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ROBOT OPERATION TEACHING METHOD AND 
APPARATUS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to a method and 
apparatus for teaching robot operations, particularly to an 
operation teaching method and apparatus in Which camera 
images are used to remotely teach robot tool trajectories. 

[0003] 2. Description of the Prior Art 

[0004] Methods of providing trajectories for arms of 
robots engaged in assembly or machine operations include 
(i) the direct teaching method that uses a teaching box or the 
like to record locations through Which the robot has passed 
and operates the robot in that order, and (ii) the program 
method that uses input of numerical data and formulas 
relating to location and attitude in the Workspace. 

[0005] Direct teaching has the folloWing draWbacks. 

[0006] (1) With a teaching box it is dif?cult to teach 
locations and orientations With high accuracy. 

[0007] (2) In the case of remote operations, because 
there is a loss of depth information When only camera 
images are used, it is dif?cult to remotely teach robot 
spatial locations and orientations. 

[0008] (3) Since each recorded location and orientation 
is provided separately, it is difficult to satisfy speci?c 
spatial relationships, such as, for example, a constraint 
that a tool is alWays in the same inclined plane. 

[0009] Program-based teaching has the folloWing draW 
backs. 

[0010] (4) It is necessary to knoW beforehand the loca 
tion and geometry of objects and obstacles in the 
Workspace coordinate system. 

[0011] (5) The operator cannot intuitively understand 
teaching based on numerical values and formulas. 

[0012] To resolve the above problems, the present inven 
tor proposed in JP-A 2001-60108 a method of remotely 
teaching robot tool trajectories in Which the teacher/operator 
uses image information of the Workspace obtained by a 
camera or cameras to prepare simple, three-dimensional 
geometric elements corresponding, directly or indirectly, to 
the actual space, to enable the target task to be carried out 
readily and safely. In accordance With this method, camera 
images obtained from a three-dimensional image measuring 
system are shoWn on a display Which the operator vieWs as 
he uses an input device to de?ne simple geometric elements 
based on the three-dimensional information. In this Way, the 
frames necessary for de?ning the task trajectories of a Work 
robot are set. The term “frame” is used as a close synonym 
for “coordinate system” to represent a 3-D position and 
orientation hereinafter. A frame has six degrees of freedom 
in space. Using the measuring system in conjunction With a 
drive system, such as robot arms, for changing the location 
and orientation of the measuring system made it possible to 
teach trajectories With good accuracy over the entire Work 
space region. 

[0013] HoWever, a premise of the above method Was that 
the trajectories and the geometric elements comprising the 
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trajectories Were all to be de?ned online. Though some 
elements may need to be de?ned indirectly from the com 
plex relationships among geometric elements, this de?ning 
had to be carried out on a task by task basis. This meant that 
even When it Was desired to carry out teaching for a similar 

task, it Was necessary to individually prepare each geometric 
element starting from the beginning. Moreover, the more 
complex the task trajectories become, the more necessary it 
is for the teacher to have an advanced knoWledge of geom 
etry and a deep understanding of the task structure, Which 
limits the number of teachers capable of doing the teaching 
involved. 

[0014] To resolve the above draWbacks, an object of the 
present invention is to provide a robot operation teaching 
method and apparatus that makes it possible to speedily and 
easily teach complex trajectories that vary depending on 
situations, utiliZing an interface apparatus having tWo-di 
mensional interface functions. 

SUMMARY OF THE INVENTION 

[0015] To attain the above object, the present invention 
provides a robot operation teaching method comprising: 
using a three-dimensional measuring system capable of 
measuring spatial coordinates corresponding to points des 
ignated on camera images, a display able to display an actual 
space image obtained by a camera or cameras With an 

overlay of a geometric model image corresponding to the 
actual space image, and a pointing device having at least tWo 
degrees of freedom to enable an operator to prepare in a 
model space simple geometric elements corresponding to 
the actual space image, thereby de?ning Work trajectories; 
Wherein by using parametric modelling to pre-de?ne geo 
metric elements, such as trajectories, geometric elements, 
such as trajectories, adapted for individual situations are 
produced by modifying a portion of geometric element 
assignments and parameters associated With a de?nition. 

[0016] To attain the above object, the present invention 
also provides a robot operation teaching apparatus that 
comprises: a three-dimensional measuring system capable 
of measuring spatial coordinates corresponding to points 
designated on camera images; a display that displays an 
actual space image obtained by a camera or cameras over 
laid by a geometric model image of geometric elements 
corresponding to the actual space image; a pointing device 
for selecting a location; and means for using parametric 
modelling to pre-de?ne the geometric elements; the appa 
ratus being able to produce geometric elements adapted for 
each situation by modi?cation of a portion of geometric 
element assignments and parameters associated With a de? 
nition. 

[0017] As described above, in the present invention, para 
metric modelling is used to pre-de?ne trajectories in a form 
that can describe the spatial constraints betWeen geometric 
elements determined based on task requirements. As a result, 
at the actual teaching stage, a required trajectory can be 
generated by just selecting a trajectory from a menu and 
teaching the minimum amount of information needed for 
de?ning that trajectory. Thus, the operator is able to perform 
the teaching quickly With less fatigue, Without having to take 
into account details about depth. 
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[0018] Further features of the invention, its nature and 
various advantages Will be more apparent from the accom 
panying drawings and following detailed description of the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIG. 1 shoWs an eXample of a system con?gura 
tion using the robot operation teaching apparatus of the 
present invention. 

[0020] FIG. 2 shoWs an eXample of the screen display 
used by the apparatus of the invention. 

[0021] FIG. 3 shoWs examples of drop-doWn menus 
shoWn on the display of FIG. 2. 

[0022] FIG. 4 shoWs a graphical tree representation of the 
relationships betWeen geometric elements Within the de? 
nition structure, shoWn on the display of FIG. 2. 

[0023] FIG. 5 shoWs eXamples of detail data of selected 
geometric elements, shoWn on the display of FIG. 2. 

[0024] FIG. 6 illustrates an example of the image presen 
tation area, With FIG. 6(a) shoWing just the camera image 
and FIG. 6(b) shoWing the image of FIG. 6(a) overlaid With 
an image of the model space. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0025] First, the operation teaching system Will be 
described, With reference to the example of a system con 
?guration using the robot operation teaching apparatus of 
the invention shoWn in FIG. 1. With reference to the 
draWing, an operation teaching apparatus 1 includes a data 
processing section 2 and a tWo-dimensional interface section 
3. The operator 5 issues instructions to teach motion opera 
tions to be carried out by a manipulation mechanism 4. 

