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Type of Lght Vehicle
Estimate Light
Cost category bound Small | Medium | Large Van truck
() @ (3) (4 (5) (6) )

Cost of automation High 433 433 433 433 433
devices (annu- Low 266 266 266 266 266
alized for three
years)

Maintenance costs High 100 100 100 100 100
of automation de- Low 50 50 50 50 50
vices

Total perceived High 533 533 533 533 533
costs Low 316 316 316 316 316

the automation device to the vehicle and the subsequent cost of maintenance
for the device Actual changes include all changes 1n annual costs for each
vehicle type, and include not only the cost of the automation device and its
maintenance, but changes in fuel costs, changes in operation and mainte-
nance costs for medium and heavy trucks and buses, changes in insurance
and regstration costs for each vehicle, and the salvage value of the auto-
mation devices All values are 1n 1984 dollars, the latest year for which we
could compile complete data We project high and low values for each of
these cost factors, due to uncertainty After a thorough hterature search
(Johnston et al 1990, PATH database at the Institute of Transportation
Studies, Umiversity of Cahforma, Berkeley 1989, Stafford 1990, Chen and
Irvin 1990) we found one set of estimates (Systems 1982) This FHWA study
projected costs of about $2,500/ycar for hght-duty vehicles, including road-
way costs About $1,500/year of this was for vehicle costs This i1s about
three times the high values used by us Route gurdance devices alone are
estimated to cost about $500 (Dedicated 1986)

The costs of adding the automation devices to new and existing vehicles
were estimated by the wrnters and annualized An interest rate was not
included, as the time periods were short five years for hght-duty new ve-
hicles, and three years for light-duty existing vehicles These short periods
reflect our assumptions of vehicle turnover and rapid technological obso-
lescence Heavy trucks are replaced between 500,000 and 850,000 mi (ap-
proximately 10 years) (Amahtano, personal communication, 1991) Buses
owned by agencies that follow federal guidelines are replaced around
12 years or 500,000 mi, whichever comes first (Amahtano, personal com-
munication, 1991) For this study, we annuahzed payments for heavy-
duty vehicles at 10 years for new vehicles and five years for existing vehi-
cles

Fuel costs for the actual cost tables were obtaned for each light-vehicle
type 1n cents per mile (Summary 1985) and converted to dollars per year
by muluplying by the total number of miles traveled per year The miles
traveled per year by each vehicle type were available from national trans-
portation statistics, as were values for operating costs (Summary 1985)

We estimated full operation and maintenance costs for medium and heavy
trucks and for buses, as these vehicles are used only for business purposes
and the owners consider full costs (including overhead) n their decision-

553

TABLE 3 New Vehicle Actual Changes in Annual Costs (in 1984 Dollars)
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Existing Vehicle Actual Changes In Annual Costs (in 1984 Dollars)

TABLE 4,

(== (=] ¥
9= S8 B°88E°°°¢E8E
sEeltw 2 Qe —ed

o|@ > -— N = e | e~
S I { [
=
[
>
sz 188 §8°888§°°°88%
© % 2 <. .
Wemw@\ ™ [ E™ I e |
- f
[+}
[
S| e
Fligasl88 88°388R8°°883
® o vy [ "2 3"s} e O
W(( | i b i
3
S
E_~BE B8R°LREER>*IYT
M| N — — e V-]
= oo | 1 |
[£4
—
c . 1mE SREEBL°CRESR
© & 0| < — et M-
See I _ [
o
Q
5
>
w0 o) SO M NOD 0™
£ bag B8 ERTRNEERTOR3ZE
-~
5]
@
Wm
PFlE3.o88 8R8°2EE8R°°RRE
L B — — - O —
gL [ 0 |
3
== 00
S ~~me SRLNESL°°IFRG
EHLOI T A - — - O
&= | | !
[}
8 = R N
ESN| 2 DEZwioiwZwiwi
Z7T|TA TALALNATJIITALA
w
& 8
e 5
ms w m 4
o - [=] =}
N m ] o
=}
%.b [ v 5]
CD -~ pord
& I =3 g It
<] 3= & 3 =
g 1%¢g s E g
8§80 2 ¢ B g
o~z 3 F & k] b L) 2
o @ b © = Y] =) ]
173 = (3] o] Q [=]
Q o =] & ﬂa A o (%3
O Sw § =2 & =2 2 =
5 8 e 5] 1<) ] g
] a%r m =1 > &
2% ~5882,8 E g &8
2
s S0E53285 % & 3
geL3svyoi P = g
&) 2 m & 2 &8 =

making (Summary 1985) We assume that owness of autos and light trucks
consider only fuel costs as their operation and mamtenance costs 1n their
decisions regarding automation (Chen and Ervin 1990)

