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CHAPTER 1

INTRODUCTION

Many industrial and management problems involve maximization or
minimization of functions of several variables. The values of the
variables which give a maximum or minimum value of a function of several

variables are called the optimum values and are of vital importance in

™

Br@ctice. A wide variety of efficient search techniques has been de-
véloped for finding mathematically the maximum or minimum of such a
function, However, in order to use these methods, a.mathematical model
to express the functional relationship in terms of the variables is
required., Very often, for a practical problem, this relationship is
quite complex and it is not possible or feasible to build a rigorous
mathematical model for it., Such a relationship is sometimes cobtainable
only from actual experimentation.

A situation like this can best be handled by a powerful technique
known as a Response Surface Methodology (RSM), developed by Box and
Wilson [1,2,3,4,9]. 1In this technique, an optimum point is found by
experimentation, which in general is an iterative procedure. An experi-
mental iteration consists of a postulation of a mathematical model,
selection of an experimental design and analysis of data., Very possibly
the analysis of an initial set of data suggests the need for either
further experimentation or a modification of the current model or both.
Thus a cycle is initiated which is repeated as often as necessary to

reach a satisfactory conclusion.



In practice, however, experimentation is often costly and time-
consuming, RSM uses a sequential experimentation and requires a number
of experiments. Thus, on the whole, process of finding optimum values
of variables may involve excessive cost and time.

This process of whole experimentation, however, can be simulated
beforehand to minimize the number of required experiments and to provide
a guide-line for the actual experimentation. This simulation can be
carried out with the help of high-speed digital computers with much ease
and comparatively at much less cost., This helps in obtaining infor-
mation about the number of experiments to be carried out, and time and
money involved etec,

The purpose of this report is twofold, First is to develop a
computer program to obtain an optimum point which minimizes (maximizes)
a given function of multi-dimensional variables using Response Surface
Methodology., Second is to use the method in carrying out a computer
simulation of optimal control of the integrafed human thermal system,

This report first describes the response surface methodology. The
method consists of two phases, Starting from any point in the experi-
mental region, phase one brings the point within a "striking distance"
of the optimum point, while phase two further leads to the actual optimum
point. 1In doing so, in general, an efficient design of experiment is
needed, An efficient design of experiment not only minimizes the number
of experiments, but also provides the required information with maximum
precision.

A simple two-dimensional production scheduling problem is then

solved to illustrate the use of the method. This problem has been solved



by other methods such as the Hooke and Jeeves pattern search [7], se-
quential simplex pattern search [5], and conjugate gradient [8], The
results compare well with those by all the above methods.

The report thenhdeals with the optimization of the integrated
human thermal system. When the environment is too hot and it is not
feasible to cool the environment, the next best alternative is to cool
the man, This cooling can be done b; circulating coolant in the network
of tubes which are held in contact with the surface of skin, and con-
ducting heat away from the body. The cooling device is to maintain the
‘human body in a state of thermoneutrality by properly controlling its
operating variables (the coolant temperature and the coolant flow rates),
The operating efforts of controling the cooling devices should be min-
imized,

A study on modeling, simulation, and optimal control of aﬁ inte-
grated human thermal system has been carried out by Hsu [6]. The inte-
grated human thermal system is formulated by incorporating an éxternal
thermal regulation device into a human thermal systém. In Hsu's work [6]
a mathematical model representing the integréted System; and an optimal
control problem have been formulated. The well-developed linear pro-
gramming technique has been employed for obtaining the optimal control
variables of the cooling devices, Hsu's optimal control problem can be
solved experimentally at the KSU-ASHRAE test facility. In the present
study the optimal control problem is solved by numerical experimentation
(simulation) using the response .surface methodology. Mathematical models

developed in Hsu's work [6] are employed in the present work.
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CHAPTER 2
RESPONSE SURFACE METHODOLOGY

2.1 STATEMENT OF THE PROBLEM

If, in the k-dimensional space, a function S of k variables

K13 Koy seey Fp is given by

8 = ¢ (%75 X5 ooy %), (1)

then the problem is to find, in the minimum number of experimental iter-
ations, the point (xls’ Kys sees xks) within the experimental region

at which S is maximum or minimum,

2.2 DESCRIPTION OF THE METHOD

In this method, an optimum point is sought by sequential experi-
mentation, The iterative procedure of the experimentation is started
from any point chosen in the region under consideration. In the neigh-
borhood of this point enough experiments are perforﬁed. This enables
one to fit, by the method of least squares, a polynomial approximation
of sufficient order to provide a local representation of the surface.
This knowledge of the "local geography" of the region is used to proceed
to a further region at which higher order responses are expected. Further
experiments are performed in this region, and the whole process is re-
peated until no further gain is achieved [2].

The starting point is usually not near the optimum point. To start
with, therefore, a pol&nomial approximation of the first order is employed

to represent the local surface passing through this point. This provides



not only the simplicity but also the economy in experimentation in the
sense that comparatively less number of points are required to fit a
first degree curve. This assumption would be abandonded and a second
order approximation adopted only when the first order approximating
function had proved inadequate [2].

Based on the order of approximate function, the method can he
divided into two phases. Phase one employs a linear approximation whereas
phase two employs a quadratic one. Phase one, by linear approximation,
provides a rapid progress from the starting base point, which is usually
far from the optimum, to a point within "striking distance" of it [3],
while phase two, by a quadratic approximation of surface, leads the

further progress to the actual optimum point,

2,3. PHASE ONE
Phase one can be started from any point in the region of the k-

dimensional space. A suitable design of experiments is employed, trials
are carried out and data are obtained in order to know the local nature
of the surface. For most cases, the best design among the first order
designs is provided by Zk factorial design, where k denotes the number
of variables [see Appendix A]. A polynomial of the first degree is then
fitted to this data by the method of least squares. The surface is thus

represented locally by a plane
X (2)

where y is the value of function S, called response, at a point

(xl, Xps seey xk) in the space. A considerable advance "up (down) the



hill" can be made by following the calculated path of steepest ascent
{descent) which corresponds to altering each variable x5 in proportion
to its estimated first derivative Bi [3]. A search is carried out along
this direction starting from the base point at the centre of the design
till a point is reached where no further improvement is possible. How-
ever, since the calculated path is not likely to pass through or very
near the optimum, it is probable that still considerable further progress
can be made by another iteration. The provisional optimum point obtained
in the iteration becomes a base point for the following iteration and the
whole process is repeated. Eventually a point is reached which is near
the optimum, The surface contours near the optimum become non-linear,
Hence, at this point; the approximation of a surface as a plane does not
hold good any longer. Phase one ends at this stage. The region obtained
at the end of phase one is called "near-optimum" region.
The steps to be carried out in phase one can be summarized as
follows: i
1. Select a startiﬁg point (xl, Xps sees xk) in the experimental
region,
2. Construct a factorial design of Zk type with the starting point
as the base.
3. Evaluate the objective function S at the design points by
equation (1).

4, Fit a first degree curve



to the data at design points by the method of least squares.
This curve represents the equation of the plane passing
through the base point.

5, Determine tﬂe direction of steepest ascent (descent) from the

equation of the plane, The gradient in x, direction is pro-

i
portional to Bi-'

6. Proceed up (down) in the direction of steepest ascent (descent),
i,e,, vary each variable X in proportion to first order
derivative Bi'

7. Evaluate objective function S at the trial points till a point
is reached where no further improvement in the objective
function is possible,

8. Choose a base point of maximum (minimum) response from the
trials performed in step (7). Construct a new 2k'factoria1
design at this base point.

9. Repeat steps (3) through (7) till no further progress is possible
over an iteration. At this point an approximation of the first
degree of polynomial does not hold good and hence no further
progress is possible., This region is called a "near-stationary"

region and phase one ends at this stage.

2.4 EXPLANATION OF PHASE ONE (THEORETICAL BACKGROUND)

In order to know the "local geography" of the region around any
point, information in the close neighborhood of the point is obtained,
this information being the resﬁonses at the points. A close neighborhood
around a point can be defined by a set of points lying on a hypersphere

with the center at the point and radius as a sufficiently small distance
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chosen at will., Then the direction at that point on which points of higher
(lower) response is given by joining the point to another point on the
hypersphere at which the response is maximum (minimum), This direction

is called the direction of steepest ascent (descent).

Thus, if 0 is the point at which the direction of steepest ascent
(descent) is required, and P is the point of maximum (minimum) response
among all the points lying on the hypersphere of center 0 and a suffic-
iently small radius r, then the line OP, joining points 0 and P gives
the required direction of steepest ascent,

It can be shown that the point P is one of the points at which the
hypersphere touches a response contour [1], In other words, if 0 is
assumed as the origin, then the co-ordinates of P are proportional to
the first order derivatives at P, assumed not all zero. [see Appendix B].

However, in general, the derivatives at P are unknown. But these
derivatives can be expressed by their Taylor's series expansion about

the origin.

39(P) _ 3¢(0) . _3 (22805
X 1

th X ox

N TON
t t 1 Xt

*2

2 2
b yrnt o [L OO, 2, b 29O, 2

9x 2 9x 2 2
t Bxl t sz
2 926(0)
+ s + BXt (ax]-axz xl xz] + LI t = l, 2, eway k (3)

or in the form
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Lo

k
s ' ,
¢t(P) = [Dt{szo (t£1 D, xt) / s.}]cb (0) (4)

where ¢t and D, stand for derivatives with respect to variable x The

t.
term on the right hand side of equation (4) is obtained by expanding
the expression in the square bracket, operating on ¢ and evaluating at 0,

If only the first order terms are considered and the second and higher

order terms are neglected, then equation (4) can be written as
$.(P) = ¢.(0), tm Y Py gens K (5)

This is equivalent to saying that the surface contour ¢(0) passing
through 0 is a plane, The direction of steepest ascent (descent) is
then given by the first order derivatives at 0, ¢t(0).

Thus, in order to know the direction of steepest ascent (descent),
it is necessary to determine the equation of the plane and the values of
the first order derivatives at 0, This is achieved by obtaining an
equation by the method of least squares [see Appendix C]. ¢(0), the
surface passing through the point 0, then can be expressed by the re-

gression equation

k
y=By+ I By (6)
i=1

The B's in this equation represent the required first order derivatives
of the response function at the origin.

Equation (5) can now be written as

$ (P} = B, tw 1y 35 ausg B (N
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In the close neighborhood of 0, defined by a hypersphere of sufficiently
small radius r and center 0, the maximum (minimum) response will then be
obtained at the point whose co-ordinates are proportional to 8's. This
point lies on the difection of steepest ascent (descent).

By successive application of equation (7), it is possible to find
a point of higher (lower) response, as long as the surfaces at trial
points can be represented by equatioﬁ (6). A new equation is necessary
where this equation does not hold good to represent a surface at the
point under consideration.

When a point near optimum is reached, the non-linear response
surface around such a point can no longer be approximated by a first order

equation. Hence phase one ends at this stage.

2,5 PHASE TWO

Phase two starts from the point where phase one ends. Comparatively
more detailed experiments are required in this phase than in the pre-
vious one because of approximation of a surface by a higher degree (second
degree) polynomial,

The maximum (minimum) point attained at the end of phase one becomes
the base point for the first iteration of phase two, A suitable design
of experiment is chosen and a number of points around the base point
are selected. For most cases, among the second-order designs, composite
designs provide the best designs [see Appendix D]. Objective functions
are then evaluated at these experimental points and the following second
degree curve is fitted to theseVAata.

y =By + 1By x, + Zfsij X X ' (8)
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where y is the value of function S at a point (xl, Xy snes xk). This
represents a response surface passing through the base point.

It may take a variety of forms such as spheroid, ellipsoid, hyper-
boid or paraboid. It is usually quite impossible to appreciate the nature
of the fitted surface by inspection%of the values of co-efficients Bi and
aij' The nature of system is, however, made readily apparent if conic
form is reduced to canonical form,

This consists essentially of shifting the origin to the center of
the curve and rotating the co—ordinate axes so that they correspond to
the axes of the conic [see Appendix E]. When reduced to a canonical

form, equation (8) appears as

Y - Ys =-Al Xi + 12 Xg + e.n +_ik Xﬁ
or
2 2
¥=¥ = 121 A Xy (9
where YS = value of f at the centre
li = co-efficients
Xi = principal axes of the conic

This canonical form does the same function for phase two as does
the direction of steepést ascent (descent) for phase one. Equation (9)
shows the loss (or gain) of response on moving from the centre point.
Thus if all li are negative (or positive), the centre point becomes the
maximum (minimum) point, Whereas if one or more A's arerpositive (neg-

ative), surface is elliptic hyperboloid and would possess a col instead
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of a true maximum (minimum) and if one or more A's are or approach to

zero, surface would become elliptic or hyperbolic cylinders and possess

a ridge.
The

follows:

steps to be carried out in this phase can be summarized as

Construct a suitable composite design around the point attained

at the end of phase one.

Evaluate objective function S at the design points.

Fit a second degree curve

y = BO + zBi x; + zzsij xij xj

to the data of step (2), by the method of least squares.

Reduce the above conical form to a canonical form

- 2
Y, = %

Observe the signs of all A's, If all are negative, the

stationary point of the curve represents the mipnimum point,

I1f some or all A's are positive or zero, no optimum point

exists.

2,6 COMPUTER PROGRAM

A FORTRAN computer program is developed for this method.

The user is required to provide the following values in the main

program -

K
SVAL

!

No, of variables

Starting values for variables



STEP Step sizes for variables

FSTEP

Final step sizes for variable.

In additional to this, a user has to provide a subroutine
OBJECT (S,X). The détailed instructions regarding the use of computer
program are included in the program itself. The logical flow chart is

given in Appendix F, and FORTRAN statements in Appendix G,

-

15



REFERENCES

Box, G.E.P., and K,B. Wilson, "On the Experimental Attainment of

Optimam Conditioms," J. Roy. Statist., Ser. B, 13, 1-45 (1951).

Box, G.E.P,, and J.S. Hunter, "Experimental Designs for the
Exploration and Exploitation of Response Surfaces," In a book
edited by V. Chew, Experimental Designs in Industry, John Wiley

and Sons, Inc,, New York, 1958,

Read, D.R., "Design of Chemical Experiments", Biometries, 10,

1-15 (1954).

16



17

CHAPTER 3
OPTIMAL PRODUCTION SCHEDULING PROBLEM

3.1 INTRODUCTION
To illustrate the response surface methodology, a two-dimensional
production scheduling problem [1,2,3] is considered here. The problem

and its solution are described in details.

3.2 PRODUCTION SCHEDULING AND INVENTORY CONTROL PROBLEM

To illustrate the method a simple production scheduling problem has
been considered. This problem is a multi-periods production scheduling
problem in which the objective is to minimize the operating cost for the
planning period. The total cost is composed of the production cost and
the inventory cost. The costs for changing the production level and for

carrying inventory are given by

C(xn - xn_l)2 = cost due to change in production level

from the {(n-1)th period to the n-th period,

2
D(E - In) = inventory cost at the n-th period,

where C, D and E are positive constants, and X, and In are the production
level and the inventory level at the n~th period respectively.
The problem is to find Xs B = 1, 2, ..., N which minimize the total

cost f defined by

3 2 2
£= 7 [C&x, - x )7+ DE-1I)7] (1)
n=1
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where

In = In—l + *n "~ Qn’ B =1y By wang N

provided that x., I, and Qn’ n=1, 2, ...., N are given. Xgs IO’ and

0* ~0
Q_ are the production at the initial period, the inventory at the initial
n
period, and the sales at the n-th period, respectively,
A two period system is considered in a numerical illustration. The

two decision variables Xy and X, have been determined so that the following

cost function is minimized.
£(x,,%,) = C(x,-x.)% + D(E-I.)% + C(x.~x,)2 + D(E-I,)2 (2)
1*72 170 71 271 2
where
I = In + x - Qn’ n=1, 2 (3)

The constants C, D, and E, the demand Qn’ n =1, 2, the initial production

level Xy and the initial inventory level IO’ are as follows:

c = 100, D = 20, E = 10,
Q = 30, I, = 12,
Q= 10,  x,=15.

Using equation (3) and the values given above, we have

2 2 2 2
f(xl,xz) = 100(xl—15) + 20(28—x1) + 100(x2—xl) + 20(38~xl—x2)

(4)
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3.3 SOLUTION BY RESPONSE SURFACE METHODOLOGY

To illustrate the procedure, contour lines for equal values of the
total cost given by equation (4) are shown in Fig. 1. Also presented in
the figure are the steps of the response surface methodology described in
the preceeding chapter, Details of the output of solution from computer
are presented in Appendix H.

The starting base point is (5,10) with a 22 factorial design. The
step size for the factorial design is (2,2) and the final step size is
(0.1,0.1). The objective function S is evaluated at these design points
as well as the center point (base point)., The co-ordinates of the points

and the functional value at these points are

Point Co-ordinates Objective
No. (xl, x2) Function S
1 (3, 8) 43,980
2 (3, 12) 45,580
3 (7, 8 25,900
4 (7, 12) 24,940
5 (5, 10) , 33,660

From these data a first degree curve is fitted as

y = 58,212 - 4,840 % + 80 x

This represents the equétiou of a response surface (a plane) passing

5
through x~ (5, 10). The gradient-components of steepest descent-in the
direction of x; and x, are in proportion of -4,840 to 80. The negative

sign of the coefficient of X shows a decrease in y with increase in X



20

whereas the positive sign of the coefficient of Xy shows an increase in y
with increase in Xy The step sizeiof the searching in the direction

of the steepest descent is then (+2,000, -0,033). The step size is in
the same proportion of +4,840 to -80, the reversal of signs is due to
minimization, The next trial point is x6 (7,00, 9.97) and its functional
value is 24,948, The trial point x6 (7.00, 9.,97) is better than the base
point x5 (5, 10). The searching is, therefore, continued in the same
direction with the same step size of searching. The new trial point
becomes x7 (9.0, 9.93). The procedure is continued till a point is found
where no further improvement is possible. The results of the procedure

are summarized below.

Point No, Co-ordinates Objective Function Remarks
(x5 x,)

5 ( 5.00, 10.00) 33,660,00 Base point
6 ( 7.00, 9.97) 24,948,00 Successful
7 ( 9.00, 9.,93) 18,177;53 ~ Successful
8 (11.00, 9.90) 13,348, 44 Successful
9 (13.00, 9.87) 10,460,777 Successful
10 (15.00, 9.83) 9,514,50 Successful
11 (17.00, 9.80) 10,509. 66 Failed,

The functional value at point xll (17.00, 9.80) is no better than
that at the previous trial point xlo (15.00, 9.83), hence experiment 1
ends providing xlo (15.00, 9.83) as a new base point for the next experi-

ment,
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In the second experiment, again a 22 factorial design is constructed
around the base point, xlo (15.00, 9.83). Functional values (data) are
evaluated at these design points as well as at the base point (trial
numbers 12 through lé). An equation of the plane fitted to these data

is

y = 26,207 - 13,54 X - 1,559.60 Xy

From the coefficients of tbe variables, the searching step size is de-
terﬁined as (0.017, 2,00). It is in proportion of.13.54 to 1559.60,
Searching in the steepest descent direction is carried out using this
searching step size, (.017, 2,00). Trials 17, 18 and 19 show improvement
in the functional value, whereas trial 20 yields no improvement., Then
experiment 2 ends and the trial point xlg (15.05, 15,83) becomes the

base point for experiment 3. Again, a 22 factorial design is constructed
around the base point xlg (15.05, 15.83), The objective functions are
evaluated, an equation of a plane is fitted to the data and the step

size for search is calculated. The trial point x26-(l7.05, 16,10) yields
better results, but the next trial point x27 (19.05, 16,37) fails, The
x26 may become a base point for the next experiment, however, one of the
factorial design points XZA (17.05, 17.83) is found-to yield better re-
sults than the point x26. Hence x24 becomes a base point for experiment
4 where trials 28 through 32 determine the equation of the plane passing
through the base point, x24 = x32 (17.05, 17.83). The step size for
search is calculated as (2.00, -0.207). The first trial point x33
(19.05, 17.63), howevef, does not yield a better functional value than

that at the base point x32. This is an indication that the searching
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step size is too large, hence the new searching step size becomes
(1.00, -0.104), With this step size, the next trial point.x34 (18,05,
17.73) yields a better result than that at the base point., With the
failure of the following trial point, x35 (19.05, 17.63), eventually
x34 becomes a new base point for the following experiment. Experiment 5
starts with x34 = x40 (18.05, 17.73) as the base point. The step size
for the factorial design is kept unaltered as (2,2); however, the step
size for searching is a half of the original step size. This gives the
searching step size as (-1.000, 0,813). The first trial point x41 (17.05,
18.54) does not yield a better result than the base point x34 = x40 (18.05,
17.73), indicating that the step size for searching is too large. Thé
new searching step size, therefore, becomes (-0.500, 0.407). This yields
a better point x42 (17.55, 18.14) which eventually becomes the base point
for experiment 6, Experiment 6 further reduces the searching step size
from (0.5, 0.5) to (0.25, 0.25) and experiment 7 from (0.25, 0,25) to
(0.125, 0.125), This size combined with the direction of steepest descent
makes searching step size as (0.125, -0,039) in the following experiment 8,
In the first trial, no better point than the base X64 of the experiment
is found. Reducing the step size to a half would have made its value
0.0625 which is less than 0.1, the final step size. At this stage, the
locally best point is x64 (17.75, 18.21) with a functional value of
2961,85. Phase one ends providing this point x64 (17,75, 18.21) as the
base point for phase tw-o.

For phase two, a central composite design with o = 2 is chosen.
This requires a total of 9 points including the base point. The objective

functions are evaluated at these points, x66 through x745 A second degree
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curve fitted to these data is
y = 68,624 - 5,724 x) - 1,612 X,

2 2
+ 241 x| - 158 X%, + 122 x2

This represents a second degree curve (one of the curves from family of
conics such as circle, ellipse, parabola or hyperbola) around the base
point x70 (17.75, 18.21). The center of this curve is at x75 €17.79,
18.16) with functional value of 2961,03. This is better than the base
point. The base point for experiment 2 is then taken as the above center
point, x75. A central composite design with ﬁ = 2 is again constructed
around this base pqint. Objective functions are evaluated at these points
x76 through x84 and a second degree curve fitted. The equation of the

curve is

y = 102,144 - 7,648 x, - 3.472 X,

i

+ 271 x2

1= 108 x

' 3
1%y T+ 152 x,. -

The center of this curve is found as XSS (17.80, 18,18) with a functional
value of 2960.89, which is better than the base point xBO = x75. The
third experiment is performed with this center, x85 (17.80, 18.18) as

the base. A central composite design with o = 2 is constructed around
this base point. Objective functions are evaluated and a second degree
curve fitted. The center of this curve is found as x95 (17.79, 18,16)
with functional value as 2961,04 which is no better than the base point
x85 = x90 (17.80, 18,18). This failure ends the phase two.