[0026] The manipulation mechanism 4 includes a mobile 
platform 41 that has a robot hand 42 as the Work tool used 
for gripping an object, and a robot arm 43 on Which the robot 
hand 42 is mounted, and a vision device 44, such as a stereo 
camera, or other such device. 

[0027] The data processing section 2 includes a three 
dimensional image measurement unit 21, a geometric ele 
ment generator 22, a geometric element database 23 and a 
constraint-condition resolution unit 24. In accordance With 
instructions from the operator 5 referring to actual space 
images obtained from the vision device 44, the three 
dimensional image measurement unit 21 measures corre 
sponding spatial locations in the actual space. The relation 
ship betWeen the spatial coordinate system used by the 
three-dimensional image measurement unit 21 and the tool 
frame given to the robot hand 42 is assumed to be knoWn by 
means of calibration etc., or can be estimated sequentially 
based on sensor feedback information from a camera or 

other such device. In addition to three-dimensional measur 
ing by images using a stereo camera as the vision device 44, 
it is also possible to carry out measurements using a mono 
camera that is moved to obtain images from different vieW 
ing points, to use the focus to measure distances, or to utiliZe 
the range-?nder principle to perform three-dimensional 
image measurements using a laser or other light source. 

[0028] In accordance With the directions of the operator 
received via the 2-D interface section 3, the geometric 
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element generator 22 instantiates the de?nitions of the 
various geometric elements, such as trajectories, and the 
de?nitions in the geometric element database 23. The con 
straint-condition resolution unit 24 adjusts geometric ele 
ment parameters to satisfy various constraints applied by the 
operator; for eXample, constraining the tool frame on a 
prescribed trajectory, or that movement be in parallel With 
line or plane elements, or rotational around line or point 
elements, and so forth. Although in FIG. 1 the data pro 
cessing section 2 is shoWn as being separate, it can be 
mounted on the mobile platform 41 so that it moves together 
With the manipulation mechanism 4. 

[0029] The 2-D interface section 3 is an interactive inter 
face comprised of a display device 31 and an input device 
32. The display device 31 is an ordinary tWo-dimensional 
display, and the input device 32 is an ordinary tWo-dimen 
sional pointing device such as a mouse or touch-panel. The 
display device 31 displays information such as details of the 
processing performed by the data processing section 2. FIG. 
2 shoWs an eXample of on-screen arrangement of the display 
device 31. The image presentation area 33 is used to display 
an image of the actual space that is obtained from the vision 
device 44. The same image is fed to the 3-D image mea 
surement unit 21. Geometric elements, such as teaching 
trajectories, in model space can be shoWn as an overlay on 
the actual space image. The de?nition-tree display area 34 is 
used to display geometric element de?nition trees, and the 
detail display area 35 is used to display details relating to 
selected geometric elements. The menu display area 36 
displays the various menus such as for preparing trajecto 
ries. The display device 31 is used for displaying a pointer, 
sensor information and other numerical data the operator 
Wants to knoW. 

[0030] The operator 5 can use the input device 32 to select 
locations (such as by pressing a button in the case of a 
mouse, or tapping in the case of a touch-panel) on an image, 
select menus, perform drag-and-drop operations, draW 
shapes, and so forth. 

[0031] In the invention it is assumed that the operator 5 
operates the robot via the 2-D interface section 3, so it is not 
necessary to be able to directly see either the Work envi 
ronment that contains the actual Workpiece 6 or the manipu 
lation mechanism 4. As the interface section, there can be 
used an ordinary tWo-dimensional device. This makes it 
possible to utiliZe ordinary portable devices having tWo 
dimensional interfaces and Wireless communication systems 
such as portable telephones and PDAs (“personal digital 
assistant” information devices), thereby making it possible 
to readily carry out the robot teaching from a remote 
location. Details of the operation of the 2-D interface section 
3 are described beloW. 

[0032] Implementing trajectory libraries and menus for 
each task: Details of parametric de?nitions are described 
later. To implement parametric de?nitions of geometric 
elements, such as trajectories, for each task, it is necessary 
to categoriZe the target tasks and consider hoW constraint 
conditions should be described. This requires someone Who 
has a good knoWledge of geometry and an understanding of 
the essence of the target task. HoWever, at the stage of 
instantiation of the already de?ned geometric elements, such 
as trajectories, a limited knoWledge pertaining just to an 
outline of the task and the conditions required for the 
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instantiation is enough; it is not necessary to understand the 
overall parametric de?nition of the trajectories. 

[0033] Thus, this invention makes it possible to divide the 
teaching operation into tWo stages. One is a preparation 
stage, in Which a person having adequate knoWledge com 
poses the parametric de?nitions of the geometric elements, 
stores them in a library and makes them possible to be 
selected by menu. The other is an execution stage in Which 
menus are used to select geometric elements from among the 
library thus prepared for executing tasks satisfying various 
constraint conditions. 

[0034] To instantiate, at the execution stage, the geometric 
elements parametrically de?ned at the preparation stage, the 
operator 5 de?nes a necessary number of partial models of 
the environment and object, then assigns the geometric 
models to the objective parametric de?nitions selected from 
a menu. Since at this point it is not necessary to carry out 
detailed modelling of the Whole environment or object, 
teaching can be performed easily and speedily even if the 
target object and environment are unknoWn. 

[0035] FIG. 3 shoWs on-screen drop-doWn menu 
examples. The File 11 menu is used to read and Write stored 
de?nitions (FIG. 3(a)). The Prepare Element 12 menu is 
used to select the type of geometric element and, from a 
sub-menu, to select the de?nition method for preparing the 
elements (FIG. 3(b)). The Select Task 13 menu is used to 
select the target task to instantiate parametrically prede?ned 
trajectories. The siZe of the menu increases as the number of 
task increases. Thus, menu selection should be facilitated by 
sorting the library of tasks With categories and displaying a 
menu in a hierarchical manner (FIG. 3(c)). The Option 14 
menu is used for setting the options, such as display method 
used by the display device (FIG. 

[0036] Displaying de?nition Structures of geometric ele 
ments: The de?nition-tree display area 34 (FIG. 2) is used 
to display geometric relationships of elements in de?nition 
structures in the form of a graphical tree representation, such 
as that shoWn in FIG. 4. Details of a speci?c element can be 
vieWed by clicking its element icon With the pointer. Doing 
this causes the details to be displayed in a detail display area, 
examples of Which are shoWn in FIG. 5. In FIG. 5, 
parameters that can be changed are shoWn underlined. 

