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Foreword 

The International Organization for Standardization (ISO) is a worldwide federation of national 
standards bodies (IS0 member bodies). The work of preparing International Standards is nor- 
mally carried out through IS0  technical committces. Each member body interested in a subject 
for which a technical committee has been established has the right to be represented on that 
committee. International organizations, governmental and non-governmental, in liaison with 
ISO, also take part in the work. IS0  collaborates closely with the Interriatriorial Electrotechnical 
Commission (IEC) on all matters of electrotechnical standardization. 

Draft International Standards adopted by technical committees are circulated to the member 
bodies for voting. Publication as an International Standard requires approval by at least 75% 
of the member bodies casting a vote. 

International Standard IS0 10303-105 was prepared by Technical Committee ISO/TC 184, 
Industrial automation systems and integration, Subcommittee SC4, Industrial data. 

IS0  10303 consists of the following parts under the general title Industrial automation systems 
and integration - Product data representation and exchange: 

- Part 1, Overview and fundamental principles; 

- Part 11, Description methods: The EXPRESS language 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 method: Standard data access interface specification; 

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

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

- Part 26, Implementation method: Interface definition language binding to the standard 
data access interface; 

- Part 31, Conformance testing methodology and framework: General concepts; 

- 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; 

... v111 
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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 tolerances; 

Part 49, Integrated generic resource: Process structure and properties; 

Part 101, Integrated application resource: Draughting; 

Part 104, Integrated application resource: Finite element analysis; 

Part 105, Integrated application resource: Kinematics; 

Part 106, Integrated application resource: Building construction core model; 

Part 201, Application protocol: Explicit draughting; 

Part 202, Application protocol: Associative draughting; 

Part 203, Application protocol: Configuration controlled design; 

Part 204, Application protocol: Mechanical design using boundary representation; 

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; 

ix 
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- Part 211, Application protocol: Electronics test diagnostics and remanufacture; 

- Part 212, Application protocol: Electrotechnical design and installation; 

- Part 213, Application protocol: Numerical control process plans for machined parts; 

- Part 214, Application protocol: Core data for automotive mechanical design; 

- Part 215, Application protocol: Ship arrangement; 

- Part 216, Application protocol: Ship moulded forms; 

- Part 217, Application protocol: Ship piping; 

- Part 218, Application protocol: Ship structures; 

- Part 220, Application protocol: Process planning, manufacture, and assembly of layered 
electronic products; 

- Part 221, Application protocol: Functional data and their schematic representation for 
process plant; 

- Part 222, Application protocol: Exchange of product data for composite structures; 

- Part 223, Application protocol: Exchange of design and manufacturing product infor- 
mation for cast parts; 

- Part 224, Application protocol: Mechanical product definition for process plans using 
mechanical feature; 

- Part 225, Application protocol: Building elements using explicit shape representation; 

- Part 226, Application protocol: Ship mechanical systems; 

- Part 227, Application protocol: Plant spatial configuration; 

- Part 228, Application protocol: Building services: Heating, ventilation, and air condi- 
t ioning; 

- Part 229, Application protocol: Exchange of design and manufacturing product infor- 
mation for forged parts; 

- Part 230, Application protocol: Building structural frame: Steelwork; 

- Part 231, Application protocol: Process engineering data: Process design and process 
specification of major equipment; 
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- Part 232, Application protocol: Technical data package; 

- Part 301, Abstract test suite: Explicit draughting; 

- Part 302, Abstract test suite: Associative draughting; 

- Part 303, Abstract test suite: Configuration controlled design; 

- Part 304, Abstract test suite: Mechanical design using boundary representation; 

- Part 305, Abstract test suite: Mechanical design using surface representation; 

- Part 307, Abstract test suite: Sheet metal die planning and design; 

- Part 308, Abstract test suite: Life cycle management - Change process; 

- Part 309, Abstract test suite: Composite and metallic structural analysis and related 
design; 

- Part 310, Abstract test suite: Design of layered electronic products; 

- Part 311, Abstract test suite: Electronics test diagnostics and remanufacture; 

- Part 312, Abstract test suite: Electrotechnical design and installation; 

- Part 313, Abstract test suite: Numerical control process plans for machined parts; 

- Part 314, Abstract test suite: Core data for automotive mechanical design; 

- Part 315, Abstract test suite: Ship arrangement; 

- Part 316, Abstract test suite: Ship moulded forms; 

- Part 317, Abstract test suite: Ship piping; 

- Part 318, Abstract test suite: Ship structures; 

- Part 320, Abstract test suite: Process planning, manufacture, and assembly of layered 
electronic products; 

- Part 321, Abstract test suite: Functional data and their schematic representation for 
process plant; 

- Part 322, Abstract test suite: Exchange of product data for composite structures; 

- Part 323, Abstract test suite: Exchange of design and manufacturing product informa- 
tion for cast parts; 

xi 
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- Part 324, Abstract test suite: Mechanical product definition for process plans using 
mechanical features; 

- Part 325, Abstract test suite: Building elements using explicit shape representation; 

- Part 326, Abstract test suite: Ship mechanical systems; 

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

- 

ing; 
Part 328, Abstract test suite: Building services: Heating, ventilation, and air condition- 

- Part 329, Abstract test suite: Exchange of design and manufacturing product informa- 
tion for forged parts; 

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

- Part 331, Abstract test suite: Process engineering data: Process design and process 
specification of major equipment; 

- Part 332, Abstract test suite: Technical data package; 

- Part 501, Application interpreted construct: Edge-based wireframe; 

- Part 502, Application interpreted construct: Shell-based wireframe; 

- Part 503, Application interpreted construct: Geometrically bounded 2D wireframe; 

- Part 504, Application interpreted construct: Draughting annotation; 

- Part 505, Application interpreted construct: Drawing structure and administration; 

- Part 506, Application interpreted construct: Draughting elements; 

- Part 507, Application interpreted construct: Geometrically bounded surface; 

- Part 508, Application interpreted construct: Non-manifold surface; 

Part 509, Application interpreted construct: Manifold surface; - 

- Part 510, Application interpreted construct: Geometrically bounded wireframe; 

Part 511, Application interpreted construct: Topologically bounded surface; 

Part 512, Application interpreted construct: Faceted boundary representation; 

- 

- 

- Part 513, Application interpreted construct: 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 representation. 

The structure of this International Standard is described in IS0  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 methodology 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 abstract 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 IS0 10303. Annexes C, D, E, F, and G 
are for information only. 

... 
XI11 
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Introduction 

IS0  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 cycle of a product independent from any particular system. 
The nature of this description makes it suitable not only for neutral file exchange, but also as a 
basis for implementing and sharing product databases and archiving. 

This International Standard is organized as a series of parts, each published separately. The 
parts of IS0 10303 fall into one of the following series: description methods, integrated resources, 
application interpreted constructs, application protocols, abstract test suites, implementation 
methods, and conformance testing. The series are described in IS0 10303-1. This part of 
IS0 10303 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 IS0  10303 specifies an information model for the kinematic aspects of a mechanical 
product 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 IS0 10303 may be used in: 

- early design stages, where detailed component shape is yet undetermined. The pur- 
pose of the kinematic description in these stages is to develop the conceptual model of the 
mechanical 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 mechanical product using the final shape of its components, e.g., by 
means of collision checking. 

The kinematic structure in this part of IS0 10303 is composed of rigid components related by 
kinematic pairs along a surface, on a curve, or at a point. 

The kinematic structure schema defines the kinematic structure of rigid objects in terms of 
links, pairs, and joints. A link is the rigid part of a kinematic object. A pair represents the 
geometric aspects of the kinematic constraints of motion of these objects, and a joint represents 
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. 

xiv 
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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. 

kinematic-structure- 
schema 

rotation-about-direction 
spatial-rotation 
ypr-rotation 

kinematic-motion- 
representation-schema 

kinematic-path 
motion-parametemeasure 

kinematic-analysis- 
control-and-result- 

schema 

1 - - - -  ---E 
kinematicjoint 
kinematic-link-representation 
mechanism 
pair-value 
rigid-placement 

Figure 1 - The relationships between the three Schemas of 
IS0  10303-105: Kinematics 
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Industrial automation systems and integration - 
Product data representation and exchange - - - 
Part 105 : 
Integrated application resource: Kinematics 

1 Scope 

This part of I S 0  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 IS0  10303: 
- definition of kinematic relationships between rigid objects called links; 

- representation of the topology for a kinematic structure; 

definition of a kinematic motion as a sequence of discretised positions and orientations; 

- representation of the input to and the result of a kinematic analysis. 

The following arc outside the scope of this part of IS0 10303: 
- description of tolerances and clearances in kinematic structures; 

- description of motion parameters in terms of a continuous time variable; 

- representation of intermittent joints with variable constraints on motion; 

- representation of dynamic mechanical assemblies; 

- represe.ntation 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 IS0 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 
I S 0  10303 are encouraged to investigate the possibility of applying the most recent editions of 
the standards indicated below. Members of IEC and IS0 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. 

IS0 8855:1991, Road vehicles - Vehicle dynamics and road-holding ability - Vocabulary. 

IS0 10303-1: 1994, Industrial autonration systems a n d  integrution - Product data i.rpreswitcition 
and exchange - Part 1: Overview and fundamental principles. 

IS0 10303-1 1:1994, Industrial automation systems and integration - Product data representation 
and exchange - Part li: Description methods: The EXPRESS language reference manual. 

IS0  10303-21:1994, Industrial automation systems and integration - Product data representation 
and exchange - Part 21: Implementation methods: Clear text encoding of the exchange structure. 

IS0 10303-41: 1994, Industrial automation systems and integration - Product data representation 
and exchange - Part 41: Integrated generic resources: Fundamentals of product description and 
support. 

IS0  10303-42: 1994, Industrial automation systems and integration - Product data representation 
and exchange - Part 42: Integrated generic resources: Geometric and topological representation. 

IS0  10303-43:1994, Industrial automation systems and integration - Product data representation 
and exchange - Part 43: Integrated generic resources: Representation structures. 

3 Definitions 

3.1 Terms defined in I S 0  10303-1 

This part of IS0 10303 makes use of the following terms defined in IS0 10303-1: 

- application resource; 

- data; 

- generic resource; 

- information; 

- integrated resource; 

- product. 

3.2 Terms defined in IS0  10303-42 

This part of IS0 10303 makes use of the following terms defined in IS0 10303-42: 

- geometric coordinate system; 
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- geometrically founded; 

- graph. 

3.3 Terms defined in IS0  8855 

This part of IS0 10303 makes use of the following terms defined in IS0 8855: 

- pitch angle; 

- roll angle; 

- yaw angle. 

3.4 Other definitions 

For the purposes of this part of IS0 10303, the following definitions apply. 

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

3.4.2 frame: a coordinate system used in kinematic representations. 

3.4.3 ground: the immobile part of a mechanical product in the world coordinate system. 

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

3.4.5 kinematics: the description of movable mechanical structures consisting of joints and 
links including the number, location, and orientation of the joints. 

3.4.6 kinematic chain: a sequence of kinematic links connected by joints. 

3.4.7 link: a rigid kinematic object whose motion is constrained by one or more joints. 

3.4.8 link frame: the local coordinate system of a link, implicitly defined as the geometric 
context of the link, with respect to which all geometric definitions of the link are defined. 

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

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- 
pendent reference frame. 

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

3.4.17 world coordinate system: the initial coordinate system from which all other frames 
are defined. 

4 Symbols and abbreviations 

For the purposes of this part of IS0 10303, the following symbols and abbreviations apply. 

4.1 Mat hematical symbols 

The mathematical symbol convention used in this part of IS0 10303 is given in table 1. 

4.2 Graphic convention for matrix representation 

In mathematical formulas, a transform representation (three position values and three rotation 
values) 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 

I Symbol Definition 

Scalar quantity a a 
Vector quantity ä - 

a 

Coordinate axes I 2, Y, z 

I _ - -  
2, Y, z Unit vectors along coordinate axes 

I F Matrix F 

The inverse of the matrix F 

Vector (cross) product 

Scalar product 

I f (4 Parametric curve f 

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

Derivative of f(u) with respect to u 

Parametric surface f 

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

Partial differential o f f  with respect to u 

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

1 sign(x)  Function returns the sign of the argument x 

I l  Absolute value, or magnitude, or determinant 

I R" m-dimensional real space 
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5 Kinematic structure 

The following EXPRESS declaration begins the kinematicstruct ureschema and identifies 
the necessary references. 
EXPRESS mecification: 
*> 
SCHEMA kinematic-structure-schema; 

REFERENCE FROM geometry-schema 
(axis2_placement_3d, 
cartesian-transformation-operator-3d, 
curve, 
direct ion, 
geometric-representation-context, 
normalise, 
point, 
point-on-curve, 
point-on-surface, 
surf ace, 
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-definition); 

REFERENCE FROM product-property-representation-schema 
(property-def ion) ; 

REFERENCE FROM representation-schema 
(functionally-defined-transformation, 
item-defined-transformation, 
representation, 
representat ion-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 IS0 10303: 

geometry schema IS0 10303-42 
measureschema IS0 10303-41 
product -property-definition-schema IS0 10303-41 
product-propertyrepresentationschema IS0 10303-41 
representationschema IS0 10303-43 
support resourceschema IS0 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 kinematicstructureschema is the description of the kinematic informa- 
tion of a mechanical product defining its motion capabilities. 

Motion in this part of IS0 10303 comprises both free, unconstrained motion of objects in a 
Cartesian coordinate system and motion constrained by kinematic joints and pairs. 

This part of IS0 10303 covers the following types of pairs. 

i)  revolute pair; 

2) prismatic pair; 

3) screw pair; 

4) cylindrical pair; 

5) spherical pair; 

6) universal pair; 

7) planar pair; 

8) gear pair; 

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; 

17) rolling curve pair. 

Pair types 1 through 11 are called low order pairs and the remaining pair types are called high 
order pairs. 

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

For surface pairs and curve pairs, two specialisations are distinguished: the sliding and rolling 
subtypes. A rolling pair is constrained in the relative motion of the two surfaces or curves such 
that they cannot slide on each other. 

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

For sliding pairs such a constraint does not exist. 

Low order 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 
without branches) or to tree-type structures; they may include loops or a network structure. 

NOTE - Every kinematic structure can be described in terms of its joints and links. Joints constrain 
the motion between two rigid objects called links. Joints and links are sufficient to describe the 
topology of kinematic structures, but for computation it is meaningful to introduce additional levels 
of structure based on graph theory. Information related to the graph representation of a kinematic 
structure 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 IS0 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 IS0 10303. For the purpose of repre- 
senting the kinematic aspect of a mechanism, the shape of the link is represented by the relative 
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 kinematic links, this fact is topo- 
logically represented by a joint. The geometric aspect of this motion constraint is represented 
by the corresponding pair. 

A placement describes a relative position and orientation of a frame with respect to another 
frame. There are different ways of representing a placement. Eight different representations of 
placement are used in this part of IS0 10303: 

- rigid homogenous matrix; 

- axis2-placement-3d; 

- transform (see 6.4.2); 

- su-parameters; 

- point -on-curve; 

- point-onsurface; 

- a pair type with its initialstate; 

- cartesian~transformation~operator~3d. 

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

r 3 x 3  SX 

rotational SY 
matrix Sz 

l o  O o 1  

where the notation used for a frame P shall be “ p i  with: 

k = identification of the reference frame in which the position of frame i is described; 
i = identification of the frame whose position is described with respect to frame k ;  
6 2 ,  óy, Sz = the components of the translation vector. 
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OP; 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. 

5.2.3 Positive sense of rotations 

For any rotation defined in the kinematicstructureschema, a positive value of the rotation 
angle indicates a counter-clockwise rotation when looking in the negative direction with respect 
to the axis of that rotation. 

5.2.4 Shape representations 

Kinematic structure representations are frequently associated with shape representations for 
single parts of the structure at various levels of detail. In this part of IS0  10303, three kinds of 
shape representations are distinguished: 

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

- shape representations describing the shape of a link of a kinematic structure, referred 
to as the Zink shape; 

- shape representations describing specific aspects of the shape of a kinematic pair, re- 

The geometricrepresentationitems which contribute to the ground shape representation 
may be in the items set either of the kinematicgroundrepresentation of the kinematic 
structure which, in this case, should be simultaneously a shaperepresentation, or of a 
shaperepresentation which is related to the kinematic-ground-representation of the 
kinematic structure by any means. This part of IS0 10303 does not specify any specific con- 
straints on the representation of ground shape. 

The geometricrepresentationitems contributing to a link shape representation shall not 
be in the items set of the corresponding kinematic-linkrepresentation; rather they shall 
be in the items set of a shaperepresentation which is related to this kinematic-link-- 
representation by means of a kinematic-linkrepresentation-association. Any number of 
shaperepresentations may be related in this way to a specific kinematic-link-represen- 
tation. 

For the purpose of a pair shape representation, only geometricrepresentationitems of 
type kinematicframe-background, i.e., point, curve, or surface are allowed. They shall 
be in the items set of a kinematicframe-background-representation which, in turn, is 
related to one of the kinematiciinkrepresentations of the pair by means of a kinematic- 
frame-background-representation-association. The items set of a kinematicframe-- 
background-representation may contain more than one item, and in general any number of 

ferred to as the pair shape. 
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kinematic frame-background-representations may be related to a kinematiciink-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 
kinematicframe-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 be used 
in a kinematic structure are assigned globally to the items of the respective representations 
by means of the global-unit assigned-context subtype of the representation-context (see 
IS0  10303-41). Units for measure-values of the same kind shall be identical throughout all 
the representations in a kinematic structure. 

EXAMPLE 4 - The pair placements of a kinematicpair are founded in two different kinema- 
ticlinkrepresentations. Consistent use of units requires that these two kinematiclinkrepre- 
sentations share the same units via their global-unitassigned-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-placement3d or su-para- 
meters. 
EXPRESS specification: 

*> 
TYPE rigid-placement = SELECT 

(axis2_placement_3d, 
su-parameters) ; 

END-TYPE ; 
(*  

5.3.2 rot at ional-range-measure 

The rotationalrange-measure type is a means for referencing either a planeangle-measure 
or an unlimitedrange. 
EXPRESS specification: 

*> 
TYPE rotational-range-measure = SELECT 

(phne-angle-measure, 
unlimited-range) ; 

END-TYPE ; 
(* 
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5.3.3 translational-range-measure 

The translationalrangemeasure type is a means for referencing either a lengt h-measure 
or an unlimitedrange. 
EXPRESS mecification: 
*I 
TYPE translational-range-measure = SELECT 

(length-measure, 
unlimited-range) ; 

END-TYPE ; 
(* 

5.3.4 unlimitedrange 

The unlimitedrange 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 OF 

END-TYPE ; 
(* 

Enumerated item definitions: 

unlimited: an indication that the range bound is unlimited. 

(unlimited) ; 

5.3.5 spat ial-rotat ion 

The spatialrotation type enables an arbitrary rotation in 3D space (R3) to be specified either 
as a yprrotation or as a rotation-about-direction. 
EXPRESS specification: 

*> 
TYPE spatial-rotation = SELECT 

(ypr-rot at ion, 
rotation-about-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 R3 are distinguished. Yaw represents the angle by which the original frame 
(zg,yo,zo) is rotated first about the z-axis to yield an intermediate (z’,y’,z’) frame. Pitch 
represents the angle by which the intermediate frame (z‘, y‘, z’) then is rotated about the y‘- 
axis to yield another intermediate (d’,y’’, z” )  frame. Roll represents the angle by which the 
(d‘, y“, z”) frame is rotated about the x“ -axis to yield the desired final (z, y, z )  frame. 
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NOTE ~ For more detailed information on yaw, pitch, and roll convention see IS0 8855:1991 (clause 
2.2). 

EXPRESS specification: 

*> 
TYPE ypr-enumeration = ENUMERATION OF 

(yaw, 
pitch, 
r o l l )  ; 

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 yprrotation 

The ypr-rotation type is a means for specifying an ordered sequence of the angles of rotation. 
The yaw value is the first, the pitch value the second, and the roll value the last element 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 an input 
yprrotation is given in annex E. This function has been provided for applications that use this 
part of IS0  10303, but need the rotational transformation to be expressed in terms of a rotation 
matrix rather than in terms of a sequence of rotation angles. 

EXPRESS mecification: 

*> 
TYPE ypr-rotation = ARRAY [ypr-index(yaw) : ypr- index(ro l l ) ]  

END-TYPE ; 
OF plane-angle-measure; 

(*  

Informal propositions: 

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

yaw angle E ] - 7r, 7r] 
pitch angle E [-7r/2,7r/2] 
roll angle E ] - 7r, 7r] 

rectangular pitch angle: If the absolute value of the pitch angle is equal to the equivalent 
value of 7r/2, the roll angle shall be zero. 
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5.3.8 kinematic-frame-background 

The kinematicframe-background type is a means for referencing either a point, a curve, 
or a surface. 
EXPRESS mecification: 

*) 
TYPE kinematic-frame-background = SELECT 

(point, 
curve, 
surf ace) ; 

END-TYPE ; 
(* 

5.4 kinematic-struct Ure-schema entity definit ions 

5.4.1 rotation-about-direction 

A rotation-about-direction specifies a rotation in Cartesian coordinate space R3. The axis 
of rotation passes the origin of the related coordinate system; its direction is given explicitely as 
direction-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 7r. 
A positive value of rotation-angle indicates a counter-clockwise rotation when looking in the 
negative direction with respect to the direction-of-axis. 
EXPRESS specification: 
*I 
ENTITY rotation-about-direction; 

direction-of-axis : direction; 
rotation-angle : plane-angle-measure; 

WR1: SIZEOF (direction-of-axis.direction-ratios) = 3; 
WHERE 

END-ENTITY; 
(* 

Attribute definitions: 

direction-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-definit ion 

The kinematic-property-definition specifies the kinematic property of a product. 
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EXPRESS specification: 

*) 
ENTITY kinematic-property-definition 
SUBTYPE OF (property-def inition) ; 
ground-definition : characterized-definition; 

END-ENTITY; 
(* 

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 be asso- 
ciated with a product definition. 

