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SECTION 1

INTRODUCTION

1.1 OBJECTIVES

The cost of deaths and injuries associated with motor
vehicle accidents in the United States is extremely large.
Increased auto usage, greater trip length, and higher collision
velocities make it difficult to prevent further increase; re-
duction in absolute numbers is seen to be a very challenging
task. The magnitude of the problem has made improvement of
auto safety both an important subject and an explicit national
goal. The problem is of course many-faceted , and numerous
private and public agencies are involved. The focal point of
these activities, the National Highway Traffic Safety Adminis-
tration (NHTSA) , has defined a large number of specific areas
of particular impact on the automobile safety problem. One
area of central importance is that of vehicle crashworthiness.

Although many steps are being taken to prevent the occur-
rence of collisions, it is unreasonable to suppose that a
dramatic decrease can be brought about in a short time. There-
fore it is both highly desirable and effective to do as much as
possible to ensure that the occupants of a vehicle involved in
an accident will sustain minimal injuries. This goal can be
achieved relatively directly through influence on vehicle
design and construction. One need not depend on the very
lengthy and difficult processes of changing the thinking of the
public, bringing about new legislation and improved enforce-
ment, and developing better medical services.

Crashworthiness is in itself a large topic involving the
total vehicle design. In part, proper use must be made of
energy absorbing and deflecting structures (energy management)
for both the vehicle-obstacle and occupant-vehicle collisions.
The latter category is the "second collision", which occurs
when the vehicle has been brought to a near-instantaneous stop
and the occupants then impact the interior of the passenger
compartment. It is here that the subject of occupant restraint
systems arises.

It is useful to distinguish between systems which require
passenger effort or cooperation as is the case for seat belts,
and those which provide effective protection regardless of
occupant actions. These are referred to as "active restraints"
and "passive restraints", respectively. It has been the con-
clusion of NHTSA, based on much study, that current active
systems (i.e., seatbelts), while extremely effective when
utilized, are not used by a sufficient portion of the motoring



public to bring about the desired reduction in death and
injury: nor is a marked change in this situation anticipated.
Thus, interest has increasingly been focused on passive re-
straints, which, when perfected, can provide a measure of
protection for the entire motoring public.

Deployable passive restraint systems, which in this report
will be called dynamic passenger restraints, are now in the
testing stage, and will soon be available on new automobiles.
Present NHTSA motor vehicle safety regulations require the
installation of passive restraint systems, providing basic
crashworthiness for 30 mph barrier crashes, in passenger cars
produced for the 1974 model year.*

In addition to dynamic restraints, other energy absorbing
structures such as steering columns, dashboards, and wind-
shields can legitimately be called passive restraints. To
distinguish them from the dynamic systems, they will be re-
ferred to as static passive restraints. The investigation
reported here relates directly to dynamic restraints only, and
particularly to the function of collision sensing for trigger-
ing of deployment.

At present, the only type of dynamic restraint system to i

be subjected to extensive development and testing is the inflat- '

able restraint - the "air bag". However, other techniques have
j

been proposed and are under investigation, and this appears to i.

be a fertile field for innovation. Different restraint systems
I

can present significantly different triggering requirements, ii

depending on the following factors:
1

1

a. Deployment Time . The rapidity with which a restraint i:

can be deployed determines the minimum advance warning
|

needed. Greater warning time can permit slower l|

deployment, which may be desirable for maximum system
effectiveness. In general, small cars and high im- ,

pact velocities impose severe demands on the trigger- H

ing if protection is to be effective. j

b. Deployment Duration . The length of time which the
restraint remains deployed is very important to over-
all protection. Since accidents can involve multiple

*Basic Crashworthiness" is defined operationally in terms of
maximum allowed accelerations, forces, and pressures measured
at various points on anthropometric dummies during actual
barrier crashes.

I
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collisions, it is desirable that the restraint be
present for a period of one or more seconds. There-
fore, a system which is operative for only a brief
period should not be triggered any more in advance
than necessary.

c. Penalty for Inadvertent Deployment . The task of dis-
criminating between major and minor collisions is a
difficult one, and errors can occur. A dynamic
passive restraint system which can in itself cause
injury or loss of control, or is costly to refit,
requires a crash sensor which is almost totally free
of unnecessary activation. Generally this can be
accomplished only at the expense of excessive deploy-
ment time or outright failure to activate in some
instances where restraints are needed. Should
restraint systems be developed for which false alarms
are physically, economically, and psychologically
acceptable, the triggering decision could be based on
different criteria and even different techniques.

d. Effectiveness of Static Restraints . The degree to
which one can allow imperfect operation of dynamic
restraints, particularly failure to operate, is
strongly dependent upon the adequacy of the static
restraints present. Energy absorbing steering columns
and tempered/annealed windshields have already saved
many lives. Decisions as to optimum deployment time,
allowable false alarm rate, and other factors must
include analysis of the compromise between static and
dynamic protection. Similarly, the probability that
seatbelts will be present and in use is important in
determination of overall system characteristics.
These criteria, in turn, affect the triggering
requirements

.

The viewpoint taken above was the determination of the
triggering requirements from the restraint characteristics. An
alternative viewpoint is to attempt to delineate what types of
impending-collision sensors are feasible, and from their char-
acteristics, develop specifications for the restraint system.
Admittedly this approach is of limited utility. Even if one
specifies an ideal sensor, the task of engineering a truly
effective dynamic restraint has proven to be very challenging.
Nonetheless, present systems were not developed in a vacuum;
the feasibility and characteristics of mechanical sensors were
always in the background. Also, the existence of certain sen-
sor attributes imposes particular requirements on the
restraints. In essence, the two aspects are intimately related
and cannot be considered in isolation.

- 3 -



This study represents an analysis of means of sensing
automobile collisions just prior to occurrence. The ultimate
goal is to contribute to the development of effective and low-
cost dynamic passive restraint systems. In view of the intense
effort which has been in progress for some time in examination
of impact sensors, and because of the inherent limitations of
such sensors for small cars and high-velocity collisions, the
TSC program has been explicitly oriented toward investigation
of possible means of anticipatory (or predictive) sensing of
impending crashes so that more warning is provided. While re-
alization of a completely practical and effective sensor, which
would be entirely suitable for mass usage within a few years,
would be an especially gratifying result, definition of the
program in such a manner would be both unrealistic and mislead-
ing; rather, a careful study has been undertaken of the entire
problem area.

A first task has been the determination of basic system
constraints and required operational characteristics. This has
been followed by selection of the more promising techniques for
further study, with development of hardware as appropriate and
a program of testing and evaluation. Equal importance is being
given to development of a basic understanding of the problems,
advantages, and technologies involved in anticipatory sensing.
The topic of dynamic passive restraints is sufficiently new and
complex that it is most important that the Department of Trans-
portation have within it this expertise. Only then will it be
possible to evaluate the potential viability and effectiveness
of future systems and regulations.

Two related functional tasks have arisen in the course of
this program. The first is development of a general capability
for characterization of anticipatory sensors. A number of com-
panies outside the automobile industry are interested in this
subject, and have indicated interest in TSC's evaluation of
their sensors; it is appropriate to undertake an examination of
any sensors brought to us for that purpose. At the same time,
it is important that TSC not become involved in anything
approaching certification. This appears true not only because
standards do not exist at present, but also because of the
strong interrelationship between sensor, restraint, and
vehicle. The only meaningful evaluation must be, as required
by NPTTSA, based upon vehicle crashworthiness; no element of
the system can be separated out for specific approval. On the
other hand, it seems appropriate that the expertise developed
at TSC be used to provide a characterization of anticipatory
sensors based upon analysis of the conceptual approach, study
of the actual hardware, and limited field test. A simple
examination of this sort should provide a meaningful indication
of the promise or lack of promise of a proposed sensor.

-4 -



Such evaluation is closely related to the second function
that has become apparent - the role of interface with technical
community. There are many firms, particularly aerospace and
electronics, which have considerable skill in relevant techno-
logies and an interest in entry to civilian markets. However,
it is important to ensure that their efforts are properly
focused, and that they understand the true nature of the prob-
lem. In some cases it appears that rather unpromising paths
have been followed. It is because of these developing func-
tions of interface and evaluation that some topics in this
report are treated at greater length than otherwise might be
the case.

1.2 BACKGROUND AND RATIONALE

1.2.1 Collision Dynamics

A measure of the potential effectiveness of passive
restraint systems and of the basic requirements on crash sen-
sing is best gained from a brief examination of the dynamics of
a frontal collision with a fixed barrier for the strictly one-
dimensional case. The treatment here is an extreme simplifi-
cation of the actual case. It is intended merely to illustrate
a basic point, not as the basis for quantitative description of
real accidents. The situation is illustrated in Figure 1.1,
which shows in simplified symbolic form the circumstances from
impact, (a), to when the entire system has come to rest, (c)

.

In the interval T, (Too) between these times, the occupant has
traveled a distance and been decelerated from a velocity v
(initial vehicle velocity) to zero. If the deceleration is
uniform and equal to O', these variables are related by this
relation.

This relation is graphed in Figure 1.2 for various Or to
suggest the possibilities for passenger protection, v^ here
represents the maximum initial velocity for which the occupant
can be brought to rest in the stated distance under an accel-
eration ofc^. A value of 60G has been suggested as one which
is tolerable for properly supported humans. It is seen that an

1 of three feet permits survival of a 70 mph impact for this
ideal case. More realistically the deceleration is far from
uniform. This simple calculation only suggests the advantages
of dynamic restraints over static; it is difficult to utilize
all of the available deceleration distance i , or even a major
part of it, with most forms of static restraint, even though
a significant portion of I arises from crushing of the front
portion of the vehicle.

- 5 -



(a) Contact

t = 0

(b) Begin

Occupant

Deceleration

(c) Rest

t = T

Figure 1.1. - Simplified crash sequence.
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Until the dynamic restraint is fully actuated, the
occupant will move forward at speed • so for a total deploy-
ment timeT(sensing, actuation, and emplacement) the usable
deceleration distance £u iu = S. ” taken as

zero at the instant of impact. For example, assuming 20G
deceleration, with £ = 4 feet, T = 40 msec., the allowable
is reduced to 34 mph, compared to 49 mph for the theoretical
ideal in which deployment is complete at impact. Note that
there is no advantage to completing deployment prior to impact
(t<0;, since no occupant deceleration can occur until impact.
(Actually forcing the occupant backwards in the vehicle is not
considered viable at present)

.

Figure 1.3 shows the maximum velocity for which occu-
pants can be brought to zero velocity in the indicated distance
for specified deceleration, as a function of the delay time
between impact and completion of restraint deployment. The
benefits of reducing x to as small a value as possible are clear.
But it should further be noted that relatively little advance
warning is needed. At 60 mph (1 inch/msec.) activation two
feet prior to impact allows T = 0 for systems which deploy in
24 msec., approximately the value now attainable with in-
flatable restraints. (The question of required anticipation
distance is discussed further in Section 1.3.2). Figure 1.3
should be viewed in the light of values currently considered
reasonable: T of 50 to 60 msec, appears to be a lower limit
for air bags with impact sensors, an effective average decel-
eration of 10 to 20 G is often found (although 60 G would be
tolerable if achievable), and i is typically 3 to 5 feet.
Further results of such calculations will be found in Appendix
A.

1.2.2 Relationship to Current Crash-Sensing Techniques

The means of actuation most commonly used at present is
mechanical deceleration sensing. In essence, a mass is con-
strained by a spring (or other restraining force) such that
only a vehicle deceleration of 5 to 10 G will cause sufficient
motion to close electrical contacts, triggering deployment.
To avoid inadvertent actuation due to minor collisions or road
irregularities, mechanical and electrical integration over a
significant period of time (tens of msec.) is generally used.
In order to respond only to deceleration of the entire vehicle
and not to the sometimes violent motions of the smaller ele-
ments of the structure, these sensors are typically mounted on
the firewall. The total response and integration time asso-
ciated with such sensors can easily reach 20 to 40 msec.,
seriously compromising the effectiveness of dynamic restraints,
particularly for smaller cars and higher impact velocities.

-8 -
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This is not intended as criticism of methods used to
date. The problem is an extremely challenging one, and it re-
mains to be determined whether any truly viable anticipatory
system can be developed. Whether overall performance of pre-
dictive systems can exceed that of impact sensors is uncertain.
However, the results of Section 1.2 do indicate that the poten-
tial benefits are well worth serious investigation of possible
techniques. This fundamental point is the basic rationale for
the TSC program reported herein, the development of experimen-
tal anticipatory crash sensors.

1.2.3 Conclusion

The orientation of this program permits a somewhat dif-
ferent approach than that taken by industrial firms, particu-
larly automobile manufacturers. We are not under compulsion
to develop a total system suitable for mass production and
installation 3 to 4 years from now, meeting standards already
specified. We have the freedom to consider a longer time-span.
We can consider in greater detail the more basic standards of
overall reliability and cost-effectiveness, without being con-
strained by regulations necessarily prepared in advance of
technical realization, and likely to change with time as dif-
ferent engineering constraints or technical possibilities
emerge

.

