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T R A N S P O R TAT I O N i s a field in which everyone is an
e x p e rt. If we’re bus riders, we know where to catch the
bus, which one to take, and what’s wrong with the serv-

ice. Motorists know how to start the car, how to fill it up, and
maybe even how to fix it. And there ’s one topic on which every-
body is an authority: traff i c .

E v e ryone knows traffic congestion has been incre a s i n g .
More: we all know it has become horrendous. A recent public opin-
ion poll where I live says it’s the most serious public policy issue of
our time. It’s no wonder so may university researchers, the “real”
experts, are trying to understand its causes and possible remedies.
But it’s surprising that so many of their findings have been turning
out to be counter-intuitive, if not, well, surprising.

In contrast to contract re s e a rch for which the results can be
specified ahead of time, the outcomes of academic re s e a rch are
often wholly unpredictable. University re s e a rchers are encour-
aged to pose their own re s e a rch questions and then to follow the
logic of their inquiries wherever it may lead them. When the sys-
tem works as it should, the investigators’ biases are irre l e v a n t .
Whatever their beliefs and hence their pre f e rred findings might
be, they bear no influence on the conclusions. The results are 
f requently surprising, even to the re s e a rchers themselves.

In a recent issue of AC C E S S, Patricia Mokhtarian and Ilan
Solomon told us that most people, in spite of what we may think,
actually like to commute. Their studies suggest that policies aimed
at lowering traffic peaks are hindered by commuters’ pre f e re n c e s
for about sixteen minutes’ worth of travel.

In an earlier issue Robert Cerv e ro re p o rted on his study into
the ef fects of the spatial mismatch of jobs and housing. He had
a l ready written extensively on the subject, and so began his work

expecting to find little diff e rence in joblessness among racial
g roups. But, to his surprise and ours, his new findings showed
that race is more important than space in explaining joblessness,
at least among African Americans. And so it has commonly
gone—surprising re s e a rch findings and surprising outcomes.

Congestion pricing has gained considerable support in re c e n t
years and may stand today as the pre f e rred remedy for traffic 
congestion, at least among academics. But now along comes Mark
Delucchi arguing that, even if we tried to apply marginal social
costs pricing, it wouldn’t work. He contends that it’s too hard 
to calculate the right prices, and that even if we could do so we’d
generate undesired effects such as converting transit riders into
car drivers. And besides, he says, there are other things more
i m p o rtant than transportation eff i c i e n c y.

But transportation efficiency is very important to re s e a rc h e r s
who’ve been developing plans for automated highways. As Steven
Shladover re p o rts here, PATH has successfully demonstrated its
design for a new transportation system in which cars can drive
themselves, running at very close headways and very high
speeds, thus promising a doubling or tripling of freeway capacity
and dramatic reductions in congestion. The big surprise to each of
us is that a car can drive better than we can. 

P e rhaps this issue’s greatest surprise comes from Ti m o t h y
L i p m a n ’s projections about the future of transportation energ y.
What might happen, he asks, if the pre f e rred cars of the future
t u rn out to be electrics, powered by fuel cells? They’ll be re c o g-
nized as having such tremendous capacity for generating electric-
ity that they’ll be tied in to supplement the electric-power grid. And
then, he suggests, instead of plugging our new electric car into the
house to re c h a rge it, we might plug the house into the car.
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E VEN WHEN cars were still young, futurists began
thinking about vehicles that could drive themselves, 
without human help. Perhaps the best known of these

c o n j e c t u res was the General Motors Futurama, the hit of the 1939
New York Wo r l d ’s Fair. During the following decades interest in
automated vehicles rose and fell several times. Now, at the start of
the new century, it’s worth taking a fresh look at this concept and
asking how automation might change transportation and the 
quality of our lives.

Consider some of the implications of cars that could drive
t h e m s e l v e s .

• We might eliminate the more than ninety percent of traff i c
crashes that are caused by human errors such as misjudg-
ments and inattention.

• We might reduce antisocial driving behavior such as ro a d
rage, ru b b e rnecking delays, and unsafe speeds, there b y
significantly reducing the stress of driving.

• The entire population, including the young, the old, and
the infirm, might enjoy a higher level of mobility without
requiring advanced driving skills.

• The luxury of being chauff e u red to your destination might
be enjoyed by the general populace, not just the wealthiest
individuals, so we might all do whatever we like, at work or
l e i s u re, while traveling in safety.

• Fuel consumption and polluting emissions might be
reduced by smoothing traffic flow and running vehicles
close enough to each other to benefit from aero d y n a m i c
d r a f t i n g .

• Traffic-management decisions might be based on firm
knowledge of vehicle responses to instructions, rather than
on guesses about the choices that drivers might make.

• The capacity of a freeway lane might be doubled or tripled,
making it possible to accommodate growing demands for
travel without major new construction, or, equivalently,
t o d a y ’s level of congestion might be reduced, enabling
travelers to save a lot of time.

IS  IT  FEAS IBLE?

But is this a realistic prospect? Or is it some Buck Rogers 
fantasy? Based on more than a decade’s re s e a rch at Californ i a
PATH and other institutions, it is most certainly a genuine pro s p e c t
for operations on controlled-access freeway lanes. This re s e a rch has
a d d ressed issues ranging from operational concepts to technology
development, from societal and institutional issues to the effects on
t r a n s p o rtation system capacity and safety. The National Automated
Highway System Consort i u m ’s Demo ’97 in San Diego provided 
an opportunity for visitors from around the world to experience
automated vehicles in operation under controlled conditions. The
reactions of those visitors were overwhelmingly positive.

Automating the process of driving is a complex endeavor.
Advancements in information technology of the past decade have
contributed gre a t l y, and re s e a rch specifically devoted to the
design of automated highway systems has made many specific
contributions. This pro g ress makes it possible for us to form u l a t e
operational concepts and prove out the technologies that can
implement them.

AN AUTOMATED DRIVE

We can now readily visualize your trip on an automated 
highway system:

Imagine leaving work at the end of the day and needing to
drive only as far as the nearest on-ramp to the local automated
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h i g h w a y. At the on-ramp, you press a button on your dashboard to
select the off-ramp closest to your home and then relax as your
c a r ’s electronic systems, in cooperation with roadside electro n i c s
and similar systems on other cars, guide your car smoothly, safe-
l y, and eff o rtlessly toward your destination. En route you save
time by maintaining full speed even at rush-hour traffic volumes.
At the end of the off-ramp you resume normal control and drive
the remaining distance to your home, better rested and less
s t ressed than if you had driven the entire way. The same capabili-
ty can also be used over longer distances, e.g. for family vacations
that leave every b o d y, including the “driver,” relaxed and well-
rested even after a lengthy trip in adverse weather.

Although many diff e rent technical developments are neces-
s a ry to turn this image into re a l i t y, none re q u i res exotic technolo-
gies, and all can be based on systems and components that are
a l ready being actively developed in the international motor vehicle
i n d u s t ry. These could be viewed as replacements for the diverse
functions that drivers perf o rm every day: observing the ro a d ,
o b s e rving the preceding vehicles, steering, accelerating, braking,
and deciding when and where to change course.

O B S E RVING THE ROAD 

PATH researchers have developed a road-reference and sens-
ing system that makes it possible to determine accurately a vehi-
cle’s position and orientation relative to the lane’s center. Cheap
permanent magnets are buried at four-foot intervals along the lane
centerline and detected by magnetometers mounted under the
vehicle’s bumpers. The magnetic-field measurements are decoded
to determine the lateral position and height of each bumper at accu-
racies of less than a centimeter. In addition, the magnets’ 
orientations (either north pole or south pole up) represent a bina-
ry code (either 0 or 1), and indicate precise milepost locations
along the road, as well as road geometry features such as curva-
ture and grade. The software in the vehicle’s control computer uses
this information to determine the absolute position of the vehicle,
as well as to anticipate upcoming changes in the roadway.

Other re s e a rchers have used computer vision systems to
o b s e rve the road. These are vulnerable to weather problems and
p rovide less accurate measurements, but they do not re q u i re special
roadway installations, other than well-maintained lane markings.

O B S E RVING PRECEDING VEHICLES

The distances and closing rates to preceding vehicles can be
m e a s u red by a millimeter-wave radar or a laser rangefinder. Both
technologies have already been implemented in commerc i a l l y
available adaptive cruise control systems in Japan and Euro p e .
The laser systems are currently less expensive, but the radar 
systems are more effective at detecting dirty vehicles and operat-

ing in adverse weather conditions. As production volumes
i n c rease and unit costs decrease, the radars are likely to find
i n c reasing favor.

STEERING, ACCELERATING AND BRAKING

The equivalents of these driver muscle functions are electro-
mechanical actuators installed in the automated vehicle. They
receive electronic commands from the onboard control computer
and then apply the appropriate steering angle, throttle angle, and
brake pre s s u re by means of small electric motors. Early versions
of these actuators are already being introduced into pro d u c t i o n
vehicles, where they receive their commands directly from the 
d r i v e r ’s inputs to the steering wheel and pedals. These decisions
a re being made for reasons largely unrelated to automation.
Rather they are associated with reduced energy consumption, 
simplification of vehicle design, enhanced ease of vehicle assem-
b l y, improved ability to adjust perf o rmance to match driver 
p re f e rences, and cost savings compared to traditional dire c t
mechanical control devices.

