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Abstract

A computer aided tolerancing tool is presented that assists the designer in functional tolerance
specification. The theoretical concepts for subsequent tolerance analysis are aso provided. The
computer aided tolerancing tool ispart of afeature based object oriented (re)—design support sys-
tem, called FROOM. FROOM'’s assembly modelling capabilities provide basic information for
functional tolerance specification. Assembly constraints are satisfied by means of degrees of
freedom (DOF) analysis. This method is based on the use of kinematic analogies. The rotations
and trandations (macro—-DOF’s) that components are allowed to have, are inferred using this
technique. The tolerance representation in FROOM is based on the TTRS method, by Clément
et a., which is also based on kinematic analogies. In this method, the small displacements that
areallowed inthetolerance zone can be described by atolerancetorsor or transformation matrix.
Using the tolerance torsor or transformation matrix, tolerances are described as constraints. The
small displacementsthat are still allowed by means of thetorsor arereferred to as micro-DOF's.
For tolerance analysis, the torsor approach offers a mathematically correct description of toler-
ance zones, although alot of equations are generated. These are reduced by applying a kind of
degrees of freedom analysis considering both the macro-DOF's and the micro DOF's (toler-
ances).
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1. Introduction

Anintroductioninto some drawbacks of existing tolerancing standardsisprovidedinsection 1.1.
The FROOM system, whose tolerancing module is the focus of the remainder of this paper, is
introduced in section 1.2. Section 1.3 provides an overview of the remainder of the paper.

1.1 Some drawbacks of existing tolerancing standards

There are some problemsrel ated to present tolerancing standards. For instance, the standards do
not providefor atheoretic tolerancing model that is consistent with today’s 3D geometry models
(usually solid models). Thisis due to the fact that when tolerancing standards emerged, no 3D
solid models existed and a lot of freedom was left to the human interpretation of the specified
tolerances. Therefore, tolerancing standards are drawing oriented, giving rise to ambiguities
when having to be processed by computer. Another drawback of today’s tolerancing standards
isthat they do not provide for amethod for tol erance specification. Preferably, tolerance specifi-
cation should be performed using afunctional point of view inthefirst place: functional toleranc-
ing.

Functional tolerancing will prevent redundant or unnecessary tolerancesto be specified and will
therefore support the design of manufacturable products at reasonable cost. The reason that the
tolerancing standards do not provide for amethod for functional tolerancing ismainly dueto the
standards being part oriented and not assembly oriented. It isthe assembly where functioning as-



pects are (often implicitly) available and not in the individual parts. Therefore, current toleranc-
ing standards can be compared to a language with a large and rich syntax but with not enough
semantics and methods, at |east to perform computer aided tolerancing. In[Ballu 93a,b], [Kople-
wicz 93] and [ Srinivasan 93] more detailed overviews are provided regarding the insufficiencies
in current tolerancing standards as well as current efforts to overcome these.

1.2 FROOM

FROOM isaprototype of are—design support system, currently under development. The devel-
opment of FROOM hasbeen motivated by thefollowing facts. First, for re-designtasksno proper
computer support tools are available yet. Second, CAD toolsthat integrate well with automated
process planning (CAPP) systems are only scarcely available. If available, they are most often
not suitable in practice, especialy in situations where design and manufacturing are performed
in different companies. The CAPP system that is of particular interest to us, isthe PART system
[Houten 91], which has been developed in the authors' laboratory. FROOM is an acronym for
Feature and Relation based Object Oriented Modelling.

FROOM isafeature based system, allowing the modelling of both components and assemblies.
Features in the FROOM context can be design form features, manufacturing form features and
even abstract features. For areview of feature—based design, refer to [Salomons 93a]. FROOM
employs conceptua graphs for knowledge representation. The conceptual graphs allow re—-de-
sign support to be provided and facilitate the link with CAPP [ Salomons 944]. The latter subject
will not be addressed in this paper, however. Figure 1 shows Froom’s system architecture.
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Figure 1 System architecture of FROOM; |OD means interactive object definition. The ar-
chitecture does not include functionality for supporting collaborative engineering tasks.

Figure 1 showsthat two different kinds of usersaredistinguished: end—usersand system manager
users. End—usersare the designerswho design assemblies, components etc.; they perform the ac-
tual designtasks. System managerscustomizethe system to acertain application domain, compa-
ny and user (group). They define the features to be used, the catalogues from which selections
can be made etc.. For these two different user groups, separate user interfaces are available. In
the modelling module of FROOM, components, assemblies and constraints can be modelled by
theend—user. Thetolerancing tool, whichisthefocusof thispaper, ispart of the constraint model -
ling module of FROOM. The modelling module has access to the kernel modeller, which offers



the basic geometry processing functionality. In FROOM, the commercially available ACIST™™
kernel modeller isused for this[Spatial 94]. The application module includes the possible map-
pings to applications and the applications themselves. An example of an application might be
manufacturability evaluation. For more detailson FROOM, refer to [ Salomons 93b,c, 94a,b, 95].

1.3 Overview of the paper

Anoverview isprovided of previouswork in computer aided tolerancing in section 2. Based on
this, the overall design of the FROOM tolerancing module is outlined in section 3. In section 4
the FROOM assembly modelling module is briefly examined as an important precondition for
automatic tolerance specification (section 6). Tolerance representation in FROOM is addressed
insection 5. Tolerance analysisisdescribed in more detail in section 7. This section provides ex-
tensions to theories as developed by Riviére [Riviere 94] and Gaunet [Gaunet 94]. Apart from
the overall synthesisas provided in this paper, these extensions are the main contributions of this
paper. Finally, conclusions and recommendations are provided in section 8.

2. Review of previousresearch in computer aided tolerancing

Research in computer aided tolerancing issubdivided in tolerance representation (2.1), tolerance
specification (2.2), tolerance analysis (2.3) and tolerance synthesis (2.4).

2.1 Tolerance representation

A lot of (possibly theoretically and mathematically correct) approaches for the computer repre-
sentation of tolerances as proposed in literature do not sufficiently comply with theinternational
standards. For human designers, these approacheswill not be sufficient to replace thetol erancing
standards asthey are not expressive enough; their ” syntax and semantics’ aretoo limited. More-
over, it will be hard to introduce a compl etely new and different tolerancing standard on aworld
widebasisevenif it hasenough expressivenessto humansaswell asprovidefor amathematically
correct model for use in computer systems. Therefore, it seems more appropriate to look for a
theoretical model of tolerancing, or tolerance representation scheme, that isin accordance with
the international standards.

An early example of previouswork in order to cometo amathematically correct model for toler-
ancing isthe solids offset approach by Requicha [Requicha83], extended in [Requicha 84, 86].
In this approach, nominal surfaces are given apair of offset surfaces to determine the tolerance
zones. Thisapproach differsfrom the tolerancing standards [ Farmer 86]. Because theindividual
pairs of offset surfaces are combined to obtain acomposite tolerance zone of the entire solid, the
individual tolerances cease to be independent constraints. Other early work has been described
in [Johnson 85] and [Ranyak 88].

