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I. INTRODUCTION ’

The implemented simulation generates the real time visual scenes required
to perform "man in the loop" investigations of remote manipulator application
and design concepts for the space shuttle. The simulated remote manipulator -
space shuttle system consists of a manipulator (in which shoulder, elbow, wrist
and end effector movements are represented), a space shuttle, a payload and a
space station central assembly element. The simulation is now in operation
at the Guidance and Control Simulation Laboratory, NASA's Manned Spacecraft
Center, Houston, Texas. It is implemented on a computed display system that
consists of an XDS Sigma-5 digital computer, the Electronic Scene Generator,
an operators station and the associated interface hardware. A block diagram
of the system is shown in Figure 1.

The major effort on this contract involved the development of the required
mathematical solutions and the real time DYNAMIC COLLISION and VISUAL
SCENE PROGRAMS and the integration of these programs to yield an operating
simulation. A description of the capabilities of the implemented simulation is
presented in Section I, CAPABILITIES AND CHARACTERISTICS OF THE

.SIMULATION. The work performed during the contract is summarized in
Section III. Sections IV and V describe the mathematical models and the

" programs developed on the contract. Section VI, OPERATIONAL
MODIFICATIONS, provides the required information for modifying the physical
characteristics of the various components of the simulated manipulator -

space shuttle system. Section VII lists some of the recommendations for

future expansion and refinement of the simulation; these were a result of a
series of informal discussions between NASA and contractor engineers during
the period of the contract. ‘
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II. CAPABILITIES AND CHARACTERISTICS OF THE SIMULATION

The operational characteristics are the set of tasks that. the operator of the
remote manipulator system can perform with the simulation. These are:

1. Maneuver the remote manipulator to acquire a payload that resides
in the shuttle cargo bay (Acquisition Phase).

2. Remove the payload from the cargo bay (Extraction Phase).

3. Maneuver the payload and dock it with a central assembly element,
CAE (Maneuvering Phase).

The visual-dynamic characteristics, which were developed and implemented,
are those that provide the visual cues encountered in performing the above
tasks. These visual-dynamic characteristics are provided by the two operating
programs developed and implemented on the contract. The VISUAL SCENE
PROGRAM generates the information required to depict the dynamic relation-
ships of the remote manipulator system, shuttle, payload and central assembly
element during the simulation. The DYNAMIC COLLISION PROGRAM computes
the relative spatial location of the physical components of the simulated

system and detects collisions, payload acquisitions and docking. It employs
this information to control the motion depicted in the visual scene. The
visual-dynamic characteristics of the simulation are:

1. - Capability to view the scene from any of eight observer (camera)
positions during all phases of the simulation.

2. Detection of collision between the manipulator end effector and the
payload. Detection of collision between the manipulator end effector
and the end effector receptacle. :

3. Detection of a successful acquisition of the payload.

4. Detection of collision between the payload and the shuttle cargo bay.

5. Detection of collision between the payload and the central assembly
element and detection of a successful docking of the payload.

In addition to controlling the slave arm of the manipulator the operator can:

1. Select in real time one of eight pre-arranged "camera" stations from
which to view the environment. He can further control the pan and tilt
and can "zoom" the selected camera in and out. ’

2. Change, in real time, the length of the vertical - fixed arm; i.e.,
the vertical position of the shoulder joint, with respect to the top
deck of the shuttle.



3. Control the opening and closing of a movable finger of the end effector.
4. Reset the simulation to the Acquisition Phase.

Some of the tasks, which a space shuttle remote manipulator system
would be used to perform, cannot be simulated on the implemented simulation
because deliberate limitations were imposed on the operational characteristics
due to the limited funding available for the job. Section VII delineates the effort
required to overcome these limitations.



II. SUMMARY OF THE WORK COMPLETED

'

The major effort on this contract was expended on the development and
implementation of mathematical solutions, computing algorithms and the solution
of software integration and hardware interface problems This effort consisted
of five major tasks:

1.

The derivation of mathematical solutions and algorithms for detecting
collisions between the simulated space shuitie - remote

manipulator system components.

The derivation of dynamics equations and numerlcal models for the
physical and visual simulations.

The development of a technique, which uses dynamic separating
planes, to solve the visual priority problem.