5.4.3 kinematic-property-representation-relation 

A kinematic-property-representation-relation is a property-definit ionrepresentation 
that relates a kinematic-groundrepresentation to a kinematic-property-definition. 
EXPRESS specification: 

*> 
ENTITY kinematic-property-representation-relation 

UN I QUE 

WHERE 

SUBTYPE OF (property-def init ion-representation) ; 

üR1: SELF\property_definition-representation.definition; 

WR1: JKINEMATIC~STRUCTURE_SCHEMA.KINEMATIC_PROPERTY~DEFINITION~ 

WR2: ~KINEMATIC-STRUCTURE_SCHEMA.KINEMATIC_GROUND-REPRESENTATION’ 
IN TYPEOF (SELF\property-definition_representation.definition); 

IN TYPEOF (SELF\property_definition-representation.used-representation); 
END-ENTITY; 
(*  

Forinal proposit ioris: 

UR1: A kinematic-property-definition shall be related to a kinematic-ground-repre- 
sentation by at most one kinematic-property-representationrelation. 

WR1: The definition of a kinematic-property-representationrelation shall be a kine- 
matic-property-definit ion. 

WR2: The usedrepresentation of a kinematic-propertyrepresentationrelat ion shall 
be a kinematic-ground-representation. 

5.4.4 kinemat ic-groundrepresent at ion 

A kinematic-ground-representat ion specifies the world coordinate system. 
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NOTE - A shaperepresentation may be given together with a kinematic-groundrepresen- 
tation to specify the shape of those parts of a kinematic-property-definition that are immobile. 

EXPRESS specification: 

*) 
ENTITY kinematic-ground-representation 

INVERSE 

WHERE 

SUBTYPE OF (representation) ; 

property : kinematic-property-representation-relation FOR used-representation; 

WRI: ~GEOMETRY-SCHEMA.GEOMETRIC_REPREP~SENTATION-CONTEXT’ IN 
TYPEOF (SELF\representation.context-of-items); 

END-ENTITY; 
(* 

Attribute definitions: 

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

ground-context : the identification of a world coordinate system against which all placements 
in the kinematic-property-definition are measured, either directly or indirectly. 

property: the kinematic-propertyrepresentationrelation that relates the kinematic-- 
groundrepresentation to the kinematic-property-definition to which it belongs. 

Formal propositions: 

WR1: The context-ofitems of a kinematic-groundrepresentation shall always be a ge- 
ometricrepresentat ion-context . 
Informal propositions: 

ground definition: The kinematicground-representation shall be associated to proper- 
ty\property-definition-represent ation.definition.ground-definition. 

5.4.5 mechanism 

A mechanism specifies the capabilities of relative motion of its links under the constraints 
imposed by its joints. It is a kinematic structure with a single link fixed to the ground or to 
some other mechanism. The entire mechanism may be subject to the rigid body motion 
imposed to its base. 

NOTE - A mechanism may have different bases at different times. In space applications, worm-like 
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 mecification: 
*> 
ENTITY mechanism; 

structure-definition : kinematic-structure; 
base : kinematic-link; 
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containing-property : kinematic-property-definition; 

WRI: SIZEDF (QUERY (joint <* structure-definition.joints I 
WHERE 

(base :=: joint.first-link) OR 
(base :=: joint.second-link) )>  > O; 

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 which the mechanism be- 
longs. 

Formal propositions: 

WR1: The base shall be either the first link or the second link in at least one joint in the set 
structure-definition.joints. This ensures that the base is within the kinematic structure. 

5.4.6 mechanism-base-placement 

A mechanism-base-placement is a means to define the placement of the link frame of the 
base of a mechanism either relative to the world coordinate system or relative to the local 
coordinate system of a link that belongs to another mechanism. 

NOTE 1 ~ If the placement is defined relative to the link of another mechanism, the mechanism 
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-place- 
ment relates the link frame of the base in the context-of-items of a kinematic-ground-- 
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 of the 
kinematic-link-representation which is associated with this other link. 
EXPRESS specification: 

*> 
ENTITY mechanism-base-placement 

SUBTYPE OF (representation-relationship-with-transformation); 
base-of-mechanism : mechanism; 
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); 

UN I QUE 

WHERE 
URI: base-of-mechanism; 

WRI: ('KINEMATIC-STRUCTURE-SCHEMA.KINEMATIC-GRDUND-REPRECENTATIDNJ IN 
TYPEOF (SELF\reprecentatlon-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. 

transf ormat ion-operator\representation-item IN 
SELF\representation-relationship.rep-1.items; 

END-ENTITY; 
(* 

Attribute definitions: 

base-of-mechanism: the mechanism whose base is being placed. 

SELF\representat ionrelat ionship-wit h-t ransformat ion. transformation-operat or: 
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 
used as the transformation-operator, are specified in application protocols which use this entity. 

SELF\representationrelationship.rep-2: the kinematiclinkrepresentation that is re- 
lated to the base of base-of-mechanism. This is derived from base-ofmechanism.base by 
the function represent at ion-of-link. 
Formal propositions: 

UR1: A mechanism shall be the base-of-mechanism for at most one mechanism-base-- 
placement. 

WR1: The rep-1 of a mechanism-base-placement shall be a kinematic-ground-repre- 
sent ation or a kinemat iciinkrepresentation. 

WR2: The mechanism-base-placement shall place the base of base-ofmechanism either 
with respect to the kinematic-groundrepresentation which is associated with its contain- 
ing-property, or with respect to a kinematiciinkrepresentation that belongs to another 
mechanism. This other mechanism shall also be in the mechanisms set of containing-- 
property. In this way, the base of base-ofmechanism shall be placed with respect to the 
kinematic-groundrepresentation, directly or indirectly. If the placement is done indirectly, 
a mechanism shall not participate in the placement of its own base. These conditions are 
checked by the function suitably-basedmechanism. 

WR3: The cartesian~transformation~operator~3d that is used as the transformation-- 
operator in a mechanism-base-placement shall be in the items set of rep-l. 

5.4.7 init i aht  ate 

The initialstate 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 
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lengths. In those cases the initialstate provides enough pair parameter information to make the 
configuration unique. 

EXPRESS specification: 

*> 
ENTITY initial-state; 

applies-to-mechanism : mechanism; 
pair-values : SET [ i : ?I OF pair-value; 

WHERE 
WRI: SIZEOF (QUERY (joint <* applies-to-mechanism.structure-definition.joints I 

SIZEOF (QUERY (init-val <* pair-values I 
init-val.applies-to-pair.joint :=: joint)) <> i))  = O; 

END-ENTITY; 
(* 

Attribute definitions: 

applies-tomechanism: the mechanism to  which the initialstate applies. 

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

Formal propositions: 

WR1: An initialstate shall provide in its set of pair-values exactly one pair-value for each 
kinematic-pair in the mechanism to which it applies. 

5.4.8 kinemat ic-structure 

The kinematicstructure specifies the topological aspects of a kinematic representation. The 
topology of the kinematicstructure is represented by means of kinematicjoints which, in 
turn, establish a relationship between pairs of kinematic-links. 

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

EXPRESS specification: 

*) 
ENTITY kinematic-structure; 

END-ENTITY; 
(* 

Attribute definitions: 

joints: the set of kinematicjoints that compose the kinematicstructure of a mechanism. 

joints : SET [i : ?] OF kinematic-joint; 

5.4.9 kinematic-joint 

The kinematicjoint specifies the topological aspect of an  ordered connection between two and 
only two links. 
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A topological orientation is always implicitly associated with a joint. This orientation is defined 
as being from the first link to the second link. 

For a kinematic-pair referencing a kinematic-joint, the pair-placement in-first-link-con- 
text shall be an item of the kinematic-link-representation of the first-link of the kinema- 
tic-joint. 

Similarly, the pair-placementinsecond-context shall be an item of the kinematiclink-- 
representation of the second-link of the kinematic-joint . 

NOTES 

1 - The type of constraint on the relative motion is defined by the kinematic-pair that has the joint 
as its joint attribute. In a graph representation of the topology, the kinematicjoint represents an 
oriented edge connecting two vertices in the graph. The orientation of the kinematic joint reflects 
an implicit orientation which is arbitrary, except for the rack-and-pinion pair, the point-on-surface 
pair, and the point-on-planar-curve pair. 

2 - If the sequence of firstlink and secondlink is interchanged, both, pair values and pair range 
values, have to be used with the opposite signs, and in the subtypes of simplepairrange addition- 
ally the attributes giving a lower limit are to be interchanged with those giving the corresponding 
upper limit. 

EXPRESS specification: 
*) 
ENTITY kinematic-joint ; 

first-link : kinematic-link; 
second-link : kinematic-link; 

structure : kinematic-structure FOR joints; 

WR1: first-link :O: second-link; 

INVERSE 

WHERE 

END-ENTITY; 
(* 

Attribute definitions: 

firstlink: the link through which the joint is entered. 

second-link: the link through which the joint is left. 

structure: the kinematicstructure containing the kinematicjoint in its set of joints. 

Formal propositions: 

WR1: first-link and secondlink shall not be identical. 

5.4.10 kinematic-link 

A kinematiciink represents the topological aspects associated with a rigid part of a mecha- 
nism. 
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EXPRESS specification: 
*> 
ENTITY kinematic-link; 
WHERE 
WR1: SIZEOF (USEDIN (SELF, 

USEDIN (SELF, 
'KINEMATIC~STRUCTURE~SCHEMA.KINEMATIC_JOINT.FIRST~LINK') + 

'KINEMATIC~STRUCTURE~SCHEMA.KINEMATIC~JOINT.SECOND~LINK'>) > O ;  
WR2: unique-link-usage (SELF); 

END-ENTITY; 
(*  

Formal propositions: 

WR1: A kinematiclink shall be the first-link or the second-link of at least one kinema- 
ticjoint. 

WR2: A kinematic-link shall be a constituent of one mechanism only and shall occur only 
once in the kinematic structure of that mechanism. 

5.4.11 kinemat ic-link-represent at ion-relat ion 

A kinematiclink-representation-relation relates the geometric aspects of a kinematic- 
link with its topological aspects. 
EXPRESS sinecification: 

*> 
ENTITY kinematic-link-representation-relation; 

topological-aspects : kinematic-link; 
geometric-aspects : kinematic-link-representation; 

UR1: topological-aspects; 
UN I QUE 

END-ENTITY; 
(*  

Attribute definitions: 

topological-aspects: the kinematic-link whose geometric aspects are represented by the 
kinematic-link-representat ion. 

geometricaspects: 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 kinematiclink shall be related to a kinematiclinkrepresentation by at most 
one kinematic-linkrepresentationrelation. 

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; 

link-f rame : geometric-representation-context 
DERIVE 

:= SELF\representation.context-of-items; 
INVERSE 

link-representation-relation : kinematic-link-representation-relation FOR 
geometric-aspects; 

WHERE 
WRI: SIZEOF (QUERY (item <* SELF\representation.items I 

NOT (()KINEMATIC-STRUCTURE-SCHEMA.RIGID-PLACEMENT) IN 
TYPEOF (item)) 

OR 
(~GEOMETRY~SCHEMA.CARTESIAN_TRANSFORMATION~OPE~TOR~3D' IN 
TYPEOF (item))) ) )  = O; 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\representation.items: a set of representationitems that are related in the link-- 
frame. It contains at least one pair frame that is used by a kinematic-pair as pair-place- 
mentinfirstlink-context or as pair-placement insecond-link-context . It may contain 
any number of cartesian~transformation~operator~3ds which serve as the transforma- 
tion-operator of a mechanism-base-placement. Furthermore, it may contain additional 
frames that are attached to the link. 

NOTE - The items set of a kinematiciinkrepresentation does not contain geometricrep- 
resentationitems that define the shape of the link. 

SELF\representation.context -of-items: the geometricrepresentation-context provid- 
ing the context for the items. 

link-frame: the link frame of the related kinematic iink. 

linkrepresentationrelation: the kinematiclinkrepresentationrelation that relates a 
kinematiciink to the kinematiciinkrepresentation. 

Formal propositions: 

WR1: All elements in the items set of a kinematiclinkrepresentation shall be of type 
rigid-placement or of type cartesian-transformation-operator3d. 

5.4.13 kinemat ic-link-representation-association 

A kinematiciinkrepresentation-association is a representationrelationship that as- 
sociates a representation with a kinematiclinkrepresentation. 
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NOTE - A kinematiciinkrepresentation-association is used to define the shape of a link by 
associating a shaperepresentation to the corresponding kinematiclinkrepresentation. 

EXPRESS specification: 
*I 
ENTITY kinematic-link-representation-association 
SUBTYPE OF (representation-relationship); 
SELF\representation-relationship.rep-1 : kinematic-link-representation; 

WR1: SELF\representation_relationship.rep_2.context-of-items :=: 

WR2: SIZEOF (['KINEMATIC-STRUCTURE_SCHEMA.KINEMATIC_GROUND-REPRESENTATION', 
'KINEMATIC_STRUCTURE-SCHEMA.KINEMATIC_LITAT~ON'] * 

WHERE 

SELF\representation-relationship.rep_l\representation.context-of-items; 

TYPEOF (SELF\representation-relationship.rep-2)) = O; 
END-ENTITY; 
(* 

Attribute definitions: 

SELF\representationrelationship.rep-1: the kinematiciinkrepresentation with 
which rep3  is associated. 

Formal propositions: 

WR1: The context-of-items of rep-2 shall be identical to the linkframe of the kinema- 
tic-link-representation with which rep-2 is associated. 

WR2: Neither a kinematic-groundrepresentation nor a kinematiclinkrepresentation 
shall be associated with a kinematic-linkrepresentation by this entity. 

5.4.14 kinematic-frame-backgroundrepresentation 

A kinematicframe-backgroundrepresentation specifies the shape aspects which are associated 
with a kinematic-pair. 
EXPRESS specification: 
*I 
ENTITY kinematic-frame-background-representation 
SUBTYPE OF (representation) ; 
SELF\representation.items : SET [i : ?I OF 

SELF\representation.context-of-items : geometric-representation-context; 

WRI: SELF\representation.context-of-items\ 

kinematic-frame-background; 

WHERE 

geometric-representation-context.coordinate-space-dimension = 3; 
END-ENTITY; 
(* 

Attribute definitions: 

SELF\representation.items: a set of instances of kinemat Icframehackground 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: 

W R 1 :  The context-of-items of a kinematicframe-background-representation shall be 
three-dimensional. 

5.4.1 5 kinematic -frame -based -t ransfor mat ion 

The kinematic-frame-based-transformation is a functionally-defined-transformat ion 
which uses a rigid-placement as the transformation function. 
EXPRESS suecification: 
*> 
ENTITY kinematic-frame-based-transformation 
SUBTYPE OF (functionally-defined-transformation); 
transformer-frame : rigid-placement; 

END-ENTITY; 
(*  

Attribute definitions: 

transformerframe: the rigid-placement which is used as the transformation function for 
the kinematicframe-based-transformation. 

5.4.16 kinematic-frame-backgroundrepresentation-- 
association 

A kinematicframe-background-representation-association is a representationrela- 
tionship-with-transformation which uses a kinematicframe-based-transformation as 
the transformation-operator. The transformerframe of this operator is founded in the 
kinematiclinkrepresentation used as rep-1; the representation being transformed is a ki- 
nematicframe-background-representation which is referenced by rep-2. 
EXPRESS specification: 

*> 
ENTITY kinematic-frame-background-representation-association 
SUBTYPE OF (representation-relationship-with-transformation); 
SELF\representation_relationship_with_transformation. 
transformation-operator : kinematic-frame-based-transformation; 

WR1: 'KINEMATIC_STRUCTURE_SCHEMA.KINEMATIC_LINK-REP~SENTATION' IN 
TYPEOF (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; 

WHERE 

END-ENTITY; 
(* 
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Attribute definitions: 

SELF\representationrelat ionship-wit h-t ransformat ion. t ransfor mat ionaperat or: 
the transformation operator for the kinematicframe-background-representation-associ- 
ation. 

Formal propositions: 

WR1: The first representation related in a kinematicframe-background-representa- 
tion-association shall be a kinematic-linkrepresentation. 

WR2: The second representation related in a kinematicframe-background-represen- 
tation-association shall be a kinematicframe-background-representation. 

WR3: The rigid-placement which serves as the transformerframe in the transforma- 
tion-operator of a kinematic-frame-background-representat ionassociation shall be in 
the items set of the kinematic-linkrepresentation used as rep-l. 

5.4.17 su-parameters 

su-parameters are an alternative method to axis2-placement-3d for specifying the placement 
of pairs on a link. 

To describe the kinematic behaviour, the full shape representation of a link is not needed; 
rather it is sufficient to characterize the link by the transition from the link frame to all the 
pair frames. This shape information is captured by a set of characteristic parameters called 
Sheth-Uicker-Parameters, henceforth abbreviated “SU-parameters”. 

NOTE 1 - See figure 2. For a kinematiciink with two pairs and for the link frame coinciding 
with the frame of one of the 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 is used for frame definitions: 

xi, y;,  2; 
3 
Z k ,  Y k ,  ~k 
o k  

coordinate axes of a link frame; 
origin of that link frame; 
axes of the frame of a kinematic pair on that link; 
origin of that pair frame. - 

The following auxiliary vectors are introduced: 
- 
t k  unit vector along the common perpendicular between the two axes Z; and Z k ,  

directed from 2; towards Z k .  The common perpendicular itself is denoted by 

intersection point of the common perpendicular t k  with z i ;  
intersection point of the common perpendicular t k  with Z k .  

t k  
9 ’ k  

s k  
- 

Then the following notation applies to SU-parameters: 

a k  the (positive) distance from 2; to Z k ,  given by 
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............ ..... 7 x 7  

,' symbol ( 1  xk indicates: parallel 
symbol 13 indicates: 90" 

y/fl/y ,bk to Xk 

- ;'.......A I .A i t,. 

Figure 2 - Definition of the su-parameters 

a k  the angle from positive zk to positive Zk, measured in the mathematically 
positive sense about and determined by 

sinak = ( z i X Y k ) ' & ;  cos a k  = zi.zk 
bk the deviation of Ök from s k ,  measured along positive Zk and given by 

bk = (Bk - Sk) .zk  

ß k  the angle from positive i!k to positive Zk,  measured in the mathematically 
positive sense about positive Zk and determined by 

ck = (3; - ÖL)*% 

?'k the angle from positive xi to positive a, measured in the mathematically 
positive sense about positive zk and determined by 

sinyk = (TLX?k)*zi; cos 'yk = TL ' j k  

NOTES 

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

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 is equivalent to an instance 
of axis2placement3d that has the following attribute values: 

SELF \placement. locat ion: cartesian-point ([(uk cosyk + bk  sinyk sin a k ) ,  
(ak sinyk - bk cosy- sinak), 
(Ck + bk c0sQik)l); 

axis: direction ([(sinyk sinak), (- cosyk sinak), c o s ~ k ] ) ;  

ref-direction: 

EXPRESS sDecification: 

*) 
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-measure; 

END-ENTITY; 
(* 

Attribute definitions: 

a: SU-parameter a k .  

alpha: SU-parameter a k .  

b: SU-parameter bk .  

beta: SU-parameter ßk. 

c: SU-parameter ck. 

gamma: SU-parameter yk. 

5.4.1 8 kinematic -pair 

direction ([(cosyk cos,& - sinyk C O S Q ~  sin&), 
(sin yk cos ßk + cos yk cos ffk sin P k ) ,  

(sin ak sin ßk)]). 

A kinematic-pair defines the kinematic constraints between two adjacent links coinciding at 
a joint. 
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EXPRESS specification: 

*I 
ENTITY kinematic-pair 

SUBTYPE OF (item-def ined-transf ormation) ; 
joint : kinematic-joint ; 

pair-placement-in-first-link-context 
DERIVE 

: rigid-placement 
:= SELF\item-defined-transformation.transform-item-l; 

: rigid-placement 
:= SELF\item~defined~transformation.transfom~item~2; 

pair-placement-in-second-link-context 

UNIQUE 

WHERE 
üR1: joint; 

WR1: coordinated-pair-link-representation 

WR2: coordinated-pair-link-representation 
(joint.first-link, pair-placement-in-first-link-context); 

(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-placementinfirst-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-placementinsecond-link-context : the placement of the pair frame on the second link 
in the context of the second link, i.e., its link frame. 

Formal propositions: 

UR1: Each kinematic-pair shall apply to a different joint. 

WR1: There shall be a kinematiclinkrepresentation related to joint.first-link, and it 
shall contain pair-placementinfirst-link-context in its items set. This condition is checked 
by the function coordinated-pair-linkrepresentation. 

WR2: There shall be a kinematiclinkrepresentation related to joint.second-link, and 
it shall contain pair-placementinsecond-link-context in its items set. This condition is 
checked by the function coordinated-pairìinksepresentation. 

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, 

The type of the pair, together with the pair parameters, 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 other is defined. 
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 consistency 
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; 
q indicate that pair as seen from the second link; 
c indicate the common contact point (which may or may not be physically connected 
with both links); 
'LFj and 'LFk be the rigid homogeneous matrix representation of the link frames 
of those links (both relative to the world coordinate system); 
j P F p  and "F,  be the pair placements of pair p with respect to the first and second 
link of that pair, respectively, 

then 
' P F ,  = 'LFj  j P F ,  is the rigid homogeneous matrix placing the first pair frame 
relative to the world coordinate system while 
,PF ,  is the placement 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. 
, P F ,  is the placement for the contact frame relative to the second pair frame. This 
placement is determined by the type of the pair and its actual pair parameters. 