[0037] The geometric elements are displayed by overlay 
ing a model space image on the corresponding actual image 
obtained from the camera. The model space image is a 
projection image onto a tWo-dimensional image plane from 
a three-dimensional model space. An example is illustrated 
by FIG. 6, Which shoWs the camera image (FIG. 6(a)) and 
the camera image overlaid by the model space image (FIG. 
6(b)). This type of display makes it easier for the operator to 
understand the relationship betWeen the real space and the 
model space. Selection of geometric elements can also be 
done Within the image presentation area 33 by pointing the 
elements in the model image. Detail data relating to the 
selected elements can be displayed and changed in the detail 
display area 35 in the same Way as When the de?nition-tree 
is used. 

[0038] Drag-and-drop instantiation of parametrically 
de?ned geometric elements: Selecting an element contained 
in a de?nition history by pointing the element in a de?nition 
tree display or model image display and performing drag 
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and-drop of the selected element close to another element, 
the operator 5 generate a neW element instance or update an 
existing instance. These pointer-based menu selection and 
drag-and-drop operations make it possible to readily gener 
ate geometric elements set by complex constraint condi 
tions. 

[0039] The parametric de?nition of geometric elements, 
Which is an important concept in the present invention, Will 
noW be described. 

[0040] In the CAD ?eld, the method knoWn as parametric 
design is used to facilitate the modelling of products. In the 
CAD terminology of JIS B3401-1993, parametric design is 
de?ned as a design method used to typify the shapes of 
products and parts thereof and assign dimensions to the 
typi?ed shapes using parameters, thereby readily generating 
models in a computer. Parametric Technology Corporation’s 
“Pro/ENGINEER” is an example of commercially available 
three-dimensional CAD softWare used in parametric design 
techniques. In addition to handling just shapes, this type of 
3-D CAD program de?nes geometric models as sets of 
constraint conditions. Here, a constraint is a condition 
prescribing a geometric model’s siZe, positional relation 
ships, and so forth. There are dimensional constraints that 
prescribe siZe and dimensions, and geometric constraints 
that prescribe geometric relationships 

[0041] A dimensional constraint constrains a geometry to 
the dimensional values designated by the operator. If the 
operator changes the dimensional values, there Will be a 
corresponding change in the geometric data. Geometric 
constraints determine positional relationships betWeen geo 
metric elements, such as that line segments be parallel, or 
that line segments and arcs be in contact (tangency is 
satis?ed), or that end points are shared (continuity is satis 
?ed). 
[0042] In the present invention, based on a concept similar 
to that of CAD-based parametric modelling of products, “a 
modelling technique in Which the generation of geometric 
models in the computer is facilitated by typifying geometric 
elements, using parameters to assign locations and distances 
and describing geometric relationships With other geometric 
elements” Will be called the technique of parametrically 
modelling geometric elements. That is to say, the de?nitions 
of the trajectories for robot motion and geometric elements 
for prescribing those trajectories are parametrically typi?ed 
in place of the typifying of product models, thereby making 
it easier to teach the target robot operation. Here, constraints 
that numerically prescribe locations, distances and so forth 
are called numerical constraints, and constraints that pre 
scribe relationships betWeen geometric elements are called 
geometric constraints. 

[0043] The feature of parametric modelling is that the 
de?nition history is retained in the form of numerical and 
geometric constraints. In contrast, in ordinary geometric 
modelling, What is retained are the coordinate values and 
other such numerical data in each geometric element. For 
example, if a line segment s is de?ned from point a and point 
b, after Which point c is de?ned as the middle point of line 
segment s, in ordinary geometric modelling, point c is 
retained only as numerical data of coordinate values (x, y, Z) 
produced by the geometric calculation. HoW the operation 
Was performed is not retained. Therefore, after the de?ning 
operation, there is no relationship betWeen the data of points 
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a and b, and point c, so changing point a or point b Will have 
no effect on point c. In the case of parametric modelling, 
however, the element de?nition history can be retraced, 
making it possible, either automatically or as required, for 
point c to re?ect any changes made to point a or point b. 
Moreover, by using the data structure, as-is, by reassigning 
points a and b to points e and f, respectively, it is possible 
to readily de?ne a neW point, point g, as the middle point of 
point e and point f. 

[0044] Because in this parametric modelling technique the 
de?nition history is retained, it is very easy to modify 
geometric elements that Were created by a complex de?ni 
tion process, and to create neW geometric elements of the 
same type. Therefore, by parametrically modelling geomet 
ric elements beforehand that include numerical and/or geo 
metric constraints determined according to the target robot 
task concerned, a trajectory can be taught by preparing the 
minimum geometric elements required, Without having to go 
through complex de?nitions online, and trajectories can also 
be readily modi?ed. 

[0045] Constraints: Robot teaching can be carried out by 
modifying locations and orientations of tool frame settings. 
The frame has six degrees of freedom, but depending on the 
task, the number of degrees can be reduced by applying 
appropriate constraint conditions. The constraint-condition 
resolution unit 24 enables the de?nition parameters of the 
frame to be updated With continuously satisfying applied 
constraint conditions, making it possible to readily control 
robot motions via just a tWo-dimensional interface. 

[0046] Examples of constraint conditions include con 
straints on translational or rotational motion relative to a 
reference geometric element. These constrain a frame to 
motion that is parallel to line or plane elements, or to 
rotational motion about point or line elements. Generally, an 
arbitrary con?guration under such constraints can be 
directed With an operation input of tWo degrees of freedom. 

[0047] Another constraint method is to assign a trajectory 
and constrain the frame along the trajectory. A frame along 
a trajectory can be expressed by scalar variables, using a 
method described beloW. This makes it possible to specify 
an arbitrary con?guration on the trajectory With an operation 
input of just one degree of freedom. Another example of a 
constraint method involves assigning limits to positional and 
postural values and to related rate-of-changes based on time. 
This can be used to keep a location or posture inside a certain 
area. Designating free space as the region concerned, for 
example, Would make it possible to automatically avoid a 
collision With an object While the operator freely operates 
the tool frame. Also, safe robot operation can be ensured by 
preventing sudden motions by placing a limit on the degree 
of change that is possible in a prescribed timeframe. 

[0048] Trajectories: In this invention, a trajectory refers to 
the path of a frame that changes in accordance With the value 
of a single, continuous scalar variable; When the scalar value 
is given, the corresponding frame is determined on a one 
to-one basis. Speci?c trajectory representations could 
include assigning a plurality of frames and the order thereof, 
and using linear or spline functions for continuous interpo 
lation of each of the position vectors and rotation vectors 
thereof to thereby obtain a continuous frame path in Which 
the frames are smoothly connected. Frames on the trajectory 
can be obtained by modifying the scalar variable value 
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online at operator’s oWn Will, changing the value according 
to time, and controlling the value as a control variable for a 
feedback controller, and the frames thereof are to be used as 
target values of the robot tool frame. 

