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EXECUTIVE SUMMARY

The National Highway Traffic Safety Administration’s (NHTSA) 1997 report on vehicle weight
and fatality risk estimated the effects of 100-pound reductions in light trucks and vans (LTVs)
and in passenger cars. In the 1997 report, statistical analyses of model year (MY') 1985-93
vehicles in calendar year (CY) 1989-93 crashes found little overall effect for a 100-pound
reduction in LTVs, but an increase of about 300 fatalities per year in cars. However, they also
produced the doubtful findings that vehicle weight reductions do not increase fatality risk in car-
to-car or LTV-to-LTV crashes and even reduce fatality risk in pedestrian crashes.

NHTSA took a good, hard second look at the subject, identified anomalies in the 1997 report,
and applied different analysis techniques to more recent crash data. This new statistical analysis
of MY 1991-99 vehicles in CY 1995-2000 crashes supersedes NHTSA’s 1997 report.

The new study expands the analyses by separately estimating the effects of 100-pound reductions
in heavy LTVs, light LTVs, heavy cars and light cars. It compares the fatality rates of LTVs and
cars, to quantify differences between vehicle types, given drivers of the same age/gender, etc. In
support of NHTSA’s research on car-LTV compatibility, it analyzes fatality rates in two-vehicle
crashes based on the mass and rigidity of each vehicle and the height mismatch between
vehicles.

Effects of 100-pound weight reductions on fatality rates

In MY 1991-99, and earlier, heavy vehicles had lower fatality rates per billion miles of travel
than lighter vehicles of the same general type. When two vehicles collide, the laws of physics
favor the occupants of the heavier vehicle (momentum conservation). Furthermore, heavy
vehicles were in most cases longer, wider and less fragile than light vehicles. In part because of
this, they usually had greater crashworthiness, structural integrity and directional stability. They
were less rollover-prone and easier for the average driver to control in a panic situation. In other
words, heavier vehicles tended to be more crashworthy and less crash-prone. Some of the
advantages for heavier vehicles are not preordained by the laws of physics, but were nevertheless
characteristic of the MY 1991-99 fleet. Offsetting those advantages, heavier vehicles tended to
be more aggressive in crashes, increasing risk to occupants of the vehicles they collided with.

The statistical analysis uses the Fatality Analysis Reporting System (FARS), R.L. Polk
registration data, State crash data and the National Automotive Sampling System (NASS).
Logistic regressions calibrate crash fatality rates per billion miles for model year 1991-99
vehicles during calendar years 1995-2000 — by vehicle weight, driver age and gender, urban/rural
and other factors discussed and quantified in this report: availability of air bags, ABS, or 4-wheel
drive; vehicle age; annual mileage; speed limit; day/night; wet/dry road; high/low State fatality
rate; and calendar year. “Crash” fatality rates include fatalities to occupants of the case vehicle,
occupants of the other vehicles it collides with, and any pedestrians. The key is to compare
fatality rates of heavy and light vehicles “on a level playing field” by adjusting for differences in
the age and gender of the drivers, the types of roads they travel, and the other factors. In each of
six crash modes that, together, account for over 96 percent of the nation’s crash fatalities, the
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analysis calibrates the average increase in the fatality rate for vehicles weighing W-100 pounds
relative to vehicles weighing W pounds, after controlling for driver age/gender and the other
factors — a cross-sectional analysis of the fatality rates of existing vehicles. (Throughout this
study, a vehicle’s “weight” is its “curb weight”: the actual weight of the vehicle with a full tank
of fuel and other fluids needed for travel, but no occupants or cargo.)

Table 1 shows the average fatality increase per 100-pound reduction in LTVs. As stated above,
the “fatality increase per 100-pound reduction” does not mean the effect of literally removing
100 pounds from a specific LTV. It is the average increase in the fatality rates of 1991-99
models weighing W-100 pounds relative to other 1991-99 models weighing W pounds, given
drivers of the same age/gender and equal values on the other factors. The analysis comprises
pickup trucks, SUVs, minivans and full-sized vans. The top half of Table 1 shows the effect in
light trucks weighing 3,870 pounds or more (this was the median weight of LTVs in MY 1991-
99, but the majority of trucks after MY 1995 were heavier). As curb weight decreased by 100
pounds, fatality rates increased by 2.5 to 3 percent in rollovers and fixed-object collisions. Fatal
crashes with pedestrians and heavy trucks were hardly affected. However, in collisions of heavy
LTVs with cars (where 83 percent of the crash fatalities were occupants of the cars) or with
other, usually lighter, LTVs, the 100-pound reduction resulted in a modest net benefit, because it
somewhat reduced risk to the occupants of the other vehicles.

In each crash mode, the percentage effects calibrated for MY 1991-99 vehicles were applied to
the baseline of all CY 1999 crash fatalities in the United States (all model years) to estimate the
annual net fatality change if the mix of LTVs weighing 3,870 pounds or more on the road that
year had averaged 100 pounds lighter — i.e., if the public had purchased fewer of the very heavy
LTVs and more of the make-models weighing not so much in excess of 3,870 pounds. The
increase in rollovers and fixed-object crashes was partly offset by the reduction in LTV-to-car
and LTV-to-LTV fatalities. The point estimate of the net change for all crash modes was an
increase of 71 fatalities, not statistically significant, as evidenced by the interval estimate ranging
from —156 to +241. The interpretation of these interval estimates will be discussed after the
presentation of all the results for LTVs and cars. The point estimate for the percentage change
was a nonsignificant increase of 0.48 percent. The results for the heavier LTVs suggest that
there may have been some weight above 3,870 pounds beyond which overall fatality rates tended
to increase, rather than decrease, as weight increased.

The lower half of Table 1 shows the effect in LTVs weighing less than 3,870 pounds. As curb
weight decreased by 100 pounds, fatality rates increased in every crash mode — although the
observed increases in collisions with pedestrians (1.24 percent) and with cars (1.13 percent) were
small and not statistically significant. In rollovers and collisions with fixed objects, heavy trucks
or other (usually heavier) LTVs, fatality rates increased substantially (3.15 to 6.98 percent) as the
weight of the “case” LTV decreased. The point estimate of the net change for all crash modes in
baseline CY 1999, per 100-pound reduction among the LTVs weighing less than 3,870 pounds,
was an increase of 234 fatalities per year (interval estimate: 59 to 296). The point estimate for
the percentage change was an increase of 2.90 percent.
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TABLE 1

FATALITY INCREASE PER 100-POUND WEIGHT REDUCTION, LIGHT TRUCKS

(Baseline = CY 1999 total fatalities, MY 1996-99/CY 1996-2000 fatality distribution)

LIGHT TRUCKS WEIGHING 3,870 POUNDS OR MORE

LIGHT TRUCKS WEIGHING LESS THAN 3,870 POUNDS

Annual
Baseline
Crash
Crash Mode Fatalities
Principal rollover 2,183
Fixed object 2,639
Ped/bike/motorcycle 2,043
Heavy truck 860
Car 5,186
Light truck < 3,870 1,010
Light truck 3,870 +* 784
OVERALL 14,705
Principal rollover 1,319
Fixed object 1,687
Ped/bike/motorcycle 1,148
Heavy truck 584
Car 2,062
Light truck < 3,870* 247

Light truck 3,870 + 1,010

OVERALL 8,057

* Assumes both light trucks in the collision were reduced by 100 pounds.

Effect (%) of

Point
Estimate

2.56
3.06
A3
.62

- .68
- 1.50
-3.00

48

3.15
4.02
1.24
591
1.13
6.98
3.49

2.90

100-Pound Reduction

Interval
Estimate

.81 to
1.41 to
1.56 to
1.61 to
1.79 to
3.20to
6.40 to

1.06 to

.64 to
1.71 to
1.26 to
3.10 to

92 to
1.92 to

.96 to

73 to

3.94
4.34
1.45
2.48

.06
-.17
-.34

1.64

4.30
4.97
2.38
7.36
1.82
9.32
4.66

3.67

Annual Net

Point
Estimate

56
81
3
5
-35
- 15

-24

71

42
68
14
35
23

Fatality Change

Interval
Estimate

18 to

37 to
-32 to
- 14 to
-93 to
-32 to
-50 to

86
115
30
21
3
-2
-3

- 156 to 241

8 to
29 to
- 14 to
18 to
-19 to
5 to
10 to

57
84
27
46
38
23
47

59 to 296



Table 2 shows the average fatality increase per 100-pound reduction in passenger cars. The
regression analyses are based exclusively on data for 4-door cars, excluding police cars. During
MY 1991-99, only 24 percent of new passenger cars were 2-door models, and fewer than 1
percent of new 4-door cars were police cars. The upper section of Table 2 shows the effect in
cars weighing 2,950 pounds or more (close to the median curb weight of cars throughout MY
1991-99). As curb weight decreased by 100 pounds, fatality rates increased strongly in rollovers
(4.70 percent), decreased non-significantly in pedestrian crashes (0.62 percent reduction), but
increased moderately in all other crash modes (1.59 to 3.18 percent). In absolute terms, though,
the largest increase was in collisions with LTVs (83 per year). The point estimate of the net
change for all crash modes was an increase of 216 fatalities per year (interval estimate: 129 to
303). The point estimate for the percentage change was an increase of 1.98 percent. Those
estimates were somewhat weaker than the effects in light LTV but much stronger than the
effects in heavy LTVs.

The lower section of Table 2 shows moderate-to-strong effects in every crash mode for cars
weighing less than 2,950 pounds. In rollovers and in collisions with heavy trucks and LTV,
fatality rates were 5 to 6 percent higher as cars got 100 pounds lighter. Even in pedestrian
collisions, fatality rates rose 3.48 percent. No such increase of pedestrian fatalities was seen in
the heavier cars or either group of LTVs. The point estimate of the net change for all crash
modes was an increase of 597 fatalities per year (interval estimate: 226 to 715), well over double
the increase in the heavier cars or the lighter LTVs. The point estimate for the percentage
change was an increase of 4.39 percent.

The strong increase in pedestrian fatalities for the lightest cars is surprising. At least at first
glance, the weight of the vehicle shouldn’t have had much effect on the fatality risk of
pedestrians. Perhaps, heavier vehicles were simply driven better, even after adjusting for the
drivers’ age/gender, urban/rural and other factors. For example, safety-conscious drivers might
have selected heavier cars because they considered them safer. Heavier cars, more expensive on
the average, might also have attracted higher-income owners with a more health-conscious, less
risk-prone lifestyle. This study, however, found that light and heavy 4-door cars, pickup trucks
and 4-door SUVs of MY 1991-99 all had remarkably similar incidence of high-risk driving
behavior: drinking, speeding, previous crashes, license suspensions, etc. (Two-door cars had
substantially higher-than-average incidence of high-risk driving behavior, but they were not
included in the data used to calibrate the weight-safety relationships.) NHTSA research suggests
that the geometry of small cars might, in fact, have increased the risk of serious injury to
pedestrians (shorter hoods, more head impacts with the windshield frame). Finally, small cars,
because they felt more maneuverable, might even have induced drivers to weave in traffic or take
other risks they would ordinarily have avoided in a larger vehicle.

We do not know how much of the observed effect in pedestrian crashes was due to self-selection
— better drivers picking bigger cars — but we are confident that much of the effect, quite possibly
even all of it was “real.” Thus, the maximum proportion that was self-selection may have been
as low as zero, but it was definitely less than 100 percent. In the absence of evidence supporting
any specific proportion between zero and 100 percent, this report takes the midpoint and assumes
at most half the observed effect in pedestrian crashes was due to self-selection.



TABLE 2

FATALITY INCREASE PER 100-POUND WEIGHT REDUCTION, PASSENGER CARS

(Baseline = CY 1999 total fatalities, MY 1996-99/CY 1996-2000 fatality distribution)

Effect (%) of
Annual 100-Pound Reduction
Baseline
Crash Point Interval
Crash Mode Fatalities Estimate Estimate

CARS WEIGHING 2,950 POUNDS OR MORE

Principal rollover 715 4.70 2.40 to 7.00
Fixed object 2,822 1.67 0.63 t0 2.71
Ped/bike/motorcycle 1,349 - .62 -1.83to .59
Heavy truck 822 2.06 .67 to 3.45
Car <2,950 1,342 1.59 .70 t0 2.48
Car 2,950 +* 677 3.18 1.40 to 4.96
Light truck 3.157 2.62 1.74 to 3.50
OVERALL 10,884 1.98 1.19 to 2.78

CARS WEIGHING LESS THAN 2,950 POUNDS

Principal rollover 995 5.08 .87 to 7.55
Fixed object 3,357 3.22 25t04.45
Ped/bike/motorcycle 1,741 3.48 .22t0 5.00
Heavy truck 1,148 5.96 2.50 to 7.68
Car <2,950* 934 496 - .72t07.16
Car 2,950 + 1,342 248 - 36t03.58
Light truck 4,091 5.63 2.85t0 6.67
OVERALL 13,608 4.39 1.66 to 5.25

* Assumes both cars in the collision were reduced by 100 pounds.
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Annual Net

Fatality Change
Point Interval
Estimate Estimate
34 17 to 50
47 18 to 76
- 8 -25to0 8§
17 6 to 28
21 9to 33
22 9to 34
83 55to 110
216 129 to 303
51 9to 75
108 8 to 149
61 4 to 87
68 29 to 88
46 - 7to 67
33 - 5to 48
230 117 to 273
597 226 to 715



If so, self-selection also played a role in the other crash modes, not just pedestrian crashes.
Therefore, the interval estimates of this study include not only sampling error but also an
adjustment — up to half of the observed effect in pedestrian crashes — to account for possible
effects due to self-selection.

The interval estimates in Tables 1 and 2 (and also Table 4) are defined as follows: the upper
bound is the point estimate plus 1.96 standard deviations of sampling error (from various known
sources). The lower bound is the point estimate, minus 1.96 standard deviations of sampling
error, minus half the observed pedestrian effect (and, in Table 1, minus an additional allowance
for some uncertainty in the model formulation). The interval estimates are a tool for gauging
uncertainty, but they are not rigorous 95 percent confidence bounds. When the range in the
interval estimate includes zero, the point estimate can be called “not statistically significant.”
When the interval is entirely positive, or entirely negative, it provides some evidence that the
observed effect is “real” — the tighter the interval, the stronger the evidence — but the intervals are
not rigorous confidence bounds, as they would be, for example, in a simple, controlled
experiment.

Table 2, showing a strong increase in fatality risk per 100-pound reduction in cars weighing less
than 2,950 pounds, is based on an analysis including drivers of all ages. When the analysis was
limited to drivers age 60 or older, all the size-safety effects became even more severe, in some
crash modes more than double. That suggests older drivers had serious problems controlling the
lightest cars and/or that the crash environment in light cars in some way amplified older
occupants’ general vulnerability to injury.

The point estimates in Tables 1 and 2 are approximately linear and additive. If, in general,
vehicles weighing W-100 pounds had on the average 1 percent higher fatality rates than vehicles
weighing W, then vehicles weighing W-200 pounds would have had approximately 2 percent
higher rates than vehicles weighing W. The effect of reducing all LTVs by 100 pounds would
have been close to the sum of the effects of reducing LTVs over 3,870 pounds and under 3,870
pounds by 100 pounds each: 71 + 234 = 305.

This study estimates a substantially larger fatality increase per 100-pound weight reduction than
NHTSA’s 1997 report. A review of the 1997 report reveals flaws in the calibration procedure
leading to a systematic underestimate of the size-safety effect in every crash mode, for both
LTVs and cars. This study’s results supersede the 1997 report and, in particular, correct its
findings on car-to-car crashes. Table 2 now shows fatality risk in car-to-car crashes increased as
car weight decreased, consistent with intuition and most of the literature. The lighter cars had
higher crash involvement rates and higher fatality risk, given a crash, for their own occupants.
That more than offset the reduction in fatality risk of occupants in the “other” car.

In summary, Tables 1 and 2 suggest that the association between curb weight and fatality risk in

MY 1991-99 vehicles was weakest — in fact, nonsignificant — in the heavier LTVs. It was
strongest in the lighter cars.
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Fatal-crash and fatality rates by vehicle type, model years 1996-99

LTVs of the 1990’s included some models that had high rollover fatality rates per billion miles.
They also included models that, when they collided with other vehicles, the occupant fatality rate
was high in the other vehicle. These LTV models may be characterized as “rollover-prone
and/or aggressive vehicles.” The fatal-crash involvement rates and occupant fatality rates of
different vehicle types were compared on as “level a playing field” as possible, by adjusting for
differences in driver age/gender, annual mileage, vehicle occupancy (where appropriate),
distribution of the mileage by urban/rural, speed limit, and other vehicle, driver and
environmental factors — but not for vehicle weight.

The statistical approach, based on logistic regressions and data similar to the preceding analyses,
was to compare fatal-crash rates per billion vehicle miles for ten groups of model year 1996-99
vehicles during calendar years 1996-2000: four size groups of 4-door cars, three size groups of
4-door SUVs, two sizes of pickup trucks, and minivans. All vehicles were equipped with air
bags. Heavy-duty (200/300-series) pickup trucks and full-sized vans were not included in this
analysis. A single “prorated fatal-crash rate” per billion vehicle miles, comprising all crash
modes, was computed for each vehicle group, after adjustment for driver age/gender, urban/rural,
and other factors. The prorated fatal-crash rates included fatalities to occupants of the case
vehicle, occupants of the other vehicles it collided with, and any pedestrians. Each crash was
weighted by the number of fatalities; however, in order to prevent double-counting, the number
of fatalities in multivehicle crashes was divided by the number of cars/LTVs involved in the
crash (e.g., in a 2-vehicle crash, each vehicle was assigned half the crash fatalities).

Table 3 compares the average curb weights and the overall fatal-crash rates of the ten groups.
Groups that included numerous rollover-prone and/or aggressive vehicles in MY 1996-99 had
greater fatal-crash rates. For example, mid-size 4-door SUVs of model years 1996-99 had an
average fatal-crash rate of 13.68. Similarly, large SUVs and pickup trucks had higher fatal-crash
rates than some groups of cars or minivans. The four vehicle groups with the lowest overall
prorated fatal-crash rates in Table 3 were large cars (7.12), minivans (7.97), mid-size cars (9.46)
and large (100-series) pickup trucks (9.56). Very small 4-door cars had the highest rate (15.73).
However, by 1996-99, these cars only accounted for well under 1 percent of vehicle sales.
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TABLE 3

ADJUSTED FATAL-CRASH INVOLVEMENT RATES
PER BILLION CASE VEHICLE MILES, BY VEHICLE TYPE

(Case vehicles are MY 1996-99 light trucks and 4-door cars with air bags in CY 1996-2000,
adjusted for age/gender, rural/urban, day/night, speed limit, and other factors)

Average Prorated* Fatal
Curb Crash Involvements
Vehicle Type and Size Weight Per Billion Miles
Very small 4-door cars 2,105 15.73
Small 4-door cars 2,469 11.37
Mid-size 4-door cars 3,061 9.46
Large 4-door cars 3,596 7.12
Compact pickup trucks 3,339 11.74
Large (100-series) pickup trucks 4,458 9.56
Small 4-door SUVs 3,147 10.47
Mid-size 4-door SUVs 4,022 13.68
Large 4-door SUVs 5,141 10.03
Minivans 3,942 7.97

* Each fatal crash involvement by a case vehicle is weighted by: the number of crash fatalities
divided by the number of cars/LTVs involved in the crash.

X1V



Furthermore, 1996-99 SUVs had higher fatality risk for their own occupants than large cars or
minivans. Here, for example, are drivers’ fatality rates per billion vehicle miles (adjusted for
driver age/gender, urban/rural, and other factors):

Driver Fatalities per

Billion Vehicle Miles
Very small 4-door cars 11.56
Small 4-door cars 7.85
Mid-size 4-door cars 5.26
Large 4-door cars 3.30
Compact pickup trucks 6.82
Large (100-series) pickup trucks 4.07
Small 4-door SUVs 5.68
Mid-size 4-door SUVs 6.73
Large 4-door SUVs 3.79
Minivans 2.76

The four vehicle groups with the lowest fatality rates for their own drivers were minivans (2.76),
large cars (3.30), large SUVs (3.79), and large (100-series) pickup trucks (4.07).

Table 3 shows the fatal-crash rate was lower for small 4-door SUVs (10.47) than for mid-size
4-door SUVs (13.68) in MY 1996-99. The drivers’ fatality rate per billion vehicle miles was
likewise lower in small SUVs (5.68) than mid-size SUVs (6.73). This was the only exception to
the customary trend, where larger size groups of the same vehicle type had lower fatal-crash
rates and occupant fatality rates.

A more detailed comparison of the fatality rates of small SUVs, mid-size SUVs and mid-size
cars of MY 1996-99 shows that rollovers and occupants of the “other” vehicle in 2-vehicle
crashes accounted for the higher risk of the SUVs. The small SUVs had much lower rollover
fatality rates than the mid-size SUVs, although still high compared to the cars. Similarly, the
fatality rate for occupants of other vehicles, per billion case-vehicle miles, was substantially
lower for the small-SUV case vehicles than for the mid-size SUVs, but still high compared to the
cars. By contrast, the fatality rates for the vehicles’ own occupants in non-rollover crashes, per
billion occupant miles, were fairly similar for the three types of vehicles, and actually lowest for
the mid-size SUVs:
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Fatalities per Billion Miles (Not Prorated)

Small Mid-Size Mid-Size
4-Door 4-Door 4-Door
SUVs SUVs Cars
Rollovers 1.06 2.71 .50
Occupants of other vehicles 3.44 4.46 2.55
Occupants of case vehicle, in non-rollovers 4.38 3.95 4.63

As stated above, LTVs of the 1990’s included numerous rollover-prone and/or aggressive
vehicles. However, by 1996-99, several new models of small 4-door SUVs with improved
rollover stability had been introduced. For example, one model was measured by NHTSA and
rated substantially more stable than most mid-size or large SUVs of the mid-1990°s. The above
statistics suggest that small 4-door SUV's of 1996-99 may have been the beginning of a new
generation of more stable, less aggressive vehicles with lower fatal-crash rates. This trend
appears to have continued and expanded since 1999, comprising entirely new designs such as
car-based “crossover” SUVs and less sweeping redesigns of existing LTVs. Indeed, rollover-
resistance ratings published by NHTSA in 2001 show new models of SUVs in all three size
groups with greater stability than the models they superseded. Also, new technologies such as
“blocker bars” have been introduced on some LTVs to make them less aggressive in collisions
with other vehicles.

Table 3’s adjusted fatal-crash rates for the ten groups of MY 1996-99 vehicles can be applied to
the baseline of all CY 1999 crash fatalities in the United States (all model years) to estimate the
annual change in fatalities if the mix of vehicle types on the road in 1999 had changed —i.e., if
the public had purchased more vehicles of one type and fewer of another. Table 4 estimates the
reduction in fatalities given nine hypothetical scenarios in which the MY 1996-99 vehicle mix
changed to more of one type of car or minivan and fewer of one type of SUV or pickup truck.
For comparison purposes, it also considers one more scenario: a change from very small 4-door
cars to small 4-door cars. It estimates what might have been the annual effect of a “one
percentage point change” in the vehicle mix. For example, during MY 1996-99, mid-size 4-door
SUVs accounted for 8 percent of new-vehicle sales, and large 4-door cars, 12 percent. Table 4
assumes MY 1996-99 vehicles constituted the entire on-road fleet and estimates the effect on
fatalities in baseline CY 1999 if the vehicle mix had instead consisted of 7 rather than 8 percent
mid-size SUVs and 13 rather than 12 percent large cars.

