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Executive Summary

In this study, air bag effects were estimated by comparing driver fatality risks per crash
involvement in cars with and without air bags. To calculate fatality risks, FARS and
GES data were combined. This required excluding the Northeastern states and
California because of missing vehicle identification numbers. Crash data from 1991
through 99 were used. Cars of the model years from 1985 on were studied. Single car,
non-rollover crashes, and collisions between two cars were studied separately.

Mathematical models were developed expressing how the driver fatality risk in cars
without air bags depended on vehicle weight, driver age and sex, and the speed limit as
a very crude proxy of travel speed. Safety belt use could not be considered because
the information is not sufficiently reliable. Therefore, the estimated air bag effect are in
addition to those of safety belts.

These models were used to predict the risks drivers of cars with air bags would have
found, if they had been in cars without air bags. Comparing these with the actual
experience showed the effect of air bags.

It was found that in collisions with other cars, air bags reduced driver deaths by 42%,
with an estimated error of 5%. In cars with frontal impacts, the reduction was 45% with
an estimated error of 5%.

In single car, non-rollover crashes, air bags reduced driver fatalities by 33%, with an
estimated error of 5%. In frontal impacts, the reduction was 44% with an estimated
error of 6%.

Surprisingly, air bags also seemed to reduce driver deaths in side impacts in collisions:
by 29% (7) for right side impacts, 19% (9) for left side impacts (error estimates in
parentheses). There might also be smaller and less certain reductions in side impacts
in single car crashes.

It was also studied whether air bag effectiveness depended on car weight, driver age,
driver sex, or speed limit. The only apparent pattern was that the effect seemed to be
greater for women than for men.

These findings have to be interpreted with caution because they depend critically on
how complete the police reporting of non-fatal crashes is. In less severe crashes, air
bags cause minor injuries. If that should increase the number of police reported non-
fatal crashes from which GES samples, the ratio of killed drivers to involved drivers
would decrease, even if the actual fatality risk did not decline.
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FARS:

GES:

Graphs:

NASS:

Abbreviations and Other Conventions

Fatal Analysis Reporting System (previously the Fatal Accident Reporting
System)

General Estimates System - a component of NASS

Size of the circles is approximately proportional to the number of deaths
represented by the data point, not the number of cases. Sizes are not
comparable between different graphs.

The value of a number is the smaller of the number of FARS cases, and the
actual GES cases from which the risk is calculated. The size of the
character is approximately proportional to the number of deaths
represented by the data points. Sizes are not comparable between graphs.

Some graphs contain legends and text in the body of the graph. If they are
not self-explanatory, or conflict with the caption, they should be ignored.

National Automotive Sampling System (previously National Accident
Sampling System)

Non-standard error:

Errors calculated by the STATA routine SVYLOGIT. This routine does not
consider all levels of the GES sampling plan. Also, variables are included in
the models on the basis of extensive preceding analyses. Therefore, the
distribution of the non-standard errors is unknown.

PJ: Police Jurisdiction. The second level of clusters, within the PSUs, of the
GES sampling plan. Also called secondary sampling units in the statistical
literature.

PSU: Primary Sampling Unit. The first level clusters in the GES sampling plan.

PSU stratum:
12 strata of the GES sampling plan, defined by cross-classification of
Region and Type - Central City, Suburban, other.

Region:  Northeast, South, Central (or Midwest) and West.

Stratum: 4 strata of the GES sampling plan are defined by crash type.

vii



Figures

Figure 2.1.1-1 Actual versus modelled driver fatality risk (per 1,000 involvements) in
car-car collisions . Study car withoutairbags. ........... ... ... ... ... ... A1

Figure 2.1.1-2 Actual and modelled driver fatality risk (per 1,000 involvements) in car-
car collisions versus weight of study car. Study cars withnoairbag.. ........... A1

Figure 2.1.1-3 Actual and modelled driver fatality risk (per 1,000 involvements) in car-
car collisions versus weight of study car. Speed limit <55 mph. Study cars with no air
Dag. . o e A2

Figure 2.1.1-4 Actual and modelled driver fatality risk (per 1,000 involvements) in car-
car collisions versus weight of study car. Speed limit >= 55 mph. Study cars with no air
0 o 12

Figure 2.1.1-5 Actual and modelled driver fatality risk (per 1,000 involvements) in car-
car collisions versus weight of study car. Driver <60 years old. Study cars with no air
Dag. . o e A3

Figure 2.1.1-6 Actual and modelled driver fatality risk (per 1,000 involvements) in car-
car collisions versus weight of study car. Driver 60 or more years old. Study cars with
NO AIr DAg. . . o A3

Figure 2.1.1-7 Actual and modelled driver fatality risk (per 1,000 involvements) versus
weight of study car. Male driver. Study cars withnoairbag. .................. 14

Figure 2.1.1-8 Actual and modelled driver fatality risk (per 1,000 involvements) versus
weight of study car. Female drivers. Study cars withno airbags. .............. 14

Figure 2.1.1-9 Actual and modelled driver fatality risk (per 1,000 involvements) versus
driver age. Male drivers. Study car withoutairbags. ........................ 15

Figure 2.1.1-10 Actual and modelled driver fatality risk (per 1,000 involvements) versus
driver age. Female driver. Study carwithnoairbags. ........................ A5

Figure 2.1.1-11 Actual and modelled driver fatality risk (per 1,000 involvements) versus
driver age. Car weight <= 2,800 Ib. Study cars withnoairbags. ............... 16

Figure 2.1.1-12 Actual and modelled driver fatality risk (per 1,000 involvements) versus
driver age. Car weight > 2,800 Ib. Study cars withno airbags. ................. 16

viii



Figure 2.1.1-13 Actual and modelled driver fatality risk (per 1,000 involvements) versus
driver age. Speed limit < 55 mph. Study cars withnoairbags. ................ A7

Figure 2.1.1-14 Actual and modelled driver fatality risk (per 1,000 involvements) versus
driver age. Speed limit >= 55 mph. Study cars withnoairbags. ............... A7

Figure 2.1.1-15 Actual and modelled driver fatality risk (per 1,000 involvements) versus
speed limit. Study cars with no air bags. Logarithmic scale forrisk. ............. 18

Figure 2.1.1-16 Actual and modelled driver fatality risk (per 1,000 involvements) versus
speed limit. Male drivers. Study cars with no air bags. Logarithmic scale for risk. . .19

Figure 2.1.1-17 Actual and modelled driver fatality risk (per 1,000 involvements) versus
speed limit. Female drivers. Study cars with no air bags.
Logarithmic scale forrisk. .. ... . 19

Figure 2.1.1-18 Actual and modelled driver fatality risk (per 1,000 involvements) versus
speed limit. Cars <=2,800 Ib. Study cars with no air bags.
Logarithmic scale forrisks. . ......... ... .. . 20

Figure 2.1.1-19 Actual and modelled driver fatality risk (per 1,000 involvements) versus
speed limit. Cars >2,800 Ib. Study cars with no air bags.
Logarithmic scale for risks. .. ... 20

Figure 2.1.1-20 Actual and modelled driver fatality risk (per 1,000 involvements) versus
speed limit. Driver age <60. Study cars with no air bags.
Logarithmic scale forrisks. . ... ... ... 21

Figure 2.1.1-21 Actual and modelled driver fatality risk (per 1,000 involvements) versus
speed limit. Driver age >=60. Study cars with no air bags.
Logarithmic scale forrisk. .. ... ... . . 21

Figure 2.1.1-22 Actual driver fatality risk (per 1,000 involvements) in cars with air bags
versus risks predicted from model for cars without air bags. Car-car collisions. The line
represents equality of actual and predicted risks. .. ......... .. ... ... ... .. ..., 24

Figure 2.1.1-23 Actual driver fatality risk (per 1,000 involvements) in cars with air bags
versus risks predicted from model for cars without air bags. Car-car collisions. Double
logarithmic scales. The line represents equality of actual and predicted risks. . .... .24
Figure 2.1.1-24 Actual driver fatality risk in cars with air bags, and the corresponding
risk predicted from the model for non-air bag cars versus car weight. Collisions
betweentwo cars. . ... ... 25

Figure 2.1.1-25 Ratio of the actual driver fatality risk in cars with air bags to that

iX



expected for cars without air bags versus car weight. Collisions between
WO CarS.. oo 25

Figure 2.1.1-26 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus car weight, speed limit <65 mph. Collisions
between tWo cars.. . ... ... .26

Figure 2.1.1-27 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus car weight, speed limit > =55 mph. Collisions
betWeen tWO Cars.. ... .. .. .26

Figure 2.1.1-28 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus car weight. Driver age < 60 years. Collisions
between tWo cars.. . ... ... e 27

Figure 2.1.1-29 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus car weight. Driver age > =60 years.
Collisions betweentwo cars.. ........... 27

Figure 2.1.1-30 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus car weight. Male driver. Collisions between
WO CarS.. e e .28

Figure 2.1.1-31 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus car weight. Female driver. Collisions
between tWo cars.. . ... .. . 28

Figure 2.1.1-32 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus driver age. Male driver. Collisions between
WO CarS.. . 29

Figure 2.1.1-33 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus driver age. Female driver. Collisions
between tWo cars.. . ... .. . 29

Figure 2.1.1-34 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus speed limit. Collisions between
WO CarS.. . .30

Figure 2.1.2-1 Actual versus modelled driver fatality risk (per 1,000 involvements) in
cases with frontal impacts in car-car collisions. Study car without air bags.. . ... ... .35

Figure 2.1.2-2 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus weight of study car. Study cars with no



AIrDAgS.. . . .35

Figure 2.1.2-3 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus weight of study car. Speed limit <65
mph. Study cars withnoairbags............. ... .. . .36

Figure 2.1.2-4 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus weight of study car. Speed limit > =55
mph. Study carswithnoairbags.. .......... ... .. .36

Figure 2.1.2-5 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus weight of study car. Driver <60 years old.
Study cars withno airbags.. .. ... 37

Figure 2.1.2-6 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus weight of study car. Drivers 60 or more
years old. Studycarswithnoairbags.. ............. ... ... ... . .. . .. 37

Figure 2.1.2-7 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus weight of study car. Male driver. Study
carsWith no air bags.. . ... ..o .38

Figure 2.1.2-8 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus weight of study car. Female driver.
Study carswithnoairbags.. . . ... .38

Figure 2.1.2-9 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus driver age. Male driver. Study cars with
NO AIF DAGS.. . .ot 39

Figure 2.1.2-10 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus driver age. Female driver. Study cars
withno airbags.. . ... .39

Figure 2.1.2-11 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus driver age. Car weight < =2,800 Ib.

Study carswithnoairbags.. .. ... . 40
Figure 2.1.2-12 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus driver age. Car weight > 2,800 Ib. Study
carswithnoairbags.. . ... 40

Figure 2.1.2-13 Actual and modelled driver fatality risk (per 1,000 involvements) in cars

Xi



with frontal impact in car-car collisions versus driver age. Speed limit < 55 mph. Study
carswithnoairbags.. . ... i 41

Figure 2.1.2-14 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus driver age. Speed limit > =55 mph. Study
carswithnoairbags.. .. ... 41

Figure 2.1.2-15 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus speed limit. Male drivers. Study cars
with no air bags. Logarithmic scale forrisk.. ......... .. .. ... ... .. .. ....... 42

Figure 2.1.2-16 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus speed limit. Female driver. Study cars
with no air bags. Logarithmic scale forrisk.. .......... .. .. ... .. .. .. ... ..... 42

Figure 2.1.2-17 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus speed limit. Car wight < =2,800 Ib. Study
cars with no air bags. Logarithmic scale forrisk.. ........................... 43

Figure 2.1.2-18 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus speed limit. Car weight > 2,800 Ib. Study
cars with no air bags. Logarithmic scale forrisk.. .......... ... .. ... ... .... 43

Figure 2.1.2-19 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus speed limit. Driver age < 60 years. Study
cars with no air bags. Logarithmic scale forrisk.. ........ ... ... ... ... .... 44

Figure 2.1.2-20 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
with frontal impact in car-car collisions versus speed limit. Driver age > =60 years.
Study cars with no air bags. Logarithmic scale forrisk.. ...................... 44

Figure 2.1.2-21 Actual driver fatality risk (per 1,000 involvements) in cars with air bags
versus risks predicted from model for cars without air bags. Car-car collisions with
frontal impact on the study car. The line represents equality of the actual and predicted
IS, ot A7

Figure 2.1.2-22 Actual driver fatality risk (per 1,000 involvements) in cars with air bags
versus risks predicted from model for cars without air bags. Car-car collisions with
frontal impact on the study car. The line represents equality of the actual and predicted
risks. Logarithmic scales for bothrisks.. ........ ... ... ... ... ... ... .. .... A7

Figure 2.1.2-23 Actual driver fatality risk (per 1,000 involvements) in cars with air bags,

and the corresponding risk predicted for non-air bag cars versus car weight. Collisions
between two cars with frontal impact on the studycar.. ....................... 48

Xii



Figure 2.1.2-24 Ratio of the actual driver fatality risk (per 1,000 involvements) in cars
with air bags to that expected for cars without air bags versus car weight. Collisions
between two cars with frontal impact on the studycar.. ....................... 48

Figure 2.1.2-25 Ratio of the actual driver fatality risk (per 1,000 involvements) in cars
with air bags to that expected for cars without air bags versus car weight. Speed limit <
55 mph. Collisions between two cars with frontal impact on the study car.. ....... 49

Figure 2.1.2-26 Ratio of the actual driver fatality risk (per 1,000 involvements) in cars
with air bags to that expected for cars without air bags versus car weight. Speed limit >
=55 mph. Collisions between two cars with frontal impact on the study car.. . ... ... 49

Figure 2.1.2-27 Ratio of the actual driver fatality risk (per 1,000 involvements) in cars
with air bags to that expected for cars without air bags versus car weight. Driver age <
60 years. Collisions between two cars with frontal impact on the study car.. ...... .50

Figure 2.1.2-28 Ratio of the actual driver fatality risk (per 1,000 involvements) in cars
with air bags to that expected for cars without air bags versus car weight. Driver age >
=60 years. Collisions between two cars with frontal impact on the study car.. ..... .50

Figure 2.1.2-29 Ratio of the actual driver fatality risk (per 1,000 involvements) in cars
with air bags to that expected for cars without air bags versus car weight. Male driver.
Collisions between two cars with frontal impact on the studycar.. ............... 51

Figure 2.1.2-30 Ratio of the actual driver fatality risk (per 1,000 involvements) in cars
with air bags to that expected for cars without air bags versus car weight. Female
driver. Collisions between two cars with frontal impact on the study car.. ......... 51

Figure 2.1.2-31 Ratio of the actual driver fatality risk (per 1,000 involvements) in cars
with air bags to that expected for cars without air bags versus driver age. Male driver.
Collisions between two cars with frontal impact on the studycar.. ............... 52

Figure 2.1.2-32 Ratio of the actual driver fatality risk (per 1,000 involvements) in cars
with air bags to that expected for cars without air bags versus driver age. Female
driver. Collisions between two cars with frontal impact on the study car.. ......... 52

Figure 2.1.2-33 Ratio of the actual driver fatality risk (per 1,000 involvements) in cars
with air bags to that expected for cars without air bags versus speed limit. Collisions
between two cars with frontal impact on the studycar.. ....................... .53
Figure 2.1.3-1 Actual versus modelled driver fatality risk (per 1,000 involvements) in
car-car collisions. Right side impacted by front of other car. Study car without

AN DAgS.. . .58

Figure 2.1.3-2 Actual and modelled driver fatality risk in car-car collisions versus weight

Xiii



of study car. Right side impacted by front of other car. Study cars
without airbags.. ....... .. . .58

Figure 2.1.3-3 Actual and modelled driver fatality risk in car-car collisions versus weight
of study car. Speed limit <55 mph. Right side impacted by front of other car. Study
carswithout airbags.. . ... ... o 59

Figure 2.1.3-4 Actual and modelled driver fatality risk in car-car collisions versus weight
of study car. Speed limit > =55 mph. Right side impacted by front of other car. Study
cars without airbags.. . ... ... . 59

Figure 2.1.3-5 Actual and modelled driver fatality risk in car-car collisions versus weight
of study car. Driver age < 60 years. Right side impacted by front of other car. Study
carswithout airbags.. . ... ... o .60

Figure 2.1.3-6 Actual and modelled driver fatality risk in car-car collisions versus weight
of study car. Driver age > = 60 years. Right side impacted by front of other car. Study
cars without airbags.. . ... ... . .60

Figure 2.1.3-7 Actual and modelled driver fatality risk in car-car collisions versus weight
of study car. Male drivers. Right side impacted by front of other car. Study cars
without airbags.. . ... . .61

Figure 2.1.3-8 Actual and modelled driver fatality risk in car-car collisions versus weight
of study car. Female drivers. Right side impacted by front of other car. Study cars
without airbags.. . ... .61

Figure 2.1.3-9 Actual and modelled driver fatality risk in car-car collisions versus driver
age. Male Driver. Right side impacted by front of other car. Study cars without air
DagS.. . .62

Figure 2.1.3-10 Actual and modelled driver fatality risk in car-car collisions versus
driver age. Female driver. Right side impacted by front of other car. Study cars
without airbags.. . ... .62

Figure 2.1.3-11 Actual and modelled driver fatality risk in car-car collisions versus
driver age. Car weight <=2,800 Ib. Right side impacted by front of other car. Study
cars without airbags.. . ... ... o e 63

Figure 2.1.3-12 Actual and modelled driver fatality risk in car-car collisions versus

driver age. Car weight > 2,800 Ib. Right side impacted by front of other car. Study cars
without airbags.. . ... . 63