Automation will result in smoother travel (fewer stops and starts), which
will decrease fuel consumption Therefore, the low value for fuel con-
sumption assumes a 20% savings n fuel on freeways As approximately
20% 10 30% of the total vehicle miles traveled (VMT) for each vehicle type
are on urban freeways (Life 1977), the annual fuel costs were reduced by
5% The low cost estimate of 5% fuel savings for heavy trucks and buses
has added to 1t an additional 5% savings 1n operation and mamtenance costs
due to lessened wear on brakes and the drive train.

Insurance values were estimated from figures provided by several insu-
ance agencies (California Transit Insurance Pool 1989, Farmers Insurance,
personal communication, 1989, Unitrans, personal communication, 1989)
As automation may provide safer travel, this safety should be reflected 1n
reduced insurance costs However, msurance companies could raise rates,
especially 1in the early years of automation, and so higher values were also
used

Registration fees are predicted to increase for hight vehicles and medium-
duty trucks, since the value of the vehicle will increase due to the value of
its automation devices The cost of the devices 1s approximately 1-2% of
the value of these new vehicles (Table 3) It is somewhat higher (4-10%)
for an existing vehicle (Table 4) We estimated a 10% increase n registration
fees as a high value, and we posited no change in registration fees as the
low value, to report the high-valuation case and also the case 1n which the
automation equipment was exempted from vehicle valuations For heavy
trucks and for buses, registration fees are based on unladen vehicle weight
and will not be sigmficantly affected (California Motor Vehicle Code, sec
9400)

The high salvage value for the automation devices was arbitranly esti-
mated to be one-fifth of their ongmal value, due to depreciation of the
devices Due to the difficulty of removing the devices from the vehicle, the
low salvage value is projected to be zero

Tables 1 and 3 show our estimates of perceived and actual changes
annual costs for new vehicles In general, the actual costs were close to
twice the percewved costs for the hght vehicles Purchasers of hight-duty
vehicles may reach a decision on whether to automate based on percened
costs alone For heavy vehicles, only actual cost estimates are used, since
the owners of these vehicles make decisions based on complete cost infor-
mation

New vehicle perceved annual costs ranged from a hugh of $300 00 to a
low of $150 00 for a small car Actual changes 1in annual costs for new
vehicles ranged from a high of $425 00 to a low of $15 00 for a small car,
and a high of $2,300 00 and a low of $ -~ 870 00 for a heavy truck This wide
range 1s mainly a product of two vanables fuel and mamtenance costs, and
insurance costs As vehicles such as buses spend up to $30,000 per year
(with taxes) on fuel alone, 1t 15 clear why even a small percentage 1ncrease
in fuel efficiency would create a large change 1n the annual cost of operating
such vehicles

Some of the low-end cost totals result 1n actual cost savings for owning
an automated vehicle, without even considering travel-time savings, mamly
due to decreases n fuel, operatton and mamtenance, and msurance costs

Thie ¢t wnnld nav tha indindnal aamnre ta oo an satamatad vaheala avan



tudinal control and the greater satety could still result in a net savings

Tables 2 and 4 include percerved cost and actual cost estimates for adding
automation equipment to already-owned vehicles We assume that the cost
of adding automation technology to existing vehicles will be higher than
adding techneclogy at the time of assembly Thus, the high and low values
for these vehicles are higher than for new vehicles Fuel, operation and
maintenance costs, msurance costs, and registration fees remain the same
as for new vehicles The cost values for the existing vehicles are annuahized
over three years, reflecting the shorter hife of the used vehicle and uncer-
tainty about resale value of the automation device The salvage value of
the devices 1s hugher for the used vehicle, because the devices are only three
years old, rather than five