The first nine scenarios in Table 4 all combine a likely reduction in fatalities with a reduction in
vehicle weight. The point estimates of the fatality reductions in Table 4 range from 29 to 200
per year, per percentage point change in the vehicle mix. The reductions for the scenarios
involving changes from mid-size or full-size SUVs to cars or minivans have wholly positive
interval estimates. By comparison, the change from very small cars to small cars is estimated to
reduce fatalities by 156 (with a weight increase). Of course, all these estimates are specifically
for MY 1996-99, a time when numerous pickup trucks and SUVs were rollover-prone or
aggressive.
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TABLE 4

CHANGE IN FATALITIES PER YEAR

GIVEN A ONE-PERCENTAGE POINT CHANGE IN THE ON-ROAD FLEET
FROM MY 1996-99 SUVs AND PICKUPS TO CARS OR MINIVANS

(Baseline = CY 1999 total fatalities, MY 1996-99/CY 1996-2000 fatality distribution)

Point
Estimate

29

129

200

174

101
72

103

127
82

Fatality Reduction Per Year

Interval
Estimate

-72

79

140

130

27
17

- 57

- 65
- 80

to 64

to 152

to 220

to 201

to 133
to 111

to 163

to 194
to 161

Weight

Reduction

Versus Per Vehicle
Small 4-dr SUVs Mid-size 4-dr cars 86
Mid-size 4-dr SUVs Mid-size 4-dr cars 961
Large 4-door cars 426
Minivans 80
Large 4-dr SUVs Large 4-door cars 1,545
Minivans 1,199
Compact pickups Mid-size 4-dr cars 278
Large pickups* Large 4-dr cars 862
Minivans 516
Very small 4-dr cars Small 4-dr cars —364

*Large, standard-duty (100 series) trucks. Excludes heavy-duty 200/300 series pickup trucks.
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Car-light truck compatibility

NHTSA has been researching car-light truck compatibility since 1993. In collisions between
LTVs and cars, approximately 80 percent of the fatalities are occupants of the cars. The
objective is to reduce fatality risk in the car, without increasing risk in the LTV. That may
require increasing crashworthiness of the car, but it might be easier to accomplish by reducing
the aggressiveness of the LTV, or by a judicious combination of both. Of course, MY 1991-99
LTVs usually outweighed cars but, in addition, there were two sources of mismatch between
LTVs and cars that made the LTVs extra “aggressive” when they hit the cars:

e Structural incompatibility: the LTV’s front was more rigid than any part of the car

e Geometric incompatibility: the LTV’s front applied its force at a height above the car’s
structures designed to withstand force

The databases and logistic-regression analysis methods used to study vehicle weight and fatality
risk were also suitable for investigating car-LTV compatibility. Fatality rates in 2-vehicle
collisions, per billion miles of each vehicle, were calibrated as a function of the body type and
curb weight of each vehicle (MY 1991-99 in CY 1995-2000), the age/gender of each driver,
urban/rural location, speed limit, and other vehicle, driver and environmental factors. Once
again, the objective was to compare the fatality rates in car-to-car and LTV-to-car collisions on
as “level a playing field” as possible. The first goal was to quantify the extra aggressiveness of
MY 1991-99 LTVs relative to MY 1991-99 cars of the same weight. The analysis focused on
collisions where the struck vehicle was a car, and the striking vehicle was a car, pickup truck,
SUV or minivan. Table 5 shows how much the fatality risk of the driver of the struck car
increased when the striking vehicle was an LTV.

The first row of Table 5 evaluates left-side impacts to the struck car by the front of the striking
vehicle. Left-side impacts are the most dangerous for drivers, because they sit on the left. When
the striking vehicle was a passenger car of weight W, let us say the driver of the struck car had
fatality risk index 100. When the striking vehicle was a pickup truck of weight W, the fatality
risk of the driver of the struck car increased to 177. In other words, it was almost twice as
dangerous, on a per-mile basis, to be hit on the left side by a pickup truck as by a car of the same
weight as that pickup truck. When the striking vehicle was an SUV, the risk index was 235.
Even when the striking vehicle was a minivan, the risk index was 130, higher than when it was a
car. The risk indices for MY 1991-99 pickup trucks, SUVs and minivans were all significantly
higher than 100 in front-to-left impacts.

The second row of Table 5 considers head-on (front-to-front) collisions. Here, LTVs were much
less aggressive. The risk index for the driver of the struck car was significantly higher than 100
only when the striking vehicle was an SUV (132). Impacts by pickup trucks and minivans had
risk indices just slightly, and not significantly, above 100. When they hit cars on the right side or
rear, the aggressiveness of LTVs was higher than in head-on collisions, but not as high as when
they hit the car on the left side. The third row of Table 5 shows that risk indices for pickup
trucks and SUVs were both significantly above 100.
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TABLE 5

AGGRESSIVENESS OF MY 1991-99 LTVs IN IMPACTS WITH MY 1991-99 CARS
AFTER ADJUSTMENT FOR THE STRIKING VEHICLE’S WEIGHT**

(Fatality risk index of the driver of the struck car, by striking vehicle type;
MY 1991-99 vehicles in CY 1995-2000 crashes)

Driver Fatality Risk Index in the Struck Car

Striking Vehicle’s by Striking Vehicle Type

Front Impacted

the Struck Car on the Car Pickup SUV Minivan
Left side 100 177* 235% 130*
Front (head-on collision) 100 114 132%* 104
Right side or rear 100 139* 162* 125
Anywhere 100 139* 171%* 116*

*Significantly greater than 100.

**For example, in a front-to-left impact, if the risk for the driver of the struck car was 100 when
the striking vehicle was a 3,500 pound car, the risk increased to 177 when the striking vehicle
was a 3,500 pound pickup truck.
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Combining all of the preceding crash modes, the last row of Table 5 shows that, overall, every
type of MY 1991-99 LTV was significantly more aggressive than a passenger car. All of these
indices apply specifically to MY 1991-99 vehicles and could change for more recent LTVs as
new technologies or designs are introduced to reduce aggressiveness in collisions.

The second analysis goal was to test for association between the aggressiveness of model year
1991-99 LTVs in crashes and physical parameters describing the structural rigidity and geometry
of the trucks. Two parameters were readily available, because NHTSA measures them during its
frontal crash tests in the New Car Assessment Program (NCAP). They are:

Frontal rigidity: ~ The average slope of the force-deflection profile maintained for at least 150
millimeters during the vehicle’s initial crush in an NCAP frontal impact with
the barrier.

Height-of-force: The average height-of-force measured by load cells set at various height levels
in the NCAP barrier. It is the weighted average of the effective height of the
applied force on the barrier face over the duration of the impact.

Association was tested by limiting the preceding logistic-regression analyses to crashes where
the striking vehicle was an LTV (and the struck vehicle was a car), and adding the two
parameters to the regression. In front-to-left impacts, there was a statistically significant
association between the driver’s fatality risk in the struck car and the difference in the heights-of-
force of the striking and struck vehicles: the greater the height mismatch between the LTV and
the car, the greater the fatality risk of the driver of the car. In head-on collisions, the LTV’s
frontal rigidity was significantly associated with the car driver’s fatality risk: the more rigid the
LTV, the greater was the fatality risk of the car driver.

The analyses accept as a given that model year 1991-99 LTVs were, on the average, more
aggressive than cars. These somewhat exploratory findings suggest that the LTVs with the
tallest and most rigid frontal structures were even more aggressive than the other LTVs.

These analyses of car-LTV compatibility are intended to supplement and corroborate, not
supersede NHTSA’s previous work on that subject. This study’s approach, based on fatality
rates per billion miles, controlling for each vehicle’s weight, each driver’s age and gender,
urban/rural, and other factors, helps compare fatality rates in car-car and car-LTV collisions “on
a level playing field.” On the other hand, the per-mile approach does not necessarily separate
crash-proneness from crashworthiness effects (a disadvantage here, although it was a plus in the
size-safety analyses). It is best to look at these results in combination with NHTSA’s previous
findings on car-LTV compatibility. In addition, the statistical findings that show an association
of these two parameters with extra aggressiveness of LTVs do not, by themselves, guarantee that
these two parameters “caused” the aggressiveness, or that they are the parameters that best
explain or measure aggressiveness. Crash testing with existing and, eventually, modified
vehicles is another essential step in learning what makes LTVs aggressive.
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Limitations of the analyses

This study is a cross-sectional analysis of the crash fatality rates per billion miles of real MY
1991-99 vehicles in CY 1995-2000: light, mid-size and heavy passenger cars, pickup trucks,
SUVs and vans. Statistical tools calibrated the relationships between vehicle weight and fatality
rates — the average increase for vehicles weighing W-100 pounds relative to vehicles weighing
W pounds — and the differences between cars and LTVs, after controlling for driver age/gender,
urban/rural, and other vehicle, driver and environmental factors. The results specifically
describe the performance of MY 1991-99 vehicles; the impact of new designs or technologies in
more recent vehicles will be revealed as they now accumulate on-the-road experience.

The analysis is not a “controlled experiment.” People are largely free to pick whatever car or
LTV they wish. Owner characteristics and vehicle use patterns can and do vary by vehicle
weight and type. This study adjusts for differences in age/gender, urban/rural driving, and other
factors, and tries to gauge uncertainty due to less tangible variations in “how well people drive.”
But, ultimately, we can never be sure that a 30-year-old male operating a large LTV on an urban
road at 2:00 p.m. in a Western State drives the same way as a 30-year-old male operating a
smaller LTV/light car/heavy car at a similar roadway, time and location. The interval estimates
in this study try to depict likely ranges of uncertainty in the principal findings, but rigorous “95
percent confidence bounds” do not apply here, as they would, for example, in a simple,
controlled experiment.
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CHAPTER 1

A NEW STUDY OF VEHICLE WEIGHT AND FATALITY RISK
AND CAR-LIGHT TRUCK COMPATIBILITY

1.1 The need for a new NHTSA study

In 1997, the National Highway Traffic Safety Administration (NHTSA) issued seven reports that
addressed vehicle weight and safety by statistically analyzing relationships between existing
vehicles’ curb weights and their fatality and injury rates in crashes.' One of the reports, a study
of vehicle weight and fatality risk, was NHTSA’s first attempt to estimate the effect of a 100-
pound reduction in each of the important crash modes, and to do this separately for light trucks
and passenger cars.” Calibrated from model year (MY) 1985-93 vehicles in calendar year (CY)
1989-93 crashes, the analyses found little overall effect for a 100-pound reduction in light trucks
and vans (LTVs), because increased fatalities of truck occupants were offset by a reduction of
fatalities in the vehicles that collided with the trucks, whereas a 100-pound reduction in cars was
associated with an increase of about 300 fatalities per year.

Unfortunately, the mere fact that the 1997 report addressed all crash modes did not necessarily
make its estimates correct. The 1997 report claimed that fatalities in car-to-car and LTV-to-LTV
crashes decreased as both cars or both LTVs were reduced in weight. That disagrees with
research and empirical data consistently showing that, at least in the past, heavy vehicles tended
to be more crashworthy and less crash-prone than light vehicles. The report’s conclusion that
vehicle weight reductions saved lives in pedestrian crashes is also questionable.

The most important reason for a new study is to take a good, hard second look at the methods of
the 1997 report and to revise or supersede them with techniques that more accurately fit the data.

Another reason for a new study is that the vehicle, crash and driver environment has changed in
six years. Since MY 1985-93 and CY 1989-93, LTVs have become more numerous and heavier;
belt use increased; there are more air bags and older drivers. New models were introduced and
old ones phased out.

! Kahane, C.J., Relationships between Vehicle Size and Fatality Risk in Model Year 1985-93 Passenger Cars and
Light Trucks, NHTSA Technical Report No. DOT HS 808 570, Washington, 1997; Partyka, S.C., Effect of Vehicle
Weight on Crash-Level Driver Injury Rates, NHTSA Technical Report No. DOT HS 808 571, Washington, 1996;
Partyka, S.C., Passenger Vehicle Weight and Driver Injury Severity, NHTSA Technical Report No. DOT HS 808
572, Washington, 1995; Hertz, E., The Effect of Decreases in Vehicle Weight on Injury Crash Rates, NHTSA
Technical Report No. DOT HS 808 575, Washington, 1997; Partyka, S.C., Patterns of Driver Age, Sex and Belt Use
by Car Weight, NHTSA Technical Report No. DOT HS 808 573, Washington, 1995; Partyka, S.C., Impacts with
Yielding Fixed Objects by Vehicle Weight, NHTSA Technical Report No. DOT HS 808 574, Washington, 1995;
Relationships of Vehicle Weight to Fatality and Injury Risk in Model Year 1985-93 Passenger Cars and Light
Trucks, NHTSA Summary Report No. DOT HS 808 569, 1997.

? Kahane (1997), op. cit.



The third motivation is to expand the analyses. The 1997 report estimated two numbers: the
effect of a 100-pound reduction in LTVs of any weight, and in passenger cars. The new study
separately estimates the effects of 100-pound reductions in heavy LTVs, light LTVs, heavy cars
and light cars. It compares the fatality rates of LTVs and cars, to quantify the differences in the
rates between vehicle types, given drivers of the same age/gender, etc. In support of NHTSA’s
ongoing research on car-LTV compatibility’, this study analyzes fatality rates in two-vehicle
crashes based on the mass and rigidity of each vehicle and the height mismatch between the
vehicles.

This statistical analysis of CY 1995-2000 crash data involving MY 1991-99 vehicles supersedes
NHTSA’s 1997 report on vehicle size and fatality risk.

1.2 Why heavier vehicles have usually had lower fatality rates

One safety factor, momentum conservation, is a direct consequence of a vehicle’s mass. Other
parameters, such as a vehicle’s length and width are naturally and historically (i.e., during 1968-
99), but not inevitably proportional to its mass. Most of those parameters favor the heavier
vehicle, making it physically, intrinsically safer than the light vehicle.

Some human factors of drivers are historically, but not intrinsically confounded with vehicle
mass. For example, young drivers historically have driven smaller cars®, but at least in theory,
they might at some future time prefer large cars. These factors could give heavy vehicles lower
fatality rates, but don’t make them intrinsically safer. The analysis should, as much as possible,
remove these factors and compare the fatality rates of heavy and light vehicles on a level playing
field, leaving only the physical factors that make heavy vehicles safer. Finally, there are in-
between factors where it is not so clear if the relationship with mass is intrinsic or coincidental.

Momentum conservation: When a heavy and a light vehicle collide, the heavy vehicle keeps
moving forward; its occupants experience a small velocity change. The light vehicle gets pushed
backward; its occupants experience a higher velocity change. These are consequences of the
laws of physics; nothing can be done to equalize the velocity changes. For example, in a head-
on collision, a 1 percent weight advantage corresponds to more than a 5 percent reduction in the
driver's fatality risk, relative to the driver of the other vehicle.’

What benefits an individual — being in the heavier of the two vehicles — however, does not
necessarily benefit society as a whole. Based on momentum considerations alone, the risk
reduction in Vehicle 1 as it becomes heavier is cancelled by a risk increase in Vehicle 2. If
momentum conservation were the only factor making heavier vehicles safer (it isn’t), overall
fatalities in multivehicle crashes would neither increase nor decrease if the entire vehicle fleet
were reduced in mass.

? Hollowell, W.T., Summers, S.M., and Prasad, A., NHTSA’s Research Program for Vehicle Aggressivity and Fleet
Compatibility, UK IMechE Vehicle Safety 2002 Conference, London, May 2002.

* For example, the database generated for this study suggests 34 percent of drivers of 4-door cars weighing less than
3,000 pounds are younger than 30, but only 15 percent of drivers of cars weighing over 3,000 pounds.

> See Section 6.1 of this report.



Momentum also enables a heavy vehicle to knock down, displace or brush aside medium-sized
fixed objects that would have brought a lighter vehicle to an abrupt stop.

Crashworthiness: Heavier vehicles have historically done a better job cushioning their occupants
in crashes. Their longer hoods and extra space in the occupant compartment provide an
opportunity for a more gradual deceleration of the vehicle, and of the occupant within the
vehicle. In the New Car Assessment Program, crash test results have been consistently better for
large cars, given the same 35 mph barrier impact.® While it is conceivable that light vehicles
could be built with similarly long hoods and mild deceleration pulses, it would probably require
major changes in materials and design and/or taking weight out of their engines, accessories, etc.

Structural integrity: Heavier vehicles have historically provided better protection against
intrusion by fixed objects, heavy trucks, etc. Doors, frames, pillars, roof rails, etc. are
thicker and stronger. Since the occupant compartment is larger, these structures also
have more room to deform.’

Rigidity/sill height/aggressiveness: A rigid structure can be helpful in many impacts with fixed
objects. High, strong side sills are important protection if the vehicle is struck in the side. But
high, rigid structure increases the risk to the occupants of other vehicles (aggressiveness), and
rigidity can also make the vehicle’s deceleration more abrupt in some impacts. The database
created in Section 6.2 of this report shows some correlation of rigidity and height-of-force with
curb weight in current vehicles, but a much stronger association these parameters with vehicle
type (some of the MY 1991-99 pickup trucks and SUVs were higher and more rigid than cars or
minivans of the same mass).

Mass mismatch: There is widespread belief that a collision between vehicles of similar mass is
safer than a collision of badly mismatched vehicles. If so, making the heaviest vehicles lighter,
and the lightest heavier, could reduce fatalities in crashes between passenger vehicles.
(However, analyses in Section 6.6 of this report do not show significantly higher fatality rates
per unit of exposure in crashes of 2,000 with 4,000 pound cars than in crashes of two 3,000
pound cars.)

Directional stability/ease of control: The preceding factors affect fatality risk, given that a crash
has occurred. There are also physical factors that tend to make heavier vehicles less crash-prone.
Heaver vehicles, with their typically longer wheelbases, are less prone to skid or spin out of
control in response to braking or steering input, or on an uneven road surface. They are more
likely to stay on the road.®

® Effect of Car Size on Fatality and Injury Risk, NHTSA, Washington, 1991.

" For example, Kahane, C.J., Evaluation of FMVSS 214 Side Impact Protection Dynamic Performance Requirement,
Phase 1, NHTSA Technical Report No. DOT HS 809 004, Washington, 1999, p. 64 shows a steady improvement of
side structure integrity as curb weight increases.

$ Malliaris, A.C., Nicholson, R.M., Hedlund, J.H. and Scheiner, S.R., Problems in Crash Avoidance and in Crash
Avoidance Research, Paper No. 830560, Society of Automotive Engineers, Warrendale, PA, 1983.



In theory, a sober, alert, expert driver might find a light vehicle more responsive, easier to brake
and steer away from trouble. Unfortunately, many drivers in fatal crashes are impaired,
unskilled, distracted, or at the very least caught off-guard in a panic situation. The quicker
response of light vehicles may give the average driver yet more opportunity to blunder.

Rollover stability: Heavier vehicles, historically, have almost always been wider than light
vehicles of the same class. As a result, they have a higher static stability factor’ and are
substantially less prone to rollover. While it is conceivable that light vehicles could be built just
as wide as heavy vehicles, it would presumably require new designs, materials and/or cutting
weight out of existing structures, accessories, etc.

Availability of safety equipment: During the 1990’s, air bags were often installed a year or two
earlier in the heavier vehicles (easier to install, possibly more consumer demand). Antilock
Brake Systems (ABS) were installed earlier on the larger, more luxurious vehicles and are still
infrequent on small, inexpensive cars.'’ Analyses should be able to control for those differences.

The above are physical factors that have historically or intrinsically influenced the fatality rates
in small vs. large vehicles. Here are some human factors of drivers that are confounded with
vehicle weight:

Driver age and gender: This report will present data showing that, historically, lighter vehicles
have somewhat younger drivers; heavier vehicles, especially heavy cars, older drivers. Small 4-
door cars are especially popular with female drivers. Large cars, LTVs generally, but pickup
trucks especially, are popular with male drivers.

Young and old drivers have far more fatal crashes per million years, or per billion miles than
drivers in the 30-50 age bracket (see Figure 3-15). Up to age 60, males have substantially
higher fatal crash rates than females. Young drivers’ inexperience and aggressiveness, older
drivers’ vision and vehicle-control problems, and male drivers’ aggressiveness/impairment all
contribute to high crash rates. The vulnerability of older occupants to injury further increases
their fatality rates.

Thus, the higher incidence of young drivers inflates the fatality rates of lighter vehicles, but the
higher incidence of female drivers (especially in small 4-door cars) reduces the rates. The
popularity of large cars with older drivers, and LTVs (especially pickup trucks) with males
inflates their fatality rates. It is imperative that the analyses control or adjust fatality rates to
compensate for differences in driver age and gender.

? Half the track width, divided by the center-of-gravity height.

19 ABS is effective in reducing certain types of crashes, but may be associated with increases of other types of
crashes at certain times; see Kahane, C.J., Preliminary Evaluation of the Effectiveness of Antilock Brake Systems for
Passenger Cars, NHTSA Technical Report No. DOT HS 808 206, Washington, 1994,

4



Urban/rural: Fatality rates per billion miles are higher in rural areas.'' Pickup trucks are
especially common in rural areas (inflating fatality rates), while small cars are more
characteristically urban (deflating the rates).

The preceding human and environmental factors are readily measurable and can be controlled in
the analyses. However, there is another set of somewhat interrelated human factors, not easily
quantified, somehow related with vehicle weight and fatality risk. Briefly stated, heavier
vehicles may be driven better for a variety of reasons that are not clearly understood. These
factors are discussed in Sections 3.6 and 5.6 of this study, and may include:

Vehicle reputation/driver self-selection: Safety-conscious drivers might pick heavier vehicles
because they consider them safer. Also, vehicle brands and body-styles with an excellent
reputation for safety tend to attract safety-conscious drivers and, primarily because of this, have
exceptionally low fatality rates.'> These are often, but not necessarily, heavier vehicles.
Conversely, sporty and high-performance vehicles, especially 2-door cars, attract risk-prone
drivers and have high fatality rates. That could create a “self-fulfilling prophecy,” partially
explaining the lower fatality rates of heavier vehicles.

However, the analyses in Sections 3.6 and 5.6 will show that light and heavy 4-door cars, pickup
trucks and SUVs all have remarkably similar incidence of imprudent driving behavior: drinking,
speeding, previous crashes, license suspensions, etc. Only 2-door cars have substantially higher-
than-average incidence of imprudent driving behavior, and only minivans are lower than
average. In this study, 2-door cars will never be included in data used to calibrate the
relationships of weight and fatality risk in passenger cars.

Driver income/vehicle price: Heavier cars are usually, but not always more expensive than light
cars. Their owners are likely to have higher incomes, on the average. Higher income [and
education] has been associated with a more health-conscious, less risk-prone lifestyle. That may
include driving more prudently. (See discussion in Section 3.6.)

Smaller vehicles weave in traffic: It is possible that drivers of small vehicles are more likely to
weave around in traffic, change lanes, dart ahead of others or even take corners and curves faster.
If so, what is the cause and what is the effect? Is it merely less prudent drivers self-selecting
smaller vehicles, as suggested above? Or do the smaller vehicles themselves, because they feel
more maneuverable, induce drivers to take risks they would ordinarily avoid in a larger vehicle?

