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ABSTRACT

The programs in this package construct the canonical piecewise-linear
model

y = a +bx + fj a |x- fr |
1=1

for a 2-terminal device; or
a

yl= ox + bnx1 + b12x2+ £ c if I «f *i-*2 + ft I
t=i

y2= <*2 + &21*1 + &22*2 + Ee2f I «f *l-*2 + 7f I
i=l

for a 3-terminal or 2-port device. The coefficients of each model are optimally
chosen such that the approximation error between the measured data and the
canonical piecewise-linear model is minimized.
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NOEL PACKAGE 5 : CANONICAL PIECEWISE-LINEAR MODELING

1. Introduction

To take advantage of the remarkable computational efficiency of the canonical piecewise-
linear approach (dc analysis in package 6and transient analysis in package 7)[1,2], we need a prel
iminary step to construct the canonical piecewise-linear model for each nonlinear device; namely

y=a +bx + j}Ci\x -ft | (!)
• —l

for a 2-terminal device; or
a

yi= ax+ &„*,+ bl2x2+ 2ch- |ar,-*i-ar2 + 7.- I (2a)
1=1 '

a

y2= <*2+ &2i*i + 622*2+ Ec2,- Ia,ai-X2 + 7,' I (2b)
1 =1

for a 3-terminal or 2-port device Aunified parameter optimization algorithm for constructing
such models has been presented in [3] and is to be implemented by this software package.

Starting from the measurement of the terminal v-i characteristic of the device, we fit these
measured data into the compact global piecewise-linear function Eqs.(l) or (2) for an optimal
canonical piecewise-linear representation with the optimal parameters a ,b, c,- ,ft in Eq.(l) or
«i» '2, Jii,fti2,*2!, \22,cu ,c2, ,0,. tli in Eq.(2), such that the approximation error
between the canonical piecewise-linear model and the measured data is minimized. In this way
the internal physical phenomena of the device is not required as long as the terminal voltage and
current can be accurately measured. Three distinct programs are included in this package-
namely pwlmod for constructing the 1-dimensional canonical piecewise-linear model Eq.(l)-
pwlmod2 for 2-dimensional canonical piecewise-linear function Eq.(2); pwlmodl for atwodimension to one dimension mapping / :R* -.Ri, such „ the single^^E (2a) or E ^ }°



2. Algorithm

All the following equation numbers are referring to the equations in the report[3).

2.1. 1-dimensional canonical piecewise-linear modeling
Step 1.

Choose an initial set ofbreakpoints

*P> = {A(*>,A<*>, ••• ,/?„<*>}
Set k=0.

Step 2.

Construct the matrix Ain Eq.(2 6) and solve Eq.(2.12) for the optimal parameters ,/(„<*>)
w.r.t. the set of breakpoints z2()- ' n '

Step 3.

Find the line search direction s(*> by Eqs.(2.15)-(2.21).

Step 4.

Perform the line search along .<*> to find «<*> for the minimization problem of Eq.(2.26).
Step 5.

Compute the approximation error £<*) estimated at the minimum along •<*>.
Step 6.

If EW is within the acceptable range then stop;
else increment k to k+1 and go to Step 2.

2.2. 2-dimensionaI canonical piecewise-linear modeling
Step 1.

Choose an initial set of partition boundaries z3(*>; k=0.

Step 2.

Solve Eq.(3.12) to Eq.(3.17) for «/(„<*)) and n'(.,(*>).
Step 3.

Find the line search direction s(*> by Eqs.(3.20>(3.26).
Step 4.

Perform the line search along s<*> to find the minimum in this line search direction.
Step 5.

Compute the approximation error E(z^) bv Ea Ck *\ Tf tK» . • -^-



2.3. 2-dimension to 1-dimension canonical piecewise-linear modeling
Procedures are the same as those ofSection 2.2, except the optimization is corresponding to

a single canonical piecewise-linear equation which is either Eq.(3.6a) orEq.(3.6b).



3. User's Instruction

3.1. l-dimensional canonical piecewise-linear modeling
Step 1.

Create a data file »xx...x.dat», which consists of mlines for mdata points and each line
characterizes a data point with the following format :

xx...x yy...y ww...w

7^2 "i'f 'P'!'9 ?!WWrW are the AS™ codes for the x-coordinate, y-coordinate, andthe weighting factor of the data point respectively.

Steps 2-5 are combined as a batch process and are executed by the command
getpwl xx...x

Step 2.

Type the command

pwlmod xx...x

LM;^ .1-d„imensi°n^ c™°™* Piecewise-linear model Eq.(l) which optimally fits thedata points in »xx...x.dat». It proceeds with the following interactive procedures :

Enter the number of breakpoints

Enter an integer a for a (<r +l)-segment piecewise-linear partition. The piecewise-linear
approximation gets better for larger a. F^cwiae unear

Enter the initial set of breakpoints
Enter a real numbers for the initial breakpoints ftW &°\...., ft(°).

approximation error =

parameter corresponding this^l^Vprpuir^e P—linear model
continue? y/n

fnt« V £ lST?fcan°^er.ite,:ation P™*8 ** next line search direction s<*+»; otherwise

canonical piecewise-linerecTuation hl°h "^ "" ° ^^ C°de of the "P'™*1
Step 3.

Compile the C source code wxx...x.c".

Step 4.

pt^^mc^ '""^ ^ "" «"*'* "»*« *>' «-™S the canonical
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Step 5.

Type the command

pwldraw xx...x

to plot the canonical piecewise-linear model.

3.2. 2-dimensional canonical piecewise-linear modeling
Step 1.

Create a data file "xx.-.x.dat", which consists of mlines for mdata points, and each line
characterizes a data point with the following format :

*i*i--**i *2*2 *• **2 yiVi-'-yi y2y2---y2 ww...w

where x^xv..xXi x2x2 •••x2 are respectively the x, and x2 coordinates of the data point in
the R domain space; ylVl -•yli y2y2 . . . y2 are respectively the Vl and y2 coordinates
mthe R range space; and w is the weighting factor ofthe datapoint.

Steps 2-5 are combined as a batch process and are executed by the command
getpwl2 xx...x

Enter the number of partition boundaries
Enter an integer a for apartition lines in the 2-dimensional plane.

Enter the initial partition boundaries

daries *"*" °f ^ nUmbere (m" ''>' (m* ' h) (m" '•> for the ™itial P^«« bo"-
mi-*i -ar2+ tj = 0

for i=l,2,...,<r. Choose large m, and t, in case avertical line is encountered.

approximation error =

a"^nta^^Tece:"arerrmoSder **?? 'Tt 'T^ ^ •«*«*•«*» «« ofz^ +cj*) for Hi 2 whiTi«' Panned by the set of partition boundaries
The ^ljl^*3fti5rt fmfnir^^rptt sl'for each 'i
crz:;in;;rmodel™ra —**•£^£?s^1sr

model found at this point is then prinud " ame ^7?^^*/™"™?"
the optimal canonical piecewise-linear equation '"' ° 5°UrCe code of

Step 3.

Compile the source code "xx...x.c".

Step 4.



pLnckeWt.i0ntCtmoCd°edie """^ WUh "" ""** ""*" *» "* th« "-1
Step 5.

Type the command

pwldraw2 xx...x

to plot the canonical piecewise-linear model on the monitor with the following options :

Enter the option number

1 : yl vs xl for fixed x2

2 : yl vs x2 for fixed xl

3 : y2 vs xl for fixed x2

4 : y2 vs x2 for fixed xl

Enter the option number for various types of families of 1-dimensional piecewise-linear
curves.

3.3. 2-dimension to 1-dimension canonical piecewise-linear modeling
Same as the procedures in Section 3.2, except the data file exhibits the following format:

x\X\ • • • xi x2x2--'x2 yiVi'--yi ww...w

The modeling process is executed by the batch command

getpwll xx...x



4. Output Format

4.1. 1-dimensional canonical piecewise-linear modeling
Both the data points and the 1-dimensional curve of the computed canonical piecewise-

linear model are plotted mthe color monitor for convenience of comparison. In addition to this
graphic display, the optimal canonical piecewise-linear model equation is also shown in the file
xx...x.cn which is written as a C function.

4.2. 2-dimensional canonical piecewise-linear modeling
The family of the 1-dimensional piecewise-linear curves yx( or y2) = / [Xl, x2) | , „ or

*i( <* y2)=/ (*i , x2) | ,i-Fy are plotted for various values of Vj, j=l,2,..,k. Similar tothe 1-
dimensional case the optimal canonical piecewise-linear model equation is written to the file
xx...x.c as a O function.
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5. Examples

Example 1 : in file "exl.dat"

Apn junction diode (Fig.l).

Example 2 : in file *ex2.dat*

An MOSFET iD vs (vGS , vDS) characteristic (Fig.2).

Example S : in file "ex3.dat"

A2-dimensional piecewise-linear function (Fig.3).



6. Diagnosis

1. PWLMOD DATA FILE

Bad command line for 1-dimensional canonical piecewise-linear modeling, the correct one
should be

pwlmod xx...x

where "xx...x.dat" is the filename for the data file.

2. PWLMODl DATA_FILE

Bad command line for 2-dimension to 1-dimension canonical piecewise-linear modeling the
correct one should be

pwlmodl xx...x

where "xx^.x-dat" is the filename for the data file.

3. PWLMOD2 DATA_FILE

8hactld0bnemand UnC fOT 2"dimensional canonical Piecewise-linear modeling, the correct one
pwlmod2 xx...x

where wxx...x.dat" is the filename for the data file.

4. CAN'T OPEN THE DATA FILE

The data file wxx...x.datw doesn't exist.

5. SINGULAR MATRIX

The matrix A in Eq.(2.6) or Eq.(3.13) is singular.