Break-Even Calculations

These total perceived and actual cost calculations were then applied to
the break-even tables (Tables 6-9) The break-even tables are presented
in a sumlar format and under the same four conditions as the annual cost
tables for new and existing vehicles for perceived and actual changes
vehicle costs The input data for the break-even tables appear in Table 5
Break-even results are calculated for the average annual time-savings frac-
tion, average absolute time savings per trip, and the average freeway speed
increases necessary so that the cost of automation will break even with the
travel time savings benefits The two most readily understandable results
are the break-even average freeway speed increase and the absolute time
savings per trip

Miles per year on urban freeways were derived as a percentage of total
VMT on urban freeways for each vehicle type from national averages (High-
way 1985) Urban freeway speeds were available from national speed data
by vehicle type (Highway 1985) Hours per year for each vehicle type on
urban freeways were calculated by dividing the miles per year on urban
freeways by the average speed values

The break-even average annual time-savings fractions are calculated as
follows The extra cost of automation per year 1s divided by the average
time costs per hour for each vehicle and trip type This number of hours is
divided by the total hours of freeway driving per year to get a time-savings
fraction the fraction of time savings necessary on urban freeway trips for
the cost of automating a vehicle to equal the time cost savings

The break-even freeway speed increase was calculated using average com-
mute speeds of 29 mph, average recreation travel speeds of 58 mph, and
average work speeds of 50 mph (all for urban freeways) (Stausnical 1984)
The break-even values were calculated using these values for commute,
recreation, and work speeds and multiplying by the break-even annual time-
savings fraction for each vehicle and trip type

Average freeway trip length data was available for each trip type and
vehicle type (Table 5), and was entered into the break-cven tables as input
data to calculate the absolute time savings necessary for the average trips
Commute and recreation trips were examined for light vehicles, and only
work trips were analyzed for heavy vehicles

Break-even absolute time savings per trip measures the amount of tune
savinigs neccssary on the freeway portion of an average trip for automation
to pay for itself These values were calculated by subtracung the amount
of time spent per trip on an automated freeway from the amount of time
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TABLE 5 New and Existing Vehicle Input Data 1984
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TABLE 6 New Vehicle Break-Even Calculations {Percelved Costs)

Type of Light Vehicle
Estimate Light
Cost category bound Small | Medwm | Large Van truck
{1) () 3 ) 5) (6) 7
Cost of automation High 300 300 300 300 300
3$) Low 150 150 150 150 150
(a) Average Time Savings Fraction
Commute High 031 03t 031 031 031
Low 016 016 016 016 015
Recreation High 083 083 083 083 082
Low 041 041 041 041 041
Work High N/A N/A N/A N/A N/A
Low N/A N/A N/A N/A N/A
(b) Freeway Speed Increase (Mph)
Commute tHigh 91 91 91 91 869
Low 45 45 45 45 44
Recreation High 481 48 1 48 1 48 1 472
Low 240 240 240 240 236
Work High N/A N/A N/A N/A N/A
Low N/A N/A N/A N/A N/A
(¢) Absolute Time Savings (Hrs/Tnip)
Commute High 008 008 008 008 008
Low 005 005 005 003 005
Recreation High 008 008 008 008 008
Low 005 005 005 005 005
Work High N/A N/A N/A N/A N/A
Low N/A N/A N/A N/A N/A

that would have been spent per trip on an nonautomated freeway These
calculations were performed by subtracting the trip miles divided by the
automated speed %9: the trip miles divided by the nonautomated speed
The automated speed was denved from the break-even freeway speed -
crease added to the nonautomated average speed for each trip type

ResuLts

Table 6 shows the new vehicle, percerved costs break-even results The
values for the cost of automation were taken from Table 1 The first break-
even result 15 the average annual time-saving fraction for tnips on urban
freeways For automobiles, vans, and hght trucks, for automation to pay
off under perceived cost conditions, a time savings of 15-31% 1s necessary
for commute travel For recreational travel (about two-thirds of light vehicle
mileage), ime savings of 41-83% are necessary

These percent time savings are then converted to freeway speed increases
Light vehicles need to increase their freeway speeds by 4 4-9 1 mph for
commute tnps, and by 23 648 1 mph for recreational trips

Rreak-even ahsolute time savings ver trip range from a break-even time

TABLE 7 Existing Vehicle Break-Even Calculations (Perceived Costs)