Xiv



Figure 2.1.3-13 Actual and modelled driver fatality risk in car-car collisions versus
driver age. Speed limit < 55 mph. Right side impacted by front of other car. Study cars
withoutairbags.. ....... .. .64

Figure 2.1.3-14 Actual and modelled driver fatality risk in car-car collisions versus
weight of study car. Driver age. Speed limit > =55 mph. Right side impacted by front
of other car. Study cars withoutairbags.. .......... ... ... .. .. ... ... .. ... .64

Figure 2.1.3-15 Actual and modelled driver fatality risk in car-car collisions versus
speed limit. Right side impacted by front of other car. Study cars
without airbags.. . ... . .65

Figure 2.1.3-16 Actual and modelled driver fatality risk in car-car collisions versus
speed limit. Male driver. Right side impacted by front of other car. Study cars without
aIrDAgS.. . . .66

Figure 2.1.3-17 Actual and modelled driver fatality risk in car-car collisions versus
speed limit. Female driver. Right side impacted by front of other car. Study cars
withoutairbags.. ....... .. .66

Figure 2.1.3-18 Actual and modelled driver fatality risk in car-car collisions versus
speed limit. Car weight < =2,800 Ib. Right side impacted by front of other car. Study
carswithout airbags. . ........ . .67

Figure 2.1.3-19 Actual and modelled driver fatality risk in car-car collisions versus
speed limit. Car weight >2,800 Ib. Right side impacted by front of other car. Study
carswithout airbags. . . . ... .. .67

Figure 2.1.3-20 Actual and modelled driver fatality risk in car-car collisions versus
speed limit of study car. Driver age < 60 years. Right side impacted by front of other
car. Study cars withoutairbags.. .. .......... .. . .68

Figure 2.1.3-21 Actual and modelled driver fatality risk in car-car collisions versus
speed limit of study car. Driver age > = 60 years. Right side impacted by front of other
car. Study cars withoutairbags.. . ......... ... 68

Figure 2.1.3-22 Actual driver fatality risk in cars with air bags versus modelled risk for
cars without air bags. Cars struck on the right side by the front of another car . . . .. .70

Figure 2.1.3-23 Actual driver fatality risk in cars with air bags versus modelled risk for
cars without air bags. Car struck on the right side by the front of another car. Double
logarithmicscales . . ... ... . . .70

Figure 2.1.3-24 Actual driver fatality risk in cars with air bags, and risk predicted for

XV



cars without air bags versus car weight. Car struck on the right side by the front of
another car .. ... .. . 12

Figure 2.1.3-25 Ratio of the actual driver fatality risk in cars without air bags to the risk
predicted for cars without air bags versus car weight. Car struck on the right side by the
frontof anothercar ... ... .. . 712

Figure 2.1.3-26 Ratio of the actual driver fatality risk in cars without air bags to the risk
predicted for cars without air bags versus car weight. Speed limit < 55 mph. Car struck
on the right side by front of anothercar ............ ... ... ... ... ... ... .. .... 73

Figure 2.1.3-27 Ratio of the actual driver fatality risk in cars without air bags to the risk
predicted for cars without air bags versus car weight. Speed limit >= 55 mph. Car
struck on the right side by front of anothercar .............................. 73

Figure 2.1.3-28 Ratio of the actual driver fatality risk in cars without air bags to the risk
predicted for cars without air bags versus car weight. Driver age < 60 years. Car struck
on the right side by front of anothercar ......... ... ... ... ... ... ... ... .. .... 74

Figure 2.1.3-29 Ratio of the actual driver fatality risk in cars without air bags to the risk
predicted for cars without air bags versus car weight. Driver age >=60 years. Car
struck on the right side by front of anothercar .............................. e

Figure 2.1.3-30 Ratio of the actual driver fatality risk in cars without air bags to the risk
predicted for cars without air bags versus car weight. Male drivers. Car struck on the
right side by frontof anothercar ........... ... ... ... . . . . .. . 75

Figure 2.1.3-31 Ratio of the actual driver fatality risk in cars without air bags to the risk
predicted for cars without air bags versus car weight. Female drivers. Car struck on
the right side by frontof anothercar .. ........ ... ... ... .. ... ... ... ... .. ... 75

Figure 2.1.3-32 Ratio of the actual driver fatality risk in cars without air bags to the risk
predicted for cars without air bags versus driver age. Male drivers. Car struck on the
right side by the frontof anothercar ........ ... ... ... .. .. .. ... .. ... . L 76

Figure 2.1.3-33 Ratio of the actual driver fatality risk in cars without air bags to the risk
predicted for cars without air bags versus driver age. Female drivers. Car struck on the
right side by the frontof anothercar . ....... ... ... ... ... . .. L. 76

Figure 2.1.3-34 Ratio of the actual driver fatality risk in cars without air bags to the risk

predicted for cars without air bags versus speed limit. Car struck on the right side by
the frontof anothercar ....... ... .. . . . . e

XVi



Figure 2.1.4-1 Actual versus modelled driver fatality risk (per 1,000 involvements) in a
car struck on left by the frontof anothercar ........... ... ... ... ... ... .... .82

Figure 2.1.4-2 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
struck on the left side by the front of another car versus weight of the case car . ... .82

Figure 2.1.4-3 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
struck on the left side by the front of another car versus weight of the case car. Speed
limit < 55 mph... 83

Figure 2.1.4-4 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
struck on the left side by the front of another car versus weight of the case car. Speed
limit > =85 mMph .. .83

Figure 2.1.4-5 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
struck on the left side by the front of another car versus weight of the case car. Driver
A0 < B0 YBAIS . ... e 84

Figure 2.1.4-6 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
struck on the left side by the front of another car versus weight of the case car. Driver
A0 > =60 YBaAIS . ..o .84

Figure 2.1.4-7 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
struck on the left side by the front of another car versus weight of the case car. Male
ANV L .85

Figure 2.1.4-8 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
struck on the left side by the front of another car versus weight of the case car. Female
ANV L o .85

Figure 2.1.4-9 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
struck on the left side by the front of another car versus driver age. Male driver ... .86

Figure 2.1.4-10 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
struck on the left side by the front of another car versus driver age. Female driver . 86

Figure 2.1.4-11 Actual and modelled driver fatality risk (per 1,000 involvements) in cars
struck on the left side by the front of another car versus speed limit. Female driver.
Logarithmic scale.. .. ... . 87

Figure 2.1.4-12 Actual driver fatality risk in cars with air bags versus modelled risk for
cars without air bags. Cars struck on the left side by the front of another car.. .. ... .88

Figure 2.1.4-13 Actual driver fatality risk in cars with air bags versus modelled risk for
cars without air bags. Cars struck on the left side by the front of another car. Double

XVii



logarithmic scales.. .. ... . .88

Figure 2.1.4-14 Actual driver fatality risk in cars with air bags, and risk predicted for
cars without air bags versus car weight. Car struck on the left side by the front of
ANOTNEr Car.. . . .. 90

Figure 2.1.4-15 Ratio of the actual driver fatality risk in cars with air bags to the risk
predicted for cars without air bags versus car weight. Car struck on the left side by the
frontofanothercar.. ....... . ... .. . . 90

Figure 2.1.4-16 Ratio of the actual driver fatality risk in cars with air bags to the risk
predicted for cars without air bags versus car weight. Speed limit < 55 mph. Car struck
on the left side by the frontof anothercar. . ........ ... ... ... .. ... . L. 91

Figure 2.1.4-17 Ratio of the actual driver fatality risk in cars with air bags to the risk
predicted for cars without air bags versus car weight. Speed limit > =55 mph. Car
struck on the left side by the front of anothercar.. ........................... 91

Figure 2.1.4-18 Ratio of the actual driver fatality risk in cars with air bags to the risk
predicted for cars without air bags versus car weight. Driver age < 60 years. Car struck
on the left side by the front of anothercar.. ........... ... ... .. ... ... ... 92

Figure 2.1.4-19 Ratio of the actual driver fatality risk in cars with air bags to the risk
predicted for cars without air bags versus car weight. Driver age > =60 years. Car
struck on the left side by the front of anothercar.. ............... ... ... .... .92

Figure 2.1.4-20 Ratio of the actual driver fatality risk in cars with air bags to the risk
predicted for cars without air bags versus car weight. Male driver. Car struck on the left
side by the front of anothercar.. ....... ... ... .. ... . 93

Figure 2.1.4-21 Ratio of the actual driver fatality risk in cars with air bags to the risk
predicted for cars without air bags versus car weight. Female driver. Car struck on the
left side by the front of anothercar.. ........ ... ... .. ... ... .. ... ... ... 93

Figure 2.1.4-22 Ratio of the actual driver fatality risk in cars with air bags to the risk
predicted for cars without air bags versus driver age. Male driver. Car struck on the left
side by the front of anothercar.. ....... ... ... .. ... . 94

Figure 2.1.4-23 Ratio of the actual driver fatality risk in cars with air bags to the risk
predicted for cars without air bags versus driver age. Female driver. Car struck on the
left side by the front of anothercar.. ........ .. ... ... .. .. . 94

Figure 2.1.4-24 Ratio of the actual driver fatality risk in cars with air bags to the risk
predicted for cars without air bags versus speed limit. Car struck on the left side by the

XViii



frontof another car.. .. ... .. .95

Figure 2.1.4-25 Ratio of the actual driver fatality risk in cars with air bags to the risk
predicted for cars without air bags versus speed limit. Male driver. Car struck on the left
side by the front of anothercar.. ........ ... ... .. . .. . . . .96

Figure 2.1.4-26 Ratio of the actual driver fatality risk in cars with air bags to the risk
predicted for cars without air bags versus speed limit. Female driver. Car struck on the
left side by the front of anothercar.. ........ ... ... ... ... .. ... ... . ... 96

Figure 2.2.1-1 Actual versus modelled driver fatality risk (per 1,000 involvements) in
single car crashes, cars withnoairbags. ............. ... ... ... .. ... ... 102

Figure 2.2.1-2 Actual and modelled driver fatality risk (per 1,000 involvements) in single
car crashes versus vehicle weight cars withno airbags. ..................... 102

Figure 2.2.1-3 Actual and modelled driver fatality risk (per 1000 involvements) in single
car crashes, versus car weight. Driver less than 60 years old in car
withnoairbag. ... 103

Figure 2.2.1-4 Actual and modelled driver fatality risk (per 1000 involvements) in single
car crashes. Driver 60 or over in car withnoairbag. ....................... 103

Figure 2.2.1-5 Actual and modelled driver fatality risk (per 1000 involvements) in single
car crashes versus driver age. Male drivers in cars withno airbag. ............ 104

Figure 2.2.1-6 Actual and modelled driver fatality risks (per 1000 involvements) in
single car crashes versus driver age. Male driver in car with no air bags. ........ 104

Figure 2.2.1-7 Actual and modelled driver fatality risk (per 1000 involvements) in single
car crashes versus speed limit. Cars with no air bags.
Logarithmic scale fortherisk ........ ... .. ... . . . . . . . . 105

Figure 2.2.1-8 Actual driver fatality risk in air bag cars versus that predicted from the
model for non-airbag cars. . ... . 108

Figure 2.2.1-9 Actual driver fatality risk in air bag cases versus that predicted from the
model for non-air bag case. Double logarithms-scale. ....................... 108

Figure 2.2.1-10 Actual driver fatality risk in cars with air bags, and the corresponding
risk predicted from the model for non-air bag cases versus vehicle weight. . .. ... .. 109

Figure 2.2.1-11 Ratio of the actual risk in air bag cars to that predicted for cars without

XiX



air bags versus vehicle weight in single carcrashes. ........................ 109

Figure 2.2.1-12 Ratio of the actual risk in air bag cars to that predicted for cars without
air bags versus vehicle weight in single car crashes. Speed limit <55 mph. ......110

Figure 2.2.1-13 Ratio of the actual risk in air bag cars to that predicted for cars without
air bags versus vehicle weight in single car crashes. Speed limit>=55mph ...... 110
Figure 2.2.1-14 Ratio of the actual risk in air bag cars to that predicted for cars without

air bags versus vehicle weight in single car crashes. Driver younger than 60 years. .111

Figure 2.2.1-15 Ratio of the actual risk in air bag cars to that predicted for cars without
air bags versus vehicle weight in single car crashes. Driver 60 years or older. . ... .111

Figure 2.2.1-16 Ratio of the actual risk in air bag cars to that predicted for cars without
air bags versus vehicle weight in single car crashes. Male drivers. ............. 112

Figure 2.2.1-17 Ratio of the actual risk in air bag cars to that predicted for cars without
air bags versus vehicle weight in single car crashes. Female drivers .......... 112

Figure 2.2.1-18 Ratio of the actual risk in air bag cars to that predicted for cars without
air bags versus driver age in single car crashes. Maledrivers. ................ 113

Figure 2.2.1-19 Ratio of the actual risk in air bag cars to that predicted for cars without
air bags versus driver in single car crashes. Female drivers. ................. A13

Figure 2.2.1-20 Ratio of the actual risk in air bag cars to that predicted for cars without
air bags speed limitin single carcrashes. ......... ... ... ... ... ... .. ...... 114

Figure 2.2.2-1 Actual versus modelled driver fatality risk in single car crashes with
frontal impact. Carwithnoairbag.. ......... .. ... ... ... . .. . . ... . L. 117

Figure 2.2.2-2 Actual and modelled driver fatality risk versus car weight. Single car
crashes with frontal impact. Cars withnoairbag.. ......................... A17

Figure 2.2.2-3 Actual and modelled driver fatality risk versus car weight in single car
crashes with frontal impact. Driver under 60 years old. Car with no air bag.. ......118

Figure 2.2.2-4 Actual and modelled driver fatality risk versus car weight in single car
crashes with frontal impact. Driver 60 years or older. Car with no airbag.. ....... 118

Figure 2.2.2-5 Actual and modelled driver fatality risk versus car weight, in single car
crashes with frontal impact. Speed limit under 55 mph. Car with no air bag.. .....119

XX



Figure 2.2.2-6 Actual and modelled driver fatality risk versus car weight in single car
crashes with frontal impact. Car with no air bag. Speed limit 55 mph or higher.. .. .119

Figure 2.2.2-7 Actual and modelled driver fatality risk versus car weight in single car
crashes with frontal impact. Car with no air bag. Speed limit 55 mph or higher. Male
0 ] 120

Figure 2.2.2-8 Actual and modelled driver fatality risk versus car weight in single car
crashes with frontal impact. Car with no air bag. Speed limit 55 mph or higher. Female
ANV S, o 120

Figure 2.2.2-9 Actual and modelled driver fatality risk versus driver age. Single car
crashes with frontal impacts, car withnoairbags. . ......................... 121

Figure 2.2.2-10 Actual and modelled driver fatality risk versus speed limit. Single car
crashes with frontal impact, car withoutairbags.. .......................... 121

Figure 2.2.2-11 Actual driver fatality risks in air bag cars versus modelled risk for cars
without air bags. Single car crashes, frontal impacts.. . ...................... 125

Figure 2.2.2-12 Actual driver fatality risk in air bag cars versus modelled risks for cars
without air bags. Single car crashes, frontal impacts. Double logarithmic scales .. .125

Figure 2.2.2-13 Ratio of driver fatality risks in cars with and without air bags, versus car
weight. Single car crashes, frontal impact. The broken line is fitted to the points
SNOWN.. 126

Figure 2.2.2-14 Ratio of driver fatality risks in cars with and without air bags, versus car
weight. Single car crashes, frontal impacts, speed limit less than 55 mph. The broken
line is fitted to the points shown.. . ...... ... ... .. ... ... . ... ... .. A27

Figure 2.2.2-15 Ratio of driver fatality risks in cars with and without air bags, versus car
weight. Single car crashes, frontal impact, speed limit 55 mph or more. The broken
line is fitted to the points shown.. ........ ... ... .. ... . ... ... .. ... . ..., A27

Figure 2.2.2-16 Ratio of driver fatality risks in cars with and without air bags, versus car
weight. Single car crashes, frontal impact, speed limit 55 mph or more. Driver under
BOyears old.. . ....... ... 128

Figure 2.2.2-17 Ratio of driver fatality risks in cars with and without air bags, versus car

weight. Single car crashes, frontal impact, speed limit less than 55 mph. Driver 60 or
more years old. The broken line is fitted to the points shown. . ................ 128

XXi



Figure 2.2.2-18 Ratio of driver fatality risks in cars with and without air bags, versus car
weight. Single car crashes, frontal impact, speed limit less than 55 mph. The broken
line is fitted to the points shown, male driver.. ............................. 129

Figure 2.2.2-19 Ratio of driver fatality risks in cars with and without air bags, versus
driver age. Single car crashes, frontal impact, maledriver. ................... 130

Figure 2.2.2-20 Ratio of driver fatality risks in cars with and without air bags, versus
driver age. Single car crashes, frontal impact, female driver.. .. ............... 130

Figure 2.2.2-21 Ratio of driver fatality risks in cars with and without air bags, versus
speed limit. Single car crashes, frontal impact. The broken line is fitted to the points
SNOWN. 131

Figure 2.2.2-22 Ratio of driver fatality risks in cars with and without air bags, versus
speed limit. Single car crashes, frontal impacts. The broken line is fitted to the points
SNOWN.. 131

Figure 2.2.3-1 Actual versus modelled driver fatality risk in single car crashes, right side
impact, no air bag. The numbers show the smaller of the numbers of FARS, and of
GES cases on which the risks are based; the font size is approximately proportional to
the number of deathsrepresented.. ........... .. ... .. .. .. .. . ... 135

