
ABSTRACT 

KULKARNI, SHRUTI SUDHEER. Feature Based Computation of Setup Orientations for 

CNC Finishing of Additive Manufactured Parts. (Under the direction of Dr. Edward Grant, 

Dr. Richard Wysk and Dr. Ola Harrysson). 

The objective of this project in the field of Hybrid Manufacturing is to devise a 

system that is able to manufacture mechanical parts to the final geometric specifications 

directly from a CAD model. So the part is first additively manufactured to a slightly-more-

than-net shape, and then subtractive manufacturing is used for automatic finishing to desired 

tolerances.  

Subtractive Manufacturing has been promising for its better geometric accuracy and 

surface finish. CNC-RP is one of the tools for subtractive machining. The motivation of this 

research is to automate the subtractive finishing part of a hybrid process and try to reduce the 

limitations of tolerance specification and machining requirements for critical features. One of 

the important aspects for finish machining is attention to special features (holes, planes, 

pockets, cylinders etc.) and their tolerance information like cylindricity, concentricity, 

planarity, parallelism, surface profile, dimensional tolerance. The hypothesis in this research 

is that if the tolerance data and geometrical information of special features is carried forward 

from design (CAD system) to the finish machining stage (CAM system), it will assist in 

completely automating the process of subtractive machining.  

The AMF (Additive Manufacturing File) Format shows potential in its use for its 

information storage. If combined with Y14.5 standards, AMF file can be modified to store 

feature-based information from design stage itself. In this research, it is demonstrated that a 



demarcated AMF file, with information such as geometric features, criticality, tolerance, etc., 

the determination of setup orientations can be made feature-based. Work done in this 

research focuses on selecting orientations based on criticality of prescribed features first and 

then maximizing the visibility for complete machinability of other tessellated facets. This 

information along with tolerance information will aid machinist to develop an informed and 

fully automated process plan. 
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CHAPTER 1 

INTRODUCTION 

 

The overall objective of this project in the field of Hybrid Manufacturing is to create a 

system that is able to manufacture mechanical parts to the final geometric specifications 

directly from a CAD model.  To do achieve this, the part is first additively manufactured to a 

slightly-more-than-net shape, and then subtractive manufacturing is used for automatic 

finishing to desired tolerances. Although a tremendous amount of work has been done in 

automating process planning to reduce human intervention, it   somehow fails to completely 

eliminate the need for human involvement.  

This research presents model requirements for the automatic finishing of mechanical parts, 

which have been additively manufactured. It focuses on creating a planning methodology 

which can be used for the finishing process (is) so that minimum human intervention is 

required. It uses the Additive Manufacturing File Format (AMF) to represent the part with 

associated tolerance and finishing requirements. The final output of this research will be a 

file with machine parameters such as part orientation, processing requirements, tolerance 

information, size and location specification of the required features so that the related g-code 

machine instructions can be generated. 

A typical Additive Manufacturing (AM) process takes in a 3D CAD model of a part in stereo 

lithography (STL) format and validates it. The next step involves ``slicing'' the STL model. 

Here, a series of closely placed horizontal planes are passed through the STL model. A 

horizontal plane at a particular height yields a slice that contains 2D planar contours. [1] 
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1.1 Motivation 

 

Generally, Computer Aided Process Planning (CAPP) systems provide two types of 

information : (I) Efficient translation of a part’s geometrical information , defined by a CAD 

system (low level entities – vertices, edges etc.) in the part’s manufacturing information, 

necessary for process planning and CAM (higher level entities – holes  slots , pockets etc.) 

and (ii) definition of feasible process plan (selection of manufacturing processes, selection of 

a work piece size , machining system, operating sequences , cutting tools, determination of 

cutting parameters and conditions, tool path etc.) [2] . In order to automate the process of 

finishing and creating automatic process plan, it is necessary to understand the machining 

requirements. Requirements for part orientation and tool path generation become necessary 

components. To achieve the required tolerance and surface finish, it is necessary to do the 

process planning with regard to the critical part surfaces/features. The current limitations for 

making the finishing process planning automatic are primarily related to tolerance and 

machining requirements for critical features. As additive processes utilize STL files, the 

geometric model from the initial process is featureless. Therefore it becomes important to 

consider other formats for representation of mechanical parts. If feature information can be 

maintained through the entire production cycle, feature-based machining machine process 

planning can be automated for manufacturing parts with critical tolerances. 

In examining different CAD format representations, e.g., boundary models (NURBS), STL, 

PLY, and JT it becomes clear that different modelling representations utilize different 

methods and grains to represent geometric requirements.  Most modelling schemas include 
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tolerance information as “verbose data”. This verbose data is defined into intra-feature and 

inter- feature relationships using a standard which would enhance the formal development of 

process planning. One such format is PLY (Polygon File Format), which was developed at 

Stanford for 3D scanning applications. It is an open source clean format supported by many 

applications. The main advantage of this format is that it stores color information along with 

the mesh information. This colour information can be used to represent anything from 

surface finishing to tolerances. A lot of work has been done for developing a library to 

support the format [3]. Another interesting format is the AMF format which can be used in 

AM and hybrid production. Derived from the idea of PLY format, this format goes a step 

ahead in representing features. Its main advantage is the ease of representation by the 

specification described in reference [3]. It is represented using XML, and hence it can be 

used by any software with a simple parser which makes it easy to implement and understand. 

It has the ability to represent color, texture, material and sub-structure. The AMF file format 

shows promise for use in automated machining requirements specification. This work will 

use the AMF format as a basis for product and requirements description. Using a new format 

requires standard format descriptions, and detailed work has already been done by its creators 

[4].   Additional standards specific to feature information and tolerances have been defined as 

a part of ongoing research.  This standard defines new fields in the format for specific 

features such as holes, planar surfaces, and free form surfaces. It defines format specifics 

which will be used to represent tolerance information such as: cylindricity, planarity, surface 

information for surface roughness; positional tolerance information, etc. Additional 

specifications can be added based on the use of specific design features and other product 
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requirements. This type of verbose file allows for algorithm development in this thesis by 

avoiding complex extraction techniques, and avoids errors by carrying information without 

any attenuation from the designer himself. Thus, it is possible to look at feature based 

techniques using AMF for process planning. 

This research focuses on surfaces with critical tolerance information, which generally form 

the majority of the critical surfaces requiring machining/secondary processing.  To represent 

these features, the AMF file format is used, which is an elaborate representation of a CAD 

model. We can represent the required tolerance using ASME Y14.5 form specifics [5]   

semiology to carry forward information for process planning.  

In traditional machining, the machinist/process planner examines the critical feature 

requirements and assigns the correct processes and tools required to achieve the desired 

requirements.  For machining the features, their orientation with respect to the critical 

surfaces would be extracted from an AMF file in order to obtain the desired finish 

requirements. The orientation of the part in the machine for the remainder of the part features 

can be determined. An algorithm to minimize the number of orientations so that entire part 

can be machined with minimum set of rotations to avoid error will also be developed. 

 

 

1.2  Objective 

 

The objective of this research is to create a planning methodology for use in the production 

of mechanical parts that are first additively produced and then require finishing for 



5 

 

 

 

geometrically enhancing the part. In order to achieve this broad objective, the following tasks 

need to be completed: 

Model requirements and related parameters need to be defined to represent critical feature 

information (feature type, tolerances, position etc.). Detailed information is stored from the 

design level until manufacturing is complete so that machining process planning can be 

conducted. The first step of this is to analyze the requirements and then utilize backward 

planning so that initially the final part constraints can be determined and then the 

intermediate processes can be fill-in from the user requirements. Identifying the final product 

requirements is the basis for the planning. For industries like aerospace, tolerance and surface 

finishing requirements may be critical Therefore, it is necessary to determine how the 

required feature sizes and locations can be achieved. The important questions to be asked 

would be, “How does a machinist look at the critical features? How would an experienced 

person choose the process and tools for the same?”  In order to capture this information, it is 

necessary to do backward planning of operations if critical features are required. This could 

change the orientations for automated machining completely. It will introduce bias towards 

certain orientations which involve critical features. It will introduce the start and the end 

point for a process which was not important. Hence, it will also become important to 

consider the position of the part in the machine before starting to machine. So for this 

information to be processed what information is required form the part? This question would 

answer most of the parameters that would be needed for a successful operation. 

Then the next task is to develop specifications with respect to those parameters for the AMF 

file, so that the information can be exchanged between design model and planning model. 
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This would act as a standard format to represent such files. In order to do so however, it is 

important that these parameters are standard and easy to use. There is ongoing work in the 

same research team to develop a library for the general purpose use which can be used to 

represent some or all the information required for RP purposes.  

After defining a geometric tolerance model and list of surface specifics and a format, it is 

required to develop a platform for the designer to be able to feed that information at the time 

of design. The information would be stored in the above defined format. It can be a simple 

application used to identify and mark critical surfaces or the triangles in the file representing 

those surfaces and assign the tolerance information according to the end user requirement. 