Type of Light Vehicle
Estimate Light
Cost category bound Small | Medwm | Large Van truck
(1 ) 3 (4) () {6) )
Cost of Automation High 533 533 533 533 533
® Low 316 316 316 316 316
() Average Time Savings Fraction
Commute High 056 056 0 56 056 055
Low 033 033 033 033 013
Recreation High 147 147 i 47 147 145
Low 087 087 087 087 086
Work High N/A N/A N/A N/A N/A
Low N/A N/A N/A N/A N/A
(b) Freeway Speed Increase (Mph)
Commute High 16 1 161 161 16 1 159
Low 96 96 96 96 94
Recreation High 854 854 854 854 840
Low 506 506 506 56 6 49 8
Work High N/A N/A N/A N/A N/A
Low N/A N/A N/A N/A N/A
(c) Absolute Time Savings (Hrs/trip)
Commute High 012 012 012 012 012
Low 008 008 008 008 008
Recreation High 011 01t 011 011 on
Low 009 009 009 009 009
Work High N/A N/A N/A N/A N/A
Low N/A N/A N/A N/A N/A

savings per trip of 0 05-0 08 hours (3 0-4 § min) for cars, vans and light
trucks, comcidentally, for both commute and recreational trips

Value of time savings less than 5 min, however, may not affect travel
decisions (Stopher 1973) Average recreation and commute trip savings may
need to be larger than indicated to affect behavior, regardless of vehicle
occupancy rates

For existing vehicles under perceived cost conditions (Table 7), the break-
even values are higher, due to the increased cost of adding the aftermarket
automation technology to a vehicle

For new vehicles, actual costs (Table 8), the percent of annual time savings
ranges between 0% and 44% for light vehicies on commute trips Recreation
trips requirc an annual time savings of between 1% and 117% For new
heavy vehicles on work trips, several interesting values resulted For these
vehicles, the range of time savings was 37% to —17% for medum-duty
trucks, 16% to - 6% for heavy-duty trucks. and 40% fo —43% for buses
These values indicate that medium and heavy trucks and buses can expe-
nience speed decreases and automation may still pay off These results are
due to the large savings 1n operation costs for heavy trucks and buses, due
to smoother operation and large annual nilcage (Table 5)

The range of break-even absolute freeway speed increases tor new ve-
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TABLE 8 New Vehicle Break-Even Calculations (Actual Costs)

Estimate Type of Light Vehicle Type of Heavy Vehicle
Cost category bound Smalt Medwum Large Van Light truck Medium Heavy Bus
(1 (2 (3) () (8 {6) ] (8) (9} (10)
Cost of automation High 425 415 425 425 425 1,030 2,300 2,300
(%) Low 15 12 7 4 2 — 465 —870 -2,500
(a) Average Time Savings Fraction
Commuie High 044 044 044 044 044 N/A N/A N/A
Low 002 001 001 000 000 N/A N/A N/A
Recreation High 117 117 I17 117 115 N/A N/A N/A
Low 004 003 002 001 001 N/A N/A N/A
Work High N/A N/A N/A N/A N/A 037 616 (
Low N/A N/A N/A N/A N/A -017 -006 -(
{b) Freeway Speed Increase (Mph)
Commute High 129 129 129 129 126 N/A N/A N/A
Low 046 036 031 012 006 N/A N/A N/A
Recreation High 34 05 34 05 3405 3405 3349 N/A N/A N/A
Low 120 120 120 032 016 N/A N/A N/A
Work High N/A N/A N/A N/A N/A 18 4 78 1¢
Low N/A N/A N/A N/A N/A -83 -29 -2
(c) Absolute Time Savings (Hrs/trip)
Commute High 011 011 011 o1 011 N/A N/A N/A
Low 001 000 000 000 ¢ 00 N/A N/A N/A
Recreation High 010 010 010 010 010 N/A N/A N/A
Low 001 001 000 0 00 000 N/A N/A N/A
Work High N/A N/A N/A I7:N N/A 006 603 {
Low N/A N/A N/A N/A N/A ~-005 -0 01 -1
TABLE 9 Existing Vehicie Break-Even Calculations (Actual Costs)
Estimate Type of Light Vehicle Type of Heavy Vehicle
Cost category bound Small Medium Large Van Light truck Medium Heavy Bus
(1) (2 ) (4) (5 {6) U] (8) (9) (10)
Cost of automation High 658 638 658 658 658 1,396 2,700 2,700
($) Low 151 140 143 140 141 —-223 —656 —-2,286
(a) Average Time Savings Fraction
Commute High 069 069 069 069 068 N/A N/A N/A
Low 016 016 G 16 016 015 N/A N/A N/A
Recreation High 182 182 182 182 179 /A N/A N/A
Low 042 042 042 042 038 N/A N/A N/A
Work High N/A N/A N/A N/A N/A 050 019 0
Low N/A N/A N/A N/A 1A -008 -0 04 -0
(b) Freeway Speed Increase (Mph)
Commute High 199 199 199 199 196 /A N/A N/A
Low 45 45 45 45 42 N/A N/A N/A
Re¢creation High 105 105 10 105 103 N/A N/A N/A
Low 242 22 4 229 224 222 N/A N/A N/A
Work High ‘A N/A N/A N/A N/A 249 939 23
Low N/A N/A N/A N/A N/A -39 -224 -19
(¢) Absolute Time Savings (Hrs/trip)
Commute High 014 014 014 014 014 N/A N/A N/A
Low 6os 005 005 605 005 N/A N/A N/A
Rc creation High 012 012 012 012 012 N/A N/A N/A
Low 005 005 605 605 005 N/A N/A N/A
Work High N/A N/A N/A N/A N/A 008 004 0
Low N/A N/A N/A N/A N/A ~-002 -001 -0




