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Preface

� ���������
	���
��������

This Toolbox provides many functions that are useful in robotics and addresses
such areas as kinematics, dynamics, and trajectory generation. The Toolbox is
useful for simulation as well as analyzing results from experiments with real
robots. The Toolbox has been developed and used over the last few years to the
point where I rarely write ‘C’ code anymore for these kinds of tasks. I have used
MEX files to read data from an online robot controller (running under VxWorks)
via sockets, process it and display it graphically on a workstation computer. It
would be feasible, by extension of this communications mechanism, to perform
some online robot control functions via MATLAB.

The Toolbox is based on a very general method of representing the kinematics
and dynamics of serial-link manipulators by description matrices. These matri-
ces can be created by the user for any serial-link manipulator and a number of
examples are provided for well know robots such as the Puma 560 and the Stan-
ford arm. Such matrices provide a concise means of describing a robot model
and may facilitate the sharing of robot models across the research community.
This would allow simulation results to be compared in a much more meaningful
way than is currently done in the literature. The toolbox also provides functions
for manipulating datatypes such as vectors, homogeneous transformations and
unit-quaternions which are necessary to represent 3-dimensional position and
orientation.

The routines are generally written in a straightforward manner which allows
for easy understanding at the expense of computational efficiency. If you feel
strongly about computational efficiency then you can rewrite the function or
create a MEX version.

� � ������������� �

This release is mostly bug fixes, particularly in the Puma 560 parameters in
!#"%$'&#(#)#*,+.- . Some of the function descriptions now contain example code — the
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4 MATLAB version issues

function ������� +.- in particular seemed always to result in many inquiries.

I have created a Toolbox home page

http://www.brb.dmt.csiro.au/dmt/programs/autom/matlab.html

which will always list the current released version number as well as bug fixes
and new code in between major releases.

One significant addition is, at last, a MEX version of the recursive Newton-Euler
function � ��� + - . It is over 300 times faster than the M-file version and makes
forward dynamics quite respectable. Currently I am distributing only a binary
for Sun Sparc, � ���
	 $ ����
���� . If anybody is interested in creating a binary for
distribution for another platform please contact me. I personally would find a
DOS/Windows version very helpful but I don’t have the right compiler...

� � � � ��� ���
� ��� � � ��� ��������� ���

The Robotics Toolbox is freely available from the MathWorks FTP server��� ! 	 $'& ������� ��� 
�	 ��� $ in the directory !#"�!#" ������� �%$ !�" $ $ 
�� " � � ! ��� . It is best to down-
load all files in that directory since the Toolbox functions are quite interdepen-
dent. The file � � ! ���&	 ! 
 is a comprehensive manual with a tutorial introduction
and details of each Toolbox function. A menu-driven demonstration can be
invoked by the function � ���#� $ � .

' ( )+*-,.)0/ 1 � ��������� � � � ��� �

The Toolbox works with MATLAB version 4 and has been tested on a Sun with
version 4.2c and under MS-Windows version 4.0. The Toolbox does not function
under MATLAB v3.x due to the significant changes introduced between MATLAB
versions. Problems have also been encountered with the Student edition, par-
ticularly the trajectory examples, since these require matrices larger than the
limits imposed. Cursory experiments with Octave 1.0 2 under Linux shows up
a number of language differences. In particular Octave doesn’t like comments

3547698;: <�=?>A@B:DCFEHG%I�E7JLKA>AM�=?NO:�6PM :�Q�=R8;SO:T8U>A@R: < :�>AKA:�VOKA=-WYX�Z[:T\OX�\^]`_aX�b`@+WY8;NcWYZ;X�_
d^e fhgji�i9d^e f�k;lnmpo�krq�s5t l�kuo v w^i9fTw5xOi�y l e�z {^oT| G%SO=�6}bOZjZ;=9\^8�<�=9Z;@j>AX�\aX Wh476}8j: <�=�>A@%\OX5~�� | � | � |
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inside matrix definitions or DOS style CRLFs in M files, and does not support
the ‘...’ line continuation feature of MATLAB.

� ) 
�� ��� �?��� 	�� ��� �������

I have corresponded with a great many people via email since the first release of this toolbox. Some
have identified bugs and shortcomings in the documentation, and even better, some have provided
bug fixes and even new modules. I would particularly like to thank Chris Clover of Iowa State
University, Anders Robertsson and Jonas Sonnerfeldt of Lund Institute of Technology, Robert Biro
and Gary McMurray of Georgia Institute of Technlogy, and Jean-Luc Nougaret of IRISA for their
help.

� �
�
	�	 � ���
� ����� � � ��� ��
���� �
����� �
��� ��� ��� � � 
��

I’m always happy to correspond with people who have found genuine bugs or deficiencies in the
Toolbox, or who have suggestions about ways to improve its functionality. However I do draw the
line at providing help for people with their assignments and homework!

Many people are using the Toolbox for teaching and this is something that I would encourage. If
you plan to duplicate the documentation for class use then every copy must include the front page.
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7 Manipulator kinematics

1
Tutorial

� ( � ��� 	�� ����� � � ��� ��� � ������
 �

Kinematics is the study of motion without regard to the forces which cause it. Within kinematics
one studies the position, velocity and acceleration, and all higher order derivatives of the position
variables. The kinematics of manipulators involves the study of the geometric and time based
properties of the motion, and in particular how the various links move with respect to one another
and with time.

Typical robots are ���������
	��
	�������������� ����	���������� comprising a set of bodies, called 	������
� , in a chain,
connected by  ������!���#" . Each joint has one degree of freedom, either translational or rotational. For
a manipulator with $ joints numbered from

�
to $ , there are $�% �

links, numbered from & to $ .
Link & is the base of the manipulator, generally fixed, and link $ carries the end-effector. Joint '
connects links ' and '�( �

.

A link may be considered as a rigid body defining the relationship between two neighbouring joint
axes. A link can be specified by two numbers, the 	������)	�����*���+ and 	������,��-.����� , which define the
relative location of the two axes in space. The link parameters for the first and last links are
meaningless, but are arbitrarily chosen to be 0. Joints may be described by two parameters. The
	������/�102����� is the distance from one link to the next along the axis of the joint. The  ������!�3����*4	�� is
the rotation of one link with respect to the next about the joint axis.

To facilitate describing the location of each link we affix a coordinate frame to it — frame ' is
attached to link ' . Denavit and Hartenberg[1] proposed a matrix method of systematically assigning
coordinate systems to each link of an articulated chain. The axis of revolute joint ' is aligned with5�6�7

2 . The 8 6�7 2 axis is directed along the normal from 596�7
2 to 596 and for intersecting axes is

parallel to 5�6�7 2;: 596 . The link and joint parameters may be summarized as:

<>=H:�Z;:TKAKA=}K�KA>A\OM :�\4? @j=}Zj>A:�K�@ NO:�Zj:�KAKA=PK�S`]`VOZ;>A? @j8jZ;bO698;bOZj=}@%:�Zj=&N�X�@j@;>AVOKA=9B�8jSOX�bOQ�S _ bO6PS KA=}@j@ 69X�_a_aX�\ >A\
>A\4?ObO@;8jZj>A:�K^_a:T\O>ANObOKA:�8;XTZ;@ |
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joint i−1 joint i joint i+1
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(a) Standard form
joint i−1 joint i joint i+1

link i−1

link i

Ti−1 TiX i−1

Yi−1
Zi−1
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X

i

Z i

a
i−1

a i

(b) Modified form

� ��(���	�� � � � ��� � 	�� � � 
 ��	
�,� ��
 � � ����	 ������� ��	���� � � ��	
( �����������$���#�

link length � 6 the offset distance between the 596�7 2 and 596 axes along the 8 6
axis;

link twist � 6 the angle from the 5�6�7 2 axis to the 596 axis about the 8 6 axis;
link offset � 6 the distance from the origin of frame '�( �

to the 8 6 axis along
the 5�6�7 2 axis;

joint angle 	 6 the angle between the 8 6�7 2 and 8 6 axes about the 596�7 2 axis.

For a revolute axis 	 6 is the joint variable and � 6 is constant, while for a prismatic joint � 6 is variable,

Robotics Toolbox Release 3 1–7



7 Manipulator kinematics

and 	 6 is constant. In many of the formulations that follow we use generalized coordinates, ��6 , where� 6�� �
	 6 for a revolute joint
� 6 for a prismatic joint

and generalized forces �
6 � ��� 6 for a revolute joint� 6 for a prismatic joint

The Denavit-Hartenberg (DH) representation results in a 4x4 homogeneous transformation matrix

6 7
2	� 6 ��
��
 ����� 	 6 ( ����� 	 6������ � 6 �
��� 	 6����
� � 6 � 6������ 	 6�
��� 	 6 ����� 	 6 ����� � 6 ( ����� 	 6��
��� � 6 � 6��
��� 	 6

& ���
� � 6 ����� � 6 � 6
& & & �

����� � ���
representing each link’s coordinate frame with respect to the previous link’s coordinate system; that
is ���

6 � ���
6�7

2
6�7

2 � 6 ��� �
where

� �
6 is the homogeneous transformation describing the pose of coordinate frame ' with respect

to the world coordinate system & .

Two differing methodologies have been established for assigning coordinate frames, each of which
allows some freedom in the actual coordinate frame attachment:

1. Frame ' has its origin along the axis of joint ' % �
, as described by Paul[2] and Lee[3, 4].

2. Frame ' has its origin along the axis of joint ' , and is frequently referred to as ‘modified
Denavit-Hartenberg’ (MDH) form[5]. This form is commonly used in literature dealing with
manipulator dynamics. The link transform matrix for this form differs from (1).

Figure 1 shows the notational differences between the two forms. Note that � 6 is always the length
of link ' , but is the displacement between the origins of frame ' and frame '�% �

in one convention,
and frame ' ( �

and frame ' in the other � . The Toolbox provides kinematic functions for both of
these conventions — those for modified DH parameters are prefixed by ‘m’.�5C :�\`] NO:�N�=9Z;@%~%SO=9\ 8j:�VObOKA:�8j>A\OQ 8jSO=�� _aX�?O> ��=#? ��M`>A\O=}_a:T8;>A6�NO:�Zj:�_a=}8j=}Zj@�X W _a:T\O>ANObOKA:�8;XTZ;@�KA>A@;8"!$#&% 3:�\4?�'(#&% 3 \OX�8(!$#�:�\4?�')# |
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7.1 Forward and inverse kinematics

����� ���	��

�������	�������������������������� !�#"$��%��
For an n-axis rigid-link manipulator, the &����9-.���(' ���������������*) ���4	�� � ����� gives the coordinate frame,
or pose, of the last link. It is obtained by repeated application of (2)� �

+ � � � 2 2 � "#,-,., +
7
2 � + �0/ �� 1 � � � � " �

which is the product of the coordinate frame transform matrices for each link. The pose of the
end-effector has 6 degrees of freedom in Cartesian space, 3 in translation and 3 in rotation, so robot
manipulators commonly have 6 joints or degrees of freedom to allow arbitrary end-effector pose.
The overall manipulator transform

� �
+ is frequently written as

�
+ , or

�
2 for a 6-axis robot. The

forward kinematic solution may be computed for any manipulator, irrespective of the number of
joints or kinematic structure.

Of more use in manipulator path planning is the ���43 ��� ��� ��������� ��� �*) ���4	�� �������� �51 7
2 � � � �06 �

which gives the joint angles required to reach the specified end-effector position. In general this
solution is non-unique, and for some classes of manipulator no closed-form solution exists. If the
manipulator has more than 6 joints it is said to be �#�7'�� ��'������ and the solution for joint angles
is under-determined. If no solution can be determined for a particular manipulator pose that
configuration is said to be ������*���	���� . The singularity may be due to an alignment of axes reducing
the effective degrees of freedom, or the point

�
being out of reach.

The manipulator Jacobian matrix, 8�9 , transforms velocities in joint space to velocities of the end-
effector in Cartesian space. For an $ -axis manipulator the end-effector Cartesian velocity is�;:

8 + � �
8�9
:� �0< �=?> :8 + � =@> 8�9
:� �0A �

in base or end-effector coordinates respectively and where 8 is the Cartesian velocity represented
by a 6-vector. For a 6-axis manipulator the Jacobian is square and provided it is not singular can
be inverted to solve for joint rates in terms of end-effector Cartesian rates. The Jacobian will not be
invertible at a kinematic singularity, and in practice will be poorly conditioned in the vicinity of the
singularity, resulting in high joint rates. A control scheme based on Cartesian rate control:� � �

8 7 29
��:
8 + �0B �

was proposed by Whitney[6] and is known as �#�9���4	C3 �7' �#��� ��� ��� �����
)>�������#�4	 . For two frames D
and E related by F

�
G �IH $ J � K L the Cartesian velocity in frame D may be transformed to

frame E by G :8 � G 8 F F
:
8 �  �
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8 Manipulator rigid-body dynamics

where the Jacobian is given by Paul[7] as

G 8 F � � � F � G � � � H $ J � L�� H K : $ K : J K : � L��
& H $ J � L�� � � � & �

� ( � ��� 	�� ����� � � � � � ��	���� �
	�� 	�� ��� � ��
 �

Manipulator dynamics is concerned with the equations of motion, the way in which the manipulator
moves in response to torques applied by the actuators, or external forces. The history and math-
ematics of the dynamics of serial-link manipulators is well covered by Paul[2] and Hollerbach[8].
There are two problems related to manipulator dynamics that are important to solve:	 ����3 ��� ��� '�
��������*)9� in which the manipulator’s equations of motion are solved for given

motion to determine the generalized forces, discussed further in Section �
� , and	 '����#�7)���'�
��������*)9� in which the equations of motion are integrated to determine the gener-
alized coordinate response to applied generalized forces discussed further in Section 8.2.

The equations of motion for an $ -axis manipulator are given by� ��� � � ���� %�� � � � :� � :� %�� � :� � %�� � � � � �����
where� is the vector of generalized joint coordinates describing the pose of the manipulator:� is the vector of joint velocities;�� is the vector of joint accelerations� is the symmetric joint-space inertia matrix, or manipulator inertia tensor� describes Coriolis and centripetal effects — Centripetal torques are proportional to

:� "6 , while the
Coriolis torques are proportional to

:� 6 :���� describes viscous and Coulomb friction and is not generally considered part of the rigid-body
dynamics� is the gravity loading

�
is the vector of generalized forces associated with the generalized coordinates � .

The equations may be derived via a number of techniques, including Lagrangian (energy based),
Newton-Euler, d’Alembert[3, 9] or Kane’s[10] method. The earliest reported work was by Uicker[11]
and Kahn[12] using the Lagrangian approach. Due to the enormous computational cost, � � $�� � ,
of this approach it was not possible to compute manipulator torque for real-time control. To
achieve real-time performance many approaches were suggested, including table lookup[13] and
approximation[14, 15]. The most common approximation was to ignore the velocity-dependent term� , since accurate positioning and high speed motion are exclusive in typical robot applications.
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8.1 Recursive Newton-Euler formulation

Method Multiplications Additions For N=6
Multiply Add

Lagrangian[19] / � 2" $��3% B < �2#" $(� � 6 $�� % < < 2� $(� 66,271 51,548
% � A � 2� $�".% 6 / 2� $ % � �  2" $�".%

" � 2� $( � � B (  <
Recursive NE[19]

� 6 &�$ ( " B � / � $�( " B 852 738
Kane[10] 646 394
Simplified RNE[22] 224 174

� ����.�� � � � ���,����	
������� � 
-����� ���������
��������.��������
� 
 ��	 �
��	���	
� � 
 ������� �$� � 
 	���� 	 ��	
�������
�
����	
� � ��� � � � .$���
��� � �
	 � ���-��� � ��� 	���
 ��� ��� ���%��.����-�����,��.���� �����
����� ���
����( � � � �
� 
 � � ��	��
������� ��(�� � � � �

Orin et al.[16] proposed an alternative approach based on the Newton-Euler (NE) equations of
rigid-body motion applied to each link. Armstrong[17] then showed how recursion might be applied
resulting in � � $ � complexity. Luh et al.[18] provided a recursive formulation of the Newton-Euler
equations with linear and angular velocities referred to link coordinate frames. They suggested a
time improvement from A��  s for the Lagrangian formulation to

"
� 6 �,� , and thus it became practical

to implement ‘on-line’. Hollerbach[19] showed how recursion could be applied to the Lagrangian
form, and reduced the computation to within a factor of 3 of the recursive NE. Silver[20] showed
the equivalence of the recursive Lagrangian and Newton-Euler forms, and that the difference in
efficiency is due to the representation of angular velocity.

