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FOREWORD

• This volume is one of two which comprise the final report on
• ARES Contract F33615-73-C-2084 activity. This volume provides

direction to the application of the ARES Data Management System.
Volume II reports the inputs, processes and results of early ap-
plications of the ARES method as it evolved during the duration
of the contract. The program was conducted by the Boeing Aero-
space Company, Seattle, Washington , with the support of the
Government Products Division , Pratt and Whitney Aircraft group ,
West Palm Beach, Florida, and under the direction of the Performance
Branch , Turbine Engine Division , Air Force Aero Propulsion Laboratory .
The work was funded under Project 3066, Task 306611 , Work Unit 3066
11 15 during the period October 1973 to December 1977. Technical
management of the program was provided by Capt. A. E. Fanning , for
the Air Force Aero Propulsion Laboratory and Mr . R. C. Sutton, for

• the Boeing Aerospace Company , with the support of Mr. W. F.
Zavatkay of Pratt and Whitney Aircraft. Contributors to the ARES
effort include G. J. Banken , G. J. Eckard , L. D. Hawkins, M. J.
Healy and S. G. Kyle. This report was submitted in April 1978.
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SUMMARY

Effective parametric analysis in more than about four
independent variables can become extremely cumberscxne and
economically impractical using traditional methods . This is
because data for a fully determined parametric space must be
generated and analyzed . The number of independent var iable ,
parametric combinations which must be processed to fully
determine design space is L”. where ~ is the number of levels for
which each of the independent variables is examined and n is the
number of independent variables . Obviously, as n approaches ten ,
the parametric analysis problem becomes f ormidable if not
impossible ~~~ = 59 ,Ot$ 9 parametric combination for £ = 3 and n =
10) .

It is easy to identify ten important design parameters which
should be examined in preliminary design analyses of almost any
advanced weapon system. These design parameters can include
airframe variables, propulsion system variables and operational
variables. They should be examined simultaneously to properly
account for interactive effects. However , by the very nature of
conceptual and preliminary design phases of activity, time and
budget limitations prevent comprehensive analyses of this
magnitude using traditional. methods.

• The APES data management system was developed to address
this deficiency. The ARES system allows efficient, multi-
dimensional parametric analyses with relat ive economy. As a
result, preliminary design analyses need not be compromised by
reduction of independent parameters of interest , simplification
of analysis methods or by neglecting interactive effects.

The APES method depends upon proper statistical selection of
only a fraction of the parametric design combinations which
compri se fully determined design space.

Two major analysis elements are responsible for this
reduction in the amount of data requirec~! for parametric
investigation. These elements are (1) a method of fitting simple
approximating functions to dependent variable data values, and
(2) an optimization method which makes efficient use of the
approximating functions to explore design regimes offering
maximal performance. These two elements are embodied in computer
programs known respectively as the regressor and the optimizer .
Included along with these two programs are a number of others
which aid in selection of data , data ba se monitoring and
updating , and unification of results . Taken toqether , these
programs are known as the APES Data Management System.

ix



The ARES system elements are:

1. The Design Selector, LATBIN
2 • The Data Base Modification program s, SUBAR ES and

ADDARES
3. The Regression program , MANE
4. The Optimization program, OAPEN
5. The Val idation program , EVAQF

The programs are generally utilized in the order listed ,
with the user ’s performance program interjected between (1) and
(2) for the generation of dependent parameters .

The initial element in the APES method is the Design
Selector . The Design Selector is a method for choosing the
combinat ions of independent design variables to be run on a
“simulator ” to get a data base from which regression “surfaces”
of the dependent variables will be generated. The method uses

• Orthogonal Lat in Squares and in general , chooses ( f l  + 1) 2 design
combinations for data base generation.

The designs selected dur ing the foregoing activity are
evaluated by processing them through performance analyses. In

• the APES system, this is called simulation. That is the
• performance of each design is analytically simulated to determine

the system characteristics of each . System characteristics
include geometrical parameters, mass properties and performance
levels , where performance can encompass subsystem performance ,
airplane mission capability, system costs, and the like.
Mathematical models or simulators of varying degrees of
complexity are used to generate these characteristics.

The APES data management system is riot dependent upon any
one simulator. Whatever is used at this stage in ARES
application , need only be appropriately compatible with design
selection output and regression analysis input requirements.
However, actual system chara cteristics simulation can be
performed by hand, by computer or by collecting statistical or
experimental data .

The next activity in the ARES method is regression or
“surface fit” analyses. Here , coefficients are derived for a
quadratic function that represents a least squares f i t  through
dependent parameter variations which are due to changes in the
independent parameters . The result could be called a curve f i t
in one or two dimensions. However, the derivation is performed
for up to ten independent variables with the ?RES system and the
multi-dimensional f i t  may be more properly characterized as a.

x



surface rather than a curve . Therefore , the functions derived in
the ARES system are referred to as surfaces or surface fits.

Once acceptable regression surf aces have been obta ined for
all important dependent variables, the optimization program OAPEN
is used to explore regions of design optima . The regression
surface coefficients are input to the program , along with
specifications for the kind of performance optima desired. The
Q~LPEN program finds these optima and outputs the independent
design variable combinations and dependent performance variable
values at which each different optimum condition is achieved.

Identification of optimal design regions-of-interest and
development of sensitivities for optimal designs is accomplished
using the APES optimization element. This program is an
application of Fletcher-Reeves conjugate gradient, penalty

• function minimization. Using this logic, optima may be
identified for various degrees of constraint on both requirements
and independent variables.

Validation is the important final step in an ARES
application. In validation, optimal design performance predicted

• by the ARES method is checked or validated against performance
• generated in the simulator or performance model for the same set

of independent parameters.

The ARES data management system is a state—of-the-art
prel iminary design analysis tool . With it , the user can examine
up to ten independent variables in parametric analyses at
relatively low cost. The method is not difficult to use and a
high probability of successful application can be assured if the
guidelines presented in this document are adhered to.
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SECTION I

INIRODUCTION

Traditional parametric analyses involve plots of curves
• re presenting the many independent/dependent variable

relationships which may be present . It is felt that three or
four representative values for each independent variable must be
used to get a reasonable data sample for this type of analysis .
All or a lmost all combinations of the independent variables at
four values each must be sampled to get the requi site plot data .
If there are , say, ten independent variables in the study , thi s
means sampling essentially L~ 1 0 combinations, or over one mi llion
data points. (bviously, the cost in terms of sampling resources
(e.g., computer runs) is prohibitive, to say nothing of the

• follow—u p analysis , which would involve many manhours. For this
reason, a practical limit on parametric analysis has

• • traditionally been to use four or fewer independent variables.
This can severely limit the scope of an investigation, since all
other design~~ ission factors must then be held fixed.

The ARE S method allows a parametric analysis to be done with
da ta taken at only a small fraction of the number of
design/mission combinations required by traditional methods. Fbr

• • example, a tO-variable ARES analysis requires on the order of 100
independent variable combinations to be sampled for performance
data . Thus, preliminary design analyses with ma ny variables are
made possible , and in many cases all important independently —
varying factors can be investigated.

Two major analysis elements are responsible for this
reduction in the amount of data required for parametric
investigation. These elements are (1) a method of f i t t ing simrie
approximating functions to the dependent variable data va lues ,
and (2) an optimization method which efficiently uses the
approxim at in g fun ctions to explore design regimes offering
ma ximal performance. These two elements are embod ied in computer
programs known respectively as the regressor and the optimizer .
Included along with these two programs are a number of others
which aid in selection of data, data ba se monitorinq and
updating , and unification of results. Taken together, these
programs are known as the ARES Data Management System.

A computer pr ogram is often used to generat e performance
(d ependent variable) data va lues for combination s of system
design and mission parameters (independent variables) , which are
the input . Such a computer program is referr ed to as a
performa nce simulator , or simply simulator . Simulators 

are1



typically fairly costly to run for a great many independent
variable combinations, and as mentioned , many combinations would
be required for a traditional analysis with many variables .

The ARES method solves this problem by generating an
approximation to the simulator using the performance output from
a limited number of independent variable combinations, or sample
points. This approximat ion method is referred to as surface
fitting.

If there are n independent variables, each dependent
variable can be represented as a hypersurf ace in (nf l) -
dimensional space. Each point on the surface can be represented
by n+ 1 coord inate values, the first n being values for the
independent variables and the (n+l )  -th coordinate being the

• corresponding value for the dependent variable. An example is
shown for n = 2 in Figure 1.

Z~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ N

Z — f lx .y) 1

(x~y)

F igure 7. Two-Dimensional Hypersurf ace in Three-Ls,,nensional Space

The simplified AR ES representation consists of fair ing a
second order (quadratic) surface through a number of sample data
points on the imaginary dependent variable surface . The
simulator outputs the (n+1) —th coordinate va lue corresponding to
each sample combination of the n independent variables. Since
the dependent variable may well have higher than second-order
variations in its surface, it is wise not to rely on an exact f i t

2
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to the data. The simplified second-order surface is therefore
selected so that the sum of squares of differences between true

• dependent variable values and second-order sur face values is a
minirntun (least squares f i t  technique) .

The ARE S system elements are:

1 )  The Design Selector , LATIN

2 )  The Data Base ~bdification progr ams SU BARES and ~DDARES

3)  The Regression progr am , MANE

4 )  The Optimization program , OAPEN

• 5)  The Validation program , EVAQF.
• The programs are generally utilized in the order listed ,

with the user ’s simulators interjected between (1) and (2) .

The Design Selector accepts as input the number of
independ ent variables, n , and lower and upper limits on the
values each variable may have in the ensuing analysis. It
outputs the sample point combinations of independent var iabli~

• • • values for which dependent variable values are to be obtained
from the simulator. These combinations are selected by the
De sign Selector to be well-dispersed uniformly throughout the
boxlike region of n—dimensional space specified by the input
limits. This is done to insure that a truly n-d imensional sample
is taken , with no biasing due to clustering of data and no
degenera cy due to sample points accumulating in an (n+ 1) -
dimensional hyperplane. The program metbod is an appl ication of
Orthogonal Lat in Squares (OLS) .

The output from program LATIN is a set of sample points in
the form of values for the independent variables. The values
range f rom lower to upper limit in each variable , and are
ar ranged sequentially in cxnnbinations such that the cross --
correlation between any pair of independent variables is zero, to
aid in making the distribution of sample points un if orm in n-
dimensional space .

This set of sample point s is given to the simu lator program
as input . The simulator computes the requested performance
values and outputs a list containing the independent variable
combinations and their associated dependent vari able values .
This list , referred to as a data base , consists of a sequence of
observat ions of a set of variables and is, hence, in the form of

• input data for a regression analysis program.



The regression analysis program , MA NE , accepts the
independent/dependent variable observations and generates a set
of coefficients for each d ependent variable of interest. The
coefficients express the dependent variable as a quadratic or
second-order polynomial in the n independent variables. The

• coefficients are output in the format required by the optimizer
program, OAP EN .

• The user edits the coefficient file output by MANE to append
• instruct ions for OAPEN . This is required because OAPEN need s to

know what kinds of optima to locate. The user specifies that one
of the dependent variables is to be min imized (e .g., takeof f
gross weight) or maximized (e.g., range) subject to performance

• constraints on the other dependent variables . OAPEN interrogates
the coefficients for all the dependent variables and finds the
required opt imum combination of independent variable values.
Repeated calls to the optimization procedure can be made , va rying
the constrained performance levels or interchanging constrained
variables with the variable being minimized (max imized) . In thi s
way, rel at ionships between different optima can be charted to
yield information on how the design/~nission parameters interact .

• Fol lowing the optimization analysis of program OAPEN , it is
essential that results be checked by running the simulator at or
near many of the optima. This is important because the surface
fitting process embodied in the regressor does not provide
accurate error estimates. The error estimates output by MAN E, in
the form of surface fi t  residuals at the sample points, are
useful as a guide, but the analysis results should be carefully
examined and validated in the user ’s simulator. Program EVAQF
has been provided for this purpose. EVAQ F compares simulator -
derived depend ent variable va lues at the opt imum independent
variable combinations with values predicted usinq the surface f i t
coefficients output by MANE.

Wha t the user has at the end of an ARES analysis is a series
of tables and carpet -plots of curves represent ing interactions
between optimized variables. The independent variable
combinations in the tables define a region or regions of
potentially high payoff.  The plots show the effects of varying
the requ irements used to def ine the optima . The validation
results give a reading on surface error for diff erent optima .
The actual dependent variable values output by the simulator at
the validation points should be used in pla ce of surface f i t
va lues at these points when performance estimates are desired .