The basic operational requirements upon anticipatory
sensors will be discussed in Section 1.3. It is sufficient to
state here that development of such sensors poses a problem of
very considerable difficulty. The complexity of the task
become apparent as one considers the great variety of obstacles
with which collision is possible, many of which must not induce
deployment. These latter include most animals, snowbanks,
hedges, most fences and railings, blowing paper or other
objects, small stones, curbs, swarms of birds or insects, and
large objects of low mass, such as cartons and wooden crates.
Even relatively rare occurrences must be considered due to the
required near-zero false alarm rate. (Approximately three
billion miles are driven daily in the United States? anything
that can happen will occur frequently)

.

On the other hand, real collisions can also involve many
different objects: rock, concrete, wood, both living and dead,
and metal in many forms. Further, both real and false-alarm
targets can occur wet or dry? encrusted in snow, ice, mud, or
soot? under conditions of fog, darkness, or brilliant sunlight.

Within such constraints, as well as those of economics
and operating environment, it is not obvious that any completely
satisfactory system can be devised. However, even a negative

- 10 -



conclusion of sufficient generality would be of value, partic-
ularly in determining future safety requirements. On the other
hand, the possibility that a workable if not ideal system can
be developed with its associated advantages, warrant the effort
described in this study.

1.3 BASIC REQUIREMENTS AND CONSTRAINTS TO BE SATISFIED BY
ANTICIPATORY SYSTEMS

1.3.1 General Constraints

There are a number of constraints which must be satis-
fied by any anticipatory crash sensor if it is to be viable in
general automotive use. While thorough analysis and consider-
able development effort may be necessary in some cases to
determine whether a particular concept or system is acceptable,
it is useful to specify at the outset certain basic require-
ments which must be met by any practicable approach; they are
as follows: (Since almost any system is likely to include
electrical and electronic aspects, particular attention is
given to factors relevant to them)

.

a. High Reliability . The average age of automobiles
is 5 to 6 years. It is by no means uncommon, par-
ticularly in certain regions, to find many vehicles
more than 10 years old. Maintainance and periodic
inspection are often either very limited or lacking
entirely. At the same time, there is approximately
a one-in-fifty chance that a given vehicle will be
involved in a serious collision in a year interval.
Thus, a very low failure rate must be achieved.
However, this refers only to the question of failure
to operate when needed. As will be indicated later,
any failure mode resulting in inadvertent restraint
deployment will be a far different and more serious
matter. In both categories, the reliability
requirements far exceed those normally imposed on
automotive systems, and probably represent the most
difficult constraints to meet.

There is another aspect of reliability. Failure of
the sensor to actuate restraints because of failure
to detect the collision must be rare. That is, it
must successfully detect most of the impending
crashes for which restraints are likely to be need-
ed, and in a manner that provides substantially
greater protection than non-anticipatory sensors.
As a target figure, an actuation reliability of 75%
to 90% appears to be a reasonable technical goal;

- 11 -



however a rate so far below 100% raises some diffi-
cult questions of legal liability. (Section 6.3.2).

b. Freedom from Inadvertent Actuation . This specifica-
tion is inherently dependent on the restraint system
in use. Restraints which can readily and economi-
cally be refitted, and for which deployment is
neither alarming nor physically hazardous to occu-
pants, may allow a false alarm rate which is fairly
high. On the other hand, the attitude of the pub-
lic toward present inflatable systems suggests that
much more rigorous standards will apply until these
more ideal restraints can be developed. Some meas-
ure of the necessary specification can be gained
from observing that a mean time to inadvertent
actuation of 100 years, with an automotive popula-
tion of 100,000,000 vehicles, implies one million
such actuations per year, probably quite unaccept-
able. Since this constraint is related not only to
technical considerations, but also depends upon pub-
lic acceptability and mass psychology, no definite
specification can be asserted. However, it is clear
that performance of a very high order is required.

c. Insensitivity to Environment . The automotive envi-
ronment is a very challenging one. Temperatures to
which electronic components may be exposed range
from -40 F to over +200 F; operation must be rela-
tively unaffected by such variation. High humidity
and even frequent water immersion must be antici-
pated. Ice, snow, grease, oil, mud, and other
foreign matter may be expected to accumulate in
almost any location. Vibration will often be sub-
stantial and occasionally severe. The electrical
environment, as well, can pose a severe problem.
Depending on the state of the vehicle's electrical
system, available operating voltage can fluctuate
from approximately 11 to 14 volts. Automobile
ignition systems typically generate severe tran-
sients, and other electrical and electronic com-
ponents, each a possible source of interference, are
used increasingly in modern cars.

There is also the problem of external electrical
noise. Highways often pass close to radio and
television transmitting facilities which may be
radiating signals of high intensity. Radar signals
in the vicinity of airports can also be strong.
These are only a few of the many sources of electro-
magnetic interference now prevalent in our modern

- 12 -



environment. Depending on the nature of the sensor,
many other varieties of environmental interference
are possible, and a careful study is necessary in
each case.

Additionally, the prospect of simultaneous use of
many crash sensors of a specific type raises the
prospect of inter-vehicle interference, triggering
of restraints in one vehicle by some aspect of the
sensor in a nearby car. Again, this problem must
be analyzed in terms of specific system concepts
and realization, and may be a real limitation upon
any kind of radiating system.

Finally, the "automobile environment" includes the
myriad minor dents and scrapes which most vehicles
suffer through low speed collisons and parking. The
sensor components must be able to survive such
hazards with a low probability of either incapacita-
tion or actuation.

d. Resistance to Vandalism . It is an unhappy fact of
modern life that vandalism, malicious mischief
occurs quite often under many circumstances. It is
possible and perhaps even probable that triggering
of dynamic restraints will be seen by many as spec-
tacular, frightening, annoying, and generally non-
injurious. These are characteristics which could
lead to a substantial vandalism problem should such
false triggering be readily accomplished by those
so inclined, even if the vandal must exercise con-
siderable ingenuity. Once again, the particular
nature of the threat depends on system details, but
presentation of a false target - one which the
sensor will identify as an incipient serious colli-
sion but which in fact should be ignored - is a
problem likely to be faced by virtually all antici-
patory sensor concepts. A system which met all
other criteria but was subject to frequent malicious
inadvertent actuations would probably be deemed not
viable for that reason alone.

A secondary potential problem is that of damage to
to the sensor itself, as often occurs to car radio
antennas and windshield wipers. Thus, the sensor
must be such that no particularly obvious elements
are involved. (This might be thought of as part of
the environment problem)

.
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e. Low Cost . Several considerations make low cost a

necessity. First, the expense associated with
almost any conceivable dynamic restraint system is
likely to be a significant percentage of the total
vehicle cost, and any substantial addition may
exceed the breaking point of both the industry and
the public. Further, on a cost-benefit basis, the
improvement in performance of anticipatory sensors
with respect to impact sensors must be sufficient to
warrant the probable additional cost. For example,
an added consumer cost of $10 per vehicle represents
$100,000,000 per year, and can only be justified if
of the order of 1000 additional lives per year are
saved. (A figure of $100,000 is often taken as a
useful measure of the "value" of human life. A
number of approaches may be used to come within a
factor of three of this result. While it is often
neither feasible nor proper to use such a concept
casually, it is of value when one is faced with the
task of optimum allocation of a fixed number of
dollars. Considering the society as a whole, such a
case arises when one has to choose between expendi-
ture on, for example, restraint systems, traffic
signals, law enforcement, highway lighting, licens-
ing procedures, periodic inspection, and maintenance.
While it is not strictly true that the total re-
sources are fixed, there is obviously a point at
which the cost per mile of owning and operating a
car will be deemed excessive, and something will
have to give. It is likely that the present cost is
near that point within a factor of two, and the ex-
pense of achieving low-pollution vehicles is going
to cause a significant increase) . Note that to
achieve consumer cost in the range of $10 to $20
requires an extremely low manufacturer's cost, since
there is typically a factor of 4 to 5 between the
manufacturer's cost and ultimate delivered price.

At the same time, it should be noted that the ex-
tremely large production volume associated with the
automobile market might provide some help. (A com-
monly used guideline is that an order of magnitude
increase in volume is accompanied by a halving of
price. While this is both very approximate and not
subject to unlimited extrapolation, it suggests that
increasing volume by 10' can reduce cost by a factor
of 128 compared to that for a single unit) . Exten-
sive analysis and prototype development will be
necessary to determine whether even the most prom-
ising system will have acceptable cost.
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1.3.2 Technical Requirements

The above listing of necessary system characteristics
provides very general guidelines to overall sensor operation.
In addition, it is possible to list certain technical para-
meters, v;ith the understanding that they not be thought of as
rigid specifications, but rather be taken as reasonable start-
ing points, to be modified as necessary to accommodate various
kinds of passive restraints and vehicle design.

a. Range . As indicated in Section 1.2.1, actuation
approximately 30 msec, prior to impact will permit
full deployment of present restraints by impact.
At 30 mph this requires 15 inches, and at 60 mph,
30 inches; thus, 2 to 3 feet appears to be adequate.
Of course, there are some definite benefits to
greater warning. Slower restraint deployment can
reduce noise and other hazards, and would increase
the degree to which oddly positioned occupants
could be accommodated. On the other hand, greater
anticipation distance raises the problem of near
misses. Considerable variation of trajectory can
occur in the last 10 to 20 feet before collision,
particularly if the target object is also a moving
vehicle. For example, consider the case of two
cars approaching each other at equal velocity, both
with perfect brakes {(X = - 1.0 G) . If both cars
apply full braking power at 15 feet separation with
initial closing velocity of 30 mph, they will not
collide. For an initial closing speed of 24 mph,
impact is avoided if full braking is instituted
when the vehicles are only ten feet apart.

Thus, a sensor which attempts to detect impending
collisions at such distances must inevitably fail
by producing an inadvertent actuation, in a case
such as described above, and will be greatly chal-
lenged by a wide variety of situations in which
accidents are narrowly averted through evasive
maneuvers. Even a fairly sophisticated system for
sensing target size, shape, position, velocity, and
acceleration, and capable of trajectory prediction,
will have a difficult task; development of such a

sensor, to say nothing of manufacturing within rea-
sonable cost constraints seems almost unthinkable.
Finally, the technical characteristics of various
particular schemes may militate against any attempt
to achieve large anticipation distances. (For
example, see Section 3.4.3).
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b. Sensing Region . The preceding consideration can be
generalized to the question of sensing volume,
rather than distance alone. This is closely tied to
the nature of the restraints. If no protection is
provided in side collisions or rollovers, there is
no benefit to sensing them. Moreover, the greater
the attempt to sense in other regions than directly
ahead of the vehicle, the more difficult the task of
eliminating false targets and near-miss situations.
On the other hand many collisions which are not
purely frontal still have major forward deceleration
components for which deployment is appropriate. Re-
straint effectiveness is enhanced to the degree that
such collisions are anticipated. As with many other
aspects, this question must be resolved separately
for each sensing concept, in the context of actual
accident statistics. (The present NPTTSA regulations
require basic crashworthiness for impacts +30°
from frontal? this seems a reasonable general
value)

.

Additionally, there is the question of vertical
range. It is desirable to ignore low obstacles,
such as curbs, small ditches, and railroad tracks.
At the same time, some large truck bodies overhand
the chassis by several feet at a significant height,
and an effective sensor should detect such obsta-
cles. A sensing region reaching vertically from
approximately 1 to five feet elevation should be
nearly optimal.

c. Velocity . The minimum closing rate for which acti-
vation should occur is partially a function of
vehicle size, static restraints, etc. It would be
desirable also to make this parameter dependent on
the nature of the target, but this is probably not
feasible. It is a difficult task (perhaps impos-
sible within the indicated constraints) to devise a
sensor with satisfactory target discrimination. To
attempt to go beyond that is worth consideration but
unlikely to be fruitful.

The more important consideration here is to avoid
certain types of inadvertent actuations, those asso-
ciated minor collisions, traffic congestion, parking,
etc. Thus, a simple and probably effective approach
is to set a threshold speed below which actuation is
not permitted. Values typically suggested are 10 to
15 mph.
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Note that this raises the question of relative ver-
sus absolute velocity. Since the energy interchange
in any collision is determined by relative velocity
(closing rate) , this seems by far the more desirable
approach. Consider the case of a vehicle with a
speed of 60 mph colliding from the rear with another
travelling at 55 mph in the same direction. Deploy-
ment is neither necessary nor desirable. Further,
if one wishes to use vehicle velocity (ground speed)
as a control input, there is a definite instrumenta-
tion problem. Collisions can occur under a great
variety of circumstances: wheels locked, engine
stalled, etc; no simple means is apparent for
utilizing speedometer or similar information. (This
is not to say that there are not definite advantages
to rendering any system inoperative for very low
vehicle velocities. Whether this warrants the added
complexity and cost depends on the particular
sensor)

.