DECIDING WHEN AND WHERE TO CHANGE COURSE

Computers in the vehicles and those at the roadside have 
d i ff e rent functions. Roadside computers are better suited for 
t r a ffic management, setting the target speed for each segment and
lane of ro a d w a y, and allocating vehicles to diff e rent lanes of a 
multilane automated facility. The aim is to maintain balanced flow
among the lanes and to avoid obstacles or incidents that might
block a lane. The vehicle’s onboard computers are better suited to
handling decisions about exactly when and where to change lanes
to avoid interf e rence with other vehicles.

NEW FUNCTIONS

Some additional functions have no direct counterpart in
t o d a y ’s driving. Most important, wireless communication technol-
ogy makes it possible for each automated vehicle’s computer 
to talk continuously to its counterparts in adjoining vehicles. 
This capability enables vehicles to follow each other with high
accuracy and safety, even at very close spacings, and to negotiate
cooperative maneuvers such as lane changes to increase system
e fficiency and safety. Any failure on a vehicle can be instantly
known to its neighbors, so that they can respond appropriately to
avoid possible collisions.

In addition, there should be electronic “check-in” and “check-
out” stations at the entry and exit points of the automated lane,
somewhat analogous to the toll booths on closed toll roads, where
you get a ticket at the entrance and then pay a toll at the exit, based
on how far you traveled on the road. At check-in stations, wireless
communication between vehicles and roadside would verify that

4A C C E S S  N U M B E R  1 6  •  S P R I N G  2 0 0 0



the vehicle is in proper operating condition prior to its entry to 
the automated lane. Similarly, the check-out system would seek
assurance of the driver’s readiness to resume control at the exit.
The traffic management system for an automated highway would
also have broader scope than today’s traffic management systems,
because it would select an optimal route for every vehicle in the
system, continuously balancing travel demand with system capac-
i t y, and directing vehicles to follow those routes pre c i s e l y.

Most of these functions have already been implemented and
tested in experimental vehicles. All except for check-in, check-out,
and traffic management were implemented in the platoon-scenario
demonstration vehicles of Demo ’97. A single 166 MHz Pentium
computer (obsolete by standards of today’s normal desktop PCs)
handled all the necessary in-vehicle computations for vehicle 
sensing, control, and communications.

REMAINING TECHNICAL CHALLENGES

The key technical challenges that remain to be mastere d
involve software safety, fault detection, and malfunction manage-
ment. The state of the art of software design is not yet suff i c i e n t l y
advanced to support the development of software that can be 
g u a r a n t e e d to perf o rm correctly in safety-critical applications as
complex as road-vehicle automation. Excellent perf o rmance of
automated vehicle control systems (high accuracy with superb
ride comfort) has been proven under normal operating conditions,
in the absence of failures. Elementary fault detection and mal-
function management systems have already been implemented to
a d d ress the most frequently encountered fault conditions, for use
by well-trained test drivers. However, commercially viable imple-
mentations will need to address a l l realistic failure scenarios and
p rovide safe responses even when the driver is a completely
untrained member of the general public. Significant eff o rts are
still needed to develop system hard w a re and software designs that
can satisfy these re q u i re m e n t s .

NONTECHNICAL CHALLENGES

The nontechnical challenges involve issues of liability, costs,
and perceptions. 

Automated control of vehicles shifts liability for most crashes
from the individual driver (and his or her insurance company) to
the designer, developer, and vendor of the vehicle and roadway
control systems. Provided the system is indeed safer than today’s
driver-vehicle-highway system, overall liability exposure should be
reduced. But its costs will be shifted from automobile insurance
premiums to the purchase or lease price of the automated vehicle
and toll for use of the automated highway facility.

All new technologies tend to be costly when they first become
available in small quantities, then their costs decline as pro d u c t i o n
volumes increase and the technologies mature. We should expect
vehicle automation technologies to follow the same pattern. They
may initially be economically viable only for heavy vehicles (tran-
sit buses, commercial trucks) and high-end passenger cars.
H o w e v e r, it should not take long for the costs to become aff o rd-
able to a wide range of vehicle owners and operators, especially
with many of the enabling technologies already being commer-
cialized for volume production today.

The largest impediment to introduction of electronic chauf-
feuring may turn out to be the general perception that it’s more 
d i fficult and expensive to implement than it really is. If political
and industrial decision makers perceive automated driving to be
too futuristic, they will not pay it the attention it deserves and will
not invest their re s o u rces toward accelerating its deployment. The
p e rception could thus become a self-fulfilling pro p h e c y. 

It is important to recognize that automated vehicles are
a l ready carrying millions of passengers every day. Most major air-
p o rts have automated people movers that transfer passengers
among terminal buildings. Urban transit lines in Paris, London,
Va n c o u v e r, Lyon, and Lille, among others, are operating with com-
pletely automated, driverless vehicles; some have been doing so
for more than a decade. Modern commercial aircraft operate on
autopilot for much of the time, and they also land under automatic
c o n t rol at suitably equipped airports on a regular basis. 

Given all of this experience in implementing safety-critical
automated transportation systems, it is not such a large leap to
develop road vehicles that can operate under automatic control 
on their own segregated and protected lanes. That should be a
realistic goal for the next decade. The transportation system will
thus gain substantial benefits from the revolution in inform a t i o n
t e c h n o l o g y. ◆
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A U T O M O B I L E S A R E often criticized for consuming so
much petroleum. While much has been done in the past
twenty years to make vehicles pollute less, the growing

popularity of larger vehicles is making vehicles consume more
energy. However, emerging technologies suggest that new genera-
tions of vehicles can be built that will be much more efficient than
those on the roads today. Furthermore, the prospect of future
vehicles incorporating electric drive systems means they may be
able to integrate with the electricity grid in a novel way: they may
be able to supply electricity to the grid, thereby eliminating the
need to build new power plants in some areas.

Ever since the 1920s, people have been predicting that the 
following twenty years would see the end of world oil supplies.
M o re re c e n t l y, the energy crises of the 1970s led many of us to
believe that gasoline was already becoming scarce. But we now
find there are huge amounts of crude oil still left in the eart h ’s
c rust. Experts debate how much of the remaining oil can be
extracted, but the US Geological Surv e y ’s 1993 review estimated
that proven and as-yet-undiscovered re s e rves amount to 1.6 
trillion barrels of oil. Compare that with the approximately 800 
billion or so barrels consumed so far in all human history.

If all of the estimated remaining oil were used up at the pre s-
ent global consumption rate of seventy million barrels per day, the
supply would last about sixty years. Fore c a s t e d i n c reases in
demand, anticipating huge expansion in developing countries,
make it reasonable to predict that crude oil will become scarc e
sometime in the middle of this century. However, even when
c rude oil does become scarce, it is possible that billions or even
trillions of gallons of synthesized gasoline could be produced fro m
the abundant global supplies of natural gas and coal. It’s not 
c e rtain at this time how much those fuels might cost, but the 
implication is clear: If demand for petroleum-based fuels re m a i n s
s t rong, the oil industry will be able to match it for many years
beyond the middle of the 21st century.

Even so, an increasing pro p o rtion of the oil and natural gas
consumed in the US will be imported. Prior to about 1950, we pro-
duced nearly all the oil and natural gas we needed. But import s
g rew steadily in the period since then, and by 1992 oil import s
exceeded domestic production. In 1998, the US imported a re c o rd
9.5 million barrels of oil per day—over 55% of total consumption.
I n c reasing reliance on imports contributes to the nation’s negative
balance of trade and exposes us to potential adverse economic
e ffects from oil price and supply shocks. When OPEC embarg o e d
sales to the US in the ’70s, the imposed “oil shortage” caused high
gasoline prices and long lines at gas stations because we had
become dependent on petroleum for transportation. With import s
on the rise, the US remains vulnerable to future political instabili-
ty in the Middle East and other oil-producing regions. 

Despite this abundant supply of fossil fuels, the climactic impli-
cations of burning the remaining vast stores of oil, natural gas, and
coal, though uncertain, are potentially dire. Recent analysis of the
potential social costs of climate change have shown that when 
carbon dioxide concentrations reach double their 1990 levels (pre-
dicted to happen in about the middle of the 21st century), damages
to the economies of both developed and developing nations could be
in the range of 1.4% to 1.9% of gross domestic product each year. 

THE FUTURE OF ENERGY USE

In any case, oil supplies are finite. Eventually we’ll have to find
substitutes, either in response to scarcity or to stabilize emissions
of greenhouse gases. But the future is not entirely bleak.