•

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— -•
~~~

-• • • • • • •  

~ • .—•-- 

~~1

The main advantage of the ARES method is that it makes
economically feasible the parametr ic analysis of a system with
more than four independent variables . The ma jor expense of the
analysis is in running the simulator at a number of sample points
to get surface fi t  data . Once the surface coeff icients have been
generated, they can be used repeatedly by the highly economical

• ARES opt imizer , OAPEN, to obta in many optima.

The ma in disadvantage with the ARES method is that it does
not contain a reliable error estimation capability. The user
must carefully monitor the progress of data gathering, surf ace
fitting, and optimization analysis and final validation to get a
feeling for the magnitude and distribution of surface error s for

• the dependent variables. It may be necessary to run the user’s
simulator and hence incur the expense of generat in g performance

• data to (a) find out if an ARES analysis is possible on the
output of the particular simulator , or (b) get the information

• necessary to redesign the simulator to get a good ARES analysis .
• Success depends on getting a good approximation to potentially

high-order variations using simple second-order functions.

Ways to deal with these potential problem areas are
• presented in later sections of this document . In many cases , it

has been possible to avoid the potential pitfa lls of inadequate
• ~~ ror estimates and aborted or spurious results from the user ’s

performance simulator . A guiding philosophy for ARE S
applications is presented, with detailed cautionary notes and
helpful hints.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



S~~TION II

DESIGN SELECTION

2.1 Int roduction
• • The initial element of the ARES method is the Design

Selector . The Design Selector is a method for  choosing the
combinat ions of independent design var iables to be run on a
“simulator” to get a data base f rom which regression surfaces of
the dependent variables will be generated . Once all the design
points have been processed, a regression analysis is used to
surface fit each dependent var iable as a surface over the n—

• dimensional space of the independent variables. The surface fi ts
are obta ined as sets of coef ficients for quadratic polynomials in
n variables.

Before using the Design Selector , the user must define the
• limits of invest igat ion . First, the probl em must be formu lated

mathematically in terms of independent and dependent variables .
Fixed values which will be used for the entire investigation must

• be specified for all quantities other than independent variables
which are input to the simulator. The environment within which
the simulator will be run , must be carefully considered, for it

• is imperat ive that the simulations all be run under the same
• conditions. This includes values for fixed inputs, error

tolerance limits, the version of program code used, and physical
execution environment (file access , I/O formats , etc.)
Deviations from run to run may add a fatal noise component to the
systematic effects of the independent variables , making the dat a
useless. Al so, follow-up runs to validate the results of the
optimization analysis downstream must be run under the same
conditions as the original regression data base runs .

Currently, the ARES method requires that the user
investigate the entire n-dimensional box region lying within
fixed lower/upper limits on the independent variables . Thus , a
lo~~ r and an upper limit must be specified for each independent
variable. The subsequent analysis involves potentially any
combination of independent variable values within these limits.

2.2 The OIS Method
Once the important variables have been selected and their

lower/upper limits chosen , a number of design points lying within
th ese limits are needed . Least squares regression surfaces wil l
be f i t  to the design point simulation values for each dependent
variable.

6 
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The literature of response surface analysis and experimental
design (or sampling) is full of methods for select ing points out
of n—dimensional space (Reference 1) . However , these methods are
based on statistical considerations which do not necessarily
apply to the applications considered here, and are somewhat
inflexible where f lexibility is needed . The type of data
generated for ARES method ana lysis is here assumed not to result
from experimentation subject to random variables such as
experimental error . Instead , the dependent variables should have
repeatable values at the des ign points because the simulator is a
computer program run under a fixed environment . Also , any lack
of f i t  encountered (a quadra tic polynomial will not usual ly f i t

• 
• the data values exact ly) should be evidence that the dependent

variable is actually a well-behaved (smooth) function of higher
than quadratic order (see for example Figure 2 • ),  and should not

• be caused by a random component in the data values (see Figure
3 . ) .

Even tho~~ h established experimental designs are not used ,
an orderly sampling scheme is still needed . In order to
represent the effects of the independent variables individually
and in combination in the regression surface coefficients, the
data points must be scattered throughout design space. Assuming
nothing about the relative importance of one subregion of desiqn

• space over any other subregion , a uniform distribution is
desired . An often—suggested sampling scheme is to simply use a
random number generator to select coordinate values for the
design points. However , ran dom numbers used in this fashion do
not necessarily yield a uniform distribution in n-dimensional
space (even if the random numbers are sel ected from a un iform
di stribution) (Ref erence 2 ) ,  and may well accumulate in an (n-i)  -
dimensional pl ane. Figure 4. compares a uni form and random
sample for the case n — 2 variables.

The sampling scheme used in ARES is a dispersion of design
points generated by Orthogonal Latin Squares (OLS) . This method
scatters the designs over des ign space in such a way that cross-
correlat ions between independent variables are zero . Also ,
designs cannot tend to form a cluster in a subreqion since the
di stribution is un iform . There is much room for improvement over
the OLS method , particularly if the user does not wish to sample
a rectangular box region in design space . However , the 015 has
in most cases provided needed flexibility.

The OLS method is based on the concept of orthogonality .
For in-d epth treatment of the subject of latin squares , the
reader is referred to References 3, L4 , 5, or 6 , in increasing

• order of mathematical ba ckground required. Orthoqonality can be • 
-

interpreted in a practical way for this discussion . •
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Figure 4. Hypothetical 2-Dimensional Sample Distributions

Each var iable is selected to have a f ixed number of values
between its lo~~ r and upper limits • The values are even ly—
spaced , and the same number of values is used for all variables
(this number is provided automatically by the method)
Orthogonality is then interpreted to mean that every combination
of values of any two variables appears once in the sample. Thi s
Yields slightly in excess of n2 designs . For tO independent
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variables, the variables are each sampled at 11 values, and 121
total designs are created . Were all possible combinations of
values of all the variables used, the number of designs resulting
would be astronomical.

The number of designs sel ected by the 0t.S method can best be
compared with an estimate of the number of des igns needed for a
fun parametric analysis using traditional methods (plots, cross-
plots , etc.) . It is felt that traditional parametric sti~1ies
require four values per variable , and to generate the necessary
plots all combinat ions should be used. For n var iables , this
means LI~ designs , which can still be excessively large.

A sample case is presented in Appendix A. The usage of
program LA TIN, which generates 018 samples for probl~ ns of up to

• ten var iables , is discussed at the end of this sect ion on Design
Selection .

2.3 Variations on the OLS Method
At times it has proved beneficial to deviate slightly from

the ordinary 018 procedure . This has been the case when ,

1 ‘ Selected design combinations are impossible to simulate,

• 2 )  Rejecting a select few of the OLS designs causes a
significant improvement in the surface f i t  to the remaining
dat a, or

3 ) Signi ficant cost reduction can be achieved by generating
fewer combinations of some of the variables than the tota l
specified by the OLS selection.

Examples will be presented to illustrate (1) and (3) . For
(2 ) ,  no modification of the 018 selection procedure is proposed
except that subsequent parametric analysis should avoid region s
of design space lying close to the rejected points. Since thi s
may be difficult to do, this method of improving surface fits
should be used with great care. Very few points should be
re jected , and their location relative to other designs noted .
More will be said about this in the section on Regression .

A deviation from the OLS design selection method, as applied
to unsca led variables in square-space, was evolved to handle the
skewed design space probl~ n illustrated in Figure 5. . The
curves on the figure show relationships between the design
variables Xl , X2 , X3 and Xt$ . Not shown is the fu rther
relationship of these variables to a f i f t h, X5. Note that the
feasible upper and lower bounds on X3 are dependent upon the

to
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va lues assigned to the other variables. Feasible design space is
indeed skewed and performance for design combinations outside the
bounds illustrated in the figure cannot be simulated. Design
selection using a conventiona l OLS approach for 2�XI4� 11.5 and
.6~ X3�3, in this case, would be futile. Design combinations in
the upper righthand and lower lefthand corners of X1l/X3 square-
space would be lost right from the start .

Design selection was accomplished, in the case illustrated ,
by scaling the variable, X3. Renamed X3ND , the variable was
assigned a value of one when at its upper limit and zero when at
its lower limit regardless of the values of the other variables .
Square-space in X3ND and X4 resulted and an 01$ selection of
combinations for 2�X1$�4.5 and 0�X3ND� 1 was made possible . Af ter
selection, scaled X3ND va lues were converted back to actual X3
for data simulation. However, regression analysis was perf ormed
us ing the scal ed values , and thus , all design combinations
remained orthogonal.

The skewed space boundaries in the example just discussed
were identifiable. This is not generally the case. However,
fa ilures in the simulation phase of AR ES can be indicative of
skew in feas ible design space and these encounters are not
unusual. If boundaries on these non—feasible regions can be
identified before design selection, the scaling method jus t
described can be used to advantage.

The sampling distribution in X14/X3 space in this example is
not uniform. However, the distribution is uniform in the X4/X 3ND
space which was used in analysis . The skewed—space problem has
been removed by redefining X3 as a dependent variable and using
the “artificial” variable X3ND as the independent var iable
instead.

The problem addressed in the following example is that of
reducing the number of engines sampled in an eng in e/airframe data
sample where engine da ta is particularly expensive.
Specifical ly , this example is a case involving two independent
engine variables and eight airframe and mission variables , for a
total of ten independent variables. The OLS sampling method
prescribes that depend ent variable values be sampled at 121
sample points in the 10-dimensional space of the independent
variables.

It happens that the 01$ subset of 127 sample points requires
121 distinct combinations of the eleven va lues of any two of the
ten va riables. As a matter of practical importance, 121
different 2-variable engines would have to be sampled. While 121

12
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sample points is thought to be a rea sonable sample size for
quadratic function approximation in ten independent variables, it
is unreasonably large for two variables, particularly when
expensive engine samples are involved.

A way was f ound to drastically reduce the sample size in the
OLS method for any 2 -variable subset of n>2 variables. This
nodification preserves the orthogonality property of the OLS
method. Thu s, the sample points remain well-dispersed over the
boxlike region in n-d imensional space encompassed by the total
possible combinations of values for the n independent variables.
The method can , however, cause unequal weighting of some of the
2-variable combinations in the reduced sample. In the present
example, this means that some engines in the reduced sample are
used in more of the total 121 data points than are some of the
other engines. This affects the quality of the surfaces obtained
in the regression analysis, to some unknown degree .

The replacement of eleven values by five for the two engine
variables is illustrated in Figure 6 .  . Also shown is the
un~~ ual weighting effect. Each row-column block in the 5-by-5
square of 25 engine combinations in Figure 6 .  contains the
number of times that engine is used with different combinations
of the eight airframe/mission variables (which still have their
or iginal eleven values) .

SPA VALUSI 
________ ________

0.20 0*5 0.92 lAS 1.92
SPA 1.10 O~~IOIPdAL

0.39 0.74 1.29 1.94 2.00

0.20 0.95 1.10 1.95 2.00 REVIlED

1.0000
1.0000 4 4 9 4 4

1.0150

1.0300

VALUE$ 1032$ 4 4 I 4 4
1.0450

1.0900
1.0750 1.0750 9 9

1.1090
1.1125 4 4 9 4 4

1 1200

1.1390
1.1500 4 4 S 4 4

1•l~~~

ORIGINA L REVISED

I •:
~

-

Figure 6,~ R.v#~ed Values and Rep..t~d Combination: of Revised Va/use
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Note that an engine whose revised BPR and THTR values are
replacing two original values for each variable is used four
times in the revised data sample. An engine whose revised BPR
value replaces two original BPR values bat whose revised THTR
value replaces three original values is used six times, and so
on. Originally, the four , six or nine engine replicates
(whichever occurs) were all different engines, but in the revised
data set distinct levels were replaced with repeats (e.g., BPR =

0.20 occurs in place of the original BPR = 0.20 and BPR = 0.38
values) , hence the combinations were repeated. It is this
replication of combinations that causes the unequal weighting
re ferred to earlier . For example , the revised engine defined by
(BPR, THTR) = ( 1.10 , 1..075) is used nine times in the data sample,
hence it is weighted much more heavily than any of the
combinat ions which are used four times , such as (BPR , ‘1W1~ ) =

(0 .20 , 1.00) . This unequal weighting follows a syninetric
pattern, however (Figure 6- ) ,  and there should be no bias ing
toward an “off -center” portion of BPR-THTh space .

This revision to the OLS method can be used for any data
case if only two variables are to undergo reduced sampling . If
the 01$ method calls for L values for each of the n independent
variables to be sampled, there will be L2 distinct sample points ,

• and also £2  distinct combinat ions of the two variables x1 and x
for which a reduced sample is desired . Select a number r whicri
satisfies L~�r<L. Replace the £ values of each of x ~ and x 1 wit h
r equally spaced values. This is done selectively, i.e., it must.
be specified which of the original values each of the r new
va lues is replacing. The data set is then revised by marking out
the old x~ and values and marking in their replacements. The
result will be £2 distinct sample points with onl y r 2 distinct
&~mbinat ions of x 1 and x j values. These will be repeated ,
resulting in Q~2 total combinations (this follows because the new
va lues were “marked in” in the list of origina l sample points)
unequal numbers of repeated combinations, if they occur , wil l
cause unequal weighting of the different combinations.

2 . 4  Usage for the 01$ with Variations
To use the ARES method , the user must formulate a parametri c

an alysis in terms of independent (design ) and depend en t
variables. Sample dependent variable values mu st be produced at
a number of independent variable design point combinations by
ru nning a design/performance simulator . This results in a design
data base consisting of the independent variable values and
dependent variable values for each design case . Surfaces are f i t
to the dependent variables by regression on a multivariable
quadratic polynomial . Then , the surfaces are used in two wa ys :

11$
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1. Performan ce Mode The quadratic coefficients are used to
obtain performance estimates at any desired des ign point

2. Opt imization Mode — An optimization program uses the
coefficients to drive the independent var iables toward any
desired performance optimum .

The user must take care to use the coefficients in
perf ormance or optimization node only within the box region of
specified lower/upper bounds on the independent variables. These
bounds must be input to the OLS design selector. The result s
will be a set of designs selected to lie on or within the box
region specified by the bounds.

Almost all of the designs will lie on a face of the box
where one or more variables take on lower or upper bound values.
Hence, the bounds should be chosen to avoi d undue ri sk in ru nning
the performance simulator.

Avoiding extreme values of design variables is desi rable
from another standpoint . The smaller the box reg ion, the mor e
likely it is that quadratic polynomials will fit the dependen t
variables. If possible , selection of the variables themse]ves
should take into account the fact that quadratics wi ll be used to
approximate their effects on performance. (Of course, too small
a box region is parametrically illogical and could cause continuum

• problems .)

If a would--be independ ent variable is expected to produce
highly nonlinear effects on the dependent variables, perhaps its
role can be exchanged for that of a dependent variable which
varies more smoothly . It may also be possible to smooth the
surfaces by replacing one or more variables by an artificial
variable, as in the case of the X3 repla cement variable X3NI) .
thoosing variables will be di scussed at len qth in the section on
simulation ..

After the variables and appropriate excursion limits for
than have been chosen , program LATIN can be run to obtain the
selected desi gn combinations . The output is a list of design
combinations (a design data base without dependent variables) .
These can be input to the simulator to obtain per formance values
for the dependent variables. For any spec if ied number of
variables from four to ten , program LATIN generates an OLS set of
design combinations. Each variable is sampled at a selected
(output) number of values evenly-spaced between and including its
limits (input). Table 1. is a list of the number of values per
variable , £, and n umber of design combinations £2 , generated by
LATI N as a function of number of variabl es , n.

,~ ~~~
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Table I. Design Selection Relations~
4
~ips

Number of Number of values Number of design
variabl es (n) per variable (I) generated (12)

4 5 25
5 7 49

• 6 7 49
7 8 64
8 9 81
9 11 121

10 11 121

1 6
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For n = 2 or 3 variables, parametric analysis can be done by
traditional methods. However, if ARES usage is desired , then for
two var iables use all combinations of the two variables at five
va lues per variable (a 5 X 5 grid) - For three variables , use the
OLS for four variables by using only the first three columns of
output values from LkTIN. ARES is currently not structured for
nore than ten variables, although it can easily be extended ,
largely by changing program limits.

2.5 Program LAPIN Usage
F Program lAPIN generates design com binat ions in an OLS

pattern . The user input s the number of variables n and the names
and excursion limits of the variables . Because of ARES
development requir€~nents, LATIN is designed to accept independent
variable names in a fixed order . The output format is fixed for
each var iable and reflects the expected range of the variable in
AR ES or iginal usage . Program LATIN is the only ARES method
el~~nent whose input and output are specific to the original
method in this way .

The actual form of the fixed LATIN format is dictated by the
fact that originally, performance for the selected designs was
always simu lated on the Boeing Engine/Airframe Ma tching (BEAM )

• program . The order in which the independent variables are
• prograirmed for BEAM is very important . Airframe variable names

are programmed first and must be in the following order : per
cent change in body length (DELBDY) , aspect ratio (AR) , outer
pa nel wing thickness to chord ratio (P/C) , takeoff wing loading
(W/S) , maximum uninstalled thrust to weight ratio (P1W) , h igh
lift technology coefficient (CLTCH), leadi ng edg~ sweep angle for
fixed sweep wings (SWEEP ) and takeoff gross weight (TOGW) .
Engine variables are as follows: fan pressure ratio (FPR)
overall pressure ratio (OPR), turbine inlet temperature (TL~J. ,
no rmalized nozzle area schedule ratio (AS ) and throttle ratio
(THTR) . Var iables that are not required for a g iven design space
are omitted , however, the order of the remaining variables
remains the same ..

To use the LATIN desi gn selector for other than BEAM
variables, the user should first generate a LATIN selection by
inputting BEAM variable names together with appropriate bounds as
follows: If , say, a 5- -variabl e case is being run , input the
first five BEAM names from the preceding paragraph. The lATI N
output will be in the form of columns, each one headed by a
variable name , with seven equally spaced values from lower to
upper bound distrit*ited in the columns. The f ir st L 19 values in
each column will be seven repeats of each of the seven values .
This forms the first of ts~ la tin square distributions out put by



• LAPIN. The remaining 42 values form the second (the missing
seven values would have given redundant designs when all
variables are considered) . The next step is to replace BEAM
variables in the columns with the user ’s own variables . First ,
calculate the seven equally-spaced values fr~~ lower bound to
upper bound for each variable. Next, go through each LATIN
output column, replacing first the variable name at the top and

• then the values of the variable corresponding to each BEAM value,
in the order of occurence of BEAN values. Only the first 49
va lues in each column need be used to get a complete OLS design
selection. In general, for n variables, only the first 9.2 values
(Table 1. ) need be used.

LATIN is designed to generate two latin squa res of design
cases for the independent variable design space. Due to the

• design of the latin squares , the second latin square generates
design cases that are identical to first lat in square cases

• except for changes to the first independent variable . Only the
eight independent variable design space yields no partial
duplicat ion of the design cases. Normal usage is to use only the
first latin square , e.g, the first 49 cases if n = 5 or 6. If 9.
is the number of values for the ii independent var iables, LATI N
generates 2 9.2 2. different designs or combinations of
variables/levels. For example , LATIN genera tes 91 design cases

• for a six independent variable design space, where 9. = 7 values
per variable.

Dat a input required by LATIN is as follows:

1 )  Title Card (8A10 Format)
2 )  Number of airframe variables, number of engine variables

(2F 10.O Format)
3)  Var iable name , design space lower limit , upper limit

(Al O , P10.0 Format) which completes the input .

T~~ output files are generated by LATIN: TAPE2 and PUNCH .
TAPE2 output file contains the title card and lists the design
cases generated. This file can be submitted for EMPOS vellums or
di sposed to the printer for a record of the design cases. It is
the file on which user-specif ied variables are to be substituted
for BEAM variables as described earlier . PUNCH output file is
generated so that the airframe variables for the LATIN cards used
in BEAM are in the correct fields for mission performance
simiulation. This file is useless unless BEAM is the simulator
program used. Otherwise, the simulator input must be hand -
punched from the user-revised TAPE2 listing.

18



• As previously mentioned, each output column has a unique
fixed format . This is illustrated in the following example which
shows Mainstream EXS online inputs for LATIN required for a six
variable case (four airframe, two engine variables) to be run on
BEAN:

N> GET,LATIN
N > BATCH 1 70000
C> LATIN
I> DESIGN CASES FOR 6 VARIABLE CASE (TITLE)

• Column ~
j j
~ ©

1>4 . 2.
• I>AR 6. 10.

I> T/C .08 .12

I> W/S 145. 225
I> T/W .36 .60

I> FPR 2.0 4.0

I > OPR 10. 30.
• • STOP

C> REWIND , PUNCH
C> CMEDIT ,TAPE2
E> FIL PFN (Permanent File Name)

C > COPY8F,PUNCI~, prN
E > CMED IT ,PFN

The files are edited in order to make them permanent E2~S
files until necessary data such as vellums, punched cards or both
are obtained. TAPE2 listing for the first ($9 designs in the
sample case is shown on Table 2. • As mentioned before, a total

• of 91 designs is actually output.

2.6 Monitoring Variations on the OLS Method
It was mentioned earlier that it may prove beneficial to

deviate slightly from the (LS procedure. If designs are deleted
• from the OLS data sample, either because the simulator won’t run

them or to improve regressions, the n—dimensional sampling
distribution may be adversely affected. One way of determining
this is to check the cross-correlation s between independent

19



Table 2•2 TAPE2 Listing for First 49 Desi~ms in Six Variable Sample Case

DESIGN CASES FOR 6 V A R I A B L E  CASE l I t T L E )

CASE AR T/ C W / S  T / W  FPR OPR
• 1 6.0 .080 145.0 .360 2.00 10.0

2 6.7 .087 158.3 .400 2.33 13.3
3 7.3 .093 171.7 .440 2.67 16.7

• 4 8.0 .100 185.0 .480 3.00 20.0
5 8.7 .107 198.3 .520 3.33 23.3
6 9.3 .113 211.7 .560 3.67 26.7

• 7 10.0 .120 225.0 .600 4.00 30.0
8 6.7 .093 185.0 .520 3.67 30.0
9 7.3 .100 198.3 .560 4.00 10.0

10 8.0 .107 211.7 .600 2.00 13.3
11 8.7 .113 225.0 .360 2.33 16.7
12 9.3 .120 145.0 .400 2.67 20.0

• 13 10.0 .080 158.3 .440 3.00 23.3
14 6.0 .087 171.7 .480 3.33 26.7
15 1.3 .107 225.0 .400 3.00 26.7
16 8.0 .113 145.0 .440 3.33 30.0
17 8.7 .120 158.3 .480 3.67 10.0
18 9 .3 .080 111.7 .520 4.00 13.3
19 10.0 .087 185.0 .560 2.00 16.7
20 6.0 .093 198.3 .600 2.33 20.0
21 6.7 .100 211.7 .360 2.67 23.3
22 8.0 .120 171.7 .560 2.33 23.3

• 23 8.7 .080 ~85.0 .600 2.67 26.7
• 24 9.3 .087 198.3 .360 3.00 30. 0

25 10.0 .093 211.7 .400 3.33 10.0
26 6.C .100 225 .0 .440 3.67 13.3
27 6.7 .101 145.0 .480 4.00 16.7
28 7.3 .113 158.3 .520 2.00 20.0
29 8.7 .081 211.7 .440 4.00 20.0
30 9.3 .093 225.0 .480 2.00 23.3
31 10.0 .100 145.0 .520 2.33 26.7
32 6 .C .107 158.3 .560 2.67 30.0
33 6.7 .113 171.7 .600 3.00 10.0
34 7.3 .120 185.0 .360 3.33 13.3
35 8.0 .080 198.3 .400 3.67 16.7
36 9.3 .100 158.3 .600 3.33 16.7
37 1O.C .101 171.7 .360 3.67 20.0
38 6.C .113 185.0 .400 4.00 23.3
39 6.7 .120 198.3 .440 2.00 26.7
40 7.3 .080 211.7 .480 2.33 30.0
41 8.0 .087 225.0 .520 2.67 10. 0
42 8.7 .093 145.0 .560 3.00 13.3
43 10.0 .113 198.3 .480 2.67 13.3
44 6.0 .120 211.7 .520 3.00 16.7
‘.5 6.1 .080 225.0 . 560 3 . 3 3  20.0
46 7 .3  .087 145.0 .600 3.67 2 3 . 3
47 8.0 .093 158.3 .360 4.00 26. 7
48 8.7 .100 171.7 .400 2.00 30.0
49 9.3 .107 185.0 .440 2.33 10.0

L _ _ _ _ _
________________• 
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variables. The original OLS sample is selected automatically to
have zero correlations between independent var iables .

However, this is not a hard requirement, and it is possible
to use modified samples and obtain good results as long as cross-
correlat ions between independent variables do not get too close
to unity.

“How close is too close” is not known, but it is thought that
an arbitrary cutoff limit of 0.4 is reasonable . If the magnitude
of the coefficient of linear correlation of two independent
variables exceeds this value, further adjustment should be made
to shift the correlation to within ±0.’$. Adjustment can be made
as follows: If two variables show high correlation, replace any
design which reinforces the correlation by one with all variables

L having the same values as before but with one of the variables in
the highly-correlated pair at or near its opposite limit. Thus,

[ suppose the two variables, x1 and x2 have high negative
correlation and variable x1 ranges from 0 to 1 and variable x2
ranges from 2 to 5. Find a design point wit h x 1 at 0 and c 2 at
5, say. This reinforces the negative correlat ion because x 1 is
at its lower limit while x 2 is at its upper limit. Replace the
design point with one identically the same except that x 2 has the
value 2 (its lower limit) . This contralicts the negative

• • correlation.

Mor e than one such replacement may be necessary to lower
correlations between all variables affected. Ea ch replacement
consists of two operations - deletion of a data point from the
design selection set, and addition of a replacement point . It is
necessary to check the resulting correlations before runn ing the
added design , otherwise a simu lation run may be wasted on an
ineffectual replacement. Correlation can be inspected usinq the
regressor described in Section IV.
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SF~~TION III

SIMULATION

3.1 Introduction
• The designs selected during the activity described in

Section II (input) are evaluated by processing them through
performance analyses. In the ARES system , this is called
simulation. That is the performance of each design is
analytically simulated to determine system characteristics
(output) . System characteristics include geometrical para meters ,

mass properties and performance levels , where performance can
encompass subsystem performance, airplane mission capability,

• system costs, and the like. Mathematical models of varying
degrees of complexity are required to generate the

• characteristics.

The ARES data ma nagement system is not dependent upon any
one simulator. Whatever is used at this stage in ARES
applicat ion, need only be appropriately compatible with design
selection output and regression analysis input requirements .
However, actual system characteristics sisu lation can be
performed by hand, by computer or by collecting statistical or
experimental data .

Several types of simulators were used during the developnent
of the ARE S method . All of them were digital computer programs .
They in clud ed four parametr ic engine cycle match ing programs ,
three different versions of an airplane performance program and a
li fe cycle cost program. Since its developnent , many other types
of performance models have been used in appl icat ions of the data
management system.

Specifically , simulation is the generat ion of dependent
characteristic sets for each of the designs def ined by the
independ ent parameter combinations. Large parametric studies,
involving up to ten independent parameters, requ ire that a large
number of these designs be processed (121 designs for the ten
variable problem). While this is orders of magnitude fewer
designs than would have been required in a trad it iona l analysis ,
it is a somewhat disturbing level of processing to get used to ,
particularly if an engine program must be used to generate dat a

• for processi ng in an airplane performance progra~n.

Indeed , most of the resources consumed in an ARES
application are expended in the simulation phase . This necessary
expenditure is required compensation for the comprehensive array
of information that will finally result . However , because

I
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re source consumption in this phase of analysis is relat ively
high , ri sk of compromising the analyses in simulation should be
minimized.

To this purpose , the mathematical models to be used in
simulation should be select ed or developed along several
gu idelines that have evolved from son~ consid erable exper ience
with the ARES system. Due to the independence of AR ES fran any
particular simulator , these guidelines will be generally stated
in later paragraphs.

A more specific statement can be made relative to simulator
input and output. Order ly processing of the some 100 cases
involved , can be accomplished by careful coding of input logic.
This is particularly important if a large number of engine
designs are invol”ed . Prov ision must be made for  processing the
proper total design case - The proper engine shou ld be

• analytically processed with the proper airframe. Since a large
number of designs are involved, this input manipulation should be
automated where possible.

One simulator output page is presented in Figure 7. . Any
of the data shown on the figure are potential characteristics of
interest. Obviously, a large number of them are available. In

• the illustrative case , about 300 were actual ly output for
examination in the ARI~S system. The output for one case is
il lustra ted in Figur e 8. - The user should be awa re of several
simulator out put requirements suggested by the fi gure. First ,
output size can he large and by its very magnitude can be
di ff icult to control. Second , proper identification of variable
nair~~s is necessary so that the output logic can loca te data for
parameters of interest. Third , the simulator output should be in
regression analysis input format so that the tran sfer of large
am ounts of data between these two programs can be ac complished in
a st raightforward mdnner. A reasonable degree of automation is
suggested.

Sin ce ARiS—type systems are applicable to conceptual ,
prel iminary phases in the design process , they are not required
to have absolute precision . They need only enough precision to
properly predict the leverage of design va riables and
requirements and design regions-of—interest. Ac curacy of the
data management system should be consistent with the level of
definition availahir during preliminary design and t- he accuracy
of performance simulators used in the data management system
shou ld be of a s imi lar  level .

.
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A means to increase data management system accuracy while
increasing its economy at the same time is suggested. Sane of
the simulators which have been used in ARES system applications
are “high preci~’ ion” analytical tools. They are of higher
precision than the data management system in the first place and
because of their “precision” they have a detrimental effect on
data management system accuracy as described below. Built-in
higher ord er analytical logic and limits imply a high level of
analytical accuracy (most probably inconsistent with the
available detail of system definition) but prevent the data
management system from adequately representing the simulated
data . Also, (because of conviction in the high quality of the
performance simulators) the “problem” is genera lly formulated to
a degree of detail that, again, implies high precision and
severely impacts the ability of the data management system to
represent output.

A perf ectly accurate simulator, operating on a detailed set
of requirements, will generate data that cannot be accurately
represented by least squares fits with quadratic polynomials.
This is because real life does not always occur quadratically.
On the other hand, a quadratic simulation of real life is many
times not unreasonable and such a simulator can generate data
that can be perfectly represented by quadratic fits - Obvious ly ,

• some compromise is suggested and just such a canpromise is much
more appropriate to preliminary design analyses than “perfect”
simulation .

A common understanding as to the levels of precision
required in problem formulation, simulation input definition,
simulation logic and data management system output must be
developed. When this occurs, less complex problem statements
(mission representations, for example), decreased input
requirements and appropriately adjusted simulator logic with a
minimum of built-in limits, will result. These kinds of
ad justments will provide a higher probability of successful
application of the ARES system.

Most probably, the less complex analysis proposed above,
will have a cost benefit, as well as, yielding a more acceptable
result. However, relative to the large cost benefit of the data
management system in the first place, additional economy due to
more appropriate problem formulation, or any other system
ad justment will be small .

3.2 Guidelines for ARES-Type Simulations
There are se al problem areas which potentially impact the

results of an ARES pplication . Simulator program design and
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execution runs should be performed accordingly. The problem
areas are (a) lack-of-fit, (b) noise, (C) skewed space, (d)
simulation failure, and (e) consistency. Guidelines for dealing
with these key probl em areas will be presented after the problem
areas are fi rst discussed.

Lack-of-Fit
Parametric study independent variables in a highly detailed

simulation often have highly nonlinear effects on output
variables. Thus , functional forms are created for which
quadratic approximations are inadequate. The resul ting surface
f i t  error is known as lack-of-fit.

Figure 2. illustrates lack-of—fit in a case of one-
dimensional surfaces or curves. The dashed curve represents a

• hypothetical cubic , of the general form y = a1 x3 + a 2 x2 + a~x+a4. The solid curve represents a least squares quadratic,
• y~s~.x

2+b 2,~÷b~ , which is attempting to approximate the cubic,
and the shading between the curves shows the lack-of -fit .

~~ iseA significant cause of surface f i t  error other than lack-of-
fit is noise in the dependent variable data values. Noise is
observed as erratic variations in values as the independent

• pa rameters vary over allowed ranges. It is not always practical
to tell whether surface fit error is due to noise or lack-of—fit
in a par ticular case , since some dependent var iables may appear
highly convoluted from the data. However , as i llustrated by
Figure 3 .  , noise (dashed curve) can make a dependent variable
appear non-systematic in the way it varies over the range of
independent variables -

The sepa rate characteristics of noise and lack-of--fit will
most probably (if at all) be evident in the following ways . In
the case of noi se , the R2 statistic output by the regression
surf ace f i t  program (see Regression) will have a low value, say
.7 or less, and high error residuals will be di stributed more or
less evenly over design space. For lack-of—fit, high error
residuals will appear localized to one or more small regions in
design space . However , this effect may not be evident because of
the spar sity of data taken by the OLS method .

Noise can arise from problems in computation, e.g., round—
off error, or it can be the result of obtaining dependent
variable values by a solution method which is inherently overly
sensitive to small chanqes in the independen t variables . A 

• 
—

poss ible cause which is sometimes overlooked is the introduction - -

of “hidden variables”. Hidden variables can be int roduced by

- 
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varying input quantities other than the independent variables.
Alternat ively, hidden variables can result fran allowing the
simulation tO alter input values for the independent variables
and yet giving the regression program the original input values
as data .

Figures 9. A and 9. B illustrate the hidden variable effect
for a case where y is supposedly a function of x~ only, but
another important parameter, x2, is inadvertently varied while
taking data. In Figure 9. A, three curves for y = f ( ~~1) are
shown along with data point samples . The three curves are the
ef fect on y of having x2 at successive values x 7=1 , x2=2 and
x2~ 3 . The y=f(x 1,x 2) surface sample points are shown
projected onto the x.~ -y plane in Figure 9. B, with an apparent
curve drawn through them to dramatize the erraticity present.

• This is the curve the regression program would be trying to fit
by fairing through with a simple parabola (i .e., a one-
dimensional quadratic) .

X2 - 1.0 X2 - 2.0 X2 - 3.0

‘ : , , I

Xl SAMPLE VA1
’
~~~~

