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and construction of an experimental 

off-road vehicle called the 1V-84."" The

vehicle concept envisages locomotion without the use of wheels or tracks, but
rather employs six active suspension elements, each providing support and pro-
pulsion analogously to a biological leg. The report includes test results
obtained with a prototype hydraulically-powered vehicle leg making use of an
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innovative hydrostatic system with one variable displacement pump for each

actuator. This system is designed to permit locomotion at a considerably
lower energy cost than would be possible with a conventional valve-controlled
configuration using pressure-compensated pumps. The report also discusses
construction of the vehicle frame and cockpit and initial stages of testing
of the vehicle prime mover system. The latter is composed of a 90 hp motor-
cycle engine modified for stationary operation, and an associated high energy
density flywheel intended to smooth power demands on the engine imposed by
large fluctuations in hydraulic pressure and flow in the leg control pumps.

Electrical system research reported includes validation of the operation
of a breadboard version of the vehicle control computer. This computer con-
sists of fifteen intel 86/30 single-board computer systems. A real-time
simulation of the ASV-84 mechanical system is implemented n a PDP-11/70
computer to permit testing of the control computer ha re and software.
Test results indicate that the control computer esses adequate power for
initial vehicle testing. A preliminary ex mental evaluation of an
optical radar system to be used to provi the control computer with a local
terrain elevation map is also included. complete listing of a computer
program used for validation of algorithms for automatic terrain-following
using such data is included in the repot
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1. INTRODUCTION AND SUMMARY

Research under this contract began on October 1, 1981. As planned, the

first two years of work were primarily devoted to design activities supported

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.

Ry the beginning of the period covered by this report, conceptual design

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

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

in previously submitted R & D Status Reports for the period. While this work

has revealed no significant defects in the overall ASV-84 system design, some

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

correspondence, we no longer anticipate that significant testing of the ASV-84

vehicle can be completed under the current contract. Rather, we are concen-

trating our efforts on completing vehicle construction to the greatest extent

possible during the current fiscal year.
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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

modification 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 height 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

p., designed as an easily separable module, both structurally and electronically.

* 2
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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 oil 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.

4
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Figure 2. Engine and Cooling Systen Mounted on

Dynamometer Test Stand
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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-I

tain a desired contact pressure during the contact phase. A videotape of

these tests has previously been supplied to DARPA. The leg has b'ten 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 equivalent ground speed attained at 1.2

Hz. was approximately 5 mph, the designed cruise speed, and th1-at 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 foot to assume a sole flat

position during contact. The problem with the attitude system was minor and

will be avoided in the permanent installation.A' 6
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2.4 Leg Design and Fabrication

During this period the detailed design of the leg links, and of the

joints which connect themi 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 theI

guideways for the linear bearings on which the leg links are mounted, and the17

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

2.5 Flywheel Tests r

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 test flywheels in their housings. It is necessary to i
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 comn-

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

package is dependent on successful completion of the flywheel test program.

8
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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-U
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 d

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 DARPA. 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 Omiidrectional Vehicle Control

V. 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-I 9
LaV
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Ph.D. dissertation. This dissertation is attached as an appendix -to this

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

one entirely satisfactory approach to realization of close maneuvering forI

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

currently under investigation.

The principal features of the algorithms presented in the 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 -trrain during the transfer phase of leg motion. *
Otherwise, a desired maximum foot lift relative to the body is set by the

operator to a value judged sufficient for the terrain being negotiated.

B. 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

to average terrain slope.

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

'-7 'IIfor enhanced stability on steep slopes.



While continuing simulation studies and subsequent experiments with the%

comipleted ASV-84 vehicle will undoubtedly produce improvements to the above

* described algorithm, we feel that we now have established a satisfactory base-

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,

and turning velocities. A copy of this videotape has been provided to DARPA,

A photograph of one frame of this videotape is included in the attached

* Appendix 2.

3.3 Functional Test of Terrain Mapping System

In November, 1983, the terrain scanner developed by ERIM was delivered to

* RBattelle Columbus Laboratories for interfacing to the ASV-84 guidance comn-

puter. Subsequently, this system was transferred to OSU for integration with

the vehicle control computer. After some initial problems relating to

electrical compatibility, the entire system was shown to function as intended

except for the following difficulties noted with the scanner:

1. Due to excessive power consumption by the horizontal scanning mirror drive

motor, the scanner overheats after approximately fifteen minutes ofI

operation at 700F 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 requires more current than anticipated. On advice from

ERIM, its fuse has been replaced with one of larger size.
4. The nodding mirror frequently fails to initialize correctly when power is

turned on. When this occurs, the subsequent scan cycle is also incorrect.

12



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 mi rror

reaches the bottom of its travel.

7. The scanner sends its first line of data in each frame faster than

subsequent lines.

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

scanner is influenced by the type of surface material associated with

the objects scanned.

All of the above problems have been communicated to.ERIM. It is our

understanding that funding for a retrofit to correct these difficulties is

included in a proposal which has been submitted by ERIM to DARPA. At the pre-

sent time, however, it seems unlikely that the deficlences noted can be

rectified within the time frame of our current contract. We therefore antici-

pate that no ASV-84 system or subsystem tests requiring an operational scanner

will be undertaken in FY 84.

1.
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Chapter 1

INTRODUCTION

1.1 General Background

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

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

vehicles [1-63. Some of the possible applications for legged vehicles

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

harvesting trees in the logging industry, underground mining, and

hazardous tasks in nuclear power plants [5]. The major design objective

of legged robot vehicles is to achieve superior mobility/walking

capability, utilizing greater adaptability to terrain irregularities due

to the fundamentally different nature of their interaction with the

supporting terrain, in comparison to wheeled or tracked vehicles [7].

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

off-road vehicles result from their large number of controllable

degrees-of-freedom which requires highly efficient joint coordination.

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

task for a human operator as demonstrated in [1]. This problem has

led to the development of the computer-controlled legged robot vehicle,L which is made possible by recent advances in computer technology.

1.4.. .' ' . . .



Up to now, several investigations di rected toward computer cont~rol '.

of legged vehicles have been reported in the literature E4-9)- The

control al gori thus developed to date for locomotion of legged robot

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

human operator provides di recti on and speed commands for the body, and a

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

desired motion while maintaining stability [4,8).

Prior to this dissertation work, researchers at The Ohio Statek

University have also investigated the problem of computer control of

legged vehicles. As a result, basic control algorithms have been

developed to generate appropriate leg stepping sequences and to coor-

dinate body and leg motions for the OSU Hexapod which was constructed

for laboratory experimentation of locomotion [3,8,10). Much of this

work was concerned with level body locomotion over even terrain which is

assumed relatively smooth. The major deficiency of the algorithms

* developed then is their limited ability to execute complex maneuvers

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

altitude control to acconmmodate terrain variations. While basic

'4 solutions to the latter problem have been made for the 051) Hexapod using

force sensors, a vertical gyroscope, and pendulums [11-13), the

algorithms developed still need improvement and modification, which

4 motivates this dissertation work.I. Another problem with the previous algorithms developed for the OSU'5
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-Pl ace in
which the body is rotated about its center of gravity with no lateral or
forward/backward movement. The body velocity component values are

2



obtained from a human operator through a three-axis Joystick. However,

restrictions on these components are made in each of the control modes

so that legs will be maintained within their kinematic limits and

vehicle stability is ensured. It is desirable to remove the

restrictions placed on body velocity and to integrate the three modes of

operation to obtain omnidirectional control, and this also motivates
this dissertation work.

The objective of this work, then, is to develop control algorithms

to combine the three different modes of operation defined for the OSU

Hexapod [8) to provi de for omni di recti onal control and to extend and

modify the previous motion planning algorithms to accomplish greater

adaptability to uneven terrain. The algorithms are developed through

the use of computer simulation on the PDP-11/70 minicomputer. A graphics

display device (HP 1350A) is used extensively for motion display

and various terrain conditions may be generated interactively. The

result is that an approach to computer-aided design of motion planning

algorithms has been developed. Since the algorithms developed in this

work will be applied to a hexapod robot vehicle, named the Adaptive

5'Suspension Vehicle (ASV), which is currently under construction at The

Ohio State University, the vehicle model for the simulation is chosen

* from it.

The major problems dealt with in this simulation work may be

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.

3



2In order to increase maneuverability of the vehicle, the

limitations imposed on the body motion trajectory by the previous

control algorithms should be removed. In particular, omnidirectional

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

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 accommuodate 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-

ti on di rected to develop control al gori thms 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 inpl oyed for

low-level servo control.-

In Chapter 3, terrain and vehicle models used in the simulation

are presented in detail. Also, the computer-aided design concept for

the development of control al gori thus is described.

Chapter 4 details an algorithm to integrate the three Joystick

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

r.~. 4



provide omnidirectional control. Periodic gaits are used and much of

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

The concept of the constrained working volume is also presented.

.4% Chapter 5 describes algorithms that implement the Close Maneuvering
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 evaluations 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 listing of the control programs

which were written in PASCAL on the PDP-11/70 minicomputer.

ILI



Chapter 2

REVIEW*OF EXISTING CONTROL ALGORITHMS

2.1 Introduction

This chapter attempts to give a brief overview of previous research

di rected 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

1laboratory envi ronment with coordination of mul tipl e legs. Al so, soine

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 OSUI Hexapod [3], and

the Moscow State University Hexapod [4). For the latter case, there

are the Menzl Muck Climbing Hoe [18], the Kaiser Spyder [19] and ODEX 1

151

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 forj 6



the man-machine interface, and feedback control at the servomechanism

level to provide energy efficiency, load balancing and active

compliance.

All of the above control concepts have been applied to the controlI

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 legged 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 OSU 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 [20J in order to decouple

actuator loads. The present model for the ASV 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 M~cGhee et

V al. [14], depending on the terrain conditions, fuel economy, maneuver-

ability of the vehicle or vehicle sensors used, and these are described

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.
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2.2 Gaits

Due to the discrete aspects of legged locomotion, 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 [15,161. 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 pot nt of view of finite state machi ne

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

-" lifting of leg I 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.

8



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

vstate [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 locomotion.

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 p1lane to the edge of the support
pattern.

bS



For hexapod vehicles, Bessonov and Umnov [24J found a class of

optimally stable gaits, called wave gaits, for straight-line locomotion

by using the minimax longitudinal 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 limb of a legged vehicle or animal operates with the same
cycle time, then the gait is said to be periodic [25J. The following '4

paragraphs briefly discuss periodic gaits and also define two particular

classes of periodic gaits used 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, r, is the time required for one complete

locomotion cycle of the gait.

*Definition 5: The stride length, k, of a gait is the distance by

which the center of gravity of the locomotion system is translated

during one complete locomotion cycle.



Definition 6: The duty factor, o, is the fraction of a locomotion

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

Definition 7: The relative phase, *i, is the fraction of a

locomotion 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 -5 a 20 - 1 1 > 0 > 0.5 . (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

3 = 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, f, and the period,

, Is given in [8]:

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

following is obtained:

(1 (2.3)
dt T

dt :,
t : (2.4)

do

Eq. (2.4) may be approximated by replacing dt with At and do with A.,

respectively, such that

At,A *_- - (2.5)

Eq. (2.5) provides an approximate means to compute the period and

will be discussed further in Chapter 4. Note that once the period, T,

is defined, the value of 0 is either increasing or decreasing according

to the sign of In Eq. (2.3).

The leg placing ard lifting times may be determined by the use of

the kinematic cycle phase, 0, and the relative phase, 0t. In Figure

.2.1, # moves clockwise along the circle, when increasing and moves

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 *,0

determines the state or phase for leg i: transfer phase or support

phase. Let the leg phase variable of leg 1, *L, be defined as

00 4 ilmod 1- (2.6)
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Then,

0 < Li < 0 support phase (2.7)

8 < < 1 transfer phase. (2.8)
Li

During the transfer phase of leg i, *Li changes from 8 for lift-off

Lii

to I for touchdown for increasing Li and vice versa for decreasing

values. Accordingly, a new phase variable, #Ti' for the transfer leg as

normalized to the total transfer time may be computed as follows:

1
1-8 forT > 0

SLi (2.9)
1fort <0O.

Thus, when the leg lifts off, fTi ' 0, and when the leg touches down,

Oi= 1.

In a similar manner, #Li changes from 0 for touchdown to 0 for

lift-off during the support phase when increasing and vice versa when

decreasing. Another phase varible, #sit for the support leg as

normalized to the total support time may be obtained as follows:

'fLi for > 0

8 Li forr < 0

so that #S, always changes from 0 for touchdown to 1 for lift-off.

The graphical representation of the above phase variables is shown

in Figure 2.2. While the example used in the above discussion was for

14
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Figure 2.2. Graphical Representation of Phase Variables.
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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 I
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.

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. Impl ementati on of the control

161II 'a



q
algorithms, however, may be more complicated than that for periodic

gai ts.

The complete theoretical formalization for the free gaits has not

. yet been established, and the algorithms developed are rather heuristic

Vas compared to those for periodic gaits. Kugushev and Jaroshevsklj [27]

have suggested that the mathematical approach to periodic gaits for

straight-line locomotion may be extended to include the nonperiodic

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

advance for the motion of the center of gravity of a legged system over

a given terrain containing certain regions which are unsuitable for-

support.

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

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

Each cell was designated as permitted (suitable for weight bearing), or

forbidden to simulate the terrain irregularities. The control algorithm

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

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

!i reaches its kinematic limit [7]. If the vehicle remains stable, legs

are lifted so as to maximize the minimum value of the kinematic margin

over all supporting legs. Otherwise, the algorfthm corrects the

unstable situation by placing a leg in the air when this is possible.

Whenever a leg is placed, among those legs which make the vehicle -'

stable, the one with the largest kinematic margin is utilized. Thus,

the basic criteria for leg sequencing in this algorithm are the

17 a



kinematic margin of each leg and the stability margin in the support

pattern.

The above al gori thn 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 coorporatlon 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 v

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

maintaining stability.

2.3 Operational Modes of the ASV

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

18



of the AS- Cus Mode, Terrain Following Mode, Dash Mode, Close

Maneuvering Mode, and Precision Footing Mode.

The Cruise Mode is for locomotion over relatively smooth terrain

with minimization of fuel consumption. In this mode, the body altitude

and attitude of the vehicle could be maintained at the desired values by

the computer using terrain and inertial sensors. The body crab angle,

which is defined as an angle between the heading of the vehicle and the

instantaneous body velocity vector, could be limited to a relatively

small value and minimum turning radius could be of the order of several

body lengths. That reduces manueverability somewhat, but the optimum

speed of the vehicle can be achieved in the sense of fuel economy.

In order to increase maneuverability for the 1locomoti on over rough

terrain, the limitations imposed on the Cruise Mode may be removed.

The Terrain Following Mode is essentially for forward locomotion over

rough terrain with a slower speed than that in the cruise maode and

JI. moderate fuel consumption. In this mode, all the vehicle sensors can

be used such as the terrain scanner, proximity sensors, force sensors,

etc. The terrain scanner can provide a terraii preview to predict

foothold locations and terrain slope information for body attitude

and altitude regulation. The proximity sensors are used for local

*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 accompli shed by using sensor information.

The Dash Mode is desired when speed of the vehicle is more important

than maneuverability or fuel efficiency. In this mode, limitations are

imposed on both crab angles and the body turning radius to obtain

maximum foot velocities.
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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

the operator by means of joystick or keyboard commnands. Such a control

mode is termed as "precision footing". In this mode, feedback of foot

position relati-ve to terrain is done by operator vision. The proximity

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 OSU 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 limb motions, an appropriate control strategy for

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

20.



control. The basic hierarchical structure of the supervi sory control

scheme employed in the control of the present OSU Hexapod is shown in

Figure 2.3 [8].

2.4.1 Three-axis Control

In this supervisory control scheme, the operator provides

longitudinal velocity, lateral velocity, and yaw turning rate with

respect to the body to the motion planning block. These velocities and

rates can be generated by a three-axis joystick or a similar device.
For the OSU Hexapod control, the three-axi s control mode has been

- implemented for locomotion over flat level terrain using a three-axis

joystick [8). In this implementation, the vehicle operation was divided

into three modes called Cruise mode, Turn-in-place mode and

Side-stepping mode according to the body velocity [81. This was done in

order to avoid compl exi ty i n leg-trajectory pl anni ng for unrestricted

-three-axis control. In all three modes, the body of the vehicle is

assumed to remain at a constant height and parallel to the plane of
support.

In Cruise mode, the minimum turning radius of the motion trajectory

m%~~ of the center of gravity of the vehicle and its crab anglq is limited so I
that this mode is appropriate for cruising forward or backward with

small components of side-to-side velocity or turning rate.

4, Turn-in-place mode is for the turning motion of the vehicle in placeI
about its center of gravity with the other two components of vehicle

velocity forced to zero. Side-stepping mode is for the lateral motion

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 loooinover even terrain, the other three components of

the body velocity: up/down velocity, roll rate, and pitch rate, are set

9 to zer~o. 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 linear regression. 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 comunication scheme from simple

steering of the body to that of optical designation of footholds.

Toward this end, the Follow-The-Leader (FRL) 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

N 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 are 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 limit, they are accepted by the

vehicle. Otherwise, they are rejected. When the candidate footholdsI

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 [31J 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 [31J, which was implemented and tested for the

OSU 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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are presently implemented for control of the existing legs at the Ohio

State University.

2.5.1 Jacobian Control

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

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

• .incorporates both force and position feedback. The Jacobian control

law is given by the following equation as

whr " J-l[. + Kp(D - !A) + KF(fJ -_ (2.11)

where _i is the desired foot position derived.by the desired rate, AA is

the actual foot position, FD is the desired foot force, and fp is the

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

and KF determine the accomodatlon [32) of force errors by position

errors and, for diagonal matrices, lead to the concept of active

compliance [303. The Jacobian control structure with compliance servo

for the OSU Hexapod is shown in Figure 2.4 [11). In this figure, V

denotes the vector of the joint actuator input voltages and Ff denotes

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 II
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 FDj was computed from the conditions such
that the vehicle body maintains static equilibrium. However, the
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conditions resulted In the underspecifted set of linear equations. The

optimal solution for FD 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]

Z:A D+ kp(Z "zA) + kF(F- F) -(2.12)

where ZA and zD are the actual and desired vertical foot velocities; zA

and zD are the actual and desired vertical positions; FD and FA are

actual and desired vertical forces; kp and kF are gains. Eq. (2.10)

results in the spring-damper system when the spring stiffness, ks, and

the damper coefficient, a, are chosen as [30)

ks =kp/kF (2.13)

and

.:a 1/kF. (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 [133. From small angle approximation, the body pitch and

roll errors are converted to vertical foot displacement in a linear

equation:

t - -Xi YA + Yt iA (2.15)

where X1 and YI are the x and y components of the foot position of leg i
with respect to the center of gravity of the body; yA and 6 A are

the body pitch and roll angles measured by the attitude sensors.

