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Summary: This paper considers the problem of defining feasible sequences of machining operations in process planning by using precedence constraints as well as optimizing their machining time by applying the appropriate simulation technique. 

Precedence constraints are defined based on dimensional, geometric, technological and economic relationships. According to these relationships, precedence matrices for operation sequencing are created. Variants of process plans are obtained by generating processes that contain feasible groups of machining operations. Finally, the optimal process plan is generated by simulating the defined variants of process plans in the SolidCAM software with the machining time as an objective function.
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1. INTRODUCTION 

Two main stages within the product development are product design and manufacturing which should be integrated. Manufacturing process planning systems, as well as CAPP systems, can be seen as the “bridge” between product design and their manufacturing [1]. Development of CAPP systems represent a very complex task due to the diversity of products and complexity of planning a large number of complex activities/tasks that constitute process plans in different manufacturing conditions. As a consequence, the implementation of CAPP systems in industry is at the low level so the fact is that the process planning function is often represented as a bottleneck in the integrated production environment [2]. 
One of the main problems of traditional CAPP systems is that multicriteria tasks in process planning are defined in a linear form which is very typical when defining operation sequences. In this way a feasible process plan can be obtained which is often far from the optimal solution according to various techno-economic aspects, i.e. objective functions [3].
This paper focuses on the problem of defining feasible sequences of machining operations using precedence constraints, then processes which contain groups of operations, and finally, optimization of their machining time by simulating adopted variants of process plans using the CAD/CAM system.
2. OPTIMIZING SEQUENCES OF MACHINING OPERATIONS
Manufacturing process plans (i.e. process plans) in metalworking industry are characterized by a large number of variants/alternatives in all its stages. A number of variants are determined by the possibility of selecting combinations of different raw materials and manufacturing technologies, adopting different processes, their sequences and structures, as well as operation sequences. The space of possible process plans which is intended for selecting a process plan for a specific product is generated by the three basic axis: the first one defines variants of process plans as well as a raw material and a type of adopted manufacturing technology; the second one provides types and sequences of processes, where process represents a procedure that include all machining work done on a single machine or workstation; the third one provides types and sequences of machining operations [4]. 
Definition of machining operations comprises of the selection of manufacturing resources, such as machines tools, fixtures, cutting tools, gauges, as well as cutting parameters, i.e. cutting conditions and strategies. All these tasks make the decision-making process more complex and cause the increase in number of variants of process plans.

A number of variants of process plans or the complexity of structure of a process plan largely depends on the complexity of products. This is primarily considered from the aspect of a number and a type of manufacturing features, then from the aspect of the measurement accuracy, geometrical accuracy, accuracy of surface position, class of surface finish, required heat treatment and surface protection, etc.
2.1 Defining the structure of a process plan 
In order to determine elements of a process plan it is first necessary to define features. According to the definition, “feature“ represents a semantic group or an atom of modeling that is specified by a set of parameters and used for describing objects that cannot be additionally decomposed, as seen from the aspect of one or more activities associated with process planning and implementation of a product [5].

