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Research Advances in Intelligent Collision Avoidance
and Adaptive Cruise Control

Ardalan Vahidi and Azim Eskandarian

Abstract—This paper looks into recent developments and implementation of such systems due to rudimentary electronics
research trends in collision avoidance/warning systems and and sensor technology.
automation of \_/ehlcle _IongltU(_jlnaI/IateraI control_tasks. It is an While the history of automation goes back to 1930s, in the
attempt to provide a bigger picture of the very diverse, detailed late 1980 d beainni £1990s. stat d private funded
and highly multidisciplinary research in this area. Based on ate Sandbeginning o S'Sa?an prlvge unded pro-
diversely selected research, this paper explains the initiatives grams started more focused research in the United States, Eu-
for automation in different levels of transportation system with rope, and Japan [2], to bring the idea of automated or intelli-
a specific emphasis on the vehicle-level automation. Human gent transportation systems closer to reality. The main initiative
factor studies .and ’Iegal issues are anal)_/zed as well as controlwaS to improve highway capacity and safety with automation in
algorithms. Drivers’ comfort and well being, increased safety, hiah d vehicle | 1131 Th I ized. th
and increased highway capacity are among the most important ighway an Ve.'ce eve _[ ] e very We Qrganlze ' Orf
initiatives counted for automation. However, sometimes these OUgh and sometimes futuristic research in this era, along with
are contradictory requirements. Relying on an analytical survey the rapid advances in electronics and sensor technology, con-
of the published research, we will try to provide a more clear triputed to a more vivid understanding of the difficulties and
understanding of the impact of automation/waming systems on pqiantials of such systems. Although the research in this period
each of the above-mentioned factors. The discussion of sensor f d d d hiah it d basis wh
issues requires a dedicated paper due to its broad range and is not Was ocuse. on a Vancle ighways 1t was a g_oo asis when
addressed in this paper. later on the interests switched from advanced highway systems
(AHS) to intelligent vehicle initiative (IVI).

Now in the beginning of the 21st century while some auto-
makers have already introduced features like adaptive cruise
control (ACC) in their top of the line cars, many others are pur-

. INTRODUCTION suing research to introduce ACC and other advanced features

EHICLE and highway automation is believed to reducike collision warning and avoidance systems into their prod-
the risk of accidents, improve safety, increase capacity, M&tS- The evident trends of development pictures more comfort-
duce fuel consumption and enhance overall comfort and perf@ple and safer driving scenarios in the near future and what once
mance for drivers. There has been enough reason to assume!@p4ed very futuristic now seems within a few years reach. How-
more automated automobiles relieve the driver from many ufiver, there are still many issues that need to be addressed be-
desirable routines of driving task. It has also been known tHgf€ driving assistance systems can be widely introduced in the
many of the car accidents are due to human errors. TherefdBure cars. The theoretical and experimental research on con-
the conclusion has been that with a robust automated systemtfRkissues is in a well-developed stage. The sensory problems
chance of car accidents can be reduced. With the overwhelmR§€ stronger challenges on the development of driver assist sys-
increase in the number of vehicles on the road another conckffs: While today’s technology has addressed many of the sen-
has been road capacity. Some kind of automation that wo@ry issues, many still remain to be solved. Moreover the im-
help to safely increase traffic flow has been considered as diget of automation on the driver necessitates a very fundamental
potential solution to congested highways. A smoother cruiggderstanding of human factors in relation with the automated
with an automated system can reduce fuel consumption and gpsemi-automated driving controls or assists. Research on the
gine wear. human factor side has not been little but the importance of this
Based on all these potential benefits of automation, reseatép® demands a lot more work. Legal and institutional aspects

