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k> 1. INTRODUCTION AND SUMMARY §
i Research under this contract began on October 1, 198l. As planned, the &
E':? first two years of work were primarily devoted to design activities supported E
i' both by computer simulation studies and by experimental investigations with ‘ ‘
" major subsystems. Several laboratory-scale vehicles were also constructed in ’
:: this time period to permit validation of algorithms and evaluation of compo- :
\ nents and concepts. This work was all completed on-time and within budget. \
’ Details can be found in our Quarterly R & D Status Reports, and in our pre- ‘
? vious Semi-Annual Technical Reports. A listing of milestones actually .
; achieved during our first two years of research is attached to our Quarterly “
. R & D Status Report for the period October 1, 1983 through December 31, 1983. ’l
::J By the beginning of the period covered by this report, conceptual design '
3 of the ASV-84 was essentially complete. Per the original project plan, dated ;’
) May 13, 1981, the first half of FY 84, the period covered by this report, has ‘]
j been devoted to an intensive effort centered on subsystem detailed design and
‘ manufacturing, as well as on initial steps toward subsystem integration. The ;
details of our accomplishments in these areas are included in this report and
‘2‘ in previously submitted R & D Status Reports for the period. While this work :
'.‘3‘ has revealed no significant defects in the overall ASV-84 system design, some ﬁ;
' delays in manufacturing have been encountered for a variety of reasons. This :
" matter is treated in detail in our letter to DARPA dated February 27, 1984. '
}: As a consequence of these factors, and subsequent delays reported in later ?
é., correspondence, we no longer anticipate that significant testing of the ASV-84  '
e vehicle can be completed under the current contract. Rather, we are concen- .
: trating our efforts on completing vehicle construction to the greatest extent l
\, possible during the current fiscal year, i
N N
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Per recent meetings with DARPA, our goal is now to complete final assem-
bly of the ASV-84 vehicle in calendar year 1984. A proposal detailing this
activity as well as subsequent phases of vehicle testing, evaluation, and
modi fication has been favorably reviewed by DARPA. As of the time of this

writing, a contract covering this work is in the final stages of negotiation.

2. MECHANICAL SYSTEM RESEARCH

2.1 Cockpit Structure

The design and manufacture of the cockpit structure was completed during
this reporting period. The structure is shown mated to the body frame in
Figure 1. The cockpit frame has subsequently'been delivered to the University
of Wisconsin to be fitted with displays and controls. The frame dimensions
used for the cockpit represent a compromise between the space demanded by an
ergonomically ideal design and the necessity to minimize the size of the
structure to avoid excessive overall weight and forward displacement of the
center of mass of the vehicle relative to the legs. Specifically, the weight
of the structure increases with fore-aft length at a rate faster than its
second power because increasing the length also increases the maximum bending
moment which can be applied to it by a given load. For operator protection
purposes, it is necessary to design for a crash in which the vehicle descends
from maximum hefght to a position in which it is supported only on the extreme
front of the cockpit structure, and on the rear legs. In the event that the
present cockpit dimensions prove to be so small as to cause operator incon-
venience which would hinder the vehicle test program, a second cockpit will be
designed as a retrofit, This is easily done because the cockpit has been

designed as an easily separable module, both structurally and electronically.
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Figure 1. Completed Cab Structure Mated to Vehicle Frame
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2.2 Engine Cooling

The engine cooling system has developed to the point that a continuous
output of 70 hp is possible without overheating. Achieving this performance
represented a substantial problem since, although the engine is rated at 90 hp
peak, as a motorcycle engine it is only designed for a fraction of that as
continuous output, and, moreover, it is designed to operate in a rapidly
moving air stream., To provide for stationary operation, two cooling systems
have been designed and tested, and will be installed on the vehicle engine.
The first of these is a forced air system consisting of a fan and a cowling to
distribute the air over the engine. The second is a water injection system.
It was initially felt that sufficient cooling for continuous high-power output
would not be attainable by using a forced air system alone. For this reason,
the water injection system, based on aircraft engine technology, was designed.
The water is injected at a metered rate into the intake manifold through four
ports spaced to distribute it evenly among the four cylinders, Dynamometer
tests have shown, however, that the fully-developed forced air system is capa-
ble of maintaining allowable head temperatures at continuous output levels in
excess of 60 hp. Therefore, we expect to be able to operate using the forced
air system alone in normal conditions, The water injection system is very
compact and has also proved effective in dynamometer tests. We therefore plan
to install it as a back-up cooling system which will be automatically acti-
vated if engine head temperature exceeds a pre-set value. Figure 2 shows the
engine set up on a hydraulic dynamometer. The cowling can be seen. Also
evident is an ofl cooler which will be part of the installation. The large
duct in the photograph was used to deliver air from a fan which will not be

used on the vehicle, The fan to be installed will be adjacent to the engine.
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2.3 Prototype Leg Tests

The prototype leg was tested at speeds closely approximating those which
will be used in vehicle operation. Control software was developed to move the
foot along a desired trajectory in the return phase of the cycle, and to main-
tain a desired contact pressure during the contact phase. A videotape of
these tests has previously been supplied to DARPA. The leg has been cycled at
frequencies up to 1.4 Hz. Although the leg stroke used was shorter than will
be used at comparable speeds on the vehicle, due to the limitations of the
test stand, the tests closely simulated vehicle operating conditions in all
other respects. In particular, the equivalenf ground speed attained at 1.2
Hz. was approximately 5 mph, the designed cruise speed, and that attained at
1.4 Hz, was close to 8 mph, the designed maximum speed. Figure 3 shows a
measured foot trajectory and curves of horizontal and vertical velocity versus
time for a typical leg test. The curves actually show actuator displacements
and rates with inches used as the unit of distance, Thus, the lift actuator
displacement and rate must be multiplied by the pantograph factor of 4 to get
vertical foot displacement and rate. Correspondingly, the drive data must be
multiplied by 5 to get horizontal foot displacement and rate.

During the course of these tests, one of the hydraulic lines of the foot
attitude maintenance system was damaged, leading to a progressive degradation
in functioning of that system and, ultimately, to complete cessation of func-
tion. It was very evident in the tests that the foot attitude system is
essential to high speed leg operation. Cyclic operation at frequencies above
0.6 Hz, without the foot attitude system led to large, uncontrolled swings of
the foot about the ankle, and to failure of the feot to assume a sole flat
position during contact. The probiem with the attitude system was minor and

will be avoided in the permanent installation.
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2.4 Leg Design and Fabrication

NDuring this period the detailed design of the leg links, and of the
joints which connect them was completed. Manufacture has commenced with the
aluminum plate from which the links will be fabricated having been cut out.
Welding of the leg links is- in progress. The leg boxes, which carry the
guideways for the linear bearings on which the leg links are mounted, and the

mounts for the actuators and the 1ift and drive pumps, remain to be detailed.

2.5 Flywheel Tests

Personnel from OSU provided technical support to Owens Corning during
flywheel spin tests conducted during this period. This was necessitated by a
management decision at Owens Corning which withdrew support from these tests.
Considerable difficulties were encountered due to the Owens Corning spin pit
not being designed to fest flywheels in their housings. It is necessary to
test the University of Wisconsin flywheel design inside its housing in order
to evaluate its evacuation system and to discover any vibrational modes which
might arise from the bearing mount configuration. Problems also arose in the
testing due to flooding of the case with oil, and due to the inadequate low
speed torque of the air turbine used to power the rig., Vibrations, which
limited the speed which could be achieved, suggested balancing, or structural
resonance problems,

It should be noted that this work does not appear in the work statement

of our contract. It was undertaken as work essential to ensure timely com-

pletion of our own tasks, since assembly and testing of the vehicle power

package is dependent on successful completion of the flywheel test program.
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3. ELECTRICAL SYSTEM RESEARCH

3.1 Precision Footing Control

Control of body motion with six degrees of freedom in precision footing
mode has been implemented and tested on the breadboard ASV-84 vehicle com-
puter., For these tests, the PDP-11/70 computer was used to simulate the
vehicle kinematics including the cranked shank configuration of the prototype
leg presented in our previous Semi-Annual Report, dated May, 1984. Body and
leg motion were represented in real time during these tests by means of a
vector graphics display system using a "wire-frame" vehicle model. A more
easily understood shaded color graphics representation was subsequently pro-
duced by single-frame motion picture photography. A videotape copy of this
motion picture has been provided to NARPA, Figure 4 presents a single frame
from this videotape.

While studies of precision footing control of body motion can be accom-
plished only by simulation prior to completion of the entire ASV-84 vehicle,
manual control of individual legs can be investigated using the physical hard-
ware of the prototype leg. This has been done with entirely satisfactory
results. Specifically, using a three-axis joystick as an input device, the
prototype leg has been operated in Cartesian coordinates analogously to a pre-
cision manipulator. An accuracy of better than 1/4 inch in foot placement is
easily achieved in this mode of operation. A videotape showing such testing

has previously been furnished to DARPA.

3.2 Omnidirectional Vehicle Control

The ASV-84 vehicle mechanical design has been optimized to provide a
high-speed forward-directed "dash" mode of locomotion. It therefore is of a

relatively slender configuration in comparison to the previous laboratory-

. “.“,w




L R MR XRERY N P S AR RN S UYL AR L b A T T R T N O T I T T

1 i
3} L
2, §
b L]
0. a
2s
e ')\
. a3
SOAN
\.':‘
.‘3’ L)
T
2 ]
A.'.
N~
....-
oV
- ..
i .
2 ;
~' .
LS, :
A
. l.
2
) :
] » 1
o ;
* \
RN L
) ‘o
S N,
- 4
H
4
\
L4
i
t
£
,',
i
?
»

flly T A el S

Figure 4, Single Frame from Videotape Showing Precision Footing Control of @
Simulated ASV-84 Vehicle by Breadboard Computer
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scale OSU Hexapod vehicle. This change complicates the problem of omnidirec-
tional or “close maneuvering" control. However, during the present reporting
period, an extensive simulation study of omnidirectional control using the
ASV-84 vehicle geometry has been completed and documented in the form of a

Ph.D. dissertation. This dissertation is attached as an appendix to this

T R T L TR

report. It is felt that the algorithms presented in this dissertation provide

one entirely satisfactory approach to realization of close maneuvering for

T LA

experimental evaluation of the ASV-84 vehicle. Alternative algorithms are

currently under investigation.

The principal features of the algorithms presented in thé appendix are
as follows:

1. The operator may select gaits in which three, four, or five legs are on
the ground at all times, depending upon the desired speed and on the
average terrain slope and roughness.

2. If available, proximity sensors can be used to maintain a specified foot
clearance above the terrain during the transfer phase of leg motion.
Otherwise, a desired maximum foot 1ift relative to the body is set by the
operator to a value judged sufficient for the terrain being negotiated.

3. The body attitude is adjusted so as to permit effective use of the limbs
on uneven terrain without subjecting the operator to undue discomfort
resulting from excessive body motion. In particular, the operator can
elect to have the vehicle only partially adjust its pitch and roll motions
to average terrain slope.

4, The algorithm provides for an automatic reduction of body ground-clearance

for enhanced stability on steep slopes.

11
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QE While continuing simulation studies and subsequent experiments with the E>
f\: completed ASV-84 vehicle will undoubtedly produce improvements to the above x
%. described algorithm, we feel that we now have established a satisfactory base- 'E;
§E line for the conduct of such investigations. The operation of this algorithm .
: has been documented in the form of a videotape of a real-time vector graphics -
¥ display of simulated vehicle motion with joystick control of forward, lateral, g‘
ﬂ? and turning velocities. A copy of this videotape has been provided to DARPA, i
. A photograph of one frame of this videotape is included in the attached .
- Appendix 2. &;
o 3.3 Functional Test of Terrain Mapping System | éf
f In November, 1983, the terrain scanner developed by ERIM was delivered to ?'
;E Battelle Columbus Laboratories for interfacing to the ASV-84 guidance com- ?E
2 puter. Subsequently, this system was transferred to OSU for integration with Eﬁ
5 the vehicle control computer. After some initial problems relating to fﬁ
'j electrical compatibility, the entire system was shown to function as intended ;
': except for the following difficulties noted with the scanner: gf‘
P 1. Due to excessive power consumption by the horizontal scanning mirror drive E
V§? motor, the scanner overheats after approximately fifteen minutes of
i operation at 70°F ambient temperature. This condition leads to automatic
., shutdown through the action of an integral thermal protection relay.
;; 2. The main power relay sticks open. It has been replaced, and the problem
recurred.
: 3. The nodding mirror requireé more current than anticipated. On advice froﬁ 2
5 ERIM, its fuse has been replaced with one of larger size. o
;. 4, The nodding mirror frequently fails to initialize correctly when power is
: turned on, When this occurs, the subsequent scan cycle is also incorrect. ia:
2 23
: 12 5
A
:
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5. The scanner sometimes produces incorrect range data due to reflections
from its protective window occurring near the middle of the azimuth
and elevation scan angles.

6. Frame scanning seems to begin prematurely, before the nodding mirror

reaches the bottom of its travel,

7. The scanner sends its first line of data in each frame faster than gi'
subsequent lines, é?;

8. In a laboratory setting, we have found that the range measured by the ;i'

\ scanner is influenced by the type of surface material associated with o
i the objects scanned. ‘?;
: A1l of the above problems have been communicated to-ERIM, It is our i;;
! understanding that funding for a retrofit to correct these difficulties is é%}
; included in a proposal which has been submitted by ERIM to DARPA. At the pre- ?:ﬂ
| sent time, however, it seems unlikely that the deficiences noted can be .ili
. rectified within the time frame of our current contract. We therefore antici- §g
‘E pate that no ASV-84 system or subsystem tests requiring an operational scanner g%
! will be undertaken in FY 84, :gf
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RESEARCH PUBLICATIONS SUPPORTED BY CONTRACT MDA903-82-K-0058

College of Engineering
The Ohio State University
Columbus, Ohio 43210

The following theses, dissertations, and papers have been produced with

the support of DARPA Contract MDA903-82-K-0058 since its inception on October

1, 1981. Copies of most of these documents are available upon request.
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Chapter 1 _

; , INTRODUCTION T

‘ o

3

b 1.1 General Background =%

For more than a decade, legged robot vehicles have been designed and 1:5

constructed in several institutions throughout the world for a wide ;:;

range of potential applications, generally in environments too hazardous §§§

for humans or in those inaccessible to conventional wheeled or tracked g!-

5 vehicles [1-6]. Some of the possible applications for legged vehicles §§§

f are in the areas of land and under-water exploration, fire fighting, éig

harvesting trees in the logging industry, underground mining, and _ﬁgf

k hazardous tasks in nuclear power plants [5]. The major design objective L?¥
3 of legged robot vehicles is to achieve superior mobility/walking ;

j' capability, utilizing greater adaptability to terrain irregularities due fj?

{ to the fundamentally different nature of their interaction with the §§§

:} supporting terrain, in comparison to wheeled or tracked vehicles [7]. ;ég

However, the advantages of legged robot vehicles over other types of

f off-road vehicles result from their large number of controllable :_:

: degrees-of-freedom which requires highly efficient joint coordination. E§§

24 5 6y

Controlling such a large number of degrees-of-freedom is a difficult

task for a human operator as demonstrated in [1]. This problem has dﬁf
led to the development of the computer-controlled legged robot vehicle, AW
N

which is made possible by recent advances in computer technology.
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3 Up to now, several investigations directed toward computer control

;x of legged vehicles have been reported in the literature [4-9]. The

?2 control algorithms developed to date for locomotion of legged robot

EZ vehicles have most often been based on supervisory control in which the

%Q human operator provides direction and speed commands for the body, and a

3 computer controls limb cycling in such a way so as to achieve the

i desired motion while maintaining stability [4,8].

& Prior to this dissertation work, researchers at The Ohio State

‘{ University have also investigated the problem of computer control of

E legged vehicles. As a result, basic control algorithms have been
developed to generate appropriate leg stepping sequences and to coor-

o dinate body and 1eg motions for the OSU Hexapod which was constructed

f; for laboratory experimentation of locomotion [3,8,10]. Much of this

Jg work was concerned with 1eye1 body locomotion over even terrain which is
assumed relatively smooth. The major deficiency of the algorithms

?3 developed then is their limited ability to execute complex maneuvers

:E required to traverse rough terrain and their lack of body attitude and

) altitude control to accommodate terrain variations. While basic

solutions to the latter problem have been made fof the OSU Hexapod using
force sensors, a vertical gyroscope, and pendulums [11-13], the
algorithms developed still need improvement and modification, which
motivates this dissertation work.

Another problem with the previous algorithms developed for the OSU
Hexapod is that they do not allow sufficient freedom of body motion.
Three modes of control have been defined--Cruise for forward/backward
motion, Side-stepping for purely lateral movement, and Turn-in-Place in
which the body is rotated about its center of gravity with no lateral or

forward/backward movement. The body velocity component values are



s 5
4 b
i obtained from a human operator through a three-axis joystick. However,
i: restrictions on these components are made in each of the control modes
- so that legs will be maintained within their kinematic limits and
X vehicle stability is ensured. It is desirable to remove the
jk restrictions placed on body velocity and to integrate the three modes of
35 operation to obtain omnidirectional control, and this also motivates

:P this dissertation work.

f The objective of this work, then, is to develop control algorithms
ﬁﬁ to combine the three different modes of operation defined for the QSU
’{E Hexapod [8] to provide for .omnidirectional control and to extend and
i: modify the previous motion planning algorithms to accomplish greater

7 adaptability to uneven terrain. The algorithms are developed through
2§ the use of computer simulation on the PDP-11/70 minicomputer. A graphics
;é display device (HP 1350A) is used extensively for motion display

- and various terrain conditions may be generated interactively. The
t% result is that an approach to computer-aided design of motion planning
,23 ' algorithms has been developed. Since the algorithms developed in this
P work will be applied to a hexapod robot vehicle, named the Adaptive
;; Suspension Vehicle (ASV), which is currently under constructioﬁ at The
,§§ Ohio State University, the vehicle model for the simulation is chosen
‘ from it.
%S ‘The major problems dealt with in this simulation work may be
'i% partitioned into the following three areas:

1) In order to investigate locomotion over uneven terrain, a

definition of the terrain model over which the vehicle moves is
required. The terrrain model should be relatively simple to generate

but, on the other hand, should present somewhat realistic terrain

conditions to vehicle motion.

----



2) In order to increase maneuverability of the vehicle, the

control algorithms should be removed. In particular, omnidirectional

control through a three-axis joystick should be provided. At the same

:
;
4
limitations imposed on the body motion trajectory by the previous 5
!

time, stability of the vehicle should be maintained with proper leg
stepping sequences. ‘ '

3) The final problem investigated involves the development of
control algorithms for the Close Maneuvering mode of operation for the
Adaptive Suspension Vehicle (ASV) [14]. This mode of operation requires
proximity and contact sensors for local terrain sensing at each foot.

In order to accommodate terrain irregularities, the body attitude and
altitude should be appropriately controlled. However, this body
regulation tends to reduce stability of the vehicle over sloped terrain.

Therefore, approaches to increase stability should be investigated.

1.2 Organization

A brief review of the previous research on legged vehicle locomo-
tion directed to develop control algorithms is given in Chapter 2. This
chapter includes previous work on gaits, a discussion of the operational
modes for the ASV, supervisory control schemes adopted for the OSU
Hexapod, and feedback control strategies presently employed for
low-1evel servo control.-

In Chapter 3, ter§a1n and vehicle models used in the simulation
are presented in detail. Also, the computer-aided design concept for
the development of control algorithms is described. 4

Chapter 4 details an algorithm to integrate the three joystick

control modes previously defined for the OSU Hexapod [8] in order to

NG P AT A AP O R ' A ST AT A



provide omnidirectional control. Periodic gaits are used and much of

the chapter presents a new method for choosing an optimal cycle period. h

The concept of the constrained working volume is also presented.

Chapter 5 describes algorithms that implement the Close Maneuvering é

,}

mode of operation for the ASV for uneven terrain. Details of the body

and leg motion planning algorithms are presented along with discussion

concerning the dynamic changing of the size of the constrained working
volume to increase the stability.

Chapter 6 covers the overall software structure of the control
program and the graphics routines along with the data base for the
terrain and vehicle models. Finally, different evéluations of the
control algorithms developed in this work are discussed.

Finally, Chapter 7 summarizes the contributions made in this
dissertation work with a discussion of possible further research. An
appendix is included which contains a Tisting of the control programs

which were written in PASCAL on the PDP-11/70 minicomputer.
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Chapter 2
REVIEW OF EXISTING CONTROL ALGORITHMS

2.1 Introduction

This chapter attempts to give a brief overview of previous research
directed to develop the control algorithms for legged vehicle
locomotion. A major thrust of much of the early work was to provide a
theoretical formalization of gaits of human beings and animals, and
this has been well established in the literature [15-17] and will be
reviewed here. On the other hand, control algorithms to implement the
gaits in legged vehicle locomotion are still under development and the
latest work will also be outlined.

Over the past two decades, a number of walking machines have been
constructed to implement gaits and to develop control algorithms in the
laboratory environment with coordination of multiple legs. Also, some
special machines which utilize legged locomotion principles were
commercially built. Typical examples of the former are the G.E.
Quadruped Transporter [1], 'Phoney Pony' [2], the OSU Hexapod [3], and
the Moscow State University Hexapod [4]. For the latter case, there
are the Menzi Muck Climbing Hoe [18], the Kaiser Spyder [19] and ODEX 1
(s]. ‘

Through experimentation with the above walking machines, several
approaches to control of legged locomotion systems have been explored.

These include computer control of the joints, supervisory control for

6
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the man-machine interface, and feedback control at the servomechanism
level to provide energy efficiency, load balancing and active
compliance.

A1l of the above control concepts have been applied to the control
of the OSU Hexapod in both software and hardware implementation. It was
built in 1976 at The Ohio State University in order to allow laboratory
experimentation of légged vehicle locomotion. This vehicle is
electrically powered and each leg possesses three degrees of freedom
with three revolute joints. An insect-type of leg kinematics is
employed for the leg structure. The control algorithms developed for
the 0SU Hexapod are well documented in [11].

Based on experience with the OSU Hexapod, another six-legged
vehicle, called the Adaptive Suspension Vehicle (ASV), is currently
under construction at The Ohio State University. The ASV will be
roughly the same size as the G.E. Quadruped and hydraulically powered.
The leg structure will be based on a mammalian configuration with
pantograph coordination of joint motions [20] in order to decouple
actuator loads. The present model for the ASY is used in the simulation
study in this dissertation work.

In Section 2.2, some theoretical background material for gaits is
presented and provides a basis for much of the dissertation work.
Several operational modes for the ASV have been proposed by McGhee et
al. [14], depending on the terrain conditions, fuel economy, maneuver-
ability of the vehicle or vehicle sensors used, and these are describeq
in Section 2.3. In Section 2.4, two different motion planning control
schemes, based on the supervisory control concept, are discussed.
Finally in Section 2.5, two of the feedback control schemes developed at

the servomechanism level for walking machines are briefly reviewed.

7




‘-' &’ ".f;“.". é

AR P

-

4 3 2 6 2 2

S @K vy v RS,

P, J L al P

2.2 Gaits
Due to the discrete aspects of legged 1ocomotion, the natural and

theoretically possible patterns of leg-lifting and leg-placing events,
called gaits, used by human beings and animals have been investigated
since the first classification of gaits by Muybridge [15,16]. In the
1960's, Hildebrand [17] formulated the definition of a gait and
developed a more quantitative approach to the classification of
symmetrical gaits.

‘Later, McGhee [21] established a general mathematical theory of
legged locomotion from the point of view of finite state machine
theory by regarding each leg as a two-state (1 and 0) sequential
machine. McGhee then introduced a gait matrix, G, which is formally
defined as a k-column matrix whose successive rows are binary k-tuples
corresponding to the the successive states of a particular gait of
k-legged locomotion. A zero entry in column j indicates that leg j is
in contact with the ground (support phase) while a 1 entry means that
it is not (transfer phase).

McGhee and Jain [22] introduced another mathematical description of
a gait, the “event sequence”. If the legs of the vehicle are numbered,
1,2,...,k, then the event of placing leg i is denoted event i, while
1ifting of leg 1 is arbitrarily denoted event i+k. The event sequence
is further employed in this section to describe gaits.

2.2.1 Stability .
During legged vehicle locomotion, it is essential that the vehicle
should not fall over. This problem led to stability studies on legged

vehicle locomotion by many researchers.
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The stability of a vehicle may be measured either statically or

dynamically during locomotion. The static stability concept is employed

in this work, since it provides a simpler basis for the control. The
test of static stability involves determining whether the vertical
projection of the center of gravity of the vehicle onto the supporting
surface is contained within a polygon whose vertices are defined by the
feet in contact with the ground. This notion was formally defined in
[23] through the following:

Definition 1: The support pattern associated with a given support

state [7] is the convex hull (minimum area convex polygon) of the
point set in a horizontal plane which contains the vertical projections
of the feet of all supporting legs.

There can, however, exist a large number of statically stable
gaits due to the combinatorial aspects of the gait selection problem.
In order to choose optimal gaits in the sense of static stability, the
following measurement of gait stability is defined [23].

Definition 2: The longitudinal stability margin is the shortest

distance over an entire cycle of locomotion from the projection of the
vehicle center of gravity onto the support plane to the edge of the
support pattern as measured in the direction of travel.

The longitudinal stability margin is defined only for straight-
line locomotion. When motions of the vehicle are arbitrary, the above
definition must be expanded. Thus, the stability margin may be defined
for general periodic gaits to include the case of arbitrary locomotioni

Definition 3: The stability margin is the shortest distance over

an entire cycle of locomotion from the projection of the vehicle center
of gravity onto the horizontal plane to the edge of the support

pattern.
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For hexapod vehicles, Bessonov and Umnov [24] found a class of
optimally stable gaits, called wave gaits, for straight-line locomotion
by using the minimax iongitudinal stability criterion given in
Definition 2. Optimal wave gaits have the property that the stepping
events on each side of the vehicle move from the rear to the front of
the body for forward motion (forward wave gaits), while they progress
from the front to the rear of the body for backward motion (backward
wave gaits). The terms "forward" and "backward" are designated with
respect to the head of the vehicle (fixed). If there is no distinction
between the head and tail of the vehicle, the forward and backward wave
gaits represent the same leg sequences with respect to the direction of
travel and are both optimal. In other words, the optimal gaits are

symmetric.

2.2.2 Periodic Gaits

If every 1imb of a lTegged vehicle or animal operates with the same
cycle time, then the gait is said to be periodic [25]). The following
paragraphs briefly discuss periodic gaits and also define two particular
classes of periodic gaits dsed in artificial legged locomotion systems:
optimal wave gaits and Follow-The-Leader gaits [26].

The following definitions for straight-line motion were introduced
by McGhee and Frank [23].

Definition 4: The period, t, is the time required for one complete
locomotion cycle of the gait.

Definition 5: The stride length, A, of a gait is the distance by
which the center of gravity of the locomotion system is translated

during one complete locomotion cycle.
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Definition 6: The duty factor, g, is the fraction of a locomotion

cycle that each leg spends in contact with the supporting surface.

Definition 7: The relative phase, ¢ is the fraction of a
lTocomotion cycle by which the contact of leg i with the supporting
surface lags behind the contact of leg 1 (left front leg).

Bessonov and Umnov [24] have shown that optimal wave gaits for a
hexapod may be described through the following equations:

¢3=B ¢5=28-1 1>B>0050 (2.1)

Note that legs on the left side of a hexapod be numbered from front to
rear as 1,3,5 successively and those on the right side in the same order
as 2,4,6. Since these gaits are symmetric [17,21], the relative phases
of the legs of any right-left pair are exactly half a cycle out of phase
with each other. The event sequence diagram for optimal wave gaits with
g = 5/6 is shown in Figure 2.1.

In addition to the above definitions, Orin [8] provided the
following definition for implementation of periodic gaits.

Definition 8: The kinematic cycle phase, ¢, is the distance by

which the center of gravity of the locomotion system has translated
since the last placement of leg 1, normalized to the stride length.
The relation between the kinematic cycle phase, ¢, and the period,

t, is given in [8]:

o) T dt. (2.2)
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. 2.1, ¢ moves clockwise along the circle, when increasing and moves

By differentiating both sides of Eq. (2.2), with respect to time, the

following is obtained:

4 _1
at " < (2.3)
or
gt
T " (2.4)

Eq. (2.4) may be approximated by replacing dt with At and d¢ with a¢,

respectively, such that

cz AL ' (2.5)
A

Eq. (2.5) provides an approximate means to compute the period and
will be discussed further in Chapter 4. Note that once the period, <,
is defined, the value of ¢ is either increasing or decreasing according
to the sign of ¢ in Eq. (2.3).

The leg placing and 1ifting times may be determined by the use of

the kinematic cycle phase, ¢, and the relative phase, ¢ In Figure

counterclockwise, when decreasing. When ¢ moves clockwise, the leg
placing sequence for one locomotion cycle is leg 6, 4, 2, 5, 3, and 1,

which implements the forward wave gait. On the other hand, when § moves

counterclockwise, the leg placing sequence is leg 1, 3, 5, 2, 4, and 6,
which implements the backward wave gait.

From the above discussion, the relationship between ¢ and 95
determines the state or phase for leg i: transfer phase or support

phase. Let the leg phase variable of leg i, oy ¢ be defined as
¢y = [o - ¢;]mod 1 (2.6)

13




VISR TR TP P IO RV R TR O RTINS R

.
N
> Then,
%Y
o
- 0« o <8 support phase (2.7}

. B <oy <l transfer phase. (2.8)
P
_‘3 ~ During the transfer phase of leg i, ¢Li changes from g for 1ift-off

to 1 for touchdown for increasing o and vice versa for decreasing

Ej values. Accordingly, a new phase variable, ¢Ti’ for the transfer leg as
E; normalized to the total transfer time may be computed as follows:
< (4, -8
A -
N Li
N . -_— forz >0

53 ‘ l1-8 ’
3 o1 * . (2.9)

- -~ ¢

— Lt fort <0

b . 1-8 ) ~
.3
-3 Thus, when the leg lifts off, ¢Ti = 0, and when the leg touches down, ;f
. .
: A T .
oy In a similar manner, ¢, ; Changes from 0 for touchdown to g for xS
o 5
,fz 1ift-off during the support phase when increasing and vice versa when EE

\ w
i decreasing. Another phase varible, ’Si’ for the support leg as e
,I? normalized to the total support time may be obtained as follows: §§
9 -\-' '!"
kK \‘ ~ KD
e B k 4
by B = 44 ?f
? L —_ for ¢z <0 ::‘:.
. 8 f(!
I" E .
h so that gy always changes from O for touchdown to 1 for 1ift-off. >4
l.“ !
Q\ The graphical representation of the above phase variables is shown éﬁﬁ
:; in Figure 2.2. While the example used in the above discussion was for |
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a wave gait, other types of periodic gaits may be easily implemented
by altering the relative phase relationships of the legs.

Recently, another class of periodic gaits, called Follow-The-Leader
(FTL) gaits, have been investigated [26]. In FTL gaits, the middle and
rear legs use the same footholds as are used by the front leg on the
same side of the body. For example, the placing sequence of one
locomotion cycle, 1-3-5-2-4-6, possesses the FTL property. This
sequence is the same as that for the backward wave gait as mentioned
before. However, the stability of a FTL gait is not optimal, because
the vehicle always moves forward in the FTL mode. In this sense, FTL
gaits and optimal wave gaits are two different families of gaits whose

intersection is empty [26].

2.2.3 Free Gaits

As discussed in the previous section, periodic gaits are totally
governed by the fixed relative phase relationships of the legs. In
other words, once the relative phases are defined, the leg lifting and
placing events are fixed for one cycle of locomotion regardless of the
terrain conditions. This results in control algorithms which are
relatively simple to implement. Also, for locomotion over level
terrain, periodic gaits may be efficient and optimal.

However, as the degree of terrain irregularities increases,
periodic gaits may lose such efficiency and optimality. Since free

gaits have no fixed relative phase relationships among the legs, there

exists an infinite number of possible gaits. This allows the free gait .

control algorithms to choose an optimal gait for locomotion over rough

terrain with great flexibility. Implementation of the control
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L)
X 4 algorithms, however, may be more complicated than that for periodic

gaits.

i:& The complete theoretical formalization for the free gaits has not
:§§ yet been established, and the algorithms developed are rather heuristic
1\% as compared to those for periodic gaits. Kugushev and Jaroshevskij [27]
21 have suggested that the mathematical approach to periodic gaits for

_52 straight-line locomotion may be extended to include the nonperiodic

f: gaits, i.e., free gaits. In [27], the problem for free gaits is

;‘- partially formalized in such a way that a trajectory is specified in

ﬂi advance for the motion of the center of gravity of a legged system over
g; a given terrain containing certain regions which are unsuitable for-

'3 support.

’1% Later, McGhee and Iswandhi [7] extended the work of Kugushev and

_;} Jaroshevskij to complete the formalization of this problem and

- developed a heuristic algorithm. Specifically, in [7], the terrain

;é was divided into discrete cells, each about the size of a footprint.

;E; Each cell was designated as permitted (suitable for weight bearing), or
2 - forbidden to simulate the terrain jrregularities. The control algorithm

develpoed in this work was based on the kinematic margin of a foothold

p T
‘I.l_‘.l (e Rt

which relates to how long a foot can be on a given cell before the leg

[ reaches its kinematic limit [7]. If the vehicle remains stable, legs
fis are lifted so as to maximize the minimum value of the kinematic margin
;E: over all supporting legs. Otherwise, the algorithm corrects the

' ? unstable sftuation by placing a leg in the air when this is possible.
Eli Whenever a leg is placed, among those legs which make the vehicle

.:§ stable, the one with the largest kinematic margin is utilized. Thus,
1Y

?. the basic criteria for leg sequencing in this algorithm are the
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kinematic margin of each leg and the stability margin in the support
pattern.

The above algorithm was further refined by Kwak [28], who employed
the same criteria except that the kinematic margin is measured in time
rather than in distance. In his work, improvements to the basic
algorithms suggested by McGhee and Iswandhi [7] were implemented in
software on the PDP-11/70 minicomputer using the HP 1350A graphics
device for display of the vehicle and the terrain cells.

Recently, Patterson [29] proposed the control algorithm for free
gaits in coorporation with the guidance algorithm using the terrain
scanner which provides a terrain preview of average terrain slope using
ultrasonic or laser signal. In this algorithm, the desired
accelerations for the body motion of the vehicle are generated based on
the operator's velocity commands and the current vehicle velocity. If
the desired accelerations cause that the motion of the vehicle is
unstable or the desired foothold of the leg is out of its kinematic
limit, then the deceleration plan [29] is invoked to slow down the

vehicle speed or to allow the vehicle to be brought to a halt while

mainiaining stability.

