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1.   Introduction 

Nearly every machining operation has a potential for improvement in 
productivity.   This potential arises from the fact that the optimum machining 
conditions vary with the Job, the machine tool, the cutting tool, and the 
operator. 

Machining conditions for a particular job are often selected by 
Taylor's tool life equation, through the use of handbooks such as the 
Machining Data Handbook [ 14] , or on the basis of the engineer's or 
operator's experience.   These methods in conjunction with trial runs allow 
the determination of machining conditions which apparently produce satis- 
factory results, rrThese machining conditions, however, are often "ball park" 
estimates of the optimal conditions.   They are in a sense similar to the 
estimates of the optimal operating conditions for a chemical facility 
obtained by pilot plant operations.   A process of "tuning" still remains 
to be done.   However, the production personnel may leave the process 
"untuned" in order to concentrate their efforts on more pressing problems. 

The objective of this study is to develop and to implement a system 
for optimizing machining conditions for single-operation and multiple- 
operation (numerically controlled) machine tools.   The measures of 
productivity considered are: 

1. Production cost per piece, and 

2. Production rate. 

This system is designed to use data collected by production personnel 
and to provide feedback so that the machining parameters can be adjusted 
accordingly.   This system is based on the concept that the machining process 
not only generates the configuration of a part, but also generates the neces- 
sary metal-cutting information on "how to machine the part. "   A primary 
consideration in the development of this system is that the process under study 
should not initially be drastically changed or upset. Thus changes in operating 
conditions should be minor rather than major.   This is accomplished through 
a set of rules for normal operation, so that, without serious danger of loss 
through the manufacture of unsatisfactory parts, an evolutionary influence 
is at work which steadily and automatically moves the process toward its 
optimal operating conditions. 

This planned program of perturbations of the process variables of a 
machining process differs from programs of planned statistical experimenta- 
tion in the following two major ways [ 9 ] : 



1. The program is conducted on the machining process during actual 
production of a product which is expected to be shipped to the 
customer.   In a planned experiment, the testing is usually 
conducted in a laboratory or pilot plant during product develop- 
ment.   Often a scaled-down version of the final product line is 
involved.   Since actual production is being carried out, the 
amplitude of perturbations introduced during the program is 
generally small, and sometimes effects may only be determined 
statistically.   In a standard experimental program, the amplitude 
of perturbations are often maximized to determine the effects 
resulting more expediently. 

2. The program is frequently conducted over an extended time 
period rather than on a one-time basis as in the case of most 
standard experimental programs. 

Certain process characteristics are favorable to this evolutionary 
manner of operation, while others are unfavorable.   Table 1.1 gives a 
list of some of these characteristics.   It is particularly important to note 
that low volume, non-repeating job shop orders are not suitable candidates 
for this type of optimization.   These jobs are usually completed before 
sufficient information is gathered to suggest optimum operating conditions. 

The optimization system includes computer programs which analyze the 
data.   The computer output is then technically evaluated by a committee. 
The major task of this committee is to discuss the implications of current 
results and to suggest potential changes.   This committee should be composed 
of production personnel, such as the foreman and an operator, as well as 
staff personnel, such as an industrial engineer and a tool engineer.   This 
committee should meet on a regular basis to review the current operations 
and to suggest future studies. 

The technical exchange which occurs in these meetings can be more 
important than the information provided by the computer programs.   For 
example, the programs can suggest new speeds and feeds at which to 
operate and can be used to compare different tool materials and/or different 
types of tool inserts.   However, they can not suggest a new tool material. 
These types of suggestions must come from personnel familiar with the 
particular problem.   The programs, however, help to motivate these 
discussions, and the improvements are accomplished through the informa- 
tion exchange which takes place at these meetings.   The programs can also 
be used to evaluate and to document the performance of different cutting 
tools.   This documentation could serve as a justification to procure 
proven tools of particular brands at possibly higher costs for similar future 
applications. 



Table 1.1 

Process Characteristics Which are Favorable 

or Unfavorable to the Use of EVOP[9] 

Characteristics Which Are Favorable   Characteristics Which Are Unfavorable 

The process involves high 
volume production over a 
reasonably extensive time 
period. 

2. The potential benefits of 
process improvements are 
large (the process is an 
important one and is not 
already operating at optimum 
conditions). 

3. The process variables can 
be perturbed readily. 

4. The process stabilizes 
rapidly after a process change. 

5. The process response can be 
obtained rapidly. 

1.   The process is a job shop with 
few or no repeats of units with 
identical specifications. 

2.   The cost for process improvement 
exceeds the potential benefits. 

3. The process variables cannot be 
perturbed readily. 

4. The process requires a long time 
to stabilize after a process change. 

5. The process response is not 
obtained rapidly (for example, if the 
response variable is time until failure 
on a life test). 



Two computer programs are given in this report for optimizing machining 
parameters, the Performance Index Method (PIM) program and the Machining 
Optimization (MACHOP) program. 

The PIM program, referred to as the "on-hand" program in the contract, 
was available from AWC    as a computer listing.   It was designed for opti- 
mizing machining conditions of single-operation machine tools.    During the 
initial phase of this project, the PIM program was modified, debugged, and 
tested on simulated data.   During this same period, production data was 
collected at the Rock Island Arsenal (RIA) Operations Division shops.   Section 
2 of this report contains a discussion of the problems encountered with the 
PIM program and the recommendations concerning its use.^ 

Because of the difficulty in collecting data for the PIM program and in 
using the program with shop data, the MAC HOP program was developed.   The 
latter program can be used to optimize single-operation machine tools as well 
as multiple operation (numerically controlled) machine tools. 

The MACHOP approach is described in Section 3.   Section 4 describes the 
use of MACHOP, including the data handling system.   Section 5 contains the 
MACHOP analysis of the data collected at the RIA Operations Division shops. 

Appendix A contains a sample output of a regression program which was 
used to verify the regression modules of the PIM and MACHOP optimization 
programs.   Appendix B contains a simulation program listing and sample out- 
put.   This program was developed for preliminary analysis of the logic in the 
PIM and the MACHOP programs.   Appendix C contains the data collection forms 
for the MACHOP program.   An analysis of the PIM design module is given in 
Appendix D.   Appendix E contains sample output from the Carboloy Systems 
Computerized Machinability Program.   A program listing for the MACHOP program 
is given in Appendix F.    Program documentation necessary for the implementation 
and maintenance of the MACHOP program is included as Appendix G. 

2.   The Performance Index Method (PIM) Program 

The first phase of this contract concerned the adaptation of the "on- 
hand" program (herein called the PIM program) for use with single-operation 
machine tools.   This phase of the contract required approximately 3 months. 

During this period, production operations in the Rock Island Arsenal 
(RIA) Operations Division shops were surveyed and data collection schemes 
were determined.   Simultaneously the PIM program was converted from a 

U.S.Army Weapons Command, now U.S.Army Armament Command. 

^Section 2 can be bypassed without loss of continuity if the MACHOP 
program is of primary interest. 
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program listing to punch cards.   The program logic was checked and 
corrected, and the program was tested on simulated data.   The results 
of this testing indicated some additional programming errors.   Following 
the correction of these errors, the program performed satisfactorily on 
the simulated data.   Details are given in Sections 2.1 and 2.2. 

Major problems were encountered in the collection and analysis 
of production data with the PIM program.   A discussion of these problems 
is given in Section 2.4. 

m 2.1 Recommendations on the Use of the PIM Progra 

The problems which may be encountered in using the PIM program 
restrict its applicability.   On the basis of the experience obtained in 
using the PIM program on RIA data, the following recommendations are 
made: 

1. The PIM program should be used only for those machining 
processes or operations where the production personnel are 
readily able to find nine feed-speed combinations (three levels 
of feed for each of three levels of speed), which can be run 
without disturbing the production process or risking the 
production of scrap parts. 

2. The validity of the performance index prediction outside of 
the region where data has been taken is highly questionable. 
Hence the range of prediction, which is specified in the 
program by the usable  speeds and feeds, should be restricted. 
In particular the usable feeds (speeds) should be limited to 
one feed (speed) level above and below the feeds (speeds) at 
which data are to be collected. 

3. The data collection forms developed for the MACHOP program 
should be used for collection of data for the PIM program. 

4. The PIM program can be used for multiple-operation tools 
(numerically controlled), replacing the speed and feed variables 
by increments of the speed and feed overrides, respectively. 

2.2 Program Logic Check 

The PIM program was available as a program listing.   This was 
converted to punch cards and verified. 

Although the PIM program had been previously "debugged, " a few 
errors were noted.   A list of the changes made in the program follows: 



1. Definition of Performance Index (PI) 

The PI was defined in the final Report DAAF01-70-C-106a [10] as: 

PI = Q.Pr + (1 - Q)/Cu. 

In the computer program (subroutine PERIND) the following defini- 
tion was used: 

PI = (1 - Q).Pr + Q/Cu. 

This was corrected to agree with the report. 

2. Programming Eraors in the PICK Subroutine 

Following the determination of the optimum feed and speed based 
on a given set of experimental observations, the program selects 
the next set of feeds and speeds by one of two methods depending on 
whether the previous optimal point was on a boundary.   If the previous 
optimal point was not on a boundary, Ham [10] indicates that nine 
points are to be picked around the previous optimal point, subject 
to the maximum feed, maximum speed, and maximum horsepower 
constraints and tests made for uniqueness.   See Appendix D for an 
analysis of the design strategy. 

The program (PICK subroutine), however, incorrectly selected 
at most eight points, one of which was the first point in the 
previously analyzed set.   The other seven points (2-8) are shown in 
Figure 2.1. 

3 

Feed 
(ipr) 

8 

2 (previous optimum) 

4 6 

Speed (rpm) 

Figure 2.1     Points Selected by Design Module 



To be consistent with the report and to achieve a reasonable 
design, line #15 of the program was changed to NPT=0 and line 
#25 was changed to IF(J.EQ.l) GO TO 75. 

3 .     Format Statements 

Some format statements in the program were changed to allow 
costs of over $10 per piece to be printed out. 

2.3  Program Testing with Simulated Data 

Prior to obtaining plant data, a simulation model, which is discussed 
below, was constructed for testing the PIM program.   Some of the logic 
errors reported in Section 2.1 were first noted when the data from these 
simulations were analyzed by the PIM program. 

2.3.1  The Simulation Model 

The simulation model was based on the turning operation on the Monarch 
lathe (RIA, ID #30303) for a recoil cylinder (part #10895646).   This model 
was constructed for the preliminary evaluation of the PIM program.   This 
simulation is different from that discussed by Ham [ 10] .   He used Taylor's 
tool life equation to determine the tool life and thus the cost.   Then a 
random error term was introduced into the cost function.   In the simula- 
tion model given here, individual tool life data are generated.*   On the 
basis of these tool lives, the number of pieces produced and the number 
of edges used during one shift of operation are determined.   Thus, the 
data are in the same format as the production data. 

The simulation model was developed according to the following 
assumptions: 

1.   The equation used for determining the tool life is 

VTaF0 = C, 

where a, ß, and C are constants, 

v=   ^N 
V 12    ' 

D = Diameter of work piece in inches, 

N = spindle speed in rpm, 

The tool life model does not include the possibility of tool breakage 
and the accompanying loss of unused edges. 



F = feed in ipr, and 

T = tool life in minutes. 

If one takes logarithms, the above tool life equation can be 
written as 

In T   = i [In C - ß In F - In V ] . 

A random error term, e, is added to the above equation to 
introduce variability into the tool life.   The error term, e, is 
assumed to have a normal distribution with mean zero and 
standard deviation of 

i [In C -0 In F - In V ] -ERR, 

where   ERR is the percentage error appropriate for the process. 

2. An eight hour day, allowing for the operator's personal time, 
is assumed to consist of 420 minutes of production time. 

3. If at the end of a shift, a part is over 75% finished, it is 
assumed to be completed. 

A flow chart based on the above assumptions is given in Figure 2.2. 
The computer program, written in FORTRAN IV and a sample output are given 
in Appendix B. 

2.3.2   Analysis of Simulation Data 

The center of the initial set of points selected was   V = 220 rpm   and 
F = 0.0187 ipr.   Although the PIM program will operate with as few as 
six design points, Ham's [10] recommendation of nine points in a geometric 
pattern of a 3^ factorial design was followed.   A large range of feeds and 
speeds were available on the Monarch lathe.    However, the usable speed 
range was limited to 95 rpm - 330 rpm and the usable feed range was 
limited to 0.007 ipr - 0.0337 ipr. 

The data generated by the simulation program for the first experiment 
are given in Table 2.1. 

Based on these data, the on-hand program selected the optimal speed 
and feed as   V = 220 rpm and   F = 0.0337 ipr.    Note that this is on the 
usable feed boundary.    Hence, feed is no longer adjustable.   The points 
suggested for the next experiment and the simulated production data for 
these points are given in Table 2.2. 



Initialize SHIFT, diameter of work piece (D), 
length of work piece (XL), Taylor's tool life 
constants, handling time (TH), tool changing 
time (TCT).    PARTS = 0, TIME = 0, TOOLS = 0 

| Generate tool life (fT) 

Calculate the matching time/piece 
(TM = XLAF) 

Calculate the no. of parts produced by 
this tool 

PARTS 1 =:T/TM 

Calculate the total time for each tool 
TIME1 = PARTS 1(TM + TH) + TCT 

PARTS   = PARTS + PARTS 1 
TIME    = TIME + TIME1 
TOOLS = TOOLS + 1 

Yes 

I 
Summarize Results 

Figure 2.2   Simulation Flow Chart 



Table 2.1   First Data Set 

Speed Feed No. of parts Time No. of edqes 
192 0.0168 14.0 420.0 8.0 

192 0.0187 14.0 420.0 11.0 

192 0.0210 15.0 420.0 14.0 

220 0.0168 14.0 420.0 16.0 

220 0.0187 15.0 420.0 20.0 

220 0.0210 16.0 420.0 21.0 

255 0.0168 14.0 420.0 36.0 

255 0.0187 15.0 420.0 32.0 

255 0.0210 16.0 420.0 31.0 

Table 2.2   Second Data Set 

Speed Feed No. of parts Time No. of edges 
166 0.0337 17.0 420.0 9.0 

220 0.0337 19.0 420.0 17.0 

290 0.0337 19.0 420.0 45.0 

330 0.0337 18.0 420.0 64.0 

Based on these data, the PIM program selected the optimal speed and 
feed as 2 20 rpm and 0.0337 ipr.    Since the two previous optimal points 
were not identical, the PIM program selected a new set of five points on 
the feed boundary.   The feed and speed settings and the simulated data 
for these 5 points are given in Table 2.3. 

The point 220 rpm, 0.0337 ipr was again chosen as the optimal point« 
The analysis was terminated since the same point was chosen on two 
consecutive runs. 
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Table 2. 3   Third Data Set 

Speed 
126 

Feed 
0.0337 

No. of parts 
16 

Time 
420.0 

No. of edges 
6.0 

166 0.0337 18 420.0 2.0 

220 0.0337 18 420.0 22.0 

290 0.0337 19 420.0 46.0 

330 0.0337 18 420.0 63.0 

A graphical presentation of these results is given in Figures 2.3 
and 2.4. 

The PIM program required 18 observations to obtain the optimal feed 
and speed. Table 2.4 gives the cost per piece in dollars for some of the 
usable feeds and speeds for the case where   ERR is 0. 

Table 2.4   Cost/Piece ($) as Given by Taylor's Equation 

\ Speed 
\frpm) 145 166 192 220 255 290 330 

Feed\ 
(ipr)     \ 

0.0153 11.76 10.89 10.24 10.47 10.05 10.44 10.95 

0.0168 10.78 10.05 10.24 9.72 9.38 9.74 10.22 

0.0187 10.78 10.08 9.51 9.07 9.38 9.74 10.22 

0.0210 9.95 9.36 8.88 9.10 8.79 9.14 9.58 

0.0240 9.24 8.74 8.35 8.53 8.30 8.60 9.02 

0.0337 8.11 7.71 7.42 7.58 7.41 7.67 8.47 

11 



0.0337 

0.0306 

■f 

0.0210 

Feed      0.0187 
(ipr) 

0.0168 

0.0153 

0.0146 

0.0140 

0.0129 

Q 

optimum/ 
selected 
by Exps. 2 and 3 

optimum 
selected 
by Exp.  1 

© © © 
© ® © 
©        ©        © 

110   126   145   166   192   220   255   290   330 

Speed (rpm) 

Figure 2.3   Design Points for the PIM Method 

*the circled numbers indicate the experiment number, 
i.e. ,   i   indicates that this point is in the itn experiment. 
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0.0337 

7.05J 

8.033   7.632 

^ 

0.0210 
Feed 
(ipr)       0.0187 

0.0168 

7.51* 

7.or 

7.653   8.473 

7.632   8.492 

8.971 8.431 8.691 

9.331 8.961 9.301 

9.241 9.481 10.081 

126    166    192    220    255 

Speed (rpm) 

290 330 

Figure 2.4   Cost/Piece Estimates ($) at 
Observed Feeds and Speeds 

*The superscripts refer to the experiment number. 
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2.4  Program Testing with Rock Island Arsenal (RIA) Data 

This phase of the study required a major portion of time and dollar 
expenditures of the research project.   All previous experimentation using 
the PIM program was based on simulated data and/or a very limited amount 
of laboratory experimental data. 

A turning operation on a recoil cylinder using the Monarch lathe was 
selected for the first study. Other information concerning this operation 
is given in the job description in Table 2.5. 

Table 2.5   Job Description for First Study 

Operation: - Turning 

Part:   - Variable recoil cylinder 

Material:   - Steel tube 4140. 

Dimensions:   47.5" long, 8.5" dia., depth of cut 1/8" 

Job order #:   0016011 

Part #:   10895646 

Cutting tool:   - Titanum coated carbide insert,  multi-edged 

Tool cost/edge: - $.42 

Machine tool specifications:   Monarch stepped lathe. 
50 HP.    RIA ID #30303 

Available speeds (in rpm):   84, 95,  110,  126,  145,  166,  192, 220, 255, 290, 
330,  380,  435 

Available feeds (in ipr):   .0032,  .0035, .0037, .0038,  .0042, .0047, .0013, 
.0060,  .0065, .0070, .0073,  .0076, .0084, .0093, 
.0105,   .0120, .0129, .0140,   .0146, .0153, .0168, 
.0187,  .0210, .0240, .0259,  .0293, .0306, .0337, 
.0374,  .0421, .0451, .0518,  .0561, .0585, .0612, 
.0673,  .0748, .0841, .0962,  .1036, .1122, .1171, 
.1224,   .1346, .1496, .1683. 

Labor and overhead rate:   - $18/hr. 

14 



A 32 factorial experiment1 was conducted with  V = 220 rpm and 
F = 0.0187 ipr as a center point.   Each of the nine feed-speed combina- 
tions was used for one shift of operation.   The same operator was used 
for all of the points.   The data in Table 2.6 were recorded by the machine 
operator. 

Based on the above production data, the cost per piece in dollars is 
calculated in each case and is given in the last column of Table 2.6. In 
this case the performance index is taken as 1/Cu.2 The PIM program fits 
a regression equation of the form   PI = bQ + bjV + b2F + b3V2 + b^  + b5V-F 

to the data.   (See Ham [10] for a more complete discussion.)   The:performance 
index is evaluated at all usable feed-speed combinations. 

Table 2 .6   Data Summary for Experiment 1 
Results for Recoil Cylinder - First Study 

Speed (rpm)       Feed (ipr)      No. of parts  Production    No. of tool        Cu 
V F time edges $/piece 

192 0.0168 14 434 17 9.51 

192 0.0187 18 410 18 7.28 

192 0.0210 14 377 18 8.63 

220 0.0168 13 396 23 9.90 

220 0.0187 15 393 15 8.28 

220 0.0210 20 440 44 7.52 

255 0.0168 10 217 17 7.22 

255 0.0187 11 267 29 8.39 

255 0.0210 14 357 31 8.58 

The optimal feed-speed combination is selected as the point which 
maximizes the predicted performance index PI and thus minimizes the 
predicted cost, Cu. 

*An experiment conducted at 3 levels on each of 2 factors, resulting in 
a total of 9 experimental points. 

2 
The reciprocal of  Cu, the cost per piece, in $/piece. 
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The feed-speed combination selected as optimal was   V = 95 rpm 
and   F = 0.0187 ipr.   At this combination the performance index predic- 
tion is   PI = 0.212 and hence the cost estimate is   Cu = $4.72/piece. 
However, a few calculations illustrate that the predicted cost cannot 
be achieved at this feed and speed. 

The machining time per piece is 47.5/(95 x .0240) = 20.8 min/piece. 
Allowing nine min/piece handling and no time for tool change we arrive at 
a total time of 29.8 min/piece.    Using the labor plus overhead rate of 
$18/hr and neglecting the tool costs, we obtain a conservative estimate 
of cost per piece of $9.00/piece.   This is nearly double the cost predicted 
by the PIM program.   It is also higher than the cost per piece for many of 
the original nine feed-speed combinations. 

The cost estimates obtained by the PIM program for a number of feed- 
speed combinations are given in Table 2.7. (These are not printed by the 
PIM program but are easily obtained.) 

The regression calculations in the PIM program were also verified 
by analyzing the data on a separate regression program.    (See Appendix A.) 
No substantial differences were noted.   The prediction equation explained 
37.3% of the variability in the data. 

Table 2.7   Cost/Piece Predictions ($) Using the PIM Program 

Speed 
N. (rpm) 95 145 166 192 220 255 290 

Feed\ 
(ipr)     \ 

0.0153 14.59 14.04 12.75 10.97 8.75 6.88 

0.0168 8.67 9.81 9.90 9.66 9.01 7.87 6.61 

0.0187 6.24 7.46 7.84 8.10 8.09 7.65 6.85 

0.0210 5.10 6.49 7.08 7.76 8.32 8.59 8.19 

0.0240 4.721 6.69 7.82 9.53 11.71 14.98 16.62 

T Indicates the optimal point. 
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The major reason for this failure of the PIM program is the large 
amount of variability present in the data.   Due to this high variability 
in the shop data, the prediction equation used in the PIM program was 
valid only over a small region of feed-speed combinations where the 
data were collected. 

One method of reducing the variability of the prediction equation is 
to take data for at least two shifts at each feed-speed combination.1 How- 
ever, this would require data from eighteen shifts of operation.   This does 
not appear to be a viable alternative because of the excessive length of 
time required to collect the data prior to feedback. 

It should also be noted that the specification of constraints such as 
the horsepower constraint did not seem to be of any value.   This is 
probably attributable to the fact that the mathematical expressions for 
the constraints are only approximations.   Determination of feasible 
operating feed-speed combinations would be better left to shop personnel. 
These points can be determined on the basis of experience and trial runs. 

Another problem was encountered in collecting shop data for the PIM 
program.   The program requires a minimum of six feed-speed combinations. 
(Actually nine combinations are recommended in the users instructions.) 
On the operations observed in the RIA shop it was difficult to select three 
feeds and three speeds (yielding nine feed-speed combinations) without 
taking a high risk of producing scrap parts at one of these combinations. 

Since the PIM program functioned satisfactorily with the simulated 
data, some commentary seems to be in order concerning the differences 
between the simulated data and the production data. 

Whereas the simulation model assumed that the handling time and the 
total production time were constant, namely 15 min/part and 420 min/day, 
respectively, the quantities were highly variable in the actual production 
situation.    The handling time varied from 9 min/part to 15.8 min/part, 
while the production time varied from 217min/day to 440 min/day. 
The variation in the handling time leads to much higher variability in the 
estimates of the performance index.   The production time variability 
illustrates the need for recording down time, rather than using the eight 
hour work shift as a time base.   Another major difference between the 
simulation model and the real production situation is that the tool lives 
for the simulation model were determined by the tool life equation with a 
20% random error term added.   In the shop the variability was even higher 
due to tool breakage.   Since "triangular throw away" inserts were being used, 
breakage of the tool could result in a loss of one to six edges at one time. 

The complete experiment should be performed using the same operator, 
if possible, so that an additional source of variability is not introduced. 
Data from long runs by multiple operators may be averaged. 
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3,   The Machine Optimization (MACHOP) Program 

The problems encountered in the collection of data and in the applica- 
tion of the PIM program indicate the importance of the following objectives 
for development of a uaable optimization program: 

1. A limited number of feeds and speeds should be attempted and 
analyzed initially in order to provide early feedback and to 
minimize disruption to the shop operation. 

2. Since changes in feeds and speeds must be gradual, it is 
initially sufficient for the optimization program to determine 
the direction of the optimal operating conditions rather than 
selecting a particular feed-speed combination as optimal. 
This procedure will greatly reduce the chances of incorrectly 
determining the optimum feed-speed combination.   This is 
particularly important because of the variability in shop data. 

3. At most two variables should be varied simultaneously to 
facilitate the usage and understanding by production personnel. 

The MACHOP program is designed to accomplish the above objectives 
in addition to those specified in the contract.   No constraints other than 
the definitions of the speed and feed environment are considered in this 
process.   Although certain constraints were directly incorporated into the 
PIM program, they were not incorporated into the MACHOP package.    The 
data collected in this project indicates that the mathematical expressions 
for these constraints (i.e. , the horsepower or the surface finish) were only 
crude approximations.    Hence it seemed better to rely on the shop personnel's 
experience than to eliminate a particular operating point because of a 
constraint equation.   In addition, these constraints are not as critical to 
the MACHOP program as they were to the PIM program, since the MACHOP 
program moves in small steps toward the optimum operating conditions. 

To simplify the collection of data in the shop, observations are always 
taken in sets of four at two adjacent feeds and two adjacent speeds.   For 
numerically-controlled multiple-operation machine tools the feeds and 
speeds are controlled by feed and speed overrides.   This procedure avoids 
the cost of preparing new NC tapes for each run. 

For each feed-speed combination, the following data are collected 
during one shift of operation: 

1.   the number of parts produced, 
• 

2.   the number of tool edges used for each tool type, and 
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3.   the production time. 

These results are submitted to the MACHOP program. 

On the basis of these data the MACHOP program calculates two 
performance indices: 

1. the cost/piece   (Cu)   in dollars/piece, and 

2. the production rate   (Pr)   in pieces/minute. 

The MACHOP program then performs two types of analyses for each of the 
responses or performance indices: 

1. an evolutionary operation analysis, and 

2. a response surface, regression analysis. 

The   evolutionary operation analysis is based on the work of Box and 
Draper [ 3] .   An automatic feedback provision for systematic optimization 
is given in this portion of the program.   The program recommends a set of 
four feed-speed combinations for the next phase or cycle of operation. 
(This set of feed-speed combinations may be the same as the set just 
completed.)   The evolutionary operation analysis makes no assumptions 
concerning the form or shape of the response surfaces.   Its purpose is to 
evaluate the differences in the observed responses at the four feed-speed 
combinations as compared to the variability of the process and to suggest 
the direction of movement toward the optimal machining conditions. 

The response surface, regression analysis uses the same data as the 
evolutionary operation analysis.   The parameters of two regression equations 
are estimated, and these equations are used to predict the responses at the 
feed-speed combinations in the region in which data have been collected. 
When sufficient data are available, second order equations are fitted to the 
natural logarithms of the feeds and speeds.   Each of these second order 
equations requires the estimation of six parameters, and hence, at least 
six different feed-speed combinations are necessary to estimate all the 
parameters. 

When data has been collected at fewer than six feed-speed combina- 
tions, lower order equations are used. For example, for the initial set of 
four feed-speed combinations, first order models are fitted to the data, and 
used to make the predictions. In addition to the predictions, analysis of 
variance tables are also providedf An understanding of regression analysis 
is not necessary for program use. Production personnel will generally be 
interested only in the predictions. 

Actual cutting, work piece handling and tool changing time. 

2 
A complete discussion of regression and analysis of variance tables is 
given in references [ 4 ] and   [ 5 ] . 
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The output of these two portions of the program serves as the basis for 
the MACHOP committee's discussion concerning the next phase or cycle of 
experimentation.   In general, the committee should follow the MACHOP 
suggestions, unless their collective experience indicates otherwise.   The 
prediction output gives them an indication of both the unit costs and the 
production rates at adjacent feeds and speeds. 

On the basis of this information the committee can also make decisions 
such as the following: 

1. try a new cutting tool, 

2. try a different machining process, or 

3. prepare a new tape for an N/C job. 

A new cutting tool might be suggested upon collaboration by the tool 
engineer and the operator.   It might be determined that a more expensive 
cutting tool is warranted by a corresponding increase in production rate 
and/or reduction in total cost.   A different machining process might be 
proposed in order to decrease high machining costs for particular parts. 
The suggestion to prepare a new tape might result from the fact that the 
MACHOP program suggests that an override be increased by 5%, although 
the upper limit has already been attained.   Under these circumstances it 
may be economical to prepare a new tape.   This situation could also occur 
if the program suggested increasing an override, but'the operator felt that 
this change would have a negative effect on one or more of the machining 
operations.   In this case a new tape could be prepared which would change 
the feeds and/or speeds of a particular set of operations relative to the 
feeds and/or speeds of the other operations.   Following any of these changes, 
the usual data should be collected and submitted to the program in order to 
investigate and to document the effect of the change. 

The technical aspects of the MACHOP program are discussed in the 
subsequent sections.    Section 3.1 gives information on the performance 
index calculations.   The details of the evolutionary operation portion of 
the program are given in Section 3.2, and the response surface-regression 
analysis portion of the program is discussed in Section 3.3. 

3.1  Computation of Performance Indices 

The two performance indices used in the MACHOP program are 

Cu = Cost per piece ($/piece), and 

Pr   = Production rate (pieces/minute). 
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These quantities are calculated for each of the test points. 

For a given test point the following data are collected: 

N-      = Number of parts produced, 

N .     = Number of tool edges of tool   i   used, and1 

T = Time period of test (in minutes). 