on automating some or all aspects of driving task has been gofffgiutomated cars are also a very important concern.
on for decades now [1]. However, there were limits in practical While a lot has been said about improved safety, increased
highway capacity or higher comfort level with automation in
. . . ___different papers, sometimes inconsistencies exist between dif-
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issues are briefly reviewed with the main goal of providing a car interfering with other platoons of vehicles. It is shown that
herent account of what has been done, rather than critiquingvith shorter spacing between vehicles, highway capacity can be
dividual papers. At the end of each section we present analysinsiderably improved [8] and [9]. However, a constant spacing
and conclusions based on the works reviewed in that sectipfatoon is stable only if certain types of vehicle-to-vehicle com-
The paper should serve as an introduction for those who are legsnication are available [10]. This requires that all the vehi-
familiar with this subject. The analysis of the multidisciplinaryles in a platoon be equipped with some sort of radio commu-
issues should provide useful perspectives for researchers wigation devices. Experimental platoon tests on highways have
are involved in a particular related field. While it is not possiblproved successful [11] and [12] and research on platoons and
to cover the large number of publications in this area, the kaytomated highway systems is being continued to support the
findings and trends of research are included. The focus is pext generation highways. On the other hand due to financial
more recent literature since good reviews already exist on thed practical limitations, the short-term tendency has switched
relatively long history of the subject [1], [4], [5]. We do not adfrom AHS to IVI to emphasize more on driver assist systems
dress the issues related to sensory requirements in this papeahascan independently be implemented in today’s generation of
it is a vast area and requires a dedicated paper that investigatas without the costly modifications in the infrastructure. Such
them. assist systems provide the driver with information, warning and
operational support. ACC, stop and go cruise, collision warning
and collision avoidance systems are being developed in this con-
text. Many findings of the automated highway research are di-
The research tendency in the early 1990s in the United Statestly applicable in these fields too, as many control and sensory
and Europe was more toward AHS which required measunegjuirements are similar. However, there are major differences
in both infrastructure and vehicle level. In Europe, the majam the philosophy behind each system since the impact of each
research was under PROMETHEUS program funded by Eor safety, road capacity and driving comfort could be different.
ropean automakers and governments of the European UnionAn enhancement to the cruise control feature of today’s car
In the United States, the PATH program founded by California ACC systems, which can detect the leading vehicle and main-
Department of Transportation and Institute of Transportatidain a specified spacing between the two vehicles [13]. The goal
Studies of the University of California at Berkeley sponsoreig to relieve the driver from the routine of spacing adjustments
major fundamental research projects in advanced vehicle atctruise speeds on highways. And therefore it is marketed as
highway systems. The research at PATH further stimulated @mean for driver’s comfort. As a potential feature that can en-
search initiatives on advanced concepts in transportation acrbaace the marketability of their products, major automakers are
the United States. Similar research interests were followednducting extensive research in developing robust ACC sys-
in Japan as well [1]. The idea was to substitute a group t@ms and some carmakers have already equipped their luxury
man-made driving decisions and actions with more systematiars with the ACC feature [14]. However, it remains an open
and precise machine tasks to achieve regulated traffic flow amgiestion whether this feature can also result in safer traffic pat-
therefore, reach safer highways with higher capacities. Detailetins or how the impact of it is on traffic flow. Stop and go cruise
studies were carried out on automating many operations tleantrol is an extension to ACC which is able to automatically ac-
take place on a highway. A thorough picture of the operatiogslerate and decelerate the vehicle in city traffic [15] and [16].
that can be automated on the future advanced highways and$tep and go control is meant to reduce driver workload in sub-
relationship between such functions were presented in sonrean areas where ACC systems are practically ineffective. Due
very informative papers [6] and [7]. In these papers, differetd the more complex driving environment and more stringent
layers were proposed for different levels of automation andsansory requirements in lower speeds, the challenges in devel-
detailed account of the operations belonging to each layer wasing stop and go systems are more than ACC systems.
explained explicitly. For example in a lane change maneuver,While development in crashworthiness has led to car designs
a central planning layer is responsible for coordinating a safeat are much safer in the event of a collision, they cannot re-
and timely maneuver with other vehicles on the highway amtlice the chances of a collision. Worldwide statistics shows a
commanding the appropriate move. A local regulating layer decreasing trend in number of fatalities in car accidents through
each vehicle performs the necessary operations to fulfill sutife years but an increased number of accidents. Car accidents
a command. While automation to the extent specified in thes#ll occur everyday, the minor ones cause major economical
papers is futuristic from practical point of view and requirelsses to the society, and more serious ones result in injuries
new elements in the infrastructure as well as all participatirgy loss of lives. Rear-end collisions, for example, account for
vehicles, the distinct definition of each operation and itspproximately 1.8 million crashes annually which is 28 per-
related issues, helps advance the state-of-the-art in partiaht of all crashes. In 1998, rear-end collisions, resulted in 855
automation. Such an outlook paves the path to the long-te@®0 injuries and 1570 fatalities [17]. More strict traffic regula-
goal of advanced highways and is also beneficial for short tetions and safety standards can be helpful in preventing the ac-
applications. cidents to a certain degree, but as the driver is limited in rec-
In the same framework considerable research has been camizing, judging and operating in hazardous situations, acci-
ried out in control and sensory requirements for platoons of vdents are practically inevitable. However, many of this type of
hicles. The idea is to form a queue of vehicles that follow eacttcidents can be avoided if the human driver limits can be over-
other very closely at highway speeds without the risk of crashesme by automating some parts of the driving tasks, this time
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with safety initiatives. This initiative has encouraged extensiyeerformance and appropriate warning is provided to the driver
research in collision warning and collision avoidance systenimecessary. In “more” automated systems, the higher level con-
that can improve passenger safety and reduce losses by faler determines the “desired” motion of the vehicle for lower
venting the accidents that occur beyond the control of humbavel controllers which control the engine, brakes, steering, etc.
driver [18], [19]. Many of the components of such systems afiéherefore design of the higher-level controller requires a good
similar to those studied under AHS. The major difference is thederstanding of the vehicle environment. Design of the lower
different philosophies behind each. level controllers, on the other hand, requires a good model of
The CWS can warn the driver of an imminent collision. Stahe vehicle itself. There has been considerable theoretical and
tistical accident data show that a considerable portion of aexperimental research on developing controllers and models of
cidents is caused by driver's delay in recognizing or judgingdjfferent levels of complexity.
the “dangerous” situation. In forward collisions for example,
it is claimed that if an extra half a second of warning timé. Supervisory Controller

