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Plant simulation models are being investigated for use in fore-
casting large-area crop yields. The analysis includes a
determination of the relative sensitivity of model outputs

such as grain yield to changes in input variables and fixed
model parameters and functions. Sensitivity information
indicates the relative accuracy required for data inputs and
aids model refinement.

Response surface methods were used to quantify the relative
sensitivity among several factors for the Texas A&M Wheat
(TAMW) simulation model. The analysis (for Manhattan, Kansas
conditions) shows that among the input variables, daily temper-
ature is the most important determinant of yield when seasonal
rainfall is at or above average. The water-related variables
become the most critical for drier than normal growing
conditions. Some quadratic and interaction effects are found
to be statistically significant.

The sensitivity analysis for selected model parameters and
functions identifies several influential functions which should
be concentrated on for improved model yield prediction
accuracy.

Keywords: large-area yield forecasting, central composite
design, quadratic response surface, sensitivity
measures.
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INTRODUCTION

Sensitivity Analysis
of the Texas A & M
Wheat (TAMW) Model

The Statistical Reporting Service (SRS), U. S. Department of
Agriculture is investigating the use of plant simulation models
to forecast large-area crop yields. Present SRS forecasting
methods perform very well after the crop has begun producing
fruit that can be destructively sampled. However, for earlier
plant growth stages, the methodology depends on historic aver-
ages and regression relationships that are not very responsive
to the current season envirommental characteristics which
largely determine the final grain yield. Improved early-season
yield forecasts are needed, particularly in atypical years, for
decision makers in Government, agribusiness, and farm
management .

SRS is evaluating several plant models for large-area yield
forecasting use. Once initial validation has been conducted on
a plot level to demonstrate adequate ability to estimate plant
phenology and yield, sensitivity analysis is performed. The
sensitivity analysis assesses the relative sensitivity of model
response to variations in data inputs and internal model param-
eters and functions. In this context, sensitivity information
serves two main purposes. The first is to help determine the
accuracy and resolution required for model inputs in a large-
area application. Second, identification of the most influen-
tial parameters and functions in the model tells the model
developer where to concentrate efforts to improve the accuracy
of the simulation.

The sensitivity analysis is done in two steps. The first step
is to use a factor screening technique to reduce the number of
factors for which sensitivity information will be obtained.
Screening is helpful when the number of potentially influential
factors is large (say, greater than 50) as it is in a plant
model. The second step of the analysis is to fit response sur-—
faces to subsets of the factors selected in the first step.

The fitted surfaces approximate the model response within the
range of selected factor perturbation. Sensitivity measures
are computed from the response surfaces.

The purpose of this report is to document the second step of
the sensitivity analysis of the Texas A&M wheat (TAMW) model




PLANT MODEL
BACKGROUND

(12). The main body of the report is divided into four
sections. The first section briefly provides background infor-
mation on plant simulation models in general and TAMW in
particular. The second section indicates some of the factor
screening alternatives and references earlier work done in the
first step of the analysis. The third section describes the
development of the response surface methods used in the sensi-
tivity analysis of TAMW. The intent is to provide some back-
ground in the literature, indicate alternatives, and justify
the various choices. The fourth section describes the specific
application of the response surface methods to TAMW and summa-
rizes the detailed results of the analysis. The main body of
the report is followed by a summary (which contains the major
conclusions from the analysis), a list of cited references, and
ten appendices. The first appendix contains some theory per-
taining to a modification in the central composite design. The
remaining appendices list the data and analysis of variance ta-
bles for the response surface experiments done on TAMW.

Plant simulation models attempt to describe the growth and
development of a plant mathematically. The level of detail
varies among models but can be broadly described as empirical,
mechanistic, or some combination of the two. While strictly
empirical models are common, so—called mechanistic or process-—
oriented models all contain some empiricism. Thus, the more
complex models describe a number of major plant processes but
still rely on experimentally observed relationships where the
specific mechanisms are not well understood. Depending on the
level of detail, a plant model may contain several thousand
lines of computer source code.

The plant models being considered by SRS vary in complexity but
can be generally characterized as deterministic rather than
stochastic and dynamic as opposed to static. The time incre-
ment of the simulation is daily in all cases although some
processes within the models may actually operate on shorter or
longer increments. A certain amount of initial input data is
required at or before the planting date. This typically con-
sists of sowing, soil, location, and soil water information.
Daily input requirements include precipitation, maximum and
minimum air temperature, and total surface solar radiation.
The output generated by the plant simulation varies among
models but usually includes soil water information, occurrence
dates of various stages of growth, yield components, and final
grain yield.

The TAMW model simulates the growth and development of an indi-
vidual winter wheat plant. Relative to the other models being
evaluated by SRS, TAMW is one of the least complex relying much



FACTOR SCREENING

more on empirical relationships than mechanistic. In contrast
to the other models, the photosynthesis process is not used to
accumulate dry matter. Rather, a competition factor computed
from a canopy light interception sub-model limits growth. This
approach to some extent replaces the carbohydrate stress factor
used in some of the other plant models. TAMW does consider
water stress but not nutrient stress. Roots are simulated only
within the context of the soll water sub-model to establish the
effective depth of the soil water profile. Root location and
mass are not considered. Winterkill, a factor which may be
very important in some climates, is also not included in the
model.

The TAMW program consists of about 950 lines of Fortran source
code and averages approximately 4 seconds of cpu time on an IBM
3033 computer. The cpu time can vary widely on different data
sets depending on the amount of tillering. In extreme cases,
TAMW may take 6 or 7 seconds of cpu time. TAMW has a relative-
ly short main program of 200 lines with 14 subroutines and 3
real functions. There are two main loops in the program. The
outside loop makes daily computations and the inside loop keeps
track of individual shoots (tillers). Within the shoot loop
there is another loop which identifies floret numbers on indi-
vidual spikelets. The spikelet loop is what makes the execu-
tion time of TAMW sensitive to tiller numbers. Additional
information can be found in the documentation (12).

A two-step sensitivity analysis has been used because of the
large number of potentially critical inputs, parameters, and
functions (referred to collectively as “factors™) in TAMW. The
first step consists of screening to select the factors which
have the most influence on the responses of interest. There
are a number of factor screeniﬂg techniques in use. Some use
designed experiments such as 2 P designs, random designs,
super saturated designs, and group screening designs to esti-
mate factor effects (6, 7, 14, 18). Factors have also been
selected with multiple linear regression by using a variable
selection technique or by ranking the absolute values of the
standardized regression coefficients (4, 5, 19). The choice of
technique depends in part on the number of factors and the cost
and/or time involved in obtaining the necessary data points.
All the above techniques directly use values obtained for at
least two different levels of each factor. In contrast, anoth-
er alternative is path coefficient analysis (20) which was used
to identify the most influential model variables and subrou-
tines in TAMW (9). This information aids in the selection of
factors since the size of the model is effectively reduced. 1In
addition to automated techniques, the model developer should be
consulted so that the factors he feels are important will be
included in the analysis.




RESPONSE SURFACE
METHODOLOGY

Functional Choices

Selectiqgﬁthe Order

of Polynomial

There are many ways to investigate the sensitivity of model
response to changes in the levels of selected factors. The
traditional approach is to perturb the factors individually and
observe the model response. The sensitivity can be quantified
by finding the value when relative change in response divided
by relative change in the factor is a maximum. (See (8) for an
example of this procedure.) There are two drawbacks of per-
turbing factors individually. Many of the factors are interre-
lated and there is no way to estimate possible interaction.
Secondly, a large number of model runs are needed to adequately
estimate the individual curves when there are many potentially
influential factors. Baker and Bargmann (1) suggested that re-
sponse surface techniques be used to alleviate these problems.

The usual application of response surface methodology is to de-
termine the particular combination of factor levels that opti-
mizes a certain response (see (16) for general reference).
However, optimization is not of concern in a sensitivity
analysis. Rather, the fitted response surface is used to ap-
proximate model behavior within a selected range of factor
levels. Several measures can be computed from the fitted sur-
face to quantify sensitivity. These will be discussed later.

The choice of functions for fitting a response surface is
large. Within a biological context, Mead and Pike (13) deline-
ate four main groups: polynomial, rectangular hyperbolae, in-
verse polynomial, and exponential. Of these, polynomials of
degree p are the most frequently used because of their relative
simplicity and the fact that parameter estimates using ordinary
least squares (OLS) are straightforward (13). Disadvantages of
using the polynomial as a response function include questiona-
ble biological justification and unreliable extrapolation out-
side of the factor space (13). A specific disadvantage of the
quadratic polynomial is that it is symmetric about the optimum
(13). For our purposes, biological justification is unimpor-
tant and the factor space is carefully selected so that extrap-
olation is unnecessary. The rather unrealistic constraint of
symmetry in the quadratic polynomial is not a problem because
typically the global optimum lies outside the factor space so
that assymmetry about the center point can be accommodated.
Usually the response within the factor space forms a ridge in
which the local optimum is somewhere on the boundary of the
factor levels. Polynomial functions were chosen for this study
because of ease in application and interpretation.

The simplest polynomial is, of course, the linear model

(p = 1). While first—-order interactions can be estimated,
there is risk of bias in the intercept and linear terms. For
example, if the true underlying relationship is in fact
quadratic, the intercept is biased by the quadratic terms while



Experimental Design

the linear coefficients remain unbiased (16). If the true re-
lationship is cubic, the linear coefficients are biased by cer-
tain cubic terms as well (16). Because of the use of numerous
non-linear functions in plant simulation models, there is good
reason to expect some of the factor-response relationships to
be curvilinear. How high a degree of polynomial to use becomes
a question of cost. Practically speaking, the only realistic
choices are the quadratic and cubic. Depending on the design,
if there are three factors in the experiment, a cubic response
surface requires about twice as many points (model runs) as the
quadratic. For 6 factors, the cubic would require more than 10
times as many points. In the absence of compelling evidence to
do otherwise, a quadratic response is assumed for this study.
Unfortunately, it is not possible to test for cubic lack of fit
in a second-order model when the response data are generated by
a deterministic plant model.

Experimental designs for fitting a second-order response sur-—
face must involve at least three levels of each factor to per-
mit estimation of all thﬁ effects. The design which is immedi-
ately suggested is the 3~ factorial. However, as the num-

ber of factors (k) increases, the numbeﬁ of design points gets
very large. As an alternative to the 3™ factorial, Box and
Wilson (3) proposed an extremely useful class of designs called
composite designs of which the central composite design (CCD)
is a special case. Though many other designs have been pro-
posed since 1951, the CCD continues to perform the best for
quadratic surfaces at many values of k and it was selected for
this analysis. See (11) and (17) for a comparison of the CCD
to several different design alternatives.

When k=2, the CCD is a 32 factorial and for increasing k,

the nuﬂber of design points becomes substantially lesskthan the
full 3™ factorial. The basic CCD consists of a full 2
factorial (called "lattice” points) plus 2k "axial” points and
n “"center” points. For the k=3 case, the CCD can be visualized
as in the following figure.
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Characteristics of

the CCD

The vertices of the cube are the lattice points of the 23
factorial. The axial points lie at a distance o from the cen-
ter point along each of the three axes.

The values of o and n determine various characteristics of the
CCD. Four characteristics will be discussed briefly:
rotatability, orthogonality, uniform—precision, and minimum-
bias. A design is said to be rotatable if the variance of the
estimated response y at any point on the fitted surface is a
function of the distance from the point to the design center
and not the direction. Orthogonality provides uncorrelated pa-
rameter estimates with minimum variance. Uniform-precision re-
quires that the variance of y at the design center be the same
at some arbitrary distance from the center, usually the lattice
points. Minimum-bias designs have minimum bias of y and pro-
vide some protection from the presence of higher order terms.

In most applications of the CCD, a distance o for the axial
points is determined (based on k) that provides a rotatable de-
sign and each of the other characteristics may be obtained by
adding an appropriate number of center points. However, when
experiments are conducted on a deterministic plant model, there
is no "pure error” because repeated points provide identical
responses. Multiple center points can still be used to obtain
desired design characteristics, but then the "lack-of-fit" mean
square should be used for hypothesis testing rather than the
total mean square error. Otherwise, the fitted surface will
appear to be estimated with greater precision than possible.

A simulation study by Montgomery and Evans (15) and some addi-
tional testing of our own suggests that an orthogonal
(nonrotatable) CCD with a single center point may be preferable
in the present situation. Montgomery and Evans evaluated sev-
eral designs over a range of known surfaces in an optimization
situation to see which performed the best according to two of
their criteria. They state that in a situation with no random
error, the orthogonal rotatable CCD was preferred over the
uniform-precision or the minimum-bias rotatable CCD. They also
state that in an optimization problem, rotatability is always
worthwhile. However, whether the variance of y is independent
of direction is not of primary importance when optimization is
not being sought. In a sensitivity analysis, the bias,
precision, and independence of the parameter estimates is of
main concern. We did a limited amount of testing to determine
whether an orthogonal or rotatable CCD with a single center
point would be preferred when a quadratic is used in the pres-
ence of a known cubic function. In general, the orthogonal CCD
had slightly less bias and better precision than the rotatable
CCD. Also, independence of parameter estimates provided by



orthogonality is desirable because otherwise, some of the sen-
sitivity measures might be influenced by interrelationships
among the variables. For these reasons, an orthogonal design
was selected for this study. Note that even with appropriate
selection of a, the quadratic parameter estimates are not, in
general, orthogonal to the intercept unless they are corrected
for their means. When the pure quadratic terms are corrected,
the intercept is equal to the mean response over all design
points. We did not correct the quadratic terms for their means
so, in general, ‘the intercept differs from the response mean.

Two modifications of the basic orthogonal CCD were used to
reduce the number of required data points -- fractional repli-
cation and blocking. When the number of factors reaches six,
for example, a one-half replication of the 2% factorial

portion of the CCD was used rather than the full factorial de-
sign with a saving of 32 model runs. Using the six-factor in-
teraction as a defining contrast, independent estimates were
still made for all main effects and first-order interactions.
The second modification was to divide the points in the CCD
into orthogonal blocks. This is useful because to actually
obtain response points from a plant model, a certain set of
daily climatic input values must be specified. Depending on
the factors that are selected, the sensitivity measures from
the fitted surface may not be independent of the set of daily
climatic input. This suggests that experiments be repeated on
several different sets of input data. While these experiments
can be done separately, the total number of required response
points can be greatly reduced by "blocking” the climatic input
and running a single experiment. The underlying assumption is
that the different climatic scenarios have an additive effect
on the response. That is, estimated response surfaces obtained
from separate experiments using the different climatic scenari-
os have similar parameter estimates except for possible differ-
ences in the intercept terms. This assumption appears to be
realistic with factors that are either fixed parameters or
functions in the plant model. Orthogonality of the blocks is
desired so that the block effects can be removed independently
of the estimated coefficients.

A CCD can be divided into blocks differently depending on the
number of factors. For this study the factorial portion of the
design was split into two blocks and the axial portion became a
third block. Orthogonality of the blocks is obtained by solv-
ing a relationship for ¢ and the number of center points in
each block (nj) (see Appendix A for details). The solution

for @ and nj is not unique so one can choose the a corre-
sponding to the fewest center points. For example, a four-
factor orthogonal CCD which blocks orthogonally would have two




Method of Factor

Perturbation

factorial blocks each consisting of a one-half fraction (i.e.
1/2+2% = 8 points) and three center points, and an axial

block (2*4 = 8 points) with no center points and a value of

a =1.712. For a deterministic plant model, the repeated cen-
ter points are identical within a block but different between
blocks because of different climatic scenarios. As discussed
earlier, significance tests on the parameter estimates and fac-
tor effects should be done using the lack-of-fit mean square
rather than total error.

The block effects were removed using two uncorrelated covari-
ates which were not crossed with the factor variables in the
response surface. The first covariate, F, identifies the three
blocks with an arbitrary numbering scheme (e.g. block 1, block
2, and block 3). If F is used as a single covariate, the
choice of block numbers has no effect on the parameter esti-
mates (except for very small changes in the quadratic terms)
but does influence the intercept and the mean square error.
Hence, the arbitrary values of F affect the significance tests
of the parameter estimates. To avoid tbi§’ a second covar-
iate, FSQ, was included where FSQ = (F-F)“. With three
blocks, different numbering schemes provide identical results
except for the intercept term and the loading on F and FSQ.

To apply response surface techniques to a plant model, settings
for the factor levels must be selected. Sometimes the model
developer has information on the reliability of various parame-
ter estimates or functional fits. If so, it should be used to
determine the range of perturbation. This information was not
available for TAMW so a consistent 20Z coefficient of variation
(CV) was assumed throughout the analysis. The choice of 20%
was somewhat arbitrary but the important thing is to be con-
sistent across all factors unless there is strong evidence to
do otherwise. Consistency assures that one factor will not
appear more (less) influential than another solely due to arbi-
trarily varying amounts of perturbation. Another important
consideration in selecting settings for the factor levels is to
keep the range of perturbation reasonable. In an effort to ac-
complish this, the axial points were assumed to form a 90% con-
fidence interval (normality also assumed). For example if a
fixed model parameter of interest is equal to 2, a 20%Z CV would
imply that the 907 confidence interval (CI) on the parameter
would be (1.342, 2.658). Thus, (1.342, 2, 2.658) would corre-
spond to the factor levels (-9, O, +a). Depending then on the
value of @, the lattice points would be scaled accordingly.