The test will usually consist of running at a given feed and speed for 
one shift.   Forms for collecting these data are provided in Appendix C. 
Note that the length of the test will usually be less than the shift time 
because of interruptions for other activities such as safety meetings and 
personal time. 

The production rote computation for single-operation, multiple- 
operation, and/or numerically controlled processes is 

Pr = Np/T. 

For a single-operation machining process the cost per piece is 

Cu = [ (RLO)T + (TLC)Nt ]/Np 

where 

RLO = Labor and overhead rate in dollars per minute, and 

TLC = Tool cost in dollars per edge. 

If the objective is to minimize tool cost per piece then RLO is set equal 
to zero. Alternatively, the overhead may be removed from the problem by 
setting   RLO   equal to the labor rate. 

For a multiple-operation machining process the cost per piece is 
n 
L 

i=l 
Cu = [ (RLO)T +   L (TLC^N^/N 

where 

n        = Number of different tools, and 

TLCj = Cost of tool   i   in dollars per edge, 

*Nt2 is shortened to Nt. 
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3.2   Evolutionary Operation (EVOP) 

Evolutionary operation (EVOP) is a method of process improvement 
that: 

1. is readily conducted under actual processing conditions by 
production personnel, 

2. operates despite the presence of large experimental error, 

3. provides an efficient basis for scientific or technological 
feedback, and 

4. does not assume knowledge of the functional form of the 
response surface or any explicit knowledge of the response 
function except that it is smooth. 

EVOP computations and procedures for analyzing the results of the   2^ 
factorial experiment are based on the work of Box and Draper [ 3] *.   In 
this analysis, the two performance indices,   Cu   and   Pr,   are examined 
as a function of the feed and speed of the machining operation.   The effect 
that each of these factors exerts on the performance indices is evaluated 
and two (possibly identical) sets of operating conditions are suggested for 
future operation. 

3.2.1   EVOP Calculations 

A cycle is a set of four observations in a rectangular pattern at two 
adjacent feeds and two adjacent speeds.   This set of four observations 
allows the determination of the effect of 

1. feed, 

2. speed, and 

3. feed-speed interaction 

on both the production rate and the cost per piece. 

*Box and Draper also consider a   2^   factorial design with an additional 
reference condition.   This approach, if used here, would require taking data 
at three feed and speed levels.   Experience with the machining operations 
at the RIA shops indicated that this was too wide a range and could lead to 
production of scrap.   Hence, the   22   factorial design without reference 
condition was chosen. 
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A phase consists of repetitions of the same cycle.   In other words, 
phase indicates which set of four points is being observed and cycle 
indicates the number of observations which has been taken at each feed- 
speed combination during this phase.   Cycles are repeated within a phase 
until sufficient information is gathered on the effects of feed, speed and 
their interaction to suggest a new set of feed-speed combinations, i.e., 
a new phase of operation.   The new phase begins when observations are 
taken at a new set of feed-speed combinations.   The concepts of phase and 
cycle are important in understanding the EVOP analysis.   A minimum of two 
cycles of observations are required in Phase 1 to estimate the variability 
of the data.    Prior estimates of the variability can also be used as will 
be discussed later.   The estimate of variability is necessary to determine 
the significance of the effects of feed and speed on the responses.    Moving 
to a new phase constitutes the movement across the response surface. 
Taking another cycle means additional information is being gathered to 
determine the direction of movement. 

The EVOP computations of Box and Draper [3] have been modified to 
accomodate machining data and to facilitate computerization.   The computa- 
tional procedure is summarized in Figure 3.1.   A complete discussion of 
these calculations is given for phase   M   and cycle   n. 

The first step in the EVOP analysis is the calculation of the phase 
averages and phase ranges.   These computations are the same for each of 
the performance indices.   The performance index will be denoted by   y 
in the following discussion.   Each of the performance indices are calculated 
for each feed-speed combination, for which data are available, according 
to the equations given in Section 3.1.   For cycle   n   the new observations 
at each of the four feed-speed combinations are denoted by   y^n   (1=1,2,3,4). 
The previous cycle sum   (PCS^)   at each of these four points is given by 

n-1 
PCSi =   E yu. 

j=l 

Thus, the previous cycle average is 

yj - PCS, /(n-1). 

The four differences   (d.)   are calculated by subtracting the new observa- 
tions from the previous cycle averages, i.e., 

di=7;-yin- 
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These differences are used to estimate the variability of the data.   The 
new sums   (NSj)   are computed as the sum of the previous cycle sums and 
the new observations 

NSi = PCSj + yin. 

Finally the new averages are calculated as 

yt = NS/n 

for each of the four feed-speed combinations. 

The new averages are the values used to determine the effects of the 
factors on the performance index.   The new cycle sums and the new cycle 
averages become the previous cycle sums and previous cycle averages for 
the next cycle (i.e., cycle n + 1), if the current phase is continued. 

For the first cycle of any phase, the previous cycle sums and the 
previous cycle averages are zero by definition.   The new sums and new 
averages   (NSA   and   y.)   are just the new observations.   The range is not 
meaningful and hence is not calculated for this cycle.   If this is the first 
phase, there is no measure of error with which to compare the effects of 
the factors.   This is the reason that a minimum of two cycles in the first 
phase is required to produce an initial estimate of the standard deviation 
of the error of the response.   In later phases, the estimate obtained from 
previous phases is used. 

The effects of the factors, feed and speed, are calculated using the 
new averages   y..   Consider the   22   factorial design configuration as in 
Figure 3.1.   Each  y*   is associated with a point   i   in Figure 3.1.   Speed 
increases from left to right as depicted by the arrow.   The effect of speed 
is given by 

SPEED EFFECT -\ (( fz + y^) - {yj + y4)) = •* ( \  + y3 - y2 - y4). 

Feed increases as indicated by the labeled arrow and the effect of feed is 
given by 

FEED EFFECT »I ((?| +?£ - (Jj + y3)) = ± ( y2 + ?4 - 7X - 73). 

The effect of the interaction of speed and feed is given by 

SPEED-FEED (INTERACTION) EFFECT = 

J-//T7    J.77\_/77    _i-77\\ = l/77    _i_T7    _T7    _77 f ((y1+y2)-(y3 + y4))=f(y1 + y2 - y3 - y4) 
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Figure 3.1   Evolutionary Operation 
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The variability of the data is measured by the standard deviation   (S) 
of the observation   errors,   and   the   computational procedure to obtain it 
for phase   M   cycle   n   is described subsequently.   The new   S   for cycle 
n   is computed as the range multiplied by the factor   f4 n   (given in 
Figure 3.1) as follows:* 

New S = Range * f^ n    , 

where   Range = [ MAX (d.) - MIN(d.) ] .   The new sum   S   is then computed as 
i i      x " 

New sum S = (S* + S), 

where   S' is the previous sum   S.   The new average   S   (S)   is equal to the 
new sum   S   divided by   2; 

S = (New Sum S)/2. 

As indicated, the standard deviation is a weighted average of the standard 
deviations of all previous cycles. 

When a prior estimate of the standard deviation of the response variable 
is known, it can be used as a substitute for the computed standard devia- 
tion during the initial phase.   Having reached the second cycle in any 
phase, however, the prior estimate of the standard deviation is disregarded, 
and the computed standard deviation is used. 

For any cycle   (n > 1), the standard deviation is recomputed as indicated. 
For the first cycle of a new phase   (i.e., n = 1), the standard deviation from 
the last phase is used.    For   n > 1   the standard deviation is updated as above. 

The standard error   (SE)   is calculated as follows: 

SE = S/Vri, 

where   n   is the cycle number, and   S   is the estimate of the standard deviation. 

3.2.2   Direction of Movement on the Response Surface 

Based on the results of the EVOP calculations, the MAC HOP routine 
selects a set of operating conditions.   This may be another cycle in the 
current phase (i.e., new observations at the same four feed-speed combina- 
tions) or a new phase may be initiated (i.e., observations at a different 
set of four feed-speed combinations).   In either case,  MACHOP recommends 
the four points (i.e., two adjacent feeds and two adjacent speeds) where 
new observations should be taken. 

The factor   f^       is used to convert a range to an estimate of the 
standard deviation. 
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The recommendations are derived by comparing the calculated effects 
with two standard errors of the effect: 

1.   If the absolute value of an effect is greater than or equal to the 
two standard errors, tte effect is judged significant, i.e., 

If    | EFFECT | * 2SE 

then the EFFECT is judged significant. 

2.   If the absolute value of an effect is less than two standard 
errors, the effect is judged not significant, i.e., 

If   IEFFECTI < 2SE, 

then the EFFECT is judged not significant. 

When one or more effects are judged significant, a new set of operating 
conditions is recommended by the program (i.e., a new phase) in accordance 
with a decision table.   The decision table for minimizing   Cu   is given in 
Table 3.1.   To maximize the production rate   (Pr), the negative of   Pr is 
minimized.   Hence the same table is used by the program with the production 
rates replaced by their negatives. 

3.3  Response Surface and Regression Analysis 

Regression analysis is a technique for estimating the parameters of an 
equation relating a response variable to a set of independent variables.   The 
resulting equation is called a regression equation.   In the MAC HOP program 
two response variables, the cost per piece and the production rate, are 
considered and regression equations are developed for each.   The two 
independent variables are the feed   (F)   and the cutting speed   (V). 

The regression equation is used to predict the response   (y)   for the 
feeds and speeds in the region where the data were collected.   Five 
different forms of the prediction equation are considered: 

(3.1) y = bQ + b2 In V + b2 In F 

(3.2) y = bn +b J0 

(3.3) y = bQ + b 

(3.4) y = bQ + b 

(3.5) y = bQ + b 

In V + b2 In F + b3 In V • In F 

In V + bz In F + b3 In V • In F + b4(ln V)2 

In V + b2 In F + b3 In V • In F + b4(ln F)2 

In V + b2 In F + b3 In V • In F + b4(ln V)2  + b5 (In F)2 
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Table 3.1   Decision Table for Minimization of Cost* 

Significance and 
Direction of Effects Action 

Reobserve 
same        Inc.       Deer. Inc. Deer. 

Speed (V)     Feed(F)     Interaction (VxF) settings    Speed    Speed Feed Feed 
0 
p 
N 
0 
0 
p 
N 
P 
N 

0 
0 
0 
P 
N 
P 
P 
N 
N 

0 
0 
0 
0 
0 
0 
0 
0 
0 

* 
* 

* 

0 
0 

0 
0 

p 
N 

If  y-, is min., deer, speed and feed; 
if   y"2 is min., incr. speed and feed; 
if   y3 is min., incr. speed and deer, 
feed;   if y^ is min., deer, speed 
and incr. feed. 

p 0 P 
p 0 N 
N 0 P 
N 0 N 
0 p P 
0 p N 
0 N P 
0 N N 
p P P 
p P N 
p N P 
p N N 
N P P 
N P N 
N N P 
N N N 

* • 
* * 

* * 
* • 

* * 

* * 
* * 

* * 

* * 
* * 

* * 
* • 

* * 
* * 

*P(N) indicates a significant positive (negative) effect; 
the effect is not significant. 

A 0 indicates 
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The natural logarithmic transformation of feed and speed was deemed 
appropriate on the basis of the work of Ermer and Wu [8]    and the experience 
gained in analyzing RIA shop data.   The program can be easily modified to 
use other transformations.   One of the equations 3.1 - 3.5 is selected 

Q1c depending on the number of data points available and the number of levels 
of the feeds and speeds through the logic depicted in Figure 3.2. 

The general methodology of the regression program is briefly explained 
in Section 3.3.1 for   m   independent variables and   n   observations.   An 
understanding of this section is not necessary for use of the program. 
Section 3.3.2 contains a discussion of the regression calculations for 
phase 1, cycle 1. 

3.3.1   General Methodology 

A multiple regression equation may be expressed in the following form: 

y-y =01(x1 -xx) +ß2(x2 -x2) +...+ /3m(xm -xj + e, 

where   y  and   x   are sample averages. 

Given the set of observations: 

xll       x21-"xml      yl 

x12       *22...xm2      Vz 

In 2n         mn         n 

the   X   matrix is defined as 

(xn -xx) (x21 -x2)...(xml -xm) 

(x12 - xx) (x22 - x2).. . (xm2 - xj 
X = 

where 

(x      - x )   (x      - x )...(x      - x  ) 
In       1        2n       2 mn       m »J 

n 
x• =   E Xij/n. 

j=l 
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The   b   vector contains the unknown coefficients 

b = 

m 

and the  y_ vector is calculated from the dependent variable observations by 

(vl - 7)1 

where 

I (y2 - y) 

(yn - y) 

n 
7 =   S y/n. 

j=l 
T 

The least squares estimates of the unknown coefficients are 

b = (X'XrVy., 

and the resulting prediction equation is 

y«y + b1(x1-X1)+...+bm<xm--Xm). 

The analysis of variance table is given in Table 3.2. 

Table 3.2   Analysis of Variance (ANOVA) 

Source 
Degrees of 
Freedom 

Sum of 
Squares 

Mean 
Square 

Total n - 1 

Regression    m 

Residual        n - 1 - m 

b'QC'y) 

Y.^-b'fx'yj 

b'(X'yJ 
—m— 
z'y-b'(x'z) 
n - 1 - m 

b'OC'vJfn-l-m) 
mLy'z-b'fr'y)] 
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The significance of the resultant regression may be tested by an   F   test. 
Draper and Smith [ 5 ]  state that the equation should not be considered a 
satisfactory predictor unless the   F   value is at least 4 times greater than 
the test statistic   F/m n_i_m  i-a)/ where a   is the significance level for 
the test. 

The ratio (regression sum of squares)/(total sum of squares), denoted 
R2, is a measure of the "goodness" of fit of the regression equation.   An 
R2 = 1 indicates a perfect fit of the data to the function, while   R2 = 0 
indicates   bj = b2 = .. .=bm = 0.   The variance,   a2, is estimated by the 
mean square of the residuals. 

3.3.2   Illustration of Regression Calculations for Phase 1, Cycle 1 

To illustrate the regression methodology we consider the cost per piece 
prediction for phase 1, cycle 1.   For phase 1, cycle 1, the following informa- 
tion is available   (m = 2, n = 4): 

vi Fi 

V F V2 *2 

W Fo 3 3 

4 4 

NPT 1 NTC 1 NT 1 

NPT- 

NPT. 

NPT 

NTC 

NTC. 

NTC 

NT. 

NT. 

NT. 

where 

V = speed (rpm), 

F = feed (ipr), 

NPT = no. of parts produced, 

NTC = no. of tool changes, and 

NT = total production time in minutes. 

The logarithm of the feed (In F) and of the speed (In V) are the independent 
variables.   The   X matrix is 

X = 

(In V2 - In V) (In ?l - In F) 

(In V4 - lh V) (In F4 - In F) 

where   In   denotes the averages of the logarithms. 
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The   b  vector is 

b = 

The  y_ vector is determined from the equations in Section 3.1 by 

Z = 

pi - y~j 

h - y 

r3 - y 

Ly4 .,} 
The   b   vector is given by 

b= (X'xf Vy.. 

The prediction equation is given in the form 

y = y + bjdn V - In V) + b2(ln F - In F). 

The ANOVA table is calculated according to Table 3.2 using the expressions 
given above. 

The MAC HOP output contains an analysis of variance (ANOVA) table, 
the coefficient of multiple regression   (R^), the regression coefficients, 
their  t   values and the standard deviations for both the cost per piece and 
the production rate.   Predictions of the cost per piece and the production 
rate are made for all feeds and speeds within one level of the extremes of 
the feeds and speeds where observations have been taken. 
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4.    Use of MAC HOP 

The MAC HOP program incorporates evolutionary operation and response 
surface-regression analysis to determine the optimal machining conditions 
for single-operation and multiple-operation (numerically controlled) processes. 
It is intended for use by managers or foremen directly concerned with the 
operation of individual machining processes. 

4.1 Collecting Data for MACHOP 

To simplify the collection of data in the shop, observations are always 
taken in cycles—a set of four observations at two adjacent feeds and two 
adjacent speeds.   For example, if the feeds and speeds selected are 
(0.0210 ipr, 0.0240 ipr) and (192 rpm, 220 rpm), respectively, then data 
is collected at the following feed-speed combinations: 

0.0240 
Feed 
(ipr)      0.0210 

■—1—*— 
—♦ 1~ 
 I I  

192 220 
Speed 
(rpm) 

The MACHOP committee, composed of the foreman, the appropriate 
technical personnel and the machine operator, selects an initial set of 
operating conditions (two adjacent speeds and two adjacent feeds) for the 
machining operation under study.    Before collecting data for the MACHOP 
program, trial runs should be made at each of the four feed-speed combina- 
tions to insure machinability under these conditions.   If problems are 
encountered during trial runs at any of these four feed-speed combinations, 
a new set of four points should be selected, omitting the feed-speed 
combinations where problems were encountered.   Trial runs should be made 
at these feed-speed combinations.   This process is continued until four 
feed-speed combinations (at two adjacent feeds and two adjacent speeds) 
have been selected.   Each feed-speed combination is then run for one 
shift of operation, and the following information is collected: 

1. the number of parts produced, 

2. the number of tool edges used for each tool type, and 

3. the production time.* 

1 Actual machining, work piece handling and tool handling time. 
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The quality of the parts being machined should always be observed, and if 
at any time the operator feels the produced parts are in danger of not 
meeting standards, he should stop taking data at this feed and speed 
combination. 

If data collection is discontinued at any feed-speed combination during 
a production run, a decision must be made concerning the use of the data 
already collected at this point.   If the number of parts machined is sufficient 
to give accurate measures of the performance indices, the results can be used 
for input to the MAC HOP program, even though a full shift of data has not been 
collected.   If problems of workpiece accuracy are encountered or if it becomes 
apparent that scrap or tool breakage costs will exceed other potential gains 
during a production run prior to obtaining a sufficient number of parts, a new set 
of four feed-speed combinations should be selected.   After collecting data at 
each of the four combinations and recording this information on the forms 
provided, the data is summarized and submitted to the MAC HOP program. 
(Sample data collection forms are given in Appendix C, and a sample summary 
form is given in Figure G.l of Appendix G.) 

4.2 Analysis of the MAC HOP Output 

Sample MACHOP outputs appear in Figures 5.1 - 5.3.   Each output 
gives the following information on separate pages: 

a. Input information such as feed-speed limits, labor and overhead 
rates, tool costs, and prior estimates of standard deviations 
of the response variables (if any). 

b. The specified feed-speed environment represented "graphically. " 

c. The cumulative input data and the computed responses (cost 
per piece and production rate) „ 

d. A table of the computed responses for this phase and cycle. 

e. Evolutionary operation calculations for both the cost per piece 
and production rate responses. 

f .   A recommended set of operating conditions for the next experiment 
(which may be identical to the current set), based on the cost 
per piece analysis. 

g.   A graphical representation of the operating conditions recommended 
in f.   . 

h.   The recommended set of operating conditions for the next 
experiment (which may be identical to the current set), based 
on the production rate analysis. 
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i.    A graphical representation of the operating conditions recommended 
in h. 

j.    The results of the regression analysis and the accompanying 
analysis of variance table for the cost per piece analysis. 

k.   The results of the regression analysis and the accompanying 
analysis of variance table for the production rate analysis. 

I.   The predicted response surfaces for cost/piece and production 
rate calculated from the respective prediction equations. 

The output information in a, b, c and d should be reviewed for detection 
of any input errors.   If any recording and/or transcription errors are noted, 
the input should be corrected and re submitted to the MAC HOP program.   If 
it is determined that any of the data were collected under abnormal operating 
conditions, new data should be collected at these points.   The results 
should then be resubmitted to the MAC HOP program. 

If the output information in a, b, c and d appears acceptable, the 
remainder of the output e-l should be examined.   Parts f, g, h, i, and I 
are of particular interest to production personnel.   Analysis of these results 
should allow a decision to be made concerning operating conditions for the 
next set of observations.    (The other parts (e, j ,and k) give additional details 
concerning the computations.)   If the results and recommendations seem to 
be reasonable, the data should be collected at the set of points suggested 
by the MAC HOP program.   After the data have been collected, the above 
procedure is again followed.   This process continues until MACHOP committee 
decides that sufficient data have been collected in order to determine optimal 
operating conditions. 

The MACHOP recommendations should be treated as possible courses 
of action.   The final decision rests with the MACHOP committee.   If the 
committee decides to collect additional data, the following rules must be 
observed.   The new set of observations must be taken either at the same 
four points (another cycle in the current phase) or at another rectangular 
pattern of adjacent points (a new phase).    (A more complete discussion of 
phases and cycles was given in Section 3.2.1.)   We suggest the movement 
be restricted to feed-speed combinations immediately adjacent to the previous 
feed-speed combinations.   Either speed or feed or both may be varied at one 
time. 

4. 3  Scope of Application 

The MACHOP routines can be used for single operation as well as 
multiple-operation (numerically controlled) processes. 
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For multiple-operation (non-numerically controlled) machine tools, data 
must be collected on all the cutting tools.      In addition, one operation of 
the machine must be selected for the initial study, since only one set of feeds 
and speeds can be varied at a time.   The selectioncof this partiaular opera- 
tion is important.   In general, it should be the operation which has the 
greatest potential for improvement.   This will often be the operation requiring 
the longest time.   After this operation has been optimized, another operation 
can be selected for study.   Sample data collection forms are given in 
Appendix C. 

For numerically controlled processes a different problem is encountered. 
In this case the feeds and speeds for the operations are pre-programmed. 
However, the feeds and speeds can be adjusted by overrides.    The optimiza- 
tion program is conducted through the use of these overrides in order to 
avoid reprogramming.   Again a rectangular pattern is used, now in terms 
of percentage feed and speed overrides.   Increments of five percent seem 
reasonable.   If analysis of the data collected indicates that either the 
speed 6r feed increment should be adjusted beyond its presently programmed 
limits, consideration should be given to reprogramming the tape.   At this 
point the relationship of the various speeds and feeds should also be 
discussed.   Whenever the tape is changed, the MACHOP program must be 
restarted.   That is, all previous data should be removed, and Phase 1 
should begin again.   The only information which can be used from the 
previous output are the estimates of the standard deviations and the costs. 
The estimates of the standard deviations from the last output should be 
submitted as prior estimates of the standard deviations.   For numerically 
controlled processes, data is recorded on the same form as for multiple- 
operation processes.   However instead of recording only feeds and speeds, 
the feed and speed overrides are also recorded. 

4.4  Data Handling System 

During the initial set-up of the problem (phase 1, cycle 1), the 
necessary data such as speed and feed environments must be recorded. 
Once this is accomplished, all succeeding cycles use the same input 
with the addition of a new set of observations and punched output from 
the previous cycle. 

Once the initial information is given, less than five minutes per 
cycle will be required for data recording and preparation.   Consequently, 
no elaborate data handling system is considered necessary for this process. 
A volume of four new cards per cycle is not sufficient to justify elaborate 
equipment.   The most effective method for accomplishing this is for the 
individual directly interested with the process (ultimately the machinist) 
to be responsible »for preparing the data Sheets for forwarding to the data 
processing unit for key punching. 
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5,    MACHOP Analysis of RIA Data 

In this section the results of the MACHOP analysis of the turning 
operation (recoil cylinder, Part No. 10895646) on a Monarch lathe are given. 
The details of this particular operation are given in Table 2.5.   A summary 
of the data collected is given in Table 5.1.   For this machining operation 
the responsesvariables (cost per piece and production rate) are calculated 
from the production data as explained in Section 3.1.   In addition to the 
input information required by the MACHOP program, a prior estimate of the 
standard deviation of the cost per piece of 0.60 dollars was specified, based 
on observations made during the initial phases of the study.1   No estimate 
was made of the standard deviation of the production rate. 

The data and output information for phase 1, cycle 1 are given in 
Figures 5.1a - S.U.   The cost analysis (Figure 5. If) indicates that the 
factor feed was significant.   Since no prior estimate of the production rate 
standard deviation was supplied, the EVOP analysis indicates none of the 
factors was significant.   The response surface-regression analysis 
(Figure S.l^was in general agreement with the EVOP analysis, so phase 
2 was initiated.    The feeds and speeds recommended by the EVOP cost per 
piece analysis (Figure 5. If) were used for phase 2, cycle 1. 

The MACHOP output for phase 2, cycle 1 is given in Figures 5.2a - 
5.2-t.    Based on the new data, a three variable regression equation was 
fitted.    (See Section 3.3 for details.)   Neither of the resulting EVOP 
analyses (Figures 5.2f and 5.2h) indicated that any factor was significant. 
Consequently, another cycle of data was taken for phase 2. 

The MACHOP output for phase 2, cycle 2 appears in Figures 5.3a - 
5.3-t.    The EVOP analysis of the cost per piece and production rate results 
(Figures 5.3f and 5.3h) again indicates that none of the effects are signifi- 
cant.    However, the predictions of cost per piece and production rate in 
response surface-regression (Figure 5.31) indicate the same direction 
toward the optimum.   On the basis of these results, we could take another 
cycle of data for phase 2 or begin phase 3.   We recommend beginning phase 
3 of the study at either of the following sets of feed-speed combinations: 

Speed Feed 
166 0.0240 

or 166 0.0270 
192 0.0240 
192 0.0270 

However,  before beginning this phase, a trial run should be made at each 
of the new combinations to insure acceptable machining results. 

Comparison of the predicted costs in Figure5.3£ gives an indication of 
the potential for cost reduction through optional selection of feeds and speeds. 

Speed Feed 
166 0.0210 
166 0.0240 
192 0.0210 
192 0.0240 

*Note that an estimate of the standard deviation is not required. 
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Table 5.1   Summary of RIA Data 

Date 
1) 6/12/73 
2) 6/13/73 

Speed 
192 

220 

Feed 
0.0187 
0.0210 

No. of 
Parts 

18 
20 

Time 
410 
440 

No. of 
Tool Edges 

18 
44 

3) 6/27/73 
4) 6/28/73 

255 
192 

0.0187 
0.0210 

11 
14 

267 
377 

29 
18 

5) 6/29/73 
CO 

220 0.0189 15 393 15 

6) 7/5/73 
7) 7/10/73 

192 
220 

0.0168 
0.0168 

14 
13 

434 
396 

17 
23 

8) 7/17/73 
9) 7/18/73 

255 
255 

0.0168 
0.0210 

10 
14 

217 
357 

17 
31 

10) 8/3/73 
11) 8/6/73 

192 

220 
0.0187 
0.0187 

14 
15 

374 
394 

16 
17 

12) 8/7/73 
13) 8/16/73 
14) 8/17/73 

220 
192 

220 

0.0187 
0.0187 
0.0187 

9 
8 

13 

226 
214 
381 

15 
16 
20 

Comments 
None 
Inserts break in half or chip.   The out of round condition 
seems to contribute to insert breakage as I ran 2 pieces 
on one insert because they were fairly straight and had 
trouble running one piece with 2 inserts when the piece 
was extremely out of round. 
None 
Chips are still too tight.   Tips of inserts are chipping 
at times depending on out of round condition of piece. 
Good chips.   Finish real good considering the condition 
of the pieces. 
None 
Tips of inserts are chipping easily on irregular pieces. 
Finish is poor as insert breaks down at about 3/4 of the 
way down the piece.  Chips are small and tight. 
None 
Inserts break down about 1/4 way across cut.   Finish 
is horrible. 
None 
Inserts break down 1/3 of the way through cut.   Finish 
is very rough.    (1 iaeert broke on end of piece so was 
able to use replaced edge on next piece.) 
None 
None 
Finish was real good even for first time pieces done 
with one insert edge, but on third piece, insert had 
a tendency to break down 1/3 of the way across. 



M   A   C    H   0   P 

TURNING   OPERATION   CN  A   MONARCH  LATHE—   RECOIL   CYLlNOEk,   P/FT   NO.    108956*6 

O 
PHASE    IS I 

CYCLE   IS 1 

TYPE   OF   PFOCESS    IS 1   SINGLE 

SPELD-FEEC  LIMITS   NOT   SPECIFIEC 

LAbUR-CVERHCAU   ( S/MN) C.3CCC 

COST   STO.   ÜEV.   EST.   IS C.bCCC 

P.R.   STO.   ÜEV.   EST.   IS   NOT SPECIFIEO 

NUMBER   OF   TUJLS   IS 1 

SPECIFIEO   TOOL   COST/EOGE 0.4200 

NUMBER   OF   SPEEOS   IS 10 

NUMeER   OF   FEEOS   IS 11 

a. 

Figure 5.1   MACHOP Output for Phase 1, Cycle 1 
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Figure 5.1 (continued) 
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INPUT VALUES ANC COMPUTED RESPONSES 

SPEED FEED PARIS TIME TCÜL-EDGES 
(I)      (2)       (3)       (4)       (D)       (o)      (7)       (8)       (9)    (10) 

(11)   (12)   (13)    (14)    (15)    (16)    (17)    do)    (19)    (2J) 

192. 0.C168 

220. C.0187 

220. 0.0168 

192. C.0167 

COST        pp-jij   PATE 
(S/PIECE)    (PIECCS/^IN) 

14. 434. 17. 

15. 393. 15. 

13. 396. 23. 

18. 410. 18. 

9.SI 0.0323 

9.28 0.0382 

9.3 8 0.0 32 8 

7.25 0.J439 

c. 

Figure 5.1 (continued) 



TAtflE   OF   RESPONSES 

FFCC   (IPR) 

C.0187      COST ■ 7.25 COST s. U.2d 

FROD. RT. ■ 0.043«? PROD. FT. ■ 0.0382 

0.0168 COST = 9.81 COST ■ 9.88 

PROD. RT.   - 0.0323 

192. 

PROD. PT.   = 0.0328 

220. 

S   P   t   F   D   IRPM) 

d. 

Figure 5.1 (continued) 



EVOLUTIONARY   OPERATION   ANALYSIS 
PHASE 1      CYCLE I 

CPERATIMG   CONOItlONS 

SPEfcÜ    (KPM) 

FEED   (IPR) 

PREVICUS   CYCLE   SUM 

PREVICLS   CYCLE   AVERAGE 

NEW   OBSERVATIONS 

CIFFEPENCES 

NEW   SLNS 

NEW  AVERAGES:    Y( I ) 

CALCULATICN   OF   AVERAGES 

COST 

19^. 220. 220. 192. 