The problem of optimizing process plan takes machining features into account as well. From the technological point of view, these machining features represent the volume of material being removed from a raw material during the machining of the adopted process plan [6]. 
After defining features one can determine types and sequences of machining operations. Accordingly, it must be concluded that a number of necessary operations is larger if there are more rigorous requirements in terms of accuracy and quality for considered features. When determining operation sequence it is crucial to consider precedence constraints, i.e. rules used to define mutual relationships between operations (described in the next chapter). After defining types and sequences of machining operations for all machining features, the following is to group machining operations into processes, whereby it is necessary to take care of the fact that the selected machining operations of a single process can be performed on the same machine in one setup, or with the same positioning and clamping on a single machine.
2.2 Precedence constraints for operation sequencing 
Precedence constraints among operations are defined based on technical and economic constraints. The basic precedence constraints for determining operation sequence can be defined according to the following groups of precedence relationships [7]:
1. Dimensional precedence 
Before machining a desired surface this rule prioritizes the machining of a surface related to whom the considered surface is dimensioned. Priorities are among surfaces dimensioned in relation to a datum. According to this, matchings between other datums can also be obtained. If for some reason this rule must be violated, then it is required to transfer dimensions which often leads to a decrease in achieved tolerance.
2. Geometric precedence
Priorities are among surfaces related to which the position tolerance of some surface is defined. The accuracy of the surface-position tolerance interaction can be achieved by one of the following methods, where every successive method is less accurate: 
· Using the same datum in the same process (i.e. setup). High accuracy of the mutual position is achieved when these surfaces are machined with the same positioning and clamping. The machining accuracy is only affected by the accuracy of machine tool and its setup.
· Using the same datum in different process. In addition to the accuracy of a machine tool and its setup, the positioning and clamping errors also affects the machining accuracy in this method.
· Using one surface as a datum for machining the other surface. Accuracy is also affected by the accuracy of a machine tool and its setup as well as the positioning and clamping errors. 
· Using different datum or adopting an additional one. This method is used when none of the previous methods is feasible.

3. Technological precedence
Operation sequence should be manufacturable. This group of constraints is mostly related to the precedence constraints between machining operations for features that do not require more than one machining operation.

4. Economic precedence
For the purpose of achieving techno-economic effects, primarily low manufacturing cost and time, it is necessary to consider economic precedence. This is often related to applying more productive and economical method or a cutting tool instead of or before less productive or less economical method or a cutting tool.

3. CASE STUDY – OPTIMIZATION OF A PROCESS PLAN
3.1 Input data
Basic input data for process plan for a housing model made of Al7075 (AlZnMgCu1,5) alloy comprise of the product drawing, production type (serial) and available technological equipment. Fig. 1 shows the drawing of the housing which represents a product applied for the considered case study and which is often taken as a representative model for these studies.
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Fig. 1 Drawing of the housing [8]
3.2 Defining features and variants of machining operations 
By applying adequate precedence constraints for defining machining features, the representation of the housing with associated machining features is shown in the Fig. 2 and described in the Table 1. Based on the given machining features, recommended machining operations for their machining are defined in the Table 1. 
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Fig. 2 The represented machining features for the housing
On the basis of the defined machining operations and recommendations for cutting tools, the available cutting tools for performing machining operations are defined in the Table 2. According to the defined machining features, the analysis of the necessary machining operations and available cutting tools, the following Table 3 is composed. It contains the information on potential tool candidates for certain machining operations as well as tool approach directions (TADs).
Table 1. The defined manufacturing features and recommended machining operations
	Feature
	Feature name
	Specification
	Type of machining

	
	
	
	Rough
	Semi-finish
	Finish

	F1
	Pocket
	85x45x5 (R3), N9
	rough milling  
	
	

	F2
	Countersink
	Ø20 H9x4, N7, [image: image4.jpg])| 0.03





	boring
	
	

	F3
	Through hole
	Ø13 H6, N5, A, [image: image5.jpg]>| 0.05





	drilling
	boring
	reaming

	F4
	4xThrough hole
	4xØ5, N9
	drilling
	
	

	F5
	Open Slot
	20x10x4 (R2,5), N7
	rough milling  
	
	

	F6
	Open Slot
	20x10x4 (R2,5), N7
	rough milling  
	
	

	F7
	2xHole
	2xØ3x5,25, N9
	drilling
	
	

	F8
	2xSlot
	4x1x60, N9, B
	rough milling  
	
	

	F9
	Pocket
	15x10x3,75, N9
	rough milling  
	
	

	F10
	Pocket
	15x10x3,75, N9
	rough milling  
	
	

	F11
	Flat Plane 
	100x60, N7, C
	rough milling  
	soft milling
	


Table 2. The available cutting tools 

	Tool ID
	Tool name
	Tool specification (Sandvik Coromant)