6. IMPROPER BOUNDARY

• The partition boundary is outside the data region.
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4.800e-01 4.802e-08 1.0
4.030e-01 5.390e-08 1.0
4.060e-01 6.049e-08 1.0
4.090e-01 6.789e-08 1.0
4.120e-01 7.619e-08 1.0
4.150e-81 8.551e-08 1.0
4.180e-81 9.597e-88 1.0
4.210e-01 1.877e-87 1.0
4.240e-81 1.289e-87 1.0
4.270e-01 1.357e-87 1.8
4.300e-81 1.523e-07 1.0
4.330e-Bl 1.769e-87 1.0
4.368e-81 1.918e-87 1.0
4.398e-81 2.152e-67 1.0
4.428e-8l 2.415e-87 1.0
4.450e-81 2.711e-07 1.8
4.488e-8t 3.842e-87 1.0
4.510e-81 3.415e-07 1.8
4.548e-Ul 3.832e-87 1.0
4.570e-8i 4.301e-07 1.8
4.6006-81 4.8276-87 1.0
4.636e-81 5.417e-87 1.0
4.668e-81 6.886e-87 1.0
4.696e-81 6.823e-07 1.0
4.728e-81 7.658e-87 1.0
4.750e-01 8.595e-07 1.0
4.788e-81 9.646e-87 1.0
4.810e-01 1.883e-86 1.0
4.340e-01 1.215e-06 1.8
4.870e-81 1.364e-86 1.8
4.900e-81 1.530e-86 1.0
4.930e-01 1.717e-06 1.0
4.968e-01 1.928e-86 1.0
4.9906-81 2.163e-06 1.0
5.0206-81 2.428e-06 1.0
5.058e-81 2.725e-86 1.0
5.8806-81 3.058e-06 1.0
5.110e-01 3.432e-06 1.0
5.1406-81 3.852e-86 1.0
5.170e-01 4.323e-06 1.8
5.2886-81 4.8526-86 1.0
5.2306-81 5.445e-86 1.0
5.2686-81 , 6.1116-86 1.0
5.298e-81 6.858e-86 1.0
5.3206-81 7.697e-&6 1.0
5.350e-81 8.639e-06 1.8
5.388e-81 9.695e-06 1.0
5.418e-01 1.088e-05 1.0
5.448e-81 1.221e-85 1.0
5.478e-81 1.371e-85 1.0
5.5806-81 1.538e-85 1.8
5.538e-81 1.726e-85 1.8
5.5686-81 1.937e-85 1.8
5.598e-81 2.174e-85 1.8
5.6206-81 2.448e-85 1.8
5.658e-81 2.739e-85 1.8
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5.688e-81 3.874e-05 1.8
5.710e-01 3.450e-05 1.8
5.7406-81 3.872e-05 1.0
5.770e-81 4.345e-85 1.8
5.888e-01 4.876e-05 1.0
5.830e-01 5.473e-05 1.0
5.8606-01 6.142e-05 1.8
5.890e-81 6.894e-05 1.0
5.920e-01 7.737e-05 1.0
5.950e-01 8.683e-05 1.0
5.980e-01 9.745e-05 1.0
6.010e-81 1.894e-84 1.8
6.8486-81 1.2276-84 1.8
6.070e-01 1.378e-04 1.0
6.100e-01 1.546e-04 1.0
6.138e-01 1.735e-04 1.0
6.1606-81 1.947e-04 1.0
6.190e-01 2.185e-04 1.0
6.220e-01 2.453e-04 1.0
6.2506-01 2.753e-04 1.8
6.2806-01 3.089e-04 1.0
6.310e-01 3.467e-04 1.0
6.340e-81 3.891e-84 1.0
6.370e-01 4.367e-04 1.8
6.4006-01 4.901e-04 1.3
6.4306-81 5.581e-04 1.0
6.460e-01 6.174e-04 1.0
6.490e-01 6.929e-04 1.0
6.520e-81 7.776e-04 1.8
6.5306-01 8.727e-04 1.0
6.580e-01 9.795e-04 1.8
6.618e-81 1.899e-03 1.8
6.648e-81 1.234e-63 1.8
6.6706-81 1.385e-83 1.8
6.788e-81 1.554e-83 1.8
6.7306-81 1.744e-03 1.0
6.7606-01 1.957e-03 1.0
6.790e-81 2.197e-03 1.0
6.820e-81 2.465e-03 1.0
6.350e-81 2.767e-03 1.0
6.888e-8l 3.185e-83 1.0
6.9166-81 3.485e-03 1.0
6.9406-81 3.9116-03 1.8
6.978e-81 4.398e-83 1.0
7.000e-8! 4.927e-03 1.0
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-1.000e+88

-6.888e-81

-2.800e-01

2.000e-01

6.0006-81

1.800e+08

1.400e+00

1.800e+00

2.296e+00

2.600e+00

3.8006+80

3.400e+00

3.880e+88

4.280e+08

4.680e+80

5.086e+08

-1.000e+O0

-6.0006-91

-2.000e-01

2.8006-01

6.000e-01

1.000e+80

1.4006+88

1.800e+08

2.288e+88

2.688e+88

3.888e+88

3.488e+88

3.3886+88

4.288e+39

4.688e+68

5.880e+00

-1.800e+88

-6.0006-81

-2.000e-8i

2.000e-81

6.8806-01

1.0006+08

1,408e+86

1.888e+88

2.2006+88

2.666e+ee

3.008e+88

3.488e+88

3.888e+88

4.288e+88

4.688e+88

5.880e+08

-1.8886+88

-6.888e-81

-2.888e-81

2.808e-8i

6.8886-81

1.8006+88

1.4885+88

1.888e+88

-1.888e+88

-1.880e+00

-1.008e+00

-1.000e+00

-1.0006+00

-1.0806+00

-1.0006+00

-1.000e+00

-1.000e+00

-1.000e+00

-1,000e+0O

-1.880e+08

-1.8006+00

-1.000e+80

-1,000e+00

-1.0006+88

-6.888e-81

-6.880e-81

-6.8806-81

-6.8806-01

-6.000e-81

-6.8866-81

-6.888e-81

-6.0006-01

-6.0006-01

-6.088e-01

-6.008e-01

-6.0006-81

-6.0886-81

-6.888e-81

-6.888e-81

-6.888e-01

-2.0006-01

-2.0806-81

-2.008e-01

-2.868e-01

-2.0006-01

-2.0006-01

-2.000e-01

-2.800e-01

-2.008e-01

-2.0606-01

-2.0086-81

-2.006e-01

-2.0006-01

-2.668e-01

-2.0006-81

-2.0006-01

2.0006-81

2.800e-01

2.0086-81

2.0006-01

2.0006-01

2.088e-01

2.0006-81

2.0806-01

0.000e+00

0.660e+00

0.0006+00

0.0006+00

0.000e+66

0.000e+80

-4.5006+81

-6.5866+01

-8.500e+01

-1.050e+02

-1.250e+82

-1.4586+82

-1.658e+82

-1.850e+02

-2.050e+02

-2.250e+02

0 .0006+00

0.806e+00

0.0006+00

0.880e+86

0.0006+66

0.0006+00

-2.100e+61

-3.300e+01

-4.500e+81

-5.788e+81

-6.9806+01

-8.100e+01

-9.3006+01

-1.050e+02

-1.170e+02

-1.290e+02

0.0006+00

0.600e+06

6.6666+66

6 .0806+00

6.880e+00

0.0006+00

-5.066e+88

-9.000e+00

-1,300e+01

-1,700e+01

-2.100e+01

-2.500e+01

-2.9006+81

-3.388e+61

-3.766e+61

-4.108e+81

0.0006+00

0.000e+88

8.0006+88

0.000e+00

8.888e+68

6.660e+00

3.000e+00

7.800e+00

1.1006+0:

2.000e+0

2.000e+0:

2.000e+0

2.000e+0

1.100e+0

1.1806+0

1.100e+6

1 .1006+8

1.108e+6

1.100e+0

1.160e+0:

1.100e+6

1.1006+0

1.100e+0:

1.100e+0

1,100e+0:

1.186e+6

2.000e+0:

2.000e+6

2.888e+0:

2.O08e+0

.1006+0

.100e+0

.1006+8:

,168e+6

.1006+8:

.1006+0

,100e+0

.100e+0:

.100e+0

,100e+0

.1806+0

.1606+0

.100e+0:

2.0006+0

2.000e+0

2.668e+8

2.666e+e

1.188e+8

1.1886+6

1.166e+0

1.188e+8:

1.1806+0

1,108e+6

1.1806+8

1.168e+8:

1.1606+6

1.186e+8:

1.100e+0

1,100e+8

1.108e+0

2.0006+8

2.800e+0:

2.886e+8

2.800e+0
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2.2006+00

2.600e+00

3.000e+80

3.4006+00

3.8006+88

4.200e+06

4.600e+08

5.8006+00

-1 .0006+00

-6.000e-01

-2.000e-01

2.000e-01

6.006e-81

1 .0006+00

1.4006+88

1.800e+00

2.2006+0O

2.600e+00

3.0006+88

3.466e+88

3.8866+66

4.266e+00

4.686e+86

5.0806+00

-1.860e+00

-6.000e-01

-2.000e-81

2.008e-01

6.0006-01

1.000e+00

1 .4006+00

1,800e+00

2.280e+80

2.600e+00

3.0006+88

3.488e+86

3.888e+86

4.280e+88

4.6666+88

5.868e+88

-1.666e+80

-6.0006-01

-2.8066-81

2.666e-81

6.886e-81

1,600e+08

1.4806+00

1.808e+06

2.2006+80

2.600e+80

3.888e+38

3.488e+8C

3.8866+86

4.288e+88

4.6886+88

5.688e+06

2.886e-01

2.080e-61

2.688e-81

2.600e-81

2.080e-01

2.000e-01

2.006e-01

2.068e-81

6.668e-61

6.888e-61

6.66ee-81

6.688e-01

6.000e-01

6.000e-01

6.080e-01

6.008e-81

6.6006-01

6.000e-01

6.000e-01

6.000e-01

6.000e-01

6.000e-01

6.0006-01

6.0006-01

1 .0086+60

1.0006+66

1.6866+88

1.8666+08

1.6666+66

1.666e+68

1.6686+86

1.666e+60

1.0806+60

1.0006+00

1.8006+80

1.006e+00

1.8006+00

1.000e+00

1.000e+00

1.006e+60

1.4006+08

1.400e+60

1.400e+00

1.406e+66

1.488e+80

1.4006+00

1.4006+00

1.4006+00

1.408e+80

1,400e+00

1.4006+68

1.486e+00

1.4006+88

1.4806+00

1.4005+00

1.4006+00

1 .1606+01

1.560e+61

1.908e+01

2.300e+01
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1.4006+81

1.508e+01

0.0006+00

1.0886+00

2.6006+00

3.000e+00

4.0006+00

5.000e+00

6.0006+08

7.000e+00

8.0006+00

9.000e+08

1.0006+81

1.100e+01

1.2806+01

1.300e+81

1.4006+01

1.580e+01

0.006e+68

1 .6606+00

2.0006+00

3.000e+80

4.0006+68

5.6006+60

6.0006+00

7.0006+60

8.0006+00

9.000e+00

1.0006+01

1.1006+61

1.2006+01

1.3006+01

1.400e+01

1.500e+01

0.000e+00

1.0006+00

2.000e+00

3.000e+00

4.0006+00

5.0006+00

6.0606+80

7.0006+00

8.0606+00

9.0006+00

1.0006+01

1.100e+01

1.2006+01

1.3006+61

1.403e+81

1.506e+81

-2.200e+01

-1.600e+01

-1.0006+01

-4.000e+00

2.8866+00

8.000e+00

4.000e+00

6.800e+00

-3.5606+01

-3.708e+01

-3.900e+01

-4.100e+01

-4.3006+01

-3.700e+01

-3.1006+01

-2.500e+01

-1.900e+01

-1.300e+01

-7.0006+00

-1.000e+00

5.0006+00

1,000e+00

-3.000e+00

-7.000e+00

-2.400e+01

-2.600e+01

-2.800e+01

-3.8006+01

-3.2006+01

-3.400e+01

-2.8006+01

-2.200e+01

-1.600e+01

-1.000e+01

-4.000e+00

2.0606+00

-2.000e+00

-6.000e+00

-1.800e+01

-1.400e+81

-1.3886+61

-1.500e+01

-1.700e+01

-1.900e+01

-2.1006+01

-2.300e+01

-2.5006+01

-1,900e+01

-1.3006+01

-7.000e+08

-1.6806+68

-5.008e+00

-9.0006+86

-1.3806+01

-1.7006+01

-2.100e+01

2.2606+81

1.600e+01

1.0006+61

4.000e+00

-2.000e+00

-8.000e+00

-4.000e+00

0.000e+00

3.580e+01

3.700e+01

3.900e+01

4.100e+01

4.300e+01

3.700e+01

3.108e+01

2.566e+01

1.9006+01

1.300e+01

7.0006+00

1.0806+00

-5.668e+66

-1.000e+00

3.000e+00

7.000e+00

2.4006+01

2.600e+01

2.8006+01

3.0806+61

3.286e+61

3.480e+01

2.8006+01

2.20Oe+01

1.6806+01

1.000e+01

4.8006+00

-2.800e+00

2.8606+00

6.000e+00

1.000e+01

1.4006+01

1.3006+01

1.500e+01

1.700e+01

1.900e+01

2.1006+01

2.300e+01

2.5006+01

1.900e+01

1.3006+01

7.086e+60

1.0086+66

5.888e+80

9.008e+66

1.3606+01

1.7006+01

2.100e+01

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.60

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.06

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.06

1.00

1.00

1.08

1.00

1.00

1.60

1.00

1 .00

1.00

1 .00

1.00

1.00

1.00
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7.0006+00

7.080e+00

7.080e+00

7.080e+08

7.000e+00

7.000e+00

7.000e+80

7.000e+00

7.008e+00

7.000e+00

7.000e+00

7.000e+00

7.000e+06

7.860e+00

7.000e+08

7.000e+66

8.8686+68

8.630e+00

3.6006+00

8.006e+00

8.0006+86

8.8066+68

8.8806+08

8.000e+00

8.0006+00

8.000e+38

8.888e+88

8.688e+68

8.688e+88

8.0006+00

8.000e+08

8.0006+06

9.086e+86

9.000e+08

9.000e+00

9.000e+60

9.000e+06

9.000e+00

9.000e+00

9.0006+00

9.0006+00

9.000e+00

9.000e+86

9.000e+00

9.0006+00

9.000e+66

9.0006+00

9.000e+88

1.688e+61

i.688e+81

1,888e+81

1 .8806+01

1.868e+81

1.866e+81

1.868e+81

1.B88e+61

6.600e+00

1.088e+86

2.868e+60

3.0666+00

4.600e+00

5.088e+08

6.006e+80

7.600e+00

8.6806+00

9.0006+00

1.000e+01

1.1806+81

1.2O0e+01

1.300e+81

1.400e+01

1.500e+01

0.0006+00

1.0806+80

2.0006+00

3.6606+06

4.000e+00

5.000e+00

6.0886+68

7.880e+00

8.0006+00

9.000e+00

1.0006+61

1.10Oe+61

1.200e+01

1,300e+01

1.4006+01

1.500e+01

0.000e+0O

1.006e+06

2.8006+00

3.8006+80

4.000e+00

5.000e+60

6.0006+88

7.880e+03

8.0006+80

9.080e+00

1.0006+61

1.1006+61

1.260e+01

1.300e+81

1.400e+01

1.506e+81

0.0006+60

1.0006+00

2.0006+80

3.006e+00

4.860e+86

5.880e+00

6.0006+00

7.000e+60

-2.000e+00

-4.000e+00

-6.0006+00

-8.800e+00

-1.000e+01

-1.200e+01

-1.400e+01

-1.6806+01

-1.000e+01

-4.0006+00

-8.0006+00

-1.200e+01

-1.608e+01

-2.008e+01

-2.400e+01

-2.866e+01

9.0006+00

7.000e+00

5.6606+60

3.660e+00

1.0006+88

-1.888e+00

-3.000e+00

-5.600e+00

-7.000e+00

-1.100e+01

-1.500e+01

-1,900e+01

-2.300e+01

-2.7006+01

-3.100e+01

-3.500e+01

2.0006+01

1.808e+61

1.6606+01

1.480e+01

1.200e+01

1.000e+01

8.0006+60

6.000e+00

-6.0006+00

-1.800e+81

-2.200e+01

-2.600e+01

-3.800e+01

-3.400e+01

-3.800e+01

-4.200e+01

3.1006+01

2.900e+01

2.7006+01

2.500e+01

2.3006+01

2.100e+01

1.9006+01

7.600e+00

2.6866+66

4.660e+00

6.600e+00

8.6806+88

1 .8606+01

1.206e+61

1.488e+01

1.680e+01

1.0006+01

4.060e+00

8.000e+00

1.200e+01

1.600e+01

2.080e+61

2.480e+01

2.800e+01

-9.600e+00

-7.000e+00

-5.000e+00

-3.000e+00

-1,000e+00

1.000e+00

3.000e+00

5.0006+00

7.0006+00

1.180e+01

1.5006+01

1,900e+01

2.300e+01

2.700e+01

3.100e+01

3.500e+01

-2.600e+01

-1.800e+01

-1.6006+01

-1.400e+01

-1.2006+01

-1.008e+01

-8.000e+00

-6.080e+00

6.000e+00

1.8886+61

2.200e+01

2.600e+01

3.0806+01

3.460e+01

3.800e+01

4.200e+01

-3.1006+01

-2.900e+01

-2.700e+01

-2.500e+01

-2.3006+01

-2.100e+01

-1.900e+01

-7.000e+00

1.00

1.00

1.00

1.00

1.00

1.06

1.00

1.00

1.00

1.00

1.00

1.00

1.60

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.08

1.00

1.00

1.00

1.00

1.00

1.00

1.06

1.00

1.00

1.06

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.06

1.86

1.00

1.88

1.00
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1.686e+01 8.600e+00 -5.880e+00 5.600e+00 1.00
1.000e+01 9.080e+00 -1,700e+01 1.700e+01 1.00
1.8006+01 1.000e+01 -2.900e+01 2.9006+01 1.00
1 .0006+01 1.100e+01 -3.300e+01 3.300e+01 1.00
1 .0006+01 1.200e+01 -3.700e+01 3.700e+01 1.00
1,000e+01 1.380e+01 -4.100e+01 4.100e+01 1.00
1 .0806+61 1.4806+01 -4.500e+01 4.500e+01 1.00
1.0006+01 1.580e+01 -4.900e+01 4.900e+61 1.00
1.100e+81 0.0806+00 4.2006+01 -4.200e+01 1.00
1.160e+01 1.0806+06 4.080e+01 -4.000e+61 1.00
1.100e+81 2.0006+00 3.800e+01 -3.800e+01 1.00
1.100e+0i 3.8006+00 3.600e+01 -3.600e+01 1.00
1.100e+81 4.000e+00 3.408e+61 -3.4006+61 1.00
1.1686+81 5.800e+00 3.266e+01 -3.200e+01 1.00
1.100e+0! 6.0006+06 2.8006+01 -2.0006+01 1.00
1.100e+81 7.000e+00 8.000e+00 -8.0006+06 1.00
1.1806+61 8.0006+03 -4.6006+00 4.0006+00 1.00
1.186e+81 9.000e+68 -1.6006+01 1.600e+01 1.00
1.1806+81 1.8886+61 -2.800e+01 2.8006+01 1.00
1.188e+81 1.180e+01 -4.080e+01 4.000e+01 1.66
1.1666+61 1.2006+01 -4.400e+01 4.406e+81 1.86
1.188e+61 1.300e+01 -4.8006+01 4.8006+01 1.00
1.1886+81 1.4006+61 -5.200e+01 5.2086+81 1.00
1,186e+81 1.500e+01 -5.6806+01 5.600e+01 1.00
1.2686+61 0.0006+86 5.3006+01 -5.300e+01 1.00
1.2036+61 1.6006+00 5.100e+01 -5.100e+01 1.00
1.288e+81 2.008e+88 4.9806+01 -4.9006+01 1.00
1.288e+61 3.606e+06 4.760e+01 -4.7006+01 1.00
1.288e+81 4.8806+80 4.500e+01 -4.500e+01 1.00
1.260e+01 5.0066+86 3.300e+01 -3.300e+01 1.00
1.2006+01 6.000e+00 2.100e+01 -2.1006+01 1.00
1.200e+01 7.e86e+06 9.000e+00 -9.000e+00 1 .09
1.2006+81 8.6686+66 -3.000e+00 3.0086+88 1.00
1,280e+81 9.880e+00 -1.506e+81 1.580e+01 1.30
1.2806+81 1.0006+01 -2.700e+01 2.700e+01 1.00
1.288e+61 1.100e+01 -3.906e+61 3.9006+01 1.00
1.286e+81 1.200e+61 -5.1606+81 5.1006+01 1.00
1.288e+61 1.300e+01 -5.560e+01 5.508e+01 1.60
1.288e+8i 1.4006+01 -5.900e+01 5.900e+01 1.00
1,288e+61 1.506e+01 -6.308e+01 6.300e+61 1.08
1.3886+81 0.0006+00 6.4006+01 -6.466e+61 1.00
1.368e+81 1.0806+00 6.200e+01 -6.280e+01 1.00
1.3806+61 2.0006+00 6.000e+01 -6.0806+01 1.00
1.388e+01 3.000e+06 5.8006+01 -5.8006+01 1.00
1.3006+81 4.0036+30 4.6086+01 -4.6006+01 1.00
1.3806+81 5.608e+00 3.4006+01 -3.400e+01 1.00
1.3006+81 6.0006+00 2.2006+01 -2.2006+01 1.00
1.388e+61 7.800e+80 1.060e+01 -1 .0006+81 1.00
1.3886+81 8.883e+88 -2.888e+86 2.088e+88 1 .66
1,386e+81 9.636e+00 -1.480e+01 1.4806+01 1.88
1.3886+81 1.0866+61 -2.600e+81 2.6006+81 1.66
1.383e+8i 1.168e+81 -3.800e+01 3.838e+61 1.88
1 ,388e+i31 1.2886+81 -5.8006+81 5.8866+81 1.66
1,38Se+6i 1.3386+81 -6.286e+ei 6.2866+61 1.68
1.388&+81 1.4886+81 -6.680e+81 6.668e+81 1.38
1.3806+81 1.5886+61 -7.088e+61 7.8086+01 1.86



i
nO
f

e
n

a
.

-
o

C
O>
i

Q
i

S
3

0
0

o
.

0
0

«3-

C
M

S
Dc»"D

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

c
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

e
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

O
C

S
c
O

O
i
D

O
i
S

O
T

-
i
T

i
r
t
r
i
r
i
t
i
r
t
C

a
o

O
O

C
i
l
i
S

O
'
S

C
D

O
r
t
M

T
-
i
i
-
i
r
t
r
t
r
t

+
•+•

•*•
+

+
+

+
-t-C

D
C

D
C

D
C

D
C

D
C

D
C

D
C

D
-f-

+
+

+
.