The sclution can be summarized as
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Starting point ( 5,00, 10.00)

Optimal point (17.80, 18,18)

Optimal value 2960.89

No, of functionai
} = 95

value evaluated

Table 1 shows and compares the optimal results of two-dimensional pro-
duction scheduling problem obtained by Hooke and Jeeve's pattern search
method [2], the sequential pattern search method [1], and the method of
conjugate gradients [3]. The optimal values of the production rates

differ slightly, although the minimum costs are almost identical.
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Fig. 1 Response Surface Methodology Applied to Production Scheduling
Problem Involving Two Decision Variables (continued).
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Response Surface Methodology Applied to Production Scheduling

Problem Involving Two Decision Variables

Fig. 1.



Method

Hooke and
Jeeves [2]

Sequential
Simplex
Pattern [1]

Conjugate

Gradients [3]

a) Fletcher and
Powell

b) Fletcher and
Reeves

RSM (present work)

TABLE 1

COMPARISON OF RESULTS

Minimum
Point

(17.81, 18,21)

(17.8 , 18.2 )

(17.82, 18,21)

(17.82, 18.21)

(17.80, 18.18)

29

Value of §
at Minimum

2960, 740

2961.00

2960.713

2960,713

2960, 89
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CHAPTER 4
OPTIMAL CONTROL OF AN INTEGRATED HUMAN THERMAL SYSTEM

4,1 INTRODUCTION

Persons exposed to a thermally hostile environment can usually be
protected individually by wearing properly designed external thermal
regulation devices to control the boéy temperature. A space suit, for
example, is used to protect a person who is involved in space explor-
ation,

Different types of external thermal regulation devices have dif-
ferent levels of capability in protecting aﬁ individual from thermal
exhaustion, Webb [24], Bitterly [1l, 2], and others [6, 8] have developed
the external thermal regulation devices for an entire human body., Konz
and his associates [16, 18] have examined the effectiveness of the
regulation device on the head. The external thermal regulation devices
on the head and the torso are considered in this work. The arms and legs
are assumed to be insulated from the outside enviroﬁment.

The external thermal regulation device is controlled properly so
that the temperature of the human body is maintained in thermal comfort
(thermoneutrality) and that the possible control effort imposed on the
operation of the regulation device is minimized. The regulation device
consists of a network of tubes which is held in contact with the surface
of the skin., A liquid coolant is assumed to be flowing constantly inside
the tubes, The liquid coolant -temperature and the mass flow rates are

the operating variables of the device.
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A study of modeling, simulation, and optimal control on an integrated
human thermal system has been carried out by Hsu [14]. An integrated
human thermal system is formulated by incorporating an external thermal
regulation device into a human thermal system. In his work a mathe-
matical model representing the integrated system is formulated and a
nonlinear objective function are linearized. The optimal control problem
is formulated into a standard linear programming form and is solved by
the well-developed linear programming technique,

In the present study the response surface metholology (RSM)

[4, 5, 7, 10]) is employed to obtain optimal control policies for the
steady-state control of coolant inlet temperature and the coolant mass
flow rates for the external thermal regulation devices on the head and
torso, The optimal policy is obtained for the nonlinear objective
function., Also obtained is the optimal policy for the linearized ob-
jective function which was treated by Hsu [14].

The present study may be considered as a computer simulation (a
numerical experiment) of the optimal control of the integrated human
thermal system. It may become a guide for an actual experiment of
searching for the optimal control or operation of the regulation cooling

devices,

4,2 STATEMENT OF THE PROBLEM

An approach to maintain a comfortable and efficient working condition
for a man working under a thermal stress is to cool the individual man
[11]. The cooling system considered in this study is an external con-

duction thermal regulation device. It consists of a network of tubes
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which is held in contact with the surface of the skin and is assumed to
be insulated from the outside environment. The main function of the
device is to remove a portion of or the total metabolic heat generated
in the body. The control parameters of the external thermal regulation
device are the inlet coolant temperature and its mass flow rate.

The objectives of the controlling the regulation device are to
maintain the temperature of the human body in thermal comfort (thermo-
neutrality) and to minimize the possible effort imposed on the operation
of the device. Specifically, the purpose of the control is to minimize
the sum of (1) the deviation of temperatures at the various locations of
the body from their desired comfort temperatures, and (2) the contfol
efforts imposed on the external thermal regulation device, The problem
is to find the optimal inlet coolant temperature and the mass flow rate
which minimize the objective function.

It is generally accepted that the sensitive thermal receptors in
hypothalamus [12, 13, 18] and in the skin [20, 22] play i?portant roles
in thermoregulation [18], Similarly, there is a general agreement that
sensitive thermal receptors exist in the spinal cord, muscle, and res-
piratory tract [3, 20]. Crosbie et al. (9] proposed a model of thermo-
regulator which regulates the physiological parameters, The regulation
is proportional to the deviation of the core temperature from a set point.

The model proposed by Stolwijk and Hardy [23] assumes that the sen-
sitive thermal receptors are located in the core of the head, in the
surface of the skin, and in the muscle, It also assumes that each of
these sensitive thermal receptors has zero output when a local temperature

corresponds to a set-point temperature for the core of the head, the skin,



and the muscle, The set-point temperatures of the core of the head, the
skin, and the muscle are supposed to determine whether the thermal re-
sponse of the body is to increase heat loss by sweating and vasodilation
or to increase heat étorage by shivering and vasoconstriction. The
"switching'" action of the physiological thermostats is to prevent over-
heating and overcooling of the body. The following set points have been

suggested by Stolwijk and Hardy [23].

THC = 36.6°C (97.9°F) for the core of the head
g = 34,1°% (93.4°F) for the skin
TM = 35.900 (96.6°F) for the muscle

As long as the set-point temperatures are maintained at appropriate
locations of the body, the natural thermoregulatory functions of
shivering, sweating, and vascular adjustment can be minimized,

The set—point temperatures suggested by Stolwijk and hardy [23] are
included in the mathematical expression of the objective function. The
expression includes the deviation of the local temperatures from their
set-point temperatures and the efforts imposed on the operation of the

external thermal regulation device as shown below:

8 =Wy ] Ty rain ~ 36+6 | +w, | Topiq = 34.1
+ W, | Tyiuscle — 359 | + W, | By = 15.6|
+ W | m' - 4,539 | +w, | @' - 4.539] (1)

where Wi, i=1, 2, ..., 6, are weighting factors. The terms on the

right-hand side of equation (1) represem, in order, the deviation of the

33
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brain temperature, the mean skin temperature, and the muscle temperature
from each set-point temperature, an effort needed to cool or warm the
liquid coolant which has the tap water temperature (15.6°C), as well as
an effort needed to increase the mass flow rate of the external thermal
regulation device of the head and that of the torso from 4.539 Kg/hr

(10 1lbs/hr)., The values of the weighting factors are selected as

Wl = 2,0, Wz =W,=1,0, and W, =W_ =W, = 0,1, The weighting factor

3 4 5 6

of the brain, Wl, is twice as large as those of the skin and the muscle,
W2 and W3, because the function of the brain is considered to be more
important than thoée of the skin and the muscle. The weighting factors
of the inlet coolant temperature and the mass flow rates are so selected
that the magnitude of the contribution of each term on the right-hand
side of equation (1) to the objective function is approximately of the
same order as those of first three terms,

Also considered in the present study is the objective function of

the following form.

S =W - 36,6 | +W, | T - 341 | +wy T, - 3509]

1 | TBratn 2 | Tskin 3

+W, | T - 15.6 | + Wy | B' - 0.2203 | + W | M - 0,2203] (2)

4 IN 6 l

To apply well-developed linear programming technique for obtaining
optimal control policies Hsu [14] defined the objective function in the
form of equation (2). Physical meaning of each term of equation (2) is
the same as in equation (1). However, the values of the weighting

factors are W, = 2,0, W, =W, = W4 =1,0, and W

1 2 3 = ;00.0. These are

5= Vg
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so selected that the magnitudes of each of the three terms of the first
group will be of the same order. Similarly each of the three terms of
the second group will be of the same order. The magnitude of the first
group is, however, one-tenth of that of the second group. In equation (2)
M' and M" are, respectively, the reciprocal of m' and n" (1/m' and 1/0"),
and the constant (0.2203 hr/Kg) is the reciprocal of the mass flow rate

of 4.539 (Kg/hr) [14].

4.3 MATHEMATICAL MODEL OF THE INTEGRATED HUMAN THERMAL SYSTEM

A model of an integrated human thermal sfstem can be formulated by
incorporating the model of an external thermal regulation device into
that of a human thermal system, The mathematical model presented here
is closely after that of Hsu [14]. The steady-state mathematical model
of the human thermal system used here is based on one of Wissler's models
[26]. The present model assumes the existence of an arterial pool and
a venous pool in the torso and considers the heat exchange of the torso
with adjacent elements only through the pools. Wissler's model considers
the heat exchange of the torso with adjacent elements through pulmonary
capillaries.

The model considers the following important factors: (1) local
generation of heat by metabolic reactions, (2) conduction of heat due
to thermal gradients, (3) convection of heat by circulating blood,
(4) geometry of the human body, (5) existence of an insulating layer
of fat and skin, (6) counter-current heat exchange between adjacent
large arteries and veins, (7) sweating, and (8) condition of the en-

vironment, including its temperature, velocity, and relative humidity.
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Radiation can alsoc be considered.

The geometry of the human body on which the system equations are
based is shown in Fig. 1. It consists of six cylindrical elements
representing the armé; legs, torso, and head., Each element, consisting
of tissue, fat and skin, has a vascular system which can be divided into
three subsystems representing the arteries, the veins, and the capillaries.

The heat which is generated in én element by metabolic reactions is:
(a) stored in the element, (b) carried away by circulating blood to
other elements, or (c) conducted to the surface where it is generally
transferred to the environment, If the environmental temperature is |
higher than the skin temperature, the direction of heat flow is reversed
and the heat flows into the element., The heat flow can be expressed
mathematically as the differential heat balance equation for the ith

element as follows:

1d . 4Ty
Tar Ky Tg) thyy v (T, - T)
thy (T —Ty) +hy, (T, =T
=0 (3)

The-effect of heat conduction along the axis is neglected in equation (3)
[19].

An assumption is also made that the temperature of the blood having
the capillary beds is equal to the temperature of the neighboring tissue,

This assumption is acceptable because the capillaries have very small
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diameters which range from 10u to 20y [25]. 1In the large arteries and
veins it is necessary to assume that the rate of heat transfer from the
blood in the larger vessels to the neighboring tissue is proportional to
the temperature difference between the blood and tissue. The propor-
tionality constant in the ith element is expressed by hai for the arteries
and hvi for the veins,

It is known that the human blood temperature in various locations
of the body is different [11, 15, 17}. Therefore, two additional equations
which represent the overall thermal energy balances in arteries and veins
are required, In deriving such equations, it is assumed that the blood
in the large arteries and veins of the ith element has uniform temper-
atures Tai and Tvi respectively, as shown in Fig. 2, The resulting equa-

tions are

i
Qai (Tam - Tai) + 21TLi é hai (Ti - Tai) r dr
B Havi (Tvi Tai)
a,
i
Qvi (Tvn - Tvi) + 2'"L;'. é (qci g hvi) (Ti - Tvi) F B
+ Havi (Tai " Tvi)
= 0 (5)

The boundary condition which represents the heat transfer from the

surface of the skin to the external thermal regulation device takes the
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following form:
- —_— = - 6
K, 571 H [T; (a;) - T,] (6)

Due to the radial symmetry of each element the following condition also

exists

dT,
Y =D (7
r=0

The mathematical model given here is for the steady-state condition
of the human thermal system., The model gives rise to the temperature
distributiop of the human body which is exposed to a specific environ-
mental condition. The mathematical model of the external thermal regu-
lation device will specify the next-to-skin environmental condition, The
external thermal regulation device can be considered as a substitutive
thermoregulatory device since, if the device has sufficient capability
and is properly controlled, the human body can be maintaiﬁed in a state
of thermoneutrality, The main purpose of the external thermal regulation
device is to minimize the natural thermoregulatory mechanisms of shivering
and sweating by varying the skin temperature as a function of the body
metaﬁolism, and to maintain the human body in a state of thermoneutrality.
The three essential operative characteristics of the external thermal
regulation device are (a) the liquid coolant temperature, (b) the mass
flow rate and (c) the design of the device., The skin temperatures are

usually regulated by changing the liquid coolant temperature or the mass

flow rate.
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The schematic diagram of the externmal thermal regulation device of
the head or the torso is shown in Fig. 3. The cylinder which represents
the head or the torso is assumed to be surrounded by a network of tubes
which is held in conéact with the surface of the skin, The top or
bottom end of the cylinder is either perfectly insulated from its en-
vironment or connected to the other cylinder through the circulation of
the blood. The network of tubes is ;ssumed to be perfectly insulated
from its outside enviromment., Also recall that the longitudinal heat
conduction is neglected in this model of the human thermal system, The
‘liquid coolant enters the tube from one end and flows from the other
end, The external thermal regulation device considered is based on the
device presented by Buchberg and Harrah [6]. An assumption is made that
the spacing of the tubes is so gmall that the skin temperature is uniform
throughout the element, For example, the space suit developed by the
Royal Aircraft Establishment had a center to center spacing of 3/4 inches
[6].

The environmental temperature, Tei’ in equatioﬁ (6) can be approxi-
mated by the arithmetic mean of the inlet coolant tempefature, Tin’ and

the outlet coolant temperature, T as

out’

1
]
tof =
~~
|
+
3
-

(8)

in out

The heat removed, q, by the device is given by

¢9=m Cp(Tout - Tin)

where m is the mass flow rate of the coolant inside the tube, and Cp is
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the specific heat of the coolant., The outlet coolant temperature can be

expressed by

= 9 _ 4 _ 3
Ty Tin + - Tin M 9)
2m Cp P

where M = 1/m. T,; in equation (9) can be determined for any given inlet
coolant temperature, amount of heat to be removed, and mass flow rate,
The generated heat by body metabolism is removed by the cooling devices
on hood and torso, Arms and legs are insulated from the surrounding
environment, The amount of heat removed from the cooling devices on the
head and torso can be taken in proportion of 1:3, This means that the
cooling hood has removed 25% of the metabolic heat, and jacket on torso
75Z. The inlet coolant temperature of both hood and jacket is assumed

to be same., Then equation (9) for hood and jacket becomes

: (10)
el in 2C ﬁl'
P
0.25q
Te2 = Tin + (11)

Since arms and legs are insulated
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H,=H, =0 : (12)

The integrated human thermal system can be formulated by employing
equations (10) through (12) with the systems equations of the human

thermal system equations (3) through (7).

4,4 FINITE-DIFFERENCE APPROXIMATION OF THE MODEL

The finite-difference technique which is employed in this section
enables one to consider the variation of physiological properties at
various positions of the body., According to this technique, the inde-
pendent variables are discretized, Each of the cylindrical elements is
divided into a series of concentric cylinders and appropriate values are
assigned to the physiological parameters of each concentric cylinder,

The explicit forward finite-difference technique is employed to
approximate equation (3) [21]. Each term in equation (3) can be inte-
grated from r = r

]

the space increment to the interior of rj and AL

- (A%_/2) tor = Ij + (A£+/2) where A%_ represents
+ represents the space

increment to the exterior of rj. The resulting expression is

2 e i M+) G " Ty s — “-) T3~ TiG-n
i+ Ty T T2 As, i- Ty T 72 A%
AL Y ) aL,
e Gy m ) by vy Gy ) by
AL AR '

il (g - ) Moy + by (T, - Tyg) + by (T = Tyl
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AL AL

i +
gy P WAy ¥ T = Ty g (B = T 1

=0 - (13)

where Tij represents the tissue temperature of the ith element at the

jth radial point., The quantity with the negative subscript (-) repre-

sents the physiclogical parameters at the interior of rj, whereas the

positive subscript (4) represents the same properties at the exterior of
r -
3

Equation (44) can be written as

+V,. T . =¢C (14)

. ; + Y, T . + A, - .C,.
le Tl(jvl) Ylj le zlj Ti(3+l) Alj Tai ij “vi ij

where

K., Y AL AL A%
LT AL, (ry + =52 - A2 (x 70 7 (g - (e by
A% A% A% A%
g By ) by () (e v R

ij ~ AL
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L A% b9, A%,
= — - — — —= +
Aig =g ey =g )lay th ) ¥ (g +-0ey, +hyyy)
AL g As, AL,
Vig =7 (5 - ) Byt () By
AL A% A%, A%,
3= (05 - ) By -7 Oy ) Py

Yij’ zij’ Aij’ Vij’ and Cij are all functions

of the physiological parameters and mesh size, The metabolic heat gen-

It can be seen that X,.,
1]

erations, hmi- and hmi+’ are considered only at certain layer of the
body. Assumptions have been made that heat generation by metaboiic re—
ations in the layer of fat and skin is zero and that basal metabolism is
distributed uniformly throughout the element except the layer of fat

and skin, Any additional heat generated by metabolic reactions due to
body exercise is considered to occur in the muscle layers.

At the boundary where r = Tys the integration of equation (3) from

- (A2_/2) to r = r_ can be approximated by

r= 3

Ty

AL T, - T
dr T B T %
Kip (rp ) - Ky (g - AL
r=r ~
J
A%, AL ‘
t oy - ) Doy + by MT - Ty v hyy (T - Tyl
=0 ' (15)

The boundary condition given by equation (6) is employed to evaluate the
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dT .
value of [Ki+ (EEQ] at r = r; in equation (15). This yields

AL T - T,

- 7iJ i(J-1)
() BylTy5 = Tegl - Ky (55 =30 BT

AE_ Aﬁ_
tg (o) Wagy b (T = Ty +hy, (T - T,0]
=0

Recall that the value of metabolic heat generation, hmi’ is assumed
to be zero in the layer of fat and skin. The sbove equation can be

simplified as

T, _
%0 Taaen) ¥ Vag Tag ¥ 245 Tag + Vg Tyy = G4y (16)

where
- A%
o m U573
K, _ AR A% Ay
Y =y m By g g By o eyt )
AR AL
=T (rJ T4 ) hvi—
AL AL

iJ
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A% AL
Vig =7 (ry = =) by
Cgq = Ty By Toy

Similarly, the finite-difference approximation for equation (3) at

the center of each cylindrical element can be obtained by integrating

AL,
equation (3) fromr = 0 to r = 5 -
AL, T.. - T AL, AR AL, AL
+, "i2 ~ 41 Ot ST + St
Ko O —mr— * T ) Pyt (G [aggy + gy
Ty = Typ) + by (T, - T
=0
or z
Ygalyn ¥ 23900 ¥ 404 ¥ Vi1 T * Sy (7
where
. Ky ) AL, (az+)( on A%, (A2+) )
il 2 2 4 7 Meit ai+’ T 72 4 vit
- it
2i1 =73
AL, AR
+ O
Aj1 = 75 ) gy + hyyy)
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v _ A£+ (ﬁ2+) .
il 2 4 vi+
C = i‘q.'_-t (—Ait) h
il 2 4 mi+

A in equation (16) and the

The coefficients X R

13° YiJ’ v, ,‘and C

iJ* "4J iJ
coefficients Yil’ Zil’ Ail’ vil’ and Cil in equation (17) are also
functions of the physiological parameters and mesh size.

By using Simpson's rule [21] to carry out the integration, equation (4)

‘becomes
2 J '
- - L}
Qi T = Tpgd = "Lyhyy Ty (a7 + 201y by j§1 i3 Ta3 %3
By Ty~ Tp)
=0 _ (18)

The radius of the cylinder is divided into three equally spaced
intervals. The outer third is then.divided into two halves., The grid
points are designated as Tis Tys Tgy Tys and T (the center point is

T, T, is 1/3 out, T, is 2/3 out, r, is 5/6 out and T is the surface),

The values of Cij can be given as follows:

1 i
1 = - —
Ci1=3 59
4§ By
v = — —
Cin =3 G
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a a

1%, 1.5

" -2 3 = (%

Ci3=3 ) +3
4 %
' = = (—
Cigs =3
i.%
' = e [ ——
Cis =3 (%

Substituting the above values of C!, into equation (18), one obtains

ij
Q.(T__ =T .) -—aL,h T, (a )2 + 27L.h {[l GfZOJ T.,r
ai* am ai i aiai i i ai 3 '3 il’l
4 2 8 1,8

P T, B ED 3 D) T ,r,

w

4 %4 1.,%
3 O Tyr, v 5 6l Tygrgt +H

This equation can be simplified as

A T
i

PiaTs1 ¥ PypTyp F BygTyg + PypTip ¥ BysTys + 43T

+
viGTVi * EiﬁTam

=0 _ (19)



where

a

_ 1l . i
Pyq = 2nlih; [3 (R)iry
_ 4 21
Pip = 2mL;h . [3 (I,
a a
i iy il

4 ai
i6 = 2Lhoc 5 QI

rd
]

1,%
15 = 2"Lh s 5 (lxg

2~}
|

_ 2
Ajg = Qqp — "Lyhyy (ay) - H_

Vi6 = Hawi

Egs =N

ai
Equation (5) can be similarly approximated as
QaTin * QoTin * QaTyz + QpTys * YsTys + T

+V +E T

s7wl T By By

where

£708,

48

(20)
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: lai
Qi = 211Li (qCi + hvi) [3-(—39]r1
- oL (q. +h) B Y]
Qyp = 21L; (q; + hy) [3 (Flr,

R T
Q3 = 2y (agy + Ry [5 (7P + 3 (g

i, 4 B
Q4 = 211y (g + b)) [3 QIr,
Qo=21L, (q. +h) B D)
i5 1 Mg T Ny 13 T
Ai? = Havi

B 2
Vyg = gy — Ty g, PR Ia" - By

;=0

vi

The system equations, equations (3), (4), and (5), with the boundary
conditions, equations (6) and (7), for the ith element can now be replaced
by a set of linear algebraic simultaneous equations represented by equations

(14), (16), (17), (19) and (20). In summary
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V51091 ¥ 249749 AT Y YTy

Xi9T51 * Yi0T50 ¥ 245743 FAaTa t VioTys = G
Ryafia ¥ Fyalig + 244754 t Apatas * ViaTw = G
XoaTan ¥ TyaTon ¥ ZygTqs ¥ ApTay + VigTyy = Gy (2D
XysTaa ¥ YysTys ¥ A55Ta + Vistvi = G5
PiaTan ¥ BypTio ¥ BygTis * BygTig * PusTis ¥ 456%as ¥ VieTvr ™ “Eigtam
QaTin + QuaTio * QuaTys + QupTyy Qis?is AT T VeiTer = Byl

The number of difference equations obtained from the technique em—
ployed in this work depends on the number of grid points used to discretize
the independent variable. A set of simultaneous linear algebraic equatioms
included in equation (21) are obtained by using five grid points to dis-
cretize the radial distance of the ith element, With seven simultaneous
linear algebraic equations representing the thermal characteristics of
each element, a total of twenty—-eight simultaneous linear algebraic
equations (seven equations each for head, torso, arm, and leg) is required
to represent the human thermal system. The synthesized system equations
are illustrated in Table 1, These linearized simultaneous equations of
the human thermal system cna be employed to gemerate the temperature
distribution in various elements of the body under a specified environ-

mental condition.
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The integrated human thermal system can be represented by the above
28 equations modified by equations (10) through (12), The environmental
temperatures Tei appears in CiS’ i=1, ..., 4, These can be replaced by
the expressions (10), (11) and (8) along with (12). The modified form

will appear as

- 0.75q *4y

Cis a i, (T, + T )
P

_ 0.25¢

Cys agHy (Ty, + 2C, W)
. {22}

€y = 0
Cys = 0 J

Once the temperature distribution at each element is known, the

temperatures of brain, skin and muscle are given as

TBrain T ot21

(T (23)

(] JN

TSkin

+ T + T + T,,)

= &
Tuscle™ % Taz ¥ Tgq ¥ Tyg + Tyy

4,5 EVALUATION OF OBJECTIVE FUNCTION
Thus, for any given set of control variables, objective function

can be evaluated as follows:
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1, Select a set of values for control variables, i.e., the coolant
inlet temperature and the coolant mass flow rates for hood and
jacket.

