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1 Introduction 

The efficient planning of automated machining processes is unthinkable without the use of offline 

CAM systems. Though machining programs can be written and input manually, right at the machine 

controller, if the workpiece geometry is complex, or if the machined features are numerous, the help of 

CAM software is essential for generating the program both accurately and quickly. This is particularly 

true in the case of multi-axis machining, when complex, often sculpture-like shapes are machined in a 

single set-up. The determination of the optimal toolpath in accordance with the CAD part designs 

requires sophisticated computerized algorithms. On the other hand, it is indispensable to allow the user 

to verify and – if it’s needed – manually modify the computer-generated operations in the course of the 

interactive planning process. The most evident mode of the verification is the ocular inspection of the 

planned machining operations on the screen of the CAM software. The visual representation of the 

machining processes has several levels, from the simple linear drawing of the toolpath until the 

detailed displaying of the altering workpiece geometry during the material removal process. While the 

first helps shifting out the rough errors of the automated toolpath generation, the latter, among others, 

can bring the unwanted geometrical errors of the machined workpiece to light. The first part of the 

dissertation deals with this higher level of machining process representation. 

The simulation of the material removal process presents a special challenge for the CAM software 

developers. To get the final shape of the workpiece the simulation of the whole material removal 

process has to be fulfilled. Considering that the resolution of the displayed objects must satisfy the 

requirements of the visual verification, a huge amount of data, which carries enough geometrical 

information for the detailed description, has to be processed within a short time. In the course of time 

several simulation methods have come to life to perform this task, with various levels of performance. 

One of the oldest, and still the most effective solution up to now exploited that the computing 

operations of the material removal simulation can be performed in a highly parallelized thus effective 

manner by the use of graphics processing units (GPU). Unfortunately this method proved to be viable 

only in the simple geometrical circumstances of 3-axis machining. The complex geometry of a 

workpiece that is shaped during multi-axis machining cannot be represented with data structures used 

by the traditional GPUs, and the sequential execution by the CPU cannot even approach the 

performance of the GPU based solution.  

The appearance of general-purpose graphics processing units (GPGPUs) has given a new tool for 

executing non-graphical (i.e. general-purpose), highly parallelized computations in a common personal 

computer environment. The primary aim of the doctoral work was the creation of a material removal 

simulation method for multi-axis machining, which is fully supported by this new generation of 

graphics hardware, in order to reach the performance of the 3-axis methods supported by the 

traditional GPUs. This means not only running a traditional algorithm on a modern device, but 

reshaping the data representation to satisfy the requirements of the unified hardware architecture of the 
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GPGPUs; developing a highly parallelized manner of executing volume subtraction operations; and 

defining the appropriate way of object-reconstruction for visualization. The result is a high-resolution, 

real-time simulation, where millions of geometrical data elements take part in the computations, 

making the fast and detailed visualization of multi-axis material removal processes available.  

Besides the simple visualization, there is another, more and more important reason of integrating 

material removal simulation modules in the CAM systems. The newest versions of the most widely 

applied CAM programs offer automated feed rate optimization, to reduce machining time when the 

use of constant machining parameters of technology handbooks is not practical owing to the big 

alternation of the cutting geometry during the machining process. In general this characterizes the 

multi-axis machining. The basis of the optimization is the prediction of the expectable cutting forces, 

for which the material removal simulation provides the required geometry information about the 

process. 

Though the advertisements of CAM systems offer significant improvement of machining time thanks 

to the feed rate optimization functions, their usage hides risks as well: the fast but rough force 

predicting methods cannot guarantee the keeping of machining parameters recommended by the tool 

manufacturers. This can lead to increased tool wear and surface quality deterioration. For that reason 

we have to investigate if we could find a more adequate cutting force prediction model for this type of 

optimization. 

