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Foreword

The International Organization for Standardization (ISO) is a worldwide federation of national
standards bodies (ISO member bodies). The work of preparing International Standards is nor-
mally carried out through ISO technical committees. Each member body interested in a subject

for

which a technical committee has been established has the right to be represented on that

commiittee. International organizations, governmental and non-governmental, in liaison with
ISO, dlso take part in the work. ISO collaborates closely with the International Electrotechnrcal
Commnpission (IEC) on all matters of electrotechnical standardization.

Draft [International Standards adopted by technical committees are circulated tonthe member
bodie$ for voting. Publication as an International Standard requires approval byJat least 75%
of thelmember bodies casting a vote.

Interrfational Standard ISO 10303-105 was prepared by Technical Coramittee ISO/TC 184,
Industrial automation systems and integration, Subcommittee SC4, Industrial data.

ISO 1303 consists of the following parts under the general title Industrial automation systems
and iptegration — Product data representation and exchange:

viil

— Part 1, Overview and fundamental principles;

- Part 11, Description methods: The EXPRESSddanguage reference manual;

- Part 12, Description method: The EXPRESS-I language reference manual;

- Part 21, Implementation methods; Clear text encoding of the exchange structure;
<+ Part 22, Implementation methdd: Standard data access interface specification;

-+ Part 23, Implementation) method: C++ language binding to the standard data access
inferface;

Part 24, Implementation method: C language binding to the standard data access
ingerface;

|

Part26) Tmplementation method: Interface definition language binding to the standard
d4ta aceess interface;

axt 21 (O olaoayvy and framouwnrle. ovnaral conannto.
(o0 s & e v o WOt e or

nformanoan +actia o ot A o
VIO IIIVIICU O V\IDULLAB 111\4\11LU\AUA\)6J LICL TX CUXTXY B3 Ty \/UlL\/\/t’lJU,

7

— Part 32, Conformance testing methodology and framework: Requirements on testing
laboratories and clients;

— Part 33, Conformance testing methodology and framework: Structure and use of ab-
stract test suites;

— Part 34, Conformance testing methodology and framework: Abstract test methods;
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— Part 35, Conformance testing methodology and framework: Abstract test methods for
SDAI implementations;

— Part 41, Integrated generic resources: Fundamentals of product description and support;

— Part 42, Integrated generic resources: Geometric and topological representation;

— Part 43, Integrated generic resources: Representation structures;

— Part 44, Integrated generic resources: Product structure configuration;

— Part 45, Integrated generic resource: Materials;

— Part 46, Integrated generic resource: Visual presentation;

— Part 47, Integrated generic resource: Shape variation¢olerances;

— Part 49, Integrated generic resource: Process stru¢ture and properties;

— Part 101, Integrated application resource:, Draughting;

— Part 104, Integrated application resoutrce: Finite element analysis;

— Part 105, Integrated application\resource: Kinematics;

— Part 106, Integrated applieation resource: Building construction core model;
— Part 201, Application protocol: Explicit draughting;

— Part 202, Application protocol: Associative draughting;

—  Part 203¢CApplication protocol: Configuration controlled design;

Part 204, Application protocol: Mechanical design using boundary representatiop;
—~Part 205, Application protocol: Mechanical design using surface representation;

— Part 207, Application protocol: Sheet metal die planning and design;

Part 208, Application protocol: Life cycle management - Change process;

— Part 209, Application protocol: Composite and metallic structural analysis and related
design;

— Part 210, Application protocol: Design of layered electronic products;

1X
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— Part 211, Application protocol:
— Part 212, Application protocol:

— Part 213, Application protocol:

Electronics test diagnostics and remanufacture;
Electrotechnical design and installation;

Numerical control process plans for machined parts;

- Part 214, Application protocol:
- Part 215, Application protocol:
-+ Part 216, Application protocol:
-+ Part 217, Application protocol:

<+ Part 218, Application protocol:

el¢ctronic products;

D
Ir

pyocess plant;

Part 222, Application protocol:

+ Part 223, Application protocol:
mption for cast parts;

Part 224, Application protocol:
miechanical feature;

+ Part 225, Application protocol:
+ Part 226, Application protocol:
+ Part.227, Application protocol:

+ ~Part 228, Application protocol:

ad OO1 A 1inndl~ vt ~nn~l. T
alL 441, ApPpPlICauvlull PpIoLtLLUL.

Core data for automotive mechanical design;
Ship arrangement;

Ship moulded forms;

Ship piping;

Ship structures;

-+ Part 220, Application protocol: Process planning, manufacture, and assembly of layered

Exchange 0f product data for composite structures;

Exchange of design and manufacturing product infor-

Mechanical product definition for process plans using

Building elements using explicit shape representation;
Ship mechanical systems;
Plant spatial configuration;

Building services: Heating, ventilation, and air condi-

tibpiaa:
R

— Part 229, Application protocol:
mation for forged parts;

— Part 230, Application protocol:

— Part 231, Application protocol:
specification of major equipment;

Exchange of design and manufacturing product infor-

Building structural frame: Steelwork;

Process engineering data: Process design and process



https://standardsiso.com/api/?name=aeb9f58511c721ac1d2e04967b53c22a

©®ISO

ISO 10303-105:1996(E)

— Part 232, Application protocol: Technical data package;

— Part 301, Abstract test suite:

— Part 302, Abstract test suite:

Explicit draughting;

Associative draughting;

— Part 303, Abstract test suite:
— Part 304, Abstract test suite:
— Part 305, Abstract test suite:
— Part 307, Abstract test suite:
— Part 308, Abstract test suite:

— Part 309, Abstract test suite:
design;

Part 310, Abstract test suite:

Part 311, Abstract test suite:
— Part 312, Abstract test suite:
— Part 313, Abstract test suite:
— Part 314, Abstract.test suite:
— Part 315, AbStract test suite:
— Part 316,-Abstract test suite:
— Part-317, Abstract test suite:
= Part 318, Abstract test suite:

— Part 320, Abstract test suite:

Configuration controlled design;

Mechanical design using boundary representation;
Mechanical design using surface representation;
Sheet metal die planning and désign;

Life cycle management - Change process;

Composite and metallic structural analysis and related

Design of ldyered electronic products;
Electronics test diagnostics and remanufacture;
Electrotechnical design and installation;
Numerical control process plans for machined partps;
Core data for automotive mechanical design;
Ship arrangement;

Ship moulded forms;

Ship piping;

Ship structures;

Process planning, manufacture, and assembly of lhyered

electronic products;

— Part 321, Abstract test suite:
process plant;

— Part 322, Abstract test suite:

— Part 323, Abstract test suite: Exchange of design and manufacturing product informa-

tion for cast parts;

Functional data and their schematic representation for

Exchange of product data for composite structures;
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— Part 325, Abstract test suite: Building elements using explicit shape representation;

—  Part 396 _Abstract test suite: Ship mechanical systems;

+ Part 327, Abstract test suite: Plant spatial configuration;

+ Part 328, Abstract test suite:
infg;

Building services: Heating, ventilation, and air condition-
1 Part 329, Abstract test suite: Exchange of design and manufacturing. product informa-
tipn for forged parts;

+ Part 330, Abstract test suite: Building structural frame: Steelwork;

+ Part 331, Abstract test suite: Process engineering data: Process design and process

xii

specification of major equipment;

Part 332, Abstract test suite: Technical data package;

Part 501, Application interpreted construct:
Part 502, Application interpreted construct:
Part 503, Application interpreted construct:
Part 504, Application(interpreted construct:
Part 505, Application interpreted construct:
Part 506, Application interpreted construct:
Part<$07, Application interpreted construct:

Rart 508, Application interpreted construct:

Edge-based wireframe;

Shell-based wireframe;

Geometrically bounded 2D wireframe;
Draughting annotation;

Drawing structure and administration;
Draughting elements;

Geometrically bounded surface;

Non-manifold surface;

Part 509, Application interpreted construct:
Part 510, Application interpreted construct:
Part 511, Application interpreted construct:
Part 512, Application interpreted construct:

Part 513, Application interpreted construct:

Manifold surface;

Geometrically bounded wireframe;
Topologically bounded surface;
Faceted boundary representation;

Elementary boundary representation;
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— Part 514, Application interpreted construct: Advanced boundary representation;
— Part 515, Application interpreted construct: Constructive solid geometry;

— Part 517, Application interpreted construct: Mechanical design geometric presentation;

— Part 518, Application interpreted construct: Mechanical design shaded represenltation.

The structure of this International Standard is described in ISO 10303-1. The numbering of the
parts of this International Standard reflects its structure:

— Parts 11 to 13 specify the description methods,

— Parts 21 to 26 specify the implementation methods,

— Parts 31 to 35 specify the conformance testing methodelogy and framework,
— Parts 41 to 49 specify the integrated generic resources,

— Parts 101 to 106 specify the integrated application resources,

— Parts 201 to 232 specify the application’protocols,

— Parts 301 to 332 specify the abstraet test suites, and

— Parts 501 to 518 specify the<application interpreted constructs.
Should further parts be published; they will follow the same numbering pattern.

Annexes A and B are an integral part of this part of ISO 10303. Annexes C, D, E, F,|and G
are for information only.

xiii
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Introduction

ISO 10303 is an International Standard for the computer-interpretable representation and ex-
change of product data. The objective is to provide a neutral mechanism capable of describing
product—data—throughout the life e 0f a prod independen am_any particula o1
The nlature of this description makes it suitable not only for neutral file exchange, but also as.@
basis for implementing and sharing product databases and archiving.

This International Standard is organized as a series of parts, each published separately;* The
parts pf ISO 10303 fall into one of the following series: description methods, integrated tesources,
applidation interpreted constructs, application protocols, abstract test suites, implementation
meth@ds, and conformance testing. The series are described in ISO 10303-10 This part of
ISO 1j0303 is a member of the integrated resources series. Major subdivisions of this Interna-
tional Standard are:

kinematic structure;
- kinematic motion representation;

-+ kinematic analysis control and results.

This part of ISO 10303 specifies an information model f6r the kinematic aspects of a mechanical
prodyct as required for the communication between CAD systems and kinematic analysis sys-
tems,| and among dissimilar kinematic analysis systems. Kinematic information in the context
of this part of ISO 10303 may be used in:

+ early design stages, where detailed component shape is yet undetermined. The pur-
pgse of the kinematic description inthese stages is to develop the conceptual model of the
mpchanical product to understand-its motion characteristics;

detail design stage where¢ detailed shapes of components are determined. The purpose
of] the kinematic description in that stage is to verify the performance of the kinematic
cHaracteristics of a meehanical product using the final shape of its components, e.g., by
eans of collision(checking.

inematic¢ structure schema defines the kinematic structure of rigid objects in terms of
links,| pdixs, and joints. A link is the rigid part of a kinematic object. A pair represents the
geombirit 2 c; . . . . nd 2 o resents
the topological aspects of these constraints. The kinematic structures are represented by graphs
in which the vertices of the graph correspond to the links, and the edges of the graph correspond
to the joints.

The kinematic motion representation schema specifies the motion of a mechanical product by
using a parametric path definition.

The kinematic analysis control and result schema specifies configurations of kinematic structures
and the interpolation between configurations. This schema describes prescribed paths for a
kinematic analysis and paths resulting from such a kinematic analysis.

X1iv
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Figure 1 illustrates these three schemas and the types and entities that are defined in one schema
and referenced by another.

rotation_about_direction kinematic_path

spatial_rotation motion_parameter_measure
ypr_rotation

kinematic_motion - . .
kinematic_structure representation_schem kinematic_analysis_
er - P on_schema control_and _Iresult_

schema
O - schéma

kinematic_ joint
kinematic_link_representation
mechanism

pair_value

rigid_placement

Figure 1 — The relatioriships between the three schemas of
ISO 10303-105: Kinematics
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Industrial automation systems and integration —
Product data representation and e

Part 105 : I
Integrated application resource: Kinematics

1 Scope

This part of ISO 10303 specifies the resource constructs for the representation of the kinematic
aspects of a mechanical product.

The following are within the scope of this part of ISO 10303:

— definition of kinematic relationships between rigid objects called links;
— representation of the topology for a kinematic structure;
— definition of a kinematic motion as.&sequence of discretised positions and oriefitations;

— representation of the input to and the result of a kinematic analysis.
The following are outside the scope'of this part of ISO 10303:

— description of tolerancessand clearances in kinematic structures;

— description of métion parameters in terms of a continuous time variable;
— representation of intermittent joints with variable constraints on motion;
— represemntation of dynamic mechanical assemblies;

— «Jepresentation of force, mass, and friction.

2' Normative references

The following standards contain provisions which, through reference in this text, constitute
provisions of this part of ISO 10303. At the time of publication, the editions indicated were
valid. All standards are subject to revision, and parties to agreements based on this part of
ISO 10303 are encouraged to investigate the possibility of applying the most recent editions of
the standards indicated below. Members of IEC and ISO maintain registers of currently valid
International Standards.
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ISO/IEC 8824-1:1995, Information technology - Abstract Syntax Notation One (ASN.1): Spec-
ification of basic notation.

ISO 8855:1991, Road wvehicles - Vehicle dynamics and road-holding ability - Vocabulary.

1SO 10303-1:1994, Industrial automation systems and integration - Product data representation
and exchange - Part 1: Overview and fundamental principles.

ISQ 10303-11:1994, Industrial automation systems and integration - Product data representatio
and exchange - Part 11: Description methods: The EXPRESS language reference mrarual.

PSS

ISO 10303-21:1994, Industrial automation systems and integration - Product date-representatio
and exchange - Part 21: Implementation methods: Clear text encoding of thé exchange structurg.

~

IS 10303-41:1994, Industrial automation systems and integration - Rraduct data representatio
and exchange - Part 41: Integrated generic resources: Fundamentdls ‘of product description anld
sugport.

IS

~

ISO 10303-42:1994, Industrial automation systems and integration - Product data representatio
and exchange - Part 42: Integrated generic resources: Geometric and topological representation.

ISP 10303-43:1994, Industrial automation systems*and integration - Product data representatio
and exchange - Part /3: Integrated generic resgurces: Representation structures.

3 | Definitions

3.1 Terms defined in ISO 10303-1

This part of ISO 10303 makes’use of the following terms defined in ISO 10303-1:

— application resource;
— data;
— genErnic resource;

—A_information;

— integrated resource;

— product.

3.2 Terms defined in ISO 10303-42

This part of ISO 10303 makes use of the following terms defined in ISO 10303-42:

— geometric coordinate system;
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— geometrically founded;

— graph.

3.3 Terms defined in ISO 8855

96(E)

This part of ISO 10303 makes use of the following terms defined in ISO 8855:
— pitch angle;

— roll angle;

— yaw angle.

3.4 Other definitions

For the purposes of this part of ISO 10303, the following.definitions apply.

3.4.1 base: a link which is fixed to the ground or whose motion is prescribed along a ¢
path.

3.4.2 frame: a coordinate system used in kihematic representations.
3.4.3 ground: the immobile part of a-snechanical product in the world coordinate systg

3.4.4 joint: the topological aspect-of an ordered connection or motion constraint betwe
and only two links.

lefined

m.

e two

3.4.5 kinematics: the~description of movable mechanical structures consisting of joints and

links including the namber, location, and orientation of the joints.
3.4.6 kinematic_chain: a sequence of kinematic links connected by joints.
3.4.7 link:~4a rigid kinematic object whose motion is constrained by one or more joints.

3.4.8-1link frame: the local coordinate system of a link, implicitly defined as the geq

eontext of the link, with respect to which all geometric definitions of the link are defined.

metric

3.4.9 loop: a part of a mechanical structure whose joints and links together form a
kinematic chain.

3.4.10 mechanism: a mechanical product whose motion is constrained by joints.

3.4.11 motion: change of position and orientation of a rigid body.

closed

3.4.12 pair: the geometric aspect of either an ordered connection or motion constraint between

two and only two links.
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3.4.13 pair actuation: the assignment of a pair value to a kinematic pair by an application.

3.4.14 placement: the location and orientation of a frame.

3.4.15 transform: a representation of a placement that is specified with respect to an inde-

endr ntroferenco—frama
p I TCTCT CIICCITOrITICTS

3.4.1p SU-parameters: the parameters that specify the placement between a pair of frames.

3.4.1{7 world coordinate system: the initial coordinate system from which all other frames
are defined.

W
d ]

a 1 1 h I I IR S 1. A,
ymbois ana appreviations

For the purposes of this part of ISO 10303, the following symbolstand abbreviations apply.

4.1
The

4.2

Mathematical symbols

mathematical symbol convention used in this part of ISO 10303 is given in table 1.

Graphic convention for matrix representation

In mhthematical formulas, a transform répresentation (three position values and three rotation
valugs) is written as BOLD capital letters.

4.3

Abbreviations
SU Sheth-Uicker
ypr rotation angles called yaw, pitch, and roll.
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Table 1 — Mathematical symbology

Definition

Scalar quantity a

Vector quantity a

Coordinate axes

Unit vectors along coordinate axes

Matrix F

The inverse of the matrix E

Vector (cross) product

- | Scalar product

Parametric curve f

Value off{u) at the point denoted by p

Derivative of f(u) with respect to u

Parametric surface f

f(u,v)

U=Up,V="Vp

Value of f(u,v) at the point denoted by p

Af(u,v)

ou

Partial differential of f with respect to u

z € |a,b)

z is element of the range between a (excluded) and b (included)

sign(z)

Function returns the sign of the argument z

Absolute value, or magnitude, or determinant

Rm

m-dimensional real space
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5 Kinematic structure

The following EXPRESS declaration begins the kinematic_structure_schema and identifies
the necessary references.

EXPRESS specification
*)

SCHENA kinematic_structure_schema;

REFERENCE FROM geometry_schema
axis2_placement_3d,
cartesian_transformation_operator_3d,
curve,

direction,
geometric_representation_context,
normalise,

point,

point_on_curve,

point_on_surface,

surface,
rectangular_trimmed_surface,
trimmed_curve);

REFERENCE FROM measure_schema
conversion_based_unit,
global_unit_assigned_context,
length_measure,
plane_angle_measure,
si_prefix,

si_unit,

si_unit_name,

unit);

REFERENCE FROM product_property_definition_schema
characterized.definition,
property_de€finition);

REFERENCE FRBM product_property_representation_schema
property_definition_representation) ;

REFERENCE FROM representation_schema
(functionally_defined_transformation,
item_defined_transformation,
representation,
representation_context,
representation_item,
representation_relationship,
representation_relationship_with_transformation);

REFERENCE FROM support_resource_schema
(bag_to_set,
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label);
(*

NOTES

1~ The schemas referenced above can be found in the following parts of ISO 10303:

geometry_schema ISO 10303-42
measure_schema ISO 10303-41
product_property_definition_schema ISO 10303-41
product_property_representation_schema ISO 10303-41
representation._schema ISO 10303-43
support_resource_schema ISO 10303-41

2 — See annex D for a graphical representation of this schema using the, EXPRESS-G notation.

5.1 Introduction

The subject of the kinematic_structure_schema is tlie description of the kinematic informa-
tion of a mechanical product defining its motion capabilities.

Motion in this part of ISO 10303 comprises botli free, unconstrained motion of objects in a
Cartesian coordinate system and motion constrained by kinematic joints and pairs.

This part of ISO 10303 covers the following'types of pairs.

1) revolute pair;
2) prismatic pair;
3) screw pair;

4) cylindrical pair;
5) spherical-pair;
6) wmiversal pair;

) planar pair;

) ST 1Halr:

F—EOAF P
9) rack and pinion pair;
10) unconstrained pair;
11) fully constrained pair;

12) point on surface pair;
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13) sliding surface pair;
14) rolling surface pair;

15) point on planar curve pair;

16) sliding curve pair;

7) rolling curve pair.

fypes 1 through 11 are called low order pairs and the remaining pair types are ealled high
| pairs.

NOTE - Pair types 1 through 11 do not require explicit geometric informatign, to describe their
Kinematic behaviour. Pair types 12 through 17 require a reference to a surface or to a curve in order
tp be defined kinematically.

sfirface pairs and curve pairs, two specialisations are distinguished: the sliding and rolling
ypes. A rolling pair is constrained in the relative motion of the two surfaces or curves such
hey cannot slide on each other.

EXAMPLE 1 - High levels of friction between two surfaces.or curves may be the cause for relative
mhotion to be constrained to rolling.

sliding pairs such a constraint does not exist.

pbrder pairs can be represented as sliding high order pairs. If a pair can be represented as

a low| order pair, it should be so represented and not as a high order pair.

5.2| Fundamental concepts and assumptions

5.2/]1 Kinematic model structure

MecHanical products with Kinematic representations may have arbitrary topological structures.

The

topological structures are not constrained to simple chains (i.e., open kinematic chains

withput branches) 6ryto0 tree-type structures; they may include loops or a network structure.

NOTE - Efvery kinematic structure can be described in terms of its joints and links. Joints constrain
he motidn between two rigid objects called links. Joints and links are sufficient to describe the
opolagy-of kinematic structures, but for computation it is meaningful to introduce additional levels
b structure based on graph theory. Information related to the graph representation of a kinematic
gtructure is given in 5.4.70.

EXAMPLES

2 —~ Simple chains are suitable kinematic structures for many industrial robots or cranes. Tree-type
structures are used to represent multi-arm manipulators.

3 — Network structures occur in industrial products. One example is the mechanism used for wind-
screen wipers.
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In this part of ISO 10303, kinematic structures are represented by graphs where the links rep-
resent the vertices of the graph, and the joints represent the edges. The rigid objects with
kinematic representations are defined kinematically in terms of links and geometrically in terms
of their associated shape representation. All coordinate systems related to a kinematic link are
founded in the link frame, which is the geometric context of the related link representation.
These coordinate systems are called frames in this part of ISO 10303. For the purpose of repre-

senting the kinematic aspect of a mechanism, the shape of the Tink is represented by the felative
location and orientation of all its pair frames with respect to its link frame.

5.2.2 Positioning and placement

Whenever constraints are imposed on the relative motion of two kinematiclinks, this fact is topo-
logically represented by a joint. The geometric aspect of this motion\constraint is repr¢sented
by the corresponding pair.

A placement describes a relative position and orientation of a.frame with respect to gnother
frame. There are different ways of representing a placement.)Eight different representatfions of
placement are used in this part of ISO 10303:

— rigid homogenous matrix;

— axis2_placement_3d;

— transform (see 6.4.2);

— su_parameters;

— point_on_curve;

— point_on_surface;

— a pair type with its initial_state;

— cartesian_transformation_operator_3d.

The rigid, homogeneous matrix is used only as a notation in mathematical formulas. It [defines
the rélative position and orientation of one frame with respect to another. The terms|of this
matrix are as follows:

[ 3x3 0z ]
k rotational dy
P, = .
matrix 0z
0 0 0 1

where the notation used for a frame P shall be ¥ P; with:

k = identification of the reference frame in which the position of frame 7 is described;
¢ = identification of the frame whose position is described with respect to frame k;
éz, dy, 6z = the components of the translation vector.
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0P, represents the placement relative to the world coordinate system.

The transform includes three rotational and three translational components. The transform is
the only form of placement representation which is suitable for interpolation or approximation
via weighting functions.

The remaining representations are described in the schema.