The principal estimates of this study include an allowance (in the interval estimates) that some of
the observed relationship between vehicle size and fatality rates could be due to better drivers
self-selecting larger vehicles, rather than the intrinsic characteristics of the vehicles.

But these driver effects, while they should not be ignored, are probably of limited importance.
The relationship of car weight to fatality risk is calibrated from data on 4-door cars (excluding
police cars). During the late 1990’s, small 4-door cars were especially popular with 30-50 year

" Accident Facts, 1993 Edition, National Safety Council, Itasca, IL, 1993, p. 64.
12 Kahane, C.J., Correlation of NCAP Performance with Fatality Risk in Actual Head-On Collisions, NHTSA
Technical Report No. DOT HS 808 061, Washington, 1994, pp. 3-7.



old women. Although there are, of course, individual variations within that group, they are,
overall, the safest and most prudent drivers on the road. It is more correct to say that small 4-
door cars had high fatality rates despite, rather than because of the people who drove them.

1.3 NHTSA's earlier reports on vehicle weight and fatality risk

NHTSA’s 1997 report estimated the percentage increase (or decrease) in crash fatalities
(including occupants of other vehicles, and pedestrians) per 100-pound weight reduction, in each
of the important crash modes, separately for passenger cars and LTVs:"

NHTSA 1997 Fatality Increase (%) Per 100 Pound Reduction
Crash Mode Passenger Cars Light Trucks
Principal rollover +4.58 + 81*
Hit object +1.12 +1.44

Hit ped/bike/motorcycle — 46 - 2.03

Hit heavy truck + 1.40 +2.63

Hit passenger car - 62% - 1.39

Hit light truck +2.63 - 54
OVERALL +1.13 - 26%*

* Not statistically significant

The analysis associated a 100-pound reduction in cars with a significant increase of 302 crash
fatalities per year, and a 100-pound reduction in LTVs with a reduction of 40 crash fatalities per
year (not statistically significant).

The analysis was a regression of fatality rates per million vehicle registration years, based on
Fatality Analysis Reporting System (FARS) and Polk registration data for MY 1985-93 vehicles
in CY 1989-93 crashes. However, State crash data were used in a quite indirect way to adjust
these rates for differences in driver age and gender. Section 4.8 of this study extensively
critiques the methods of the 1997 report. In brief, the 1997 report concluded that lighter vehicles
are safer than indicated by their raw fatality rates per million years, based on the following
implicit (and essentially “hidden”) inferences from the adjustment procedure:

e Heavy cars and LTVs are driven fewer miles per year than mid-size vehicles, because
they have older drivers, and older people drive fewer miles per year.

13 Kahane (1997), op. cit., pp. vi-vii.



e Light cars and LTVs are driven more miles per year than mid-sized vehicles, because
they have younger drivers, and young people drive more miles per year.

e Therefore, the simple per-year fatality rates understate their per-mile rates of heavy
vehicles, but overstate the rates of lighter vehicles. After the adjustment, the safety
advantage of heavier vehicles shrinks for cars and vanishes for LTVs

All of these statements are false, except that older people drive fewer miles per year. In fact,
odometer readings from the National Automotive Sampling System (NASS) show that light,
mid-size and heavy cars are driven almost equal numbers of miles per year, whereas heavy LTVs
are driven substantially more miles per year than light LTVs of the same type. It is also untrue
that young people drive more miles per year than 25-50 year old adults. (See Section 2.4 of this
report.) As a result, the 1997 report underestimated the fatality increases associated with weight
reductions — in every crash mode, for both cars and LTVs. An additional source of bias was the
inclusion of 2-door cars and police cars in the calibration of the weight-safety effect in passenger
cars. High-performance 2-door cars weighing about 3,000 pounds had very high fatality rates in
some crash modes and police cars weighing about 3,700 pounds had high rates in other modes,
enough to throw the calibration off the real trend lines of fatality rates by vehicle weight.

In most crash modes the true effect was large enough that, even with these biases, the 1997
report still estimated a fatality increase. However in car-to-car, LTV-to-LTV and pedestrian
crashes, where the true effect was smaller, the 1997 report associated fatality reductions with
weight reductions. As stated above, those results now seem counterintuitive.

How did this problem escape earlier detection at NHTSA? As the critique (Section 4.8 of this
study) explains, the implicit assumptions about annual mileage are quite well hidden and are
only revealed by scrutiny of some regression coefficients in the 1997 report. But why didn’t
NHTSA staff look at the car-to-car results and say, “This can’t be right, let’s keep reviewing the
model until we find the problem”? In fact, NHTSA was already conditioned to believe that the
effect of weight reductions on car-to-car crash fatalities might be negligible, because its pre-1997
analyses, due to biases or data flaws of their own, produced similar results.

In 1989-91, NHTSA staff analyzed relationships of passenger-car weight and fatality risk in
three crash modes: rollovers, fixed-object and car-to-car. All three results are indeed very close
to the 1997 report:



NHTSA 1991 Fatality Increase (%) Per 100 Pound Reduction

Crash Mode Passenger Cars
Principal rollover +3.5

Hit object + .9

Hit ped/bike/motorcycle not analyzed

Hit heavy truck not analyzed

Hit passenger car Not statistically significant
Hit light truck not analyzed

Klein, Hertz and Borener performed the analyses of fixed-object and car-to-car crashes.'*
Logistic regressions of 1984-87 Texas and 1984-88 Maryland crash data calibrated drivers'
fatality risk per 100 towaway crash involvements, as a function of vehicle weight, driver age and
gender, crash mode, and other variables (in car-to-car crashes: the case car driver’s fatality risk
per 100 involvements as a function of both vehicles’ weights, both drivers’ ages, and other
factors). The model finds no significant change in drivers’ fatality risk when each car in a 2-car
collision is reduced by 100 pounds, but all other variables stay the same. The fatality rate in
fixed-object collisions increases by a modest but significant 0.9 percent for each 100-pound
weight reduction. (The 1997 report also found no significant effect in 2-car crashes and a 1.12
percent increase in collisions with fixed objects.)

The analysis method based on fatalities per 100 reported towaway crashes, customary at that
time and widely used even today, creates a twofold bias in favor of smaller cars and
underestimates the fatality increase per 100-pound reduction:

e By considering the probability of fatality given that a crash has already occurred, the
method only measures differences in crashworthiness. It ignores the superior directional
stability/ease of control of larger cars, that enables them to stay out of crashes entirely
(especially run-off-road/fixed object crashes).

e The measure of exposure (denominator of the fatality rate) — reported towaway crash
involvements — is itself confounded with vehicle weight. Heavier cars and LTVs have
substantially fewer reported towaway crashes per million miles than small cars. As stated
above, they have fewer crashes. Because they are more rugged, even if they have a crash,
it is less likely to require towaway. An impact that just dents a big station wagon might
disable a small, light car. Finally, even if there is a towaway, it is less likely that a police
report will be filed — if nobody is injured and the damage is not especially severe (e.g.,
when the cars are no longer brand-new).

4 Klein, T.M., Hertz, E. and Borener, S., 4 Collection of Recent Analyses of Vehicle Weight and Safety, NHTSA
Technical Report No. DOT HS 807 677, Washington, 1991; summarized in Effect of Car Size on Fatality and Injury
Risk, NHTSA, Washington, 1991.



Kahane analyzed fatal rollover crashes of MY 1970-82 cars in CY 1975-86 FARS data."” The
ratios of fatalities in most-harmful-event rollovers to fatalities in frontal impacts with fixed
objects were computed for cars of various size groups. The analysis did not control for driver
age or gender. The ratio increased by 3.5 percent per 100-pound weight reduction. This report,
too, underestimated the size-safety effect because it considered the frontal impacts a control
group with equal fatality risk at all car weights. In reality, fatality risk in fixed-object collisions
also increases as car weight is reduced. A more correct conclusion of the report would have
been: rollover fatalities increase 3.5 percent faster than frontal fixed-object fatalities, per 100-
pound weight reduction.

The results of this report, based on MY 1970-82 cars, are remarkably similar to the current study,
based on MY 1991-99 cars. Historically, lighter cars have more rollover fatalities because they
are also narrower and shorter cars. Of course, there is a natural correlation of mass, width and
length, but at least in theory it should be possible to change one and not the others (e.g., by using
different materials). The two studies show how little the relationships of mass, width, length and
rollover risk have changed in the last 30 years.

NHTSA also sponsored Mengert and Borener's 1989 analysis of fatal crashes, based on MY
1978-87 cars in CY 1978-87 FARS and Polk data.'® Separate analyses address four crash modes
which, together, comprise essentially all fatal crashes involving cars. The measure of risk, crash
fatalities per million car years (including pedestrians and occupants of other vehicles in the
crash) is similar to this study and NHTSA’s 1997 report. It accounts for crash-avoidance as well
as crashworthiness effects. However, their analysis did not adjust for driver age, gender, or any
other factor that is confounded with vehicle mass and correlated with fatality risk.

Cars were subdivided into six weight groups. In the three crash modes involving a single
passenger car, a relative fatality risk was obtained for each of the six weight groups: the
proportion of the fatalities F; in weight group i was divided by that weight group's proportion of
car registrations R ;. For example, if cars in the lightest weight group account for F; =15
percent of the single-vehicle crash fatalities and R | = 10 percent of car registrations, the relative
risk is 1.5. In the car-to-car crash mode, the relative risk was obtained for each of the 36 pairs of
weight groups: the proportion of car-to-car fatalities F ;; involving a car of weight group i and a
car of group j was divided by R;R ;. For example, if collisions between cars of the lightest
weight group and the heaviest weight group account for F ¢ = 1 percent of car-to-car fatalities, R
1 = 10 percent and R ¢ = 5 percent of car registrations, then the relative risk is 2.0. With these
measures of relative risk, Mengert and Borener could estimate the net effect on total fatalities for
any hypothetical future change in the distribution of car registrations among the six weight
groups.

' Kahane, C.J., “Effect of Car Size on the Frequency and Severity of Rollover Crashes,” Proceedings of the
Thirteenth International Technical Conference on Experimental Safety Vehicles, NHTSA, Washington, 1991, Paper
No. 91-S6-W-12.

' Mengert, P., Estimating Relative Safety of Hypothetical Weight Distribution for the National Passenger Car
Population, 1989 SAE Government/Industry Meeting, Washington, May 3, 1989.



If all passenger cars were to be reduced in weight by 100 pounds, while vehicles other than
passenger cars remain unchanged, the Mengert-Borener model predicted the following effects on
crash fatalities:

Mengert-Borener 1989 Fatality Increase (%) Per 100 Pound Reduction

Crash Mode Passenger Cars
Rollover or hit object +2.0
Hit pedestrian/bike -24
Hit LTV/heavy truck/motorcycle +1.0
Hit passenger car - .8
OVERALL + .5

These results, too, are consistent with the small overall size-safety effect in NHTSA’s 1997
report, and in particular show a reduction in car-to-car and car-to-pedestrian crash fatalities as
car weight is reduced. The detrimental effects of weight reduction were confined to single-
vehicle crashes and collisions with LTVs and heavy trucks.

However, when the analyses were limited to later calendar years of FARS data, all the results
shifted substantially in favor of larger cars: the effect of a 100-pound reduction became 1 to 2
percentage points stronger (or less negative) in each crash mode. It is unknown why the full
model showed such small size-safety effects, or why the results shifted in later calendar years of
FARS. Possible issues include:

e The absence of any control for driver age/gender, urban/rural, etc.

e The inclusion of 2-door cars in the analysis. High-performance cars weighing about
3,000 pounds might have fatality rates high enough to influence overall results.

e The use of only six weight classes might have created unexpected discontinuities.

Section 6.7 of this report updates the Mengert-Borener analysis of car-to-car crashes, applying
their model to CY 1995-2000 FARS data on MY 1991-99 cars — but limited to 4-door cars and
using ten rather than six weight classes. The effect of a 100-pound reduction is an intuitively
much more reasonable 2.74 percent fatality increase, not the 0.8 percent decrease seen by
Mengert and Borener. Unfortunately, this new result was not available in 1995-97. Thus, the
Mengert-Borener study and NHTSA’s 1989-91 analyses may both have conditioned NHTSA
staff not to be alarmed when their 1997 analyses did not show a significant increase in car-to-car
crash fatalities as car weight decreased.
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Of course, NHTSA is not the only organization studying relationships between vehicle size and
fatality risk. For example, as early as 1982-84, Evans analyzed a group of car crashes including
rollovers, fixed-object impacts and collisions with heavy trucks and LTVs.!” He calibrated that
fatality risk increased by 2.6 to 4.8 percent per 100-pound reduction of car weight. The range is
quite consistent with the results of this study, nearly 20 years later. The National Research

Council's 1992 analysis of fuel economy issues extensively reviewed the size-safety literature.'®

1.4 NHTSA’s car-light truck compatibility research

The agency has been researching fleet compatibility since 1993." The long-term goal is to
develop safety standards that will reduce crash fatalities and injuries for the entire vehicle fleet,
while also providing a high degree of safety in each type of vehicle. In collisions between two
different types of vehicles, say a large LTV and a small car, the objective is to reduce fatality risk
in the car, without increasing risk in the LTV. That may require increasing crashworthiness of
the car, but it might be better accomplished by reducing the aggressiveness of the LTV, or by a
judicious combination of both. The research has identified three main sources of mismatch
between vehicles:

e Mass incompatibility (one vehicle is much heavier than the other)

e Structural incompatibility (one vehicle is much more rigid than the other)

e Geometric incompatibility (one vehicle applies force at a height above the other
vehicle’s structures designed to withstand force)

Mass is easily measured placing a vehicle on scales. NHTSA’s research staff has identified ways
to measure vehicles’ rigidity and height-of-force using data collected during NHTSA’s crash
tests.

NHTSA has also sponsored extensive statistical analyses, based on crash data, of the relative
aggressiveness and compatibility of various vehicles, and the relationships of vehicles’ rigidity
and height-of-force to their aggressiveness in actual crashes.”” Unlike the size-safety analyses,
where this study’s goal is to supersede all estimates in NHTSA’s 1997 report, this study’s

" Evans, L., Car Mass and the Likelihood of Occupant Fatality, Paper No. 820807, Society of Automotive
Engineers, Warrendale, PA, 1982; Evans, L., “Driver Fatalities versus Car Mass Using a New Exposure Approach,”
Accident Analysis and Prevention, Vol. 16, 1984, pp. 19-36; see also Crandall, R.W., and Graham, J.D., “The Effect
of Fuel Economy Standards on Automobile Safety,” Journal of Law and Economics, 1989.

'8 Automotive Fuel Economy: How Far Should We Go?, National Academy Press, Washington, 1992, pp. 47-68.

"% Gabler, H.C. and Hollowell, W.T., “NHTSA’s Vehicle Aggressivity and Compatibility Research Program,”
Proceedings of the Sixteenth International Technical Conference on the Enhanced Safety of Vehicles, NHTSA,
Washington, 1996, Paper No. 98-S3-0-12; Gabler, H.C. and Hollowell, W.T., The Aggressivity of Light Trucks and
Vans in Traffic Crashes, Paper No. 980908, Society of Automotive Engineers, Warrendale, PA, 1998; Gabler, H.C.
and Hollowell, W.T., “The Crash Compatibility of Cars and Light Trucks,” Journal of Crash Prevention and Injury
Control, Vol. 2, March 2000, pp. 19-31; Summers, S., Prasad, A., and Hollowell, W.T., NHTSA s Compatibility
Research Program Update, Paper No. 01B-257, Society of Automotive Engineers, Warrendale, PA, 2000;
Hollowell, W.T., Summers, S.M., and Prasad, A., op. cit.

2 Joksch, H., Massie, D. and Pickler, R., Vehicle Aggressivity: Fleet Characterization Using Traffic Collision Data,
NHTSA Technical Report No. DOT HS 808 679, Washington, 1998; Joksch, H., Vehicle Design versus
Aggressivity, NHTSA Technical Report No. DOT HS 809 184, Washington, 2000.
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objective on car-LTV compatibility is merely to complement and, if possible, to corroborate the
existing analyses. The size-safety part of this study included setting up crash and exposure
databases for analyzing fatality risk in two-vehicle collisions, per billion miles of each vehicle,
by various characteristics of the vehicles and their drivers. These databases happen to be just the
right thing for also studying the relative aggressiveness of different types of vehicles.

NHTSA researchers have defined an “aggressivity metric” for vehicle-to-vehicle crashes, equal
to the number of occupant fatalities in the “other” vehicle per 1000 police-reported crashes
involving the case vehicle. For example, per 1000 2-vehicle crashes in which the “case” vehicle
is a large pickup truck, there are 2.89 fatalities in the “other” vehicles (which may be cars, LTVs,
etc.). When the “case” vehicle is a large car, there are only 0.83 fatalities in the other vehicles.
Thus, the aggressivity metric for large pickup trucks is almost 3% times the metric for large cars.

This aggressivity metric is clearly defined. Since it is based on fatality rates per 1000 crashes, it
does not take crash-proneness of various vehicle types into account. That makes sense here;
unlike size-safety analyses, crash-proneness should be filtered out in measuring aggressiveness
in crashes. However, as stated in Section 1.3, rates that are measured per 1000 police-reported
crashes can be biased against the larger vehicles — because large, rugged vehicles often don’t
have enough damage (if any) to make a crash worth reporting. Rugged, utilitarian vehicles, such
as five-year-old full-sized pickup trucks, may have even fewer reported low-level crashes. The
truck has a few scratches the owner doesn’t care about; the other vehicle’s owner agrees to repair
his or her own damage; nobody gains by reporting the crash. Since the crashes that are reported
are, on the average, fairly severe, the fatality rate per 1000 reported crashes is high.

Therefore, the analyses of this study, based on fatality rates per billion miles rather than per 1000
crashes, and controlling for each vehicle’s weight, each driver’s age and gender, urban/rural, etc.
may in some ways give a more accurate comparison of the intrinsic aggressiveness of different
types of vehicles, or at least a comparison that’s not biased against the more rugged vehicle
types. On the other hand, the per-mile approach in this study does not filter out the differences in
crash-proneness. It complements the aggressivity metric. Together, they provide a fuller
analysis of aggressiveness, and its correlation with a vehicle’s rigidity and height-of-force.

1.5 Scope and limitations of this study

This study computes crash fatality rates per billion miles of different MY 1991-99 vehicles in
CY 1995-2000: light, mid-size and heavy passenger cars, pickup trucks, SUVs and vans. Crash
fatalities include occupants of all the vehicles involved in a collision, plus any pedestrians. It
then adjusts these rates to put them on as “level a playing field” as possible, in order to discover
the intrinsic difference in the fatality rates of light vs. heavy vehicles, and of cars vs. LTVs.

For example, since heavy cars had older drivers than light cars, putting heavy and light cars “on
a level playing field” requires computing fatality rates for heavy vs. light cars for drivers of any
specific age. Since pickup trucks were driven more in rural areas than cars, a fair comparison
requires computing both rural and urban fatality rates for each vehicle type. Since light trucks
were driven more miles per year than cars, it is appropriate to compare the fatality rates of trucks
and cars per mile rather than per year.
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This analysis allows comparison of the fatality rate of a MY 1991-99 passenger car and a MY
1991-99 LTV of the same mass, given drivers of the same age and gender, the same urban/rural
mileage, etc. It estimates the trend in fatality rates ranging from the heaviest to the lightest
vehicles — the average percentage increase per 100 pound reduction. The “percentage fatality
increase per 100-pound reduction,” in the context of these analyses, does not mean the effect of
literally removing 100 pounds from a specific vehicle. It is the average percentage difference in
the fatality rate of 1991-99 models weighing W pounds and the fatality rates of other 1991-99
models weighing W-100 pounds, given drivers of the same age/gender, etc — e.g., given 30-year-
old male drivers on urban roads.

The analysis is not a “controlled experiment” but a cross-sectional look at the actual fatality rates
of MY 1991-99 vehicles, from the heaviest to the lightest. Since most people are free to pick
whatever car or LTV they wish (limited only by their budget constraints), owner characteristics
and vehicle use patterns can and do vary by vehicle weight and type. This study tries, when
possible, to quantify and adjust for characteristics such as age/gender or urban/rural, and at least
to give an assessment of uncertainty associated with the less tangible characteristics such as
“driver quality.” But, ultimately, we can never be sure that a 30-year-old male operating a large
LTV on an urban road at 2:00 p.m. in a Western State drives the same way as a 30-year-old male
operating a smaller LTV/light car/heavy car on an urban road at 2:00 p.m. in a Western State.
We can gauge the uncertainty in the results, but unlike some controlled experiments, there is not
necessarily a single, “correct” way to estimate it.

These are descriptive analyses of the fatal-crash experience of actual 1991-99 make-models.
Results, of course, could be different for future vehicles. Specifically, some of the LTVs in those
years were rollover-prone, aggressive vehicles. A new generation of more stable, less aggressive
LTVs, including entirely new designs such as car-based “crossover” SUVs as well as less
sweeping redesigns of existing LTVs, could have significantly lower fatality rates.

One area for possible future analysis is to look more closely at “before vs. after” fatality rates of
specific make-models that were redesigned, with important changes in materials or structure:
using more of a time-series than a cross-sectional approach.

Improvements in the databases might be considered in future analyses. The current study relies
on NASS data to obtain estimates of annual mileage. The main purpose is to compare the
average mileage of various types of LTVs to cars, and NASS ought to provide an unbiased
comparison. Nevertheless, a much larger database of annual inspection readings from various
States might be useful for more accurate estimates of absolute mileage, perhaps at the make-
model level.

State crash files were used to obtain “induced-exposure” data to subdivide vehicle miles by

driver age/gender, etc. This study improves on the 1997 report by returning to the customary,
tested definition of “induced-exposure” involvement: the non-culpable vehicle in a 2-vehicle
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collision. These vehicles are believed to be an essentially random sample of travel through any
specific area.”’ The analysis might be further improved if such data could be obtained from
more than eight States. Perhaps, traffic-count or survey data indicating the distribution of overall
mileage by urban/rural, speed limit, day/night, etc. could be combined with the induced-exposure
data to obtain a more accurate subdivision of the vehicle miles, and a more accurate adjustment
for those factors.

Geodemographic data on an appropriate sample of vehicle owners, based on their Zip Code of
residence or other information, might be useful for analyzing the relationship of driver income or
attitudes, the type of vehicle they select, and their fatal crash rates.

2 Stutts, J.C., and Martell, C., “Older Driver Population and Crash Involvement Trends, 1974-1988, Accident
Analysis and Prevention, Vol. 28, pp. 317-327 (August 1992).
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CHAPTER 2

DATABASE TO STUDY FATALITIES
PER MILLION YEARS OR BILLION MILES

2.0 Summary

The objective of this study is to compare the fatality rates of different vehicles on as “level a
playing field” as possible, in order to discover the intrinsic difference in the safety of light vs.
heavy vehicles, and of cars vs. light trucks. The data base must include information about
drivers’ age and gender, and other factors that differ by vehicle weight or type, in order to allow
adjustments for those differences. For example, since heavy cars have older drivers, on the
average, than light cars, putting heavy and light cars “on a level playing field” requires
computing fatality rates for heavy vs. light cars for drivers of any specific age. Since pickup
trucks are driven more in [higher-risk] rural areas than cars, a fair comparison of pickup trucks
and cars requires computing both rural and urban fatality rates for each. Since light trucks are
driven more miles per year than cars, it is appropriate to compare the fatality rates of trucks and
cars per mile rather than per year (since truck fatality rates per year would be inflated by their
higher mileage).

