.30 176.26 150 134.14 19.43 153.57
25 239.20 34.65 273.85 250 223.56 32.38 255.94
35 312.98 45.34 358.32 350 312.98 45.34 358.32
45 377.02 54.61 431.63 450 402.41 58.29 460.70
55 432.75 62.68 495.43 550 491.83 71.24 563.07
65 481.39 69.73 551.12 650 581.26 84.20 665.46

Length Other Sum of
of Delay Veh. Oper.  Delay and
Road Costs Costs Other Costs
Miles Pence Pence Pence
0.50 88.87 12.87 101.74
0.67 152.43 22.08 174.51
0.83 224.66 32.54 257.20
1.00 312.98 45.34 358.32
1.17 411.78 59.65 471.43
1.33 513.18 74.34 587.52
1.50 628.76 91.08 719.84

vehicle speed from 18 to 12 m.p.h., i.e. of one third, results in almost a quadrupling of
congestion costs, whereas a rise from 18 to 24 m.p.h., which brings it near the speed
of fast vehicles, results in a reduction of costs of more than 80%. Over the range
considered, all percentage changes in this variable result in greater percentage changes
in costs. When slow vehicle speed is falling, the rate of increase in costs is increasing;
and when it is rising, the rate of decrease in costs is increasing. Costs are also sensitive
to fast vehicle speed, but to a smaller extent. Throughout this range percentage
changes in this variable are associated with higher percentage changes in costs. When
fast vehicle speed is falling and approaching that of slow vehicles the rate of decrease
in costs is increasing, whereas when it is rising the rate of increase is decreasing. The
response of costs to the level of slow vehicle traffic is of interest, as the percentage
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SENSITIVITY OF CONGESTION COSTS TO DIFFERENT VARIABLES

1=Slow Vehicle Speed

2=Fast Vehicle Speed

4
3=Slow Vehicle Traffic -
4=-Fast Vehicle Traffic L 2

5-Road Length

_.I||1|l|1||||1111|114I+
100 50 50 100
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3 5
4 2 -

Percentage change
in cost

FIGURE 1

change in costs is always lower than the percentage change in slow traffic. Average
and marginal congestion cost of slow vehicles decreases as their number goes up. This
is because, as the number of slow vehicles increases, the probable gap between any
two of them becomes smaller; and, other things being equal, the number of fast
vehicles that each slow vehicle will impede also becomes smaller. This result has impli-
cations for road pricing theory, which will be considered below. It also suggests that
information from empirical investigations of delays imposed by particular slow
vehicles cannot be used to derive broad averages, except for conditions in which the
levels of slow traffic and the other variables are similar. Percentage changes in fast
vehicle traffic result in the same percentage changes in costs. Furthermore, cost
changes are more than proportionate to the changes in length of the road over the
range covered. As can be deduced or seen from Table 1, costs per mile, with the other
variables remaining unchanged at their reference values, are 203.5 pence per hour on
the 0.5 mile road, 358.3p on the 1 mile road and 479.9p on the 1.5 mile road; on a 2
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TABLE 2

Private and Marginal Congestion Costs per Vehicle Mile of Slow Vehicle Traffic for
Reference Values

Slow Private Marginal Sum of Sum of
Vehicle Private Other Sum of Marginal Other Marginal Private and
Traffic Time Veh. Op. Private Delay Veh. Op. Congestion ~ Marg. Cong.
Level Costs Costs Costs Costs Costs Costs Costs

V.p.h. Pence Pence Pence Pence Pence Pence Pence

5 11.87 15.28 27.15 10.71 1.55 12.26 3941
15 11.87 15.28 217.15 9.23 1.34 10.57 37.72
25 11.87 15.28 27.15 797 1.16 9.13 36.28
35 11.87 15.28 27.15 6.91 1.00 791 35.06
45 11.87 15.28 27.15 6.01 0.87 6.88 34.03
55 11.87 15.28 27.15 5.24 0.76 6.00 33.15
65 11.87 15.28 27.15 4.58 0.66 5.24 32.39

mile road costs per mile are 576.2p per hour. Therefore, given the numbers of slow
and fast vehicles p.h., congestion costs cannot be represented “per unit distance”
without reference to total distance.

As Table 1 shows total costs per hour, it is of interest to investigate the marginal
congestion costs imposed by the slow vehicles in different conditions and to compare
these with the costs of operation of slow vehicles. Knowledge of the private costs of
operation and the marginal congestion costs of slow vehicles makes possible the
calculation of congestion prices and taxes for them, on the assumption that the curve
showing the sum of private and marginal congestion costs is intersected by the
demand curve at the point considered.

As was indicated above, fast vehicles were costed on the basis of the mid-1976
Department of Transport costs of cars at different speeds. For costing the slow
vehicles the mid-1976 Department of Transport costs of heavy goods vehicles were
used (Holman, 1977). The resource value of time of HGVs is given as £2.136 p.h. and
their resource cost of operation, excluding time, at different speeds is derived on the
basis of the following formula:

Cost = 7.8 + 45.82/v + 0.00012722

where Cost is the cost, excluding time, in pence per kilometre, and v is the average
speed in kilometres per hour.

Private costs of operation per vehicle mile on the 1 mile road and marginal
congestion costs at different levels of slow vehicle traffic, with the other variables
retaining their reference values, are shown in Table 2.

