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Estimation of Passenger-Car Equivalents of

Trucks in Traffic Stream

MATTHEW J. HUBER

The passenger-car equivalent (PCE) of a truck represents the number of passen-
ger cars (basic vehicles) displaced by each truck in the traffic stream under spe-
cific conditions of flow. A model is proposed for estimating PCE-values for
vehicles under free-flowing, multilane conditions. Some measure of impedance
as a function of traffic flow is used to relate two traffic streams—one that has
trucks mixed with passenger cars and the other that has passenger cars only.
PCE-values are related to ths ratio between the volumes of the two streams at
some common level of impedance. A deterministic model of traffic flow
(Greenshields’) is used to estimate the impedance-flow relationship. Three

of imped: are idered, each of which will generate a separate
PCE-value for a truck of given characteristics. PCE-values are also shown to
relate to speed and length of subject vehicles and to vary with the proportion
of trucks in the traffic stream.

The passenger-car equivalent (PCE) of a truck is
introduced in the Highway Capacity Manual as follows
(1, p. 101):

Trucks (defined for capacity purposes as cargo-
carrying vehicles with dual tires on one or more
axles) reduce the capacity of a highway in terms
of total vehicles carried per hour. 1In effect,
@ach Lruck displaces several passenger carg in
the flow, The number of passenger cars that each
dual-tired vehicle represents under specific con-
ditions is termed the "passenger car equivalent"
for those conditions.

The Highway Capacity Manual lists PCE-values for
two categories of vehicles--trucks and intercity
buses. PCE-values for a third category of vehicles,
recreation vehicles, have been determined from field
observations made on Canadian highways (2,3).

It is evident that each of the three categories
will include a wide range of vehicles. The truck
category as now defined in the Highway Capacity Man—
uval includes vehicles ranging from single-unit
trucks with 6 tires to combination trucks with 18 or
more tires. A single PCE-value for trucks does not
adequately reflect the diverse characteristics of
the many categories of vehicles that may be observed
in the traffic stream.

The Federal Highway Administration is in the pro-
cess of updating the national highway cost-alloca-
tion study. One factor in these cost-allocation
studies is an analysis of the highway service capac-
ity consumed by various classes of vehicles. To
this end, the number of vehicle categories has been
expanded to 15, as listed below [categories 1-~13 are
from a Federal Highway Administration report 4,
Table III-2,1); categories 14 and 15 are from a
Voorhees report (5)]:

1. Automobiles, large (15 ft and more);

2, Automobiles, small;

3. Motorcycles;

4, Buses;

5. 8ingle-unit trucks, two axles, four tires;
6. Single-unit trucks, two axles, six tires;
7. Single-unit trucks, three or more axles;
8. Three-axle combination trucks;

9. 252 four-axle combination trucks;
10, Other four-axle combination trucks;

11. 382 five-axle combination trucks;
12. Other five-axle combination trucks;

13, Six-axle or more combination trucks;

Figure 1. Flow-impedance relationship.
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14. Noncommercial vans; and

15. Four- and six-~tire recreational vehicles

{campers, mobile homes, trailers).

There are currently (July 1981) nationwide studies
under way that are being conducted to determine
PCE-values for the different cateqories of vehicles
in the following situations: urban arterials, urban
freeways, rural two-lane two-way roadways, and rural
freeways.

The analysis that follows has been made in order
to anticipate the results that will follow from the
nationwide studies listed above and to determine the
underlying relationships between vehicle character-
istics and the determination of PCE-values for the
different categories of vehicles. A simple model
has been used to represent steady-state traffic flow
with and without trucks present, and the relation-
ships between the resulting flows have been used to
calculate the PCE-values.

FRAMEWORK FOR ESTIMATING PCE-VALUES

Consider the relationship between some measure of
impedance along a length of roadway and the flow
rate along that same roadway for two different traf-
fic streams. The flow-impedance relationship is
shown in Figure 1, in which the basic curve repre-
sents a stream consisting solely of basic vehicles
(passenger cars) and the mixed curve represents a
strcam with proportion of trucks p and of basic ve-
hicles (1 - p). As the flow rate gq increases, the
impedance increases; the increase in impedance is at
a greater rate for the mixed flow. The impedance in
turn can be related to the level of service (IOS) on
the roadway, where IOS A is the most desirable and
LOS E is the least desirable.

For any given LOS (or impedance) it is possible
to calculate corresponding flow rates gy and Ay
as shown. These flow rates for the basic and mixed
streams will produce identical measures of LOS and
can then be equated so that qp = (1 - p)agy +
pdm(PCEY. Solving for PCE, the result is

PCE = (1/p)[(gn/am) - 1] +1 ®
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Figure 2. Sample calculation of PCE-values.
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rt—— length |
stop
line
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where
PCE = passenger-car equivalent,

proportion of trucks in mixed traffic
flow, and

dg,dy = flow rate at common LOS for basic and
mixed traffic streams, respectively.

P

An example of the concept given in Equation 1 is
shown in Figure 2, where a PCE-value is developed
for a standing queue of vehicles as might be ob-
served at a signalized intersection. 1In the first
instance, there were six basic vehicles (ng) ob-
served over a length of roadway %, while on an ad-
jacent lane there were four vehicles (ny) observ-
ed, one of which is a truck (p = 0.25), over the
same length 2. The two queues, ng and ny,
develop a common measure of length g so that by
reasoning similar to that of Equation 1, we calculate

PCE = (1/0.25)[(6/4) - 1] + 1 = 3.0.

There are several variables that may be used as a
measure for the LOS or impedance shown on the verti-
cal axis of Fiqure 1. A common measure is the aver-
age travel time [t{(g)] over a 1length of roadway,
where the travel time will increase as the flow g
increases, For example, consider a single lane of a
multilane urban roadway with a speed 1limit of 50
km/h (31 miles/h). At a flow rate q of 100 ve-
hicles/h, the mean velocity is 50 km/h and the
travel time t({q) will be 1/50 h/km or 1.200 min/km
(1.931 min/mile). At 900 vehicles/h, the mean ve-
locity is reduced to 40 km/h (24 miles/h) and the
travel time t(gq) will increase to 1/40 h/km or 1.500
min/km (2,414 min/mile).

