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Summary 

To meet current market demands, new design methodologies and new computer aided 
design techniques emerge. The aim of these new techniques is to reduce throughput time, 
to create a wider product range, and to improve quality. One of these techniques, 
developed at Eindhoven University, is implemented in a design system called IDM. 

The IDM system is a prototype design system integrating design and manufacturing, in 
which a designer creates a product by means of manufacturable design transformations. In 
order to be able to handle manufacturing restrictions, manufacturing oriented design must 
be supplemented with the concepts of Manufacturable Objects, manufacturing machine 
models, and implicit locating. lmplicit locating is a new concept, introduced for handling 
tolerances and fits. An implicit location specifies the location of a solid object or a 
Manufacturable Object with constraints relative to another solid object. This study concerns 
the implicit locating process. 

For creating a constraint one needs geometrical entities and relations between these 
entities. To reduce the problem complexity (combinatory explosion) the number of reference 
elements needed should be small, but suited for a certain range of products. The reference 
elements suited for this purpose were found. 

For determining the number of constraints needed to locate a geometrical object and to 
infer its properties a cube was used as a testcase. The process of implicit locating was 
analysed for the cube and an algorithm for determining the right number of constraints was 
found. The algorithm allows the mixing of constraints and absolute measures to specify the 
geometrical object. The methods for specifying the reference elements and for calculating a 
solid were also determined. 

- 2 -



lmplicit locating 

Contents 

SUMMARY ...................................................................................... ....................................... 2 

1. INTRODUCTION ................................................................................................................ 7 

1.1. Meeting mark et demands ......................................................................................... .. 7 

1.2. Manufacturability checking ....... .. ............................................................................... . 7 

1.3. Designing products .... ........... .. ......... .................. ..... .... ...................... .................... ...... 8 

2. THE IDM DESIGN SYSTEM .............................................................................................. 9 

2.1. Manufacturable Objects ...... .... ... ....... .... ..... .......... .. ................................................... . 9 

2.2. Design tree ............ ...................... ..... ............. ........................... .......... .................. ... ... 9 

2.3. Process planning .................................................................... ............. ........ ........ ..... 10 

2.4. Manufacturing Tree .......................................................................................... ........ 11 

2.5. Toolsvolumes ........................................................... .............. ....... ... ............ ... ..... .... 11 

3. CREATING GEOMETRY USING RESTRICTIONS .......................................................... 12 

3.1 . lmplicit locating definition .. .... ................ ..... ..... ... ..... .................... .. ........................... 12 

3.2. Co-ordinate systems ................................................................... ... ................. ... ..... . 14 

3.3. Dimension types .... ...... .......... ............. ... ... .. ........................................................ .... .. 15 

3.4. Manufacturable Object reference elements ..... ......................... ... .... ..... .... ......... ....... 16 
3.4.1. Reference elements for implicit locating ......................................................... 16 
3.4.2. Reducing combinatory explosion ............................ ............. ................. ...... .... 16 
3.4.3. Conventions and names ............................................................................... .. 17 
3.4.4. Cylindrical hole reference elements .. ... .................................. ............. ............ 18 
3.4.5. Rectangular pocket reference elements ......................................................... 19 
3.4.6. Slot reference elements ........... ... .. ................ ......... ....... .... .... ... ....................... 20 

3.5. lmposing constraints to specify an MO to apply ............................... ..... .. ............. .... 22 
3.6. Combinations of absolute values and implicit locating ...... .. ........................ .. .. ... .. .. .. 23 

4. ANAL YSIS OF THE IMPLICIT LOCATING PROCESS .................................................... 25 

4.1. A testcase for the implicit locating process .... ........ .. ............. .... ...... ........ .. .......... ...... 25 

4.2. The decomposition principle ... ............ .... ................. .... .............. .. .... .. .. ..... .. ........ ...... 25 

4.3. Decomposition examples ... ... ............. ........ ........ ..... ... .. ............ .... ....................... ... .. 28 

4.4. lnternal restrictions on constraints ..... ....................................................................... 29 

4.5. Algorithm capability ... ........... ... ....................... ... ........................ .............. .. ..... .......... 29 

5. MIXING IMPLICIT LOCATIONS WITH ABSOLUTE VALUES ......................................... 30 

5.1. Absolute dimensioning ... ..... ....... ... ... .... .. ........ .... .... .................................................. 30 

5.2. Absolute positioning ................................................................................................. 32 

5.3. Co-ordinate system transformations ................................................. .. ............ ... .. ..... 33 

5.4. Absolute dimensioning and positioning .................................... ....... ... .... ........ ... ...... . 34 

5.5. Absolute orientation ............................................................................. .. ... .. .... ....... .. 35 

- 3 -



lmplicit locating 

6. APPL VING AN MO .......................................................................................................... 36 

6.1. The implicit locating process summarised .......... .. ..... .... ......... ............ ......... .... ..... .... 36 

6.2. Calculating dimensions, position and orientation ...... .... ... .. .. ... ................ .......... ... .... 37 

7. CONCLUSIONS AND RECOMMENDATIONS ........................................................... .. .... 39 

7.1. Conclusions ... .... ........ .. .......... .... ... ... .... ... .. .. ..... .. .......... .. .... ... .. ....... ..... ............. .... ..... 39 

7.2. Recommendations ................................................. .......................... ..... .... .. ..... ........ 39 

7.3. Future research topics .................... ........................................................ .... ... ..... ... ... 39 

REFERENCES ................................................... ................................................................. 40 

Appendices - Contents 

1. MANUFACTURABLE OBJECTS ..................................................................................... 43 

2. SOLID MODELLING ................................................. ....................................................... 45 

2.1 . lntroducing ACIS .. .. ....................................................... ... .... .. ....... ...... ...... .... .... .. .... . 45 

2.2. ACIS geometrie model in general terms .. .... ....... ... ........... .. ... .. ....... ................. ........ .46 

2.3. Data structure ...... .. .... ..... ....... ... .... ....... ... ....... .......... .. ... ........ .. .... ..... ......... ..... ... ........ 47 

3. DATA STRUCTURE ........................................................................................................ 48 

3.1. Reference elements in IDM ......... ... ... .... .... .. ... .............................................. ...... ...... 48 

3.2. Intern al checking .. ... ........................ ............. .......... ....... .. ... .... .. ...... .... ...... ................ 48 

3.3. Location relations and location dependants .... ....... ................... .......... ................... .. 48 

3.4. Reference elements data structure .. .... ..... .... ... ...... ........ .. .... .. .. ... ... ... ........ ... ............ 49 

3.5. Reference element specifications ... .... .... .... .. ..... ... ..... ............... ............... ............. ... 50 

4. CREATING REFERENCE ELEMENT RELATIONS ......................................................... 52 

4.1 . Ability to measure an element .. ....... .. ... ............... .... ... .. ..................... ... .... ....... ......... 52 

4.2. Specifying a plane or face .............. .. .......... .............. ..... .. .............. .... ....... .... ..... .... ... 54 
4.2.1. Parallellity of two planes .. ..... .. .... ....... ....... ... ... ............... ..... .. ..................... .. ... 54 
4.2.2. Two planes and a rotation angle .... .... ............................ .... ..... ... ... ...... ... ... .. .... 54 
4.2.3. Two lines .. ............................. .. .......... .. ....... ... ... .............. ....... .................... ...... 55 
4.2.4. Three points .... ..... .......... ...... .... ..... ... ... .. ........ ........................................ .......... 55 

4.3. Specifying a line or edge .. .... .. .. .... ... .... ....... .. .... ..... .. ...................... ........................... 56 
4.3.1. Two lines ............................... ... ...... ..... .... .... ..... .................. .. ........... .... .... ........ 56 
4.3.2. One line and one plane ................ ... ...... ....... ..... ................. ... .......................... 56 
4.3.3. Two planes .................................................... .................... ............. ................ 58 
4.3.4. Two points ............ ... ... ... ... .. .... ..... .......... ... .. .... .. .. ........... ..... ... ......................... 58 

4.4. Extra functionality ............... ............... ... ....... ... ..... ... .. .... ............................................ 59 
4.4.1. Parallellity relationships ............. .. ....... ..... ... .... .... ....................................... ...... 59 
4.4.2. Coinciding reference elements ......................... .................... .. .. .............. ... ..... 59 

5. EXAMPLES ..................................................................................................................... 60 

5.1. Applying MO's using implicit locating ..................... ..... ....... ... .............. ... ...... .. ..... ..... . 60 

5.2. A test-product designed with IDM ........ ......... ....... .. .......... ... ... ................. ..... .......... ... 63 

-4-



lmpl icit locating 

Figures 

Figure 2.1: Applying an MO type slot ......... ........ ... ........ ...... ....... .. .......... .......... .... ....... .... .. .... . 9 
Figure 2.2: Design tree .................. .... .... .... ...... ......... ..... ..... ... .............. .. .. .. ... .. ........ ... ..... .. ... 10 
Figure 2.3: Design tree example ...... ...... ........ ....... ............. .......... .... .. ..... .... ......... .... .... ........ 10 
Figure 2.4: Mapping a design tree onto a manufacturing tree ............ ..... ........................... 11 
Figure 2.5: Toolsvolumes .. ....... ......... .. .. ..... .......................................................... .... ....... ..... 11 
Figure 3.1: Two types of implicit locating ... .......... .... ...... ........ ..... ... ...... ......... .... .... ... ....... ..... 12 
Figure 3.2: A 2D constraints example ........... ... ... ..... .... ... ... .......... .... .... ............... ...... .. ..... .... 14 
Figure 3.3: Co-ordinate systems in IDM .. ........... ... ......... ..... ........... .. ................. .... ....... ... ... .. 15 
Figure 3.4: AMO and workpiece co-ordinate systems ... ...... ................. ................ .... ..... ..... .. 15 
Figure 3.5: lntermediate design states with implicit and absolute dimensions ...... ... .. .... ..... . 16 
Figure 3.6: Cube with geometrical objects .......... ..... ...... ......... .... ... ............. ...... .... ......... ..... . 16 
Figure 3. 7: Conventions and names ........... ........ ...... .......... .... ............. ............ ... ..... ...... .... .. 17 
Figure 3.8: Cylindrical hole with reference elements .. .. ..... ... ... ....... .. .. .................. ................ 18 
Figure 3. 9: Positioning an oblique cylindrical hole ... .......... ...... ........ .................... ................ 18 
Figure 3.10: Manufacturing an oblique cylindrical hole ....... ......... .... ..... ........... .... .... .... ... ..... 18 
Figure 3.11: A rotated rectangular pocket. ..................... ..... ............. ............... ..... ......... ... .... 19 
Figure 3.12: MO to apply partly outside the material. .... ... .. .. ... ........ ..................... ........ ........ 19 
Figure 3.13: Rectangular pocket with reference elements .... ... ......... ............ ....... .. .. .... .... .... 20 
Figure 3.14: Dimension and position examples of a slot. ........ ...... ... ........ ...... .... .... .............. 20 
Figure 3.15: Slot with reference elements .. .... ..... ................... ............... .. .. ... .... ................... 21 
Figure 3.16: Constraints example ... ........ .... ... .. ......... ............................... ... .... ....... ...... .. ...... 22 
Figure 3.17: Result of constraints example ........ .. .... .. ... .... .... ............ ... .... .. ............ .... ...... .... 22 
Figure 3.18: Consequences of absolute locations and dimensions .. ....................... ..... ..... .. 24 
Figure 4.1 : Simple cube ...... ............. .. ................ ........ ........... .... .................... .. ......... .... ... , .. .. 25 
Figure 4.2: Decomposition in three directions ..... ........ .................. .. ............ .... .............. ....... 26 
Figure 4.3: Overview for simple cube in 100% implicit locating ..... ........ ... ... ...... ..... .... .... ... ... 27 
Figure 4.4: Examples of definitions using planes and lines ................. .... ...... ...... .......... .. ... . 28 
Figure 4.5: Some typical decomposition examples .. ...... ... ....... ......... ... .............. .. .. .. .... ... ..... 28 
Figure 5.1: Examples of available reference elements .... ............... .... ..... .. ... .. ....... ...... ...... .. 30 
Figure 5.2: lnteraction of two directions when using absolute dimensioning ... ..... ... ..... ....... 31 
Figure 5.3: Overview tor simple cube with absolute dimensions .... ...... ......... ... .... ................ 31 
Figure 5.4: Specified or unspecified geometry with just one line ........... ......... .. ..... .......... .... 32 
Figure 5.5: Absolute positions of an MO cube .................................... ...... .... ......... ........... ... 32 
Figure 5.6: Absolute position y-value with constraint using left plane .... .......... .... ... .... ....... .. 33 
Figure 5. 7: Co-ordinate system transformations ................. ...... ...... ..... .............. ...... .. .. ... ..... 34 
Figure 5.8: Absolute position and dimension ....... .. ............. ....... ....... ............... .... ................ 35 · 
Figure 6.1: lmplicit locating procedure .................. ..... ....... ..... ... ................... ..... .. ..... ........ ... . 36 
Figure 6.2: Possible calculations ............ .. .... ... .... .. ........ .... ....... ........ .. .... ........ ............. ........ 37 