It can be seen that, with the other variables retaining the same value, the marginal
congestion costs imposed by the slow vehicles go down as their number goes up. As
was indicated above, this is because the greater the number of slow vehicles the
smaller the probable gap between any two of them and, therefore the fewer the fast
vehicles that each will impede. The rate of fall of costs will vary according to the other
variables. The last column shows the congestion prices that would result if the demand
curve intersected the curve of private plus marginal congestion costs at these points,
and the last but one shows corresponding congestion taxes. It can be seen that at the
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TABLE 3
Private Costs and Marginal Congestion Costs per Slow Vehicle Mile

Value of variable Private Marginal Sum of Sum of
indicated and Private Other Sum of Marginal Other Marginal  Private and
reference values of Time Veh. Op. Private Delay Veh.Op.  Congestion Marg. Cong.
remaining three Costs Costs Costs Costs Costs Costs Costs
15 Slow Vehicles p.h.

Pence Pence Pence Pence Pence Pence Pence

S.V. Speed: 14 m.p.h. 15.26 15.94 31.20 23.14 3.66 26.80 58.00
S.V. Speed: 22 m.p.h. 9.71 14.90 24.61 2.98 0.39 3.37 27.98
F.V. Speed: 24 m.p.h. 11.87 15.28 27.15 3.91 0.62 4.53 31.68
F.V. Speed: 36 m.p.h. 11.87 15.28 27.15 13.68 1.76 15.44 42.59
F.V. Traff: 150 v.p.h. 11.87 15.28 27.15 3.96 0.57 4.53 31.68
F.V. Traff: 550 v.p.h. 11.87 15.28 27.15 14.50 2.10 16.60 43.75
Road Length: 0.67 m. 11.87 15.28 27.15 6.66 0.96 7.62 34.77
Road Length: 1.33 m. 11.87 15.28 27.15 11.44 1.66 13.10 40.25

35 Slow Vehicles p.h.
S.V. Speed: 14 m.p.h. 15.26 15.94 31.20 14.40 2.28 16.68 47.88
S.V. Speed: 22 m.p.h. 9.71 14.90 24.61 2.54 0.33 2.87 27.48
F.V. Speed: 24 m.p.h. 11.87 15.28 27.15 3.25 0.52 3711 30.92
F.V. Speed: 36 m.p.h. 11.87 15.28 27.15 9.57 1.23 10.80 37.95
F.V. Traff: 150 v.p.h. 11.87 15.28 27.15 2.96 0.43 3.39 30.54
F.V. Traff: 550 v.p.h. 11.87 15.28 27.15 10.86 1.57 12.43 39.58
Road Length: 0.67 m. 11.87 15.28 27.15 5.46 0.79 6.25 33.40
Road Length: 1.33 m. 11.87 15.28 27.15 7.85 1.14 8.99 36.14
55 Slow Vehicles p.h.

S.V. Speed: 14 m.p.h. 15.26 15.94 31.20 9.27 1.47 10.74 41.94
S.V. Speed: 22 m.p.h. 9.71 14.90 24.61 2.17 0.28 2.45 27.06
F.V. Speed: 24 m.p.h. 11.87 15.28 27.15 2.72 0.43 3.15 30.30
F.V. Speed: 36 m.p.h. 11.87 15.28 27.15 6.81 0.88 7.69 34.84
F.V. Traff: 150 v.p.h. 11.87 15.28 27.15 2.24 0.33 2.57 29.72
F.V. Traff: 550 v.p.h. 11.87 15.28 27.15 8.23 1.19 9.42 36.57
Road Length: 0.67 m. 11.87 15.28 27.15 4.50 0.65 5.15 32.30
Road Length: 1.33 m. 11.87 15.28 27.15 5.50 0.80 6.30 33.45

lowest slow traffic level the tax is under one third of the sum of marginal private cost
plus marginal congestion cost, and at the highest slow traffic level it is under one sixth.

Table 3 gives private costs and marginal congestion costs for slow traffic levels of
15, 35 and 55 vehicles. For each, the second lowest and the second highest value of
every other variable is combined with the reference values of the remaining three
variables. In this way we show the congestion prices and taxes that would result in
various situations if the demand curve intersected the curve of private plus marginal
congestion costs at the corresponding point. Furthermore, as the same variation of
other conditions is considered for each slow traffic level, the table shows the behaviour
of the marginal costs of slow vehicles in corresponding conditions. As all the figures of
Table 3 are on a per-mile basis, those for changing road length have been adjusted
accordingly.

It can be seen that, for all the combinations of values of the variables considered,
the marginal costs of slow vehicles fall as their numbers increase. Furthermore, the
rate of fall of marginal congestion cost as the level of slow vehicle traffic increases is
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TABLE 4

Unimpeded Operating Costs and Marginal Congestion Costs per Fast Vehicle Mile
(350 Fast Vehicles per hour)

Value of variable Unimpeded Marginal Sum of Sum of
indicated and Unimpeded ~ Other Sum of Marginal Other Marginal ~ Unimpeded
reference values of Time Veh. Op.  Unimpeded Delay Veh.Op.  Congestion and Marg.
remaining two Costs Costs Costs Costs Costs Costs Cong. Costs

15 Slow Vehicles p.h.

Pence Pence Pence Pence Pence Pence Pence
S.V. Speed: 14 m.p.h. 4.38 3.96 8.34 1.19 0.19 1.38 9.72
S.V. Speed: 22 m.p.h.. 4.38 3.96 8.34 0.14 0.02 0.16 8.50
F.V. Speed: 24 m.p.h. 5.47 4.09 9.56 0.18 0.03 0.21 9.77
F.V.Speed: 36 m.p.h. 3.65 391 7.56 0.67 0.09 0.76 8.32
Road Length: 0.67 m. 4.38 3.96 8.34 0.31 0.04 0.35 8.69
Road Length: 1.33 m. 4.38 3.96 8.34 0.56 0.08 0.64 8.98

35 Slow Vehicles p.h.
S.V. Speed: 14 m.p.h. 4.38 3.96 8.34 2.23 0.35 2.58 10.92
S.V. Speed: 22 m.p.h. 4.38 3.96 8.34 0.29 0.04 0.33 8.67
F.V. Speed: 24 m.p.h. 5.47 4.09 9.56 0.38 0.06 0.44 10.00
F.V. Speed: 36 m.p.h. 3.65 391 71.56 1.32 0.17 1.49 9.05
Road Length: 0.67 m. 4.38 3.96 8.34 0.65 0.09 0.74 9.08
Road Length: 1.33 m. 4.38 3.96 8.34 1.10 0.16 1.26 9.60
55 Slow Vehicles p.h.