Jayaraman and Srinivasan introduced the notion of virtual boundary requirement in an attempt
to redefine the notion of tolerances from the viewpoint of functional tolerances [Jayaraman 89,
[Srinivasan 89]. Jayaraman and Srinivasan notethat thereal purpose of tolerancesisto character-
izefunctional requirements. Two functional constraints are cited that are believed to account for
most tolerances; the maintenance of material bulk in critical locations and spatial relationships
for assembly. These requirements can be captured as virtual boundary requirements. Virtual
Boundary Requirements can be considered as a collection of virtual half spaces. The interpreta-
tion of datums in this approach is not in accordance with the standards.

Turner proposed afeasibility space approach [Turner 88, 93] which however does not seem to
be suitablefor 3D tolerance representation because of atoo high complexity and doubtful useful -
nessin 3D.



Wirtz used a vectorial approach in which each tolerance is represented as alimit on the compo-
nents of a vector that relates a given toleranced feature to a given reference feature [Wirtz 93].
Thevectorial approach by Wirtz al so seemsinsufficient: it isnot closeto the standardsand isori-
ented too much towards older dimensioning and tolerancing practices. Form tolerances, for
instance, are not accounted for.

Building on their earlier work in the field of computer aided inspection (e.g. [Bourdet 79]) and
the work by Requicha and Jayaraman and Srinivasan and Wirtz, Clément et al. arrive at atoler-
ancerepresentation model whichiscompatiblewith the standardsand which seemsto betheoreti-
cally and mathematically sound [Clément 91, 93, 94], [Desrochers 94]. Using the theory of the
set of displacements by Hervé [Hervé 78], Clément et al. have proven that there are only seven
elementary facetypes. spherical face, planar face, cylinder face, helical face, rotational face, pris-
matic face and ”any” face. When these 7 face types are combined, 28 cases of combination can

elementary surface MGDE element MGDE symbol
sphere point
plane plane [T
cylinder line —
helical point and line or line and plane ——
rotational point and line —
prismatic line and plane ,D
any point and line and plane /D

Table 1 The MGDE associated with each elementary surface (after [ Clément 91]).

be found. These combinations of facesarealso called TTRS: Technologically and Topologically
Related Surfaces. Thereisafinite number (= 44) of reclassifications of TTRSwhich denotethe
theoretical number of different tolerances (cases). Onthisbasis, acomputer system can automati-
cally propose tolerance types employing an assembly model (geometric tolerances). Also refer-
ence (datum) elements can be determined (semi—)automatically. These elements are called
MGDE: Minimum Geometric Datum Element; seetable 1 for theM GDEsrel ated to each elemen-
tary surface as discerned by Clément et al.. The same set of MGDE is used for determining the
datum of composed TTRS. When two elementary surfacesarecombinedinaTTRS, theresulting
TTRS can be classified into one of the seven basi ¢ classes depending on the types of surfacesin-
volved and the geometric relations between them. See table 2 for the reclassifications of TTRS.
In this approach, tolerances are represented vectorially, in so—called torsors, allowing for toler-
ance analysis. This has been addressed in [Gaunet 94] and [Riviere 94].

2.2 Tolerance specification

Tolerance specification isthe activity of specifying tolerances; defining the tolerance types and
related tolerance values (geometric tolerances are assumed). Tolerance specification is prefer-
ably carried out in conformance with the tolerancing standards (e.g. SO 1101 [ISO 83], ANSI
Y 14.5M [ANSI 82]). However, the standards do not give amethod of how tolerances should be
specified. Therefore, researchinto the specification of tolerances seemsto berequired. Neverthe-
less, not alot of researchinto thisfield has been performed. The main contributions are described
in anumber of publications by prof. A. Clément et al..

This approach to tolerance specification as presented in [Charles 89], [Clément 91, 93, 94] and
[Dufosseé 93] is an exception to most previous approaches towards tol erance specification. Clé-
ment et al. propose amethod to determinetol erance types automatically from the assembly mod-
el, resulting in a truly functional tolerance specification. Most other approaches in computer
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aided tolerancing are based on manual tolerance specification, usually starting out from single
components. The tolerance specification method by Clément et al. is carried out on the basis of
face associ ations between the different componentsin the assembly, also called the mating func-
tion [Briard 89]. By finding kinematic loops (in the graph representing the assembly), faces are
found on individual components which can be toleranced relative to one another [ Dufossé 93].

2.3 Tolerance analysis

Tolerance analysisis amethod to verify the proper functioning of the assembly after tolerances

have been specified. Most often, tolerance analysisis performed by verifying two aspects:

— verifying assemblability of the assembly; the feasibility of assembly (fit).

— verifying if specified clearances between parts are still met; the quality of assembly (clearance).

Tolerance analysis can be carried out by determining the tol erance zones bel onging to the speci-

fied tolerance types. Generally, two types of tolerance analysis are distinguished:

1. statistical tolerance analysis; in this case statistical methods are used together with accompanying
probability distributions.

2. worst case analysis; the study of extreme cases (like for example MM C and LM C). Examples of pre-
vious research in this case are described in [Hillyard 78] and [ Turner 88].

One of the first approaches in the field of tolerance analysis has been carried out by Bjarke in
which tolerance chainsin 2D mechanismswere used to cal culate (maximum) clearance [Bjerke
78]. However, thiswork was mainly restricted to conventional plus/minus tolerancesin the 2D
case.

In tolerance analysis and tol erance synthesis, amathematically correct model of tolerancesisre-
quired to be ableto comparetheinfluence of different types of tolerances, and to verify how they
propagate in 3D. In tolerance analysis literature most often the worst case approach is followed
accompanied by someadditional assumptions: formtol erancesare often assumedto benegligible
or to be present within position, orientation and size defects. Little is known towards actual 3D



tolerance analysis. Gaunet seems to be on the right track, presenting a 3D tolerance analysis
framework on the basis of the tolerancing method by Clément et al. [ Gaunet 94]. However, only
a 2.5 D tolerance analysis example is provided.

2.4 Tolerance synthesis

Tolerance synthesisis regarded as optimizing and completing the (functional) tolerance specifi-
cation, taking into account manufacturing and inspection concerns. In this field relatively few
research has been published. Most approaches that have been published are based on the opti-
mi zation of acost function. Oneof themost interesting methods seemsto bethe method by Nassef
and EIMaraghy, using genetic algorithms[Nassef 93]. Thegeneral system of whichthissynthesis
approach isapart is described in [EIMaraghy 93]. Simulated annealing has been employed for
tolerance synthesis by Zhang et a. [Zhang 93].