“Kane’s equations” [10] provide another methodology for deriving the equations of motion for a
specific manipulator. A number of ‘Z’ variables are introduced, which while not necessarily of
physical significance, lead to a dynamics formulation with low computational burden. Wampler[21]
discusses the computational costs of Kane’s method in some detail.

The NE and Lagrange forms can be written generally in terms of the Denavit-Hartenberg param-
eters — however the specific formulations, such as Kane’s, can have lower computational cost for
the specific manipulator. Whilst the recursive forms are computationally more efficient, the non-
recursive forms compute the individual dynamic terms ( � , � and � ) directly. A comparison of
computation costs is given in Table 1.

� ��� � ��%
	 � � �@����� ��
 "��;��
���	��������.�	�� �	����#"$���;�
The recursive Newton-Euler (RNE) formulation[18] computes the inverse manipulator dynamics,
that is, the joint torques required for a given set of joint angles, velocities and accelerations. The
forward recursion propagates kinematic information — such as angular velocities, angular acceler-
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8 Manipulator rigid-body dynamics

joint i−1 joint i joint i+1

link i−1

link i

T
i−1

T
iai

X i
Yi

Z i

ai−1

Z i−1

X i−1
Yi−1

p* vi
.
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.ωiωi

n   fi i

N   F
i i

vi

.
vi

_ _
i+1 i+1

n      f

si

� �$(���	�� � � � ���
���������"����� 
 
 ��	#����	�� 	
��� 
 ������� �$� � ��������� 
&���"�
������
���	

 � � ����	 �$� � ����	���� � � ��	
(
�����������$���#�

ations, linear accelerations — from the base reference frame (inertial frame) to the end-effector. The
backward recursion propagates the forces and moments exerted on each link from the end-effector
of the manipulator to the base reference frame � . Figure 2 shows the variables involved in the
computation for one link.

The notation of Hollerbach[19] and Walker and Orin [23] will be used in which the left superscript
indicates the reference coordinate frame for the variable. The notation of Luh et al.[18] and later
Lee[4, 3] is considerably less clear.

�������	��

��
�������

��������� ��� ' � $��
If axis ' % �

is rotational6! 
2#" 6! 2 � 6! 

2%$ 6'& 6 " 6 % 5 � :� 6( 
2*) � � � �6! 

2
:" 6! 2 � 6! 

2%$ 6�+ 6 :" 6 % 5 � �� 6! 
2 %

6 " 6 : & 5 � :� 6( 
2 )-, � � / �6! 

2�. 6! 2 � 6! 
2/" 6! 2 : 6! 

2 K 06! 2 % 6! 
21$ 6 6 . 6 � � " �6! 

2
:. 6! 2 � 6! 

2
:" 6! 2 : 6! 

2 K 06! 2 % 6! 
2#" 6! 2 : + 6! 2#" 6! 2 : 6! 

2 K 06( 2 , % 6! 
2�$ 6 6

:. 6 � � 6 �
If axis ' % �

is translational6! 
2#" 6! 2 � 6! 

2%$ 6 6 " 6 � � < �2%3 8h@jSOX�bOKA?&V�=%\OX�8j=#?&8;SO:T8�bO@;>A\OQ
C54�6 \OX�8j:�8j>AX�\ ~%>A8jSa>A8;@ ?O> 7�=9Z;=9\^8�:�8`>A@�:�@j@;>AQT\O_a=}\`8�69X�\`<�=}\`8;>AXT\O@�8jSO=9 =9~%8;X�\;:�bOKA=}ZHW X�Zj_&bOKA:�8;>AXT\ >A@ =<8^NOZj=}@j@;=1?3?O> 7�=}Zj=}\`8;KA]>= ?(@ |
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8.1 Recursive Newton-Euler formulation

6! 
2
:" 6! 2 � 6! 

2 $ 6 6
:" 6 � � A �6! 

2�. 6! 2 � 6! 
2%$ 6'& 5 � :� 6( 

2 %
6 . 6 ) % 6! 

2#" 6! 2 : 6! 
2 K 06! 2 � � B �6! 

2
:. 6! 2 � 6! 

2%$ 6 & 5 � �� 6( 
2 %

6 :. 6 ) % 6! 
2
:" 6! 2 : 6! 

2 K 06! 2 % � 6! 2#" 6! 2 : & 6! 21$ 6 5 � :� 6! 
2 )

% 6( 2<" 6! 2 : & 6! 2<" 6! 2 : 6! 
2 K 06! 2 ) � �! �

6 :. 6 � 6 :" 6 : � 6 % 6 " 6 : � 6 " 6 : � 6�� % 6 :. 6 � � & �6�� 6 � ��6 6
:. 6 � � ���6�� 6 � 8 6 6
:" 6 % 6 " 6 :
	 8 6 6 " 6�� � � � ��*� � ��

� 
�� � ��

��� � ��� $�
 '�
 � �

6 � 6 � 6 $ 6! 
2
6! 

2 � 6! 2 % 6�� 6 � � / �6 $ 6 � 6 $ 6! 
2
+ 6! 2 $ 6! 2 % & 6! 2�$ 6 6 K 06 ) :

6 6! 
2 � 6! 2 , % & 6 K 06 % � 6 ) :

6�� 6 % 6�� 6� � " ��
6 � �� � 	 6 $ 6�� � 	 6 $ 6( 

2
5 � � if link ' % �

is rotational& 6 � 6 ) � 	 6 $ 6! 
2
5 � � if link ' % �

is translational � � 6 �
where

' is the link index, in the range
�

to $8 6 is the moment of inertia of link ' about its COM� 6 is the position vector of the COM of link ' with respect to frame '" 6 is the angular velocity of link ':" 6 is the angular acceleration of link '. 6 is the linear velocity of frame ':. 6 is the linear acceleration of frame '. 6 is the linear velocity of the COM of link ':. 6 is the linear acceleration of the COM of link '
$ 6 is the moment exerted on link ' by link ' ( �� 6 is the force exerted on link ' by link '�( �� 6 is the total moment at the COM of link '� 6 is the total force at the COM of link '�
6 is the force or torque exerted by the actuator at joint '
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8 Manipulator rigid-body dynamics

6�7
2 $ 6 is the orthonormal rotation matrix defining frame ' orientation with respect to frame ' ( �

.
It is the upper / : / portion of the link transform matrix given in (1).

6 7
21$ 6 � 

 ����� 	 6 ( ����� � 6 �
��� 	 6 �
��� � 6 �
��� 	 6����� 	 6 ����� � 6������ 	 6 ( �
��� � 6������ 	 6

& �
��� � 6 ����� � 6

�� ��� < �
6 $ 6 7

2
� � 6�7 2 $ 6 � 7 2 � � 6�7 2 $ 6 � � ��� A �

6 K 06 is the displacement from the origin of frame ' ( �
to frame ' with respect to frame ' .

6 K 06 � 

 � 6
� 6 ���
� � 6
� 6 � ��� � 6

�� ��� B �
It is the negative translational part of � 6 7 2 � 6 � 7 2 .5 � is a unit vector in Z direction, 5 � � H &;& � L

Note that the COM linear velocity given by equation (14) or (18) does not need to be computed since
no other expression depends upon it. Boundary conditions are used to introduce the effect of gravity
by setting the acceleration of the base link :. � � ( � � �  �
where � is the gravity vector in the reference coordinate frame, generally acting in the negative Z
direction, downward. Base velocity is generally zero

. � � & � / & �" � � & � / ���:" � � & � / � �
At this stage the Toolbox only provides an implementation of this algorithm using the standard
Denavit-Hartenberg conventions.

� ��� � �@� �#%�" �������  ��%��
Equation (11) may be used to compute the so-called inverse dynamics, that is, actuator torque as a
function of manipulator state and is useful for on-line control. For simulation the direct, integral or&����9-.���(' ' 
������ �*) formulation is required giving joint motion in terms of input torques.
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8.3 Rigid-body inertial parameters

Walker and Orin[23] describe several methods for computing the forward dynamics, and all make
use of an existing inverse dynamics solution. Using the RNE algorithm for inverse dynamics,
the computational complexity of the forward dynamics using ‘Method 1’ is � � $ � � for an n-axis
manipulator. Their other methods are increasingly more sophisticated but reduce the computational
cost, though still � � $(� � . Featherstone[24] has described the “articulated-body method” for � � $ �
computation of forward dynamics, however for $ �  

it is more expensive than the approach of
Walker and Orin. Another � � $ � approach for forward dynamics has been described by Lathrop[25].

� ��� � ���;����
�� ��� � ����� ��"$��� �����#� �	 � "���� �
Accurate model-based dynamic control of a manipulator requires knowledge of the rigid-body inertial
parameters. Each link has ten independent inertial parameters:	 link mass, � 6 ;	 three first moments, which may be expressed as the COM location, � 6 , with respect to some

datum on the link or as a moment 	 6 � � 6�� 6 ;	 six second moments, which represent the inertia of the link about a given axis, typically
through the COM. The second moments may be expressed in matrix or tensor form as

8 � 

 
��
� 
�����
����

 �
� 
 ��� 
 ���

 ��� 
 ��� 
 ���

�� � / / �
where the diagonal elements are the ������������� ��& ������������� , and the off-diagonals are � �#�-'4�
�$)���� ��& ��������� ��� . Only six of these nine elements are unique: three moments and three
products of inertia.

For any point in a rigid-body there is one set of axes known as the ��������)�� ���4	 �����9�,��&
����� �9� ��� for which the off-diagonal terms, or products, are zero. These axes are given by
the eigenvectors of the inertia matrix (33) and the eigenvalues are the principal moments of
inertia. Frequently the products of inertia of the robot links are zero due to symmetry.

A 6-axis manipulator rigid-body dynamic model thus entails 60 inertial parameters. There may be
additional parameters per joint due to friction and motor armature inertia. Clearly, establishing
numeric values for this number of parameters is a difficult task. Many parameters cannot be
measured without dismantling the robot and performing careful experiments, though this approach
was used by Armstrong et al.[26]. Most parameters could be derived from CAD models of the robots,
but this information is often considered proprietary and not made available to researchers.
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Reference

For an n-axis manipulator the following matrix naming and dimensional con-
ventions apply.

Symbol Dimensions Description
dh $ : 6 manipulator kinematic description matrix
dyn $ : � & manipulator kinematic and dynamic de-

scription matrix
q

�
: $ joint coordinate vector

q � : $ � -point joint coordinate trajectory
qd

�
: $ joint velocity vector

qd � : $ � -point joint velocity trajectory
qdd

�
: $ joint acceleration vector

qdd � : $ � -point joint acceleration trajectory
T

"
:
"

homogeneous transform
T � :

� < � -point homogeneous transform trajectory
Q

�
:
"

unit-quaternion
v / :

�
Cartesian vector

t � :
�

time vector
d < :

�
differential motion vector

A trajectory is represented by a matrix in which each row corresponds to one
of � time steps. For a joint coordinate, velocity or acceleration trajectory the
columns correspond to the robot axes. Things are a little more complicated
for homogeneous transform trajectories since MATLAB does not (yet) support
3-dimensional matrices. The approach used in this Toolbox is that each row is a
homogeneous transform that has been ‘flattened’ using the (:) operator. Each
row can be restored to a

"
:
"

matrix by using the reshape function.

Unless indicated by ‘(modified Denavit-Hartenberg)’ all functions work with
standard Denavit-Hartenberg parameters.

� ��� ���
������� � ��.�� ��� � � .
� ����� /



���������
	��
��������� �
Homogeneous Transforms

eul2tr Euler angle to homogeneous transform
oa2tr orientation and approach vector to homogeneous

transform
rotx homogeneous transform for rotation about X-axis
roty homogeneous transform for rotation about Y-axis
rotz homogeneous transform for rotation about Z-axis
rpy2tr Roll/pitch/yaw angles to homogeneous transform
tr2eul homogeneous transform to Euler angles
tr2rpy homogeneous transform to roll/pitch/yaw angles

Quaternions
q2tr quaternion to homogeneous transform
qinv inverse of quaternion
qnorm normalize a quaternion
qqmul multiply (compound) quaternions
qvmul multiply vector by quaternion
qinterp interpolate quaternions
tr2q homogeneous transform � ����� ��������� ����� ��	��������

Kinematics
dh Denavit-Hartenberg conventions
diff2tr differential motion vector to transform
fkine compute forward kinematics
ikine compute inverse kinematics
ikine560 compute inverse kinematics for Puma 560 like arm
jacob0 compute Jacobian in base coordinate frame
jacobn compute Jacobian in end-effector coordinate frame
linktrans compute a link transform homogeneous transform
mdh modified Denavit-Hartenberg conventions
mfkine compute forward kinematics (modified Denavit-

Hartenberg)
mlinktrans compute a link transform homogeneous trans-

form(modified Denavit-Hartenberg)
tr2diff homogeneous transform to differential motion vec-

tor
tr2jac homogeneous transform to Jacobian

� ��� ���
������� � ��.�� ��� � � .
� ����� /
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	��
��������� /

Dynamics
accel compute forward dynamics
cinertia compute Cartesian manipulator inertia matrix
coriolis compute centripetal/coriolis torque
dyn dynamics conventions
friction joint friction
gravload compute gravity loading
inertia compute manipulator inertia matrix
itorque compute inertia torque
mdyn dynamics conventions (modified Denavit-

Hartenberg)
mrne inverse dynamics (modified Denavit-Hartenberg)
rne inverse dynamics

Manipulator Models
puma560 Puma 560 data
puma560akb Puma 560 data (modified Denavit-Hartenberg)
stanford Stanford arm data

Trajectory Generation
ctraj Cartesian trajectory
drivepar Cartesian trajectory parameters
jtraj joint space trajectory
trinterp interpolate homogeneous transforms
ttg extract homogeneous transform from Cartesian tra-

jectory matrix

Graphics
plotbot animate robot

Other
cross vector cross product
manipblty compute manipulability
rtdemo toolbox demonstration
unit unitize a vector

� ��� ���
������� � ��.�� ��� � � .
� ����� /
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accel

Purpose Compute manipulator forward dynamics

Synopsis qdd = accel(dyn, q, qd, torque)

Description Returns a vector of joint accelerations that result from applying the actuator
torque to the manipulator with joint coordinates q and velocities qd.

Uses the method 1 of Walker and Orin to compute the forward dynamics. This
form is useful for simulation of manipulator dynamics, in conjunction with a
numerical integration function.

See Also rne, dyn, fdyn, ode45

References M. W. Walker and D. E. Orin. Efficient dynamic computer simulation of robotic
mechanisms. �<�#� � � ��� ���!�4	 �(& $ 
��������*) �

4����� � �'
�� �>�
��� �1� ������������' �.����� �1�4	 ,
104:205–211, 1982.

� ��� ���
������� � ��.�� ��� � � .
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cinertia

Purpose Compute the Cartesian manipulator inertia matrix

Synopsis cinertia(dyn, q)

Description cinertia computes the Cartesian, or operational space, inertia matrix. dyn

describes the manipulator dynamics and kinematics, and q is an n-element
vector of joint coordinates.

Algorithm The Cartesian inertia matrix is calculated from the joint-space inertia matrix
by � � 8 � � 8 � � � 7 � � � � � 8 � � � 7 2
and relates Cartesian force/torque to Cartesian acceleration� ��� � 8 � �8

See Also inertia, dyn, rne

References O. Khatib, “A unified approach for motion and force control of robot manipu-
lators: the operational space formulation,”

��� � � * �#��� ����� �	� �����%� � � ����� , vol. 3,
pp. 43–53, Feb. 1987.

� ��� ���
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coriolis

Purpose Compute the manipulator Coriolis/centripetal torque components

Synopsis tau c = coriolis(dyn, q, qd)

Description coriolis returns the joint torques due to rigid-body Coriolis and centripetal ef-
fects for the specified joint state q and velocity qd. dyn describes the manipulator
dynamics and kinematics.

If q and qd are row vectors, tau c is a row vector of joint torques. If q and qd are
matrices, each row is interpreted as a joint state vector, and tau c is a matrix
each row being the corresponding joint torques.

Algorithm Evaluated from the equations of motion, using rne, with joint acceleration and
gravitational acceleration set to zero,� � � � � � :� � :�

Limitations If dyn includes joint friction, then friction torque will added to the rigid-body
velocity torques returned by coriolis.

See Also dyn, rne, itorque, gravload

References M. W. Walker and D. E. Orin. Efficient dynamic computer simulation of robotic
mechanisms. �<�#� � � ��� ���!�4	 �(& $ 
��������*) �

4����� � �'
�� �>�
��� �1� ������������' �.����� �1�4	 ,
104:205–211, 1982.

� ��� ���
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cross

Purpose Vector cross product

Synopsis v = cross(v1, v2)

Description Returns the vector cross product v1 : v2.

