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ABSTRACT

Although computer simulation is regarded
primarily as a tool for systems analysis, smulation
can also be used in the process of systems optimiza-
tion. This paper describes recent enhancements to a
computer program package which enables the use of
vehicle and occupant smulation models in determining
the design of vehicles and restraints for maximum
occupant impact protection. Also described is an
application of this program package to determine the
optimal design of a passenger vehicle involved in
fronta collisons.

SINCE 1975, the National Highway Traffic Safety
Administration (NHTSA) has sponsored research
concerning the optimization of passenger vehicle
designs for maximum crashworthiness. The approach
adopted relies upon developing polynomid approximat-
ing functions for the response surfaces of vehicle
and occupant simulation models. These approximating
functions describe the simulated relationships
between changes in a set of vehicle and restraint-
system design variables and the corresponding changes
in summary measures of vehicle and occupant dynamic
responses, over a wide variety of accident condi-
tions. A direct-search, congtrained optimization
algorithm employs these approximating functions to
determine the levels of the design variables which
minimize the aggregate expected social cost of
injuries and fatalities associated with collisions
involving the design vehicle.

The smulation optimization approach is embodied
in a computer program package called the Safety
Systems Optimization Model (SSOM). The SSOM
currently comprises severa accident and biomechani-
cal databases, as well as eighteen major computer
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programs. Major components of the SSOM include
simulation models of the structural response of
colliding vehicles, smulation models of the dynamic
response of vehicle occupants, an experiment-design
and regression-analysis package for developing
approximating functions;, an evauation program for
determining occupant injury levels and corresponding
social costs; optimization routines for determining
preferred vehicle designs; and various routines for
model  verification and validation, senstivity
analysis, and report generation.

The purposes of this paper are to (1) outline
the current implementation of the SSOM and (2) to
report a benchmark application of the simulation-
optimization approach to the design of a passenger
vehicle for maximum safety performance in frontal
collisions. The SSOM was initially developed at the
Ford Motor Company, during the period from 1975
through 1978 [I-3]*.  Since that time, extensive
modifications and refinements to the original program
package have been implemented by researchers a the
University of Virginia [4-9]. Major modifications
of the SSOM include the incorporation of new AlS-
based biomechanical transforms and new accident data
bases using data from the National Crash Severity
Study (NCSS) file. Details of the current biomecha
nical transforms and accident databases are given
here. In addition, new features for univariate and
multivariate sensitivity analysis and for accident-
distribution report generation are demonstrated.

The application presented here is an extension
and refinement of a prior study [10,11] and addresses
many of the issues unresolved at that time. The
application considers a 3000 Ib automobile equipped
with 3-point belts operating in the current U.S.

*Numbers in brackets designate references at the end
of paper
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accident environment. Application of the new sens-
tivity analysis features, together with comparisons
of results of this study with results obtained by
other researchers, permits the conclusions of the
previous study to be significantly extended.

Results of the study reported here provide new
insight into the relationship between structural and
restraint requirements when the performance of the
vehicle is considered from the perspectives of all
accident victims involved in design-vehicle frontal
collisions. Specifically, the need to balance the
conflicting objectives of minimizing the aggressive-
ness of the design vehicle, while maximizing the
protection of design-vehicle occupants, appears to
favor a less aggressive structural design with
correspondingly stiffer belts. The preferred
structural design provides for maximum available
crush and a progressive collapse structure, with
relatively softer foreframe and relatively stiffer
sheetmetal and aftframe, This preferred structure
also appears to be relatively insensitive to belt-
usage rates. Results of the study further indicate
that the optimal design is relatively insensitive to
univariate changes in the collapse forces of the
occupant contact surfaces. We speculate that this is
at least in part because of the stiffness of the
restraints and in part because of distribution of
accident exposures across seating position, impact
mode, collision speed, and occupant stature.