is provided to a driver, 60% of collisions can be avoided and The majority of studies have focused on longitudinal control
with one second of warning time this portion increases to 9086 vehicles, which is the base for different automated car ini-
[20]. Therefore it is believed that providing some sort of appraiatives like car platooning, ACC and forward collision warning
priate warning to the driver can help reduce the probability arghd avoidance systems. While lower level controllers are very
severity of car accidents. Car companies are involved in majgimilar for all these different control initiatives, the differences
research plans to implement CWS, which can increase safgfycontrol design philosophy are reflected more in the higher-
and therefore marketability of their products [21]. Major reguevel controller. Raza and loannou [23] and [24] have presented
latory state agencies are also interested in this area to imprevgell-structured high-level (supervisory) control design for ve-
safety of the roads. CWS have been in practical use in commaicle longitudinal control in different modes of operation. This
cial heavy-truck fleets [20] and buses [22] in the United Statesipervisory controller processes the inputs from the driver, the
for a few years now and have shown very successful. Howevigfrastructure, other vehicles, and the onboard sensors and sends
with all the known benefits of such CWS, the carmakers bege appropriate commands to the brake and throttle control.
the liability of their product and this slows the process of in- ACC and platooning are both vehicle-following modes with
troducing CWS in passenger cars. Also technical problems lisgme similar issues. However, in car platoons the goal is to
issuing false warnings need to be resolved before CWS can gaigintain very close following spaces between the vehicles to
consumer confidence. A more futuristic measure to prevent ciicrease highway capacity while in ACC the main objective is
lisions is a collision avoidance system that can perceive the dafaintaining a safe distance to relieve the driver from spacing ad-
gerous situation and automatically control the vehicle out @fstments. These objectives are reflected in the supervisory con-
danger. When the driver fails to perform the necessary emewiler design. In a platoon the acceleration of the vehicle is de-
gency maneuver, a collision avoidance system will take the cagrmined to ensure string stability of the vehicles that are closely
trol and brakes and/or steers the car to avoid a collision. Thglowing each other, such that vehicle-to-vehicle spacing error
control paradigms that can perform slight emergency manetbes not grow toward the end of the platoon [8]-[10]. Itis shown
vers are in an acceptably developed stage. However, more rohHat vehicle-to-vehicle communication [1], [9], [10] or use of
situation-recognition systems are required before such syste@gr-end sensors [25] is necessary for guaranteed string stability
can find practical use in every vehicle. Very robust and reliabig a platoon. This need for vehicle-to-vehicle communication
sensory system is essential for reliable operation of the syste@stricts practical and widespread implementation of platooning
Liability issues are even more important for collision avoidanger passenger vehicles. More recently the interest has been more
systems as they can potentially overrun driver’s decision and &gy fleets of heavy duty vehicles (HDV). In [26] a design for
sultin some unforeseen scenarios. Therefore liability issues gigck platoon control is explained and experimented. The em-
stronger challenges than technical barriers. phasis on HDV platooning has been more for increased safety
In the following sections, control issues, human factor coand efficiency of the fleet rather than increased highway ca-
cerns and liability considerations are discussed in more detaibgcity_ That could be reflected in a less aggressive supervisory
separate sections. Sensory requirements need a dedicated ggftroller for trucks. Also communication for trucks of a com-
lication and are not discussed in this paper. mercial fleet is more easily implementable than for random pas-
senger vehicles on the road. However, there are issues in the
design of the supervisory controller that are unique to heavy ve-
hicles. Mass of the heavy duty vehicle can vary considerably
Perhaps the most researched area in driving automation isitheifferent loading scenarios and mild road grades can be se-
control methodology. Once sufficient information is gatheredous loadings for a heavy vehicle [27]. Good estimation of mass
to understand the state of the vehicle with respect to other wd road grade can improve the performance of the supervisory
hicles and the road, a control scheme is required to either asntroller by reducing the chance of issuing infeasible control
sist the driver in controlling the vehicle or autonomously coreommands [27], [28].
trol the vehicle itself. Normally, a higher-level controller deter- For ACC, the emphasis is on safely increasing driving com-
mines the required kinematics of the vehicle for fulfilling refort rather than increasing road capacity. Therefore normally
quirements and meeting the constraints. In driver assist systeansonstant headway policy or other safe following policies is
this required kinematics would be compared with the driverissed to determine the following distance. The proper spacing
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is mostly determined by human factor issues which will be dis- The short-term collision avoidance/warning research ten-
cussed later in this paper. Once the desired spacing or velodgncy has been more toward longitudinal control (emergency
is determined, the upper level controller calculates the desid@gking) or warning to avoid rear-end collisions. In general
acceleration that “smoothly” and “quickly” reduces or increaseshen the distance from the preceding vehicle becomes smaller
the spacing or velocity to their desired values. To imitate hum#éman a warning distance, warnings are given to the driver. In
following behavior fuzzy or neurocontrollers can be trained more critical situation the braking distant measure is used
for spacing adjustments as suggested in [29]-[31]. Howevaw, automatically brake the vehicle. The appropriate warning
many proposed supervisory controllers are based on mathad braking distance are the key design parameters and are
matical models rather than real human behavior. Examples determined based on models of different complexity such as
application of nonlinear control schemes like sliding modihe models developed by Honda and Mazda [39]. Wilson [40]
control [32] and optimal dynamic back-stepping control [33ferived envelopes for determining brake timing for rear-end
in deriving the desired acceleration on the supervisory levebllision warning. A good model should also take into account
Liang and Peng [34] and [35] have implemented an optimtie conditions of the road and the driver. A sensor or model
control design to balance between various requirements ibased method is necessary to determine the tire-road friction.
following maneuver. The question is whether a human-liké et al. [41], [42] have derived a tire-road friction model for
following behavior is the best possible following way. It ighe design of a CA/CW system. Seiletral.[39] have proposed
true that an ACC which is trained by real-driver data mightodified versions of Honda and Mazda algorithms, which use
feel more “natural” but we need to also consider that differetite-road friction estimation to scale the critical distances. Also
drivers have different following habits and it is hard to pleagerovisions were made for the driver to be able to scale the
the wide spectrum of drivers with a system that imitates warning and braking distances according to his/her preference.
selected group. Besides a human driver makes decision basethe lateral control of vehicles for lane keeping, coordinated
on limited sensory tools. Imitation of this behavior whildane changing or emergency collision avoidance maneuvers is
using more accurate electronic sensors may not necessarilyabmore complex control task as it happens in a more complex
optimal. Moreover a mathematical following rule can be morgvo-dimensional environment. Lane keeping driver assist sys-
transparent than black-box human-like following scheme. tems can be commercialized in the near future. The research to-
The global impact of ACC on safety of highways is studiedard automating lateral maneuvers has a longer-term goal when
by Touranet al.[36]. They have used Monte Carlo simulationsuch systems are robust enough to be deployed without safety
to evaluate the probability of collision for a string of vehiclesiisks. Kinematics of a lateral maneuver is determined by the su-
Their conclusion is that ACC significantly reduces the probapervisory controller [43], [44]. Julat al. [45] have studied the
bility of collision between the ACC controlled vehicle and th&inematics of a lane change maneuver and the conditions under
leading vehicle. However, it slightly increases the chance of cethich lane changing/merging crashes can be avoided. Their re-
lision for the followers of the equipped car. sults are useful in assessing the safety of a lane change maneuver
The impact of ACC on traffic flow is a secondary effect andnd in designing CA/CW systems for them. Eskandarian and
is dependent on spacing policy which is determined at the Sthiriez [46] have proposed and designed a neural network to
pervisory level. Liang and Peng [37] have studied the influencetermine the path of the vehicle in a collision avoidance ma-
of ACC equipped vehicles on the string stability of a queue ofeuver based on a purely learning scheme. While each of the
manual and ACC controlled vehicles. They have shown thatgfoposed schemes have strengths and some have proved suc-
properly designed, ACC equipped vehicles can help improeessful in experimental conditions [43], the complexity of a real
the average velocity of the mixed traffic and also reduce tlseenario requires logical checks and redundancy in the algo-
average acceleration levels. These improvements translateittums to avoid unforeseen circumstances.
higher traffic flow rate, lower fuel consumption and smoother
and safer rides. Bose and loannou [38] show up to 60 percent
reduction in air pollution if 10 percent of vehicles are equipped
with ACC. They argue that smooth response of ACC vehicles While in designing the higher-level controller only the kine-
designed for human factor considerations filters out traffic digaatics of the vehicle is important, the design of the vehicle level
turbances and therefore reduces air pollution and fuel consurapntrollers requires a good model of dynamics of the vehicle.
tion. For longitudinal control a model for the engine, the drivetrain,
The driver initiates the ACC mode and is responsible for mothe tires and the brake system is required. For lateral control
itoring the performance of the system. Collision avoidance (CA) steering model is also necessary. Realistic models of these
and collision warning (CW) systems on the other hand are ahicle components are basically highly nonlinear. A few dif-
tive during the driving course. CA/CW are responsible for morfierent methods have been proposed for designing appropriate
itoring the driver behavior and for taking appropriate actiogontrollers.
if necessary. This basic functional difference between CA/CW Engine torque is a nonlinear function of many parameters.
and other longitudinal control initiatives increases the impoStatic engine torque maps which are used in most of control de-
tance of human factor concerns in designing a robust highergns are again nonlinear functions of engine speed and throttle
level supervisory system which is safe and effective. The exngle. Swaroopt al.[10] have used Input/Output linearization
gonomics of the problem will be discussed in more detail latés handle the nonlinearities of the engine. Gerdes and Hedrick
in this paper. [32] have designed sliding controllers for similar engine and