OLFj j P F p  PPF, = 'LFk ' P F ,  Q P F ,  
Consistency now requires that 

Or else, for the second link placement relative to the world coordinate system is obtained 
'LFk = 'LFj  j P F ,  PPF, qPFF1 ' P F l l  

3 - For lower pairs the contact frame and the second pair frame shall be treated as identical. Hence, 
for lower pairs the rigid homogeneous matrix representation of PPF, is a unit matrix. 

5.4.19 pair-act uat or 

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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contact frame 
4 2  

SPF, = 
function of 

y actual pair 

PPF, = 
function of 
actual pair 

of second link 

of second link 

of first link 

Figure 3 - Placement relationships of the pair frames relative to the mating links 

NOTES 

1 - For a backward kinematic analysis the actuated pairs are used to achieve a prescribed path 
or a prescribed position. For a forward kinematic analysis pair values may be prescribed only for 
actuated pairs. 

2 - This part of IS0 10303 does not support actuation of individual degrees of freedom of a kinematic 
pair. 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 pair-actuator; 

actuated-pair : kinematic-pair; 
name : l abe l ;  

üR1: actuated-pair; 
UNIQUE 

END-ENTITY; 
(* 

Attribute definitions: 

actuated-pair: the kinematic pair which is actuated. 

name: the word or group of words by which the pairactuator 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 

The pair-value specifies the configuration of the two links that join a kinematic-pair. 
EXPRESS sDecification: 

*> 
ENTITY pair-value; 

END-ENTITY; 
(* 

At tribute definitions: 

applies-to-pair: the kinematic-pair 

applies-to-pair: kinematic-pair; 

to which the pair-value applies. 

5.4.21 simple-pairrange 

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 individual pair 
parameter value in the form “Zm bound - high bound”. 

EXPRESS specificat ion: 

*> 
ENTITY simple-pair-range; 

END-ENTITY; 
(*  

Attribute definitions: 

applies-to-pair: the pair to which the range applies. 

applies-to-pair: kinematic-pair; 

5.4.22 revolut e-pair 

The 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 links such 
that local origins and the z-axes coincide and their 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. 

EXPR.ESS specification: 
*> 
ENTITY revolute-pair 
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actual rotation 

Figure 4 - Example of a joint representing a revolute pair 

SUBTYPE OF (kinematic-pair); 
END-ENTITY; 
(* 

5.4.23 revolut e-pair -value 

The revolute-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 : 
actual-rotation 

END-ENTITY; 
(* 

Attribute definitions: 

revolute-pair; 
plane-angle-measure ; 

SELF\pair-value.applies-to-pair: the revolute-pair to which the revolute-pair-value 
applies. 

actualrotation: the value of the pair parameter 

5.4.24 revolut e-pair -range 

The revolute-pairrange 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; 

WR1: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
WHERE 

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-pairrange.applies-to-pair: the revolute-pair to which the revo- 
lute-pair-range applies. 

lowerlimit actual-rotation: the minimum value of the pair parameter. 

upper - l imi tac tua l ro ta t ion :  the maximum value of the pair parameter. 

Formal propositions: 

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

5.4.25 prismatic-pair 

The prismatic-pair constrains the motion between two adjacent links to a translation along 
a common axis. To measure the distance of translation a frame is defined on each of the links 
such that their corresponding coordinate axes coincide and their positive directions agree. The 
motion of the second link with respect to the first link is defined as the distance required to 
translate the xy-plane of the first pair frame in positive direction of the common z-axis until it 
coincides with the xy-plane of the second pair frame. 

NOTE - See figure 5 .  

EXPRESS specification: 

*I 
ENTITY prismatic-pair 

END-ENTITY; 
SUBTYPE OF ( kinematic-pair); 

(* 

5.4.26 prismat ic-pair -value 

The prismatic-pair-value is the value of the pair parameter for the prismatic-pair. 
EXPRESS mecification: 
*) 
ENTITY prismatic-pair-value 
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actual translation 
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\\' - Zl 
i?, 

Figure 5 - Example of a joint representing a prismatic pair 

SUBTYPE OF (pair-value); 
SELF\pair-value.applies-to-pair : prismatic-pair; 
actual-translation : length-measure; 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\pair-value.applies-to-pair: the prismatic-pair to which the prismatic-pair-value 
applies. 

actual-translation: the value of the pair parameter. 

5.4.27 prismat ic-pairrange 

The prismatic-pairsange specifies the lower bound and the upper bound of the parameter 
range for the prismatic-pair. 
EXPRESS specification: 
*> 
ENTITY prismatic-pair-range 

SUBTYPE OF (simple-pair-range); 
SELF\simple-pair-range.applies-to-pair : prismatic-pair; 
lower-limit-actual-translation : translational-range-measure; 
upper-limit-actual-translation : translational-range-measure; 

WR1: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (lower-limit-actual-translation)) 

WHERE 

OR 
('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (upper-limit-actual-translation))) 

XOR 
(lower-limit-actual-translation < upper-limit-actual-translation) ; 

END-ENTITY; 
(* 
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Attribute definitions: 

SELF\simple-pairrange.applies-to-pair: the prismaticpair to which the prismatic- 
pairrange applies. 

loweriimit-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 are not given as 
unlimited. 

5.4.28 screw-pair 

A screw-pair constrains the motion between two adjacent links to a rotation about, and trans- 
lation along, a common axis, where the translation is proportional to the rotation. The factor 
of proportionality is given by pitch which defines the translational displacement for one 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. 

The motion of the second link with respect to the first link is specified by the angle required to 
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 translation of 
the second link along the z-axis shall depend on the rotation according to 

pitch . actual -rotation 
2lr 

translation = 

where actual-rotation is given in radians. 

Hence a full rotation (actual-rotation = 27r) displaces the xy-plane of the second pair frame by 
the value pitch in the positive z-direction relative 

NOTE 2 - The screw-pair does not distinguish 

EXPRESS specification: 

*> 
ENTITY screw-pair 

SUBTYPE OF (kinematic-pair) ; 
pitch : length-measure; 

END-ENTITY; 
(* 

Attribute definitions: 

pitch: the pitch of the screw. 

to the first pair frame. 

which one of its links is driving or driven. 
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NOTE - The relationship between actual rotation and actual translation as drawn in the fig- 
ure does not actually correspond to pitch. actual translation as drawn would result from an 
actual rotation covering more than a full revolution. 

Figure 6 - Example of a joint representing a screw pair 

5.4.29 screw -pair -value 

A screw-pair-value specifies the value of the pair parameter of the screw-pair. 
EXPRESS mecification: 

*> 
ENTITY screw-pair-value 

SUBTYPE OF (pair-value) ; 
SELF\pair-value.applies-to-pair : 
actual-rot at ion 

actual-translat ion 
DERIVE 

screw-pair ; 
plane-angle-measure; 

length-measure - 

:= SELF\pair-value.applies-to-pair\ 
screw-pair.pitch * 
plane-angle-for-pair-in-radian 

actual-rotation) / (2 * PI); 
(SELF\pair-value . applies-to-pair , 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\pair-va1ue.applies-to-pair: the screw-pair to which the screw-pair-value applies. 

actualrotation: the rotation angle of the screw-pair. 

actual-translation: the resulting translation. 
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5.4.30 screw-pair-range 

The screw-pairrange 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; 

WR1: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
WHERE 

TYPEOF (lower-limit-actual-rotation)) 
OR 
('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED_RNGE' 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 screw-pair to which the screw-pairrange 
applies. 

lower-limit-actualsotation: the minimum value of the pair parameter. 

upper-limitactual-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. 

5.4.3 1 cylindrical-pair 

The cylindrical-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. 
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actual 
actual translation 

Figure 7 - Example of a joint representing a cylindrical pair 

EXPRESS specification: 

*> 
ENTITY cylindrical-pair 

END-ENTITY; 
(* 

SUBTYPE OF (kinematic-pair); 

5.4.32 cylindrical-pair-value 

The cylindrical-pair-value specifies the set of pair parameters for a cylindrical-pair. 
EXPRESS specification: 

*I 
ENTITY cylindrical-pair-value 

SUBTYPE OF (pair-value) ; 
SELF\pair-value.applies-to-pair : cylindrical-pair; 
actual-translat ion : length-measure; 
actual-rotation : plane-angle-measure; 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\pair-value.applies-to-pair: the cylindrical-pair to a 
value applies. 

ich the cylindrical-pair-- 

actual-translation: the translation value. 

actualrotation: the angle of rotation. 
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5.4.33 cylindrical-pairrange 

The cylindrical-pairrange specifies the lower bound and the upper bound of the parameter 
range for the cylindrical-pair. 
EXPRESS specification: 

*I 
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-measure; 
upper-limit-actual-rotation : rotational-range-measure; 

WR1: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (lower-limit-actual-translation)) 

WHERE 

OR 
('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (upper-limit-actual-translation))) 

XOR 
(lower-limit-actual-translation < upper-limit-actual-translation); 

WRS: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (lower-limit-actual-rotat ion) ) 
OR 
('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (upper-limit-actual-rotat ion) ) ) 

XOR 
(lower-limit-actual-rotation < upper-limit-actual-rotation); 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\simple-pairrange.applies-to-pair: the cylindrical-pair to which the cylindrical-- 
pair-range applies. 

lower-limit-actual-translation: the minimum value of translation for the cylindrical-pair. 

upper-limit actual- t ranslat ion:  the maximum value of translation for the cylindrical-pair. 

lower-limitactual-rotation: the minimum value of rotation for the cylindrical-pair. 

upper-limitactualrotation: the maximum value of rotation for the cylindrical-pair. 

Formal propositions: 

WR1: 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 are required to rotate the x-, y-, and z-axes of the first pair frame until the axis directions 
of this frame coincide with the axis directions of the second pair frame. 

NOTE - See figure 8. 

EXPRESS specification: 

*> 
ENTITY spherical-pair 

END-ENTITY; 
SUBTYPE OF (kinematic-pair); 

(* 

5.4.35 spherical-pair -value 

The spherical-pair-value specifies the set of pair parameters for a spherical-pair. 
EXPRESS mecification: 

*> 
ENTITY spherical-pair-value 

SUBTYPE OF (pair-value) ; 
SELF\pair-value.applies-to-pair : spherical-pair; 
input-orientation : spatial-rotation; 

actual-orient at ion : ypr-rotation 
DERIVE 

:= convert-spatial-to-ypr-rotation 
(SELF\pair-value.applies-to-pair, 
input-orientation) ; 

END-ENTITY; 
(* 

At tribute definitions: 

SELF\pair-value.applies-to-pair: the spherical-pair to which the spherical-pair-value 
applies. 

input-orientation: the input specification of the pair parameter values from which the ac- 
tual-orientation is derived. input-orientation is either a yprrotation 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-- 
yprrot at ion. 
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* Y2 

NOTE ~ (XI, YI, z1) is the first pair frame, and (zz, y2, z2) is the second pair frame. (z', y', z') is 
an intermediate frame resulting from the yaw rotation of (xi, y1, z1) about z1. (d', y'', z")  results 
from the pitch rotation of (d, y', z ' )  about y'. The roll rotation of (d',y", z") about 2'' produces 
(22, Y2, 2 2 ) .  

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 parameter 
range for a spherical-pair. 
EXPRESS specification: 

*) 
ENTITY spherical-pair-range 
SUBTYPE OF (simple-pair-range); 
SELF\simple-pair-range.applies-to-pair : spherical-pair; 
lower-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; 

WR1: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIM1TED-MNGE' IN 
WHERE 

TYPEOF (lower-limit-yaw)) 
OR 
('KINEMATIC-STRUCTURE-SCHEMA.üNLIMITED-RANGE' IN 
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TYPEOF (upper-limit-yaw) )) 
XOR 
(lower-limit-yaw < upper-limit-yaw) ; 

WR2: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-UNGE' IN 
TYPEOF (lower-limit-pitch) ) 
OR 
('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (upper-limit-pitch) 1) 

XOR 
(lower-limit-pitch < upper-limit-pitch); 

WR3: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-UNGE' IN 
TYPEOF (lower-limit-roll)) 
OR 
('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (upper-limit-roll))) 

XOR 
(lower-limit-roil < upper-limit-roll); 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\simple-pairrange.applies-to-pair: 
pairrange applies. 

the spherical-pair to which the spherical-- 

lower-limit-yaw: the minimum value of the yaw angle for the spherical-pair. 

upper-limit-yaw: the maximum value of the yaw angle for the spherical-pair. 

lower-limit-pitch: the minimum value of the pitch angle for the spherical-pair. 

upper-limit-pitch: the maximum value of the pitch angle for the spherical-pair. 

lower-limitroll: the minimum value of the roll angle for the spherical-pair. 

upper- l imitrol l :  the maximum value of the roll angle for the spherical-pair. 

Formal propositions: 

WR1: The range of rotation about the z-axis of the spherical-pair shall be positive when 
both bounds are not given as unlimited. 

WR2: The range of rotation about the y-axis of the spherical-pair shall be positive when 
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 about 
two intersecting axes. 

NOTE - See figure 9. 

To measure those two angles of rotation, a frame system is defined on each of the links such 
that the origins coincide in the intersection point of the axes, the first z-axis coincides with the 
first axis of rotation, and the second x-axis coincides with the second axis of rotation. A third 
constant rotation is inserted between these two variable rotations. In order to migrate from the 
first pair frame to the second pair frame the following sequence of rotations has to be performed: 

rotation of the x1,y1-axes about the zi-axis by the amount specified by the first angle 1) 
yielding an intermediate frame denoted by (z’, y‘, z’ = 21); 

2) rotation of the z’,d-axes about the $-axis by the amount of the constant skew angle 
yielding a second intermediate frame denoted by (x”, y‘‘ = y’, z”); 

3) rotation of the y”,z”-axes about the $“-axis by the amount specified by the second 
angle, yielding the final frame (x2 = x”, 92, z2). 

EXPRESS mecification: 

*I 
ENTITY universal-pair 

SUBTYPE OF (kinematic-pair); 
input-skew-angle : OPTIONAL plane-angle-measure; 

skew-angle 

WRI: COS (plane-angle-for-pair-in-radian (SELF\kinematic-pair, skew-angle)) 

DERIVE 

WHERE 
: plane-angle-measure := NVL (input-skew-angle, 0.0); 

> 0.0; 
END-ENTITY; 
(* 

Attribute definitions: 

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

skew-angle: the angle by which the intersection angle between the two axes of rotation deviates 
from a right angle. If inputskew-angle is given, the value of skewangle becomes that of 
inputskewangle; otherwise it becomes zero. 

Formal propositions: 

WR1: The absolute value of skewangle 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 representing a universal pair 

EXPRESS specification: 
*> 
ENTITY universal-pair-value 

SUBTYPE OF (pair-value) ; 
SELF\pair-value.applies-to-pair : 
f irst-rotation-angle 
second-rotation-angle 

END-ENTITY; 
(* 

Attribute definitions: 

universal-pair; 
plane-angle-measure; 
plane-angle-measure; 

SELF\pair-value.applies-to-pair: the universal-pair to which the universal-pair-value 
applies. 

firstrotation-angle: the angle of rotation around the first axis. 

second-rotationangle: the angle of rotation around the second axis. 

5.4.39 universal-pair-range 

The universal-pairrange specifies the lower bound and the upper bound of the parameter 
range for the universal-pair. 
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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-limit-first-rotation : rotational-range-measure; 
lower-limit-second-rotation : rotational-range-measure; 
upper-limit-second-rotation : rotational-range-measure; 

WRI: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
WHERE 

TYPEOF (lower-limit-f irst-rotation) ) 
OR 
('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (upper-limit-first-rotation))) 

XOR 
(lower-limit-first-rotation < upper-limit-first-rotation); 

WR2: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (lower-limit-second-rotat ion)) 
OR 
('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (upper-limit-second-rotation))) 

XOR 
(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-- 
pairrange applies. 

lower-limitfirst-rotation: the minimum value of rotation around the first axis for the uni- 
versal-pair. 

upper-limitfirst-rotation: the maximum value of rotation around the first axis for the uni- 
versal-pair. 

lower-limitsecond-rotation: the minimum value of rotation around the second axis for the 
universal-pair. 

upper-limitsecond-rotation: the maximum value of rotation around the second axis for the 
universal-pair. 

Formal propositions: 

WR1: 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 
displacements required to translate the origin of the first pair frame in positive direction of the 
x- and 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 
around the common z-axis until its direction coincides with the direction of the x-axis of the 
second pair frame. 

NOTE - See figure 10. 

EXPRESS specification: 
*) 
ENTITY planar-pair 

END-ENTITY; 
SUBTYPE OF (kinematic-pair) ; 

(*  

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 : 
actual-rotation 
actual-translat ion-x 
actual-translation-y 

END-ENTITY; 
(* 

Attribute definitions: 

planar-pair; 
plane-angle-measure; 
length-measure; 
length-measure; 

SELF\pair-value.applies-to-pair: the planar-pair 
plies. 

to which the planar-pair-value ap- 

actualrotation: the value of the angle of rotation for a planar-pair. 

actual-translationx 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-pairrange 

The planar-pairrange 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: 

*I 
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; 

WR1: ( ( 'KINEMATIC-STRUCTURE-SCHEMA . UNLIMITED-RANGE' IN 
WHERE 

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); 

WR2: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-UNGE' IN 
TYPEOF (lower-limit-actual-translation-x)) 
OR 
('KINEMATIC-STRUCTUR-SCHEMA.UNL1MITED-MNGE' IN 
TYPEOF (upper-limit-actual-translat ion-x) ) 
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XOR 
(lower-limit-actual-translation-x < upper-limit-actual-translation-x); 

WR3: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (lower - 1 imit -actual-translat ion-y ) ) 
OR 
('KINEMATIC-STRUCTUR-SCHEMA.UNLIMITED,RANGE' IN 
TYPEOF (upper-limit-actual-translation-y))) 

XOR 
(lower-limit-actual-translat ion-y < upper-limit -actual-transiat ion-y) ; 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\simple-pairrange.applies-to-pair: 
range applies. 

the planar-pair to which the planar-pair-- 

lower-limitactualrotation: the minimum value of the angle of rotation for the planar-pair. 

upper-limit-actualrotation: 
pair. 

the maximum value of the angle of rotation for the planar-- 

lower-limit actual-translationx: the minimum value of translation in x-direction for the 
planar-pair. 

upper-limitactual-translationx: the maximum value of translation in x-direction for the 
planar-pair. 

lower-limit-actual-translation-y: the minimum value of translation in y-direction for the 
planar-pair. 

upperìimitactual-translation-y: the maximum value of translation in y-direction for the 
planar-pair. 

Formal propositions: 

WR1: The range of rotation of the planar-pair shall be positive when both bounds are not 
given as unlimited. 

WR2: The range of translation in x-direction of the planar-pair shall be positive when both 
bounds 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. 

2 ~ The concept of pair range is not applicable to an unconstrained-pair. 

EXPRESS specification: 

*) 
ENTITY unconstrained-pair 

END-ENTITY; 
(*  

SUBTYPE OF (kinematic-pair) ; 

5.4.44 unconstrained -pair-value 

An unconstrained-pair-value specifies the pair parameters for an unconstrained-pair. 

EXPRESS specification: 

*) 
ENTITY unconstrained-pair-value 
SUBTYPE OF (pair-value) ; 
SELF\pair-value.app1ie.s-to-pair : unconstrained-pair; 
actual-placement : axisS-placement-3d; 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\pair-value.applies-to-pair: the unconstrained-pair to which the unconstrained-- 
pair-value applies. 

actual-placement: the placement of the second pair frame with respect t o  the first pair frame 
for the unconstrained-pair. 

5.4.45 fully -constrained -pair 

The fully-constrained-pair prevents any relative motion between two adjacent links. The two 
pair frames are always forced to  coincide. 

NOTES 

1 - The fully-constrainedpair 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 

END-ENTITY; 
(* 

SUBTYPE OF (kinematic-pair) ; 

5.4.46 point -onsurface-pair 

The point-onsurface-pair constrains the motion of two links such that a point defined on 
the second link always lies on a surface defined on the first link. The actual location of this 
point on the surface is called the contact point. The contact point specifies an origin of a frame 
called the contact frame. The local normal to the surface in the contact point coincides with 
the z-axis of the contact frame. The x-axis of the contact frame is parallel to the tangent to the 
iso-parameter line of the surface for the first surface parameter, which passes the contact point, 
and points into the direction where the first surface parameter increases. 

NOTES 

1 - Translational motion of the second link is constrained to the two-dimensional parameter space 
of the surface, while its rotational motion about the contact point is not constrained. Therefore, a 
point-onsurface-pair behaves like a spherical-pair that additionally may move along a surface 
on the first link. 

2 - See figure 11. 

To support the measure of motion, a pair frame is defined on each of the links. The representation 
fl(u, u )  is defined relative to the pair frame on the first link. The translational motion is given 
by the actual surface parameters of the contact point, u1 and VI. 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. 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 ' P F ,  relative to the first pair frame: 

1 origin, = fi(u1,v1) 

x-vector, = l u = u l < u = v l  ; 

w-vector, = l u = u I , u = v l  

-1 - x-vector: 
xc - 1 Ix-vector, I 

-1 w -vector: 
w, = 

Iw-vector,I 1 
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increasing 
= constant 

first 

1 
Y, 

y, pair frame 

XI 

Figure 11 - Example of a point on surface pair 

1 z-vector, = T$ x T: ; 

1 y-vector, = Z: x :i ; 

-1 z-vector: z ,  = 
Iz-vector, I 1 

-, u-vector, 1 
c 

Y ; =  - 1 ly-vector, I 

1 origin, and the three direction vectors BA, VA, and ZA may be used to establish the rigid 
homogeneous matrix representation of the placement of the contact frame ‘ P F ,  relative to 
the first pair frame. 