3. Overall design of the tolerancing modulein FROOM

A first design iteration of the design of the FROOM tol erancing functionality has been described
in [Jonge Poerink 94]. Figure 2 shows the main function of atolerancing modulein asimplified
way. Figure 2 also shows that besides the tolerance types and values, alot of additional data can

Designer knowledge Manufacturing knowledge
e (geometric) tolerances

& datums
assembly model ——e assembly feasibility
Functional tolerancing module ———e  assembly quality
& cost

. & manuf. info
assembly requirements ———— & inspection info

Figure 2 Main function of the tolerancing module.

be generated by atolerancing module, e.g. on feasibility and quality of assembly, cost etc.. The
functional requirements

design knowledge
assembly
requirements
_. .
TOI erance speci- part tolerances + assembly tolerances
fication
\1 manufacturing
—*  Tolerance knowledge, cost
Y b W ) W v info etc.
ysis
i ‘
assembly assembly model (extended with
model Vo Lo __tolerancing info)
- - Tolerance syn- * (geometric) tolerances
info on assembly feasi- thesis datums
bility & quality assembly feasibility
assembly quality
optimized part (+ assembly) tolerances, cost info cost ecturing inf
manufacturing info
inspection info

Figure 3 Themain functions: tolerance specification, analysisand synthesisand their connec-
tions.

areas of tolerance specification, analysis and synthesis can be seen as functions that need to be
present in are—design support system (figure 3). The functional decomposition of figure 3, was
decomposed further resulting in the following subfunctions: tolerance representation, tolerance



specification, tolerance analysis, tolerance synthesis, tolerance presentation, storage and retriev-
a [Salomons 95]. For each of these functions a selection was made as to how to fulfil it:

1

For tolerance representation, i.e. the computer internal mathematical model of the tolerances, the vec-
torial torsor approach combined with the TTRS and MGDE concepts asdescribed in e.g. [Clément 93,
94] and [Riviere 93] has been selected. The main reason for thiswasthat most other methods were not
in conformance with thetol erancing standards. Another reason for selecting the torsor approach isthat
it is based on a strong mathematic background in kinematics, e.g. [Hervé 78]. Using this mathematic
background can offer great advantages in tolerance analysis and synthesis; see also section 5.

. For tolerance specification, essentially the method as proposed by Clément et al. [Clément 91] was

adopted, merely because there are no other methods for functional tol erance specification and because
of thestraightforward and logical nature of thisapproach. Moredetailsareprovided in sections4 and 6.

. For tolerance analysis, the torsor approach offers a mathematically correct description of tolerance

zones and can be used for tolerance analysis applications. Thus, the approach as described in [ Gaunet
94] seemsfavorable. However, in Gaunet’ sapproach to tolerance analysis, alot of equationsare gener-
ated that need to be solved. Although amatrix approach asdescribedin[Riviére 94] reducessomeof the
redundant equations, a great number of equations remain [Jonge—Poerink 94]. Therefore, the sets of
equationsthat are generatedinthe approach by Riviére or Gaunet may bereduced by applying akind of
degrees of freedom analysis considering both the macro-DOF sas studied by Kramer [Kramer 92] and
the micro DOF's (tolerances) as described in [Clément 93, 94]. Thisis detailed further in section 7.

. For tolerance synthesis, none of the methods as presented in literature seemsto be appropriate. Almost

all tolerance synthesis methods employ statistical techniques and a cost function in order to achieve
tolerance optimization. Inthe cost function, for each machining operation, therelation between the cost
versustolerance (values) is expressed. However, during design it is often not known in advance which
processes and/or machines are going to be used for manufacturing theindividual parts. Therefore, itis
difficult to deriveareliable cost function. One could therefore better try to achieve agenericindication
of production cost. In this case, it is useful to employ general knowledge of the average cost of the
manufacturing processes available in combination with atolerance factor by which different types of
tolerances can be unified (compared). Tolerance factors as proposed by Boerma [Boerma 90] may be
used for this. Due to space limitations this is not discussed further; refer to [ Salomons 95].

. Tolerance presentation, i.e. presenting thetol eranceinformation to the user, can be performed in avari-

ety of ways. Tolerance presentati on should be supported as much as possi bl e according to the standards
to avoid confusion. However, it will not always be possible to show specified tolerances or present
resultsfrom tolerance analysisand synthesisaccording to the standards, especially in 3D views. There-
fore, graphs and tables could be used in addition to a presentation method which conformsto the stan-
dards.

. Storage of tolerance related information such as the tolerance types and values, results of tolerance

analysis and synthesis, can be performed in anumber of ways. However, as arelational database was
already selected for other data storage functionsin FROOM, the most appropriate way to storethetol-
erancing related information was in arelational database. The data structures needed can be based on
the information needed in TTRS en MGDE elements.

. Assembly/component information retrieval (including tolerancing information) can be performed by

gueries on the relational database.

4. Assembly modellingin FROOM

For assembly representationin FROOM, conceptual graphsareused asan internal representation
format aswell asfor theexternal presentationto theend—user [ Salomons 944, 95]. The conceptual



graph representing the assembly consistsof the objectsthat make up the assembly and the connec-
tion relations between these objects.

Assembly constraints can be specified by means of symbolic constraintslike: ”against”, " align/
fit”, ”contact”, "orient” and "parallel offset”. The implementation of these relations (assembly
constraint satisfaction) isbased on a slight modification of the work presented by Liu and Nngji
[Liu91] and Kramer [Kramer 92]. This method of constraint satisfaction symbolically reasons
about the geometry and based on this, a so—called plan fragment is generated. A plan fragment
contains the actions that should be performed in terms of rotations and trandations in order to
satisfy the previously specified assembly constraint(s). This approach alows for automatically
determining the kinematic degrees of freedom of each component and for automatically deter-
mining the functional surfaceswhich isimportant for tolerancing. More detail s on the assembly
modelling module of FROOM can be found in [Salomons 94a, 95].

5. Tolerance representation in FROOM

Inthefollowing the conceptsof TTRS, MGDE and torsor are elaborated further asthese are cen-
tral to the tolerance representation FROOM. Finally, the FROOM internal tolerance representa-
tion format containing TTRS, MGDE and torsors is discussed.

5.1 The applied TTRS concept

In tolerancing, surfaces are often associated two by two. The 7 elementary types of surfacesthat
werederived by Clément et al. can beassociated two by two. The association of surfacesiscentral
tothedefinition of TTRS (Technologically and Topologically Related Surfaces) as has been pro-
posed by Clément et a. [Briard 89], [Clément 91]:

A TTRSis defined as an assembly formed by two surfaces (or between a surface and a TTRSor
between two TTRS) bel onging to the same solid (topol ogical aspect) and located inthe samekine-
matic loop in a given mechanism (technol ogical aspect).

A somewhat different, more generic, definition of TTRS s provided by Riviére [Riviere 93]:

ATTRSIisapair of surfaces(or TTRS) belonging to the same solid which are associated because
of functional reasons.

Clément et al. have made an extensiveclassification of al possibleassociationsof the 7 elementa-
ry facetypes, andthus TTRS. Onewould expect 7 x 7 = 49 different types of association. Howev-
er, only relative positions of two surfaces are of interest, so that for instance the association of
cylindrical surface — prismatic surfaceis equivalent to the association prismatic surface—cylin-
drical surface. Therefore, only 28 cases of surface associationremain(i.e. 7+6+5+4+3+2
+ 1 cases or one half of a7 x 7 matrix including the diagonal); see table 2. Although surface
associations can be regarded as” symmetric”, tolerances cannot. Thisisdueto thefact that there
is both areference and atoleranced face. Therefore, some tolerancing cases which are ” below”
the diagonal in table 2, and shown blank, should also be regarded [Clément 94].