Ü.016B 0.0187 0.0168 0.0187 

0.0 C.C 0.0 G.O 

0.0 0.0 0.0 0.0 

9.81 8.28 9.88 7.25 

-9.81 -8.28 -9.88 -7.25 

9.81 8.?8 9.88 7.25 

9.81 8.28 9.88 7.25 

PRODUCT 1CM   <MTE 

192. 220. 220. 192. 

0.0168 0.01U7 0.0168 0.3137 

0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 

0.0 323 0.0382 0.0i28 0.0439 

0.0 32 3 -0.0382 -0.0328 -0.0439 

0.0323 0.0382 0.0328 0.3439 

0.0323 0.0382 0.0328 0.0439 

CALCULATION   OF   STANDARO   CEVIATIONS 

PREVICLS   AVERAGE   S 

NEW   S   ■   RANGE   *   F4,N 

RANGE 

NEW   SLP   S 

NEW   AVERAGE   S   ■   NEW   SUM   S/2 

C.6CCC 

0.0 

2.0282 

O.C 

0.0 

0.0 

0.0 

0.0116 

0.0 

O.C 

FOR  NEW   EFFECTS 

CALCULATION   OF   2   S.E.   LIMITS: 

1.2C0C 

e. 

Figure 5.1 (continued) 

o.o 



COST   ANALYSIS 

THE   EFFECT   CF   SPEEü   IS 0.5491      NUT   SIGNIFICANT  

THE   EFFECT   CF   FcED   iS -2.0791      **♦   —   SIGNIFICANT   —   **♦ 

THE   EFFCCT   OF   THE    INTERACTICN   OF   SPEED   ANC   FEED    IS 0.4776      NOT   SIGNIFICANT  

RECOMMEND   ACCITIJNAL   OBSERVATIONS   öE   TAKEN   AT   POINTS: 

4)   SPEED   » 192. 2)    SPEED   * 220. 
FEED   » 0.0210 FEEC   » 0.u210 

1)   SPEED   « 192. 3)    SPFEC   « 220. 
FEED   » 0.0187 FEED   » C.0187 

f. 

Figure 5 .1 (continued) 



NEW   COST   ENVIRONMENT 

C.C337 
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E 
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g. 
Figure 5.1 (continued) 
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PRODUCTION   fcATE   ANALYSIS 

NO   PAf^METEKi   AKE   SIGNIFICANT 

ThE   PfiiVICUS   SETTINGS   SHÜULC   dE   RE-EXAHNEC 

RECOHME.4D   ACCITIONAL   OBSERVATIONS   BE   TAKEN   AT   POINTS: 

^ 4)   SPEED   « 192. 2)    SPEEO  « 22C. 
V) FEED   » O.J187 FEED   - 0.0187 

1)   SPEED   - 192. 3)    SPEED   - 220. 
FEED  « Ü.0168 FEED   « 0.0168 

h. 

Figure 5.1 (continued) 



C.C337 

C.C306 

C.G293 

NE* PRODUCTION RATE ENVIRONMENT 

oo 

E 

E 

C 

C.C280 

C.C259 

C.0240 

C.Ö210 

C.C187 

C.C168 

C.C153 

C.C146 

95. 110. 12o. U5. 166. 192. 220. 
SPEED      (RPM) 

i. 
Figure 5.1 (continued) 

255. 290. 330. 
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KULflPLt   REGREiSIJN   ON      2   VARIA6LES   WITH <.  JHSF PVfT IONS 

COST   EJUATIUM 

ANUVA 

SOURCE OF ss MS 

CD 

TOTAL 3 Ü.46522396E 01 

REGRESSION 2 J.4fc24l693E 01 

RESICUAL 1 0.22607C26E 00 

0.23120842E   01 

0.22807026E   00 

0.10127596E   02 

COEFFICIENT   OF    MULTIPLE   DETERMINATION    <P**2> 0.9529968^>E   OC 

COEFFICIENTS 

BSUBC        »-Ü.909JC115E   Ü2 
BhAT(   1)*   0.40 23596J4E   01 
BHAT(   2)»-0.1940<»66J1E   02 

T   VALUES 

Tl    1)=   0.114979C0E   01 
T<    2)=-0.43535252E   01 

STANDARD   DEV. 

SD(   I)«   0.3508U20E   01 
S0(    2)*   0.44572296E   01 

PI 

THE   PRCOICTION   ECUATICN   IS 

-90.9301   ♦ <i.C336*LM SPEED)    ♦        -19 .*0-t7*LN ( FEED) 

j. 

Figure 5 .1 (continued) 



MULTIPLE   REGRESSION   CN      2   VARIABLES   WITH A   OBSERVATIONS 

PRODUCTION   PATF   EGUATIÜN 

ANPVA 

SOURCE Of S5 <S 

O 
TOTAL 3 ö.£6 719112E-0<t 

REGRESSION 2 0.78761657E-04 

RESIDUAL 1 0.99374156E-G5 

0.39390841E-04 

0.9937A156E-05 

0.3963R910E   01 

COEFFICIENT   OF   MULTIPLE   ÜETEPMINATION    (R**2) 0.88799012E   OC 

COEFFICIENTS 

BSUBC        «   0.4574J4UE   00 
BHAT(   1)■-0.1ö967btJ55E-ül 
BHAT(   2)»   Ü. 7925>76671t-Ol 

T   VALUES 

T<    1)«-0.31911176E   00 
T(   2)«   0.26938515E   01 

STANDAFO   DEV. 

SD(    D«   0.231S6650E-01 
SD{   2)=   O.29421683E-01 

PI 

THE   PREDICTION   EQUATION   IS 

0.457*   ♦ -0.019J*LN(SPEE0)   ♦ O.C793*LN<FEED> 

k. 

Figure 5.1 (continued) 



FEED (IPR) 

PKEOTCTEO cnsrs 
(PKECiCTEÜ PRUOUCTION RATES) 

Ul 

O.C2 10 

0.C187 

C.C168 

0.C153 

I                       4.65 5.24 5.79 6.39 
I               (0.05*3) (0.0515) (0.C489) (0*0461] 

I                      6.9 I 7.49 8.04 8.64 
1              (0.0451) (0.0^23) (0.C297) (0.0369) 

1                     8.9 8 9.t>7 10.12 1C.72 
I               (0.0366) 10.0338) (0.0313) (0.028;>) 

I                    10.80 11.39 11.94 12.53 
I               (0.0292) (0.0264) (0.0238) (0.0210) 

166. 192. 220. 

SPEED      ISPMJ 

255. 

I. 

Figure 5.1 (continued) 



M   A   C   H   Q   P 

TURNHG  OPERATION   CM   A   MONARCH  LATHE—   RECOIL   CYLINOEK,   PAPT   NO.    10895646 

PHASE   IS 2 

CYCLE    IS 1 

TYPE   OF   PROCESS    IS 1   SINGLE 

<?                                               SPEEC-FEEC   LIMITS   NOT   SPECIFIEC 

LAtJCR-CVERHEAU   (S/PIN) 0.3C00 

COiT   STD.   DEV.   EST.   IS 0.6C0C 

P.P.   STD.   DEV.   EST.   IS   NUT SPECIFIED 

NUMßER   ÜF  TJUuS    IS 1 

SPECIFIED   10ÜL  CCST/EDGE 0.4200 

NUMßER  OF   SPEEDS    IS 10 

NUMBER   OF   FEEDS   IS 11 

a. 

Figure 5.2   MACHOP Output for Phase 2, Cycle 1 
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INPUT   VALUES   ANC   COMPUTED  KESPONSES 

SPEED FEED PAHIS TIME TOOL-EDGES 
(1)       (2)      (3)       (4)      (5)       (6)      (7)       (3)       (9)    (10) 

(11)    (12)   (13)    (14)    (15)    (16)    (17)    (18)    (19)    (20) 

COST        PK.ID   ^ATC 
(S/PIECF)    (PIECE'-./MIN) 

C/l 
192. C. 0168 

,£» 
192. C.01ÜJ 

22 0. 0.0168 

220. C.C187 

192. C.0187 

22 0. 0.0210 

22 0. C.0187 

192. 0.C210 

K. 434. 17. 

18. 410. 18. 

13. 396. 23. 

15. 393. 15. 

8. 214. 16. 

20. 440. 44. 

15. 394. 17. 

14. 377. 18. 

9.01 0.0323 

7.25 0.0439 

9.BB 0.0328 

8.23 0.0382 

8.36 0.0374 

7.52 0.0455 

8.36 0.0381 

8.62 0.0371 

c. 

Figure 5.2 (continued) 



TASLE   ÜF   RESPONSES 

FEED   (IPR) 

0.0210     CJST ■ 8.62 

PROD. RT.   ' 0.0371 

COS-» 

PPCP.   RT. 

7.52 

0.0455 

Ü.0187 COST = 8*86 COST = 8.36 

PROD. PT.   « 0.0374 

192. 

PROD. PT. = 0.0381 

220. 

in 
SPEED   IRPW) 

d. 

Figure 5.2 (continued) 



EVCLUTIOUASY   OPERATION   ANALYSIS 
PHASE        2      CYCLE 1 

en 

OPERATING   CONDITIONS 

SPEfcO   (RPM) 

FLED    HPK) 

PREVIOUS   CYCLE   SUM 

PREVIOUS   CYCLE   AVERAGE 

MEW   OBSERVATIONS 

DIFFERENCES 

NEW   SLKS 

NEW   AVERAGES:    Y{ I) 

CALCULATION OP   AVERAGES 

COST PRODUCTION   RATE 

192. 220. 220. 192. 192. 220. 220. 192. 

0.0187 0.0210 0.C137 0.021C 0.G187 0.0210 0.0187 0.0210 

0.0 O.J 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

d .86 7.52 8.36 8.62 0.0374 0.0455 0.0381 0.0371 

-3.86 -7.52 -8.36 -8.62 -0.0374 -0.0455 -0.0381 -0.0371 

3.86 7.52 8.36 8.62 0.0374 0.0455 0.0381 0.0371 

3.86 7.52 8.36 8.62 0.0374 0.0455 0.0381 0.0371 

CALCULATION   OF   STANDARD   CEVIATIONS 

PREVICLS   AVERAGE   S 

NEW   S   ■   RANGE   •   F4VN 

RANGE 

NEW   SLK   S 

NEW   AVERAGE   S   -   NEW  SUM   S/2 

C.6C0C 

0.0 

1.341C 

CO 

0.0 

0.0 

0.0 

0.0083 

0.0 

0.0 

CALCULATION   OF   2   S.E.   LIMITS: 

FOR   NEW   EFFECTS 1.2C0C 
e. 

Figure 5.2 (continued) 
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COST ANALYSIS 

THE   EFFECT   OF   SPtEO   IS -0.8018      NüT   SIGNIFICANT  

THE  EFFtCT  OF   FEEC   IS -0.5392     —  NUT   SIGNIFICANT   — 

THE   bFFECT   UF   THE   INTERACTION   OF   SP'cbD   AND   FEEO    IS -J.^92ö      NUT   SIGNIFICANT  

NO  PAP PETERS   ARE   SIGNIFICANT 

THE   PREVICIS   SETTINGS   SHGULC   JE   RE-EXAv^ED 

RECOMMEND   ADDITIONAL   OBSERVATIONS   3E   TAKEN   AT   POINTS: 

4)   SPEED   = 192. 2)   SPEED   - 220. 
FEEO  - 0.0210 FEED   * 0.0210 

1)   SPEED   * 192. 3)   SPEED  * 220. 
FEEO  - C.0187 FEED   * 0.0187 

f. 

Figure 5 .2 (continued) 



NE^   COST   ENVIRONMENT 
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C.C306 

C.C293 
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en E 

C.C280 
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C.G240 
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C.0187 

C.0168 

0.0153 

0.0146 
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SPEED      (PPM) 
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Figure 5.2 (continued) 



PRODUCTION   RATE   ANALYSIS 

NO   PARAMETERS   ARE   SIGNIFICANT 

THE   PREVIOUS   SETTINGS   SHCULC   BE   KE-EXAMNEC 

RECOMMEND   ACGI1ICNAL   OBSERVATIONS   BE   TAKEN   AT   POINTS: 

cn *)   SPEED   « 1*32. 2)   SPEED   « 220. 
<*> FEED   * C.021U FEED   » 0.0210 

1)   SPEED   « 192. 3)   SPEED   » 22C. 
FEED   » C.JIÖ7 FEED   - 0.0187 

h. 

Figure 5.2 (continued) 



NEW PRODUCTION RATE ENVIRONMENT 

0.0337 

0.0306 

C.C293 

CD 
O 
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E 

E 
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P 
R 

C.0280 

0.0259 

0.0240 

C.0210 

C.0187 

0.0168 

C.0153 

0.C1*6 

95. 110. 126. 145. 166. 192. 
SPEED 
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MULTIPLE   REGFESSION   ON     3   VARIABLES   WITH 8   OBSERVATIONS 

COST   E'JüVi UN 

ANGVA 

SOURCE DF SS HS 

cn TOTAL 7 0.63046255E Oi 

REGRESSION 3 0.30963S36E 01 

RESIDUAL 4 0.32082319E 01 

0.10321312E   01 

0.80205798E   00 

0.12868528E   01 

COEFFICIENT   UF   MULTIPLE   DETERMINATION   (R»*2)   « 0.49113041E   ÜC 

COEFFICIENTS 

BSUBO        -   0.135224CIE   02 
BHAT(   1)«-U.678432846E   01 
BHAT(   2)-   o.lt>429<»24 3E-02 
BHATt   3>—0.14 7253323E   01 

T   VALUES 

T( 1)«-0.12261572E 01 
T< 2)» 0.'^037174E 00 
T(    2)«-0.19548788E   01 

STANDARD   DEV. 

S0( 1)« 0.55330000E 01 
SOi 2)» 0.25656072E-02 
SD(   3)«   0.75326025E   00 

THE   PREDICTION   ECGATIJN   IS 

PI    • 13.5224   ♦ -6.7643*LN(SPEEC>   ♦ 0 .0016*_N<FEED)   ♦ - 1.4725*LN(SPEEU)*LN{FEEO> 

J. 

Figure 5.2 (continued) 



PULTIPLfc   REGRESSION   ON      3  VARIABLES   WITH 8  OBSFPVATIONS 

PRODUCTION   RATE   EQUATION 

ANGVA 

SOURCE DF SS MS 

TOTAL 7 O.i5U066eE-O3 

REGRESSION 3 0.77535209E-04 0.258*5060E-04 0.i*051676E   01 

RESICUAL 4 0.73571471E-0« 0, 1839286<tE-0* 

COEFFICIENT   OF   MLLTIPLE   DETERMINATION   <R**2> 0.513U564E   OC 

COEFFICIENTS 

BSUBO        «   0.52 31L52bE-03 
BHATl    1J»   0.3bl627t76E-01 
BHATl   2)»-0.11 l27yo78E-0<V 
BHAT(   3J»   0.73184/008E-02 

T VALUES 

T( 1)* 0.13648310E 01 
T( 2)=-0.90573573E 00 
T( 3)* 0.202836776 01 

STANDARD   DEV. 

SD( 1)= 0.26496135E-01 
SU( 2)= 0.12236042E-04 
SD(   3)*  0.36071721E-02 

PI 

THE   PREDICTION   EQUATION   IS 

0.0005   ♦ 0.0362*LN(SPEED)    * -0.00OO*uN(FEED)    ♦ 

k. 

0.0073*LN(SPEED)*LN(FEEOJ 

Figure 5.2 (continued) 



FREOICTEü   COSTS 
(PREDICTED  PRODUCTION  RATES) 

9i 

FEED    UPR) 

0.C24C      I 6. VI 6.72 6.it) 6.3J 
(O.U<r59) (J.0*72) (C.0484) (0.0*97) 

0.C210      I 7.9? 7.76 7.61 7.*5 
(0.0*091 i0.0<t20) (0.0*31 > (0.0**J) 

O.C187      I 0.79 d.o5 8.53 8.35 
(0.03661 (0.0376) (0.0385) (0.0396) 

0.C168      I 9.59 9.*8 9.38 9.27 
(0.0326) (O.U335) (0.03*3) (0.0352) 

0.C153      I 10.30 10.21 1C.12 10.03 
(0.0291) (0.0299) (0.0306) (0.031*) 

166. 192. 220. 

S   P   E   E   0      (RPM) 

255. 

I. 

Figure 5.2 (continued) 



CD 

MAC   HOP 

TURNING  OPERATION   ON  A   MONARCH LATHE—   RECOIL   CYLINDERt   PART   NO.    108956*6 

PHASE   IS 2 

CYCLE   IS 2 

TYPE   OF   PROCESS    IS 1  SINGLE 

SPEED-FEED  LIMITS   NOT   SPECIFIEC 

LABOR-OVERHEAD   ( S/MIN) 0.3000 

COST   STD.   DEV.   EST.   IS 0.6000 

P.R.   STO.   DEV.   EST.   IS  NOT SPECIFIED 

NUMBER  OF  TOOLS   IS 1 

SPECIFIED  TOOL   COST/EDGE 0.4200 

NUMBER   OF   SPEEOS    IS 10 

NUMBER  OF   FEEDS   IS 11 

a. 

Figure 5.3   MACHOP Output for Phase 2, Cycle 2 



SPECIFIED ENVIRONMENT 
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0.0337 

0.0306 

0.0293 

0.02*0 

0.02*9 
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b. 
Figure 5.3 (continued) 
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INPUT   VALUES   AND  COMPUTED   RESPONSES 

m 
en 

SPEED 

192. 

19 2. 

220. 

220. 

220. 

192. 

220. 

192. 

192. 

22 0. 

220. 

192. 

FEED 

0.C168 

0.0187 

0.0168 

0.0187 

0.0210 

0.0187 

C.0187 

0.0210 

0.0187 

0.0210 

0.0187 

0.0210 

PARTS TIME 
ItJ 

(11) 

14. 434. 17. 

18. 410. 18. 

13. 396. 23. 

15. 393. 15. 

20. 440. 44. 

8. 214. 16. 

15. 394. 17. 

14. 377. 18. 

14. 374. 14. 

6. 173. 47. 

13. 381. 20. 

6. 149. 18. 

TOOL-EDGES 
(2)      (3)       (4)      (5)       (6)      (7)       (8)       (9)    (10) 

(12)   (13)    (14)    (15)    (16)    (17)    (18)    (19)    (20) 

COST        PPOD   S4TP 
(S/PIECE)    (PIECES/MIN) 

9.31 0.0323 

7.25 0.0439 

9.38 0.0328 

8.28 0.0382 

7.52 0.0455 

8.86 0.0374 

8.36 0.0381 

8.62 0.0371 

8.4 3 0.0374 

11.94 0.0347 

9.44 0.0341 

8.71 0.0403 

c. 

Figure 5.3 (continued) 



TABLE   OF   RESPONSES 

FEEO   IIPR) 

0.0210     COST ■ 8.71 COST = 11.94 

PROD. RT. ■ 0.0403 PROD. RT. ■ 0.0347 

cr. 

0.0187 COST - 8.43 COST ■ 9.44 

PROD. RT.   - 0.0374 

192. 

PROD. PT.   * 0.0341 

220. 

SPEED   (RPM) 

d. 

Figure 5.3 (continued) 



EVCLUTIUNARY OPERATION ANALYSIS 
PHASE   2  CYCLE   2 

0) 
00 

OPERATING   CONDITIONS 

SPEEO   (RPM) 

FEED   (IPR) 

PREVIOUS   CYCLE   SUM 

PREVIOUS   CYCLE  AVERAGE 

NEW  OBSERVATIONS 

DIFFERENCES 

NEW   SUMS 

NEW   AVERAGES:   Yd) 

CALCULATION   OF   AVERAGES 

COST 

192. 220. 220. 192. 

0.0187 0.0210 0.0187 0.0210 

8.86 7.52 8.36 8.62 

8.86 7.52 8.36 8.62 

3.43 11. 94 9.44 8.71 

0.43 -4.42 -1.08 -0.09 

17.30 19.46 17.79 17.33 

3.65 9.73 8.90 8.66 

PRODUCTION   PATE 

192. 220. 220. 192. 

0.0187 0.0210 0.0187 0.0210 

0.0374 0.0455 0.0381 0.0371 

0.0374 0.0455 0.0381 0.0371 

0.0374 0.0347 0.0341 0.040 3 

0.0000 0.0108 0.0040 -0.0031 

0.0748 0.0801 0.0722 0.0774 

0.0374 0.0401 0.0361 0.0387 

CALCULATION  OF   STANDARD   DEVIATIONS 

PREVIOLS   AVERAGE   S 

NEW   S    ■   RANGE   *   F4,N 

RANGE 

NEW   SUM   S 

NEW   AVERAGE   S   *   NEW   SUM   S/2 

0.0 

1.6479 

4.8467 

3.2S58 

1.6479 

0.0 

0.0047 

0.0139 

0.0095 

0.0047 

CALCULATION   OF   2   S.E.   LIMITS: 

FOR   NEW   EFFECTS 2.3305 
e. 

Figure 5 . 3 (continued) 

0.0067 



COST   ANALYSIS 

THE   EFFECT   OF   SPEED   IS 0.6576 

THE   EFFECT  OF   FEED   IS 0.4247 

THE   EFFECT   OF   THE   INTERACTION  OF   SPEED  AND  FEED   IS 0.4101 

NO  PARAMETERS   ARE   SIGNIFICANT 

THE   PREVIOUS   SETTINGS   SHOULD  BE  RE-EXAMINED 

— NOT SIGNIFICANT 

— NOT SIGNIFICANT 

— NOT SIGNIFICANT 

en 
(0 

RECOMMEND   ADDITIONAL   OBSERVATIONS   BE   TAKEN  AT   POINTS! 

4)   SPEEO 
FEED   - 

192. 
0.0210 

2)    SPEED   « 
FEED   - 

220. 
0.0210 

I)   SPEEO 
FEED   > 

192. 
0.0187 

3)   SPEED  ■ 
FEED   * 

220. 
0.0187 

f. 

Figure 5. 3 (continued) 



NEW COST ENVIRONMENT 

0.0337 

0.0306 

0.0293 
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E 

D 

I 
P 

R 
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0.0259 
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0.0210 
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0.01*6 
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Figure 5 . 3 (continued) 
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PRODUCTION  RATE   ANALYSIS 

THE   EFFECT   OF   SPEED   IS -0.0000     —   NOT   SIGNIFICANT 

THE   EFFECT   OF   FEED   IS -0.0026         NOT   SIGNIFICANT 

THE   EFFECT   OF   THE   INTERACTION   OF   SPEED   AND   FEED    IS -0.0013     -—   NOT   SIGNIFICANT 

NO  PARAMETERS   ARE   SIGNIFICANT 

THE  PREVIOUS   SETTINGS   SHOULD  BE   RE-EXAMINED 

RECOMMEND   ADDITIONAL   OBSERVATIONS   BE  TAKEN   AT   POINTS: 

4)   SPEED   - 
FEED   - 

192. 
0.0210 

2)    SPEEO   ■ 
FEED   * 

220. 
0.0210 

I)   SPEEO 
FEED » 

192. 
0.0187 

3)   SPEED 
FEED   > 

220. 
0.0187 

h. 

Figure 5. 3 (continued) 



NEW   PKOOUCTION   RATE   ENVIRONMENT 

F 
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E 

0.0337 

0.0306 

0.0293 

0.0280 

0.0259 

0.0240 

I 
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n 0.0210 

0.0187 

0.0168 

0.0153 

0.0146 

95. 110, 126. 145. 166. 192. 
S   P   E   h   0 
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220. 
(kPM) 
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Figure 5 . 3 (continued) 



MULTIPLE   REGRESSION   ON      3   VARIABLES   WITH        12  OBSERVATIONS 

COST   EQUATION 

ANOVA 

SOURCE DF SS MS 

TOTAL 11 

REGRESSION 3 

RESIDUAL 8 

0.16933578E 02 

0.15972290E 01 

0.15336349E   02 

0.532*0967E   00 

0.19170437E   01 

0.27772A33E   00 

COEFFICIENT   OF   MULTIPLE   DETERMINATION   CR**2)   * 0.94323158E-0 1 

COEFFICIENTS 

BSUBO        »-0.72270166E   03 
BHATt    1)=   0.13664<»7^E   03 
BHAT(   2)— J.178687088E   03 
BHAT1   3)-   0.333668671E   02 

T VALUES 

T( 1)* 0.453*8996E 00 
T( 2)*-0.^0827l9E 00 
T( 3)* 0.43842232E 00 

STANDARD   DEV. 

S0( 1)« 0.30131812E 03 
SD( 2)- 0.40534*97E 03 
SD(   3)»  0.7610667*E   02 

THE   PREDICTION   EQUATION   IS 

PI    ■     -722.7017   ♦        136.6447*LN(SPEED)   ♦     -178.6871*LN(FEED)   ♦ 33.366 9*LN<SPEED)*LN(FEED) 

j. 

Figure 5.3 (continued) 



MULTIPLE   REGRESSION  ON      3   VARIABLES   WITH        12   OBSERVATIONS 

PROOUCTION  RATE   EQUATION 

ANOVA 

SOURCE OF SS »s 

TOTAL 11 0.18127424E-03 

REGRESSION 3 0.54460019E-04 

RESIDUAL 8 0.12681422E-03 

0.18153340E-04 

0.15851765E-04 

0.11451931E   01 

COEFFICIENT   OF   MULTIPLE   DETERMINATION    (R**2)   ■ 0.30042887E   OC 

COEFFICIENTS 

BSUBO        »-0.13912010E   01 
BHATf   1)*   0.23304028CE   00 
BHATt   2)«-0.369292736E   00 
BHAT(   3)»   0.7<»3305087E-01 

T   VALUES 

T( 1)» 0.33243382E 00 
T( 2)— 0.31682760E 00 
Tl    3)-   0.33964205E   00 

STANDARD   DEV. 

SD( 1)« 0.36645901E 00 
SD( 2)» 0.11655951E 01 
SD(   3)*  0.21884954E   00 

THE   PREDICTION   EQUATION   IS 

PI    « -1.3912   ♦ 0.2880*LN(SPEED)   ♦ -0.3693*LN(FEED)    «• 0.074 3*LN (SPEED ) *LN< FEED) 

Figure 5.3 (continued) 



FEEO    (IPR) 

PREOICTEO  COSTS 
(PREDICTEO   PRODUCTION   RATES) 

0.C240 

0 . C2 10 

0.0187 

0.C168 

0.C153 

I                     6.09 
I               (0.0414) 

7.87 
(0.0430) 

9.53 
(0.0445) 

11.33 
(0.0460) 

I                     7.18 
I              (0.0400) 

8.30 
(0.0401) 

9.36 
(0.0402) 

10.50 
(0.0404) 

I                     8.12 
I              (0.0387) 

8.68 
(0.0376) 

9.21 
(0.0366) 

9.78 
(0.0354) 

I                     8.99 
I              (0.0376) 

9.03 
(0.0353) 

9.07 
(0.0332) 

9.12 
(0.0309) 

I                     9.75 
I             (0.0366) 

9.34 
(0.0333) 

8.95 
(0.0302) 

8.54 
(0.0269) 

166. 192. 220. 

SPEED      (RPM) 

255. 

I. 

Figure 5. 3 (continued) 



6. Summary 

Optimization of machining parameters, such as cutting speed and feed, 
is possible, in relation to time and costs, by use of this developed sys- 
tem and production machining data. This system, MACHOP (Machine Optimiza- 
tion Program), is applicable to analysis and control of single-operation 
as well as multiple-operation (numerically-controlled) machining. Simple 
formats are used to gather data from, and return computerized results to, 
production personnel. In application, two variables of the machining 
parameters may be adjusted independently or simultaneously, either manually 
by the machinist or by the numerical-control programmer, using small-step 
increments within the limits of the machine tool or the workpiece tolerances. 
Computation of results from data collected at the original adjusted machining 
parameters provides print-outs of four-point performance indices.  These 
print-outs not only show time and cost performance at the machining para- 
meters from which the data for computation has just been taken, but also 
give production settings which could improve performance. Subsequently, 
machining at adjoining machining parameters is tested and analyzed until 
the print-outs repeatedly indicate that the optimal conditions have been 
reached. Notably, the data system and computer program are simple, and 
general, enough to readily allow optimization of other machining para- 
meters such as cutting fluids, work material selection, and tool material 
and geometry, as well as speeds and feeds. 

The development of this system and related computer program has ad- 
vanced the state-of-the-art of optimization in machining. In the past, 
optimization was restricted to optimizing an expanded Taylor Tool-Life 
equation, not optimization of the actual production machining operation 
itself, or required more adjustments of variables than were practicable 
in production operation. 

7. Recommendations 

It is recommended that this system and computer proqram be applied 
to analyze and control all major machining, and similar process, opera- 
tions in which a large number of parts are produced in a single run or 
repetitive runs. It is also recommended that it be used to augment or 
replace time-study methods presently used to establish production 
standards; and, in particular, that it be applied to all new, major 
machining operations, and operations where new parameters, such as work 
material, cutting fluid, or tool material and geometry are introduced. 
Furthermore, it is strongly recommended that it be used to provide 
computerized print-outs of cutting tool-life and costs per workpiece for 
procurement and use of quality tools according to tool performance in- 
stead of merely tool price. Finally, it is recommended that this optimi- 
zation procedure be used on other processes in which operations parameters 
may be adjusted to improve control of time and costs. 
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Appendix A.   Verification of Regression Modules of 
the PIM and MAC HOP Programs 

This appendix contains an output from a stepwise regression program, 
which was used to check the accuracy of the regression portion of the PIM 
program.   A similar check was performed on the MAC HOP program. 
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SIEH NUM6ER    5 
VARIABLE ENTERED    1 

MULTIPLE R 
STO. ERROR CF EST. 