2) Rotate the zA,yE-axes about the zc-axis by the amount specified by the yaw angle. This 
yields an intermediate frame the axes of which are denoted by (d, y’, z’ = 2:). 

3) Rotate the z’,d-axes about the y’-axis by the amount specified by the pitch angle. This 
yields a second intermediate frame denoted by (d’, y” = y’, z”). 

4) Finally, rotate the y”,z”-axes about the z”-axis by the amount specified by the roll 
angle. The resulting frame (z2 = d’, y2, z2) now coincides with the pair frame on the second 
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link. 

EXPRESS mecification: 

@ I S 0  

*) 
ENTITY point-on-surface-pair 

SUBTYPE OF (kinematic-pair) ; 
pair-surf ace : surf ace; 

WR1: frame-associated-to-background 
WHERE 

(SELF\kinematic-pair.pair-placement-in-first-li~-context, 
pair-surf ace) ; 

END-ENTITY; 
(* 

Attribute definitions: 

pairsurface: the surface on the first link of the pair on which the point on the second link is 
sliding. 

Formal propositions: 

WR1: The pairsurface of a point-onsurface-pair shall be in the items set of a kine- 
maticframe-background-representation which, in turn, is related to the kinematic- 
linkrepresentation of the first link of the point-onsurface-pair by a kinematic-frame-- 
background-representation-association. The transformerframe in the transforma- 
tion-operator of this relationship shall be the pair-placement infirst-link-context of the 
point-onsurface-pair. These requirements are checked by the function frameassociated-- 
to-background. 

Informal DroDositions: 

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

NOTE 3 - This is equivalent to requiring the pairsurface to be G1 continuous throughout and 
that, in the case of a rectangular-compositesurface, the transition-code shall be a.t least 
contsamesradient at each segment junction curve. (See IS0 10303-42.) 

5.4.47 point -on surface -pair -value 

The point -onsurface-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 : 
actual-point-on-surface 
input-orientat ion 

DERIVE 

point-on-surface-pair; 
point-on-surface; 
spat ial-rot at ion; 
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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 -0nsurface-pair to which the point-onsur- 
face-pair-value applies. 

actual-point-onsurface: the positional value for the point on the surface. 

input-orientation: the input specification of the rotational pair parameter values from which 
the actual-orientation is derived. input-orientation is either a ypr-rotation or a rota- 
tion-about -direction. 

actual-orientation: the set of rotational pair parameter values for a point-onsurface-pair 
according to the ypr notation. This is derived from input-orientation by the function con- 
vert -spat ial-to-ypr-rotation. 

Formal propositions: 

WR1: actual-point-onsurface shall be defined as a point on the pairsurface of the point-- 
on-surface-pair referenced by applies-to-pair. 

5.4.48 point -on-surface-pair-range 

The point-on-surface-pairrange specifies the lower bound and the upper bound of the pa- 
rameter range for the point-on-surface-pair. 
EXPRESS mecification: 
*> 
ENTITY point-on-surface-pair-range 
SUBTYPE OF (simple-pair-range); 
SELF\simple-pair-range. applies-to-pair : point-on-surf ace-pair ; 
range-on-pair-surface : rectangular-trimmed-surface; 
lower-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; 

WR1: SELF\slmple-pair-range.applies-to-pair\point_on_surface-pair.pair-surface 

WR2: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 

WHERE 

:=: range-on-pair-surface.basis-surface; 

TYPEOF (lower-limit-yaw)) 
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OR 
('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (upper-limit-yaw) 1) 

XOR 
(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))) 

XOR 
(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) ) ) 

XOR 
(lower-limit-roll < upper-limit-roll) ; 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\simple-pairrange.applies-to-pair: 
onsurface-pairxange applies. 

the point-onsurface-pair to which the point-- 

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

lower-limit-yaw: the minimum value of the yaw angle for the point -onsurface-pair. 

upperlimit-yaw: the maximum value of the yaw angle for the point-onsurface-pair. 

lower-limit-pitch: the minimum value of the pitch angle for the point-onsurface-pair. 

upperlimit-pitch: the maximum value of the pitch angle for the point-onsurface-pair. 

lower-limitroll: the minimum value of the roll angle for the point-onsurface-pair. 

upperlimitroll: the maximum value of the roll angle for the point-onsurface-pair. 
Formal propositions: 
WR1: The underlying surface of range-on-pairsurface in the range specification shall be 
identical with the surface pairsurface in the point -onsurface-pair specification. 

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

WR3: The range of rotation about the y-axis of the point-onsurface-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-onsurface-pair shall be positive 
when both bounds are not given as unlimited. 

5.4.49 surface-pair 

A surface-pair constrains the motion of two links along a surface on each of the links such 
that they always have contact in at least one common point. This point lies on a surface 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 xy-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 frame. For 
the subsequent specification both surface representations need to be expressed in a common 
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; 
uq, 'uq parameters of the surface on the second link; 
'fp(up, up)  representation of the surface on the first link relative to the world coordinate 

system; 
Ofq(.,, up)  representation of the surface on the second link relative to the world coordinate 

system; 
xp, y p ,  zp  axes of the first pair frame; 
X q r  Y S ?  zg axes of the second pair frame; 
XE, y!, z: axes of the contact frame, defined with respect to the first pair frame, but not 

taking into account the surface orientations and the respective rotation; 
x:, y;, z,Q axes of the contact frame, defined with respect to the second pair frame; 
x,, y,, z, axes of the contact frame, defined with respect to the first pair frame after the 

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

NOTE 1 - See figure 12 for an exploded view of a surface pair. There is a rotation angle of -15" 
between xf and x;, and orientation is FALSE. 

The following equations apply to sliding-surface-pair (see 5.4.52) and rolling-surface-pair 
(see 5.4.54). 

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

origin, 9 0  = f g ( u q , v q )  

zu-vector: = a O f t 7  Iu=uq,u=yq 

- x -v ector x: = Q Iz-vector,( 

zu-vector, Q 
- w: = 

lw-vectorzl 
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v, increasing 

u, increasing 
v, = constant 

- - - - - _ _ _  

parallel rotation -1  5' 

I 
I orientation = FALSE 

I 
I 

I 
/ 

I 
I 

I 
I 

conta 
point 

If Up = constant 

BISO 

first 
y, pair fiame 

-3 

Figure 12 - Example of a surface pair. 
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y-vector: = Z! x T! ; 
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y -vector; 
- 1 y-vector: 1 

4 7 -  - 

origin: and the three direction vectors :C, y!, and Zz may be used to establish the rigid ho- 
mogeneous matrix representation of the placement of the contact frame qPF, 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: 

origin: = OfP(up, u p )  

x-vector: = / u = u p , u = ~ p  

- x-vector: 
XE = 

1s-vector: I 

-P - w -vect or: 
'w, - lw-vectorC) 

z-vector: = ÜJ: x T: ; 
z-vector: 

zc - Jz-vectorCI 
-P - 

y-vector: = 3: x T E  ; 
- y -vector; 
- Iy-vectorCl 

P -  

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, = origin: = origin, 47 

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 3, as evaluate$ above, are either 

1) Z, = ZC = 8 or 

2) z c = q = - q  
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In case 1, orientation is TRUE and both z-directions are identical. 

In case 2, orientation is FALSE and 2: (as well as y:) is rotated by 71 about the XC direction. 

Finally, XC has to be rotated about z, until it coincides with zc. 

NOTE 3 - The rotation angle to achieve this is defined by the actualrotation attribute of slid- 
ingsurface-pair-value (see 5.4.52) and of rollingsurface-pair-value (see 5.4.54), respectively. 

EXPRESS specification: 

*> 
ENTITY surface-pair 

SUBTYPE OF (kinematic-pair) ; 
surf ace-1 : surf ace ; 
surf ace-:! : surf ace ; 
orientation : BOOLEAN; 

WRl: frame-associated-to-background 
WHERE 

(SELF\kinematic_pair.pair_placement-in-first-link-context, 
surf ace- i) ; 

WR2: frame-associated-to-background 
(SELF\kinemat ic-pair . pair -placement - in- second-1 ink-cont ext , 
surf ace-2) ; 

END-ENTITY; 
(* 

Attribute definitions: 

surface-1: the contact surface on the first link, defined in the coordinate system specified by 
SELF\kinematic-pair.pair-placement infirst -link-context . 

surface-2: the contact surface on the second link, defined in the coordinate system specified 
by SELF\kinematic-pair.pair_placementinsecond-link-context. 

orientation: an indication of whether the z-direction of the second surface agrees with the 
z-direction of the first surface. 

Formal propositions: 

WR1: surface-1 of a surface-pair shall be in the items set of a kinematicframe-back- 
groundrepresentation which, in turn, is related to the kinematic-linkrepresentation of 
the first link of the surface-pair by a kinematicframe-background-representationasso- 
ciation. The transformerframe in the transformation-operator of this relationship shall 
be the pair-placement-infirst-link-context of the surface-pair. These requirements are 
checked by the function frameassociated-to-background. 

WR2: surface-2 of a surface-pair shall be in the items set of a kinematic-frame-back- 
groundrepresentation which, in turn, is related to the kinematicìinkrepresentation of 
the second link of the surface-pair by a kinematic-frame-background-representation-- 
association. The transformerframe in the transformation-operator of this relationship 
shall be the pair-placement-insecond-link-context of the surface-pair. These require- 
ments are checked by the function frameassociated-to-background. 
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Informal propositions: 

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 throughout 
and that, in the case of a rectangular-compositesurface, the transition-code shall be at least 
cont samesradient at each segment junction curve. (See IS0 10303-42.) 

orientation: If the directions zq and z? are identical, the orientation shall be set TRUE. If 
the directions xq and zf are oriented in the opposite direction to each other, the orientation 
shall be set FALSE. 

5.4.50 surface-pair -range 

The surface-pairrange specifies the lower bound and the upper bound of the parameter range 
for the surface-pair. 
EXPRESS specification: 

*I 
ENTITY surface-pair-range 

SUBTYPE OF (simple-pair-range); 
SELF\simple-pair-range.applies-to-pair : surface-pair; 
range-on-surf ace-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; 

WR1: SELF\simple-pair-range.applies_to_pair\surface-pair .surface-l  :=: 

WR2: SELF\simple-pair-range.applies-to-pair\surface_pair.surface-:! :=: 

WR3: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGEJ IN 

WHERE 

range-on-surface-l.basis-surface; 

range-on-surface-2.basis-surface; 

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 surface-pair to which the surface-pair-- 
range applies. 

range-onsurface-1: the admissible range for the positional pair parameter value on the first 
contact surface. 
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range-onsurface-2: the admissible range for the positional pair parameter value on the second 
contact surface. 

lower-limitactualrotation: the minimum value of the pair rotation parameter 

upper-limit-actualrotation: the maximum value of the pair rotation parameter. 

Formal propositions: 

WR1: The underlying surface of range-onsurface-1 in the range specification shall be iden- 
tical with the surface surface-1 in the surface-pair specification. 

WR2: The underlying surface of range-onsurface-2 in the range specification shall be iden- 
tical with the surface surface-2 in the surface-pair specification. 

WR3: The range of rotation of the surface-pair shall be positive when both bounds are not 
given as unlimited. 

5.4.5 1 slidingsurface-pair 

A slidingsurface-pair specifies the sliding motion between the two contact surfaces of a cur- 
face-pair. See 5.4.49. 
EXPRESS mecification: 

*> 
ENTITY sliding-surface-pair 

END-ENTITY; 
(* 

SUBTYPE OF (surf ace-pair) ; 

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. 
EXPRESS specification: 

*I 
ENTITY sliding-surface-pair-value 
SUBTYPE 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; 

Wñl: SELF\pair-value.applies-to,pair\surface_pair.surface-l :=: 

WR2: SELF\pair~value.applies~to~pair\surface~pair.surface~2 :=: 

WHERE 

actual-point-on-surface-1.basis-surface; 

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-onsurface-1: the contact point of the contact surface (surface-1) of the first 
link. 

actual-point-onsurface-2: the contact point of the contact surface (surface-2) of the second 
link. 

actual-rotation: the angle required to rotate the @-direction of the first link surface around 
the .+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-onsurface-2 shall be defined as a point on surface2 of the surface-- 
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 

END-ENTITY; 
(* 

SUBTYPE OF (surface-pair); 

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 mecification: 
*> 
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-rotat ion : plane-angle-measure; 

WRI: SELF\pair-value.applies_to_palr~surface_pair.surface-l :=: 
WHERE 

actual-point-on-surface.basis-surface; 
END-ENTITY; 
(* 
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At tribut e definit ions: 

SELF\pair-value.applies-to-pair: the rollingsurface-pair to which the rolling-surface-- 
pair-value applies. 

actual-point-onsurface: the contact point of the contact surface (surface-1) of the first link. 

actualrotation: the angle required to rotate the z{-direction of the first link surface around 
the 2,-direction of that surface until it coincides with the 2,-direction of the second link surface. 

Formal propositions: 

WR1: actual-point-onsurface shall be defined as a point on surface-1 of the surface-pair 
referenced by applies-to-pair. 

5.4.55 point -on-planar -curve-pair 

The point-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 the contact point is not constrained. Therefore, 
a 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 
contact frame is parallel to the tangent to the curve in the contact point and points into the 
direction where the curve parameter increases. The y-axis of the contact frame is normal to the 
plane in which the curve is defined. Hence, the z-axis of the contact frame coincides with a local 
normal to the curve which lies in the 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 zi-axis. 

To support the measure of 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 translational motion is given by the actual curve parameter of the contact point, u1. 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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2 z, =z, 

pair fiame 

~ -+ XI I- * YC=Y* 
- - - - - -  - _ _ _ -  - _ _  

orientation = TRUE - - _  

= I  

Figure 13 - Example of a point on planar curve pair 

parameter of the curve on the first link; 
parameter of the contact point on the curve on the first link; 
representation of the curve on the first link relative to the first pair frame; 
axes of the first pair frame; 
axes of the second pair frame; 
axes of the contact frame, defined with respect to the first pair frame, but not 
taking into account the rotational motion; 
axes of the contact frame, defined with respect to the first pair frame, when 
the yaw rotation has been taken into account; 
axes of the contact frame, defined with respect to the first pair frame, when 
the yaw and pitch rotations have been taken into account; 
axes of the contact frame, defined with respect to the first pair frame, when 
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 ' P F C  relative to the first pair frame: 

origin, 1 = f(u1) 
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x-vector, = - 
-1 x-vector: 
2, = 

Iz-vector, I 1 

y: is required to be parallel to 21; hence, either 

-1 - - 
Y c  - z1 

or 

In the first case, orientation is TRUE and the direction of y: agrees with that of z1. In the 
second case, orientation is FALSE and the direction of y: is opposite to that of z1. 

1 z-vector, = $ x j j k  ; 
z -u ect or C. 

2, - 1 (z-vector, 1 
-1 - 

1 origin, and the three direction vectors E:,  y:, and z: may be used to establish the rigid 
homogeneous matrix representation of the placement of the contact frame ' P F ,  relative to 
the first pair frame. 

2) Rotate the zi,yA-axes about the zc-axis by the amount specified by the yaw angle. This 
yields an intermediate frame the axes of which are denoted by (z', y', z' = 2:). 

3) Rotate the z',x'-axes about the y'-axis by the amount specified by the pitch angle. This 
yields a second intermediate frame denoted by (z", y" = y', 2"). 

4) Finally, rotate the y",z"-axes about the z"-axis by the amount specified by the roll 
angle. The resulting frame (z: = z", y:, z,") now coincides with the pair frame on the second 
link, denoted by (z2) y2, z2). 

EXPRESS specification: 

*> 
ENTITY point-on-planar-curve-pair 

SUBTYPE OF (kinematic-pair) ; 
pair-curve : curve; 
orientation : BOOLEAN; 

WRl: frame-associated-to-background 
WHERE 

(SELF\kinemat i c-pair . pair-placement - in-f irst -link- cont ext , 
pair-curve) ; 

END-ENTITY; 
(* 
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Attribute definitions: 

pair-curve: the planar curve on the first link of the pair on which the point on the second link 
is sliding. 

orientation: a flag indicating whether the y-axis of the unrotated contact frame agrees with 
the z-axis of the pair frame on the first link. 

Formal DroDositions: 

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- 
linkrepresentation of the first link of the point-on-planar-curve-pair by a kinematic- 
frame-background-representationassociation. The transformer frame in the trans- 
formation-operator of this relationship shall be the pair-placement infirst-link-context 
of the point-on-planar-curve-pair. These requirements are checked by the function frame-- 
associat ed-t o-background. 

Informal propositions: 

planar curve: The curve used as pair-curve shall be planar. 

continuous curve: The curve used as pair-curve shall be smooth in its entire domain, and 
its tangent vector shall change its direction only in a steady manner, regardless of whether 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 compositexurve, the transition-code shall be at least contsarnegradient at 
each segment junction point. (See IS0 10303-42.) 

orientation: If the directions z1 and y: are identical, the orientation shall be TRUE. If the 
directions z1 and y: are oriented in the opposite direction, the orientation shall be FALSE. 

5.4.56 point-on-planar-curve-pair-value 

The point-on-planar-curve-pair-value specifies the pair parameters for the point-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; 

actual-orientatton : ypr-rotation 
DERIVE 

:= convert-spatial-to-ypr-rotation 
(SELF\pair-value . applies-to-pair 
input -orientation) ; 

WHERE 
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WRl: SELF\pair-value.applies-to_pair\point-on-planar-curve-pair.pair_curve 
:=: actual-point-on-curve.basis-curve; 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\pair-value.applies-to-pair: the point -on-planar-curve-pair to which the point -- 
on-planar-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 values from which 
the actual-orientation is derived. input-orientation is either a yprsotation or a rota- 
tionabout -direct ion. 

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 input-orientation by the 
function convert spatial-to-yprrotation. 

Formal propositions: 

WR1: 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-pair. 

5.4.57 point -omplanar -curve-pair-range 

The point-on-planar-curve-pairrange specifies the lower bound and the upper bound of 
the parameter range for the point-on-planar-curve-pair. 
EXPRESS specification: 

*> 
ENTITY point-on-planar-curve-pair-range 
SUBTYPE OF (simple-pair-range); 
SELF\simple-pair-range . applies-to-pair : point -on-planar-curve-pair; 
range-on-pair-curve : trimmed-curve; 
lower-limit-yaw : rotational-range-measure; 
upper-limit-yaw : rotational-range-measure; 
lower-limit-pitch : rotational-range-measure; 
upper-limit-pitch : rotat ional-range-measure ; 
lower-limit-roll : rotational-range-measure ; 
upper-limit-roll : rotational-range-measure; 

WR1: SELF\simple-pair-range.applies-to-pair\ 
WHERE 

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-1 imit -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))) 

XOR 
(lower-limit-pitch < upper-limit-pitch); 

WR4: (('KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE' IN 
TYPEOF (lower-limit-roll)) 
OR 
('KINEMATIC-STRUCTURE-SCHEMA.UNL1MITED-RANGE' IN 
TYPEOF (upper-limit-roll))) 

XOR 
(lower-limit-roll < upper-limit-roil); 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\simple-pairrange.applies-to-pair: the point -on-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 on the 
contact curve on the first link. 

lower-limit-yaw: the minimum value of the yaw angle for the point-on-planar-curve-pair. 

upper-limit-yaw: the maximum value of the yaw angle for the point-on-planar-curve-pair. 

lower-limit-pitch: the minimum value of the pitch angle for the point-on-planar-curve-- 
pair. 

upper-limit-pitch: the maximum value of the pitch angle for the point-on-planar-curve-- 
pair. 

lower-limit roll: the minimum value of the roll angle for the point-on-planar-curve-pair. 

upper-limit roll: the maximum value of the roll angle for the point-on-planar-curve-pair. 

Formal propositions: 

WR1: The underlying curve of range-on-pair-curve in the range specification shall be iden- 
tical with the curve pair-curve in the point-on-planar-curve-pair specification. 

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 

A planar-curve-pair constrains the motion of two links along a planar curve on each of the 
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 frame called a contact frame. The common plane is the xy-plane of the contact frame. To 
measure motion, a pair frame is defined on each of the links. The representation f ( u )  of the two- 
dimensional curves is given in the xy-plane of the corresponding pair frame. For the subsequent 
specification both curve representations need to be expressed in a common coordinate system. 
The world coordinate system is used for this purpose. 

The following notation is used: 

parameter of the curve on the first link; 
parameter of the curve on the second link; 
representation of the curve on the first link relative to the world coordinate 
system; 
representation of the curve on the second link relative to the world coordinate 
system; 
axes of the first pair frame; 
axes of the second pair frame; 
axes of the contact frame, defined with respect to the first pair frame, but not 
taking into account the curve orientations; 
axes of the contact frame, defined with respect to the second pair frame; 
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, 
as the x-axes have opposite directions. 

The following equations apply to sliding-curve-pair and rolling-curve-pair. 

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

origin: = Ofq(uq> 

+l-- z ,  - z ,  (normal of the common plane) 

x-vector: = yC x ; 
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\ 

orientation = FALSE 

up increasing 

Figure 14 - Example of a planar curve pair. 
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origin: and the three direction vectors Z:, y:, and e may be used to establish the rigid ho- 
mogeneous matrix representation of the placement of the contact frame qPF, 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. 

origin: = O fp(up) 

-P z, - - - zc (normal of the common plane) 

y-vector: = - 

x-vector: = j$’ x ; 

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, = origin: = originC 

The z-directions are all normal to the same plane; hence 

At this stage, the direction vectors ZC and e are either 

1) zc = TZ = e or 

2) Z c = ? Q = - q  

In case 1, orientation is TRUE and both x-directions are identical. 