This task can be customized of any application and is hence flexible. 

Once the AMF file with critical feature information reaches the planning module, next step is 

to develop a process to extract the feature information. This information would be polished 

and arranged. Geometrical analysis for the principal axis and position needs to be done. This 

is now passed on to the process planning module. Starting from this part is where the present 

thesis focuses its work on. It is required to identify the part information to convert into 

understandable geometrical information. This would require some feature recognition, which 

is made fast and easier by providing all the information required and no additional extraction 

work necessary. Hence this step will focus on using a 3D vision technique to extract from the 

already known features its geometrical properties, such as principal axis, center, location in 

space with respect to other identifiable feature, angle of inclination etc. 

For determining the part orientation, the visibility analysis from slice information as 

proposed by Frank et.al [6] is used. The difficult part is to determine the feasible orientations 
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as new constraints have been introduced from the tolerance feature information and their 

precedence. 

Using the orientations obtained from features and the rest of the part, a decision can be made 

for optimum orientations. However since it is a feature based approach, there needs to be a 

biased decision made so that the critical features are given priority for location, orientation 

and form. This decision making can be heuristic based or on a greedy algorithm which gives 

importance to the critical feature angle for machining and then optimizes the rest of the setup 

orientations. This process could also affect the decision of sacrificial support fixture location. 

 

This information of orientation and the tolerances for critical features is received by the 

process planning applet, where a model needs to be developed to efficiently machine the 

features. Decisions regarding the precedence of machining will be made and an application 

will be written to generate g-code instructions. The process planning methodology will now 

change from the featureless approach of CNC-RP to a feature-based tolerance method like 

more conventional process planning.     

 

 

1.3 Hypothesis 

 

Although we have semi-automated machining technologies, a completely automated system 

with no human intervention for machining becomes important.  It must however take into 

the account, the constraints for decision making used by humans for critical machining. If 



8 

 

 

 

this decision making process is completely automated , it will be a big step for prototyping 

metal parts for very critical applications such as aerospace, defence and medical industries. 

The key to achieve this is by defining the variables and constraints critical for the selection 

of the manufacturing methods.  

With the traditional representation systems, it is difficult to extract pertinent constraint 

information. Currently used STL file format has unnecessary redundancy, leaks, no specified 

units, no information about surface or materials etc., and lacks auxiliary information. It has 

become necessary to look into other directions for formats that can provide the 

miscellaneous information without unnecessarily increasing the size of the file and making 

the system bulky. 

The AMF file format serves the purpose, by being an XML represented file and being 

flexible to hold any kind of information that might be necessary for further machining 

purposes [4] 

To use this file format for automated machining purposes, existing technologies need to be 

modified to accommodate the feature geometry analysis. Determination of part orientation 

from slices would remain the same, with an addition of orientation of the critical features as 

represented from the AMF file. This would change the heuristic used before the features 

were introduced. So the whole decision making for optimum orientation would revolve 

around the user specified critical features. This makes the whole automated machining more 

intelligent, robust and precise.   

This thesis starts by first exploring the research done for determining setup orientations for 

both feature based and featureless approaches in Chapter 2. Chapter 3 sheds light on 
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featureless visibility analysis by Frank et al. Further, Chapter 4 illustrates the feature 

representation in AMF file, and extraction of geometrical parameters for holes and planes. 

Additionally, it also focuses on greedy heuristic used for feasible orientation selection. 

Chapter 5 shows implementation and results for the previous two chapters.  

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

RELATED WORK 

 

This section gives introduction about Additive Manufacturing and Hybrid Manufacturing 

Processes and throws some light on how the manufacturing of metal parts has evolved over 

time. In the next two sections, we focus on the research done in the field of determining setup 

orientations. It divides the work based on the approach used for analyzing part in 3-D space 
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and based on slice geometry. We also look at feature based approach used in machining. It 

describes the various methods of feature extraction. It describes research on how the feature 

based machining is interpreted for automated process planning.  

 

 The principle of additive manufacturing lies in fabricating a part layer-by-layer through a 

bottom-to-top approach by combining materials. The CAD file of the required part is sliced 

across each layer along the direction of fabrication [7]. Additive manufacturing has evolved 

to process a variety of materials. Subtractive manufacturing on the other hand has a different 

approach. It removes the material from the stock to the required accuracy. This research is 

based on subtractive process called CNC-RP. The approach of CNC-RP is similar to the 

layered approach used in AM processes [7]and hence it provides similar approach. The part 

can generated directly from the CAD file without any fixtures and tooling. Recently, CNC-

RP machines part automatically from the stock without any human intervention. The CAD 

file of the part is first analyzed using visibility software which determines the setup 

orientations for complete machining of the part. Sacrificial fixtures are added to the original 

STL model to support the finished part and for it to remain in position while machining [7]. 

This preprocessing of the part allows securing the part in the proper orientation for 

machining possible without any special tooling. Machining parameters and tooling 

operations are determined by the process planning system.  

CNC-RP provides better accuracy than most AM processes. The part accuracy can be of the 

order of a few microns. The automation provided now reduces the expertise required to 

machine difficult part geometries. 
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Hybrid manufacturing refers to combination of additive and subtractive processes logically 

paired for the efficient manufacture of complex parts. By combining different manufacturing 

approaches, the disadvantages of each can be limited. This section provides an overview of 

the research that has been conducted in the field of determining setup orientations for feature 

based machining. The presentation has been divided into subsections describing literature on 

determining setup orientations (featureless) and feature based approaches. However, work 

has been done to identify part orientations and feature recognition separately which can be 

used as a good base for current research. 

 

 

 

 

 

 

2.1   Determining Setup Orientations  

 

There has been notable work in determining the setup orientation for automated machining. 

Many people have used different geometrical approaches to analyze the same. One of the 

basic methods has been use of convex hulls, and other methods have been derived from this 

approach.  Some of these approaches are listed below. 
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2.1.1 Analysing the part in 3-D space 

 

Woo approached the problem using computer vision, geometrical design and complexity 

analysis, and presented visibility [8]. His approach was to look at the surface normal of the 

metal part and present a data structure which is a map of tangents also known as Gaussian 

Map (G Map). This technique in computer vision is used for shape reconstruction. In 

machining it can be used to compute aspect graph. Hence a visibility map is given which is 

an enhanced version of the G map. It shows the direction in which entire surface is visible. 

This visibility map is computed by taking the Gaussian map of a surface, then computing the 

intersection with the hemisphere. This gives the viewing angle for a particular surface. This 

is a good approach to analyze just the features for feature based machining.  

Based on Woo’s [8] work, Dhaliwal et al [9] presented a method to calculate global 

accessibility cones. They used polyhedral objects which are modelled using facets and then 

calculated the local accessibility using the hemispherical approach given by Woo [8]. They 

used the result to calculate global accessibility. They go ahead to calculate inaccessibility of 

a facet due to another facet and come up with a set of accessibility angles in 3D space. 

Tseng and Joshi [10] worked towards generating process plans based on the angles the part 

can be approached for machining. Their work is based on developing an algorithm to analyze 

Bezier curves and surfaces to determine feasible tool approach direction. The infeasibility or 

hidden surface removal technique as presented by Gal [11] is used to determine the 

unreachable surface and hence compute the reachability.  
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 Li et al [12] take a different approach to analyze the visibility. They compute the non-

visibility of polygonal facet. They also use the STL file as the input but do not use the slice 

approach for visibility. Instead they use the concept of polygonal facet. For each facet a 

visibility cone is calculated. This is done by assuming the reachability of the light rays along 

every direction towards every point comprising the facet. If there is no obstruction to the 

light, the corresponding point is considered visible or else there is an object in the way which 

blocks its visibility. This concept is executed by tracing the boundary of the base facet, with 

respect to which all other facets are considered obstacles. This base facet extrudes light rays 

and for every other facet the point of intersection is calculated. This creates a cone. This cone 

is then used to measure the non-visibility of the facet or to determine the angles from which 

it cannot be viewed. Hence, the algorithm calculates the percentage of visibility for each 

orientation, which can be extracted by eliminating non visible angles in 3-D space.  
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Figure 1 Showing the boundary tracing technique used by Ye Li and Matt Frank [12] 

 

Yin et al [13] also worked towards calculating the visibility cone, to address work piece setup 

issues. They designed the algorithm using visibility culling. It makes the visibility cone 

formulation simple and addresses accessibility and setup problems, in order to simplify the 

computations many assumptions have been made which might sacrifice with the accuracy. 