There is no upper velocity limit for sensor opera-
tion, but proposed crashworthiness regulations re-
quire effective triggering to at least 30 mph
(barrier crash) , equivalent (in some senses) to a
60 mph closing rate with a vehicle of similar size.
Effectiveness at higher speeds would be beneficial,
and will almost certainly ultimately be required (to
the degree that technology permits) up to possibly
50 to 70 mph for barrier crashes.

Since system complexity is likely to be related to
the span of velocities over which the system must
operate, it is desirable to limit response to a
maximum of 150 to 160 mph. Such limitation should
help in various respects such as noise, false alarms,
and inter-vehicle interference.

Finally, it may be feasible to relate anticipation
directly to velocity, so that the time interval t
(Section 1.2.1) used is varied for optimum results.
For example, a sensing distance of three feet pro-
vides approximately 36 msec, for deployment at 60
mph (about the right amount). But over 100 msec, is
provided at 20 mph, leading to deployment 70 msec,
in advance of impact; this is not optimal. Sensors
which inherently determine velocity, such as doppler
systems, may permit necessary adjustments with a
minimum of additional signal processing.

With particular reference to doppler systems, it
should be noted that it is not necessary to design
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a system which distinguishes between the doppler
shift of approaching and receding objects (increase
or decrease of original frequency) . It is rare
when a large object is found two to three feet in
front of an automobile, travelling away from it with
a velocity greater than 15 mph. (This would imply
acceleration of well over 2 G)

.

d. Response to Various Targets . This topic will be
treated for specific approaches in succeeding sec-
tions, as appropriate. The basic goal is to
respond to the mass or immobility of target objects.
While this aim cannot be achieved perfectly in
general, the degree to which it is approached pro-
vides a useful criterion for consideration of
various sensor systems. The context, of course, is
that of normal automotive usage: statistics pro-
vide some guide. For example, slightly under one-
half of target objects in automobile accidents are
other vehicles. Similarly, abutments, trees, and
standard roadside structures represent objects that
it is desirable to be able to detect. Indeed, a
detailed study of the relative importance in both
numbers and accident severity is useful to the
evaluation of suitable sensing techniques. However,
as will be seen in following sections, the number
of potentially viable concepts is so limited, that
beyond determination of reasonable likelihood of
effective operation, this subject does not appear
to be an appropriate precursor to an investigation
of potential sensing methods; rather it should be
a part of the final analysis of system effective-
ness.

It is frequently suggested that certain techniques,
such as radar could be made more effective if com-
mon objects were equipped with either special
reflectors or absorbers so that they are more
easily identified as either threatening or non-
hazardous. While such actions might be beneficial
to enhance the effectiveness of any system which
has already been found acceptable, it would be a
courageous suggestion indeed that the entire high-
way environment be so coded simply to make a
particular anticipatory sensor viable. (It is
likely that such an avenue would be blocked on
simple cost-effectiveness grounds, to say nothing
of practical and political difficulties)

.

- 18 -



SECTION 2
POSSIBLE TECHNIQUES FOR ANTICIPATORY SENSING

2 . 1 INTRODUCTION

There are many known or conceivable means of sensing the
presence, closing rate, and nature of nearby physical objects.
The inherent characteristics of each technique must be evaluated
in terms of the wide variety of targets and environmental condi-
tions which can occur, as well as in the light of the guidelines
suggested in Section 1.3. Most methods can be discarded immedi-
ately as far as this application is concerned, and there will be
no attempt made here to document the failings of those obviously
unsuitable. Nor should this treatment be considered definitive;
it is possible that innovative scientists and engineers can
devise effective sensors by means not mentioned, or utilizing
techniques considered here and discarded. However, a practical
investigation is necessarily based on choice of the most promis-
ing starting point, and a brief but careful survey appears to
suffice in this case. Indeed, the real burden is to illustrate
that any truly promising methods can be found.

The basic classifications of sensors used here are mechani-
cal, proximity and ranging Mechanical methods include the use of
probes, extendable bumpers, etc. Proximity techniques are here
defined as those which are inherently static, such as capacitive,
inductive, magnetic, and radiometric. In ranging sensor systems,
as the term will be used here, energy in some form is radiated
ahead of the automobile and the reflection (if any) is analyzed
by an appropriate detection system to provide information such
as range, movement, and size of the reflecting object. All
three classes will now be discussed briefly.

2.2 MECHANICAL TECHNIQUES

Direct mechanical sensing has many advantages. The
inertial response of a vehicle in the first stages of a col-
lision gives good discrimination of object mass. False alarms
can be virtually eliminated, and properly designed mechanical
sensors have little sensitivity to environment. They can be
inexpensive and their operation can be independent of the
surface features and composition of targets. As mentioned pre-
viously, mechanical sensors are limited in effectiveness by
slow response speed; the collision must start before it can be
sensed. Only limited improvement in this respect appears
feasible

.
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There are a number of advanced mechanical techniques that

could be explored. The use of a bumper-type probe, suitably
styled, that is automatically extended in front of the moving
vehicle and retracted at low speeds is one possibility. Un-
doubtedly a number of innovations are under consideration
currently as successors to present mechanical sensors. Further
examination of such systems is appropriate, and will be dis-
cussed in Section 3.2.

2.3 PROXIMITY SYSTEMS

Proximity detection techniques are commonly used in many
applications. Inductive and magnetic vehicle detection is
widespread. However, the apparently inherent flaw in such
approaches is the dissimilarity between possible targets.
Further, in the unconstrained environment of automobile use,
it is difficult, and often impossible to distinguish by such
means between effects of range, velocity, and size. Also,
electrical techniques (capacitive and inductive) would require
physically large sensing structures, which are to prove in-
convenient. Another possible proximity detection technique is
infrared radiometric sensing. However, this method will_ proba-
bly be far too vulnerable to environment, and is unlikely to be
distinguish well between hazardous and innocuous obstacles.
In summary, proximity techniques do not appear sufficiently
promising to warrant further investigation at TSC.

2 . 4 RANGING SYSTEMS

2.4.1 Optical Techniques

The ease of focusing the transmitted beam and reflected
signal at optical wavelengths makes possible excellent dis-
crimination of target position. If a number of transmitted
beam paths are used, target dimensions can be measured
directly. The closing velocity can be determined from doppler
shift or from the rate of change of pulse echo time. At
optical frequencies both can be extremely accurate.

An optical system is seriously degraded by dirty aper-
tures, and by dust, fog, or snow in the air. The aperture
problem is perhaps not insoluble. But more important, false
alarms with an optical system would be extremely difficult to
eliminate, due to the fact that heavy snow or fog, or a highly
reflective object of low mass, such as a large piece of paper
or soft pile of snow, could readily trigger the system. This
factor could also represent a substantial vandalism problem.
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Although optical equipment possibly could be inexpensive
and highly reliable in itself, the environmental sensitivity
and susceptability to inadvertent actuation renders optical
techniques unsuitable for intensive investigation, regardless
of other virtues.

2.4.2 Radio Techniques (Radar)

Radar has been developed and used extensively for over
30 years for object detection, most commonly in aviation and
marine applications. The basic concept is indicated in Section
2.1; radio frequency energy is radiated by an antenna, then
reflected or scattered by various objects, and received by an
antenna that can be the same one used for transmitting. The
frequency, transit time, amplitude, phase, azimuth, elevation,
and polarization of the received signal all can provide infor-
mation about the reflecting object and its motion relative to
the radar system. In particular, by virtue of the familiar
doppler effect, the frequency of the reflected signal will
differ from that of the transmitted signal by an amount
directly proportional to the relative velocity of radar unit
and reflecting object. It is electronically simple to mix the
received and transmitted energy to obtain an output at the
doppler frequency, thus permitting very simple velocity
measurement. This technique is called homodyne detection.
It is the principle on which police speed-monitoring radar
systems operate.

Radar systems can be realized with state-of-the-art
components in the frequency range from less than one GHz to
tens of GHz (1 GHz = 10^ Hz) . As a general rule, antennas
must be of the order of one wavelength wide at the frequency used.
For significant directivity, they must be substantially larger.
This consideration alone suggests use of a wavelength well
under one meter, or a frequency above 300-MHz. Also, targets
significantly smaller than one wavelength in linear dimension
will not give a useful return.

Another point favoring use of higher frequencies is
wider available frequency allocations and reduced commercial
use important considerations in avoiding interference.

Further guidance on choice of frequency can be obtained
from consideration of available microwave sources. At lower
radar frequencies transistor oscillators or transistor-varactor
circuits are feasible. However, both represent significant
cost and complexity. On the other hand, recent developments in
solid state microwave technology (described in Section 3.4.1)
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suggest the desirability of somewhat higher frequencies. These
devices operate particularly well in the range from 10 to
20 GHz, which also permits antennas of convenient size (with
apertures of several inches in size)

.

Still higher frequencies would increase cost substan-
tially, as both oscillatory diodes and other components require
much closer tolerances in manufacturing; commercial and military
markets, and hence production volumes, are also much smaller at
these higher frequencies. Thus, it appears that the optimum
form of ranging system will be microwave radar, in the X-band to
K-band range.

Whereas range and range rate can be determined di-
rectly, the size of the target can generally at best be in-
ferred from the magnitude of the returned signal. One can
expect only limited correlation between target mass and
measured cross section. Electromagnetic reflectivity is
determined by dielectric constant and conductivity. There-
fore, reflections from birds, metal cans, scraps of metal
foil, sewer gratings, and metal roadways on bridges would
compete with returns from dangerous objects such as vehicles,
stone walls, trees, and dry embankments.

Also, because of the high speed of propagation of the
signals employed and the short distances involved, the response
time of the associated circuitry must be extremely small. For
a target one meter from the antenna, the reflected signal
returns in 6/7-nanoseconds. To derive accurate range and clos-
ing rate information for such return times, resolution of a
fraction of a nanosecond is necessary if conventional circuits
are used; this performance would undoubtedly have sharp and
unfortunate impact on cost. Thus, innovative system design
will be required to develop a viable microwave sensor.

Pulse techniques offer both advantages and disadvan-
tages. Gating and coding circuits may permit good distance
discrimination and high immunity to noise and interference
from other vehicles. On the other hand, complexity and cost

li^sly to be greater, and antenna size and location may
present problems. The viability of such methods is highly
dependent on the particular realization considered, but they
appear less promising than cw radar.

In summary, microwave radar, while not without serious
drawbacks, has in its favor a wealth of well-known techniques
and components, and on balance is sufficiently promising to
warrant detailed investigation.
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2.4.3 Acoustic Techniques (Sonar)

The extensive use of sound waves for communication and
target detection both in the biological realm and in manmade
devices suggests the possible value of an acoustic crash sensor
In underwater applications (fish location, submarine sonar,
depth measurement) low frequencies are most often used because
of the low attenuation and greater range possible. For an air-
medium high resolution system, as the present case, rela-
tively short wavelengths are required - significantly less than
one meter; - avoidance of creation of audible noise, as well
as low susceptibility to noise, imply frequencies above the
audible range: i.e., above 20 kHz. Frequencies above several
hundred kHz suffer extreme attenuation in air under certain
conditions, and so are unsuitable. Thus, the approximate range
of 30 to 100 kHz appears to be the optimum location for an
acoustic crash sensor. These are the frequencies used, for
example, for sonar aids to the blind.

In the crash sensing application, acoustic ranging or
sonar systems have some favorable features. The low propaga-
tion velocity permits modulation and signal processing at fre-
quencies approximately one million times lower than for electro
magnetic radiation. The reflection time for an acoustic signal
from a target at one meter is approximately 6 ms. For simple
doppler systems the maximum allowable wavelength for an un-
certain Ar in range and Av in velocity is given by:

X = 4 Ar • Av/V

where V is the carrier velocity and v the vehicle velocity.*
A wavelength X = 1 cm., corresponding to a frequency of 33 kHz.
is allowable in an acoustic system permitting

A

r = 0.1 m.
andAv = 1 m/sec.
(For electromagnetic radiation the^same calculation yields a
maximum allowable wavelength of 13A.

)

In addition, acoustic reflectivity is a function of
density and bulk modulus. Therefore, there might be better
correlation between mass and echo intensity than there is in
the case of electromagnetic signals. Acoustic attenuation
in air is much greater than microwave attenuation, and this
fact should help limit interference between autos. Because of
the longer wave-lengths employed, rain, falling snow, and dust
should have less effect on operation of an acoustic system
than they would have on an optical system. A specially cleaned
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window could reduce the effects of the vulnerability of the
transducer or antenna apertures to ice, snow, or mud although
general environmental problems such as noise, wind, road
debris, or weather are likely to represent the most challenging
aspect of system design. This method appears worthy of further
analysis and investigation.
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SECTION 3
DETAILED ANALYSIS OF SELECTED TECHNIQUES

3.1 INTRODUCTION

Sections 1 and 2 outlined the basic requirements of anti-
cipatory sensors, and indicated some of the difficulties faced
in attempting to realize such a system. A number of possible
methods have been described, with the conclusion that only three
seemed appropriate for further consideration at TSC, taking into
account the size of the effort. The three selected were (1)
advanced mechanical sensors, (2) microwave radar techniques, and
(3) ultrasonic (sonar) systems. A more detailed analysis of
these methods follows.