X l Xl

A. EFFECT OF “ HIDDEN VAR IA8L E X2 B. OBSERVED EFFECT ON V WHEN
ON ~x 1. Y) DATA POINTS. ONLY (Xl . Y) POINTS ARE PLOTTED.

WITH X2 NEGLECTED.

Figure 9 Hidden Variable Effect
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Skewed Space
The term skewed space arises from warping of the design

space box region (see Figure 5. ) .  This warping results from
revisions to the user—specified independent variable excursion
limits which are imposed by the simulator. The OLS distribution
of design points throughout a rectangular box encompassing the
user ’s limits results in some design variable combinations which
lie at the extremes of some of the variables. Often the
simulator will fai l  at such design points. This may be
an ticipa ted beforehand or it may not be a known problem until the
simulator is run on the OLS designs.

In either case, the result is loss of design points from the
(:~ S selection. If many designs are lost, the result can be a
design set which is no longer well-distributed .. For example , the

• designs may tend to accumulate in a hyperplane in the n-
dimensional space of the independent variables. A hyperplane

• - accumulation of feasible designs implies a functional dependence
among one or more of the variables, i.e., the data sample is not
really n-dimensional. One way of checki ig for this is to inspect
the cross-correlations between independent varia bles in the
surviving OLS points .

Simulato r Failure
• As opposed to design failure, which was talked to in the

preceding two paragraphs , simulation failure refers to fata l
computational problems within the simulator itself. Sometimes a
skewed space distrib~.tion results, but computational failure may
we ll result in a non-systematic distribut ion of failures
throughout design space.

Miniscule chan ges in one or more independ ent variables
usually turns a failure into a success. When this type of
behavior is encountered , noise may well be present in the out put.
from the successful runs. The computational problems should be
solved before attempting an AR ES analysis.

Consistency
The simulator must be run under a fixed set of conditions

with only the independent variables changing. Violation of thi s
all importa nt requirement can easily occur when large data bases
are being handled , when simula tor runs for d i f ferent  desiqns are
monitored by d i f terent  individuals, or when a time lapse of
perhaps days or weeks occurs between the running of desians.
close communication and careful record -keeping are manda tory in
ARES, but especially at this stage. The greatest computer
resource cost in an )‘~.RES appl ication is normally in curred dur inq
simulation , and re—doing a set of design simulations can be
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relatively costly. If inconsistencies go unnoticed, the entire
analysis is in jeopardy .

3.3 Addressing- Simulation Problem Areas
Suggestions for solving or alleviating the aforementioned

simulation problems are given in this section. Genera l
considerations and untried solutions, as well as actual
experience , are presented.

An obvious way to reduce lack-of-fit and possibly prevent
noise is model simplification. Many simulators are too complex
to allow the derivation of explicit mathematical expressions for
the dependent variables as functions of the independent
variables. However , it may be possible to foresee that sane
mathematical solut ion procedure in the simulator logic can be
reformulated to simplify the variational effects of input
variables on an output variable. If this can be done without
un acceptable accuracy loss, and if the simplification itself does
not introduce noise, then simplification can be used to tailor
dependent variables so that they are more easily fi t  by
quadratics. The loss of accuracy in desi gn point calculati ons
may be compensated by the ability to do a lar ge parametric
analysis using the simplified output.

• In some cases, a dependent variable results from an
accumulation of results from different solution processes which
interact. This sometimes occurs when different stages in a
process are simulated to get an end result. For example, the
total fuel consumption of an airplane flying a mission is the sum
of fuel consumed on each mission segment , e.g., dur ing takeoff ,
climb, and cruise to some pre-assigned locat ion . The fuel
available for consumption on a particular seqment depends on the
total consumption of previous segments. Thu s, the calculated
fuel consumption values for the different mission segments
interact. This can have complicating effects on any dependent
variables which express airplane performance for the overall
mission.

In such a case , it might be advantageous to reformulat e the
simulation surface f i t  problem in the following way : If
possible , simulate the mission segments each independently of the
others and output certain mission factor variables as dependent
variables. These mission factor variables would be normalized
versions of original mission segment variables and woul d
represent the performance of the airplane design being flown . An
ex~ nple would be fuel consumed per mile for climb or cruise.
Regression surfaces would be obtained for each mission segment
variable. These regression surfaces wou ld be applicable over the

:~~
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entire design region of investigation, as usual. Hopefully , the
segment variables would be better f i t  by the simple regression
surfaces tha n the orig inal overall performance variables. Linear
combinations of the regression surfaces with appropriate
coefficients would be used to obtain performance over the entire
mission for any desired design withir~ independent design variable
limits.

Again, the question of accuracy of the ref ormu lated process
en ters in. It may be impossible to obtain reasonable results by
using the approximation technique of linear combinations of
segments , for it is requ ired to derive per formance variables for
ea ch segment and also to derive coefficients for additive
combinations of the segments .

— The foregoing example uses the concept of decomposition as
well as simplification. In more than one sense , the
simulation/surface f i t  problem is broken down into more
manageable seqinents , where quadratic functions may approximate
the dependent variables more closely. It is the simplified form
of the linear combinations which are used to achieve the
decomposition that cause the inaccuracies of model revision.

• The skewed space problem can sometimes be solved by
• relaxation of physical constraints during simulation . These

constraints can sometimes be applied while using the optimization
element of ARES , which solves constrained optimi zation problems .
Thus , the simulator is allowed to produce values for the
dependent variables at design points which would otherwise fai l
in the simulator due to violation of feasibility requirements.
An actual application from airplane/mission simulation is
re laxation of mass conservation requirements wh en a irplane range
is a dependent variable . If an independent des ign variable

— combination produces an airplane which runs out of fuel on sane
leg of the mission , the range is adjusted downward as if the
ai rplane had to f ly  backward to recover spent fue l with whi ch to
complete its mission . In these cases , negative range values
occur over the mission segment of interest. However , a compl ete
OL S set of designs is enabled to run , thus preventing data los s
which would have led to a skewed design distribution in n-
dimensions. A bonus is usually incurred in the form of a simpler
dependent variable which is more easily fit  by a least squares
quadratic. This occurs because the interaction of mission
segments caused by the fuel limits applied previously was
complica ting the des ign variable effects on output .

To avoid non-feasible reg ions , constraints can be applied to
the relaxed dependent variables during optimi zation analysis,



e.g., range can be constrained to positive values • The
feasibility problem may be automatically eliminated if the
criterion for optimality is maximum range , for an optimum design
with range maximized will usually not have a negative capability.
If the quadratic surfaces representing range as well as other
dependent variables are good fits, the resulting optimum should
be realistic.

Relaxation can sometimes be applied to the internal solut ion
procedures in a simulator to prevent simulator faI lure. In this
type of application, relaxation is applied to allow conver gence
of the model at a design point to get dependent variable values,
and does not necessarily yield unrealistic results . For example ,
a particular simulator may calculate a dependent variable y by
solving a nonlinear equation f(x ) =x 1 iteractively , where X j ~ S
an independent design variable . Suppose that f ( z ” ) is evaluated
at each iterate ~~ by interpolating in some j fashion on a
decreasing sequence of tabulated values f , f 2 , f~corresponding to values z a 1 ,a 2 ,a M (Figure 3.4), with
f1 

~ x~~~
Cand f Because of a desire to avoid the risk in

extrapolating or because values for f(z) for z outside the range
ai Sz~~~a m may not have physica l meaning , the designer of the
simulator program may have provided that the program halt
execution if an iterate zk lies outside the range at <z ~ a

m .
• This is simulator failure, for it could wel l be that the

iterative search procedure would jump back inside the range of
tabulated values in the next iteration were an evaluation of
f ( z k ) allowed to proceed by careful use of extrapolation.

In Figure 10. , the solid curve in the range a~~ z~~amis the
interpolation fun ction, and extrapo]ated values outside the
tabulated range lie on the dashed curve. The solution f ( y ) =x t
always occurs within the range of tabulat ion because of the
restriction ~~~~~ x~ ~ x 1 

max and the monotonicity of the curve
shown. The thin lines with arrows joining the iteration points
p~~~

1 ,pk and p~”~
1 are a geometric view of Newton iterations

converging toward the solution.

In this example, relaxation has allowed convergence to a
solution , thereby preventing simulator failure. The solution is
always safely within the interpolation range because the X j
limits are encompassed by the tabulated data val ues for x — f ( z ) .
Al lowing violation of the interpolation limits was solely a means
of obtaining a converged solution.

‘C
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Figure 10. Simulator Failure Prevention by Relaxation



A promising method for dealing with the skewed space problem
is substitut ion of variables . An example of substitution in an
actual ARES application was presented in the section on Design
Selection. The replacement variable X3ND was used in place of X3
to get a box region with no data loss. This was made possible by
the fact that skewed space could be represented by variable lower
and upper bounds for X3 which were functions of the other des ign
variables. Thus , X3Nt) was varied independently in the range
O~~X3ND~~1, and the corresponding X3 values needed by the
simulator were obtained by

~ 3=~ 3mth 
* (1 -X3ND) +X3max.X3ND

The lower/upper bounds ~ 3min,,~ 3max are calculated f rom the
- 

• other design variables X 1 ,X2 ,X4 and X5 by funct iona l
• re lationships

~3
min Fmifl(x1,X2 ,xL$ ,x5) and

~~3
max

=~~~
ax (Xl ,X2 ,~~~~ ,xS).

In the case presented here , these functional re lationships
- 

• represent actual physical relationships that were coded in the
simulator and, hence, were initially the cause of the skewed
space problem. The X3ND substitution was simply a means of
transforming the problem to remove constraints . This kind of
substitution in~~acts the des ign selector because it changes a
variable , and it may change the simulation , e.g. , the simulator
could be programmed to transform X3ND into X3 as above.

Lack of proper control of the calculations within the
simulator can be a cause of no ise. In one ca se , a dependent
variable was being output by a simulation prog ram in a very
erratic fashion. Results were so poor that the resulting
regression surface variation barely matched 50% of the variation
in the data (the R 2 value was less than 0.5 - see Regression) .
The cause was discovered to be in a table look-up embedded in the
ca lculat ions . It was found that a much closer spacing of
tabulated values was needed to provide adequate interpol at ion
accuracy and prevent ambiguous quantities f rom j  eapord iz ing
calculated values downstream .

Thus, greater detail as opposed to simpl ification or
re laxation is sometimes needed . Simplificat ion may reduce lack-
of -fit but int roduce noise. Conflicting aims in the simulator
desi gn can crop up becau se of the necessity to have stability in
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the calculations and yet achieve a surface which can be closely
approximated with a quadratic.

Achieving stability and accuracy in computation is the
subject matter of numerical analysis , and the reader is ref erred

• to the literature or a numerical ana lyst for any needed help .

Consistency was mentioned as one of the potential problem
areas in simulation for use with ARES . This will be discussed in

• the next section, which is concerned with runn ing the simulator
to get a usable data base and follow-up da ta in an ARE S analysis .

3.1$ Running the Simulator
The majority of computer resource expenditures incurr ed in

an ARES application will usually be in simulator runs to build a
• data bas e for regression . The designs selected by the OLS des ign

selector are input to the simulator and performance values are
obtained as dependent variables. For an ana lysis with ten
in depend ent variables , the OLS design selector selects 121
designs for simulation. This can require a sizable amount of
computer processing.

3.5 Cautionary Notes
Obviously, it is of utmost importance that the simulator

• . runs be processed carefully. In the initial probl em formulation
the exp ected inf luence of all potential design var iables should
be reviewed to insure that no important effects are ignored .
Once designs are run , the introduction of an additional
independent variable is not possible . It is possible to delete
independ ent variables , however. Hence , a lthough it is desirable
to use as few independent variables as possible to reduce cost it
is wise to consider including all variables of potential
importance within the present ARES capability of ten variables .

Dur ing simulation data-gathering, so~ne designs may fail or
give performance values for the dependent variables which
jeopardize the surface fits . Loss of a few designs may be
acceptable as long as the survivors do not accumulate in a
hyperplane in design space. Lost points should be noted for
later reference, so that evaluation of the regression surfaces in
a neighborhood of any lost point can be avoided if possible .
(~~oss-correlations between the independent variables in the
surviving designs should be checked to insure that correlations
do not approach un ity. It is sometimes possibl e to compensate

• partially for data loss by artificially int roducing additional
designs to the data set to lower the cross -correlation.

If dat a loss occurs spor adically throughout design spa ce,
however, the validity of simulator results is in quest ion and the
simulator should be analyzed (see the previous section). A ma jor

:~
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loss of designs requires drastic measures, perhaps to the extent
of revis ing the choice of variables investigated and re-doing the
entire simulation phase. The same problem can occur with
traditional ana lyses, the difference being largely that an ARES
method ana lysis is performed on more than just three var iables .
Hence , the problem formulation can be more complex and results
harder to foresee, and the risk in cost is greater . These risk
factors are to be expected when doing a f u l l  analysis in higher
dimensions .