2.3 Operational Modes of the ASY
Control of vehicle locomotion strongly depends on both the terrain
conditions for the desired motion of the vehicle and the sensors used.

The sensors used for vehicle locomotion are force sensors, proximity

sensors, the terrain scanner, etc. Especially, the use of the terrain

scanner affects the operational modes over rough terrain. Presently,

five operational modes [14] are considered to be implemented in control




Qg; of the ASV--Cruise Mode, Terrain Following Mode, Dash Mode, Close

.!u' Maneuvering Mode, and Precision Footing Mode.

xtj: The Cruise Mode is for locomotion over relatively smooth terrain
ézég with minimization of fuel consumption. In this mode, the body altitude
fﬁ? and attitude of the vehicle could be maintained at the desired values by
{ig; the computer using terrain and inertial sensors. The body crab angle,
i%ﬁ which is defined as an angle between the heading of the vehicle and the
b instantaneous body velocity vector, could be limited to a relatively
\».s small value and minimum turning radius could be of the order of several
;5&5 body lengths. That reduces manueverability somewhat, but the opfimum
-:Ez speed of the vehicle can be achieved in the sense of fuel economy.

AL In order to increase maneuverability for the locomotion over rough
;;% terrain, the limitations imposed on the Cruise Mode may be removed.

'gé The Terrain Following Mode is essentially for forward locomotion over
'\}' rough terrain with a slower speed than that in the cruise mode and

jaf moderate fuel consumption. In this mode, all the vehicle sensors can
$:a be used such as the terrain scanner, proximity sensors, force sensors,
~} } etc. The terrain'scanner can provide a terrain preview to predict

\‘{5 foothold locations and terrain slope information for body attitude

;ffi and altitude regulation. The proximity sensors are used for local
o™ control of foot positions, while the force sensors can be used for force
‘ ) feedback control to achieve active compliance [30]. Hence, automatic
- : body regulation can be accomplished by using sensor information.
i?f? The Dash Mode is desired when speed of the vehicle is more important
%2& than maneuverability or fuel efficiency. In this mode, limitations are
'Eéé imposed on both crab angles and the body turning radius to obtain

A maximum foot velocities.

s,

&

"
<
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For very difficult terrain where human intelligence can be more

appropriate than the sensors to choose proper foothold positions

without concern for speed, the individual legs may be controlled by :ﬁi
the operator by means of joystick or keyboard commands. Such a control ‘:E¢
mode is termed as “precision footing". In this mode, feedback of foot E;i
position relative to terrain is done by operator vision. The proximity %E?
sensors are used to control the foot altitude. ;%%

Since the terrain scanner is only useful for the forward locomotion,
it can not be used for backward, sideway, or turning motion. The Close
Maneuvering Mode of operation which requires an arbitrary motion:

a combination of forward, backward, sideway, and turning motions, is
for locomotion over reasonably rough terrain without terrain preview.
Thus, speed of vehicle is relatively slow compared with that in the
Terrain Following Mode. This is a three-axis control mode in which
the body turning radius and crab angles are not restricted to achieve
high degree of maneuverability. Body attitude and altitude are
automatically regulated to accomplish the terrain following locomotion

through the proximity or force sensors.

2.4 Supervisory Control of the O0SU Hexapod

The advantages of legged vehicles over wheeled or tracked vehicles
result from their greater number of controllable degrees of freedom.
However, the manual control of such a large number of degrees of freedom
is an exhausting task for the human operator to endure as revealed in '
the test of the G. E. Quadruped Vehicle.

In order to relieve a human operator of such a complex task as the
manual coordination of 1imb motions, an appropriate control strategy for

the man-machine interface was developed [8], which is called supervisory

20
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N control. The basic hierarchical structure of the supervisory control
-~ scheme employed in the control of the present 0SU Hexapod is shown in
N Figure 2.3 [8].

2.4.1 Three-axis Control

‘5, In this superviéory control scheme, the operator provides
ii longitudinal velocity, lateral velocity, and yaw turning rate with
%: respect to the body to the motion planning block. These velocities and
f: rates can be generated by a three-axis joystick or a similar device.
;E For the OSU Hexapod control, the three-axis control mode has been
‘il implemented for locomotion over flat level terrain using a three-axis
N joystick [8]. In this implementation, the vehicle operation was divided
;E: into three modes called Cruise mode, Turn-in-place mode and
{§ Side-stepping mode according to the body velocity [8]. This was done in
- order to avoid complexity in leg-trajectory planning for unrestricted
i; *three-axis control. In all three modes, the body of the vehicle is
gﬁ assumed to remain at a constant height and parallel to the plane of
53 support. '
':é In Cruise mode, the minimum turning radius of the motion trajectory
{%E of the center of gravity of the vehicle and its crab angle is limited so
( that this mode is appropriate for cruising forward or backward with
}5 small components of side-to-side velocity or turning rate.
7t£ Turn-in-place mode is for the turning motion of the vehicle in place

_ about its center of gravity with the other two components of vehicle
:? velocity forced to zero. Side-stepping mode is for the lateral motion
E§ of the vehicle without changing its heading, while the other two
‘? components of vehicle velocity are forced to zero.
&
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For the locomotion over even terrain, the other three components of
the body velocity: up/down velocity, roll rate, and pitch rate, are set
to zero. Hence, the body_height remains constant above the terrain and
there is no attitude and altitude control during locomotion.

Based on the above control scheme, an algorithm was developed by
Chang [12] for locomotion of the OSU Hexapod over uneven terrain. In
this algorithm, the body roll and pitch rates are generated in the
motion planning block for the automatic body attitude control so that
the body may be parallel to the estimated support plane obtained from
the present support points through linearlregression. Also, the
up/down velocity of the body is computed in the motion planning block
in order to keep the body height constant above the estimated support
plane. The estimated support plane is updated whenever one of the

transfer legs touches ground.

2.4.2 Follow-The-Leader Control

For the full automation of the walking machine, it is necessary to
raise the level of the man-machine communication scheme from simple
steering of the body to that of optical designation of footholds.
Toward this end, the Follow-The-Leader (FTL) control has been employed

for locomotion of the OSU Hexapod vehicle over rough terrain [26]. In

this mode of operation, the ranging system, which provides a terrain
information only for front-leg footholds, permits the full utilization
of human intelligence in selecting the footholds. The human operator
specifies the desired footholds for the front pair of legs and the
successive legs of each side of the body step on the same points as used

by the front legs.
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First, the candidate footholds aré selected by the human operator
through the optical sensing device. Then the computer of the vehicle
Checks whether or not they are inside the kinematic limit of the leg.
If they are inside the kinematic 1imit, they are accepted by the
vehicle. Otherwise, they are rejected. When the candidate footholds
are accepted, then the motion planning block initiates the body motion
planning by determining the desired vehicle velocity vector and the
turning rate so that the vehicle moves the desired direction, which is,
in contrast, provided by the human operator in the three-axis control
mode. When the candidate footholds are rejected, the computer requests
another selection from the human operator until an acceptable foothold
is found.

One of the important problems relating to the FTL control algorithm
is how to determine the vehicle center of gravity for the next cycle of
body motion. Tsai [31] developed a heuristic algorithm to find such an
optimal point for the vehicle center of gravity by maximizing the
stability margin. The motion planning algorithm for the FTL control is
described in detail in [31], which was implemented and tested for the

0SU Hexapod over rough terrain in a laboratory environment.

2.5 Feedback Control

As shown in Figure 2.3, the body motions are finally executed by the
motion execution block in the servomechanism level. Since this level
involves the full dynamic complexity of the vehicle/terrain system, it
is necessary to develop an appropriate control strategy to obtain the
desired joint motions. Various control concepts have been developed for

walking machines. The following paragraphs describe two of them which
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IEE are presently implemented for control of the existing legs at the Ohio b
R .

State University.

2.5.1 Jacobian Control

LR AR .

Jacobian control is based on resolved rate at the foot so that the

control is made in Cartesian coordinates. Also, this control scheme g4

H.

incorporates both force and position feedback. The Jacobian control g

law is given by the following equation as 5
8c = J-1[xp + Kp(xp - xp) + Kr(Fp - Fa)l (2.11)

where xp is the desired foot position derived by the desired rate, xp is
the actual foot position, Fp is the desired foot force, and Fp is the

actual foot force. The values of the elements of the gain matrices Kp

FIFCAST Yy - o UM T,

T

and Kp determine the accomodation [32] of force errors by position
errors and, for diagonal matrices, lead to the concept of active
compliance [30]. The Jacobian control structure with compliance servo
for the OSU Hexapod is shown in Figure 2.4 [11]. In this figure, V

IRE X TELE T

denotes the vector of the joint actuator input voltages and F¢ denotes

4

the foot force in the foot coordinate system.

Recently, based on the Jacobian control structure, force feedback
control for active complince using force sensors and attitude control
using inertial sensors have been implemented and experimentally
evaluated for the OSU Hexapod [11]. In this work, each of the feet has

been equipped with two semiconductor strain gauges to measure lateral

forces and a piezoelectronic load cell to measure vertical forces. A ’
vertical gyroscope and pendulums as the attitude sensors have also been
used. The desired foot force Fp was computed from the conditions such

that the vehicle body maintains static equilibrium. However, the

25
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conditions resulted in the underspecified set of linear equations. The
optimal solution for Fp was obtained as a pseudo-inverse solution to
these equations using the least squares of force criterion [11].

The force feedback control law for vertical active compliance under

ideal rate servo assumption is given by [13]

25 = 2p + kp(zp - zp) + kp(Fp - FR) (2.12)

where Zp and zp are the actual and desired vertical foot velocities; zp
and zp are the actual and desired vertical positions; Fﬁ and F: are
actual and desired vertical forces; kp and ke are gains. Eq. (2.10)
results in the spring-damper system when the spring stiffness, kg, and

the damper coefficient, o, are chosen as [30]

kg = kp/kg (2.13)
and

a = 1/kg. (2.14)

To accommodate large terrain height variations “soft" spring
constants were chosen. This, however, causes the vehicle body to pitch
and roll excessively. To avoid this problem, an attitude control scheme
was developed [13]. From small angle approximation, the body pitch and
roll errors are converted to vertical foot displacement in a linear

equation:

AZy = -X§ \ PO Yi ¢ (2.15)

A

where Xi and Y; are the x and y components of the foot position of leg 1
with respect to the center of gravity of the body; 7 and GA are
the body pitch and roll angles measured by the attitude sensors.

27

G G L N e LT e




oA
s s 0. LS

P o

[

ey | {HH e
CARSAAN - JE SR

-

:" &

d 9 ‘.'/."‘2"‘.'0’.

During support phase the desired velocity for attitude control, ie,

can be computed as

=ka( Xiv, - Yig,) (2.16)

where kp is the desired attitude-control gain, and za is obtained by
integration of ie. Then the desired vertical foot position and velocity

are given by

Zp = zg + zs (2.17)
and
Zp = 25 + iﬁ. (2.18)

respectively, where zg and iS are the desired vertical foot position
and velocity from the motion planning block. The attitude control
system associated with the Jacobian control structure in Figure 2.4 is
given in Figure 2.5 [11].

2.5.2 State Feedback Control

In State Feedback Control, the actual state of each of the joints
(position and velocity) is compared with.the desired state and is used
to provide control inputs to each of the actuators, usually through a
Tinear feedback control law. Since the steady-state error and the
the feedback gains are interrelated for the overall system stability, a
feedforward approach is employed to eliminate steady-state error
without increasing the gains too much. For this purpose, the inverse
dynamic model of the leg system is used, called inverse plant.

The invérse plant and state feedback control scheme [33] was applied
to control the Monopod system [34]. The Monopod iystem was built at the
Ohio State University to investigate the energy efficient leg of the
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walking machine in the laboratory and consists of a three-degree-of-
freedom leg with three-wheeled cart. The basic equation describing the

state feedback control law is
Y =Kixp-x)+¥p (2.16)

where V is actual actuator voltage, Y¥p is the nominal voltage of the
actuator, x is the state variables (joint angles and rates), xp is the
desired set points for the state variables and K is the feedback gain
matrix. The overall inverse plant and state feedback control structure

is shown in Figure 2.6 [33].

%
-ﬂ’
K

2.6 Summary

Thi~ chapter has presented brief review of existing theory and
control algorithms of legged vehicle locomotion related to this
dissertation. The results of the mathematical theory that has been
developed for gait selection and implementation are employed in this
work .

The supervisory control scheme provides a basic structure in
software implementation of control algorithms. This dissertation
mainly deals with the motion planning block of the supervisory control
scheme, since the low-level servo control is not necessary by the

graphic simulation of the vehicle. However, the Jacobian control

)

i
ws S

described in section 2.5 was implemented in the motion execution block
for control of the OSU Hexapod and will, also, be implemented for
control of the ASV. Based on the theory presented in this chapter, the
control algorithms for locomotion of a six-legged vehicle over uneven

terrain are discussed in the following chapters.
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Chapter 3
TERRAIN AND VEHICLE SIMULATION

3.1 Introduction

The principal advantage of legged vehicles over tracked or wheeled
vehicles may be superior adaptability to rough terrain in off-the-road
applications. The major thrust of this dissertation is to investigate
the locomotion of legged vehicles in such conditioﬁs through computer
simulation. As an important.basis for this work, it is necessary to
define a proper vehicle/terrain model. In this chapter, the vehicle and
terrain models are given.

Terrain models have often been developed for two-dimensional (2-D)
analysis [9]. When three-dimensional (3-D) terrain models were used,

the terrain data base has not generally been provided interactively

P

[35]. However, in this dissertation work, various 3-D terrain models

IS
o"l'.

X
.:.

may be generated interactively so that locomotion over different kinds

p

of terrain may be rather simply studied. In Section 3.2, a simple but

el

realistic 3-D terrain model, called a prismatic model [35], is

YRt
N

introduced. First, the terrain profile, which is composed of a

piecewise linear curve, is interactively generated using a three-axis

Joystick. Then the desired. perspective view of the prismatic terrain'

AL S S
FARAS

S,

model is displayed on the screen by changing the viewing angle with the

Joystick. h
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The vehicle model used in this work is for the ASV (Adaptive
Suspension Vehicle) [20] . The vehicle is a hexapod with three degrees
of freedom in each of its six legs. The kinematic equations relating
foot positions and rates to joint angles and rates are relatively simple
since the leg is based on a pantograph mechanism. These equations are
derived and given in Section 3.3.

Also, due to the mechanical limits of the joints, the reachable
space of the foot is confined in a 3-D volume, called the working
volume. The working volume is especially important in this work since

algorithms for leg placement and liftoff as well as those for foothold

AR G MBI B VY S A i B

selection have been based upon it. The general equations for the
working volume are the same for each leg and are also developed in
Section 3.3. The locomotion algorithms that use the working volume con-
cept are presented in Chapter 4.

The ASV is a very complex system consisting of a total of 18
degrees of freedom and more than 13 mechanical links and further it
will encounter a myriad of terrain conditions. Because of this, it is
necessary to provide the control designer with convenient tools so
that he may interactively experiment with various parameters of the
control algorithms and terrain. This approach is just that of
Computer-Aided Design (CAD) and has been developed to some extent in

this work and is presented in Section 3.4. - As stated before, the

?Q: prismatic terrain model may be interactively generated. Also,

Q)
.1 P ..‘.'

locomotion of the ASV over the terrain may be viewed in any

4

perspective. In addition to this, the instantaneous stability margin'

r
.

v AR

LN

is displayed as well as the position of each of the feet within their

l"‘
L ]

constrained working volumes. Finally, this makes it possible to alter

»
a

such parameters as the leg duty factor.
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'QS‘ 3.2 Terrain Model
_. The general type of terrain simulated may be defined as a 3-D
::i surface in which the heights of the surface points are not constant so
l-"l that slopes, ditches, holes, obstacles, etc., may be configured. In
. order to reduce the complexity of the simulation while maintaining a
:',: reasonable amount of generality, a terrain model is developed in such
' a way that the cross section of the terrain surface along one of the
| horizontal axes is constant. Furthermore, the cross section along this
0 axis consists of a piecewise linear curve. This model may be termed a
E;’ prismatic terrain model [35].
Since the body of the vehicle moves on the terrain with a full six-
; degree-of-freedom, the terrain conditions imposed on the vehicle at
:"Ef some instant during locomotion should be somewhat arbitrary with respect
v to the vehicle posture. The prismatic terrain model may be inter-
.‘a.: actively defined to impose many different terrain conditions on the
'.: vehicle and this may provide a rather realistic walking environment.
: The terrain model is defined in the earth-fixed coordinate system
R (Xg,¥g.2p) where the zg axis is in the opposite direction of
§ gravitational acceleration (positive upward), and the ig and 95 axes are
W appropriately defined such that xg, Yg, and zg are mutually orthogonal
unit vectors. Once the earth coordinate system is fixed, then the
a terrain model is set up in such a way that the height (Zg-component) of
_' the terrain changes with changing distance along the Xg axis. The
._', terrain width along the 95 direction is fixed to some constant value. -
E'j’ In terrain generation , a discrete set of points are specified in
'«C: the Zg-Xg plane. Then the terrain profile is generated by connecting
. two adjacent points with a straight line. In this manner, the profile
123
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of a smooth or undulating terrain may be modelled through the use of a
piecewise linear curve. Finally, a 3-D prismatic terrain model may be
obtained by including the Yg-component to give a constant cross section
in this direction. Every two adjacent points of the profile, along with
the Yg-component, compose a rectangular plane which is represented by a
plane equation in 3-D space. After generating the terrain model, the
terrain information is stored as an array of records in the computer
main memory. Each record contains the coefficients of each rectangular
plane equation and the Xg-components of two adjacent points which define
the left and right boundaries of the plane in the Xg direction. |

Figure 3.1a shows a typical terrain profile which is interactively
generated on the screen of the HP 1350A vector graphics display using a
three-axis joystick. To define the next discrete terrain surface
point, the cursor (A) is positioned through two axes of the joystick to
the desired position. A twist of the joystick sets that as the next
point and connects a straight line to it. The number of points for the
terrain profile is limited to 50 in this simulation.

Figure 3.1b gives a perspective view of the terrain. After the
profile has been defined, then two axes of the joystick may be used to
define the viewing angle of the terrain. Straight lines are also added
in the 95 direction, spaced one foot apart along the iE axis. These
lines enhance the visual image of the terrain by indicating the slope
of the surface. For example, the surface lines for a steep slope ’
appear to be more densely drawn in the perspective view than those for

a2 level surface.
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f 3.3 Vehicle Model

%, The hexapod vehicle model used in most part in this work is for

4; the ASV which is presently under construction at The Ohio State

QP University. The ASV is to be the first fully self-contained,
computer-controlled terrain-adaptive walking vehicle. It is supported

1% by six three-degree-of-freedom legs, each with a special kinematic

:ﬁ configuration (pantograph) providing a simple and energy-efficient

" structure.

Wy

S

. 3.3.1 Body Model

M. The body is modelled as a hexahedral box with the top plane wider

§ than the bottom plane, which allows the abduction/adduction motion of

::E the legs. The six legs are attached to the body at the outside edges of

& the top plane.

;ﬁ: Figure 3.2 shows a perspective of the simulation model of the ASV

S; and its related coordinate systems. The earth-fixed coordinate system

7f (g, 95, ig) has been described in the previous section; it is used when

;S specifying the absolute position and velocity of the body.

fi In order to describe the motion of the vehicle walking over

“f terrain, it is also useful to define a body-fixed coordinate system

which is a reference coordinate system for the operator's commmands

e
20N

and for generating foot positions and velocities. The body coordinate

system (23, 93, 23) is fixed at the top plane of the body and its origin

& is located at the center of the plane. The iB axis is along the body
.

%Sﬁ longitudinal axis and directed forward while the zg axis is in the

pod

direction of the normal vector to the body plane (positive upward).
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The yg axis is defined by the vector cross-product
Yg = 2 X xg. - (3.1)

The transformation from the body coordinate system to the earth-
fixed coordinate system has been defined through the use of a 4X4

homogeneous transformation matrix, H, such that [36]

Xg ’(a1
YEl. 4| '8 (3.2)
Zg 4]

14 L

where [Xg Yg Zg1T and [xg Yg ZglT are position vectors to a common point
as referenced to the appropriate coordinate systems. The matrix H may

be partitioned into submatrices:

where Hp is a 3X3 orientation matrix and §EH is a 3X1 position vector,
Any velocity vector defined in the body coordinate system (Bv) may be
transformed to the earth-fixed coordinate system (51) by premultiply-
ing by the orientation matrix Hp:

Ev = Hp By, (3.4)
The vector EEH represents the position of the center of the body in

the earth-fixed coordinate system and the orientation matrix H.
expresses the rotational property between the earth and body coordinate
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systems. Thus, the homogeneous transformation matrix H can be easily
obtained by the relative transformation method [36] and continuously
updated according to the movement of the vehicle. This will be

discussed in detail in a later chapter.

3.3.2 Leg Model

The six legs of the ASV have been designed by employing a special
kinematic configuration, called a pantograph. Each leg has two
one-degree-of-freedom sliding joints which are located on a base
plate. One sliding joint provides up/down motion and the other gives
forward/backward motion of the foot with respect to the base plate.
Due to the kinematic characteristics of the pantograph, the motion of
the foot tip appears to be proportional to the motion of each sliding
Jjoint through a fixed ratio. Each leg is placed on a base plate which
is attached to the body through hinges to allow abduction/adduction
motion of the leg. Thus, the abduction/adduction motion at the hip
gives a third kinematic deégree-of-freedom for each leg. The dimensions
of the vehicle are shown in Figure 3.3 along with the leg model for

the simulation.

3.3.2.1 Kinematics of the Leg

Because of the relatively simple geometry of the pantograph leg, ‘the
kinematic equations may be easily obtained by using simple geometrica{
principles. Let the foot position of leg 1 be (Xf,Yr,Zf) in the body
coordinate system. As shown in Figure 3.4, the foot position of leg 1
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(front left leg) is given by

p— T - —

XF 5d2+hx

Yr | =1 (523 - 4d}) sine + 24 cose + hy (3.5)
If - (523 - 4d)) cose + 24 sing

where 6, d), and dp aré the joint variables. Since all of the six legs
have the same basic configuration, the kinematic equations for each may
be obtained from Eq. (3.5) with appropriate sign changes.

The knee position (Xg,Yk,Zk) of leg 1 may be obtained by also
applying simple geometrical principles and is given:

Xk 22 cosa + hyx ]

Y| =} (22 sina + d)) sine + g4 cose + hy (3.6)

4% L-(zz sing + d]) coss + 24 sine

where

x d2 /(23 - d1)2 + dp2

B — -1 - -1 .
a > tan ppwrn cos 21 . (3.7)

Again, since all of the six legs have the same basic configuration, the
equations for the positions of the knees of the other legs may be
obtained from Eq. (3.6) with appropriate sign changes.

The inverse kinematic equations may be derived from Eq. (3.5) in the

following manner. From the equation of the first row, dp is

dp = ';_ (Xp - hy). (3.8)
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Squaring the both sides of the equations of the second and third rows,

respectively, yields
a’sin’e + 2atgsinacoss + 147cos?e = (Yp - hy)? (3.9)
a’cos?e - 2azgsinecoss + g42sine = Zp?, (3.10)

where a = 5¢3 - 4d;. Adding Eqs. (3.9) and (3.10) and then rearranging
the result, it is obtained

d = % (523 - /(Y - hy)* + Z|:f - 24°). (3.11)

From the equation of the third row of Eq. (3.5), & can be solved by the

following trigonometric substitutions

~%4 = rcosy (3.12)
-a = rsing (3.13)
where
a =503 - 4d; (3.14)
r=Juqt + & ' (3.15)
-%4
¢ = tan-1 = (3.16)

Then ¢ is given by

6 = ¢ - tan-l . (3.17)
-/?-ZFZ
For the computer simulation of the ASV, only the inverse kinematic
equations are used. For velocity control of the vehicle, however, the

inverse of the Jacobian, which converts foot velocity commands to

joint rate commands for the leg actuators, is required. Hence, the 3X3
44
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where
X 3XE AXE
1] ady ado
- Y  Ye 3YE
J 25 adg 2dp (3.19)
3l alp yig
20 ad ad2 .

The elements of J for leg 1 may be obtained by partial differentiation
of the right hand side of Eq. (3.5), which gives

0 0 5
J =|acose - 24 sine -4 sine 0 (3.20)
a sing + 24 cose 4 cose 0
. o

where a = 5¢3-4d). Since the Jacobian matrix is so simple, its inverse

may be easily obtained. The inverse Jacobian, J=1, is given by

1 L coso 2 stno |
J-l=]0 - %h(a sind + 14 coso) %a(a coso - 24 sime) (3.éi)
é- 0 0 .
- -
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3.3.2.2 Working Volume for a Leg

*The mechanical limits of the joints réstrict the motion of the leg
and this is a major factor to consider when developing control
algorithms for the legged vehicle. Therefore, it is necessary to define
the volume of points in space that the foot of a leg can reach, called
the working volume, in order to appropriately specify the foothold
positions that insure that all the joint positions are within their
mechanical limits.

Since each leg has the same geometrical configuration and joint

limits, the working volumes of each leg are identical. The limits of

the joint variables for leg 1 are as follows:

-10°<¢o ¢ 21°
0" <d < 1” (3.22)
-0-6‘ < dz ‘ 006‘.

Another condition which may be considered is the case where the leg
stretches out in such a way that all the joint$ of the pantograph are
located on a straight line. This may be expressed in the following

equation:
(23 - d1)% + &% = (221)2. (3.23)

However, the joint limits given in Eq. (3.22) guarantee that this case

will never occur.
The analytic expressions for the working volume may be derived from

Eq. (3.5). wWithout loss of generality, let hy = hy = 0. Then, Eq. (3.5)
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reduces to
Xg = 5da
Ye = a sine + g4 coso (3.24)
Ip = -a cosp + 24 sino

where a = 523 -4d;. By eliminating o from Eq. (3.24), the following is
obtained: .

Y2 + Zg? = a2 + 242, (3.25)
From Eqs. (3.22) and (3.24), the limits of (a) are given by

503 - 4 < a < 543. (3.26)
Also, eliminating (a) from Eq. (3.24) gives

If = -Ypcoto + g24/sine. (3.27)

With consideration of the joint limits given in Eq. (3.22) and (a) in
Eq. (3.26), the Eqs. (3.25) and (3.27) define the working volume as a
sector of an annulus in the Yp-Zf plane using the leg dimensions given
in Figure 3.3. The 3-D working volume may be obtained by extending the
cross section in the Yp-Zg plane to the XF direction as shown in
Figure 3.5. Note that the origin of the coordinate system (Xg,yr,zF)
is located at the hip socket and each axis is parallel to the

corresponding axis of the body coordinate system.

3.4 Computer-Aided Design
Computer-Aided Design (CAD) systems are now widely used in many
engineering fields, which has largely resulted from the development of

sophisticated 3-D interative graphics hardware and software. The

purpose of CAD systems is to reduce costly prototyping by substituting
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Figure 3.5. Dimensions and Shape of the Working Volume for
the Legs of the ASV-84 Vehicle.
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3-D computer models for physical models. The computer simulation in
this work has been accomplished using the PDP-11/70 minicomputer along
with the HP 1350A vector graphics device which displays the perspective
view of the vehicle and terrain, the top view of the vehicle, and
finally its support pattern. The overall display is shown in Figure 3.6
and represents a CAD approach to the development of the controls for the
ASY.

The perspective view of the vehicle and terrain allows one to
examine the overall performance of the control algorithms for 3-D
locomotion of the ASV. As has been discussed in Section 3.2, there is
considerable flexibility in designing the terrain cross-section and in
specifying the viewing angle.

The top view is generated by projecting the vehicle onto the Xg-Yp
plane of the body coordinate system. The top view of the constrained
working volumes for each of the legs is also included. The constrained
working volume for a leg is just the rectangular solid volume, inside
the actual working volume, in which the leg control algorithms attempt
to maintain the foot motion (see Chapter 4). In addition to the
constrained working volume,.the position of the foot within it is
clearly shown. Furthermore, the support foot which is “nearest” the
edge of its constrained working volume (according to the algorithms
developed in Chapter 4), is indicated by a line from the foot to the
critical edge (see Chapter 4). Finally, any problems with leg
collisions may be determined by taking note of the top view. ’

The support pattern [23] is displayed in order to investigate the
degree of static stability during the motion of the vehicle. The sup-
port pattern is a polygon projected onto the Xg-Yg plane of the earth-

fixed coordinate system, and the projection of the center of gravity is
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also shown. A line from the center of gravity to the nearest edge of
the support polygon gives an indication of the instantaneous stability
margin, and this is also computed and displayed. '

The stability margin is computed in the following manner. Let two
adjacent vertices of the support polygon be (X;,Yj) and (Xj+1,Yi+1) in
the earth-fixed coordinate system. Then the equation of the line which

passes through two vertices may be expressed as

AX +BY +C =10 (3.28)
where

A=Yis1 - Y5 (3.29)

C = YiXj+1 - XiYi+1- (3.31)

Assume that the center of gravity of the vehicle, (Xc,Yc), is given.
The perpendicular distance from the center of gravity to the line, Dj,
is obtained as follows:
IAXc + BYc + Cl
D; = (3.32)

VA2 + B2 .

Hence, the minimum of the D;j's gives the stability margin, and the

corresponding edge of the support pattern is specified.

LAR s 5
&
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The center of gravity of the vehicle is constantly changing, but may

LN

-
« a2 02

be computed since the mass of the body and the legs as well as their

Q. positions are given. However, for simplicity, the center of gravity
20

f:ﬁ used in this work for the ASV is assumed to be the geometric center of
S\ .

-_.\'

the body.

. X

-
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55 The computation of the stability margin as just described, where ?
o it is measured with respect to the vertical projection of the center 5
%,_ of gravity, does not include the dynamic effects of the inertial f,
it acceleration of the body and legs. As such, even though the vertical ZQ
Ei ' projection of the center of gravity is contained within the support E:
i: pattern, the vehicle.may be unstable since the projection of the center ‘
;3 of gravity along the total acceleration vector (both gravitational and £
Eg inertial components) may fall outside the support pattern. In this §§
_ regard in the general case, the stability margin should be measured g
fé while including the inertial effects of the massive legs and the body. f%
lff The inertial and gravitational forces on the body and legs are i:
O balanced by the external forces acting on the vehicle at its feet. The ,
g net effect of these ground reaction forces may be replaced by a single ;%
;g force (which is the sum of all ground reaction forces) acting at the § 
zero moment point [3] or center of pressure. The zero moment point is B
iﬁ defined as the point in the support plane about which the moment due to ﬁé
lff the vertical ground reaction forces is equal to zero [3]. The ﬂé
‘j requirement for stability. is that the zero moment point lies within the :}
‘j support pattern [23]. When the inertial accelerat.ons are zero, then #}
 § the zero moment point is Just the vertical projection of the center of §§
- i

gravity onto the support plane.
Since the complete specifications for the mass of the body and legs

of the ASV have not yet been made, the stability margin for the ASV has 5‘2

not been based on the zero moment point concept. However, in previous N

simulation work for the OSU Hexapod walking over flat level terrain, the :Z
. zero moment point was computed in the following way. E:'
Assume that all the leg mass is concentrated at the knee joint. (A ?\
N large motor at the knee is the most of the leg mass.) Also, assume F 3
3
f] 52 E
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that the rotational accelerations about the pitch and roll axes are
negligible since the motion is for flat level terrain. Then the
following equations, with components expressed in the body coordinate

system, are satisfied:

IMx = YzuFz - ZzWFy (3.33)

6 L 1) .0
=1zo[Yim1(-g +Z;) - Zymy¥3)
and

IMy = -XzMFz + ZzwFx (3.38)

6 - v
=1ZO[-Ximi(-g + 24) + ZymiX51 ,

where JMy and JM, are total moments about the xg and yg axes,
respectively; Xzm, YzMm, and Zzy are the components of the position
vector for the zero moment point; Xy, Yij, and Zj are the components of
the position vector for the center of mass of the body (i=0) or leg i;
Xj, Yj, and Z; are the translational accelerations of the center of mass
i; my is mass of the body (i=0) or leg i; g is the gravitational
acceleration; Fyx, Fy, and F, are external ground reaction forces onto

the feet. The external forces are given by

6

3 120 18
y 120 B .
6 o
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Note that the gravitational vector is assumed to be in the -zg direction
in Eq. (3.37); this is the case when the body is parallel to a level
terrain. Also, since the vehicle is always contacting the ground, the
zero moment point is always located on the ground plane. Thus, Zzy is
the body height which is known. From Eqs. (3.33) and (3.34), Xzy and
Yzu may be obtained:

~IMy + ZzMFx (3.38)
Xm = F
¥4
IMx + ZzuFy (3..39)
Yzm = F
z L ]

The translational acceleration of the body and the angular
accelerations of each joint are calculated by first order numerical
differentiation of the body velocity and the joint rates. Using those
values, the translational acceleration at the center of mass of the leg
is computed through use of the kinematic equations given in [37].

Figure 3.7 shows the perspective view, the top view, and the
support pattern of the 0SU Hexapod during locomotion over flat level
terrain. It is noted in this figure that the zero moment point is not
coincident with the vertical projection of the center of gravity when
the 0SU Hexapod suddenly halts.

By displaying three different features of the motion of efther the
ASY or the OSU Hexapod vehicle on the graphics display, evaluation of
the control algorithms developed is enhanced. Also, it is possible to
interactively change various parameters for the vehicle and terrain and
to immediately view the effect on the control. The initial effective-
ness of interactively using the graphics display will hopefully motivate

54
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the extended use of Computer-Aided Design in the development of the

control algorithms for legged vehicles.

3.5 Summary
In this chapter, terrain and vehicle models were presented.

Furthermore, the Computer-Aided Design concept was introduced for

development of the control algorithms using the interactive graphics

device.

The terrain model developed is simple but realistic enough to
investigate the legged vehicle locomotion problem over rough terrain.
Based on the 2-D terrain profile, the 3-D prismatic terrain model may
include various kinds of terrain irregularities such as holes, ditches
or slopes. Furthermore, the terrain can be interactively generated on
the graphics display using a three-axis joystick.

The vehicle model of the ASV has been defined and its kinematic
equations have been derived. From the mechanical joint limits, the
working volume of the leg has been computed in 3-D space, which will be
an important factor in developing control algorithms for locomotion over
uneven terrain as presented in the next chapters.