For example, if a = 1.5, the lattice points (-1, +1) would cor-
respond to the values (1.561, 2.439). Two approaches of factor
perturbation were taken on functions: one perturbation was a
vertical percentage shift in the function (again assuming a 20%
CV) and the other was a fixed horizontal shift.



Sensitivity Measures

RESPONSE SURFACE
EXPERIMENTS ON TAMW

When daily climatic input variables are the factors, historic
weather records at a particular location were used to estimate
the standard error of seasonal means rather than using an arbi-
trary 20Z CV. The same assumption of a 90% CI at the axial
points was used. The daily input values were perturbed by add-
ing certain values over the entire season so as to give the de-
sired seasonal average. Alternatively, perturbation could be
done during certain periods of the growing season since the
relative effect of climatic variables is known to depend on
growth stage. This type of analysis has been done by perturb-
ing factors individually but not by response surface methods

(8).

Once a surface has been fit for a particular set of factors,
various sensitivity measures can be computed. Two measures
used in this study are described here. The first is the
"relative” sensitivity measure proposed by Baker and Bargmann
(1). They suggested that this measure be computed by dividing
each estimated coefficient by the intercept. Since in this
study the intercept differs from the response mean depending on
the quadratic parameter estimates and the blocking covariates
(if any), the response mean was used as the divisor rather than
the intercept. The larger the value of the sensitivity
measure, the greater the effect of the factor on the response.
Division by the response mean provides relative values that can
be compared among different sets of factors and responses. The
relative sensitivity measure was computed only for coefficients
determined to be significantly different from zero.

The relative sensitivity measure does not reflect differences
in precision among linear, quadratic, and interaction effects.
(Lower precision on the quadratic and interactiﬁn effects 1is
the "penalty” for using a CCD rather than the 3" factorial
design.) A simple alternative is to take the partial sum of
squares associated with each factor (linear, quadratic, and
interaction) and compute proportions of the sum of all the par-
tial sums of squares. The resulting partial SS sensitivity
measure was also used in this study.

Several response surface experiments were recommended after
factor screening with path coefficient analysis (9). All these
experiments have factors pertaining to the parameters and func-
tions in TAMW. The first four experiments deal with phenology
responses while the last four explore yield responses. Only
the latter recommended experiments are presented in this
report. In addition, several other experiments have been con-
ducted using the climatic inputs as factors. Again, only yield
responses are presented.




The input data for all the experiments are based on conditions
at Manhattan, Kansas which is on the eastern side of the major
U. S. winter wheat region. The initial inputs used are typical
for the Manhattan area and include an October 1 planting date,
8-inch row spacing, density of 189 plants per square meter, and
60% initial plant available soil water. Several parameters
were also specified for soils common to the Manhattan area.
Daily climatic inputs for TAMW were simulated using a stochas-
tic weather simulation model (10). Three random sequences were
generated for the blocks discussed earlier. In addition, a
fourth sequence was selected from several other random se-
quences to provide a more "normal” season. Seasonal statistics
for these four climatic scenarios are summarized in Table 1.
The length of the growing season varies for the simulated data
because the climatic input variables influence when TAMW simu-
lates physiological maturity. (Sensitivity of simulated
phenology to changes in climatic inputs is presented in an ear-
lier report (8).) As a basis of comparison, Table 1 also gives
summary statistics for 22 years of actual data recorded at
Manhattan, Kansas. Statistics for the actual data were ini-
tially computed for an assumed October through June growing
season which covered 273 days. Since June is typically warmer
and wetter than the other months in the growing season, there
was a need for summarization of actual data on the same varying
lengths of season as in the simulated data. Unfortunately, a
"dirty” input tape allowed only one pass through the 22 years
of Manhattan data so the statistics for the actual data with
varying lengths of growing season are all estimated from the
273-day season. From Table 1, it can be seen that block 1 is
drier than average and blocks 2 and 3 are wetter than average.
As desired, the "normal” season is very close to the 22-year
average.

Factor levels were determined as discussed earlier. In
general, axial points for parameter and function factors were
chosen as endpoints of 90%Z confidence intervals (assuming a 20%
CV and normality) and lattice points were located at a propor-
tionate distance from the center depending on the value of a.
For the input factors, the standard errors for the 260-day
actual season in Table 1 were used to establish the factor var-
iation instead of a 20% CV. The 260-day season was selected
because it is intermediate in length and the same factor levels
were desired for all blocks.

TAMW was run once for each factor combination to produce the
necessary response data. Quadratic response surfaces were fit
using the RSREG procedure in SAS (2). The factor and response
data and detailed RSREG output are contained in Appendices B -
J. Sensitivity measures computed from the fitted response sur-
faces are presented in the next section.

10



Table 1 - Summary data for four simulated seasons of climatic data at Manhattan,

Kansas.
Days per Total Avg. Max. Avg. Min. Avg. Daily
Block Season Rainfall Temperature Temperature Solar Radiation
(inches) (°F) (°F) (L)
1 260 11.67 58.6 36.4 316.3
2 263 40.071/ 58.8 36.3 321.7
3 255 23.44 58.6 36.3 321.0
Normal 262 18.86 57.3 34.6 316.4
Actual2/ 273 21.6(4.7) 59.4(1.2) 36.9(1.1) 327.1(11.0)
255 18.2(4.0) 57.4(1.15) 34.9(1.03) 310.3(10.8)
Estimated 260 19.1(4.2) 57.9(1.15) 35.4(1.04) 314.9(10.8)
263 19.7(4.3) 58.2(1.15) 35.7(1.05) 317.9(10.9)

1/ 7.4 inches of the 40.07 total occurred just before physiological maturity.

g/ Based on 22 years of observed data where the growing season was assumed to
The standard errors are in

cover the months October through June (273 days).

parentheses.

lengths of growing seasons in the simulated scenarios.

11

3/ Summary statistics for the actual data were adjusted to agree with the varying



Results - Input

Variables

A four—factor orthogonal central composite design with three
orthogonal blocks was used to estimate the sensitivity of yield
response to changes in initial soil water, and daily precipita-
tion, temperature (maximum and minimum), and solar radiation.
Maximum and minimum temperature were perturbed jointly with a
single factor because they are highly correlated with one
another. The blocks constitute the three different climatic
scenarios with the implicit assumption that the effect of dif-
ferent seasons is additive. The RSREG results for this experi-
ment (number 0) are contained in Appendix B. Only the regres-—
sion for the number of heads per plant (Table B4) is signifi-
cant at the 10%Z level and generally the precision of the param-—
eter estimates for all yield response variables is low. This
is an indication that the assumption of additivity is

violated. That is, very different response surfaces exist for
the three sets of climatic data and the adjustment for differ-
ent intercepts using covariates is not adequate. Sensitivity
measures are not given for this experiment.

Since it was not acceptable to run a single experiment on input
variables with three blocks, separate four—-factor experiments
were run for each climatic scenario including the "normal”

one. These experiments are numbered 1-4 and detailed results
are in Appendices C-F. Table 2a gives variable definitions and
factor level settings. Table 2b summarizes the sensitivity
results for experiments 1—-4. As described earlier, the rela—
tive and partial sums of squares sensitivity measures are
given. Both measures are given in terms of a percentage. The
climatic scenarios (experiments) are in the order 1, normal, 3,
and 2 which corresponds to driest to wettest. For the relative
sensitivity measure, only those based on coefficients which are
significantly different from zero at the 5% level are given.
For the partial SS measure, significance of the partial SS from
zero {(a¢ = .05) is indicated with an asterisk (*). Experiment 1
was not run for response variable Y3 because, as seen in
Appendix C, Table Cl, Y3 is essentially the same for all factor
combinations.

The results in Table 2b indicate that during the driest season
(experiment 1), the yield responses are most sensitive to
changes in the initial soil water and daily precipitation. The
initial plant available soil water (X1) at the center point
(i.e. X1 = 0) is 60%. From Table 2a, when X1 = -1 the corre-
sponding soil water content is 36.7% (60% minus 23.3%) and
(from Table 2b) the relative change in the mean yield response
(Y4) is -29.1% (-18.0% plus -11.1%4). In absolute terms, a de-
crease of 23.3% in the initial soil water results in a 847
kg/hec decrease in the yield. In terms of the model estimated
yield at the center point (i.e. when none of the factors are
perturbed), the yield decrease is 24%. When X1 = +1, the

12



resultant change in the center point yield or, more succinctly,
the "control” yield is plus 6%Z. Considering the effect of
changing the daily rainfall (X2) in experiment 1, it can be
determined from Tables 2a and 2b that when X2 = -1, the control
yield decreases 27%. When X2 = +1, the control yield increases
5%. It can also be seen in Table 2b that the initial soil
water by daily rainfall interaction is highly significant in
experiment 1. When both X1 = -1 and X2 = -1, the control yield
decreases 66X. However, when at least one of these two factors
is at the high level (i.e. (-1, +1), (+1, -1), or (+1, +1)),
the control yield only decreases between 3 and 7%.

For large—area application, these results suggest that unless
the seasonal rainfall is less than 11.67 inches and the initial
soil water is below 60%, these water-related inputs have a
minor effect on the simulated yield. This is so because nega-
tive perturbations caused much larger yield changes than posi-
tive perturbations. Also, the relationship between initial
soil water and rainfall is such that if the initial soil water
is at least 83% then the seasonal rainfall can be as low as 8.7
inches without much effect on the model yield. Conversely, if
the seasonal rainfall is at least 14.7 inches then initial soil
water values as low as 36.7% have little effect on yield.

From an application standpoint, these results are helpful
because they give guidelines on when it is necessary to obtain
accurate inputs for initial soil water and daily rainfall. For
example, if it can be easily determined that a selected field
has a high amount of stored soil water at planting then actual
soil water does not need to be measured with soil samples and
estimates of daily rainfall at the field can be fairly rough if
the probability of less than, say, 10 inches of seasonal rain-
fall is very small. On the other hand, if it is apparent that
initial soil water amounts are quite low and the climate is
typically dry then it is necessary to estimate the soil water
and daily rainfall accurately. The sensitivity analysis shows
that for dry conditions a 1% error in either the initial soil
water or the seasonal rainfall total results in about a 1%
change in the model yield. 1If both the water-related inputs
are in error by 1% on the low side then the model yield would
decrease about 2.6%. Note that the estimation error of primary
concern on daily rainfall is "systematic” and not "random". In
other words, individual daily amounts can be in error by more
than 1% without a similar change in yield so long as the errors
are not mostly in the same direction.

When seasonal rainfall amounts are average and above for
Manhattan, the results in Table 2b show that daily temperature
is by far the most critical factor in determining the yield
responses in TAMW. Increasing temperature has a positive
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Table 2a - Variable definitions and factor level settings for input response surface
experiments 1-4.

Response
Variables

Y1

Average number of grains per head.

Y2 - Average weight per grain (mg).

Y3 - Average number of heads per plant.

Y4 - Average grain yield per hectare (kg).

Factor

Variables

X1 - Initial soil water available to the plant (percentage shift).

X2 - Daily rainfall (percentage shift for entire growing season).

X3 - Daily maximum and minimum temperature (constant shift for entire growing
season).

X4 -

Daily solar radiation (constant shift for entire growing season).

Settings (%)
Factor Lattice Axial (o = 1.414)
X1 23.3% 32.9%
)V 25.6% 36.2%
X3 1.16°F 1.65°F
X4 12.6 L 17.8 L
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Table 2b - Sensitivity measures for input response surface experiments 1-4.

Relative Sensitivity Measures (%)

Response Factor
Experiment X1 X2 X3 Xl2 X22 X3 X42 X1X2  X2X3
Y1
1 5-9 5~7 -306 "606
Normal =-2.2 4.4
3 12.8 -2.7
2 7.9 2.1
Y2
1 14-7 16-5 -707 _10-4 -206 2.4 —13'8
Normal -0.6
3 005 0.5 -202 201 -0-6
2 _009 109
Y3
1
Normal -1.1 9.1 -1.4
3 2.3 0.9 0.9 0.9
2 —107 800 1'2 _102 -603 _l 2 201
Y4
l 18o0 19-7 —1101 -1301 _17-4 106
Normal 605 4.9
3 13.1 1.4 1.4 1.4
2 15.1 1.8
Partial SS Percentage of Total §S
Response Factor Response Factor
Experiment| X1 X2 X3 Experiment X1 X2 X3 X4
Y1 13
1 50.7% 7.3% 0.2 1 - - - -
Normal 7.3 7.4 77.9% Normal 0.0 3.4% 96.6% 0.0
3 0.0 0.0 99,.9%* 3 5.2 5.2 84.4% 5.2
2 0.1 0.2 99, 5% 2 0.6 7.6% 91.1% 0.6
Y2 Y4 ‘
1 44,9% 3.8% 0.6 1 46.6 52.8% 0.3 0.4
Normal 0.2 3.3 96.3% Normal 2.0 6.8 89,.2% 2.0
3 8.8% 8.8% 77.5% 3 0.8 0.8 97.6% 0.7
2 0.3 0.4 99.1%* 2 0.1 2.1 97.8% 0.1
*Significant at 5% level.
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Results - Parameter

and Function
Variables

effect on grain number per head (Y1), head number per plant
(Y3), and the grain yield (Y4). Increasing temperature has a
negative effect on weight per grain (Y2). For the grain yield
response, the effects are linear in experiments 2 and 3. The
quadratic response in the "normal” season is due to below aver—
age temperature prior to grain filling and above average tem-
perature during grain filling. The temperature effect on grain
yield over all four experiments shows a tendency to increase as
seasonal rainfall increases. Referring also to Table 2a, it
can be seen that a 1.16°F increase in the daily temperature
results in a 12% increase in grain yield for the "normal” ex-
periment and 13% and 15% increases in grain yield for experi-
ments 3 and 2, respectively. Experiments 3 and 2 have similar
decreases in grain yield when the temperature is decreased by
1.16°F but the "normal” experiment has only a 2% decrease
because of the quadratic effect.

For large-area application, these results suggest that the
daily maximum and minimum temperature inputs must be estimated
with very little systematic error (bias) because if the daily
average temperature is biased by just 1°F, the model yield will
change roughly 10% depending on seasonal rainfall. However,
much larger random errors in the daily temperature estimates
can be tolerated. The fact that TAMW uses the daily tempera-
ture average to simulate the various plant processes implies
that even some bias in estimating the maximum and minimum would
not matter if one were fortunate enough to have offsetting
biases.

The results in Table 2b show that, as expected, reasonable so-
lar radiation perturbations have very little influence on model
yield. This is very helpful from an application standpoint
because solar radiation is difficult to measure at the field
level on a large scale and a relatively small number of weather
stations report daily solar radiation. Thus, fairly large er-
rors in the daily estimates can be tolerated but, again, large
biases should be avoided.

Factor variable definitions for experiments 5-8 are in Table
3a. Response variables are the same as for experiments 1-4.
Factor level settings for experiments 5-7 are in Table 3b.
Experiment 8 is a combination of the most important factors in
experiments 5-7 and uses the same factor level settings. The
functions that are perturbed in Experiment 8 are shown graphi-
cally in Figures 1-5.

In experiments 5 and 7 a four-factor orthogonal CCD with three
orthogonal blocks was used. A six-factor orthogonal CCD with a
one-half replication of the factorial portion and three orthog-
onal blocks was used for experiments 6 and 8. The factor
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combinations, yield responses, and detailed RSREG results are
in Appendices G-J. There is no evidence in these results that
the additivity assumption used in blocking the three different
climatic scenarios into single experiments is violated in this
case.

Table 3c summarizes the sensitivity results for experiments
5-8. Experiment 5 examined the influence of the leaf appear-
ance function (X1 and X2), a parameter affecting the rapidity
with which leaves appear on new tillers (X3), and a function
that determines the number of leaves which appear between the
emergence of successive tillers (X4) on the simulated yield.
The sensitivity measures clearly show that shifting the hori-
zontal temperature axis of the leaf appearance function (X2)
(see Figure 1) has the greatest influence on the yield
responses. Most of the change in the grain yield per hectare
(Y4) was due to a change in the number of heads per plant
(¥3). These four factor variables have no significant influ-
ence on the weight per grain (Y2).

Experiment 6 perturbs the duration and rate of spikelet initia-
tion functions (X1, X2, and X3) and the duration and rate of
floret initiation functions (X4, X5, and X6). All six factors
affect only the grain number per head (Yl) and the grain yield
per hectare (Y4) so these two estimated response surfaces are
identical. A vertical percentage shift in the rate of floret
initiation function (X6) (see Figure 3) has the greatest influ-
ence on yield but is followed closely by vertical percentage
shifts in the spikelet initiation duration function (X2) (see
Figure 2) and the floret initiation duration function (X5).

