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Abstract. Regression analysis (RA) can establish an explicit formula to predict the strength of High-
Performance Concrete (HPC); however, the accuracy of the formula is poor. Back-Propagation Networks
(BPNs) can establish a highly accurate model to predict the strength of HPC, but cannot generate an
explicit formula. Genetic Operation Trees (GOTs) can establish an explicit formula to predict the strength
of HPC that achieves a level of accuracy in between the two aforementioned approaches. Although GOT
can produce an explicit formula but the formula is often too complicated so that unable to explain the
substantial meaning of the formula. This study developed a Backward Pruning Technique (BPT) to
simplify the complexity of GOT formula by replacing each variable of the tip node of operation tree with
the median of the variable in the training dataset belonging to the node, and then pruning the node with
the most accurate test dataset. Such pruning reduces formula complexity while maintaining the accuracy.
404 experimental datasets were used to compare accuracy and complexity of three model building
techniques, RA, BPN and GOT. Results show that the pruned GOT can generate simple and accurate
formula for predicting the strength of HPC.

Keywords: back-propagation networks; genetic operation trees; high-performance concrete; backward pruning
technique; median constant.

1. Introduction

In addition to conventional concrete ingredients (water, fine and coarse aggregates), High-
Performance Concrete (HPC) (Huang 1999) requires the addition of supplementary cementitious
materials (e.g., fly ash, blast furnace slag) and chemical admixtures (e.g., superplasticizer). Besides
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improving strength and workability, such additives improve the durability, safety, economy and
environmental demand. Traditionally, concrete strength models are established using statistical
methods such as regression analysis (RA). Although RA can build an explicit formula, its accuracy
is relatively low. Therefore, it is not feasible to apply such formula to establish a complex non-
linear strength model for HPC.

There are many research studies have been done on the application of artificial neural networks
(ANN) (Yeh 2004) in the field of material science. Although many studies (Yeh 1998, 1999, Kim et
al. 2004, Chen 2003, Chen et al. 2004, Hamid-Zadeh et al. 2007, Ahmet et al. 2006, Lien et al.
2006) have proposed complex non-linear strength models which can accurately predict the strength
behavior of HPC with a high level of accuracy, these “black boxes” models are unable to provide
explicit formula to explain the substance of strength models.

Some researchers have employed genetic operation trees (GOTs) that comprise genetic algorithms
(GA) and operation trees (OTs) in order to build strength models that can accurately predict HPC
strength behavior and explain the substance of strength models (Chen 2003, Lien er al. 2006).
Operation tree is a tree structure that expresses a mathematical formula. Optimizing the operation
tree can produce a self-organized regression formula. However, this optimization problem is a
discrete optimization problem, which mathematical programming cannot solve. GA can solve
discrete optimization problem, representing one paradigm of evolution computation that is based on
natural evolution and derived from the ideas of “the survival of the fittest” (Davis 1991), such as
inheritance, selection, crossover, and mutation. GA has some advantages, such as global
optimization, non-linear ability, flexibility, and parallelism (Goldberg 1989).

In general, the accuracy of GOT generated models are lower than those produced by artificial
neural networks, but more accurate than those produced by RA (Chen 2003, Chen ef al. 2004, Lien
et al. 2006). Although GOT can produce explicit strength formulas but these formulas are often too
complicated so that unable to explain the substantial meaning of the strength model. To make these
complicated formulas (operation trees) simpler, understandable, and more meaningful, this study
developed a Backward Pruning Technique (BPT) to simplify the complexity of the operation tree
produced by GOT. This technique tries to replace each variable of the tip node of the operation tree
with the median in the training dataset belonging to the node and then pruning the node with the
most accurate test dataset. Such pruning reduces formula complexity while maintaining accuracy. A
large number of experimental datasets were used to compare accuracy and complexity of the three
model building techniques (RA, BPN and GOT) and evaluate whether GOT can produce simpler
and understandable but accurate operation trees (formulas) to predict HPC strength.

2. Operation tree, genetic algorithm and pruning technique
2.1. Operation tree

Operation tree is a tree structure that expresses a mathematical formula. Fig. 1 shows an operation
tree model, where the root X; denotes a mathematical operation (+, —, %, +, In or exp), each branch
X,~X; denotes a variable, constant, or mathematical operation, and each leaf X3~X;s denotes a
variable or constant (Lien ef al. 2006). When X;~X;s are set with specific mathematical operations,
variables, or constants, the operation tree can express a specific mathematical formula.

