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ABSTRACT 

AUTOMATIC MACHINING OPERATION SEQUENCING IN A FEATURE BASED 
CAD/CAM SYSTEM 

Name: Spratt, Randolph Warren 
University of Dayton, 1992 

Advisor: DR. John P. Eimermacher 

The work documented in this report describes research 

done to automatically sequence machining operations in a 

feature based CAD/CAM system. The feature based CAD/CAM 

system for which this research effort was conducted for is 

called the Rapid Design System (RDS). 

The RDS contains a fabrication planning component which 

is responsible for determining a manufacturing process to 

machine prismatically shaped parts. A Computer Aided Process 

Planning (CAPP) system called MetCAPP has been integrated in 

the fabrication planner to select the operation types, tools, 

feeds and speeds required to machine a part. 

The purpose of this research effort was to take the 

feature based machining operations from MetCAPP' and 

efficiently sequence these operations. Two Lisp computer 

programs were developed to sequence the machining operations. 

The first program developed determines a sequence which 

provides the fewest number of tool changes for a given set of 

iii  



machining operations and tools. The time needed to find the 

solution with the least number of tool changes was found to be 

too long for typical applications, therefore, a heuristic 

search method was developed. The heuristic search method may 

not always find the optimal solution path but computation time 

was found to be acceptable. Comparisons between the optimal 

path method and the heuristic search method are compared to 

show the effectiveness of the heuristic search. 
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CHAPTER I 

INTRODUCTION 

Integration between Computer Aided Design (CAD) and 

Computer Aided Manufacturing is becoming more complete 

everyday. Holes that do exist are shrinking due to further 

advances in design/manufacturing automation and computer 

technology. A completely integrated manufacturing system is 

key to reducing product development time and cost while 

improving product quality. This paper discusses some of the 

technologies being investigated and used to improve CAD/CAM 

integration. The main focus of this report is to document 

worked performed in the area of sequencing machine cutting 

operations for prismatic parts. 

A feature based CAD/CAM system called the Rapid Design 

System (RDS) is currently under development. The RDS project 

is being sponsored by the United States Air Force, Wright 

Laboratory, Wright Patterson Air Force’ Base, Ohio. 

Researchers organized by the Center for Artificial 

Intelligence Applications (CAIA) are working together to 

produce the system. The participants include investigators 

from Wright Patterson Air Force Base, the University of 

Cincinnati, the University of Dayton, Wright State University, 
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and Case Western Reserve University. The overall architecture 

for the RDS is shown in Figure 1. 
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The feature based design system produces models of 

prismatic parts by attaching "design features" to a block of 

starting material. After a part model has been defined, part 

manufacturability and inspectability can be checked by the 

fabrication and inspection planners. 

The fabrication planning system is being developed, in 

part, by the University of Dayton. In the fabrication planner 

design features are translated into manufacturing features. 

A Computer Aided Process Planning (CAPP) system called MetCAPP 

takes the manufacturing features and selects cutting 

operations, feeds, speeds and tools for each feature. These 

operations are used in the generation of process plans and 

Numerical Control (NC) code for the part model. 

The inspection planner is used to determine inspection 

plans and to help ensure the inspectability of the part. The 

Inspection . planner can also generate code to drive a 

Coordinate Measuring Machine (CMM). 

The Episodal Associative Memory (EAM) is used to store, 

retrieve, search and group part models. The EAM can search 

through parts stored in memory to help the user create new 

parts and new manufacturing plans. The ability to retrieve 

knowledge from previously input part models reduces the 

product development time. 

Operation sequencing can be broken down into three steps. 

The first step is to select the best combination of operations 

and tools needed to machine a part. The second step is to
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sequence these operations in an order that minimizes the 

number of tool changes required needed to machine a part. The 

last step is to minimize the tool travel distance associated 

with moving from feature to feature as a part is machined. 

The work documented in this report focused on step two, 

reducing the number of tool changes in an operation sequence. 

Operation sequencing is completed in the fabrication 

planning module of the RDS to place the machining steps in the 

desired order. Sequencing of the operations is done for each 

setup of the manufacturing plan. After MetCAPP selects the 

operations required to form each feature, the operations are 

sequenced. The selected sequence must provide efficient use 

of the machine, ensure safe manufacturing practices and 

produce plans which generate quality parts. Two approaches 

were taken to sequence the machining operations. The first 

approach determines a feasible cutting sequence with the 

fewest number of tool changes for a given set of operations 

and tools. The solution path is found by conducting a search 

through a state space representation of the problem. The 

problem experienced with this search method is’ that 

computation time becomes overwhelming as the number of 

features and operations increase. To reduce computer run 

times, the original search method was modified to exit a path 

when it was determined to be the same length as the shortest 

path in memory. Revising the search method improved 

computation time, but not to an acceptable level. Therefore,
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a second approach was developed to further reduce computation 

times. A heuristic method was developed to search through the 

state space representation. A cost function was developed to 

find an acceptable path. Computation times for the heuristic 

system were drastically shorter than the optimal search method 

but, the heuristic search method may not always generate the 

shortest path. Results from cases tested in this research 

effort showed that the heuristic search method produced 

results that would match or come close to the results 

generated by the optimal sequencing method. 