S.V.Speed: 14 m.p.h. 4.38 3.96 8.34 2.88 0.46 3.34 11.68
S.V. Speed: 22 m.p.h. 4.38 3.96 8.34 0.43 0.06 0.49 8.83
F.V. Speed: 24 m.p.h. 5.47 4.09 9.56 0.55 0.09 0.64 10.20
F.V. Speed: 36 m.p.h. 3.65 391 7.56 1.78 0.23 2.01 9.57
Road Length: 0.67 m. 4.38 3.96 8.34 0.93 0.13 1.06 9.40
Road Length: 1.33 m. 4.38 3.96 8.34 1.48 0.21 1.69 10.03

considerably higher when congestion costs are high than when they are low (except
when the difference is due to the level of fast vehicle traffic). When costs are high, the
rate of fall, in respect of the range covered, is highest if they are due to low speed of
slow vehicles, intermediate if they are due to road length or fast vehicle speed, and
lowest if they are due to the level of fast vehicle traffic. The reverse is true in
conditions of low costs: the lowest rate of fall is observed when low costs are due
to high speed of slow vehicles, and the intermediate rates are near the low one. It can
also be seen that for the above values, at every level of slow vehicle traffic, congestion
prices and taxes vary most when speed of slow vehicles varies.

The marginal congestion costs associated with fast vehicle traffic are also of
interest, as they may be compared to the time and other costs of operation of fast
vehicles. Table 4 shows these costs at the fast-vehicle traffic level of 350 p.h. for three
slow-vehicle traffic levels, with variations in other conditions corresponding to those in
Table 3. As all the figures of Table 4 are on a per-mile basis, those for changing road
length have been adjusted accordingly.

When there are few slow vehicles on the road, total hourly congestion costs are low;
therefore an increase in fast traffic from 349 to 350 vehicles per hour results in a small
increase in total hourly congestion costs. When there are many slow vehicles, total
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hourly costs are high; therefore an increase in fast traffic from 349 to 350 v.p.h.
results in a bigger increase in hourly costs. Comparison of Tables 3 and 4 shows that,
for a particular traffic composition and for corresponding conditions, when congestion
costs are high, both marginal cost per slow vehicle and marginal cost per fast vehicle
are high; when congestion costs are low, both marginal costs are low. For a particular
traffic composition, therefore, any equivalents based on ratios of marginal costs will
be similar, hiding substantial differences in congestion costs. The implications of this
point are considered in part V.

IV. CONGESTION PRICES

In this investigation of cost levels and sensitivities we have derived the congestion
prices and taxes that would result if the demand curve intersected the curve of private
plus marginal congestion costs at the corresponding points. In this part demand
curves are specified, and congestion costs and prices calculated on the basis of a
speed-flow relationship are compared with the costs and prices calculated on the basis
of our model.

It is evident that for the comparison of congestion prices and taxes two traffics are
needed for each approach—a traffic of high pcu vehicles and one of low pcu vehicles
for speed flow, and a traffic of slow vehicles and one of fast ones for our model. In the
application of the speed-flow method the pcu value is used to adjust the total volume
of traffic. The adjusted total volume of traffic determines traffic speed changes, which
generate changes in journey costs. In the application of our model the effects of the
interaction of vehicles, and therefore of journey times realised and costs incurred, are
quantified directly. It is therefore particularly important to ensure that the speeds
specified for slow and fast vehicles are comparable. Also to make proper comparisons
of the two models, the Department of Transport conventions for car costing (shown
above) have been used for low pcu and fast vehicle costs, while the Department cost
conventions for heavy goods vehicles (shown above) have been used for high pcu
vehicles and slow vehicles.

For the specification of demand conditions two demand curves are required, one for
each traffic. Traditionally, the use of speed-flow relationships in the context of road
pricing has required the conversion of traffic into homogeneous units by means of
adjustments of its volume on the basis of pcu equivalents. A demand curve is then
specified for this composite traffic quantity. This procedure is open to the serious
objection that the translation of different traffics into a single traffic unit is the
expression of a special relationship, which may or may not be appropriate on the
demand side. If the two traffics have very different elasticities of demand, the use of
one demand curve will produce a misleading picture.

Two demand curves have, therefore, been used: one for the traffic costed as cars
and one for the traffic costed as HGVs. The postulated demand for car travel is that,
at a price of 11.4p per mile, 500 car miles are demanded per hour on the road
considered, and for every increase of this price by 0.05p there is a reduction of 1 mile
in car miles demanded per hour. The postulated demand for HGV travel is that, at a
price of 80p per mile, 10 HGV miles are demanded per hour on the road considered,
and for every reduction of this price by % or 1p there is an increase of 1 mile in HGV
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miles demanded per hour. Both these prices include time, as well as other costs of
vehicle operation.