An alternative measure is the time of occupancy
or total travel time [T(q)], where T(q) 1s the vol-
ume q times the mean travel ([t(g)]. For the same
example cited above the time of occupancy becomes at
q = 100 vehicles/h:

T(q) = 100 vehicles/h x 1/50 h/km = 2,00
vehicle-h/km-h,

and at q = 900 vehicles/h,

T(g) = 900 vehicles/h » 1/40 h/km = 22.500

vehicle~h/km-h.

The time of occupancy, in turn, is numerically
equivalent to the density k, where density k = flow
d + speed u, or at 900 vehicles/h,

k = 900 vehicles/h + 40km/h = 22.500 vehicles/km.

Either of these two measures of impedance, the
mean travel time t(q) or the density k [numerically
equal to the time of occupancy T(q)], can be used to
calculate PCE-values as suggested in Figure 1, The
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Greenshields (6) model of traffic flow, which as-
sumes a straight-line relationship between density
and velocity, is used to develop the interrelation-
ships among the variables speed (u), density (k),
and flow rate (q) for steady-state flow. These re-
lationships are shown in Figure 3 where the param-
eters are jam density (kj), free-flow speed
(ug), optimum density (ko) » optimum speed
(ug) ,» and maximum flow (gg).

FLOW PARAMETERS OF MIXED TRAFFIC

In a simplified case, mixed traffic is assumed to be
made up of only two types of vehicles, basic ve-
hicles with an effective length Lg and free-flow
speed upg and trucks with an effective length Lg
and free-flow velocity upp. The effective length
of a vehicle is the distance the vehicle occupies
when in a standing queue and is measured from the
rear bumper of the preceding vehicle to the rear
bumper of the subject vehicle. The free-flow speed
is the speed of the vehicle when not influenced by
other vehicles on the roadway.

The mixed-flow rate is the sum of the flow rate
of basic vehicles plus the flow rate of trucks:

M =qmp tamT )
where

gy = flow rate of mixed vehicles,

dup flow rate of basic vehicles within mixed
stream, and
aur = flow rate of trucks within mixed stream.

The proportion p of trucks in the mixed traffic
stream flow is as follows:

P=amt/am 3

The density of the mixed flow is the sum of the
density of basic vehicles plus the density of trucks:

kv =kmp tkmT @
where
ky = density of mixed vehicles,
kyp = density of basic vehicles within mixed
stream, and
kyp = density of trucks within mixed stream.

The proportion p' of trucks in the mixed traffic
density is as follows:

P’ =kmr/Km ®)
The mean velocity of the mixed stream of traffic

is the harmonic mean of the velocities of the basic
vehicles and trucks:
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uy =1/ {@/um) + [(1- p)/ump]} ©)
where

uy = mean velocity of mixed traffic stream,
uyp = mean velocity of basic vehicles within
mixed traffic stream,
uyr = mean velocity of trucks within mixed traf-
fic stream, and
P = proportion of trucks in mixed traffic stream
flow,

The development of the proportion p' of -trucks in
the mixed traffic density follows from the relation-
ship qgp = kpug where the subscript O refers to
maximum (optimum) flow rate:

doMT =Pdom =KoMmT UoMT

qoms = (1 -p)dom =koms YomB

and
kKomT =domT/UoMT = Pdom/UoMT Q)]
komB =qoms/uomp = (1 - P)dom/uomp @®)

Equations 7 and 8 are substituted into Equation 5:

p' =komt/komt/(KomT * komp)
=1/[1 + (komp/komT)]
o 1/(1 +{[(1 - p)aom xvomt]l/(Pa0M XUOMB)})
=1/{1+ [(1 - p)uomr/puoms)}

Since, for the Greenshields model of traffic flow
ug = ug/2, the final expression is as follows:

p'=1/{1+[( ~pupr/purs]} ©)

The jam density (kj)-—the number of stopped ve-
hicles in a length of roadway--becomes, for basic
vehicles only,

kjg =L/Lp (10a)
and for mixed vehicles,
ki =L/{p'Ly + (1 - p)Lp] (10b)

where L is the unit length of roadway [1000 m (5280
ft)} and Ly, Lg are the effective 1length of
trucks and basic vehicles.

NUMERICAL EXAMPLE OF TRAFFIC FLOW

Consider a steady-state stream of traffic on a
single lane of a multilane urban arterial with 10
percent trucks (p = 0.10), The free-flow velocity
of basic vehicles upp is 48.280 km/h (30.0 miles/
h) and of trucks upp is 32.187 km/h (20.0 miles/
h)., The effective length of basic vehicles Ly is
7.62 m (25 ft), and the effective length of trucks
Lp is 22,86 m (75 £t),

The free-flow velocity of the mixed flow is found
from Equation 6:

upy = 1/[(0.10/32,.187) + (0.90/48.280)] = 45.981
km/h (28.571 miles/h).

Substituting in Equation 9,
P'=1/{1 + [(0.9/0.1) (32.187/48.280)]} = 0,143,

The jam density of mixed flow (ij) is found by
substituting in Equation 10b:

ij = 1000/10.143(22.86) + 0.857(7.62)] = 102,071
vehicles/km (164.267 vehicles/mile).
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The optimum flow rate for mixed vehicles (qOM)
is found from the following relationship:

qom = k;m/2) (upm/2)
=(102.071/2)(45.981/2) = 1173.33 vehicles/h

For a stream flow of basic vehicles only, the
parameters are as follows:

upg = 48.280 km/h (30 miles/h),

ij = 1000/7.620 = 131,234 vehicles/km (211.200
vehicles/mile), and

dop = (48.280/2) (131.234/2) = 1584.000
vehicles/h.