Fig. 2 shows an example of operation tree model. The model used mathematical operations +, —,
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Fig. 1 Diagram of operation tree model
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Fig. 2 Diagram of a specific example of operation tree model

x, +, and In, variables X; and X,, and constants 0.5, 5, and 60. The operation tree can express the
following formula.

Y= (Xlxo.s—)%)ﬂn(m) (1)

Operation tree can be employed to build a regression model by setting up appropriate mathematical
operations, variables and constants in the root, branches, and leaves of the operation tree. When the
tree-style structure is set up to represent a specific mathematical formula, it can produce predicted
output value for each data by substituting their inputs to the variables on the branches or leave of
the tree-style structure. The root mean squared error (RMSE) between predicted and actual output
values can be used to evaluate operation tree performance. The operation tree with the minimum
RMSE is the one that fit the dataset best.

Using operation tree can overcome the disadvantages of conventional regression analysis, which requires
the regression formula structure to be predetermined and only allow the regression coefficients of the
predetermined structure to be adjusted. On the other hand, operation tree is a tree-style data
structure which expresses a flexible mathematical formula, and optimizing the structure to fit data is
a discrete optimization problem. Therefore, conventional mathematical programming cannot optimize the
operation tree. This study adopted genetic algorithm with discrete optimization ability to optimize
the operation trees to fit the data best.

2.2. Genetic algorithm (GA)

Genetic Algorithm (GA) is an optimization method that employs a unique searching algorithm
that can jump from local optimum and close to the global optimum. This method was first
developed in 1975 by Holland (Davis 1991). The GA concept was derived from Darwin’s Theory
“natural selection, survival of the fittest.” In fact, any organism which is capable of reproducing
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itself on an ongoing basis will survive as a species, not just the “fittest” ones. A more accurate
characterization of evolution would be “survival of the fit enough”. Under the mechanism of competition
for existence, initial generation individuals produce future generation individuals through crossover
and mutation. By combining genes, future generation individuals have similar but different
characteristics from their former generation individuals. Moreover, gene mutation also produces
some variation. The new generation also produces the next generation under the mechanism of
competition for existence. The mechanism reproduces one generation to next generation, and
species constantly evolving to adapt to a changing environment.

GA can produce an optimal solution by treating the “optimization problem” as an “evolution
problem”, the “solution” as an “individual”, and the “optimization process” as an ‘“evolutionary
process”. The basic concepts of GA are described as follow (Lien et al. 2006):

e Encoding and decoding: In GA, a solution is composed of a large number of genes. When a solution is
represented as a set of genes, it is called encoding. On the other hand, when a set of genes is expressed
to a solution, it is called decoding. In GOT, a solution is a mathematical formula represented as an
operation tree, which consists of a set of genes. Therefore, when a mathematical formula is represented
as an operation tree, it can be considered as a form of encoding, and when an operation tree is
expressed to a mathematical formula, it can be considered as a form of decoding.

e Fitness function and fitness: Each organism has a different capacity to adapt to its environment.
Only the fittest survive. Those who cannot will be eliminated. A fitness function is function
designed to mimic the role of the natural environment (optimization problem) to measure the
level of adaptation of an individual (solution). After decoding the individual’s genes into a
solution, the fitness function can evaluate the fitness of the individual. The purpose of such an
evolution is to maximize the fitness function.

e Selection: The GA selection mechanism simulates the “survival of the fittest” phenomenon in
nature. The higher the individual fitness, the higher the probability of survival. In other words,
the lower the individual fitness, the lower the probability of survival. If the fitness of certain
individuals exceeds that of others, they are more likely to produce offspring successfully and see
their genes increasingly represented in the population mainstream.

* Crossover: Crossover is an operation that exchanges and combines the genes of two individuals
to form two offspring with similar but different structures and features.

e Mutation: Mutation is an operation that arbitrarily alters one or more genes of an individual to
increase population variability.

» Stop criterion: The process of GA is a loop. Therefore, a rule is required to decide when it should be
stopped. The four kinds of common stop criteria include: (1) a better solution cannot be found in a
predetermined number of generations (e.g., 30 generations). (2) The number of evolution generation
has reached the predetermined number (e.g., 200 generations). (3) The fitness value has satisfied a
predetermined target value. (4) Population variability has satisfied a predetermined standard (e.g., the
difference of fitness between the best and the worst ethnic is lower than target value).