27

It U Fii'l A% %IIA



~~74V *b ' pj -- - -.. *4Fa

During support phase the desired velocity for attitude control, zD,
can be computed as

- A

zD = kA  Xi YA "Y 6 2.16)

where kA is the desired attitude-control gain, and zA is obtained by
Aio id

integration of ZD. Then the desired vertical foot position and velocity

are given by

P + (2.17)

and

.P +A (2.18)
D -ZDZD,

P
respectively, where zD and io 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

'pI

(position and velocity) is compared with the desired state and is used

to provide control Inputs to each of the actuators, usually through a

linear feedback control law. Since the steady-state error and the

the feedback gains are interrelated for the overall system stability, a

feedforward approach i s 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 inverse plant and state feedback control scheme [33] was applied
to control the Monopod system [34]. The Monopod system 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=K(- ) +YD K((2.16)
where V is actual actuator voltage, V!D is the nominal voltage of the

* actuator, x is the state variables (joint angles and rates), _V is the

desired set points for the state variables and K is the feedback galin

matrix. The overall inverse plant and state feedback control structure

is shown in Figure 2.6 (33].

2.6 Summtary

Thiel 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

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 conditions 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) J

analysis [91. When three-dimensional (3-D) terrain models were used,

the terrain data base has not generally. been provided interactively

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

may be generated interactively so that locomotion over different kinds

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

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

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'
I S.

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

Joystick.
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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
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. 1

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

K this work and is presented in Section 3.4. *As stated before, the .'

pritmatic terrain model may be interactively generated. Also, S

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

perspective. In addition to this, the instantaneous stability margin

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

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

such parameters as the leg duty factor.
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3.2 Terrai n Model

The general type of terrain simulated may be defined as a 3-D

'C surface in which the heights of the surface points are not constant so

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

axis consists of a piecewise linear curve. This model may be termed a

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

some instant during locomotion should be somewhat arbitrary with respect

to the vehicle posture. The prismatic terrain model may be inter-

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

(xE,YE,zE) where the ZE axis is in the opposite direction of

gravitational acceleration (positive upward), and the xE and YE axes are

appropriately defined such that xE, E, and ZE are mutually orthogonal

unit vectors. Once the earth coordinate system is fixed, then the

terrain model is set up in such a way that the height (ZE-component) of

the terrain changes with changing distance along the XE axis. The

terrain width along the YE direction is fixed to some constant value.

In terrain generation , a discrete set of points are specified in

the ZE-XE plane. Then the terrain profile is generated by connecting

two adjacent points with a straight line. In this manner, the profile
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.4 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

4% obtained by including the YE-component to give a constant cross sectionI
in this direction. Every two adjacent points of the profile, along with
the YE-component, compose a rectangular plane which is represented by a
plane equation in 3-0 space. After generating the terrain model, the

terrai n information i s stored as an array of records in the computer

main memory. Each record contains the coefficients of each rectangular

plane equation and the XE-components of two adjacent points which define

the left and right boundaries of the plane in the XE 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

N.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

1 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 AY direction, spaced one foot apart along the xE 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

.P~. appear to be more densely drawn in the perspective view than those for

a level surface.
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3.3 Vehicle Model

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

the ASV which is presently under construction at The Ohio State

University. The ASV is to be the first fully self-contained,

computer-controlled terrain-adaptive walking vehicle. It is supported

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

configuration (pantograph) providing a simple and energy-efficient

structure.

3.3.1 Body Model

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

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

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

the top plane.

Figure 3.2 shows a perspective of the simulation model of the ASV

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

(XE, yE, iE) has been described in the previous section; It is used when

specifying the absolute position and velocity of the body.

In order to describe the motion of the vehicle walking over

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

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

and for generating foot positions and velocities. The body coordinatey

system (xB, B z) is fixed at the top plane of the body and its origin

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

longitudinal axis and directed forward while the i B axis is in the

direction of the normal vector to the body plane (positive upward).
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The YB axis is defined by the vector cross-product

*YB ZB X xB (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]

XE XB

YE . H YB (3.2)

ZE ZB
1 I

where IXE YE ZE]T and EXB YB ZB3T are position vectors to a common point

as referenced to the appropriate coordinate systems. The matrix H may

be partitioned into submatrices:

H = HrIPH (3.3)

where Hr is a 3X3 orientation matrix and Ep is a 3XI position vector.

Any velocity vector defined in the body coordinate system (By) may be

transformed to the earth-fixed coordinate system (Ev) by premultiply-

ing by the orientation matrix Hr:

Ev-Hr (3.4)

The vector E PH represents the position of the center of the body in

the earth-fixed coordinate system and the orientation matrix Hr

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

joint 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 digree-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 geometrical

principles. Let the foot position of leg 1 be (XF,YF,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

;:.:XF 5d2 + hx

;YF (13 - 4dj) sine + 14 cosO + hy (3.5)

ZF  - (51 3 - 4d1 ) cose + 14 sine

where e, dj, and d2 are 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 (XK,YKZK) of leg 1 may be obtained by also

applying simple geometrical principles and is given:

X x2 cosa + hx

YK =  £2 sina + d1 ) sine + -4 cose + hy (3.6)

ZK -(U2 srL + dj) cose + 14 sine

where

ir d2 /(£3 - d)2 + d2
2

a - tan-1 - - COO- 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, d2 is

d2 a (XF " hx). (3.8)
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Squaring the both sides of the equations of the second and third rows,

respectively, yields

a2 smn 2e + 2at4slnecose + x4 cos28 - (YF h) (3.9)

a Cos e - 2at4slnecose + x.4 sin 28 = ZF2  (3.10)

where a - 51.3 - 4dj. Adding Eqs. (3.9) and (3.10) and then rearranging

the result, it is obtained

1 
-d1 - 4- (51.3 - AY(F -hy)

2 + ZFz- 4).(1)

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

foll1owi ng trigonometric substitutions

-1.4 *rcos# (3.12).

-a *rsln# (3.13)

where

a - 1.3 -4dj (3.14)

r a 714 + a2  (3.15)

-1.4
= tan-1 -. (3.16)

Then e is given by

-a. ZF 4

e,-tan-1  
.(3.17)

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 coumands for the leg actuators, is required. Hence, the 3X3
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Jacobian matrix, J, is defined as follows:

iFd2.I ZFI

L .J L- _

where

ae ad1 ad2

j ale ad1  ad2  (3.19)
ae ad1  a d2

La3 adl ad2j

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 = a cose -m4 sine -4 sine 0 (3.20)
Jl a sine + 1t4 COSO 4 COSe 0

where a = 513-4d1. Since the Jacobian matrix is so simple, its inverse

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

0 o. -sine

J-1 0 (a sine + 14 co ) (a cose 1.4 sine) (3.21)
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3.3.2.2 Working Volume for a Leg

*Temechanical limits of the joints restrict the motion of the leg

and hisis amajor 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* e c 21*

0' d 4 1 (3.22)

*-0.6" d2 O .6%.

Another condition which may be considered is the case where the leg

stretches out in such a way that all the jointt of the pantograph are

located on a straight line. This may be expressed in the following

equation:

(13 _ dl )2 + dz 2 - (21l )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). Without loss of generality, let hx = u 0. Then, Eq. (3.5)I
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reduces to

XF = Sd2

YF = a sine + 14 cose (3.24)

ZF = -a cose + X4 sine

where a = 523 -4d1 . By eliminating e from Eq. (3.24), the following is

obtained:

YF2 + ZF2  a2 + £42. (3.25)

From Eqs. (3.22) and (3.24), the limits of (a) are given by

5 3 - 4 < a < 513. (3.26)

Also, eliminating (a) from Eq. (3.24) gives

-ZF = -YFCOtG + 4/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 YF-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 YF-ZF plane to the xF direction as shown in

Figure 3.5. Note that the origin of the coordinate system (xF,YF,ZF)

is located at the hip socket and each axis is parallel to the

corresponding axis of the body coordinate system.
I-.,

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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3-D computer models for physical models. The computer simulation in

this work has been accomplished using the PDP-11/70 minicomputer alongL

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

ASV. I
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 XB-YB

plane of the body coordinate system. The top view of the constrained

working volumes for each of the legs is also included. rhe constrained

working volume for a leg is just the rectangular solid volume, inside

toe maitain thein fomeotin (seeh Cher 4). Ionto additiontm themp

the macntaln whonol mein wsehater leg conto addto go th emp

constrained working volume, the position of the foot within it is

clearly shown. Furthermore, the support foot which is "nearest" the I
* edge of its con strai ned working volume (according to the algorithms

.~. I.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 [23J is displayed in order to investigate the

degree of static stability during the motion of the vehicle. The sup-I

port pattern is a polygon projected onto the XE-YE 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 (Xi,Y I) and (Xi+i,Yi+I) in

the earth-fixed coordinate system. Then the equation of the line which

passes through two vertices may be expressed as

AX + BY + C 0 (3.28)

where

A = Yi+1 - Yi (3.29)

B = Xi - Xi+ 1  (3.30)

C = YIXt+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, Di,

is obtained as follows:

IAXc + BYC + C1
Di = (3.32)

/A2 +B 2

C, Hence, the minimum of the Di's gives the stability margin, and the

0 corresponding edge of the support pattern is specified.

. The center of gravity of the vehicle is constantly changing, but may

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

) m positions are given. However, for simplicity, the center of gravity

used in this work for the ASV is assumed to be the geometric center of

the body.
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The computation of the stability margin as just described, where

it is measured with respect to the vertical projection of the center

of gravity, does not include the dynamic effects of the inertial

acceleration of the body and legs. As such, even though the vertical

projection of the center of gravity is contained within the support

pattern, the vehicle-may be unstable since the projection of the center

of gravity along the total acceleration vector (both gravitational and

inertial components) may fall outside the support pattern. In this

regard in the general case, the stability margin should be measured

while including the inertial effects of the massive legs and the body.

:1 The inertial and gravitational forces on the body and legs are

balanced by the external forces acting on the vehicle at its feet. The

net effect of these ground reaction forces may be repl aced by a si ngl e

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

defined as the point in the support plane about which the moment due to

the vertical ground reaction forces is equal to zero [3]. The

requirement for stability.-is that the zero moment point lies within the

support pattern [23]. When the inertial accelerat~ons are zero, then

the zero moment point is just the vertical projection of the center of

gravity onto the support pl ane.

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

not been based on the zero moment point concept. However, in previous
simulation work for the OSU Hexapod walking over flat level terrain, the

zero moment point was computed in the foll1owling way.
Assume that all the leg mass is concentrated at the knee joint. (A

large motor at the knee is the most of the leg mass.) Also, assume
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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:

JMx = YZMFz - ZZMFy (3.33)

6
and[Yjmj'g + Zi) - ZimiYi]

and

IMY = -XZMFZ + ZZMFX (334)

6
=io[-Ximi(-g + z) + zimiXil

where jMx and JMy are total moments about the xB and YB axes,

respectively; XZM, YZM, and ZZM are the components of the position

vector for the zero moment point; Xi, Yi, and Zi are the components of

the position vector for the center of mass of the body (i=0) or leg i;

Xi, Yi, and Zj are the translational accelerations of the center of mass

i; m* is mass of the body (1-0) or leg i; g is the gravitational

acceleration; Fx, Fy, and Fz are external ground reaction forces onto

the feet. The external forces are given by

Fx Z o miil (3.35)

Fy "10mt 36

6

Fz - ~omj(-g + Zi). (3.37)
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Note that the gravitational vector is assumed to be in the -zB 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, ZZM is

the body height which is known. From Eqs. (3.33) and (3.34), XZM and

YZM may be obtained:

M-Jy + ZzMF x  (3.38)

XZM = Fz

J Mx + ZzMFy (3.39)
YZM =  Fz

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 OSU 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 OSU Hexapod suddenly halts.

By displaying three di fferent features of the motion of either the

ASV 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
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the extended use of Computer-Aided Design in the development of theI

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 ASY 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 al gori thus for 1locomoti on over

uneven terrain as presented in the next chapters.

Finally, by displaying three different features of the motion of the

vehicle on a graphics d4splay: 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 al gori thms may motivate the extended use of Computer-Ai ded

Design in the development of the control algorithms for legged vehicle

locomotion.
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Chapter 4

OMNIDIRECTIONAL CONTROL

4.1 Introduction

As discussed in Chapter 2, the operation of the OSU Hexapod, using a

three-axis joystick for supervisory control, was divided into three

different control 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 ma nly stems from the di ff1 culty of changi ng the

locomotion period from mode to mode without stopping the vehicle. How-

ever, experience with the previous control algorithm now makes it

possible to develop a new one which integrates the above three joystick

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

mode as the ratio of a particular stride length, associated with the

basic motion in that mode, and a component of body translational or

rotational rate. This definition of the period resulted in the need to

limit the motion of the body in each mode. For instance, the turning

radius and the body crab angle [8) are limited in the Cruise mode, the

lateral and longitudinal velocity components are forced to zero in the

Turn-in-place mode, and the turning rate and the longitudinal velocity

component are forced to zero in the Side-stepping mode. Experience
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i with the algorithm indicated that the legs would attempt to go out of

'K 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-

Sability of each leg. In other words, the per.iod 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 limits 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

4 the transfer time threshold. If the optimal period is too short to swing
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the leg, it is necessary to slow down the vehicle to achieve an

appropriate leg sequencing determined by the transfer time threshold. In

this regard, the deceleration plan [291 is presented in Section 4.4.

4.2 Constrained Working Volume

As discussed-in Chapter 3, the working volume of the foot is given

by the mechanical limits of the joints. It is noted in the simulationr

that the center of gravity of the vehicle goes outside the support

pattern, which indicates static instability, at saume instants during

locomotion, even if the support points of the feet are constrained to

be inside their working volumes. The problem is due in part to the

fact that the initial criterion for foot positioning used was not
based on the stability of the vehicle, but simply on the kinematic

limits of each leg. In order to correct this, consideration was given

to further constraining the movement of the feet inside their working

volumes so as to ensure static stability.

The minimum number of support legs to maintain static stability of

the vehicle is three; that is, the triangular support pattern is the

* minimal set of support points. In the wave gaits used in this work,

the middle leg of one side is in the support phase along with theI
front and rear legs of the other side for the tripod gait (o z 1/2). If

the stability of the vehicle is ensured for the tripod gait by
appropriately constraining the support points of the three contacting ]
feet within a subset of the working volume, then stability for other

wave gaits which have more than three legs in support (o > 1/2) is also
guaranteed for the same constraints on the support points. Figure 4.1I
illustrates the case to be corrected where the triangular support

pattern of the tripod gait shows instability for the ASY.
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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 volume

for each leg is specified as a rectangular solid volume. Its size and

location is set by six parameters: [Xci ,Yci, Zci) and [dxi, dyl, dzil

[XCi.i, Z~.jJ give the center of the constrained working volume for

leg i in body coordinates while [dxi, dyl, dziJ 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 onriginal working volume and the dashedi

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.

a.. Stability of the vehicle motion may be examined by changing the

location of the soft limits of each leg imposed by the constrained

* working volume. It is noted from the simulation results that the further

the locations of the soft limits 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 loco-

motion over flat level terrain only. Locomotion over uneven and slopingI

terrain is considered in the next chapter and further adjustments to
4 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

OSU Hexapod reached its limit.

However, if the body motion were constrained to be, in most part, in

Sone 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 constraineA. 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 S, is a

predicted time-to-go until the foot-tip of leg I in the support phase

reaches the surface of the constrained working volume with the present

foot velocity.
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By the above definition,

t d (4.1)
Si

where j 1 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 ±i.

Definition 10: The maximum instantaneous support period for leg it

Tstis 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,

f~pwhich is defined in Eq. (2.10), changes from 0 for touchdown to 1
for lift-off. Then the maximum instantaneous support period for each

leg may be computed through the use of the temporal kinematic margin,

t and the support phase variable, #Stas follows:

T * S (4.2)
Si I-*S

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, q

should be taken from the critical leg. that is,I min (T for 1 1,..,6. (4.3)
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Then the magnitude of the optimal period, Tis given by I
ITI S (4.4)

As discussed in Chapter 2, the sign of the period, r, determinesI
whether a forward or backward wave gait is implemented. Both gaits

* implement the same sequence of leg liftings 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-line forward locomotion and will be used when

the longitudinal component of velocity, vx, is positive (forward move-

ment). The backward sequence (actually forward when referenced to the

rear of the vehicle) will be used when vx is negative. While there is no

guarantee that ei ther of these sequences i s optical for arbitrary body

motion, use of these should generally enhance stability.

There i s one fi nal consideration in changi ng from one sequence to

the other. The galit change from the forward wave galit 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 1lcad 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 liftoff, the signi

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 the 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 should 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 lift-off to touchdown. For legged vehicle locomotion, the

commtanded 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),

S6
If 1 6ili (4.5)
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where Ci is a proportionality factor for leg i which is constant for a

specific foot position, leg phase, and duty factor. Also, the transfer

time, T R9 is related to r such as

ITR = (1 -I ITI. (4.6)
Rf

Let the transfer time threshold be T If R is less than Th.Rth" R Rth '

then it is necessary to slow down the body velocity components to

limit the transfer time to be T Rth" Let the ratio, v, of the absolute

values of T R and TRth be

IT I
U TR 1 (4.7)

Rth

Using the relation of T R and T given in Eq. (4.6), the period after

slowdown, T', is given by

I T IT Rth 1(4.8)

From Eqs. (4.6) through (4.8), the following is obtained: (

1 (4.9)

Substituting Eq. (4.5) into Eq. (4.9) yields

.'. 1 6
6, " I - (4.10)

Again, from the linear relationship between the foot velocity in the

support phase and the body velocity, u may be a slowdown factor for the

body velocity.
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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

d 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 limits 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 S.

