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Safety Data Needs, Resources, and Issues 

RICHARD M. MICHAELS 

Two concepts of safety in transportation are presented. One is 
termed the "system design" definition and the other is the "cas
ualty" definition. A discussion of accident statistics is provided, 
along with a look at the conceptual structure of safety data sys
tems. Accident mitigation efforts are analyzed, and safety data 
needs are discussed. It is concluded that safety is an essential 
criterion of the effectiveness of all transportation modes. A more 
consistent and coherent safety policy would require more sophis
ticated data bases than are currently used. However, if they were 
employed, limited resources could be allocated more effectively 
and all modes could be measurably improved. 

Data are required for safety policy purposes to achieve three 
objectives: 

1. Safety investment decision making, 
2. Safety program evaluation, and 
3. Rationalization of regulatory policy. 

The first objective is concerned with program initiatives 
necessary to improve the safety performance of the mode. 
What data are essential for the Office of the Secretary of 
Transportation (OST) to evaluate proposed initiatives and 
the resources required to implement cost-effective safety 
programs? 

The second is concerned with the data required to evalu
ate the performance of the modes and their safety pro
grams. What data, functional and economic, are essential 
to determine the cost effectiveness of such programs after 
implementation? 

The third is concerned with the role of the U.S. Department 
of Transportation (DOT) in regulating transportation modes 
to increase or ensure safe performance. What data are needed 
to rationalize anci justify imposition, relaxation, or extension 
of the safety design or operational regulations of the various 
modes? 

At present, a wide range of data has been collected by the 
modal agencies within DOT and other public and private 
agencies with a stake in transportation safety. Relatively little 
of the safety data is useful for policy purposes as defined here. 
This is true because there has been and continues to be a 
basic confusion of definitions of safety and a basic unwilling
ness at the policy level to confront the measurement problems 
inherent in those definitions. Both have Jed to frequent mis
allocation of resources and an inability to evaluate the cost 
effectiveness of safety programs. 

The purpose of this paper is to review the definitions of 
safety and develop an operational framework from which the 
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data required to satisfy the policy goals outlined above may 
be derived. The paper is divided into three sections. One is 
devoted to safety constructs. A second is devoted to the oper
ational priorities deriving from those constructs. The third is 
the information required for policy making and analysis. 

ALTERNATIVE CONCEPTS OF SAFETY IN 
TRANSPORTATION 

The concept of safety in transportation has had a long history. 
It has had two levels of meaning, one reactive and the other 
rational. The first reflects the response to a real or perceived 
threat in the interaction between mechanical systems and users 
or operators. The threat derives in part from the uncertainty 
about the systems and their potential for harm, in part from 
their scale relative to users, and in part from direct and vicar
ious experience with those systems. People thus respond with 
the same variety of emotions that they exhibit for natural 
events that are or appear to be beyond their control. 

The rational meaning has emerged as a response to system 
design and its economic consequences. The driving force has 
been to create mechanical systems that produced wealth for 
producers and consumers. Engineering; theoretical or empir
ical, was the vehicle for generating the systems that produced 
this wealth. The limitations of design engineering, however, 
produced systems that were frequently unreliable and often 
poorly adapted to user capabilities and limitations, physical 
and psychological. Inherent, then, in the design of systems 
was a willingness to accept a risk of failure, including harm 
to users and operators. 

One of the consequences of this evolutionary engineering 
was that it led to an externality in which the reactive and 
rational converged to create a unique definition of safety . 
This has been tort Jaw and the concept of negligence. In the 
occurrence of harm to users and operators of mechanical sys
tems, who is responsible and who must recompense a "vic
tim"? This is an issue that has come to be a hallmark of 
industrial societies. Liability insurance, the legal profession, 
and the courts have become the subculture responsible for 
managing the resolution of damages done by transportation 
engineering. 

For this social mechanism to function, it must focus on a 
specific event that has been the "accident." It must determine 
the "cause" of accidents as a basis for adjudicating negligence. 
It has accomplished this through accident investigation, recon
struction, and analysis. It has, as a consequence, defined safety 
as a casualty event. 

Out of this history have arisen two different definitions of 
safety, which have consistently been confused. One comes 
from the systems engineering tradition, which defines safety 
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as the performance accuracy and reliability of the system and 
its component elements. Its focus is on component and sys
temic performance and the analyses of their modes of failure. 

In this frame of reference, safety is part of a continuum of 
system behavior. Damage to persons or property is derivative. 
The accident as casualty is the unpredictable outcome of ran
dom failure in the Baysian sense. Knowing the characteristics 
of the components of a system, it is possible to estimate the 
probability of failure. It is equally possible to evaluate the 
random variations inherent in system performance and esti
mate the probability of deviations from ideal. The system 
design approach thus deals not with any discrete event (e .g. , 
accident) but with the continuum of system behavior and its 
performance. Failure analysis is one well-developed method 
for evaluating system design. Unfortunately, the more rnm
plex the system and the more empirical its design, the less 
reliable is failure analysis. 