The mechanistic cutting force model, though it provides much more sophisticated results than the 

recently used, is not applied in CAM systems. The main reason is that the determination of the cutting 

force coefficients figuring in the force equations requires circuitous experiments, and their validity is 

limited. In the second part of the dissertation it is examined, how should the equations of the 

mechanistic cutting force model be reconstructed to get a more applicable model in practice? A new 

method is introduced to efficiently solve the equations in the GPGPU environment, together with an 

algorithm to determine the cutting force coefficients without such geometrical restrictions, which 

characterized the former solutions. However, the applicability of the proposed methods raises more 

questions: is there enough information about the cutting process in the offline state to accurately 

predict the forthcoming forces, or should we do it online right at the machine? What are the conditions 

of doing so? The main issues of the realization of such a system are also discussed. 
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2 Virtual machining 

2.1 Technical review 

The CAM software packages provide two kinds of machining simulation with different purposes. The 

first focuses on the machining process: it visualizes the motion of the machine tool parts, displays the 

movement of the cutter to help verifying the generated toolpath, and performs collision detection 

among the moving and non-moving objects in the workspace. The shape of the objects in the virtual 

space is static; the altering of the workpiece and the cutting process is not visualized, instead the 

kinematic behavior of the machine tool is simulated by displaying the result of successive spatial 

transformations on rigid objects that are created with CAD modeling techniques, while the workpiece 

is displayed in its final, machined shape. 

The second type of virtual machining is to simulate the material removal process. On the one hand it 

shows the altering shape of the workpiece while the cutter moves along the toolpath for the purpose of 

shape verification. On the other hand it gives information about the continuously changing cutting 

geometry in the course of the cutting process, which is required for cutting force prediction and feed 

rate optimization. The basis of the simulation is the solid object modeling of the workpiece and the 

cutter in the virtual space. The cutter penetrates into the workpiece and removes material from it – this 

is represented by the Boolean subtraction of the cutter volume from the volume of the workpiece. The 

subtraction of the volume swept by the tool along the whole toolpath from the volume of the blank 

results the final shape of the workpiece at the end of the material removal process. 

Among the material removal simulation methods the z-map method, in which so-called depth images 

represent the workpiece geometry, proved to be the most successful technique ever, as the execution of 

the image space based operations is greatly supported by the traditional graphics hardware. Numerous 

adaptations, which followed the development of the hardware technology, have made it to be the 

leader solution in 3-axis virtual machining. Nevertheless, the method can be applied only in such 

cases, when the direction of the machining is unchanging, as a single depth image cannot hold 

information about surfaces covered by each other. This means that it is not suitable for the simulation 

of multi-axis machining. Several solutions came to life to this problem. The extended z-map method 

uses dexels, the uniform space decomposition (USD) technique a set of cubes of the same size, while 

the hierarchical space decomposition (HSD) based solutions apply cubes of varying sizes to describe 

object geometry. Some proposed constructive solid geometry (CSG) for simulating milling processes. 

Boundary representation (BRep) is the dominant modeling technique in CAD systems; in the case of 

virtual machining its simplified version, the triangle-based boundary representation is preferred. 

However, it can be said of these solutions that they cannot even approach the performance of the 

image space technique due to their limited support by the graphics hardware. Investigations showed 

that the GPU based z-map method is at least one order of magnitude faster than the multi-axis 

simulation techniques executed solely by the CPU.  



5 
 

The modern CAM systems provide high-level graphical support for the process planning and 

preliminary verification of machining. The visual appearance of these applications is fascinating due 

to the high-resolution polygon-based kinematical simulation and numerous visual helpers on the 

screen. On the other hand, it cannot be declared that the same holds to the multi-axis material removal 

simulation modules as well. When free-form surfaces are shaped with 5-axis machining, the traditional 

techniques cannot be used any more. The adaptation of the original z-map method to 5-axis simulation 

brought poor result; the extended z-map method and the object space based techniques loosed the 

support of the graphics hardware; while other additional solutions, such as the analytical swept volume 

generation of the tool, which can speed up machining simulations when the movement of the tool is 

well-definable, did not proved viable in the case of multi-axis machining due to the complicated tool 

movement. 