5.2.83 Positive sense of rotations

For any rotation defined in the kinematic_structure_schema, a positive value of thé rotation
angle [indicates a counter-clockwise rotation when looking in the negative directionswith respect
to thg axis of that rotation.

5.2.4 Shape representations

Kinerhatic structure representations are frequently associated withCshape representations for
singlg parts of the structure at various levels of detail. In this part.of ISO 10303, three kinds of
shapq representations are distinguished:

1 shape representations of parts that belong to thetimmobile environment of a kinematic
structure, referred to as the ground shape;

+ shape representations describing the shape'of a link of a kinematic structure, referred
tol as the link shape;

+ shape representations describing specific aspects of the shape of a kinematic pair, re-
ferred to as the pair shape.

The geometric_representation.items which contribute to the ground shape representation
may pe in the items set either of the kinematic_ground_representation of the kinematic
strucfure which, in this ease; should be simultaneously a shape_representation, or of a
shapg_representationCwhich is related to the kinematic_ground_representation of the
kinematic structure By)any means. This part of ISO 10303 does not specify any specific con-
strainfts on the representation of ground shape.

The geometric representation_items contributing to a link shape representation shall not
be in|the items set of the corresponding kinematic_link_representation; rather they shall
be in| the items set of a shape representation which is related to this kinematic_link_-
repr¢séntation by means of a kinematic_link_representation_association. Any number of

shape_representations may be related in this way to a specific kinematic_link_represen-
tation.

For the purpose of a pair shape representation, only geometric_representation_items of
type kinematic_frame_background, i.e., point, curve, or surface are allowed. They shall
be in the items set of a kinematic_frame_background_representation which, in turn, is
related to one of the kinematic_link _representations of the pair by means of a kinematic_-
frame_background_representation_association. The items set of a kinematic_frame_-
background_representation may contain more than one item, and in general any number of

10
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kinematic_frame_background_representations may be related to a kinematic_link_rep-
resentation and to any frame in its items set. In the case of the higher pair types, however,
which need explicit geometric information to describe their kinematic behaviour, at least one
kinematic_frame_background_representation is required for each curve or surface that

is referenced in its specification.

5.2.5 Consistent use of units

It is required that units are used consistently throughout a kinematic structure-although such
a kinematic structure will include a variety of representations and related representation_-
contexts. To ensure this consistency, it is further required that all units.which are to ble used

in a kinematic structure are assigned globally to the items of the respéctive represent

htions

by means of the global_unit_assigned_context subtype of the representation_context (see

ISO 10303-41). Units for measure_values of the same kind shall )be identical through
the representations in a kinematic structure.

but all

EXAMPLE 4 — The pair placements of a kinematic_pair are founded in two different kinema-
tic_link_representations. Consistent use of units requirés'that these two kinematic_link frepre-

sentations share the same units via their global unit_assigned_contexts.

5.3 kinematic_structure_schema’type definitions

5.3.1 rigid_placement

The rigid_placement type is a means for referencing either an axis2_placement_3d or st

meters.

EXPRESS specification:

*)

TYPE rigid_placement 7 SELECT
(axis2_placementy3d,

su_parametexrs));
END_TYPE;
(*

5.3:2" rotational_range_measure

The rotational range_measure type is a means for referencing either a plane_angle_ms¢

1_para-

tasure

or an unlimited_range.
EXPRESS specification:

*)

TYPE rotational_range_measure = SELECT
(plane_angle_measure,
unlimited_range);

END_TYPE;

(*

11
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5.3.3 translational range_measure

The translational_range_measure type is a means for referencing either a length_measure
or an unlimited_range.

EXPRESS specification:
*)

TYPE [translational_range_measure = S
(1¢ngth_measure,

uplimited_range);

END_TYPE;

(*

5.3/4 unlimited_range

The unlimited_range type is a means by which an unlimited value can‘be assigned to a range
bound of a pair.

EXPRESS specification:
*)

TYPE| unlimited_range = ENUMERATION
(uplimited);
END_ITYPE;

(*

Enumerated item definitions:

o
o |

unlimited: an indication that the range bound is unlimited.

5.3|5 spatial_rotation

Thelspatial_rotation typeenables an arbitrary rotation in 3D space (R3) to be specified either

as alypr_rotation or as@yotation_about_direction.

EXHRESS specification:

*)

TYPH spatial_rotation = SELECT
(ylpr_rotation,

rotatidéhiabout_direction);

END_[TYPE;

(*

5.3.6 ypr_enumeration

The ypr_enumeration is a means by which the angles of rotation about the origin in Cartesian
coordinate space R® are distinguished. Yaw represents the angle by which the original frame
(x0, Y0, 70) is rotated first about the z-axis to yield an intermediate (z',y',2') frame. Pitch
represents the angle by which the intermediate frame (z',3',2') then is rotated about the y'-
axis to yield another intermediate (z",y",2") frame. Roll represents the angle by which the
(z",y",2") frame is rotated about the x” -axis to yield the desired final (z,y, z) frame.

12
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NOTE - For more detailed information on yaw, pitch, and roll convention see ISO 8855:1991 (clause
2.2).

EXPRESS specification:

*)
TYPE ypr_enumeration = ENUMERATION OF
(yaw,

pitch,

roll);
END_TYPE;
(*

Enumerated item definitions:

yaw: the angle of rotation about the z-axis.
pitch: the angle of rotation about the y'-axis.

roll: the angle of rotation about the x"-axis.

5.3.7 ypr_rotation

The ypr_rotation type is a means for specifying an ordered sequence of the angles of rofation.
The yaw value is the first, the pitch value the second, and the roll value the last elemjent in
the array. The yaw rotation shall be performed first, followed by the pitch rotation. The roll
rotation shall be performed as the last action of a ypr_rotation.

NOTE - An EXPRESS function “which returns the rotation matrix corresponding to af input
ypr_rotation is given in annex E. This function has been provided for applications that Ise this
part of ISO 10303, but need the rotational transformation to be expressed in terms of a gotation
matrix rather than in terms of a sequence of rotation angles.

EXPRESS specification;

*)
TYPE ypr_rotatioen.= ARRAY [ypr_index(yaw) : ypr_index(roll)]
OF plane_angle_measure;

END_TYPE;
(*

Informal propositions:

angle bounds: The values of the yaw, pitch, and roll angle shall be in the ranges equjvalent
to the following ranges, where the angles are measured in radians:

yaw angle € | — m, ]
pitch angle € [—m /2,7 /2]
roll angle € | — w, 7]

rectangular pitch angle: If the absolute value of the pitch angle is equal to the equivalent
value of 7/2, the roll angle shall be zero.

13
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5.3.8 kinematic_frame_background

The kinematic_frame_background type is a means for referencing either a point, a curve,
or a surface.

EXPRESS specification:
*)

TYPE kinematic_frame_background = SELECT
(pdint,
curve,
surface) ;

END_TYPE;

(*

5.4| kinematic_structure_schema entity definitions

5.4/1 rotation_about_direction

A rotation_about_direction specifies a rotation in Cartesian\coordinate space R3. The axis
of rofjation passes the origin of the related coordinate systeni; its direction is given explicitely as
dire¢tion_of_axis. Furthermore, the amount of rotation“is’specified by rotation_angle which
may have any finite value; i.e., its absolute value in radians is not restricted to be less than .
A pokitive value of rotation_angle indicates a counter-clockwise rotation when looking in the
negative direction with respect to the direction‘of_axis.

EXPRESS specification:
*)
ENTITY rotation_about_direction;

di¥ection_of_axis : direction;

rotation_angle : plane_angle_measure;
WHERE

WR1: SIZEOF (direction_oflaxis.direction_ratios) = 3;
END_ENTITY;
(*

Attribute definitions;

dire¢tion_of_.axis: the three-dimensional direction of the axis of rotation.

rotation_angle: the angle of rotation about the axis of rotation.

Formal-propositions:

WR1: The direction_of_axis shall be a three-dimensional direction.

5.4.2 kinematic_property_definition

The kinematic_property_definition specifies the kinematic property of a product.

14
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EXPRESS specification:

*)
ENTITY kinematic_property_definition
SUBTYPE OF (property_definition);
ground_definition : characterized_definition;
END_ENTITY;

Lk
<

Attribute definitions:

ground_definition: the characterized_object, characterized_product.definition, or
shape_definition related to the kinematic_ground_representation which,is associated with
the kinematic_property_definition.

NOTE - The ground._definition may be a characterized_object if it‘does not need to bk asso-
ciated with a product definition.

5.4.3 kinematic_property_representation‘relation

A kinematic_property_representation_relation is a property_definition_representiation
that relates a kinematic_ground_representation to‘a kinematic_property_definitign.

EXPRESS specification:
*)

ENTITY kinematic_property_representation. relation
SUBTYPE OF (property_definition_représentation);
UNIQUE
UR1: SELF\property_definition_ré&épresentation.definition;
WHERE
WR1: ’KINEMATIC_STRUCTURE (SCHEMA.KINEMATIC_PROPERTY_DEFINITION’
IN TYPEOF (SELF\property_definition_representation.definition);
WR2: ’KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_GROUND_REPRESENTATION’
IN TYPEOF (SELB\property_definition_representation.used_representation);
END_ENTITY;
(*

Formal propositions:

UR1: A Kinématic_property_definition shall be related to a kinematic_ground_repre-
sentatien by at most one kinematic_property_representation_relation.

WRT: The definition of a kinematic_property_representation_relation shall be a [kine-
matic_property_definition.

WR2: The used_representation of a kinematic_property_representation_relation shall
be a kinematic_ground_representation.

5.4.4 kinematic_ground representation

A kinematic_ground_representation specifies the world coordinate system.

15
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NOTE - A shape_representation may be given together with a kinematic_ground_represen-
tation to specify the shape of those parts of a kinematic_property_definition that are immobile.

EXPRESS specification:
*)
ENTITY kinematic_ground_representation
SUBTYRE OF (representation);
INVERSE
prpperty : kinematic_property_representation_relation FOR used_representation;
WHERE
WRL: *GEOMETRY_SCHEMA.GECMETRIC_REPRESENTA
TYPEOF (SELF\representation.context_of_items);
END_ENTITY;
(%

Attribute definitions:

SELF\representation.items: a set of representation_items that-are related in the con-
text]_of_items.

ground_context: the identification of a world coordinate system against which all placements
in t§e kinematic_property_definition are measured, either directly or indirectly.

property: the kinematic_property_representation’relation that relates the kinematic -
groyind_representation to the kinematic_property _definition to which it belongs.

Formal propositions:

WHR1: The context_of_items of a kineniatic_ground_representation shall always be a ge-
omgtric_representation_context.

Infofmal propositions:

grofind definition: The kineinatic_ground_representation shall be associated to proper-
ty\property_definition_representation.definition.ground_definition.

5.4.5 mechanism

A mechanism- Specifies the capabilities of relative motion of its links under the constraints
imppsed by.its joints. It is a kinematic structure with a single link fixed to the ground or tqg
somp other~mechanism. The entire mechanism may be subject to the rigid body motion
imppsed-to its base.

NOTE - A mechanism may have different bases at different times. In space applications, worm-Iike
mechanisms have been designed which grab to a space-structure with one end, move on with the
other end, fix themselves with an end-effector establishing a new base, and then loosen the original

grip.
EXPRESS specification:
*)
ENTITY mechanism;

structure_definition : kinematic_structure;
base : kinematic_link;
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containing_property : kinematic_property_definition;
WHERE
WR1: SIZEOF (QUERY (joint <* structure_definition.joints |
(base :=: joint.first_link) OR
(base :=: joint.second_link) )) > 0;
END_ENTITY;
(%

Attribute definitions:

structure_definition: the topological structure of the mechanism.
base: the initial link of the mechanism.

containing_property: the kinematic_property_definition to whick' the mechanis
longs.

Formal propositions:

WRI1: The base shall be either the first link or the seconddink in at least one joint in
structure_definition.joints. This ensures that the basels within the kinematic struct]

5.4.6 mechanism_base_placement

A mechanism_base_placement is a means‘to define the placement of the link frame
base of a mechanism either relative to_the world coordinate system or relative to th
coordinate system of a link that belongs‘to another mechanism.

NOTE 1 - If the placement is definéd relative to the link of another mechanism, the mech
whose base is being placed is'said to be mounted on the other mechanism.

If the placement is defined relative to the world coordinate system, mechanism_base_
ment relates the link frdme of the base in the context_of_items of a kinematic_gra

m be-

the set
ure.

of the
b local

anism

place-
und _-

representation. If the-placement is defined relative to the local coordinate system of another

link, mechanism /base_placement relates the link frame of the base in the link_frame
kinematic_link-Tepresentation which is associated with this other link.

EXPRESS spécification:
*)

ENTITY, mechanism_base_placement
SUBTYPE OF (representation_relationship_with_transformation);
base_of_mechanism : mechanism;

of the

SELF\representation_relationship_with_transformation.

transformation_operator : cartesian_transformation_operator_3d;
DERIVE
SELF\representation_relationship.rep_2
: kinematic_link_representation
:= representation_of_link (base_of_mechanism.base);
UNIQUE
UR1: base_of_mechanism;
WHERE
WR1: (’KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_GROUND_REPRESENTATION’ IN
TYPEOF (SELF\representation_relationship.rep_1))
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OR
(’KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_LINK_REPRESENTATION’ IN
TYPEOF (SELF\representation_relationship.rep_1));
WR2: suitably_based_mechanism (SELF, base_of_mechanism);
WR3: SELF\representation_relationship_with_transformation.
transformation_operator\representation_item IN

—SELF\representation—relationship-—repl-items;

END_HENTITY;
(*

Attribute definitions:

basel of_mechanism: the mechanism whose base is being placed.

SELF \representation_relationship_with_transformation.transformation_operator:
the transformation between the context of rep_1 and the context of rep_2.

NOTE 2 - Legal values for the attributes of the cartesian_transformation_operator_3d that is
1sed as the transformation_operator, are specified in application protocols which use this entity.

SELJF\representation_relationship.rep_2: the kinematic_link_representation that is re-
lated to the base of base_of_mechanism. This is derived-from base_of_mechanism.base by
the function representation_of_link.

Formal propositions:

UR1: A mechanism shall be the base_of_mechanism for at most one mechanism_base_-
placement.

WR(l: The rep_1 of a mechanism_base_placement shall be a kinematic_ground_repre-
sentation or a kinematic_link_representation.

WRI2: The mechanism_base_placement shall place the base of base_of_mechanism either
with|respect to the kinematic_ground_representation which is associated with its contain-
ing_property, or with-respect to a kinematic_link_representation that belongs to another
mechanism. This ¢ther mechanism shall also be in the mechanisms set of containing_-
property. In this\way, the base of base_of_mechanism shall be placed with respect to the
kingmatic_ground_representation, directly or indirectly. If the placement is done indirectly,
a mpechanism/shall not participate in the placement of its own base. These conditions are
checked by~the function suitably _based_mechanism.

WRn mi e > R £ o e Q.0 L1 . nl +1 4 L, e
J. TTIT TAItESIdII_LTIAIISIUTNIITAUIUIT U PTI AlUT _JoU LA 15 UStU ads  LIIT L I'd IS IUTN TIIatIUIN =

operator in a mechanism_base_placement shall be in the items set of rep_1.

5.4.7 initial_state

The initial _state specifies initial values of the pair parameters of a mechanism.

NOTE - Some types of kinematic structures, such as four bar linkages, can only be assembled
uniquely if configuration information is provided in addition to shape parameters, such as link

18
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lengths. In those cases the initial state provides enough pair parameter information to make the

configuration unique.
EXPRESS specification:

*)
ENTITY initial_state;
applies_to_mechanism : mechanism;

pair_values : SET [ 1 : ?] OF pair_value;
WHERE
WR1: SIZEOF (QUERY (joint <x applies_to_mechanism.structure_definition.jdints |
SIZEOF (QUERY (init_val <* pair_values |
init_val.applies_to_pair.joint :=: joint)) <> 1)Y= 0;
END_ENTITY;
(*

Attribute definitions:

applies_to_mechanism: the mechanism to which the initial_state applies.

pair_values: the pair parameter values of each pair in the mechanism.

Formal propositions:

WRI1: An initial state shall provide in its set of,pair_values exactly one pair_value fq
kinematic_pair in the mechanism to which itzapplies.

5.4.8 kinematic_structure

The kinematic_structure specifies the topological aspects of a kinematic representatio}:r. The
ich,

topology of the kinematic_struéture is represented by means of kinematic_joints w
turn, establish a relationship between pairs of kinematic_links.

NOTE - Every kinemati¢ structure can be described in terms of its joints and links. Joints co
the motion between\two rigid objects called links. Joints and links are sufficient to descr
topology of kinematic structures, but for computation it is meaningful to introduce additiond
of structure hased on graph theory. Information related to the graph representation of a kirl
structure is-given in 5.4.70.

EXPRESS specification:
*)

ENTITY\Xinematic_structure;
joints : SET [1 : 7] OF kinematic_joint;
END_ENTITY;

r each

in

nstrain
be the
[ levels
ematic

L
T

Attribute definitions:

joints: the set of kinematic_joints that compose the kinematic_structure of a mechanism.

5.4.9 kinematic_joint

The kinematic_joint specifies the topological aspect of an ordered connection between two and

only two links.
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nematic_link represents the topological aspects associated with a rigid part of a mecha-

1f
END_ENTITY

(PR
WR
ki

Attrilpute definitions:

(*
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EXPRESS specification:

*)
ENTITY kinematic_link;
WHERE
WR1: SIZEOF (USEDIN (SELF,
>KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_JOINT.FIRST_LINK’) +

IIQDNTA QDT T

VUOLULINV (OLL1,

’KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_JOINT.SECOND_LINK’)) >~0G
WR2: unique_link_usage (SELF);
END_ENTITY;
(*

Formal propositions:

WR1: A kinematic_link shall be the first_link or the second_link-of at least one kihema-
tic_joint.

WR2: A kinematic_link shall be a constituent of one mechaiism only and shall occiir only
once in the kinematic structure of that mechanism.

5.4.11 kinematic_link_repi‘esentation_relation

A kinematic_link representation_relation relates the geometric aspects of a kinematic_-
link with its topological aspects.

EXPRESS specification:

*)

ENTITY kinematic_link_representation_relation;
topological_aspects : kinematic_link;

geometric_aspects : kinematic_link_representation;
UNIQUE

UR1: topological_aspects;
END_ENTITY;

(*
Attribute definitions:

topological.aspects: the kinematic_link whose geometric aspects are represented |y the
kinematic_link_representation.

geometric_aspects: the representation of the context of the rigid part of a mechanical product
and of the frames related to it for a kinematic_link.

Formal propositions:

UR1: A kinematic_link shall be related to a kinematic_link _representation by at most
one kinematic_link_representation_relation.

5.4.12 kinematic_link_representation

A kinematic_link _representation specifies the geometric aspects of a kinematic_link. The
context of the representation is established by the link_frame attribute.
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EXPRESS specification:
*)

ENTITY kinematic_link_representation
SUBTYPE OF (representation);

SELF\representation.context_of_items : geometric_representation_context;
DERIVE

link_frame . geometric_representation_context
:= SELF\representation.context_of_items;
INVERSE
lifk_representation_relation : kinematic_link_representation_relation FOR
geometric_aspects;
WHERE
WR1: SIZEOF (QUERY (item <* SELF\representation.items |
NOT ((’KINEMATIC_STRUCTURE_SCHEMA.RIGID_PLACEMENT’ IN
TYPEOF (item))
OR
(’GEOMETRY_SCHEMA .CARTESIAN_TRANSFORMATION_ORERATOR_3D’ IN
TYPEOF (item))) )) = 0;
END_HENTITY;
(*

Attripute definitions:

SELF\representation.items: a set of representation_items that are related in the link_-
frame. It contains at least one pair frame that is used by a kinematic_pair as pair_place-
ment_in_first_link_context or as pair_placement_in_second_link_context. It may contain
any humber of cartesian_transformation_oeperator_3ds which serve as the transforma-
tionloperator of a mechanism_base_plaeéement. Furthermore, it may contain additional
frames that are attached to the link.

NOTE - The items set of a kinematic_link representation does not contain geometric_rep-
Fesentation_items that definethe shape of the link.

SELJF\representation.¢ontext_of_items: the geometric_representation_context provid-
ing the context for the\items.

link [frame: the\lmk frame of the related kinematic_link.

link |representation_relation: the kinematic_link _representation_relation that relates a
kin:rnatic_link to the kinematic_link_representation.

] 343
FOr STeny }JL UPUDIUIUIID-

WR1: All elements in the items set of a kinematic_link_representation shall be of type
rigid_placement or of type cartesian_transformation_operator_3d.

5.4.13 kinematic_link_representation_association

A kinematic_link_representation_association is a representation_relationship that as-
sociates a representation with a kinematic_link_representation.
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NOTE - A kinematic_link representation_association is used to define the shape of a link by
associating a shape _representation to the corresponding kinematic_link_representation.

EXPRESS specification:
*)

ENTITY kinematic_link_representation_association
SUBTYPE OF (representation_relationship);
SELF\representation_relationship.rep_1 : kinematic_link_representation;
WHERE
WR1: SELF\representation_relationship.rep_2.context_of_items =
SELF\representation_relationship.rep_l\representation.context_of_items;
WR2: SIZEQOF ([’KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_GROUND_REPRESENTATION’,
’KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_LINK_REPRESENTATION’] *
TYPEOF (SELF\representation_relationship.rep_2)) =705

END_ENTITY;
(*

Attribute definitions:

SELF\representation_relationship.rep_1: the kinematic_link_representatiop with
which rep_2 is associated.

Formal propositions:

WRI1: The context_of_items of rep_2 shall be*identical to the link_frame of the kihema-
tic_link_representation with which rep_2 iscas$ociated.

WR2: Neither a kinematic_ground_repbesentation nor a kinematic_link_representation
shall be associated with a kinematic_link_representation by this entity.

5.4.14 kinematic_frame_background_representation

A kinematic_frame_backgronnd representation specifies the shape aspects which are assdciated
with a kinematic_pair.

EXPRESS specification:
*)

ENTITY kinematic_frame_background_representation
SUBTYPE({BEY(representation);
SELF\representation.items : SET [1 : ?] OF
kinematic_frame_background;
SELF\representation.context_of_items : geometric_representation_context;
WHERE
|~ WR1: SFIF\representation.context—of—items\
geometric_representation_context.coordinate_space_dimension = 3;
END_ENTITY;
(*

Attribute definitions:

SELF\representation.items: a set of instances of kinematic_frame_background which
specify shapes that are to be associated with a kinematic_pair.

SELF\representation.context_of_items: the context in which the items are founded.
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Formal propositions:

WR1: The context_of_items of a kinematic_frame_background_representation shall be
three-dimensional.

5.4. me_based _transformation

The Kinematic_frame_based_transformation is a functionally_defined_transformation
which|uses a rigid_placement as the transformation function.

EXPRIESS specification:
*)

ENTITY kinematic_frame_based_transformation
SUBTYPE OF (functionally_defined_transformation);
trapsformer_frame : rigid_placement;

END_ENTITY;

(*

Attribute definitions:

trandformer_frame: the rigid_placement which is used as/the transformation function for
the kinematic_frame_based_transformation.