The second view of safety is that of a casualty event. Its 
focus is on the damage resulting from "accidents." This 
approach has developed both a conceptual structure and 
a methodology for evaluating accidents and developing 
hypotheses, structural and institutional , for reducing the effects 
of accidents. It has also used accident analysis as a means of 
determining causality. In very simple systems or those very 
rationally designed (e.g., aircraft), investigation of accidents 
has been useful in identifying component and system fail
ures as a basis of engineering modification. In less rationally 
designed systems (e.g., highways), the approach has been less 
successful. 

In sum, there are two different definitions of safety. One 
is the system design definition and the other is the casualty 
definition. Each leads to radically different analysis, data, and 
policy requirements. Each also leads to radically different 
measures for policy purposes. Both safety definitions are 
essential for determining programmatic effectiveness and con
ducting policy analysis, but they need to be treated separately 
for policy purposes. 

ACCIDENT STATISTICS 

In almost all modes of transportation, the casualty approach 
has been the dominant, socially acceptable frame of reference 
for safety. Consequently, all transportation agencies use acci
dents as the safety criterion. The counting of accidents pro
vides the dominant data of safety. FHW A uses accident rates 
to measure each state's safety program effectiveness. NHTSA 
uses accident data as a basis for automotive safety standards. 

Accidents as the definition of safety and the criterion for 
system performance leads to a series of measure issues that 
need to be clearly recognized. These issues are (a) data acqui
sition, (b) data normalization, (c) interpretation for policy 
implementation , and (d) evaluation of policy initiatives. Fun
damentally, unless the accident measures used are rational, 
mathematically determinate, and reliable, they are useless for 
policy purposes . 

The first consideration is the accuracy of the definition of 
accidents in the transportation system. Practically, an accident 
is defined in every mode of transportation by the magnitude 
of damage and casualty. For commercial carriers, either all 
accidents are reported, as in aviation, or all those over a 
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certain dollar amount (e .g., $7,500 in rail transportation, if 
damage is restricted to railroad property). In all commercial 
carriers, significant injuries and fatalities are reported and are 
subject to investigation, hence such accidents are accurately 
counted whether they involve carrier labor or system users. 
Such accident data bases also allow a reasonably accurate 
estimation of the direct costs of the event in terms of repair 
and replacement. Accuracy of cost estimation drops rapidly 
when either indirect effects, such as time and administrative 
costs, or the life cycle costs of victims are considered . 

In highway transportation, even the counting of accidents 
becomes a far more difficult problem. Only a small fraction 
of all accidents are reported, much less investigated . Those 
that are investigated are the responsibility of the criminal 
justice system. (This is in marked contrast to aviation , rail, 
and transit accidents, for which at least the carrier, and in 
major accidents the federal government, has technical spe
cialists assigned to investigate and analyze such events.) The 
level of sophistication in accident analysis is low, as is evident 
in the accident report forms used. There is no medical eval
uation of the victims, little evaluation of the structural damage 
to the vehicles, and no cost analyses. These evaluations are 
almost always left to the legal system and the insurance indus
try. Little of that process becomes part of any accident data 
base, especially at the federal level. Through its claims proc
ess, the insurance industry probably has more data on highway 
accidents and their costs than any public agency. However, 
these do not appear to be accessible in any form useful for 
policy purposes. 

In sum, in highway transportation especially, accident data 
are unreliable and incomplete. More fundamental, however, 
is the fact that accidents are rare events in all modes of trans
portation. To describe them statistically requires the use of 
complex distribution functions, that is , statically as compound 
Poisson or dynamically as Markov processes. In essence, acci
dent occurrence is rarely the consequence of a single event. 
In almost all cases, regardless of mode, several factors oper
ating in time and space conjoin to produce the event. In most 
situations, these factors are unique and cannot be generalized. 

Further, the occurrence of a serious injury or fatality may 
bear little or no relation to the cause of the accident. What 
happens after the initiation of the sequence that causes a 
vehicle to become "out of control" may not be predictable. 
It should be recognized that the process occurring after the 
event is a different operational regime, the transition describ
able at best by chaos theory. To use fatalities as a criterion 
for safety in almost any mode of transportation, either as a 
measure of safety or as a basis of policy, is largely futile. 