 

2.2 Aims and scopes of the work related to the virtual machining 

Considering the technological shortcomings of the existing solutions, the primary aim of the doctoral 

work was to create a material removal simulation technique for 5-axis machining that enjoys the 

benefits of the highly parallel program execution on general-purpose graphics processing units, the 

newest generation of graphics hardware. This means the minimizing of the CPU intervention in data 

conversion, data representation and processing, and visualization. The method must provide the 

followings: 

 Calculation speed of the same order of magnitude as the speed that the z-map method can 

reach on traditional graphics hardware; 

 Highly parallelized execution of Boolean operations by GPU shaders, supporting swept 

volumes and complex cutter geometries besides the analytical calculations;  

 Fully GPU based data conversion from solid to displayable polyhedral model to avoid the 

disadvantageous effects of the CPU-GPU data transfer bottleneck; 

 Visualization of the process with the quality of the BRep based CAD models.  

 

2.3 Accomplished results 

According to the aims a complete multi-axis material removal simulation process has been developed, 

where all the simulation tasks – besides the initial data creation, which is shared between the CPU and 

GPU – are maintained by the graphics hardware, including data representation and manipulation, 

together with the visualization of the involved objects.  After the convenient volumetric method had 

been chosen, its data structure was adapted to be processed by GPU shaders (programs running on the 

GPU), for avoiding CPU intervention. Two kinds of volume subtracting calculation methods have 

been applied: the traditional analytical algorithm and an image space based one; both adapted in 
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accordance with the requirements of the GPGPU based parallelized execution. For serving the latter a 

GPU based swept volume generation method has also been proposed. At last a fast and robust 

visualization technique has been worked out considering the special data structure and the high dexel 

resolution. 

The fulfilled tests demonstrated that the highly parallelized execution of the Boolean calculations and 

data conversion steps, together with the elimination of the CPU-GPU data transfer bottleneck, lead to 

considerable speed and visual quality improvement. By adapting the multi-dexel based method to the 

graphics hardware in its entirely, it could be managed for the first time that a multi-axis simulation 

technique reached the performance of the 3-axis simulation methods. The fast data conversion and the 

massively parallelized process of Boolean operations have made an effective recalculation and 

zooming procedure possible, improving the simulation quality. Using so-called layered depth-normal 

images to represent the cutter volume at the Boolean subtraction operations has allowed involving 

complex cutting tools and polygonal swept volumes into the simulation process. 

The results show that the use of the new technology brings new possibilities into the field of 

machining simulations, especially if we have a look at the enormous growing of the graphics hardware 

segment. As GPGPUs become common parts of the personal computers, software technologies have to 

be changed as well. The effectiveness of the new hardware architecture in massively parallel 

computations cannot be disregarded any more in the development of engineering software systems. 

 

3 GPGPU based cutting force prediction 

3.1 Technical review 

The material removal simulation is not only a help to visually verify the planned machining process, 

but it provides necessary geometrical information about the cutting for the purpose of cutting force 

prediction and feed rate optimization. The right choice of the cutting forces affect to the safety of the 

cutting process, the machining time and the quality of the surface. The forces must be adjusted to the 

maximum horsepower of the spindle and to the permissible bending load on the tool to avoid its 

breaking and to keep a hand on the tool leaning, which results surface quality deterioration and shape 

errors. The knowledge of the cutting forces is also important to predict tool wearing and chatter.  

Traditionally the cutting parameters are chosen from handbooks that contain proposed values for 

several workpiece – tool couples.  This manner works well if the cutting geometry, thus the machining 

parameters does not alter significantly during the machining process. This can be reached in 2½ axis 

milling, when the axial and radial depth of cut is hold in a tight range; but the shaping of free-form 

surfaces naturally implies the continuously changing of these values. Without the preliminary 

knowledge of the cutting geometry, the worst case must be considered at process planning. The 
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conservative selection of the parameters often leads to additional machining time, wide fluctuations of 

the cutting forces and premature tool wear due to light chip load, which reduces productivity. 