- 5 -



lmplicit locating 

Appendices - Figures 

Figure 2.1: ACIS architecture ........... ..................... .... ........................................................... 45 
Figure 2.2: Two examples of a body with two lumps ............................. .... .......................... 46 
Figure 2.3: Vertexes and edges ........................................................................................... 46 
Figure 2.4: Loops of edges .................................................................................................. 47 
Figure 2.5: ACIS model data structure ............... .......... ..... ... ...... ....... ................................... 47 
Figure 3.1: Reference elements ......... .... .......................................................................... .. .. 48 
Figure 3.2: Location relations and dependants .............. ... ................................................... 49 
Figure 3.3: Circular structure ......................................... ....... ........... ..................... ..... ........ ... 49 
Figure 3.4: Reference element specifications data structure ............................................... 50 
Figure 3.5: Example of a cylindrical hole data structure ..................................... ... ........... ... 51 
Figure 4.1: Example of a reference element specification tree ..... ........ ........ ... .................... 53 
Figure 4.2: Two parallel planes .................................................... ...................... .................. 54 
Figure 4.3: Two planes and a rotation angle ......................... ............. .................................. 54 
Figure 4.4: Two lines ............................................................................................................ 55 
Figure 4.5: Three points ....................................................................................................... 55 
Figure 4.6: Two lines ............................................................................................................ 56 
Figure 4. 7: A line and a plane .............................................................................................. 57 
Figure 4.8: Parallel lines in one plane .................................................................................. 57 
Figure 4.9: lntersecting lines in one plane ........................................................................... 57 
Figure 4.10: Two planes ...................................................................................................... 58 
Figure 4.11: lntersecting plan es ................................................................................... ........ 58 
Figure 4.12: Two points ....................................................................................................... 58 
Figure 4.13: Inside and outside in parallellity ....................................................................... 59 
Figure 5.1: lnitial design state .............................................................................................. 60 
Figure 5.2: Rectangular pocket 1 reference element relations ............................................ 60 
Figure 5.3: MO1 decomposition ........................................................................................... 61 
Figure 5.4: Resulting design state 1 .................................................................................... 61 
Figure 5.5: Rectangular pocket 2 reference element relations ............................................ 61 
Figure 5.6: MO2 decomposition ........................................................................................... 62 
Figure 5. 7: Resulting design state 2 .................................................................................... 62 
Figure 5.8: Rectangular pocket 3 reference element relations ............................................ 62 
Figure 5. 9: MO3 decomposition ............ ....... .......... ...... ..... ........ .. ........................... .. ............ 63 
Figure 5.10: Resulting design state 3 .................................................................................. 63 
Figure 5.11: Part of a fixturing device, created with IDM ........................................... ........... 64 

-6-



lmplicit locating 

1. lntroduction 

The primary goal of any (manufacturing) company is to make money. To make 
money these companies create products. The product life-cycle contains the 
products' design, its manufacture, it being put to use and its disposal. For most 
products, the path from conceptual design to disposal is determined by market 
demands. 

1.1. Meeting market demands 

Current market demands comprise high quality, a great product variety (customisation}, 
and low product cost (efficiency) [Bolw, 86]. Manufacturers compete to be the first to market 
such products. The products' designers must be familiar with, and able to exploit a growing 
number of different components and technologies in shorter design cycles. Besides that, 
they have to keep in mind the complex manufacturing processes required for their products. 
Creating shorter design cycles is especially important for products that are manufactured in 
small series. 

To meet market demands, designers need suitable concepts and tools. To provide these, 
design methodologies and computer aided design techniques have emerged. The aim of 
these techniques is to help the designers reduce throughput time, create a wider product 
range, and improve quality. 

A number of engineering tools can be mentioned, such as CAD/CAM tools, CAE tools 
(for example finite elements calculations), Engineering Databases, Knowledge Based 
Design Systems, and Electronic Data lnterchange [Eenj, 93]. Besides that, concepts exist 
for designing better products, such as Design For Assembly, Failure Mode and Effect 
Analysis , or Concurrent Engineering. For the design process itself, numerous Engineering 
Design Methods exist [Cross, 89]. 

1.2. Manufacturability checking 

One of the concepts to shorten a products' design cycle is manufacturability checking in 
the design phase. Manufacturability checking is performed in the geometrical design phase 
of the product (the conceptual phase, creating possible solutions tor a problem, is too 
complex). There are two possible ways of implementing manufacturability checking: 

• Checking a completed design (a solid representation of the products geometry) 
• Checking manufacturability during the design process, i.e., after every design 

transformation. 

The first method is also called "feature recognition". Feature recognition based process 
planning and product preparation tools, such as ICEM PART, can be very useful for a 
certain range of products [Erve, 88]. Feature recognition is mainly used for automated 
process planning of completed designs (not for designing a product geometry). Solid 
models are translated into "manufacturing features" including a complete process plan for 
manufacturing. lf a design is manufacturable, the software can generate a process plan. lf 
not, the designer is notified of a violation against manufacturability rules. 

At the Eindhoven University of Technology, the Production Engineering and Automation 
Section at the faculty of Mechanica! Engineering has adopted the second approach to 
manufacturability checking. lmplementation of this approach resulted into a design system 
that aims to integrate design and manufacturing. This design system is called IDM; 
lntegration of Design and Manufacturing. The IDM system aims to reduce throughput times 
by "Right first time production" [Delb, 91]. 
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1.3. Designing products 

Designing products using the IDM design system requires a new approach to design. In 
IDM a product is created using Manufacturable Design Transformations. One of these 
transformations is applying a Manufacturable Object. A Manufacturable Object is a solid 
volume that is subtracted from the solid volume of the product being designed. Besides 
geometrical parameters, all Manufacturable Objects are equipped with a manufacturing 
process plan. 

To be able to position the Manufacturable Object and to specify its orientation, each 
Manufacturable Object has a bounding box. The designer can position this bounding box by 
entering co-ordinates and rotation angles. The size of the bounding box is also entered by 
the designer. This way of specifying geometry prohibits the use of edges, faces, and 
vertexes of the Manufacturable Object or product. This limitation not only causes a deviation 
from the way designers are used to create products, it also causes problems when 
tolerances are concerned. 

A better way of specifying product geometry is obtained when a designer is allowed to 
create a product by specifying relationships between geometrical elements (edges, faces, 
vertexes) of the product and the Manufacturable Objects that are used: "implicit locating". 
These relationships should consist of the two geometrical elements concerned, a functional 
measure and (if needed) a tolerance value, thus creating a solution for the problems 
mentioned above. 

Creating geometry using implicit locating was not yet implemented in IDM. An algorithm 
should be designed that allows a designer - when designing a product in IDM - to create 
a product using geometrical entities and their mutual relationships. The system must be 
able to determine whether geometry is specified or not (no overconstraint or underconstraint 
situation can occur). lf geometry is specified, the system can perform the necessary 
calculations to create a solid and a process plan. 

This paper deals with the problems that arise when specifying geometry and it describes 
the algorithm that was found. To place the problem in its context, basic IDM functionality is 
discussed. 
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2. The IDM design system 

The /DM system is a prototype design system integrating design and 
manufacturing. A designer creates a product by means of Manufacturab/e 
Design Transformations. The system can check manufacturability of a 
completed design and after every operation performed by the designer. This 
chapter discusses the basics of the /DM design system. 

2.1. Manufacturable Objects 

Most geometrical forms can be constructed using basic objects. This assumption leads to 
the concept of a Manufacturable Object [Delb, 89]. A Manufacturable Object is a 
geometrical form, together with some application rules to ensure that it can be fabricated. In 
IDM a designer creates a description of a product by performing manufacturable design 
transformations. This is also called "applying a Manufacturable Object" (apply MO). While 
designing a product, the designer can choose from the list of available MO's such as a slot, 
a rectangular pocket, or a cylindrical hole. This MO can be located in the material (figure 
2.1). 

Figure 2. 1: Applying an MO type slot 

When an MO is fully specified (type, dimensions, location, tolerances) it has become an 
"Applied MO". The MO's used in IDM are listed in Appendix 1. 

A design composed of Manufacturable Objects will be manufacturable itself. An 
underlying fundamental concept is the concept of representing a solid object by a series of 
additions and subtractions of various simpler solids. This is called "Constructive Solid 
Modelling" [Requ, 77]. 

2.2. Design tree 
The design tree (figure 2.2) represents the initial state of the material and all design 

transformations that were performed. A designer starts with some raw material, the lnitial 
Design State (IDSo) or "stock". The result of all transformations is a product, the Final 
Design State (FDS). All design states that occur in-between, after applying an MO, are 
called lntermediate Design States (IDSn n=1,2,3, ... ). An example of a small design tree is 
depicted in figure 2.3. ' 
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[ 
IDSo 

\. ✓ 
MO1 

apply M01 0 
✓ 

[ 
IDS1 \. ✓ 

MO2 

applyM02 0 
✓ 

10S2 . . MOn .. .. -applyM0n ' ,-, 
. .. 

'-+ FDS 

Figure 2. 2: Design tree 

lnitial M01 : Slot 
Design 

Smte ~ / 

apply Q 
M01/ 

Design 
State 1 

Figure 2.3: Design tree example 

2.3. Process planning 

Manufacturing process plans can be generated automatically, including the numerical 
code for computer controlled machines (milling machines, measuring machines, robots) . 
The integration of design and manufacturing at this time is limited to one type of 
manufacturing technology, i.e., material removing techniques (operations of a milling 
machine). Milling has been chosen because it is a well formalised and widely used 
manufacturing technology [Delb, 91]. The concept of manufacturable design 
transformations however, is not limited to this type of manufacturing technology. Milling is 
merely used as an example to demonstrate the concept of manufacturable design 
transformations. 

MO's that were added to the design tree, are transformed into manufacturing operations 
(like pre-milling, finish-milling, centring, drilling, boring, or reaming). This is called micro 
process planning. These manufacturing operations can be used to manufacture the product 
according to its design specifications [Vern, 92]. Each MO contains a specific procedure to 
generate manufacturing operations. What manufacturing operations are generated 
depends on MO parameters (dimensions, tolerances). 

The IDM system is now able to check manufacturability of the applied MO itself; "internal 
manufacturability". When specified dimensions or tolerances of the applied MO are out of 
the range of available processes or tools, a micro process plan cannot be generated. The 
designer is notified of the violation against internal manufacturability. 