[0049] The simplest example of a trajectory de?nition is a 
method to interpolate tWo frames furnished at a start point 
and end point. Speci?cally, When the start point frame and 
the end point frame are to be interpolated by a scalar 
parameter u that changes from 0 to 1, ?rst, position vectors 
of each frame and a rotation vector of the end point frame 
from the start point frame are obtained. 

[0050] Next, a position vector is obtained from interpola 
tion of the position vectors thereof With respect to u, and a 
rotation vector is obtained by multiplying the rotation vector 
thereof by the rate of change of u (the rate of change of u is 
obtained by (u-“u at the rotation reference frame”)/(“u at the 
post-rotation frame”—“u at the rotation reference frame”), 
namely in this case, (u—0)/(1—0)=u, ie the rate of change of 
u here is u itself). Then, the interpolation frame is deter 
mined from the position and the rotation vectors just 
obtained. This interpolation frame describes a trajectory that 
is continuously interpolated betWeen tWo frames in accor 
dance With the change of u. Similarly, When there are three 
or more frames, by obtaining the position vectors of each 
frame, taking the vector of rotation from the preceding frame 
as the rotation vector, and interpolating these vectors, it is 
possible to compose more complex trajectories. It is also 
possible to apply curve-?tting interpolation, such as spline 
interpolation, to the position vectors. 

[0051] In this de?nition method, regarding the fact that 
trajectories are con?gured from relationships among a plu 
rality of given frames, the trajectories can be said to be 
expressed from geometric constraints and, namely, already 
be de?ned parametrically. In addition to this, by de?ning the 
frames composing the trajectories in the parametric model 
ling style in relation to other geometric elements, it is further 
possible to add to the trajectories various constraints accord 
ing to the objective. This eliminates the need for the operator 
to constantly think about the requisite motion constraints 
during the actual operation procedure. 
[0052] Geometric elements and de?ning method: Speci?c 
examples of methods of de?ning geometric elements, such 
as trajectories, Will noW be discussed. 

[0053] The types of geometric elements that are consid 
ered are point, straight line, line segment, curved line, 
curved line section, plane, plane region, curved surface, 
curved surface region, block, cylinder, vector, frame and 
trajectory. Of these, straight line, line segment, curved line 
and curved line section Will be collectively referred to as line 
elements; plane, plane region, curved surface and curved 
surface region as surface elements; and block and cylinder 
as solid geometry elements. HoWever, it is to be understood 
that the geometric elements are not limited to these, and that 
other elements may be incorporated as required for the 
purpose at hand Without any change to the essential nature 
of the invention. 

[0054] Methods of preparing the elements include the 
direct de?nition method, the indirect de?nition method and 
the appended de?nition method. These methods Will be 
described beloW. 

[0055] Direct de?nition method: The method in Which 
numerical constraint parameters of each geometric element 
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are directly input by the operator (this is called the general 
direct de?nition method), or given by the direct measure 
ment of the target, using the 3-D image measurement unit 
21, as in the examples beloW, is called the direct de?nition 
method. 

[0056] (a) Point de?nition: Three-dimensional image mea 
surement is used to ?nd the location of a point in a 
three-dimensional Workspace corresponding to a point des 
ignated by the operator on a tWo-dimensional camera image 
displayed on the display device 31, and the point location 
thus found is de?ned as a point element. 

[0057] (b) Straight line de?nition: Three-dimensional 
image measurement is used to ?nd the three-dimensional 
locations of a plurality of points along the linear contour 
traced by the operator on the tWo-dimensional camera image 
shoWn on the display device 31. These points are then 
subjected to least squares approximation to obtain a straight 
line in the space that is de?ned as a straight line element. 

[0058] (c) Plane de?nition: Three-dimensional image 
measurement is used to ?nd the three-dimensional locations 
of a plurality of points included in a region designated by the 
operator on the tWo-dimensional camera image shoWn on 
the display device 31. These points are then subjected to 
least squares approximation to obtain a plane in space that 
is de?ned as a plane element. 

[0059] (d) Curved surface de?nition: As in the case of the 
plane de?nition, an approximation of a curved surface that 
passes through the three-dimensional locations of a plurality 
of points Within a region designated by the operator is 
obtained and de?ned as a curved surface element. 

[0060] Indirect de?nition method: This de?nition method 
utiliZes previously de?ned geometric elements to de?ne neW 
geometric elements. Speci?c examples are described beloW. 
In addition to the folloWing, it is possible to de?ne elements 
using various geometric calculations, also, methods that 
apply translation, rotation, enlargement, reduction and other 
such transformations to geometric elements to de?ne differ 
ent geometric elements are general indirect de?nition meth 
ods. 

[0061] (a) Point de?nition: (D An intersection betWeen a 
previously de?ned surface element and line element desig 
nated by the operator is de?ned as a point. An intersec 
tion betWeen tWo previously de?ned straight lines on the 
same plane designated by the operator is de?ned as a point. 
(When the tWo lines are not completely Within the same 
plane, the intersection is approximated using the center point 
of a line segment that provides the shortest connection 
betWeen points on the tWo lines. @ With respect to a 
previously de?ned surface element designated by the opera 
tor and the position of a point on a tWo-dimensional camera 
image also designated by the operator, a point in space that 
is on the surface element and corresponds to the position of 
the designated point on the camera image is de?ned. (Des 
ignating a point on the tWo-dimensional camera image 
means specifying a set of points in space projectable onto the 
point location, namely specifying a straight line, therefore 
this corresponds to a special case of obtaining the point of 
intersection betWeen surface and line elements.) @ By 
designating a previously de?ned line element and a point on 
a tWo-dimensional display image of the line element, the 
operator de?nes a point on the line element actually pro 
jected. 
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[0062] (b) Straight line de?nition; (D The operator de?nes 
a straight line by designating tWo previously de?ned points 
through Which the line passes. The operator de?nes a line 
as an intersection betWeen tWo previously de?ned planes 
designated by the operator. @ When a stereo camera is 
used, by draWing one line on each of tWo different tWo 
dimensional camera images shoWn on the display device, 
the operator de?nes a line in space that is projected onto the 
lines draWn on each image. (DraWing a line on a tWo 
dimensional camera image is the same as applying a spatial 
plane constraint, so this corresponds to a special case of 
obtaining the line of intersection betWeen tWo planes.) 