Beyond the complexities of accident accounting and the 
temporal and spatial relations involved in their occurrence, 
another fundamental issue exists: exposure. In all modes of 
transportation, accident frequencies need to be normalized 
to obtain a measure of performance or risk. Three global 
measures of exposure have been used: (a) vehicle or passenger 
miles of travel, (b) population, and (c) vehicle volume. The 
implicit assumption behind exposure is that the probability of 
an accident is directly related to the amount of time spent on 
the system. The validity of this assumption has never been 
proven for any mode of transportation, certainly in the aggre
gate sense and especially using vehicle or passenger miles of 
travel. In the case of aviation, 75 percent of all accidents occur 
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on takeoff and landing. Passenger miles of travel clearly are 
no measure of this class of event. Accidents per flight oper
ation are more relevant but obviously must be weighted by 
aircraft size and/or passenger load, to say nothing of airport 
operations and environment. On the basis of passenger miles 
of travel, general aviation could be expected to have a far 
greater accident rate than commercial aviation, even if the 
probability of accidents was the same. This is true simply 
because the number of passengers per operation is much greater 
on commercial flights than in general aviation, although the 
number of operations in general aviation is much greater. 

In highway transportation, the issue is even more compli
cated . If exposure is really defined by time, then the vehicle 
miles of travel (VMT) will be in error at least by an amount 
equal to travel speed on any highway segment. If a trip is 
made using three equal roadway segments-arterial, primary, 
and freeway-and the travel speeds on each segment are in 
a ratio of 30, 45, and 60 mph and the likelihood of an accident 
is simply a function of time, then an accident rate using VMT 
should be 1.3 on the primary and 2 on the arterial relative to 
the freeway. This is less than observed fatality rates on the 
VMT basis, but considering the previous discussion , the dif
ference is not that great. 

Even if VMT is considered a legitimate exposure measure 
for highway and bus transportation, measurement accuracy 
is a problem. This is not an issue in aviation, because of federal 
requirements for aircraft maintenance and management. The 
hours flown by each aircraft are documented, even if passen
ger load is not. Similar but less precise data are available for 
railroad and transit. In highway transportation, however, VMT 
is estimated as an aggregate or by highway system (e.g., vol
ume x gasoline consumption x average miles per gallon per 
vehicle; in special studies , average daily travel (ADT) is deter
mined for a given highway segment) . Each of these are sto
chastic variables, each with a different distribution function . 
However, each is a derived value (i.e., an annual average). 
No variance is defined for the product, so the reliability of 
the measure is indeterminate. Examining the characteristics 
of the individual distributions leads to the inescapable con
clusion that VMT is unreliable as a measure of exposure in 
highway transportation. More sophisticated types of statistical 
analysis can be used to measure accident probabilities in spe
cific design situations reliably. These are complex and are not 
currently used at the policy level. 

From a policy standpoint , aggregate measures of accident 
rates are arbitrary and inherently unreliable when commonly 
used. Little evidence suggests that any of the global mea
sures of accident rates are useful for policy purposes. There 
are vitally important reasons for conducting accident analyses 
and collecting accident data. However, attempts to measure 
transportation system safety on an aggregate basis, as is cur
rent practice, are highly suspect and unproductive for policy 
purposes. On the contrary, they may be major deflections 
from more operational means of improving the safety of 
transportation. 

SAFETY: A CONCEPTUAL STRUCTURE 

It was suggested earlier that there are two different domains 
that must be kept distinct in any discussion of safety. One 
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concerns the engineering performance of the mode. The other 
concerns accidents. Each requires a different analysis frame
work and a different policy data base. The objectives of the 
two domains may be defined as follows: 

•The engineering mode (the design and operation of any 
transportation system) is to minimize the probability of failure 
in its performance. 

•Accident analysis is to minimize the consequences of a 
failure event to humans and materiel involved. 

Safety inheres in the design of a transportation system inso
far as the behavior of that system is predictable. There are 
three basic means of determining system predictability. One 
is through the development and application of verifiable design 
theory. The second is through failure analysis. The third is 
through understanding the higher order interactions of the 
components that make the system operational. In surface 
transportation especially, and in highway transportation in 
particular , none of these three requirements for the design of 
a safe system is met. In many of the attributes of highway 
transport , the failure modes are well known but cannot be 
eliminated cost effectively. Contrast, for example, aviation 
and highways under conditions of ice and snow. Significant 
decreases in the coefficient of friction will close airport oper
ations, but highways close only in the most extreme situations. 
Yet reducing frictional contact places the controller (the driver) 
in the position of having to operate without knowledge of the 
change in vehicle response. The consequences for system per
formance and safety are well known. 

