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ABSTRACT

A structure built from parts will not fit
perfectly. The amount of wuncertainty in the
relative positions of the parts can be predicted
from the dimensions of the mated parts and their
tolerances. The tolerances and sizes of the
parts' features are analysed for each possible
contact in turn to find constraints on the part
positions. The combined effect of these
constraints is then found allowing decisions to be
made on whether the parts fit satisfactorily.
Applications include tolerance checking during
design and off-line programming of robot assembly.

I INTRODUCTION

Design specifications of mechanical parts
usually include tolerances. A tolerance 1is a
variation in a dimension or a statement about how
well formed a surface must be. Since the shape of
the parts is not exactly known it is difficult to
know whether they will always fit properly.
During design it must be verified that the parts
of the structure never interfere and never fit too
loosely. Similar questions also arise in off-line
programming of robot assembly.

This paper describes a system to analyse a
structure of toleranced parts. A real part which
has been manufactured to the tolerance
specification will be called an "instance" of the
part. The system finds whether the parts will
ever interfere or if they ever fit too loosely.
It takes into account that some instances of the
parts fit more tightly than others.

DIAGRAM 1

Diagram 1 shows a problem that would be
solvable by the system. Each dimension and angle
shown in the diagram would have a tolerance. The
system could find whether the spigot and peg would

always be able to fit as shown and also how much
slop could occur. At the present time (April '85)
a system has been built that will solve the
problem though ignoring tolerances. The inclusion
of tolerance analysis is in progress.

A part is defined as a set of features which
are simple geometric surfaces such as finite
planes or cylinders. The boundary of each feature
is known. A structure is defined by the contacts
that can occur between pairs of features. Each
possible contact between features is referred to
as a relationship. Similar representations of
parts and structures are used in the off-line
robot programming system, Rapt, designed 1in the
Department of Artificial Intelligence at Edinburgh
University [2]. Rapt makes inferences over the
relationships to find the actual positions of the
parts. Its results do not take into account
poorly fitting parts or imperfectly formed parts
but, in the work presented here, its results are
used as nominal positions of the parts.

Each relationship puts constraints on the
possible positions of the parts involved. The
constraints are combined and propagated so that
the possible positions of one part with respect to
any other can be found.

Other work has dealt with the propagation and
build up of uncertainties. Brooks [1] propagates
uncertainties in the form of inequality
constraints through a robot plan and verifies that
required conditions hold. Taylor [10] derives
constraints on the possible positions of parts
from the relationships between their features and
propagates these through a structure of parts.
Much work on robot planning has assumed the
presence of uncertainty information [6,7,10].
Discussions on the suitability of a given
tolerance scheme for a single part may be found in
[3.“,5]. There 1is a considerable body of
knowledge and tradition involved in tolerancing
and the standards used may be found in [11].
Requicha [8,9] has formalised and generalised
standard tolerancing practice to produce
representations of tolerance types which are
useful for deciding how toleranced parts interact.

II TOLERANCE REPRESENTATION

Requicha's ideas [8,9] on tolerance
representation and semantics are useful for
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deciding how toleranced parts interact. He
formalises standard engineering practice. His
definitions allow the same types of tolerance to
be applied to any shape of feature. The types
include form, size, orientation and position. For
example a form tolerance applied to a flat surface
is equivalent to the conventional tolerance of
flatness but when applied to a cylinder is
equivalent to tolerance of cylindricity.

The basic approach for defining tolerances is
to use 3~dimensional tolerance zones. If an
actual feature satisfies a tolerance specification
then it must 1lie 1in an appropriately defined
tolerance zone. A tolerance zone, in the case of
a nominally cylindrical feature, is an infinitely
long cylindrical shell. Different types of
tolerance are defined by constraining some or all
of the size, thickness or position of the shell.
For example the tolerance zone of a size tolerance
on a cylinder has fixed thickness and radius but
variable position.

In the system described here, each feature is
given a tolerance specification consisting simply
of parameters for each tolerance type.

Datums are used for defining the position of
tolerance zones. The tolerance zone is placed at
the correct position with respect to the relevant
datum. Each part has a master datum system.
Other datums can be defined with respect to
features and their position depends on the
position of the feature. A complex network of
features and datums may exist so that the
tolerance allocated to one feature may have
unexpected effects on other features. Ingham [6]
has done work on predicting the propagation of
tolerances through such a network.