Hence, this approach may not very suitable for parts with critical tolerance. 
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2.1.2 Visibility of Slice Geometry (analysing in 2-D space) 

 

Frank et al [6]  developed a technique for visibility calculation based on slice geometry. The 

approach looks at a very simplistic model and analyses the part as the machine would view 

the part. CNC-RP approaches every part slice by slice. Hence for computing visibility same 

approach can be used. The algorithm takes a sliced STL file as input then utilizes a convex 

hull for each slice. For a 2D polygonal slice whose convex hull does not entirely contain the 

part, each set of cords not on the convex hull are considered possibly not visible and further 

analysis is done on those segments. These sections are taken segment by segment and a 

visibility range examining up to 180 degrees is computed. This is done by taking the left 

most and rightmost visible points with respect to a non-visible point and the angle between 

those is calculated. This angle then becomes the visibility region for that segment. This 

computation is done for all the points not on the convex hull. It comes up with set of 

orientations for each layer. Then these set of orientations are optimized by greedy algorithm 

computing the minimum angles required to machine the part. However this is a completely 

featureless approach and the accuracy of the ranges has a major dependence upon the slice 

thickness. It gives good and fast results for most of the parts. This approach is the 

fundamental method used in this research. This research implements this approach with that 

features need to be considered as tolerances on features form process constraints.  

Petrzelka et al [14], developed process planning methods for Subtractive Rapid Prototyping, 

which deals with multiple setup orientations and the related issues of stock material 

management. This method employs an STL model of in – process stock material generated 
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from slices of the part along the rotation axis to increase efficiency due to double coverage of 

certain volumes. It is also a featureless approach, but it utilizes the advantages of subtractive 

processes for desired accuracy and versatility. This algorithm uses a threefold approach – (1) 

Slicing of the model; (2) Modification of the slices to simulate iterative changes; (3) 

Reconstruction of slice data into surface model representation for each iterative process. 

Li and Frank [15] in their extended work on visibility computation by featureless slice 

approach and use it for automated process planning. They evaluate the optimum angles of 

rotation and test the accessibility of the tool for the same. They provide a generic method. 

Pinilla et al [16] worked on optimizing SDM processes using 5-axis CNC machine, by 

developing algorithm to create layers. They use part geometry for layering. They use STEP 

geometry and not STL files for representation of the part. The planning and finding 

orientation of the part is based on work of Hur and Lee.  

2.2 Feature Based Approach for Automated Machining 

 

Henderson et al [17] classified the work done in the field of feature recognition in machining 

in two categories (i) Human- Assisted Feature recognition; (ii) Automatic Feature 

Recognition. Human assisted feature recognition techniques have some form of human 

intervention in the process, whereas automatic feature recognition algorithms can be further 

classified into Rule-Based, Graph Based, Neural Net based and Hybrid algorithms. This 

research, promotes the use of AMF format for part representation from CAD, which can store 

extensive data and is compatible with any STL based system. Hence, the feature recognition 

is mainly human assisted at the design level and not at manufacturing level. However, an 
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extensive literature review is presented below showing research in both the fields and 

extracting the simplest and effective techniques out of those for the present research. 

Bojan et al [2] summarized the work done in the field of automated feature recognition and 

categorized them based on their approach. They divided the feature recognition into three 

parts: 1) design – by – feature; 2) automated feature recognition; and 3) interactive form 

feature definition. Design by feature demands existence of the form feature library, 

accommodated to part manufacturing needs. Automated feature recognition (AFR) uses some 

of the part information data to recognize the feature. All the AFR techniques aim at the tasks 

necessary for part extraction of geometrical features from CAD model. The most commonly 

used format is Boundary representation [2] . 

Methods for extraction of features from CAD model of a part can be divided in to external 

and internal ones. Internal approaches use API of the software by which the part was 

designed, to obtain topological and geometrical information. [2]. In external approaches the 

CAD model is extracted in one of its format (STEP, ACIS, and IGES etc.) and the file is 

translated into part representation software, suitable for form feature extraction [2]. 

There are many papers using STEP format. One of them is the work of Bhandarkar and Nagi 

[18] . The input for the system is STEP ASCII file, exported from the model of the part, 

designed using any software, which enables STEP interface. Then it is browsed by a program 

written in C++, which matches the structure of ASCII file with patterns in a database, 

developed using appropriate standard for particular type of part representation. If a structure 

in ASCII file, alike to a pattern in database, is found, it will be translated to appropriate 
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entities defined by AP224 [2]. STEP neutral format can also be implemented in Feature 

Based Design Systems, but then we have form feature translation, not extraction [19]. 

There are several methods which deal with rule based pattern recognition techniques. The 

methods are matched with some pattern knowledge base with basic and unique conditional 

rules [2].  For manufacturing pattern recognition, there are many feature identification 

techniques being used. Some of these works are described below which use different forms 

of pattern recognition techniques. 

Jain and Kumar [20]developed a system that takes wire frame part representation model, 

which is then translated into a vertices-edges graph (2D). This provides recognition of 

several form features: hole, step, slot and protrusions with orthogonal boundary faces [20]. 

Recently Ismail et al used a technique called edge boundary classification. It considers the 

use of spatial addressability information of solid models that identifies the solid and void 

sides of a boundary entity. For each edge loop identified, an edge boundary recognition 

pattern can be formed. They are coded and the strings of these codes for each edge in the 

loop forms a pattern which can be used for feature recognition. This approach can be used for 

2D NC machines for planar and special features as well as for cylindrical features [21].Since 

it deals with 2D it does not get affected by the actual geometrical changes, but this makes it 

complicated to deal with. 

Henderson et al [17]  worked on rule based, graph based and neural net based techniques. 

They first converted the boundary representation of the solid models and feature definitions 

into rules. Then they designed a Prolog program, which searched through the facts to 

recognize features based on those rules. This algorithm first subtracts the part solid model 
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from the original stock, leaving behind just the features. Recognition is done on the 

remaining volume and then this is left behind from the original part to prevent further 

computation. The rules need to be defined for each and every specific feature for an accurate 

recognition. 

Another similar work was presented by Choi [22]where they used a pattern matching 

technique. They used the [23] boundary representation of the data to predefine the data 

structure for a specific feature. For every face, geometry is defined by a specific set of 

parameters. They defined set of machined surfaces, for process planning, corresponding to 

which their parameters are defined. A face is represented as a data type record and array of 

these defines an object. A face record would consist of tag fields, face type, geometric 

parameters, surface attributes and pointers to lists of edges on periphery and hole The mark is 

used as a flag to indicate to the process plan whether it has been already planned or not.   The 

edge is made a linked list, which has two nodes pointing to left and right edges. For example 

for representing ‘hole’ information, it is assumed that it is at a right angle, and then a starting 

surface is defined. The subsequent surfaces or “element surfaces “are defined and then the 

bottom surface. There is no geometrical constraint on defining a surface. Any feature can be 

defined with this method.  
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Figure 2 Example of “machined surfaces” used by Choi et al. 

 

Some of the short comings stated by Henderson et at [17] for rule based approaches is  that 

the rules are not unique to the feature, they cannot be defined for every feature basic or 

derived, recognition involves repeated exhaustive computations which becomes time critical 

for complex parts. 

Babic et al [24] and Bouzakis an Andreas worked on a similar approach where IGES data are 

converted in Prolog facts, the recognition is done by establishing adjacency amongst the 

faces after defining the first face. This is used for recognition technique. Babic et al use a 

utility program to convert IGES data into prolog facts. The form feature matching is based on 

the number and type of the boundary faces. The rules are set in the system to identify specific 

features such as holes, slots, step, blind hole etc.  Bouzakis et al aim at CAPP of prismatic 

parts. [25] 

 

 

a. Hole-Start -Surface can be planar face 

with a circular inner loop 

b. A Hole -Element-Surface can be a cylinder 

section 

c. A Hole-Bottom Surface can be a circular 

plane 
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Figure 3 Flowchart depicting CAPP approach of Prismatic Parts 

 

 

Some researchers have worked on Graph Based feature recognition techniques. Joshi and 

Chang worked on giving algorithm for graph based recognition system. They built an 

Attributed adjacency Graph (AAG) as shown in figure for the B-rep model of the part.  This 

procedure is data driven and avoids exhaustive search hence resulting in drastic reduction of 

computing time. [23] [26]. The graph is defined as relation between the set of nodes, set of 

arcs and attributes. It is made from the Boundary representation of the part. For every arc in 

the graph the attribute is marked 0, for the faces sharing the edge form a concave angle and 

marked 1 for convex. These sub graphs are analyzed using logic rules. The extraction is done 

by forming rules for feature recognition based on the graph relations. The recognition is 
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hierarchical in order to reduce the time required. Their method is generic and can be applied 

to any part however; the part needs to be polyhedral. Non polyhedral parts such as cylinders 

cannot be recognized by this method. An alternative method to AAG search would be what 

was used by Chuang et al. They presented the use of graph partitioning or isomorphism. 

Before recognition, the graph is labeled as the face graph or predefined as a feature. Hence, it 

saves extra computation. [27] 

Sakurai [28] worked on graph based feature recognition. The feature is defined by a single of 

multiple faces. Then adjacency is established form the faces with edge characteristics 

(boundary or inner). Each shape feature is defined by its own pattern. This technique uses 

both B-rep and CSG to form the edge-face relationship graph. Some feature recognition done 

is interactive and based on user input. This reduces extreme computations for matching 

graphs for complex parts.  

