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I. Introduction

T
he recent DARPA-sponsored automated vehicle 
“Challenges” have generated strong interest in both 
the research community and the general public, rais-
ing consciousness about the possibilities for vehicle 

automation. Driverless vehicles make good subjects for the 
visually-oriented media, and they pose enough interesting 
research challenges to occupy generations of graduate stu-
dents. However, automated vehicles also have the potential 
to help solve a variety of real-world problems. Engineers 
need to think carefully about which of those problems we 
are actually solving.

The media coverage of the DARPA Challenges has in-
cluded considerable speculation about how the technology 

developed for those Challenges could be applied to daily 
driving on our public roads. This should not be taken for 
granted, but rather needs to be explored carefully and criti-
cally, because there are large differences between the mil-
itary’s needs for unmanned vehicles and the transportation 
world’s needs for improved vehicle safety and productivity. 

A well-engineered system should be designed to satisfy 
specific needs, and those needs should be reflected in the 
definition of system requirements. Alternative techno-
logical approaches can then be evaluated and traded off 
based on their ability to meet the requirements. The next 
sections of this article describe the rather different needs 
of the public road transportation system and the military 
transportation system, and then show how those needs in-
fluence the requirements for automated vehicle systems. 
These requirements point toward significantly different 
technical approaches, but it is possible to find some limited 
areas of technical commonality.

II. Road Transportation Needs 
That Could Be Addressed by Vehicle Automation
The “Big Three” needs in road transportation systems 
throughout the industrialized world are:

improving efficiency of use of the roadway infrastruc-■

ture, to help reduce congestion;
improving safety, so that crashes are reduced in fre-■

quency and severity;
reducing energy consumption and pollutant emissions ■

associated with vehicular travel.
Satisfaction of all three of these needs can be aided by 

vehicle automation technology, but it is necessary to define 
these needs quantitatively before they can be translated 
into technical requirements.

Efficiency of Use of Roadway Infrastructure
The highest capacity roadways are limited-access high-
ways or freeways, which are designed to maximize ca-
pacity by maintaining favorable roadway geometry (wide 
lanes, gentle curves and grades) and relatively infrequent 
access points where traffic flow can be disturbed by ve-
hicles entering and leaving. For any given roadway geom-
etry, the effective capacity is determined by the behavior 
of the drivers who use that road, particularly by their vehi-
cle-following behavior. In the U.S., the Highway Capacity 
Manual [1] is generally considered the definitive reference, 
but recent comprehensive data collection and archiving in 
California’s Performance Measurement System (PeMS) 
[2] have provided a richer description of highway capacity 
variations under a wide range of conditions.

The PeMS data have shown that the maximum high-
way capacity per lane of about 2,200 vehicles per hour 
can be achieved over a range of speeds, up to about 100 
km/h. At 2,200 vehicles per hour, the average vehicle head-
way is 3,600/2,200 = 1.63 seconds/vehicle. This headway 
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 represents an average distance of 45.5 m from the front of 
one vehicle to the front of the next at a speed of 27.8 m/s 
(100 km/h). Since the average vehicle length is about 5 m, 
this means that the average clearance between vehicles of 
40.5 m represents 8 vehicle lengths when the maximum 
lane capacity is achieved. In terms of efficiency of utiliza-
tion, the vehicles are only occupying 5/45.5 = 11% of the 
length of the lane, while the remaining 89% of the lane 
length represents the gaps that the drivers need to main-
tain behind other vehicles in order to feel safe and comfort-
able in their vehicle following.

The typical highway lane width in the U.S. is about 
3.5 m, but even large passenger cars, vans or SUVs rarely 
exceed 1.8 m in width. The remaining lane width is needed 
to accommodate steering imprecision by light-duty vehicle 
drivers, as well as to allow for use by heavy trucks and bus-
es, which can be as wide as 2.74 m.

Considering that light-duty vehicles only occupy up to 
11% of the length of each lane, and up to half the width of 
the lane when it is being used most efficiently, their utiliza-
tion of the very costly roadway infrastructure surface area 
can only be 5% or less, which is alarmingly small. If this 
could be increased to 10%, the capacity of the lane could be 
doubled and at 15% it would be tripled.