The development, integration and implementation of two real time
programs.

The design and installation of a hardware modification to the Input
Expansion Unit, (IEU). This modification increased the data trans-
mission capability from the XDS Sigma 5 to the Electronic Scene
Generator (ESG) from 16 twenty-four bit words to 64 twenty-four
bit words per frame.



Iv. THE DYNAMIC COLLISION PROGRAM

The operational tasks that can be simulated include acquisition of the
payload, extraction of the payload from the shuttle cargo bay and the maneuvering
and docking of the payload. To perform these tasks the operator relies on the
visual information provided by physical collisions between various components
of the remote manipulator system. The development of the simulation

‘required that two types of collisions be considered. The first type of collision
is that which is detrimental to performing the desired task and, thus, must be
relieved by the operator. The second type are those which are essential to the
performance of a given task and must be maintained by the operator. Two
examples of detrimental collisions are 1) collision between the end effector
and the payload surface and 2) collisions between the payload and the walls of
the cargo bay. An example of an essential collision is one that occurs when a
finger of the end effector contacts the end effector receptacle in the physical
relationship required to achieve acquisition of the payload.

The DYNAMIC COLLISION PROGRAM solves the mathematical and logical
decision problems encountered in detecting collision, determining acquisition
and the docking of the payload. Its solutions are employed to control the
VISUAL SCENE PROGRAM. It also computes three dynamic separating planes
employed by the VISUAL SCENE PROGRAM to compute the visual priorities
between the manipulator end effector and the end effector receptacle.

A. MATHEMATICS AND ALGORITHMS
The mathematical solutions and the computing algorithms developed are:

1. Collision Detection - Mathematical solution to the problem of
detecting when physical components of the manipulator-space shuttle
system collide and detecting when a payload acquisition or docking
is successfully completed.

2. Separating Plane Computation - Selection of three separating planes
and a method of computing the data required to specify their location
and orientation to the VISUAL SCENE PROGRAM.

3. Coordinate Systems - Selection of a system of coordinates to
mathematically describe the manipulator - payload-shuttle-central
assembly element geometry and derivation of the equations required
to compute the relative spacial locations of the components.

1. Collision Detection and Separating Plane Computation

The collision detection solution is based on the collision of two
hexahedrons. There are three possible ways in which two hexahedrons, Hex
A and Hex B, can physically collide.
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1. A vertex of Hex A collides with a face of Hex B.

2. A vertex of Hex B collides with a face of Hex A.
3. An edge of Hex A (Hex B) collides with an edge of Hex B (Hex A).

The mathematical tests for collision consist of testing the eight vertices of
each hexahedron for collision with the six faces of the other hexahedron and
tesing the twelve edges of one hexahedron for collision with the twelve edges
of the other.

The theoretical basis for these tests and the algorithms that were developed
to implement them are best explained by considering the two hexahedrons, Hex
A and Hex B. To determine if a vertex of Hex A collides with a face of Hex B
the position of all eight vertices of Hex A with respect to the six faces of Hex B
is found. For each vertex a six bit 'word, the vertex location word, is formed.
The location word for vertex i has the form, E; = (a, b, c, d, e, ), where
a 1l in bit position x indicates that vertex i is on the TRUE side of face X and a
zero in bit position x indicates that vertex i is on the FALSE side of face x.

A standard nomenclature for labeling the faces and vertices of a hexahedron
is used throughout this report. This relationship between faces and vertices
is shown in Figure 2. A location word E; is formed for all eight vertices of
Hex A. i.e., location words Ej....Eg. A vertex of Hex A collides with a
face of Hex B if the vertex is inside the volume defined by the six faces of
Hex B. By definition this situation exists if and only if the vertex is on the
FALSE side of all six faces of Hex B. Thus, a location word, E;, consisting
of six zeros indicates that vertex i has collided. Conversely, if a location
word contains at least one "one", a collision does not exist. Furthermore
the information required to determine whether a.face of Hex B can be used to
visually separate the two hexahedrons is available from the eight location words
formed for Hex A. If all eight vertices of Hex A lie on the TRUE side of the
same face of Hex B, a plane co-planar to that face physically separates, and
thus visually separates, the two hexahedrons. Thus, if all eight location
words have a 1 in bit position x, face x of Hex B can be used as a separating
plane by the VISUAL SCENE PROGRAM.