Vehicle-Level Controllers
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brake models and have shown successful tracking of desigdhe systems response and the control input to directly modify
kinematics in simulation and experiments. A more simplifiethe control action rather than adjusting the controller gains or
longitudinal model of the vehicle is presented in [25]. Detailglentifying the system parameters.

of the engine control design can be found in [47]. A compar- For |ane keeping or emergency lateral maneuvers for colli-
ison of different engine models for vehicle longitudinal contradjon avoidance, steering control is necessary. Modeling vehicle
is presented in [48]. Schiehlen and Fritz [49] have proposed agdering depends on tire-road interaction which is dependent on
compared a few different linear and nonlinear controllers for €Rrany parameters and is therefore complex. Most papers assume
gine control. Mayr [50] has skipped modeling of the engine angmplified models for steering control design. Shimakagel.
driveline and has instead introduced a simplified Iongitudin?ég] have developed a steering torque control system for driver
model, which relates the tire force to th.e throttle angle and Vgssistance in lane keeping. They proposed an LQ control design
hicle’s speed. He has designed a longitudinal controller basgg 5 bicycle model of the vehicle and tested it successfully on
on this model. actual vehicles. Peng and Tomizuka [64] have developed a more
Another challenge in longitudinal control is modeling an@ietajled steering model for a four-wheel vehicle model and have
control of the brakes. The performance of the brakes depergsigned a preview steering controller for path following. They
on various parameters, like the brake temperature and tire-r¢gfle shown improved tracking results when preview informa-
friction which are not constant and are difficult to model. Afign of the road ahead is available. Chan and Tan [65] propose

example of a nonlinear brake model can be found in [S1]. Feeglpost-crash steering control to stabilize the trajectories of the
back linearization is used for this brake model for controllgfenicles involved in a collision.
design and gpod performance is showr_l n experimentet Yi The major effort in the above-mentioned control designs is
al. [41] and Yi and Chung [42] used a sliding mode controller . . . o s
. o spent in developing good models of engine, transmission, ser
to control a nonlinear brake model for CW/CA applications. I ’ K ! i
ice brakes and steering. As far as research in these areas is con

heavy-vehicles another braking mechanism which is sitable %é)errned, much of the information about the vehicle components