Automatic steering control could significantly reduce 
the needed lane width if it is based on technologies that 
are sufficiently accurate and reliable in lateral position-
ing and control. Significantly more dramatic reductions 
in the longitudinal gaps between vehicles should be pos-
sible with longitudinal control systems that provide suf-
ficient accuracy and string stability for close-formation 
vehicle following.

Improving Safety by Reducing Crash Frequency and Severity
In recent years, the U.S. has experienced about 42,000 road 
traffic fatalities and about 2 million injury-causing crashes, 
representing rates of 1.45 fatalities and 90 injured persons per 
100 million vehicle miles traveled [3]. Crash and fatality rates 
(per vehicle km traveled) are within the same order of mag-
nitude for the rest of the industrialized world, and most public 
authorities consider these rates to be unacceptably high. In 
the developing world, the rates are significantly worse. The 
traffic safety statistics show that well over 90% of the crashes 
are caused in whole or part by driver errors, and only about 
5% are caused by vehicle equipment faults. If the driver er-
rors can be reduced by relieving the driver of driving respon-
sibility or by improving driver judgments based on warning 
or control assistance systems, there should be an opportunity 
to improve safety.

It is important to put the current crash rates into a context 
that is meaningful for purposes of engineering design so that 
they are not just abstractions at a macroscopic level. The most 
recent national traffic safety data available in the U.S. [3] sup-
port the following calculations of the mean numbers of vehicle 

hours between fatal and injury crashes (assuming an average 
speed across all driving of 30 mph (about 50 km/h)):

100 3 106 vehicle miles
1.45 fatalities

3
43,443 fatalities

39,189 fatal crashes
3

hour
30 miles

5 2.55 M hours/fatal crash

100 3 106 vehicle miles
90 injured persons

3
2,699,000 injured persons
1,816,000 injury crashes

3
hour

30 miles
 5 55,000 M hours/fatal crash.

The sobering result is that fatal crashes occur about once 
per 2.5 million hours of vehicle travel and injury crashes 
occur about once per 55,000 hours of vehicle travel. How 
many complicated electro-mechanical or electronic con-
sumer products can claim comparable mean time between 
failure (MTBF) capabilities today?

Energy Consumption and Pollutant Emissions
The opportunities to address energy consumption and pol-
lutant emissions using vehicle automation technology are 
relatively indirect compared to the potential for safety and 
productivity improvements. Leaving aside changes in vehi-
cle propulsion technology (which tend to transfer the bur-
den from one energy source to another and one pollutant 
emission site to another) and reductions of vehicle mass, 
there are three primary ways of reducing road vehicles’ en-
ergy consumption and pollutant emissions:

regulate driving speed to the range where efficiency is a) 
highest and emissions lowest;
minimize stop-and-go transients by improving vehicle-b) 
following dynamics and regulating traffic volumes to 
avoid over-saturation;
operate high-speed vehicles so close together that they c) 
can reduce their aerodynamic drag by “drafting”.
All three of these strategies can be supported by high-

performance automatic longitudinal control of vehicle 
speed and spacing.

III. Military Transportation Needs that Could 
be Addressed by Vehicle Automation
A variety of needs have motivated the interest in vehicle auto-
mation technology by military planners and operations people. 
The fundamental underlying goal is to minimize the number 
of personnel who have to be exposed to dangerous battlefield 
conditions so that casualties can be minimized. This has led 
to the concept of the “unmanned” vehicle, which means that 
the vehicle has neither human drivers nor passengers. This, 
in turn, means that the vehicle does not have to provide envi-
ronmental protection or comfortable ride quality for people, 
and also means that a wide range of logistical support needs 
for personnel on the battlefield can be reduced based on the 
smaller number of people needed. 
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The associated needs and con-
straints that apply to automated 
unmanned vehicle operations for 
military applications include the 
ability to:

operate off paved roads, in un- ■

structured locations where 
hostilities may be encountered 
(deserts, forests, jungles, farm 
fields, hills, mountains,…);
operate in new locations, where  ■

prior data about the environ-
ment may not be available;
survive for extended periods of  ■

time without moving (dormant 
state) and protect vital components 
and systems from  environmental 
and military threats;
minimize energy consumption to conserve electrical  ■

power supplies;
operate quietly to minimize possibility of detection by  ■

enemy (little to no acoustic noise or electromagnetic 
emissions);
operate autonomously, without sending or receiving  ■

communications, to minimize possibility of detection.
It is interesting that despite the fact that the military has 