Figure 2. Hexahedron Face-Vertex Standard Notation



The collision of a vertex of Hex B with a face of Hex A is determined
by the same algorithm with the roles of the two hexahedrons reversed. If,
during these two vertex-face collision tests, a collision is detected or a
separating plane is found the test is terminated. If, however, both vertex-
face collision tests yield neither a collision nor a separating plane a potential
edge-to-edge collision may exist.

The conditions for a potential edge-to-edge collision can be determined
by examining the eight vertex location words, Ej... In Flgure 3 the two
hexahedrons have a potential edge-to-edge- collision gdge vi-Vj,1 of Hex A
potentially collides with edge b;~b; 1 of Hex B, the edge defined by faces ¢ ande
of Hex B. A potential collision o these two edges is revealed by the vertex
location words for vertices v, and v;+1. A potential collision of edge v;-v;+1
with edge bi‘bi+1 exists if v; is on the TRUE side of face c and the FALSE side
of face e while vj41 is simultaneously on the TRUE side of face e and the FALSE
side of face c. Logically this condition is revealed by "ones" in the bit positions
corresponding to faces c¢ and e of the modulo two sum of the vertex location
words for vj and vj,q1. Thus, to determine if a potential edge-to-edge
collision exists, the modulo two sum of the vertex location words, which de-
fine the twelve edges of Hex A, are examined. If the modulo two sum for an
edge of Hex A contains two or more "ones", that edge is further examined to
determine which edges of Hex B it potentially collides with. The potential
collision edges of Hex B are found from the vertex locations words for v; and
vi+l. The vertex location word for v; contains ones in the bit positions
corresponding to the faces of Hex B that v; is on the TRUE side of. The edges
bounding these faces are those that must be tested for collision. The maximum
number of Hex B edges that must be tested is six, which occurs when v, is on
the TRUE side of either two or three Hex B faces. The minimum number to
be tested is four, which is the situation when v; is on the TRUE side of only one
Hex B face. A list of bounding edges for each possible combination of faces,
which a vertex may find itself on the TRUE side of, is compiled. This list
is used to set up a sequential edge-to-edge collision test. The test consists
of forming the successive scalar triple products of a vector representing the
Hex A edge v; - vj,1 and vectors specified by the vertices of the bounding
edges of the Hex B faces and the vertex v;. If all of these scalar triple
products are less than zero the edge, v; - vi,1, pierces one of the faces that
vj is on the TRUE side of and, thus, edge vj - v;,1 has collided. If, in the
process of computing the scalar triple products, one of them is greater than
or equal to zero the edge, Vi = vj41, cannot collide and the plane defined by
the two vectors from v; to the vertices of Hex B can be used as a visual
separating plane. Figure 4 illustrates the geometry of the scalar triple
product formation for the case where v; is on the true side of face c of Hex B.
Using the nomenclature defined in this figure the edge-to-edge collision test
is expressed mathematically as follows: The vector defining the edge, vj-vj,,
is:



Figure 3. Potential Edge-to-edge Collision

Figure 4. Edge-to-edge Scalar Triple Product Test



The vectors between v; and the vertices defining the bounding edges of face c:

V, = b, -V,

A j+1 i
VB = b]. - v
Ve = bj+3 ~ Y
VD = P2

Collision of edge v; - vj4+1 with Hex B occurs if and only if the following
scalar triple products equations are satisfied:

VBXVA V.< 0
Vex Vg - V20
VD><VC V.< 0
VaxVp V.£0

If any of the scalar triple products are greater than zero a collision does
not exist and a visual separating plane can be specified for Hex A and Hex B.
For example, if the scalar triple product, Vo X Vi * V;, was greater than
zero the plane defined by the points, v;, b] and b] +3» Physically and visually
separates the two hexahedrons.

The collision and separating plane computing algorithms described above
are the basic building block of the DYNAMIC COLLISION PROGRAM.

2. Coordinate Systems and Model Computation

To perform the computations for detecting collisions and obtaining
separating planes the vertices defining the mathematical models of the various
system components must be in the same coordinate system. Figure 5 defines
the coordinate systems required to specify the dynamics of the remote
manipulator system.