The relationships between pairs of variables for
basic vehicles only and for mixed vehicles are shown
in Figures 4, 5, and 6. Figure 4 represents the
velocity-density relationship, Figure 5 the flow-
density relationship, and Figure 6 the flow-velocity
relationship. The curves shown are based on the
data used in the numerical example.

ASSUMPTION OF EQUAL AVERAGE TRAVEL TIME

It is assumed that a flow rate gg of basic ve-
hicles only will produce the same average travel
time t(q)p as is produced by a flow rate gy of
mixed vehicles, so that t(q)g = t(gly.

For any given length of roadway, this results in

equal average velocitles for the two traffic
streams, S0 ‘that, as shown in Figure 7, ug =
uy = u. If we recall Equation 1 and note that
dp = kBu and ay = kyu, it follows that
I/ Dy = kp/ky- By similar triangles in Fig-
ure 7, kg = kjb(“FB - u)/upp and ky =

ij(um - u)/upy, so that the following holds:
qp/am =kp/km = [(urm/ure) (k;p/kjm)] [(upp - u)/(upy - u)] a1

Case 1 is the general
ij < ij, so from Eguation 1:

PCE = (1/p) {[(UFM/“FB)(ij/ij)] [(upp -~ v)/(upym -] - 1} +1 (12)

case where upy < Upp’

Case 2 is the special case where the truck is
longer than the basic vehicle but has the same free-

flow speed, so that UpM = Upg; kjm < kip
and
PCE = (1/p) [(k;n/kjm) - 1] + 1 (13)

Equation 13 can be further reduced by substitut-
ing for the values of kiy and “jB given in Equa-
tions 10a and 10b and furtjher noting that p' = p:

kin/kjm =(L/Lp) [pLr + (1 - p)Lg]/L = (pLr/Lp) +1-p

Substitution into Equation 13 gives the final re-
sult:

PCE = Ly/Lg 14

which is a constant value over all ranges of p and
for all volumes.

Case 3 is the special case where the truck is the
same length as the basic vehicle but has a lesser
free-flow velocity, upp < upp? ij = kyps

PCE = (1/p){ (upm/urp) [(rp - w)f(uey - v)] - 1 }+1 (15)

By inspection of Figure 7 and Equation 12 it will
be seen that the PCE is undefined for u > upy.
For u < upy and by using the Greenshields model
of traffic flow,
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Figure 4. Speed-density relationship: numerical example.
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Figure 5. Flow-density relationship: numerical example.
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up = vy = (upp/2) [1 +(1 - y)*] (16)
where y = qg/qpogp and other terms are as pre-

viously defined.

A numerical example incorporating the previously
calculated data follows. Recall the earlier example
of a traffic stream with 10 percent trucks with the
following characteristics:

upy = 45.98 km/h (28.57 miles/h),

ij = 102,07 vehicles/km (164,27 vehicles/mile),
dom = 1173.33 vehicles/h,
upp = 48.28 km/h (30.00 miles/h),
ij = 131.23 vehicles/km (211.20 vehicles/
mile), and
qop = 1584.00 vehicles/h.
Since upym < Upg and kim < kyps Equa-

tion 12 will apply. Consider the PCE-value when the
flow in basic vehicles is 600 vehicles/h, y = 600/
1584 = 0.379, and, by Equation 16, ug = uy*=
43.17 km/h (26 .82 miles/h).
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Figure 6. Flow-speed relationship: numerical example.

501
30
i a0(
0L T
g 30t MIXED
= = BASIC
a ~ [a]
2 W 2ol
a
oL @
(o] 8
oL o} i 1 1 i i 1

1
0O 200 400 600 800 1000 1200 1400 1600
VOLUME (VPH)

Figure 7. Determination of PCE-velues by equal travel time.
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If we substitute in Equation 12,

PCE = (1/0.10){[(45.98/48.28) (131.23/102,07)] x
[(48.28 ~ 43,17)/(45.98 - 43.17)] - 1} +
1 = 13.247.

Each truck is equivalent to 13.247 basic vehicles
if we are to satisfy the criterion that ug =
uy. This is equivalent to substituting 269.7 mix-
ed vehicles gy (of which 10 percent are trucks)
for 600.0 basic vehicles gg, as demonstrated below:

0.9qy + 0.1gy (13.247) = 600,
2,2247qy = 600,
ay = 269.7.

Of particular interest is the PCE-value associ-
ated with low volumes on the mixed curve so that the
mean speeds up = uy approach the free-flow speed
of the mixed curve ugpy. For instance, at a flow
rate qy of 10 vehicles/h (10 percent trucks),
ug = uy = 45.88 km/h. The egquivalent flow rate
on the basic-vehicle-only curve qp = 298.98 ve-
hicles/h, so that

PCE = (1/0.10)[(298.98/10) - 1] + 1 = 289.98.

At low volumes, the value of the PCE is at a
maximum and decreases as the volume of basic ve-
hicles increases. This pattern is shown in Fiqure 8
for a traffic flow with 10 percent trucks. Also
shown in Fiqure 8 are PCE-values associated with 1



64

Figure 8. PCE versus volume by percentage of trucks, equal travel time.
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Figure 9. Determination of PCE-values by equal total travel time.
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percent and 50 percent trucks in the traffic stream.
As the percentage of trucks increases, the value of
the PCE associated with a given volume of basic
vehicles also increases as long as the free-flow
velocity of trucks (upp) is less than the free-
flow velocity of basic vehicles (upg) -

ASSUMPTION OF EQUAL TOTAL TRAVEL TIME

It is assumed that a flow rate gy of basic ve-
hicles only will produce the same total travel time
T(q)g as is produced by a flow rate gy of mixed
vehicles, so that T(q)g = T(d)pm.

For any given length of roadway, this is equiva-
lent to equal vehicle hours of occupancy per hour
for the two traffic streams, and since T(gqg) is nu-
merically equal to density k, kg =ky =k, as
shown in Fiqure 9, If we recall Equation 1 and note
that g = kug and qy = kuy, it follows that
9p/dy = up/uy.