� ��� ���
������� � ��.�� ��� � � .
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ctraj

Purpose Compute a Cartesian trajectory between two points

Synopsis TC = ctraj(T0, T1, n)

TC = ctraj(T0, T1, t)

Description ctraj returns a Cartesian trajectory (straight line motion) TC from the point
represented by homogeneous transform T0 to T1. The number of points along
the path is n or the length of the given time vector t.

Each row of TC represents one time step and is a ‘flattened’ homogeneous trans-
form which can be restored by

Ti = reshape(TC(i,:),4,4) , or
Ti = ttg(TC, i)

See Also trinterp, drivepar, transl, ttg

References R. P. Paul, � �	� ��� � ����� ����	������������!� ����+����������*)��'
�� �1�>*��#��� ������*�
 ���4'��.����� �1�4	 . Cam-
bridge, Massachusetts: MIT Press, 1981.

� ��� ���
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� ����� /



	 �  

dh

Purpose Matrix representation of manipulator kinematics

Description A dh matrix describes the kinematics of a manipulator in a general way using
the standard Denavit-Hartenberg conventions. Each row represents one link of
the manipulator and the columns are assigned according to the following table.

Column Symbol Description
1 � 6 link twist angle
2 D 6 link length
3 	 6 link rotation angle
4 � 6 link offset distance
5 � 6 joint type; 0 for revolute, non-zero for prismatic

If the last column is not given, toolbox functions assume that the manipulator
is all-revolute. For an n-axis manipulator dh is an $ :

"
or $ : 6 matrix.

The first 5 columns of a dyn matrix contain the kinematic parameters and maybe
used anywhere that a dh kinematic matrix is required — the dynamic data is
ignored.

Lengths D 6 and � 6 may be expressed in any unit, and this choice will flow on to
the units in which homogeneous transforms and Jacobians are represented. All
angles are in radians.

See Also dyn,puma560,stanford,mdh

References R. P. Paul, � �	� ��� � ����� ����	������������!� ����+����������*)��'
�� �1�>*��#��� ������*�
 ���4'��.����� �1�4	 . Cam-
bridge, Massachusetts: MIT Press, 1981.

� ��� ���
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diff2tr

Purpose Convert a differential motion vector to a homogeneous transform

Synopsis T = diff2tr(d)

Description Returns a homogeneous transform representing a differential translation and
rotation.

Algorithm For a differential motion � ��H � � � � � ��� ��������� L the corresponding homogeneous
transform is

� � 
��
 & ( � � � � � �� � & ( � � � �
( � � � � & � �
& & & &

�����
Note that the rotational submatrix is skew-symmetric.

See Also tr2diff

References R. P. Paul. � �5� ���
� ����� ����	������������ � ����+���� ��� �*)9�'
 � �1�>*��#��� ������*�
 ���4'��.�������#�
	 . MIT
Press, Cambridge, Massachusetts, 1981.
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drivepar

Purpose Compute Cartesian path drive parameters

Synopsis dp = drivepar(T0, T1)

Description drivepar returns a vector which represents the ‘difference’ between homoge-
neous transform T0 and T1. This is most frequently used in planning a Carte-
sian path between homogeneous transform T0 and T1 and dp would be passed
to trinterp.

See Also ctraj, trinterp

References R. P. Paul, � �	� ��� � ����� ����	������������!� ����+����������*)��'
�� �1�>*��#��� ������*�
 ���4'��.����� �1�4	 . Cam-
bridge, Massachusetts: MIT Press, 1981.
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dyn

Purpose Matrix representation of manipulator kinematics and dynamics

Description A dyn matrix describes the kinematics and dynamics of a manipulator in a
general way using the standard Denavit-Hartenberg conventions. Each row
represents one link of the manipulator and the columns are assigned according
to the following table.

Column Symbol Description
1 � link twist angle
2 A link length
3 	 link rotation angle
4 D link offset distance
5 � joint type; 0 for revolute, non-zero for prismatic
6 mass mass of the link
7 rx link COG with respect to the link coordinate frame
8 ry
9 rz

10 Ixx elements of link inertia tensor about the link COG
11 Iyy
12 Izz
13 Ixy
14 Iyz
15 Ixz
16 Jm armature inertia
17 G reduction gear ratio; joint speed/link speed
18 B viscous friction, motor referred
19 Tc+ coulomb friction (positive rotation), motor referred
20 Tc- coulomb friction (negative rotation), motor referred

For an n-axis manipulator, dyn is an $ : � & matrix. The first 5 columns of a dyn

matrix contain the kinematic parameters and maybe used anywhere that a dh

kinematic matrix is required — the dynamic data is ignored.

All angles are in radians. The choice of all other units is up to the user, and this

� ��� ���
������� � ��.�� ��� � � .
� ����� /
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choice will flow on to the units in which homogeneous transforms, Jacobians,
inertias and torques are represented.

See Also dh

� ��� ���
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eul2tr

Purpose Convert Euler angles to a homogeneous transform

Synopsis T = eul2tr([r p y])

T = eul2tr(r,p,y)

Description eul2tr returns a homogeneous transformation for the specified Euler angles in
radians. These correspond to rotations about the Z, X, and Z axes respectively.

See Also tr2eul, rpy2tr

References R. P. Paul, � �	� ��� � ����� ����	������������!� ����+����������*)��'
�� �1�>*��#��� ������*�
 ���4'��.����� �1�4	 . Cam-
bridge, Massachusetts: MIT Press, 1981.
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fdyn

Purpose Integrate forward dynamics

Synopsis [t q qd] = fdyn(dyn, t0, t1)

[t q qd] = fdyn(dyn, t0, t1, torqfun)
[t q qd] = fdyn(dyn, t0, t1, torqfun, q0, qd0)

Description fdyn integrates the manipulator equations of motion over the time interval t0
to t1 using MATLAB’s ode45 numerical integration function. It returns a time
vector t, and matrices of manipulator joint state q and joint velocities qd. These
matrices have one row per time step and one column per joint.

Actuator torque may be specified by a user function

tau = torqfun(t, x)

where t is the current time, and x = [q; qd] is a 2n-element column vector of
manipulator joint coordinate and velocity state. Typically this would be used
to implement some axis control scheme. If torqfun is not specified then zero
torque is applied to the manipulator.

Initial joint coordinates and velocities may be specified by the optional argu-
ments q0 and qd0 respectively.

Algorithm The joint acceleration is a function of joint coordinate and velocity given by�� � � � � � 7 2 � � (�� � � � :� � :� (�� � � � ( � � :� � �
Example The following example shows how fdyn() can be used to simulate a robot and

its controller. The manipulator is a Puma 560 with simple proportional and
derivative controller. The simulation results are shown in the figure. Note that
very high gains are required on joints 2 and 3 due to counter the significant
disturbance torque due to gravity.
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� P(\9X��[N�\RULW fdyn() P���J����	�[P�
���Q
� X��[J�N�P(M���J�N9O \9O�U�� KsJ�\ \�U��SQ[M���J�K�M��mP W P��mP K�Z(P���J�N9OsJ�\ M�J�\9O�P(M�


See Also J�Z(Z P�������K'P��'M���K���U�M;P����
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��� � � � � B

fkine

Purpose � UK�<� J��mM��mU�+5U�N V�QSK'P��GJ�N9Q[Z(\RW U�� \�P���Q[JK�!�SQSK;V$�3JLK;QY��X��[J�N�UK�

Synopsis T = fkine(dh, q)

Description fkine Z U?����X'N�P \RW UK�<� J��mM V�QSK�P��3J_N9Q[Z(\RW UK� N9O�P��mU�QSK�NRZ U�UK�mM�QSK'J_N�P q 
 dh M�P(\�Z���QY+ P(\ N9O'P2�GJ�K�QY�;X�-
�[J_N�UK�RV�QSK�P��3J_N9Q[Z(\RQSKD\�N�J�K�M�JK�mMR#RPmK'JLT�Q[NS-��RJ��mN�P K8+5P����gK�U�N�J_N9Q[U�K!

	 W q Q[\ J T_P(Z(N�U��RQ[N Q[\ QSK�N�P��.���mP(N�P(MDJ�\RN9O�P
��P K�P��mJK�SQ�� P(M
� ULQSK�NRZ(U�U��mMeQSK�J�N�P(\��hJ�K�M fkine �mP(N9X	��K�\RJ
O�U?�3U���P K�P(ULX'\ NS�mJ�K�\9W U��<�3J�N9Q[ULKgW U��CN9O'P��;K�JK���SQSK�V ULW0N9O�P��3J�K�QY��X	�[J_N�UK��
 	 W q Q[\CJ2�3J�NS��Q
�3P J�Z�O �mU��
Q[\ QSK�N�P��.���mP(N�P(M J�\ J_\ J�� ULQSK�N \�N�J_N�P T�P(Z N�UK����JLK'M T Q[\ JQ�3J�NS��Q
� QSK � O;Q[Z�O P(J_ZIO �mUK�-Q[\ N9O�P�� ��J�N�N�P K�P(M��
O�U?�3U���P K�P(ULX'\ NS�mJLK'\9W U��<� W UK� N9O�P N9O'PoZ(U��.�mP(\S�5U�K�M�QSK�� �mUK�>QSK q 
�� O'P�� ��J�N�N�P K�P(M��'NS�mJ�K�\9W U��<� Z(J�K
+5P2�mP(\�N�U��mP(M�+��

Ti = reshape(T(i,:),4,4) ��UK�
Ti = ttg(T, i)

See Also MeO!� �SQSK;V�NS�mJLK��!�kWYV�QSK�P
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 � 	 �)� �mP \�\��
* J?�2+���Q[M+�_P?� � J�\�\�J_ZIO�X�\�P(N�N�\��'Z�`�a	Z�
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� � ����� ����� �  

friction

Purpose * U?����X'N�P � ULQSK�N W ��Q[Z(N9Q[U�K`N�UK����X�P

Synopsis tau f = friction(dyn, qd)

Description friction Z(U?�T�;X�N�P(\ N9O'P � U�QSK�N3WH��Q[Z N9Q[U�K?N�UK����X�P�+�J�\�P(M%U�K�W ��Q[Z(N9Q[U�KX�'J��mJ?�3P(N�P<�gM�J�N�JDQSK dyn 

� ��Q[Z N9Q[U�KDQ[\ JoWYX;K�Z(N9Q[ULK-ULK	�
� U�W � ULQSK�N T_P��[U�Z Q[N � qd 


Algorithm � O'P WH��Q[Z N9Q[U�KR�GU�M;P��5Q[\CJ W J�QY�.�
�3\�N�JLK'M�JK�mM U�K�PRZ(U����	��Q[\9QSK �3T�Q[\�Z(ULX'\ WH��Q[Z N9Q[U�KHJLK'M M�QY�mP(Z(N9Q[ULKHM�P��5P K�-
M�P K�N * ULX	�[U�� +HWH��Q[Z N9Q[U�K

� #������	� ��
 #
��� %#����� ���� [

 #
�����#����� ���� [

See Also M	��K!� Z(UK��Q[U��SQ[\
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� � � � ��� � 	 � &
gravload

Purpose * U?����X'N�PoN9O�P2�3J�K�QY�;X��[J�N�U������mJLT�Q[NS�gN�U�����X'P Z U?���5ULK'PmK�N�\

Synopsis tau g = gravload(dyn, q)

tau g = gravload(dyn, q, grav)

Description gravload Z(U?�T�;X�N�P(\RN9O�P�� ULQSK�NRN�UK����X�PoMeX�P N�U��K�mJLT�Q[N � W U��RN9O�P2�3JLK;QY��X	�[J_N�UK�oQSKR�5U�\�P q 

	 W q Q[\ JT�mUK�?T�P Z(N�UK��� tau g �mP(N9X���K'\ J��mU��>T�P(Z N�UK� ULW � ULQSK�NRN�U�����X'P(\�
 	 W q Q[\ J �3J�NS��Q
� P(J�Z�O��mU��
Q[\ QSK�N�P��.���mP(N�P(M�J_\ J�\oJ
� U�QSK�No\�N�J�N�PGT�P(Z(N�U����CJ�K�M tau g Q[\kJR�GJ�NS��Q
��QSK � O�Q[ZIO�P(J�Z�O �mU�� Q[\oN9O'P
���mJ�T�Q[N �gN�U�����X'P W UK� N9O�P N9O'P Z UK�.�mP(\S�5ULK'M�QSK ���mUK�>QSK q 


grav JK�Y�[U�� \ J�KGJK�.+�Q[NS�mJK�<�
�K�mJLT�Q[N �kT_P(Z(N�UK�CN�U ULT�P<�.��Q[M;P N9O�P M;PmW J�X��[N ULW grav = [0; 0; 9.81] 


See Also M	��K!����K�P?�;Q[N�U�����X'P?�5Z UK��Q[UK�SQ[\
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� � � � � � �
ikine

Purpose 	 K�T_P��m\�P��GJ�K�QY�;X��[J�N�U�� V�QSK'P��GJ�N9Q[Z(\

Synopsis q = ikine(dh, T)

q = ikine(dh, T, q0)

q = ikine(dh, T, q0, M)

Description ikine �mP(N9X���K'\ N9O�P�� U�QSK�N Z(U�U��mMeQSK�J�N�P(\ Z(UK�.�mP \S�5U�K�MeQSK �gN�UGN9O'P P K'M8- P � P(Z N�UK� O'U��3U �_P K�P(U�X�\ NS�mJ�K�\S-
W U��<� T 
��RU�N�PoN9O�J�NRN9O�P QSK�T�P��m\�P3V�QSK�P��3J�N9Q[Z \�U��SX'N9Q[ULK-Q[\���P K�P��mJ��Y�
�fK�U�N X;K�Q ��X'P�� J�K�M�M�P��5PmK'M�\kULK
N9O�PRQSK;Q[N9Q[J�� TLJ��SX'P q0 � � O;Q[Z�ODM;PmW J�X��[N�\RN�U [ � 

	 W T Q[\RJkO�U?�3U���P K�P(ULX'\ NS�mJLK'\9W U��<� N9O'PmKDJ��mU�� T_P(Z(N�UK� ULW � U�QSK�N Z(U�UK�mM�QSK'J_N�P(\RQ[\ �mP(N9X���K'P(M�
 	 W T Q[\
JkO�U?�GU ��PmK'P(ULX'\ NS�mJ�K�\9W UK�<� NS�mJ �mP(Z(N�UK�<� N9O�P K q � QY�Y��+5P JT�3J�NS��Q
�3QSK � O�Q[Z�OHP(J_ZIO,�mUK��Q[\ N9O�P�� ULQSK�N
Z(U�U��mMeQSK�J�N�P \ W U�� N9O'PoZ(UK�.�mP \S�5U�K�MeQSK �R�mUK�?U�W T 
�� O�PRQSK�Q[N9Q[JK� P(\�N9Q
�GJ�N�P3ULW q W UK� P(J�Z�ODN9Q
�3Po\�N�P��HQ[\
N�JLV�P KDJ_\RN9O�Pk\�U��SX'N9Q[ULK-WH�mU?� N9O�P2�	�mP(T�Q[ULX'\oN9Q
�3Po\�N�P��!
�� O�PoP(\�N9Q
�3J�N�P W U��RN9O�P��	�m\�N \�N�P��HQSK q0 QSW
N9O�Q[\ Q[\ ��Q[T�PmKDP��[\�P�[�


� U��DN9O'PDZ(J_\�P-U�WGJ �3J�K�QY�;X��[J�N�U�� � Q[N9O W P�� P��sN9O'JLK�� #2& � Q[N Q[\gK'U_N��5U�\�\9QY+��[P�W UK�HN9O�P-P K�M8-
P � P(Z(N�UK�oN�U \�J_N9Q[\9W���N9O�PoP K'M8- P � P(Z N�UK�2�5U_\�P3\S�5P(Z Q ��P(M +��gJLK-J��.+;Q[NS�mJ��<�fO�U?�GU ��PmK'P(ULX'\oNS�mJ�K�\9W U��<��

� O�Q[\ N �?�;Q[Z JK�Y�
� �[P(J_M;\ N�UHK'ULK	- Z(ULK�T�P����_P K'Z PfQSK ikine 
�� \�U��SX'N9Q[ULK>Q[\ N�UD\S�5P(ZmQSW��7J���-9P<�[P��3P K�N
� PmQ���O�N9QSK � T_P(Z(N�U���� M ��� O'U_\�PRP��[PM�3P K�N�\ JK�mPQ[kW UK� N9O�U�\�P * JK�mN�P(\9Q[JLKR# & � N9O�J�N JK�mP X�K�Z(U�K�\�NS�mJ�QSK�P(M
JLK'M Z U_N9O'P<�<� Q[\�P�
�� O'P P<�[P��3P K�N�\ Z(UK�.�mP(\S� U�K�M�N�U3NS�mJLK'\S�[J_N9Q[U�K`JK�[ULK�� N9O'P	��-���
Q- JLK'M
�D- J���P(\RJLK'M
�mU_N�J�N9Q[U�KsJK+5ULX'N N9O'P���-<��
U-hJ�K�M��	- J?��P \�
 � UK� P���J?�����[P?��J � - J?��Q[\ �GJ�K�QY�;X��[J�N�U��2�3J��2+5P QSK'Z(J��'J�+	�[P
ULW QSK'M�P��5P K�M�J�K�NS� ��Z(ULK�NS�mUK�Y�SQSK ���mU�N�J_N9Q[U�KDJK+ U�X�NRN9O�PkP K�M8-9P � P(Z(N�U�� � \��D- J���Q[\�
 	 KsN9O;Q[\ Z(J�\�P M = [1

1 1 1 1 0] � U�X��[MHP K�JK+��[P3J3\�U��SX'N9Q[ULK�QSK$� O�Q[ZIODN9O�P P K�M_- P � P Z(N�UK�oJ_M;U��'N�P(MHN9O�PU�5U_\�P T N��8G�N "!L
W U��oN9O'PGP K'M8- P � P(Z N�UK�T�mU�N�J�N9Q[ULK�
 � O'PkK�XD�2+5P��GU�WCK'ULK	-��(P��mUHP<�[P��3P K�N�\ \9O�U�X��[M7P ��X'J�� N9O�PkK�XD� + P��
ULW'�mUK+5U_NU#2& � 


Algorithm � O'P \�UK�SX�N9Q[U�K Q[\ Z(U?�T�;X�N�P(M3Q[N�P��mJ�N9Q[T_P��
� X�\9QSK �3N9O'P ��\�P X�M;U�-]QSK�T_P��m\�PoU�WjN9O'PQ�3J�K�QY��X	�[J_N�UK����J_Z(UK+�Q[J�K!