In case 2, orientation is FALSE and s: (as well as y!) is rotated by 7r about the z, direction. 
EXPRESS specification: 

*I 
ENTITY planar-curve-pair 

SUBTYPE OF (kinematic-pair); 
curve-1 : curve; 
curve-a : curve; 
orientation : BOOLEAN; 

WR1: frame-associated-to-background 
WHERE 

(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; 
(* 

Attribute definitions: 

curve-1: the contact curve on the first link, defined in the coordinate system specified by 
SELF\kinematic-pair.pair_placementinfirst-link-context. This curve shall lie within a 
plane. 

curve-a: the contact curve on the second link, defined in the coordinate system specified 
by SELF\kinematic-pair.pair-placement insecond-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 kinematicframe-- 
backgroundrepresentation which, in turn, is related to the kinematiciinkrepresenta- 
tion of the first link of the planar-curve-pair by a kinematicframe-background-repre- 
sentation-association. The transformer-frame in the transformation-operator of this 
relationship shall be the pair-placement-infirst -link-context of the planar-curve-pair. 
These requirements are checked by the function frameassociated-to-background. 

WR2: curve-a of a planar-curve-pair shall be in the items set of a kinematicframe-- 
background-representation which, in turn, is related to the kinematiciinkrepresenta- 
tion of the second link of the planar-curve-pair by a kinematicframe-background-repre- 
sentation-association. The transformer-frame in the transformation-operator of this 
relationship shall be the pair-placementinsecond-link-context of the planar-curve-pair. 
These requirements are checked by the function frameassociated-to-background. 
Informal propositions: 

planar curves: The curves used as curve-1 and curve-a shall be planar curves. 

continuous curves: The curves used as curve-l and curve-a shall be smooth in their entire 
domain, and their tangent vectors shall change their direction only in a steady manner, regardless 
of whether the curves are composite or not. 

NOTE 3 - This is equivalent to requiring curve-1 and curve-a to be G l  continuous throughout 
and that, in the case of a composite-curve, the transition-code shall be at least contsarne-- 
gradient at each segment junction point. (See IS0 10303-42.) 

orientation: If the directions xq and XC are identical, the orientation shall be TRUE. If the 
directions zq and XC are oriented in the opposite direction, the orientation shall be FALSE. 
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5.4.59 planar-curve-pairrange 

The planar-curve-pairrange specifies the lower bound and the upper bound of the parameter 
range of the planar-curve-pair. 
EXPRESS specification: 

*) 
ENTITY planar-curve-pair-range 

SUBTYPE OF (simple-pair-range) ; 
SELF\simple-pair-range.applies-to-pair : planar-curve-pair; 
range-on-curve-I : trimmed-curve; 
range-on-curve-2 : trimmed-curve; 

WRI: SELF\simple-pair-range.applies_to-pair\planar-curve-pair.curve-l :=: 

WR2: SELF\simple-pair-range.applies_to-pair\planar-curve_pair.curve-2 :=: 

WHERE 

range-on-curve-1.basis-curve; 

range-on-curve-2.basis-curve; 
END-ENTITY; 
(* 

Attribute definitions: 

SELF\simple-pairxange.applies-to-pair: the planar-curve-pair to which the planar-- 
curve-pairrange applies. 

range-on-curve-1: the admissible range for the positional pair parameter value on the curve 
on the first link of the pair. 

range-on-curve-2: the admissible range for the positional pair parameter value on the curve 
on the second link of the pair. 

Formal propositions: 

WR1: The underlying curve of range-on-curve-1 in the range specification shall be identical 
with the curve curve-1 in the planar-curve-pair specification. 

WR2: The underlying curve of range-on-curve-2 in the range specification shall be identical 
with the curve curve-a in the planar-curve-pair specification. 

5.4.60 sliding-curve-pair 

A sliding-curve-pair specifies the sliding motion between the curves on the two links of a 
planar-curve-pair. 
EXPRESS specification: 

*) 
ENTITY sliding-curve-pair 

END-ENTITY; 
SUBTYPE OF (planar-curve-pair); 

(* 
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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-I : point-on-curve; 
actual~point~on~curve~2 : point-on-curve; 

WRI: SELF\pair-value.applies-to_pair\planar-curve_pair.curve-l :=: 

WR2: SELF\pair-value.applies-to-pair\planar_curve-pair.curve-S :=: 

WHERE 

actual-point-on-curve-1,basis-curve; 

actual-point-on-curve-2.basis-curve; 
END-ENTITY; 
(* 

Attribute definitions: 

SELF\pair-value.applies-to-pair: the sliding-curve-pair to which the sliding-curve-- 
pair-value applies. 

actual-point-on-curve-1: the contact point, defined in the parameter space of the curve on 
the first link. 

actual~point~on~curve~2: the contact point, defined in the parameter space of the curve on 
the second link. 

Forriial propositions: 

WR1: actual-point-on-curve-1 shall be defined as a point on curve2 of the planar-- 
curve-pair referenced by applies-to-pair. 

WR2: actual~point~on~curve~2 shall be defined as a point on curve-a of the planar-- 
curve-pair referenced by applies-to-pair. 

5.4.6 2 rolling-curve-pair 

A rolling-curve-pair specifies the rolling motion between the curves on the two links of a 
planar-curve-pair . 
EXPRESS specification: 

*> 
ENTITY rolling-curve-pair 

END-ENTITY; 
SUBTYPE OF (planar-curve-pair) ; 

(* 
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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 mecification: 

*I 
ENTITY rolling-curve-pair-value 

SUBTYPE OF (pair-value) ; 
SELF\pair-value.applies-to-pair : rolling-curve-pair; 
actual-point-on-curve-1 : point-on-curve; 

WR1: SELF\pair_value.applies-to-pair\planar-c~ve-pair.curve-l :=: 
WHERE 

actual-point-on-curve-l.basis-curve; 
END-ENTITY; 
(* 

Attribute definitions: 

SELF\pair-value.applies-to-pair: the rolling-curve-pair to which the rolling-curve-- 
pair-value applies. 

actual-point-on-curve-1: the contact point, defined in the parameter space of the curve on 
the first link. 

Formal DroDositions: 

WR1: actual-point-on-curve-1 shall be defined as a point on curve-1 of the planar-- 
curve-pair referenced by applies-to-pair. 

5.4.64 gear-pair 

The gear-pair constrains the motion between two adjacent links to a rolling (and potentially 
sliding) motion of the second link along the first link. 

To measure the motion of the second link with respect to the first link, a frame is defined on 
each 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 
“geariatio” are shown. The lower gear always represents the first link; the upper gear is the 
second link. 

The direction of the z-axis is perpendicular to the plane of the circle. In a reference situation 
(with both rotation values being zero) the x-axis of the first link points from the origin towards 
the point of contact with the second link, while on the second link the x-axis points away from 
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 gear axis while maintaining the distance (sum of the radii), the bevel, and the helical angle 
plus a rotation of the second gear about its own axis according to: 

actual-rotation2 = -gear-ratio . actual-rotation-l 
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bevel= O 
helical angle = O 

gear ratio= 2 

f 

O O 
45" 90" 

2 2 

bevel= 90" 180" 
helical angle = O O 

gear ratio = 2 2 

45" 
3 O" 

1 

Figure 15 - Examples of gear pairs in different situations. 
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Thus absolute bevel values between O and 
between and 7r represent internal gears. 

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

represent external gears while absolute bevel values 

- -  zp .  xq = cos(beveZ) 

with bevel E ] - 7r,7r], 

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

g p .  (zP x :,) = sign(beveZ) 

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

gP . g, = cos(heZica1-angle) 

with helical-angle E ] - 7r, 7r3, 

where in case of cos(heZica1-angle) = O, the sign of the helical angle is defined according to: 

- x, . (Yp x y,) = sign(heZicaZ-angle) 

NOTE 2 - In some cases the gear ratio depends on the radii of the rolling circles and also on 
the characteristics of the gear toothing such as in worm gears. For this reason the gear ratio is 
defined and not derived from the ratio of the two radii. Hence, the two radii are used to determine 
the geometrical arrangement of the two gears relative to each other in conjunction with bevel and 
helical angle, while the gear ratio determines the ratio of the second gear motion with respect to the 
rotation of the contact point about the first gear axis. 

One way to construct the geometrical arrangement of the second gear relative to the first one is as 
follows: 

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

EXPRESS sDecification: 
~ 

*I 
ENTITY gear-pair 

SUBTYPE OF (kinematic-pair) ; 
radius-first-link : length-measure; 
radius-cecond-link : length-measure; 
bevel : plane-angle-measure; 
he 1 i cal - angle : plane-angle-measure; 
gear -rat io : REAL; 

END-ENTITY; 
(* 
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Attribute definitions: 

radiusfirst-link: the radius of the rolling circle of the first link. 

radiussecond-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 defined 
here may not be the primary design targets. In the case of a planetary gear mechanism, for example, 
it is more important to know the rotation angles of the planetary gears with respect to an inertial 
coordinate system t,han the rotation angles between the planetary gears and the frames which support 
them. See [i] for a detailed description of this specific example. 

For a given configuration of pairs within a mechanism, the more global motion parameters can be 
derived, in general, from the individual pair parameters and vice versa. This is not possible, however, 
generically without knowledge of the configuration. Therefore, the specification of functions which 
provide such deriva,tions is left to an application protocol for which these derivations are required. 

EXPRESS specification: 

*> 
ENTITY gear-pair-value 
SUBTYPE OF (pair-value) ; 
SELF\pair-value.applies-to-pair : gear-pair; 
actual-rotat ion-1 : plane-angle-measure; 

actual-rot at ion-2 : plane-angle-measure 
DERIVE 

.- .- - actual-rotation-1 * 
SELF\pair-value . applies-to-pair\ 
gear-pair . gear-ratio; 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\pair-value.applies-to-pair: the gear-pair t o  which the gear-pair-value applies. 

actual-rotation-1: the value of the pair parameter of the first link. 

actualrotation-2: the value of the  pair parameter of the second link. 
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5.4.66 gear-pairrange 

The gear-pairrange specifies the lower bound and the upper bound of the parameter range 
of the gear-pair. 
EXPRESS specification: 

*I 
ENTITY gear-pair-range 

SUBTYPE OF (simple-pair-range) ; 
SELF\simple-pair-range.applies-to-pair : gear-pair; 
lower-limit-actual-rotation-l : rotational-range-measure; 
upper-limit-actual-rotation-I : rotational-range-measure; 

WR1: (('KINEMATIC-STRUCTURE-SCHEMA.UNL1MITED-MNGE' IN 
TYPEOF (lower-limit-actual-rotat ion-1) ) 

WHERE 

OR 
('KINEMAT1C-STRUCTUR-SCHEMA.UNLIMITED-MNGE' IN 
TYPEOF (upper-limit-actual-rotation-1))) 

XOR 
(lower-limit-actual-rotation-i < 
upper-limit-actual-rotation-1); 

END-ENTITY; 
(*  

Attribute definitions: 

SELF\simple-pairrange.applies-to-pair: the gear-pair to which the gear-pairrange 
applies. 

lower-limit-actualsotation-1: the minimum value of the pair parameter of the first link. 

upper-limit_actualrotation-l: the maximum value of the pair parameter of the first link. 

Formal propositions: 

WR1: The range of rotation of the gear-pair shall be positive when both bounds are not given 
as unlimited. 

5.4.67 rack-and-pinion-pair 

The rack-and-pinion-pair describes a pinion rolling on a rack where the rotation axis of the 
pinion 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. 

78 

Copyright International Organization for Standardization 
Provided by IHS under license with ISO Licensee=University of Alberta/5966844001, User=sharabiani, shahramfs

Not for Resale, 12/20/2013 07:20:02 MSTNo reproduction or networking permitted without license from IHS

-
-
`
,
,
,
,
,
,
,
,
`
,
`
,
,
,
,
,
`
,
`
`
`
,
`
`
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



STD-IS0 L0303-Lû5-ENGL 1796 Li851703 Ob73300 Libb 

@IS0 IS0  10303-105:1996(E) 

rolling 

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

In a reference situation (with both pair parameter values being zero), the x-axis of the pinion 
points from the origin away from the point of contact with the rack. In the same reference 
situation, the x-axis of the rack points from the point of contact towards the center of the 
pinion. Motion is measured in terms of the translation of the contact point along the y-axis of 
the rack (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 is composed of a translation and a rotation where 
the rotation part is calculated from: 

actual displacement 
pinion-radius 

actual rotat ion = 

EXPRESS sDecification: 

*> 
ENTITY rack-and-pinion-pair 
SUBTYPE OF (kinematic-pair) ; 
pinion-radius : length-measure; 

END-ENTITY; 
(* 

Attribute definitions: 

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-pair. 
EXPRESS mecification: 
*> 
ENTITY rack-and-pinion-pair-value 

SUBTYPE OF (pair-value) ; 
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SELF\pair,value.applies-to-pair : rack-and-pinion-pair; 
actual-displacement : length-measure; 

actual-rotation : plane-angle-measure 
DERIVE 

:= 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 rack-and-pin- 
ion-pair-value applies. 

actual-displacement: the value of the pair parameter for the rack. 

actualrotation: the resulting rotation of the pinion. 

5.4.6 9 r ack-and -pinion -pair -range 

The rack-and-pinion-pairrange specifies the lower bound and the upper bound of the pa- 
rameter range for the rack-and-pinion-pair. 
EXPRESS specificat ion: 

*> 
ENTITY 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; 

WRI: ((’KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-RANGE’ IN 
TYPEOF (lower-limit-rack-displacement) ) 

WHERE 

OR 
(’KINEMATIC-STRUCTURE-SCHEMA.UNLIMITED-FlANGE’ IN 
TYPEOF (upper-limit-rack-displacement) )) 

XOR 
(lower-limit-rack-displacement < upper-limit-rack-displacement) ; 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\simple-pairrange.applies-to-pair: the rack-and-pinion-pair to which the rack-- 
and-pinion-pair range applies. 

loweriimitrack-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: 

WR1: 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-subst ruct ure 

A kinematicsubstructure specifies the topological characteristics of a mechanism in terms 
of tree or network structures. 

NOTES 

1 - Using graph theory, the topology of a mechanism is represented by a directed graph, where the 
links correspond to the nodes, and the joints correspond to the edges. This graph can be derived 
from the definition of the links and joints. If the topology of a mechanism is defined only by this 
minimal information, it is referred to as “lower level topology” within this part of IS0 10303. 

Graph theory provides a means to capture connectivity information 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 IS0  10303. 

A general graph may be composed of two basic types of subgraphs: 

Trees; 

- Networks. 

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

~ a kinematic tree structure, whose graph representation is a single oriented tree and which consists 
only of oriented kinematic joints connecting the kinematic links; 

- a kinematic network structure, whose graph representation consists of oriented kinematic loops. 

2 - See [3] for methods that can be applied to analyze a kinematicsubstructure. 

EXPRESS specification: 

*> 
ENTITY kinematic-substructure 

SUPERTYPE OF (ONEOF (kinematic-tree-structure, 

parent-structure : kinematic-structure; 
kinematic-network-structure) ; 

END-ENTITY; 
(* 

Attribute definitions: 

parentstructure: the kinematicstructure of which the kinematicsubstructure 
forms a component. 
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5.4.71 kinemat ic-network-st ruct ure 

The kinematicxetworkstructure 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. 

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

EXPRESS sDecification: 

*I 
ENTITY kinematic-network-structure 

END-ENTITY; 
SUBTYPE OF (kinematic-substructure) ; 

(* 

5.4.72 kinematic-tree-structure 

The kinematicfreestructure represents a subgraph of tree type; Le., the mechanism is 
composed of open kinematic chains. 

NOTES 

1 - See figure 18 for an illustration of a kinematic tree structure. 

2 - 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-tree-structure 

END-ENTITY; 
(* 

SUBTYPE OF (kinematic-substructure) ; 

5.4.73 kinemat ic-loop 

The kinematicloop 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 kinematicloop 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-logicalrelationship. 

Every kinematicjoint shall be oriented such that the list of kinematicjoints have a common 
orientation within the loop. 
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joint 

Figure 17 - Example of a kinematic network structure 

joint 

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; 

WHERE 
network : kinematic-network-structure; 

WR1 : SIZEOF(USEDIN(SELF, 

WR2 : SIZEOF (QUERY( relation-1 <* USEDIN(SELF, 
’kinematic-structure-schema.joint-logical-relationship.loop’))>O; 

’kinematic_structure_schema.joint-logical_relationship.loop’) I 

’kinematic_structure-schema.joint_logical-relationship.loop’) 

NOT(connected-in-simple-loop (relation-I ,relation-2) ) ) ) > O  

SIZEOF(QUERY( relation-:! <* (USEDIN (SELF, 

- relation-1) I 

))=O; 
END-ENTITY; 
(* 

Attribute definitions: 

network: the network structure that contains the loop. 

Formal propositions: 

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

WR2: Every orientedjoint in a kinematic-loop shall be connected to every other ori- 
entedjoint in that kinematic loop, either directly through a single joint-logicalrelationship 
entity, or indirectly through a number of joint-logicalrelationship entities. This ensures that 
a kinematic-loop consists of exactly one loop. 

5.4.74 joint -1ogicaLrelat ionship 

The joint-logicalrelationship is used to relate two orientedjoints that form part of a loop. 

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 joint-logical-relationship; 

loop : kinematic-loop; 
previous-joint-logical-structure : oriented-joint; 
next-joint-logical-structure : oriented-joint; 

UR1: loop, previous-joint-logical-structure; 
UR2: loop, next-joint-logical-structure; 

WRI : previous-joint-logical-structure.exit-link :=: 
next-joint-logical-structure.advent-link; 

UN I QUE 

WHERE 
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END-ENTITY; 
(*  

At tribute definitions: 

loop: the kinematic-loop of which the previousjointlogical-structure and nextjoint-- 
logical-struct ure form components. 

previous-joint-logical-structure: the first of two adjacent oriented-joints in the loop. 

next-joint-logical-structure: the second of two adjacent oriented-joints in the loop. 

Formal propositions: 

UR1: An oriented-joint shall be used by a kinematicloop only once in the role of previ- 
ousjoint -1ogicaLstructure. 

UR2: An oriented-joint shall be used by a kinematicloop only once in the role of next-- 
joint Jogicalstructure. 

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 structure 
takes the form of a directed graph. 

EXPRESS specification: 

*) 
ENTITY oriented-joint; 
joint : kinematic- j oint ; 
orientation : BOOLEAN; 

advent-link : kinematic-link 

exit-link : kinematic-link 

DERIVE 

:= assign-directed-link (joint, orientation); 

:= 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-directedlink. 
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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 orientedjoint-in-tree 

The orientedjoint-in-tree is used to identify the kinematic-treestructure to which the 
orientedjoint belongs. 

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 or ien ted- jo in t - in- t ree  
SUBTYPE OF (or ien ted- jo in t )  ; 
parent -s t ruc ture  : kinematic- t ree-s t ructure;  

END-ENTITY; 
(* 

Attribute definitions: 

parentstructure: the kinematicfreestructure of which the orientedjoint is a con- 
s tit uent . 

5.4.77 advent -oriented-joint 

An advent-orientedjoint indicates that the role of an orientedjoint is either an exit from 
one substructure, or an advent to the next. advent-orientedjoint distinguishes which ori- 
entedjoints are within a kinematicsubstructure and which orientedjoints connect sub- 
structures. 

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 advent-oriented-joint 

END-ENTITY; 
SUBTYPE OF (or ien ted- jo in t )  ; 

(* 

5.5 kinematic-structureschema 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; 

yaw : RETURN (1) ; 
pitch : RETURN (2 ) ;  
roll : RETURN (3) ; 

CASE ypr OF 

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 kinematiclink-representation that is related to link via a kine- 
matic-linkrepresentationrelation. If there is no such relation, an indeterminate value (?> 
is returned. 
EXPRESS specification: 
*> 
FUNCTION representation-of-link (link : kinematic-link) 

: kinemat i c- 1 ink-represent at ion ; 
LOCAL 
link-rep-re1 : BAG OF kinematic-link-representation-relation; 

END-LOCAL; 

link-rep-re1 := USEDIN (link, ’KINEMATIC-STRUCTURE-SCHEMA.’+ 
~KINEMATIC~LINK~REPRESENTATION~RELATION.~+ 
’ TOPOLOGICAL-ASPECTS’ ) ; 

IF (SIZEOF (link-rep-rel) = O) THEN 

ELSE 

END-IF; 

RETURN (?> ; 

RETURN (link-rep-re1 [i] .geometric-aspects) ; 

END-FUNCTION; 
(* 

Argument definitions: 

link: the kinematic-link for which the related kinematic-linkrepresentation is wanted. 