5.4.16 kinematic_frame_background representation_-
association

A kinematic_frame_background representation_association is a representation_rela-
tionship_with_transformation which\uses a kinematic_frame based_transformation as
the transformation_operator. Theé-transformer_frame of this operator is founded in the
kinematic_link_representation nsed as rep_1; the representation being transformed is a ki-
nemitic_frame_background.representation which is referenced by rep_2.

EXPRESS specification:
*)

ENTITY kinematic_frame_background_representation_association
SURTYPE OF (répresentation_relationship_with_transformation);
SEIlF\representation_relationship_with_transformation.

Yransformation_operator : kinematic_frame_based_transformation;

WHERH
WR{1:2KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_LINK_REPRESENTATION’ IN

L~ TYPEQE (SELF\representation—relationship-rep—1)
WR2: ’KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_FRAME_BACKGROUND_REPRESENTATION’
IN TYPEOF (SELF\representation_relationship.rep_2);

WR3: SELF\representation_relationship_with_transformation.
transformation_operator\kinematic_frame_based_transformation.
transformer_frame\representation_item IN

SELF\representation_relationship.rep_1.items;

END_ENTITY;

(*
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Attribute definitions:

SELF\representation relationship_with_transformation.transformation_operat

96(E)

or:

the transformation operator for the kinematic_frame_background_representation_associ-

ation.

Formal propositions:

WR1: The first representation related in a kinematic_frame_background _repres
tion_association shall be a kinematic_link_representation.

WR2: The second representation related in a kinematic_frame_background_rep
tation_association shall be a kinematic_frame_background_representation.

WR3: The rigid_placement which serves as the transformer_frame in the transfq

enta-

esen-

prma-

tion_operator of a kinematic_frame_background_representation_association shall be in

the items set of the kinematic_link_representation used as rep’1.

5.4.17 su_parameters

su_parameters are an alternative method to axis2_placement_3d for specifying the plac
of pairs on a link.

To describe the kinematic behaviour, the full 'shape representation of a link is not n
rather it is sufficient to characterize the liik by the transition from the link frame to
pair frames. This shape information is\ecaptured by a set of characteristic parameters
Sheth-Uicker-Parameters, henceforth @bbreviated “SU-parameters”.

NOTE 1 - See figure 2. For ackinematic_link with two pairs and for the link frame coij

ement

eeded;
hll the
called

hciding

with the frame of one of th¢ pairs, this may be interpreted as the transition from the frame at the
beginning of the link to the, frame at the following end.
The following notation s)used for frame definitions:
Ty, Y, 2y coordinate axes of a link frame;
0}, origin of that link frame;
Tk, Yk, 2k~axes of the frame of a kinematic pair on that link;
Ok origin of that pair frame.
The following auxiliary vectors are introduced:
tr unit vector along the common perpendicular between the two axes z}, and |z,
directed from z; towards z;. The common perpendicular itself is denoted| by
178
Sk intersection point of the common perpendicular ¢; with z;
Sk intersection point of the common perpendicular ¢, with z.

Then the following notation applies to SU-parameters:

ak the (positive) distance from z}, to z, given by

ar = ]Ek —§2|
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symbol || X, indicates: parallelto x,
symbol B indicates: 90°

Figure 2 — Definition of the su_parameters

ol the angle from positive z; to positive z;, measured in the mathematically
positive sense about ; and détermined by

sin = (Z X Zk ) - Tk COS O, = Z}Zk

b the deviation of o, from Sk, measured along positive z; and given by

bi = (0 — 5k)-Zk
Gk the angle from positive #; to positive zx, measured in the mathematically
positivessénse about positive z; and determined by

sin By, = (tk XTk) Zk; cos By, = ty Ty
c the deviation of 5} from 0}, measured along positive z; and given by
ck = (Sp — 0) 7},

v the angle from positive 2} to positive f;, measured in the mathematically

positive sense about positive z;, and determined by
sinyy = (Tf X k) 23 Cos Y = Tp-tk
NOTES

2 — For a detailed description of the Sheth-Uicker parameters see [1].

3 - In industrial robot technology the Denavit-Hartenberg parameters (DH-parameters) are widely
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used. See [2]. For kinematic structures with loops it is important to represent the information about
the relative placement of the link axes separately from the present state of the pair. In contrast to
DH-parameters, SU-parameters provide for this separation.

4 — See annex F for information on the replacement of DH-parameters by SU-parameters.

5 — An instance of su_parameters with SU-parameters as defined above 1s equivalent to an 1
of axis2_placement_3d that has the following attribute values:

SELF\placement.location:

axis:

ref_direction:

EXPRESS specification:

*)
ENTITY su_parameters
SUBTYPE OF (representation_item);

a : length_measure;
alpha : plane_angle_measure;
b : length_measure;
beta : plane_angle_measure;
c : length_measure;

gamma : plane_angle_measurey
END_ENTITY;
(*

Attribute definitions!

a: SU-parameter ay.
alpha: SUsparameter oy.
b: SU-parameter by.

beta: SU-parameter J.

cartesian_point ([(ax cosyx + by sin vk Sidy),
(ag sinyx — by cos ¥y sin ag),
(ck + b cos ag)]):

direction ([(sin~x sinay), (— 08k sin ay), cos ag

direction ([(cosyx cos By & sinyx cosay sin fy),
(sin yx cos@ A cosyg cosag sin Bi),
(sin oy sithGk)])-

c: SU-parameter c.

gamma: SU-parameter 7.

5.4.18 kinematic_pair

stance

A kinematic_pair defines the kinematic constraints between two adjacent links coinciding at

a joint.
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EXPRESS specification:

*)

ENTITY kinematic_pair
SUBTYPE OF (item_defined_transformation);
joint : kinematic_joint;

DERIVE

paiy_piacement_in_first_Timk—conmtext

: rigid_placement

:= SELF\item_defined_transformation.transform_item_1;

pair_placement_in_second_link_context

: rigid_placement

.= SELF\item_defined_transformation.transform_item_2;

UNIQUE
UR1} joint;

WHERE
WR1} coordinated_pair_link_representation

(joint.first_link, pair_placement_in_first_link_context);

WR2} coordinated_pair_link_representation

(joint.second_link, pair_placement_in_second_link_context);

END_ENTITY;

(%

Attribute definitions:

joint{ the joint whose motion is constrained by the kinematic_pair.

pair_placement_in_first_link_context: the placement of the pair frame on the first link in
the context of the first link, i.e., its link frame:

pair_placement_in_second_link_context: the placement of the pair frame on the second link
in the context of the second link, j.e., its link frame.

Formpl propositions:

UR1} Each kinematic_pair-shall apply to a different joint.

WR1: There shall be-a kinematic_link_representation related to joint.first_link, and it
shall fontain pair-placement_in_first_link_context in its items set. This condition is checked
by the function ¢oordinated_pair_link representation.

WR2: There shall be a kinematic_link_representation related to joint.second_link, and
it shglleontain pair_placement_in_second_link_context in its items set. This condition is

checked by the function coordinated_pair_. entation.

NOTES

1 — The relative position of the second link with respect to the first link is defined on the basis of
three frames:

— one frame, rigidly connected to the first link and placed in the context (i.e., with respect
to the link frame) of the first link;
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— another frame, rigidly connected to the second link and placed in the context (i.e., with
respect to the link frame) of the second link;

— a contact frame which specifies the point and plane of contact between the two links. This
contact frame may or may not be physically connected with one of the links.

he tvne of the pai ogether with the pair paramete defines the placement of the contact frame
relative to the first pair frame as well as the placement of the contact frame relative to_the|second
pair frame. Thus, indirectly the placement of the two pair frames relative to each other4s dlefined.
See figure 3.

2 — The goal of a kinematic analysis of a mechanism is to determine the link-frames for all the links
of that mechanism such that they are consistent with the actual pair parameters. The congistency
condition is as follows:

Consider one pair which connects two links and let
j indicate the first link of that pair;
k indicate the second link of that pair;
p indicate that pair as seen from the first link;
g indicate that pair as seen from the second lifk;

c indicate the common contact point (which may or may not be physically connected
with both links);

OLF; and °LF be the rigid homogenedus matrix representation of the link frames
of those links (both relative to the world coordinate system);

IPF, and kPFq be the pair placements of pair p with respect to the first and second
link of that pair, respectively,

then

°PF, = °LF; I PF, i< the rigid homogeneous matrix placing the first pair frame
relative to the world coordinate system while

PPF. is the plagement for the contact frame relative to the first pair frame. This
placement is determined by the type of the pair and its actual pair parameters.
IPF. is the placement for the contact frame relative to the second pair frame. This
placemént) is determined by the type of the pair and its actual pair parameters.
Consistency now requires that
OLF; IPF,?PF,=°LF; *PF, ‘PF,
Or_else, for the second link placement relative to the world coordinate system is obtained
°LF, =°LF; 'PF,?PF PF;' *PF!

3 — For lower pairs the contact frame and the second pair frame shall be treated as identical. |Hence,

£ 1 H +1 e o fonas . [l I = o~ B . .
TOTTOWCT Pall S tIrC TIg I TTOTIIOE CIICOUS M tr IXTePICSCIIVAtIoON O “ 1 I ¢ Is & UIIIG HIatIrTxX.

5.4.19 pair_actuator

The pair_actuator identifies a kinematic_pair that is actuated. All degrees of freedom of a
kinematic_pair that is identified by a pair_actuator are treated as being actuated.
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Figyre 3 — Placement relationships of the pair frames relative to the mating links

NOTES

| — For a backward kinematic analysis thé.actuated pairs are used to achieve a prescribed path
r a prescribed position. For a forward \kinematic analysis pair values may be prescribed only for
hctuated pairs.

D — This part of ISO 10303 does-not support actuation of individual degrees of freedom of a kinematic
bair. Modelling of kinematic_systems needs to be performed such that a kinematic pair is either
fully actuated or not at-all“Mixed situations such as, for example, a cylindrical pair can be avoided
by using a revolute pair-and a prismatic pair separately.

EXPRESS specification:

*)

ENTITY pairsactuator;
actuated.pair : kinematic_pair;
name : label;

UNIQUE
UR1: actuated_pair;

END_ENTITY;

(*

Attribute definitions:

actuated_pair: the kinematic pair which is actuated.

name: the word or group of words by which the pair_actuator is referred to.
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Formal propositions:

UR1: Each pair_actuator shall apply to a different actuated_pair.

5.4.20 pair_value

TFiepair-vatae specifies the configuration of thetwo tinks that join @ Kinematic_pair.

EXPRESS specification:

*)

ENTITY pair_value;
applies_to_pair: kinematic_pair;

END_ENTITY;

(*

Attribute definitions:

applies_to_pair: the kinematic_pair to which the pair_value applies.

5.4.21 simple_pair_range

The simple_pair_range specifies the allowable range'of configurations of the two links that join
a kinematic_pair.

NOTE - The range specification allows for_only simple range specifications of each individupl pair
parameter value in the form “low bound &;high bound”.

EXPRESS specification:

*)

ENTITY simple_pair_range;
applies_to_pair: kinematic>pair;

END_ENTITY;

(*

Attribute definitions:

applies_to_pair: -the pair to which the range applies.

5.4.22 »revolute_pair

Thé revolute_pair constrains the motion between two adjacent links to a rotation about a
common axis. To measure the angle of rotation a frame is defined on each of the linkd such

thrattocat originsamd-the z-axes coincide and thelr positive directions agree. The motion of the
second link with respect to the first link is defined as the angle required to rotate the x-axis of
the first pair frame in positive direction around the common z-axis until it matches the x-axis
of the second pair frame.

NOTE - See figure 4.
EXPRESS specification:

*)
ENTITY revolute_pair
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Figure 4 — Example of a joint representing a revolute pair

SUBTYPE OF (kinematic_pair);
END_HNTITY;
(*

5.4.23 revolute_pair_value

The tevolute_pair_value specifies the value of the\pair parameter for the revolute_pair.
EXPRESS specification:
*)

ENTITY revolute_pair_value
SUBTYPE OF (pair_value);
SELF\pair_value.applies_to_pair :“revolute_pair;
actual_rotation : plane_angle_measure ;

END_ENTITY;

(*

Attribute definitions:

SELJF\pair_valueapplies_to_pair: the revolute_pair to which the revolute_pair_value
applies.

actulal_rotation: the value of the pair parameter.

The revolute_pair_range specifies the lower bound and the upper bound of the parameter
range for the revolute_pair.

EXPRESS specification:

*)

ENTITY revolute_pair_range
SUBTYPE OF (simple_pair_range);
SELF\simple_pair_range.applies_to_pair : revolute_pair;
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lower_limit_actual_rotation : rotational_range_measure;
upper_limit_actual_rotation : rotational_range_measure;
WHERE

WR1: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_actual_rotation))
OR
(?’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN

TYPEOF (upper_limit_actual_rotation)))
XOR
(lower_limit_actual_rotation < upper_limit_actual_rotation);
END_ENTITY;
(*

Attribute definitions:

SELF\simple_pair_range.applies_to_pair: the revolute_pair to.which the revo-
lute_pair_range applies.

lower_limit_actual_rotation: the minimum value of the pair parameter.

upper_limit_actual_rotation: the maximum value of the pair parameter.

Formal propositions:

WRI1: The range of the revolute_pair shall bg, positive when both bounds are not gi
unlimited.

5.4.25 prismatic_pair

The prismatic_pair constrains.the motion between two adjacent links to a translation
a common axis. To measure thé distance of translation a frame is defined on each of th
such that their corresponding coordinate axes coincide and their positive directions agre
motion of the second link"with respect to the first link is defined as the distance requi

ven as

along
e links
. The
red to

translate the xy-plane of the first pair frame in positive direction of the common z-axis yintil it

coincides with the'xy-plane of the second pair frame.
NOTE - _See figure 5.
EXPRESS‘specification:

*)
ENTITY prismatic_pair

SUBTYPE OF ( kinematic_pair);
END_ENTITY;

(*

5.4.26 prismatic_pair_value

The prismatic_pair_value is the value of the pair parameter for the prismatic_pair.
EXPRESS specification:
*)

ENTITY prismatic_pair_value
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actual translation

Figure 5 — Example of a joint representing a prismatic pair

SUHTYPE OF (pair_value);
SELF\pair_value.applies_to_pair : prismatic_pair;
actiual_translation : length_measure;
END_ENTITY;
(*

Attripute definitions:

SELF\pair_value.applies_to_pair: the prismatic_pair to which the prismatic_pair_value
applikes.

actupl_translation: the value of the pair parameter.

5.4{27 prismatic_pair.range

The prismatic_pair_range specifies the lower bound and the upper bound of the parameter
rang¢ for the prismatic_pair.

EXPRESS specification:
*)

ENTITY prismatdcipair_range
SUBTYPE OF (simple_pair_range);
SELF\simple_pair_range.applies_to_pair : prismatic_pair;

loyerAlimit_actual_translation : translational_range_measure;
upper)limit_actual_translation : translational_range_measure;
WHERE

WR1: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_actual_translation))
OR
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN

TYPEOF (upper_limit_actual_translation)))
XO0R

(lower_limit_actual_translation < upper_limit_actual_translation);
END_ENTITY;

(*

34



https://standardsiso.com/api/?name=aeb9f58511c721ac1d2e04967b53c22a

©ISO ISO 10303-105:1996(E)

Attribute definitions:

SELF\simple_pair_range.applies_to_pair: the prismatic_pair to which the prismatic_-
pair_range applies.

lower_limit_actual_translation: the minimum value of the pair parameter.

upper_limit_actual_translation: the maximum value of the pair parameter.

Formal propositions:

WR1: The range of the prismatic_pair shall be positive when both bounds-dre not gjven as
unlimited.

5.4.28 screw_pair

A screw_pair constrains the motion between two adjacent link§$o a rotation about, and trans-
lation along, a common axis, where the translation is proportional to the rotation. Thd factor
of proportionality is given by pitch which defines the translational displacement for dne full
rotation. The frames are defined on each of the links'such that the z-axes coincide and the
positive directions agree.

NOTE 1 - See figure 6.

rotate the x-axis of the first pair frame in(positive direction around the common z-axis until its
direction coincides with the direction of the x-axis of the second pair frame. The translaftion of
the second link along the z-axis shall-depend on the rotation according to

The motion of the second link with respect to the first link is specified by the angle reqatﬂfed to

pitch - actual _rotation
27

translation =

where actual _rotation_is given in radians.

Hence a full rotation (actual_rotation = 27) displaces the xy-plane of the second pair frgme by
the value pitch-in the positive z-direction relative to the first pair frame.

NOTE2-= The screw_pair does not distinguish which one of its links is driving or driven.

EXPRESS specification:

*)
ENTITY screw_pair
— SUBTYPE DE (kinematie—pairi
pitch : length_measure;
END_ENTITY;
(*

Attribute definitions:

pitch: the pitch of the screw.
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5.4]29 screw_pair_value

NOTE — The relationship between actual rotation and actual translation) as drawn in the fig-
tire does not actually correspond to pitch. actual translation as drawn would result from an
gctual rotation covering more than a full revolution.

Figure 6 — Example of a joint representing a screw pair

A screw_pair_value specifies the value of the pair parameter of the screw_pair.

EXPRESS specification:
*)

ENTITY screw_pair_value
SUBTYPE OF (pair_value);

SELF\pair_value.applies_to_pair :
: plane_angle_measure;

actual_rotation
DERIVE
actual_translation

END_ENTITY.,
(*

screw_pair;

: length_measure
:= SELF\pair_value.applies_to_pair\

screw_pair.pitch *

plane_angle_for_pair_in_radian
(SELF\pair_value.applies_to_pair,
actual_rotation) / (2 * PI);

Attribute definitions:

SELF\pair_value.applies_to_pair:

the screw_pair to which the screw_pair_value applies.

actual_rotation: the rotation angle of the screw_pair.

actual_translation: the resulting translation.
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5.4.30 screw_pair_range

The screw_pair_range specifies the lower bound and the upper bound of the parameter range
for the screw_pair.

EXPRESS specification:
*)

ENTITY screw_pair_range
SUBTYPE OF (simple_pair_range);
SELF\simple_pair_range.applies_to_pair : screw_pair;

lower_limit_actual_rotation : rotational_range_measure;
upper_limit_actual_rotation : rotational_range_measure;
WHERE

WR1: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_actual_rotation))
OR
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_actual_rotation)))
XO0R
(lower_limit_actual_rotation < upper_limit_actual_rotation);
END_ENTITY; '
(*

Attribute definitions:

SELF\simple_pair_range.applies_to_pair: " the screw_pair to which the screw_pair [range
applies.

lower_limit_actual_rotation: the minimum value of the pair parameter.

upper_limit_actual_rotation: the maximum value of the pair parameter.

Formal propositions:

WR1: The range of the screw_pair shall be positive when both bounds are not given as
unlimited.

5.4.31 ~eylindrical_pair

The_eylindrical_pair constrains the motion between two adjacent links to a translation along
a,common axis and a rotation about it.

NOTE - See figure 7.

To measure the displacement and the angle of rotation, a frame is defined on each of the links
such that the z-axes coincide and the positive directions agree. The distance of translation is
defined as the distance required to translate the xy-plane of the first pair frame in the positive
direction of the common z-axis until it coincides with the xy-plane of the second pair frame. The
angle of rotation is defined as the angle required to rotate the x-axis of the first pair frame in
the positive direction around the common z-axis until its direction coincides with the direction
of the x-axis of the second pair frame.

37


https://standardsiso.com/api/?name=aeb9f58511c721ac1d2e04967b53c22a

ISO 10303-105:1996(E) ©ISO

actual

actugl translation
rotation /
y
A

i

Figure 7 — Example of a joint representing a cylindrieal pair

EXPRESS specification:

*)

ENTITY cylindrical_pair
SUBTYPE OF (kinematic_pair);

END_ENTITY;

(*

5.4)32 cylindrical_pair_value

The pylindrical_pair_value specifies'the set of pair parameters for a cylindrical_pair.
EXPRESS specification:

*)
ENTITY cylindrical_pair_v&lue
SUBTYPE OF (pair_value);
SELF\pair_value.applies_to_pair : cylindrical_pair;

actual_translation : length_measure;
actual_rotation : plane_angle_measure;
END_ENTITY;

(*
Attribute‘definitions:

SEL{F\pair_value.applies_to_pair: the cylindrical_pair to which the cylindrical_pair_-

value applies.
actual_translation: the translation value.

actual_rotation: the angle of rotation.
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5.4.33 cylindrical _pair_range

The cylindrical_pair_range specifies the lower bound and the upper bound of the parameter
range for the cylindrical_pair.

EXPRESS specification:
*)

ENTITY cylindrical_pair_range
SUBTYPE OF (simple_pair_range);
SELF\simple_pair_range.applies_to_pair : cylindrical_pair;

lower_limit_actual_translation : translational_range_measure;

upper_limit_actual_translation : translational_range_measure;

lower_limit_actual_rotation : rotational_range_measurg,

upper_limit_actual_rotation : rotational_range_measure;
WHERE

WR1: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_actual_translation))
OR
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_actual_translation)))
X0R )
(lower_limit_actual_translation < upper_Idmit_actual_translation);
WR2: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED\RANGE’ IN
TYPEOF (lower_limit_actual_rotation?)
OR
(’KINEMATIC_STRUCTURE_SCHEMA .UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_actual -rotation)))
XO0R
(lower_limit_actual_rotation < upper_limit_actual_rotation);
END_ENTITY;
(*

Attribute definitions:

SELF\simple_pair_range.applies_to_pair: the cylindrical_pair to which the cylindrical _-
pair_range applies.

lower_limitZactual translation: the minimum value of translation for the cylindricall pair.
upper_limit_actual translation: the maximum value of translation for the cylindrical pair.

lower_limit_actual rotation: the minimum value of rotation for the cylindrical_pair

upper_limit_actual rotation: the maximum value of rotation for the cylindrical_pair.

Formal propositions:

WRI1: The range of translation of the cylindrical_pair shall be positive when both bounds
are not given as unlimited.

WR2: The range of rotation of the cylindrical_pair shall be positive when both bounds are
not given as unlimited.
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5.4.34 spherical_pair

The spherical_pair constrains the motion between two adjacent links to the rotation about
three independent axes that intersect in a common point. To measure the three angles of
rotation, a frame system is defined on each of the links such that the origins of the frames
coincide. The three angles of rotation are defined as the yaw, pitch, and roll angles. See 5.3.6.
They hre required to rotate the x-, y-, and z-axes of the first pair frame until the axis directions
of thi§ frame coincide with the axis directions of the second pair frame.

lI:IZTE — See figure 8.
EXPRIESS specification:
*)
ENTITY spherical_pair

SUBTYPE OF (kinematic_pair);

END_ENTITY;
(*

5.4.35 spherical_pair_value

The spherical_pair_value specifies the set of pair paranm¢ters for a spherical_pair.
EXPRESS specification:

*)
ENTIT[Y spherical_pair_value
SUB[TYPE OF (pair_value);
SELF\pair_value.applies_to_pair : spherical_pair;

input_orientation : spatial_rotation;
DERIVE
actjual_orientation : ypr_rotation

:= convert_spatial_to_ypr_rotation
(SELF\pair_value.applies_to_pair,
input_orientation);

END_ENTITY;

(*

Attribute definitigns:

SELF\pair_value.applies_to_pair: the spherical_pair to which the spherical _pair_value
appligs.

inpub—crientation: the 5
tual_orientation is derived. input_orientation is either a ypr_rotation or a rotation._-
about_direction.

actual_orientation: the set of pair parameter values for a spherical_pair according to the
ypr notation. This is derived from input_orientation by the function convert_spatial to_-
ypr_rotation.
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NOTE - (z1,y1,21) is the first pair frame, and (z3,%s,22) is the second pair frame. (z',y’
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from the pitch rotation of (z',%,2') about g'.“The roll rotation of (z",y",z") about z" pra

(T2,Y2, 22)-

Figure 8 — Example of.a joint representing a spherical pair

5.4.36 spherical_pair_range

The spherical_pair_range specifies the lower bound and the upper bound of the paraj
range for a spherical_pair.