The Fatality Analysis Reporting System (FARS) provides most of the information about fatal
crashes needed for this study: the type of crash and number of fatalities, the age and gender of
the driver(s), the time and location. No single database has comparable exposure information for
the “denominators” needed to compute fatality rates. R.L. Polk’s National Vehicle Population
Profiles (NVPP) count the number of vehicles of a given make-model and model year registered
in any calendar year. National Automotive Sampling System (NASS) data, with odometer
readings for crash-involved vehicles, permit estimates of annual mileage; NASS data also
specify the number of occupants per vehicle. State data on nonfatal crashes, specifically,
“induced-exposure” crashes, allow classification of the mileage by age, gender, urban/rural and
other characteristics corresponding to the FARS data. (Induced-exposure crashes are
involvements as the non-culpable vehicle, in a two-vehicle collision. The distribution of such
involvements within a particular area is believed to be an essentially random sample of travel
through that area.) Accurate estimates of the curb weight of vehicles are assembled from several
publications.

This chapter describes how the various sources are merged to generate a single data base for
model year 1991-1999 vehicles in calendar years 1995-2000 that parses vehicle miles by vehicle
weight, driver age, gender, urban/rural, ... and is suitable for direct use in logistic regressions to
calibrate fatality risk as a function of these variables.

2.1 Vehicle classification and curb weight

The Vehicle Identification Number (VIN) allows precise classification of vehicles and analysis
of their body style and safety equipment. The VIN is known, with few missing data on FARS
(fatal crashes), NASS (odometer readings) and eight State files (induced-exposure crashes)
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available for analysis at NHTSA for calendar years 1995-99: Florida, Illinois, Maryland,
Missouri, North Carolina, Ohio, Pennsylvania and Utah. The VIN itself, however, is not coded
on Polk registration files, or listed in publications that specify curb weights.

NHTSA staff developed a series of VIN analysis programs in 1991 for use in evaluations of
Federal Motor Vehicle Safety Standards and other vehicle safety analyses.! The programs are
updated periodically and available to the public. They were extended to model year 1999 in
preparation for this study. Based entirely on the VIN, the programs identify a vehicle's make-
model, model year and body type, and the type of restraint system for the driver and the right-
front passenger. Each vehicle is assigned two four-digit codes: a fundamental vehicle group
(that includes all of a manufacturer’s vehicles of the same type and wheelbase, and runs for
several years, until those vehicles are redesigned) and a specific make-model. For example,
Chevrolet Cavalier and Pontiac Sunfire, for model years 1995-99 are two make-models that
comprise a single car group. Body styles of passenger cars, based on the VIN, are 2-door
convertibles, 2-door coupe/sedans, 3-door hatchbacks, 4-door sedans, 5-door hatchbacks, and
station wagons. Light-truck types are pickups, SUVs, minivans and full-sized vans.

Whereas Polk data do not include the actual VIN, their VIN-derived variables suffice to define
exactly the fundamental vehicle group, specific make-model and body style/truck type as above,
and permitted the Polk data to be merged with FARS or State crash data. Polk data specify the
number of vehicles registered as of July 1 of every calendar year.

“Curb weight” is the weight of a ready-to-drive vehicle with a full tank of fuel and all other
fluids, but no driver, passengers or cargo (as opposed to the “shipping weight,” that excludes
some fluids, and the “gross vehicle weight rating,” that includes the vehicle and its permissible
maximum load of occupants and cargo). Curb weight information is originally derived from
seven sources:

1. R.L. Polk’s National Vehicle Population Profile data base (cars only)
1991-99 Gasoline Truck Index and Import Truck Index, published by Truck Index, Inc.,
Santa Ana, CA (light trucks only)

3. 1991-99 Branham Automobile Reference Books, Branham Publishing Co., Santa Monica,
CA (cars and light trucks)

4. Passenger vehicle specifications data base supplied to NHTSA by the former American
Automobile Manufacturers Association (AAMA) (selected cars and light trucks)

5. 1991-99 Ward’s Automotive Yearbooks, Ward’s Publications, Detroit (cars and light

trucks)

Curb weights listed in NASS data (and generally derived from the preceding sources)

7. Actual curb weight measurements of 1,165 selected 1991-99 cars and light trucks
compliance-tested or crash-tested by NHTSA, its contractors or other organizations

.O\

! Kahane, C.J., Correlation of NCAP Performance with Fatality Risk in Actual Head-On Collisions, NHTSA
Technical Report No. DOT HS 808 061, Washington, 1994, pp. 18-19; Kahane, C.J., Relationships between Vehicle
Size and Fatality Risk in Model Year 1985-93 Passenger Cars and Light Trucks, NHTSA Technical Report No.
DOT HS 808 570, Washington, 1997, pp. 15-17.
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The first six references are in turn all derived from the same original sources: the manufacturers
official weights for vehicles of a specified make-model and subseries (and, perhaps, engine +
transmission), with all equipment standard for that subseries [+ engine + transmission], but
without any additional, purely optional equipment.

Polk data specify generally complete and reliable curb weights for cars, but none for trucks.
Since Polk also specifies the number of registered vehicles in each subseries [+ engine +
transmission], a sales-weighted average curb weight can be computed for each fundamental car
group, specific make-model, body style and model year (“sales” in model year MY are
approximately equal to NVPP’s number of vehicles of that MY registered on July 1, MY+1).

The other publications include narrative descriptions of the models and subseries that are
generally more than adequate to determine exactly the applicable 4-digit vehicle-group and
make-model codes, and the body style. If several weights are specified for the same make-model
(e.g., various subseries/engines), the mode (if known) or the median is selected.

Two other potential data sources were not used in this study: the vehicle weights currently listed
on the FARS file, because they are not necessarily the curb weights; and the Environmental
Protection Agency’s file of CAFE test weights, because this file often does not describe models
in enough detail to determine the applicable 4-digit vehicle-group and make-model codes.

In contrast to the published, manufacturer-defined weights for vehicles with standard equipment
only, NHTSA’s compliance and crash test contractors actually put “real” vehicles on a scale and
measure their curb weights. The government acquires “typical” vehicles from the stock of retail
dealerships near the test laboratories, generally equipped with the standard and optional features
customers want (seven cases were not used, where NHTSA tested vehicles specially converted to
battery or natural-gas power). This database, by itself, is not suitable for estimating all curb
weights (since most make-models are not tested every year), but it is exceedingly useful for
identifying and correcting biases in the published weights. Whereas, before 1990, the average
discrepancy between measured and published curb weight was often 3 percent or more in
passenger cars’, it has now shrunk to an average of 1 percent in cars and 2 percent in light trucks.
That is because automatic transmissions and air-conditioning, once “optional” except on the
most expensive cars, are now standard equipment on many make-models, or at least on subseries
of those models.

Although the published weights are supposedly derived from manufacturer sources, there are
instances where they disagree with one another, are inconsistent from year to year (e.g., the
weight for 1993 is substantially higher than for 1991-92 and 1994-95), or are inconsistent for
closely related make-models (e.g.: 1. Nearly identical “corporate cousins” have substantially
different weights. 2. The differences between 4X2 and 4X4 trucks, or regular-cab and king-cab,
are unreasonably small or large). The following procedures were used to reconcile the published
and measured weights, and to develop the most realistic tables of curb weights by make-model:

?Kahane (1994 NCAP), pp. 21-27.
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e For passenger cars, the starting point was the Polk NVPP weight (averaged by make-
model and body style). They were replaced by AAMA or NASS weights if those were
more plausible. (E.g., for some foreign-based manufacturers, Polk sometimes specifies
the same, lowest weight for all subseries of a make-model, while AAMA shows a
plausible variety of weights.) Weights are then compared year-to-year, across closely
related models, across body styles, and with the weights measured in compliance and
crash tests, and are adjusted, if necessary, to smooth year-to-year trends and eliminate
inconsistencies.

e For light trucks, the starting point was the Truck Index weight. For nameplates not
included in the Truck Index and other missing weights, Branham was consulted, and if
also missing there, Ward’s. These were replaced by AAMA weights if they were more
plausible. Weights are then compared year-to-year, across closely related models
(corporate cousins, 4X2 and 4X4, regular cab and king cab, etc.), and with the weights
measured in compliance and crash tests, and are adjusted, if necessary, to smooth year-to-
year trends and eliminate inconsistencies.

Best estimates of curb weight, by fundamental vehicle group, make-model, body style and model
year, are shown in Appendix A of this report for cars, and Appendix B for pickup trucks, SUVs,
minivans and full-sized vans. They are based on curb weights published by the manufacturers,
adjusted where necessary for consistency year-to-year and across closely related models. These
are the curb weights used in most of the analyses of this report, where the weight-safety effect is
calibrated separately in passenger cars and light trucks.

However, in the statistical analyses that combine data for cars and light trucks, such as those that
compare the intrinsic fatality risk of cars and trucks of the same weight, it is especially important
that curb weights be directly comparable. As stated above, the actual measured weight of the
passenger cars in compliance and crash tests averaged 1 percent higher than the weights in
Appendix A, and the actual weight of light trucks in these tests averaged 2 percent higher than
the weights in Appendix B. To put cars and trucks on a “level playing field” in these analyses,
the weights in Appendices A and B are inflated by the following percentages that depend on the
manufacturer and the vehicle type, and represent in each case the average excess of the actual
weights of the test vehicles over the “nominal” weights in the Appendices:
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Percent Increase over Weights in Appendices A and B

Cars Pickups SUVs Vans

Chrysler, Jeep, Dodge, etc. 1.92 3.76 1.68 2.75

Ford .88 3.44 1.79 2.39

GM 54 3.96 2.36 2.41

All overseas-based manufacturers’ 2.52 1.20 1.56
Japan-based 1.13
European-based .85
Korea-based 2.31

2.2 Fatal crash involvements: FARS data reduction

The preparation of fatal crash data involves identifying: (1) the vehicle’s make-model and body
style, and its curb weight, based on VIN analysis, as described in the preceding section; (2) the
crash mode, depending on the types of other vehicles and non-occupants involved (if any), and
the impact points of the various vehicles; (3) potential dependent variables, such as counts of
fatalities in the vehicle or crash; (4) potential control variables, factors that correlate with both
vehicle weight and fatality risk, such as driver age, urban/rural, etc.

The 1995-2000 FARS files contain 137,900 records of crash-involved vehicles of model years
1991-99 with VINs that can be decoded and identified as passenger cars or light trucks (pickups,
SUVs and vans, including incomplete vehicles and “300-series” pickups and vans with GVWR
slightly over 10,000 pounds). A single fatal crash will generate a vehicle record for each MY
1991-99 car or light truck involved in it (but procedures are later developed to avoid “double-
counting” the fatalities). These 137,900 “case” vehicle records are assigned to six basic crash
modes (that have the same names as in NHTSA’s 1997 report, but slightly different definitions):

3 Separate inflation factors are computed for Japan-based, European-based and Korea-based passenger cars, since
there were substantial numbers of each. Among pickup trucks, SUVs and vans, however, there were only a few
European-based and Korea-based models, or none at all, during the 1990’s; a single inflation factor is computed for
all overseas-based manufacturers.
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Cars Light Trucks

1. Principal rollovers 4,344 6,677
2. Collisions with fixed objects, etc. 16,597 9,986
3. Collisions with pedestrians/bikes/motorcycles 10,301 8,385
4. Collisions with heavy trucks 6,384 3,945
5. Collisions with passenger cars 19,680 20,918
6. Collisions with light trucks 17,053 7,956
Other/unknown crash mode 3,050 2,624

77,409 60,491

A more detailed classification of crash involvement types, and their FARS definitions, is shown
in Table 2-1. Principal rollovers are single-vehicle crashes where the rollover is the first truly
harmful event (although FARS may code the tripping mechanism, such as a ditch, as the “first”
harmful event). The second mode includes all single-vehicle crashes that are not principal
rollovers and were not fatal to pedestrians or bicyclists; the vast majority of these are collisions
with fixed or sizable objects (but many involve secondary rollover). Mode 3 includes collisions
with pedestrians, bicyclists and motorcyclists, where the fatality is almost always the “other”
road user, not a “case” vehicle occupant. Modes 4, 5, and 6 include all 2-vehicle collisions
where the case vehicle is a 1991-99 car or light truck and the “other” vehicle is a heavy truck,
car, or light truck, respectively — of any model year, not necessarily 1991-99. They also include
3- and 4-vehicle collisions involving only two vehicle types (when the other vehicles are a mix
of cars and light trucks, the involvement is assigned to mode 6 if the case vehicle is a car, and
mode 5 if it is a light truck). For most crash types, car involvements exceed light-truck
involvements, simply because cars outnumbered light trucks in MY 1991-99. Exceptions where
light-truck are overrepresented to the extent of exceeding car involvements are rollovers,
noncollisions including “falls from a moving vehicle” and frontal impacts to the side of a car.

Potential dependent variables include (1) the number of fatalities in the crash that the case
vehicle was involved in (FATALS), (2) the number of occupant fatalities in the case vehicle
(DEATHS), (3) the fatality/survival of the driver of the case vehicle, (4) the sum of occupant
fatalities in other vehicles involved in the crash (but not the case vehicle).
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TABLE 2-1: FATAL CRASH INVOLVEMENT TYPES
(with number of crash involvements by MY 1991-99 vehicles in CY 1995-2000)

Cars LTVs

1. PRINCIPAL ROLLOVERS 4,344 6,677
Includes: (1) first-harmful-event rollovers, (2) first harmful event =
curb, ditch, pothole, snow, non-collision and most harmful event = rollover,
(3) first harmful event = curb, ditch, pothole, snow, rollover = yes,
principal damage = top

2. COLLISIONS WITH FIXED OBJECTS, ETC. 16,597 9,986
Includes all single-vehicle crash involvements except principal
rollovers and crashes that resulted in non-occupant or motorcyclist
fatalities. Includes:
10. Hit object (most harmful event 14-48), principal impact frontal 6,548 3,902
11. Hit object, principal impact on the side 3,934 1,171
12. Hit object, most harmful event/impact is subsequent rollover 3,694 3,183
13. Hit object, most harmful event is fire/immersion/noncollision 360 233
14. Hit object, other/unknown principal impact 830 316
15. Collision with train 364 348
16. Collision with animal 119 66
17. Collision with parked vehicle 495 312
18. First harmful event is fire/immersion/fell from veh./noncollision 224 441
19. All other single-vehicle crashes (but not principal rollover/ped/bike) 29 14

3. COLLISIONS WITH PEDESTRIANS/BIKES/MOTORCYCLISTS 10,301 8,385
Includes all crashes fatal to pedestrians/bicyclists/motorcyclists except
crashes that (1) involved more than one passenger vehicle and (2) were
also fatal to occupants of the passenger vehicles

Includes:

21. 1 passenger vehicle (PV) killed pedestrian(s) 6,019 4,812
22. 1 PV killed bicyclist(s) 821 799
23. 1 PV killed other non-occupant(s) (equestrians, skateboarders, etc.) 4 12
24. 1 PV killed multiple types of non-occupants 0 0
25. 2+ vehicles involved, fatal only to non-occupant(s) 1,538 998
26. 1 PV killed motorcyclist(s) 1,488 1,442
27. 1PV hit 1 motorcycle, fatal to PV occupant or both 37 14
28. 3+ vehicles involved, fatal only to motorcyclist(s) 394 307
29. 1+ PV, killed non-occupant(s) plus motorcyclist(s) 0 1
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TABLE 2-1 (continued): FATAL CRASH INVOLVEMENT TYPES
(with number of crash involvements by MY 1991-99 vehicles in CY 1995-2000)

Cars LTVs
4. COLLISIONS WITH HEAVY TRUCKS 6,384 3,945
Includes crashes in which at least one of the other vehicle(s) is a
heavy truck or bus(GVWR > 10,000), based on (1) the VIN, if known
(2) manufacturer (only builds heavy trucks) or BODY TYP, if VIN is missing
Excludes 3+ vehicle crashes involving more than 3
vehicle types, and all 5+ vehicle crashes. Includes:
31. 1PV + 1 heavy truck, frontal impact by PV 2,694 2,159
32. 1PV + 1 heavy truck, side impact to PV 1,988 828
33. 1 PV + 1 heavy truck, rear impact to PV 268 163
34. 1PV + 1 heavy truck, unknown impact area on PV 121 94
35. 3-4 vehicles, including 1+ heavy truck(s) 1,313 701
5. COLLISIONS WITH PASSENGER CARS 19,680 20,918

Includes 2-vehicle collisions where the other vehicle is a car; 3-4 vehicle
crashes where all the “other” vehicles are cars; 3-4 vehicle crashes where
the case vehicle is a light truck and the other vehicles are a mix of cars
and light trucks. Includes:

41. Hit car, front-to-front, case (CV) and other vehicle (OV) going straight 5,530 4,722

42. Hit car, front-to-front, CV going straight, OV turning 562 464
43. Hit car, front-to-front, CV turning, OV going straight 512 293
44. Hit car, front-to-front, other/unknown maneuvers 80 62
45. Front of CV hit side of car, OV turning 1,207 2,120
46. Front of CV hit side of car, OV not turning (e.g., angle collision) 2,973 4,840
47. Front of CV hit rear of car 662 638
48. Front of CV hit car, other/unknown impact area on OV 114 92
49. 3-4 vehicle crash, frontal damage to CV 1,933 3,748
50. Side of CV hit by front of car, CV turning 1,156 202
51. Side of CV hit by front of car, CV not turning (e.g., angle collision) 2,770 1,051
52. Hit car, side-to-side 226 213
53. Side of CV hit by car, other/unknown impact area on OV 66 42
54. 3-4 vehicle crash, side damage to CV 629 796
55. Rear of CV hit by front of car 582 571
56. Rear of CV hit by car, other/unknown impact area on OV 83 69
57. 3-4 vehicle crash, rear damage to CV 319 626
58. Other/unknown impact area on CV, OV is car 182 216
59. 3-4 vehicle crash, other/unknown impact on CV 94 153
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TABLE 2-1 (continued): FATAL CRASH INVOLVEMENT TYPES
(with number of crash involvements by MY 1991-99 vehicles in CY 1995-2000)

Cars LTVs

6. COLLISIONS WITH LIGHT TRUCKS 17,053 7,956
Includes 2-vehicle collisions where the other vehicle is a light truck
or van (LTV); 3-4 vehicle crashes where all the “other” vehicles are LTVs;
3-4 vehicle crashes where the case vehicle is a car and the other vehicles
are a mix of cars and LTVs. Includes:
61. Hit LTV, front-to-front, CV and OV going straight 3,542 3,018
62. Hit LTV, front-to-front, CV going straight, OV turning 229 155
63. Hit LTV, front-to-front, CV turning, OV going straight 303 131
64. Hit LTV, front-to-front, other/unknown maneuvers 43 31
65. Front of CV hit side of LTV, OV turning 201 291
66. Front of CV hit side of LTV, OV not turning (e.g., angle collision) 874 1,213
67. Front of CV hit rear of LTV 441 355
68. Front of CV hit LTV, other/unknown impact area on OV 108 83
69. 3-4 vehicle crash, frontal damage to CV 3,104 523
70. Side of CV hit by front of LTV, CV turning 1,533 226
71. Side of CV hit by front of LTV, CV not turning (e.g., angle collision) 3,656 1,057
72. Hit LTV, side-to-side 175 120
73. Side of CV hit by LTV, other/unknown impact area on OV 72 42
74. 3-4 vehicle crash, side damage to CV 1,398 131
75. Rear of CV hit by front of LTV 458 305
76. Rear of CV hit by LTV, other/unknown impact area on OV 55 36
77. 3-4 vehicle crash, rear damage to CV 581 97
78. Other/unknown impact area on CV, OV is LTV 137 120
79. 3-4 vehicle crash, other/unknown impact on CV 143 22
OTHER CRASH INVOLVEMENT TYPES 3,050 2,624
92. Crash fatal to PV occupants and pedestrians/bicyclists 43 32
93. 3-4 vehicles including motorcycles, fatal to PV occupants or both 16 13
94. PV hit snowmobile, farm vehicle, etc. 98 111
95. PV hit vehicle of unknown type 73 53
96. 3-4 vehicle crash involving vehicles of 3 or more types 1,111 1,183
97. 5+ vehicle crash 1,709 1,232
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The following potential control variables for “case” vehicles are defined directly from FARS
data:

DRVAGE — Driver age (range 14 to 96)
Based on the person-level variable AGE, for the driver of the case vehicle. Include if 14 to 96.
Delete case if AGE=97 (97 or older), 99 (unknown), less than 14, or if no driver record exists.

DRVMALE — Driver male (values 0, 1, missing)

Based on the person-level variable SEX, for the driver of the case vehicle. If SEX=1 (male) then
DRVMALE=1, else if SEX=2 (female) then DRVMALE=0, else if SEX=9 (unknown) then
DRVMALE = missing

DRVBELT — Driver’s belt use (values 0, 0.73, 1)

Based on the person-level variable REST USE, for the driver of the case vehicle. If

REST USE=0 (not used) then DRVBELT=0, else if REST USE=1,2,3,8,13 (shoulder; lap; lap-
shoulder; used, type unspecified; used incorrectly) then DRVBELT=1, else if REST USE=99
(unknown if used) then DRVBELT=.73 (since 73% of the people with known values on this
variable are belted, for MY 1991-99 in CY 1995-2000")

NITE — Crash happened between 7:00 P.M. and 4:59 A.M. (values 0, 1, missing)

Based on the accident-level variable HOUR. If HOUR = 6-18 (i.e., 6:00 a.m. — 6:59 p.m.) then
NITE = 0, else if HOUR = 0-5 or 19-24 then NITE = 1, else if HOUR = 99 (unknown) then
NITE = missing

RURAL — Crash happened on a rural road (values 0, 1, missing)

Based on the accident-level variable ROAD FNC, except in Maryland and Utah’. If

ROAD FNC = 1-9 (various types of rural roads) then RURAL=1, else if ROAD FNC =11-19
then RURAL = 0, else if ROAD FNC = 99 (unknown) then RURAL = missing

* The assumption that the unknowns currently (1995-2000) have the same distribution of belt use as the knowns is
untested. Kahane, C.J., An Evaluation of Occupant Protection in Frontal Interior Impact for Unrestrained Front
Seat Occupants of Cars and Light Trucks, NHTSA Technical Report No. DOT HS 807 203, Washington, 1988, pp.
129-132 suggests occupants with unknown belt use on 1975-86 FARS have fatality risk corresponding to a
population with 29 percent use of 3-point belts, whereas Goryl, M.E., and Bowman, B.L., Restraint System Usage in
the Traffic Population, 1986 Annual Report, NHTSA Technical Report No. DOT HS 807 080, Washington, 1987, p.
2 shows actual belt use ranging from 11 to 39 percent in those years and perhaps averaging 15 percent. In any case,
this is almost a moot point because DRVBELT is not used in any of the analyses of Chapters 3-5 and only one
analysis of Chapter 6.