* Elitist strategy: In the GA selection mechanism, the higher the individual fitness, the higher the
probability of survival. However, it does not guarantee that the individual with the highest
fitness would survive. In other words, the best of the next generation will not necessarily be
better than the best of the current generation. Under elitist strategy, the best individual is
retained in the next generation even though it is not selected via the selection mechanism. This
strategy can guarantee that the best individual of final generation is the best individual of all
individuals produced in the whole evolution process.
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Fig. 3 Flowchart of genetic algorithm (GA)

The comprehensive procedure of GA is shown in Fig. 3.
2.3. Pruning operation tree

Although the GOT can produce an explicit formula, the formula is often so complicated that it is
unable to explain the substantial meaning of the formula. Therefore, this study developed a
Backward Pruning Technique (BPT) to simplify the complexity of the formula produced by GOT.
The central idea of this technique is to try to replace each variable of the tip node of operation tree
with the median of the variable in the training dataset belonging to the node, and then pruning the
node with the highest test data accuracy. This pruning can decrease the complexity of the formula
while maintaining a similar level of accuracy.

The state of each node is binary, either preserved as a variable or replaced with a median
constant. The key problem of the technique is how to determine the state of each node. The
problem can be considered as a search problem, for which this study proposed two kinds of search
methods, as follows:

(1) Exhaustive search: When an operation tree has N nodes, and each node is binary (preserved or
replaced), then there are 2N alternatives for the tree pruning. When N is small (e.g., below ten), the
exhaustive search can be carried on.

(2) Best-first search (backward pruning method): When N is not small, the exhaustive search can
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not be carried on. Under this situation, the best-first search, a process similar to stepwise regression,
can be conducted. First, each variable at the tip node of operation tree should be replaced with the
median of the variable in the training dataset that belongs to the node. Then prune the node whose
accuracy of test dataset is the highest. This process is repeated until no improvement can be reached
in all the tip nodes of the operation tree. Detailed steps are described as follows:

Step 1: Try to replace each variable of the tip node of operation tree with the median of the
variable in the training dataset belonging to the node; then prune the node whose accuracy of test
dataset is the highest.

Step 2: Repeat step 1 until no improvement can be reached by pruning another tip node.

Step 3: Output the pruned operation tree.

3. Modeling strength of high-performance concrete
3.1. Experimental data

There are eleven input variables in the HPC strength model include cement (C), fly ash (FL), slag
(SL), water (W), superplasticizer (SP), coarse aggregate (CA), fine aggregate (FA), water-cement
ratio (W/C), water-binder ratio (W/B), water-solid ratio (W/S) and total aggregate binder ratio (TA/
B). The output of the model is 28-day compressive strength (f,, MPa). This study collected 404
experimental strength data, 300 data were randomly selected as the training set, and the remaining
104 data as the testing set (Lien ef al. 2006). The training set was employed to build the model and
the testing set was employed to evaluate model generalizations. Table 1 presents some descriptive
statistics of the strength dataset.

Table 1 Descriptive statistics of the data set

Variable Unit Minimum Maximum Mean Stangrd

deviation
cement (C) kg/m? 71.00 896.00 293.35 129.80
fly ash (FL) kg/m? 0.00 200.10 48.30 63.07
slag (SL) kg/m’ 0.00 359.40 76.45 88.52
water (W) kg/m’ 118.00 314.00 180.98 25.04
superplasticizer (SP) kg/m’ 0.00 32.20 5.49 5.66
coarse aggregate (CA) kg/m’ 595.00 1820.00 963.67 130.07
fine aggregate (FA) kg/m? 486.00 1300.00 779.61 99.51
water cement ratio (W/C) ratio 0.24 2.73 0.79 0.41
water binder ratio (W/B) ratio 0.24 0.90 0.48 0.14
water solid ratio (W/S) ratio 0.04 0.13 0.09 0.01
total aggregate binder ratio (TA/B) ratio 2.18 9.85 4.46 1.29
28-day compressive strength £ MPa 8.5 122.0 42.9 22.5

Note: W/C=W+SP)/C; W/B=(W+SP)(CHFL+SL); W/S=(W+SP)(C+FL+SL+CA+FA); TA/B=CA+FA)/(C+FL+SL)
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3.2. Gene encoding of operation tree

This study adopted operation tree to express a regression formula and employed genetic
algorithms to optimize the tree to produce a self-organized formula. In this study, a five-layered
operation tree was adopted, as shown in Fig. 4. The gene encoding rule of mathematical operations
and variables and constants are listed in Table 2 and Table 3, respectively. The gene encoding rule
was designed to adhere to the following rules:

* Gene X, on the first (top) layer must be mathematical operations. Therefore, the gene must be

between integer 1 and integer 6 (see Table 2).

e Genes X, to Xjs on the second, third and fourth layers may be mathematical operations,
variables, or constants. Therefore, these genes may be integers between 1 and 18. When the
gene encoding is 18, it represents a constant K, and a constant between -100 and 100 would be
assigned to the gene.

e The fifth layer (X¢to X3;) must be a variable or constant. Therefore, genes must be integers
between 7 and 18.