PROBLEM STATEMENT

The problem addressed in this paper may be
stated formally as the following nonlinear program:

n
min Sxw = 2 ps(xu) @
X =
st. W(X) < Wy 2

CX.W(X)) < Grax ©)
Xmin S X < Ximax (4)

The objective expressed in Eq. (1) is to select the
value of the vector of design variables x that
minimizes the total social cost of injuries and
fatalities S(x,u) for a given level of bet
usage u. Total social cost is defined as the sum of
the average annual social cost of injuries and

fatalities s(x,u) for each of i=1,2,...,n accident
encounters, each encounter weighted by the correspond-
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ing annual expected frequency of exposure p. The

weight of the design w(X) is constrained to a
maximum W, in Eq. (2) and the cost of the design

c(x) (including the cost of materials substitution
to reduce weight, if necessary) is constrained to a
maximum C,, in Eq. (3). The design itsdf is
constrained to the feasible region of the design
space, defined by the vectors of minimum X, and

maximum X, design values in Eq. (4). This nonlinear

program is solved for each of j=1,2,...m belt usage
levels 0<u<100% to determine the sensitivity of

the optimal design X.u(u) and corresponding total
social cost S[xopt(uj),uj] to assumed belt usage
rates.

DESIGN VARIABLES

The design variables x selected for this
study are divided into two categories. Structural
variables refer to selected properties of the front
structure of the design vehicle. Occupant variables
refer to sdected propeties of the occupant
restraint system and the occupant-compartment contac
surfaces.

Figure 1 depicts a one-dimensional lumped-mass
model of a vehicle during front-to-fixed-object
collisions. Design variables for the present study
describe selected parameters of the quasi-static
force-deflection curves which define the properties
of the nonlinear, energy-absorbing springs (EA'S)
connecting the masses. These variables are:

X, = constant collapse force of EA46 (foreframe)
X, = constant collapse force of EA34 (aftframe)
constant collapse force of EA37 (sheetmetal)
X, = available crush length of EA46 (foreframe)
Xz = available crush length of EA34 (aftframe)

X
w
1l

The remaining parameters of the lumped-mass models
are fixed a basdine vaues. For this study,
baseline values are for a 1975 Ford Pinto. These
values were determined from barrier crash tests of
the vehicle and from controlled crush tests of each
significant structural member by Ford [1].

Figure 2 depicts a two-dimensional lumped-mass
model of a driver restrained by three-point belt.
The occupant interacts with the vehicle through the
bdt system, through the seat back and cushion, and
through a set of contact surfaces representing the
profile of the interior of the occupant compartment.
Occupant design variables for the present study
describe selected parameters of the dynamic force-
deflection curves which define the properties of the
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Figure 1. One-dimensiona lumped-mass model of the
passenger vehicle front end, showing design variables.

belts and contact surfaces. These variables are:

X = stiffness of the belts

X, = constant collapse force of S7 (steering column)

Xg = constant collapse force of S2 (upper instrument
panel-driver side)

Xy = constant collapse force of S6 (lower instrument
panel--driver side)

X, = constant collapse force of S2 (upper instrument
panel--passenger  side)

X,, = constant collapse force of S6 (lower instrument
panel--passenger  side)

The remaining parameters of the occupant models are
fixed a basdine vaues. For this sudy, the
baseline values are for a 1975 Ford Maverick. These
values were determined by Ford [1-3].

APPROXIMATING FUNCTIONS

Occupant and vehicle responses are determined
from a set of approximating functions which represent
the response surfaces of corresponding occupant and
vehicle simulation models. These approximating
functions are third-order polynomia equations of the
form

Index Surface
[ Floorboard”
1 Seat Back
2 Upper Dash
3,4 Windshield
5 Sieering Wheel
6 Lowver Panel
7 Steering Column
8 Toeboard

Figure 2. Two-dimensiona lumped-mass model of the
occupant and occupant compartment, showing design
variables.

k k k k k k
y= b+ 20z, + 2 2 bazz, 43 X 3 Do ZpZoZs
p=1 p=10=1 p=1g=1r=1

where y is the (transformed) response variable, z,
are the k (coded) predictor variables, and the by, by,
and by, are congtants. For frontal collisions a total

of twenty-one approximating functions, one for each
parameter describing the occupant and vehicle re-
sponses, are required.