>The Maryland State crash file available at NHTSA has no rural/urban variable. The county variable permits a
common definition of “rural” in Maryland FARS and State data. If COUNTY = 3,5,27,31,33,510 (Anne Arundel,
Baltimore Co., Howard, Montgomery, Prince Georges, Baltimore City) set RURAL=0, else RURAL=1. Utah
FARS data have an unreasonably high proportion of “rural” crashes (for a State where much of the population is
concentrated in urban areas). The accident-level variable LOCALITY on the State file is merged onto FARS. If
LOCALITY = 5,6 (farms & fields, open country) then RURAL = 1; else if LOCALITY = 1,2,3,4,7 (industrial,
commercial, residential, school, church) then RURAL = 0, else RURAL = missing.
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SPDLIMSS5 — Crash happened on a road with speed limit 55 or more (values 0, 1, missing)
Based on the accident-level variable SP_LIMIT. If SP_LIMIT = 5-50 then SPDLIMS55 =0, else
if SP_LIMIT = 55-75 or (STATE=30 and SP_LIMIT=0: Montana, no speed limit) then
SPDLIMSS =1, else SPDLIMSS5 = missing

WET - Crash on a wet road, or other adverse nonfreezing condition (values 0, 1, missing)
SNOW _ICE — Crash on a snowy or icy road (values 0, 1, missing)

Based on the accident-level variable SUR_ COND. If SUR_COND =1 (dry) then WET = 0 and
SNOW _ICE = 0; else if SUR_COND = 2,5,8 (wet, sand, dirt, oil, other) then WET = 1 and
SNOW _ICE = 0; else if SUR_COND = 3,4 (snow, slush, ice) then WET = 0 and SNOW _ICE =
I; else if SUR_COND = 9 (unknown) then WET = missing and SNOW_ICE = missing

CY — Calendar year of the crash, range 1995 to 2000

VEHAGE — Age of the case vehicle, CY-MY, range 0 (for a new vehicle) to 9 (MY 1991 in CY
2000). Exclude if CY-MY =-1.°

HIFAT ST — Crash happened in a State with a higher-than-average fatality rate (values 0, 1)
Based on the accident-level variable STATE. If the State had a higher-than-national-average
overall fatality rate per million vehicle years, HIFAT ST =1, else 0.

The fatality rate is the sum of 1995-99 traffic fatalities, divided by 1999 registered vehicles, as
listed in Traffic Safety Facts, 1996-1999, NHTSA. The 25 States with lower-than average rates
are Alaska, California, Colorado, Connecticut, Hawaii, Illinois, Indiana, lowa, Maryland,
Massachusetts, Michigan, Minnesota, Nebraska, New Hampshire, New Jersey, New York, North
Dakota, Ohio, Oregon, Pennsylvania, Rhode Island, Vermont, Virginia, Washington, and
Wisconsin. The 26 jurisdictions with higher-than-average rates are Alabama, Arizona, Arkansas,
D.C., Delaware, Florida, Georgia, Idaho, Kansas, Kentucky, Louisiana, Maine, Mississippi,
Missouri, Montana, Nevada, New Mexico, North Carolina, Oklahoma, South Carolina, South
Dakota, Tennessee, Texas, Utah, West Virginia and Wyoming.

A possible drawback of HIFAT ST as a control variable is its similarity to the dependent
variables in the analyses of Chapters 3-6 — the fatality rates in specific crash modes. For all
practical purposes, however, HIFAT ST is a geographical variable. The States with HIFAT ST
= 1 are essentially the contiguous area consisting of the entire South, the Mountain States and the
adjacent States Kansas and Missouri, all characterized by one or more of the following: short
winters (or no winters), substantial non-metropolitan populations, and/or a youthful population.
The HIFAT ST = 0 group is essentially the entire Northeast, the entire Midwest except Kansas
and Missouri, and the Pacific States, all characterized by one or more of the following: long
winters, highly urbanized, and/or aging populations. The only exceptions are Colorado and
Virginia in the HIFAT ST = 0 group; Delaware, Maine and South Dakota in the HIFAT ST =1
group. Except for those, HIFAT ST could be renamed SOUTH/MOUNTAIN_ ST, a control
variable that would raise no objections.

% Because corresponding exposure data might not be available. For example, if the new model year started selling
October 1, there would be zero registrations in the NVPP file as of July 1.
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Four additional control variables pertaining to the case vehicle are based on the VIN and/or
tables of “Factory-Installed Optional Equipment” by make-model and year from Ward’s
Automotive Yearbooks.

DRVBAG — Driver air bag equipped (not necessarily deployed), 1 = yes, 0 =no

ABS — Probability that this vehicle is equipped with 4-wheel Antilock Brake Systems (ABS),
range 0 to 1 —1i.e., 0 = not available on this make-model, subseries or specific vehicle; 1 =
standard; decimals = optional, and this was the proportion sold with ABS, according to Ward'’s

RWAL — Probability of Rear-Wheel AntiLock, range 0 to 1 (always 0 for 1991-99 cars)

AWD — Probability of full-time or part-time 4-wheel or all-wheel drive (4wd, awd, or 4x4),
range 0 to 1

2.3  Vehicle registration years: Polk data reduction

R.L. Polk’s National Vehicle Population Profile databases do not include the actual VIN, but
their VIN-derived variables such as MAKE ABR, SERS ABR, STYL ABR, MODEL CD and
WHEELS suffice to define exactly the fundamental vehicle group, specific make-model and
body style/truck type as described in Section 2.1. Polk data specify the number of vehicles
registered as of July 1 of every calendar year, and provide estimates of vehicle registration years
by MY, CY, vehicle group, make-model, body style/truck type and, where needed, by State. At
this point, Polk data can be merged with FARS and our curb weight tables to provide simple
fatality rates per million vehicle registration years for CY 1995-2000 by make-model or,
alternatively, by curb weight intervals. Of course, the Polk data have no information on the age
or gender of the drivers, or the annual vehicle mileage.

2.4 Annual mileage and vehicle occupancy: NASS data reduction

Fatality rates per hundred million vehicle miles of travel (VMT), rather than per million
registration years, are the most widely accepted measure of risk. National Automotive Sampling
System (NASS) data have odometer readings as well as VINs for towaway crash-involved
vehicles, permitting rather accurate comparisons of average annual mileage for specific classes
of vehicles (e.g., full-sized pickup trucks vs. 4-door cars). While it is true that NASS is a file of
towaway crash-involved vehicles that might have somewhat higher absolute mileage than the
average vehicle on the road (more mileage = more opportunity to have crashes), the NASS ratios
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of mileage for various types of vehicles relative to 4-door cars ought to be representative of the
entire fleet.’

Table 2-2 analyzes the odometer readings of MY 1991-99 4-door cars (excluding police cars) in
1993-2001 NASS, by “nominal” vehicle age: CY — MY. For example, cars that were nominally
zero years old (i.e., CY = MY) averaged 8,383 miles on the odometer at the time of the crash.
That average increases year-by-year, but at a decreasing rate, to 113,825 for 9-year-old cars.

The actual average odometer readings in Table 2-2 suggest that annual mileage (the difference in
the reading from one year to the next) steadily declines as the cars get older, but that the rate of
decline gradually slows down, in absolute terms, as the cars age. That suggests a cubic, rather
than a quadratic regression of odometer reading by vehicle age (because a quadratic regression
would have annual mileage decrease by the same absolute amount every year). A cubic
regression, on the 11 explicit or implicit data points in Table 2-2, of the actual average odometer
reading by the actual average age of the vehicles (assuming that a model year typically runs from
October 1 of the preceding calendar year through September 30), shows a remarkably good fit
for the equation:

odometer = 19,128 actual age — 1006 actual age > + 27.8 actual age >

as may be seen in comparing the “actual” and “calibrated” odometer readings in Table 2-2. The
annual mileage rate is the derivative of this function:

annual mileage rate = 19,128 — 2012 actual age + 83.4 actual age

It is shown in the last column of Table 2-2 (a special “annual mileage rate” is calculated for cars
with CY = MY, as explained in the footnotes of Table 2-2). These mileage factors may be
multiplied by vehicle registration years to obtain estimates of vehicle miles for 4-door cars.

An important characteristic of 4-door cars (excluding police cars) is that there is no correlation
between vehicle weight and annual mileage. A regression analysis was performed on 8,323
NASS cases, with the log of the odometer reading as the dependent variable, curb weight as a

7 Adrian Lund, in his review of this report, recommended investigating the possibility of an additional bias in NASS
odometer readings. Could more crash-prone vehicle types (or vehicle types with more crash-prone drivers) have
lower average odometer readings on NASS, especially in the first year, essentially because the drivers get into
crashes sooner? To address this question, a Monte Carlo simulation considered four fleets of 10,000 vehicles each.
Every vehicle in every fleet is in fact driven exactly 10,000 miles per year. However, the vehicles in the first fleet
experienced a NASS-reported crash an average of every 30,000 miles, with an exponential distribution of average
mileage between crashes; the second fleet crashes on the average every 40,000 miles; the third fleet every 50,000
miles; the fourth every 60,000 miles. Each fleet generated almost exactly the same average NASS odometer
readings: the 0-year-old cars had an average of 5,000 miles when they crashed (which is, in fact, the actual mileage
they would have halfway thru their first year), the 1-year-old cars, 15,000 miles, etc. Thus, the average NASS
odometer readings accurately reflect the actual mileages of the vehicles and are not biased downwards if a vehicle
(or its drivers) is more crash prone than usual. While it is true that the more crash-prone vehicles experience their
first crash sooner, they also experience proportionately more crashes later on, throughout their lives. Dr. Lund’s
review is available in the NHTSA docket for this report.
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TABLE 2-2

ODOMETER READINGS AND ANNUAL MILEAGE
OF CRASH-INVOLVED 4-DOOR NON-POLICE CARS 0-9 YEARS OLD

(Model year 1991-99 vehicle cases on 1993-2001 NASS files, total N = §,323)

Vehicle Age Average Odometer Reading
Nominal Average Annual
CY - MY Actual® Actual Calibrated’ Mileage'’
[0.00] [0] 0
0 0.45" 8,383 8,406 [18,023]"
1 1.25 22,316 22,392 16,743
2 2.25 37,575 38,261 15,023
3 3.25 51,848 52,493 13,469
4 4.25 64,279 65,255 12,082
5 5.25 77,796 76,714 10,862
6 6.25 88,054 87,035 9,809
7 7.25 95,290 96,387 8,922
8 8.25 103,233 104,926 8,203
9 9.25 113,825 112,849 7,650

¥ Assumes a model year typically runs from October 1, MY-1 through September 30, MY. In that case the median
car of model year MY is sold on April 1, MY. By mid-calendar year CY (July 1), this car is (CY — MY) + .25 years
old. This formula only works when CY > MY (cars more than a year old). However, when CY = MY, the median
sold car on July 1 is older than .25 years, because yet-unsold cars are not involved in the calculation. See footnote 9
for computation of average vehicle age when CY = MY.

? Regression of odometer reading by average actual age and age * with no intercept for the 11 data points in Table 2-
2. Regression equation: odometer = 19128*age — 1006.136*age > + 27.7982*age * (R-squared = .999834)

1 Derivative of odometer regression equation: d odometer/d actual age = 19128 — 2012.27*actual age +
83.3945*actual age’

' Again assumes a model year runs from October 1, MY-1 through September 30, MY, with a constant sales rate.
Working through sales and exposure on a month-by-month basis suggests that cars of model year MY involved in
crashes during calendar year MY were 5.4 months (0.45 years) old.

2 Working with sales, exposure and the regression equation odometer = 19128*age — 1006.136*age > + 27.798*age >
on a month-by-month basis suggests that cars of model year MY were driven an average of 12,469 miles during
calendar year MY. (This number is low because many of the cars were not on the road for the whole calendar year.)
However, since only 69.184 percent of the model year MY run has already been sold and registered as of July 1,
MY (NVPP 1991-99 average), 12,469/.69184 = 18,023 is the “mileage factor” that translates vehicle years on the
NVPP file to VMT for all vehicles of that model year at age 0.
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linear independent variable and vehicle age as a categorical independent variable. Vehicle age
was, of course, highly significant (F = 1668.48, df = 9), but curb weight was not at all (F = 0.03,
df = 1). Inspection of the NASS cases shows that small, mid-sized and large 4-door cars have
quite similar average mileage, year after year.

The ratio of mileage in other vehicle classes relative to 4-door cars was estimated by a regression
of 17,627 NASS cases, with the log of the odometer reading as the dependent variable and with
vehicle type and vehicle age as categorical independent variables. Each of these independent
variables has a statistically significant effect, but the interaction term vehicle type x vehicle age
is not significant. In other words, different types of vehicles have different mileage, but the ratio
of their mileage to 4-door cars stays about the same at all ages. Table 2-3 shows the ratio of the
mileage of other vehicle types relative to 4-door cars of the same age. These ratios are the
antilogs of the regression coefficients.

For example, the mileage ratio for compact pickup trucks is 1.036. Since a 2-year-old 4-door car
is driven an average of 15,023 miles per year (see Table 2-2), a 2-year-old compact pickup truck
is driven approximately 1.036 x 15,023 = 15,564 miles per year.

All classes of light trucks, except the smallest SUVs, have significantly higher annual mileage
than cars. Moreover, unlike 4-door cars, within each type of light truck (pickups, SUVs vans),
there is a clear trend toward higher annual mileage for the bigger trucks.

Table 2-3 shows that, in order to achieve a “level playing field,” size-safety analyses of light
trucks should be based on fatality rates per mile rather than per year. So should analyses
comparing the intrinsic relative risk of cars and LTVs. By contrast, size-safety analyses of
4-door cars alone can be based on fatality rates per year, since annual mileage is about the same
for all sizes. Estimates of vehicle miles traveled (VMT) will be obtained by multiplying
registration years by the age-appropriate annual mileage of 4-door cars in Table 2-2 and by the
ratio of other vehicle groups to 4-door cars in Table 2-3. As stated above, these estimates are not
necessarily accurate, but they adequately adjust for the extra mileage of LTVs over cars, and
heavy LTVs over light LTVs.

The NASS data were the largest and most representative set of actual odometer readings
available to NHTSA in 2002. Future studies of this type could benefit from much larger files of
odometer readings, such as census data collected from a number of States when they conduct
vehicle inspections, if they accurately record and encode the odometer readings at the
inspections.

In addition to the odometer readings, NASS investigators accurately report the number of
occupants (driver plus any passengers) riding in a vehicle. Some vehicle types (e.g., passenger
vans) tend to carry more occupants than others. Occupancy rates could conceivably also vary by
vehicle size, even within vehicles of the same general type. Certain occupant fatality rates
should perhaps be analyzed per occupant mile rather than per vehicle mile, because fatality rates
per vehicle mile overstate the risk, for an individual, of riding in the higher-occupancy vehicles.

29



TABLE 2-3

RATIO OF AVERAGE ANNUAL MILEAGE TO 4-DOOR CARS
BY VEHICLE TYPE

(Model year 1991-99 vehicle cases on 1993-2001 NASS files)

Ratio of Annual Mileage N of
To 4-Door Non-Police Cars NASS Cases

ALL 4-DOOR (non-police) CARS 1.000 8323
Compact pickup trucks* 1.036 1317
Large (100-series) pickup trucks 1.172 731
Large (2/300-series) pickup trucks 1.296 206
Small SUVs 977* 448
Mid-size SUVs 1.037 1278
Large SUVs 1.208 265
Minivans 1.116 849
Large vans 1.328 132
Police cars 1.328 169
Sporty, small 2-door cars 949 761
High-performance 2-door cars 907 543
Economy 2-door cars 1.019%* 1667
Other 2-door cars 1.011** 938

* These vehicle classes are defined in Chapter 5.
** Not significantly different from 4-door cars.
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The use of NASS data to analyze occupancy rates, and to adjust, where necessary, for differences
in occupancy rates by vehicle size or type, is discussed in Sections 3.1, 4.4, 5.3 and 5.4.

2.5 Induced-exposure crashes: State data reduction

The preceding data count the exposure accumulated by vehicles of a specific curb weight in
vehicle years (exactly) or miles (approximately) but say nothing about who was driving the
vehicles, or on what type of road. Classification of the mileage by age, gender, urban/rural, etc.
allow fatality rates to be adjusted for these control variables — i.e., to compare the fatality rates of
cars of two different curb weights for drivers of the same age and gender on the same type of
road. State data on nonfatal crashes, specifically, “induced-exposure” crash involvements,
supply this information. Induced-exposure crash involvements are the non-culpable vehicles in
two-vehicle collisions. Those non-culpable vehicles did nothing to precipitate the collision, but
were hit merely because "they were there." The involvements are a surrogate for exposure,
because they measure how often vehicles "were there" to be hit by other vehicles.”> “The
induced exposure concept assumes that the not-at-fault driver in a two-vehicle crash is reflective
of what is ‘on the road’ at that point in time, and that the sample of all not-at-fault drivers can be
used to predict the characteristics of all non-accident involved drivers on the roadway (i.e.,
exposure characteristics).”* Data from the National Personal Transportation Survey will be
presented shortly to demonstrate this assumption is accurate to the extent that induced exposure
crashes and actual mileage have similar driver-age distributions. (NHTSA’s 1997 size-safety
analysis used a different definition of “induced exposure,” but this report returns to the
customary approach, whose efficacy is well established.)

As of mid-2002, NHTSA had access to eight State files for 1995-99 with relatively complete
data on the VINs of crash-involved vehicles:

Florida Ilinois Maryland Missouri
North Carolina Ohio Pennsylvania Utah

Illinois, Maryland, Ohio and Pennsylvania have lower-than-national-average fatality risk, as
defined in Section 2.2, while Florida, Missouri, North Carolina and Utah are higher than average.

Records of induced-exposure crash involvements of MY 1991-99 cars and LTVs with decodable
VINs are extracted. In North Carolina, the definition is the same as was used in studies by that
State’s Highway Safety Research Center: the non-culpable vehicle (as evidenced by an absence
of citations or violations) in a 2-vehicle collision where the other vehicle was found “culpable”

13Stutts, J.C., and Martell, C., “Older Driver Population and Crash Involvement Trends, 1974-1988, Accident
Analysis and Prevention, Vol. 28, pp. 317-327 (August 1992); Haight, F.A., “A Crude Framework for Bypassing
Exposure,” Journal of Safety Research, Vol. 2, pp. 26-29 (1970); Thorpe, J.D., “Calculating Relative Involvement
Rates in Accidents without Determining Exposure,” Australian Road Research, Vol. 2, pp. 25-36 (1964); Van Der
Zwaag, D.D., “Induced Exposure as a Tool to Determine Passenger Car and Truck Involvement in Accidents,” HIT
Lab Reports, Vol. 1, pp. 1-8 (1971); Cerrelli, E., Driver Exposure: Indirect Approach for Obtaining Relative
Measures, NHTSA Technical Report No. DOT HS 820 179, Washington, 1972.

1 Stutts and Martell, op. cit., p. 318.
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(as evidenced by at least one citation or violation)."> The “other” vehicle may be any type or
model year, but there should not be any pedestrians, bicyclists, etc. in the crash. Also, the non-
culpable vehicle must have a driver, age 14-96, thereby automatically excluding unoccupied,
parked vehicles from the study. This definition is quite satisfactory for North Carolina, where
police identify exactly one culpable vehicle in 88 percent of the 2-vehicle crashes, whereas in
only 12 percent of the crashes do they judge that neither vehicle, or both are culpable.

Similarly, in Maryland, Missouri, Ohio, Pennsylvania, Utah between 80 and 93 percent of 2-
vehicle crashes have exactly one culpable vehicle, as evidenced by any one, or more of the
following: the vehicle is coded “at fault,” or its driver charged with violation(s) or it has
“contributing factor(s)” indicating driver error or a defective vehicle — and exactly one non-
culpable vehicle, as evidenced by “not at fault,” no violations, and “did not contribute.” As in
North Carolina, take the non-culpable vehicle in the 2-vehicle crashes with exactly one culpable
vehicle.

Florida and Illinois investigators are more conservative in assigning culpability. Only 53-64
percent of 2-vehicle crashes have exactly one culpable vehicle, based on “at fault” coding,
violations, or contributing circumstances, while 36-46 percent have none. In these two States,
the induced-exposure file is augmented by also including crashes where neither vehicle is
“culpable” but: (1) there was a front-to-rear collision, and the rear-impacted vehicle was not
backing up at the time of impact, or (2) a vehicle in transport hit a parked vehicle (that was
occupied by its driver), or (3) one of the vehicles had an impaired driver or a vehicle defect, and
the other did not. In these cases, select as “induced exposure” the vehicles that were rear-
impacted, parked, or had the unimpaired driver. That increases the “yield” of induced-exposure
involvements to 72-74 percent of 2-vehicle crashes.

Control variables are defined for induced-exposure vehicles parallel to those defined in FARS:

DRVAGE — Driver age (range 14 to 96) Each of the States, and FARS, code driver age on a
year-by-year basis up to at least 96; since FARS uses code 97 for “97 and older,” and those
FARS cases are deleted, so are any ages greater than 96 in the State data. As stated above, since
every vehicle must have a driver with known age, unoccupied parked cars are automatically
excluded as induced-exposure involvements.

DRVMALE — Driver male (values 0, 1, missing)

NITE — Crash happened between 7:00 P.M. and 4:59 A.M. (values 0, 1, missing)
Straightforward in all States

DRVBELT — Driver’s belt use (values 0, 0.83, 0.87, 0.90, 0.92, 0.93, 0.95, 1)

Belt users include codes such as “lap + shoulder,” “lap,” “shoulder,” “manual belt,” “automatic

belt,” “used” and “belts plus bags.” Unrestrained drivers include “not used,” “not installed” and
“air bag only.” In six States, drivers with unknown belt use (other codes, missing) are assigned

29 ¢ 99 ¢¢

BIbid., p. 318.
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the level of reported belt use among drivers where it is known (83% in Florida, 93% in
Maryland, 90% in Missouri, 95% in North Carolina, 87% in Pennsylvania, 92% in Utah). In
[llinois and Ohio, all unknowns are counted as unbelted, since only 2-4% of all drivers are
explicitly coded unbelted while 10-11% are unknown. (Belt use is evidently overreported in
some State crash files; partly for that reason, DRVBELT is never actually used in the analyses of
Chapters 3-6).

RURAL — Crash happened on a rural road (values 0, 1, missing)

Based on: rural/urban in Florida, North Carolina, Ohio and Pennsylvania (urban also includes
“mixed” and “urbanized”); road class in Illinois; county in Maryland (Anne Arundel, Baltimore
City & County, Howard, Montgomery, Prince George = urban; others = rural); population group
in Missouri (municipality > 2,500 is urban); and locality in Utah (farms, fields, open country =
rural; industrial, commercial, residential, school, church = urban). These definitions correspond
exactly with the FARS classifications discussed in Section 2.2 (as tested by comparing the FARS
and State records for the same fatal crashes).

SPDLIMS5S — Crash happened/case vehicle was traveling on a road with speed limit 55 or more
(values 0, 0.05, 0.20, 0.37, 0.76, 0.90, 1, .)