[0063] (c) Line segment de?nition: (D The operator 
de?nes a line segment by designating tWo previously de?ned 
points as the end points of the line segment. @By desig 
nating a previously de?ned line and tWo points on a tWo 
dimensional display image of the line, a line segment is 
de?ned as a section on the line. 

[0064] (d) Curved line de?nition: (D A plurality of pre 
viously de?ned points designated by the operator are used to 
de?ne a curved line by applying a spline curve or other such 
curve-?tting interpolation method. The operator de?nes 
a curved line in space by projecting an arbitrarily draWn 
tWo-dimensional curve onto a previously de?ned plane or 
plane region designated by the operator from its normal 
direction. The operator de?nes a curved line in space by 
projecting an arbitrarily draWn tWo-dimensional curve from 
the direction of a vector speci?ed by the operator onto a 
previously de?ned curved surface or curved surface region 
designated by the operator. 

[0065] (e) Curved line section de?nition: (D The operator 
de?nes a curved line section as a section of a curved line 
betWeen tWo end points in space by designating a previously 
de?ned curved line and corresponding tWo end points on a 
tWo-dimensional display image of the curve. 

[0066] Plane de?nition: (D The operator designates 
three previously de?ned points to de?ne a plane that 
includes the points. @ The operator designates tWo previ 
ously de?ned intersecting lines to de?ne a plane that 
includes the lines. @ The operator designates a previously 
de?ned line and point to de?ne a plane that includes the line 
and point. 

[0067] (g) Plane region de?nition: (D By designating a 
previously de?ned plane and a closed region on a tWo 
dimensional display image of the plane, the operator de?nes 
a plane region as the portion Where the closed region is 
projected on the plane. @ By designating tWo previously 
de?ned line segments that share a common end point, the 
operator de?nes as a plane region a parallelogram region in 
space in Which tWo sides are formed by the tWo line 
segments. 

[0068] (h) Curved surface de?nition: (D Using three or 
more previously de?ned points designated by the operator, 
an approximated curved surface that asses through the 
points is de?ned by interpolation. TWo previously 
de?ned curved lines are designated by the operator to de?ne 
a curved surface as the path obtained When one curved line 
is subjected to parallel translation along the other curved 
line. 

[0069] Curved surface region de?nition; (D By desig 
nating a previously de?ned curved surface and a closed 
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region on a tWo-dimensional display image of the curved 
surface, the operator de?nes the curved surface region as the 
portion Where the closed region is projected on the curved 
surface. 

[0070] Block de?nition: (D VieWing a tWo-dimen 
sional display image that shoWs the actual image With an 
overlay of a block having one edge formed by a previously 
de?ned line segment designated by the operator, a pre 
assigned ratio of three edges, and a pre-assigned rotation 
angle about the designated line segment, the operator de?nes 
a block by making appropriate changes to the lengths of the 
tWo pre-assigned edges and the rotation angle about the 
designated line segment. @ VieWing a tWo-dimensional 
display image that shoWs the actual image With an overlay 
of a block having a pre-assigned height and one face formed 
of a previously de?ned plane region in a rectangular shape 
designated by the operator, the operator de?nes a block b 
making an appropriate change to the pre-assigned height. 
VieWing a tWo-dimensional display image that shoWs the 
actual image With an overlay of a block having three edges 
of pre-assigned length, a vertex formed at an origin of a 
previously de?ned frame designated by the operator and the 
edges aligned to the three aXes of the designated frame, the 
operator de?nes a block by making appropriate changes to 
the pre-assigned lengths of the three edges. 

[0071] (k) Cylinder de?nition: (D VieWing a tWo-dimen 
sional display image that shoWs the actual image With an 
overlay of a cylinder of pre-assigned diameter having as a 
central aXis a previously de?ned line segment designated by 
the operator, With the end points thereof being at the center 
of the cylinder end faces, the operator de?nes a cylinder by 
making an appropriate change to the pre-assigned diameter. 

Designating a previously de?ned plane and a point on the 
plane, and vieWing a tWo-dimensional display image that 
shoWs the actual image With an overlay of a cylinder having 
a pre-assigned height and diameter, an end face formed by 
the designated plane, and the center of the end face speci?ed 
by the designated point, the operator de?nes a cylinder by 
making an a propriate change to the pre-assigned diameter 
and height. & When a stereo camera is used, by draWing on 
each of the tWo camera images tWo tWo-dimensional straight 
lines corresponding to the contours at each side of the 
cylinder the operator Wishes to de?ne, the operator de?nes 
the cylinder face for approximation based on the geometric 
conditions to make the tWo-dimensional straight lines draWn 
by the operator match the projected contours of the cylinder 
face, then speci?es positions of the tWo points on the 
tWo-dimensional display image of the central aXis of the 
cylinder face to designate the locations of the tWo points at 
the center of each of the cylinder’s end faces to de?ne a 
cylinder. 

[0072] (1) Vector de?nition: (D TWo previously de?ned 
points and the order thereof are designated by the operator 
to de?ne a vector connecting the points. @ The operator 
designates a previously de?ned straight line or line segment 
and de?nes a vector along the line or line segment by 
specifying a length and orientation. @ The operator desig 
nates a previously de?ned plane or plane region and de?nes 
a vector in a normal direction thereto by specifying a length 
and orientation. GD The operator designates a previously 
de?ned curved surface (or curved surface region; this also 
applies hereinbeloW) and a point on that surface, then 
de?nes a vector in a direction normal to the point position on 

Jun. 26, 2003 

the curved surface by specifying a length and orientation. @ 
The operator designates a previously de?ned vector or 
plurality of vectors and de?nes a neW vector by specifying 
operations to the vector or vectors such as constant poWer, 
inner product and outer product. 

[0073] Frame de?nition; (D The operator designates 
a previously de?ned point and tWo orthogonal vectors and 
de?nes a frame having the origin at the point, the three 
principal aXes along the tWo vectors and the vector product 
thereof, and the orientation designated by the operator. @ 
The operator designates a previously de?ned point and plane 
(or plane region; this also applies hereinbeloW), and a 
straight line included in the plane, and de?nes a frame 
having the origin at the point, the three principal aXes along 
the straight line, direction orthogonal to the straight line in 
the plane and direction normal to the plane, and the orien 
tation designated by the operator. @ The operator desig 
nates a previously de?ned trajectory and an arbitrary scalar 
value betWeen 0 and 1 to de?ne a frame on a trajectory 
corresponding to the scalar value. 