The CAM software providers have recognized this problem and included functions into their 

applications in order to keep the cutting forces near to the optimal all the time during the machining. 

They use off-line feed rate optimization for this purpose, which is the subsequent step after the 

geometric tool path optimization. Here the trajectory of the tool path, generated by the preceding, is no 

longer manipulated. Only one parameter, the feed rate, is controlled to achieve the optimal balance of 

cutting forces. The common approach used in feed rate scheduling is the material removal rate (MRR) 

model. In the MRR based approach, the feed rate is inversely proportional to the averaged quantity of 

the removed material. Several CAM packages contain feed rate optimization module based on the 

MRR model with short calculation time, promising longer tool life and shorter cutting times. 

However, the main problem of the MRR model is, it is incapable of determining instantaneous cutting 

force magnitude and direction, thus the MRR based feed rate scheduling neither has an effect on 

surface texture and roughness nor has an effect on increased accuracy. Unreliability is another issue of 

the MRR method: investigations showed that the same material removal rate can hide various milling 

forces under different cutting conditions, thus the CAM program modules often allow higher feed rate 

values than it is recommended by the tool manufacturers. For that very reason it is a highlighted area 

of recent research works to involve such cutting force models into the feed rate optimization, which 

concern the physics of the machining process too.  

The mechanistic cutting force model extends the fundamental cutting force equations – which describe 

the effect of shearing and ploughing along an elemental cutting edge – to the complex geometry of the 

milling tool. The cutting edge geometry is described as a sequence of linear segments, and the 

tangential, radial and axial force components are calculated at each segment by the traditional force 

equations of oblique cutting. For getting the total instantaneous cutting force along one entire edge, the 

force components at the active segments, which are taking part in the cutting at the moment, are 

summed up. The active segments are selected by the determination of the contact area between the 

cutter envelope and the workpiece in every simulation step.  

In the beginning analytical calculations were used to determine the contact area, assuming simple and 

constant cutting geometry during the machining process. In the course of multi-axis machining, when 

the geometrical conditions are continuously altering, this method does not provide sufficient results. 

For that reason, with the improving of the simulation technology, the use of analytical calculations has 

been exchanged by discrete methods. In this case the contact area, together with the segments, is 

projected onto a plane which is perpendicular to the z-axis of the cutter and the inspection is carried 

out in the image space: the segments outside the contact area are disregarded. Unfortunately this 

methodology calls forth that the lateral cutter surface parts, the normal of which are perpendicular to 

the z-axis, cannot be represented on the projection plane, and the surface patches with almost-

perpendicular normals become strongly distorted after the projection. This means that it cannot be 
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applied for flat-end mills and for machining processes when the cylindrical part of the tool takes part 

in the cutting. Though further techniques have been proposed to determine the contact area in a more 

complex way, their calculation demand is so big that they can be used only for short machining 

movements. It can be said that no general solution has come to life until now to solve this problem. 

In the case of the mechanistic model the determination of the cutting force coefficients is the most 

critical point. For getting coefficients which are independent from the cutting conditions, most authors 

propose the evaluation of a set of experiments with well-defined technological parameters; the 

coefficients are then obtained from these experiments via numerical or analytical calculations. Two 

different types of calibration approaches have been reported in the literature. The unified cutting 

mechanics approach relies on an experimentally established orthogonal cutting database, 

incorporating the tool geometric variables, and the cutting force models are developed on the basis of a 

generic oblique cutting analysis. According to the direct calibration approach, if we look for the 

coefficients that are valid to a given cutting tool, we should use the tool itself during the 

characterization tests. The cutting forces are measured and, along with the cutting conditions of each 

test, are used as inputs for obtaining the coefficients. 