5.5.3 suitably-based-mechanism 

This function checks whether the base of a mechanism is related to the context of the ki- 
nematic-groundrepresentation 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; 
kgrep : kinematic-ground-representation; 
klrep : kinematic-link-representation; 
klnk : kinematic-link; 
kjnts : BAG OF kinematic-joint; 
nmechs : BAG OF mechanism; 
nmbps : BAG OF mechanism-base-placement; 

END-LOCAL; 

kprop := mech.containing-property; 

IF ('KINEMATIC_STRUCTURE-SCHEMA.KINEMATIC-GRO~D-~PRESENTATION' IN 
TYPEOF (mbp\representation-relationship.rep-I)) THEN 

kgrep := mbp\representation-relationship.rep-I; 

IF (kgrep.property\property_definition-representation.definition :=: 
kprop) THEN 

RE" (TRUE); 
ELSE 

END-IF; 

klrep := mbp\representation-relationship.rep-I; 
klnk := klrep.link_representation_relation.topological_aspects; 
kjnts := USEDIN (klnk, 

USEDIN (klnk, 

RETURN (FALSE) ; 

ELSE 

'KINEMATIC~STRUCTURE~SCHEMA.KINEMATIC~JOINT.FIRST~LINK') + 

'KINEMATIC~STRUCTURE~SCHEMA.KINEMATIC~JOINT.SECOND~LINK'~; 
nmechs := USEDIN (kjnts[i] .structure, 

~KINEMATIC-STRUCTITRE_SCHEMA.MECHANISM.STRUCTURE_DEFINITION~) ; 

IF (nmechs[I] :=: mech) THEN 

ELSE 
RETURN (FALSE) ; 

IF (nmechs [i] . containing-property : <> : kprop) THEN 

ELSE 
RETURN (FALSE) ; 

nmbps := USEDIN (nmechs[l], 'KINEMATIC-STRUCTURE-SCHEMA.'+ 
' MECHANISM-BASE-PLACEMENT . BASE-OF-MECHANISM ' ) ; 

@IS0 

IF (SIZEOF (nmbps) = O> THEN 

ELSE 

END-IF; 

RETURN (FALSE); 

RETURN (suitably-based-mechanism (nmbps [i] , mech)) ; 

END-IF; 
END-IF ; 
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END - IF ; 
END-FUNCTION; 
(* 

Argument definit ions: 

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 TRUE if all 
kinematicjoints that use link as their first-link or as their second-link are in the joints set 
of the same kinematicstructure, and if this kinematicstructure serves as the structure-- 
definition of precisely one mechanism. The function returns FALSE otherwise. The type of 
the function is BOOLEAN. 
EXPRESS mecification: 

*) 
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, 

USEDIN (link, 
'KINEMATIC-STRUCTURE_SCHEMA.KINEMATIC_JOINT.FIRST-LINK') + 

'KINEMATIC~STRUCTURE~SCHEMA.KINEMATIC~JOINT.SECOND~LINK')); 
struct := joints[i] .structure; 

REPEAT i := 2 TO SIZEOF (joints); 
IF (JointsCi] .structure : <>: struct) THEN 

END- IF ; 
END-REPEAT; 

RETURN (FALSE) ; 

mechs := bag-to-set 
(USEDIN (struct, 

'KINEMATIC-STRUCTURE-SCHEMA.MECHANISM.STRUC~~-DEFINITION')); 

IF (SIZEOF (mechs) <> 1) THEN 

END- IF ; 
RETURN (FALSE) ; 

RETURN (TRUE) ; 

END-FUNCTION; 
(* 
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Argument definitions: 

@ I S 0  

link: the kinematicìink whose usage is to be checked. 

5.5.5 coordinated-pair-link-representation 

This function checks whether the definition of a kinematic-pair is coordinated with an existing 
kinematicìink-representation for a specified kinematicìink identified by link. The func- 
tion returns TRUE if link is related to a kinematicìinkrepresentation, and if pair-place- 
ment is in the items set of this kinematicìinkrepresentation. The function returns FALSE 
otherwise. The type of the function is BOOLEAN. 
EXPRESS mecification: 

*> 
FUNCTION coordinated-pair-link-representation 

(link : kinematic-link; 
pair-placement : rigid-placement) : BOOLEAN; 

1 ink-rep : kinematic-link-representation; 
LOCAL 

END-LOCAL; 

link-rep := representation-of-link (link); 

IF (link-rep = ?) THEN 

ELSE 
RETURN (FALSE); 

IF NOT (pair-placement IN link-rep\representation.items) THEN 

ELSE 

END-IF; 

RETURN (FALSE); 

RETURN (TRUE) ; 

END-IF; 
END-FUNCTION; 
(* 

Argument definitions: 

link: the kinematicìink whose representation is to be coordinated with the pair definition 
which uses pair-placement . 

pair-placement: a rigid-placement that serves as pair-placementinfirstìink-context 
or as pair-placement insecond-link-context of a kinematic-pair. 

5.5.6 frame-associated-to-background 

The function frameassociated-to-background checks whether the kinematicframe-back- 
ground identified by background is in the items set of a kinematicframe-background-re- 
presentation. It also checks whether this kinematic frame-background-representation 
is related to the kinematic-linkrepresentation that has the rigid-placement identified 
by frame in its items set. This relationship is through a kinematicframe-background-- 
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representationassociation, 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 

LOCAL 
background 

rep-bag : 
trf-bag : 
trm-bag : 
ass-bag : 

rep 
ass 

END-LOCAL; 

: rigid-placement; 
: kinematic-frame-background) : BOOLEAN; 

BAG OF kinematic-frame-background-representation; 
BAG OF kinematic-frame-based-transf ormation; 
BAG OF kinematic-frame-based-transformation; 
BAG OF kinematic-frame-background_representation-association; 
kinematic-frame-background-representation; 
kinematic-frame-background-representation-association; 

rep-bag := USEDIN (background\representation-item, 
'KINEMATIC-STRUCTURE-SCHEMA.' + 
'KINEMATIC-FRAME-BACKGROUND-REPRESENTATION\' + 
'REPRESENTATION.1TEMS'); 

IF SIZEOF (rep-bag) = O THEN 

END-IF; 
RETURN (FALSE) ; 

trf-bag := USEDIN (frame, 
'KINEMATIC-STRUCTURE-SCHEMA.' + 
'KINEMATIC-FRAME-BASED-TRANSFORMATION. ' + 
'TRANSFORMER-FRAME'); 

IF SIZEOF (trf-bag) = O THEN 

END-IF; 
RETURN (FALSE) ; 

REPEAT i := i TO HIINDEX (rep-bag); 
rep := rep-bag[il ; 

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]: 

trm-bag := QUERY (trm <* trf-bag 1 
(trm\functionally-defined-transformation :=: 
ass\representation-relationship-with-tranformation. 
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transformation-operator)); 

IF SIZEOF (trm-bag) > O THEN 

END - IF ; 
RETURN (TRUE) ; 

END-REPEAT; 
END-IF; 

END-REPEAT; 

RETURN (FALSE); 

END-FUNCTION ; 
(* 

Argument definitions: 

frame: a rigid-placement which is checked for its role as the transformerframe in the 
relationship between the kinematicìinkrepresentation which contains frame in its items 
set and the kinematicframe-background-representation the items set of which contains 
background. 

background: the kinematicframe-background which is checked whether it is in the items 
set of a kinematicframe-background-representation which is related to the kinematic- 
linkrepresentation of frame, using frame as the transformerframe. 

5.5.7 plane-angle-for-pair-in-radian 

The function plane-anglefor-pair-inradian converts the specified angle to an equivalent 
plane-anglemeasure whose unit is radian. 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 
plane-anglemeasure. If the appropriate units are found, the function returns the converted 
plane-anglemeasure; the function returns an indeterminate value (?) otherwise. 
EXPRESS specification: 

*) 
FUNCTION plane-angle-for-pair-in-radian 

(pair : kinemat ic-pair ; 
angle : plane-angle-measure) : piane-angle-measure; 

LOCAL 
converted-angle : plane-angle-measure := angle; 
link-rep : kinematic-link-representation 

link-cntxt : representation-context; 
pa-unit s : SET OF unit := [ I ;  
Pau : unit; 

:= representation-of-link (pair.joint.first-link); 

END-LOCAL; 

link-cntxt := link,rep\representation.context-of-items; 
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IF NOT ('MEASURE-SCHEMA.GLOBAL-UN1T-ASSIGNED-CONTEXT' 
IN TYPEOF (link-cntxt)) THEN 

RETURN (?);  
END-IF; 

pa-units := QUERY (unit <* link-cntxt\global-unit_assigned-context.units I 
'MEASURE-SCHEMA.PLANE-ANGLE-UNIT' IN TYPEOF (unit)); 

IF SIZEOF (pa-units) <> 1 THEN 

END- IF ; 
RETURN (?) ; 

pau := pa-unitsC11; 

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) ) ; 
converted-angle := converted-angle * 

pau\conversion-based-unit.conversion-factor. 
value-component; 

pau := pau\conversion-based-unit.conversion-factor.unit-component; 

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 TYPEOF (pau)))) THEN 

RETURN (?); 
END-IF ; 

END-REPEAT; 

IF (pau\si-unit.name <> si-unit-name.radian) THEN 

END - IF ; 
RETURN (?) ; 

CASE pau\si-unit.prefix OF 
si-prefix.exa 
si-pref ix.peta 
si-prefix.tera 
si-prefix.giga 
si-pref ix .mega 
si-pref ix.kilo 
si-prefix.hecto 
si-pref ix . deca 
si-prefix.deci 
si-prefix.centi 
si-prefix.milli 
si-prefix.micro 
si-prefix.nano 
si-prefix.pico 
si-prefix.femto 

: RETURN (1.E18 * converted-angle); 
: RETURN (í.El5 * converted-angle); 
: RETURN (1.El2 * converted-angle); 
: RETURN (1.E9 * converted-angle); 
: RETURN (1.E6 * converted-angle); 
: RETURN (1.E3 * converted-angle); 
: RETURN (1.E2 * converted-angle); 
: RETURN (1.El * converted-angle); 
: RETURN (1 .E-1  * converted-angle) ; 
: RETURN (l.E-2 * converted-angle); 
: RETURN (1 .E-3 * converted-angle) ; 
: RETURN (l.E-6 * converted-angle); 
: RETURN (1.E-9 * converted-angle); 
: RETURN (l.E-12 * converted-angle) ; 
: RETURN (1.E-15 * converted-angle); 
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si-prefix.atto : RETURN (l.E-18 * converted-angle); 
OTHERWISE : RETURN (converted-angle); 
END-CASE ; 

END-FUNCTION; 
(* 

Argument definitions: 

pair: the kinematic-pair the context of whose pair-placement infirst-link-context is to 
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 function convert -planeangle-for-pair-fromradian converts an angle expression, spec- 
ified as angle-expr, the angle unit of which is radian, to an equivalent plane-angle-measure 
with a unit as specified in the respective context. The conversion factor is evaluated from 
the planeangle-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 
planeanglemeasure. If the appropriate units are found, the function returns the converted 
plane-anglemeasure; the function returns an indeterminate value (?) otherwise. 
EXPRESS mecification: 

*I 
FUNCTION convert-plane-angle-for-pair-from-radian 

(pair : kinematic-pair; 
angle-expr : REAL) : plane-angle-measure; 

LOCAL 
link-rep : kinemat ic-link-representat ion 

:= representation-of-link (pair.joint.first-link); 
representation-context; 
SET OF unit := Cl ; 
unit; 
REAL := 1.0; 
plane-angle-measure; 

link-cntxt : 
pa-units : 

Pau 
conv-f actor : 
result 

END-LOCAL; 

link-cntxt := link-rep\representation.context-of-items; 

IF NOT ('MEASURE-SCHEMA.GLOBAL-UNIT-ASSIGNED-CONTEXT' 
IN TYPEOF (link-cntxt)) THEN 

RETURN (? I ;  
END-IF; 

pa-units : = QUERY (unit <* link-cntxt\global-unit-assigned-context . units I 
'MEASURE-SCHEMA.PLANE-ANGLE-UNIT' IN TYPEOF (unit)); 

IF SIZEOF (pa-units) <> 1 THEN 
RETURN (?); 
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END-IF; 

pau := pa-unitsCi]; 

IF (NOT ( ’MEASURE-SCHEMA. SI-UNIT’ IN TYPEOF (pau)) AND 
NOT (JMEASURE-SCHEMA.CONVERSION-BASED-üNIT’ IN TYPEOF (pau))) THEN 

RETURN (?);  
END-IF; 

REPEAT WHILE (’MEASURE-SCHEMA.CONVERSION-BASED-UN1T’ IN TYPEOF (pau)); 
conv-factor := conv-factor * 

pau\conversion-based-unit.conversion-factor. 
value-component ; 

pau := pau\conversion-based-~it.conversion-factor.~it-component; 

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 TYPEOF (pau) )) ) THEN 

RETURN (?) ; 
END-IF; 

END-REPEAT; 

IF (pau\si-unit .name <> si-unit-name .radian) THEN 

END-IF; 
RETURN (?> ; 

CASE pau\si-unit.prefix OF 
si-prefix.exa 
si-prefix.peta 
si-prefix.tera 
si-pref ix. giga 
si-prefix.mega 
si-pref ix. kilo 
si-prefix.hecto 
si-prefix.deca 
si-prefix.deci 
si-prefix.centi 
si-prefix.milli 
si-prefix.micro 
si-prefix.nano 
si-pref ix.pico 
si-prefix.femto 
si-prefix.atto 

OTHERWISE 
END-CASE ; 

: conv-f actor 
: conv-f actor 
: conv-f actor 
: conv-f actor 
: conv-f actor 
: conv-factor 
: conv-f actor 
: conv-factor 
: conv-f actor 
: conv-factor 
: conv-f actor 
: conv-f actor 
: conv-f actor 
: conv-f actor 
: conv-factor 
: conv-f actor 
. .  
* >  

:= 1.E18 * conv-factor; 
:= 1.E15 * conv-factor; 
:= 1.E12 * conv-factor; 
:= 1.E9 * conv-factor; 
:= 1.E6 * conv-factor; 
:= 1.E3 * conv-factor; 
:= 1.E2 * conv-factor; 
:= 1.El * conv-factor; 
:= 1.E-1 * conv-factor; 
:= 1.E-2 * conv-factor; 
:= 1.E-3 * conv-factor; 
:= 1.E-6 * conv-factor; 
:= 1.E-9 * conv-factor; 
:= 1.E-12 * conv-factor; 
:= 1.E-15 * conv-factor; 
:= 1.E-18 * conv-factor; 

result := angle-expr í conv-factor; 
RETURN (result); 

END-FUNCTION; 
(* 
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Argument definitions: 

pair: the kinematic-pair the context of whose pair-placement infirst-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 required in the context of pair. 

5.5.9 convert spatial-to-yprrotation 

The function convertspatial-to-yprrotation converts the specified rotation, which is either 
a yprrotation or a rotation-about-direction, to its equivalent representation as a ypr-- 
rotation. The units for the yaw, pitch, and roll angles of the yprrotation are evaluated 
from the planeangle-unit in the units set of a global-unitassigned-context which is the 
context-of-items of the first-link of the joint of the specified pair. This evaluation is done 
by a call to the function planeangle-for-pairinradian. 

If rotation is already of type yprrotation, it is returned immediately. Otherwise, convert-- 
spatial-to-yprrotation returns either a yprrotation that is 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 type of the function is yprrotation. 
EXPRESS specification: 

*) 
FUNCTION convert-spatial-to-ypr-rotation (pair : kinematic-pair; 

rotation : spatial-rotation) 
: ypr-rotation; 

LOCAL 
axis 
angle 

conv-angle : 
ya, pa, ra : 
ucf 
dx, dy, dz : 
s-a, c-a : 
rotmat 

cml 
s-y, c-y : 
s-r, c-r : 

END-LOCAL; 

-- If rotation 

direction; 
plane-angle-measure; -- 

plane-angle-measure; -- 
plane-angle-measure; -- 
REAL ; -- 
REAL; -- 
REAL ; 
ARRAY [i : 31 OF 
ARRAY [l : 31 OF REAL; -- 
REAL; 
REAL ; 
REAL; 

-- 

-- 

rotation angle in application 
specific units 
rotation angle in radians 
yaw, pitch, and roll angle 
unit conversion factor 
components of direction vector 
sine and cosine of rotation angle 

rotation matrix 

is already a ypr-rotation, return it immediately 
IF 'KINEMATIC-STRUCTURE-SCHEMA.YPR-ROTATION' IN TYPEOF (rotation) THEN 

END-IF; 
RETURN (rotation) ; 

-- 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 

END- IF ; 
RETURN (C0.0, 0.0, 0.01); 

dx : = axis. direct ion-ratios [Il ; 
dy : = axis. direct ion-ratios 121 ; 
dz : = axis. direction-ratios C31 ; 

-- provide angle measured in radian 

conv-angle := plane-angle-for-pair-in-radian (pair, angle); 

IF (conv-angle = ?) THEN 

END- IF ; 
RETURN (?); 

ucf := angle / conv-angle; 
s-a := SIN (conv-angle); 
c-a := COS (conv-angle); 

-- 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); 

END-REPEAT; 
REPEAT WHILE (conv-angle > PI); 

END-REPEAT; 

conv-angle := conv-angle + 2.0 * PI; 

conv-angle := conv-angle - 2.0 * PI; 

ya := ucf * conv-angle; 
IF (conv-angle <> PI) THEN 

ELSE 

END-IF; 

ra := - ya; 

ra := ya; 

IF (dx <> 0.0) THEN 
-- axis parallel to x-axis 
IF (dx > 0.0) THEN 
RETURN (í0.0, 0.0, ya]); 

ELSE 
RETURN (cO.0, 0.0, ral); 

END-IF; 

-- axis parallel to z-axis 
IF (dz > 0.0) THEN 
RETURN ([ya, 0.0, 0.01); 

ELSE 
RETURN (ha, 0.0, 0.01); 

ELSE 

use x-axis as roll axis 

use z-axis as yaw axis 

I S 0  10303-105:1996(E) 
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END- IF ; 
END- IF ; 

END-IF ; 

-- a x i s  p a r a l l e l  t o  y-axis - use y-axis as p i t c h  a x i s  
IF ((dy <> 0.0) AND (dx = 0.0) AND (dz = 0.0)) THEN 
IF (c-a >= 0.0) THEN 

ya := 0.0 ;  
ra := 0.0; 

ya := ucf * PI; 
ra := ya;  

ELSE 

END-IF; 

pa := ucf * ATAN (s-a, ABS (c -a) ) ;  
IF (dy < 0.0) THEN 

END-IF ; 
pa := - pa; 

-- a x i s  not  p a r a l l e l  t o  any a x i s  of coordinate  system 
-- compute r o t a t i o n  matrix 

cml := 1 . 0  - c-a; 

rotmat := [ dx * dx * cml + c-a, 
dx * dy * cml - dz * s-a, 
dx * dz * c m l  + dy * s-a 1 ,  

[ dx * dy * cml + dz * s-a, 
dy * dy * c m l  + c-a,  
dy * dz * cml - dx * s-a 1 ,  

[ dx * dz * cml - dy * s-a, 
dy * dz * cml + dx * s-a, 
dz * dz * cml + c-a 1 I ;  

-- rotmat [il C3l equals  SIN (pitch-angle) 
IF (ABS (rotmat [I1 C31) = 1 . O )  THEN 

-- Ipal = PI/2 
BEGIN 

IF (rotmat [Il C31 = I . O )  THEN 

ELSE 

END-IF ; 

pa := 0.5 * PI; 

pa := -0.5 * PI; 

@IS0 

-- In t h i s  case,  only t h e  sum o r  d i f f e rence  of r o l l  and yaw angles  
-- is re levant  and can be evaluated from t h e  matr ix .  
-- According t o  IP ?rec tangular  p i t c h  angle2  f o r  ypr - ro ta t ion ,  
-- t h e  r o l l  angle i s  set  t o  zero .  
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r a  := 0.0 ;  
ya : = ATAN (rotmat C21 Cl1 , rotmat 121 [LI); 

-- r e s u l t  of ATAN i s  i n  t h e  range [-PI/2,  P I /2 ] .  
-- Here a l l  four  quadrants are needed. 

IF (rotmat 121 C21 < 0.0) THEN 
IF ya <= 0.0 THEN 

ya := ya + PI; 
ELSE 

ya := ya - PI; 
END- IF ; 

END- IF ; 
END ; 

-- COS (pitch-angle) not equal t o  zero  
BEGIN 

ELSE 

ya : = ATAN (- rotmat [i] 121 , rotmat C l ]  [I]) ; 

IF (rotmat [I1 Ci1 < 0.0) THEN 
IF (ya <= 0.0) THEN 

ELSE 

END- IF; 

ya := ya  + PI; 

ya := ya - PI; 

END-IF; 

ra : = ATAN (-rotmat [21 CS] , rotmat C31 CS] ) ; 

I F  (rotmat C31 C31 < 0.0) THEN 
IF ( r a  <= 0.0) THEN 

ELSE 

END-IF; 

ra := r a  + PI; 

r a  := ra - PI; 

END-IF; 

s-y := SIN (ya) ; 
c-y := COS (ya) ; 
s-r := SIN ( r a ) ;  
c-r  := COS ( r a ) ;  

IF ((ABS (SJ) > ABS (c-y)) AND 
(ABS (SJ) > ABS ( s - r ) )  AND 
(ABS (SJ) > ABS ( c - r ) ) )  THEN 

cmi := - rotmat [i] [2] / s-y; 

IF ((ABS (c-Y) > ABS ( s - r ) )  AND (ABS (c-y) > ABS (c-1)))  THEN 
ELSE 

cmi := rotmat [il [i] / c-y; 

IF (ABS ( s - r )  > ABS (c - r ) )  THEN 
cmi := - rotmat C23 [3] / s - r ;  

ELSE 
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ELSE 

END-IF; 
cmí := rotmat[31[3] / c-r; 

END - IF ; 
END-IF; 

pa := ATAN (rotmat Cl1 [SI, cml) ; 

END ; 
END-IF; 

ya := ya * ucf; 
pa := pa * ucf; 
ra := ra * ucf; 

END-FUNCTION; 
(* 

Argument definit ions: 

pair: the kinematic-pair the context of whose pair-placementinfirst-link-context is to 
be evaluated with regard to the planeangle-unit. 

rotation: the spatialrotation that is to be converted by the function. 