When two elementary surfaces are combined in a TTRS, the resulting TTRS can be classified
into one of the seven basi ¢ classes depending on thetypes of surfacesinvolved and the geometric
relations between them. For instance, if two cylindrical surfaces are associated ina TTRS and
if their axesare coaxial, theresulting TTRSisclassified asacylindrical surface. Thisisthe case
because both cylindrical surfaces remain invariant to rotations around their common axis and
trandations along it. Another example could be the association of two parallel cylindrical faces,
these are only invariant for trandations along the direction of the (parallel) axes and therefore
the association resultsin aprismatic TTRS. A systematic analysis of all possible cases of object
reclassification hasrevealed (at |east) 44 cases of tolerancing [Riviere 93], [Gaunet 94]. Thisis



shownintable2. It must be noted herethat the number of 44 wasobtai ned by counting the number
of casesintable 2 and could grow if more special cases and cases below the diagonal are consid-
ered. Therefore, the actual number of the tolerancing cases is less important than the fact that
thereis only afinite number of tolerancing cases.

5.2 The applied M GDE concept

The Minimum Geometric Datum Element, or MGDE, of a TTRS isthe minimum set of points,
linesor planes necessary and sufficient to definethe reference frame corresponding to theinvari-
ant sub—group of that TTRS. The concept of MGDE also has been proposed by Clément et al.
[Clément 91, 93]. The MGDE remainsinvariant for the displacement it is defining. The MGDE
isaset of areference point, reference line and a reference plane, but not all these elements are
always necessary to define the MGDE sufficiently. The MGDE for a cylinder, for example, is
the axisof the cylinder (i.e. the MGDE consists of areferenceline only). Table 1 showsfor each
elementary surface its associated MGDE as well as the symbol used for the MGDE.

5.3 The applied torsor concept
The torsor concept has originated in the field of metrology, e.g. [Bourdet 79]. For every point
M in Euclidian space, its small displacements can be described by two vectors: BM and 6. The

D v Vector represents 3 trangl ations al ong perpendicul ar directions, two by two. The 6 vector cor-
respondsto three small rotations around perpendicul ar directions, two by two. Thesetwo vectors
define a so—called small displacement screw model or torsor Ty, 4 so that [Riviere 93]:

o —
9 = ﬁ = u = EM =
8 |:Y:| Dy = |:\\I/V:| Twe |: 5 :|

For each tolerancerelated to a TTRS, the tolerance zone can be represented as atolerance torsor,
which represents the small displacements that are possible within the tolerance zone. In general
the torsor contains three translation parameters and three rotation parameters. However, as the
elementary surfaces, and thusthe TTRS, usually have someinvariances, often some of thetorsor
parameters reduce to 0. For instance, a cylinder has two invariances; one trandation along the
axis (x direction) and and arotation around the axis (x direction). Therefore, acylindrical toler-
ance zone (figure 4) obtains the same invariances:
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Figure 4 Cylindrical tolerance zone (re-
drawn after [ Gaunet 94]).

Instead of torsors, matrices can be used for representing small displacements [Riviere 94]. Let
usagain consider acylindrical tolerance zone of diameter t. Thetoleranced element isthe straight



segment AB which could for instance correspond to the axis of acylinder surface (figure4). The
coordinate system is again defined in the point O in the center of AB and the x direction isthe
direction from B to A. Now suppose we are considering a position tolerance of the cylinder sur-
face with respect to acompl ete reference system. The group of displacementsthat doesnot leave

the segment AB globally invariant can be represented by the transformation matrix D(v,w, 8, ¥),
expressed in the coordinate system (O, X,y,2) [Riviere 94]:
CyCp — Sy CySp O
SCp Cr SYP v
D(v,w,B,y) = - 0 Cp w (Eq 1)
0 0 0 1

Asthe segment AB remainsin the cylindrical tolerance zone, thefollowing constraints hold [Ri-
viere 94:

Xaa
JYR 2+ 22 <t with |Ya| = D*A
2 z
dA
> 2 t . édB . 0= B 7T
VY& + Zg =5 with st =D*B O<y=n
dB

t
Note that the range of the angles P and v can be restricted further to: 0=P=55& and

t
0=v=35a

5.4 Tolerance representation implementation in FROOM

Thedatastructureinwhich both TTRS, MGDE and torsor matrix are stored in FROOM isshown
in figure 5. This structure is stored in the Oracle™ database. How TTRS, MGDESs and torsors
are determined, is elaborated as part of the tolerance specification functionality.

TTRSL TTRS2
3 8
w o) - w
o) & & @) & .
o o) z —3 g ks Nill
= e
tolerancel
tol. ref. tol. |cyl. | band offsat maximum ref.  m.| proj. |torsor tol. Tac| Next
Tolerance | face id | face id | type | zone | width mat. mat. tol matrix | tor
tolerance2
Tolerance tal. ref. tol. [cyl. |band | offset| maximum ref.  m.| proj. |torsor tol. fac
face id |face id | type | zone | width mat. mat. tol matrix | tor Nill
MGDE reference face reference line | reference point |
[
—®  face normal | reference vector |
—>| reference point | reference point |

Figure 5 Data structure for TTRS, MGDE and torsorsin FROOM.
6. Tolerance specification in FROOM

Tolerance specification includes specifying the tolerance types and values for nominal geometry
parts. In current tol erancing practice, designershaveto manually specify both tolerancetypesand
values either on adrawing or in aCAD system. The tolerance specification in this case depends
largely on the designer’sjudgement and experience. Therefore, different designerswill possibly
arrive at different tolerance specificationsfor the same nominal geometry. Thus, atruefunctional



tolerance specification is not guaranteed. Functional tolerance specification can be performed
semi—automatically when an assembly model is present, assuming that the assembly model con-
tains (implicit) functional information [Clément 91]. Clément et a. have presented a method to
detect functional surfaces in an assembly graph. Having determined the functional surfacesin
an assembly, thefunctional surfaceson each component areassociated; TTRSarebuilt. Also, the
datum elements (MGDE) are automatically created, together with the creation of the TTRS. The
type of association indicates the type of tolerance that, from afunctional point of view, needsto
be specified. The user has to determine the tolerance value. In the following we will elaborate
on the theory by which the functional surfaces (TTRS) and datum elements (MGDE) can be de-
termined (section 6.1). Then, implementation in FROOM is addressed (section 6.2).