The disadvantage of all the referenced methods is the need of a large number of calibration test cuts to 

determine the coefficients. Different works have been focused on developing calculation methods in 

order to get the coefficients from minimum experimentation, with comparative success: it has been 

showed that the information required for the coefficient determination could be gained from a single 

half-slot or slot milling experiment, but a really practicable technique has still not come to life. In 

addition, the main problems related to the coefficients have not been solved yet. First of all the 

coefficients depend on the material of the blank, the material and coating of the tool and the geometry 

of the cutting edges. This requires calculating them for each tool-material couple by experimental 

tests. Secondly, the value of the coefficients are changing with the wearing of the cutter during the 

machining, thus they lose their validity soon after the start of the milling process. These issues make 

the application of the mechanical cutting force model, in spite of being more accurate and providing 

more information than the MRR model, greatly difficult in practice. 

 

3.2 Aims of the work related to the cutting force prediction in GPGPU environment 

The second part of the doctoral work focuses on the applicability and feasibility questions of the 

mechanistic cutting force model. It was assumed that two main objectives must be fulfilled to make 

the model more effective in practice. First of all, the way of force-calculation must be reconstructed to 

fit the requirements of the real-time multi-axis simulation. This means the need of direct access and 

parallelized consuming of the geometrical data gained during the simulation, to avoid the unreliable 

projection steps and the mainly sequential execution related to the existing technique. Secondly, the 

method of the coefficient determination must be fastened and simplified. It was supposed, that the 



9 
 

reducing of the geometrical requirements belonging to the existing calculation methods, together with 

the real-time execution of the coefficient determination can lead to the solving of the validity problem. 

 

3.3 Results 

As the result of the research work such a method of cutting force prediction is introduced, which 

provides a general solution to the contact area problem and assures fast calculations by parallelized 

program execution and direct accessing to the geometrical data gained in the course of the material 

removal simulation. The method has been programmed and verified for multi-axis machining with 

ball-end mills, but the mode of its adaptation to general end mills is also mentioned in the relating 

sections. 

It is also presented that the proposed form of the mechanistic model – besides the advantages that arise 

from the direct processing of the cutting geometry and the parallelized computing – offers a 

straightforward way of cutting force coefficient determination, which decreases the geometrical 

constraints of the determination process, thus allowing us a wider use of the mechanical cutting force 

model. The facts that we can determine the coefficients in real-time, and the described method – as 

opposed to the existing techniques – does not require special cutting conditions during the experiment, 

makes it theoretically possible to determine the cutting force coefficients during any milling processes, 

including multi-axis milling, and to apply the just-determined coefficients immediately for force 

prediction during the same process. With this technique we can overcome the two main obstacles that 

limit the usability of the mechanistic cutting force model in practice. First of all, we can predict 

instantaneous cutting force vectors without the need of pre-created coefficient databases, which have 

to include values for every workpiece material – cutter couple. Secondly, if we update the coefficients 

several times in the course of the machining, we can avoid the obsolete of them, which is caused by 

the tool wearing. 

To validate the model two tests series with different characteristic have been fulfilled. At first a typical 

end milling operation were chosen, with such a machining configuration that is commonly used for 

determining the accuracy of the mechanistic force model in the literature. For the second test the 

circumstances of machining of sculptured surfaces were created, where the cutting geometry 

continuously alters along the tool path. In both cases the predicted and measured instantaneous force 

values were in strong correlation, considering the wave form fidelity and the accuracy of the peak 

values. The experimental results also proved – in agreement with the statement of the original 

mechanistic cutting force model – that the cutting force coefficients, which were determined and 

applied at different instantaneous cutting geometries, are valid to a wide range of machining 

conditions. 
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4 Theses 

According to the foregoing I have summed up the scientific results of the fulfilled research work in the 

following theses: 

  

Thesis 1 

I have pointed out the shortcomings of the traditional CPU based multi-axis material removal 

simulation methods. I found that the two main reasons of the decreased performance as compared to 

the 3-axis simulation are the followings:  

 Well parallelizable computations, where the same operations are performed on several 

independent data elements, are executed by the CPU, without exploiting the capacity that the 

graphics hardware offers in the course of a highly parallel program execution; 

 Due to the big amount of data that is transferred from the host to the device memory to be 

displayed, the CPU-GPU data transfer bottleneck prevents the fast process visualization and 

notably slows down the simulation. 

