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 ABSTRACT 

For the control of the forming process it is necessary to know as precisely as possible the 
flow curve of the material formed. The paper presents the determination of the equation for the 
flow curve with artificial intelligence approach. The genetic programming method (GP) was used. 
It is an evolutionary optimization technique based on the Darwinian natural selection and the 
survival of the fittest organisms. The comparison between the experimental results, analytical 
solution, and the solution obtained genetically clearly shows that the genetic programming method 
is a very promising approach. 

1. INTRODUCTION 

The manufacturing of products by means of forming is particularly interesting for today’s 
production, since subsequent treatment of the product is either reduced to the minimum or even 
needless. It seems that these trends will be even more present in the future since not only product 
cost decreases significantly but also environmental loads are less extensive than in case of many 
other manufacturing technologies. In order to reach high quality of the metal forming process and 
full functionality of the product, the properties of the material which the future product will be 
made of, have to be determined as precisely as possible.  

Flow stress is the main characteristic of the metal materials. Dependence of the flow stress 
during forming (with constant speed of deformation and temperature) depending on the equivalent 
strain is called the flow curve. The most widely known mathematical model for the determination 
of flow stress is proposed by Hollomon [1].  

In this work, the genetic programming approach for the determination of flow curve is 
used. Experimental data obtained during pressure test serve as an environment which, during 
simulated evolution, the models for the flow curve have to be adapted to. No assumptions about 
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the form and size of flow curve expression are made in advance, but they are left to the 
selforganization and intelligence of evolutionary process. 

2. METHOD USED 

Genetic programming was proposed by J.R. Koza in the first half of this decade [2]. It is 
probably the most general approach out of evolutionary computation methods [3,4]. 

In GP the structures subject to adaptation are the hierarchically organized computer 
programs whose size and form dynamically change during simulated evolution. The aim of GP is 
to find out the computer program that best solves the problem. Possible solutions in GP are all the 
possible computer programs that can be composed in a recursive manner from a set of function 
genes and the set of terminal genes. The set of function genes can include basic mathematical 
functions, Boolean functions, functions defined with respect to the problem area studied, etc. The 
set of terminal genes can include numerical constants, logical constants, variables, etc. 

The initial population is obtained by the creation of random computer programs consisting 
of the available function genes and the available terminal genes. The creation of the initial 
population is a blind random search for solutions in the huge space of possible solutions. 

The next step is the calculation of adaptation of individuals to the environment (i.e., 
calculation of fitness for each computer program). In GP the computer programs change in 
particular with reproduction and crossover.  

After finishing the first cycle which includes: 1. creation of initial population, 2. calculation 
of fitness for each individual of the population, and 3. genetic modifying of contents of the 
programs, an iterative repetition of points 2 and 3 follows. 

After a certain number of generations the computer programs are usually ever better 
adapted to the environment. The evolution is terminated when the termination criterion is fulfilled. 
This can be a prescribed number of generations or sufficient quality of the solution. Since 
evolution is a non-deterministic process, it does not end with a successful solution in each run. The 
number of runs required for the satisfactory solution depends on the difficulty of the problem. 

LISP language is especially well suited for GP because there is no syntactic distinction 
between programs and data. However, any other programming languages (e.g., FORTRAN, 
PASCAL, C, FORTH) that can manipulate computer programs as data and that can then compile, 
link, and execute the new programs can be successfully used for GP. More information about GP 
and also about other evolutionary computation methods can be found in [2,5,6,7]. 

3. EXPERIMENTAL WORK 

The flow curve represents a link between the flow stress σf and the deformation ϕ. The flow 
curve is a basis for the calculation of the forming force and work. In general, the flow curves are 
determined by means of experiments, the most important of which are the tensile test, the pressure 
test, and the torsion test [1,8]. Selection of the test method depends on the forming process. The 
method, in which the stress-strain conditions best coincide with the conditions during actual 
forming, is selected.  
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We decided on the pressure test with the assumption of the uniaxial stress state and 
homogenous change of shape (during pressing the test piece does not buckle but remains 
cylindrical). This is achieved by good lubrication. 