[0074] (n) Trajectory de?nition: (D The operator desig 
nates a previously de?ned plurality of frames and a scalar 
value associated With each frame that increases monotoni 
cally from 0 to 1 to de?ne a trajectory by linear or spline 
interpolation of the frames. The operator designates a 
previously de?ned trajectory and frame and an arbitrary 
scalar value betWeen 0 and 1, and de?nes a trajectory by 
adding the frame to the previously de?ned trajectory so as to 
pass the frame at the scalar value. 

[0075] Appended de?nition method: With respect to the 
process of de?ning geometric elements by the direct or 
indirect method, in some cases it is ultimately better to 
pre-de?ne geometric elements having a deep relationship to 
the geometric elements to be de?ned. For eXample, there are 
cases in Which a vector corresponding to the direction vector 
of a straight line is appended to the straight line; tWo point 
elements corresponding to the end points of a line segment 
and a vector corresponding to the direction vector are 
appended to the line segment; a vector corresponding to the 
normal vector of a plane is appended to the plane; eight 
points corresponding to the vertices of a block, 12 line 
segments corresponding to the edges, siX plane regions 
corresponding to the faces, and a frame having the origin at 
the centroid and the aXes all in parallel to any one of the 
edges are appended to the block; a line segment correspond 
ing to the central aXis of a cylinder, tWo plane regions 
corresponding to the top and bottom faces, and a frame 
having the origin at the centroid and an aXis parallel to the 
central aXis are appended to the cylinder; and a point 
corresponding to the origin of a frame and vectors corre 
sponding to the directions of the aXes thereof are appended 
to the frame. 

EXAMPLES 

[0076] Speci?c eXamples of trajectory teaching Will noW 
be described. 

[0077] Step 1: Parametric de?nition of trajectories, storage 
in library and menu implementation. 

[0078] Picking and placing an object is a typical eXample 
of a robotic task. In the folloWing, the trajectory to Which a 
tool frame placed on the robot hand should folloW from 
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pickup to placement is considered (this is called a pick-and 
place trajectory). The object is gripped at the initial frame, 
lifted a little, and moved in the Workspace toWard the target 
frame Where it is released. 

[0079] As an example of the con?guration of such a 
trajectory, a trajectory T1 is con?gured to pass the starting 
frame F1 at pickup, a frame F2 above F1, a frame F3 above 
the target position and a frame F4 at the target as shoWn in 
FIG. 6(b). F1 and F4 are set depending on the current and 
target con?gurations of the object and designated by the 
operator. Once F1 and F4 are set, typical frames F2 and F3 
in the frameWork of the pick-and-place task, and the trajec 
tory from F1 to F4, can be obtained automatically by using 
the folloWing parametric modelling. 

[0080] The steps of an example of the parametric model 
ling of trajectory T1 Will noW be described. 

[0081] (1) F1 is set as the starting-point frame. 
Although the frame is not necessarily instantiated yet in 
the model space and it can be de?ned in any Way in 
practice, let it be de?ned here for example as the initial 
frame With the origin at (100, 300, 350) in the reference 
frame (World coordinate system, for example) Without 
any rotation. (The general direct de?nition method is 
used.) 

[0082] (2) Similarly F4 is set as the end-point frame. 

[0083] (3) An adequate length vector (for example, 200) 
along the Z axis of the reference frame F0 is de?ned as 
vector V12. (The general direct de?nition method is 
used). 

[0084] (4) Vector V43 is de?ned in the same Way as in 

(3) 
[0085] (5) The frame that effects translational motion of 

frame F1 by vector V12 is set as F2. (Translation as 
general indirect de?nition is used.) 

[0086] (6) The frame that effects translational motion of 
frame F4 by vector V43 is set as F3. (Translation as 
general indirect de?nition is used.) 

[0087] (7) A trajectory that passes through frames F1, 
F2, F3 and F4 corresponding to scalar values 0, 0.2, 0.8 
and 1 is de?ned as T1. (The indirect de?nition method 
(n) (D is used.) 

[0088] The trajectory T1 de?nition tree Will be like the one 
shoWn in FIG. 4. Detailed data on the geometric elements 
can be displayed as shoWn in FIG. 5. In FIG. 5, parameters 
that can be changed are shoWn underlined. The trajectory T1 
thus de?ned is saved to a library by selecting Save De?nition 
on the ?le menu shoWn in FIG. 3. At this time, T1 is also 
enabled to be displayed on the task selection menu. Names 
etc. displayed on the menu are input via a softWare keyboard 
displayed on the display device. 

[0089] Step 2: Preparing pick and place frames. 

[0090] The frames used at pickup and placement are 
taught by the operator at the time of task execution. If the 
frames are already modelled, the trajectory can be readily 
instantiated using drag-and-drop operations. If the frames 
have not yet been modelled, ?rst they are prepared. This 
preparation step can also be carried out after the provisional 
instantiation at the ?rst part of step 3. 
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[0091] In this example, the aim of the task is to move the 
penholder from its position on the table in FIG. 6(a) to the 
top of the ?le case (FIG. 6(b)). With the arrangement as 
shoWn in the camera image of FIG. 6(a), the steps for 
de?ning pickup frame G1 and place frame G4 Will noW be 
described. 

[0092] (1) Apoint corresponding to a corner of the table 
is designated on the camera image to de?ne point P1 
(using direct de?nition method (a)). 

0093 2 The same rocess as in 1 is used to de?ne P 
point elements P2 and P3 corresponding to another tWo 
corners. 

[0094] (3) Plane S1 that passes through P1, P2 and P3 
is de?ned (using indirect de?nition method 

[0095] (4) Plane S1 is speci?ed and the center of the 
bottom of the penholder is pointed on the camera image 
to de?ne the center of the bottom of the penholder as 
point P4 (using indirect de?nition method 

[0096] (5) S1 and P4 are designated to de?ne cylinder 
C1 With a diameter and height that matches those of the 
penholder (using indirect de?nition method 

[0097] (6) By providing a frame appended at the cen 
troid of the cylinder C1 With necessary amount of 
translation and rotation for facilitating the hand to grip 
the penholder, frame G1 is de?ned (using the appended 
de?nition method and general means of translation and 

rotation). 
[0098] (7) A straight line is de?ned by tracing one edge 

of the bottom of the ?le case on the image, and over that 
line, a line segment L1 is de?ned by designating the 
end points of the edge (using direct de?nition method 
(b) and indirect de?nition method 

[0099] (8) Line segment L1 is designated, and an angle 
of rotation around the line segment and edge lengths 
are assigned that match the contours of the ?le case to 
thereby de?ne block B1 (using indirect de?nition 
method 

[0100] (9) A cylinder that is con?gured by moving 
cylinder C1 so that the bottom face mates With the top 
face of the block B1 is de?ned as cylinder C2 (using 
general means of translation and rotation). 