A crucial decision point may be reached once the designs
ha ve been run on the simulator. Noise may be present in the
i~~del , and the model itself may have to be re—examined . This may

• not become known until regression surfaces are obtained and• extremely poor surface f i t  statistics (e.g., R2  less than 0.70 )
are noted. (Regression alone, however, will not distinguish

• noise f rom lack-of-fit in the design data base produced by the
OLS method.)

Practical considerations may enter in also . For example,
suppose the simulation of a design is partly successful, yielding
data for some but not all of the dependent variables . Should the
mission data be obtained some other way, or shou ld the design be
regarded as lost? For consistency reasons , supplyinq the
missing data by bypassing or adjusting the simulator can be

• risky. However , it may be that the loss is due purely to
• • simulator failure (see last chapter) , and adjus tments to allow

generation of the missing data are justified.
This section on cautioning information for simulator

computer runs will end with a discussion of consistency. This
all-important simulation problem area was deferred to this
section because the last section , where it was introduced, dealt
ma inly with gu idel ines for programming the simulator .

The simulator program must be run under a fixed set of
conditions when generating the regression input data and also the
follow-up validation data for a single parametric analysis.
Otherwise, variables other than the independent design vari ables
originally chosen for analysis may well be contributing
vari ations to the data . This causes noise in the data , as was
illustrated in the discussion of noise in the last major section.
An exception to running under fixed input conditions other tha n
independent variables might be justified to prevent simulator• failure at sc*ne designs. However, if the simulator calculations
cannot be reprogrammed to avoid converger~ e failure, noise in the
data would seem to be an inherent problem of the simulator being
used .

With the exception of possible cases where simu lator failure
is controlled by carefully varying input parameters such as
convergence tolerances, the input other than the intended desian
variations should be kept constant . This may require careful
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record-keeping , to help insure that simulations run at differ ent
times are cons istent . This will most likely be a problem in
spanning the gap in time between generat ion of regression input
fr om the OLS design select ion and generation of follow-up data to
validate the optima obtained by using the regress ion surfaces in
the optimization element of ARES .

3.6 Simulator Usage to Interface with ARES
It is desirable for the user to develop an automatic

interface between simulator I/O and ARES if existing formats and
usage are incompatible. The LATIN punch file output was
discussed in the last section. Its fixed nature makes it an
immediate candidate for revision , for it may not be usable as
simulator input without first changing names and values for the
variables. Another consideration is that the ordering of designs

• on the file may need changing to match the simulator ’s
convenience in stepping through successive va lues of design
variables to run several designs in one computer execution . This
is easily done by editing the file, since the variable values are
blocked by design point, i.e. the values for one design are
grouped together. Thus , designs can be reorde red by reordering
blocks of input lines before running the simulator .

The ease of perf orming higher—dimensional analyses on the
simulator output may make it attractive to obtain data for a

• great many dependent variables. For a 10—dimensional ana lysis
121 designs are selected by the OLS method. In this case, a data
base consisting of multiples of 121 numerical values is produced
and must be stored on some permanent storage med ium for input to
the regression program . Since the regression proqram requires
the independent variables as well as a dependent variable to
obtain surface f i t  coefficients , the simulator output file must
contain 1210 numerical values for the independent variables and
121 add itional values for each dependent variable in a 10—
dimensional analysis. Were 10 dependent variables sampled in the
simulator , 1210 +1210 2420 numbers would be output .

To aid in data management ARES requires that the names of
all variables be stored along with the numerical values as a set
of aiphameric labels at the beginning of the data file. For 10
independent and 10 dependent variables , th is add s 10 + 10 20
more items to the f ile , for a total of 2440 i tems in the above
example.

The simulator output file is to be input to the regression
program, hence it must obey the regression input format for the
design data base . The complete file is described in the next
diapter, under Regression Program Usage.

Following the information at the beginning of the file,
including the variable n ames, the variable values are listed for
each design point. The values for all variables at each desiqn



point are grouped together . Thus designs can be added to the
fi le or deleted out by adding or delet ing a block of input lines .
The order of occurrence of independent and dependent variables is
un important, bit the order must be the same for each design and
must match the order of the variable names at the beginning of
the file. Thus , only consistency is required in the order of
variables; there is no demand for a pre—specified order from a
preselected set of variables , as was required for LATIN input.

The data from the OIS sample will, if all or almost all
designs run successfully, be a well—dispersed sample of points in
n—dimens iona l design space. However , the data points are not
useful for one-dimensional cross—sectional plots because of the
OLS dispers ion. In general, data points are non—collinear , the
one exception being the first few points in the OLS sample .

• The data file is most conveniently stored on some rapidly
• accessed permanent storage device, such as disc. It can then be

accessed by the regression program, SOBAR ES , AtOARES ,or the
surface fit  residual check program EVAQF. Progr am EVAQF is
intended ma inly for validation using follow-up data , however ,
validation data has the same format as regression data .

3 .7 Simulation Data Management
Data handling errors in the initial stages of an ARE S

• application have far-reaching effects downstream, arid
regeneration of data is costly. Hence, physical key punching of
data changes and handling of cards and tapes should be eliminated
as much as possible by making use of interface programs and disc
files. However , retention of punched cards and tapes as a back-
up medium is encouraged .

Careful record—keeping is essential. An ARE S ana lysis
produces volumes of data , and often valuable inf ormation about
the contents or mode of obtaining a particular data file is lost.
It is recolTvn ended that a set of report forms with standard format
be deve loped to keep track of (a) data f i le contents and
production history and (b) computer progra m run results for each
ARES element as well as the user’s own programs (e.g., the
simulator) .

Progr am execution results which impact existing results
should be transmitted instantly. Thus , design fai lures should be
deleted from the regression da ta base file as soon as they become
known . Simulator output interface may make this automatic by
biilding up the regression data base as the designs are run
instead of relying on transmission of dependent var iable values
to an ex isting design file.

ARE S provides two programs to aid in deletion/addition of
da ta in a da ta base in regression input format. Program SUBARES
deletes designs and program ADDARES adds hand-coded da ta to
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existing observations. ADDARES is intended for use when more
dependent variables are to be added to the variables already
included in the designs in the data base.

3.8 Usage of SUBARES and ADDARES
It is assumed that SUBARES and ADDARES object codes are

available as permanent files under the user ’s account.

User Instructions for SUBARES

PURPOSE: Program SVJBARES copies an existing ARES file to a
new ARES file omitting specified cases from the
new file.

USAGE: GET, SUBARES
• SUBARES, OLD,~~ W,DELETED

• (1) OLD is the logical unit containing
the original ARES file. The default
name is OLD. OLD is not cha nged by
SUBARES.

(2) NEW is the logical unit containing the
edited ARE S file. The def ault name

• is NEW . NEW has exactly the same in-
• dependent variable definitions as OLD

with fewer data cases.

(3) DELETED is the logical unit containing
a list of deleted cases. The default
name is OUTPUT.

INPUT: - SUBARES will request the numbers of the cases to
be deleted. The case numbers are typed as a
string of integers separated from one another by
at least one blank or a comma . These numbers are
entered on as many lines as required with any
convenient number of them on any line. A blank
line signals the completion of the input sequence .
The case numbers may be entered in any order .
Case number refers to the sequen tial index of the
case on file OLD. The fifth case in order on OLD
is case number 5 and so forth.

OUTPUT: Each deleted case is reported to the user on file
DELETED. The report includes the case number and
the values of the independent variables for each
case.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



RESTRICTIONS; A maximum of 100 cases may be deleted in any
single SUBARES execution.

FILE
POSITIa~uNG: Old must be positioned by the user prior to

execution. Both OLD and NEW are rewound af ter
execution .

~ CAMPLE: Delete cases 5, 13. and 20 from OLDABES writing
NEWARES • The reported deletions will be contained
on OUTPUT to help illustrate usage from a time-
sharing terminal. Note the case numbers have been
input to illustrate continuation past the first
line and random order.

C > REWIND ,OLDARES
C >GET ,S(JBARES
C> SUBARES ,OLDARES ,NEWARES
INPUT CASE NUMBERS TO BE DELETED
NULL CARD TERMINATES SEQUENCE - I to 30 CASE NO/CARD
1>520

• 1 >13
I>

DELETED CASES
NO OPR T4 A8 TIW TIC

W/S AR LESWP 10GW

5 L750E+01 2.900E+03 5.000E-O1 LO8OE+0O 4•500E-02
L000E+02 2.800E+00 5.400E+01 6.000E+04

13 2.350E+01 3.200E+03 .0 1.160E+O0 4.200E-02
1.000E+02 2.200E+O0 6..200E+01 7.200E+04

20 L900E-’Ol 3.020E+03 8.000E-O1 9.200E-O1 3.300E-02
7.000E+O1 1.300E+OO 5.000E+O1 6.000E+04

STOP

USER INS~~ UCTIONS FOR ADDARES

PURPOSE: Program ADDARES adds new dependent variables to
those of an existing ARES file creating a new f ile
with the expanded dependent variabl e data set.

• 

~~~~~~~

• • •

~~~~~~
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USAGE: GET ,ADDARES
ADDAR ES ,DATA, OLD, !~ W

(1) DATA is the logical unit conta ining the
data to be added to the ARES file. The
default name is INPUT.

(2) OLD is the logical unit containing the or-
iginal ARES file. The default name is OLD.
OLD is not changed by ADDARES.

(3) New is the logical unit containing the
resulting ARES file. The default name is
NEW. Each data case in NEW will contain
all of the information on OLD with the new
data from DATA appended .

• INPUT: File DATA has the following format. All data
is in standard ARES format , eight field—ten digit
DATA has the same structure as the ARES dependent
variable sets .

(1)  Card-i , col . 1—10 The number of new dependent
variables. Decimal point required.

(2) Card-2, Dependent variable names punched
eight/card using as many cards as
required .

(3) Card-3, Dependent variable values correspond-
ing to the names on card-2 . Card-3
sets are repeated for each data case
on the original ARES f i le preserving
the order. Decimal points required.

RESTRICTION: The total number of dependent variables, old plus
new , cannot exceed five hundred .

DIAGNOSTICS: If the number of cases on DATA and OLD do not
exactly corre spond the ~~ogram will report which
file is exhausted and ~~int the current da ta case
on the other file. NEW has been wr itten, but is
almost certainly incorrect.

FILE POSITION
ING : OLD must be positioned by the user prior to 

- •

execution. Both OLD and NEW are rewound af ter
execution .

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _- -
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S~~ TION IV

R~~ 3RESS ION

q.i  Introduction
In trad itional parametric analyses, canbinations of

parametric variables for which data will be gathered are selected
and, then, dependent variable data are generated for each
cx)mbinat ion. The design selection and s iinul at ion activities
described in preceding sections are ARES equivalents for these
traditional steps. The next logical step in the traditiona l
parametric study, in its simplest form, is graphing of the
~~ pendent data against independent parameters .
Regression/” surf ace fit” analysis is the ARES equivalent for the
latter exercise. Of course, no graphs are actually constructed

• in this ARES step . Indeed , manua lly developed plots of
simulation output (n > 2) are an impossibility. Thi~ is due to
the spa rse, orthogonal array of available designs ~s illustratedin Figure 11. , using a three-d imensional example.

• LX3 - B J  IX 3 c  I 1X 3 _ D

V 
x2 

~
,

Figtir 11. DIstr ibution of DesF~vp s

(Visual i z at ion of the ARES method using one , two or three -
dimensional examples can tend to mislead the user. In the first
place, the ARES system is not competitive with traditional
approaches for one or two variable proble~ns. Second, two
variable ARES data is determined sufficiently to allow graphing ;
an impossibility in higher dimensions. Finally, in the three
variable case , four levels of each independ ent parameter are 

- •

selected. This is a popular number of levels for traditional
analyses regardless of dimension but is encountered only for n = • 
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3 in ARE S system application. Therefore, the user is alerted to
avoid incorrect inf erences from low dimensional, illustrative
examples . Higher level n—dimensional space continues to be as
incomprehensible as ever.)

Tb accurately gra ph the variation of a hypothetical
dependen t variable, y, due to parametric variation of the
independ ent parameters x 1, x 2 and x 3, the 64 po ints indicated by
open and closed symbols on Figure 14.1 are requir ed . The design
selection/simulation steps in an ARES application would yield
only the sixteen closed symbol points. Ovbiously, any attempt to
manually develop lines through just the closed symbols would be
chancey at best, since it is diff icul t  to absorb guidance f rom
sore than one of the x~ relationships at a time. This guidance
is generated mathematically in the ARES system .

In the illustrative example for n = 3, 25 percent of the
“traditionally desirable” amount of data is provided with the
ARES system . The variation of this provision as n increases, is
presented in Table 3. . At n = 10, an incomprehensibly small
.012 percent of a “desirable” amount is made avai lable . One can
see how the graphing difficulties illustrated for n 3, become

• impossibilities for higher n even if plots in up to ten variables• could be comprehended .

Table 3. Fraction of ~‘Traditional/ y Desirable” Data Provided by OLS

VAR IABLES OLS LEVELS OLS TRADIT IONAL 01$ FRACTION OF
COMBINATIONS COMBINAT IONS TRADITIONAL

4 5 25 256 9.8%
8 7 19 1,024 4.8%
6 7 49 4,096 1 .2%
1 B 64 16.384 .39%

• B 9 81 55.536 .12%
9 11 121 262.144 .046%

10 i i  121 1 .045,575 .012%

— 
1. V Ioo~L~/4~

Illustration of an independent/dependent (x/y ) var iable
relationship can be developed by fairing a line through plotted
da ta . Well ordered data can be fitted exactly. Less wel l
behaved data requires some ccxnpromise. In such a ca se , residuals 
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may be minimized by using a technique like least squares fits.
In any case , a functional form y = f (x) , of the graphed
relationship could be derived and this is quite often done .

This is always done in the regression/”surf ace fit” phase of
an ARES system application and at this point the ARES multi-
dimensional capability is paid for by some loss of precision.

Manual graphing of well behaved plotted data and derivation
of coefficients in a functional form to represent the resultant
relationship can be accomplished to a high level of precision .
This is partially due to the fact that any number of functional
forms are available to the user . He may pick the form that is
most applicable to his specific problem.

• The se options are not available in the ARES system. A
single functional form is used . It is a quadrat ic of the fo rm ,

y~b0+b1x1+b2x2... •+bnXn+b i i X i
2+b i2 X i x 2 •~ .

Obviously, this single functional form is not applicable to all
types of y variation. Therefore, ARES reqression/”surface fit”
analyses must empl oy the least squares f i t  “compromise” most of
the time . Consequently, most of the time, there will be some
lack of precision in the analytical approximation derived in the
analyses . The magnitude of the error depends upon the degree of
non-quadratic curvature exhibited by the dependent variable of
interest .

It should be noted that the degradation of precision
discussed here should not be due to dependent variable
mi sbehavior . The least squares f i t  compromise is used in manua l
graphing when poorly conditioned data is encountered. Since ARE S
simulation data is normally generated by computer analyses they
are expected to be well conditioned and relatively free of noise .
Therefore, the least squares f i t  compromise along with sane
resultant degradation of precision , occur in the ARE S method due
to non-quadratic curvature.

In ARES regression/”surf ace fi t” analyses, coefficients are
derived for a quadratic function that represents a least squares
fit through dependent parameter variations which are due to
changes in a number of independent parameters. The result could
be called a curve fit in one or two dimensions. However, the
derivation is performed for i~~~ to ten independent variables with
the ARE S system and the multi-dimensional fit may be more
properly characterized as a surface rather than a curve .

— 
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Therefore, the functions derived in the ARES system are referred
to as surfaces or surface fits.

Do not think that what has been described is more difficult
than it is. It has been shown that no new or un ique analyses are
used to this point in the ARES data management system. The tool s
or programs may be different but the steps that are used in
traditional parametric analyses are also used in the ARES system .
It will be shown that this is true in successive analytical steps
as well.

The big difference between the two levels of analysis is the
number of variables that are exercised. The ability to handle a
large number of variables simultaneously is the justification for

• the ARES system. This capability is made ava ilable for some
• inherent lack of precision . However , the accuracy of the system

is not inconsistent with the conceptual and preliminary desigr
activities for which the system is intended. When these
considerations are realized, problems can be formulated
accordingly and the system can become a powerful analytical tool -

The regression/”surface f i t”  element of the ARES data
management system is discussed in detail in succeeding sections.

• 4.2 Least Squares Quadratics
Least squares surfaces are used in the ARES surface fit

element because they provide convenient methods for fitting to
da ta values when a f i t  to overall trends is desired instead of an
exact f i t  to the data values .

In the ARES parametric analysis method , a very simple,
second-order model is used to approximate the user’s simulation
model in multi-dimensional space. Thi s is done with a small
fraction of the data required for a traditional parametric
analysis .

The simulator may produce complex, higher-order variations
in the output data when several independent variables are varied
simultaneously in the selected designs which are input. From
these variations, the ARES method select s the dominant trends and
ger~~rates a simple surface with just enough curvature to avoid
the gross errors of linear approximations, which have no
curvature.

Following surface gener ation for each of the dependent
variables in the user ’s parametric study , the ARE S optimization