Table 1.  Experimental results (T=20°, ) 1s1 −=ϕ&

Measu- 
rements 

Effective 
strain ϕ 

Flow stress 
σf  [N/mm2] 

1 0.035 400.7 
2 0.20 493.2 
3 0.27 499.8 
4 0.35 524.0 
5 0.40 528.6 
6 0.43 530.9 
7 0.55 547.7 
8 0.62 558.9 
9 0.85 579.5 

10 1.15 592.0 
 
For the test we made cylindrical blanks with the ratio d/h = 1.33, where h and d is the initial 

height and diameter of the cylindrical blank, respectively. The material of the blanks, whose flow 
curve was sought for, was the copper alloy CuCrZr. The blanks were pressed in a special tool. 
Teflon was used as lubricant. 

The pressing force was measured by means of electrical variables, therefore we made a 
measuring body to which we glued the resistance measuring blades [9]. To determine the flow 
curve the actual cross section of the test piece must be know in addition to the force. Therefore, 
during each measuring it is necessary to read the change of the test piece height.  

Table 1 shows the experimental results. The effective strain ϕ is independent variable and 
the flow stress σf  is dependent variable (i.e., measurement result). The flow curve determined by 
the test is mathematically not yet defined, but is given in the tabulated form or graphically in the 
form of a diagram. For practical use it is very favourable if the function σf −ϕ can be given also in 
the analytical form.  

We selected the suitable approximation curve which should approach the experimental 
curve at certain interval as much as possible. The most simple model is the linear function which 
in most cases strongly deviates from the curve obtained experimentally. Therefore, it is more 
proper to use the power function in the following form [10]: 

n
f C ϕσ ⋅= ,                                                     (1) 

where C is resistance constant defining the position of the curve in the diagram and n is the 
strain hardening coefficient defining the curve slope. 

 By logarithming the equation (1) the curve in the double logarithm diagram has the form of 
a straight line: 

ln σf = ln C + n ln ϕ .                                       (2) 
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It can be seen that for the approximate defining of the flow curve parameters it is enough to 
know the coordinates of two points (values for σf  and ϕ) on the straight line.  

On the basis of the experimental results in table 1 the flow curve was approximated with 
the equation: 

11,0575 ϕσ ⋅=f .                           (3) 

4. GENETIC DETERMINATION OF FLOW CURVE 

4.1. Selection of genes 

First, ingredients from which the genetic process attempts to construct a model for flow 
curve must be chosen. The terminal genes consist of independent variable ϕ and random floating-
point numbers. The function genes consists of arithmetic operations of addition, subtraction, 
multiplication, division, and natural exponential function. Of course, all above arithmetic 
operations are protected against the extreme values [2]. By selected genes, the evolution tries to 
construct the best possible equation (i.e., model) for the flow curve. 

4.2. Evolutionary parameters  

For all runs the population size is 500 and the maximum number of generations to be run is 
51 (i.e., generation 0 with 50 additional generations). The probability of reproduction and 
crossover is 0.1 and 0.9, respectively.  

We decided that satisfactory solution for this problem is reached when the sum of 
percentage errors, taken over ten measurements, between the value returned by the genetically 
evolved models for the independent variable (ϕ) associated with the particular measurement and 
the correct value of the dependent variable (σf) associated with the particular measurement, is less 
or equal to 10%. This is the criterion of the success for this problem. Therefore, permissible 
average error per measurement is 1%. The termination criterion for a run is triggered either by 
running the specified maximum number of generation, or by the satisfactory solutions by at least 
one program in the population. We made several runs of genetic programming system. 

Possible successful models for the flow curve will be valid over intervals determined by the 
largest and smallest experimental values of the independent variable ϕ. 

4.3. Results 

The evolutionary searching for solutions starts by creation of 500 random models for the 
flow curve consisting of terminal genes and function genes. The creation of the initial population 
is a blind search for solutions in the enormous space of possible solutions. Although the result of a 
blind random search for solutions is bad, some models already in the initial generation are better 
adapted to the experimental data (i.e., environment) than the other individuals in the population. 

In the next generations the genetic combining of the successful solutions leads to better and 
better models for the flow curve, which match the experimental data relatively good. On the other 
hand the evolution gradually excludes bad solutions from the population.  
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Figure 1 shows the genetic development of the models for flow curve during evolution. It 
can be seen that in the initial generation (i.e., generation 0) the randomly generated equation for 
the flow curve is very far from the desired form. Afterwards the solutions are more and more 
accurate and in the generation 30 the evolution develops the model for flow curve, which meets 
the set criteria concerning the required accuracy. This model is equal to:  

ϕϕσ 8.4
f e15357528 −−+=                 (4) 

The above model is relatively simple and describes very well the knowledge hidden in the 
experimental data. 