a more unified decision structure than the civilian transpor-
tation world, it has had difficulty articulating a coherent set 
of technical requirements to govern the design of systems 
to meet these needs. This was one of the  primary concerns 
raised in an independent National Research Council review of 
the U.S. Army’s Unmanned Ground Vehicle programs [4]. The 
military has tended to follow more of a bottom-up “technology 
push” than a top-down needs-driven system engineering pro-
cess, and the highly visible DARPA Challenge process has only 
tended to exacerbate that trend. As noted in [4], not enough 
attention has been devoted to determining how good is “good 
enough” according to a well-chosen set of measures of effec-
tiveness, making it difficult to do a top-down system design or 
to assess the real-world viability of alternative technologies.

IV. Implications for Design and Technology Selection 
for Military and Civilian Automated Vehicles
The needs of the civilian road transportation and mili-
tary transportation communities, as identified above, are 
strikingly different from each other. Other considerations 
that influence technology development, deployment and 
operations, to be addressed below, only tend to amplify 
the differences. When these differences are considered in 
toto, significant doubts arise about the extent to which the 
technologies and designs developed to meet the one set of 
needs will be transferable to the other domain.

For the civilian road transportation domain, there is a 
further subdivision between operation of automated vehi-

cles in their own dedicated lanes, physically separated from 
all other traffic, and operation in a mixed traffic environ-
ment, shared with conventional manually-driven vehicles.

Driving Environment
The key features of the driving environments for the auto-
mated vehicles needed by the military and by the civilian 
road transportation system are summarized in Table 1.

These comparisons indicate that the military vehicles 
need to devote much more attention to perceiving and map-
ping their unstructured environment than the civilian 
vehicles, which can rely on a priori mapping of their road ge-
ometry. On the other hand, the military vehicles do not need 
to devote much attention to interactions with other vehicles, 
while the civilian vehicles need to give that much more at-
tention. The vehicles operating in dedicated lanes can han-
dle that by communicating with their similarly-equipped 
peers, but the vehicles operating in mixed traffic need to de-
vote serious attention to detecting and  responding to the bad 
driving behaviors of the neighboring vehicles, which would 
not be equipped to communicate or cooperate with them.

Operational Considerations
The operational considerations for the military and civil-
ian vehicles present a different set of contrasts, as shown 
in Table 2.

The civilian vehicles are likely to accumulate many 
more hours and miles of usage during their functional 
lifetimes than their military counterparts, while receiv-
ing less maintenance attention. This puts a particular 
premium on the ability of their systems to continue to op-
erate without adjustment or re-calibration. In contrast, the 
larger operational challenges for the military vehicles are 
likely to be associated with their diversity of routing and 
the need for their electronic systems to minimize electri-
cal energy consumption.

Military

Civilian

Mixed Traffic Dedicated Lanes

Off-road, including rough terrain 
and foliage

On paved roads, generally 
smooth surfaces

On paved roads, smooth surfaces

Unstructured environment, 
unpredictable paths, no special 
markings

Structured road environment, 
well mapped paths, standard 
road markings

Structured road environment, well 
mapped paths, can include special 
road markings

All weather conditions, but also 
including hostile threats (bullets, 
ordnance, obscurants)

All weather conditions All weather conditions

Few, if any, other vehicles Complicated interactions with 
many other vehicles, some 
driven very badly

Interactions with many other vehicles, 
all following the same protocols

Table 1. Contrasts in driving environment for military and civilian automated vehicles.
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Design Constraints
Several aspects of the expected vehicle usage scenarios im-
pose important constraints on the designs of the civilian 
and military vehicles, as listed in Table 3.

These considerations motivate some of the most dra-
matic contrasts between the designs of the civilian and 
military vehicle systems. The restriction of the mili-
tary vehicles to passive sensing for reasons of stealth 
precludes them from using some of the most effective 
technologies for detecting their environment (radar and 
laser scanners). Although the DARPA Challenge vehicles 
relied heavily on laser scanners, military planners are 
concerned that their active emissions will make it very 
easy for enemy forces to identify their locations and target 
them for destruction. This tends to force deployable mili-
tary systems toward  passive computer vision technology. 
The unstructured  operational environment for the mili-
tary vehicles makes it just as important for them to detect 

negative obstacles (holes, ditches) 
as positive obstacles, because a 
negative obstacle could disable 
the vehicle or effectively block 
its path. Detection of negative ob-
stacles is extremely challenging, 
particularly if only passive sens-
ing technology is permitted.