"- 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

locomotion over uneven terrain. Also, in this chapter a simple

algorithm has been developed to choose between forward and backward wave

gaits, and hopefully it will enhance stability for arbitrary body

motion.
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Finally, a deceleration plan has been presented to slow down the

vehicle speed in order to satisfy the minimu transfer time capability

of the legs. The slowdown factor was defined based on the notion that

the inverse of the optimal period is linearly related to the magnitude

of the body velocity. Thus, wh~en the transfer time obtained from the

optimal period is shorter than the transfer time threshold, each of six

velocity components is reduced by the slowdown factor.

The flow chart for the algorithm developed in this chapter is given

in Figure 4.4. The algorithm provides an essential means to implement

the Close Maneuvering Mode of operation for the ASV which provides for

omni di recti onal control over uneven terrai n. Actual control al gori thmns

for locomotion over uneven terrain will be discussed in Chapter 5.
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Chapter 5

MOTION PLANNING ALGORITHMS FOR UNEVEN TERRAIN

5.1 Inrduto
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

locomotion over flat level terrain (81, 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 terrai n model s used i n thi s 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 uType-OSI terrain by Hirose et al. [6]. They

may be simulated by the prismatic terrain models described in Section

3.2.

The control al gori thms developed are based on the supervi sory
control scheme described in Section 2.4. According to the basic
hierarchical structure of the supervisory control scheme as shown inI 72



Figure 2.3, there are two functional blocks: the motion planning and

execution blocks. Since the motion execution block is replaced by the

vehicle/terrain simulation block in this work (see Chapter 6), only the

motion planning algorithms are discussed in this chapter.

The motion planning algorithms control the desired body and leg

trajectories with feedback of contact and proximity information from the

leg subsystems. In the computer simulation of this work, proximity

sensors are simulated in software which are assumed to measure the

distance from the foot-tip to the support surface in the direction of

the gravity vector. The software simulation of a proximity sensor is

discussed in detail in Section 5.2. Also, contact sensors are

simulated in the same way as proximity sensors.

Body motion planning algorithms, which are described in Section
5.3, generate the body position and velocity set-points using the

operator's velocity commnands and information about the local terrain

surface. The local terrain surface is estimated by using six points of

estimation based on contact and proximity information from the six legs

through linear regression [3]. Based on the estimated plane of support,

algorithms for body attitude and altitude control are developed in

this section.

Leg motion planning algorithms are designed to generate the foot

trajectory for the support and transfer phases and to choose the desired

foothold for the transfer phase based on the body velocity and the

* constrained working volumes for the legs. Furthermore, proximity

sensors are used for the transfer trajectory in order to avoid foot

contact with terrain surface. Discussions about leg trajectory

generation are made in Section 5.4.

U73



An algorithm to increase the stability of the vehicle over slopedI
terrain by dynamically changing the positions of the constrained working

* vol umes for the mi ddl e legs accordi ng to the sl ope angle i s presented i n

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 *S

* simulation work of this dissertation, it is assumed that proximity

sensors are available and these will be integrated into the control a

algorithms in order to facilitate leg placement onto the terrain -

surac 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 O eao 31 h rxmt enoswr tahdt h oe
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"- limb segment of each leg in order to measure the foot altitude and to

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

transfer phase of motion, especially during foot descent.

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

simulated in software to be equipped with a proximity sensor, which is

assumed to measure the distance from the foot-tip to the support surface

in the direction of the gravity vector. While it may be true that most

proximity sensors would not necessarily provide this kind of data, it

will be used in this work since the exact form of the data will vary

significantly with the physical sensor implemented.

From the terrain database obtained through interactive generation of

the prismatic terrain model as described in Section 3.2, it is known

that the plane equation of each rectangular surface is

AX + BY + CZ+OO. (5.1)

Let the foot position of leg i in the earth-fixed coordinate system be

E 1XFi YFi ZFiJT, (5.2)

and let a point which is a vertical projection of the foot-tip of leg i

onto the rectangular plane along the -!E direction be

Ep [Xpi Ypi Zp] T-  (5.3)

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

Xpt = XFi, (5.4)

YP1 = YFi, (5.5)

and, from Eq. (5.1),

Zp1  -(AXpi + BYpi + 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, FAi, and is given by

FAi =ZFi - ZPi. (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

commnands and the terrain conditions. Many of the algorithms developed

i n past work have been applicable for the case of flat level terrai n [8J

and, 2-0 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

*44 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 [12J, 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 totalp 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 this case the present support points of each leg may

be di rectly used in estimation. The second case is for the legs in the

transfer phase. The transfer trajectory is divided into three

C * subphases: lift-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
-A some further commnents may serve to explain this choice. As proposed in

[12J, the number of points of estimation may be more than six by

including the support points of previous loioeuotion 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 vehicle motion. Instead, the terrain information ahead of the

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

provides terrain preview is essential for operational modes other than

Close Maneuvering. Since terrain preview is not provided in the Close

Maneuvering Mode, terrain information may be obtained from the support
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* support plane
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X leg i in support phase
leg j in transfer phase (other than placement subphase)
leg k in placement phase

Figure 5.2. Selection of Points for Each Leg Used in Estimating
the Support Plane.
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points and the estimated touchdown points as measured by the proximity

sensors.

S The estimation technique employed is that of linear regression as

described in [33. The only change made in the equations given in [3] is

that the number of points of estimation is fixed to six as previously

described.

The foot positions are usually expressed in the body coordinate

system and may be transformed to earth coordinates through the

homogeneous transformation given in Eq. (3.2). Using the appropriate

support points or measured touchdown points, the estimated support plane

may be obtained in the earth-fixed coordinate system through linear

regression as

AX +BY +CZ +D -O (5.8)

where [A B CJT is a unit vector which points outward in the normal

direction from the plane. The estimated plane is situated at a distance

* of -D along the normal vector from the origin of the earth-fixed

coordi nate system.

While the legs are in the support phase, the support points do not

change with respect to the earth-fixed coordinate system. The support

plane, thus, needs to be estimated only when at least one of the six

legs begins the placement subphase at which time the proximity sensor

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

5.3.2 Coordinate Systems

The body trajectory is determined not only by the operator's

velocity commiands but also by the terrain conditions impqsed 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

J-. section.

The origin of the terrain coordinate system (xT,YT,ZT) is located

at the projection of the body center of gravity, along the gravity

vector (-ZE direction), and the estimated support plane. The unit I
vector, zT, is directed normal to the estimated support plane and its

components in the earth-fixed coordinate system are given by Eq. (5.8):

ET [A B C]T. (5.9)

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

axis from zE to zT; thus,

EQT X XT B A o]T, (5.10)II:EXT m m
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where m - / A2 + 82. Finally, the unit vector, yT, is defined to give

a right-hand set of unit vectors. With this definition of the terrain
coordinate system, YT is always directed up the slope. Furthermore, the

- slope angle is given as:

* cos' 4 (E IT). (5.11)

If n = 0, then xT, Yr' and zT are forced to be parallel to XE, YE, and

1E, respectively. The coordinate systems assigned are shown in Figure

5.3. Note that the terrain coordinate system changes as the body moves

along its trajectory.

The homogeneous transformation matrix H from body coordinates to

earth coordinates has been defined in Eqs. (3.2) and (3.3). Let the

homogeneous transformation matrix from the terrain coordinates to earth

coordinates be T. It has the following form:

AT= (5.12)

where Tr is a 3X3 orientation matrix and E iPT is a 3X position vector

given as:

-'E T  [Px py Pz] T .  (5.13)

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 in H,

respectively. By substituting Px and Py into Eq. (5.8), Pz is obtained

as

Pz " (APx + BPy + D) C. (5.14)
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Figure 5.3. Definition of the Terrain Coordinate System.
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The components of the orientation matrix Tr are determined by the

rotational relationship between the earth and terrain coordinate systems

as shown in Figure 5.4. The angle, , between XE and xT is derived from

Eq. (5.10) such that 1
tan-l( (5.15)

Then, Tr is obtained by successive rotations about the z and x axes

[36):

Tr = Rot(z,a)Rot(x,n) (5.16)

* *.
'\  Fcosa -sinmcosn sinnsiN ./

= sinc cosacosn -cossinn ] (5.17)

sin, cMin-

Let the homogeneous transformation matrix from the body coordinates

to terrain coordinates be G. Then G is simply given by

G = T-1 H. (5.18)

The three coordinate systems and the three transformation matrices

defined in this section will be utilized to define the body and leg

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 inertial 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

algorithm may allow more flexibility in body attitude and altitude

control so that more adaptability to terral n I rregul ari ties can be
ach ieved.

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

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

components expressed in the body coordinate system):

V- [vx Vy vzJT (5.19)

a n [wx wy wzJT, (5.20)

N where vx is the longitudinal speed; vy is the lateral speed; vz is the

vertical speed; wx is the roll rate; wy is pitch rate; wz is the yaw

rate. In the supervisory control scheme, vx, Vy, and wz are provided by

the human operator and vz, wx, and wy are the velocity components to be

actively controlled by the control software to achieve the desired body

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:

Eq - [A B C D3. (5.21)

- Note that the coefficients are written with respect to the earth-fixed"

coordinate system. Then, Eq may be simply transformed into body

coordinates [361 by postmultiplying by the appropriate homogeneous

transform:

B.I Eq H [A' B' C' 01. (5.22)
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The components of the unit normal vector of the estimated support plane

in the body coordinate system are

B2T [ A' B' CJI. (5.23)
-S.T

Note al so that -'is the di stance -from the center of gravity of the

body along BiT to the estimated support plane.

For body attitude control, it is necessary to define the desired

body angle, n which is measured from the zE axis on the plane formed

by the two unit vectors !E and zT. The angle nD is positive for

counterclockwise rotation about the xT axis. Body altitude control is

*accomplished by changing the distance from the center of gravity to the

estimated support plane in the IT direction.

Figure 5.5 shows the body attitude and altitude regul ation pl an

adopted in this simulation work. The body attitude and altitude are

related to the slope angle n through piece-wise linear curves. The

quanti ties n1and "n2 are the threshold angles of the slope and ho is the
nominal body height during locomotion over flat level terrain. The

quantities n max and 1Iuln are the body angle and height, respectively,4

when the slope angle is larger than n2 AllI these values may be set by

the operator before the vehicle begins to move. The piece-wise linear

curves are expressed as:

nmx n for 0 <1 nrn

inmax for n2 < in
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. hD (n n- + ho for n (5.25)

n' n < nl 'c."

h hhmin for n2 < 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 angles, n1 and n2 , 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, zD, is defined in Figure 5.5. Since zD lies on the

ZE-ZT plane, zD may be obtained by rotating zE about XT by the angle n0 .

By using the formula of a rotation about an arbitrary axis given in [36]

along with Eq. (5.10), the components of zD in the earth coordinates are

obtained as:

Ej [ sino m sinn C°Sn (5.26)
m D m D co0J

For attitude control, it is necessary to transform EID into body

coordinates and these are given as follows:

Kr7 = [a b c]T. (5.27)

Then, the rotation axis from the unit normal vector of the present body
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" plane, ZB, to zD, as shown in Figure 5.6, is given by
,.4

B Z X z (5.28)

IZB X zDl

[b a 0 T (5.29)

= [ kx ky kz 3T, (5.30)

where z = /a 2 + b2 . The rotation angle, y, is

.. = cosl(lzB z) 4 cos 1(c). (5.31)

Therefore, attitude control may be done by rotating !B about the

rotation axis k by y in an appropriate manner. For a physical system,

A it is not possible to move instantaneously by the angle y. In order to

achieve a smooth transition, the following control law, which gives an

exponential response, is defined such that

- -KAY, (5.32)

_-where KA is the inverse of the time constant for the motion . From

Eqs. (5.30) and (5.32), the rotational vector j may be decomposed into

* two components in the body coordinate system:

'-KA kx y !B - KA ky ( Y- (5.33)

.p The x and y components may be related to the roll rate, wx, and the

pitch rate, wy, respectively, with the following result:

x KA kx y (5.34) 4.

y a KA kyY. (5.35)
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For altitude control, the present body height, h, is obtained

from Eq. (5.22):

h -O'. (5.36)

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

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

vz = -KA(hD - h). (5.37)

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

assumption that the angle between the body and the estimated support

plane is small.

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

incremental time, At, which is called the computation cycle time. The

six body velocity components computed as above cause a differential

change in H by At. The differential change in H, dH, is defined as-o%

follows [36]:

" dH - H HA, (5.38)

where HA, which is called the differential translation and rotation

transform, is given as:

0 -8z 6y dx

HA- 6z 0 6 x dy (5.39)
-ay ax 0 dz

o 0 0 0
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Start

.. ,Compute estimate support plane and
¢ normal vector in earth coordinates '

E.V = [A B CO0], EzT = (A B C]T

Convert to body coordinates
B9 [A' B' C' D'], BiT - [A' B' C] T

Compute body height, h = -D

Compute desired body angle, n., and height, hD,

from Eqs. (5.24) and (5.25)

4.. Compute normal vector to desired body attitude,
.E5z D from Eq 5.26).

, Convert E ô t BA0

Compute rotation vector, k, and rotation angle, y

Compute atti tude and al ti tude
velocity components of body

-: End

Figure 5.7. Flow Chart for the Body Regulation Algorithm.
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and

dx s vx*A&t

dy s vy -&t

dz ! Vz-gt (5.40)

6x WX*At

ay !(y-At

6. !WZ*At.

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 NOr of the updated H matrix due to the differential change. In

order to orthogonal ize the updated H matrix, the Gram-Schul t

orthogonalization process [39] was employed.

5.4 Leg Motion Planning

Leg motion pl anni ng al gori thins are designed to generate the footI
trajectory according to the change of the kinematic cycle phase and

to choose the desired foothold for the transfer leg. The change of

k inemati c cycle phase and the foothol d selection mai nly 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:

1+ Ft-mod I1* (5.42)
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Then the leg phase variable of leg 1, is updated through use of

Eq. (2.6). The updated kinematic cycle phase and leg phase variables

determine the the state of leg 1, support phase or transfer phase, and

synchronize the leg stepping events in order to implement wave gaits.

In thssimulation 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 3-0 space. The reference

* position 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 defined. This point

is called the reference position. The reference position is also used

to determine the desired foothold and this will be discussed in Section

5.4.3.1.
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For locomotion over flat level terraln with the body parallel to the

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

height, ho, 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

'h.: 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 1B 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

A 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

body coordinates, B , be

El Xc YC Zc]T" (5.43)
:PC

The quantities XC, YC, and ZC are given in Section 4.2. Also, let the

positi on vector of R in body coordi nates, B be16' %, P-

B. [X YR ZR]T. (5.44)
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- ZB

Reference Positions

I I | --

-constrained working volume

(a) Foot Reference Positions over Flat Level Terrain

ZBj

N ~~Ref rence Positiona - -§

" - -- -Cons/tr ned worktng volume

. (b) Foot Reference Positions over Sloped Terrain

'? , 'Figure 5.8. Foot Reference Positions over Level and Sloped Terrain.
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From the foregoing discussion concerning the definition of the reference

position, XR and YR are given as follows:

XR = XC (5.45)

RYC .(5.46)I

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

coordinates is

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

Thus, by substituting Eqs. (5.45) and (5.46) into Eq. (5.47), ZR is

obtained as

ZR =-(A'XR + 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 coordi nates through the continuously updated H

matrix as given in [12]:

BX~ EYFi
.- BYF - 1  E(5.49)

BZFi EZFiLJ []A
The approach to determining the foot rates is different from that in

.4.. 4 .. S-. ;
[12s. Uysusting Eqs. (5. ) and (5 .4 byelmntar Eq.y(5.47, the foo

• obtf nedas 99
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velocity of leg i relative to the body motion, vi, is given by

v V = - - X Bp i. (5.50)

In matrix form, Eq. (5.50) is

XFi Vx -wzyFi + wyZFi

JFi wzXFi - (xZFi (5.51)

Z ~ Z Xi + wyi

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, 0Ti' 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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computing the foothold. Also, even with constant body velocity, the

trajectory will usually not be a straight line as assumed. Figure 5.10

illustrates the above in 3-D space.

In general, for constant body velocity, the actual support

trajectory will be an arc of a circle as shown in Figure 5.10. In this

work, the desired foothold, which is the intersection point of the foot

trajectory with the constrained working volume, is computed by

approximating the circular foot trajectory with a straight line. This

will simplify the computation considerably.

The desired foothold is computed as follows. First, by using Eqs.

(5.44) and (5.51), the predicted foot velocity, R at the reference

position with the present body velocity is obtained:

L R CiR YR iR]T-  (5.52)

* Then by taking a point, PO, outside the constrained working volume In r

-. the -vR direction and connecting it to the reference position, PR, with

a straight line, there is an intersection point, Pint, on the edge of I

the constrained working volume as shown in Figure 5.lla. The components

(Xo,Yo,ZO) and (Xint,Yint,Zint) denote the position of PO and Pint,

respectively, in body coordinates.

To simplify the computation, Pint is first computed in the XB-YB

plane. For example, Pint as shown in Figure 5.11b is given by

- Yo
Xlint = XO + YR - YO (XR - ( (5.53)

Yint = Y2- (5.54).

In the same manner, the Intersection points for segments crossing

other edges may be computed. This method is employed in computer
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Figure 5.10. Relationship between the Predicted and Actual
Support Trajectory.
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Figure 5.11. Computation of the Desired Foothold.I
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graphics for clipping algorithms [39].

The values for Xin t and Yint given by Eqs. (5.53) and (5.54) may not

be correct, because they are obtained only in the XB-Y B plane. In other

words, they may be outside the constrained working volume in the ZB

direction. In order to check this, the time, tj, to go from PR to Pint

using Xint and Yint of Eqs. (5.53) and (5.54) is computed as follows:

I Xint - XR yint - RIt= -R J= - (5.55)
i R IYR

Also, the time, t2, to go from PR to the edge of the constrained working

volume in the 18 direction needs to be computed. The time t2 is obtained

-from the z-dimension of the constrained working volume and is given as:

IZ" I for ZR > 0

t2 - (5.56 )

-' :, , Zmln- ZRI:. for ZR <0o
JI ZR ,

where Zmax ZCj + dzt/2 and Z.min ZCi - dzi/2 which are defined in

Section 4.2. Thus, if ti < t2- Xint and Yint given by Eqs. (5.53) and

(5.54) are correct and Znt is simply

4 Zint ZR- R tl.

If t1 > t2, then

Xint XR- X't2

Ytnt YR YRt2 (5.58)

Ztn ZR " ZR*t2

',%, 
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Thus, the the components of the desired foothold of leg 1, B_, are:

B%,= [Xint Yint Zint]T (5.59)

and, in earth coordinates,

E H B (5.60)
:':__ %,S.