Experiment 7 perturbs the duration (X1 and X2) and rate (X3 and
X4) functions for grain filling. The factors influence only
the weight per grain (Y2) and the yield per hectare (Y4) and,
hence, the results are identical for these two responses. In
this experiment, the yield response is most sensitive to a ver—
tical percentage shift in the grain filling rate function (X4)
(see Figure 5). However, shifting the grain filling duration
function (X1 and X2) also has a strong influence on yield (see
Figure 4).

Experiment 8 combines the most influential factors from experi-
ments 5-7. While this procedure (as opposed to a single
l4-factor experiment) fails to estimate all possible interac-
tions among the factors suggested by the path analysis, the
grouping of similar factors in experiments 5-7 tends to reduce
the possibility of missing highly significant interactions.

The magnitude of the linear relative sensitivity measures for
the yield response (Y4) was used as a basis for selecting
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Table 3a - Factor variable definitions for parameter and function response surface
experiments 5-8.

Factor
Variables

!

F - Block indicator for three different random sequences of climatic data.

FSQ - (F-F)°
Experiment 5 - WLEAF and TEMERG Subroutines

X1 - Rate of leaf appearance function (vertical percentage shift).
X2 - Rate of leaf appearance function (horizontal constant shift).

X3 - Parameter affecting leaf appearance rate on a new tiller (percentage
change).

X4 - Leaf interval between tiller function (vertical percentage shift).
Experiment 6 - FLORET Subroutine

X1 - Duration and rate of spikelet initiation functions (horizontal constant
shifts).

X2 - Duration of spikelet initiation function (vertical percentage shift).
X3 - Rate of spikelet initiation function (vertical percentage shift).

X4 - Duration and rate of floret initiation functions (horizontal constant
shifts).

X5 = Duration of floret initiation function (vertical percentage shift).
X6 - Rate of floret initiation function (vertical percentage shift).
Experiment 7 - GRFILL Subroutine
X1 - Duration of grain filling function (horizontal constant shift).
X2 - Duration of grain filling function (vertical percentage shift).
X3 - Rate of grain filling function (horizontal constant shift).
X4 - Rate of grain filling func%gon (vertical percentage shift).
Experiment 8 - Combined from 5, 6, and 7
X1 - Factor variable X2 from experiment 5.
X2, X3 - Factor variables X2 and X6 from experiment 6.

X4, X5, X6 - Factor variables X1, X2, and X4 from experiment 7.

18



Table 3b - Factor level settings for parameter and function response surface
experiments 5-7.

Settings (+)
Factor Lattice Axial
X1 19.2% 32,92
X2 2.92°C 5.00°C
Experiment 5
(¢ = 1.712) X3 19.2% 32.92
X4 19.2% 32.9%
X1 2.24°C 5.00°C
X2 14.8% 32.9%
X3 14.8% 32.9%
Experiment 6
(o = 2.228) X4 2.24°C 5.00°C
X5 14.8% 32.9%
X6 14.8% 32.9%
X1 2.92°C 5.00°C
X2 19.2% 32.9%
Experiment 7
(a = 1.712) X3 2.92°C 5.00°C
X4 19.2% 32.9%
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Table 3¢ - Sensitivity measures for parameter and function response surface
experiments 5-8.

Relative Sensitivity Measures (%)

-- Experiment 5 ==

Factor
Response F FSQ X1 X2 X4 X22 X1X2  X1X4  X2X3  X3X4
Y1 -3.6 -2.0
Y2 -9.2 -4.8 0.7 0.7 0.7 0.7
Y3 6-3 10-8 34-0 —llcl —602
-- Experiment 6 —-
Factor
Response FSQ X2 X3 X4 X5 X6  X2X3 X5X6

Yi, Y4 |-17.3 14.4 11.7 -7.0 -13.7 15.7 4.4 -4.0
-- Experiment 7 —-

Factor

Response FSQ X1 X2 X4

Y2, Y4 | 15.6 -18.0 15.9 19.3

-~ Experiment 8 —-

Factor
Response F FSQ X1 X2 X3 X4 X5 X6 Xl2 X42 X1X2 X1X3 X2X3
Y1 -2.8 -1.4 14.0 15.1 0.9 -3.1 2.2
Y2 ~-6.4 -7.3 -1.0 -13.7 11.6 12.0 1.2
Y3 10.4 32-1 —501
Y4 -9.8 30.8 13.4 13.8 -13.4 11.4 12.0 -5.0 7.1
Partial SS Percentage of Total SS
-- Experiment 5 -—- —— Experiment 6 --
Factor Factor
Response| X1 X2 X3 X4 Response| X1 X2 X3 X4 X5 X6
Y1 15.1 50.6* 11.2 23.0 Yl, Y4 0.4 24.6*% 16.8% 6.6 23,1*% 28,5*%
Y2 23.9% 24.3% 28.7% 23.1% —E { ¢ 8 —
Y3 9.7% 79.3% 1.7  9.3% Xxperimen
Y4 10.4% 78.0% 1.7 9.9% Factor
-- Experiment 7 —- Response| X1 X2 X3 X4 X5 X6
Factor Y1 2.3*% 44.5% 53,2% 0.0 0.0 0.0
Y2 0.3 0.2 0.2 40.0% 28.4*% 30.9%
Response| X1 X2 X3 X Y3 [97.0* 1.4 1.4 0.1 0.1 0.1
Y2, Y4 131.7* 24 .8% 4.6 38.9% Y4 52.7% 11.5% 10.6% 9.8% 7.3% 8.1%

*Significant at 5% level.
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factors for the combined experiment. (See Table 3a for experi-
ment 8 factor variable definitions.) The order of importance
based on the linear relative sensitivity measures from experi-
ments 5-7 is X1, X6, X4, X5, X3, and X2. Table 3c shows that
for yield (Y4), X1 is, as expected, the most influential but
the order of the remaining factors is X2, X3, X4, X6, X5.
Since from the results of experiments 5-7, X2 and X3 did not
look as important as X4, X5, and X6, it is likely that factor
X5 in Experiment 6 1f selected, would have surpassed at least
some of the factors in the combined experiment. This tends to
show that the linear relative sensitivity measures do not pro-
vide a measure which can be compared among experiments with
total confidence.

While the relative ordering of factors in experiment 8 is of
interest; the main point is that all the factors have signifi-
cant effects on the yield responses. Thus, the functions cor-
responding to all the factors should be scrutinized by the
model developer with the factor order indicating where the
largest improvements in yield accuracy are likely to be
realized. 1In Figure 1, the question to be asked is how accu-
rate are the 2 and 41°C limits on leaf appearance? From Appen-
dix G, Table Gl, it can be seen that a +5°C shift in the tem-
perature range for which leaves can appear causes a +22% change
in grain yield per hectare and a -5°C shift causes a -56%
change in the yield. In Figure 2, the model developer should
question the accuracy of the y-intercepts (values not given)
and the shape of the family of curves. In Figure 3, the ampli-
tude of the rate function should be examined. In Figure 4, the
5 and 40°C limits for grain filling and the height and shape of
the duration curve should be reviewed. In Figure 5, the main
question is how accurate is the 1.5 mg/day maximum grain fi11l-
ing rate?
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Figure 1 - Rates of leaf initiation and appearance as a function of temperature.
Leaf appearance function used in experiment 8, factor X1.
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Figure 2 - Duration of the period from floral initiation to terminal
spikelet initiation as a function of photoperiod and
temperature used in experiment 8, factor X2.
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Figure 3 - Rate of floret initiation as a function of temperature
used in experiment 8, fattor X3.
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Figure 4 -~ Duration of the period from anthesis to physiological
maturity as a function of temperature used in experi-
ment 8, factors X4 and X5.
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Figure 5 -~ Rate of grain filling as a function of temperature used in
experiment 8, factor X6.
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SUMMARY

The Statistical Reporting Service is interested in improving
early season large-area yield forecasts. Several plant simula-
tion models are being evaluated for large—area forecasting
because plant models utilize current season environmental con-
ditions that are not accounted for in the present operational
forecasting methodology. It is hoped that plant model yield
forecasts will cause a substantial improvement in forecasting
accuracy in atypical growing seasons.

A two-step sensitivity analysis has been performed on the win-
ter wheat simulation model TAMW (12) with a range of Manhattan,
Kansas growing conditions. In the first step, potentially im-
portant factors were screened to determine a smaller, more man-—
ageable set. Factor screening was done with path coefficient
analysis and several response surface experiments were recom—
mended (9). This report discusses the second step in the sen-
sitivity analysis which is to estimate model response to
various factor combinations using fitted surfaces. Relative
factor sensitivities were quantified using two different meas-
ures computed from the fitted surfaces.

Two series of response surface experiments were done ~- one for
model input variables and the other for fixed model parameters
and functions. Sensitivity analysis of the input variables
primarily provides insight into data needs for large-area
application. Sensitivity information on parameters and func-
tions is of most benefit to the model developer for model im-
provement purposes. All the response surface experiments were
conducted with regard to grain yield and its components.

Results of the sensitivity analysis on TAMW input variables
showed that if the initial plant available soil water is at
least 60% and the seasonal rainfall is at least 11.7 inches
then these water-related variables have small influence on the
model yield. In Manhattan, Kansas the average rainfall for a
260-day growing season is 19.1 inches. The relationship be-
tween initial soil water and daily rainfall is such that if
either exceeds the above levels then the other can be corre-
spondingly lower without changing the model yield very much.
However, if both of the water-related variables are at levels
below 60% and 11.7 inches then the negative effect on yield is
compounded —— 1% decreases in so0il water and rainfall cause
roughly a 2.6% reduction in model yield. When seasonal rain-
fall is above average in Manhattan, maximum and minimum temper-
ature are by far the most critical inputs. The temperature ef-
fect on yield increases as the seasonal rainfall increases.
Depending on the rainfall, a 1°F increase in temperature causes
roughly a 107 increase in model yield. The temperature effect
was usually linear in the sensitivity analysis but a significant
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quadratic effect occurred for one climatic scenario which had a
different within season temperature distribution than the other
scenarios. Solar radiation has virtually no effect on the
model yield within reasonable perturbation ranges.

These sensitivity analysis results are helpful for large—area
application of TAMW because they provide guidelines on model
input accuracy requirements. In general, systematic errors
(bias) should be avoided whenever possible but random errors at
the field level of, say, 10-15% on the water-related variables
and, say, 4-7°F on the maximum and minimum temperature should
not be of much concern over a large number of fields for most
growing seasons. If growing conditions are extremely dry then
the initial soil water and daily rainfall inputs may have to be
estimated with less than 10% error at the field level. Solar
radiation inputs can be quite imprecise.

Results of the sensitivity analysis on TAMW parameters and
functions indicated several influential functions which need to
be closely examined by the model developer. By far the most
critical factor is the temperature range within which leaves
appear on the plant. Other important functions determine the
duration of spikelet initiation, the rate of floret initiation,
and the rate and duration of grain filling. Concentration on
improving these aspects of the model should bring about the
largest gain in yield prediction accuracy.
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APPENDIX A

bDerivation of a,, F,, and @ to obtain
orthogonal CCD's which block orthogonally
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7o obtain a CCD which is orthogonal, the axial points must be
located at a distance o which is chosen in such a way that X'X
is diagonal. In general, the only off~diagonal elements that
are not zero are those associated with the pure quadratic
terms. According to Mvers (16), the appropriate choice for «
that makes the X'X matrix diagonal is

/4
<~ (&) g

1/2 _ pli22

((F + 1) )

F = 2% = number of factorial points

where

T 2k + a, = number of axial and center points

it

a, = number of center points

This equation for o was derived using a second-order model in
which the pure quadratic terms had been corrected for their
means. When [1] is used to compute o with an uncorrected
model, the results are identical except for the intercept
term. The difference in the intercepts is found to be

k
z

T2»

RELER
j=1
where Bg = intercept in corrected model = response mean
B

o = intercept in uncorrected model

B‘- = jth pure quadratic coefficient

correction for the pure quadratic terms

= F + 202
F+T

[o divide the CCD into blocks, the axial portion forms one
block and the factorial portion one or more blocks. The facto-
rial portion is divided into blocks that form orthogonal
first-order designs in the same manner that fractional replica-
tions of 2k factorial designs are determined. Orthogonality
within individual blocks is necessary to insure that no two
main effects are aliased with each other. The number of blocks
that can be formed in a CCD depends on the number of factors.

It is desirable that the block effect be orthogonal to the co-

efficients so that the partial sum of squares for blocks is in-
dependent of those for the coefficients. Orthogonal blocking
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in a CCD is obtained by appropriate selection of o and the num-
ber and distribution of center points among the blocks. Myers
(16) states that CCD's which block orthogonally must satisfy
the following condition.

F(2k + a \M?
¢ = -0 [2]
2(F +F )
o
where F; = number of center points in the factorial
portion
ag = number of center points in the axial portion

We wish to have an orthogonal CCD which blocks orthogonally so
by equating (1] and [2], the following relationship is
obtained.

1/4 1/2
e\ \Y (3)
4 2(F + F )
o
vhere Q = ((F + T,)1/2 _ F1/2)2
T' =T+ F,
T =2k + a,
Fy = number of factorial center points

a5 = number of axial center points

The positive solution of [3] for F, follows.

((F + T,)1/2 _ F1/2)2 F) 1/4 i FT 1/2
A “\2(F + FO)

o 172 21/2 1/2 _ FT
((F+7T") F ) F = ?ir:j?rs'
(o]
2 o172 FT
(F" + T'F) = F +——-—-———(F T T)
(o]
/2 ) F (F + Fo) + FT

2 1
(F+ FT + FF_) FTE)
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(F (F+F)+ FT)2

F(F+F0)+FT

)
(F +F)
(F+F ). =F (F+F )+ FT
(o] (o]
(F+F )  -F(F+F ) ~FT =0
(o] (o]
F(F+F) - FT =0
2
F2 4+ FF - FT = 0
(o] (o]
F2 + 4rm) Y% - F
F =
o 2
Thus, F_ = (2271 ko 4 ao))l/2 - gkl (4]

From [4] it can be seen that the number of center points and,
hence, the value of o is not unique for a given value of ke An
example for k = 3 follows. Table Al shows the calculated F,
values for several a, values using [4]. The 23 factorial

Table Al - Calculated F, values for k = 3 using [4].
ag Fo

4.00
4.49
4.94
5.38
5.80
6.20

wm s wh = O

portion can be divided into two orthogonal first-order designs
each with four points. Thus F, should be an even multiple of
two. For ag = 0, Fo = 4 giving two center points in each
factorial block and zero center points in the axial block. The
next best choice from Table Al would be Fy = 6 and ag = 4

or a, = 5 as both give calculated F, values equally close

to six. With, say, ap, = 4 and F, = 6, a value of a cannot

be determined that exactly satisfies both [1] and [2]. Hence,
the first choice for ay and Fy would probably be preferable
because exact orthogonality can be obtained. However, the
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second choice might be of some value in a stochastic applica-
tion where an estimate for pure error and test for lack of fit
are desired in the axial block.

Table A2 gives the best choice of center points for several
k-values, two factorial blocks, and a deterministic application
where lack of fit tests are not possible even with multiple
center points. When the computed a-values from equations [1]
and [2] differ, the average provides near orthogonality.

Table A2 - Center and axial points needed to obtain an orthogonal CCD with three
orthogonal blocks.

k 3 4 5 6(1/2 rep)

F: number of factorial 8 16 32 32
points

Fo: number of added 4 6 8 10
factorial center points

2k: number of axial points 6 8 10 12

8p: number of added axial 0 0 0 1
center points

a using [1] 1.414 1.719 2,000 2.231

o using [2] 1.414 1.706 2.000 2,225
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APPENDIX B

Data and detailed analysis for Experiment O
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Table Bl - Treatment combinations and response data for experiment O.