Moreover, the operation tree adheres to the following decoding rules:

e When a node (gene) is assigned with logarithm mathematical operation, the right node is
neglected.

* When a node (gene) is assigned with variable or constant, the lower node is neglected.

First
layer
Second

layer

Third
layer

Forth

K
layer

D EE CE R
IFIﬁh [ Xis X7 I Xis I Xio I Xz I X1 I X2 I Xz I X | Xas | Xag I Xn I Xog I Xzo I X | X ‘
ayer

Fig. 4 Diagram of five-layered operation tree

Table 2 Genetic code of mathematical operations
Code 1 2 3 4 5 6

Operator + - X + x In

Table 3 Genetic code of variables and constants
Code 7 8 9 10 11 12 13 14 15 16 17 18
Variable C FL SL W SP CA FA w/C W/B Ww/S TA/B K
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3.3. Modified predicted output value of operation tree

The predicted output values of operation tree usually have oblique phenomenon that there are high
linear correlation but high root mean squared error (RMSE) between the predicted values and the
actual values in dataset. Therefore, in this study, the single linear regression analysis was employed
to modify the oblique phenomenon:

y=atpf )
where
f = predicted output values of operation tree;
y = actual output values in dataset;

a and f = regression coefficients.

According to single linear regression analysis,

a=y-p-f 3)
D)
p=——— @
S ()

i=1
where:
y = the mean of the actual output values in the dataset;
f = the mean of the output values of the dataset predicted by the operation tree;
y, = the actual output value of the i data in the dataset;
f, = the output value of the i data point predicted by the operation tree.

3.4. Fitness function

As the objective of this study is to produce an accurate model to predict compressive strength, the Root
Mean Squared Error (RMSE) was adopted as the evaluation function (fitness function) of solutions:

RMSE =

®)

where y, represents the modified predicted output value of the i data point; y; represents the actual
output value of the i data; and n represents the number of data.

3.5. GA parameters
This study adopted genetic algorithms to optimize the operation tree to produce the self-organized

regression formula. There are some parameters may affect the performance of GA. Reference (Lei
et al. 2005) suggested the following parameters: (1) population size=10~1000; (2) crossover rate=
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0.4~0.99; (3) mutation rate=0.0001~0.1. In this study, GA parameters were set as: (1) population
size=100; (2) crossover rate=0.9; (3) mutation rate=0.001; (4) stop criterion: the optimization
process stops when the process cannot find a better solution in 1000 generations; (5) the elitist
strategy was adopted.

4. Results
4.1. Operation tree before pruning
There is some randomness identified in the GA search process. Therefore, this study carried out

the GOT process three times with different random seeds to produce three solutions. The results are
shown in Figs. 5 through 7, and corresponding mathematical formulas are listed as follows:

_ In(Cx W/S)
y=43451+64.48x L) ©
In(C)
— 1.9484635.21
yo 1A *(TA/B/In(C)_W_SP)x W/B (7
/ /
y=263.401—871.06x% ®

|
™~

|
+

[taB] n [ w ] sp |

Fig. 6 Solution 2 of operation tree produced by GOT
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[wic| | wrs|

Fig. 7 Solution 3 of operation tree produced by GOT

Table 4 GOT data statistic before pruning

Group Training RMS(MPa) Testing RMS(MPa)
1 9.10 10.76
2 9.29 10.11
3 9.10 10.61

The RMSE error of training data and testing data of these formulas are presented in Table 4. The
scatter diagram of the predicted value and the actual value of training data and testing data are
shown in Figs. 8 through 13.