5.4.3.2 Foot Transfer Trajectory

The transfer trajectory Is divided into three subphases: lift-off,

transfer forward and placement. The trajectories for lift-off and

placement may be generated by moving the foot straight up or down along

the gravity vector from the lift-off point or to the desired foothold.

Let the values of 0TI at the end of the lift-off subphase and at the
9Ti

beginning of the placement subphase be #L and op. respectively, which

are defined as constants. Then, the subphase to which leg I belongs is

determined as follows:

0 < * Ti C 0L leg i In lift-off (5.61)

* T< OT1 OP leg i in transfer forward (5.62)eL

OP < T 1 leg i in placement. (5.63)
iTi

During the lift-off subphase, the total time left, TFLI, until the

foot reaches the foot lift height, hF, which Is preset to be a constant,

is
TFLI (L - T )TR (5.64)

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

manner, the time left to the end of the transfer forward subphase, TFTI,
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and the time left until foot placement during the placement subphase,
4. TFPi, are obtained as follows:

TFTi (#P - (T)TR (5.65)

TFPi (1 - *Ti)TR .  (5.66)

When leg I begins a new subphase, the foot position at the end of

each subphase, EpEif is computed as described in the following

.1; 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
5 i ncrement of time, at:

E , + ( - )at/Ti , (5.67)

where Tt is one of TFLi, TFTi, and TFPi.

The end points of each subphase are computed in the following way.

Let the foot position of leg i when *Ti =0 be

-E PTt = EXTI YTi ZTi] T-  (5.68)

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

"Ei aXTi YTi ZTi + jT_ (5.69)

Let the desired foothold obtained from Eq. (5.60) be

', EX{ i YDi ZD13T, (5.70)

then the end point for the transfer forward subphase is

E2  " XDi YtDi zoi + hFJT. (5.71)

Ei
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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 hF above the terrain in the ZE direction. Therefore, the

x and y components of EPfi, XFi and YFi, may be updated using

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

ZFi + ZFi + (OF - FAI). (5.72)

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

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

E "E (5.73)

-E i P-Pi

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

Ev i (E Ai - E Pf1  / Ti. (5.74)

For the transfer forward subphase, the x and y components of Ev1 , XFI

and YFi, are obtained from Eq. (5.74), but the z component, ZFi, is

computed from Eq. (5.72) as

-Fis OF- FAI /At. (5.75)

The position and velocity vectors may be transformed into body

coordinates as follows:

8 * H-1 E PF (5.76)

By. Hr-1  Eli - (5.77)

Figure 5.12 shows the transfer trajectory generated according to the

algorithm as discussed above.
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(b) Over Sloped Terrain

(c) Over Rough Terrain

Figure 5.12. Foot Transfer Trajectory.
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5.5 Adjustment of the Constrained Working Volume

The constrained working volume for each leg as discussed in Section

4.2, may be changed somewhat by changing its position and dimensions

increase the stability of the vehicle for locomotion over uneven

terrain. Two schemes to increase stability are discussed in the

following paragraphs.I

In wave gaits for a hexapod vehicle, it may be observed that the

stability margin mainly depends on the foot positions of the middle legs

for straight-line locomotion, especially in the case of the tripod gait.

This observation leads to a scheme to adjust the position of the .
constrained working volume of the middle legs when walking over sloped

terrain.

For example, Figure 5.13 shows the change of the stability margin by

moving the position of the constrained working volume of the middle leg,

for straight-line locomotion with the tripod gait over sloped terrain.

In Figure 5.13a, the cross sections of each constrained working volumeI
with the slope are expressed as AB for the front leg, CO for the'middle

leg, and EF for the rear leg. Also, Figure 5.13b shows the vehicle on

the XE-YE plane and the stability margin WK before changing the position

* of CD. If CD is moved down the slope to C'D', then the stability margin

is WDC as shown in Figure 5.13b. Note that the length of WD' is greater

*than that of WD.

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.I
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. Thus, the position of the constrained working volume of a middle leg may .

9.

be dynamically changed according to the local terrain slope to increase

•* .stability. The position change is made in the XB direction only, since

the magnitude of the y position of each constrained working volume may

be simply set to a maximum in order to increase the stability margin.

As shown in Figure 5.14, the points C and Rare the center and the

reference position of the constrained working volume for a middle leg,

respectively, before adjustment. Point N Is the projection of C onto

the XB-YB plane in the ZB direction. The points C' and R' are the new

center and the new reference position, respectively, after adjustment

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 i,

which is given in Section 4.2, be

B -Xci yCi ZCi] T . (5.78)

Then, the position vector of N in body coordinates is

B [XCt YCI O]T  (5.79)

P-N.

and, in earth coordinates, it is

E -H 8 =IXN YN ZN]T. (5.80)

* Let the position vector of N' in earth coordinates be

E PHI = EXN' YN' ZN']. , (5.81)

From Eqs. (5.80) and (5.81),

XN' XN (5.82)

A..
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and

YN' YN- (5.83)

From Eq. (5.8),

ZN' = -( AXN' + BYN' + D) / C. (5.84)

Thus, in body coordinates, the position vector of N' is

B = H-1 , = [a b c]T, (5.85)

and the new center is obtained by replacing the x component of B' R of

Eq. (5.78)'with that of B , of Eq. (5.85):

B I - [a YCi Zci]T. (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 limits 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 te

5% 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 slope, 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

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

on the boundary of the constrained working volume such that its

predicted support trajectory passes through the center of its

constrained working volume. If the dimensions are changed after the

- desired foothold is chosen, it is possible for the support point of the

- leg, while in the support phase, to go outside the constrained working

volume due to body velocity changes. This complicates the algorithm for

-" determining the optimal period as discussed in Chapter 4, and should be

avoided.

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

w relatively mall compared to the x and y components during normal io

operation of the vehicle. Thus, for simplicity, dxi -nd dyi 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
* Eq. (5.52). The equations for the change of dxi and dyi are given as d ",

follows:

(dxmax - dxin
dxt dxmin + (Vxax . Vtn) (IXRI - Vxmn) (5.87)

-'~dya -y d dymn + 1588

dyl = dymin + (vymax - vymin) (IYRI - vymin), (5.88)
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where dxmin, dxmax, dymin, dymax, Vxmin, Vmax, Vymin, and Vymax are

constants.

It is possible to obtain minimum allowable values for dxi and dyI

for straight-line locomotion over flat level 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 drain, dxmax, dymin,

etc. For example, when the vehicle moves with the constant speed vx in

the xB direction only and wave gaits are used, then the following

equations hold £8):

*X Vx, (5.89)

dxi =( , (5.90)

and

T (1 - 1)* (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:

TR >TRth* (5.92)

From Eqs. (5.89) through (5.92), values for dxi which avoid slow-down

may be computed:

dxi > 1 T vx • (5.93)• ~I - Rth ]

The results for dyl are similar for pure lateral motion. Figure 5.15

gives a graph of the minimum allowable values for dxi as a function of

vx for three different values of 8 when T Rth 0.5 sec.
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Factor (0) in Order to Prevent Slow-down when the
Minimum Leg Transfer Time (TR) is 0.5 sec.
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5.6 Summnary

Algorithms developed for motion planning over uneven terrain, which

allow implementation of the Close Maneuvering Mode of operation for the

ASV, 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 7
exactly measured by proximity sensors, there is no distinction between

these and contact sensors. However, for the vehicle itself, contactj

sensors shoud be used to ensure foot contact. The proximity sensors

provide local terrain information before the legs touch the ground. 0

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 pitsometimes,

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 I
coordinate systems have been defined: the earth-fi xed coordinate

system, the body-flixed coordi nate system, and the terrai n coordi nate

system. The terrain coordinate 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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Using the three coordinate systems, the automatic body attitude andI

altitude control scheme has been presented in a mathematically

straightforward manner according to a simple body regulation plan. The

body regul ati on p1lan has been designed in suc -h a way that the bodyI
attitude and al ti tude can be related to the slope angle through

piece-wise linear curves and the desired unit normal vector of the body

plane lies between the gravity vector and the normal vector of the
estimated support plane.

The support and transfer trajectories for the foot of the leg have

been defined. Especially, the transfer trajectory is generated by using

the proximity sensor in order to avoid foot contact with the terrain.

The intersection point of the estimated support plane with the center

line of the constrained working volume of each leg has been chosen as a

reference position to select its desired foothold, while in the transfer

phase. The desired foothold is selected at a point on the surface of

the constrained working volume by approximating the circular foot

trajectory during the support phase with a straight line. This

approximation results in simple computation.

Finally, in order to increase the stability margin over uneven

terrain, two schemes have been presented: one is for the change of the

* position of the constrained working volume for each of the middle legs

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

volume of the middle leg is changed in the i8B direction only toward the

V gravity vector, while in the transfer phase. The size of the

constrained working volume is adjusted according to the predicted foot

* velocity during the transfer phase without causing the vehicle to

unnecessarily slow down. These schemes result from the flexibility in
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changing the position and dimensions of the constrained working volume I

and enhance the stability of the vehicle for locomotion over uneven -
terrain.
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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 ASV

developed in this work was based on the previous control programs for

the OSU 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 puodification of the control task

partitioning of the OSU Hexapod contol program version 3.0 given in1I
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The servo control functional block which is essential to control the

4 vehicle at the servomechanism level is replaced by the Vehicle

Simulation block.

Figure 6.2 shows the structured flow chart [42J for the control

-4 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

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

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

the control software. The software is implemented in PASCAL except the

interface routines for the graphics device and the joystick on the

PDP-11/70 minicomputer.

6.2.1 Man-Machine Interface

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

velocity commands through a three-axis Joystick. Before starting toI

move the vehicle, the operator can interactively change the duty factor

for the desired wave gaits, the maximum height of footlift for the foot

transfer trajectory and then enter a command to initialize the vehicle .
position through the keyboard.

When the initialization is finished, another keyboard command is .

entered to start motion. After that, the vehicle motion is directed by
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the joystick velocity commnands 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 [B].

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 commnands from

the Man-Machine Interface bl ock according to the automatic body

* regulation plan in coorperation with the terrain information from the

Terrain Estimation block. All the six velocity components are filtered

to get the realizable 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. If it is necessary to slow down the vehicle speed, each

of the three velocity components: vx, vy and wz, 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 SVThe 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. Al so, 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, T, to determine

the periodic leg stepping sequence. By using the updated value of f,

the leg phase variable, *L3of leg I is defined. Then the leg phase

variables are passed to the Foot Trajectory Generation block.I

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 toU

move the vehicle according to th~e body velocity and position defined in

* the Body Set-Point Generation block. When leg i is in the transfer

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

* 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

.Ve.'This block estimates the local terrain surface as a 2-0 plane using

six points of estimation passed from the Foot Trajectory Planning block
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* Sp

through linear regression. The three coefficients oO the plane equation

are defined as the components of E!T 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 is

interactively generated on the display screen using the joystick. Then

the terrain profile (TR.DAT), which is defined in the XE-ZE plane, is

passed to the terrain display routine (TERDIS). The display routine is

responsible for generating the 3-D terrain database defined as "Planes"

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 is drawn as a stick figure. Upon receiving the desired

body and foot positions from the motion planning block, the perspective

view of the ASY 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

1-3
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.,
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IJ Figure 6.7. Flow Chart
L I for TEREST.

Type OnePlane - record
*UnitNormal: Vector;

Dist: real;
Xmin, Xmax: real;

.end;

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

Figure 6.8. Database for Terrain and
Viewing Angle.
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more compactly defined by first listing all the vertices belonging to

use. 1betadte itn polygons bytenumbers of thLetceihy

use*

6.3 Evaluation of Control Algorithmns

The control algorithms for locomotion over uneven terrain developed 5*l

in this simulation work are composed of three different algorithms:

1) Al gori thn for body altitude control,

2) Algorithm for the position change of the constrained working

volume of the middle leg,

3) Algorithm fo& the change of the size of the constrained working

vol ume.

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 purposest

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
-i 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 parallel 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.
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Each algorithm was tested independently. When one algoritm was

tested, the other two were not implemented in the test program. The

position of the constrained working volume was defined in the same

way as shown 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

such as dxi a 2.8 ft, dyi = 2.0 ft, and dzi = 2.8 ft. The forward

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

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

margin for the given slope angle increases when the body height

decreases for each duty factor.

The test of the second algorithm was performed under same conditions

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

were also computed for the case that no position changes of the

constrained working volumes of the middle legs were made. As done in

the test of the first algorithm, the test resu~lts were obtained for

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

in the constrained working volumes of the middle legs.

For the test of the third algorithm, the body height was fixed

to 5.4 ft above the slope, and the body velocity was chosen to be

0.5 ft/sec. The x and y dimensions of the constrained working volumes

of the six legs were computed from Eqs. (5.85) and (5.86), where

134



L. c.

4J4

C
0)00

C u

14

aa

44) 4 4 J
4'

0) 0.
.4J

ac a

to 4-4 4

1 4J 4J

* C c c

L 4
m 4)4(A

0~ 
04J CA

40

.4U 
4) U

mu 4-

cm 
C 0

* 1. 0 "-

WI~~ >1.2. d0

4143

135E

do1 oil



A

4A4.

c C71

I-0~~ =. i ;
c * - 4-)

C =O 41 c

o U.

4-1 4-J

41

0C;

LL

IM 21 4 -1O

4M-
w .

0C
cm w

r=a,

4~~~4 4 . 3

(cu) u;Lqgm Au411cpqe

1361



.T 
-TW V1o

VxmaX , Vymax 2.0 ft/sec, Vxmin Vymin 0.25 ft/sec, dXMax  3.0 ft,

dymax z 2.2 ft, and dxmin = dymin - 0.25 ft. The resulting dimensions

".. were dxi = 0M65 ft and dyi = 0.53 ft. The stability margins obtained by

employlng the third algorithm Is compared to those of the case when the

dimensions of the constrained working volumes of the six legs were fixed

to be dxi a 2.8 ft and dyt = 2.0 ft. Figure 6.11 shows the result when

the duty factor is 2/3. The result indicates the better stability of

the vehicle motion as expected.

From the results obtained by the above three tests, it is expected

that the better result may be obtained, if all the algorithms for

stabillity enhancement are functioning. Figure 6.12 shows the result

obtained when the overall control algorithms developed in this work was

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

used in the control algorithms. Compared to the results of the above

three tests, the result given in Figure 6.12 shows the considerable

increase in stability, especially, for the large slope. It is also

noted that the stability margin increases very significantly when 8=1/2.

This may indicate that the algorithms for the change of dimensions of

the constrained working volume are more effective for the small values

0 of 8 than for the large ones.

6.4 Summary

d pIn thds chapter, a britef description about the software to omplment

the control algorithms and interactive generation of the terrain models

developedmn this simulation work was presented. Also, evaluation of

the perfomance of the control algorithms was discussed through software

simul ation.
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l ~TABLE 6.1

ACTUAL PARAMETERS USED IN CONTROL ALGORITHMS FOR THE ASV--

(1) Size of the constrained working volume

Vxmax Vymax Vxmn Vymin dxmax dymax dxmin dy .tn

3-5/6 1.25 1.25 0.25 0.25 3.0 2.2 0.75 0.75

o-2/3 2.0 2.0 0.25 0.25 3.0 2.2 0.25 0.25

811/2 3.0 3.0 0.25 0.25 2.0 2.2 0.25 0.25

Units for Vxmax, Vymax , Vxmin, and Vymtn are ft/sec.

Units for dxmax, dymax , dxmin, and dymin are ft.

(2) Center position of the constrained working volume

XHi + 3.0 - dxi/2 for i=1,2

XCi = XHi - 3.0 + dxi/2 for 1-5,6

XHi for 1-3,4

~C =fHi + 2.2 - dyi/2 for i=1,3,5

-zYHi - 2.2 + dyi/2 for 1-2,4,6 H-1
ZCi a -5.4 ft for i1,..,6

XH1zXH2-.O ft; XH3SX-XH4-50 ft; Nf

YH1-YH3=YH5=2.25 ft; YH2-YH4-YH6=-2.25 ft.

(3) Body attitude and altitude

n= 50; n 450; n 450;

1 2 1 maxIho - 5.4 ft; hunm 4.0 ft.
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The program modules were defined to coincide with the functional
blocks. However, they were loosely modul arized by allowing the global

parameters to pass through modules. The problems of parameter passing

4. between modules need further investigation in-order to implement theI
control software on a multicosuputer system.

The tests of the performance of the three di fferent control

algorithms were done independently by computing the stability margin

over the thirty different slopes. The results show the significant

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

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

more significant.

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

different values of parameters: the dimensions of the constrained

working volumes, the body height, the body velocity, terrain conditions, h

etc. However, the results show the general trend of the performance of

the control algorithms developed in this work.
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Chapter 7,

SUMMARY AND CONCLUSIONS

In this dissertation, the problem of omnidirectional control for

locomotion of a walking vehicle over rough terrain, specifically,

"Type-O" terrain [6J, has been investigated through computer simulation.

* As a resul t of thi s research, the fi rst compl ete control al gori thm based

on the vehicle kinematics for rough-terrain locomotion has been

developed. It should allow the vehicle to move over rough terrain in
any direction with a high degree of stability. The results have shown

that if the appropriate control algorithums are developed, the'use of

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

coordination than that of free gaits [7,28,29J, 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

control algorithms [8) be abandoned. Instead, a new concept has been

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

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:
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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 optimal 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

31 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 previous 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

vehi cl e for rough-terrain locomotion, a simpl e body regul ati on p1lan has

been designed which results in the body attitude adjusting to the

toai cotrold the legy motit Intecrasnferiphseate spe.

Terraintlon the bmody highteransng wihasgreate slople.