ACC applications is engine-braking. In a diesel engine, wh?ﬂ . - . .
. . . L . .. like engine and transmission unit is proprietary and therefore
engine-braking or compression-braking is activated, fuel injec-

RO : academic researchers have limited access to this information.
tion is inhibited and as a result the turbo-charged diesel engineé . , . . L .
. owever, in today’s vehicles a lot of information is available
turns into a compressor that absorbs energy from the crank- . o . . .
. : . . through the engine control unit interface. Signals like static en-

shaft. It is an effective and economical way for slowing down.

a heavy vehicle and is suitable for longitudinal control ofHDng.e torque, transn_nssmn status, engine speed, vehicle speed
which are communicated between different controllers on the

for speed adjustments. However, the nonlinearities of the englnqﬂ|iC|e can be accessed through the vehicle’s CANBUS. These

are present in the compression braking too and static maps\fgr . .
. : signals are transferred under certain standards which are open
compression braking could be used to calculate the retardltn

torque. In [52]{54], Druzhininat al. present different com- 0°the public. For heavy vehicles for example, the J1939 stan-

pression brake control designs for longitudinal control of headard recommended by Society of Automotive Engineers (SAE)

) ) VY the practiced standard [66]. The CANBUS information can

trucks. Experimental results on successful coordinated use 0 o : .
. ; o A be recorded real-time in road experiments and translated using

service brakes and compression braking in longitudinal contr, .

is presented in [55] the corresponding standard. The data could then be used to con-

: ) . struct or validate models for engine, transmission and service
Most of the above mentioned controllers are fixed gain cofly : . :
. . ... brakes. This experimental data could even be used for direct de-
trollers. However, vehicle parameters vary during the life time
; . . . - sign of controllers [67].
of the vehicle. Certain vehicle or road parameters, like rolling ] ; o o
resistance, could change during a single trip. The issue of sensil? developing vehicle models for longitudinal control, it is
tivity to parameter variations is especially important for hea0stly assumed that tires do not slip. This assumption reduces
vehicles. The mass of a heavy duty vehicle can vary as mu§i§¢ complexity of the models and the controllers. This assump-
as 400% from one trip to the other. Road grade is also an inffien is acceptable for applications like ACC where high accel-
ential parameter on the performance of HDV. The closed lo&hation or decelerations are unlikely. However, in an emergency
experiments performed by Yanakietal. [56] indicate that the Praking maneuver for example, the wheels will slip. In such a
longitudinal controllers with fixed gains have limited capabilitypcenario a good tire slip model is necessary for good perfor-
is necessary to use an adaptive control approach with an i¥eme research papers, more research in the modeling side is re-
plicit or explicit online estimation scheme for better control pefduired in the future. Tire-road interaction in different scenarios
formance. Examples of adaptive controllers for vehicle contrt§l @lS0 important for lateral control designs. This information
applications can be found in the work by Liubakétal. [57], would be crucial to a collision avoidance system that should
loannouet al. [58], Odaet al.[59]. For longitudinal control of Safely steer the vehicle away from danger.
HDV, Yanakievet al.[60], [61] have proposed an adaptive con- This given summary of the state-of-the-art of vehicle con-
troller with direct adaptation of P1Q controller gains. Druzhining&rol systems represents only an overview of the extensive re-
et al. [54] have designed an adaptive control for HDVs usingearch conducted in this area. The control methodologies are
a Lyapunov function approach. Youcef-Tousatial. [62] have in a well-developed stage and are capable of fulfilling many of
proposed the time-delay control method for longitudinal contrtthe short-term objectives of VI, particularly ACC. However, for
of the vehicle. The time delay controller uses past observatioallision avoidance where more aggressive control actions are
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necessary more research on developing models of the comppinions and comments about IVI. Human factor issues were
nents and control design is required for guaranteed safety. among the major concerns in the forum conclusions. There has
The more challenging problems of automation emerge whalso been a joint international initiative for evaluating the safety
the impact of such automation on the drivers of the involvathpact of driver assist systems, including related HF issues [71].
vehicles is being considered. Section IV elaborates more on therhe research directions should determine the baseline human

human factor side of automation. driver behavior and then evaluate how different designs affect
driver's workload and how safety is influenced. Consequently
IV. HUMAN FACTOR ISSUES designs can be improved to achieve better driver acceptance and

The automated driver functions and assist systems areiHBreased safety. An example is the published research results
1 ACC designs from a human factor perspective.