2. Substitute these values in equations (10) and (11).

3. Substitute the physiological constants given by Table 2 in
equations of Table 1,

4, Solve the system of 28 simultaneous linear equations. Obtain

the various temperatures

(=1, ¢ses 5, T T i=1, eeey, &4

[Ty ai’ Tvi

5. Calculate the temperatures at brain, skin and muscle.
6. Substitute these temperatures and values of control variables

to evaluate the objective function S given by either equation

(1) or (2).

" 4,6 RESULTS AND DISCUSSION ,

Four problems of an integrated human thermal system are solved by
using the present method, Two forms of the objective function given by
equations (1) and (2) and two rates of metabolic heat generation are
considered. The metabolic heat generation rates are chosen as 300
BTU/hr and 3000 BTU/hr, The results are presented in Tables 3 through 6.

Different points are chosen arbitrarily as the starting point in
each case. Table 3 shows the results of the optimal control for a
metabolic heat generation rate of 300 BTU/hr. The objective function is
that given by equation (1), Test 1 starts with a coolant temperature of

70°F and coolant mass flow rates of 15 1b/hr. and 15 1b/hr for hood and
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jacket respectively. The optimal control is found to correspond to a
coolant temperature of 63.0°F and coolant mass flow rates of 6 1b/hr,
and 10 1b/hr for hood and jacket respectively. The temperatures of
brain, skin and muscle are 97.45°F, 94.81°F, and 97,98°F respectively,
Test 2 starts with a combination of control values of 60°F, 15 1b/hr
and 5 1b/hr., The optimal results, however, are almost the same as

those of test 1. Table 4 shows the results of the optimal control for
a metabolic heat generation rate of 3000 BTU/hr. The objective function
is that given by equation (1), Again, two different starting points

are chosen, The values of optimal control variables are, however,
almost the same, Tables 5 and 6 show results of optimal control for the
form of objective function given by equation (2) and for metabolic heat
generation rates of 300 BTU/hr and 3000 BTU/hr. The step by step re-
sults of a problem which has the form of the objective function given

by equation (1) are given in Appendix I,

Table 7 presents a comparison of the results obtained by the present
method with those by Hsu [14], Hsu has used a technique of Linear Pro-
gramming for obtaining 0p£ima1 values. This allows inclusion of con-
straints on the variables, The constraints are concerned with the ca-
pacity of the cooling device in terms of ﬁhe values of the control vari-
ables, and the limitations on the tempefature of brain, skin and muscle
beyond their set temperatures for safe working condition., These con-

straints are as follows:

Coolant inlet temperature T,n 2 15.6°C

Mass flow rate for jacket m' > 10 lbs/hr
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Mass flow rate for hood a" > 10 lbs/hr
Brain temperature i_loc of set temp.'
Skin temperature =+ 10°C of set temp.
Muscle temperature j:lSOC of set temp,

These are not taken into consideration initially for the working of the
present method, However, it will be seen that the vital constraints
regarding the limitations on brain, skin and muscle temperatures are
not violated, The less vital constraints regarding the mass flow rates
for the jacket and hood are violated, but the violation is of little
practical consequence,

The temperatures-of the brain, skin and muscle obtained by both
methods are almost the same., However, a mass flow rate for the jacket
is considerably lower by the present method than by Hsu's, The present
method gives this rate as 9.81 lbs/hr, whereas Hsu has obtained a value
of 29,5 1bs/hr, This difference of 19.7 causes a considerable difference
in the objective function. The temperature distribution along the body
is almost the same as thé pattern shown in Fig., 4, It will be seen that
the temperature distributions along the four elements - head, torso,
arms and legs - are fairly similar in the both cases. The temperatures
obtained by the present method, however, are lower by about 0.5°F than
those by Hsu, However, the temperature of the outer surfaces of head
and torso determined-by the two methods are comsiderably different,

They are 93,2°F by Hsu's methbd and 90, 86°F by the present method for
the head, and 88, 4°F by Hsu's method and 79.74°F by the present method

for the torso.
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A further comparison is made between the results for heat removal
rates of 300 BTU/hr and 3000 BTU/hr. It is given in Table 8, It will
be seen that the temperatures of brain, skin and muscle are almost the
same, They are also”within allowable limits, The inlet coolant temper-
ature has decreased from 20°C to l4°C, whereas the mass flow rates are in-
creased considerable from 10 1b/hr to 53 1b/hr for a higher heat removal
rate, The increase in the mass flow.rate for hood is, however, not con-
siderable,

Finally a comparison is made between the results using two different
‘forms of the objective function. It is given in Table 9. Again the
temperatures of brain, skin and muscle are élmost the same and within
allowable limits, The mass flow rate for the jacket is unaltered, but
the coolant inlet temper;ture and mass flow rate for the hood are lower

for the objective function of equation (1) than those for the objective

function of equation (1) than those for the objective function equation (2).
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NOMENCLATURE

radius of the ith element
specific heat

proportionality constant of direct heat transfer between
large arteries and veins

heat transfer coefficient at the surface of the ith element

proportionality constant of heat transfer between the
arteries and tissue per unit volume

metabolic heat generation per unit volume

proportionality constant of heat transfer between the veins
and tissue per unit volume

thermal conductivity of tissue, bone, fat, or skin
length of the ith element

reciprocal of m
reciprocal of m
mass flow rate of coolant inside the tube

mass flow rate of coolant for jacket

mass flow rate of coolant for hood

product of the mass flow rate and specific heat for blood
entering the large arteries of the ith element from the mth
element

product of the mass flow rate and specific heat for venous
blood entering the large veins of the ith element from the
nth element

amount of heat. to be removed

product of the mass flow rate and specific heat of blood
entering the capillary beds per umit volume

distance of tissue, bone, fat or skin from the axis of element

temperature of the arterial blood



T (t)

TBrain

el

Muscle

out

T
skin

vi

AL

AL

57

temperature of the blood entering the large arteries of
the blood entering the large arteries of the ith element
from the mth element

temperature of the brain

effective environmental temperature at the surface of the
element

set temperature for the core of the head
inlet coolant temperature

temperature of the tissue, bone, fat, or skin at a distance
r from the axis of the ith element

set temperature for the muscle
mean temperature of muscle
outlet coolant temperature

se; temperature for the skin
mean temperature of skin

temperature of the venous blood entering the large veins
of the ith element from the nth element

weighting factor

space increment to the left of r

3

space increment to the right of r

3

density of blood in tissue
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Fig. 1. A schematic diagramm of the human body i
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Results by Hsu [14]
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CHAPTER 5
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The response surface methodology is basically an experimental method
for obtaining an optimal value of a function of multi-dimensional vari-
ables, This report presents a scheme for carrying out a prior computer
simulation of the experimental search for optimum values by means of
response surface methodology. Computer simulation being less costly and
more flexible provides a very good guide line for actual experimentation.

A computer program to obtain an optimum point by means of response
surface methodology is developed., To demonstrate the method, the solution
of a two-dimensional production scheduling problem 1s presented in
details.

The report also presents results of computer simulations of the
optimal control of an integrated human thermal system by the method. A
study of modeling, simulation and optimal control of an integrated human
thermal system has been ;arried out by Hsu, He has determined the optimal
control policy by employing a well-known technique of linear programming.,
His results can be verified experimentally at the KSU-ASHRAE test facility.
The present study provides a numerical experimentation (simulation) of
the optimal control problem using the response surface methodology. A
comparison is made Between the results obtained and those by Hsu, Ap-
parantly a better set of conditions is obtained. In additon to the form
of objective function used by Hsu, which is required for linear pro-
gramming, a different and more rigorous form is used to obtain a set of

optimal conditions. This set is also better than that obtained by Hsu
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in the sense that it requires less efforts - physiological and operating

the device - and still maintains the body in thermoneutrality.

Suggestions for further improvement in the computer program are
The computer proéram developed is a basic program for an experi-
mental method, The designs provided in the present program are
a, factorial designs of 2> type
b. central composite designs -
c. non-central composite designs.
However, when the number of variables (factors) is more than five,
the size of the experiment becomes too large. A fractional factorial
designs - one-half, one-fourth, one-eighth etc., - are then required
to keep the number of points in the practical limit, Subroutines are
necessary to handle this type of designs depending on the number of
variables,
The present computer program does not provide a means of conversion
of the second degree equation from a conical to a canonical form,

A computer program is necessary to develop to include this feature

which will help in analyzing the characteristics of the fitted curves.
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APPENDIX A

FIRST ORDER DESIGNS

These designs are suitable for determining the first order dif-
ferential coefficients., Since only the first degree terms are involved
in the polynomial, two levels of factors are sufficient for a unique
fit, Each factor of the set, iy Xy sess X is varied only at two
levels, These levels are taken, for convenience, to be -1 and +1.
The 'zero' level of a factor indicates the normal condition or the ab-
sence of any modification. The point at which all factors are at the
zero level serves as the base point or the center point of the design;
'-1' level refers to the lower level and "+1' level refers to the

higher level, with respect to the centre point,

A, Factorial Designs

These are called 2" factorial designs. A complete factorial design
of this type consists of Zk points in space at the vertices of a k-
dimensional hypercube of side 2 units with its centre at the point

(0, 0, ..., 0). The design points for k = 2 and k = 3 are shown below.

re

i

-

k=2 s k=3

No, of points = 22 =4 No. of points = 2

I
o
-
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If k, the number of factors is five or more, the complete factorial
design may become prohibitatively large. However, the number of trials
can be reduced considerably, with sacrifice of certain unimportant in-
formation, but still retaining important information, by a technique
called confounding in fractional factorial designs., These designs are
a half, a quarter, a one-eighth, a one-sixteenth etc, replicate of a
complete factorial design, A typical one-half-replicate designs of 23

factorial are shown below.

One design consists of solid points and another of hollow points. It
requires only one-half the number of trials of complete factorial designs.

The design points are at vertices of a regular tetrahydronm.

B. First order designs of type A

Designs of type A of order d can be defined as those which give
unbiased estimates of all derivatives of order 1 to d,'providing that the
assumption is strictly true that all terms of higher degree may be
ignored. In this, the number ofrtrials N can be as small as M, the number
of constants to be determined. First order designs of this type are

provided by the multifactorial designs of Plackett and Burman.
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Designs for k = 3, 7, 11, ..., 4m-1, 99 factors in N = 4, 8, 12, ...,
4m, ..., 100 experiments are developed. For intermediate values of k,

the next higher design must be used.

C. First order designs of type B

Designs of type B of order d can be defined as those which give
unbiased estimates of all derivatives of order 1 to d, even though terms
of order d + 1 exist, In this, the number of trials N, must be larger
than M, the ﬁumber of constants to be determined,

These designs can always be obtained by duplicating the appropriate
first order design of A with reversed sign, Thus for type B designs,
for k factors, 2N experiments are necessary. Since for each factor the
levels +1 and -1 occur equal number of times, none of the first order
estimates are biased by quadratic effects. Thus, if curvature of a
surface, however great, could be expressed in terms of quadratic effects
alone, the estimates of the first order effects would remain completely
unaffected. On the other hand, the existance of mixed seéond order
derivatives, corresponding to the two-factor interactions, may bias

these estimates,
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APPENDIX B

THE CO-ORDINATES OF P ARE PROPORTIONAL TO THE FIRST ORDER

DERIVATIVES AT P

It is required to locate a point P, at a distance of r from the
origin 0, in the k-dimensional space, such that the response at P is
maximum (minimum),

Let the point P be (xl, Xps sees xk). Then the response function

at point P is given by

o(P) = ¢(xl, Xgs Xqs eees xk) (B-1)
This is required to be maximum (minimum), subject to

OP = r

or

H
]

K
-] & (B-2)
i=1 |

Using Lagrange's method of undetermined multipliers, a new function

Y can be defined as

k 2
V= 9(®) £ X ] ox] (-3)
i=1
where ) is Lagrange's multiplier. This can be maximized (minimized)
by putting all first order partial derivatives %%— y 1 =1, 2, .va, k

i



equal to zerc. This gives
() + 2x x, =0
Bxi i

or

i 2X Bxi

}‘=—']2-'0L'3(P)! i=1’2’_..’k
xi Bxi
Therefore,
$.(P)
1 i
himimg e S
] i
k k
1 2 2
- [¢.(P)]" / x
2
1 J1$.(P)]
2 T

(where ¢ (P) = 2%5;29
i

Substituting X back in equation (B-4) yields
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+ 6,(P)

Z[¢j(P>]2/r

r

- —L——.®
Z[¢j(P)]2

w6, (P) (B-6)

where

r

Z[¢j(P>12

constant.

Therefore, X5 co-ordinates of the point P, at a distance of r from

0, at which the response is maximum (minimum) are proportional to the

3¢(P)

Bxi

first order partial derivatives of a response function at P,
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APPENDIX C
DETERMINATION OF CONSTANTS IN POLYNOMIAL BY REGRESSION

Suppose that, within a given region of k-dimensional space, the
response function is represented by a model given by a polynomial of a
degree d. The model will then include all the terms of degree d and

less and can be represented by

n =Byt ByXy X, + B Xy + vee + BX

2 2

3

+ Blllxl +: A (C-1)

where n is the true response at the points (xl, Xgs sees xk) in the

region concerned, Further if the model involves L terms then it can be

written as

L-1

n= 1 B;X ' (c-2)
i=0

where X is called an independent variable and consists of powers and

cross products of the co-ordinates of the points such as

]
=

%

X, = x, i=1,2, «uu, k

83
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= 2 i =
Xk i % i i 24 wneg K

= i = PP k tec.
X2kli XXy i=2, 3, s ete

When (C-2) is expressed in the matrix form

n = X8, (C-3)

n is called a matrix of true responses, X a matrix of independent vari-
ables, and B a matrix of constants,

In order to determine the model completely the constants R's should
be evaluated. This can be done by observing the response at a sufficient
number of points placed suitably in the region concerned and fitting a
regression curve.

If N points (xl, Xps sees xki are chosen for this, these points
constitute what is known as experimental design. A trial is carried out
at each of these N points in turn. The co-ordinates of an experimental
point are the levels of k factors at that trial, The N x k matrix D
whose elements are the co-ordinates of the N experimental.points is called
a design matrix, The observations at these points form a vector Y of

observed responses. Y is assumed to be distributed normally with mean n

and variance 02, i.e. E{(y) = n. Then the model can be written as

Y=XB8+c¢ (C-4)

where € is the matrix of experimental errors, which are normally dis-
; : , 2
tributed with mean zero and variance ¢°, The method of least squares

requires e'e to be minimized,
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e=Y - XB

(Y - X8)'(Y - XB)

m
]

Y'Y - B'X'Y -~ Y'XB + B'X'XB

Y'Y - 28'X'Y 4+ B'X'XR (C-5)

since B'X'Y = Y'XB both being scalar quantities.

a(e'e) _

—% -0

e'e will be minimimum if

- 2X'Y + 2X'XB = 0
or
= 1y —1 1
B = (X'X) (x'y).
Thus if B is the vector of estimates, it is given by

Iyey (c-6)

B = [(X'X)"
The least square estimate B is an unbiased estimate of B in the
model i,e, E(B) = B,

The variances and co-variances of these estimates are given by
C-lo2 where the LxL matrix C is given by C =.X'X and consists of sums of
squares and products of the independent variables. C_l is called a pre-
cision matrix,

“In practice, it is desired that the estimates b etc, (forming

0’ P12 Py
a matrix B) should be unbiased and should have minimum variance. The
aSsumption of unbiased estimates is true, however, only if the postulated
model is the correct model to consider. If it is not the correct model,

then the estimates are biased i.e., E(B) # B, The extent of the biases

depends not only on the postulated and correct model, but also on the
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values of X, the independent variables entering the regression calcu-
lations.

In Response Surface Methodology, the correct model is seldom known
or used, Generally an approximation of a lower degree of polynomial is
used as a model. Hence bias in the estimates is unevitable, A good
choice of an experimental design provides the estimates with less bias

even if a model other than the correct one is postulated and fitted.
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APPENDIX D
SECOND ORDER DESIGNS

These designs are suitable for determining the first and second order
differential co-efficients, For a unique fit of the second degree
polynomial, at least three levels are required. Hence three-level
factorial designs - called 3" designs - may be employed. In this type
of design, if k is the member of factors, then 3k number of trials are
required, Unfortunately when k is greater than 2, the number of trials
required often greatly exceeds the number of constants to be estimated,
Consequently, when maximum economy in experiment is essential, 3" designs
are unsatisfactory., With four factors, for example, the number of trials
required is 34 = 81 whereas number of constants to be determined is only 15,
The number of trials can be reduced by fractional replication, This method,
however, is much less effective,

For these reasons, alternative designs have been sought which will
give all necessary estimates without necessitating a numbér of trials
greatly in excess of the number of constants to be determined, These are
called Composite Designs.

These can be built up from two-level factorials or fractional
factorials. The procedure is first to choose a two-level design so that
all effects of the first order and all interaction effects of second order
can be estimated., This design is then supplimented with further points

which allow the estimation of the quadratic effects,

The inherent advantage of the composite designs is that they allow



the work to proceed in stages. In the first stage, a first order design
can be completed, and if it is found to be necessary to estimate second
order effects, extra points can be added. Thus the work carried out is
not wasted, and addition of extra points placed strategically gives a
fair estimation of the second order effects,

There are two types of composite designs ~ central and non-central
composite designs, When it appears that the region of interest lies in
the centre of the first order desigﬁ, then a central composite design
is used. Whereas when it appears to lie towards one corner of the first

order design, then a non-central composite design is used.

88
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APPENDIX E

CONVERSION FROM A CONICAL TO A CANONICAL FORM

The equation of a curve in a canical form is

) )
n =B, + B.x. + B, X.X
R TR = R =S T

This is to be converted in a cononical form as

3 2
¥ -¥, = .}j A X7
i=1
where Y is response, YS is response at s, stationary point, Al, AZ’ saey
lk are coefficients and X Xz, scaing Xk are principal axis. The procedure
for conversion is to
i) calculate the position of s, centre of the system of contours

and the value. Also, calculate Ys} the response at s,

ii) calculate the value of Ais Ags sees A

- 22 k

iii) calculate the directions of Xl’ Xz, T Xk'
i) Calculate s and YS
s is the point at which the response is stationary, i.e.,

3%2 §§~, «+. are zero, Differentiating n with respect to X1 Xyp sees

H)
1 2
X in turn, k linear simul taneous equations are obtained. On solving
these simultaneous equations for the co-ordinates of s, (xls, LI ...,xks),

the stationary point on the fitted surface is obtained. On substituting

these values, YS, the predicted response at s is obtained,
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ii) Determining coefficients kl, Az, ... etc.
determinant Q = 0 (E-1)

is called a characteristic equation, where the Determinant Q is such

that
logll =8y =2 i=1, .,k

and -
logll=gey 243 JIRIN

where

B

i1 are the quadratic effects of factor i and

B are the two-factor interaction effects between factors

13

i and j.

The roots of this characteristic equation give the required coefficients

Al’ Az, vesg €tc.

iii) Determining the direction of axes

The following k equations should first be obtained

I{ - z (B_ 3)

where



The restrictions on M are -

sve TN

eee N

2k

Mkl k2 "™k3 777 Mkk

1k)
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i) The sum of squares of the elements in any row or column should

be equal to 1 i.e,

ii) The sum of products of the elements in any row or column

should be equal to zero, i.e,

or

e~

=0

e = L.
M 0on

e 2o b
S nou

]

e
-

°
-

~ R

&

1: pam K

(E-4)

(E-5)

Also if the equation of a plane through the Xs and Xt axes is required,

it can be obtained by solving k - 2 equations

Xl=0, ---’X-k

where X
s

0

&Xt

= 0 are omitted.
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FLCW CHART FCR MAIM CCMPUTER PRIGRAM

@ o064 -091

READ KsS5TARTING VALUES CF X (SVAL):s
STEP SIZE FCR DESIGN (STEP)s FINAL
STEP SIZE FCR SEARCHING {FSTEP)

T 092 -096

START CF PHASE CONE

NEXPT = 1
)
fo2 -123

SELECT DESIGN PCLINTS ]
USE 2#%K FACTCRIAL DESIGN
WITH A CENTER PCINT

‘ {160 -~ 174
[F:RMULATE X—MATRTX

&' 203-221
EVALUATE CEJECTIVE FUNCTICN Y AT
DESIGN PCINTS. STCRE Y AT BASE
POINT AS SSTART AND MINIMUM Y AS
TMINs SET SMIN = SSTART

3 230 - 235
DETERMINE REGRESSICN EQUATICN

Y = pot+ £ PWHERE B'S ARE

GIVEN BY (x'x)Tixty)

} 237- 255

CALCULATE SEARCHING STEP
SIZES IN CIRECTICN CF
STEEPEST DESCERT

< c
Y 256-260

[ Locate vRIAL poInT J

261
EVALUATE CBJECTIVE FUNCTICN AT
TRIAL PCIKT ANRD STCRE IT AS S
\

262
NC B
! @

b [ T smin =5

Flow Chart (continued)
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Is YES 274-276

MIN 2 SMIN
7

270-273

|
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MINIMUM Ys SET SMIN = TMIN

YES

277

Is

START > SMIN
?

Y. 278-285 286-289
KEXPT = REDUCE SEARCHING STEP
NEXPT + 1 TS HALF

T
ARE 290

YES

ALL SEARCHING

STEP SIZES «GEL.

297-317

END CF PHASE CNE
START CF PHASE TwC
NEXPT = 1

L

7Tl

,r/”Jr | 319-322 -

ARE
ALL FIRST DERI-
VATIVES COF SURFACE

326 Y 3238

SELECT DESIGN PCOINTS
USL NCHN-CENTRAL CCMPC-
SITE DESIGHN SKEWED

C NEGATIVE

USE CENTRAL C(CMPCSITE
DESIGN WITH CENTER

SELECT DESICM PTINTS
"PCINT

¥ 324

SELECT DESIGN PCZIRNTS
USE NCN~-CENTRAL CCidPC-
SITE DESIGN SKEWED

TC PCSITIVE

J

>l< )
. 124 -154 & 176 - 185

l FCRMULATE X — MATRIX

Flow Chart (continued)
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APPENDIX G

COMPUTER PROGRAM
MAIN DATE = 71085 21701754

CHFEEFSIR TR XS IETERESGESIFF RS PFERTEXINFFEFTREINETREEREABEAFEITRETFFIRCC RSO ST XS SE GRS

e el alalind sl el o N o oo RN o el o ol e NN o N RN s e RaRaa s aaknlakakalnkakakaiataianiakaisiaiaiaiaiainiaiale

THIS IS A PROGRAM FCR OPTIMJZATION OF & MULTIVARIABLE FUNCTION
BY THE RESPUNSE SUKFACE #cTHODOLOGY {KRSM). THOUGH THIS PRUGRAM
CAN HANDLE ANY NUMJUER UF VARIABLES, A FUNCTION OF MORE THAN
FIVE VARIABLES IS nCT RECUMMENDED.