4.2. Operation tree after pruning

Detailed pruning processes are shown in Figs. 14 through 16, and the evaluation results of each
pruned operation tree are listed in Tables 5 through 7. In order to discuss the effects of the number
of variables, the pruning process would be conducted until only one variable remained in the tree
instead of ending it according to the stop criterion. After pruning the three operation trees until only
one variable remained, their corresponding mathematical formulas are listed as follows:

120 120 — -
R =0.8137 . R® =0.8245
100 100
£ £
2 80 2 80
2 2
g 60 2 60
3 E
&)
:.E 40 _é’ 40
g E,
20 20
0 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120

actual value (MPa) actual value (MPa)
Fig. 8 Scatter diagram of training data of solution 1 Fig. 9 Scatter diagram of testing data of solution 1
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Fig. 10 Scatter diagram of training data of solution 2 Fig. 11 Scatter diagram of testing data of solution 2
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Fig. 12 Scatter diagram of training data of solution 3

120

R’ =0.8358 .
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predicted value (MPa)
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actual value (MPa)

Fig. 13 Scatter diagram of testing data of solution 3

4131.42

=_ 95+ —=
3313.95 /B 9)

4135.76

=_ o5+ ——
y=-3313.95 7B (10)

4134.29

=_ 95+ —
y=-3313.95 7B (11)

We can find that they have the same form:
1
= + [f—

where <0 and £>0.

The substantial meaning of the formula is that the most important variable in predicting 28-day
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Step Solution 1 of GOT Model

1. Model before
pruning

2. Pruning one
variable on the
tip nodes

3. Pruning two
variables  on
the tip nodes

4. Pruning three
variables  on
the tip nodes

0.088

Fig. 14 Pruning process for solution 1

strength of HPC is water-binder ratio (W/B), and the compressive strength is in reverse proportion
to W/B, which is consistent to the recognized knowledge in concrete material science. Moreover,
regression coefficients in these formulas are almost the same, which shows that GOT is rather stable
in combination with the pruning technique.

Moreover, the formulas in the last second step in Tables 5 through 7 are as follows:

In(C)—2.43

=_-865.83+942.
¥ =—865.83+942.84x =02 (13)
In(C)
=_ 57+ . —_
y=—1888.57+618.84x o (14)
In(W/C)—2.43 1
=_ 60— . ) = 60+ (= .86 - /CY+ —
¥ ==272.60-965.86 x —— 272.60-+(-965.86-In(W/C)+234T)x 5o (15)

Formula (9) and formula (10) show that under the same water-binder ratio (W/B), the greater the
amount of cement, the higher the compressive strength. In formula (11), the smaller the W/C, the
higher the compressive strength. These phenomena might represent a substantial new finding in the
concrete material science field.
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Step Solution 2 of GOT Model

1. Model before pruning

2. Pruning one variable on the
tip nodes

3. Pruning two variables on the
tip nodes

4. Pruning three variables on
the tip nodes

5. Pruning four variables on
the tip nodes

6. Pruning five variables on
the tip nodes

Fig. 15 Pruning process for solution 2
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Step Solution 3 of GOT Model

1. Model before pruning

2. Pruning one variable on the tip
nodes

3. Pruning two variables on the tip
nodes

Fig. 16 Pruning process for solution 3

Table 5 Evaluation of the pruning process of solution 1

Formi Taoe  Todre  Ttne | Tethe
1 y=434.51 +64.48x% 0.81 0.82 9.10 10.80
2 y=958.13+57.19x% 0.81 0.81 9.27 11.19
3 y=-—865.83+942.84 x M(CI'/I)/% 0.79 0.77 9.74 12.74
4 y =—3313.95+4131'42 0.76 0.76 10.22 12.96

W/B

Table 6 Evaluation of the pruning process for solution 2

Training Testing  Training Testing

Step Formula R R RMS(MPa) RMS(MPa)
1) =1.94-84635.21 X(TA/B/ln(Cl)n—(CV;/)—SP)x T 081 085 9.29 10.11
2 y= 11'2884494‘88X(4.26/1n(C1;1£VC)SP)xW/B 081 085 9.29 10.11
3 y=14.83-84440.97 x 0755 IV;(_?P) —h 0.81 085 9.29 10.11
4 y=-1963.75-118962.63 x 0755 1;2F7C_)SP) —p 080 08I 9.40 11.76
5 y=—1888.57+618.84x%% 0.79  0.78 9.58 12.51
6 y=-3313.95+3133.76 0.76 076 1022 12.96

W’B
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Table 7 Evaluation of the pruning process of solution 3

Training  Testing Training RMS Testing RMS

Step Formula R R (MPa) (MPa)
1 y= 263.407871.06><m(w/;§—/2m{) 0.81 0.84 9.10 10.60
2 y=—272.60—965.86x1ﬂW—;§/gﬁ 0.81 0.81 9.23 11.47
3 y= —3313.95+41;j}329 0.76 0.76 10.22 12.96

4.3. Stepwise regression analysis

This study adopted stepwise regression analysis with backward elimination technique to make a
comparison with GOT. The steps are as follows:

Step 1: Use all N input variables to set up a regression analysis model, then try to eliminate one
input variable and employ the remaining N-1 input variables to set up a regression analysis model.
Choose the simplified model with minimum testing data error.