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

143I



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 periodic gaits tend to be camputatonally 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 periodic gaits so as to gain the advantages of free

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

of implementation.

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

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

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

leg working volumes, it is desirable to find an optimal regulation plan

S 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 0.

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 large leg

duyfactor beused atlow spesbut salrvalues beused athigh

speeds so as that these speeds may be achieved. This suggests that if

an automatic "gait shi ft" algorithm is implemented as a function of the

vehicle speed, the mobility of the vehicle may be improved.

The deceleration pl an devel oped i s based on the simpl e notion of the

transfer time threshold. To apply this scheme to the real vehicle, it

should be modified so that the 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.* Otherwi se, the control may not

be stable especially at high speeds. This problem may be solved by

impl ementi ng the control software on a mul ti computer system and

investigations into this area should proceed.r
I- An interesting approach to the development of the control algorithmns

for locomotion of walking vehicles that has first been used in this

work, lies 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 limited to the interactive change of two control

parameters--duty factor and footlift height. Also, the capability of

interactive terrain generation is limited in generating the simpleI

prismatic terrain models. By extending the present CAD technique to the

extent that future researchers may change many of the-parameters related

to the control algorithmis and more complex terrain models, and

interactively obtain results similar to those given in Section 6.3, the

CAD technique will provide a versatile design tool in developing and

evaluating control algorithmis through computer simulation.

* Future work was proposed in the proceeding paragraphs as a result of

* this dissertation work. Further extensions to this work will hopefully

lead to more sophi sticated and efficient control algorithmis for

rough-terrain locomtion of walking vehicles.
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( File 2 GLOIAL.PAS
( This file is for the global type and constant declaration. )
C
ceese*************** e*ee************* ****e s** *************eeZ

type Vector a record
XOTZ : real;

end:
Polygon a record

StartPolyVtces: integer$
end:

Plane * record
UnItNormal: Vector; Dist : reals ( plane coefficients )

end:
OnePlaneu record

UnItornal: VectorS( plane coefficients of terrain )
Dist : real:
eain, Xuax: realS( boundaries of a plane in X-direction )

end:

Matrix = array fl..4] of Vector:
MatrLx4 a array Cl..49l..42 of real:
Array6 a array Cl..63 of realS
Tactile a set of 1..6:
Array3 a array C0..i3 of real:
String a packed arrayCl..l0] of chart

IArray6Vecter a arrayCi..62 of Vector:
ArraySZVoctor * arrayCl..52 of Vector:
ArrayfaxPtslector * arrayCl..03 of Vector:
ArrayMaxPolysPolygon a arrayCl..50 of Polygon:
ArrayNaxPolysOnePlane a arrayCl..S03 uf OnePlane:
ArryfaxVtceslnteger a arrayCl..100] of integer:
Array6Boolean a arrayCl..6 of boolean;

const NaxPts a SO:
"axPolys w sot

SNOxltces a 100
PI * 3.1415927;
PIZ a 1.5707963; ( P2/2 )
Nominal~eight a 5.43 C nominal body heiaht in feet )
Xhip a Array6C 5.0,5.00.0,0.0-S.O,-5.0 ): ( position of hip in feet )

* Thip a 2.253 (hip joint position )

C dimension of rectangular heaahedron corking volume )
XL a 3.0: YL = 2.23 ( for original wV )
lZax a -4.0: Zmin a -6.0: ( vertical kinematic limit in body )
LiftPhase •0.2: ( transfer phase value to begin liftoff I
PlacePhOse 0 6.83 ( transfer phase value to begin placement )
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(*******e***********************oseeee..ee.eeoe**.o*e******* **.oeeRAZeAR.AS) k

( Film: NAIV*R.PAS
C This file Is for the variable docleratLon for ASVMAIN. 3
( )

const VTNax - 1.5; C max foot velocity in .transfer )

type Capitals a A*oo.Z':
CharSot a set of Caoitals;

var etaMode, ( leg duty factor index
I, Jo PLINum

SInteger;

Letter :char. ( loop Index )
HaltSet :CharSet; ( set of commands for ahich )

( vehlcle halts afterwards )
Velocity

: Array3;
p e

: vector;
ly*Space C ari4 homogeneous matrix from object to eye space

He NVH9 ( transform matrix from body to earth )
Go INVG9 ( transform matrix from body to terrain )
T, INVT ( transform matrix from terrain to earth )

: 4strLx;
Body . points of vehicle in body coord ): ArrayS2Vector;

Points ( points of object in reference frame 
: ArroyNaxPtsVector;

Polygons
: Array~axPolysPolygon;

Planes
S: Array~axPolysOnePlanol

Vortices
: ArrayMaxVtces~nteger:

QefPoss, ( reference position of CVV )
PPOE, ( end poLnt for foot trajectory in earth
PPSe.9 ( six estimating points for suoport plan*
,, ( present foot position In body ,

ORB ( present foot velocity )
: Array6Vector;

BodyTransRatoe ( body translational rate )
BodyRotatolate ( body rotational rate

: Vector$
Contact ( set of supporting legs )

: Tactile;
Nempolys ( total number of polygons to draw

: integer:
due dy, ( x and y dimensions of CWV )
APhose ( relative log phase
LPhaso ( leg phase variable

Command ( operator Input command )
: char;

Vaox, Vein.
dxmax dxminq
dymox, dymino
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Seta, ( log duty factorOT, C delta time ( sec ) )FootLift, ( foot lifting height )
NVELX, hVEL1, MRVELZ,
Periods ( period of kinematic cycle )Phase, ( kinematic cycle Phase )Etal ( angle between gravity and )

r terrain normal vector )

SPa, C support Plane In body coord )SPE P support plane in earth coord )
: Plane;

EstimateFlag ( flag for estimating support plane ): boolean:

LiftoffFlag, 4 flag for LiftOff phase )TransferFlag, ( flag for Transferforeard phase )"% PlaceFlag C flag for Placement phase )
: rray68ooleans
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( File: EXTERNAL.PAS
( This file is for the external decleration.( )

function Sign( X =real )=rval;

External; e

function Atcno( l S: rel) real;
External;
function rtane S: r real): ri;

r External;function Tro( S real ): real; real
External; ir

rfunction otarC PtlPtZ= VectorS :ar r eatel

External;

fprocedure otsProd( Ptl qPtZ; Vector; war retalor; )
External;
procedure cosurd Ptiar t : vctor; V.P det itor mtVri

External;

procedure Crossarod tlt Veis cor; vAr itno:ral: a Vecto r i.External;
procedure TaenMtC v Mxe : Mhar o tn: re ridentit matrx )

External;

procedure Rote at( xisZ crea; ya I n t : retr ; war M t : tor
external;

procedure VcY Translt ( t Meatrlx Pt Vcora ta NePt : Vector
External;

procedure Vect4Transfor.C Mt : Matrx Pt Vector; war NeoPt : Vector ;

External; 
O

c~rocedure MP Nlen T(ensfoqe( : Patrne; wa ut : Matrtx 4 ep:Pae)
~external;

procedure VatTranspfor( Mt Natrix*. Par slt Natr V

External:

procedure Met ransforo t : atrnx; M ar t : Matrix ;

External;
"I " procedure NatMultC tlMtZ I Matrix; var Result ; Mtrx4 )1

unternal;

procedure MatnverseC Mt : Matrix; var ~t : Matrix 3;

Externall

-. Iprocedure Orthogonalization( var Mt : 4atrix 33
External;
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varF- A 7u.bly : negr

Procedure ReadgbjectC var Filename : String;

var Points : Array~axPtsVector;var Polygons : ArrayMaxPolysPolygon;
var Vertices : ArrayMaxVtcesxnte,

External;

Procedure Mak*OIS~layableC war Pt :Vector )
External;

I rprocedure DisplayObject( Mt :Matrix4:
OrauAgain : Boolean;

war Numpolys : integer%
var Points : ArrayNexPtsVector;
var Polygons: ArrayMaxPolysPolygon;
war Vertices : ArrayMaxVtcessntgqu.

External;

External;

warVeties: Arolayn xteltgr
ar Coac : Tratileto

ProcdureV~hil*Cvar dx,
vrRFPosa : vetr;a6~tr

var Conac : Trayctle;
var Hye Materix; x4
var '4md ls negr

vr dy : Arry5Z cor
var RPots Array6a~Vctor;
var FPlgn : 4rayrayeaolyoygn
var Pleae Msrrmy x4o;~ epa.* v~ar Vertices Arrainteger; nege

varPo rt Pont A rry~ax~sVector
var Coy onta : actix~lesoyg

External:

procedure EStisatePanc var 4 up Mr ixna: Pa

var PPSE :Array6Vector
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External;

procedure TerrainCoordC war H9
To
INYT,

INVG :Matrix;
war Etal :real;

tn war SPE,

Extenal;SPs 
: Plane

pcoutGetlntersectionC var ClipXT,

ClipEB,
ClipYLy
ClipYR,
X1,

1 prcedre Ot~mlP~r~d(warSodyTransRate,
SodyftotateRate :Vector;

arRef Posem
FPS : Array6Voctor;

war dx,'

LPhase : rray6;
war Contact :Tactile;
var Seta,

Period : eal

External; )

procedure LtgCoordinationC var mv
TNVN Matrix;

war Spa*
SPE :Plane;

var Sodyrans~ote,
BodyRtateftate :Vector;

war Relposso
FPS : Array6V*Ctor:

war dx,
dye
RPhas 9
LPhage Array6:

war Contact Tactile!
var Yoern Voin,

dxmax, dxmin, rNa

dyax dymin,Ioa
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External;

Procedure SedyServoC war No
INV"I Matrix:
war Spot
SPE : Plane;

war BodyTransRat*q
Sedyftotat.Nate Vector;
var RefPosS.
FOB : Array6Vector;

war ds,

'C dy ,

war Contact : Tactile?
var Vmax, Voin,

dumax, oxming
dynax. dymin,
Dy.
Iota.
Phase,*
Period,

NV!LXf
N VELY,

* NAVELZ :real
External;

Procedure Foot~rajecteryC var N.
tNYN 2 matrix;

var BodyTransRatq,
godyfttatelato Vector:

var #etPosl,

Fa RB Arroy6Vector:

LPhaso Array6:
war Contact 2Tactile;
war PoetLift, OT,

Seta,
Period : real:

war EstimateFlag : beelean;
var LiftoffFlag.

TransferFlag,
PlaceFlag 3 ArrayGIooen;

var EyeSpace : matrix4l

war NumPelys : integer$
war Body 2 Arrav5ZVectort
ar Points 2 ArraynaxPt*Vectorl

var Planes ! £rrayPaxPelys~noPlanes
var Vertices :ArrayMoxVtceslntegor

Externall
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procedure ASVYIT( war 14,
INV" : atrix;

war da,
dy I Array6;.

var Contact : Tactile;
war dxoIn,

dymino

PootLift : real:
war SetsMod& IInteger;
war 0*1posap

FPS : Array6Voctor;
vie EyeSoace : mate-ix4:
war tduoPelys x Integer;
var lody : ArraySZVector;
war Points : ArraywasPtsVecter:
var Polygons 3 *rroeaPolysPolygons
war Planos, I Array~sxPelys~nePlano1
war Vertices : £rraVM&uVtcosltvteor

External;

procedure ttaltC var t4VELX#

IEVELT*
XRVELZ: real: eto:p

wrFOB : Array6Vector

externall

oraoedure tnitializo( var 14 :Matrixg
var dX:

*Phase* 1
LPhaso I Array6;

war RsfPosl,

ppe : Arrayv~ctor:
war otift, Phase,

Period, el

w ar fstimsteFlag : booleant
war LiftoffFlag,

PlaceFlag 3 Array~looloan;
war eyespace : matrim4s
var MumPolys tIinteverg
var Body : Arrasy2ctor;
war Points : ArraymaspiaVtcterl
var Polygons : *rray~axpolylPolygon;
var Planes $ ArrayMaxPolys~noPlanet
var Vertices I Array~sxwtco*1ntogor

External;

procedure KfYt4T; MonPaseall
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Procedure XEYCXC var Command 2 char )l RonPasCaj:

Procedure KVWAiT: Nonpascal:

procedure ICKILLI MonPascal;

Procedure INQUII NenPascal:

Procedure NauPLiC war PilNum x Integer si onPascal;

preoedure StpNam; NonPascal;

procedure MovetoC war IX,1Y Iinteger )NonPascall

*procedure DrastoC war IX.I :Integer 33 onPascal:

procedure StoverC var FILNum IInteger 3;NonPascal;
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(This file is for the main and the man-machine interface.

program ASYMAIN:

Tincludo Global;
llnclude external;
%include Mainvor3

* !login (main program)

C Parameter initialization)

ASWIN4!T( ",INVHtdxodyContacttdxminodyminOTepootL~ft,
Seta~ode.RefPosS.FPOE .PPSEPS,!yeSpaceNuuPeLys,
Sody,'eintsPolygonsPlanestyertices )s

H altset :a CM N Z H X. 3

( set terminal characteristics )

write( CHRC2), *C?Gh' ); ( sot orign to relative mod*
writeC CHRC2?)* *C?4l* 39 C sot to noscroll
write( CgIRCZT)* .CZJ* )3 ( erase screen )
spiteC CMR(27), 'CllH )S C cursor to home)
wri'teC CNRCZ?)o *CJ ); C eras* screen )
write( CHRCZ?), *C131H ); (cursor to home

(,display command set
or it em I
eritelnl
*ritelnC CMRC2?)o &90*00 COMMANDS**S)
erteln;
eriteln(*Entor *0 CMQCZ?)961*9 Ta INITIALIZE THE LEG POSITIONS')
writeln(' v CNRC2T?).9* TO START MOTION*);
a ritolnC* . C"RCZT)95N,# TO HALT MCTION')3
aritolnC' , CNRCZ?).9*6MN, TO MODIFY THE PARAMETERS')$
.ritelnCo ., CHRC27)96Xo TO EXIT THlE PROGRAM EXECUTIOV~:

writelni

AritelnI
eritelnC CNRC2),0600* REAL TIME OPERATION *o)
rteoC CHRCZT)9 OClSZ2r*): sot scrolling region3

Command :0 M4* C enter modify sequence Initially3
KEVINTS

repeat C until Command a 'X

If Command In "altSet
then

begin
case Command of

*I: begin
InitializoC HodxodyRPhaseLPhasoRefPosgPPOE,
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91 aceFlag, tyoSpace ,NumPelystaody,
PointsqPelvgensvPlanesqVorties

Malt C NVELR.NV!LTNRVELZ,8odyTranslato.
Sedy~otateftat*,PR5

end:

14 alt C NVeLXNVELYNRVELZ.SedyTranslate,
BodynotaltatotpRB )

oritelng
eritolnC *DOES SETANODE v 'q Betamede~l,

' NEED TO 91 CHA4GEO?0)1
uritsC* TYPE A SPACE BEFORE WYNW3);
MEILLS ( cancel Input request)
resolnC Letter ):

if Letter a* Y then
repeat
writelnC'PLEASE ENTER DESINEO SETAMOE:3I
gritelnC* 1: BETA a 5/16 21 BETA a * 4)
aritelnC* 3: 3ETA a U/3 4: BETA a /* )
writoln* 5: BETA a 11/12 )
readlnCletaNode) 3

* until gota~eds in C19293949511

*case Botal~ode of
12 begin ( Beta a 5/6

Vvex 3o 1.299 dxoax :z 3.0: dynex :a 2.2:
Vain to 0.Z52 dxvin So 0.75: dysin to 0.753
end;

2: begin C Sotoa .3/4)
Vein :a 1.53 dxmax :a 3.01 dymax So 2.23
Vain So 0.25: dxmn So 0.5: dymin So 0.5:
end;

3: begin CSets a 2/3
Yuan So 2.03 dusax :w 3.03 dymex So 2.2:
Vain 20 0.25: demn So 0.25: dyein 3a 0.25:
end.*

4: begin S et&a 1/23
Vax So 3.0: dxaa :a 3.0: dymax to 2.2;
Vain :0 0.25: dmum So 0.258 dyain So 0.21

end:end$ ( case end

cas Betaxoe ef
1: Beta :8 0.8333$ C 516
22 Beta to 0.758 C 3/04
3: Seta So 0.66673 C 2/3

*42 Iota 3m 0.5: C 1/2
s1 Beta to 0.913 (11/12z)

and:( case

&*asign relative leg phase3

RphaseC1l :8 0.0: RPhaseQC22 is 0.S1

* .:~RPhsseC3 So Beta? RPhaseC4] So Soto 0.5:
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APhoseCS] :a 2 * Iot& 1.0; RPhas*C63:8 RPhaSeCS340.53
qPhaseC6] := RPhasoC63 truncCEPhosoC63):

sriteC OChange FootLiftCT.#N3?
readLnC Letter )!
it Letter a *V THEN

repeat
.ritelnC "Enter new value @f PootLift*)3
readlnC PoetLift ):
until (PaotLift >a 1.0) and (FootLift Cc 3.0);

INOUE; ( REASSERT INPUT REQUEST
eritelng
uritoln( C4RC2?)* '061NITIALIZE N9XAPOO
end;*

end;C case Command

KYWAIT;
IEYCKCCoomand);
end ( then)

begin
JoystlckC velocity, VToax):
NYILX :z, V*locityCL3;

4 MV!Y :u -YelocityCO]2
) NRVILZ :* VolecityC23 0 0.13

if Estisateplag
then begin

FstimatoPlaneC SPEqPPSE)
Estimste~lag :8 false%
end:

"N TorrainCoordC HoTqZNVT9GXNVGqEtalqSPESPS )

BodySorvoC NRNVHSPSSPI.SodyTranslateIodyotatefate,
RefPoslPI dEgdyRPhaseLPhaseContact,
Veax, Vminodxmeax.dxinodvusztdymin.
0TSotaPhasoPoriodEtalNVELXNVELINEVELZ )$

FootTrajec teryC H, kNVH, SdyTransftateSedyRotatenete,
* j UefPosl.FPE.PPSEPPSPR3,dxodY,
'.1 LPhose ,Contact, FeetLift, OTSotaPeriod,

!stimateFlagLlft~ff~lagTransferplagg
Place~lag. IyeSpaceNUmmPolysSody,
Points.PolygonsPlainesVortices )