OBS F FSQ X1 X2 X3 X4 Y1 Y2 Y3 Y4
1 1 1 -1.000 -1.000 -1.000 -1.000 19.29 18.83 2.54 1752
2 1 1 1.000 1.000  -1.000 -1.000 21.48 31.98 2.54 3310
3 1 1 1.000 -1.000 1.000 -1.000 21.49 32.21 2.54 3331
4 1 1 1.000 -1.000 -1.000 1.000 21.48 31.39 2.54 3247
5 1 1 -1.000 1.000 1.000 -1.000 21.49 33.12 2.54 3420
6 1 1 =-1.000 1.000 -1.000 1.000 21.48 31.98 2.54 3310
7 1 1 -1.000 -1.000 1.000 1.000 18.82 16.89 2.54 1540
8 1 1 1.000 1.000 1.000 1.000 21.49 33.12 2.54 3420
9 1 1 0.000 0.000 0.000 0.000 21.35 34.13 2.54 3511

10 1 1 0.000 0.000 0.000 0.000 21.35 34.13 2.54 3511
11 1 1 0.000 0.000 0.000 0.000 21.35 34.13 2.54 3511
12 2 0 0.000 0.000 0.000 0.000 20.19 32.70 3.15 3940
13 2 0 0.000 0.000 0.000 0.000 20.19 32.70 3.15 3940
14 2 0 0.000 0.000 0.000 0.000 20.19 32.70 3.15 3940
15 2 0 1.000 -1.000 -1.000 ~-1.000 19.52 32.93 2.79 3393
16 2 0 -1.000 1.000 -1.000 -1.000 19.75 32.82 2.54 3116
17 2 0 -1.000 -1.000 1.000 -1.000 21.27 32.17 3.15 4093
18 2 0 ~1.000 -1.000 -1.000 1.000 19.52 32.93 2.79 3393
19 2 0 1.000 1.000 1.000 -1.000 21.27 32.17 3.15 4093
20 2 0 1.000 1.000 -1.000 1.000 19.75 32.82 2.54 3116
21 2 0 1.000 -1.000 1.000 1.000 21.27 32.17 3.15 4093
22 2 0 -1.000 1.000 1.000 1.000 21.27 32.17 3.15 4093
23 3 1 -1.712 0.000 0.000 0.000 20.06 28.23 3.15 3388
24 3 1 1.712 0.000 0.000 0.000 20.06 28.23 3.15 3388
25 3 1 0.000 -1.712 0.000 0.000 20.06 28.23 3.15 3388
26 3 1 0.000 1.712 0.000 0.000 20.05 28.23 3.15 3386
27 3 1 0.000 0.000 -1.712 0.000 15.47 30.54 2.79 2501
28 3 1 0.000 0.000 1.712 0.000 21.85 28.12 3.28 3818
29 3 1 0.000 0.000 0.000 -1.712 20.06 28.23 3.15 3388
30 3 1 0.000 0.000 0.000 1.712 20.06  28.23 3.15 3388
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Table B2 - Estimated second-order response surface for experiment O,

variable Yl.

RESPONSE MEAN 20.4310

ROOT MSE 1.1314

R-SQUARE 0.63928278

COEF OF VARIATION 0.05537638

REGRESSION DF TYPE I SS R-SQUARE F-RATIO PROB
COVARIATE 2 7.8422 0.1700 3.06 0.0058
LINEAR 4 15.6317 0.3388 3.05 0.0560
QUADRATIC 4 2.9811 0.0646 0.58 0.6810
CROSSPRODUCT 6 3.0365 0.0658 0.40 0.8691
TOTAL REGRESS 16 29.4916 0.6393 1.44 0.2565
RESIDUAL DF SS MEAN SQUARE F-RATIO PROB
LACK OF FIT 9 16.6407 1.8490 669078.320 0.0001
PURE ERROR 1) 4 1.70530E-13 4.26326E-14

TOTAL ERROR 13 16.6407 1.2801

PARAMETER DF ESTIMATE STD DEV T-RATIO PROB
INTERCEPT 1 21.7543 0.73863363 29.45 0.0001
X1 1 0.22230468 0.24197491 0.92 0.3750
X2 1 0.24256276  0.24197491 1.00 0.3344
X3 1 0.77864089  0.24197491 3.22 0.0067
X4 1 -0.02195602 0.24197491 -0.09 0.9291
X1*X1 1 0.09359193 0.27241987 0.34 0.7367
X1*X2 1 -0.30375000 0.28284870 -1.07 0.3024
X2%X2 1 0.09188600 0.27241987 0.34 0.7413
X1*X3 1 0.03000000 0.28284870 0.11 0.9172
X2*X3 1 0.00125000 0.28284870 0.00 0.9965
X3*X3 1 -0.38406987 0.27241987 -1.41 0.1821
X1*X4 1 0.05875000 0.28284870 0.21 0.8387
X2*X4 1 0.03000000 0.28284870 0.11 0.9172
X3*X4 1 -0.30375000 0.28284870 ~1.07 0.3024
X4*X4 1 0.09359193  0.27241987 0.34 0.7367
F 1 -0.64852000 0.26286122 -2.47 0.0283
FSQ 1 -0.02306545 0.43065599 -0.05 0.9581
FACTOR DF SS MEAN SQUARE F-RATIO PROB
X1 5 2.7773  0.55546758 0.43 0.8171
X2 5 2.9226  0.58451215 0.46 0.8014
X3 5 17.2894 3.4579 2.70 0.0691
X4 5 1.7075  0.34149521 0.27 0.9233

1) Since TAMW is a deterministic model, the pure error is zero. Hence, the LOF mean
square error should be used for all hypotheses tests rather than the total MSE as
has been done here.
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RESPONSE MEAN
ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

COVARIATE
LINEAR
QUADRATIC
CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

LACK OF FIT
PURE ERROR 1)
TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2%X2
X1*X3
X2%X3
X3*X3
X1*X4
X2%X4
X3%X4
X4*X4
F

FSQ

FACTOR

X1
X2
X3
X4

DF

(AN o RN P <\t

DF

w & WO

=]
[~

R e T Ty Sy erpi

DF

(G, IV, IRV,

30.6077
3.6287
0.63366176
0.11855506

TYPE 1 SS

79.8394
80.4424
36.2401
99.5650
296.0869

SS

171.1764
2.27374E-13
171.1764

ESTIMATE

36.2669
1.2753
1.4024

-0.26544094
-0.12624710
-0.79601393
=1.7425
-0.79601393
0.17250000
0.22625000
-0.42070822
0.19875000
0.17250000
-1.7425
-0.79601393
-0.82664570
~3.2239

58S

96.1731
103.8041
54.4693
60.9668

1) See footnote at bottom of Table B2.
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R-SQUARE

0.1709
0.1722
0.0776
0.2131
0.6337

MEAN SQUARE

19.0196
5.68434E-14
13.1674

STD DEV

2.3690
0.77607996
0.77607996
0.77607996
0.77607996
0.87372531
0.90717341
0.87372531
0.90717341
0.90717341
0.87372531
0.90717341
0.90717341
0.90717341
0.87372531
0.84306809

1.3812

MEAN SQUARE

19.2346
20.7608
10.8939
12.1934

Table B3 - Estimated second-order response surface for experiment O,

F~-RATIO

3.03
1.53
0.69
1.26
1.41

F-RATIO

347324.810

T-RATIO

15.31
1.64
1.81

-0.34

-0.16

~-0.91

-1.92

-0.91
0.19
0.25

-0.48
6.22
0.19

-1.92

-0.91

-0.98

-2.33

F-RATIO

1.46
1.58
0.83
0.93

variable Y2.

PROB

0.0001
0.2517
0.6130
0.3396
0.2710

PROB

0.0001

PROB

0.0001
0.1243
0.0939
0.7378
0.8733
0.3788
0.0770
0.3788
0.8521
0.8069
0.6382
0.8300
0.8521
0.0770
0.3788
0.3447
0.0363

PROB

0.2681
0.2347
0.5523
0.4951



RESPONSE MEAN
ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

COVARIATE
LINEAR
QUADRATIC
CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

LACK OF FIT
PURE ERROR 1)
TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2%X2
X1*X3
X2%X3
X3*X3
X1*X4
X2*X4
X3%X4
X4%X4
F

FSQ

FACTOR

X1
X2
X3
X4

DF

[ NN~ W0 B . V]

DF

=
Ll ol o el o O ol ol el R ]

=
o]

VRV, IS, RV, |

2.8540
0.15719695
0.87713177
0.05507952

TYPE I SS

1.8134
0.36466082
0.08398977
0.03125000

2.2933

SS

0.32124145
0
0.32124145

ESTIMATE

2.4799

0
=0.02287085
0.12711071
0
-0.02050337
0
-0.02050337
0
0.03125000
-0.05973988
=0.03125000
0

0
=0.02050337
0.29095621
-0.14268015

SS

0.02287606
0.03431148
0.43040768
0.02287606

1) See footnote at bottom of Table B2.
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R-SQUARE

0.6936
0.1395
0.0321
0.0120
0.8771

MEAN SQUARE

0.03569349
0
0.02471088

STD DEV

0.10262638
0.03362020
0.03362020
0.03362020
0.03362020
0.03785025
0.03929924
0.03785025
0.03925924
0.03929924
0.03785025
0.03929924
0.03929924
0.03929924
0.03785025
0.03652216
0.05983571

MEAN SQUARE

0.00457521
0.00686230
0.08608154
0.00457521

F-RATIO

36.69
3.69
0.85
0.21
5.80

F-RATIO

9999.990

T-RATIO

24.16
0.00
-0.68
3.78
0.00
-0.54
0.00
-0.54
0.00
0.80
-1.58
-0.80
0.00
0.00
-0.54
7.97
-2.38

F-RATIO

Table B4 - Estimated second-order response surface for experiment 0, variable Y3.

PROB

0.2020
0.0322
0.5187
0.9669
0.0014

PROB

0.0001

PROB

0.0001
1.0000
0.5083
0.0023
1.0000
0.5972
1.0000
0.5972
1.0000
0.4408
0.1385
0.4408
1.0000
1.0000
0.5972
0.0001
0.0330

PROB

0.9632
0.9172
0.0323
0.9632



Table B5 - Estimated second-order response surface for experiment O, variable Y4.

RESPONSE MEAN 3390.6000

ROOT MSE 480.1561

R-SQUARE 0.70604762

COEF OF VARIATION 0.14161390

REGRESSION DF TYPE I SS R-SQUARE F-RATIO PROB
COVARIATE 2 2492804 0.2445 5.41 0.0001
LINEAR 4 2405097 0.2359 2.61 0.0846
QUADRATIC 4 886805 0.0870 0.96 0.4608
CROSSPRODUCT 6 1414179 0.1387 1.02 0.4531
TOTAL REGRESS 16 7198885 0.7060 1.95 0.1148
RESIDUAL DF SS MEAN SQUARE F-RATIO PROB
LACK OF FIT 9 2997148 333016 9999.990 0.0001
PURE ERROR 1) 4 0 0

TOTAL ERROK 13 2997148 230550

PARAMETER DF ESTIMATE STD DEV T-RATIO PROB
INTERCEPT 1 3804.9322 313.4710 12.14 0.0001
X1 1 150.3072 102.6925 1.46 0.1670
X2 1 138.7152 102.6925 1.35 0.1998
X3 1 260.7599 102.6925 2.54 0.0247
X4 1 -13.5395 102.6925 -0.13 0.8971
X1*X1 1 -88.0494 115.6131 -0.76 0.4599
X1*X2 1 ~205.3750 120.0390 -1.71 0.1108
X2*X2 1 -88.3906 115.6131 -0.76 0.4582
X1*X3 1 18.5000 120.0390 0.15 0.8799
X2*X3 1 56.3750 120.0390 0.47 0.6464
X3*X3 1 -166.0106 115.6131 -l.44 0.1747
X1*X4 1 ~12.8750 120.0390 -0.11 0.9162
X2*X4 1 18.5000 120.0390 0.15 0.8799
X3*%X4 1 ~205.3750 120.0390 -1.71 0.1108
X4*X4 1 ~88.0494 115.6131 -0.76 0.4599
F 1 127.2612 111.5565 1l.14 0.2745
FSQ 1 ~540.6479 182.7674 -2.96 0.0111
FACTOR DF SS MEAN SQUARE F-RATIO PROB
X1 5 1310622 262124 1.14 0.3894
X2 5 1286613 257323 1.12 0.3989
X3 5 2693063 538613 2.34 0.1011
X4 5 820720 164144 0.71 0.6253

L) See footnote at bottom of Table B2.
42



APPENDIX C

Data and detailed analysis for Experiment 1
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Table C1 - Treatment combinations and response data for experiment 1.

OBS Xi X2 X3 X4 Y1 Y2 Y3 Y4
1 -1.000 -1.000 -1.000 -1.000 17.03 16.11 2.54 1331
2 -1.000 -1.000 -1.000 1.000 15.67 14.53 2.54 1100
3 -1.000 -1.000 1.000 -1.000 16.65 15.85 2.54 1281
4 -1.000 ~1.000 1.000 1.000 14.99 13.78 2.54 1002
5 =-1.000 1.000 -1.000 -1.000 21.53 31.70 2.54 3288
6 -1.000 1.000 -1.000 1.000 21.53 31.70 2.54 3288
7  =1.000 1.000 1.000 -1.000 21.55 33.14 2.54 3433
8 -1.000 1.000 1.000 1.000 21.55 31.64 2.54 3278
9 1.000 -1.000 -1.000 -1.000 21.53 31.70 2.54 3288

10 1.000 -1.000 -1.000 1.000 21.53 31.70  2.54 3288
11 1.000 -1.000 1.000 -1.000 21.55 31.64 2.54 3278
12 1.000 -1.000 1.000 1.000 21.55 30.14 2.54 3122
13 1.000 1.000 -1.000 -1.000 21.53 31.70 2.54 3288
14 1.000 1.000 -1.000 1.000 21.53 31.70 2.54 3288
15 1.000 1.000 1.000 -1.000 21.55 33.14 2.54 3433
16 1.000 1.000 1.000 1.000 21.55 33.14  2.54 3433
17 -1.414 0.000 0.000 0.000 19.53 21.87 2.54 2065
18 1.414 0.000 0.000 0.000 21.35  34.45 2.54 3542
19 0.000 -1.414 0.000 0.000 20.25 18.75 2.54 1837
20 0.000 1.414 0.000 0.000 21.35 34.45 2.54 3542
21 0.000 0.000 -1.414 0.000 22.12 30.70 2.54 3272
22 0.000 0.000 1.414 0.000 21.60 31.45 2.79 3585
23 0.000 0.000 0.000 -1.414 21.35 34.45 2.54 3542
24 0.000 0.000 0.000 1.414 21.35 33.54 2.54 3455
25 0.000 0.000 0.000 0.000 21.35 34.13 2.54 3511

44



RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2*X2
X1*X3
X2*X3
X3*X3
X1*X4
X2%X4
X3*X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

E N W

DF

DF

L O s e o

DF

[V NV, R Y,

20.5228
0.76406052
0.94274906
0.03722984

TYPE 1 SS

57.6724

7.4059
31.0539
96.1322

SS

5.8379

ESTIMATE

21.7969
1.2197
1.1688

-0.08376906
-0.15100912
~0.73454629
~1.3637
—-0.55449192
0.06875000
0.06875000
-0.02433181
0.18875000
0.18875000
~-0.01875000
-0.27940884

Ss
64.4715
60.1836

0.30194621
2.2261

45

R-SQUARE

0.5656
0.0726
0.3045
0.9427

MEAN SQUARE

0.58378848

STD DEV

0.45833787
0.17085429
0.17085429
0.17085429
0.17085429
0.27018516
0.19101513
0.27018516
0.19101513
0.19101513
0.27018516
0.19101513
0.19101513
0.19101513
0.27018516

MEAN SQUARE

12.8943
12.0367
0.06038924
0.44521011

F-RATIO

24,70
3.17
8.87

11.76

T-RATIO

47.56
7.14
6.84

-0.49

-0.88

~2.72

-7.14

-2.05
0.36
0.36

-0.09
0.99
0.99

-0.10

-1.03

F-RATIO

22.09
20.62
0.10
0.76

Table C2 - Estimated second-order response surface for experiment 1, variable Yl.

PROB

0.0001
0.0632
0.0016
0.0002

PROB

0.0001
0.0001
0.0001
0.6345
0.3975
0.0216
0.0001
0.0673
0.7264
0.7264
0.9300
0.3464
0.3464
0.9237
0.3254

PROB

0.0001
0.0001
0.9891
0.5968




RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESS ION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2*X2
X1*X3
X2*X3
X3*X3
X1*X4
X2%X4
X3*X4
X4*X4

FACTOR

X1
X2
X3
X4

Table C3 — Estimated second-order

DF

L Sl e SR S S

DF

=]
L]

T N "y Sy U W T

DF

v

response surface for experiment 1, variable Y2.