Di Stefano et al, [29]worked on a technique which uses face-edge adjacency graph, to 

represent the properties critical for the manufacturability of the part. In order to avoid 

ambiguity in description of the model, they use an intermediate representation. This enables 

art to be represented at higher level when compared to B-rep format. From the intermediate 

model generic feature extraction is performed. It used a concept of “semeanteme”; which is 

to represent the minimal part information enough for recognition. For each shape they 

developed an algorithm to recognize if a NURBS belongs to one of the shapes identified and 

defined. 

Graph based machining can be computationally less exhaustive and are less time consuming, 

It is more generic approach and do not need rules to be defined for each and every feature. 
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However, it requires extensive preprocessing. Another major drawback is recognition of 

partial features and compound features. Graph based approach fails at these applications.  

Researchers worked on another interesting approach based on Neural Network, in hopes of 

achieving human-like decision making in this field. The nodes accept input, perform 

arithmetic operations and pass it to other nodes which then perform next operation. Each 

node in net is defined by input, output and a weighing factor and the weights are susceptible 

to change over time based on the learning of the neural network. This kind of approach can 

tolerate small errors from the input and still perform, based on the intelligence on the 

network. Hence, it can be used for the problems caused by the earlier method for partial 

features or compound features. Also, because of the simple arithmetic computations, this 

method gives good computation time. Some research work carried out in this area is 

described below. 

Peters attempted 2-D recognition from engineering drawings using neural network. The 2-D 

profiles and shapes are represented as sets of lines and curves. Profiles are subdivided into a 

connected loop of edges. Features are characterized by curvature, angle and curve segment. 

With these three inputs a profile was created and recognition is carried out. [30] 

Lakko et al. [31] use a process which first instantiates a feature class that becomes the root or 

the base feature. Instead, a solid model can also be defined as the root feature or a known 

base feature type can be recognized from a solid. It is noted that geometric modelling and 

feature based modelling operations have symmetric status in the system [32] . 
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Figure 4 Flowchart for feature extraction by Lakko et al. 

 

Babic et al [24] explain the work done in neural network in machining applications and how 

they are divided into categories. The main categories in which artificial neural network are 

used in AFR systems are feed forward network, Hopfield’s ANNs, Kohonen’s self-

organizing maps and adaptive resonance theory (ART) neural networks. Some important 

research as indicated by Babic et al in this field is described. Li et al used three layer BP 

multilayer perceptron ANN architecture, for features such as holes, pockets, passages, slots 

and steps [33]. Nezis [34] et al use ANN with input layer of 20 elements and outer layer of 8 

elements and threshold layer of 8 elements. This method is targeted for machining features 

such as slots, blind slots and corner pockets, steps, protrusions etc. This system handles only 

planar faces and in some cases simple curved faces. 
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Hvang and Henderson [17], use self-organizing ART-2 neural network. ART neural 

networks are examples of supervised learning. These can store old inputs when leaving new 

ones. This has a two layer structure, and the neurons are interconnected via weight functions. 

An algorithm is designed according to which competition takes place and it selects the 

winner, considering certain criterion. Only winning neuron in a layer s kept active inhibiting 

the rest of the layers.  ART has two subsystems, learning subsystem and subsystem for 

determining the stability [24] 

Zulkifli et al used Kohonen self – organizing neural network for unsupervised learning of the 

nets. This type groups data with unknown criterion hence impossible to detect error and 

hence the learning is unsupervised. Their method iteratively followed these steps for feature 

recognition: generation of convex regions, then filtering out non orthogonal regions. These 

surfaces are the ones which do not need to be further decomposed [2]. 

Researchers also worked on convex hull and volumetric decomposition approach. These are 

two different methods of decomposition of the part. Kyprinau was the first one to give the 

convex hull approach. However, Woo [8] implemented this by taking difference in volume 

between the part and its convex hull and labelled it as the alternating sum of volumes. Kim 

approached this for feature extraction. For extraction of cylindrical hole features; an 

algorithm was designed, which provides with at least one position along its axis. Then 

another algorithm is used for polyhedral extraction. Form feature decomposition method, 

signifies decomposed part combining them into high level constituents. To convert the 

components from positive to negative a negative conversation is applied [35] 
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Vijayan et al. [36]worked on a similar system, where they extract the feature using method 

called convex edge technique. This technique calculates the total material that has to be 

removed from a blank to produce the finished part. The feature recognition is done by 

subtracting the part from the whole and thus using pattern matching technique. Xu et al [37] 

used a method which recognizes feature from the convex inner loops. The concavity of 

vertices and edges is used to extract the features and relations between them. It is one of the 

volumetric decomposition methods.  

Gao et al [19] use a STEP file to establish a constraint based method to define a hole – series 

feature model based on geometrical information extracted from the design database. They 

develop a dataset to represent a fundamental feature, defining the topological, geometrical 

and characteristics of the fundamental feature.   The fundamental feature constraint is then 

used to define a form feature. Hence feature is first extracted then classified as hole /planar. 

Then the feature is matched with the constraint relationship. 

 

Figure 5 Flowchart for hole-extraction using STEP file 
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Zhao Jibin et al [38] proposed a method for effective feature line extraction for triangle mesh. 

The algorithm is developed to first extract principal curvatures and principal directions of 

vertex and, then method of seed growth to extract feature line is proposed. This algorithm 

takes the given feature treats, tries to use curve fitting techniques to obtain principal axis. It 

then takes this principal axis to obtain principal lines in the form of NURBS. 

Cha Zhang and Tushan Chen [39] propose Extraction of features by calculation of Moments. 

First an area is calculated for 2-d or 3-d objects and then the principal axis are computed by 

finding the area. The techniques are inspired by retrieval of 3D models in a database or shape 

analysis and object recognition techniques [11] [40] [41]. However carrying such huge data 

would be a time consuming task hence they calculate the features from the mesh 

representations directly.  

 

2.3 Summary 

 

As we have seen there has been tremendous work done in the field of visibility computation. 

It has been a challenging issue since the CNC machining has begun. There have been many 

2D, 3D approaches by which this problem can be solved. However there is a tradeoff, 3D 

solving involves too many computations. It would take a lot of time for computation of 

optimum angles owing to the huge number of calculations and steps. For example the work 

by Li [12] would compute for every facet in the part with every other facet, the visibility 

cone. Even with optimizations, for a part with thousand facets this figure would reach to a 

million.  
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Hence the next would be to look at the research done with 2D analysis of the part to compute 

visibility, it would be much faster and the percentage visibility is much accurate. However 

the optimization angles of orientation would be dependent upon the thickness of slice and the 

complexity of the part. For critically featured part, this approach is a very basic one and 

hence the industry demands thorough analysis. 

With the above work in mind, this thesis focuses on implementing Frank et al [6] work in 

determining visibility and extends it to make it feature based approach. It also blends in Li 

and Frank’s [42] work for automated process planning and it is modified to consider feature 

information. With the basis of Frank’s approach combined with verbose AMF file system 

which gives most of feature and tolerance information, this research provides the information 

necessary for feature based automated machining of critical metal parts.  
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CHAPTER 3 

FEATURELESS VISIBILITY ANALYSIS 

 

This chapter explains the work done in visibility analysis; where a major part of the 

implementation is done based on the work by Frank et al [6]. The chapter begins by giving a 

brief summary of how the part orientation problem is addressed by Frank [6], where it 

utilizes slice geometry for a particular orientation of the part in order to analyze visibility. 

The next section explores the implementation of visibility for features using a modified 

visibility algorithm. One of the major focuses of this work is to investigate how biasing a 

certain decisions can affect the selection of axis of rotation for placement of sacrificial 

fixtures on the part. This is explored in the last section of the chapter. 

 

3.1 Determination of Part Orientations and Slice geometry 

 There is a large amount of work done as described in previous chapters of this thesis on the 

generalized facet visibility problem. The basis of this work is to assist in tool path planning 

for CNC machining. It is an approach to determine the accessibility regions on the part with 

respect to the tool. Since the aim of this work was to move toward feature-based machining, 

the first approach based on Ye Li’s [42]work. The algorithm is tested on Linux machine 

based on Pentium i7 Core 2 Duo processor.  

The time required was too long to be practical for the current application. Even though the 

approach uses concept of Global Visibility, and does justice to all axes of rotation, it is 

impractical. To further complicate this issue, the aim of this work was to deal with more 
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complex parts, say parts with at least 3000 facets. The number of computations for that sort 

of part would be of the order of millions. Hence, it was necessary to look for different 

approach for solving this problem.  

The visibility is based on work of Frank et al [6]and is conducted after the axis of orientation 

of a part is determined. It utilizes slice geometry rather than looking at the 3-D part model 

itself. The algorithm was originally designed to look at STL files, but can work with other 

part format models as well. The part is taken and is sliced with respect to a given axis of 

rotation, where each slice obtained is a collection of polygons.  