*¥%% DATA TO BE FURNISHED BY THE USER #%%

NPROB = PROBELEM NUFBER
K = NUMBER OF VARIABLES
SVYAL = STARTING VALUE
STeP = STEP SI1ZE
FSTEP = FINAL STEP SIZE

*%# PIAINTING FURMATS TO BE PROVIDED BY THE USER #%#

FORMATS FUR PRINTING NAME OF THE PROBLEM AND MATHEMATICAL
EXPRESSTUN OF THE UBJECTIVE FUNCTION. THESE SHOULD BE OF THE
FOLLOWNING TYPE : -

FORMAT 2Col ¢ THLIS PROVIDES NAME OF THE PROBLEHM
2G21 FORMAT(25X,! ~NAME OF PROBLEHM - ')

FORMAT 2032 : THIS PROVIODES ﬁBJECTlVE FUNCTION
2002 FORMATI21Xs! -0BJECTIVE FUNCTION - ]

*%* SUBRUOUTINES TO BE PROVIDED BY THE USER ree

SUBROUTINE FOR EVALUATING THE DBJECTIVE FUNCTION S GIVEN
VALUES OF VARIABLES X({l}). THIS SHOULD BE OF THE FOLLOWING TYPE:

SUBROUTINE OBJECT (5,X)

OIMENSION. X(10)

S = F(X) GIVE FUNCTIUNAL RELATIONSHIP HERE
RETURN :

END

##% OTHER VARIABLES USED IN THE PROGRAM #*##%

INDEX = INDEX FOR CENOTING TYPE UF DESIGN
= 0 IF DESICN IS CENTRAL COMPUSITE DESIGN
= =i IF DESIGN IS NON-CENTRAL COMPOSITE DESIGN SKEWED
TO NEGATlve
= #1 IF DESIGN IS "ION-CENTRAL COMPOSITE DESIGN SKEWRED
. TO POSITIVE
NFACT = NUMBER OF POINTS FOR 2**K FACTORIAL DESIGN
NCFACT = NUMBER OF PODIWTS FOR 2%%*K FACTORIAL ODESIGN WITH
CENTCR POINT
NCCOMP = NUMBER OF POINTS FOR CENTRAL COMPOSITE DESIGN WITH
CENTER POINT )
NSCOMP = NUMBER OF POINTS FOR NONH-CENTRAL COMPISITE DESIGN
SKEwCD TO EITHER NEGATIVE QR POSITIVE
THMOD = SEARCHING STEP SIZE
NCOF = NUMBER OF CONSTANTS IN POLYNOMIAL
SSTART = VALUE OF THE OBJZCTIVE FUNCTION AT THE STARTING POINT
= VALUE OF UBJECTIVE FUNCTLIGN AT THE START OF PHASE

PSTART



FORTRAN [V’

ocol
0co2
ccc3
ocC4

CCo5
0006

ccot
ocos
cco9
oCclo
ocCll
0012
cCl3
0Cla
DG15
cCle
cC17
oCcl8
0019
oc2o
oca21l
0Gz22
0C23

0024

ccas
0026

CC27
oczs

cces
0030
0C31
cc3z2
CC33
0034

0C35
0C3e6

cC37

~
[ ]

L

alaEnlalalalel

c
C
c

c
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DATE = 71085 21701704

EVEL 18 MAIN
SHMIN = MINIMUM VALUE OF CBJECTIVE FUNCTION
TMIN = MINIMUM VALUE OF USJECTIVE FUNCTION EVALUATED AT
THE DPESIGN POINTS
PSVAL = VALUES OF VARIABLES AT THE START OF PHASE
LI R T T T e e e Pt s R e i s a2 LT e

DIMENSION SVAL(25),5TEP{25) ,FSTEP(25) X (251 ,X1{25), XTRIAL(25)
CIMENSION XS125)14XX{25,120).¥(251,T(25),TMOD(25),B{25)+BETA(23)
CIMENSION XPXIY90G)+XPY(90D),LM(102),ML(100)

DIYENSICN RIUZ5,25)4PPL25),CC(25)sPR125,100),PSVALIZ5)

FETEE PROVIDE PRUPER FORHMATS 2001 AND 2002

2201 FURMAT({® ')
2022 FORMAT(® *

1031 FURMAT(/)

1392 FORMATI//)

1003 FORMAT(//7)

1004 FUORMATI///7/)

1095 FORMAT('1*)

1210 FORMAT(1615)

1030 FURMATI{6F12.3)

999 FGRMAT(24X,'#%¥ RESPONSE SURFACE METHCDGOLOGY *%%4)

998 FURMAT 19X, "PROBLEM NO.*,14)

996 FOPMAT(1TX,'NUMBER OF VARIABLES -%,[4]

993 FORMAT(ITX"VARIABLE" y18X 20X (%, 11,°)%,5X)./)

992 FORMATIL17X,*STARTING VALUE', 1UX:3{FT.2.2X}1}

991 FURIMAT(LTX,'STEP SIZE FOR INCREMENT ',3(F7.2,2X})

990 FURMATI[17X,"FINAL STEP SIZE*,9X43[FT1.2,2X))

989 FCIMATILTX,'UBJECTIVE FURCTION ')

987 FORMAT(17X,'TH: ABOVE CBJECTIVE FUNCTION [5 TO BE MINIMIZED")

986 FORMAT(17X,"METHOD USEC FUR MINIMIZATION - MODIFIED VERSION OF RES
IPONSE SURFACLY 5/ ,43%,"FETHCDCLUGY BY BUX AND WILSON(1YS1it}

385 FURMATITX, '"PHASE OME : RESPO~NSE SURFACE [S APPROXIMATED AS A PLANE
1*)

984 FORMATI(///+TX,*EXPERIMENT NOL®+13,7/7}

953 FORMATITX, "STEP I = DETERMINATION OF AN EQUATION OF A SURFACE AT T
IHE BASE POINT'.//)

982 FURMAT{7X,s'A. BASE POINT

981 FURMAT(TX,.'8. DESIGN USED
1T /) :

9BC FORMAT{TIX,'B, DESIGN USED : CENTRAL COMPDSITE DESIGN WITH ALPHA =
12%:7)

979 FORMAT( 7X.'B. DESIGN LSED : NON-CENTRAL CCMPOSITE DESIGN SKEKWED T
1CWARDS "4 /422X, "NEGATIVE KITH ALPHA = 2',./)

978 FURMAT( TX,'0. DESIGH LSED : NUON-CENTRAL COMPOSITE DESIGN SKEWED T
IDWARDS 1, /,22X, "PUSITIVE WITH ALPHA = 27',/)

977 FCRMAT { 7X,*C. NUMBER OF TRIALS REQUIRED :=',13,/}

976 FORMAT(TX, 0. RESULTS CF TRIALS',/)

973 FURMAT(IDX, "TRIAL*+9X,"TRIAL PUINT",12X,"'0OBJECTIVE" 411X, "REMARKS Y,
L/v 11X " NDa " 11X g "KOLY*aX "X {2 s Ll *FUNCTION® 3/}

972 FORMAT( L11X.13,TX+2(F8.2), TXeFl2.21}

971 FURFAT(/.TX,"E. ECUATICN OF & SURFACE AT THE BASE POINT'/,12Xs'Y =
1 *+F12.24%4%,F12.2,"X1 #%,F12.2+"X2 +",F12.2,"X3")

9TC FURMAT( /,7X."E. EQUATION OF A SURFACE AT THE BASE POINT®,/,12X,
1Y =", Fl2.2¢*+"4Fl2.2,°X1 #%y Fl2.2¢'X2 +",Fl2.2,"X1.XK1",

X{1) =*,FTas24" X(2) =%,F7.2/)
2%+2 FACTORIAL DESIGN WITH CENTER POIN

L]



FORTRAN

0336
0C39

CC40
0Cal

CL42

0043
0C44

‘0C45
CCsa6

0C47

QC4B
0C49
- 0C50
0cs1
0G52
CCs53
0C54
0055
CC56

0C57

0Cs58
GC59
0060
CcCol
GCo2
CGe

CCe4
cCas
DCes
0067
CCoeg
0ce9
0G70
cC71
cC12
0C713
0C74

87

Iv 6 LEVEL 18 MAIN DATE = 71085 21701794

e/ v15X, 47 F12.2,'X1eX2 +",F12.2,'X2.%X2%)

69 FOUMATU// 7« TXy"STEP 11 @ APPLICATION OF THE STEEPEST ASCENT PROCED
ILRE", /)

Y68 FURMAT( TX,'A., MUODIFIEC STEP SIZES®+/13X,"VARIABLE"',8X,*'STEP SILE
1% -

967 FURMAT(ISXK o "X{* ke "}, 11X,FT.3)

966 FURMATL f,TX,'B. RESULTS OF TRIALS AT POINTS IN THE OIRECTION DF S
1EEPEST ASCENT',/ )}

363 FORMAT (//+TX,*STEP 1I] = SUMMARY OF THE EXPERIMENT ',/ ,7X,
1'a. BASE POILT AT THE START OF THE EXPERIMENT : XUl) ='"2F7.2,5%,
2°X{2) ="2wFT7.2:/433X,“0BJeCTIVE FUNCTICN =',Fl2.34//47X+
3*Bb. BASE POINT AT THE ENuU OF THE XPERIMENT 2 X(1) =",F7.2,5X,
4¢X(2) ="y FTa2y/+33X,"0BJECTIVE FUNCTION =',F12.3,//+7Xs'C. REMARKS
5:" 1} :

962 FURMAT(15X,'END OF THE EXPERIMENT.®]

961 FUORMAT 1 15X,'THERE IS AN IMPRGVEMENT IN THE OBJECTIVE FUNCTION.

[N aNel

1EXPERIMENT 15 SUCCESSFLL."s/15X,"8ASE POINT AT THE END OF THE EXPE
2RIMENT BECOMES THE STARTING POINT *,/15X,'0OF THE SUBSEQUENT EXPERI
IFENT. ')

960 FGRMAT( 15X,*THERE IS AO IMPRCVEMENT IN THE OBJECTIVE FUNCTIONG.'y/
1 15X+ *REDUCE STEP SIZt B8Y HALF. REPEAT STef 11.%'/)

959 FURMATI( 15X,°*STEP SIZE CANNDT BE FURTHER REDUCED.END OF THE EXPERI
IPENT. ¥)

958 FUOAMAT(15X,'THERE IS NC IMPROVEMENT IN THE OBJECTIVE FUNCTION. EXP
LERTMENT HAS FAILEU."+/415X,"APPROXIMATION OF A SURFACE AS A PLANE
-2N0 LONGER HOLDS GOOD. ENC OF THE PHASE.L')

956 FORMAT(Z2O0X,"XU1) =',FT7.2,5%:'R12) =%*,FT7.2)

955 FURMAT(20X,'uBJECTIVE FUNCTIUN =',F9.3)

954 FORMATI(LIX,13,7X,2(FB842)y TA+F1l2.2,11Xs *SUCCESSFUL®)

953 FORMATULLX I3, TXs2(FBa2) yTXsF12.2,11Xy*FAILED")

952 FURMAT(21X,2{FB.2) e TX4F12.2,11X,'BASE POINT}

930 FORMAT(28X,'#*2% SUMMARY OF PhASE ONE #%%t)

929 FURMAT(14X,'B8ASE POINT AT THE START COF PHASE ONE®)}

928 FOPMAT[14X,*uPTIMUM POINT (SO FAR) AT THE END OF PHASE ONE')

926 FURMAT{ TX,'PrASE TWO : RESPONSE SURFACE IS APPROXIMATED AS A SECD
IND UEGREE CURVEY)

925 FURMAT{///,TX,*STEP Il : DETERMINATION OF THE CO-ORDINATES OF AND
ICBJECTIVE FUNCTION'< /517Xy 'AT THE CENTER OF THE SURFACE',/)

924 FORMATL TXy'4. CG-ORCINATES OF THE CENTER®)

923 FURMATUIDX ' XL"12+%) = ",FT.2)

922 FURMAT(/,7X,'B. TRIAL AT THE CENTER POINT')

920 FORMATIZBX,'*=& SUMMARY QF PHASE Tw( %&3t)

919 FORMATIL14X,*8ASE PUINT AT THE START OF PHASE TwWO')

918 FOIMATILI4X,*UPTIMUM POLINT AT THE END OF PHASE TwQ®)

INITIALIZE

THIN = 1.0E40
INDEX = 0O

PRINT 1CO5
PRINT 1002
PRINT 999

READ 121D0,NPROB
PRINT 1002
PRINT 998 ,.NPROB
PRINT 1032
PRINT 2001
READ1IOIO,K



FORTRAN IV G LEVEL

eCTs
cC76
Qo077
cc7s
0C79
ocs0
ocsl
ocs2
ocs3
084
ccas
ocae
oe87
ccss
ocss
0690
cC9l

0C92
0Cc93
CCo4
0C95
0C9s6

0Cc97
¢Css8
eC9g
0100

clol-

0l02
0103
Cl04
0105
0106
0107
olcs
o109
0110
cll1l
cl12
Cl13
Oll14
Cl1ls
tlie
c117
0l18
0119
0l20
0121
glz2z2
clz23

[alaNel

zNaNalal

24
23
121

110
115

105

N W

18 MAIN

PRINT 1071

PRINT 996,K

PRINT 1001

PRIMT 993,(1,1=1,K)

READ 1930, (SVALIT)},1=1,K)

PRINT 992, (SVALII)I=14K1}

READ 123D, (STeP{I)I=]4K)

PRINT Y9L 4 (STEP(I)4+1=1,K)

READ 1030,(FSTEPII)41=1,4K)
PRINT 990, (FSTEP(1)sI=14K)}
PRINT 1001

PRINT 989

PRINT 2032

PRINT 1001

PRINT 987

PRINT 1001

PRINT 986

NTRTAL ')
IPHASE = 1
PRINT 1005
PRINT 1001
PRINT 385

DETERMINE NUMBER OF DESIGN POINTS

NFACT = 2%2K

NCFACT = NFACT + 1
NCOMP = NFACT + 2%K
NCCOMP NCOMP + 1

‘NSCOMP = NFACT + K

DATE = 71085

98

21/01/04

DETERMINE CO-URDINATE OF DESIGN PGINTS REQUIRED FOR PHASE ONE.

DESIGN USED IS 2#%X FACTORIAL DESIGN WITH CENTER POINT

DD 23 1
eO 246 J
XXUIed)
CUNTINUE
CONTINUE
N = NCFACT

[=1,K

2.0%%(K-1])
NFACT/II

J = 14NFACT
H=1'JJ'2

KM M+ ]

IF{J=-M*I1) 135,105,110
IF(J=FE+IT1)1154115+4
XX{I.J) = la0

GO T0 3

XX(1:d) = =1.0

GO TD ¥

CONTTNUE

CONTY INUE

CONT INUE

GO TO 159

1.,
1,NCCOMP
0.0

[x]
c
Wi nmN



FCRTRAN 1V G LEVEL

0160
0lé61
0le2

0163
Ol64
0165
D166

0167
0le8
0169
0170
0171

[aRalaNel

[alale

102

475

486
485

490

254
251
252

71

506
505

159

425

160

161

18

MAIN

DATE

71085

99

21/01/04

‘DETERYINE CO-DRDINATES OF ADDITIONAL DESIGN PUINTS REQUIRED
OR PHASE TwO. DESIGN USED IS EITHER CENTRAL OR NON-CENTRAL

F

COMPOSITE DESIGN WITH ALPHA

IFt1
N

o

xXx{1
CGNT
CONT
J =

FH =
XM =
ALPH
ca 7
Cu 7
g =

Gu T
X£(I
Ge T
xX(1I
CUNT
CONT
IFLI
EO0 5
Cu 5
XUl
CUNT
CONT

CUNT
CO &4
PSVA
CONT
IF(1

FORMULATE X-~HMATRIX, MATRIX OF INDEPENDENT VARIABLES

CO 1
X{(I}
CONT

CUu 6
Tn
B(1)
CONY

NEXP
cu 2
Co 5
1 =
X(L)

HDEX.NE.U) GO YO 475
NCCOMP

NCFACT

2

0.0

@

v
—
|

= 1.K
NCFACT 4N -
1d) = 1.0
INUE
INUE
NFACT
1
1.0
A= 2

=]

o

[
It

11
2 H
J+l
0 {251,252)4M

vJ) = ALPHA + XM

072

rJ) = —ALPHA-XM

INUE

1NUE

NDEX .EQ. O0) GO TO 159
05 1 = 1.K o
06 J = NCFACTsN

1J) = XX(I,J)&INDEX
INUE .
INUE

INUE

25 1 = 1,K

L{I) = SvaL{l}

INUE

PHASE.EQ.1) NEXPT =0

I=1,N
= 1.0
INUE

1=1,K
STEPL{I)
SvaL(I}
INUE

T = NEXPT + 1

1 1T = 14K

J=1,H

J+[=N

= XX(I,J}T{I) + B(I)

2



FURTRAN [V G LEVEL

0172
0173
Cl74

0175
0l7é
0177
0178
0179
clis0
o181l
ol82
0183
Clas
0185

clee
0187
o188
cles
0150
0191
Cl192
0193
0194
0195
0196
0137
0198
€199
0209
0z01
0202

caz22

[aEaEaEalal

= un

198

18

18

199

357
651
652

653
654

630

420

18 MAIN DATE = 71085

CUNTINUE
CuNT INUE
NCUF = K+l

Gu TD (199,198),IPHASE

L = [K+l)#*N

LD 16 I=1,K

DO 17 J=1,4K

CO 18 M=1,N

L=L+1

XCL) = XUI#N#M)EX(JENEN)
CONTINUE

CONTINUE

CUNTINUE

NCOF = K + 1 + (K#K + K1/Z2.0

CONTINUE

PRINT 984 ,NEXPT

PRINT 983

PRINT 982 ,({SVAL(I),I=1,K }
[F{IPHASE.EC.2) GO TO 350
PRINT 981

GU TO 654

CONTINUE

TFUINDEX) 651,652,653
PRINT 979

GO TO 654

PRINT 980

GO TO 654

PRINT 978

CONTINUE

PRINT 977N

PRINT 976

PHASE ONE AND TWO. STEP I.
EVALUATE OBJECTIVE FUCTION AT THE DCESIGN POINTS.
FORMULATE Y-MATRIX, MATRIX OF OBSERVATIONS.

C 71 = 1:N

CO 8 J=1,K

XI0) = X(J*N + I}
PRII,J) = XI{J)
CGNTINUE

NTRIAL = NTRIAL + 1
CALL OBJECT ([S.X1)
PRIUI.K+]1) = S
IFITHINGTLS)Y GO TO 60C
THIN = S

MIN = 1

YiI)y = §

CONT INUE

PRINY 973"

NTRIAL = NTRIAL-H

CO 420 1 = 1.8

ATRIAL = NTRIAL + 1
PRINT 972 yNTRIAL,(PR{I,J)ed=1,3)
CONTINUE :
IF(INDEX) 616,617,616

100

21/01/04
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0:zz213
C224
cz25
0z26
ce21
0z28
cz2s

0z30
gz3l
0e32
0233
C234

0235

Czs52

0254
G255

€256
0257
0258
0259
C2¢0
0z61
0262

0263
02¢4
Cz65
0z66
0267

OO0

[aRaNal

aoO0

[aNaNa

6l6

617
618

205

140

141

615

61

130

10

1290

11

18 MAIN

SSTART = SMIN

GU T0 618

SSTART = PRI(5,K+1)

COMTINUE

SMIN = SSTART

IFU{IPHASE.EC.2) GU TO 205
IFINEXPT.EQeLIPSTART = SSTART

EVALUATE CO-EFFICIENTS OF POLYNOMIAL BY METHOD OF LEAST

SQUARES.

CALL TPRD(XyXXPXyNsNCCF40,0,NCOF)
CALL TPRE(X,Y XPY NeNCCF404¢D41}

CALL MINV({XPX,NCUF,DyLFsML}

DATE

CALL MPRD(XPX+XPY,BETA,NCOF+NCOF+0,0+1)

IFUIPHASE.EC.2) GU TO 435
PHASE ONE. STEP I1.

PRINT 971 ,IBETA(I)I=1,NCQOF)
PRINT 969

CO 9 [=2,NCOF

BETACL). = =BETA(I)

CONTINUE

CUNTINUE

PRINT 968

BMAX = ABS(BETA(2))

Kl = K+l

CU 615 1 = 2,K1

IFIBMAX.GE.ABS(BETA({I})) GO TO 615

BHAX = ABS(BETA(I!)

CUNTINUE

CO 61 I = 2,NCOF

TMDDI{I) = BETA[L}*T(I-1)/BMAX
L =1I-1

PRINT 967,L,TMOD(I)

CONTINUE

PRINT 966

PRINT 4973

71085

TRIALS ALONG THE DIRECTION OF STEEPEST DESCENT

CONTINUE

NTRTAL = NTRIAL + 1

CO 10 I = 14K

XTRIAL (I) = B(I) + TMCD(I+1)
CONTINUE

CALL OBJECT(S,XTRIAL)}

IF [SMIN - S) 125,120.+120

TRIAL SUCCESSFUL. CCNTINUE SEARCH.

SMIN = §

PRINT 9354 yNTRIALS(XTRIAL(I)I=1,K)4S

CU 11 I = 1,.K
BUI) = XTRIAL{I)
CONTINUE

101
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FORTRAN 1V G LEVEL

0268

069
cz2i¢
0211
C:12
cz213
Cz14
0275
C276
c2117

cz278
0279
0289
cezel
0z82
0283
0284
0285

0286
Cc287
0z88
089
¢290
cz291
0z92
0293
0294
0295
0294

0297
02658

c299
G200
0301
02cz
0203
0304
C3cs5
G20e
0207
c3ioe
0209

[zNaNal

aNalgl

[N aRalal

SO0

[aRalal

125

602
6J1

633

150

15

155

631

630

503

102

18 MAIN DATE = T1085 21/01s04

G} TO 139
TRIAL FAILED.

IF{TMIN.GE.SHMINIGO TO &01

SMIN = TMIN

CO 602 T = 1+K

B{I) = PR{MIN,I)

CONTINUE

CONTINUE

PRINT 953 NTRIALy{XTRIAL(I)sI=14K) S
CUNTINUE

IF(SSTART ~ SMIN 1155,4155,:150

EXPERIMENT IS SUCCESSFUL. STEP Illl.