Global supplies of natural gas are huge. Existing re s e rves are
estimated at over five quadrillion cubic feet, or almost one million
cubic feet for each person on the planet. Already thousands of
cars, taxis, buses, and trucks around the world are running on 
natural gas stored in tanks on board. Natural gas burns cleanly,
and thousands of hours of real-world experience have proven it
safe. Natural gas is particularly advantageous when used in urban
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buses and short-haul trucks because, unlike diesel fuel, it 
p roduces very low levels of unhealthy particulate matter. 

The next likely source of energy for vehicles is electricity.
Recent technological innovations—including better batteries and
ultracapacitors, better electric motors and motor- c o n t rol systems,
and lightweight materials—are leading to the prospect of vehicles
that carry stored electricity, rather than petroleum products, on
b o a rd. The electric energy can be drawn from many sources, such
as renewable solar, wind, geothermal, and hydroelectric as well as
conventional fossil-fuel and nuclear sources. Initially it is being
s t o red in batteries that act like gas tanks, carried along in the
vehicle as it makes its way. 

Many analysts expect that the technological successor to the
electric vehicle with on-board electricity storage is most likely to
be the fuel-cell vehicle. Fuel cells are fundamentally diff e rent fro m
batteries. Instead of merely storing and releasing electricity, they
generate it by converting hydrogen gas and oxygen into water via
p rocesses that force electrons to flow. Hydrogen can be drawn
f rom an array of diff e rent feedstocks—natural gas, methanol, 
biomass, and even water converted into hydrogen and oxygen by
e l e c t rolysis. These several options promise that motor vehicles
will become less and less reliant on petroleum-based fuels, while
also potentially reducing air pollution and greenhouse gases.

MOTOR VEHICLES AS GENERAT O R S ?

But the possibilities presented by widespread use of fuel-cell
vehicles are enormous, going far beyond reductions in petro l e u m
use and pollution. Once the national vehicle fleet has been con-
v e rted to fuel cells, it will become obvious that it re p resents a
t remendous latent electric-power re s o u rce. A few bold analysts—
including Amory Lovins, Willett Kempton, and Kelly Kissock—
suggest that electricity generated by fuel-cell vehicles could be
routed directly into homes or into the electric-power grid and used

to provide peak power (or even base-load power) for nontransport
uses. Cars parked in residential garages could be used to cook 
dinner or heat the house. When not needed at home, the car’s
electricity could be sold to managers of the grid. 

The current motor-vehicle fleet in the US (about 146 million
vehicles) has a total power-generating capacity equivalent to
about 14 terawatts (trillion watts). If used as generators, they
could produce about 12 terawatts of electric power (generators
a re about 85% efficient). That’s approximately sixteen times the
e n t i re present stationary electric-generating capacity in the US! 

Motor vehicles are driven an average of about one hour a day,
so the generating capacity of the vehicle fleet would be idle
a p p roximately 95% of the time. A fleet of 100,000 fuel-cell electric
vehicles would be capable of producing about 4.8 gigawatts 
(billion watts) of power for the grid, assuming 50 kilowatts net 
fuel-cell output of power per vehicle and 95% vehicle availability.
Even if the vehicles were available for generating power only 
50% of the time, those 100,000 vehicles could still contribute about
2.5 gigawatts. So, if we suppose that half the vehicles in
C a l i f o rn i a ’s South Coast Air Basin were fuel-cell powered (say by
about 2020 or so), with each vehicle able to supply 50 kW of power
to the grid half the time, the total generating capacity of these 
vehicles would be nearly double the present level of installed 
generating capacity in the entire state. 

Using fuel-cell vehicles in this way could help reduce the need
for additional power-generating capacity to meet Californ i a ’s
expected 1.8% annual growth in demand for electricity (and 1.7%
annual growth in peak-period demand) over the next decade. In
the shorter term it could make up at least some of the expected
electricity-supply deficit of 2.8 gigawatts in 2003 and 6.7 gigawatts
by 2007. Figure 1 shows the forecasted electricity supply gap in
C a l i f o rnia from 2000 to 2015.
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This arrangement would re q u i re some additional equipment
w h e re the electricity produced by the vehicle interfaces with the
electrical grid. However, if “smart meters” could monitor the spot
price of electricity and activate the system when the price is right,
electricity generated by the fuel cell could be sold to the grid at a
p rofit. Imagine getting a check from the utility company instead of
a bill! Particularly with early fuel-cell vehicles, which will be expen-
sive, this arrangement could help to offset some of the vehicle’s
cost. For example, a 50 kW automotive fuel-cell system pro d u c i n g
electricity an average of twelve hours per day could see a profit of
$0.02 per kWh, which would net approximately $4,380 per year for
the vehicle’s owner. 

FUTURE DEVELOPMENT POSSIBIL IT IES

E m e rging technologies hold out prospects for both new types
of vehicles and new synergies in energy production and consump-
tion. However, these emerging vehicle types still face several
i m p o rtant obstacles, and these hurdles must be overcome if they
a re to succeed in the marketplace. Some new vehicles, especially
b a t t e ry - p o w e red ones, have attributes that may be unattractive to
consumers, such as relatively short driving ranges and long
re c h a rging times. Consumers accustomed to the perf o rmance of
conventional vehicles may be discouraged from buying and using
b a t t e ry - p o w e red cars. Furt h e r, new technologies inevitably carry
high initial costs because production volumes are low and designs
are perfected only incrementally over time. As production volumes
i n c rease for such components as batteries, electric motors, and

fuel cells, manufacturing costs will decline. However, manufactur-
ing costs for new vehicle types may exceed those of conventional
vehicles for some time, resulting in another market hurdle. Our
studies at UC Davis conclude that, even in mature, high-
volume production, the retail prices for some of these new vehicle
types may exceed those for conventional vehicles by at least a few
thousand dollars per car. 

On lifecycle bases, however, costs of battery and fuel-cell
vehicles may become quite competitive with conventional 
vehicles, even if their initial costs are higher. This is owing to
g reater fuel eff i c i e n c y, as well as greater longevity of components
and reduced maintenance re q u i rements. So, if battery and fuel-cell
cars are to make it in the marketplace, consumers must learn to
account for vehicle lifecycle costs in addition to initial purc h a s e
prices. 

When social costs are included—accounting for damages fro m
air pollutants and greenhouse gases, for example—relative lifecycle
costs of electric vehicles look more attractive. Figure 2 shows total
vehicle-lifecycle plus emission-cost estimates for battery - p o w e re d
vehicles, dire c t - h y d rogen fuel-cell cars (i.e., fuel-cell vehicles that
s t o re hydrogen on-board, rather than generating it from a liquid fuel
with a fuel re f o rmer), and direct-methanol fuel-cell vehicles (an
e m e rging technology whereby liquid methanol and air are convert-
ed directly into electricity, water, and carbon dioxide, without the
methanol being first re f o rmed into hydrogen). The table assumes
high-volume component production and vehicle operation in the Los
Angeles area. The figure suggests that hydrogen fuel-cell vehicles
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may be particularly attractive, with possible total lifecycle and exter-
nality costs below even those of low-emission internal combustion
engine vehicles. There are, of course, significant uncertainties in
estimates of this sort, and Figure 2 shows only one estimate—the
middle-range case—from among many other plausible ones. 

To be sure, these optimistic projections may prove too ro s y.
The developmental paths of technologies are seldom either
straight or smooth, especially when they run into unanticipated
financial and environmental entanglements. Certainly the next
re s e a rch and development tasks are to find a path to economical
and safe supplies of hydrogen, as well as to drive down fuel-cell
system costs through product and process innovations. The indus-
t ry must develop the equipment needed to produce hydrogen with
low demand on carbon-based fuels and with low enviro n m e n t a l
damage. And then it must find ways of handling this explosive gas
s a f e l y. No doubt numerous other troublesome problems will arise
along the way. But the potential advantages of fuel cells as clean
and reliable sources of power suggest that they are likely to attract
the attention they deserv e .

C O N C L U S I O N S

Because oil re s o u rces are finite, they will run out—not soon,
but eventually. As supplies decline, prices will rise, creating incen-
tives for alternative supplies of energ y, especially natural gas and
renewable sources such as solar and biomass. Electric-powere d
vehicles are already becoming plausible substitutes for today’s

i n t e rnal combustion vehicles. Fuel-cell vehicles are an incre a s i n g-
ly promising idea, and they appear to be the likely long-run 
successors to the petro l e u m - p o w e red cars, buses, and trucks that
dominate our cities today. In the future, integration of fuel-cell
vehicles with our electric power generating systems could help to
reduce the need for further investments in large-scale power 
generators, as well as helping to achieve the environmental and
social goals of better air quality, reduced emissions of gre e n h o u s e
gases, and eased dependence on imported fossil fuels. ◆
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T H E R E I S considerable interest these days in “getting the
prices right” in transportation. Some enviro n m e n t a l i s t s
and supporters of mass transit believe the “right” prices

will induce a lot of people to switch from cars to public transit. So
they advocate a variety of additional charges on vehicles, fuel, ro a d
use, emissions, and so on. Some economists believe that the “right”
prices will lead to an economically efficient and socially desirable
use of transportation modes and fuels.