This, of course, is an obvious example of a well-recognized 
failure mode. There are much more basic and subtle exam
ples, which are not well understood or even recognized , espe
cially in highway transportation . To a significant degree these 
relate to vehicular and system control, which in all modes are 
largely left to human operators. Since the detailed mecha
nisms of human control of the automobile, train, bus, or 
aircraft are not understood, the range of reliable performance 
of these systems is not predictable. This is the case partly 
because these systems have not been designed to match the 
capabilities and limitations of the human operator. In com
mercial aviation, compensatory and redundant mechanisms 
minimize the uncertainties in pilot performance. This is far 
less developed in the surface modes . 

It is interesting to compare failure mode analysis for the 
command and control component of transportation systems 
with that for the structural and mechanical components of the 
systems. It is inherent in the design of every mechanical e'le
ment of transportation vehicles that comprehensive failure 
analysis is undertaken from the design stage through test and 
evaluation. Airworthiness certification involves detailed fail
ure mode evaluation. All contracts for rail transit vehicles 
require similar analysis as part of the procurement. Auto
motive engineering involves comprehensive component and 
structural evaluation for vehicles of any size and use . It inheres 
in the engineering. 

To determine the safety of any mode of transportation, 
there must be an identification of how the system does and 
may fail. This is not usually a discrete event but a continuum 
of performance under different ranges of operating condi
tions. What uncertainties occur under what static and dynamic 
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situations? What conflicts arise in the interaction among vehi
cles (e.g., weaving sections of freeways)? As a basic data set, 
it would be worthwhile to have each transportation admin
istration define and prioritize the failure modes. This would 
allow a far more rational basis for safety investment than is 
currently followed. 

If failure analysis were used as a basis of safety policy, it 
should be recognized that within the current state of knowl
edge it would be incomplete (as in the failure of the Nimitz 
freeway structure). On the one hand, none of the modes has 
sufficient theoretical understanding to identify all the failure 
modes. On the other, data on system operations are too lim
ited to allow reliable failure analysis. This is one reason that 
failure investigation is useful. Where system performance is 
not fully understood, operational failures can identify design 
problems. Clear air turbulence and wind shear are two exam
ples where unpredicted behavior of the medium as reported 
by pilots (to a lesser degree through accident investigation) 
led to the modeling of the phenomena. This, in turn, led to 
design and operational modifications that sharply reduced the 
threat to system stability. In highway transportation, the 
Europeans have been much more active than the Americans 
in using conflict analysis for identifying potential failure modes. 
For safety investment and evaluation, for policy purposes, 
such analyses would provide a policy-sensitive safety data base. 

What is increasingly clear is that new technologies holding 
tremendous promise for reducing operational failure and con
flict are emerging in the 1990s. Viewed from this perspective, 
collision avoidance technology is becoming an important means 
of reducing failure probabilities in all modes. Automated 
warning and override control systems are well within the state 
of the art for surface transportation modes and are, of course, 
well advanced in aviation. The underlying issue over the next 
decade will not be the transfer of this technology but rather 
the determination of the performance dimensions for which 
that technology will offer the highest safety returns. Without 
a detailed understanding of the failure modes, it will be impos
sible to evaluate the return on collision avoidance or safety 
technology. Equally, without an understanding of the under
lying performance mechanisms, it will be impossible to design 
such safety technologies. 

An example of a new technology that reduces one failure 
mode is antilock brakes. Basically, this system responds to a 
particular braking system failure caused by drivers who have 
no way of knowing the relation between brake pedal pressure 
and brake lock-up. It does not prevent skidding or loss of 
steering control under very low friction conditions. It does 
resolve a narrow range of that set of failures in highway trans
portation, just as it has in aviation for years. 

Automated headway control has recently been proposed 
for highway transportation, not only to reduce rear-end con
flicts but also to increase highway capacity. Such control has 
been an integral part of aviation and rail transport; however, 
it has developed in both these modes as part of a superordinate 
control system. The pilot or engineer is given instructions 
either symbolically or verbally of the "safe" space coordinates 
and is expected to navigate within those assigned spaces. In 
the highway transportation proposal, the concept is based on 
maintaining continuous control over separation of individual 
vehicles. 
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There is an implicit assumption in such a proposal that 
separation of automobiles is a nonrational driver behavior. 
Yet there is considerable research to indicate that headways 
are dictated by both desired relative speed control and steer
ing control. Without understanding the driver control modes, 
superimposed systems may degrade rather than improve sys
tem safety performance. Without understanding control 
dynamics of any transportation system, it is impossible to 
design technology that will predictably improve system safety. 

In the end, technological changes in system design must be 
based on an understanding of how the system performs. With
out that data base, it is not possible to define safe design. In 
most modes of transportation, aviation perhaps less than sur
face, the current understanding is not sufficient to ensure devel
opment of standa1ds fo1 01 design of safety. The issue is not 
one of technology-mechanical, electronic, or structural
but rather understanding the basis of system failure. 