+
4.

+
H

-C
D

C
D

C
O

c
O

C
D

C
D

C
D

C
D

o
i
Q

i
O

i
f
l
i
o

i
o

i
o

i
o

i
+

+
+

+
+

+
+

+
o

i
o

i
o

i
a

i
i
i
i
o

i
i
i
»

a
i
+

+
+

+
+

+
+

+
O

Q
C

D
O

O
o

Q
o

O
i
t
l
l
O

i
O

l
O

l
l
D

O
l
Q

l
O

o
C

D
O

C
D

o
C

D
o

t
o

O
i
O

l
O

i
O

i
a

j
O

i
Q

j
c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

in
C

O
'^

O
%

f^
in

C
0

'^
C

D
C

D
C

D
c
D

C
D

C
D

C
O

C
D

N
O

'^
*

C
'^

C
D

0
0

N
0

^
r
C

M
C

D
C

D
C

D
C

D
C

D
C

D
C

D
C

D
-

•
•

•
•

.
•

«
c
D

c
o

m
r
s
.o

\
*

-
«

c
o

f
s
.

-
-

•
•

•
•

•
•

c
d

c
m

,3
-
n

d
o

o
©

c
m

^
-

N
N

M
n

^
C

O
N

r
t

D
O

O
O

N
S

i
f
l
-
n

N
r
H

•
I

I
I

I
I

I
I

r
t
^
W

o
o

«
3

-
<

o
l
\
|
\

I
1

1
1

l
1

|
IC

D
^
C

M
C

O
^
N

O
IN

-O
O

C
D

O
0

C
D

O
C

D
O

C
D

O
+

+
•*•

+
•+•

+
+

+
0

0
0

0
0

0
0

0
0

+
+

+
•+•

+
•+•

•+•
•+••*-

+
+

+
-#•

+
+

o
i
o

i
O

i
Q

i
o

i
o

i
O

i
o

i
+

+
+

+
+

+
+

+
+

ai
oi

ai
H

i
ai

iii
ai

a
ia

iO
io

iiiia
iO

ia
ic

D
c
D

C
D

c
D

C
D

c
D

C
D

o
a

ia
ia

ia
iO

io
iO

ja
ia

ic
D

C
D

c
o

c
D

c
D

C
D

c
D

c
d

o
c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

o
c
d

c
d

c
d

c
d

c
d

o
c
d

c
o

u
^
r
^
-
o

n
-
^
-
i
c
o

r
s
.c

d
c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
m

'^
'n

o
o

o
c
d

c
m

^
-

u
"
)c

o
-^

»
O

N
r
s
-m

c
o

»
-«

•
•

»
•

•
•

•
•
n

o
«

3
-c

m
c
d

c
o

n
o

,s
i"

c
m

c
d

•
•

.
•

•
•

•
•

•
•

•
*

•
•

••^
-••»

-iC
M

c
o

^
rN

O
P

>
-r>

.
•

•
•

•
•

•
•

•
•
•
^
iC

m
c
o

^
-
n

o
is

.o
o

N
N

M
n

v
t
o

W
n

1
1

1
1

1
1

1
lo

o
o

o
r
^
N

O
'c

r
c
o

c
M

-^
-tC

D
i

i
i

i
i

i
i

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

O
C

D
C

D
C

D
O

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

+
+

+
+

••*•
+

+
+

•*•
+

+
-
»
-
•
♦
■

+
+

•
+

+
+

•••
+

+
+

+
+

+
-»-

+
+

+
+

+
+

o
i
o

i
a

i
a

>
o

i
o

i
<

i
i
a

i
o

i
a

i
i
i
i
o

i
o

u
a

i
o

i
o

i
O

i
a

i
i
i
j
a

i
o

i
a

i
o

i
i
i
i
o

t
o

i
O

i
o

i
o

i
a

i
O

i
a

i
C

'C
D

C
D

O
C

D
C

D
O

C
S

C
D

O
C

D
C

D
C

D
C

D
C

D
C

D
C

D
C

D
C

D
O

C
D

C
D

C
D

C
D

C
O

C
D

C
D

C
D

C
D

iS
C

D
C

D
c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

c
d

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

C
D

T
-iC

M
C

O
'^

'in
C

D
C

D
C

D
C

D
C

D
C

D
C

D
C

D
C

D
C

D
C

D
^
-iC

M
C

O
S

r
il"

)

c
D

r
^
c
M

c
o

^
-
i
n

N
o

r
^
c
o

o
N

O
r
t
W

W
V

m
^
O

M
K

X
h

•*"*•
f*

•
*""•

f
t

•*—•
f
t

^
—
1

f
t

f
t

*
-t

f
t

*
~
.

•
-
.

ir
t

f
t

f
t

•"-*
*

rt
f
t

*—
$

*
~
l

f
t

»
1

f
t

f
t

t-t
f
t

-r
t

"r-.
f
t

f
.

f
t

O
C

D
O

O
O

O
O

O
O

O
i
S

i
O

C
'
O

O
O

G
I
O

O
O

O
o

O
O

C
J
O

'
D

O
O

O
O

O
+

+
•*•

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

•*-
+

+
+

+
+

+
+

+
+

+
oi

a»
01

ai
oi

01
O"

oi
01

ai
oi

oi
oi

ai
oi

oi
ai

01
oi

iij
oi

01
Oi

oi
01

0.1
Oi

in
oi

a»
m

at
O

O
C

D
O

C
D

O
C

D
C

D
C

D
O

C
D

C
D

C
D

(S
C

:>
C

D
C

O
C

O
C

D
e
O

C
O

C
D

C
D

C
D

C
D

C
O

C
D

C
D

C
O

c
D

C
O

O
C

O
C

D
C

D
C

D
C

D
C

D
C

D
O

C
O

C
D

C
D

O
C

D
C

D
C

D
C

D
C

D
C

O
C

O
C

D
C

D
C

D
O

O
O

O
O

O
O

O
O

O
^
'*

s
r
'«

'"
a

,
'a

,
*

w
«

a
-
^
<

j
"
T

'a
-
^
r
^
m

i
o

m
m

m
m

i
D

i
n

t
o

m
m

m
u

')
u

-
)
U

"
)
t
f
)



t.7«

Fig.l

8-df CfiNOWCnL PUL Hem

»• wo -

szs -

Fig.2



12» 8-«ll» CRNONXCn.

It.*

»• 2-«"« onNONzcaL PUL

?.*
11.a

».•

XI

Fig,3



APPENDIX : SOURCE CODE LISTINGS

1. 1-dimensional canonical piecewise-linear modeling
pwlnl.c, pwln2.c, pwln3.c, readt.c, aclib.c, pwlngf.c

2. 2-dimensional canonical piecewise-linear modeling
modl.c, mod2.c, mod3.c, readt.c, aclib.c, modgf.c
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double LABEL_SHIFT=0.5fNAME_SHIFT=1.5;
inl ^T^LS=5'N-TICKS=2JTICK_LEN6TH=5,SI6 FIGS=3,LABEL SIDE=1:
int SIZE=l,BOX=l,LABELS=l,TICKS=l,AXES=lT
int TI=1; '
double OFFSET=0.5;
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^include <stdio.h>

int m,n;
double *xl,*yl,*rl,*bl,*p,error,*w,lb,ufa;

/***************************************^^

/* Canonical piecewise-linear modeling : 1-dimensional -function. */
/********************************************^^

main<argc,argv)
int argc;
char *argv[];
{

FILE *-fp,*gp,*-fopen<);
char line[30];

sprint-Hi ine^s-dat" ,*++argv);
i-f <<-fp=fopen<linear")) = NULL)
{

print-f<"CAN'T OPEN THE DATA FILE Xs\n",*argv);
exitO;

}

pwl_model <-fp);
sprint-Kline,"%s.c" ,*argv);
print_pwl<1ine);
fclose<fp);

}

/* Follow the algorithm in Section 2 o-f the paper "Canonical Piecewise- */
/* Linear Modeling" to -find the optimal canonical piecewise-linear model */
/* -for 2-terminal element which matches the measured data points with */
/* minimal approximation error. */

pwl_model <-fp)
FILE *-fpj
{

char chC23;
int i,j=0;

/* get the data points and the initial partition on breakpoints */
get_data<fp)j

/* -find the optimal canonical pwl model w.r.t. */
/* the initial partition */
i-f <opt_p<p,&error)=-l) /* breakpoint<s) out o-f data region */

exit_message<"IMPROPER BOUNDARIES") ;

/* adjust the partition on breakpoints to */
/* get the optimal canonical pwl model */
chC03="y';
while (chlQl—'y')
{

/* try to get out o-f the control o-f a local minimum */
i-f <j>=2)
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print-f("reaching a local minimumXn");
print-f<"please enter a new set o-f breakpointsXn");
•for <i=0;i<n;i++)

scan-f<"%H" ,p+i);
j=0;
i-f <opt__p<p,terror) = -1)

exit_message<"IMPROPER BOUNDARIES");
}

/* per-form a line search and adjust the position o-f breakpoint(s) */
i-f <l_search<)=-l)

j++;

/* print the canonical pwl model */
print-f<"\n*** partition boundaries ***\nu);
•for <i=0;i<n;i++)

print-f<"x = X.3eXn",p[i]);
print-f("a=^.3e\tb=^.3e\n",bl[0],blCn);
•for <i=0;i<n;i++)

print-f<"c^d=%.3e\nu,i +l,bl[i+2]);
print-f<"continue? y/n\n");
scari-f<"*lsB,ch)j

/* Get the measured data and the initial breakpoints) -from an input -file. */

get_data(-fp)
FILE *-fp;
{

char *cal1oc<);
int i}

/* read the measured data points */
read_data(-fp);

print-f("enter the number o-f breakpointsXn");
scan-K"%d" ,&n);

/* dynamic allocation -for the variable* */
v_allocOj

print-f<"enter the initial set o-f breakpointsXn");
for (i=0;i<n;i++)

scanf<"Xl-f",p+i);
}

/* Dynamic allocation -for the variables. */
/**********************************************^^

v_al1 ocO
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char *calloc<);

rl=<double *)cal loc<m,sizeo-f(double));
bl=<double *)cal loc(n+2,sizeo-f(double));
p=(double *)cal 1oc(n,sizeo-f(double));

)

/* Per-form the line search to adjust the position o-f breakpoint(s) -for */
/* reducing the error between the measured data points and the canonical */
/* pwl model. */
/**************#******************************^^

l_search()
{

char *calloc();
int i,*ipvt,red=0,j=0 ;
double t=l ,*-f,*g,*zq,rcond,max=0,-fabs(),ratio=l;

•f=(double *)cal loc(n*n,sizeo-f(double));
g=(double *)cal loc(n ,sizeo-f(double));
ipvt=(int *)calloc(n,sizeo-f(int));
zq=(double *)cal loc(n ,sizeo-f(double));

/* construct the matrix Y o-f Eq.(2.20) and the vector g o-f Eq.(2.15) */
get_g_F(p,bl,rl,-f,g);