The environment sensing re-
quirements for civilian vehicles are 
much less challenging than for mil-
itary vehicles, particularly if they 
only need to operate in dedicated 
lanes where off-board sensing tech-
nologies can be used to detect most 
obstacles and physical barriers can 
protect the lanes from obstacle in-
trusions. However, the civilian ve-
hicles have much more stringent 
requirements on MTBF because 

human safety is at stake whenever a failure occurs.

Human Interfaces
The human interfaces for the vehicle systems are subject 
to substantially different design considerations for military 
and civilian automated vehicles, as shown in Table 4.

The contrast between vehicles that must accommodate 
people comfortably and safely and unmanned vehicles is 
stark. The human- machine interface considerations are 
completely different, and much more challenging for the 
civilian vehicles in this case, particularly when one consid-
ers the diversity of preferences and capabilities among the 
driving population that must be satisfied.

Customer Perspective
In the era of customer-driven business models, it is im-
portant to consider the attitudes of the customers for the 
vehicles and how these should influence the design and de-

velopment of the vehicle systems, as 
listed in Table 5.

These customer considerations 
make the military situation much 
simpler than the civilian. A single 
fleet customer can decide what it 
needs and communicate that direct-
ly to the supplier, while the consum-
er market is much more diverse and 
difficult to understand. The accept-
able range of incremental costs per 
vehicle is another significant differ-
ence, because the civilian consumer 
market is much more sensitive to cost 
and resistant to paying significantly 
more for an enhanced capability.

Military

Civilian

Mixed Traffic Dedicated Lanes

Passive sensing only, to eliminate 
electromagnetic emissions (for 
stealth)

Electromagnetic emissions 
constrained only by human 
safety and spectrum 
regulations

Electromagnetic emissions 
constrained only by human safety and 
spectrum regulations

Must detect wide range of positive 
and negative obstacles

Must detect any positive 
obstacles large enough to be 
a hazard

Must detect other vehicles

MTBF range of 10 to 102 hours MTBF range of 105 to 106 
hours

MTBF range of 105 to 106 hours

Table 3. Contrasts in design constraints for military and civilian automated vehicles.

Military

Civilian

Mixed Traffic Dedicated Lanes

Limited total vehicle use during 
vehicle lifetime

Extended vehicle use needed 
to be economically viable 
(15 years, 300,000 km)

Extended vehicle use needed to be 
economically viable (15 years, 300,000 km)

Daily vehicle use highly variable 
(no use most days, then intensive 
use for limited number of days)

Consistent daily use Consistent daily use

Regular professional maintenance 
when in use

Limited, if any, maintenance Limited, if any, maintenance

Tight constraints on energy use 
for electronics, to save battery life

Modest constraints on 
energy use for electronics

Modest constraints on energy use for 
electronics

Complex and constantly changing 
vehicle routing

Relatively simple routing 
selection, by driver or traffic 
flow optimization

Relatively simple routing selection, by 
driver or traffic flow optimization

Table 2. Contrasts in operational considerations for military and civilian automated vehicles.
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V. Autonomous versus 
Cooperative Automation 
Technologies
“Autonomous” and “automated” are 
not synonyms, and neither are “au-
tonomy” and “automation”. Rather, 
these concepts are orthogonal to each 
other. That  orthogonality provides a 
useful schema for  categorizing the 
range of architectural and techno-
logical approaches to vehicle-high-
way automation. Figure 1 shows how 
the different approaches can be com-
pared to each other, with the vertical 
axis representing the degree to which 
driving functions are taken over by 
the system rather than the driver. The 
horizontal axis represents the degree 
of cooperation among vehicles or be-
tween the vehicles and the infrastructure (cooperation being 
the inverse of autonomy). The autonomous vehicle concepts 
are at the left edge of the graph, representing vehicles that 
depend entirely on their own sensors as information sources, 
without communication to or from other vehicles or the infra-
structure. The fully automated vehicle concepts are at the up-
per edge of the graph, representing vehicles that are capable of 
executing all driving functions without driver intervention.