Collision avoidance technology may be viewed as inherent 
in the design of the transportation mode or superimposed on 
its current structure and performance characteristics. The for
mer derives from design theory and may be either evolution
ary or revolutionary, depending upon the state of engineering 
knowledge. There is little question that in all modes the evo
lution of engineering knowledge has led to design, standards, 
and regulatory changes that have produced safer transpor
tation systems. Similarly, failure mode analysis has been an 
integral part of aviation system design and in rail transit is a 
requirement for railcar procurement. The level of sophisti
cation clearly varies for the different modes, but failure mode 
analysis is a recognizable function in vehicle and structural 
design, at least. It does, however, need to be integrated into 
the operational analysis of transportation to a far greater degree 
than currently practiced. From a policy standpoint, a knowl
edge of where and under what conditions the system and its 
components fail would provide a far better safety data base 
than current practices. 

In the operational domain in all modes, but especially high
way transportation, conflict analysis has emerged as a poten
tially productive tool for evaluating operational safety. The 
techniques are well developed but lack consistent application 
in the field. However, FHW A has now produced a manual 
for the states on making effective use of conflict analysis. 
Again, a systematic collection of conflict data would be most 
useful for safety policy objectives. 

Data of the type discussed in this paper have been and are 
collected largely under the rubric of research. Much is known 
about design and operational failures and conflicts. Much of 
this knowledge has not been systematized in ways that can 
be used for policy purposes. It is certain that if the modal 
agencies were asked to provide such data for policy purposes 
they could do so. Certainly FAA collects incident data that 
can, properly analyzed, provide a significant policy data base. 
Its current program to develop an integrated safety data sys
tem is an attempt to do this. 

ACCIDENT MITIGATION 

It will never be possible to eliminate harm to users or damage 
to property in any transportation system. As part of the evo-
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lutionary engineering design process, the probability of failure 
will continue to be reduced. However, the underlying design 
theory will never be sufficient to eliminate all sources of oper
ational failure that directly or indirectly lead to property dam
age, injury, and fatalities. This will be true, in part, simply 
because every mode will be used to its structural, organiza
tional, and operational limits to extract the maximum benefit, 
economic or social. 

Given that, the question becomes one of mitigating the 
consequences of such events. This leads to the separate domain 
of accident analysis. In essence, regardless of any antecedents 
in the operation of the system, accidents require analysis with 
the objective, as previously stated, of minimizing their effects. 
This whole domain requires both a frame of reference for its 
analysis and a body of data for setting priorities for modifi
cation and regulation of the system. Such data constitute the 
basis for accident mitigation policy making. 

Any accident mitigation effort divides naturally into three 
component elements: 

1. Analysis of crash dynamics, 
2. Engineering of damage reducing systems, and 
3. Minimization of the consequences of accidents to 

occupants. 

In any mode of transportation, the forces to which the 
occupants are subjected, the time rate of application of those 
forces, and the locus of their application to the occupant are 
major determinants of the extent of damage. Because of their 
complexity, these processes in real accident events are extremely 
difficult to analyze and model. In aviation, FAA has been 
involved in such research for years and has developed an 
understanding of some of the processes occurring in aircraft 
accidents. The work in fire propagation is especially note
worthy, as it has led to major design and materials changes. 
Whether these changes have led to reductions in aviation 
injuries and fatalities is probably indeterminate, but they do 
provide a rational basis for accident mitigation. 

In highway transportation, accident analyses have led to a 
recognition that a significant proportion of serious injuries 
and fatalities are the consequence of ejection from the vehicle. 
Much of the accident minimization attributed to seatbelts is 
because they reduce ejection. It becomes much more difficult 
to evaluate modifications internal to the vehicle. This is due 
in part to the complex interaction of the motions of a body 
in an accident and in part to the interactions between the 
different body structures and the vehicle interior. The bio
mechanics are inadequately understood to model the conse
quences for all but the simplest force dynamics. This makes 
it extremely difficult to reliably specify the elements of the 
vehicle interior that are the source of the trauma or whether 
their modification would significantly reduce injury or fatality. 
Consequently, any regulatory policy must be compromised 
and it is difficult, if not impossible, to evaluate the cost effec
tiveness of such proposed regulations. 

This issue is most salient in highway transportation, where 
the numbers of accidents are so large and distributed so ran
domly. Compounding this difficulty is the way in which acci
dent data are collected. Highway accident investigation is 
done by police for purposes other than accident mitigation. 
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The nature of the information is largely superficial and cannot 
be used to evaluate the sources of trauma or damage and 
certainly not the crash dynamics. Beyond that, there is little 
coordination and cooperation between the health care system 
and the accident investigator. For a variety of reasons, it is 
almost impossible to obtain hospital records of accident vic
tims to precisely identify the locus and severity of injuries or 
the consequences of treatment on the time of recovery or the 
enduring effects of the accident. Without such data, it is 
impossible to evaluate the accident and obtain the knowledge 
to improve the design of the system. Further, without such 
cooperative efforts, data on even the direct costs of accidents 
will remain unreliable. 