3.2 MECHANICAL SENSORS

To obtain advance warning with a mechanical sensor, one
must, in essence, advance the physical position of the sensor
relative to the automobile. There are a number of difficulties
associated with this approach. The key problem with most anti-
cipatory sensing concepts is avoidance of false alarms from the
many and varied obstacles or objects a car might conceivably
strike. An indication of the mass (or immobility) of such a
target is necessary in order to predict the seriousness of the
collision, and thus determine whether restraint system deploy-
ment is warranted. While a mechanical system offers this cap-
ability directly, the sensitivity of this method depends on the
capacity of the sensing system to absorb energy. For currently
conceived sensors, the sensing system essentially consists of
a firewall-mounted accelerometer plus the entire front section
of the automobile. If the accelerometer is to register a sus-
tained five-G deceleration, a large amount of energy must be
transmitted by the quite massive forward assembly so that an
unequivocal crash indication is obtained. On the other hand,
a physically small sensor extended in front of the car might
undergo severe decelerations even for relatively small impacts.
Further, such a sensor protruding from the vehicle would be a

safety hazard in its own right, even if withdrawn at low speeds.
Finally, a mechanism which could extend and retract a reasonably
massive wide sensor structure, cycle reliably every time the car
passes a set speed, and operate for perhaps ten years without
maintenance or failure, would be very difficult to produce at an
acceptable price, even in very large quantities. To obtain real
benefit, the extension would have to be substantial. At 60 mph,
allowing 10-msec for sensing and triggering, and further assum-
ing a 30-msec crush time for the vehicle engine compartment, the
sensor would have to impact the target 3 to 4 feet in front of

the car.
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This is not to say that advanced warning cannot be obtained
mechanically. Two aspects of automotive development may con-
tribute to the utility of this method. First, as the design of
the forward sections of automobiles are improved with respect to
energy absorption, a small but significant decrease may be
achieved in the degree of impact anticipation required. Of
greater significance is the potential development of extendable,
energy-absorbing bumper structures. The principle motivation
for such development is energy absorption to minimize damage to
the vehicle at low speeds, or to the occupants at higher
velocity. However, these characteristics should make it well
suited to sensing impact in a manner appropriate for triggering
of restraint systems.

Since the viability of a mechanical crash sensor depends
so heavily on these other developments currently outside the
purview of TSC, further investigation of this concept has been
suspended.

3.3 GUIDELINE FOR ANALYSIS OF RANGING SYSTEMS

Before discussing the microwave and ultrasonic radar sys-
tems in detail, it is appropriate to examine inherent char-
acteristics of these different modes. Points which must be in-
cluded in any serious investigation include:

a. Signal Strength

1. source
2. transmitting transducer
3. path loss
4. target characteristics
5. receiving transducer
6. receiver

b. Environment

1. variability of propagation
2. weather protection
3. noise spectrum
4. vandalism

c. Overall System Aspects

1. inter-vehicle interference
2. radiation hazards
3. cost
4. effectiveness

(a) "True" collisions
(b) "False alarms"
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While some of these points require further investigation
or evaluation, all can be discussed to some degree for both
types of ranging sensors. Cost factors, item c.3., will be
discussed under other headings also, as relevant.

3.4 MICROWAVE RADAR CRASH SENSORS

3.4.1 Signal Strength

a. Source . Microwave solid state sources have been the
subject of intensive investigation, principally spon-
sored by NASA and DOD, for a number of years. Two
types of oscillatory diodes have been realized in
practical form, both providing direct conversion from
dc to microwave power with no additional circuit ele-
ments beyond the diode and its mounting. The ava-
lanche, or IMPATT (Impact lonization-Avalanche-
Transit Time) junction diode is somewhat more highly
developed and more efficient than the Gunn (transfer-
red electron bulk-effect) diode, but requires approxi-
mately 80- volts for a 10-GHz diode, compared to the
convenient 12 vdc for the latter. Costs and reli-
ability are about equal. Either could be used in an
automotive system, but the necessity of compatibility
with battery operation, initially favors the Gunn de-
vice. (Use of the IMPATT would require a dc to dc
inverter circuit, and a slight but possibly signi-
ficant increase in cost. Diode cost and reliability
will ultimately determine the choice.) While these
devices are currently quite expensive, one manufac-
turer has publicly announced plans to market Gunn
diodes at $5 each in lots of 100,000. The history of
the semiconductor industry, and its economic dynamics,
are such that one can quite confidently predict even
lower prices should a large-volume market develop.
(Transistors, for example, once very expensive, now
often sell for a few cents in unit quantities, and a
fraction of a cent in large volume.)

Power output of 100 mW is easily obtained, and is more
than is necessary for this application. Reliability
is estimated to be greater than 40,000 hours mean op-
erating time before failure. This estimate largely
represents the limited time such tests have been un-
derway, 100,000 hours is quite possible.

b. Transmitting Antenna . Two types of antennas seem ap-
propriate to this application. One, the familiar
horn type, could easily be cast, molded, etc. It
seems unlikely that such a simple unit could cost sig-
nificantly more than the material from which it is
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fabricated when used in automotive quantities. An al-
ternative, not yet developed for civilian use, is the

slot array using a stripline feed. This antenna is

fabricated in the form of laminated layers of metal
sheets and dielectric. It would be more compact and
should be even less expensive in high volume. It also
offers somewhat greater ease of controlling antenna
pattern. Both types have bandwidths of at least tens
of megahertz.

c. Path Loss . Air, even under extreme weather conditions,
has negligible microwave attenuation for such appli-
cations. At 10 GHz, in cloudburst-intensity rain,
attenuation may reach 20 dB/kilometer , or .02 dB/
meter.

d. Target Characteristics . Targets can be of wide vari-
ety, both reflective and scattering. The waves will
be reflected or scattered by obstacles or portions of
obstacles comparable in size to a wavelength — 3 cm
at 10 GHz.

Generally, good reflection will depend on the die-
electric properties and conductivity of the target
surface. Hence, there should be substantial reflec-
tion and scattering from motor vehicles, no matter
what the aspect. Dry telephone poles, on the other
hand, may give a small return, and large wet animals
could reflect quite well. Concrete, brick, and stone
should be good reflectors.

e. Receiving Antenna . Microwave antennas are typically
of wide bandwidth and highly efficient. Receiving
and transmitting antennas can be identical if desired.

f. Receiver . For reasonably simple signal processing, as
is envisioned, a very few components — diodes, inte-
grated circuits, etc. — are needed. Cost, in high
volume, can be very low, with no compromise in reli-
ability.

3.4.2 Environment

a. Variability of Propagation . As indicated above,
microwave propagation over such short distances is
essentially unaffected by temperature, humidity, or
precipitation.
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t>. Weather Protection . Due to widespread usage of micro-
wave communication systems, the state-of-the-art in
weather proofing is highly advanced. In addition, the
transparency of many materials to electromagnetic
radiation makes this a relatively easy problem.

Antenna covers ("windows") with appropriate dielectric
constant and conductivity have very little effect on
transmission, and cost very little for small antennas.

c. Noise . Both man-made and natural background noise are
reasonably low in the microwave range. It should be
possible to design a practical crash sensing system
that is activated only by signals much stronger than
prevailing noise levels. Police speed-measuring radar
could be a problem, although it is probable that re-
ceived signal strength will be sufficiently low to
avoid difficulty. Additionally, the considerations
listed under part 3. a.. Inter-vehicle Interference,
will provide a margin. If necessary, the system could
simply avoid use of police-radar frequencies.

d. Vandalism . The principal concern here is with malic-
iously induced restraint deployment. As indicated in
Section 3.4. 3. a., a false microwave signal would be
very unlikely to fall in the passband of the receiver.
(Even a swept frequency system would be unlikely to
fall in the passband sufficiently long to induce trig-
gering.) This, coupled with the absence of microwave
sources from the public market, there should prevent
serious problems from extraneous signals.

The far greater difficulty lies with creation of false
targets. This is closely related to the general false-
alarm problem, and the same treatment serves for both.
Basically, this must consist of use of a high trigger-
ing threshold. For example, the system should not
trigger for any target, no matter how high its reflec-
tivity, which has a physical area of less than one
square foot. With this requirement, it is unlikely
that many such objects can be thrown successfully.
There is, however, the additional problem that other-
wise harmless obstacles might be placed in the road and
cause deployment. This could turn out to be either a
serious problem or a very minor one; further system
development is necessary for such a determination.

While a crash sensor could be rendered inoperable by
vandalism to the car, the antennas should be readily
integrated into the design — they need be only 3 to
5 inches in diameter — and should not attract atten-

- 29 -



tion. The weather-proofing shields can be extremely
durable. Finally, there should be very little satis-
faction to such vandalism; immediate breakage could be
barely noticeable, and failure of the system would be
exceedingly unlikely to occur in the presence of the
miscreant.

3.4.3 Overall System Aspects

a. Inter-vehicle Interference . Analysis of this aspect
requires an estimate of system bandwidth. While
sophisticated systems could have very substantial re-
quirements, there is a basic minimum. A simple con-
tinuous wave (cw) technique requires at the very least
that the receiver be able to accept a frequency f^
equal to the transmitted frequency f© plus any fore-
seeable doppler shift f^:

^r “
^o ^d

In general, = 89.6 x Vj^ph/Xcm'

where is the closing rate in miles-per-hour , and
Xcm is the wavelength of the radiated signal in centi-
meters. (These mixed units are convenient in this ap-
plication. )

Since fo = c/Xcm» with c the propagation velocity in
cm/sec .

,

fd = [89.6 X fo/c] vmph/ or

£d = 89.6 Vj^p^ = .3 X 10"® X v^^p^.

fo c

To allow for closing rates of up to 160-mph, the maxi-
mum fd /fo which the system must accept is

^ = .5 X 10"®

fo

This not only establishes the extremely narrow-band
nature of the system, but also shows that for f^ = 10
GHz, the maximum f© = 5000 Hz. Thus, if a .5 GHz band
is available for crash sensors, centered near 10 GHz,
100.000 transmitters could coexist with no interfer-
ence. Probability theory shows that a specific car
could be brought into close frontal contact with
69.000 other radar-equipped vehicles, with a 0.5 prob-

- 30 -



ability of at least one inadvertent triggering. Ex-
pansion to a 2-GHz band, and reduction to 100-mph (and
lower) closing rates would increase this to over
346,000 exposures to other crash-sensor transmitters
before a 0.5 probability was reached. If the trans-
mitting antenna is on the left side of all vehicles,
this should greatly reduce the number of such expos-
ures, since all autos will radiate their microwave
beam toward the roadside. Remaining occurrences typi-
cally would involve cars at right angles, as in inter-
sections. If the system were inoperative at extremely
low vehicle velocity, this problem would be further
relieved. Only actual tests can show how close two
vehicles would have to be to bring about triggering,
but the broad antenna patterns typically used should
provide enough spreading loss after a fairly moderate
distance.

This is clearly a problem area so far as widespread
use of a microwave system is concerned. On the other
hand, the above discussion is intended to indicate
that it should not be an insurmountable one, simply on
a statistical basis. Beyond that, one could go to
coding schemes in which a given receiver can "recog-
nize" signals of that vehicle's transmitter. Such a
procedure would be very likely to add substantially to
system cost, but might be necessary. It is clear,
however, that both the Department of Transportation
and the FCC will find it necessary to monitor very
closely all automotive use of microwave systems, what-
ever their function, to avoid disastrous interference
problems

.

b. Radiation Hazards . For antennas of modest directivity,
as planned for the sensor, with a 100 mW oscillator,
power density at the antenna is approximately 1 mW/
cm2, an acceptable level. (The present voluntary U.S.
standard is 10 mW/cm^, averaged over any six-minute
period. Current HEW requirements for microwave ovens,
recently made more stringent, permit 1 mW/cm^ new; 5

mW/cm^ over the life of the unit. FCC limits on in-
trusion alarm systems are of this order.) An operat-
ing system may well require substantially less power
than the 100 mW indicated, so that a radiated power
density of .1 -mW/cm^ is feasible. Again, if the sys-
tem is inoperative at zero and very low speeds, indi-
vidual exposure can be very low. This, too, highlights
another aspect of microwave automotive systems; DOT,
FCC, and HEW must keep careful watch over this pos-
sible dramatic increase in spectrum usage and total
microwave radiation.
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c. Cost . Cost factors were considered to some degree in
Section 1; at present, it appears that a microwave sensor
system could be produced for $10-$20. However, solu-
tion of some of the possible problem areas indicated
(or others as yet hidden) could bring about a drastic
increase

.

d. Effectiveness . The ultimate system effectiveness of a
microwave crash sensor cannot yet be determined.
Nearly half of the fatal collisions involve impact
with another vehicle, which will presumably be a good
radar target. The distribution of other targets, and
evaluation of system effectiveness for them, awaits
both experimental tests and further study of accident
statistics. (Verification of the radar character-
istics of automobiles is also needed.)

Rejection of virtually all false alarms remains a dif-
ficult problem, but should be possible by imposing a
sufficiently restrictive test for triggering, such as
a high amplitude threshold for the reflected signal.
On the other hand, this will reduce the probability of
deployment in a "true" collision. Again, experimental
data is required.