In a society seeming to become ever more leery of govern-
ment regulations, and concomitantly more enamored of “market”
solutions to difficult social problems, there can be strong appeal to
getting the prices right in transportation. Arg u a b l y, if we can esti-
mate and implement transportation prices intelligently, without
slighting eff o rts towards important social objectives that are not
well addressed by pricing, then perhaps we ought to try to “get the
prices right.” But that’s a big “if.” For three reasons, I believe we
should be wary of embracing pricing as a solution to transport a-
tion problems: 

Poor pricing schemes might do more harm than good. Pricing is
d i fficult. It’s difficult to estimate the “right” prices, and harder still
to implement “right” pricing. So-called “second-best” solutions can
leave us worse off than we’d be with no change in our current pric-
ing system at all.

Pricing might surprise and disappoint some of its advocates.

Contrary to expectations, the use of pricing to “level the playing
field” will induce people to shift from transit to autos, because
presently the field is tilted in favor of public transit. Those who feel
it important to get people out of their cars should focus on improv-
ing the quality and reducing the cost of alternatives.

Pricing might detract from important noneconomic concerns. In
matters as complex and socially important as transportation, we
care about a good deal more than economically efficient pricing,

even broadly defined. We care about distributive fairness, equal
o p p o rt u n i t y, uncertainty and risk, ecological stability, future 
generations, quality of life, and so on. We should not subordinate or
abandon these concerns to efficient pricing. 

In short, pricing might turn out to be counterpro d u c t i v e ,
i n e ffective, or irrelevant. If we are unable to estimate and 
implement transportation prices intelligently, without slighting
e ff o rts towards other important social objectives, then we should
continue to rely on other tools. To deal with our multidimensional
t r a n s p o rtation problems, we can turn to perf o rmance standard s ,
education, and market incentives designed with more than just
economic ef ficiency in mind. 

In the following sections, I develop these cautions in more
detail. I conclude with a discussion of alternatives to pricing. First,
though, we must define “right prices” more care f u l l y. 

W H AT IS A RIGHT PRICE? 

The “right” transportation prices are generally considered to
be e ff i c i e n t prices—the prices that arise in a properly functioning
competitive market and result in an economically efficient use of
t r a n s p o rtation re s o u rces. Economists have developed an elabo-
rate theory of ef ficient pricing. Generally, the efficient price of a
re s o u rce is its m a rginal social cost (MSC). The s o c i a l cost is the
cost to society as a whole, which may or may not be the same as
the “private” cost that an individual pays. The m a rg i n a l cost is the
cost of an incremental unit of a re s o u rce, as distinguished from the
average cost of a great many units. 

Users of cars, buses, and trains already pay at least some 
of the social cost: they pay for vehicles, fuel, insurance, re p a i r s ,
transit fare, and so on. If all these transportation markets were 
p e rfect, then users would face efficient prices. But, of course, we
know that transportation markets are not perfect—that trans-
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p o rtation gives rise to a variety of social costs that are not pro p e r-
ly priced: air pollution, noise, congestion, some accident costs,
costs related to importing oil, and some public infrastru c t u re and
s e rvice costs. These unpriced costs may be called, loosely, “exter-
nalities,” or, even more loosely, “subsidies.” These externalities, or
subsidies, can create an unhappy situation in which the cost to
individuals is less than, but the cost to society greater than, the
benefit to society (see sidebar). Some individuals win, but society
loses. 

We may say, then, that to “get the prices right,” we should
make transportation users pay their external costs, or subsidies.
To do this, we first must identify and estimate the subsidies. 

THE DIFFICULTY OF PROPERLY ESTIMATING 

AND IMPLEMENTING MSC PRICING

With good reason, many people are skeptical about estimated
external costs of transportation. The best estimates of virtually all
important external costs—air pollution, noise, accidents, conges-
tion, and oil importing—vary by about an order of magnitude.
(Estimates of infrastructure, service, capital, and operating subsi-
dies are less uncertain.) Although further research and analysis
can in principle reduce this uncertainty, they might not reduce it
enough for us to pick the “right” price with confidence, especially
for environmental externalities. Some issues, such as valuing mor-
tality related to air pollution, may be intractable. Pre s e n t l y,
researchers raise as many issues as they resolve. 

Even if we could estimate the right prices pre c i s e l y, it would
be difficult to install efficient pricing. Ideally, prices would not be
fixed for a vehicle-mile of travel or gallon of fuel. Rather they
would vary with the factors that determine the external costs
being priced: ambient conditions, road attributes, traffic charac-
teristics, exposed population, and so on. But it would be difficult to
m e a s u re these in real time. 

The real-world technical and political difficulties of measuring
and pricing each external cost precisely at the margin suggest that
a practical pricing scheme would seriously compromise theore t i-
cal purity—perhaps so much that we couldn’t be sure how much
benefit, if any, we would gain. Suppose, for example, that the best
we can do in the name of MSC pricing is to raise the gasoline tax.
Although this might be practical and might on its face seem to
p romise improvement, in effect it would be so far from theore t i-
cally correct MSC pricing that, without sophisticated and compre-
hensive analyses, we couldn’t be sure we’ve done any good at all.
T h e re are two general reasons for this: 

1. The gasoline tax does not match well with the external costs of

gasoline use. External costs vary from place to place and time to
time, but within each state the gasoline tax does not. At some times
or places, the tax might exceed the actual external cost, hence
deterring people from making trips that are socially beneficial. At
other times or places, the tax might not be high enough to deter
socially harmful trips. These real-world shortcomings easily could
erode most of the theoretical benefit of proper MSC pricing. And
when the actual cost of setting up and running the tax system is
considered, we might be no better off than with no tax at all. 

2. We would have failed to apply social-cost pricing to all 

t r a n s p o r tation options. Even if we were able to apply exact 
m a rginal-cost prices to, say, gasoline use, we still could have per-
verse outcomes if we don’t apply MSC pricing to a l l t r a n s p o rt a t i o n
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An individual is thinking about making a part i c-

ular trip. Suppose the value of the trip to him is

$10.75. If he goes by bus, the trip will cost

him, by his own reckoning: $0.75 in fare, $8 in

time, and $0.25 in potential accident costs—

$9 total cost. From his point of view, cost is less

than his valuation, so he takes the trip. But sup-

pose further that the total social cost of the trip

is $11, including $2 in subsidies. From society’s

point of view, the $11 total social cost will

exceed the benefit. If society decides to raise

bus fares enough to “get the prices right,” the

cost to the potential bus rider will exceed the

benefit, and he won’t take the trip.

N o w, let’s introduce another mode of trans-

p o rtation. Suppose the person can also make

the trip by car, for a cost of $7 in time, $0.50

in potential accident cost to himself, and $2 in

fuel, operating, and depreciation costs—$9.50

total. Without MSC pricing, the traveler will

choose the $9 bus trip over the $9.50 car trip.

But suppose now that the external accident and

pollution costs of the car trip are a re l a t i v e l y

high $1. The total MSC of the car trip then is

$10.50, which is less than the $11 MSC of the

bus trip, and less than the benefit. Thus, if the

traveler faces MSC prices for all modes, he will

in this example switch from the bus to the car,

and save society $0.50.



options. Tu rn again to the example in the sidebar, but suppose
now that the personal time cost of the bus trip is $9 instead of $8.
Without MSC pricing, the traveler will choose the $9.50 car trip
over the $10 bus trip. This is the best choice for society, because
the $10.50 MSC of the car trip is less than the $12 MSC of the bus
trip. However, if we apply MSC pricing to motor-vehicle use but
not bus use, then the traveler will choose the bus (still $10 private
cost but $12 social cost) over the car (now $10.50 private and
social cost, including the $1.00 externality charge), and society
will be worse off than with no MSC pricing at all. 

I emphasize that these are problems not with the ideal theory
of MSC pricing, but rather with a n y i m p e rfect application (includ-
ing, for example, charges per vehicle mile of travel), especially to
e n v i ronmental externalities such as air pollution. Although it is
possible, in principle, to analyze these issues carefully and lessen
p roblems, such “second-best” analyses are as complicated and
u n c e rtain as analyses of external costs. One might reasonably be
skeptical of building policy on such compounded uncert a i n t y. 

MARGINAL SOCIAL COST PRICING WOULD 

FAVOR PASSENGER GASOLINE VEHICLES

Some people advocate “getting the prices right” in the belief
that it will encourage the use of public transit or new transport a-

tion technologies, such as electric vehicles. But if the “right”
prices are supposed to be e ff i c i e n t prices, then, as mentioned
above, all transportation modes must be priced at MSC. As we
shall see, the subsidies to public transit generally are much
g reater than the external costs of automobile use, per passenger
mile; as a result, MSC pricing generally would favor auto use
over transit use. Similarly, MSC pricing probably would favor
conventional gasoline vehicles over new vehicle technologies. 