EXPRESS specification:

*)

ENTITY spherical_pair_range
SUBTYPE'OF (simple_pair_range);
SELE\simple_pair_range.applies_to_pair : spherical_pair;

Z') is
esults
duces

meter

lovwer_limit_yaw : rotational_range_measure;

upper_limit_yaw : rotational_range_measure;

lower_limit_pitch : rotational_range_measure;

upper_limit_pitch : rotational_range_measure;

lower_limit_roll : rotational_range_measure;

upper_limit_roll : rotational_range_measure;
WHERE

WR1: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_yaw))
OR
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
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TYPEOF (upper_limit_yaw)))
XOR
(lower_limit_yaw < upper_limit_yaw);

WR2: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN

TYPEOF (lower_limit_pitch))
OR
K INEMATIC—STRUCTURE_SCHEMA-UNLIMITED RANGE IN

TYPEOF (upper_limit_pitch)))
X0R
(lower_limit_pitch < upper_limit_pitch);

WRB: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN

TYPEOF (lower_limit_roll))
OR
(?’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_roll)))
X0R
(lower_limit_roll < upper_limit_roll);

END_ENTITY;

(*

Attribute definitions:

SELF\simple_pair_range.applies_to_pair: the spherical_pair to which the spherical_-
pair|. range applies.

lowgr_limit_yaw: the minimum value of the yawtangle for the spherical_pair.

uppler_limit_yaw: the maximum value of.the yaw angle for the spherical_pair.

lowé¢r_limit_pitch: the minimum value of the pitch angle for the spherical_pair.

uppler_limit_pitch: the maximum value of the pitch angle for the spherical_pair.

lowér_limit_roll: the minimum value of the roll angle for the spherical_pair.

uppler_limit_roll: the maximum value of the roll angle for the spherical_pair.

Formal propositiens:

WR1: The.range of rotation about the z-axis of the spherical_pair shall be positive when
botH bouiids are not given as unlimited.

\%\%

2+ The tange of Totatiom about the y-axis of the spherical—pair shattbe positive wien

both bounds are not given as unlimited.

WR3: The range of rotation about the x-axis of the spherical_pair shall be positive when
both bounds are not given as unlimited.
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5.4.37 universal_pair

The universal_pair constrains the motion between two adjacent links to two rotations
two intersecting axes.

NOTE - See figure 9.

Fotxmascnura thaoca twa analac of rotation o 0
+o—H3eabHr tHHOSE—vW S TE—OT

about

5 such

rotation—a—trame—systemis—defired-omeach—ofthetmk
that the origins coincide in the intersection point of the axes, the first z-axis coincides Wi
first axis of rotation, and the second x-axis coincides with the second axis of rotation. A
constant rotation is inserted between these two variable rotations. In order to migrate fro
first pair frame to the second pair frame the following sequence of rotations has.te be perfo

1) rotation of the z;,y;-axes about the z;-axis by the amount specified by the first
yielding an intermediate frame denoted by (z',y', 2’ = 21);

2) rotation of the 2/, z'-axes about the y’-axis by the amoanatof the constant skew
yielding a second intermediate frame denoted by (z”,y" =%/ 2");

3) rotation of the y”, z"-axes about the z”-axis by )the amount specified by the §
angle, yielding the final frame (2 = 2", y9, 23).

EXPRESS specification:

*)
ENTITY universal_pair
SUBTYPE OF (kinematic_pair);
input_skew_angle : OPTIONAL plane_atnigle_measure;

DERIVE
skew_angle : plane_angle measure := NVL (input_skew_angle, 0.0);
WHERE
WR1: COS (plane_angle_for_pair_in_radian (SELF\kinematic_pair, skew_angle))
> 0.0;
END_ENTITY;
(*

Attribute definitions:

input_skewdangle: an optional attribute that, if present, defines the angle by which the
section angle between the two axes of rotation deviates from a right angle.

skewtangle: the angle by which the intersection angle between the two axes of rotation de

th the
third
m the
rmed:

angle

angle

econd

inter-

viates

from' a right angle. If input_skew_angle is given, the value of skew_angle becomes t]llat of

input _skew angle: otherwise it becames zero

Formal propositions:

WRI1: The absolute value of skew_angle shall represent an acute angle.

5.4.38 universal_pair_value

The universal_pair_value specifies the set of pair parameters for a universal_pair.
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Figure 9 — Example of a joint répresenting a universal pair

EXPRESS specification:
*)

ENTI[TY universal_pair_value
SUBTYPE OF (pair_value);
SELF\pair_value.appliessto-pair : universal_pair;

first_rotation_angle : plane_angle_measure;
sejcond_rotation_angle : plane_angle_measure;
END_[ENTITY;
(*

Attrjbute definitions:

SELF\pair-value.applies_to_pair: the universal_pair to which the universal_pair_value
appl[es.

first_rotation_angle: the angle of rotation around the first axis.

second _rotation_angle: the angle of rotation around the second axis.

5.4.39 universal pair_range

The universal_pair_range specifies the lower bound and the upper bound of the parameter
range for the universal_pair.

44


https://standardsiso.com/api/?name=aeb9f58511c721ac1d2e04967b53c22a

©ISO ISO 10303-105:1996(E)

EXPRESS specification:
*)

ENTITY universal_pair_range
SUBTYPE OF (simple_pair_range);
SELF\simple_pair_range.applies_to_pair : universal_pair;

lower_limit_first_rotation : rotational_range_measure;

upper— imit first rotation : rotational —range _measure;

lower_limit_second_rotation : rotational_range_measure;

upper_limit_second_rotation : rotational_range_measure;
WHERE

WR1: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_first_rotation))
OR
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_first_rotation)))
XO0R
(lower_limit_first_rotation < upper_limit_first_rotation);
WR2: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_second_rotation))
OR .
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_second_rotation))"
X0R
(lower_limit_second_rotation < upper-limit_second_rotation);
END_ENTITY;
(*

Attribute definitions:

SELF\simple_pair_range.applies_to_pair: the universal_pair to which the universal_-
pair_range applies.

lower_limit_first_rotation: the minimum value of rotation around the first axis for the uni-
versal_pair.

upper_limit_first_rotation: the maximum value of rotation around the first axis for the uni-
versal_pair:

lower=limit_second_rotation: the minimum value of rotation around the second axid for the
universal_pair.

upper_limit_second_rotation: the maximum value of rotation around the second axig for the

universal_pair.

Formal propositions:

WRI1: The range of rotation around the first axis of a universal_pair shall be positive when
both bounds are not given as unlimited.

WR2: The range of rotation around the second axis of a universal_pair shall be positive when
both bounds are not given as unlimited.
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5.4.40 planar_pair

The planar_pair constrains the motion between two adjacent links to translations along the
x-axis and y-axis and a rotation about the z-axis. To measure the translations and the angle
of rotation, a frame is defined on each of the links such that the x-, y-, and z-axes coincide
and the positive directions agree. The translations in x- and y-directions are defined as the

x- anfl y-axes until it coincides with the origin of the second pair frame. The angle of rotation
is defined as the angle required to rotate the x-axis of the first pair frame in positive direction
arounld the common z-axis until its direction coincides with the direction of the x-axi§)of the
second pair frame.

NOTE - See figure 10.
EXPRESS specification:

*)
ENTITY planar_pair

SUBTYPE OF (kinematic_pair);
END_ENTITY;
(*

displIicements required to translate the origin of The Tirst pair irame 1n positive direction of the

5.4/41 planar_pair_value

The planar_pair_value specifies the set of pair parameters for the planar_pair.
EXPRESS specification:

*)
ENTITY planar_pair_value
SUBTYPE OF (pair_value);
SELF\pair_value.applies_to_pair ‘“+/planar_pair;

actual_rotation : plane_angle_measure;
actual_translation_x : length_measure;
actual_translation_y : length_measure;
END_ENTITY;
(*

Attribute definitions:

SEL[F\pair_value.applies_to_pair: the planar_pair to which the planar_pair_value ap-
plies

actual-retation: the value of the angle of rotation for a planar_pair.

actual_translation x: the value of translation in x-direction for a planar_pair.

actual_translation_y: the value of translation in y-direction for a planar_pair.

5.4.42 planar_pair_range

The planar_pair_range specifies the lower bound and the upper bound of the parameter range
for the planar_pair.
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Figure 10 — Example of a joint representing a planar pair

EXPRESS specification:

*)

ENTITY planar_pair_range
SUBTYPE OF (simple_pair:range);
SELF\simple_pair_range.applies_to_pair : planar_pair;

lower_limit_actual-rotation : rotational_range_measure;

upper_limit_actual_rotation : rotational_range_measure;

lower_limit-actual_translation_x : translational_range_measure;

upper_limit-actual_translation_x : translational_range_measure;

lower_limit_actual_translation_y : translational_range_measure;

upper.limit_actual_translation_y : translational_range_measure;
WHERE

WR1: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_actual_rotation))

BR

(?KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_actual_rotation)))
X0R
(lower_limit_actual_rotation < upper_limit_actual_rotation);
WR2: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_actual_translation_x))
OR
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_actual_translation_x)))
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XO0R
(lower_limit_actual_translation_x < upper_limit_actual_translation_x);

WR3: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN

TYPEOF (lower_limit_actual_translation_y))

OR
(?KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
—FYPESF—(upper—Himit—& tual—translation—y) )
- —_ J

XO0R

(lower_limit_actual_translation_y < upper_limit_actual_translation_y);
END_ENTITY;
(*

Attribute definitions:

SELF|\simple_pair_range.applies_to_pair: the planar_pair to which the planar_pair_-
range applies.

lower] limit_actual rotation: the minimum value of the angle of rotatier for the planar_pair.

uppe

pair.

- limit_actual_rotation: the maximum value of the anglé of rotation for the planar_-

lower_limit_actual_translation_x: the minimum value of translation in x-direction for the
plandr_pair.

uppef_limit_actual_translation x: the maximum value of translation in x-direction for the
plangr_pair.

lower_limit_actual_translation_y: ¢he' minimum value of translation in y-direction for the
planar_pair.

uppe

r_limit_actual_translation_y: the maximum value of translation in y-direction for the

plangr_pair.

Form

h] propositions:

WRI

given

WRZ

boun

: The range ofrotation of the planar_pair shall be positive when both bounds are not
as unlimited:

: Therange of translation in x-direction of the planar_pair shall be positive when both

1s-are not given as unlimited.

WR3: The range of translation in y-direction of the planar_pair shall be positive when both
bounds are not given as unlimited.

5.4.43 unconstrained_pair

The unconstrained_pair does not constrain the relative motion between two adjacent links.
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NOTES

1 — The unconstrained_pair may be helpful in early design stages or for kinematic analysis sys-
tems, because it allows to eliminate the constraints between two links without changing the topo-

logical structure.

EXPRESS specification:

*)

ENTITY unconstrained_pair
SUBTYPE OF (kinematic_pair);

END_ENTITY;

(*

5.4.44 unconstrained_pair_value

An unconstrained_pair_value speciﬁes the pair parameters for an unconstrained_pa
EXPRESS specification:
*)

ENTITY unconstrained_pair_value
SUBTYPE OF (pair_value);
SELF\pair_value.applies_to_pair : unconstrained_pair;
actual_placement : axis2_placement_3d;

END_ENTITY;

(*

Attribute definitions:

pair_value applies.

actual_placement:’the placement of the second pair frame with respect to the first pair
for the unconstrained_pair.

5.4.45 fully_constrained pair

TPhefully_constrained_pair prevents any relative motion between two adjacent links. T

I o . N et

ir.

SELF\pair_value.applies:to_pair: the unconstrained_pair to which the unconstrained_-

frame

he two

pair frames are always forced to coincide.

NOTES

1~ The fully_constrained_pair may be helpful in early design stages or for kinematic analysis
systems, because it allows to fix two links each to the other without changing the topological struc-

ture.

2 — The concepts of pair value and pair range are not applicable to a fully_constrained_pair.
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EXPRESS specification:

*)
ENTITY fully_constrained_pair
SUBTYPE OF (kinematic_pair);

©ISO

END_ENTITY;

(*

5.4

The

|46 point_on_surface_pair

point_on_surface_pair constrains the motion of two links such that a point defined on

the econd link always lies on a surface defined on the first link. The actual location of this
poin{ on the surface is called the contact point. The contact point specifies an origin of a frame

calle

1 the contact frame. The local normal to the surface in the contact péint coincides with

the z-axis of the contact frame. The x-axis of the contact frame is parallel~to the tangent to the
iso-pprameter line of the surface for the first surface parameter, which passes the contact point,

and

boints into the direction where the first surface parameter increases.

NOTES

| — Translational motion of the second link is constrained to.the two-dimensional parameter space
bf the surface, while its rotational motion about the contaet point is not constrained. Therefore, a
point_on_surface_pair behaves like a spherical_pairdhat additionally may move along a surface
bn the first link.

2 — See figure 11.

To sypport the measure of motion, a pairdrame is defined on each of the links. The representation

fi1(u

v) is defined relative to the pait frame on the first link. The translational motion is given

by the actual surface parametersiof-the contact point, u; and v;. The three angles of rotation
are defined as the yaw, pitch, @and roll angles. See 5.3.6. They are required to rotate the x-, y-,

and

pair
orde
tran

50

p-axes of the contact frame until its directions coincide with the axis directions of the second
frame. The origin ofithe pair frame on the second link coincides with the contact point. In
" to migrate from\the first pair frame to the second pair frame, the following sequence of
formations ha§to be performed:

1) Establish the contact frame ! PF relative to the first pair frame:

1
origin, = f1(ui,v1)

— 1 Ofi(u,v z_vector,
I_vectori - O, v) ; T, = —_—
U u=uy v=u; |z_vector,|
— 1 Ofi(u,v vector.
wedtor! = 219 ; o = vector,
Vo lu=uip=u |w_vector |
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Z.~Z

u, increasing
vV, = constant

v, increasing
~7u, = constant

z
: first

y, pair frame
28|

Figure 11 — Example of a point on surface pair

——]
— 1 N 1 z_vector,
zwector, =W, X T, ; Z, =

¢ = ————
|z_vector,|

——1
o1 1 =1, _1 _ Y-vector,
ywector, =Z, X T R ——

¢’ ° ly_vector|

arigin, and the three direction vectors Z., i, and Z: may be used to establish th
homogeneous matrix representation of the placement of the contact frame IPF, rela

the first pair frame.

b rigid
tive to

2) Rotate the z},yl-axes about the z}-axis by the amount specified by the yaw angle. This

yields an intermediate frame the axes of which are denoted by (z',y, 2" = 2}).

3) Rotate the 2',z"-axes about the y’-axis by the amount specified by the pitch angle. This

yields a second intermediate frame denoted by (z”,y" = ¢/, 2").

4) Finally, rotate the y”,2"-axes about the z"-axis by the amount specified by the roll
angle. The resulting frame (z3 = z”,ys, 22) now coincides with the pair frame on the second
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link.

EXPRESS specification:

*)

ENTITY point_on_surface_pair
SUBTYPE OF (kinematic_pair);

pafr—surfacte —surface;
WHERE
WR[L: frame_associated_to_background

END_ENTITY;

(*

Attribute definitions:

pairl_surface: the surface on the first link of the pair on which the poiftjon the second link is
sliding.

Formal propositions:

(SELF\kinematic_pair.pair_placement_in_first_link_context,
pair_surface);

WRJ1: The pair_surface of a point_on_surface_pair shall\be in the items set of a kine-
matlic_frame_background representation which, in turn, is related to the kinematic_-
link] representation of the first link of the point_on_surface_pair by a kinematic_frame _-
background_representation_association. The transformer frame in the transforma-
tior]_operator of this relationship shall be the pair-placement _in first_link_context of the
point_on_surface_pair. These requirements are checked by the function frame_associated_-
to_hackground.

Informal propositions:

continuous surface: The surface Gsed as pair_surface shall be smooth in its entire domain
and [its tangent vectors shall change their direction only in a steady manner, regardless of whethex
the purface is composed of multiple surfaces or not.

5.4.47 ~point_on_surface_pair_value

NOTE 3 - This is equivalent to requiring the pair_surface to be G1 continuous throughout and
that, in the case.of-d rectangular_composite_surface, the transition_code shall be at least
cont_same_gradient at each segment junction curve. (See ISO 10303-42.)

Thepoint_on surface pair value specifies the pair parameters for the point on surface.:
pair.

EXPRESS specification:

)

ENTITY point_on_surface_pair_value

SUBTYPE OF (pair_value);
SELF\pair_value.applies_to_pair : point_on_surface_pair;

actual_point_on_surface : point_on_surface;
input_orientation : spatial_rotation;
DERIVE
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actual_orientation : ypr_rotation
:= convert_spatial_to_ypr_rotation
(SELF\pair_value.applies_to_pair,
input_orientation);
WHERE
WR1: SELF\pair_value.applies_to_pair\point_on_surface_pair.pair_surface :=:
actual_point_on_surface.basis_surface;

END_ENTITY;
(*

Attribute definitions:

SELF\pair_value.applies_to_pair: the point_on_surface_pair to which the' point_o
face_pair_value applies.

actual_point_on_surface: the positional value for the point on thé.surface.

input_orientation: the input specification of the rotational pai’ parameter values fron
the actual_orientation is derived. input_orientation isceither a ypr_rotation or 3
tion_about_direction.

actual_orientation: the set of rotational pair parameter values for a point_on_surfad
according to the ypr notation. This is derived from input_orientation by the functio]
vert_spatial to_ypr_rotation.

Formal propositions:

WRI1: actual_point_on_surface shall'be defined as a point on the pair_surface of the
on_surface_pair referenced by applies_to_pair.

5.4.48 point_on_surface _pair_range

The point_on_surfaee_pair_range specifies the lower bound and the upper bound of
rameter range for the point_on_surface_pair.

EXPRESS specification:
*)

ENTITY péint_on_surface_pair_range
SUBTYPE OF (simple_pair_range);
SELE\simple_pair_range.applies_to_pair : point_on_surface_pair;

n_sur-

| which
rota-

e_pair
n con-

point _-

the pa-

range_on_pair_surface : rectangular_trimmed_surface;
lower_limit_yaw : rotational_range_measure;
wpper—Timit—yaw rotational_range_measure;
lower_limit_pitch : rotational_range_measure;
upper_limit_pitch : rotational_range_measure;
lower_limit_roll : rotational_range_measure;
upper_limit_roll : rotational_range_measure;
WHERE

WR1: SELF\simple_pair_range.applies_to_pair\point_on_surface_pair.pair_surface
:=: range_on_pair_surface.basis_surface;
WR2: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN

TYPEOF (lower_limit_yaw))
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OR
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_yaw)))

X0R
(lower_limit_yaw < upper_limit_yaw);
WR3: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
——TYPEOF—(tower—Himit—pitek))

OR
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_pitch)))
XO0R
(lower_limit_pitch < upper_limit_pitch);
WR4: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_roll))
OR

{*KINEMATIC_STRUCTURE_SCHEMA .UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_roll)))
XO0R
(lower_limit_roll < upper_limit_roll);
END_ENTITY;

(*
Attribute definitions:

SEL[F\simple_pair_range.applies_to_pair: the point_on_surface_pair to which the point |
on_surface_pair_range applies.

range_on_pair_surface: the admissible range for the positional pair parameter value on the
contact surface on the first link.

lowdr_limit_yaw: the minimum valué of the yaw angle for the point_on_surface_pair.
upper_limit_yaw: the maximum value of the yaw angle for the point_on_surface_pair.
lowdr_limit_pitch: th€aninimum value of the pitch angle for the point_on_surface_pair.
upper_limit_piteh:’ the maximum value of the pitch angle for the point_on_surface_pair.

lowgr_limit.rell: the minimum value of the roll angle for the point_on_surface_pair.

upppr-limit_roll: the maximum value of the roll angle for the point_on_surface_pair.

Formal propositions:

WR1: The underlying surface of range_on_pair_surface in the range specification shall be
identical with the surface pair_surface in the point_on_surface_pair specification.

WR2: The range of rotation about the z-axis of the point_on_surface_pair shall be positive
when both bounds are not given as unlimited.

WR3: The range of rotation about the y-axis of the point_on_surface_pair shall be positive
when both bounds are not given as unlimited.
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WR4: The range of rotation about the x-axis of the point_on_surface_pair shall be positive

when both bounds are not given as unlimited.

5.4.49 surface_pair

A surface_pair CONStTains the motion of two Links along a suriace on each of the Links such

that they always have contact in at least one common point. This point lies on g 8ul

face of

the links. The point is called the contact point. The contact point specifies an-origin of a
frame called a contact frame. The common tangential plane of the surfaces'is the xj-plane
of the contact frame. To measure motion, a pair frame is defined on each™of the links. The
surface representation f(u,v) of each surface is given in the corresponding pair framp. For

the subsequent specification both surface representations need to be-expressed in a c
coordinate system. The world coordinate system is used for this purpose.

The following notation is used:

Up, Up parameters of the surface on the first link;
Ug, Vg parameters of the surface on the second link;

I1mon

Of,(up,vp) representation of the surface on the firét link relative to the world coordipate

system;

0f,(uq,v4) representation of the surface on the second link relative to the world coordifate

system;
Tp, Yp, zp axes of the first pair frame;
Zg, Yq, 2¢ axes of the second pair frame;
zh, yL, 2P axes of the contact frafne, defined with respect to the first pair frame, but
taking into account the surface orientations and the respective rotation;
zd, yd, z§ axes of the contagt frame, defined with respect to the second pair frame;
Te, Yoo zc  axes of the contact frame, defined with respect to the first pair frame after

not

the

surface orientations and the respective rotation have been taken into accotunt.

NOTE 1 - Seefigiire 12 for an exploded view of a surface pair. There is a rotation angle
between z? anid-z!, and orientation is FALSE.

The following equations apply to sliding_surface_pair (see 5.4.52) and rolling_surfac
(see 5.4.54):

The contact frame is determined from both sides of the pair as follows, beginning w
second link:

f —15°

e_pair

th the

q 0
origin, = jq(uq,vq)

—F 80fq(“v“) _ x_vectorg
Tvector, = ————— ; T = ———
O Jumuyv=u, |z_vector!|

W vectord — Bofq(u,v) A . —q _ w_vectorz
wector, = ——= ; Tl = —onoet
N |w_vector]
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/ actual
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/
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/
/
7/
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\
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v z
. . P
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u, = constant ¢ y, pair frame
X,

Figure 12 — Example of a surface pair.
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z_vector}
|z_vector!|

T—7%7 % 79 -
yvector, =Z; X T ;

"~ |y_vector!]

origin, and the three direction vectors T¢, 7%, and z¢ may be used to establish the rjgid ho-
mogeneous matrix representation of the placement of the contact frame 9PF, relativg to the
second pair frame.