The heuristic search algorithm was integrated into the 

RDS to produce the operation sequence used for process 

planning and NC code generation. The NC code generated by the 

RDS has been verified on a Computer Numerical Control (CNC) 

machine for parts having holes and pockets. 

  

 



CHAPTER ITI 

FEATURE BASED CAD/CAM SYSTEM 

Feature based design systems are being used today to 

reduce design time and help in integrating the design and 

manufacturing environments. The RDS is a feature based 

CAD/CAM system that is built on top of a software package 

called the Concept Modeller produced by Wisdom Systems Inc., 

Cleveland, Ohio. 

The Concept Modeller is a parametric design tool that can 

be used for many different applications. Wisdom Systems 

developed a language to simplify the design process. The 

Concept Modeller language is written in Lisp which permits 

object oriented programming. Computations in the Concept 

Modeller are demand driven to improve computer response times 

(demand driven means that calculations are performed only when 

necessary). Relationships between objects are formed so that 

when revisions are made to one object, the program 

automatically makes the all necessary changes to the related 

objects®,



Feature Based Design Environment 

Lisp and the Concept Modeller language were used to 

develop the feature based design environment. The feature 

based design environment was designed by a research team from 

Case Western Reserve University. Pop-up windows are used to 

help the designer produce a design. A designer would start by 

selecting a prismatic starting block. Volumes of material are 

removed or added by the designer to form the desired part 

configuration. Features are used to provide a simple way of 

modifying the starting block. Some the features available in 

the design environment are shown Figure 2. 

Figure 3 shows a model formed by removing two pockets 

from a starting block to form the current part configuration. 

Features may be attached to each other to form complex parts. 

Features can also be attached to any side of the starting 

block. Examples of these capabilities are shown in Figures 4 

and 5. 
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FIGURE 3. Block With Two Pockets 

  

  
  

  
  

  
  

FIGURE 4. Block With Attached Features 
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FIGURE 5. Block Requiring Multiple Setups 

Fabrication Planner 

The fabrication planner is used to ensure part 

manufacturability, produce a machining process plan and 

generate NC code. Fabrication planning is started when a user 

selects the manufacturing planning menu option in the feature 

based design environment. A pop-up window is provided for the 

fabrication planner. Figure 6 displays a sample fabrication 

planning window. Some of the operations that can be performed 

by the fabrication planner are shown on the menu buttons in 

the upper left hand corner of Figure 6. 
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The fabrication planner takes design data from the 

feature based design environment and converts it into 

manufacturing data. Figure 7 shows the steps necessary to 

convert the design data into manufacturing information. 
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FIGURE 6. Fabrication Planning Window 

        

  

The first task of the fabrication planner is to translate 

design features into manufacturing features. The design 

features must be mapped into features which can be recognized 

by a CAPP program. MetCAPP, produced by the Institute of 

Advanced Manufacturing Sciences, Inc., Cincinnati, Ohio is the 
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process planner used in the RDS. MetCAPP can identify only a 

certain number of features. Some of the features recognized 

by MetCAPP are shown in Figure 8°. 
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FIGURE 7. Fabrication Planning Steps
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Once the features have been translated, fixturing 

methods are selected to secure the part during manufacture. 

Fixtures must provide adequate part positioning, rigid setups 

and must not interfere with the features being cut. Fixturing 

techniques considered by the RDS include vice-clamping, top 

clamping, and side clamping. The fixturing module determines
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the number of setups required to manufacture the part and 

selects the features that should be cut within each setup. 

Checking for interactions between features is the next 

step. Features may be dependent on each other and these 

relations must be reflected in the machining process. Feature 

dependencies may exist due to tolerance, safety, quality or 

fixturing requirements. Properly sequenced operations 

eliminate hazardous machining conditions and produce high 

quality parts. 

Next, the machining operations required to form each 

feature are obtained. Translated design feature data, part 

material type, machine name and other manufacturing data is 

input into the MetCAPP process planning system to determine 

operation types, operation order, cutting feeds, cutting 

speeds and cutting tools. 