ANALYSIS OF VARIANCE 

REGRESSION 
RESIOUAL 

0.610<t 
0.C172 

CF SUM   OF   SCUA^CS 
5 0.Ö01 
3 0.0C1 

MEAN   SQUARE 
0.000 
0.000 

F RATIU 
0.356 

co 
o 

VARIABLE 

(CONSTANT 
SPEED        1 
FEEU           2 
SPED SO     4 
FEED SO      5 
SPEOFD     6 

VARIAbLES IN EQUATION 

COEFFICIENT  STO. ERROR  F TO REMOVE 

-0.90118 
0.08ÜÜ7 
0.96511 
Ü.GJ6J6 
-0.17757 
-0.1247Ö 

) 
0.6Ü953 
1.0S571 
0.12*51 
0.279C3 
0.12969 

0.0176 
C.7758 
0.0853 
C.4050 
C.9257 

(2) 
(2) 
(2) 
(9) 
(2) 

VARIABLE 

VAPIABLES   NOT   IN   EQUATION 

PARTIAL   CORR. TOLERANCE F   TO   ENTER 

F-LEVEL   OR  TCLERANCE   INSUFFICIENT   FOR   FURTHER   COMPUTATION 

SUMMARY   TABLE 

STEP 
NUMBER 

VARIABLE 
ENTERED     REMOVED 

MULTIPLE 
R RSQ 

INCREASE 
IN   RSQ 

F   VALUE   m 
ENTER   CP.   F.EMOVE 

NUMBER   OF   INDEPENDENT 
VARIABLES   INCLUDED 

1 
2 
3 

5 

FEEOSO 
FEED 
SPEOSQ 
SPEÜFO 
SPEED 

5 
2 

6 
1 

0.199S 
0.3584 
0.4038 
0.6074 
Ü.6104 

C.O^JO 
0.1284 
0.1630 
0.3639 
0.3726 

0.040C 
0.0885 
0.0346 
0.2059 
0.0037 

0.2913 
0.6091 
0.2067 
1.3 043 
0.0176 

1 
2 
3 

5 

A,I Sample Stepwlse Regression Output 



Appendix B.   Simulation Program 

This appendix contains a listing of the simulation program and a 
typical output.   The instructions for using the program are given in the 
program as comments ♦   This simulation program was developed for 
preliminary analysis of the PIM and MACHOP programs. 
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FORTRAN IV 0 LEVEL 

OÜC1 
OUC2 
ÜOC3 
00C4 

c 
c 
c 
c 
c 
c 
c 

00C5 
00C6 12 

c 
c 
c 
c 
c 

OOC7 
U0C8 2v 
OOCS 
001C 3u 

ÜÜ11 
0012 10 
0013 
OOM 
00 15 
0016 
0017 
0018 15 
001S 
002C 
0021 2<» 

21 MAIN OATE » 73361 17/31/11 

0022 

0023 
0024 
0025 

Zb 

IMPLICIT   REAL*8    (A-H,0-2) 
OlMbNSICN   P(30),T (3C),TP(30) 
ÜIMbNSILJ   F(3U),    V(J&),PM30),CU(3D) ,PI(30) 
C01MCN   IWT 

NPT   -   IS   THE   NUMÜEP   OF   POINTS   AT   WHICH   THE   JATA   IS   TO   RE   GENERATED 

ü   -   IS   THE   PERFORMANCE   INOEX   COEFFICIENT 

INT   -   IS   THE   *ANDCM  SEED,   A   SEVEN   DIGIT   INTEGER 

P.CAO   (5,12)   NP1 ,Q,INT 
FOÄWAT    (I 10,Flu.2,110) 

RLO   -    IS   THE   LABOR   ANC  UVEHFEAD   IN    1/MIN 

TLC   -   IS   THE   TOOL   COST   IN   »/EDGE 

READ   (5,2u)   RLO,TIC 
FOKMAT    (2FIU.4J 
wrvi TE    (6,30)   RLU.TLC 
FU>- <AT    1 »UX.'Sl fUUTICN   OF    PR JOUCT UN   DAT A» / //25X, 'L A KH    t   UVIRHEA 

ID  L JST   =   t*tF5.2t'   /MIN'//JCX,'1UJL   CCST   *   |*9F5*2t*    /rOGE'//) 
fcEAJ   (5,10)    IIV(I),MI)),I«1,NPT) 
FOhHAT    (^FlO.t) 
DC    15   J   =    I,NPT 
CALL    SI'MJ,F,V,NCT,KPT,TPD) 
PU)    »   KPT 
T(J)   «   TPO 
TP( J)    *   >JCT 
CONTINUE 
CALL PtRINU<P,T,TP,CJ,PR,PI,J,RLO,TLC,NPTI 
«RI TC    (6,24) 
FORMAT   IMMOX,'      SPEED ','      FEED •,• PARTS        •,'      TOOl 

I    ',' TIME ',' COST/ •»• P«üü. •»• PI- •/ 
213X, • (RP I) ',5X, « ( I PR) ', 17X, 'CHANGES' , l*X, • PI ECC ' , 6X, • RATE ' , ?X , • I ND 
3fcX'/) 
«RITE    (6,2 5)    UV(I),F(I),P< I ) , TP 11 ) ,T (I ) , CU ( I),FR(I ) , PI ( I I) , I «I , 

1NP1 ) 
FORMAT    (10X,Flu.l ,F1 J.'t, F 1J.1,F 10.1, FlO.l.F 10.2,2 Fl 2. 4/I 
RETURN 
END 
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FORTRAN IV G LEVEL  21 RANO OATE « 73361 17/31/11 

OOC1 
OOC2 

OUC3 
U0C4 
OOC5 
ouce 
ÜUG7 
ooce 
occs 
OOIC 

SUÖttLLTI'JE   KANU (INT »I REAL) 
KEAL»«   D*EAL,   DIM,   OKEEP 

C \PGUMt.*r  NO   2    IN   LIST   IS   A   REAL   IN   THE   CALL   STATEMENT,   OUT   AN   INTEGER 
C IN   THE   SUbkUUTINE 

DINT   «   1 iT 
DREAL   »   DINT   ♦   16HC7. 
KEfcP   •   04EAL   /   2147483647. 
OKEEF   «   KEEP 
INV   *   DRtAL   -   OKfcEP   *   21*7483647. 
IkkAl    »   (INT/12S)    ♦   10/3741E24 
RETURN 
ENO 

FORTFAN   IV   G   LEVEL      21 UMNOM UATE   »    73361 17/31/11 

OJC1 
OOC2 
ÜUC3 
UOC4 
OOC5 
00C6 
UOG7 
occe 

FUNCTICA   UNINJMUPF, SIGMA) 
IMPLICIT   Rt*L*d   U-h,C-Z) 
CÜ 1»(*N   I U 
CALL   K*U')l INT.^EAL) 
XftüRV   «( HE AL"u. 1926965 100-(l-*EAL)**0.192o9*5 100)/U. 130645600 
UNlNUP   «   EPA»SIG*A»XNCRM 
KtTUKN 
tNO 

FORTFAN IV G LEVEL  21 PERINO OATE ■ 73361 17/31/11 

OOCl 
00C2 
00C3 
0004 

OOCS 
00C6 
00C7 
ÜJC6 
00C4 
OOIC 

100 

SULKCLTI Nl   PERINOIP,T,TP,CU,PR,PI,J,PLC,TLC,NPT) 
IMPLICI1    REAL»8<A-H,0-Z) 
JlMfcKSlLJ   PI3O)vT(3C).TF(30) 
UlMFj.SICH   FC30),   VljO),PRl3C),CU(3J),PIt30) 

ÜÜ    luO   l-l,NPT 
PK( I J«P( I )/T( I) 
CIH I) «(hLC*T( l)»TLC«TP( I ) I/PCIl 
Hi I)>(1.-QI*P*(1 )«(C/CU(II ) 
RETURN 
END 
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FORTRAN IV G LEVEL  21 SIN OATE 73361 17/31/11 

OOC1 
OO02 
OOC3 
OOCA 

OOC5 
U0C6 
OOC7 

ooce 

oocs 

ooic 

oo u 

0U12 

0013 

00 1* 
0015 
0016 
0017 
0010 
00 IS 
002C 
0021 

O022 
0023 
002* 
0025 
002t 
0021 
0028 
002S 

C03C 
00 31 
0032 
0033 
003* 
0035 
002£ 
0037 

0038 

003S 
00*C 
00*1 
00*2 
00*2 
00** 

c 
c 
c 
c 
c 
c 
c 
c 

L5 

3o 
10 

20 

iUOKOUll JE   SIM( I, F,V,KTC,NTPT,TTPDJ 

IMPLICIl    REAL*8    (A-H,0-£) 
UlHtr.SlU   F(16)»V(16) 
CPMPÜN   INT 

IN   THIS   SUdhOUTINC   ALL   THE   PARAMETERS   OF   THC   PRODUCTION   PPOCFSS 
rrt    INITIALISED   RATHER   THAN   TU   BE   READ  BY   A   READ   STATEMbNT 

TAYLOR'S   TÜUL   LIFE   CONSTANTS 

ALP   «   O.J 
BETA   »   C.2 
CONST   «   *00.0 

AL   —   LENGTH   UF    WOPKPIECE 
XL    *   H7.> 

0 —   CIAPtTt*   OF   WCRKPIECE 
0   =   8.5 

TCT   --   TUUL   CHANGING   TIME 
TCT   «    t. 

TH   —   HJCHHIiÜ   TIME   /   PIECE 
TM    *   XL/( V( I)*»- (I tl 

1H   —    MANULlr.i,   TIME   /   PIECE 
)H   *   15.0 

SHIFT   —   IJT*L   PRODUCTION   TIME   /   SHIFT 
SHIFT   «   ,20.0 
ERK   -   IS   THt   KANOCM   ERROR 
EFK   «   C.20 
XV   »   3.1*15*»0»V(1)/12. 
SI&   =   (DLCG(CLNSV)-HETA*UI GO(F(I|)-OLOC(XVN/AIP 
ICÜLNT   ■   0 
TIME   «   0. 
PAR IS   -   J. 
NftITt    (6,15)    l.VlNfFin 
FDRPAT    fl« ,lOA,«FOR   DAY«,12   /10X,'       SPEED* • , F 6. I , 5X, «F CE 0= • , F7. */ 

l/J 
♦.RITE    (6,301   TM 
FC^/T    (    • MACHINING  TIME   FOR   THIS   SPEEO   C   FEEO(

tF7.2v
(   MINV/I 

ICOONT   »   ICÜUNT   ♦    1 
Y   «   UMiMnM(L»-R,SlG) 
TLIFE   -   JEAP(ilG»Yl 
PAkTSl   *   TLIFE/TM 
WRITE    (6,20)    ICCUNT,TLIFC,PARTS1 
FOK^MT    (•    TOLL   «• ,I3,5X,'LIFE«',F5.1f *MIN'»5X(

(«   OF   »ARTS   »#,F5.2/ 
1/J 

TIME1    »   PARTSl*(T^TH)*TCT 
PAA TS   ■   PARTS+PAFTS1 
FINE   »   TIME*TIME1 
IF    (7IMC   ,LL.    iHIFTI   GO  TO   10 
ulFf-   *   TlMt-bHlFT 
PAN VMS   •    ÜIFF/CTM4THI 
PAR fS   »   PARTS-PARTPS 
WRITE    (6,25)I,PAKTS,ICÜUNT,SHI FT 

25 FORMAT   (•      SO   FOF   PAY « , 1 3, / 10X, Fb . 1, • PARTS   ARE   PROU'JC EU • / 10A, 13 , 
1 •    TUCLS   ARE   CHANGEC   CU^ING«/10X,Fo.1,•   Hl'JUItS   OF   PRODUCTION   TIME 

PAK TS   -   PARTS   ♦   0.25 
NTPT   *   P4*TS 
TTPO   »   SHIFT 
NTC   »   ICJUNT 
PETURN 
END 
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SPEED»   192.0 FEED»   0.0187 

KACrilNING TIME   FOR   THIS   SPEED   £   FEED      13.23   MIN 

TOCL   #      i LIFE»      3.1MIN #   OF   PARTS   »   0.23 

TOCL    «     2 LIFE»   1Q.1MIN *   OF   PARTS   »   0.77 

TOCL   I»     3 LIFE»   19.9NIN 0   OF   PARTS   »   1.51 

TOCL   *     4 LIFE»     7.7KIN *  OF   PARTS   *   0.58 

TOOL    *     5 LIFE»     3.5MN I»   OF   PARTS   »   0.26 

TOCL    *     6 LIFE»      2.4MIN #   OF   PARTS   »   0.18 

TOCL    *      7 LIFE«   27.2MIN tf   OF   PARTS   »   2.05 

TOOL    *     8 LIFE»     2.0NIN *   OF   PARTS   ■   0.15 

TOCL    *     9 LIFE«      1.7MIN «   OF   PARTS   »   0.13 

TOOL    t   10 LIFE»   10.7MIN «   OF   PARTS   »   0.81 

TOCL   *   11 LIFE»   38.9NIN 4   OF   PARTS   »   2.94 

TOOL   *   12 LIFE«   14.1NIN «   OF   PARTS   »   1.07 

TOCL    *   13 LIFE»     9.2MN *   OF   PARTS   =   0.69 

TOOL   *   14 LIFE*   26.IHN *   OF   PARTS   »   1.98 

TOOL    *   15 LIFE«   13.4MIN *   GF   PARTS   »   1.01 

14.3PAKTS   AKE   PROCUCED 
15   TCGLS   ARE   GANGED   DURING 
420.C   MNUTfcS   CF   FR0CUCT1UN   TINE 
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Appendix C.   Data Collection Forms 

Two types of data collection forms are given, one for single tool 
operations (Figure C. 1) and the other for multiple tool operations 
(Figure C.2). 
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SINGLE TOOL MACHINE OPTIMIZATION STUDY FORM 

Machine Date 

Shift 

Stock Lot ID Speed 

Tool Material ID Feed Operator 

Production 
Startup Time 

Production 
Stop Time 

Subtotals 
(minutes) 

Total Production Time (minutes) 

Number of Pieces Produced 

Number of Insert Edges Used 

Comments: 

(Tally) 

(Tally) 

Total 

Total 

Cost/edge 

Overhead and Labor Cost 

Figure C. 1 
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MULTIPLE TOOL MACHINE OPTIMIZATION STUDY FORM 

Sheet No. Machine Speed Feed 

Operator Date Shift Stock Lot ID 

; Insert 1 ID Insert 2 ID Insert 3 ID 

Production 
Startup Time 

Production 
Stop Time 

Subtotals 
(minutes) 

Total Production Time (minutes) 

Number of Pieces Produced 

Comments: 

(Tally) 

Number of Insert 1 Edges Used 
(Tally) 

Number of Insert 2 Edges Used 
(Tally) 

Number of Insert 3 Edges Used 
(Tally) 

Total 

Total 

Total 

Total 

Cost/edge 

Overhead and Labor Cost 

Figure C.2 
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Appendix D.   Analysis of the PIM Design Module 

Following the determination of the optimum feed and speed based on 
a given set of experimental observations the next set of feed and speed 
combinations are chosen in the following manner: 

1. In the event that the optimal point is not on a boundary, nine 
or fewer points are selected as follows.   Initially a 32 design is 
selected with the previous optimal point as the center point, 
the distance between speeds is L 4 = number of usable speeds/4 and 
the distance between feeds is   M4 = number of usable feeds/4.   Each 
point is checked with the boundary conditions to insure that it is 
feasible.   If it is outside of the boundary condition, a replacement 
point is selected by moving the point in one step horizontally or 
vertically depending on the boundary condition.   The procedure is 
repeated until a feasible point is selected.   If this point does not 
duplicate another point already selected it is retained, otherwise 
it is discarded.   Thus, fewer than nine points are possible. 

2. In the event that the optimal point is on a boundary, five or 
fewer points are selected along the boundary with the previous 
optimal point in the middle.   As in the previous case, each point 
picked is checked for feasibility and uniqueness.   If;the initial 
points selected are not feasible, they are moved in until they are 
feasible.   In the process if some of the points duplicate other 
points already selected, they are discarded thus resulting in less 
than five points. 

89 



Appendix E.   Carboloy Systems Computerized 
Machinability Program 

This appendix contains the results obtained from General Electric*s 
Carboloy computerized Machinability Program for the turning operation on the 
recoil cylinder.    (See Table 2.5 for the job description.) 

Access to this program may be made by acquisition of a G.E. terminal 
installation in the user's plant on a contractual basis or otherwise by 
sending the required information to the company for processing. 

The program is based on historical machinability data and Taylor's 
tool life equation.   If the tool material is entered into the program, the 
recommended feed and cutting speed for minimum cost and for maximum 
production rate will appear in the output data.   If the feed and speed are 
entered, the recommended tool material will be indicated in the output data. 

This approach has its limitations, for there are many variables which 
effect removal performance that cannot be accounted for in a generalized 
program.   These variables include the condition and rigidity of the machine 
tool, type of tool holder, experience and ability of the machine operator, 
and the tool setting practice.   Certainly, the program cannot be expected 
to predict precisely the optimum machining parameters.   It may, however, 
serve as a good starting point to select the initial machine settings and/or 
tool material. 

A copy of the program's output is given in Figure E. 1.   The Carboloy 
tool material, which was entered into the program by a G. E. representative 
and which was considered to be equivalent to the VR/Wesson, C5W Titanium 
Coated Carbide, was Carboloy Grade 350.   The second choice was Grade 78. 
The equivalence of the entered grade to the one being used is questionable. 
The program recommended the following machining conditions: 

Feed - 0.014 ipr, 

Speed for Minimum Cost - 272 rpm, and 

Speed for Maximum Production Rate - 358 rpm. 
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CUTTIMG FLUID 0M CARB0LOY MAY CAUSE TOOL FAILURE 
DUE T0 THERMAL CLACKS. CHECK T0 MAKE SURE TOOLS ARE 
WEARING OUT, MOT CHIPPING OR BREAKING 

IDENTIFICATION AISI 4140 

IF 

STARTIMG SURFACE COMDITI0N HTR 
FINAL SURFACE FIMISH 250 MU. IM.  'AA' 
8RIMELL HARDNESS 252 
PART TOLERANCE .015 IN. 

COOLANT EMU 
MACHIME T00L 

TYPE LATHE 
0PERATI0M AXIAL TURN 
MOTOR HORSEPOWER 50 
SPINDLE SPEED LIMIT 380 

CUTTIMG TOOL 
TOOL MATERIAL CAR80L3Y 
GRADE 350 
2ND, CHOICE GRADE 78 
SIDE CUTTING EDGE ANGLE 30 DEG. 
NOSE RADIUS 0.047 IN. 

OUTPUT DATA 
SET UP 

STARTING DIA. 8.500 IM. 
FEED .014 IM./REV 
DEPTH 0F CUT 0.125 IM. 
SPEED MIN. COST 272 RPM 
SPEED-MAX. PROD. 358 RPM 

TECHNICAL 
WEAR LAND .030 IN. 
TOOL LIFE-MIN. COST 9 MIM. 
SPEED-MIN. COST 60 6 FP1 
H.P.-MIM. COST 1 1 
TOOL LIFE-MAX. PROD. 3 MIM. 
SPEED-MAX. PROD. 798 FPM 
H.P.-MAX. PROD. 14 

CHIPPING 0F THE CUTTING EDGE OCCURS USE SECOND CHOICE GRADE. 

Figure E. 1   Sample Carboloy Computerized 
Machinability Program Output 
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Appendix F.   MACHOP Listing 

FORTRAN IV C LEVCL  21 DATE - 73342 

0001 
0002 

0003 
0004 
0005 

0006 
0007 
0008 
0009 
0010 

MAIN 

MACHOP 

(MACHINE OPTIMIZATION) 

THE MAChOP PROGRAM UTILIZES EVOLUTIONARY OPERATION (EvOP) 

AND «EGRESSION ANALYSIS TC E*A"|NE THE RESPONSE SURFACE OF 
MACHINING OPrilATIONS TO DETERMINE THE OPTI-U* FEEC-SPFFD 
COMBINATIONS. TWO PERFORMANCE INCICIES, COST/PIECE ANO 
l'RODUCTION RATE ARE CONSIOFRFO AS RESPONSFS.  FIRST THE 
PROGRAM PfcRFORMS AN CVOP ANALYSIS ANO REC0«"EN0S TwO SFTS 
OF OPERATING CONDITIONS.  NEXT THE REGRESSION COEFFICIENTS 
FOR THE FOLLOWING EOLATION ( OR A REDUCED FORM OF IT ) ARE 
ESTIMATED 

14/04/07 PACE 0001 

P.I. RO ♦ Rl*LN(SPEE0) ♦ B2»LN|FEE0> ♦ B3»LN<SPEED I**2 
B<,«LN(FEEI)I»*2 ♦ B5*LN(SPEED*FEED» 

C 
c 
c 

USING THfSE RESULTS, THE PERFORMANCE INDICIES ARE PREDICTEO 
FOR FfFO - SPEED COMBINATIONS ADJACENT TO THOSE OBSERVED. 
THF fROG'JAM IS APPLICABLE TO SINGLE-OPERATION ANC 
"ULTIPLE-OPERATIONINUMERICALLY CONTROLLED) MACHINING 
PROCESSES. 

REFERENCES ARE 

BOX, G. £ DRAPER, N.,  EVOLUTIONARY OPERATION  A STATISTICAL 
METHOD FOR INCREASING PRODUCTIVITY , JOHN WILEY I   SONS, 
1969. 

RURCHFIELD,P.8., MULTIPLE LINEAR REGRESSION ,»JOURNAL OF 
QUALITY TECHNOLOGY«,VOL. 3,NO. A.OCTOBER 1971. 

DRAPFR, N. C SMITH, H.,  A«>PLIFO REGRESSION ANALYSIS , 
JOHN WUEY t SONS, NEW YORK, 1968. 

COMMON /C101/SPFFO(lCOI,FEEDUC0),SPNDI100),NSrD,NFD,ISP,IFD 
COMMON /C102/lPH,ICYC,SCYCLE.RLO,X(2<»,100),YI2,100),NOBS,NCBl 

• ,10P,BSP.«fOfNTlC,Tl.C<20l 
COHMCN /C103/C|FF(2.'.I,SLMI2,<.),AVEI2,AI,SUMSI2),AVESI2,2» 
COMMON /C107/INUI<.),SMAX,SM|N,FMAX,FMIN 
CI MENSION B<5),T|TLE(20),BC0I2»,BP(2,5I,IRRI2I 

INPUT MMN CONTROL CARD 

WR|TF(6,59?9) 

IER«1 
REAn<5,SOnA,F\D«90ll,ERR«9012»TirLE 
WRITE<6,*C00IT1TLE 
REA0(5,5001,fcNn»9001,ERR»9C02l 

10 
20 
30 
^0 
50 
60 
70 
80 

90 
100 

MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
MAIN 
PAIN 
MAIN 
MAIN 
MAIN 110 
MAIN 120 
MAIN 130 
MAIN 1*0 
MAIN 150 
MAIN 160 
MAIN 170 
MAIN 180 
MAIN 190 
PAIN 200 
MAIN 210 
MAIN 220 
MAIN 230 
MAIN 240 
MAIN 250 
MAIN 260 
MAIN 270 
MAIN 280 
MAIN 290 
MAIN 300 
MAIN 310 
PAIN 320 
MAIN 330 
MAIN 340 
MAIN 350 
MAIN 360 
MAIN 370 
MAIN 380 
MAIN 390 
MAIN 400 
MAIN 410 
MAIN 420 
MAIN 430 
MAIN 440 
MAIN 450 
MAIN 460 
MAIN 470 
MAIN 480 
MAIN 490 
MAIN 500 
MAIN 510 
MAIN 520 
MAIN 530 
MAIN 540 

• 

' 
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FOkUAN   IV   G   LEVEL     21 HAIN DATE   •   73361 15/21/16 

00 11 
0012 
0013 
001* 
001t> 601 
OoU 6U2 
0017 
001* 
0019 
002C 603 
00 21 6 Ct 
0022 
0023 
002« 60i 
0025 606 
0026 
v>027 O07 
0028 
0C2S 60b 
00 21 o09 
0031 
0032 
0033 610 
Üo3M 611 
0035 
003t 
0037 
0038 612 
003S 613 
00*C 
0041 
oo«; .6612 
0043 ool* 
0044 
00*5 
00*6 
00A7 615 
00*8 
OOAS 628 
005C 
0051 
Jüii 
0053 
005* 
0055 2276 
005t 
0057 
Mit 2277 
0C5S 
ooec 
0061 7*7 
006i 
0063 61* 

•IPHilCYCt ICP, IM/.X,NTLC,RLO, AVESd, l ) , AVbS ( 2, l )« BSP, BF C 
IT( IPF.GT.OJGO  TO   6CI 
hltlTe (6(oCClMPH 
Ifck»2 
GU   10   6C2 
*RlTh(6t0G02l 1PM 
IF(ICYC.JT.01GU   TC   603 

WRITL(ö,6C03)ICYC 
Ifc* «2 
GO   TO   6C* 
NklTE(6,600«lICYC 
If I luP.GT.u.ANU.ICP.LT.«)üü  TO   605 
wRITE(otü005iI0P 
lfcR-2 
GU   10   ltJ6,bC7,608),ICP 
*R!Tk(ot6C06)IUP 

GU   IC   6C t 
WRI TI U,6tG7llÜP 
GJ   TC   6C9 
WRITE(0,60JÖ)IOP 
IH IMAX.NE.UGU   TC   61C 
fcklTh(6,6C0V) 
GO   TO   611 
MRITE16,6010) 
*RI fElötuClDKLC 
iMAVESIltll.LL.O.OlGL   TP   612 
Hkl Tt (ü.öCUJAVES (l ,1 J 
GO   TO   613 
wRITt(6,6013) 
1F(AVCo(2,ll.LE.0.0)GC   TO   6612 
»P.) rt (6,661jJAVki>(2, 1) 
GU   TC   6ül* 
««I U(o,06l5J 
1F( IÜP.NE.3)GU   TC   628 
IF<BSP.Lt.0.0.GP.BFL.IE.0.0)00  TO   615 
mklTt lo»6ClMBSP|BFD 
GO   TU   624 
wkl lE(6,oCl5l 
1ER-2 
IF(MLC.tC.O)NTLC-l 
IF1NTLC.LT.1.UR.NTLC.GT.20JGC   TO   7*7 
««I Tt(6,602MNTLC 
CEA0(5,5JÜi,ENu«yCo9,EK^«:90 10) (TLC(I),lM,NTLCI 
00   227o   IM,.«TLC 
IF(TLC(I).LT.O)GÜ   IC   2277 
CONTINUE 
rfkl lt(6,6C29MTLC(I ),I-1,NTLC) 
Gu  rc oi* 
i ef< -2 
WHITkl6,5026) 
GU   TO   61* 
1ER-2 
WRITElb,6C251NTLC 
GU   TU   (616,0171,IER 

MAIN 550 
MAIN 560 
MMN 570 
MMN 580 
yAIN 590 
MAIN 600 
MAIN 610 
MIN 620 
MAT* 030 
*AtH 6*0 
MMN 650 
HAIN O60 
^A I N 6 70 
"MN 680 
MIN 690 
*AIN 100 
MAIN 710 
VAIN 720 
MAIN 7 30 
M.? IN 7*0 
*AIN 750 
MAIN IbO 
MAIN 7 70 
MAIN 780 
HAIN 790 
"AIN 800 
MMN 810 
«AIK H20 
*kt» 33 0 
MAIN 8*0 
"Air: 350 
"AlN S60 
MAIN 8 70 
MAIN 880 
MAIN 990 
MAIN 900 
MAIN 910 
MMN 920 
MAIN 9 30 
MAIN >*0 
VAIN 950 
MAIN 960 
MAIN 970 
MAIN 980 
»MN 990 
"AIN1000 
MAINUIO 
MAINlu20 
MAIM030 
"AIMO^O 
*MNli)50 
MAIM 060 
MAIN1070 
VAIM080 
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006* 
0065 

0066 
0067 
Oütfc 
0065 
007C 
00 71 
007* 
0073 
00 7* 
007« 
0076 
00 77 
0076 

0079 
UOfcC 
ooei 
0062 
0063 
006* 
0065 
006« 
00 6 7 
0066 
0089 
009t 
0051 

0092 
0053 
009* 
0095 
oosc 

0097 
0058 
0099 
01CC 
01C1 
01C2 
01C3 
010* 
01C5 

617 

C 
c 
c 
61Ö 

öld 

619 

620 

o21 

C 
c 
c 
622 

62J 

62* 

625 

026 

C 
C 
c 
62 7 

C 
c 
c 

7 

WRITCI6.6C16) 
CALL   EXIT 

INPUT   SPEED   ENVIRONMENT 

REA0<5.5OC2tEND"9CC3.ERR»9J0*INSPD 
IK   ISPC.LE.O.OR.NSPO.GT.IOOJGO   70   618 
>M fCl6,6C18)NSPD 
GO   TO   619 
*kl ft I6.6C191NSP0 
GO   TO   617 
REAU5t5003tENU-9003tERF«90C*l ( SPEED 11 ) , I »1, NSPU I 
DO   62C   l=l,NiPO 
IFISHEfcüdl.LE.Ü.CIGO   TO   62 1 
CONTINUE 
GO   TO   622 
MRITr(6,00201 
GO   TO   617 

INPUT   FEED   EflVIFONMENT 

KEAC( ;,>0U,ENU-9C05,ERR-90C6INFO 
1F<NFC.Lfc.U.uk.NFL.GT.SOJGJ   TO  623 
"RI TT(o,6C22)NFD 
GO   TO   62* 
WRI U(o,oC2l)NF0 
GO    ft)   617 
kEAC(5»5J03fENÜ-9005.ERk-9006) (FEHHII,I» l.NFO) 
UM   625   I-ltNFO 
IF« FECOII I.LE.O.O)GC   TO   626 
cONIINLE 
GO   TU   62/ 
NRI ff(0,60231 
GO    fU   617 