Straightforward in all States except Illinois (in Pennsylvania, take the maximum of the speed
limits of the various roads involved; in Utah, set SPDLIMS55 to 0 when speed limits are
unknown, since those are primarily city streets). In Illinois, it is based on the road class. A
FARS tabulation of speed limit by road class for Illinois crashes gives the percent of 55 mph
roads for each class, ranging from 100 percent on rural interstates down to 5 percent on urban
streets.

WET — Crash happened on a wet road (values 0, 1, missing)

SNOW _ICE — Crash happened on a snowy or icy road (values 0, 1, missing)

WET=1 includes wet, slippery, muddy, oily, sand, dirt and other adverse nonfreezing conditions.
SNOW _ICE=1 includes snow, ice, frost, slush, plowed, salted and cindered, ice patches.

The counts of induced-exposure crash involvements in 1995-99 vary from State to State:

Florida 325,447
Illinois 275,300
Maryland 92,749
Missouri 175,141
North Carolina 250,335
Ohio 361,359
Pennsylvania 148,802
Utah 61,907

TOTAL 1,691,040
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Fewer than one percent of the induced-exposure cases had missing values on any of these
variables, as defined above.

There are some important caveats concerning the appropriate use of induced-exposure data.
They are not a substitute for exact, clearly defined measures of exposure, such as vehicle years or
miles. Rather, they are the best available tool for subdividing the actual years or miles —
approximately — by age, gender, etc. It is believed that the induced-exposure involvements
within a particular area and time are an essentially random sample of travel through that area at
that time. It is not believed that the induced-exposure crashes in a State over a year are a random
sample of all travel in that State during that year. In some places and times — e.g., urban places
during daylight hours — the rate of induced-exposure involvements per mile of travel is
undoubtedly higher than in other places and times. “Induced exposure is more appropriately
viewed as a measure of ‘opportunities to crash’ that takes into account miles traveled but also
traffic conditions, vehicle speeds, length of time on the roadway, amount of nighttime driving,
and other factors.”'

Furthermore, since induced exposure is based on reported crashes, it is biased by factors that
affect crash reporting. Specifically, Chapter 1 discussed that heavier vehicles, especially light
trucks, have low rates of reported crashes: the same hit that would result in reportable damage on
a light vehicle might cause no damage at all, or no damage worth reporting on a rugged, heavier
vehicle. Any size-safety analysis based purely on fatalities per 100 reported crashes [induced-
exposure or any other type] could be biased against heavier vehicles in general and light trucks in
particular, underestimating their safety.

A distinction must be made between the primary independent variables of this study, curb weight
and vehicle type, and the control variables such as driver age and gender. The goal is to calibrate
the fatality rate as a function of curb weight and vehicle type. The exposure data used for these
rates cannot be confounded with curb weight, because that would immediately bias the
calibration. Here, it is important to have an absolute measure of exposure such as vehicle years
or miles. That is why the study relies on Polk’s exact counts of vehicle years by curb weight.

Control variables such as driver age and gender, on the other hand, are only tools to adjust the
fatality rates. We are not interested here in the fatality rate as a function of driver age, per se.
We are only interested in adjusting the fatality rate for small cars downward to the extent that
small cars have an excess of high-risk young drivers. If induced-exposure data are used to
subdivide the vehicle years by driver age, it is not so critical that the age distribution be
absolutely correct. It is more important that the relative difference (interaction) in this age
distribution for heavy vs. light cars be preserved. First-order errors in the distribution of induced
exposure across the control variables might result in second-order errors, at most, in the
calibration of the size-safety effect.

In fact, the induced-exposure data from our eight States are quite accurate even in absolute terms
on the distribution of the most important control variable, driver age. When these data are

1 Ibid., p. 326.
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combined with Polk and NASS results to make a national mileage file, as will be described in the
next section, the distribution of the vehicle miles by driver age is quite consistent with the 1983
and 1990 National Personal Transportation Surveys (NPTS)'’, especially considering the long-
term demographic trend toward a higher proportion of older drivers:

Percent Distribution of NPTS NPTS Induced Exposure
Miles Driven, by Age 1983 1990 1995-2000
16-24 years 17 15 17

25-64 years 78 80 75

65+ years 5 6 8

They are less accurate on the urban/rural distribution of mileage. The Federal Highway
Administration’s (FHWA) statistics suggest that approximately 34 percent of the mileage of cars
and light trucks in our eight States was rural.'"® Only 25 percent of the induced-exposure crash
involvements were on rural roads, since 2-vehicle crashes are less frequent per mile in rural
areas. Nevertheless, these data are still satisfactory for control-variable use, since both the actual
FHWA mileage and the induced exposure crashes show, for example, that pickup trucks are
relatively more common in rural areas.

Belt use tends to be overreported in nonfatal crashes: 83-95 percent in our eight States. That
limits its utility as a control variable. Fortunately, it will be shown in Chapters 3 and 4 that belt
use is nearly uncorrelated with curb weight, and it is not needed as a control variable in the size-
safety analyses.

As of mid-2002, most State files were available at NHTSA only through 1999. The CY 1999
induced-exposure data are used to classify the CY 2000 as well as the CY 1999 vehicle years by
driver age and gender, urban/rural, etc. The assumption here is that the distribution of those
variables would not be likely to change much in one year.

This report relies on induced-exposure data from eight States to represent the United States.
Although the absolute distributions of crashes by driver age, rural/urban, etc. differ considerably
from State to State, the interactions of these variables with curb weight are remarkably consistent
across States. As we shall show in Sections 3.5, 3.7, 4.5 and 5.6 the use of data from just 8
States makes minimal-to-moderate contribution to the uncertainty of the estimated size-safety
effects.

17 “Status Report Special Issue: Crashes, Fatal Crashes per Mile,” Insurance Institute for Highway Safety Status
Report, Vol. 27 (September 5, 1992), p. 7.

18 Teets, M.K., Highway Statistics 1993, Report No. FHWA-PL-94-023, Federal Highway Administration,
Washington, 1994, pp. V-115 — V-116 show 37 percent of total mileage (including heavy trucks) in these 8 States in
1993 was rural. That corresponds to about 34 percent in the later 1990’s, excluding heavy trucks.
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2.6 Assembling the analysis data files

The critical step in building an exposure data file is to apportion the right number of vehicle
years to each induced-exposure crash, so that the induced-exposure crashes in eight States
represent all the vehicle years in the United States. The nation’s vehicle registration years are
apportioned by make-model, body style, model year and calendar year.

For example, in CY 1998, the MY 1997 Ford Taurus 4-door had the following registrations (as
of July 1) and counts of induced-exposure crash involvements:

MY 1997 Ford Taurus Induced-Exposure
in CY 1998 Registrations Involvements
Florida 17,426 203
Missouri 9,817 221
North Carolina 8,797 191
Utah 2,683 59
These 4 high-fatality States 38,723

Ilinois 18,507 295
Maryland 5,460 61
Ohio 19,594 177
Pennsylvania 17,784 123
These 4 low-fatality States 61,345

All 25 high-fatality States + D.C. 132,454

All 25 low-fatality States 220,577

Entire Unites States 353,031

Since there were 203 crash involvements and 17,426 registered cars in Florida, each crash
corresponds to

17,426/203 = 85.84 vehicle years within Florida
However, since the 4 high-fatality States in our sample had 38,723 registered vehicles, whereas
all 25 high-fatality States plus D.C. had 132,454 registered vehicles, each Florida crash is
apportioned
(132,454/38,723) x (17,426/203) = 293.63 high-fatality vehicle years in the United States

Similarly, each of the 295 crash involvements in Illinois is apportioned

(220,577/61,345) x (18,507/295) = 225.58 low-fatality vehicle years in the United States
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The apportionment of vehicle years per crash in the eight States is:

Vehicle Years

MY 1997 Ford Taurus Induced-Exposure Apportioned
in CY 1998 Involvements Per Involvement
Florida 203 293.63
Missouri 221 151.94
North Carolina 191 157.54
Utah 59 155.55
Illinois 295 225.58
Maryland 61 321.84
Ohio 177 398.04
Pennsylvania 123 519.88

Note that
203x293.63 +221x151.94 + 191x157.54 + 59x155.55 + 295x225.58 + 61x321.84 + 177x398.04 + 123x519.88

= 353,031 vehicle years in the entire United States

In other words, these weight factors (vehicle years) apportioned to each induced-exposure crash,
will add up, over the entire file, exactly to the number of 1997 Ford Taurus 4-door registrations
in the United States during CY 1998. (In general, the weight factors are higher in States such as
Pennsylvania that have higher crash-reporting thresholds, and relatively fewer reported crashes
per vehicle year.)

This process is repeated for all other make-models of cars and light trucks, MY 1991-99 in CY
1995-2000. Low-sales make-models sometimes have registrations, but no induced-exposure
crashes in a State(s) in some year(s). In each such case, a single dummy record is created for
that State and year. It is given the weight factor that would have been calculated if there had
been one induced-exposure involvement. The values for its control variables are the average
values of those variables for the induced-exposure crashes in the other States, for that make-
model, MY and CY." These dummy cases, accounting for about 1 percent of total vehicle years,
are needed to prevent losing portions of the exposure of low-sales make-models.

Vehicle miles of travel are also apportioned to each induced-exposure case, based on the average
annual mileage by vehicle age and class in NASS (see Section 2.4). The Ford Taurus is a 1-year-
old 4-door car, a vehicle class averaging 16,743 miles per year in NASS. Since each Florida

" To represent the driver age distribution, we do not use the average value of DRVAGE, but the average values of
the derivative variables M14 30, M30 50, etc. defined in Chapter 3.
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crash is apportioned 293.63 vehicle years, it is also apportioned 293.63 x 16,743 = 4,916,247
vehicle miles.

We are now ready to view hypothetical examples of a fatal-crash record and an exposure record
(a specific induced-exposure crash), both from Florida, a high-fatality State), both for a 1997
Ford Taurus 4-door in CY 1998:

Fatal-Crash Exposure
Record Record

Crash mode Fixed Object -
Specific crash type Frontal — Fixed Object -
N of fatalities in the crash 2 -
N of case vehicle occupant fatalities 2 -
Case vehicle driver fatality? Yes -
Vehicle registration years - 293.63
Vehicle miles of travel - 4,916,247
Vehicle type 4-door car 4-door car
Curb weight 3,326 3,326
Driver age 24 28
Driver male? 1 1
Driver belted? 0 1
At night? 0 0
Rural? 1 0
Speed limit 55+7? 1 0
Wet road? 0 0
Snowy/icy road? 0 0
Calendar year 1998 1998
Vehicle age 1 1
High-fatality State? 1 1
Driver air bag? 1 1
ABS (4-wheel)? 0.51 0.51
Rear wheel antilock? 0 0
All-wheel drive? 0 0

Fatal crash records come from all 50 States and the District of Columbia. Each exposure record
is nominally a specific induced-exposure crash involvement in one of the eight States, a discrete
unit. But if this record is weighted by its apportioned vehicle years or miles, it becomes a cohort
of vehicle years or miles of travel in the United States. Add up all the exposure records and you
get a national census of vehicle years or miles. Divide the sum of the fatalities by the sum of the
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vehicle years, and you get an unbiased fatality rate per vehicle year, just as if you had never used
the induced-exposure data, but only FARS and Polk.

These databases will be used for regression analyses in Chapters 3, 4 and 5, and they can also be
used for tabular or graphic presentation of fatality rates per million vehicle years or billion miles
for specific subgroups — e.g., the fatality rates of 30-50 year old female drivers as a function of a
car’s curb weight. These simpler presentations are useful for understanding the real trends in the
data, and verifying that the regressions fit the trends. That type of checking was generally
impossible with the data setup in the 1997 report.
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CHAPTER 3

VEHICLE WEIGHT AND FATALITY RISK IN PASSENGER CARS

3.0 Summary

Crash fatality rates per million vehicle years of model year 1991-99 4-door cars in calendar years
1995-2000 are significantly higher for the lighter cars in almost every crash mode, even after
adjusting the rates for driver age and gender, urban/rural, etc. However, the size-safety effect is
not uniform across all weights. The fatality increase per 100-pound reduction is stronger in the
lighter cars.

The analysis is not a “controlled experiment” but a cross-sectional look at the actual fatality rates
of cars that are currently on the road, from the lightest to the heaviest. Since most people can
pick what car they drive, owner characteristics and vehicle use patterns can and do vary with car
weight. Some characteristics are quantifiable, such as age/gender or urban/rural, and the logistic
regression technique readily adjusts for them. Others, like “driver quality” or “attitude” are less
tangible and increase the uncertainty of the results. Therefore, ranges of possible size-safety
effects are estimated in addition to the regression analyses’ simple point estimates.

In 1991-99 passenger cars weighing 2,950 pounds or more (the median for 4-door cars), each
100-pound reduction is associated with a 2.0 percent increase in crash fatality risk, adding an
estimated 216 fatalities per year relative to “baseline.” In cars weighing less than 2,950 pounds,
each 100-pound reduction is associated with a 4.4 percent risk increase, amounting to 597
additional fatalities per year. “Crash” fatality risk includes occupants of these vehicles,
occupants of other vehicles they collide with, and pedestrians. Both estimates are subject to
uncertainty and have interval estimates that include a possibility of considerably smaller effects.

These are descriptive analyses of the fatal-crash experience of actual 1991-99 cars. The
percentage “fatality increase per 100-pound reduction,” in the context of these analyses, does not
mean the effect of literally removing 100 pounds from a specific car. It is the average percentage
difference in the fatality rate of 1991-99 models weighing W pounds and the fatality rates of
other 1991-99 models weighing W-100 pounds, given drivers of the same age/gender, etc. The
absolute increases per year (e.g., 216 or 597 more fatalities) estimate what could have happened
if the public, in 1991-99, had bought a different mix of cars — namely, higher shares of various
light make-models and lower shares of the heavy ones — that would have reduced the average
weight of cars on the road by 100 pounds.

3.1 The calibration data set: 4-door cars, excluding police cars

The passenger-car analysis is limited to 4-door cars, excluding police cars, because this is a fairly
continuous spectrum of vehicles and drivers. Heavy and light 4-door cars look quite a bit alike,
except the heavier ones have longer wheelbases, wider track, and longer hoods. As the cars get
heavier, the average age of their drivers and the percentage of male drivers and rural mileage
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steadily increase. This is an ideal situation for regression analysis. Four-door cars don’t attract
too many drivers with risk-prone personalities and high crash rates. In fact, 30-49 year old
females, the safest group of drivers on the road (according to the database generated for this
report), are overrepresented in small 4-door cars.

The popularity of 2-door cars has declined steadily since the mid-1970’s, and they increasingly
occupy “niche” markets. By model year 1999, only 20 percent of new cars had two doors. Two
specific groups of 2-door cars are well known for risk-seeking drivers with fatal crash rates
above and beyond what might be explained by their age and gender: lightweight sports cars and
fairly heavy “muscle” cars. Either group, if aggregated with 4-door cars in the regression
analyses, would produce misleading size-safety effects. The inclusion of sports cars would
exaggerate the size-safety effect by placing high-risk outliers at the light end of the data, whereas
the muscle cars would water down the effect by placing high-risk outliers in the middle of the
data. But today, even other types of 2-door cars are increasingly niche cars with possibly
unusual driver characteristics.

Ford Crown Victoria and Chevrolet Caprice used as police cars' should also be excluded from
the regressions. While hurrying to crime scenes or pursuing suspects, police have to drive far
more dangerously than they would in ordinary personal transportation. In addition, Table 2-3
showed that police cars are driven 33 percent more miles per year than other 4-door cars.
Inclusion of these vehicles would place a high outlier at the heavy end of the vehicle weight
range and diminish the calibrated size-safety effect, especially for pedestrian and car-to-car
crashes (where police cars are most overrepresented). During the 1990’s, about 1 percent of new
4-door cars were police cars.

The “Special Use” variables on FARS and State files are not necessarily reliable for identifying
police cars. Instead, the determination is based on the VIN, the vehicle age, and the driver’s age
and gender. All Crown Victoria and Caprice with subseries or engine codes” typical of police
cars are excluded from the regressions until they are four years old (CY — MY = 0-3). Many
police cars are eventually converted to civilian use and sold to civilians. The above cars, from
age 4 onwards, are still assumed to be in likely police service if the driver is a male age 23-45,
and excluded from the regressions. If the car is 4 or more years old and the driver is female
and/or not in the 23-45 age group, it is assumed that the car is probably in civilian use. Of
course, the large number of Crown Victorias and Caprices that do not have the VIN codes typical
of police cars are always included in the regressions.

Two additional advantages of limiting the regressions to 4-door non-police cars is that neither
annual mileage nor average occupancy are significantly correlated with their curb weight. The
absence of correlation between curb weight and annual mileage was demonstrated in Section 2.4.

! www.auto.com/reviews/cwire13_20000613.htm and www.members.tripod.com/~rbc2097/cap9196.htm suggest
approximately 60,000 to 70,000 Crown Victorias or Caprices per year were sold as police cars.

2 For Crown Victoria, VIN characters 6-7 are 72 in 1991-92 or 71 in 1993-99 (police interceptor model). For
Caprice, VIN characters 5-8 are L537 in 1991-93, L53E in 1992 only, or L52P in 1994-96 (powerful engines). The
VIN, vehicle age and driver age/gender determinations are based on Pennsylvania crash data, which are believed to
be complete and accurate in distinguishing police cars from civilian cars.
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A regression analysis was run on 7,399 National Automotive Sampling System (NASS) vehicle
cases, with N of occupants as the dependent variable; curb weight and vehicle age were the
independent variables. Average occupancy increased by .0028 per 100-pound reduction of curb
weight (ranging from 1.62 in a 2,000 pound car to 1.57 in a 4,000 pound car). This, too, is
nonsignificant (t = 1.18) That permits the simpler regression of fatality rates per million vehicle
years, rather than per billion vehicle miles or per billion occupant miles.

3.2 Visible trends in the data

Before the regression analyses, it useful to look at simple graphs of fatality rates by curb weight.
They may reveal basic trends in the data, help with formulating some of the analysis variables,
and provide some idea of what the regression coefficients ought to be if they really fit the data.

The fatality and exposure data bases generated in Section 2.6 are subdivided into 14 class
intervals of curb weight, bounded at the top by the following percentiles of curb weight: the P
6™ 10™, 20™, 30", 40™, 50™, 60™, 70™, 80" 90™, 94™ 98" and maximum weight. In these 14
groups, the average curb weight, number of fatal crash involvements of any type, total exposure
in vehicle registration years, and the rate of fatal involvements per million vehicle years are as
follows:

Cumulative Average Fatal Crash Vehicle Fatal Involvements
Percent Curb Weight Involvements Years Per Million Years
2 2,095 1,431 4,989,201 287
6 2,306 2,310 10,329,516 224
10 2,343 2,043 9,151,358 223
20 2,412 6,192 24,639,031 251
30 2,646 6,217 24,416,066 255
40 2,810 5,950 27,232,807 218
50 2,913 4,475 21,749,962 206
60 3,023 4,960 27,007,625 184
70 3,218 4,234 23,104,575 183
80 3,351 4,448 23,321,384 191
90 3,493 4,225 24,424,940 173
94 3,739 1,971 9,989,808 197
98 3,960 1,954 9,858,320 198
100 4,232 967 4,898,794 197

The involvement rate drops from 287 crashes per million years at 2,095 pounds to 184 at 3,023
pounds, but then levels off or even rises slightly as curb weight increases beyond 3,000 pounds.
The trend is clear in Figure 3-1, which graphs the natural logarithm of the fatality rate by curb
weight. Logarithms are useful in these types of analyses because they often have more linear
relationships to the independent variables. (Throughout this study, “log” or “logarithm” means
the natural logarithm.)
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The most important lesson of Figure 3-1 is that the size-safety effect is not uniform across the
range of car weights, and that curb weight should not be entered in the regression analyses as a
single, linear variable. In fact, Figure 3-1 suggests it would be a good idea to make curb weight
a 2-piece linear variable, with the “bend” somewhere around 3,000 pounds (although other
possible formulations, such as quadratic regression, should still be considered at this point).

Figures 3-2 — 3-7 look at fatality rates or fatal-crash rates in the six individual crash modes
defined in Section 2.2: rollover, fixed-object, ped/bike/motorcyle, heavy truck, car-to-car, and
light truck. In the last three figures, the x-axis is always the curb weight of the “case” car. The
“other” vehicle(s), heavy trucks, cars, or light trucks, respectively, can be any weight or any
model year. “Fatalities” include all crash fatalities: occupants of the “case” car, occupants of any
other vehicles, and non-occupants such as pedestrians or bicyclists.

Every crash mode shows an unequivocal trend of decreasing fatality risk as car weight increases
from under 2,000 pounds to about 3,000 pounds or slightly more. From 3,000 pounds onward,
the graphs diverge. Rollovers continue to show a fatality reduction, perhaps even as strong as at
the lighter weights (it is hard to tell due to fluctuations in the data points). Fixed-object fatalities
also appear to show a continued decline, but not as steep as below 3,000 pounds. Collisions with
peds/bikes/motorcycles and with heavy trucks actually reverse the downward trend and rise after
cars exceed 3,500 pounds. Car-to-car and car-to-light-truck collision rates basically flatten out
once the weight of the “case” car goes beyond 3,000 pounds.

These simple analyses based on drivers of all ages essentially jumble two important, separate
effects. One is the genuine size-safety effect, intuitively stronger in some crash modes than in
others. The second is the interaction of the most important control variable, driver age, with both
curb weight and fatality risk. That interaction also varies between crash modes. The next
section will demonstrate that fatal-crash rates are always high for young and old drivers, and
lowest for drivers in their middle years (25-55). Light 4-door cars have relatively more young
drivers and heavy cars have more old drivers. Thus, the driver age factor can potentially work
against both light and heavy cars, and in favor of mid-sized cars. However, rollovers are so
much “young people’s crashes” that the driver age factor works strongly against light cars and
hardly at all against heavy cars. In fact, it even benefits heavy cars because they have so few
young drivers. Conversely, collisions with heavy trucks are “old people’s crashes” to the point
of really biasing the rates against heavier cars.’

Thus, in rollovers (Figure 3-2), there is a strong weight-safety relationship (although this may be
more because heavier cars have wider track width, etc. rather than the direct effect of mass per
se) and a driver-age effect that works strongly against light cars and even benefits heavy cars.
The simple fatality rate per million years drops sharply as car weight increases, from the lightest
to the heaviest cars.

? See Figure 3-18 later in this chapter.
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FIGURE 3-1: ALL CRASH TYPES
LOG(FATAL CRASH INVOLVEMENTS PER YEAR, ANY TYPE) BY CURB WEIGHT*

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)

Log (fatal crash rate)
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* Throughout this study, “log” means the natural logarithm.
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FIGURE 3-2: ROLLOVERS
LOG(ROLLOVER FATALITIES PER YEAR) BY CURB WEIGHT

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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FIGURE 3-3: FIXED-OBJECT COLLISIONS
LOG(FIXED-OBJECT COLLISION FATALITIES PER YEAR) BY CURB WEIGHT

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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FIGURE 3-4: PEDESTRIANS/BICYCLISTS/MOTORCYCLISTS
LOG(PED/BIKE/MC FATALITIES PER YEAR) BY THE CAR’S CURB WEIGHT

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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FIGURE 3-5: HEAVY TRUCKS

LOG(FATALITIES PER YEAR IN COLLISIONS WITH HEAVY TRUCKS)
BY THE CAR’S CURB WEIGHT

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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FIGURE 3-6: CAR-TO-CAR COLLISIONS

LOG(FATAL CRASH INVOLVEMENTS PER YEAR WITH ANOTHER CAR(S))
BY THE CASE CAR’S CURB WEIGHT
(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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FIGURE 3-7: LIGHT TRUCKS

LOG(FATALITIES PER YEAR IN COLLISIONS WITH LIGHT TRUCKS)
BY THE CAR’S CURB WEIGHT

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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In collisions with heavy trucks (Figure 3-5), the car weight-safety relationship is also strong, but
the tendency of older drivers to get involved in this type of collision is so strong that it
overshadows the size-safety effect and produces increasing fatality rates for cars over 3,000
pounds.