longer prototypes and in the next few years many production ek i X . )
hicles will be equipped with such systems. Goodrich and Boer>0Me field studies have focused on determining driver
[68] categorize driver assist systems into driver assist Systeﬁ%-.followmg behavior [72]{75] qnd on |den'F|fy|ng dn‘ferent‘
that are initiated by the driver to safely promote comfort angfVing states [76]. These studies determine the baseline
assist systems which are initiated by the system to comfortabyman-driver behavior and help designing ACC systems that
promote safety. Human-factor studies play the key role to tHES compat|ble'W|th human driver tendencies.
successful implementation of both types. To access driver Qccep'gance of ACC, Hoedemgeker _[77] have
With the advanced automated driving assist functions, th@nducted a questionnaire study and two driving simulator
driver is responsible for supervision of the automated task to efi¢dies. They found while shorter headway times increase
sure safe and satisfactory performance of the system. The adfgttraffic flow, close following distances can be stressful for
systems normally relieve the driver from some routine physiciP™Me drivers and thus concludes that an adjustable headway is
tasks in driving, for instance in maintaining a steady headwggcess.ar.y to meetllnter_ests of qllfferent drlvers.. In some rural
from the preceding vehicle, but they increase driver's supery2d driving scenarios, like passing other cars, it was observed
sory responsibilities. The tradeoff between the relief and additft ACC could be more dangerous than helpful. To avoid such
pressure needs to be evaluated from human-factor point of viB{?Plems the drivers need to understand the limits of ACC and

to come up with acceptable and safe designs for the assist égg—.m to disengage the system when required. Based on result of
tems. their research they conclude that a well-designed ACC system

Designing a collision avoidance mechanism is even mof&" imp.rove the driving com'for't and also harmonize the traffic
complicated as it is now the system that is responsible for mdiR as it reduces speed variations. _ _
itoring certain driver's actions or consequences of such actiondn another simulator study Stanten al. [78] studied driver

and to identify if a collision avoidance maneuver is necessagfrkload and reclaiming control with ACC. They observed re-
A collision warning system has the added responsibility gticed mental workload when ACC is engaged, as the driver

communicating the situation to the driver so the driver cdf relieved from some of the decision-making elements of the
take a timely and safe evasive action. A poorly designed afgving task. Butth_ey g:on5|dered the p035|b|l_|ty that Iovx_/erlevels
overly sensitive system can increase driver's workload, whi@f Workload may indicate the extent to which the driver was
as a result can decrease driver's situation awareness, comfof, of the vehicle control loop. Similar to other human super-
and even safety. A very good understanding of the driver&SOry tasks, reduced levels of attention associated with lower
psychology and behavioral habits is therefore essential. levels of workload may affect the ability of the drlverto mgmtam
Human factor issues have recently been the subject of s@/areness of status of the system. They believe that inter-ve-
stantial research both in government agencies and industry. '€ spacing for ACC mode should be larger than the manual
merous projects are defined under the IVI program of US pd¥ode to provide 'the 'dr|vers with enough tme to reclaim the
to determine the important human factor issues in deploymé&@ntrol of the vehicle in an emergency scenario. They also sug-
of driver assist systems. A compendium of projects dealing wiggst that more attention is required on the driver interface of the
human factor issues in IVI can be found in [69]. In DecembélCC System to help keep the drivers in the control loop. Such an
of 1997, an IVI human factors technology workshop was helgterface would help the driver to develop appropriate internal
in Troy, Michigan. In this workshop, experts and stakeholdef@ental representations that will enable him to understand the
from public and private sectors and academia were asked'fgitations [79]. _ _
provide inputs to help identify important human factor issues " the same direction Goodrit al. [80] emphasize that safe
[70]. During two days of the workshop many research stat@nd effective ACC design requires that the operational limits of
ments were developed which can be categorized in four mArC be detectable and interpretable by human drivers. They
categories of human factor research needs: 1) Identifying t@UNt four basic factors for safe operation of ACC.
IVI implications for the driver-vehicle interface 2) Developing 1) The dynamic behavior of the ACC system should be pre-

driver models for IVI 3) Providing industry with human factor dictable by the driver;
design guidelines and standards for IVI 4) Determining the fea- 2) The ACC should decrease physical workload without
sibility and optimum design for integration of 1VI systems. A placing unrealistic demands on attentional management