By similar triangles in Figure 9,

up =upp (5 - K)/kjp
and
uy = upy (kjm - K)/kim

so that
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qe/qm =us/uy = [(rp/urm) im/Kis)] (ki - K)/(kjm - k)] 17

Case 1 is the general case where upy < Upp}
ij < ij, so from Equation 1:

PCE = (1/p) { [(wrshurm) (in/kjn)] (g - )
+ (ki 1)) - 1}+1 (18

Case 2 is the special case where the truck is
longer than the basic vehicle but has the same free-
flow speed, so upy = Upg; ij < ij and

—)) -1l (19)
] (19)

Case 3 is the special case where the truck is the
same length as the basic vehicle but has a lesser
free-flow velocity, upp < upp; kjp = kyr3

PCE = (1/p) [(upp/upm) - 1] +1 (20)

Equation 20 can be further reduced by substitut-
ing the value of upy from Equation 6 into Equation
20:

Upp/UFM = UFB {(P/UFT)+ [(1 - p)lurp ]} = (pupp/upt)
- (purp/urp) +1
Finally,
PCE = (1/p) [(pupp/urT) - (Pupp/upp) + 1 - 1] +1
=upp/upr 2n

which is a constant value over all ranges of p and
over all volumes.

Again, the Greenshields model of traffic flow is
used for the interrelationships among flow rate (q),

density (k), and velocity (u):
kp =kn=kjp/2 {1~ (1 -y)"] (22)

A numerical example employing the same data as
were used to illustrate the model of egual average
travel time follows. since for this example,
upy < Upp and kim < kype Equation 18
will apply. with a flow rate of 600 basic ve-
hicles/h, y = 600/1584 = 0.379 (as before) and by
Equation 22,

kg = ky = 13.90 vehicles/km (22.37 vehicles/
mile).

By substituting in Equation 18,

PCE = (1/0.10){[(48.28/45.98) (102,07/131.23)] x
[(131.23 - 13,90)/(102.07 - 13.90)] - 1} +1
= 1.868.

Each truck is equivalent to 1.868 basic vehicles
if we are to satisfy the criterion that T(qig =
T(qly = (kg = ky). This is eguivalent to sub-
stituting 552.1 mixed vehicles, (of which 10
percent are trucks), for 600.0 basic vehicles,
dg-. Recall that to maintain equal average times
t(q)g = t(qly = (ug = uy), it was possible
to substitute only 269.7 mixed vehicles (10 percent
trucks) for 600.0 basic vehicles, so that PCE =
13,247,

From Figure 9 it will be observed that PCE is un-
defined for k > kjys This is in the "backward-
bending" portion "of the total-travel-time curve
where LOS is F (stop-and-go conditions) and is not
an area in which PCE-values are of concern for
steady-state flow.

The relationship between PCE-values and volume is
shown in Fiqure 10. PCE-values are lowest at low
volumes and increase gradually until the maximum
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mixed-flow rate qpy is attained (point A on the
curve) and then increase at a greater rate as the
mixed-flow curve is operating on the backward-bend-
ing portion of the total-travel-time curve.

In Figure 10 curves are also shown for 1 percent
and 50 percent trucks in the traffic stream. It is
only after the equivalent flow rate on the mixed-ve-
hicle curve has exceeded the point of maximum flow
(corresponding to point A on the PCE curves) that
there is a marked difference in PCE-value as related
to percentage of trucks in the traffic stream.

The significance of the backward-bending point
can be seen by reference to Figure 11, which shows
the relationship between density k (total travel
time) and flow for a basic-vehicle-only curve and a
mixed curve with 10 percent trucks. Points B and B'
are associated with a total travel time of 13.90 ve-
hicle-h/km=h (22.37 vehicle-h/mile-h). A mixed flow
of 552.1 or 600 vehicles/h, basic vehicles only,
will give this value of total travel time, and the
PCE-value is 1.868.

Points A and A' are associated with the maximum
flow doyq on the mixed curve. At this point the
total travel time is 51.04 vehicle-h/km-h (82,13 ve-
hicle-h/mile-h). The associated volumes are 1173.3
and 1505.8 while the PCE-value is 3.833, Beyond
point A' the flow for mixed vehicles becomes stop

Figure 10. PCE versus volume by percentage of trucks, equal total travel time.
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and go with an associate decrease in volume. The
volume associated with point A is noted on the PCE-
versus-volume curves of Figure 10.

Points C and C' are associated with the maximum-
flow qgg on the basic-vehicles-only curve. The
total travel time is 65.62 vehicle-~h/km-h (105.60
vehicle-h/mile-h), The associated volume of basic
vehicles has increased to 1584.0 vehicles/h while
the mixed-vehicle flow has decreased to 1077.6 ve-
hicles/h and the PCE-value has increased to 5.700.

ASSWMPTION OF EQUAL AVERAGE TRAVEL TIME
FOR BASIC VEHICLES

The mixed stream of traffic is made up of two com-
ponent steady-state flows. The €£irst component is
basic vehicles within the mixed stream with param-
eters UrMB (= uFB) and ijB [=(1 - p')ij].
The second component is trucks within the mixed
stream with parameters ugyp (= upp) and  Kiyp
(= p'kkjm). The speed-density curves for the mix-
ed flow and the two component flows are shown in
Figure 12,

From Figure 12 and by the Greenshields relation-
ship,

uymp = (upms/2) {1 + (1 - ymp)*] (23a)
and

upt = Qrnt/2) [+ - yur)?] (23b)
where

ymp = (1 - p)am/(1-pldom =am/dom =ymT

Speeds calculated from the traffic stream with 10
percent trucks as used in earlier examples are pre-
sented in Table 1 along with flow rates and PCE-
values. The top section is based on the assumption
that PCE is defined by two traffic flow rates, gp
and gy, such that the mean velocities of individ-
ual vehicles within the traffic streams are equal
(ug = upy). It will be observed that the speed
of basic vehicles within the mixed stream (uyp) is
greater than the speed of the basic vehicles in the
basic stream (up).