The significant structural response of a
vehicle is described by the vehicle deceleration
profile or “crash signature". Vehicle deceleration
profiles determined from the vehicle crash simula-
tions are approximated by the piecewise-linear TESW
(Tipped Equivalent Square Wave), as shown in Figure
3. While apparently crude, the TESW has been shown
[12] to provide a consistently accurate summary of
the vehicle response (the so-called "first
collision") as this response is transmitted to the
vehicle occupants (the so-called "second
collisions’). The TESW has the advantage that it can
be completely specified by four parameters which are
easily identified from the simulated deceleration



profiles. These parameters are:

Vo = vehicleinitial velocity

V: = vehicle rebound velocity

Xmax = Maximum dynamic crush

t, = timeto maximum dynamic crush

Since the initial velocity is an input parameter of
the simulation, three approximating functions in
general are required to specify the remaining vehicle
response variables. (For barrier collisions only two
approximating functions are required, since t,,

can be caluculated from the remaining variables for
this case). Seperate approximating functions are
required for car-to-fixed-object collisions and for
car-to-car collisions, for a total of eleven vehicle
approximating functions for frontal collisions.

The predictor variables for the vehicle approxi-
mating functions ae the five vehicle design
variables defined in the preceding section, together
with the closing speed and weight of the other
vehicle for car-to-car collisons. The coefficients
of the vehicle approximating functions are determined
by multiple, stepwise, least-squares regression on
design/response data derived by simulating collisions
for each replication in a specified experimental
design. As many as two-hundred simulation runs and
polynomias with as many as eighty terms are required
for accurate representation of the vehicle simulation
response surfaces.

The significant response of occupants during
collisions is determined by the deceleration profiles
of each occupant's head and chest. Deceleration pro-
files for the occupant head and chest body segments
determined from the occupant crash simulations are
each summarized by a standard injury measure. These
are HIC (the Head Injury Criterion) and CSI (the
chest severity index), defined as

t

2
HIC = max  [[1(et)] ] a(mde] >ty
(t>t) i

t,
csl = [f a(t)2%dr]
tl

where &, is head acceleration in g's and & is chest
acceleration in g¢g's. For HIC, t; and t, are any
two points in time during the collision such that t,>t;.
For CSl, t, and t, ae the initid and

final times of the collision, respectively. These
measures have been shown to provide a consistently
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Figure 3. TESW (Tipped Equivolent Square Wave)
approximation of the vehicle crash signature.

accurate summary of occupant response for the purpos
of determining the extent and severity of injuries
resulting from frontal impacts. Seperate approxi-
mating functions are required for drivers and pas-
sengers and for restrained and unrestrained occupants
for frontal impacts, while a single approximating
function represents all drivers and passengers
(whether or not restrained) for side impacts. This
represents a total of ten occupant approximating
functions.

The predictor variables for the occupant
approximating functions are the six vehicle design
variables defined in the preceeding section, together
with the five vehicle response measures and the
occupant height class. The coefficients of the
occupant approximating functions are determined by
the same procedure used to derive the vehicle
approximating functions, using multiple, stepwise,
least-squares regression on design/response data
derived by simulating collisions for each replication
in the experimental design.

BIOMECHANICAL AND SOCIAL COST MODELS

The social cost of an individual collision
si(x,u) is determined from vehicle and occupant

dynamic response measures by two related transforma-
tions. First, for each occupant, an overall measure
of injury severity (the expected average injury
level) is determined by aggregating two independent
measures of injury severity derived from the two
independent occupant dynamic response measures. This
transformation is called the biomechanica transform.
Second, the social cost of the collision is deter-
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Table 1. Weighting coefficients for rcm calculation
(after Hollowell [15]).