5.5.10 assign-directed-link 

The function assign-directed-link checks the orientation of a kinematicjoint. This func- 
tion returns joint.firstìink, if orientation is true and joint.second-link otherwise. The type 
of the function is kinematicìink. 
EXPRESS specification: 

*) 
FUNCTION assign-directed-link 

(joint : kinematic-joint; orientation : BOOLEAN ) : kinematic-link; 
IF (orientation) THEN 

ELSE 

END-IF; 
END-FUNCTION; 
(* 

Argument definitions: 

RETURN (joint. f irst-link) ; 

RETURN (joint .second-link) ; 

joint: a kinematicioint for which the kinematidink is determined. 

orientation: a boolean indicating the direction of traversal of a joint. 
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5.5.11 connected-insimple-loop 

This function checks if two given jointlogical-relationships are related to the same loop, and 
if the orientation of the orientedjoints which they relate is consistent. The function returns 
TRUE if relation-l and relation-2 match these conditions. The function returns FALSE 
otherwise. The type of the function is BOOLEAN. 
EXPRESS specification: 

*I 
FUNCTION connected-in-simple-loop( relation-1 : joint-logical-relationship; 

relation-2 : joint-logical-relationship) 
: BOOLEAN; 
LOCAL 

END-LOCAL; 
next-jlr-in-loop-set : SET [i:?] OF joint-logical-relationship; 

IF ((relation-l.loop:<>: relation-2.100~) OR 
(relation-1 :=: relation-2)) THEN 

RETURN (FALSE) ; 
ELSE 

IF (relation-l.next-joint-logical-structure :=: 
relation-2.previous-joint-logical-structure) THEN 
RETURN (TRUE) ; 

ELSE 
next-jlr-in-loop-set := 

qUERY (relation <* USEDIN (relation-1.next-joint-logical-structure, 
’kinematic-s t ructure_schema.joint_logical-relat ionship.’  + 
’previous-joint-logical-structure’) 

IF (SIZEOF(next-jlr-in-loop-set) <> 1) THEN 

ELSE 

I re1ation.loop :=: reïation-í.1oop); 

RETURN (FALSE) ; 

RETURN (connected-in-simple-loop (next- j Ir-in-loop-set [i] , 
relation-2) ) ; 

END-IF; 
END- IF ; 

END- IF ; 
END-FUNCTION; 
(*  

Argument definitions: 

relation-1: a jointlogical-structure-relationship which is checked whether it is connected 
with relation-2. 

relation-2: the second joint-logical-structurerelationship which is checked whether it is 
connected with relation-l. 

*> 
END-SCHEMA; -- end kinematic-structure-schema 
(* 
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6 Kinematic motion representation 

The following EXPRESS declaration begins the kinematicmotionrepresentationschema 
and identifies the necessary external references. 
EXPRESS specification: 
*I 
SCHEMA kinematic-motion-representation-schema; 

REFERENCE FROM geometry-schema 
(cartesian-point, 
curve) ; 

REFERENCE FROM measure-schema 

measure-with-unit, 
parameter-value, 
plane-angle-measure); 

(length-measure, 

REFERENCE FROM representation-schema 
(functionally-defined-transformation, 
representation-item); 

REFERENCE FROM kinematic-structure-schema 
(rotation-about-direction, 
spat ial-rotat ion, 
ypr-rotation) ; 

(* 

NOTES 

1 - The Schemas referenced above can be found in the following parts of IS0 10303: 

kinematicstructureschema Clause 5 of this part of IS0 10303 
geometry schema IS0 10303-42 
measureschema IS0 10303-41 
representationschema IS0 10303-43 

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

6.1 Introduction 

The subject of the kinematicmotionrepresentationschema is the description of motion. 
It specifies different types of paths that comprise the motion for a kinematic model. 

6.2 Fundamental concepts and assumptions 

Motion in this part of IS0 10303 is defined in terms of a parameter t. t is a non-decreasing 
parameter ils 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 which 
appears as an attribute in the kinematic-control and in the kinematicresult. 

6.3 kinematic-motion-representation-schema type definition: mo- 
t ion-parameter-measure 

The motion-parametermeasure is a mechanism by which different poses in the course 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 time units. 

EXPRESS specification: 

*I 
TYPE motion-parameter-measure = SELECT 

(parameter-value, 
measure-with-unit) ; 

END-TYPE ; 
(* 

6.4 kinematic-motion-representationschema entity definitions 

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-measure; 

END-ENTITY; 
(* 

Attribute definitions: 

x: displacement in x-direction. 

y: displacement in y-direction. 

z: displacement in z-direction. 

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); 
rotat ion-component : spat ial-rotat ion; 
translation-component : translation; 

END-ENTITY; 
(* 

Attribute definitions: 

rotation-component: the rotational part of the transform. 

translation-component: the displacement part of the transform. 

6.4.3 path-node 

A pathnode describes a constituent of a path definition. It consists of a linear transformation 
and its associated motion parameter. 
EXPRESS specification: 

*> 
ENTITY path-node; 

control-transform : transform; 
t-parameter : motion-parameter-measure; 

END-ENTITY; 
(* 

Attribute definitions: 

control-transform: a linear transformation that specifies a local frame on a path. 

t-parameter: the parameter t of a path which corresponds to the control transform. 

6.4.4 kinemat ic-pat h 

A kinematic-path describes a path or a segment of a path along which motion is to take place. 
EXPRESS specification: 

*> 
ENTITY kinematic-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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*) 
ENTITY path-element-connection; 
previous-element : path-element ; 
next -element : path-element ; 

WR1: previous-element.node-to = next-element.node-from; 
WR2: compare-unit-components (previous-element.node-t0.t-parameter, 

WHERE 

next-element.node-fr0m.t-parameter); 
END-ENTITY; 
(* 

At tribute 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 DroDositions: 

WR1: The path-node at the end of the previous path-element shall be identical with the 
pathnode at the start of the next path-element. 

WR2: The unit-components of the parameter values of the two path-elements shall be 
identical. 

6.4.6 composit e-pat h 
A composite-path is a collection of path-elements joined end to end. The composite-path 
has its own t parameter range; the path-elements are re-parametrised in such a way that the 
sum of the lengths of their individual t parameter ranges fits the length of the parameter range 
of the composite-path, and the ratio between the lengths of the individual parameter ranges 
remains unchanged. 
EXPRESS specification: 
*I 
ENTITY composite-path 

SUBTYPE OF (kinematic-path) ; 
elements : SET [i : ?I OF path-element-connection; 
t-start : motion-parameter-measure; 
t-end : motion-parameter-measure; 

WR1: increasing-measure-value (t-start, t-end); 
WR2: compare-unit-components (t-start, t-end); 
WR3: connected-in-simple-path (elements); 

WHERE 

END-ENTITY; 
(* 

Attribute definitions: 

elements: the path-element-connections that define the path-elements, their sequence 
and connectivity. 
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tstart: the parameter value at the start of the composite-path. 

t-end: the parameter value at the end of the composite-path. 

Formal propositions: 

WR1: The parameters shall be increasing. 

WR2: The unit-components of the parameter values at the start and end of a compos- 
ite-path shall be identical. 

WR3: Every path-element in a composite-path shall be connected to every other path-- 
element 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 
function connected-insimple-path. 

6.4.7 pat h-element 

A path-element is a kinematic-path that describes either a point-to-point, a linear, a circular, 
or a general curve-based type of motion. 
EXPRESS specification: 

*) 
ENTITY pat h-e lement 
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; 

WRl: compare-unit-components (node-fr0m.t-parameter, 

WR2: increasing-measure-value (node-fr0m.t-parameter, 

WHERE 

node-to. t-parameter) ; 

node-to. t-parameter) ; 
END-ENTITY; 
(* 

Attribute 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 pathnodes shall be iden- 
tical. 

WR2: The parameter t shall be increasing from the beginning to the end of the path-element. 
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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 

END-ENTITY; 
(* 

SUBTYPE OF (path-element) ; 

6.4.9 circular-path 

A circular-pat h describes a portion of a complete kinematic-pat h such that the interpolation 
rule gives a circle for the translational part of the motion of the origin of the frame of the 
kinematidink. The interpolation for the orientation is performed in synchronous fashion 
with the interpolation of translation. 
EXPRESS specification: 

*) 
ENTITY circular-path 
SUBTYPE OF (path-element); 
via-point : cartesian-point; 

WRI: SELF\path_element.node_to.control-tr~sform.tr~slation-component <> 
SELF\path~element.node_from.control_transform.translation~component; 

WR2: non-coincident-coordinates (via-point, 

WHERE 

S E L F \ p a t h - e l e m e n t . n o d e - f r o m . c o n t r o l _ t r a n o n e n t )  
AND 
non-coincident-coordinates (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. 

6.4.1 O linear-pat h 

A linear-path is an arcwise connected bounded linear path element defined by the two trans- 
forms of the pathnodes 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 

END-ENTITY; 
SUBTYPE OF (path-element) ; 

(*  

6.4.11 curve-based-path 

A curve-based-path describes a portion of a complete kinematic-path such that the inter- 
polation rule follows a curve for the translational part of the motion of the origin of the frame of 
the kinematiclink. The interpolation for the orientation is performed in synchronous fashion 
with the interpolation of translation. 
EXPRESS mecification: 
*> 
ENTITY curve-based-path 

SUBTYPE OF (path-element) ; 
path-curve ; curve; 

WRI: SELF\path-element.node-to.control-transform.translation-component <> 
SELF\path-element . node-from. control-transf orm. translation-component ; 

WHERE 

END-ENTITY; 
(* 

Attribute definitions: 

path-curve: the curve which defines the translational interpolation between the path-nodes 
that are connected by the curve-based-path. 
Formal DroDositions: 

WR1: The endpoint of a curve-based-path shall not coincide with its startpoint. 

Informal propositions: 

startpoint on curve: The startpoint of a curve-based-path shall lie on the curve which is 
referenced as path-curve. 

endpoint on curve: The endpoint of a curve-based-path shall lie on the curve which is 
referenced as path-curve. 

6.5 kinematic-motion-representation-schema 
function definitions 

6.5.1 connected-insimple-path 

The connected-insimple-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: 

*I 
FUNCTION connected-in-simple-path (connections : SET OF path-element-connection) 

: BOOLEAN; 
LOCAL 

connection-set : SET [O : ?] OF path-element-connection; 
nec0 : INTEGER; 
peco : INTEGER; 
necbranch : INTEGER; 
pecbranch : INTEGER; 

END-LOCAL; 

IF SIZEOF (connections) > I THEN 
connection-set 

nec0 := SIZEOF 

connection-set 

= QUERY (pecl <* connections I 
SIZEOF (QUERY (pec2 <* connections - pecl I 
pecI.next-element :=: pec2.previous-element)) = O); 

connection-set) ; 

= QUERY (pecl <* connections I 
SIZEOF (QUERY (peca <* connections - pecl I 
pec2.next-element :=: pec1.previous-element)) = O); 

peco := SIZEOF (connection-set); 

connection-set := QUERY (pecl <* connections I 
SIZEOF (QUERY (peca <* connections - pecl I 
peci.next-element :=: pec2.previous-element)) > i); 

necbranch := SIZEOF (connection-set); 

connection-set := QUERY (pecl <* connections I 
SIZEOF (QUERY (pec2 <* connections - pecl I 
pec2.next-element :=: peci.previous-element)) > I); 

pecbranch := SIZEOF (connection-set); 

IF ((nec0 <> I)  OR (peco <> 1) OR (necbranch > O) OR (pecbranch > O))  THEN 

ELSE 

END-IF ; 

RETURN (TRUE) ; 

RETURN (FALSE); 

RETURN (TRUE) ; 

ELSE 

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-parametermeasure. 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; 
IF (('MEASURE_SCHEMA.PARAMETER-VALUE> IN TYPEOF (parmi)) AND 

( 'MEASURE-SCHEMA . PARAMETER-VALUE' IN TYPEOF (parm2) 1 THEN 
RETURN (TRUE); 

ELSE 
IF ((>MEASURE-SCHEMA.MEASURE-WITH-UNIT> IN TYPEOF (parmi)) AND 

IF (parm1.unit-component = parm2.unit-component) THEN 

ELSE 

END-IF; 

(>MEASüRE-SCHEMA.MEASüRE-WITH-UNIT> IN TYPEOF (parm2))) THEN 

RETURN (TRUE); 

RETURN (FALSE) ; 

ELSE 

END-IF; 
RETURN (FALSE); 

END-IF; 
END-FUNCTION; 
(* 

Argument definitions: 

parml: the first path parameter which is checked for identical units with the second path 
parameter. 

parm2: the second path parameter which is checked for identical units with the first path 
parameter. 

6.5.3 increasing-measure-value 

The increasing-measure-value function compares the values of two given path parameters 
of the type motion-parametermeasure. 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 or equal to the value of the first 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 (parmi : motion-parameter-measure; 

parm2 : motion-parameter-measure) 
IF ('MEASURE-SCHEMA.PARAMETER-VALlJE9 IN TYPEOF (parmi)) THEN 

IF (parmi < parm2) THEN 

: BOOLEAN; 
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RETURN (TRUE) ; 

RETURN (FALSE) ; 
ELSE 

END-IF; 

IF ('MEASURE-SCHEMA.MEASURE_WITH-UNIT' IN TYPEOF (parmi)) THEN 
ELSE 

IF (parm1.value-component < parm2.value-component) THEN 

ELSE 

END- IF ; 

RETURN (FALSE) ; 

RETURN (TRUE) ; 

RETURN (FALSE) ; 

ELSE 

END- IF ; 
END-IF; 

END-FUNCTION; 
(* 

Argument definit ions: 

parml: the first path parameter whose value is compared with the value of the second path 
parameter. 

parm2: the second path parameter whose value is compared with the value of the first path 
paramet er. 

6.5.4 non-coincident -coordinates 

This function checks whether a given translation coincides with a given cartesian-point 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: 

*I 
FUNCTION non-coincident-coordinates (crtpt : cartesian-point; 

trltn : translation) : BOOLEAN; 
IF ((crtpt.coordinates[l] = tr1tn.x) AND 

(crtpt.coordinates[2] = tr1tn.y) AND 
(crtpt . coordinates [31 = trltn. z )  ) THEN 

RETURN (FALSE); 

RETURN (TRUE) ; 
ELSE 

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 following EXPRESS declaration begins the kinematic-analysis-control-andresult-- 
schema and identifies the necessary external references. 
EXPRESS specification: 

*I 
SCHEMA kinematic-analysis-control-and-result-schema; 

REFERENCE FROM kinematic-motion-representation-schema 
(kinematic -path , 
motion-parameter-measure); 

REFERENCE FROM kinematic-structure-schema 

kinematic-link-representation, 
mechanism , 
pair-value, 
rigid-placement) ; 

(kinematic- joint, 

REFERENCE FROM geometry-schema 
(geometric-representation-context); 

REFERENCE FROM representation-schema 
(representat ion, 
representation-relationship); 

(* 

NOTES 

1 - The schema referenced above can be found in the following parts of IS0 10303: 

kinematicmotionrepresentationschema Clause 6 of this part of IS0 10303 
kinematicstructureschema Clause 5 of this part of IS0 10303 
geometry schema IS0 10303-42 
representationschema IS0 10303-43 

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-andresult schema is the identification and 
andysis of configurations of k inemat ics t ruc tures  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 sequence 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 prescribed path 
defined by frames. The result of a backward analysis is the sequence of configuration definitions 
in the form of the pair parameter values for a sufficiently large number of pairs to control the 
motion. 

A configuration of a kinematic structure is defined by the specification of pair values for 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 configuration 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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7.3.2 kinemat ic-analysis-definition 

A kinematicanalysis-definition allows a reference to either an interpolated-configura- 
tionsequence or a prescribed-path. With an interpolated-configurationsequence, 
motion is specified in terms of the pair parameters of a kinematicstructure. With a pre- 
scribed-path, motion is specified in Cartesian space. 
EXPRESS mecification: 

*) 
TYPE kinematic-analysis-definition = SELECT 

(interpolated-configuration-sequence, 
prescribed-path) ; 

END-TYPE ; 
(* 

7.3.3 kinematic-result 

A kinematicresult allows a reference to either an interpolated-configurat ionsequence 
or a resulting-path. With an interpolated-configuration-sequence, motion is specified in 
terms of the pair parameters of a kinematicstructure, where all the interpolations between 
the configuration definitions in the sequence are undefined. With a resulting-path, motion is 
specified in Cartesian space. 
EXPRESS sDecification: 

*I 
TYPE kinematic-result = SELECT 

(interpolated-configuration-sequence, 
resulting-path); 

END-TYPE ; 
(* 

7.4 kinematic -analysis xont r 01-and result schema 
entity definit ions 

7.4.1 configuration-interpolation 

The configuration-interpolation specifies the interpolation of the configurations between two 
configuration definitions. 
EXPRESS mecification: 

*> 
ENTITY configuration-interpolation; 
previous-configuration-definition : configuration-definition; 
next-configuration-definition : configuration-definition; 
interpolation : interpolation-type; 

END-ENTITY ; 
(* 
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Attribute definitions: 

previous-configuration-definition: the configuration-definition from which the interpo- 
lation starts. 

next-configuration-definition: the configuration-definition at which the interpolation fin- 
ishes. 

interpolation: the type of interpolation from the previous configuration definition to the next. 

7.4.2 kinemat ic-control 

The kinematic-control identifies the control information necessary for a forward or a backward 
analysis of a mechanism. The prescribed-path is used for the backward analysis and the 
interpolated-configuration-sequence is used for the forward analysis. 
EXPRESS specification: 

*) 
ENTITY kinematic-control; 

controlled-mechanism : mechanism; 
contained-kinematic-programs : SET [i : ?] OF kinematic-analysis-definition; 

END-ENTITY; 
(* 

Attribute definitions: 

controlled-mechanism: the mechanism to which the control information applies. 

containedkinematic-programs: a set of motion definitions. 

7.4.3 founded-kinematic-path 

A founded-kinematic-pat h specifies the geometric founding of a kinematic-path in the 
context of a representation. 
EXPRESS smcification: 

*> 
ENTITY founded-kinematic-path 

SUBTYPE OF (representation) ; 
SELF\representat ion. items : SET [l : ?] OF kinematic-path; 
SELF\representation.context-of-items : geometric-representation-context; 

paths : SET [i : ?] OF kinematic-path := SELF\representation.items; 
founding : geometric-representation-context 

DERIVE 

:= SELF\representation.context-of-items; 
END-ENTITY; 
(* 

Attribute definitions: 

SELF\representation.items: a set of kinematic-paths which are to be founded. 
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SELF\representation.context-of-items: the geometricrepresentation-context in 
which the items are founded. 

paths: the set of kinematic-paths that are founded. 

founding: the context of the path. 

7.4.4 mot ion-link-relat ionship 

A motionlinkrelationship describes the relation of a foundedkinematic-path with a 
frame on a kinematiclinkrepresentation. 
EXPRESS specification: 
*) 
ENTITY motion-link-relationship 
SUPERTYPE OF (ONEOF (prescribed-path, resulting-path)) 
SUBTYPE OF (representation-relationship); 
SELF\representation-relationship.rep-1 : founded-kinematic-path; 
SELF\representation-relationship.rep-2 : kinematic-link-representation; 
related-f rame : rigid-placement; 

motion : founded-kinematic-path 

frame-link : kinematic-link-representation 

DERIVE 

:= SELF\representation-relationship.rep-I; 

:= SELF\representation-relationship.rep-2; 
WHERE 

END-ENTITY; 
(* 

Attribute definitions: 

SELF\representationrelationship.rep-1: a founded-kinematic-path which specifies a 
motion. 

URI: related-frame IN frame-link\representation.items; 

SELF\representationrelationship.rep-2: a kinematiclinkrepresentat ion that is to be 
moved. 

relatedframe: the frame on a link that is to be moved along the foundedkinematic-path 
defined as motion. 

motion: the foundedkinematic-path that specifies the motion. motion is derived from the 
inherited rep3 attribute. 

framelink: the kinematiclink-representation in the context of which the relatedframe 
is geometrically founded that is to be moved along motion. framelink is derived from the 
inherited rep-2 attribute. 

Formal propositions: 

WRl: The relatedframe shall be in the items set of framelink. 
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7.4.5 configuration-definition 

A configuration-definition specifies a configuration of a kinematicstructure in terms of 
pair parameter sets. 
EXPRESS specification: 

*> 
ENTITY configuration-definition; 
pair-values : SET [i : 71 OF pair-value; 
t-parameter : motion-parameter-measure; 

END-ENTITY; 
(* 

Attribute definitions: 

pair-values: the set of values applied to the pairs that specify a configuration-definition. 

t -parameter: the parameter associated to the configuration-definition. 

7.4.6 int erpolat ed-configurat ion-sequence 

An interpolated-configuration-sequence specifies the motion (forward analysis) of a kine- 
maticstructure in terms of a set of configuration-interpolations. These define the sequence 
of configuration-definitions and the interpolation between them. 
EXPRESS specification: 

*) 
ENTITY interpolated-configuration-sequence; 

END-ENTITY; 
interpolation : SET [i : ?] OF conf iguration-interpolation; 

(*  

Attribute definitions: 

interpolation: the interpolation between the configurations. 

7.4.7 prescribed-path 

A prescribed-path specifies the continuous motion for a control frame that is defined on a 
kinematiclink. A prescribed-path may be used for backward analysis. All transforms 
belonging to this path are given relative to the coordinate system identified as the context in 
which motion is geometrically founded. 

If the exact path cannot be achieved for any reason, any combination of joints may be used to 
achieve a path whose average distance from the prescribed path is minimized. If no controlling 
joints are given, any joints may be used to achieve the prescribed path. 
EXPRESS mecification: 

*> 
ENTITY prescribed-path 

SUBTYPE OF (motion-link-relationship) ; 
controlling-joints : OPTIONAL SET [i : 61 OF kinematic-joint; 
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END-ENTITY; 
(* 

Attribute definitions: 

controllingjoints: an optional set of the kinematicjoints which are used to  achieve the 
prescribed path motion. 

NOTE - The individual degrees of freedom of a joint depend on the type of the pair that references 
the joint. Values to the degrees of freedom are assigned by the appropriate subtype of pair-value 
which always specifies values for all the individual degrees of freedom of a pair. On the other hand, 
the number of all individual degrees of freedom for the joints in the controllingjoints set must 
not exceed six in order to avoid the backward analysis problem becoming indeterminate. For this 
reason, if a pair with more than one degree of freedom (e.g., a cylindricalpair) is associated with 
any joint in the controllingjoints set, the size of this set will be less than six. 