NOTE 2 — See figure 3 for an illustration of the relationships betweer the frames.

The same analysis is performed for the first link:

origint = %, (up, vp)

- aof,,(u,v)

x_vector, =
¢ ou
o°f (u,v)
w_vector? = LA
¢ ov

y_vectorh =28 x P ;

_ Zvectore
| ol

| el

_ z_vector,

Yo = |y_vector®)|

TrertorP
z_vector,

T_vector,

0 vector?
w_vector,

w_vector,

——
|z_vector®|

TP
y-vector,

The contact point shall be identically positioned, relative to the world coordinate systdm, irre-

speetive of whether it is approached from the second or the first link.

O D ———q
o7 LyL,LC — O7 LgL’LC — OT [:gt"bc

Also the z-direction at the contact point shall be identical, relative to the world coordinate
system, irrespective of whether it is approached from the second or the first link.

However, the direction vectors z¢ and ZP, as evaluated above, are either
Cc c’ b

1)

2)

Zo=71=—7P

c=21=2Por

C

o7
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In case 1, orientation is TRUE and both z-directions are identical.
In case 2, orientation is FALSE and z? (as well as ¢?) is rotated by = about the 2% direction.
Finally, 2P has to be rotated about z, until it coincides with z..
NOTE 3 — The rotation angle to achieve this is defined by the actual_rotation attribute of slid-
i face pai lue (see 54 52) and of ralli " . Ine (see 5 4 54) vel
EXPRESS specification:

*)
ENTITY surface_pair
SUB[TYPE OF (kinematic_pair);

surfface_1 : surface;

surjfface_2 . surface;

orilntation : BOOLEAN;
WHERE

WR1|: frame_associated_to_background
(SELF\kinematic_pair.pair_placement_in_first_link_context,
surface_1);

WRY: frame_associated_to_background
(SELF\kinematic_pair.pair_placement_in_second_linK_context,
surface_2);

END_ENTITY;

(*

Attribute definitions:

surfdce_1: the contact surface on the first link, defined in the coordinate system specified by
SELF\kinematic_pair.pair_placement_in-first_link_context.

surfgce_2: the contact surface on thie;second link, defined in the coordinate system specified
by SELF\kinematic_pair.pair_placement_in_second_link_context.

oriegtation: an indication (ofy whether the z-direction of the second surface agrees with the
z-dirgction of the first surfage.

Formhl propositions:

WRI: surface_1)of'a surface_pair shall be in the items set of a kinematic_frame_back-
ground _representation which, in turn, is related to the kinematic_link_representation of
the fipst link ofthe surface_pair by a kinematic_frame_background_representation_asso-
ciatipn,/The transformer_frame in the transformation_operator of this relationship shall
be theCpair_placement_in_first_link_context of the surface_pair. These requirements are
checked by the function frame_associated_to_background.

WR2: surface_2 of a surface_pair shall be in the items set of a kinematic_frame_back-
ground_representation which, in turn, is related to the kinematic_link_representation of
the second link of the surface_pair by a kinematic_frame_background_representation_-
association. The transformer_frame in the transformation_operator of this relationship
shall be the pair_placement_in_second_link_context of the surface_pair. These require-
ments are checked by the function frame_associated_to_background.
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Informal propositions:

96 (E)

continuous surfaces: The surfaces used as surface_1 and surface_2 shall be smooth in their
entire domain, and their tangent vectors shall change their direction only in a steady manner,

regardless of whether the surfaces are composed of multiple surfaces or not.

NOTE 4 — This is equivalent to requiring surface_1 and surface_2 to be G1 continuous thro

ughout

and that, in the case of a rectangular_composite_surface, the transition_code shall be bt least

cont_same_gradient at each segment junction curve. (See ISO 10303-42.)

orientation: If the directions z; and 2% are identical, the orientation shall(be set TR

UE. If

the directions 2z, and 2% are oriented in the opposite direction to each other, ‘the orientation

shall be set FALSE.

5.4.50 surface_pair_range

The surface_pair_range specifies the lower bound and the upper bound of the parameter
for the surface_pair.

EXPRESS specification:

*)

ENTITY surface_pair_range
SUBTYPE OF (simple_pair_range);
SELF\simple_pair_range.applies_to_pair: surface_pair;

range_on_surface_1 : rectangular_trimmed_surface;

range_on_surface_2 ! rectangular_trimmed_surface;

lower_limit_actual_rotation : rotational_range_measure;

upper_limit_actual_rotation : rotational_range_measure;
WHERE

WR1: SELF\simple_pair_range.applies_to_pair\surface_pair.surface_1
range_on_surfaceétl.basis_surface;
WR2: SELF\simple_pair.range.applies_to_pair\surface_pair.surface_ 2 :
range_on_surface_2.basis_surface;
WR3: ((’KINEMATI€_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEQF\(lower_limit_actual_rotation))
OR
(*KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_actual_rotation)))
XOR
(lower_limit_actual_rotation < upper_limit_actual_rotation);
END_ENTITY;

range

X

Attribute definitions:

SELF\simple_pair_range.applies_to_pair: the surface_pair to which the surface_pair_-

range applies.

range_on_surface_1: the admissible range for the positional pair parameter value on the first

contact surface.
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range_on_surface_2: the admissible range for the positional pair parameter value on the second
contact surface.

lower_limit_actual_rotation: the minimum value of the pair rotation parameter.

upp imi ation: the maximum value of the pair rotation parameter.
Formhl propositions:

WR1: The underlying surface of range_on_surface_1 in the range specification shall beiden-
tical fwith the surface surface_1 in the surface_pair specification.

WR2: The underlying surface of range_on_surface_2 in the range specificatiomshall be iden-
tical fwith the surface surface_2 in the surface_pair specification.

WRS3: The range of rotation of the surface_pair shall be positive when-both bounds are not
given| as unlimited.

5.4/51 sliding surface_pair

A sliding_surface_pair specifies the sliding motion between the two contact surfaces of a sur-
facelpair. See 5.4.49.

EXPRESS specification:

*)

ENTITY sliding_surface_pair
SUBTYPE OF (surface_pair);

END_ENTITY;

(*

5.4/52 sliding_surface_pair_value

The [sliding_surface_pair_value specifies the set of pair parameters for the sliding_surface -
pair} See 5.4.49.

EXPRRESS specification:
*)
ENTITY sliding_surface_pair_value
SUBTYRE'OF (pair_value);
SELF\pair_value.applies_to_pair : sliding_surface_pair;

actual_point_on_surface_1 : point_on_surface;

actual_point_on_surface_2 : point_on_surface;

actual_rotation : plane_angle_measure;
WHERE

WR1: SELF\pair_value.applies_to_pair\surface_pair.surface_1
actual_point_on_surface_1.basis_surface;
WR2: SELF\pair_value.applies_to_pair\surface_pair.surface_2 :
actual_point_on_surface_2.basis_surface;
END_ENTITY;
(*
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Attribute definitions:

SELF\pair_value.applies_to_pair: the sliding_surface_pair to which the sliding_surface_-
pair_value applies.

actual_point_on_surface_1: the contact point of the contact surface (surface_1) of the first
link

actual_point_on_surface_2: the contact point of the contact surface (surface_2) afithe pecond
link.

actual_rotation: the angle required to rotate the zf-direction of the first, link surface around
the z.-direction of that surface until it coincides with the z.-direction of-the second link surface.

Formal propositions:

WR1: actual_point_on_surface_1 shall be defined as a point-on-surface_1 of the surface_-
pair referenced by applies_to_pair.

WR2: actual_point_on_surface_2 shall be defined as a,‘point on surface_2 of the sunface._-
pair referenced by applies_to_pair.

5.4.53 rolling surface_pair

A rolling_surface_pair specifies the rolling motion between the two contact surfaces of|a sur-
face_pair.

EXPRESS specification:

*)

ENTITY rolling_surface_pair
SUBTYPE OF (surface_palir);

END_ENTITY;

(*

5.4.54 rolling surface_pair_value

The rolling_surface_pair_value specifies the set of pair parameters for the rolling_surface_-
pair..See 5.4.49.

EXPRESS specification:
%)

ENTITY rolling_surface_pair_value
SUBTYPE OF (pair_value);
SELF\pair_value.applies_to_pair : rolling_surface_pair;

actual_point_on_surface : point_on_surface;
actual _rotation : plane_angle_measure;
WHERE

WR1: SELF\pair_value.applies_to_pair\surface_pair.surface_1 :=:
actual_point_on_surface.basis_surface;
END_ENTITY;
(*
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Attribute definitions:

SELF\pair_value.applies_to_pair: the rolling _surface_pair to which the rolling_surface -
pair_value applies.

actual_point_on_surface: the contact point of the contact surface (surface_1) of the first link.

actulal_rotation: the angle required to rotate the z?-direction of the first link surface around
the 4.-direction of that surface until it coincides with the z.-direction of the second link surface.

Formal propositions:

WRIl: actual_point_on_surface shall be defined as a point on surface_1 of the surface_pair
referpnced by applies_to_pair.

5.4/55 point_on_planar_curve_pair

The jpoint_on_planar_curve_pair constrains the motion of two links such that a point defined
on the second link always lies on a planar curve defined on the first link. The actual location of
this point on the curve is called the contact point.

NOTE 1 - Translational motion of the second link is constrained to the one-dimensional parameter
space of the curve, while its rotational motion about thescontact point is not constrained. Therefore,
b, point_on_planar_curve_pair behaves like a spherical_pair that additionally may move along
a curve on the first link.

The |contact point specifies the origin of a frame called the contact frame. The x-axis of the
conthct frame is parallel to the tangent to‘the curve in the contact point and points into the
dire¢tion where the curve parameter ingfeases. The y-axis of the contact frame is normal to the
plank in which the curve is defined. Hetice, the z-axis of the contact frame coincides with a local
normal to the curve which lies imthe plane of the curve and passes the contact point.

NOTE 2 - See figure 13. In_this case orientation is TRUE, as the y!-axis has the same direction
as the z;-axis.

To sfipport the measure ©f motion, a pair frame is defined on each of the links. The representation
f(u)| of the two-dimensional curve is given in the xy-plane of the pair frame on the first link.
Therefore, the z<axis of this pair frame always serves as the normal to the plane of the curve.

NOTE 3% )The definition of the curve plane and of its normal as specified here becomes important
for cases where the curve is a straight line.

The|ttanslational motion is given by the actual curve parameter of the contact point, u;. The
three angles of rotation are defined as the yaw, pitch, and roll angles. See 5.3.6. They are
required to rotate the x-, y-, and z-axes of the contact frame until its directions coincide with
the axis directions of the second pair frame.

The origin of the pair frame on the second link coincides with the contact point, and the axes
of this pair frame agree with the axes of the contact frame when all three rotations have been
performed.

The following notation is used in the subsequent specification:
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roll

Y1
first

pair frame

""'*»»»-._‘,ﬁ_“ ,._,_,,,} X1

Figure 13 — Examplédof a point on planar curve pair

U parameter of the.eurve on the first link;
U1 parameter of the contact point on the curve on the first link;
f(u) representation of the curve on the first link relative to the first pair framg;

z1, Y1, 21 axes of-the first pair frame;
T2, Y2, 22 axesof the second pair frame;
zl, yl, 2} akesof the contact frame, defined with respect to the first pair frame, but|not
taking into account the rotational motion;
', y', &' axes of the contact frame, defined with respect to the first pair frame, when
the yaw rotation has been taken into account;
37", 2" axes of the contact frame, defined with respect to the first pair frame, when
the yaw and pitch rotations have been taken into account;

22, 42, 22 axes of the contact frame, defined with respect to the first pair frame _wihen

all the ypr rotations have been taken into account;

In order to migrate from the first pair frame to the second pair frame, the following sequence of
transformations has to be performed:

1) Establish the contact frame ! PF, relative to the first pair frame:

origini = f(uy)
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or

angle. Theresulting frame (z
link, denoted by (z2,y2, 22).

- df (u T _vector:
ac_'uectori = f(w) ; T ———

du ly=uy ° lx_vectorﬂ

—

y. [iSTequired to be parattet to =15 fremee; erther

1 _ =
Ye =21

=1 _
Y = —21

In|the first case, orientation is TRUE and the direction of y! agrees'with that of z;. In the
se¢ond case, orientation is FALSE and the direction of yl is ppposite to that of z;.

——1
- 1 1. _1  z-vector,
zvector, =T, X Y, ; Zy = ———1-

|z_vector,|

orfigin, and the three direction vectors Z}, %, and Z, may be used to establish the rigid
hdmogeneous matrix representation of the placement of the contact frame LPF. relative to
thie first pair frame.

| N

Rotate the z1,y!-axes about the z}-axis by the amount specified by the yaw angle. This
cr¥Ye c y g

yiklds an intermediate framethe axes of which are denoted by (2',y/,2' = z.).

4) Rotate the 2’,2’-axes about the y’-axis by the amount specified by the pitch angle. This
p g

yiklds a second interfnediate frame denoted by (z",y" = ¢/, 2").

4) Finally, xotate the y”,2"-axes about the z"-axis by the amount specified by the roll

2 = 2" 42, 22) now coincides with the pair frame on the second

EXPRESS specification:

*)

ENTITY point_on_planar_curve_pair
SUBTYPE OF (kinematic_pair);

pair_curve : curve;
orientation : BOOLEAN;
WHERE

WR1: frame_associated_to_background

(SELF\kinematic_pair.pair_placement_in_first_link_context,
pair_curve);

END_ENTITY;

(*
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Attribute definitions:

nair eurva: the nlanar curve on the first link of the nair on which the naoint an the cecond link
Pull - AL Ve visivw I—’AWAAWA iaa N NJAA VAAU AAA DU AAAALY UL UVALU l—’u‘ll— AJXL VYV AlAiLAL viAC PUAILU WAL ViIALU OUUULUULA\L ddaaaw
is sliding

orientation: a flag indicating whether the y-axis of the unrotated contact frame agrees with

+hao Z 3.,Xis of the pq;r frame on the first link

TITC

Formal propositions:

WR1: The pair_curve of a point_on_planar_curve_pair shall be in the items'set of a ki-
nematic_frame_background_representation which, in turn, is related to the kinematic_-
link _representation of the first link of the point_on_planar_curve_pair by a kinematic_-

. . . .
framo harkoraiind ranracoantatinn aceneciation Nha trancfarmar firama in +tha 4rang
11 QIIIV WAVARI VUIIU LI UYL UOVILVAVIVIL _AOOULVIARUIUVIL. A 11V V1 QQLI01U1 11170 Al ArllT 111 Lviic iaiio~

formation_operator of this relationship shall be the pair_placement)in_first_link_context
of the point_on_planar_curve_pair. These requirements are checked by the function frame_-
associated_to_background.

Informal propositions:

planar curve: The curve used as pair_curve shall beplanar.

continuous curve: The curve used as pair_curyve)shall be smooth in its entire domaip
its tangent vector shall change its direction onlyZin a steady manner, regardless of whetler the

curve is composed of multiple curves or not.

NOTE 4 - This is equivalent to requiring the pair_curve to be G1 continuous throughout and that,
in the case of a composite_curveythe transition_code shall be at least cont_same_gradjent at
each segment junction point. (See-ISO 10303-42.)

orientation: If the directions 2; and y} are identical, the orientation shall be TRUE.|If the
directions z; and yi are-oriented in the opposite direction, the orientation shall be FAISE.

5.4.56 pointZon_planar_curve_pair_value

The point-en_planar_curve_pair_value specifies the pair parameters for the poinf_on._-
planar_curve_pair.

EXPRESS specification:
*)

ENTITY point_on_planar_curve_pair_value

SUBTYPE OF (pair_value);
SELF\pair_value.applies_to_pair : point_on_planar_curve_pair;

actual_point_on_curve : point_on_curve;

input_orientation : spatial_rotation;
DERIVE

actual_orientation ¢ ypr_rotation

1= convert_spatial_to_ypr_rotation
(SELF\pair_value.applies_to_pair,
input_orientation);
WHERE
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WR1: SELF\pair_value.applies_to_pair\point_on_planar_curve_pair.pair_curve
:=: actual_point_on_curve.basis_curve;
END_ENTITY;
(*

Attribute definitions:

SEL\ o 3 33 4 M 4+l 23t 1  —ie b P R | ,de
\PAaIr - value. appires 1o _pair:—tic pullit —ol—plalial —curve-pair 1o wIIICIT e POt =

on_pglanar_curve_pair_value applies.
actual_point_on_curve: the positional value for the point on the curve.

input_orientation: the input specification of the rotational pair parameter valies from which
the actual_orientation is derived. input_orientation is either a ypr_rotation or a rota-
tionlabout_direction.

actual_orientation: the array of rotational pair parameter values for'a point_on_planar_-
curve_pair according to the ypr notation. This is derived from{nput_orientation by the
function convert_spatial to_ypr_rotation.

Formal propositions:

WRIl: actual_point_on_curve shall be defined as a point on the pair_curve of the point_-
on_planar_curve_pair referenced by applies_to_pairs

5.4|57 point_on_planar_curve_pair_range

The [point_on_planar_curve_pair_range- specifies the lower bound and the upper bound of
the [Eurameter range for the point_on:planar_curve_pair.

EXPRESS specification:

*)

ENTI[Y point_on_planar_curve_pair_range
SUBTYPE OF (simple_pdin_ range);
SELF\simple_pair_rarnge.applies_to_pair : point_on_planar_curve_pair;

rapge_on_pair_curve : trimmed_curve;

loper_limit_yaw : rotational_range_measure;
upper_limit Syaw : rotational_range_measure;
loper_limit Jpitch : rotational_range_measure;
upper_Ximit_pitch : rotational_range_measure;
loper 2limit_roll : rotational_range_measure;
upper/limit_roll : rotational_range measure;

WHERE

WR1: SELF\simple_pair_range.applies_to_pair\
point_on_planar_curve_pair.pair_curve
:=: range_on_pair_curve.basis_curve;
WR2: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_yaw))
OR
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_yaw)))
XOR
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(lower_limit_yaw < upper_limit_yaw);
WR3: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_pitch))
OR
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_pitch)))
X0R

(lower_limit_pitch < upper_limit_pitch);
WR4: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_roll))
OR
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_roll)))
XO0R
(lower_limit_roll < upper_limit_roll);
END_ENTITY;
(*

Attribute definitions:

SELF\simple_pair_range.applies_to_pair: the pointion_planar_curve_pair to which the

point_on_planar_curve_pair_range applies.

range_on_pair_curve: the admissible range for the positional pair parameter value
contact curve on the first link.

lower_limit_yaw: the minimum value-of the yaw angle for the point_on_planar_curvg
upper_limit_yaw: the maximum;value of the yaw angle for the point_on_planar_curvg

lower_limit_pitch: the mihimum value of the pitch angle for the point_on_planar_c
pair.

upper_limit_pitc¢h} ‘the maximum value of the pitch angle for the point_on_planar_c
pair.

lower_lithit_roll: the minimum value of the roll angle for the point_on_planar_curve

upper_limit_roll: the maximum value of the roll angle for the point_on_planar_curvg

Formal propositions:

on the

2_pair.
p_pair.

urve_-

urve_-

_pair.

e_pair.

WR1: The underlying curve of range_on_pair_curve in the range specification shall b
tical with the curve pair_curve in the point_on_planar_curve_pair specification.

e iden-

WR2: The range of rotation about the z-axis of the point_on_planar_curve_pair shall be

positive when both bounds are not given as unlimited.

WR3: The range of rotation about the y-axis of the point_on_planar_curve_pair shall be

positive when both bounds are not given as unlimited.
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WR4: The range of rotation about the x-axis of the point_on_planar_curve_pair shall be
positive when both bounds are not given as unlimited.

5.4.58 planar_curve_pair

asch of tha

A plapar—curve-pair tonstrams-the-motionof-two—tinks-along—aplanareurve-on—each—otthe
links. Both curves lie in a common plane whose normal is called Z.. The point of contact lies
on the| curves. The point is called the contact point, and the contact point specifies the origin
of a frhme called a contact frame. The common plane is the xy-plane of the contact fratme. To
measufe motion, a pair frame is defined on each of the links. The representation f(u) of the two-
dimengional curves is given in the xy-plane of the corresponding pair frame. For the’subsequent
specififation both curve representations need to be expressed in a common coordinate system.
The wprld coordinate system is used for this purpose.

The fqllowing notation is used:

Up parameter of the curve on the first link;

Ug parameter of the curve on the second link;

Of (up) representation of the curve on the first link relaive to the world coordinate
system;

qu Uq) representation of the curve on the second linkrelative to the world coordinate
system;

Tp| yp, zp axes of the first pair frame;

Tql yq, 7 axes of the second pair frame;

zP| yP, 2P axes of the contact frame, defined with respect to the first pair frame, but not
taking into account the curye orientations;

zd| yd, z¢ axes of the contact frame, defined with respect to the second pair frame;

Tel Yo, 2z axes of the contact frame; defined with respect to the first pair frame after the

curve orientations<have been taken into account.

NOTE 1 - See figure 14 for an exploded view of a curve pair. In this case orientation is FALSE,
a$ the x-axes have oppoSite*directions.

The fpllowing equations apply to sliding_curve_pair and rolling_curve_pair.

The dontact frame)is’ determined from both sides of the pair as follows, beginning with the
secondl link:

origing = % ,(ug)

z? =2z, (normal of the common plane)

- d°f,(u _vector!
U u=y, |y-vector|

o'

- _ x_vector
l'_'UectOTq = -gq X —Z_q N CCq = :9—
c c c c l 7 q
x _vector,|
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u, increasing

=
.
.\ a s
A N oc L
\ / second
) N / A
pair fram¢

contact
frame

orientation = FALSE

Yo

first »
pair frame c

u, increasing

Figure 14 — Example of a planar curve pair.
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origin; and the three direction vectors T4, 7, and zZ may be used to establish the rigid ho-

mogeneous matrix representation of the placement of the contact frame ¢PF, relative to the
second pair frame.

NOTE 2 - See figure 3 for an illustration of the relationships between the frames.

The same analysis is performed for the first link.

ori gmjc = Of,, (up)

ZP = 7z, (normal of the common plane)

e d O, (u) p y_vector:
y-vecior, = —— —— H Ye = —p
du  ly=u, |y Bestort |
——p

—_——p _ AN T_vector
z_vector, =38 x 28 ; T
|z_vector]

The |contact point shall be identically positioned, relative to the world coordinate system, irre-
spective of whether it is approached from the second-or the first link.

origin, = prigin, = origin.
The |z-directions are all normal to the'same plane; hence

Zc =2 =71

At this stage, the directionvectors ¢ and z% are either

1) ZT,=1xl =72 or

2) ZT,=7%= 7%
In case 1, erientation is TRUE and both x-directions are identical.

In cgse?, orientation is FALSE and z? (as well as y?) is rotated by 7 about the z, direction.

Exr RIAQQ . don
I Ivoo SPTlllItatlUll.