For both sets of calculations a road 1 mile long is taken, with an initial traffic level
of 500 car miles per hour and no HGV miles. The cars travel at a cost of 11.4p per
mile. Then HGVs come on to the road. As car costs rise because of their falling
speeds (as indicated either by the speed-flow relationship or by the delays of our
model), fewer cars travel on the road. The level of HGV traffic, in the absence of
congestion taxes, settles at the point of intersection of the HGV demand curve and the
private HGV cost curve. The specification of the private HGV cost curve takes
account, in the case of the speed-flow relationship, of the small gradual fall in the
number of car miles as HGV miles go up. At that level of HGV mileage, the car
mileage settles at the point of intersection of the final car cost curve and the car
demand curve. So there are two relationships, one for cars and one for HGVs, in each
of which quantity is expressed in vehicle miles per hour of that category of vehicles.
Thus, in the application of the speed-flow approach, the pcu equivalent affects the
specification of total traffic volume and hence all the cost curves, but is not projected
on to demand curves, which are for miles of the specific traffics (car or HGV), not for
miles of adjusted traffic units.

For the calculation of congestion costs, prices and taxes on the basis of the speed-
flow method, a pcu equivalent of 2.5 was used for HGVs. We used the following
speed-flow relationship of Roth (1967):

v=24—-0.01091¢q

where v is the average speed in miles per hour and g the number of vehicle miles per
hour. In the following calculations g stands for the number of adjusted traffic unit
miles per hour. The choice of this speed-flow relationship and this pcu imposes
requirements, for ensuring comparability, on the choice of values for the application of
this model, which will be dealt with below.

With an initial traffic level of 500 car miles p.h., the speed of cars is 18.5 m.p.h.,
involving a cost per car mile of 11.4p, the point of intersection of the car demand
curve and the car cost curve. Then HGVs start using the road. Congestion costs and
prices for HGVs, as estimated according to the speed-flow method, are shown in
Table 5.

The comparison of these costs, taxes and prices with those resulting from the appli-
cation of our model must be based on the same costs of operation at different speeds,
the same demand curves, the same length of road and the same vehicle mileages. We
also require fast and slow vehicle speeds which are consistent in the two applications.
The first requirement is straightforward: fast vehicle speed should be that attained by
the 500 cars before HGVs start using the road, i.e. 18.5 m.p.h. This speed is, there-
fore, used. The choice of slow vehicle speed is the crucial problem.

With an unchanging pcu, with speeds falling as indicated by the speed-flow relation-
ship and with costs, at different speeds, according to formulae of the Department of
Transport, the speed-flow calculations, over the range considered, result in rising
marginal congestion costs of HGVs. The application of this model, with the same cost
formulae, results in falling marginal congestion costs of HGVs, as the greater their
number the smaller the probable gap between any two of them, and therefore, other
things being equal, the smaller the number of fast vehicles that each will impede. As
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TABLE 5
HGYV Congestion Costs and Prices at Different Levels of HGV Flow
HGV
Volume Sum of Private Prices and Taxes required
(miles Private HGV Marginal and Marginal to reduce HGV mileage
travelled by Costs per Congestion Costs ~ Congestion Costs from 87.21 p.h. to
HGV:s per hr) mile per HGV mile per HGV mile Different Levels
Price Tax
~ Pence Pence Pence Pence Pence
40 . 27.50 7.55 35.05 60.00 32.50
50 27.71 7.98 35.69 53.33 25.62
60 27.93 8.43 36.36 46.67 18.74
70 28.14 8.88 37.02 40.00 11.86
80 28.36 9.35 37.71 33.33 4.97

The point of intersection of the curves of demand and private plus marginal congestion costs indicates
74.1 HGV miles p.h., a price of 37.3p per mile and a tax of 9.1p per mile.

marginal congestion costs resulting from the application of the two methods move in
opposite directions, equivalence requires the choice of a slow vehicle speed such that,
at a certain point of mixed vehicle mileage or over a certain range of mixed vehicle
mileage, the total time of all journeys, or the total cost of all journeys, is the same for
the two methods. Thus if the speed-flow method gives a particular total time or total
cost of all journeys for (e.g.) 500 car miles p.h. and 100 HGV miles p.h., the slow
vehicle speed chosen for the application of this model should be such as to give, after
vehicle interaction, the same total time or the same total cost of all journeys taking
place during the hour for that level and composition of traffic. Once equality is
obtained at that point, an increase or a decrease in HGV mileage will result in different
times or costs for the two methods, for the reasons given above. Furthermore, the
speed-flow relationship postulates one speed for all vehicles at that point, whereas the
application of this model involves, at the same point, a lower speed than the speed-
flow one for slow vehicles and a higher speed for fast vehicles, whether exclusive or
inclusive of delays.

The specification of the equality required for comparability gives rise to the
following six questions:

(a) Should the equality be of times or of costs?

(b) Should it be of times or costs which are exclusive or inclusive of the delays
that occur?

(c) Should it involve weights for the two categories of vehicles?

(d) Should it be an equality of times or costs of all vehicles or of cars only?

(e) Should it be for a point or for a range? :

(f) Should it involve, in the case of this model, one lane of a two-lane road, or
both lanes with no overtaking on either?

(a) It can be said that the motive for the application of speed-flow is to find times,
whereas the motive for the economic application of its results is to find costs. The
concept of equal total time of all journeys p.h. has the advantage that it represents a
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physical equality which does not depend on 1976 U.K. cost conditions. The concept
of equal total cost of all journeys p.h. has the advantage that it includes differences in
operating costs. As both concepts have intrinsic advantages, calculations are
presented below for each of these two criteria of equivalence.