Finally, by displaying three different features of the motion of the
vehicle on a graphics display: the perspective view of the vehicle on
the terrain, the top view, and the support pattern, control algorithms
developed may be more simply evaluated by observation. The ease of
evaluation along with interactive change of various parameters of
control algorithms may motivate the extended use of Computer-Aided
Design in the development of the control algorithms for legged vehicle

locomotion.
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OMNIDIRECTIONAL CONTROL iﬁ'}
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;,, 4.1 Introduction i":a'
As discussed in Chapter 2, the operation of the 0SU Hexapod, using a ‘

three-axis joystick for supervisory control, was divided into three ' %E
different coritrol modes--Cruise mode, Turn-in-place mode and Side- ‘
stepping mode. This approach was taken in order to avoid the complexity .
of leg trajectory planning for unrestricted three-axis joystick control ’

[8]. The complexity mainly stems from the difficulty of changing the ‘
. locomotion period from mode to mode without stopping the vehicle. How- _‘
™ ever, experience with the previous control algorithm now makes it :"«,
3’ possible to develop a new one which integrates the above three joystick {%3
) control modes into one so that omnidirectional control is provided, and
?‘ this is the subject of the present chapter.
; Previously, in [8], the period was defined separately for each %‘f
;' mode as the ratio of a particular stride length, associated with the '
kﬁ basic motion in that mode, and a component of body transiational or &?
' rotational rate. This definition of the period resulted in the need to ::
7 Timit the motion of the body in each mode. For instance, the turning ’
ag radius and the body crab angle [8] are 1imited in the Cruise mode, the'-
E lateral and longitudinal velocity components are forced to zero in the ;ﬁ

'v'n Turn-in-place mode, and the turning rate and the longitudinal velocity
{: component are forced to zero in the Side-stepping mode. Experience ’:i
; .
i "
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with the algorithm indicated that the legs would attempt to go out of
their kinematic limits unless the motion was sufficiently restricted.

In order to combine the three different modes, the limitations
imposed on the motion of the vehicle have been eliminated so that
omnidirectional control is provided. The resulting control scheme has
been applied to the ASV and provides the basis for the Close Maneuvering
mode of operation [14].

The basic approach of the new algorithm is a “bottom-up" control
strategy [25] in which the period is selected on the basis of reach-
ability of each leg. In other words, the period is defined such that the
foot positions of each leg are specified inside or, at most, on the
boundary of the working volume. However, the original working volume
cannot be used directly for this purpose because it contains some reach-
able points which may cause instability during the vehicle motion. To
ensure static stability, the concept of a constrained working volume is
used and introduced in Section 4.2.

In Section 4.3, an algorithm for computation of an optimal period
based on the constrained working volume is discussed. The optimal
period for each locomotion cycle is determined based on how close each
leg is to its own kinematic 1imits in time and phase. This optimal
period ensures that at least one of the six legs fully utilizes its
constrained working volume, while the other legs are inside their own
kinematic limits. In this sense, the period obtained is optimal. -

In periodic gaits as used in this work, the locomotion period
determines the leg swing time. Mechanically, the leg liftoff, transfer
forward, and placement takes at least a finite amount of time, called

the transfer time threshold. If the optimal period is too short to swing

58

L

bl LW IS

S ¥

S

e s *r.
E 4 1*.?;’."* A ? -



DN I A AR T a A R Ny e i < 1 W SV T APt T AL LA U L LA SR L ER CH LA LA G OO LN G o ) L AN

3 ;
LS t..
g k
o -
E; the leg, it is necessary to slow down the vehicle to achieve an .

appropriate leg sequencing determined by the transfer time threshold. In

v this regard, the deceleration plan [29]'is presented in Section 4.4.

- 4.2 Constrained Working Volume

\’3 As discussed ‘in Chapter 3, the working volume of the foot is given
g by the mechanical limits of the joints. It is noted in the simulation
»ﬁ: that the center of gravity of the vehicle goes outside the support
Z: pattern, which indicates static instability, at some instants during
ES locomotion, even if the support points of the feet are constrained to
:; be 1nside their working volumes. The problem is due in part to the
N fact that the initial criterion for foot positioning used was not
EE based on the stability of the vehicle, but simply on the kinematic
»‘E limits of each leg. In order to correct this, consideration was given
@ to further constraining the movement of the feet inside their working
E volumes so as to ensure static stability.
é The minimum number of support legs to maintain static stability of
2 the vehicle is three; that is, the triangular support pattern is ;he
.Sj minimal set of support points. In the wave gaits used in this work,
zi the middlie leg of one side is in the support phase along with the
f' front and rear legs of the other side for the tripod gait (g = 1/2). If
.ég the stability of the vehicle is ensured for the tripod gait by
52 appropriately constraining the support points of the three contacting
\1 feet within a subset of the working volume, then stability for other
;% wave gaits which have more than three legs in support (g > 1/2) is also
ggi guaranteed for the same constraints on the support points. Figure 4.1
Vf illustrates the case to be corrected where the triangular support
"] pattern of the tripod gait shows instability for the ASV.
A
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The foregoing discussion leads to the use of the constrained working

volume in the control algorithms. It is defined as a subset of the
original working volume for each leg that ensures static stability when
there is a tripod or more of support. The constrained working volume
sets soft limits for each leg so as to exclude points from the working
volume that may lead to instability.

To simplify the control algorithms, the constrained working vblume
for each leg is specified as a rectangular solid volume. Its size and
location is set by six parameters: [Xci , Yci, Zgil and [dyxj, dyi, dzil.
[Xci> Ycis Zcjl give the center of the constrained working volume for
leg i in body coordinates while [dyj, dyi, dzi] are its dimensions along
the body axes. Figu.e 4.2 shows the top and side views of the original
working volumes and constrained working volumes for each leg of the ASV.
The solid lines represent the original working volume and the dashed
lines represent the soft limits imposed by the constrained working
volumes. Note that both the top and bottom sides of the original working
volume consist of curved surfaces. Thus, the solid lines merely .
represent the maximum size of the volumes in 2-D space.

Stability of the vehicle motion may be examined by changing the
location of the soft 1imits of each leg imposed by the constrained
working volume. It is noted from the simulation results that the further
the locations of the soft 1imits are away from the center of gravity of
the vehicle, the better the stability margin of the vehicle that is
obtained (see Figure 4.2a).

It must also be stated that the previous discussion considers 1oc6—
motion over flat level terrain only. Locomotion over uneven and sloping
terrain is considered in the next chapter and further adjustments to

maintain static stability are made.
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4.3 Optimal Period

In the previous algorithm [8], the locomotion period for periodic
gaits was determined by the ratio of an appropriate stride length to a
particular body velocity component. Since this approach does not

explicitly consider the kinematic limits of a leg, there was no way to

ensure that the foot position of each leg during locomotion would be

within its working volume. In fact, there were times when a leg of the
0SU Hexapod reached its limit.

However, if the body motion were constrained to be, in most part, in
one direction, then the stride length could be set as needed for that
motion so as to keep the legs within limits. This led to three
different modes of operation for the OSU Hexapod for forward/backward
movement (Cruise), lateral movement (Side-stepping), and for turning
(Turn-in-place). The purpose of the present work is to consider the
kinematic limits of the legs more directly so that the body motion need
not be artificially constraine:. The result is that the three modes
will be integrated into one which provides the basis for omnidirectional.
control of the ASV.

In order to find the optimal period based on the constrained
working volume, the following definitions are made.

Definition 9: The temporal kinematic margin of leg i, t is a

Si’
predicted time-to-go until the foot-tip of leg 1 in the support phase

reaches the surface of the constrained working volume with the present

foot velocity.

VM) 4

DY

‘ﬁé : Er -’\f‘"’ h;'




(4.1)

where v; is the present foot velocity of leg i and d is the distance
from the support point to the surface of the constrained working
volume in the direction of vj.

Definition 10: The maximum instantaneous support period for leg i,

Tgi? is a predicted maximum time for leg i to be within its constrained
working volume while in the support phase.

It is noted from Eq. (2.5) that the period is proportional to the
ratio of incremental time change to incremental phase change. For each
leg during the support phase, the value of the support phase variable,
by which is defined in Eq. (2.10), changes from O for touchdown to 1
for lift-off. Then the maximum instantaneous support period for each
leg may be computed through the use of the tempor&l kinematic margin,

tSi’ and the support phase variable, bgi as follows:

t

R (4.2)

Si 1- bsy

A leg which has the minimum value of the maximum instantaneous
support period is called a "critical leg", and the boundary surface of
the constrained working volume which the critical leg will reach at the
end of the support phase is called a “critical edge”. To keep each leg
inside its constrained working volume, the optimal support period, T
should be taken from the critical leg. That is,

= lﬁﬂ (1.' ) fOI" 1 = 1,00’60 (‘.3)
{ S
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Then the magnitude of the optimal period, ¢, is given by

’s_
8 *

(4.4)

<l =

As discussed in Chapter 2, the sign of the period, t, determines
whether a forward or backward wave gait is implemented. Both gaits
implement the same sequence of leg 1iftings and placings, however, in
opposite order. While optimal wave gaits are the only ones used in this
work, there is still the possibility of using a forward or backward
sequence.

The forward sequence (which gives a forward wave action of the legs
as referenced to the front of the vehicle) has been shown to be opti-
mally stable for straight-1ine forward locomotion and will be used when
the longitudinal component of velocity, vy, is positive (forward move-
ment). The backward sequence (actually forward when referenced to the
rear of the vehicle) will be used when vy is negative. While there is no
guarantee that either of these sequences is optimal for arbitrary body
motion, use of these should generally enhance stability.

There is one final consideration in changing from one sequence to
the other. The gait change from the forward wave gait to the backward
wave gait, or vice versa, should occur only when the magnitude of the
body translational velocity is small. Otherwise, the sudden sign
change of the period during high speed locomotion may lead to a leg
going out of its constrained working volume. This can be more clearly
understood through an example. If a leg is about to 1iftoff, the sign
change of the period causes that leg to appear as if it has just touched
down. This means that the time that this leg spends on the ground
increases. For high body velocity, the leg will quickly reach the
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limits of its constrained working volume. The problem is due to the fact
that the leg motion depends on both the locomotion period and the body
velocity, while the body motion depends only on the body velocity.

The above considerations lead to the graphical representation of the
gait change in thé Vx-Vy velocity plane as shown in Figure 4.3, where vy
is the lateral velocity component. The outside of the circle represents
the high speed region where a gait change shouid not occur. There are
two regions inside the circle. The band region where no gait change
occurs provides hysteresis in order to avoid quick gait changes for
nominally zero forward velocity. The values of a and b are chosen

experimentally as a=0.05 ft/sec and b=0.2 ft/sec in this work.

4.4 Deceleration Plan

The speed of leg return in the transfer phase is limited by the
capabilities of the joint servo motors. Hence, there exists a minimally
required transfer time, called the transfer time threshold, for the leg
to move from 1ift-off to touchdown. For legged vehicle locomotion, the
commanded transfer time of each leg must be greater than the transfer
time threshold.

When the optimal period is obtained as described in the previous
section, it is necessary to check whether it satisfies the condition
imposed by the transfer time threshold. If not, .the vehicle speed must
be reduced. ‘

The foot velocity in the support phase is linearly related to the
body velocity components (note Eq. (5.51) in Chapter 5). From Eqs. (4.1)
through (4.3),

1 6
— 4.5
I (4.5)
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? :
v ;
:3 where C;j is a proportionality factor for leg i which is constant for a N
:: specific foot position, leg phase, and duty factor. Also, the transfer
:: time, QR is related to t such as D,
-~ 3
S Il = (1 = ) Icl. | (4.6) 3

‘ i Let the transfer time threshold be TRth’ If L1 is less than ¢
' then it is necessary to slow down the body velocity components to

Rth’ :

1imit the transfer time to be ¢ Let the ratio, u, of the absolute

Rth’
, values of L and TRth be
& It |
3 <
N R \
Y PR e (4.7) |
by Rth \
: Using the relation of L and ¢t given in Eq. (4.6), the period after
slowdown, t', is given by ‘Y
e, | S
T 2
¥ '] = (4.8 8
? From Eqs. (4.6) through (4.8), the following is obtained:
0. ;
1 ~
!-\'- = —E— . ‘09 2
g I’ Izl (4.9) N
~ Substituting Eq. (4.5) into Eq. (4.9) yfelds
Q\ 1
‘:: 1 6 \‘.
N =
A o] 1Zlcilul'll . (4.10)
,E Again, from the linear relationship between the foot velocity in the %
o ]
& support phase and the body velocity, u may be a slowdown factor for the {'\{
N o
@. body velocity.
=y .
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Thus, whenever the transfer time of the optimal period is less than
the transfer time threshold, the slowdown factor is computed and the six
body velocity components are reduced accordingly. The value of the
transfer threshold time is chosen to be 0.5 sec in this simulation
work.

4.5 Summary

In this chapter, the algorithm for integration of the three
different joystick control modes, which were previously defined for the
OSU Hexapod, has been described. This integration makes it possible to
implement the Close Maneuvering Mode of operation for the ASV which
provides for omnidirectional control.

The integration is based on the concept of the constrained working
volume which provides soft 1imits for leg motion in order to regulate
leg stepping so as to maintain static stability for the vehicle.

Since the dimensions of the constrained working volume may be easily
changed in the simulation, it is possible to examine changes in
stability for different dimensions of the constrained working volume,
and this is discussed in Chapter §.

The optimal period was defined in such a way that at least one of
the six legs fully utilizes its constrained working volume, while the
other legs are maintained inside these limits. Thus, the optimal period
ensures that each leg moves within its constrained working volume during
Tocomotion over uneven terrain. Also, in this chapter a simple
algorithm has been developed to choose between forward and backward ua;e
gaits, and hopefully it will enhance stability for arbitrary body
motion.
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’;f Finally, a deceleration plan has been presented to siow down the -
- vehicle speed in order to satisfy the minimum transfer time capability -
:f of the legs. The slowdown factor was defined based on the notion that
A3 §
;;f the inverse of the optimal period is linearly related to the magnitude -
50! of the body velocity. Thus, when the transfer time obtained from the g
| ’
-2 optimal period is shorter than the transfer time threshold, each of six .
A ._"1 .
N velocity components is reduced by the slowdown factor. Ry
%, D
W The flow chart for the algorithm developed in this chapter is given K
f,s in Figure 4.4. The algorithm provides an essential means to implement :
v the Close Maneuvering Mode of operation for the ASY which provides for ;
'Eﬁ omnidirectional control over uneven terrain. Actual control algorithms &
~ for locomotion over uneven terrain will be discussed in Chapter 5. f;
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Chapter 5
MOTION PLANNING ALGORITHMS FOR UNEVEN TERRAIN

5.1 Introduction

In this chapter, control algorithms for the Close Maneuvering Mode
of operation, which has been described in Section 2.3, over uneven
terrain are presented by employing the theoretical results.for the
gaits, the vehicle/terrain models, and the algorithms for omnidirec-
tional control developed in the previous chapters. The control
algorithms developed in the previous research have mainly focused on
lTocomotion over flat level terrain [8), or some efforts have been made
in developing control algorithms for uneven-terrain locomotion
[3,9,11,12]. Based on the previous work, the complete control
algorithms for locomotion over uneven terrain are developed and
discussed in this chapter.

The terrain models used in this work are assumed that they are free
of holes or large obstacles, because the Close Maneuvering Mode of
operation is suitable for -reasonably rough terrain. These terrain
models are referred to as "Type-0" terrain by Hirose et al. [6]. They
may be simulated by the prismatic terrain models described in Section
3.2.

The control algorithms developed are based on the supervisony
control scheme described in Section 2.4. According to the basic

hierarchical structure of the supervisory control scheme as shown in

12




L
E Figure 2.3, there are two functional blocks: the motion planning and ‘iﬁ
&s execution blocks. Since the motion execution block is replaced by the -
- vehicle/terrain simulation block in this work (see Chapter 6), only the j\
E: motion planning algorithms are discussed in this chapter. Eg
1;' The motion planning algorithms control the desired body and leg ;\'
;: trajectories with feedback of contact and proximity information from the i;
; leg subsystems. In the computer simulation of this work, proximity 25
- sensors are simulated in software which are assumed to measure the ::
fﬁ distance from the foot-tip to the support surface in the direction of E%;
.3 the gravity vector. The software simulation of a proximity sensor is %E.
M discussed in detail in Section 5.2. Also, contact sensors are ’L
- simulated in the same way as proximity sensors. ;;
;% Body motion planning algorithms, which are described in Section E%
- 5.3, generate the body position and velocity set-points using the :}
\ operator's velocity commands and information about the local terrain 7;
E; surface. The local terrain surface is estimated by using six points of g;
;i estimation based on contact and proximity information from the six legs Eiﬁ
l through linear regression [3]. Based on the estimated plane of support, -
EZ algorithms for body attitude and altitude control are developed iﬁ és
é this section. %E
: Leg motion planning algorithms are designed to generate the foot f_
.' trajectory for the support and transfer phases and to choose the desired §§
Eg foothold for the transfer phase based on the body velocity and the 5:
]% constrained working volumes for the legs. Furthermore, proximity ';'
E sensors are used for the transfer trajectory in order to avoid foot ?35
contact with terrain surface. Discussions about leg trajectory iﬁ
generation are made in Section 5.4. wa]
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An algorithm to increase the stability of the vehicle over sloped

terrain by dynamically changing the positions of the constrained working
volumes for the middle legs according to the slope angle is presented in
Section 5.5. Since the size of the constrained working volume of each
leg also affects the stability margin, discussions about the change of
the size of the constrained working volume according to the vehicle

speed are made in this section.

5.2 Proximity Sensors

'Recently, the use of sensing technology to endow a robot with a
greater degree of “intelligence” in dealing with its environment is
receiving increased attention. Moreover, for the multilegged robot
vehicle, the information about the walking environment provided by the
sensor systems is essential for adaptive locomotion over uneven terrain.

For omnidirectional movement in the Close Maneuvering Mode of
operation for the ASV, full terrain preview is not provided since the
optical radar system used is limited to scanning in the front of the
vehicle. On the other hand, proximity sensors will be used to good
advantage to sense the local terrain conditions under each foot.
Hopefully, these will allow each leg to adapt to the terrain. In the
simulation work of this dissertation, it is assumed that proximity
sensors are available anq these will be integrated into the control
algorithms in order to facilitate leg placement onto the terrain
surface and to avoid foot contact with terrain surface during the
transfer phase.

Broerman recently surveyed the proximity sensing techniques and
implemented a proximity sensor system based on ultrasonic ranging for

the 0SU Hexapod [38]. The proximity sensors were attached to the lower
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i? limb segment of each leg in order to measure the foot altitude and to o,

approximately control the position and velocity of each leg while in its

transfer phase of motion, especially during foot descent.

my.” -

\

ﬁ; In the computer simulation of this work, each leg of the ASV is

% simulated in software to be equipped wifh a proximity sensor, which is
;?, assumed to measure the distance from the foot-tip to the support surface
;ég in the direction of the gravity vector. While it may be true that most
!:S proximity sensors would not necessarily provide this kind of data, it
ii will be used in this work since the exact form of the data will vary

eé significantly with the physical sensor implemented. |

ﬁ: From the terrain database obtained through interactive generation of
e the prismatic terrain model as described in Section 3.2, it is known

;E that the plane equation of each rectangular surface is
S

> AX + BY + CZ + D = 0. (5.1)
:33 Let the foot position of leg i in the earth-fixed coordinate system be
%E EEFi= IXpi Yri Zr4]7, (5.2)
;f. and let a point which is a vertical projection of the foot-tip of leg i
gﬁ onto the rectangular plane along the -iE direction be
E; Epy, = [Xpi Ypi 2ZpilT. (5.3)

Then, by the assumption made on the direction of proximity sensing,

=
w
-."
.

Xpi = Xfi, (5.4)
Ypi = YFi, (5.5)

and, from Eq. (5.1),

Zpi = -(AXpy + BYpy + D)/C. (5.6)
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The output of each proximity sensor is the altitude of the foot of leg i

above the support surface, Fpj, and is given by
Fai = Zr§ - Zpj. (5.7)

Figure 5.1 illustrates the method for simulating each proximity sensor.

5.3 Body Motion Planning

Body motion planning algorithms specify the position and orientation
of the vehicle body which varies according to the operator's velocity
commands and the terrain conditions. Many of the algorithms developed
in past work have been applicable for the case of flat level terrain [8]
and, 2-D planar techniques were applied.

In this section, development of the algorithms is broken into three
parts. First, the technique used to estimate the local terrain surface
is presented. Second, the coordinate systems used to specify the motion
of the body in three dimensions are defined. Finally, the body
regulation plan to automatically control the altitude and attitude is

described.

5.3.1 Estimation of the Support Plane

In [12], the number of points of estimation is limited to the number
of legs which are presently in contact with the ground. For the hexapod
vehicle, thus, the number of legs in the support phase is between three
and six during locomotion, which often gives only a limited set of
present terrain information. However, through the use of the proximity
sensors, the number of points of estimation becomes equal to the total

number of legs of the vehicle.
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There are two cases to be considered to obtain the six points of
estimation for a hexapod vehicle. The first case is for the legs in the
support phase. In fhis case the present support points of each leg may
be directly used in estimation. The second case is for the legs in the
transfer phase. The transfer trajectory is divided into three
subphases: 1ift-off, transfer forward, and placement, which will be
discussed in detail in Section 5.4. When a leg is in the placement
subphase, the leg proximity sensor detects its approximate touchdown
point on the ground. This touchdown point is used in the estimation.

It may be noted that this scheme may increase terrain adaptability by
controlling the body altitude and attitude before the leg steps onto the
ground. When the transfer leg is in other than the placement subphase,
its last support point is used for estimation. Figure 5.2 illustrates
the above scheme.

The use of six points for estimation is not completely arbitrary and
some further comments may serve to explain this choice. As proposed in
[12], the number of points of estimation may be more than six by
including the support points of previous locomotion cycles. However,
the adaptability problem is confined to the local terrain conditions in
which the vehicle is presently traversing. In other words, after the
vehicle has already passed over a certain point of the terrain, the
terrain information around that point is only marginally useful for the
present vehiclg motion. Instead, the terrain information ahead of the

vehicle is more useful. That is why the vision system [26] which

"‘-.‘.'-'."1 T

Eé provides terrain preview is essential for operational modes other than
AP
ﬁfi Close Maneuvering. Since terrain preview is not provided in the Close

o Maneuvering Mode, terrain information may be obtained from the support
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> g
;;3 points and the estimated touchdown points as measured by the proximity g
tﬂk sensors. .
;; The estimation technique employed is that of linear regression as ﬁ
;E described in [3]. The only change made in the equations given in [3] is E.
Bl that the number of points of estimation is fixed to six as previously f
described. ‘3
sﬁ: The foot positions are usually expressed in the body coordinate t
ﬁﬁ system and may be transformed to earth coordinates through the o
22 homogeneous transformation given in Eq. (3.2). Using the appropriate ,}
§ support points or measured touchdown points, the estimated support plane ég
25 may be obtained in the earth-fixed coordinate system through linear §
‘:{; regression as b
1 AX +BY +CZ+D =0 (5.8) ;
bl where [A B CIT is a unit vector which points outward in the normal '
N direction from the plane. The estimated plane is situated at a distance 4?
;~ of -D along the normal vector from the origin of the earth-fixed ff
:ﬁ' coordinate system. i‘
o While the legs are in the support phase, the support points do not ;‘
Eé change with respect to the earth-fixed coordinate system. The support Ei
3 plane, thus, needs to be estimated only when at least one of the six Y

1egs begins the placement subphase at which time the proximity sensor

o e
A

can measure the touchdown point (next estimated support point).

v
-

i
B
Iy

24

5.3.2 Coordinate Systems

The body trajectory is determined not only by the operator's
velocity commands but also by the terrain conditions imposed on the
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motion of the body. In order to describe the body motion over uneven
terrain, it is useful to define three coordinate systems: the earth-
fixed coordinate system, the body-fixed coordinate system, and the
terrain coordinate system. The earth and body coordinate systems have
been defined in Chapter 3. In this subsection, the terrain coordinate
system and the homogeneous transformation matrices between the
coordinate systems are defined. '

Since only the local terrain conditions affect the vehicle motion
and are changing while the vehicle is moving, it is convenient to define
the terrain coordinate system, which characterizes the local terrain
conditions, as a moving frame with respect to the earth-fixed coordinate
system. Furthermore, the terrain coordinate system is defined with
respect to the estimated support plane discussed in the previous
section.

The origin of the terrain coordinate system (;T,;T-ET) is located
at the projection of the body center of gravity, along the gravity
vector (-iE direction), and the estimated support plane. The unit
vector, ET, is directed normal to the estimated support plane and its

components in the earth-fixed coordinate system are given by Eq. (5.8):
Ezr = [a B CIT. (5.9)

The unit vector, X1, is defined to be in the direction of the rotation

axis from 2z to z7; thus,

kxR
s ——= [
Izg X 27

03T, (5.10)

3|>»
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15 where m =/ AZ + B2, Finally, the unit vector, 97, is defined to give
‘.\ a right-hand set of unit vectors. With this definition of the terrain
'.‘-. PS
‘ﬁ: coordinate system, yr is always directed up the slope. Furthermore, the
'ﬁz slope angle is given as: ' '
P n = cosl(2g - 7). ‘ (5.11)
\!
'::' a " a ~ -
é;i If n = 0, then xy, yr, and 27 are forced to be parallel to xg, yg, and
- EE, respectively. The coordinate systems assigned are shown in Figure
;S 5.3. Note that the terrain coordinate system changes as the body moves
o .
o along its trajectory.
l The homogeneous transformation matrix H from body coordinates to ;
vﬁ; earth coordinates has been defined in Eqs. (3.2) and (3.3). Let the ';
n . b
t. homogeneous transformation matrix from the terrain coordinates to earth 25
coordinates be T. It has the following form:
N ' :-.
' r=| Tr |y (5.12)
) 0001 1 -
- '
X3 where T, is a 3X3 orientation matrix and EET is a 3X1 position vector g
e given as: f;
y' = T %
55& From the foregoing discussion concerning the definition of the :
\_ terrain coordinate system, it may be determined that Px and Py are :
. equal to the x and y components of the position vector EEH in H, $
b i
f} ' respectively. By substituting Px and Py into Eq. (5.8), P, is obtained . ;a
3 vl as \‘
o hY
‘::- Pz % - (Apx + pr + D) / C. (5-14) '4'.
-’ W'
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The components of the orientation matrix T, are determined by the
rotational relationship between the earth and terrain coordinate systems
as shown in Figure 5.4. The angle, a, between Xg and Xy is derived from

Eq. (5.10) such that
= pan-1( A
a = tan ( ‘B )o (5.15)

Then, Tp is obtained by successive rotations about the z and x axes
[36]:

Tpr = Rot{z,a)R0t(x,n) (5.16)
CO0Sa ~SinaCosSn singsim
=| sina C0SaCOSn  -COSaSim (5.17)
0 sim COoSn .

Let the homogeneous transformation matrix from the body coordinates

to terrain coordinates be G. Then G is simply given by
G =T-1H. (5.18)

The three coordinate systems and the three transformation matrices
defined in this section will be utilized to define the body and lég

trajectories in 3-D space as discussed in the following sections.

5.3.3 Body Regulation Plan

In previous work for the OSU Hexapod, automatic body regulation
algorithms have been developed to control the body attitude and altitude
to maintain the body level using force and fnertial sensors [11] or to
keep the body parallel to and at a constant height above the estimated
support plane using contact information from the force sensors [12]. An
algorithm to be presented in this section deals with a more general body
regulation plan in which the body is not always parallel to the
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: estimated plane and the body height is variable. In this way, this | 5
e algorithm may allow more flexibility in body attitude and altitude J
,,\‘» " control so that more adaptability to terrain irregularities can be

achieved.

The body velocity for full six-dgree-of-freedom motion consists of

ACTATNUN IRy

the translational velocity, v, and the rotational velocity, w, (with

components expressed in the body coordinate system):

v = [vg vy v 1T (5.19)
.‘,:;s and
o
o = lox oy 02dT, (5.20)
:E where vy is the longitudinal speed; vy is the lateral speed; vz is the
E-‘ vertical speed; wx is the roll rate; wy is pitch rate; wz is the yaw
.:'{:: rate. In the supervisory control scheme, vy, Vys and u, are provided by
< the human operator and v, wy, and wy are the velocity components to be
::E: actively controlled by the control software to achieve the desired body
j:-'-j attitude and altitude according to the body regulation plan.
. The coefficients in. the equation for the estimated support plane
:": (Eq. (5.8)) may be expressed as a row vector:
B
;3 Eg = [A B C DI. (5.21)
-Z-'?;.f Note that the coefficients are written with respect to the earth-fixed -
:l’: coordinate system. Then, E9 may be simply transformed into body
l coordinates [36] by postmultiplying by the appropriate homogeneous
’ I'; transform:
\" Bp=Es .- H=[a"B'C'DI (5.22)
N
oo
b0 86
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The components of the unit normal vector of the estimated support plane

in the body coordinate system are
Bzr = [A* B' C']. (5.23)

Note also that -D' is the distance from the center of gravity of the
body along Bz to the estimated support plane.
For body attitude control, it is necessary to define the desired

body angle, n_, which is measured from the EE axis on the plane formed

by the two ungt vectors EE and zr. The angle "p is positive for
counterclockwise rotation about the iT axis. Body altitude control is

. accomplished by changing the distance from the center of gravity to the
estimated support plane in the ET direction.

Figure 5.5 shows the body attitude and altitude regulation plan
adopted in this simulation work. The body attitude and altitude are
related to the slope ﬁngle n through piece-wise linear curves. The
quantities " and n, are the threshold angles of the slope and hg is the
nominal body height during locomotion over flat level terrain. The
quantities Mmax and hyijp are the body angle and height, respectively,
when the slope angle is larger than Ny A11 these values may be set by
the operator before the vehicle begins to move. The piece-wise linear

curves are expressed as:

.
N

fOr‘0<n<n1

XL R
K o ]
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for n, <n < nz (5.24)

for nz <n
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and
fho four-0<n<n1
ho - hmin
hp = ¢ -‘:;'jj:r-'(n -mny) +ho forn, <n<n, (5.25)
2 1
(. Mmin forn, <n .

This plan is designed to keep the "belly" of the vehicle down to the
ground to increase stability over sloped terrain and to incline the body
toward the slope to avoid the excessive tilting of the body as the slope
becomes stiffer. There are only two threshold angies, " and nys in
this plan. However, if desirable in future work, the number of the
threshold angles may be rather simply increased to more than two.

From the above regulation plan.'the desired unit normal vector of
the body plane, zp, is defined in Figure 5.5. Since zp 1ies on the
Zg-I7 plane, ED may be obtained by rotating 25 about iT by the angle "o
By using the formula of a rotation about an arbitrary axis given in [36]
along with Eq. (5.10), the components of ED in the earth coordinates are

obtained as:

Ezp = [ %sinnD -:-'-sinnD cosn T, (5.26)

For attitude control,'it is necessary to transform EED into body

coordinates and these are given as follows:
Bzp = He-1 E2p = [a b c]T. (5.27)

Then, the rotation axis from the unit normal vector of the present body
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;;;;‘_ plane, zg, to 2zp, as shown in Figure 5.6, is given by
L« ¢ ¢
by 28 X 2
B, B * 2
N k= ——— (5.28)
'.\":::: izg X zpl
L
N b a
. =a[ -2 £ T
C T 1 01 ‘ (5.29)
{
N =[ kg ky kz 1T, (5.30)
NYe
3:3
- where £ =/ a2 + b2, The rotation angle, v, is
e v = cos~l(zg - zp) = cos-1l(c). (5.31)
.(t: ‘
Therefore, attitude control may be done by rotating 23 about the
:‘ rotation axis k by y in an appropriate manner. For a physical system,
% it is not possible to move instantaneously by the angle y. In order to
v‘ .“.
achieve a smooth transition, the following control law, which gives an
& exponential response, is defined such that
33 '; = 'KA Y (5.32)
) : '
A where Ky is the inverse of the time constant for the motion . From
a Eqs. (5.30) and (5.32), the rotational vector y k may be decomposed into
.-I;$: two components in the body coordinate system:
. .
N v k=-Kpkey Xg - Kpky v Y8 (5.33)
Vo
N
:jﬁ: The x and y components may be related to the roll rate, wy, and the
',‘ pitch rate, wy, respectively, with the following result:
LY ’
$§s wx = -KA kx Y (5-3‘)
33 wy = Kp ky v (5.35)
b > '
T
Y
5
o
N %
MY
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For altitude control, the present body height, h, is obtained
from Eq. (5.22):

4 -
‘4-’

: " h=-D'. ' (5.36)

Also, the desired body height, hp, is given in Eq. (5.25). In the same

manner as above, the control law for altitude is defined as

vz = -Kpalhp - h). (5.37)

[ g V5 bl el i

Note that the above altitude control law is only valid under the

assumption that the angle between the body and the estimated support

MG L4 Bl LS,
R :

plane is small.

SUI "

The above discussion about the automatic body regulation algorithm
may be summarized in a flow chart. That is shown in Figure 5.7.

In real-time operation, the control program is executed in an

3 DAL DD

incremental time, aAt, which is called the computation cycle time. The
six body velocity components computed as above cause a differential
change in H by aAt. The differential change in H, dH, is defined as
follows [36]:

g di = H Wy, (5.38)

where Hy, which is called the differential translation and rotation

j transform, is given as:

- —

0 -5z Gy dx
Hy =| 82 O -6x dy
S ‘Cy Sx 0 dz

§ 00 0 o |,

(5.39)
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N
"

vz:at (5.40)

= wxAt

o
x
[

Gy = my’At

Gz g wz‘Ato
Thus, H is updated each computation cycle as
H<« H+ dH. (5.41)

However, Eq. (5.41) may not guarantee orthogonality of the orientation
part (H,) of the updated H matrix due to the differential change. In
order to orthogonalize the updated H matrix, the Gram-Schmit

orthogonalization process [39] was employed.

5.4 Leg Motion Planning

‘Leg motion planning algorithms are designed to generate the ‘foot
trajectory according to the change of the kinematic cycle phase and
to choose the desired foothold for the transfer leg. The change of
kinematic cycle phase and the foothold selection mainly depend on the
body velocity and the interaction of the support plane and constrained
working volumes for the legs. .