Cautionary � X�Z�O J-\�U��SX'N9Q[ULK Q[\gZ U?�����[P(N�P��
� �_P K'P<�mJK��� N9O�U�X ��O � X'Z�O �[P(\�\ P�) Z Q[P K�NHN9O�J�K?\S� P(Z Q ��Z�QSK�T�P��m\�P
V�QSK�P��3J_N9Q[Z3\�UK�SX�N9Q[U�K�\kM�P���Q[T_P(MH\.�8� + UK�SQ[Z(J��Y�H�?
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� � � � � � �
� O�Q[\gJK�����mU�J�Z�O JK�Y�[U�� \gJ-\�U��SX'N9Q[ULK N�U-UK+�N�J�QSK�P(M?J�N J-\9QSK ��X��[JK��Q[N �_�Q+;X�NgN9O�P
� U�QSK�N Z(U�UK�mM�QSK�J�N�P(\
� Q[N9O�QSK-N9O�PRK�X	�Y�C\S��J�Z P JK�mP JK�.+�Q[NS�mJK��QY�
�DJ�\�\9Q��LK'P M�


See Also WYV�QSK�P?�5NS�M]�M�Q � ��� J_Z(UK+D[	��QSV�QSK'P����?[
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ikine560

Purpose 	 K�T_P��m\�P��GJ�K�QY�;X��[J�N�U�� V�QSK'P��GJ�N9Q[Z(\ W UK� � XD�3J,� ��[��SQSV�P3J��<�

Synopsis q = ikine560(dh, config)

Description ikine560() �mP N9X	��K�\ N9O'P � U�QSK�N Z(U�U��mMeQSK�J�N�P(\ Z(UK�.�mP \S�5U�K�MeQSK �gN�UoN9O�P P K'M8- P � P(Z N�UK� O'U��3U �_P K�P(U�X�\
NS�mJLK'\9W U��<� T 
 	 N0Q[\ Z U?����X'N�P MkX'\9QSK � J \.�8�2+5UK�SQ[Z \�UK�SX�N9Q[U�K JK���	�mU��	��Q[J_N�PRW UK��� XD�3J2���?[U�SQSV�P��mUK+5U_N�\��
N9O�J�NkQ[\��CJ��Y� �mP(T�U��SX'N�P ��#2& � JK�<�3\�� � Q[N9O7JH\S��O'P<��Q[Z(JK� � ��Q[\�N�
 � O�P3X'\�P U�W JH\.�8�2+5U��SQ[Z�\�U��SX'N9Q[ULK
�3P J�K�\RN9O�J�N Q[N P���P(Z X�N�P(\RULT_P�� �K[ N9Q
�3P(\ W J_\�N�P�� N9O'JLK ikine() W UK� J�� X��3J,���?[3\�U��SX'N9Q[ULK�

��WYX��mN9O�P�� J_M;TLJLK�N�J ��PRQ[\CN9O�J�N ikine560() J��Y�[UK� \ Z(ULK�NS�mUK�5ULT�P<� N9O�P \S�5P(Z Q ��Z \�UK�SX�N9Q[U�K,�mP(N9X	��K�P(M�

config Q[\ J���- P��[P��3P K�N T�P(Z N�UK�Q� O'U_\�PkTLJK�SX�P(\ JK�mP?\

config(1) -�Z UK� ’l’ �[P W NS-]O�J�K�M�P(M � �[PmW NS� � \�UK�SX�N9Q[U�K
Z UK� ’u’ � ��Q��LO�NS- O'JLK'M�P(M � ��Q���O�N � � \�U��SX'N9Q[ULK

config(2) -�Z UK� ’u’ � P��Y+5U��>X	�s\�UK�SX�N9Q[U�K
Z UK� ’d’ P��Y+5U�� M�UK� Ks\�UK�SX�N9Q[U�K

config(3) -�Z UK� ’f’ � � ��Q[\�N ��QY�	�5P M�\�U��SX'N9Q[ULK
Z UK� ’n’ � ��Q[\�N K�U�N��;QY���5P(MD\�UK�SX�N9Q[U�K

See Also WYV�QSK�P?�'QSV�QSK'P
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Author � U�+5P��mN � QY�mU J�K�M 
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RP(U�����Q[J 	 K'\�N9Q[N9X�N�P U�W � P(Z�O�K'U��[U �?���
�_N<]?]���Z(J��RJ�Z��3PM��
 �_J�N�P(Z�O�
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� � � � � � � � "
inertia

Purpose * U?����X'N�PoN9O�P2�3J�K�QY�;X��[J�N�U����mU�QSK�NS- \S�'J_Z(P QSK'P��mN9Q[J �3J_NS��Q
�

Synopsis M = inertia(dyn, q)

Description inertia Z(U����;X�N�P(\ N9O'P � U�QSK�NS- \S��J�Z(P QSK'P<�mN9Q[J��GJ�NS��Q
��� O�Q[ZIO,�mP��[J�N�P \�� ULQSK�N N�U�����X'P N�U � ULQSK�N J_Z(Z(P��Y-
P��mJ_N9Q[U�K

� � � � � ����

dyn M�P(\�Z���QY+5P(\oN9O�P��3JLK;QY��X��[J�N�UK� M	��K�J?�kQ[Z \kJLK'MHV�QSK'PM�3J�N9Q[Z(\��hJ�K�M q Q[\RJLK�K�- P��[P��3P K�N T_P(Z(N�U�� U�W
� ULQSK�NR\�N�J_N�P?


� U�� J�KgK�- J?��Q[\2�3JLK;QY��X��[J�N�UK� M Q[\ J�K������H\.�8� �3P(NS��Q[ZT�3J_NS��Q
��

� U�N�P N9O�J�N QSW N9O�P dyn Z(ULK�N�J�QSK�\U�3U_N�UK� QSK'P<�mN9Q[J ��JK�mJ��3P(N�P��m\ N9O'PmKR�3U_N�UK� QSK�P��mN9Q[J	���mPmW P��.�mP(M N�U3N9O'P
�SQSK�VR�mP W P��mPmK'Z(PRW �mJ?�3P?�D� QY�Y��+5PoJ�M�M;P MHN�U3N9O'P M�Q[J �_U�K�JK�CULW M 


Example � U3\9O�U�� O�U�� N9O�PRQSK'P<�mN9Q[J � \�P(P K��	+�� N9O�P�� J�Q[\�N�� U�QSK�N TLJK��Q[P \RJ�\ JkW X;K�Z(N9Q[U�K`U�W � U�QSK�N J�K �K�[P(\ ]kJ�K�M
�3N9O�PRW U��Y�[UK� QSK �HZ(U�M�P Z(U�X��[M�+5P X'\�P(M�


���B�9+�=02�+	��"`��������6�:��'&L� /�p��5& ��
 !9= �Y�5&523p��5&j��
 !�= �]��&�45$
����+�+%� �91��������0/m���(<�:���6C/9+�=0/ � 4�4'2LiL4H+�=0/�� 4H+	�0/�� 4D1��������0/m����<�:���6h/�+�= /��I4�452
�;4(" $
������i�iH���9" $
����E����7+���+�+C#
��� �-�?&(<������'&_�0/9����	�
 2G+C# 45$
��� ��i�iH� �
��i�i'$��5/Li'2Li�4L" $
������<��
����������E��0/�+�=02o+	�02 ������6������0/���i�i;2G�;&L1��0/�+�=;4�4�45$
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� ����� /



� � � � � � � � 6

−4
−2

0
2

4

−4

−2

0

2

4
2

2.5

3

3.5

4

4.5

5

5.5

q2q3

I1
1

See Also M	��K!����K�P?�;Q[N�U�����X'P?�5Z UK��Q[UK�SQ[\����K�mJLT?�[U_J�M
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ishomog

Purpose � P(\�N QSWCJK���LX��3PmK�N Q[\ JkO�U?�3U���P K�P(U�X�\ NS�mJ�K�\9W U��<�3J�N9Q[ULK

Synopsis ishomog(x)

Description � P(N9X���K'\ NS��X'PRQSW x Q[\ J � � � �3J_NS��Q
��


� ��� ���
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��� ��� � � � � A
itorque

Purpose * U?����X'N�PoN9O�P2�3J�K�QY�;X��[J�N�U��kQSK�P��mN9Q[J N�UK����X�PoZ(U?��� U�K�P K�N

Synopsis tau i = itorque(dyn, q, qdd)

Description itorque �mP(N9X���K'\oN9O'P � U�QSK�NoN�UK����X�P3M�X'P N�U QSK�P��mN9Q[JDJ�N N9O�P3\S�5P(ZmQ �'P(M �5U_\�P q J�K�M-J�Z Z(P��[P��mJ_N9Q[U�K
qdd � O�Q[ZIOHQ[\ ��Q[T_P KR+��

� # � � � � ����

	 W q JLK'M qdd JK�mPU�mU�� T_P(Z(N�U��m\�� itorque Q[\RJT�mUK� T�P(Z(N�U�� ULW � U�QSK�N N�UK����X�P(\�
 	 W q J�K�M qdd JK�mP
�3J_NS��Q[Z(P(\���P(J�Z�O �mUK�7Q[\ QSK�N�P��.�	�mP N�P(MgJ_\ J��mU�QSK�N \�N�J_N�PRT�P Z(N�UK����J�K�M itorque Q[\ J��GJ�NS��Q
�kQSK � O�Q[Z�O
P(J_ZIOR�mU���Q[\ N9O'PRQSK�P��mN9Q[JgN�U�����X'PRW UK� N9O'P Z UK�.�mP(\S�5ULK'M�QSK ���mUK� \ U�W q JLK'M qdd 

� U�N�P N9O�J�N QSW N9O�P dyn Z(ULK�N�J�QSK�\U�3U_N�UK� QSK'P<�mN9Q[J ��JK�mJ��3P(N�P��m\ N9O'PmKR�3U_N�UK� QSK�P��mN9Q[J	���mPmW P��.�mP(M N�U3N9O'P
�SQSK�V �mP W P��mP K�Z(P3WH�mJ��3P?�'� QY�Y� +5P J_M;M�P(M7N�UHN9O'P M�Q[J �_U�K�JK� U�W M J�K�M�QSK �;X�P K�Z(PHN9O'P3QSK�P��mN9Q[JDN�UK����X�P
�mP(\9X��[N�


See Also M	��K!����K�P?�'Z(U���Q[UK�SQ[\��5QSK'P<�mN9Q[J	���K�mJLT?�[U_J�M
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� � � � � � � B
jacob0

Purpose * U?����X'N�PT�3JLK;QY��X	�[J_N�UK�	��J_Z(UK+�Q[J�KDQSKR+'J_\�P Z(U�UK�mM�QSK�J�N�P(\

Synopsis jacob0(dh, q)

Description jacob0 �mP(N9X���K'\ J	��J�Z(U�+;Q[JLK$�3J�NS��Q
�3W U�� N9O'P Z X��.�mP K�N �5U�\�P q P��?�	�mP \�\�P(MgQSKHN9O�P�+�J�\�P Z(U�U��mMeQSK�J�N�P
WH�mJ��3P?

� O�PU�3JLK;QY��X	�[J_N�UK�	��J_Z(UK+�Q[J�K$�3J_NS��Q
���������K���3J��'\ MeQ � P<�mP K�N9Q[JK�CT_P��[U�Z Q[N9Q[P(\RQSK � U�QSK�N \S��J�Z(P N�U * JK�mN�P<-
\9Q[JLKDT�P��[U�Z Q[N �HU�WCN9O�P P K�M_- P � P Z(N�UK� P��?�	�mP \�\�P(MfQSKsN9O'P2+�J�\�P Z(U�U��mMeQSK�J�N�PkW �mJ?�3P?


� �� � � ��� � � � ��

� U�� J�KgK�- J?��Q[\2�3JLK;QY��X��[J�N�UK�oN9O�P	��J�Z(U�+;Q[JLKHQ[\RJ � � � �GJ�NS��Q
��


See Also � J�Z UK+�K��5M�Q � ]�NS���5NS�M]LMeQ � �5MeQ �
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� � � � � � �  
jacobn

Purpose * U?����X'N�PT�3JLK;QY��X	�[J_N�UK�	��J_Z(UK+�Q[J�KDQSKDP K�M_- P � P Z(N�UK� Z(U�UK�mM�QSK'J_N�P(\

Synopsis jacobn(dh, q)

Description jacobn �mP(N9X���K'\ J ��J�Z(U�+;Q[JLK �3J�NS��Q
�-W U�� N9O'PHZmX	�.�mP K�NT�5U�\�P q P��?���mP(\�\�P(M7QSK>N9O�PHP K�M_- P � P Z(N�UK�
Z(U�U��mMeQSK�J�N�PoWH�mJ?�3P�

� O�PU�3JLK;QY��X	�[J_N�UK�	��J_Z(UK+�Q[J�K$�3J_NS��Q
���������K���3J��'\ MeQ � P<�mP K�N9Q[JK�CT_P��[U�Z Q[N9Q[P(\RQSK � U�QSK�N \S��J�Z(P N�U * JK�mN�P<-
\9Q[JLKDT�P��[U�Z Q[N �HU�WCN9O�P P K�M_- P � P Z(N�UK� P��?�	�mP \�\�P(MfQSKsN9O'PoP K�M_- P � P(Z(N�UK� Z(U�UK�mM�QSK�J�N�PkWH�mJ��3P?


� �� ��� ��� � � � ��

� U�� J�KgK�- J?��Q[\2�3JLK;QY��X��[J�N�UK�oN9O�P	��J�Z(U�+;Q[JLKHQ[\RJ � � � �GJ�NS��Q
��


See Also � J�Z UK+D[	�'M�Q � ]LNS���5NS�M]�M�Q � �5MeQ �
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 � 	 �)� �mP \�\��
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jtraj

Purpose * U?����X'N�PoJ�� ULQSK�N \S�'J_Z(PkNS�mJ$� P(Z N�UK�<� +5P(N � P(P KDN � U��mU�QSK�NRZ U�UK�mM�QSK'J_N�P��5U�\�P \

Synopsis [q qd qdd] = jtraj(q0, q1, n)

[q qd qdd] = jtraj(q0, q1, n, qd0, qd1)

[q qd qdd] = jtraj(q0, q1, t)

[q qd qdd] = jtraj(q0, q1, t, qd0, qd1)

Description jtraj �mP N9X	��K�\RJ � ULQSK�N \S��J�Z PkNS�mJ$� P(Z(N�U��<� q W �mU?� � ULQSK�NRZ(U�U��mMeQSK�J�N�P(\ q0 N�U q1 
�� O'PRK�XD�2+5P�� ULW
�5ULQSK�N�\ Q[\ n U�� N9O�P��[P K ��N9O`U�W N9O'P
��Q[T_P K`N9Q
�3PkT_P(Z(N�U�� t 
 � � N9ODU��mM;P��2� UK�
��K�U?�kQ[J�� Q[\RX'\�P MR� Q[N9O
M�P W JLX	�[N �(P��mU +5U�X�K�M;J��<�gZ(ULK'M�Q[N9Q[U�K�\ W UK� T�P��[U�ZmQ[NS�HJ�K�MgJ_Z(Z(P��[P<�mJ�N9Q[U�K!