• program can be used, at little additional cost, to explore desian

~~~~~~~~~~~~~~~~~~~
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in the analysis, it must be kept in mind that a simp lified ,
second—order least squares f i t  model may deviate from the complex
model in the simulator. There are two ma jor potential causes of
this:

1) Lack of fit because the simulator is not a second-
order, function generator, and

2) Noise in the simulator output.

Lack of f i t  is inherent in the use of second order or
quadratic surface fi t  functions. Noise, however , is a simulator
problem, as discussed in the section on simulation. Results from
the ARES method depend heavi ly on how well these problem areas
are suppressed. Unfortunately , a good method of measuring the
extent of these problems in the user ’s analysis is not made
available by ARES. This is why follow—up validation of opt ima
via further simulator runs is a strongly r ecommended part of the
ARES procedure .

A quadratic polynomial in the n independent simui ation
variables x 1, x 2 ,  ..., x~ is used to form a function al surface to• approximate the true surface of each dependent y variable. The

• sample designs selected by the ARES design selector are input
sequenti ally to the simulator as combinations of values for x 1,
X 2 , ..., x~ . For each design point, a y value is obtained for
ea ch depend ent variable to be analyzed. Each set of y’s is
combined with the corresponding x ,, ..., x~ combination in a dat a
case for the regression data base . The regressor program finds,
for each y variable, a set of coefficients for a quadratic or
second -order pol ynomial

y~b0+b1x1+. .. .+b x +b1 1x1
2+b12x1x2+....

in the X j independent variables. The quadratic contains all
terms x 1 x 2, ~~~~~~ 

...x 2 2 , x 2 ~ ~~~~ U~) tO x~~
2 .

The quadratic expresses simple interactions of each pair of
variables in the x j x 1 terms and expresses single—variable
quadratic effects in the x 1

2 terms • Two exam ples are given to
illustrate quadratics. An example of a one- dimensiona l quad ratic
is given to illustrate lack—of—fit and noise , and a two-
dimensional quadratic to illustrate the use of a multi --
dimensional polynomial in regression proqr ani out put format .

Figure 2. shows a one-dimensional second-order surface (a
parabolic curve) as a solid line superimposed over a dashed line
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representing possibly a third-order surface - Lack—of-fit is
illustrated by the shaded area between the two surfaces. The
second-order surface could have an equation like y = 5 — 2x +
where in this case, b0 = 5, b1 = —2, and b 11 = 1. Since there is
only one independent var iable, it is referred to as x rather than

• x 1. Figure 3. shows the same surface faired through data points
contaminated by noise . The dashed curve is a hypothetical
continuation of simulator output between the sampl e points shown ,
and again the shading shows the surface fit  error.

The two—dimens ional example is given next to illustrate the
differences between the quadratic equation as written and the

• regressor output formats for its coefficients. A typica l
quadratic with n = 2 variables x 1 and x 2 is:

• y=3+x 1x 1
2+O.5 X 1x2+x2

2

In this example , b0 3 ,b 1= 1 ,b2=O(no x 2 term) , b 11=-1 ,b 12 = 0 .5
and b ?2 1, a total of six coefficients. In the three-

• dimensional space of x1, x 2 , and y, this quadra tic equat ion
describes a surf ace, which can be visualized by taking the y
value at each (x 11 x2 ) point to be surface elevation over the
x 1—x 2 plane. Suppose the variables x1, x2, and y were given
hollerith designators Xl , X2 , and Y, respectively, and these had
been input along with names Xl*X2, X1*X2, and X2*X2,
respectively , for the terms x 1 2, x1 x2, and x22. The coefficients
would be printed out as follows:

PUNCH QUADRATIC COEFFICIENTS AS FOLLOWS V

1 3.00000E+OO CONSTANT
2 1.00000E+OO Xl

3 .0 X2
4 -2.00000E+OO X1~X 1
5 5.00000E-O1 X1*X2

6 2.00000E+OO X2tX2

This is , with minor details missing, how the list of the six •

regression surface coefficients would appear fol lowing severa l
pages of descriptive output for the regression on the Y variable.
It is not necessary to give the variables the particular names
shown in this example.

47
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Note that coefficients of all the square terms (Xl*X l and
X2 *X2 in example) are doubled iii the printout. This form is
compatible with the input requirements of the optimizer .
However, if the output coefficients are to be used in
applications other than on the optimizer, the user must ran ember
to halve the square term coefficients.

As mentioned earlier , quadratic coefficients can be used
other than in optimization mode. Design performance can be
predicted for designs not run on the simulator, with proper
caution to (a) evaluate the quadratics only within the des ign
selector lower/upper bounds on x 1 variables , and (b) use the
perf ormance y values only as preliminary design-type estimates .

A byproduct of the use of quadratics is easy evaluation of
partial derivatives with respect to each Xj .  This feature is
used to advantage by the optimization analysis program, bet its

• use is otherwise discouraged .. Partial derivative er ror in thi s
method of sur face fitting is often much larger than the error in
the surface approx imation to the dependent variable. Figure 12.
il lustrates this phenomenon in a one-dimensional case. Error
residuals are illustrated by vertical bars between corresponding

• • points on a hypothetical dependent variable surface (dashed
curve) and its least squa res quadratic approximation (solid
curve) . The slope of each curve is indicated by tangents drawn
through the corresponding points. In the case illustrated,
surface error residuals may well lie within tolerable limits.
}bwever, in the neighborhood of the maximum of the least squares
curve, the diff erence in slope of the tangents is very large and
can be misleading if used to extrapolate trends.
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It was stated earlier that a good method of measuring the
extent of lack— of-f i t  and noise probl ems is not available in
ARES. However, rough error estimates can be obtained during both

• the regression phase and the validation phase and used as a
guide. The regression analysis yields statistical indicators
which can be interpreted even though their statistical character
may be questionable in present usage. The best numbers for the
user to exam ine are the multiple correlation coefficient-squared
(R2) and the list of error residuals pr inted out by the
regressor.

The R2 value in the final regression step should lie close
to 1.0, 0.98 for example. The interpretation of results here is
not firm and , as stated , is only a rough estimate. It is best to
scan the list of error residuals and note the errors relative to

• the total range of y —varia ble dat a values. Are the errors• acceptably small? If not , it may be necessary to investigate
• further to fin d out whether the cause is noise or lack—of-fit,

and decide on a different course of action. This will be
discussed in more detail later .

14.3 Forward-Step Regression
• The regression program uses a technique which derives

coefficients C 0 ,  C 1, C 2 ,  ..., C~~ for a least—squares fit to data
• : points with a linear model

— Co+CI ZI+C�Z2
+Q...+CNZN

The ARE S method replaces the variables Z ~ with the quad ratic
terms x1 and X j j  from the last section. The C~ are then the
quadratic coefficients b0 ,  b~ , b~ 1 . Hence, a linear least
squares regression method is used to f i t  the quadratic model .
The number N of quadratic terms corresponding to n independent
variables x1 is N = (n+ 1) (n+2)/2 . For n 10 , therefore, there
are N = ( 11)  ( 12)/2  = 66 possible terms.

A lea st squares f i t  to determine all the quad ratic
coefficients is not always desirable. A f i t  to all the quad ratic
terms, known as forced—fit regression may yield a surface with
extraneous curvature. It usually happens that most of the terms
are non -competitive as regards their abil ity to express the data
variations of a given dependen t variable. In such cases, a smal l
subset of terms (for example, 20 out of a possibl e 66) expresses
the variations as well as can be expected for a quadratic fit.
It would seem that a least squares f i t  woul d yield near-zero
coefficients for the noncompetit ive terms. This is not a lways
the case. The least squares coefficients may be such that the •

4
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noncornpetitive terms cancel each other at the data points bet
introduce troublesome extraneous variations in between.

Stepwise regression is used to select a set of terms which
expresses data variations with a mininu.m~ of added extraneous
variations. Stepwise regression simply alters the existing
regression model at each step by adding and deleting terms in a

• systematic fashion. A least squar ~ fit to the existing model is
done to get coefficients and also to statistically analyze the
significance of (a) each term in the existing model and (b) each
term not in the existing model , were it to be included in the
model.

The stepwise regression procedure employed uses a modified
forward selection technique. While this method does not
necessarily provide the best subset of regressor terms it does
examine the effect of the introduction of a new term upon those

• previous ly included in the regression.

Whenever a step has been completed, the stepwise procedure
searches for a new term to be introduced and proceeds in the
following sequence of stages :

1. Choose the term to enter the regression model which has the
• largest squared partial correlation coefficient with the

surface fit residuals from the previous step.

2. Test the partial correlation coefficient in order to
determine if it is significantly non-zero.

a. If it is significantly non-zero , proceed with the next
stage.

b. If it is not significantly non-zero , terminate the
stepwise procedure.

3. Introduce the new term into the model and solve for the new
estimates of the regression coefficients.

14• Test significance to the regression of those terms
previously in the model -

a. If any term is now insignificant , delete it from the
model and analyze the reduced model.

b. If all terms are significant, proceed.
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5. Calculate new partial correlation coeff icients for all terms
not presently in the model and go to stage 1.

In this fashion , terms are added to and deleted f rom the
model until the partial correlations of the remaining terms are
too small to be significant.

In the usual application of regression analysis, the word
“significant” has a prec ise meaning. Regression has
traditionally been don e on data which contains a certain amount
of randomness, for example due to experimental error in the
laboratory. Statistical significance tests are based on certain
assumptions made about the random variables present in the data .

However, it is felt that the usual ARES application would• not allow random variables to be a component in the data . The
ARES method can be applied to laboratory data , but the risks here
are very large. In this document, it is assumed tha t the method
is applied, as intended, to noise-free data obtained by digital
computer simulation. Thus, the important contribution to the
error res idua ls comes from lack—of—fit due to the inadequa cy of
quadrati cs to ful ly express simulator reality. This lack-of—fit
may well appear very systematic and non—random.

• • Fortunately , it is only the statistics and not the least
squares solutions at each step generated by the regression
program which depend on the assumption of random variables in the •

data . For a given selection of terms, the least squares
coefficients are those which minimize the residual sum—of-
squares. This is a problem in linear algebra, and not
statistics. The statistical procedure in the regression program
is retained for convenience because it can be used to impose an
arbitrary cutoff level for admitting the most effective terms
into the regression model.

The regressor has two main modes of execut ion. These are
forward-step and backward-step regression. Forward —step
regression starts with the constant term b0 being the only t erm
in the regression model . At each step , one of the terms b , , b 2
..., b~ 1, b1, , ..., b,~ is added to the model and new values
found for the b’s already in the model. Also, the b’s in the
model are tested to see if introduction of the new term has
caused some of them to lose their “significance”. If so, they
are dropped from the model. The procedure stops when none of the
candidate terms looks “significant” enough to enter the model.

The backward-step process is the same at each step as the
forward-step process. The differences are that (a) the ba ckward—
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step process starts with 
~~~ 

the terms in the model (i.e •,  a
forced-fit) and (b) the process stops when none of the terms in
the existing model tests out to be “non-significant”. Hence, in
backward mode, terms are deleted (with some being reentered when
appropriate) ~mtil all remaining terms pa ss the statistical test
for retention.

Additionally, the user has the ability to force terms to
enter or remain in the model. In this way, the user can force
the resulting regression surface to have a dependency on certain
terms regardless of their regression significance. This
capability may be useful when the user feels strongly that
certain terms should be affecting the surface curvature • It is
not gua ranteed that stepwise regression will retain such terms.
The regression program is merely trying to select a model such
that the sum of squares of residuals at the data points is a
mininn~m.

The regression mode normally used is forward-step . It has
been common practice to force the pure quadratic tern~ x j2 into
the model when it was felt necessary to force sane of the x~variables to affect a surface quadratically.

14. 14 Useage of the Regression Program
The regression program (MANE) has two input files, known

• • internally to the program as TAPE 1 and INPUT . File TAPE 1 is the
design data base of independent and dependent variable values, in
the same format read by SUBARES and ADDARES. The useage of TAPE 1
with these other data management programs is reviewed for
clarity.

For SUBAR ES , the us eage is:

SUBARES ,OLD, NEW,DELE’rED.

Here the object code is on a file called SUBP.RFS, and TAPE 1
exists in two versions, called OLD and NEW in this e~xample . The
OLD f i le is input , the NEW file is output as a modified design
data base, and fi le DELETED lists the deleted design cases. For
ADI~~RES, the useage is, in a somewhat similar fash ion ,

ADDARES , DATA, OLD , NEW

The DATA f i le contains data values to be added to the desiqn
cases in OW, the NEW file results , and again both OLD and NEW
represent the TAPE1 data base for regression. Refer back to

• SU BARES and ADDARES useage in the section, Simulation.
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Unlike the other ARES data management programs, the
regressor program MANE uses all data on file TAPE1, includ ing the
first few lines. This is during the initial input phase, when
the independent variables are read and stored for all designs.

Subsequently, MANE reads from INPUT to get instructions for
a regression , and then rewinds and reads TAPE1 , this time only to
get the va lues for the dependent variabl e for the regression .
The regression is then performed, resulting in several pages of
descript ive output (how much depends on the program option
selected ) and , finally, the quadratic coefficients output on f i le
PUNCH. These coefficients can be used directly by the
optimization program for parametric analysis.

The process of reading instructions fran INPUT and then
• rewinding and reading dependent variable values from TAPE 1 is

repeated for each regression. The INPUT file is a NANELI ST f i le
and read s namelist options into a list storage location called
LIST. Most of these options have defaults, as descr ibed below .

After the initial reading of independent variable values
fran TAP E1, the quadratic terms are generated. This is done by
carrying out the multiplications x j *X .j of data values at each

• design point for all pairs of independent variables x1 , x1
• • These “manuf actured” variables x~ * X j ,  are stored once and for all

and used along with the x 1 values themselves for  all regressions
following.

The useage of MANE is as follows:

MANE ,TAP E1 ,INPUT ,OUTPUT, PUNCH.

The data files TAPE1 ,INPUT ,OUTPUT, and PUNCH , do not have to be
specified in the call to MANE if the indicated names are used.

The TAPE1 format is as follows. Each item begins a new
input line (card image).

Item 1 (8A10 Format) 80 — column title

Item 2 (F10.0 Format) Number of independent variables
to be read in for all regression cases.

Item 3 (8A10 Format) Independent variable names, in the
order they are to be considered whenever the
regression surface coefficients are used.

Item 4 (F10.0 Format) Number of 10- column data fields

in each design case.
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11
Item 5 (8A10 Format) Independent and dependent

variable names in the order in which values for
the variables appear in each design case. Names

• must occur as data fields do , i.e., if data
field #132 is not used in the fol lowing des ign
cases , name #132 should be left as a blank 10—
column field. Order of independent and de-
pendent variables is immateri al as long as data
values have the same order. The names must be
left—ad justed in their 10—column fields.

Item 6 (8E10.0 Format) Design cases, consisting of
values for each var iable in the sam e arrangement
as the names in Item 5, i.e., values for a
variable must appear in aU design cases in the
same 10—column field as the corresponding nam e
in it em 5. Each case must contain the same
number of 10—column fields, eight to a line
as in Item 5.

Item 7 As soon as an end -of-file or a data field of
• 9999999. or greater is encountered, reading of

• TAPE 1 will end.

The NAMELI ST f ormat of f i le INPUT enables the user to input •

instructions for each regression in a free field format. The
regressor does not have a FORTRAN free-field input module in its
source code, as do programs EVAQF and OAPEN . Instead , NAMELIST
provides the regressor with the convenience of free-field input
for the regressions .

Each line (card image) on INPUT is all or part of a NN*IIST
record . A NAMELIST record beg ins with a blank column followed by
a dollar sign ($) . It ends with $ after  the NAMELIST variables
wh ich are to be given new values are reset in a series of x =

value statements set off by commas . For the regressor, the list
name used is LIST, and this name must follow the $ at the
beginning of each NAMELIST record.

The format of “value” in each X = value statement must be
ANSI standard for the “X” variable name, e.g., if WX n is a name
beginning with one of the letters I through N, then “va lue” must
be integer format. A sample NANELIST record for the regressor
is:

$LI ST LOC=l$ 1, XSTOP=1. $
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Note that the name LOC is of integer type and XSTOP is of rea l
type, by ANSI standard . Hen ce, the values are, respectively,
integer format for LOC and real for XS’TOP.

The items in the NAMEIJIST list are given below. All have
defaults except the paran~ter LOC, which specifies the dependent

• variable for a regression case.

Item 1 SL - option for changing the significance level
for adding/deleting variables to/from the re-
gression model. Default value is .05. A
value of .2 is reconinended to improve
inadequate fits.

Item 2 LOC - field number in the regression data base
• (TAPE 1) for the dependent variable for the

current regression case. No default.

Item 3 TYPE - input a positive number if a regression
• on the logarithm of the dependent variable is

desired. Default is non-log regression.

Item 4 NJ — number of non—constant terms to be forced
to enter or remain in the regression model.

• : Default value is 0.

Item S IND( 1) - array containing the ind ices of the terms
to be forced. ~~ find out how to derive the
index of a term , refer to the discussion below.
Default values are 0.

Item 6 IC - indicator for forward or backward step
regression. For a backward step regression,
IC = 1. The default is IC = 0, or forward
step regression.

Item 7 IP - printout control. Default value is IP 2,
which gives all printout at the final regression
step. Setting IP = S will yield printout at
each step.

Item S XSTOP — positive value if this is the last
regression case on the INPUT file. Default
value is 0.

Once an option has been set at some value, it remains set at
that value until re—set in a later regression case. For example,
the regression case corresponding to the NAI4ELIST record
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$LIST LOC = 27, NJ = 2, IND(1) = 3,18 $

will have quadratic terms 3 and 18 (see below) forced into the
regression model for dependent variable number 27 in the
regression data base . This will hold true for all following
regressions until a NAMELIST record with the expression NJ = 0

• appears (IND need not be reset if NJ is reset to zero).

In order to know how to specify IND indices for forced
terms , it is necessary to first understand the order of quadratic
terms used by the regressor. This will now be reviewed. If x1 ,x~ are the independent variables, there are (n + 1) (n +
2) /2 terms, and these occur in the following order:

(constant) ,x11 x2 ,x~ ,x1
2,x1x2,x1x3 

2 2xlxn,x2 ,x2x3,x2x4 ,x2xn,x3 
2 2x

Note that there is one constant term, n terms x 1 1 x2 1 x ,n terms 

1x,x~ 1n_ i terms x2
2

1x2,x3 
and so on, down to two terms, x~~ 1, ~~~~ x~ , and fi nally the one
term x~

2 . It must be further noted that the regressor does not
count the constant term in the IND numbering scheme. Then the
first term is x 1 , the second is x2, the n—th term is x~ , the
(n+1)-st term is x1

2, and so on.

For example, suppose there are n 7 independent variables,
and suppose it is desired to force the term x~ x6. ~ounting up,
there are seven terms x1, ..., x7, seven more for x1 , x1 x2, .
x1 x7, six for x2

2 , ..., x2 x7, five for x 3
2 , ..., x3x7, and then

the three terms x4
2 , x~ x5, and finally, x~ x6. Hence, the IND

index of ,c~x6 is 7 + 7 + 6 + 5 + 3 28. The total quadratic
polynomial (including the constant) has (7+1) (7+2) /2 = 36 terms.

~:
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SUCCESSFUL COMPLETI ON AND ERROR CODES

The MANE completion code is returned in variable IERR
where NWRGSN SUCCESSFUL COMPLETiON CODE = IERR .

IERR�0 Successful completion

IER R O  No more independent variables quali fy to be
entered or deleted.

IERR = 1 Single variable looping detected . Looping
means the variable is repeatedly inserted
and then deleted. NWRGSN stops after the
deletion.

IERR=2 Double variable looping detected.
IERR=3 Present step deleted a variable, and the

only variables left in equation are those
to be forced.

IEBR=4 2*MQ steps have been computed.
IERR=5 NJ=M—1, no selection process.
IERR=6 All independent variables have been entered

in the equation.

The MANE unsuccessful completion code returns as NWRGSN ERROR

• 
C(~~PLETION CODE = IERR.

IERR �0 Error termination

IERR=— 1 Error return from subroutine
IERR=—2 PIT for entry test statistic. PIT error

code equals IERR (see PIT abstract).
IERR=—3 Error return from subroutine PIT for delete
IERR =-Z~ test statistic. PIT error code equals

IERR — 2 (see PIT abstract).
IERR=—5 No independent variable qualifies to be

entered, and a constant term was not
specified: process cannot start.

IERR=-6 Overdeterinined system of equations is
singular.

IERR=—7 Variable selected to be deleted is the only
variable left. in the equation, and a con-
stant term was not specified .

IERR=—8 MQ not in the range M�MQ�M+1
IERR=-9 IR�M
IERR=— 1O NJ�M
IERR=-11 A row index in IND is either less than M

or less than 1.
IERR=—12 SL not in the range 0~SL�.9.
IERR -13 N too small.
IERR=-14 Dependent variable zero or constant in all

observations
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SECTION V

IN~~ RROGATION

5.1 Optimization
Once acceptable regression surfaces have been obtained for

all the important dependent variables, the optimization program
OAPEN can be used to explore regions of design optima. The
regression surface coef ficients are input to the program, along
with specifications for the kind of performance optima desired.
The OAPEN program finds these optima and outputs the independent
design variable combinations and dependent performance var iable
values at which each different optimum condition is achieved.

The specification for an optimum in OAP EN includes two ma jor
• items, (a) the identification of a performance variable to be

held to a maximum or a minimum and (b) the speci fication , for
• some subset of the other dependent variables of minimum or

maximum performance levels which they cannot violate. Also
• specified are lower and upper limits for the independent

variables , and these limits should be at or within the limits of
the data used in regression (to avoid extrapolation into regions
where no data was taken)

An example drawn from airplane preliminary design is as
• follows: A simulator program is available which describes the

performance of an airplane on a design mission. The airplane
design is conceptually fixed by the simulator program and by
certain design parameters which are always input with the same
values for a given concept. Differing designs within the concept
are achieved by varying another set of design parameters which
are used as the independent variables in a parametric study.
These are , in the present example, FPR (engine fan pressure
ratio), OPR (engine overall pressure ratio), T4 (desiqn turbine

• inlet temperature), AS (engine airflow schedule parameter), THTR
(throttle ratio), P/W (thrust-to-weight ratio), T/C (wing

• thickness-to-chord ratio), W/S (wing loading), AR (aspect ratio),
and TOGW (takeoff gross weight). Regression data is obtained by
giving the simulator as input all the combinations of des ign
variable values specified by the Design Selector program, LATIN.
For each combination , perf ormance is output in the f orm of values
for the dependent variables RANGE (mission range capability),
SSDALT (supersonic dash altitude), NPEN (maneuver capability),• and ~IVDIST (takeoff distance), an~ ng others.