From Eq. (2.2), the kinematic cycle phase,'¢. may be updated every

computation cycle time, At, as follows:

PR P ‘:—tlm 1. (5.42)




Then the leg phase variable of leg i, is updated through use of

[
Eq. (2.6). The updated kinematic cycIeL;hase and leg phase variables
determine the the state of leg i, support phase or transfer phase, and
synchronize the leg stepping events in order to implement wave gaits.

In this simulation work, the proximity sensor is used to specify the
touchdown point of the transfer leg which is exactly the contact point
on the terrain surface. On real terrain, however, the touchdown point
measured by the proximity sensor may not actually be on the ground due
to measurement errors. To ensure foot contact, contact sensors (often
implemented by force sensors) should be used at the end of transfer
phase.

The following subsections discuss the problems related to foot
trajectory generation over uneven terrain in 3-D space. The reference
po;ition which is useful in selecting the foothold, is first defined to
be on the center line of the constrained working volume. The support
trajectory is then computed based on the foothold and body velocity.
Finally, the transfer trajectory is defined, again based on the foothold

and also the slope of the terrain.

5.4.1 Reference Position

In order to plan the trajectory of a supporting foot, a nominal foot
‘position, near the center of the constrained working volume through
which the foot trajectory is predicted to pass, is deftned. This point
is called the reference position. The reference position is also used
to determine the desired foothold and this will be discussed in Sectioﬁ
5.4.3.1.
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For locomotion over flat level terrain with the body parallel to the

[ At b e W I P

support plane, the reference position is chosen to be located at the
center of the constrained working volume, a point which is on the

support plane as shown in Figure 5.8a. In this case, the nominal body

«
.'. Al
X
LY
3!
A
ﬁ

height, hg, is equal to the z-component of the center of the constrained
working volume, Zci, in body coordinates. By planning the support
trajectory to pass through the center of the constrained working volume,

each leg may more fully utilize its constrained working volume while in

the support phase.

For locomotion over sloped terrain as shown in Figure 5.8b, the body
may not always be parallel to the support plane. Also, the center of
the constrained working volume may not be located on the support plane.
Therefore, in order to include the more general case for locomotion over
uneven terrain, the reference position of a leg is defined as a point
inside its constrained working volume which is at the intersection of
the estimated support plane and the "vertical"” line which passes through
the center of the constrained working volume in the 2zg direction.

The reference position for a leg, R, as shown in Figure 5.9 may be
computed in the following manner. The point C denotes the center of the
constrained working volume, and R is at the intersection of the center

line and the estimated support plane. Let the position vector of C in

L body coordinates, Qgc. be

R Bp. = Dx¢ Y¢ Z¢IT. (5.43)
o= |

E@i The quantities Xc, Yc, and Z¢ are given in Section 4.2. Also, let the
Eﬁs position vector of R in body coordinates, QER' be

-"S .

ﬁ- BBR = [Xp Yp ZR1T. (5.44)
oo
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~ Thus, by substituting Eqs. (5.45) and (5.46) into Eq. (5.47), Zp is

From the foregoing discussion concerning the definition of the reference

position, Xg and Yp are given as follows:

Xp = X¢ (5.45)
YR = Y¢ . (5.46)

From Eq. (5.22), the equation for the estimated support plane in body

coordinates is

A'X+B'Y+C'Z+D'=0. (5.47)

obtained as

Zp = -(A'Xg + B'YR +D')/C'. (5.48)

5.4.2 Support Phase

In the support phase, the basic problem is to determine the updated
values of the positions and rates of each supporting foot in the
body-fixed coordinate system as the body moves through the desired
trajectory. Since the foot positions in earth coordinates are assumed
to be constant during the support phase, these known values may be
transformed to body coordinates through the continuously updated H

matrix as given in [12]:

— =y p— L
BXr 1 Exr 1 :
BBFi =| Bygy | = H-1] Evgy (5.4?) "
BZg Ezes| - pas
The approach to determining the foot rates is different from that in S;E
[12]). Using Eqs. (5.19) and (5.20), by elementary physics, the foot
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A
velocity of leg i relative to the body motion, vi, is given by -
vi=-v - o X Bp_ (5.50) %
In matrix form, Eq. (5.50) is fg
ol [ 7 B 7] _J
XF Vx ~wzYFi + wylFi '
Yei] = = vyl - | w2XFi - wxZFi (5.51)
z v Xpi + wyY .
L Fi_ i3 L‘Wy Fi ¥ wx Fi_

5.4.3 Transfer Phase

| In the transfer phase, the problems to be addressed include those of
foothold selection and the determination of the positions and rates of
the foot of leg. The transfer trajectory is defined based on the
foothold and terrain variations, using the transfer phase variable of

each leg, 415 which has been defined in Section 2.2.2.

5.4.3.1 Desired Foothold -

The desired foothold of a transfer leg is selected at a point on the
surface of the constrained working volume such that its support
trajectory is predicted to pass through the foot reference position.

For computational purposes, it is assumed that the foot velocity for the
support trajectory would be equal to the foot velocity at the reference
position for the present body velocity.

While the reference position is valuable in selecting a foothold as
well as defining the support trajectory, it should be noted that the
actual support trajectory may not pass through the reference position.
This results because of changes in the body velocity from that used in
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E? computing the foothold. Also, even with constant body velocity, the :
3\' trajectory will usually not be a straight line as assumed. Figure 5.10 :
iﬂ illustrates the above in 3-D space. ' ;J
\ In general, for constant body velocity, the actual support ;-
f » trajectory will be an arc of a circle as showr in Figure 5.10. In this 5:
i4 work, the desired foothold, which is the intersection point of the foot ﬁ
Eg trajectory with the constrained working volume, is computed by ;5
ﬁ: approximating the circular foot trajectory with a straight line. This ;
Py will simplify the computation considerably. i‘
§§ The desired foothold is computed as follows. First, by using Egs. é‘
-é (5.44) and (5.51), the predicted foot velocity, Yoo at the reference g
e position with the present body velocity is obtained: ;,
-~ -
- vy = Dig Yp Zg1T. (5.52) #
2 Then by taking a point, Pg, outside the constrained working volume in :
\_g the f!R direction and connecting it to the reference position, Pp, with ;;
‘ij a straight line, there is an intersection point, Pjut, on the edge of &;
Yf the constrained working volume as shown in Figure 5.11a. The components i
'5; (Xo,Y0,Zg) and (Xjnt,Yint.Zint) denote the position of Py and Pipe, Y
> respectively, in body coordinates. E;
= To simplify the computation, Pja¢ is first computed in the Xg-Yg »
:. plane. For example, Pjp¢ as shown in Figure 5.11b is given by 1
b Y2 - Yo 3
- Xint = ¥o + -y R - Xo) (5.53) 5
2 Yint = Y2. (5.54) . 5
e 1y
e In the same manner, the intersection points for segments crossing *i

DR 1
Cadalal SV S SN

>
A L A_a

other edges may be computed. This method is employed in computer

.
4, 8% 2,
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‘ graphics for clipping algorithms [39].
L3 The values for Xjnt and Yijpe given by Eqs. (5.53) and (5.54) may not ‘
. be correct, because they are obtained only in the Xg-Yg plane. In other .
\3;' words, they may be outside the constrained working volume in the EB E
!r;_ direction. In order to check this, tﬁe time, tj, to go from PR to Pipe :
) '

using Xjn¢ and Yipt of Eqs. (5.53) and (5.54) is computed as follows:

AP
P i T

Xint - Xg|  [Yint - TR
" t] = - I = l : (5.55)
. Xp YR . _
» :
2: Also, the time, tz, to go from Pp to the edge of the constrained working {
‘1; volume in the 23 direction needs to be computed. The time tp is obtained .
from the z-dimension of the constrained working volume and is given as:
Z;':;Z .
_:;:;E Zmax = IR .
L - for Zg > 0 §
Zp 3
2 tp = ¢ (5.56) .
L o
2 Imin - I . 3
-3 - for Zp < O X
) IR . ~
) " !
o where Zgax * Zcj + dzi/2 and Zgip = Igj - dzi/2 which are defined in i
-.‘:f i
s Section 4.2. Thus, if t] < t2, X{pt and Yijpt given by Eqs. (5.53) and 3
< (5.54) are correct and Zjpg is simply ;
25 : "
Sg Zint = IR - Ip-ti. "(5.57)
¢-$ Ul
gt . If t] > t2, then z
Xint = X - Xp°t2 A
Zint = I - Ip°t2
b
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Thus, the the components of the desired foothold of leg i, 3201, are:

BRy; = Xint Yint ZinglT ‘ (5.59)
and, in earth coordinates,

5.4.3.2 Foot Transfer Trajectory

The transfer trajectory is divided into three subphases: 1ift-off,
transfer forward and placement. The trajectories for 1ift-off and
placement may be generated by moving the foot straight up or down along
the gravity vector from the 1ift-off point or to the desired foothold.
Let the values of 15 at the end of the 1ift-off subphase and at the
beginning of the placement subphase be °L and ¢ps respectively, which
are defined as constants. Then, the subphase to which leg i belongs is

determined as follows:

0 <gpy <o leg 1 in lift-off (5.61)
o < g S 0p leg 1 in transfer forward *(5.62)
op <opy <1 leg 1 in placement. (5.63)

During the 1ift-off subphase, the total time left, Tp i, until the
foot reaches the foot 1ift height, hg, which is preset to be a constant,

is
TELY = (¢L - OT'I)TR’ (5.64)

where t, = (1 - g)r, which is the total transfer time. In the same

R
manner, the time left to the end of the transfer forward subphase, TfTj,
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and the time left until foot placement during the placement subphase,

Trpj, are obtained as follows:

TFTi = ( ¢T1)t (5.65)
TFPi = ( = bpydpe (5.66)

When leg 1 begins a new subphase, the foot position at the end of
each subphase, gEEi’ is computed as described in the following
paragraphs. The movement from the present foot position to the end
point is made to be linear over time in the earth-fixed coordinate
system during each subphase. The following vector equation may be
applied to all three subphases to update the foot position over an

increment of time, At:

Ep «E Ep_. - E
Pey * Bey t (FPgy BF,!)At/Tis (5.67)

where T4 1s one of TgLi, TFTi, and Tgpy.
The end points of each subphase are computed in the following way.
Let the foot position of leg i when o1i = 0 be
.EETi = [Xri Yri Z1dT. (5.68)

Then, from Eq. (5.68), the end point for the lift-off subphase is

E_gﬁ =[Xry  Yri Zrq + el (5.69)
Let the desired foothold obtained from Eq. (5.60) be

Epyy = DXoi Yoi Zp4dT,

then the end point for the transfer forward subphase is

EBH =[Xpi  Ypy  Zpg + heIT.
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However, in order to avoid foot contact with rough terrain during the

transfer forward subphase, the proximity sensor is used to keep the foot
altitude to be hg above the terrain in the EE direction. Therefore, the
x and y components of ;EFi’ Xpj and Ygi, may be updated using

Eqs. (5.67) and (5.71), but the z component, Zgi, is updated using foot
altitude information given by Eq. (5.7) as follows:

Ipqy + Zpj + (b - Fag). ' (5.72)

During the placement subphase, the end point is measured by the

proximity sensor and it is given by Eq. (5.3):

ﬁ%is Do+ (5.73)

From Eq. (5.67), the foot velocity in earth coordinates is

Evy = (EEEi - Ep.,) / Ty | (5.74)

For the transfer forward subphase, the x and y components of Evj, ipi
and ?F1, are obtained from Eq. (5.74), but the z component, ipi, is
computed from Eq. (5.72) as

Zri = (hg - Faj) / at. (5.75)

The position and velocity vectors may be transformed into body

coordinates as follows:
8 s §-1 E
ey H Py (5.76)
Bvsy = Ho-l Evy . (5.77)

Figure 5.12 shows the transfer trajectory generated according to the '

algorithm as discussed above.
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;13 5.5 Adjustment of the Constrained Working Volume
B,
. The constrained working volume for each leg as discussed in Section
v 4.2, may be changed somewhat by changing its position and dimensions
fi inside the original working volume. This flexibility may be utilized to
;’ increase the stability of the vehicle for locomotion over uneven
§§ terrain. Two schemes to increase stability are discussed in the
'3 following paragraphs.
3 In wave gaits for a hexapod vehicle, it may be observed that the
R stability margin mainly depends on the foot positions of the middle legs
125 for straight-l1ine locomotion, especially in the case of the tripod gait.
‘R
o This observation leads to a scheme to adjust the position of the
oy constrained working volume of the middle legs when walking over sloped
he o .
ba terrain.
ET' For example, Figure 5.13 shows the change of the stability margin by
, moving the position of the constrained working volume of the middie leg,
N
_zf for straight-line locomotion with the tripod gait over sloped terrain.
fav In Figure 5.13a, the cross sections of each constrained working volume
;). with the slope are expressed as KE'for the front leg, CD for the middle
ﬁ_ leg, and EF for the rear leg. Also, Figure 5.13b shows the vehicle on
. —_
5&1 the Xg-Yg plane and the stability margin MK before changing the position
s E-'E
' of CD. If CD is moved down the slope to C'D', then the stability margin
,:ﬁ is MK' as shown in Figure 5.13b. Note that the length of M is greater
* o——
. " than that of XK.
'8 Though the above discussion is specific to straight-line locomotion
' for the tripod gait over simple sloped terrain, it is also applicable to
. arbitrary motion of the vehicle for other gaits over uneven terrain.
%
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4 ;
;ﬁ; Thus, the position of the constrained working volume of a middle leg may -
Q?’ be dynamically changed according to the local terrain slope to increase’
v .
:i: stability. The position change is made in the xg direction only, since
Eﬁi the magnitude of the y position of each constrained working volume may
‘j; be simply set to a maximum in order to increase the stability margin.
; 4 As shown in Figure 5.14, the points C and R are the center and the
] .
eii reference position of the constrained working volume for a middle leg,
*:; respectively, before adjustment. Point N is the projection of C onto
i ; the Xg-Yg plane in the zg direction. The points C' and R' are the new
72; center and the new reference position, respectively, after adjustment
o
4& such that N' is the projection of N along the gravity vector onto the
¥ estimated support plane. Let the position vector of C of middle leg 1,
Ll
%ﬁ: which is given in Section 4.2, be
+
i Bp, = [xci Yoi ZcidTe (5.78)
"ﬁﬁ Then, the position vector of N in body coordinates is
A '
tiﬁ and, in earth coordinates, it is
e
o0 Ep, = H Bp, =[xy vy zyIT. (5.80)
i
[) Let the position vector of N' in earth coordinates be
;’ : "-gN. = [Xy' Yy Iyt 5 (5.81)
o
#ﬁ; From Eqs. (5.80) and (5.81),
|
o XN' = X (5.82)
oo
Ez:;
""u'
f...
(A
biq:{
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Yn' = YN (5.83)

From Eq. (5.8),
Iyt = -( AXy' + BYN' + D) / C.
Thus, in body coordinates, the position vector of N' is
B =N-1 E = T
By = H By [a b c]T, (5.85)

and the new center is obtained by replacing the x component of QEC of
Eq. (5.78) ‘with that of BBN' of Eq. (5.85):

Bp.. = [a Yei ZcilT. (5.86)

The corresponding reference position R' is determined by Eqs. (5.43)
through (5.48).

An observation has been made in Section 4.2 that the stability of
vehicle motion increases by moving the soft l1imits imposed by the
constrained working volumes further away from the center of gravity. In
other words, stability may increase by changing the reference position
to be further away from the center of gravity. However, since the
position of the constrained working volume for each leg is defined to be
located at the corner of its working volume as mentioned in Section 4.2,
the only way to change the reference position is to reduce the size of
the constrained working volume. '

If the body speed is slow, the leg does not need the large
constrained working volume since the support trajectory for a given
support period may be short. Thus, for slower speeds, the size of the
constrained working volume may be made smaller, which in turn causes the

reference position to move further away from the center of gravity.
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This approach may increase stability considerably, especially for
locomotion over terrain with a stiff siope, because the body velocity is’

usually commanded to be very slow in this case.

The change of dimensions of the constrained working volume of a leg 8¢
should be made while the leg is in the transfer phase. As mentioned in ;:
Section 5.4, the desired foothold of the transfer leg is specified to be ij
on the boundary of the constrained working volume such that its %;
predicted support trajectory passés through the center of its 53
constrained working volume. If the dimensions are changed after the E$‘
desired foothold is chosen, it is possible for the support point of the gsi
leg, while in the support phase, to go outside the constrained working &ﬁ
volume due to body velocity changes. This complicates the algorithm for 3
determining the optimal period as discussed in Chapter 4, and should be Ei
avoided. yé

The change of the constrained working volume is made on the x and y ?'
dimensions only, since the z component of the foot velocity is $'
relatively small compared to the x and y components during normal Ufg
operation of the vehicle. Thus, for simplicity, dxj -nd dyj of the =
constrained working volume of leg i are set to vary linearly, between :
minimum and maximum values, with the predicted foot velocity given by E
Eq. (5.52). The equations for the change of dyj and dyj are given as -
follows: : : E

N

(dxmax - dxmin) Sﬁ

dxi = dxmin * (Vamax = Vonin) (IXRl = Vxmin) (5.87) é:

(dymax - dymin) . \Z.

dyi = dymin * ymax = Vymin) (IYRl = vymin), (5.88) 3\

115 N

A

b? N\
LA BTN A WSata YO NReheon et LSO CECR AR 8 A T A I t.u§§



Al

qqﬁ.\—'g

h’ 3 :-,..".'

&

- " A R
L "n"s "a.,u "- "‘:' i n‘:l"':’ ‘l". y" : '-‘t \.

;.’D LI WS '_-

el &L

A

Ve J SN TN S T TN RN
v P

PRI ES Ay

where dymin, dxmax. dymin, dymaxs Vxmins Yxmaxs Vymin, and Vymax are
constants.

It is possible to obtain minimum allowable values for dyj and dyj
for straight-line locomotion over flat leve) terrain in order to avoid
vehicle slow-down (see Section 4.4). These values are a function of the
body velocity, and the theoretical curves obtained in the following
analysis will aid in setting reasonable values for dymin, dxmax> dymin,
etc. For example, when the vehicle moves with the constant speed vy in
the iB direction only and wave gaits are used, then the following

equations hold [8]:

A= TVx o, - (5.89)

dxi = 8 , (5.90)
and

TR = (1 - B)T . (5.91)

However, as discussed in Section 4.4, in order to avoid slow-down, the

transfer time should be greater than the transfer time threshold:

> T, (5.92)

TR 7 TRth

From Eqs. (5.89) through (5.92), values for dyj which avoid slow-down
may be computed:

dxj > (5.93)

B8
1-8 “Rth VX °

The results for dyj are similar for pure lateral motion. Figure 5.15
gives a graph of the minimum allowable values for dyj as a function of

v for three different values of g when TRth - 0.5 sec.
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5.6 Summary

Algorithms developed for motion planning over uneven terrain, which
allow implementation of the Close Maneuvering Mode of operation for the
ASY, were presented in this chapter. These algorithms make use of
proximity sensors for each leg and these were also described in detail.
Since in this simulation work the actual foothold on the terrain is
exactly measured by proximity sensors, there is no distinction between
these and contact sensors. However, for the vehicle itself, contact
sensors shoud be used to ensure foot contact. The proximity sensors
provide local terrain information before the legs touch the ground.
This enables the vehicle to adapt to terrain irregularities by making
soft-contact on the terrain surface. '

The estimation algorithm for the support plane has been developed in
order to make use of proximity sensors for each leg by defining the
rectangular transfer trajectory. The plane of support is estimated by
using the support points and the predicted footholds through linear
regression. Due to the limited number of estimation points, sometimes,
the estimation may result in large error, especially in the region where
the slope changes abruptly. If it is assumed that the vehicle speed is
relatively slow and the terrain is relatively smooth in the Close
Maneuvering Mode, the estimation error may not cause any trouble to the
vehicle motion.

In order to describe the body motion over uneven terrain, three
coordihate systems have been defined: the earth-fixed coordinate
system, the body-fixed coordinate iystem. and the terrain coordinate
system. The terrain cooc~dinate system has been defined as a moving
frame with respect to the earth-fixed coordinate system, which

characterizes the local terrain conditions.
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;ig Using the three coordinate systems, the automatic body attitude and
F:; altitude control scheme has been presented in a mathematically
ft: ‘ straightforward manner according to a simple body regulation plan. The
;* body regulation plan has been designed in such a way that the body
\ attitude and altitude can be related to the slope angle through
i#ﬁ piece-wise linear curves and the desired unit normal vector of the body
?iz plane lies bet;een the gravity vector and the normal vector of the
5 estimated support plane.
- The support and transfer trajectories for the foot of the leg have
g% been defined. Especially, the transfer trajectory is generated by using
3; the proximity sensor in order to avoid foot contact with the terrain.
The intersection point of the estimated support plane with the center '
5ﬁ; line of the constrained working volume of each leg has been chosen as a
?gf reference position to select its desired foothold, while in the transfer
phase. The desired foothold is selected at a point on the surface of
,53 the constrained working volume by approximating the circular foot
‘§§ trajectory during the support phase with a straight line. This
V; approximation results in simple computation. . .
Ez Finally, in order to increase the stability margin over uneven
ié% terrain, two schemes have been presented: one is for the change of the
3 position of the constrained working volume for each of the middle legs
EE and the other is for the change of dimensions of the constrained working
}; . volume for each of all legs. The position of the constrained working
‘;E volume of the middie leg is changed in the ig direction only toward the
o gravity vector, while in the transfer phase. The size of the
‘%% constrained working volume is adjusted according to the predicted foot
Y velocity during the transfer phase without causing the vehicle to
‘:; unnecessarily slow down. These schemes result from the flexibility in
;EE 119
3
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changing the position and dimensions of the constrained working volume

and enhance the stability of the vehicle for locomotion over uneven

terrain.




Chapter 6
CONTROL SOFTWARE

6.1 Introduction

Recently, a control software architecture for the Hexapod vehicle
- has been proposed by Orin and Pugh [41], in which the control program is
partitioned into functional blocks, or subtasks, for the multicomputer
system. Since communication between the blocks is still under ‘
investigation, the software structure of the control program for the ASY
developed in this work was based on the previous control programs for
the 0SU Hexapod [11,12] and modularized into the several routines. Each
routine consists of several subroutines which will be discussed in
Section 6.2.

In Section 6.3, evaluation of the control algorithms developed in
Chapter 5 will be presented. Goodness of the algorithms is measured by
the stability margin when the vehicle moves forward over sloped

terrain.

6.2 Software Organization

There are six functional blocks defined in this simulation software
as shown in Figure 6.1 with slight modification of the control task
partitioning of the OSU Hexapod contol program version 3.0 given in
[11].
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23 The servo control functional block which is essential to control the
23 vehicle at the servomechanism level is replaced by the Vehicle
bY Simulation block.
’& ‘ Figure 6.2 shows the structured flow chart [42] for the control
.E software for the ASV in which the solid lines indicate the subroutine
calls and the dashed arrows indicate file transfer between two modules.
~ For example, module BODY invokes module LEGCORD and LEGCORD is
E: subordinate to BODY. Each module in Figure 6.2 represents the actual

routine implemented and corresponds to each functional block. The

Terrain Simulation block consists of two independent modules which pass

SN

the database for the prismatic terrain model and the viewing angle to

the control software. The software 1§ ifmplemented in PASCAL except the

25 interface routines for the graphics device and the joystick on the
7
- PDP-11/70 minicomputer.
o 6.2.1 Man-Machine Interface
N
_E The Man-Machine Interface block provides the interface between the
: human operator and the control program for the interactive change of the
"; related parameters for the vehicle motion using the keyboard and for the
R velocity commands through a three-axis joystick. Before starting to
éJ move the vehicle, the operator can interactively change the duty factor
;:: for the desired wave gaits, the maximum height of footlift for the foot
o
:: transfer trajectory and then enter a command to initialize the vehicle
N position through the keyboard.

' When the initialization is finished, another keyboard command is
3; entered to start motion. After that, the vehicle motion is directed by
=
-
l
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the joystick velocity commands until a keyboard command which is for the
vehicle to halt is entered. Figure 6.3 depicts the exact relationship
between the three components of the body velocity and the axes of the
joystick [8]. . |

6.2.2 Body Set-Point Generation

This block generates body position and velocity set-points for the
six-degree-of-freedom body motion based on the velocity commands from
the Man-Machine Interface block according to the automatic body
regulation plan in coorperation with the terrain information from the
Terrain Estimation block. A1l the six velocity components are filtered
to get the reaiizab1e values to the vehicle system. The body velocity
set-points are passed to the Leg Coordination block in order to compute
the optimal period which is used to determine whether the vehicle needs
to slow down. 1f it is necessary to slow down the vehicle speed, each
of the three velocity components: vy, vy and w,, is reduced by the
amount of the slowdown factor which is passed from the Leg Coordination
block.

The body position is updated by the three body translational
velocity components, and the body orientation is defined by the three
body rotational velocity components. The updated information of the
body position and orientation is stored in the homogeneous transforma-

tion matrix, H. Figure 6.4 shows the flow chart for this block.

6.2.3 Leg Coordination

The change of the size of the constrained working volume is also
made in this block according to the predicted foot velocity of the leg
while in the transfer phase. Then, the optimal period is computed using
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the new constrained working volume. If the optimal period obtained is
too short to properly coordinate the leg stepping sequence, the
deceleration plan is invoked to compute the slowdown factor which is
passed to the Body Set-Point Generation block. Also, the transfer time
is set to the transfer time threshold and the new period for slowdown
is computed.

This block updates the kinematic cycle phase variable, ¢, for each
execution cycle of the program according to the period, r, to determine
the periodic leg stepping sequence. By using the updated value of ¢,

the leg phase variable, » Of leg i is defined. Then the leg phase

b, .
Li
variables are passed to the Foot Trajectory Generation block.

Figure 6.5 shows the flow chart for this block.

6.2.4 Foot Trajectory Planning

The leg phase variable passed from the Leg Coordination block
specifies the state of leg i: support phase or transfer phase. When
leg i is in the support phase, the support trajectory is generated to
move the vehicle according to the body velocity and position defined in
the Body Set-Point Generation block. When leg i is in the transfer

phase, the transfer phase variable, is computed to determine which

L J
Ti
subphase leg i belongs to, and to generate the appropriate foot

trajectory for the corresponding subphase. Figure 6.6 shows the flow

chart for this block.

6.2.5 Terrain Estimation
This block estimates the local terrain surface as a 2-D plane using

six points of estimation passed from the Foot Trajectory Planning block
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through linear regression. The three coefficients o€ the plane equation
are defined as the components of Eir of the terrain coordinate system.
Then the homogeneous transformation matrices, T and G, are computed.

Figure 6.7 shows the flow chart for this block.

6.2.6 Vehicle/Terrain Simulation

There are two independent modules developed for interactive
generation of the prismatic terrain models. As shown in Figure 6.8, in
the terrain profile generation routine (TERPRF), the terrain profile 1s
Then
the terrain profile (TR.DAT), which is defined in the Xg-Zg plane, is

passed to the terrain display routine (TERDIS).

interactively generated on the display screen using the joystick.

The display routine is
responsible for generating the 3-D terrain database defined as "P1anes"
and a homogeneous viewing transformation matrix defined as “EyeSpace”
for the perspective view of the prismatic terrain by using the joystick.
The database for the prismatic terrain (PLANES.DAT) and that for the
viewing angle (EYESPACE.DAT) are passed to the control program.

The vehicle i1s drawn as a stick figure. Upon receiving the desired
body and foot positions from the motion planning block, the perspective
view of the ASV is displayed on the prismatic terrain according to
the viewing transformation matrix. In addition, software implementation
for contact and proximity sensors is also included in the Vehicle
Simulation block using the prismatic terrain database.

The object description data files for the display of the terrain and
vehicle models are defined in the format described in [43]. In this
format, a solid object is defined as a set of adjoining polygons. Since

neighboring polygons share vertices along common edges, objects can be
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‘1 TR.DAT Define coordinate
I (X4,2%) : transformation
I ‘ matrices, G and T

TERDIS |
)
| PLANES.DAT _

I EYESPACE.DAT

L Figure 6.7. Flow Chart
' ‘ for TEREST.
ASVMAIN

Type OnePlane = record
UnitNormal: Vector;
Dist: real;
Xmin, Xmax: real;
end;

var Planes: array{1..50] of OnePlane;
EyeSpace: array(l..4,1..4] of real;

Figure 6.8. Database for Terrain and
Viewing Angle.
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more compactly defined by first 1isting all the vertices belonging to
the object and then listing polygons by the numbers of the vertices they-’

use.

6.3 EQaluation of Control Algorithms

The control algorithms for locomotion over uneven terrain developed
in this simulation work are composed of three different algorithms:

1) Algorithm for body altitude control,

2) Algorithm for the position change of the constrained working

volume of the middle leg,

3) Algorithm for the change of the size of the constrained working

volume. |
As discussed in Chapter 5, each algorithm provides more stability for
the vehicle motion than that for the vehicle motion without it. Thus it
may increase adaptability of the vehicle to terrain irregularities.’

To evaluate the performance of each algorithm, it was desired to
decide the type of the terrain model and the vehicle motion for purposes
of comparison. Since the motion planning of the vehicle is based on the
estimated plane of support which may be regarded as a simple slope, it
was reasonable to choose a sloped terrain model. Also, for simplicity,
the vehicle motion was limited to the forward motion only with the crab
angle zero, and the body was kept paraliel to the slope.

In this test, thirty different slopes from 0 to 30 degrees were used
for the terrain models. The length of each slope in the direction of
the forward motion was 40 ft and the stability margin of the vehicle

motion over each slope was chosen as the smallest one while the vehicle

was moving 10 ft long up the slope.

133

X

o]

PG RO A T AR P R T 1&\;\3nSiE\i32ikmx3.mIﬁ2EﬁS&Jbua5kl3.iixiS2SEHﬁE2iﬁﬁ2ﬁﬁﬁiﬂﬂhﬂﬁﬂﬁiﬂiﬂiﬂﬂﬂiﬁﬁﬁﬁﬁiﬂﬂt



134

;fﬁ. TRy LI LR SLLA CRE 3 P AL A L PO A LAt g ) R At At i At SN Q‘
\d Kl
@ ,
2 %
: Each algorithm was tested independently. When one algorithm was E;
tested, the other two were not implemented in the test program. The T_
position of the constrained working volume was defined in the same fi
way as shoﬁn in Figure 4.2, unless otherwise stated. &?
For the evaluation of the first algorithm, the positions and ;{
dimensions of the constrained working volumes of the six legs were fixed w
such as dxj = 2.8 ft, dyj = 2.0 ft, and d;j = 2.8 ft. The forward EE
velocity was fixed to 1.5 ft/sec. The test was done for three different ;**
values of the body height, which were 4.5 ft, 5.0 ft, and 5.5 ft, for ;ﬁ,
each of three different duty factors: 1/2, 2/3, and 5/6. Figure 6.9 \{
shows the results of this test. It clearly shows that the stability é;
margin for the given slope angle increases when the body height . .
decreases for each duty factor. %3
The test of the second algorithm was performed under same conditions LJ
as given for that of the first algorithm except that the body height :
was fixed to 5.4 ft. For purpose of comparison, the stability margins g%‘
were also computed for the case that no position changes of the F"
constrained working volumes of the middle legs were made. As done in %i
the test of the first algorithm, the test resylts were obtained for :f
three different duty factors. Figure 6.10 shows that the second :§
algorithm resulted in the drastic increase in the stability margin for '
the given slope angle compared to the case of no position changes made E:i
in the constrained working volumes of the middle legs. E§
For the test of the third algorithm, the body height was fixed gﬁ
to 5.4 ft above the siope, and the body velocity was chosen to be éﬁ‘
0.5 ft/sec. The x and y dimensions of the constrained working volumes 4
of the six legs were computed from Eqs. (5.85) and (5.86), where TS
;g
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P
.t.
25 Vxmax = Vymax = 20 ft/SeC, Vxmin = Vymin = 0.25 ft/sec, dymax = 3.0 ft,
2 dymax = 2.2 ft, and dypin = dymin = 0.25 ft. The resulting dimensions
. were dyj = 0.65 ft and dyj = 0.53 ft. The stability margins obtained by
ig employing the third algorithm is compared to those of the case when the
N dimensions of the constrained working volumes of the six legs were fixed
t;ﬂ to be dyj = 2.8 ft and dy = 2.0 ft. Figure 6.11 shows the result when
Eé the duty factor is 2/3. The result indicates the better stability of
}EI the vehicle motion as expected.
. From the results obtained by the above three tests, it is expected
Iéé that the better result may be obtained, if all the algorithms for
Ej stabillity enhancement are functioning. Figure 6.12 shows the result
» obtained when the overall control algorithms developed in this work was
:S applied to the same terrain as used in the above tests with the constant
;; forward velocity 1.5 ft/sec, and Table 6.1 shows the actual parameters
A used in the control algoritims. Compared to the results of the above
;E; three tests, the result given in Figure 6.12 shows the consid?rable
‘Eg increase in stability, especially, for the large slope. It is also
r:‘ noted that the stability margin increases very significantly when g=1/2.
,:i This may indicate that the algorithms for the change of dimensions of
‘t; the constrained working volume are more effective for the small values
.:J of g8 than for the large ones.
ng 6.4 Summary
-
oA In this chapter, a brief description about the software to implement
f: the control algorithms and interactive generation of the terrain models jﬁ
;; developed in this simulation work was presented. Also, evaluation of Eé
~ )

the performance of the control algorithms was discussed through software

-

simul ation.
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\ TABLE 6.1

; ACTUAL PARAMETERS USED IN CONTROL ALGORITHMS FOR THE ASV

(1) Size of the constrained working volume

Vxmax | Yymax | Vxmin | Vymin| 9xmax | dymax | dxmin | dymin
d g=5/6 | 1.25 | 1.25 | 0.25 |[0.25 | 3.0 2.2 0.75 |0.75
g=2/3 | 2.0 2.0 0.25 ]0.25 | 3.0 2.2 0.25 (0.25

. : g=1/2 | 3.0 3.0 0.25 }0.25 | 2.0 2.2 0.25 |0.25

Units for vymax, Vymaxs Vxmin» and Vymip are ft/sec.
W Units for dxmax, dymax. dxmin, and dymi“ are fto
B (2) Center position of the constrained working volume
> ' X + 3.0 - dyi/2 for i=1,2
)
ﬂ: Xci =y Xqi - 3.0 + dy4/2 for 125,6
3 X1 for 123,4
. {:vHi +2.2 - dy/2 for i=1,3,5
“ Yei =
A Yui - 2.2 + dyy/2 for 1=2,4,6
K1
k Zci = 5.4 ft for 1'1,10.6

XH1*XH25.0 ft; Xy3=Xy4q=0.0 ft; Xys5=Xyg=-5.0 ft;
YH1*Y43=YH5=2.25 ft; YH2*YHa=YHe=-2.25 ft.