In order to determine part visibility, first an axis of rotation is selected and then the part is 

sliced along that axis. The result becomes more accurate when the slice thickness is small 

Because we use a 2-D slice, the procedure is a twofold approach. The algorithm first looks at 

a single polygon, and the visibility of every segment of that polygon with respect to its own 

chain is determined. The result obtained with respect to every segment is then used to 

determine the visible range for the entire part. This is done by using all angles for each 

segment on the slice, then determining the ranges of angles from which the sets of the 

segments are visible. Each step is described in detail in next two subsections: 
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3.1.1 Determination of Visible Angles of a segment with respect to its own Polygonal 

Chain 

 

The visibility calculations when looked for a 3-D part seem complex and overwhelming; 

however, when broken down to 2-D frames, the basic approach remains the same with easier 

analysis. As implemented by Frank, the algorithm starts by first examining the convex hull 

for each point on the part. Any given point on a polygon segment is said to be visible for a 

range of 180
o
 if it lies on the convex hull of that polygon. Next, we determine the factors that 

govern the visibility for other line segments on the polygon. These factors can be now used 

to determine the visibility of a segment, with respect to its polygonal chain. 

 

 

Figure 6 Visibility of a point P on a Polygon 
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For the polygon, P and its convex hull (CH), all points on the convex hull are visible for a 

viewing range of 180º. Any point not on the convex hull has less than 180 º of visibility. This 

range of visibility can be found by identifying the leftmost and the right most points of 

complete visibility, with respect to that point P.  These points will be denoted the left and 

right convex hull points of Pi, LCHP (Pi) and RCHP (Pi), respectively [6]. The left and right 

convex hull points for most cases can establish the point of maximum left and right visibility 

as shown in Figure 7 [6]. 

 

 

 

Figure 7 Showing non-visibility w.r.t. convex hull of the polygon 
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The Left hand convex hull point and the right hand convex hull point bound the maximum 

visibility of the point and to reach any other point from point P, one has to go through the 

interior of the polygon.  Hence, it is only necessary to calculate the polar angles from Pi to 

the points in the set [LCHP, RCHP], excluding Pi.  This set is divided into two sets, S1 and 

S2 where: [6] 

],[:2

],[:1

1

1

RCHPPS

PLCHPS

i
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However, the LHCP and RHCP do not always bind the visibility. Any point between 

them can be the maximum visible range for that side. Therefore, for any point [LHCP, 

RHCP]; two other regions are defined namely [LV, RV], left visibility and right visibility 

region. [6]  

Where: 

[6] 
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The figure below illustrates the point discussed, and portrays how the visible range can be 

estimated for a point from nearest convex hull points.  

With this method, the visibility of a segment in a polygonal chain can be analyzed. If all the 

points on the polygon lie on its convex hull, then all segments of that polygon have a 180 º 

visibility. However, if not, the point analysis can be used to determine the visibility of a 

segment.          
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 Consider the segment uv defined by points in P, u and v, where: [6] 

u:   Pi  and  v:   Pi+1 

The visible region of the segment (on the exterior of the polygon, as it is not possible to reach 

segment from inside) is defined as the intersection of visibility ranges for the points u and v 

and the 180º.  The range above the segment is the set of angles ],[ vuuv  .  

 

 

 

 

Figure 8 Visibility rage for segment uv on polygon 

 

 

Hence by the definition the ranges can be given as the intersection of the visible regions of 

the points of that segment: 

],[],[],[)( uvvvuuvu LVRVLVRVLVRVVV   
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The sets of the visibility ranges are now defined as: 

)](),1[(:2

)]1(),([:1

vRCHPvS

uuLCHPS




 

The ends of the visibility range are denoted RV (uv ) and LV (uv ), the right and left visibility 

bounds of the segment uv .  Where: 

)]([)(
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vxMaxuvRV
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        )]([)(
1

uyMinuvLV
Sy



 [6] 

However there can be cases where, the criticality is not defined and the segment defined by 

the STL software would not yield the required results. For those cases, a test of overlapping 

can be conducted, to identify such angles and treat them by breaking down the analysis 

further. The segment can be broken into two segments at its mid-point and the visibility at 

that point can be observed. Frank et al identified following as the criteria to determine 

whether there exists any visibility for a given segment: 

 

1. Entrance to the pocket has an overlapping rim that makes visibility impossible. 

2.  RV and/or LV, as calculated, are outside of the 180º range. 

3. Range defined by RV and LV defines an opening that permits visibility to the entire 

segment from one orientation. 

 

For conditions where the visibility range has an overlapping obstacle or when the visibility of 

the segment exists from one orientation and not from the other, it can be treated by splitting 

the segment into midpoints. This can be done by taking midpoints of the concerned segment, 
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and re calculating the ranges. If there still exists a non - visibility, we split the corresponding 

segments again and continue until a limit for the segment is reached.  To identify which 

segment needs to go through this analysis, Frank et al devised an algorithm to identify 

whether the visibility exists at all. The same algorithm has been implemented. This analysis 

is further used when the visibility ranges with respect to the slice is calculated and faced with 

similar problem. 
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The algorithm given as follows: 

 

IF 21 uIuI  >0 

 IF 21 vIvI  >0 

  Segment uv  is NOT visible   (Overlapping rim) 

 

IF uIvI 11  >0 

 IF uIvI 22  <0 

  LV = vu  

 ELSE 

     uv  Is NOT visible   (Both LV and RV not in 180º range?) 

 ELSE 

  LV = 1uI                                                                                   (1) 

  

 IF uIvI 22  >0 

  IF uIvI 11  <0 

   RV = uv    (RV is outside range, LV is not) 

  ELSE 

   uv  Is NOT visible  

 ELSE 

  RV = 2vI                                                                                   (2) 

 

 IF (1) & (2) (Need to check to see that the visibility range is feasible, i.e. LV>RV) 

          IF ),,1( vuI + ),,2( uvI <180º           (3) 

(Check that the sum of the vector angles which define the opening of the range is at 

least180º) 

   uv  Is NOT visible  
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3.1.2 Visibility of a segment with respect to its slice  

 

After calculating the visibility of a segment with respect to its own chain, another condition 

exists which must also be checked for this analysis. If there is more than one polygonal chain 

in a slice, then the visibility of the segment with respect to the slice needs to be considered. 

Hence, it is important to define a set of angles in which the slice is visible with respect to 

other members in the chain. 

  For any segment on a slice containing n chains, there could be as many as n visible ranges 

for the segment.  V (uv ) is the visibility with respect to the chain j on which uv resides.  The 

set of ranges for which uv  is visible from the exterior will be called VIS (uv ) and is the 

visibility of uv  with respect to a chain minus the set of ranges blocked by other chains on the 

slice.  For all obstacle chains Jj , the polar range blocked by the chain is denoted by VB; 

(Visibility blocked to the segment by another chain on the slice [6]). 

The set of visible ranges for the segment uv is defined: 

 )()()( uvVBuvVuvVIS  [6] 

Visibility blocked to the segment uv  is the union of the visibility blocked to point u visibility 

blocked to point v. 

The set of angles blocked to the segment uv where: 

]},[]])([])({[[)( vuuvvVBuVBuvVB jjj     
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The set of angles blocked to points u and v where: 

],[)( uuj LBRBuVB   (The right and left bounds of the range blocked to u by obstacle j) 

],[)( vvj LBRBvVB   (The right and left bounds of the range blocked to v by obstacle j) 

 

 

Figure 9 Visibility with respect to a blocking facet 

 

Here RB and LB represent the left and right visible ranges from the previous section. The left 

and right visible range of a point with respect to a segment can be found out by calculating 

the minimum and the maximum angle from that point towards all the points in the obstacle 

polygonal chain. 
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Considering the condition that blocked visibility is only for blockage in the 180º range above 

the segment, it can easily be seen that the union: 

],[],[],[)( vuvvuuvu LBRBLBRBLBRBVBVB   

Hence for a given segment, similarly the left and right bounds with respect to other polygonal 

range can be established by using the intersection of the visible angles. This analysis is again 

restricted to an angle of 180 degrees owing to the fact that visibility cannot exist behind the 

line.  

 

 

 

Figure 10 Showing visibility of segment with respect to multiple polygonal chains 
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The figure depicts the calculation of visible angles for several blocker chains as described in 

Frank et al [6]visibility analysis.  

The algorithm associated with it is given below. It describes how the visibility for the slice 

can be calculated. 