The middle part of Table 1 is based on the as-
sumption that PCE 1s defined by two traffic flow
rates, qg and gy, such that the total travel

Figure 12. Speed-density relationships for mixed flow and two component
flows.
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Table 1. Speed of vehicles within mixed flow.

p M ™MD wMT
qB (km/h) am (km/h) (km/h) (km/h) PCE

Assumption of Equal Individual Travel Time

288 4598 0.56 45.98 48.28 32.19 5120.96
800 41.12 443.46 41.12 43.18 28.79 9.04
1584 24,14 1170.40 24.14 25.35 16.90 4.53

Assumption of Equal Total Travel Time

288 4598 270.36 43.16 45.32 30.21 1.65
800 41.12 724.02 37.22 35.07 26.06 2.05
1505  29.53 1173.33 23.03 24.17 16.11 3.83

Equal Individual Travel Time for Basic Vehicles

288 4598 213.33 43.79 45.98 30.66 4.50
800 41.12 592.59 39.17 41.12 27.42 4.50
1584 24,14 1173.33 22.99 24.14 16.09 4.50

Note: Itisassumed that LT =22.86 m, LB = 7.62 m, p = 0.10, uFT = 32.187 km/h, and
upp = 48.280 km/h. 1 km/h = 0.6 mile/h.

Figure 13. PCE-values by equal basic vehicle travel time.

DENSITY

times per kilometer are egual. Eight hundred basic
vehicles per hour will require 19.45 vehicle-h to
traverse 1 km (0.6 mile) of roadway [800 x
(1/41.12)], as will 724.02 mixed vehicles [724.02 x
(1/37.22)). The speed of basic vehicles within the
mixed stream (uyg) is always less than the speed
of vehicles in the basic stream, and the difference
increases with increasing volume (and increasing
PCE~-values).

st. John (7) has used mean speed of basic ve-
hicles as the criterion for determining PCE-values.
A diagram of the situation is shown in Figure 13

where upyg = upg and up = uyg = U. By Equa-
tion 1,

PCE = (1/p) [(an/am) - 1] +1 o
where

am =qmas/(1 - p) =ukys/(l - p); s = ukp
so that
am/qs = (1 - p)kp/kms

By similar triangles in Figure 13,
kmp =kjmo (Urp - W)/upp; ke =kjp (upp - 0)/upp
so that
am/ap = (1 - p) kja/Kjm s

But ijB = (1 ~-p") ij and
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am/ap = [(1 - p)/(1 - )] (jn/kjm) @4
By Equations 10a and 10b,

Kin/kjm = (L/Lg){[p'Lr + (1 -p")Lp}/L}=[p’Lr + (1 -p")La]/Lp
Substitution in Equation 24 gives

as/au = (1 -p){ [p'/(1 -p)] (L1 + Ly)}/Lg @5)

From Equation 9,

(1 -p)upr} = pupp/(1 - pupr

Substituting in Equation 25,

as/am = [(pugs/upt) (Lr/Lp)] + (1 -p)

so that by Equation 1,

PCE = (1/p) [(as/qm) - 1] + 1 = (urs/urt) (LT/LB) (26)

which is a constant value over all ranges of p and
for all volumes.

Recall the numerical example previously cited in
which the basic vehicle had an effective length of
7.62 m and free-flow velocity of 48.280 km/h and the
truck was 2Z.86 m 1long and had 32.187 km/h velovcity.

By Equation 26, the resulting PCE is calculated
as follows:

(48.280/32,187) x (22.86/7.62) = 4.50.

The speeds of vehicles within the traffic stream
for these assumptions are shown in the bottom part
of Table 1. Although the average velocity of all
vehicles in the mixed flow (uy) is less than the
speed of basic vehicles only, the speed of the basic
vehicles within the mixed flow (uyp) is equal to
ug at all volume levels shown.

INFLUENCE OF VEHICLE SIZE AND SPEED ON CALCULATED
PCE-VALUES

Table 2 contains a comparison of PCE-values for ve-
hicles varying in effective length from 6.10 m (20
ft) to 22.86 m and free-flow velocity from 32.19
km/h to 56.33 km/h (35 miles/h). It will be recall-
ed that the basic vehicle had an effective length of
7.62 m and a free-flow velocity of 48,28 km/h.
There are 10 percent nonbasic vehicles in the mixed
traffic stream and the flow of basic vehicles is 600

vehicles/h. The criterion for LOS is given as aver-
age travel time, so that t(q)g = t(d)ly (ug =
um) .

Two entries are shown for each vehicle. The
first is the PCE-value; the second is the volume of
mixed vehicles that will produce the same mean
travel time (or the reciprocal velocity) as is pro-
duced by 600 basic vehicles (V). As the size of the
vehicle increases and the velocity decreases, the
PCE-value increases; values range from a minimum of
-0.23 for a short, fast vehicle to a maximum of
13.25 for a long, slow vehicle.

Of particular interest are the negative values of
PCE in columns 1 and 3. Recall that the PCE-value
represents the number of basic vehicles that are
displaced by a nonbasic vehicle. For example, the
truck 18,29 m (60 ft) long with a free-flow velocity
of 40.23 km/h (25 miles/h) has a PCE-value of 5.01.
The mixed traffic stream of 428.2 vehicles/h has the
same mean travel time as 600 basic vehicles. The
mixed stream contains 42.82 trucks and 385,38 basic
vehicles, The 42,82 trucks have displaced 214,62
(600.00 - 385.3) basic vehicles.
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Tabte 2. PCE-values by vehicle length and free-flow velocity, average travel time.
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Effective Length of Truck (m)

6.10 7.62 9.14 13.72 18.29 22.86
Free-Flow
Velocity PCE- PCE- PCE- PCE- PCE- PCE-
(km/h) Value v Value \' Value v Value v Value v Value \'
56.33 -0.23 684.3 -0.08 672.4 0.08 660.9 0.54 628.6 1.01 599.4 1.48 572.8
48.28 0.80 612.2 1.00 600.0 1.20 588.2 1.80 555.6 2.40 526.3 3.00 500.0
40.23 2.75 510.7 3.03 498.7 3.31 487.2 4,16 455.8 5.01 428.2 5.86 403.7
32.19 7.81 357.0 8.30 346.8 8.80 337.1 10.28 311.2 11.76 289.0 13.25 269.7

Notes: It isassumed that p = 0.10, B = 600 vehicles/h; basic vehicle has effective length of 7.62 m and free-flow velocity of 48.28 km/h. 1 km/h = 0.6, mile/h; 1 m = 3.2 ft.