28.6840
0.82832099
0.99422866
0.02887746

TYPE I SS

805.5771
119.6499
256.7448
1181.9718

SS

6.8612

ESTIMATE

32.8988
4.2102
4.7308

0.13453313
-0.39686097

-2.2162

-3.9631

-2.9965

0.05562500
0.43062500
-0.75829606
0.22812500
0.22812500
-0.21812500
0.70214499

Ss
645.9509
774.4839

8.7382
9.5190
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R-SQUARE

0.6776
0.1006
0.2160
0.9942

MEAN SQUARE

0.68611567

STD DEV

0.49688588
0.18522380
0.18522380
0.18522380
0.18522380
0.29290879
0.20708025
0.29290879
0.20708025
0.20708025
0.29290879
0.20708025
0.20708025
0.20708025
0.29290879

MEAN SQUARE

129.1902
154.8968
1.7476
1.9038

F-RATIO

293.53
43.60
62.37

123.05

T-RATIO

66.21
22.73
25.54
0.73
-2.14
-7.57
-19.14
-10.23
0.27
2.08
-2.59
1.10
1.10
-1.05
2.40

F-RATIO

188.29
225.76
2.55
2.717

PROB

0.0001
0.0001
0.0001
0.0001

PROB

0.0001
0.0001
0.0001
0.4843
0.0578
0.0001
0.0001
0.0001
0.7937
0.0643
0.0270
0.2964
0.2964
0.3170
0.0375

PROB

0.0001
0.0001
0.0977
0.0797



RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2%*X2
X1*X3
X2*X3
X3*X3
X1*X4
X2*X4
X3*X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

s~

1

[
o

—
o

o
Lo

DF

U1 e Ut Ln

L o o

2910.8000
73.3943
0.99706696
0.02521447

TYPE I SS

12133295
1994118
4184354

18311767

SS

53867.2210

ESTIMATE

3461.4610
525.3056
572.5281

27.1807
=47.2038

-322.8875

-506.6875

-379.9047

7.9375
46.8125
-10.2931
31.8125
31.9375
~-22.4375
24.7175

SS
10477251
11868672

59747.9229
90014.7406

47

R-SQUARE

0.6607
0.1086
0.2278
0.9971

MEAN SQUARE

5386.7221

STD DEV

44,0271
16.4120
16.4120
16.4120
16.4120
25.9535
18.3486
25.9535
18.3486
18.3486
25.9535
18.3486
18.3486
18.3486
25.9535

MEAN SQUARE

2095450
2373734
11949.5846
18002.9481

F-RATIO

563.11

92.55
129.47
242.82

T-RATIO

78.62
32.01
34.88
1.66
-2.88
-12.44
—-27.61
~14.64
0.43
2.55
-0.40
1.73
1.74
-1.22
0.95

F-RATIO

389.00
440.66
2.22
3.34

Table C4 - Estimated second-order response surface for experiment 1, variable Yé.

PROB

0.0001
0.0001
0.0001
0.0001

PROB

0.0001
0.0001
0.0001
0.1287
0.0165
0.0001
0.0001
0.0001
0.6745
0.0288
0.7000
0.1136
0.1124
0.2494
0.3634

PROB

0.0001
0.0001
0.1328
0.0493
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Table D1 - Treatment combinations and response data for experiment 2.

OBS

Nelie BENR VRO N

X1

-1.000
-1.000
-1.000
-1.000
-1.000
=-1.000
-1.000
-1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
~1.414
1.414
0.000
0.000
0.000
0.000
0.000
0.000
0.000

X2

-1.000
-1.000
-1.0600
-1.000
1.000
1.000
1.000
1.000
-1.000
-1.000
~1.000
-1.000
1.000
1.000
1.000
1.000
0.000
0.000
-1.414
1.414
0.000
0.000
0.000
0.000
0.000

X3

-1.000
-1.000
1.000
1.000
-1.000
-1.000
1.000
1.000
-1.000
-1.000
1.000
1.000
-1.000
~1.000
1.000
1.000
0.000
0.000
0.000
0.000
-1.414
1.414
0.000
0.000
0.000

X4

50

Y1

18.99
18.99
22.50
22.50
19.12
19.12
22.50
22.50
18.99
18.99
22.50
22.50
19.12
19.12
22.50
22.50
20.19
20.19
20.19
20.19
19.04
22.72
20.19
20.19
20.19

Y2

33.45
33.45
33.14
33.14
33.39
33.39
33.14
33.14
33.45
33.45
33.14
33.14
33.39
33.39
33.14
33.14
32.70
32.70
32.70
32.70
35.36
32.76
32.70
32.70
32.70

Y3

N Wb wLRDWLWWLWND D
. . .

U= SN =D

S om0 SO0 O w

W W N
« o »
—
Loon &

3.15
3.15
3.15
3.15
2.54
3.15
3.15
3.15
3.15

Y4

3357
3357
4457
4457
3072
3072
4457
4457
3357
3357
4457
4457
3072
3072
4457
4457
3940
3940
3940
3942
3240
4459
3940
3940
3940



RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*xi
X1%X2
X2%X2
X1*X3
X2*X3
X3*X3
X1*X4
X2*X4
X3*X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

SO0

1

DF

(SRR )

20.6212
0.24669665
0.98915232
0.01196325

TYPE 1 SS

53.6892
1.7888
0.01690000
55.4949

SS

0.60859237

ESTIMATE

20.0349

0
0.02600157
1.6383

0
0.09694660
0
0.09694660
0
=0.03250000
0.44205082
0

0

0
0.09694660

5S
0.07516189
0.10558270

55.2553
0.07516189

51

R-SQUARE

0.9570
0.0319
0.0003
0.9892

MEAN SQUARE

0.06085924

STD DEV

0.14798621
0.05516471
0.05516471
0.05516471
0.05516471
0.08723625
0.06167416
0.08723625
0.06167416
0.06167416
0.08723625
0.06167416
0.06167416
0.06167416
0.08723625

MEAN SQUARE

0.01503238
0.02111654

11.0511
0.01503238

F-RATIO

220.55
7.35
0.05

65.13

T-RATIO

135.38
0.00
0.47

29.70
0.00
1.11
0.00
1.11
0.00

-0.53
5.07
0.00
0.00
0.00
1.11

F-RATIO

0.25
0.35
181.58
0.25

Table D2 - Estimated second-order response surface for experiment 2, variable Yl.

PROB

0.0001
0.0050
0.9994
0.0001

PROB

0.0001
1.0000
0.6475
0.0001
1.0000
0.2924
1.0000
0.2924
1.0000
0.6097
0.0005
1.0000
1.0000
1.0000
0.2924

PROB

0.9320
0.8729
0.0001
0.9320



RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2%X2
X1*X3
X2*X3
X3*X3
X1*X4
X2*X4
X3%X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

o e 2 b et b e e b e e e

33.1800
0.44163840
0.72225382
0.01331038

TYPE I SS

1.7532
3.3152
0.00360000
5.0720

SS

1.9504

ESTIMATE

32.7641
1.42117E-15
-0.01200072
-0.29583787

0
-0.04007733
0
-0.04007733
0
0.01500000
0.64012810
0

0

0
-0.04007733

ss
0.01284488
0.01932505

5.0308
0.01284488

52

R~SQUARE

0.2497
0.4721
0.0005
0.7223

MEAN SQUARE

0.19504448

STD DEV

0.26492614
0.09875633
0.09875633
0.09875633
0.09875633
0.15617106
0.11040960
0.15617106
0.11040960
0.11040960
0.15617106
0.11040960
0.11040960
0.11040960
0.15617106

MEAN SQUARE

0.00256898
0.00386501

1.0062
0.00256898

F-RATIO

2.25
4.25
0.00
1.86

T~RATIO

123.67
0.00
-0.12
-3.00
0.00
-0.26
0.00
-0.26
0.00
0.14
4.10
0.00
0.00
0.00
-0.26

F-RATIO

0.01
0.02
5.16
0.01

Table D3 - Estimated second-order response surface for experiment 2, variable Y2.

PROB

0.1364
0.0289
1.0000
0.1640

PROB

0.0001
1.0000
0.9057
0.0134
1.0000
0.8027
1.0000
0.8027
1.0000
0.8946
0.0021
1.0000
1.0000
1.0000
0.8027

PROB

1.0000
0.9998
0.0134
1.0000



RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RES IDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2*X2
X1*X3
X2%X3
X3*X3
X1*X4
X2*X4
X3*X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

o

1

=)
oy

o
o

[
L]

N e ol N T S O S Sy S Ay S Wy Sy

DF

(S NV, RV, Y]

2.9704
0.04468608
0.98730142
0.01504379

TYPE 1 SS

1.1747
0.31537231
0.06250000

1.5525

SS

0.01996846

ESTIMATE

3.2075
5.10733E-16
=-0.05000302

0.23714132
0
-0.03597723
0
-0.03597723
0
0.06250000
-0.18852329
0

0

0
-0.03597723

sS
0.01035113
0.12285415

1.4714
0.01035113

53

R-SQUARE

0.7470
0.2006
0.0397
0.9873

MEAN SQUARE

0.00199685

STD DEV

0.02680589
0.00999241
0.00999241
0.00999241
0.00999241
0.01580178
0.01117152
0.01580178
0.01117152
0.01117152
0.01580178
0.01117152
0.01117152
0.01117152
0.01580178

MEAN SQUARE

0.00207023
0.02457083
0.29427548
0.00207023

F-RATIO

147.06
39.48
5.22
55.53

T-RATIO

119.66
0.00
-5.00
23.73
0.00
-2.28
0.00
-2.28
0.00
5.59
-11.93
0.00
0.00
0.00
~-2.28

F-RATIO

1.04
12.30
147.37
1.04

Table D4 - Estimated second-order response surface for experiment 2, variable Y3.

PROB

0.0001
0.0001
0.0112
0.0001

PROB

0.0001
1.0000
0.0005
0.0001
1.0000
0.0460
1.0000
0.0460
1.0000
0.0002
0.0001
1.0000
1.0000
1.0000
0.0460

PROB

0.4472
0.0005
0.0001
0.4472



RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAK
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2*X2
X1*X3
X2*X3
X3*X3
X1*X4
X2%*X4
X3*X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

P T T U ey

DF

v

3866.1200
116.0030
0.98113848
0.03000503

TYPE I SS

6867128
51552.5972
81225.0000

6999906

SS

134567

ESTIMATE

3978.0576
0
-56.8620
583.2185
0
=23.7917
0
-23.2916
0
71.2500
~69.0554
0

0

0
~23.7917

SS
4526.7252
150225

6921826
4526.7252

54

R-SQUARE

0.9625
0.0072
0.0114
0.9811

MEAN SQUARE

13456.7032

STD DEV

69.5869
25.9398
25.9398
25.9398
25.9398
41.0207
29.0008
41.0207
29.0008
29.0008
41.0207
29.0008
29.0008
29.0008
41.0207

MEAN SQUARE

905.3450
30045.0634
1384365
905.3450

F-RATIO

127.58
0.96
1.01

37.16

T-RATIO

57.17
0.00
-2.19
22.48
0.00
-0.58
0.00
-0.57
0.00
2.46
-1.68
0.00
0.00
0.00
~0.58

F-RATIO

0.07
2.23
102.88
0.07

Table D5 - Estimated second-order response surface for experiment 2, variable Y4.

PROB

0.0001
0.4712
0.4722
0.0001

PROB

0.0001
1.0000
0.0531
0.0001
1.0000
0.5748
1.0000
0.5827
1.0000
0.0339
0.1232
1.0000
1.0000
1.0000
0.5748

PROB

0.9959
0.1310
0.0001
0.9959
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Table E1 - Treatment combinations and response data for experiment 3.

0OBS

Nelle B NN V.V RS S

X1

-1.000
-1.000
-1.000
-1.000
-1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
-1.414
1.414
0.000
0.000
0.000
0.000
0.000
0.000
0.000

X2

~1.000
~1.000
-1.000
-1.000
1.000
1.000
1.000
1.000
-1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
1.000
0.000
0.000
-1.414
1.414
0.000
0.000
0.000
0.000
0.000

X3

-1.000
-1.000
1.000
1.000
-1.000
=1.000
1.000
1.000
-1.000
-1.000
1.000
1.000
-1.000
-1.000
1.000
1.000
0.000
0.000
0.000
0.000
-1.414
1.414
0.000
0.000
0.000

X4

-1.000
1.000
~1.000
1.000
~1.000
1.000
-1.000
1.000
~1.000
1.000
-1.000
1.000
~1.000
1.000
-1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
~1.414
1.414
0.000

56

Y1

17.01
17.01
22.22
22.22
17.04
17.04
22.22
22.22
17.01
17.01
22.22
22.22
17.04
17.04
22.22
22.22
20.06
20.06
20.06
20.05
15.77
21.95
20.06
20.06
20.06

Y2

29.26
28.79
28.47
27.10
29.81
26.81
28.47
28.47
29.81
29.81
28.47
28.47
29.81
29.81
28.47
28.47
28.23
28.23
28.23
28.23
30.02
28.55
28.23
28.23
28.23

Y3

3.15
3.15
3.28
3.28
3.15
3.15
3.28
3.28
3.15
3.15
3.28
3.28
3.15
3.15
3.28
3.28
3.15
3.15
3.15
3.15
2.99
3.28
3.15
3.15
3.15

Y4

2971
2925
3936
3744
3025
3025
3936
3936
3019
3019
3936
3936
3025
3025
3936
3936
3388
3388
3388
3386
2692
3896
3388
3388
3388



RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR
PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2%X2
X1*X3
X2*X3
X3*X3
X1*X4
X2*X4
X3*X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

E oo T S

1

[ e R

DF

Vit

19.6836
0.23694697
0.99566292
0.01203779

TYPE I SS

126.5053
2.3832
0.00090000
128.8893

SS

0.56143865
ESTIMATE

19.9543

0
0.00529332
2.5151

0
0.06606482
0
0.06356407
0
=0.00750000
-0.53411643
0

0

0
0.06606482

SS

0.03490383
0.03377176

128.7870
0.03490383

57

R-SQUARE

0.9772
0.0184
0.0000
0.9957

MEAN SQUARE

0.05614386
STD DEV

0.14213765
0.05298455
0.05298455
0.05298455
0.05298455
0.08378859
0.05923674
0.08378859
0.05923674
0.05923674
0.08378859
0.05923674
0.05923674
0.05923674
0.08378859

MEAN SQUARE

0.00698077
0.00675435

25.7574
0.00698077

F-RATIO

563.31
10.61
0.00
163.98

T-RATIO

140.39
0.00
0.10

47.47
0.00
0.79
0.00
0.76
0.00

-0.13

-6.37
0.00
0.00
0.00
0.79

F-RATIO

0.12
0.12
458.78
0.12

Table E2 - Estimated second-order response surface for experiment 3, variable Yl.

PROB

0.0001
0.0013
1.0000
0.0001

PROB

0.0001
1.0000
0.9224
0.0001
1.0000
0.4487
1.0000
0.4656
1.0000
0.9018
0.0001
1.0000
1.0000
1.0000
0.4487

PROB

0.9836
0.9847
0.0001
0.9836




RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2%X2
X1*X3
X2*X3
X3*X3
X1*X4
X2*X4
X3*X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

S~

DF

o
-t

o e R b b b b s b e e

28.7792
0.26649547
0.94853256
0.00926000

TYPE I SS

8.9704
3.0993
1.0191
13.0888

SS

0.71019838

ESTIMATE

28.1029
0.14700888
0.14700888

-0.62996705
=0.09200556
0.07942666
~0.18375000
0.07942666
-0.01250000
-0.01250000
0.60708601
0.11500000
0.11500000
-0.05625000
0.07942666

SS

1.2370
1.2370
10.9397
0.69356569

58

R-SQUARE

0.6501
0.2246
0.0738
0.9485

MEAN SQUARE

0.07101984

STD DEV

0.15986295
0.05959200
0.05959200
0.05959200
0.05959200
0.09423746
0.06662387
0.09423746
0.06662387
0.06662387
0.09423746
0.06662387
0.06662387
0.06662387
0.09423746

MEAN SQUARE

0.24739631
0.24739631

2.1879
0.33871314

F-RATIO

31.58
10.91

2.39
13.16

T-RATIO

175.79
2.47
2.47

-10.57

-1.54
0.84
-2.76
0.84
-0.19
-0.19
6.44
1.73
1.73
-0.84
0.84

F-RATIO

3.48
3.48
30.81
1.95

Table E3 — Estimated second-order response surface for experiment 3, variable Y2.

PROB

0.0001
0.0011
0.1070
0.0001

PROB

0.0001
0.0333
0.0333
0.0001
0.1536
0.4190
0.0202
0.4190
0.8549
0.8549
0.0001
0.1150
0.1150
0.4182
0.4190

PROB

0.0441
0.0441
0.0001
0.1720



RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*x1
X1*X2
X2*X2
X1*X3
X2*X3
X3*X3
X1*X4
X2%X4
X3%X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

(=}
o] Eol o AN

[
o

(=)
3

S S S S T T

DF

v b u»oon

3.1904
0.02805514
0.94250446
0.00879361

TYPE I 8§

0.10514005
0.02388504

0
0.12902509

SS

0.00787091

ESTIMATE

3.1036
6.43968E-16
0
0.07250738
0
0.02899740
0
0.02899740
0

0
0.02149514
0

0

0
0.02899740

SS
0.00672436
0.00672436

0.10883504
0.00672436

59

R-SQUARE

0.7680
0.1745
0.0000
0.9425

MEAN SQUARE

0.00078709

STD DEV

0.01682947
0.00627351
0.00627351
0.00627351
0.00627351
0.00992079
0.00701379
0.00992079
0.00701379
0.00701379
0.00992079
0.00701379
0.00701379
0.00701379
0.00992079

MEAN SQUARE

0.00134487
0.00134487
0.02176701
0.00134487

F~RATIO

33.40
7.59
0.00

11.71

T-RATIO

184.42
0.00
0.00

11.56
0.00
2.92
0.00
2.92
0.00
0.00
2.17
0.00
0.00
0.00
2.92

F-RATIO

1.71
1.71
27.66
1.71

Table E4 - Estimated second~order response surface for experiment 3, variable Y3.