INPUT   LIMITS   FCR   SPEED   AND   FEED 

IF( IMAx.EJ.l)REAü(5,5C03tEND-90C7,ERR-9008)SMAX,SMI.4,F^AXtFKIN 
IH ..»'AX.tü.u.OJSMfX-SPfcllKNSMOl 
IP( >HlN.F0.O.0)SMlN»SPEtD(l ) 
IF( FMAX.tO.U.O)FMAX»FFEL(NFCI 
IFIF^lN.EW.O.OJFMlK-FtEOIll 

INSURE   INPUT   SPEECS   AND   FEEDS   ARE  WITHIN   UETINEO   LIMITS 

DO    7   J-l,NSPD 
IF    ISPECIMJI.LT.SPIMGU  TO   7 
IFI J.EO.DGU   TU   8 
NSPO»NSPi)-J*l 
DO    15   K«l,NSPO 
SPEED(K)«SPEEO(J) 
J-J»l 
GO   TO   8 
CONTINUE 

MAIN1090 
MAIMIOO 
MAINU10 
*AIN1120 
MAIN1130 
H*INU*0 
14lMl 50 
MAINU60 
"AIN117Ü 
"AIM180 
M4IN1190 
1AIN1200 
MAIM210 
MAIN1220 
M4TM210 
MA IN 12*0 
MAIM250 
MAIN120Ö 
HAIN1270 
MAIN1280 
MAIN1290 
MAIM300 
"MN1310 
MAIN132J 
"AIN1330 
MAl*13*0 
MAIN 1350 
MAIN136J 
MAIN1370 
MA INI 3 HI 
MAI Ml 300 
MAIU*00 
MAINU10 
*AINl*20 
M/ IN1*30 
MAIM**0 
MAIN1*50 
MAIN1*60 
*AINl*70 
MAINl*80 
«AIM49C 
MAIN1500 
VAIN1510 
MAIN1520 
1AIM1530 
MAIN15*0 
MAIN1550 
"MN1560 
MAIM570 
MAIN1580 
MAIM590 
MAIN1600 
MAIN1610 
MA1N1620 
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01C6 1 
01C7 
uice 1 
01C9 
one 1U 
01 11 11 
0112 
01 13 
0114 
0115 
0116 
on? 16 
0118 
on«; 14 
ul 2C 12 
0121 
0122 l i 
0123 
012* 17 

c 
c 
c 

012* 64 
C 
c 
c 

0126 
0127 
0128 w 
012S 33 

c 
c 
c 

013C 
0131 

X)12<E M 
1133 3b 
12* 
"35 
0*36 
01'. 7 
oiie 
013s 

c 
c 
c 

Ol*C 
c 
c 
c 

01*1 
on; kl 
01*3 
014* 42 

00   f   J«lfNSPO 
IM SPCfcUl JI.GT.SNAXIGC   TO   10 
CONTINUE 
GO   TC   11 
NSPO-J 
00 I*   I'1,NFD 
IF    (FEHM D.LT.r-MlMGC   TO   14 
1F( I.LC.IJGO   fü   12 
NFU«NFO-l*l 
OP    lo   J=l,NFO 
FkLCUl-FLEOI II 
1 -I *1 
GO   TO   12 
CONTINUE 
UU    13    IMt^FO 
IFJFLtCd 1.GT.FMAX1G0   TO   W 
CONTINUE 
GO   TO   6* 
NFD»i 

PRtPARfc   FOR   E   V   0   P   ANALYSIS 

CALL   NLCYCL 

IDEMIFY   INPUT   SPEED 

DO   22   I-1,<SP0 
IK <( l,.,JBl).EJ.5FEtUU ))   GO   TO   33 
CONTINUE 
1SP«I 

IOENTIFY   INPUT   FEED 

00 J*   I-ltNFO 
1 Fl X(2.N )B1).E0.FEED(IH   GO   TO   35 
CONTINUE 
IFÜ-1 
IF( ISP.LT.INO(l)I INU(I)«ISP 
I$P<*l*ISP+l 
IF( 1SPP1.GT.IND(2)MNDI2)-!SPPI 
IK II'C.LT.INUI3I) INCI3IMFU 
IF0P1«IF0*1 
IF(II-CPL*GT.INO(*>IINU(*)"IFDPL 

PERFJKM  THE   fc   V   0   P   ANALYSIS 

CALL   EVÜP 

PEkFJRM THE   REGSESSION   ANALYSIS 

IF! !NC(2l-nJ(l»-ll*l,*2,*3 
NRITEI6,*8) 
GU   TO   9033 
IREGS-0 

"AIN1630 
HMN1640 
MA IN 1650 
^MN1660 
MAIN1670 
MAIM680 
MMN1690 
►•AIM700 

1710 
MAIM 720 
"-MM7J0 
HMN17<»0 
MMM750 
»»AIM 760 
«4IM 1770 
MIM7dO 
MMN1790 
H.MN1800 
"AIMOIO 
-1AIN1820 
MAIM1830 
*AIN18*0 
MATH1850 
VAIN1860 
MMN1B70 
«MNlridO 
MAIM890 
MAJN1930 
MMM1910 
»•AIM 920 
«MM IV 30 
fA!M9'»0 
MUN1950 
"MN1960 
HAIM970 
MAIN 19 80 
"•»IM990 
MAir200O 
MAIN2010 
»•AIN2020 
MAIN20 30 
"MN20*0 
NAIK205Ü 
MMN2060 
PAIN2070 
«MN2Ü80 
MAIN20V0 
PA IN2100 
MAIN2110 
MAIN2120 
M&IN2130 
MMN2140 
MAIN21S0 
MAIN2160 
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0145 

U147 
oi<.e 
014S 
oi tc 
0151 
0152 
0153 
0154 
0155 

0156 
0157 
0156 
015S 
OlfcC 
0161 
0162 
0U2 
0164 
0W5 
0lfc6 
0167 
uue 
016S 
01 71 
0171 
0172 

0173 
Ul 74 
0175 
0176 
0177 
01 7E 
0179 
oiec 
oiei 
Olbt 
01E3 
U184 

0185 
Ul fcfc 

01Ö7 
oiee 
ous 
oisc 
oisi 
0152 

'.3 

M 
%a 

47 

C 
C 
C 

l 

2 

i 

5o9 
59S 

C 
c 
c 
9001 
9U33 
9002 

9J03 

9004 

90C5 

*UU6 

9007 

9008 

90U9 

9010 

GO   TC   44 

IPEGS«1 
IF ( INC (4)-MO (3)-1)4 1,45, 46 
IREGF-C 
GO   TU   4 7 
IREGF-2 
IREGMHUGSUPEGF 

IRbGl-IPGG 
00   599   IGC»1,2 
IREG-IKE11 
CMLL   KfcJ*ESIX,Y,NCRS,I«tG,Ü0,0,I GO) 

>>KIMT   PKtOICTIüN   EQUATION   ANO  RESPONSE   SORFACE   PREOICTIUN 

GO    TC    (1,2,3,4,51 ,IREG 
WRI Tf. (6, 'ill'WiBl I ),e(2) 
GO  ro t 
wRITE(6,52)>Q,ü(l),B(2),Ö(3),B(4) 
GU   TO   6 
«RlTt(c,3J)MU,ü(l),H(2),U(i),0(4) 
GO   TO   6 
rfRIlh (6,'J4)JJ,O(1 ),B(2),ft( J),R(4),d(5) 
GO    TO   6 
»HI Ti (6, j 5) ftO, ri C1 It t ( 2 ), B ( 3 I 
CONTINUE 
BOO(ICO)«80 
IMF (IGO)»IRLU 

00   5B9   I a 1,5 
ip( 100,1 i«am 

CONTINUE 
CALL   REGPLT(B00,BP, ISO, IRR) 

ERK1R   ANALYSIS 

WRITE 
uALL 
^RI TE 
GO TO 
HRI TE 
60 TO 
WRI TE 
GO TO 
wRI TE 
GJ TO 
wRI Tt 
GO TO 
WRITE 
GO TO 
WRITE 
GO TO 
WRI TE 
GO T(J 
WRI TE 
GO   TO 

(o,9Cl7) 
EXIT 
16,JU18) 
S033 

(6,9019) 

(6,9020) 
9033 

(o,9C2l) 
S033 

io,4Z?.2i 
9013 

(6, 1023) 
S033 

(6,9024) 
9033 

(c,',C27) 
9033 

(o, >02>3) 
9033 

MAIN2170 
«MN2180 
KATN2190 
"AIN2200 
MAIN2210 
VMN2220 
*AIN2230 
"AIK2240 
M-MN22>0 
MMN226U 
MAIN22 70 
MAIN22BO 
*A.IN2290 
MA IN23 00 
MAIN2310 
KAIN2 32 0 
MAIN2330 
'MN234G 
MAlf,23b0 
MAIN23OO 

MM N? 3 70 
MAIN23Ö0 
«"VIN2390 
MMN2400 
Ft 1*2410 
Mi JN242G 
MMN24JJ 
MMN2440 
MAIN2450 
VMN24G0 
MAIh2<,70 
"M*'2490 
MAIN2490 
«MN2500 
MftU25l0 
MAIK2S20 
MAU'2^30 
MAIN25«,0 
MAff2550 
MAIN2560 
MAIN2570 
^AlK25dU 
MAIM2590 
*Air2600 
MM N 2610 
MAIN2620 
MMN2630 
MAIN2640 
MAIN2650 
W1*2660 
*A IN267C 
VAIN2680 
MAIN2690 
MAIN2700 

. 
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0193 
01 S« 
OIS5 
01S6 

01*37 

0196 

019S 

020C 

o*ci 

Ü202 

9011 

9012 

c 
c 
c 
hi 

^i 

ii 

53 

r^ 

5 5 

02C3 5001 
02C« 5002 
02C5 50J3 
0*U 5oC4 
02C7 5VV9 
u2C8 60CO 
J2CS 60CI 
02 10 60o* 
0*11 OUOi 
021* 60LA 

0213 60J5 
u* 14 bu Jö 
0215 60C7 
02 16 600» 
0217 oJuV 
0218 6010 
u* IS »Uli 
022C 6J12 
0*21 6ulJ 
0222 601* 

0223 OUl* 
0*2<. 6016 

0225 6U18 
0226 6019 
0227 6020 
0*<b 6021 
0229 0022 
02 3t 6u23 

wRITE(6,6030) 
GO   TU   90J 3 
«RITE(6,6C31I 
GU    fO   903 3 

F03MA1S 

FOKMATI'I *♦* 
• •CPMli INATI JNS') 

FU>- *AT !//•J",T1 
•• ♦ • fFl J.«., «*L 

»-Or  Ui (//• j'f Tl 
••      •      '  |I-1J.<I| ' »L 
♦ •*L ll&P€fcUt*LN< 
Fuk*AT(//'J',Tl 

* •    ♦    • ,► I J.-«, ' »L 
♦• »L ^(S^cUI»wNI 

»-OFi*'>.l (//•o', Tl 
♦ •    ♦    ',FD.H,'»L 

"•LN(SPLED)*LNI 

•H0.4, '*LMFLtÜ 
FÜK UTC//*0*»T1 

• •    *■    ' .FlJ.s, «*L 
*•♦'_ Ifl$^e60|*iyt| 
FOk*AT<3I3,T* lt 

FUhMAf(13) 
Kjc *AT(BFIJ.<.) 
FUH "AT (2 )A*I 
FOFMAT (' I' ,Tol, 

I <//'0',T2 
j-uh^f I//'J« ,Tl 
Füf> 4ATI//*ü*vTl 
FUfc"ATt'3*,Tl0, 
(■d^ATl'J' iTlO, 
Fjfc «ATI'J« ,T10, 
FUF-.'Af !• j» ,T10, 
FOb ^TI'JMlo, 
Fut- CM l'J' ,T10, 
FühPj.11* J'VT10» 
F JF UT l'O'tTlOi 
F JKVATC J' iTl j, 
F JF lATI'J'tTiOi 
FÜKVATC J' tUOt 
FUF *A1(• J',TlO, 

♦•BAifc    Fl tu   IS', 
FOF."ATi' 0« ,Tl0, 
FUF^AT c j« ,uo, 

»• CCODII UNS • * 
FOMMi'J' ,U0, 
FOklATC J',T10, 
FO»- <AT('0',l tu, 
»OkMATI« J'.TIO, 
FORMAT«'J',TlU, 
FOk1AT('0',TlO, 

fPRGR   *♦♦      UNABLE  TU   DISTINGUISH   SPEcC/FEFO   ', 

0,'TFE PFEOICT 
N( SPfcfcO) *■ ' ,F 
0, 'THE PKFOICT 
NISPfcfcU ♦ »fl 
MLDI'/'O'.TS, 
j, 'TFE PF-tDlCT 
M SPEED) ♦ ',F 
FLE0)'/'u',T9, 
0.'THE PF ELICl 
N(SPEED) ♦ «,F 
FEED)'/'G',T9, 
)♦♦*') 
0, MH[   PREDICT 
MSPEEC)    ♦    ',F 
FCEO)') 
5F10.4) 

IuN   EOUATIJN   IS'/'O     PI    •    ',Flü.<., 
1-).4,'*LMF6E>>)' ) 
IUO   EJJM1JU    IS'/'O      PI    »    '»F10.A, 
1J.4,(*L>'*(FEE0J    ♦    ',F10.<i, 
• ♦    '.riu.A, ••LMSPEE0)**2') 
ION tjjAri.itj is'/'o   PI   »  »»no.«, 
10.<.,'*IMFEE<))    ♦   '.F10.4, 
• ♦    ',F1C.<., '•LM($PfctO)«*2'l 
ICN  EQJATIJO   IS'/'O     PI    «   '.F10.A, 
10.4t **LN(FEEO)   ♦   ',FU.4, 
• ♦   ',F10.<»f '•LN(SPEfcD)»«2   ♦   't 

ION   EQUATION   IS'/'O     PI    »    ',F10.<», 
10.'.,'*LN(FEEO)    ♦   '»F10.4, 

f   A   C   H   0   P') 
6,20A4) 
C,'PHASE    16' ,T3i,!10,'   *♦*   EkRCR   • •*•) 
0, 'PFASfc    IS    ' ,T35,I 10) 
•CYCLE    IS   ',135,110,'    **•   ERROR   ♦♦*»! 
»CYCLE    IS» ,T35,I1 J) 
•TYPE   CF   PRJCFSS   IS • , T 35, I 10, •   *♦•   ERRCF    *•••) 
•TYPE   CF   PRJCESS   IS • , T 35, I 10, '   SINGLE') 
•lYPE   CF   PROCESS   IS',T35vtlO»'   MULTIPLE') 
•TYPE   CF   PkJCtSS   lS',Ti5,I10,'   NJ"ERIC^   CCNTPOI') 
•oFEtlJ-FbEIJ   LMIIJ   SPECIFIED') 
•SPFkJ-FLFU   LIMITS   NJT   SPECIFIEO') 
•Lflf3C<-uVtKHEA0   I »/ 4IN)'VT35,F10.4I 
'CCS1   S70.   ubv.   FSr.   IS»,TJ5,F10,4I 
•CCST   STO.   OtV.   FST.    IS   NOT   SPECIFIEO') 
•H*i>E   iPCEO   IS',T33,F1C.4/'0',TIO, 
r35,FK.<.) 
'.JASt   SPfEO   ANO/OR   FEED   INC1RRECTLY   S«>ECIFIEO') 
•••*   PROGRAM   TERMIN4TICN   OUE   TO   SPECIFIEO   EfcROR', 
• * ) 
•NL^BEk   ÜF    SPEEDS   IS',T35,I13) 
•r.UMUtk   UF   SPbfcOS   IS',T35,I10,'   *♦•   ERPCR   •♦*•) 
•SPICiriCu   SPEfcUS   ARE   L/E   ZERO') 
•NUMPEk   OF    FbLOS   IS',T35,I 10,•    ***   ERRCF    ♦•••) 
•MjMliEF   CF    FttOS   IS',T35,I10) 
•SPECIFIEO   FEEDS   ARE   L/E   ZERO») 

MAIN27I0 
•*Air27C0 
MA IN2730 
MAIM27A0 
MAIN2750 

»Mir-2760 
KAIK2/70 
«Air.2780 
MAIN2 7VO 
"AIN2800 
VAIN2810 
^AIN2820 
VAIN2830 
"A 102840 
»»AIN2850 
"Alf.2860 
HAIN2670 
M4IN2680 
"AIM2890 
^Air.2900 
MAIN2910 
VAK.2920 
MAIN2930 
MAlr,29<»0 
"M 029 50 
MAIN2960 
«A I ».29 70 
MAI»;29t»0 
MA 102990 
«AIN3000 
MAIN3010 
^AI03020 
MAIO3030 
MAIN3040 
MA 101050 
MAIN3J60 
MA I 03070 
MAP3080 
MAIN3090 
MAIK3100 
MAIN3U0 
MAIN3120 
MAIN313U 
MAIN3140 
«AIW3150 
MAIN3160 
MAIN3170 
*AIN3180 
MAIN3190 
»»AIN3200 
MAIN3210 
MAIN3220 
MAIN3230 
MAINJ2A0 
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0231 bC24 Ft)F"Af (• 

02 22 602^ FUf *AT(« 
Otli 6026 Fot- ^Tl' 
0234 6027 FOf "Al I« 

♦,/« J« ,Tl 
0225 60211 r-Ui- »MC 

♦,Tl»f«    C 
o^it 6024 rut- »4TI1 

0237 o030 
*,/'  J« ,Tt 

0238 6031 ruK *AI i • 
♦,T1 >, •   u 

023S »ol J FUf- *ATJ« 
024L 6615 F  11-  -<AT< • 
0241 90W Tors 'Al «• 

*,/' J« ,11 
0242 yoiH t LH   Ml I • 

*.T1 >,'   I 
0243 9019 hOf vA"i ( • 

», / ' J • , i 1 
024«i 9u20 FOts i>fi« 

0245 90 21 FUt- VAT (• 
*•/•-.• tl I 

0246 W22 (*T ( • 

0247 9023 FORMAT ( • 

0246 9L24 FUK »Al ( ' 
♦,TlN,«UN 

0245 kNO 

J« ,Tlu,«NU-bEF LF TCCLS h' 
JM 10, »MJM6EF cr TOOLS 13.' 
J« , fU, »SPtl Ulli) TC^L COST 
I       •<•*       fcr-.vuR       *** UMLA 

».* 1 JU1    CCJIS   HISSING1 ) 
I      <*»      FR«.L4     ••• IffVALJ 
4   rUOt   Li-ST    INPUT« » 
J« ,i iü, 'iPtcimo TLUL ccsr 
I      **•      tFC-TN      *•• UNtX 
), '1 Ill.F    CAfO   HISSING« ) 
1       ♦*»      rPK^      *♦♦ INVALl 
4   TITU    LAI U« ) 
J« ,11U,«P.F .   STfi.    ütV.    LSf. 
J«,l 10, «P.»- .   SCO.    OEV.   tST. 
I       «**       tRi-Ur<       *•* UMLX 

\H   I (-'.-(.fc*   CARC   MISS! J 
1       ♦♦♦       tf^KljR       •*♦ INVAl.I 
^    IAIN   PFC2LEM   CARD' ) 
i       *••       f w^i R       *** UNtX 

»1 ' 1 IPOl SPEED PARAMETFKS M 
1        ♦ ♦*       fl'KEH       *** INVAU 

I   JM J I     SI»|tO    PAf/.MLltXS« I 
I       **•      FARO      *♦» UNFX 
*,« INPUT   FtLO   P.,'-A-lil» 
I      ♦*»      FHHCM      •** I iVALl 

INPUT   FfcEC   PA»AMETtFS«) 
I     ***     EftRCfl     *** DNEX 
',' INPUT   SPktC/FtEJ   LIUTS 
I      ***      LKRLR      *»« INVALI 

INPUT   SPEEC/FEtD   LIMITS«) 

,T35,I10I 
,T35,I10,«   *♦*     E-trfOP     ***•) 

NEGATIVfc      »»*      FRXOF      »*»•) 
r>CCTLO   TERMINATION   TF CATA    ..« 

D  CHARACTER   ENCOUNTERED      WD* 

/H.l,r«,(«    >«TJ7V lOFil.%11 
PEC7ED   TERMINATION   TF   CATA   ..« 

0 CHARACTER   ENCOUNTERED     «/«O« 

I5',T33,F10.4) 
I.   NOT   SPECIFIED« ) 

•HCTED    TE*"INA1IUN    )F    DATA    ..' 
1  I 

D  CHARACTER   ENCOUNTERED      «/»O« 

PECTEO   TEr^lNAllON   uF    CAT*   ..' 
1 ssi J<; • J 

l)   CHAPACTEP   FNCLUNTEREC      «/«O» 

PECTED   TfcP.flNAllON   OF   C*TA   ..« 
SSING«) 
0 CHARACTER ENCOONTEPED  «/«O« 

PCCTEJ TERMINATION GF CATA ..' 
MISSING' » 
D   CHARACTER    ENCOUNTEKEC      «/'V 

MMN3250 
MA1N3.J60 
MA IN3^7u 
M4IN328Ü 
MMN3790 
^AIM3^00 
«; I N 3 'I 0 
MAIN3J20 

«ÄI» 3330 
ft IN3340 
MINJiSO 
^•IN3360 
''AIN337Ü 
MAIN338U 

•A 390 
HA IM3400 
MAIN>410 
"AIN3V2 0 
MAIN34 30 
^Airjj',^0 
4*1*1 J4 50 
,'AI^•3<l60 
"A!NA<,70 
MA IN3480 
"AIN3<»90 

"AINJ500 
MAIN3S10 
"MN3'>?0 
MAIN3530 
"AIN3S<»0 
MA I »135 50 
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uOGl SUBROUTINE   NUCVCL 

0CC2 
00C3 

OOL* 
00C5 
OOCo 
0ÜC7 
ouce 
0CC9 
00 1C 

00 11 
0012 
00 13 
0014 
0015 
0316 
0017 
00 IB 
ÜÜ1S 

0020 

00*1 
0022 

0023 
UU2* 
0025 
00 26 
Cc27 
0026 
0029 
003C 
GOJl 
00^2 
0033 
003* 
Ou35 

C 
c 
c 
c 
c 
c 
c 

702 

9 
C 
c 
c 

703 

M 

c 
c 
c 
701 

c 
c 
c 
9017 

H, 

SUBRUUTINE   »iUCVCL   IS.   U\>E0   FOR   PROCESSING  ALL   PHASE/CYCLE 
COMdlNATIOHi.      NUCYCl    PREPARES   THE   JNPJT   UATA   FDR   BtlTH 
THt   EVJP   ANU   »EGRESi.10.rf   PP/.)CfcS3ES. 

PlMfcNSlLJ   TEMP(*f2*l 
COiMON   /Clü2/ H'Hf ICYCtS CYCLE ,RLC,X( 2*i lüO)|Yl2t 100) , NUBS, NOBl 

• t lü Pt RSP#i>Fü, NT I ( »TIC 120) 

CJMMCU  /Cl03/D!tH2«*)f SUM(2(*)vAVEf2i«)f SU*5(2lt*VhS(2t2) 
CülKÜN   /C lC7/UlOlAliSPAXtSMlN|FMAX»FHI.< 
SCYCl E*KYC 
NTI CJ--NT..C** 
DO   9   I«I,2 
AVfcSI 1|2)«0.0 
SUMSdlaO.O 

INPUT   HL4   UBSEPVATluNS 

NUBS" I 
N0D1-NC1SU 
NOe. **f.Ci>S»3 
FEAClb,-J3C2tEND»9Cl f.ERP-9016)   I XIJ ,NOBS > . J- 1,NTI.CP) 
1F{ Ml,NOrtS).£0.0.123*5)00  TO  701 
UU    66   J*-1C41|NIJ»* 
PEACI5,53U2,bK0«90l5,ERF-90l6)      (X J I, J ), I ■ I,NTI CP ) 
Nüöi«NLüS»* 
00 TO   703 

INPUT   THE   U«1A   FROM   THh    PREVIOUS   CYCLE 

kEAü(5,5jCl.END«9011,EP-P-9012) 
»IILJllJ.I )tI

alf*)ffSL!M&(JI, IAVE(J,U ,I«l,t),AVES(J,2l,>l,2>, 
• (INCt I),I «lt*l 

|F( AVEl,Il,2).Nfc.U.C)AVES(lt l)«AVES( li2) 
1 F(AvtS I 2, 2 ).NE.O.G)AVbS< 2, 1>-*VES( 2,2) 

SCKT   PulNTb   1NTU  CURT ELT   SEOUENCt 

NUr. i»NU'!S-l 
NJBI»NL ):>-} 
uü   kb   I »1 »* 
0Ü   *5   J»l,NTLCP 
TEMP(I,J)»XlJ,NUHl*l-l> 
SPH1»TEH-Mlt I ) 
SPM4«TE"-Ml, I ) 
FDNI»TEl»PUf2) 
FDMA«TEMPI i,<; ) 
on   10   I   *  ... 
IHIMPI,,! ).LE.SFKI)SPMI-TEMPII,l) 
I F ( f L MM 1 , I ) . f.t . 5 PC* ) jPMA « r E «P ( I , 11 
iFlTfiMI ,2).Lt.FC*'I )F0Ml-TtMP(I,2) 

10/32/02 

NUCV 10 
NUCf 20 
NUCY iO 

E                NICY *o 
NUCV SO 
NUCY 60 
NIJC Y n 
NJCY K 
NJTV 90 

bl                MkY luu 
NICY 110 
NJCY 120 
N*JCV 140 
N'JCV 1*0 
NUCY 150 
NJCV 160 
NJCY 170 

180 
NUCY 190 
NUCY 200 
NUCY 210 
NUCY 220 

230 
Mi ICY 2^0 
NUfY Zbü 
Nl)v.V 260 
NUCV 270 

230 
NUCV 210 
NUCY ijQ 

NUC Y 310 
N.JCV 320 

330 
NUCY JV1 

•             N'irv 3 30 
N'lC V i&o 
NUCV 370 
NJCY 3*0 
NUC Y 390 

*JO 

Nl IC V <.1G 
NICY *>to 
N jry *30 
N'ir Y **n 
NUCY *5o 
NUCY <»60 

<.7u 
N<IC V *dO 

NUC Y *90 
NllCY 500 
HUC Y MO 

b2J 
ft IC Y 'J?0 

NUCV 5*0 
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0034 
0037 
UU2fc 
0029 
0040 
0041 
0042 
0043 
0044 

004!) 
0044 
004? 
0048 
004S 
00 5C 
0051 
0052 
00 53 

005*. 

