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Summary

A surrogate model was fitted to a simple ammonia synthesis model. A PLS regression was
first conducted to reduce the number of variables before it was fitted to a neural network.
A study of the parameters in PLS indicated that the first component is the most significant.
From the analysis it did not make any difference on the performance which combination
of the independent variables that was used, as long as the first component was included.
From the performance of the surrogate model it was concluded that a orthogonal method
with two subspaces should be used for sampling the design space. A random sampling
method for designing the surrogate model had the worst performance of the three sampling
methods. This argument was based on the maximum absolute value, standard deviation
and the confidence interval for the relative average error when random sampling was used.
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Chapter 1
Introduction

This specialization project presents a Master of Science degree project that is conducted
in Chemical engineering, at NTNU.

There consists a problem in optimizing a ammonia plant. The reason for this is that the
process is highly integrated (Straus and Skogestad (2016)). Its therefore an idea to split
the process into several sub models and optimize each sub models with its own surrogate
models. One of the sub models is the reaction section in the ammonia synthesis loop. The
surrogate models for this sub model will be studied in detail in this project. Surrogate
models is introduced to make a simplified model of the original model. If the surrogate
model is a good representation for the behavior of the flowsheet it could be of interest to
use it for optimization.

As Forrester and Keane (2009) mentions, all the different optimization schemes de-
pend on the underlying model that is used. Many methods need to use the Hessian matrix
from the current sampling point over the design space that is given. This takes a lot of
computational power, and even more so if one must use finite difference approximation
for the derivatives in the Hessian. For this reason, it is of interest to reduce the time it
takes to do the computation, so that the optimal operation point for the Ammonia loop can
be found. A surrogate model will make this computational time negligible compared to
the original model.

Surrogate models are still very limited to the number of independent variables. As is
mentioned in (Straus and Skogestad (2017)), the number of validations of the flowsheet
increases exponentially with the number of independent variables. It is therefore important
to use a minimum number of independent variables that can describe the flowsheet with
good accuracy. The surrogate model must also have enough of sampling points for each
variable, such that the whole design space is covered. The surrogate model must remain
simple and also be a good representation of the original model. It is for this reason that
this project will investigate how the sampling space influences the performance of the
surrogate model on the reaction section. An investigation on how to sample the design

1
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Chapter 1. Introduction

space for a surrogate model fitting is done in this project. The surrogate model will only
be fitted to one output; the outlet pressure

This thesis uses a surrogate model that already existed in MATLAB. It can be used
for optimization of the reactor section in the simple ammonia loop. It uses a partial least
square regression (Wold et al. (1983)) and cascade-forward neural network fitting (Math-
works (2010)). The flowsheet for the original model that the surrogate model is fitted to is
given by the figure 1.1.

Reac1

Reac2

HEx2

HEx3

HEx5

HEx4

Val1

Mix2

Split1

Figure 1.1: Flowsheet for the reaction section that synthesis ammonia

The flowsheet (figure1.1) consist of two reactor beds. To exploit the heat generated in
the reactors, a heat exchange network is used. HEx3 removes the heat generated in reactor
1 and preheats the inlet feed before the mixing accurse in Mx2. The reaction is exothermic
and removing the heat between the reactors will increase the yield. (Straus and Skogestad
(2017)).

2
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Chapter 2
Theory

This chapter will cover the theoretical background of this project. It starts with the expla-
nation of the model structure. This will be followed by an explanation of a partial least
square method for regression and the different sampling methods. It will conclude with an
introduction of the surrogate models that is used in this project; neural networks.

2.1 Topology of the system

Surrogate modelling is introduced to obtain a simplified model of any given model. The
surrogate model that is used in this paper contains two parts; a partial least square regres-
sion (PLS) and a neural network fitting (ANN).

Figure 2.1: Topology for the surrogate model used for the simple ammonia loop

The original model contains 10 independent variables: nu = 10. Seven of these come
from the inlet feed (Ni, Pin, Tin), two split ratios (one variables for the split in the valve
(Val1) and one for the split in the heat exchanger 4 (HEx4). The last variable is the outlet
temperature of heat exchanger 4 (TRef,4).

Reduction of variables must be done because ten independent variables are too many
for fitting to a surrogate model. PLS regression is therefore used to reduce the number of
independent variables before it is fitted to the neural network.

3
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Chapter 2. Theory

It can be possible to get mass build-up in the reaction section in this surrogate model.
The reason is that mass creation or destruction can occur when the surrogate model is
fitted for each of the outlet molar flows. To circumvent this problem, linear mass balances
is introduced by using the extent of reaction. This ensures that the total mass in the system
is consistent. The linear mass relationship is given by:

F .
i,out = F .

i,in + νiξ (2.1)

2.2 Partial least square regression
For a number of observations X and a number of predictor variables Y, a PLS regression
gives a linear relationship between these data. The output Y can then be predicted by only
knowing X. The procedure for making PLS regression is as follows: A decomposition of
the matrices X and Y is made such that the scalar product of the two vectors: scores (Q an
T) and loadings (P and U) represent X and Y.

Y = QU + F (2.2)

X = TP + E (2.3)

T and P are the corresponding scores for the respective observations X (2.3) and Y (2.2).
The scores and loadings of both X and Y are generated so that the i-th Yscore (ui) has
maximum covariance with the corresponding Xscore, ti.

ui = riTi (2.4)

U = [u1u2, ...ui, ...un] (2.5)

Here, n is the number of components in the PLS regression and ri (2.4) is the corre-
lation factor between the scores. The prediction of the outputs Y can be calculated from
the scores of Y (2.2). Since PLS finds a maximum correlation between the scores of X
and Y (2.4), the scores of Y can be represented with only knowing the scores of X. Using
a PLS regression, the prediction of new output(s) Y can be found from only knowing the
scores and the respective loadings of X. The PLS will also reduce the dimensionality of
the problem, so that the outputs can be described by less components than the original
number of independent variables from the reactor section.

4
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2.3 Sampling schemes

2.3 Sampling schemes
Four different sampling techniques are introduced : Latin hyper cube, random, Orthogonal
and regular grid sampling.

2.3.1 Random sampling
The random sampling (RND) method samples randomly over the whole space. It does not
take into account the previous sampling points when it generates new points. Therefore,
one can run into the risk of only sample in one region. Homogeneous sampling over the
design space is not certain, but with a sufficient amount of points, it will converge to a
homogeneous distribution of points.

A possible sampling from this method is given by 2.2, where each axis represent its
own variable and X is the chosen sampling point for the two variables.

Figure 2.2: Distribution of points for a random sampling. Each variable can have four different
values.

2.3.2 Latin hypercube sampling
A Latin hypercube sampling (LHS) ensures that a sample does not appear more than once
in the design space. To make a Latin hypercube space, the number of input variables M
is chosen and Np is the number of sampling points. Each variable M is divided into Np
equal probable intervals. The sampling space is designed in the way that only one of every
sample is the only one in its axis-aligned hyperplane containing it. (Iman et al. (1980)).
The total number of combinations for sampling is then given by:

M−1∏
Np=1

M −Np = M !Np−1 (2.6)

The advantage of this method is that it ensures a more orderly random sampling space.
Another advantage is that the sampling space does not increase when additional input
variables are chosen, since each variable is chosen from a subset Np with equal likelihood
to be found.

The figure below shows a possible Latin hypercube sampling for two variables. X is
the chosen sampling point.

5
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Chapter 2. Theory

Figure 2.3: Distribution of points for two variables with four different possible values using a LHS
method

2.3.3 Orthogonal sampling

Orthogonal sampling (OS) is an extension of LHS. It divides the sampling space into equal
dense subspaces. The space must also fulfill the requirement of being a Latin hypercube.
If the number of subspaces in OS is equal to one, the OS method becomes ordinary LHS.
All the subspaces must be generated simultaneously since they must have the same density
and fulfill the requirement of being a Latin hypercube.

The figure below shows a possible orthogonal sampling, where the number of sub-
spaces is set to 4, X is the chosen sampling point for the two variables.

Figure 2.4: Distribution of points for two variables with four different possible values when using
four subspaces in a orthogonal sampling method.

The orthogonal sampling requires to sample all of the subspaces simultaneously with-
out overlapping the points. The total number of samples is always:

OS = n ∗ kN (2.7)

Where N is the number of independent variables, n is the number of samples in each
subspace and k is the total number of subspaces. The computational power in this method
is also severely restricted by the number of components and the number of subspaces.

6
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2.4 Artificial neural networks as surrogate models

2.3.4 Regular grid
A regular grid (RG) is gven by equally spaced point between the design space. If two
points per variable is used, and the number of variables is 3 it will result in 23 points in
total.

Table 2.1: Total number of sampling points with a regular grid for three variables (a,b and c). Two
values (1 and 2) for each variable is used.

a1 b1 c1
a1 b1 c2
a1 b2 c1
a1 b2 c2
a2 b1 c1
a2 b1 c2
a2 b2 c1
a2 b2 c2

The total number of sampling points when using k points for each variable n is then:

S = kn (2.8)

2.4 Artificial neural networks as surrogate models
A neural network (ANN) fitting is used in this project to predict the variables Y, from
a set of inputs X’. The only output that the neural network if fitted to in this project is
the outlet pressure pout. An artificial neural network consist of a network that tries to
map a certain input to a certain output. The network achieves this by a self-organizing
process (Rojas (2013)). For the case study of the reaction section, we are interested in
linking the reduced number of independent variables to the outlet pressure. The networks
behaves as ”mapping machines” from input X’ to output Y. Some nodes produce values
that are sent as arguments to other nodes in the network. As long as the number of layers
in the cascade-network is greater or equal to two; the network can map any input-output
relationship arbitrary well if it is given enough hidden nodes(Mathworks (2010)).