(b) It is clear that, as both speed-flow theory and our model consider the effects of
vehicle interaction, the equality required for comparability should be of total time or
cost which, in the case of this model, is inclusive of delays or congestion cost. The
alternative would amount to treating the two categories of vehicles as if they were on
different roads.

(c) It is also clear that the equality required should be of times or costs, not
weighted times or costs. Although speed-flow theory uses weights (pcu’s) to adjust
traffic volumes in order to derive speeds, once a speed is derived on this basis it is
ready for use to calculate the total time of journeys of vehicles, not of weighted
vehicles, and the total cost (given their different cost characteristics) of vehicle
journeys, not of weighted vehicle journeys. This total time or cost should be equal, for
the relevant composition of traffic, to the total time or cost calculated according to our
model, which does not use weights at any stage.

(d) It is evident that, as the speed-flow relationship gives a speed which takes
account of all vehicles, both cars and HGVs, and total time or cost is calculated on
the basis of that speed, the equivalent total time or cost according to our model should
be for all vehicles, not for cars only. A total time or cost that only covered cars would
be higher than required, as on that basis cars would have a speed, inclusive of delays,
which for the totals taken would be the same as the speed-flow speed, whereas HGVs
would have a speed lower than that.

(e) It can be seen that the equality of total time or cost should be sought for a
particular mix of vehicle miles, i.e. a point, not for the range covered to reach that mix.
The reason is as follows. If we use points they should be specific significant ones, not
arbitrary. The two such points of the speed-flow results are: (i) the point of inter-
section of the curves of HGV private costs and HGV demand, and (ii) the point of
intersection of the curves of HGV private plus marginal congestion costs and HGV
demand (i.e. the pre-tax and the post-tax positions). Of these, (ii) cannot be used,
either on its own or to define a range, as the recommended quantity of HGV miles
resulting from speed-flow is expected to be different from that resulting from the appli-
cation of our model, and it is the exploration of this difference which is the purpose of
the comparison. We must therefore use either the pre-tax level of HGV mileage (and
the corresponding mix of vehicle mileage) or the range up to it (and the corresponding
mixes). If the range is used, the speed-flow average cost or time that will be obtained
for the equality with the cost or time of the corresponding range of this model will be
about 45 HGV miles p.h., i.e. somewhat above the halfway point. That would be too
far different from the costs or times of the levels of HGV mileage in respect of which
adjustments by road pricing are contemplated. The pre-tax level of HGV miles is
therefore used, together with the corresponding level of car miles.

(f) Finally the speed-flow relationship used does not specify a number of lanes.
Provided the vehicle mileages are the same, times or costs on the road according to
speed-flow may be required to be equal, for the relevant vehicle mix, to times or costs
on the one lane according to this model. It might be suggested, nevertheless, that if we
“squeeze” vehicles on to one lane, and if marginal costs of HGVs are falling, the
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resulting costs may be too low for the purposes of the comparison. Both possibilities
are therefore explored. Calculations are presented below for one lane of the 1 mile
road and for both lanes of the 1 mile road, with no overtaking and both traffics split
equally p.h. between the two lanes. Corresponding equalities are used.

At the point of intersection of the curves of HGV private costs and HGV demand
of the speed-flow results, the level of HGV mileage is 87.2 p.h. and that of cars 479
p.h. For the calculation of total times and costs the former was rounded to 87. For 87
HGV miles p.h., 479 car miles p.h. and a pcu of 2.5 for HGVs, the speed-flow
relationship used gives a speed of vehicles of 16.4 m.p.h., a total time of all vehicle
journeys per hour of 34.5 hours, and a total cost of all vehicle journeys per hour
(given their different cost characteristics) of £84.75.

In view of these considerations, three slow vehicle speeds were used and three
corresponding sets of congestion costs, prices and taxes were calculated according to
this model. These are:

I: A slow vehicle speed which, on one lane of a two-lane road of length of 1
mile, with 87 slow vehicles p.h., 479 fast ones p.h. and fast vehicle speed of
18.5 m.p.h., results in total hourly costs, inclusive of congestion costs, of all
vehicle journeys p.h. of £84.75. The speed which meets this requirement is
14.9 m.p.h.

II: A slow vehicle speed which, on one lane of a two-lane road of length of 1
mile, with 87 slow vehicles p.h., 479 fast vehicles p.h., and fast vehicle speed
of 18.5 m.p.h., results in total time, inclusive of delays, of all vehicle
journeys per hour of 34.5 hours. The speed which meets this requirement is
14.8 m.p.h..

III: A slow vehicle speed which, on two lanes of a two-lane road of length of 1
mile, with no overtaking possible on either, with 44 slow vehicles p.h. on the
one lane and 43 p.h. on the other, 240 fast vehicles p.h. on the one and 239
p.h. on the other, and fast vehicle speed of 18.5 m.p.h., results in total time,
inclusive of delays, of all vehicle journeys per hour of 34.5 hours. The speed
which meets this requirement is 14.0 m.p.h.

For each of these slow vehicle speeds a set of congestion costs, prices and taxes was
derived for a road of length of 1 mile, fast vehicle speed of 18.5 m.p.h., and the same
values of time, other costs of operation and demand curves as those used for the
speed-flow calculations. Two sets of results are for the one lane, and one for the two
lanes, with an equal split of hourly mileage of cars and HGVs. The same initial
mileage of fast vehicles was also taken, i.e. 500 p.h., with an equal split p.h. for the two
lanes. With increasing HGV mileage and therefore increasing costs of car journeys,
there is a small drop in car mileage, that indicated by the demand curve for car travel.
As the speed of HGVs, in all three cases, is below the 16.4 m.p.h. of speed-flow, and
therefore costs are higher, there are fewer HGVs in all cases at the point of inter-
section of the curves of HGV private costs and HGV demand.