The military has a genuine need for automated vehicles that 
are also fully autonomous, because of their concerns about de-
tection by enemy forces based on the vehicles’ electromagnetic 
emissions. These vehicles also need to be able to operate in a 
hostile environment where the infrastructure characteristics 
may not be knowable in advance, cooperative infrastructure 
cannot be provided and they may be cut off from other friendly 
vehicles. However, civilian  vehicle applications do not share 
any of these constraints, which leaves them free to take ad-
vantages of cooperative capabilities. One could draw the anal-
ogy between the autonomous vehicle 
and a deaf-mute person who can see 
reasonably well, contrasted with the 
cooperative vehicle as a person who 
can hear and speak to others, while 
also seeing well.

5.1 Advantages of Cooperative 
Systems
The public roadway environment 
is very different from the battle-
field environment, and in the public 
roadway environment it appears to 
be preferable to employ cooperative 
solutions as much as possible. The 
advantages of cooperative systems 
over autonomous systems include:

providing additional sources of information, beyond  ■

those that can be sensed directly by vehicle-based 
 sensors:

from locations beyond sensor line of sight ■

about internal vehicle characteristics that cannot  ■

be sensed externally (vehicle capabilities, malfunc-
tions, driver actions, etc.)
about roadway conditions, sensed directly on the  ■

roadway (temperature, surface condition)
about locations and speeds of other vehicles, to help  ■

verify remote sensor data or identify its imperfec-
tions;

providing better quality information than can be sensed  ■

directly by vehicle-based sensors, reducing uncertain-
ties and the need for heavy filters and their delays:

higher accuracy and lower noise, from sensors on  ■

other vehicles (directly sensing their own speed or 
acceleration);

Military

Civilian

Mixed Traffic Dedicated Lanes

Top-down requirements from a 
single government fleet customer

Individual consumers’ needs 
and preferences guessed at 
by suppliers

Individual consumers’ needs and 
preferences guessed at by suppliers

Purchaser is not the direct user of 
the vehicle

Purchaser is the user Purchaser is the user

User will have special training User is the general public, 
without special training

User is the general public, without special 
training

Additional cost per vehicle for 
automation could be $104 - $105

Additional cost per vehicle 
for automation could be 
$102 - $103

Additional cost per vehicle for automation 
could be $102 - $103

Table 5. Contrasts in customer perspectives for military and civilian automated vehicles.

Military

Civilian

Mixed Traffic Dedicated Lanes

No human safety considerations 
because vehicles are unmanned

Human safety is of utmost 
importance

Human safety is of utmost importance

No ride comfort constraints Driver and passenger comfort 
are essential for acceptance

Driver and passenger comfort are 
essential for acceptance

No driver interventions, because 
there is no driver

Driver interventions are 
vital for warning or control 
assistance systems, but 
uncertain for automated 
driving

Driver interventions may be possible for 
automated driving (uncertain)

Off-board human supervisor 
would be desirable, but 
communication link is 
problematic

Good human-machine 
interface (HMI) is vital to user 
acceptance and safety

Good HMI is vital to user acceptance

Table 4. Contrasts in human interfaces for military and civilian automated vehicles.
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faster detection of changes in conditions (speed  ■

changes of other vehicles);
avoiding misunderstandings about intended ma- ■

neuvers (communicating intentions directly rather 
than having to infer them indirectly from observed 
actions);
enabling direct negotiations about planned maneuvers  ■

(merging, creating gaps, yielding right of way);
enabling infrastructure-based intelligence with global  ■

knowledge to provide guidance (routing, speed rec-
ommendations) to vehicles that may only have local 
knowledge;
enabling replacement of some expensive sensors with  ■

cheaper communication devices to provide comparable 
information.

By providing additional sources of 
information, cooperation can directly 
contribute to safety improvements. 
This makes it possible to identify 
problems that may not be evident at all 
from sensor data alone, or to identify 
them earlier. This also provides inde-
pendent information to improve data 
fusion, to cross-check against sensor 
data, and to serve as a back-up data 
source in case of sensor faults. All of 
these functions will be needed if au-
tomated vehicles are to be able to ex-
ceed the MTBF levels associated with 
today’s manual driving.

The improvements in quality of 
information enable vehicle control 
capabilities that are not feasible with 
autonomous sensor-based systems. 
These include  cooperative adaptive 
cruise control (CACC), short-headway 
operation in closely coordinated vehi-
cle platoons, and automated merging 
of separate streams of traffic that may 
not even have a direct line of sight to 

each other (Figure 2). The improved information quality 
also makes it possible to expand the performance envelope 
of vehicle control accuracy and ride quality. For any giv-
en level of information, there is a basic trade-off between 
these performance measures, but improving the quality of 
information makes it possible to improve both ride quality 
and accuracy [5]. 