[0101] (10) By providing a frame appended at the 
centroid of the cylinder C2 With the same amount of 
translation and rotation as given in (6), frame G4 is 
de?ned (using the appended de?nition method and 
general means of translation and rotation). 

[0102] Step 3: Generating trajectory instances. 

[0103] The task selection menu shoWn in FIG. 3 is used 
to select the parametric de?nitions of the target task prepared 
in step 1. At this point the trajectory is provisionally instan 
tiated and shoWn in the de?nition tree display and model 
space. 

[0104] Next, re-assignment of the provisionally instanti 
ated trajectory is carried out to enforce the trajectory to 
match the target task trajectory. First, on the de?nition tree 
display or model space image display, Fl is selected, and the 
drag-and-drop operation up to pickup frame G1 de?ned in 
step 2 is performed to assign F1 to the actual pickup frame. 
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In the same Way, F4 is assigned to place frame G4 by the 
drag-and-drop operation. The other frames F2 and F3 that 
the trajectory comprises are described in terms of geometric 
constraints With respect to other geometric elements, and so 
are automatically determined if F1 and F4 are set. Thus, the 
trajectory T1 as a Whole becomes a correct instantiation for 
the target pick-and-place operation. For better operability 
during the drag-and-drop operation, When the drag pointer 
comes near an assignable geometric element, the geometric 
element is highlighted to indicate to the operator that the 
geometric element is in a situation capable of being dropped. 

[0105] Thus, as described, the target pick-and-place task 
trajectory can be readily instantiated by just using drag-and 
drop operations to assign the start-point and endpoint 
frames. To actually move tool frames along a trajectory, 
slider operations With the pointing device, for eXample, can 
be used to change the scalar variable. 

[0106] Although here the operation has been described 
from the pick frame, prior to executing the pick-and-place 
trajectory, a trajectory is required that brings the hand from 
the current hand frame to the pick frame. Also, after the 
placement, another trajectory is required to move the hand 
from the placement frame to a retraction frame. These can be 
generated using the same type of procedure used for the 
pick-and-place trajectory. 
[0107] Step 4: Changing trajectories. 

[0108] The ?rst three steps relate to the How of the basic 
operation. HoWever, depending on the situations a trajectory 
should be changed from the one obtained by the prescribed 
constraint conditions. For eXample, to avoid an obstacle, it 
might be desired to have F2 slantingly above F1 rather than 
directly overhead, or to have a greater separation, or to add 
another routing frame betWeen F2 and F3. 

[0109] Locating F2 off to slantingly above F1 or changing 
the separation is, for eXample, achieved by selecting V12 
from the de?nition tree display and changing the numerical 
constraint parameters or substituting another vector for the 
vector. To add another routing frame, for eXample, a frame 
to avoid an obstacle is provided and added to the trajectory 
T1 at 0.5 to de?ne a trajectory for an obstacle avoidance 
motion (using indirect de?nition method In this Way, 
after instantiation of parametric de?nitions, it is easy to 
modify the trajectories by changing the parameters of the 
related geometric elements, replacing the geometric ele 
ments themselves, or creating a neW geometric elements 
based on the instantiated one. 

[0110] Step 5: Menu implementation of changed trajecto 
ries. 

[0111] If it is necessary to make the same type of changes 
for each task, teaching efficiency Will be improved by 
storing the trajectories in a library as neW parametrically 
de?ned trajectories, so they can be selected from a menu. 
This can be done by selecting the trajectory T2 changed in 
step 4 and selecting Save De?nition on the ?le menu shoWn 
in FIG. 3, so it is shoWn on the menu. This makes it possible 
to utiliZe T2 neXt time in the similar situation, eliminating 
the need to make changes to T1 after instantiation. In 
accordance With this invention, robot position and orienta 
tion operations in a six-dimensional space can be readily 
taught from a remote location via a standard tWo-dimen 
sional interface With display output and pointer input. 
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What is claimed is: 
1. A robot operation teaching method comprising: 

using a three-dimensional measuring system capable of 
measuring spatial coordinates corresponding to points 
designated on camera images, a display ablc to display 
an actual space image obtained by a camera or cameras 
With an overlay of a geometric model image corre 
sponding to the actual space image, and a pointing 
device having at least tWo degrees of freedom to enable 
an operator to prepare in a model space simple geo 
metric elements corresponding to the actual space 
image, thereby de?ning Work trajectories; 

Wherein by using parametric modelling to supply de?ni 
tions of geometric elements in advance, geometric 
elements adapted for individual situations are produced 
by modifying a portion of geometric element assign 
ments and parameters associated With the de?nitions. 

2. The method according to claim 1, further comprising 
storing the geometric elements de?ned by the parametric 
modelling in a database so that the geometric elements can 
be selected from a menu to be instantiated. 

3. The method according to claim 1, further comprising a 
drag-and-drop operation to enable arbitrary geometric ele 
ments associated With the de?nitions of the geometric ele 
ments de?ned by the parametric modelling to be replaced by 
other geometric elements. 

4. The method according to claim 2, further comprising a 
drag-and-drop operation to enable arbitrary geometric ele 
ments associated With the de?nitions of the geometric ele 
ments de?ned by the parametric modelling to be replaced by 
other geometric elements. 

5. The method according to claim 1, further comprising 
translating, rotating or aligning geometric elements associ 
ated With the geometric elements de?ned by the parametric 
modelling relative to arbitrary reference geometric elements 
to enable the geometric elements originally de?ned by 
parametric modelling to be rede?ned. 

6. The method according to claim 2, further comprising 
translating, rotating or aligning geometric elements associ 
ated With the geometric elements de?ned by the parametric 
modelling relative to arbitrary reference geometric elements 
to enable the geometric elements originally de?ned by 
parametric modelling to be rede?ned. 

7. The method according to claim 3, further comprising 
translating, rotating or aligning geometric elements associ 
ated With the geometric elements de?ned by the parametric 
modelling relative to arbitrary reference geometric elements 
to enable the geometric elements originally de?ned by 
parametric modelling to be rede?ned. 

8. The method according to claim 4, further comprising 
translating, rotating or aligning geometric elements associ 
ated With the geometric elements de?ned by the parametric 
modelling relative to arbitrary reference geometric elements 
to enable the geometric elements originally de?ned by 
parametric modelling to be rede?ned. 