Figure 2.5: Structure for the cascade forward neural network. The numbers in the figure represent
the number of nodes in that layer. [2,5,5] nodes are used in each layer respectively.

7
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Chapter 2. Theory

Figure 2.5 show the structure of the cascade forward neural network that is used in this
project. Every point in the structure has a direct link to any of the other layers.

A distinguishing between X and X’ must be made. X is the sampled space from the
simple ammonia loop. X’ is the input that the neural network (NN) is using. If the NN is
using the resulting loadings from the PLS, then X and X’ is different.

2.5 Standardisation of a data set
Its useful to scale the design space properly before fitting the PLS to it, as mentioned in
(Straus and Skogestad (2017)). Otherwise the first component in PLS will point toward
the space. The equation for standardizing a space is given by:

Us =
(U − µU)

σU
(2.9)

Us is the scaled design space, U is the design space, µ is the mean value and σ is the
standard deviation in the design space U with respect to component u.

8
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Chapter 3
How scaling and sampling size
influences components in PLS

3.1 Experimental procedure

PLS regression for each sampling method was first done in MATLAB without standardis-
ation of the output (pout). The output was scaled with nominal values. The procedure for
the regression was as follows:

A design space was chosen for each sampling method and used as input for the PLS
regression. The output for the PLS was scaled with its initial values. The function that
was used for PLS regression is given by: plsregress. The input for plsregress was X and
Y. X and Y are the respective input and output of the original model. The regression was
done for increasing number of design points for every sampling method. The tables below
show the different options the PLS was executed on:

Table 3.1: Number of points for both LHS and RND sampling. [S1 − S4] is the notation used
throughout the report

S1 S2 S3 S4
2000 4000 8000 16000

Table 3.2: The number of points for orthogonal sampling. N is the number of points in each sub-
space, k is the number of subspaces and n is the dimensionality.

S1 S2 S3 S4
k 2 2 2 3
n 10 20 40 5
P 10240 20480 40960 295245

9
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Chapter 3. How scaling and sampling size influences components in PLS

Table 3.3: The number of points for sampling with regular grid. Np is the number of values for
every variable. X is the number of independent variables.

S1 S2
Np 2 3
X 10 10
P 1024 59049

3.2 Results from scaling without Standardization

The values for the loadings in X from the plsregress when using LHS sampling is given in
table 3.4 and 3.5. Comp1-Comp4 represents the components obtained by PLS regression.

Table 3.4: xloads in PLS when LHS is used with 4000 points and output was scaled with initial
values

Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
1,00 0,26 0,23 0,01 0,13 0,00 -0,11 -0,39 0,22 -0,15
0,00 -0,37 -0,65 -0,33 1,00 -0,01 0,21 -0,39 0,94 0,81
-0,32 0,61 0,48 0,35 0,78 -0,14 -0,19 -0,60 0,77 -0,84
-0,09 0,49 0,37 0,90 -0,70 -0,24 -0,45 -0,37 0,38 1,00
-0,05 -0,60 0,33 -0,34 -0,65 -0,70 0,67 -1,00 -0,03 -0,12
-0,09 -0,50 -0,35 -0,59 -0,33 0,43 -1,00 -0,84 -0,16 -0,18
-0,09 0,46 1,00 -1,00 0,46 0,44 0,12 -0,24 -0,56 0,57
0,02 -0,29 0,53 -0,95 -0,36 -0,46 -0,41 0,81 1,00 -0,04
0,05 -1,00 0,55 0,61 0,90 -0,50 -0,43 0,14 -0,64 0,14
-0,01 0,84 -0,60 -0,58 0,28 -1,00 -0,31 -0,04 -0,65 0,07

Table 3.5: xloads in PLS when LHS is used with 8000 points and the output was scaled with initial
values

Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
1,00 0,02 -0,17 0,07 0,12 -0,33 0,32 0,01 -0,26 0,05
0,00 0,89 -0,74 0,20 -0,49 -0,70 -0,92 -0,43 -0,26 0,22
-0,32 -0,58 -0,57 0,48 -0,06 -0,78 1,00 -0,13 -0,57 -0,09
-0,09 0,96 -1,00 -1,00 0,21 0,26 0,43 0,31 -0,04 0,20
-0,05 0,92 0,48 0,41 0,07 0,66 0,36 -0,34 -0,46 1,00
-0,09 1,00 0,64 0,13 0,05 -1,00 0,03 1,00 0,03 0,15
-0,09 -0,74 -0,04 -0,21 1,00 -0,54 -0,57 -0,16 -0,27 0,45
0,02 -0,54 0,35 -0,63 -0,39 -0,73 0,37 -0,45 0,68 0,69
0,04 -0,94 -0,73 0,54 -0,17 0,36 -0,18 0,74 0,39 0,72
-0,01 0,87 -0,36 0,65 0,52 -0,16 0,26 -0,38 1,00 -0,15

Table 3.5 shows the loadings of x from PLS when 8000 LHS points are sampled. The
coefficients of the loadings in the first components is low compared to the other compo-
nents.
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3.3 Results from scaling with standardization

Table 3.6: The differences in the loadings of X when 8000 and 4000 points is used for a Latin
hypercube sampling

Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
0,00 0,24 0,40 -0,05 0,01 0,34 -0,44 -0,40 0,47 -0,20
0,00 -1,26 0,09 -0,53 1,49 0,69 1,13 0,04 1,19 0,59
0,00 1,19 1,06 -0,14 0,83 0,65 -1,19 -0,47 1,34 -0,75
0,00 -0,47 1,37 1,90 -0,90 -0,50 -0,88 -0,68 0,41 0,80
0,00 -1,52 -0,15 -0,76 -0,72 -1,36 0,31 -0,66 0,43 -1,12
0,00 -1,50 -0,99 -0,72 -0,38 1,43 -1,03 -1,84 -0,19 -0,33
0,00 1,20 1,04 -0,79 -0,54 0,98 0,69 -0,08 -0,29 0,12
0,00 0,25 0,18 -0,32 0,03 0,27 -0,78 1,26 0,32 -0,73
0,00 -0,06 1,29 0,07 1,07 -0,86 -0,25 -0,60 -1,03 -0,58
0,00 -0,03 -0,24 -1,23 -0,24 -0,84 -0,58 0,35 -1,65 0,22

From table 3.6, the loadings of X do not change for the first component when the sam-
pling space increases. All the other components change significantly. The first components
also represent most of the explained variance. It was there for necessary to investigate if
the plsregress-function in MATLAB generated the first component in the direction of the
sampling space. If this was the case, then the pls regression will not represent the true
component. The input for the PLS-function was X, Y and Np. Where X is the design
space, Y is the output from the design space in the original model and Np is the number
of components in the PLS regression model.

3.3 Results from scaling with standardization
The simulation was done again with standardization of the output Y. Both the input and
output values for the simple ammonia loop were now standardized. The PLS regression
was done again for the different combination of the sampling methods. The loadings of X
and the explained variance for each sub case was saved. The new loadings of X are given
in the table below. Only the loadings of X for a Latin hypercube sampling is shown.

Table 3.7: xload for 10 different components with 8000 points sampled using LHS

Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
1,00 -0,01 0,29 -0,06 0,14 0,42 -0,08 0,08 0,07 0,09
0,00 0,54 -0,36 0,35 0,11 1,00 -0,20 -0,23 -0,68 -0,71
-0,32 -0,09 1,00 0,21 0,15 0,86 -0,45 -0,10 0,03 0,39
-0,09 0,95 -0,05 -0,28 -0,28 0,31 -0,17 1,00 0,06 0,17
-0,05 -0,56 0,59 -0,23 -0,04 -0,08 0,51 0,46 -0,17 -1,00
-0,09 -0,45 -0,26 -1,00 0,71 0,32 -0,49 -0,02 -0,26 0,07
-0,09 0,44 -0,09 -0,04 0,79 0,47 0,55 -0,13 1,00 -0,28
0,02 1,00 0,47 -0,62 -0,24 -0,38 0,36 -0,60 -0,28 -0,03
0,05 0,43 0,23 0,22 0,56 -0,98 -1,00 0,05 0,15 -0,48
0,00 0,18 0,10 0,32 1,00 -0,36 0,65 0,27 -0,68 0,46

The table 6.5 shows the loadings of X in a PLS regression that tries to explain the
outlet pressure put.
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Chapter 3. How scaling and sampling size influences components in PLS

Table 3.8: xload for 10 different components with 4000 points sampled using LHS

Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
1,00 0,27 0,37 0,00 -0,02 -0,14 0,15 -0,10 -0,28 0,14
0,00 0,26 -0,19 0,46 -0,48 1,00 0,47 -0,90 -0,33 -0,55
-0,32 0,98 0,58 -0,66 -0,26 -0,46 0,69 -0,26 -0,65 0,26
-0,09 -0,73 1,00 0,22 -0,75 -0,10 -1,00 -0,16 -0,44 -0,11
-0,05 0,59 0,50 1,00 0,05 -0,38 0,34 0,88 0,05 -0,86
-0,09 0,99 -0,36 0,95 0,57 -0,16 -0,74 -0,54 -0,34 0,49
-0,09 -1,00 0,88 0,42 1,00 0,06 0,61 -0,55 -0,03 0,22
0,02 0,69 0,62 -0,11 -0,20 -0,23 -0,17 -1,00 1,00 -0,16
0,05 -0,34 -0,51 -0,50 0,51 -0,64 -0,26 -0,70 -0,33 -1,00
0,00 0,69 0,64 -0,73 0,79 0,79 -0,58 0,44 -0,08 -0,32

Table 3.8 shows the loadings of X for all ten components in PLS that tries to explain
the outlet pressure, pout. The coefficients for the first components is much lower than for
the other components.