CACC overcomes the most critical performance limita-
tion of autonomous ACC, which is the uncertainty and de-
lay in sensing the motions of the preceding vehicle. Those 
sensor limitations preclude ACC from operating at time 
gaps shorter than one second, which limits the usefulness 
of ACC in moderately heavy traffic, where drivers of other 
vehicles are tempted to cut into the one-second gap. The 
faster and more certain information about preceding ve-

hicle motions provided by the wire-
less communication link of CACC 
enables the CACC vehicle to follow 
the preceding cooperating vehicle 
with higher accuracy and at a sig-
nificantly shorter gap. This not only 
improves user acceptance but also 
can lead to a potentially significant 
improvement in traffic flow dynam-
ics and in the throughput capacity of 
a lane [7].

Closely-coordinated platoons of 
vehicles provide the opportunity 
for automated vehicles to produce 

FIG 2 PATH Experiment on automated merging of vehicles coordinated by wireless communication 
(technical information available in [6]).

FIG 1 Degrees of automation and cooperation.

Full
Automation

Control
Assistance

Warning

D
eg

re
e 

of
 A

ut
om

at
io

n

Degree of Cooperation

Degree of Autonomy

Autonomous
Unmanned

Military Vehicles

Autonomous
Adaptive Cruise

Control

Cooperative
Adaptive Cruise
Control (CACC)

Autonomous
Warning
Systems

Intelligent
Speed Adaptation

Cooperative Collision
Warning Systems

Automated
Highway
Systems

(AHS)

Cooperative
Vehicle-Highway

Automation
Systems
(CVHAS)



IEEE INTELLIGENT TRANSPORTATION SYSTEMS MAGAZINE  •  17  •  SPRING 2009

major improvements in highway 
lane capacity [8]. Indeed, without 
vehicle-to-vehicle communica-
tion it does not appear possible 
for automated vehicles to produce 
any appreciable increase in lane 
capacity or reduction in conges-
tion. This is a direct consequence 
of the difficulty of remotely sens-
ing the acceleration, speed and range to a preceding ve-
hicle with extremely high accuracy and reliability and 
low latency, which in turn makes it impossible to provide 
string-stable vehicle following at small gaps. In order 
to satisfy the need for improvements in the productivity 
of the roadway infrastructure, cooperative systems are 
therefore essential. 

The same cooperative vehicle-following capabilities 
that are needed to provide significant increases in lane ca-
pacity are also needed to improve energy consumption and 
emissions. Attenuation or elimination of the traffic shock 
waves that produce “stop and go” disturbances depends 
on the faster detection of changes in the speeds of preced-
ing vehicles that wireless communications can provide, 
but autonomous sensors cannot. The small gaps between 
vehicles that are needed to reduce aerodynamic drag can 
only be achieved with active communication of informa-
tion between the lead vehicle in a platoon and its follow-
ers. PATH experiments have shown that American-style 
trucks, with forward engines, can save 10% to 15% in fuel 
consumption while cruising at highway speed (Figure 3), 
and shorter European-style cab-over-engine trucks can 
save even more [9].

The advantages of cooperative systems that have been 
described here represent necessary forms of compensation 
for the inherent limitations of the “deaf-mute” autonomous 
systems. It is important to note that these limitations are so 
fundamental that they are not likely to be overcome by con-
tinuing improvements in computer chips following Moore’s 
Law, just as better eyeglasses do not enable the deaf-mute 
person to hear or speak. Automated vehicles need addition-
al types of information, from additional sources, in order to 
achieve the level of performance they must have to improve 
transportation productivity, safety, or 
energy efficiency.

