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6. Progress within the reporting period 
(Not exceeding 3 pages, including tables and figures) 

Abstract. Several optimization approaches are used for 3D forging optimization. The process simulation is carried 
out using the FORGE3® finite element software. Several objective functions are considered, like the total forging 
energy, the forging force or a surface defect criterion. Both local and global optimization algorithms are tested for 3D 
applications with a notched cube. The local (gradient based) approach uses the sensitivity analysis that provides the 
gradient of the objective function. It is obtained by the adjoint-state method and semi-analytical differentiation. The 
study of global approaches aims at comparing genetic algorithms and evolution strategies. Numerical results show the 
feasibility of such approaches, i.e. the achieving of satisfactory solutions within a limited number of 3D simulations, 
less than fifty. For a more industrial problem, the forging of a gear, encouraging optimization results are obtained. 

A. TEST OF FEASIBILITY OF EVOLUTIONARY ALGORITHMS (EAs) 

In order to consider the feasibility of evolutionary algorithms using in 3D forging optimization 
problem, we have tested them with an academic benchmark problem, in which a notched cube is upset 
between two flat dies. The notched part of the cube is parameterized by a Bspline curve with four 
control points. The problem parameters are the abscissa of three of the control points (the other one is 
fixed) (see Fig. 1-top). From this 2D curve, we build a simple 3D surface mesh (see Fig. 1-bottom 
left). Finally, the 3D volume mesh (see Fig. 1-bottom right) of the notched cube is created by the mesh 
generator of the FORGE3® package. FORGE3® can then be utilized to simulate the upsetting and 
compute one of the considered objective functions for this problem, the total forming energy or the 
folding defect criterion. 

 

  
FIGURE 1. Parameterization and mesh creation procedure of a quarter of a notched cube. 

This test aims at evaluating the efficiency of evolutionary algorithms for 3D forging applications 
and at comparing genetic algorithms (Gas) and evolution strategies (ESs). The GA code of Carroll [3] 
is used with the micro GA option, elitist selection, a uniform crossover rate of 0.7, and a population 
size of 5. Meanwhile, the ES code EPO [4] is used with the strategy (4+4) (4 parents and 4 children). 

            

 (2a) Forming Energy Problem (2b) Folding Defects Problem 

FIGURE 2. Non-optimized and optimized shapes for both academic problems. 



 

The minimization of the total forming energy is a quite academic that is not favorable to GAs 
because the optimal solution lies in a corner of the parameter space. With GA, the expected solution is 
found after more than 60 evaluations, while 40 evaluations are enough with the ES (see Fig. 2a). 

The elimination of the folding defect by a proper preform is a less academic problem. We can 
define a minimal value of the folding defect objective function for which the process is regarded as 
satisfactory, i.e. without any risk of folding defect. With GA, the threshold value is obtained after 21 
evaluations, while 12 evaluations are enough with the ES (see Fig. 2b). 

These academic cases show that a satisfactory solution can be found within less than 50 simulations 
for 3D optimization forging problems. ES also look more efficient than AG for these problems. 

B. OBTAINED RESULTS WITH AN INDUSTRIAL PROBLEM 

After viewing the feasibility of EA, we try to apply them to solve a more industrial problem: 
forging a gear and try to compare them to some gradient based methods (steepest and BFGS). This  
optimization problem consists in improving the preform shape for the forging of a gear (see Fig. 3), in 
order to minimize the forging force and so reduce the tool damage. The axisymmetrical preform is 
parameterized in 2D, by a combination of straight lines and quadratic curves (see Fig. 4a). This 
surface interpolation is extrapolated inside the domain for computing the domain derivatives in the 
sensitivity analysis. From this 2D geometry, a simple 3D surface mesh is created (see Fig. 4b). The 
volume mesh (see Fig. 4c) is finally generated by an automatic topological mesh generator. Because of 
the problem symmetries, only 1/20 of the gear is studied. The volume of the preform must be kept 
constant during optimization iterations. This constraint is handled by condensation, reducing the 
number of unknowns from 4 initial shape parameters (see Fig. 4a) to only 3, the preform radius R 
being eliminated. 

       
  (4a)  (4b)  (4c) 

FIGURE 3. Full preform and gear shapes  (not real scale)   FIGURE 4.  Parameterization of the geometry of the radial plane 
  showing the 4 shape parameters. Simple surface mesh and 
  volume mesh of 1/20 of a gear preform (not real scale) 

The computational time for a simulation with fine meshes and actual non-linear constitutive 
equations is about 12h on a PC (Pentium4 - 2.4Ghz), which is regarded as too large for optimization 
iterations. Therefore, a simplified optimization problem is also considered, where the mesh is coarser 
and the material behavior is linearized. The computational time is now quite acceptable: about 30 
minutes. 

TABLE 1. Objective function values 

Average forging 
force Φ   by 

Initial 
Preform 

Optimal 
Preform 

Simplified 2.45x109 2.25 x109 

Actual 3.25 x109 3.05 x109 

 

     

 FIGURE 5. Initial and “optimized” shapes obtained with 
a “manual” steepest gradient method (not real scale). 



 

   

The optimization problem is first handled by using the sensitivity information (provided by the 
adjoint state method [2]) in a very simple way. The shape parameters are “manually” modified in a 
direction opposite to the gradient. Figure 5 shows the initial and modified shapes with this approach. 
Table 1 summarizes the obtained results in terms of objective function. As the modified preform 
reduces the value of the objective function for the coarse problem (by about 8%), the simulation is also 
carried out for the actual one. The averaged effort is then reduced by about 6%. 

In order to go further with the optimization and starting from the newly improved preform, BFGS 
[1] and ES-meta-model [5] algorithms are applied, following the same approach: coarse problem for 
optimization and fine problem for verification. After 15 simulations (function evaluations), the BFGS 
method provides an additional improvement of 11%. The ES-meta-model finds a very different 
solution (see Fig. 6) that makes it possible to reduce by 14% the objective function value. 18 
simulations have been required, which is not much for a non-gradient algorithm. Carrying out the 
simulations with the actual material and numerical parameters for the optimized preform, the objective 
function improvement is about 8% for both solutions, although they are quite different (see Fig. 6). 

Averaged forging 
force Φ  

Initial preform Preform optimized  
by BFGS 

Preform optimized  by 
ES Metamodel 

Simplified 2.45*109 2.19*109 2.11*109 

Actual 3.25*109 3.03*109 2.99*109 

Preform shapes 
(not real scale) 

   
 

FIGURE 6. Shapes and Objective function values, both for the initial and optimized preforms, 
resulting from both BFGS and ES Metamodel algorithms. 

C. CONCLUSION AND OUTLOOK 

The obtained results are quite encouraging for the future of Evolutionary Algorithms applied to 
complex 3D forging optimizations. Interesting solutions are found with a limited number of 3D 
simulations, while making it possible to discover more global optima. Our precious work with 
sensitivity analysis also provides a very accurate and efficient tool for improving a 3D design in a 
single step. Coupling these two approaches should results into even more efficient algorithms. 
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