Step 2: Repeat step 1 until no improvement can be reached by eliminating another variable in the
simplified model.

Step 3: Output the simplified model.

The detailed elimination process and the evaluation results of each regression model are listed in
Table 8. To discuss the effects of the number of variables, this study did not follow the stop
criterion that the process would be repeated until no improvement can be reached by eliminating a
variable in the simplified model. The eliminating process was allowed to continue until only one
variable remained. From the results in Table 8, we find that:

4.3.1. Evaluation of training dataset

In the variable elimination process, we find that after eliminating six variables, the accuracy of the
simplified model becomes slightly lower for the training dataset. The five variables remaining
include cement (C), fly ash (FL), slag (SL), water (W), and superplasticizer (SP), which are the
components of the water-binder ratio.

. W+SP
W/B ratio CFLiSL (16)

While eliminating more variables, the accuracy sharply becomes lower on training data set. This
phenomena shows that when the variable set does not contain all water-binder ratio components, the
corresponding regression model cannot predict the strength accurately. This finding is consistent
with recognized concrete material science knowledge and GOT results.

As shown in Table 8, the elimination process sequentially eliminates SP, FL, SL, W, and C, and
their corresponding regression model becomes rapidly less accurate. The phenomena shows that the
most important variables in building the strength model, from least to most important, are SP, FL,
SL, W, and C, with the contribution significance of the three kinds of binder to form strength (also
ranked from least to most important) including fly ash (FL), slag (SL), and cement (C). This finding
is also consistent with recognized concrete material science knowledge.
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Table 8 Stepwise regression with backward elimination technique

Training Testing

Training Testing

Eliminated

Step Formula 2 2 RMS RMS .
R R (MPa)  (MPa) variable
£ =-36390.90+41.46C+35.00FL+36.46SL
—341.27W—378.06SP+23.99C4
082 068  9.05 1545  None
+24.39FA—340.44W/C+7539.82W/B
+561452.70W/5-993.69TA/B
f.=-35514.50+41.21C+33.71FL+35.2SL
—335.87W—-370.94SP+23.39CA4
2 082 069 906 1524  W/C
+23.70FA+5889.38 W/B+555362.9W/S
—880.69TA/B
f.=-36644.20+41.09C+33.20FL+34.99SL
3 —-333.89W—369.50SP+22.84CA4 082 068 907 1540 W/B
+23.31FA+579143.2W/S—341.44TA/B
f.=11417.09+21.45C+12.28 FL+14.69SL
4 ~113.23W—-143.785P+0.99CA4 0.80 081 947 1160 FA
+91990.31W/S—214.787TA/B
. =13127.86+20.44C+11.37FL+13.59SL
5 —104.64W—140.13SP+72477.77TW/S 0.80  0.81 949  11.80 CA
—264.72TA/B
f.=10648.46+23.86C+14.96FL+17.14SL
6 080 081 951 1179 TA/B
—114.35W—148.43SP+91558.32W/S
f.=10386.55+21.79C+14.41 FL+16.38SL
7 0.78 0.81 9.79 11.58 W/S
—66.52W—101.53SP
f.=9274.43+20.78C+8.82FL+14.32SL
8 0.77 0.76 10.22 12.91 SP
—59.42W
9 f.=10871.31+18.50C+11.75SL—61.11W 074 077 1075 1264 FL
10 f.=12238.92+14.83C—57.89W 0.65 0.73 1247 13.82 SL
11 f,=1254.752+16.30C 045 047 1557  19.44 w

4.3.2. Evaluation of the testing dataset

In the process of eliminating variables, we can find that after eliminating six variables, the
accuracy of the simplified model progressively becomes higher in the testing dataset. As more
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Table 9 Stepwise neural network

Step Trair;ing Test;ng Training Testing Elimjnated
R R RMS(MPa) RMS(MPa) variable