PROB

0.0001
0.0045
1.0000
0.0002

PROB

0.0001
1.0000
1.0000
0.0001
1.0000
0.0152
1.0000
0.0152
1.0000
1.0000
0.0555
1.0000
1.0000
1.0000
0.0152

PROB

0.2201
0.2201
0.0001
0.2201



RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1%*X2
X2*X2
X1*X3
X2#*X3
X3*X3
X1*X4
X2%*X4
X3*X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

o
S ~o e

—
o

[
o

el I R S O e N e B o o

DF

(U, IV, RV V]

3425.2800
47.8332
0.99445230
0.01396475

TYPE 1 SS

4033035
52760.8754
15583.5000

4101379

SS

22880.1430

ESTIMATE

3312.7381
16.7010
17.7597

448.2499
-11.9007
47.0501
-20.8750
46.5499
3.1250
1.6250
0.03585625
14.8750
14.8750
-9.1250
47.0501

SS
33950.1284
34191.3528

4019847
28948.3625

60

R-SQUARE

0.9779
0.0128
0.0038
0.9945

MEAN SQUARE

2288.0143

STD DEV

28.6938
10.6962
10.6962
10.6962
10.6962
16.9147
11.9583
16.9147
11.9583
11.9583
16.9147
11.9583
11.9583
11.9583
16.9147

MEAN SQUARE

6790.0257
6838.2706

803969
5789.6725

F-RATIO

440.67
5.76
1.14

128.04

T-RATIO

115.45
1.56
1.66

41.91
-1.11
2.78
-1.75
2.75
0.26
0.14
0.00
1.24
1.24
-0.76
2.78

F~RATIO

2.97
2.99
351.38
2.53

Table E5 - Estimated second-order response surface for experiment 3, variable Y4.

PROB

0.0001
0.0114
0.4087
0.0001

PROB

0.0001
0.1495
0.1278
0.0001
0.2919
0.0194
0.1115
0.0204
0.7991
0.8946
0.9984
0.2419
0.2419
0.4630
0.0194

PROB

0.0674
0.0662
0.0001
0.0992
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Table F1 - Treatment combinations and response data for experiment 4.

0BS

WO~ LW

X1

-1.000
-1.000
-1.000
-1.000
-1.000
=-1.000
-1.000
-1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
~1.414
1.414
0.000
0.000
0.000
0.000
0.000
0.000
0.000

X2

-1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
1.000
-1.000
-1.000
-1.000
~-1.000
1.000
1.000
1.000
1.000
G.000
0.000
-1.414
1.414
0.000
0.000
0.000
0.000
0.000

X3

~1.000
-1.000
1.000
1.000
-1.000
-1.000
1.000
1.000
-1.000
~-1.000
1.000
1.000
~1.000
-1.000
1.000
1.000
0.000
0.000
0.000
0.000
-1.414
1.414
0.000
0.000
0.000

X4

-1.000
1.000
-1.000
1.000
-1.000
1.000
-1.000
1.000
-1.000
1.000
-1.000
1.000
-1.000
1.000
-1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
-1.414
1.414
0.000
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Y1

18.45
18.45
18.10
18.10
18.45
18.45
18.03
18.03
18.45
18.45
18.10
18.10
18.45
18.45
18.03
18.03
17.00
17.00
17.00
17.00
19.68
16.25
17.00
17.00
17.00

Y2

27.82
27.82
27.40
27.40
27.82
27.82
27.50
27.50
27.82
27.82
27.40
27.40
27.82
27.82
27.50
27.50
27.65
27.65
27.65
27.65
27.81
27.55
27.65
27.65
27.65

Y3

OoVwvovuesrVwLOOLWVWOOPRSUUNEPPOOSEDEEULNTLD SN
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Y4

2468
2468
2963
2963
2468
2468
2813
2813
2468
2468
2963
2963
2468
2468
2813
2813
2481
2481
2481
2481
2626
2672
2481
2481
2481



RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2*X2
X1*X3
X2%*X3
X3*X3
X1*X4
X2%X4
X3*X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

&S0

1

(=
b~

—
o

=]
*rj

O S N N el o o

DF

[V NV, IV, IV, |

17.8820
0.60957060
0.73833391
0.03408850

TYPE I SS

3.1484
7.3314
0.00490000
10.4846

SS

3.7158

ESTIMATE

16.5043

0
-0.01400085
-0.39652495
0
0.30990425
0
0.30990425
0
-0.01750000
0.79255001
0

0

0
0.30990425

SS
0.76804664
0.77686688

8.1726
0.76804664

63

R-SQUARE

0.2217
0.5163
0.0003
0.7383

MEAN SQUARE

0.37157632

STD DEV

0.36566383
0.13630825
0.13630825
0.13630825
0.13630825
0.21555483
0.15239265
0.21555483
0.15239265
0.15239265
0.21555483
0.15239265
0.15239265
0.15239265
0.21555483

MEAN SQUARE

0.15360933
0.15537338

1.6345
0.15360933

T-RATIO

45.14
0.00
-0.10
-2.91
0.00
1.44
0.00
1.44
0.00
-0.11
3.68
0.00
0.00
0.00
1.44

Table F2 - Estimated second-order response surface for experiment 4, variable Yl.

PROB

0.1531
0.0186
1.0000
0.1342

PROB

0.0001
1.0000
0.9202
0.0156
1.0000
0.1811
1.0000
0.1811
1.0000
0.9108
0.0043
1.0000
1.0000
1.0000
0.1811

PROB

0.8292
0.8260
0.0223
0.8292



RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1%*X2
X2*X2
X1*X3
X2*X3
X3*X3
X1#*X4
X2*X4
X3*X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

>~ o b

1

o
o

[
(=]

=]
o

o b e e b e e e e o b b

DF

v

27.6428
0.05502935
0.94998829
0.00199073

TYPE I SS

0.56169332
0.00352838
0.01000000
0.57522171

SS

0.03028229

ESTIMATE

27.6692

0
0.02000121
-0.16639205
0
-0.01200036
0
-0.01200036
0
0.02500000
0.00300417
0

0

0
-0.01200036

SS
0.00115165
0.01915214

0.56376502
0.00115165
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R-SQUARE

0.9276
0.0058
0.0165
0.9500

MEAN SQUARE

0.00302823

STD DEV

0.03301052
0.01230531
0.01230531
0.01230531
0.01230531
0.01945934
0.01375734
0.01945934
0.01375734
0.01375734
0.01945934
0.01375734
0.01375734
0.01375734
0.01945934

MEAN SQUARE

0.00023033
0.00383043
0.11275300
0.00023033

F-RATIO

46.37
0.29
0.55

13.57

T-RATIO

838.19
0.00
1.63

-13.52
0.00

-0.62
0.00
-0.62
0.00
1.82
0.15
0.00
0.00
0.00
-0.62

F-RATIO

0.08
1.26
37.23
0.08

Table F3 - Estimated second-order response surface for experiment 4, variable Y2.

PROB

0.0001
0.8771
0.7600
0.0001

PROB

0.0001
1.0060
0.1351
0.0001
1.0000
0.5512
1.0000
0.5512
1.0000
0.0992
0.8804
1.0000
1.0000
1.0000
0.5512

PROB

0.9946
0.3505
0.0001
0.9946



RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RES IDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2%*X2
X1*X3
X2*X3
X3*X3
X1*X4
X2*X4
X3*X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

s

1

=]
i

—
(e]

(=]
xy

R o E T T S Wy

DF

v in

2.8040
0.03604781
0.99048444
0.01285585

TYPE I SS

1.3224
0.00464996
0.02560000

1.3526

SS

0.01299444

ESTIMATE

2.7980
5.32939E-16
-0.03200193

0.25514241
0
-0.00500272
0
-0.00500272
0
-0.04000000
0.02250559
0

0

0
~-0.00500272

S8
0.00020014
0.04628138

1.3315
0.00020014
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R-SQUARE

0.9683
0.0034
0.0187
0.9905

MEAN SQUARE

0.00129944

STD DEV

0.02162404
0.00806078
0.00806078
0.00806078
0.00806078
0.01274713
0.00901195
0.01274713
0.00901195
0.00901195
0.01274713
0.00901195
0.00901195
0.00901195
0.01274713

MEAN SQUARE

.00004002899

0.00925628
0.26630498

.00004002899

F-RATIO

254.41
0.89
3.28

74.35

T-RATIO

129.39
0.00
-3.97
31.65
0.00
-0.39
0.00
-0.39
0.00
~4.44
1.77
0.00
0.00
0.00
-0.39

F-RATIO

0.03
7.12
204.94
0.03

Table F4 - Estimated second-order response surface for experiment 4, variable Y3.

PROB

0.0001
0.5021
0.0472
0.0001

PROB

0.0001
1.0000
0.0026
0.0001
1.0000
0.7030
1.0000
0.7030
1.0000
0.0013
0.1079
1.0000
1.0000
1.0000
0.7030

PROB

0.9994
0.0044
0.0001
0.9994



RESPONSE MEAN

ROOT MSE
R-~SQUARE

COEF OF VARIATION

REGRESSION

LINEAR
QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2%X2
X1*X3
X2*X3
X3*X3
X1*X4
X2*%X4
X3%X4
X4*X4

FACTOR

X1
X2
X3
X4

DF

E S e A S

(=
=

=
[e]

(=]
=

ol e S ol ol el Tl e el e

DF

wvr i b

2620.5200
115.2110
0.85915199
0.04396494

TYPE I SS

604583
182586
22500.0000
809668

SS

132736

ESTIMATE

2408.7224
0
-30.0018
171.2625
0
45.1844
0
45.1844
0
-37.5000
129.2098
0

0

0
45.1844

SS
16327.1122
56828.1995

742595
16327.1122
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R-SQUARE

0.6415
0.1937
0.0239
0.8592

MEAN SQUARE

13273.5762

STD DEV

69.1118
25.7627
25.7627
25.7627
25.7627
40.7406
28.8028
40.7406
28.8028
28.8028
40.7406
28.8028
28.8028
28.8028
40.7406

MEAN SQUARE

3265.4224
11365.6399
148519
3265.4224

F-RATIO

11.39
3.44
0.28
4.36

T-RATIO

34.85
0.00
-1.16
6.65
0.00
1.11
0.00
1.11
0.00
-1.30
3.17
0.00
0.00
0.00
1.11

F-RATIO

0.25
0.86
11.19
0.25

Table F5 - Estimated second-order response surface for experiment 4, variable Y4.

PROB

0.0010
0.0515
0.9323
0.0122

PROB

0.0001
1.0000
0.2712
0.0001
1.0000
0.2934
1.0000
0.2934
1.0000
0.2221
0.0100
1.0000
1.0000
1.0000
0.2934

PROB

0.9325
0.5415
0.0008
0.9325
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Table Gl - Treatment combinations and response data for experiment 5.

OBS F  FsQ X1 X2 X3 X4 Yl Y2 Y3 Y4
1 -1.000 -1.000 -1.000 -1.000 22.70 33.59 1.36 1967
2 1.000 1.000 -1.000 -1.000 21.34 34.88 3.76 5306
3 1.000 -1.000 1.000 -1.000 21.58 34.52 2.23 3148
4 1.000 -1.000 -1.000 1.000 23.17 32.80 1.36 1958
5 ~1.000 1.000 1.000 -1.000 21.33 33.39 3.73 5040
6 ~1.000 1.000 -1.000 1.000 21.89 33.87 2.79 3926
7 ~-1.000 -1.000 1.000 1.000 23.53 34.88 0.75 1171
8 1.000 1.000 1.000 1.000 21.21 34.67 3.63 5053
9 0.000 0.000 0.000 0.000 21.35 34.13 2.54 3511

10 0.000 0.000 0.000 0.000 21.35 34.13 2,54 3511
11 0.000 0.000 0.000 0.000 21.35 34.13 2.54 3511
12 0.000 0.000 0.000 0.000 20.19 32.70  3.15 3940
13 0.000 0.000 0.000 0.000 20.19 32,70  3.15 3940
14 0.000 0.000 0.000 0.000 20.19 32.70  3.15 3940

1.000 ~-1.000 -1.000 -1.000 20.74 32.70 2.23 2864
~1.000 1.000 -1.000 -1.000 20.51 32.70 3.58 4557
~1.000 -1.000 1.000 -1.000 21.16 32.70 1.84 2413
-1.000 -1.000 -1.000 1.000 23.17 32.69 0.75 1080

1.000 1.000 1.000 -1.000 21.19 32.70 3.79 4978

1.000 1.000 -1.000 1.000 20.00 32.70 3.63 4496

1.000 -1.000 1.000 1.000 21.00 32.70 1.84 2394
-1.000 1.000 1.000 1.000 20.08 32.63 3.15 3913
-1.712 0.000 0.000 0.000 19.98 28.28 2.23 2398

1.712 0.000 0.000 0.000 20.50 28.19 3.28 3932

0.000 -1.712 0.000 0.000 20.35 28.46 1.36 1502

0.000 1.712 0.000 0.000 20.53 28.17 3.76 4131

0.000 0.000 =-1.712 0.000 20.22 27.99 2.54 2737

0.000 0.000 1.712 0.000 20.54 28.23 3.15 3468

0.000 0.000 0.000 -1.712 20.87 28.49  3.63 4093

0.000 0.000 0.000 1.712 19.92 27.99 2.54 2698
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RESPONSE MEAN
ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

COVARIATE
LINEAR
QUADRATIC
CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

LACK OF FIT
PURE ERROR 1)
TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2*X2
X1*X3
X2*X3
X3*X3
X1*X4
X2%X4
X3*X4
X4*X4
F

FSQ

FACTOR

X1
X2
X3
X4

DF

o KAl SN S )

DF

W &~

[
[

N N el e e T N R N e N

DF

vy n

21.0710
0.56866813
0.85219756
0.02698819

TYPE 1 SS

12.4233
4.6721
2.6152
4.5287

24.2393

SS

4.2040
1.70530E-13
4.2040

ESTIMATE

21.7386
-0.14864956
-0.42045042
-0.08655062

0.08570166
0.14965311
0.25000000
0.21789051
0.11875000
0.16125000
0.19741929
-0.15250000
-0.36750000
~0.14875000
0.20253709
~0.76567608
0.35977847

SS

2.4671
8.2605
1.8317
3.7552

1) See footnote at bottom of Table B2.
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R-SQUARE

0.4368
0.1643
0.0919
0.1592
0.8522

MEAN SQUARE

F-RATIO

19.21
3.61
2.02
2.33
4.68

F-RATIO

0.46710942310050.840

4.26326E-14
0.32338344

STD DEV

0.37125626
0.12162282
0.12162282
0.12162282
0.12162282
0.13692524
0.14216703
0.13692524
0.14216703
0.14216703
0.13692524
0.14216703
0.14216703
0.14216703
0.13692524
0.13212081
0.21645878

MEAN SQUARE

0.49341964

1.6521
0.36633825
0.75103003

T-RATIO

58.55
-1.22
-3.46
-0.71
0.70
1.09
1.76
1.59
0.84
1.13
1.44
-1.07
~2.58
=-1.05
1.48
-5.80
1.66

F-RATIO

1.53
5.11
1.13
2.32

Table G2 - Estimated second—order response surface for experiment 5, variable Yl.

PROB

0.0010
0.0343
0.1506
0.0944
0.0038

PROB

0.0001

PROB

0.0001
0.2433
0.0043
0.4893
0.4935
0.2943
0.1022
0.1356
0.4186
0.2772
0.1730
0.3029
0.0226
0.3145
0.1629
0.0001
0.1204

PROB

0.2487
0.0083
0.3913
0.1026



RESPONSE MEAN
ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

COVARIATE
LINEAR
QUADRATIC
CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

LACK OF FIT
PURE ERROR 1)
TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2*X2
X1*X3
X2*X3
X3*X3
X1*X4
X2%X4
X3%X4
X4%X4
F

FSQ

FACTOR

X1
X2
X3
X4

DF

[ W= W SR O N}

DF

w & o

(=
b e b e s b e e e b e s e

(=]
o

(WU, R, )

32.0137
0.23697804
0.99575055
0.00740240

TYPE 1 SS

167.3271
0.44304738
0.04790909

3.2534

171.0714

SS

0.73006171
2.27374E~13
0.73006171

ESTIMATE

38.5812
0.04875700
0.02120219
0.12217060

-0.05013291
-0.00471313
0.21875000
0.02258183
0.04750000
=0.23625000
~0.04736151
-0.22625000
0.04000000
0.21125000
-0.00300719
~2.9324

-1.5351

SS

1.6731
1.7029
2.0081
1.6138

1) See footnote at bottom of Table B2.
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R-SQUARE  F~RATIO
0.9740 1489.77
0.0026 1.97
0.0003 0.21
0.0189 9.66
0.9958  190.39

MEAN SQUARE  F-RATIO

0.08111797381519.493
5.68434E-14
0.05615859
STD DEV  T-RATIO
0.15471165  249.37
0.05068323 0.96
0.05068323 0.42
0.05068323 2.41
0.05068323 -0.99
0.05706013 -0.08
0.05924451 3.69
0.05706013 0.40
0.05924451 0.80
0.05924451 -3.99
0.05706013 -0.83
0.05924451 -3.82
0.05924451 0.68
0.05924451 3.57
0.05706013 -0.05
0.05505800  =53.26
0.09020372  -17.02
MEAN SQUARE  F-RATIO
0.33462084 5.96
0.34057466 6.06
0.40162866 7.15
0.32275033 5.75

Table G3 - Estimated second-order response surface for experiment 5, variable Y2.