The table below compares external costs and subsidies of
gasoline passenger vehicles with those of electric vehicles, buses,
and trains. Each entry in the table is the estimated cost of the 
externality created by use of a particular transportation mode,
expressed as cents per mile. I show what I think is the most l i k e l y
value, and, in some cases, a range indicative of the uncertainty 
discussed above. The estimates are derived from my work on the
social cost of motor-vehicle use, analyses by the Federal Highway
Administration of the appropriate allocation of social costs to 
d i ff e rent modes, and re p o rted capital and operating costs and fare
revenues of transit operators. 

The first row of the table estimates the air pollution extern a l-
ity (health, physical damage, etc.). For gasoline-powered autos,
the most likely cost is 2 cents per vehicle mile, and the range of
possible estimates goes from 0.8 to 13 cents per mile. Electric
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E x t e rnal costs and subsidies for diff e rent passenger- t r a n s p o rt modes (cents per vehicle mile, except last row is cents per passenger mile) 
[Numbers in brackets are my best estimates]

Air pollution

Oil use, water pollution

N o i s e

C o n g e s t i o n

A c c i d e n t s

M a rginal highway and service costs

Unpriced parking

I n e fficient highway user taxes and fees,
meant to cover highway costs

G o v e rnment subsidy: 
Operating costs minus fare s
Operating + rolling-stock costs minus fare s
Total operating + capital costs minus fare s * *

Extra private costs relative to gas auto

Total cents per vehicle-mile

Passengers per vehicle

Total cents per passenger- m i l e

COST ITEM GASOLINE AUTO ELECTRIC AUTO TRANSIT BUS LIGHT RAIL H E AVY RAIL

* Data are not available for these numbers, which are estimated based on my studied judgment.
* * Note that, because the offic ial statistics do not re p o rt passenger fare payments by individual transit mode, it is not possible to calculate the 

actual government subsidy for each mode. I have assumed that ratio of fare payments to operating expenses is the same for all modes. 

0.8 to 13  [2.0] 1 . 5 5.4 to 123  [20.0] 5 * 5 *

0.3 to 1.5  [0.8] 0 . 4 1.5 to 8.7  [4.0] 1 * 1 *

0.01 to 2.0  [0.2] 0 . 1 5 0.5 to 10.0  [2.0] 1 * 1 *

4 . 0 4 . 0 8 . 0 not estimated not estimated

2 . 5 2 . 6 3 . 5 2 * 2 *

0 . 1 0 . 1 1 . 5 0* 0*

0 to 8  [0] 0 to 8  [0] 0 0* 0*

– 2 . 7 0 0 (exempt from fuel taxes) 0* 0*

0 0 3 3 9 6 8 5 3 7 2
0 0 [ 3 9 8 ] 1 , 1 3 7 7 9 7
0 0 4 6 5 2 , 8 0 0 1 , 1 7 7

0 0 to 16  [8] see subsidy see subsidy see subsidy

5 to 28.4  [6.9] 8.8 to 24.8  [16.8] 359 to 620  [437] 694 to 2,809 381 to 1,186

assume 1.0 assume 1.0 10.9 (avg.) 25.7 (avg.) 22.3 (avg.)

5 to 28.4  [6.9] 8.8 to 24.8  [16.8] 33 to 57  [40] 27 to 109 17 to 53



autos are nearly as high, 1.5 cents per vehicle mile, because of
emissions from power plants. The externality from transit buses is
20 cents per vehicle mile—ten times higher than the air pollution
e x t e rnality of autos, so a bus must carry ten times more passen-
gers, averaged over the day, to have a lower air pollution cost 
per passenger-mile. The “Government Subsidy” row gives thre e
estimates for each public transit mode, depending on the thre e
possible definitions of cost.

These costs are added up for each mode: for example, autos
cost 6.9 cents per vehicle mile, transit buses cost $3.59 to $6.20 per
vehicle mile. Then these figures are divided by an average load
factor to compute the cost per passenger mile for each mode: 6.9
cents per mile for autos, 33 to 57 cents per mile for transit buses.
(The load factor for buses and trains varies widely, from close to
z e ro during of f-peak hours in some suburban areas, to several
times the average in some cities during periods. However, the
average gives a good picture of the overall status.)

For electric and gasoline vehicles, I compare private owner-
ship and operating costs and relevant external costs for advanced
technology vehicles in high-volume production. We see that a
gasoline vehicle does indeed generate greater external costs, but
this diff e rence is smaller than the dif f e rence in private costs of
ownership and operation. The private cost per mile of a techno-
logically mature electric vehicle (EV) will be greater than that of a
clean and efficient modern gasoline car. As a result, it’s unlikely
that MSC pricing would induce many people to buy and use EVs
instead of gasoline vehicles. Other re s e a rchers have re a c h e d
b roadly similar conclusions re g a rding EVs and other altern a t i v e -
fuel vehicles.

The comparison of auto with public-transit use is dominated
by the enormous direct government subsidies to buses and trains.
These subsidies are the diff e rences between the cost and the fare s
received from users. In official transit statistics, the subsidy is esti-
mated against o p e r a t i n g costs only. In these official statistics, the
operating subsidy alone is about $1.40 per passenger, or nearly 30
cents per passenger mile, averaged over all transit modes. 

H o w e v e r, one can argue that an efficient price for transit
would cover some or all of the capital costs. (Unsubsidized
p roviders of transit, such as taxi and van companies, pre s u m a b l y
price to cover capital costs). In the table, I show the subsidy 
estimated with respect to operating costs, operating costs plus the
cost of rolling stock, and operating costs plus all capital costs. 

On the auto side of the ledger, there is some question as to
whether “free” parking is a subsidy. I believe it is not, at least not
e n t i re l y, because in perfect markets some (and perhaps most) park-
ing would remain unpriced. Nevertheless, I have shown a high-end
estimate that counts the cost of all unpriced parking as a subsidy. 

It turns out, though, that it really doesn’t matter how one does
the accounting. In virtually every case, the total subsidy to transit

g reatly exceeds the total subsidy to auto use, per passenger mile,
in both absolute terms and relative to the prices users curre n t l y
p a y. Thus, the elimination of subsidies in accordance with a plan for

MSC pricing (and optimal investment) would, on average, re d u c e ,

not increase, the use of public transit. 

I do not mean to imply by this that MSC pricing would have
no effect on automobile use. Motor-vehicle users are not insensi-
tive to price. If they face road tolls, higher fuel or vehicle taxes,
mileage charges, and so on, they might drive less, carpool more ,
drive at diff e rent times, buy and use diff e rent vehicles, use diff e r-
ent fuels, or switch modes. In certain places, at certain times,
these changes might add up to noticeable reductions in conges-
tion, air pollution, accidents, or energy use. But it is almost incon-
ceivable that social-cost pricing, by itself, would dramatically
reverse the here t o f o re ineluctable, long-term, world-wide incre a s e
in ownership and use of motor vehicles. The private benefits of
m o t o r-vehicle use are too great, and the costs of alternatives too
high, for MSC pricing to have anything more than marg i n a l
e ffects. Recent studies of the effects of pricing on mode choice and
travel, along with evidence of growing auto ownership and use in
countries with much higher vehicle and fuel taxes than in the US,
s u p p o rt this conclusion. The wealthier a society gets, the more
cars it buys and the more miles it drives. To price modes at MSC
will not reverse this trend. (Of course, it is possible to manipulate
prices so that many people will switch to public transit, but the
price diff e rentials re q u i red to achieve this would far exceed what
could be justified on the grounds of economic eff i c i e n c y. )

Some advocates of MSC pricing might reply: “So be it. If
t h a t ’s all that MSC pricing accomplishes, then that’s all that
s h o u l d be accomplished.” But most folks do not believe that social
cost-benefit analysis reflects everything that society cares about,
or that all problems can or should be addressed by pricing. Many
analysts believe that the present state of practice in cost-benefit
analysis does not satisfactorily accommodate social concern s
about distributive fairness, equal opport u n i t y, uncertainty and
risk, ecological stability, future generations, quality of life, and so
on. They believe that these concerns still need to be worked out
in messy political processes, not subordinated to or eviscerated in
analyses of efficient pricing. To allow for these concerns, we must
continue to use and develop politically open policies that are
i n f o rmed, but not determined, by technical economic analyses. 

OTHER POLICIES

Emission standard s. It is unarguable that emission standard s
on automobiles have greatly reduced air pollution and measurably
i m p roved urban air quality. And it is inconceivable that, had we
s t a rted with emission taxes rather than standards almost thirt y
years ago, we would have ended up with the near- z e ro - e m i s s i o n
vehicles that we have today. What is arguable is whether any par-
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ticularly stringent standard or technology mandate (such as the
z e ro-emission vehicle mandate of the California Air Resourc e s
B o a rd) is in some sense “worth it.” Social-cost/benefit analysis
can and should inform—but not d e c i d e—these arguments. 

Economic tools in a broader social context. Transportation mar-
kets can be manipulated to help achieve broad social goals. For
example, society can decide on appropriate environmental or social
constraints on transportation. It could then control relevant trans-
portation “quantities”—numbers of vehicles in a particular area at
a particular time, for example—rather than prices, in order to more
directly satisfy the constraints. Something akin to tradeable per-
mits could be used to allocate the politically determined total quan-
tities efficiently among all users. (This is done now in the electrici-
ty sector, to reduce emissions of sulfur dioxide.) 