/* g is in the most descent direction */
•for (i=0;i<n;i++)

gC i3 = -g[i3;

/* -find the line search direction inv(Y)*g */
sgeco(-f ,n,ipvt,&rcond,zq);
sgesK-f ,n,ipvt,g,0);

/* max = norm-1 o-f the vector g */
•for (i=0;i<n;i ++)

i-f (-fabs(g[i])>max)
max=-fabs(gCi3);

/* adjust the breakpoint position until a minimum is reached */
/* along the line search direction */
while (t>0.1 && -fabs(ratio)>le-3)
{

j++;

i-f (new_p(&red,&t,g,max+l ,&ratio)==-l)
break;

}

c-free(-f);
c-free(g) ;
c-free(ipvt);
c-free(zq);
i-f (j<3)

return(-l);
else
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return(O);
)

/* get a new position o-f breakpoint(s). */
/****************************9hs**********^^

new_p(red,t,s,max,ratio)
int *red;
double *s,*t,max,*ratio;
{

char *calloc();
int i;
double err,*px;

px=(double *)calloc(n,sizeo-f(double));
•for <i=0;i<n;i++)
{

pxfi3=p[i3;
p£i3 += *t*s[i3/max;

}

i-f (opt_p(p,&err)==-!)
*ratio=l;

else

*ratio=(err-error)/error;
print-f("approximation error = %.3e\n" ,err);

/* approximation error is increasing */
i-f (*ratio>0)
{

if (*ratio<0.01)
{

c-free(px);
return(-l);

>

*t = *t/4; /* reduce the increment size in line search */
*red=l;
•for (i=0;i<n;i ++)

pCi3=pxti3;
}

/* approximation error is decreasing */
else

{

i-f (*ratio>-0.1 && *red==0) /* double the increment size */
*t=2*(*t);

error=err;

}

c-free(px);
return(0);

>

/# When get stuck in a local minimum, adjust the breakpoint position along */
/* a line direction until the approximation error begins to drop and may */
/* possibly get out the control region o-f the previous local minimum. */
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/*#******************#********************#^^

getoutO
{

char *calloc();
int i,k=0,t=0;
double ratio,*px,*ss,err,errx;

px=(double *)calloc(n,sizeo-f(double)) j
ss=(double *)cal 1oc(n,sizeo-f (double));

/* line direction */

•for (i=0;i<n;i+ +)
ss£i3=(ub-pCi3)/25;

while (t++<=20)
{

i-f (t==20)

{

H (k=n)

k=0;
ss[k3=(lb-pCk3)/25;
k++;
t=l;

}

•for (i=0;i <n;i+ +)
px[i3=p[i3+t*ssCi3;

print-f("pxC03=X.3e\tpxC13=X.3e\tpx[23=^.3e\n",pxC03,pxC13,pxC23);
opt_p(px,&err);
i-f (t>l)

ratio=(errx-err)/err;
else

rat io=(error-err)/error j
print-f("t=/<dXterr=%.3e\tratio=y..3e\n",t,err,ratio);
i-f (ratio>0.05)

{

error=err;

•for (i=0;i<n;i++)
pCi3=px[i3;

break;
}

errx=err;

}

c-free(px);
c-free(ss);
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^include <stdio.h>

extern int n,m;
extern double *xl,*yl,*rl,*bl,*w;
extern double lb,ub;

/***************Ht************************^

/* Find the parameters -for the optimal canonical piecewise-linear model */
/* w.r.t. a given set o-f breakpoints. »/
/**************************##*#***####***####>########<<^^#^#####^####^^^/

°P*_P<P»err)
double *p,*err;
<

char *calloc();
int *ipvt,i:
double *a,*zq,rcond,get_err();

/* check whether the breakpoint is out o-f the data region */
•for (i=0;i<n;i ++)

i-f (pEi3>=ub !! pCi3<=lb)
<

print-fCthe breakpoint X.3e is out o-f bound; enter a new oneXn",
pEi3);

5can-f("*<H" ,p+i);
}

ipvt=(int *)calloc(n+2,sizeo-f(int));
zq=(double *)cal loc(n+2,sizeo-f(double));
a=(double *)cal loc((n+2)*(n+2),sizeo-f(double));

/* construct the matrix B=A*W*A', where A and W are */
/* de-fined in Eqs.(2.6) and (2.7) respectively */
get_A(p,a);

/* construct the vector b=A*W*y, where y and W are */
/* de-fined in Eqs.(2.11) and (2.7) respectively */
get_b(p,bl,yl);

/* -find z=inv(B)*b -for optimal parameters */
sgeco(a,n+2,ipvt,&rcond,zq);
i-f (rcond<l .0e-10)

{

print-f("\nSIN6ULAR MATRIX*\n")j
•for (i=0;i<n;i++)

print-f("pE7.d3=X.3eXt" ,i,pEi3);
print-fC'Xn");
return(-l);

}

sgesl(a,n+2,ipvt,bl,0);

/* estimate the approximation error */
*err=get_err(p,bi ,yi ,r-l);

c-free(a):

c-free(ipvt);
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c-free(zq);
return(0);

}

/* Construct the matrix B=A*W*A', where A is de-fined in Eq.(2.6) and W is #/
/* the weighting -factor speci-fied by the user. #/
/*#*************************##****#***#****^^

get_A(p,a)
double *p,*a;
{

int i,j,k;
double -fabsO ;

•for (k=0;k<m;k+ +)
{

aC03+=l/wEl<3;
aC13+=xlEk3/wEk3;

}

•for (i=2;i<n+2;i++)
•for (k=0;k<m;k++)

aCi3+=-fabs(xlEk3-pEi-23)/wEk3;
•for (k=0;k<m;k++)

aCn+33+=xlEk3*xlEk3/wEk3;
•for (i=n+4;i<2*n+4;i++)

•for (k=0;k<m;k++)

aEi3+=xlEl<3*-fabs(xlEk3-pEi-n-43)/wCk3;
•for (i=2;i<n+2;i ++)

•for (j=i;j<n+2;j ++)
•for (k=0;k<m;k++)

aEi*(n+2) +j3+=-fabs(xl[k3-pEi-23)*-fabs(xlEk3-pEj-23)/w[k3;
•for (i=l ;i<n+2;i++)

•for (j=0;j<i ;j ++)
aEi*(n+2)+j3=aEj*(n+2)+i3;

}

/* Construct the vector b=A*W*y, where A and W are de-fined in Eqs.(2.6) */
/* and (2.7), y is the data vector and is de-fined in Eq.(2.11). */

get_b(p,b,z)
double *p,*b,*z;

int i,k;
double -fabsO ;

•for (i=0;i<n+2;i+ +)
bEi3=0.0;

•for (k=0;k<m;k++)
{

bE03+=z[k3/wEl<3;
bE13+=xlEk3*zCk3/wEk3;

•for (i=2;i<n+2;i ++)
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•for (k=0;k<m;k++)
bEi3+=zEI<3*fabs(xlEk3-pEi-23)/wEk3;

/*##*************#*******#**#****#*^^

/* Follow Eq.(2.2) to estimate the approximation error between the measured*/
/* data and the canonical piecewise-linear model. */
/************************************************^^

double

get_err(p,b,y,r)
double *p,*b,*y,*r;
{

int i,k;
double err=0,-fabsO ;

•for (k=0;k<m;k++)
{

rEk3=0;

rCk3=bI03+b[13*xlEk3-yEk3;
•for (i=0;i<n;i++)

rEk3+=bCi +23*-fabs(xlEk3-pCi3);
rEk3=rEk3/w£k3;
err+=rEk3*rEl<3;

}

return(err);
}

/***************************#***#*#*****#****##^^

/* Find the 1st order derivative g and the 2nd order derivative Y of the */
/* approximation error w.r.t. the breakpoint position; g is found by */
/* Eq.(2.i5) and represented by the 1-dim array g, Y is found by Eq.(2.20) */
/* and represented by the 1-dim Array f. */
/*****************#*********************#****^

get_g_F(p,b,r,f,g)
double *p,*b,*r,*f,*g;
<

int i,j,k;

for (i=0;i<n;i++)
{

for (k=0:k<m?K++)
if (xlEk3-pEi3<0)

gEi3+=2*bEi+23*rEk3/wEI<3;
el se

gEi3-=2*bEi +23*rCk3/wEI<3;
for (j=i;j<n;j++)

for (k=0;k<m;k++)
{

if ((xlEk3-p[i3)*(xlEk3-pEj3)>0)
{

fEi*n+j3+=2*bCi+23*bEj+23/wEk3;
fEj*n+i3=fEi*n+j3;

}

else
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}

}

i

fEi*n+j3-=2*bEi+23*bEj+23/wEk3j
fEj*n+i3=fEi*n+j3;

}
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^include <stdio.h>

extern int m,n;
extern double lb,ub,*bl,*p;

/*********************************#*******^
/* Print the optimal canonical piecewise-linear model into the file */
/* Mxx...x.c", where "xx...x.dat" is the filename of the data file. */
/****************************************************^^

print_pwl(line)
char *line;
<

int i;
FILE *fopen(),*fp;

if ((fp=fopen(1ine,"w"))==NULD
{

printf("CAN'T OPEN %s\n",line);
exitO ;

>

/* print the main program */
fprintf(fp,"main(argc,argv)\n");
fprintf(fp,"int argc;\nu);
fprintf(fp,"char *argvE3;\n");
fprintf(fp,"{\n pwl_draw(argc,argv);\n}\n\n");

/* print the canonical pwl function */
fprintf(fp,"double pwl(x)\n");
fprintf(fp,"double x;\n")j
fprintf(fp,"{Xnn);
fprintf(fp," double z,fabs();\n\n");
fprintf(fp," z= %.3e+X.3e*x;\n",blE03,blE13);
for (i=0;i<n;i++)

fprintf(fp," z+= *.3e*fabs(x-X.3e);\n",blEi+23,pEi3);
fprintf(fp," return(z);\n");
fprintf(fp,"}\n");
fclose(fp);
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Hinclude <stdio.h>

double lc,uc;
extern int n,m;
extern double *xl,*yl,*w,lb,ub;

/*******************************************^^

/* Read the data file and assign the weighting factor for each data point. */
/******************#*****##**#***#**#****^

read_data(fp)
FILE *fp;
{

char lineE813,*calloc();
int i=0,j;
double fabsO ;

/* temperatory allocation of the data points and the weiohting factor */
xl=(double *)calloc(1000,sizeof(double));
yl=(double *)calloc(1000,sizeof(double));
w=(double *)cal1oc(1000,sizeof(double));

/* read each data point and the weighting factor */
i=0;
lb = 10000;
ub = -10000;
lc = 10000;'
uc = -10000;
while (fgets(line,80,fp) != NULL)
{

sscanf(line,"Xlf%lf%lf",xl+i,yl+i,w+i);

/* find the lower and the upper bound */
if (lb ) xlEi3)

lb=xlEi3;
if (ub < xlEi3)

ub=xlEi3;
if (lc > ylEi3)

lc=ylEi3;
if (uc < ylEi3)

uc=ylEi3;

i++;
}

m=i;