0055 
0056 
005? 
0056 

0059 
0060 
004 1 

0062 
00*3 
0064 
00£5 
uOtt 
0067 
OUfcf 
0069 
007C 
0071 
0072 
0072 
0074 

LO 

c 
c 
c 

11 

♦ o 

c 
c 
L 

c 
c 
c 

6J0<» 
c 
c 
c 

c 
c 
c 
a 

It 

9011 

9012 

9tl3 

9014 

IKTE^(l,2).GL.FCKA)FOMA»TEMP(I,2) 
CONTINUE 
ÜU    11    I   '    1,4 
J-0 
IF    (1 fcMPI 1,1) .fcO.SPM .AN0.TEMPCI,2) .FQ.FOMI)    J-l 
IF    (lE^Hl 1,1) .t'J.SPfA.AN0.Tt"1P(I,2) .t'i.FUMft»    J-2 

IF    ITEMPU »ll.l.u.SPfA.ANO.TEPPIIffll.CJ.FDMn   J«3 
IF    (TEM.>( 1,1) .Fg.SPPI.AUU.TfcMPCItZI .EO.FOMA)    J"4 
IF(J.EC.Jl   Gu   TO   15 

CALCULATE   THE   RESPJNSE   V4RIA0LE5 

00   11   KM,NTLCP 
XtK,KC8l»J-lJ*TEt«Ht**1 
CONTINUE 
OU   4o    I=L,NOHS 
Y(2,I)=A( 3,II/X(4,I) 
Yd ,1 >-*L4«XU,I) 
00   4/   J=5,NrLCP 
Y(lt l)*Y( 1*1)»X(J,I l*TLC(J-4| 
Y(1,1 )*Y( 1, l)/X(3,l ) 

PLOT   1HC   INPUT   POINTS 

CALL   OBG3TJlSPMI,SPKA,FnMI,FCMA, 31 

PPI.^r   THE   INPUT   C/TA   ANC   RESPONSES 

WRITE(6,/,C02) 
UU   fcOC4   J»l,NOBS 
HKJ Tt(o,JCJJ)(x<I,J),I-1,NTLCP) 
wklTf(6,J0O*)<Y(K,J),K«1,2) 

TAbULATE   THE   FCSPCNSES 

CALL   FLCrPM(NJhl) 
IF( ICYC.EC.DGo  TO   12 
kETLPN 

PREP*RE   THE   DATA   FOR   E   V   0   P 

00 14 
UO 14 
SUV(j 
AVEU 
KETLR 
WRi TE 
Gu TC 
Wfcl TE 
GO   ro 
wRi n 
GO TO 
WRI TE 
GO   TO 

1-1,6 
J*l,2 

ill'O.O 
,I)*0.0 
N 
(o,vG27) 
90 13 

(6.9C28I 
90 3 3 

(6,>C29) 
9033 

(6,90301 
9C33 

NUCY 550 
NUCY 560 
NUCY 570 
NUCY 580 
NUCY 590 
NUCY 60 0 
NUCY 610 
NUCY 620 
NUCY 630 
NUCY 640 
NUCY 650 
NUCY 660 
NUCY 670 
NUCY 68C 
NUCY 690 
NUCY 700 
NUCY 710 
NUCY 720 
NJCY 730 
NUCY 740 
NUCY 750 
NUCY 760 
NJCY 7 7C 
NUCY 780 
NUCY 790 
NiCY «00 
NJCY did 
NUCY 820 
NUCY 830 
NUCY 84ü 
NUCY 850 
NUCY 860 
NUCY bTQ 
vi'Y 8d0 
NUCY 890 
NUCY 900 
NUCY VlO 
NUCY 920 
NUCY 930 
NUCY 940 
NUCY 9 50 
NUCY 960 
NUCY 9 70 
NUCY 980 
NUCY 990 
NUCY1000 
NUCY1010 
NUCY1020 
NUCY1030 
NUCYIO^O 
NUCY1050 
NUCY1060 
NUCYlu/O 
NUCY1080 

- 
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0075 
ÜÜ76 
ÜU77 
U078 
0079 
ooet 
UOdl 
0062 
0083 
OOE«. 
ODE«; 
ouet 
0087 
008b 

008S 
OuSC 
0091 

01C1 

01C2 

01C3 

9G15 

9016 
9U33 
15 

17 

LI 

L*J 

c 
c 
c 
53ul 
53*2 
6L-02 

0092 
0093 
0094 

uOC3 
oGC5 

0095 9U2H 

00.96 9029 

0097 9Ü30 

U09E 9031 

0099 9032 

U1CC »034 

wRITE(G,9031I 
GO   TO   <»033 
wRI Tb(G, 70321 
CALL EXIT 

JK«l 
I Fl TEMP I I vl).NL.&FFl.<NU.TEfFIItl).NC.SPHAIJK«3 
IK TEMrM 1 t2I.NL.FCMI . AND. 1 E MP ( I t 2) . HE . FDMA ) JK» JK«-1 
oO    TL    (1 y,l7, ld,19)tJK 
wki Tf (t, K34) 
GO   Tu   903J 
wRI Itlo, K35) 
GO   TU   N03 3 
«KI TL Co, 7036) 
GO   TO   903 3 

FURMATS 

FORM<T(OEl3.8/6bl3.8/6C13.H/2E13.8,M2) 
FOR»*/ I (<JFlO.<t) 
FUK^Al (• 1 ■,T^0,31X, •       INPUI    VALUES   AMD   COMPUTED   PFSPUNStS    •/// 

♦ •O»,' SPLfcO FEbÜ PuPfS TlMf«fT51,20X, 
••T J3L-EDGES»,TIG5,»                 C J£T         PRTO   RATE»/•    »»T51| 
« •       ( II      121       C3J       ('»)       <M       1*1       J 7)       IHI » 
*•       19)    I 10) • • Tl 05,      •       IWPIECE)    (PIbCES/MlNJ* 
♦ /•    »,15 1, •    (11)    (12)    (13)    I14J    (15)    (161    (17)    (18)», 
♦ •    119)    (20)') 

FOF 4AT( • J',F10.0,FU.<.,5X,2FlO.Ü,t»    • ,T5 1 , 10F5 .0 ) J 
FORM/li (•♦ »,1 l05,F10.2t':lU.4> 
FU^ATIM       ♦ •♦      bRRC*      *■* UNFXPCCTED   TERMINATION   rF    CATA    ..• 

♦ r/' J ' t T 1 > • 'PUNCHED   LUlKUT   FRL«   PREVIuLb   EV)P   CYCLE    HISSING') 
FUKVAT(«1      «*•      bFKC*      »•♦ INVALID   CHARACTER   ENCOUNTERED      »/•<>« 

•,T19,»H   PUNCH   UUTPLT   FPU*   PRbVlUS   EVJ»   CYCLE») 
Fl)**AT(»l       • ••      EFRcR      **• UNEXPECTED   TERMINATION   OP    DATA   ..• 

♦ ,/• J' ,T19, •PUNCHED   LU1PUT   FRCM   PHT-VIUUS   REGRESSION   STbT   MISSING«) 
' / • 0 • 

9035 

SC36 

F0H«T(»l      •••      EFF-CK      *** INVAI.IO   CHARACTER   ENC J'JNTb S EO 
* »T 1 >, • IN   PUNCH   LU1PLT   FFU"   PKEVIOfS   REGRESS ICH   STEP') 

FUN»ATI»l      *••      ERPC*      **• UNEXPECTED   TERMINATION   OF    CATA   ..• 
*,/• J» ,IH, 'Mm   C'hbbkVATlU.MS   MISSING» J 
FOr.^Al(»l      **•      FFFCK      **• INVALID   CHARACTER   bNCOUNTFFEC      »/»O» 

*,Tli,'lN   NE"   ObSlPVAII-jKS   --   CHECK   YOUR   KEYPUNCHING*) 
P0NPATI*3      ***      fRRC«      ••* HURC   THAN   TWO   FEED   SETTINGS    V.ERT    ', 

♦•FuUNO   IN   THE   NEW   CPSERVATIGNS    »/»ü'tTlO,»    PPGGK\4   IIRMJNATING 

♦' I 
FORMAT (• J 

♦•FOJNU M 
*, »TEFMJNUING» ) 
FUF-Ml'J      ***      EFRC«-      **<■ MC^E   THAN   TWO   SPEEO   SETTINGS   AND   % 

♦ •Mo^E   THAN  1WU   FbEC   SETTINGS    «E»-E   FOUND   IN   THE   NEW   ÜJ SE R V/TIUNS •, 
«• •/•OSTlOf«    PRCGPAM   TEPM1NATING») 

ENO 

• ♦•      ERRCR     *♦♦        MORE  THAN TwO   SPEED   SETTINGS   WERE 
THE   r.EW   CdSERVATIONS •/•U'jTiO,»   PROGRAM   • 

NUCY1090 
NUCYUOO 
NUCYU10 
NUCY1120 
NUCY1130 
NUCYIUO 
NUCY1150 
NJCY1160 
NUCY1170 
NUCYU80 
NUCYU90 
MJCY1200 
MIJCY1210 
NOCY1220 
NUCY1230 
NUCY12A0 
MJCY125U 
MJCY126Ü 
NOCY12 70 
NJCY128Ü 
N ICY 1290 
NUCY1300 

»NUCY1310 
NUT vi*20 
NUCY133D 
Ni)CVl3«G 
NMCY1350 
N.JCY1360 

I 1370 
NUCY1380 
NUCY139U 
NUCY1400 
NUCYIMO 
NUCYIH^O 

NUCYU30 
MJCY1440 
NUCY1450 
NJCY1460 
NUCY14/0 
NJCYl'»80 
MICY1490 
NUCY1500 
NUCY1510 
NUCY1520 
NIICY15 30 
MICY15«*0 
NUCY15 50 
NUCY1560 
NUCY15 70 
NUCY1580 

101 
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OGCl 

UU02 
00C3 

ooc4 
OOC5 

OCC6 

O0C7 

ooce 
oGCS 
Ö01C 
0011 
vOW 
0013 

00 14 
w015 
00 U 
0017 
uuit 
00 IS 

002C 
OOil 
0022 

0023 
0024 
Ü025 
002t 
0027 

0026 
0029 
003t 
0031 
0032 
0023 

1J 
C 
c 
c 

120 

c 
c 
c 

466 

SUb4C)UTI JE   EVOP 

SLbKOUTINl    FVCP   PE&FPkMS   THF   EVOLUTIONARY   UPfcFATICN   ANALYSIS 
FÜR   TUE    MPUl   ObSLRVATILNS.   THE    PRUCbüO^t   USFT.   AN C   THE   RfclULT 
PtPtUffcU   A*E   MCOlFICAl ICNS   Of   THPSt   GIVEN   BY   PJX    AND   DPAPffc. 

C01*CN   /C101/S^tFr.UOC),FEti;tlOO),SPf.ü( 100),NSPÜ,M-rj, ISP.1F0 
CO^Lfs   /'. 102/IPHtKYv.,SCYCLF,RLO,X(2^,l30),Y(2»lOO),NCPS»N08l 

*, IIP.PSP, üFI), u Lttticrzcj 
CG4PC*   /C103/0IFF (2|4), SUMt2t<*)(ArfF(2,4)f S'J4S(2)tAVESI2f2) 
L04<UN   /C104/F4H< IC) 
COI'CN   /.. 10 7/lNu(4)»SPAXf SM|NtFMAX9 f-MlN 
olMUNSiC i  KA. et <2>f 3fc/wfcS l2),^\AVkS(2)tSNSU«(2)f SNEWI2) .SEMFAM2) 

RC6IH   POINTING   EVGP   TABLE 

iEsr«i 
iFC ICYC. iE.2)IESI=2 
WRI Tfc(6, J6G0MPH, ICYC 
N2»\UB1M 

/♦l 
*KI fotöi J>5J)<X( l,\»Ml),XClfN2) , X(i,N3),X<l,NCB$),IM ,2), 

MAl2,NCiU),A(2,N2),A(2,N3l,X(2,NOr»S)tIM,2) 
JCVC«SCYCLE 
in JCYC.LT.21JLYC»2 
IM JCYC. W.loJJCYCMO 
tfjtj Tf (o,,oöl) J ISLV t Jt I)vI-lt4) tJM.2) 
*^l rEl6v66ü2M ( AVE U, I 1 » I »1,4 1, J«li 21 
SCYCLEM^YC 

CCVPOFE   THE   DIFFERENCES 

DO   10   IM,4 
OIFFJ ltll«AVE M,I )-V( I,NOB 1*1-1) 
JlFF(2tI )»AVE J2il J-Y(2,N0bl»I-l) 

CALCJLATE   THE   RANGE 

00   124   IM,2 
YMA üBAMAXIIOIFFII vl ),CIPF( It2),0IFF(l,3)tDIFFII,4)> 
Y MI Nr AM UtUiFl ■ Cl,l ).ClFF(I,2),UlFF(I, 3),ÜIFF(I, 4)) 
PAN3£(1)«YMAX-YMIN 
IFC ICYC.cT.2)Gü  TC   44 

CALCJLATE   NEW   S»   NEW   SU*   S»   NEW   AVERAGE   S 

00   <»66   TMt2 
SUE WC I)=»<ANGt ( I )*F4N(JCYC) 
SNi,üM l ) MSNtM l ) ♦SÜMSII)) 
IFt SU*St| ).EJ.C.O)SNSLMI 1'SNEwU )»2. 
SUAVtSU)»     (SNSUMI)>/2. 
CUN TINGE 

EVOP 

ZWP 
EVÜP 
LV »P 

SkVOP 
EV1P 

FVCP 
FVOP 

EVOP 
EVOP 
EVOP 
EVOP 

EVOP 

EVOP 
FV^P 
rv p 
CV'iP 

FVIP 
EVDP 

FVOP 
FV JP 

EV.iP 

CV-.iP 
FVOP 

EVOP 

I V-iP 

EV'IP 
EVTP 
EViP 
FVIP 

FVIP 

EVMP 
EVOP 

IV'JP 

FVIP 

FVUP 
EVOP 

f V'iP 

EVOP 

FVOP 
EVJP 
EV'lP 

FVIP 

F.V3P 
FVOP 

EVOP 
EV IP 
Evnp 
FVOP 
EVOP 
EVOP 
EVOP 
Evnp 
FVOP 

10 
20 
30 
to 
»0 
Ml 
n 
SO 
90 
100 
HO 
120 
130 
HO 
150 
160 
170 
180 
190 
2 00 
210 
220 
2 30 
240 
250 
260 
2 70 
240 
290 
300 
310 
320 
3 30 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
4 70 
480 
490 
500 
510 
520 
530 
540 
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0034 
0035 
00 36 
00 3 7 
U038 

00 3S 
u04C 
00 Al 
0UA2 
00A3 

OOAA 
0045 
0OA6 
U0A7 

0048 
0045 
005C 
0051 
UUi2 

0053 
0054 
0055 
0056 
0057 
uü5e 

0055 

ootc 
00 61 
0062 
U063 
006A 
00*5 
0066 
0067 
0066 
0061 

467 
C 
C 
C 
A 5 

A68 
C 
C 
C 

II 
c 
c 
c 

c 
c 
c 

c 
c 
c 

144 

IA5 
IA6 

1A7 
1-9 

GO fO A 5 
00 407 I«l,2 
SNb*(l )»J.O 
bNSUMII )»SOHS(I I 
SNAVCS(ll«AV(S(Itll 

CALC-JLATt 2 STANDARD ERROR ESTIMATES 

00   468   1-1,2 
SEAVISII W./SUH1 ($IYCLE)*SNAVES(1 ) 
SfcMEAN(N»l./3/SQ»T(SCYCLEl»MJ\VES(I ) 
IFCSWAVESIIJ.CU.AVfcSII,1)ISNAVESdl»AVES(I,2) 
CONTINUE 

COMPUTE   SUMS    ANC   AVERAGES 

OU    11    I = 1 , ■♦ 
UO   11   J*l,2 
SUN «J.I ) »SJ-M J, I )*Y(J,NÜR 1*1-11 
AVtCJ,ll»SUM(J, IJ/SCYCLE 

H   PklNlING   1HE   EVOP   TABLE 

WK1 TU o,6603) I (Y( J, I ),I«NO«1,NOBS I,J»1,21 
V.RITI  (o,6bJA)( (ÜlFFtJtl lv lal«',) * J=l,2) 
*R1 ttlCOoCbli (SlP(J,ll,I«l,4),J»l,2) 
*R1 TUo,u6UoM (AVE( J,Il,I«i,4), J*l,21 
wRITt(ü,'j620) 
«Rl TF (6t6621>SU«Stl ItSUMSUJ 
»R\7Ko,o622)AVbL(l, 1 LST),AVFSI 2,IESfI 
MR] ft (o,G623l:»NcW(l l,SNFw(2) 
KRITI I6t66241RANGE! 1),RANGE(21 
i«RITE (6,66251 »NSOK(II»SNS(HI21 
wRl fC(6,6626)SNAVE3(ll.SNAVES(21 
wRITfc(6,u607»   iEAVES 

SAVE   COMPUTED   VALIES   FOR   FUTURE   CYCLES 

WRITE(7,71001 
*( 1SLMIJ,I ),1-1,A),SNSUM(J), (AVE(J,I I , I « 1, 4) , SNA VE S(Jl ,J«1.2I, 
*( INC ( I)«l «I,-. I 

ANALYZE   THE   EFFECTS 

00    144    I-lt4 
AVE(2.I)=»-AVb(2,I) 
IGO'l 
ISP1MSP 
II-01-IF0 
GO   TO   ( 1*6,1471, IGO 
*RITE(6,148I 
GO   TO   149 
WRITE(6,150I 
IFlSEAVESCIGOI.bÜ.O.OIGO   TO   999 

EVOP 550 
CVtlP 560 
EVOP 5 70 
CVHP 580 
EVUP 590 
EVJP 600 
EVOP 610 
EViP 620 
EVUP 6 30 
EVUP 640 
EVOP 650 
EV JP 660 
FVr»P 6 7ü 
FVOP 680 
fcV )P 690 
EVJP 700 
EVTP 710 
EVOP 72 C 
ZV'.iP 730 
FVTP 740 
EVOP 750 
£Vr>P 760 
EVJP 7/0 
EV1P 780 
EVIP 790 
EVCr 800 
EV >P 810 
EVIP 820 
EV^P 830 
EV'iP 840 
EVOP 850 
EV'*P 860 
CVHP 87C 
FVOP 880 
EVOP 890 
EVOP 900 
EVOP 910 
EVOP 920 
CV.P 930 
FVJP 940 
EVOP 950 
EVIP 960 
FVOP   970 
rvip 980 
EVOP 990 
FV0P1000 
EV0P1010 
EV0P1020 
FVOP1030 
FV 1P1040 
FVOP1050 
EV1P1060 
EVOP1070 
EV0P1080 
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007C 
00 71 
00 72 
0C73 
00 7« 

0075 
0076 

00 7 7 
u07ß 
007S 

uC8C 
00E1 

0OE2 
Out 3 
ooe*. 

0085 
Otlt 

0087 
0CE8 
0L6S 

OOSC 

c 
c 
c 

c 
c 
c 
30 

c 
C 
c 
31 

c 
c 
c 
3J 

c 
c 
c 
3<, 

C 
c 
c 
36 

c 
c 
c 
il 

38 
C 
c 

f. 
c 
c 
c 
c 

c 
c 
c 

CALCJLATC   THE   EFFECTS   OF   THE   VARIAhLES 

EFFA»UVe( IGP.2 M/VH IGU,3I-AVE( 100, 1 )-AVE<IGC,4l)/2. 
fcFt iS-UVel lGu(t)»«VE( IGL,4I-AVL( (G 1,1 |-4tfE( IGC|3))/2. 
EFf Ab>(At/E( lGOil >»/Vfc<IGL, 2J-AVEUG0, 2)-AVE( K»Ov4ll/2. 
IA*v. 
IF(AöS(EFFA|-SE«VES(IGO1)30,21,31 

THE EFFECT OF SPEEO IS NCT SIGNIFICANT 

HU rcio.ocuitHA 
GÜ   TO   32 

THE   EFFECT   TF   SFfcEO   IS   SIGNIFICANT 

I A» IA*1 
*RI fL U,c6ll)tFFA 
lFMtiS(EFFtt)-:>LAVrS<IGO))3J,3't,34 

THE EFFCCT JF FEEO IS NOT SIGNIFICANT 

nh\  Tt(6,6oU)EFF8 
GO |0 35 

THE EFFECT OF FEEU IS SIGNIFICANT 

1A* IA*2 
«Rl TU (6,b6U)fcFFB 
IF( AbS(EFFAu)-SEAVESUG0))3 6,3 7,37 

TFt EFFECT UF THE INTERACTION IS NOT SIGNIFICANT 

HU rEU,l>614)EFFAB 
GO TO 38 

TFE EFFECT OF TFE INTERACTION IS SIGNIFICANT 

1A» IAO 
WRITL(6,6615)EFFAB 
IA«IA*l 

RECOMMEHO  THE   NEW   OPERATING   CONDITIONS 

1HE    JASE   PuINT   FOR   SHIFTING   OPERATIONS   IS   TAKEN   TC   »C   THE 
LC*CK   LEFT   PCINT.      ALL   CTFEF   POINTS   ARE   ÜETERM1NEC   AS 
OISFLACL*ENlS   FfOf   THIS   FCIN7.       SHIFTS   TO   A   NEW   SET   OF 
CUMULATIONS /f>f CETLR^INCO BY  SHIFTING  iHt IUSE  PCINT 
AKO   HLCOMPUTING   THfc   OTHER   THREC   POINTS   FRCM   THE   NEW   BASE. 

GO   fC   (99«», UGl,lC02,lul?,lOI3, 1023, 1123), IA 

NONE   OF   THfc   EFFECTS   ARE   SIGNIFICANT 

EVTP1090 
EVHPUOO 
EV3PIU0 
FV1P1120 
EVOP1130 
EVOP1140 
EV 1PU50 
CV0PU60 
EV0PI170 
EVTPliaO 
EV3PU90 
FV1P1200 
EVJP1210 
FV1P1220 
F.V1P1230 
EV1P1240 
EViP12bO 
FV5P1260 
EVTP1270 
EV^P1280 
EV0P1290 
EVJP1300 
FV1P1310 
EVJP1320 
EV1P1330 
EVOP1340 
FVDP135U 
EV..»P1360 
EV 1P1370 
EV JP138Ü 
EV1P1390 
CVP1400 
EVTP1410 
EVJPl't^O 
EV1PI43C 
EV3P1440 
EV1P1450 
EWIP146U 
EVOPIWO 
EVOP1480 
FVTPIA90 
EV »P1500 
FV0P1510 
EV1P1520 
EV0PIÜ30 
EVTP1540 
EV1PÜ50 
EVJP1560 
EV^P1570 
EV0P1580 
FV.1P1590 
EVOP1600 
EV0P1610 
EV1P1620 
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OüSl 999 

OOS2 
c 
L 
c 

OOS3 1001 
O0S4 20L-U 

c 
C 
c 
c 

oost 10C0 
0096 2ü34 
OGS7 
«jse 2Q3-> 
Oü«;S 2036 
OlCC 
OlCl 2ü3!> 
UlC< 2037 
01C3 
uiC4 20J,6 
J1C! 2C39 
01C6 
ulC7 2u40 

c 
C 
L 

uice 
OlCS 
01 IC 
01 11 
01 u 
0113 
01 14 20C1 
01 15 

c 
c 
c 

01 lfc lOCU 
01 17 2ÜU3 
oi ie 
01 IS <?LC4 
012C 

c 
c 
c 

0121 1Q12 
Ulii 2U05 
0123 
0124 
0125 2007 
01 it 2008 
0127 2009 

WRITb(6,b6l7) 
GU   TO   lOuO 

SPlfcü   IS   SIGNIFICANT 

IM EFFA)20CG, 2001, 2001 
1SP«ISP»1 

UETE<MlNb    IF   THE   SELCCTFO   POUTS   AKE   WITHIN   THE   0EF1NED 

ENVlKCUMtNT. 

IF( ISPM-NSPD12033,2033,2034 
ISP»ISP-l 
WRITE(b,o01H) 
1F( l\ L;»1-NF()J20J5,2C35,2036 

IFI ISPJ2J37,2037,2038 
ISP-ISPH 
wPITb<c,.»C20) 
IF( UCI20J9,2039,2040 
IFU*lFÜ»l 
WPITF (ö,oU<Jl) 
4M Tl (6t'<6l6ISPrrL(!SP)»SPbL0(IS»frl).FEtrl)   (IFDMItFLECI IFDMIi 

lSP£C0(lS^),bPEEU(ISP»ll,FEEClIF0J,FEECtIF01 

PLul   ÄECJKMENCEC   LPEFATING   CONDITIONS 

CALL   CKtPTS(SPEEO(ISP),SPECül!SP»l),FEfcD( IFO) .FEECI IFC» 1) , I GO > 
lbP»ISPl 
IFÜ«IFC1 
IGü«IGC*l 
iri JGU.b}.2)GU   TO   145 
RETURN 
ISP«ISP-l 
GO   Tu   1000 

FF.EO   IS   SIGNIFICANT 

1HEFFCI2CJ3,2004,2C04 
IFD*1F0M 
GÜ   TO   IGOO 
lFO-IFü-1 
GO   rj   1000 

SPbbJ   f.   FEED   PP   THE   INTE*ACTI3N   ARE   SIGNIFICANT 

1F< ABS(EFFAJ-SE*V1S(IG J ) ) 2 3C5.20C6, 200t* 
YMIN-AMI'UIYI Iül|NOPl),Y( IOC , NGO 1 ♦ 1 ) , V ( I GO, NCe 1 *2 ) , Y l IGU,NUPS)> 
00   2U07    1*1,4 
1F1 r< IGo,NJbl*I-l ).bC.YMIN»GC   TO   2008 
CONTINUE 
GO   TU   12JC9,201o,201l,20121,I 
lSPMCF-l 

EV1P1630 
EV0P1640 
FV0P1650 
EV1P1660 
EV?P1670 
FV1P1680 
EV1P1690 
EV-jPlTOO 
EY3P1710 
EV1P1720 
EV1P1730 
EV"»P174D 
EV1P1750 
EVPWCG 
EV:P177ü 
FVJP1730 
EV1P1790 
EV0P1800 
rvlP1810 
EV JP1820 
EVrIP1830 
EVJP1840 
FV1P1850 
EVJP1860 
CVTP1870 
EV lPlBflü 
FV^P1890 
EVJP1900 
EVCP1910 
EV1P1920 
EVCP1930 
EV1P1940 
EV1P1950 
bV")P1960 
EV1P1970 
EV0P1980 
EVTP1990 
EVJP2000 
EVr»P20l0 
EV1P2020 
EVTP2030 
EVOP2040 
EVJP20iO 
FVTP2060 
EVtP2O70 
EVOP2080 
EV0P2090 
EV1P2100 
EV0P2110 
EV0P212O 
EV')P2130 
EV1P2140 
EV1P2150 
EV0P216O 
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012C 
0131 
Ü132 
0133 
0134 
0125 
0134 
0137 
0136 
Ü13S 
014C 
0141 
014< 
0143 
0144 
0145 
0146 
0147 

014« 
0144 
015C 
0151 
015*: 
0152 
0154 
0155 
015* 
0157 

015C 
015S 
OUC 

2010 

2011 

2012 

2006 
2^li 

«14 
2ol5 
2016 

2017 

C 
c 
c 
lul3 
2018 

2019 

20*1 

2022 

2020 
C 
C 
c 
1023 
2023 

1FU=IFD-1 
GU   TO   10J0 
ISP»ISP*1 
IFU»IFO»l 
GO   TU   1000 
ISP*1SP*1 
IF0*IFU-1 
Gü  ro looo 
ISP«ISP-I 
IFU*IFDU 
GO   TO   ICOC 
tK EFFA)20l3,2ul4,2Cl4 
ISPMSPM 
00   TO   *015 
IbP»ISP-l 
1F(cFFJIJJlt>,2017,2Cl7 
IFO»iF0»l 
GO   TC   IciuO 
1F0«IFC-1 
GO   TO   13J0 

SPEl >   ANu   -IME    INTE^ACTICN   ARE   SIGNIFICANT 

IF(EFFA)201U,2G1S,2CIS 
ISP=ISP*l 
GO   TO   2C2C 
ISP »ISP-I 
iHrl ICC,.M.)öS)-Y(!GC.r.Qtfl)) 202 I, 202 1,2022 
lFI)*IFD»l 
GO   TO   ICOO 
iFO = IFC-l 
Gu   TO   ICOO 
IF(rlIGJ,4Jül*l)-Y( IGCNuul»2) I 202 I, 2022, 2022 

FEEO   A.'iO  THE    INTF&ACTIJN   ARE   SIGNIFICANT 

IF( EFFb)2023,2o<:4,<iC24 
lFO*iFO*l 
GO TO 202* 

0161 2024 lFOMFu-1 
0162 iM Yl IGC,Nottl*2)-Y( IGC, NOB 11) 202 7, 2026,2026 
0143 2026 ISP »ISP-I 
0164 Gu   TO   1JJ0 
0145 2027 ISP«ISP»1 
0166 GO   TO   IOC 
0167 2025 

C 
|F| Y( IüJ,*Jöi*l)-YI IGC,N'-BS)I2J27,2026,2026 

C ALL    1fcRMS   APE   SIGNIFICANT 
c 

0168 1123 IFIEFFA 12028,2029,2C2S 
016S 2028 ISP-ISP»! 
01 7C GU   TO   2C30 
0171 2029 ISP-ISP-1 
0172 2030 Z f-1 EFFd)20Jl,2032,2C32 
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EVJP2170 
EVOP2180 
EVOP2190 
EVTP2200 
EV1P2210 
FV1P2220 
EV0P2230 
FVTP2240 
EVJP22S0 
EVHP2260 
EVOP2270 
EVHP2280 
EVTP2290 
EVOP2300 
EVr,P23IO 
EVrjP2 320 
EV3P2330 
EVOP2140 
FVJP2350 
bVOP?360 
FV3P2370 
EV"lP2330 
FVOt>2390 
EV1P2403 
EV0P241Ü 
EV3P2420 
FV JP2430 
fcV0P2440 
EVOP2450 
EV0P2460 
6V)P2470 
EV1P2480 
EV 3P2490 
EV1P2S00 
EVOP2510 
EV3P2520 
EV1P2530 
FVJF2540 
EV3P2550 
EV3F2560 
EVDP2570 
FV1P2580 
EVOP2590 
EVÜP2600 
EVHP2610 
EV JP2620 
EV3P2630 
EV0P2640 
EV1P2650 
EV3P2660 
EV 1P2670 
FV1P2680 
EVOP2690 
EVQP2700 
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0173 
017* 
0175 
0176 

0177 
01 7b 
017S 

oiec 

0161 

0162 

0163 

U18A 

2031 

2032 

C 
c 
c 
1*0 
150 
6018 

6U19 

o020 

6021 

6553 

6600 

0105 
0lt6 
0167 
oiee 
01HS 
0190 
OIW 

6601 
66J2 
66C3 

6oC5 
66C6 
66L7 

0192 6010 

01*32 6611 

OlS* 6612 

01S5 6613 

0196 661<* 

0197 O015 

OlSfc 6616 

IF0«IF0*1 
GO   TO    1CO0 
IFl>»IFO-i 
GO   rc   IGJO 

FCHMATS 

FOkPATC IS l'4ot *CCST   «I/LYSIS' ) 
FO"»ATI' I ' tltOt 'P^OCUCT ION    <=ATE    ANALYSIS*! 
Kii lATt'JTHE RbCOMNCCO SPbEO MAS EXCFEOED THE PAXlMuN OFF INCO • 

l'SPLLU LlMIT*/,J,tlOx,'THb PkCVUUS SCTTINGS SHOULD BE PE-tXAr*iN> 
^•H>• J 
FüK^^l (• JTHL KtCUKMENCED FEED HAS EXCEtOEU THE ^nHUN DLFINEO • 

I 'KLU Ll«Il •/•O't lOA.'lME PREVlüJS SCTTINGS SHO'JLD 3fc RE-fcXANlN« 
2'EOM 

FUfc4ATt*JTHE   *lCUPVfNUtO   SPEED   HAS   FALLEN   BELCV»   THE    MINIMUM    », 
»'DtHMd    •, 
I» SPEED LIMIT» /'O',10X,'THE PPEV10JS SETTINGS SHCULO BE FE-EXAPIN» 
2'F.O« I 
FJKi'ATC JTHL   RfcCUPMENCEO      FEED   HAS   FALLEN   QELfw   TFt   MINIMUM   •, 

• •OtHWtO   ', 
1 «P^CO LIMIT» /• C« ,10X, «THE PREVIO'JS SETTINGS SHCULO BE FE-fxr*lN' 
2« ED« » 
FfjK^U'J'.TlJ.'SPkFr I.PMI ', r2Sf 4F10.Jt lOXi^FlO.O/^OSTlOt'Frtl) 