*)
ENTITY planar_curve_pair
SUBTYPE OF (kinematic_pair);

curve_1 : curve;

curve_2 . curve;

orientation : BOOLEAN;
WHERE

WR1: frame_associated_to_background
(SELF\kinematic_pair.pair_placement_in_first_link_context,
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curve_1);
WR2: frame_associated_to_background
(SELF\kinematic_pair.pair_placement_in_second_link_context,
curve_2) ;
END_ENTITY;
(*

M) ; 10
Abbll‘l)ubt: UCIIIILIOILS.

curve_l: the contact curve on the first link, defined in the coordinate system specified by

SELF\kinematic_pair.pair_placement_in_first_link_context. This curve shall‘lie w
plane.

curve_2: the contact curve on the second link, defined in the coordindte system sp

thin a

ecified

by SELF\kinematic_pair.pair_placement_in_second_link_context- This curve shall lie

within a plane.

orientation: a flag indicating whether the x-axis-directions agree.

Formal propositions:

WR1: curve_l of a planar_curve_pair shall be in‘the items set of a kinematic_fr
background representation which, in turn, is related to the kinematic_link_repres
tion of the first link of the planar_curve_pair by a kinematic_frame_background 1
sentation_association. The transformer frame in the transformation_operator
relationship shall be the pair_placement.in_first_link_context of the planar_curve
These requirements are checked by the fimiction frame_associated_to_background.

WR2: curve_2 of a planar_curve_pair shall be in the items set of a kinematic_fr
background_representation-which, in turn, is related to the kinematic_link_repreg
tion of the second link of the-planar_curve_pair by a kinematic_frame_background_i
sentation_association, sThe transformer_frame in the transformation_operator
relationship shall be the pair_placement_in_second_link_context of the planar_curve
These requirements-are checked by the function frame_associated_to_background.

Informal propositions:

planar curves: The curves used as curve_1 and curve_2 shall be planar curves.

continuous curves: The curves used as curve_1 and curve_2 shall be smooth in their
domain, and their tangent vectors shall change their direction only in a steady manner, regs
of ‘whether the curves are composite or not.

Ame _-
enta-
repre-
bf this
_pair.

ame_-
enta-
epre-
bf this
_pair.

entire
irdless

NOTE 3 - This is equivalent to requiring curve_1 and curve_2 to be G1 continuous throughout
and that, in the case of a composite_curve, the transition_code shall be at least cont_same -

gradient at each segment junction point. (See ISO 10303-42.)

orientation: If the directions z, and z¥ are identical, the orientation shall be TRUE.

If the

directions z, and z? are oriented in the opposite direction, the orientation shall be FALSE.
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5.4.59 planar_curve_pair_range

The planar_curve_pair_range specifies the lower bound and the upper bound of the parameter

range

of the planar_curve_pair.

EXPRESS specification:

*)

ENTITY planar_curve_ nn-i-r- _range

ENTITY plana

SUBTYPE OF (81mple pair_range);
SELH\simple_pair_range.applies_to_pair : planar_curve_pair;

range_on_curve_1 : trimmed_curve;
range_on_curve_2 : trimmed_curve;
WHERE
WR1{ SELF\simple_pair_range.applies_to_pair\planar_curve_pair.curve_l-~:Z

WHZ

range_on_curve_1.basis_curve;

SELF\simpie_ palr range. applies_to_pair
range_on_curve_2 basis_curve;

orT T\ 32\
\

END_ENTITY;

(*

Attribute definitions:

Q'II‘TI\ i

Q1 b o)
DA RAA] \OlLiipS

curve _pa1r_rang

1ge.applies_to_pair: the planar.gurve_pair to which the planar_-

apphes

o

rang¢_on_curve_l: the admissible range for the-positional pair parameter value on the curve
on the first link of the pair.

rang¢_on_curve_2: the admissible range for the positional pair parameter value on the curve

on th

Form

e second link of the pair.

Wl propositions:

WRI1:

with

WR2:

with

5.4.

The underlying curve-of-range_on_curve_1 in the range specification shall be identical
he curve curve_1 in“the planar_curve_pair specification.

The underlyitigcurve of range_on_curve_2 in the range specification shall be identical
he curve cutve 2 in the planar_curve_pair specification.

60 sliding_curve_pair

A sli

ing_nurvn_pnir qpnniﬁnq the sliding motion between the curves on the two links of a
(=]

planar_curve_pair.
EXPRESS specification:

*)
ENTIT
SUB

Y sliding_curve_pair
TYPE OF (planar_curve_pair);

END_ENTITY;

(=
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5.4.61 sliding_curve_pair_value

The sliding_curve_pair_value specifies the pair parameters for the sliding_curve_pair.

EXPRESS specification:
*)

ENTITY sliding_curve_pair_value

SUBTYPE OF (pair_value);
SELF\pair_value.applies_to_pair : sliding_curve_pair;

actual_point_on_curve_1 : point_on_curve;
actual_point_on_curve_2 : point_on_curve;
WHERE

WR1: SELF\pair_value.applies_to_pair\planar_curve_pair.curve_1 :
actual_point_on_curve_1.basis_curve;
WR2: SELF\pair_value.applies_to_pair\planar_curve_pair.curve_2\;
actual_point_on_curve_2.basis_curve;
END_ENTITY;
(*

Attribute definitions:

SELF\pair_value.applies_to_pair: the sliding_curye“pair to which the sliding_cu
pair_value applies.

actual_point_on_curve_1: the contact point;(defined in the parameter space of the cui
the first link.

actual _point_on_curve_2: the contact point, defined in the parameter space of the cuj
the second link.

Formal propositions:

rve_-

ve on

ve on

WRI1: actual_point_on_c¢urve_1 shall be defined as a point on curve_1 of the planar_-

curve_pair referenced by)applies_to_pair.

WR2: actual_peint_on_curve_2 shall be defined as a point on curve_2 of the planar_-

curve_pair referenced by applies_to_pair.

5.4.62. rolling_curve_pair

Acrolling_curve_pair specifies the rolling motion between the curves on the two link

of a

°2)

planar_curve_pair.

EXPRESS specification:

*)

ENTITY rolling_curve_pair
SUBTYPE OF (planar_curve_pair);

END_ENTITY;

(*
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5.4.63 rolling_curve_pair_value

The

rolling_curve_pair_value specifies the pair parameter for the rolling_curve_pair.

EXPRESS specification:

*)

ENTIF¥—roiting—eurve—pair—value

SUBTYPE OF (pair_value);

SE
ac
WHER!

END_
(*

Attr

WR[L: SELF\pair_value.applies_to_pair\planar_curve_pair.curve_1 :=:

LF\pair_value.applies_to_pair : rolling_ curve_pair;
tual_point_on_curve_1 : point_on_curve;

actual_point_on_curve_1.basis_curve;
ENTITY;

bute definitions:

SELF\pair_value.applies_to_pair: the rolling curve_pair to which the rolling curve -
pair_value applies.

actyal_point_on_curve_1: the contact point, defined in.the parameter space of the curve on
the first link.

Formal propositions:

WR
cury

5.4

The
slidi

To 71
each

The
(wit

1: actual_point_on_curve_1 shall be defined as a point on curve_1 of the planar_-
Fe_pair referenced by applies_to_pair.

.64 gear_pair

gear_pair constrains the miotion between two adjacent links to a rolling (and potentially]
ng) motion of the second (link along the first link.

heasure the motion of\the second link with respect to the first link, a frame is defined on
of the links such that the origin lies in the center of the rolling circle of the respective link,

NOTE 1 - See figure 15, where different values of the constants “bevel”, “helical_angle”, and|
“gear._ratio” are”’shown. The lower gear always represents the first link; the upper gear is the
second link:

direetion of the z-axis is perpendicular to the plane of the circle. In a reference situation
h both rotation values being zero) the x-axis of the first link points from the origin towards

the

T S —r=ctrcio—p 24 11

the point of contact.

Motion is measured in terms of the rotation of the contact point about the z-axis of the first link.

The

motion of the second link results from an analysis of the rolling process. At any instance

the motion of the second link may be considered as a rotation of the second gear axis about the

first
plus

74

gear axis while maintaining the distance (sum of the radii), the bevel, and the helical angle
a rotation of the second gear about its own axis according to:

actual_rotation_2 = —gear_ratio - actual rotation_1
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Thus absolute bevel values between 0 and 7 represent external gears while absolute bevel values
between % and 7 represent internal gears.

The angle between the two x-axis directions is given by the bevel according to

Tp - Ty = cos(bevel)

with

wherd

evel € | — ,7),

in case of cos(bevel) = 0, the sign of the bevel is defined according to:

T, - (Tp X Tq) = sign(bevel)

The 4ngle between the two y-axis directions is given by the helical angle according to:

Up Uy = cos(helical _angle)

with pelical _angle € | — m, 7],

wher¢ in case of cos(helical_angle) = 0, the sign of the helical angle is defined according to:

1

Ty (, x J,) = sign(helical_angle)

NOTE 2 - In some cases the gear ratio depends on the radii of the rolling circles and also on

he characteristics of the gear toothing such as in worm gears. For this reason the gear ratio is

he geometrical arrangement of the(two gears relative to each other in conjunction with bevel and

Ieﬁned and not derived from the ratio ©f ‘the two radii. Hence, the two radii are used to determine

]

EXP

elical angle, while the gear ratio determines the ratio of the second gear motion with respect to the
otation of the contact point-about the first gear axis.

Dne way to construct the geometrical arrangement of the second gear relative to the first one is as
ollows:

An auxiliary frame is introduced at the point of contact with its axes x4, ya, and z, all parallel to
he respective-axes of the first link frame. Now the auxiliary frame is rotated by the angle bevel
hbout its y.taxis followed by a rotation by the helical angle about the (previously rotated) z,-axis.
Now the\r,-y.-plane represents the plane in which the second gear lies.

RESS specification:

*)

ENTITY gear_pair
SUBTYPE OF (kinematic_pair);

radius_first_link : length_measure;
radius_second_link : length_measure;
bevel : plane_angle_measure;
helical_angle : plane_angle_measure;
gear_ratio : REAL;

END_ENTITY;

(*
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Attribute definitions:

radius_first_link: the radius of the rolling circle of the first link.
radius_second_link: the radius of the rolling circle of the second link.

bevel: the angle between the two x-axes

helical_angle: the angle between the two y-axes.

gear_ratio: the gear ratio of the pair.

5.4.65 gear_pair_value

The gear_pair_value specifies the pair parameters for the gear. pair.

NOTE - If the gear pair is part of a more complex gear mechanism, the gear pair values as
here may not be the primary design targets. In the case of @ planetary gear mechanism, for e
it is more important to know the rotation angles of the(planetary gears with respect to an
coordinate system than the rotation angles between thé\planetary gears and the frames which s
them. See [1] for a detailed description of this specific example.

For a given configuration of pairs within a ni€chanism, the more global motion parameters
derived, in general, from the individual paixparameters and vice versa. This is not possible, h
generically without knowledge of the configuration. Therefore, the specification of function
provide such derivations is left to an_application protocol for which these derivations are re

EXPRESS specification:

*)

ENTITY gear_pair_value
SUBTYPE OF (pair_value)y
SELF\pair_value.applies_to_pair : gear_pair;

actual_rotation_1 : plane_angle_measure;
DERIVE
actual _rotation_2 : plane_angle_measure

- actual_rotation_1 *
SELF\pair_value.applies_to_pair\
gear_pair.gear_ratio;
END_ENTITY;

(*

defined
tample,
inertial
upport

can be
bwever,
which
juired.

Attribute definitions:

SELF\pair_value.applies_to_pair: the gear_pair to which the gear_pair_value applies.

actual_rotation_1: the value of the pair parameter of the first link.

actual _rotation_2: the value of the pair parameter of the second link.

7
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66 gear_pair_range

The gear_pair_range specifies the lower bound and the upper bound of the parameter range
of the gear_pair.

EXPRESS specification:

*)

ENTITY gear_pair_range
SUBTYPE OF (simple_pair_range);
SELF\simple_pair_range.applies_to_pair : gear_pair;

lower_limit_actual_rotation_1 : rotational_range_measure;
upIr_limit_actual_rotation_1 : rotational_range_measure;
WHERE

WR1: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN

TYPEOF (lower_limit_actual_rotation_1))
OR
(’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (upper_limit_actual_rotation_1)))
X0R
(lower_limit_actual_rotation_1 <
upper_limit_actual_rotation_1);

END_HENTITY;

(*
Attri

bute definitions:

SEL
appli

lowe

upps

Form

F\simple_pair_range.applies_to_pair: tleé gear_pair to which the gear_pair_range
Es.

r_limit_actual_rotation_1: the minimum value of the pair parameter of the first link.

br_limit_actual_rotation_1%\the maximum value of the pair parameter of the first link.

al propositions:

WR
as uj

5.4.

The

L: The range of rotation of the gear_pair shall be positive when both bounds are not given
limited.

67 rack and_pinion_pair

rack tand_pinion_pair describes a pinion rolling on a rack where the rotation axis of the

pinioin is perpendicular to the direction of the rack.

NOTE - See figure 16. The rack and pinion pair may be considered as a special case of the
rolling_curve_pair with one curve being a straight line and the other a circle.

The rack is always the first link; the pinion is the second link. The rack_and_pinion_pair
constrains the motion between two adjacent links to a translation along a common axis and a
rotation about an axis perpendicular to it.

To measure the motion of the second link with respect to the first link, a frame is defined on

each

of the links. On the pinion, the origin is the center of the rolling circle. The direction of

the z-axis on both rack and pinion is perpendicular to the plane of the circle.
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rolling
circle

Figure 16 — Example of a rack and pinion pair in‘the reference situation

In a reference situation (with both pair parameter valies being zero), the x-axis of the
points from the origin away from the point of contact with the rack. In the same ref
situation, the x-axis of the rack points from the ‘point of contact towards the center
pinion. Motion is measured in terms of the translation of the contact point along the y-
the rack (first link). The motion of the secorid link results from an analysis of the rolling p
At any instance the motion of the second™Mink is composed of a translation and a rotation
the rotation part is calculated from:

) actual _displacement
actual _rotation =

pinion_radius

EXPRESS specification:

*)

ENTITY rack_and-pinion_pair
SUBTYPE OF.‘(kinematic_pair);
pinion_pradius : length_measure;

END_ENTITY;

(*

Attribute definitions:

pinion
erence
of the
hxis of
Focess.
where

pinion_radius: the radius of the rolling circle of the pinion

5.4.68 rack_and_pinion_pair_value

The rack_and_pinion_pair_value specifies the pair parameters for the rack_and_pinion
EXPRESS specification:
*)
ENTITY rack_and_pinion_pair_value
SUBTYPE OF (pair_value);

_pair.
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SELF\pair_value.applies_to_pair : rack_and_pinion_pair;
actual_displacement : length_measure;
DERIVE
actual_rotation : plane_angle_measure
:= convert_plane_angle_for_pair_from_radian
(SELF\pair_value.applies_to_pair\kinematic_pair,
(- actual displacement /

SELF\pair_value.applies_to_pair\
rack_and_pinion_pair.pinion_radius));
END_ENTITY;

(*

Attribute definitions:

SELF\pair_value.applies_to_pair: the rack_and_pinion_pair to which the ack_and_pin-
ion_ppir_value applies.

actudl_displacement: the value of the pair parameter for the rack.

actugl_rotation: the resulting rotation of the pinion.

5.4.69 rack_and_pinion_pair_range

The rfack_and_pinion_pair_range specifies the lowér*bound and the upper bound of the pa-
rameter range for the rack_and_pinion_pair.

EXPRESS specification:
*)

ENTIT[Y rack_and_pinion_pair_range
SUBTYPE OF (simple_pair_range);
SELF\simple_pair_range.applies_to_pair : rack_and_pinion_pair;

lower_limit_rack_displacement : translational_range_measure;
upper_limit_rack_displacement : translational_range_measure;
WHERE

WR1|: ((’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEOF (lower_limit_rack_displacement))
OR
(?’KINEMATIC_STRUCTURE_SCHEMA.UNLIMITED_RANGE’ IN
TYPEQF ' (upper_limit_rack_displacement)))
XOR
(Yower_limit_rack_displacement < upper_limit_rack_displacement);
END_HNTITY;

(*
Attribute definitions:

SELF\simple_pair_range.applies_to_pair: the rack_and_pinion_pair to which the rack_-
and_pinion_pair_range applies.

lower_limit_rack_displacement: the minimum value of the pair parameter for the rack.

upper_limit_rack_displacement: the maximum value of the pair parameter for the rack.
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Formal propositions:

WRI1: The range of motion of the rack_and_pinion_pair shall be positive when both bounds
are not given as unlimited.

5.4.70 kinematic_substructure

A kinematic_substructure specifies the topological characteristics of a mechanism(mn| terms
of tree or network structures.

NOTES

1 — Using graph theory, the topology of a mechanism is represented by a direeted graph, where the
links correspond to the nodes, and the joints correspond to the edges. This graph can be Herived
from the definition of the links and joints. If the topology of a mechahism is defined only |by this
minimal information, it is referred to as “lower level topology” within this part of ISO 1030B.

Graph theory provides a means to capture connectivity inforimation which may be applied to the
describe the topological structure of mechanisms. The geometrical and mechanical properties are
not conveyed. If the full topological information including connectivity information is provided
explicitly, this is referred to as “higher level topology® within this part of ISO 10303.

A general graph may be composed of two basic types of subgraphs:
— Trees;
— Networks.

If, in addition to the lower leyél,of topology, the higher level topology is provided in a kijematic
model, this higher level of (topology is represented by kinematic substructures. These kir[ematic
substructures are:

— a kinematic treg-structure, whose graph representation is a single oriented tree and which ¢onsists
only of oriented-kinematic joints connecting the kinematic links;

— a kinematic network structure, whose graph representation consists of oriented kinemati¢ loops.
2 — Seb [3] for methods that can be applied to analyze a kinematic_substructure.

EXPRESS specification:
*)
L ENTITY kinematic—substructure
SUPERTYPE OF (ONEOF (kinematic_tree_structure,
kinematic_network_structure));
parent_structure : kinematic_structure;
END_ENTITY;
(*

Attribute definitions:

parent_structure: the kinematic_structure of which the kinematic_substructure
forms a component.
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5.4.71 kinematic_network_structure

The kinematic_network_structure represents a subgraph of network type; i.e., the mechanism
is composed of closed kinematic chains.

NOTES

1| - See figure 17 for an illustration of a kinematic network structure.

4 — This entity is present in an instance of a kinematics model only if the kinematic structure takes
the form of a directed graph.

EXPRESS specification:
*)

ENTITY kinematic_network_structure
SUHTYPE OF (kinematic_substructure);

END_BNTITY;

(*

5.4)7T2 kinematic_tree_structure

The kinematic_tree_structure represents a subgraph of tree type; i.e., the mechanism is
compjosed of open kinematic chains.

NOTES

| — See figure 18 for an illustration of a*kinematic tree structure.

b — This entity is present in an instance of a kinematics model only if the kinematic structure takes
the form of a directed graph.

EXPRESS specification:
*)

ENTITY kinematic_txee_structure
SUBTYPE OF (kifiematic_substructure);

END_ENTITY;

(*

5.4]73 kinematic_loop

The kinematic_loop represents a cycle in the subgraph. It is the representation of a closed
kinematic chain in a mechanism, where the last link in the chain is again connected to the first
link by a joint. The kinematic_loop is analogous to the loop in the topology model, where the
joints correspond to the edges and the links correspond to the vertices of the topology model.
The loop shall be pointed to by at least one joint_logical_relationship.

Every kinematic_joint shall be oriented such that the list of kinematic_joints have a common
orientation within the loop.
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kinematic loop

N

oriented joint
T link

Figure 17 — Example of a kinentatic network structure

.

link — oriented joint

F

i in tree

Figure 18 — Example of a kinematic tree structure
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NOTE - This entity is present in an instance of a kinematics model only if the kinematic structure
takes the form of a directed graph.

EXPRESS specification:

*)
ENTITY kinematic_loop;
network : kinematic network structure;

WHERE
WR1 [ SIZEOF (USEDIN(SELF,
‘kinematic_structure_schema.joint_logical_relationship.loop’))>0;
WR2 || SIZEOF (QUERY( relation_1 <* USEDIN(SELF,
'kinematic_structure_schema.joint_logical_relationship.loop’) |
SIZEOF (QUERY( relation_2 <* (USEDIN (SELF,
’kinematic_structure_schema.joint_logical_relationship.loop’)
- relation_1) |
NOT (connected_in_simple_loop (relation_1,relation_2)))9>0
))=0;
END_ENTITY;
(%

Attribute definitions:

netwqrk: the network structure that contains the loop.

Formall propositions:

WR1{ The loop shall consist of at least one joint logical relationship, i.e., of at least two
joints.

WR2} Every oriented_joint in a kinematic_loop shall be connected to every other ori-
ented|_joint in that kinematic loop, eithet-directly through a single joint logical relationship
entity, or indirectly through a number of joint logical relationship entities. This ensures that
a kingmatic_loop consists of exactly one loop.

5.4.74 joint_logical:relationship

The _]j\])int_logical_relationship is used to relate two oriented_joints that form part of a loop.

OTE - This.éntity is present in an instance of a kinematics model only if the kinematic structure
takes the form of a directed graph.

EXPRIESS specification:

*)

ENTITY joint_logical_relationship;
loop : kinematic_loop;
previous_joint_logical_structure : oriented_joint;
next_joint_logical_structure : oriented_joint;

UNIQUE

UR1: loop, previous_joint_logical_structure;
UR2: loop, next_joint_logical_structure;
WHERE
WR1 : previous_joint_logical_structure.exit_link :=:
next_joint_logical_structure.advent_link;
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END_ENTITY;
(%

Attribute definitions:

loop: the kinematic_loop of which the previous_joint_logical_structure and next_joint -
logical_structure form components.

previous_joint_logical_structure: the first of two adjacent oriented_joints in the logp.

next_joint_logical_structure: the second of two adjacent oriented_joints inthe‘loop

Formal propositions:

UR1: An oriented_joint shall be used by a kinematic_loop only oncé¢ in the role of previ-
ous_joint_logical _structure.

UR2: An oriented_joint shall be used by a kinematic_loop only once in the role of pext_-
joint_logical_structure.

WR1: The exit link of the previous oriented_joint shall*be the advent link of the next ori-
ented_joint.

5.4.75 oriented_joint

The oriented_joint is used to indicate the,direction of traversal of a joint.

NOTE - This entity is present in an-instance of a kinematics model only if the kinematic stfucture
takes the form of a directed graph.

EXPRESS specification:

*)

ENTITY oriented_joint;
joint : kinematic_joint;
orientation : BBOGLEAN;

DERIVE

advent_link :“kKinematic_link
:= assign_directed_link (joint, orientation);
exit_link : kinematic_link
:= assign_directed_link (joint, NOT (orientation));
END_ENTITY;
(¥

Attribute definitions:

joint: the joint whose orientation is to be indicated.
orientation: the direction of traversal of a joint. If orientation is true, the joint shall be
entered from the first link and left via the second link of the joint. If orientation is false, the

direction of traversal shall be opposite.

advent_link: the link entering the joint. This is either the first link or the second link, depend-
ing on orientation, which is evaluated by the function assign_directed_link.
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exit_link: the link leaving the joint. This is either the second link or the first link, depending
on orientation, which is evaluated by the function assign_directed_link.