Table 3.9: Difference in the loadings of X for 8000 and 4000 points sampled using LHS

Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
0,00 -0,28 -0,07 -0,06 0,16 0,57 -0,23 0,17 0,35 -0,05
0,00 0,29 -0,17 -0,10 0,59 0,00 -0,66 0,67 -0,35 -0,16
0,00 -1,07 0,42 0,87 0,41 1,32 -1,14 0,15 0,68 0,13
0,00 1,68 -1,05 -0,50 0,47 0,41 0,83 1,16 0,50 0,28
0,00 -1,15 0,09 -1,23 -0,09 0,30 0,18 -0,42 -0,22 -0,14
0,00 -1,44 0,10 -1,95 0,14 0,49 0,24 0,52 0,07 -0,43
0,00 1,44 -0,97 -0,46 -0,21 0,41 -0,07 0,42 1,03 -0,51
0,00 0,31 -0,14 -0,51 -0,04 -0,15 0,53 0,40 -1,28 0,14
0,00 0,77 0,74 0,72 0,05 -0,35 -0,74 0,75 0,49 0,52
0,00 -0,51 -0,54 1,05 0,21 -1,15 1,22 -0,17 -0,60 0,78

As seen in table 3.9, the first component did not change even though standardized scal-
ing of input and output for the PLS is used. The first components do not change for either
case, even though the design space increases. To be certain that the components are not
generated in the direction of the space, only standardization of the output for PLS regres-
sion was used in the rest of the project.
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Chapter 4
Performance of the complete
surrogate model

4.1 Experimental procedure

The MATLAB script for the simple ammonia synthesis loop was then modified to include
a cascade-forward neural network fitting. The cascade-forward neural network contained
three layers of respective size of [2 , 5 ,5] nodes in each layer. A variable transforma-
tion was performed for the artificial neural network. This was done by multiplying the
loadings for the three-different linear independent variables with the corresponding input
matrix. Four different combinations of the independent variables was used to compare the
performance of the overall surrogate model.

An investigation of what factors affected the performance of the complete surrogate
model was done. The MATLAB script 6.1 was used to do this analysis. The design space
(input, X) was first sampled using three different methods, LHS, RG and OS. A validation
of the design space (output, Y) was performed. Both X and Y were then standardized and
a PLS regression was conducted of X on Y ( 6.1). The number of independent variables
the neural network was fitted to was first reduced through the application of PLS. This
was done by variable transformation. The loadings of X from the PLS regression was
multiplied by the standardized sampling space. The figure below shows the three different
combinations that were tested:

Table 4.1: The different combination of the linear independent variables

Comb 1 Comb 2 Comb 3 Comb 4
Variable 1 1 1 1
Variable 2 3 4 5
Variable 10 9 8 7
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Chapter 4. Performance of the complete surrogate model

The neural network was then fitted for all the sub cases. 75% of the data was used
for the training set, 15% for the validation and 15% for the testing. The number of vari-
ables was reduced to three since this maintained a good accuracy according to Straus and
Skogestad (2017). Another space was then sampled for validating the performance of the
surrogate model. The validation space contained 500 000 random points. The space was
standardised according to equation 2.9.

All of the networks that were trained was validated. The validation step was included
to see the performance of the surrogate model compared to the original model.

4.2 Results from surrogate model performance
Only the results for Latin hypercube, Orthogonal and random sampling was used for the
rest of the project. The regular grid method was not conducted further in this project. The
reason for this was that the number of points increased exponentially fast when additional
points for each variable was included(2.8).

4.2.1 Relative average error

Figure 4.1: Comparison between the average values of the absolute relative errors for different
sampling methods, points and combination of the linear independent variables

The figure 4.1 shows that the average error for LHS decreases when the number of
points in the design space increases. The random sampling method shows no sign of a
decreasing average error when the design space increases. This leads to the conclusion
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4.2 Results from surrogate model performance

that a random sampling method will not ensure relative low average error for the surrogate
model, even though the design space increases. Comb 3 in the random sampling has the
highest average error for S1, S2 and S4. The orthogonal sampling method gives low aver-
age error for all different combination of the independent variables. The relative average
error of the surrogate model increases slightly with increasing number of points for this
method.

4.2.2 Standard deviation of the error

Figure 4.2: Comparison between the standard deviation(SD) of the errors for different sampling
methods, points, and combinations of the independent variables.

Diagram 4.2 shows evidence that the worst method of sampling the data for to surrogate
model is by random sampling. This argument only holds for the Comb 2, Comb 3 and
Comb 4. The standard deviation is significantly higher than the other methods and random
sampling should therefore not be used. The standard deviation for OS decreases slightly
when sampling option S2 is used. The standard deviation in the LHS does not change
when the design space increases.

Figure 4.3: Comparison between the standard deviation(SD) of the errors for a LHS sampling using
different combination of linear independent variables with 8000 points.
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Chapter 4. Performance of the complete surrogate model

The diagram in 4.3 shows the standard deviation for four different combination of
three independent variables. 8000 sampling point are used in this analysis. Combination 3
(Comb 3) has the lowest standard deviation in this case.

Figure 4.4: Comparison between the standard deviation(SD) for a LHS sampling using different
combination of linear independent variabes with 16000 points.

The diagram 4.4 shows that combination 1 has the lowest standard deviation and com-
bination three has the highest. Comb 3 when 8000 LHS points was sampled has the lowest
standard deviation in the average error but it had the highest value for 16000 points. One
of the explanation of these differences is that there is no consistency between the best com-
bination of the independent variables when the sampling space increases. This is because
the initialization of a neural network is random. The initialization of the neural network
will change every time.

4.2.3 Maximum absolute error

Figure 4.5: The maximum error on the performance for different sampling methods, sizes and
different combinations of the independent variables.
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4.2 Results from surrogate model performance

The diagram 4.5 shows the different maximum error in percent for the different neural
network fittings. Random sampling method showed significantly higher maximum error
than OS and LHS. The maximum absolute error for LHS and RND did not show any sign
of decreasing when the sampling space was increased. The maximum absolute error for
the orthogonal sampling method decreased slightly from S1 to S2.

4.2.4 Confidence interval

The columns in 4.2 represent the upper and lower values of the average relative errors for
different sampling sizes in a 95% confidence interval. The rows are the different combi-
nations of the independent variables. ai corresponds to sampling size i.

Table 4.2: Confidence interval of the error for LHS. All of the confidence intervals are scaled with
103.

a1
2

(1− a1
2
) a2

2
(1− a2

2
) a3

2
(1− a3

2
) a4

2
) (1− a4

2
)

Comb 1 8,05 5,63 3,75 1,55 1,09 -0,54 2,55 -0,84
Comb 2 5,40 2,79 3,81 1,43 2,47 0,83 2,47 -0,99
Comb 3 5,67 3,36 3,52 1,28 1,81 0,62 2,62 -0,92
Comb 4 4,86 2,54 3,74 1,51 2,40 0,80 2,42 -1,04

Table 4.2 shows that all possible combination of the linear independent variables has
zero average error in the 95% confidence interval. This was only the case for 16000 points.

The columns in table 4.3 represent the upper and lower value of the average relative
error for different sampling size in a 95% confidence interval. The rows are the differ-
ent combinations of the independent variables. ai corresponds to the upper value in the
confidence interval. 1− ai corresponds to the lowest value in the confidence interval. The

Table 4.3: Confidence interval of the error for random sampling. All of the confidence intervals are
scaled with 103.

a1
2

(1− a1
2
) a2

2
(1− a2

2
) a3

2
(1− a3

2
)

(a4
2

) (1− a4
2
)

Comb 1 6,53 3,18 14,59 11,83 9,25 7,57 7,96 6,65
Comb 2 12,03 -0,54 21,03 15,39 3,39 -2,45 11,16 7,59
Comb 3 27,97 16,16 18,73 12,64 10,28 4,47 14,91 11,02
Comb 4 15,03 3,19 13,14 7,29 15,57 9,28 9,44 5,83

Table 4.3 shows that only two neural network fittings (Comb 2 for S1 and Comb 2 for
S3) has zero average relative error included in the confidence interval of 95%.