� U�K�- � P��mU +5U�X�K'M�JK�<� T�P��[U�ZmQ[N9Q[P(\kZ J�K�+ PkU��'N9Q[ULK'J��Y�
��\S�5P Z Q �'P M�J_\ qd0 J�K�M qd1 

� O�P NS�mJ$� P(Z N�UK�<�HQ[\3J��3J_NS��Q
��� � Q[N9O%ULK'P �mU��(�5P��GN9Q
�3Pg\�N�P��!� JLK'M7U�K�P Z(UK�SXD�kK �5P�� � ULQSK�N�
 � O'P
WYX�K�Z(N9Q[U�K%Z(JLK-U��'N9Q[ULK'J��Y�
� �mP(N9X���K-J T�P��[U�ZmQ[NS�-JLK'M-J_Z(Z(P��[P<�mJ�N9Q[U�K%NS�mJ$� P(Z(N�U���Q[P(\oJ�\ qd JLK'M qdd �mP�-
\S�5P Z(N9Q[T�P��
��
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linktran

Purpose * U?����X'N�PoN9O�PU�SQSK;VDNS�mJLK'\9W U��<�BWH�mU?�BV�QSK�P��3J_N9Q[Z���JK�mJ?�GP(N�P��m\

Synopsis T = linktran(alpha, a, theta, d)

T = linktran(dh, q)

Description linktrans Z(U����;X�N�P(\CN9O'PCO'U��3U �_P K'P U�X�\ NS�mJLK'\9W U��<�(+5P(NS� P(P KGJ�M$� J�Z(PmK�N��SQSK;V Z U�UK�mM�QSK'J_N�P WH�mJ��3P(\
+�J�\�P(MHULKDN9O'P \�N�JLK'M�JK�mMR# P K�J�T�Q[NS-�� JK�mN�P K8+5P<������JK�mJ?�GP(N�P��m\�

	 KHN9O�P \�P(Z(U�K�MHZ(J_\�P?� q Q[\ \9X	+�\�N9Q[N9X'N�P M�ULKHJ��mU�� -�+��?-O�mU�� +'J_\9Q[\ W U�� � # UK� � # J�Z Z(UK�mM�QSK�� N�U�� # 


Algorithm � O'PRO�U?�GU ��PmK'P(ULX'\ NS�mJLK'\9W UK�<�

# % 3�� # � 
��
 Z U�\ � #�� \9QSK � # Z(U_\�� # \9QSK � # \9QSK	� # 
 # Z(U�\ � #
\9QSK � # Z(U�\ � # Z(U�\�� # � Z(U_\ � # \9QSK�� #�
 # \9QSK � #
[ \9QSK	� # Z(U�\
� # � #
[ [ [ Z

�����
�mP����mP(\�P K�N�\ P J�Z�OR�SQSK;V�� \ Z(U�UK�mM�QSK�J�N�P3WH�mJ?�GP2� Q[N9OR�mP \S�5P(Z(N N�U N9O�P2�	�mP(T�Q[ULX'\U�SQSK�V�� \ Z(U�UK�mM�QSK'J_N�P \.��\S-
N�P��,


See Also ���SQSK�V�NS�mJ�K
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maniplty

Purpose � J�K�QY�;X��[JK+�QY� Q NS�R�3P J�\9X��mP

Synopsis m = maniplty(dh, q)

m = maniplty(dyn, q)

Description maniplty Z(U?����X�N�P(\ N9O�P \�Z JK�[JK� �3J�K�QY�;X��[JK+�QY�[QYN � QSK�M;P��oW UK�CN9O�P��3J�K�QY�;X��[J�N�U�� J_N N9O�P���Q[T�PmK�� U�\�P?

� JLK;QY��X	�[J�+'QY�[QYN ��TLJK��Q[P \ WH�mU�� [ � +�J�M � N�URZ � �_U�U�M � 
�� O�P ���m\�N Z(J�\�P���+'J_\�P(M��;X��mP��
�HULKHV�QSK'P��GJ�N9Q[Z
M�J�N�J�� �mP N9X	��K�\ 
 U�\9O�QSV�J�� J � \ �3J�K�QY�;X��[JK+�Q
�SQYN � �3P(J_\9X	�mP,� O;Q[Z�O ��Q[T�P \3J�K7QSK�MeQ[Z(J_N9Q[U�K?ULW O�U�� � W JK� �
N9O�PR�3J�K�QY��X	�[J_N�UK�HQ[\3WH�mU?� \9QSK��LX	�[J���Q[N9QYP \HJ�K�M�N9O�X�\ J�+	�[PHN�U$�3ULT�PHJLK'M%P���P��mN3W U��mZ(P(\kX�K;QSW UK�<���
�
QSK
JK�Y� M�QY�mP(Z(N9Q[ULK'\�
 � O'P \�P(Z(ULK'M%Z(J�\�P�� X�N9QY�SQ�� QSK � �3JLK;QY��X��[J�N�UK�sM	��K�J?�oQ[ZHM;J_N�J	�'�mP(N9X���K'\ �R\�J_M;J � \
�3JLK;QY��X��[JK+�Q �[Q[NS�$�3P(J_\9X	�mPT� O;Q[Z�OHQ[\ +'J_\�P(MHU�KHO�U�� Z��[U_\�PkN9O�PRQSK�P��mN9Q[J P��Y�SQY�'\�ULQYMDQ[\RN�Uo\S�;O�P���Q[Z(J���

	 W q Q[\ J T_P(Z(N�UK� maniplty �mP(N9X	��K�\CJ \�Z(JK�[J�� �3JLK;QY��X��[JK+�Q �[Q[NS� QSK'M�P���
 	 W q Q[\ JQ�3J�NS��Q
� maniplty
�mP(N9X���K�\ JGZ(UK�SXD�kKDT�P Z(N�UK� JLK'M P(J�Z�O��mU���Q[\ N9O�P2�3J�K�QY�;X��[JK+�Q
�SQYN �gQSK'M�P�� W UK� N9O'P��5U�\�P \S� P(Z Q ��P(M +��
N9O�P Z(UK�.�mP \S�5U�K�MeQSK ���mU�� ULW q 


Algorithm 
 U�\9O�QSV�J�� J � \Q�3P(J_\9X	�mP Q[\ +'J_\�P(MHU�KsN9O'PoZ(U�K�M�Q[N9Q[U�KDK�X��2+5P�� U�WCN9O�P2�3J�K�QY�;X��[J�N�U��	��J�Z(U�+;Q[JLK

��������� # �
	 � � � � � � � � �
���
� \�J�M�J+� \U�3P(J_\9X	�mPRQ[\ Z(U?�T�;X�N�P(MgWH�mU�� N9O'P * JK�mN�P \9Q[J�KHQSK�P��mN9Q[J��3J_NS��Q
�

� � � � � � � � �
%��
� � � � � � � �

% 3
� O�P * J��mN�P(\9Q[J�K$�GJ�K�QY�;X��[J�N�U��kQSK�P��mN9Q[JgP<�Y�SQY�'\�ULQ[M�Q[\

� � � � � � � � Z

JLK'M
��Q[T_P(\ J�K QSK�MeQ[Z(J_N9Q[U�KDULW O�U�� � P��Y�5N9O�PU�GJ�K�QY�;X��[J�N�U�� Z(JLK J�Z(Z P��[P��mJ�N�PRQSK P(J_ZIO ULW0N9O�P * J��mN�P(\9Q[J�K
M�QY�mP(Z(N9Q[ULK'\�
 � O'P \�Z(J��[JK� �3P(J�\9X��mPoZ(U?����X�N�P(MgO'P<�mP Q[\ N9O'PU�mJ_N9Q[U ULWCN9O'P \.�GJK�Y�[P(\�N����[JK����P \�NkP��Y�SQY��\�U�Q M
J���P(\

��� � ����� � �oQSK �
�3J�� �

	 M;P(J��Y�
�gN9O�PRP��Y�SQY��\�U�Q[M$� ULX	�[M +5P \S�;O�P���Q[Z(J�������Q[T�QSK � J2�mJ�N9Q[UoU�W@Z?�?+�X�N QSK����mJ�Z(N9Q[Z P2� QY�Y��+5P��[P(\�\ N9O�J�K
Z�


� ��� ���
������� � ��.�� ��� � � .
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See Also � J�Z UK+D[	�;QSK�P��mN9Q[J

References �2
 
 U�\9O�QSV�J�� J�� � � K�JK�
��\9Q[\RJLK'M Z(ULK�NS�mUK�jU�W��mU�+5U�N��3JLK;QY��X	�[J_N�UK�m\Q� Q[N9O �mP(M�X�K'M�J�K�Z��?� �3QSK &@:S7�G�� � JML
�<;�L
��1�C?E�" ��� 7! <78L�FHG�J �@N�J�N<=8:SG�%	� � �*�mP(N�N�ULK$ �U�U�M�\�� � � � �8�	�!
 � ��� ^ � � � ��ZM`?a ��
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mdh

Purpose � J�NS��Q
� �mP��	�mP \�P K�N�J�N9Q[ULK-ULW �3J�K�QY�;X��[J�N�U��kV�QSK�P��3J_N9Q[Z(\ � �3U�M�Q �'P M # �"�'J��mJ?�3P N�P��m\ �

Description � mdh �3J_NS��Q
� M;P(\�Z<��QY+5P(\ N9O�P V�QSK�P��3J�N9Q[Z \ U�W5JQ�3J�K�QY��X	�[J_N�UK� QSK J ��P K�P��mJ���� J��RX�\9QSK�� N9O�P �3U�M�Q ��P(M
# P K'JLT�Q[NS-��RJ��mN�P K8+5P���� Z(U�K�T_P K�N9Q[U�K�\�
�%CJ�Z�O��mU�� �mP����mP(\�P K�N�\ ULK'PU�SQSK�VHULW N9O�PU�3JLK;QY��X	�[J_N�UK�oJLK'M N9O'P
Z(U��SX��oK'\ J��mP J�\�\9Q���K�P(MDJ�Z(Z UK�mM�QSK�� N�U3N9O'PRW UK�Y�[U�� QSK�� N�JK+��[P?


* UK�SXD�kK �8�8�2+5UK� #RP(\�Z���QY��N9Q[U�K
Z � # % 3 �SQSK�VHN � Q[\�N JLK����[P
] � #&% 3 �SQSK�V��[PmK��_N9O
� � # �SQSK�V��mU_N�J�N9Q[ULK-JLK����[P
� � # �SQSK�VHU � \�P(N MeQ[\�N�JLK'Z(P
� � # �mU�QSK�N NS�?�5P���[kW U����mP(T�U��SX'N�P?�'K�U�K�-��(P��mU3W U�� �	��Q[\.�GJ�N9Q[Z

	 W�N9O'P'�[J�\�N Z(U��SX��oKkQ[\5K'U_N���Q[T_P K!��N�U�UK�Y+5U��RWYX�K�Z(N9Q[U�K�\ J_\�\9X��GP N9O�J�NjN9O'P �3J�K�QY��X	�[J_N�UK�CQ[\ JK�Y�Y-��mP(T�U��SX'N�P�

� U�� J�KgK�- J?��Q[\2�3JLK;QY��X��[J�N�UK� mdh Q[\RJ�K �����3UK� ���$���3J_NS��Q
��

� O�P ���m\�N �gZ(U��SX��oK'\3ULW J dyn �3J�NS��Q
�-Z U�K�N�J�QSK
N9O'P3V�QSK�P��3J_N9Q[Z��'J��mJ?�3P(N�P<�m\3J�K�M �3J��?+5P X'\�P(M
JLK��8� O�P��mPoN9O'J_N J mdh V�QSK�P��3J�N9Q[Z �3J�NS��Q
� Q[\��mP ��X�QY�mP(M�� N9O�P M	��K�J?�oQ[ZkM�J�N�J3Q[\ Q���K�UK�mP(M�


See Also �kWYV�QSK�P?� ����K'P�� M�O�� ��X��3J�� ��[�J�V8+
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 * �mJ�Q���� �<;�L�: 7KV89�G�L�FH78; L�7�� 7! <78L�FHG�J�
�� M;M�Q[\�U�K$ DP(\S�[P��?�5\�P Z(U�K�MHP(M�
 �!Z�`?a�`	
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mdyn

Purpose � J�NS��Q
� �mP����mP(\�P K�N�J_N9Q[U�K`U�W'�GJ�K�QY�;X��[J�N�U��RV�QSK�P��3J�N9Q[Z \ J�K�M M���K�J?�kQ[Z(\ � �3U�M�Q �'P(MR# � ��JK�mJ��3P(N�P��m\ �

Description � mdyn �3J_NS��Q
�gM�P(\�Z���QY+5P(\oN9O�P V�QSK�P��3J_N9Q[Z(\ J�K�M�M���K�J?�kQ[Z(\ ULW J �3J�K�QY�;X��[J�N�U��3QSKDJ
��P K�P��mJ�� � J��
X�\9QSK��DN9O�P �3U�M�Q �'P(M # P K'JLT�Q[NS-��RJ��mN�P K8+5P����DZ(ULK�T�P K�N9Q[ULK'\�
R%CJ�Z�O$�mUK�(�mP����mP(\�P K�N�\oU�K�P��SQSK�V7U�W N9O'P
�3JLK;QY��X��[J�N�UK�GJ�K�MHN9O�P Z(UK�SXD�kK�\RJK�mP J_\�\9Q���K�P(MDJ�Z(Z(U��mMeQSK �gN�UGN9O'PRW U��Y�[U�� QSK �gN�J�+	�[P�


* U��SX��oK �_�8�2+5U�� #RP(\�Z���QY��N9Q[U�K
Z � #&% 3 �SQSK;VsNS� Q[\�N J�K �K�[P
] � #&% 3 �SQSK;V,�[P K ��N9O
� � # �SQSK;V,�mU�N�J_N9Q[U�K`J�K �K�[P
� � # �SQSK;VsU � \�P NRM�Q[\�N�J�K�Z(P
� � � U�QSK�N N �?�5P ��[oW UK���mP(T_UK�SX�N�P?�'K'ULK	-��(P<�mU W UK���	��Q[\.�GJ�N9Q[Z
� �3J_\�\ �3J�\�\ ULWCN9O'PU�SQSK�V

� �<� �SQSK;V * & 
 � Q[N9O,�mP(\S�5P(Z(N N�U3N9O�PU�SQSK;VDZ(U�U��mMeQSK�J�N�P WH�mJ��3P
a �<�
` ���
Z�[ 	 �8� P��[P��3PmK�N�\RU�W!�SQSK;VHQSK�P��mN9Q[J N�P K'\�U�� JK+5ULX'N N9O'PU�SQSK�V * & 

Z?Z 	 �8�
Z�] 	 � �
Z � 	 �8�
Z�� 	 �!�
Z�� 	 �!�
Z � ��� JK�<�3J_N9X	�mPRQSK�P��mN9Q[J
Z � 
 �mP(M�X'Z(N9Q[ULK ��P(J��U�mJ_N9Q[U � �mU�QSK�NR\S� P(P(M � �SQSK�V-\S�5P P(M
Z�a � T�Q[\�Z(U�X�\ W ��Q[Z(N9Q[U�K!���3U�N�U����mP W P��.�mP(M
Z�` � Z � Z(U�X��[U?�2+HWH��Q[Z(N9Q[ULK � �5U�\9Q[N9Q[T_P �mU�N�J�N9Q[ULK � �D�3U�N�U��U�mP W P��.�mP(M
]K[ � Z�- Z(U�X��[U?�2+HWH��Q[Z(N9Q[ULK � K'P$��J�N9Q[T_P��mU�N�J_N9Q[U�K � ���3U�N�U����mP W P��.�mP(M

� U�� JLK K	- J?��Q[\@�3J�K�QY�;X��[J�N�U���� mdyn Q[\ JLK�� � ]K[2�3J_NS��Q
��
 � O�P��	�m\�N��RZ UK�SXD�kK'\ ULW5J mdyn �3J�NS��Q
�
Z(ULK�N�J�QSKDN9O�PRV�QSK'PM�3J�N9Q[Z���JK�mJ��3P(N�P��m\ JLK'MR�3J��?+5PRX�\�P(MHJLK��8� O�P��mP N9O�J�N J mdh V�QSK'PM�3J�N9Q[Z �GJ�NS��Q
�
Q[\��mP ��X;QY�mP M�� N9O'P M���K�J?�kQ[ZoM;J_N�J3Q[\ Q���K�UK�mP M�
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���Y� JLK����[P(\kJ��mPkQSK �mJ_MeQ[JLK'\�

� O�P3ZIO�U�Q[Z P ULW JK�Y� U�N9O�P�� X�K;Q[N�\ Q[\ X	�`N�UgN9O�PkX�\�P����0JLK'M`N9O;Q[\oZIO�U�Q[Z P
� QY�Y����U���ULKgN�UoN9O�P X�K;Q[N�\ QSK,� O;Q[Z�OgO�U?�3U���P K�P(ULX'\ NS�mJ�K�\9W UK�<�3\�����J_Z(UK+�Q[J�K�\��;QSK�P��mN9Q[J�\ J�K�M N�UK����X�P(\
J��mPU�mP��	�mP \�P K�N�P(M�


See Also �3M�O
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mfkine

Purpose � UK�<� JK�mM��mU�+5U�N V�QSK'PM�3J�N9Q[Z(\RW UK� \�P���Q[JK�!�SQSK;V$�GJ�K�QY�;X��[J�N�U�� � �3U�M�Q ��P(M # � ��JK�mJ��3P(N�P��m\ �

Synopsis T = mfkine(mdh, q)

Description mfkine Z U?����X'N�P \RN9O�PRW UK�<� J��mM V�QSK�P��3J_N9Q[Z(\kN9O�P�� ULQSK�NR\�N�J�N�P q 
 dh M�P(\�Z���QY+5P(\ N9O�P2�3JLK;QY��X	�[J_N�UK�
V�QSK�P��3J_N9Q[Z(\RQSK$�3U�M�Q �'P(M$#RPmK'JLT�Q[NS-��RJ��mN�P K8+5P���� K'U_N�J�N9Q[U�K!