Figure 2.2.3-2 Actual and modelled driver fatality risks versus car weight. Single car
crashes, right side impact, noairbags.. ............ ... ... ... ... .. ... .. ... 135

Figure 2.2.3-3 Actual and modelled driver fatality risk versus car weight for male
drivers. Single car crashes, right side impact, noairbag.. ................... 136

Figure 2.2.3-4 Actual and modelled driver fatality risk versus car weight for female
drivers. Single car crashes, right side impact, noairbag.. ................... 136

Figure 2.2.3-5 Actual and modelled driver fatality risk versus car weight, speed limit
<55 mph. Single car crashes, right side impacts.. .......................... A37

Figure 2.2.3-6 Actual and modelled driver fatality risk versus car weight, speed limit
>=55 mph. Single car crashes, right side impacts.. ......................... A37

Figure 2.2.3-7 Actual and modelled driver fatality risk versus driver age, male driver.
Single car crashes, right side impact.. ........... ... ... ... .. ... .. ... 138

Figure 2.2.3-8 Actual and modelled driver fatality risk versus driver age, female
drivers. Single car crashes, right side impact.. ............. .. ... ... .. ... 138

Figure 2.2.3-9 Actual and modelled driver fatality risk versus speed limit. Single car

XXii



crashes, right side impact.. ........ ... ... . . . 139

Figure 2.2.3-10 Actual driver fatality risks in air bag cars versus risk modelled for cars
without air bags. Single car crashes, right side impact.. ..................... 140

Figure 2.2.3-11 Actual driver fatality risk in air bag cars versus risk modelled for cars
without air bags. Single car crashes, right side impacts. Double
logarithmic scales.. .. ... . 140

Figure 2.2.3-12 Actual driver fatality risk in air bag cars and risk modelled for cars
without air bags versus car weight. Single car crashes, right side impact.. . ... ... 142

Figure 2.2.3-13 Actual driver fatality risk in air bag cars, and risk expected in non-air
bag cars, versus driver age. Single car crashes, right side impact.. ............ 142

Figure 2.2.3-14 Actual driver fatality risk in air bag cars, and risk expected in non-air
bag cars, versus speed limit. Single car crashes, right side impact.. .. .......... 143

Figure 2.2.4-1 Actual versus modelled driver fatality risk (per 1,000 involvements) in
single car crashes, left side impacts. Cars with no air bags. The number representing
a data point is the smaller of the numbers of FARS cases, and GES cases from which
the risk is calculated. The size of the font is approximately proportional to the number
of driver deaths represented by the point.. ......... ... ... ... .. .. ... .. ... 149

Figure 2.2.4-2 Actual versus modelled driver fatality risk (per 1,000 involvements) in
single car crashes, left side impacts. Cars with no air bags. Each point represents the
cases for which the model predicted exactly the same risk. The number representing a
data point in the smaller of the numbers of FARS cases, and GES cases from which the
risk is calculated. The size of the font is approximately proportional to the number of
driver deaths represented by the point.. . ........ ... ... ... L. 149

Figure 2.2.4-3 Actual and modelled driver fatality risk (per 1,000 involvements) versus
car weight. Single car crashes with left side impacts. Cars with no air bag. The
number representing a data point in the smaller of the numbers of FARS cases, and
GES cases from which the risk is calculated. The size of the font is approximately
proportional to the number of driver deaths represented by the point.. .......... 150

Figure 2.2.4-4 Actual and modelled driver fatality risk (per 1,000 involvements) versus
driver age. Single car crashes with left side impacts. Cars with no air bags. The
number representing a data point in the smaller of the numbers of FARS cases, and
GES cases from which the risk is calculated. The size of the font is approximately
proportional to the number of driver deaths represented by the point.. .......... 150

Figure 2.2.4-5 Actual and modelled driver fatality risk (per 1,000 involvements) versus

XXiii



driver age. Single car crashes with left side impact, speed limit < 55 mph. Cars with no
air bag. The number representing a data point in the smaller of the numbers of FARS
cases, and GES cases from which the risk is calculated. The size of the font is
approximately proportional to the number of driver deaths represented

by the point.. ... .. 151

Figure 2.2.4-6 Actual and modelled driver fatality risk (per 1,000 involvements) versus
driver age. Single car crashes, left side impact, speed limit > = 55 mph. Cars with no
air bags. The number representing a data point in the smaller of the numbers of FARS
cases, and GES cases from which the risk is calculated. The size of the font is
approximately proportional to the number of driver deaths represented by the point.. 151

Figure 2.2.4-7 Actual and modelled driver fatality risk (per 1,000 involvements) versus
speed limit. Single car crashes, left side impact. Cars with no air bag. The number
representing a data point in the smaller of the numbers of FARS cases, and GES cases
from which the risk is calculated. The size of the font is approximately proportional to
the number of driver deaths represented by the point.. ................... ... 152

Figure 2.2.4-8 Actual and modelled driver fatality risks (per 1,000 involvements) versus
speed limit, male drivers. Single car crashes, left side impact. Cars with no air bag.
The number representing a data point in the smaller of the numbers of FARS cases,
and GES cases from which the risk is calculated. The size of the font is approximately
proportional to the number of driver deaths represented by the point.. .......... 152

Figure 2.2.4-9 Actual and modelled driver fatality risks (per 1,000 involvements) versus
speed limit, female drivers. Single car crashes, left side impacts. Cars with no air bag.
The number representing a data point in the smaller of the numbers of FARS cases,
and GES cases from which the risk is calculated. The size of the font is approximately
proportional to the number of driver deaths represented by the point.. .......... 153

Figure 2.2.4-10 Actual driver fatality risk in air bag cars versus risk modelled for cars
without air bags. Single car crashes, left side impact ....................... 155

Figure 2.2.4-11 Actual driver fatality risk in air bag cars versus risk modelled for cars
without air bags. Single car crashes, left side impact. Double logarithmic scales . .155

Figure 2.2.4-12 Ratio of driver fatality risks in cars with and without air bags, versus car
weight. Single car crashes, left sideimpact . ........... ... ... ... ... ... ... 157

Figure 2.2.4-13 Ratio of driver fatality risks in cars with and without air bags, versus car
weight, speed limit < 55 mph. Single car crashes, left side impact ............. 158

XXiv



Figure 2.2.4-14 Ratio of driver fatality risks in cars with and without air bags, versus car
weight, speed limit >= 55 mph. Single car crashes, left side impact ........... .. 158

Figure 2.2.4-15 Ratio of driver fatality risks in cars with and without air bags, versus car
weight, driver age < 40 years. Single car crashes, left side impact ............. 159

Figure 2.2.4-16 Ratio of driver fatality risks in cars with and without air bags, versus car
weight, driver age >= 40 years. Single car crashes, left side impact ............ 159

Figure 2.2.4-17 Ratio of driver fatality risks in cars with and without air bags, versus car
weight, male driver. Single car crashes, left sideimpact ..................... 160

Figure 2.2.4-18 Ratio of driver fatality risks in cars with and without air bags, versus car
weight, female driver. Single car crashes, left side impact ................... .160

Figure 2.2.4-19 Ratio of driver fatality risks in cars with and without air bags, versus
driver age, male drivers. Single car crashes, left side impact ................. 161

Figure 2.2.4-20 Ratio of driver fatality risks in cars with and without air bags, versus
driver age, female drivers. Single car crashes, left side impact .. .............. 161

Figure 2.2.4-21 Ratio of driver fatality risks in cars with and without air bags, versus
speed limit. Single car crashes, left sideimpact ........................... 162

Figure 2.2.4-22 Ratio of driver fatality risks in cars with and without air bags, versus
speed limit, male drivers. Single car crashes, left side impact................. .163

Figure 2.2.4-23 Ratio of driver fatality risks in cars with and without air bags, versus
speed limit, female drivers. Single car crashes, left side impact ............... 163

Figure 2.2.4-24 Ratio of driver fatality risks in cars with and without air bags, versus
speed limit, car weight < = 2,800 Ib. Single car crashes, left side impact ........ 164

Figure 2.2.4-25 Ratio of driver fatality risks in cars with and without air bags, versus
speed limit, car weight > 2,800 Ib. Single car crashes, left side impact .. ......... 164

Figure C-1 Box and Whisker plots of car weight, in single car crashes (top) and
collisions between cars, by number of air bags in car (0 = none, 1 = driver only, 2 =
dual). The widths of the boxes are proportional to the number of crashes ........ 198
Figure D-1 Fatality risks (per 1,000 involvements) for drivers of cars without air bags
(solid line), with air bags (broken line), and without respect to presence of air bags
(dotted line), versus year of crash. Collision betweentwocars ................ .203

Figure D-2 Ratio of the fatality risks for drivers of cars with air bags, and without air

XXV



bags, versus year of crash. The straight line is fitted to the points without any
weighting. Collisions betweentwocars ............. .. ... ... .. ... .. .... 203

Figure D-3 Fatality risks (per 1,000 involvements) for drivers of cars without air bags
(solid line), with air bags (broken line), and without respect to presence of air bags
(dotted line), versus year of crash. Cars with frontal impact in collisions between two
G et e 204

Figure D-4 Ratio of the fatality risks for drivers of cars with air bags, and without air
bags, versus year of crash. The straight line is fitted to the points without any
weighting. Cars with frontal impacts in collisions betweentowcars ............ 204

Figure D-5 Fatality risks (per 1,000 involvements) for drivers of cars without air bags
(solid line), with air bags (broken line), and without respect to presence of air bags
(dotted line), versus year of crash. Cars with right side struck by the front of another car
in collisions betweentwocars ......... ... ... ... .. . .. .205

Figure D-6 Ratio of the fatality risks for drivers of cars with air bags, and without air
bags, versus year of crash. The straight line is fitted to the points without any
weighting. Cars with right side struck by the front of another car in collisions between
WO CarS . 205

Figure D-7 Fatality risks (per 1,000 involvements) for drivers of cars without air bags
(solid line), with air bags (broken line), and without respect to presence of air bags
(dotted line), versus year of crash. Cars with left side struck by the front of another car
in collisions betweentwo cars ........ ... ... .. . ... .206

Figure D-8 Ratio of the fatality risks for drivers of cars with air bags, and without air
bags, versus year of crash. The straight line is fitted to the points without any
weighting. Cars with left side struck by the front of another car in collisions between
WO CarS . .. .206

Figure D-9 Fatality risks (per 1,000 involvements) for drivers of cars without air bags
(solid line), with air bags (broken line), and without respect to presence of air bags
(dotted line), versus year of crash. Single carcrashes ...................... 207

Figure D-10 Ratio of the fatality risks for drivers of cars with air bags, and without air
bags, versus year of crash. The straight line is fitted to the points without any
weighting. Single carcrashes .......... ... .. i 207

Figure D-11 Fatality risks (per 1,000 involvements) for drivers of cars without air bags

(solid line), with air bags (broken line), and without respect to presence of air bags
(dotted line), versus year of crash. Frontal impacts in single car crashes ........ .208

XXVi



Figure D-12 Ratio of the fatality risks for drivers of cars with air bags, and without air
bags, versus year of crash. The straight line is fitted to the points without any
weighting. Frontal impacts in single carcrashes ........................... 208

Figure D-13 Fatality risks (per 1,000 involvements) for drivers of cars without air bags
(solid line), with air bags (broken line), and without respect to presence of air bags
(dotted line), versus year of crash. Right side impacts in single car crashes ....... 209

Figure D-14 Ratio of the fatality risks for drivers of cars with air bags, and without air
bags, versus year of crash. The straight line is fitted to the points without any
weighting. Right side impactsinsinglecarcrashes......................... 209

Figure D-15 Fatality risks (per 1,000 involvements) for drivers of cars without air bags
(solid line), with air bags (broken line), and without respect to presence of air bags
(dotted line), versus year of crash. Left side impact in single car crashes .. ...... 210

Figure D-16 Ratio of the fatality risks for drivers of cars with air bags, and without air

bags, versus year of crash. The straight line is fitted to the points without any
weighting. Left side impactin single carcrashes .......................... 210

XXVii



Tables

Table 2.1.1-1 Numbers of usable study cars for all configurations of collisions between
WO CarS. . .8

Table 2.1.1-2 Model coefficients for the driver fatality risk in cars without air bags in
collisions betweentwo cars.. .......... .. 9

Table 2.1.1-3 Air bag effects in collisions between two cars (percent reduction of driver
deaths). Non-standard errors in parentheses.. ............ ... .. ... ... .... 22

Table 2.1.1-4 Coefficients of models for air bag effectiveness in collisions with two
cars. A negative sign indicates a beneficial effect. Non-standard errors are in
PArENENESES. . . ..o e 31

Table 2.1.1-5 Air bag effects in collisions between two cars (percent reduction of driver
deaths)., by different levels of pre-crash factors. E1 are estimates 1 - (actual driver

deaths)/(expected driver deaths), E2 are averages of (1-deaths/risk) calculated for each
(07 1T 32

Table 2.1.2-1 Numbers of cars with frontal impact on the study car, in car-car collisions.
Note that the number of cars is greater than the number of collisions, some of which
have two eligible cars with frontal impacts.. .......... ... .. .. ... ... ... .. .. 33

Table 2.1.2-2 Model coefficients for the driver fatality risk in cars without air bags.
Frontal impacts in car-car collisions.. ........... ... ... .. .. . i i, 34

Table 2.1.2-3 Air bag effectiveness in a car with frontal impact, colliding with another
car (percent reduction of driver death). Non-standard errors in parentheses ... ... 45

Table 2.1.2-4 Coefficients of model for air bag effectiveness in cars with frontal impact
in collisions between two cars. A negative sign indicates a beneficial effect. Non-
standard error in parentheses. ......... ... .. . . 54

Table 2.1.2-5 Air bag effects in cars with frontal impacts in car-car collisions (percents
reduction of driver deaths), by different levels of pre-crash factors. E1 estimates the
reduction of total deaths. E2, the average of the risk reduction calculated in each case.
Non-standard error in parentheses. ........... ... ... ... .. . . . . ... 55

Table 2.1.3-1 Numbers of study cars in collisions where the front of another car strikes
theright side of the studycar.. ....... ... ... ... ... ... . . . . . . . . . .56

Table 2.1.3-2 Model coefficients for the driver fatality risk in cars without air bags,
struck on the right side of the occupant compartment by the front of another car.. .. .57

XXViii



Table 2.1.3-3 Driver fatality risk reduction (percent) in cars with air bags relative to the
model for cars without air bags. Collisions between two cars, study car impacted on the
right side by the front of the other car. Non-standard errors are in parentheses.. ... .69

Table 2.1.3-4 Driver fatality risk reduction in cars with air bags relative to the model for
cars without air bags, in percent. Collisions between two cars, study car impacted on
the right side by the front of the other car. E1 are estimates 1 - (actual driver
deaths)/(expected driver deaths), E2 are averages of (1-death/risk), calculated for each
case. Non-standard errors in parentheses.. ......... ... ... .. ... .......... .78

Table 2.1.4-1 Number of study cars in collisions where the case vehicle was struck on
the left by another car withthe front.. . ....... ... ... .. ... .. .. ... .. ... ... 79

Table 2.1.4-2 Coefficients of the model for the driver fatality risk (per 1,000
involvements) in cars struck on the left by the front of anothercar.. ............. .80

Table 2.1.4-3 Air bag effect (percent reduction of driver fatality risk) in collisions where
the point of another car strikes the left side of the study car. Non-standard errors are in
PArENthESeS.. . .o .89

Table 2.1.4-4 Coefficients of models for air bag effect (proportional change in driver
fatality risk) in cars struck on the left side by the front of another car. Non-standard
EITOrsS IN PareNtNesSesS.. . .. ... 97

Table 2.1.4-5 Driver fatality risk reduction (percent) in cars with air bags relative to the
model for cars without air bags, in cars struck on the left side by the front of another
car. Estimates E1 are for the reduction of total deaths, estimates E2 are for the
average of the risk reductions in each case. Negative signs indicate a detrimental
effect. Non-standard errors are in parentheses.. ............. ... ... ... .... 98

Table 2.2-1 Numbers of single car crashes used for modeling fatality risks and
estimating air bag effectiveness in single car crashes.. ....................... 99

Table 2.2.1-1 Case numbers for single carcrashes.. ....................... 100

Table 2.2.1-2 Model coefficients for the driver fatality risk in cars without air bags in
Single car Crashes.. . . ... o 100

Table 2.2.1-3 Driver fatality risk reduction in cars with air bag relative to the model for

cars with no air bag. Non-standard errors in parentheses.. .................... 106
Table 2.2.1-4 Coefficients of model for air bag effect in single car crashes.. ......107
Table 2.2.2-1 Case numbers of single car crashes with frontal impacts.. ......... 115

XXiX



Table 2.2.2-2 Model coefficients for the driver fatality risk in single car crashes with
frontal impacts. Cars withnoairbags.. .......... ... .. .. ... .. ... ... .. .... 116

Table 2.2.2-3 Driver fatality risk reduction (percent) in cars with air bag relative to the
model for cars with no air bag. Single car crashes with frontal impact. Non-standard
BITOrS iN PArENtNESES.. . ..o e 122

Table 2.2.2-4 Coefficient of models for air bag effects in single car crashes, frontal
IMPACES.. . .o 123

Table 2.2.3-1 Case numbers for single car crashes with right-side impacts.. ......132

Table 2.2.3-2 Model coefficients for the driver fatality risk in cars without air bags in
single car crashes, right sideimpacts.. .. ........ ... ... ... ... ... ... .. ... 133