AlS Severity Absolute
number code socia  cost ($)
6 unsurvivable 287,175
5 critical 192,240
4 severe 86,955
3 serious 8,085
2 moderate 4,350
1 minor 2,190

mined by aggregating the overall measures of injury
severity for each occupant of each vehicle involved
in the collison. This transformation defines the
SSOM unit of socia cost or, equivaently, the SSOM
measure of vehicle crashworthiness.

For frontal collisions, the biomechanical
transform relies upon determining the maximum average
expected AIS (abbreviated injury scae [13]) number
for an occupant resulting from one of two causes:
(1) injuries sustained to the head, AIS,, and

(2) injuries sustained to the chest, AIS.. Intrusion

effects are considered implicitly (see [14] for the
potential limitations of not explicitly accounting
for intrusion effects). The averege expected AlS,
and AIS; for an occupant are determined from HIC

and CSl using the curves depicted in Figure 4. The
overall AIS number (OAIS) is set to the maximum of
the two AIS values as

OAIS = max [AlS,, AIS]

HIC and CSI are determined from the corresponding
approximating functions.

The socia cost of the accident to the occupant
is calculated using the OAIS number by interpolation
on the table of weights depicted in Table 1. The
weighting coefficients are intended to represent the
social cost of injuries for the corresponding OAIS
number relative to the social cost of injuries clas-
sified as AIS=6 (injuries which always result in a
fatality). The unit of (relative) social cost in
this calculation is cadled the rcm, (relative
crashworthiness measure).

The rcm is the fundamental unit of (relative)
social cost in this method of evaluation and the
total number of rcm’s associated with a vehicle
design is used as a figure of merit for assessing the
crashworthiness of that design. The total number of
rcm’s associated with a design is the sum of the
annual expected number of rcm’s resulting from each
type of accident involving the vehicle. This expec-
tation is acheived by weighting the number of rcm's
for a single encounter of that accident type by the

1.0000000
0.6694176
0.3027945
0.0281536
0.0151476
0.0076260

annual expected frequency of occurance of that acci-
dent type in EQ. (1). The number of rcm's for a
single encounter, in turn, is the sum of the rcm’s
sustained by each of the occupants of each of the
vehicles involved in the corresponding collision, as
calculated by the method described in this section.

ACCIDENT ENVIRONMENT

The accident environment for which the design
vehicle is optimized in the current study includes
accident encounters in which the design vehicle is a
3000 Ib striking vehicle in front-to-front, front-to-
side, and front-to-fixed object collisions. Accident
exposure data are derived from a range of sources [1-
3,17,18] as reported by Pilkey and White [4]. Data
approximating the current U.S. accident environment
are given in Table 2.

RESULTS AND DISCUSSION

The problem described in the preceding section
was solved using the SSOM program package. Five
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Figure 4. Biomechanica transform of the

occupant summary response measures into occupant
injury severity numbers (note irregular scale).
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Table 2 Accident exposure of a striking passenger vehicle
as a percentage of al frontal collisions.

Front-to-
fixed object

Front-to-
front

Front-to-
side

optimizations were completed using a modified Box
algorithm and assuming belt usage rates of u = 0, 25,
50, 75, and 100%, respectively. These usage rates
apply to all occupants of al vehicles for a given
optimization. In addition, for each optimization,
weight was constrained to a maximum of 180 Ib above
the weight of the baseline vehicle and cost (includ-
ing the cost of materials substitution to reduce
weight) was constrained to a maximum of $300 (at 1976
materials costs) above the cost of the baseline
vehicle. Separate SSOM evaluations of the baseline
vehicle at each bdt usage rate were made for compa
rative purposes.

In the following sections, results of the study
are examined and, where possible, comparisons with
published results from other studies are drawn. Four
areas are of principal interest: (1) the overall
crashworthiness of the vehicle for frontal collisions

45K

Baseline

/

Optimal

SOCIAL COST (rcms)

0 BELT USAGE (percent) 100

Figure 5. Social cost of injuries and fatalities
for the baseline and optimal vehicle designs.