5.4.76 oriented_joint_in_tree

EXPRESS specification:

*)
ENTITY oriented_joint_in_tree
SUBTYPE OF (oriented_joint);
pajent_structure : kinematic_tree_structure;
END_ENTITY;
(*

AttrIlute definitions:

parent_structure: the kinematic_tree_structure of which the oriented_joint is a con-
stituent.

5.4]/77 advent_oriented_joint

An advent_oriented_joint indicates that the role of an oriented_joint is either an exit from
one gubstructure, or an advent to the next. advent_oriented_joint distinguishes which ori-
ented_joints are within a kinematic.substructure and which oriented_joints connect sub-
strudtures.

NOTE - This entity is present in an instance of a kinematics model only if the kinematic structure
akes the form of a directed/graph.

EXPRESS specification:

*)

ENTITY advent_oriented_joint
SUBTYPE OF (oriented_joint);

END_ENTITY;

(*

5.5 kinematic_structure_schema function definitions

5.5.1 ypr_index

The ypr_index function establishes an ordered sequence of angles of rotation for a linear trans-
formation. The function returns 1 if the angle of rotation is of type yaw. The function returns
2 if the angle of rotation is of type pitch. The function returns 3 if the angle of rotation is of
type roll. The type of the function is INTEGER.
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EXPRESS specification:
*)
FUNCTION ypr_index (ypr : ypr_enumeration): INTEGER;
CASE ypr OF
yaw : RETURN (1);
pitch : RETURN (2);
roll - RETURN—(3)
END_CASE;
END_FUNCTION;
(*

Argument definitions:

ypr: one axis of rotation as specified by the ypr_enumeration (see 5.3:6).

5.5.2 representation_of_link

This function returns the kinematic_link_representation that is related to link via 4

kine-

matic_link_representation_relation. If there is no such relation, an indeterminate vajlue (?)

is returned.
EXPRESS specification:
*)
FUNCTION representation_of_link (link : kiflematic_link)
: kinematic_link_representation;
LOCAL

link_rep_rel : BAG OF kinematic:>link_representation_relation;
END_LOCAL;

link_rep_rel := USEDIN (Llink, ’KINEMATIC_STRUCTURE_SCHEMA.’+
’KINEMATIC_LINK_REPRESENTATION_RELATION.’+
>TOPOLOGICAL_ASPECTS’);

IF (SIZEOF (link_xep_rel) = 0) THEN
RETURN (7);
ELSE
RETURN (1ink_rep_rel[1].geometric_aspects);
END_IF;
END_FUNCTION;
(*

Argument definitions:

5.5.3 suitably_based_mechanism

This function checks whether the base of a mechanism is related to the context of the ki-
nematic_ground_representation which is associated with the containing_property of the
mechanism. If the mechanism_base_placement identified by mbp relates the base of mech
to the corresponding context, directly or indirectly, in an acyclic way, the function returns TRUE.

The function returns FALSE otherwise. The type of the function is BOOLEAN.
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EXPRESS specification:
*)

FUNCTION suitably_based_mechanism (mbp : mechanism_base_placement;
mech : mechanism) : BOOLEAN;

LOCAL
kprop : kinematic_property_definition;
kgirep : kinematic_ground_representatlion;
klirep : kinematic_link_representation;
klnk : kinematic_link;

chs : BAG OF mechanism;
ps : BAG OF mechanism_base_placement;
END_|LOCAL;

Eﬂgts : BAG OF kinematic_joint;

kprdp := mech.containing_property;

IF (°’KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_GROUND_REPRESENTATION? IN
TYPEOF (mbp\representation_relationship.rep_1)) THEN
kdrep := mbp\representation_relationship.rep_1;

1§ (kgrep.property\property_definition_representatientdefinition :=:
kprop) THEN
RETURN (TRUE) ;

ELSE
RETURN (FALSE);
END_IF;
ELSE
klrep := mbp\representation_relationship.rep_1;
k]lnk = klrep.link_representatign.relation.topological_aspects;
kjnts := USEDIN (klnk,
'KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_JOINT.FIRST_LINK’) +
USEDIN (klnk,
’KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_JOINT.SECOND_LINK’);
nmechs := USEDIN (kjntsfl].structure,
»KINEMATI€_STRUCTURE_SCHEMA.MECHANISM.STRUCTURE_DEFINITION’);
IF (nmechs[1] 4=: mech) THEN
RETURN (FALSE) ;
ELSE

IF (nmechs[1].containing_property :<>: kprop) THEN
RETURN (FALSE);
ELSE

Tmbps = USEDIN (mmechs(1],  KINEMATIC_STRUCTURE_SCHEMA =
’MECHANISM_BASE_PLACEMENT.BASE_OF_MECHANISM’);

IF (SIZEQOF (nmbps) = 0) THEN
RETURN (FALSE);
ELSE
RETURN (suitably_based_mechanism (nmbps[1], mech));
END_IF;
END_IF;
END_IF;
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END_IF;
END_FUNCTION;
(*

Argument definitions:

mbp: the mechanism_base_placement that defines the placement of the base of mech.

mech: the mechanism whose base is being placed by mbp.

5.5.4 unique_link_usage

This function checks whether link belongs to only one mechanism. It!returns TRUR if all
kinematic_joints that use link as their first_link or as their second _link are in the joints set

of the same kinematic_structure, and if this kinematic_structure'serves as the struc

fure_-

definition of precisely one mechanism. The function returns FALSE otherwise. The tiype of

the function is BOOLEAN.
EXPRESS specification:

*)
FUNCTION unique_link_usage (link : kinematic_link)<{: BOOLEAN;
LOCAL
mechs : SET OF mechanism;
joints : SET OF kinematic_joint;
struct : kinematic_structure;
END_LOCAL;

joints := bag_to_set
(USEDIN (link,
’KINEMATICCSTFRUCTURE_SCHEMA.KINEMATIC_JOINT.FIRST_LINK’) +
USEDIN (1link,
’KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_JOINT.SECOND_LINK’));
struct := joints[l]\structure;

REPEAT i := 2,TO/SIZEOF (joints);
IF (joints[diY.structure :<>: struct) THEN
RETURN \(FALSE) ;
END_TE4
END_REREAT;

mechs := bag_to_set
(USEDIN (struct,

JIZTAITOALA T PRIIOTIIRT _CQATITIM A MTSATT AN T L Tatd IRE-PREEEMEEEOMN- AN
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IF (SIZEOF (mechs) <> 1) THEN
RETURN (FALSE);
END_IF,;

RETURN (TRUE) ;

END_FUNCTION;
(*
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Argument definitions:

link: the kinematic_link whose usage is to be checked.

5.5.5 coordinated_pair_link _representation

This function checks whether the definition of a kinematic_pair 1s coordinated with an existing
kinerpatic_link_representation for a specified kinematic_link identified by link. The fufie-
tion returns TRUE if link is related to a kinematic_link_representation, and if pair_place-
ment| is in the items set of this kinematic_link_representation. The function returns'PALSE
otherfvise. The type of the function is BOOLEAN.

EXPRESS specification:

*)
FUNCTON coordinated_pair_link_representation
(Link : kinematic_link;
pair_placement : rigid_placement) : BOOLEAN;
LOCAL
1link_rep : kinematic_link_representation;
END|_LOCAL;

link_rep := representation_of_link (link);

IF [(link_rep = 7) THEN
TURN (FALSE);

EL
NOT (pair_placement IN link_rep\népresentation.items) THEN
RETURN (FALSE);
LSE
RETURN (TRUE);
D_IF;
END_IF;
END_HUNCTION;
(*

Argument definitions:

link:| the kinematie_link whose representation is to be coordinated with the pair definition
which uses pair\placement.

pair placement: a rigid_placement that serves as pair_placement_in_first_link_context
or as|pair_placement_in_second_link_context of a kinematic_pair.

5.5.6 frame_associated_to_background

The function frame_associated_to_background checks whether the kinematic_frame_back-
ground identified by background is in the items set of a kinematic_frame_background_re-
presentation. It also checks whether this kinematic_frame_background_representation
is related to the kinematic_link _representation that has the rigid_placement identified
by frame in its items set. This relationship is through a kinematic_frame_background._-
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representation_association, the transformation_operator of which uses frame as trans-
former_frame. The function returns TRUE if frame and background match these conditions;
it returns FALSE otherwise. The type of the function is BOOLEAN.

EXPRESS specification:

*)
FUNCTION frame_associated_to_background
(frame : rigid_placement;
background : kinematic_frame_background) : BOOLEAN;
LOCAL
rep_bag : BAG OF kinematic_frame_background_representation;
trf_bag : BAG OF kinematic_frame_based_transformation;
trm_bag : BAG OF kinematic_frame_based_transformation;
ass_bag : BAG OF kinematic_frame_background_representation_a$sociation;
Trep : kinematic_frame_background_representation;
ass : kinematic_frame_background_representation_assgciation;
END_LOCAL;

rep_bag := USEDIN (background\representation_item,
’KINEMATIC_STRUCTURE_SCHEMA.’ /#
’KINEMATIC_FRAME_BACKGROUND REPRESENTATION\’ +
’REPRESENTATION.ITEMS’);

IF SIZEOF (rep_bag) = O THEN
RETURN (FALSE);
END_IF;

trf_bag := USEDIN (frame,
’KINEMATIC.STRUCTURE_SCHEMA.’ +
’KINEMATIC_FRAME_BASED_TRANSFORMATION.’ +
>TRANSFORMER_FRAME’) ;

IF SIZEOF (trf_bag) =0 THEN
RETURN (FALSE) ;
END_IF;

REPEAT i :=71 TO HIINDEX (rep_bag);
rep :7) rep_bagl[i];

ass)bag := USEDIN (rep\representation,
’KINEMATIC_STRUCTURE_SCHEMA.’ +
’KINEMATIC_FRAME_BACKGROUND_REPRESENTATION_ASSOCIATION\’ +
’REPRESENTATION _RELATIONSHIP WITH TRANSFORMATION\’ +

-’REPRESENTATION_RELATIONSHIP.REP_2’);

IF SIZEOF (ass_bag) > O THEN
REPEAT j:= 1 TO HIINDEX (ass_bag);
ass := ass_bag[j]l;

trm_bag := QUERY (trm <* trf_bag |

(trm\functionally_defined_transformation :=:
ass\representation_relationship_with_transformation.
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transformation_operator));

IF SIZEOF (trm_bag) > O THEN
RETURN (TRUE);
END_IF;

D_REPEAT;

END_IF;

END

JREPEAT;

RETURN (FALSE);

END_FUNCTION;

(*

Argunient definitions:

framg: a rigid_placement which is checked for its role as the transformer_frame in the
relatignship between the kinematic_link_representation which confains frame in its items

set an

H the kinematic_frame_background_representation thelitems set of which contains

background.

backg
set of
link _1

5.5.]

The fi
plang€
plane
text_
plang

-round: the kinematic_frame_background which'is checked whether it is in the items
. kinematic_frame_background_representation which is related to the kinematic_-
epresentation of frame, using frame as the‘transformer _frame.

/ plane_angle_for_pair_in‘radian

inction plane_angle_for_pair_in'radian converts the specified angle to an equivalent
_angle_measure whose unit is radian. The conversion factor is evaluated from the
_angle_unit in the unitsyset of a global unit_assigned_context which is the con-
bf_items of the first_link of the joint of the specified pair. The type of the function is
_angle_measure. If the appropriate units are found, the function returns the converted

plané_angle_measure; the function returns an indeterminate value (?) otherwise.

EXPH

ESS specification:

*)
FUNCT]|

ION plane/angle_for_pair_in_radian
(pair : kinematic_pair;
angle : plane_angle_measure) : plane_angle_measure;

LOCAL
converted_angle : plane_angle_measure := angle;
link_rep : kinematic_link_representation
:= representation_of_link (pair.joint.first_link);
link_cntxt : representation_context;
pa_units : SET OF unit := [];
pau : unit;
END_LOCAL;
link_cntxt := link_rep\representation.context_of_items;
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IF NOT (’MEASURE_SCHEMA.GLOBAL_UNIT_ASSIGNED_CONTEXT’
IN TYPEOF (link_cntxt)) THEN
RETURN (7);
END_IF;

pa_units := QUERY (unit <* link_cntxt\global_unit_assigned_context.units |

) MEASURE_SCHEMA PLANE_ANGLE_UNIT! IN TYPEQE (unit)}):

IF SIZEOF (pa_units) <> 1 THEN
RETURN (?7);

AT

END_IF;
pau := pa_units[1];

IF (NOT (’MEASURE_SCHEMA.SI_UNIT’ IN TYPEOF (pau)) AND
NOT (’MEASURE_SCHEMA.CONVERSION_BASED_UNIT’ IN TYPEQOF ((pau))) THEN
RETURN (7);
END_IF;

REPEAT WHILE (’MEASURE_SCHEMA.CONVERSION_BASED_UNIT’" IN TYPEOF (pau));
converted_angle := converted_angle *
pau\conversion_based_unit.conversion_factor.
value_component;
pau := pau\conversion_based_unit.conve¥sion_factor.unit_component;

IF ((NOT (’MEASURE_SCHEMA.SI_UNIT2UIN TYPEOF (pau)) AND
NOT (’MEASURE_SCHEMA.CONVERSION_BASED_UNIT’ IN TYPEOF (pau))) OR
(NOT (’MEASURE_SCHEMA.PLANEZANGLE_UNIT’ IN TYPEOF (pau)))) THEN
RETURN (?);
END_IF;
END_REPEAT;

IF (pau\si_unit.name <> si_unit_name.radian) THEN
RETURN (7);
END_IF;

CASE pau\§iydnit. preflx OF

si_préfix.exa : RETURN (1.E18 * converted_angle);
sisprefix.peta : RETURN (1.E15 * converted_angle);
sivprefix.tera : RETURN (1.E12 * converted_angle);
8i_prefix.giga : RETURN (1.E9 * converted_angle);
si_prefix.mega RETURN (1.E6 * converted_angle);
—————s1—prefIx—kItU————*—RETHRN—fT—ES—*—tUnverted—angTE),
si_prefix.hecto : RETURN (1.E2 * converted_angle);
si_prefix.deca : RETURN (1.E1 * converted_angle);
si_prefix.deci : RETURN (1.E- converted_angle);

si_prefix.centi : RETURN (1.E-
si_prefix.milli : RETURN (1.E-

E-1
E-2 x converted_angle);
E-3
si_prefix.micro : RETURN (1.E-6
E-9
E-1
E-1

*

*

* converted_angle);

* converted_angle);

* converted_angle);
* converted_angle);
* converted_angle);

si_prefix.nano : RETURN (1.E-
si_prefix.pico : RETURN (1.E-
si_prefix.femto : RETURN (1.E-
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si_prefix.atto : RETURN (1.E-18 * converted_angle);
OTHERWISE : RETURN (converted_angle);
END_CASE;

END_FUNCTION;

(*

Argument definitions:

pair

the kinematic_pair the context of whose pair_placement_in_first_link_contextsto

be evaluated for the conversion factor.

angle: the angle that is converted to an angle in radians.

5.5/8 convert_plane_angle_for_pair_from_radian

The
ified
with

function convert_plane_angle_for_pair_from_radian converts anrangle expression, spec-
as angle_expr, the angle unit of which is radian, to an equivalent plane_angle_measure
a unit as specified in the respective context. The conversion factor is evaluated from

the plane_angle_unit in the units set of a global_unit_assigned_context which is the con-
text|of_items of the first_link of the joint of the specified pair. The type of the function is

pla
EXP

pla:]e_angle_measure. If the appropriate units are found, the function returns the converted

e_angle_measure; the function returns an indeterminate value (?) otherwise.
RESS specification:

*)
FUNC

LO

EN

1i

IF

[ION convert_plane_angle_for_pair_from_radian
(pair : kinematic_pair;

angle_expr : REAL) : plane.angle_measure;
CAL

link_rep : kinematic_ldnk_representation

:= representation_of_link (pair.joint.first_link);
ink_cntxt : representation_context;

ba_units : SET0F unit := [];

bau :units

tonv_factor :(REAL := 1.0;

result +~plane_angle_measure;

D_LOCAL;

nk_cntxt := link_rep\representation.context_of_items;

NOTF—CMEASURE-SCHEMA—GEOBAL—UNIT—ASSTONED—CONTEXT
IN TYPEOF (link_cntxt)) THEN
RETURN (7);

END_IF;

pa

IF
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END_IF;
pau := pa_units[1];
IF (NOT (’MEASURE_SCHEMA.SI_UNIT’ IN TYPEOF (pau)) AND

NOT (°MEASURE_SCHEMA.CONVERSION_BASED_UNIT’ IN TYPEOF (pau))) THEN
RETURN (?);

END_IF;

REPEAT WHILE (’MEASURE_SCHEMA.CONVERSION_BASED_UNIT’ IN TYPEOF (pau));
conv_factor := conv_factor *
pau\conversion_based_unit.conversion_factor.
value_component;
pau := pau\conversion_based_unit.conversion_factor.unit_compchent;

IF ((NOT (’MEASURE_SCHEMA.SI_UNIT’ IN TYPEOF (pau)) AND
NOT (’MEASURE_SCHEMA.CONVERSION_BASED_UNIT’ IN TYPEOF (pau))) OR
(NOT (’MEASURE_SCHEMA.PLANE_ANGLE_UNIT’ IN TYPEQGF ‘(pau)))) THEN
RETURN (7);
END_IF;
END_REPEAT;

IF (paulsi_unit.name <> si_unit_name.radian).'THEN
RETURN (?7);
END_IF;

CASE pau\si_unit.prefix OF

si_prefix.exa : conv_factgdr) := 1.E18 * conv_factor;
si_prefix.peta : conv_fadtor := 1.E15 * conv_factor;
si_prefix.tera : conyifactor := 1.E12 * conv_factor;
si_prefix.giga : convefactor := 1.E9 * conv_factor;
si_prefix.mega : ‘eonv_factor := 1.E6 * conv_factor;
si_prefix.kilo y“conv_factor := 1.E3 * conv_factor;
si_prefix.hectol ): conv_factor := 1.E2 * conv_factor;
si_prefix.deca : conv_factor := 1.E1 * conv_factor;
si_prefix.deci : conv_factor := 1.E-1 * conv_factor;
si_prefix7Zcenti : conv_factor := 1.E-2 * conv_factor;
si_prefix.milli : conv_factor := 1.E-3 * conv_factor;
si_prefix.micro : conv_factor := 1.E-6 * conv_factor;
si, prefix.nano : conv_factor := 1.E-9 * conv_factor;
si_prefix.pico : conv_factor := 1.E-12 * conv_factor;
si_prefix.femto : conv_factor := 1.E-15 * conv_factor;
si_prefix.atto : conv_factor := 1.E-18 * conv_factor;

OTHERWISE I

END_CASE;

result := angle_expr / conv_factor;

RETURN (result);
END_FUNCTION;
(*
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Argument definitions:

pair: the kinematic_pair the context of whose pair_placement _in_first_link _context is to
be evaluated for the conversion factor.

angle_expr: the angle expression in radian that is converted to an angle with the unit which

is requited in the context of pair-

5.5.9 convert_spatial to_ypr_rotation

The function convert_spatial_to_ypr._rotation converts the specified rotation, which is either
a yprlrotation or a rotation_about_direction, to its equivalent representation-as a ypr._-
rotation. The units for the yaw, pitch, and roll angles of the ypr_rotation-are evaluated
from Jte plane_angle_unit in the units set of a global unit_assigned_context which is the
contelkt_of_items of the first_link of the joint of the specified pair. This evaluation is done
by a cpll to the function plane_angle_for_pair_in_radian.

If rotation is already of type ypr_rotation, it is returned immediately. Otherwise, convert_-
spatial_to_ypr_rotation returns either a ypr_rotation thatjis‘equivalent to the rotation_-
about_direction which has been used as the rotation argument, or an indeterminate value
(?), if|the unit evaluation has not been successful. The typeof the function is ypr_rotation.

EXPRIESS specification:
*)
FUNCTION convert_spatial_to_ypr_rotation (pair : kinematic_pair;
potation : spatial_rotation)
: ypr_rotation;
LOCAL
akis : direction;
angle : plane_angle_measure; -- rotation angle in application
-- specific units
cpnv_angle : plane_angle)measure; -- rotation angle in radians
yf, pa, ra : plane_angle_measure; -- yaw, pitch, and roll angle
uf : REALj -- unit conversion factor
dk, dy, dz : REAL; -- components of direction vector
sla, c_a :REAL; -- sine and cosine of rotation angle
rptmat ~ARRAY [1 : 3] OF
ARRAY [1 : 3] OF REAL; -- rotation matrix
cml : REAL;
sFy, c.y : REAL;
slry c r : REAL;
END_LOCAL;

-- If rotation is already a ypr_rotation, return it immediately

IF ’KINEMATIC_STRUCTURE_SCHEMA.YPR_ROTATION’ IN TYPEOF (rotation) THEN
RETURN (rotation);

END_IF;

-- rotation is a rotation_about_direction

axis := normalise (rotation\rotation_about_direction.direction_of_axis);
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angle := rotation\rotation_about_direction.rotation_angle;

-- a zero rotation is converted trivially
IF (angle = 0.0) THEN

RETURN ([0.0, 0.0, 0.0]);
END_TIF;
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dx := axis.direction_ratios[1];
dy := axis.direction_ratios[2];
dz := axis.direction_ratios[3];

-- provide angle measured in radian
conv_angle := plane_angle_for_pair_in_radian (pair, angle);
IF (conv_angle = 7) THEN

RETURN (7);
END_IF;

ucf :
s_a :

angle / conv_angle;
SIN (conv_angle);
CO0S (conv_angle);

c_a :

-- axis parallel either to x-axis or to z=axis?
IF (dy = 0.0) AND (dx * dz = 0.0) THEN
REPEAT WHILE (conv_angle <= - PI);

conv_angle := conv_angle + 2.0~% PI;
END_REPEAT;
REPEAT WHILE (conv_angle > PD);
conv_angle := conv_angle’- 2.0 * PI;
END_REPEAT;
ya := ucf * conv_angle;
IF (conv_angle <>JPI) THEN
ra := - ya;
ELSE
ra := ya;
END_IE;

IFNdx <> 0.0) THEN
-- axis parallel to x-axis - use x-axis as roll axis
IF (dx > 0.0) THEN
RETURN ([0 Q, 0.0, yal):

ELSE
RETURN ([0.0, 0.0, ral);
END_IF;
ELSE
-- axis parallel to z-axis - use z-axis as yaw axis
IF (dz > 0.0) THEN
RETURN ([ya, 0.0, 0.0]);
ELSE
RETURN ([ra, 0.0, 0.01);
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END_IF;
END_IF;
END_IF;

-- axis parallel to y-axis - use y-axis as pitch axis
IF ((dy <> 0.0) AND (dx

0.0) AND (dz = 0.0)) THEN

©ISO

F—c—a—>=0-0)—THEKR
ya := 0.0;
ra := 0.0;
HLSE
ya := ucf * PI;
ra := ya;
BEND_IF;

IF (dy < 0.0) THEN

pa := - pa;
END_IF;

END_IF;

--|axis not parallel to any

RETURN ([ya, pa, ral);

--|compute rotation matrix

cm} := 1.0 - c_a;
rotmat := [ [ dx * dx
dx * dy
dx * dz
[ dx * dy
dy * dy
dy * dz
[ dx * dz
dy * dz
dz x'dz

* O E X OX X X X X X

cml
cml
cml
cml
cml
cml
cml
cml
cml

Ba := ucf * ATAN (s_a, ABS (c_a));

axis of coordinate system

c_a,

dz * sia,
dy *'s_a ],
dz * s_a,
c_a,

dx * s_a ],
dy * s_a,
dx * s_a,
c.all;

--|rotmat [1] [8]~€équals SIN (pitch_angle)
IF| (ABS (rotmat[1][3]) = 1.0) THEN

-~ |pal =/PI/2
BEGIN

pPa—= 0 5 x DT.
3— 1

IFN(rotmat[1][3] = 1.0) THEN

r

ELSE
pa := -0.5 * PI;
END_IF;

-- In this case, only the sum or difference of roll and yaw angles
-- is relevant and can be evaluated from the matrix.
-- According to IP ‘rectangular pitch angle’ for ypr_rotation,

-- the roll angle is set to zero.
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ra :
ya :

0.0;
ATAN (rotmat([2][1], rotmat[2][2]);

-- result of ATAN is in the range [-PI/2, PI/2].
-- Here all four quadrants are needed.