CONTINUE

PRINT 963 ,{SVALII)4I=1,K)} SSTART{B(]I),I=],;,K},SMIN
SSTART =SMIN

PRINT9561

DO 15 I=1,K

SVALI(I) = B{I}

CONTINUE

GO TO 160

NO IMPROVEMENT OVER FIRST TRIAL. SEARCHING STEP SIZE TOO LARGE.
REDUCE BY HALF.

CONT INUE
IND = 9
DO 632 I = 14K
T(I1) = T(1}/2.0
IF{T(IY-FSTEP{I))} 631,630,630
T(I) = FSTEP(I}
IND = IND+1
IFCIND-K)Y 634,503,503
CONTINUE B
PRINT 9690 g
GO TO 141

SEARCHING STEP SIZE CANNOT BE REDUCED FURTHER. END OF PHASE ONE,

[PHASE = 2
NEXPT=0

SUMMARY OF PHASE ONE.

PRINT 959

PRINT 963, {SVALII) s I=14K)SSTART{B{I),I=1,K},SMIN
PRINT 958

PRINT 1003

PRINT 930

PRINT 1002

PRIMT 929

PRINT 956, (PSVALEI),I=1,K}
PRINT 995, PSTART

PRINT 10022

PRINT 928
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0310 PRINT 956, (8{1}+1=1,K]
0211 PRINT 955,.SHIN
0212 CO 510 I=1,K
c313 PSYALLI)Y =BI(1])
C214 510 CONTINUE
0215 PSTART =SMIN
0316 PRINT 1001
€317 PRINT 926
C
C DETERMINE THE TYPE CF DESIGN TD BE USED FOR PHASE THWO.
c .
0318 612 CONTINUE -
G219 CO 450 1 =2,K
03220 W = BETA[{IV#BETALI+])}
c3z1 IF(N.LT.0)GO TO 465
c222 450 CONTINUE
0323 IF{BETA(2).LT.0) GO TO 455
C3z24 INDEX = 1
0225 GO TO 102
0226 455 INNEX = -1
0327 GU 1O 102
paze 465 INDEX = 0
€229 GO YO0 102
c
c PHASE TWO. STEP Il.
c
0230 435 PRINT 970, (BETA(IN,I=1,NCOF}
0331 PRINT 925
0332 PRINT 924
0233 210 €041 J=1,K
G234 CO 32 I=1,4K
0335 IFIJ-11301,302,305
G236 301 R(I4J) = BETA(LL+L}
237 Ll = L1+]
03238 GO TO 34
€339 302 LL = 1 + K
024C 04 33 L=1,J
0341 IFft-=1) 323,333,303
03242 303 LL = LL + K-L+#2
02343 33 CUNTINUE
0244 LL = LL +# 1
0345 R{IsJ) = Z2.0%BETA(LL)
€346 LI = LL
0247 CO TO 34
0248 305 RETeJd) = ROJLI)
0349 34 F = 14{J-1)%K
Ci590 PPIM) = R{I,:J)
ELS] 32 CONTINUE
0352 - &)1 CONTINUE
0353 CALL MIRY (PP.,K,D,LM:ML}
C354 EQ 35 I = 1.K
G255 COtI) = -BETA(L+1])
0356 35 CUNTINUE
c3sT CALL MPRDIPP,CLyXSsKyK;0,0,1)
C2t8 C(} 440 1 = 1,.,K
0359 PRINT 923,1,XS(I1}
0360 440 CONTINUE

0361 PRINT 922



FORTRAN IV G LEVEL

€362
C2e3
Q264
0365
0266

C3e7
Clss8
0369
o3t
G371
0372
C373
0374
€215
C37e

0377
G278
0379
0380
c3sl
6282
0383
0384
03285
0286

0387
c388
0389
G390
0391
G392
€293
G394
C395
€396
€397
c398
€299
0400

OO0

(2R al el

[aNaNe]

220

31

225

610

245

18 HAIN DATE = 71085

MTRRIAL = NTRIAL + 1

PRINT 973

PRINT 952,(B{I},1=1,K};SMIN
CALL OBJECT(S4XS)
IF{SMIN-S5)2259,2204220

EXPERIMENT 15 SUCCESSFUL.

CUNTINUE

PRINT 254 4 NTRLIAL,(XSII)},I=14K}¢5

PRINT 963, 18(1)sI=14K] SHINS(XS(1)4I=1:K)s5S
PRINT J61

SKIN = §

CO 31 I=1.,K

BIIY = X5(1)

SvaLtli) = B(I}

CONTINUE

CO TO 161

EXPERIMENT HAS FAILED.

[FITMIN.GE.SMIN) GO TO 610

SMIN = THMIN

CO 6ll I = 1,K

SVAL(I1 = PR{MIN,I)

CONTINUE

PRINT 953 ¢4NTRIAL(XS([)s[=1yK)+S§

GU TO 612

CONTINUE

PRIHT 353 ,NTRIAL,(XS(L1),I=1,K),S

PRINT 963,(B(L) I=1,K)SMIR,(XS{I)s1=1,K},S

SUVMARY OF PHASE TWC.

PRINT 958
PRINT 1003
PRINT 920
PRINT 1CC13

"PRINT 919

PRINT 9564 [PSYAL{I),I=14K)
PRINT 955,PSTART

PRINT 1032

PRINT 918

PRINT 956,(BII),1=1,K)
PRINT 355,SMIN

CONT INUE

sTOP

END

104
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APPENDIX H

COMPUTER OUTPUT OF OPTIMAL PRODUCTION SCHEDULING PROBLEM
PHASE ONE 2 RESPONSE SURFACE IS APPROUXIMATED AS A PLANE

EXPERIMENT NOo 1

STEP I : DETERMINATION OF AN EQUATION OF A SURFACE AT THE BASE POUINT

A. BASE POINT = X(1)}

= 5.ud

X{2) =

10.00

B. DESIGH USEC : 2##2 FACTORIAL DESIGN WITH CENTER POINT

€. NUMBER OF TRIALS RE
D RESULTS UF TRIALS

TRIAL TRIAL

NO. ’ . X(1}

1 3.00

2 3.02

3 T.00

4 7.00

5 5.00

QUIREL :

POINT
Xt2)

B.UOO
12400
8.00
12.00
10.00

5

OBJECTIVE
FUNCT IO

43980.00
4558J.J0
25920.02
24340,00
33660.00

E. ECQUATION OF A SURFACE AT THE BASE POINT
-4B840.11X1 +

Y = 58212.(C+

B0.2

nxz2 +

STEP II : APPLICATION OF THE STECPEST ASCENT PRUCEDURE

A, MODIFIED STEP SIZES
VARIAGLE
xt1)
X(2)

STEP SIZE

2.000
-0.033

REMARKS

Bs RESULTS OF TRIALS AT POINTS IN THE DIRECTION OF SEEPEST ASCENT

TRIAL TRIAL
NO. X{1l)

5.00
T.00
9.00
11.CH
13.0v
15.09
17.00

—
O W0 m-o

POINT
Xt2)

10.30
q.97
9.93
9.93
9.87
9.83
9.80

STEP I11 : SUMMARY UF THE EXPERIMENT

A. BASE POINT AT THE STAHT UF THE EXPERIMENT
OBJECTIVE FUNCTION

OBJECTIVE
FUNCTIONH

33660.00
24948.05
18177.53
13348,.44
10460.7T7

9514.51
10509.66

X{

[T

1} = 5.00
33660.000

REMARKS

BASE POINT
SUCCESSFUL
SUCCESSFUL
SUCCESSFUL
SUCCESSFUL
SUCCESSFUL
FAILED

x{(2})

105
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Be. BASE POINT AT TYHE END OF THE LXPERIMENT : X(1) = 15.00 At2) = 9.83
OQUJECTIVE FUNCTIUN = 9514.508

C. REMARKS :
THERE IS5 AN IMPROVEMENT IN THE OBJECTIVE FUNCTION. EXPERIMEMT IS SUCCESSFUL,

GASE POI#:FT AT THE END OF THE EXPERIMENT BECOMES THE STARTING PODINT
UF THE SUBSECUENT EXPERIMENT.

EXPERIMENT NCa 2

STEP I = DETERFPINATION OF AN ECUATION OF A SURFACE AT THE BASE POINT

A. BASE POINT = X(1) = 15.00 X(2} = 9.83
B. DESIGN USED =z 2%#2 FACTORIAL DESIGN WITH CENTER POINT
C. NUMBER OF TRIALS REQUIRED = 5

D. RESULTS OF TRJIALS

TRIAL TRIAL POINT OBJECTIVE REMARKS
NO. X(1) Xz) FUNCTIUN

12 13.G0 7.83 13460495

13 13.00 11.83 B502.28

14 17.09 7.83 14686.73

15 it.09 11.83 T168.06

16 1L5.02 9.83 9514.51

E. EQUATION CF A SURFACE AT THE BASE POINT
Y = 2620Tad0+ =-13.54X]1 + =1559.61%X2 +

STEP Il : APPLICATION OF THL STEEPEST ASCENT PROCEDURE

A. MODIFIEC STYEP SIZES

VARIABLE STEP SIZE
xtll 0.217
xt2) 2.000

Be RESULTS OF TRIALS AT POINTS IN THE DIKECTION OF SEEPEST ASCENT

TRIAL TRIAL POINT OBJECTIVE REMARKS
NO. X{l) Xt2) FUNCTION
15.00 9.83 9514.51 BASE POINT
17 15.02 11.83 6869.45 SUCCESSFUL
18 15.03 13.83 5173.43 SUCCESSFUL
19 15.35 15.83 4426443 SUCCESSFUL
20 15.07 17.83 462B.46 FAILED

STEP IIl ® SUMMARY OF THE EXPERIMENT
A, BASE POINT AT THE START Uk THE EXPERIMENT
OBJECTIVE FULNCTION

X{1l) = 15,00 Xxtzy = 9.E3
9514,508

0oes
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B. RASE POINT AT THE END OF THE EXPERIMENT : X{l) = 15.35 X(2) = 15.83
OoJECTIVE FLNCTION = 46264434

C. PEMARKS =
THERE IS AN IMPRCVEMENT IN ThHE OBJECTIVE FUNCTION. EXPERIMENT 1S5 SUCCESSFUL.

BASE POINT AT THE END Uf THE EXPERIMENT BECUMES THE STARTING POINT
OF THE SUESECUENT EXPERIMENT.

EXPERIMENT NO. 3
STEP I : DETERMINATION OF AN EQUATION OF A SURFACE AT THE BASE POINT

A. BASE POINT 3 X(1) = 15.05 X(2) = 15.83

B. DESIGN USED : 2%%2 FACTORIAL DESIGN WITH CENTER POINT
C. NUMBER OF TRIALS REQUIREL ¢ 5

C. RESULTS OF TRIALS

TRIAL TRIAL POINT OBJECTIVE REMARKS

NOD. X(1) X2} FUNCTION
21 13.05 13.83 7379.54
22 13.05 17.83 B147.52
23 17.05 13.83 4865.34
24 17.85 17.83 3073.33
25 15.05 15.83 4426443

E. ECUATION OF A SURFACE AT THE BASE POINT
Y = 21663.38+ -948.62X1 + -128.00X2 +

STEP 11 : APPLICATION OF THE STEzPEST ASCENT PROCEODURE

A. NMODIFIEDC STEP SIZES

VARTABLE STEP SIZIE
x(1l) 2.000
x(2} 0.270

Bs. RESULTS OF TRIALS AT POINTS IN THE DIRECTION UF SEEPEST ASCENT

TR1AL TRIAL POINT OBJECTIVE REMARKS
NO. X(i} Xt2) FUNCTIOAN
15.05 15.83 4426.43 BASE POINT
26 17.05 16.10 ‘ 3377.18 SUCCESSFUL
27 19.05°  16.37 4092.72 FAILED

STEP II1 : SUNMFARY CF THE EXPERIMENT
A, BASE POINT AT THE START UF THE EXPERIMENT
OBJECTIVE FUNCTION

X{1) = 15.05 X{2) = 15.83
4426.434

N ose
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Be. BASE POINT AT THE END OF THE EXPEKIMENT = X(1l) = 17.05 Xtzy = 17.83
OBJECTIVE FLNCTIUN = 3373.330

Ce REMARKS :
THERE IS AN IMPRUVEMcNT IN THE OBJzCTIVE FUNCTION. EXPERIMENT 1S SUCCESSFuUL,.

BASE PCINT AT THE ENO OF THE EXPERIMENT BECOUMES THE STAKTIRG POINT
OF THt SUBSEQUENT EXKPERIMENT.

EXPERIMENT NO. 4
STEP | : DETERMINATION OF AN EQUATION OF A SURFACE AT THE BASE POINT

A. BASE POINT = X(i) = 17.45 X{2) = 17.83
Be DESIGN USED : 2##%2 FACTORIAL DESIGN WITH CENTER POINT
C. NUMBER OF TRIALS RECUIRED : 5

G. RESULTS UF TRIALS

_TRIAL TRIAL POINT UBJECTIVE REMARKS
NO. X(1) X(2} FUNCTION
28 15.05 15.83 ’ 46264454
29 15.¢5 19.83 5834.41
30 19.05 15.83 4472.24
31 19.05 19.83 3329.22
32 17.05 17.83 3073.33

E. ECUATION DOF A SURFACE AT THE BASE POINT
Y = 8916.81+ =308.58X%X1 + 31.98%X2 +

STEP II1 : APPLICATION OF THE STEEPEST ASCENT PRGCEDURE

A. PODIFIED STEP SIZES

VARTASBLE STEP SIZE
X(1) 2.050
xte2) =-0.207

B. RESULTS OF TRIALS AT POINTS IN THE DIRECTION UF SEEPEST ASCENT

TRIAL TRIAL POINT OBJECTIVE REMARKS
NO. X(1} x{(2} FUNCTION
17.05 17.83 3073.33 BASE POINT
33 19.05 17.63 is81.08 FAILED

THERE IS O IMPROVEMENT IN THE OBJECTIVE FUNCTION.
REDUCE STEP SIZE BY HALF. REPEAT STEP Ill.

A. MODIFIED STEP SIZES
VARTABLE STEP SIZE
x(11 1.000
X(z21} =0.104
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B. RESULTS OF TRIALS AT POINTS IN THE DIRECTION OF SEEPEST ASCENT

TRIAL TRIAL POINT OBJECTIVE REMARKS
NG. X(1? X(2i FUSCTION
: iT.Oﬁ 17.83 3073.33 BASE POINT
34 1835 17.73 3019.34 SUCCESSFUL
35 19.C5 17.63 3481.09 FAILED

STEP Ill : SUMMARY OF THE EXPERIMENT

A. BASE POINT AT THE START OF THE EXPERIMENT = X({1) = 17.05 xX(2) = 17.83
OBJECTIVE FUNCTION = 3073.330

B. BASE POINT AT THE END OF THE EXPERIMENT : X(l) = 18.05 X{2) = 17,73
OBJECTIVE FUNCTION = 3019.33T7

Cs REMARKS =
THERE IS AN IMPROVEMENT IN ThE OBJECTIVE FUNCTION. EXPERIMENT IS SUCCESSFUL.
BASE POGINT AT THE END OF THE EXPERIMENT BECONMES THE STARTING POINT
OF THE SURSECUENT EXPERIMENT.

EXPERIMENT NC., 5 '

STEP 1 : DETERMINATION OF AN EQUATION OF A SURFACE AT THE BASE POUINT

A. BASE POINT = X(1) = 1B.05 X(2) = 1T7.73
Be. DESIGN USED : Z¥*2 FACTORIAL DESIGN WITH CENTER POINT
C. NUMBER OF TRIALS REQUIRED : 5

C. RESULTS OF TRIALS

TRIAL TRIAL POINT OBJECTIVE REMARKS
NO. X(1} X{2) FUNCTION

36 16.05 15.73 3749.03

37 16.05 19.73 4417.50

38 20.05 15.73 578l.16

39 2C.05 19.73 3B69.65

40 1B.05 17.73 3019.34

E. ECUATION OF A SURFACE AT THE BASE POINT
Y = 348,13+ 188.U0X1l + =-152.90X2 +

STEP II : APPLICATIUN DF THE STEEPEST ASCENT PROCEDURE

A. MODIFIED STEP SIZES

VARIABLE STEP S1ZE
x(1) -1.000
X(2) O.b13

Be RESULTS UF TRIALS AT POINTS IN THE DIRECTION OF SEEPEST ASCENT
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TRIAL TRTIAL POINT OBJECTIVE REMARKS
NO. xXt11 X(2) FUNCTION
18.05 17,73 : 3019.34 BASE POINT
41 17.05 18.54 3i56.41 FAILED

THERE IS 0 IMPROVEMENT IN THE OBJECTIVE FUNCTION.
REDUCE STEP SIZE BY HALF. REPEAT STEP Il.

A, MODIFIED STEP SIZES

VARITABLE STEP SIZE
X(Li =0.500
X{2) 0.407

B. RESULTS OF TRIALS AT POINTS IN THE DIRECTION UF SEEPEST ASCENT

TRIAL TRIAL POINT OBJECTIVE - REMARKS
NO. X(1) X(2) FUNCTION
i
18.05 17.73 3319.34% BASE POINT
42 17.55 18.14 2975.53 SUCCESSFUL
43 17.05 18.54 3156447 FAILED

STEP [I@ : SUMMARY OF THE EXPERIMENT

A. BASE POINT AT THE START uUF THE EXPERIMENT : X(1) = 18.05 X(2y = 17.73
OBJECTIVE FLNCTIOR = 3019.337

B. BASE POINT AT THE END OF THE EXPERIMENT : X{1) = 17.55 X(2) = 18.14
OBJECTIVE FUNCTION = 2975.527

C. REMARKS : :
THERE 1S AN [MPROVEMENT IN THE OBJECTIVE FUNCTION. EXPERIMENT IS SUCCESSFUL
BASE POINT AT THE ENG GF THE EXPERIMENT BECOMES THE STARTIWG PODINT
UF THE SUBSEQUENT EXPERIMENT,

EXPERIMENT NO. 6
STEP 1 : DETERMINATION OF AN EQUATION OF A SURFACE AT THE BASE POINT

A. BASE POINT = x(1) = 17.55 X(2) = 18.14
Be DESIGN USED : 2**2 FACTORIAL DESIGN WITH CENTER POINT
C. NUMBER OF TRIALS REQUIRED : 5

0. RESULTS OF TRIALS

TRIAL TRIAL POINT GBJECTIVE REMARKS
NO. X{1) X{2) FUNCTION

44 15.55 16.14 3960.15

45 15.55 20.1¢4 5339,01

46 19.55 16.14 4772.04

&7 19.55 20.14 3592.90

48 17.55 18.14 297553
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E. FOUATION DF A SURFACE AT THE BASE POINT
Y = 5734,06+ =117.06X1 + 24.,70X2 +

STEP 11 : APPLICATION OF THE STEEPEST ASCENT PROCEDURE

A. MODIFIED STEP SIZES

VARIABLE STEP SIZE
X(1} 0.500
X(2} ~0.1G5

B, RESULTS OF TRIALS AT POINTS IN THE DIRECTION OF SEEPEST ASCENT

TRIAL "TRIAL POINT UBJECTIVE REMARKS
NO. X(i} x{2) FUNCTION
17.55 18.14 2975.53 BASE PODINT
49 18.05 18.03 2984.18 FAILED

THERE 15 NO IMPROVEMENT IN THE UBJECTIVE FUNCTION,
REDUCE STEP SIZE BY HALF. REPEAT STkP Il.

A. MCDIF1ED STEP SIZES

VARIABLE STEP SIZE
X(l1) 0.250
xt2) -0,053

B. RESULTS OF TRIALS AT POINTS IN THE DIRECTION OF SEEPEST ASCENT

TRIAL TRIAL POINT OBJECTIVE REMARKS
NO. Xt1) xt2) FUNCTION
17.55 18.14 2975.53 BASE POINT
50 17.80 18.08 236241 SUCCESSFUL
51 18.05 18.03 2984.18 FAILED

STEP II[ : SUFFMARY OF THE EXPERIMENT

A. BASE POIRT AT THE START UF THE EXPERIMENT : X(l) = 17.55 Xi2) = 18.1%
DBJECTIVE FUNCTION = 2975.527

B. BASE POINT AT THE END OF THE EXPERIMEANT : Xx(1) = 17.80 X(2}) = 18.08
OBJECTIVE FUNCTION = 2962.410

C. REMARKS @
THERE IS AN IMPROVEMENT IN THE OBJECTIVE FUNCTION. EXPERIMENT IS SUCCESSFUL
BASE PCIWT AT THE EaD OF THE EXPERIMENT BECOMES THE STARTING PDINT
OF THE SUBSEQUENT EXPERIMENT.

EXPERIMENT NO. T

STEP | : DETERMINATION OF AN EQUATIUN OF A SURFACE AT THE BASE PDINT

A. BASE POINT 3 X(1)}) = 17.80 X(2}) = 18.08
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Bs DESIGN USED = 2#%%2 FACTORIAL DESIGN WITH CENTER POINT
C. NUMBER OF TRIALS REQUIRED = 5

C. RESULTS OF TRIALS

TRIAL TRIAL POINT OBJECTIVE REMARKS
ND. xX{1) X{2) FUNCTION

52 15.80 16.08 3795.49

53 15.89 20.38 4963,71

54 19.80 16.08 5121.10

£5 19.80 20.08 . 3729.33

56 17.82 18.08 2362.41

E. EQUATION GF A SURFACE AT THE BASE POINT
Y = 4417.13+ 11.38BX1 + =27.95%X2 +

STEP Il : APPLICATION OF THE STEEPEST ASCENT PROCEDURE

A. MODIFIED STEP SIZES

VARIABLE STEP SIZE
XL -0.102
x(2) 0.250

8. PESULTS UF TRIALS AT POINTS IN THE DIRECTION OF SEEPEST ASCENT

TRIAL TRIAL POINT OBJECTIVE REMARKS
NO. : X{1} X(2) FUMCTION
17.82 18.08 2962.41 BASE POINT
57 17.79 18.33 2968.32 FAILED

THERE IS NO IMPROVEMENT IN THE OBJECTIVE FUNCTION,
REDUCE STEP SIZE BY HALF. REPEAT STEP Il.

A. VODIFIED STEP SIZES

VARIABLE STEP SIZE
X(1) =0.351
xez) 0.125

Be RESULTS OF TRIALS AT POINTS IW THE DIRECTICN OF SEEPEST ASCENT

TRIAL TRIAL POINT OBJECTIVE REMARKS
NO. X(1} Xi2) FUNCT ION
17.82 18.08 2362.41 BASE PODINT
58 17.75 18.21 2961.85 SUCCESSFUL
59 17.70 18.33 2968.32 FAILED

STEP 111 : SUMMARY OF THE EXPERIHMENT

A. BASE POINT AT THE START UF THE EXPERIMENT : X{1l) = 17.89 Xt2) = 18.08
OBJECTIVE FLNCTION = 2962.410

B. BASE POINT AT THE END OF THE LXPERIMENT 2 X(1) = 17.75 X{2} = 18.21
OBJECTIVE FULNCTION = 296l.551

C. REMARKS =
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THERE IS AN IMPROVEMENT IN THE OBJECTIVE FUNCTION. EXPERIMENT IS SUCCESSFUL.
HASE PCINT AT THE END CF THE EXPERIMENT BECUMES THE STARTING PUINT
OF THE SUHSEQUENT EXPERIMCNT.