The regression program accepts the design input/output
combinations and produces regression coefficients to describe

• each dependent variable as a simple quadratic. Assuming that
.
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• these performance approximat ions are good (the regression
residuals look acceptably small) , the coefficients are now ready

• to be input to OAP EN . It remains to decide on a set of
specifications to go along with the coefficients and tell the

• program where to look for optimum designs. Suppose it is desired
to explore designs having maximum range capability subject to
restrictions on field length required for takeoff , maneuver
capability, and supersonic dash altitude. Restricting field• length to 6,000 ft., maneuver g-loading above 2.70, and dash
altitude to 50,000 ft or above leads to the following constrained
optimization specification:

Maximize RANGE
Subject to NP~~ > 2.70
TODIST � 6000

• SSDALT > 50 ,000

Thus, the specification is to maximize RANGE with
constraints on NPEN, POD ISP, and SSDALT. The OXPEN program does
this by using the coefficients to get function values and partial
derivatives for RANGE, NPEN , TODIST, and SSDALT at a number of
iterative design points. Given a start ing point in terms of
values for the independent variables FPR , OPR , P4 , etc., the

• program solves iteratively for values which yield the performance
• required by the specification given above.

It is often desirable to explore man y different optima in a
comprehensive study and then examine the tradeoffs. For example,
the effect on RANGE (and any of the other variables) of
specifying different minimum values for SSDALT can be studied
over a sequence of optima. Also, different combinations of
objective function (the function to be minimized or maximized)

• and constrained functions can be tried. For example, a minimum
IODIST can be sought with accompanying constraints on RANGE ,
NPEN, and SSDALP, viz.:

Minimize PODISP
Subject to NP~~ 2 2.70SSDALT 2 S0,000
RANGE 2 2 ,000

where RA~~E has units of nautical miles.

5.2 The Penalty Fun ction
The OAPEN program solves for a constrained opt imum by the

penalty function method, hence its name, OAP EN (Optimization
Analysis by PENalty function). In this method, a constrained
optimum is found by iteratively solving for the limit of a

.
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sequence of unconstrained minima . That is, the constrained
minimization/Thaximization of an objective function is replaced by
the minimization of a sequen ce of penalty functions which combine
the objective and constraints.

Going back to the first optimum specifications which was
• given as an example, suppose the RANG E function is to be

maximized subject to the constraints shown . Then the form of
each penalty function in the sequence is

• PEN K = -RANGE + PK * Z (Constraint Violations) 2

• Minimization of (-RANGE) will maximize RANGE, and the sum (E) of
~~uares over all constraints adds a positive number for each
constraint which is violated at the current iterative point of

• evaluation (P( is a positive coefficient) . For each K 1, 2 ,
..., PENN is minimized in an iterative minimization procedure

• which calls for evaluation of PEN K at successive des ign points to
find the min imum .

At each trial design , the regressi on sin-fa ce coefficients
yield values for the dependent variables. If NPEN is below 2.70,
PODIST above 6,000 ft, or SSDALT below 50 , 000 f t , the
corresponding violations are squared and added to the -RANGE

• value via the P~*E(...)
2 term in the PEN K function . The 

~~K
fa ctor is a coefficient common to all pena lty terms and is used
to increase emphasis on the constraints when appropriate.

The effect of the PK * E - term is to add positive numbers to
the negative of RANGE whenever constraints are violated . Since
PEN K is to be minimized, this causes the next search iteration to
“veer away ” fr om regions of constraint vio lation . Thus, the next
set of OPR, FPR, T4, etc., values will yield performance closer
to specs and/or greater RANGE capability. The fin al solution ,
providing there is one, will satisfy all performance constraints
to within pre-specif led tolerance limits. Also, RAN GE will be at
a local maximum subject to the constraints imposed .

The penalty method used has a double iteration loop. The
inner loop minimizes the penalty function PENK for a fixed value
of K (i.e., the coefficient 

~~K is fixed, while RANGE, NPE~,PODIST, and SSDALP vary). Values for the independent variables
OPR, etc., are found for PENJç at a minimum . At this minimum ,
some of the constraints may well be violated to some degree. The
ma gnitude of each constraint violation is checked against the
constraint tolerance value, and if any violation is outside
tolerance the outer loop is stepped through another iteration .
This is done by (a) increasin g the va lue of 

~~K to increase
.
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emphasis on the constraints, setting K to K+ 1, and (b) stepping
the inner loop through a number of iterations to minimize the new
PEN K• A solution has been found when no mor e outer loop
iterations are necessary .

• The inner loop iterations, to minimize a penalty function
PEN K for fixed K, are an application of the method of conjugate
gradients (Reference 7) to function minimization. The gradient
vector of potential derivatives of PEN K with respect to each
independ ent variable OPR , FPR, etc., is used along with the
function value for PEN K at each iterative design point. The
minimization search proceeds along the successive conjugate
directions . A minimum for PEN K is reached when changes to the
independ ent variables for the next iteration are detected to be
~ nal ler in magnitude than a pre-specified solution tolerance for
the inner loop.

• The lower/upper bound box constraints for the independent
variables are not incorporated in the pena lty function. Instead ,
the inner loop search is directly constrained to avoid violating
box limits. This is done by cutting back on a sear ch direction
vector when box violation is about to occur.

5.3 Characteristics of the Optimization Method
• Important characteristics of the method used in OAPEN are :

1 ) The gradient vector is required in add ition to function
va lues for each dependent variable .

2 ) The starting point for f inding an optimum can be
anywhere within the box region , regardless of whether
constraints are satisfied.

3 )  The optima found are local , not global .

L I )  Convergence usually occurs after T c=2 penalty function
minimizations.

5)  All variables, independent and dependent , shou ld be
scaled to the same units using the coding feature of
OAPEN.

6 )  Ea ch opt imum must be checked to guaran tee validity.

The use of gradients makes possible an efficient
optimization which uses a great deal of the informat ion contained
in the regression coefficients. The gradients are obtained by
~~PEN automatically from the coefficients.
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The user can input any design combination within the box
limits. Thi s will be used as a starting point for the iterative
optimization search. The constraints on dependent variables need
not be satisfied at the starting point. A local optimum will be
found. Several of these should be located to better the chances
of finding a global opt inum. This can be done by sequent ia lly
specifying several different starting points sca ttered throughout
design space .

• Normally, only two penalty function minimizations are needed
per optimum when the program default options for solution
tolerances are used. The program limit is five penalty
minimizations, but more than three occurring is usually
indicative of trouble. If extremely tight tolerances are used,
bowever, three or more minimizations may be required. If none of

• the constraints are binding at the solution (an unconstrained
optimization could have been performed had this been kncMn in

• aivance) , only one minimization will be needed.

All variables, independent or dependent, should be scaled
(coded) to the same order of magnitude, on the order of unity
(1.0). In engineering units , the values and range of variation
of the variables may differ widely. To correct for this, OAPEN
scales all variables according to user specifications. r.~ re will

• be said of this later.

Finally , a cautionary note is included re: solution
accuracy . The OAPEN method is not foolproof and it is possible
to incur a large error in locating an optimum. Answers should
always be checked by perturb ing them slightly. The OAPEN program
provides automatic evaluation along lines parallel to the
coordinate axes, at a user-specified distance from the optimum.
If the objective function value improves significantly and
constraints violations remain within tolerance at some

• perturbation point, the located optimum is in error.

5.4 The OAP EN Program-Structure and Basic Usage

5.4.1 Structure of Cbde
The OAPEN program package contains several subroutines in

addition to the main program, all in FORTRAN. Some of the
subroutines form an input module which rea ds key word commands in
a free field format. This input module is the same as that used
by program EVAQF.

• Key words are used to control the execution mode of OAPEN ,
with numerical values following most of the key words. Usinq

• these key word commands , the user instructs OAPEN to read
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coefficients , set up the coding tr an sf ormations for the
variables, evaluate the functions , set up an optimization
specification, or find an optimum. Repeated use of the commands
provides the capability to do many optimizations and/or
performance evaluations during one computer execution run.

- • The heart of the optimization package is a subroutine which
performs box-constrained minimization of the penalty function by
the method of con jugate gradients. Another initial component of
the OAPEN package is a function box subroutine which returns
quadratic function values and partial derivatives at any design
point. When OAPEN is solving for an optimum, these two
components work together in the iterative solution process. The
minimization subroutine, FRBC, supplies the function box with a
trial solution of independent variable values. Using this and

• the stored quadratic coefficients, the function box coinpotes
function values and partial derivatives for the objective and
constraint functions, and also for the penalty function which
combines these functions as shown earlier. Ne~ct, FRBC acceptsthe function and derivative values and ccxnpites a step toward a
penalty function minimum. It then supplies the function box with
a revised set of independent variable values, and the iteration

• continues.
4

• Subroutine FRBC calls the funct ion box subroutine for
performance values at each iterative design point. The function
box outputs a penalty function value which is large if
performance does not meet specifications. Thus, FR~~ uses the
function box to iteratively solve for independent variable values
which yield a specified level of performance. This is ref erred
to as optimization mode. Program O~PEN can also call the
fu nction box, to get performance values for specified independent
variable values. This is referred to as performance mode.

5.4.2 Execution Control via the Function Stack
The OAP EN program has bookkeeping capabilities which make it

possible to perform successive optimizations with a minimum of
change to the input specifications. Different combinations of
objective and constraint functions, as well as diff erent
constraint levels, can be tried.

The basis for the OAPEN capability is a simple push-down
n~ mory stack for constraint functions. This stack keeps track of
the order of the quadratic functions in storage. This order is
changed when a new optimization specification is made. When an
optimization call is made, the number of constraints is specified
by the user. The constrained functions are automatically
selected as those at the top of the stack. Thus; if fifteen sets

.
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of function coefficients have been input to OAPEN and an
optimization call is wade which specif ies that there are four
constraints, only the top four functions in the stack will be
included in the penalty function along with the object ive
function.

The basic sequence of key word commands for a typical OAPEN
execution is as follows:

1) SET FUN to enter the coefficients into computer
storage.

2 )  SET CODING to enter the coding (scaling )
transformations for all independent and dependent
variables.

3)  SET CONSTRAINTS to set up an opt imizat ion specification

L~~) CALL FR to locate an optimum according to (3)

5)  SET XSAVE to save the optimum as a starting point for a
later optimization (if desired).

4 6) CALL FUN to perturb the optimum to check the answer and
• get sensitivities.

7) Repeat (3) , (4) , (5) , (6) for successive opt ima
depending on what is desired.

Step (3) is repeated only if the optimization specification
is changed . It is unnecessary to repeat it if , for example, only
the starting point is to be changed for a new optimization, since
the starting point is entered under the CALL FR command. To
recall a previous optimum which has been saved with the SEP XSAVE
coMnand, one uses the sub-conuiand X=XSAVE in lieu of a starting
point with the CALL FR command . The CALL FUN command is
optional.

A brief account of the internal O1~PEN operations resulting
step-by-step from the command sequence (1) - (6) is given here to
help clarify the usage of OAPEN before going into detailed usage.
SET FUN is fol lowed by initialization parameters and finally the

• coefficients for the regression surface quadratics. This causes
the coefficients to be stored in the order input, i.e., the first
function entered is first in order. Each function has a reserved
storage location for storing a constraint level in addition to
its quadratic coefficients. This location is initialized to
zero. If a CALL FR command is executed without any prior SET
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CONSTRAINTS commands having been executed, funct ion number 1 will
be automatically minimized and the constrained fu nctions, which
begin with function number 2, will be automatically constrained
to be less than or equal to zero, e.g.,

NPEN < 0.

The SET CODING command is followed in part by coding
transformations. Ea ch transformation consists of two number s, A
and B. Each variable V will be scaled internally in the program
as (V-A) /B. For example , A could be the minimum value V is
expected to have over all of design space and B the total range

• of V over design space. Then the coded (V—A) /8 values would be
expected to range between 0 and 1.

• The SET CONSTRAINTS command does two things: (a) it sets up
the optimization specification whether to minimize or maximize,
what the constraint inequalities are (LE or GE), and what values
to use, and (b) it lines up the functions in the function stack
to correspond to the constraints. The objective function , to
maximize or minimize, is in position 1. The constrained
functions start with position 2, which is the top of the push-
bwn stack of coefficients. As each constraint

NAME LE VALUE

or

NAME GE VALUE

is input, the function NAME is placed in position 2 , at the top.
The other functions occur at positions 3, 4, 5, etc. For
example, the specification

RANGE MAX
NPEN GE 2.7
TODIST LE 6000
SSDALT GE 50000

will result in the fo llowing order of functions, from first to
last : RANGE , SSDALT, TODIST , NPEN .

Also, the constraint value 2.70 will be coded and stored in
its reserved position with the NPEN coefficients , and similarly
for the TODIST and SSDALT constraint values. In addition, the
program now has the knowledge that RANGE is to be maximized (not
minimized) and that NPEN and SSDALT have GE (not LE) constraints.

1
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Now a CALL FR command with the PENALTY 3 sub-command wil l
cause the following optimization problem to be solved:

Maximize RANGE• Subject to SSDALT � 50000
TODIST � 6000
NPEN?2.7

(Note that the above is not an optimization input specification.)

A CALL FR with PENALTY 2 will solve the same problem except
• that the NPEN constraint will be ignored. A PENALTY 1 will cause

only SSDALT (at the top of the stack, but the_bottom of the
specification) to be constrained, and leaving out the PENALTY
sub—command will cause an unconstrained maximization of RANGE to

• take place .

New constraints can be added or old ones changed via
subsequent SET CONSTRAINTS commands .

For example ,

SET CONSTRAINTS
NPEN GE 3

will cause the NPEN constraint level to change from 2.70 to 3.00
and the new stack order will be RANGE , NPEN, SSDALT , P01)1ST.
Here NPEN, the latest constraint specified , has noved to position
2 (at the top of the push-down stack) and the other functions
“pushed down” to positions 3 and L$• Adding a never-before—used
constraint function will have the same effect on the stack, i.e.,

SET CONSTRAINTS
VLAND LE 125

will change the stack order by placing VLANI) in position 2 and
~pushing down” the others, to get RANGE, VLAND, SSDALT, P01)1ST,
NPEN from the original RANGE, SSDALT, P01)1ST. NPEN. Note that
the length of the stack has increased by one, since VLA.ND has not
previously been used (although its coefficients were input under
SEP FUN). Re—specifying a constraint in the middle of the stack
has the effect of the following example: Suppose RANGE, VLAND ,
SSDALT, TODIST, NPEN is the stack order and the P01)1ST constraint
is to be changed, say by

SET CONSTRAINTS
TODIST LE 5000
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Again, the latest constraint function used in a specification,
TODIST, goes to position 2. The stack is “pushed down” to the
former position of P01)1ST, the new ord er being RANGE , P01)1ST,
VLAND, SSDALT, NPEN .

The above discussion explains the stack order resulting from
re—specification of constraints and addition of new ones.
Objective functions can also be changed, or an objective and
constraint function swapped. For example,

P01)1ST MIN
SSDALT GE 50000
RANGE GE 2000
NPEN GE 2.7
VLAND LE 125

will set up an optimization specification to minimize TODIST
subject to the indicated constraints , and the new stack order
will be P01)1ST, VLAND , NPEN , RANGE, SSDALT.

Detailed OAPEN Usage
The usage is given by an example. First, however, a usage

brief will be given for the free—field input module, which is
common to OAPEN and also EVAQF. The module consists of the

• subroutine RDFREE, which is called by the user program to read
one 80-column input line. RDFREE calls RDCARD, which is the main
subroutine of a package including subrc*itines ALPFPT and two
system-dependent character manipulation routines. In the F~~—compiled version of the ROFREE package, these two routines are
ca lied GEP0HR and PU~~ HR. PUTCHR is an entry point to GE~VHR ,
which is in FOffl~RAN extended , as is the entire OAPEN package.

Conversion to different computer systems which have FORTRAN
extended capability should be accomplished without difficulty by
supplying local versions for GETCHR and PUTCHR, and by changing
the number of characters per word, NCHAR , in RDCARD. In most
systems, the corresponding code for GEPCHR and PtY~C}~R are thesubroutines GET and PUP.

Subroutine RDFREE usage is as follows:

DIMENSION WORD (20)
CALL RDFREE (WORD, NW, IU)

- Ar ra y of up to 20 items read in free fie ld forma t

- If greater than zero, number of items read

- -_ _ _  _ _ _  _  _ _
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- If equal zero, an end—of—file was read on unit lu

— If less than zero, attempt to read too many data
items (a message is written out on logical unit 6 ) .

IU - Input logical unit number.

Free-field input guidelines:

1. Up to 20 input words per 1 m e. ‘I~ f i l l  an array of
nore than 20 words, use repeated calls to RDFREE.

2. Word separators are blank or comma (but not both) and
end-of —line.

3. Data items can be hollerith or numeric, but do not use
(single quote mark).

4. Hollerith items of more than 10 character width will be
truncated to 10 characters (for conversion to machines
with different word length, change NCHAR in subroutin e
RDCARt) to change this restriction ).

5. Numeric input can be any length up to end-of-line.
• Numbers can be integer or real, E— or F— format . They

will be stored as real.

6. Exponents in E- format must be two digits or less and
no greater than 38 in absolute value. The E must not
be preceeded by a blank , e.g., use IE-5 instead of E-5 .

Usage Example
A sample data set for input to OAP EN is shown with the

resulting output following in Appendix C. This sample data set
is the standard OAPEN test data set.

The SE? FUN command begins the data and signifies that
coefficients for the regression functions are to be read. Note
the other items on the SET FUN line. These and the items on
other lines preceding the coefficients are parameter
initialization . F~ r numeric parameters, input is always in the
form NAME VALUE, i.e., the parameter name or a key word followed
by a value. Most parameters remain at their input values until
changed in a subsequent input line. Exceptions will be noted.

The parameter FUNCT is given the value 2 so that the
function box for uncoded coefficients will be used . As mentioned
before, the alternative is to use the fun ction box for
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coefficients which are coded to correspond to the variables
~FUNCT 1, the default option) . LENG~~I 66 specifies 66
coefficients per function. Recall that for n variables ,
(n+ 1) (n+ 2) /2 coefficients are required for a quadr atic. The next
item, N 10 , specifies n = 10 variables , hence (N+ 1) *(N +2 ) ) /2 = 66
coefficients. Finally, LABEL signifies that a title for the
function box input is to be read. The title comprises the next
line, wh ich is read as a fixed-field 80—co lumn line (an exception
to the free-field input) and will be printed out just as it
appears here .

Not e that the first line ended with LAB~~~. The title is
regarded by OAPEN as an array of hollerith information. An array
name must always occur at the end of an input line (perh aps
followed by a single value) and the array values begin the next
line. This is true of f ixed —field (title) or free —f ield , numeric
or hollerith arrays. The arra y name must always be the last
parameter at the end of the line preceding the line on which
array values begin.

The next line contains the single word, VARIABLES. This is
the key to read the array (next line) of names for the N 10
independent variables. If no names are rea d, OAPEN uses the
default names Xl , X2, ..., up to X 10 , depending on the number of

• independent variables.

Finally , the coefficients for each function are read . Each
function’s coefficients are preceded by the function name (e.g. ,
RNG8O 1, TODIST) on the line preceding the coefficients. Two
numbers following each function name are optional user
in formation only and are not read. They give the minimum and
range , respectively, of the regression data values for the
function. The coefficients are read by reading consecutive free—
field input lines until 66 coefficients have been read , then , the
next dependent variable name is read (on the first line following
the coefficients for the preceding dependent variable). The SET
FUN input phase ends when a 999 is read in place of a dependent
variable name . The program limit is 50 functions in 10
variables. In the example , 15 functions are read.

The next command is SE~ CODING, and again input parametersnaist be set in addition to the main feature, which for this input
phase are the coding transformations. The ON 0. signifies that
the coding capability is to be turned on, the 0. being present
merely to satisfy the OAPEN input requirement that a key word
(other than an array name) always be followed by a value. The
~~AN 25 signifies that 25 (A ,B) transformation pa irs are to be
read, and the transformations follow; ten for the independent
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variables, followed by fifteen for the dependent variables, in
the order the variables were read in. A 999 signifies an end to
transformation input .