Table 2.2.3-3 Driver fatality risk reduction in cars with air bags relative to the model for
cars without air bags (percent). Single car crashes, right side impacts. Non-standard
errors are in parentheses. Negative signs indicate arisk increase.. ............. 141

Table 2.2.3-4 Driver fatality risk reduction in cars with air bags relative to the model for
cars without air bags, in percent. Single car crashes, right side impacts. E1 are
estimates 1 - (actual driver deaths)/(expected driers deaths), E2 are averages of (1 -
death/risk), calculated for each case. Negative signs indicate a risk increase.. ... .144

Table 2.2.4-1 Case number for single car crashes with left-side impacts. .. ... ... 145

Table 2.2.4-2 Model coefficients for the driver fatality risk in cars without air bags in
single car crashes, left side impacts.. ............ ... ... .. ... . L. 146

Table 2.2.4-3 Driver fatality risk reduction in cars with air bags relative to the model for
car without air bags (percent). Single car crashes, left side impacts. Non-standard
errors. Negative signs indicate ariskincrease.. ........................... 153

Table 2.2.4-4 Coefficients of model for air bag effect in single car crashes, left side
IMIPACES.. ..o e 165

Table 2.2.4-5 Driver fatality risk reduction in cars with air bags relative to the model for
cars without air bags, in percent. Single car crashes, left side impacts. E1 are
estimates 1- (actual driver deaths/(expected driver deaths), E2 are averages of
(1-death/risk), calculated foreach case.. .......... ... ... .. ... ... ... ... .. .166

Table 2.3-1 Driver fatality risk reduction (percent) by air bags, in car-car collisions.
Estimates based on only the Southern GES region, the South and Central regions, and
the VINUS (the United States, excluding the Northeast and California). Non-standard
EITOrs are iN PareNthesSesS.. ... .. it 169



Table 2.3-2 Driver fatality risk reduction (percent) by air bags, in single car crashes.
Estimates based on only the Southern GES region, the South and Central regions, and
the VINUS (the United States, excluding the Northeast and California). Non-standard
errors are in parentheses.. . ... .. .. . A70

Table 3.2-1 Estimates of reductions (in percent) of driver deaths in cars with air bags
compared with cars without air bags. Collisions between two cars, and single car
crashes when rollover was not the first harmful event. Non-standard errors are in
parentheses. . ... ... . . 174

Table 3.2-2 Estimates of the average driver fatality risk reduction in cars with air bags
compared with cars without air bags. Collisions between two cars, and single car
crashes where rollover was not the first harmful event. Non-standard errors in
ParENthesesS. . . . o A75

Table 3.2-3 Coefficients of regression models for driver fatality risk reductions by air
bags, by crash configuration. A negative sign indicates a beneficial effect. Non-
standard errors are in parentheses. ............. . .. . . 177

Table 3.2-4 Estimates of air bag effectiveness by crash configuration and pre-crash
factors. The estimates are made for two different levels of each factor. Non-standard
errors are in Parentheses. . ... ... . A79

Table 3.3-1 Comparison of air bag effectiveness estimates in collisions. For
explanation of the columns and interpretation, seethetext. .................. 183

Table 3.3-2 Comparison of air bag effectiveness estimates in single car crashes. For
explanation of the columns and interpretation, seethetext. .................. 183

Table A-1 GES strata and PSUs. Regions, types, and the strata resulting from their
cross-classification. Numbers show the PSUs used in this study. “X” indicates PSUs
not used. States are shown for illustration; they enter the GES sampling plan only by
defining regions. . ... . . 191

Table D-1 Estimates of air bag effectiveness (percent diverse fatality reduction) by

crash type, based on models accounting for confounding factors (Chapter 2), and on
simple comparisons of fatality risks in cars with and without airbags. ........... 201

XXXi



1. Introduction
1.1 Background and objectives

This work had two main objections: 1) to estimate the effectiveness of air bags with
fewer assumptions than other approaches require, doing this by combining FARS and
GES data, and 2) to examine how well FARS and GES data can be combined.

The common approaches to estimate air bag effectiveness use relative risks, the ratio
of the risks in cars equipped with air bags to those in cars without air bags, without
calculating the absolute risks separately. For instance, one can calculate the relative
risks in collisions between cars with and without air bags. This gives relative risks in
collisions, but not for other crash types. Another comparison is between driver and right
front seat occupants, using cars with no air bags, cars with only a driver air bag, and
cars with air bags for both front seat occupants. This can be applied to all crashes, but
crashes with two front seat occupants are likely to differ in some respect from crashes
where there is only the driver and no other front seat occupant present (for instance,
car occupancy is higher on rural roads than in urban areas). A third approach is based
on the fact that air bags are designed to deploy in frontal impacts, and assumes that
they have no effect in side impacts. In fact, however, air bags do deploy in many side
impacts and therefore can have at least some effect (even in side impacts, cars will
typically experience a deceleration, and deploying air bags can protect the occupant
against striking the interior of the vehicle in front of him).

Absolute fatality risks can be calculated from the number of driver deaths (or for
occupants of specific seating positions) in crashes divided by the number of drivers (or
other specified occupants) in crashes. In principle, state accident data files contain
most of the necessary information. However, the number of fatal crashes in any single
state’s file is small, and the fatality risk estimates are not very precise. The only data
base with sufficient number of fatal crashes is FARS. However, there is no
corresponding nationwide file of non-fatal crashes. The closest to that is GES, which is
a sample of about 50,000 mostly non-fatal, but also including some fatal crashes, each
of which represents between 2 (not 2,000) and 3,000 actual crashes. This allows, in
principle, to calculate fatality risks with greater statistical precision than can be obtained
from state files, which are also nationally representative, less dependent on factors or
conditions peculiar to individual states. There are, however, a number of technical
difficulties that make a combined analysis of the FARS and GES files less than
straightforward.

1.2 The data

The data bases were prepared by the Volpe National Transportation System Center
from the original FARS and GES data files, adding information obtained by decoding



the VIN. Crash data for the years 1991-99 were used. Two types of files were created:
1) for single vehicle crashes, where the first event was not a rollover (also excluding a
few rare crash types), 2) for collisions between two cars.

To determine the presence of an air bag in a car, the Vehicle Identifications Number is
needed. It is also needed to determine the weight of the car, which is an important
confounding factor. The FARS files contain the VIN for nearly all cars. In GES files,
many VINs are missing. Some are randomly missing, but there is a strong systematic
pattern by geographical region as defined in the GES. With two exceptions, within a
PSU either nearly all, or nearly no VINs are given for cars. The following pattern
appears:

Northeast: 1 PSU with all VINs, 2 with some, 11 with none
Central (also called Midwest): 12 with, 4 without VINs
South: 17 with, 1 without VINs
West: 7 with, 5 without VINs

Since for most GES cases in the Northeast VINs were not available, all GES cases
from this region were omitted from the study. Correspondingly, all FARS cases from
the states composing the Northeast were also omitted. This posed no problem of
matching because the regions were defined by the states they were composed of.

In the Central and Southern regions, in most PSUs, the cars in GES cases had VINs.
In these regions, all cases from the PSUs without VINs were omitted, and the
expansion factors for the cases from the PSUs with VINs adjusted. This results in
statistically valid estimates of police reported crashes in these regions, and allows to
combine them with the fatal crashes from FARS in these regions.

The West posed an additional problem. Nearly half of the PSUs had no VINSs, all in
California. From a purely formal point of view, the same procedure as for the Central
and Southern regions could be applied: the data from the 7 PSUs with VINs could be
used with adjusted expansion factors, to estimate police reported crashes. However,
these 7 PSUs are all outside of California which not only accounts for the vast majority
of crashes in the Western region, but also differs in many respects from the other
states. Therefore, the results would most likely be biased.

To avoid such a bias, the approach was modified. A new region, the West excluding
California (WxCA) was defined. The data from the 7 useable PSUs were used to make
estimates of police reported crashes for WxCA (in this case the adjustments of the



expansion factors were more complicated). Correspondingly, the FARS cases from
California were omitted. Again, this resulted in a statistically valid match of FARS and
GES cases in the WxCA region.

For the analyses, the FARS and GES cases for single vehicle crashes were combined,
and separately those for collisions. GES cases with a fatality were omitted, and FARS
cases were assigned a expansion factor of 1. Adding a 0/1 variable indicating driver
survival (GES cases) or death (FARS cases) as dependent variable, one can use
statistical techniques to estimate fatality risks.

1.3 Modeling

Air bags are only one of many factors which influence the fatality risk in a crash. Some
other factors have a much stronger effect. A very obvious factor is crash configuration.
The risk differs between single vehicle crashes and collisions, it depends on the impact
direction and its point on the vehicle, and on the impacting part of the other vehicle in a
collision. Such factors are best accounted for by studying different collision
configurations separately. The effects of other factors can be captured by
mathematical modeling. The following are very rough illustrations of the order of
magnitude of the effects some factors have over their range from the lowest to the
highest values found in crashes:

speed limit 1:50 (low to high)
age of the driver of the case car  1:15 (young to old)

age of the driver of the other car  1.5:1 (young to old)

in a collision

sex of the driver of the case 1.5:1 (man to woman)
car

sex of the driver of the other 1.5:1 (man to woman)
car in a collision

weight of the case car 2:1 (2,000 to 4,000 Ib)

weight of the other carin a 1:5 (2,000 to 4,000 Ib)
collision

Other important factors are the effect of alcohol (in this context not on the occurrence of
a crash, or its severity in terms of delta-V or a similar measure, but in terms of the
probability of dying from the injuries suffered in the crash), and the use and type of
safety belts. These two factors could not be considered, because even in FARS
information on alcohol is far from complete, and in GES even more so. Information on
safety belt use in FARS appear to be fairly reliable if a driver is dead at the scene, but
much less so if he dies later. In GES, it must be considered unreliable.



Initially, we considered all factors listed above. Speed limit is only an imperfect proxy
for actual travel or impact speed. Actual travel speed may be much higher, and
sometimes much lower (the difference may be correlated with driver age and sex). Ina
collision at an intersection, the speed limit is usually that of the higher order road,
typically higher than that on the cross road. Nonetheless, its empirical effect is so
strong that one should include it.

The second strongest effect is that of driver age. The fatality risk increases in a highly
non-linear manner with age: up to about 40 years roughly linear, faster between 40 and
60, and rapidly increasing with higher ages. This is probably a combination of two
effects: young drivers driving faster (relative to the speed limit) and thereby increasing
their risk, older drivers driving closer to the speed limit, but being more vulnerable.

This is suggested by the effect of the age of the “other” driver in a collision: the fatality
risk declines with his or her increasing age. Women have a lower fatality risk, and also
create a lower fatality risk for other drivers in a collision.

The effects of vehicle weight shown above are “pure” weight effects obtained from
models. Driver age and vehicle weight are correlated: older drivers tend to drive
heavier cars. Therefore, without adjusting for this, heavier cars would appear less
protective than they actually are. On the other hand, heavier cars appear less
aggressive in a collision than they actually are, compared with lighter cars.

Driver sex has similar effects. Women tend to drive lighter cars than men. This makes
heavier cars appear less protective than they are, but also less aggressive in a collision.

More detailed analyses show that the effects of the factors are not always
independent, but can interact.

In collisions, the characteristics of both drivers and vehicles play a role. Initially, both
were used in the models. This, however, complicated the model development very
much, and often some coefficients in the final model depended on only a few cases.
Since there are only weak, if any correlations between the characteristics of the two
vehicles and drivers in a collision, we decided to omit the “other” vehicles’ and drivers’
characteristics. This should not bias the results much, though it might increase their
random errors.

There are basically two types of models: categorical and continuous. Categorical
models collapse continuous data into relatively few “cells”, calculate risks for each cell,
and relate the risks to the driver, vehicle and speed values characterizing each cell.
Their advantage is that one can identify interactions relatively easily. One great
disadvantage is that defining the cells so that not too much information is lost (e.g. not
creating cells where the fatality risk can not be calculated or cells within which the
fatality risk varies widely) tends to be laborious. There are also other disadvantages.



Continuous models express the fatality risk as a mathematical function of the variables
characterizing vehicles, drivers and speed. This requires assuming a mathematical
form for this function, or experimenting to find one which fits the data well. This can
also be laborious. However, we found that the same basic structure could be used for
all models developed. For simple practical reasons, we used a logistic model: the
statistical package STATA offered very efficient routines for it.

We did not use it for the specific mathematical form of the logistic function which is not
always most suitable for modeling fatality risks. In our case, however, the logistic
model was practically equivalent to a multiplicative model of the form

risk=a * exp(b * x) xexp(c * y) * exp(d * z)...

where the x,y,z,... can be the variables themselves or interactions of variables. To
represent highly non-linear (or in this case, in effect, non-exponential ) relations, we
used “kinky” relations, e.g. by adding a new variable which was equal to the age if it
was over 40, and 0 otherwise, etc. For vehicle weight, we found that a logarithmic
transformation, x=log(weight) nearly always gave the best model fit. This amounted, in
effect, to having a weight term of the form weight®b for the risk.

The fit of the model was assessed, not only by overall comparisons of actual with
predicted risks, but also by comparing them with respect to each of the variables used,
and with respect to several of their interactions.

1.4 How to estimate air bag effectiveness.

To estimate air bag effectiveness, one has three basically different approaches.

1) One models the fatality risk in cars without air bags. The model is applied to cases
involving cars with air bags, and the differences between the actual deaths, and the
modelled risks are studied. 2) One develops separate models for the risk in cars with
air bags, and for cars without air bags. The difference between the two modelled risks
describes air bag effects. 3) One develops one model for all cars, with and without air
bags, which includes terms for the presence of the air bag, and its interaction with
selected variables.

Cars with air bags appeared with the 1985 model years (the number of earlier cars with
air bags is negligible). Cars without air bags can be of much older vintage and
therefore may not satisfy the FMVSS applicable to more recent cars. To avoid
confounding air bag effects with those of the FMVSS and other long term changes in
car design, only cars of model years 1985 or later were used for modelling.

We experimented briefly with approaches (2) and (3), but because the models were
fairly complicated, found the results to be “fragile”, depending strongly on which terms
were included in the model, because the models were fairly complicated. Therefore,
we used approach (1).



2. Estimating air bag effectiveness

There is no single best measure of air bag effectiveness. One may be characterized as
“descriptive”: it quantifies the reduction of deaths for a large aggregate of crashes, e.g.
all crashes involving cars in the entire US during one year, usually as a percentage,
sometimes as an actual number. Another type of measure may be - less accurately -
be characterized as “functional”: expressing the fatality risk reduction in very specific
crash configurations as a function of certain crash factor.

Descriptive measures aggregate functional measures for many different crash types,
including rare types for which only imprecise estimates can be made. While descriptive
estimates are important for evaluating the overall effect (and the cost-effectiveness) of
air bags, functional estimates provide a better insight into how air bags work, and
possibly suggest directions for improvement.

This study produced functional and descriptive estimates. It treated collisions between
two cars, and crashes involving a single car, excluding those with a rollover as first
event, separately. For each of these two categories, the effect in all crashes was
estimated, and also separately the effects in cars with frontal impacts, with right side
impacts, and with left side impacts.

In all cases, models were developed which controlled for the following confounding
factors: speed limit, weight of the cars for which the fatality risk was estimated, driver
age, and driver sex. Interactions of these factors were also explored and included in
the models where they improved the model fit.

It was also attempted, with not much success, to determine how air bag effectiveness
depended on these factors.

2.1 Car-car collisions

The analysis in 2.1.1 uses all collision configurations, including impacts involving
corners, front to rear impacts, and even other rear impacts. It gives the most
comprehensive estimates of air bag effectiveness in car-car collisions.

The analysis of cars with frontal impacts (2.1.2) uses only case vehicles with 12 o’clock
impacts in FARS, or impact 1 in GES. It combines cases from front-front collisions,
front-side collisions, and collisions including corners or the rear end. It covers cases in
which the air bag is designed to deploy, if a certain crash severity is exceeded. One
would expect the greatest air bag effects in these cases.

Sections 2.1.3 and 4 deal with front/right-side, and front/left-side impacts, respectively.
“Right-side” is defined by 3 o’clock for FARS, and by impact code 2 for GES cases, “left
side” by 9 and 3, respectively. Air bags are not designed to deploy in such crashes,
though they often do. One would expect low, if any, air bag effects in such crashes.
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Data from one collision may be used in several subsets. If one of the cars is of model
year >1984, the other of model year < 1985, then only the more recent car will be used
in 2.1.1, and if it has a FARS impact code of 12, 3, or 9, or a GES impact code 1,2, or 3
in one of the sections 2.1.2, 2.1.3, or 2.1.4

If both are of model year > 1984, then both cars will be used in 2.1.1; one or both of
them may also be used in 2.1.2, 2.1.3, or 2.1.4, depending on the impact on the car:
12, 3, or 9 for FARS cases, 1,2, or 3 GES cases.

A subtle statistical difficulty arises in the case of front-front collisions when both cars are
included as case vehicles in the modelling. Then, the two “observations” they represent
in the statistical analysis are not strictly independent. This means that the error
estimates for the model coefficients are too low because they ignore the lack of
independence. We had planned to avoid this by “bootstrapping” the errors of the model
coefficients, but this turned out to be too complicated.

In the case of single car crashes, the analyses in 2.2.1,2.2.2,2.2.3, and 2.2.4
correspond to those in 2.1.1, 2.1.2, 2.1.3, and 2.1.4. However, since there is only one
car per case, the problem of lack of independence and its effect on the estimated errors
of the coefficients does not arise.