/* re-allocation after the exact number of data points is known */
rallocd(&xl,m,1000);
rallocd(&yl,m,1000);
rallocd(&w,m,1000);
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^include <stdio.h>

#include "/usr/include/local/graf.h"
^include "gf.h"

int m,n;
double *xl ,*yl,*w,lb,ub;
extern double lc,uc;

/******************************#*******HHes*****^^
/* Draw family of curves of MOS transistor : I_ds vs V_ds parametrized */
/* by V_gs. a/
/********************##^#####^##^#^###^^<###<^###^#######^##^#<<^#^##^</

pwl_draw(argc,argv)
int argc;
char *arqvE3;
{

GRAF *gp,*graf_open();
FILE *fopen(),*fp;
double ymin,ymax;
char x_nameE303,y_nameE303,titleE303,1ineE203;
double x,y,z;
double pwl();
int i, j,k;

if (argc != 2)

exit_message("PWLDRAW DATAFILE");
sprintf(1ine,"£s.dat",*++argv);
if ((fp=fopen(line,"r")) == NULL)
{

printf("CAN'T OPEN THE DATA FILE Xs\n",line);
exitO;

}

read_data(fp);

ymin=lc-(uc-lc)*0.2;
ymax=uc+(uc-1c)*0.2;

/* assign coordinate titles */
sprintf(x_name,nx-axis");
sprintf(y_name,"y-axisu);
sprintf(title,"CANONICAL PWL MODEL");

mgiasngp(0,0); /* assign the graphic processor */
gp=graf_open();

/* draw the graphic coordinate box */
setup_graf(1b,ub,ymi n,ymax,x_name,y_name,ti11e,gp);

mgihue(5);

k=m/5;
y=pwl(lb);
graf_move(1b,y,gp);
for (i=0;i<k;i++)
<
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x=lb+5*(i+l)*(ub-lb)/(m-l);
y=pwl(x);
graf_draw(x,y,gp);

}

mgihue(3);
for (i=0;i<m;i++)

graf_point(xlEi3,ylEi3,gp);

graf__close(gp) ;
mgideagpO ;
fclose(fp);

}

/*******************************************^^

/* Draw the graphic coordinate box. */

setup__graf (xmin, xmax, ymi n, ymax, x_name,y__name, t i 11 e, gp)
double xmin,xmax,ymin,ymax;
char x__nameE3 ,y_nameE3 ,titleE3;
GRAF *gp;
{

if (gp==NULL)
{

printf("Qp=NULL\n");
exitO;

)

define_colors();
mgihue(l);

set_screen(80,600,140,500,gp);
set_real(xmin,xmax,ymin,ymax,gp);
set_x_axis(NJ_BLS,NjriCKS,TICKJ_EN6TH,SIG_FlGS,LABEL_SlDE,LABEL_SHIFT,
x_name,NAME_SHIFT,gp);
set_y_ax i s(NJ_BLS,N_TICKS,TICK_LENGTH,SIG_FIGS,LABEL_SIDE,LABEL_SHIFT,
y_name,NAME_SHIFT,gp);
set_title(title,S!ZE,OFFSET,gp);
TI=1;
draw_bounds(BOX,LABELS,TICKS,AXES,TI,gp);

/********************************************^

define_colors()
{

mgipln(31);
mgiclearpln(0,-l,0);
mgicmO ,0xf0f0f0L);
mgicm(2,Gx00f0a0L);
mgicrn(3,0xf0f008L);
mgicm(4,0xf003f0L);
mgicm(5,0xf00000L);
mgicm(6,0xa0b005L);
mgicm(7,0x00f000L);
mgicm(8,0x0000f0L);
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^include <stdio.h>

/********************************************^^

/* Convert a real number expression terminated by a unit character to a */
/* real number with double precision. */
/****************************************#********^^

double stof(s)

input string expression */char *s; /*

{

char *d; /*
char ch; /*
char *calloc();

number field expression */
unit character */

double x,atof();

d=calloc(strl

ch

if

{

= *(s+strl

(ch<'0' !!

strcpy(d,
strdel(d,
x=atof(d)

swi tch(ch

{

case

case

case

case

case

case

case

case

case

defau

en(s)+l,sizeof(char));
en(s)-l); /* extract the last character */
ch>'9") /* i-f it is a unit character */

}

s);
strlen(s)-l,l);

)

'K'

'M'

'G'

'.T'

'm'

'u'

'n'

'p'
'f

It

x=

x=

x=

x=

x=

x=

x=

x=

x=

{

x*le3;
x*le6;
x*le9;
x*lel2;
x*le-3;
x*le-6;
x*le-9;
x*le-12;
x*le-15;

break

break

break

break

break

break

break

break

break

/* extract the number field */

/* Kilo */

/* Mecia */

/* Giga */

/* Tera */

/* mi 11:t */

/* micro */

/* naro */

/* pico */

/* femp*tl *

}

br

printf("UNDEFINED UNIT CHARACTER Mc\n",ch);
exitO ;

}

else x=atof(s

return(x);

eak;

/*********************************************^^^

/* Give the sign of a real number x; 1 if x>=0 and -1 if x=0. */
/*****************************************************^

sgn(x)

double

if (x>=0) return(l);
else return(-l);
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/***************************************^^
/* Switch two real number. */
/********************************************^^

switch_d(a,b)

double *a,*b;
<

double c;

c = *a;

*a = *b;

*b = c;
}

/************************************^
/* Switch two integer number. #/
Z******************************^*****^^

switch_i(a,b)

int *a,*b;
{

int c;

c = *a;

*a = *b;
*b = c;

)

/******************************************^^^
/* Find the i-th word w from the string s. */
/***********************************4Hf********^^

find_word(s,w,i)

char *s,*w;
int i;
{

int k=l,m=0,n=0,j;
char *ps;

j=strlen(s)+l;

ps=s; /* starting position in the input string s */
while (*s=' ' && m++<j) /* delete leading blanks in s */

s++;

if (m<j)

{

while (k<i && n++<j)
{

/* search the starting position for the i-th word */
if (*s==' ' && *(s+l)!=" ')

k++;
s++;

>
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while (*s!=' ' && *s!='\t' && *s!='\0' && n<j)
*w++ = *s++; /* copy the i-th word to w */

*W='\0'}
}

if (m>=j !! n)=j)
{

printf("FAIL TO FIND A WORD IN XsXn",ps);
exit();

}

/* Find the position of the string t within the string s; -1 is returned */
/* if t is not found within s. #/
/***************************************#**^

find_index(t,s)
char *s,*t;
{

int i, j,k;

for (i=0;sEi3!='\0';i++)
{

for (j=i,k=0;tEl<3!='\0' && sE j3==tEl<3; j++,k+4);
if (tEk3="X0/)

return(i);
}

return(-l);
}

/***************************************^
/* Delete n characters from the nl-th position of string s. */
/******************#*#«***************#**^

strdel(s,nl,n)
char *s;
int nl ,n;
{

int i,j,k=0;

j=strlen(s)+l;
for (i=0:k<=j,sEi+nl+n3!='\0' ;k++,i++)

sEi+nl3=sEi+nl+n3;
if (k>j)
/

printf("ERROR IN STRDEL IN STRINGXn");
printf(""<sXn" ,s);
exitO;

}

else sEi+nl3='\0';
}

/*****************************#**********^^

/* Get rid of unnecessary spaces in the string. */
/***#********************#**#**#9f#***#*#*«**#**#**38##*#*«*#*#9e«********##**V



/*****************************************^^

{
id=}d*

asia

{

i0\ixa
i<s'„u\sxHOd33tfdS31M3011tfLNW.)»uiJd

>

mriN==d>h
•((VJ?)J-03ZtS<U)D0HPD<**ui)=d

id*}ui
1()30lIP3*jpqo

}
is*jpqD

Sid**«u}ui
<s<^d<u)poiiP3

/****#******#****************************»*^^

/*'ja5a^uijoj.aDPdsa^PDoup*/
/***************************************^^

C
!()*ixa

I(aSpssam*„u\sxll)j-^uijd
>

SaSpssaui*jpqa
(a6pssaui>a6pssauj""^ixe

/************************************^^

/*'*IX3pupa5pssauip}uijj*/
/***#********************************^

\.

J<^'s)XdDj;s
as[a

•(„Z330SNIyoay3.«)36^saui'~;ixa
(>K?)±t

.',0\/=x}*

C
if+xsas^a

U+xs*=++x}#
<,u\,=jxs*jj?/1\,=ixs*w//=ixs*)*t

>
(>!>++?TO/0\/=ixs*>aitqM

U=x;
J((;ui)i-oazis1i+>i)DoiiPD=;

i(S)uaLj;s=>|
Js=xs

S>1*0=t}ui
J()30l1*D*U*'X1*'XS*jpqD

}
is*jpqa
(S)zaabs

fra5pd3'qil3^986100:6083q*d
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/* Allocate space for double. */
/*******************************************************^^

callocd(n,pt,s)
int n;
double **pt;
char *s;
{

char *calloc();
double *p;

p = (double *) calloc(n,sizeof(double));
if ( p == NULL )
{

printf("CAN'T ALLOCATE SPACE FOR %s\n",s);
exitO ;

}

else

*pt = p;
}

/**********************************************^^

/* Re-allocate oldsize of integers to a new area with newsize spaces. */
/******************************^###<^####^##<^####s#^^##s##^^#^<##^##<#v

ralloci(ip,newsize,oldsize)
int **ip,newsize,oldsize;
<

char *calloc();
int i,size,*pt;

/* allocate a new space */
pt = *ip;

if ((*ip= (int *) calloc(newsize,sizeof(int)))==NULL)
exit_message("CAN'T RE_ALLOCATE");

if (newsize<oldsize)
size=newsize;

else

size=oldsize;

/* move the data to the new area */
for (i=0;i<size;i++)

(*ip)Ei3=ptEi3;

>

cfree(pt);

/*****************************^s^#s^^s#<s<#s##^^#s###^^#^###^^^#<<<S9e##/
/* Re-allocate oldsize of doubles to a new area with newsize spaces. */
/***************************s#s^#^##s^^ss^####<#^^ss^#####S9f^###^#$s####^#/

rallocd(dp,newsize,oldsize)
int newsize,oldsize;
double **dp;
{
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}

char *calloc();
int i,size;
double *pt;

/* allocate the a new space */
pt = *dp;

if ((*dp= (double *) calloc(newsize,sizeof(double)))==NULL)
exit_message("CAN'T RE_ALLOCATE")#;

if (newsize<oldsize) size=newsize;
else size=oldsize;

/* move the data to the new area */
for (i=0;i<size;i++)

(*dp)Ei3=ptEi3;

cfree(pt);

/****************************<####*<^^###^^#^^#s#s#^##^#^^^^#s#^S9fif^/
/* Transform a double precision number to its ASCII code. */
/****************************#^^sss^#^^^#s##s#^^^^^s##<#^#s###S9f^s#^/

f_to__ax(x,d)
double x;
char dE3;
<

int i;

char eE203,elE83,e2E103;
double fabsO ;

sprintf(e,"'/:.5en,fabs(x)); /* e = ASCII code of !x! */
strncpy(el,e,7); /* el = number field of e */
elE73='X0';