Other Vehicle

None 20001b 30001b 40001b 50001b Total

42.1 42.1
2.7 2.4 3.1 4.4 12.6
9.7 8.6 11.0 16.0 45.3
421 124 110 141 20.4 100.0

and the relationships among social cost, belt usage
rate, and design optimization; (2) the optimal
vehicle design and the relationships among structural
requirements, restraint requirements, and belt usage;
() the sensitivity of the optimal design to varia-
tions in design variables and the relationships
between these sensitivities and the distribution of
accident exposures in terms of seating position,
impact mode, and condition of restraint; and (4) the
distribution of injuries and injury reductions for
the optimized design between the design vehicle and
other vehicles for various collision modes.

OVERALL CRASHWORTHINESS--Figure 5
shows the substantial benefits both of increasing
belt usage and optimizing vehicle design. For both
baseline and optimal designs, social cost is mono-
tonically decreasing with respect to increasing belt
usage. For all belt usage rates, optimization

180
300

y@m
.\.-——-—O——Q\.
.\7——“.\.\.

Cost

Baseline

WEIGHT (Ibs)
{$) 1SQ0

—100

-100

[¢] BELT USAGE (percent) 100

Figure 6. Weight and cost of the optimized
vehicle above basdline vehicle design.
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results in significant reductions in social cost from
the baseline. Moreover, while social cost is a
linear function of bet usage for the basdline
vehicle, social cost is a concave function of belt
usage for the optimized vehicle (a 6398 rcm or 14.7%
reduction from the baseline at u=0% and a 10748 rcm
or 46.3% reduction at u=100%). This suggests that
while both increasing belt usage and optimizing
vehicle design are highly desirable individually,
adopting both approaches to injury mitigation simul-
taneously yields synergistic benefits. Stated
somewhat differently, vehicle optimization can be
more effective at reducing the social costs of
injuries and fatalities when the occupant population
is effectively restrained.

These trends appear to be reasonable and consis-
tent with the limiting performance of structure and
restraints under given constraints on design vari-
ability (see Zimmermann [19] and Hofferberth and
Tomassoni [20]). Moreover, belt usage rates in the

to)
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U.S. are estimated to be between 10% and 18% and
reductions of 25% in fatalities and 50% in injuries
are thought to be possible if all occupants were
belted (see Geller, et al. [21] and Campbell [22]).
These figures compare favorably with reductions of
40-45% in social cost predicted by the study for
similar changes in belt usage for the baseline
design.

STRUCTURAL DESIGN--Figure 7 shows the
optimal values of the four structural design vari-
ables for different levels of belt use. The optimal
design is highly sensitive to foreframe force level
and crush length and relatively less sensitive to
sheetmetal and aftframe force levels. Relative to
the baseline, the optimal front end is longer, softer
in the front, and stiffer in the rear. This is what
we have referred to as a "progressive collapse
structure”. This preferred structural design appears
to be relatively insensitive to belt usage rate,
except that the preferred aftframe force level

BELT USAGE (percent) 100

i,

BELT USAGE (percent) 100

Figure 7. Optimal values of the structural design variables as a function of

bdt usage rate.
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appears to decrease moderately as a function of
increasing usage.

The optimal structural design determined here is
both intuitively appealing and in general agreement
with previously reported studies. In terms of
available crush length, it appears to be universally
accepted [19,20,23] that for improved crashworthiness
crush length should be made as great as is consistent
with good vehicle handling. Since neither weight nor
cost constraints are binding at any usage level (see
Figure 6), the crush length is at this expected
design maximum. The progressive collapse structure
of the design appears to provide a unique solution to
the three basic requirements for prevention of desth
or serious injury defined by Hofferberth and
Tomassoni [20]:

(2) the structure must be sufficiently "soft" to
prevent excessive acceleration loads to the

occupant,

(2) the structure must be sufficiently "hard" to
maintain occupant compartment integrity, and

(3) the vehicle must not be accessively aggressive to
any other vehicle when involved in a car-to-car
crash.