To make manufacturability checks possible, the system should be provided with a stock 
material and a model of its resources, i.e., machine model and tools list. The designer can 
pick one of the resources (like Maho S00C, 700S, 300C, or 600C). The stock material will 
be chosen trom the stock materials list and is provided with tolerances, dimensions, and 
surface roughness. 
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2.4. Manufacturing Tree 

A design tree is mapped onto the manufacturing tree (figure 2.4). This manufacturing 
tree, containing set-ups and manufacturing operations, represents the manufacturing 
process plan. 

DESIGN TREE MANUFACTURING TREE 

Stock 
MO 1 ~ Man.Op. 1.1 

Man.Op. 1.2 

MO 2 ~ Man.Op. 2.1 
Man.Op. 2.2 

MO n ~ Man.Op. n.1 
Man.Op. n.2 
Man.Op. n.3 
Man.Op. n.4 

Stock 

Figure 2.4: Mapping a design tfee onto a manufacturing tree 

Set-up 0 
~ Man.Op. 2.1 

Man.Op.13.4 

Man.Op. 4.6 

Man.Op. 72.2 

The arrangement of pianufacturing operations in the manufacturing tree is usually 
different trom the arrang ment of manufacturing operations in the design tree, caused by 
surface roughness, tolera ces, technological reasons and optimisations. 

2.5. Toolsvolumes 

Toolsvolumes (figure .5) are volumes generated by the tool movements needed to 
manufacture an object. eachability of an object can be checked using toolsvolumes. An 
MO has a toolsvolume fo both sides. At least one toolsvolume of an applied MO must not 
intersect with fixtures, inte mediate design state, and milling machine [Delb, 91][Mols, 92]. 

: ~ tools olume 2 
,- J•• • •- - ----• •• ·-L, 

' . . ' 
' ' ' ' ' ' 

Figure 2. 5: Too/svolumes 
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3. Cre ting geometry using restrictions 

In order to be able to handle manufacturing restrictions, manufacturing oriented 
design must be s pplemented with the concepts of Manufacturable Objects, 
manufacturing ma hine models, and implicit locating. The use of MO's and 
machine models h s been previously explained. This chapter wil/ explain the 
use of geometrical strictions, "implicit locations", to create a product model. 

3.1. lmplicit locati g definition 

lmplicit locating is a n w concept, introduced for handling tolerances and fits [Delb, 89]. 
An implicit location spec fies the location (position and orientation) of a solid object or a 
Manufacturable Object ith constraints relative to another solid object. Examples of the 
constraints mentioned ar : meeting faces, coinciding edges, an edge parallel to a face, or 
the distance between two points. 

Three types of locatin an object can be identified. An object can be located giving its 
absolute position and rientation, while its dimensions are already known (absolute 
location). For implicit lo ,ating, locating with constraints relative to another object, two 
approaches can be use . The first approach is the locating of an object having already 
specified (absolute) dime sions. lmplicit locating can then be used to specify the position 
and orientation of the en ire object (its bounding box) as shown in figure 3.1 . The second 
approach allows the des gner to use reference elements of the object to be applied to 
specify location and dime sions all at once (figure 3.1 ). 

1. locate boun
ding box 

2. locate reference 1;::;:::i=====t=~ 
elements 

10S n 10S n+1 

10S n 10S n+1 

..... indicates a constraint using two reference fa ces 

Figure 3. 1: Two types of implicit 1cating 

The second approach ~ a more complex one. lt is preferred however, because of its 
increased flexibility and i affinity with the way a designer describes a product using 
conventional design meth ds. The first approach requires a strict separation of internal and 
external dimensions and t lerances, thus deviating from the way products are specified by 
designers. The separation of internal and external tolerances also causes problems when 
using position tolerances [ rom, 93]. Besides for better tolerancing capabilities, a designer 
can use implicit locating to manipulate a geometrie entity without knowing its properties in 
advance. 
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Absolute locations an the location of a bounding box have already been implemented in 
the IDM-system, both co sisting of five elements. 

For absolute locations 

1. AMO parameters (dim nsions and internal tolerances) 
2. Global axis system 
3. Position vector x, y, z 
4. Manufacturing toleran 
5. Rotation angles 

For locating a boundin box: 

1. AMO parameters (dim nsions and internal tolerances) 
2. Relative-to object (other AMO or stock) 
3. Offset vector x, y, z \ 
4. Manufacturing toleran s 
5. Plane to position in (to plane, bottom plane, ... ) 

This study tries to vercome the problems that arise using constraints, such as 
determining the number f constraints needed to prevent overconstraint or underconstraint 
situations. The new elem nts used in locating are: 

1. Absolute MO parameters when available (dimensions and tolerances) 
2. Reference elements 
3. Relative-to elements (p rts of other AMO's or stock) 
4. Offset vectors and/or r tation angles 
5. Manufacturing toleranc s 

When representing inf rmation about any geometrie entity there are essentially two kinds 
of information [lnui, 90): 

• Topological informat on represents the structure of a (solid) model. This structure 
consists out of hierarc ical and adjacency relationships between topological elements, 
such as faces and edg s. 

• Geometrie informatio represents the attributes of the topological elements. Attributes 
of a topological elem nt are pieces of information like curved surface equations of a 
face, a curve equation of an edge or a point location of a vertex. 

These two kinds of info mation have very distinct features and thus require two different 
kinds of operations. 

• Operations for mani ulating topologieal strueture: adding and deleting hierarchical 
and adjacency relation hips. 

• Operations for maniAulating geometrie attributes: assigning new information to the 
topological elements. 

In a design, equations, imensions, and tolerances form constraints. When using implicit 
locating there is a causal relationship between the two types of information; adjacency 
relationships and geometri constraints specify geometrie attributes of the new elements. 

When using geometrie I elements in constraints between an MO that is to be applied 
and another AMO (or lniti I Design State) there are three types of elements that can be 
used: 

• Planes ( or fa ces) 
• Lines (or edges) 
• Points (or vertexes) 
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Every relationship imposes (geometrical) constraints to the entity that is to be positioned. 
Constraints can be add ~d until dimensions, position and orientation are fully specified. 
When further constraints are added, they will conflict with previous constraints. One of the 
most important problem ~ in using implicit locating is determining the right number of 
constraints. This problerh is also referred to as determining the remaining degrees of 
freedom of an object. To llustrate the problem, a simple 2D case is given in figure 3.2. 

11 
R1 

d2 13 

p1 12 

E1 

d1 
17 

d4 

p2 15 

Figure 3.2: A 2D constraints exé 

d3 

14 

16 

mple 

11 
R2 

12 

d3 
------E2 

d1 d.! 

13 

h 

14 

w 

A geometrie entity E1 (a rectangle) is created using a reference entity R1 . Various 
constraints are used, suct as lines 14, 15 and 16 being parallel to 11 , 12 and 13 at distance d1, 
d2 and d3. The constraint set is completed by a point p2 at a horizontal distance d4 from a 
reference point p1. Entity E2 is also created by imposing various constraints. This entity 
however, has conflicting ctmstraints. The height of the entity is specified twice: by h as well 
as by (d1-d2). 

Even if h equals (d1-d ') the constraints that specify E2 are not correct. lf the second 
constraint does not conflic (h equals d1-d2) no information is added. The second constraint 
does create confusion sine e it is not clear which of the constraints should be used to specify 
the entity. Besides that, a conflicting situation can still occur when tolerances are 
concern ed. 

3.2. Co-ordinate sys tems 

In IDM several mutuall~ dependent co-ordinate systems are used [Groo, 93]. A co
ordinate system can be t ansformed to another co-ordinate system using homogenous 
matrices [Paul, 84]. For i nplicit locating purposes the Applied MO Co-ordinate System 
(AMOCS) and the WorkF iece Co-ordinate System (WPCS) are used. The co-ordinate 
systems and their mutual n~lationships (homogenous matrices) are depicted in figure 3.3. 
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Z+ 

rf 
AMO Coordinate System 1 

AMOCS 1 

Z+ World Coordinate System 
Y+ WCS 

+ 

HomMat(PCS,MCS) 

HomMat(AMOCS,AMOCS) 

Figure 3.3: Co-ordinate systems in /DM 

Workpiece Coordinate System 

WPCS 

lmplicit locating 

AMO c;~~il l ~~ System 2 

The co-ordinate syste s of some of the MO's and the workpiece co-ordinate system are 
depicted in figure 3.4. An AMOCS is placed in the centre of the top plane. The WPCS is 
placed in the left rear corn r of the material. 

AMOCS AMOCS 
applied cylindrical hole applie rectangular pocket 

Figure 3.4: AMO and workpiece o-ordinate systems 

3.3. Dimension typ s 

AMOCS 
applied slot 

WPCS 
(in initia! design state) 

\ 
\ 

When a product is des gned, two types of dimensions exist (analogous to the types of 
locating): 

• Absolute dimensions: hese are dimensions for which the designer enters a value. An 
absolute dimension d • es not get a new value when reference elements or stock 
dimensions change. 1 

• lmplicit dimensions: The nomina! values of the implicit dimensions are inferred by the 
system. These dimensi ns depend on the constraints (references and relations between 
the references) that sp cify the MO to apply. 
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In figure 3.5, an applied rectangular pocket is depicted. In intermediate design state 1A 
the length of this pocket is specified by two constraints d1 (distance to Ref1) and d2 
(distance to Ref2). The length of the pocket depends on length Land the position of Ref1 
and Ref2, therefore it is an implicit dimension. The length of the pocket in intermediate 
design state 1 B is specifiecl by the designer (11); 11 is an absolute dimension. 

Ref1 Ref.é 

AM01 

d1 d2 

L 

intermediate design state 1 A 

Ref1 

d1 

AM01 
11 

intermediate design state 1 B 

Ref2 

Figure 3. 5: lntermediate design ~ tates with implicit and absolute dimensions 

The number of constraints that is needed for determining the position and orientation of 
an MO depends on the number of dimensions that is implicit. A closed chain of dimensions 
should always contain 1~xactly one implicit dimension to prevent overconstraint or 
underconstra1nt sItuatIons f number 1A contams a closed cham of d1mens1ons). 

3.4. Manufacturabl, Object reference elements 

3.4.1. Reference elemen s for implicit locating 

The result of applying n MO should be that its AMOCS has a specified position and 
orientation and that its di ensions are fully specified. Using implicit locating means the 
positions, orientations an dimensions of MO's that are to be applied are inferred by the 
system, depending on the constraints a designer specifies. For specifying a constraint one 
needs geometrical entitie and relations between these entities. When the geometrical 
entities used are related i some way to the AMOCS and the dimensions, they can be used 
to infer absolute position, rientation and dimensions. 

3.4.2. Reducing combin 

Before discussing the elationships between the MO reference elements a closer look 
should be taken at the el ments needed for designing a product. As stated before, three 
types of elements can be sed: points, lines, and planes. Every geometrical object consists 
of a number of these ele ents. A cube consists of 26 elements: 8 points, 12 lines, and 6 
planes (figure 3.6). 

Figure 3.6: Cube with geometrie I objects 

- 16 -



lmplicit locating 

When all elements are eference elements, they can all be used to specify a constraint. 
This means 26 elements o three different types for the MO to apply and 26 elements of any 
reference entity. When th re are n-1 other AMO's in the lntermediate Design State (and an 
lnitial Design State) this re ults into 26x(26xn) possible constraints. Assuming it takes about 
five constraints to specify an MO to apply this means (26x26n)5 possible combinations of 
constraints (if n were only ne this means 1.4x1014 different ways of defining a cube). 

This combinatory expl sion will be a problem when after specifying a constraint the 
remaining valid constraint for the next step should be determined. lt will be impossible to 
analyse all combinations i order to find some general rules for using reference elements. lf 
all AMO's were only cu es the number of combinations mentioned above should be 
analysed. When actual A O's are used the number of combinations would be even greater 
(for instance a rectangula pocket could have 58 reference elements). To be able to use 
implicit locating it is theref re necessary to prevent combinatory explosion by reducing the 
number of possible const ints (which can be achieved reducing the number of reference 
elements). To find out exa tly what elements are necessary we will take a look at the MO's 
that are most used: cylindr cal hole, rectangular pocket and slot (Appendix 1 ). 