Table 2 shows a comparison between the experimental results, the results obtained with the 
analytical model (3), and the results obtained by the genetically developed model (4). Only in case 
of the measurement 2 the analytical model is more accurate than the model obtained genetically. In 
case of all other measurements the genetic model is considerably more accurate and deviates from 
the experimental values for less than 1%. 

The average error is 1.698% in case of the flow curve obtained analytically and only 
0.615% in case of the equation for the flow curve obtained with simulated evolution. Therefore, 
the model obtained without influence of human intelligence is about 2.76-times more precise than 
the analytical model. 

Of course, the model (4) is not the only successful solution developed by evolution. Some 
other models for the flow curve were considerably more precise, but they were also more complex. 
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Fig. 1.  Development of flow stress curve during evolution 
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In solving the problem we had to do with only one input variable (i.e., effective strain). Of 
course, genetic programming can be successfully used also in case it is necessary to develops a 
model with several independent input variables. 

 
Table 2.  Comparison between experiment data, analytical model and GP model 

Measu- 
rements 

Experiment: 
flow stress 
[N/mm2] 

Analytical model: 
flow stress 
[N/mm2] 

GP model: 
flow stress 
[N/mm2] 

Analytical 
error [%] 

GP 
error [%] 

1 400.7 397.663 400.656 0.764 0.011 
2 493.2 481.705 480.817 2.386 2.575 
3 499.8 497.872 501.526 0.387 0.345 
4 524.0 512.289 519.435 2.286 0.879 
5 528.6 519.870 528.369 1.679 0.044 
6 530.9 524.022 533.087 1.313 0.412 
7 547.7 538.403 548.432 1.727 0.134 
8 558.9 545.545 555.538 2.448 0.605 
9 579.5 564.812 573.863 2.601 0.982 

10 592.0 583.908 592.937 1.386 0.158 
   Average: 1.698 0.615 

5. CONCLUSION 

For successful planning of the forming process and for high quality of products it is 
important to know accurately the properties of the material during forming.  

In the paper we presented the determination of the flow curve by means of genetic 
programming. The analysis of the results showed that the equation obtained with artificial 
intelligence approach describes the flow curve more precisely than the solution derived 
analytically. It should be mentioned that no assumption about the form and complexity of the flow 
curve equation were made in advance, but they are left that to the intelligence of the evolution. 
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VEŠTAČKA INTELIGENCIJA I ODREĐIVANJE KRIVIH 
TEČENJA 

Brezocnik M., Balic J., Gusel L. 
Faculty of Mechanical Engineering, Maribor, Slovenia 

 REZIME 

Izrada metalnih delova metodom plastičnog deformisanja odlikuje se, između ostalog, i po 
tome što, zbog hladnog ojačavanja materijala, nisu potrebne naknadne obrade izrađenog dela. U 
cilju postizanja visokog kvaliteta proizvoda i njegove pune funkcionalnosti neophodno je precizno 
odrediti osobine polufabrikata. Glavna karakteristika metala koji se koristi u procesima plastičnog 
deformisanja je K-ϕ kriva (kriva tečenja, kriva ojačavanja). Matematički izraz koji se najčešće 
koristi u opisu ove krive definisan je od strane Hollomon-a. 

Rad opisuje genetički programski (GP) pristup u određivanju krive ojačavanja Radi se o 
evolutivno-optimzacionom pristupu koji se bazira na Darvinskoj prirodnoj selekciji i održavanju 
prilagodljivih organizama. Upoređenje između eksperimentalnih rezultata, analitičkih rešenja i 
rezultata dobijenih u radu prikazanom metodom ukazuje da je GP metoda veoma obećavajuća, 
iako je tek u povoju (bar kada se o njenoj primeni u obradi plastičnom deformacijom radi). 

Poglavlja u ovom radu su: 1.) Uvod, 2.) Korišćena metoda, 3.) Eksperiment, 4.) Genetičko 
određivanje krive tečenja, 5.) Zaključak, 6.) Literatura. 

 
 