Tables 6, 7 and 8 show congestion costs, prices and taxes for the three situations
considered.

The results with the traffic split equally between the two lanes are of interest.
Although the lower slow vehicle speed pushes costs upwards, the lower levels of both
HGYV and car traffic on each lane push costs per lane downwards. As the marginal
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TABLE 6

HGYV Congestion Costs and Prices at Different Levels of HGV Flow
One Lane Traffic. HGV Speed: 14.929 m.p.h. Car Speed: 18.545 m.p.h.

HGV
volume . Sum of Private Prices and Taxes required
(miles Private HGV Marginal and Marginal to reduce HGV mileage
travelled Costs per Congestion Costs ~ Congestion Costs . Sfrom 84.91 p.h. to
per hour) mile per HGV mile per HGV mile Different Levels
Price Tax
Pence Pence Pence Pence Pence
40 30.06 4.59 34.65 60.00 29.94
50 30.06 4.20 34.26 53.33 23.27
60 30.06 3.86 33.92 46.67 16.61
70 30.06 3.55 33.61 40.00 9.94
80 30.06 3.26 33.32 33.33 3.27

The point of intersection of the curves of demand and private plus marginal congestion costs indicates 80.0 HGV
miles p.h., a price of 33.3p per mile and a tax of 3.3p per mile.

TABLE 7

HGV Congestion Costs and Prices at Different Levels of HGV Flow
One Lane Traffic. HGV Speed: 14.753 m.p.h. Car Speed: 18.545 m.p.h.

HGV
volume Sum of Private Prices and Taxes required
(miles Private HGV Marginal and Marginal to reduce HGV mileage
travelled Costs per Congestion Costs  Congestion Costs Jrom84.61 p.h. to
per hour) mile per HGV mile per HGV mile Different Levels
Price Tax
Pence Pence Pence Pence Pence
40 30.26 5.09 35.35 60.00 29.74
50 30.26 4.64 34.90 53.33 23.07
60 30.26 4.23 34.49 46.67 16.41
70 30.26 3.86 34.12 40.00 9.74
80 30.26 3.54 33.80 33.33 3.07

The point of intersection of the curves of demand and private plus marginal congestion costs indicates 79.3 HGV
miles p.h., a price of 33.8p per mile and a tax of 3.6p per mile.

HGYV increases the hourly level of HGV traffic on either the one lane or the other, its
marginal congestion costs are determined by the traffic level on that lane, not on the
road as a whole; hence the levels of marginal costs of Table 8 and their different rate
of fall, as HGV traffic goes up.

It can be seen that the marginal congestion costs of HGVs calculated according to
this model are well below those indicated by the application of the speed-flow relation-
ship. If the range up to the point of the pre-tax position of the speed-flow results had
been used for establishing the equalities set out above, the marginal costs of Tables 6—
8 would be lower, as slow vehicle speeds would be higher if a lower average speed-flow
cost or time per hour were used in the equalities. This difference in the results can be
explained as follows:
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TABLE 8

HGYV Congestion Costs and Prices at Different Levels of HGV Flow
Two Lane Traffic. HGV Speed: 14.028 m.p.h. Car Speed: 18.545 m.p.h.

HGV
volume Sum of Private Prices and Taxes required
(miles Private HGV Marginal and Marginal to reduce HGV mileage
travelled Costs per Congestion Costs ~ Congestion Costs from 83.26 p.h. to
per hour) mile per HGV mile per HGV mile Different Levels
Price Tax
Pence Pence Pence Pence Pence
40 31.16 4.58 35.74 60.00 28.84
50 31.16 4.31 3547 53.33 22.17
60 31.16 4.06 35.22 46.67 15.51
70 31.16 3.82 34.98 40.00 8.84
80 31.16 3.60 34.76 33.33 2.17

The point of intersection of the curves of demand and private plus marginal congestion costs indicates 77.8
HGYV miles p.h., a price of 34.8p per mile and a tax of 3.7p per mile.

I: In our model slow vehicles delay fast ones, but they do not delay other slow
ones.

II: The speed-flow method gives rising average and marginal costs. Our model
gives falling average and marginal costs. Therefore, in the speed-flow results
marginal cost is above average cost, whereas in those of our model it is
below average cost.

III: A method which uses one speed is constrained by its assumptions to use, in
the interests of the average, a lower speed for low pcu vehicles (cars) than
the quantitative specification of the delay process requires. It thus tends to
exaggerate costs.

In order to compare the above costs and prices with those resulting from the use of
a much lower slow vehicle speed in the application of this model we tested an
arbitrarily chosen slow vehicle speed, that of 11.5 m.p.h. The consequent costs and
prices are shown in Table 9.

V. IMPLICATIONS FOR TRAFFIC FLOW THEORY AND CONGESTION
' COSTS

We define the marginal congestion costs of a category of vehicles at a particular traffic
level as the increment in hourly congestion costs resulting from one extra vehicle of
this category on the road per hour. As our calculation of hourly costs takes into
account the stochastic aspects of vehicle entries, and hence involves probabilities, this
quantification of marginal costs is different from the more traditional “deterministic”
approaches exemplified by Kolm (1970) and Carlin and Park (1970). In their
approach the user of a service (be it a road or an airport runway) delays by a certain
amount all subsequent users of the facility during any period of continuous use. The
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TABLE 9

HGYV Congestion Costs and Prices at Different Levels of HGV Flow
One Lane Traffic. HGV Speed: 11.5 m.p.h. Car Speed: 18.545 m.p.h.