When determining the eference elements of these MO's that are needed there are two 
aspects that have to be co sidered: 

• To reduce the proble complexity (prevent combinatory explosion and improve the 
designers' ability to ima ine the problem in 3D-space) it is wise to reduce the number of 
reference elements ner ed. 

• The elements remaini g must be suited for designing a certain range of products 
("common products"). 

A further reduction of mplexity can be achieved by imposing some restrictions to the 
designer: Only AMO refer nee elements and lnitial Design State reference elements may 
be used for implicit locatin . Elements that originate from applying an MO, like intersections, 
cannot be used. This is an acceptable restriction for the type of products chosen. · 

3.4.3. Conventions and mames 

Before specifying refer nee elements, it should be clear how the co-ordinate system is 
placed relative to these re erence elements. The names of the reference element are to be 
unique and related to the co-ordinate system. The orientation of the axis system and the 
na mes of the planes perp ndicular to these axes are depicted in figure 3. 7. 

length 

d•~h i h•OhlI 

/ 
+x 

Figure 3. 7: Conventions and na 
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3.4.4. Cylindrical hole re erence elements 

For specifying dimensi ns and orientation of a cylindrical hole three parameters and 
three reference elements re needed. A cylindrical hole is specified by a diameter and a 
depth. The designer can also allow or interdict the presence of a tool tip. For implicit 
locating of a cylindrical h Ie the centre line, the top plane, and the bottom plane of the 
cylinder are needed (figure 3.8). 

DIAMETER z 

OP 

DEPTH 

TOOL TIP 

Figure 3. 8: Cylindrical hole with r ference elements 

lf a designer wants to pecify an oblique cylindrical hole these reference elements are 
insufficient. This situation i depicted in figure 3.9. 

Figure 3. 9: Positioning an obliqu cylindrical hole 

To specify this cylind~ical hole, one extra point (p) is needed. Since this oblique 
cylindrical hole is also ve difficult to manufacture, the extra point will not be added to the 
reference element list [Ee j, 91]. To manufacture an oblique hole, some material should first 
be removed by another A O (slot or pocket). In this case only the top plane is needed to 
position the cylindrical hol relative to the first AMO (figure 3.10). As will be demonstrated 
later, this first AMO (a p cket) can be positioned using its rectangular pocket reference 
elements. 

Figure 3. 1 O: Manufacturing an o lique cylindrical hole 
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3.4.5. Rectangular pocke reference elements 

A rectangular pocket is escribed by four parameters: length, width, depth, and corner 
radius. Obvious reference e ements of a rectangular pocket are the six faces of its bounding 
box. These faces however re insufficient in a number of cases. When the pocket is rotated 
it cannot be positioned wit just faces , since the distance between two non parallel faces 
cannot be specified (figure .11). 

stock 

-+----+- RP bounding box 

Figure 3. 11 : A rotated rectangu/a pocket 

To position a rotated AOCket some extra reference elements are therefore needed. 
Reference elements suitable for this purpose are the edges of the bounding box. Besides 
the bounding box (faces a~d edges) four extra non-physical (virtual) faces are needed to 
position the rectangular poe ket partly outside the material (figure 3.12). 

applied MO 
"'-, 

Figure 3. 12: MO to apply partly o, tside the material 

Dimension, position and orientation can thus be specified using four parameters, six 
planes, four virtual planes c nd twelve edges (figure 3.13). 
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TOP FRONT 

LEFT FRONT 
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RIGHT FRONT 

LEFT 

REAR 

TOP LEFT 

VIRTUAL FRONT 
VIRTUAL RIGHT 

LEFT REAR 

TOP REAR 

BOTTOM REAR 

RIGHT REAR 

BOTTOM RIGHT 

Figure 3. 13: Rectangular pocket ith reference e/ements 

3.4.6. Slot reference ele 

lmplicit locating 

A slot is to be treated an logous to a rectangular pocket. A slot can also be placed partly 
outside the material (figure 3.14). lnstead of the two virtual faces along the y-axis only one 
virtual face in the centre i needed since a slot is often positioned using this face (figure 
3.14). A slot with its referen e elements is shown in figure 3.15. 

Figure 3.14: Dimension and positi n examples of a slot 
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Figure 3. 15: Slot with reference 
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lmplicit locating 

One of the most impo nt results at this time is the tremendous reduction of complexity 
achieved by avoiding the use of points. All common products can be specified by using 
faces and edges as refe nee elements. For determining the number of constraints only 
relations between faces nd edges have to be considered. Fora cube this means "only" 
576 different relations. B sides that, the remaining relations are less complex and thus 
some general application les can be found. 

Not using points also improves the ability to measure the product after it has been 
manufactured. Points can not be measured; only the planes that are used to derive the 
location of a point can be measured. The same goes for lines, since they are also derived 
trom planes. The previo s paragraphs however, have shown that using lines makes 
designing a product muc easier. lf lines are not reference elements the designer has to 
create lines out of the av ilable planes to specify MO's that are rotated about a line. The 
use of lines therefore res lts into a less complex design process. Not using points reduces 
the combinatory explosion to an acceptable level, so there is no need to exclude the use of 
lines as well. The impleme tation of the reference elements is dealt with in Appendix 3. 
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3.5. lmposing constraints to specify an MO to apply 

An example of specifyit g an MO to apply using implicit locating is depicted in figure 3.16. 
A rectangular pocket is specified using four implicit relationships and three absolute 
dimensions. When addin • constraints for specifying an MO to apply it becomes clear that 
implicit locating (position and orientation) and implicit dimensioning cannot be separated. 
Whether an MO to appl is completely specified or not depends on the interaction of 
constraints for bath locating and dimensioning. When adding constraints, dimensions, 
position and orientation Wi" be determined all at once. "lmplicit locating" should therefore be 
regarded as "implicit locating and dimensioning". 

Figure 3.16 shows an ~ O to apply. The constraints specifying this MO to apply are given 
in table 3.1. These constrf3ints show that it is possible to use one reference element (here a 
stock reference element: ront plane) multiple times to specify reference elements of the MO 
to apply. The result of the implicit locating operation is depicted in figure 3.17. 

· MOto apply 

relation constraints 1 MO reference stock reference 
t~ee element element 
absolute depth = 15 

1 ~ absolute width = 20 
implicit parallel at top (plane) top (plane) 

distance 0 
implicit parallel at front (plane) front (plane) 

distance 20 
implicit parallel at rear (plane) front (plane) 

distance 40 
implicit parallel at top left (line) top right (line) 

distance 35 
absolute corner radius 5 

Tabla 3.1, Cons/ra;nts to, MO 'î appty 

Figure 3.16: Constraints example 

Figure 3. 17: Result of constraint. example 

lt is worth noticing that in this example enough constraints were used to specify the 
rectangular pocket and n~ conflicting constraints exist. This is achieved by means of "trial 
and error''. At this point thf re is no algorithm for determining the right number of constraints 
or detecting conflicting co~straints. 
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3.6. Combinations of absolute values and implicit locating 

As demonstrated in the example, a designer can use both absolute values and 
constraints for specifying an MO to apply. This means absolute or implicit position, 
orientation and dimensions (table 3.2). Assuming this means all parameters in a position, 
orientation or dimension (not just one or two out of three, like x and y absolute and z 
implicit) eight combinations can be found, as depicted in figure 3.18. These combinations 
are mentioned here to show the consequences of entering absolute values. 

When position, orientation and dimension can be partly absolute - some parameters 
have an absolute value and some are inferred, as in the above example - the number of 
combinations immediately becomes enormous. These combinations will therefore not be 
demonstrated here. 

Table 3.2 and figure 3.18 show the part of the MO to apply that remains to be specified 
when all absolute values a designer wants to use are entered. The unspecified properties 
will be filled in using constraints. The first combination is a trivial one; the MO to apply is 
fully specified, without using any constraints. lt is obvious that no freedom is left when both 
locations and dimensions are absolute. The designer should be discouraged to use both 
absolute locations and dimensions, since MO's that have no relationships with ether MO's 
will not be updated when changes in the intermediate design state occur. 

The last combination is the least complex combination; one that Iets all possibilities open 
to a designer. The other combinations result in various kinds of restrictions when using 
constraints. To perform an analysis on the implicit locating process the next chapter will 
start with the least complex combination. Restrictions on constraints will be dealt with later. 

nr. position: orientation: dimensions: description 
x, y, z. rx, ry, rz. 1, w, d. 

1 absolute absolute absolute MO to apply is fully specified 
2 absolute absolute implicit The dimensions of the MO to apply can not 

be inferred, the MOCS is specified 

3 absolute implicit absolute MO dimensions are specified, but the MOCS 
can not be inferred (rotates about the MOCS 
origin) 

4 absolute implicit implicit MO dimensions can not be inferred, the 
MOCS location is specified, but MOCS is 
able to rotate about the MOCS origin 

5 implicit absolute absolute MO dimensions are specified, MOCS 
rotations are specified, but MOCS position is 
not specified 

6 implicit absolute implicit MO dimensions can not be inferred, MOCS 
rotations are specified, MOCS position is not 
specified 

7 implicit implicit absolute MO dimensions are specified, but MOCS is 
not specified / 

8 implicit implicit implicit nothing specified 

Tab/e 3.2: Consequences of absolute /ocations and dimensions 
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4. Analysis of the implicit locating process 

In order to be able to use implicit locating, it shou/d be possible to determine 
whether geometry is specified or not. To do this, the process of creating 
specified geometry should be analysed to find some genera/ rules. This chapter 
wil/ explain the use of an algorithm, based on genera/ rules, to determine the 
correct number of constraints. 

4.1. A testcase for the implicit locating process 

For determining the number of constraints needed to locate an MO to apply and to infer 
its properties the simple cube is used as a testcase. The simple cube is a simplified form of 
an MO. For this cube position and orientation can be specified using its reference elements 
and a number of constraints. The process of implicit locating can be analysed for the 
"applied cube" to find an algorithm for determining the right number of constraints. The 
simple cube, composed of six planes and twelve edges, has dimensions in three orthogonal 
directions (figure 4.1). 

AMOCS 

longitudinal direction 

rear-f/ 

Figure 4. 1: Simpte cube 

1 
vertical direction 

bottom-top 

lateral direction 

~ht 

4.2. The decomposition principle 

top 

To reduce complexity the cube can be thought of as composed of reference elements in 
three directions (some elements - edges - are then used in two directions). Each 
direction can be treated separately for determining the right number of constraints (figure 
4.2). This decomposition will result into a simpler procedure for each direction and is 
therefore the key to the implementation of imp!icit locating. 
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left 

rear 

right 
front 

Figure 4.2: Decomposition in three directions 

The reference elements shown in figure 4.1 are elements relative to the (A)MOCS. The 
reference elements are elements related to this co-ordinate system. These relationships can 
be expressed using the MO parameters. These relationships can for example be: "the left 
plane is parallel to the XZ-plane of the MOCS at distance ½ times the width" or "the front 
plane is parallel to the MOCS YZ-plane at distance ½ times the length". This dependency 
works both ways, so if enough reference elements are specified, the (A)MOCS can be 
inferred. 

Determining the right number of constraints is done by counting the reference elements 
of an MO to apply that are already specified. A this point it is not yet clear what constraints 
are used to specify these reference elements. We will start by determining the combinations 
of specified reference elements that fully specify an MO to apply. The way these reference 
elements are obtained, i.e., the constraints they resulted from, is of no concern at the 
moment. This means the process is monitored from an MO point of view, not from a 
workpiece point of view. 