  Consider the values of the following vector cross products: 

1vIvu  , 2vIvu  , 12 vIvI   

 

 IF 1vIvu  >0 

  IF 2vIvu  >0 

   IF 12 vIvI  >0    

    RBu = uv   

    LBv  = vu  

   ELSE 

    Blocker outside of range    

IF 1vIvu  >0 

  IF 2vIvu  <0 

   RBu = uv  

   LBv  = 2vI     

IF 1vIvu  <0 

  IF 2vIvu  >0 

   RBu = 1uI  

   LBv  = vu     

 IF 1vIvu  <0 

  IF 2vIvu  <0 

   RBu = 1uI  

  LBv  = 2vI     
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Similar to the segment visibility analysis, when complete visibility with respect to a point did 

not exist corresponding to both the points of the segments, the mid-point splitting technique 

can be used to calculate the visibility for such situations. The splitting of the line segment can 

be done until the desired visibility range is obtained or minimum length of segment is 

reached 

 

 

Figure 11 Figures depicting Visibility Analysis with Mid-Point of the segment 

 

 

The output of the visibility algorithm is the collection of visible ranges given in polar angle 

about the axis of rotation. For each chain on a slice, for a segment the set of visible angles is 
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given by: 
rbababatjkVIS ],,,...[],,[,],,[: 21   where: rMAX = n (number of chains per 

slice k) 

From these set of orientations the aim is to determine the optimum set of angles for which all 

or maximum set of segments are visible for a given slice. This is then generated for all the 

slices in the part. This analysis is done by Greedy Heuristic in Frank’s visibility analysis.  

This work looks at the feature based approaches. Hence, any optimization technique used 

needs to be biased for surfaces identified as critical. This feature based technique removes 

mathematical dependency on a particular set of orientations. For example , in a non – biased 

set, the critical angle of orientation may not be chosen because of lower score or lower 

preference set due to other orientation dominating which may be for a non-critical surface. 

Hence the heuristic changes completely.   

This approach used for this research was designed for STL files without tolerance data. In 

AMF format every surface can be defined with in the XML file, with the triangle IDs which 

it constitutes. This feature of AMF file enables the designer to indicate to the system which 

surfaces/3-d features need special attention. It is not possible in an STL format, as STL does 

not support storing any information, apart from the triangle co-ordinates. Therefore, feature 

based machining with STL file was computationally much more difficult, as the features 

would need to be extracted from the given set of points.   
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3.2 Chapter Summary 

 

The implementation of visibility analysis has been chiefly derived from Frank’s analysis. 

Adding another dimension to analysis, multiplies the computation hence the time required. 

One of the major issues with Frank’s analysis was that it was a featureless approach to 

visibility. The axis of rotation, axis of slicing, width of slicing were the major unknown 

parameters, left for the analyst to decide. It can be difficult to implement this for an 

automated process without human intervention for the design of sacrificial support inclusion.  

This thesis provides the “hooks necessary” to link the subtractive portion of manufacturing 

directly to the product design level itself. The information generated at the design is carried 

until the process planning stage is complete, to assist in better process engineering decision 

making. The determination of an optimum set of orientations has not been discussed, but is 

predicated on this visibility.  In the next chapter, visibility analysis will be used to define sets 

of feasible orientations for sacrificial fixture placement (part orientation for machining) that 

can be implemented in product design. 
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CHAPTER 4 

FEATURE EXTRACTION AND GREEDY HEURISTIC 

 

4.1 Introduction 

This chapter provides details concerning geometric feature recognition and extraction from 

an AMF file.   AMF is an evolving file format that will hopefully become a standard for the 

production of mechanical parts produced on additive manufacturing equipment.  In the AMF 

parsing software the designer initially allocates the “critical” pieces of information, e.g., 

feature type, tolerance specification, etc. The stored features are first extracted using parsing 

software. The points extracted are then scanned with respect to the geometry and then 

decision is made regarding the position and axis. This critical part information is described 

using extraction constructs, e.g., feature type, and data representing the feature information, 

e.g., size, location and orientation. As shown in Figure 12 for a simple model, each feature 

(two holes) are marked with a different coloring scheme given in the table in order to signify 

that each triangular facet that makes up the feature is related to other similarly colored 

triangles. 
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Figure 12  Sample part to illustrate AMF 

 

 

Also shown in the figure is the Principal axis with respect to each feature (both holes)  is the 

axis perpendicular to the top surface. For precise machining, a drilling operation needs to be 

performed at the center of the hole, and at the angle of the Principal Axis. For machining this 

feature, the minimum information required is the angle, location of the center and the radius 

of the hole as shown in Figure 13.  
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Table 1 Specifications for Feature and color 

 

Feature Number Feature type R G B 

1. Axis Hole 255 255 0 

2. Cross Hole 0 255 255 

3. Side Faces 0 255 0 

4. Outer Surface 255 0 0 

 

 

The demarcated file for this model for the feature “Cross Hole” is represented in Figure 14: 

 

 

 

Figure 13 A snippet of feature representation of AMF file 

<feature id="2"> 

                <id>2</id> 

<class>cylinder</class> 

                <name>Cross_Hole</name> 

                <note>A feature</note> 

                <color> 

                    <r>0.000000</r> 

                    <g>1.000000</g> 

                    <b>1.000000</b> 

                </color> 

            </feature> 
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When searching in the AMF file every triangle is associated with its feature id. Also, that 

triangle would have the same color information. An example triangle with same color 

component is shown in Figure 14: 

 

 

 

Figure 14 Triangle showing the R, G, B values. 

 

The common color is used to identify all the triangles associated with each feature described 

in a model. Using this schema, the geometrical information for any feature (Principal Axis, 

Location) can be extracted. This procedure is described in detail in Section 4.2.  

After feature extraction and Principal axis computation, this information is used to select 

possible orientations for all of the features on the entire part. The solution method used here 

  <triangle> 

                    <v1>106</v1> 

                    <v2>94</v2> 

                    <v3>100</v3> 

                    <color> 

                        <r>0.00000000</r> 

                        <g>1.0000000</g> 

                        <b>1.0000000</b> 

                        <a>0.00000000</a> 

                    </color> 

                    <featureid>2</featureid> 

                </triangle> 
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to iteratively make decisions employs a greedy algorithm. This is the same method used by 

Frank et. al [6]. However, with the addition of geometric features, the approach becomes 

slightly different. The ranking or the importance of the range of visibility from a particular 

angle is now dictated by critical visible requirements when defined.  

In this chapter, we also address the issue between optimum choice and critical choice.  This 

chapter is the key to processing data for further process planning information. The best 

choice of angle would be those which reduce the machining time. The early formulation 

focus is on the feasible orientations, in order to fulfil the criticality requirements. Therefore, 

feature information is necessary for achieving the required finishing and tolerance. The 

angles and the features out of this step are the key to deciding the tool diameter and force 

prediction; and, further the process plan.  

 

4.2 Feature Information Extraction and Axis Determination 

 

Feature information is marked using color and labelled at the initial stage of the engineering 

process. The colors for now are simply used to indicate different triangles that make up a 

common feature (as colored). In the future, colour information will also be used to represent 

data such as criticality of the feature, tolerance information. For this to be possible the whole 

project should be synced with a common definition for every represented color(R, G, B 

value).  

The feature data represented as shown in Figure 3, is first parsed, obtaining first all kinds of 

features present in the file. With respect to each feature, then a triangle tuple is extracted 
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from the file. This tuple consists of x, y and z coordinates of the point with respect to a 

lambda function. Lambda function is the condition passed for which the points are returned 

when that condition is true. In this case, the condition used is the feature id, which has been 

assigned at the previous stage, to distinguish between the features. 

This function fetches the triangle id related to all the points associated with the feature. From 

which then the points associated with a certain feature are extracted. These points obtained 

are non-redundant, for speed purposes. The set of points obtained then undergo Principal 

Component analysis for dimensionality reduction. Here the aim is to get the principal axis of 

the feature (plane or cylinder for the initial research) and further move on to the special 

features. The data for the process planning is shown in Table 2. 

 

 

 

Table 2 Showing the information needed for process planning 

 

DRILLED HOLES SURFACE MILLING PERIPHERAL MILLING 

Central Axis Orientation Orientation Orientation 

Dimensions Planarity Planarity 

Cylindricity Parallelism/ Angularity Parallelism/ Angularity 

Concentricity Surface Profile Surface Profile 

Positional Tolerance Positional Tolerance Positional Tolerance 

Dimensional Tolerance Dimensional Tolerance Dimensional Tolerance 
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The idea is to first obtain the visibility angle and process the features based on its type. Again 

in this research only cylinders and planes are considered, as they are the basic features. Any 

other feature can be derived from these. The ways they are processed are discussed I the next 

sub section. The software stores the process planning information with respect to each feature 

in the following class.  

 

 

4.2.1 Principal Component Analysis 

One of the basic parametric transforms, widely used in computer vision applications to 

identify shapes is the Hough Transform. In fact, Hough transforms are one of the methods 

used in automatic target recognition in space, to determine the orientation of the space ship 

when viewed from earth. It helps in navigation. A Hough transform has proven to be less 

susceptible to noise than Principal analysis, although a slower method. But it is not used in 

this research due to complexity of application. Also, a Hough Transform works for curves, 

and we need a generalized method for the analysis of shapes as well. Another method 

suitable for our application is a Gauss Map [43]. For each normalized point on a tessellated 

surface, the surface normal is calculated, and the corresponding accumulator in the Gauss 

map is incremented. This provides the histogram of normal vectors. This method will in turn 

give us the centre of any feature, from which the principal axis can be derived.  