6.1 Applied tolerance specification theory

Suppose we have an assembly graph showing the components, the assembly relations like
"against” and "align/fits’ as well as the surfaces of the components involved in these mating
constraints. These surfacesare considered asfunctional surfaces. Thefunctional surfacesand the
assembly relations giveriseto ”kinematic” loops in the assembly graph. The kinematic loopsin
the assembly graph in away overconstrain the nominal positions of the componentsin the loop
(when expressing the positions in terms of algebraic equations). Tolerancing the functional sur-
facesinvolved in the loop is away to relax the overconstraints [ Dufossé 93]. Figure 6 gives an
example; the parts are represented by circleswhilethe mating relations are expressed asarcsand
functional surfacesare shown aspartial circlesthat are placed on their component circles. If part
| is positioned relative to part I1, it can easily be observed that part I's x—position is overcon-
strained by the two align/fit relations. If the holesin part |1 would have had bottom faces, part
I’sy—position would al so have been overconstrained. Different arc types denote different assem—

.
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Figure 6 Loops between functional surfacesin an assembly graph.

bly relations and thus different directionsin which toleranceswork. Notethat in figure 6 thereis
only one loop working in the same direction. Thus, the faces S11 and S12 on part | have to be
associated aswell as S22 and S21 on part I1. Table 2 isused for determining the type of theresult-
ing TTRS. Now on each part, onefunctional faceremains. Astheremaining facesarefunctional,
they also should be toleranced. This can be done by relating the remaining surfaces to the pre-
vioudly built TTRS and/or by tolerancing the respective MGDE’s [Desrochers 94].

The shortest kinematic |oops one can detect are those between two parts. Two different types of
kinematic loops are then possible [Jonge Poerink 94]:

1. loops consisting of two surfaces on each part.

2. loops consisting of one surface on one part and two on the other.

The latter case can provide some problems, however. If aloop consisting of one surface on one
part and two on the other isthe first loop considered for the part with one functional facein the
loop, aTTRS cannot be built. The surface can only betoleranced by aform tolerance. Therefore,
these types of 1oops should be avoided as starting loops.



In the assembly graph loops can easily be detected using standard graph theory like e.g. [Even
79] and [Noltemeier 76]. A kinematic loop in the assembly graph always consists of more than
one part and no more than two surfaces on each part in theloop. There can be more than oneloop
between several parts and one surface can participatein several loops. Asthere can be morethan
oneloop, the order in which surfaces are to be associated is not trivial. In fact, it depends on the
order inwhichtheloopsare processed. Also, loops should beindependent; they may not belinear
combinations of others. Therefore, once the loops have been detected, the following still hasto
be resolved:

— determining the starting loop.

— determining the sequence in which the loops have to be processed.

Clément et a. have proposed the following criteria, that are mainly related to technological rea-

sons, for the detection of the starting loop [Clément 91], [ISMCM]:

— onedimensional loops passing through contacts having their normal vectors pointing in opposite direc-
tions (tolerance chain).

— shortest independent loops; i.e. loops involving the least number of parts.

— choosing loops generating the TTRS that were designated using dimensioning assistance or through
technical functions.

— choosing loops passing through surfaces designated as references (MGDE).

The above rules apply to one direction in the assembly graph. For al directionsin the graph, all
loops in the same direction have to be found and based on the above rules, the loops have to be
sorted. By doing this, TTRS trees per direction and per component can be constructed. If these
TTRS, possibly in combination with remaining functional faces, are unrelated, they can be
associated on their turn. This can be done by considering the previously built TTRS and shortest
loops containing multiple directions as well as MGDE. In this way, a sensible dimensioning of
every subassembly isallowed, aswell asthe generation of the shortest tol erancing chain. Howev-
er, the previous criteria may not always be sufficient, and therefore users should be enabled to
select theorder inwhich loopsareto be processed [ Clément 91]. Jonge Poerink added some addi-
tional criteriafor loop selection [Jonge Poerink 94]:

— Avoid loops that contain only one surface on a part.
— Choose loops containing the simplest basic geometry.

Automatic tolerance val ue specification is not examined. Checking for coherence and compl ete-
ness of specified tolerancesisalso not addressed, although these can be considered as part of tol-
erance specification.

6.2 Tolerance specification asimplemented in FROOM

Based upon the theory as presented above, FROOM is ableto generate tol erance types automati-
cally based on aconceptual graph representation of an assembly model. Therulesfor |oop detec-
tion, constructing MGDE, TTRSetc. areimplemented using C++. Figure 7 provides an example
of tolerance specification of the gearpump which will be addressed later for explaining the con-
ceptsregarding toleranceanalysis. Apart from an automati c tol erance specification, amanual tol-
erance specification is desired; not all tolerances should by definition be of functional impor-
tance. The manual tolerance specification in FROOM is currently under devel opment.

7. Tolerance analysisin FROOM

This section only summarizes the theory of tolerance analysis asisto be applied in FROOM; it
provides an extension to the theories on tolerance analysis by Gaunet [Gaunet 94] and Riviéere
[Riviere 94]. The implementation is currently under development and has not been completed;
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Figure 7 The system proposes a parallelism tolerance between the two gear holes.

thereforeit isnot discussed. A distinction is made between analyzing the feasibility of assembly
(7.1) and the quality of assembly (7.2).

7.1 Analyzing the feasibility of assembly

Feasibility of assembly can be considered by checking face associationstwo by two, without con-
sidering the other faces on apart or in the remainder of the mechanism. Tolerance torsors can be
used to cal cul ate softgages for each surface. Softgages are the nominal geometry combined with
their virtual tolerance zones. Softgages can be calculated for most material condition and least
material condition. Using MM C softgages, acheck for feasibility of assembly can be performed.

For each point on asurface, itsvirtual displacement can be calculated using the torsor related to
that surface (association). As there can be infinitely many points on the surface, usually are-
stricted number of discrete pointsis chosen which are used to construct the softgage. The more
points are chosen, the better the approximation of the softgage. The comparison of the softgages
of two different surfaces then results in insight into the feasibility of assembly; interference or
not. If there isinterference, either the nomina dimension values or the tolerance values can be
changed, in order to achieve non-interference.

7.2 Analyzing the quality of assembly

Asin both the torsor approach as presented by Gaunet [ Gaunet 94] and the matrix approach by
Riviereet a. [Riviere 94], agreat number of constraints and parameters appear, it seems of great
interest to reduce the number of constraints and parameters before trying to solve the constraint
set. Also, inthe currently presented tol erance analysis approachesit is difficult to find the direc-
tionsineach”joint” whichinfluencethe most the clearance oneisinterested in. Infact, thisseems
to be the main obstacle in applying the torsor approach to 3D tolerance analysis. Including an
analogy to degrees of freedom analysis as proposed by Kramer seems to be a possible solution
to both problems; by determining the relevant directions for each joint in which calculations
should be made this could reduce the constraint/parameter set. Toillustrate thisidea, an example
of agearpump, similar to [Farmer 86], [Gaunet 94] and [Riviére 94] is presented. The example
includes TTRS and MGDE construction.



7.2.1 A smpleexample

The pump considered is an assembly of a housing and two shafts; the cover and the boltsfitting
the cover onthehousing are not considered. The shaftsare considered to contain thegears. Figure
8 shows the pump with only some size and fit tolerances.
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Figure 8 The pump (dimensions and size and fit tolerances after [Riviére 94]).