5.2 Challenges to Cooperative 
System Deployment
Although cooperative systems have 
obvious advantages over autonomous 
systems, as described in Section 5.1, 
they also face some special deploy-
ment challenges. These must be ad-
dressed in order to capitalize on the 
advantages of cooperation and gain 

the resulting benefits. The primary challenges facing co-
operative systems include:

Definition of standards to govern the exchange of data  ■

among vehicles and the roadway infrastructure, across 
multiple layers;
Equipping enough “other” vehicles and roadway infra- ■

structure for a newly purchased cooperative vehicle to 
provide benefits to its owner;
Obtaining cooperation and deployment coordination  ■

among all the stakeholder groups that need to make 
the deployment decisions for in-vehicle and infrastruc-
ture-based components of the system (particularly 
considering that the normal useful lifetime of roadway 
infrastructure systems is measured in decades, while 
it is years for vehicles and only months for information 
technology devices);
Definition of the business models and institutional and  ■

legal structures to govern the deployment, operation 
and maintenance of the cooperative system.
Several of these could be considered manifestations of 

the classic “chicken and egg” problem of cooperative sys-
tems – which comes first, the infrastructure or the vehicle? 
Since the interests of the infrastructure and vehicle stake-
holders are not the same, each needs to perceive that it will 
receive sufficient benefits to justify its own  investment, 
rather than having its investment justified based on the 
benefit to the other. 

These issues are being addressed currently in the Intel-
liDrive (formerly Vehicle-Infrastructure Integration (VII)) 
program in the U.S., which will produce precedents for how to 
solve the problems, and may also provide much of the needed 
wireless communication infrastructure for  vehicle-vehicle 
and vehicle-infrastructure cooperation. Other strategies for 

FIG 3 PATH Experiment with cooperative truck platoon at 3 m separation at 100 km/h cruise speed.

Although cooperative systems have obvious advantages over 
autonomous systems, they also face some special 
deployment challenges.
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addressing the “chicken and egg” deployment problem have 
been developed, starting with applications in which the ve-
hicles and roadway infrastructure are the responsibility of 
the same organization (transit agencies operating buses on 
busways or highway operators automating their maintenance 
vehicles) [10].

VI. Opportunities for Synergy Between 
Cooperative and Autonomous Systems
The bulk of the discussion has focused on the contrasts be-
tween the autonomous and cooperative approaches to vehi-
cle automation. This does not mean that they have nothing 
in common, but we need to look carefully to find the areas 
in which they have genuine synergy. One way of viewing 
this is to seek opportunities for meaningful technology 
transfer from the military’s autonomous vehicle research 
to the civilian applications of cooperative systems. Because 
the system requirements are so different, it is unlikely that 
the system designs will have much in common, but there 
should be opportunities for synergy at the level of common 
enabling technologies:

sensors to remotely detect obstacles and the motions of  ■

other vehicles;

Appendix – University of California PATH Program

PATH was founded in 1986 to develop advanced technologies 
that could be applied to make major improvements in surface 
transportation. It was a pioneering partnership between the 
California Department of Transportation (Caltrans) and the 
University of California, the first research program in the U.S. to 
focus on the technologies that were later called Intelligent 
Vehicle-Highway Systems (IVHS) and then Intell igent 
Transportation Systems (ITS). Caltrans was interested in going 
beyond “business as usual” in transportation, to develop capabil-
ities that could lead to quantum leaps in transportation perfor-
mance, to address the rapidly growing need for transportation in 
locations where expansions of the physical infrastructure are 
prohibitively costly and/or politically infeasible. As a result, it had 
a strong component of research on automated highway systems 
from the start, combined with parallel research on traffic man-
agement and traveler information systems and (in the first few 
years) roadway electrification.

PATH’s research has been very applied compared to most uni-
versity research, but very basic compared to the research spon-
sored by most state departments of transportation, bridging the 
cultural gap between these institutions. The research is performed 
by a combination of faculty, graduate students and postdoctoral 
researchers at universities throughout California, and a dedicated 
full-time research staff located at the Richmond Field Station of 
the University of California, Berkeley. Although the primary source 
of support for PATH’s research is Caltrans, some PATH projects 
are also sponsored by the U.S. Department of Transportation and 
private industry.

A comprehensive history of PATH has recently been published 
in IEEE Transactions on Intelligent Transportation Systems [11].