2.1.1 All collision configurations

Air bags are designed to deploy in frontal impacts. Therefore, the intended effect is
best measured in crashes with frontal impacts. However, air bags also deploy in other
than frontal impacts and may then have an effect. Also, to assess the overall societal
effect of air bags, it is useful to know how much they reduce deaths in “all” or at least
broad classes of crashes. Therefore, we also estimate the effects of air bags in all
configurations of collisions between two cars.

To do this, we developed models for the driver fatality risk in “all collisions between two
cars. Such models must be interpreted with caution: since injury mechanisms differ
among impact configurations, any mathematical model for “all” collisions combines
implicitly the functions for different impact configurations. Even if the functions for
different impact configurations had similar patterns, the combined function may have a
very different pattern. Thus, it may not reflect causal relations, and should not be
interpreted as such.

Table 2.1.1-1 shows the numbers of study cars which could be used for modeling.
These numbers are greater than the numbers of collisions, because in some collisions
each car could be used as a study car. A very crude estimate of air bag effectiveness
is obtained from the cross-product ratio of the case numbers, 0.82, which would
indicate a 18% reduction of the fatality risk. However, this ignores the varying
expansion factors of the GES cases - from little over 2 to about 3,000 -, and



confounding factors which might be correlated with the presence or absence of an air
bag. The fatality reduction after modelling the confounding factors is 42%
(Table 2.1.1-3).

Table 2.1.1-1 Numbers of usable study cars for all configurations of collisions
between two cars.

cars with FARS GES
no air bag 10498 45135
air bags 13603 71243

Table 2.1.1-2 shows the coefficients of the best model which could be fitted to the data.
The “non-standard errors” are those obtained by the STATA procedure SVYLOGIT.
They might be good approximations for the standard errors in the usual sense.
However, we use the term “non-standard” because of some conceptual questions,
discussed in Appendix B.

When comparing the coefficients with the non-standard errors, that for the speed limit
of 65 mph would not be considered significant by the conventional criteria. However, it
clearly improved the fit of the data, but because the number of cases affected is small,
it has a large error. Also, a positive coefficient for this speed limit it is consistent across
several subsets of the data.

The coefficient for the calendar year is surprising: it represents a drop of the fatality risk
by about 3% each year. This is not an indirect effect of a trend with model year or with
car age, because the calendar year could not be replaced by car age, or model year.
One may speculate that this is an effect of increasing safety belt use over time.
However, a closer examination shows that one could replace this linear trend by a step
function between 1992 and 1993.

The constant term is an indicator of the fatality risk for a 30 year old man in a 2,800 Ib
car, in 1990, on a road with a speed limit of 50 mph:

risk = exp (-6.39)/(1+exp(-6.39)) = 1.68/1000

Figure 2.1.1-1 shows the actual risk versus the risk calculated by the fitted model. The
overall agreement is very good. This, however, does not mean that the model fits the
data in every detail. There can be gross discrepancies between the model in relation to
certain factors, or interactions of factors. Therefore, further comparisons were made.
Figures 2.1.1-2 through 21 show actual and modelled risks versus each of the variables
used in the model, also disaggregated by another variable.



Table 2.1.1-2 Model coefficients for the driver fatality risk in cars without air bags
in collisions between two cars.

variable coefficient  non-standard
error
(splimit - 50)/10 .76 .08
splimit =55 1.0 .23
splimit =65 .32 21
log (weight/2800) * (splimit<55) -1.97 A4
log (weight/2800) * (splimit=55) -1.53 15
(age -60) * (splimit -55)/100 .055 .013
(age -50) = (age >50) * (splimit >60)/100 .38 A3
(age -50) = (age >50) = (weight >2800)/10 -11 .03
female -.40 .05
(age -30)/10 A5 .02
(age -60) + (age >60) + male/10 .62 .09
(age -40) + (age >40) + female/10 32 .04
year - 1990 -.03 .02
constant -6.39 22

Figure 2.1.1-2 shows actual and modelled risks versus car weight. The agreement
between actual and modelled risks is very good. The risks show a step decline from
the lowest weight to those above 2,300 Ib, from there on a linear decline to 2,900 Ib,
and above that no change with car weight. This should not be interpreted to mean that
weight above 2,900 Ib offers no protection. Higher weights are correlated with higher
driver age which in turn is correlated with the fatality risk. The combined effect of these
two factors may keep the risk approximately constant. To assess the effect of car
weight alone, corrected for this confounding, one should look at the coefficients in
Table 2.1.1-2.

Figures 2.1.1-3 through 8 show actual and modelled risks versus car weight,
disaggregated by speed limit, driver age, and driver sex. In all cases, the agreement
between the actual and the modelled risks is very good, except for the point with the
highest car weight for female drivers.



Figures 2.1.1-9 through 14 show driver fatality risks versus driver age, disaggregated by
driver sex, car weight, and speed limit. In all cases the agreement between the actual
and modelled risks is very good. However, there is a small systematic deviation for the
points at ages 70 and 80, which is similar for women, cars of 2,800 Ib or lower weight,
and speed limits of 55 mph or higher.

Figures 2.1.1-15 through 21 show actual and modelled risks versus speed limit, overall,
and disaggregated by the other factors. Because the risks cover a wide range, a
logarithmic scale was used for them. Overall, the points are close to a straight line
which indicates that the driver fatality risk increases approximately exponentially with
the speed limit. The major exception is the speed limit of 55 mph, for which the risk is
always higher. There are some other, but much smaller deviations. By including
categorical terms for certain speed limits, the model accommodates these deviations.
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Figure 2.1.1-1 Actual versus modelled driver fatality risk (per 1,000 involvements)
in car-car collisions . Study car without air bags.
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Figure 2.1.1-2 Actual and modelled driver fatality risk (per 1,000 involvements) in
car-car collisions versus weight of study car. Study cars with no air bag.
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Figure 2.1.1-3 Actual and modelled driver fatality risk (per 1,000 involvements) in

car-car collisions versus weight of study car. Speed limit <55 mph. Study cars
with no air bag.
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Figure 2.1.1-4 Actual and modelled driver fatality risk (per 1,000 involvements) in

car-car collisions versus weight of study car. Speed limit >= 55 mph. Study cars
with no air bag.
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Figure 2.1.1-5 Actual and modelled driver fatality risk (per 1,000 involvements) in

car-car collisions versus weight of study car. Driver <60 years old. Study cars
with no air bag.
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Figure 2.1.1-6 Actual and modelled driver fatality risk (per 1,000 involvements) in

car-car collisions versus weight of study car. Driver 60 or more years old. Study
cars with no air bag.
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Figure 2.1.1-7 Actual and modelled driver fatality risk (per 1,000 involvements)
versus weight of study car. Male driver. Study cars with no air bag.

o actual model

actual

2000 2500 3000 3500 4000
. . weight
actual and modelled risk vs. vehicle weight, women

Figure 2.1.1-8 Actual and modelled driver fatality risk (per 1,000 involvements)
versus weight of study car. Female drivers. Study cars with no air bags.
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Figure 2.1.1-9 Actual and modelled driver fatality risk (per 1,000 involvements)
versus driver age. Male drivers. Study car without air bags.
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Figure 2.1.1-10 Actual and modelled driver fatality risk (per 1,000 involvements)
versus driver age. Female driver. Study car with no air bags.
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Figure 2.1.1-11 Actual and modelled driver fatality risk (per 1,000 involvements)
versus driver age. Car weight <= 2,800 Ib. Study cars with no air bags.
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Figure 2.1.1-12 Actual and modelled driver fatality risk (per 1,000 involvements)
versus driver age. Car weight > 2,800 Ib. Study cars with no air bags.
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Figure 2.1.1-13 Actual and modelled driver fatality risk (per 1,000 involvements)
versus driver age. Speed limit <55 mph. Study cars with no air bags.
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Figure 2.1.1-14 Actual and modelled driver fatality risk (per 1,000 involvements)
versus driver age. Speed limit >=55 mph. Study cars with no air bags.
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Figure 2.1.1-15 Actual and modelled driver fatality risk (per 1,000 involvements)
versus speed limit. Study cars with no air bags. Logarithmic scale for risk.
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Figure 2.1.1-16 Actual and modelled driver fatality risk (per 1,000 involvements)

versus speed limit. Male drivers. Study cars with no air bags. Logarithmic scale
for risk.
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Figure 2.1.1-17 Actual and modelled driver fatality risk (per 1,000 involvements)

versus speed limit. Female drivers. Study cars with no air bags. Logarithmic
scale for risk.

19



actual

actual
N
|

2

R
25 30 35 40 45 50 55 60 65 70 75

speed
actual and modelled risk vs. speed limit, vehicle weight<=2800

Figure 21.1-18 Actual and modelled driver fatality risk (per 1,000 involvements)

versus speed limit. Cars <= 2,800 Ib. Study cars with no air bags. Logarithmic
scale for risks.
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Figure 2.1.1-19 Actual and modelled driver fatality risk (per 1,000 involvements)

versus speed limit. Cars >2,800 Ib. Study cars with no air bags. Logarithmic
scale for risks.
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Figure 2.1.1-20 Actual and modelled driver fatality risk (per 1,000 involvements)

versus speed limit. Driver age <60. Study cars with no air bags. Logarithmic
scale for risks.
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Figure 2.1.1-21 Actual and modelled driver fatality risk (per 1,000 involvements)

versus speed limit. Driver age >= 60. Study cars with no air bags. Logarithmic
scale for risk.

21




To estimate the effects of air bags, this model was used to predict for cars with air bags
in the combined FARS and GES files the fatality risk their drivers would have faced, had
their cars not had air bags, using their air bag cars’ values for driver age, driver sex, car
weight and speed limit. The actual driver deaths were summed (the expansion factors
for these cases equaling 1), and the predicted risks summed, weighted by the
expansion factors. This gave an estimate of the driver deaths which would have
occurred if the cars had not had air bags. Their ratio gave the factor by which driver
deaths had been reduced by air bags.

For each car with an air bag
(actual - predicted)/predicted,

where “actual” is 0 if the driver survived, 1 if he died, and “predicted” is the risk
predicted by the model for cars without air bags, gives an estimate of risk reduction by
the air bags by averaging them over all air bag cases with the expansion factors or
weights. If the air bag effect is constant across all cases, both estimates give the same
effect. However, if air bag effectiveness is correlated with the fatality risk, the estimates
will differ. If the air bag effectiveness is higher in cases with higher predicted risk, then
the overall fatality reduction will be greater than the average of the case-by-case
effects. On the other hand, if the air bag effect is greater in the cases with lower
predicted risks, then overall effect will be smaller than average of the case-by-case
effects.

Table 2.1.1-3 shows the results. Estimates by the two methods practically agree, well
within their non-standard errors. It is surprising that these estimates are much greater
than the 18% calculated in a very crude manner from the car counts in Table 2.1.1-1.

Table 2.1.1-3 Air bag effects in collisions between two cars (percent reduction of
driver deaths). Non-standard errors in parentheses.

estimate cars with air bags cars with driver only
air bag

reduction of

total deaths 42 (5) 34 (6)

average of

reduction of

fatality risks 41 (6) 35 (7)

22



Estimates for cars with driver only air bag could be made with minimal additional effort,
and were made to take a different look at the robustness of these estimates.
Surprisingly, they are lower, though still by not or only little more than their non-standard
errors (note that these two estimates are not independent). This means that the
effectiveness of the driver air bag must be much greater in cars with dual air bags than
in those with driver only air bags.

Figure 2.1.1-22 shows the actual driver fatality risks in cars with air bags versus those
predicted for drivers of the same age and sex, in cars with no air bags, of the same
weight, and for the same speed limit. Figure 2.1.1-23 shows the same, but with double
logarithmic scales. In the first figure, the points fall close to a straight line with a slope
different from 1, in the second, they fall around a straight line with a slope of 1, but
offset against the line representing equality. This shows that the fatality risk reduction is
about constant for collisions of all severities, in terms of predicted fatality risk for non-air
bag cars. The only exception is the point for very low predicted risks which has much
higher actual risks.

Figure 2.1.1-24 shows the actual driver fatality risks in cars with air bags, and those
expected for cars with air bags versus car weight. The actual values are always, and in
all but one case substantially lower than the expected ones. Figure 2.1.1-25 shows the
ratio of the two. For the lightest car, the risk is only 10% lower, for most 40%, and for
the heaviest in the high 40 percents. Figures 2.1.1-26 and 27 show the same data,
disaggregated by speed limit. For lower speed limits, the points show only wide scatter,
but for high speed limits, a clearly decreasing trend with weight - indicating increasing
air bag effectiveness - appears.

Figures 2.1.1-28 and 29 show the same relation disaggregated by driver age. Here, for
younger driver effectiveness is clearly increasing with car weight, for older drivers no
such trend is apparent.

Figures 2.1.1-30 and 31 show the relation disaggregated by driver sex. For men, there
is, with the exception of the point for the lightest cars, no clear trend apparent, whereas
for women a strong, fairly consistent increase of air bag effectiveness appears: from
10% for the lightest to nearly 55% for the heaviest cars.

With regard to driver age, Figures 2.1.1-32 and 33, no simple pattern is recognizable for
men, but for women there seems to be an increase in effectiveness up to an age of 45
years, followed by a leveling off, and a dramatic decline for the highest ages.

With regard to speed limit, Figure 2.1.1-34, a large effect of 55% appears for 40 mph,

while it is around 40% for the other speed limits, without any pattern. This holds also if
one disaggregates by other factors.
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Figure 2.1.1-22 Actual driver fatality risk (per 1,000 involvements) in cars with air
bags versus risks predicted from model for cars without air bags. Car-car
collisions. The line represents equality of actual and predicted risks.
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Figure 2.1.1-23 Actual driver fatality risk (per 1,000 involvements) in cars with air
bags versus risks predicted from model for cars without air bags. Car-car

collisions. Double logarithmic scales. The line represents equality of actual and
predicted risks.
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Figure 2.1.1-24 Actual driver fatality risk in cars with air bags, and the
corresponding risk predicted from the model for non-air bag cars versus car
weight. Collisions between two cars.
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Figure 2.1.1-25 Ratio of the actual driver fatality risk in cars with air bags to that

expected for cars without air bags versus car weight. Collisions between two
cars.
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Figure 2.1.1-26 Ratio of the actual driver fatality risk in cars with air bags to that

expected for cars without air bags versus car weight, speed limit <55 mph.

Collisions between two cars.
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Figure 2.1.1-27 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus car weight, speed limit > =55 mph.

Collisions between two cars.
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Figure 2.1.1-28 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus car weight. Driver age < 60 years.
Collisions between two cars.
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Figure 2.1.1-29 Ratio of the actual driver fatality risk in cars with air bags to that

expected for cars without air bags versus car weight. Driver age > =60 years.
Collisions between two cars.
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Figure 2.1.1-30 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus car weight. Male driver. Collisions
between two cars.
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Figure 2.1.1-31 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus car weight. Female driver. Collisions
between two cars.
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Figure 2.1.1-32 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus driver age. Male driver. Collisions
between two cars.
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Figure 2.1.1-33 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus driver age. Female driver. Collisions
between two cars.

29



ratio
[¢)]
(3]
|

20 25 30 35 40 4 50 55 60

air bag ratio vs. speed limit

Figure 2.1.1-34 Ratio of the actual driver fatality risk in cars with air bags to that
expected for cars without air bags versus speed limit. Collisions between two
cars.

Some of these figures suggest that air bag effectiveness depends on interactions of
several factors. To explore this further, exploratory regressions were run. The ratio
death/predicted-risk for each case was used as dependent variable, and weight, age,
sex and speed limit and their products as independent variables. Forward and
backward regressions were used. Since the result of such regressions are often
“fragile”, sometimes variables were excluded, sometimes forced in, and sometimes only
groups of variables allowed to be entered or excluded.

The result was that a term “female” appeared in all models, either directly or in
interactions with car weight. Other factors were at best marginally “significant”. Table
2.1.1-4 shows the coefficients of the best models. None of them is clearly better at
representing the data.
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Table 2.1.1-4 Coefficients of models for air bag effectiveness in collisions
between two cars. A negative sign indicates a beneficial effect. Non - standard
errors are in parentheses.

variable coefficients
model 1 model2 model3 model 4

female -18 (.07) -16 (.07)

female * -57 (.17) -45(.15) -54(.16)
log(weight/2,800)

male * log(weight/2,800) 44 (.21)
constant -31(.08) -.40(.06) -.31(.08) -.41(06)

Including both “female”, and its interaction with car weight changes the coefficients of
the separate models only little, well within their estimated errors. Model 4 uses only
interactions between car weight and sex. The term for women differs relatively little
from those in the other models. The term for men, however, is surprising, because it
indicates a decrease of effectiveness with increasing car weight.