HGV
volume Sum of Private Prices and Taxes required
(miles Private HGV Marginal and Marginal to reduce HGV mileage
travelled Costs per Congestion Costs ~ Congestion Costs Jfrom 77.21 p.h. to
per hour) mile per HGV mile per HGV mile Different Levels
Price Tax
Pence Pence Pence Pence Pence
40 35.19 16.83 52.02 60.00 24.81
50 35.19 13.67 48.86 53.33 18.14
60 35.19 11.08 46.27 46.67 11.48
70 35.19 9.26 44.45 40.00 4.81

The point of intersection of the curves of demand and private plus marginal congestion costs indicates 60.8 HGV
miles p.h., a price of 46.1p per mile, and a tax of 10.9p per mile

marginal social cost imposed by the marginal user is thus the delay per affected user
multiplied by the number of users affected multiplied by a unit time cost.

In our model, in contrast, the delay depends on the way in which the variables
affect the probabilities of queuing. The quantities, prices and taxes, shown in notes to
Tables 5-9, are those indicated by the point of intersection of the curves of demand
and private plus marginal congestion costs. Comparisons of the implications of speed-
flow approaches and those of our model are also possible, in the context of the appli-
cation of other pricing criteria, such as those associated with “second best” consider-
ations or those put forward by Kolm (1970) for conditions of varying demand.
Whatever the pricing criteria applied, slow vehicles should be dealt with separately,
rather than as components of overall traffic.

The typical approach to the theory of congestion costs is much simpler than this.
Walters (1961) used the assumption of homogeneous traffic with unit costs an
increasing function of density beyond some point, so that any additional vehicle
reduces speed and increases costs. Johnson (1964) similarly makes speed dependent
on density, assuming, furthermore, uniform density throughout a road length. The
assumption that speed is a function of density was incorporated in the congestion cost
calculations for single links of the Smeed Report (1964) and for networks by
Thomson (1970).

The difficulty with all these earlier works was that, with differing vehicle speeds in
a traffic flow, the effect of any change in volume would be treated as independent of
the composition of the flow and of the way in which interactions occurred between
vehicles.

In more recent studies interactions have begun to be recognised. Sherman (1971)
postulated that the average inputs required to produce a quantity of bus and car travel
are interdependent and are increasing functions of the levels of both bus and car traffic
in periods of congestion; and in the works of Anderson and Bonsor (1974), Layard
(1977) and Bertrand (1977, 1978) different “congestion factors” are obtained by
journey type or vehicle type. But they all essentially treat differences in speed by
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vehicle type as an effect or consequence of congestion rather than as its cause. The
kind of variation in performance and costs which we have considered earlier in this
paper would not be accounted for by any of these models. As we have shown in
Tables 1, 3 and 4, situations of the same level and composition of traffic may in
practice involve different costs, for reasons which we have identified but the other
approaches have not. :

These differences in congesting effects by vehicle type and situation, which are now
being built into the economists’ models, have a long-established counterpart in the
“passenger car unit equivalent” concept of the traffic engineer. The pcu equivalent has
been widely used to convert volumes of different traffics into a common quantity. The
basis of conversion used in the United Kingdom (Road Research Laboratory, 1965)
proposes approximately the same factors for all flows and road widths, but
discriminates between rural and urban roads. In the United States conventions (High-
way Research Board, 1965), different equivalents are used for five “levels of service”,
ranging from “free flow” to “capacity’ operation.

The concept of the pcu equivalent, in the context of the quantification of congestion
costs, presents the following two problems:

I: It cannot be assumed that an extra vehicle of any kind will reduce the speeds
of other vehicles or average speed. Indeed, if we have a slow and a fast traffic
and if an extra fast vehicle enters the road and for more than a certain part of
its journey travels unimpeded, it will increase the average speed of traffic on
the road, if it is calculated inclusive of that vehicle.

II: Inspection of Tables 3 and 4 shows that, except when there is a change in
traffic composition, when congestion costs are high the costs imposed by the
marginal slow vehicle are high and those associated with the marginal fast
vehicle are also high. With low congestion costs marginal costs are low.

A division of the marginal cost figure for slow vehicles by the corresponding figure for
fast vehicles, to find “equivalents”, would result in numbers the similarities of which
would hide substantial differences in congestion costs. If instead of marginal costs we
had marginal delays (i.e. marginal changes in times), high figures would correspond to
high ones and low to low ones—as, over the range of speeds considered, vehicle
operating costs other than time do not behave very differently from time costs. What
is needed, therefore, is levels of marginal costs or marginal delays, not ratios of
marginal costs or marginal delays. Hence, in seeking equivalents for the quantifi-
cation of congestion costs, if there is a delaying and a delayed traffic, it has to be
ensured that the quantitative analysis applied does not produce equivalents which
incorporate these ratios, as for a particular traffic composition they will be similar in
different conditions of congestion. If changes in total time, appearing via changes in
traffic speed, are changes in the congestion element thereof, the relative response of
these changes to changes in delaying and delayed flow will, for a particular traffic
composition, show similarities not reflecting the underlying differences in congestion.
Even for the more specific condition of the U.S. Highway Capacity Manual
approach (Highway Research Board, 1965), it has to be ensured that the equivalents
do not incorporate ratios of marginal costs or delays. Table 10 illustrates this point.
On a lane of a road 1 mile long and with slow vehicle speed 18 m.p.h., fast vehicle
speed 30 m.p.h. and fast vehicle traffic 349 vehicles p.h., the marginal congestion
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TABLE 10
Marginal Congestion Costs of Slow and Fast Vehicles and Ratios of these
Slow Vehicle Speed: 18 m.p.h. Fast Vehicle Speed: 30 m.p.h.
Fast Vehicle Traffic: 349 v.p.h. Road Length: 1 mile.
1 17 I v
Slow Vehicle Marginal Congestion ~ Marginal Congestion Ratios of these
Traffic Costs of one extra Costs of one extra Marg. Costs
Level Slow Vehicle p.h. Fast Vehicle p.h. (Col. I/ Col. III)
V.p.h. Pence Pence
4 12.231 0.146 83.77
14 10.537 0.473 22.28
24 9.106 0.756 12.04
34 7.891 1.001 7.88
44 6.859 1.214 5.65
54 5.976 1.398 4.27
64 5.224 1.560 3.35