 

The principal component analysis (PCA) method was chosen for its simplicity, and it can be 

applied to any dataset. It was a concept invented in 1901 by Karl Pearson. It is mostly used as 
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a tool in data analysis and predictive modelling. PCA is the simplest of true eigenvector 

based multivariate analyses. This computation can be considered as a method to find the 

value (or set of vectors) in this case which best explains the set of input vectors. It gives the 

set of data with least variance, hence giving major features and direction in which the data is 

represented.  

PCA in this application is used to visualize the multivariate data set, in this problem 

represented as the three dimensional co-ordinate systems. The input data set for the PCA 

algorithm is the set of co-ordinates which represent the feature. If for example we take the 

data represented in the following graph - See Figure 15: 

 

 

 

Figure 15  Figure showing Principal Component Analysis, and directions of Principal axis 
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For the given data points, the Principal Component analysis provides the two principal axis 

along which the covariance (mean squared error) is minimum. Principal component 1 is the 

major axis, for the data points, with respect to which all the points can be represented. 

Although the major application for PCA can be for dimensionality reduction and vision 

related applications, in this research, PCA serves the purpose of giving us the central axis of 

the geometrical feature. Additionally the thing to be noted from the figure is that the two axis 

on which the data depends, are mutually independent of each other. Hence, the orthogonality 

is preserved. 

Principal Component Analysis is a mathematical operation that uses an orthogonal 

transformation to convert the set of values possibly correlated N variables into a set of values 

of K uncorrelated variables also known as Principal Components.  The correlated variables 

are actually the feature data points. These are related by virtue of the geometry of the feature. 

This transformation gives the Principal Components which can define the geometry. The 

transformation is such the first Principal Component defines the direction of the most 

dominant feature (represented as axis) and next and so on. For this application, the data is 

represented in three dimension or geometrically three axes. These points undergo PCA and 

give out principal components which represent the inclination of the data in each co-ordinate 

axis, hence giving the equation of the Principal Axis of the feature. This method can in some 

way be viewed as providing us the Principal Axis around which our feature revolves. Hence, 

PCA is performed to get the principal axis equation from the data of co-ordinates. 
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Finding the Principal axis for the example of the cylinder, can help us evaluate the centre of 

the faces, hence the position of the center of the hole to be drilled, and other feature 

information based on the requirement of the process.  

 

Principal Component analysis utilizes a simple eigenvector approach; however it requires 

some data processing. The following algorithm shows how PCA was applied: 

1. Finding the Center of Gravity of the dataset. CG of the dataset can be computed as 

follows : 

   
 

 
 ∑      

 

 
 ∑      

 

 
 ∑    

2. Next step is Normalisation; that is all the points of the dataset should be with 

represented with respect to the CG of the dataset. This is done so that any outlier in 

the set can be eliminated. Hence from each point the centre of gravity is subtracted: 

 

  [

             

   
             

] 

 

3. From the normalised set , the covariance matrix is calculated, which can be calculated 

as follows : 

    
 

 
∑  

    

4. From the Covariance matrix the Principal Component is the Eigen value of it. Since 

we have a 3x3 matrix, the eigenvalue matrix will be a 3x1 matrix. 
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  Value will be the principal components value in decreasing order therefore 

           

 

5. The Principal components corresponding to those eigenvalues can be evaluated by 

finding the Eigen vectors. For example to find the coefficient of first Eigen value, 

with corresponding eigenvectors as                                 

                

And so on for the corresponding Eigen values.  

Some of the examples of how the data is required to be represented are shown in 

Figures 4 and 5with respect to the most targeted features of this research Plane and 

Cylinder. Our main aim is to find the principal axis and from that find the centre of 

the geometry. 

 

As shown for the cylindrical figure, it is required to get the position of the feature 

from the nearest edge, or detectable surface, to establish the required positional 

tolerance.  
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Figure 16 Figure showing Plane features 

 

 

 

Figure 17  Showing Hole and Tolerance associated with dimensions 
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4.3 Greedy Algorithm Design 

 

A desired goal of CNC-RP is to find the minimum set of index rotations such that all surfaces 

of the model can be machined in at least one orientation. The motivation to minimize the 

number of rotation is that the machining removal process is executed for each orientation and 

more orientations result in longer machining time. From the visibility information determined 

by the algorithm in previous chapter, reverse mapping of the sets of segments visible from 

the orientations about the 4
th

 axis can be calculated. This mapping is used to derive the 

minimum set of orientations for CNC-RP machining, such that all the surfaces are machined 

at least once. 

The continuous set of polar orientations [0º, 360º) can be discretized arbitrarily based on a 

reasonable step size for 4
th

 axis rotation. Assuming a step size of 1º, from the data in the set 

of visibility angles [VIS], one can formulate the segments visible from a given angle. In other 

words, out of the complete set of segments [SEG] some SEGtjk are visible from a given angle 

θs. The set [θ] contains the segments visible from each angle, where the range varies from 0º 

to 360º. [6] 

}],[ range, somefor  )(){( tjkrbabsatjks VISSEG   
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The Greedy heuristic is used here to identify a set of feasible orientations. In this research we 

try and achieve maximum visibility, rather than minimum number of rotations. For a 

featureless approach, the greedy heuristic would have been straight forward; however, for a 

feature based approach several factors need to be considered. 

The greedy - activity selector works to find maximum size of activities (orientations), to 

cover the given range of time (0-360º).  When we find the angle of orientations with respect 

to the features, those become our primary angle of orientations. The algorithm now changes 

as it will first look at the percentage visibility that can be covered with the predefined angles 

extracted from the features, and then from the regions which remain unapproachable with 

those angles, the visibility analysis is performed, and the decision for the orientation is made. 

The decision heuristic resembles the activity selection problem. To make an intelligent 

decision, one can treat the angles generated by the features as weighted more than the 

visibility of rest of the part. The idea here is that if the weights (which represent the priority), 

given by wi, and the angles given by θi, need an algorithm such that ∑     is minimum [6]. If 

the angles selected have higher weights (or priority), they automatically get selected, even if 

. 

. 

. 

VIS1,1,1 

VIS2,1,1 

VIStjk 

VISqnp 

. 

. 

. 

 
. 

. 

. 

. 

. 

. 

. 

. 

. 

 

. 

. 

. 

SEG1,1,1, SEG2,1,1, SEG1,5,3… 

. 

. 

. 

. 

. 

. 

SEG13,1,2,  SEG14,1,2, … 

SEGtjk. .   .   . 

SEGtjk. .   .   . 

 

 

 

 

 

 



59 

 

 

 

the associated θ is small. This is a very simple approach, which allows not only to give 

higher priority to the feature angles to get them selected, also in the future approaches, one 

can give priority (or weights) to the features as well. The criticality of feature can be a way to 

distinguish during the process plan. Then next highest rank would be the orientations which 

cover maximum area but are not so critical.  This approach can help us rank criticality the 

individual facets. Hence in the long run all the triangles or sub-parts can be defined on a 

different criticality basis. 

At every stage the decision is taken based on the previous decision. At every step is take the 

best possible choice at that step and then hope for the best. The multiplication of the weight 

to the range of the visibility angle is the score of that decision. Our aim is to maximize the 

score at every step. Hence, whenever there is a conflict between equal scores, the one with 

higher weight is given precedence. Hence, in these cases, the feature criticality is chosen over 

optimum choice.  

 

 

 

 

 

 

 

 

 



60 

 

 

 

 The algorithm used is given below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Let the set of visible angles be given by [VIS] and the set of weights be given by 

[W], for the set of segments [SEG]. 

 

 For the set of visible angles [VIS] the angles are defined as (θi, θj) where θ varies 

from [0º-360º). The set [OPT] represents the optimal orientations for the problem.   

 

 For any j   {1,2,3,….n}, OPT(j) depends on the values of OPT(p(j)) and OPT(j-

1), where   p(j) is an interval index   VIS[j], Presiding the current orientation j, 

but not overlapping with j.  

 

1. Sort the set [VIS] in increasing order of the outer bound range or θjs. 

2.    [ ]    

3.                

4.        [ ]              [   )]    [   ]) 

5.           [ ] 
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4.4 Chapter Summary 

 

This chapter illustrates how verbose file format with the help of few basic mathematical 

algorithms, can be useful in feature based machining using AMF as the geometric 

representation format. The motivation for this process is to increase the precision of the parts 

from CNC-RP, and the main drawbacks of previous feature based approaches were the 

complexity. This complexity, because it uses less information carried forward from designing 

to the machining part provides a good alternative. The computation involved to extract 

patterns and make intelligent decisions is reduced significantly, since, the extraction is now 

reduced to a minimum; and no pattern recognition techniques are required. The PCA 

approach works well for the current needs, for planes and cylinders. One of the drawbacks 

can be that, we may get a non-singular matrix when dealing with planes, or other features. 