R e s e a rch and development. The best way to get people to buy
and use inherently clean alternative transportation technologies,
such as fuel-cell electric vehicles, is to make them attractive on the
basis of private cost. This re q u i res aggressive long-term re s e a rc h
and development to improve perf o rmance and lower sales prices. 

Fuel-economy standard s. There are good arguments that fuel-
economy standards, not fuel prices, caused the development of
m o re fuel-efficient vehicles, and that the standards, more o v e r, did
not have pernicious side effects. Of course, this does not mean
that fuel-economy standards should be raised indefinitely (or even
at all), or that standards should be set without re g a rd to costs. The
point, once again, is that social-cost/benefit analysis should
i n f o rm, but not decide, energy policy. 

Focused transit and land-use planning. Although transit and
land-use policies may never have a significant effect on total urban
pollution, congestion, energy use, or accidents, they can focus suc-
cessfully on certain problems. For example, a small auto-free zone
in a city center will have essentially no effect on global climate, but
it may make the city center a decidedly nicer place. Similarly,
innovative urban transit programs for the poor will not affect oil
i m p o rts, but they can be important components of programs for
the urban underclass. These re q u i re innovative transit and land-
use policies focused on improving the quality and reducing the
cost of alternatives to private automobile use—not MSC pricing. 

A d m i t t e d l y, all these tools have serious shortcomings: they
can restrict producers too much, coerce consumers too much,
i n a p p ropriately exclude important effects, be too unfocused (or
too constrained) to be productive, too liable to political manipula-
tion, and so on. More o v e r, MSC pricing and these other tools are
not, in principle, mutually exclusive. Indeed, as I emphasized at
the outset, i f we can estimate and implement MSC pricing intelli-
g e n t l y, without abandoning or subordinating tools that addre s s
t r a n s p o rtation problems more broadly and dire c t l y, then perh a p s
we ought to “get the prices right.” After all, the theory is appeal-
ing, and already some applications (such as road pricing to re d u c e

congestion) are becoming technically and even politically feasible.
For those who believe that our main objective should be to
i m p rove economic efficiency—to maximize net social benefits of
t r a n s p o rtation—and that we are equipped analytically to attain that
objective, MSC pricing may be the logical approach. But one can
conclude that MSC might not be feasible and that economic 
e ff i c i e n c y, even broadly defined to incorporate external costs, is
just one of several social goals. Then the appropriate policy is to
conduct systematic social-cost/benefit analysis, along with other
f o rms of analysis and argument, to inform open political decision-
making processes. 

THE ROLE OF SOCIAL-COST ANALY S I S

Even though we should we be wary of embracing MSC 
pricing unre s e rv e d l y, we still should employ social-cost analysis to
understand the relative importance of transportation problems, illu-
minate tradeoffs, and evaluate transportation alternatives. For exam-
ple, even if we have no intention of pricing every gram of 
p a rticulate matter according to its size, composition, and time and
place of emission, it still may be helpful to know whether part i c u l a t e
emissions are more costly than emissions of ozone precursors, or
how much particulate emissions from diesel vehicles must be
reduced to retain the benefits of higher fuel economy. It may help us
set standards, invest in new vehicle technology, plan cities, and so on. 

Of course we care about more than just economic eff i c i e n c y ;
and, because MSC pricing as the primary means of achieving 
e fficiency is difficult to implement and has limited and uncert a i n
benefits, we ought to think twice before applying MSC pricing to
t r a n s p o rtation. Rather than address most transportation pro b l e m s
by MSC pricing, we should use the analyses that underlie it to
i n f o rm political debate. Political decision making may be clumsy,
m e s s y, irrational, and aggravating, but it surely will be more inclu-
sive, more nuanced, and more equitable than the best social-
cost/benefit analysis. ◆
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BE F O R E L E AV I N G for work you can check the weather fro m
the newspaper, radio, or TV re p o rt. You can just look at the
sky and make your own guess. But you can’t determine much

about current traffic conditions. TV and radio traffic re p o rts pro v i d e
only a summary (“traffic is running smoothly this morning”) and spot-
ty coverage of incidents (“an accident in the second lane has been
c l e a red”). If you are unexpectedly stalled in traffic, your fru s t r a t i o n
and anxiety mount. You don’t know how long you’ll be stuck or
whether you should use your cell phone to cancel your appointment. 

You need a service that tells how long you can expect your 
j o u rney to take if you leave right now or wait for fifteen minutes.
You’d love to have this information available on the web, where you
could collect if from your computer at home or work or even fro m
your car phone. The service is not available for you today; but it will
be very soon. A Berkeley group, in cooperation with Caltrans and
the California PATH program, has developed a prototype computer
system that provides this service for Orange County; the plan is to
extend coverage to all freeways in California within the year. And the
system, called PeMS (Perf o rmance Management System), can do
much more than just calculate your trip time. 

Until now, there has been no way of knowing how efficiently 
the freeway system is operating. But with PeMS, traffic engineers
can analyze whether control equipment (such as ramp metering) is
being used effectively and can then adjust settings accord i n g l y. They
can track the most frequently congested freeway segments. They can
quickly determine the effects of lane closures. Using PeMS, these
analyses can be done in minutes or hours. Without PeMS, such 
studies would take months, and so they are n ’t undertaken. 

For the first time the director of a Caltrans district can, at the
click of a mouse, obtain an objective, quantitative comparison of the
daily perf o rmance of diff e rent parts of the freeway system. Poor 
p e rf o rmance can be diagnosed and corrected. Analyses can identify
f reeway bottlenecks, so re s o u rces can be allocated to clear incidents
quickly and thus prevent congestion from choking them again. 

Tr a n s p o rtation planners can use PeMS to observe traffic and
d e t e rmine whether perf o rmance can be improved by making
adjustments, or whether new capacity has to be built. 

Policy makers and the public can use PeMS to get a quantita-
tive grip on “the transportation problem.” They can see where con-
gestion is frequent; how much it costs in terms of delay; whether
HOV lanes are effective; where traffic growth is greatest. PeMS 
is also designed to incorporate data from local roads and transit. If
such data become available, PeMS would be able to provide 
objective appraisals of diff e rent transportation systems and modes
within a metropolitan are a .

HOW DOES IT WORK?

PeMS relies on data feeds from traffic surveillance equipment
maintained in the field by Caltrans and other transportation agen-
cies. Buried under freeways in every state, including Californ i a ,
a re copper loop detectors. The loops are located in most urban
a reas at approximately a third of a mile apart in every lane and at
entrance ramps and exits. There are lots of these detectors.
Orange County has 4,000 loops, and the largest district, Los
Angeles, has several times as many. You can spot a loop in the fre e-
way by a six-foot re c t a n g u l a r, diamond-shaped or circular outline in
each lane across the freeway which seals a cut in the pavement
made to bury the loop. Sometimes loops are deployed in pairs sep-
arated a few feet apart, in which case they’re called double loops.

Electric current in a loop changes when a vehicle is dire c t l y
above it. An electronic circuit detects and re c o rds the time when
these changes occur. These basic data are then processed to 
calculate two numbers, called count and occupancy, every thirt y
seconds. Count is the number of vehicles that cross the detector in
a thirty-second period; occupancy is the fraction of time during
those thirty seconds that a vehicle is present above the detector.
W h e re there is a double loop, two additional numbers can be 
calculated: the average speed of the vehicles crossing the loop in
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t h i rty seconds, and the average length of those vehicles. All these
calculations are routinely carried out in equipment located in a
cabinet on the side of the freeway close to the loops. 

E v e ry thirty seconds, these data are sent over telephone lines
to the district’s Tr a n s p o rtation Management Center (TMC). Larg e
volumes of data are generated each day: 100 MB in Orange
C o u n t y, about ten times as much in Los Angeles, twenty times as
much in the entire state. No district mines these data for the larg e
amount of useful information they contain—but PeMS does.

As the data are fed from the detectors to the Caltrans Orange
County TMC, a copy is shipped over a telephone line to the PeMS
computer on the UC Berkeley campus. Software developed at
Berkeley works on the data as soon as they arrive. These real-time
calculations produce information of use to travelers, traffic engi-
neers, and managers. Additional software works on historical data
to record trends, and researchers are continuously developing new
software to extract other useful information. Researchers are also
developing and improving other traffic monitoring technologies
such as video image processing and laser-based systems.

The PeMS computer is called t r a n s a c c t. Its website (http://
t r a n s a c c t . e e c s . b e r k e l e y.edu) provides some general inform a t i o n
about PeMS, and it also displays PeMS’s current speed estimate
for diff e rent parts of the freeway network on a color-coded map of
Orange County. (There are no double-loop detectors in Orange

C o u n t y, but an ingenious algorithm can calculate speed from 
single-loop detectors.) You can also request an account, which
allows you to access a great deal of information about the 
p e rf o rmance of the Orange County freeways. Some of this infor-
mation is described below.