An element is called specified when its position and orientation are known. The element 
can still be of infinite length. An MO cannot be of infinite length, but its dimensions can be 
calculated by using the intersections of the lines and planes that are infinite. An element 
can therefore be described using one point and a vector (Appendix 3) . lt should be noticed 
that the solid modeller used can use (and perform calculations on) unbound edges and 
infinite planes (Appendix 2). 

The reference elements are grouped according the three orthogonal directions, so each 
direction has its specific elements involved. The reduction of complexity achieved by 
avoiding the use of points now results in a simple procedure using only ten elements for 
each direction (two parallel planes and eight lines). The combinatory explosion is kept to a 
minimum and therefore every combination can be analysed. The result of this analysis is 
depicted in figure 4.3 (for 100% implicit locating and dimensioning). 

A designer uses constraints to specify the reference elements (line or plane). Only 15 
combinations of lines and planes can occur for each direction. Each of the combinations of 
specified elements that results from the constraints either specifies the MO to apply or 
leaves it underconstraint (depicted using © or ®). The system can count the number of 
specified lines and planes. Depending on these numbers and the number of intersections 
(or the number of lines coinciding with a given plane) the geometry of an MO is specified or 
not. lt is not possible to create an overconstraint combination of constraints (specified 
reference elements) when adding one constraint, providing the constraints use only 
reference elements. When specifying one of the reference elements, the system can guide 
the designer through very strict rules to prevent overconstraint situations. These rules will 
be explained later. lf an MO to apply is fully specified, the implicit locating process stops. 
The designer can not specify extra constraints, even if they do not conflict with previous 
constraints. 
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This figure (figure 4.3) does not show the source of the specified reference elements 
(like the example of figure 3.16). For decomposition it is only worth knowing whether an 
element is specified, not how it is specified. The way elements are specified is explained in 
Appendix 4. 

longitudinal 
(rear- front; x) 

number of planes 
specified 

specify MO reference elements 

lateral 
(left-right; y) 

number of planes 
specified 

1 1 1 
0 1 2 

number of lines number of lines 
specified specified 

vertical 
(bottom-top; z) 

number of planes 
specified 

,s 1 2 3 4 ;:, 5 0 

in same plane? number of intersections 

~ 1 l 11 I,, 
yes no O 2 0 2 4 

® ©©©®©©©® 
all lines in plane? 

~ 
yes no 

® © 
number of lines number of lines number of lines number of lines 

specified specified specified specified 

,s 1 2 3 4 ;:, 5 0 ,s 1 2 3 4 ;:, 5 0 

~ 1 L; ® ~ 1 L; ® 
in same plane? number of intersections in same plane? number of intersections 

~ 1 Il l 1 1 ~ 1 1 
yes no O 2 0 1 2 4 yes no O 2 0 2 4 

® ©©©®©©©® ® ©©©®©©©® 
all lines in plane? all lines in plane? 

~ ~ 
yes no yes no 

® © ® © 
© = specified geometry in this direction 

@ = not enough constraints, specify more elements 

Figure 4.3: Overview for simpte cube in 100% implicit locating 

To clarify the idea some examples are given in figure 4.4. The examples concern the 
lateral direction (the darker elements are the ones specified by a constraint). Comparing this 
to figure 4.3 it is easy to see if the number of constraints is sufficient (again depicted using 
© or®). 
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2 planes left plane ,,-

· · right plane 

1 plane, 1 line © 

2 lines 

3 lines 

4 lines 

Figure 4.4: Examples of definitions using planes and lines 

4.3. Decomposition examples 

In figure 4.5 some typical examples are shown of a cube to be decomposed in lateral, 
longitudinal, and vertical direction. Examples 1 and 3 show a cube that is specified in all 
three directions. Examples 2 and 4 show a cube that needs further constraints (the direction 
concerned is indicated). 

Figure 4.5: Some typica/ decomposition examples 
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4.4. lnternal restrictions on constraints 

The MO reference elements that are used in a constraint are partially specified. This is 
caused by the same relationships that are used to inter the properties of the MO to apply, 
i.e., the relationships between MOCS and reference elements and relationships among 
elements. The previously explained method of counting elements only works when it is 
preceded by an internal restrictions checking mechanism. This mechanism makes sure the 
constraints used to apply an MO are not conflicting with the relationships used to inter the 
MO properties. 

As shown in for instance figure 3.13 reference elements of any MO have mutual -
internal - relationships, like the left plane being parallel to the right plane, perpendicular to 
the front plane, and parallel to the right front line. In a rectangular pocket (the most 
complicated MO) there are 231 mutual constraints. lt should not be possible to specify a 
reference element that offends against the restrictions imposed by the geometry of an MO. 

The internal restrictions on constraints caused by MO geometry show the impact of the 
first reference element definition. Because of the internal restrictions this first element (the 
first constraint) specifies very much of the MO to apply. 

4.5. Algorithm capability 

As shown in the previous paragraphs the decomposition principle can be used tor implicit 
locating. Using decomposition and counting the number of specified reference elements for 
each of the directions results into an algorithm that can check whether a geometrical object 
is specified. This algorithm was initially designed tor determining the correct number of 
constraints for Manufacturable Objects in IDM, but appears to be universally applicable. Any 
geometrical object - MO, bounding box, cylinder, cube, wedge - can be specified using 
this algorithm, as long as it meets the following conditions: 

• Reference elements can be found in (three) orthogonal directions. These reference 
elements (planes and lines) can be used to specify the geometry. The number of 
reference elements is limited (about 10-12 for each direction). 

• The geometry is analysed to determine what combinations of reference elements fully 
specify geometry. 

• Relations between the elements are known and can be used to perform calculations 
when dimensions and location are inferred. 

• All internal restrictions are known. 

Although useful for all geometrical objects, the algorithm found in this chapter has limited 
capability, because it assumes that both location and dimensions are fully specified using 
implicit locating. To increase the capability the algorithm should allow the mixing of implicit 
location and dimensions with absolute measures. This modification will be dealt with in the 
next chapter. 
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5. Mixing implicit locations with absolute values 

In a number of cases the designer already knows some of the properties of the 
MO to apply before it is specified. When these properties are the result of 
functional product requirements it should be possible to specify them before the 
implicit locating process starts. Absolute values, specified for location or 
dimensions, are then mixed with constraints to specify the MO to apply. This 
was already demonstrated in one of the examples. Entering absolute values wil/ 
result into restrictions upon the constraints that can be imposed. 

5.1. Absolute dimensioning 

Counting the number of lines, planes and intersections to determine whether the 
geometry of an MO is specified or underconstraint is proven to be very useful. This method 
however, will not work when the system is supposed to allow the mixing of absolute 
dimensions and implicit locations. When one or more absolute dimensions are given by the 
designer, not all reference elements are available. To prevent overconstraint situations, 
some reference elements cannot be picked. In figure 5.1 the left most combinations of 
constraints will result into the width specified absolute as well as implicit. 

not allowed 

( l _,,,,1 

~d~/ 

allowed 

, ' 