more detailed description of finding of this workshop can be and human decision-making;
found in [70]. Also a forum was held in 1997 by ITS America 3) The transfer of authority between automation and human
in San Diego for various industry stakeholders to voice their  should be seamless;
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4) The operational limits of ACC performance should bEWS. Seileret al. [39] propose a graphical gradual light dis-
easily identified. play to warn the driver of the risk of a rear end collision. Driver
Research shows that drivers are less likely to use ACC imerfaces of some existing collision avoidance systems is as-
heavy traffic and are more likely to engage it when driving isessed in [91] and guidelines are proposed for design of driver
the fog, driving at night on an unlit highway, driving for longeiinterface of CW/CA systems.
periods of time, driving in low density traffic, and driving on an Human factor issues are not exclusive to driver assist sys-
unknown road network [81]. In [82] and [83] some results otems. Many sectors of technology conduct HF research for their
field experiments with ACC equipped vehicles are explainedproducts and the field is well-established with a vast body of
The number of studies on human factor issues of CA/CWhowledge which can serve as a good source for designers of
systems are not as much as those for ACC. However, it is interiver assist systems. Test results for identifying human driver's
esting to note that preliminary human factor guidelines for crashiving habits are available and could be used to establish a base-
avoidance and warning systems are developed for NHTSA a féme for performance of the driver-assist system. However, we
years ago [84]. A similar guideline [85] is prepared for AHS dethink more human-in-the-loop tests are needed with vehicles
signers. These guidelines are based mainly on existing hunthat are equipped with such assist systems. The results of these
factor handbooks and engineering texts and discuss functiotests should pinpoint the problems specific to each system. Such
requirements, interface philosophy, selection and design of caéests should focus on driver mental workload and objectively
trol and displays and design of driver-system dialogues. assess driver situation awareness with the assist system. The re-
In assessing driver-warning systems, Dunges [86] believagts should help design systems that keep a good balance be-
that the difficulty in getting exact knowledge of driver’s intentween decreased driver workload and his/her situational aware-
tion by technical sensors will cause the warning systems to geress. For ACC, the major design concern should be following
erate frequent false alarms. He adds that action recommendiatances that are compatible with driver age, gender and prefer-
tion systems or even automatic control systems can be safer teanes and the traffic condition. The operational limits should be
warning systems as long as such misunderstandings of driverfsarly conveyed to the driver. For CA/CW detection of driver’s
intended action exists. This point of view is different from theituation alertness is a challenging task which needs more re-
belief that warning systems are more conservative measusearch. Timely and accurate determination of driver alertness
among the possible driver's assist systems. can increase the safety and improve reliability of the system
Based on three publicly available empirical studies Stanttwy reducing false alarms. Driver interface design for CA/ICW
and Young [87] conclude that automation can reduce drivesystems is open for more research. Haptic interfaces have been
mental workload to a certain degree. Also they suggest that aesearched in other fields and the available knowledge can be
tomation leads to greater predictability and smoothness of teetended for assist systems as well. More research on the gov-
vehicle handling, which reduces driver stress. However, they ddrnment side can improve the available HF guidelines and could
served that sometimes drivers had difficulty in reclaiming vepossibly extend to standards for the manufacturers. Addressing
hicle’s control. Then they discuss a few psychological key i$4F issues is key for industry in developing marketable driver
sues that are pertinent to vehicle automation and those are dBsist systems. Panel discussions and workshops similar to ones
following: held are especially important for a better understanding of HF
1) locus of control which is the extent to which removal ofSSUes.
control from the driver affects performance of the vehicle;
2) trust of the driver in the automated system;
3) situational awareness of the driver about the operational
status of the technological system and the driving context; Previous sections of this paper discussed the safety impli-
4) the mental representation that the driver builds up of tleations of driver assist systems to some extent. The discussed

V. LEGAL AND INSTITUTIONAL ISSUES

automated system; driver assist or warning systems can potentially improve the
5) mental and physical workload associated with automsafety of the roads, but may change the character of automobile

tion; accidents. Therefore, there is the possibility that introduction of
6) feedback of the state of the system to the driver in dhese systems shift the liability distribution from the motorists

effective manner; toward the manufacturer of the product. The potential legal lia-
7) driver stress. bility and cost of liability insurance for the manufacturers might

There are few research papers that address the driver inthscourage the rapid development and widespread deployment
face. Serafin [88] uses computer simulated ACC experimentsdbassist systems. Understanding legal influences of driver assist
determine driver preferences for the adjustable distance consgstems certainly requires more research. Consequent national
labels for ACC. A driving simulator study has been carried ogiovernmental will and support in terms of legislative measures
by Stapleforcet al. [89] to develop possible guidelines for de-can ease many of the current complications of such a “venture.”
signing and positioning the visual interface of an ACC systeriihe available published research reports that analyze the legal
A brief description of ACC driver interface can also be foundnd institutional difficulties of driver assist systems are very few.
in [13], [14]. Lloyd et al. [90] provide a good comparison of The few existing reports and papers mainly discuss the legal
different possible warning methods to the driver and propossues of automated highways (AHS) rather than mere vehicle
a brake pedal pulsing methodology as a better alternative fevel automation. However, due to many common issues, these
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studies provide a good understanding of legal and institutionalThere are common or particular interests between the gov-
influences of vehicle level automation as well. ernment agencies, private companies, academic and research
A very informative account of liability and insurance impli-institutes in advanced vehicle and highway control systems.
cations of such driver assist systems is provided by Syverilile government agencies are more interested in increased road
[92]. He first briefly discusses the current United States legafety and improved traffic condition and the private sector’s
islation for automobile accidents and the subsequent lawsuitgerest is in more marketable products. Therefore each sector
With current pattern of accidents, the negligence trials agairsts more or less invested in research and development of such
owners or drivers of vehicles outnumber those against maraystems. Currently the Transportation Research Board has a
facturers or highway owners. Most of the liability costs of thegal program compromising of seven technical committees.
accidents are paid by car owners, through their own liability ifdne of these committees deals with emerging technologies
surance. Syverud explains how different driver assist warningamd draws on attorneys from state and local government. Also
information systems might shift the liability distribution towarcannual meetings and workshops are held by TRB which address
the manufacturer or highway owners (for intelligent highwag broad range of subjects on transportation laws. These meeting
systems). For driver information/warning systems, he proposasd workshops can serve as a good medium to communicate
techniques that manufacturers can use to reduce the liabititye legal and institutional issues of driver assist systems.

costs without massive tort law reforms: Academic units have contributed substantially to both public
1) providing product warnings; and private research relying on their multidisciplinary scientific

2) recording and documenting the performance of assist sy@sources. The common trend in recent years has been more
tems: toward formation of alliances between the public, private, and

3) buying liability insurance covering the warning system;academic institutions and a kind of international and multidis-