During the Acquisition Phase (Mode 1) the encounter of the end
effector and the end effector receptacle of the payload are of concern. The
payload and its end effector receptacle are specified in the Reference
Coordinate system (Xg, YR, while the end effector is specified in System
Two coordinates (X, ¥9s z2 %’he vertices of the three hexahedrons (EFF
HEX 1, EFF HEX 2 and EFF HEX 3), which form the end effector model, are
transformed into Reference Coordinates. The method employed is to obtain the
reference coordinates of the three System-Two unit vectors; UX2, UY2 and
UZ2, using the sequence of rotations defined in the Appendix. The rotation of
a single unit vector, for example UX2, produces three Reference System
vectors, UX2XR, UX2YR and UX2ZR. The Reference Coordinates for the
vertices of the hexahedrons employed to model the end effector are found by
multiplying the Reference System vectors of the appropriate System-Two
unit vectors by dimensional constants. To illustrate this process of model

10



Figure 5. Manipulator and Coordinate Systems

generation in Reference Coordinates consider the first four vertices of EFF
HEX 1, as shown in Figure 6. Assume that the reference system coordinates
of a point in the center of the top of the hexahedron are known (XRA, YRA,
ZRA) and that the Reference System Coordinates for vertices vl, v2, v3 and
v4 of the hexahedrons are to be calculated. The physical dimensions of the
hexahedron are specified by length (L) in the UX2 direction, width (W) in the
UY2 direction, and height (H) in the UZ2 direction.

The reference system coordinates of vl are:

vIXR = XRA -W(UY2XR) - H (UZ2XR)
vIYR = YRA -W(UY2YR) - H(UZ2YR)
v1ZR = ZRA -W(UY2ZR) - H(UZ2ZR)

The reference system coordinates of v2 are:

v2XR = XRA - W(UY2XR) + H(UZ2XR)
v2YR = YRA - W(UY2YR) + H(UZ2YR)
v2ZR = ZRA - W(UY2ZR) + H(UZ2ZR)

11



(XRA, YRA, ZRA)

V2

Figure 6. EFF HEX 1: System Two Coordinates and
Dimensions

The reference system coordinates of v3 are:

v3XR = XRA - W(UY2XR) - H(UZ2XR) + L(UX2XR)
v3YR = YRA - W(UY2YR) - H(UZ2YR) + L(UX2YR)
v3ZR =

ZRA - W(UY2ZR) - H(UZ2ZR) + L(UX2ZR)

The reference system coordinates of v4 are:

v4XR = XRA + W(UY2XR) + H(UZ2XR)
vdYR = YRA + W(UY2YR) + H(UZ2YR)
v4ZR = ZRA + W(UY2ZR) + H(UZ2ZR)

The vertices are calculated in this manner, rather than first
specifying each vertex in System Two coordinates and transforming each to
Reference Coordinates by the sequence of rotations, to save computing time.
With this approach only three unit vectors must be transformed and advantage
can be taken of the symmetry of hexahedron geometry. This latter advantage
is illustrated by the equations for vy and v, above. The quantity W(UY2XR)

+ H(UZ2XR) appears in both equations; only the sign differs.

In the Extraction Phase (Mode 2) and the Maneuvering Phase (Mode 3)
the calculation of the vertices of the payload model in Reference Coordinates is
performed because the collision of the payload with the cargo bay walls of the
space shuttle and with the central assembly element are of interest. The
procedure is essentially the same. A subroutine, which uses the diameter of
the payload, length of the payload and the diameter of the payload docking
probe as input data, computes the reference system coordinates of the payload
vertices.