(3) Body attitude and altitude
= 50; = 0; = 0;
n1 "2 45 nmax 45
hg = 5.4 ft; hgip = 4.0 ft.
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;5 The program modules were defined to coincide with the functional ::j
b ot D¢
i blocks. However, they were loosely modularized by allowing the global - 3
§' parameters to pass through modules. The problems of parameter passing

. l,.

;} between modules need further investigation in.order to implement the

:iﬁ contrgl software on a mul ticomputer system.

L The tests of the performance of the three different control

2

»E: algorithms were done independently by computing the stability margin

5%3 over the thirty different slopes. The results show the significant

increase in stability for each of the three algorithms. Furthermore,

5

g when all the algorithms were functioning, the increase in stability was

s

o more significant.

e

( The test results given in Section 6.3 may be changed by the

e different values of parameters: the dimensions of the constrained

o2 A

*i‘ working volumes, the body height, the body velocity, terrain conditions,

X etc. However, the results show the general trend of the performance of
.;f the control algorithms developed in this work.
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Chapter 7. -

SUMMARY AND CONCLUSIONS gk

RS

%

In this dissertation, the problem of omnidirectional control for £
locomotion of a walking vehicle over rough terrain, specifically, i ;
Il

"Type-0" terrain [6], has been investigated through computer simulation. ES{
As a result of this research, the first complete control algorithm based \¢

on the vehicle kinematics for rough-terrain locomotion has been

developed. It should allow the vehicle to move over rough terrain in E
any direction with a high degree of stability. The results have shown 'f
that if the appropriate control algorithms are developed, the use of ‘
>

periodic gaits, which may provide a simpler means of implementing leg 3;

coordination than that of free gafts [7,28,29], is possible for

rough-terrain locomotion.

7.1 Research Contributions

The implementation of periodic gaits for omnidirectional control has

required that the simple notion of stride length adopted in previous 5;:
control algorithms [8] be abandoned. Instead, a new concept has been &;E

introduced in order to select the locomotion cycle period for periodic

gaits and is based on the reachability of the leg. The key concept is bR
the notion of the constrained working volume for a leg which is defined *%

as a rectangular subset of the overall leg working volume. The merits

of the use of the constrained working volume include these: NG
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1) Eliminating leg interference by avoiding overlapping constrained
working volumes,

2) Increasing the stability by changing the position and dimensions
of the constrained working volumes over rough terrain.

To provide omnidirectional control, the opfimal cycle period is
selected in such a way that at least one leg fully utilizes its
constrained working volume. Also, each foothold is selected in such a
way that the foot is predicted to pass through the center line of the
constrained working volume. In addition, a simple deceleration strategy
for the body velocity has been developed so as to keep each leg within
the physical limits of its transfer time. While omnidirectional control
was not possible in pfevious work, the use of the constrained working

. volume to define the locomotion cycle period and leg footholds has
resulted in this new capability.

To control body motion over rough terrain, the local terrain surface
is estimated by using six points of estimation based on the measurements
from the six legs. Since the six estimation points may include the
potential footholds detected through use of the proximity sensors, they
may allow the body to pitch into a depressed surface even before a leg
steps into that area. This aids in the leg being able to reach that
surface. Also, in order to increase the safety and adaptability of the
vehicle for rough-terrain locomotion, a simple body regulation plan has
been designed which results in the body attitude adjusting to the
terrain slope and the body height decreasing with greater slope.

To control the leg motion in the transfer phase, a simple

rectangular type of foot trajectory has been developed. It allows the

proximity sensor to detect the potential foothold. Also, the proximity

sensor is used to control the footlift height during the transfer
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forward subphase in such a way that the foot trajectory follows terrain
variations. Therefore, the use of proximity sensors for the leg

transfer trajectory has been completely defined.

7.2 Research Extensions

As a result of this research, it is clear that the control
algorithms developed need to be improved to some extent and several
problems may need to be solved in order to actually implement the
control algorithms on the actual vehicle (ASV-84). The following

paragraphs describe the future work proposed.
| One of the major aspects of the algorithms developed in this
research is that they make use of periodic gaits. Since the optimal
period is determined each computation cycle, it is constantly changing
during locomotion. By freeing the cycle period so that it may
continually change, the results of using periodic gaits tend to give the
flexibility previously achieved only with free gaits. However, the
algorithms for perjodic gaits tend to be computaionally simpler and to
date, have provided the only basis for control of an actual vehicle. An
appropriate direction of future work may be to loosen the limitations
imposed by using perfiodic gaits so as to gain the advantages of free

gaits while at the same time continuing to take advantage of their ease

,
2
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of implementation.

ALr

The body regulation plan was designed in a simple manner. It needs

o

more refinement in order to achieve better safety and stability of the

r

vehicle. Since body attitude and altitude control is limited by the

ffr.'l"".'~'

leg working volumes, it is desirable to find an optimal regulation plan
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based on the kinematic limits of the leg.
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The use of proximity sensors for the body and leg motion planning
has been investigated in this work through simulation and turns out to
be quite useful in generating body and leg trajectories. There are a
number of difficult problems involved in practically implementing
proximity sensors and these issues need to be addressed. It is clear to
the author, though, that the adaptability of the vehicle to rough
terrain will improve considerably by using proximity sensors in future
vehicles.

From the test results given in Section 6.3, it may be noted that the
stability margin increases as the duty factor increases. However, a
larger value of the leg duty factor requires a shorter transfer time
which is mechanically limited. The desired result is that a 1érge leg
duty factor be used at low speeds but smaller values be used at high
speeds so as that these speeds may be achieved. This suggests that if
an automatic “gait shift" algorithm is implemented as a function of the
vehicle speed, the mobility of the vehicle may be improved.

The deceleration plan developed is based on the simple notion of the
transfer time threshold. To apply this scheme to the real vehicle, it
should be modified so thatAthe actual limitations in the acceleration
and deceleration capability of the leg may be carefully considered.

One of the major problems that must be solved is to reduce the
computation time for real-time control. Otherwise, the control may not
be stable especially at high speeds. This problem may be solved by
implementing the control software on a multicomputer system and
investigations into this area should p}oceed.

An interesting approach to the development of the control algorithms
for locomotion of walking vehicles that has first been used in this
work, 1ies in the application of the Computer-Aided Design (CAD)
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techniques. The capability of the CAD technique developed in this

research, though, is 1imited to the interactive change of two control

D parameters--duty factor and footlift height. Also, the capability of
Zii: interactive terrain generation is limited in generating the simple
\33’ prismatic terrain model s. By extending the present CAD technique to the
Eﬁi extent that future researchers may change many of the:parameters related
fﬁi to the control algorithms and more complex terrain models, and
£
e interactively obtain results similar to those given in Section 6.3, the
% CAD technique will provide a versatile design tool in developing and

%ﬂﬂ evaluating control algorithms through computer simulation.

A :

L Future work was proposed in the proceeding paragraphs as a result of -
.. this dissertation work. Further extensions to this work will hopefully
fgi lead to more sophisticated and efficient control algorithms for

L}f rough-terrain locomtion of walking vehicles.
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(35285 ER X2 S LEBELEB KRB XX XS XRLRELIBERRE R LS SRS SRR XL RS R RS KE L SE SR SR NEEE)

¢ Eile GLOBAL.PAS )
{ This file is for the globdal type and constant decleration. ) 4
¢ }

(S22 2SR L LA AR LR LSS LA LE R L L AR RS XS X LR ELRE LS LRSS LR XA LRSS S B2 S)

type

const

Vector = record
Xe¥Yel ¢ resl:
end;
Polygon = pecord e
Start,PolyVtces: integer: - b
endd )
Plane s precord {
UnitNorsal: Vector: Dist : realt ( plane coefficients )
end?
OnePlane= record
UnitNormals Vectori{ plane coefficients of terrain )
Dist : real:;
Amine Xmax? resli{ boundaries of s plane in X=direction )}
ond?
Matrix = array Ll..4) of Vector:
Matrixé = array (l.e%9lceé) of reals
Arrayé = array [1..63 of real:
Tactile = sot of 1..6:
Array3 = array [0..2] of real:
String = packed arrayll..10] of chars:
ArrayéVector = arrayll..$) of Vector:
ArrayS2Vector = arrayll1..52] of Vector:
ArrayRaxPtsVector = arrayll..50) of Vector:
ArrayNaxPolysPolygon = arrayll..50) of Polygoni
ArrayNaxPolysOnePlane » arrayl1..50) of OnePlane:
ArrayMaxVtcesInteger = arrayl1..100] of integer:
Arrayé8oolean = arrayll..8] of booclean;

MaxPts = 503

MaxPolys = 503

MaxVtces = 1002

Pl = 3.1615927;

PIZ2 » 1.5707963: ¢ P1/2 )

NominslHeight = S.43 ¢ nominal body height in feet )

Xhip = ArraysC 5.005.000.000.09=5205-5.0 ) ( position of hip in feet )
Yhip = 2,253 { hip joint position )

¢ dimension of rectangular hexahedron working volume )

XL = 3.0% YL = 2.,2% ¢ tor original wv )

Isax & -46,03 Imin = =6.8; { vertical kinematic limit in body )
LiftPhase = 0.2} C transfer phase value to begin liftoff )}
PlacePhase = 0.8} { transfer phase value to begin placement )
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(326 XXX XX XX EE LR AL T ER SRR LR EELBERE B XL R XX AE R R SR A B LR R XN ER KA R Z L AR SR ES)

{ Bile: MAINVAR.PAS )
C This file is for the variable decleration for ASVMAIN. }
< )

(22 RE XXX XPERER XL LB XX NS LR XA B RERREEEERE ST R AR EE LR AEEP R EREXE S SR B R K RK)

const

type

var

ViMax = 1.53

Capitals = "A°..°1°:
CharSet

B8etaMode, { leg duty factor index )
Is Jy FilNum
S integer;
Letter schar? { loop indax )
HaltSet sCharSet: { set of commands for shich }
{ vehicle halts sfterwards )
Velocity
: Array3:
EpPE
: Vector:
EyeSpace ( homogeneous matrix froa object to eye space )
$ Matrixés
He INVM, { transform satrix from body to earth )
Gs INVG, € transform matrix from body to terrain )
Te INVT { tranaform matrix fros terrain to earth )
2 Matrinx:
8ody . ‘€ points of vehicle in body coord )}
: ArrayS52Vector:
Points { points of object in reference frame )
$ ArrayMaxPtsvVector: ’
Polygons
¢ ArrayMaxPolysPolygon:
Planes
¢ ArrayMaxPolysOnePlanes
Vertices
¢ ArrayMaxvVtcesIntegoer:
RefPoss, ( reference position of CuV )
FPDE, { end point for foot trajectory in earth )
FPSE, ¢ six estimating points for susport plane )
P9, ( present foot position in body )
SRS ( present foot velocity )
: Arrayévector:
SodyTransRate, { body translational rate )
SodyRotateRate { body rotational rate )]
: VYector}
Contact ¢ set of supporting legs )
¢ Tactile:
NumPolys { total number of polygons to drae )
S integer:
dne dy, { x and y dimensions of Cuv )
RPhase, { relative leg phase )
LPhase C leg phase variable ]
¢ Arrayé:
Command { operator input command } ‘
2 char;
Vesx, VYein,
axnany dxain,

dymaxy dymin,

L4

s gset of Capitals;

PRSP I T NR O JT RET # % X8

max foot velocity in transfer )
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Seta,
0T,

FootLift,
NVELX, NVELY, NRVELZ,
Period,
Phase,
Etal

SP8,
SPE

EstimateFlag

LiftaftFlag,

real:

Plane;

boolean:

Transferflag,

PlaceFlag

LR 3N 5 B S,

L3

W

Arrayé8colean

-~~~

e e Xa)

-~

<
{
(

leg duty factor
delts time ( sec )
foot lifting height

W Nt

period of kinematic cycle
kinematic cycle phase
angle between 3ravity and
terrain normal vector

W e

support plane in body coord
support plane in earth coord

o

flag for estimating support plane )}

flag for LiftOff phase )
flag for Transferforeard phase )
flag for Placement phase )
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( File: EXTERNAL.PAS )}
{ This file is for the external decleration. )
( )

(222X TR RX XX LR XB ER TR EL XL XX LR LR X EE R LR AL IR CE EX KX AR NR XX RB A XB LR E RGN AR EXK)

function SignC X : real ) : rial;
External:

function Atan2(Y, X : real) : raal:
External;

function ArcCos( S: real): reals
External;

function Tan( 53 real ): real:
External:

function DotProd( Pt1,Pt2¢ Vactor ): real:
External:

procedure VectSub( Ptl1,Pt2: Vector: var Pt3: Vector )3
External;

procedure CrossProd( Ptl,Pt2: Vector: var UnitNormal: Vector ):
External;

procedure Ident( var Mtx 2 Matrixé ); { identity matrix }
External;

procedure RotateMat( Axis : char: CosA,SinA: reals var Mtx ¢ Matrixé )
External:

procedure TransMat( X,Y,1% real: var Mtx: Matrixé )3
Sxternal:

procedure VectéTransfarm( 4t 2 Matrixé! Pt : Vector: var NewPt : Vector );
Sxternals

procedure VectTransform( Mt : Matrix: Pt ¢ Vector; var NewPt : Vector )3
External:

procedure PlaneTransfora( P ¢ Plane: Mt : Matrixi: var NewP : Plane )3
External:

procedure MatéMultl Mti,Mt2 : Matrixé: var Result : Matrixé )3
External:

procedure MatTranspose( Mt ¢ Matrix: var TMt ¢ Mateix )3
External;

procedure MatMultl Mtl,Mt2 : Matrixi var Result : Matrix );
External?

procedure MatInverse( Mt : Matrix? var IMt 2 Matrix )3
External}

procedure Orthogonalization({ var Mt ¢ vateix )3
Externals
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procedure

External:

procedure
External;

procasdure

External:
PROCEDURE JOYSTICK(

)i
External;

Brocadure WorkVolume(

External;

procedure vehicle( var

var
var
var

var
var
var
var
var
var
var
vae
var

External:

External:

WIRINCONGC UL Ly NN T e

Readdbject( var
var
var
var
var

MakeDisplayable( var Pt @

DisplayOnject(

VAR DATA

var Polygons @
var Vertices :
var Body ¢
):

procedure SupportPattern( var M : Matrix;

arocedure EstimatePlane( var SuppnortPlans :

Filename : String;
NusPolys 2 integar:
Points : ArrayMaxPtsVector:

Polygons ArrayMaxPolysPolygon:
Yertices ArrayMaxVtcesInteger

Vector );

Nt 2 Matrixé:

OrawAgain : Boolean:

Nuspolys : integer:

Points ¢ ArrayMaxPtsvVector!
Polygons: ArrayMaxPolysPolygon:
Vertices : ArrayMaxVtcesInteger

vare
var
var
var

S ARRAY3:

SCALE REAL

ArrayMaxPolysPolygon?
ArrayMaxVtcesInteger:
Array52Vector

FPE,

FPDE : Vector:

PrxSensor,

ConSensor : doolean;

Contact : Tactile:

H 2 Matrix;

dl.

dy : Arrayé;

RefPosd : ArrayéVector:

FP8 : Arrayé6Vector:

SyeSpace ¢ Matrixé;

NumPolys ¢ integer;

3ody : Array52Vector:

Points : ArrayMaxPtsVector!
Polygans ¢ ArrayMmaxPolysPolygon}
Planes : ArrayMaxPolysOnePlane!
Vertices : ArrayMaxVtcesInteger

var Points : ArrayMaxPtsVector?
var Contact ¢ Tactile
bH

Plane}
var BPSE : ArrayéVector
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External;

-

procedure TerrainCoord( var H,

SExternal:

)?
External;

External;

procedure LegCoordination( var
var
var
var

var

. var
var

INVG
var Etal ¢ real;
var SPE,

SPB ¢ Plane

Matrix:

procedure GetIntersection( var ClipXT,

ClipxB,
ClipyL,
ClipYR,
X1,

Y1,

X2,

Y2 ¢ real:

var Error ¢ integer

procedure OptimalPericd( var SodyTransRate,
SodyRotateRate : Vector:
var RefPosB,
FP8 ¢ ArrayéVector:
var dx,
dy.
LPhase 2 Arrayé:
var Contact ¢ Tactile:
var Beta,
Period : real

Mo

INVH 2 Matrix$

SP3,

SPE : Plane:
8odyTransRate,
3odyRotateRate ¢ Vector:
RefPos8,

FP8 : ArrayéVector:
dlo

dy»

RPhase,

LPhase ¢ Arrayé:
Contact ¢ Tactile:
Ymax, VYmin,

dxmaxy dxmin,
dymax, dymin,

0T,

Jeta,

Phase,

Period,
SlowdownFactor ¢ real

157

REAC AR AS AP P I A LB A e g R Rt S Bt S2 VY L T A 2) AT SR WAL

WY
ﬂ

Za
<
‘b
‘I

3%

.~{‘If‘*...‘;t.{

 Ji LA

L
LYY,

L -
'y

3 ) At

o
» t.

Oy
PN

g
.8,

S

0 ’: g
Al

“ e
s

et

R/

]

, -
.

LRI
U]

St e
a8 e L

2

L B O

PR % IR
J'L'L?J.‘

DSIWY RS A

AL

.

RAVELIH W



AD-A148 174 AN EXPERIMENTAL STUDY OF AN ULTRA-MOBILE YEHICLE FOR 3/3
OFF-ROAD TRANSPORTATIONCU) OHIQ STATE UNIY RESERRCH
FOUNDATION COLUMBUS R B MCGHEE ET AL. SEP 84

UNCLASSIFIED MDA983-82-K-8858 F/G 6/4




R S T L N T L R Oy W N T T GO ] T R U R R N T R L Gl R LW e T

:
{:j
g
F
.g'f _ _ <,‘_ :— '
ﬁj 2 fJ
3 s W25 . .
8% 0kl
& = w L J22 o
.‘-‘1 — & m B |
4
g [ ) |2.0

e =
L

" MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

'\ " [} 1‘ 1 ~\~ LY - ’ p{ .‘ A T LN . PP o e o . - » .
, WM SRS RS ALY -s&m&’m\iﬁtwpﬂt-a e AT R
..('._I'x.z",n.. P ‘ , | LR o, ‘q_(.'.‘l‘l 1 . IRTR G . ﬁ‘m‘i \lﬁd



R VR FA PR AIIR AT A A IR AN TR AT ST A S R TR T

AR &

External:

procedure BodyServo( var M,
INVH : Matrix:
var $P8,
SPE : Plane:
var BodyTransRate,
BodyRotateRate ! Vector:
var RefPosd,
FPB : ArraySVector:
var dxe
dys
RPhase,
LPhase ¢ Arrayé;
var Contact ¢ Tactile:
var Veax, V¥min,
dxmax, dxmin,
S dyaax, dymin,
o BT,
X Beta,
A
-

A XER  rAADNESS T

I

Phase,
Period,

Etal,

NVELX,

NVELY,

NRVELZ : real
3 b

N Externals

procsdure FootTrajectory( var H,

INVH ¢ Matrix:
var BodyTransRate,
SodyRotateRate ¢ Vector:
var RefPosd,
; FPDE,
3 sPsE,
£PB,
, FR8 2 ArrayéVector:
9 var dxe
dys
) LPhase : Arrayé:
var Contact ¢ Tactile:
o~ var FootLift, DT,
- Seta,
» Period : real;
var EstimatefFlag : Yo00leang
var LiftoffFlag,

Transferflag,
. . Placeflag ¢ Arrayblicolean:
_: var EyeSpace : Matrixss
%4 var NuaPolys : integert
.« - var Body ¢ ArrayS2Vector?
. var Points : ArrayMaxPtsVec tor}
‘

var Polygons t ArrayMaxPolysPolygon: C .,

var Planes t ArrayMaxPolysCOnePlanes . oy ]

var Vertices : ArrayMaxVtcesIntaeger ot

" . b} . b
X Externals
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procedure ASVINIT( My
INVN ¢ Matrix?
dlg
dy * Arrayés
Contact : Tactile:
dxmin,
dymin,
ar,
FootLift : real:
SetaMode ¢ integer:
RetPosy,
FPOE,y
EPSE,
FPB : ArrayéVector:
EyeSpace 3 Matrixe:
NumPolys ¢ integer:
Sady : ArrayS2vVector:
Paints ¢ ArrayRaxPtsVector:
Paolygons ¢ ArrayMaxPolysPolygon$
Planes : ArrayNaxPolysOnePlane}
Vertices : ArrayMaxVtcesinteger

External:

procedure Malt{ var NVELX,
NVELY,
NRVELZ : real:
var QadyTransRate,
SodyRotateRate  Vector?
var FRB8 : ArrayéVYector

b}
Externals

pracedure Initislize( N S Matrixg
dx,
dy,
RPhases
LPhase ;i Arrayés
RefPosB,
FPDE,
FPE 2 Arrayé&Vector:
FootLifty Phase,
Periocd,s
Beta ¢ real:
Contact ¢ Tactile:
EstimateFlag : booleans
LiteoftFlag,
PlaceFflag ¢ ArraytBooclean:
EyeSpace : Matrixe:
NuyaPolys : integer;
8ody ¢ ArrayS2Vector:
Points ¢ ArrayMaxPtsVector:
Polygons ¢ ArrayMaxPolysPolygon:i
Planes ¢ ArrayRaxPolysOnePlanes
Vertices ¢ ArrayMaxvVtcesInteger
b}
Externsl:

procedure KEVINT: NonPascal}
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e
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A g;
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H
e zt
AN procedure KEYCK( var Cosmand 2 char )3 NonPascal: 1
\.? procedure KYWAIT: NonPascal; M
N §
3 procedure ICKILL: NonPascal:
§ procedure INQUE: NonPascal; 'f
“& M
X procedure NasFil( var FilNum 3 integer ): NonPascal:
X procedure StpNam: NonPascal:
procedure Moveto( var IX,IY ¢ integer ): NonfPascal: f‘
s
procedure Orawto( var IX,1IY ¢ integer ): NonPascal: ?
procedure Stover( var FilNum ¢ integer ): NonPascal;
2 !
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€ File: ASYMAIN.PAS )
{ This file i3 for the main and the man~-sachine interface. )
L4 )
(€222 12 1I2 2T 2ot Po S PR 2 e 2 oY SEELELERLERL AL AP BH s8s8ee)
program ASYMAINS
tinclude Global;

Tinclude external:

Linclude Mainvar:

Segin ( sain progras )

( parameter initialization )

ASVINITC MyINVModxodysContactedxainsdymin,0TFootLift,
SetarModesRefPos, FPOE ,FPSELFPB,SyeSpacesNunPolys,
BodysPoints.Polygons,Planes,Vertices )3

HaltSet 38 TN, N, 1% "H",°X "]

( set tersinal characteristics )

erite( CHRC2T7), °"C260° ) { set orign to relative mode )

write( CHR(27), °C?741° ): { set to noscroll )

srite( CHR(27), °C2J4° )3 { erase screen }

sriteC CHRC27), “C131M” ) ¢ cursor to howme)

erite( CHRC2T), °C2J° )3 C erase screen )

erite( CHRC27), “C131M° )3 { cursor to home )

(.,display command set )

sriteln:

eritelns

sriteln( CHR(27), °s6s584s CONMANDS se222”);

writelns

eriteln( Enter ®y CHRC2T7),°#61°,° TO INITIALIZE THE LEG POSITIONS®)S

sriteln(”’ s CHRC2T)y°#6S°,° TQ START MOTION®)S

writeln(” s CHRC2TIo“#6H"4° TO HALTY MOTION®):

eriteln(” ®y CHRC2T)+°#6M°,° TQO MODIFY THE PARAMETERS°):

ewritelnC’ s CHRC27)9°#6X°y° TO EXIT THE PROGRAM EXECUTION®)S

eritelns

eriteln:

sriteln: :

eriteln( CHRC2T), ¢4ssss REAL TINE QPERATION $sses®):

srite( CHR(27), °C18:122r°): { set scrolling region )

Command = “M°3 ( enter modify sequence initially )

KEVINTS

repeat ( until Command = “°x° )

if Command in MaltSet
then
begin
case Comnmand of
°1°: begin :
InitializeC HydnsdysRPhasSELPhESE,RefPOSS,FPOE,
,‘ (]
-
4
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EP3,FocotLift,PhasePeriodetets,

ContactyBstimateflag,LiftoffFlag,
PlaceFlag,tyeSpace,NuaPolys,Body,
%aints,PolygonssPlanes,Vertices )3

Malt ( NVELXoNVELY,NRVELZ,30dyTransRate,
SodyRotateRate,ERS )3
end?

Halt ( NVELXJNVELY NRVELZsBodyTransRate,
BodyRotatasRateFRE8 )3

oegin

eriteln?

eriteln( °“DOES BETAMODE = °, BetaNodell,
° NEED TO BE CHANGED?°):

write(” TYPE A SPACE BEFORE CVY/N3:°):

IOKILL: ( cancel input request )

readlin( Letter );

if Letter = °Y° then

repeat .

writelnC PLEASE ENTER ODESIRED BETAMNODE:®)S
writeln(® 13 BETA = S/§ 2t BETA = 3/4°)3
oriteln(® 32 3ETA = 2/3 6% BETA = 1/2°):
writeln(® S$: BETA = 11/12 °):
readln(BetaMode):

until ZetaMode in (1,234,318

case BoetaMode of
18 degin { Beta = 3/6 )
Veax $® 1,25 dxesx 3= 3,03 dymsx = 2,23
Vain s 0.25% dxwin 3= 0,758 dysin t= 0,75%
endd
23 bdegin € Seta = 3/4 )
Vemax 3= 1,53 dxmsx = 3.0 dymax s 2,23
Vvain 3= 0,235 dxein 3= 0.5% dyein t= 0,5¢
end:
3: begin ( Seta = 273 )
VYeax = 2,08 dxeax = 3,0 dyssx 3s 2,23
vain s 0,258 dxain 3= 0.2%3 dymin = 0,258
end$
42 begin ( Beta = 172 )
Vaax %= 3,03 dxmax = 3,03 dymax = 2,23
Yain = 0.253 dxmin 2= 0.25% dymin 3= 0,253
ond}
end: € case end )

case SetaNode of
12 Beta 3= 0,83333 ( S5/6 )
22 Beta = 0,733 € 3724 )
3 Beta = 0.66678 ( 2/ )
62 Beta 3= 0,52 172
L1 Beta = 0.916 11/712)
ndi( case )

C assign relative leg phase )
RPhaseCl) :# 0.0 RPhasel2) = 0,933
RPhaseC33 := Betal RPhase(s) = Seta ~ 0.5%
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APhase(S5) = 2 % Beta ~ 1.03 RPhasel61:s RPhaselS5)e0.5;
IPhasels) := RPhasel6) = trunc(RPhasel6l):

srite( “Change FootLiftLY/NI? ° )3
readln( Letter )3
if Letter = °Y° THEN
repeat
writeln( “Enter nes value of Sootlift®):
readln( FootLift )3
until (FootLift >= 1,0) and (FootLift =

S

p 5
6,'1

INQUES ( REASSERT INPUT REQUEST )

oriteln

writelaC CHRC2T), “SOINITIALIZE MEXAPGD °)3
end;

AN AR

T AR

X
.‘

end: ( case Command )

X o

KYWALIT
XEYCK(Command);
end { then )

AT bt O B X

alse
begin .
Joystick( Velocity, VTmax)$
NVELX 3= Velocity(13:
NVELY t= -VglocityCO01:
NRVELZ = Velocityl2) s 0.12

=

if EstimateFlag
then begin
EstimatePlane( SPELFPSE )3
EstimateFlag = false?l
ond?

TorrainCoord( MyToINVT GoINVGoEtal,SPE,SPS )

SodyServo( M, INVH,SPS,SPE,B0dyTransRate,BodyRataterate,
RetPosB,FPB,dx,dyRPhase,LPhase,Contace,
VeaxgVainedxaaxnsdxminedymaxodynin,
OTs80tasPhase sPericodoEtal sNVELX,NVELY,NRVELZ )3

FootTrajectory( M,INVH,80dyTransRatesBodyRotateRate,
RefPosBFPOEFPSELFEPB,FRY,dxn,dy,
LPhase,Contact,FootlLift, 0T ,80tasPeriod,
SstimateFlagiLift0ftElagsTransferflag,
Placeflage.fyeSpaceNumPolys,B80dy,
Pointss;Polygons,Planes,Vertices )3

KEYCKC Command )3
ond? ( else )

until Command = °x°3

ICRILLS
arite ¢ CHRC27)y °C2681°): sot origin to absolute mode )
arite ( CHRC2T), °“C24N°)3 set to smeoth scroll )
srite ¢ CHRC27), °Cl322r°): restore scrolling region )
14
L4

srite CHRC27), °C24°)3 erase screen )
erite

CHRC27)y “CR31N°)s cursor to heome )

ond. ( end of ASYNAIN )
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Wiy C File: LIBR.PAS )
<> { This file is library for ASVHAIN, )
e. ( }
ot (92242 ERRP LEAL LRI XV EREX R LRSS AR LR XL LRSS S SV SRR L RS LSS RALI SRR LRSS ER)
" Tinclude global: )
;n‘{.' Yinclude external: : k.
L
e
d function Sign( X ¢ real ) ¢ reals ?
NN begin )
N if X >= 0.0 _
3y then Sign i= 1,0 3
else Sign = -1,0 :
- ond: { Sign ) '
PR b
A3
' function Atan2(Yy X : real) ¢ real: ‘,
Yl ?
vegin
y" 1f absCX) > 0.00001 !
e then ( X is nonzero ) W
N, then b
Atan2 = ArcTan(V/X) {
i else 5
ey Atan2 s ARCTanCY/X) ¢ PI = Sign( ¥ ) 9
. € ond £f X } 3
olse ,
, Atan2 := PT / 2.0 & SignC Y )3 ?
by
% ondd ¢ Atan2 ) "‘
'c:?i I':_g_
> "lg
' function ArcCosC $: real): real: .
et var C : real; . ~
4 be3in 7S
) C i® sqrt(1.0 = S®$): ¢,
A ArcCos 3= Atan2( C,S)3 ;’
E«. ond; € ArcCos ) s
3N *
N o
Ca function Tan( $: real )¢ reals
begin

Tan 2= SinC S )/ Cos( § )3

‘

A - end}
Y

~

oy will

5
A (]
A% function DotProd( Pt1,Pt2! Vector )3 reals "
13y begin i
o eith Ptl do
DotProd s XEPL2.X ¢ YePt2,V ¢ 12Pt2.13
— endsg ¢ OotProd ) ;
4
o)) procedure VYectSub( Pt1,Pt2% Vector! var Pt3: Vector )i}
. ( vector sbtraction of Pt2 from Ptl1 ) %
' )
‘.} ¥ {
{ (]
5 X
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*z pegin
3 with Pt3 do
begin
] X 3 Ptl.X - FQI.XB
b Y 3= Ptl.Y = Pe2.V:
e, Z = Pel.l - Pe2.1:
' onds$
L) ondsd { VectSud )
L%
procedure CrossProd( Pt1,Pt2: Vector: var UnitNormal: Vector )¢
{ 3enerate unitnorwmal vector by (Ptl X Pt2) )
A var v 3 real:
o degin
£ with UnitNormal do
» begin
" X 33 Ptl.YePt2,7 - Ptl.l#Pt2.Y3
Y 3 Pl IsPt2.X ~ Petl.X&Pt2.1:
3! I t= PR1.X2Pt2.Y = Ptl.VsPt2.X3
e M s ggrtl XeX + YSY ¢ 2%l )3
N X 23 X/M3 Y 3 Y/M3 2 33 L/M3
= end}
\?: . end: ¢ CrossProd )
¥y »
procedure Ident( var Ptx : Matrixé ); ( identity matrix )
- var Ied ¢ integer:
:‘ begin
1 for I 23 1 to & do
Q% for J 2= 1 to 6 do
[ " i I s J then MtxCI,J] = 1,0
Y : else MtxCTl,J3 2= 0,03
onds { Ident )}
:% procedure RotateMat( Axis : chari CosA,SinAl reall var Ntx : Matrixé )I
Ay begin € get rotation matrix of 2 given axis )
N Ident(Mtx):
54 case Axis of
: °xX° : begin
N MexC2,2] = CosAs Mtx(243) = =SinA;
" Ytx(3,23 2= SinA3 MtxC3y33 2= CosAl
ends
o) *Y* ¢ begin
;Q MtxC1,1] 2= CosAt MtxC1l,3) t= SinAg
N MtxC3,11 = -SinA} Mtx(3,3] is CosAs
) onds
A “1° : begin
i . MtxC1,1] 3= CosAs MtxC1,2] t= =SinA3
MexC291] 2= SinA: YtxC2,23 2= CosAl
' ond}
., end} { case end )
) ends ¢ RotateMat )
s
5)
AL procedure TransMat( X,Y,2: resll var Mtx: Matriaé )t
degin { aet translation msatrix )
N Tdent( Mtx )3
<. MtxCle4) 3= X3 MexC244] 3= Y35 MExC3e4] 32 23
‘}: ond} ¢ TransMat )
,%
¥
.{'
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procedure VectsTransfora( Mt 3 Matrixé: Pt : Vector: var NewPt ¢ Yector )} by
% C NewPt = Mt & Pt ) N
L.} begin y
X NewPtoX i3 Pe.XeNt(1,1] ¢ Pt . YeNMtl1,2] ¢ PtoZeMtL1,3) ¢ MtC1,413 h
Bees! NewPt.Y 23 PL . XeMtL2,1] ¢ Pt VENtL2,2] ¢ Pt .28MtL2,3] * Mt(2,463% :
NewPt.l 3m PL.XeMRC3,1] ¢ PR Y#MLC3,23 ¢ Pt ZsNtL3,3] + MtL3,433 4
"N end} { VectorsTransfoim ) ;
.'5
:-‘ orocedure VectTransform( Mt : Matrix: Pt : Vector: var NesPt : Vector )3 I
" { NewPt = Mt * Pt ) I
N begin Ry
"l NowPtoX 33 PtoXSMtLlleX ¢ PR YSMLL2].X ¢ Pt I#MEL3Y.X ¢ MNeLOI X3 LY
e NewPt.Y = P XSNtC1l.Y ¢ P YEMRL2].Y ¢ PR I#MtC33.Y ¢ NeCod. VS L'
- NewPtel 2 Pt X#Mtl1ll.2 + Pt YsMt(2).2 ¢ PteloMtl3).2 ¢ MtChI.ZS .
end} ( VectTransfora ) -
&
g arocedurs PlaneTransfora( P : Plane; Mt : Matrixi var NewP : Plane )3 3
) C NewP = P % Nt ) o2
’:\‘ var Ay B, Co Dy M 2 real: -
‘* . begin
) A = P.UnitNormal.X#MtL1).X ¢ P.UnitNorsal.YeMtL1l.VY '
A +P.UnitNormal . 2eMt(1].2 3 0
-, 3 = P.UnitNormal.XsMtC2).X ¢ P.UnitNormal.Y&MeC23.Y t;
. . *P.UnitNorsal.2snt2).2 3 .
:; C s pPUnitNornal.Xsntl3).X ¢ P.UnitNormal.VEMtL3),Y t
. ”o““tt““'..l.l‘"‘t!’.l H ‘.
. 9 3= P.UnitNoreal.XsMtL41.X ¢ P.UnitNormal.VY*Nt[6],V
- *P.UnitNorsal.2sMtL4).2 ¢ P.Oists
. M 3= gqartl AsA ¢+ 828 + CaC ): -
X sith NewP do ik
% begin I
I8 eith UnitNormal do "y
5‘, begin X := A/N; ¥ :s 8/M3 7 3» (/M3 end3 13
; Oist 3= O/%: 5
) end} o
‘ nd: C PlaneTransfaors ) -
k procedure MatéMult( Mtl,Mt2 : Matrixéi var Result : Matrixé )3 §
;\ ver IsdeK : integer: \
] begin \:
for [ 2= 1 to0 4 do € Ntl X mMe2 ) L
Ingl for J 33 1 to & do '
{ begin
_ ResultCI,J) = 0.03 s
:r, . for K 3= 1 t3 4 do ..
' ResultlIoJdl 2® ResultlleJl & MLILI,KIeME2CKJI3 o>
\:'; ond} <,
e ends ¢ Matemule ) o
o orocedure MatTranspose( Mt $ Matrixi var THt 2 Matrix )3 . :
O begin
. : eith TNeC1) de
‘«0
W3
‘ g
\ v
~ .
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B
t
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ends

begin
X ¢ MtL1).X5 ¥V $= mMeC2]aX3 2 o= MeL33.X3
end?
with TMtC23 do
begin
X = MeL1l,.¥: ¥V = MtC2).V8 1 = Mt(3),.Y:
(LT'H
with TueC3] do
begin
X 3= HftlJol: Y $=a HttZl.Z: 1 3= “eC3l.23
: end;
with TMeL4] do
begin
X =2 MECHI XS Y $» MRCAI. Y7 T = vEL4I. 15
oend?
{ matTranspose )

procedure MatMult( Mtl,Mt2 : Matrix; var Result 2 Maptrix )

var

oegin

ond?