EXPERIMENT NO, B8

STEP I : DETERMINATION OF AN ECUATION OF A SURFACE AT THE BASE POINT

A. BASE POINT @ Xt1) = 17.7% X(21 = 18,21
B. DESIGN USED : 2#%%2 FACTORIAL CESIGAN WITH CENTER PDINT
C. NUMBER OF TRIALS REQUIRED 3 5

De. RESULTS OF TRIALS

TRIAL TRIAL POINT OBJECTIVE REMARKS
NO. X{1) x(2) FUNCTION

60 15.75 16.21 380T7.49

61 15.75 20.21 5128.27

62 19.75 16.21 4955.42

63 19.75 20.21 3716.22

64 17.75 18.21 2961.85

E. EQUATION OF A SURFACE AT THE BASE POINT
Y = 4514425+ =-33.03x1 + 10.20x2 +

STEP Il : APPLICATION OF THE STEEPEST ASCENT PROUOCEDURE

A. MODIFIEO STEP SIZES

VARIABLE STEP 5I1E
x(1) 0.125
x{2) ~0.u39

Be RESULTS UF TRIALS AT POINTS IN THE DIRECTION OF SEEPEST ASCENT

TRIAL TRIAL POINT OBJECTIVE REMARKS
NO. Xty Xtz) FUNCT ION
17.75 18.21 2961.85 BASE POINT
65 17.88 18.17 2962,03 FAILED

STEP SIZE CANNOT BE FURTHER REDUCED.END OF THE EXPERIMENT.

STEP 111 : SUMFARY OF THE EXPERIMENT

A« BASE POINT AT THE START UF THE EXPERIMENT : X{1) = 17.75 X12) = 1B.21
UBJECTIVE FLNCTION = 2961l.851

Be BASE POINT AT THE END OF THE EXPERIMENT : X(1) = 17.75 X(2) = }8.21
OBJECTIVE FULNCTION = 2961.851

C. REFMARKS : :
THERE IS NO TMPROVEMENT IN THE OBJECTIVE FUNCTION. EXPERIMENT HAS FAILED.



APPRUXIMATION OF A SURFACE AS A PLANE NO

*¥¥ SUMMARY OF PFASE ONE *%3%

BASE PODINT AT THE START OF PHASE ONE
X(l}) = 5.00 X{z) = 10.00
CBJCLCTIVE FUNCTIUN =33660.000

OPTIMUM POINT (SO FAR) AT THE END OF PHASE ONE

X{1)y = 17.75 Xt2) = 18.21
CBJECTIVE FUNCTION = 2961.851
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LONGER HOLDS GOOD. END DF THE PHASE.

PHASE TWO : RESPONSE SURFACE IS APPROXIMATED AS A SECOND DEGREE CURVE

EXPERIMENT NO. 1

STEP I : DETERMINATION OF An ECUATION OF A SURFACE AT THE BASE POINT

A,
B.
C.

D.

E.

BASE POINT = X(1} = 17.75 X(2) = 18,21

DESIGN USED : CENTRAL COMPUSITE DESIGN WITH ALPHA = 2

NUMBER OF TRIALS REQUIRED : 9

RESULTS OF TRIALS

TRIAL TRIAL POINT OBJECTIVE

NO. - X1} Xi2] FUNCTION
(1] 15.75 16,21 3837.49
&7 15.75 20.21 5126.27
68 19.75 16.21 4955.42
&9 19.75 20.21 3716.22
T0 17.75 18.21 29¢&1.85
71 21.75 18.21 66569.78
72 13,75 18.21 6933,.91
13 17.75 22.21 4922,664
74 17.75 14.21 4841.05

EQUATION OF A SURFACE AT THE BASE POINT
Y = 68624.00+ =5724.00X1 + =1612.00X2 +

+ =157.78X1. %2 + 121.69%X2.%2

REMARKS

241.37X1.X1

STEP 11 = DETERMINATION OF THE CO-ORDINATES OF AND OBJECTIVE FUNCTION

AT ThE CENTER OF TFE SURFACE
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A, CO-CRLINATES G THE CENTER

Xt 1) = 17.72
Xt 2) = 18.16 _
"Be TRIAL AT THE CFNTER POINT
TRIAL TRIAL POINT OBJECTIVE REMARKS
NO,. Xt X(2) FUNCTION
17.75 - 18.21 2961.85 BASE POLNT
75 17.79 18.16 2961.03 SUCCESSFUL

STEP III = SUMMPARY UF THE EXPERIMENT

A. BASE PDINT AT THt START UF THE EXPERIMENT : X(1) = 17.75 Xt2) = 18.21
OBJECTIVE FUNCTION = 2961.851

B. BASE POINT AT THE END OF THE EXPERIMENT : X(1) = 17.79 X(2) = 18.16
OBJECTIVE FLNCTION = 2961.029

C. REMARKS = :
THERE IS5 aN [MPROVEMENT IN THE OBJECTIVE FUNCTION. EXPERIMENT IS SUCCESSFUL.
BASE POINT AT THE END OF THE EXPERIMENT BECOMES THE STARTING POINT
OF THE SUBSECUENT EXPERIMENT.

EXPERIMENT NO. 2
STEP I : DETERMINATION OF AN EQUATION OF A SURFACE AT THE BASE POINT

A. BASE PUINT = X{1) = 17.79 X(2) = 18.1l6
B. DESIGN USED : CENTRAL COMPOSITE DESIGN WITH ALPHA = 2
C. NUMBER DF TRIALS REQUIRED 3 9

D. RESULTS OF TRIALS

TRIAL TRIAL POINT OBJECTIVE REMARKS
NO. AR Y x{2) FUNCTION
16 15.79 16.16 3788.43
17 i5.79 20.16 5J33.38
78 19.79 16.16 5048.66
19 19.79 20.16 3733,.63
80 17.79 18.1¢ 2961.03
Bl 21.79 18.16 &718l.26
82 13.79 18.16 &B20.78
63 17.79 22.16 4845.98
E4 17.79 l4.16 4916.06
E. ECUATION OF A SURFACE AT THE BASE POINT
Y = 6821Z.C04 =57v5.02X1 + ~1586.00X2 + 241.96X1.X1
+ =158.,17X1l.X2 + 121.06X%2.%X2

STEP II : DETERMINATION OF THE CO-ORDINATES OF AND UBJECTIVE FUNCTION
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AT THE CENTER OF THE SURFACE

h. CO-DRCINATES OF THE CENTER

Xt 1) = 17.82
Xt 21 = 1g.18
B. TRIAL AT THE CENTER POINT .
TRIAL TRIAL POINT OBJECTIVE REMARKS
NO. X(L} Xt2) FUNCTION
17.79 18.16 2961.03 BASE POINT
BS 17.80 18.18 o 2960.89 SUCCESSFUL

STEP 111 : SUFMMARY CF TYHE EXPERIMENT

A. BASE POINT AT THE START GF THE EXPERIMENT : X{1l) = 17.79 X(2) = 18.16
OBJECTIVE FLHNCTION = 2961.029

B. BASE POINT AT THE END 0OF THE EXPERIMENT : X(1) = 17.80 x{z2) = 18.18
OBJECTIVYE FUNCTION = 2960.890

C. REFMARKS :
THERE IS aN IMPROVEMENT IN THE OBJECTIVE FUNCTION. EXPERIMENT 1S SUCCESSFUL.
BASE PUINT AT THE EnD OF THE EXPERIMENT BECUMES THE STARTING POINT
OF THE SUBSEQUENT EXPERIMENT.

EXPERIMENT NO., 3

STEP 1 : DETERMINATION OF AN ECUATION OF A SURFACE AT THE BASE POINT

A. BASE POINT = X{(1) = 17.80 X{2} = 18.18
Be DESIGN USED : CENTRAL COMPUSITE DESIGN WITH ALPHA = 2
C. NUMBER CF TRIALS REQUIRED : 9

D« RESULTS OF TRIALS

TRIAL TRIAL POINT OBJECTIVE REMARKS
NO. X{1) X{e2l FUNCTION
B6 15.89 16.18 3783.23
87 15.87 20.18 5042.38
B8 19.80 l6.18 533%.39
89 19.8692 20.18 3138.55
90 17.80 18.18 2960.89
91 21.80 18.18 6777.04
g2 13.80 18.18 5824.72
93 L7.80 22.18 4860.04
94 17.80 . 14.18 490L.73

E. EQUATION OF A SURFACE AT THE BASE POINT
Y = 6876E.00+ =5736.00X1 + -1615.00%2 + 24l.51X1.X1
+ =157.21X1a X2 + 121.44X2.X2
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STEP Il : DETERMIMNATION OF THE CO-ORDINATES OF AND OBJECTIVE FUNCTION
AT THE CENTER OF THE SURFACE

A. CO-URDINATES UF THE ZENTER

X{ 1} = 11.79
xX{ 21 = 18.16
B. TRIAL AT THE CENTER POINT
TRIAL TRIAL POINT OBJECTIVE REMARKS
ND. X(1} X{2) FUNCTION
17.83 ig. 18 2960.8% BASE POINT
95 17.79 18.16 2%61.04 FAILED

STEP IIL : SUFMARY UF THE EXPERIMENT

A. BASE POINT AT THE SVTART UF THE EXPERIMENT : X(1)}) = 17.82 X{2} = 18.18
OBJECTIVE FLNCTION = 2960.890

B. BASE POINT AT THE END OF THE EXPERIMENT : X{l} = 17.79 X(2}) = 18.16
OBJECTIVE FUNCTION = 2961.035

C. RENMARKS :
THERE IS NO I[MPROVEMENT IN THE OBJECTIVE FUNCTION. EXPERIMENT HAS FAILED,
APPROXIMATION OF A SURFACE AS A PLANE NO LONGER HOLDS GOOD. END OF THE PHASE.

*¥¥ SUMMARY OF PHASE THRO #*#%

BASE POINT AT THE START OF PHASE TwO
X(1) = 17.75 X(2) = 18.21
OBJECTIVE FUNCTION = 2961.851

OPTIMUM POINT AT THE ENO GF PHASE TWO
X(1) = 17.80 X(2) = 18.18
CBJECTIVE FUNCTIUN = 2960.890
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APPENDIX I

SOLUTION AND COMPUTER OUTPUT OF A PROBLEM OF OPTIMUM INTEGRATED

HUMAN THERMAL SYSTEM

Step by step results of a problem which has the form of the objective
function given by equation (1) are given here. Metabolic heat generation
rate is 300 BTU/hr, The results are summarized in Table 5 under Test 1,

The starting base point is (50, 20, 20) with a 23 factorial design.
The three variables are coolant inlet temperature (OF), coolant mass flow
rate for hood (lb/hr) and for jacket (1b/hr). The step size of the
factorial design is (2, 2, 2) and the final step size is (0.5, 0.5, 0.5).
At each design point, using the values of control variables the temperature
distribution over whole body and therefrom the temperatures at brain, skin
and muscle are obtained. These are used to evaluate the objective function,
A first degree curve is fitted to these data (points xl to xg). The

equation of the plane passing through xg (50, 20, 20) is obtained as

.y = 186,305 - 2,778x, + 1.112x, + 0.582x3

1 2

The gradients in the direction of x and x,, are proportional to the

i* %y 3

coefficients of respective variables. The components of the step size
for searching (2.00, -0,80, -0.42) is proportional to these coefficients.
The next trial point is x10(52, 19.20, 19.58) and objective function at
this point is 74,90 which is better than that at the base point xg, 81.62,
The searching is, therefore, continued in the same direction with the

same step size of searching. The new trial point becomes xll (54, 18.4,

19.16) . The procedure is continued till a point is found where no further
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improvement is possible. The objective function at the point x20 (72,
11.19, 15.39), 20.396, is no better than the previous trial point x19 (70,
12,0, 15,.81), 19.660, hence experiment i ends providing xlg (70, 12,0,
15.81) as a new base point for the next experiment.

In experiment 2, again a 23 factorial design is constructed around
the base point le (70, 12,0, 15,8l), Objective functions (data) are
evaluated at these design points as well as base point (trial numbers

21 through 29). An equation of a plane fitted to these data is

y = - 21,156 + 0,083x; + 1,864x, + 0,905x

1 3°
It is observed that the values of the coefficients of variables are re-
duced and hence less improvement is expected than in experiment 1, The
searching step size is determined as (-0.09, -2,00, -0.97). The trial
30 is successful using this step size in the direction of steepest de-
scent., The trial 31, however, is a failure., The x30 may become a base
point for the next experiment, however, one of the design points
le (68.00, 10,00, 13.81) is found to yield better results than the point
x30. Hence x21 becomes a base point for experimént 3.

Experiment 3 is repeated in the same way as in trials 32 through 40,
and x(*2 (67.54, 9,91, 9.81) is obtained as a base point for experiment 4.
Trials 44 through 52 determine the equation of the plane passing through
the base point x42 £ x52 (67.54, 9.91, 9.81)., The step size for search
is calculated as (-0.086, -0.171, 2.000). The first trial point N (67.46,

9.74, 11.81), however, does not yield a better value of objective function

than that at the base point x52. This is an indication that the searching
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step size is too large, hence the new searching step size becomes
(-0.043, -0.,086, 1.00). In further trial 54, this step size is reduced
further. This can continue till the stopping criteria of the final step
size is satisfied. In the next trial 55 such reduction in search step
size is applied and finaliy the step size becomes less than the final
step size., Phase one ends préviding point x52(67.54, 9.91, 9.81) as a
base for phase two.

For phase two, a central composite design with ¢ = 2 is chosen.
This requires total 15 points including the base point. The objective
functions are evaluated at these points (x56 through x70). A second

degree curve is fitted to these data yields

y = 488,000 + 1,049x., - 80,00x, - 19.813x3

1 2

2
+ 0.064xl - 0.319xlx2 - 0.797xlx3

+ 2.867x2

+ 4.14x§ + 1.516x, :

3

This is an ellipsoid paséing through the base point x52 (67,54, 9,91, 9.81).
Its center is x7l (20.45, 9.44, 2,10). A trial at this point reveals that
this point is not better than the base point, In design points, however,

a better point x65 (68.54, 9.91, 9.81) is found. This becomes a base

point for the next experiment. A central composite design with o = 2 is
again constructed around this point. Objective functions are evaluated

at these points 72 through 86, and a second degree curve fitted. The

equation of the curve is



y = 757.000 - l.781xl - 96.750x2 - 43.938x3

- 0.372x.%., + 5.32&x§

2
+ 0.065xl - 0.348xlx2 1%

+ 2.766x2

+ l.386x2x 3

3

The center of this curve is found as x87 (66,06, 10,00, 9.60) with the
objective function as 10,993, which‘is no better than the base point
XSO. No other better point is also found and therefore this ends the
phase two.

The solution can be summarized as

starting point (50,00, 20.00, 20,00)

optimal point (68,54, 9.91, 9.81)

optimal value = 7,421

No. of times objective function is evaluated = 87
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APPENDIX I (CONTINUED)

*&¢ RESPONSE SURFACE METHODCLOGY ##%

PROBLEM NO. 1

OPTIMAL CONTROL OF THE INTEGRATED
HUMAN THERMAL SYSTEM

NUMBER OF VARIABLES - 3

VARIABLE NAMES
X{l1} = IMNLET TEMPERATURE OF THE COOLANT
IN THEJACKET AND HOOD - DEGREES FAHRENHEIT
X(2) - MASS FLUW RATEOF THE COOLANT
IN THE JACKET - LBS PER HOUR
X131 - MASS FLOW RATE OF THE CGOLANT
IN THE HOOD - LBS PER HOUR

VARIABLE X{ 1} X{ 2} xt 3)
STARTING VALUE 50.00 20.00 20.00
STEP SIZE FOR INCREMENT 2.9290 2.00 2.00
FINAL STEP SIZE C.50 0.50 0.50

OBJECTIVE FUNCTION :
S = 2.0%ABSITH - 36.,6) + ABS(TS-34.1) + ABS{TM-35.9)
+ ABSITIN-15.6) + 100.0%*AB8S5S(2.203/wFLOW1-0,2203)
+ 100.0%ABS(2.203/WFLOW2-ua2203)

THE ABOVE OBJECTIVE FUNCTIOMN IS TO BE MINIMIZED

METHCE USED FOR MINIMIZATION - MOUIFIED VERSION OF RESPONSE SURFACE
' METHOCOLOGY BY BOX AND WILSON(1951})



. PHASE ODNE 3

EXPERIMENT NO. 1

STEP T =
A, BASE POINT : INLET TEMP, OF
- MASS FLOW RATE
MASS FLOW RATE
METABOLIC RATE
Bes DESIGN USED : 2%%3 FACTORIAL

NUMBER OF TRIALS REQUIRED :
RESULTS OF TRIALS

*% INTERMEDIATE RESULTS #*#

TRIAL NO. 1 X(1) = 48.00
BRAIN TEMP,.
SKIN TEHKP.

MUSCLE TEHP.

OBJECTIVE FUNCTION =

TRIAL NO. 2@ X(1} = 48.00
BRAIN - TEMP.
SKIN TEMP.

MUSCLE TEMP,

OBJECTIVE FUNCTION =

TRIAL NO. 3: Xi1l) = 4B.CO
BRAIN TEMP.
~ SKIN TEMP.

MUSCLE TEMP.

OBJECTIVE FUNCTION =

TRIAL NO. 4: X(1) = 48.00
BRAIN TEMP.
SKIN TEMP.

MUSCLE TEMP,.

OBJECTIVE FUNCTION =

i

UETERMINATION OF AN EQUATION DF A SURFACE

COOLANT = 50.900
FOR JACKET- Q.00
FOR HCOD = 20.30

= 309.00C

GESIGN WITH CENTER

9

X(2) = 18.00
71.20 DEGe F
68.97 DEG. F
T1.51 DeG. F
83.446

X(2) = 18.00
Tl.l6 DEG. F
6E.92 DEG. F
7l.48 DEG. F
85.772

x{2}) = 22.00
7C.19 DEG. F
68.01 DEG. F
7C.49 DEG. F
87.594

n

X{2) = 22.00
7C.15 DEG. F
67.95 DEG. F
TC.45 DEG. F
90.220

RESPONST SURFACE IS APPROXIMATED AS A PLANE

AT THE BASE POINT

DEG. F

LBS PER HDUR
LBS PER HOUR
BTU PER HOUR

POINRT
X(31 = 18.00
CX(3) = 22.00
X(3) = 1B.00
X(3} = 22.00
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TRIAL wNO. 5: X(1) = 52.G0 X(2) = 18.0) X(3)
BRAIN TEMP. =  75.20 DEG. F
SKIN  TEMP. = 712,97 DEG. F
MUSCLE TEMP. =  75.51 DEG. F
OBJECTIVE FUNCTION = 72.335
TRIAL NO. &2 X(1) = 52.G0 X(2) = 18.00 X(3)
BRAIN TEMP. = 75,16 DEG. F
SKIN  TEMP. = 32492 DEG. F
MUSCLE TEMP. = 75.48 DEG. F
OBJECTIVE FUNCTION = T4.661
TRIAL NO. 7: X(1) = 52.00 X12) = 22.00 X(3)
BRAIN TEMP. =  T4.19 DEG. F
SKIN TEWMP. =  72.0if DEG. F
MUSCLE TEMP, = 74.49 DEG. F
OBJECTIVE FUNCTION = 76.783
TRIAL NO. 8§ XI(1) = 52,20 X(2) = 22.02 xt3)
BRA[N TEMP- = 7‘1115 DEGc F
SKIN TEMP. = 71.‘]5 DEG. F
MUSCLE TEMP. =  74.45 DEG. F
OBJECTIVE FUNCTION = 79.109
TRIAL N0. 9% X{(1) = 50,30 X{2) = 20.00 X(3)
BRAIN TEMP. = 72.62 DEG. F
SKIN  TEMP. =  T7C.41 DEG. F
MUSCLE TEMP., = 72.93 DEG. F
OBJECTIVE FUNCTION = 81.616
*% END OF INTERMEDIATE RESULTS *%
SUFMMARY OF RESULTS
TRIAL TRIAL POINT DRJECTIVE
NO. Xi(1) X(2) X3 FUNCTIDN
1 48.09 18.50  1B.0OC B3,45
2 48.00  1B.32 22.00 B5.77
3 48.00 22.00  1B.UC 87,89
4 48,09  22.00 22.0C 90,22
5 52.00 18.40 1B.2C 72.33
6 52.C0 18.00 22.0C 74.66
7 52.C0 22.092 18.0C 76.78
8 52.00 22.00 22.00 79.11
9 50.90  20.00 20.00 Bl.62
E. EQUATION OF A SURFACE AT THE BASE POINT
Y = 186.305+ —2.778X(1) + 1.112X(2) + 0.582X(3)

18.00

22.00

18.00

22.00

20.00
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STEP 11 : APPLICATION OF THt STEEPEST ASCENT PROCEDURE

A. MUDIFIED STCP SIZES

VARIABLE STEP SIZE
x{1) 2.000
Xtz2} ~0.,8%0
X(3) -0.419

Bs RESULTS OF TRIALS AT POINTS IN THE DIRECTION OF SEEPEST ASCENT

BASE POINT 3 X{l1) = 56.00 X(2) = 20,00 X(3) = 20.00
OBJECTIVE FUNCTION = 8l.616
TRIAL NO. 18: X(1) = 52.00 X(2) = 19.290 X{3) = 19.58

74.83 DEG. F
SKIN TEMP. T2.62 DEG. F
MUSCLE TEMP. 75.15 DEG. F
DBJECTIVE FUNCTION = 74.896

BRAIN TEMP.

THERE IS5 AN [MPROVEMENT IN THE OBJECTIVE FUNCTIDN. TRIAL [S SUCCESSFUL.
TRIAL PCINT BECOMES THE BASE POINT FOR THE SUBSEQUENT TRIAL.

TRIAL NQ. 1l: X(1) = 54,00 X{2) = 18.40 X3} = 19.186

BRAIN TEMP. 77.06 DEG. F
SKIN TEMP. T4.84 DeGe F
MUSCLE TEMP. = 77.38 DEG. F
OBJECTIVE FUNCTION = 68.086

o

THERE IS AN [MPROVEMENT IN THE OBJECTIVE FUNCTION. TRIAL IS SUCCESSFUL.
TRIAL PCINT BECOMES THE BASE POINT FCR THE SUBSEQUENT TRIAL.

TRIAL NO. 12: XU(1) = 56,00 X(2) = 17.690 X(3) = 18.74
BRAIN TEMP. 79.32 DEG. F
SKIN TEMP. 17.08 DcGs F

MUSCLE TEMP. 75.64 DEG. F
OBJECTIVE FUNCTION = 6l.174

THERE IS AN IMPROVEMENT IN THE OBJECTIVE FUNCTION. TRIAL IS SUCCESSFUL.
TRIAL PCINT BECUMES THE BASE POINT FOR THE SUBSEQUENT TRIAL.