These limitations are well recognized in the field, and NHTSA 
has, over the years, supported intensive and expert accident 
investigation. Although much has been learned from such 
programs, they have a fundamental limitation: ex post facto 
analysis cannot reconstruct the dynamics and hence cannot 
reliably determine the cause of trauma. The result is that, on 
the operating system level, only the occurrence of the trauma 
and, at best, its gross source can be reported. Finally, most 
investigation has focused on fatality accidents, which may 
provide far less useful understanding of crash dynamics than 
injury accidents. 

These limitations have led to the use of alternative means 
of analyzing crash dynamics. Some have involved analysis of 
the force dynamics of vehicles in controlled crashes. Others 
have involved animal and human cadavers, but most have 
employed anthropometric dummies in controlled impacts. 
Dummies, unfortunately, are crude representations of the 
human body and do not reflect most of the complex inter
actions of skeletal and soft tissue structures. Although crash 
dynamics research has developed considerably over the past 
three or four decades, it is far from precise or scientific. As 
long as this is the case, accident mitigation policy will be 
compromised. 

It is obvious that the purpose of crash dynamics research 
and analysis is to provide the basis for design changes in the 
vehicle. If fatalities are to be reduced to injuries and injuries 
reduced to structural damage, then vehicle design, structural 
as well as interior, is the means to achieve that end. Seatbelts 
and air bags are appurtenances whose cost effectiveness has 
to be evaluated relative to design changes. Good policy requires 
data whose accuracy and reliability allow rational choices among 
these alternatives. At present, such data are far less complete 
than is needed. As a result, most accident policy making 
concerning design standards or regulations is at least contro
versial if not unjustifiable. This is especially true for highway 
transportation. 

If rational accident mitigation policy is to be developed, far 
more sophisticated crash dynamics and trauma analyses will 
be required than are presently available. Two classes of data 
appear essential. One is on the crash dynamics itself. In avia
tion, flight recorders have been used to define the forces to 
which the aircraft have been subjected. They have been most 
useful in providing critical data on how the system failed and 
hence providing significant data for design as well as opera
tions and training. No other mode has used this technology. 
It would appear to be an especially valuable tool in highway 
crash dynamics analysis, in which it could provide detailed 
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data on the forces to which occupants are subjected. Cer
iainly, such recorders would add significantly to the under
standing of the forces occurring in actual collision events. 
Supplementing the current efforts to model the motion 
dynamics of vehicles in crashes, they could provide a more 
effective evaluation of injury and fatality accidents in high
way transportation than is currently possible. Such data 
should lead to more rational policy making on hoth struc
tural design and restraint technology. 

The analysis of crash dynamics without detailed evaluation 
of trauma experienced in crashes will not provide data for 
sound policy. Detailed medical analysis of in juries is a parallel 
activity that must support crash dynamics. Some cooperative 
efforts between NHTSA and hospitals and doctors, through 
the Health and Human Services Administration, seem csscn-
tial. Such a program, which does not now exist, would pro
vide a flow of data that would allow far more rational and 
cost-effective accident mitigation policy making than is now 
possible. 

The last element of accident mitigation concerns the response 
of the health care system to trauma events in transportation. 
It is well recognized that rapid response to and emergency 
treatment of accident victims have the potential for saving 
more lives than any other single action. Certainly in surface 
transportation, where accidents occur unpredictably in time 
and space and yet most of the traumas suffered are not imme
diately fatal, medical response within the first 20 min could 
prevent over half the fatalities now experienced in highway 
transportation. Most studies on health care response to trans
portation accidents indicate that the cost of such systems would 
have a high return on investment, directly through reduced 
medical costs and indirectly through a reduction in public and 
private losses (e.g., wages and taxes). 

SAFETY DATA NEEDS 

The previous discussion reflects an attempt to define the two 
domains that determine the safety of transportation systems. 
Essentially, the framework adopted defines safety in terms of 
system performance. Accident analysis is defined in terms of 
mitigation of the effects of system performance failure. Such 
a dichotomization leads to radically different data needs. In 
this section, the specific classes of data needed for each domain 
are detailed. The objective is to develop a framework within 
which existing and new data may be combined to provide a 
basis for safety policy making. 