Now the progr am is ready to perform optimizations. An
initial specification is set up via the SET CONS~~ AI NTS co nmand .
The format of the following lines, up to the 999 which ends this
phase, should be familiar. The specification shown sets up the
optimization problem:

Maximize RNG8O2
Subject to TODI ST < 6000
TSC$$$ � 1
BPR � 3
etc.

Some of these constraints are included only for visibility, since
only obj ective and constraint function values at the opt imum are
printed out. For example , 1,000 ,000 n.mi . far exceeds any value
that the airplane range variable RNG8O1 is ever likely to take .
However, inclusion of the constraint RNG8O1 LE 1,000,000 insures
that the value of RNG8 O1 at the optimum wi ll be printed out ,
provided the PENALTY sub—command under CAlL FR specifies a large

• enough n*~nber of constraints to encanpass the RNG8O1 constraint .

The CALL FR command for the first optimum to be located
comes next . EPS 1E-5 sets a convergence tolerance for the inner
loop in optimization. This tolerance specifies that a penalty
function has been minimi zed wh en each coded independent variable

L 

would change by less than the EPS value for the next iteration.
The DELX 1.E—4 specifies that the partial derivatives supplied by
the fun ction box are to be checked by finite differences around
the optimum, where D~~X is the finite-difference st ep size for
derivative approximations.. The X is the ind ependent variable
array name , and the next line contains starting values for the
independ ent variables for the first optimization. On the next
line, PENALTY 10 specifies that there are 10 constraints for this
optimization. Had the PENALTY value been smaller , constraint s
from the sta ck would be included in the order SSDALT, ACLTMDCJD ,
etc. The BOOST 100 specifies that the penalty terms are to be
multiplied by 100 following each pena lty function minimization,
to increase emphasis on the constraints for the next
minimization. Minimizations will occur until all the coded
constraints are satisfied to within the tolerance value, EPSCON
1E—2 . the TITLE arra y is a title specific to this optimum .
Finally, BOX specifies that there are lower/upper bound box
constraints on the independent variables , and these follow on the
next line in (lower , upper) pa irs.
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This completes the input for the first optimum. The OAPEN
program will now locate the optimum specif ied in the SET
CX)NSTRAI NTS command using parameter values specified under CALL
PR. Most of the parameters have def aults, i .e. EPS 1E—5, DELX 0.
(no finite differences), P~~ ALT~ 0 (no constraints) , BOOST 50.. ,

EPSCON 1E-2, TITLE blank, and no box constraints (in which case
the CALL FR input sequence must end with a 999 line) . All
parameters remain at the values to which they were last set
except DELX , PENALTY , TITLE , and BOX . which are zeroed out or
nullified prior to reading CALL FR input.

The user is reminded that BOX limits should lie within the
region where data for the regression—derived coefficients were
gathered , to avoid extrapolation with the quadratics.
Extrapolation errors are potentially much larger in magnitude

• than surface evaluation errors within the box region of data.
Another facet of the box limit is that they prevent the - -

optimization search from trying to locate an opt imum at infinity.

Other parameters of importance are not used in this first
CALL FR command. IPRINT and MAXP’N are not used at all in this
sample data set , hence a discussion is in order . MAXFN is the
maximum number of function box evaluations allowed per penalty
function mi nimization, and provides an upper limit for safety.

• Its default value is 500. The IPRINT value specif ies printout
fran the minimization procedure every IPRINT - th iteration .
Thus , IPRINT 1 would cause every iteration to be printed out ,
IPRINT 2 every other iteration, etc. Its default value is MAX FN ,
which means that only the first and last iteration are printed .
The printout includes coded values for the penalty function (F)
and for the independent variables (x) at the current iteration .
IPRI NT must be reset each time if intermediate printout is
desired .

For the next optimum in the example, the lower bound on the
independent variable FPR is to be reset to 3.0 to observe the
effect on the optimum . The starting point is to be the last
optimum. Hence, the first CALL FR input sequence is followed by
a SET XSAVE command, which saves the first opt iimun, and the
X~ XSAVE sub-~coninand in the second CALL FR sequence specifies the
sa ved optimum as a starting point . Note the BOX limits , which
are the same except that the FPR lower bound is 3 instead of 2 .
Al so, note tha t PENALTY is of necessity, again specified as 10.
Th*• other parameters, however, automatically rema in at their
r’~ViOUS values.

The third optimum should be identica l with the first. Note
• ‘  ~~~iW o”il y thi~ starting point, TITLE , PEN ALTY ,and BOX need be
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set . The preceding SET XSAVE turns out to be extraneous , since
optimum 2 is never used. Optimum 3, however, is used as the
starting point for optimization 4.

The fourth optimum illustrates the FIX capability of OAP EN ,
which provides for fixing any selected subset of independent
variables during an optimization (as long as two variables are
left free). They can be fixed at the X=XSAVE values or they can
be reset to specified values before FIXing. In the example, FPR
is first reset to 3 and then FIXed . the FIX 1 specifies that one
variable is to be FIXed , and the name of the variable fol lows on
the next input line. The sub-command could have been FIX 2, FIX
3, etc. , up to FIX 8 (leaving 2 free variables) , with the
appropriate names on the next input line. The default value for
FIX is 0 (all variables free) . FIX must be set for each

• optimization in which the capability is used .

Up to now, the CALL FUN capability , to perturb the optima in
evaluation mode, to check answers, has not been illustrated.
This is because each use of CALL FUN NOP-1, which puts OAP~~ into
perturbation mode, generates a great dea l of output . For n
variables, 2n+1 perturbation points with both coded and tmcoded
values are printed out. For n=10, this totals 21 perturbation
points. These points include re-evaluation of the functions at

• the optimum and at each of t~~ points along li nes through the
optimum parallel to the coordinate axes . The twz points are

• located a fraction of the box—limit range away f rom the opt imum ,
one at a positive distance away and the other in the negative
direction. The fraction is given on the line fo llowing CALL FUN
?~OP -1. For example, the perturbation point s pa rallel to the
ThTR axis are located a distance ±0.0015 THTR units from the
optimum. This is because the box-limited range THT R in the last
optimization was 1.15-1.00=0.15 , and the perturbation factor is
0.01, hence 0.01*0.15=0.0015 THTR units.

An alternative way of perturbing a point is shown in the
next CAlL FUN sequence. Here the NOP 0 indicates that
perturbation is to occur at a user—specified point between user —
specified limits . Otherwise, this perturbation m d e  is the same
as that previously described . The central point fol lows on the
next input line, followed by lines containing, respectively, the
lower and upper box limi ts to be used in determining perturbation
range . Finally, the perturbation factor is entered on a separate

— line, as before.

A recommended way of obtaining sensitivities of dependent
variables about the optimum is by repeated use of CAlL FUN NOP -1

• us ing different perturbation factors, for ex ampl e 0.01 , 0. 05 ,
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0.10. In this way, all functions included in the penalty
function will be evaluated at ±0.01, ±0.05, and ±0.10
perturba tion units from the optimum in each coordinate direction .

The next CALL FUN sequence is a simple example of
performance or evaluation mode execution of OAP 1~~. The NOP 2
tells the program there are two evaluation points the program
limit is 50) , and each of the points of evaluation is input on a
separate input line. NOP followed by a positive integer value
puts OAP F~ in this mode .

The final t~~ opt ima in the example illustrate location of
an unconstrained (except for box limits) optimum in two different
ways. First , easily-satisfied constraints are put on a nunt)er of
dependent variables via SET CONSTRAINT . This is purely for

• visibility, since the “constrained” functions will then have
their va lues printed out at the opt imum in addition to the
ct jective function value. The last optimum is a simple (box
limited) but otherwise unconstrained optimization, made possible
by simply excluding the PENALTY sub-command from the CALL FR
command sequence. The last two optima should be identical , since
the same starting point was used .

The output resulting from this example (Appendix C) is
• - largely self-explanatory. The coefficients are read back to the

user , first as individual functions, then in packed form (with
one location per function for a constraint value) . Next follow
the coding, initial optimization speci fication , and then the
optima . Not e the rearra ngement of the function stack following
execution of each SET CONSTRAINTS command.

5.4.3 Interrogation Modes
The optimization program is fast and economical to run. Its

efficiency derives from the relative simplicity of the “surfaces”
upon wh ich it operates. This characteristic is the underlying
principl e upon which the data management system is based. A
result is great flexibility in the interrogat ion phase of system
application. Many modes of surface interrogation have evolved
with time. Most of the known modes are de scribed in the
following paraqraphs.

Performance
The “performance” mode of surface interrogation is the

fastest and most direct mode . In thi s mode, the optimization
logic is not active . Functions are simply evaluated for input
va lues of the independent variables. This mode mi gh t be used to
develop simple non-constrained, non-optimum sensitivities,
“thumbprints” , point design performance data , etc . Input

-~~~ —~~~~ - 
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requir~ nents are satisfied with the function box call code, —

title, variable identification, surface coefficients and
performance mode control inputs. A sample input is illustrated
below.

SET FUN FUNCT 2 LENGTH 66 N 10 LAB~1STRATEGIC VGT FAN OPPIMIZATIC~Z
VARIABLES
FPR OPR BPRND A8 THSK ~~ W TOC WOS AR TOGW
¶1001ST
7.481430E+03 0. 0. 0. —3.7 14 

(up to 66 coefficients for the function, TODI ST , and
variable name and 66 coefficients for each succeeding
function.)

• 999
SEP PEIThJJTY NC 3
999
CALL FUN NOP 2
2 10 .3 .6 1 .35 .09 180 7 280000
3 10 .3 .6 1 .40 .09 180 7 280000
999

Unconstrained Optimization
• The next simplest mode of operation in interrogation is

unconstrained optimization. In this mode, the opt imization logic
comes into play . With no constraints specified, the logic
attempts the max imization or minimization of a f igure—of -merit or
cost function subject to constraint by the limits of design space
alone.

Coding of variables is encouraged whenever optimization is
performed. Therefore, this is the first added input to that used
in the performance node . Coding is essentially normalization of
variables and each variab le’s minimum value and range of
variation serves the role of normal iz ing parameters very
adequately . Adequacy of the normalizers affect  the convergence

• accuracy . These values are available from the regression
analysis output.

Following the coding transforms, additional inputs are the
optimizer calls, search sta rting point and independent variable
design lim its. The inputs appear as follows:

0. 2.7300E+02 -7.94 (last line of dependent
variable coefficients)

999
~~T CODING ON 0. TRAN 12
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2 ,2 10,20 2 1400., 800 .
0 , 1 1.00 ,.15
(free field input minimums and ranges for independ ent
and dependent variables up to total of twelve sets
in this example)

999
SET CONSTRAINTS
RA~~ E MAX
999
CALL FR EPS 1E-5 X
2 10 2 1400 9 1 .3 .1 150 7 300000
Box
2 ,14 10,30 2400,3200 0,1 1,1.15 .. up to ten sets.

The example illustrated would cause a dependent function
named RANGE to be maximi zed to within a tolerance of .001% . The
optimization search begins at a FPR=2 , OPR= 10 , P8=2400 , etc .
This design definition has come to be called a “ starting point”.
The sear ch will be constrained within the design spa ce defined by
the limits listed after BOX , i.e., 2�FPR~ L4 ,10�OPR�30 , etc .

Starting Point Checks
Having introduced an interrogation mode involving

optimization it is appropriate at this point to discuss “starting
• point checks” . This is an exercise which should be done at the

• • start of any optimization stndy . It is the first step in defense
against, local opti ma , a phenomena which is prevalent in multi-
dimensional optimization , particularly, in heavily constrained -

design space .

The exercise is accomplished by simply starting the
optimization search at a variety of points in design space. An
optimal starting point is determined by that point which yields
the least minimum (or greatest maximum). There can be no
guarantee that even this optimum is the global solution. This
chance can be improved as more starting point variations are
used . Six or so is recommended.

Input is simply repeated usage of an opt imizat ion call with
-

• only the X values varying.

Constrained Optimization
From unconstrained optimization we move logically to

constrained optimization . This mode of interrogation can take
several forms depending upon whether constraint functions are
intentionally made inactive or not . Input f orma t is the same in
either case with only constraint function levels varying.



Constraints are imposed as follows:

SET CONSTRAINTS
RANGE MAX
¶IDDIST LE 5000
ALT GE 25000

• 999
CALL FR EPS 1E-5 X
2 10 2400 0 1 .3 .1 150 7 30000 0
PENALTY 2 BOOST 100 EPSCON 1E-3
BOX
2,14 10 ,30 2400 

The example shown causes the range maximization to be
constrained by two (PENALTY 2) other considerations. TODIST must

- 
• be no greater than 5000 and ALT must be at least 25000.

• Violations of these two requirements enter a penalty
function in the optimization process and are magnified according
to the value of BOOST (100 in the example). The optimization
converges when violations become less than .1% (EPSC(~1 1E—3) of
specified values.

4 It is assumed that constraints will be active in the
optimization , that is , will actually affect it , if rea sonable
requirements are used . Fo~ example, if a ‘iDDIST of 5000 is
difficult to attain for a maximum RANGE solut ion then this
constraint should affect  the result . RANGE obta ined in such an
optimization would be expected to be less than that obtained in
an exercise where a constraint such as TODIST LE 50000 is used.

By specifying an unrea sonably large (or small for GE
constraints) value for such a constraint , it becomes inactive and
does not affect the maximization. However, the value of TODIST
is evaluated at the optimum and , therefore, the constraint input
becomes an informational tool . (Only the specified cost and
constraining functions are evaluated at an optimum.)

If , in the example just presented, PENA LTY 1 were used
instead of PENALTY 2 , only the ALT constraint would be active
and/or evaluated . Onl y the PENALTY bottom con straints are
consider ed .

The sample input shown below illustrates how constraints are
varied in successive optimizations . -

SET CONSTRAINTS
RANGE MAX



TODIST LE 5000
ALT GE 25000
999
CALL FR EPS IE-5 X
2 10 2400 
PENALTY 2 BOOST 100 EPSCON 1E- 3 First Optimization
BOX
2,11 10 
~ALL FR X
2 10 . 

PENALTY 1 Second
BOX
2,14 10 
SET CONSTRAINTS
VLAND LE 100

• 999 Third
CALL FR X
2 10 
PENALTY 2

• BOX
2,4 10 

• The first optimization is constrained by TODIST and ALT .
The second is constrained by AL? alone . The thi rd is constrained
by ALT and VLAND. If PENALTY 3 had been used in the third
optimization, TODIST ,ALT and VIAND become the constraints.

Another mode of constraint variation allows the development
of a sensitivity to constraint level. Inputs are,

SET CONSTRAINTS
RANGE MAX
TODIST LE 5000
ALT GE 25000
IFLAND LE 100
999
CALL FR EPS 1E-5 X
2 10 . 

PENALTY 3 BOOST 100 EPSCON 1E-3
BOX
2,14 10 

• SET CONSTRAINTS
ALT GE 30000
999
CALL FR X
2 10 . . . . . .

PENALTY 3
BOX

4
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2,4 1 0 .

The foregoing inputs would cause an optimization to be
constrained by ALT GE 25000 , then ALT GE 30000, etc. Set up in
this way, a search is conducted from a fixed starting point to
successive optima which become increasingly distant from the one
determined initially (assuming the changing constraint is
increased or decreased rnonotonically) .

Development of this type of sens itivity can be a second
defense against local optima . Resulting optima can be expected
to fall into a family unless local optima are encountered .

• However , to be most effective, an alternate method of input
stacking for sensitivity development is recommended.

SET XSAVE

The SET XSAVE command is used to start an optimization
search at the previous result.

CALL FR EPS 1E-5 X
• 2 10 2400 0 .3 .1 150 7 300000

PENALTY 2 BOOST 100 EPSCON 1E- 3
BOX
2 ,4 10 , 30 2400 
SET XSAVE
SET CONSTRAINTS
ALT GE 30000
999
CALL FR X=XSAVE
PENALTY 3
BOX
2,14 10, 
SET XSAVE
SET CONSTRAI NTS
liLT GE 35000
999
CALL FR X=XSAVE
PENALTY 3
BOX
2,14 10, 

This mode of operation usually yields a much better behaved
result, than the former particulaz~ly if a good starting point is - ‘

.~“ . -

established for the initial optimization. SE’I~ XSAVE is
recommended for all sensitivity exercises.
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Independent Variable Sensitivity
Independent variable sensitivity is easily generated using

the FIX command. An optimization exercise of this type is
stacked as fol lows :

CAlL FR EPS 1E-5 X
2 10 2400
PENALTY 3 BOOS? 100 EPSCON 1E— 3
FIX 2
FPR OPR
BOX
2,4 10 
SET XSAVE

• CALL FR X XSAV~
PENALTY 3 OPR 12 FIX 2
FPR OPR
BOX
2,4 10 
SET X~~VE
CALL FR X=XSAVE
PENALTY 3 OPR 114 FIX 2
FPR OPR

• BOX
2,4 10 

These inputs would yield three optima. The initial optimum would
be obtained for FPR = 2 and OPR = 10. The second optimum has FPR
= 2 and OPR = 12. The final opt imum has FPR = 2 and OPR = 14.

Any reasonable number of independent variables may be fixed
in this way.

PENALTY 3 FPR 2 OPR 10 P14 2400 FIX Ii
FP~ OPR P4 P0GW

~br this example new values have been specified for FPR, OPR and
P4 while P0GW will be fixed at the value obtained in the previous
optimization. Convergence problems may be expected if an
inordinate number of independent variables are fixed in
constrained optimization .

Using an Independent Variable as a Figure-of -merit
When an ARES application is formulated, independent

variables and figures of merit are identified. In sane
applications, potential merit parameters are selected as
independ ent variables instead. Takeoff gross weight (TOGW) for
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example, could act as either, depending upon whether range or
some other performance parameter is specified (TOGW is figure-of-
merit) or varying dependently (P0GW is independent variable). In
this exan~,le, if P0GW is selected as an independent variable, it
can sti ll be treated as a merit parameter in interrogation.
Indeed , any independent variable can be treated that way or as a
constraint.

Input is modified as follows:

A function must be formed for the dependent, independent
variable. This is quite easy using the free field f ormat of the
optimizer. Using P0GW for example, change the variable name to
WGOP to avoid confusion and fake in a function which equates WGOT
to P0GW.

NGOT

0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0

The 1 is the linear P0GW term coefficient. Therefore, the
• relationship becomes WGOT = 1 *POGW. The only restriction in

constructing this input is twenty terms to a line. Input coding
transforms for WGOT. These would be the same as those for ¶10GW.
Increase the number of transforms in SET CODING (~~ 0 TRAN 13.
Use WGOT as the cost function (WGOT MIN) or a constraint fun ction
(W(~)T LE 200000) . Some misbehavior may occur if , as a cost
function , optiuB occur near independent variable design limits.

Weighted Optimization
The possibilities of simultaneous “optimization” of more

than one fun ction have not been exercised to any great degree but
the possibility deserves mention. Functions can be combined by
algebraic addition of like terms . Weighting is accomplished by
multiplying all coefficients of each function by a selected
constant. Functions should be normalized to equalize unweighted
contributions due to variable magnitudes.

Graphic Display
Using any or all of the interrogation mode s just described,

a great deal of information can be generated . To best display
this information, an automatic plotting or computerized graphics
capability is reconinended. Plotting options are available on
most computer systems and implementation of these options for
processing interrogation output is not difficult. Therefore,
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selection and implementation of a particular capability is lef t
to the user.

Output resulting from optimization exercises is generally
quite non—linear. Many of these non-l inearities may be
attributed to encounters with either design (independent)
variable limits or specified constraints. Encounters of both
kinds are illustrated in Figure 5.1. The f igure illustrates the
behavior of a hypothetical figure-of-merit (FOM) constraint and
independent variable, X2, as another independent variable, X~, is
varied between its minimum and maximum al lowable va lues .
Starting at minimum X 1, X 2 is limited to its minimum value, the
constraint is not act ive and the FC1~! is increasing (POM
maximization is the assumed objective in this example). As X~increases, the constraint becomes active, X 2 moves away from its

• lower limit and a local optimum in the FOM is identified.
Increasing X 1 still more causes neither X 2 nor the constraint to
limit the FOM and a better optimum is established . As X,~ isincreased above its optimum value, the upper limit of X 2 is
encountered and this introduces additional non-linearities in the
constraint and FOM curves.