/* delete unnecessary '0' in el */
for (i=6;i>0;i—)
{

if (elEi3=='0' J{ elEi3=='.') elEi3='\0';
else break;

}

strcpy(e2,e+7); /* e2 = exponent of e */

/* delete unnecessary '0' in e2 */
i=0;

while (i++<2 && e2E23=='0')
strdel(e2,2,i);

if (strlen(e2)==2) e2E03='\0';
if <e2E13=='+') strdel(e2,l,l);

/* concate el (number) with e2 (exponent) */
if (x<0)

sprintf(d,"-XsXs",el,e2);
else

sprintf(d,"^sXs",el,e2);
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^include <stdio.h>

int m,n;
double *xl,*x2,*yl,*rl,*bl,*p,*q,error,*w;

/****************************#####<#^#%#^<####<####^#^<#^####^####<<^###^###/
/* Canonical piecewise-linear modeling : 2-dimensional function. */
/************************************************^^

main(argc,argv)
int argc;
char *argvE3;
{

FILE *fp,*fopen();
char lineE303:

/* open the data file */
if (argc != 2)

exi t_message("PWLM0D2 DATA_FILE");
sprintf(line."£s.dat",*++argv);
if ((fp=fopen(line,"r")) == NULL)
{

printf("CAN'T OPEN THE DATA FILEXn");
exitO;

}

/* canonical pwl modeling */
pwl_model(fp);

fclose(fp);

/* print the optimal canonical pwl model equation */
/* to the output file xx...x.c */
sprintf(line, "'As.ctt ,*argv);
print_pwl(line);

}

/***********************************************^^

/* Follow the formulae of Section 3 of the paper (ERL Memo M85/35) to find */
/* the optimal canonical piecewise-linear model for 2-port (or 3-terminal) */
/* elements. #/
/****************************^*ss<^^##s^^s^^###^^#s#####s###^#^^##s#<s<s#^^^/

pw!_modei(fp)
FILE *fp;
{

char chE23;
int i;

/* read the data and get the initial partition boundaries */
get_data(fp);

/* find the optimal canonical pwl model w.r.t. the initial partition */
if (opt_p(p,q,&error)=-i)

exi t_message("IMPROPER BOUNDARIES");



Jan 21 12:29 1986 modi .c Page 2

/* adjust the partition boundaries to get the optimal canonical */
/* 2-dimensional canonical pwl model */
chE03='y';
while (chE03='y')
r

/* perform the line search */
l_search();

/* print the optimal canonical pwl model */
printf("\n*** partition boundaries ***\n");
for (i=0;i<n;i++)

printf("/<.2e*x - y + *.2e = 0 \n" ,p[ i3,qEi 3) ;
printf<"asX.3e\tbll=Z.3e\tbl2=Z.3e\nM,blE03,bl E13,blE23);
for (i=0;i<n;i++)

printf("clXd=X.3e\n",i+l,blEi+33);
printf("continue? y/n\n");
scanf(";<ls" ,ch);

/* try to get out of a local minimum */
if (chE03=='z')

{

getoutO ;
chE03='y';

}

/*****************************«*^,#s^#^^^#<#>#^##^<#s<##^^^###^##>##^<^#^/
/* Read the input data points and the initial partition boundariies. */
/*****************************<^*<^^^s#<^#<##<#^#^<####^^###<^s###<##^#/

get_data(fp)
FILE *fp;
{

char *calloc();
int i;

/* read the measured data */
read_data(fp);

printf("enter the number of partition boundariesXn");
scanfC'Xd" ,&n);
v_alloc();

printf("enter the initial set of partition boundariesXn");
for (i=0;i<n;i++)

scanf(";<HXlf",p+i,q+i);
}

/**********************«**#^#<####<#####^^^^^##s##<###^##^^###<i(##if%<#<<#^<#/
/* Dynamic allocation for the variables. */
/*************************#^^s############^###^^s#^<^^#s####^#s####s##<^^^/

v_allocO
/

char *ca11oc();
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rl=(double *)calloc(m,sizeof(double));
bl=(double *)cal1oc(n+3,sizeof(double));
p=(double *)calloc(n,sizeof(double));
q=(double *)calloc(n,sizeof(double)):

} '

/*****************************************^^^
/* Perform the line search on the partition boundaries for reducing the */
/* approximation error. #/
/****************************#######<^#<#<#######^#<#^##^^##^^###########/

l_search()
{

char *cal locO ;
int i,*ipvt,red=0;
double t=l,*f,*g,*zq,rcond,max=0,fabs(),ratio=l;

f=(double *)calloc(4*n*n,sizeof(double));
g=(double *)calloc(2*n,sizeof(double));
ipvt=(int *)calloc(2*n,sizeof(int));
zq=(double *)calloc(2*n,sizeof(double));

/* get the matrix Y and the vector g in Eqs.(2.15-2.16) */
9et_g_F(p,q,bl,rl,f,g);

/* find the line search direction inv(Y)*g */
for (i=0;i<2*n;i++)

gEi3 = -gEi3;
sgeco(f,2*n,ipvt,&rcond,zq);
sgesKf ,2*n,ipvt ,g,0);

/* find the infinite norm */
for (i=0;i<2*n;i++)

if (fabs(gEi3)>max)
max=fabs(gEi3);

/* get a new partition along the line direction */
while (t>0.1 && fabs(ratio)>le-3)

new_p(&red,&t,g,max+l,&ratio);

cfree(f);
cfree(g);
cfree(ipvt);
cfree(zq);

}

/*******************************s##<#######s<<#<^#s^ft<^^<<^<s#^^^^#^^/
/* Adjust the partition boundaries along the line search direction. */
/*************************<***s#^^###^^^^<s^#####^^^<#^^^s#ss#^<^#/

new_p(red,t,s,max,rat io)
int *red;

double *s,*t,max,*ratio;

char *calloc();
int i;
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double err,*px,*qx,rat,fabsO;

px=(double *)calloc(2*n,sizeof(double));
qx=(double *)calloc(2*n,sizeof(double));
for (i=0;i<n;i++)
{

pxEi3=pEi3;
qxEi3=qEi3;
pEi3+= *t*sEi3/max;
qEi3+= *t*sEi+n3/max;

}

rat = *ratio;
if (opt_p(p,q,&err)==-!)

*ratio=l ;
else

*ratio=(err-error)/error;
printf("approximation error = X.3e\n",err);
rat=(rat-*ratio)/rat;

/* reduce the increment size if the error is increasing */
if (*ratio)0)

{

*t = *t/4;
*red=l;
for (i=0;i<n;i++)
{

pEi3=pxEi3;
qEi3=qxEi3;

}

}

else

{

/* increase the increment size if the error decreases */
if ((*ratio<-0.02 !! fabs(rat)<0.1) && *red=0)

*t=2*(*t);
error=err;

}

cfree(px);
cfree(qx);

}

/*********#************************#<^^^#^^#^##^#^s^^#9t^^s<##^###SSSjt####^<#/
/* Adjust the partition boundaries until the approximation error gets out */
/* of the range of a local minimum. */
/*********************************************^^

getoutO

char *calloc();
int i,t=0;

double *px,*qx,*ss,err,errx,ratio;

px=<double *)calloc(n,sizeof(double))
qx=(double *)calloc<n,sizeof(double))
ss=(double *)calloc(n,sizeof(double))

N
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/* find the increment size */
for (i=0;i<n;i++)

if (-l*qEi3/pEi3>3.5)
ssEi3=(5-qEi3)/25;

else

ssEi3 = -l*(5*pEi3+qEi3)/25;

/* get a new partition */
while (t++<=10)

<

for (i=0;i<n;i++)
qxEi3=qEi3+t*ssEi3;

opt_p(p,qx,&err);
if (t>l)

ratio=(errx-err)/err;
else

ratio=(error-err)/error;
printf("approximation error = X.3e\n",err);
if (ratio>0.02)
{

error=err;

for (i=0;i<n;i++)
qEi3=qxEi3;

break:

}

errx=err;

}

for (i=0:i<n;i++)
qEi3=qxEi3;

cfree(ss);
cfree(px);
cfree(qx);
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Sinclude <stdio.h>

extern int n,m;
extern double *xl,*x2,*yl,*rl,*bl,*w;

/****************************************************^^

/* Find the optimal parameters of a canonical piecewise-linear model w.r.t.*/
/* a set of partition boundaries. */
/**********************************##*#^^#<####^<##<<<>^%###<^<^########<</

°Pt_p<PjQ terr")
double *p,*q,*err;
{

char *cal locO ;
int *ipvt;
double *a,*zq,rcond,get_err();

ipvt=(int *)calloc(n+3,sizeof(int));
zq=(double *)cal1oc(n+3,sizeof(double));
a=(double *)cal1oc((n+3)*(n+3),sizeof(double));

/* Find the matrix B=A*W*A' in Eq.(3.17) */
get_A(p,q,a);

/* find the vector b=A*W*y in Eq.(3.17) */
get_b(p,q,bl,yl);

/* solve B*z=b for the optimal canonical pwl parameters */
sgeco(a,n+3,ipvt,&rcond,zq);
if (rcond<1.0e-10)

return(-l);
sgesl(a,n+3,ipvt,bl ,0);

/* find the estimation error */
*err=get_err(p,q,bl,yl,rl);

cfree(a);
cfree(ipvt);
cfree(zq);
return(0);

}

/*************************************^#ss^#<<s^^^ss###<^s#^%#####x<#^###s<s/
/* Construct the matrix B=A*W*A', where A is defined in Eq.(3.13). */
/**********************************^s^s##s^###^<<^#ss#s^^s###%^.^s^###%^#/

get_A(p,q,a)
double *p,*Q,*a;
{

i n t i, j , k;
double fabsO ;

for (k=0;k<m;k++)
<

aC03+=wEi<3;
aE13+=x!Ek3*wEk3;
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aE23+=x2Ek3*wEl<3;
}

for (i=3;i<n+3;i++)
for (k=0;k<m;k++)

aEi3+=fabs(pCi-33*xlEk3-x2Ek3+qEi-33)*wEk3;
for (k=0;k<m;k++)
{

aEn+43+=xlEk3*xlEk3*wEk3;
aEn+53+=xlEk3*x2Ek3*wEk3;