hicles under actual cost conditions (Table 8) 1s 0 06-12 9 mph for hght
vehicles on commute tnps, and 0 16-34 05 mph for recreation tnips The
heavy vehicles could go slower or faster on freeways by about 20 mph and
still break even The break-even projections for existing vehicles under
actual cost conditions (Table 9) were higher than the values for new ve-
hicles.

To reflect a state of lugher congestion m the future, consider our results
as they mught change under conditions with the baseline (unautomated)
speed of travel reduced by one-half Break-even freeway speed increases
(mph) would be one-half of those necessary under present speed conditions
Break-even absolute time savings would remain the same, of course These
speed mcreases would be more feasible than those required at 1984 freeway
speeds We do not consider the 1ssue of merging across lanes with widely
varying speeds in this paper Special merge lanes will be needed on mixed
facilities

Calculations based only on data for selected metropolitan areas of over
1 mithon mhabitants (New York, Los Angeles, Chicago, Houston) were
run to determune if autornation 1s more financially feasible 1n these regions
Average freeway miles per year per vehicle in these regions are about 25%
higher than the national urban averages Urban freeway speeds, however,
are reduced by only about 1 5 mph (New York 1988, California 1988, County
1988), and the break-even results for these regions were about 80% of the
national average results

Another case was run to determine 1f vehicle owners n the upper quartile
income group would be more hkely to benefit financially because their time
costs are higher (based on an average 1984 annual income of $50,640)
(Current 1986) For these vehicle owners, break-even calculations showed
necessary increases in freeway speeds of about one-half those for all drivers
For a small car, the break-even commute speed increase {new vehicle, actual
costs) dropped from 12 9 mph to 6 63 mph Recreation speed increases fell
from a high of 34 05 mph to 17 46 mph

Vehicle occupancy rate could be considered as a factor affecting break-
even freeway speeds and absolute time savings 1t1s unclear if vehicle owners
consider cost sharing with passengers when making vehicle-purchase deci-
sions, so we imphaitly assumed a vehicle occupancy of 10 the tables
Since some vehicle buyers may consider cost sharing among occupants, we
include this factor here For most heavy-duty vehicles on work trips, oc-
cupancy rates are 1 0, and therefore are not a factor For light-duty vehicles
on commute trips, costs may be perceived as per adult occupant For 1984,
average commute occupancy for urban areas was 1 3 (Personal 1986) Av-
erage occupancy for recreational travel was 2 0, but as this recreational
occupancy average includes children (over age 5), we recalculated our num-
bers from Tables 8 and 9 using 1 3 as an approximation of adult occupancy
For new and existing vehicles and for perceived and actual costs, break-
even freeway speed increases and absolute time savings dropped by 23%
Also, occupancy would tend to make automation cost-effective for those
medium and heavy-duty trucks usually occupted by two or more workers,
such as utility-repair vehicles