FOR THE  MANAGER 

As manager, you may wish to see aggregate performance
measures, either daily or averaged over a long duration. Several
measures are available. Caltrans publishes an annual congestion
measure of daily vehicle-hours of delay. To estimate this delay, cars
equipped with computers that record speed and distance are
driven along each section of congested freeways during commute
periods twice a year. Aside from being expensive, this is not a 
statistically sound estimate, because daily variation is very large. In
contrast, PeMS calculates this delay over any portion of the free-
way network, averaged over any number of days or for each day.

F i g u re 1 shows the average and maximum delay over a 23-mile
s t retch of the 405 freeway for each day of the week, averaged over
all of 1998. Congestion is lowest on Saturdays and Sundays. On the
y e a r ’s worst Friday, delay on this freeway was five times longer than
the average. As manager, you might insist on finding an explanation
whenever the delay reaches a certain point, say when it exceeds the
delay during 75 percent of the days in the previous year. 
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PeMS also calculates a more revealing performance measure
than delay, a measure based on the premise that the freeway 
network produces a serv i c e — n a m e l y, movement of people and
goods. By comparing a fre e w a y ’s “output”—vehicle miles traveled
(VMT)—and “input”—vehicle hours traveled (VHT)—we can
m e a s u re its pro d u c t i v i t y, that is, the speed at which vehicles can
travel. (Q = VMT/VHT, with Q being average speed weighted by
number of vehicles. The larger Q is, the better the operation of
that freeway). 

An even better measure of output and input is PMT and PHT,
w h e re P stands for persons. We can convert VMT to PMT if we
know the average number of people per vehicle. PMT and PHT are
good measures for evaluating transit operations and comparing
them with freeway operations. 

Data show that during rush hour, as the number of cars
i n c reases, speed remains constant until some saturation point is
reached, at which time speed quickly drops and stays slow for a
long time. Every commuter knows this. More interesting is the
fact that the saturation point (or capacity), measured by number of
vehicles per hour, is diff e rent every day and varies by as much as
twenty percent, even in the absence of any accident. It is not
known why capacity varies so much—re s e a rchers are testing 
various hypotheses using PeMS data. The manager’s goal should
be to achieve the higher capacity. Note that a twenty perc e n t
i n c rease is equal to the capacity of one lane on a five-lane highway,
so this re p resents a significant diff e rence. 

FOR THE ENGINEER

When traffic on a freeway link reaches a saturation level,
people are stuck in their vehicles (VHT increases and VMT
d rops). The result is a waste of people’s time, increased fru s t r a-
tion, and a large increase in pollution. The ultimate objective of
t r a f fic engineering is to increase utilization and capacity and to
p revent congestion.

We know that in principle the freeway system can be operat-
ed to meet these objectives by the proper control of ramp meter-
ing and advisory messages. There is considerable intern a t i o n a l
know-how about good control strategies. These strategies are all
in “feedback” form: they specify, say, ramp metering rates as a
function of the current state of the network. Thus an essential ele-
ment in implementing a good strategy is a good estimate of the
n e t w o r k ’s state. PeMS provides such estimates in real time.
Tr a ffic engineers can use PeMS to design strategies, measure
their effectiveness, and improve them. PeMS thus has the poten-
tial to significantly improve freeway operations.

Considerable eff o rt has gone into producing freeway simulation
models. These computer models of traffic take into consideration
many parameters re p resenting driver behavior, freeway geometry,
trip characteristics, etc. Large amounts of data are needed to 

calibrate these models with enough accuracy to make them useful
for prediction. PeMS makes these data available in a very convenient
f o rm. Simulation models can now be calibrated and tested, which will
make them invaluable to traffic engineers. For example, the models
could be used to predict the effects of lane closures or of a major
event such as a football game; and as shown in recent work at UC
I rvine, support advanced, real-time traffic management strategies.

FOR THE TRAV E L E R

If you have an account and click the button labeled “Tr a v e l
time calculation” on the transacct home page, a map of Orange
County is displayed. You can then indicate the origin and destina-
tion of your trip either by selecting the freeway and cross stre e t
f rom a pull-down menu, or simply by clicking those locations
d i rectly on the map. Transacct then computes the shortest time
and route for two cases, depending on whether you can use the
HOV lanes. If data were available, transacct could also display 
travel options for transit altern a t i v e s .

Algorithms are being developed to predict future trip times
( “ Tell me the best route if I start fifteen minutes from now”),
which combine current estimates with historical trends. It is like-
ly that, if such a service were available, travelers would change
their departure times or routes to reduce their trip times. The
result would be a “spreading” of the commute peak and a re d u c-
tion in total delay.

C O N C L U S I O N

Imagine a company that produces a service for a large market,
but does not keep track of how much it produces, or what it costs,
or how satisfied its customers are. Such a company would soon go
out of business, unless it is a monopoly whose behavior does not
a rouse the public’s wrath. A transportation agency is like this 
company: it does not measure the quantity or quality of its pro d-
uct, or how much time and money it costs people to travel over its
f reeways. It responds when the public or political leaders are 
p a rticularly agitated. But the public does not have the means to
judge how well it perf o rm s .

The PeMS project is based on the common sense beliefs that
you cannot manage a transportation system today if you don’t
know how it perf o rmed yesterd a y, and that the best way to
i m p rove the system is to enable everyone to easily figure out how
the system is perf o rming every day. ◆
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I T’S EARLY MORNING at the bus stop on Central and 7th 
in downtown Los Angeles. A middle-aged Latino woman is
waiting for the bus, nervously clutching a big plastic bag close

to her body. There are no pedestrians on the street, just a few
parked cars behind a barbed-wire fence. The nearby corner is
occupied by a cheap, run-down motel called the Square Deal with
a liquor store on the ground floor. A man in ragged clothes
appears to be sleeping (or is he dead?), curled up on the sidewalk
outside the store, not far from the woman. Broken glass, empty
cans, and other trash litter the bus stop where the woman is stand-
ing. She nervously surveys the street for the bus. From time to
time she throws a fleeting look at the sleeping man. At last the bus
a rrives, and the woman disappears behind its protective doors. 

Fear is a fact of life for hundreds of thousands of inner- c i t y
residents who are captive bus riders. They describe bus stops as
common settings for crime, providing cover for criminals who
hang out waiting for potential victims without arousing suspicion.
I n n e r-city riders are constantly wondering how safe it is to wait for
the bus. They say they’re always leery of individuals who stand
behind them at bus stops. They’re afraid of strangers, some of
them gulping from bottles hidden in shabby brown bags. They’re
intimidated by homeless people who hang out at bus stops mum-
bling obscenities. They’re often overcome by eerie feelings while
waiting alone for the bus, surrounded by vacant buildings or
fenced lots, with no other human being in sight. 

Most of us don’t know such fears because we commute in 
private cars. The metal cocoons of our automobiles protect us from
exposure to the dangers of the public realm. Maybe this is why the
plight of bus riders at the inner-city bus stops has not attracted
much attention from the media, nor generated response from tran-
sit authorities. Or maybe it’s because many of the victims are poor,
immigrants, or nonvoters. Some are even afraid to report a crime
to the authorities lest they expose their illegal-resident status. 

Typically, transit authorities do not perceive the bus-stop 
environment as their responsibility and instead concentrate their
security measures on the buses and trains. After all, bus stops are
on the city’s streets, and they’re no more unsafe than other parts of
the urban environment. Approximately 1.2 million people ride Los
Angeles buses every year, and only 3,111 bus-stop crime incidents
w e re re p o r ted to the transit police in the two-year period
1994–1995. Incidence of serious crime (rape, robber y, and assault)
was even lower. Fewer than five violent crimes were re p o rted per
100,000 passengers. However, this offers little comfort to inner-city
bus passengers who are victimized at bus stops. 

We find a significant spatial concentration of crime incidence
at specific places. About half of all re p o rted crimes in Los Angeles
a re committed within a thirt e e n - s q u a re-mile area that includes
downtown and adjacent neighborhoods to the west. There, down-
town and inner-city bus lines pass through some of the most 
neglected, poor, and crime-ridden neighborhoods of the city. So
i t ’s no surprise that these bus stops suffer most from crime. It’s
astonishing, however, that within the same overall area, even
along the same bus line, bus stops near each other have very 
d i ff e rent crime rates. Some bus stops seem to be immune to
crime, while others are described as “hot spots” of criminal activi-
t y. If we take ridership data into account and normalize crime 
incidence per capita, we still find that some bus stops are much
m o re dangerous than others even though they’re close together
and along the same bus routes. Based on criminological re s e a rc h
and our own observations, it seems that environmental attributes
in the vicinity of a bus stop can play a major role in the safety of the
setting and its susceptibility to crime. 