These three requirements must be balanced by the
vehicle design, in an effort to make the design as
compitable as possible with its own restraint system
and with (its exposure to) the vehicle fleet. This
balance is provided in the progressive collapse
structure by softening the foreframe to achieve
requirements (1) and (3), while stiffening the aft-
frame to achieve requirement (2).

RESTRAINT SYSTEM AND OCCUPANT
COMPARTMENT DESIGN--Figure 8 shows the
optimal values of the six occupant variables for
different levels of belt use. In comparison with
these structural variables, the optimal design
appears in general to be less sengtive to univariate
changes in the occupant variables. The principal
exceptions to this are belt stiffness and lower panel
collapse force (driver side). Relative to the
baseline, stiffer belts and softer steering columns
are preferred at all levels of belt usage. Harder
upper panel and softer lower panel are indicated for
the driver side for low belt usage rates, with a
decided preference for increasing the lower panel
stiffness as restraint usage increases. On the
passenger side, a softer interior is preferred, with
a trend toward increasing upper panel stiffness at
the highest usage rates.

To a greater degree than the structural vari-
ables, the occupant variables appear to exhibit some
sensitivity to belt usage rate. Higher usage
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appears, in general, to permit some strengthening of
the occupant compartment. This trend is most
apparent in the lower panel on the driver side. Belt
stiffness alone appears to remain amost invariant at
different usage rates. This can be explained by the
considerable body of evidence relating vehicle crush
and occupant restraint system design [19,20,23].
Stiffer belts serve to decelerate the occupant in the
initial phase of the crash, in order to use as much
of the significant increase in available crush made
possible by the progressive collapse structure of the
optimized front end.

UNIVARIATE SENSITIVITY ANALYSIS--
Additional results were obtained in conjunction with
postoptimality analysis. For the optimal design at
each belt usage rate, a univariate sensitivity
analysis was conducted. Evaluations of the optimal
design were completed where each of the design vari-
ables was varied from its minimum to maximum value,
in variable increments, one variable at a time, all
other variables remaining at optima values. Results
(not shown) confirm that the approximate optimal
design was found in each case. For each variable at
each belt usage rate, the 5% relative sensitivity
bounds determined from this analysis have been plot-
ted as the sensitivity region in Figures 7 and 8.
This region defines the range of variation of the
variable about its optima vaue for which the gains
from the optimization are reduced by no more than 5%
(assuming all other varibles remain optimal).
Absolute sensitivity bounds are themselves sensitive
to belt usage rates (since the extent of injuries and
fatalities associated with the baseline vehicle is a
function of belt usage). The 5% relative sensitivity
bounds correspond to 0.859% absolute sensitivities at
the zero belt usage rate and to 4.32% absolute sensi-
tivities at the 100% usage rate.

The results of a univariate sensitivity analysis
of the optimal vehicle designs shown in Figures 7
and 8 indicate that the optima design is more sensi-
tive to single-variable variations in the unified
design of the front end and restraint system, than to
corresponding changes in the design of interior
contact surfaces. Results of the multivariate
analysis (given in the next section) confirm that the
greatest improvement in crashworthiness from the
baseline design can be attributed entirely to three
variables: the foreframe collapse force, the total
available crush length, and the stiffness of the
belts. This improvement ranges from nearly 60% of
the total improvement at zero belt usage, to 90% of
the total at the 75% usage rate.