We also took a simple look at the data to assess how air bag effectiveness varies with
on the factors: we split the data set by male/female and low/high values of each factor,
and calculated the effectiveness for each of these subsets. The results are shown in
Table 2.1.1-5. Since it required minimal additional effort, we calculated not only the
effect for all cars with air bags, but also separately for cars with only driver air bags
which are on the average of earlier vintage. One notices that in all but two cases where
they are equal, air bag effectiveness is lower in cars with driver air bag only, which
requires that it is higher in cars with dual air bags.
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Table 2.1.1-5 Air bag effects in collisions between two cars (percent reduction of
driver deaths), by different levels of pre-crash factors. E1 are estimates 1 -
(actual driver deaths)/(expected driver deaths), E2 are averages of (1-deaths/risk)
calculated for each case. Non-standard errors in parentheses.

subset of cars with air bags cars with driver only
cases air bag
E1 E2 E1 E2

men 40 (6) 31 (7 31 (7) 24 (8)
women 43 (6) 49 (6) 38 (6) 44 (7)
age <40 years 41 (7) 37 (7) 34 (7) 30 (7)
age >=40 years 43 (5) 47 (6) 34 (6) 42 (6)
car weight <= 2,800 Ib 37 (6) 41 (7) 37 (6) 41 (8)
car weight > 2,800 Ib 44 (5) 41 (6) 33 (6) 33 (7)
splimit <55 mph 42 (7) 41 (7) 37 (8) 36 (7)
splimit >= 55 mph 41 (7) 41 (7) 32 (8) 33 (8)

Estimates E2 are based on the ratio death/risk, and are therefore compatible with the
regression results shown in Table 2.1.1-4. Model 1 predicts exactly the 31 and 49%
reductions for men and women, respectively, shown in Table 2.1.1-5. The differences
between men and women is much lower in the estimate E1. This indicates that women
are more often in collisions with lower fatality risks, so that the higher effectiveness air
bags have for them is translated into a lower total saving of lives, compared with that for
men. A similar phenomenon appears with age: the difference between the
effectiveness for young and old drivers is much greater if measured by E2 than
measured by E1. This means that young drivers get into less severe - in terms of their
own fatality risk - collisions than older drivers.

It is surprising that the estimates E2 suggest a strong effect of driver age, but that driver
age did not appear as a “significant” factor in the exploratory regression.
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2.1.2 Frontal impacts in car-car collisions

Air bags are designed to deploy in frontal impacts exceeding a certain severity.
Therefore, the effects of air bags should be strongest in frontal impacts. Frontal
impacts on the study car were identified by a FARS impact code “12", or a GES impact
code “1". Any impact code on the “other” car was allowed. With this definition, the
number of cases was still larger than the number of collisions, because most front-front
collisions were used twice: once with one, once with the other car as study vehicle, if
the selection criteria allowed this.

Table 2.1.2-1 shows the number of cases which could be used for modelling. A very
crude estimate of air bag effectiveness is obtained from the cross-product ratio of the
case numbers, 0.45 which would indicate a 55% reduction of the fatality risk. This
simplistic estimate, however, ignores the varying weights of the GES cases, and
confounding factors which might be correlated with the presence or absence of an air
bag. The estimate controlling for these factors in 46% (Table 2.1.2-3).

Table 2.1.2-1 Numbers of cars with frontal impact on the study car, in car-car
collisions. Note that the number of cars is greater than the number of collisions,
some of which have two eligible cars with frontal impacts.

cars with FARS GES
no air bag 4,664 20,900
air bags 1,121 11,239

Table 2.1.2-2 shows the coefficients of the best model which could be fitted to the data.
Comparison with those in Table 2.1.1-2 shows some similarities, e.g. with regard to
speed limit and car weight, but also some greater differences with regard to driver age,
mainly because of differences in the interactions necessary to fit the data.

Figure 2.1.2-1 shows the actual driver fatality risks versus those predicted by the model.
The overall agreement is excellent; only the point representing the highest risk shows a
slightly too high prediction.

Figures 2.1.2-2 through 20 show the actual and predicted risks versus the factors used
in the model. In most graphs there are no systematic differences, though sometimes
considerable scatter of the points.

With regard to weight (Figures 2.1.2-3 through 8), in a few cases the actual risk for the
heaviest cars is higher than predicted, in some cases also the risk for the lightest cars.
This, however, does not mean that modifying the car weight terms could result in a
better fit; other factors correlated with the very high and very low weights could be
causing these discrepancies.
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Table 2.1.2-2 Model coefficients for the driver fatality risk in cars without air bags.
Frontal impacts in car-car collisions.

variable coefficient non-standard
error
(splimit - 50)/10 95 .07
splimit =55 1.26 23
splimit =65 .64 .25
log(weight/2,800) * (splimit <55)
-2.12 34
log(weight/2,800) * (splimit > =55)
-1.15 18
(age -70) * (age >70)  (splimit >60)/10
-33 .20
(age-60) * (age >60) + (weight >2,800)/10
-.25 .09
female -.28 .06
(age -30)/10 33 .02
(age -70) * (age >70)/10 47 10
year - 1990 -.03 .02
constant -6.54 .20

With regard to driver age (Figure 2.1.2-9 through 14), the agreement is even better, with
little scatter and no systematic deviations.

With regard to speed limit (Figure 2.1.2-15 through 20) the agreement at speed limits of
55, and at higher speed limits is enforced by two terms in the model. However, even for
the six points representing lower speed limits, the agreement is very good, indicating
that the fatality risk increases exponentially with the speed limit, because the coefficient
0.95 (Table 2.1.2-2) is roughly 1: exp (speed limit/10). This corresponds to an increase
in the risk by a factor of 7.4 from highways with a 30 mph speed limit to those with 50
mph.
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Figure 2.1.2-1 Actual versus modelled driver fatality risk (per 1,000 involvements)
in cases with frontal impacts in car-car collisions. Study car without air bags.
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Figure 2.1.2-2 Actual and modelled driver fatality risk (per 1,000 involvements) in
cars with frontal impact in car-car collisions versus weight of study car. Study
cars with no air bags.
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Figure 2.1.2-3 Actual and modelled driver fatality risk (per 1,000 involvements) in
cars with frontal impact in car-car collisions versus weight of study car. Speed
limit <55 mph. Study cars with no air bags.
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Figure 2.1.2-4 Actual and modelled driver fatality risk (per 1,000 involvements) in

cars with frontal impact in car-car collisions versus weight of study car. Speed
limit > = 55 mph. Study cars with no air bags.
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Figure 2.1.2-5 Actual and modelled driver fatality risk (per 1,000 involvements) in

cars with frontal impact in car-car collisions versus weight of study car. Driver
<60 years old. Study cars with no air bags.
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Figure 2.1.2-6 Actual and modelled driver fatality risk (per 1,000 involvements) in

cars with frontal impact in car-car collisions versus weight of study car. Drivers
60 or more years old. Study cars with no air bags.
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Figure 2.1.2-7 Actual and modelled driver fatality risk (per 1,000 involvements) in

cars with frontal impact in car-car collisions versus weight of study car. Male
driver. Study cars with no air bags.
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Figure 2.1.2-8 Actual and modelled driver fatality risk (per 1,000 involvements) in

cars with frontal impact in car-car collisions versus weight of study car. Female
driver. Study cars with no air bags.
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Figure 2.1.2-9 Actual and modelled driver fatality risk (per 1,000 involvements) in

cars with frontal impact in car-car collisions versus driver age. Male driver.
Study cars with no air bags.
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Figure 2.1.2-10 Actual and modelled driver fatality risk (per 1,000 involvements)

in cars with frontal impact in car-car collisions versus driver age. Female driver.
Study cars with no air bags.
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Figure 2.1.2-11 Actual and modelled driver fatality risk (per 1,000 involvements)
in cars with frontal impact in car-car collisions versus driver age. Car weight <

=2,800 Ib. Study cars with no air bags.
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Figure 2.1.2-12 Actual and modelled driver fatality risk (per 1,000 involvements)
in cars with frontal impact in car-car collisions versus driver age. Car weight >

2,800 Ib. Study cars with no air bags.
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Figure 2.1.2-13 Actual and modelled driver fatality risk (per 1,000 involvements)

in cars with frontal impact in car-car collisions versus driver age. Speed limit <
55 mph. Study cars with no air bags.
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Figure 2.1.2-14 Actual and modelled driver fatality risk (per 1,000 involvements)

in cars with frontal impact in car-car collisions versus driver age. Speed limit >
=55 mph. Study cars with no air bags.
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Figure 2.1.2-15 Actual and modelled driver fatality risk (per 1,000 involvements)
in cars with frontal impact in car-car collisions versus speed limit. Male drivers.
Study cars with no air bags. Logarithmic scale for risk.
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Figure 2.1.2-16 Actual and modelled driver fatality risk (per 1,000 involvements)

in cars with frontal impact in car-car collisions versus speed limit. Female driver.
Study cars with no air bags. Logarithmic scale for risk.
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Figure 2.1.2-17 Actual and modelled driver fatality risk (per 1,000 involvements)
in cars with frontal impact in car-car collisions versus speed limit. Car weight <
=2,800 Ib. Study cars with no air bags. Logarithmic scale for risk.
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Figure 2.1.2-18 Actual and modelled driver fatality risk (per 1,000 involvements)
in cars with frontal impact in car-car collisions versus speed limit. Car weight >
2,800 Ib. Study cars with no air bags. Logarithmic scale for risk.
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Figure 2.1.2-19 Actual and modelled driver fatality risk (per 1,000 involvements)
in cars with frontal impact in car-car collisions versus speed limit. Driver age <
60 years. Study cars with no air bags. Logarithmic scale for risk.
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Figure 2.1.2-20 Actual and modelled driver fatality risk (per 1,000 involvements)
in cars with frontal impact in car-car collisions versus speed limit. Driver age >
=60 years. Study cars with no air bags. Logarithmic scale for risk.
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Table 2.1.2-3 Air bag effect in a car with frontal impact, colliding with another car
(percent reduction of driver deaths). Non-standard errors in parentheses.

estimate cars with cars with only
air bags driver air bags
reduction of
total deaths 46 (5) 40 (5)
average of
reduction of 52 (6) 45 (6)

fatality risks

Table 2.1.2-3 shows the resulting estimates. The average reduction of the fatality risk
is greater than the reduction of total deaths, suggesting that the effect is smaller in high
risk cases. A closer look at Figure 2.2.2-22 shows indeed that the points for predicted
risks above 2/1,000 are closer to the line representing equality, showing lower air bag
effectiveness, that those for predicted risks below 2/1,000.

A comparison with Table 2.1.1-3 shows that the effects in cars with frontal impacts are
greater than in all cars in car-car collisions; it is surprising that the difference is not
greater.

Figure 2.1.2-23 shows the actual fatality risks in cars with air bags, and those modelled

for cars without air bags versus car weight. Those in cars with air bags are much lower,
except for the lightest cars where they are just slightly lower. Figure 2.1.2-24 shows the
ratio actual/modelled risk.

Overall, a decreasing (indicating an increasing effect of air bags) trend with car weight
is suggested. However, it depends strongly on the single point for the lightest cars. If
one ignores it, no clear trend is recognizable, however the point for cars around 3,500
Ib shows a very large air bag effect (a more than 60% reduction of the fatality risk).

Figures 2.1.2-25 through 30 show the ratios of actual to predicted risks versus car
weight for separately for low and high values of some factors. For speed limits under
55 mph, (Figure 2.1.2-25) no relation between the risk ratio and car weight appears.
For higher speed limits (Figure 2.1.2-26) air bag effectiveness appears to increase with
car weight. If one ignores the point for the lightest cars, the suggestion of a trend is
weaker, but the effect for cars above 3,200 Ib could be higher. With regard to driver
age (Figure 2.1.2-27 and 28), for younger drivers the air bag effect seems to increase
with age, for older drivers the data scatters more, possibly indicating an air bag effect
declining with car weight.
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Figures 2.1.2-21 and 22 show the actual driver fatality rates in air bag cars versus those
predicted for cars without air bags from the model described in Table 2.1.2-2.

The risks in air bag cars are clearly lower and Figure 2.1.2-22 with the logarithmic
scales suggests that they are lower by a constant factor, independent of the predicted
risk.

To quantify the air bag effect, we proceeded as in section 2.1.1. One estimate is based
on dividing the actual number of driver deaths in air bag cars by the sum (properly
weighted) of the risks predicted by the model for cars without air bags. The other
estimates is based on calculating for each case (actual-predicted)/predicted, and sum
(properly weighted) over all cases. “Actual” is 0 or 1, depending on whether the driver
survived or died.
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Figure 2.1.2-21 Actual driver fatality risk (per 1,000 involvements) in cars with air
bags versus risks predicted from model for cars without air bags. Car-car
collisions with frontal impact on the study car. The line represents equality of the
actual and predicted risks.
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Figure 2.1.2-22 Actual driver fatality risk (per 1,000 involvements) in cars with air
bags versus risks predicted from model for cars without air bags. Car-car
collisions with frontal impact on the study car. The line represents equality of the
actual and predicted risks. Logarithmic scales for both risks.
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Figure 2.1.2-23 Actual driver fatality risk (per 1,000 involvements) in cars with air
bags, and the corresponding risk predicted for non-air bag cars versus car
weight. Collisions between two cars with frontal impact on the study car.
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Figure 2.1.2-24 Ratio of the actual driver fatality risk (per 1,000 involvements) in

cars with air bags to that expected for cars without air bags versus car weight.
Collisions between two cars with frontal impact on the study car.
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Figure 2.1.2-25 Ratio of the actual driver fatality risk (per 1,000 involvements) in
cars with air bags to that expected for cars without air bags versus car weight.
Speed limit < 55 mph. Collisions between two cars with frontal impact on the
study car.
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Figure 2.1.2-26 Ratio of the actual driver fatality risk (per 1,000 involvements) in
cars with air bags to that expected for cars without air bags versus car weight.
Speed limit > = 55 mph. Collisions between two cars with frontal impact on the
study car.

49



ratio
o
L
\

3000 3500 4000

0
2000 2500

. . . . Weight

air bag ratio vs. vehicle weight, drivers<60

Figure 2.1.2-27 Ratio of the actual driver fatality risk (per 1,000 involvements) in
cars with air bags to that expected for cars without air bags versus car weight.
Driver age < 60 years. Collisions between two cars with frontal impact on the

study car.
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Figure 2.1.2-28 Ratio of the actual driver fatality risk (per 1,000 involvements) in
cars with air bags to that expected for cars without air bags versus car weight.
Driver age > = 60 years. Collisions between two cars with frontal impact on the

study car.
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Figure 2.1.2-29 Ratio of the actual driver fatality risk (per 1,000 involvements) in
cars with air bags to that expected for cars without air bags versus car weight.
Male driver. Collisions between two cars with frontal impact on the study car.
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Figure 2.1.2-30 Ratio of the actual driver fatality risk (per 1,000 involvements) in
cars with air bags to that expected for cars without air bags versus car weight.
Female driver. Collisions between two cars with frontal impact on the study car.
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Figure 2.1.2-31 Ratio of the actual driver fatality risk (per 1,000 involvements) in
cars with air bags to that expected for cars without air bags versus driver age.
Male driver. Collisions between two cars with frontal impact on the study car.
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Figure 2.1.2-32 Ratio of the actual driver fatality risk (per 1,000 involvements) in
cars with air bags to that expected for cars without air bags versus driver age.
Female driver. Collisions between two cars with frontal impact on the study car.
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Figure 2.1.2-33 Ratio of the actual driver fatality risk (per 1,000 involvements) in
cars with air bags to that expected for cars without air bags versus speed limit.
Collisions between two cars with frontal impact on the study car.

For men and women (Figure 2.1.2-29 and 30), the relations between the risk ratio and
car weight are very similar; but they show no clear trend with car weight.

Figures 2.1.2-31 and 32 show the risk ratios versus driver age separately for men and
women. In both cases, air bag effectiveness declines with age (for the oldest women,
even a negative effect of the air bag appears, but this point is based on few cases).
Beyond that, the two graphs differ much: for men the air bag effect increases up to 35
years, for women it is practically constant.

Figure 2.1.2-33 shows the risk ratio versus speed limit. Except for speed limits below
25 mph, represented by very few cases, air bag effectiveness does not seem to vary
with the speed limit.

To explore this further, we used (actual - predicted)/predicted for each case as
dependent variable and run many exploratory regressions. The single factor appearing
consistently was “female”. The best single model is model 1 shows in Table 2.1.2-4; it
also includes an interaction term of female and driver age, showing that air bag
effectiveness decreases for women with age. Figure 2.1.2-31 suggests that adding age
terms for male drivers might also improve the model, but we considered this as
complicated and did not explore it further.

The next factor which entered the model was an interaction female and speed limit

(model 2), but it was not “significant” by conventional standards; its inclusion did
practically not change the coefficients of model 1.
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Table 2.1.2-4 Coefficients of model for air bag effectiveness in cars with frontal
impact in collisions between two cars. A negative sign indicates a beneficial
effect. Non-standard error are in parentheses.

variables coefficients
model 1 model 2
female -19 (.06) -20 (.07)
female * (age-30)/10 .07 (.03) .07 (.03)
female * (splimit=55) A5 (.07)
constant -44 (.09) -44 (.05)

Table 2.1.2-5 shows air bag effectiveness in relation to some pre-crash factors. It is
interesting that the overall effects for men and women are equal, but that the average
effective for women is higher. This would indicate than women get into more “severe”
accidents than men. This could be due to women driving lighter cars which implies a
higher fatality risk.