Tolerance specification for the gear pump example

As has been explained previoudly, tolerance types can be determined by detecting kinematic
loops from the assembly graph. Figure 9 shows the assembly graph and the loopsin the case of
the pump. The faces A1, B1, C1 and D1 are surfaces of part 1 (the housing), faces A2 and B2

Detected loops:

(A1, B1, A3, B3)
(C1,D1, A2, B2)
(C1,A1, B2, B3)
(D1, B1, A2, B2, A3, B3)

Figure 9 The assembly graph of the pump mechanism and the loops that can be detected.

are surfaces of part 2 (the small shaft) while faces A3 and B3 are surfaces on part 3 (the large
shaft).

According to the two most important criteriafor loop sequencing, i.e. shortest loops and one di-
mensional loops, theloops (A1, B1, A3, B3), (C1, D1, A2, B2) and (A1, C1, B2, B3) would be
thefirst to be processed. However, theloop (A1, C1, B2, B3) isdependent on the other two short-
est loops. Thereforeitisadependent loop and will not be considered. Asthetwo remaining loops
are of equal size and contain cylindrical surfaces, either loop can be used as a starting loop for
building the TTRS. Consequently, theloop that isnot chosen asthefirst, hasto be used as second.
Suppose we choose loop (C1, D1, A2, B2) asthefirst loop. Thenloop (A1, B1, A3, B3) will be
the second loop. The remaining loop is (D1, B1, A2, B2, A3, B3). According to the main loop
criteria, the sequence would then be:

1.(C1,D1, A2, B2)

2. (A1, B1, A3, B3)

3. (A1, C1, B2, B3) (not considered; dependent loop)

4. (D1, B1, A2, B2, A3, B3)



The first loop contains 4 surfaces. surface C1 and D1 on part 1 and surface A2 and B2 on part
2. Therefore, thefirst TTRS of part 1 contains surfaces C1 and D1. According to table 2, there-
sulting classisacylinder (C1 and D1 areboth cylindrical surfacesand are concentric). According
to table 2, the MGDE for this TTRS can be the axis (of surface D1 or C1). Surfaces A2 and B2
on part 2 also result in acylindrical TTRS as they are concentric cylinders as well. The second
loop can be processed similar to thefirst. Thethird loop containsonly facesthat are already used
inprevious TTRS and none of thesefacesisareferenceface or MGDE. Therefore, thethird loop
isadependent loop and not relevant to buildingaTTRS. Inthelast loop, al faces have been used
in previous TTRS, but the axes of D1 and B1 are MGDEs. Also, because of the link B2-B3, it
is an independent loop. Therefore, faces D1 and B1 on part 1 arerelated; the resulting TTRSis
prismatic. According to table 2, theresulting MGDE isacombination of aline and aplanar face.
Theresulting TTRStreesthat can be generated from the loops of the functional faces of the parts
of pump are shown in figure 10.

c1 D1 Al B1 AZ\/ B2 A3\/ B3
TTRSL1 (cyl) TTRSL2(cyl) TTRS2.1(cyl) TTRS3.1(cyl)
TTRSL3
(prism.)
MGDEL1: axis of D1 MGDEpaty = MGDEpats _
MGDE2.1: axis Y i
MGDEL2: axis of B1 of A2 MGDES.L: axisof A3

MGDEparts = MGDEL.3: composed of axis of D1
and plane of axesof B1 and D1

Figure 10 The resulting TTRStrees for each part of the pump.

Based onthe TTRStreesthat are obtained, geometric tol erance types can be proposed automati-

cally by the system. For TTRSL.1 this results in a concentricity tolerance between face C1 and

D1 and a cylindricity tolerance on each individual face. TTRS1.2 is similar to TTRSL.1.

TTRS2.1and TTRS 3.1 areaso similar to TTRS1.1. For TTRS 1.3 it is necessary to tolerance

D1 and B1. Asthe faces D1 and B1 are nominally two paralel cylindrical faces, a parallelism

and a position tolerance are applied to both surfaces. The proposed geometric tolerances are
T displacement

%

Figure 11 The geometric tolerancetypesthat  Figure 12 Theassembly graph with boththein-

can automatically be proposed. ter—piece contacts and the inner piece TTRS
symbolized as tolerances and displacements
(slightly adapted from [Riviere 94]).

p| tol3

part 2

clearance?

simplicity, unlike the example of figure 6, al tolerance directions are the same. If, for instance



we would have associated the planar face of the bottom of holes A1 and C1 with the correspond-
ing faces of the gears, different directions would have been introduced. Also, if the cover would
have been included in the example, this would have been the case.

Tolerance analysisin the gear pump example

Suppose we areinterested in the clearance between the two gears: between face B2 and face B3.
Figure 12 showsthe assembly graph once more; the clearancesare now expressed as” tol erances”
inthegraph. Theclearanceof interestispart of two of the previously determined loops. Normally,
one would have to calculate the clearances resulting from both loops independently. From this,
the clearancethat is most significant should then be determined. Thiscriterion hasnot beeniden-
tified in previous literature. In our example, however, we will only consider the loop (D1, B1,
A2, B2, A3, B3), asthe other loop has been shown to be dependent. Note that in this case, the
tolerance analysis problem is primarily a 2D problem due to the ssmplified model. In figure 12,
D1 has been hatched to indicate that the displacements of surfaces in the loop influencing the
clearance are calculated relative to D1. The situation has been outlined in figure 13.
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Figure 13 Tolerance zones between surface B1 and D1 (redrawn after [Riviére 94]).

Wewill now consider the constraintsinvolved inthedisplacement of B1relativeto Or;. Suppose
R isthe mechanism coordinate frame and R1 and R2 are those of surfacesB1 and D1. If Pr_,r1
is the transformation matrix of coordinate frame R to frame R1, then [Riviéere 94]:

XM XM
yM yM
o oy = [P ] * [ u |(ons
1 1

The matrix D1 representing the tolerance zone of surface B1 with respect to Or1 can be written
asinequation (Eq. 1). Thevector of displacement MM’ of apoint M in thetol erance zoneto point
M’ expressed in Ry isnow [Riviere 94]:

[MM’]R

R

(= [0 = 1] [Preny] < ]
The constraints to be fulfilled at the extremes M A and Mg of the cylindrical tolerance zone are
[Riviere 94]:

VL - _ tol3 VL - _ tol3
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The other constraints for each tolerance are derived similarly. Using these constraints, the mini-
mum/maximum clearances can be calculated. In the example of the pump [Riviére 94], human
interpretation easily concludes that only the y—direction is of importance for clearance calcula-
tions. However, acomputer needs generic methods which also help out in more complex cases.



In the following paragraph, thisis detailed further and can be seen as an extension to the theory
by Riviere [Riviére 94].

7.2.2 An extension to Riviere's method for 3D tolerance analysis

In the pump example, when calculating the clearances, two halves of the kinematic loop are
"walked through” starting from areferenceface (faceD1). Inthe casewhereoneamsat reducing
the constraint set, it is preferable to start out at the faces that one isinterested in (i.e. the faces
forming the clearance or orientation). Based on the face typesinvolved, it will then be possible
to determineakind of virtual plan fragment, anal ogousto the plan fragmentsby Kramer [Kramer
92]. By virtual is meant that only directions are considered along which trandations (in case of
clearance) or rotations (in case of orientations) can be carried out. Thus, no values are given to
these virtual plan fragments; as a matter of fact these are the values one is finally interested in
asthey determine the clearance or orientation onewould like to know. The two components par-
ticipating in the clearance or orientation are called primary components from now on. Once a
virtual plan fragment has been calculated for each primary component, i.e. adirection in which
clearanceor orientation are maximum, thetwo hal ves of the kinematic|oop can betraversed back
tothereferenceface. During this process, constraints can be reduced by reasoning on the macro—
DOF's (actual kinematic degrees of freedom; large displacements) in relation to the micro—
DOF's (tolerances).