The columns in the table 4.4 represents the upper and lower value of the average rel-
ative error for different sampling size in a 95% confidence interval. The rows are the
different combinations of the independent variables.ai

2 corresponds to the upper value in
the confidence interval. 1 − ai

2 corresponds to the lowest value in the confidence interval.
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Chapter 4. Performance of the complete surrogate model

Table 4.4: Confidence interval of the error for OS sampling. All the confidence intervals are scaled
with 103.

a1
2

(1− a1
2
) a2

2
(1− a2

2
)

Comb 1 0,80 -0,14 0,42 -0,52
Comb 2 1,15 -0,38 0,44 -0,55
Comb 3 1,19 -0,40 0,51 -0,42
Comb 4 1,29 -0,29 0,52 -0,52

The table shows that all of the different combinations in every sampling space contains
an average relative error of zero, in the 95% confidence interval. This is ensuring since
it gives a high probability that a surrogate model that is sampled with OS contains zero
average relative error in the 95% confidence interval.
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Chapter 5
Discussion

From the comparison between the different scaling methods used, it is clear that the first
component in the PLS regression is not in the direction of the space. The reason for this
was that the loadings of X did not change when standardized scaling was used. The results
from the standard deviation (4.2) and maximum absolute error (4.5) for the different sam-
pling schemes indicate that random sampling is the least favorable mapping to use. This
result agrees with the argument that the random sampling technique does not cover the
whole design space. The worst combination of variables for the random sampling is with
Comb 3.

Most of the variance in the PLS regression is explained in the first component. Its
therefore, not surprising that different combination[Comb1-Comb4] had the same perfor-
mance for the output. It concludes that the first components in the PLS regression is the
most important independent variable. The first component should therefore always be
included in the combination of the reduced number of independent variables a neural net-
work is fitted to. Only the fit in the sampling space increases when additional components
are used. The performance for the output does not change when this is done.

Orthogonal sampling is the best option to use for generating the design space as seen
in table 4.4. It includes zero average error in its 95% confidence interval for all different
combination of the independent variables and sampling sizes. It also had the lowest rel-
ative average error of the three methods that was tested. If more than two subspaces are
used for OS, the number of points in OS space becomes too high. The reason is that the
number of points increases exponentially fast, as seen from equation 2.7.

Latin hypercube sampling is a better alternative than random sampling for the perfor-
mance of the surrogate model. This can be seen in the differences of maximum absolute
error and the standard deviation (See figures: 4.2 and 4.5). The Latin hypercube method
for significant number of points (16000 LHS points) have similar average error as OS.
LHS also includes zero average error in its 95% confidence interval for all combinations
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Chapter 5. Discussion

of the independent variables when the sampling size was 16000.

Orthogonal sampling with two subspaces should be used for generating the surrogate
model. It always includes zero average relative error in its confidence interval, for the com-
binations [S1-S2] in this project. The main reason for this is that the orthogonal method
of sampling the data gives a very good representation of the real variability of the original
variables. It ensures that the whole sampling space is covered and therefore has the best
performance of the three different methods that were compared.
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Chapter 6
Conclusion

From the analysis of the loadings of X and the explained variance from the PLS regression;
the first component in PLS had the greatest influence. The first component should always
be included in the reduced independent variables the neural network it fitted from. None
of the different combination of the independent variables showed better performance.

Orthogonal sampling was the best sampling method on the performance for the sur-
rogate model of the reaction section. The random sampling has relatively high standard
deviations and maximum absolute error. Most of the surrogate models that were fitted
using a random design space did not include zero average error in its 95% confidence in-
terval.

Not more than two subspaces should be used in the Orthogonal sampling space. If
more subspaces are used, the sampling size will become too big for validation and the
computational time for generating the surrogate model will be time consuming.

Future work is to study how the performance of the surrogate model change when the
sampling space in the most important variables for the outlet pressure increases. Different
combinations of the number of neurons in each hidden layer for the neural network can
given different performance on the surrogate model and should be investigated.
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Appendix

6.1 Main script for generating the surrogate model

1
2 %% Simple Ammonia Loop.
3 % Thi s program can be used t o e v a l u a t e t h e f i t t i n g o f n e u r a l n e t w o r k s t o
4 % t h e d e f i n e d components f o r t h e r e a c t i o n s e c t i o n o f t h e s i m p l e ammonia
5 % l o o p . I t can e i t h e r work wi th l o a d e d da t a , o r pe r fo rm t h e d a t a a n l y s i s
6 % b e f o r e h a n d and t h e n f i t s n e u r a l n e t w o r k s t o t h e p r o b l e m . The n e u r a l
7 % netowrk f i t t i n g i s done u s i n g t h e GPU t o i n c r e a s e t h e speed of t h e
8 % f i t t i n g .
9 %

10 % The components i n t h i s sys tem a r e d e f i n e d as
11 % x ( 1 ) - Hydrogen
12 % x ( 2 ) - N i t r o g e n
13 % x ( 3 ) - Ammonia
14 % x ( 4 ) - Argon
15 % x ( 5 ) - Methane
16
17 % C l e a r i n g o f t h e workspace and t h e memory , c l o s i n g o f a l l open
18 % windows / f i g u r e s
19 c l c , c l e a r v a r i a b l e s , c l o s e a l l
20
21 % S t a r t o f t h e t i m e r f o r t h e o v e r a l l f u n c t i o n f i l e
22 t i m e . i n . o v e r a l l = t i c ;
23
24 % D e f i n i t i o n o f t h e numbe r o f r e a c t o r s i n t h e CSTR c a s c a d e
25 Reac1 n = 1 0 ;
26 Reac2 n = 1 0 ;
27 S p l i n V e r = 3 ;
28
29 % Loading of t h e needed p a r a m e t e r s
30 ParSamp
31
32 % D e f i n i t i o n o f t h e i n l e t v a l u e s f o r t h e makeup s e c t i o n
33 def.M.FMake = [1823 . 9 0 ; 27 . 3 2 e 5 ; 7 . 4 9 5 ; . . . Feed Stream Q [ mol / s ] , p [ Pa ] , and T [C]
34 [73 . 4 5 ; 24 . 0 3 ; 1 . 6 ; 0 . 4 1 ; 0 . 5 1 ] / 1 0 0 ] ; . . . Feed Stream mole f r a c t i o n s
35 def.M.HEx1 = [9274 . 6 1 ; 10 e5 ; - 1 0 ; . . . Water St ream HEx1 Q [ mol / s ] , p [ Pa ] , and T [C]
36 ones ( 5 , 1 ) ] ; . . . Water St ream HEx1 mole f r a c t i o n s
37 def .M.FMix = [6756 . 7 1 ; 126 . 4 0 e 5 ; 25 . 6 1 ; . . . Mixer St ream Q [ mol / s ] , p [ Pa ] , and T [C]
38 0 .6959 ; 0 .170 1 ; 0 . 0 1 7 ; 0 .0554 ; 0 .0 61 6 ] ; . . . Mixer St ream Q mole f r a c t i o n s
39
40 defRO.FMake = def .M.FMake . / s c l . s a f e . S t r e a m ;
41 defRO.HEx1 = def .M.HEx1. / s c l . s a f e . S t r e a m ;
42 defRO.FMix = de f .M.FMix . / s c l . s a f e . S t r e a m ;
43
44 % D e f i n i t i o n o f t h e i n l e t v a l u e s f o r t h e r e a c t i o n s e c t i o n
45 d e f . R . F R e a c t = [8571 . 8 4 ; 138 . 9 7 e 5 ; 50 . 7 8 ; . . .
46 0 .70 0 5 ; 0 .1755 ; 0 .0 1 6 7 ; 0 . 0 5 1 2 ; 0 . 0 56 1 ] ;
47 d e f . R . V a l 1 = 832 . 4 ; . . . S p l i t Valve Q [ mol / s ]
48
49 defRO.FReac t = d e f . R . F R e a c t . / s c l . s a f e . S t r e a m ;
50 defRO.Val1 = d e f . R . V a l 1 . / s c l . s a f e . S t r e a m ( 1 ) ;
51
52 % D e f i n i t i o n o f t h e i n l e t v a l u e s f o r t h e s e p a r a t i o n s e c t i o n
53 d e f . S . F S e p = [7718 . 2 0 ; 129 . 6 5 e 5 ; 55 . 5 9 ; . . . E n t e r i n g St ream Q [ mol / s ] , p [ Pa ] , and T [C]
54 0 .6186 ; 0 . 1 5 1 0 ; 0 . 1 2 5 9 ; 0 .0495 ; 0 .0 55 0 ] ; . . . E n t e r i n g St ream Mole f r a c t i o n s -
55 de f .S .HEx6 = [11184 . 2 2 ; 3 . 8 2 8 e 5 ; 1 0 ; . . . Water St ream HEx6 Q [ mol / s ] , p [ Pa ] , and T [C]
56 ones ( 5 , 1 ) ] ; . . . Water St ream HEx6 mole f r a c t i o n s
57
58 defRO.FSep = d e f . S . F S e p . / s c l . s a f e . S t r e a m ;
59 defRO.HEx6 = d e f . S . H E x 6 . / s c l . s a f e . S t r e a m ;
60
61 % D e f i n i t i o n o f v e r s i o n h i s t o r i e s
62 Ver .Save = ' n ' ; % l o a d i n g saved d a t a o r n o t
63 V e r . S o l = [ ' y ' ' n ' ] ; % Q u e s t i o n whe the r s o l u t i o n s h o u l d be used or n o t f o r t h e i n i t i a l c o n d i t i o n s
64 V e r . L i d = ' n ' ;
65 Ver .Approx = ' n ' ; % Approx ima t ion on or n o t
66
67 %run t h i s code wi t h d i f f e r e n t CG, LHS , OS , RND.
68 % D e f i n i t i o n o f t h e i n i t i a l c o n d i t i o n s and t h e anonymous f u n c t i o n s
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69 [ ini tMakeUp , ConAnMakeUp , . . .
70 i n i t S e p , ConAnSep , . . .
71 i n i t R e a c t , ConAnReact ] . . .
72 = I n i t S am p ( par , s c l , con , t h e r , def , defRO , i t g , d i rma in , Ver ) ;
73
74 % D e f i n i t i o n o f t h e o p t i o n s used i n each s o l v e r ' i t e r - d e t a i l e d '
75 o p t i o n s = o p t i m s e t ( ' A lgo r i t hm ' , ' t r u s t - r e g i o n - do g l e g ' , ' D i s p l a y ' , ' o f f ' , . . .
76 ' J a c o b i a n ' , ' on ' , ' MaxI t e r ' ,1 e3 , ' MaxFunEvals ' ,1 e5 , . . .
77 ' TolCon ' ,1 e - 8 , ' TolFun ' ,1 e - 8 ) ;
78
79 % A d d i t i o n o f t h e Pa th d i r e c t i o n o f t h e u n i t o p e r a t i o n s
80 UO = [ d i rma in , '\UO2 F u l l Order\New S c a l i n g ' ] ;
81 a d d p a t h (UO)
82
83 % A d d i t i o n o f an a d d i t i o n a l e x t r a l i n e b r e a k
84 f p r i n t f ( '\n\n ' )
85
86 % D e f i n i t i o n o f t h e v a r i e d v a r i a b l e s
87 i n d i n . R = 1 : 1 0 ;
88
89 % D e f i n i t i o n o f t h e anonymous f u n c t i o n
90 SampAnReact = @( i n i t R e a c t ,A) SampReact MolFlow ( i n i t R e a c t , A, o p t i o n s , pa r .R , s c l . R , con , t h e r , de f .R , i t g ) ;
91
92 % D e f i n i t i o n o f t h e c a l c u l a t e d v a l u e s and i n d i c e s used i n as o u t l e t s
93 n c a l = [ ] ;
94 i n d o u t . R e a c t = 9 : 1 6 ; % R e a c t o r S e c t i o n wi th n CSTR i n t h e c a s c a d e
95 o l o l = 1 ;
96 s w i t c h Ver .Save
97 c a s e ' y '
98 % Loading of t h e v a l u e s and d e f i n i t i o n o f t h e sample l e n g t h
99 l o a d Reac20160707.mat