With regard to driver age, the estimates for younger and older drivers are very similar,
except estimate E2 for all cars with air bags. With regard to car weight, there is no
clear pattern. The air bag effect is consistently higher for lower speed limits than for
higher speed limits. The difference ranging from 8 to 12 percentage points is between
half and 80% of the coefficient of the interaction female with speed limit = 55 in model
2. This is of the order of magnitude one would expect.
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Table 2.1.2-5 Air bag effects in cars with frontal impacts in car-car collisions
(percent reduction of driver deaths), by different levels of pre-crash factors. E1
estimates the reduction of total deaths. E2, the average of the risk reduction
calculated for each case. Non-standard error are in parentheses.

subset of cars cars with cars with driver

air bags air bags only

E1 E2 E1 E2
men 45 (6) 44 (7) 39 (6) 37 (8)
women 45 (6) 59 (8) 40 (7) 51 (12)
age <40 years 45 (7) 56 (8) 38 (8) 45 (10)
age >=40 years 46 (5) 46 (8) 41 (7) 45 (9)
car weight<=2,8001b 41 (7) 52 (8) 41 (8) 49 (11)
car weight >2,800 Ib 48 (5) 52 (7) 39 (6) 42 (9)
splimit <55 mph 51 (7) 53 (8) 47 (8) 46 (9)
splimit >= 55 mph 42 (7) 45 (7) 35 (7) 38 (8)
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2.1.3 Right side impacts in car-car collisions

If a car is struck on the right side by another car, only in a very severe impact will
passenger compartment intrusion directly cause a fatal injury. Usually, the struck
vehicle will be decelerated and its direction of travel changes. Consequently, the driver
will strike the forward interior of the passenger compartment. If an air bag deploys in
such a crash, it can reduce injury severity and the fatality risk. Right side impacts on
the study car were identified by a FARS impact code “3" or a GES impact code “2". To
exclude sideswipes as far as possible, only cases where the other car struck with its
front were used. That were those with the frontal impact code of “12" in FARS, or “1" in
GES.

Table 2.1.3-1 shows the number of study cars involved in such collisions. A very crude
estimate of air bag effectiveness is provided by the cross-product ratio of the case
numbers, 0.53. It corresponds to a fatality risk reduction of 47%. This simplistic
estimate, however, ignores the varying weights of the GES cases, and the effects of
confounding factors which might be correlated with the presence or absence of an air
bag. The better controlled estimate shown in Table 2.1.3-3 is only 29%.

Table 2.1.3-1 Numbers of study cars in collisions where the front of another car
strikes the right side of the study car.

cars with FARS GES
no air bag 1,039 5,193
air bags 320 3,008

Table 2.1.3-2 shows the coefficients of the model for the fatality risk in cars without air
bags which represented the data quite well. All of the terms would be considered
“significant” by conventional standards, with the exception of the term for women, and
the age term for women. The term for women was retained, because it appears
consistently in most models for different crash configurations, thus suggesting a real
effect. The age term for women was retained because it improves the representation of
the age-risk relation - an initial slight decrease of the risk with age, followed by a fairly
early, stronger increase with increasing age - visibly. For men, the age-risk relation is
practically flat in the younger years, and begins to rise at a later age, but more rapidly
than for women.
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Table 2.1.3-2 Model coefficients for the driver fatality risk in cars without air bags,
struck on the right side of the occupant compartment by the front of another car.

non-standard

variable coefficient error
(splimit -50)/10 .84 14
splimit =55 1.18 .33
splimit >55 1.03 .40
log(weight/2,800) -1.56 .36
log(weight/2,100) * (weight <2,100) -2.70 1.22
(age -60) * (splimit -55)/100 -.067 .026
(age -50) * (age >50) * (weight >2,800)/10 -.20 -.09
female -17 A2
female * (age -30)/10 -15 .09
male + (age -55) * (age >55)/10 .63 A2
female * (age -45) + (age >45)/10 .54 21
(year - 1990)/10 -.55 21
constant -6.03 23

Figure 2.1.3-1 shows the relation between the actual and the modelled driver fatality
risks. The agreement is very good. The relation between car weight and risk is well
represented, Figure 2.1.3-2; even if the cases are separated into low and high speed
limit, (Figures 2.1.3-3 and 4), young and old drivers, (Figures 2.1.3-5 and 6), but slightly
less well for men, Figure 2.1.3-7, than for women, Figure 2.1.3-8. All relations between
risk and driver age, (Figures 2.1.3-9 through 14), are well represented by the model.
Overall, the relations between the risk and speed limit (Figures 2.4-16 through 21) are
well represented, with the exception of the points at 25 mph, where the model always
over-predicts, and the points for speed limits over 55 where the model over-predicts for
men and under-predicts for women.
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Figure 2.1.3-1 Actual versus modelled driver fatality risk (per 1,000 involvements)

in car-car collisions. Right side impacted by front of other car. Study car without
air bags.
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Figure 2.1.3-2 Actual and modelled driver fatality risk in car-car collisions versus

weight of study car. Right side impacted by front of other car. Study cars
without air bags.
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Figure 2.1.3-3 Actual and modelled driver fatality risk in car-car collisions versus

weight of study car. Speed limit <55 mph. Right side impacted by front of other
car. Study cars without air bags.
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Figure 2.1.3-4 Actual and modelled driver fatality risk in car-car collisions versus

weight of study car. Speed limit > =55 mph. Right side impacted by front of other
car. Study cars without air bags.
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Figure 2.1.3-5 Actual and modelled driver fatality risk in car-car collisions versus

weight of study car. Driver age < 60 years. Right side impacted by front of other
car. Study cars without air bags.
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Figure 2.1.3-6 Actual and modelled driver fatality risk in car-car collisions versus
weight of study car. Driver age > = 60 years. Right side impacted by front of
other car. Study cars without air bags.
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Figure 2.1.3-7 Actual and modelled driver fatality risk in car-car collisions versus

weight of study car. Male drivers. Right side impacted by front of other car.
Study cars without air bags.
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Figure 2.1.3-8 Actual and modelled driver fatality risk in car-car collisions versus

weight of study car. Female drivers. Right side impacted by front of other car.
Study cars without air bags.
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Figure 2.1.3-9 Actual and modelled driver fatality risk in car-car collisions versus

driver age. Male Driver. Right side impacted by front of other car. Study cars
without air bags.
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Figure 2.1.3-10 Actual and modelled driver fatality risk in car-car collisions

versus driver age. Female driver. Right side impacted by front of other car.
Study cars without air bags.
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Figure 2.1.3-11 Actual and modelled driver fatality risk in car-car collisions

versus driver age. Car weight <=2,800 Ib. Right side impacted by front of other
car. Study cars without air bags.
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Figure 2.1.3-12 Actual and modelled driver fatality risk in car-car collisions

versus driver age. Car weight > 2,800 Ib. Right side impacted by front of other
car. Study cars without air bags.
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Figure 2.1.3-13 Actual and modelled driver fatality risk in car-car collisions

versus driver age. Speed limit <55 mph. Right side impacted by front of other
car. Study cars without air bags.
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Figure 2.1.3-14 Actual and modelled driver fatality risk in car-car collisions
versus weight of study car. Driver age. Speed limit > =55 mph. Right side
impacted by front of other car. Study cars without air bags.
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Figure 2.1.3-15 Actual and modelled driver fatality risk in car-car collisions

versus speed limit. Right side impacted by front of other car. Study cars without
air bags.
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Figure 2.1.3-16 Actual and modelled driver fatality risk in car-car collisions
versus speed limit. Male driver. Right side impacted by front of other car. Study
cars without air bags.
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Figure 2.1.3-17 Actual and modelled driver fatality risk in car-car collisions

versus speed limit. Female driver. Right side impacted by front of other car.
Study cars without air bags.
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Figure 2.1.3-18 Actual and modelled driver fatality risk in car-car collisions
versus speed limit. Car weight <=2,800 Ib. Right side impacted by front of other
car. Study cars without air bags.
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Figure 2.1.3-19 Actual and modelled driver fatality risk in car-car collisions
versus speed limit. Car weight >2,800 Ib. Right side impacted by front of other
car. Study cars without air bags.
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Figure 2.1.3-20 Actual and modelled driver fatality risk in car-car collisions
versus speed limit of study car. Driver age < 60 years. Right side impacted by
front of other car. Study cars without air bags.
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Figure 2.1.3-21 Actual and modelled driver fatality risk in car-car collisions
versus speed limit of study car. Driver age > = 60 years. Right side impacted by
front of other car. Study cars without air bags.

68



To estimate the effects of air bags on the fatality risk, this model was used to predict for
the cars with air bags what the risk would have been, if they had not had air bags, and
compare these risks with the actual driver deaths. This was done in two different ways:
first, total actual deaths were compared with the sum of the risks in all crashes.
Comparing them gives the overall air bag effect. The other approach calculated for
each case the ratio death/risk, and averaged this ratio over all cases, properly
weighted. Table 2.1.3-3 shows the risk reduction thus obtained.

Table 2.1.3-3 Driver fatality risk reduction (percent) in cars with air bags relative
to the model for cars without air bags. Collisions between two cars, study car
impacted on the right side by the front of the other car. Non-standard errors are
in parentheses.

estimated as cars with cars with
air bags driver air bag
only

reduction of
total deaths 29 (7) 26 (9)

average reduction
of fatality risks 38 (9) 36 (9)

The overall fatality reduction is 29%. It is much lower than the very crude estimates of

47% obtained from Table 2.1.3-1. This shows that weighting of the GES cases and/or

control for the confounding factors is necessary. The overall reduction of 29% is lower

than the average risk reduction of 38%. This shows that the air bag effect must be less
in crashes with higher risks than in crashes with lower risks.

Figures 2.1.3-22 and 23 show the actual risks in cars with air bags versus those
predicted for the same cars from the model for cars without air bags. Figure 2.1.3-22
with logarithmic scales suggests that the risk reduction is practically constant, except for
the two points with predicted risks of 7 and 11 per 1,000 involvements. For them, there
is practically no risk reduction.

69



o actual

equal
20

10

actual

O

0 5 10 15 20

mode_l
actual vs. modelled risk

Figure 2.1.3-22 Actual driver fatality risk in cars with air bags versus modelled

risk for cars without air bags. Cars struck on the right side by the front of
another car.
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Figure 2.1.3-23 Actual driver fatality risk in cars with air bags versus modelled
risk for cars without air bags. Cars struck on the right side by the front of
another car. Double logarithmic scales.
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To study this further, it was attempted to represent the ratio death/modelled risk as a
function of car weight, driver age, speed limit and possibly interactions. This was not
successful, presumably because there were only 320 driver deaths in cars with air
bags. Therefore, we only generated graphic presentations of air bag effectiveness
estimates versus each of the variables used for modelling, and made numerical
estimates for low and high values of these variables.

Figure 2.1.3-24 shows the actual risk in cars with air bags, and the risk their drivers
would have faced if the cars had not had air bags, versus car weight. While for most
weights the actual risks are lower than those expected from the model for cars without
air bags, for cars weighing 2,400 to 2,800 Ib, the actual risks are slightly higher, but the
small differences could also be random. Figure 2.1.3-25 shows the ratio of actual to
modelled deaths, reflecting the apparent effect of air bags versus car weight.

Figures 2.1.3-26 and 27 disaggregate the previous figure by speed limit. For speeds
under 55 mph, air bags have a beneficial effect for all weights, or perhaps an effect
which increases slightly with weight; for high speeds, there seems to be an
approximately constant beneficial effect, whereas between 2,400 and 2,800 Ib there
appears to be a detrimental effect.

Figures 2.1.3-28 and 29 show the effect versus weight, disaggregated by driver age.
Here we see a light detrimental air bag effect between 2,400 and 2,800 Ib for younger
drivers, but a consistent beneficial effect for older drivers.

Disaggregating by sex, Figures 2.1.3-30 and 31, we see detrimental effects for both
men and women in the 2,400 to 2,800 Ib range, and for women also in the 2,200-2,400
range.

For very young drivers, Figure 2.1.3-32 and 33, air bags have little or no effect, for
middle age drivers, they have beneficial effects and for the oldest drivers they seem to
have detrimental effects.

With regard to the speed limit, Figure 2.1.3-34, air bags have the smallest effect at

speed limits of 55 mph or higher; at lower speed limits there is relatively little variation in
the effectiveness. This pattern holds also if one disaggregates the relation.
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Figure 2.1.3-24 Actual driver fatality risk in cars with air bags, and risk predicted
for cars without air bags versus car weight. Car struck on the right side by the
front of another car.
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Figure 2.1.3-25 Ratio of the actual driver fatality risk in cars without air bags to
the risk predicted for cars without air bags versus car weight. Car struck on the
right side by the front of another car.
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Figure 2.1.3-26 Ratio of the actual driver fatality risk in cars without air bags to
the risk predicted for cars without air bags versus car weight. Speed limit <565
mph. Car struck on the right side by the front of another car.
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Figure 2.1.3-27 Ratio of the actual driver fatality risk in cars without air bags to
the risk predicted for cars without air bags versus car weight. Speed limit >=55
mph. Car struck on the right side by the front of another car.

73



15 '

ratio
\
\
7L/
/

o
2000 2500 3000 3500 4000

weight
air bag ratio vs. vehicle weight, grivers<60

Figure 2.1.3-28 Ratio of the actual driver fatality risk in cars without air bags to
the risk predicted for cars without air bags versus car weight. Driver age <60
years. Car struck on the right side by the front of another car.
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Figure 2.1.3-29 Ratio of the actual driver fatality risk in cars without air bags to
the risk predicted for cars without air bags versus car weight. Driver age >=60
years. Car struck on the right side by the front of another car.
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Figure 2.1.3-30 Ratio of the actual driver fatality risk in cars without air bags to

the risk predicted for cars without air bags versus car weight. Male drivers. Car
struck on the right side by the front of another car.
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Figure 2.1.3-31 Ratio of the actual driver fatality risk in cars without air bags to

the risk predicted for cars without air bags versus car weight. Female drivers.
Car struck on the right side by the front of another car.
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Figure 2.1.3-32 Ratio of the actual driver fatality risk in cars without air bags to
the risk predicted for cars without air bags versus driver age. Male drivers. Car

struck on the right side by the front of another car.
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Figure 2.1.3-33 Ratio of the actual driver fatality risk in cars without air bags to
the risk predicted for cars without air bags versus driver age. Female drivers. Car

struck on the right side by the front of another car.
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Figure 2.1.3-34 Ratio of the actual driver fatality risk in cars without air bags to
the risk predicted for cars without air bags versus speed limit. Car struck on the
right side by the front of another car.

Table 2.1.3-4 shows the effectiveness estimates for dichotomies of the variables.
There is practically no difference in the effectiveness for men and women. The
effectiveness for young drivers, low weights, and high speed limits is low, essentially
within the noise level. The large effects for older drivers and high weights may be due
to the same underlying factor, because of the correlation between these variables. The
large effect for low speed limits must have other reasons, because there is practically
no correlation between speed limit and car weight or driver age.

Intriguing is the observation that air bags in cars weighing 2,400 to 2,800 Ib seem to
have a detrimental effect at high speed limits, and for young drivers. This may be one
of the reasons behind the pattern seen in Table 2.1.3-4. A closer examination of
crashes involving cars in this weight range would be justified.
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Table 2.1.3-4 Driver fatality risk reduction in cars with air bags relative to the
model for cars without air bags, in percent. Collisions between two cars, study
car impacted on the right side by the front of the other car. E1 are estimates 1 -
(actual driver deaths)/(expected driver deaths), E2 are averages of (1-death/risk),
calculated for each case. Non-standard errors in parentheses.

subset of cases E1 E2
men 27 (9) 30 (9)
women 31 (7) 43 (13)
age <40 years 10 (11) 23 (16)
age > =40 years 40 (9) 54 (13)
weight < =2,800 Ib 10 (15) 30 (19)
weight > 2,800 Ib 37 (7) 59 (9)
speed limit < 55 mph 39 (9) 39 (10)
speed limit > =55 mph 19 (12) 18 (11)
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2.1.4 Left side impact in car-car collisions

If a car is struck in the left side of the occupant compartment by another car, driver
injuries can be caused by the intrusion of the occupant compartment, as well as by the
driver striking the interior of the occupant compartment since the car becomes
decelerated and deflected. Air bags may provide some protection against the second
effect, if they deploy. However, they provide no protection against the first effect.
Therefore, one would expect little if any effect of air bags in such collisions.

Left side impacts on the study car were defined by a FARS impact code “9" which
restricts impact to the occupant compartment, or a GES impact code “3" which includes
impacts or the entire left side. The effect of this discrepancy has already been
discussed. To exclude sideswipes, where the relative motion of the two cars vary
widely, only cases where the other vehicle was striking with the front were used; they
have for the “other” car the impact codes “12" in FARS, “1" in GES.

Table 2.1.4-1 shows the numbers of study cars in this impact configuration. A very
crude estimate of air bag effectiveness is given by the cross-product ratio of 0.69 which
corresponds to a fatality risk reduction by 31% which is surprisingly large. However,
this very crude estimate ignores the varying weights of the GES cases, and the effects
of confounding factors which may differ between cars with and those without air bags.
Indeed, estimates controlling for these factors (Table 2.1.4-3) are much lower, 19%.

Table 2.1.4-1 Number of study cars in collisions where the case vehicle was
struck on the left side by another car with the front.

cars with FARS GES
no air bag 2,112 5,381
air bag 819 3,037

Table 2.1.4-2 shows the coefficients of the model which fitted the data fairly well. By
conventional standards, which are not applicable with our modelling approach, all terms
would be considered “significant”, except possibly that for the calender year. However,
because it appears consistently also in models for other crash types, it was retained.

Figure 2.1.4-1 shows the actual driver fatality risks versus those modelled. The overall
agreement is excellent.

79



Table 2.1.4-2 Coefficients of the model for the driver fatality risk (per 1,000
involvements) in cars struck on the left side by the front of another car.

variable coefficie non-standard
nt error
(splimit -50)/10 .79 A1
splimit =55 91 37
splimit >55 1.41 44
log(weight/2,800) * (splimit<55) -1.13 44
log(weight/2,800) * (splimit > =55) -1.77 .38
(age-55) * (age>55) * (weight>3,000)/10 -35 A0
female -.30 A1
(age-30)/10 .20 .04
(age-60) * (age>60) + male/10 98 A5
(age-50) * (age>50) + female/10 .59 A2
year -1990 -.06 .03
constant -5.69 .29

Figure 2.1.4-2 shows the actual and the modelled risks versus vehicle weight. The
overall trend is represented, except possibly for the points for the lowest and the
highest weights. The differences, however are comparable with the scatter of the other
points and may therefore be random. Figures 2.1.4-2 through 8 show the actual and
modelled risks versus car weight, disaggregated by other factors. Here the
representation of the data is less good, with a large scatter of the data points for speed
limits of 55 mph or more, or for male drivers. The point for the lightest cars is not well
represented for women, and for young drivers as well as for old drivers. The latter
relations, however, are quite well represented except for the points for the lightest
vehicles.