These results may be explained in part simply on
the basis of accident exposure data, as shown in
Table 3. Note that while all victims are potentially
affected by changes in the front structure of the
design vehicle and 51.3u% by changes in the belts,
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Table 3. Disgtribution of accident exposures disaggregated by cross-
impacts of effective design variables.
Structural  Belt  Driver Passenger  Percent
variadbles  stiff- side side of all
ness variables variables victims
X1-Xs5 Xg X7-Xg X107X11
Design vehicle
driver front X X X 26.3%
impact
Design vehicle
passenger front X X X 25.0%

impact

All other
victims

Percent of
all victims

only about a quarter of al victims will experience
any affects from the other occupant variables.
Moreover, for nearly half the accident victims the
only means for injury mitigation rely on
improving the design vehicle structure. This obser-
vation is supported in part by Zimmerman [19], who
found that "side impact protection can be greatly
improved by adequately designing the front end of the
striking vehicle' and that "lowering the deformation
energy in the upper part of the front-end/hood and
upper wheelhouse improves side impact protection
without having a major negative effect on front
impact protection.”

We suspect that these result also can be
explained in part by a process of smoothing or
averaging of the optimal occupant compartment design
across occupant stature, impact speed, and restraint
condition. While Zimmermann [19] and Hofferberth and
Tomassoni [20] suggest that, when designed in con-
junction with appropriate restraints, vehicle

100% 51.3u% 26.3% 25.0% 100%

structural designs can be found that perform well
over a wide range of accident encounters, the same
may not be entirely true of the occupant compartment.
Thus, what is best for one occupant in one accident
encounter may well average with what is best for that
same occupant in another encounter or for an occupant
of different stature in the same encounter. Pre-
liminary results of model tests of the steering
column confirm that this may well be the case.

It should be emphasized that these results do
not imply that the design of the occupant compartment
is immaterial to vehicle crashworthiness. The worst
case suboptimal design, described in the following
section, shows that there exist designs which are
unsafe for most occupants and, indeed, suggests just
how diasterous improper occupant compartment designs
can be. Rather it appears that there is a region in
the design space--a region which includes both the
baseline and optimal designs--for which efforts to
improve structural and restraint system design pre-

Table 4. Comparison of social cost of basdline, optimal, and
suboptimal designs as a function of belt usage rate

Belt Baseline Optimal  Suboptimal ~ Col. Col. Col.
usage design design  design 2-3 %2)-(4) (6)/(5)
rate (rcms) (rems)  (rcms) (rcms) rcms) X(100%)
1) ) (3) (4) (5) (6) (7)
0% 43644 37246 39963 6398 3681 57.5%
25% 38533 32310 33588 6223 4945 79.5%
50% 33422 26208 27733 7214 5689 90.0%
75% 28311 20386 21182 7925 7129 90.0%
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dominate those which would further improve the
occupant compartment.

MULTIVARIATE SENSITIVITY ANALYSIS-
Because the univariate analysis indicated that the
optimal design was relatively insensitive to the
majority of design variables when varied one at a
time, a multivariate sensitivity analysis was under-
taken to determine the effects of combined changes in
these variables. A new, partially optimized design
was defined and evaluated. This suboptimal design
consisted of the three most sensitive univariates
(foreframe force levd x;, crush length x,

plus x5, and belt stiffness xg), set to optimum
values as previously determined and the remaining
design variables reset to baseline values. The
results of these evauations are shown in Table 4.

To determine whether or not this suboptimal
design was at all sensitive to the nonoptimal vari-
ables, the worst-case suboptimal design was deter-
mined by fixing foreframe force leved, crush length,
and belt stiffness at optimal values, as before, and
then maximizing socia cost over the remaining design
variables. The maximization forced aftframe, steer-
ing column, and driver upper panel forces to minima
and sheetmetal, driver lower panel, and passenger
upper and lower panel forces to maxima. Social cost
increased to 68003 rcms, or 210% of the social cost
of the fully optimized design.

INJURY DISTRIBUTIONS--In order to
determine how improvements in crashworthiness are
achieved as the result of design optimization and in
order to consider the equity of distribution of the
resulting benefits, the social cost of injuries and
injury reductions was disaggregated along several
dimensions. Figure 9 shows the social cost of
injuries for the optimal design disaggregated by
design-vehicle/other-vehicle occupants, by collision
mode, and by weight class, each as a function of
belt usage rate. Figure 10 shows the difference in
social cost between the basdline and optimal vehicle
designs disaggregated by design-vehicle/other vehicle
victims, by accident mode, and by weight class.