V = volume of mixed vehicles that will produce same mean travel time (or reciprocal velocity) as produced by 600 basic vehicles.

Table 3. PCE-values by vehicle length and free-flow velocity, equal total travel time.

Effective Length of Truck (m)

6.10 7.62 9.14 13.72 18.29 22.86
Free-Flow
Velocity PCE- PCE- PCE- PCE- PCE- PCE-
(km/h) Value v Value \% Value v Value v Value v Value A%
56.33 0.84 609.9 0.86 608.7 0.88 607.4 0.94 603.7 1.00 599.9 1.06 596.2
48.28 0.98 601.4 1.00 600.0 1.02 598.6 1.10 594.3 1.17 590.0 1.24 585.8
40.23 1.17 589.9 1.20 588.2 1.23 586.6 1.32 581.7 1.40 576.8 1.49 571.8
32.19 1.46 573.4 1.50 571.4 1.54 569.5 1.64 563.7 1.75 557.9 1.87 552.1

Notes: It is assumed that p = 0.10, 9B = 600 vehicles/h; basic vehicle has effective length of 7.62 m and free-flow velocity of 48.28 km/h. 1 km/h = 0.6 mile/h; 1 m = 3.2 fi.
V = volume of mixed vehicles that will produce same mean travel time (or reciprocal velocity) as produced by 600 basic vehicles.

Table 4. PCE-values by vehicle length and free-flow velocity, average travel time.

Effective Length of Truck (m)

6.10 7.62 9.14 13.72 18.29 22.86
Free-Flow
Velocity PCE- PCE- PCE- PCE- PCE- PCE-
(km/h) Value A% Value \" Value \" Value \'% Value v Value A\
56.33 0.69 619.5 0.86 608.7 1.03 598.3 1.54 569.1 2.06 542.6 2.57 518.5
48.28 0.80 612.2 1.00 600.0 1.20 588.2 1.80 555.6 2.40 526.3 3.00 500.0
40.23 0.96 602.4 1.20 588.2 1.44 574.7 2.16 537.6 2.88 505.1 3.60 476.2
32.19 1.20 588.2 1.50 571.4 1.80 555.6 2.70 512.8 3.60 476.2 4.50 444.4

Notes: It is assumed that p and qp are variable; basic vehicle has effective length of 7.62 m and free-flow velocity of 48.28 km/h. 1 km/h = 0.6 mile/h; m = 3.2 ft.
V = volume of mixed vehicles that will produce same mean travel time (or reciprocal velocity) as produced by 600 basic vehicles.

Conversely, the short (6.10-m) vehicle with a
free-flow velocity of 56.33 km/h has a mixed traffic
flow rate of 684.3. Of these vehicles, 68,43 are
fast vehicles and 615.87 basic vehicles. The pres-
ence of the 68,43 fast vehicles decreases the aver-
age travel time sufficiently that an extra 15.87
basic vehicles are added to the traffic (rather than
displaced); hence the PCE sign is negative. The
ratio of added basic vehicles to nonbasic vehicles
is 0.23 (15.87/68.43). If the number of basic ve-
hicles in the mixed stream, (1 - pldy, 1is greater
than the number of basic vehicles, gp, the PCE-
value will be negative.

Table 3 1s similar to Table 2 except that the
criterion for comparable LOS values is that the
total travel time for all vehicles over a length of
highway be equal for the two traffic streams,
T(a)g = T(Dy (kg = ky). The range of PCE-
values is reduced but, again, increased PCE-values
are associated with longer, slower vehicles, There
are no negative PCE-values in Table 3, although, as
is to be expected, there are PCE-values less than
1.0.

Table 4 1is based on the criterion that ug =
Uyp- The PCE-values would be the same over all
values of dp but the value of ay in each cell
is for the value gg = 600.0.

DISCUSSION OF RESULTS

Three criteria for defining LOS have been consider-
ed. The first of these assumes equal mean travel
time for two flows, mixed and basic vehicles, The
introduction of slow-moving vehicles into the traf-
fic stream will reduce average speed even at very
low flow rates. A substantial number of basic
vehicles can be expected to produce the same average
speed, As a consequence, (a) PCE-values are un-
defined at very low volumes, and (b) PCE-values de-
crease as volumes increase,

It would be desirable to define PCE-values over
all values of volume. It would also appear reason-
able that at low volumes large, slow vehicles would
have a minimum effect on traffic flow but that as
volume increased, there would be greater interaction
between vehicles, so the PCE-values should be in-
creasing as volumes increase. Letting LOS be de-
fined by up = uyg 9ives constant PCE-values over
all volumes.