Figures 2.1.4-9 and 10 show the actual and modelled risks versus driver age for men
and for women. In both cases, the actual data are very well represented by the model.
The same holds for disaggregations by car weight and speed limit, which are not
shown.
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Figure 2.1.4-11 shows the actual and modelled risks versus speed limit. With the
exception of the points for the lowest speed limits - if they were combined, the actual
risk would be close to the modelled one - the model represent the data well. The
pattern is very similar if one disaggregates by driver age, driver sex and car weight
(graphs not shown).

The fairly smooth relations between risk and driver age, and risk and speed limit, and
the good representation of the data by the model contrasts with the much larger scatter
of the points with regard to car weight, and the sometimes possibly systematic deviation
between the actual and modelled values. One potential explanation could be that car
properties other than weight have a strong effect on the fatality risk in left side impacts.
Because each of the data points plotted by weight typically contains very many cases
involving the same car model, such effects may not average out, as they could do in the
case of points representing groups of drivers, or highways with the same speed limit.
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Figure 2.1.4-1 Actual versus modelled driver fatality risk (per 1,000 involvements)
in a car without air bags struck on the left side by the front of another car.
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Figure 2.1.4-2 Actual and modelled driver fatality risk (per 1,000 involvements) in
cars without air bag struck on the left side by the front of another car versus
weight of the case car.

82



actual

model1
25

actual

1-

2000 2500 3000 3500 4000

weight
actual and modelled risk vs. vehicle weight, splimit<55

Figure 2.1.4-3 Actual and modelled driver fatality risk (per 1,000 involvements) in

cars without air bags struck on the left side by the front of another car versus
weight of the case car. Speed limit <55 mph.
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Figure 2.1.4-4 Actual and modelled driver fatality risk (per 1,000 involvements) in

cars without air bags struck on the left side by the front of another car versus
weight of the case car. Speed limit > =55 mph.
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Figure 2.1.4-5 Actual and modelled driver fatality risk (per 1,000 involvements) in

cars without air bags struck on the left side by the front of another car versus
weight of the case car. Driver age < 60 years.
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Figure 2.1.4-6 Actual and modelled driver fatality risk (per 1,000 involvements) in

cars without air bags struck on the left side by the front of another car versus
weight of the case car. Driver age > =60 years.
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Figure 2.1.4-7 Actual and modelled driver fatality risk (per 1,000 involvements) in

cars without air bags struck on the left side by the front of another car versus
weight of the case car. Male driver.
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Figure 2.1.4-8 Actual and modelled driver fatality risk (per 1,000 involvements) in

cars without air bags struck on the left side by the front of another car versus
weight of the case car. Female driver.
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Figure 2.1.4-9 Actual and modelled driver fatality risk (per 1,000 involvements) in
cars without air bags struck on the left side by the front of another car versus

driver age. Male driver.
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Figure 2.1.4-10 Actual and modelled driver fatality risk (per 1,000 involvements)
in cars without air bags struck on the left side by the front of another car versus

driver age. Female driver.
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Figure 2.1.4-11 Actual and modelled driver fatality risk (per 1,000 involvements)
in cars without air bags struck on the left side by the front of another car versus
speed limit. Female driver. Logarithmic scale.

This model was used to predict for the cars with air bags what the driver fatality risk
would have been if the cars had not had air bags. Figure 2.1.4-12 shows the actual
risks for driver in cars with air bags. It appears that there is an increasing effect of air
bags with an increase in the predicted risk. The same data, shows with logarithmic
scales in Figure 2.1.4-13 suggest a different pattern: there might be a small constant
reduction of the risk in the air bag cars.

Table 2.1.4-3 shows the overall effectiveness estimates obtained for these collisions. It
is noteworthy that the estimates of the reduction of total deaths in cars with air bags,
and the averages of the risk reductions in the individual cases are the same. This is
compatible with the pattern shown in Figure 2.1.4-13, that the air bag effect
independent of the predicted risk for cars without air bags.
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Figure 2.1.4-12 Actual driver fatality risk in cars with air bags versus modelled
risk for cars without air bags. Cars struck on the left side by the front of another
car.
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Figure 2.1.4-13 Actual driver fatality risk in cars with air bags versus modelled
risk for cars without air bags. Cars struck on the left side by the front of another
car. Double logarithmic scales.
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Table 2.1.4-3 Air bag effect (percent reduction of driver fatality risk) in collisions
where the point of another car strikes the left side of the study car. Non-standard
errors are in parentheses.

estimate cars with  cars with driver only
air bag air bag
reduction of 19 (9) 13 (1)

total deaths

average reduction 19 (9) 13 (1)
of fatality risks

Figure 2.1.4-14 shows the actual risks for cars with air bags, and the modelled risks for
cars without air bags versus vehicle weight. Figure 2.1.4-15 shows the ratio of the
actual to the modelled risk. There is no clear pattern, but a suggestion of an increasing
air bag effect with increasing car weight. A similar pattern appears for speed limits of
55 mph or higher (Figure 2.1.4-17), for younger drivers, (Figure 2.1.4-18) and for
women (Figure 2.1.4-21) where it might also be a step function; there appears to be no
trend. With regard to driver age, there may be an increasing trend of effectiveness for
men, (Figure 2.1.4-22), but none for women, (Figure 2.1.4-23). With regard to speed
limit, there appears to be a trend of increasing effectiveness for men (Figure 2.1.4-24),
but non for women.
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Figure 2.1.4-14 Actual driver fatality risk in cars with air bags, and risk predicted

for cars without air bags versus car weight. Car struck on the left side by the
front of another car.
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Figure 2.1.4-15 Ratio of the actual driver fatality risk in cars with air bags to the

risk predicted for cars without air bags versus car weight. Car struck on the left
side by the front of another car.
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Figure 2.1.4-16 Ratio of the actual driver fatality risk in cars with air bags to the
risk predicted for cars without air bags versus car weight. Speed limit < 55 mph.
Car struck on the left side by the front of another car.
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Figure 2.1.4-17 Ratio of the actual driver fatality risk in cars with air bags to the
risk predicted for cars without air bags versus car weight. Speed limit > =55 mph.
Car struck on the left side by the front of another car.
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Figure 2.1.4-18 Ratio of the actual driver fatality risk in cars with air bags to the
risk predicted for cars without air bags versus car weight. Driver age < 60 years.
Car struck on the left side by the front of another car.
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Figure 2.1.4-19 Ratio of the actual driver fatality risk in cars with air bags to the
risk predicted for cars without air bags versus car weight. Driver age > =60
years. Car struck on the left side by the front of another car.
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Figure 2.1.4-20 Ratio of the actual driver fatality risk in cars with air bags to the
risk predicted for cars without air bags versus car weight. Male driver. Car
struck on the left side by the front of another car.
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Figure 2.1.4-21 Ratio of the actual driver fatality risk in cars with air bags to the

risk predicted for cars without air bags versus car weight. Female driver. Car
struck on the left side by the front of another car.
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Figure 2.1.4-22 Ratio of the actual driver fatality risk in cars with air bags to the
risk predicted for cars without air bags versus driver age. Male driver. Car struck
on the left side by the front of another car.
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Figure 2.1.4-23 Ratio of the actual driver fatality risk in cars with air bags to the
risk predicted for cars without air bags versus driver age. Female driver. Car
struck on the left side by the front of another car.
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Figure 2.1.4-24 Ratio of the actual driver fatality risk in cars with air bags to the
risk predicted for cars without air bags versus speed limit. Car struck on the left

side by the front of another car.
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Figure 2.1.4-25 Ratio of the actual driver fatality risk in cars with air bags to the
risk predicted for cars without air bags versus speed limit. Male driver. Car

struck on the left side by the front of another car.
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Figure 2.1.4-26 Ratio of the actual driver fatality risk in cars with air bags to the

risk predicted for cars without air bags versus speed limit. Female driver. Car

struck on the left side by the front of another car.
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To identify possible interactions which might explain these complicated factors, the ratio
of death to predicted risk was modelled by linear regression, using the factors used in
all modelling, and also the interactions of any two of them. The results are shown in
Table 2.1.4-4.

Table 2.1.4-4 Coefficients of models for air bag effect (proportional change in
driver fatality risk) in cars struck on the left side by the front of another car. Non-
standard errors in parentheses.

variable model 1 model 2 model 3

female -26 (.13) -.30 (.16)
female + log(weight/2,800) -1.27 (.51) -1.21 (.51)
female * (age -30)/10 .086 (.032) A2 (.04)
constant -.039 (.12) -20 (.10) -.039 (.12)

If no interactions were allowed, driver sex was the only significant variable (Model 1). If
interactions were allowed, only the interaction with weight appeared for female drivers,
and the interaction with age for female drivers (Model 2). This is surprising, since
Figure 2.1.4-17 suggests an effect of car weight for high speed limits and Figure 2.1.4-
18 for younger drivers. Figure 2.1.4-22 suggests an age term for male drivers - but
when forced into the model, it is well within the random variability. Figure 2.1.4-24
suggests an effect of the speed limit for men, but none appears in the model. All this is
not completely surprising, since the points in the figures are confounded by all the other
variables and do not show the pure effect of the independent variables against which
they are plotted.

If one forces driver sex into model 2, one obtains model 3. The coefficient for female is
practically the same as in Model 1, the car weight term for women is practically the
same as in model 2, and only the age term for women, and the constant term are
substantially changed.

To obtain a less detailed but possibly more robust picture, effectiveness estimates were
made for low and high values of the variables studied. The results are shown in Table
2.1.4-5. Surprising is that a large risk reduction was found for high predicted risks, and
only very little for low predicted risks, contrary to what one would expect from Figure
2.1.4-13. However, this is due to the choice of the division at a risk of 12/1,000. If
2/1,000 had been used, the difference would have been much smaller.

With one exception, the effectiveness seems to be greater for women than for men,
and for lower speed limits it seems to be consistently greater than for higher ones -
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agreeing with Figure 2.1.4-24, if one considers that there are only very few cases with
speed limits under 30 mph, or over 60 mph. There is no clear pattern with regard to
driver age nor car weight.

In sum, there seems to be a risk reduction even in left side impacts, but its magnitude is
not very certain, and it's possible dependence on other factors is also uncertain.

Table 2.1.4-5 Driver fatality risk reduction (percent) in cars with air bags relative
to the model for cars without air bags, in cars struck on the left side by the front
of another car. Estimates E1 are for the reduction of total deaths, estimates E2
are for the average of the risk reductions in each case. Negative signs indicate a
detrimental effect. Non-standard errors are in parentheses.

subset of cases cars with air bags cars with driver only
air bags
E1 E2 E1 E2
risk <12/1,000 9 (8 18 (10) 509 11 (1)
risk > =12/1,000 31 (14) 28 (13) 23 (20) 26 (17)
men 20 (12) 3 (10) 5 (17) 5 (16)
women 16 (10) 29 (10) 20 (12) 24 (12)
age <60 12 (9) 23 (10) 5 (11) 17 (12)
age >=60 23 (13) -5 (16) 17 (15) -11 (18)
car weight<=28001b 17 (14) 16 (14) 17 (13) 13 (16)
car weight > 2,800 Ib 19 (10) 19 (10) 10 (12) 11 (14)
speed limit < 55 mph 21 (12) 19 (10) 14 (11) 13 (11)
speed limit>=55mph 16 (15) 6 (15) 10 (22) -8 (23)
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2.2  Single car crashes

Since air bags are not designed to deploy in rollovers, and are unlikely to have an effect
during a rollover even if they deploy, only single car crashes where the first harmful
event was not a rollover were studied. The vast majority of those are collisions with a
fixed object. Table 2.2-1 shows the case numbers available for the analyses.

Table 2.2-1 Numbers of single car crashes used for modeling fatality risks and
estimating air bag effectiveness in single car crashes.

impact code number percent
FARS GES
front 12 1 15041 53
right side 3 2 3034 11
left side 9 3 3762 13
other 6319 23
all 28156 100

2.2.1 Single car crashes with any impact

One can not expect to get a simple functional model for crashes with all impacts
combined, because they include crashes with very different injury causation
mechanisms, such as frontal impacts and side impacts, where different factors
influence the fatality risk in different ways. Even if one gets a model which represents
the data well, it does not necessarily reflect the physical effects of the various factors,
because the combination of several relations can result in a very different overall
relation. The effect which is behind the well-known “Simpson’s Paradox” can e.g.,
create a U-shaped relation when several linear relations with the same sign of the slope
are combined. Therefore models which describe combinations of different crash
configurations need to be interpreted with great caution.

Table 2.2.1-1 shows the number of cases available. The 18,470 cases where the car
had no air bag were used to develop a fatality risk model, the coefficients of which are
shown in Table 2.2.1-2. A few coefficients would not be considered significant by
conventional standards, but they definitely improve the fit of the model for in some
ranges of the variables. Also, some of the terms just represent those parts of nonlinear
relations where the non-linearity becomes strong.
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Table 2.2.1-1 Case numbers for single car crashes

cars with FARS GES
no air bag 10845 7625
air bag 4670 5016

Table 2.2.1-2 Model coefficients for the driver fatality risk in cars without air bags
in single car crashes.

variable coefficient non-standard
error
splimit = 55 .38 19
splimit > 55 -.58 .23
log(weight/2300) * (weight<2300) -.88 .53
log(weight/3300) + (weight>3300) -1.61 .70
(age-60) * (splimit -55)/1000 -.55 A2
female -.67 .04
(age-30) * (age<30)/10 .30 .05
(age-50) * (age>50)/10 .39 .06
log (weight/2900) * (weight <=2900) * (splimit>55) -3.67 1.51
log (weight/2800) * (splimit =55) 53 .25
(age-50) * (age>50) * (splimit >55)/10 45 A5
log (weight/2300) + (weight<=2300) * (splimit=55) -1.54 a7
constant -4.21 A5

Figure 2.2.1-1 shows the overall very good agreement between the modelled and the
actual risks. Since such a gross comparison could hide systematic differences between
the model and the actual risks, 24 graphs comparing the actual and modelled risks in
relation to the model variables were examined. In general, the agreement was good. A
few examples are shown.

Figure 2.2.1-2 shows actual and modelled fatality risks versus car weight. Note that this
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and the following Figures include the effects of confounding factors. With the exception
of the highest weights, the agreement is very good. Aggregating the cases with the
highest weights into one point would have shown even better agreement.

Figures 2.2.1-3 and 4 show an interesting interaction between car weight and driver
age. For the older drivers, the fatality risk declines with car weight. For the younger
drivers, the relation is complex: in the middle range when the case numbers are largest,
there appears to be an increase of the risk with car weight, but opposite trends for the
lowest and the highest weights. What is important is that the model represents such
different apparent relations well.

Figures 2.2.1-5 and 6 show the relations between risk and driver age, separately for
men and women. Overall, risks and model agree well, though for men the risks appear
to increase faster than the model predicts above 70 years, and for women above 60
years. However, the model could not be “tweaked” to represent this perfectly.

Figure 2.2.1-7, shows the actual and modelled risks versus the speed limit.
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Figure 2.2.1-1 Actual versus modelled driver fatality risk (per 1000 involvements)
in single car crashes, cars with no air bags.
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Figure 2.2.1-2 Actual and modelled driver fatality risk (per 1,000 involvements) in
single car crashes versus vehicle weight. Cars with no air bags.
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Figure 2.2.1-3 Actual and modelled driver fatality risk (per 1,000 involvements) in

single car crashes, versus car weight. Driver less than 60 years old in car with no
air bag.
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Figure 2.2.1-4 Actual and modelled driver fatality risk (per 1,000 involvements) in
single car crashes. Driver 60 or over in car with no air bag.
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Figure 2.2.1-5 Actual and modelled driver fatality risk (per 1,000 involvements) in
single car crashes versus driver age. Male drivers in cars with no air bag.
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Figure 2.2.1-6 Actual and modelled driver fatality risks (per 1000 involvements) in
single car crashes versus driver age. Male driver in car with no air bags.
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Figure 2.2.1-7 Actual and modelled driver fatality risk (per 1000 involvements) in
single car crashes versus speed limit. Cars with no air bags. Logarithmic scale
for the risk.

To estimate the effects of air bags, controlling for the confounding factors found
relevant in the model for cars without air bags, the model was used to predict the fatality
risk for the cases where the cars had an air bag and compare the actual and predicted
values. In one approach, total driver deaths in the air bag cases were divided by the
sum of the probabilities predicted for these cases. Another approach calculated for
each air bag case

(actual - predicted)/predicted,

where actual equals either 1, for a FARS case, or 0 for a GES case. Then, the average
of these ratios were calculated, using the GES expansion factors, and a factor of 1 for
the FARS cases.

The results are shown in Table 2.2.1-3. Both approaches give practically the same
value, and there is also no difference between cases with driver-only air bags, or with
dual air bags.
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Table 2.2.1-3 Driver fatality risk reduction in cars with air bag relative to the model
for cars with no air bag. Non-standard errors in parentheses.

estimated as all cars with cars with driver
air bag only air bag

reduc