	 W q Q[\ JoT�P(Z N�UK� Q[N Q[\ QSK�N�P��.���mP(N�P(MHJ�\ N9O�P �_P K'P<�mJK�SQ��(P(M � ULQSK�N Z U�UK�mM�QSK'J_N�P(\��5J�K�M mfkine �mP(N9X���K�\ J
O�U?�3U���P K�P(ULX'\ NS�mJ�K�\9W U��<�3J�N9Q[ULKgW U��CN9O'P��;K�JK���SQSK�V ULW0N9O�P��3J�K�QY��X	�[J_N�UK��
 	 W q Q[\CJ2�3J�NS��Q
�3P J�Z�O �mU��
Q[\ QSK�N�P��.���mP(N�P(M J�\ J_\ J�� ULQSK�N \�N�J_N�P T�P(Z N�UK����JLK'M T Q[\ JQ�3J�NS��Q
� QSK � O;Q[Z�O P(J_ZIO �mUK�-Q[\ N9O�P�� ��J�N�N�P K�P(M��
O�U?�3U���P K�P(ULX'\ NS�mJLK'\9W U��<� W UK� N9O�P N9O'PoZ(U��.�mP(\S�5U�K�M�QSK�� �mUK�>QSK q 
�� O'P�� ��J�N�N�P K�P(M��'NS�mJ�K�\9W U��<� Z(J�K
+5P2�mP(\�N�U��mP(M�+��

Ti = reshape(TC(i,:),4,4) �;U��
Ti = ttg(TC, i)

See Also �3M�O�� ���SQSK�V�NS�mJ�K!� WYV�QSK�P
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mlinktran

Purpose * U?����X'N�PoJ��SQSK�VHNS�mJLK'\9W U��<�3J�N9Q[ULK�W �mU?�BV�QSK�P��3J�N9Q[ZT�'J��mJ?�3P(N�P<�m\ � �3U�M�Q �'P MR# �"��JK�mJ��3P(N�P��m\ �

Synopsis T = mlinktran(alpha, an, theta, dn)

T = mlinktran(mdh, q)

Description mlinktrans Z U?����X'N�P \�N9O�P�O�U?�3U���P K�P(U�X�\�NS�mJLK'\9W UK�<� + P(NS� P P K J�M$� J�Z(PmK�N �SQSK�V Z U�UK�mM�QSK'J_N�P
WH�mJ��3P(\ +�J�\�P(MHULKHN9O�P��3U�M�Q ��P(MR#RP K�JLT�Q[NS-��RJK�mN�PmK8+5P�������JK�mJ?�GP(N�P��m\�

	 KHN9O�P \�P(Z(U�K�MHZ(J_\�P?� q Q[\ \9X	+�\�N9Q[N9X'N�P M�ULKHJ��mU�� -�+��?-O�mU�� +'J_\9Q[\ W U�� � # UK� � # J�Z Z(UK�mM�QSK�� N�U�� # 


Algorithm � O'PRO�U?�GU ��PmK'P(ULX'\ NS�mJLK'\9W UK�<�

# % 3�� #	� 
��
 Z(U�\ � # � \9QSK � # [ 
 # % 3
\9QSK � # Z(U�\�� #&% 3 Z(U_\ � # Z(U_\�� #&% 3 � \9QSK � # % 3 � � # \9QSK	� #&% 3
\9QSK � # \9QSK � # % 3 Z U�\ � # \9QSK � # % 3 Z(U_\ � #&% 3 � # Z U�\�� #&% 3

[ [ [ Z

�����
�mP����mP(\�P K�N�\ P J�Z�OR�SQSK;V�� \ Z(U�UK�mM�QSK�J�N�P3WH�mJ?�GP2� Q[N9OR�mP \S�5P(Z(N N�U N9O�P2�	�mP(T�Q[ULX'\U�SQSK�V�� \ Z(U�UK�mM�QSK'J_N�P \.��\S-
N�P��,


See Also �3M�O��D�kWYV�QSK�P?���SQSK;V�NS�mJLK'\
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mrne

Purpose * U?����X'N�PRQSK�T_P��m\�PoM	��K�J?�kQ[Z \RT�Q[J��mP(ZmX	�m\9Q[T_P � P�� N�U�K�-S% X��[P�� W UK�<� X	�[J_N9Q[U�K � �3U�M�Q ��P(MR# � �'J��mJ?�3P<-
N�P��m\ �

Synopsis tau = mrne(mdyn, q, qd, qdd)

tau = mrne(mdyn, [q qd qdd])

tau = mrne(mdyn, q, qd, qdd, grav)

tau = mrne(mdyn, [q qd qdd], grav)

tau = mrne(mdyn, q, qd, qdd, grav, fext)

tau = mrne(mdyn, [q qd qdd], grav, fext)

Description mrne Z(U����;X�N�P(\3N9O�PgP ��X'J_N9Q[U�K�\ ULWQ�3U�N9Q[ULK�QSK%JLK�P<) Z Q[P K�N �GJ�K�K'P������LQ[T�QSK�� � ULQSK�N3N�UK����X�P J�\3J
WYX�K�Z(N9Q[U�K`U�W � U�QSK�N��5U�\9Q[N9Q[ULK��jT�P��[U�ZmQ[NS�HJ�K�MHJ�Z Z(P��[P��mJ_N9Q[U�K!

	 W q � qd JLK'M qdd J��mP��mU�� T_P(Z(N�UK�m\ N9O�P K tau Q[\ J �mU��8T�P(Z(N�U�� U�W � ULQSK�N N�U�����X'P \�
 	 W q � qd
JLK'M qdd JK�mP �GJ�NS��Q[Z(P(\oN9O�P K tau Q[\ J��3J_NS��Q
�fQSK � O�Q[Z�O7P(J�Z�O$�mUK� Q[\ N9O�P�� ULQSK�NkN�U�����X'PkW UK�oN9O�P
Z(U��.�mP(\S�5ULK'M�QSK����mU�� \ U�W q � qd JLK'M qdd 


��mJLT�Q[NS� +��oM;PmW J�X��[N J�Z(N�\ QSK N9O'P � � M�QY�mP(Z(N9Q[U�K!� grav = [0 0 9.81] ����\

< ��+;X�N �3J��2+5PRULT�P<�.-
��Q[M�M;PmK +�� ���mU�T�Q[M�QSK �HJ��K�mJLT�Q[NS� J�Z(Z P��[P��mJ�N9Q[ULK-T_P(Z(N�U�� grav = [gx gy gz] 

� KgPM��N�P���K'J��5W UK�mZ(P �K�3U��3P K�N J_Z(N9QSK��GU�K N9O�PRP K�M U�WhN9O'P��3JLK;QY��X	�[J_N�UK� �3J��3JK�[\�U�+ PR\S�5P(ZmQ �'P(M +��3J
��-9P<�[P��3P K�N T�P(Z(N�U�� fext = [Fx Fy Fz Mx My Mz] QSKDN9O�P P K�M_- P � P(Z(N�UK� Z(U�UK�mM�QSK�J�N�PkWH�mJ��3P?

� O�PRN�UK����X�P Z(U����;X�N�P(M,�3J�� Z U�K�N�J�QSKsZ(U�K�NS��QY+�X�N9Q[U�K�\ MeX�P N�UkJ��<�3J�N9X��mPRQSK�P��mN9Q[J J�K�M�� ULQSK�N WH��Q[Z(N9Q[ULK
QSWCN9O�P(\�PoJK�mP \S�5P(ZmQ �'P(MHQSKDN9O�PU�'J��mJ?�3P(N�P<�U�GJ�NS��Q
� mdyn 


Algorithm * U?����X'N�P \RN9O�P�� U�QSK�N N�UK����X�P
� � � � � ���� ��� � � � �� � �� ��� � �� � ��� � � �

� O�P��mP � Q[\ N9O'PQ�3J�K�QY��X	�[J_N�UK� QSK�P��mN9Q[J �3J�NS��Q
��� � Q[\ N9O'P * U���Q[UK�SQ[\ J�K�MgZ(P K�NS��QY� P(N�JK�hN�UK����X�P?� � N9O'P
T�Q[\�Z(ULX'\ JLK'M * ULX	�[U�� +HWH��Q[Z N9Q[U�K!�5J�K�M � N9O'P����mJLT�Q[NS���[U_J�M�
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Limitations � O�Q[\ WYX�K�Z(N9Q[U�K-Q[\ PM�?�5P���Q
�3P K�N�J�� J�K�MfO�J�\9K�� NU+ P(P K7P���N�PmK'\9Q[T_P��
�-N�P(\�N�P(M�
�� O�PkX�\�P��o\9O'ULX	�[M`JK���	�
�
\�JLK;Q[N �HZIO�P(Z�V�\ N�UGN9O'PU�mP(\9X��[N�\�
  DU�X��[MR+5PRW J�\�N�P<�RJ_\ J � % � �	�[P?


See Also M	��K!�'W M���K���J�Z(Z P��������mJ�T?�[U_J�M�� QSK�P��mN9Q[J

Limitations � � % � ���[P Q[\ Z X��.�mP K�NS�
�HULK	�
� J�TLJLQY�[JK+��[P W UK� ����JK�mZ J��mZIO�Q[N�P(Z(N9X��mP?
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oa2tr

Purpose * U�K�T�P<�mN2& �?T�P Z(N�UK�m\ N�UkO�U?�3U���P K�P(ULX'\ NS�mJLK'\9W U��<�

Synopsis oa2tr(o, a)

Description oa2tr �mP(N9X���K�\ J��mU�N�J�N9Q[ULK'J��5O'U��3U �_P K'P U�X�\ NS�mJ�K�\9W UK�<�GJ�N9Q[U�K \S�5P Z Q �'P M QSK N�P��<�G\ U�W5N9O�P * J��mN�P(\9Q[J�K
U���Q[P K�N�J�N9Q[ULK7J�K�MgJ��	���mU�J_ZIO`T�P(Z N�UK�m\ o J�K�M a �mP(\S�5P Z(N9Q[T�P��
��


Algorithm
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� �
�
 �
�
�
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[ [ [ Z �
� O�P��mP �� J�K�M �
 JK�mPRX�K;Q[N T�P(Z N�UK�m\ Z(UK�.�mP \S�5U�K�MeQSK �HN�U o JLK'M a �mP \S�5P(Z(N9Q[T_P��
�?


See Also �.����]�NS����P X	� ]LNS�
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plotbot

Purpose 
��mJK��O;Q[Z JK� �mUK+5U_N JLK;Q
�GJ�N9Q[U�K

Synopsis plotbot(dh, q)

plotbot(dh, q, opt)

Description plotbot M�Q[\S���[JK��\ J��K�mJ��;O�Q[Z(JK�!�mP����mP(\�P K�N�J�N9Q[ULKHULW0N9O�P��mU�+5U�N���Q[T_P KHN9O�P V�QSK'PM�3J�N9Q[Z(\ QSK;W UK�<�3J_N9Q[U�K
QSK dh 
 � O�P �mUK+5U_N Q[\'�mP����mP(\�P K�N�P(M +��kJ \9Q
�����[PR\�N9Q[Z�V�� ��X��mP�� O�P��mP �SQSK�P \�P �?�3PmK�N�\�� ULQSK N9O'P UK��Q��LQSK'\
ULW N9O�P��SQSK�VgZ U�UK�mM�QSK'J_N�P WH�mJ��3P(\�
 	 W q Q[\ J2�3J�NS��Q
� �mP����mP(\�P K�N9QSK � J�� U�QSK�NS- \S��J�Z(P NS�mJ$� P(Z N�UK�<�3N9O�P KHJLK
JLK;Q
�3J_N9Q[U�K7ULW N9O�PU�mUK+5U_NU�3U_N9Q[U�KHQ[\ \9O'U�� K�
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�mP(M � �?UK� K�UK�<�3J�� � ���K�mP(PmK � 
 U��RU���Q[P K�N�J�N9Q[ULK � JLK'M�+��SX�P � �HUK� JK�����mU�J�Z�O � 
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&���N9Q[U�K�\ J��mP \S� P(Z Q ��P(M�+�� opt � O;Q[Z�OkQ[\ J \�NS��QSK �2� O;Q[Z�O3Z J�KoZ(ULK�N�J�QSK ULK'P U��'�3U��mP ULW'N9O�P W U��Y�[U�� QSK �
V P���\�\
� �[P J�T_PkNS�mJLQY���5N9O'J_N Q[\��'M�U�K�� N P��mJ_\�PkN9O�PU�mUK+5U_N WH�mU?� N9O�PU�	�mP T�Q[U�X�\ N9Q
�3P \�N�P��
� M�U�K�� N M8�mJ�� N9O�P2� ��Q[\�N J?��Q[\RZ U�UK�mM�QSK'J_N�PkWH�mJ?�GP
� �mP<�5P(J�N��3U�M�P?����X;KDN9O�P J�K�Q
�3J�N9Q[ULK ��[3N9Q
�3P(\
+ ��=?>
9	N \�P N N9O�PU+�J�\�P U�WCN9O�PU�mUK+ U�NRJ_N Z(U�UK�mM�QSK'J_N�P � [U[�� 
������
	 QSKDN9O'P ��#"�	�[U_N

See Also WYV�QSK�P?�5MeO
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puma560

Purpose � U_J�MgV�QSK�P��3J�N9Q[ZGJ�K�MgM���K'J��kQ[Z3M�J�N�J3W UK� J�� XD�3J,� ��[ �3JLK;QY��X	�[J_N�UK�

Synopsis puma560

Description # P(�;K�P(\oN9O'P �3J_NS��Q
� p560 � O;Q[Z�O7M�P(\�Z���QY+5P \3N9O'PoV�QSK'P��GJ�N9Q[ZgJLK'M`M	��K�J?�kQ[Z ZIO�JK�mJ_Z(N�P���Q[\�N9Q[Z(\GU�W J
� K;Q
�3J_N9Q[U�K � X��3J$���?[,�3J�K�QY�;X��[J�N�U���
 � O�PkV�QSK�P��3J�N9Q[Z Z(U�K�T_P K�N9Q[U�K�\kX�\�P(M-J��mP3J�\U�5P<�
� J�X�� JLK'M
�;O�J�K �	�5J�K�MHJK�Y� ��X'JLK�N9Q[N9Q[P(\oJK�mPRQSKH\�N�JLK'M�JK�mM � 	 X;K�Q[N�\�

���[\�U3M;P��;K�P(\ N9O'P��mU�QSK�N Z(U�UK�mM�QSK�J�N�PoT�P(Z(N�U��m\ qz � qr JLK'M qstretch Z(UK�.�mP \S�5U�K�MeQSK �gN�UGN9O'P �(P��mUK-
JLK����[P?���mP(J�M��gJLK'MgW X	�Y�
� P���N�P K�M;P(M�� U�\�P(\�


# P(N�J�QY�[\ ULWCZ(U�UK�mM�QSK'J_N�PkWH�mJ��3P(\ X'\�P M W U��RN9O�P�� X��3J,���?[3\9O�U�� KHO�P��mPRQSKHQ[N�\��(P��mUGJ�K �K�[P��5U_\�P?