III POSITION UNCERTAINTIES

The uncertainty in position of a part in a
structure can be described as constraints on the
degrees of freedom of the part. A coordinate
system in the part can be wused to define six
degrees of freedom by taking three translations
along the axes and three rotations about the axes.
A variable may be associated with each translation
and rotation. These variables shall be referred
to as "degree of freedom (DOF) variables".

For example, analysis of the structure in
diagram 2, ignoring tolerances, gives:

8% - 0-025 <y < 8% + 0-025
2%g ~ 0025 <y £ 2% + 0-025
~0:05/6 < 6 £ 0-05/6.

6 represents rotation about the origin of the
coordinate system. This form of inequalities is
used throughout the system. Standard methods,
which depend on the shape of the features, are
used for deriving the coefficients. The ) fd
constraints in the above inequalities are found by
considering the situations in which a corner of
the hole 1is 1in contact with the peg. Note that

the coefficients in the inequalities for y depend
on the coordinate system used.

Peg in hole with position tolerances.
The nominal parts are shown with shaded
areas to indicate tolerance 2zones in
which the actual surfaces must lie.

DIAGRAM 2

Considering tolerances, each instance of the
structure is different and so the bounds on the
DOF-variables vary between structure instances.
This 1is represented by putting extra variables in
the bound expressions. So, for example,
constraints on DOF-variable, y, now have the form,

8% + p <y s 8% + q,

where p and q are the new variables. From the
diagram, constraints can be found on p and g. The
most extreme values for y in any assembly instance
occur when the peg is at its smallest and the hole
is at its largest. The extreme values are seen to
be +(4-05-4+0-02+0+01)/2 = +0-04 and so
~0+04<p<q<0-04.

However, due to size tolerances, these values
may not be attainable in the same structure
instance. Size tolerances 1limit the amount of
variation in slop that can occur and so put bounds
on the difference between p and q. In general the
form of constraints on p and q is,

L,U,T and S are numbers derived from consideration
of the different tolerance types. There are
standard methods of derivation which depend on the
shape of the features.

IV COMBINING AND PROPAGATING CONSTRAINTS

Ultimately it is required to find constraints
on the position of one part with respect to some
other. The constraints derived from individual
relationships are combined and propagated as
described below. Using both techniques, kinematic
loops can be dealt with.

A. Combining constraints.

There are often several relationships between
two parts. The set of possible positions
allowable by all the relationships together is the



intersection of the sets of possible positions
allowable by the 1individual relationships. The
set of allowable positions 1is described by the
conjunction of the constraints from the individual
relationships. However, initially each set of
constraints applies at a different coordinate
system. There 1is an algorithm that changes the
form of a set of inequalities to make them
applicable to a different coordinate system.

Before combining relationships between two
parts the build up of position tolerances between
the features must be found. One of these is made
a "master" relative to which the variation in
position of the other features is found.

B. Propagating constraints.

Constraints can propagate along a chain of
parts and relationships. For example, in diagram
3, we may be interested in constraints on part 3
with respect to part 1. There is an algorithm to
deal with the general case analytically.

There may be position tolerances linking the
ends of part 2. The variation in position of one

end with respect to the other must be found before
propagation can be applied.
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DIAGRAM 3

V VERIFYING DESIGN REQUIREMENTS

The result of applying the above inferences
is to produce constraints on the position of one
part with respect to some other. The constraints,
in two dimensions, take the form,

p £ DOF s q
LspsqsU
TS g°p S

where L,U,T and S are numbers and DOF is a degree
of freedom variable. (There may also be terms
involving the angular DOF-variables in the first
of these inequalities.) Although, initially there
may be more than one such set of inequalities for
each DOF they can easily be reduced to one set.

The values of L,U,T and S give useful
information. For example, T represents the
maximum tightness that could occur in any instance
of the structure for that degree of freedom. If
T<0 then the parts will sometimes not fit. S
represents the maximum possible sloppiness and L
and U represent the extremes of displacement that
could occur in any instance of the structure.
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VI CONCLUSION

This paper describes a system to analyse slop
in a structure of toleranced parts. There are two
stages of reasoning. Firstly constraints are
found from each relationship. The existence of
tolerances introduces variables and constraints
not required for nominal parts. Secondly the
constraints are combined and propagated to find
the possible relative positions of two parts.
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