Relying upon these I proposed the redistribution of the computing tasks between the CPU and the 

GPU for the purpose of a more effective processing. I assigned the simulation steps that require SIMD 

like execution – namely the swept volume generation, the Boolean subtraction and the conversion of 

the multi-dexel representation to polyhedral surface model – to the GPU to be executed in a highly 

parallel manner. This solution also assures that no considerable data transfer happens outside the 

device memory, thus eliminating the disadvantageous effect of the data transfer bottleneck. In this way 

the same level of graphics hardware support has been reached in the case of a multi-axis material 

removal simulation technique that belonged only to the 3-axis simulation methods before.  

[A1][A2][A3][A6] 

 

Thesis 2 

I have adapted the multi-dexel based object description to fit the requirements of parallel processing 

by general-purpose graphics processing units, by creating a three-directional independent dexels set to 

be stored in vertex buffers and processed by GPU shaders. I let the graphics hardware into the creation 

of the initial dexel data by means of applying layered depth-normal images (LDNIs) for transitional 

representation of the object volume, thus making the fast rebuilding of a portion or the whole object 

available to be magnified with increased resolution. For the visualization I defined the way of 

reconstructing the object volume descriptor data set, composed by independent three-directional 

dexels, into displayable polyhedral surface. The method does not require an additional data reordering 

step that was essential in the earlier published techniques, thus makes the unbroken execution of the 

simulation steps by the GPU possible, without CPU intervention and unnecessary CPU-GPU data 

transfer. [A3][A6] 
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Thesis 3 

I have worked out a method of executing the volume subtraction operations of the material removal 

simulation in a parallel manner by the graphics hardware. Besides the traditional analytical 

calculations I created an image space based method in which LDNIs are applied for representing the 

cutter volume to be subtracted from the workpiece volume represented by multi-dexel structure, thus 

getting complex cutting tools and polygonal swept volumes involved into the simulation process. For 

serving the image space based volume subtraction process I developed a special GPU based swept 

surface generating algorithm that produces the LDNI representation of the swept volume of the 

moving cutter during its linearized movement between two consecutive cutter location points. With 

the help of the method the quality of the displayed machined surface can be effectively improved 

without the use of a traditional analytical swept volume generation technique. [A3][A4][A5][A6] 

 

Thesis 4 

I have reconstructed the equations of the mechanistic cutting force model in such a way that the 

geometrical information, which is gained from the GPGPU based material simulation in a highly 

parallelized manner for the sake of predicting the instantaneous cutting force components, is directly 

consumed from the multi-dexel structure on the whole cutter envelope, without the need of rearranging 

its data structure. This provides a general solution of the mechanical cutting force equations to milling 

tools with arbitrary shape, in the course of three or multi-axis machining processes, including the 

forming of sculptured surfaces. [A5][A7][A10] 

  

Thesis 5 

On the basis of the GPGPU based material simulation and cutting force prediction I have created a 

method for determining the cutting force coefficients acting in the force equations, which is free from 

the geometrical restrictions of the earlier published solutions, and it can be fulfilled in the course of a 

single machining experiment in real-time, in parallel to the modeled machining process. Relying upon 

these I have introduced a look-forward algorithm, with which the instantaneous cutting forces can be 

predicted in the course of milling processes, including multi-axis machining of freeform surfaces, 

without the need of the a priori knowledge of cutting force coefficients or other material properties, by 

means of measuring the orthogonal cutting forces and simulating the material removal process at the 

same time. [A7][A8][A9] 
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