( ) _ ... ···i 
~~~[ ... .... 

two lines 

line and plane 

Figure 5. 1: Examples of avai/able reference elements 

lf a designer is not allowed to create the constraint that specifies the width a second 
time, no overconstraint situation can occur. This can be achieved by prohibiting the use of 
certain reference elements of the MO to apply; constraints can only be imposed using the 
remaining available reference elements. 

In genera! available elements can be determined by the following rule: when an absolute 
dimension is specified in any of the directions (lateral, longitudinal, vertical), it is not possible 
to use reference elements from both opposite p/anes (figure 5.1 ). 

The available elements can not be determined before the implicit locating process starts. 
The rule can not be used before the first constraint is imposed. After the first constraint is 
used one can determine which elements cannot be picked (the ones in the plane opposite 
to the plane used in the first constraint). The "list of available elements" is a changing list 
and should therefore be updated after every constraint. 

The above rule however is not as simple as it appears to be. Because the rule applies for 
every direction that has an absolute dimension there will be some interaction. This 
interaction is caused by the fact that all lines (edges) are part of two directions. When 
specifying a line that does not cause any trouble in one direction, one may offend against 
the rule in another direction (figure 5.2). 
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Figure 5.2: lnteraction oftwo directions when using absolute dimensioning 
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lnteractions as the one depicted in figure 5.2 limit the number of available reference 
elements to use for imposing constraints, but it will not affect the decomposition principle 
itself. The interaction does demonstrate the need to apply the above rule for all three 
directions before further constraints are used. 

When dimensions (length, width, and depth) are absolute dimensions the procedure to 
determine the right number of constraints is depicted in figure 5.3. 

longitudinal 
(rear-front; x) 

tr 
" ,• length 

, · " 

specify 
MO reference elements 

lateral 
(left-right; y) 

··Ç) .... ... . ~·~(] 

vertical 
(bottom-top; z) 

~:~ 
~~ 

filter: No two reference elements in opposite planes of any direction 

Available valid elements are .. . 

1 1 
number of planes number of planes 

specified specified 

0 1 0 1 

1 
© 

1 
© 

number of valid number of val id 
lines specified lines specified 

1 1 
1 1 1 1 1 1 1 1 

1 2 3 4 1 2 3 4 

? © © © 1 © © © 

© = specified geometry in this direction 

? = special case, interaction 

1 

number of planes 
specified 

0 1 

1 © 
number of va lid 
lines specified 

1 1 1 1 1 
1 2 3 4 

1 © © © 

Figure 5.3: Overview for simpte cube with absolute dimensions 
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In figure 5.3 some "?" appear because of another interaction among the three directions. 
In figure 4.3 an MO was never fully specified by a single line because its dimensions could 
not be determined. When dimensions are absolute however, an MO is fully specified 
(considering one of the directions) when rotations about that line are not possible. Rotations 
are prohibited by perpendicular lines or parallel planes. These lines or planes should not 
offend against the previous rule (reference elements can not be in two planes of a direction 
with absolute dimensions). Some typical examples are depicted in figure 5.4. 

specified specified not allowed not specified 

_, ,': 
/ i / ( 1/ j 

.. :~:·· 
,,: 

(.· J ~ 
' ,, / : 
' , ' ' 

~~[_.--- .. 

+ + 

Figure 5.4: Specified or unspecified geometry with just one line 

Figure 5.4 shows that rotations are prohibited when any of the reference elements of the 
ether two directions is present, provided it is not also an element of the direction concerned 
(because of the absolute dimension). Since it is not possible to specify the cube with just 
one line specified in a direction and no reference elements specified in any ether direction 
one can safely assume rotations about the line are not possible. The special cases of figure 
5.3 can therefore be regarded specified (the "?" become ©). 

Figure 5.3 can be combined with figure 4.3 when absolute and implicit dimensioning is 
mixed (i.e., length and/or width and/or depth absolute). Mixing absolute and implicit 
dimensions is not complicated, since it can be done by choosing between figure 4.3 and 
figure 5.3 for each direction. Because of the absolute dimensions, some interaction will also 
occur in case absolute and implicit dimensioning are mixed (i.e., the rule of figure 5.1 
applies for one or more directions). 

5.2. Absolute positioning 

Absolute positioning of an MO to apply means entering a value for MOCS-origin x, y, and 
z-values (figure 5.5). Absolute and implicit positioning can be mixed by entering just one or 
two out of three values. 

Y-value : .·· X-value 
~ ·· · ······ ···· ·•··•·· •• 

position : .··A position 

MOCS 
· Z-value: : origin 

: .·· 
:'. ......... . . . ........ ..... ...... ;-· 

Figure 5. 5: Absolute positions of an MO cube 
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Absolute positioning results into restrictions upon the constraints used to specify the MO 
to apply. This can be demonstrated using for example the lateral direction of a cube (figure 
5.6). When the y-value is an absolute value, entered before the implicit locating process 
starts, the dimension of the cube in this direction (width) can be inferred when for instance 
the position of left plane is specified. The left plane and the MOCS origin are positioned at 
distance ½ times the width relative to one another. The right plane can now also be inferred. 
Using the right plane (or one of the right side edges) in a constraint would result into an 
overconstraint situation: the already specified left plane position can also be inferred. 

position : / 
y-val : .. ·· .. 

··· ···:•····· · ·· · · · ·· . ... . . . . . 

width 

Figure 5. 6: Absolute position y-va/ue with constraint using Jeff plane 

The vertical direction is different from the lateral and longitudinal direction. The MOCS is 
not positioned at distance ½ times the depth relative to both planes. In vertical direction the 
MOCS is positioned in the top plane (as depicted in for example figure 3.4). This means the 
top plane can not be used when vertical position is absolute and the bottom plane can not 
be inferred from the absolute position and the specified top plane. 

Analogous to absolute dimensioning a designer is not allowed to create the constraint 
resulting into the overconstraint situation. This again can be achieved by prohibiting the use 
of certain reference elements of the MO to apply. 

In general available elements can be determined by the following rules: When an 
absolute position is specified in lateral or longitudinal direction, it is not possible to use 
reference elements trom both opposite planes. When an absolute position is specified in 
vertical direction, it is not possible to use the top plane. 

The available elements again can not be determined before the implicit locating process 
starts. The "list of available elements" should be updated after every constraint when 
absolute positioning is used. 

5.3. Co-ordinate system transformations 

The previous paragraph demonstrates the possibility to mix absolute and implicit 
positioning. The rules that were mentioned use the fact that an absolute X-, Y-, or Z-value 
was entered to determine the available reference elements. The values specified in X, Y, 
and Z direction are values specified from an MO point of view (the MOCS). The designer 
however, positions an MO to apply using a workpiece point of view. Positions are then 
specified in workpiece co-ordinates (Xw, Yw, Zw; the WPCS). Since the algorithm uses 
MOCS X-, Y-, and Z-values, the relation between the WPCS values entered by the designer 
and the MOCS values used by the algorithm should be taken into account. The WPCS
MOCS relation depends on the plane an MO to apply is positioned in, as will be explained in 
the following example. 
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When an MO is specified in the top plane, the MO position specifies the AMOCS 
translation relative to the WPCS (figure 5.7). When a designer specifies an absolute 
position Y-value, meaning an Yw-value, the MOCS-Y direction is equal to the Yw direction. 
According to the rules from the previous paragraph some of the reference elements from 
the longitudinal direction are now unavailable. 

When an MO is specified in the right plane, the MO position specifies not only an 
AMOCS translation relative to the WPCS, but rotations as well (figure 5.7). When a 
designer specifies an absolute position Y-value, meaning an Yw-value, the MOCS-Z 
direction is equal to the Yw direction. According to the rules from the previous paragraph 
some of the reference elements from the vertical direction should now be unavailable. 
When the MOCS-WPCS transformation is not taken into account however, the algorithm will 
simply regard the Yw-value to be equal to the Y-value and therefore behave erroneous (it 
will again use the longitudinal direction). 

z 

z 

AMOCS translation AMOCS translation and rotation 

Figure 5. 7: Co-ordinate system transformations 

The above example demonstrates the problem that arises when mixing absolute and 
implicit positioning. The MOCS-WPCS relation should be known before the measures that 
are still implicit can be specified. This problem can be avoided by entering the X, Y, and Z 
direction when absolute positioning is involved: no mixing of absolute and implicit 
positioning. lf all co-ordinates of the MOCS origin are known, the rotations are of no 
concern. The designer can choose to either enter X, Y, and Z-values or to specify all 
position co-ordinates with constraints. 

5.4. Absolute dimensioning and positioning 

When one or more absolute dimensions and absolute locations are given by the 
designer the available elements can again be determined by a rule: when an absolute 
dimension is specified in a direction for which the absolute position of the MOCS is also 
specified, it is not possible to use any of the reference elements in this direction. (This rule 
also applies for the vertical direction.) 

This rule is explained in the figure 5.8 example. The distance between the MOCS and 
the reference elements of a direction (lateral) is determined by the dimension (width) . A 
constraint using any of the elements (left plane, right plane, top left edge, bottom left edge, 
top right edge, ... ) would specify this distance again and thus create an overconstraint 
situation. 
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position : .. · 
y-value ~ : •.• / 

/1 ~ -
. . ...... . . .. .. ·· ·· ··:•~·--···· ·· ·· · · ..... .. . . 

. . 

width 

Figure 5. 8: Absolute position and dimension 

With absolute position and dimension specified the orientation of the MO to apply is not 
specified for this direction. To specify the orientation one needs reference elements from 
ether directions. Since it is not possible to specify an MO to apply without constraints in any 
of the ether directions, one can assume the orientation is specified for any direction having 
absolute position and dimension. 

When absolute position and dimension are specified for all three directions, it is not 
possible to use a constraint specifying the AMO orientation. In this case the designer should 
also specify the absolute orientation. This can be checked before the implicit locating 
process starts. lf dimensions and position are absolute, the designer has no choice but to 
specify an absolute orientation as well. 

5.5. Absolute orientation 

Absolute locating of an MO (specifying x, y, and z values and rotations about x, y, and z 
axis) means specifying the AMOCS. This can be translated into determining the loca!ion of 
the top plane (an AMOCS is placed in the top plane, as depicted in figure 3.4). Absolute 
orientation specifies the direction of the AMOCS vectors. Absolute locating also determines 
the orientation of all ether reference elements relative to the MOCS, thus creating internal 
constraints like the front plane being perpendicular to MOCS x-vector and the right plane 
being parallel to the MOCS x-vector. 

lt is very difficult for any designer to keep track of what is specified when using absolute 
orientations. lt is therefore recommendable to either enter an absolute value for all three 
rotations, or to use implicit orientation. This will not only increase the designers 
understanding of the restrictions put on future constraints, but it will also greatly simplify the 
determination of these restrictions, as in the previous cases (absolute dimensioning and 
positioning). 

lt is not possible to prohibit the use of reference elements that are partially specified, as 
used with implicit dimensions and position. Absolute orientation specifies the direction of all 
reference elements, so there would be no available elements left. To keep track of the 
restrictions on constraints one can use the internal restrictions check. lnternal restrictions on 
constraints were specified as restrictions caused by MO geometry. lf the AMOCS is 
regarded to be the first element specified, this mechanism can be used for absolute 
orientation as well. Any new constraint is checked for internal restrictions, so if absolute 
orientations exist, they will be checked as well. 
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6. Applying an MO 

6.1. The implicit locating process summarised 

The foregoing process can be summarised as depicted in figure 6.1. A designer first 
enters all values that are absolute. The rest of the geometry will be specified using 
constraints. The designer then chooses a reference element to specify. One or more 
constraints specify this reference element. For every constraint entered the validity is 
checked. lf it is not valid, a new constraint should be entered. lf the constraints are all valid, 
a new reference element is specified. The number of specified elements can be determined 
(decomposition) and the available elements list is updated. (To determine which elements 
are in this list the rules from the previous chapter can be used.) When enough elements are 
specified, i.e., the geometry is fully specified, the process stops. lf the geometry is not yet 
specified, the designer chooses the next element that is to be specified. 

An example of a product that is designed using implicit locating is given in Appendix 5, 
including the checking process and the specification of the reference elements. 

absolute 
start 1---- dimensions/ 1+--------, 

location 

applyMO 

not a valid constraint 

no 

re erence 
elements 
available 

1------end 

Figure 6. 1: lmplicit locating procedure 
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6.2. Calculating dimensions, position and orientation 

Absolute and implicit relations that determine MO geometry can be used to calculate 
absolute position and orientation of all reference elements. Dimensions can be used as an 
offset to calculate the positions of elements, or dimensions can be calculated using the 
distance between elements. When an MO has passed the procedure, it is always possible 
to calculate its dimensions, position and orientation. No checking is needed before 
performing the calculations. The knowledge that the MO to apply is specified also helps in 
finding the fastest way to calculate the properties of the MO to apply. Simply trying a 
specific calculation method for all possible combinations will result into a very poer 
performance. 

The easiest way to create the necessary data to make a solid is to calculate the 
properties of all six planes out of the available data. The planes can then be used to make a 
solid. For this we need a support point and a direction vector of the planes. The tact that the 
planes are of infinite extent is not a problem (Appendix 2), since the solid is formed by the 
space enclosed in the six planes. 

The algorithm to calculate the properties of the MO to apply is therefore based on 
calculating the properties of both opposite planes. This can again be done separately for 
each of the three directions. A limited number of combinations is possible, each with its 
specific calculations (figure 6.2). When two planes are present, either specified by the 
designer or calculated, the data is sufficient for a specific direction (lateral , longitudinal , 
vertical) . 
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Figure 6.2: Possible ca/culations 
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There are three types of calculations: 

1. Calculating a parallel plane: 

• from a plane and a line in the opposite plane 
• from a plane and an absolute dimension 