*, '     IIPI<) ■ vTt?f 4h lC.«if 10X« 4F lu.41 
FOFM, 71« 1« tT*2f'EVCLUTIfiiA-iY   OPERATION   ANALYi IS • , /7 ', f , 

• •PHASE   MJ. 
I« CYCt h •il3//,C,,T<»0,'CALCULATi:n uF AVERAGE? • /• 0« ,T«5, • COST» , 
2T9ü,'PKüJLC'1 U.4   KATE'/ «JIPERAriNC   C0*0 IT IONS • I 

FOK TvTl/'OP-vtVlÜUS   CYCLE    SUf ■ , T25, ',F 1 u. 2, 10X, 4F 10 .* 1 
FUK"/.T(» JPkcVijJS   CYCIC   »,Vt»-AGE,|T25,'iF10.^, 1CX,'.F10.4I 
X ,\V HATI ' JNtw   UtiSERVATUJNSS T2 5 ,*F U . <: , 10X , *r 10.*) 
f Ilk 1AT I'juiH fMNCbi' ,T25,*FIU.2, 10X,*F10.*I 
HOn^ATl'JNtw   SLMS*,125,<.HJ.2,1UA,*F10.*) 

FuF'ATl '-Mt*   AvErvfjtS:    t( I ) ',T2t>,*F lu.2, 10X,*F10.*J 
FU^'M (//• J'.Tnt , »CALCJI/TICN    IF    2   S.E.   L I M I TS : • // • 0» , 

♦»TO«   NEfc   EFFCCTS« ,T3*,F1U.*,T8:>,F10.*I 
FUR^l(«JTHfc   bFFLCT   OF   SPLEO   IS   • » T5 3, F 10 .* , ' 

*• SI GMFICANT 
FUKMA1I • JTHL 

#t t    —    *•«•) 

FU*"AU» JTHF 
♦ ,• ») 
hUK^K» JTHE 

• f •   —   *** • j 

FORMA1(*JfHE 
lFlu.'t,'        
FUk"AT(•JTHfc 

1FIU.*,'       *•• 

 • ) 
EFFECT   UF 

EFFECT   CF 

EFFFCT   OF 

SPEED is • ,roa,Fio.'.t • 

FEED   IS   ',T53,F10.*,' 

FLEO   IS   ( tT<i8«F10.4f ■ 

    NOT   «, 

*•*   —   SIGNIFICANT 

    NJT   SIGNIFICANT 

♦ ♦♦  —    SIGN If ICANT« 

IS   •, 

is«,Tea, 

EFFECT   OF   THE    INTERACTION  OF   SPEED   AND   FEED 
NUT    SIGNIFICANT •) 
EFFECT   UF    IHE    INTERACTION   jF    SPfcEO   ANO   FEEO 
—   SIGNIFICANT  —   ••••» 

FUP^ATC/Z/'J»tll5i«FfcCnMME<C   AUOITIONAL   OBSERVATIONS    eE   T*KtN   AT 
II'HCIKIJ! •///«     •,Tl5t,*l    SPEED   «=    •,PlU.O,T*5,'2)    SPEEC   -    %F10.0/ 
I«    '.'ilb,' FEED   ■   '•Flu.4tT4St* FEED   »   •, F 10 .*//// »0«, 
1115, »II    SPEED   •    ',F 10.0,145,'3)    SPUED   »    '.FIO.O/'    ', 
1»    ',T15,' FEfcU   »   •,F10.*,T*5,# FEEO   »    SFlO.^l 

EV1P2710 
EV3P2720 
EV1P2730 
EV"lP27*0 
EVOP2750 
EV0P2760 
EVOP2770 
FVOP2780 
TV »P2790 

,bV)P2800 
,EVOP2810 

EV*»P<?B20 
»FVP2830 

EV1P2850 
EV0P2Ö60 
•V1P287Ü 

,tV )P2880 
rVP2ä90 
FV0P2S00 
EVTP2910 

,EV?P2920 
FV°P2930 

•EV0P2940 
EVUF2950 
EVJP2960 
EVTP2970 
EV0P2980 
EVOP2990 
EVJP30G0 
F.VJP3010 
EVflP3020 
EV 1PJ0 30 
FVP3040 
EVJP3050 
EV1P3060 
EVCP3070 
EVUP30Ü0 
FVv)P3090 

•FVUP3100 
EV0P3110 

•EV JP3120 
EVaP3l30 
FVJPJ140 
FV1P3150 
EV0P316G 
EVOP3170 
FVOP3180 
FV1P3I90 

•EVOP3200 
EVOP3210 
CV1P3220 
6VDP3230 
EVQP3240 
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01S9                     0617     FOhVATPJNJ  PARAMETERS   M E   S 1GN IFIC ANT« / «0« , «THE   PREVIOUS SETI ING » EVOP3250 
lt'S    SHOULD   bl   HE-EXA^INEO') FVJP3260 

O2C0                      6620     Fuk"*l (//•?•,f44,*CALCUl ATICN   OF   STANDARO   DEVIATIONS' //) FVtP3270 
C   66^1      F.VKAH »ü»f «PKEV1CLS   SUM   S • ,T35, F 10 .4, T35, F 10 . 4 ) EV1P320O 

FOF 1ATJ1 JPKEV1UUS   «VEFAf.h    S',T35,Fl0.4,T85,F1C.4) FVJP3290 
FUMMI'J.NF*   S    "   MNGt   •   F4,N',T3:>, F10.4,T85,F10.4) tVJP3300 
t-OK^ttC WAMSE1 »Ti5rE10.4f T85»FiO»4) EVQP3310 
FUk"/.Tl«jNtw SUM S',TiS,f 1J.4,T8;>,F 10.4) EVUP3320 
FJt v«7t* jNeh   AvEKrJE   S   =   NEW   SUM   S/2           • tT IS, F10 .4, T85,F 10 .4 I            EV JP3330 
FORMAT!« J.l23<»t»'/6E13.8/6fcli.8/6El3.8/2El3.8,4I2) fV 3P3340 
END EVDP3350 

02C1 Ö622 
U2C2 6623 
02C3 üo^4 
0204 6625 
02C5 t>t>2b 
02C6 7000 
02 C 7 

• 
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OOC1 

OOC2 
Oo03 
00C4 
Oo05 
ooct 0 
ÜJC7 
OOCfc 
OOC9 
UOIl 
ÜJ11 
OOU 
JÜ13 
OOIM 

OOlt 
OOU 
0017 
0016 1 
OOIS 
002C 
o0 2 1 
00*2 ^ 
0023 
0024 
0025 
00 26 i 

c 
C 

0027 
0026 
0029 
003C 
00 21 
0032 Jl 
0033 
002« »2 
003b 
0036 33 
0037 3 4 

0038 H 
0C3S 
Ü04C 
0041 5 
0042 B 
00*3 
0044 
004b 
0046 
00 4 7 

bUb«Ctn <E   ÜH.NS <SFl.SP2,ELl,r02,IG0) 

SUJKLUTINE   ÜKGPIS   HLCTS   FACH   OrTMED   FEfcP-SPEEl)   COM« IK ATI 
AL    N    ••■    U*   A   Gi-APt-    AfJH   INCICATE*   THE    HOlM    PLlNTb   OF    P; 
iNTbHbSr   WITH   tH    •♦' 

CCMIA /; ioi/intendoo.rcEnci JU), .»PNDUOOJ , *SPU,KFO, ISP, IFO 

Co IK.N   /ClJÜ/PTl,Pl«:,PY3,NAMfcCbJ),CHMRTUCO,5CI 
UIME.VSIC 4   FN0lb3) 
00   t   I»ltPt 

( I ) »0.0 
US=10C/NSPl) 
NF»5u/f\F0 
NS1«NS'KSPD 
MF1 *NF*.\FO 
ISP 1= 1 
1SP2M 
NFOIM 
NFU2M 
UU    I    laMtNSPO 
1F( SPl.t J.SP£fl»(lSIIISPL»flS-lt*HS»| 
IHifV.t l.SPkfcUUSI M!»P2»t IS-ll*N&H 
lONftMJE 
00 2   JS-ltNFO 
IH FLl.E J.FfcLUt JSIINFCIMJS-I MNFM 
iriFü2.I.J.FLtblJb) »NFU^«US-il*NFf I 
CONTIN'Jfc 
K«0 
OU    i    I»l,KFl,NF 
N =K »l 

FNUI I ) «FL-EU(K) 
0Ü    J   J-UNSltNS 
LH„ UlJi I »«PT1 
CM* «7( Ib»l»NFDl)«PT2 
CHAW ( Ii^ltNr-0^)«PT2 
CHA*T( lS.^2»<a Ü1I-PT2 
LHA-(T{ iSP2.wl"ü2l«PT2 
GÜ   TO    131 ,32,:>3), IGC 
KRITE(o,64» 
GJ   TO   34 
*.RITMo,65) 
GÜ   TO   34 
riftlTE(fcffo6l 
I«5J 
IH FNCI I) .EJ.O.OKO   TO   5 
wRI TE(u,o71NA*»fc(l J,FNU   111 , I CHAC T (J, I I , J-1 ♦ IOC ) 
Gu    fJ   8 
wRi rn6t'>yjNAMt (I), ICHAFT U, i j,j»it 1001 
1 »I -1 
IF( I.GT.OJGO   TU   4 
K*0 
00    11    1-1,10 
DU    11    J*I,NSPUt10 
K«K»1 

15/21/16 

ORGP 10 
3*GP 20 

N     n^Gp 30 
C»Jl*P  04GP '.u 

OPGP 50 
CRGP 60 

0     DROP ro 
D3GP to 
W 3P 90 
ORGP 100 
Q4S9 110 
ORGP uo 
ORGP 130 
CRGP 14U 
ORGP 150 
C"GP 160 
OH.IP 170 
ORGP 180 
CRGP 190 
'- '■.P 200 
I3 iP 210 
CUCfi 220 
.IB GP 230 
0 3 GO 240 

2 30 
C*GP 260 
CftCP 270 
^5GP 280 
C^GT ?90 

300 
ORGP 310 
ORGP 320 
CRGP 3 30 
P3GP 340 
l»GP 350 
ORGP 36U 
O^GP 370 
Q&GP 380 
C»GP 390 
CRGP 400 
OKGP 410 
CRGP 420 
ORGP 430 
ORGP 440 
OPGP 450 
ORGP 460 

470 
CRGP 480 
OPC.P 490 
GRGP 500 
0*GP 510 
0«»r,p 520 
0*GP 530 
oar.p 540 
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0048 
OC*S 
öübü 
0011 
00!>2 
uu53 
"OS 
ou55 

0057 
0o58 
005S 
006C 
0061 
0062 

0063 
0U64 
0065 

11 

C 

c 
c 
6- 

M 
67 

71 

SPMTI J)*SPtED(M 
WR1TE(6,7C) 
*RI ir(6t7 1HSPNU(I)iI«l,NSP0) 
■«KITE (6*721 
CM/QTC ISPltNHDl)«PT3 
UiAxTI 1SPI,NFD2)-PT3 
CHAkTC Ii^2tNF01 »-FT3 
CHtoi < 1SP2.NF02)-PT3 
RETURN 

FCRMAlS 

hO^H 1 »1 • »T54, «Nfh CCST ENVIRONMENT«) 
FuM/TI'lMS^.'Nt« PRODUCTION «ATE ENVIRONMENT • I 
FCKKi.U«l»,75«.t,SPtCIFIEU E KV IRCN <t NT •/ • «I 
F«**T<« ', lAl,flC.A,iX,«I,,2Xf 100A1) 
FOR »AT I' •,IAI,12X,'I,,2X,100A1) 
FORMAT!» >ti*Xf*X*J 

* • • ,13X,M  
• i  

FORMAT!»    ,|7X,10F10.C) 
Füf^TC    ',T60,'S   PEEP      (RPM)M 

END 

 . , 

14/04/47 

ORGP 550 
ORGP 560 
ORGP 570 
ORGP 580 
ORGP 590 
ORGP 600 
ORGP 610 
CRGP 620 
ORGP 630 
ORGP 640 
CRGP 650 
ORGP 660 
ORGP 670 
OPGP 680 
ORGP 690 
CRGP 700 
ORGP 710 
ORGP 720 

 •, ORGP 7 30 
ORGP 7*0 
ORGP 750 
ORGP 760 
ORGP 770 
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OOC1 

OOC2 

ÜOC3 
UOC<. 
oOC5 
OCCfc 
OOC7 

ooce 

oocs 

OülC 
UOll 

c 
c 
c 
c 

c 
c 
c 
n 

u 

SULMOLTINE   PLUTPHIIU 

SLd«3L'TINE   PLC1PM  TABULATES   THil   RfcSPONSFS   VERSUS   FEEüS 
ANO   SPELJS. 

CU^UK   /ClJ2/IPWlICYCtSCYCLetf»LO,X(24,l0O),Y(2,100ltM0BS|NUBl 
• ♦iuP,niP,afn,NUc.TLC(20) 

1 2- I l H 
I 3« I U2 
i*« U ♦-> 
HRI Ttlo, U) 
«Hitl.,nixUM'. I.V<lfl^)tV(lfl2)tYC2f!*lfYl2,:2ltXl2i»lli 

•iU,IN,r(l,lJJlY(2,IlJ,V(2,l3l,All,mlX(ltI3l 
KEI JHN 

FL>MVIS 

FOKMATJ« 3«, jJX, F1C.4,« 
♦ HO.2 

••L' ,JOA,HJ.'»,'    rrüT 

COST -    *tf1Ü.2«1CXV*      COJT 

•,F 10.<.i UA,1      PRCO.   FH.    ■» «fF10.<.//// 
*  ',HJ.^,IüXI'    ccü ■  »,riu.? 

• /•0','..A,'       PKJU.    M«   •    'tFU.^tlJX»*       PFCO.    Fl.    » SF10.4/ 
»'USVIX.FIJ.J.^X.HU.J/'O'.VIX,'?!   ?   t    E   ü   |«PH»'| 
FUM*,II'1',^X,'       TreLE   ÜF    RESPONbCS    •///• i) • , 3 IX , •       FEED    ( I PF ) • I 
END 

PL3T 
PLOT 
FLUT 
FLUT 
PLOT 
PLOT 
PLOT 
PLflT 
PLOT 
PI <:T 
PluT 
FLUT 
PI il 
PLOT 
PI uT 

PLOT 
PLUT 
PLOT 
PLOT 
FLOT 
Pi n 
PLOT 
PLJT 
PLOT 
Fl IT 

10 
2Ü 
30 
4U 
50 
60 
70 
Bu 
90 

100 
110 
120 
130 
l'»0 
lt>0 

160 
17o 
1BU 
190 
200 
210 
220 
230 
^<^ü 

250 
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OOC1 SUb*UUl I >JE   KtGPLT IbCE.INC, IPEG, IGO) PEGP      10 
c FCGP     20 
c SLHRJL'TINE   MGPLT   Pf-rDlCTS   THE   PCKFOKMAMCE   INCICIES   FOF PFGP      30 
c f-tLü'i   «MO   iPLfcDS   ADJACENT    fü   TH£   OeSfc R VA 1 IÜNS. PfcGP     40 
c REGP      50 

ÜOL2 C04MDK   /C l01/SHtECUOO),hEti:UOO),SPl*C(100),NSPn,\FO, ISP, IFO REGP      60 
ÜOC3 UIHEKSlCJ    I.-iU(4)t HI2l51|SPiJUC2|lOOl»üO(2l IHCGC2) REGP      70 
0OC4 DATA   PTH»*Tl4/°f'#*!.'/ PFGP      80 
OOC5 xM TEIo, 71» REGP      90 

c PFGP   100 
c CCMPüTE   PKcOICTfcO   V'LUfcS REGP   110 
c REGP   120 

OOCfc S] ISPI = IMJ<1 1-1 neap 130 
ÜÜC7 1F( 1SPI.'.E.UIISP1«1 REGP   140 
OoC« 12»P2*IMJ<2)»1 PEGP   150 
UJCS IM ISP^. }T.M$PtHlSP2«RSP6 FEGP   160 
00 IC IFül-IM  i J)-l RFGP   170 
UÜll IF(IFCl..L.OIIFOl»l MGP   180 
ilOli IFI/t* 1NUI4)»1 FfcGP   190 
0013 IM IF02. ;T.HFDlIFi;2»NFü PEGP  200 
OOl^ I-IFH2 REGP   210 
0015 505 L'A.wClh.'iDd ) ) PEGP   2 20 
00 16 00   5u6   JMSPI.ISP2 PhGP   2 30 
00 17 A»ALCi( a 'LdXJI 1 PEGP   <!40 
oo ie DO   aOo   **i,2 REGP  250 
001S IM «IPfcü(K) RFGP   260 
00 20 SP0l)(KfJl    «   dOlKl    »HlK,l]    *A   ♦   0(K,21*C RFGP   2 70 
0021 Ou    TO    15J0.5U, 512.513,514) ,    IRE »EGP   280 
Qü22 511 3Piü(K,J)    «   jCU:MK,J)   ♦   bU,3)*A*C   ♦   MK,4)«A»A PEGP   290 
u023 GÜ    TU    5J6 REGP   300 
0024 512 SP)C(<,J)    *   SPUUfMJl    ♦   HU,31*A*C   ♦    B(K,4)*C*C PFGP   310 
UU25 GO   TO   >G6 REGP   320 
0026 bis SPJÜ(K,J»    »   bPÜJ<K,J)    ♦   MK,J)*A»C    ♦    BlK,4)*A»A   ♦   8<<,5>*C*C errjp   330 
0057 GU   TC   50<> REGP   340 
002« ^14 SPOOIK.J»    *   SPUJ(K,JI   ♦   P(K,3I*A*C RFGP   350 
002S 506 C Of 4 T I ■ PcGP   360 

c REGP   370 
C PLUT   PREOiCTEC   VALUES PEGP   380 
C PCGP   390 

0J3C I0«IbP2-ISPUl REGP   400 
OUJI 1F( IL.CT.IOIGÜ   TO   11 RFGP   410 
0022 WPI rc(o, 72 | Fr t DU ), ISPOl'U, J 1 t J = I S P l , 1SP2 J RE-MP   420 
Ou33 «hl rt(o, 7HMPTI ltSPCül2i JJ,PTT2,J»ISP1,ISP2) R6GP  4 30 
003«. GO   TC   77 PCGP   440 
0035 u 1S1 »ISPl REGP   450 
0036 3 J 1 fcNI> IST»9 PFGP   460 
OJ37 1kHL*»tHJiICN0,ISF2) RFGP   470 
0038 IM  IbT .L J.lSPlIwF. ITM6, 72) FEE DU ),(SPDU(1,J) »J«IST| I E ND 1 REGP   480 
003S 1F( IbT.NÜ. IS** 1 )AF ITl I6|b2)                        ('>(<no(l tJ) vJ>ISlt IEKD) REGP   490 
004C rfFI TC(u,'8l(PTTl,SPCC».2,J).PTT2,JMST,IErJ0) REGP   500 
0041 If( IST.Cc.IbP2)G0   TC   77 RFGP   510 
0042 I ST«ISl*10 REGP   520 
0043 GO   TO   33 RFGF   ^30 
0044 // l-I-l PEGP   540 

112 



FORTRAN   IV   G  LEVEL      21                                            AfcGPIT                               OATE »   73361                        15/21/16 

00*5                                     1F( I.Gk'.IFDUGÜ  IC   505 P 550 
0ü*d                                      WRITFI6t'CI ^H,P 560 
00*7                                    WKIT> (6,73lCiPfcEUU )t I>ISPltISP2l P 570 
00*8                                      IH ILi.GT.))GÜ   TC   98 PFGP 580 
00*S                                      4RITU6t f<) CFGP 590 
uC5C                       99           CALL   EXIT P 600 
OOtl                      98           WRI rcCö,/5l oniP 610 
0052 CO TL 9S PFGP 6*0 

C *-C .P 630 
C FCRMA1S i-r-i.P btfO 
C PFGP 650 
C KCGP C60 

0053 70           FORMAT('    'fl2Xv*l    V PCGP 670 
• •    ',l«!X,M »,   K[3P 68ü 

005* 71 FURMAi (•i'.Vjj, 'KMCICUOCOSTS   •/•    • ,1 **, • ( PPEUICTEO   PPÜCUCTIOM»    PFGP 700 
*,•    MäTLSIV/'ü           FEED   l!PR)*/(0*) " 710 

Fuk-IATI»    M^,'!'/'   %F10.*,2X,M • ,2X,10F10.2) PFGP 720 
F0***1 CJ' ,l5x,lüFlC.CI ,9 730 
hUK'ATI'J'JjJ.'S    P   t   E   0       CRPMMI RFGP 7*0 
(•ühKTCJSTlOt'i   P   fc   E   0      <*P^I') PhGP 750 
FURf.  I l                                  •    »f 1^,'!',«, U(2A,AI ,Ft.*,Al    I)                                 PfcGF 760 
FOKVAT(«    •fl^X,•I,/•    M2X, 'I',2X, 10F10.2» hZr,P 770 
ENÜ PFGP 780 

0055 r2 
0056 n 
0U57 7^ 
ojit 7J 
0055 H 
0060 «.' 
OUtl 
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OoCl 
c 
c 
c 
c 
c 
C 
c 
c 
c 
C 
c 
c 
c 
c 
c 
c 
c 
c 

OOC2 
OOC3 
0oC4 

OOC5 
Ü0C6 
OOC7 
ooce M 
0GC5 
OOIC 
0011 
oou 
0012 
0O14 to 
0015 
00 16 I1 
0U17 

c 
c 
c 

UO It 3J 
OulS 
002C 
0021 
u022 
0023 
0024 '.0 
0025 
0J2t 
O027 
oo2e OL 

0029 
OUJC 
00 31 
ÜU32 ro 

SUbRuUTHE   ktGRES   ( X, Y, N, IREG, 8SU:1J, fHAT, IDtP I 

SLh-NJLTlHE   ^FGKES   CCMPJTF5   A   MJLTIPLE  LINEAR   REGRESSION  ON 
M   VAUAULbS   WITH   N  OBSERVATIONS.      FOUATIQNS   USbO   *FE: 

PI    =   BC   ♦   bl   IMSPEFOl    ♦   82   UKFEEDJ 

PI    =   bO   ♦   bl    IMSPbbD)    ♦   R2   (.»(FEED)    ♦   öl   IN(SPEEC)   LN(FEED) 

PI   »   UO   *   Ul   LN1SPCED)    ♦   B2  IMff&EO)    ♦   H3   LNISMEEC)   LN(FECn) 
*■   «4   LN(SPEE0I»*2 

PI    *   bO   ♦   Ü1    LMSPCrDI    •   02   LNCFEEUI    ♦   63   LN(bPFEC)   LNfFEFO) 
♦ H4   LMFEtU)**2 

PI    »   00   ♦   bl    LMSPEEO)    ♦   82   LNIFEEDI    ♦   Hi  LNISPF.EC)   I.MFEED) 
♦ L4   LMSPELD)*»2   ♦   i>5   LNCFbE0)**2 

DIMEKSIL i   PHAMSJ ,YI-AR(2I 

Ol^tNSU i   X(^-», 100) ,V l2f100)v0J*Uf 2v5)tXPX(*v6) 
uIMt.Ubl.1   XbA«m, RAU(5) ,ST0(5I, 7{5 I,YHAT(100)t 

»UltFUUI, APY<2,5),SSTI2) 
UlrtENULl   XPAC(t>.6),XFYC<2, 5) 
NP   »   N 
EPS    »   l.OE-05 
M    *    5 
XN    *    N 
•IP    »    P»l 

IF( ILbP.iC.UGU   1C   30 
UJ    10    1=1,5 
DO    10   J = l,5 
AHA (I ,J) -ÜUN1(1,J) 
00    11    I =1,5 
APXIIv£)-APY(2tI) 
GO   TO   I3u 

COMPUTE   THE   KEANS 

»3   40   J   *   liNP 
AI1,JI    -   AUK tXll,Jli 
X(2 ,J)    =   ALuG(Al2,J)l 
X(j,J)    '    X(1,J)*X(2,J) 
X(t,J)    =   X(I,J)*X<l,J) 
A{b,J)    =   Al2,J)*A(2,J) 
CONTINUE 
DO   60   J»l,2 
Y6A->(J »»0.0 
ÜU   60    1=1,N 
YdA4tJ l=Yt»AK(J 
DO    JO    J»1,M 
XtJAaiJl    >   0.0 
DO    7C    I»l,N 
XdA«    ( J)=XbAK( JMXI J, U/XN 

)*Y(J ,I)/XN 

REGR 
REGR 
REGF 
KEGR 
PfcGR 
PEf.P 
REGR 
KEGF 
*FGP 
r E OR 
KFGR 
KEGR 
FFGP 
PLGfc 
REGF 
BEGP 
REGR 
(-FGF 
FEGR 
REG* 
PFGP 
fcbGR 
RE*») 
REGF 
kFGF- 
PbGF 
kEGP 
PEG» 
RFGf 
FbGK 
REGP 
REGF 
t-bGh 
PtGF 
REGF 
arr.P 

REGF 
PFGP 
PEGR 
PFGF 
REGR 
RFGR 
REGP 
HbGF 
CFGP 
FEGP 
REGP 
RTGP 
RFGR 
REGF 
KFGP 
PFGF 
REGR 
REGF 

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
16C 
170 
180 
190 
200 
210 
220 
2 JO 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
3V0 
400 
410 
420 
430 
4<,0 
450 
460 
470 
480 
490 
500 
510 
520 
5 30 
540 
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0033 

0024 
00 3* 
0036 
0037 
0038 
003S 
U04C 
0041 
U04<! 
0043 
J044 
0045 
0046 
00 4 7 
0048 
UU49 
OObt 
0051 
Ou5i 
00 53 
0054 
0055 
0056 
00 5 7 

0056 
0059 
006C 
Oofcl 
0062 
U063 
0064 
ÜÜ65 
OQtt 
0067 
uuee 
ooes 
00 7C 
0071 
00 72 
00 73 
00 74 
0075 
0076 
0077 
007« 
007S 

no 
c 
c 
c 

90 

110 

12C 

130 

140 

135 
C 
C 
c 
c 
136 
142 

144 

143 

141 

151 

146 

14b 

149 

,J)»(XU,I)-xnARIJ))»(YU t II-YCMK 

CONTINUE 

CUHPUTE   THE   ^LHS   CF   SCUARES 

DU   SO   1-1,2 
3ST(1 )*J.0 
OU   90   J=l,N 
bST II l-SST II 1 ♦! Yt I, Jl-YIVHtlllMVII , Jl-VBARC III 
UO    110   J=l,M 
00    110   I»1,M 
APA IJ,1)   «   0.0 
00    1J0   KMiN 
APAIJ.1 )^APA(J,1)»IXC l,K)-XdARU |)*fXU*KI-ABAR(JJ) 
APXCIJ, I)*APX(J,I I 
CONTINUE 
00    13C   K*l,2 
00    130   J»lf*» 
APYIK ,J)   *   O.C 
00    120   1*1,N 
AOYlK. ,J1*APY|K 

AfYtU.JI «APYIK, Jl 
CONTINUE 
00    14C   1*1,A 
APA(I,O  |«XPY|10EP,II 
0 3    IJ j    I * 1 , ■> 
00    135   J*l,b 
O'Jill I,J>    »   APX( I,JI 
CUf. riNLE 

DETEKMI.iE   THE   FCPP   CiF   THE   DEGRESSION   EQUATION   ANO 
ir.vE.'-T   IHE   A»X   MATRIX 

00    rt    11 >l,143, 142, 1461,    IREC 
OU    14 4   1*1, J 
XPA |4,1)*XPX<5,II 
XPXII ,4)*XPXlI,51 
APX|4,4)«XPX15,5) 

00    14 1    I    *    l,M 
APXII,1»)    =    XPXI 1,6} 
CALL   CI"£CNtXPX,P,CFS,0,l1 
IF    UBSIOI    .ot.   EPSI   GO   TO   145 
ÜU   TC   14J 
M   ■   2 
XPX    (1,3)    >   APXIU6I 
XPA 12,})    *   XPA|2,6I 

Go   TO   154 
CAwL   CHcwNlAPX,*, EPS, 0,11 
IF    (Atfjl J)    .UE.   FPb)   GO  TO   145 
IREG   ■   5 
00    149    1*1,3 
00    14«3   J-l,3 
XPA t l.JI-DUMU I, Jl 
n - 3 

15/21/16 

REGP 550 
REG« S60 
RCGP wo 
FFGF 580 
Kf r.p 590 
PCGR 600 
PFGP 610 
REGP 620 
o» .GR 630 
RhGt- 640 
RFGP 650 
»FGF 660 
PEG* 67o 
REG* 680 
t-EGL 690 
PCGF 7uO 

710 
RFGF 720 
RIGF 730 

))   RHJI 740 
PEGP 750 
REGF 760 
PEG* 770 
RFGF 700 
REGP 790 
PEGF 800 

610 
REGF 820 
REüF «3w 
REiR 8',0 
PFGF 850 
PEGF 860 
a£GF 870 
REGF. 8 HO 
REGP 890 
REGR 900 
REGF 910 
RCGU 9?0 
REG* 930 
PEGR 940 
HEGP 950 
REGF 960 
REGP 970 
PEGP 980 
REGP 990 
RFGP1000 
PFGP1010 
RFGP1020 
REGP1030 
RFGP1040 
REGP1050 
REGP1060 
PEGP 1070 
REGF1080 
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uuec 
OU81 
0082 

0083 
oue<. 
ooes 
OU86 
00(7 
00fc8 
OOfiS 
OOSC 
0051 
00<52 
0053 
OGS* 
uOS5 
0056 
0057 
Oc-se 
ocss 
OICC 
Old 
OIC* 
ulC2 
JlC* 
01C5 
oict 
Ü1C7 
DICE 
01C9 

0110 
01 11 
ul U 
0113 
0114 

1*7 
15* 
C 
c 
c 
1*5 
150 

lb. 