ENVIRONMENT AND CRIME 

During the last few decades there’s been a resurgence of inter-
est in the locations of violent behavior and in the importance of
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space and place as settings for crime. The roots of this emphasis on
place are not new. They can be traced to the ecologic studies of 
the Chicago School in the 1920s and 1930s, when Louis Wirth 
suspected that physical characteristics of cities significantly affect
crime. Chicago sociologists Clifford Shaw and Henry McKay were
the first to identify and study crime variations within the same city.
But these findings were later disputed and forgotten. 

The importance of environmental attributes for crime pre v e n-
tion was revisited in the 1960s and 1970s. Jane Jacobs argued that
crime and the physical environment are related in a systematic,
o b s e rvable, and controllable manner. Jacobs viewed natural surv e i l-
lance—“eyes on the street,” as she put it—as an effective deterre n t
to criminal activity. Oscar Newman’s studies of crime in public hous-
ing elaborated the idea of defensible space—an environmental layout
whose physical characteristics can deter criminal activities. He
a rgued that such environments are characterized by location within
“safe zones,” surveillance opportunities by residents, and a sense of
ownership on the part of neighbors, who are likely to protect “their”
space against criminals. 

The ideas of Jacobs and Newman prompted a series of public
p rograms on crime prevention through environmental design in
the 1970s. But interest in environmental crime prevention lan-
guished again in the 1980s, when critics condemned such eff o rt s
as pure environmental determinism. In recent years, however,
new criminological theories once again emphasized the impor-
tance of place and the relationship between built environment and
crime. Criminologists spoke persuasively about the “broken win-
dows effect”—signs of disrepair, dereliction, and dilapidation as
catalysts for crime. Unre p a i re d b roken windows, uncollected
trash, and unkempt streets send messages to potential criminals
that no one is in control and that their actions will go unnoticed. 

Criminologists also introduced the idea of an environmental

backcloth that can influence criminal behavior. This refers to the
physical infrastructure and the buildings, roads, transit systems,
land uses, and people located within this infrastructure—constella-
tions of certain environmental attributes that seem to be associated
with criminal behavior. Criminologists call these high-crime spots
“crime generators” or “hot spots.” 

HOT SPOTS AT BUS STOPS

High-crime bus stops are hot spots. But why do these particu-
lar bus stops attract so much crime while other bus stops nearby
are much safer? What makes some bus stops so dangerous? 

To address these basic questions, we examined the physical
and social environments of the ten most dangerous bus stops in
the city of Los Angeles. These bus stops were identified fro m
crime data obtained by the transit police for the period of January
1994 through December 1995. Consistent with hot-spot theory,

each of these ten bus stops had much more crime than any of the
thousands of other bus stops in L.A. More specifically, crime inci-
dents at these ten bus stops during the study period accounted for
eighteen percent of the total reported crime incidents at all bus
stops. Even after normalizing for crime incidents per capita, a rider
was twenty to thirty times more likely to be victimized at these bus
stops than at others in Los Angeles.

A survey of 212 bus riders whom we found waiting at these
high-crime bus stops revealed an even higher incidence of crime
than was re p o rted to the police. We found that almost one third o f
our respondents had been victimized on the bus or at the bus stop
during the past five years. “It felt like I was drowning,” said a
young African-American woman who described how a thief had
grabbed and cut a golden chain from her neck. “You always have
to keep your eyes wide open here,” exclaimed a Latino man. Half
the respondents re p o rted feeling unsafe and “always on guard ”
while waiting for the bus. Those feelings were more pro m i n e n t
among women passengers, who said they felt tense and under
siege, wishing they could see behind themselves, as their anxiety
levels rose until the bus finally arr i v e d .

We found these ten high-crime bus stops have none of the 
elements that might mark their space as “defensible.” All are situ-
ated in seedy and litter-filled commercial areas. Their surro u n d i n g
e n v i ronment is derelict and forbidding. Most are not visible fro m
s u rrounding shops and lack adequate lighting. Empty lots and
vacant, dilapidated buildings adjoin many of them. Desolate set-
tings lacking either formal or informal surveillance make them
attractive to criminals bent on committing crimes unnoticed.

Our data indicate that most serious crimes take place in isolat-
ed situations. A close examination of the immediate environment
reveals a number of possible hiding places where potential crimi-
nals can easily hide to prey on their victims. Nearby alleys and
empty lots offer perpetrators easy and varied escape routes. “These
people are smart,” a police officer told us, referring to criminals
who prey at bus stops. “They wear two shirts; they wear another
pair of sweats over their pants. They’ll run into the alley, tear off
their first layer, and walk out of the alley like nothing happened.” 

While bus stops plagued by serious crime are desolate, stops
with a high incidence of pickpockets and petty thefts are over-
c rowded. Overc rowding tends to happen at busy street corn e r s ,
w h e re multiple bus lines converge. In such situations many “eyes
on the street” do not seem particularly helpful, as criminals easily
blend into the cro w d .

Criminologists argue that specific land uses are more likely to
generate, or at least allow, crime than others; this has led them to
identify certain negative land uses. This may be a contro v e r s i a l
v i e w, but we found evidence to support it. For example, bars and
liquor stores are located close to eight of the ten most dangero u s
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bus stops. While some of these liquor stores provide the only outlet
for groceries in inner-city neighborhoods, we can’t ignore studies
showing that consumption of alcohol can induce aggression and
i n c rease one’s willingness to take risks. Check-cashing facilities and
pawn shops are also near high-crime bus stops. These businesses
often substitute for banks and, because they deal in large cash trans-
actions, their customers offer likely targets for criminals. “Hot-
sheet” motels, adult bookstores, and porn movie theaters are also
common near high-crime bus stops. High concentrations of these
businesses, combined with dilapidated buildings and other signs of
neglect, increase the perception of seediness. 

MEASURING THE EFFECTS OF ENVIRONMENT 

Qualitative and ethnographic data help portray the social
traits of residents and riders who use high-crime bus stops. But we
also need to understand how particular features of the physical
e n v i ronment relate to crime. So we also studied sixty high- and
low-crime bus stops downtown in an eff o rt to measure the eff e c t s
of specific environmental variables. The map in Figure 1 displays
the crime and ridership levels at the bus stops we chose for study.

E n v i ronmental indicators that we looked at include 1) urban-
f o rm characteristics of the surrounding area; 2) bus-stop character-
istics; and 3) street characteristics. As we suspected, our analysis
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revealed that certain urban-form and bus-stop characteristics seem
compatible with crime. For example, crime rates are higher at bus
stops in areas with alleys and mid-block passages (corro b o r a t i n g
the idea that crime is high where there are avenues for escape) and
near multi-family housing, liquor stores, check-cashing establish-
ments, vacant buildings, and buildings marked by graffiti and litter.
When we narrowed the field to violent crimes only, we found that
check-cashing establishments at bus stops have the strongest 
c o rrelation with crime rates, followed by the presence of alleys. 

Positive environmental factors include good visibility fro m
s u rrounding establishments and the presence of bus shelters.
S t reet characteristics such as on-street parking and vehicle traf f i c
seem to affect crime rates. Intersections with on-street parking
tend to have high rates, while heavy vehicular traffic is associated
with lower crime rates. 

More research is needed to expose the effects of variables t h a t
we’ve been unable to measure adequately. For example, counting
light poles near bus stops during daylight hours has not allowed us
to consider illumination levels from surrounding establishments,
and our reluctance to conduct fieldwork at night in these unsafe
locations has kept us from checking to see whether streetlights
were working properly. We measured pedestrian traffic at only one
time during the day for each bus stop, even though this is likely to
be an important variable.

W H AT CAN BE DONE TO MAKE BUS STOPS  SAFER?

Our data are clear evidence that environmental settings
a ffect crime at bus stops. Because stops in close pro x i m i t y, along
the same bus routes, and presumably with passengers having the
same socio-demographic characteristics are marked by diff e re n t
crime rates, we conclude it’s the micro e n v i ronments that matter.
In turn, that implies an array of policy and design options, some
v e ry simple, that can complement policing and thus impro v e
s a f e t y. 

Unlike railway stations, bus stops are not permanently fixed
in the urban landscape. They can be moved up or down the stre e t
as prudence re q u i res. Moving bus stops away from undesirable
establishments, multiple escape routes, and desolately empty
spaces is imperative for passengers’ safety. Opportunities for

crime can be reduced by eliminating niches where individuals wait
in hiding and where isolated alleys offer escape routes. The gen-
eral upkeep and cleanliness of the immediate public enviro n m e n t
of the bus stop sends the signal that “someone cares.” Appro p r i a t e
shelter design and good siting of a bus stop near open-front re t a i l
establishments can increase surveillance. In situations of extre m e
c rowding, widening or extending sidewalks at the bus stop can
d e c rease pedestrian congestion and reduce opportunities for
purse and jewelry snatching. The re t rofit of bus stops with shel-
ters and lighting can make waiting for the bus more comfort a b l e ,
less anxious, and safer.

For all these to happen, however, transit companies have to
admit that the bus stop wait is a significant part of the overall 
transit system. They should target re s o u rces for the safety of their
p a t rons by improving and maintaining the public environment at
places where their buses stop. ◆
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