In pedestrian collisions, the size-safety effect is presumably weaker than in the other crash
modes. The U-shape of the graph in Figure 3-4 may reflect driver age effects, which favor the
mid-sized cars relative to light and heavy cars, where young and old drivers, respectively, boost
the rates.

In the other three crash modes, fixed-object (Figure 3-3), car-to-car (3-5) and car-to-light truck
(3-6), the weight-safety effect may be relatively strong, but not necessarily uniform at all
weights. The driver-age effect discriminates about equally against young and old drivers, making
the decline steeper up to 3,000 pounds and flattening it out above 3,000. The actual magnitude
of the effects can only be determined by more detailed analyses.*

The data files assembled in Section 2.6 offer the opportunity to look at fatality rates for subsets
of the driving population, specifically for female drivers age 30-49. They have the lowest
fatality rate per million registration years of any age-gender group on that database; they also
account for a large proportion of the VMT by drivers of 4-door cars (26 percent of 4-door cars
weighing less than 3,000 pounds, and 22 percent of 4-door cars weighing 3,000 pounds or more).
Figures 3-8 — 3-14 correspond exactly to Figures 3-1 — 3-7, but are limited to fatal crash
involvements and vehicle years where the “case” vehicle has a 30-49 year old female driver (but
the fatalities in the crash can be any age or gender). However, the data points in Figures 3-8 — 3-
14 are based on fewer crash cases, and can be expected to fluctuate more than those in Figures 3-
1 — 3-7, because, as stated above, only 24 percent of 4-door-car drivers are 30-49 year old
females.

Figure 3-8 (30-49 year old female drivers in all crash modes) has almost the same pattern as
Figure 3-1 (all drivers in all crash modes). The rate of fatal crash involvements decreases
sharply as curb weight increases from 2,000 to about 3,000 pounds and then essentially levels
off. Figure 3-8 demonstrates that the high fatal crash rates in Figure 3-1 were not “merely” a
young-driver effect, for even in a group of drivers all about the same age (30-49), the fatality rate
is substantially higher in the light cars. Figure 3-8 reemphasizes that the size-safety effect is not
uniform across the range of car weights, and that curb weight should not be entered in the
regression analyses as a single, linear variable. It suggests a 2-piece linear curb-weigh variable,
with the “bend” somewhere around 3,000 pounds.

In rollover crashes, Figure 3-9 demonstrates a strong size-safety trend, and one that persists even
at the higher levels of curb weight. The high rollover rates for light (i.e., small and narrow) cars
is not merely a young-driver phenomenon, since it appears even within age groups.

* Figures 3-1 and 3-6 graph crash involvement rates, rather than fatality rates, as a hedge against over-weighting
cases with multiple fatalities and multiple 1991-99 cars, consistent with the approach in the regression, of car-car
fatal crash rates in Section 3.4.
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Fatality risk in fixed-object collisions (Figure 3-10) shows a sharp reduction as curb weight
increases from 2,000 to about 3,200 pounds. After that, the data points do not indicate a clear
trend. The same may be said of ped/bike/motorcycle collisions (Figure 3-11).

Singling out one age/gender group is especially useful for understanding the trend in heavy-truck
collisions. Figure 3-12, where the car drivers are 30-49 year old females, shows a strong size-
safety effect, including generally low fatality rates for the heavier cars. Gone is the U-shaped
pattern from Figure 3-5: among car drivers of all ages, the high fatality rates in this type of crash
for the older drivers inflates the rates for the heavier cars, and masks the continuing size-safety
effect that emerges in Figure 3-12.

The trends for 30-49 year old female car drivers in collisions with other cars (Figure 3-13) or
with light trucks (Figure 3-14) closely resemble the trends for drivers of all ages (Figures 3-6 and
3-7) and assure us that the size-safety effect in the lighter cars is “real” and not just a young-
driver phenomenon.
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FIGURE 3-8: FEMALE DRIVERS AGE 30-49 IN CASE CARS, ALL CRASH TYPES
LOG(FATAL CRASH INVOLVEMENTS PER YEAR, ANY TYPE) BY CURB WEIGHT

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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FIGURE 3-9: FEMALE DRIVERS AGE 30-49, ROLLOVER CRASHES

LOG(ROLLOVER FATALITIES PER YEAR) BY CURB WEIGHT

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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FIGURE 3-10: FEMALE DRIVERS AGE 30-49, FIXED-OBJECT COLLISIONS
LOG(FIXED-OBJECT COLLISION FATALITIES PER YEAR) BY CURB WEIGHT

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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FIGURE 3-11: FEMALE CASE CAR DRIVERS AGE 30-49
COLLISIONS WITH PEDESTRIANS/BICYCLISTS/MOTORCYCLISTS

LOG(PED/BIKE/MC FATALITIES PER YEAR) BY THE CAR’S CURB WEIGHT

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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FIGURE 3-12: FEMALE CASE CAR DRIVERS AGE 30-49
COLLISIONS WITH HEAVY TRUCKS

LOG(FATALITIES PER YEAR IN COLLISIONS WITH HEAVY TRUCKS)
BY THE CAR’S CURB WEIGHT

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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FIGURE 3-13: FEMALE CASE CAR DRIVERS AGE 30-49,
COLLISIONS WITH ANOTHER CAR

LOG(FATAL CRASH INVOLVEMENTS PER YEAR WITH ANOTHER CAR(S))
BY THE CASE CAR’S CURB WEIGHT

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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FIGURE 3-14: FEMALE CASE CAR DRIVERS AGE 30-49,
COLLISIONS WITH LIGHT TRUCKS

LOG(FATALITIES PER YEAR IN COLLISIONS WITH LIGHT TRUCKYS)
BY THE CAR’S CURB WEIGHT

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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Figures 3-8 — 3-14 were based on 14 class intervals of curb weight. When the crash cases are
subdivided into that many groups, fatality rates may fluctuate too much to show consistent
trends. More stable fatality rates can be obtained by considering just four quartile ranges of curb
weight. Table 3-1 compares fatality rates of 30-49 year old female drivers of 4-door cars in four
curb weight ranges: up to 2,654 pounds, 2,655-2,949, 2,950-3,335 and 3,336+. This table is also
limited to cars equipped with air bags, in order to make the results as comparable as possible
across weight groups.

The overall rate of fatal crash involvements per million years, for 30-49 year old female drivers,
drops from 147 in cars up to 2,654 pounds, to 124 in 2,655-2,949 pound cars, to 105 in 2,950-
3,335 pound cars, to 96 in heavier cars. That is a reduction of 35 percent from the lightest to the
heaviest quartile. Since the cars in the lightest quartile average 2,374 pounds, and the heaviest,
3,603 pounds, that averages out to a 3.4 percent reduction per 100-pound increase. However, the
downward trend is clearly stronger than average in the 2,000-3,000 pound range, then flattens
out to some extent beyond 3,000 pounds.

The next two columns in the upper section of Table 3-1 contrast the occupant fatalities in the
case vehicle to the other fatalities in the crashes: occupants of other vehicles and pedestrians/
bicyclists. The fatality rate for case vehicle occupants drops from 100 to 45, an especially strong
trend (with most of the drop in the lighter weight groups). However, the fatality rate for the
“other” vehicle and pedestrians stays about the same, whatever the weight of the “case” car.

The middle section of Table 3-1 concentrates on car-to-car collisions. The crash involvement
rate drops from 36 in the lightest cars to 27 in the heaviest, just over 2 percent per 100 pounds.
There is a dramatic fatality reduction from 22 to 6 in the case car.

The last section of Table 3-1 shows fatality rates in five other types of crashes. Female drivers
age 30-49 have few rollover crashes even in small cars, and very few in large cars. The trend is
downwards, too, in the other crash types, most strongly in collisions with fixed objects and light
trucks, weakest — but still present — in pedestrian crashes. In all cases, the drop is large below
3,000 pounds, then levels off above 3,000.

Similar tabulations of fatality rates for other age groups of female drivers (14-29, 50-69, 70+),
and for four age groups of male drivers all show strong downward trends as vehicle weight
increases. Of course, the other age and gender groups all have higher absolute fatal-crash rates
than 30-49 year old female drivers — in the case of young males and 70+ year old drivers of
either gender, much higher rates.
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TABLE 3-1

FATAL CRASHES AND FATALITIES PER MILLION REGISTRATION YEARS

FEMALE DRIVERS AGE 30-49

4-DOOR CARS WITH AIR BAGS, MY 1991-99 IN CY 1995-2000

Car Weight Range

Up to 2,654 pounds
2,655-2,949 pounds
2,950-3,335 pounds
3,336 pounds or more

Car Weight Range

Up to 2,654 pounds
2,655-2,949 pounds
2,950-3,335 pounds
3,336 pounds or more

Car Weight Range

Up to 2,654 pounds
2,655-2,949 pounds
2,950-3,335 pounds
3,336 pounds or more

All Types of Crashes — Rates per Million Years

Fatal Fatalities in
Crash Occupant Other Vehicle &
Involvements Fatalities Non-Occupants
147 100 69
124 71 73
105 51 70
96 45 67

Car-to-Car Crashes — Rates per Million Years

Fatal Crash Occupant Fatalities in the
Involvements Fatalities Other Car
36 22 22
33 14 26
34 10 30
27 6 25

Other Crashes — Crash Fatalities per Million Years — By Crash Type

Fixed Ped/Bike Big Light
Rollover Object Motorcycle Truck Truck
8 22 24 15 45
7 16 21 12 36
4 13 16 10 28
3 13 18 10 28
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Table 3-1 makes two important points. First, this is pretty much “it,” except for the fine-tuning.
Table 3-1 compares fatality rates for drivers of the same age and gender in cars of different curb
weights. In other words, it presents fatality rates by curb weight, already controlling for the two
most important factors, age and gender. The regression analyses are going to add some more
control variables, and use the data more efficiently, and directly quantify the fatality reduction
per 100-pound increase, but they should largely follow the trends in Table 3-1. If the regression
equations do not fit the trends in Table 3-1, there’s something wrong with those equations.
(Specifically, NHTSA’s 1997 report that says car-to-car and ped/bike/motorcycle fatalities
increase as curb weight increases’ goes against the clear trend of these data.)

Second, these results look pretty “real.” In other words, the fatality reductions in the heavier cars
to a large extent reflect real vehicle safety differences rather than merely a tendency of
notoriously poor drivers to pick small cars. Women 30-49 years old driving late-model (air bag
equipped) 4-door cars are usually sober and prudent drivers. These aren’t sports cars! Whether
the car is light or heavy, very few of these women are drunk, or trying to impress their friends
how fast they can go around a curve.® There could conceivably be a tendency for the
exceptionally careful and defensive drivers to pick the larger (and more expensive) cars, but
there certainly is no obvious concentration of bad drivers in the lighter cars.

3.3 Screening the control variables; defining the age/gender variables

Here are the 15 potential control variables on the fatality and exposure files created in Section
2.6:

Driver age Male driver? Driver belted?
At night? Rural? Speed limit 55+?
Wet road? Snowy/icy road? Calendar year
Vehicle age High-fatality State? Driver air bag?
ABS (4-wheel)? Rear wheel antilock? All-wheel drive?

“Rear wheel antilock” may be dropped from the list immediately, since it was never available on
1991-99 passenger cars, and “all-wheel drive” is also of little value as a control variable, since
only 0.7 percent of 1991-99 passenger cars were equipped with all-wheel or 4-wheel drive.

Control variables may also be discarded if they have no association with the dependent variable,
fatality risk per million years, and/or the key independent variable, curb weight.” Under those
circumstances they would not be a source of confounding or bias. Each of the remaining 13

> Kahane, C.J., Relationships between Vehicle Size and Fatality Risk in Model Year 1985-93 Passenger Cars and
Light Trucks, NHTSA Technical Report No. DOT HS 808 570, Washington, 1997, p. vi.

% In the analysis of driving behaviors (Section 3.6), women have much lower rates of antisocial behaviors than men,
including 60 percent lower incidence of drunk driving or DWI history than male drivers.

" Reinfurt, D.W., Silva, C.Z., and Hochberg, Y., A Statistical Analysis of Seat Belt Effectiveness in 1973-75 Model
Cars Involved in Towaway Crashes [Interim Report], NHTSA Technical Report No. DOT HS 801 833,
Washington, 1976, pp. 29-31.
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potential control variables ought to have some association with fatality risk, at least in some
crash modes. On the other hand, not all of them are correlated with curb weight. Table 3-2
shows the correlation of the control variables with curb weight, calculated by one or possibly two
methods.

In the first method, the induced-exposure crashes are subdivided into 28 class intervals of curb
weight, bounded at the top by the following percentiles of curb weight: the 1%, 2™, 4™ 6™, 8",
10“‘, 15th, ZOth, 25th’ 30th’ 35th’ 40th, 45th’ SOth, 55th’ 60th, 65th, 70th’ 75th’ 80th, 85th, 90th, 92nd’ 94th’
96™, 98" 99" and maximum weight.® In each of these 28 groups, the weighted (by vehicle
years) average is computed for curb weight and the 13 control variables. Those average values
are linear, continuous variables. For example, the original control variable “driver air bag” can
only have values 0 or 1, but its average value for a class interval of curb weight can be anywhere
from 0 to 1. The product-moment correlation r of curb weight with each of the control variables
can be computed across the 28 class intervals (weighted by total vehicle years in each class
interval) and tested for significance, as shown in Table 3-2.

Driver age, driver gender, rural, speed limit 55, driver air bag, and ABS all have a statistically
significant (p <.05), positive correlation with curb weight. In other words, heavier cars have
relatively older drivers, more male drivers, more use on rural and high-speed roads, more air
bags and more ABS than light cars. The preference of older drivers for large cars, and young
drivers for small cars is well known, and it is the most important factor to control, because
fatality rates differ greatly by driver age. Drivers of 4-door cars are, in general, not too young,
but average driver age varies from about 35 in under-2,500 pound cars to 55 in cars weighing
over 3,500 pounds.

The correlation (r = .93) of driver age and vehicle weight across the 28 class intervals, at first
glance, seems too high to allow successful regressions with driver age and car weight as
independent variables. Therefore, it is important to note that the size-safety regressions in this
study (unlike the 1997 report’) are on a database where each induced-exposure crash is a
separate unit. The right side of Table 3-2 shows that, across the disaggregate database of
976,610 induced-exposure cases, the correlation of age with curb weight is just .313. While
statistically significant, this is low enough to allow confident use of both variables in a
regression.

¥ The class intervals at the ends were chosen to contain fewer percentiles than in the middle because: (1) curb weight
has more spread at the low and high percentiles; (2) the low and high percentiles are especially important in
computing correlation coefficients.

? Kahane (1997), pp. 71-80.
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CORRELATION OF POTENTIAL CONTROL VARIABLES WITH CURB WEIGHT

Control
Variable

Driver age
Driver male?
Driver belted?
At night?

Rural?

Speed limit 55+7?
Wet road?
Snowy/icy road?
Calendar year

Vehicle age

High-fatality State?

Driver air bag?

ABS (4-wheel)?

TABLE 3-2

Across 28
Class Intervals
Of Curb Weight
r p<
930 .0001
962 .0001

.043 .83
.829 .0001
410 .03
818 .0001
718 .0001
576 .0013
205 .30
.086 .66
348 .070
.605 .0006
918 .0001
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Across 976,610
Induced-Exposure
Crashes

r p<

313 .0001



The exceptionally strong (r = .96) association of driver gender and car weight reflects several
factors.' Most directly, men are taller and heavier than women, and need roomier vehicles to
feel comfortable. Indirect factors could include trip purpose (women drivers = short, urban trips
= small car convenience), income (men can afford bigger cars?), and driver age (in the older
generation: men do the driving + big cars). The percentage of drivers that is female ranges from
63 percent in under-2,500 pound cars down to 35 percent in cars weighing over 3,800 pounds.
Since female drivers have lower fatal-crash involvement rates, this factor actually makes small
cars appear safer than they really are.

The overrepresentation of heavier cars in rural areas and on high-speed roads is no surprise, and
reflects trip purpose: use the small car for errands and shopping, the big car for vacations and
long business trips.

Manufacturers often installed air bags and ABS earlier in large (i.e., expensive) cars. While air
bags were extended to all cars by the mid-1990’s, ABS continues to be more often standard, or
more popular as an option, on the larger (i.e., more expensive) cars: only about 10 percent of
under-2,500 pound cars, but over 90 percent of 3,800 + pound cars have ABS . To the extent
that air bags and/or ABS are effective in certain crash modes, this equipment increases the
disparity of large- and small-car fatality rates beyond the true size-safety effect, and the analyses
must control for it.

A significant negative correlation in Table 3-2 implies that large cars are driven relatively less at
night. Driver age and trip purpose appear to be involved. Older drivers (larger cars) may avoid
driving at night. Younger drivers are more likely to go at night. Since fatality risk per mile of
travel is much higher at night than by day, it is important to keep this as a control variable, even
if it partly overlaps with driver age.

Table 3-2 also implies that large cars are driven less on wet and snowy/icy roads. There is no
obvious, direct reason why that should be so (if anything, wouldn’t some people feel more secure
in a big car during a storm?). Two indirect factors explain it: driver age and ABS. Older drivers
(larger cars) often avoid driving in bad weather. ABS reduces crash involvements on wet roads,
including induced-exposure involvements, and it is more common on large cars.'" In fact,
regressions of the proportion of crashes on wet [snowy/icy] roads by curb weight, driver age and
ABS suggest that driver age and ABS fully explain that proportion, while curb weight has little
or no effect on it.'” These road conditions may be dropped from the list of control variables
because their association with curb weight is explained by the other control variables, and also

' Here, too, the use of disaggregate data in the regressions, where each induced-exposure crash is a separate unit,
allows driver gender to be included as an independent variable without worrying about its strong relationship (at the
aggregate level) with curb weight.

""Kahane, C.J., Preliminary Evaluation of the Effectiveness of Antilock Brake Systems for Passenger Cars, NHTSA
Technical Report No. DOT HS 808 206, Washington, 1994, pp. 52-57.

2 These are aggregate weighted linear regressions, with the induced-exposure crashes split up into 111 subgroups
based on class intervals of curb weight, driver age and percent of cars with ABS. The dependent variables in one
regression is the percent of crashes on wet roads, in the other, on snowy/icy roads. The coefficients for driver age
and ABS are always significant (t ranges from 2.96 to 7.28), for curb weight, never (t =.04 and .01, respectively).

66



because the fatality risk per mile of travel is not that greatly different in dry and adverse road
conditions.

The remaining four control variables — driver belt use, calendar year, vehicle age, and high-
fatality State — are unnecessary because they do not have a statistically significant interaction
with curb weight. Belt use (as reported in the induced-exposure crashes) is the same in small and
large cars. The overreporting of belt use in crash data files also diminishes its value as a control
variable. The average weight of passenger cars changed little during 1991-99 — thus, no
correlation of curb weight with either calendar year or vehicle age. The States with high fatality
rates had passenger cars the same size, on the average, as the States with low fatality rates.

Thus, seven control variables that must be included in the analyses of passenger cars:

Driver age Driver gender At night?
Rural? Speed limit 55+? Driver air bag?
ABS (4-wheel)?

Special care is needed in formulating the independent variables that will be used to describe the
driver’s age and gender. The effect of driver age is nonlinear, with high fatality rates per mile
for young and old drivers, and lower rates in between. The effect of gender is contingent on
driver age: the fatal-crash reduction for women, relative to men of the same age, diminishes as
both get older.

Figure 3-15 shows the fatal crash involvement rate per mile by driver-age cohorts for males (M)
and females (F). (Each induced-exposure crash involvement has a driver of known age and
gender, and corresponds to a specified number of vehicle miles, as defined in Section 2.6. The
number of fatal crash involvements for a given driver age/gender is divided by the number of
miles for that age/gender.)

For men, the rate drops sharply from age 16 to about 30, flattens out or drops slightly from 30 to
50, begins to rise slowly at about 50, at an increasing rate in the 60’s, and escalates rapidly from
age 70 onward. For women, the fatality rate is initially much lower than for men, drops sharply
through the teens and 20’s, flattens out with perhaps a slight reduction from 30 to 50 (the safest
group of drivers on the road), begins climbing steadily at 50 and catches up to men within 10-20
years, and matches the high rates for men from 70 onward. An 80-year-old driver of either
gender has about 7 times the fatal crash rate per mile of a 30-49 year old woman.
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FIGURE 3-15: FATAL CRASHES PER MILE BY DRIVER AGE AND GENDER

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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The net age/gender effects are a composite of several trends:

e Fatality risk from similar physical insults increases steadily by about 2 percent a year,
from age 20 (or possibly even younger) onwards. Females have up to 30 percent higher
fatality risk than males of the same age, given similar physical insults."?

¢ Young drivers are inexperienced with their vehicles’ limits of performance, and are more
- 14
prone to running off the road.

e Older drivers have increasing difficulty judging speed and distance and are more prone to
hitting other vehicles (and also pedestrians, and running off the road).

¢ Younger and, especially, male drivers are more “aggressive” and less “defensive.” They
accept risk in order to save time (or avoid annoying delay), on a regular basis, even when
they are alert and sober: moving first at a 4-way stop sign, following more closely, taking
curves more quickly, taking more chances to pass or change lanes, moving as soon as the
light turns green, etc. Figure 3-15 suggests that males’ extra “edge” of aggression
subsides from age 50 to 65.

Young and, especially, male drivers are more likely to drink and drive, or engage in other
antisocial driving behavior that can result in fatal crashes. Drunk driving peaks among young
adults (age 21-34), not teenagers."”” Most of these problems wane after age 40.

In summary, young drivers have many fatal crashes despite their physical resilience, while old
drivers have many fatalities to a large extent because of their frailty.

These diverse and important effects need to be formulated as a set of simple variables for use in
regression analyses. It is crucial to have enough variables to allow for flexibility in the
formulation, since the effects can differ considerably by crash mode. Disaggregate logistic
regression allows quite a few independent variables, and this is not the place for parsimony.

The approach used here is to express driver age/gender by one dichotomous and eight continuous
variables. The dichotomous variable is already on the file: DRVMALE = 1 if the driver is male,
= 0 if female. Driver age is expressed as a 4-piece linear variable, separately for males and
females (eight variables in all): four connected straight-line segments, one from age 14 to 30,
another from 30 to 50, another from 50 to 70, and the last from 70 and up.'® The eight variables
are:

P Evans, L., Traffic Safety and the Driver, Van Nostrand Reinhold, New York, 1991, pp. 25-28.