	T1
	Solid carbide drill Ø3
	R840-0300-30-A0A

	T2
	Solid carbide drill Ø5
	R840-0500-50-A0A

	T3
	Solid carbide drill Ø10
	R840-1000-30-A0A

	T4
	Boring tool Ø20
	R429U-A12-20042TC09

	T5
	End milling cutter Ø5 
	2P121-0500-NC

	T6
	End milling cutter Ø4
	2P121-0400-NC

	T7
	End milling cutter Ø3
	2P121-0300-NC

	T8
	Boring tool Ø12,8
	CXS-08-12040TC06

	T9
	Reamer Ø13H6
	435.B-1300-A1-XF

	T10
	Groove milling cutter 4mm
	329-100Q22-H


Table 3 The defined tool and TAD candidates for the given machining operations 
	Features
	Feature name
	Operation name
	Tool candidate
	TAD candidate

	F1
	Pocket
	Rough milling (op1)
	T5, T6, T7
	-z

	F2
	Countersink
	Boring (op2)
	T4
	-z

	F3
	Through hole
	Drilling (op3)
	T2, T3
	+z, -z

	
	
	Boring (op4)
	T8
	+z, -z

	
	
	Reaming (op5)
	T9
	+z, -z

	F4
	4xThrough hole
	Drilling (op6)
	T2
	+z, -z

	F5
	Open Slot
	Rough milling (op7)
	T5, T6, T7
	-y, -z

	F6
	Open Slot
	Rough milling (op8)
	T5, T6, T7
	+y, -z

	F7
	2x Hole
	Drilling (op9)
	T1
	+y

	F8
	2x Slot
	Rough milling (op10)
	T6, T7
	+z

	
	
	
	T10
	+y, -y

	F9
	Pocket
	Rough milling (op11)
	T5, T6, T7
	-x

	F10
	Pocket
	Rough milling (op12)
	T5, T6, T7
	+x

	F11
	Flat Plane
	Rough milling (op13)
	T5, T6, T7
	+z/+x –x / +y, -y

	
	
	Soft milling (op14)
	T5, T6, T7
	+z/ +x -x/ +y, -y


3.3 Determining operation sequences according to the precedence constraints 
Taking into account the represented groups of dimensional, geometric, technological and economic precedence relationships, Table 4 is defined with all these relationships between machining operations.

Based on the precedence relationships from the previous table, precedence matrix for generating machining operation sequence is represented in the Fig. 3 (left). Fig. 3 (right) shows one of the possible variants of machining operation sequence that is based on the previously defined precedence matrix (here, variant 1). Also, a way of generating processes or groups of machining operations is given.
Table 4. The precedence relationships between operations 

	Machining operation (OP)
	Groups of precedence relationships

	
	Dimensional
	Geometric
	Technological
	Economic

	OP1
	
	
	
	

	OP2
	OP1
	OP3
	OP3, OP4
	OP1

	OP3
	
	OP13, OP14, OP10
	
	OP1

	OP4
	
	OP13, OP14, OP10
	OP3
	OP1

	OP5
	
	OP13, OP14, OP10
	OP3, OP4
	OP1

	OP6
	
	
	
	OP1

	OP7
	
	
	
	

	OP8
	
	
	
	

	OP9
	OP8
	
	OP8
	

	OP10
	OP13, OP14
	
	OP13, OP14
	

	OP11
	
	
	
	

	OP12
	
	
	
	

	OP13
	
	
	
	

	OP14
	
	
	OP13
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Fig. 3 The precedence matrix and the generated variant of operation sequence
3.4 Optimizing operation sequences by simulating machining process
Assuming the fact that the considered case has a significant number of alternative features, cutting tools and tool approach directions, a number of variants is also very large. Consequently, this paper covered only variants of cutting tools for the variant 1, while the other ones were not in the scope of this paper and are therefore left for future research in this field. 