The maximum target distance at which such a technique
can operate is still to be determined. As pointed out
in Section 1.2.1, only short distances are required.
Use of a high triggering threshold, for example, will
probably restrict successful sensing to a maximum dis-
tance of four to six feet, and the optimum is probably
somewhat less. (While many types of radar systems
could function for far greater ranges, such operation
will almost certainly be accompanied by an unaccept-
able false alarm rate and increased inter-vehicle in-
terference. Note that the intensity of signals re-
ceived from transmitters located on other vehicles
will be reduced by a factor proportional to the
square of the separation distance; whereas reflected
(radar) signals decrease with the fourth power of
range. Thus, doubling the radar sensing-distance, by
decreasing the threshold, increases by four times the
range at which inter-vehicle interference will be a
problem, and also greatly enhances the likeihood of
low reflectivity "false alarm" targets giving a return
above threshold when close to the vehicle.)

One particularly important conclusion which has been
reached concerning microwave crash sensors is that a
system utilizing only a single antenna has a severe
inherent problem. When even a very small target, such
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as a beer can, comes very close to the antenna, the re-
flection will be as strong as for a large real target
much further away. Quite sophisticated circuitry is

necessary to obtain range information adequate for re-
jection of false targets close to the aperature.

On the other hand, this difficulty cannot arise with
two or more antennas, since the small object has to be
reasonably far from one antenna or the other, and this
will either receive little power to reflect, or will
reflect only a small amount into the receiver. This is

illustrated in Figure 3.1. Such a system, with
separate transmitting and receiving antennas some dis-
tance apart, is called a bistatic radar system.

3.5 ULTRASONIC SONAR CRASH SENSORS

3.5.1 Signal Strength

a. Source . There should be no difficulty in design of a
reliable, low-cost transistor oscillator using inte-
grated circuits. Consumed power should be of the
order of watts at most, and should be easily supplied
by an automobile electrical system.

b. Transmitting Transducer . For a cw (continuous wave)
system, a narrow-band transmitting transducer is suf-
ficient, provided that the oscillator is adequately
stable. Reasonable efficiency is desirable, to mini-
mize the power required from the oscillator circuit.
For a system involving sophisticated modulation --
coding, chirp, etc.—bandwidth could be a problem, as
indicated in 3.5.1.e. Radiation pattern should be
readily tailored to the desired shape.

c. Path Loss . Atmospheric attenuation of acoustic waves
is strongly dependent on temperature, humidity, and
frequency. Under the best conditions, even at 100
KHz, the loss can be under .1 dB/meter, which would
be negligible in this application. However, the worst
case can reach 10 dB/meter, or for a total path length
of 3 meters, 30 dB loss. (This is for 100 KHz; atten-
uation is proportional to the square of the frequency.)
While loss of this magnitude can be made acceptable
through use of increased transmitter power, the con-
sequences of variation from low to very high attenu-
ation due to changes in environment are far more
serious. These are discussed below in Section 3. 5. 2. a.
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Antenna

o Small object

(a) Single Antenna. Large reflected signal received

by antenna.

Transmitting

Antenna

(b) Two Antennas. Only small portion of large

reflected signal is incident on receiving

antenna.

(c) Two Antennas. Only small reflected signal; very

little of transmitted energy incident on object.

Figure 3.1.- Inherent advantage of bistatic system.
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d. Target Characteristics . As for the microwave case, the
the ratio of wavelength to target dimension is a cru-
cial parameter. Acoustic wavelengths for a reasonable
system would be in the range from 1.5 to 0.3 cm about
one-half to one-tenth of those for a 10-GHz microwave
system. Thus, a high degree of spatial resolution
would be obtained. However, for a crash sensor it is
not clear that a resolution of less than 5 to 10 cm
is needed. Whether this aspect is of particular value
depends on whether one can devise means to utilize the
added information.

The important question here concerns the reflection
coefficients of the various obstacles to which the
system is likely to be exposed. For acoustic waves,
this coefficient is a function of bulk modulus and
density. Thus, it seems reasonable to anticipate a
good correlation with mass (probably better than for
microwaves) , which is highly desirable. Absorption as
in the case of fur on an animal or a hedge might well
aid in reduction of false alarms. Indeed, these con-
siderations are the basic reason for examination of
ultrasonic systems. Experimental tests are necessary,
of course, to confirm or refute these estimates. On
the other hand, objects made of cardboard, wood, glass,
etc., may also give rise to a large reflection, pre-
senting a special false alarm problem.

e. Receiving Transducer . Regardless of the sensing method
used - whether pulsed, coded, or cw - the bandwidth
requirement will be at least that of a cw doppler sys-
tem for equivalent information. Recall from part
3.4. 3. a. that for the microwave system.

So to provide for even a 125-mph closing rate, we must
have

^ ^ "'^mph

c

For sound, c = 33,100 cm/sec.; therefore

fd ~ .0027 v^ph.

fo

.35 = 35%
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In other words the receiving transducer and the entire
receiving system must have a 35% bandwidth, with a
center frequency between 20 and 100 KHz, and a rel-
atively flat response in this range. While this can
presumably be obtained, the cost remains to be deter-
mined. This question is still open. In addition, the
problem of retaining such characteristics when the
transducer is completely protected against weather ex-
tremes may be a very severe challenge, since resonant
structures are generally part of any such shielding.

f. Receiver . Basic receiver circuitry should pose no
major difficulty, although the greater the degree of
sophistication in modulation, the greater the cost of
demodulation circuitry and transmitter circuitry.

3.5.2 Environment

a. Variability of Propagation . This appears to be a
major problem. As indicated above (3.5.I.C.), atmo-
spheric attenuation at 100 KHz can vary from less
than 1 dB/meter to approximately 10 dB/meter; for a
3 meter path, varying conditions can cause received
signals from a given target to shift by 30 dB, a fac-
tor of 1000 in signal strength. If not compensated,
this would completely rule out any use of amplitude
measurements for triggering decisions. One solution
would be to operate at much lower frequency, 30 to
50 KHz. However, this is likely to enhance noise
problems (see part 3.5.2.C., following). It may still
leave a 6-dB variability in return signal level and an
associated problem in finding a transmitter level that
guarantees triggering when needed in the worst case
but does not allow false alarm in the case of low
path attenuation.

b. Weather Protection . Protection of acoustic transduc-
ers against weather extremes presents clear difficul-
ties. It is not difficult to obtain an hermetic seal,
but typically this is accomplished by means of a res-
onant window which has a narrow bandwidth. Since
high frequency operation inherently requires low xmass
of the moving parts, ice buildup on the front surface
could completely destroy its transduction properties
at the design frequency. In addition, this low mass
is basically inconsistent with the structural
strength required to survive sleet and hail, along
with other objects such as sand, gravel, etc. As
indicated previously, problems associated with the
transducers are a significant part of the weakness of
ultrasonic systems.
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c. Noise Level . At present, this is an unknown quantity.
Measurements of environmental noise are generally
limited to the audible range, below 20 KHz. However,
some informed speculation is reasonable. A commer-
cially developed system for passive detection of auto-
mobiles operates at 40 KHz, where tire and other noise
is apparently very high; motorcycles a hundred feet
away have been found to produce a very high sound
level at this frequency. As there is little likeli-
hood that such noise is sharply peaked in frequency,
it is reasonable to assume that the range between 20
and 100 KHz may be quite noisy. In addition to nor-
mal road noises, there are other common sources such
as backfiring, explosions of any_sort, thunder
cracks, construction, manufacturing (generally close
to highways, and almost certainly in the vicinity of
parking lots) and the squeal of sudden brake appli-
cations in panic situations. It is extremely likely
that the noise of a low-flying jet aircraft, parti-
cularly when taking off, contains very high intensity
components over the entire range of interest.

A second possible noise source is air turbulence in
the propagation path. In addition to normal wind
flow and self-generated turbulence, air movements
caused by nearby vehicles, such as large trucks in an
adjacent lane, can severely affect an acoustic wave
passing through that medium. The turbulence can have
dimensions over which there is a pronounced change in
velocity, direction, or density, either larger than,
comparable to, or smaller than the acoustic wavelength
in use. Therefore, a wide variety of effects can oc-
cur, including scattering, reflection, diffraction,
and refraction. All of these will tend to add noise
to the received signal and to introduce random vari-
ation into it. Indeed, this effect has been reported
as experimentally observed at audio frequencies, and
apparently increases as the square of the frequency.
Thus, the effect of turbulence also seems to be a
serious problem for acoustic systems.

A related noise source is rain or spray, where dimen-
sions could conceivably be such as to approach signal
wavelength; however, this factor should be consider-
ably less important than turbulence. More serious is
physical impact on the transducer by rain, sleet,
sand, or pebbles. This will certainly introduce high-
intensity noise components into the receiver; the re-
sulting effect on system effectiveness remains to be
evaluated, but is clearly an area requiring study.
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In short, further investigation is required for a de-
finitive answer on all of these questions. However,
noise does appear to be a very real problem for any
ultrasonic system to be used in an automotive envi-
ronment. It may be insoluble within reasonable cost
and other constraints.

d. Vandalism . For an acoustic system, there are two
facets to this problem. Not only can objects be so
placed or thrown as to cause undesired deployment;
triggering can also be achieved from use of an appro-
priate signal source, such as an ultrasonic whistle
(perhaps a "silent" dog whistle) or a small fire-
cracker, likely to generate substantial ultrasonic
components. "False alam" targets might be successful-
ly excluded through use of a sufficiently high trigger-
ing threshold, but the false signal source may be im-
possible to defend against without going to consider-
able costly sophistication in signal processing.

3.5.3 Overall System Aspects

a. Inter-vehicle Interference . As indicated previously,
an acoustic crash sensor will require a very broad
bandwidth — at least 30%. Further, propagation char-
acteristics and other factors limit choice of fre-
quencies to a small range — above 20 KHz and probably
below 100 KHz. Hence there are far fewer independent
channels than in the microwave case, and one must as-
sume that essentially all units can interfere with one
another. Although atmospheric attenuation can be very
high, it can also be quite low, and can not give useful
protection from nearby sonar-equipped cars. It appears
that some sort of coding scheme will be necessary so
that the receiver will respond only to signals that it
has transmitted. This will add an unfortunate degree
of complexity and cost to ultrasonic anticipatory sys-
tems if it can be accomplished at all; only a limited
amount of coding is possible in the time intervals in-
volved for the frequency range in question.

b. Radiation Hazards . For the acoustic power levels plan-
ned, no radiation hazard should exist. Only enough
return signal is required, after traversing a very
short path, to be above the ambient noise ]evel. On
the other hand, an attempt to eliminate "false alarms"
associated with special noise sources (jet planes or
thunder claps, for example) by setting a very high
threshold might lead to use of such intense pulses that
consideration would have to be given to this factor.
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(It has not yet been determined whether permissible
levels in the audible range are valid standards for
ultrasonic energy. This information can possibly be
obtained from the medical literature.)

c. Cost . A basic system need not be excessively expens-
ive. But to overcome all the actual weaknesses and
problems discussed here might be very expensive. The
receiving transducer appears to be the most challeng-
ing component so far as expense is concerned, with the
parallel requirements on bandwidth and environmental
protection. The very sophisticated modulation and sig
nal processing circuitry necessary to attempt to deal
with some of the other weaknesses of an ultrasonic sys
tern could also prove very costly.

d. Effectiveness . A single, basic ultrasonic crash sen-
sor, under given conditions, might well provide a good
predictor of impending collisions, with acceptable re-
liability and high discrimination against false alarms
However, the probable susceptabili ty to atmospheric
variations, general environment, ambient noise, and
acoustic false alarms — due to sounds, not actual
objects — along with what is likely to be substantial
cost, make this a relatively unpromising path to
follow.

3.6 CONCLUSIONS

As indicated, the constraints and difficulties associated
with mechanical anticipatory sensing make it inappropriate to
continue the TSC investigation along these lines, particularly
in view of the limited resources available.

While not without substantial problem areas, microwave
sensing appears to hold the greatest promise for this difficult
application. Since many of the uncertainities can be resolved
only through the attempt to construct a working sensor, and by
careful test and evaluation of such a system, this has been the
course followed. The sensor actually developed is described in
Section 4.

Although acoustic techniques are apparently somewhat less
likely to lead to a viable crash sensor, the above comments
concerning the value of fabrication and test of an actual unit
are also valid for that approach. In addition, in the course
of this program, the microwave radar system developed at TSC
was seen to be based on a system concept for which completely
analogous acoustic realization is possible. Indeed, the same
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signal processing circuit can be used for both microwave and
acoustic sensors with only very minor parameter changes. Thus,
it has been seen as appropriate to devote a significant amount
of effort to the sonar approach as well. This task is described
in Section 5.
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SECTION 4
THE MICROWAVE CRASH SENSOR

4.1 INTRODUCTION

As discussed in previous chapters, microwave radar appears
to be one of the most promising methods for pre-sensing auto-
mobile crashes. We have designed and constructed a microwave
crash sensing system which has been installed in a domestic
subcompact auto. It is now being tested and evaluated under a

wide variety of operating conditions.