costs, at different levels of slow vehicle traffic, resulting from the addition of one extra
slow vehicle to the hourly number of vehicles are compared with the marginal
congestion costs which would result if we added one extra fast vehicle, instead of one
slow one. That is, the marginal cost of the change from 4 to 5 slow vehicles p.h., with
349 fast ones, is compared with that of the change from 349 to 350 fast ones p.h., with
4 slow ones. The same is done for the change from 14 to 15 slow vehicles, 24 to 25,
etc. The ratios of these marginal costs are then derived. The levels and the ratios are
shown in Table 10.

When there are 4 slow vehicles p.h., the marginal cost due to the change to 5 p.h. is
high. But with only 4 slow vehicles p.h. the total hourly costs imposed by the slow
traffic on the fast traffic are low, and therefore the change is hourly costs associated
with one extra fast vehicle p.h. is small. When there are 64 slow vehicles p.h., the
marginal cost due to a change from 64 to 65 is low; but, with many slow vehicles p.h.,
the costs imposed by the slow traffic on the fast traffic are high, and therefore the
change in costs associated with one extra fast vehicle p.h. is big. As a result, ratios (or
equivalents), in this case, show much greater variation than congestion costs. There- -
fore, Column II, showing levels of marginal congestion costs, is informative, whereas
Column 1V, showing ratios, is misleading if it is taken to reflect relativities of
congestion costs, as the marginal congestion cost imposed by the addition of the 5th
slow vehicle to the hourly number is about two and a half times that imposed by the
addition of the 65th (i.e. 12.231/5.224), not about twenty-five times (i.e. not
83.77/3.35). Nevertheless, the search for equivalents may lead to ratios like those of
Column 1V, which display misleading dissimilarities if there is variation in traffic
composition, and misleading similarities if there is no variation in traffic composition.

Some doubt may, therefore, be cast on the traditional method of quantification of
congestion costs, which makes speed depend on flow and which measures flow by
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using equivalents. Where these equivalents incorporate ratios of marginal costs or
ratios of marginal delays, the method will suffer. Used to deal with the problems of
traffic composition and differing speeds and to estimate congestion costs, the
equivalents will, as they incorporate those ratios, display misleading variation when
traffic composition changes, and misleading lack of variation when speeds change.
The former point is indicated by Column IV of Table 10 and the latter by a
comparison of the marginal costs of Tables 3 and 4. For a particular traffic
composition, high marginal cost figures for slow vehicles in Table 3 correspond to
high marginal cost figures for fast ones in Table 4, in conditions of much congestion;
where there is little congestion, low figures correspond to low ones. Any ratios of
corresponding figures, therefore, will display similarities not reflecting the very
different degrees of congestion. The direct quantification of congestion costs, on the
other hand, has the advantage that it directly calculates levels of congestion.

VI. CONCLUSIONS

In this paper a model has been developed for the quantification of congestion costs
imposed, on a lane of a two-lane road, by a traffic of slow vehicles on a wraffic of fast
ones, in conditions in which overtaking is not possible. The model covers traffics of all
probability distributions. The sensitivity of these costs to the length of the road, the
speeds of fast and slow traffics and their densities and distributions, can be tested. The
quantification of congestion costs with overtaking, taking account of oncoming traffic
and certain characteristics of the road and of vehicles, can also be done for traffics of
all probability distributions (Tzedakis, 1978).

Different speeds as a cause of congestion costs may be studied for progressively
more complicated conditions. The relationships which are suitable for this purpose are
different from those which have concentrated on occupation of space. The reversal of
the traditional procedure of treating speed as a function of density, and the quantifi-
cation of these costs on a probabilistic basis, specifies the effect of variables other
than total traffic, for the conditions considered. With the introduction of different
speeds as a cause of congestion costs, the concepts of road capacity, the speed-flow
relationship, the pcu, the congestion-inducing power and the congestion factor require
either modification or elaboration.

The model was applied to Poisson traffic for a range of road lengths, speeds and
traffic levels. Over the range considered, congestion costs are sensitive to speeds of
slow and fast vehicles and to road length. The marginal congestion cost curve of the
slow vehicles is downward sloping. For the same conditions, congestion taxes on slow
vehicles calculated on the basis of this model are lower than equivalent congestion
taxes calculated on the basis of a speed-flow relationship, whether the equivalence is in
terms of costs, times, one-lane traffic or two-lane traffic.

The direct quantification of levels of congestion costs, whether total, average or
marginal, is desirable. Because of their similarities when there is no change in traffic
composition and their dissimilarities when there is, ratios of marginal costs or
marginal changes in times are unsuitable intermediaries for the calculation of levels.
The traditional use of pcu equivalents in estimating levels of congestion costs suffers
to the extent to which pcu equivalents incorporate these ratios.
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