The definition of LOS by the criterion of total
travel time satisfies the difficulties noted above
and is recommended as a more desirable approach. 1In
making this recommendation it should be recalled
that the traffic flow model used (Greenshields') is
a simple deterministic model that only partly repre-
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sents observed traffic flow. Only two categories of
vehicles have been considered; in reality an analy-
sls of PCE-values should be based on a model that
considers three or more vehicle categories simul-
taneously. -

Despite the shortcomings noted above, it is felt
that this analysis will provide esome guidance to
those doing research to determine PCE-values.
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Discussion

A.D, St. John

Huber has performed a timely service by examining
alternative bases for the passenger-car equivalent
(PCE) . The analyses detect undesirable characteris-
tics to be aveided and mandate a careful examination
of definitions and concepts. This discussion pre-
sents alternative points of view, describes a few of
the results from microscopic simulation models, and
suggests additional factors to be considered in
selecting bases for the PCE,

At the most fundamental level, Huber adheres to
past practice. The ideal or reference vehicle mix
is 100 percent passenger cars, and speed or its in-
verse, travel time, are examined in several forms as
best bases for equivalence between moving traffic
streams,

For the mixed traffic streams the paper analyzes
speed in two forms, which differ significantly. In
one form, the average speed is calculated with data
for all vehicles in the stream; the other form uses
speed data for passenger cars only. The paper se-
lects the all-vehicle form as preferable because of
the PCE characteristics estimated for it. I believe
that the choice here should depend more strongly on
the concept desired for equivalence between traffic
streams, For example, if the all-vehicle form is
used, a steep sustained upgrade would be calculated
to reduce service for a car-and-truck mix even if
the car speeds were not appreciably depressed by the
presence of low-speed trucks. Alternatively, if the
car-only form is used, there is no direct measure of
the speed depression exprienced by trucks due to the
upgr ade.

Several facets of the 1965 Highway Capacity Man-
ual (1) suggest that car-only data were meant to be
used for the mixed stream. Operating speed must
have been selected for its sensitivity at low flow
rates, a sensitivity that would be distorted by in-
cluding trucks. Also, the definition implies that
operating speed is limited only by highway design
speed and interactions with other vehicles. However,
a passenger car is specified as the vehicle type
only in the definition for free-flow operating speed.

I agree with Huber 's requirements that the defi-
nition for PCE and the PCE-values be well behaved
over the range of variables. It is also preferable
that the PCE-values not conflict with engineering
intuition. However, I question Huber's preference
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that the PCE for a truck be small at low flow rates
and increase with flow rate when the percentage of
trucks is held constant.

A PCE that 1s essentially constant with flow rate
is desirable for two reasons. First, the constant
PCE economizes the field or model data needed and,
second, constant PCE implies fundamental relation-
ships that do not change in form between the car-
only and mixed flows. As an example of the latter
aspect, consider Figure 14, in which the operating
speed versus flow rate is sketched for a mixed flow
and for a flow of cars only. If the form of the
operating-speed function is constant, the curves of
Figure 14 will merge into the single curve of Fiqure
15 when the abscissa is normalized to volume/capac-
ity. The single, normalized curve is obtained only
if the PCE is essentially constant over flow rate.
The preservation of form in the single normalized
curve is convenient computationally and conceptually.

For currently defined PCE estimates there is evi-
dence both supporting and conflicting with the idea
that PCE is constant over flow rate. The tables in
the 1965 Highway Capacity Manual indicate only small
changes in PCE between high and low service levels.
An extensive collection of results from a micro-
scopic model of multilane flow (8,9) conformed with
normalized curves exemplifed in Figure 15, Although
PCE-values were not derived, normalized organization
indicated that they would be essentially constant
over flow rate. More recent results with the same
model (10) employed the free speeds observed under
the 55-mile/h (89-km/h) speed limit. These results
reveal cases in which PCE=~values would diminish at
high flow rates; that 1s, speeds of cars are
depressed by impeding vehicles at low and intermedi-
ate flow rates (PCE > 1) but the approach to ca-
pacity is essentially unaffected (PCE = 1).

Two considerations, absent in the paper, are
given here to complete the set of important con-

Figure 14. Operating speed versus flow rate.
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Figure 15. Operating speed versus volume/capacity ratio.
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siderations. They are the field measurements and
the nonlinear dependence of PCE-values on percentage
of trucks,

The bases for the PCE should lead to field mea-
surements that are feasible and economical. Operat-
ing speed exemplifies a measure that has desirable
characteristics in equivalency but is difficult and
expensive to measure in the field. Because it is not
a central (average) measure, operating speed is at a
disadvantage even in the analysis of results from
models.,

The nonlinear relationship between the PCE and
percentage of trucks indicated by most available
data constitutes a problem. Tables in the 1965
Highway Capacity Manual (1) and results from models
(8,9,11) indicate that the PCE diminishes as the
percentage of trucks increases. This is more than a
computational inconvenience; it increases the field
or model data required and complicates estimates for
two or more types of impeding vehicles. A deriva-
tion (1l) has been partly successful in establishing
an analytical relationship between PCE and percent-
age of trucks, The results provide a measure that
is invariant with percentage of trucks and a method
for estimating the effects of two or more types of
impeding vehicles. These possibilities should be
considered in selecting the basis for PCE-values.

In summary, I agree with the aims of Huber's
paper and with part of the conclusions. I suggest
that more attention be directed to the fundamental
concepts of equivalence, that it is desirable for
the PCE to be constant over flow rate, and that ad-
ditional considerations should be included in the
selection of bases for equivalency. Also, final
decisions should be based on extensive fleld data or
results from comprehensive models. This does not
detract from the value of simple models, however,
since they frequently point to alternatives other-
wise overlooked.

Randy Machemehl

The work by Huber is a significant contribution
toward better characterization of the effects of
commercial vehicles on traffic flow. The mathe-
matical relationships developed through his work are
understandable and reasonable. When viewed as a
conceptual framework for PCE computation, the work
is both interesting and useful. Huber notes several
key weaknesses in his recommendations for further
study.