4.2 THE SYSTEM

4.2.1 General Description

The sensor is a simple cw microwave doppler radar system
that operates at a frequency of 10 GHz and a corresponding
wavelength of 3 cm. A block diagram of the system is shown in
Figure 4.1. Separate directional antennas are used for trans-
mitting and receiving; this configuration is called a bistatic
radar system. The antennas are mounted at either end of the
automobile's grille and are aimed so that the centerlines of
their patterns cross at a point 1 to 2 meters ahead of the
grille. For a microwave signal to be received at the receiving
antenna, a target object must be present in the region of space
intersected by the fan-shaped pattern of each antenna, so that
some of the transmitted microwave beam is reflected or scat-
tered into the receiving antenna.

The microwave signal source used at present is a Gunn
diode that produces a continuous 100-mW microwave signal. This
diode operates from a 12-volt car battery and with a current of
approximately 0.5 amps. It is held in a waveguide mount which
is fastened to a short section of waveguide incorporating a
signal-sampling probe. The waveguide section in turn is fast-
ened to the transmitting antenna. Figures 4.2(a), (b) show the
diode in its mount, and show the mount fastened to the sampling
proble section and antenna.

Signals from the signal-sampling probe and the receiving
antenna are added together and fed to a microwave detector
diode. The detector output voltage depends upon whether the
signal from the receiving antenna adds in-phase or out-of-phase
to the sample of transmitted signal. As a reflecting target in
front of the auto moves one half of a wavelength relative to the
the auto, i.e., 1.5 cm, the detector output voltage goes through
a maximum and a minimum. In terns of the relative velocity of
target and auto, the frequency at which the detector output
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voltage varies, i.e., the doppler frequency is given
approximately by the relation = 30 Hz, where
'^relativ^ mph. The detector output, i.e., the doppler
signal, is seen to fall conveniently in the audio range, varying
between 450 Hz at 15 mph to 6,000 Hz at 200 mph.

The doppler signal is amplified in a high-pass amplifier
with a lower cutoff frequency of 450 Hz. This eliminates re-
ceived signals due to targets that do not represent a great
threat. The amplified doppler signal is then processed by a
threshold amplifier for which the instantaneous output is +3
volts when the input is above an adjustable threshold value,
and -0.5 volts for any smaller input. The purpose of this
amplifier is to discriminate against targets so small that they
would not be a threat in spite of high relative velocities.

The threshold amplifier output goes to a second detector
stage consisting of a rectifier diode-resistor-capacitor com-
bination which gives a staircase output ascending to some
steady-state value in response to a square-wave input. When the
staircase passes a selected value, it triggers the gate of an
SCR, causing a light to flash on in our test system, indicating
actuation

.

The system design incorporates a number of built-in safe-
guards against "false alams". The use of two antennas means
that a small object cannot actuate the system by completely
blocking one aperature. Several doppler cycles are needed for
actuation, and this insures against actuation by transients
generated in the automobile's electrical system. The system
only "sees" the region where both antenna patterns converge im-
mediately in front of the auto. This simple method of unambig-
uously determining target location helps minimize overall sys-
tem complexity, also aiding reliability.

4.2.2 Antenna Considerations

The sensitivity of the microwave "front end" of the system
is a function of target size, composition, and location. The
variation of sensitivity as a function of target location de-
pends upon antenna patterns, antenna positions on the auto, and
directions of the main axis of the antenna patterns.

For a particular positioning and pointing of the antennas,
and for a given target, the sensitivity S of the system varies
approximately as



Figure 4. 3 (a.) - Variation of antenna gain in horizontal
plane (H-plane)

.
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Variation of antenna
plane (E-plane)

.

gain in the verticalFigure 4 . 3 (b .

)



75 cm

Figure 4.4.- Detection sensitivity pattern for
Bistatic system.
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where Gi^2(©l,2T' <^1,2 t) are the gains of the transmitting and
receiving antennas respectively as a function of relative azi-
muth and elevation, and Ri,2T are the distances from the target
to transmitting and receiving antennas respectively.

The antennas currently being used are standard-gain horns
with antenna patterns as shown in Figure 4.3. In tests to date,
both antennas have been aimed inward at a 22° angle relative to
the axis of the automobile. The resulting sensitivity pattern
is shown in Figure 4.4. This pattern was measured by position-
ing a plane metal target of approximately 100 square inches
crossection at various positions in front of the auto in the
plane of the antenna pattern axis and measuring received signal
strength with a calibrated receiver. The antennas, mounted on
the test vehicle, are shown in Figure 4.5. Note that these
antennas and antenna orientations are not to be regarded as
optimum (the antennas should be as widely spaced as possible)

,

but have proved to be useful in the early testing of this sys-
tem concept.

The positioning of the antennas has a measurable effect up-
on the variation of doppler frequency as a function of target
position, for constant relative target velocity. One doppler
cycle is produced at the microwave detector output each time the
total path length from transmitting antenna to target to re-
ceiving antenna changes by one microwave wavelength. There are
ellipsoidal surfaces of constant relative phase, i.e., constant
total path length, that have the antennas as foci; these are
pictured in Figure 4.6(a.). A typical diagram of the resulting
doppler frequency as a function of target position, for a tar-
get moving at constant velocity directly toward a point midway
between the antennas is shown in Figure 4.6(b.).

Obviously this geometric effect causes an ambiguity in de-
temining target velocity from doppler frequency. This factor
must be taken into account in determining antenna characteris-
tics and doppler thresholds. However, it should not prove to be
a very difficult problem to surmount as far as overall system
operation is concerned.

4.2.3 Signal Processing

Figure 4.7 shows the schematic diagram for the signal pro-
cessing circuit, described in Section 4.2.1. The first-stage
amplifier has a voltage gain of 800 and a lower cutoff fre-
quency of 450 Hz. Filters at the input and output also have
cutoff frequencies of 450 Hz. The characteristics of the two
filters and the amplifier combined give a low-frequency roll-off
of 30 dB per decade below 450 Hz.. Figure 4.8 shows the gain of
this amplifier-filter combination as a function of frequency.
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VOLTAGE
GAIN

Figure 4.8.- Gain-frequency characteristics
of amplifier/filter stage.
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All of the signal processing circuitry following the detector
diode is mounted on a printed-circuit board as shown in Figure
4.9. Figure 4.10 shows the "black box" that holds the PC board,
switches, potentiometers, and test terminals for controlling
and monitoring the system. This box is mounted under the auto's
dash, as shown in Figure 4.11.

The potentiometers adjust the input level to the threshold
amplifier to the desired sensitivity level for triggering.
When signals appear at the threshold amplifier input with maxi-
ma greater than the threshold level, the threshold amplifier
output is a square-wave signal of constant maximum amplitude.
When the output reaches a certain level, the SCR is switched on,
lighting an indicator light and actuating other indicating de-
vices .

Figure 4.12 illustrates how the signal levels vary at
various points in the circuit when a simulated doppler signal,
produced by a tone-burst generator is applied at the input. By
adjusting the parameters in the circuit it is possible to change
the number of doppler cycles required for actuation.

4.3 RESPONSE TO VARIOUS TARGETS AND ENVIRONMENTS

4.3.1 Response to Test Targets

Our microwave crash sensor triggers when the automobile on
which it is mounted encounters a simulated target of large siz-e

at velocities greater than 15-mph. This has been routinely
shown by running into large cardboard boxes covered with alumi-
num foil. The sensitivity potentiometer can be adjusted to give
various threshold target sizes. Adjustment can vary the mini-
mum size for triggering of an aluminum foil patch from less than
10-square inches to more than 200-square inches. For a target
of given size, triggering is also a function of sensitivity as a
function of position. A large target always causes triggering
slightly farther away from the auto than does a small target.

4.3.2 Response to Real and False-Alam Targets

In order to measure the response of our system to various
real and false-alarm targets, a series of field tests is being
conducted. During these tests, an amplifier circuit with a
lower cutoff frequency of approximately 10-Hz (.3 mph) is used
in place of the high-pass circuit. The automobile is then
rolled slowly up to various objects, and the linearly amplified
doppler signal is recorded on a tape recorder. The tapes are
played back in the lab, and the signals are observed and photo-
graphed using an oscilloscope. Stereo tape decks are used, with
one channel for data and one for voice narrative.
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Figure 4.9.- Signal processing circuit.
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Figur© 4.11.— Signal processing circuit box,

mounted in vehicle.
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Figure 4 . 13 (a . )
. - Doppler signature of a tree. 0.1 Sec/div.

horizontal, 0.4 v/div/ vertical.

Figure 4.13(b.).- The tree.
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Figure 4.14 (a.) - Doppler signature of a concrete post,
6" X 6"; 0.1 sec/div. horizontal,
0.4 v/div. vertical.
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Figure 4.15(a.).-

1

Doppler signature of a
telephone pole.

Figure 4.15(b.).- The pole.
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Figure 4.16.- Doppler signature of the rear of a

domestic full-size sedan. 0.1 sec/div.
horizontal, 0.4 v/div. vertical

Figure 4.17.- Doppler signature of a concrete wall.
0.1 sec/div. horizontal, 0.4 v/div.
vertical

.

Figure 4.18 - Doppler signal obtained driving over
corrugated metal roadway. 0.1 sec/div.
horizontal, 0.4 v/div. vertical.
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To date, doppler signatures of a sizeable number of objects
have been obtained. Examples of some of these are shown in
Figures 4.13 thru 4.18. In the pictures of the doppler bursts
for every object except the corrugated bridge roadway, one first
observes a low residual signal due to return from the road sur-
face. As the target is approached, the signal amplitude in-
creases. As the driver brakes to a halt a few inches from the
target, the doppler frequency decreases, and the signal event-
ually falls to zero amplitude.

One sees that in the first five cases, the maximum signal
amplitude is an order of magnitude larger than the normal road
surface return for a large number of doppler cycles. However,
driving across the corrugated steel roadway of the bridge pro-
duced a maximum amplitude fairly near that of some of the tar-
gets. More nearly optimum antenna patterns can reduce the road
and bridge return substantially.

Much more data must be collected to determine what antenna
patterns and circuit parameters give sufficient discrimination
between real and false-alarm targets.

4 . 4 FUTURE WORK

Field testing as described in the previous section is con-
tinuing. The data now being obtained is being used in speci-
fying parameters for different parts of later systems based or
our current one. Extensive attention is being given to use of
two or more parallel microwave front ends with spatial regions
of high sensitivity oriented to give optimum spatial coverage.
Advanced concepts for individual components are being investi--
gated also. Characteristics of the antenna patterns in the
vertical and horizontal directions are being studied to deter-
mine what patterns are optimum in light of environments en-
countered. Recent advances in antenna technology have led to
X-band antennas with directional properties equal to horns thr.c

can be inexpensively fabricated in strip-line form. These
antennas are small and rugged as well.

It appears that all of the electronics on the PC board
could be fabricated in one 14-pin flat-pack, should the market
warrant. A number of microwave manufacturers now have in de-
velopment integrated microwave front ends for systems such as
ours. These contain the microwave diode source, power sampler,
antenna terminals, and detector diode all in one small rugged
package

.
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One further area of current investigation is the use of a
microwave crash sensor in series or parallel with other crash
sensing systems to provide an overall system with character-
istics superior to any single system. In such combined use, it
is felt that the compromises necessary in simultaneously deter-
mining acceptable miss and false-alarm probabilities would be
far less severe.

These topics will be covered more fully in later reports.
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SECTION 5
THE ULTRASONIC SENSOR

5 . 1 INTRODUCTION

The ultrasonic acoustic (sonar) crash sensor developed at
TSC is based on exactly the same principles of operation as the
microwave sensor: it is a bistatic cw doppler system, with
range determined entirely by the transducer patterns. Specific
considerations relevant to each component were indicated in
Section 3.5. Since both operating frequency and propagation
velocity are reduced by approximately a factor of 10° from the
microwave case, the carrier wavelengths and hence frequencies
observed are quite similar: at 40 kHz the shift is 100 Hz/mph.
The signal processing is identical to that described in Section
4.2.1, with the single change that the high pass filter must
have a cutoff frequency of approximately 1600 Hz for a 15-mph
threshold velocity. (Indeed, the same circuit has been used in
testing .