2. Calculating a plane from two lines: 

• from two lines with one intersection point 
• from two parallel lines 
• from two crossing lines in opposite planes (no intersection point) 

3. Calculating a plane using reference elements from another direction: 

• from one line and an absolute dimension 
• from an absolute dimension and an absolute position 

When all planes are available, a solid can be generated. The MO can then be applied 
and a new lntermediate Design State solid can be calculated. 
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7. Conclusions and recommendations 

7 .1. Conclusions 

The algorithm that was found can be used for any geometrical object composed of 
elements that can be reference elements. The algorithm was initially designed to apply 
Manufacturable Objects. As shown in the cube example it can also be used for primitive 
objects, like cubes, wedges or cylinders and composed objects (as long as their geometry 
can be expressed using parameters). 

All objects used should be decomposed in three orthogonal directions and it should be 
analysed for what combinations of elements they are fully specified. The reduction of 
combinatory explosion makes sure this is not a complex task. 

7 .2. Recommendations 

Designing with implicit locating requires a new approach to design. The designer does 
not create the product just by drawing it. A designer creates the product by entering 
functional relationships that specify the geometry. This approach requires a designer that 
can "think functional" and is able to translate the product specifications into a collection of 
(functional) relationships between the reference elements. lt is therefore recommendable to 
implement the implicit locating algorithm using a lot of graphics. lf a designer can see the 
Manufacturable Objects to apply and the intermediate design state, including the reference 
elements available, it will be easier to adopt the unconventional way of creating a product. 

The implicit locating process described has some limitations. The available elements are 
limited and elements resulting from intersections can not be used. Changing the product 
model by altering the relationships is quite difficult, especially if the relationships that are 
altered cause other relationships to be unspecified or conflicting (this includes tolerances) . lt 
is not yet clear what happens when inconsistent intermediate design states are created, so 
this should be thoroughly studied. 

7.3. Future research topics 
Specifying product geometry using implicit locating offers the opportunity to specify 

tolerances along with the geometrical constraints. Constraints are therefore a very powerful 
tool to create a tolerance model for the product to be designed. The way this tolerance 
modeller should be implemented is an important future research topic. 

For performing CSG operations, such as adding or subtracting boxes, cylinders, or 
wedges, implicit locating can also be used. Research has proven, that CSG operations can 
also be checked for manufacturability [Vrie, 95]. The use of implicit locating with 
manufacturable CSG operations should be studied. 

Future research will be directed to expanding implicit locating into relationships that 
contain more than just geometrical information. An implicit location could also contain 
functional information, like "geometry used for sliding", "rotates about" or "connected". 
lmplicit locating could also be used to create relationships among several parts that belong 
to one product. Changing geometry in one of the parts then causes the related geometry of 
another part to change as welf. lmplicit locating is therefore not only a way of specifying 
geometry, but it is the basic strategy to create product models. lf product models are 
created using implicit locating to connect the parts, this creates the opportunity to include 
the assembly process. The first step towards a product model, based upon manufacturable 
design transformations and constraints is dealt with in [Net, 95]. 
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2. Solid modelling 

The /DM system is being implemented on a Personal Computer using the object 
oriented C++ programming language. The /DM system consists of an application 
program using a so/id model/er. Manipu/ations with Manufacturable Objects are 
translated to solid modelling operations. The solid model/er used for geometrica/ 
manipulations is called ACIS1. 

2.1. lntroducing ACIS 

ACIS is a three-dimensional geometrie modeller that uses boundary representation solid 
modelling. In the ACIS data structure wire frames, surfaces, and solids can coexist. The 
ACIS kemel modeller (figure 2.1) allows cones, cylinders, planes, spheres, and torii. ACIS 
also allows planar, cylindrical, conical, spherical, toroidal, and sculptured faces. For solids 
booleans are available. To form a solid, profiles can be swept along a wire or around an 
axis [ACIS, 92]. 

ACIS 
KERNEL 

APPLICATION 

PARAMETRIC CURVE AND SURFACE INTERFACE 

ACIS 
PARAMETRIC 

SURFACES 

Figure 2. 1: ACIS architecture 

ACIS has extended capabilities for special needs [ACIS, 92]: 

• User defined attributes: ACIS provides a mechanism to attach user-defined attributes to 
any entity in the data structure. This allows extension of geometrie models into true 
product models. Attributes can carry data or references to other entities. Simple 
attributes represent properties such as material or colour. Complex attributes represent 
such properties as dimensions, constraints, or features. 

• Husks: ACIS is written in C++, an object-oriented language. Husks are extensions that 
use C++ and API (application procedural interface) methods (figure 2.1). This allows 
controlled access for interface to ACIS. The API is a collection of routines that can be 
called by applications to create, change, or retrieve data. When using API or C++, 
applications can directly access ACIS data structures and extend those structures by 
defining extensions as derived classes of existing entities. 

1ACIS® is a registered trademark of Spatial Technology Ine., Boulder, CO, 1992. 
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• System operations: ACIS supports boolean operations (unite, subtract, intersect). Each 
boolean operation is separated into two phases. Phase one computes all intersections 
between two bodies, making no modifications to their data structure. An intersection 
graph is built to record the details of all intersections. Phase two creates the data 
structure for the specified boolean operation and then discards the intersection graph. 
The interface between the phases is accessible by applications. 

• Scu/ptured surface geometry. For representing sculptured surfaces, ACIS uses a set of 
geometry rules based on 8-splines. These can be substituted by ether sculptured 
surface geometry routines in a particular application. 

2.2. ACIS geometrie model in general terms 

In ACIS entities have different levels. The highest level entity is called a body. A body is 
a "single solid mechanica! component" (for example a stripped down engine block). A body 
can also be composed of several bodies that are not physically joined but are treated as 
one [ACIS, 92]. 

A body may contain zero or more lumps. Lumps are specified portions of space 
bounded by shells. One of these shells is an external skin. A lump may be enclosed in a 
void of another lump (figure 2.2). 

Figure 2. 2: Two examples of a body with two lumps 

A vertex is the corner of a face. lt refers to a point in space and to one edge it bounds. 
An example is given in figure 2.3. 

Figure 2. 3: Vertexes and edges 

An edge represents a physical edge of a body. An edge will usually be a discontinuity 
between faces. lt consists out of a bounded portion of a space curve and refers to one 
vertex at each end (figure 2.3). 

A face is the two-dimensional analogue of a body. The boundary of a face consists out 
of one or more (loops of) edges. A face may also stand tor an infinite plane or a sphere. 
lnfinite faces (planes) are faces with infinite dimensions in two directions. Incomplete faces 
have infinite dimensions in one direction. 
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The faces of the closed surfaces that bound a solid are called shells. Shells can be 
bounded or unbounded. A body with an unbounded (semi-infinite) shell is incomplete 
(incompletely bounded), since only defined portions of a shell can interact with other bodies. 
A body that owns an infinite shell is defined, but is of infinite extent. Shells can be grouped 
into a hierarchy of subshells. 

Loops represent a connected portion of the boundary of a face. A loop need not be 
closed (infinite or incomplete faces). An example of three closed loops of edges is given in 
figure 2.4. 

Figure 2.4: Loops of edges 

To permit edges to occur in one, two, or more faces coedges are introduced. When an 
edge is adjacent to several faces, as in a body shell , this edge has coedges (one for each 
face) . When figure 2.4 is said to be the isometrie projection of a solid showing three faces, 
each face is bounded by a loop of coedges, since each edge (corner of the block) has two 
coedges. 

There are also some records to provide a route to the details of an entity (type, 
parameters, and co-ordinates) and to hold count of the number of entities that refer to it. 
These records are: 

• A surface record of an individual surface type (planes, elliptical cones, spheres, torii, and 
splines) 

• A curve record of an edge (straight lines, ellipses, intersection curves). 
• A point record of a vertex 

2.3. Data structure 

The data structure of a solid model is depicted in figure 2.5. 

TOPOLOGY 

BODY 

LUMP 
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FACE 
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COEDGE 
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VERTEX 

WIRE 

ENTITY 
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SYSTEM-DEFINED ATTRIBUTES 

POINT 

CURVE 

PCURVE 

SURFACE 7 PLANE 
TRANSFORM CONE 

SPHERE 

TORUS 
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E STRAIGHT 
ELLIPSE 

INTCURVE 

Figure 2. 5: ACIS model data structure 
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3. Data structure 

3.1. Reference elements in IDM 

Reference elements are implemented using unit vectors and support points (figure 3.1). 
A unit vector can be a normal vector when the reference element is a plane, or a direction 
vector when the reference element is a line. Points and vectors can be used to calculate the 
properties of an MO to apply when references and co-ordinate systems are known. When 
only one point and one vector are known this means that planes or lines are of infinite 
extent. 

Figure 3. 1: Reference elements 

3.2. lnternal checking 

/ d;,ect;o,vecto, 

: support 
/ point 

The vectors can also be used for internal checking. lnternal checking of an MO concerns 
mutual parallellity and perpendicularity of the MO reference elements. Checking parallellity 
or perpendicularity is done using the dot product of two vectors: 

(ä.b) = läl. JbJ .co~q;,) 

Where ä and b are vectors and q;> indicates the angle in-between. Dot products of 
reference element combinations should be equal to O (perpendicular), 1 (parallel, equal 
direction) or -1 (parallel, opposite direction). This approach requires presence of a vector tor 
bath planes and lines (a normal vector or direction vector) . 

lnternal checking can be used for internal constraints caused by MO geometry or 
absolute orientation. What vectors are valid in internal checking depends on the first 
reference element specified by the designer. As stated before this demonstrates that a 
designer should be very cautious on both using absolute position or rotation values and 
specifying the first reference element. 

3.3. Location relations and location dependants 

When an MO to apply is fully specified, its relationships with other elements and its 
absolute values will be used to calculate its absolute position, orientation and dimensions. 
With these properties the solids needed for implementing the MO to apply can be 
calculated. All relationships are stored so they can be used to recalculate (update) its 
properties when the intermediate design state or MO relationships (implicit locations or 
dimensions) are changed. Location relationships are also used for generating set-ups and 
fixtures [Groo, 93]. Any AMO can be specified using several other MO's and it can have 
several dependants (figure 3.2). 
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relations MO 

Figure 3.2: Location relations and dependants 

Location relations can be changed by selecting an MO from the intermediate design 
state and altering the definition of its reference elements. When changing an MO one 
should be very careful not to create circular structures. Every MO has a manufacturable 
counterpart. This counterpart is used for manufacturing purposes. The fact that any MO 
should be manufactured makes it physically impossible to specify it using elements that are 
dependants of the MO itself (figure 3.3). 

circular / 
relation / 

M01 - M04 - ,_,a1 

I 
1 

/ 

Figure 3.3: Circular structure 

/ 

/ 
/ 

3.4. Reference elements data structure 

When using implicit locating for positioning and orientation purposes, the following data 
should be available: 

• Reference element type: the element can be a line or a plane. 
• Reference element name: all reference elements names are unique, so they can be used 

to determine the right number of constraints. 
• Unit vector and support position: these determine the properties of the reference 

elements and can be used to infer position, orientation and dimensions. 
• Relations: it should be determined in which relations an MO reference element is used, 

so it is clear what positions, orientations and dimensions should be recalculated (every 
dependent is told to recalculate when its predecessor is changed). This data is not 
necessarily part of the reference element, since dependencies can be determined by 
examining the product model. 

• Tolerances: the relationships should be specified including a tolerance value, which can 
be used to create the tolerance model of the product. 
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3.5. Reference element specifications 

Creating a data structure containing relations is separated into two levels. A reference 
element that has a support point and a vector is called specified. A reference element 
specification therefore always creates a support point and a vector. This reference element 
specification however, can result from several (i.e. more than one) relations with other 
elements (including tolerance values). For example a line can be specified "parallel to two 
planes": a reference element specification. This specification is created using two "line 
parallel to a plane" relations. A reference element relation always contains exactly two 
reference elements. The two level data structure is depicted in figure 3.4. 
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Specification 
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Applied 
Manufacturable 
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Specification 
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Reference 
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Figure 3.4: Reference element specifications data structure 
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An example of a data structure is given in figure 3.5. This figure shows the reference 
element specifications and reference element relations of a cylindrical hole that was created 
using implicit locating. Two out of three reference elements are specified using relationships 
(constraints}, while diameter and depth are given as absolute dimensions. 
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Figure 3.5: Example of a cylindrica/ hole data structure 
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4. Creating reference element relations 

4.1. Ability to measure an element 

The most important rule in using reference elements for implicit locating concerns the 
ability to measure the reference elements specified. lt is of no use to specify an element 
that can not be measured after the product is manufactured. This means all definitions must 
be related to physical elements, i.e., faces. Points and lines (edges, centrelines) can not be 
measured, unless they are specified using faces. For example: 

• A physical edge of a body is a discontinuity between two faces. In calculating properties 
this is equal to a line being an intersection of two planes. 

• A centreline only exists because of the surrounding face. 
• A vertex is a corner of a face. lt can be calculated as the intersection of three planes or 

two lines. 

This means that edges, centrelines, and vertexes - lines and points - are derived 