7.4.8 kinematic-analysis-result 

The kinematicanalysisresult supplies the result information from the kinematic simulation 
of a mechanism. 
EXPRESS mecification: 

*I 
ENTITY kinematic-analysis-result; 

analysed-mechanism : mechanism; 
contained-kinematic-results : SET [I : ?] OF kinematic-result; 

WR1: (SIZEOF (QUERY (result <* contained-kinematic-results I 
WHERE 

>KINEMATIC-ANALYSIS-SCHEMA.RESULTING-PATHJ IN TYPEOF (result))) 
> O) 

XOR 
(SIZEOF (QUERY (result <* contained-kinematic-results 1 

((JKINEMATIC-ANALYSIS-SCHEMA.’ + 
JINTERPOLATED~CONFIGUTION~SEQUENCE’ IN TYPEOF (result)) 

AND 
(SIZEOF (QUERY (sequence <* result\ 

interpolated-configuration-sequence.interpo1ation I 
(sequence.interpolation <> undefined ) ) )  > O)))) = O); 

END-ENTITY; 
(* 

Attribute definitions: 

analysed-mechanism: the mechanism whose motion produced the results. 

containedkinematicresults: a list of the motions, called results. 

Formal propositions: 

WR1: If there are no kinematicresults in the contained-kinematicresults set which are 
of type resulting-path, the interpolation attributes of all the configuration-interpolation 
instances in all the interpolated-configurationsequence instances in the containedkine- 
maticresults set shall all have the value undefined. 
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7.4.9 kinematic-analysis-consistency 

A kinematic-analysis-consistency relates the result of a kinematic analysis to its input. It 
asserts that result has been obtained from an analysis using control as its input. 
EXPRESS specification: 
*> 
ENTITY kinematic-analysis-consistency; 

control : kinematic-control; 
result : kinematic-analysis-result; 

WRI: control.controlled-mechanism :=: result.analyced-mechanism; 
WHERE 

END-ENTITY; 
(*  

Attribute definitions: 

control: the kinematic-control providing the input for the analysis. 

result: the kinematic-analysis-result which contains the results of the analysis. 

Formal DroDositions: 

WR1: Input and result data shall be related to the same mechanism. 

7.4.10 resulting-path 

A resulting-path describes a continuous rigid object motion for a control frame which is 
on a kinematiclink. The resulting-path may be obtained from the forward analysis. All 
transforms belonging to the path are given relative to the coordinate system identified as the 
context in which motion is geometrically founded. 
EXPRESS specification: 
*> 
ENTITY resulting-path 
SUBTYPE OF (motion-link-relationship); 
controlling-joints : SET [I : ?] OF kinematic-joint; 

END-ENTITY; 
(* 

Attribute definit ions: 

controlling-joints: the kinematic-joints which have been used to achieve the resulting path 
motion. 

Informal propositions: 

controlling pair requirement: All the pairs which were used to achieve this resulting-path 
shall be given. 

*> 
END-SCHEMA; 
(* 

-- end kinematic-analysis-control-and-result_cchema 
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ADVENT-ORIENTED-JOINT 
CIRCULARPATH 

Annex A 

Short names of entities 
(normative) 

ADORJN 
CRCPTH 

@IS0 

COMPOSITEPATH 
CONFIGURATIONDEFINITION 
CONFIGURATIONINTERPOLATION 
CURVE B ASED P ATH 
CYLINDRICALPAIR 
CYLINDRICALPAIRRANGE 
CYLINDRICALPAIR-VALUE 
FOUNDEDXINEMAT I C P  ATH 
FULLY-CONSTRAINEDPAIR 
GEARS AIR 

Table A . l  provides the short names of entities specified in this part of IS0 10303. Requirements 
on the use of short names are found in the implementation methods included in IS0 10303. 

CMPPTH 
CNFDFN 
CNFINT 
CRBSPT 
CYLPR 
CYPRRN 
CYPRVL 
FNKNPT 
FLCNPR 
GRPR 

Table A . l  - Short names of entities 

GEAR> AIRRANGE 
GEARPAIR-VALUE 
IN IT I ALST ATE 

I Entitv name I Short name I 

GRPRRN 
GRPRVL 
INTSTT - 

INTERPOLATED-CONFIGURATIONSEQUENCE 
JO INTLOGICALRELATI ONSHIP 
KINEMATICANALYSISXONSISTENCY 

INCNSq 
JNLGRL 
KNANCN 

KINEMATIC ANALY S I SRESULT 
KINEMATIC-CONTROL 

KNANRS 
KNMCNT 

~ 

KINEMATIC_FRAMEBASED_TRANSFORMÄTION ~ 

KINEMATIC-GROUNDREPRESENTATION 
KI NEMATIC JO INT 

I KINEMATICIRAMEBACKGROUNDREPRESENTATION I KFBR 
~ 

KFBT 
KNGRRP 
KNMJNT 

1 K INEMATI CTRAMEBACKGROUNDREPRESENTATI O N A S  S OC1 AT1 ON 1 KFBRA I 

KINEMATIC LINK 
KINEMATI CLINKREPRESENT AT1 ON 
KINEMATIC_LINKREPRESENTATIONASSOCIATION 

KNMLNK 
KNLNRP 
KLRA 

KINEMAT I CLI NKREPRESENTATI ONRELAT I ON 
KINEMATICLOOP 
KINEMATIC NETWORKSTRUCTURE 

KLRR 
KNMLP 
KNNTST 
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Ent i ty  name 
K I  NEMAT I C  P A I R  
KINEMATIC PATH 
KINEMATICPROPERTYDEFINITION 
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Short name 
KNMPR 
KNMPTH 
KNPRDF 
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KINEMATIC-TREE-STRUCTURE 
LINEAR2 ATH 
MECHANISM 

Table A. l  - (continued) 

KNTRST 
LNRPTH 
MCHNSM 

MECHANISMBASEPLACEMENT 
MOTIONLINKRELATIONSHIP 
ORIENTED-JO INT 

KINEMATICPROPERTYREPRESENTATIONRELATION I KPRR 

MCBSPL 
MTLNRL 
ORN JNT 

I 

K INEM AT1 CSTRUCTURE I KNMSTR 

ORIENTED-JOINT-IN-TREE 
PAIRACTUATOR 
PA IR-VALUE 

K I  NEMATI CSUBSTRUCTURE I KNMSBS 

OJIT 
PRACT 
PRVL 

P ATHXLEMENT 
PATHXLEMENTXONNECTION 
PATHIODE 

PTHELM 
PTELCN 
PT"D 

PLANAR-CURVEPA IRRANGE 
PLANARPA I R  
PLANARPAIRRANGE 

PCPR 
PLNPR 
PLPFüìN 

PLANAR-CURVEPAIR 1 PLCRPR 

PLANARPAIR-VALUE 
POINT-ONPLANAR-CURVEPAIR 
POINT-ONPLANAR-CURVEPAIRRANGE 

PLPRVL 
POPCP 
POPCPR 

POINT-ON-SURFACEPAIR 
POINT-ON-SURFACEPAIRRANGE 

POSP 
POSPR 

PO I NT -ON PLAN AR-CURVE P A  I R-V ALUE I POPCPV 

POINT-ON-SURFACEPAIR-VALUE 
POINT-TOPOINTPATH 
PRESCRIBEDPATH 

POSPV 
PTPP 
PRSPTH 

PRISMATICPAIR 
PRISMATICPAIRRANGE 
PRI SMATICPA IR-VALUE 
RACK ANDPINIONPAIR I RAPP I 

PRSPR 
PRPRRN 
PRPRVL 

RACKANDSINION4AIRRANGE 
RACK ANDPINIONPAIR-VALUE 
RESULTINGPATH 
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Ent i ty  name 
REVOLUTEPAIR 
REVOLUTEPAIRRANGE 

Table A.l  - (concluded) 

Short name 
RVLPR 
RVPRRN 

@IS0 

ROLLING -CURVEPA I R  
ROLLING-CURVEPAIR-VALUE 

RLCRPR 
RCPV 

I REVOLUTEPAIR-VALUE IRVPRVL I 

ROLLING~URFACEPAIR-VALUE 
ROTATIONABOUTDIRECTION 

RSPV 
RTABDR 

1 ROLLINGSURFACEPAIR IRLSRPR I 

SCREWSAIRRANGE 
SCREW P A  IR-VALUE 

SCPRRN 
SCPRVL 

I SCREWPAIR I SCRPR I 

SLIDING-CURVEPAIR 
SLIDING-CURVEPAIR-VALUE 
SLIDINGSURFACEPAIR 

SLCRPR 
SCPV 
SLSRPR 

I SIMPLESAIRRANGE ISMPRRN I 

SPHERI CALPA IR-VALUE 
SURFACEPAIR 
SURFACEPAIRRANGE 

SPPRVL 
SRFPR 
SRPRRN 

I SLIDINGSURFACEPAIR-VALUE 1 SSPV I 

SUPARAMETERS 
TRANSFORM 
TRANSLATION 

I 

SPHERICALPAIR I SPHPR 

SPRM 
TRNSFR 
TRNSLT 

I SPHERI CALPA IRRANGE I SPPRRN 

UNCONSTRAINEDPAIR-VALUE 
UNIVERSALPAIR 
UNIVERSALPAIRRANGE 

UNPRV 
UNVPR 
UNPRRN 

I UNCONSTRAINEDPAIR I UNCPR I 

I UNIVERSALPAIR-VALUE I NPRVL 
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Annex B 

Informat ion object registrat ion 
(normative) 

B. 1 Document identification 

In order to provide for unambiguous identification of an information object in an open system, 
the object identifier 

{ is0 standard 10303 part(l05) version(1) } 
is assigned to this part of IS0 10303. The meaning of this value is defined in ISO/IEC 8824-1, 
and is described in IS0 10303-1. 

B.2 Schema identification 

B.2.1 kinematic-structure-schema identification 

In order to provide for unambiguous identification of the kinematicstructureschema in an open 
system, the object identifier 

{ is0 standard 10303 part( 105) version( 1) object( 1) kinematic-structure-schema(1) } 
is assigned to the kinematicstructureschema schema (see clause 5 ) .  The meaning of this value 
is defined in ISO/IEC 8824-1, and is described in IS0  10303-1. 

B.2.2 kinematic-motion-representation-schema identification 

In order to provide for unambiguous identification of the kinematicnotionrepresentation-- 
schema in an open system, the object identifier 

{ is0 standard 10303 part(l05) version(1) object(1) 
kinematic-motion-representation-schema(2) 1 

is assigned to the kinematicmotionrepresentationschema schema (see clause 6). The meaning 
of this value is defined in ISO/IEC 8824-1, and is described in IS0 10303-1. 

B.2.3 kinematic-analysis-control-andresult -schema 
identification 

In order to provide for unambiguous identification of the kinematic-analysis-control-andresult-- 
schema in an open system, the object identifier 

{ is0 standard 10303 part( 105) version( 1) object( 1) 
kinematic-analysis-control-and-result-schema( 3) } 

is assigned to the kinematic-analysis-control-andresultschema schema (see clause 7). 
meaning of this value is defined in ISO/IEC 8824-1, and is described in IS0 10303-1. 

The 
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Annex C 

EXPRESS listing 
(informative) 

@IS0 

This annex provides a listing of the short names and a listing of the EXPRESS specified in 
this part of IS0 10303. No text or annotation is included. This annex is provided only in 
computer-interpretable form. 

NOTE - The information provided on this diskette is informative; the normative text is that con- 
tained in the body of this part of IS0 10303. 
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Annex D 

EXPRESS-G figures 
(informative) 

Figures D. 1 through D.9 correspond to  the EXPRESS listing given in annex C. The figures use the 
EXPRESS-G graphical notation for the EXPRESS language. EXPRESS-G is defined in annex D 
of IS0  10303-11. 

NOTE - In figure D.5 and in figure D.6, all subtypes of kinematic-pair-value and of simple-- 
pairrange actually redeclare their inherited attribute applies-topair. These redeclaring rela- 
tionships have been omitted in these figures for clarity. 
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gear-pair radius-second-link 

r - - - - - - - - i  n revolute-pair 

prismatic-pair r 
pair 

n planar-pair 

unrestricted- 
pair 

fully- 
restricted-pair 

t3- spherical-pair 

pitch measure-schema. 
C screw-pair lengt h-me asure 

I I 

- -0 v -Q - - 
I I  I 

pinion-radius 4 pinion-pair rack-and- + I I 
I I I I  

gearratio 

helical-angle 
O 

I kvel  
I I 

input-skew-angle 
I - - - - - - _ _ _ - - - _ _ _ _ _ _  

*(DER) skew-angle I 

surface-pair 
I I A 

- -u - - - - - - 
geometryschema. 

, 

C surface-pair *surface-2 surface 
- - - - - - - - -  3 

point-on- I planar-curve-pair 

sliding- 
curve-pair 

I ’  I 

curve-pair 

I 

sliding- I- 

l 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

plane-angle- 
measure 

- - - - - - - - _ _  

Figure D.4 - Graphical notation of the major aspects of the 
kinemat icstructureschema. 

(See also figures D. l  to D.3 and D.5 to D.7) 
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kinematicnetwork- 
structure 

kinematic-link kinematicjoint 

(DER) advent-link 

(DER) exit-link 

kinematic-tree- 
structure 

parent-structure 1 
orientation 

orientedjoint 

I 

orientedjoint- advent- 
in-tree orientedjoint 

I 

I 

orientedjoint- advent- 
in-tree orientedjoint 

I 
I parent- I I  

substructure 

@IS0 

kinematic- I y:P I 
joint-logical- 

relationship 

Figure D.7 - Graphical notation of the major aspects of the 
kinematics t ruct ureschema. 
(See also figures D. l  to D.6) 
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- - _ - _ _ _ _ - - _  

representationjtem 

1 kinematic-path 1 

l u 
measure-schema. I length-measure 

circular-path b 

*elements S [i:?] 

connection 

linear-path u 
curve-based- 4 7 1  
,---u---- 
(geometry-schema? 

curve 
I A 

I *via-point 

cartesian-point J 

I motion-parameter- I 
measure I 

I - - - - -  
I 

l - - - - -  

- - - -  A - - - ,  I - - - -  A---, 
I f measure-schema.> f measure schema.? - 

parameter-value measure-with-unit 
I I 

Figure D.8 - Graphical notation of the major aspects of the 
kinematicmotionrepresentationschema 
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Annex E 

Rotation matrix corresponding to ypr-rotation 
(informat ive) 

This annex provides additional information. It is included here in order to ensure a common 
understanding of the semantics of ypr-rotation (see 5.3.7). 

A ypr-rotation defines a sequence of three rotations about the yaw, pitch, and roll axes (in 
this order). In this part of IS0  10303, this rotation sequence is applied mainly to frames; in 
the case of a spherical-pair-value, e.g., it relates the axis directions of the pair frame on the 
second link of a spherical-pair to the axis directions of the pair frame on the first link of the 
same pair. It may be applied, however, to any vector-valued quantity in R3. 

E.1 Matrix representation of yprrotation 

Let ü be a 3D vector to which a ypr-rotation is applied, and let ;w be the same vector, but 
measured with respect to the unrotated, i.e., inertial coordinate system. Then the transformation 
from ü to üï can be written in matrix notation as follows: 

where 
TYPT = T r o l l  T p i t c h  T y a w  

(the rightmost transformation is performed first). Since the yaw, pitch, and roll rotations are 
rotations about the z-, y-, and x-axis, respectively, of temporary coordinate systems, it is easily 
shown that 

cosa - s ina  O 
T y a w  = 

with a being the yaw angle, 

Tpitch = 
- s inp  O cosß 

with ß being the pitch angle, and 

O siny cosy 

with y being the roll angle. Hence, the rotation matrix for the entire yprrotation becomes 

cos a cos p 

(sin a sin y - cos a sin ß cos y) 

- sin a cos p 

(cos a sin y + sin a sin ß cos y) 

sin ß 

cos ß cos y 
(sina cosy + cosa sinß siny) (cosacosy - s inashßs iny )  -cos@ siny) 
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E.2 EXPRESS function 
comput e-rot at ion-mat rix-from-ypr ro t  at ion 

The function computerotationmatrixfrom-yprrotation computes the rotation matrix 
which corresponds to a yprrotation, given by its angles yaw, pitch, and roll, according to 
the notation specified in E.1. The function returns an ARRAY [i : 31 OF ARRAY [i : 31 OF 
REAL. 

NOTES 

1 - This function is provided as an example for applications which need rotations to  be given in 
matrix notation rather than in terms of ypr angles. It should fit into a schema that USES or 
REFERENCES the kinematicstructureschema (see clause 5). 

2 - The term 'rotation matrix' is not used uniquely within the scientific community. The result of 
computerotationmatrixfrom-yprrotation is valid only for a notation as used in E.l. 

EXPRESS specification: 

FUNCTION compute-rotation-matrix-from-ypr-rotation 
(yaw : REAL; 
p i t c h  : REAL; 
r o l l  : REAL; 
f a c t o r  : REAL) 

: ARRAY [I : 31 OF ARRAY [i : 31 OF REAL; 
LOCAL 

y ,  p ,  r : REAL; 
r e s u l t  : ARRAY c l  : 31 OF ARRAY [I : 31 OF REAL; 

END-LOCAL; 

y := f a c t o r  * yaw; 
p := f a c t o r  * p i t c h ;  
r := f a c t o r  * r o l l ;  

( r e s u l t ) ;  
END-FUNCTION; 

yaw: The yaw angle of the yprrotation which is being evaluated. 
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NOTE 3 - For an attribute ypr of type yprrotation in an entity e, the actual parameter for yaw 
could be either e.ypr[yprindex(ypr-enumeration.yaw)] or just e.ypr[l]. 

pitch: The pitch angle of the yprrotation which is being evaluated. 

NOTE 4 - For an attribute ypr of type yprrotation in an entity e, the actual parameter for 
pitch could be either e.ypr[yprindex(ypr-enumeration.pitch)] or just e.ypr[2]. 

roll: The roll angle of the ypr-rotation which is being evaluated. 

NOTE 5 - For an attribute ypr of type yprrotation in an entity e ,  the actual parameter for roll 
could be either e.ypr[yprindex(ypr-enumeration.roll)] or just e.ypr[3]. 

factor: The conversion factor that  is required to  convert yaw, pitch, and roll into equivalent 
angle measurements using radian as the plane angle unit. 

NOTE 6 - IS0 10303-11 requires the parameters of the SIN and COS functions to be expressed 
in radians. 
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Annex F 
(informat ive) 

@IS0 

Replacement of DH-Parameters by SU-Parameters 

This annex provides additional information. 

The principle of the DH-notation is to relate a target frame on a link (denoted k, e.g.) to that 
pair frame on the preceeding link (denoted k - 1) in the kinematic chain which belongs to the 
pair by which link k is connected to link k - 1. The target frame may either be a pair frame 
of another pair on link k or any other frame on link k, e.g., a tool center point frame. The 
four DH-parameters u:", a:", O:", and S?" define the transformation from the relating pair 
frame on link k - 1 to the target frame on link k, including the motion in the pair shared by 
both links. See [2] for details of the DH-notation. 

The use of DH-parameters is commonly restricted to links that are connected to their predecessor 
by either a revolute pair or a prismatic pair. One could imagine its application also to cylindrical 
pairs and to screw pairs. 

When using SU-parameters, the relationship between the pair frames of the shared pair is 
separated from the kinematic link description. The pair is characterised by a transformation 
involving the pair parameters, which is specific to the pair type, whereas the link data relevant 
to kinematics are constant transformations from an arbitrarily chosen, but fixed link frame to 
the various pair frames on the same link. See 5.4.17. 

A pair and a link whose data are specified using DH-notation can easily be redefined using SU- 
notation. The resulting frame definition will probably not take full advantage of the flexibility 
given by the SU-notation, but it will be a valid definition. The following paragraphs provide a 
guidance to such a redefinition. The 'target frame' of the DH-notation is chosen as the link frame 
of link k, as it is usually done implicitly also with the DH-notation. The SU-parameters for the 
pair frame on link k which mates with the 'relating' pair frame on the preceeding link k - 1 are 
derived from the inverse of the transformation matrix defined by the DH-parameters, with zero 
pair parameters. Angles are given in radians; occasionally, the given values have to be replaced 
by the equivalent values in the plane angle units that are actually used by an application. 

Revolute pair: For a link k connected to its predecessor k - 1 by a revolute pair, the pair 
transformation corresponds essentially to the yaw rotation as given in E.1, replacing there (u by 
the pair parameter 0:". The SU-parameters for the pair frame of the revolute pair on link k, 
as defined in 5.4.17, are found by setting u k  = u:", a k  = a:", bk = -sFH, ßk = n, Ck = O, 
and y k  = n. 

Prismatic pair: For a link k connected to its predecessor k - 1 by a prismatic pair, the pair 
transformation is a pure translational transformation along the z-axes, with sf" being the pair 
parameter. The SU-parameters for the pair frame of the prismatic pair on link k are found by 
setting a k  = u:", a k  = (u:", bk = O, 

Cylindrical pair and screw pair: For a link k connected to its predecessor k - 1 by a 
cylindrical pair or by a screw pair, the pair transformation is composed of a translational trans- 
formation along the z-axes (pair parameter sf") and a rotational yaw transformation (pair 
parameter Of"). In the case of a cylindrical pair, the pair parameters 3:" and 13:" are inde- 
pendent one from the other, whereas for a screw pair one of them depends functionally on the 

= T - e;", ck = O, and ~k = n. 
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other (see 5.4.29). The SU-parameters for the pair frame of the cylindrical pair or of the screw 
pair on link k are found by setting u k  = u f H ,  cyk = akH,  bk = O, & = T, ck = O, and 
yk = 7r. Here it is supposed that both pair frames of the cylindrical or screw pair coincide if 
both parameters, s k H  and O f H ,  are equal to zero. 
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