THE ¢ Matrix:
I $ integer:

MatTranspose( Mti,TMt )
for 1 iz 1 to & do
with ResultCIl do
begin
X = DotProd( Tatl{1l,Mt2C1] )}
$= DotProd( Tmtl2I,Mt201] 3
7 = DotProd( TMEL3],Mt2C1] )3
it I = &
then begin
X 3a X ¢ THeLId.XS
Y t= Y & TmetllIdeY$
Z s 2 ¢+ TmtlLId 2
end;}
end:
¢ MatMule )

procedure Matlnverse( Mt 2 Matrix: var IMt 2 Matrix )3

begin

MatTranspose( Mt,IMt )

with IMtCA) do
begin
X ¢= =DotProd( MtL4&I,MtC1D )¢
Y is «0otProd( MtLéI,MeL2) )3
I ¢s «DotProd( MLCeI,MRC3D )3
ond?

{ Matinverse )

procedure Orthogonalization( var Mt : Mateix )3
{ use Gran-Schimit orthojonalization process )}

var
degin

Ag M S reals

sith MeC1] do
begin
M $s ggrt( XeX ¢ YEY ¢ 282 )¢
X $s X/M§ ¥ s= Y/M3 I t= l/M3
end}

{ first orthogonal vector )
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4 A i= DotProd( MtC13,MtC2] )3 s
b with MetL2] do ( seocond orthogonal vector )

\ begin K,
o X $s X < A®MeC1l.X$ '1
. Y i3 Y - ASMRC1l.V$ 3d.
- 1 := 2 - ASMEC1).23 :
M 3e 3qrt( XsX ¢ V&Y + I%l )3 Yy
_’J_ X S» X/M3 Y 3= Y/M3 2 33 I/M3

end?
CrossProdC MtC11,MtL2I,MtL3] )3 ( third orthogonal vector )}
endd
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‘N € File: DIPLAY.PAS }
‘ { This file is for graphics display routines. )
% I's }
j (EXR R R KR XX IR LR EE R AP ER XX XX XL EREBERER S b 2t 23 *SES 2Rkt S SR 0 EERR)
DN

Tinclude Global:
Tinclude External:

« -

"4 procedure ReadObject( var Filename : String: N
var NumsPolys ¢ integer; t
b var Points : ArrayMaxPtsVector: Rx!
var Polygons : ArrayMaxPolysPolygon; .
* var Vertices : ArrayMaxVtcesInteger Y
)3
S var I, J » NuaVtces, NumPts : integer; by,
N F ot texts o
> Ly
" begin Ny
" reset(E, Filename, °.CAT*): ( open input file )} o
S~ readln(F,NumPts, NumPolys); ( read in points ) N
N for I t= 1 to NumPts do g
eith PointsCId do E ]
- readlinlF, Jy Xo Yy 2)% T
o NumVtces 3= 03 { initialize size of vertex array ) '
t for I ¢= 1 to NumPolys do € read in polygon descriptions ) ANy
b with PolygonsCIJ do ' &
M begin
. start = NumVYtces: ( start point in vertex array ) N
N read(F, PolyVtces ): ¢ number of vertices ) B
for J 3= 1 to PolyVtces do { read vertex pointers ) b
. read(F, Vertices{ NumVtces ¢ J 13 ¥
readln(F): { 30 to next line of input ) *-\
b NuaVtces 3= NumVtces ¢ PolyVtces: v
X end? bR
2, Close(F): { close the file ) paX
, S
t‘ end: ¢ ReadObject ) S
Il .!’.
- s
: procedure Makeldisplayabdle( var Pt : Vector ): % 4
. )
const Middle = Vector( 500.0,500.0,0.0 )¢ 3y
v Scale = 4000.0; N
Y »
' begin ( perspective projection )
PteX = Scale * pt.l”t.l ¢® Middle.X$ ’
e PteY 3= Scale & PR, Y/PC,l 4 Middle.Y: N
) ond; ( MakeOisplayable ) e
‘-‘ ~\.~
55 ."
A procedure DisplayObject( Mt 2 Matrixé} f.\-"
b, OrasAgain: Boolean: [,
> var Numpolys? integer:
var Points ¢ ArrayMaxPtsVector: ]
i var Polygqons: ArrayMaxPolysPolygon: '.~\
w var Vertices : ArrayMaxVtcesInteger X
.“‘ ,: .:
.-. -
a3 .‘l‘_’,
{' -’

..
A
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var TepPt 3 Vector:
TedoKy
IX,1Y ¢ integer:
OisplayPts

¢ arrayll..10] of record X,Y: integer: end:

begin
for I 33 1 to NumPolys do
with Polygons(CI] do
begin
VectéTransform( Mt, PointsCVerticesCStartePolyVtcesll,TapPt):
MakeOisplayable( TmpPt )
with TapPt do
degin
IX 2= trunc(X)s 1Y = trunc(Y): Moveto(IX,1IY):
nd;
for J s 1 to PolyVtces do
Segin
VectéTranstora( Mt,PointsCVerticosCStarteldl,TmpPt )
4ake0isplayableC TapPt )
aith TwpPt do
begin
IX 2= truncCX): IY 3= trunc(Y): OrawtoCIX,IV):
ends
if DravAgain
then with OisplayPtsCJ] do
begin X = X3 Y = IY: endd
nd}
it OrasAgain
then
begin
with Oisplay®tsfPolyvtcesl do
Moveto(XsY):
for J = 1 to PolyVtces do
with DisplayPtsCJ] do
Drawto(XeV):
ends
end?
end3} { DisplayObject )}
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nﬁ (3828 REIXRRBERRR SRR SR S AR SR IR AR LR SRR AR L SR SR RE SR SRR RS RIL S LR RRLBEE)
=) ( File: JOYSTICK.PAS )
t$ € This is for the jaystick interface routine. . )
"-Jg ( )

(3SR EBERESRRREEERB EE RS S S 2V SRR SR XX TR R R ERER SR AR SE SR LS LS LR LB XL SE LS 2R R R 2R )

finclude Globals
Iinclude External?

PROCEDURE JOYSTICKC VAR CATA $ ARRAYI:
SCALE : REAL
)3
VAR ADSR ORIGIN 1704008 : INTEGER: € A/D STATUS REGISTER )
ADAUF ORIGIN 1704028 : INTEGERS ¢ A/D SUPFER REGISTER )
CHANNEL : INTEGER: { CHANNEL INDEX )
INTEGERDATA $ INTEGER? € 270 INTEGER DATA )

3EGIN ( JOYSTICK )

FOR CHANNEL := 0 YQ 2 20
3EGIN

ADSR 3= CHANNEL * 400B: { SELECT MULTIPLEXER CHANNEL )}

ADSR $3 ADSR # 1% { SET CONVERSIOM COHN‘ND SIT )

WHILE ADSR AND 2008 = 0 00 ( WAIT FOR CONVERSION )3

INTEGERDATA := ADBUF ¢ 1770008;: ( CINVERT T3 2°S COMPLEMENT FORMAT )}
OATAL CMANNEL 1 := INTEGEROATA / 10008 & SCALE; ( ~SCALE <= DATA < SCALE )
eno:

END: ( JOYSTICK }
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(Sown)

(433202082482 SREF R LR BRXR LR SR AL AL ERXA SR SR E XS SE LA L SE XN SR SRRV 2SR %L)
€ File: VEMICLE.PAS )
{ This file is for drawing the ASY-84, working volumes, and support )
( pattern of the vehicle amotion. )
(¢ )/

(98988204 AR LV ELLPEELS ER LR XL LS LR LBEEEPEREBER XL R XARTRAS LR LS LR AR L RLSESEER)

tinclude Globdal:s ‘
tinclude Externals

procedure Vehicle( var FPE,
FPOE ¢ Vector:
PrxSensor,
ConSensor : bdoolean:
var 4 ¢ Natrix:
var dx,
dy § Arrayé?
var RetPosf : ArrayéVector:
var PP3 2 ArrsyéVector:
var EyeSpace : Matrixé:
var NusPolys : integer:
var 3o0dy ¢ Array52Vector:
var Points : ArrayMaxPtsvVector:
var Polygons ¢ ArrayMaxPolysPolygon?
ver Planes ¢ ArrayMaxPolysineflane:
var Vertices ¢ ArrayMaxVicesInteger
b

var FilNua : integer:

procedure ProximitySensor( FPE: Vector; var FPDE: VYector )¢
€ get leg touchdeosn point in earth for leg in placement phase )

var J ? integer:
pegin

J = 1
( find plane index shere foot is on and return index )
while not( FPE.X <= PlanesCJl.Xmax ) do

Jd 3= g ¢ 13

sith PlanesCJ] do C get touchdoen point in earth coord )
with UnitNormal do

FPDE.L = =( XHFPE,X & YHFPE.Y ¢ Dist ) /7 13
with FPDE do

begin
X ts PPE,X3 Y i= FPE.Y;
end?

end? { ProximitySensor )

procedure ContactSensor( var PFPE: vector):
C FPE.1 {s modified so that foot tip can contact the ground )
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var I4J

¢ integer:
] 3 real;
begin
J = 13 { index for array of Planes )
{ ftind plane index where foot is on and return index )
while not( FPE.X <= PlaneslJl.Xmax ) do
J 3= J ¢+ 13
aith PlanesCJ]) do ¢ compute distance from foot to plane )
with UnitNormal do ’
FPE 2:n=(XRFPE X+YEFPE. YeDist)/ L}
end: { ContactSensor )

procedure Kinematics:

( reverse kinematics equation of ASVE4 vehicle )}
( Z anis goes upward in body and earth coordinate )
const Ll = 0.8: L2 ® 4.0; LI = 1,45;
L6 = 0,.5: { leg demensions in feet )
var €1, S,
CosAy Sinak,
Dy D1y D02y
Signly Sign2,
Alpha, Betas Gamma,
Thetas T1l, T2,
XPCy YPC, IPC
: reals
Is J ¢ integers
begin { Kinematics )
for I t= 1 to L6 do. ¢ transfore points of bdody )
VectTransform( M,20dyC1J,Pointsll] )
for I 23 1 to 5 do { tranform points of legs )}

begin

i T 4in €1,3,5) then Signl 2= 1,0 else Signl 3= -1.03
it I in C1,6,61 then Sign2 2= =1.0 else Sign2 := 1.03
¢ compute abduction angle, translations of leg )

XPC = FPBCLI).X - Xhip(ld: .

YPC 2= BFPBCIJ.Y - Signl % Yhip;

IPC 3= EPBCII. L2

T1 3= gqrtC YPCaYPC + 2PCelPC - LéxL4 )¢

¢ adbduction or adduction anjles )

Theta 2= Atan2C SignlsYPC, =SignislPC ) - Atan2( Lé,SignisTl 33
C1 2= CosC Theta ): S1 := Sin( Theta )i

case I of
1,2 $ 02 3= 0.2 * XPC:
3969596 t D2 = =0.,2 % XPC3
ond? { case ond )

-_v lj" }
XX

(A
A..&.:L—
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' T2 3= 0.25 & C -YPCHS1 + ZPCHC1 + L3 )3 E

= 01 = Sign2 * 123 e

Alpha 3= Atan2(C D2,-Sign2%01 )3
D = 0.3 # gqrt( 01201 + D2%02 ) /7 L1
Beta 2= ArcCosC 0 )i

Lrrs
: W.' o

Gamma = ~Sign2 * (P12 - Alpoha - Beta ): ( angle between sys2 € & ) ¥
o CosA := Cos( Gamma ) SinA := SinC Games )¢ ;j'-
I' "
o J = (I-1) ® 33 X
- sith Body(17+J] do € updoen sliding joint position ) g'
n bdegin »
S X = XhipCId; W
b Y s Sign24D18S]1 ¢ L3IsS1 ¢ SignlsYhip:
. 1 s =Sign2801#C1 - L3%C13 .
& end3 ;@
¥ eith Body(18+4J4] do ( knee position ) 3
5 begin ]
X 11 1 4n C1,23 then X := L2%CosA + XhipCI] i
e else X 2==L28CosA + Xhip(I) R
> Y 9 =S5ign2eL2e518SinA ¢ Sign2aD1%S1 ¢ L38S1 ¢ Signl*Yhip: »
1 3= Sign2siL2%C1lsSind ~ Sign2=2D1sCl - L3sC13 ¥
-‘. .l'ld: :.‘
Y "
SN VectTransform( H,80dyCL1T+¢J),PointsC17¢J] d:(transfora in Dase system) Y
s VectTransfora( M,80dyCl0¢J3,PointsC18+4J] )} B,
i VectTransforsl H,FPBCIJ,PointsC19+44] )
L]
- nd? ¢ end of loop for I )
e endi ( Xinematics ) R
3N &
)).'; procedure OrawlLeg:
." { draw a2 segment from hip joint to foot tip )
const Middle = Vector( 300.0,800.0,0.0 )} - =
v Scal.o' = 15.,0%
L; var Is IX, IV: integers %
o~ Xwidth, Yeidth 2 reals )
~ 5
(5o [N
) procedure DashiLine( X1,Y1,X2,Y2: real:
Morizontal ¢ boolean ):
const N = 53
‘\' var Is IX1, IVL, IX2y IY2
".q ¢ integer:
N Int S reals
e
o]
e begin
11 Horizontal
" then begin
.'ﬁ IX1 = truncC Scale = X1 ¢ Middle.X )3
g, IY1 t= trunc( Scale * Y1 ¢ Middle.Y )3
S ond
e else begin
a 1v1 3= truncC Scale *= X1 ¢ Middle.Y )3

-
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IX1 3= truync( Scale ® Y1 ¢ Middle.X )¢

end;
vovete( IX1,IV1 )

Int s ( X2 - X1 ) 7 N:
for I 2= 1 to N g0
begin
X1 2= X1 ¢ Ints
if Morizontal
then begin
IX2 s trunc( Scale = X1
1? 0ddC I ) then Dramto(
else Moveto(
end
begin
I¥Y2 ts trunc( Scale s X1
if 0dd( I ) then draetol
else Moveto(

else

end: ¢ CashLine )

procedurs DrasXlisit( Center: Vector: Xeidth,Yeidth
‘DrasVolume : boolean )3

var X8y XT, YL, YR
$ real:
IX8y IXT, IYL,

IYR 2 integer:

begin { Orawklimit )
sith Center do

begin

X8 =3 X - Xwidths YL ¢

XT s X & Xajdths YR o

end;
if DrasvVolume

then degin
DashLine(
DashiLine(
OashiLine(
JashLine(
snd
begin
IX8 =
IYL 2=

Y = Yuldths
Y ¢ Yeidths

X8sYLeXTyYLotrue )3
YLoXTo YRy XTofalse )3
XY.VI'x'.'.'t'U. b
YRyX8eYLyXSyfalse )3

else
trunc( Scale®X8 ¢
trunc( Scale®YL +
IXT 2= truncC Scale#XT +
IYR 2= trunc( ScalessYR ¢
Movetol IXB,IYL )
Oramtol IXT,IVL )3
Drasto( IXTL,IVR )
Orasto( IX8,IYR )3
Orasto( IXB,IYL )¢

ond$

end$ ( OraeKklimit )

begin { OrasLeg )

for I t2 1 to 6 do
begin
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middle.Xx);
Middle.¥):
middle.¥)?

¢ Middle.X );
IX2,Iv1 )
IX2,IY1 )3

+ Middle.Y )3
IX1,1v2 )
IX1,1IY2 )3

real:

(A

é

] Es



Xeidth 3= 0.5 * dxCl): Yeidth = 0.5 & dyLI]:
OraeKklisit( RefPosSCI)y Xwidth, Yeidth, trye ):

it I in Contact
then bdegin
11 I in C19345) then IV s truncC ScalesYhip ¢ MNiddle.Y )
else IV s trunc(-=ScalesVYhip + Middle.Y )¢
IX = trunc( ScalesXhiplll + Middle.X )
Movetol IXeIY )3
IX = trunc( Scale®FPICII.X ¢ Middle.X )3
IY ts trunc( Scale¢®FPSCIl.Y ¢ Middle.Y )&
Oerawtol IXsIV )3
end
else begin { out dummy vector into display buffer )
IX 3= 03 IY 22 07 Movetol IXelIY ): Movetoe( IX,1IV )}
end;

r—

=)

end;
and;d { OrawlLeg )

T

el

Tt

begin { procedure Vehicle dody )

if PrxSensor then ProximitySensor( FPE,FPOE )3

e

if ConSensor then ContactSensor( FPE )

if not( PrxSensor or ConSensor )
then bdegin
FilNue $323 Stover( FilNum )3
Kinematics:
Display0b ject( EyeSpacestrue,NusPolys,Paints,
Polygons,Vertices )3
DraslLeg: { dras support legs in topview of vehicle )
StpNam;}

7."nn;;4;

CoiiE

sndd

ends { Vehicle )

procedure SupportPattern( var % : Matrix:
var Points ¢ ArrayMaxPReVector?
var Contact ¢ Tactile
)

L AT BV Y

( Orae support pattern in earth coordinate

const Middle = Vector( 700.0, 800.0s 0.0 )
Scale = 15,03

Supleg
S arrayCle.b6] of Vector:
CntrPresse Line
¢ Yector:
To 39 Ky My Ly
IXy LYy FilNue
$ integers
b

: reals
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erocedure OrasRectangle( X,Y,DIST 2 integer: Flag : boolean )}
var XLoXRy VB, YT ! integers N
begin { JrasRectangle ) <
K9
Sg XL 2= X = OIST; XR 2= X + DIST; Q!
N V8 = ¥ - OIST: YV 3= Y + DISTS 2
J . Movetol XL,Y8 )3 :
) if Flag .
then begin { draw rectangle ) e
3 Orastol XLeYT )3 Orawtol XReYT )3 , '}é
) end g
3¢ else OrawtoC X YT ) € draw triangle ) : I
o Orawto( XR,Y8 ); Drawtol XL,Y8 )3 F &
gt end} { OrasRectangle ) g
L
procedure GetLines( Pt1,Pt2: Vector: var Line: Vector )} Ek;
Y ( get coafficients of equation of a line. ) ?;
\} C 1ine vector starts from Ptl and ends to Pt2. ) iy
3 begin ¢ GetiLines ) gg
with Line do
begin 4
X s Pt2.Y - Ptl.Y$ 3
o~ Y iz PtleX = PR2.X3 N
2 T t= PEl.Y # PL2.X = Ptl.X & Pt2.V3 . ¥
L end} ) o
) end: ¢ GetLines ) Led
procedure StabilityMargin( Center: vectors K: integer )¢
var MinDist, Disty D, E,» 5:
Xinty Yint, Xain, Yein k)
3 real: e
IXy, IV, I . oy
$ integer: g
Line $ Vector:
A begin ( Stabilitymargin )
y MinDist $= 1000.03
o for I := K domnto 1 do
o begin
.’ if I = 1 then GetLines( SupLeglll,SupleglKkl,Line )
. else GetLines( SuplegCId,sSuolLegll-1d,Line )3
eith Line do
begin
- 0 3= XaX ¢ VY3
T E ts X#Center.Y - YaCenter.X:
o Xint 3= ( =X#7 - V%€ )/03
- Yint s ( ~-¥Y81 + X=%E )/03
5 ond;
N Dist = DatProd( Center,Line )/sqrt(d);

if Dist < MinOist { get minimum distance and intersection )
. then begin .
HinDist 2= Oist: Xain 2= Xint: VYmin 2= Yint!}
)q end;




ond?
with Center do { drae stapility aargin )}

begin
IX = trunc( ScalesX + Middle.x )¢
IY 33 trunc( ScalesY ¢ Middle.Y )
Moveto( IX,1Y ):
ond3

IX = trunc( ScalesXmin ¢ Middle.X )

IY = trunc( ScalesYain ¢ Middle.Y )¢

Drasto( IX,IY )3

end} C StabilityMargin )

begin ¢ procedure SupportPattern body )
FilNum 2= 53 NamFil( FilNum ) Stover( FilNum )3

IX 3= trunc(Middle.X):
IY = trunc(Middle.V): C center of body in body coord )
JrasRectanglel IXeIY S5,true ) ( dras center of body )

T

i
oith CntrPress do £§
begin
X Iz 0,03 ¥ 2= 0.03 2 2= 1.93 ;|
ond; ag
for 231 to 5 do { initialize SupLeg to get coefficients of line ) f
with SuplLegCIl) do I:s1.0% € Y value of right leg is positive) ’
K = 03
for I2=]1 to 3 do
begin

J = (I=1)%6 ¢ 193 ( array index of Points for tips of left legs)
L 3= (I=-1)82 + 1}
if L in Contact
then begin
K 3= K ¢ 13
with SuplLeglKl do .
begin
-Y = PointslJleY=HL4).V; X 2w PolntsCJl.K=-HCé4I.X:
and3
end?
ends
it X = 3 ( check covexity of left sides )
then begin
GetLinesC SupiLegC3lsSupleqglileline )3 ( coeff. of & 1line )
0 3= QotProd( Line,Sunlegl2]) )¢
it 0 > 0.0 ¢ legl is inside of the line )
then eith SuplLegl3l do
bagin ( rescve leg) in support pattern )
s K=13 Suplegl2l.X := X} SupLegl2l.Y 2= V3
end?
end$

M = 02
for 1333 dountao 1 do
begin
J = (I=1)86 ¢ 223 ( asrray indax of tips of right legs )
L s= I#23
if L in Contact
then begin
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K $3 Kel3 M S Mol
sith SupleglK) do

begin

Y &= 'O‘n"tJ)o'-“c"o"
= PotntltJJ.X-Ntbl.l:
ond} *
end;

*‘;9.

endd
it ns=s3
then begin .
GetLinesC SuplLeglKl,SupLegCK=23,Line )
B 2= JotProd( LinesSuplLeglKk=-13 )3
11 0 > 0.0
then eith SuplLeglK] do
begin
SuplLeglK=13.X 2» X; SuplLeglK=-1l.V $= ¥V}
K s K=13
and
end?

IX 2= trunc( ScelesSuplegCXl.X ¢ Middle.X )}

I¥ $= trunc( ScalesSuple3CXl.V ¢+ middle.Y )

Movetol IX,IY ):

for I :3 1 to 4 do

{f I <= K
then dej3in

IX 3= trunc( ScalesSupleqCll.X ¢ ®iddle.X )3
IV = trunc( ScalesSuplLeglIl.V ¢ Niddle.Y )3
Orastol IX,IY )3
end
begin { put dummy vector inte display buffer )
IX = 03 LY 3= 03 Moveto( IX,1Y )3
onds :

2% " )
ﬂ'

{ 1? CntrPress is cassed from other routine, )
{ then sign of X value should be changed )
{ defore calling StadilityMargin sith X and Y interchanged. )
StabilityMarginC CatrPress,k ):
StpNam:

AL ) TR

“ 9
L

Y

end? { SupportPattern )

o

(f' ';,

procedure WorkVolume( var Polygons : ArrayMaxPolysPeolygonsd
ver Vertices ! ArrayMaxVtceslnteger?
var Body : ArrayS2Vector
pX]

£Xa

Middle = Vector( 300.0,800.0,0.0 )3
Scale = 15,0

L1l = 2.2 L21 » 0.443 L31 = 3,03 L&l = 3,08

Ay

Xwidthl, Yeidtnl : reals
e Jdo IXy IYy PilNum : integers
Center : Vector:

- N

procedure DashLine( X1,¥1,X2,Y22 real:
Herizontal : boolean )3

const N = $3




"‘i‘.. A UAYE T N R Y g o ¥l ¥

var

begin

L-‘M". ]

X

. ..
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e
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.

R T R S R R T T T LY s

Is IX1l,y IV1, IX2, IY2
2 integer?
Int $ realsd

if MHorizontal
then begin

IX1 = trunc( Scale & X1 ¢ ¥Middle.X ):
IYl = trunc( Scale & Y1 ¢ Middle.Y )3

end
else bagin

1Yl 3= truncC Scale * X1 ¢ Middle.Y )
IX1l = trunc( Scale * Y1 ¢ Middle.X ):

end;
Moveto( IX1,1Y1 )3

Int 2= ( X2 - X1 ) /7 N}
for I ¢= 1 to N Jdo
begin
X1 = X1 ¢ [Int$
if Horizontal
then begin
IX2 ¢= trunc( Scale s X1
if 0odd( I ) then Orawto(

+ Middle.X );
IX2,1V1 )

RS ELELY

RS

e
A

v, else “ovetol IX2,IV1 )3

o end

" alse begin -
Y Iv2 s trunc( Séale = X1 ¢ Middle.Y )3

0wy if oddC I ) then Orawte( IX1,IV2 )

. else Movetol IX1,IY2 )3

7

end?
onas
snd$ ¢ Dashiine )

x

procedure DraeKklimit( Center: Vector; Xeidth,Yeidth ¢ reall
DrasVoluwe : boolean )

o,

o 3 4 o
- rs gy A A
LA W T

*

o var X8y XTy YL, VR ¥
B t reali e
f:' IXBy IXT, IYL, IYR : integer: gi

i ' 3!-
' vegin  ( DraeKlimit ) 5
‘$ with Center do (A
W begin heo

X3 33 X ~ Xeidth} YL 3= ¥ « Yeidth; b

XT s X ¢ Xwidth: YR = Y & Yasidth: &

oend?} ?

it OrasVolume \

then begin

DashLine( XB,YLyXT,YLotrue )}
Dashiine( YL XToYR,XT,false )3
JashLinel XT,YRyXB,YRstrue )¢
Dashiine( YR X84Vl ,X8,fal80 )3
end

_ S ‘ﬁ

SIS S
" Ay ﬁ':??»l [y

2L =

o else begin !
108 IX8 3= trunc( Scalesxs + Widdle.X)? o
Ky IYL 33 trunc( ScalesyL ¢ Nidile.Y)! {&
i.: . by
s b
(L% ?3
r ‘!‘}
I N
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IXT = frunc( ScalesXxT ¢ Middle.X):
I¥YR = trunc( ScalesYR ¢ Middle.Y):
Moveto( IXA,IVL )3
Drasto( IXT,IYL )3

)3
Orasto( IXTLIYR )3
Oraetol IXB,IYR )
Drasto( IX8,IVL )
oend:
(LT H ( DrawKlimit )}

begin { WorkvVolume grocedure body )
EilNum = 43 NaeF{l( FilNua )¢

with PolygonsC2] do { draw body )
begin
with RodylverticesCStartePolyVtcesl] do
begin

IX 3= trunc( Scale®X ¢ Middle.X):
IV ¢= trunc( Scale®*Y ¢ Middle.Y):
Moveto( IX,1Y )3
end?
for J s3]l to PolyVtces do
sith BodyCVertices({Startell] do
begin
IX s trunc( ScalesXx + Middle.X):
IY ¢= trunc( ScalexY ¢ Middle.Y):
Draeto IX,IY )3
end}
onds

{ draw kinematic limit )
Xeidthl s ( L31+L41 )20.5: Ywidthl 2= ( L13eL21 )%0.5:
for I 22 1 to 5 do
begin
with Center 4o
begin
it I in C1,21]
then X s Xefdthl-LéleXhipCI]
alse X ts=XwidthieLbleXhiplll:
it I in £1,3,5)
then Y = Yeidthi-=L21e¢Yhip
slse Y $= =V3idthl+L21~-Yhip3

end;
( drae original sworking voluae )
OrawKlimitC( CenteryXuidthleYuidthl,false)$
onds
StpNam;

end? ( WorkVolume )

181




b
.y
¢
v .
»
(Snomain) &
N\ (Sown) L
‘Cj (ISR ERLSLEEELLES 2R LS LB EERBERERRE SRR ARRL AL ER AL EE AR EASE SR EE RS SR LR KX ES % S) .
e € File: TEREST.PAS ) }!
- € This file is for terrain estimation through linera regression. ) e,
KA < Y h,
) .
"y . (SRR R ER VB R RS ER SR RS XX EUXRBRERFA XX AR XL LV R KL LR L SR AR P ER RS SR XN EX) Ps
L b
) Tinclude Global: ’
3 tinclude External} &
Y [
:} procedure EstimatePlane( var SupportPlane : Planes 5
=5 var FPSE : ArrayéVector ¢
= * R
= ( estimate support plane using variance )

var Ny Ey,
Xbary Ybar, lbar,
Numle Num2, Num3, Oy
Denl, Oen2, O
YRbars ZRbar, t?
AQs Al,y A2, A3, A4, 5
Ay 8, Co Do M

2

N

S

ol
.

4 S real: ‘&
o 1 t integer: Y
g YR, IR Le
-~ S Arrayé: ) tq
Sy begin (N,
o~ € Compute average of FPSE ) Y
v N 2= 6.0 Xbar = 0.0; Ybar = 0.05 Zbar 2= 0.03 -
for I 2= 1 to 6 deo ‘
ae begin ;i‘j";
N Xbar 3= Xbar ¢ FPSECII.X: ¥
qu Ybar := Ybar o FPSECII.YS W,
N Zbar s lbar ¢ EPSECII.Z3 e
A and3 . &
N Xbar = Xbar/N3 e
: Yhar = YbDar/N;§ oy
3 lbar 3= Ibar/N: o
) "t
. ( compute A0y Al, A2y and A3 ) o
Q) Numl 3= 0.0 Denl 33 0.0 Num2 = 0.03 &
~ for I = 1 to 6 00 iﬁ
! with FPSECLI] do K0y
-t begin N
’ Numl 2= Nuel ¢ ( X = Xdbar ) &£ (2 - lhar )3 '
Oenl $= Jenl ¢ ( X = Xbar ) ®# C X = Xbar )3 -
2 Num2 s Num2 ¢« ( X = Xbar ) # C ¥ = Ybar )3 o
) endd : o

Al ts Numl/DBenl$

iy A2 is Num2/0enl: .,
¥ 00 := Zbar - Al & Xbar: !
o) A3 t= Ybhar = A2 % Xbart

¢ compute YRbar and IRbar )
- YRbar 2m 0.03 IRdDar % 0.03

- for I 23 1 0 6 4o

with FPSELIY do



o - -
‘h -t - - - - -
) j%;
. i !
189 S( s
t r
» } -.
¥ oo
e
3 l';%
1 . 2ad
begin
. YRCIJ t= ¥ - 42 - A3 & X3 ;
N YRbar 3= YRbar ¢ YRCII:
- IRCI] 2= 2 - AQ - Al %= X3 :
2Rbar 3= IRbar ¢ ZRCIJS ; ]
. end; S
L~ o*"v
i YRbar s YRbar/N: DA
‘ IRbar = 2RbDar/N:
K Nua3 :a 0.0% DenZ s 0.03 "3
;. for I = 1 to 6§ do T
y begin -".*_J'
! Num3 = NYum3 + ¢ YRCIJ - YRbar ) & C ZRCIJ = ZRbar ): -'..S
3 Den2 $= Den2 ¢ ( YRCIJ - YRbar ) #* ( YRLIJ - YRbar ) 3 A
) . . afe
N end; ™
A4 3z Num3l/Cen2: b
;, € get plane coefficiants : AxX ¢ 8%Y ¢ (3] ¢ D = 0.0 ) o \t
i A 23 =) * A4BA3:; 8 = =243 C = 13 D 2= =A0 o A2%A4S .§~
M 3= gqrt( AxA + %8 ¢ C=xC )3 N 3
‘ with SupportPlane do A
¥ begin 1NN
with UnitNormal do ¢ Normal vector always goes positive I direction )} ].'
> begin X = A/M3 Y = B/M; Z = C/M; end} N
Dist 2= O/M: ¢ if plane is above origin, Dist <0.0 } :g‘
4 € if Plane is below originy Dist >0.0 ) *r:
j end3 . ﬁS?
3 end3 ( SstimatePlane } -
procedure TerrainCoord( var H,
Te
¥ INVT,
G
INVG ¢ Matrix:
o var Et1 .¢ real;
<% var SPE,
SPB : Plane
\ b H
o var Seta, ¢ rotation angle from XE to XT )
\ My
Y SSeta, C3eta, SEtaly, CEtal
W : reals
e begin
En { get position vector of T )}
P, TC‘J. s ML6I.XS 't"o' s "c"o':
b with SPE do
P, with UnitNormsal do
. begin
TC43.2 8= =C XSMT4IX ¢ YEHESI.Y + Dist )/ 13
it absC 1.0 - T ) ¢ 0.000001
12 then begin { if no slope, then terrain coord ) N
. ( is same as earth coord
n 3eta 2= 0.0 Eta) 2= 0.0¢
;
\}
‘
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.ond
else begin { it slope, get slape angle and )
Beta = Atan2( X,=-Y)? ( rotation angles )
Etal = ArcCosC 2 )3
ends
ends
{ get rotation matrix of T )
SBeta = Sin( Bets ); SEtal := SinC Ztal )
CBeta := Cos( Beta )3 CEtal := Cos( Etal ):
sith TC11 do
begin
¢s CBeta: Y := Sdeta; $= 0,0¢
end:
TC21 do
begin
X ¢= -SBeta * CEtal: ¥V 3= CBsta ¢ CEtal: I := SEtals
end?
with TCL3] do
begin
$s SBeta * SEtal: Y i=<CBota & SEtal: 1 := CEtal:
end;
MatInverse( TLINVY ) { get inverse matrix of T )
MatMult( INVT MG )3 {get transfors matrix G from body to terrain )3
MatInverse( G,INVG ) { get inverse matrix of G )
PlaneTransfora( SPE,H,S5P3 )3 { transfora support plane )
€ in body coord )

bttt RECAL

e .