In the case of our pump we are interested in the clearance between the two gears (part 2 and 3).
Thesegearsareparallel cylindrical surfaces (simplified geometry), and have each onerotational
macro—DOF around axesthat are parallel. By means of akind of plan fragment table we may be
abletofind the virtual plan fragment (direction in which the clearance is maximum). In fact, the
planfragment table should containall possible casesof thefaceassociationsasmentionedintable
2. However, the faces that are associated must be part of different solids now. Table 3 shows a
preliminary version of such avirtual plan fragment table for clearances. Table 4 illustrates some
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Table 3 Preliminary virtual plan fragment table for (maximum) clearances.

of the cases of table 3in some more detail. In the case of two parallel cylinders (that do not share
their axes), the virtual pan fragment can be determined by calculating the direction of the line
perpendicular to the two axes (or MGDE): seetable 4.
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Table 4 Some cases of table 4 in more detail.

Now, for thedirections of D2, and D33 that areinternal to parts 2 and 3 respectively and that form
part of the two halves of the kinematic loop, only the direction determined by the virtual plan
fragment is important. The same holds for the directions of D12 and D43, which represent the
clearances between parts 2 and 1 and parts 3 and 1. In fact, in these latter clearance zones, the
virtual plan fragmentscan be executed oncethevaluesof thetranslations (or rotations) areknown
in order to find the maximum clearance. Aswe now arrived on the base component, i.e. the com-
ponent with 0 macro-DOF's, no new virtual plan fragmentsare needed. It issufficient to observe
D11 intherequired direction. Thus, using an algorithmic approach, we can arrive at the same set
of equations as those that were manually derived in [Riviere 94]. In this example, however, no
directions had to be taken into account for a certain tolerance zone in the chain for which that
tolerance zoneisinvariant, but for which the clearance oneisinterested inisnot invariant. Espe-
cially in these cases reasoning on the macro-DOF's is hecessary.

Although only one simple example was shown in which akind of DOF analysis has been used
to reduce the sets of equations and to determine directions in which to calculate, this seems to
open the way for true 3-D tolerance analysis.

8. Conclusions and recommendations

A tolerancing tool has been presented which allowsfor functional tolerance specification. Toler-
ance specification is based on the method by Clément. This method has been verified by the cur-
rent research and shown to be a” sound” method although further evaluation in practice seems
desirable. Tolerance representation is based on the TTRS concept. For tolerance analysis, an ex-
tension has been presented to the methods by Gaunet and Riviére. The extension for tolerance
analysiscombinesthekinematicsapproach for small displacements(tol erances) with that of large
displacements. However, these extensions have not yet been implemented and verified. In the
future this should be done. More effort in the field of checking completeness and coherence of
tolerance specifications seems required as well. Also, tolerance synthesis should be devel oped
in combination with the presented tolerance specification and analysis methods.

Acknowledgements

This research has been supported by the Technology Foundation (or STW: a Dutch foundation,
funded by the Dutch government).

References

[ANSI 82] ANSI Y 14.5, Dimensioning and tolerancing, American Society of Mechanical Engineers,
New York, 1982.

[Ballu93a] Ballu A., Identification de modéles géométriques composés pour la spécification et lamé-
surepar coordonnéesdes caractéristiquesfonctionelles des pi eces mécaniques, in French, PhD the-
sis (thése de Nancy I), january 1993.



[Ballu93b] BaluA., MathieuL., Analysisof dimensional and geometrical specifications: standardsand
models, Proc. of 3rd CIRP Seminar on Computer Aided Tolerancing, Cachan (F), 1993, 157-170.

[Bjarke 78] Bjarke @., Computer—Aided Tolerancing, Tapir publ., 1978.

[Boerma 90] Boerma J.R., The design of fixtures for prismatic parts, PhD thesis, University of Twente,
Enschede, 1990.

[Bourdet 79]Bourdet P, | dentification géométrique des piécesmécani ques, thésede 3émecycle, Paris VI,
1979.

[Briard 89] Briard M., Charles B., Clément A., Pelissou P, Riviére A., The mating function in CAD/
CAM systems, Design Automation Conference Montreal, Canada, September, 1989.

[Charles 89] Charles B., Clément A., Desrochers A., Pelissou P, Riviére A., Toward a computer aided
tolerancing model, Int. Conf. on CAD/CAM and AMT in Israél, CIRP sessions on tolerancing for
function in a CAD/CAM environment, vol.2, December 11 —14, Jerusalem, Israél, 1989.

[Clément 91] Clément A., DesrochersA., Riviére A., Theory and practice of 3D tolerancing for assembly,
CIRP seminar on Computer aided tolerancing, Penn State University, USA, May 1991.

[Clément 93] Clément A., Riviére A., Tolerancing versus nominal modelling in next generation CAD/
CAM system, CIRP Seminar on Computer Aided Tolerancing, ENS de Cachan, Paris, April 1993,
97 - 113.

[Clément 94] Clément A., Riviére A., Temmerman M., Cotation tridimensionelle des systémes méca-
niques, théorie & pratique, PYC Edition, Yvry—Sur—Seine Cedex (ISBN 2-85330-132—X), in
French (English version isin progress), 1994.

[Desrochers 94] Desrochers A., Clément A., A dimensioning and tolerancing assistance model for CAD/
CAM systems, Int. J. Adv. Manuf. Technol., 9, 1994, 352—-361

[Dufosse 93] Dufossé P, Automatic dimensioning and tolerancing, 3rd. CIRP seminar on Computer
Aided Tolerancing, Cachan (F), April 1993, 1-10.

[EIMaraghy 93]EIMaraghy H.A., EIMaraghy W. H., A system for modeling geometric tolerancesfor me-
chanical design, Proc. 3rd CIRP seminar on Comp. Aided Tolerancing, Cachan (F), April 1993,
11-24.

[Even 79] Even S., Graph Algorithms, Computer Science Press, 1979.

[Farmer 86] Farmer L.E., Gladman C.A., Tolerance technology— Computer—based analysis, Annals of
the CIRP, Vol.35, No. 1, 1986, 7 — 10.

[Gaunet 94] Gaunet D., Modéleformel detolerancement de position, contributionsal’ aide au tolerance-
ment des mécanismes en CFAQ, in French, PhD thesis, ENS de Cachan, February 1994.

[Hervé 78] HervéJ.M., Analyse structurelle des mécanismes par groupe des déplacements, Mechanism
and Machine Theory, Vol.13, 1978, 437-450.