1 0.85 0.88 8.09 8.83 None
2 0.87 0.83 7.56 10.71 W/C
3 0.87 0.87 7.56 9.50 W/B
4 0.87 0.87 7.62 9.51 CA
5 0.87 0.88 7.70 9.01 FA
6 0.84 0.87 7.81 9.16 TA/B
7 0.85 0.87 8.23 9.32 WIS
8 0.81 0.79 9.18 11.75 SP
9 0.77 0.82 10.05 11.15 FL
10 0.69 0.76 11.81 12.76 SL
11 0.50 0.50 15.00 18.30 W

variables are eliminated, the accuracy sharply lowers for the testing dataset. This phenomena shows
that the model with more than five variables happens to be over-fitted, while the model with less
than five variables happens to be under-fitted, and the model with the most important five variables
happens to be right-fitted and form the most accurate strength regression model with the highest
generalization prediction ability.

4.4. Stepwise neural network

This study adopted back-propagation neural networks (BPNs) to make a comparison with GOT. In
this study, network parameters such as number of hidden neurons, learning rate, momentum factor,
and number of learning cycles were determined according to minimizing the RMSE error on the
testing dataset. To make a comparison with GOT and stepwise regression, this study proposed a
stepwise neural network similar to stepwise regression analysis with backward elimination technique.

The detailed elimination process and the evaluation results of each BPN model are listed in Table
9. From these results, we see that the variable elimination sequence is almost the same as stepwise
regression (only the positions of the third and the fourth eliminated variables are exchanged), and
the accuracy progress of stepwise neural network is rather similar that of stepwise regression, which
also, in sequence, showed the over-fitting, right-fitting, and under-fitting processes. The model with
the most important five variables happened to be right-fitting and formed the most accurate strength
model with the highest generalization prediction ability.

4.5. Comparisons of methods

The model accuracy refers to the generalization prediction ability, i.e., the smaller the RMSE or
the higher the R? in the testing dataset, the higher the accuracy. The model complexity is defined as
the number of variables in the model. The larger the number, the more complex and less easily
comprehended the model is. The comparisons of model accuracy and complexity of above-
mentioned three methods are shown in Tables 10 and 11 as well as Figs. 17 through 20. We can
find that:
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Table 10 Relationship between R* and number of variable

Number Solution 1 of GOT Solution 2 of GOT Solution 3 of GOT Stepwise regression  Stepwise BPN
of

variable

Training Testing Training Testing Training Testing Training Testing Training Testing

set set set set set set set set set set
11 NA NA NA NA NA NA 0.82 0.68 0.85 0.88
10 NA NA NA NA NA NA 0.82 0.69 0.87 0.83
9 NA NA NA NA NA NA 0.82 0.68 0.87 0.87
8 NA NA NA NA NA NA 0.80 0.81 0.87 0.87
7 NA NA NA NA NA NA 0.80 0.81 0.87 0.88
6 NA NA 0.81 0.85 NA NA 0.80 0.81 0.84 0.87
5 NA NA 0.81 0.85 NA NA 0.78 0.81 0.85 0.87
4 0.81 0.82 0.81 0.85 NA NA 0.77 0.76 0.81 0.79
3 0.81 0.81 0.80 0.81 0.81 0.84 0.74 0.77 0.77 0.82
2 0.79 0.77 0.79 0.78 0.81 0.81 0.65 0.73 0.69 0.76
1 0.76 0.76 0.76 0.76 0.76 0.76 0.45 0.47 0.5 0.5

Table 11 Relationship between RMSE and number of variable

Number Solution 1 of GOT Solution 2 of GOT Solution 3 of GOT Stepwise regression  Stepwise BPN
of

Training Testing Training Testing Training Testing Training Testing Training Testing

variable set set set set set set set set set set
1 NA NA NA NA NA NA 9.05 15.45 8.09 8.83
10 NA NA NA NA NA NA 9.06 15.24 7.56 10.71
9 NA NA NA NA NA NA 9.07 15.40 7.56 9.50
8 NA NA NA NA NA NA 9.47 11.60 7.62 9.51
7 NA NA NA NA NA NA 9.49 11.80 7.70 9.01
6 NA NA 9.29 10.11 NA NA 9.51 11.79 7.81 9.16
5 NA NA 9.29 10.11 NA NA 9.79 11.58 8.23 9.32
4 9.10 10.80 9.29 10.11 NA NA 10.22 12.91 9.18 11.75
3 9.27 11.19 9.40 11.76 9.10 10.60 10.75 12.64 10.05 11.15
2 9.74 12.74 9.58 12.51 9.23 11.47 12.47 13.82 11.81 12.76
1 10.22 12.96 10.22 12.96 10.22 12.96 15.57 19.44 15.00 18.30