100 nsamp.R = l e n g t h ( A.R ) ;
101
102 end
103
104 % C a l c u l a t i o n o f t h e number o f v a r i e d v a r i a b l e s
105 n v a r = numel ( i n d i n . R ) ;
106 CG = 2ˆ n v a r ;
107
108
109 % P r e s o l v i n g of t h e sys tem
110 A . i n i t = [ d e f . R . F R e a c t ( 2 : 3 ) ' d e f . R . F R e a c t ( 4 : 8 ) ' * d e f . R . F R e a c t ( 1 ) p a r . R{3} . r a t i o F O ( 1 : 2 ) ' p a r . R{17} . T r e f ] ;
111 [ x . i n i t , ~ , ~ , e x i t f l a g . i n i t , t i m e . i n i t ] = fsamp ( SampAnReact , A . i n i t , i n i t R e a c t , n c a l ) ;
112
113
114
115 % P r i n t i n g o f t h e r e s u l t s
116 d i s p l a y ( ' The i n i t i a l i z a t i o n has been p e r f o r m e d . ' )
117
118 % D e f i n i t i o n o f a u x i l i a r r y v a r i a b l e s
119 On1j = ones ( 1 , i t g . j ) ;
120
121 % D e f i n i t i o n o f t h e component molar f l o w r a t e s
122 B . s a m p . i n i t = A . i n i t ( : , 3 : 7 ) ;
123 x . s a m p . i n i t = x . i n i t ( : , i n d o u t . R e a c t ( 4 : 8 ) ) . * ( x . i n i t ( : , i n d o u t . R e a c t ( 1 ) ) * s c l . Q * On1j ) ;
124
125
126 D i f f . i n i t = x . s a m p . i n i t - B . s a m p . i n i t ;
127 e x o R . i n i t = D i f f . i n i t . * (1 . / p a r . R{13} . s t o i ' ) ;
128 x . P L S . i n i t = [1 1 e x o R . i n i t ( 1 ) ] ;
129
130 %% P r e e q u e s i t e : D e f i n i t i o n o f t h e g r i d f o r t h e R e a c t i o n S e c t i o n s
131
132 % D e f i n i t i o n o f t h e r a n g e f o r p l o t t i n g
133 lbmub = z e r o s ( 3 , numel ( A . i n i t ) ) ;
134 lbmub ( 1 , : ) = A . i n i t . * [1 0 . 8 0 . 8 7 5 0 . 8 5 0 . 5 0 . 6 0 . 6 1 1 1] - [5 e5 z e r o s ( 1 , 6 ) 3 10 1 0 ] ; % [3 e5 z e r o s ( 1 , 6 ) 2 10 5 ] ;
135 lbmub ( 2 , : ) = A . i n i t ;
136 lbmub ( 3 , : ) = A . i n i t . * [1 1 . 2 1 . 1 2 5 1 . 1 5 2 . 0 1 . 5 1 . 5 1 1 1] + [5 e5 z e r o s ( 1 , 6 ) 3 10 1 0 ] ;
137
138 %% Thi s p a r t P e t t e r has e d i t e d , t o run t h e r e g r e s s i o n wi th d i f f e r e n t o p t i o n s
139
140
141
142
143
144
145
146 M=4 ; % Number o f methods ; RND, CG, LHS and OS.
147 N=7; % Number o f i t e r a t i o n s f o r each v a r i a b l e , w i th d i f f e r e n t number o f p o i n t i n each t i m e .
148
149 Tmat= c e l l (M,N ) ; % En c e l l med [ comp x number o f i t e r a t i o n s ]
150 % Tmat ( : )={0} ;
151 Tmat{1 ,1}=500;
152 Tmat{2 ,1}=500;
153 % Tmat = {100 , 500 , 1000 , 5000 , 1e4 , 5 e4};
154 f o r j = 2 :N
155 Tmat{1 , j}=Tmat{1 , j -1}*2;
156 Tmat{2 , j}=Tmat{2 , j -1}*2;
157 end
158 Tmat{3 ,1}={2 ,10};
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159 Tmat{3 ,2}={2 ,20}; %OS
160 Tmat{3 ,3}={2 ,40}; %OS
161 Tmat{3 ,4}={3 ,5};
162
163 Tmat{4 ,1}=2; %CG
164 Tmat{4 ,2}=3;
165 % Tmat{4 ,3}=4;
166
167 Nmax = s i z e ( Tmat , 2 ) ;
168 %The e x p l a i n e d v a r i a n c e i n 5 d i f f e r e n t ways , s t o r e i t i n v a r i a b l e explsum
169 explsumLHS = c e l l ( Nmax , 3 ) ;
170 explsumOS = c e l l ( Nmax , 3 ) ;
171 explsumCG = c e l l ( Nmax , 3 ) ;
172 explsumRND = c e l l ( Nmax , 3 ) ;
173
174 xloadLHS = c e l l ( Nmax , 3 ) ;
175 xloadCG = c e l l ( Nmax , 3 ) ;
176 xloadOS = c e l l ( Nmax , 3 ) ;
177 xloadRND = c e l l ( Nmax , 3 ) ;
178
179 % LINE NUMBER 1 and 2 I HAD TO CHANGE
180 S t o r e E r r I t = c e l l ( s i z e ( Tmat , 1 ) , Nmax ) ;
181 S t o r e N e t I t = c e l l ( s i z e ( Tmat , 1 ) , Nmax ) ;
182
183 % Loading of t h e v a l i d a t i o n s p a c e
184 l o a d ( ' Va lS pace .ma t ' )
185
186 % S t o r i n g t h e v a r i a b l e s