KEYCKC Command )
endt ( else

until Command a *X3

ICKILLS
spi ate C CHR*(2?), *C?61*); ( set origin to absolute mode
writs C C"4C27)9 'C?4h')$ ( set to smeoth scroll
write C CHRCfl)v 'Cl322r'): ( restore scrolling region)
VVuite C CHOCZ?), c2j*)$ C erase screen )
writo C CNRCZT)q OCZSIlH); ( cursor to home)

end. C nd of &SVq*~rM
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(Snomain)
(Soon)
( ee eeeeemeex mse..***.e*...*..ste***...*e**.e..*eeeee.e e*e***e)

C File: LISR.PAS )
. This file is library for ASVMAZN.

include global;
tinclude external;

function Sign( X : real ) : real;

begin
if X )k 0.0

then Sign :a 1.0
else Sign 5- -1.0

end; C Sign

function AtanZCY, X : real) : real:

begin

If aboCX) ) 0.00001
then ( X is nonzero )

if X ) 0.0
then

AtanZ to ArcTanCVX)
else

Atan :- ARCTanCY/X) * P * SignC I )
C end if X )"

else
AtanZ :0 Pi / .0 Sign( )

endl AtonZ )

function ArcCosc S: real): real;
war C : real;
be~in
C :0 sqrtCl.0 - Sam
ArcCos :a AtsnZC C9S)$
end: Arcos

'V function Ten( S: real )t realt
begin
Ton :e Sin( S )/ CoeC S I1
end$

function OotProdC PtlPtZI Vector )S real&
begin

sith Ptl do
OotProd to XePtZ.X # V*Pt2.Y * Z*PtZ.Zl

end$ C OotProd )

Procodur e VoctSubo Ptpt2: Vector: war pt: Vector)
Cvector sbtraction of PtZ free Ptl
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begin
with Pt3 do

begin
X :0 Pti.X - ptz.X:
V :u Ptl.V - ptz.v:
Z :u Ptl.Z - ptz.Z:

end; VectSub)

Procedure CrossProdC Pt1,Pt23 Vector: war Unit~ormal: vector )
( generate .nitnornal vector by CPtl X Pt2))

war :real;
begin

with UnitNormal do
begin
X :2 Ptl.f*PI2.Z - pt1.Z*Pt2.13
T :0 Pti.Z*PtZ.E - Ptl*X*PtZ*Z;
I 3m P-tl.X*Pt2.y - Ptl.y*pt2.x:
R :0 sqrtC X*E + Toy * Z*Z )l
X :0 EM; Y to V.'N: Z :8 UNS
end;

end; C CrossProd

Procedure IdentC war Ptx : Nastrix4 )3 (Identity matrix)

v or 19J : integer;
beginor I to 1 to 4 do

for j a8 1 to 4 do
-. If I a J then NtxCZ.J3 :a 1.0

else "txC!,J3 :2 0.03
end; C Ident )

procedure Rotate~latC Axis : char; CosASinA: real; var Mtn P atrIx4 )
begin Cget rotation matrix of a given axis)
I dent CMtx);
case Axis of

*X : begin
MtxCZgZ23m CosAS 14txC2.33 :a -SinA;
4txC3.Z3 38 SinAl NtxC3v323m CosAl
end;

wY : begin
MtxCl*13 to CesAt NtxCl,333 SInAt
NtxC39i2 :0 -SinA: NtxC3932 :a CosA;
endsI

.1* : begin
0NtxCl,12 to Coca; M4txCl12 3m -SinAi
PtxCZ913 to 5$flA: 4txCZ923 to CosA3

4 end:

en; Cttaea nd; c case end)I

procedure TransflatC Weltj real: var NUSI 4Atrix4 .J
begin Cgot translation matrix)
fdentC Ntx )t

txCi43 to X8 PtxCZ#43 :a Ys 4txC3943 to Z3

ond C TransPet )6

165I



Procedure Veet4TransferoC Mt : atrix4: PI Vectort war Ne.Pt :Vector )s

4Ow~-X : PtX*MtCll # Pt-T*MtCIvZ3 4 Pt.Z*tc1.33 + MtCl,6,1

* dewPt.Y := Pt.X*NtC2@13 * Pt.T*PtC2,23 # PtoZ*4tC2931 + MtCZ.423
NeuPt.Z :a Pt.X*MtC3*13 # Pt.VCNtC39Z3 + Pt.Z*NtC3,33 + MtC3943
end; C Vector4Transtoru )

Procedure YoctTransforoC Mt :Matrix: Pt : Vector; war NeePt : Vector f
C "opta "t *Pt)

Ne.Pt.X 3mPt.X*NtCl,.X *Pt.Y*NtCZ3.X # PtOZ*MtC3].X * Mt~e42X
Nompt.y :8 Pt.xomtCl].v Pt.y.NtcZ2.v + Pt.Z*NtC3].T * NtC43oT;
NewPt.Z :a Pt.X*MtCl1 Pt.Y*PtCZI.Z # Pt.Z*NIC3].Z + NtC43.Z:
end: VectTransform

Procedure PlansTransforuC P :Plan.: Mt :Matrix$ war keep Plane )
C RooP a P a Mt )
war At 3, C. Do N : real: '
begin

A O .UnitNorwal.X*MtClI.X *P.UnttNoroal.T*MtC13.V
+P.UnitNormal.Z*NtCI2.Z I

3 P PUnItNorwal.X*MtCZ3.X + P.Unit~srml.T*NtCZ3.Y
* *P.Unit~orsal.Z*MtC23.Z I

C :0 P.UnIt~ormal.X*MtC33oX + P.UnttNerwal.V*PtC33.T
*P.UnitNormal.Z*MtC33.Z 3

'0 :a P.Unit~oreal*X*NtC42Z*X 4 9UnitNorual.T*MtC43.V
*P.UnIt~ormal.Z0MtC43.Z 4 P.Oistl

X :0 sqrtC AL*A 4O 5* CC
with Heap do

begin
with UnitNormal do

begin X :aA/M I 1:a S/MS ; Za C/N: end:

Dist ReUl 0 Ntri4

end;

bbegin

fo : o 43 do~

beggin
Nith T~tCI2 do .OforK : Ito I

ReulC1J]:aRvvtC~j NI~v]166K93

'*Ad$
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begin
X :& PtCl3.Y: 'r to MtCZI.Y; Z3 Ntc3I.x

with T~tC33 do
begin
X :a 14tl].v: T :a 0MtCZ2].Z; Z :u tC3.3.Y;

* end;
w ith T~tC43 do

begin
X :a MtCi3.X; T :a tC4].z; Z :. tC3].Z:
end.*

end; ( MatTranspose)

procedure Nat~ultC NtlMtZ : Matrix; war Result :Matrix )
war TNt : Matrix:

I : integer:

oin Mat~ransposoC Mtl.T~t )

for I := I to 4 do
with RosultCI3 do

begin
X :uOotProdC TutClJMtZCI2 )
V : DotProdC TmtC239NtZCI3 )

V. Z :u otPredC TWt33,MtZC13 )9
*if I a 4x

4 then begin
X :0 X *TotCI13.X;*
I :a T TmtCZI.v;
Z :a Z TmtC13.ZT
end:

end;
end; (matmult)

procedure MatlnverseC Mt : Matrix; var tNt : Matrix )
begin

PatTranspeseC NttXMt )
with I~tC43 do

begin
*~ : a -OetProdC NtC43qMtCl3 )3

I :o -DetProdC HtC43qNtC2) ):
I a* -DetPredC RtC430MtC33 )t
end;

and; ( atInverse

procedure OrthogonalizationC war Ht 2 Matrix)
(use Gram-Schimit erthe;onalizatien process)

var At " : real;

bei ith PtC13 do (first orthogonal vector
begin
H :a sqrtC X*X # YT C* )I 5
X :. X/"8 V to I/M Z :0 1,/4

* end:
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* A :- otProdC RtCl3*MtC2]
with N~tC23 do (second orthogonal vector)

begin
X :a X - A4~IX
T :u - A*MtCl2.Y3
Z 2 Z - A*04tel . Z
p su ort( X*X * 1*1 + Z*Z )
X :.a E/N: T :0 Y/": Z :0 Z/NI:

a end:
CrosProdC N4tC12#MtC23,NtC33 ; third orthogonal vector

*ndt

.168



r." 4. N 1.
.. • 4..

p..,

(Snosain)
(Soon)

( Pile: OXPLAY.PAS )
( This file is for graphics display routines. )
( )
(*****etfsteeteeetee***aetieee**e**ee***lgi.eteete*..eteeete *********)

tinclude Global;
Tinclude External:

procedure ReadObJectC var Filename : String:
var NumPolys : Integer;
var Points : ArrayMaxPtsVector:
var Polygons : Array~axPolysPolygon;
Yar Vertices : ArrayMaxVtceslntiger

var I J 9 NumVtceq NumPts : Integer;
F text;

begin
resetCF• Filenae, '.OAT'); open input file )
readlnCFNumPts9 NumPolys); ( read in points )

for I := I to NumPts do
with PointsCZ3 do

readlnCF, Js X. Y, Z);

umVts " to u; ( initdaize olze of vertex array )
for I :u I to 4umPolys do ( read in olygon descriptions )

with PolygonsC13 do
begin
start :a NumVtces; ( start point in vertex array )
read(F PolyVtces ) ( number of vertices)
for J so 1 to oolyVtce$ do ( read vertex pointers )

read(Ft VerticesC NuoVtces + J 1);

readln(F); C go to next line of input )
NumVtc.. :- Numvtc.s 4 PolyVtces;
end*4

Close(p); C close the file )

end; ReadObject )

procedure MakeOisplayable( var Pt ? Vector )j

const Middle * VectorC 500.0.500.090.0 )0
Scale 4 4000.0;

begin C perspective projection )
Pt.X :6 Scale * Pt.X/Pt.o * Middlo.X8
Pt.Y :a Scale * Pt.Y/Pt.Z * ALddl*.Y; '

a: end; C akeOisplayablo )

procedure Oisplayabject( Mt : MatrLx4; N

a.." OranAgain: Boolean:
var numpolys: integer;
var Points I ArrayMaxPtsVector;

var Polygons: ArrayNaxPolysPolygon; .

var Vertices 1 ArrayMaxVtcestnteger
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. . . .



PL I~

war TmpPt :Vector:

IXItv : integer;
Otuplaypte

:arrayC1..1O3 of record XqT: integer: end:

begin
for I :a 1 to NumPolys do

mith PolygonsCt3 do
begin

Make~isplayableC TapPt

4. with 7apPt do
begin
rx : truncCX); IT := truncCT); M4ovotoCIX91TY;
end;

for J I to Polyytces do
begin
V*Ct4TransformC 4tPointsCVertic~sCStart.J]2,TmpPt
Aake~isplayableC TepPt )
cith TuspPt do

begin
IX := terunc(X); IT :a truneCY); Draeto(!XZY);
efd;

if Ora,#Again
then With DisplayPtsCJ3 do

begin X := IXI T :0 IT; end;%
and*

if OrawAgain
then
begin
with OisplaybtsCPolyVtceg2 do

NovetoCXtT)*
for J :a I to PolyVtcas do

V with DisplayPtvCJ3 do

OrowtoCXty);
.1* end:

end:
end; CDisplayObject)
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(Smnsin)

(loan)

F ile: JOVSTICK.PAS
C This Is for the joystick interface routine. )

Tinclude Global;
ginclude External;

PROCEOURE JOYSTICKC VAR CATA : ARRA13:
SCALE : REAL

VAR AOSR ORIGIN 1?04006 : INTEGER; ( A/0 STATUS REGISTER )
A8UP ORIGIN 1704023 : INTEGER: ( A/D SUPPER REGISTER q

CHANNEL : INTEGER; ( CHANNEL INDEX )
INTEGEROATA : INTEGER; ( 1/0 INTEGER DATA )

SEGIN C JOYSTICK )

FOR CHANNEL := 0 TO 2 00
SEGIN

AOSR :s CHANNEL * 400t; C SELECT MULTIPLEXER CHANNEL )

AOSR :a AOSR + 1; C SET CONVERSION COMM4AND SIT)

WHILE AOSR AND ZOOS 0 O0 ( WAIT FOR CONVERSION )

INTEGEROATA := ADOUP * 1770003; C CONVERT TO 2'S COMPLEMENT FORMAT )

OATAC CHANNEL 3 :0 14TEGEROATA / 10008 a SCALE; C -SCALE (8 DATA ( SCALE )

ENO|

END; ( JOYSTICK )
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(Snomoin)
(own)

'ps

(This file is for drawing the ASV-949 working volumooo and support )
pattern of the vehicle motion.)

vinclud Global:
Utnclwdo External$

procedure vehicle( war FPEv i
P POE : Vector;
PrxS)nsor

ConSonsor : boolean;
war H : notrix;

dy $ P.ray6$ i:: d r e

aat RofPos t &rray6Vocvor;

war v FPP9S 2 rray6Vector;wadr eyoSpc P atrX;
wvar la tryn Integer;

war Body : ArreySo; or;
war Points : ArroyaxPtsVocror.
war Polygons Arroyoo PolylPoeyaonn
var Planes $ ArrayoxPoysOnPOlo;
vwar Vertices : ArrayaxVtcesntogrr

ar PulmMo integire

!procedure ProximtySvnsor PP: Vector; war FPOE: Vector

C get 19 touchdown point in earth for leg in placemont phase

war J I integer;

p*9in

J :0 1; :

( find plane index where foot is on and return index )
,.- while notC PPE.X <a PlanesCJ.Xmax ) do

J :8 J + 13

aith PlanoesCJ3 do ( got touchdown point in earth coord )
with UnitNormal do

FPO.Z to -C X*PPE.X+ *FPI. 01Dst )IZ:

d" with FPO! do
begin
X : PPE.X: T So FPE.y;
end;

endS C ProximitySensor )

procedure ContoctSontorC var FPO: vector);

( f.Z to modified to that foot tip can contact the ground

172. %
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var IJ
: integers

0 : real;

begin

j :w 1; ( index for array of Planes )
( find plane Index Where foot is on and return Index )
*hile not( FPE.X ( PlanesCJ3.lmax ) do

J :8 J * 13

alth PlanesEJ3 do ( compute distance from foot to plane )
with Unit'orual do

FPE.Z:u-(X*PPE.X.Y*FPE.T.Oist)dZ:

end; ( ContactSensor )

procedure Kinematics;

( reverse kinematics equation of ASV84 vehicle )
( Z axis goes upward In body and earth coordinate )

const Li a 0.8: L2 a 4.0; L3 a 1.45:

L4 a 0.5; C leg demensions In feet )

var Clo Sl,
COA#h Sina,
0, 01, 02o
Signl, Sign2,
Alpha, Set&* Gammes
Theta, T1, T2,
XPC. TPC, ZPC

:real;
* i, J : integerv

begin C Kinematics -

for I :u I to L6 do. C transform points of body )
VectTransform( H,5odyCI3.PointsC13 )

for I :a I to 6 do ( tranform points of legs )
begin
if t in C1,3,S1 then Signl :a 1.0 else Signt :u -1.0;
If I In C1,l,6 then Sign2 :a -1.0 else Sign2:u 1.0;
( compute abduction angle, translations of leg I
XPC :m PPUCZ3.X - XhipCI3;
IPC :a FPUC13.Y - Signi * Whip;
ZPC :8 FOICII.i
"I :* sqrtC YPC*YPC # ZPC*ZPC - L4*L4 );
C abduction or adduction angles )
Theta :a Atan2C Sgnl*VPC, -StnISZPC ) - ktsnZ( L4qSigfl*TI )I
Cl :6 CosC Theta )3 St : Sin( Theta )3

case I of
192 : 32 :w 0.2 % KPC:

n ce349596 * 02 to -0.2 * XPC:
end: case end
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T2 so 0.Z5 C -tPC*Sl ZPCOCl L3 3
-. 01 :u Sign2 CTZ:

Alpha so Atan2C 02,-SignZ*01 3
0 != 0.5 * sqrt( 01*01 OZ0*02 ) USLI
Sets :a AreCo9C 0 ):
Games so -Signi C P12- Aloha SeIts ; angle between sys2 E 4)
CosA :v Cos( Games 3S SinA so Sin( Gammes3

j so Cr-I) * 3:
with UodyCi?+J3 do (updown sliding joint position)

T :8 Sign2*01*Sl L3*Sl *Signl*Yhip;
I Im -SignZC1l L3*ClS
ends

vith SodyClI.J2 do (knee position)
begin
if I In C1923 then X := L2*CosA # XhipCl2

* else X m0-LZ*Cos* + XhipC!23
T so -Sign2*L2*S1*SinA *Sign2*01*Sl L3*SI * Signl*Yhip:
I so Sign2*L2*Cl*SinA -Sign2*01*C - L3*ClI
ends

VoctTransformC I48ody~l?#J~,PeintsCl?#J3 ):(transform in bast system)
VectTransformC M,8odyClS.j3qPointsClS#J 3;
Voet~ransforeC H9,PPCI2,PointvCl9+J 3:

end: ( end of loo for I)

end: C Kinematics)

oraoedur. DramLeg;
( draw a segment from hip joint to foot tip)

const Hiddle a YectorC 300.09800.0,0.0 ),
Scale a 15.01

war 19 IX, IT; integer;
S Xmidthe Voidth : real:

procedure DashLineC ll.X2,V2: real;
Horizontal S boelean 3

const 4 a5;

war It lX1. ITI IX2, I12
: integer;

Int I reals

U- begin

if Horizontal
then begin

IXl :a truneC Scale * X1 # Middle.X )I
Ill to trunec Scale * VI # Middle.T 5'
end

-S@Ies* begin
Ill So truneC Scale * X1 + Mi:ddle.Y 3
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lXI a8 trunc( Scale 01 TI * lddle.X 3
and;

tit :8 C 12 - XI f N:
J.. for t :0 1 to 4 do

begin
xi " xi * Int:
if Nerizontul

then belqin
112 :0 truncC Scale XI NiCiddlo.X 3
If odd( t ) then OrsatoC IX21Ii

else MoveteC IX29t11 )8
end

alse begin
112 to truncC Scale * X1 * middle.Y )I
If add( I ) then OrateC 1X1.112

else, mevetoC 111.12 3
end;

end;
end; OushLine

Procedure OrawKiiuitC Center: Vector: XvIdthoTwidth :reel;
Dranwoluee : booleasn

var X8, XT, YL. IN
: real:

113, XXT, IlL, MY : Integer;

begin COreelliait
with Center do

begin
t4X9 :2 X XwIdth; YL :a I - Yudth;

XT a8 X Xmidthg Y* :a I * Yudth:

if DrawVolume
then begin

08shLineC XI.1LoXT@YLgtrue 3
DashLineC TL9XTqYRqXT~false )8
OushLineC XTq1RqX~sYRqtru9
OashLineC YRXIYLqXSvfalse
end

else begin
1X5 := truncC ScaleSES # "Iddie.X)3 I
XYL :a truncC Scalo#YL * M4iddlo.V)I
IT :* truncC ScaleSIT # Middle.X)I
tYE :a truncC Scals*lE 4 Middle.1);
'4oveto( tX89t1L )9
DravtoC tXTIYL 3
DrsetoC tXToIYE )9

OrawteC MOMIR 3
OreetoC IX8911L L

end: C OrseKilt

begin COraLeg
for t:* i to 6 do

begin
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Xeldth :u0.5 * dx[!]; Yuidth :* 0.5 * dVC132
DONaeiiitC QefPosSC13s Xmidthm !uidth, true)

if I In Contact

t If ~In in C193,53 then IT :a truncC ScaleSThis # Middle.!