The variant 1, with the machining operations grouped into 5 processes (setups), is divided into three sub-variants which differ in adopted cutting tools for certain machining operations (OP), according to the Table 5.
Table 5. The defined sub-variants A, B and C
	SETUP No:
	OPERATIONS AND SEQUENCES
	USED CUTTING TOOLS
	TAD

	
	
	Sub-variant A
	Sub-variant B
	Sub-variant C 
	

	Set 1
	OP13, OP14, OP10
	T6, T6, T6
	T5, T5, T6
	T7, T7, T6
	+z

	Set 2
	OP1, OP3, OP4, OP2 OP5, OP6, OP7
	T5, T3, T8, T4, T9, T2, T6
	T6, T3, T8, T4, T9, T2, T7
	T7, T2, T8, T4, T9, T2, T5
	-z

	Set 3
	OP8, OP9
	T6, T1
	T7, T1
	T5, T1
	+y

	Set 4
	OP11
	T5
	T6
	T7
	-x

	Set 5
	OP12
	T5
	T6
	T7
	+x


Table 6 shows the manufacturing times for each machining operation (Setup – SET) and the total machining cycle time for the variant 1, based on the simulation performed in the SolidCAM software system. Based on the simulation results it can be concluded that the sub-variant B has the shortest machining time and it can be considered as the optimal sub-variant of the variant 1 for the given operation sequence and processes.
Table 6. Simulation results for the adopted sub-variants of a process plan
	Operations
	Sub-variant
	Setup
	Sub-variant 

	
	A
	B
	C
	
	A
	B
	C

	OP13
	00:05:25
	00:04:31
	00:06:59
	SET 1
	00:07:55
	00:06:45
	00:10:19

	OP14
	00:02:28
	00:02:04
	00:06:59
	
	
	
	

	OP10
	00:00:16
	00:00:16
	00:00:16
	
	
	
	

	OP1
	00:03:05
	00:03:48
	00:05:07
	SET 2
	00:04:44
	00:05:29
	00:06:40

	OP3
	00:00:12
	00:00:12
	00:00:12
	
	
	
	

	OP4
	00:00:12
	00:00:12
	00:00:12
	
	
	
	

	OP2
	00:00:10
	00:00:10
	00:00:10
	
	
	
	

	OP5
	00:00:13
	00:00:13
	00:00:13
	
	
	
	

	OP6
	00:00:26
	00:00:26
	00:00:27
	
	
	
	

	OP7
	00:00:23
	00:00:25
	00:00:17
	
	
	
	

	OP8
	00:00:15
	00:00:18
	00:00:23
	SET 3
	00:00:27
	00:00:29
	00:00:27

	OP9
	00:00:11
	00:00:11
	00:00:11
	
	
	
	

	OP11
	00:00:11
	00:00:11
	00:00:12
	SET 4
	00:00:11
	00:00:11
	00:00:12

	OP12
	00:00:11
	00:00:11
	00:00:12
	SET 5
	00:00:11
	00:00:11
	00:00:12

	Total machining time ∑
	00:13:22
	00:12:44
	00:17:37



4. CONCLUSION
This paper discussed the problem of defining feasible sequences of machining operations by applying precedence constraints between operations as well as the problem of optimizing these sequences on the basis of the manufacturing time as an objective function. Besides, the simulation of the obtained variants of process plans within the selected CAM system is shortly represented. At the end, the best variants of machining sequences for the represented model of housing and for the given manufacturing conditions are obtained.
According to the complexity theory, problems of intelligent process planning optimization belong to the class of NP hard combinatorial problems due to the extremely large number of variants (alternatives) that can be found in the search space of candidate solutions. The given paper also sets the framework for the optimization of process planning by applying an appropriate metaheuristic-based method which are widely used for solving these problems and represent the suitable continuation of this study. By this framework the primary focus is on defining the precedence matrix for showing priorities among machining operations, the possibility of their grouping and obtaining processes as well as machining times for considered machining operations.
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