PROB

0.0001
0.1583
0.9264
0.0004
0.0001

PROB

0.0001

PROB

0.0001
0.3536
0.6825
0.0315
0.3406
0.9354
0.0027
0.6987
0.4371
0.0015
0.4215
0.0021
0.5114
0.0035
0.9588
0.0001
0.0001

PROB

0.0044
0.0041
0.0020
0.0052



RESPONSE MEAN
ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESSION

COVARIATE
LINEAR
QUADRATIC
CROSSPRODUCT
TOTAL REGRESS

RESIDUAL

LACK OF FIT
PURE ERROR 1)
TOTAL ERROR

PARAMETER

INTERCEPT
X1

X2

X3

X4
X1*X1
X1*X2
X2%X2
X1*X3
X2*X3
X3*X3
X1*X4
X2* X4
X3*X4
X4*X4
F

FSQ

FACTOR

X1
X2
X3
X4

DF

[ B N SR AN

DF

DF

[ I S S Sy T R e A e Y i a

DF

Lo Uon

2.6660
0.22857232
0.97222054
0.08573605

TYPE I SS

0.64746886
21.9946
0.72808977
0.39997500
23.7701

SS

0.67918895
0
0.67918895

ESTIMATE

2.6452
0.28897779
0.90608826
0.11638153

-0.29668435
-0.09887927
-0.08750000
-0.16541073
-0.03000000
-0.02625000
-0.06817244
0.09500000
0.08125000
0.01125000
0.01371244
0.16876844
-0.10668611

SS

2.2756
18.6596
0.40372384
2.1796

1) See footnote at bottom of Table B2.

71

R-SQUARE

0.0265
0.8996
0.0298
0.0164
0.9722

MEAN SQUARE

0.07546544
0
0.05224530

STD DEV

0.14922395
0.04888547
0.04888547
0.04888547
0.04888547
0.05503618
0.05714308
0.05503618
0.05714308
0.05714308
0.05503618
0.05714308
0.05714308
0.05714308
0.05503618
0.05310507
0.08700415

MEAN SQUARE

0.45511726

3.7319
0.08074477
0.43592233

F-RATIO

6.20
105.25
3.48
1.28
28.44

F~RATIO

9999.990

T-RATIO

17.73
5.91
18.53
2.38
-6.07
-1.80
-1.53
-3.01
~0.52
-0.46
-1.24
1.66
1.42
0.20
0.25
3.18
-1.23

F-RATIO

8.71
71.43
1.55
8.34

Table G4 - Estimated second-order response surface for experiment 5, variable Y3.

PROB

0.5394
0.0001
0.0383
0.3332
0.0001

PROB

0.0001

PROB

0.0001
0.0001
0.0001
0.0333
0.0001
0.0957
0.1497
0.0101
0.6084
0.6536
0.2374
0.1203
0.1786
0.8470
0.8071
0.0073
0.2419

PROB

0.0008
0.0001
0.2432
0.0010



Table G5 - Estimated second-order response surface for experiment 5, variable Y4.

RESPONSE MEAN 3385.8667

ROOT MSE 363.2595

R~SQUARE 0.95622982

COEF OF VARIATION 0.10728701

REGRESSION DF TYPE I SS R-SQUARE  F-RATIO PROB
COVARIATE 2 779588 0.0199 2.95 0.0001
LINEAR 4 35492141 0.9056 67.24 0.0001
QUADRATIC 4 8274717 0.0211 1.57 0.2411
CROSSPRODUCT 6 377494 0.0096 0.48 0.8140
TOTAL REGRESS 16 37476700 0.9562 17.75 0.0001
RES IDUAL DF SS MEAN SQUARE  F-RATIO PROB
LACK OF FIT 9 1715447 190605 9999.990 0.0001
PURE ERROR 1) 4 0 0

TOTAL ERROR 13 1715447 131957

PARAMETER DF ESTIMATE STD DEV  T-RATIO PROB
INTERCEPT 1 4086.3912 237.1548 17.23 0.0001
X1 1 400.5239 77.6914 5.16 0.0002
X2 1 1133.2438 77.6914 14.59 0.0001
X3 1 146.7152 77.6914 1.89 0.0815
X4 1 =-396.5915 77.6914 -5.10 0.0002
X1*X1 1 -68.1039 87.4665 -0.78 0.4501
X1*X2 1 -83.5000 90.8149 -0.92 0.3746
X2*X2 1 -187.0076 87.4665 -2.14 0.0521
X1*X3 1 -3.6250 90.8149 -0.04 0.9688
X2*X3 1 -34.8750 90.8149 -0.38 0.7072
X3*X3 1 -89.4281 87.4665 -1.02 0.3252
X1*X4 1 93.2500 90.8149 1.03 0.3232
X2*X4 1 81.0000 90.8149 0.89 0.3886
X3*X4 1 11.6250 90.8149 0.13 0.9001
X4*X4 1 10.5397 87.4665 0.12 0.9059
F 1 -171.0592 84.3975 -2.03 0.0637
FSQ 1 -208.6047 138.2717 -1.51 0.1553
FACTOR DF SS MEAN SQUARE  F-RATIO PROB
X1 5 3837967 767593 5.82 0.0049
X2 5 28915145 5783029 43.82 0.0001
X3 5 630361 126072 0.96 0.4790
X4 5 3686727 737345 5.59 0.0058

1) See footnote at bottom of Table B2.

72



APPENDIX H

Data and detailed analysis for Experiment 6

73



Table H1 ~ Treatment combinations and response data for experiment 6.

OBS

VOO NS WN

F
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FSQ

H R R R R R RO 00000000000 COO0OCOOHKMIRERRIMRRRRPR KM@ B - =

X1

-1.000
1.000
1.000

-1.000

-1.000

-1.000

-1.000
1.000
1.000
1.000
1.000
1.000
1.000

-1.000

-1.000

-1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.000

-1.000

~1.000
1.000
1.000
1.000
1.000

-1.000

-1.000

-1.000

-1.000

-1.000

-1.000
1.000
1.000
1.000

-2.228
2.228
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

X2

-1.000
1.000
-1.000
1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.008
0.000
-1.000
1.000
-1.000
1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
0.000
0.000
-2.228
2.228
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

X3

-1.000
-1.000
1.000
1.000
-1.000
-1.000
-1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-1.000
-1.000
1.000
1.000
-1.000
-1.000
-1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.000
0.000
0.000
0.000
-2.228
2.228
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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X4

-1.000
-1.000
-1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-1.000
-1.000
-1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
~-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
0.000
0.000
0.000
0.000
0.000
0.000
-2.228
2.228
0. 000
0.000
0.000
0.000
0.000

X5

-1.000
-1.000
-1.000
~1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.000
1.000
1.000
1.000
-1.000
1.000
-1.000
=-1.000
1.000
=1.000
-1.000
1.000
-1.000
-1.000
1.000
-1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-2.228
2.228
0.000
0.000
0.000

X6

-1.000
-1.000
-1.000
-1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-1.000
-1.000
-1.000
-1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-2.228
2.228
0.000

Y4

2814
3572
3315
4745
1789
3267
2841
2272
4135
3607
2110
3847
3352
3031
5532
4793
3511
3511
3511
3511
3511
3940
3940
3940
3940
3940
2444
3165
3000
4171
2690
2852
4454
3411
3531
5761
3257
3397
5512
4538
4743
7608
2713
3648
2310
4213
2370
3898
3207
3257
4438
2835
2273
4502
3388



Table H2 — Estimated second-order response surface for experiment 6,

variable Y4.

RESPONSE MEAN 3633.8727

ROOT MSE 277.8091

R-SQUARE 0.96561784

COEF OF VARIATION 0.07644988

REGRESSION DF TYPE I SS R-SQUARE  F-RATIO PROB
COVARIATE 2 5002448 0.0891 32.41 0.0001
LINEAR 6 45802681 0.8162 98.91 0.0001
QUADRATIC 6 337359 0.0060 0.73 0.6310
CROSSPRODUCT 15 3045765 0.0543 2.63 0.0157
TOTAL REGRESS 29 54188252 0.9656 24.21 0.0001
RESIDUAL DF §S MEAN SQUARE  F-RATIO PROB
LACK OF FIT 17 1929448 113497 9999.990 0.0001
PURE ERROR 1) 8 0 0

TOTAL ERROR 25 1929448  77177.9053

PARAMETER DF ESTIMATE STD DEV . T-RATIO PROB
INTERCEPT 1 4153.8564 136.7171 30.38 0.0001
X1 1 46.4411 42.9037 1.08 0.2894
X2 1 522.6555 42.9037 12.18 0.0001
X3 1 423.3543 42.9037 9.87 0.0001
X4 1 -253.7829 42.9037 -5.92 0.0001
X5 1 -499.2249 42.9037 -11.64 0.0001
X6 1 569.4102 42.9037 13.27 0.0001
X1*X1 1 -24.7878 39.5583 -0.63 0.5366
X1*X2 1 46.5625 49.1102 0.95 0.3521
X2*X2 1 -8.4703 39.5583 -0.21 0.8322
X1*X3 1 30.3125 49.1102 0.62 0.5427
X2*X3 1 158.3750 49.1102 3.22 0.0035
X3*X3 1 -34.1553 39.5583 -0.86 0.3961
X1*X4 1 2.5000 49.1102 0.05 0.9598
X2*X4 1 -53.3125 49.1102 ~-1.09 0.2880
X3*X4 1 -41.5625 49.1102 -0.85 0.4054
X4*X4 1 -14.4131 39.5583 -0.36 0.7187
X1*X5 1 4.5000 49,1102 0.09 0.9277
X2*X5 1 -81.8125 49.1102 -1.67 0.1082
X3*X5 1 -67.3125 49.1102 -1.37 0.1827
X4*X5 1 108.0000 49.1102 2.20 0.0373
X5*X5 1 67.0739 39.5583 1.70 0.1024
X1*X6 1 2.0000 49.1102 0.04 0.9678
X2*X6 1 84.4375 49.1102 1.72 0.0979
X3*X6 1 72.6875 49.1102 1.48 0.1513
X4*Xo 1 ~78.0000 49.1102 -1.59 0.1248
X5%X6 1 -145.0000 49.1102 ~-2.95 0.0068
X6*X6 1 16.9125 39.5583 0.43 0.6727
F 1 -72.1796 49.0202 -1.47 0.1534
FSQ 1 -627.2748 77.9623 -8.05 0.0001
FACTOR DF SS MEAN SQUARE  F-RATIO PROB
X1 7 220490  31498.5679 0.41 0.8881
X2 7 12862260 1837466 23.81 0.0001
X3 7 8773624 1253375 16.24 0.0001
X4 7 3425013 489288 6.34 0.0002
X5 7 12077272 1725325 22.36 0.0001
X6 7 14873164 2124738 27.53 0.0001

1) See footnote at bottom of Table B2.
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Table Il - Treatment combinations and response data for experiment 7.

OBS

WO NS WM

F

WWWWwW WWWRNRRNRNDBNDNDBRNDDNOR R RN b b s b b b

FsQ

PP REEFRFQOOOOCO00O0OC OO FHRIRR PR M

X1

-1.000
1.000
1.000
1.000

-1.000

-1.000

-1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
1.000

-1.000

-1.000

-1.000
1.000
1.000
1.000

-1.000

-1.712
1.712
0.000
0.000
0.000
0.000
0.000
0.000

X2

-1.000
1.000
-1.000
-1.000
1.000
1.000
-1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
-1.000
1.000
-1.000
-1.000
1.000
1.000
-1.000
1.000
0.000
0.000
-1.712
1.712
0.000
0.000
0.000
0.000
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X3

-1.000
-1.000
1.000
-1.000
1.000
-1.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
-1.000
-1.000
1.000
-1.000
1.000
-1.000
1.000
1.000
0.000
0.000
0.000
0.000
-1.712
1.712
0. 000
0.000

X4

=-1.000
-1.000
-1.000
1.000
~1.000
1.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
~-1.000
-1.000
~1.000
1.000
~-1.000
1.000
1.000
1.000
0.0060
0.000
0.000
0.000
0.000
0.000
-1.712
1.712

Y4

2679
2532
1951
2536
3296
4642
4329
4132
3511
3511
3511
3940
3940
3940
1995
4507
3169
4342
3120
4250
3310
7037
4900
2597
2478
4412
3088
3480
2273
4502



Table 12 — Estimated second-order response surface for experiment 7, variable Yé4.

RESPONSE MEAN 3597.0000

ROOT MSE 298.5682

R-SQUARE 0.96418121

COEF OF VARIATION 0.08300479

REGRESSION DF TYPE 1 SS R-SQUARE F-RATIO PROB
COVARIATE 2 2363152 0.0730 13.25 0.0001
LINEAR 4 27344810 0.8452 76.69 0.0001
QUADRATIC 4 293134 0.0091 0]82 0.5339
CROSSPRODUCT 6 1193428 0.0369 2.23 0.1061
TOTAL REGRESS 16 31194523 0.9642 21.87 0.0001
RESIDUAL DF SS MEAN SQUARE F-RATIO  PROB
LACK OF FIT 9 1158859 128762  9999.990 0.0001
PURE ERROR 1) 4 0 0

TOTAL ERROR 13 1158859  89142.9980

PARAMETER DF ESTIMATE STD DEV T-RATIO PROB
INTERCEPT 1 3903.1873 194.9209 20.02 0.0001
X1 1 -645.7693 63.8557 -10.11 0.0001
X2 1 572.5035 63.8557 8.97 0.0001
X3 1 161.5645 63.8557 2.53 0.0251
X4 1 692.7603 63.8557 10.85 0.0001
X1*X1 1 68.4719 71.8900 0.95 0.3582
X1*X2 1 -45.0625 74.6421 -0.60 0.5564
X2*X2 1 -35.0783 71.8900 -0.49 0.6337
X1*X3 1 -28.8125 74,6421 -0.39 0.7057
X2%X3 1 27.9375 74.6421 0.37 0.7142
X3*X3 1 -90.0095 71.8900 -1.25 0.2326
X1*X4 1 -129.3125 74.6421 -1.73 0.1068
X2%X4 1 117.6875 74.6421 1.58 0.1389
X3*X4 1 200.9375 74,6421 2.69 0.0185
X4*X4 1 -54.6966 71.8900 -0.76 0.4603
F 1 68.4291 69.3675 0.99 0.3419
FSQ 1 -560.6618 113.6475 ~4.93 0.0003
FACTOR DF SS MEAN SQUARE F-RATIO  PROB
X1 5 9510988 1902198 21.34 0.0001
X2 5 7453267 1490653 16.72 0.0001
X3 5 1382189 276438 3.10 0.0464
X4 5 11678658 2335732 26.20 0.0001

1) See footnote at bottom of Table B2.
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Table J1 - Treatment

OBS

WO LS WM
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X1

~-1.000
1.000
1.000
-1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
1.000
1.000
1.000
=1.000
-1.000
-1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.000
-1.000
~-1.000
1.000
1.000
1.000
1.000
-1.000
-1.000
~1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
-2.228
2.228
6.000
0.000
0.000
0.000
6.000
0.000
0.000
0.000
0.000
0.000
0.000

combinations and response data for experiment

X2

-1.000
1.000
-1.000
1.000
-1.000
-1.000
~1.000
1.000
1.000
1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-1.060
1.000
-1.000
1.000
-1.000
~1.000
-1.000
1.000
1.000
1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
0.000
0.000
2.228
2.228
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0. 000

X3

-1.000
-1.000
1.000
1.000
-1.000
-1.000
-1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-1.000
-1.000
1.000
1.000
-1.000
-1.000
-1.000
-1.000
-1.000
-1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.000
0.000
0.000
0.000
-2.228
2.228
0.000
0.000
0.000
0.000
0.000
0.000
0.000