I7u 

180 

190 

C 
C 
c 
c 
c 
c 
c 
c 
c 

521 

522 
52 5 
C 
C 
C200 
C 
L 
C2lu 
C 

00    14/   I »1,3 
XPXt lf<t)*xPXC 1,6) 
CALL   ClPECNUPXtM.EPSfOtLI 

COMPJTE   THfc   HEGRESSION   PARAMETERS 

00    IbC   I   *   l,M 
ÜHAT    (II'XPXII« M»l| 
w    =    0.0 
iS*   ■   o.J 
00    16C   l=»lf* 
w   *    w    »   3HAT( I )*X6AH< II 
BSUJIJ   *   YrtAK( 10EP)   -   W 
jSK=Sb^    *■    EHAfU)    •   XPY    (lObP,I) 
XM    *   ► 
XMS*    *    SSR/XM 
iSE    »   SsMIOcP)   -   SSR 
XE    *   N-M-l 
K     «     XC 
X«iE   •   oSE/XE 
F   »   A*SP/XMSC 
DO   i/c t»it* 
-rtli til   ■   XPX( I, IMXKSE 
srud ) -j j^riRAud ii 
MI)    ■   UMATI I I/STOUI 
COf.TINOE 
0Ü    l«)0   I »I, 4 
YHArm  » usuttu 
DU    IdO   j»l»* 
YHAT    (I )«YFAT(I )*BMAT(J)«X(J,l) 
Ult>*< I)    *   Y(IDtP, II-   THAT(I I 
c ON r i Noe 
Wkl ft (6,503) M,N 

OUTPUT THE REGRESSION RESULTS 

-I 
IF JJTPUT Of THE X'X, X'Y, U'X)   C RESICUALS IS DES1>-E0, 
THE FCLLUtflMG CCMPENT CARDS SHJJLO BE ACTIVATED BY 
KtMJVlNG |Ht C'S 

SO ro (52l,b22).IUEP 
WPl ffc(6,523) 
ÖU TO 325 
wRITE(6,52*) 
Hsu =  SS«/SST<incp) 
WHITE    (ö,bC3) 
DO    200   I»1,M 
HKlTb    (o,iüo)    I, (XPXCd ,J), J»l,M) 
*R| TE   (o,515) 
DJ   210    I«1,M 
WHITL    (o,5lo)    l,XPYCdDEP,I I 
WRITE    (6,507) 

PEGP1090 
RbGRllOO 
PEGPIUO 
PFGF1120 
BEGP1130 
hFG*ll*0 
0FGB1150 
PFGM160 
PfcGFll70 
t-rGMlPO 

1150 
KEGPUOO 
t ' ,P 1210 
ffT.P 12 20 
tFGci230 
REG*12*0 
PE5RUS0 
KEGP1260 
FECPUTO 
«FGP1230 
RFGM240 
I f.F1300 

I J I 0 
1320 
1330 

rf.f- 13*0 

"EGF1360 
RFGM370 
PET.H300 
Ptr.f U90 
f-CGF 1*00 
RFGF 14 10 
PFGP1420 
*hGKl*30 
PEGF1**0 
RCGPl*50 
aFGPl*60 
KfcGH*7j 
Pt1H*90 
»FGRl*yO 
PEGP1500 
RFrif 1510 
PtGK152G 
REGP1530 
Rr.GCl!>40 
Rfc&«d550 
PLGP1560 
OEGF15 70 
HEGP15B0 
KEGH590 

1600 
KFGH610 
REGR1620 

' 
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0115 
U116 
0117 
one 
oiis 

01<1 

0122 

01*3 

ul<4 

C 
C22U 

210 
C 
c 
C240 

c 
c 
c • 
OJJ 

C504 
C5L'. 

L'JUO 

L507 
C-JC8 

0125 
0126 
0127 

5lU 

»11 

C512 

CS1 3 
eil«. 
C515 
C51i> 
523 
524 

00   2<:0   1*1,1 
WRITE    (6,5JüJ    l,(XPX(I,J),J«l,*<) 
Nl    -   N   -    l 

Nl,S37<IüFP),1,SSR,XM$«,F,K,SSE,XMSE,FSJ 
tfJU TL    (0,5U)    IJSUBC 
0)   230   1=1,1 
.-«ITfc    l6,5U)    ItBMT    C I > • I » T f I I    tlrSTCU) 
iK4TE    (ö,'JU) 

DU   240   l'l.'i 
.»kl It    <o,5l J)I,Y(JüEP,l),YHAT    III,I)IFF(II 
KETUkN 

*I5, 
F-1C 
FljK 
Fv». 
FOF 
f i II- 
FUr 

♦ lux 
»1-JM 
♦^El 
*.Cl 

F J* 
♦ 9M 

(■   II 
♦12, 
FO 

Füh 
FcK 
FJr 
FuF 
FOr- 
FjF 
ENO 

FChfMS 

*.\T IIHI,2 
13H üiaEriW 
4*T    ( l*   ,1 
1A ll l -iC, \ü 
'Al I1H ,1 
*tJi    ///// 

HAT IIHJ»/ 
i2HM«tIOA, 

Kbfl.vLjSi-J l 
J.rf///// l 
J.d///) 

^.Tll IX, JH 
2H|«v6l5).d 
-AT   llHltl 

1Af     ||l<     ,1 
*t>l (12,2< 
•AT    ( // 
HAT < 2X, 
1AT C J« ,T.> 

MTf*<J*tT5 

6X,   22F'LUIPLE   REGKFSS1UN   ON»    13»    15*4   VAFlAElEo   w| 
AlllNS   ///) 
A,4Hhi.iAf U, iX« 6i~ IS. 8/( L2X» 6E Id. 81 I 
A,'CC«-ECTFI>   X«'X   MAfKU'///) 
A,4H* Jfc, 13,3X,eClJ.d/(l2X,oEH. J> ) 
UX, »CLHKECltO   x"x   PJVEft*E   MATRIX«   ///) 
Xf>HROK»l3,3X,u£ld.8/( 12x,oEld.8l) 

ISOOUCtf SX,2H0F,lüA, 2HSS, 
IHf , WX///I 1 A,bHT■lTAI.,'*xt13,2X,Eld.8//UXl 

,4x, 13,2x,:r u.a,//i iXtftrtflt-StDOAt.,OX,I »,2X, 

Uf »Cr.EFfltlENT   Of   IJLTIPIE   UL rt>ii:.vr I JN   l*«*2>   * 

hCUhfFICIFl.TS, 15X,6HT   VALOtS, 2JX 1 3HSTAfi-|)AF C   CFV.//1 
,tlb.8) 
üHATl,I2,2H)«,fcla.9,lJX,2Hf (,12,2h) *,Fl 5.8,1 OX, 3 H.Mi 

1 
uX,'CbSEFVAflJN- ,l2X,'Y-CH:fcRVE0',10X, • Y-t ST IM AT El)' 
IFFt-SENCfc   '   ,    ////////l 
UA,I3,lt}X,U5.8,5X,El5.8,5X,ri:>.8) 

I If ^x,I3» 
/////////////, IU,20MCJPRKTF0   X'Y   NATKIX////J 
4Hsn».   ,1 J,3X,oE18.8/111X,6C18. )) ) 
0,'tCSl   EJUATION'I 
0,'^FCCOCTlüM   FATE   EJUATtü.W*) 

PEGP1630 
»tZi- 1640 
FFGFlb50 
KFGF1660 
«TGF16;0 
«JFGP1680 
PEGF1690 
PCG* 1/00 
FFGRIMO 
R£ in 1720 

i730 
1 740 

r«L-GFW5G 
REGPl/60 

IHKEGt17/ü 
REG? 17H0 
KFGH/90 

IHOO 
RfcGPUtO 

1820 
•«€ » 18 30 

1840 
•-.t OK 18 50 
Rk 1F1860 

F H/J 
- larto 

IXRfcGf 
FFGC 1900 

(,tCG?1914 
T.GF192 0 
REGF1930 
rfGFl940 
RFaFl950 
R«rr,R1960 
*EGF1970 
»•SSF 1980 
9COF1990 
-»F-.RZOOO 
RFGP2010 
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OOC1 SUB «CUT I ME OlMfcUNCA,N,EPS,i)ET»NSJLUT) 
c 
c sjoKij-ji iwc  OiMcgu ic A SINGLE  p^cr.uN MATRIX INVERSION POUTINE 

C TrtA r   SrhKi   KAXlKUl^   FIVlf   FLLMEMJ   t> 40   INVERTS   IN   PLACE. 

C \=    AM4V  CONTAINING   ^.TKIA   OF   C    HFriCIEUTS   TO   BE    INVEPTEO. 
C M    Cfc Jfef«   OF    M/»TMX   A. 
C ESP=    HI UHOM   «LICH.'ULE   VALUE   OF   MATRIX   PIVfT   BEFORE    V*T<UX    IS 
C fl AKEfl  SINGULAR« 
C UtT*    V«LUb   OF   LtTFFUNANf    CF   MATRIX   A. 
C ItoOLUT«   NO.    SJLUI'A   VtCTlFS    IN   THE   AÜGKENTEO   MATRIX. 
C 

OOC2 .)lMtl.ilL4   1P1VC2,   2C),ICJ   (20I,Y(   23).M5,6) 
OOL3 IF (N.^T.IJFLTURN 
00C4 If CN. ,T.    I Ji.l   TO   250 
OOC5 DEt»«fUU 
Ü016 At I, l)«l./ACl, 1) 
OOc7 H Lv2| »A   ( l,U*Ml,2) 
OOCö ÄfcTUI« I 
UOCS                     2 50 CONTINUE 
00 IG M   ■    N   ♦   -«SQLUT 
0011 DET    ■    I.) 
ooU ASSIGN   2)5   TO   IZEPC 
00 13 DO    luO   K'UN 
0014 KM1    =   K-l 
u015 IFl*Kl.GT.OJ ASSIGN 'J5 TO IZERO 
OOlt 3104 » 0.0 
001? 00 101 1*1,N 
jjie DCi   loi  J»I»M 
0015 -,o   To    UtRU   , OS, 2051 
002t                        95        I)')    IG2   H-l.KMl 
OU^l IF(C.CU.IPIVU,II).CR.J.E0.IPIVC2,I())   GO   TO    101 
002*                        102     C0UT1MX 
üü^J                        20b     CONTINU 
0024 U     (    Atl^l A ( i,J)).LT.PlGA»   GC   TO   101 
002t blNA   =»   AlSCAt I, J) ) 
0026 IPIVCI,*)    =    I 
0027 I PI V(2 |K >    =   J 
002E                         101     CONTINUE 
002<J I FC IMCA.GE.EPSI   GC   TO   201 
00 2 C OET   «   C.J 

0031 GO   TG   2CJ 
0032 201 IR ■ IFIVI1.K) 
0022 JL ■ IPIVl2,K) 
003<i blG*   =   AC I*,JC) 
0025 JET   «   LFT*bICA 
0026 00    103   LL"    l.M 
0037                         103     Alii,ID    *   At IR,t.L)/BIGA 
002E VdRtJCl    *    1.U/BIGA 
003S 0»)    luO   LLL»   i»N 
0Ü4C AJCK    *   A(LLLrJO) 
0041 IFC I.LL.t'J.IR)   GC   10   100 
0042 A4t.tt.tJCl    ■   -AJCK/BIGA 
00*3 00    104   L»   •   1 ,M 
004* IFlL4.tC.JC)   GO   TC    104 

15/21/16 

DTMF      10 
DIMF      20 

INE CIMF      3u 
DI-11-      40 

EO. UMfc      50 
OIME      60 

IS DIME      70 
DIME     80 
DIME      90 
DIME   100 
01 Mr   no 
CIMC    120 
UIMF    130 
0*Mr    140 
Ci^t    IbO 
DIME    160 
OHC    170 
DIME   180 
1)1 MF    190 
DIME   2oo 
n\-*t   210 
nur  220 
DI Mt   2 30 
DIME   240 
DUE   250 
DIME   260 
DIMF    ^70 
DIMF   280 
01 *F    290 
UIMfc   300 
OIMfc   310 
DIME   320 
CIMC-   330 
DIME   340 
DIME    350 
DIMF   360 
DIMF   37o 
DIME   380 
DIME   390 
DUE   400 
DIMF   410 
OIMt   420 
DIME   430 
DIMF   440 
DIMF   450 
DIME   460 
01 <F    470 
DIMF    480 
DIME   490 
DIME   500 
DIMF   510 
DIMF   520 
DIMF    b30 
CIME   540 
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0045 A(LLL,L4I    -   A(LLL,L4)   -AJC« •A( I 

004fc 104 CONTINUE 
o047 ICO CUNUME 

004« 00   lo5   I"l#N 
004S IK    >    IP1VU.I » 
00 50 1CJUP»   ■   JC 
0051 105 CUUTINUE 
OOte ICT   -   0 
0053 NMl    *   N-l 
00 54 00    lOfc    I'l,NHl 
0055 1P1    «    I    ♦    1 
0056 on   io<> J»  iPi.N 
U057 IF« K JIJI .CE. 1CJ( I) )   GO  TO 106 
oo5e ■   ICJ(J) 
UU5S ICJ(J)   =   ICJ(1) 
ootc ICJII»   »   ITfcMP 
0061 IL1    *    ICf   ♦   1 
OOti IC6 CGr«TIME 
0062 IF<IIC1/2)*2.NE.ICTJ   OET   - -OET 
00(4 UU   lu/   J«1,M 
00t5 DC»    lOH    |«lfN 
006b JC   «   IPW(2,II 
0067 Ik   «   »Pivu.i ) 
006Ö 100 Y<JC)    »   A(Ik,JJ 
006S 00    iUt   K«    l,N 
00 7L 1C7 M k ,J)    »    Y(K) 
0071 OÜ    110    1»    1,N 
0o72 UU    111    J«    UN 
u073 Ik    -    iPIV(ltJ) 
0074 JC    »    IPlVI2tJI 
0075 111 Yd R)    -   A(I>JC) 
Oo7fc UU    11C   K   »   UN 
u077 110 A(I vk)    *   YUI 
007E 2C0 RETLkN 

007S ENO 

DIME 550 
DIMG 560 
0r*r 570 
m IF 5flo 
OMt 590 
CIHF 600 
DIME 61U 
OIME 620 
DIME 630 
OlMC 640 
OIME 650 
IJMF 660 
our 670 
Öl 4F 680 
01 MF 6'VU 
UMfc 700 
OtMf 710 
DIME 72o 
HIMF 730 
UI-F 740 
OIME 750 
OIME 760 
M*E 770 
01<r 78u 
ni^f 
aim  POO 
CI <E fllO 
DIME 820 
01 IE 830 
OI«E 340 
OIME 850 
OIME 860 
UIME 870 
OIMF 880 
OIME   890 
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OOC1 OLOCK CATA 
C 
C DEH1MTICN     UF     CCNSTANTS 
C 

OOC2 C01VLN   /CL04/F4N1lO 
OOC3 CCH"UK   /ClO*/PTl,F"»2,PT3,KAKb(50l,CHAP.T<100,50) 
OOQh L04fl.h   /CU7/INDK) ,SMAX,SM|N,FMAX,f-,*tIN 
OOC5» DAM   F4U/0.».34t.4O»«42f43».44t.*5t.4!>f44»«46/ 
OOLt DAM    FTl,PT2,PT3/'. »,'*•, *     •/ 
OOC/ ÜA1A   NAM6/3J*'    '/ 
00 CE DATA   NA^fcll6)tNAHEI17|vN/ME(ld)vNA^EI I* 11NA nl 20 ) / •- • t • * ■ t * P» t 

00 CS DATA   NAMcl22l,NAKt«2^»,NAMt (26),NAME! 281/«0» t »f ?t »k»t '•*■* 
001C DATA   LI-A<l/'JjJO*'    •/ 
0011 DA'i A    IND/luJf OtlCCC/ 
001* DAi A  S"Ax,iMiN,FMx,rHfi./o.c,0.0,0.0,0.0/ 
00 12 END 

15/21/16 

BLCK 10 
Ul CK 20 
OLCK JC 
OLCK %0 
ÖICK 50 
OLCK 60 
3LC.K 70 
BLCK 80 
OLCK 90 
BICK 100 

P',            OLCK 110 
itLCK 120 
OLCK 130 
BLCK 140 
OLCK 130 
hL^.K 16U 
OLCK 170 
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Appendix G.    MAC HOP Program Documentation 

G.l Program Description 
G.l.l   Synopsis 
G.1.2   MACHOP Block Diagram 
G.1.3   Program Sequence 
G.1.4   Program Requirements and Restrictions 

G.2 Input-Output Descriptions 
G.2.1   Program Set-ups 
G.2.2   Input Formats 
G.2. 3   Input Requirements 
G.2.4   Output Description 

G.3 Systems Material 
G.3.1   Flowchart 
G. 3.2   Glossary of Important Variables 

G.l Program Description 

G.l.l   Synopsis 

The MACHOP program is written in FORTRAN IV for an IBM System 
360/65 Data Processing System using the standard IBM FORTRAN(G) 
compiler.   The following documentation outlines all aspects of this 
application unique to this program. 
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G.1.2    MAC HOP BLOCK DIAGRAM 

C    Start      J 

Input 
Controls 
& Environ- 

ment 

^^^itia^ 
^Qycle/ 

No 
Input 
Old 

EVOP 
Table 

Input 
tOld & New 

Observa- 
tions  

Order New 
Observations 

Compute 
New EVOP 

Table 

Output 
EVOP 
Table 

Determine 
Significant 

Effects 

Compute 
Regression 
Equation 

JL 
Predict 

P.I. 
Values 

Output 
Results 

End 
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G.1.3   Program Sequence 

MAC HOP consists of one main routine and eight subroutines.   The 
normal sequence is: 

MAIN 
NUCYCL 
EVOP 
ORGPTS 
PLOTPM 
REGPLT 
REGRES 
DIMEQN 
BLOCK DATA 

Functions which are required, but are not supplied with this program, 
are available in most IBM FORTRAN IV compilers.   These are as follows: 

Square Root (SQRT) 
Absolute Value (ABS) 
Maximum (AMAX1) 
Minimum (AMIN1) 
Natural Logarithm (ALOG) 

G.1.4   Program Requirements and Restrictions 

The MAC HOP routine uses a building block approach to examine the 
response surface.   The output from a cycle must be included in the input 
for the next cycle in order to evaluate correctly the new observations.   If 
at any point in this process, output from the previous cycle is omitted 
from the input of a subsequent cycle, the results will be invalid. 

The following restrictions apply to the MAC HOP program: 

1. The number of speeds defined for this operation must be less 
than or equal to 100. 

2. The number of feeds defined for this operation must be less 
than or equal to 50. 

3. Observations must be inputted in groups of four. 

4. No constraints other than the limits on the speeds and feeds are 
taken into account by this program. 
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G.2 Input-Output Descriptions 

G.2.1   Program Set-ups 

[PUNCHED OUTPUT FROM PREVIOUS CYCLE 

fNEW OBSERVATIONS  (4) 

OLD OBSERVATIONS 

^LIMITS FOR SPEEDS & FEEDS 

^DEFINED FEEDS 

f# OF FEEDS 

("DEFINED SPEEDS 

l 
|# OF SPEEDS 

TOOLING COSTS 

fMAIN PROBLEM CARD 

[TITLE CARD 

f//GO.SYSIN DD * 

User 
Supplied 
Data 

Control 
Cards 

i LOCK DATA 

[t>IMEQN 

[REGRES 

fREGPLT 

1>LOTPM 

"ORGPTS 

r 
[EVOP 

ftjUCYCL 

MAIN 

Program 
Deck 

f//FORT.SYSIN DD 

// EXEC FORTRAN 

(// JOB 

Control 
Cards 

MAC HOP Deck Set-up 
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G,2.2   Input Formats 

The input formats for the MAC HOP program are given in Figure G.l. 
These include: 

1. Title Card (20A4) (Required) 

The Title Card consists of user supplied identification 
information punched in columns 1-80. 

2. Main Problem Card (513, T21, 5F10.4) (Required) 

cc Variable        Description 
1-3 IPH Current Phase Number (Right justified) 

4-6 ICYC Current Cycle Number (Right justified) 

7-9 IOP Operation Type: IOP=   1: single operation 
(Right justified) 2; multiple opera- 

tion 
3: numerically 

controlled 
operation (N/C) 

10-12 IMAX 1: If limits for speed and feed are 
specified (Right justified) 

0: Otherwise 

13-15 NTLC Number of different tools  (Right justified) 

21-30 RLO Rate for labor and overhead 

31-40 AVES(COST) Preliminary estimate of the standard 
deviation of the cost observations 

41-50 AVES(PA)      Preliminary estimate of the standard 
deviation of the production rate observa- 
tions 

51-60 BSP Base speed for N/C operations (Must 
be present when IOP=3,   cc 7-9) 

61-70 BFD Base feed for N/C operations (Must be 
present when IOP=3, cc 7-9) 
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3.   Tool Cost Card (Required) 

cc Variable 
1-10 TLC(l) 

11-20 TLC (2) 

21-30 TLC(3) 

Description 
Cost of a tool edge for tool no.  1 

Cost of a tool edge for tool no. 2 

Note:   there must be exactly NTLC (cc.  13-15, M.P.C.) tool 
edge costs reported. 

4. Speed Environment (I3/8F10.4) (Required) 

Card 1:   cc 1-3, NSPD, Number of speeds defined in the speed 
environment   (NSPD*  100; Right justified) 

♦Cards 2, 3, ...:   Defined speeds (rpm) for the environment 
in ascending order.    (There must be exactly NSPD 
speeds inputted.) 

5. Feed Environment   (I3/8F10.4)    (Required) 

Card 1:   cc 1-3, NFD, Number of feeds defined in the feed 
environment (NFD* 50; Right justified) 

*Cards 2, 3, . ..:   Defined feeds (ipr) for the environment in 
ascending order.    (There must be exactly NFD 
feeds inputted.) 

6.   Feed-Speed Limits (4F10.4)   (Optional) 
This card must be present if IMAX = 1, cc.  10-12 M.P.C. 

cc                     Variable         Description 
1-10                SMAX             Maximum speed allowed for this operation 

11-20             SMIN             Minimum speed allowed for this operation 

21-30              FMAX             Maximum feed allowed for this operation 
m 

31-40              FMIN              Minimum feed allowed for this operation 

*For N/C operations the speeds and feeds are the percentage overrides 
to be considered in this analysis (not fractional equivalents). 

126 



7.   Observation Cards (8F10.4)    (Required) 

cc Variable 
1-10 X(l,i) 

11-20 X(2,i) 

21-30 X(3,i) 

31-40 X(4,i) 

41-50 X(5,i) 

51-60 X(6,i) 

61-70 X(7,i) 

Description 
Observed speed setting (rpm) 

Observed feed setting (ipr) 

Number of parts produced 

Time (in minutes) expended on this 
operation 

Number of tool edges for tool #1 

Number of tool edges for tool #2 

NOTE:   Tool edges  must be reported  for exactly NTLC (cc.  13-15, 
M.P.C.) tools for each observation. 

G. 2 . 3   Input Requirements 

1. General input requirements for the use of the MACHOP routine are: 

a. All variables indicated to be right justified are integer values 
and must not have decimal points punched. 

b. All other values are real numbers and should have their decimal 
points punched. 

c. Observations must be read in groups of four. 

d. Phase and cycle numbers must be accurate.    (Phase indicates 
which set of four points is being observed and cycle indicates 
the number of observations which have been taken at each point.) 

e. Punched output from one cycle must be included in the input 
of the next cycle. 

2. Specific input requirements for the MACHOP routine differ for each 
category of input.    For clarity,  sample deck set-ups are defined 
for each major situation. 
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a.      Case I:   Initial phase and cycle with an estimate of the 
standard deviation. 

/ 

OBS. #4 

OBS. #3 

OBS. #2 

OBS. #1 

S/F LIMITS 

i 
FEEDS DEFINED 

# FEEDS 

SPEEDS DEFINED 

i # SPEEDS 

TOOL COSTS 

MAIN PROBLEM CARD 

/■  

TITLE CARD 

1.   Title Card (Required) 

2 .    Main Problem Card (Required) 
IPH = 1 (cc 1-3) 
ICYC - 1 (cc 4-6) 
IOP = 1,2,3 (cc 7-9) 
IMAX (optional) 
NTLC (cc 13-15) 
RLO = Value (cc 21-30) 
AVES (COST) = Standard Deviation Estimate (cc 31-40) 
AVES (P/R) = Standard Deviation Estimate (cc 41-50) 

3. Tool Costs (Required) 

4. Speed Definitions (Required) 

5. Feed Definitions (Required) 

6. Speed and Feed Limits (Optional) 

7. Observations (Exactly four (4) required) 
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b.      Case II:   Initial phase and cycle without an estimate of 
the standard deviation.* 

OBS. #4 

OBS. #3 

OBS. #2 

OBS. #1 

i 
S/F LIMITS 

FEEDS DEFINED 

# FEEDS 

SPEEDS DEFINED 

# SPEEDS 

TOOL COSTS 

MAIN PROBLEM CARD 

TITLE CARD 

1.    Title Card (Required) 

2 .    Main Problem Card (Required) 
IPH = 1 (cc 1-3) 
ICYC = 1 (cc 4-6) 
IOP = 1,2,3 (cc 7-9) 
IMAX (optional) 
NTLC (cc 13-15) 
RLO = value (cc 21-30) 

3. Tool Costs (Required) 

4. Speed Definitions (Required) 

5. Feed Definitions (Required) 

6. Speed and Feed Limits (Optional) 

7. Observations (Exactly four (4) required) 

*A limited output will result since no estimates of the standard deviation 
are available. 
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c.      Case III:   Non-initial cycle. 

P/O FROM PREVIOUS CYCLE 

[Ww OBSERVATIONS (4) 

(OLD OBSERVATIONS 

[S/F LIMITS 

FEEDS DEFINED 

# FEEDS 

SPEEDS DEFINED 

# SPEEDS 

TOOL COSTS 

MAIN PROBLEM CARD 

TITLE CARD 

1. Title Card (Required) 

2. Main Problem Card   (Required) 
IPH = Phase Number (cc 1-3) 
ICYC = Cycle Number (cc 4-6) 

(NOTE:   IPH = 1 and ICYC = 1   not used) 
IOP = 1,2,3 (cc 7-9) 
I MAX (optional) 
NTLC (cc 13-15) 
RLO = value (cc 21-30) 

3. Tool Costs (Required) 

4. Speed Definitions (Required) 

5. Feed Definitions (Required) 

6. Speed and Feed Limits (Optional) 

7. Old Observations (Required) 

8. New Observations (Exactly four (4) required) 

9. Punched Output from Previous Cycle (Required)* 

*Note:   After each cycle, the old punched output is discarded and is 
replaced by the new observations and new punched output. 
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Figure G. 1   MACHOP Input Formats 
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G.2.4 Output Description 

Output from the MACHOP program generally consists of less than 2000 
printed lines and five punched cards.   The output is as follows: 

a. Input information such as feed-speed limits, labor and overhead 
rates, tool costs, and prior estimates of standard deviations 
of the response variables (if any). 

b. The specified feed-speed environment represented "graphically. " 

c. The cumulative input data and the computed responses (cost 
per piece and production rate). 

d. A table of the computed responses for this phase and cycle. 

e. Evolutionary operation calculations for both the cost per piece 
and production rate responses. 

f. A recommended set of operating conditions for the next experiment 
(which may be identical to the current set), based on the cost per 
piece analysis. 

g. A graphical representation of the operating conditions recommended 
in f. 

h.   The recommended set of operating conditions for the next 
experiment (which may be identical to the current set), based 
on the production rate analysis. 

i.    A graphical representation of the operating conditions recommended 
in h. 

J.    The results of the regression analysis and the accompanying 
analysis of variance table for the cost per piece analysis. 

k.    The results of the regression analysis and the accompanying 
analysis of variance table for the production rate analysis. 

I.   The predicted response surfaces for cost/piece and production 
rate calculated from the respective prediction equations. 

Optional output includes a lifting of observations, the predicted values, 
the residuals, the matrices X*X and (X'X)"1, and the vector X'y_. 
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G.3   Systems Material 

G.3.1   Flowchart 
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G.3.2   Glossary of Important Variables 

Variable Name Description 

ANS 

AVE 

AVES 

B 

CHART 

DIFF 

FEED 

F4N 

ICYC 

IFD 

IPH 

ISP 

NFD 

NOBS 

NSPD 

RLO 

Vector of regression results returned from REGRES 
subroutine 

Vector of the averages in the EVOP routine 

Estimate of the standard error in the EVOP table 

Vector of estimates of the b-coefficients in the 
regression equation 

100 x 50 matrix containing the plot output in the 
ORGPTS routine 

Vector of the differences between the average cost 
at a given point and the newly observed cost 

Vector containing all defined feed settings in 
ascending sequence 

Vector of the values of   f4 n   as defined in Box 
and Draper [ 3 ] 

Cycle number 

Index containing the current feed setting 

Phase number 

Index containing the current speed setting 

Number of feed settings defined in the environment 
of this operation 

Number of observations in the current cycle 

Number of speed settings defined in the environment 
of this operation 

Labor and overhead rate as reported on the main 
problem card 
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Variable Name 

SPEED 

SUM 

SUMS 

TLC 

TLCH 

X 

Description 

Vector of all defined speed settings in ascending 
sequence 

Vector of the sums of the observations 

Sum of the estimates of the standard error of the 
observations 

Tool edge cost 

Observed number of tool edges used 

Matrix (5xn) of the input observations, both old and 
new.   For observation n, 

X(l,n) = speed (rpm), 
X(2,n) = feed (ipr), 
X(3,n) = number of parts produced, 
X(4,n) = production time in minutes, and 
X(5,n) = number of tool edges used. 

Matrix (2xn) of the performance indices, both old 
and new.   For observation n, 

Y(l,n) = cost (dollars/piece), and 
Y(2,n) = production rate (pieces/minute). 
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