¢ TerrainCoord )

&
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(Snosain)

{(Sown) .
N (S SR EERRRE LB L XL XX RR TP ELXRERE S EREEERIL LR RS SR AR AREL T XX S REP SR LS E R SR ER)
N ¢ ®ile: LEGCORO.PAS }
’ { This file is for leg coordination »ith computation of optimal period )}
{ and the change of the position and size of the constrained working )
{ volunmes. )
{ }
(2SR S REEE XX RXXR TR XK RFRREFIXRTEEEFE RRELERZR IR XS FR XX INIB XX LB KR AP RS LB R TSR )

Tinclude Global:
Sinclude External:

X procedure Getlntersection( var ClipXT,
. ClipYL,

ClipYR,
. X1,
e Y1,
N 120
- Y2 : reals
a5 var Error ! integer

)3

{ X14Y1 are the position ocutside kinematic limit

{ X2+Y2 are the present foot position

€ if X2,Y2 asre outside kinematic limity return errorsl

€ X13Y1 return the intersection point in body coordinate

W g W
.

"=
¢: label 10¢

type QutCode = set of 1l..43

var Emptyls Empty2 : boolean:
3 Cse C1y C2 ¢ OutCode:
*: X. 4 S reasl:
>

pracsdure Code( XsY ¢ reals
var C ¢ Jutlode?
var Empty ¢ boolean

'l )=
"} begin
}_J C = €13
3] it X < Clipxs
04 then C 33 C ¢ )
else if X > ClipXT then € = € 3 I3
it v € Clip¥YR
then C 2s C ¢ L 213
-~ else if v > ClipYL then C 3= C + C 1 I3
{ if C = L] then Enpty = true
. else Eapty := falsel
> ends ( Code )

Codel X1,Y1,C1,+Cmptyl )i .

Codel X2,¥2,C2,Empty2 )3 N
- 1f not C Emptyl or Empty2 )

] then

‘. if ¢ C1 &2 C2 ) ¢ €1
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then begin
dun Error & 13 goto 10: . Ly
¢ end o ] '
L alse Error = 03 A
tﬁ‘ 4
9 ehileC €1 <> €1 ) or € C2 <> €1 ) do !
. begin ¥
if C C1 2 C2 ) <> L] than goto 10 ,
A C ts C13 4t C = C) then C 3= C2: v
4 if 6 in C &
e then begin . S
:.‘ ¥ = Y1 ¢ (Y2=-Y1)*(ClipXB=-X1)/(X2~-X1)3 \ {
R $= ClipX83 ’ .
.:-'. end s
. else if 3 in C
: then begin '

] ¥ 35 Y1 ¢ (Y2-Y1)8(ClipXT=X1)/(X2~X1)$ -g.‘,

ey X s ClipXTV3 &
N and : gg
else it 1 in C }

i then begin P
3 $s X1 ¢ (X2-K1)8CClipYL=-Y1)/(CY2-Y1): i
oy Y s ClipvL3 -
end !‘

else if 2 in C "

' then begin 2
e X $= X1 ¢ (X2=X1)8CCLlEipYR=-Y1)/(V2=V1)} ¥
36 Y = ClipYRs S,
%{ end? £
vy it C = C1 . i
Y . then begin ;
' X1 i= Xi Y1 = ¥ CodeC X1,71,C1,Emptyl )3 ‘

e end :_:5‘
oy else begin E§
1\§ X2 t= X3 Y2 = ¥3 Code( X2,V2,C2,Empty2 3 2
N ond?
;; end? tg
N 102 hY
S andd { Getlntersection ) -
: 5
K$e) procedure OptimalPeriod( var 8odyTransRate, ?:
ny SodyRotatelate : Vector: éﬁ
¥ var RefPos8, it
i} FPS 3 ArrayéVector: v
{ var dx A

daye
{ LPhase ¢ Arrayé:
i var Contact : Tactilse:
- var Betd, . )
%: Period 2 resl .
A b}
=383

o ladel 203

const middle = Vector( 300.0,800.0,0.0 )¢
Scale = 15.0:
MaxPeriod = 10000.03
MinPeriod s 0.03:
InnerVel = 0,053

L Snanansil,

7
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JutervVel = 0.2:

var XFooty, YFoot, lFoot,

XFootVel, YFootVel, lFootVel,
Xuidthy, Yuidth,
ClipXT, ClipX8, ClipYL, ClipYR,
Speriod, ’
FyuOPeriod, 8W0Period,
FuOSPeriod, 3uDSPeriod,
KXinty KYint, KXintl, XYintl,
VEL, ’
Yle X2» Y3, X6

S real;
IX1le 1Y1,
IX2, 1V2,
FilNu-.
Iy 40 N1

: integer:
RightLeg

$ boolean?

procedure Margin( var XFoot,YFootelFoot,
XFootVel,YFootvelslFfootVel ¢ real ):

label 200:

censt LongTime = 1000000.0:
“invVel = 0.00001:

var FootVel,
XMarging SPTimey ITime,
SPhase,
Xint, Yint
S real;
Seror S integer?

begin { procedure Margin body )

it RightLeg € transfora right to left )}
then begin
YFoot s =YEgot}
YPootvVel = -YFgotVel:

end?
FocotVel = gqrt( XPootvVelsXFootVel ¢+ YFootVeleYEootvel + ZFootVelslPfootVel )3
it FootVel < Minvel C Lf foot velocity is almost zero, )
then bdegin ¢ then set support period to 10000.0 )

FWDPeriod :» vaxPeriod}

8%0Period s MaxPeriod:

it BuDPeriod ¢ FUDSPeriod then PHOSPeriod 2= FWOPeriod?
1¢ 8WDPeriod ¢ SWOSPeriod then BWOSPeriod := B8WOPeriod:
goto 2003

end}

( define an imaginary point outside kinematic limit to compute intersection )
Xint $= XFoot ¢ XFootVel ¢ LongTimes
Yint 2= YFoot ¢ YFootVel ¢ LongTiees
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Getintersection( ClipXT,ClipXCsClioYL,ClipYRyXinty¥intsXFoot,YFoot,Error ):

if Error = 1 then degin
FWDSPeriod 2® MinPeried;
3U0SPeriod = MinPeriod:
goto 200:
end?}

ELER A

XMargin 23 ggrt( (Xint-XFoot)s(Xint=XEoot) ¢ (Yint-YEoot)s(Yint=YFfoot) )

{ supporting tise to reach kinsmatic limit - voluase )
footVel Ta sqrt( XFootVel#XFootVel ¢ YFootVelsYFootVel )
if FootVel < MinVel then SPTime $= 100000.0 & XMargin { support time )

.
Pt

KRR

»i else SPTime := XMargin / FootVel: € for x and y vel )
)
L. it 2FcotVel > 0.0 { support time for 2z velocity )}
then ITime 3= ( Zmax - lFoot ) /7 lFootVel
' else if IFootVel ¢ 0.0
2 then (Time 3= =( lFoot - Imin ) 7 lFootVel
ii olse ITime 3= SPTime:
e it SPTime > ITime then SPTime = ITime:
. ( support period for support legs )
SPhase = LPhaselll/f%ta;
if 1.0-SPhase ¢ 0.00001
then FUOPeriod := 100000.0%SPTime
", else FubDPoriod = SPTimes(1.0-SPhase):
ﬂ3 if SPhase < 0.00001
;. then BWOPeriod 2= 100000.0¢SPTime
L) else BUOPeriod 2= SPTime/SPhass?
‘l
.1
{ take minimums period of support geriods for foresard sequencing )
- if FuDPeriod < FWDSPeriod
) then begin
’ FHOSquiod t= FubPeriod:
XN J 33 I3 ( STORE LEG NUMBER )
- KXint 2= Xint:
N if RightlLeg then KYint := =vint
" else XVint = Yint ¢ .
L end? ’ .
-’_‘
) ( take minimum period of support periods for backsard sequencing )
o, if 8wlPeriod < BHDSPeriod
b then begin
X BWDSPeriaod 3= BWOPeriod;
=~ KXintl = Xint
Ji = I
o if RightLeg them KYintl f= -Yint
N else KYintl 2= Yint ¢
¥ end;
N
-~
N 200¢
04 ond? € Margin )
.
dbegin ( procedure OptimalPeriocd nody )
%)
" .
e FuOSPeriod $= MaxPeriod: ( initialize support period )
{: BHDSPeriod := MaxPerioeds
4:‘:
e
“ L]
A
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for I 23 1 to 6 do

EACK Y Catir a" L p'l ¢ S UG AT P EAC ST At £ A Wttt Rt T 2 e Y T

%

1f I in Contact ‘tﬁ
then bdegin :

b

Xwidth 3s 0.5 * dx{1]; Yeidth = 0.5 & dyLI]} o

£ I in C14395] then RightLeg 3= false s

else RightLeg 2= true! -

( define kinematic limit of each leg ) o

ClipXT 2= RefPosSBCIl.X ¢ Xwidths L ¢

ClipX8 = RefPosSBLIl.X - Xeidth: Pt

ClipYL := RefPosBCIJ.V ¢ Yeideth: 3

ClipYR ¢= RefPosBLl).Y -~ Ywidth? ?3

if RightiLeg then e

begin e
Clip¥YL = =RefPOSBCIl.Y ¢ Yeidth: '

ClipYR s <RefPosBCll.Y - Yeidth: "

end?d L‘é

. e

{ compute nee period using nee foot velocity ) Exi

XPoot = FPRCLIJ.XS o

YBoot (= FPBCIJI.Y: g

%00t s EPBCII.L: .
XfootVel :=-BodyTransRate.X ¢ BodyRotateRate.l * YFoot ‘

- BSodyRotateRaté.Y s lFooti =3

YFootVel :=-BodyTransRate.Y - BSodyRotateRate.l #* XFoot A2

; ¢ SodyRotatelate.X & ZFoots L%,
IrootVel s=-BodyTransRate.l ¢ BodyRotateRate.Y % XFoot ke

- SodyRotateRate.X & YFoot:$ Ex,
Mar3in( Xfeot,YFoot,lFootsXFootVel,YFootVel,I%c0tVel )

end? A

I

( consider only longitudinal or lateral velocity ) aX
{ to choose betseen forward and backward gaits ) Eg
3ith 8odyTransRate do i
Vel = gqrt{ X # X + ¥ = ¥ )3} éﬁ
L' 21

it ¢ vel <= Qutervel) and  adbs( B8odyTransRate.X ) < Innervel ) |id
then begin ¢ pure turn=in-place case )} ’ © N
if Pertod > 0.0 gy

then SPeriod $= FUOSPeriod N

else SPeriod s =BMOSPeriod: F¥

end »o

else if Vel <= OutervVel *7ad

then begin ¢ gait change region )

1? %odyTransRate.X > 0.0
then SPeriod = FWDSPeriod M3
else SPeriod = -RNOSPeriod:

end

else if Pertiod > 0.0 ( outside gait change rejion )
then SPeriod = FUCSPeriod
else SPeriod = -AWDSPeriod?

kN
R AR

it SPeriod < 0.0

then beoin ‘ i
J = J13 KKint s KXintl: KYint s KX¥intll <~
ond? >
T
EilNum t® 73 NamFilC FilNum )3 Stover( ®ilNum )3 o
- N
. },;
"
)
§«;
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P Period :s SPeriod / %eta; © € compute period ) A3
o i? (SPeriod = MaxPeriod) € 1f venicle velocity is almost zero ) ]
v, or (SPeriod = -MaxPeriod) { skip drasing kinematic margin ) 4
.. or (SPeriod ®= MinPeriod ) oy,
o or ( SPeriod = -MinPeriod ) ¢
Ea then begin { put dummy vectors to display buffer )

i IX1 s= 03 IVl = Q0% IX2 2= 03 IY2 :s 03

Moveto( IX1,IY1l )3 Moveto( IX2,IY2 ): goto 20: ,
A end} e
s %
‘f:‘ { drae line from footposition to intersection point ) e
i IX1 s trunc( Scale#FP8CJl.X ¢ Middle.X ): ok
4 IVl = trunc( ScalesfPSCJl.V ¢ Middle.Y )3 .
‘»‘ 4

IX2 t= trunc( ScalesKXint ¢+ Middle.X )3
IY2 3= trunc( Scale®kYint + Middle.Y );
Moveto( IX1,1IY1 )3 Orawto( IX2,IY2 )3

PRV
' i

20: StpNam

a
ek SN
s ey o

end; { OptimalPeriod )

2

Ca il

procedure LegCooraination( var M,

:q INVH 2 Matrixs
] var SPY, %
ﬁ SPE : Plane} )
>, var SodyTransRate, &
SodyRotateRate ¢ Vector: P
. var RefPost, ‘
P8 : ArrayéVector?
- var dx, p >,
;."\ dye %
- RPhase, peel
|5, LPhase ¢ Arrayés f-;‘
Xe, : var Contact : Tactile: s
K var Ymax, VYmain, o
Bt dxmaxy dumin, -
) dymaxe dymin, e
.‘ Dl’. ﬁ
A Se ta, Y
1< Phase, 2
F.- Period, :
:. Slowmdosnfactor : real 3
Y Y,
const MinTRTime = 0.53 =g
3 . . NS
e var z $ integer} oy
t. TRTime ¢ real: 1508
b ..' 3 %
X procedure NewCwv: : A
L { get new dimensions of constrained sorking volumes ) e
% ( depending on the foot velocities } X "
LG var ) § ¢ integer: ]
2 Xeidth, Yeidth, h
;&: XEooty YFoot, lfoot, X
*:\ XfootvVel, YFootVel, lFootVel
e
i~
‘.
‘C
-
3 190
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real?
Tes vector:

degin ( NewCuY )

for I 23 1 to & do
begin
if not (I in Contact)
then bdbegin
Xfoot s RefPosBLIJl.X:
YEPoot = RafPosBLI).Y¢
lBoot = RefPosd(CIl.l:

{ get foot velocity components )

XFootVel := abs( -8odyTransRate.X
+3cdyRotateRate.? & YFoot
-2odyRotateRate.Y & IFgot )3

YFootVel := abs( ~fodyTransRate.Y
~3odyRotaterate.l * Xfoot
+3odyRotateRate.X # lFgot )3

{ get desired x and y dimensions of Cuv )
if XFootVel ¢ Vain
then dx(I) 2= dxain
else 1f XFootVel > Vasx
then dx[1) = dxmax
olse dxnCI) ¢= ( dxmax—=dxein )
s ( XPootVel=Vain )
/7 € Yeax=Vain )
¢ dxaing
if YFootVel ¢ Vmin
then dyCl) :# dyein
olse it YEootVael > Vmax
then dy(ll) s dyasx
else dyCIl = (¢ dymax~dyain )
® ( YFootVel-VYmin’)
/7 ¢ Ymax=Vein)
¢+ Jyming

Xeidth 32 0.5 % dx(IJ! Vwidth 2= 0.5 & dyCIis

( get new center positiohrs of CWV )
with RefposfCI) do
begin
if I in C1,2)
then X = XhipCI] ¢ XL = Xsidth
else if I in C£5,61
then X 3= XhipLIJ = XL ¢ Xwidth
else X = XhipCll3
it I in C1,3,5)
then Y s Yhip ¢ YL ~ Yeidth
tlse Y :s=Yhip = YL + Yeidth
1 s =NominalMeight:
end?d

12 L in C3,43 ¢ change the center of constrained )
¢ working volume of middle legs )
then begin
Tem = RefPosB3lIl: Tem.l :» 0.03
VectTransfora( HoeTemyTem )3
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eith SPE do
with UnitNormal do
begin
Tea.l 3= «(X®Tem.X ¢ YeTem.V
* Distdrls
VectTranstorn( INVH,Tem,Tem )3
RefPosdCIl.X 2= Tem.X:
end}
¢ check boundary of original sorking volume )
wsith RefPos8CI) do
begin
if X = Xeidth € =XL
then X = Xeidth - XL}
it X ¢ Xwidth > xL
then X s XL - Xeidth;
end;:

end$

for I = 1 to 6 do

begin
{ update reference position
oith SPS do

sith UnitNorsal do

RefPosBCIl.l = =( XSRefPos8LIl.X + YeRefPosBCIl.Y
+ Oist ) 7 s

end3 ¢ for 1 loop )

I H { NewCuv )

begin ( Legloordination )

o 4

NewCuV3 { the new constrained working volume )

JptimalPeriod( BodyTransRate,B80dyRotateRate,RefPosh, =P8,
dxedyslPhasesContactyfetaPeriod);

Aoyt
e "

TRTime 23 ( 1.0 ~ Beta ) & adbs( Pertod ).
it TRTime < "inTRTime
then begin
SloedownFactor = TRYime 7 MinTRTime}
eriteln(®Sloedosn Fgetor = °, Slowdoenfactor3’:l )}
TRTime = MinTRTime;
Perfiod = SignC Period ) ® TRTime 7/ (1.0 - BSets )
end
else SlowdoenPactor 3= 1.0

oL

(A

¢ update phase variadles )

Phase := Phase ¢ OT / Period ¢ 1.0}

Phase = Phase - trunc( Phase )}

for T 33 1 to & do ( compute leg phase variabdle )
begin
LPhaselIl t= Phase - RPhaselI) ¢ 1.0¢
LPhaselI) := LPhaselI) - trunc( LPhaseCl] )3
end}

DEMIERNRE ™ > =

ends € LegCoordination )

(SOU YN vl Khe §
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( File: BODY.PAS y - e
{ This file is for the body set-point generation. b &]
4 ) '
(SRR R S SRS ELEE SR RP LR RESE L ERRX XX ERE L XS SR RS EE SR ERL S RS SEPRR *) tfg
Tinclude Global: ‘-
tinclude External; S,
LY
procedure 3odyServo( var M, ) ‘Z’
INVH 2 Matrix: !
var §$P9, N
SPE : Planes Aoy
var SodyTransRate, s
JodyRotateRate : Vector:
var RefPos8,
kP8 : ArraybVector:
var dx.
dy»s
RPhase,
LPhase ¢ Arrayé:
var Contact ¢ Tactile:
var Vmaxy VYain,
dxmaxednming
dymaxsdymin
DT, i
Beta,
Phases
Period,
Etal,
NVEL X,
NVELY, e
NRVELZ ¢ real )
b H -
n7
var Slosdosnfactor et
t real: . i??
procedure SodyRates( .-
var SodyTransRate, %
BodyRotateRate ’ﬁf
$ Vector ‘
)3 35
( this s for auteomatic body sttitude and altitude control } ol
const ;
045 » 0.78564; ( 45 degree in radian } Y
MinAngle = 0.00001: ¢ 0 degree in radian } Lg
naxAngle = 0.7 € 30 degree in radian )} e,
MinMeight = 4,03 { body height for 43 degree slope ) }'g
2
ver OVELX, OVELY, DRVELZ, ( velocity derivative teras ) X3
L1 T
Helight, - o
Ganmay ¢ angle beteween normal vectors of ) N x5
( body and support Planes ) hﬁ
Kgain, { ftilter gain for attitude control ) E‘
th?
o
X >
N 2
3 193 39
:‘; ",
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Eta2, ( desired oody, attitude angle }
TimeConst € time const for rotational velocity ) ’
S real: .
I
: integer:
K € vector for rotating axis )
S Vector;
D8PE, OBP8 { desired body plane in earth and in body )}
: Plane;

begin ( BodyRates )

i1f Etal ¢ MinAngle
then with SP8 do
sith UnitNormal do
begin
Height := NominalHeight:
Kgain v $,03
N 2= gqrt( X=X ¢ YsY )
it 4w s 0.0 { get rotation axis vector K )
than begin K.X = 0,08 Ke¥ 3= 3,08 end
else begin K.X 3= =Y/N? K.Y = X/M$ end}

{ body plane is parallel to support plane )

Gamma 3= ArcCos( 1 )¢ € 0.0 € Gamma €< PIZ2 )
SodyRotateRate.X 2= Kgain = ( K.X * Gamwa )3
BodyRotateRate.Y = Kpain % ( K.Y % Gamma )3

SodyTransRste.l 3= Xgain # ¢ NominalHeight - Oist )¢
end

else bdegin ¢ hady plane is not parallsl to support plane )

€ta2 = MinAngle ¢ ( MaxAngle - MinAngle ) 7 ( DéeS = MinAngle )
% ( Etal ~ MinAngle )3

Height = NoaminslHeight = C NosminalNeight = MinMHeight )
/7 C 045 - MinAngle ) = ( Etal - MinAngle ):

Kgatin = 5,0

aith SPE do

with UnitNormal do

M = gartC X*X ¢ YRY )

sith D3PE do { desired body plane in earth coord )
with UnitNormal do
begin
ts SPE.UnitNormal.X 7 M & SinC Eta2 )3
Y 2= SPE.UnitNormal.Y /7 Y & SinC Eta2 )3
1 = Cos( €ta2 )3
ond3

PlaneTransfora( DBPE,H,DBPS )3
sith D8PS do

eith UnitNoraal do

begin
M s gartC X®X ¢ YRY )3
it n s 0.0 ( get rotation axis vector K )

then begin K.X 2= 0,03 Ke¥ 2= 0,03 eond
else begin K. X 3m =Y/MN3 K.Y 2= X/M$ end!?

Gamma = ArcCosC 2 )@ C 0.0 < Ganma <€ P1/2 )
SodyRotateRate.X 2= Kgain & ( K.X £ Gamas )3
dodyRotateRate.Y 3= Xgain & ( K.Y = Gamsa )}
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3odyTransRate.l = Xgain *
anas

end?
TimeConst 2= 0.53
¢ filtered rate coamands )

DVELX = (NVELX - BodyTransRate.X) 7 TimeConst:
JVELY $= (NVELY - BodyTransRate.Y) / TVTimeConst:

¢ Meight - SP8,04ist )¢

¢ longitudinal acceleration )
¢ lateral acceleration )

ORVELZ := (NRVELZ - SaodyRotateRate.l) / TimeConst: ( turning accelaration )

dodyTransRate.X = DVELX#DT ¢ SodyTransRate.X: (

logitudinal velocity }

3odyTransRate.Y 3= DVELYSOT ¢ 3odyTransRate.Y: ( lateral velocity )
SodyRotateRate.l s DRVELZISDT ¢ 3odyRotateRate.l: ( turning rate )
end? { BodyRates )}
procedure Deceleration( var SlowdownFactor
S reals
var 3odyTransRate,
SodyRotateRate
s Vector
)3
begin ( Deceleration )
‘with BodyTransRate do
bezin
X = SlowdownFactor #* X}
Y ¢= SloedownFactor = ¥}
1 = Slowdoenfactor 2 I3
mnd?
with BodyRotateRate do
begin
X := SlowdownFactor * X}
Y =z SlowdownFactor & Y3
I := SlowdownFactor & [}
ends
end; { Oeceleration )
procedurs Updaten(
var S8odyTransRate,
SodyRotateRate
* : Vector: .
var My INVH
. ¢ Matrix
bH
var
DistX, DistY, Distl, ¢ differential translations ]
DeltaX, Delta¥, Oeltal ( differential rotations }

¢ real:
¢
$ integer:
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e - b - I a8 'l B R

b
K
B
DeltaH, HDelta € differential matrix of MW ) =~
: Mateix: o3
FNS
begin ( UpdateM ) :
( get differential change of body } b
sith B8odyTransRate do o
begin %
9istX s X & CT3 Disty 3= Y & DY; Distl 2= I % OT: %
end3 -&
A
with BodyRotateRate do
begin Y
DeltaX := X & OT: ODelta¥ 3= Y & DT ODeltal := Z # OT: 2&
ends hf,&
[t
{ get differential change of H ) 3
aith HOeltalll de . e
begin X = Q0.,0; ¥ := Deltal: 2 := =-DeltaY: end: phad
sith HDeltal2] do =
begin X := =0eltali Y t= 0,03 L := DeltaX: end: X
eith HOeltal3l do Nt
begin X 2= Delta¥Y; Y s «~DeltaX: Z 2= 0.0: end: 4
with H0eltaC4l do .sk
begin X 2= DistX: ¥ = Dist¥: Z := Distl: end: 34%
MatMult( My,HDeltasDeltaN ); € OeltaN = H & MDelta ) gl
€ got updated M ) ary
for [ = 1 %0 & do (" =H o+ Deltad ) NG
with HCID do e
it 1 <> 4 t.x
then baegin ¥
K 2= X ¢ DeltanCll.X3 el
Y ta ¥ ¢ DeltanCI.V: -
T :s I ¢ Deltancild.ls =
end Q“
else Segin P&
X 2= DeltaMLIJ.X: g
Y s DeltanCll.vs !;«1
Z s DeltanC1l.2l: W&
ond;3 e
-
Grthogonalization( M ) ey
MatInverse( MoINVM )3 1%;
end} C Updatent ) ) é
]
3 ‘§¢
begin ¢ 8odyServa ) N, b
BodyRates( 8odyTransRate, BSodyRotateRate ) o
LegCooraination( H,INVH,SP8,SPE,3odyTransRatesBodyRotateRate, 3§“
RefPos8,FPBydxysdysRohasesiPhase,Contact)Vmax, Ly
. Yainsdumaxydxmins dysan,dynin, *\;'
OTs8etasPhase Period, Sloudosnfactor ); "

it Slowdouwnfactor ¢ 1.0
then ODeceleragion( Slosdownfac tor,
BodyTrensRate,
BodyRotateRate )3

sriteln( Period:8:3,° “,%0dyTransRate.X:3:3,° “,80dyTransRate.Y:833,
¢ ®s8o0dyRotateRste,228:3):

Updaten( BodyTransRate, SodyRotateRate, M, INVMH )3

end$ { BodyServo )
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X %
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\.A, -
N . 7
4.4 ($nomain)
(Sown) P

N ] (23S RE R RS ERESELEBERER SR IV EEEB XS RN BEEBRABY SR EFERBEEPBREE LS EREA SR BB SR ESERR)  §
NN : ¢ File: ASVINT.PAS ) 25
< C This file is for initialization of parameters and vehicle motion. } .;;
h% ¢ { ) 1
K1 (2R P RN EREEEB SR FR AR EL EE R EEBREXBE R AB AR RE AR SR EEFE R AR EEEB KRB R GEER) LS
3 g
A tinclude global: -

. Tinclude External;

. procedure ASVINIT( var M, ; z
L. INVH ¢ Matrix: ; 5@
R var dx, N
-; dy ¢ Arrayés -_
> var Contact : Tactile: s

var dxein, o

dymin, N
} 0T, #5
\ FootLift : real; a"
; var BetaMode ! integer: o
o var RefPosB, A
= EPOE, £
¥, FPSE, o

FPS : ArrayéVector:
var EyeSpace : Matrixé:

‘ var NumPolys : integer: "
X var Body : ArrayS2Vector: Iag
< var Points 2 ArrayMaxPtsVector: .t;
: var Polygons 2 ArrayMaxPolys®olygon: 158
>, var Planes : ArrayMaxPolysOnePlane; i
:' var Vertices : ArrayMaxVtcesInteger s
)3 .
-t (3%
. var Is Jeo FilNum : integer: ol
va € : text: .
., Eilename : String: NG
o, ¢t file of OnePlane: :.,-
- EPE s Vector: N
. Xeidth, Yeidth ¥
S real: -
2
A 3
. begin ¢ ASVINIT ) !
“ 3
'_:J ( fix dt for non-real time operation ) :.\.'
2N 07T 2= 0.0S: 7
ANy €ootLift 2= 1,03 0
SetaMode i3 43
- dxain := 0.25% dymin 3= 0.253 .
::: ( initialize reference positions ) . ‘::. ;
'{, Xeidth 3= 0,5 & dxmini VYeidth 2s 0,5 & dyaing ._h
1 for I s 1 to 6 do . v.
Y begin ot
. sith RefPosBCI) do ) i
~ begin . N
e it I in C1,2] r;‘_
j,,' then X 2= XhipCI) ¢ XL - Xeidth A
e Xy
":Q TGl
» V..
1 :-:"
Y K Ld
23 197
_ v
". 2! .
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v
.
]
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else if I in (5461
then X 2= XhipLI) - XL + Xeidth
else X = xhipfLI]:
if I in €1,3,52
then Y 2= Yhip ¢ YL - Yeidth
else Y 33=Yhip ~ YL ¢ veidth;
1 = =NominalMeight:
and;}
dxLIJ 2= dxming dyCI) = dyming
end:

€ initialize present foot positions )
FP8 = RefPoshd?