Transportation System Safety 

Failure Mode Analysis 

It has been suggested that the basic data required for system 
safety derives from failure mode analysis and, in interactive 
systems, conflict analysis. In all modes of transportation there 
are at least four dimensions of failure analysis that bear on 
system safety: 

1. Medium, 
2. Vehicle, 
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3. Control, and 
4. Command. 

This is a first-order generic list. It is assumed that a compre
hensive analysis would be developed within each mode for 
each of the dimensions and their interactions, determining, 
for example, the probability and consequences of failure, the 
requirements to reduce failure, the cost to reciuce the number 
of accidents, and the return on investment. It is anticipated 
that this taxonomy would become very detailed. 

Estimate Failure Probability 

Given the modes of failure (or sources of conflict \Vi thin sys-
terns or groups of vehicles in their operating environment), 
an estimate of the probability of each failure mode may be 
made. The objective is to provide a realistic estimate of the 
frequency of failure. How that probability is measured will 
vary with the system and the nature of the interactions of its 
elements. In most transportation systems, it should be pos
sible to estimate both component failure rates and aggregate 
system failure using classical statistical methods. 

Estimate Risk Probability 

It is equally important to estimate the significance or risk 
associated with the failure. A bridge failure may have a low 
probability of occurrence, but such a failure could have cat
astrophic consequences (e.g., the Connecticut Turnpike struc
ture or the Nimitz Freeway). Further, the failure probability 
may be dependent on the location of the element in its life 
cycle (e.g., fatigue of aircraft structure). Thus, the objective 
of the data sets is to define the probability of failure or con· 
flict in some priority order of consequence to safe system 
performance. 

What derives from this class of analysis is a "safety" sur
face. It would define the importance of failure in terms of its 
effects on system performance. Again, the objective is to 
allow setting rational priorities for efforts to improve the safety 
of each mode. 

Policy Analysis 

If the above analyses are carried out, it should be possible to 
develop a safety policy analysis. Given both failure mode 
probabilities and risk assessment, priorities are defined for 
safety improvements or evaluation. This leads to safety pro
gram development: what investments in which elements, 
structural or operating, would have the highest safety return? 
That is, what are the technological, operational, organiza
tional, or regulatory requirements for reducing the failure 
probability to any desired level? 

It is assumed that the safety program will define the resource 
requirements to accomplish the reduction (i.e., the time, man
power, money, and research and development required to 
achieve the desired reduction in failure or conflict probabil
ity). Given the resource requirements, a straightforward rate 
of return analysis can be performed. Such analysis would allow 
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the Office of the Secretary to determine the short- and long
term gains of alternative safety program proposals and pro
vide a rational basis for selection . Within resource constraints, 
this process should allow DOT to make allocation decisions 
that would improve the likelihood of cost-effective safety 
improvements. It would also provide a rational basis for eval
uating proposed safety programs, because they could be located 
within a common strategic framework . Finally, this process 
would lead to multiyear budgeting for programs with explicit 
and measurable safety results. 

The general framework for the analysis discussed is shown 
below: 

1. Medium 
a. Designed 
b. Natural 

2. Vehicle 
a. Structural stability 
b. Component reliability 
c. Performance stability 
d . System reliability 

3. Vehicle control 
a. Data acquisition reliability 
b. Communication reliability 
c. Data processing reliability 
d. Human control reliability 

4. Command structure 
a. Data acquisition 
b. System architecture 
c. Communications 
d. Human performance 
e. System management 

5. Interactions 
a. Vehicle-medium 
b. Vehicle-vehicle 
c. Operator-vehicle 
d . Operator-medium 

Clearly, this framework has been oversimplified. In many 
modes, the levels of understanding of the dimensions of failure 
are unknown. The capacity to carry out risk assessment is 
also limited. This suggests a need for greater investment in 
technical support in most, if not all, modal administrations to 
begin to generate the quality and quantity of data that failure 
mode analysis requires . 

Accident Mitigation 

The second dimension of safety policy is accident mitigation. 
Transportation injuries and fatalities are an indirect conse
quence of system failure. Although such failures are rare in 
all modes, they are inevitable. The policy objective becomes 
one of reducing the magnitude of such trauma when these 
events occur. 

Crash Dynamics Data 

A detailed understanding of crash dynamics and the forces to 
which humans and materials in the vehicle are subjected is 
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required. Out of such an analysis, the nature of the trauma 
may be defined and its sources within the vehicle determined. 
Such data should provide a rational basis for vehicle "pack
aging" design, as well as for restraint and regulatory policy. 

Such analyses require not only crash research with surrogate 
bodies but also more detailed data on crashes in the opera
tional transportation environment. At best, crash research 
has been cross-sectional rather than longitudinal. Both are 
essential for a comprehensive analysis of accident effects. One 
way this can be accomplished is by installing the equivalent 
of flight recorders in the surface modes of transportation. 
Installed in, for example, the federal auto and truck fleet, the 
wealth of basic crash force data would provide an essential 
flow of information on the whole range of deceleration forces 
to which occupants are exposed. Such data, added to con
trolled crash tests, should permit a more precise prediction 
of trauma risk than is currently possible. Further, these kinds 
of data may be used to evaluate structural and interior design 
proposals for accident mitigation. 