Hence, for further expansion of future extraction, Gauss map computation is promising. 

With the greedy heuristic, it does not always promise optimum selection, but here the focus 

has been on the precision. With more data on the priority of the orientation, optimization can 

be compromised. Another drawback of greedy can be that with multiple recursive calls and 

special cases with non-overlapping intervals, the efficiency of computation might be 

compromised. This can be taken care by making recursive calls using a depth first procedure. 

In this research work, the computation has been kept simple for basic testing purposes and 

further improvement can be done in feature based approaches. The aim is that for finish 

machining, all the surfaces will be assigned a factor of tolerance and criticality of their own. 
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So the computation of orientation would become more intelligent and independent of human 

intervention.  
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CHAPTER 5 

IMPLEMENTATION AND RESULTS 

 

This chapter describes the implementation of the material in Chapters 3 and 4. In the 

previous chapters, the visibility analysis using slice geometry, and feature based approach for 

finish machining was discussed. The previous chapter, specifically shed light on how the 

visibility algorithm described in [6] can be extended for feature based techniques, with the 

use of AMF file format. A greedy approach used for feasible choice would change due to 

feature based approach, and hence this chapter shows some implementation of that schema. 

Section 5.1 contains the results of the PCA analysis to get the Principal axis and location of 

the features. Besides the result, it also shows the snapshot of the result for feasible 

orientations. The next section shows the speed of the Visibility Analysis, with increasing 

complexity of facets. 

 

5.1 Results of PCA: 

PCA experiments were performed on various parts. The parts used were from America 

Makes and GE, and the coloring of the features was done in “Magics” Software. An AMF 

file was then parsed and feature information was fed into the software. Figure 18, 19, 20, 21 

and 22 show the parts used for demonstration along with the angles given by PCA software, 

represented by the dotted arrows. The solid arrows represent the orientation result from the 

visibility algorithm. The main features highlighted in every part are the holes. Some include 
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the planes at the surface of the hole, if it is not a through hole. The Boss feature is 

represented by two sub features, cylinder and the outer face. For every through hole there 

exists two possible solutions, the feasible is represented. For plane feature as well there can 

be two possible orientations, one perpendicular to the face and for peripheral milling, parallel 

to the face. The representation is for the optimum of the two solutions.  

The parts are namely: (i) Follower; (ii) Bracket; (iii) Implant; (iv) Prismatic part with features 

(Boss, Holes); (v) Block. The results are shown below  

 

 

Figure 18  Follower Part, Given by America Makes 
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Figure 19  Bracket Part (GE) 

 

 

Figure 20 Implant Part, Advanced Machining 
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Figure 21 Basic Test Part with holes not perpendicular to the surface 
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Figure 22 Block Part, Advanced Machining 

 

 

5.2 Results for Optimum Orientation: 

The visibility analysis described by Frank [6] focuses on determining the axis for fixturing, 

and how the part should be sliced for optimum results (minimum stock diameter). But this 

research assumes a fixed slicing axis along z – axis. It is implemented for accepting any axis 

of orientation as received from the previous process. This implementation of the algorithm is 

written, compiled and built using C++ in Visual Studio 13. Validation is done by comparing 

the visibility percentages with Frank’s software. Further optimization of the choice of 
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orientations (with respect to feature based approach) is validated by hand calculation. A 

snapshot of the visibility software result is given in Figure 23.  

 

 

 

Figure 23  Snippet of the example software, showing result for suspender part 

  

 

 

 



69 

 

 

 

Further Table 3 shows the visibility analysis and the time for increasing order of the 

complexity. These experiments were done on Intel core i7 processor 3.3GHz and 8GB RAM. 

As mentioned before the aim here was to find the minimum angles of orientation assuming 

that the direction of machining is known to us. For showing the results it is assumed that the 

machining is done along the z axis. The slicing has been done along x-axis, for visibility 

formulation. The feature angle may or may not be an optimum choice for this axis, but 

assume that for finish machining, the axis of slicing would be known.  

Computation time is dependent on two main characteristics of the slice file input: 1) The 

distance between successive cross sectional slices (i.e., the number of slices) and 2) The 

granularity of the STL model (i.e., the number of segments per slice).  Both factors obviously 

affect the accuracy with which the set of cross sections approximates the 3-D model [6]the 

granularity of the models is one of the metrics to evaluate the computation time. This can be 

characterized by increasing the complexity of the model by adding more features to it. By 

increasing the granularity the number of facets increase and hence the computation time. 

Several parts with increasing complexity were used. The hierarchy goes from basic block 

part to part including boss, pockets and undercuts. This increases segments per slice. 

 

 

 

 

 

 



70 

 

 

 

Table 3 Table showing the relation between speed and no. of facets 

  

No of Facets Percentage Visibility Computation Time(s) 

42 93 0.53 

384 100 0.52 

3800 56.35 2.35 

19200 96.22 7.38 

70000 99.99 12.83 

85000 96.3 18.803 

 

 

 

The following Table 4 shows the variation of visibility computation time and orientations 

when more features are added to the part step by step. The Figure 24shown represents the 

final part with all additional features. 

 

 

 

 

Figure 24 Figure of the part tested for Visibility Validation 
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Table 4 Table showing the results of the visibility analysis, in increasing order of added 

complexity 

 

Part Name Percentage 

Visibility 

Orientations 

(w.r.to z axis) 

Computation Time 

(s) 

Basic Block 100 90,270 0.42 

Basic + Boss  100 90,270 0.47 

Basic + Boss + Pockets 75.58 270,90,239,330 0.65 

Basic + Boss + Pocket + 

Undercuts  

56.2 90,270,143,25, 

239,54,24,330 
 

0.78 

 

 

 

5.3 Chapter Summary 

 

This chapter illustrates the implementation of the algorithm in chapter 3 and 4. The basic 

visibility implementation has been extended for feature based techniques. The feature 

extraction has been shown for various parts. As mentioned previously the viz. planes and 

holes are considered for this research, but any other feature can be broken down into these 

rudimentary geometries. Information about criticality and tolerance with respect to each 

surface can be put to best use for increasing the quality of output. 
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CHAPTER 6 

FUTURE WORK AND CONCLUSION 

 

6.1 Future Work 

 

The current work is just the start of exploring the new venues AMF format provides. 

Currently, the implementation has been done on very basic geometries, plane and cylinders. 

More features can be added for feature based machining approach. The intelligence provided 

by the AMF can be used to store much more than just the feature co-ordinate information. It 

can be extended to slots, pockets, undercuts, and any complex contours. The aim would be to 

provide as much information as possible to the automated process plan to make an informed 

decision. 

The intelligence provided by the designer, with respect to the material strength, surface 

profile etc. for a facet can also be added as a field in AMF. The experience of the designer 

can be used, in machining parts , or facets for a sharp/blunt edge, perfect finishing at corner, 

tool requirements for milling difficult areas such as pockets, concentric cylinders etc. The 

capture of expertise at design level would help to make the system self- learning, and 

intelligent.   

The slicing of the parts is currently not integrated with the software. In the future, the process 

can be made such that, from the AMF input file, a set of orientations are generated from this 

module. Slicing of the AMF file, feature extraction and tolerance generation can be a sub 

module of this. The featureless and featured methods would be integrated and the STL file 
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would not be required at all. This can help in developing more than one solution for 

optimality based on machine time and criticality.  

Another major benefit that lies in using AMF format can be harvested by defining standards 

for colour with respect to the textures, tolerances etc. Every surface, every material can be 

defined and unified under this standard. With this, there wouldn’t be any necessity of pre-

defining the features, but just using colored information as a source to tell us about tolerances 

and criticality. Doing this would truly minimize the human intervention in finish machining. 

6.2 Conclusion                  

This research has been an effort to make the CNC machining more intelligent and 

independent. Featureless approach has been preferred in CNC-RP, because of its simplicity. 

This research can be a stepping stone, to use feature based machining with minimum human 

intervention. Previously, feature based approach has been computationally complex. This 

was because the features need to be extracted from an STL file or set of co-ordinates. With 

the AMF file, the complexity is avoided. It has been possible to increase the precision of 

finish machining, in automated system. Hybrid Manufacturing, when completely 

implemented, would eliminate the need for expertise. AMF format has a promising future in 

CNC machining. With respect to calculating visibility, some disadvantages of STL such as 

geometry leaks are taken care of by AMF.  With simple mathematical computations, the 

features can be identified. Modifying the greedy approach to weighted greedy algorithm, tries 

to further optimize the orientations for reduced machine time. With inclusion of texture and 

material information for process planning, it is expected to assist the process planning more. 
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