X4

-1.000
-1.000
-1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
=1.000
-1.000
-1.000
=1.000
1.000
1.000
~1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
0.000
0.000
0.000
0.000
0.000
0.000
-2.228
2.228
0.000
0.000
0.000
0.000
0.000
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X5

-1.000
-1.000
-1.000
-1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
~1.000
1.000
1.000
-1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.000
1.000
1.000
1.000
-1.000
1.000
-1.000
-1.000
1.000
-1.000
-1.000
1.000
-1.000
-1.000
1.000
-1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-2.228
2.228
0.000
0.000
0.000

X6

-1.000
~1.000
-1.000
-1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
~1.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0. 000
0.000
0.000
0.000
-1.000
-1.000
-1.000
=-1.000
=-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
-1.000
1.000
1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-2.228
2.228
0.000

Y1

15.34
20.91
19.58
28.59
15.34
15.34
15.34
20.91
20.91
20.91
19.58
19.58
19.58
28.59
28.59
28.59
21.35
21.35
21.35
21.35
21.35
20.19
20.19
20.19
20.19
20.19
14.87
19.47
21.48
26.33
14.87
14.87
14.87
19.47
19.47
19.47
21.48
21.48
21.48
26.33
26,33
26.33
20.35
20.53
13.69
24.93
13.46
26.66
20.06
20.06
20.06
20.06
20.06
20.06
20.06

Y2

30.21
28.87
28.87
30.21
27.99
28.03
45.87
27.09
27.55
43.25
27.44
28.03
43.73
27.99
28.03
45.87
34.13
34.13
34.13
34.13
34.13
32.70
32.70
32.70
32.70
32.70
37.37
37.39
37.39
37.37
21.57
36.30
37.06
22.07
36.75
37.54
22.07
36.75
37.54
21.57
36.30
37.06
28.46
28.17
28.23
28.23
28.23
28.23
40.86
21.43
20.48
36.84
18.94
37.52
28.23

Y3

1.36
3.58
3.58
1.36
1.36
1.36
1.36
3.58
3.58
3.58
3.58
3.58
3.58
1.36
1.36
1.36
2.54
2.54
2.54
2.54
2.54
3.15
3.15
3.15
3.15
3.15
3.58
1.84
1.84
3.58
3.58
3.58
3.58
1.84
1.84
1.84
1.84
1.84
1.84
3.58
3.58
3.58
1.36
3.76
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15
3.15

Y4

1190
4104
3837
2222
1103
1105
1808
3847
3909
6146
3651
3727
5820
2058
2059
3374
3511
3511
3511
3511
3511
3940
3940
3940
3940
3940
3768
2535
2793
6676
2186
3677
3747
1503
2502
2550
1660
2763
2811
3864
6500
6625
1502
4131
2310
4213
2273
4502
4900
2597
2478
4412
2273
4502
3388



Table J2 - Estimated second-order response surface for experiment 8, variable Yl.

RESPONSE MEAN
ROOT MSE

R-SQUARE

COEF OF VARIATION

REGRESSION DF
COVARIATE 2
LINEAR 6
QUADRATIC 6
CROSSPRODUCT 15
TOTAL REGRESS 29

RESIDUAL DF
LACK OF FIT 17
PURE ERROR 1) 8
TOTAL ERROR 25

PARAMETER DF
INTERCEPT 1
X1 1
X2 1
X3 1
X4 1
X5 1
X6 1
X1*xX1 1
X1*X2 1
X2%X2 1
X1*X3 1
X2*X3 1
X3*X3 1
X1*X4 1
X2%X4 1
X3*X4 1
X4*X4 1
X1*X5 1
X2*X5 1
X3*X5 1
X4*X5 1
X5*%X5 1
X1*X6 1
X2*X6 1
X3*X6 1
X4*X6 1
X5*X6 1
X6*X6 1
F 1
FSQ 1

FACTOR D
X1
X2
X3
X4
X5
X6

NN N NN

20.6185
0.41149728
0.99471760
0.01995763

TYPE I SS
11.7204
762.8842
1.3825
21.1677
797.1548

SS
4.2333

-1.13687E-13

4,2333

ESTIMATE
21.5834
-0.29476649
2.8898
3.1237
1.69467E-16

~1.69467E-16

1.69467E-16
0.09591051
0.19375000
-0.13172923
-0.64125000
0.46125000
0.01935909
0
1.11022E-16
1.11022E-16
0.01935909
0

0

0
2.22045E-16
0.01935909

-1.11022E-16

0
0

~-2.22045E-16

2.22045E-16
0.01935509
-0.58016535
0.12840608

SS

18.4564
358.9991
429.0922
0.01848362
0.01848362
0.01848362

1) See footnote at bottom of Table B2.
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R-SQUARE
0.0146
0.9520
0.0017
0.0264
0.9947

MEAN SQUARE
0.24901472

-1.42109E-14

0.16933001

STD DEV
0.20250849
0.06354993
0.06354993
0.06354993
0.06354993
0.06354993
0.06354993
0.05859473
0.07274313
0.05859473
0.07274313
0.07274313
0.05859473
0.07274313
0.07274313
0.07274313
0.05859473
0.07274313
0.07274313
0.07274313
0.07274313
0.05859473
0.07274313
0.07274313
0.07274313
0.07274313
0.07274313
0.05859473
0.07260989
0.11547956

MEAN SQUARE
2.6366
51.2856
61.2989
0.00264052
0.00264052
0.00264052

F-RATIO
34.61
750.89
1.36
8.33
162.33

F-RATIO
9999.990

T-RATIO
106.58
-4.64
45.47
49.15
0.00
-0.00
0.00

1.64°

2.66
-2.25
-8.82

6.34

0.33

0.00

0.00

0.00

0.33

0.00

0.00

0.00

0.00

0.33
-0.00

0.00

0.00
-0.00

0.00

0.33
-7.99

1.11

F-RATI0
15.57
302.87
362.01
0.02
0.02
0.02

PROB
0.0003
0.0001
0.2687
0.0001
0.0001

PROB
0.0001

PROB
0.0001
0.0001
0.0001
0.0001
1.0000
1.0000
1.0000
0.1142
0.0133
0.0336
0.0001
0.0001
0.7439
1.0000
1.0000
1.0000
0.7439
1.0000
1.0000
1.0000
1.0000
0.7439
1.0000
1.0000
1.0000
1.0000
1.0000
0.7439
0.0001
0.2767

PROB
0.0001
0.0001
0.0001
1.0000
1.0000
1.0000




RESPONSE MEAN

ROOT MSE
R-SQUARE

COEF OF VARIATION

REGRESS ION
COVARIATE
LINEAR

QUADRATIC

CROSSPRODUCT
TOTAL REGRESS

RESIDUAL
LACK OF FIT

PURE ERROR 1)

TOTAL ERROR

PARAMETER
INTERCEPT
X1
X2

X3

X4

X5

X6
X1*X1
X1*X2
X2*X2
X1*X3
X2%X3
X3*X3
X1*X4
X2%X4
X3* X4
X4*X4
X1*X5
X2*X5
X3*X5
X4*X5
X5%X5
X1*X6
X2*X6
X3*X6
X4*X6
X5*%X6
X6*X6
F

FSQ

FACTOR
X1
X2
X3
X4
X5
X6

DF

15
29

DF
17

25

(=]

o e b e b e e e b e e b b b b b b b e e o b e b e e

NN N NN T

31.9842
0.76114739
0.99346138
0.02379762

TYPE I SS
178.0563
2001.8261
15.2862
5.4393
2200.6079

SS
14.4836

-9.09495E-13

14.4836

ESTIMATE
37.5659
-0.30805500
-0.03124406
0.03124406
-4.3732
3.6973
3.8539
~0.17651311
-0.04093750
-0.19363645
0.04093750
0.20218750
~0.19363645
0.14406250
-0.01093750
0.01093750
0.39359348
=-0.06343750
-0.01093750
0.01093750
-0.09968750
~0.10701248
-0.06031250
-0.01906250
0.01906250
=0.00906250
0.29343750
-0.19363645
-2.0417
-2.3236

SS
6.5321
3.2712
3.2712

810.5057
576.9296
627.4843

1) See footnote at bottom of Table B2.
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R-SQUARE
0.0804
0.9037
0.0069
0.0025
0.9935

MEAN SQUARE
0.85197845

-1.13687E-13

0.57934535

STD DEV
0.37458038
0.11754844
0.11754844
0.11754844
0.11754844
0.11754844
0.11754844
0.10838279
0.13455312
0.10838279
0.13455312
0.13455312
0.10838279
0.13455312
0.13455312
0.13455312
0.10838279
0.13455312
0.13455312
0.13455312
0.13455312
0.10838279
0.13455312
0.13455312
0.13455312
0.13455312
0.13455312
0.10838279
0.13430667
0.21360280

MEAN SQUARE
0.93315373
0.46731800
0.46731800

115.7865
82.4185
89.6406

F-RATIO
153.67
575.89

4.40
0.63
130.98

F-RATIO
9999.990

T-RATI10
100.29
-2.62
-0.27
0.27
-37.20
31.45
32.79
-1.63
-0.30
-1.79
0.30
1.50
-1.79
1.07
-0.08
0.08
3.63
-0.47
~0.08
0.08
-0.74
-0.99
-0.45
-0.14
0.14
-0.07
2.18
~1.79
=15.20
-10.88

F-RAT10
1.61
0.81
0.81

199.86
142.26
154.73

Table J3 ~ Estimated second-order response surface for experiment 8, variable Y2.

PROB
0.0001
0.00601
0.0036
0.8263
0.0001

PROB
0.0001

PROB
0.0001
0.0147
0.7926
0.7926
0.0001
0.0001
0.0001
0.1159
0.7635
0.0861
0.7635
0:1455
0.0861
0.2945
0.9359
0.9359
0.0013
0.6414
6.9359
0.9359
0.4657
0.3329
0.6578
0.8885
0.8885
0.9468
0.0388
0.0861
0.0001
0.0001

PROB
0.1785
0.5898
0.5898
0.0001
0.0001
0.0001



Table J4 - Estimated second-order response surface for experiment 8, variable Y3.

RESPONSE MEAN 2.7473

ROOT MSE 0.26948215

R-SQUARE 0.95325208

COEF OF VARIATION 0.09809079

REGRESS ION DF TYPE 1 SS R~SQUARE = F-RATIO PROB
COVARIATE 2 2,7870 0.0718 19.19 0.0808
LINEAR 6 32.6993 0.8420 75.05 0.0001
QUADRATIC 6 1.0737 0.0276 2.46 0.0520
CROSSPRODUCT 15 0.46080000 0.0119 0.42 0.9568
TOTAL REGRESS 29 37.0208 0.9533 17.58 0.0001
RES IDUAL DF SS MEAN SQUARE F-RATIO PROB
LACK OF FIT 17 1.8155 0.10679504 9999.990 0.0001
PURE ERROR 1) 8 -7.10543E-15 -8.88178E-16

TOTAL ERROR 25 1.8155 0.07262063

PARAMETER DF ESTIMATE STD DEV  T-RATIO PROB
INTERCEPT 1 2.4281 0.13261916 18.31 0.0001
X1 1  0.88311458 0.04161770 21.22 0.0001
X2 1 0 0.04161770 0.00 1.0000
X3 1 2.64793E-17 0.04161770 0.00 1.0000
X4 1 0 0.04161770 0.00 1.0000
X5 1 0 0.04161770 0.00 1.0000
X6 1 0 0.04161770 0.00 1.0000
X1*X1 1 -0.13980921 0.03837263 -3.64 0.0012
X1*X2 1 3.46945E-17 0.04763816 0.00 11.0000
X2%X2 1 -0.02095307 0.03837263 -0.55 0.5899
X1*X3 1 . 0 0.04763816 0.00 1.0000
X2*X3 1 -0.12000000 0.04763816 -2.52 0.0185
X3*X3 1 -0.02095307 0.03837263 -0.55 0.5899
X1*X4 1 0 0.04763816 0.00 1.0000
X2*X4 1 0 0.04763816 0.00 1.0000
X3*X4 1 : 0 0.04763816 0.00 1.0000
X4*X4 1 -0.02095307 0.03837263 -0.55 0.5899
X1*X5 1 0 0.04763816 0.00 1.0000
X2*X5 1 0 0.04763816 0.00 1.0000
X3*X5 1 0 0.04763816 0.00 1.0000
X4*X5 1 0 0.04763816 0.00 1.0000
X5*%X5 1 -0.02095307 0.03837263 -0.55 0.5899
X1*X6 1 0 0.04763816 0.00 1.0000
X2*X6 1 0 0.04763816 0.00 1.0000
X3*X6 1 0 0.04763816 0.00 1.0000
X4*X6 1 0 0.04763816 0.00 1.0000
X5*%X6 1 0 0.04763816 0.00 1.0000
X6*X6 1 -0.02095307 0.03837263 -0.55 0.5899
F 1 0.28650034 0.04755091 6.03 0.0001
FSQ 1 -0.04159489 0.07562549 -0.55 0.5872
FACTOR DF SS MEAN SQUARE  F-RATIO PROB
X1 7 33.6633 4.8090 66.22 0.0001
X2 7 0.48245270 0.06892181 0.95 0.4880
X3 7 0.48245270 0.06892181 0.95 0.4880
X4 7 0.02165270 0.00309324 0.04 1.0000
X5 7 0.02165270 0.00309324 0.04 1.0000
X6 7 0.02165270 0.00309324 0.04 1.0000

1) See footnote at bottom of Table B2.
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Table J5 -~ Estimated second-order response surface for experiment 8, variable Y4.

RESPONSE MEAN 3397.3818

ROOT MSE 351.8185

R~SQUARE 0.96832552

COEF OF VARIATION 0.10355576

REGRESS ION DF  TYPE I SS R-SQUARE  F-RATIO  PROB
COVARIATE 2 1705333 0.0175 6.89 0.0001
LINEAR 6 85810457 0.8784  115.55 0.0001
QUADRATIC 6 2130833 0.0218 2.87 0.0288
CROSSPRODUCT 15 4952936 0.0507 2.67 0.0146
TOTAL REGRESS 29 94599559 0.9683 26.35 0.0001
RES IDUAL DF SS MEAN SQUARE F-RATIO  PROB
LACK OF FIT 17 3094406 182024 9999.990 0.0001
PURE ERROR 1) 8 0 0

TOTAL ERROR 25 3094406 123776

PARAMETER DF ESTIMATE STD DEV T-RATIO  PROB
INTERCEPT 1 3773.2471 173.1390 21.79 0.0001
X1 1 1047.1629 54.3334 19.27 0.0001
X2 1 454.7772 54,3334 8.37 0.0001
X3 1 470.4786 54,3334 8.66 0.0001
X4 1 -453.7087 54,3334 -8.35 0.0001
X5 1 387.1152 54,3334 7.12  0.0001
X6 1 407.6566 54.3334 7.50  0.0001
X1*X1 1 - -169.3868 50.0968 -3.38 0.0024
X1*X2 1 240.2500 62.1933 3.86 0.0007
X2%X2 1 -79.7411 50.0968 -1.59 0.1240
X1*X3 1 121.0000 62.1933 1.95 0.0630
X2*X3 1 -68.6250 62.1933 -1.10 0.2804
X3*X3 1 -54.3582 50.0968 -1.09 0.2882
X1*X4 1 -151.0000 62.1933 -2.43 0.0227
X2%X4 1 -65.2500 62.1933 -1.05 0.3041
X3*X4 1 -58.1250 62.1933 -0.93 0.3589
X4*X4 1 18.3656 50.0968 0.37 0.7170
X1*X5 1 132.8125 62.1933 2.14  0.0427
X2%X5 1 52.5625 62.1933 0.85 0.4060
X3*X5 1 54.3125 62.1933 0.87 0.3908
X4*X5 1 7.9375 62.1933 0.13 0.8995
X5*X5 1 ~42.7748 50.0968 -0.85 0.4013
X1*X6 1 134.6875 62.1933 2.17 0.0401
X2* X6 1 49.5625 62.1933 0.80 0.4330
X3*X6 1 53.4375 62.1933 0.86 0.3984
X4*X6 1 19.1875 62.1933 0.31 0.7602
X5%X6 1 6.0000 62.1933 0.10 0.9239
X6*X6 1 -54.3582 50.0968 -1.09 0.2882
F 1 65.1873 62.0794 1.05 0.3037
FSQ 1 -332.1936 98.7317 -3.36 0.0025
FACTOR DF SS MEAN SQUARE F-RATIO  PROB
X1 7 51581324 7368761 59.53 0.0001
X2 7 11286243 1612320 13.03 0.0001
X3 7 10339589 1477084 11.93 0.0001
X4 7 9635358 1376480 11.12  0.0001
X5 7 7123913 1017702 8.22 0.0001
X6 7 7876903 1125272 9.09 0.0001

1) see footnote at bOttom of Table B2. o .S, GOVERNMENT PRINTING OFFICE: 1984-420-929:SRS-40
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