Trauma Data 

A second requirement is to increase the flow of data on the 
nature of the trauma experienced in transportation accidents. 
At present, the data are inadequate, which compromises the 
ability to relate the crash dynamics to their physiological con
sequences. This is especially significant in injury-producing 
accidents, which may be significantly more amenable to mit
igation efforts than fatalities . Further, the social as well as 
economic costs of injury accidents are so high that their mit
igation would appear to be of highest priority. It is recom
mended that a joint effort be undertaken with the health care 
system to provide a comprehensive injury data base, including 
treatment regimes, practices, and costs. It may also be worth
while to enlist the insurance industry, which also obtains detailed 
accident damage and trauma data. 

Trauma Recovery 

Considerable evidence suggests that the sooner treatment is 
begun, the higher the prognosis for survival. Most evidence 
suggests that getting the victim into treatment within 20 min 
would save upwards of 50 percent of the lives currently lost 
in highway accidents. The accomplishment of this objective 
requires a sophisticated effort at the local level involving com
munications, location, equipment, and manpower. There are 
varying programs for trauma management among the states, 
as well as varying investments. Data on such programs would 
provide a means of evaluating the range of effectiveness of 
trauma management and provide a basis for resource allo
cation to states. 

Policy Analysis 

If the flow of data discussed was available, it would be possible 
to evaluate investments in accident mitigation programs. The 
basic process would be the same as that regarding safety pro
grams. It is reasonable in the policy process to ask where 
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investments in the accident mitigation domain would have the 
highest return. It is certainly reasonable to ask which pro
grams and proposals within program elements will have the 
highest return. Strategically, this is the only way to make 
investment decisions for reducing the consequences of acci
dents with limited resources. 

SUMMARY AND CONCLUSIONS 

Safety policy is the process of investment in and evaluation 
of programs designed to reduce the risk of failure in the per
formance of the transportation function. The ultimate ques
tion for policy purposes is, What is the most cost-effective 
way of reducing the current probability of system failure? 
From this follows the question, What data must be available 
to allow resource investment decisions to be made? 

It is a major proposition that any of the global measures 
of safety, especially those defined in terms of accidents or 
accident rates, are unreliable and in most cases invalid. They 
may have political, vis-a-vis policy, attractiveness. However, 
if the objective is to invest in programs that will reduce the 
risk of system failure and its consequent costs, a more analytic 
approach is necessary. 

Two different paths of analysis appear essential. One is 
failure analysis directed at the mechanical, electronic, struc
tural, and human elements of the system. In addition, it includes 
the analysis of the vehicular and superordinate command and 
control functions, as well as the interactions with the physical 
and human environment. The purpose of a formal program 
of this type would be to provide a flow of data that identifies 
and prioritizes the importance of failure modes and provides 
a rational risk assessment. This, in turn, would provide the 
transportation policy maker a means of identifying safety 
investments that have a high probability of reducing risk to 
users. Such investments might include operational, structural, 
and technological changes in the ways transportation systems 
are designed, operated, and managed. 

The second is accident mitigation, which requires analysis 
of the chaotic regime occurring after failure of the system. 
Data on how trauma occurs and the dynamics that determine 
its magnitude are basic to developing cost-effective structural, 
operational, and organizational programs that will reduce the 
effects of accidents. 

Every modal agency within DOT has a safety responsibility. 
Every agency has a unit and personnel responsible for col
lecting, analyzing, and reporting safety data. With the excep
tion of FAA, the focus has been on casualty data rather than 
safety, as defined in this paper. The safety analysis programs 
in FHW A and the approach to safety in the Bureau of Motor 
Carriers are examples. Transit safety has been largely accident 
oriented, and the data have been embedded in the Section 
15 data base. Conversely, the new FAA program to develop 
a comprehensive safety data base that would provide a method 
for assessing and identifying aviation safety issues reflects the 
recognition of the safety as well as accident dimensions. It is 
well worth review by the other modes . 

Finally, although it should be recognized that all modes of 
transportation are safety systems considering their scale and 
use, their safety is an essential criterion of their effectiveness. 
It is unfortunate that poor measures are often used as a basis 
for po!Icy making at higher levels of safety policy. The result 
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is often superficial and conflicting policy. There is little need 
for this to be the case. However, moving to a more consistent 
and coherent safety policy will require more sophisticated and 
scientific data bases than are currently being used. If they 
were employed, limited resources could be allocated more 
effectively and the safety of all modes of transportation could 
be measurably improved. 
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