187 A . v a l = Aval (1:end-CG , : ) ;

188 x . v a l = x v a l (1:end-CG, 1 : 1 6 ) ;
189
190 %%F i r s t run LHS , CG, OS and t h e n RND.
191 f o r i = 1 : 4
192 i f i ==1 % LHS = number o f p o i n t s
193 o p t S . t y p e = 'LHS ' ;
194 o p t S . v a l = ' n ' ;
195 optS .Np = Tmat{i , 1} ;
196 e l s e i f i ==2 % CG = Npˆ10
197 o p t S . t y p e = 'RND ' ;
198 optS .Np = Tmat{i , 1} ;
199 e l s e i f i ==3 % OS = ( Ns ˆ 1 0 ) * Np
200 o p t S . t y p e = 'OS ' ;
201 optS .Np = Tmat{i ,1}{2};
202 o p t S . N s = Tmat{i ,1}{1};
203 e l s e % RND = number o f p o i n t s
204 o p t S . t y p e = 'CG ' ;
205 optS .Np = Tmat{i , 1} ;
206 end
207
208 f o r j = 3 : 6 %: s i z e ( Tmat , 2 )
209 i f j > 1
210 i f i s e m p t y ( Tmat{i , j })
211 b r e a k
212 end
213 s w i t c h i
214 c a s e 1
215 optS .Np =Tmat{1 , j };
216 c a s e 2
217 op t .Np =Tmat{2 , j };
218
219 c a s e 3
220 o p t S . N s =Tmat{3 , j}{1};
221 optS .Np =Tmat{3 , j}{2};
222
223 c a s e 4
224 optS .Np =Tmat{4 , j };
225 end
226 end
227 f p r i n t f ( ' I t e r a t i o n i = %1i and j = %1i \n ' , i , j )
228 %
229 % i f j == 4
230 % s w i t c h i
231 % c a s e 2
232 % b r e a k
233 % end
234 % end
235
236 %%
237 s w i t c h Ver .Save
238 c a s e ' n '
239
240 % C a l l o f t h e g r i d d e f i n i t i o n f u n c t i o n
241 A f u l l = GridDef ( lbmub , i n d i n . R , op tS ) ;
242
243 % R e a d j u s t m e n t o f t h e o u t p u t v a l u e s
244 A.R = A f u l l . o u t ;
245
246 % D e f i n i t i o n o f t h e a p p r o x i m a t i o n m a t r i x
247 A.approx = A.R ( : , i n d i n . R ) ;
248
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249 % D e f i n i t i o n o f t h e number o f s a m p l i n g p o i n t s
250 nsamp.R = s i z e ( A.R , 1 ) ;
251
252 %% P a r t a ) C a l c u l a t i n g and f i t t i n g o f t h e R e a c t i o n S e c t i o n
253
254 % Sampl ing of t h e d a t a
255 t i m e . i n . R e a c t = t i c ;
256 [ x.R , c a l . R , b.R , e x i t f l a g . R , t i m e . R ] = fsamp ( SampAnReact , A.R , x . i n i t ' , n c a l ) ;
257 t i m e . R e a c t = t o c ( t i m e . i n . R e a c t ) ;
258
259 % P r i n t i n g o f t h e r e s u l t s
260 d i s p l a y ( ' The t r a i n i n g s p a c e has been s a m p l e d . ' )
261 end
262
263 % D e f i n i t i o n o f a l o c a l s a f e d i r e c t o r y
264 d i r s a v e = ' Loca lSave\ ' ;
265 f p r i n t f ( '\n\n ' )
266
267
268 % D e f i n i t i o n o f t h e s c a l i n g v a l u e s
269 s c l . A = [ s c l . R{1} . V a r ( 1 7 ) s c l . R{1} . V a r ( 1 8 ) * 1 0 s c l . R{1} . V a r ( 1 9 ) * . 1 . . .
270 1 1 . 0 1 10 100 s c l . R{1} . V a r ( 3 ) * . 1 ] ;
271 % s c l . x = [1 10 . 1 1 1 . 1 . 1 . 1 ] ;
272 % s c l . P L S = [1 1 . 1 * s c l . R{1} . V a r ( 1 7 ) ] ;
273 s c l . A = A . i n i t ( i n d i n . R ) ;
274 s c l . x = x . i n i t ( i n d o u t . R e a c t ) ;
275 s c l . P L S = x . P L S . i n i t ;
276
277 % D e f i n i t i o n o f t h e number o f s a m p l i n g p o i n t s
278 nsamp.R = s i z e ( A.R , 1 ) ;
279 % D e f i n i t o n o f t h e i n d e p e n d e n t v a r i a b l e s which a r e v a r i e d
280 A.samp.R = A.R ( : , i n d i n . R ) ;
281
282 % D e f i n i t i o n o f t h e component molar f l o w r a t e s
283 B.samp.R = A.R ( : , 3 : 7 ) ;
284 x . samp.R = x.R ( : , i n d o u t . R e a c t ( 4 : 8 ) ) . * ( x.R ( : , i n d o u t . R e a c t ( 1 ) ) * s c l . Q * On1j ) ;
285
286 % S c a l i n g o f t h e i n d e p e n d e n t and d e p e n d e n t v a r i a b l e s and d e f i n i t i o n o f
287 % a u x i l i a r y v a r i a b l e s f o r t h e s a m p l i n g s p a c e
288 OnN1.R = ones ( nsamp.R , 1 ) ;
289 A . s c a l e d . R = A.samp.R. / ( OnN1.R* s c l . A ) ;
290 x . s c a l e d . R = x.R ( : , i n d o u t . R e a c t ) . / ( OnN1.R* s c l . x ) ;
291
292 % C a l c u l a t i o n o f t h e d i f f e r e n c e s i n molar f low r a t e and t h e e x t e n t o f
293 % r e a c t i o n f o r t h e s a m p l i n g s p a c e
294 D i f f . R = x.samp.R - B.samp.R ;
295 ex o R.R = D i f f . R . * ( OnN1.R *(1 . / p a r . R{13} . s t o i ' ) ) ;
296 x.PLS.R = [ x . s c a l e d . R ( : , 2 : 3 ) ex o R.R ( : , 1 ) ] . / ( OnN1.R* s c l . P L S ) ;
297
298
299 % % D e f i n i t o n o f t h e i n d e p e n d e n t v a r i a b l e s which a r e v a r i e d
300 A . s a m p . v a l = A . v a l ( : , i n d i n . R ) ;
301 n s a m p . v a l = s i z e ( A.va l , 1 ) ;
302 %
303 % % D e f i n i t i o n o f t h e component molar f l o w r a t e s
304 B . s a m p . v a l = A . v a l ( : , 3 : 7 ) ;
305 x . s a m p . v a l = x . v a l ( : , i n d o u t . R e a c t ( 4 : 8 ) ) . * ( x . v a l ( : , i n d o u t . R e a c t ( 1 ) ) * s c l . Q * On1j ) ;
306 %
307 % % S c a l i n g o f t h e i n d e p e n d e n t and d e p e n d e n t v a r i a b l e s and d e f i n i t i o n o f
308 % % a u x i l i a r y v a r i a b l e s f o r t h e v a l i d a t i o n s p a c e
309 OnN1.val = ones ( nsamp.va l , 1 ) ;
310 A . s c a l e d . v a l = A . s a m p . v a l . / ( OnN1.val * s c l . A ) ;
311 x . s c a l e d . v a l = x . v a l ( : , i n d o u t . R e a c t ) ;
312 % % C a l c u l a t i o n o f t h e d i f f e r e n c e s i n molar f low r a t e and t h e e x t e n t o f
313 % % r e a c t i o n f o r t h e v a l i d a t i o n s p a c e
314 D i f f . v a l = x . s a m p . v a l - B . s a m p . v a l ;
315 e x o R . v a l = D i f f . v a l . * ( OnN1.val * (1 . / p a r . R{13} . s t o i ' ) ) ;
316 x . P L S . v a l = [ x . s c a l e d . v a l ( : , 2 : 3 ) e x o R . v a l ( : , 1 ) ] ;%. / ( OnN1.val * s c l . P L S ) ;
317
318 [ A . s c a l e d . R , Var.muR , V a r . s t d ] = z s c o r e ( A.samp.R ) ;
319 % A . s c a l e d . R ( : , 6 : 7 ) = A . s c a l e d . R ( : , 6 : 7 ) * . 1 ;
320
321 A . s c a l e d . v a l = ( A. samp .va l - OnN1.val *Var.muR ) . / ( OnN1.val * V a r . s t d ) ;
322
323
324 [ x.PLS.R , Var.mux , V a r . s t d x ] = z s c o r e ( x.PLS.R ) ;
325
326
327
328 % D e f i n i t i o n o f t h e problem i n mole f r a c t i o n
329 Q = sum ( A.samp.R ( : , 3 : 7 ) , 2 ) ;
330 A.Mol f r ac .R = [Q A.samp.R ( : , 1 : 2 ) A.samp.R ( : , 3 : 6 ) . / ( Q* ones ( 1 , 4 ) ) . . .

331 A.samp.R ( : , 8:end) ] ;
332
333 Q = sum ( A . s a m p . v a l ( : , 3 : 7 ) , 2 ) ;
334 A . M o l f r a c . v a l = [Q A . s a m p . v a l ( : , 1 : 2 ) A . s a m p . v a l ( : , 3 : 6 ) . / ( Q* ones ( 1 , 4 ) ) . . .