4) having an independent producer/installer with fewer agiPlinary cooperation has preceded national and international
sets produce/install the system after the car is purchaséinpetitions especially in advanced highway system research.
by the consumer; Chen and French [96] have provided a more detailed account

5) persuading the state legislatures to enact laws that fail@feorganizational response to intelligent transportation systems
of a Warning System can not be used as a defense ”@.laj the difficulties that exist. They have reviewed the structure
negligence suit; of the organizational activities across Europe, United States

6) cooperating with federal agencies in implementing drivé&nd Japan toward materialization of advanced highways, which
Warning systems in accordance with guide"nes promLﬂaﬂ also be helpful for future deC|S|0n-mak|ng in the related

gated by federal government. areas such as IVI.
The case is a little more complicated for vehicle control
systems that automate some driving tasks. While such systems VI. CONCLUDING REMARKS

can generally improvg the safety, system failure in such caseShe recent trend of research on development of driving
can have catastrophic consequences. System manufactufgiss: systems was reviewed in this paper. The focus was on
and highway owners are more likely to be the defendants izc, collision warning and collision avoidance systems and
a tort suit. For controlled highways specially, a failure Caghejr impact on driver's comfort, safety and traffic flow. The
involve many vehicles resulting in numerous lawsuits againg§jyances in AHS were also briefly investigated as they have
manufacturers and highway owners. Syverud [92] revievgsiot in common with the aforementioned vehicle-level driver
some federal legislation promoting other breakthrough neysist systems. AHS serves a more futuristic purpose and due to
technologies and based on his review, he suggests fedgsgl many financial, technical, and institutional barriers that are
indemnification for catastrophic liability. While his discussiony jts way, is unlikely to materialize in near future. The vehicle
mainly addresses automated highway systems, it is informatiygsed assist systems on the other hand have fewer barriers to
on the vehicle level automation as well. pass before they can find widespread use. As a result these
Costantino [93] looks into some other institutional barriersystems have attracted special attention and some have reached
to development of 1VI mainly from the government point othe production line. It is quite ironic however, that the benefits
view. He explains the studies of Institutional and Legal Issuggd deficits of such systems are not completely understood yet.
Committees established by IVHS America to understand po-The ways in which ACC systems can improve driver com-
tential nontechnical constraints to IVHS implementation. In fart are explained, and at the same time different viewpoints
more recent paper, Khasnakisal.[94] discuss the governmentof the safety of ACC are discussed. Some researchers support
liability for automated highways and elaborate on sovereighe idea that reduced driver workload can help the driver for
immunity issues and the required standards. They analyze theafer control of the vehicles while others believe that a poor
practical measures that can be taken by the government whilgsign for ACC with very low attention demand can be poten-
exempts the government agencies from lawsuits in IVHS rgally hazardous. There is also a lot said about the impact of ACC
lated accidents without undermining the interests of the citn traffic flow. While there is almost unanimous agreement that
zens or discouraging private investment for development. Théth ACC equipped vehicles, a smoother traffic flow is possible,
above-mentioned references evaluate the problem under Unitesl effect on the capacity of the highways has been looked at
States laws. Feldges [95] presents a similar analysis for tihem two different perspectives. A safe and comfortable design
German legal system. requires longer headway between the vehicles. Abiding to this
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design will decrease road capacity. However, shorter headway4]
times that do not reduce highway capacity are not totally ruled
out. Stable following with very short headway times which can [5]
considerably and safely improve the capacity of highways is
possible with some means of communication between the ve—[G]
hicles, which looks like a longer term goal for automation.

Collision warning and avoidance systems have the added’]
complexity that they should be able to recognize a hazardou?sl
situation and communicate it to the driver. This is in contrast to
ACC system for which the driver has the responsibility to su-
pervise. However, there are similarities in sensory requirementégl
and control methodology. The human factor issues are of great
importance for CW/CA systems and therefore a section in thi$to]
paper was dedicated to this subject.

The less researched area of legal and institutional barriersi]
for vehicle automation was also discussed. These issues could
potentially hinder the market implementation of many of the[12]
full-automation systems. These may even include systems that
one technologically rendered feasible.

The future research for ACC needs to focus more on dep3;
termining appropriate following distance for different drivers.
The global impact of ACC on traffic flow is another issue to

. . . 14
look more into. Collision avoidance and many CWS are in a
less mature position and need more research in various are@ks]
Human factor issues are especially important for CW/CA sys-
tems. Detection of driver alertness is a challenging task and
will ensure timely and effective warning/evasive action. Most[16]
available control actions are tailored for mild automated ma-l7]
neuvers. For collision avoidance or stop and go ACC more ag[—
gressive control actions might be needed. So in the control d¢t8]
sign operational limits of the vehicle and actuator saturations arﬁgl
additional issues to be considered. For collision avoidance thé
brake or steering might operate close to their limits and therefori0]
more accurate modeling of these components might be nec 1
sary. Legal issues are serious considerations before CA/CW can
be widely deployed. Special research on the government side
is necessary to remedy solutions which will encourage man;t- 2]
factures in developing such systems. Moreover guidelines a (21
possibly standards can be devised by the government to reguldge]
design of driver assist systems.

This review of the research on driver assist systems for ACGpy)
collision warning and avoidance systems, provides a convenient
way of evaluation of the recent research advances in the field. ¢!
serves as a thorough reference for researchers and engineers in
automotive and highway engineering and will also be an intro-
duction for those who are less familiar with the subject. [26]

[27]
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