)

5 . 2 THE SYSTEM

The signal source which has been used is merely a simple
transistor oscillator operated from 12 Vdc. The receiver
consists of an amplifier and mixer diode, followed by a low-
pass filter to eliminate the 40 kHz carrier . Figures 5.1
thru 5.3 show, respectively, a block diagram of the acoustic
portion of the system, circuit schematics of the oscillator
and receiver, and a photograph of the actual circuits. The
transducers used experimentally are hermetically sealed,
although not inherently suited to external mounting without
further weatherproofing. Unlike the microwave case, where
basically suitable antennas, with appropriate all-weather
"windows", are readily obtained, there are few commercial
applications, and thus a very limited availability of trans-
ducers with appropriate characteristics. There is not a great
problem with the transmitting unit, which can be narrow-band,
but - as indicated in Section 3.5.1 - obtaining the required
bandwidth in a sensitive, low-cost receiving transducer is a
more difficult task. (The major present market for such compo-
nents is intruder alarm systems, where motions of .1 to 10 mph
(10 to 1000 Hz) are of special interest.) However, the low
available bandwidths are adequate for the most important class
of tests, in which the vehicle is rolled slowly up to various
obstacles (with no high-pass filtering for velocity discrimi-
nation) for measurements of acoustic reflectivity. It is by
this means that various potential targets may be characterized
and system effectiveness estimated. Also, a narrow band is
sufficient for measurement of environmental noise in the
vicinity of 40 kHz.
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Figure 5.1.- Acoustic system block diagram.
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Figure 5.2.- Oscillator and receiver schematic diagram.
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Figure 5.3.- Actual circuit.
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Due to the less broadly developed nature of ultrasonic
technology in the frequency range of interest, this portion
of the TSC program has required more emphasis on characteri-
zation and improvement of components, particularly transducers.
Several types of crystal transducers have been tested. They
are small, rugged, and relatively inexpensive, two resonating
near 40 KHz (one with a mesh-covered aperture, the other her-
metically sealed), and one tuned to 22.5 KHz (hermetically
sealed by an aluminum diaphragm) . Measurements have been made
using identical transducers as transmitter and receiver, mapping
the directional propagation characteristics and observing
reflections off several different types of surfaces. Attempts
have been made to focus the beam with a simple cylindrical horn.
Comparison of data taken with and without such a horn showed
improvement in this respect. The higher-frequency unit per-
mitted better focusing than the other, as expected. Reflected
signals and phase shift (or doppler effect) with motion were
studied with smooth surfaces of metal, wood, glass and card-
board. All gave pronounced reflections at several feet at the
specular angle, although quantitative reflection coefficients
have not been determined.

A prototype system was set up with a transmitter at the
center, flanked by two receiving tranducers 24-inches on each
side tilted inward at an angle 20° off axis. The purpose of
this geometry was to create an extended zone of about 40 inches
wide, 30 inches in front of the array. However, significant
sensitivity was still observed as close as one foot and as far
out as six feet. Quantitative polar-coordinate plots have been
made of several units using a smooth cylindrical horn, as well
as one lined with a sound absorbing material. The latter
showed an improvement in resolution by reducing the angular
width at 1/2 maximum intensity by approximately a factor of two.
In addition, a number of baffle structures have been designed
to minimize impact of miscellaneous road debr is--pebbles , ice,
insects, etc., --while not interfering with the acoustic be-
havior. Baffles have been built which show no loss of signal
strength and will eliminate direct impacts, although bandwidth
has not been measured (being limited by the transducers in use)
and the actual road effectiveness remains to be determined.
Figures 5.4 thru 5.7 show, respectively, a 40-kHz transducer,
the baffle design, a completed unit, and graphs of the trans-
ducer pattern with and without baffle.
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Figure 5.4.- Transducer.

TRANSDUCER
MESH
SCREEN

SHIELDED
CABLE

Figure 5.5.- Baffle design.
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The most recently obtained 40 kHz transducers, hermetically
sealed, can achieve substantial bandwidth by means of electrical
matching circuits, as is generally the case for resonant devices.
A useful technique for further study will be selection (if pos-
sible) for use as the transmitting transducer a unit with a

resonance frequency approximately 1500 Hz below the low fre-
quency cutoff of a broad-banded receiving transducer. This
would provide the required low velocity threshold directly.

5.3 SYSTEM TESTS

Laboratory tests of this system have been carried out for
both component characterization and preliminary sensor evalu-
ation. These provide some insight into sensitivity and target
discrimination. For fixed transmitted signal and geometry, at
40 kHz, with a total path length of approximately five feet,
typical received signals were: metal, 30 mV; plywood, 2.5 mV;
plexiglass, 2.0 mV; cardboard, 2.0 mV; and ceramic, 3.5 mV.
These figures show that ultrasonic waves are relatively in-
sensitive to the composition of several common materials. Sub-
stantial return has been observed for the human body moving
toward the system, suggesting that a similar response would be
found for large (or even medium sized) animals, as well as
pedestrians

.
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The system described above has also been mounted on the
test vehicle on several occasions; transducer location is seen
in Figure 5.8. (In any functional system, they would be mounted
flush with the front of the automobile.) Signal processing is
as for the microwave system (Section 4.2.3), used in the "all
pass" (10-Hz lower cutoff frequency) mode. The bandwidth of the
transducers used to date is only several hundred Hz, so only
roll-up tests have been possible. Various difficulties with the
electronic circuitry - common in experimental systems - have
delayed acquisition of quantitative data. Measurement of
acoustic reflectivity (at 40 kHz) of various targets should
begin in the very near future. Qualitative observations indi-
cate substantial return from a number of representative targets
(vehicles, concrete walls, trees, telephone poles, fences, etc.),
but it is not yet clear whether acceptable target discrimination
will be possible. No large "false alarm" signals were seen when
driving in traffic. Preliminary indications also suggest the
possibility of significant susceptibility to noise, but substan-
tial further testing will be necessary to determine the degree
to which either circuit saturation or false signal indications
will be a problem. Fugure testing will make use of a broadband
microphone as a receiver, permitting more realistic operation
and evaluation of the system.
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SECTION 6

PRELIMINARY CONCLUSIONS

6.1 ESTIMATION OF EFFECTIVENESS OF ANTICIPATORY SENSORS

Overall effectiveness of anticipatory sensors, both in
general and for specific realizations, can only be estimated.
It is necessary to obtain a considerable mass of accident data
which - in some cases - is not the information normally re-
corded. Although the many variables involved make convenient
a quasi-mathermatical formulation, which is described in
Appendix II, it is by no means intended that this imply the
potential for accurate prediction. However, for the limited
purposes of this discussion, it is sufficient to note that one
must relate the sensor and restraint characteristics to the
total population of accidents to determine the percentage of
cases for which a given dynamic restraint system will be of
benefit, as well as the degree of improvement attainable. For
example, current dynamic systems offer no benefits in rear,
side, or rollover accidents, regardless of sensor. The micro-
wave sensor may prove ineffective against a variety of targets,
such as telephone poles and small trees, and may further limit
the impact angle for which triggering is obtained. Thus, by
such reasoning, one can immediately define a large class of
accidents (and a very substantial number of deaths) which will
not be affected by a microwave sensor/inflatable restraint
protective system. On the other hand, the toll in death and
injury resulting from frontal collisions with impact speeds of
30 to 60 mph may be very significantly decreased by means of
anticipatory sensing. (Recall the effectiveness of prior
activation as indicated in Section 1.2.1 and Appendix I.)
Indeed, the severity and frequency of frontal collisions at
higher speeds (above 30 mph) , and the basic high-G deceleration
capability of existing inflatable restraints suggest that the
importance and potential value of predictive sensing may be very
substantial. Accurate estimation of the possibilities requires
information as to three aspects: (1) system operation (response
to true and minor targets), (2) system reliability (Section 6.2)
and accident data. In the last category much information exists
and is constantly being augmented; in coming months it will be
used in this program to permit meaningful evaluation.

6.2 RELIABILITY

6.2.1 Introduction

The ultimate success or failure of a dynamic passive re-
straint system, particularly when anticipatory sensing is
utilized, will probably be determined by considerations relating
to reliability. This term has been used earlier in a rather
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restrictive sense, but is here intended to have quite general
meaning. While this brief discussion will, to some degree,
repeat the criteria of Section 1.3, and parts of 3.4 and 3.5,
it is included to summarize those factors which can directly
produce or inhibit triggering.

6.2.2 Inadvertent Actuation

The basic sources of inadvertent actuations have already
been discussed. The problem of "false" targets - obstacles
which induce deployment when not needed - is typically the
first to come to mind, but is not necessarily the most im-
portant. In truth, it is quite rare for vehicles to strike
objects sufficient to trigger microwave radar sensors (for
example) . While animals can have relatively high radar reflec-
tivity, they are generally sufficiently low (cats, dogs) or
small (birds) that the threshold for actuation will very seldom
be exceeded. An informal survey suggest that most drivers can
recall no such experiences, assuming that birds can be eliminat-
ed. The most threatening false target (in terms of frequency of
exposure) is a heavy spray or sheet of water. (This sensor
response will be examined in the near future.)

There is little to be added here on inter-vehicle inter-
ference, vandalism, and environmental noise, save to comment
that all appear to be controllable, at least for microwave
systems, to an adequate degree. (Such control may, however,
add significantly to system cost and complexity.)

It appears that by far the more challenging aspect of
reliability is the electronic circuitry itself. Virtually any
sensor can be considered ultimately as a threshold device - if
some voltage, current, charge, or magnetic field exceeds a set
value, actuation occurs. The situation is illustrated in
Figure 6.1. There will be an optimum value for the threshold,
and presumably some allowable range of variation. But if the
threshold should for any reason drift too far down, suscepta-
bility to false alarms can increase dramatically.
When this circuit stability requirement is viewed in the con-
text of the automobile environment, with the additional con-
sideration that a truly viable system could ultimately be in-
stalled in 100,000,000 vehicles, the required mean time before
failure becomes very long indeed for public acceptability.
It remains to be seen whether even the wonders of solid state
electronics will permit performance on that scale at an accept-
able cost.
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Figure 6.1. - Consequences of variation of threshold.

6.2.3 Failure to Actuate

Although the false alarm, being the more dramatic event,
is the failure mode most discussed, a system with a low proba-
bility of actually deploying in collisions would be of concom-
itantly little value. The two most immediate concerns are
likely to be with weather (ice, mud, etc. on the antennas) and
targets which are characterized by too low reflectivity.
While these are areas which will require substantial engineer-
ing effort, they do not appear to represent insoluble problems.
It should be noted that a system which fails to actuate on
some targets - 10% to 25% of the total - can still provide a
level of protection far superior to anything now available.

Here, too, a major challenge is the possibility of
circuit malfunction. Referring again to Figure 6.1, it is also
possible for the threshold to drift upward toward the region
of system ineffectiveness. Quite possibly both this and the
related false-alarm problem can be partially mitigated by self-
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testing circuitry, warning indicators, and fail-safe design.
However, in view of the substantial cost of dynamic passive
restraint systems, performance will have to be of a high order
to be both cost-effective and acceptable to the public.

In this connection, one other failure mode deserves
mention. Should the fears of the public not be sufficiently
alleviated, or even be aggravated by unfortunate experiences
with early systems, there could be a serious problem of
deliberate system disablement. This will almost certainly be
easy to accomplish, and could - in the extreme case - lead
to a situation not unlike that for present active restraints:
the system goes unused. The difference would be that the
passive restraints will represent a substantially greater in-
vestment. Thus, it is of great importance that the first
systems to come into general use be based upon particularly
high standards of engineering, fabrication, testing, and in-
stallation .

6.3 SUMMARY AND CONCLUSIONS

6.3.1 Conclusions of the Present Study

This investigation is now at its midpoint. Our exam-
ination of the environmental, technical, and practical con-
straints associated with anticipatory crash sensing make clear
the magnitude of the problem. At the same time, the potential
benefits - even in terms of present restraint systems - are
substantial. Microwave sensing appears basically feasible,
but with the limitation that there will inevitably be classes
of targets for which satisfactory response is not obtained.
The goal of nearly zero inadvertent actuations with greater
than 75% effectiveness may be obtainable, although the re-
liability and environmental specifications could affect cost
so drastically as to make anticipatory sensing impractical.

Also, questions of legal liability can not be avoided.
If there are known failure modes - both false alarm and non-
deployment - motorists might well institute numerous lawsuits
unless prior warning is given. Similarly, injury caused by
the restraints or - more likely - the possibility that injury
was due to deployment rather than the crash, could cause end-
less legal wrangling. This problem is clearly beyond the pur-
view of the Transportation Systems Center. However, it is
mentioned here to indicate a potential serious obstacle to
actual use of anticipatory sensors. The issue has already
been raised in connection with systems relying upon impact
sensors, and the predictive case is even more complex.
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Use of hybrid microwave/mechanical sensor systems may
well represent the best compromise, if cost permits. For
example, one could use a low- threshold mechanical sensor in
series with a microwave radar system. Both units would have
to sense a collision for deployment. The radar would eliminate
false alarms from road irregularities, and the impact sensor
would not respond to small objects of high reflectivity. For
added security, one could use a high-threshold mechanical
sensor which required no other sensing for the case of large
obstacles with low reflectivity. The advantage would be that
the radar/impact combination could be designed for much more
rapid response, so that the initial impact causes near-instan-
taneous triggering if preceded by a target indication from
the radar. (Possibly a single two-stage mechanical sensor
could be used.)

Acoustic systems have not been ruled out, but the prob-
lems associated with the propagation medium and the automobile
environment render this technique less promising. Suscepti-
bility to ambient noise, inter-vehicle interference, transducer
weatherproofing, and hazard-related target discrimination all
represent problem areas with no obvious low cost solutions.