TRIAL NO. 13: X(1) = 58.00 X[(2} = 16482 X{3) = 18.32
BRAIN TEMP. 8l1.59 DEG. F
SKIH TEMP 79.35 DEG. F

MUSCLE TEMP. 81.91 DEG. F
DCJECTEVE FUNCTION = 54.146

THERE IS aN IMPROVEMENT IN THE OBJECTIVE FUNCTION. TRTIAL IS SUCCESSFUL.
TRIAL POGINT BECOMES THE BASE POINT FCR THE SUBSLQUENT TRIAL.

TRIAL NO. 14: X{(1) = 60.00 X(2) = 16.0G3 X{3) = 17.91
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83.89% DEG. F
SKIN TEMP, Bl.64 DEG. F
MUSCLE TEMP. 84.22 DEG. F
UBJECTIVE FUNCTION = 46.985

BRAIN TEMP.

THERE IS AN IMPROVEMENT 1IN THE OBJECTIVE FUNCTION. TRIAL [5 SUCCESSFUL.
TR1AL PCINT BECDMES THE BASE POINT FCR THE SUBSEQUENT TRIAL.
TRIAL NO. 15: X(1) = 62.00 X{2) = 15.2) X{3) = 17.49

BRAIN TEMP. B€.23 DEG. F

SKEN TEMP. B3.96 DEG. F

MUSCLE TEMP. 8€.56 DEG. F
OBJECTIVE FUNCTION = 41.805

THERE IS AN IMPROVEMENT IN THE OBJECTIVE FUNCTION. TRIAL IS SUCCESSFUL.
TRIAL PDINT BECOMES THE BASE POINT FOR THE SUBSEQUENT TRIAL.

TRIAL NO. 162 X(1) = 64,00 X(2} = 1l4.4D X(3) = 17.07
BRAIN TEMP. 8€.60 DEG. F
SKIN TEMP. 8€.3]1 DEG. F

MUSCLE TEMP. 88.94 DEG. F
OBJECTIVE FUNCTION = 364537

nouwu

THERE I5 aN IMPROVEMENT IN THE OBJECTIVE FUNCTION. TRIAL IS SUCCESSFUL.
TRIAL POINT BECOMES THE BASE POINT FOR THE SUBSEQUENT TRIAL.

TRIAL NO. 17: X(1) = 66,00 X{2}) = 13.60 X{3) = 16.65
BRAIN TEMP, 9l.01 DEG. F
SKIN TEMP. 88.71 DEG. F

MUSCLE TEMP. 91.36 DEG. F
DBJECTIVE FUNCTION = 3l.064

THERE 1S AN IMPROVEMENT IN THE OBJECTIVE FUNCTIONW. TRIAL IS SUCCESSFUL.
TRIAL POINT BECOMES THE BASE POINT FOR THE SUBSEQUENT TRIAL.

TRIAL NO. 18: X(1) = "~ 68.00 X(2) = 12.80 X{3) = 16.23
BRAIN TEMP. 93.47 DEG. F
SKIN TEMP. 91.16 DEG. F

MUSCLE TEMP. 93.83 DEG. F
OBJECTIVE FUNCTION = 25.348

THERE IS AN IMPROVEMENT IN THE OBJECTIVE FUNCTION. TRIAL IS SUCCESSFUL.
TRIAL PCINT BECOMES THE BASE POINT FCR THE SUBSEQUENT TRIAL.

TRIAL NG. 19: X{1} = 70.00 X(2) = 12.00 S X(3) = 15.81
BRAIN TEMP, 9¢&.00 DEG. F
SKIN TEHMP. 93.6T UEG. F

MUSCLE TEMP. 96.37 DEG. F
OBJECTIVE FUNCTION = 19.660

noon

THERE IS AN [MPROVEMENT IN THE OBJECTIVE FUNCTION. TRTIAL 1S SUCCESSFUL.
TRIAL POINT BECDMES THE BASE POINT FOR THE SUBSEUWUENT TRIAL.

TRIAL ND. 23: XI(1) = T2.00 xX(z2) = 1l.19 X{3) = 15.39



98,60 DEG. F
SKIN TEMP, 9t .24 DEG. F
MUSCLE TEMP, 98.98 DEG. F
OBJECTIVE FUNCTION = 23.396

BRAIN TEMP,

nwhn

THERE (S NO IMPROVEMENT IN THE OBJECTIVE FUNCTION.
THE TRIAL POINT YIELDING MINIFUM OBJECTIVE FUCTIUN
STEP 111 2 SUMMARY OF THE EXPERIMENT
A, BASE POINT AT THE START OF THE EXPERIMENT :

X{1) = 50.0% Xf{2) = 20.09 X(3})
OBJECTIVE FUNCTION 19.660

B. BASE POINT AT THE END OF THE EXPERIMENT :

X1}y = T0.00 x(2) = 12.03 X{3)
OBJECTIVE FUNCTION = 19,660

C. REMARKS :

THERE IS AN IMPROVEMENT IN ThE OBJECTIVE FUNCTION,

127

TRIAL HAS FAILED.,
BECOMES THE BASE POINT.

20.00

15.81

EXPERIMENT IS SUCCESSFuL.

BASE POINT AT THE END OF THE EXPERIMENT BECOMES THE STARTING PDINT

OF THE SUBSEGUENT EXPERIMENT.



EXPERIMENT NO. 2

STEP [ : DETERMINATION DF AN EQUATION OF A SURFACE

A. BASE POINRT = INLETY TEMP. OF
MASS FLOwW RATE
MASS FLOW RATE
METABOLIC RATE
B. NESIGN USEND = 2#%3 FACTORIAL
C. NUMBER OF TRIALS RECUIRED :
D. RESULTS OF TRIALS

%% [NTERMEDIATE RESULTS =*%

COOLANT - 710.00
FOR JACKET- 12.20
FOR HCOD - 15.81

= 330.00

DESIGA WITH CENTER

9

TRIAL NO. 213 X(1) = 68B.00 xX{2) = 10.02
BRAIN TEMP. = 95.709 DEG. F
SKIN TEMP. = 93.31 DEG. F
MUSCLE TEMP. = 9€.10 DEG. F
OBJECTIVE FUNCTION = 13.243

TRIAL NGO, 22: X(1) = 68.00 X(2) = 10.00
BRAIN TEMP, = 25.63 DEG. F
SKIN TEMP. = 93.21 DEG. F
MUSCLE TEMP, = Y46.04 DEG. F
OBJECTIVE FUNCTION = 16,987

TRIAL NO. 23: X(1) = 6&.0D X(2) = 14.00
BRAIN TEMP, = 92.85 DEG. F
SKIN TEMP., = 9C.58 DEG. F

MUSCLE TEMP.

OBJECTIVE FUNCTION =

TRIAL NO. 24: X(1) = 68.00
BRAIN TENP,
SKIN TEMP.

MUSCLE TEMP.

OBJECTIVE FUNCTION =

TRIAL NO. 25: X{1) = 72.00
BRATN TEMP.
SKIN TEMP.

MUSCLE TEMP,

OBJECTIVE FUNCTION =

93.19 DcEG. F
25.813

X(2) = 14.00
%2.78 DEG. F
9C.49 DEG. F
93.13 DEG. F
29557

X{(2) = 10.02
55.70 DEG. F
97.31 DeG. F

13C.10 DEG. F

14.850

AT THE BASE PDINT

DEG. F

LES PER HOUR
LBS PER HOUR
BTU PER HOUR

POINT
X(3) = 13,81
X{3) = 17.81
X{3) = 13,81
X(3) = 17.81
X{3) = 13.81
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E.

STEP II : APPLICATION OF THE STEEPEST ASCENT PROCEDURE

A,

TRIAL NO. 263 X(1) = 72.00 X(2) = 12.09 X{31
BRAIN TEMP. = 9S.63 DEG. F
SKIN TEMP. = 97,21 DEG. F
MUSCLE TEMP. = 1uC.04 DEG. F
OBJECTIVE FUNCTION = 22,270
TRIAL NO. 273 X(1) = 72.00 X(2) = 14.0) X(3)
BRAIN TEMP. =  9€¢.B5 DEG. F
SKIN TEMP. = 94.58 DEG. F
MUSCLE TEMP. =  97.19 DEG. F
OBJECT IVE FUNCTION = 21119
TRIAL NO. 28: X(1) = 72.00 X(2) = 14.00 X(3)
BRAIN TEMP. = 96.78 DEG. F
SKIN TEXP, = 94 .49 DEG. F
MUSCLE TEMP. = 97.13 DEG. F
OBJECTIVE FUNCTION = 24,694
TRIAL NO. 292 X(1) = 7G.00 X(2) = 12.00 X(3)
BRAIN TEMP., =  96.00 DEGe. F
SKIN TEMP. = 92,67 DEG. F
MUSCLE TEMP. = 9¢.37 DEG. F
OBJECTIVE FUNCTION = 19.660
#% ENG CF INTERMEDIATE RESULTS ##
SUNMARY OF RESULTS
TRIAL TRIAL POINT OBJECTIVE
NO. X(1) X(2) X(3) FUNCT ION
21 68.00  10.00 13.81 13.24
22 68.20  10.00 17.81 16.99
23 68.09 14,00 13.81 25.81
24 6B.00  14.00  17.81 29.56
25 72.00  16.20 13.81 18.85
26 72.00 10.00 17.81 22.27
27 72.20 14.00  13.81 21.12
28 72.00 14.00 17.81 24,69
29 70.00 12.0J ° 15.81 19.66
EQUATION OF A SURFACE AT THE BASE POINT
Y = -21.1564 0.083X(1) + 1.864X(2) + 0.905X(3)

MOCIFIEC STEP SIZES
VARTABLE

STEP SIZE

I

17.81

13.81

17.81

15.81
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X{1l} -0.090
X(2) -2.000
x{3) -0.971

Be RESULTS OF TRIALS AT POINTS IN THE DIRECTION OF SEEPEST ASCENT

BASE PUINT T X{1) = 70.00 X(2! = 12.02 X{(3)} = 15.81
OLJECTIVE FUNCTION = 19.660
TRIAL NO. 393 X(1) = 69,91 Xtz = 10.02 X{3) = l4.84

$7.59 DEG. F
SKIN TEMP,. 95.19 DEG. F
MUSCLE TEMP. 47.99 DEG. F
OBJECTIVE FUNCTION = 14.750

BRAIN TEMP.

THERE IS AN [IMPROVEMENT IN THE OBJECTIVE FUNCTION. TRIAL IS SUCCESSFUL.
TR1AL PCINT BECOMES THE BASE POINT FOR THE SUBSEQUENT TRIAL.

TRIAL NO. 31: X(l} = 69.8B2 Xxt2) = 8.0% X(3} = 13.87

10C.01 DEG. F
SKIN TEMP. 97.51 DEG. F
MUSCLE TEMP. 10C. 47T DEG. F
OBJECTIVE FUNCTION = 23.883

BRAIN TEMP.

THERE IS NO IMPROVEMENT IN THE OBJECTIVE FUNCTION. TRIAL HAS FAILED,.
THE TRIAL POINT YIELDING MINIMUM OBJECTIVE FUCTION BECDMES THE BASE POINT,.

STEP III : SUMMARY OF THE EXPERIMENT

A. BASE POINT AT THE START OF THE EXPERIMENT =

x{l1) = 70.00 X(2) = 12.00 X{3) = 15.81
OBJECTIVE FUNCTION 13,243

B. BASE POINT AT THE END OF THE EXPERIMENT :
{1} = 68.00 X{2} = 10.G2 X{3} = 13.81

OBJECTIVE FUNCTION = 13.243
C. REMARKS :
THERE IS AN IMPROVEMENT IN THE OBJECTIVE FUNCTION. EXPERIMENT IS SUCCESSFUL.

BASE POINT AT THEL END OF THE EXPERIMENT BECOUMES THE STARTING POINT
OF THE SUBSECUENT EXPERIMENT.



EXPERIMENT NO. 3

STEP 1 : DETEZRMINATION OF AN EQUATION DOF A SURFACE

A,

Be

C.

NLET TEMP, OF
MASS FLOW RATE
MASS FLOW RATE
METABOLIC RATE

BASE POINT =

GESIGN USED = 2%#%3 FACTORIAL
NUMBER OF TRIALS REQUIRED :
RESULTS OF TRIALS

*% INTERMEDIATE RESULTS #%

TRIAL NO. 32: X(1) = 66,00
BRAIN TEMP,.
SKIN TEMP.

HMUSCLE TEuP,

UBJECTIVE FUNCTION =

TRIAL NO. 33: X(1) = 66.00
BRAIN TEMP,
SKIN  TENP.
MUSCLE TEMP.

OBJECTIVE FUNCTION =

TRIAL NO. 34: X(1) = 66.00
BRAIN TENMP.
SKIN TEMP.
MUSCLE TEMP.

OBJECTIVE FUNCTION =

TRIAL NC. 35: X(1) = 66.00
BRAIN TEMP,.
SKIN TEMP,
MUSCLE TEMP.

OBJECTIVE FUNCTION =

TRIAL NO. 36: X{1) = 70.00
BRAIN TEMP.
SKIN  TEMP,
MUSCLE TEMP,

OBJECTIVE FUNCTION =

COOLANT - 68.00
FOR JACKET- 10.3¢0
FOR HCOD - 13.81

= 3J30.22

DESIGN WITH CENTER

9

X2 = 8.00

96.24 DEG. F
93.76 DEG. F,
96.69 DEG. F
14.262

i

nuu

Xtz2y = 8.00

96.15 DEG. F
93.64 DEG. F
9&.61 DEG. F
18.977

X(2) = 12.00
92.09 DEG. F
85.79 DEG. F
92.45 DEG. F
21.077

noanun

X(2) = 12.0)
92.0) DEGs F
8S5.67 DEG. F
92.37 DEG. F
26.009

X(2) = 8.00

10C.24 DEG. F
97.76 DEGe F
= 10C.69 DEG. F
21.738

AT THE BASE POINT

DEG. F

LBS PER HOUR
LBS PER HOUR
8TU PER HOUR

POINT

X(3)

Xt3) =

X(3) =

X(3) =

X(3) =

11.81

15.81

11.81

15.81

11.81
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E.

TRIAL RC. 37z X{l}) = 70.00 X12) = 8.02 Xx{31
BRAIN TEMP. = 10C.15 DEG. F
SKIN TEMP, = Yle64 DEG. F
MUSCLE TEMP, = 10GC.61 DEG. F
OBJECTIVE FUNCTION = 264,242

TRIAL NO. 38z xX({l) = T0.00 X(2) = 12.00 X(3)
BRAIN TEMP, = 96.09 DEG. F
SKIN TEMP. = 93.79 DEG. F
MUSCLE TEMP., = 96.45 DEG. F
OBJECTIVE FUNCTION = l4.865

TRIAL NO. 39: X(1) = T70.00 X{2} = 12.00 X(3)
BRAIN TEMP. = 96.00 0OEG. F
SKIN TEMP, = 93.67 DEG. F
MUSCLE TEMP, = Y6.37 DEG. F
OBJECTIVE FUNCTION = 19.660

TRIAL NO. 40D: X{1) = 6B.00 X(2) = 10.00 X(3)
BRAIN TEMP, = 95.70 DEG. F
SKIN TEMP., = 92.31 DEG. F
MUSCLE TEMP., = 96.10 DEG. F
O8JECTIVE FUNCTION = 13,243

#% END OF INTERMEDIATE RESULTS 3#

SUFMARY OF RESULTS

X{3)

11.81
15.81
11.61
15.81
11.81
15,81
11.81
15.81
13.81

TRIAL TRIAL POINT
NO. x{1} X(2}
32 66.00 8.00
33 66.G0 B« 0D
34 66.00 12.00
35 66,020 12.00
36 T0.00 B.0U
37 70.00 B. 00D
38 70.00 12.00
39 70.05 12.00
40 68.00 10.00

ECUATION OF A SURFACE AT THE BASE POINT
Y = —6.,24T+ Q.136X{1) +

0.024%(2)

CBJECTIVE

FUNCTION

+

la.26
18-98
21.08
26.01
2l.74
26,24
l14.86
19.66
13.24

l.184X(3)

STEP 11 : APPLICATION OF THE STEEPEST ASCENT PRCCEDURE

A.

MODIFIED STEP SIZES
VARTABLE

STEP SIZE

15.81

1l.81

15.81

13.81
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X(1)
x(21)
X(3)

B. RESULTS UOF

BASE POINT

TRIAL NO.

THERE
TRIAL

TRIAL NO.

THERE
TRIAL

TRIAL NO.

THERE

THE TRIAL PCOINT YIELUDING MINIMUM OBJECTIVE FUCTION

STEP T1I1I =

A. BASE POINT

B. BASE POINT

C. REMARKS :

THERE

-01229
-0.041
=2.000
TRIALS AT POINTS IN THE DIRECTION OF SEEPEST
3 XUl) = 68.00 X(2) = 19.02 X(3}
DBJECTIVE FUNCTION = 13.243
41: XI(1) = 6T.TT x(2) = .95 X(3)
BRAIN TEMP. = 9556 DEG. F
SKIN TEMP., = 93.19 DEG. F
MUSCLE TEMP. = 95.96 DEG. F
DBJECTIVYE FUNCTION = 10.802
IS AN TMPROVEMENT IN THE UUJECTIVE FUNCTION.

PCGINT BECOMES THE

133

ASCENT

13.81

it

ll1.81

TRIAL IS SUCCESSFUL.

BASE POINT FOR THE SUBSEQUENT TRIAL.

= 9.81

TRIAL IS SUCCESSFUL.

= 7.81

42: X(11 = 6T7.54 X(2) = %.91 X(3)
BRAIN TEMP. = 95.45 DEG. F
SKIN TEMP. = 93.10 DEG. F
MUSCLE TEMP, = 95.83 DEG. F
OBJECTIVE FUNCTIDN = 8353
IS5 AN IMPROVEMENT IN THE OBJECTIVE FUNCTION.
PCINT BECOMES THE BASE POINT FOR THE SUBSEQUENT TRIAL.
433 X(1) = 6T7.31 Xi2) = 9.87 X(3)
BRAIN TEMP., = 95.38 DEG. F
SKIN TEMP . = 93,66 DEG. F

MUSCLE TEMP,
OBJZCTIVE FUNCTION =

95.74 DEGe F
13.922

IS ND IMPROVEMENT IN THE OBJECTIVE FUNCTIDN.

SUMMARY OF THE EXPERIMENT

AT THE START OF THE EXPERIMENT :

Xil) = 68.00 X{2r = 13.02 X{3}
OBJECTIVE FUNCTION 8.053

AT THE END OF THE EXPERIMENT =
X(1} = 6T.54 Xtz) = 9.91 X(3)
OBJECTIVE FUNCTION = 8.053

15 AN IMPROVEMENT IN THE OBJECTIVE FUNCTIDN.

TRIAL HAS FAILED.
BECOMES THE BASE POINT,.

13.81

H
£
.
[==]
[

EXPERIMENT IS SUCCESSFUL.

BASE PCINT AT THE END OF THE EXPERIMENT SEZCLMES THE STARTING POINT
OF THE SURSECUENT EXPERIMENT,



EXPERIMERT NO. &

STEP I =

A.

B.

e

INLET TEMP, OF
MASS FLOW RATE
MASS FLOW RATE
METABSOLIC RATE

BASE POINT =

DESIGN USED : 2%+%3 FACTORIAL

NUMBER CF TRIALS REQUIRED :

RESULTS OF TRIALS

#¢ INTERMEDIATE RESULTS #¥

TRIAL NO. 44: X{l) = 65.54
BRAIN TEMP.
SKIN TEMPS

MUSCLE TEMP.

OBJECTIVE FUNCTION =

TRIAL NO. 45: X{(1l) = 65,54
BRAIN TEMP,
SKIN TEMPa

MUSCLE TEMP,

DETERMINATION OF AN EQUATION OF A SURFACE

CGOLANT = 6T.54%
FOR JACKET- 9.91
FOR HCOD - 9.81

= 330.20

DESIGN WITH CENTER

9

X2} = T.91
9&.10 DEG. F
93.68 DEG. F
96.52 DZG. F
17.209

[}

X{2) = T.91
95.92 DEG. F
93.43 DEGs F
9¢.37 DEG. F

mowon

OBJECTIVE FUNCTION = 14,576
TRIAL NO. 46: X(1} = 65.54 X(2) = 1l1.91
BRAIN TEMP. = 91.88 DEG. F
SKIN TEMP, = 85.63 DcG. F
FUSCLE TEMP., = 92.20 DEG. F
OQBJECTIVE FUNCTION = 23.943
TRIAL NO. 47: X(1) = 65,54 Xt2) = 1l.91
BRAIN TEMP, = 91.69 DEG. F
SKIN TEMP. = 85.39 DeG. F
MUSCLE TEnpP. = 92.05 DEG. F
OBJECTIVE FUNCTION = 21.587
TRIAL NO. 48: X{1} = 69.54 Xt2) = T.91
BRAIN TEMP. = 10C.10 DEG. F
SKIN TEMP. = 97.68 UDEGe F

FUSCLE TEMP.

OBJECTIVE FURCTION =

10C.52 DEG. F
24.261

AT THE BASE PDINT

CEG. F

LBS PER HDUR
LBS PER HOUR
BTU PER HOUR

POINT

X(3)

X3} 1

x{3)

X(3} 1

X{31}

T.81

l1.81

7.81

1.81

T.81
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TRIAL NO. 49: X(1l) = 69.54 X{2) = T.91 X3}
BRAIN TEMP. = 95.92 DEG. F
SKIN TEMP. = 947.43 DEG. F
MUSCLE TEMP. = 1J00.37 DEG. F
OBJECTIVE FUNCTION = 21.040
TRIAL NO. 50: X{1}) = 69.54 X{z} = 11.91 X(3)
BRAIN TEMP. = 95.88 DEG. F
SKIN TEMP. = 93.63 DEG. F
MUSCLE TEMP. = 9€.20 DEG. F
OBJECTIVE FUNCTION = 17.559
TRIAL NO. 51z X(1) = 69,54 X{2) = 1l.91 xX{3)
BRAIN TEMP, = 95.69 DEG. F
SKIN TEMP., = 932.39 DEG. F
MUSCLE TEMP, = 9¢.05 DEG. F
OBJECTIVE FUNCTION = 14.926
TRIAL NO. 52: X{1) = 67.54 X2} = .91 Xi3}
BRAIN TEMP. = 95.45 DEG. F
SKIN TEMP, = 93.10 DEG. F
MUSCLE TEHMP. = 95.83 DEG. F

OBJECTIVE FUNCTION =

*% ENU OF INTERMLCDIATE RESULTS *#

SUFMMARY OF RESULTS

TRIAL POINT

xt2)

T.91
7.91
11.91
11-91
T.921
7.91
11.91
11.91
9.91

8.053
CBJECTIVE
X{3) FUNCT ION
T.81 17.21
11.81 14.58
T.81 23.94
11.81 21.59
T.81 24.26
11.81 21.04
T.81 17.56
11.81 14.93
9.81 B.05

EQUATION OF A SURFACE AT THE BASE POINT

TRIAL
NG, X(1}
&4 65.54
45 65,54
46 65,54
47 65.54
48 69.54
49 69.54
50 69.54
51 69.5%
52 6T.54
Ee
Y = 22.21"}“
STEP 11 =

A,

FOLLIFIED STEP SIZES
VARTABLE

Veld29X(1) +

STEP SIZE

0.058X12) + -0.6T8X(3)

APPLICATIULN OF THE STEEPEST ASCENT PROCEDURE

1]

11.81

11.81
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B.