Subsystems Fault Types

Sensors No output
Output pegged at an extreme value
Random noise
Bias
Drift
Sensitivity change
Interference

Actuators No response
Response pegged at an extreme value
Random noise
Bias
Intermittent operation
Deadband
Hysteresis

Controllers Loss of power
Software crash
Operating system deadlock
Overloaded processor or memory
Software bugs
Control design bugs

In-vehicle networks Loss of signal
Interference
Overload
Intermittent connections
Software bugs

Vehicle faults Tire burst
Engine failure
Brake failure
Electrical failure

Wireless communications (Cooperative systems only)
Loss of signal
Interference
Intermittent drop-outs
Overloaded channels
Jamming
Noise
Software bugs
Spoofing
Lack of acknowledgment

Environmental disturbances Rain, snow, fog
Dust
High winds
Poor lighting
Wet, oily or icy road surface
Lightning discharge

Foreign objects in roadway Failed or crashed vehicles
Crash debris
Pedestrians
Animals
Dropped loads
Fallen trees
Deliberately placed obstacles
Rock slides

Table 6. Fault conditions for automated vehicle control systems.
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approaches to fusion of data about the driving environ- ■

ment obtained from multiple sensors;
methods for designing, developing and verifying safety- ■

critical vehicle control software;
vehicle fault detection, identification and management. ■

Most of the faults that need to be accommodated are 
likely to be similar, regardless of whether the system is au-
tonomous or cooperative, military or civilian, as listed in 
Table 6.

VII. Concluding Remarks
As we pursue research on intelligent transportation sys-
tems, it is important to continually ask “what is the problem 
we are really trying to solve?” This not merely a techni-
cal question, but is rather a broader societal question. Are 
we trying to improve traffic safety? Are we trying to re-
duce traffic  congestion? Save energy and mitigate global 
warming? Reduce pollution? Improve driving comfort and 
convenience? If it’s a combination of these, what are their 
relative weights?

These are not idle questions, because they should be 
the motivations for the research and should directly in-
fluence technical design decisions. The system that is 
intended primarily to improve safety would have a differ-
ent design from the system to improve comfort and con-
venience. Regardless of which of these societal goals our 
intelligent  transportation systems are targeting, there are 
good reasons to include cooperative capabilities in these 
systems rather than limiting them to autonomous imple-
mentations. Indeed, why should we think in terms of “in-
telligent vehicles” unless those vehicles are interacting 
intelligently with each other and with their supporting 
roadway infrastructure to form an intelligent transporta-
tion system? Even a vehicle that could pass the Turing Test 
of “intelligent” conversation with a human would not be of 
much use.

A more relevant measure of vehicle “intelligence” 
might consider the vehicle’s ability to pass a driver’s li-
censing test. Unfortunately, an automated vehicle that 
could pass a driver’s licensing test might still be no more 
capable than a novice driver, and hence be unsuitable 
for general deployment. The deployable automated ve-
hicle would have to be equivalent to a highly skilled, ex-
perienced, defensive driver in order to be significantly 
safer than the current average driving safety statistics. 
This is a far more demanding requirement, particularly 
when one considers the subtlety of the visual and be-
havioral cues that experienced defensive drivers use 
(assessing whether another driver has seen them, or es-
timating the likely aggressiveness of the other driver’s 
future maneuvering).

Even assuming that a future autonomous automated 
vehicle had perceptual capabilities comparable to those of 
a highly skilled human driver (a very large leap from the 

current state of the art), it would still not be fully capable of 
driving in conventional mixed traffic. The vehicle control 
system’s algorithms would have to incorporate judgments 
about how to respond to every driving scenario that could 
possibly be encountered. Unfortunately, some of these are 
utterly impossible to program because of the moral impli-
cations of the judgments that would have to be embedded. 
Consider an emergency scenario in which the automated 
car is trapped between a heavy truck and a motorcycle, and 
cannot avoid hitting at least one of them hard. Is its control 
system programmed to hit the motorcycle, killing the rider 
in order to save its own occupant? Or is it programmed to 
hit the truck, seriously injuring and perhaps killing its own 
occupant? Who is going to make that decision, and who is 
going to approve it?

This conundrum can only be avoided if the automated 
vehicles are designed to operate only in cooperation with 
other automated vehicles, physically separated from non-
automated vehicles. The rules governing the behavior 
of the vehicles can then be programmed to be consistent 
and compatible, and the fault management systems can 
be designed to use the information exchanged wirelessly 
among the vehicles. The absence of that information could 
thus be immediately recognizable as a fault. The coop-
eration among the vehicles, combined with their separa-
tion from other traffic, would make it possible to achieve 
improvements in lane capacity, energy efficiency, emis-
sions,  driving comfort and convenience and perhaps safety 
as well. In the end, is that not why we are investing our 
research efforts?
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