*1se IV :a truncC-Scale*This # Mi1ddle.? )
IX :a-truncC Scals*XhIaMI + Niddlo.x )4:;. MoveteC 11,1! )t
IX :a truncC Scale*PP3CI2.X # Middle.X )
IV := trunc( Scalo*FPSC12.V * Middle.! )9
DrautoC 1XIX,?)
end

else, begin Cout dumuy vector Into display buffer
IX :a 0: TV :2 0; MowotoC IA,!! ):MovetoC IX,!? )8
end

end;
end; ( OrseLeg

begin ( procedure Vehicle body)

if PrxSensor then PromiuitySensor( PPEqFPO1 )I

if ConSensor then ContactSensorC FP9E)

* if notC PrxSensor or ConSensor)
then begin

Fil~ue m 3Z Stover( Pilmum )I
KLneoaticsg
Oisplay~bjectC Eye~pace9trueNuaPolVsP*ints9

Pelygensevertices )8
DravLog; (dras support legs in taqvies ef vehicle
Stp~a

end:

endS Vehicle

procedure SupportPatternC war '4 : Matrix;
var Points :ArravMaxPtSVoctert
var Contact :Tactile

* C Oras support pattern In earth coordinate)

const Uiddle, a Vector( 700.0, 800.0, 0.0 )9
Scale a 15.03

var SupLeg
/v : arrayCl..63 of Vector:

CntrPress, Line
:vector;I

I, J9 K9 Mg Le
IX, ITO Filmum

: integer$
0

: real:

4
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Procedure OraefctangleC Xo.v.IST : integer; Flag 3beelean )l

war XLexit,V3,T 8 initegers

begin ( Oraulectangle

XL :a X - DIST$ XR :a X * OUST;
YO :4 T - DIST: TT :2 V D IST:
evetaC XLVS )9
if Flag

then begin Cdraw rectangle)
Orest@C XL91T )3OrastoC 9R.VT )s
end

elso OrawtoC X9T) draw triangle

en: Ornamt:C XRv); OreateC XL*VS

Procedure GetLineeC PtloPtZ: Vector; war Line: Vector )9C get coefficients of equation of a line. )
C line vector starts from Ptl and ends to PtZ.)

begin CGetLines)
with Line do

begin
X :0 't72.v - Ptl.T:
V :2 Ptl.E - Ptz.x:
Z := Ptl.v * Pt2.X - Pti.X *ptz.vt
and;

end; GetLines

procedure StabilityflarginC Center: Vectorl Kt integer)

war NinOistv 0isto D9 es
Uinto Tint, Xmine Twin

:,~ real:

: integer;
Line : Vector;

begin C Stability~argin
MinOist :* 1000.0:

for I := K domnte I do I
if I a I then GetLineiC SupLogCl3*SvoLegCK2,Line

etse GetLinesC SupLegCIl.SupLegCI-12,Lino )$
with Line do

begin
J 0 := C X* S Y*v9

e :a X*Center.'f - Y*Centor*X;
lint := C -X*Z -T*E )/DS
Tint :0 C -T*Z* X*6 )/D;

* end:*
Dist :* OotProdC C~nteroLine )/sqrtCO);
if Dist R inOist Cgot minimum distance and intersectien

then beginN.
PnmOut D. ist$ Xmin :U ntl Vain :a Tint:
and;
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end: k
with Center do ( draw stability margin )

x : tentC ScoleOX * MiddleeX )3
1Y :0 truncC Scalee! * Middle.! );

moveto( IXOXY )
and;

XY :0 truncC Scaleo*Xan + Middle.! )X

OrawtoC IX9,1 )I
end; C StabilityMargin )

begin Cprocedure SuoportPottern body )
FilNum to 53 Nom~ilC FLiNum )3 StoverC Filmum )3

IX :8 truncC iddl*.X);
IT := truncCNiddle.T); ( center of body in body coord )
Oraoeoctangle( IXeYStrue ); ( draw center of body )

with CntrPess do
begin
X :8 0.0; T :8 0.03 Z :x 1.03
end;

,* for 181 to 6 do { initialize SupLeg to got coefficients of line )
w aith SupLegCZ2 do ZulI.08 C I value of right leg Is positive)

K := 03 d
for I:ui to 3 do

begin
J 1. (1-1)*6 + 193 ( array index of Points for tips of left logs)
L (1-1)02 * 13

*if L in Contact
then begin

K :0 K * 11
p with SuaLegCRl do

begin
-Y := PointsCJ3.Y-HC43.TO X :u PointsCJ3.eX-NC4.X;
and.

end;
end.*

if K a 3 C check covexity of left sides )Sthen begin

GetLinesC SupLegC32SupLegCl3,Line )I ( coeff. of a line
0 0:a OotProdC Line*Su*LegCZ] )I

if 0 > 0.o ( 1eg3 is inside of the line )
then with SupLogC33 do

begin ( remove 1o93 in support pattern 3
K :a K-13 SupLegCZ3.X :u X1 SuvLogCR).T :a 13

03 endnd$

for I133 deento I do
begin
J :a (1-1)*6 • 22: C array indax of tips of right legs )

L : *2:O
if L in Contact

then begin
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with SuoLegCKI do
begin

* Y := PointsCJ3.V-NC43.T;
x to PotntsCJ3.x-4C42.x;
end;

end.*
end;

if 0 a 3
then begin

GotLinesC SupLegCK3,SupLegCK-Z3,Lin. )
0 :m DotProdC LineSuPLegCK-12 )
If 0 ), 0.0

than aith SupLogCK do
begin
SuPL9gCK-l3.X :8 X; SupL*gCK-II.Y :6 V;
K :a K-1;
end3

and:

IX :& truncC Scol**SupLegCK3.X + Middle.! )
* IT :0 truflcC ScaleOSupLegCK3.V + Middle.? )8

for I := I to 6 de
If I <0 K

*then begin
11 to truneC ScaleSSupLegEI3K * Piddle.! )
IT :a truncC Sc&le*SupLegEI3.V # Middle.? )4
OrasteC IX@!? )I
end

else begin Cput dummy vector inte display buffer
IX := 41 TV :0 0; movetoC IX#!? )1
end:

( If CntrPress Is passed frem other routine.
C then sign of X value should be changed
( before calling StabilityMargin with X and T interchanged.

Stability~arginC CntrPr~ssoK )
Sto~am:

end: SupportPattern3

procedure WorkVoluo*C war Polygons : Array~axPelyevelygens
war Vertices : ArrsyMauVtceslnteger;
war Body : Array9ZVector

const 4iddle a VoctorC 300.0,800.0.0.0 )9
Scale a 13.0;1
L1l a 2.23 LZI a 0.443 L31 a 3.03 L41 a3.0:

war
Xwidthl, Vuidthl : real:
to JO Ixt ITO LilNum integer;
Cantor : Vector:

Procedure DshLineC XIVIXZTZ: real;

const 4 a 9 H .rizentel . boelean )t
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ver It 111, IvIsI, 2, 112

V mt 5real;

begin
if Horizontal

then begin
lXI :a truncC SCale * XI + "Iddle.X)
IYl := truneC Scale * Yl + Middle.?
end

els* begin
Mv :a trunec SCSle * XI + M4iddle.Y

lXI :a trunec SCSI* * Yi + Middle.X
end;

Nevetoc 111.111

Int :a C X2 - Xl I /ml
for I Ia to N do

begin
X1 :u XI # Intl

* If Horizontal
then begin

IX2 :u truncC Scale * Xl # Mitddl*.X)
if oddC I ) then OrawtoC IX2,1TI )

end
*lse begin

112 :a truncC State * XI * Middle.T 3
If odd( I ) then DrawtoC I11.12

oleo teveteC 111,112 f
end:

end I
end; C OashLine )

orocedure OrauKlimitC Center: Vector; XuidthTwidth t real:
Ora*Volume : boelean 3l

war .X89 XYYLP TO
: real:

IXS. IXl. IlL, ITO : integer:

begin C racKlioit
with Center do

begin
X3 X.I Xvidthl TL :a 1 Touitl
XT aX. Xeldtht YR :w v * Yudth;
end:

if OrseVolume
then begin

DashLineC X5.TL9XTtTLvtrue )I
DshLineC TLeXTqTRtXTqfals* )I
2ashI~neC X1TRXIYRvtrue ):
DsfLIneC Ya#Xa4YLsXgfalu. 38

elseo begin
1135. arunoC Scale*1l # PIddl..X)?
IlL :* trunc( Sc@le*iL * Midlle.?)?

180



IXT So truncC ScaleSET + Middli.X);
1Yq So truncC Scalo*YR + Ni~ddlo.1)3
MovetaC tX'1,lYL )9
OrastoC ZXTZYL)
OrawtoC IXT91YR )
OraetoC IX!,I1Y )
OeawtoC IX59TYL)
end;

and: ( rmuKliuit

begin (WorkVolume procedure body
PIlNum :* 6; WaoFIIC Fi1Num f

p. with PolygonsCZ3 do Cdraw body
begin
uith 5odyCVorticesCStart*PoIyVtcos33 do

begin
XX So truncC ScaleoX 4 Mjiddle.X);
1Y :& trunoc ScaleT*Y 4 iddle.Y)3
?4evoeC IXO! IY
endS

for J :ui to PolyVtces do
with 6odyCVerticesCStart.J33 do

begin
XX So truncC ScaleOX * Niddl*.X):
11 la truncC Scalo*Y # Middle.Y);
OrawtoC IX,!? )
end$

endS

Cdraw kinematic limit)
Xvidthl :a C L3l*L41 )*O.5; Twidthl So C LlI*L21 )*O.S;
for I :a 1 to 6 do

begin
with Center do

begin
if I In C1923

then X So Xwtdthl-L41#XhipCZ1
&Ise X :s-Xuidthl+L41+XhjpCI3;

if I in C193953
than Y := Yvidthl-L21*Vhip
else T So -Y*Idthl+LZ1-Yhip:

enda
Cdraw original merking volume)
OrauKIlmitC Center*Xoidthl.TuIdthl~false)3
end:

StpNa

* end; Cwork~oluse
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(Snowain)
(Soon)

( File: TEST.PAS
* ,** This file is for terraini estimation through liner& regression.

Unclude Global:
Unclude External$

procedure Eitiuat#Plane( war SupportPlane : Plane:
var FPSE : Array6Vector

Cestimate support plane using variance

war 4,
Xbar, Ybar. Zbar,
Numlo Num~o Nuu3o
Dent* OenZt
Miars ZRbaro
A0. At* 12, £3, 449
At at C, 0, N

:real;
I :integer;y

:Arrsy6;

begin
CCompute average of FPS!
N :a 6.03 Xbar := 0.01 Ybar to 0.0: Zbar a0 0.0:
for I :* I to 6 do

begin
Xbar to Xbar # FPSEC13.X:
Ybar to Ibar # FPSEC12.Y;
Zbar to Zbar # FPSEC13.Z;
and:

Ebar :a XbarN
lbar := Ybar/NI
Zbar to ZbarIN3

Ccompute Ago Ale A29 and A3)
Nual :a 0.0: Dent :* 0.0: MumZ :a 0.01
for 1 :0 1to 600

with PPSEII do
begin
NumI :a 4ust oCX - Xber ) a C I - Zbar )
Dent D entl 'CX - Xbar ) C X - Xbar 3
NumZ :Num2 +C X -Xbor ) *C I - bar )t
and:

At to Numi/Conl
A2 :a NumZ/efll
40 := Ibar - Al * Xbar:
A3 I* Tbar - A2 * Xbart

Ccompute TRbar and LRbar
M aar :a 0.01 LOWa :u 0.03
for I :a I to 6 do

with FPSICI2 do
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begin
ym~f a y AZ£ - A3 X!

YRbar 2i YRbar o, VRC13]
ZRCI :a Z - AO - At * X;

Z~bar :a ZRbar + ZRC13;
end;

YRbar :s YRbar/N;
ZRbar :u ZRbar/N;

Nus3 :- 0.03 OenZ :0 0.0:

for I := Ito 6 do
begin
Mua3 :z %um3 + C YRC13 - Y~bar ) * C ZRCfl - ZRbar );
OwnZ :- Den2 + C TRz3 - YRbar ) * C TRCZ - YRbar ) I
end;

A4 :a Num3/OenZ:

( get plane coefficients : ACX * BCY * C*Z + 0 6 0.0 )

A := -At * A4*A3; :a -A4: C :1 1; 0 :a -A0 + AZ*A4
M :a sqrtC ASA . es* * C*C );
with SupportPlane do

begin
with UnitNormal do ( Normal vector always goes positive Z direction 3

begin X := A/N; V :0 S/M: Z :a C/M; end:
Dist :a 0/q; ( if plane is above origin, Dist <0.0 ) .

( if Plane is below origin, Dist >0.0 ) 4.,'

end*:

end; C !stimatePlane 3

procedure TerrainCoordC var He
T,

4VT;
GO
INVG 3 Matrix; J-

var Etl.: reall
var SPE,

SPa : Plane
)4 -

var Beta rotation angle from XE to XT 3

SSeta, C3eta. Stal, CEtal
3 real;

begin
( get position vector of T)
TC43.X :* HC43.XI TC42.V :2 4C43.Y
with SPE do .-Z

with UnitNormal do

-. be ginTC43.Z :a -C Xt, C43.X + Y*HC4].1 + Dist )1Z;

if absC 1.0 - Z ( ( 0.000001
then begin C if no slope, then terrain coord )

( is same as earth coord )
Beta :6 0.0 Etal !W 0.0;
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.1.. .k- Firsi WIM*AMt N. - -

.end
else begin ( if slope, get slop, eagle and )

Beta :a Aton2C X,-Y)8 rotation angles )
Etal : ArcCos( Z )1
end:

end;
C get rotation matrix of T )
Soeta :0 SLnc Beta )3 SEtil : Sin( Etal )3
Coots :M CosC Beta ) CEtal in CosC Eta )3
with TC1 do

begin
X :a Coota; y :a S8ots; Z :3 0.0:
end:

aith TC2 do
begin
X := -SBat. * CEtal: 1 :a Coots * CEtal: Z to SEtal1
mnd*

with TC32 do
begin
X := Soets * SEtal T :-Cleta * SEtal Z :a Cetal:
end:

MatlnverseC TZNVT ): { get Inverse matrix of T
MatHultC ZNVTMG 33 (get transform matrix G from body to terrain )9
NatlnversoC G9XNVG ); ( get Inverse matrix of G )
PlaneTransfora( SPEq4SP3 fl C transform support plane )

( In body coord 3
end: TerrainCoerd 3
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(Snomain)
(Soon)

( Pile: LEGCORO.PAS )
( This file is for leg coordination vith computation of optimal Period
( and the change of the position and size of the constrained working )
( volumes. )

Tinclude Global:
Tinclude External;

procedure GotlntorsectionC var ClIoXTp

Clipox.
ClipYLv
CIlpYRq

X1
YZ : real;

var Error i integer

( X10,1 are the Position outside kinemetic limit
( XZ.2 are the present foot position )
4 If X2Z2 ore outside kinematic limit, return orrorai
( X1,Y1 return the Intersection point In body coordinate )

label t0

type OutCode a get of 1..4;

var Emotyl, Impty2 : boolean:
C9 Cl9 CZ : OutCodoe
x, y : real;

orocedure Code( x,1 : r*l8
var C ,3utCodel
var Empty : boolean

begin )
C :=C3
if X ( CuipX9

then C := C 4 3
else If X ) ClipXT then C C C 3 3;

if T < ClIpY4
then C to C * C 2 2
else If Y ) ClipiL then C :a C * C 1 3;

if C a C3 then Empty 3m true
else E pty :W false:

end ( Code )

begin
CodoC XlYTIClEoptyl )3
CodeC X2912C2,IaPty2 )3

""" if not C Emptyl or EmptyZ
then

' "if C Cl * C2 ) 0 C3
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than begin
Error :a 1: got* 10;
end

alse Error :0 08

while( Cl Op C3 ) or CCZ <> C3 do
begin
If C Cl * CZ 0 )C then goto 10;
C :u CU: if C aC3 then C :a CZ:
If 4 in C

then begin
v y. +1 CYZ-Tl)*CCIipKBXSE)4CXZ-xI)g

X :.cupxm;and
else If 3 in C

then begin
V :0 TI + CY2-Vl)*CClipXT-El).Cxz-xlfl
X :a ClioXT;
and

else if 1 in C
then begin

X :a XI * CXZ-Xl)*CCLIpTL-Yl3,ICYZ-Y1):
T :a ClipYL;
end

else if 2 in C
then begin

x :8 Xl + CXZ-Xl)*CClipT.R-Tl)/OCTZ-VI)3.
T :a CIlPYff

then begin ed
XI. tu It '1 Va v! cod*( XIOTlCl!Eptyl )I
end

else begin
X2 :a X; 12 = T: Cod*( X2912,C29foptyZ )1
end;

endo*

and; C GetIntersection)

procedure OptimelPeried( war *edyTransRaet
Uodv~etstepate : Vector:

w ar RefPosi,
FPS : Array6lecter:

war dxt
dy.
L~havo ArrayG;

war Contact 3Tactile:
war iota,

Period I real
1:

label 203

conot Middle *Vecter( 300,800*09O.0 )1
Scale *15.03
AlaxPeriod a 10000.03

MInPeriod a 0.031
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Outervol *0.23

war AFootq TFO@to ZP@@tq
* Epootyolo Y~ootVel, ZFootVelo

Xvidths Yuidth,
ClipXT9 ClipXi. ClipYLv CliPYRv
Speriodo
FHOPettod, SWPriod#
FuOSPriods SWOSPeriodg