[Hillyard 78] Hillyard R.C., Braid |.C., Analysis of dimensions and tolerances in computer—aided me-
chanical design, Computer—Aided Design, vol. 10, no.3, 1978, 161-166.

[Houten 91] Houten F.J.A.M. van, PART: acomputer ai ded process planning system, PhD thesis, Univer-
sity of Twente, Enschede, 1991.

[ISMCM] N.N., Resolution Tensor, tome 1, Institut Supérieur des materiaux et delaConstruction Mé-
canique, Laboratoire de Mécatronique, information bulletin on the research at ISMCM obtained
via personal communication, St—Ouen (F), year of publication unknown.

[1SO 83] 1SO 1101, Technical drawings — Geometrical tolerancing — Tolerances of form, orientation,
location and run—out — Generalities, definitions, symbols, indications on drawings, 1983.

[Jayaraman 89] Jayaraman R., Srinivasan V., Geometric tolerancing: | Virtual Boundary Requirements,
IBM J. Res. & Developm., Vol. 33, No. 2, 1989, 90-104.

[Johnson 85]  Johnson R.H., Dimensioning and tolerancing, final report, R84-GM—-02-2, CAM-|, Ar-
lington, TX, May 1985.

[Jonge Poerink 94] Jonge Poerink H.J., A funtional tolerancing module for FROOM. MSc the-
sis, University of Twente, report no. PT—516, 1994.

[Koplewicz 93] Koplewicz D., Specification by tolerance zones, current situation and evolutions, Proc.
3rd CIRP Seminar on Computer Aided Tolerancing, Cachan (F), 1993, 213-222.

[Kramer 92] Kramer G.A., Solving geometric constraint systems, a case study in kinematics, The MIT
Press, Cambridge, Massachussetts, 1992.

[Liu9l] Liu H-C., Nngji B.O., Design with spatial relationships, Journal of Manufacturing Systems,
Vol.10, No.6, 1991, 449-463.



[Nassef 93] Nassef, A., EIMaraghy, H.A., Allocation of tolerance types and values using genetic algo-
rithms, proc. 3rd. int CIRP sem. on Computer Aided Tolerancing, ENS de Cachan, 1993, 147-156.

[Noltemeier 76]Noltemeier H., Graphentheorie mit Algorithmen und Anwendungen, (in German) de-
Gruyter Lehrbuch, Berlin, 1976.

[Ranyak 88] Ranyak P.S., Fridshal R., Featuresfor tolerancing asolid model, Computersin Engineering
Conference (CIE), San Francisco, 1988, 275-280.

[Requicha83] RequichaA.A.G., Toward atheory of geometrictolerancing, Int. J. of RoboticsResearch,
Vol. 2, No. 4, 1983, 45-59.

[Requicha84] RequichaA.A.G., Representation of tolerancesin solid modeling: issues and alternative
approaches, in: Solid modeling by computers, from theory to applications, eds. Picket M.S., Boyse
JW., Plenum press, 1984.

[Requicha86] RequichaA.A.G.,ChanS.C., Representation of geometric features, tolerancesand attrib-
utesin solid modelers based on constructive geometry, IEEE Journal. of Robotics & Automation,
Vol. RA-2, No0.3, 1986, 156-166.

[Riviere 93] Riviére A., La Géométrie du groupe des déplacements appliquée alamodélisation du toler-
ancement, PhD thesis, Paris, November 1993.

[Riviere94] Riviére A., Gaunet D., Dubél., Desrochers A., Une approche matricielle pour lareprésenta
tion des zones de tolérance et des jeux, to appear, 1994.

[Salomons 93a] Salomons O.W., Houten F.J.A.M. van, KalsH.J.J., Review of research in feature—based
design, Journal of Manufacturing Systems, Vol.12, no.2, 1993, 113-132.

[Salomons 93b] Salomons O.W., Kappert J.H., Slooten F. van, Houten FJ.A.M. van, Kals H.J.J., Com-
puter support in the (re)design of mechanical products, anew approach in feature based design, fo-
cusing on the link with CAPP, IFIP Transactions B—11, Knowlegde Based Hybrid Systems,
Mezgar |., Bertdk P. (eds.), Elsevier Science Publishers B.V. (North Holland), 1993, pp 91-103.
(Also: internal report PT 455), http://utwpue.wb.utwente.nl/stw—doc/papers/paper—knowhs.ps.

[Salomons 93c] Salomons O.W., Slooten F. van, Houten F.J.A.M. van, Kals H.J.J., A computer support
tool for re—design, a prototype system resulting from applying a methodic design approach, pro-
ceedings of the International Conference on Engineering Design, ICED’ 93, The Hague, August 17
—19, 1993, Val. 3, 1559 — 1570, http://utwpue.wb.utwente.nl/stw—doc/papers/paper—iced.ps.

[Salomons 94a] Salomons O.W., Slooten F. van, Koning G.W.F. de, Houten F.J.A.M. van, Kas H.J.J,,
Conceptual graphsin CAD, CIRP annals, Vol. 43/1, August 1994, 125-128, http://utwpue.wb.ut-
wente.nl/stw—doc/papers/paper—cirp94.ps.

[Salomons 94b] Salomons O.W., Jonker H.G., Slooten F. van, Houten F.J.A.M. van, KalsH.J.J,, Interac-
tivefeature definition, proceedings | FIP WG 5.3 Conference on Feature modeling and feature rec-
ognition in in advanced CAD/CAM in Vaenciennes, May 24-26, 1994, 181204, http://utw-
pue.wb.utwente.nl/stw—doc/papers/paper—ifd.ps.

[Salomons 95] Salomons O.W., Computer support in the the design of mechanical products, constraint
specification and satisfaction in feature based design for manufacturing, PhD thesis, University of
Twente, 1995, http://utwpue.wb.utwente.nl/~otto/thesis/

[Spatial 94] Spatial Technology, ACIS Geometric modeler, Boulder, Colorado, 1994.

[Srinivasan 89] Srinivasan V., Jayaraman R., Geometric tolerancing: 11. Conditional tolerances, IBM J.
Res. & Developm., Vol. 33, No. 2, 1989, 105-123.

[Srinivasan 93] Srinivasan V., Recent efforts in mathematization of ASME/ANSI Y 14.5M, Proc. of 3rd
CIRP Seminar on Computer Aided Tolerancing, Cachan (F), 1993, 223-232.

[Turner 88] Turner J.U., Wozny M.J., A mathematical theory of tolerances, in: Geometric Modelling for
CAD Applications, eds. Wozny M.J., McLaughlin J.L., Elsevier Science Publishers, IFIP, 1988,
163-187.

[Turner 93] Turner J.U., A feasibility space approach for automated tolerancing, ASME Journal of Engi-
neering for Industry, Vol. 115, 1993, 341-345.

[Wirtz 93] Wirtz A., Vectorial tolerancing a basic element for quality control, Proc. 3rd CIRP
seminar on Computer Aided Tolerancing, Cachan (F), april 1993, 115—128.

[Zhang 93] Zhang C., Wang H-P, Integrated tolerance optimisation with simulated annealing, J. Adv.
Manuf. Techn., vol.8, 1993, 167-174.