}

for (i=n+6;i<2*n+6;i++)
for (k=0;k<m;k++)

aEi3+=xlEk3*fabs(pEi-n-63*xlEk3-x2Ek3+qEi-n-63)*wEk3;
for (k=0;k<m;k++)

aE2*n+83+=x2Ek3*x2Ek3*wEl<3;
for (i=2*n+9;i<3*n+9;i++)

for (k=0;k<m;k++)

aEi3+=x2Ek3*fabs(pEi-2*n-93*xlEk3-x2Ek3+qEi-2*n-93)*wEk3;
for (i=3;i<n+3;i++)

for (j=i ;j<n+3;j++)
for (k=0;k<m;k++)

aEi*(n+3)+j3+=fabs(pEi-33*xlEk3-x2Ek3+qEi-33)*
fabs(pEj-33*xlEk3-x2Ek3+qEj-33)*wEk3;

for (i=l;i<n+3;i++)
for (j=0;j<i;j++)

aEi*(n+3)+j3=aEj*(n+3)+i3;
}

/*******************************s*<*####^##s<s<^#######s#^#<<##%^^##s<s##<^/

/* Construct the vector b=A*W*y, where A and y are defined in Eqs.(3.13) */
/* and (3.16) respectively. */
/**************#*********************#*^^^##^###^#####^####^^^#####^/

get_b(p,q,b,z)
double *p,*q,*b,*z;
{

int i ,k;
double fabsO ;

for (i=0;i<n+3;i++)
bEi3=0.0;;

for (k=0;k<m;k++)
{

bE03+=zEk3*wEk3;
bE13+=xlEk3*zEk3*wEk3;
bE23+=x2Ek3*zEk3*wEl<3;

>

for (i=3;i<n+3;i++)
for (k=0;k<m;k++)

bEi3+=zEl<3*fabs(pEi-33*xlEk3-x2EI<3 +qEi-33)*wEk3;

/********************************************s#^###^###^^#^###^####^###^v

/* Estimate the approximation error w.r.t. a canonical piecewise-linear */
/* model. */
/************************************************#.)t<#######<####^###^####^/
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double

get_err(p,q,b,y,r)
double *p,*q,*b,*y,*r;
<

int i ,k;
double err=0,fabsO ;

for (k=0;k<m;k++)
{

rEk3=0;

rEk3=bE0 3+bE13*xlEk3+bE23*x2EI<3-yEl<3;
for (i=0;i<n;i++)

rEk3+=bEi+33*fabs(pEi3*xlEk3-x2Ek3+qEi3);
rEk3=rEk3*wEk3;
err+=rEk3*rEk3;

}

return(err);
}

/****************************<^*^^$ss###^^^^##<#^<#######^#s#s<^<##^^<<###<</
/* Find the matrix Y in Eq.(3.22) (represented by the 1-dim array f) and */
/* the vector g in Eq.(3.21) (represented by the 1-dim array g). */
/****************************************************^^

9et_g_F(p,q,b,r,f,g)
double *D,*q,*b,*r,*f,*g;
{

int i,j,k;

for (i=0;i<n;i++)
{

for (k=0;k<m;k++)
{

if (pEi3*xlEk3-x2Ek3+qEi3>=0)
{

gEi3+=2*bEi+33*xlEk3*rEk3*wEk3;
gEi+n3+=2*bEi +33*rEk3*wEl<3;

}

else

{

gEi3-=2*bEi+33*xlEk3*rEk3*wEk3;
gEi+n3-=2*bEi+33*rEk3*wEk3;

}

}

for (j=0;j<n;j++)
for (k=0;k<m;k++)
{

if ((pEi3*xiEl<3-x2Ek3+qEi3)*(pEj3*xlEl<3-x2Ek3 +qEj3))0)

fEi*2*n+j3+=2*xlEk3*xHk3*bii +33*bEj+33*wEk3;
fEi*2*n+n+j3+=2*xlEk3*bEi+33*bEj+33*wEk3;
fE(n+j)*2*n+i3=fEi*2*n+n+j3;
fE(n+i)*2*n+n+j3+=2*bEi+33*bEj+33*wCk3;

}

else
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fEi*2*n+j3-=2*xlEI<3*xlEk3*bEi+33*bEj +33*wEk3;
fEi*2*n+n+j3-=2*xlEI<3*bEi+33*bEj+33*wEk3;
fE(n+j)*2*n+i3=fEi*2*n+n+j3;
fE(n+i)*2*n+n+j3-=2*bEi+33*bEj+33*wEk3;
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^include <stdio.h>

extern int n;
extern double *bl,*p,*q;

/***********************************s<<#ss«#ss#^^^#<#^<^#^^^#s<^^###/
/* Print the optimal canonical piecewise-linear model into the file */
/* "pwl.c". #/
/*************************************************^^

print__pwl (line)
char *line;
{

int i;
FILE *fp,*fopen();

if ((fp=fopen(line«"w")) = NULL)
{

printf("CAN'T OPEN Xs\n",line);
exit();

}

/* print the main program */
fprintf(fp,"main(argc,argv)\n");
fprintf(fp,"int argc;\n");
fprintf(fp,"char *argvE3;\n");
fprintf(fp,"{\n pwl_drawl(argc,argv);Xn)\nXn");

/* print the canonical pwl function */
fprintf(fp,"double pwl(x,y)\n");
fprintf(fp,"double x,y;\n");
fprintf(fp,"{\n")j
fprintf(fp," double z,fabs();\n\n");
fprintf(fp," z= X.3e+X.3e*x+X.3e*y;\n",blE03,blE13,blC23);
for (i=0;i<n;i++)

fprintf(fp," z+= X.3e*fabs(X.3e*x-y+X.3e);\n",blEi+33,pEi3,qEi3);
fprintf(fp," return(z);\nn);
fprintf(fp,°}\n");
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ttinclude <stdio.h>

extern int n,m;
extern double *xl,*x2,*yl,*w;
double xll ,xul,x!2,xu2,yll,yul;

/****************#**********##*#*#*^^

/* Read the data file and assign the weighting factor for each data point. */
/******************************^#<#<####^#^^<<#<#<s^##s^#<s####^^^^s/

read_data(fp)
FILE *fp;
{

char lineE813,*calloc();
int i=0,j;
double fabsO;

/* temperatory allocation of the data points and the weighting factor */
xl=(double *)calloc(1000,sizeof(double));
x2=( double *) cal 1ocd000, si zeof(double));
yl=(double *)cal 1ocd000,sizeof(double));
w=(double *)calloc(1000,sizeof(double));

/* r

i=0;
xll

xul

xl2

xu2

yll
yul

whi 1

{

ead each data point and the weighting factor */

= 10000;

= -10000;
= 10000;
= -10000;
= 10000;
= -10000;

e (fgets(line,80,fp) != NULL)

sscanf(line,"%HXlfXlfXlf",xl +i,x2+i,yl+i,w+i);
if

if

if

if

if

if

(xll

xll

(xul

xul

(xl2

x!2

(xu2

xu2

(yll

yll

(yul

yul

i++

xlEi3)

xlEi3;
xlEi3)

xlEi3;
x2Ei3)

x2Ei3;
x2Ei3)

x2Ei3;
ylEi3)

ylEi3;
ylEi3)

ylEi3;

}

m=i;

/* re-allocation after the exact number of data points is known */
rallocd(&xl,m,1000);
rallocd(&x2,m,1000);
rallocd(&yl,m,1000);
ral 1ocd(.&w,m,1000);



Mar 20 21:39 1986 modgf.c Page 1

^include <stdio.h>

^include Vusr/include/local/graf,h" •
^include "gf.h"

int n,m,nc,opt;
double *xl,*x2,*yl,*w,*p;
extern double xl 1,xul,xl2,xu2,yll,yul;

/*******************************##s<^s##<^##^s^^#^####<^s########^###^/
/* Draw family of curves of the canonical pwl model yl=f(xl,x2), for */
/* yl vs xl with fixed values of x2, or yl vs x2 with fixed values of */
/*xl. #/
/****************************#s###^###^#<^##^^#s#^^#^####^^s######v

pwl_drawl(argc,argv)
int argc;
char *argvE3;
{

GRAF *gp ,*graf__open();
FILE *fp;
double ymin=0,ymax=500;
char 1ineE 30 3,x_nameE303,y_nameE303,t i 11eE403;

/* readn the data points */
open_data(argc,argv,&ip);
read_data(fp):

/* input the graph information */
get_info();

/* assign coordinate titles */
if (opt == l)

sprintf<x_namel"Xln>;
else

sprintf(x_name,"X2");
sprintf(y_jiame,"Yl");
sprintf(title,n2-dim CANONICAL PWL MODEL");

mgiasngp(0,0); /* assign the graphic processor */
gp=graf_open();

/* draw the graphic coordinate box */
ymin=yll-(yul-yll)*0.2;
ymax=yu1+(yu1-y11)*0.2;
setup_graf(xl2,xu2,ymin,ymax,x_name,y_name,ti11e,gp);

draw_pwl(gp);

graf_close(gp);
mgideagp();

3

/*********************************^^^

/* Draw the 2-dimensional canonical pwl model equation in terms of */
/* tamny 0f curves; either yl vs xl with fixed x2, or yl vs x2 with */
/* tixed xl. y
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/********#*************##^##s###<###s#############s########s^<##s#####^##/

draw_pwl(gp)
GRAF *op;~
{

char isE103;
int i, j;
double x,y,pwl();

/* draw nc curves */
for (i=0;i<nc;i++)
{

mgihue(i+2);
/* draw yl vs xl with fixed x2 */
if (opt == 1)
{

sprintf(is,"X2=X4.2f",pEi3);
graf_move(xll,pwl(xl1,pEi3),gp);
for (j=0;j<=20;j++)
{

x=xll+j*(xul-xll)/20;
y=pwl(x,pEi3);
graf_draw(x,y,gp);

}

>

else

{

/* draw yl vs x2 with fixed xl */
sprintf(is,"Xl=X4.2f",pEi3);
graf_move(xl2,pwl(pEi3,xl2),gp);
for (j=0;j<=20;j++)
{

x=xl2+j*(xu2-xl2)/20;
y=pwl(pEi3 ,x);
graf_draw(x,y,gp);

}

>

/* draw the xl or x2 value on top of the corresponding curve */
mgimoded);
mgixy(-40,0);
mgigfs(0,0,0,is);
mgimode(0);

/*****************************«<#^^#^^^^####^#<#X^#SS####S#S<#S#S%#<^J(##^^#/
/* Input the information for drawing the graph. */
/***************************^*<#########;#^s###^^<#s##^#<###^<#s########/

get_info()

char *calloc();
int i;

printf("enter the number of curves to be plotted\n");
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set_y_axis(N_LBLS,N_TICKS,TICKJ.ENGTH,SI6_FIGS,LABEL__SIDE,LABEL SHIFT,
y_name,NAME_SHIFT,gp);
set_title(title,SIZE,OFFSET,gp);
TI=1;
draw_bounds(BOX,LABELS,TICKS,AXES,TI,gp);

/********************************<^#<^###<###^s##s^^#^#<^^<><<##<^^^s^^^/
/***************************************<###<###%^#########<#####<if^<^##^#/

define_colors()
{

mgipln(31);
mgiclearpln(0,-l,0);
mgicm(l,0xf0f0f0L)
mgicm(2,0x00f0a0L)
mgicm(3,0xf0f008L)
mgicm(4,0xf008f0L)
mgicm(5,0xf00000L)
mgicm(6,0xa0b005L)
mgicm(7,0x00f000L)
mgicm(8,0x0000f0L)
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