One potential market for automation would be carpool-vehicle owners
These owners could consider cost-savings in their vehicle purchase and
equipment purchase dectsions Carpool occupancy 1s above 2 0, and so
favorable break-even values can be obtained (haif of those in the tables)
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choose to automate, as drivers seem to be unresponsive to time savings of
less than about 5 min (Stopher 1974, A Manual 1977)

AnaLvsis

Automation will apparently be financially feasible for medium and heavy
trucks and for buses It may be feasible for new light vehicles used primanily
for commuting, especially in HOV lanes Recent studies indicate that the
early adopters of IVHS may be selected trucking compames, and also courier
services, police, and emergency rescue fleets, as they can make good use
of route guidance and higher speeds to accomplish urgent missions (Chen
and Ervin 1990)

For medium and heavy trucks and buses, speed increases may not be
necessary In fact, for automation to pay off, speed could actually decrease
under some cost assumptions

For new light vehicles under perceived cost conditions, commute freeway
speed increases between 4 4 mph and 9 1 mph seem clearly feasible For
recreational travel, however, speed increases between 23 6 mph and 48 1
mph do not seem clearly feasible (at off peak times) About two-thirds of
the miles in the average light vehicle on urban freeways are for recreational
trips, and so automation 1s unlikely to pay off for most of these owners

Results for metropolitan areas of over 1 million inhabitants indicate that
the automation of freeways in these areas will be significantly more beneficial
than in smaller urban areas Because of longer times spent on freeways, the
results are more optimustic than the national urban averages

Automation for those who commute relatively long distances or have high
incomes will pay off more easily than for average drivers This result 1s due
to their higher time costs We expect, therefore, that wealthy suburban
commuters will tend to be supportive of automation and may provide an
early adopter market miche Recall, however, that we used values for travel
time about 150% larger than those approved by UMTA If their values
were used, automation would be unhkely to pay for hght vehicles, even n
commuting

In conclusion, we found that the automation of urban freeways will most
likely imtially attract participation by the owners of medium and heavy
trucks and buses The automation of automobiles, vans, and hght trucks
will most likely pay off only for owners of vehicles used primanly for HOV
commute trips, but the small absolute time savings may not attract large
numbers of investors

Our analysis looked only at average urban area trip lengths and speeds
by trip type In the next phase of our research, we are examining simulated
trip length and speed by purpose, for peak and nonpeak penods, using a
regional transportation systems model operated on Sacramento, Califorma,
data for the year 2010 This study will permit us to project the effects of
freeway automation on all regional travel We will evaluate changes n trip
costs for automated vehicles and for nonautomated vehicles (which benefit
from the capacity increases on the automated lanes) Network modehng
will permut us to evaluate the HOV commuter market We wiil not be able
to evaluate heavy-duty vehicles used for the transport of goods, though,
since they are not represented in this travel-demand model

Regional travel-demand modeling will raise a fundamental theoretical
1ssue not addressed by this paper, namely the question of whether speeding
up traffic saves travelers time Work by Zahavi (1979) and others (Ryan
and Spear 1978, McLynn and Spielberg 1978) show that reducing trip times



should not be counted as a benehi of highway unprovements {page 18).
Iterating congested trip speeds from assignment back through trip distr-
bution until equihbrium 1s reached will simulate the trip length part of this
effect 1n our model runs These simulations will project lower travel-cost
savings than are found by examuning individual travelers on freeways, as
we did n this paper

Automation requires vehicle owners to purchase devices, and thus au-
tomnation must pay off for a large number of vehicle owners Our prelminary
examunation of mdividual travelers shows that the potential markets may
be rather small (medium and heavy-duty trucks, buses, some high-income
commuters, some HOV commuters) In this work we did not look at public
costs.

Automation will greatly ncrease freeway capacity, however, and could
reduce the public cost of expanding highway capacity Therefore, 1t may be
econonucally efficient for local and state governments to subsidize the pur-
chase of automation devices, which will increase the acceptance of this
technology We will also attempt to evaluate this critical 1ssue m our further
research
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