* Model accuracy: When the number of variables or nodes of the three methods exceeds five,
the model accuracy is highest in the stepwise neural network, followed by GOT and
stepwise regression. When the number of variables or nodes is less than three, the accuracy
of both the stepwise neural network and stepwise regression begin to drop sharply, while
GOT accuracy falls only slightly. The result is that when less than three variables are used,
model accuracy is highest in GOT, followed by the stepwise neural network and stepwise
regression.

e Model complexity: Operation trees produced by GOT before pruning used three to six variables.
Their average of R* and RMSE on the testing dataset was 0.837 and 10.51 MPa, respectively.
Stepwise regression was unable to reach the necessary level of accuracy, while neural network
required to use more than five variables to obtain the same level of accuracy.
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According to the above-mentioned evaluations, this study verified that the pruning technique can
simplify the operation tree, while maintaining a similarly high level of accuracy in order to predict
the 28-day compressive strength of high-performance concrete.

1.0
O ——O - -—-& 0.9
S G G O N
[*"‘B“'E‘-u_a___a___v ~ 0.8
~S-_g e )
~ \\ Low |
s 0.7 &
TSJ\‘\\
\\ ‘\ 0.6
\\ \
"o 0.5
t
0.4
11 10 9 8 7 6 5 4 3 2 1 0
number of variable
—— solution 1 of GOT —— solution 2 of GOT —&— solution 3 of GOT
-+ - Stepwise RA -~ - Stepwise BPN

Fig. 17 Line chart of R? on training dataset and number of variable

1.0

0.9

’G---‘B'--'G---E\\\\\cr,..
’ \E"'B“-.

’ -

0.8

i\ 0.6

© 0.5

0.4

number of variable
—&— solution 1 of GOT —*— solution 2 of GOT —&— solution 3 of GOT
-+ - Stepwise RA === Stepwise BPN

Fig. 18 Line chart of R? on testing dataset and number of variable



222 Chien-Hua Peng, I-Cheng Yeh and Li-Chuan Lien

20
/,% 15
s
)"’
d _—
/’:’% £
=l IOE
ORI SR = Eebtl = ™ ~ - E
b — _ _ - e~
- - OO - >
5
0

1m 10 9 8 7 6 5 4 3 2 1 0
number of variable

—®— solution 1 of GOT —#— solution 2 of GOT —&— solution 3 of GOT

-+ - Stepwise RA === Stepwise BPN

Fig. 19 Line chart of RMSE on training dataset and number of variable

20

=
RMS(MPa)

number of variable

—&— solution 1 of GOT —#— solution 2 of GOT —&— solution 3 of GOT
-+ - Stepwise RA -~ - Stepwise BPN
Fig. 20 Line chart of RMSE on testing dataset and number of variable

5. Conclusions

This study led to the following conclusions:
1. One-variable formulas generated by GOT with pruning technique are rather similar, which
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showed technique stability and reliability. The most important variable in predicting 28-day
compressive strength of HPC is shown to be the water-binder ratio (W/B). It also found that water-
binder ratio strength is the reverse of material strength. Such results are consistent with recognized
concrete material science knowledge.

2. In the process of eliminating stepwise regression analysis and stepwise neural network
variables, the accuracy of model for training datasets always decreased, while the testing dataset
slightly increased in the early stage to reach an early maximum level before sharply decreasing in
the late stage. Such results showed there are over-fitting and under-fitting phenomenon in the early
and late stages. With the elimination of certain unimportant variables, the regression analysis and
neural network is able to build the model with the highest generalization prediction ability.

3. In comparing model accuracy and complexity, when the number of variables in the strength
model exceeded five, the accuracy is highest in stepwise neural network, followed by GOT and
stepwise regression. When the number of variables are less than three, the accuracy of stepwise
neural network and stepwise regression decrease sharply, while GOT decrease only slightly. The
accuracy for models using less than three variables is thus highest in GOT, followed by the stepwise
neural network and stepwise regression.

From the four above-mentioned evaluations, this study proved that the proposed pruning
technique can simplify the operation tree while maintaining a high level of accuracy in order to
predict 28-day compressive strength of HPC.
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