These include the fact that only two vehicle
categorles--basic and nonbasic--are considered.
Operational characteristics of the entire vehicle
population and resulting effects on the traffic
stream are known to vary widely. Recreational
vehicles, for example, represent a vehicle class
that generally has significantly different opera-
tional capabilities, and drivers of such vehicles
often lack experience required to fully utilize the
capabilities their vehicles possess. Varlability in
operational features of intracity-type commercial
delivery vehicles versus over-the-road commercial
trucks, local buses versus intercity commercial
buses, and even small underpowered versus large pas-
senger cars represents additional examples of the
need for more than two vehicle classes. Huber notes
that the Federal Highway Administration, as part of
the national highway cost-allocation study, is in
the process of developing PCE-values for as many as
15 categories of vehicles for four different roadway
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classes. This effort should answer many Qquestions
regarding operational effects of the spectrum of ve-
hicle classes.

The Greenshields model of traffic flow, which
uses a linear relationship between density and
velocity, is employed by Huber to develop interrela-
tionships among speed, density, and flow rate. This
model probably is a good approximation for many den-
sity-velocity conditions., However, it may not be
completely sufficient for the entire velocity-den-
sity range. A nonlinear relationship might very
likely improve the validity of PCE estimates near
boundary values. The deterministic nature of this
model is also problematic. As noted earlijer, tre-
mendous variability among the driver-vehicle popula-
tion and their performance on various roadway types
is indicative of the need for stochastic modeling.
Characterization of this variability and its effect
on traffic flow would likely be achileved most ef-
ficiently through use of stochastic representation.

The analyses presented in Huber's paper represent
a contribution that will be of value to those in-
vestigating PCE techniques. It is both direct and
easily understood and Huber is to be commended for
his efforts.

Author’s Closure

I am indebted to Machemehl and St. John for their
thoughtful reading and discussion of this paper.

Machemehl is correct in pointing out that the
modeling should be extended to permit analysis of
several (more than two) categories of vehicles with—
in the mixed stream. Preliminary investigation has
shown that this is possible if one continues to use
the Greenshields model of traffic flow. Incorpora-
tion of stochastic modeling would require extensive
computer simulation but should provide further in-
sight.

As St. John has noted, one can only make intui-
tive analyses in establishing a basis for determina-
tion of PCE-values as discussed in the 1965 Highway
Capacity Manual. This paper represents an attempt
to examine the alternative bases for PCE-values.

My preference that the PCE for a truck be small
at low flow rates and increase with increased flow
rates is predicated on the intuitive feeling that at
low volumes there are few basic vehicles that can be
influenced by a truck; the greater time and distance
spacing tends to minimize intervehicular inter-
ference. As the flow rate increases, the opportun-
ity for interaction between basic vehicles and
trucks is increased with a subsequent increase in
PCE-values.

I agree with St. John in his preference for a
constant PCE-value because this will economize data
requirements. His second contention, that a con-
stant PCE implies fundamental relationships that do
not change in form, is illustrated by reference to
Figure 14. Implicit to this relationship is a com-
mon free-flow speed at extremely low flow rates. My
analysis differs by considering that the car and
truck mix has a lesser free-flow speed (because of
the slower trucks) as illustrated in Figure 6. It
is only when one uses as a basis t(q)ys = t(qQ)g
that the analysis will be similar to that suggected
by St. John. {Conversion of the form given in
Figure 13 to that given in Figure 14 is straight-
forward.)

Again, I thank both discussants for their helpful
comments.
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Two-Lane Rural Roads

EDWARD B. LIEBERMAN

A model describing the kinematics of vehicle trajectories during the passing
maneuver on two-lane rural roads is presented. This model is based on the
hypothesis that there exists a point in the passing maneuver that can be iden-
tified as a critical position. At this point, the decision to complete the passing
maneuver will provide the same factor of safety relative to an oncoming ve-
hicle as will the decision to abort the maneuver. The model locates the critical
position in terms of exogenous parameters. The results of a series of sensitivity
studies conducted with the model are also presented. These results provide
insight into those parameters that strongly influence the required sight dis-
tances. It is shown that the current sight-distance specifications of the Ameri-
can Association of State Highway and Transportation Officials may be inade-
quate from a safety standpoint, particularly for high-speed passing maneuvers
and for passing vehicles that are low-powered subcompacts.

The calculation of passing sight distance as pre-
sented in the Blue Book of the American Association
of State Highway and Transportation Officials
(AASHTO) (1) is based on several simplifying assump-
tions. In this paper we examine the kinematics of
the passing maneuver in greater detail and offer
another point of view., The results obtalned with
this new model are compared with those detailed in
the Blue Book (l): the implications of these com-
parisons are then discussed.

The benefits of an analytical model describing
the passing maneuver on two-lane rural roads include
the ability to identify those factors that play a
role in determining safe passing sight distances.
Furthermore, it is possible to conduct sensitivity
studies to determine which of these factors are
important relative to the others.

With the changing composition of the traffic
stream--larger, faster, more powerful trucks mixing
with smaller, lower, less powerful automobiles-~such
a model can be very useful in assessing the associ-
ated changes in safety margins provided by current
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sight-distance standards. It would also be possible
to determine whether there is a need for changes in
these standards or whether more positive forms of
control are required to improve the safety charac-
teristics of two-lane rural roads. Clearly, any
change in these standards could also affect rural
road capacity as well as operating speed.

OVERALL APPROACH

When a vehicle traveling on a rural road desires to
pass an impeding vehicle, the driver must assess a
large number of factors in deciding whether to
attempt a passing maneuver. This assessment is a
continuous one that extends, after the initial
decision is made, throughout the passing maneuver.

This model is based on the hypothesis that there
exists a point in the passing maneuver that can be
identified as a critical position whenever an on-
coming vehicle is in view. This critical position
is defined as follows: At the critical position,
the decision by the passing vehicle to complete the
pass will afford it the same clearance relative to
the oncoming vehicle as will the decision to abort
the pass.

This implies that if a decision to abort the pass
takes place downstream of the critical position
(i.e., later in the passing maneuver), the clearance
(and therefore the safety factor) relative to the
oncoming vehicle will be less than if the passing
vehicle completes the pass. The converse applies to
a decislon to complete the pass if made upstream of
the critical position.

The determination of this critical position is a
central issue in the development of the model. The