Figure 9 shows a breakdown of the social cost of
injuries and fatalities after design optimization,
disaggregated by vehicle occupied, by collison mode,
and by weight class, each as a function of belt usage
rate. From the figure it is apparent that injury
levels in the “other car” have a social cost of about
10,000 rcm, regardless of belt usage. This insensi-
tivity to belt usage rate can be explained by the
small proportion of head-on collisons, meaning that
virtually all of the occupants of other vehicles are
side-struck by the design vehicle. The SSOM models
all side-struck occupants as unrestrained, in ac-
cordance with the assumed ineffectiveness of belts in
providing adequate occupant protection in such cases.
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Figure 10. Distribution of optimization benefits
for frontal collisons involving the optimized vehicle
at 25% bdlt usage rate.
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The greatest gains resulting from belt usage are for
occupants of the design vehicle involved in barrier
collisions, with more modest gains in front-to-side
impacts.

From Figure 9, as well, it can be seen that the
aggregate severity of two-car collisions as
experienced by the occupants of the design vehicle
increases with the increasing weight of the other
vehicle, although it should be noted that the total
number of rcm’'s for these accidents is relatively
small. This trend remains true for the severity of
individual two-car collisions obtained by normalizing
the distribution of aggregate social costs by the
weight class distribution. (Note that the assumed
weight class distribution is 21.4%, 19.0%, 24.4%, and
35.2% for vehicles in the 2000 Ib, 3000 Ib (RSV),
4000 |b, and 5000 Ib weight classes, respectively.)
A similar trend is not observed for accidents as
experienced by the occupants of the vehicle struck,
however. For the striking design vehicle, belt usage
has the most profound benefits in collisions with
heavier vehicles.

Figure 10 shows where the reduction in socia
costs as a result of design optimization takes place.
These results are for an assumed belt usage rate of
25%. We note that, in general, the distribution of
benefits appears to be equitable, with reductions
accruing about equally for the occupants of both the
striking design vehicle and the vehicle struck. The
majority of injury reduction occurs in front-to-side
collisions, as a result of the reduced aggressiveness
of the design vehicle, but the improvement in barrier
collisions is also significant. When benefits are
disaggregated by weight class, however, design
vehicles which are struck (and this is primary side-
struck) underperform vehicles in the other weight
classes, although the benefits are still positive.
This is evidence of the relatively weak side struc-
ture of the specific baseline design modeled, which
is not upgraded in the frontal collision
optimization.

CONCLUSIONS

The conclusions of this study are as follows:
(1) significant injury mitigation in combined front-
to-front, front-to-side, and front-to-fixed object
collisons can be achieved through the optimal design
of the front end of the sriking vehicle at any leve
of belt usage; (2) a progressive front-end collapse
structure (softer in the front and stiffer in the
rear), combined with increased available crush and
stiffer belts, appears to provide an optimal balance
between conflicting design requirements for occupant
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protection, while smultaneously reducing the aggres-
siveness of the design vehicle; (3) the conventional
design of occupant compartment contact surfaces
appears to be compatible with the optimal
vehiclelrestraint design defined in (2) above, over a
wide range of bet usage levels; and (4) the reduc-
tion associated with the optima design is roughly
equally split between the occupants of the design
vehicles and the occupants of other vehicles, with
the principal benefits accruing to occupants of the
design vehicle in front-to-barrier collisions and to
the occupants of side-struck vehicles front-to-side
collisions.

As is inevitable, these conclusions are hostage
to the assumptions and limitations of the optimiza-
tion technique employed and, especially, to the
validity of the vehicle and occupant simulation
models upon which technique depends. We believe and
have attempted to demonstrate throughout, however,
that the results presented are consistent with pre-
viously reported results on vehicle and restraint
system crashworthiness design, when accident exposure
data are taken into account.
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