' Ibid., pp. 100-128 discusses young-driver inexperience, perception problems of older drivers, and aggressiveness
of young and/or male drivers.

" Traffic Safety Facts 1999, NHTSA Report No. DOT HS 809 100, Washington, 2000, pp. 112-114.

1 Actually, the last group is age 70-96. A small number of drivers age 97 or older have been excluded. FARS and
the eight State files all identify driver age exactly up to age 96, but some files use codes 97, 98, or 99 for other
purposes (e.g., unknown age).
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M14 30 =30 — DRVAGE for male drivers age 14-30, = 0 for male drivers age 31+ and all
female drivers

M30 50 =50 — DRVAGE for male drivers age 30-50, = 20 for male drivers age 14-30,=0
for male drivers age 51+ and for all female drivers

M50 70 = DRVAGE - 50 for male drivers age 50-70, = 20 for male drivers age 70+, =0
for male drivers age 14-50 and all female drivers

M70+ = DRVAGE — 70 for male drivers age 70+, = 0 for male drivers age 14-70 and all
female drivers

F14 30 =30 - DRVAGE for female drivers age 14-30, = 0 for female drivers age 31+ and
all male drivers

F30 50 =50 — DRVAGE for female drivers age 30-50, = 20 for female drivers age 14-30,
= 0 for female drivers age 51+ and for all male drivers

F50 70 = DRVAGE - 50 for female drivers age 50-70, = 20 for female drivers age 70+, =
0 for female drivers age 14-50 and all male drivers

F70+ = DRVAGE — 70 for female drivers age 70+, = 0 for female drivers age 14-70 and

all male drivers

For example, a 40-year-old male driver would have M30 50 = 10, and the other variables set to
zero. A 25-year-old male driver would have M30 50 =20, M14 30 =5, and the others set to
zero. Conversely, a 60-year-old female driver would have F50 70 = 10 and the others set to
zero. A 75-year-old female driver would have F50 70 =20, F70+ =5, and the others set to zero.

The rationale for defining the variables that way is that it treats 50 years as the baseline age.
Each year that a driver is younger than 50 has some effect (usually increasing) on fatality risk,
and each year that a driver is older than 50 has another effect (also usually increasing). The
effect works like compound interest: the log of the fatality rate [usually] increases for each
additional year that a driver’s age is younger than 50. A 49-year-old driver will have 1 unit of
increase in the log fatality rate (M30_ 50 = 1), and a 30-year-old driver will have 20 units of
increase (M30 50 = 20). Moreover, the rate of increase changes (usually becomes stronger) as
drivers get younger than 30 or older than 70. The difference between a 25-year-old and a 50-
year-old driver is the 20 units of increase for an age reduction from 50 to 30 (M30_50 = 20) plus
5 units of increase, at the new rate, for the age reduction from 30 to 25 (M14_30 =5).

The data points in Figure 3-15 are used to calibrate a weighted regression with log fatality risk as
the dependent variable, DRVMALE, M14 30, M30 50, etc. as the independent variables, and
each group’s total VMT as its weight factor. Figure 3-16 superimposes the original data points
(M = male, F = female) on the regression equations (*“.” for males, “-* for females).!” The fit is
exceedingly good at all ages (r* =.99). Indeed, the fit is so good that the “expected” from the
regression equation is often hidden directly underneath the “actual” data point.

' Figures 3-15 and 3-16 have the same data, but do not appear exactly alike because the SAS PLOT procedure
scaled the y-axes differently. A few data points moved up or down one space due to rounding.
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FIGURE 3-16: FATAL CRASHES PER MILE BY DRIVER AGE AND GENDER
ALL CRASH TYPES - ACTUAL VS. EXPECTED

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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Figures 3-17 and 3-18 illustrate the payoff in a flexible formulation of the age/gender variables.
Figure 3-17 suggests fatal collisions with fixed objects are generally a young people’s crash,
although old drivers are hardly immune to it. M14 30 and F14 30 help track the severe
increases as drivers get younger. Male and female trends are not parallel here. The rate
continues to decrease for 30-50 year old males, while it is already constant for females. The
regression follows these nuances almost perfectly.

Collisions with heavy trucks are the older driver’s nemesis. Figure 3-18 shows how the
regression line ably follows the modest downward trend from age 14 to 30 and the long,
alarming increase for older drivers.

The use of nine variables allows for independence in the trends for younger and older people,
males and females. The three inflection points in the formulation, ages 30, 50 and 70 are widely
viewed as natural “transition points” in a person’s life (“don’t trust anybody over 30,” “life
begins at 50,” “his biblical threescore and ten years”) and Figures 3-15 — 3-18 suggest they may
also correspond to ages where actual driving behaviors change in many people. By contrast, the
formulation in NHTSA’s 1997 report based on just four variables'® did not track well for the
older drivers and forced a parallelism in the rates of younger males and females that did not
necessarily exist. Another blunder would be to use quadratic regression because the trends look
sort of curvy. That would force the trends for older and younger drivers to be mirror images, and
they aren’t.

'8 Kahane (1997), p. 38.
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FIGURE 3-17: FIXED-OBJECT FATALITIES PER MILE BY DRIVER AGE AND GENDER
ACTUAL VS. EXPECTED

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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FIGURE 3-18: HEAVY-TRUCK FATALITIES PER MILE BY CAR DRIVER AGE/GENDER
ACTUAL VS. EXPECTED

(4-door passenger cars, excluding police cars, MY 1991-99 in CY 1995-2000)
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3.4 Regression analyses of fatality risk by car weight

The data are now almost ready to calibrate the crash fatality rate per year as a function of curb
weight for MY 1991-99 cars in CY 1995-2000 crashes, in the six crash modes defined in Section
2.2: principal rollovers, fixed-object, pedestrian-bicyclist-motorcyclist, car-heavy truck, car-car,
and car-light truck. Although they are the second crash mode in Section 2.2, fixed-object
collisions will be the first regression discussed here, because it is in some ways the most typical
analysis.'” Here, the “crash fatality rate” is the same as the occupant fatality rate, since all
fatalities are occupants of the single, case vehicle. Section 2.6 provided examples of typical
records on the fatality file and the induced-exposure database, both for a 1997 Ford Taurus
involved in a 1998 crash:

Fatal-Crash Exposure

Record Record
Crash mode Fixed Object -
N of fatalities in the crash 2 -
Vehicle registration years - 293.63
Curb weight 3,326 3,326
Driver male? 1 1
Driver age 24 28
Driver air bag? 1 1
ABS (4-wheel)? 0.51 0.51
At night? 0 0
Rural? 1 0
Speed limit 55+7? 1 0

There are 9,537 records of MY 1991-99 4-door passenger cars, excluding police cars, involved
in fatal fixed-object collisions during CY 1995-2000, with non-missing values on each of the
variables listed above. There are 959,314 induced-exposure cases for these cars, with non-
missing values for the variables. Together, they will furnish 968,851 data points to the logistic
regression. Over 99 percent of the records had non-missing values for all control variables.
Thus, the proportion of records with missing data is small enough that no adjustment is needed
for cases with missing data. In addition to the age/gender variables M14 30, M30 50, etc.
defined at the end of the preceding section, the file needs four more variables:

FATAL is a flag that indicates whether a data point supplies “failure(s)” (fatalities in collisions
with fixed objects) or “successes” (vehicle years of exposure). All records from the fatal crash
file have FATAL = 1. All induced-exposure crashes have FATAL = 2.%

' Includes all single-vehicle crashes that are not principal rollovers and did not result in non-occupant fatalities. See
Table 2-1.

20 S4S/STAT® User’s Guide, Version 6, Fourth Edition, Volume 2, SAS Institute, Cary, NC, 1989, pp. 1071-1126.
The LOGIST procedure in SAS prefers values of 1 for failures and 2 for successes.
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WEIGHTFA is the weight factor for each data point. It counts the number of failures or
successes implied by that data point. The weight factor for fatal crash involvements is (in this
regression) the number of fatalities in the crash: a crash that killed two people represents two
failures. The weight factor for induced-exposure cases is the number of vehicle years they
represent: since the probability of a fatal crash in any single year of driving is negligible, 293.63
vehicle registration years may be considered “293.63 years of driving without a fatality” and that
represents 293.63 successes.

UNDRWTO00 and OVERWTOO: the data in Section 3.2 clearly suggested that the weight-safety
relationship is stronger at the lower weights, up to about 3,000 pounds, than at the higher
weights, and that curb weight should be entered as a 2-piece linear variable, with the “hinge”
somewhere around 3,000 pounds. The median curb weight of 4-door cars in MY 1991-99, 2,950
pounds, can serve as the hinge. If the curb weight is less than 2,950, set

UNDRWTO00 = .01 (curb weight — 2,950), OVERWTO00 =0
If the curb weight is 2,950 or more, set
UNDRWTO00 =0, OVERWTO00 = .01 (curb weight — 2,950)

Weights are divided by 100 so that the regression coefficient will indicate the effect of a 100-
pound weight increase. Other than making the printout easier to read it has no effect on the
regressions. The curb weights in this chapter are always the “nominal” weights described in
Section 2.1, the best estimates from published material, without the adjustment for the additional
weight observed in compliance test vehicles.

Thus, the fatal and induced-exposure crash record described above contribute the following two
data points to the regression of fixed-object crash fatality rates (a 24-year-old male driver will set
M14 30 to 6, M30 50 to 20, and the other 6 age/gender variables to 0 — for definitions,
additional examples and a rationale for these variables, see the discussion in Section 3.3):
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The LOGIST procedure in SAS is a disaggregate logistic regression analysis. It is performed on
968,851 data points that are crash-involved vehicles: the 9,537 fatal crash involvements plus the
959,314 induced-exposure involvements. However, each of these data points is weighted, and
thereby “transformed” by WEIGHTFA. The 9,537 fatal-crash involvements represent 10,569
“failures” (crash fatalities) while the 959,314 induced-exposure involvements represent
243,384,096 “successes” (registration years in the United States). While LOGIST procedure

operates on the crash data points, the weighting by WEIGHTFA in effect makes it calibrate the
log-odds of a fatality per registration year.”! These log-odds are calibrated as a linear function of
the independent variables, generating the following coefficients:

*! The text describes the most appropriate way to set up the data for the LOGIST procedure. However, the version
of LOGIST used in this study interprets the WEIGHT statement not as a case-weighting but a count of
independently-observed cases. It literally treated each registration year as an independent data point. That makes
the standard errors of the coefficients about 2-5 percent smaller than they should be, and their chi-squares about 2-5
percent larger (based on sensitivity tests where WEIGHTFA for the induced-exposure cases was divided by 250, in
order to have the weights sum up to approximately the original number of crash cases) —i.e., when there are only
10,000 failures, the precision of the regression coefficients is nearly the same when there are 1,000,000 or
250,000,000 successes.
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FIXED-OBJECT COLLISIONS (N = 9,537 fatal crash involvements)

Coefficient Wald Chi-Square P <
UNDRWTO00 -.0322 45.2 .0001
OVERWT00 -.0167 17.1 .0001
DRVMALE 482 61.9 .0001
M14 30 .1006 901.7 .0001
M30 50 .0279 103.9 .0001
M50 70 0291 84.2 .0001
M70+ .0973 414.8 .0001
F14 30 .0806 251.5 .0001
F30 50 .0055 2.23 135
F50 70 0561 200.9 .0001
F70+ 0928 197.7 .0001
DRVBAG -.180 53.6 .0001
ABS .080 6.71 .0096
NITE 1.598 6320. .0001
RURAL 1.266 3615. .0001
SPDLIMSS 1.599 5465. .0001
INTERCEPT - 12.492 48873. .0001

For cars weighing less than 2,950 pounds, each 100-pound weight reduction is associated with
very close to a 3.22 percent fatality increase. In other words, Car A weighing 100 pounds less
than Car B has approximately 3.22 percent higher fatality risk per million years than Car B,
given the same age/gender driver, ambient conditions (NITE, RURAL, SPDLIMS55) and safety
equipment (air bags, ABS).”

For cars weighing 2,950 pounds or more, each 100-pound weight reduction is associated with
close to a 1.67 percent increase in the fatality rate. In other words, the calibrated size-safety
effect is about half as severe in the heavier cars as in the lighter cars.

Both of the size-safety effects are statistically significant, as evidenced by chi-square values 45.2
and 17.1, respectively. (For statistical significance at the .05 level, chi-square has to exceed
3.84, and for the .01 level, 6.64.)

*2 The regression actually calibrates the change in the log-odds of a fatality for a 100-pound weight increase. Since
the fatality rate is very low, those log odds are essentially the log of the fatality rate. Thus, a 100-pound weight
increase is associated with a 3.22% reduction in the log of the fatality rate, or a 3.17% reduction of the fatality rate
itself. A 100-pound weight reduction is associated with a 3.27% increase in the fatality rate itself. The differences
in these numbers (3.17, 3.22, 3.27) are trivial compared to the uncertainty in the estimate. From here on, for
simplicity, the regression coefficient itself is used as the estimated effect of a 100-pound weight change (in either
direction), ignoring the trivial measurement errors this involves.
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What does “statistically significant” mean in this context? It means that the specific data set
entered into the regression model has a significant association between car weight and fatality
risk — the lower the weight, the higher the risk — after controlling for driver age/gender,
urban/rural, etc. (It also assumes this data set is a simple random sample of some much larger
population). It does not necessarily prove that a future reduction in car weight will significantly
increase fatality rates.”” The following additional sources of uncertainty intervene between the
first and second conclusion:

e The data are not a simple, “natural” collection of observations, but have been assembled
from various sources (e.g., induced-exposure cases weighted by registration years). It is
not clear if statistics such as chi-square have their customary meanings.

¢ Induced-exposure data were available from just eight States, not randomly selected. It
will be shown, however, that this contributes very little to the uncertainty in the
estimates.

e It assumes that the list of control variables includes everything important, the variables
have been correctly formulated, and the induced-exposure method controls for them
correctly.

e Perhaps most important, this is not a “controlled experiment” but a cross-sectional look at
the fatality rates of actual MY 1991-99 cars. Since most people can pick what car they
drive, the observed size-safety effects could in part be due to intangible characteristics
such as “driver quality” or “attitude,” possibly confounded with the owner’s choice of a
small or large car.

e The use of cross-sectional analysis for predictive purposes implicitly assumes that future
weight reductions would be accompanied by reductions of track width, wheelbase, hood
length, in the proportions that these parameters are related across the current fleet.

The two-piece linear modeling of the size-safety effect, 3.22 percent up to 2,950 pounds and 1.67
percent thereafter, also requires comment. This is a calibration. Obviously, the “real” effect
does not abruptly drop in half at exactly 2,950 pounds and it might not be strictly constant above
and below that weight. Specifically, a reduction from 3,000 to 2,900 pounds is unlikely to result
in either a 3.22 or a 1.67 percent increase, but presumably some intermediate amount.

2 James Hedlund expanded on this sentence as follows, in his review of this report: “The study uses these statistical
tests as one tool in examining and attempting to quantify the effects of vehicle weight changes. The stronger the
statistical test result, the more confidence we have that the effect is real. In particular, effects that are not
statistically significant (using the customary 0.05 level) may well not exist. But the study certainly does not use
statistical significance as proof that an effect does exist. The study accumulates evidence, by using different
analyses, examining how sensitive the results are to changes in data or assumptions, and the like. But the study
cannot absolutely prove anything. It’s more like a courtroom -- accumulating evidence to demonstrate beyond a
reasonable doubt -- than a mathematical proof.” Dr. Hedlund’s review is available in the NHTSA docket for this
report. He also notes that the FARS and State databases are not simple random samples but census files. In NHTSA
evaluations and analyses, standard statistical tests are often applied to FARS data on the implicit rationale that the
United States is a “sample” of a theoretical population of thousands of countries, each identical to the United States,
with the same types of vehicles and drivers, and each with its own fatal crash experience.
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Nevertheless, the raw data (Figures 3-1 — 3-14) repeatedly show an effect that is strong and looks
quite linear up to about 3,000 pounds, and then flattens out, but with a pattern that cannot be
easily deciphered. Clearly, a single, linear effect across all weights would not fit the raw data,
while a two-piece linear effect, with the hinge at the median weight, is the next-simplest
formulation, and it agrees with the data.

The control variables have appropriate coefficients. There are no “failed regressions” here, as in
NHTSA’s 1997 report.”* The 0.48 coefficient for DRVMALE suggests that a 50-year-old male
has .48 higher log fatality rate for fixed-object collisions than a 50-year-old female, all else being
equal. That is consistent with the actual data points and regression lines in Figure 3-17 (that
considered only the effect of age and gender in fixed-object fatality rates). Similarly, the
coefficients for M14 30, M30 50, etc. are each quite similar to the regression lines in Figure 3-
17. In other words, they say fatality risk increases by 2.79 percent for each year that a male
driver is younger than 50, down to age 30, and for each year younger than 30 it increases by
10.06 percent, etc. Young drivers, old drivers and males have high fatality rates, and the
regression adjusts the fatality rate of small cars downward to the extent that it is due to a high
proportion of young drivers, and it also adjusts the fatality rate of large cars downward to the
extent that it is due to a high proportion of male and older drivers. The coefficient for F30 50 is
not statistically significant: there is little change in the fatality risk of female drivers between the
ages of 30 and 50; however, risk increases significantly for females younger than 30 or older
than 50, as evidenced by strongly positive F14 30, F50 70 and F70+ coefficients.

This regression is not a tool to obtain accurate estimates of the effect of air bags and ABS in
fixed-object collisions, since it calibrates those parameters by comparing the overall fatality rates
for large, non-matching groups of cars with and without air bags, with and without ABS.
Nevertheless, the regression coefficients ought at least to be compatible with the estimates from
more fine-tuned evaluations of those devices. Indeed, the -.18 coefficient for DRVBAG,
suggesting a 1 —log(-.18) = 16.5 percent fatality reduction for air bags, looks quite reasonable
for air bags in fixed-object collisions, the majority of which are frontals.”” The +.08 coefficient
for ABS, suggesting a 1 —log(.08) = 8.3 percent fatality increase in these CY 1995-2000 data, is
likewise consistent with the literature, which has consistently shown increases in fatal run-oft-
road crashes with ABS, ranging from about 30 percent in the early 1990’s, down to 10 percent or
less in late 1990’s (the time frame of this size-safety study).?® The heavier cars of MY 1991-99
were more likely to have air bags and ABS, and the regression adjusts the fatality rates
accordingly.

Finally, the regression calibrates strongly positive coefficients for NITE, RURAL and
SPDLIMSS. Fatality rates per mile (and even more so per reported induced-exposure crash) are

* Kahane (1997), pp. 112-118.

> Kahane, C.J., Fatality Reduction by Air Bags: Analyses of Accident Data through Early 1996, NHTSA Technical
Report No. DOT HS 808 470, Washington, 1996, pp. 36-38.

26 Kahane (1994 ABS), pp. 92-104; Hertz, E., Analysis of the Crash Experience of Vehicles Equipped with All Wheel
Antilock Braking Systems (ABS) — A Second Update Including Vehicles with Optional ABS, NHTSA Technical
Report No. DOT HS 809 144, Washington, 2000; Farmer, Charles M., “New Evidence Concerning Fatal Crashes of
Passenger Vehicles Before and After Adding Antilock Braking Systems,” Accident Analysis and Prevention, Vol.
33,2001, pp. 361-369.

80



substantially higher at night than by day, and on rural, high-speed roads than on city streets.”” To
the extent that heavier cars are driven relatively more on rural and high-speed roads, but
relatively less at night, the regression adjusts the fatality rates.

Next is a regression of fatalities in principal-rollover crashes per registration year.”® Here, there
are 2,372 records of passenger cars involved in fatal principal-rollover crashes, supplying 2,583
“failures” (crash fatalities). The induced-exposure data are the same as in the fixed-object
regression, and will also be the same in the four regressions after this one: 959,314 cases
supplying 243,384,096 “successes” (years of travel). The list of independent variables is also the
same as in the fixed-object regression, except DRVBAG is omitted: air bags are unlikely to have
an effect, and in many cases won’t even deploy, in principal rollovers. The regression generated
the following coefficients:

PRINCIPAL ROLLOVERS (N = 2,372 fatal crash involvements)

Coefficient Wald Chi-Square P <
UNDRWTO00 -.0508 27.8 .0001
OVERWT00 -.0470 27.6 .0001
DRVMALE 119 97 326
M14 30 .1000 214.0 .0001
M30 50 .0369 40.4 .0001
M50 70 0132 3.07 .0798
M70+ 0695 24.0 .0001
F14 30 .0846 99.5 .0001
F30 50 0152 5.39 .0202
F50 70 .0330 15.3 .0001
F70+ .0445 5.13 .0235
ABS 392 43.5 .0001
NITE 1.618 1601. .0001
RURAL 2.128 1610. .0001
SPDLIMS5S 2.503 2422. .0001
INTERCEPT - 15.203 18343. .0001

The weight-safety effect is strong, and nearly constant across the range of car weights, consistent
with the trends in Figures 3-2 and 3-9. For cars weighing less than 2,950 pounds, each 100-
pound weight reduction is associated with close to a 5.08 percent fatality increase; above 2,950
pounds, a 4.70 percent fatality increase. Both coefficients are statistically significant.

Y Accident Facts, 1993 Edition, National Safety Council, Itasca, IL, 1993, p. 64.

% As explained in Section 2.2, principal rollovers are single-vehicle crashes where the rollover is the first truly
harmful event (although FARS may code the tripping mechanism, such as a ditch, as the “first” harmful event).
Crashes where the first harmful event is a collision with a fixed object (excluding curb, ditch, etc.) are not included,
even if a subsequent rollover was the most harmful event.
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The control variables have a reasonable relationship to fatality risk. Since rollovers are even less
of an “old people’s crash” than fixed-object collisions, it is appropriate that M70+ and F70+, as
well as M50 70 and F50 70 are weaker than in the preceding regression. The literature shows
some persistent fatality increases with ABS in rollovers.”’ Rollover crashes are understandably
even more concentrated on rural and high-speed roads than fixed-object crashes.*

Next is a regression of pedestrian/bicyclist and motorcyclist fatalities per passenger-car
registration year. Here, there are 6,875 records of passenger cars that struck pedestrians,
bicyclists or motorcyclists, resulting in 7,018 fatalities to the ped/bike/motorcyclists. The
induced-exposure data are the same as in the fixed-object regression. Again, the list of
independent variables omits DRVBAG, because an air bag in the car will not help the pedestrian,
bicyclist or motorcyclist. The regression generated the following coefficients:

PEDESTRIANS-BICYCLISTS-MOTORCYCLISTS (N = 6,875 fatal crash involvements)

Coefficient Wald Chi-Square P <
UNDRWTO00 -.0348 34.8 .0001
OVERWT00 +.0062 1.7 1892
DRVMALE 270 19.0 .0001
M14 30 0254 25.5 .0001
M30 50 0117 13.6 .0002
M50 70 0138 13.3 .0003
M70+ .0553 60.6 .0001
F14 30 0136 5.85 0156
F30 50 .0088 6.44 0111
F50 70 .0239 29.1 .0001
F70+ .0552 31.3 .0001
ABS -.059 2.39 122
NITE 1.579 4156. .0001
RURAL 257 89.5 .0001
SPDLIMSS 197 755. .0001
INTERCEPT - 11.649 476