entities. Derived entities can not be measured; only the faces used to specify them can be 
measured. Tolerances are therefore translated into a tolerance field surrounding a face. 
Tolerances can be used only on measures that are of functional importance, not on derived 
measures. For implicit locating this means that tolerances are not accepted when a 
measure is inferred instead of specified in a constraint. 

Virtual planes of an MO, like the virtual planes in a rectangular pocket or slot, can be 
used to specify an MO to apply. However, since they are not physical faces, they can not be 
provided with tolerances, nor can they be used to specify ether reference elements. 

Positioning a reference element using definitions like "in the middle of line ... ", "in the 
centre of face .. . " is of no functional use. These specifications can not be verified with 
measurements. Non-functional definitions may be useful to simplify the design process, but 
only when the exact position and orientation are of no concern. No tolerances can be added 
using such definitions. 

Summarising, when using implicit locating the following rules should be considered: 

1. Elements can only be specified using constraints that can be measured. Derived entities 
can be used if they are related to physical faces. 

2. Tolerances can only be used when functional measurements are concerned. 
3. The result of implicit locating should be an elements' vector and support point. 

lf a designer wants to specify for instance a plane using three points, these points are 
derived entities. In fact the designer uses a number of planes to specify the new plane, as 
depicted in figure 4.1. The geometrie entities used are planes or derived entities. All derived 
entities are translated to planes (faces), if necessary using several steps. A "reference 
element specification tree" is created, in which all leaves are physical faces. 
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PLANEA 

p1 p2 

p3 
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11 

12 

Figure 4.1: Example of a reference element specification tree 

In figure 4.1 the designer wants to specify a plane. This definition is split up into a 
number of steps: 

1. Selecta reference element to specify: a plane. 
2. Select a method of specifying a plane: using three points 
3a. Select a method to specify the first point: intersection of two lines 

- Select first line: 11 (11 is an existing edge, part of an AMO). 
- Select second line: (12 is an existing edge, part of an AMO). 

3b. Select a method to specify the second point: intersection of three planes. 
- Select first plane: pl1(pl1 is an existing plane, part of an AMO). 
- Select second plane: pl2 (pl2 is an existing plane, part of an AMO). 
- Select third plane: pl3 (pl3 is an existing plane, part of an AMO). 

3c. Select a method to specify the third point: intersection of a line and a plane. 
- Selecta plane: pl1 (pl1 is an existing plane, part of an AMO). 
- Selecta line: 11 (11 is an existing line, part of an AMO). 

4. Calculation of the plane properties (normal vector and support point). 

For specifying the plane, 9 ether planes were used (there is no need for 9 different 
available planes; a plane can be used multiple times). 

The lines used in element definitions are edges of MO's. Points used are always derived 
from MO reference elements, since none of the MO's has points as reference elements. 
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4.2. Specifying a plane or face 

One of the methods that is most used for specifying an MO to apply is the definition of 
one or more of its reference planes. In many products the planes of the AMO's are mutually 
parallel or perpendicular. Because all reference elements of an MO are also parallel or 
perpendicular (internal constraints), constraints using parallellity of planes can be used to 
specify a great deal of any product. In some cases other ways of specification are needed. 
lt is very crucial however, that constraints can only be imposed using existing reference 
elements. lt is not possible to create a plane that is not part of an MO to apply. The designer 
chooses a reference element to be specified and then uses constraints to do so. Creating 
auxiliary planes or lines and subsequently using these in a constraint to specify a plane is 
not permitted. An exception is made for some special cases, in which points can be used. 
These points are again created using existing reference elements, so the number of cases 
in which a plane can not be specified using another method is very limited. 

4.2.1. Parallellity of two planes 

The least complex way to specify a plane is to indicate another (reference) plane that is 
supposed to be parallel and enter an offset (figure 4.2). The new planes' normal vector is 
then equal to the first planes' normal vector. The support point can be calculated from the 
first planes' support point, the normal vector, and the offset. 

example: 

Figure 4.2: Two parallel planes 

4.2.2. Two planes and a rotation angle 

lf an MO to apply should be rotated using a rotation angle that is a functional measure it 
is useful to specify a plane with a constraint that rotates it relativa to another plane (figure 
4.3). This constraint requires indication of a line that is in the new plane, otherwise the new 
plane will not be fully specified. The line can be any line parallel to the plane. A line that is 
the intersection line of both planes will be used often. The new planes' normal vector can be 
calculated from the first planes' normal vector and the rotation angle. The lines' support 
point can be support point for the new plane. 

example 

Figure 4.3: Two planes and a rotation angle 
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4.2.3. Two lines 

A plane can be specified using two lines. These lines either have an intersection point or 
are parallel lines. This method is useful for example to specify a plane that is not parallel to 
another plane while the rotation angle is unknown. The normal vector can be calculated 
from both lines' direction vectors. The support point can be one of the lines' support points 
or the intersection point. 

Figure 4.4: Two lines 

4.2.4. Three points 

There are several special cases in which a plane is rotated in more than one direction, 
while the rotation angles are unknown (figure 4.5). In these cases the use of points can 
bring a solution. These points should be derived from existing reference elements. For this 
there are a number of possibilities; for example: 

• lntersection of two lines 
• An offset relativa to three planes 
• lntersection of three planes (all offsets equal zero) 
• lntersection of a line and a plane 

Three points always fully specify a plane. The planes' normal vector can be calculated by 
creating two lines out of the points and then performing calculations as if there were two 
lines. One of the points can be support point for the new plane. 

_.-/ ' example, 

Figure 4. 5: Three points 
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4.3. Specifying a line or edge 
There are several ways of specifying a line or edge. For specifying a combination of 

other lines and planes can be used. Using only one other line is possible, when offsets 
(absolute measures) in three orthogonal directions are known. In implicit locating this is a 
rare situation. lt is also difficult to imagine in 3D space and not very user-friendly. Using two 
other reference elements, lines or planes, is the most common way of specifying a line. This 
method will therefore be analysed further. Using three elements results into complex 
situations, that are very hard to imagine in 3D space and often produce a number of 
possible definitions instead of only one or two. For special cases the use of a point will 
again be permitted. Analogous to the plane definitions, only AMO reference elements can 
be used in constraints and only the reference elements of an MO to apply can be specified. 

4.3.1. Two lines 

A new line can be specified using two lines with a parallellity relationship (figure 4.6). 
This line can be calculated by intersecting two cylinders of diameter 2a and 2b having line 1 
and line 2 as centrelines. This intersection results into two lines, so the designer should 
indicate which line is desired. 

Figure 4.6: Two lines 

A new line can also be created using two lines with a parallellity relationship and/or a 
perpendicularity. All three possibilities use two lines and two offsets, thus specifying two to 
four new lines. Specifying a line with using two other lines however, is not a method that will 
be implemented. When two other lines are available, it is obvious that the planes creating 
these lines are also available. lt is therefore less complex to use one or more of these 
planes in the constraints. Any definition using two lines can instead be performed using one 
or more planes, possibly in combination with only one line. 

4.3.2. One line and one plane 

A line can be specified using another line and a plane. Both the line and the plane can 
be perpendicular or parallel to the new line. This results into four combinations, of which 
only one results into a discrete number of possible definitions: a new line parallel to a line 
and parallel to a plane (both constraints require an offset), resulting into two possible 
definitions (figure 4. 7). 
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example: 

m 
IFDI 

Figure 4. 7: A line and a plane 

Usually this definition will be used in a more specific form: a line parallel to another line, 
while both lines are in a common plane (both the line and the plane are reference elements 
of other AMO's). This means the offset relative to the plane equals zero (figure 4.8). lt is 
necessary to indicate where the new line should be, relative to the fist line (left/above or 
right/below) and what the offset should be. A special case here concerns coinciding lines 
(offset=0). The direction vector can be calculated from the common planes' normal vector 
and the first lines' direction vector. The support point for the new line can be calculated from 
the first lines' support point and the offset. 

example 

/ ~ 

Figure 4. 8: Parallel lines in one plane 

lf both lines are in one common reference plane it is also possible to use a line, a point 
(derived from intersecting lines or planes), and an angle (figure 4.9). A special case here 
concerns coinciding lines (angle=0). The direction vector can be calculated from the 
common planes' normal vector, the first lines' direction vector and the angle. The point can 
be support point for the new line. 

example, 

Figure 4.9: lntersecting lines in one plane 
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4.3.3. Two planes 

A line can also be specified using two planes and parallellity constraints (given the 
offset). This method is analogous to the parallellity constraint using one line and two offsets 
in a specific direction, which was discarded earlier because of this analogy. The line is then 
created intersecting the planes that are now used in two parallellity constraints (figure 4.10). 
In this method, the lines' direction vector can be calculated using both normal vectors. The 
support point can be calculated using the line equation and the planes' support points. 

example 

Figure 4. 10: Two planes 

A special case of this type of definition is used when both offsets equal zero (figure 
4.11 ). The line is calculated by intersecting the planes. 

Figure 4. 11: lntersecting planes 

4.3.4. Two points 

Finally, a line can be created using two points (derived from intersecting lines or planes). 
The direction vector can be calculated out of the offset for all three directions. One of the 
points can be support point (figure 4.12). 

Figure 4. 12: Two points 
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4.4.1. Parallellity relationships 

lmplicit locating - Appendices 

The previous paragraphs show the need for some extra functionality. When parallellity 
relationships are used, the designer needs to indicate the location of the new element, 
since more than one possible solution is found. For this the extra attribute "inside" or 
"outside" can be used. This means the offset is either directed towards the inside of a 
bounding box or directed to the outside (figure 4.13). Besides inside or outside, the direction 
of the normal should be given in some cases (equal or opposite normal). 

inside bounding box outside bounding box 

Figure 4. 13: Inside and outside in parallellity 

4.4.2. Coinciding reference elements 

A constraint that is frequently used is one that uses coinciding lines or planes (mostly 
planes, like the top plane of the MO to apply and a plane of the initial design state). A 
function to specify coinciding reference elements is a shortcut for a definition using parallel 
elements with offset zero or intersecting elements with an angle zero. To provide the 
designer with this shortcut, a special function could be implemented. 
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5. Examples 

5.1. Applying MO's using implicit locating 

The initial design state is a metal (for example C45) black of length 150 millimetres, width 
75 millimetres, and height 75 millimetres (figure 5.1). The workpiece co-ordinate system is 
positioned at the rear/left/bottom corner (design states are depicted using isometrie view). 

Figure 5. 1: Initia/ design state 

The first MO that is applied (MO1) concerns a rectangular pocket of length 80 
millimetres, width 35 millimetres, and depth 20 millimetres (figure 5.2). Since the MO should 
be located in the top plane, at distance 35 and 25 millimetres from the edges, the location 
of the applied MO is determined using three reference element specifications (of type "face 
parallel to a face" 2) . Each specification therefore contains one reference element relation 
(in the examples, the tolerances - part of the relations - are not used). 

leng~ ·•. 

depth: 2or·-. ____ _ 

Figure 5.2: Rectangular pocket 1 reference element relations 

By using decomposition it can be determined if the given constraints are correct (figure 
5.3). The resulting design state is depicted in figure 5.4. 

2 lt should be noted that this is not the only correct way to locate the MO. Lines, or a combination of 
lines and faces could also be used. The specifications given, however, are the easiest 
specifications possible. 
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lef! 

rear 

Figure 5.3: M01 decomposition 

Figure 5.4: Resulting design state 1 

The second MO that is applied (MO2) again concerns a rectangular pocket (figure 5.5). 
This MO should be located in the top plane, partly outside the material at two ends. To 
accomplish this , two virtual faces are specified. In this example, the x-value of the MO 
position is also know. Decomposition (figure 5.6) shows that the relations used fully specify 
the MO. 

// MO2:virtual rear 0 

MO2:top 

position X direction: 75 

0 

Figure 5. 5: Rectangular pocket 2 reference element relations 
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position x 

right 

Figure 5.6: M02 decomposition 

The resulting design state after applying the second MO is depicted in figure 5.7. 

Figure 5. 7: Resulting design state 2 

A third MO (M03) is used to create a chamfer. Since this requires an oblique position, 
line reference elements are used. The line specifications are of type "line parallel to two 
faces", which consist of two relations (line parallel toa face). Depth and length are absolute 
dimensions. Decomposition (figure 5.9) is performed to check whether this is sufficient. 

M03:bottom left IDS:top 0 

M03:bottom left IDS:right 10 

Il M03:bottom right 

Il M03:bottom right 

Figure 5. 8: Rectangular pocket 3 reference element relations 

depth: 15 

length: 150 

- 62 -



lmplicit locating - Appendices 

left 

rear 

front 

Figure 5. 9: MO3 decomposition 

Figure 5.9 however, shows that the lateral direction (rear-front) is not completely 
specified. In lateral direction, the position is cannot be inferred. This error can be corrected 
by adding a specification for the virtual front face, for example: virtual front face parallel to 
the front face of the lnitial design state, at distance zero millimetres. The resulting design 
state (final design state) is depicted in figure 5.10. 

Figure 5. 10: Resulting design state 3 

5.2. A test-product designed with IDM 

For testing the IDM system, several actual product were modelled. The resulting designs 
were also manufactured using the Maho 700S five axis milling machine. One of these 
products is depicted in figure 5.11 ; a part of a fixturing device used in a flexible robot 
assembly cell. 
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Figure 5. 11 : Part of a fixturing device, created with /DM 
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