{ initialize M matrix and inverse matrix INVH )
with HC11 do
begin X = 1,03 ¥ 3= 0402 I 3= 0.0 end:
with HC21 do . :
begin X 2= 0,03 Y 2= 1,08 T t= 0,03 weond3
with HC3] do
© begin X 3= 0.03% Y 2= 0.03 Z i3 1,0: ends
eith MC41 do
begin X = 10,03 te NominalHeight: end:
MatInverse( HyINVH )

W

b«
=z

L . ‘
b AR »

EFilename 3= “EYESPACE °3
reseot( FyFilename,“.datil” ); { open file for cSyeSpace )}
for I = 1 to & do

begin € read in vehicle data file )

for J iz 1 to & do

read( ®,EyeSpacell,J]) );

readin( F )3

nd}d
Close( F )

U
t)

T o
-0 U

T

Eilename 3= °PLANES ‘3
reset( G,Filename, ", 0AT:1° )¢ € open data file for coefficients of planes )}
for I 2= 1 to MaxPolys do ( read in Planes )
dbegin
Planesll] := G*3 get( G )
ond3
Close( G )

{ resd in vehicle data file )}

Filename $= “‘Vehicle ‘3

Read0b ject( Filename,NumPolyssPoints,Polygons,Vertices )1}

for [ := 1 to 16 do { store points of body for analysis)
8ody(I) = Points(1]:

WorkVolume( Polygons,Vertices,Body )3

EilNum = 23 NemFil( FilNum )i ( Display file number for vehicle }

XN

Vehicle( FPEFPE,falsesfalsesContactyModx,dysRefPosB,EPE,
EyeSpace,NumPolys,Body,sPointssPolygonssPlanes,Vertices);

¢ initialize desired foot positions and estimating points )}
for I ¢= 1 to & do

begin

J = (I-1)%33

;&rl’f!fl’T A
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FPDECI]
ond:
FPSE = FPOE:

3® Pointsl19+J];

end;: C ASVINIT )}

procedure Nalt( var NVELX,
NVELY,
NRVELZ : real:
var BodyTransRate,
SodyRotateRate : Vector:
var FRB : ArraybVector
)3

var I : integer:
begin { Halt )

{ initialize velocity vectors )
NVELX :s 0.03 NVELY :s 0.0 NRVELZ = 0,03
with SodyTransRate do

degin '

X ¢= 0,03 ¥ 2= 0,03 2 2= 0,08

end;:

wsith 8odyRotaterate do
begin .
X 23 0,03 ¥ 2= 0,02 2 := 0.0:
end;

for I 33 1 to 4 do
eith FRBLII do
begin
ss 0,03 Y ¢= 0.0: Z 3= 0.08
end}

writeln:
sriteln( CHR(27),°46-==ASV34 STOPPED-~=-")}

end; ( Halt )

procedure Initialize( var M ¢ Matrix:
var dx,
dys
RPhase,
LPhase ¢ Arrayé;
var RefPosl,
EPODE,
FP8 : ArraySVector:
var FootLift, Phase,
Period,
Beta ¢ reals
var Contact : Tactile:
var Estimateflag : bdooleans
var Liftoffflag,
PlacePlag ¢ Arrayéfooleant
var EyeSpace § Matrixés
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A Wy
) &
- ey
var NuaPolys : integer: _
. var Body : ArrayS52Vector; f
2¢ var Points : ArrayHaxPtsVector: 3:
A var Polygons ¢ ArrayMaxPolysPolygoni "l;
8 : var Planes : ArrayMaxPolysCnePlane: g
3 . var Vertices : ArrasyMaxVtcesInteger § %
e b - ’;
7‘) - .
type LegStates = ( Liftoff, Transferforeard, Placesent ); h
: st
: var foot : integer? i
:—: TPhase, TRTime
o ! reals
AN LegState
z: $ LegStates:
4 FPE ¢ Vector:
Y begin ( Initialize procedure body ) =N
oY writeln: ) i it
: sritelnC CHRC27)y “#6 INITIALIZING ...°)% o't
aa Phase 3 0.0 ( initialize kinesatic cycle Phase ) A
A Period 3= 1000.0: 0o
q TRTime 23 ( 1.0 - feta ) * abs( Period )i .
{ compute desired initial foot heights )
2N for Foot 3= 1 to 6 do
b, begin
-«‘; _ ¢ initialize legphase and desired foot positions )
> LPhaselFoot) := Phase -~ RPhaselfootl] ¢ 1.0
N LPhaselFoot] 2= LPhaselFoot] = trunc( LPhaselfoot] )}
' if LPhasel Foot 1 < Beta ¥
then begin ( support phase ) %‘5
¢ Contact := Contact ¢ L foot 33 ( initialize contact state ) ,a
. 19
o FPBC Foot 3.1 is =NominalMeight: be
> - ;‘_F;Q'»
Y, € turn off all flags of transfer leg ) b
il " LiftoffElaglFootl s+ falsel
> e PlaceflaglFoot) := false: 3
> end &Y
*
NE) . ‘z
:‘_'.' else begin ( transfer phase ) a.
-t Contect 3= Contact -~ € foot 13 }r{‘,
Y TPhase t= ( LPhasel Foot 3 - Seta ) 7 ( 1.0 ~ Beta )3
o Af TPhase < LiftPhase ( specify leg state ) ":;4
2 then LegState 2= Liftoff 27,
- . olse if TPhase > PlacePhase 45
s : then LegState 2= Placeament f'
o : else LegState i+ Transferforsard? ‘:,:
P,
W case LojState of
X Liftoffs begin : i
. FPOECPo0t].2 3= FootLifts S
ot Liftef?FlaglFoot) ts truet ‘m
) 3 Placeflaglfoot) 3= falset o
:' - FP3CLFootl.l :e-NominalMeight ¢ FootLift 2y
J . i
3 “
i g i
» L%
\'::]' :\
%) e
A P\
g o
oo 200 ’
»‘;.A R‘;
‘.L“ v
{ 5
()
" )
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% TPhase / LiftPhaso:

»
o

. [ 3
W a

Transferforeard: begin )
LiftoffFlaglFootl t= false:
PlaceflagCFoot) := false:
FP8CFootl.l 3= ~-NominalHeight ¢ FootLift$
end:

Pl
A

i Placement: begin
<Y FPDECFootl.l 2= 0.0:
'$ LiftOffFlaglFoot) 2= false:

< PlaceFlagiFootl s true;
Xy FPBCFootl.Z := =NominalHeight ¢ FootLift
o 3¢ 1.0-TPhase )/(1.0-PlacePhase):
/ ond?
end: ( case ond )
end;
end;

) Vehicle( FPE,FPE,falsesfalse,Contact,H,dn,dy,RefPosB,FPE,
(8 EyeSpacesNumPolys,BodysPoints,Polygons,Planes.Vertices )3
*

{ initialize terrain estimation flag } ) .
EstimateFlag := true;

X sriteln:
N sritelnC CHRC27), “#6 INITIALIZATION COMPLETE®): .
-15 eriteln:

end: ( Initialize )



iMPGRAP . MAC

» IWHA-JOON LEE 10-27-82
:." SCALL STATEMENTS CALL INITZ
p H CALL NAMEILCEILNUM)
Wy : CALL STPNANM
5 : CALL STOVERCFILNUM)
A H CALL MOVETOCIX,IY)
M 3 CALL DRANTOCIX,IV)
:
o «LIST TTM
N GTS = 167760 SGRAPHICS TRANSLATIR STATUS
Fetd GT8 = 167782 IGRAPHICS TRANSLATOR BUFEER
iy : .
o $MACRO TO QUTPUT DATA TO THE WP I/0 OEVICE
35 :
o +MACRO QUTHP T,2G6WALT
GMAIT: TSTB IGTS ICHECK STATUS OF NP
- 8pL GWALT $IF 3IT 7 IS 1, MP IS READY
15 :344 8002,3¢GTS $CLEAR BIT 1 CDEVCMD)
:;:1 MOV To 38578 SMOVE DATA TO JUTPUT BUFFER
>3 8Is #002,30GTS $SET SIT 1 FOR DATA AVAILASLE
'A::, «ENON
5%’ $
b 3TO INITIALIZE MP GRAPHICS TRANSLATOR
H
e INITZ:: MOV SINIT,R1
] Mav 8. 4R2
) «g LOOP:  QUTNP  (R1)e
) s03 R2,L00P
p k; RTS 13
ke INIT:  .WORD 146000,144000,101000,102000
e «WORD 100000,112000,110000,115000
H
Afk $TO NANME DATA FILE
H
o5 NAMEIL:: ST CRS)e
2. mov ICRS)e, 01 IFTLE NUMSER .
a7 ADD #107000,21 INAME FILE
o JUTHP R}
i RTS PC .
< H
r, $TO STOP NAMING FILE
> H
A STPNAMS:
NS OUTH?  #112000 $STOP NAMING FILE
i RTS PC
3% s
'® $TO MOVE POINTER TO THE BEGINMING OF FILE
:
A4 STOVER:: TST CR3)e
: OV ACRS)e,R1 $GET FILE NUMRER
59 ADD #133000,R1 $PIND FILE
1O\ T R} $OUTPUT “FINO SILE COMMAND®
DN RTS oC
oy :
¥ $TO MOVE THE CURRENT EEAM POSITION TO A POINT
0 $TO START DRAMING.
z 3
; MOVETO:: ST (RS
,q$ OUTHP 9143000 {PEN CONTROL




XL

CF

QUTHP #141000 IPEN yP
QUTHP A(RS) IGET IX
QUTHP (RS ) $GET 1Y
RTYS L]

ARSOLPL A

’
$TO GENERATE A VISIBLE VECTOR FROM THE CURRENT
IBEAM POSITION YO A POINT
DRAWTO:: ST CRS)e
IYTHP #161001 SPEN DOMWN
QUTHP I(RS)+ $GET IX
ourHe (RS IGET IV
RTS PC

v

1]
$TQ ERASE ALL DATA OF A FILE
$ERASE SHOULD 3€ FOLLOWED B3Y STOVER TO PUT NEW 0aTA
$ON THE ERASED FILE
.
ERASESS ST (®S5)e )
Mgy (RS)+,4R1 $EILE NUMBER
AQO 4103000,%1 $ERASE FILE
QUTH? R1 10UTPUT °“EF COMMAND”
* RYS 44

$FIND ABSOLUTE LICATION IN DISPLAY BUFFER

EINOLS: TST (RS)»
mov ACRS)e,R1 SGET LOCATION
JUTHP #132000 10UTPUT “FL CaMMAND®
OUTHP R1 $OUTPUT LOCATION
RTS eC ’

*
SOISPLAY TEXT OF STRINGI
SCALLING-=TEXT(VAR IXoIY,SIZE,NCHAR: INTEGER: VAR TXZ: STRING1 )

.
TEXT13: TSTY (RS)+
SUTHP #143000 SUSING PEN CONTROL
QUTHP 4141000 $PEN UP
uTHP A(RS)e IX
ouUTNP ICRS)e 1Y
QuUTHP 8141001 SPEN DOWN
MoV A(RS)e,R1 $SILE
A09 = #145000,R1 $CHAR SIZE AND ROTATION
SUTHe R1 IT0 HP
ouTHP 1460000 sCOMMAND FOR °TEXT®
Mgy a(RS)+,R4 INCHAR
wyv (RS)+yR3 $ADDRESS OF ®IRST CLEMENT OF TEXT
LaoP1: moOve (R3)+,R2 $GET A CMAR
L34~ 2LT77600,R2 SCLEAR PARITY 317
QUTHP R2 T3 we
sos Ré,LO0PL
QuUTHP #146000 $END OF TEXT
RYS 4+
$
s0ISPLAY TEXT OF STRING2
SCALLING==TEXTCVAR IX,IV,SI2%,NCHARS INTEGER; VAR TX: STRING2 )

$

TEXT2:: TST (RS)
QuUTHP 01463000 SUSING PEN CONTROL
QUTHP #141000 IPEN UP




a(rS)e 3Ix

(RS ) ity

#141001 iPEN OOWN

A(RS)e,R1 (3 394

#1465000,R1 $CHAR SIZE AND ROTATION

1 3T MP

€140000 $COMMAND FOR °“TEXT®

A(RS)I* R4 SNCHAR

(RS)*pRI $ACDRESS OF FIRST ELEMENT QF TEXT
Loor2: (R3)*,R2 $GET A CHAR

8177600,R2 SCLEAR PARITY 3IT

R2 iTQ up

R4,L00P2

2146000 $END OF TEXT

PC
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( File:

TERDIS.PAS

}

( This file is for perspective display of the prismatic terrain, )}

L ¢

)

(32822 RRIX XA ERLL SR XL S E X LRRE AT AP AR XL LR RE SRS R EE A RS RSB LR ER KRS SR SR N)

Program

tinclude
Rinclude
Tinclude
Linclude
Yinclude

const

var

procedur
procedur
procedur
procedur
procedur
procedur

proceduyr
¢ 3lobal

var

de3in

Bk,

TERDIS:

Global:
Mainvar:
orses
Joystick?
Libdbes

OneDegree = 0,017453;

Yuidth = 60.03
Space = 1,03

{1 degree in rad )
{ Y=aidth of terrain in feet )
{ distance between two lines in terrain dispglay )

CntrInt = Vector( 20.0¢30.0,0.0 )¢
R = 200.0¢ { distance between EP and Center of interest )

FilNumy I, J
Silenane
EyePt

integer:
Strings
Vector$

Jscaley, 0T, Last, Present,

Xangle, Yangle, 4R

Velocity
[

6

e Initz: NonPascal:
e NamFilC var FilNum
o StpNam: NonPascal;
e Stover( var FilNum
e Movetol var IX,1Y
e drasto( var IX,1Y

e ReadTerrain:

real!

areray3;

texts

file of QnePlanes

integer ): NonPascal?l

integer ): NonPascal:
integer ): NonPascal:
integer ): NonfPascal:

modified ¢ NumPolys, Points )

Lo Jo

Vi, V2» V3, V&, NumPts,

TespNuspts
: integer;
Filenane

stringd
Fe G
: text}

Eilename = “Terrain

reset( FoFiloname, "DB1:C3IST,1ITERRAINLDAT® )¢ { open input file )

€tlename s “tré.dat

reerite( GoFilenanme,’

readln( F,NuaPts )
NumPts 2= 2#NumPts;:

‘3 ¢ output filenasme for display data }
JAT® )3 ( create outout file )

TapoNumpts = NumPes$

NumPolys 2= TmoNumPts - 13 :

( generate a new file for polygon description of terrain )
sriteln( GoNumPtss3y® “yNumPolys:l)s

for I:=1 to TempNumPts do

{ description of points )

with Pointslll do
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QY oy Y R g 80 A A LY 4, K s 84y S L8 3 ¥ X Ak % o0 225, p [RARA TR AR Y V4 .
: 343
Y Py’
'ﬁ-‘ ),
Bt} 4 :i
* U
4 \'
3 S
| e
. begin
: readlnl F,yJeXsl )3 ¥ 3= 0,0% kv
". sriteln( GyJ23,° “,X3823,° “,¥2823,° *,238:3): ‘
3:. end; . ,l‘
‘) N
g. for I2=1 to TapNuaPts do ( description of points ) Q(
eith PointsCI) do "
\ begin
J 22 I + TmpNumPts; i® Yuidthi ¢
49y sriteln( GeJ23s° “9X28339° °,¥2823,° °,2:3:3); : non
e end: v
thd L3
gﬁt J = &3 { nusber of edges )
o5 for 1:=1 to NumPolys do { vertex descriptions ) §
'y begin
A V1 &= [ V2 2= JeTapNumPts: V3 2= V2e1: V4 e Tel;
writeln( GoJ23+s° “gV1335° “4V223,° “4¥3239° “,V&:3 ) s
; ond3 e
Close( F ) ( close terrain information file ) a0
CleseC G )3 € close terrain data tile ) v
ond: € ReadVerrain ) 0
A
, "orocedure GetPlanes: »
, { global referenced: NumPolys, Polygons, Paints, Vertices ) 4 oY,
N ¢ modified: Planes } ”!!ﬁ
L - . "y
] var Al, 31, C1,y M .‘
% ¢ real: 15
2 J1s J20 434 1 G
$ integer: -
Ptly Pt2,UnitNormal -
) : Vector; P
p L
B 4 Segin g,
s for It=1 to NumPolys do 4
Y bein ‘*}.
oy with PolygonsCl) do 4yt
Py begin
2 J1 3= Verticesl Startel I3 .
J2 i3 VerticesC Starte2 12 S
X J3 = VerticesC StartePolyvices 1; N
Y end} {;
3 f eith PlanesCl) go ¢ plane coefficients ) t:
o begin L
' VectSub( PointsfJII,PointslJ1],Pt1 )3 :
VectSub( PointsLJ2],PointsCJldePt2 )3 o
CrossProd( Pt1,Pt2 UnitNormal )3 Lo
, Cist fs=DotProd( UnitNormal,PointsCJ1d )¢ Ay
. : e
N ( boundaries of a plane ) '
' Xmin 2= PointsCJll.X: Xasx i= PotntstJ!!.xi S
it I = NymPolys then Xmax = 1000.0: s
: ond; .
; ond} ¢ for loop ) .
D md;3 ( GetPlanes ) s
-
P NO
\1 orocedure Spacing( Mt: Matrixsé )3 >
ok
By Wi
{ (]
v
i B
R 206 o
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¢ 9lobal referenced: NumPolys, Points, Yuidth, Space )

var

begin

. .

SOOI A Y

TmoPt, NesPt

: Vector:
X0» 20¢ HOy Slope, CosX,
Xdis, ldis

! resl:
Lo Jo IXe 1Y

$ integer:
Flagl, Flag2

: boolean;

for Iisl to NumPolys do
begin
XD := PointsCI+1).X - PointsfIJ.X3
0 := PointslI*l).l -~ Pointsfll.Z:
HD 2= gqrt( xD%XD + 1D%20 )3
it X0 <> 0.0
then begin
Slooe $* lD/XD: CosX = XO/HD:
Xd4is = CosXx&Space: 2dis := SlopesXdis:
end
else begin
Xdis = 0.0
it ID > 0.0 then Idis 3= Space

else ldis :s3-Space’
end;

with PointsCll do
begin

TepPteX s XaXdis: TapPt.V i3 (3,03 TapPt.l $= leldis:
ond?

repeat

YectéTransforal Mt,TapPt,NesPt )

MakeOisplayable( NewPt ):

with NewPt do
begin
IX = trunc(X): IY $= trunc(Y): Movetol(IX,IY):
end?

TrpPeeY = Yuwidth:

VectéTransform( Mt TapPt ;NewPt )

MakeOisplayable( NewPt )i

with NewPt do
begin
IX = trunc(X): IV = trunc(Y): Orawto(IX,1Y):
end;

with TapPt do
begin
X ia XoeXdis; ¥V 3= 003 I 2= TeZd4iss
end;

Elagl t= false; Flag2 := false:
it 20 > 0.0
then begin
it TapPet.l > Pointslleld.2
then Flagl 3= true
else Flagl t= false?
ond
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. ah
. alse begin .
43 if (TmpPt.l < Pointsfle1l.2) §"
e or (TapPt.X > PointsCIell.X)
. then Flag2 = true ja
-, else Flag2 := false! '>$
N ond 84
. until Flagl or Flag2:
Iz end? ¢ for loop )
{ draw base of terrain )
3 VectéTransform( Nt,Pointslll,NewPt )3
. MakeDisplayable( NewPt ):
he2 with NewPt do
begin
. IX 2= trunc(X); IY 2= trunc(Y): Movetol(IX,IY):
) end3
ﬁ #ith TapPt do
'3 begin
‘.: X = 008 VYV 2= 0,08 Z 3= =-10.0¢
. end:
) VectéTrangsfore( Mt,TapPtyNewPt )
Makedisplayable( NewPt )3
with NewPt do
el be2in
04 IX -3 trunc(X): IY 2= trunc(Y): DrawtolIX,IV):
c end3 ’ -
N sith TapPt do X = PointsCNuaPolysell.X;:
X VectéTransfore( Mt,TmpPtyNeaPt ):
- MakeDisplayadle( NewPt )i
with NewPt do
s begin Fi
) IX s trunc(X): IY = trunc(Y): Orawto(IX,IY¥): R
4 end? Ry
fh VectéTransform( Mt,PointsCNumPolys+ll,NewPt )3 %fﬁ
N MakeODisplayablel NewPt )3 1
% aith NeePt do L
« ¥ begin s
2 IX ¢s trunc(X)s 1Y = trunc(Y): Orawto(IX,IV)¢
R” end?d
o, for I = 1 to 2 do
:f begin
3 with TmpPt do
A bpegin )
ol X t= 0,0: Y t= 0,03 I 3= -10.0%
hy £ T = 2 then X :» PointsCNumPolysell X
ends ]
=5 VectéTranstform( Mt,TmpPt,NesPt )} :éh
A MakeDisplayadblel NewPt ) . %?A
QN aith NewPt do A
A begin . éﬂ;
-i% IX 33 trunc(X)3 IV 3= trunc(¥): MovetolIX,1V)$ e,
N end; : N
oy eith TmpPt do Y = Yeidth} .,
et VYectsTransfora( Nt,TapPt,NesfPt )} - oL
}( wakeOisplayadbleC Nes?t )¢ lﬁg
> #ith Newft do i
& vegin e
wb IX 3s truncCX)s 1Y 3s truncCY)} OramtolIX.1V): SN
L: .\1
1 o
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sith TmpPet do
begin

1 t= 0.0; if I = 2 then Z := PointsCNumPolysell.l}

ends?
VectéTrans forn( Mt,TapPt,NewPt );
MakeDisplayable( NewPt ):
aith NesPt do

begin

IX 33 trunc(X): 1Y 2= trunc(Y):

end3}
snd: ( for it= 1 to 2 do )

{ Spacing )

¢ TERDIS )
Init2: FilNum = 1; NasFil(FilNum):

Orawto(IX,1IV):

i..i
3 B
A

o

Y
¥

5

b S

ReadTerraini( read in terrain information and make terrain data file )

Filenave 5= °tré.dat °3

Read0bd ject( Filename ); ( read in terrain deata file )

GetPlanes?

{ get syespace by using joystick )
Xangle s -90.0: Yangle = 10,03
Jscale = 5.0 Present = Time:
repeat -
Joystick( Velocity, Jscale ):
Lastss Present;
Present 3= Time:

DT := 3600.0 & ( Present -~ Last ):

€ initialize eye point )

o,

A

R

Iy
pe)
B3

b

Xangle 2= Xangle ¢ OT % VelocitylO01:
Yangle = Yangle ¢ DT * Velocityfl]:

eith EyePt do
begin

HR 22 R = Cos( OneDegrae = Yan3le )3

X 3= MR x Cos( OneDejree * Xangle ) - Cntrint.x:
Y i= MR % Sin( OneDegree * Xangle ) - Cntrint.¥:
I = R % SinC OnelDegree * Yangle ) - CntrInt.l:

end;
GetéyeSpace( EyePtyCntrint )
Stover( FilNum )3
DisplayObject( EyeSpace,false )}
Spacing( EyeSpace ):
StpNam?
until C Velocityl2] € -2.5 )¢

Eilenamne = “EYESPACE “;
rewrite( FyFilename, ", 0ATS1” )
for I = 1 to & do
begin
for J ts 1 to & do
srite( FoEyeSpacell,il ):
sritelnC £ )3
ond}
Close( © );

Zilename = °“PLANES ‘3
reeritel GoFiloname, .DATS1” )
for I 33 1 to MaxPolys do
begin
G* 3= PlanesCIl} putl G )3
end}
Close( G )

¢ TERDIS )

. .
. - P LY & B ¥ . : 1) 0 v D'y, 0% " Py Ca T h
L K Cadth s DM Unft e Il LW IAISCA AU IUOOUSU KA M Ea RSN P St it DR e ‘:‘« RN

»
-
T
>
o

f.l‘ o
T o

display terrain )
display spacings )

EYESPACE.DAT:L )
create file for EyeSpace )
store data in file }

PLANES.CATS1 )
croate file for coefticients?
of planes of ‘terrain )
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(3XXXPESLXREXRLEESELERRET SRR R ERREERRRER AL EREL SRR EX XL ER LS AR R R KR XL LR R XK )
C File: TERPRF.PAS ¥
C This file is for terrain profile gansration. : }
¢ }
(322X REXR XX A RE XXX NP AR R ER R ER XS SV LR RERB XL ER KX SR XS EE RN AP RE B EEEE AR TR EK)

program TERPRF;

tinclude Globals
Tinclude Mainvar:
Yinclude DISP:
Tinclude Joystick?
Tinclude Libr:

type Stringl = packed arrayfl..11] of char:
String2 s packed arrayll..2] of char:

IX, IV
$ integers

procedure Initz: NonPascal:

procedurs NamsFil( var FilNum : integer )i NonPascal:

procedure StpNam: NonPascal}

procedure Stover( var FilNum : integer ); NonPascal:

asrocedure Moveto( var IX,IY 2 integer )3 NonPaschl:

procedure Jrawtol ver IX,1Y : integer )2 NonPasscal:

procedure €rasel var FilNum ¢ integer )} NonPascal:

procedure EindlL( var Locate : integer )i NonPascal: .

procedure Texti( var IX,IY,CharSizesNchar: integeri var TX: Stringl )¢
NonPascal:

procedure Text2( var IX,1lV,CharSizesNchar: integar: var TX?: String2 ):
NonPascals ’

arocedure Cursar( var IX,1IY: integer ):
{ draw arros cursor on screen )

const L = 203
var KXsKYsFileNum : integer;

begin
FileNuw = 4% NaaFil(C FileNum );
KX 33 IX = L3 KY 2= Y =« L{ Moveto( KX,KY )¢
OrastoC IX,IY )3
KX 22 IX ¢ L3 Draswtol KX,KY )3
StoNam:
and$ { Cursor )

procedure Movelursor( var IX,IY ¢ integer )
{ move cursor on screen )

var Present, Lasty Scaley 37T : realy
EileNuam 2 integer:
Velecity ¢ asrrayls
Segin
SileNum ta 43
Scale ts 200.03 € scale for joystick )
Present = Times

. , r Y 4 a%.8" * 1 X'p. 4 1 wj 1 A ol
MaNa A by ,‘ﬂ- 0"(‘“ "ﬂ"&‘."z- :’i‘?‘ ASAARY L ’,‘.n"h ] s’lk‘u AL AS AN AN WA N AL AN N i .I",c".g\: !;‘l,"i?"\,.',‘. s N ;‘kc £ W WA SR !

WY,

C PR e, T
ER 2 A >

R
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repeat ( move cursor without drasing vectors )}

Joystick( Velocity,Scale ):
Last = Present:?
Present s Time:
0T ¢= 3600.0 * ( Present - Last )
IX 3= trunc( OT*Velocityl0] ) ¢+ IX:
IY = trunc( OT%xVelocityC1l ) ¢ Y
Stover( FileNum )3 .
Cursor( IX,IY )
until ¢ Velocityl2]) €< -100.0 ): € until
ahile VelocityC2] ¢ -79,0 do

2z axis i3 twisted clockwise )}

{ wait until joystick returns )

Joystick( VelocitysScale ):( to netural position )}

T2, K

"
) '

Pol; 1
L A 3

"
v

A
o

I

NS i
‘,ffgﬁﬂﬁf

nds { MoveCursor )

arocedure OrawMenu?

var FileNumy, IX, IV,
CSe NC : integer:
TX ¢ Stringls
begin
FileNue = 1 NaeFil( FileNus )3
IX 3= 03 1Y := 800;
Movetol IX,IY )3
IY 2= 10003 Draeto( IX,IY )
IX ¢3 400: DOrasto( IX,IY )3
IY $= 800 Orawtol IX,IY );
Ix = 03 Orawto( IX,IY )3
IX = 2003 IY = 10003 Movetol IX,IY ):
IY = 300: Drawtol IX,IY )3
NC 2= 117 CS 2= 33 { set character size )
IX 3= 343 IY 3$=.9108 TX := ¢ Orae “3
Text1( IXoIV4CSoNC,TX )3
IX 3= 343 IY 23 3603 TX =2 ° Terrain °:
Toxtl( IXoIY,CSeNC,TX )3
IX 3= 2343 IY = 910% TX = “Perspective’:
ToxtlC IXgIYCSoNCoTX )¢
IX 3 23643 IY = 860: Tx 3= ° View °3
TextlC IXeIV,CSeNCeTX )3
StoNasm:
end: { OrasMenu )

2

"

5.
ﬂr

s
dal
2

%

o
G 1

E%

| 7%,

procedure OrawXl;
{ drasw X and 1 axis to draw cross section of terrain )

.. I’l. l’j“ A,
"

const Xain = 503 Xmax = 900:
Ymin = 3503 Yeax = 600
var Is IXe 1Yy FileNusms,
Je JXo JV¥y CSy NC
S integer:
™ ¢ String2:

e

e (™Y

DAL,
e e s
O Y
4y Sty Byl

RELS

FileNum = 2; Naafil( FileNum )3

NC 2= 2% { number of character )

CS = 13} { character size )

for I t= 1 to 2 do ( drae XZ axis )
begin
IX s Xmin: IY $= Ymins Moveto( IX,IY )3
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=] - if I = 1 then begin :
' IX i3 Xmax: JSX $= IXeT3 JY = I¥Y=125 TX 3=°x °; sk
end
S else begin "\‘
- IY = Ymans JX $=2 IX=83 JY 3= IYeT7; TX 3s°% “3 "
$\ end? . \
8 Drawto( IX,IY )3
) Text2( JX,JY,CSeNCsTX )3
<y end? .
' cS := 03
JX = Xmin: JY 3 Tmin=25% TX :2°0 “; Text2( JXeJYsCSeNCeTX )3
. for I 2 1 to 8 do ( draw scale every 10 feet on X axis )
V. begin ( put the numbers on theam ) E
e IX 2 Xmin ¢ 21003 IY = vYmin + S: Movetol IX,IY ): :
- IV := Ymin = 55 Orawtol IX,IY ) ¥id
o JX 3= IX = 103 JY = IY - 203 oo
= case I of Vs
o~ 12 TXS=°10°3 23 TX:=°20°% 33 TX3=2730°3 42 TXI=“"40°:
. S TX3=°50°; 62 TX:=2°60°; 7% TX2:=°70°; 8: TX:=°80°3 vy
o end: ( case end ) 3
g'; Text2C JXoJYoCSyNC,TX )3 . \
A9 if I = 8 then be3in (
~3 JX T= JX ¢ 358 TXITFLT3 Text2( JXeJY,CSHNCoTX )3 g
:,\v end: . RC
~ - ‘ ends ve
p »
for I iz 1 to 4 do { draw scale every 5 feet on I axis )} L o
Pl begin ¢ and put numbasrs on thes ) '_
A IY := Ymin ¢ I%590; IX 3= Xmin ¢ 5 3 MovetoC IX,IY )3 b
.. IX 3= Xmin = S Orawtol IXsIY )i : 3y
- JX s IX = 30% JY s IV - 63 e
. case 1 of i
3¢ 1T TX3=° 5°; 2: TX:=“10°: 32 TX2="15°; 43 TX3=2°20"3
} ond? -
Text2C JXsJY,CSeNC,TX )3} .
“ it I = & then begin 5
N JY 23 JY#25: TXS="44°; Text2( JX,JYeCSeNC,TX )¢ C<2
S and: o
- for J ts 1 to 32 do : -
- be3in : =y
Te IX 2= IX « 203 Moveto( IX,IY )} 1
: IX ts IX ¢ S; Orastol IX,IY )3 <
> ond} ) )
' ond; gs
A StoNam? h3Y
3 ond? ¢ Oramxl ) on
: ' Y
3 LS
procedurs DraeTorraing
( draw lines for terrain intersctively using Joystick )} i
o ( ng jenerate an output file for terrain information )} ) '__-:
o
“: label 103 ﬁ
N const Scale * 0.15 Iain = S0 Yain = 380: 'Yy
e tyoe String = packed arraylli..7] of char: &“
2]
. var IXe IV Lo Jo PileNumy, L ¢ integer: iy
o Filoname : stringd . ¢
\'. ]
_\.' aR it
“e § W
- :—:;"
, b
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F ¢ text:
TmoPts ¢ srrayll..30] of Vector:

FileNum = 33 NawFil( FileNum )3 A
L = 500: ¢ initialize write pointér for terrain display ) ha
IX = Xmin: Y 2= ¥Ymini I 2= 13 F&;
eith TapPtsCl] do ‘
begin . eyvegy
k> iz 0,03 2 = Q60°% ..
end? d
Findl(L): Movetol IX,IY )3 t = L + 13 ' ’
MoveCursor( IX,1Y )3
shile (IX>600) or (IY<800) do !
begin L
I ¢=1 + 1; b

e

with TepPtsCl] do "y
- begin R
x $= Scale = ( IX = Xwmin )} hﬁ@
‘o Z :s Scale ® ( IV - Ymin )3 [
0 ond; Ly
L0 FindL(L)3 Drawtol IX,IY )3 L 3= L + 13 LA

MoveCursorC IX.IY );

end? -

>, StoNam? * .;§A
‘ b ﬂ
% if IX ¢ 200 .
. then begin s
5 Initz:
‘§ Oraalenu; Cursor( IX.1IY );Draexl: { erase previous data )
« goto 10 { drae again )
end?
e €ilename s ‘terrain’: % e
+ reurite( F,Filename, “.0AT)3 € create output file ) &Y
. weiteln( F,I:3): ( erite number of points ) A
. for J 23 1 to I do M
X sith TapPtslJ] do : o~
" eritelnC F,Jd23,° “4yX2823,° “9238:3 )3 ( erite X and I values ) s

closel F )3 .
( rassTerrain ) ’

¢ TRPRFE body )}

ot Initz: OrawMenys i
-w.:; IX t= $00; IV := 500 i
N CursorC IXoIY )3 :
< while C IVC800 ) or C IX>200 ) do h
’ MoveCursor( IX,IV )3
- drawxl; &}{J
JrasTerraing ‘s§

end. ¢ TRPRF )

R
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¢ File: DISP.PAS )
€ This file is for graphics routines ) }
{ )

(SR RERXERBERRELF LR LSS EE A S SR LR R XN L R ESLE SRS L AR LS XL LS BEES LR R CER R AR X R E)

procedure Readdbject( var Filename: String )¢

var Te J » NuaVtces, NuafPts 2 integer: ’
£ 2 text;

begin

reset(F, Filenase, °.CAT"): ¢ open input file )

readlin(F,NumPts, NumPolys): ( read in points )
for I 2= 1 to NumPts do
with PointsCI] do
readlin(F, Jy Xy ¥y 2)%

NumVtces = 03 ( initialize size of vertex array )
for I 3 1 to NumPolys do { read in polygjon descriptions )
with PolygonsCI] do .
begin
start s NumVtces} { start point in vertex array )}
read(f, PolyVtces ); ( number of vertices )
for 4 23 1 to PolyVtces do € resd vertex pointers )
read(f, verticesl Nuavtces ¢ J J):

readln(F); ¢ go to next line of input }
NumVtces = NumVtces ¢ PolyVices: .
end;

Close(F); { close the file )

end} { Readdbject )

procedure GetEyeSpace( EyePt, CntrInt: Vector ):

var Mtx ¢ Matrixé
€1,C2 ¢ Vector:
Hypotenuse,CosA,SinA 2 real:

begin
sith EyePt do .
TransMat( =X,-Yy=2,EyeSpace ):
VectsTranstorm( EyeSpacesCntrint,C1 )3 ( translate center of interest )

aith C1 do Hypotenuse := sqrt( X&X ¢ V&Y );
1t Hypotenuse € 0.0 then

Ye9in

CosA = C1,.Y /7 Mypotenuse: SinA = Cl.X / “ypotenuse:d -
Rotatevat( “I7,Cosd,SinA,Ntx )3 { rotate adout 2z axis )
MatéMult( “txoZyeSpace,EyeSpace ):

end3

VectsTranstorm( EyeSpace,lntrInt,C2 )3 ( rotate ctr. of interest )

#1th €2 do Hypotenuse 3= gartl YsY ¢ %l )3
i? Hypotenuse <> 0.0 then

begin .
CosA 2= C2.Y /7 Hypotenuse$ SinA = «C2.1 7/ Mypotenuse:

RotateMat( °X’,CosA,SinA,Mtx )3 ( rotate adout x axis )
watéMultl “txotyeSpacesEyeSpace )¢

end}

Ident( Mtx )3
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AN ( seitch betueen Y and I axes ) :J\

s MtxL242] 3= 0,03 Mtx{243) i= -1.0% %
3 “txC3,2] = 1.0 MtxC3,3] = 0.0; N
N YateMult( Mtx,EyeSpace,EyeSpacas )3

ends ( GetEyeSpace )}

Y ] .h
‘.' M * !.
A orocedure MakeDisplayable( var Pt : vector )3 . Z\{
s_" .\‘.
o begin ( perspective projection ) %
o 9t.X = Scale & Pt.X + Middle.X: b
o Pt.Y = Scale & Pt.Y ¢ Middle.Y? o

) mnds -

A rad
o . e
ot pracedure OisplayObject( var Mt : Matrixé): S
2 var TapPt @ Vector: 2
-y ToeJdoKy

IXe1Y S integer:

begin
for I :32 1 to NumPolys do
with Polygons(I) do
begin
VectéTransfora( Mt, PointsCVertices[StartePolyVtcesll,TupPt):
MakeDisplayable( TmpPt )i
sith TepPt do

-y

o M
IR AR,

begin Pl
. IX 2= trunc(X)t IY 22 trunc(Y): Moveto(IX,IY): 353
tod and3 MY
,.{ for J 3= 1 to PolyVvVtces do . » &
- begin £
~ VectéTranstorm( Mt,PointsiVertices(Starte i), TapPt )¢ G
3 MakeOisplayablel TapPt ) =
: sith TapPt do N
begin '
i IX 3= truncCX): IY 2= truncCY): JraetoCIX,IY): 3
fLo’ end; Lo
o end; %
v end; Y
7 inds ¢ DisplayObject ) . &
;\ AT
;)' procedure DisplayFile( var M2 : Matrixé):
\
i var TapPt 3 Yector:
& LedeK,
[- 19 ¥944 ¢ integer:
4 E S text:
AN
Segin
resrite(®, "ASVHP.dat’)3
L for [ ta 1 to YumPolys do
iﬁ aith PolygonslI]) do
x| begin
be " _VectéTransform( Mt, PointslVertices{StartesPolyVtcesll,Tnpft)s
%4 MakeOisplayasblel TapPt )@
e with TapPt do
3 riteln(Fy°3°%,° %Xy %,Y)3
D for J s 1 to PolyVtces do
~ degin
N VectsTransfora( Mt.PointslVertices(StarteJll,Tapft )¢
A - vakelDisplayablel TmpPt )
sith TepPt do
3 oriteln(F,72%,° *3Xe* “y¥)8
) mnds
ond?}
&5 clase( F )3
5 end} ¢ OisplayFile )
b,

e 215
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