335 A . s a m p . v a l ( : , 8:end) ] ;
336 c l e a r Q % c l e a r Q
337
338 t r a i n R = 7 0 / 1 0 0 ;
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339 valR = 1 5 / 1 0 0 ;
340 t e s t R = 1 5 / 1 0 0 ;
341 [ t r a i n I n d , v a l I n d , t e s t I n d ] = d i v i d e r a n d ( nsamp.R -CG, t r a i n R , valR , t e s t R ) ;
342
343
344
345
346 %% P a r t e ) PLS on t h e v a l u e s o f t h e r e a c t i o n s e c t i o n
347 % Thi s p a r t o f t h i s s c r i p t c a l c u l a t e s t h e e x t e n t o f r e a c t i o n f o r t h e
348 % d i f f e r e n t i n l e t c o n d i t i o n s and t h e n f i t s w i th PLS.
349
350
351 % De f i n e t h e va lue , PLS s h o u l d be f i t t e d t o ( a s row v e c t o r )
352 % 1 = O u t l e t p
353 % 2 = O u t l e t T
354 % 3 = E x t e n t o f r e a c t i o n
355 v a r f i t = 1 ;
356 var comp = 1 ;
357 k=var comp ;
358
359
360 labe l .RM = { ' P r e s s u r e [ hb a r ] ' ; ' Tempe ra tu r e [ hC ] ' ; ' E x t e n t o f r e a c t i o n [ kmol ] ' };
361
362 f o r l = v a r f i t
363
364
365 % D e f i n i t i o n o f t h e components
366 n comp = 1 0 ;
367 n f i t = l ;
368
369 % Ques t ion , which D e f i n i t i o n s h o u l d be used
370 s w i t c h n f i t
371 c a s e {1 , 2}
372 [ A . s c a l e d . R , Var.muR , V a r . s t d ] = z s c o r e ( A.samp.R ) ;
373 A . s c a l e d . v a l = ( A. samp .va l - OnN1.val *Var.muR ) . / ( OnN1.val * V a r . s t d ) ;
374
375 c a s e {3}
376 [ A . s c a l e d . R , Var.muR , V a r . s t d ] = z s c o r e ( A .Mol f r ac .R ) ;
377 A . s c a l e d . v a l = ( A . M o l f r a c . v a l - OnN1.val *Var.muR ) . / ( OnN1.val * V a r . s t d ) ;
378 end
379
380 % C a l c u l a t i o n o f t h e P a r t i a l l e a s t s q u a r e r e g r e s s i o n
381 [ x load .R , y load .R , x s c o r e s . R , y s c o r e s . R , . . .
382 par .PLS.R , p c t v a r . R , ~ , s t a t s . R ] = p l s r e g r e s s ( A . s c a l e d . R , x.PLS.R ( : , n f i t ) , n comp ) ;
383
384 % P l o t t i n g o f t h e cumula t ed sums
385 e x p v a r . R = cumsum ( p c t v a r . R , 2 ) ;
386 x l o a d . R = x l o a d . R . / ( ones ( n va r , 1 ) * max ( abs ( x l o a d . R ) ) ) ;
387
388
389 CombOpts = 4 ;
390 S t o r e E r r = c e l l ( CombOpts , 4 ) ;
391 S t o r e N e t = c e l l ( CombOpts , 4 ) ;
392 f o r M = 1 : CombOpts
393
394
395 mul t = x l o a d . R ( : , [ 1 ,M+1 ,11 -M] ) ;
396 % c a s e 10
397 % mul t = 1 ;
398 % end
399 C.R = A . s c a l e d . R * mul t ;
400 n s a m p . v a l = s i z e ( A.va l , 1 ) ;
401 C . v a l = A . s c a l e d . v a l * mul t ;
402
403 % D e f i n i t i o n o f ne twork p a r a m e t e r
404 h i d d e n L a y e r S i z e = [2 ones ( 1 , 2 ) * 5 ] ;
405 n e t = c a s c a d e f o r w a r d n e t ( h i d d e n L a y e r S i z e , ' t r a i n l m ' ) ;
406 n e t . t r a i n P a r a m . m a x f a i l = 20 0 ;
407 n e t . t r a i n P a r a m . e p o c h s = 1 e5 ;
408 n e t . t r a i n P a r a m . m i n g r a d = 1e - 9 ;
409
410
411 % S e t up D i v i s i o n o f Data f o r T r a i n i n g , V a l i d a t i o n , T e s t i n g
412 n e t . d i v i d e F c n = ' d i v i d e i n d ' ;
413 n e t . d i v i d e P a r a m . t r a i n I n d = [ 1 :CG t r a i n I n d +CG ] ;
414 n e t . d i v i d e P a r a m . v a l I n d = v a l I n d +CG;
415 n e t . d i v i d e P a r a m . t e s t I n d = t e s t I n d +CG;
416 % n e t . t r a i n F c n = ' t r a i n b r ' ; ' t r a i n l m ' ; ' t r a i n s c g '
417
418 %T r a i n t h e Network
419 t i c ;
420 [ ne t , t r ] = t r a i n ( ne t , C.R ' , x .PLS.R ( : , n f i t ) ' , ' U s e P a r a l l e l ' , ' yes ' ) ; % );% , ' UseGPU ' , ' yes ' ) ; %
421 t o c
422 S t o r e N e t{M,1} = n e t ;
423
424 x.PLS.ANN ( : , n f i t ) = n e t ( C .va l ' ) ' . * ( OnN1.val * V a r . s t d x ( n f i t ) ) + OnN1.val * Var.mux ( n f i t ) ;
425
426 % D e f i n i t i o n o f t h e number o f s a m p l i n g p o i n t s
427 % C a l c u l a t i o n o f t h e r e s u l t s u s i n g PLS
428 % x.PLS.ANN ( : , n f i t ) = combnet{l , k}( C .va l ' ) ' ;
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429
430 s w i t c h n f i t
431 c a s e {1 , 2}
432 x.PLS.ANN ( : , n f i t ) = x.PLS.ANN ( : , n f i t )* s c l . x ( n f i t + 1 ) ;
433 E o R f i t ( : , n f i t ) = ( ( [ OnN1.val A . s c a l e d . v a l ]* pa r .PLS .R ) . * ( OnN1.val * V a r . s t d x ( n f i t ) ) + OnN1.val * Var.mux ( n f i t ) ) * s c l . x ( n f i t + 1 ) ;
434 c a s e {3}
435 x.PLS.ANN ( : , n f i t ) = x.PLS.ANN ( : , n f i t )* s c l . P L S ( n f i t ) ;
436 x . P L S . v a l ( : , n f i t ) = ( x . P L S . v a l ( : , n f i t ) . * ( OnN1.val * V a r . s t d x ( n f i t ) ) + OnN1.val * Var.mux ( n f i t ) ) * s c l . P L S ( n f i t ) ;
437 E o R f i t ( : , n f i t ) = ( ( [ OnN1.val A . s c a l e d . v a l ]* pa r .PLS .R ) . * ( OnN1.val * V a r . s t d x ( n f i t ) ) + OnN1.val * Var.mux ( n f i t ) ) * s c l . P L S ( n f i t ) ;
438 end
439
440
441
442
443
444
445 % D e f i n i t i o n o f t h e number o f s a m p l i n g p o i n t s
446 % C a l c u l a t i o n o f t h e r e s u l t s u s i n g PLS
447 %
448
449 rnge .PLS = 1 : n s a m p . v a l ;
450
451 % C a l c u l a t i o n o f t h e f i t t e d v a l u e s
452 E o R f i t ( : , n f i t ) = [ OnN1.val A . s c a l e d . v a l ]* pa r .PLS .R ;
453
454 % C a l c u l a t i o n o f t h e r e l a t i v e e r r o r
455 e r r . l i n{l , k} = abs ( ( x . P L S . v a l ( : , n f i t ) - E o R f i t ( : , n f i t ) ) . / x . P L S . v a l ( : , n f i t ) ) * 1 0 0 ;
456 e r r . v a l{l , k} = ( x . P L S . v a l ( : , n f i t ) - x.PLS.ANN ( : , n f i t ) ) . / x . P L S . v a l ( : , n f i t ) * 1 0 0 ;
457
458
459
460
461
462 % C a l c u l a t i o n o f t h e maximum , mean , and median e r r o r
463 e r r . c o m b . v a l = [ max ( abs ( e r r . v a l{l , k } ) ) ;
464 mean ( abs ( e r r . v a l{l , k } ) ) ;
465 median ( abs ( e r r . v a l{l , k } ) ) ] ;
466 e r r . c o m b . l i n = [ max ( abs ( e r r . l i n{l , k } ) ) ;
467 mean ( abs ( e r r . l i n{l , k } ) ) ;
468 median ( abs ( e r r . l i n{l , k } ) ) ] ;
469
470 i t g . f i g = l *10+k ;
471 %
472 e x p v a r c{ l} = e x p v a r . R ;
473 e r r v a l{l , k} = [ max ( abs ( e r r . v a l{l , k } ) ) ;
474 mean ( abs ( e r r . v a l{l , k } ) ) ;
475 median ( abs ( e r r . v a l{l , k } ) ) ] ;
476 e r r l i n{l , k} = [ max ( abs ( e r r . l i n{l , k } ) ) ;
477 mean ( abs ( e r r . l i n{l , k } ) ) ;
478 median ( abs ( e r r . l i n{l , k } ) ) ] ;
479
480
481
482 StdDevVal= s t d ( e r r . v a l{l , k} ) ;
483 meanVal=mean ( e r r . v a l{l , k} ) ;
484 S t o r e E r r{M,1}= StdDevVal ;
485 S t o r e E r r{M,2}= meanVal ;
486 S t o r e E r r{M,3}=max ( abs ( e r r . v a l{l , k } ) ) ;
487 S t o r e E r r{M,4}= min ( abs ( e r r . v a l{l , k } ) ) ;
488 end
489 S t o r e E r r I t{i , j} = S t o r e E r r ;
490 S t o r e N e t I t{i , j} = S t o r e N e t ;
491
492 %Here I s t o r e t h e v a l u e s o f t h e e x p l a i n e d v a r i a n c e f o r t h e f o u r
493 %d i f f e r e n t s a m p l i ng methods , when I i n c r e a s e t h e number o f s am p l i n g p o i n t s .
494 i f i ==1
495 explsumLHS{j , l} = e x p v a r . R ;
496 xloadLHS{j , l} = x l o a d . R ;
497 e l s e i f i ==2
498 explsumRND{j , l}=e x p v a r . R ;
499 xloadRND{j , l} = x l o a d . R ;
500 e l s e i f i ==3
501 explsumOS{j , l}=e x p v a r . R ;
502 xloadOS{j , l} = x l o a d . R ;
503 e l s e
504 explsumCG{j , l}=e x p v a r . R ;
505 xloadCG{j , l} = x l o a d . R ;
506
507 end
508
509 end
510 end
511 end
512
513
514
515 % C a l c u l a t i o n o f t h e o v e r a l l t i me s ave ( ' A p p e n d e d D a t a . t x t ' , ' e x c e l ' , ' - ASCII ' , ' - append ' ) ;
516 t i m e . o v e r a l l = t o c ( t i m e . i n . o v e r a l l ) ;
517
518 save ( ' S a v e f u n c t i o n w a s a g a i n n o t s p e c i f i e d . m a t ' , ' Tmat ' , ' S t o r e E r r I t ' , ' S t o r e N e t I t ' , ' explsumLHS ' , ' explsumOS ' , ' explsumRND ' , ' xloadLHS ' , ' xloadOS ' , ' xloadRND ' , ' Var ' )
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6.2 Results from Standarisation