Following the determination of the machining operations 

required to form each feature, the operation sequence is 

generated. Operations must be ordered to meet feature and 

operation dependency requirements plus improve manufacturing 

efficiency. The operations are sequenced across all features 

in a given setup. Efficiency improvements are possible since 

some of the operations within a given setup may use the same 

tools. By grouping operations which use the same tool, tool 

change time and tool travel time are reduced. The operation 

sequence is key in the generation of NC code and the final 

process plan. 
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Process plans and NC code can be output from the 

fabrication planner. The process plan contains information 

such as part number, part material, planner's name, date, 

feature names, operation types, tool identifiers, number of 

passes required, feeds, speeds, depth of cuts and estimated 

cutting times. Process plans can be saved and accessed by the 

user at a later date. Table 1 shows the format of the current 

process plan generated by the fabrication planner. Tooling 

information is part of the process plan but is output 

separately from the plan. The data that is output for the 

tools is shown in Table 2. NC code is generated in a stepwise 

fashion. Code is generated for each operation specified by 

the sequenced operation list. RDS NC code is written ina 

language called Automatically Programmed Tool (APT) to provide 

a generalized NC code. The APT code must be post-processed to 

meet the language requirements of a specific CNC machine. The 

APT code includes information on the part name, part material, 

starting block size, tools, and operation types. The RDS 

currently generates APT code for hole and pocket features. 

APT generated by the fabrication planner is shown in Figure 9.
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TABLE 2. Tooling Information 

  

Tool Parameters Values 
  

Drawing number MLS-1 
  

Cutter body diameter 25 
  

Diameter designation 25 
  

Effective cut length 50 
  

Overall length 
  

Cutter body type 
  

Cutting angle 
  

Coolant feeding 
  

Number of flutes 
  

Cutter end type 
  

Nose style 
  

Nose radius size 
  

Nose flat angle 
  

Hand of cut 
  

Helix direction 
  

Helix angle 
  

Shank type 
  

Shank diameter 
  

Tool material 
  

Tool material class 
  

Tool material grade 
  

Tool material construction 
  

Land type relief 
  

Land width 
  

Radial rake angle 
  

Primary clearance angle 
  

Neck diameter 
  

Neck length 
        Application code 
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$$ PROGRAM START SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS 
SYN/PT, POINT 
MACHIN/MMPOST, 80 $$ POSTPROCESSOR MACHINE 

REDEF/ON SSALLOWS VARIABLES TO BE REDEFINED 
Tc = POINT/-2,-2, 1 
SEQNO/10, INCR, 10 
INSERT G90G70G74G17 

INSERT; RDS, stock size and orientation, 

INSERT; X= 6.0, Y= 5.0, Z= 1.0, the material is T-7075 

INSERT; part zero is front, left, top, load part on vise steps. 
INSERT; set tool length offsets for the following tool list: 
INSERT; TL 1 , MLS~0172, DIA 1.50, LENGTH 4.00 
INSERT; TL 2 , MLS-0169, DIA 1.10, LENGTH 4.00 
INSERT; TL 3 , MLS-0168, DIA 0.98, LENGTH 4.00 
INSERT; TL 4 , MLS-0442, DIA 1.26, LENGTH 4.00 
INSERT; TL 5 , MLS-0435, DIA 0.37, LENGTH 4.00 
INSERT; TL 6 , DLS-003, DIA 0.38, LENGTH 4.00 
INSERT; TL 7 DLS-083, DIA 0.25, LENGTH 4.00 

SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS 
$$ TOOL CHANGE $$ 
RAPID, GOTO/TC 
LOADTL/1 $$ ACTIVATES TOOL LENGTH OFFSET FOR MLS-0172 
SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS$ 
$$ THE FOLLOWING CODE IS FOR FEATURE: #<D2-PKT-2 29D221E> 
$$ OPERATION : PLUNGE-END-MILL 
$$ THE : NUMBER 1 OPERATION IN THE OSL. 
INSERT; POCKET ROUGHING $$ 
$$ STEP NUMBER 1 
X = 0.5 
Y = 4.5 
Z= 0.01 
RAPID,GOTO/X, Y, Z 
COOLNT/ON,MIST 
SPINDL/1070.00,RPM,CLW 
CR = 0.75 $$ CUTTER RADIUS 
FR = 0.06 $$ FILLET RADIUS 
ECR = (CR - FR) $$ EFFECTIVE CUTTER RADIUS 
SOF = 1.7 $$ STEP OVER FACTOR 
FSOF = 1.7 $$ FINISH STEP OVER FACTOR 
Fl = 99.00 $$ PLUNGE FEED FACTOR 
F2 = Fil $$ MILLING FEED FACTOR 
F3 = F2 $$ FINISH FEED FACTOR 
D=0 $$ TEST PARAMETER FOR SCALLOP 
E=1 $$ PARAMETER, VERTEX POINT DEFINE POCKET BOTTOM 
PD = - 0.45 $$ POCKET DEPTH 
PFL = PT/(-0.95+CR),( 3.05+CR), PD 
$$ FRONT LEFT POCKET VERTEX POINT 
PBL = PT/(-0.95+CR),( 5.95-CR), PD 
$$ BACK LEFT POCKET VERTEX POINT 
PBR = PT/( 1.95-CR),( 5.95-CR), PD 
$$ BACK RIGHT POCKET VERTEX POINT 
PFR = PT/( 1.95-CR),( 3.05+CR), PD 
$$ FRONT RIGHT POCKET VERTEX POINT 
POCKET/ECR, SOF, FSOF, F1,F2,F3,D,E,PFL, PBL, PBR, PFR 
RAPID,GOTO/X, Y, 1 
SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS     

FIGURE 9. Automatically Generated APT Code
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(shank-diameter 0) 
(tool-material "M2") 
(tool-material-class "A") 
(tool-material-grade "M2") 
(tool-material-construction "S") 
(land-type-relief "F") 
(land-width . 5) 
(radial-rake-angle 15.0) 
(primary-clearance-angle 23.0) 
(neck-diameter "F") 
(neck-length land-width) 
(application-code 10)) 

(cond ((equal operation-type "Finish End Mill Wall 

(list 

Non-Insertable" ) 
(setf cutter-body-diameter (/ (round (* 

10000 (* (- (* 2 (the corner-radius) ) 
-0625) 25.4))) 10000.0)) 

(setf shank-diameter cutter-body-diameter ) 
(setf nose-radius-size (* (the 

fillet-radius) 25.4)) 
(setf effective-cut-length (* (the height) 

25.4)))) 
tool-id drawing-number cutter-body-diameter 

diameter-designation effective-cut-length 
overall-length cutter-body-type cutting-angle 
coolant-feeding number-of-flutes cutter-end-type 
nose-style nose-radius-size nose-flat-angle 
hand-of-cut helix-direction helix-angle shank-type 
shank-diameter tool-material tool-material-class 
tool-material-grade 
tool-material-construction land-type-relief 
land-width radial-rake-angle 
primary-clearance-angle neck-diameter 
neck-length application-code) ) ) 

unction - Get-drill~parameters 
urrently not being used. 
ets tool parameters 
etermines tool parameters for "Non Insert Drills only. 

iameter is set to the diameter of the hole. 

ffective cutting length is equal to the feature height plus .05 plus 

the drill point height. 
Overall length is equal to the effective cutting length plus 1. 

fun get-drill-parameters (operation-type tool-id) 

for generic drill ids 

((drawing-number nil) 
(cutter-body-diameter 0) 
(diameter-designation nil) 
(effective-cutting-length 0) 
(min-or-pilot-diameter 0) 
(minor-or-pilot-dia-designation nil) 
(effective-length 0) 
(overall-length 0) 
(cutter-body-type "EP") 
(coolant-feeding "N") 
(number-of-flutes 2) 
{margin-width 0) 
{cutter-point-type "EA") 
(point-grind-included-angle 90) 
(web-thickness 0) 
(hand-of-cut "RH") 
(helix-angle 30)



(shank-type 

141 

"SS") 

(shank-diameter 0) 
(tool-material "M7") 
(tool-material-class "A") 
(tool-material-grade "M7") 
(tool-material-construction "S")) 

(cond ((equal tool-id "Non Insert Drill") 

(setf 
(list 

({setf cutter-body-diameter (the diameter) ) 
(setf shank-diameter cutter-body-diameter) 
(setf effective-cutting-length (+ (the 

height) (+ .05 (/ drill-diameter (* 2 
(tan (* pi (/ drill-point-angle 

360)))))))) 
overall-length (+ effective~cutting-length 1)))) 
tool-id drawing-number cutter-body-diameter 

diameter-designation effective-cutting-length 
min-or-pilot-diameter 
minor-or-pilot-dia-designation effective-length 
overall-length cutter-body-type coolant-feeding 
number-of-flutes 
mMargin-width cutter-point-type 
point-grind-included-angle web-thickness 
hand-of-cut helix-angle shank-type shank-diameter 
tool-material tool-material-class 
tocol-=7#materiatl-=+grade 
tool-material-construction) ))
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