IF (rotmat[2]1[2] < 0.0) THEN

IF ya <= 0.0 THEN

ya := ya + PI;
ELSE
ya := ya - PI;
END_IF;
END_IF;
END;
ELSE

-- COS (pitch_angle) not equal to zero
BEGIN
ya := ATAN (- rotmat[1][2], rotmat[1][1]);

IF (rotmat[1][1] < 0.0) THEN
IF (ya <= 0.0) THEN
ya := ya + PI;
ELSE
ya := ya - PI;
END_IF;
END_IF;

ra := ATAN (-rotmat[2][3],rotmat[3][3]);

IF (rotmat[3][3] < 0.0)\THEN
IF (ra <= 0.0) THEN
ra := ra + PI;
ELSE
ra := ra '« PI;
END_IF;
END_IF;

SIN (ya);
COS (ya);
SIN (ra);
C0S (ra);

[}

[}
H H <
i

IF ((ABS (s y) > ABS (c_y)) AND
(ABS (s_y) > ABS (s_r)) AND
(ABS (s_y) > ABS (c_r))) THEN
cml := - rotmat[11[2] / s_y;
ELSE
IF ((ABS (c_y) > ABS (s_r)) AND (ABS (c_y) > ABS (c_r))) THEN
cml := rotmat[1][1] / c_y;
ELSE
IF (ABS (s_r) > ABS (c_r)) THEN
cml := - rotmat[2][3] / s_r;
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ELSE
cml := rotmat[3][3] / c_r;
END_IF;
END_IF;
END_IF;
pa = T ;TS
END;
END |IF;
ya i= ya * ucf;
pa = pa * ucf;
ra J]= ra * ucft;

RETURN ([ya, pa, ral);

END_FUNCTION;

(*

Argurhent definitions:

pair:

the kinematic_pair the context of whose pair_plagceément_in_first_link_context is to

be evdluated with regard to the plane_angle_unit.

rotat

5.5.

The f
tion r
of the

EXPHR

jon: the spatial_rotation that is to be converted by the function.

|0 assign_directed_link

hinction assign_directed_link. cheécks the orientation of a kinematic_joint. This func-
cturns joint.first_link, if orientation is true and joint.second_link otherwise. The type
function is kinematic_link.

ESS specification:

*)
FUNCT]
6]
IF

EL

TON assign_directed_link

bint : kinematic_joint; orientation : BOOLEAN ) : kinematic_link;
(orientatdon) THEN

RETURN\(joint.first_link);

SE

RETURN (joint.second_link);

END_IE;
END_FUNCTION;

(*

Argument definitions:

joint: a kinematic_joint for which the kinematic_link is determined.

orientation: a boolean indicating the direction of traversal of a joint.
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5.5.11 connected_in_simple_loop

This function checks if two given joint_logical _relationships are related to the same loop, and
if the orientation of the oriented_joints which they relate is consistent. The function returns
TRUE if relation_1 and relation_2 match these conditions. The function returns FALSE
otherwise. The type of the function is BOOLEAN.

EXPRESS specification:

*)
FUNCTION connected_in_simple_loop( relation_1 : joint_logical_relationshigp;
relation_2 : joint_logical_relationship)

: BOOLEAN;
LOCAL

next_jlr_in_loop_set : SET [1:7] OF joint_logical_relationship}
END_LOCAL;

IF ((relation_1.loop:<>: relation_2.loop) OR
(relation_1 :=: relation_2)) THEN
RETURN (FALSE);
ELSE
IF (relation_1.next_joint_logical_structures.:=:
relation_2.previous_joint_logical_structure) THEN
RETURN (TRUE);
ELSE
next_jlr_in_loop_set :=
QUERY (relation <* USEDIN (rélation_l.next_joint_logical_structure,
’kinematic_structure_schema.joint_logical_relationship.’ +
’previous_joint_logicalistructure’)
| relation.loop :=:(relation_1.loop);
IF (SIZEOF(next_jlr_im jtoop_set) <> 1) THEN
RETURN (FALSE),;
ELSE
RETURN (cepnnected_in_simple_loop(next_jlr_in_loop_set [1],
reYation_2));
END_IF;
END_IF;
END_IF;
END_FUNCTION;
(*

Argument definitions:

relation_1: a joint_logical_structure_relationship which is checked whether it is corjnected

with relation_2.

relation_2: the second joint_logical_structure_relationship which is checked whether it is
connected with relation_1.

*)
END_SCHEMA ; -- end kinematic_structure_schema

(*
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6 Kinematic motion representation

The following EXPRESS declaration begins the kinematic_motion_representation_schema
and identifies the necessary external references.

EXPF

i nfalal H

fioan.
1700 O PrCCIITCA IO

*)

SCHEMA kinematic_motion_representation_schema;

REFER

REFEHR

REFEH

ENCE FROM geometry_schema
cartesian_point,
curve) ;

ENCE FROM measure_schema
length_measure,
measure_with_unit,
parameter_value,
plane_angle_measure);

ENCE FROM representation_schema
functionally_defined_transformation,
representation_item);

REFERENCE FROM kinematic_structure_schema

(*

rotation_about_direction,
spatial_rotation,
ypr_rotation) ;

NOTES
| — The schemas referenced(above can be found in the following parts of ISO 10303:

kinematic_structure_schema Clause 5 of this part of ISO 10303

geometry.schéma ISO 10303-42
measur€_schema ISO 10303-41
repreSemntation_schema ISO 10303-43

p — Seevannex D for a graphical representation of this schema using the EXPRESS-G notation.

6.1

Yot A | 43
LIIVIUUUCUIUILL

The subject of the kinematic_motion_representation_schema is the description of motion.
It specifies different types of paths that comprise the motion for a kinematic model.

6.2

Moti

Fundamental concepts and assumptions

on in this part of ISO 10303 is defined in terms of a parameter t. t is a non-decreasing

parameter as motion progresses. Several motions may be synchronised by the requirement that
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the actual state of all motion in a kinematic model is controlled by a single parameter t
appears as an attribute in the kinematic_control and in the kinematic_result.

which

6.3 kinematic_motion_representation_schema type definition: mo-

tion_parameter_measure

The motion_parameter_measure is a mechanism by which different poses in the. coinse of a

motion are distinguished. The motion parameter may be defined with or without units.
NOTE - To introduce time aspects, the motion parameter may be defined with{ime units.

EXPRESS specification:

*)

TYPE motion_parameter_measure = SELECT
(parameter_value,
measure_with_unit);

END_TYPE;

(*

6.4 kinematic_motion_representation_schema entity definit

6.4.1 translation

A translation specifies a displacement-in Cartesian coordinate space R3.
EXPRESS specification:
*)
ENTITY translation;
X : length_measure;
y : length_measure;
z : length_measurég;
END_ENTITY;
(=

Attribute definitions:

x: displagément in x-direction.

y: displacement in y-direction.

|O1S

1 1 e 1. yikd
ze U PIACLCIICTIIL 1T Z=UII €CLIOIL.

6.4.2 transform

A transform specifies a linear transformation of a frame along a path, composed of a rotation

and a translation. First the rotation shall be performed and then the translation.
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EXPRESS specification:

*)
ENTITY transform
SUBTYPE OF (functionally_defined_transformation);

rotation_component : spatial_rotation;
translation_component : translation;
END_ENTITY;
(*

Attribute definitions:

rotation_component: the rotational part of the transform.

trans]ation_component: the displacement part of the transform.

6.4.3 path node

A patih_node describes a constituent of a path definition. It consists.of a linear transformation
and itp associated motion parameter.
EXPRIESS specification:
*)
ENTITY path_node;
control_transform : transform;
t_pparameter : motion_parameter_measure;
END_ENTITY;
(*

Attribute definitions:

contiol_transform: a linear transformation that specifies a local frame on a path.

t_parameter: the parameter { of a path which corresponds to the control transform.

6.4.4 kinemati¢Zpath

A kijematic_path describes a path or a segment of a path along which motion is to take place.
EXPRESS specification:
*)
ENTITY Xinematic_path

SUPERTYPE OF (ONEOF (path_element, composite_path))

SUBTYPE OF (representation_item);
END_ENTITY;
(%

6.4.5 path_element_connection
A path_element_connection is the connection of two adjacent path_elements. The param-

eter t at the end of the previous path_element is the same as the parameter t at the start of
the next path_element.
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EXPRESS specification:

*)

ENTITY path_element_connection;
previous_element : path_element;
next_element : path_element;

WHERE

WR2: compare_unit_components (previous_element.node_to.t_parameter,
next_element.node_from.t_parameter);
END_ENTITY;
(*

Attribute definitions:

previous_element: the first element in a sequence of two path_elements.

next_element: the second element in a sequence of two path_elements.

Formal propositions:

WRI1: The path_node at the end of the previous pathielement shall be identical wit
path_node at the start of the next path_element.

WR2: The unit_components of the parameter ‘values of the two path_elements sh
identical.

6.4.6 composite_path

A composite_path is a collection-of-path_elements joined end to end. The composite.
has its own t parameter rangeythe path_elements are re-parametrised in such a way th
sum of the lengths of their individual t parameter ranges fits the length of the parameter
of the composite_path,and the ratio between the lengths of the individual parameter 1
remains unchanged.

EXPRESS specification:

*)
ENTITY compésite_path
SUBTYPE '@F (kinematic_path);
elements : SET [1 : 7] OF path_element_connection;

t_start : motion_parameter_measure;
t \end : motion_parameter_measure;
WHERE

h the

all be

path
it the
range
anges

WRIT Increasing _measure_value (t_start, t_end);
WR2: compare_unit_components (t_start, t_end);
WR3: connected_in_simple_path (elements);

END_ENTITY;

(*

Attribute definitions:

elements: the path_element_connections that define the path_elements, their sequence

and connectivity.
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t_start: the parameter value at the start of the composite_path.

t_end: the parameter value at the end of the composite_path.

Formal propositions:

WRI1: The parameters shall be increasing.

WR

R: The unit_components of the parameter values at the start and end of a compes-

ite_path shall be identical.

WRB: Every path_element in a composite_path shall be connected to every ofher path -
elenmjent in that composite_path, either directly through a single path_element,connection,
or indirectly through a number of path_element_connections, in such a way,that the path_-
elements form a single open coherent chain without gaps or branches. This is checked by the
funcfion connected_in_simple_path.

6.4

A p3
or a
EXP

7 path_element

th_element is a kinematic_path that describes eithera point-to-point, a linear, a circular,
general curve-based type of motion.

RESS specification:

*)
ENTI

TY path_element

SUPERTYPE OF (ONEOF (point_to_point_path,

circular_path,
linear_path;
curve_based._path))

SUBTYPE OF (kinematic_path);
node_from : path_node;

node_to : path_node;
WHE
WRIl: compare_unit_cofponents (node_from.t_parameter,

node_to.t_parameter);

WRR: increasingimeasure_value (node_from.t_parameter,

node_to.t_parameter);

END_ENTITY;

(*

Attributé definitions:

node_from: the frame where the path_element starts.

node_to: the frame where the path_element ends.

Formal propositions:

WR1: The unit_components of the parameter values of the two path_nodes shall be iden-
tical.

WR
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6.4.8 point_to_point_path

A point_to_point_path defines the frames which are to be traversed. It does not have a
prescribed interpolation.

NOTE - The interpolation is left to the software that uses the data.
EXPRESS specification

*)

ENTITY point_to_point_path
SUBTYPE OF (path_element);

END_ENTITY;

(*

6.4.9 circular_path

A circular_path describes a portion of a complete kinematic_path such that the interpglation
rule gives a circle for the translational part of the motion of the origin of the frame pf the
kinematic_link. The interpolation for the orientation-i§ performed in synchronous fhashion
with the interpolation of translation.

EXPRESS specification:

*)
ENTITY circular_path
SUBTYPE OF (path_element);
via_point : cartesian_point;
WHERE
WR1: SELF\path_element.node_to.control_transform.translation_component <>
SELF\path_element.node_from.control_transform.translation_component;
WR2: non_coincident_coordinates (via_point,
SELF\path_element.node_from.control_transform.translation_component)
AND
non_coincident_eoordinates (via_point,
SELF\path_element.node_to.control_transform.translation_component);
END_ENTITY;
(*

Attribute definitions:

via_point: an intermediate point through which the circular_path passes.

Formal propositions:

‘WR1: The endpoint of a circular_path shall not coincide with its startpoint.

WR2: the via_point of a circular_path shall not coincide with either its startpoint or its
endpoint.

6.4.10 linear_path

A linear_path is an arcwise connected bounded linear path element defined by the two trans-
forms of the path nodes at the beginning and the end of the path element. transforms
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between the values of the motion parameters given in these path_nodes are obtained by linear
interpolation between the transforms specified in node_from and node_to of the linear_path.

EXPRESS specification:

*)
ENTITY linear_path
SUBTYRE-QOE (p,+h_n1omnnf\;

END_ENTITY;
(*

6.4.11 curve_based_path

A cugve_based_path describes a portion of a complete kinematic_path suchthat the inter-

polation rule follows a curve for the translational part of the motion of the origin of the frame of

the kinematic_link. The interpolation for the orientation is performed in §ynchronous fashion

with the interpolation of translation.

EXPRESS specification:

*)

ENTITY curve_based_path
SUBTYPE OF (path_element);
path_curve : curve;

WHERE
WR1: SELF\path_element.node_to.control_transform.translation_component <>

SELF\path_element.node_from.control_transform.translation_component;

END_ENTITY;

(*

Attripute definitions:

pathlcurve: the curve which defines-the translational interpolation between the path_nodes
that fre connected by the curve.based_path.

Formial propositions:

WR1: The endpoint of-a~curve_based_path shall not coincide with its startpoint.

Informal propositions:

starfpoint on curve: The startpoint of a curve_based_path shall lie on the curve which is
refer¢nced as path_curve.

endpoint on curve: The endpoint of a curve_based_path shall lie on the curve which is
refer¢gnced as path_curve.

6.5 kinematic_motion_representation_schema
function definitions

6.5.1 connected_in_simple_path

The connected_in_simple_path function checks whether a composite_path is simply con-
nected. The function returns TRUE if the connections connect all the path_elements of
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the path in such a way that they form an open (i.e., acyclic) coherent chain without gaps or
branches. The function returns FALSE otherwise. The type of the function is BOOLEAN.

EXPRESS specification:

*)
FUNCTION connected_in_simple_path (connections : SET OF path_element_connection)
: BOOLEAN;
LOCAL
connection_set : SET [0 : 7] OF path_element_connection;
necO : INTEGER;
pecO : INTEGER;
necbranch : INTEGER;
pecbranch : INTEGER;
END_LOCAL;
IF SIZEOF (connections) > 1 THEN
connection_set := QUERY (pecl <* connections |
SIZEOF (QUERY (pec2 <* connectiomns™- pecl |
pecl.next_element :=: pec2.prévious_element)) = 0);
necO := SIZEOF (connection_set);
connection_set := QUERY (pecl <* connections$
SIZEOF (QUERY (pec2 <*<connections - pecl |
pec2.next_element-%=: pecl.previous_element)) = 0);
pecO := SIZEOF (connection_set);
connection_set := QUERY (pecl <*._connections |
SIZEOF (QUERY (pec2 <* connections - pecl |
pecl.next_element :=: pec2.previous_element)) > 1);
necbranch := SIZEOF (connection_set);
connection_set := QUERY* (pecl <* connections |
SIZEOF (QUERY (pec2 <* connections - pecl |
pec2.next_element :=: pecl.previous_element)) > 1);
pecbranch := SIZEQOF (connection_set);
IF ((necQ“<» 1) OR (pecO <> 1) OR (necbranch > 0) OR (pecbranch > 0)) THEN
RETURN\ (FALSE) ;
ELSE
RETURN (TRUE);
END_IF;
ELSE
RETURN (TRUE);
END_IF;
END_FUNCTION;

(*

Argument definitions:

connections: the set of path_element_connections which has to be checked.
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6.5.2 compare_unit_components

The compare_unit_components function checks the units of two given path parameters of
the type motion_parameter_measure. The function returns TRUE if the units are identical.
The function returns FALSE if the units are different. The type of the function is BOOLEAN.
EXPRESS specification:

%)
FUNCTION compare_unit_components (parml : motion_parameter_measure;
parm2 : motion_parameter_measure) : BOOLEAN;
IR ((’MEASURE_SCHEMA.PARAMETER_VALUE’ IN TYPEOF (parml)) AND
(’MEASURE_SCHEMA . PARAMETER_VALUE’ IN TYPEOF (parm2))) THEN
RETURN (TRUE) ;
ELSE
IF ((’MEASURE_SCHEMA.MEASURE_WITH_UNIT’ IN TYPEOF (parml)) AND
(’ MEASURE_SCHEMA .MEASURE_WITH_UNIT’ IN TYPEOF (parm2)))
IF (parml.unit_component = parm2.unit_component) THEN
RETURN (TRUE);
ELSE
RETURN (FALSE);
END_IF;
ELSE
RETURN (FALSE);
END_IF;
END_IF;
END_FUNCTION;
(*

Argument definitions:

parmpl: the first path parameter which is checked for identical units with the second path
parajneter.

parm2: the second path parameter which is checked for identical units with the first path
paraeter.

6.5{3 increasing measure_value

The [increasing_measure_value function compares the values of two given path parameters
of tHe type-motion_parameter_measure. The function returns TRUE if the value of the
first [parameter is less than the value of the second parameter. The function returns FALSE
if the value of the second parameter is less than of equal to the value of the 1Ist parameter.
The type of the function is BOOLEAN. This function assumes that both parameters are either
parameter_values or given in the same units.
EXPRESS specification:
*)
FUNCTION increasing_measure_value (parml : motion_parameter_measure;

parm2 : motion_parameter_measure) : BOOLEAN;

IF (’MEASURE_SCHEMA.PARAMETER_VALUE’ IN TYPEOF (parmi)) THEN
IF (parml < parm2) THEN
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RETURN (TRUE);
ELSE
RETURN (FALSE);
END_IF;
ELSE
IF (’MEASURE_SCHEMA.MEASURE_WITH_UNIT’ IN TYPEOF (parml)) THEN

IF (parmi.value component < parm2 value component) THEN

RETURN (TRUE);
ELSE
RETURN (FALSE);
END_IF;
ELSE
RETURN (FALSE);
END_IF;
END_IF;
END_FUNCTION;
(*

Argument definitions:

parml: the first path parameter whose value is compared with the value of the seconld path
parameter.

parm2: the second path parameter whose valde is compared with the value of the firgt path
parameter.

6.5.4 non_coincident_coerdinates

This function checks whether a given translation coincides with a given cartesian_p¢int or
not. It returns TRUE if trltn-does not coincide with crtpt. It returns FALSE otherwise. The
type of the function is BOOLEAN.

EXPRESS specification}
*)

FUNCTION non_coinicident_coordinates (crtpt : cartesian_point;
trltn : translation) : BOOLEAN;
IF ((crtpticoordinates[1] = trltn.x) AND
(értpt.coordinates[2] = trltn.y) AND
(ertpt.coordinates[3] = trltn.z)) THEN
RETURN (FALSE);
ELSE
RETURN (TRUE) ;

END_IF;
END_FUNCTION;
(*

Argument definitions:

crtpt: the cartesian_point whose non-coincidence with trltn has to be checked.

trltn: the translation whose non-coincidence with crtpt has to be checked.
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*)
END_SCHEMA; -- end kinematic_motion_representation_schema

(*

7 Kinematic analysis control and result

The fdllowing EXPRESS declaration begins the kinematic_analysis_control_and.result -
schenja and identifies the necessary external references.

EXPRESS specification:
*)

SCHEMA kinematic_analysis_control_and_result_schema;

REFERENCE FROM kinematic_motion_representation_schema
(4inematic_path,
otion_parameter_measure) ;

REFERENCE FROM kinematic_structure_schema
(¥inematic_joint,
inematic_link_representation,
echanism,
pair_value,
rigid_placement);

REFERENCE FROM geometry_schema
( ;eometric_representation_context) 3

REFERENCE FROM representation_schema
(representation,
representation_relatignship);

(*
NOTES

1| = The schemas-referenced above can be found in the following parts of ISO 10303:

kinématic_motion_representation_schema Clause 6 of this part of ISO 10303

kinematic_structure_schema Clause 5 of this part of ISO 10303
geometry_schema ISO 10303-42
representation_schema ISUTU3U3-43

2 — See annex D for a graphical representation of this schema using the EXPRESS-G notation.

7.1 Introduction

The subject of the kinematic_analysis_control_and_result_schema is the identification and
analysis of configurations of kinematic_structures and the interpolation between configura-
tions. The schema covers the prescribed paths and the paths resulting from analysis.
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7.2 Fundamental concepts and assumptions

A kinematic analysis is a specific presentation of the kinematic behaviour of a mechanical prod-
uct. There are two possible ways to check the kinematic behaviour of a kinematic structure:

— forward analysis;

— backward analysis.

The forward analysis specifies the motion of a kinematic structure in terms of a.8€qudnce of
configurations and of the interpolations between them. The result of a forward-analysis|is the
path of specified frames on specified links.

The backward analysis specifies the motion of a kinematic structure with a prescribedl path
defined by frames. The result of a backward analysis is the sequence of configuration defipitions
in the form of the pair parameter values for a sufficiently large number of pairs to contjol the
motion.

A configuration of a kinematic structure is defined by the speeification of pair values fof a set
of pairs of the kinematic structure.

7.3 kinematic_analysis_control_and:result_schema
type definitions

7.3.1 interpolation_type

The interpolation_type describes the method of interpolation between two configurati¢n def-
initions of a kinematic structure:
EXPRESS specification:
*)
TYPE interpolation_type’ = ENUMERATION OF
(undefined,
synchronous,
linear);
END_TYPE;
(*

Enumerated item definitions:

undefined: an interpolation in which all pair parameters shall match the set of pair parameter
values defined in the next configuration definition.

synchronous: an interpolation in which all pair parameters are interpolated such that the
pair parameters pass from one value to the next one at the same rate. The rate may vary
proportionally among the pairs.

linear: an interpolation in which all pair parameters are interpolated such that the pair param-
eters pass from one value to the next one at the same rate. The rate remains constant.
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