6.2.1 Explained variance

Table 6.1: Explained variance of the components using a random sampling method

N/C Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
500,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
1000,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
2000,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
4000,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
8000,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
16000,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
32000,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99

Table 6.2: Explained variance of the components using a LHS method

Np/Cp Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
500,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
1000,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
2000,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
4000,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
8000,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
16000,000 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00
32000,000 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00

Table 6.3: Explained variance of the components using orthogonal method

Np/Cp Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
10240,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
20480,000 0,99 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00
40960,000 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00
295245,000 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00

Table 6.4: Explained variance in the components using a regular grid

Np/Cp Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
1024,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
59049,000 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99 0,99
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6.2.2 Xloads for a Latin hypercube sampling

Table 6.5: Xload for 10 different components from a sampling size of 8000 LHS points

Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
1,00 -0,01 0,29 -0,06 0,14 0,42 -0,08 0,08 0,07 0,09
0,00 0,54 -0,36 0,35 0,11 1,00 -0,20 -0,23 -0,68 -0,71
-0,32 -0,09 1,00 0,21 0,15 0,86 -0,45 -0,10 0,03 0,39
-0,09 0,95 -0,05 -0,28 -0,28 0,31 -0,17 1,00 0,06 0,17
-0,05 -0,56 0,59 -0,23 -0,04 -0,08 0,51 0,46 -0,17 -1,00
-0,09 -0,45 -0,26 -1,00 0,71 0,32 -0,49 -0,02 -0,26 0,07
-0,09 0,44 -0,09 -0,04 0,79 0,47 0,55 -0,13 1,00 -0,28
0,02 1,00 0,47 -0,62 -0,24 -0,38 0,36 -0,60 -0,28 -0,03
0,05 0,43 0,23 0,22 0,56 -0,98 -1,00 0,05 0,15 -0,48
0,00 0,18 0,10 0,32 1,00 -0,36 0,65 0,27 -0,68 0,46

Table 6.6: Xload for 10 different components of 4000 LHS points

Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
1,00 0,27 0,37 0,00 -0,02 -0,14 0,15 -0,10 -0,28 0,14
0,00 0,26 -0,19 0,46 -0,48 1,00 0,47 -0,90 -0,33 -0,55
-0,32 0,98 0,58 -0,66 -0,26 -0,46 0,69 -0,26 -0,65 0,26
-0,09 -0,73 1,00 0,22 -0,75 -0,10 -1,00 -0,16 -0,44 -0,11
-0,05 0,59 0,50 1,00 0,05 -0,38 0,34 0,88 0,05 -0,86
-0,09 0,99 -0,36 0,95 0,57 -0,16 -0,74 -0,54 -0,34 0,49
-0,09 -1,00 0,88 0,42 1,00 0,06 0,61 -0,55 -0,03 0,22
0,02 0,69 0,62 -0,11 -0,20 -0,23 -0,17 -1,00 1,00 -0,16
0,05 -0,34 -0,51 -0,50 0,51 -0,64 -0,26 -0,70 -0,33 -1,00
0,00 0,69 0,64 -0,73 0,79 0,79 -0,58 0,44 -0,08 -0,32

Table 6.7: Difference in the xloads for 8000 and 4000 Latin hypercub points

Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 Comp8 Comp9 Comp10
0,00 -0,28 -0,07 -0,06 0,16 0,57 -0,23 0,17 0,35 -0,05
0,00 0,29 -0,17 -0,10 0,59 0,00 -0,66 0,67 -0,35 -0,16
0,00 -1,07 0,42 0,87 0,41 1,32 -1,14 0,15 0,68 0,13
0,00 1,68 -1,05 -0,50 0,47 0,41 0,83 1,16 0,50 0,28
0,00 -1,15 0,09 -1,23 -0,09 0,30 0,18 -0,42 -0,22 -0,14
0,00 -1,44 0,10 -1,95 0,14 0,49 0,24 0,52 0,07 -0,43
0,00 1,44 -0,97 -0,46 -0,21 0,41 -0,07 0,42 1,03 -0,51
0,00 0,31 -0,14 -0,51 -0,04 -0,15 0,53 0,40 -1,28 0,14
0,00 0,77 0,74 0,72 0,05 -0,35 -0,74 0,75 0,49 0,52
0,00 -0,51 -0,54 1,05 0,21 -1,15 1,22 -0,17 -0,60 0,78
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6.3 Analysis with LHS

Table 6.8: Statistical parameters for a Latin hypercube sampling of 2000 points(S1)

StdDev Mean Max Min x108

Comb 1 0,0386 0,00684 0,310 1,49
Comb 2 0,0416 0,00409 0,9518116 162,33
Comb 3 0,0368 0,00451 0,318 1,04
Comb 4 0,0370 0,00370 0,281 13,3

Table 6.9: Statistical parameters for a Latin hypercube sampling of 4000 points(S2)

StdDev Mean Max Min x 108

Comb 1 0,0355 0,00265 0,419 2,78
Comb 2 0,0383 0,00262 0,308 7,21
Comb 3 0,0362 0,00240 0,311 8,60
Comb 4 0,0360 0,00262 0,356 5,37

Table 6.10: Statistical parameters for a Latin hypercube sampling of 8000 points.

StdDev Mean Max Min 108

Comb 1 0,037 0,000272 0,306 5,08
Comb 2 0,037 0,00165 0,300 4,22
Comb 3 0,027 0,00121 0,270 6,00
Comb 4 0,037 0,00160 0,320 9,64

Table 6.11: Statistical parameters for a Latin Hypercube sampling of 16000 points

StdDev Mean Max Min x 108

Comb 1 0,0346 0,000854 0,290 9,57
Comb 2 0,0353 0,000740 0,329 42,9
Comb 3 0,0360 0,000853 0,308 1,92
Comb 4 0,0355 0,000689 0,324 2,64
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6.3.1 Analysis with RND

Table 6.12: Statistical parameters from a random sampling, when sampled 2000 points(S1)

StdDev Mean Max Min x 108

Comb 1 0,0382 0,00486 0,350 10,1
Comb 2 0,143 0,00575 0,621 13,3
Comb 3 0,135 0,0220 0,554 89,3
Comb 4 0,135 0,00910 0,572 14,9

Table 6.13: Statistical parameters for a random sampling of 4000 points (S2)

StdDev Mean Max Min x108

Comb 1 0,0446 0,0132 0,314 4,60
Comb 2 0,0910 0,0182 0,442 7,71
Comb 3 0,0981 0,0157 0,533 31,3
Comb 4 0,0943 0,0102 0,471 16,8

Table 6.14: Statistical parameters of a random sampling of 8000 points(S3)

StdDev Mean Max Min x 108

Comb 1 0,0385 0,00841 0,285 2,24
Comb 2 0,133 0,000470 0,776 2,76
Comb 3 0,132 0,00737 0,722 29,8
Comb 4 0,143 0,0124 0,907 9,09

Table 6.15: Statistical parameters of a random sampling for 16000 points(S4)

StdDev Mean Max Min x 108

Comb 1 0,0423 0,00730 0,456 20,1
Comb 2 0,115 0,00937 0,530 13,0
Comb 3 0,125 0,0127 0,763 0,613
Comb 4 0,116 0,00764 0,541 32,1

6.3.2 Analysis with OS

Table 6.16: Statistical parameters of a orthogonal sampling for using sampling option S1

StdDev Mean Max Min x 108

Comb 1 0,0342 0,000330 0,308 0,513
Comb 2 0,0552 0,000389 0,351 4,29
Comb 3 0,0574 0,000394 0,388 45,0
Comb 4 0,0572 0,000450 0,371 9,28
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Table 6.17: Statistical parameters of a orthogonal sampling for using sampling option S2

StdDev Mean x 105 Max Min x 108

Comb 1 0,0345 -4,90 0,30219431 12,7
Comb 2 0,0361 -5,82 0,28667256 16,7
Comb 3 0,0340 4,76 0,291 12,5
Comb 4 0,0380 0,247 0,306 1,50
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