See Also MeO!�'M���K!�5\�N�J�K�W UK�mM
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��� N�J � ��T�UK��
I�_��K'U�
�]_�8����
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�'
 * U���V�P J�K�M��U
 ���<�G\�NS�mU�K �K-�� �P��[ULX'T?�<��� � �B\�P(J��mZIO`W UK�oZ(ULK'\�PmK'\9X�\3J?�GU�K � �3U�M�P�� �'J��mJ?�3P N�P��m\
�mP�� UK�mN�P(MHW UK� N9O'P
� � � � � ��[ �mU�+5U�N�� �3QSK &@:S7�G�� �.4 4*4 �<;DL � W'78;�A � � 7! <78L�FHG�JQ=8;�VT/ 9�L�78E�=8L�FH78;��
� ��J�K$# Q[P ��U � ���	�!
�Z �?[?a�^�Z �	Z ��� � J�� Z�`�`?��

�'
 * UK��V PkJLK'M �U
����<�3\�NS�mU�K �K-�� �P��[U�X�T?�<�?� � � �3P(N�J�-9\�N9X�M��HU�W � � � � � ��[gM���K'J��kQ[Z(\�\ � Z<��Q[N9Q[Z(JK�
J��	���mJ�Q[\�J�� ULW'�SQ[N�P��mJ�N9X��mPkM�J�N�J�� � �@7! �78L�FHG<=?�_T�UK��
!Z ���;K�U	
 ���	����
I]?� �K^�]��Ka��'Z�`?`��_


See Also �;XD�3J�� �?[_J�V8+
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puma560akb

Purpose � U_J�MgV�QSK�P��3J�N9Q[ZGJ�K�MgM���K'J��kQ[Z3M�J�N�J3W UK� J�� XD�3J,� ��[ �3JLK;QY��X	�[J_N�UK�

Synopsis puma560akb

Description # P(�;K�P(\ N9O�P��GJ�NS��Q
� p560akb � O�Q[ZIO
M;P \�Z���QY+5P(\ N9O�P V�QSK�P��3J_N9Q[Z�JLK'M7M���K'J��kQ[ZHZ�O'J��mJ�Z(N�P���Q[\�N9Q[Z \
ULW J � K�Q
�3J�N9Q[ULK � XD�3J � �?[,�3J�K�QY��X	�[J_N�UK��
 * �mJ�Q�� � \2�3U�M�Q ��P(M #RPmK'JLT�Q[NS-��RJ��mN�P K8+5P����HK'U_N�J�N9Q[ULK-Q[\
X�\�P(M���� Q[N9O N9O'P��'J��mN9Q[Z X	�[J�� V�QSK'PM�3J�N9Q[ZoZ(U�K�T_P K�N9Q[U�K�\ W �mU?� ���<�3\�NS�mU�K �	� � O�J�N9QY+sJ�K�M � X��mMeQ[Z�V�
 ���Y�
��X�J�K�N9Q[N9Q[P(\oJK�mPRQSKs\�N�J�K�M;J��mM � 	 X�K;Q[N�\�

���[\�U3M;P��;K�P(\ N9O'P��mU�QSK�N Z(U�UK�mM�QSK�J�N�PoT�P(Z(N�U��m\ qz � qr JLK'M qstretch Z(UK�.�mP \S�5U�K�MeQSK �gN�UGN9O'P �(P��mUK-
JLK����[P?���mP(J�M��gJLK'MgW X	�Y�
� P���N�P K�M;P(M�� U�\�P(\�


See Also MeO!�'M���K!�5\�N�J�K�W UK�mM
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q2tr

Purpose * U�K�T�P<�mN X�K;Q[NS-���X�J�N�P���K�Q[U�K7N�UGJkO'U��3U �_P K�P(U�X�\ NS�mJ�K�\9W UK�<�

Synopsis T = q2tr(Q)

Description � P(N9X���KDN9O'PU�mU_N�J�N9Q[ULK'J�� O'U��3U �_P K'P U�X�\ NS�mJ�K�\9W UK�<�8Z(UK�.�mP \S�5U�K�MeQSK �gN�UGN9O'PRX�K;Q[N ��X�J�N�P<��K;Q[ULK Q 


See Also NS�M] �
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� �@/ &��U� � �eJLK � �mJ�K�Z Q[\�Z(U � ���	�!
�]��8� ^_]?���	��� O'PT��QSK ��P�� * U�����J�K��?� � QSK;V � �SQ���O�N2��Q
� X	�[J_N�UK�T# Q[T�QY-
\9Q[ULK��'ZM`?a8�8
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qinterp

Purpose 	 K�N�P��.� UK�[J�N�PoX;K�Q[NS-���X'J_N�P���K;Q[ULK'\

Synopsis QI = qinterp(Q1, Q2, r)

Description � P(N9X���KDJkX�K;Q[NS-���X�J�N�P���K�Q[U�K7N9O�J�N QSK�N�P��.�5U��[J�N�P(\2+5P(N � P(P K � ZkJLK'M � ]kJ�\ r TLJK��Q[P(\U+5P NS� P(PmKR[3JLK'M
ZgQSK�Z��SX�\9Q[T�P�� �?
 � O�Q[\3Q[\ J-\S�;O�P���Q[Z(J��2�SQSK'P JK�gQSK�N�P<�.�5UK�[J_N9Q[U�K � \S�[P��.� � N9O'J_N Z(J�KX+5PgQSK�N�P��.���mP(N�P(M>J�\
QSK�N�P��.� UK�[J�N9Q[U�K�JK�[U�K � J��K�mP J�N Z QY�mZ��[P3J��mZ U�KsJ3\S�;O�P��mP?
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� X	�[J_N�UK�T# Q[T�QY-
\9Q[ULK��'ZM`?a8�8
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qinv

Purpose 	 K�T_P��m\�PkULW0X�K;Q[NS-���X�J�N�P���K�Q[U�K

Synopsis QI = qinv(Q)

Description � P(N9X���KDN9O'PRQSK�T_P��m\�PoU�WCN9O�PRX;K�Q[NS-���X'J_N�P���K;Q[ULK Q 
 � O�PRQSK�T�P<�m\�PkQ[\ M;P(��K�P(MH\9X'Z�ODN9O�J�N

� �
% 3 � Z

See Also � �8� X���� ��T8� X��
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qnorm

Purpose �RU��<�3JK�SQ��(PGJ���X'J_N�P���K�Q[U�K

Synopsis QN = qnorm(Q)

Description � P(N9X���KDJkX�K;Q[NS-���X�J�N�P���K�Q[U�K7Z UK�.�mP(\S�5ULK'M�QSK �HN�U3N9O'P ��X�J�N�P<��K;Q[ULK Q 
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qqmul

Purpose � X	�[N9QY���
� ��X'J_N�P���K;Q[ULK'\

Synopsis Q = qqmul(Q1, Q2)

Description � P(N9X���KDN9O'PU���mU�M�X'Z(N U�W ��X�J�N�P���K�Q[U�K�\��jN9O'J_N Q[\���Z(U?�T�5U�X�K'MDN9O�PU�mU�N�J�N9Q[ULK'\ N9O�P�� P(J_ZIO,�mP��	�mP \�P K�N�


See Also ��T8� X���� ��QSK�T
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qvmul

Purpose � U�N�J�N�PoJ3T_P(Z(N�UK��+�� JkX�K;Q[NS-���X�J�N�P���K�Q[U�K

Synopsis VQ = qvmul(Q, V)

Description � P(N9X���KHJ * JK�mN�P(\9Q[JLKDT�P(Z(N�U�� Z(U��.�mP(\S�5U�K�M�QSK�� N�UkN9O�PRT_P(Z(N�UK� V �mU�N�J�N�P M�+��3N9O�PRX;K�Q[NS-���X'J_N�P���K�Q[U�K Q 


Algorithm
�
�

� �� � � � �

See Also � �8� X��

References � 
D� O�U�P��3JLV�P?� � � K;Q
�3J_N9QSK�� �mU�N�J_N9Q[U�K$� Q[N9O ��X�J�N�P���K�Q[U�KDZmX	�mT_P(\�
 � �kQSK & : 7KG<N<N�V8FH; '�J@7.A�/ W�3 1 � ���
� �@/ &��U� � �eJLK � �mJ�K�Z Q[\�Z(U � ���	�!
�]��8� ^_]?���	��� O'PT��QSK ��P�� * U�����J�K��?� � QSK;V � �SQ���O�N2��Q
� X	�[J_N�UK�T# Q[T�QY-
\9Q[ULK��'ZM`?a8�8
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rne

Purpose * U?����X'N�P QSK�T�P<�m\�PkM���K'J��kQ[Z(\ T�Q[J �mP(Z X��m\9Q[T�P �RPM� N�ULK	- % X	�[P<�RW U��<� X��[J�N9Q[ULK

Synopsis tau = rne(dyn, q, qd, qdd)

tau = rne(dyn, [q qd qdd])

tau = rne(dyn, q, qd, qdd, grav)

tau = rne(dyn, [q qd qdd], grav)

tau = rne(dyn, q, qd, qdd, grav, fext)

tau = rne(dyn, [q qd qdd], grav, fext)

Description rne Z U?����X'N�P \gN9O�PHP ��X'J_N9Q[U�K�\HU�W �3U�N9Q[ULK>QSK?J�K>P<) Z Q[P K�N,�3J�K�K'P<������Q[T�QSK � � ULQSK�N N�U�����X'PDJ�\ J
WYX�K�Z(N9Q[U�K`U�W � U�QSK�N��5U�\9Q[N9Q[ULK��jT�P��[U�ZmQ[NS�HJ�K�MHJ�Z Z(P��[P��mJ_N9Q[U�K!

	 W q � qd JLK'M qdd J��mP��mU�� T_P(Z(N�UK�m\ N9O�P K tau Q[\ J �mU��8T�P(Z(N�U�� U�W � ULQSK�N N�U�����X'P \�
 	 W q � qd
JLK'M qdd JK�mP �GJ�NS��Q[Z(P(\oN9O�P K tau Q[\ J��3J_NS��Q
�fQSK � O�Q[Z�O7P(J�Z�O$�mUK� Q[\ N9O�P�� ULQSK�NkN�U�����X'PkW UK�oN9O�P
Z(U��.�mP(\S�5ULK'M�QSK����mU�� \ U�W q � qd JLK'M qdd 


��mJLT�Q[NS� +��oM;PmW J�X��[N J�Z(N�\ QSK N9O'P � � M�QY�mP(Z(N9Q[U�K!� grav = [0 0 9.81] ����\

< ��+;X�N �3J��2+5PRULT�P<�.-
��Q[M�M;PmK +�� ���mU�T�Q[M�QSK �HJ��K�mJLT�Q[NS� J�Z(Z P��[P��mJ�N9Q[ULK-T_P(Z(N�U�� grav = [gx gy gz] 

� KgPM��N�P���K'J��5W UK�mZ(P �K�3U��3P K�N J_Z(N9QSK��GU�K N9O�PRP K�M U�WhN9O'P��3JLK;QY��X	�[J_N�UK� �3J��3JK�[\�U�+ PR\S�5P(ZmQ �'P(M +��3J
��-9P<�[P��3P K�N T�P(Z(N�U�� fext = [Fx Fy Fz Mx My Mz] QSKDN9O�P P K�M_- P � P(Z(N�UK� Z(U�UK�mM�QSK�J�N�PkWH�mJ��3P?

� O�PRN�UK����X�P Z(U����;X�N�P(M,�3J�� Z U�K�N�J�QSKsZ(U�K�NS��QY+�X�N9Q[U�K�\ MeX�P N�UkJ��<�3J�N9X��mPRQSK�P��mN9Q[J J�K�M�� ULQSK�N WH��Q[Z(N9Q[ULK
QSWCN9O�P(\�PoJK�mP \S�5P(ZmQ �'P(MHQSKDN9O�PU�'J��mJ?�3P(N�P<�U�GJ�NS��Q
� dyn 

� O�P � % � ���[PoT�P��m\9Q[ULKDU�WCN9O�Q[\ WYX�K'Z N9Q[U�KHQ[\RJ��mU�X�K'M ��[?[ N9Q
�3P(\ W J_\�N�P�� N9O'JLKDN9O'P � ���[P?


Algorithm * U�XD���;X�N�P(\ N9O'P�� ULQSK�NRN�U�����X'P
� � � � � ���� ��� � � � �� � �� ��� � �� � ��� � � �

� O�P��mP � Q[\ N9O'PQ�3J�K�QY��X	�[J_N�UK� QSK�P��mN9Q[J �3J�NS��Q
��� � Q[\ N9O'P * U���Q[UK�SQ[\ J�K�MgZ(P K�NS��QY� P(N�JK�hN�UK����X�P?� � N9O'P
T�Q[\�Z(ULX'\ JLK'M * ULX	�[U�� +HWH��Q[Z N9Q[U�K!�5J�K�M � N9O'P����mJLT�Q[NS���[U_J�M�


� ��� ���
������� � ��.�� ��� � � .
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See Also M	��K!�'W M���K���J�Z(Z P��������mJ�T?�[U_J�M�� QSK�P��mN9Q[J

Limitations � � % � ���[P Q[\ Z X��.�mP K�NS�
�HULK	�
� J�TLJLQY�[JK+��[P W UK� ����JK�mZ J��mZIO�Q[N�P(Z(N9X��mP?


References ��
 
 
 �I
 � X;O!� � 
@ "
� DJK�SV�P<���kJLK'M � 
��'
 * 
�� JLX	��
 & K	-��SQSK�P�Z U?����X'N�J_N9Q[U�K�JK� \�Z�O�P��3PHW UK�
�3P ZIO�J�K�Q[Z(JK� �3J�K�QY��X	�[J_N�UK�m\�
 / 1�3,4X58789	:<;�=?>�7.A B2C�;�=8E�F G�1�C�J�L�N�E J<P�3 N�=?JM9	: N�E�N�;�L!=8;�V W'78;�L�:S7?>Y�
ZM[8]_\ �?`�^ � �	�'Z�`�a?[�
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rotvec

Purpose � U�N�J�N9Q[ULK-J�+5U�X�NRJGT�P(Z(N�U��

Synopsis T = rotvec(v, theta)

Description rotvec �mP(N9X���K'\oJ3O'U��3U �_P K�P(U�X�\3NS�mJ�K�\9W U��<�3J�N9Q[ULK �mP����mP(\�P K�N9QSK ��J �mU�N�J_N9Q[U�K7ULW theta �mJ�M�Q[J�K�\
J�+5U�X�NRN9O�P T�P(Z N�UK� v 


See Also �mU�N.�����mU�NS���	�mU�N �
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rotx,roty,rotz

Purpose � U�N�J�N9Q[ULK-J�+5U�X�N��T��
 UK���HJ?��Q[\

Synopsis T = rotx(theta)

T = roty(theta)

T = rotz(theta)

Description � P(N9X���KHJ O'U��3U �_P K�P(U�X�\RNS�mJLK'\9W U��<�3J�N9Q[ULKR�mP����mP(\�P K�N9QSK � J2�mU�N�J_N9Q[U�KsU�W theta �mJ�M�Q[J�K�\RJ�+5U�X�N N9O'P
�T� 
 UK���fJ���P(\�


See Also �mU�N�T_P(Z
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rpy2tr

Purpose � UK�Y� � ��Q[N�Z�O �K�_JK� J�K �K�[P(\ N�UkO�U?�3U���P K�P(U�X�\ NS�mJ�K�\9W U��<�

Synopsis T = rpy2tr([r p y])

T = rpy2tr(r,p,y)

Description rpy2tr �mP(N9X	��K�\ J O�U?�GU ��PmK'P(ULX'\GNS�mJ�K�\9W UK�<�3J_N9Q[U�K7W U��oN9O'P3\S� P(Z Q ��P(M �mUK�Y� � ��Q[N�Z�O�����J�� JLK����[P(\ QSK
�mJ_MeQ[JLK'\�
�� O�P(\�P Z(UK�.�mP \S�5U�K�M�N�UT�mU�N�J�N9Q[ULK'\ JK+5ULX'N N9O'P ��� ����
 J?��P \ �mP \S�5P(Z(N9Q[T_P��
�?