A,

Be

x(1) -0.086
X2} -0.171
X{3} 2,300
RESULTS OF TRIALS AT POINTS IN THE DIRECTION OF SEEPEST
BASE POINT t X(1) = 67.54 X12) = 9.91 X(3)
UBJECTIVE FUNCTION = 8.053
TRIAL NGO, 53: X(1} = 67.46 X{21 = 9.74 X(3}

95.47 DEG. F
SKIN TEMP. 23.08 DEG. F
MUSCLE TENP. 95.B7 DEG. F .
OBJECTIVE FUNCTION = 11.329

BRAIN TEMP,

LI}

THERE IS5 NO IMPROVEMENT IN THE DBJECTIVE FUNCTION.
THE TRIAL PDINT YIELDING MINIFMUM DBJECTIVE FUCTION
REDUCE STEP SIZE BY HALF. REPEAT STeEP Il.

MODIFIED STEP SI1ZES

VARIABLE STEP SIZE

X(1l} -0.043

x(21 -0.C86

X(3) 1.000
RESULTS OF TRIALS AT POINTS IN THE DIRECTION OF SEEPEST
BASE POINT P XUl = 67.54 xtz2) = 9.91 X3t

OBJECTIVE FUNCTION = B.053

TRIAL NO. 54: X{(1} = 67.50 Xt2) = 9.83 {3

BRAIN TEMP. 95.46 DEG. F
SKIN TEMP. 93.08 DEG. F
MUSCLE TEMP, 95.85 DEG. F

OBJECTIVE FUNCTION = 9.453

LU T |

THERE IS5 NO IMPROVEMENT IN THE OBJECTIVE FUNCTION.

THE TRIAL PDINT YIELULING MINIMUM DBJECTIVE FUCTION
REDUCE STEP SIZE BY HALF. REPEAT STEP II.

MODIFIEC STEP SIZES

VARIABLE STEP SIZE
X(1) -0.022
x12) -0.043
X(3] 0.500
RESULTS DF TRIALS AT POINTS IH THE OGIRECTION OF SEEPEST
BASE POINT : X(1) = &67.54 X(2) = 9.91 X(3)
DBJECTIVE FUNCTION = B.053
= 9,87 X(31}

TRIAL NO. 55: X(1) = 6T.52 X{2)

136

ASCENT

= 9.81

11.81

TRIAL HAS FAILED.
BECOMES THE BASE POINT.

ASCENT

= 9.81

10.81

TRIAL HAS FAILED,
BECOMES THE BASE POINT.

ASCENT
= 9.81
= 10.31
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95.45 DEG. F
SKIN TEMP. 93.04 DEG. F
MUSCLE TEMP. 95.84 DEG. F
UBJECTIVE FUNCTION = 8.385

BRAIN TEMP.

"monn

THERE [S ND IMPROVEMENT IN THE OBJECTIVE FUNCTION. TRIAL HAS FAILED.
THE TRIAL POINT YTELLING MININUM OBJECTIVE FUCTIUN BECOMES THE BASE POINT,
STEP SIZC CANNOT BE FURTHER REDUCED.END OF THE EXPERIMENT.

STEP 111 : SUMMARY OF THE EXPERIMENT

A. BASE PCINT AT THt START OF THE EXPERIMENT 3

X{l1) = 67.54 x(t2) = 9.91 X{3) = 9.81
OBJECTIVE FUNCTION 8.053

Be. BASE POINT AT THE END OF THE EXPERIMENT 3
X(1) = 67.54 X(2) = 9.91 X(3) = 9.81
UBJECTIVE FUNCTION = 8.053

Cs REMARKS @

THERE IS NO IMPROVEMENT IN THE OBJECTIVE FUNCTION. EXPERIMENT HAS FAILED.
APPROXIMATION OF A SURFACE AS A PLANE NO LONGER HOLDS GOUD. END DF ThE PHASE,

&% SUMMARY OF PhRASE ONE ##%

BASE POINT AT THE START OF PHASE DNE

INLET TEMPERATURE OF COOLANT - 50.00 DEGREES FAHRENHEIT
MASS FLCw RATE FOR JACKET = 20.00 LBS PER HOUR
MASS FLOW RATE FOR HOOOD - 20.99 LBS PER HOUR

METABOLIC HEAT GENERATION RATE - 300.00 BTU PER HQUR

OBJECTIVE FUNCTION = 8l.616

OPTIMUM POINT (SO FAR} AT THE END OF PHASE ONE

INLET TEMPERATURE OF COOLANT = 67.54 DEGREES FAHRENHEIT
MASS FLOW RATE FOR JACKET = 9.91 LBS PtR HUOUR
MASS FLOW RATE FOR HOOD - 9.81 LBS PER HOUR

METABOLIC HEAT GENERATION RATE - 300.00 BTU PER HOUR

OBJECTIVE FUNCTION = £.053



PHASE Twll : RESPOUNHSE SURFACE

EXPERIMERT NOo 1

STEP 1 : DETERMINATION OF AW EQUATION OF A SURFACE

CI

De

BASE PUINT = INLET TEMP.

METABOLIC RATE

OF CODLANT -
MASS FLOW RATE FOR JACKET-
MASS FLOW RATE FOR HCOD =

67.54
.91
9.81

- 390.3%0

AT THE BASE POINT

DEG. F

IS APPROXIMATED AS A SECOND DEGREE CURVE

LBS PER HOUR
LBS PER HOUR
BTU PER HOUR

DESIGN USED : CENTRAL COMPOSITE DESIGN WITH ALPHA = 2

NUMBER OUF TRIALS REQUIRED :
RESULTS DF TRIALS

*% [NTERMEDIATE RESULTS *=%

TRIAL NO. 562 X{l1) = 67.04
BRAIN TEMP,
SKIN TEMP,

MUSCLE TEMP.

OBJECTIVE FUNCTION

TRIAL HO. 57: X(l) = 67.04
BRAIN TEMP.
SKIN TEMP,

MUSCLE . TEMP.

OBJECTIVE FUNCTION

15

wmnmn

TRIAL NO. 58: X(1) = 67.04
BRAIN TEMP.
SKIN TEMP,

MUSCLE TEMP.

» DBJECTIVE FUNCTION

TRIAL NO. 59: X{1) = bB7.04
BRAIN TEMP.
SKIN TEMP.

MUSCLE TEMP.

OBJECTIVE FUNCTION

TRIAL NO. 672: X(1) = 68.04

X(2)1 = Fe4l
95.51 DEG. F
93.14 DEG. F
95.90 DEG. F

= 19.039

X{2) = 9.4l
95.46 DEG. F
93.08 DEG. F
95.86 DEG. F
= 9.183

X(2) = 10.451
94.49 DEG. F
92.17 DEG. F
94.86 DEG. F
= 11.781

X{21 = 10.41
94.45 DEG. F
92.11 DEG. F
94.82 DcG. F
= 10.926

X2y = 9.4l

X{3}

xX{3)

X(3)

X(3)

Xi{3})

[}

10.31

12.31
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TRIAL

TRIAL

TRIAL

TRIAL

TRIAL

TRIAL

TRIAL

NO.

NO.

NO.

NO.

NO.

NO.

NO.

el:

E3:

64:

€5t

67:

9¢é.51 DeGe. F
SKIN TEMP, 94,14 DEG. F
MUSCLE TEFMP. 96.90 DEG. F
OBJECTIVE FUNCTION = 3.525

BRAIN TEMP,.

o n

X(1) = 68.04 X(2) = 9.41

9¢.46 DEG. F
SKIN TEMP, 34.08 DEG. F
MUSCLE TEMP. 96.86 DEG. F
OBJECTIVE FUNCTION = 84561

BRAIN TEMP.

X(1) = 68.04 X(2) = 10.41
BRAIN TEMP. 95.49 DEG. F
SKIN TEMP. 93.17 DEG. F
MUSCLE TEMP. 95.86 DcGe F
OBJECTIVE FUNCTION = 19.115

o n

X(1) = 68.04 X{2) = 192.41
BRAIN TEMP. 95.45 DEG. F
SKIN TEMP, 93.11 DEG. F
MUSCLE TEMP. 95.82 DEG. F
OBJECTIVE FUNCTION = 9.259

mhn

X{1) = 6T7.54 X(2) = 9.91
BRAIN TEHMP. 95.45 DEG. F
SKIN TEMP, 93.10 DEG. F
MUSCLE TEMP. = 95.83 DEG. F
OBJECTIVE FUNCTION = 8.053

W

X(1] = 68.54  X{2) = 9,91
BRAIN TEMP, 96.45 DEG. F
SKIN  TEMP, 94.10 DEG. F
MUSCLE TEMP. 9¢.83 DEG. F
OBJECTIVE FUNCTION = Tete21

X(1) = 66.54 X(2)y = 3.91
BRAIN TEMP,. 94.45 DEG. F
SKIN TEMP, 92.1) DEG. F
MUSCLE TEMP. 94.83 DEG. F
OBJECTIVE FUNCTION = J.T20

1 n

X{1) = 6T.54 Xx(2) = 10.91

BRAIN TEMP,
SKIN TEMP.
MUSCLE TEMP.

94.53 DEG. F
92.22 DEG. F
Y4.89 DeEG. F

X(3)

X(3)

X{3})

X(3)

X(3)

X{(3)

X(3)

10.31

10.31

9.81
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OBJECTIVE FUNCTION = 11.735
TRIAL NO., €8: X(1) = 67.54 X(2) = B.91 X(3) = 9.81
BRAIN TEMP. = 96,58 DEG. F
SKIH TEMP. = 94,18 DEG. F
MUSCLE TEMP. = Y¢£.98B DEG. F
OBJECTIVE FUNCTION = 9.345
TRIAL NO. ¢€9: X{(1l) = 6754 x(z2) = 9.91 X{3) = 10.81
BRAIN TEMP. = 95.41 DEG. F
SKIN TEHMP. = 92.04 DEGs F
MUSCLE TEMP. = 95.80 DEG. F
OBJECTIVE FUNCTION = 9.381
TRIAL ND. 70: X(1) = 67.54 X{zy = 9.91 Xt3) = 8.81

BRAIN TEMP. 95.50 DEG. F
SKIN TEMP,. 93.16 DEG. F
MUSCLE TEMP. 95,87 DEG. F

OBJECTIVE FUNCTION = 1J.485

nmnn

%% END OF INTERMEDPIATE RESULTS #*#%

SUFMARY OF RESULTS

TRIAL TRIAL POINT OBJECTIVE
NO. X{1) X2} X(3) FUNCT ION
56 67.04 9.41 9.31 10.04
57 67.04 9.41 10.31 9.18
58 6T.L4 10.41 9.31 11.78
59 67.04 10.41 10.31 10.93
60 68.04 9.41 9.31 9.52
(31 68.04 9.41 10.31 8.56
62 6B.04 10.41 9.31 10.11
63 68.04 10.41 10.31 2.26
64 6Te54 9.91 9.81 8.05
65 68.54 9.91 9.81 T.42
66 66.54 9.91 = 9,81 9.72
67 6T.54 10.91 9.81 11.73
68 6T.54 B.91 9.81 9.35
69 67.54 9.91 10.81 9.38
10 6T.54 9.91 8.81 10.49

E. EQUATION OF A SURFACE AT THE BASE POINT
Y=4E8.000+ 1.049X1 +-8C.L{00X2 #-19.813x3 + 0.064X1.X1
* —0.319X1.X2 # =D, TITXLWX3 + 4.414X2.X2 + 1.516X2.X3 + 2.867%X3.X3

STEP 11 : DETERMINATION OF THE CU-ORDINATES OF AYD OBJECTIVE FUNCTION
AT THE CENTER OF THE SURFACE

A, CO-ORDINATES OF THE CENTER
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B. TRIAL AT ThHE CENTER POINT
TRIAL NO. T71: X{1l} = 162.67 X{2) = 19.96 X(3} = 23.16
BRAIN TEMP. 185.3T7 OEG. F
SKIN TEMP,. 186.97 DEG. F

MUSCLE TEKP. 189.77 DEG. F
OGBJECTIVE FUNCTION = 276.841

THERE [S NO IMPROVEMENT IN THE OBJECTIVE FUNCTION., TRIAL HAS FAILED.
THE TRIAL POINY YIELDING MINIMUM OBJECTIVE FUCTION BECOMES THE BASE POINT.



EXPERIMENT NO. 2

STEP I =

Ao

IMLET TEMP.
MASS FLUW RATE FOR

BASE POINT =

OF COOLANT =

JACKET -

MASS FLOW RATE FOR HCOD =

METABOLIC RATE

DESIGHN USED :

NUMBER CF TRIALS REQUIRED : 15

RESULTS OF TRIALS

*%¥ |[NTERMEDIATE RESULTS #*=

TRIAL NO. 72: X(1) = 6B.94
BRAIN TEMP. =
SKIN TEMP. =
MUSCLE TEMP. =
OBJECTIVE FUNCTION

TRIAL NO. 73: X(i) = 68.04
BRAIN TEMP. =
SKIN TEMP., =
MUSCLE TEMP. =
OBJECTIVE FUNCTION

TRIAL NO. Ta: XI[l) = 68.04
BRAIN TEMP., =
SKIN TEMP. =
MUSCLE TEMP. =
OBJECTIVE FUNCTION

TRIAL NO. 75: X{1) = 68.04
BRAIN TEHMP. =
SKIN TEMP. =
MUSCLE TEwP. =
OBJECTIVE FUNCTION

TRIAL NO. T6: XI(1l) = 69.04
BRAIN TEMP, =
SKIN TEMP. =
PUSCLE TEMP. =

OBJECTIVE FUNCTION

X(2) =

96.51 DEG.
%4.14 DEG.
96.90 UEG.

DETERMINATION OF AW ECUATION OF A SURFACE

6B.54
9.%1
9.81
= 300.00

9.4l

F
F
F

= 9.525

X(2) =

€. 46 DEG.
94.08 DPEG.
96.86 DEG.

9.4l

F
F
F

= 8.561

Xtz =

95.49 DEG.
93.1T DEG.
95.86 D:G.

10.

41

F
F
F

= 1J.115

X(2) =

95.45 DEG.
92.11 DEG.
95.82 DEG.

10.

41

F
F
F

= 9.259

Xt2) =

97.51 DEG.
95.14 DEG.
97.92 DEG.

941

F
F
F

= 10.080
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AT THE BASE PODINT

DEG. F

LBS PER HOUR
LBS PER HOUR
BTU PER HOUR

CENTRAL COMPOSITE DESIGH WITH ALPHA = 2

X(3}

Xi{3)

X{3)

X(3)

X(3)

10.31

10.31



TRIAL

TRIAL

TRIAL

TRIAL

TRIAL

TRIAL

TRIAL

TRIAL

N{.

N

NO.

NC.

NQ,.

NO.

NO«

17:

1862

g3:

842

X{1l) = 69.94
BRAIN TEMP.
SKIN TEMP,

MUSCLE TEMP.

UBJECTIVE FUNCTION

X(1l} = 69.04
HRAIN TEMP,
SKIN TEMP,

MUSCLE TEMP.

DBJECTIVE FUNCTION =

Xtl) = 869.04
BRAIN TEMP.
SKIN TEMP.

MUSCLE TEMP.

OBJECTIVE FUNCTION

X{1l) = 68.54
BRAIN TEMP,
SKIN TEMP,

MUSCLE TEMP.

OBJECTIVE FUNCTION

X{l) = b69.54
BRAIN TEMP.
SKIN TEMP,

MUSCLE TEKP.

DBJECTIVE FUNCTION

X(1) = 67.54
BRAIN TEMP.
SKIN TEMP.

MUSCLE TEHP.

OBJECTIVE FUNCTICHN

{1} = 68.54
BRAIN TEMP.
SKIN TEMP,
MUSCLE TEMP.

OBJECTIVE FUNCTION =

Xtl} = b6B.54

BRAIN TEMP.

nuwn

nmwu

W

ion

nom

X(2) = 341
97.46 DEG. F
95.08 DEG. F
97.66 DEG. F
= 9.117

X(2) = 10.41
96.49 DEG. F
94.17 DEGe F
9¢.86 DEG. F
2.590

X{2}) = 10.41
96.45 DEG. F
94.11 DEG. F
9t.82 DEG. F

= B.627

X(2) = 9.91
9¢.45 DEG. F
94.10 DEG. F
9¢.83 DEG. F
= Ta421

X(2) = 9.91
97.45 DEG. F
95.10 DEG. F
97.83 DEG. F
= T.976

X{z) = 9.91
95.45 DEG. F
93.10 DEG. F
95.83 DEG. F
= 8.053

X121 = 19.91
95.53 DEG. F
93.22 DEG. F

5.69 DEG. F
10.068

X(2) = 8.91

97.58 DEG. F

X3}

Xi3)

X(3)

X(31)

X{3)

X(3}

X{3)

X(3}

1J.31

10.31

9.81
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SKIN TEMP. = 95.18 DEG. F
MUSCLE TEMP. = 97.98 DEG. F
OBJECTIVE FUNRCTICN = 3.901
TRIAL NO. BS5: XUi) = 6B.54% X{2) = 9.491 X{3) = 10.81
BRAIN TEMP. = 96.41 DEG. F
SKIN TEMP. = 94,04 DEG. F
MUSCLE TEMP. = 96.80 DEG. F
OBJECTIVE FUNCTION = 8.651
TRIAL NO. 86z X{l) = 68.54 x(2y = 9.91 X(3) = §.81

9t.50 DEG. F
SKIN TEMP. 94,16 DEGe F
MUSCLE TEMP. 9¢.87 DEG. F
OBJECTIVE FUNCTION = 9.973

BRAIN TEMP.

¢ END OF INTERMEDIATE RESULTS *=

SUFMARY OF RESULTS

TRIAL TRIAL POINT OBJECTIVE

NO. XL X{21 X(31 FUNCT ION
12 68.04 941 9.31 9.52
73 6B.04 el 10.31 8.56
T4 68.G4 1C.41 9.31 10.11
75 68B.04 10.41 10.31 9.26
16 69.04 9etl 9.31 10.08
17 6%.5 9.41 10.31 9.12
78 69,04 10.42 9.31 9.59
79 69,04 10.41 10.31 8.63
80 6B.54% 9.91 9.81 Ta42
81 63.54 2.91 9.81 T.98
B2 6T.54 9.91 9.81 B.05
B3 68.54 10.91 9.81 10.07
B4 6B.54 8.91 9.81 2,90
85 68454 9.91 10.81 8.65
86 6854 .91 8.81 9.97

E. ECUATION CF A SURFACE AT THE BASE POINT
¥=T757.00C+ —1.7EIX1 +-96.753X2 +-43.938%3 + 0.06571.X1
+ ~0.348X1.X2 + =J.372X1.XK3 + 5.324X2.X2 + 1.386X2.X3 + 2.T66X3.%3

STEP Il : DETERMINATION OF THE CO-CRDINATES OF AND OBJECTIVE FUNCTION
AT THE CENTER OF ThHE SURFACE

A. CO-ORDINATES OF THE CENTER
Be. TRIAL AT THE CENTER POINT
TRIAL NO. 87: X(1) = 69.29 X(2) = 10.04 X{3) = 10.09

BRAIN TEMP. = 97.06 DEG. F
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SKIN TENMP. 94,71 DEG. F
MUSCLE TEMP. 97.44 DEG. F
OBJECTIVE FUNCTION = T496

THERE S ™0 [MPRAVEMENT IM THE UBJECTIVE FUNCTION. TRIAL HAS FALILED.
THE TRIAL PJINT YIELDING MINIMUM OBJECTIVE FUCTION BECOMES THE BASE POINT.

END DF THE EXPERIMENT.

*&¢ SUMMARY OF PhASE THWO *%2

BASE POINT AT THE START OF PHASE TWO

INLET TEMPERATURE OF COULANT = 6T.54 DEGREES FAHRENHEIT
MASS FLOw RATE FOR JACKET - ?.91 LBS PER HOUR
MASS FLUW RATE FOR HOOD - 9.-21 L8S PER HUUR

METABULIC HEAT GENERATIUN RATE 302.00 BTU PER HOUR

OBJECTIVE FUNCTION = E.053

OPTIMUM POINT AT THE END OF PHASE THWO

INLET TEMPERATURE OF COOLANT - 68.54 DEGREES FAHRENHEIT
MASS FLOW RATE FUR JACKET = 3.91 LBS PER HOUR
MASS FLOW RATE FUR KIOD = 9.81 LBS PER HOUR

METAS0LIC HEAT GENERATION RATE = 300.00 BTU PER HOUR

OBJECTIVE FUNCTION = T.421
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ABSTRACT
The purpose of this report is twofold-to develop a computer pro-
gram to obtain an optimum point which minimizes (maximizes) a given
function of multi-dimensional variables using Response Surface Methodology,

and to carry out a computer simulation of optimal control of the inte-

grated human thermal system by this method.

The response surface methodology is described first. An optimum
point is sought by sequential experimentation., The iterative procedure
of the experimentation is started from any point chosen in the region
under consideration. In the neighborhood of tnis point enough experi-
ments are performed which enables one to fit, bv the method of least
squares, a polynomial approximation of sufficient order to provide a
local representation of the surface, The method is divided into two
phases depending upon the order of approximate function, Phase one em—
ployes a iinear approximation whereas phase two emplovs a quadratic one,
Phase one, by linear approximation, provides a rapid progress from the
starting base point, which is usually far from the optimum, to a point
within "striking distance" of it, while phase two, by a quadratic ap-
proximation of surface, leads-the further progress to the actual optimum
point. In doing so an efficient design of experiment is needed. An ef-
ficient design of experiment not only minimizes the number of experi-
ments, but also provides the required information with maximum precision.

A simple two-dimensional production scheduling problem is ﬁhen
solved to illustrate the use of method. This problem has been solved
by other methods. Results from the present method compare very well

with those by the other methods,.



The report then presents the results of computer simulations of
optimal control of integrated human thermal system., The control para-
meters of the external thermal regulation device are the inlet coolant
temperature and its mass flow rate. The objectives of the controlling
the regulation device are to maintain the temperature of the human body
in thermal comfort (thermoneutrality) and to minimize the possible effort
imposed on the operation of the device. A study on modeling, simulation
and optimal control of an integrated human thermal system has been carried
out by Hsu, He has obtained the optimal control policies by employing
a well-known technique of linear programming., His optimal control problem
can be carried out experimentally at KSU~ASHRAE test facility, The
present study provides a numerical experimentation (simulation) of the
optimal control problem using response surface methodology. A comparison
is made between the present results obtained and those by Hsu. In ad-
dition to the form of objective function used by Hsu, which was necessary
for linear programming, a different and more rigorous form is used to

obtain a set of optimal conditionms,