The user is encouraged to remain alert to encounters of the
type just described and to display interrogation results

• accordingly. As one can imagine, more than a few opt ima must be - -

generated to properly represent non-linearities. This is of
little coi~cern , since the optimizer is very economical to use .
With a sufficient amount of data in hand , one should then take
care to limit graphic display to the same constraints that the
optimizer used in generating the output.

‘//// // //////d
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~~~~~~~~~~~~~~~~
X 2

_ _

Figure 13. Graphic Display Charac teristics
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5.5 OAPEN Subroutine Descriptions

AXIAL Provides perturbation points along the X~ axes
for sensitivities in performance mode

BREAK Expands on array by providing space for a new
column in the middle with specified index

CNTRCT Deletes a column with specified index from an
array

(X)DV ENTRY COD’! Transforms var iables from real-
world units to coded (scaled )
units using input coding
transformations

ENTRY DECODV Transforms back to real-world
units

E!~T1~RY DCODDV Transforms the (coded) gradient
vector of a dependen t variable to
real —world units

ENTRY DCDELV Transforms the (coded) difference
of two values of a variable to
real—world units

EVOC Error message f-er unrecognizable instruction

ThCHK Performs finite-difference checks on the
partial derivatives output by QF
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OAPEN Subroutine Descriptions -2

FR Fletcher-Reeves con jugate gradient minimization
of an unconstra ined function of several inde-
pendent variables

FRBC FR with lower/upper bounds on the independent
variables

PUN 1 Function box for use with coded quadratic
coefficients (regression is performed on coded
variables to get the coefficients). Returns
function and partial deriva tive values for
objective and constrained functions when inde-
pendent variables are input .

FUN2 Same as FUN 1 except that uncoded quadratic coef-
ficients are used (coefficients correspond to
rea l-world units for the dependent and inde-
pendent variables).

~~JN3 Space reserved for an optional user-compiled
function box.

• QF Returns quadratic function value and gradient
• ‘ vector of partial derivatives when independent

variables are input .

SCALE Scales initia l penalty function value to match
the magnitude of the initial objective function
value.
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OAPEN Subroutine Descriptions -3

The follcwiing subroutines make up the QAPEN free-f ield input
package:

RDFREE Reads an input line of up to 20 items (mixed
alpha and numeric) and stores values as

- - hollerith or floating point in a data array.
Also returns a count of the number of items
read (zero means end—of—file).

RDCARD More general free-field input routine cal led by
RDFREE

ALPFPT Determines whether input item is alpha or
• numeric

GETCUR ENTRY G~ PCHR E ctract s a character from a string

ENTRY PtJTCHR Inserts a character in a string

NOTE: GETCHR and PUTCHR can be replaced with system subroutines
GET and PUT if available.

I

I
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F SECTION VI

V~LIDA’PION

6.1 Introduction
Validation is the important step in an ARES application

where surf ace f i t  accuracy is checked at and/or near designs
which have been identified for further investigation. Of course ,
a prel iminary accuracy check should always be performed by
examining the regression residuals. If the errors at this stage
are de~~ned acceptable, the regression functions can be used in
optimization mode or in evaluation m ode, to investigate
parametrically the performance variations over design space .
However , the regression residual check yields only a rough
estimate of expected error when the surfaces are evaluated at
non—regression design points. Hence, evaluat ions at or in the

• neighborhood of certain non—regression designs should always be
made by runn ing the simulator at these designs .

Validation can be performed at either of two junctures:
immediately following derivation of regression surfaces, or
following the parametric analysis which uses the surfaces . If
validation is done immediately after regression, it serves as an

• ad junct to examination of regression residuals . Performance data• is gathered at points scattered over design space but not used in
regression, and the regression surface valt~~s are compared with
actual performance values by forming residuals at these new
designs. For an n—dimensional design study, at least n+1 non-
regression designs are desirable for this mode, and they must be
well-dispersed over design space. In extremely good cases (say,
maximum error is five percent of the range of dependent parameter
vartiation), this sort of overall validation may be sufficient.

However, there are still uncertainties in this procedure and
it is best to check the fina l designs of interest. Parametric
analysis will identify limited regions of de signs worthy of
detailed study . These regions should be small in size compared

V to the totality of design space investigated in the study. In
this case, validation designs can be scattered sparsely over
these limited regions and yet be fairly closely spaced. If the
identified regions are not small , many validat ion runs must be
made to gather actual perf ormance data for all designs of
interest.

6.2 Validation Program EVAQF
Program EVAQF performs a simple analysis of val idation

residuals. It has two input f iles , in the sa me fashion as
programs SUBARES, ADDARES , and the regressor , MANE . One of these
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known internally to the program as ThPE 1 • The other fi le is
INPUT, and aga in as usual, it contains instructions on what the
program is to do with the data base. The format for INPUT is
free-f ield , with key words used to signify execution option.

The restrictions on free-field input are the same as for
OAPEN, since the same input nodule is used . Hence , the free-
field input guidelines will not be reported here . However , the
total EVAQF input sequence will be described . -

Item 1. (aiphameric) Names of the independent variables plus
names of dependent variables for which quadratics are
to be validated. Names must match (character by
character) those on the design data base , TAPE1. Names
must be 10 characters or less . A 999 terminate s
reading of up to 30 names (remember , free-f ield input
restricts the user to 20 names on a given input line .

• • Hence , more than one line is needed for Item 1 if more
than 20 names are read) .

Item 2. (Numeric) Enter number of dependent variables, N.

Item 3. If the word is the aiphameric word SKIP , it must be
followed by a number designating the number of lines to

• skip over on TAPE 1 before reading design data base. If
first word is numeric, it is the only word and it
specifies the number of data fields in each design case
on TAPE 1.

EVAQF reads design data base (TAPE 1) :

Item 4. If Item 3. above was ‘SKIP m ’ the first m lines are
skipped . The next line (It em 4) must be a number
specifying the number of data fields in each des ign
case (floating point). If Item 3 was num eric, go to
Item 5 (do not use Item 4 for input) .

Item 5. (RA1O Format) Independent and dependent (if any)
variable names in the order in which values for the
variables appear in each design case . Names must occur
as data fields do, i.e., if data field *~~32 is not used
in the following design cases , name #132 shculd be left
as a blank 10-coluni~ field. Order of ind ependent and
dependent var iabl es is immaterial as long as data
values have the same order . The names must be left—
ad justed in their 10-column fields.
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__________________ La~i1



Item 6. (8E10.0 Format) Design cases, consist ing of values for
each variable in the same arrangement as the names in
Item 5, i.e., values for a variable must appear in all
design cases in the same 10—column field as the
corresponding name in Item 5. Each case must contain
the same number of 10-column fields, eight to a line,
as in Item 5.

Item 7. As soon as an end-of-file or a data field of 9999999 .
or greater is encountered, reading of TAPE1 will end
and EVAQF will resume reading from f i le  INPUT in fre e
field format.

EVAQF resumes free field read f rain file INPUT. The input
stream is now variable, for several execution options are

• available and may be used repeatedly. An end-of-file terminates• execution. The execut ion options are each specified by key word
input. The options include,

• 1. reading a title block whi ch is printed out with the results,

2. specifying codi ng transformations for the var~ ables if coded
coefficients from regression are used , and

• 3. reading the coefficients of a quadratic sur face-fit function
corresponding to one of the dependent variables whose name
appears in Item 1.

When coefficients are read , a residual ana lysis is done
automatically after evaluating the function at each data base
design point cainbination of the independent variables.

The key word input options are detailed as foll ows:

Item 8. A key word . Acceptable key words are TITLE, TRAN S or a
dependent variable name read in during Item 1 input.
However, do not use REG or ADDFi) as a dependent
variable name (otherwise, any 10—character name is
acceptable so long as it does not contain an embedded ’
(single quote mark ) ) .

Item 9. If key word is TITLE, the next line wil l be read as an
80-column title. This title will be printed out
whenever a residua l analysis is per formed on a
function. It can be changed by again specifying TITLE
under Item 8 , then reading the new title. If key word
is TRAN , the A ,B cod ing transformation pa irs wil l be
read , first for independent var iabl es and then
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dependent variables, as in the OAPEN SET CODING input .
The transformations must have the same order as the
correspond ing var iable names in Item 1.
Transformations must be read only once, before any
coded coefficients are read in. Final ly , if key word
is a dependent variable name, the coefficients will be• read starting on the next input line (Item 9 ) .  The
number of coefficients is automatically calculat ed as
((N+1)*(N+2))/2, where N was input under Item 2.
Coefficients are input in the same fashion as for
OAPEN.

The coefficients output by the ARES regressor can be used
directly by EVAQF. It is only required that the independent
variable names be input to EVAQF under Item 1 in the sa’ne order

- 
• used in regression. This is necessary because the coefficients

must be used in a consistent fashion, i.e., their interpretation
- 

• is order-dependent .

File INPUT and the resulting output for a sample case are
shown in Appendix D. The design data base for this example
contains sixteen combinations of seven independent variables
together with data values for about 300 dependent variables. Of
these, a total of fourteen dependent variables are read into

• computer storage by execution of the Item 1 input. Fbr som e of
the dependent variables, nore than one set of coefficients is
evaluated.

Note that the program calculates that there are 36
((7+1) * (7+2)) /2 quadratic coefficients for each function to be
evaluated. This calculation is triggered by the input of ‘7’ for
the number of independent variables. Each set of coefficients is
printed out with the ‘QF ’ case number and dependent variable
name . This is followed by a list of true and predicted
independent variable values, followed by the residuals. In the
fourth column, the residuals are listed as a percent of true
va lue (magnitude) , and in the f i f th  column , as a percent of the
data range of the dependent variable.

Finally , the maximum and average are listed for (a) the
residual values, (b) the residuals as percent of ran ge , and (c)
the residuals ~s percent of magnitude. This is followed by a
calculation of the mean square residual , labeled ‘MS ’. The
square root of MS can be thought of as a sort of ‘expected
error ’, although any such statistical interpretation of APES
results can be , as mentioned before, misleading.

.



It is recommended that the list of residuals as percent of
range (P .C. RAN F) be scanned to determine whether the surface
fit has “validated” . Generally, less than 5.0 percent error is
regarded as good , especially if the regression residuals had
similar values.

4
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S~~ TION VII

MANAGING ~~~ DATA MANAL EMENT SYSTEM

The ARES data management system addresses a formithble
problem with a number of canputer programs and provision far man
in the loop at all interfaces. The consequence of this
arrangement is the produ ct ion of large amounts of data to
storage, printout, microfiche copies of output , plotted output ,
punched cards, etc. Although this accumulation may be large, it
is far , far less than that which would be generated in a
traditional approach to the same problem. However , the
accumulation that is produced in an appl icat ion of ARES can and

• should be managed efficiently to derive ma ximum benefit fran the
system .

A manual or log should be used to assist in the management
of an ARES application. The sections that should be contained in
this manual are described in the following paragraphs.

The first  section in the manual should suninarize the problem
formulat ion. This includes identification of the role of the
system being investigated, major distinguishing characteristics

4 of the point of departure, important requirements that may be
imposed on the system, known independent and dependent variables
of interest, including prohable figures-of-merit, simulators that
will be used and major modifications that they might require , the
timing of the analysis and the personnel and organizational
structures involved in it.

The second section should document the design selection
phase. Items reported here include the number and names of
variables that will be used , their ranges and a brief summary of
the reasons for their selection. Potentially important variables
that will not be used and the rea sons for their exclusion should
be reported. This section should also conta in the number of
levels and , hence, designs that will be investigated. The
section is concluded with a tabilation of the actual independent
variable combinations at which simulations will be attempted.
Design failures in simulation, notable outliers discovered in
regression and designs which are conspicuous for any other rea son
can be not ed on this listing. Of course, any massive ad ju stment s
to the original design selection and reasons for the adjustment
should be reported in this section.

Very little computer output is generated in the phases
discussed in the pr eceding paragraphs. However, in the
succeeding steps, substantial amounts of data on a variety of



media are generated . Provis ions should be made for data storage
on computer permanent file and magnetic tape and f or paper , fiche
and card storage in a safe, convenient location. A ful l  blown ,
ten variable analysis which involves a parametric engine family
can require up to 10,000 sectors of permanent file space and most
of a large cabinent for output storage. The next section of the
management manual should be comprised of logs for computer
account numbers, resource accounting, file names and status, tape
numbers and contents and output storage.

Data base generation or simulation is the next logical step
in the application of ARES and this activity should be documented
next . Information appropriate to the use of any simulator model
should be reported . Typical models are parametric cycle matching
engine models, airplane sizing and performance models , life cycle

• cost models , etc.

If engine simulation models are used, the simulation section
of the manual should contain;

• Progra m identification, cycle concept and name,
number , source

• A representative cross—sectional view of the engine
concept

• . One-size airflow
• It~portant assumptions pertinent to the simulation
• A description of the assumed inlet and nozzle, if

appropriate
• Bleed and horsepower extraction schedules
• A representation of the data matrix that is generated

(Mach number , altitude, powersetting)
• Identification of data points and engine designs tha t

fail in simulation
• Description of resulting adjustments, if any.

Paper output from the engine simulation need be no more than
enough to check and correct the simulation ( an error
listing for example) . It is worthwhile to copy all output from
the final simulation to microfiche. Product ion engine data
should be stored on permanent file and backed up with a cow on
magnetic tape. When the user is satisfied with the engine data
set , paper output can be purged.

Airplane performance simulation should be reported by
providing; 

• 
-

• Program iden tification includi ng descriptions of any
new logic and su~~onUnes

I



• System concept and name
• Point-of -departure three-view, number, designer
• Distinguishing cha racteristics of point-of-departure
• Important assumptions pertinent to the simulation

• Drag methods
• Bookkeeping methods
• Propulsion system instaUation
• Structural weight methods
• Mission model

• An illustration of mission profiles
• Mode of simulation (convergence on weight or ran ge,

off design missions, etc.)
• Identification of airplane designs that fail in

simulation
• Description of resulting adjustments , if any
• A copy of typical, important output listings
• A tabulation of the names of all the dependent

variables for which data is gathered.

Production , syst em characteristics simulation can produce a
large amount of output . In most cases , this output should be
examined to identify failed cases and/or potentia l problem areas

• in design space. Printout is the most convenient media for the
examination but the printout should be retained only until the
user is satisfied that the production, system characteristics
data base is adequate. The production data base should be copied
to permanent file, microfiche and tape. When these duplicate
records have been generated , paper output can be purged .

If data base input/outputs (independent/dependent variables)
are not overly large, copies of them can be included in this
section of the manual . “Stand—alon e” l i fe cycle cost model I/O ,
for instance, is usually sufficiently ~ nall as to allow this.
Once again , a description of input , assumptions , output , etc. of
simulation models like life cycle cost , should be reported here.

Normally, this section of the manual should be concluded
with a summa ry statement of the user’s opinions relative to the
succes s of the simulation phase and any advice he might be able
to offer to future users. Problem variables and simulation modes
can be identified. In case of poor problem f ormulation or
massive failures in simulation due to some other deficiency, some
applications can end at this point. It is particularly
import ant , in those cases , that the situat ion be summarized here .
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Occasionally, the unfortunate circumstance occurs where
investigation of some additional dependent variable (s) is desired
and no provision has been made for the parameter (s) at the
simulator output interface. Inclusion of these data must be
performed manually. The data must be carefully hand code d f rom
output, key punched and read into memory . The program ~D1Y~RES
performs the latter funct ion. It should be noted that any
undiscovered errors in coding and keypunching may be absorbed
forever and will affect successive analyses to an unknown degree .
(bpies of any such add itional data should be included in the
manual.

The next section of the manual should be devoted to the
regression analysis phase. Regression analysis can be performed
in several steps. Initially, only the most important functions
can be fitted. These are the figures—of—merit, constraints and
major informational parameters . Successive steps of analysis can
be devoted to secondary informational surfaces. The names of all
fitted fun ctions should be recorded in the manual. As regression
analyses progress , statistical data by which adequacy of the fits
may be judged should be recorded by the function names. The
polynomial coefficients which are generated should be assembled
on permanent file. Wh en a coefficient set is finalized, the data

• should be copied on punched cards. Obviously poor fits should be
• - so noted and , if retained, handled with appropriate caution.

The amount of paper that is generated in this phase will
depend upon the number of functions analyzed. Whatever the
amount , it need be retained only until the aforementioned
statistics have been recorded and appropriate copies of the
coefficients are at hand.

Some fits can be improved by modification of the basic data
set , i.e., deletion of a limited number of data cases . Jlny
modification such as this should be noted. Of course , successive
regressions on a particular function will yield successive sets
of fit statistics and these too, should be appropriately
recorded. Coefficient sets that are superseded should be
eliminated from memory and card copies immediately.

Success or failure in application of the I~RES data
management system is generally determined by success or failure
in regression analysis. Unfortunately, the degree of success
experienced in this phase cannot be quantified accurately without
some attempt at “validation” . Validation consists of evaluating
the surfaces obtained in regression against data that is not used
in their generation. These data should be distr ibuted throughout - -

the design space and should mot approximate to any great degree ,
• any of the data derived from the orginial design selection•

95



- - 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -----—~~ - -~-~~ - - -

~ 
-
~~

-
~~~~~ 

-,- --
~~ . -~~ -- -

Validation is usuafly performed following surf ace
interrogation. However , the user is encouraged to attempt at
least a preliminary validation following regression analysis . If
successful , he can then proceed with confidence into successive
phases. The data used in validation, surface fit  evaluations and
prognosis for the application should be noted in the manual.

The regression section of the manual should be concluded
with a summary repor t on the regression analysis activity. Once
again, an application may end with this phase and it would be
beneficial to future users to know why , if the reasons can be
identified -

The next section of the manual should be devoted to the
interrogation phase. Due to the flexibility of the interrogation
program and the resultant large variety of modes of operation
made available, this phase can be almost unlimited in scope.
Care must be exercised, therefore, to avoid duplication of
effort, unnecessary consumption of resources and fr ivolous or
illogical analyses. While the “optimizer” is very economical to
operate, an unlimited amount of use can become expensive.

• Opt imizer output per Se, should be retained onl y
temporarily. It is unnecessary to obtain printout at all.
Single point optima should be record ed as they are obtained and
identified in the manual. Results of multi-point optimization
exercises should be stored on permanent file only long enough to
be plotted. The plots of these data should be assembled in a
logical order and retained in a centralized record.

Popular optimizer input files should be copied to cards as
soon as practical and definitely when analyses which use t hem
have been completed. There is a tendency to forget about fi les
wtii~~h are not used for a time and these files move to archive and
eventually are purged .

Items which should be recorded in this section of the manual
are optimizer control variables, pr~~en starting points for
optimizer search, single point optima, popular constraints,
convergence problem areas and the like. If the application is
directed toward the identification of a des ign reg ion-of -
interest , this region, when it is identified, can be compared to
the point of departure and a validation of the result.

The final section of the manua l should deal with the
Va lids tion phase. Comparisons of simulated design point

•
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performance and interrogation output are tabulated here . Cop ies
of plotted comparisons should be included. Error levels should
be identified. Finally, a summary cri tique of the application ,
identification of associated documentation and r econimendat ions as
to future use should be the concluding entry.

Organization of data which are to be retained and a final
purge of unwanted accumulations complete the application .

An ARES application can consume a substantial chunk of
1*idget . What is obtained for this expenditure is largely up to
the user. By careful formulation of his problem, a well planned
execution along the guidelines presented in this guide and an
organized manipulation of input/output data media the budget
expenditure can be totally justified. However , if a user leaps

• headlong into a haphazard and disorganized application, he can
easily end up with piles and piles of just plain garbage .

C-
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LATIN INPUT/OUTPUT SAMPLE
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