See Also NS�M] �.���?��P X�� ]�NS�

References � 
��'
�� J�X������ 7! <78L�3 =8;�F "!98>
=8L�78: J$#�3R=8L�%�N�ET=8LOF G J<P�&@:S7�'8:S=8ETE�F ;!'?PU=8;DV W'78;�L�:S7?>Y
 * J�� +���Q[M+�_P?�
� J_\�\�J�Z�O�X'\�P(N�N�\�\ � 	 � � �mP \�\���Z�`�a	Z�
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rtdemo

Purpose � UK+5U_N � U�UK�Y+ UK� M;PM�3U�K�\�NS�mJ�N9Q[ULK

Synopsis rtdemo

Description � O�Q[\R\�Z���QY��N����mULT�Q[M;P(\ M�P��3ULK'\�NS�mJ_N9Q[U�K�\RW UK�Q�3U_\�N WYX;K�Z(N9Q[ULK'\Q� Q[N9O�QSK`N9O'P � UK+ U�N9Q[Z(\�� U�U��Y+5U���
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stanford

Purpose � U_J�MgV�QSK�P��3J�N9Q[ZGJ�K�MgM���K'J��kQ[Z3M�J�N�J3W UK� J �eN�JLK;W UK�mMR�3JLK;QY��X	�[J_N�UK�

Synopsis stanford

Description # P(�;K�P(\oN9O'P �3J_NS��Q
� stan � O;Q[Z�O7M�P(\�Z���QY+5P \3N9O'PoV�QSK'P��GJ�N9Q[ZgJLK'M`M	��K�J?�kQ[Z ZIO�JK�mJ_Z(N�P���Q[\�N9Q[Z(\GU�W J
��N�J�K�W UK�mMX�3J�K�QY��X	�[J_N�UK��
 �?�5P(ZmQ �'P(\ JK�<�3J_N9X	�mP QSK'P<�mN9Q[J�JLK'M ��P(J�� �mJ�N9Q[U�\�
����Y� ��X�J�K�N9Q[N9Q[P(\HJ��mP QSK
\�N�JLK'M�JK�mM � 	 X;K�Q[N�\�


See Also MeO!�'M���K!�5\�N�J�K�W UK�mM

References � 
�� J�X������ � U�M�P��SQSK �	� NS�mJ �mP(Z(N�UK�<�`Z(JK�[Z X��[J�N9Q[ULK JLK'M%\�P��mT�ULQSK��`U�W JHZ U?����X'N�P<�gZ U�K�NS�mUK�Y�[P M>JK�<��� �
� P(Z�O!
 � P��!
 � 	 � -�Z � � ����N�J�K�W UK�mM � K;Q[T_P��m\9Q[NS�?�����mN9Q �'ZmQ[JK� 	 K�N�P<�Y�SQ���P K�Z(P � J�+5UK�mJ_N�UK�<�?�'ZM` � ]8

� 
��'
�� JLX	�����@7! �78L�3R=8;�F "!98>
=8L�78: J$#�3 =8L %�N�ET=8L�FHG�J�P�&@:S7�'8:S=8ETETFH;!'?PQ=8;�V W'78;�L�:S7?>Y
 * J�� +���Q[M ��P?�
� J_\�\�J�Z�O�X'\�P(N�N�\�\ � 	 � � �mP \�\���Z�`�a	Z�
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tr2diff

Purpose * U�K�T�P<�mNRJkO�U?�3U���P K�P(ULX'\ NS�mJ�K�\9W UK�<�8N�U3J3M�Q � P��mP K�N9Q[J�� �GU�N9Q[U�KDT_P(Z(N�U��

Synopsis d = tr2diff(T)

d = tr2diff(T1, T2)

Description � O�P �	�m\�N W UK�<� U�W tr2diff �mP(N9X���K'\HJ ��-9P<�[P��3P K�NDMeQ � P��mP K�N9Q[JK� �3U�N9Q[ULK T_P(Z(N�UK�R�mP<�	�mP(\�PmK�N9QSK��
N9O�P QSK�Z��mP��GP K�N�JK� NS�mJ�K�\S�[J�N9Q[ULK7J�K�M��mU�N�J_N9Q[U�K`M;P(\�Z<��QY+5P(MR+��gN9O�P O�U?�3U���P K�P(ULX'\oNS�mJ�K�\9W UK�<� T 
 	 N Q[\
J_\�\9X��3P MHN9O'J_N T Q[\ U�WCN9O�PRW UK�<�


��
 [ � ��� � � ���� � [ � � � � �
� � � � � [ � �
[ [ [ [

�����
� O�P NS�mJ�K�\S�[J�N9Q[ULK'J��0P<�[P��3P K�N�\CU�W d JK�mP J�\�\9Q���K�P(M M�QY�mP(Z(NS�
�?
�� O'P �mU�N�J�N9Q[ULK'J��5P��[P��GP K�N�\ J��mP Z(U����;X�N�P(M
WH�mU�� N9O'P2�GP(J�KDULW N9O�P NS� U3TLJ��SX'P(\ N9O'J_NRJ��	�5P JK�RQSKsN9O'P \9V P�� - \.�8� �3P(NS��Q[ZT�3J�NS��Q
��

� O�P3\�P(Z(ULK'M-W U��<� U�W tr2diff �mP(N9X���K'\ J ��- P��[P��3P K�NoM�Q � P��mP K�N9Q[J��U�GU�N9Q[U�K�T�P(Z(N�U����mP<�	�mP(\�PmK�N9QSK��
N9O�P MeQ[\S���[J�Z P��3P K�N WH�mU?� T1 N�U T2 �5N9O�J�N Q[\�� T2 - T1 


� �
� �

< �
�
3

Z ��] � � 3 ��� < � � 3 � � < � 
 3 � 
 < ���
See Also MeQ � ]�NS���5M�Q �

References � 
��'
�� J�X������ 7! <78L�3 =8;�F "!98>
=8L�78: J$#�3R=8L�%�N�ET=8LOF G J<P�&@:S7�'8:S=8ETE�F ;!'?PU=8;DV W'78;�L�:S7?>Y
 * J�� +���Q[M+�_P?�
� J_\�\�J�Z�O�X'\�P(N�N�\�\ � 	 � � �mP \�\���Z�`�a	Z�
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tr2eul

Purpose * U�K�T�P<�mNRJkO�U?�3U���P K�P(ULX'\ NS�mJ�K�\9W UK�<�8N�U % X	�[P�� J�K �K�[P(\

Synopsis [a b c] = tr2eul(T)

Description tr2eul �mP(N9X���K'\ J T�P(Z(N�U��oU�W % X	�[P<�3JLK����[P(\�� QSK$�mJ�M�Q[J�K�\��jZ(UK�.�mP(\S� U�K�MeQSK ��N�U N9O�P �mU_N�J�N9Q[ULK'J�� �'J��mN
ULWCN9O'PRO�U?�3U���P K�P(ULX'\ NS�mJLK'\9W U��<� T 


See Also P X�� ]�NS���5NS�M] �.���
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 * J�� +���Q[M+�_P?�
� J_\�\�J�Z�O�X'\�P(N�N�\�\ � 	 � � �mP \�\���Z�`�a	Z�
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��� � � � � < �
tr2jac

Purpose * U?����X'N�PoJ ��J_Z(UK+�Q[J�KDN�U �GJK�HM�Q � P��mPmK�N9Q[JK���3U_N9Q[U�KR+5P NS� P(PmKgWH�mJ��3P(\

Synopsis jac = tr2jac(T)

Description tr2jac �mP(N9X���K'\ J � �
� ��J�Z(U�+;Q[JLK$�3J�NS��Q
� N�U �3JK�sMeQ � P��mP K�N9Q[JK�@�3U_N9Q[U�K�\RUK� T_P��[U�Z Q[N9Q[P(\2+5P(N � P(P K
WH�mJ��3P(\ �mP��[J_N�P(M�+��gN9O�PRO'U��3U �_P K�P(U�X�\ NS�mJ�K�\9W UK�<� T 

	 W T �mP��	�mP \�P K�N�\RJkO�U?�GU ��PmK'P(ULX'\ NS�mJLK'\9W UK�<�3J_N9Q[U�KHWH�mU��BWH�mJ?�3P	� N�U WH�mJ��3P��U� � ��� �'N9O�P K

� �� �
�
� � � ��

� O�P��mP � � � Q[\ �LQ[T�P KR+�� tr2jac(T) 


See Also NS�M]�M�Q � �5M�Q � ]�NS���5M�Q �
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�� J�X������ 7! <78L�3 =8;�F "!98>
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 * J�� +���Q[M+�_P?�
� J_\�\�J�Z�O�X'\�P(N�N�\�\ � 	 � � �mP \�\���Z�`�a	Z�
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tr2q

Purpose * U�K�T�P<�mN O�U?�3U���P K�P(U�X�\RNS�mJLK'\9W UK�<�8N�U3JkX�K;Q[NS-���X�J�N�P���K�Q[U�K

Synopsis Q = tr2q(T)

Description � P(N9X���K-J3X�K;Q[N ��X�J�N�P<��K;Q[ULK7Z(UK�.�mP \S�5U�K�MeQSK �DN�U N9O�P2�mU�N�J�N9Q[ULK'J��*��JK�mN U�W N9O'P O�U?�3U���P K�P(U�X�\oNS�mJ�K�\S-
W U��<� T 


See Also ��]�NS�

References ��
 � X�K�M;J�� � � X'J_N�P���K�Q[U�K�\ JLK'M3O�U?�3U���P K�P(ULX'\ NS�mJ�K�\9W U��<�3\ QSK �mUK+5U_N9Q[Z(\�� � � J�\�N�P�� � \CN9O'P(\9Q[\�� � K;Q[T_P��.-
\9Q[N �gU�W�� PmK;K�\.�?�[TLJ�K�Q[J	� ���	��
�Z�`�a?a�
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tr2rpy

Purpose * U�K�T�P<�mNRJkO�U?�3U���P K�P(ULX'\ NS�mJ�K�\9W UK�<�8N�U��mUK�Y� ���;Q[N�Z�O �K��J�� J�K �K�[P(\

Synopsis [a b c] = tr2rpy(T)

Description tr2rpy �mP(N9X	��K�\oJgT�P Z(N�UK�oULW �mUK�Y� ���;Q[N�Z�O�����J�� JLK����[P(\��0QSK �mJ_MeQ[JLK'\��CZ(U��.�mP(\S�5U�K�M�QSK��-N�UHN9O�P��mU_N�JK-
N9Q[ULK'J��'�'J��mN ULWCN9O'PRO�U?�GU ��PmK'P(ULX'\ NS�mJLK'\9W UK�<� T 


See Also �.����]�NS����NS�M]�P X��
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transl

Purpose ���mJ�K�\S�[J�N9Q[ULK'J�� NS�mJLK'\9W U��<�3J�N9Q[ULK

Synopsis T = transl(x, y, z)

T = transl(v)

v = transl(T) xyz = transl(TC)

Description transl �mP N9X	��K�\HJ-O'U��3U �_P K'P U�X�\�NS�mJLK'\9W U��<�3J�N9Q[ULK"�mP<�	�mP(\�PmK�N9QSK��>J7NS�mJ�K�\S�[J�N9Q[ULK P��?�	�mP \�\�P(M J_\
N9O��mP(Po\�Z(JK�[J�� x � y J�K�M z ��UK� J * JK�mN�P \9Q[J�KDT�P Z(N�UK� v 

� O�PkN9O�QY�mMfW UK�<� �mP(N9X	��K�\ N9O�PkNS�mJLK'\S�[J_N9Q[U�K�JK� ��JK�mN U�W J O�U?�GU ��PmK'P(ULX'\oNS�mJ�K�\9W U��<� J_\RJ �K- P��[P��GP K�N
Z(U��SX��oK-T_P(Z(N�UK��

� O�PfW ULX	�mN9O>W UK�<� �mP(N9X	��K�\gJ �3J_NS��Q
� � O�U�\�PDZ(UK�SXD�kK�\�J��mPHN9O'P ��� 
 JLK'M �?Z(UK�SXD�kK�\HU�WGN9O'P
* JK�mN�P \9Q[J�KDNS�mJ$� P(Z(N�U��<���3J_NS��Q
� TC 


See Also Z(NS�mJ$�K�	�mU_N.���	�mU�N �?�8�mU�N �?���mU�N�T_P(Z
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trinterp

Purpose 	 K�N�P��.� UK�[J�N�PoO'U��3U �_P K'P U�X�\ NS�mJ�K�\9W UK�<�3\

Synopsis T = trinterp(T0, T1, r)

T = trinterp(T0, dp, r)

Description trinterp QSK�N�P��.�5UK�[J_N�P(\ +5P(N � P(P K`N9O'P N � U O�U?�3U���P K�P(ULX'\3NS�mJLK'\9W UK�<�3\ T0 J�K�M T1 J�\ r TLJK��Q[P \
+5P NS� P(PmK [ J�K�M�Z QSK'Z��SX�\9Q[T�P<�H�?
�� O�Q[\0Q[\ �_P K�P��mJK�Y�
�kX�\�P(M W UK�CZ U?����X'N9QSK � \�NS�mJ�Q��LO�N �SQSK�PRU���� * JK�mN�P(\9Q[JLK��
�3U_N9Q[U�K!

� O�P \�P(Z(U�K�MgW U��<�BX'\�P(\ J3M8��Q[T�P2��JK�mJ?�GP(N�P��2�GJ�NS��Q
�gZ U?����X'N�P M�+�� drivepar � O;Q[Z�OR�mP����mP(\�P K�N�\
N9O�P � MeQ � P��mP K�Z(P �	+ P(NS� P P K T0 JLK'M T1 JLK'M �3J���+ PU�3U��mP P<) Z Q[P K�N�� O'PmKgZ U?����X'N9QSK � �3JLK��kQSK�N�P��.-
�5U��[J�N�P(MR�5ULQSK�N�\�+5P(N � P(P KDN9O�P \�J?�GP NS� UoP K�M_�5ULQSK�N�\�


See Also Z(NS�mJ$�K�'M8��Q[T�P���JK�
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 * J�� +���Q[M+�_P?�
� J_\�\�J�Z�O�X'\�P(N�N�\�\ � 	 � � �mP \�\���Z�`�a	Z�
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trnorm

Purpose �RU��<�3JK�SQ��(PGJkO'U��3U �_P K�P(U�X�\ NS�mJ�K�\9W UK�<�GJ�N9Q[U�K

Synopsis TN = trnorm(T)

Description � P(N9X���K'\ JRK'U��<�3JK�SQ��(P MHZ(UK���oU�WjN9O�P O�U?�GU ��PmK'P(ULX'\ NS�mJLK'\9W U��<�3J�N9Q[ULK T 
 � QSK;Q[N�P2� U��mM��[P K ��N9O JK��Q[N9O�-
�3P N9Q[Z Z J�K$�[P(J�M-N�U O'U��3U �_P K�P(U�X�\kNS�mJLK'\9W UK�<�3J_N9Q[U�K�\kQSK � O;Q[Z�O7N9O�P��mU�N�J_N9Q[U�K�JK� \9X�+D�3J�NS��Q
�HQ[\ K�U�N
U��mN9O'U���U�K�JK���jN9O�J�N Q[\�� ��� � � � ���� � Z?


Algorithm �RU��<�3JK�SQ�� J�N9Q[U�K`Q[\��5P���W UK�<�3P(M +��gU��mN9O'U���U�K�JK�SQ��mQSK��HN9O'PU�mU_N�J�N9Q[ULKD\9X	+D�3J�NS��Q
� � � � � 
 


See Also MeQ � ]�NS���5M�Q �
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\9Q[N �gU�W�� PmK;K�\.�?�[TLJ�K�Q[J	� ���	��
�Z�`�a?a�
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ttg

Purpose %*��NS�mJ_Z(N O�U?�GU ��PmK'P(ULX'\ NS�mJLK'\9W UK�<�3J_N9Q[U�KHWH�mU�� * J��mN�P(\9Q[J�KDNS�mJ$� P(Z N�UK�<�

Synopsis Ti = ttg(T, i)

Description � P(N9X���K'\ N9O�P O�U?�3U���P K�P(ULX'\ NS�mJ�K�\9W U��<�3J�N9Q[ULK Ti WH�mU�� N9O'P i � N9O �mU��>U�WjN9O'P * JK�mN�P(\9Q[JLKHNS�mJ$� P(Z(N�U��<�
�3J_NS��Q
� T 
D% J_ZIO,�mU�� ULW T Q[\RJ � ��J�N�N�P K�P(M��;O�U?�3U���P K�P(U�X�\ NS�mJ�K�\9W U��<��


Algorithm

Ti = reshape(TC(i,:),4,4)

See Also Z(NS�mJ$�
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unit

Purpose � K�Q[N9Q��(P3J3T_P(Z(N�U��

Synopsis vn = unit(v)

Description unit �mP(N9X���K�\ JoX;K�Q[NRT_P(Z(N�UK� JK�SQ��LK'P(M$� Q[N9O v 


Algorithm
�
�
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