9. The method according to claim 1, further comprising 
using a teaching interface comprising a portable information 
terminal that includes a display capable of tWo-dimensional 
information display and a pointing device capable of tWo 
dimensional input, and that can eXchange information With 
another device by Wireless communication. 

10. The method according to claim 2, further comprising 
using a teaching interface comprising a portable information 
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terminal that includes a display capable of tWo-dimensional 
information display and a pointing device capable of tWo 
dimensional input, and that can exchange information With 
another device by Wireless communication. 

11. The method according to claim 3, further comprising 
using a teaching interface comprising a portable information 
terminal that includes a display capable of tWo-dimensional 
information display and a pointing device capable of tWo 
dimensional input, and that can exchange information With 
another device by Wireless communication. 

12. The method according to claim 4, further comprising 
using a teaching interface comprising a portable information 
terminal that includes a display capable of tWo-dimensional 
information display and a pointing device capable of tWo 
dimensional input, and that can exchange information With 
another device by Wireless communication. 

13. The method according to claim 5, further comprising 
using a teaching interface comprising a portable information 
terminal that includes a display capable of tWo-dimensional 
information display and a pointing device capable of tWo 
dimensional input, and that can exchange information With 
another device by Wireless communication. 

14. The method according to claim 6, further comprising 
using a teaching interface comprising a portable information 
terminal that includes a display capable of tWo-dimensional 
information display and a pointing device capable of tWo 
dimensional input, and that can exchange information With 
another device by Wireless communication. 

15. The method according to claim 7, further comprising 
using a teaching interface comprising a portable information 
terminal that includes a display capable of tWo-dimensional 
information display and a pointing device capable of tWo 
dimensional input, and that can exchange information With 
another device by Wireless communication. 

16. The method according to claim 8, further comprising 
using a teaching interface comprising a portable information 
terminal that includes a display capable of tWo-dimensional 
information display and a pointing device capable of tWo 
dimensional input, and that can exchange information With 
another device by Wireless communication. 

17. A robot operation teaching apparatus comprising; 

a three-dimensional measuring system capable of mea 
suring spatial coordinates corresponding to points des 
ignated on camera images; 

a display that displays an actual space image obtained by 
a camera or cameras overlaid by a geometric model 
image of geometric elements corresponding to the 
actual space image; 

a pointing device for selecting a location; and 

means for using parametric modelling to supply de?ni 
tions of the geometric elements; 

the apparatus being able to produce geometric elements 
adapted for each situation by modi?cation of a portion 
of geometric element assignments and parameters asso 
ciated With the de?nitions. 

18. The apparatus according to claim 17, further com 
prising a database in Which the geometric elements de?ned 
by the parametric modelling can be stored and a menu from 
Which the stored geometric elements can be selected to be 
instantiated. 

19. The apparatus according to claim 17, further com 
prising means using a drag-and-drop operation to enable 
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arbitrary geometric elements associated With the de?nition 
of the geometric elements de?ned by the parametric mod 
elling to be replaced by other geometric elements. 

20. The apparatus according to claim 18, further com 
prising means using a drag-and-drop operation to enable 
arbitrary geometric elements associated With the de?nition 
of the geometric elements de?ned by the parametric mod 
elling to be replaced by other geometric elements. 

21. The apparatus according to claim 17, further com 
prising means for translating, rotating or aligning geometric 
elements associated With the geometric elements de?ned by 
the parametric modelling relative to arbitrary reference 
geometric elements to enable the geometric elements origi 
nally de?ned by parametric modelling to be rede?ned. 

22. The apparatus according to claim 18, further com 
prising means for translating, rotating or aligning geometric 
elements associated With the geometric elements de?ned by 
the parametric modelling relative to arbitrary reference 
geometric elements to enable the geometric elements origi 
nally de?ned by parametric modelling to be rede?ned. 

23. The apparatus according to claim 19, further com 
prising means for translating, rotating or aligning geometric 
elements associated With the geometric elements de?ned by 
the parametric modelling relative to arbitrary reference 
geometric elements to enable the geometric elements origi 
nally de?ned by parametric modelling to be rede?ned. 

24. The apparatus according to claim 20, further com 
prising means for translating, rotating or aligning geometric 
elements associated With the geometric elements de?ned by 
the parametric modelling relative to arbitrary reference 
geometric elements to enable the geometric elements origi 
nally de?ned by parametric modelling to be rede?ned. 

25. The apparatus according to claim 17, further com 
prising a teaching interface comprising a portable informa 
tion terminal that includes a display capable of tWo-dimen 
sional information display and a pointing device capable of 
tWo-dimensional input, and that can exchange information 
With another device by Wireless communication. 

26. The apparatus according to claim 18, further com 
prising a teaching interface comprising a portable informa 
tion terminal that includes a display capable of tWo-dimen 
sional information display and a pointing device capable of 
tWo-dimensional input, and that can exchange information 
With another device by Wireless communication. 

27. The apparatus according to claim 19, further com 
prising a teaching interface comprising a portable informa 
tion terminal that includes a display capable of tWo-dimen 
sional information display and a pointing device capable of 
tWo-dimensional input, and that can exchange information 
With another device by Wireless communication. 

28. The apparatus according to claim 20, further com 
prising a teaching interface comprising a portable informa 
tion terminal that includes a display capable of tWo-dimen 
sional information display and a pointing device capable of 
tWo-dimensional input, and that can exchange information 
With another device by Wireless communication. 

29. The apparatus according to claim 21, further com 
prising a teaching interface comprising a portable informa 
tion terminal that includes a display capable of tWo-dimen 
sional information display and a pointing device capable of 
tWo-dimensional input, and that can exchange information 
With another device by Wireless communication. 

30. The apparatus according to claim 22, further com 
prising a teaching interface comprising a portable informa 
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tion terminal that includes a display capable of tWo-dimen 
sional information display and a pointing device capable of 
tWo-dimensional input, and that can exchange information 
With another device by Wireless communication. 

31. The apparatus according to claim 23, further com 
prising a teaching interface comprising a portable informa 
tion terminal that includes a display capable of tWo-dimen 
sional information display and a pointing device capable of 
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tWo-dimensional input, and that can eXchange information 
With another device by Wireless communication. 

32. The apparatus according to claim 24, further com 
prising a teaching interface comprising a portable informa 
tion terminal that includes a display capable of tWo-dimen 
sional information display and a pointing device capable of 
tWo-dimensional input, and that can eXchange information 
With another device by Wireless communication. 

* * * * * 