12



3. Acquisition, Extraction and Docking

The Acquisition Phase (Mode 1) concerns itself with the operational
task of manipulating the end effector to acquire the payload residing in the
space shuttle cargo bay. The physical components of the remote manipulator
system, which enter into the DYNAMIC COLLISION PROGRAM during the
Acquisition Phase, are the three hexahedrons that comprise the end effector
model (EFF HEX 1, EFF HEX 2, EFF HEX 3) and the single hexahedron
(RECPT) that is the end effector bar receptacle. Acquisition of the payload
requires that the end effector be positioned over the receptacle with the
moving finger of the end effector being brought to a "fully closed" position.
Figure 7 shows the end effector and receptacle models that were implemented.
Acquisition of the payload occurs when the following relative conditions
between the models. '

- All BAR vertices are located on the TRUE side of face d of
EFF HEX 1

- All BAR vertices are located on the TRUE side of face b of
EFF HEX 2 :

- All BAR vertices are located on the TRUE side of face e of
EFF HEX 3

- The distance between the interior faces of EFF HEX 2, face b,
and EFFHEX3, face €, is less than some selected value . *

- The distance between the "bottom" face of EFF HEX 1, face d, and
the "top" face of the BAR, face c, is less than some selected
value. **

- The end effector is between the "ends" of the bar receptacle.

When these six conditions are all satisfied an acquisition has occurred and
the program automatically enters the Extraction Phase (Mode 2).

During the Extraction Phase (Mode 2) the vertices of the payload and
payload docking probe are tested for collision with the four interior walls
and the bottom of the cargo bay. This collision-detection algorithm is
identical to that employed for effector hex vertex - bar face collision. The
payload and probe vertices assume the role of the effector hex vertices
and the cargo bay walls and bottom faces assume the role of the bar faces.

%
In the implementation this "selected value™ is D3Y and may be changed by

the experimenter.
*x
In the implementation this "selected value" is TPOB and may be changed by

the experimenter.

13
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Figure 7. End Effector - Bar Receptacle Models

Only the collision of payload vertices and cargo bay walls are tested, no

cargo bay vertex - payload face or edge-to-edge testing is done. For this

test the payload is considered to consist of three "hexahedrons”. Figure 8
shows the payload vertices that have grouped into the three "hexahedrons";
(V11, V12, V13, V14, V15, V16, V17, V18), (V21, V22, V23, V24) and

(V31, V32, V33, V34, V35, V36). It also shows how the cargo bay face names
are assigned. Payload and probe vertex positions with respect to the "top
face", face c, of the cargo bay are also tested. When all vertices are above
face c the payload is clear of the cargo bay and the maneuvering Phase

(Mode 3) is automatically entered.

During the Maneuvering Phase the payload and payload probe
vertices are tested for collision with the central assembly element, CAE.
This collision-detection algorithm is also identical to that employed for
effector hex vertex - bar face collisions. The payload and probe vertices
again assume the role of the effector hex vertices. The CAE faces now play
the role of the bar faces. The CAE, however, has eight faces where the bar
had only six. Therefore, the CAE model for the Dynamic Collision Program
consists of only the "front™ half of the octahedron used to model the CAE.
These faces are identified in Figure 9.

14



go Bay Models

Figure 8. Payload and Car
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Figure 9. CAE: Front Half of the Octahedron

The mathematical detection of a successful docking is based upon
the definition of a volume in space, which is labeled the docking envelope.
This is the spatial volume immediately to the true side of CAE face c; it is
bounded by that face and the mathematical extensions of CAE faces b, e, a,
and d. Thus the docking envelope consists of all points lying on the true side
of CAE face ¢, and on the false sides of CAE faces a, b, d and e. The test
employed examines all the vertices of the payload docking probe. If, and only
if, all these vertices are in the docking envelope. a further test is performed
to determine if the payload probe and CAE docking port are properly aligned
within some assigned tolerance. This latter test consists of testing the
distance between the center of the port and probe and the angle between the
y-axis of the probe and the y-ax(;ls of the port. The test distance is set at
0. 25 feet and the test angle at 2~ 32",

B. CONTROL OF THE VISUAL SCENE PROGRAM

The DYNAMIC COLLISION PROGRAM controls the VISUAL SCENE PRO-
GRAM. All of the system inputs, which originate at the operators station,
are processed by the DYNAMIC COLLISION PROGRAM. These analog inputs
are listed in Table I.

The sines and cosines of the six master arm angles are computed, used
in the DYNAMIC COLLISION program computations, and transmitted to the
ESG as a block of 12 twenty-four bit words.

The remaining analog input signals are processed by the DYNAMIC
COLLISION program to form the scene generator control word. The format of
this control word is shown in Table II

The scene generator control word also contains six bits of information,
which are generated by the DYNAMIC COLLISION PROGRAM.

16






















































































































