6.3.2 Future Plans

The TSC FY71 effort in crash sensor development has
yielded two important results. The first and most visible is
a prototype microwave radar system, installed in a test vehicle
now undergoing evaluation. Less dramatic but possibly of even
greater value is the development of a basic understanding of
the overall anticipatory sensor problem. Together, these will
form the basis of a program to optimize the TSC system and
evaluate the effectiveness of anticipatory sensors in general.
Three task areas are included.

a. Task I; Advanced Development and Optimization . The
present system is based upon use of separate receiv-
ing and transmitting antennas with simple solid state
circuitry to achieve velocity, position, and target
discrimination in a particularly simple manner.
Essentially, the sensor responds to targets which are
highly reflective for microwave energy. What must
now be determined in detail is the degree to which
this characteristic may be used to discriminate
between those targets for which restraint system
deployment is desirable and those for which it is not
Nearly half of the objects truck by automobiles are
other automibiles, and these are expected to provide
good reflection characteristics. However, it is less
clear what response will be obtained for trees, tele-
phone poles, abutments, etc. Thus, many further

- 79 -



measurements will be taken of such potential targets
to determine the basic effectiveness of the sensor.
Similarly, many tests are needed on obstacles for
which deployment is not desired--people , animals,
pavement defects, curbs, etc. Such tests will reveal
the need for circuit modifications and permit adjust-
ment of the basic triggering threshold to a value
which excludes virtually all "false alarms", while
responding to a high percentage of "real" targets.

The existing system and instrumented vehicle permit
data to be taken readily, as described in Section 4.

A similar characterization will be carried out for the
acoustic system. Special attention will be devoted to
determination of effects of various noise sources.
As test and evaluation continues, effort will be
expended on specific improvement and optimization
of system elements. Particular attention is to be
devoted to antennas, where the most favorable beam
patterns and type of antenna are to be determined,
on both operation and economic grounds. This study
will be both experimental and analytical.

A relatively standard horn antenna, as used in our
experimental studies, is rather bulky for automobile
mounting, and - with weatherproof "window" - may be
relatively expensive, even in high volume. Particular
attention will be given to use of planar slot-array
antennas. For this application the entire antenna
could be a plate-structure approximately 3 inches
in diameter (or a comparable rectangle) with a thick-
ness of less than ^ inch, completely encased in a
weatherproof material such as Teflon. At present,
cost is difficult to estimate precisely, as the only
prior applications have been in military missile
systems. However, informal estimates for automotive
applications have been under $3 per antenna even in
modest volume. Also, tailoring of beam pattern is
readily accomplished.

The reliability required of the overall restraint
system, particularly with respect to inadvertant
actuation, is extremely high, and represents one
of the most challenging problem areas for an antici-
patory sensor. Development of prototype circuitry
designed to maximize reliability is necessary to
determine the basic limits so imposed and the costs
associated with achieving acceptable reliability, if
possible. A study will be undertaken to delineate
optimal circuit design and fabrication technology
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for sensors of the type developed at TSC. This will
provide a firmly based estimate of the cost (in high-
volume) of sensors meeting a range of reliability
requirements

.

b. Task II; System Effectiveness . With increasing data
as to the classes of targets for which effective
actuation can be obtained, it will increasingly be
possible to compare results to accident data, thus
making possible a reasonable estimate of the ultimate
effectiveness of anticipatory sensors, assuming basic
circuit operation reaches the ideal. An inherent
limitation in this effort will be the paucity of
relevant accident data, but it is expected that suf-
ficient precision for these purposes will be possible.
A number of serious questions arise when one considers
not merely a single anticipatory sensor, but rather
(ultimately) as many as 100 million units in use. It
is this aspect that renders the basic reliability
constraint so extreme. While other factors may also
assume importance in the course of the effort, two are
already apparent:

The power level of the microwave transmitter is
relatively low in the prototype, and could be
substantially lower. The present trend is toward
increasingly restrictive limits on allowable
radiation density. While the system could
operate on very low intensity signals, this will
increase receiver cost, and—far more important--
make the system far more vulnerable to environ-
mental microwave and circuit noise. Considerably
more insight will be gained by experimental and
analytical studies which will be undertaken in
FY7

Inter-vehicle interference now appears to present
but still soluble problem under condi-

)f widespread use. Continuing study of
system characteristics and performance will

[fcarried out to permit a more definitive con-
cJp.ion as to the magnitude of this problem and
tlBff ][^obable merit of various ways of dealing with
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procedures for such cases, and determination of mean-
ingful tests will be complex. The question of the
desirability and nature of such tests will be explored,
and test procedures recommended, if found appropriate.

c. Task III; Study of Hybrid Systems . The numerous
potential problem areas associated with anticipatory
sensors are clear. However, whether or not the basic
system proves suitable to general application, it is
quite likely that a hybrid radar-mechanical sensor
might do much to alleviate the problems by which each
type is individually plagued. This topic, discussed
in Section 6.3.1, will be carefully examined.
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APPENDIX I

COLLISION DYNAMICS - A SIMPLIFIED MODEL

A greatly simplified analysis of the one-dimensional motion
for an occupant of a vehicle undergoing collision with a fixed
barrier can be made as follows.

Assume that, at time t=0, [Figure AI.l(a.)] the vehicle is
traveling at speed v when it first contacts a solid, unyielding
brick wall.

Assume that a restraint device, such as an air bag, is de-
ployed in time T , [Figure AI,l(b.)J and that the occupant
undergoes no appreciable deceleration until the deployment is
complete at t= T . The distance he travels in time T is the de-
ployment distance,! £>. The car, however, is experiencing some
amount of crush during thistime.

Assume that the occupant's center of gravity undergoes a
uniform deceleration, cx , starting at time T [Figure AI.l(b.)]
and continuing until he comes to rest, at time t=

t

[Figure
AI.l(c.)] . The distance he travels is the useable deceler-
ation distance, ! and consists partly of additional vehicle
crush and partly of occupant movement into the restraint sys-
tem.

The useable deceleration distance, tjj, is related to
initial velocity, v , deceleration, QL , and deceleration time,
T- T , as follows:

iy=v(T-T)-J5Qf(T-T)^ (1)

If the deceleration Oi is to bring the occupant to rest
within the distance !y, v cannot exceed Vq, given by:

Vq = Of (T - T ) ( 2 )

That is,Vo is the maximum initial velocity for which the occu-
pant can be brought to rest within the stated constraints on

a , !/ and T , and will be referred to as the "maximum allowed
velocity". For a vehicle and restraint system characterized by
those values of or , ! , and T ,vo a measure of the maxi-
mum tolerable or survivable impact speed. Substituting Equation
2 into Equation 1 and rearranging so as to eliminate time,

IU =
2 a ( 3 )

or.
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Figure AI .l(a.),(b.),(c.).— Simplified crash sequence.
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VO ~ V20f ( 4 )

The deployment distance, i -q, is merely

“ VqT ( 5 )

The total distance that the occupant travels, i, beginning at
t=0, is ^

jg = Id + = VqT + —
( 6 )

Rearranging Equation 6,

Vq^ + 2arvQ - 2Qfi = 0 ( 7 )

which is a quadratic equation in Vq . The positive root is

Vq = -aT + ^ + 2a I ( 8 )

Note that Equation 8 becomes Equation 4 when t= 0 and when
1= a

When V is expressed in miles per hour, Oi in G's, T in
milliseconds, and H in feet. Equation 8 becomes

Vq = -21.954X10”^ a T + V482X10 ^ T ^ + 29.9ai( 9 )

Equation 9 was used to plot several sample curves of v^ versus
j£ , and of Vq versus T , for various values of a . These plots
appear in Figures AI.2 through AI.9 and should be self-
explanatory. Caution should be used in comparing large veloc-
ity differences for constant i , as in the real crash situation
£ is a function of Vq , in addition to being a function of the
construction of the particular vehicle.
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APPENDIX II

ESTIMATION OF SYSTEM EFFECTIVENESS

In evaluation of the effectiveness of dynamic passive
restraint systems, one can define the following variables for
accidents (collisions) of all types:

the cost of an accident when the restraint is not

deployed

;

the cost of an accident when the restraint is deployed;
and,

Pj^, the probability that restraint deployment will occur.

The definition of the cost of an accident is complex, being
in part a value judgement. Fortunately, for the purposes of
this discussion it need not be defined further. However, note
that it can be expressed simply in terms of number of deaths
(or injuries) ; economic cost is not necessarily implied. In the
remainder of this treatment, it will be taken as number of lives
los t-per-accident, but monetary cost can be obtained merely by
multiplication by whatever cost factor is chosen as appropriate.

Cn/ and are all complicated functions of many vari-

ables. That is.

Cd - Cjj (Xj^, X2, . . .x^)

Pp = (x^, K2 ,...x^)

The variables x^ represent as many of the parameters of

automobile accidents as is feasible or meaningful to include.
Examples include impact velocity, impact angle, type of acci-
dent, and vehicle crashworthiness. The last will typically be
a function of the first three, and there is a degree of inter-
dependence among all. For the problem treated here, no attempt
is made at estimation of accident probability, which would com-
plicate the task immensely and introduce many more variables.
Rather, N^, the annual number of accidents of a type specified

by a particular set of Xj^, will be taken as data to be provided
from actual accident statistics. (Xj^, X

2
/..*x^)].
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Given this foundation, one may write a simple expression
for the annual cost of accidents of a particular type:

^ [^D^D ^n] ^ ^A^^l' ^2'***^n^ ^ ^ ^

Nore properly, is a multidimensional density, as is C^,

and equation (1) is better written:

C^dXidX2...dXn = [PjjCjj + (1-Pi3)Cn] ^x^^x^ . . .dXj, (2)

Total impact on auto safety is then obtained from inte-
gration over all accidents:

"" [Vd + '^-Pd>S] ‘3x^d5<2---d><n
( 3 )

1 2 n •- -

all
accidents

Since the variables x. are in many cases neither contin-
uous nor completely quantitative, no such integration can
actually be performed. However, sufficient discrete quanti-
zation is possible to write (3) as a summation over volume
elements in x-space.

m m12 n
c = 2 Z---2N

.

'‘l ^2 n
^1^2* -'^n

P C
D. . . D. .

^1^2*"^n ^1^2***^n
( 4 )

+ (1-P ) C
N.

n ^1^2* *
*^n]

It is in this latter form (equation (4) ) that evaluation
will normally be carried out; a very simple computer program
can do whatever processing is warranted by the data. In most
cases the further assumption of product-form separability can
be used:

Cn(Xi,X2, . . .Xn) (x^ ) . . .C.^ (x )N2 ' 2 Nn n

Cjj(x^,X2,...Xj^) = C
^2 <

2^
2

) *^02

Pj3(x^,X2,...x^) =
Pj3i(>^i) ^02 ^^2^ ‘^D3

Analysis based on this formulation is inherently limited by
the available data. Thus, it should be noted that great pre-
cision is neither feasible nor necessary. If a given class of
accident is found to represent 4% of the total cost, with an
uncertainty of 2%, this is acceptable; there would be no benefit
to knowing that the true value is 3.17%. As indicated
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previously, it is hoped that anticipatory dynamic restraint
systems can apply to a significant number of cases and re-
present real improvement, but it is not expected that any
answer developed here will have better than 25% to 50% accuracy
as to the exact magnitude of that improvement. This should be
adequate for the purposes of this study.

It is probable that for the case at hand the problem can
be treated adequately through consideration of only four vari-
ables X*: velocity v impact angle 0, target detection
characteristic D, and target crash severity S. The cost
equations can then be written in terms of parameters

=D = Sb'' >S2<®)=D3'®>

-AII-3-



i



BIBLIOGRAPHY

While no previous work has been utilized in a manner suf-
ficiently specific to warrant fomal referencing, several
sources may be cited which have been of significant value in
this study and/or represent useful materials for further
information by those new to this subject.

NATO International Conference on Passive Restraints . May 11-12,
1970, Milford, Mich.

Maximum Safe Speed for Motor Vehicles , NHSB Staff Report,
Jan. 31, 1969.

Crash Sensor Development , Trevor Jones and Oliver McCarter,
Automotive Engineering Congress, Detroit, Mich.
January 11-15, 1971.

Accident Facts. 1970 Edition , National Safety Council,
Chicago, 111.

Federal Highway Administration, Transcripts of Proceedings:
Meeting of Full Council of National Highway Safety Board ,

Washington, D. C., June 10, 1970.

Public Meeting on Occupant Crash Protection , Washington,
D.C., June 24-25, 1970.

National Motor Vehicle Safety Advisory Council, Meeting of
Crash Survivability Committee , Washington, D.C.,
June 10, 1970.

Meeting on Inflatable Occupant Restraint Systems ,

Washington, D.C., August 27-28, 1969.

All the above are available for examination at the Department
of Transportation, Room 4223 Nassif Bldg., Docket 69-7.

Proceedings of the Stapp Car Crash Conferences , held annually
in November. Published by SAE.

-B-1-



o.

.. o

. A -

. « r--

89

6.099