VELP
Ti9 X29 T39 X4

*real;
IXIO Ill,

PiNuot
Is J, Ji

RightLeg
: booloan;

procedure MarginC war X~ootqT~ootZpootq
XFooty*lTPootv*lZ~oot~ol 3real )

label 200;

const LongTime a 10oo0o0.0;
"InVel a 0.00001;

war soot Vol.
X~argin. SvTia., ZTime,
SPhasee
Xint. lint

: real;
!rror : Integer:

e begin (procedure Margin body )

if RightLoq ( transfer% right to left
then begin

Tpoot :8 -Ipoets
* T~ootvel 3. -TpeotVol;

Pootvel 2= sqrtC XPootvolexpoetyel # ypoetyel*TpootVtl # ZFootYal*Z~ootvol
*if PootVol C "invol C if feet velocity Is almost zero.*

then begin C then set support poriod to 10000.0)
PWDPeriod :v PaxP~od$
IWOPeriod :a NexPeriod K
if PWDPeriod C PWOSPeriod then PWOSPeried to FWOPoriodT
If OWOPeriod ( SWOSPoriod than SWOSPeriod :a BWOPeriod:
goto 200:
end:

Cdefine an Imaginary point outside kinematic limij to compute intersection)
* Xint So X~oot # XPootVel * Leng~imet

Tint 3. Ioot # T~ootVol * Longtime:
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* GetintersoctionC CIlPXTClieXI.ClipTLClipYE ,lintTintXFoot.T~ootError )

it Error a 1 than begin
PWOSPeriod :a MinPoriod;
SliOSPeriod :a MnmPeriod:

IC ~g@tO Z00:
end;

X~arlin != sqrtC Clin1-X~oot)*Clint-X~oot) 4 C~int-Y~oot)*Cyint-V~oot) )

( supporting time to reach kinematic limit volume )
xootVel ra sqrtC X~ootVelsx~ootVel 4 YPootVel*T~ootVel

if oo~o < inolthen SP~ime 100000.0 X Iargin ( support time
if ootel( Nn~ *Iese SP~ime : K~argin F ootVell ( for x and y wet

A -

if Z~ootVel )o 0.0 Csupport time for a velocity)
then V~iae :a C Zmax - i~oot ) Z~oetVei
else If ZPootvel < 0.0

then ZTimo :a -C Z~oot -Zmin I Z~ootVel
else ZTime :v SPTimo!

if SPTiue > ZTim* then SPTime tu ZTise;

( support period for support legs)
* SPhase :a LPhoseCI3./9ets;

if 1.0-SPhese C 0.00001
then FUOPeriod :u 00000.0*SPrime
else PWOPoriod IsSPTime/Cl.0-SPhose):

if SPhame 4C 0.00001
then SWOPerlod :w 1O0O00.O*SPTiae
else SuOPeriod Is SPTimoiSPhms.;

(take minimum period of support periods for forward soauencing)
if FWOP~riod < FMDSPeriod

-. then begin
FWOSPoriod :* FwOPeriod3
J :- f; ( STORE LEG NUMBER)
Klint :* Xint:
if RightLeg then KYint U-Tint

mise %Tint alint

and;*

Ctake minimum period of support periods for backward sequencing
if SWOPeriod < SWOSPeriod

then begin
BWOSPoriod :* SWOPoriod;
KXintl :* Xint
J1 :a 1;

* if RightLeg then KTintl :a -Tint
else ATintl 21a Tint

end;

%end$ Margin)

begin (procedure OptimalPeriod cody)

PWOSPoriod :u NaPeriodl initialize support period
SWOSPriod 1.MxPeriod;
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? I.

fortI := I to ~do
if I In Contact

then begin

NwIdth to 0.5 *dC12; Yeidth to 0.5 *dycru %
If I In C193953 then RightLeg :0 false

else AightL~g := true:
(define kinematic limit of each leg

CliPXT :* RefPosBCII.X *Xuidth:
ClioXS :a RefPosBCI3.X Keidth;
CIiPTL :a RefPosSC13.1 IsTidth:
CliPYR to RefPosUCl3.T -Tuidtht
If RightLeg then

begin
CILpiL 30 -RefPosSC13.Y Taidth;
Clipift :a -RefPosBC13.Y - Yeidthl
and;

( compute now Period using now foot velocity)
x~oot :2 FPSCI3.x;
Tr.et t3 FPScI3.y;
zVoot 3. PPOC13.Z:
XPoetV9I :=-IodyTransftat*.X # Bodykotatelato.Z * YFoot

- odyRotat*lat..Y * Z~oot:
Y~ootVel :a-BodyTrsnsRat*.Y - Bedylotatolate.1 * X~oot

* odykotatenate.A * Mott
Z~ootVel 3o-9odyTrsnslat*.Z + *odylotatogate.V * X~oot

- 9odyletst*Qat*.X * YFoot;

Por~intC Xoot.YPoot.ZpootXPootVel.Ypootvl.ZootVel

endt

( osdronly logtdnlor lateral velocity )
( to choose betocen forward and backward gait$
with GodyTrans~ate do

Vel :3 sqrtC X * X K * T 1

if C Vel (uz OuterVel) and C absC BodyTrangffat*.X ) < tnnerVel
then begin C ours, turn-in-place case)

if Period > 0.0
V then SPeried to PWOSPeriod

end else SPeried to -IWOSPeried;
end.

else if Vol (a OuterVel
then begin Cgait change region)

It 9odyTrasRatO.I )o 0.0
then SPeriod is FWOSPeried
else Period to -IMOSPeriod:

end
else If Period )o 0.0 C outside gait change region)

then $Period to PWOSPeriod
4 else SPeriod := -9W0SPeriod:

if SPeried 1 0.0
then begin

J :a Ji: KXint is KXintla KVInt :m KTintlg
end:

FIl~us is 7: NamLIlC PLI'ue Stover( LINue )8
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S -gr§ MO --Xr 7! -R vkwr li - - - - -

Period :0 SPeriod IBet&; C compute period
if (SPeried a NONPeriod) ( if vehicle velocity is almost zeo

or CSPeriod a -MaxPeriod) ( skip drazing kinematic margin)
or CSPeriod a MinPeriod)

or e b S egd-in eio out dummy vectors to display buffer)

MovetoC IX1,1VI ); 4ovotoC IXZ.IV2 got. 20:
endt b

Cdraw line from footposition to Intersection point
IXI :a truncC Scal**PCJ2.X + Niddl@.X );
ZI so truncC Scal**PPSCJ2.T # Middl. )9

IX2 :a truncC Scals*KXint + 'iddl*.X )
IM :a truncC Scale**KYint + Middle.Y )
MevetoC IX191Il ): DractoC 1X2.1T2)

20: StpNamg

end* C OptimalPeriod

procedure LegCoorainationC var me
INEV" Matrix:

war SPS,
SP! :Plane;

war ledyTransftatte
Sodyletatelate Vector;

war RelPosS.
FPS : Array6VectorS

var dx,
dye
RPhase,

* LPhaso I Array~l
*war Contact : Tactile:

var Vines, Veins
dxmoxg dxuin,
dymax. dyming

Phase.
Period.
Slowdesn~actor :real

*const M4InTRTim* 0.53

var 1 3integerS
TRTime real;

procedure NeeCWV:
( got now dimensions of constrained working volumes
( depending on the foot velocities

w ar I 3integer:
Xeidtho Voidth,
groat* YFoott Z~oot,
E~eet~el. 1FoetVel. ZFootVel
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real

To etr
begin N~wCW

bei b(Negina :vetr

if not C1 in Contact)
than begin

E~oot :8 RefposBczl.x;
YFoot :4 RafPosSC!2.Y;
Zot :8 RefposSCI2.Z;

Cgot foot velocity components
XFoetVel Is absC -lodyTranslat*.X

+9edytotateRate.Z T poot
-eodyQOtmte*rnt*.V *Z~oot )

YFootVel So abg( -9odyrensft*.V
-godyRotrnteRate.Z *X~oot
*IeQdVRotateQtt. * Peot )

Cgot desired x and y dimensions of CWV)
if I~oot~ol < Vein

then dxCK) So demn
else If X~ootVol )o Yea.

then dxCK) :0 dxuce
4. else dxCK) So C dxnox-dxoin3

*C xootyel-V4in
SC Ve-Vain

It V~ootVeI < Vain
then dyC1) :0 dyein
else if 1FootVel ), Yea.

then dyC!) :0 dymue
else dyC13 So C dymax-dyein3

* C Y~oetVel-V*LnO)
/ C Veane-Vain) 1

+ dyeing

Xvidth :2 0.5 * dxC!3; TwIdth Is 0.5 * dyCI3j

( get now center positiofts of CWV)
with RefmesICZ) do

begin
if I In CI.23

then X So XhipCZ) * XL - Xeidth
else if I in C9963

then X So XIiC!) - XL 9 Xwidth
else X Is XhipC?33

If I in C193933
then YIs : hip Y L - Iudth
seo I :a-Thip - L * Iidth;

.pZ So: -NooinalMeight:
end:

If I In C3943 ( change the center of constrained
( working volute of middle lego

then begin
'S.Tee Im NefPosBCt!2 Tea.! Is 0.03

Vettransfor*C NTea.Tee )
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with~ SPE do
with UnitHormal do

begin
Tom.Z a-XY.E e1.

# 0ist)mZ
VoctTransformC*KNV04.To.,Teu )j
R~tPo.aCli.X :* To.x:u
ends

C check boundary of original working volume)
with RefPosSC13 do

begin
If X - Eedth < -XL

then X is Xwidth - XL;
If X Xuidth )o XL

than X :a XL - Xmidth;
end*

and**
end;.

end:

forI :uto6 do
begin
( update reference position )
with SPI do

with Unitkermal do
*efPosScI3.Z :8 -C ECRofpoogCK2.X * *RefPesIct3.y

*Dist ) 91
end: Cfor I loop)

and C NquCWV)

begin CLegoordination)

N*.CWV; ( the now constrained working volume

3ptImalPerIodC SodyTranslate.IodylotatelateRefPosgoPPg
* dxedyLPhaeContactUetaPeriod)g

MRiss :a C 1.0 - lots absC Period 3
if TiTiwe < qinTRTIwe

then begin
Sloedown~actor :u TRyime t 4inTOTImel
%ritelnC'Sloodesn Factor *%SleodewneactortU:3 3
TQTiwe : MinTlTimo;
Period :aSign( Period 3CTETiwe # C1.0 loSts)
end

else Sloodesnractor :u1.03

Cupdate phase variables )
Phase 30 Phase OT / Period *1.0:
Phase :a Phase truncC Phase )I
for 1 : 1 to 6 do ( compute log phase variable

begin
LPhaOOU23 3* Phase, - QPhss*C13 1.0:~
LPhaseCI2 :a LPhaseCI2 - truncC LPhsseCI131
end$

end; C LegCoordination
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(Snomain)
(Sown)

( File: SODY.PAS
( This file is for the body set-point generation. )
C )
(*O********O*****ee*** e s**eew******se~eeeeeee**eee*******e*** )

include Global:
UInclude External;

procedure 3odyServoC var He
IWNVH : Matrix;

var SP99
SP! : Planel

var SodyTransRatoe
3odyqotatoRate : Vector:

Var RefPoeS,
FP i Array6Vector;

var dxv
dye
RPhase
LPhase : Array6t

var Contact 2 Tactile:
var Voax, Veins

dxmaxexmins
dymaxedymin
DT
Betas
PhaesoPeriods

Etalo
NV ELKNVELYs

MRVELZ : real

war SloodownPactor
: real;

procedure SodyRatee(

vr lodyTraneRate
SodyRotatoRate

: Vector

( this is for automatic body attitude and altitude control

const
045 a 0.7554S C 45 degree In radian
NinAngle a 0.00001; C 0 degree in radian
maxAngle a 0.7: ( 30 degree in radian
inmloight z 4.01 ( body hotlht for 45 degree slope I

var OVILX, OVELY, ORVELZ, ( velocity derivative terms )
"0
Height,
Gamma, ( angle between normal vectors of )

( body and support Planes
Kgaint filter gain for attitude control )
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EtaZ, ( desired oody. attitude angle 3
TimeConst C tine coast for rotational velocity )

: real;
I

: integer:
K ( vector for rotating axis 3

: vector;
DSPEO OePI C desired body plane in earth and in body )

- Plane.

begin ( BodyRates 3

if Etal ( MinAngle C body plane is parallel to support plane )
then with SPS do

with UnitNormal do
begin
Height :* NominalHeight;
Kgain :v 5.0:*
S:a sqrt( X*X + Y* 3;
if 4 a 0.0 C get rotation axis vector K 3

* then begin K.X :u 0.0: K.T ;A 0.0: end
else begin K.X :a -Y/N: K.Y :0 XfN: end;

Gamma :2 AreCosC I ); ( 0.0 ( Gamma < PIz )
-odyRotatelste.g a Kgain * C K.X * Gamma )I
lodyRotateRate.Y :. Kgain * C K.Y * Gamma ):
8odyTransRate.Z 53 Kgain * C Mominalhleight - gist )S
end

else begin C body plane is not parallel to Support plane I
EtaZ :a MnAngle C MaxAngIe - MinAngle ) C 045 - MtnAngle )

C c Etal - NinAngle ):
Height := Nominalei;ht - C 4ominalHeight - MnHeight I

/ C D0S - MInAngle ) C ( Etal - MinAngle 3:
Kgain :M 5.0:
with SPE do

with UnitNormal do
M :0 sqrtC X*X C Y*Y

with OaPE do ( desired body plane in earth coord)
with UnitNormal dobegin

X := SPE.Unithoral.X / M * SinC EtaZ )1
T is SPE.UnitNoreal.Y / 4 * SinC Eta2 )S
I is Cos( Eta2 );
end:

PlanelransforoC 03PeHO3PS 3:
with CUPS do

with UnitNormal do
begin
M :a sartC X*X 4 Y*e :
if N a 0.0 C get rotation axis vector K )

then begin K.X :a 0.0: K.? :* 0.0: end
else begin K.X :a -/N; K.? :a IPS end:

Gamma :a ArcCoSC Z )8 C 0.0 < Gamma ( PT/2 ,
SodVRotatelmte.X to Kgain 0 C K.X * Gamma )8
"odyRotateRate.? :* Kgain 0 C K.? * Game )8
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3odyTransRate.Z :a Kgain *C Height -SP9.Oist)

v end:b

V TiseConst :u0.5:

( filtered rate commands)
DVEIX :wCNVELX - BodyTransRat*.X) / TeConst: ( longitudinal acceleration
OVELY :u NYELT - *odyTran*Rate.T) / TiveConst; ( lateral acceleration
ORVELZ ZnCNRVELZ - SodygotateRate.Z) #4 TimeConst: ( turning acceleration

3odyTransRat*.X :u VELX*OT + SodyTransaat@.X: ( logitudinal velocity
3odyTransRato.Y :0 OVELTOOT + Sodyyransftate.f; ( lateral velocity
SodyRotate~ate.Z :a DRVELZ*DT # BodygotateRate.Z3 C turning rate

end: ( BodYftates )

procedure DecelerationC war SlawdoenFactor
: real;

var 3odyTranslat.,
.9adyRo tate* ate

: Vector

begin ( Deceleration

,with BodyTranslate do
begin
X : SlowdownFactor * X;
Y aSloedown~actor * Y:
Z :u SloudownFactor * Z:
end:

with SodyftotateRate do

begin
X : Slosdown~actor * X:
Y : SloedoenFactor * Y;
Z :aSlowdownFactor * Z;
end.*

end: ( Ceceleration

procedure UpdateHC
var SodyTransRate,

Sodylotat*Rste

va; N INV": Vector;1

: matrix

var '

OistX. Oust?, OistZ, C differential translations
OeltaXt Delta?, OeltaZ ( differential rotations

3 el

: integer:I
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7 -7F = i.--(

Delta"*, toCelta (differential matrix of H
:matrix,*

* begin (UpdateM )

Cget differential change of body I
with SodyTransRate do

begin
0istE :8 X * CT; Disty :0 Y *Y 0? Disti au Z *OT:

A end:*

uith Bodvftotat*Eato do
begin
DoltaX :a X * DT; Delta? :a Y DTo; 0.ltaZ :v Z e 0?
end;

4 C get differential Change Of H
.mith ~oeltaCl3 do

begin X := 0.0; 1 :0 DeltaZi Z :2 -OeltSaY end:
with DoeltaC2 do

begin X a* -OeltaZ; Y :0 0.0: Z := DeltsX; end;
with DoeltaC33 do

begin X au Delta?; Y :a -Deltax; Ia ts.0: end;
with NOeltaC43 do

% begin X := OistX; Y := Diet?; Z :a Distl; end:

MatpultC NNDeltaoolteaf )9 C DetaNq H "D Melta

Cget updated "
for I:u Ito 4do HMaH.DeltaN)

with NEU2 do
if! I(C 4

then begin
X :0 X * eltsNCI3.X1
Y :0 V * OetaNCTI.T;
1 :8 1 *Dolta"CM~Z;
end

else begin
X :a 0oltsNCII.I;
Y :0 OeltaNCX2.V:
1 :2 DeltaffCZl.Z;
end$

OrthegonalizationC NI
Matlnvorsec "9NYN3

* end: C UpdateN

begin ( SedyServe

BodylatesC SodyTranslate. SedygatateRate )tA

LogCooroinatlonC N.INVH.SPS.SPESodyTransRateBody~etateRate,
Ref Peel , PSdxedy ,Rohame. LPhaee .Contaet#ynax,
Vminqdxwaxqdxwinvdyaauqdymin9
OT9leta.PhaePeriaeSloudounPactor )9

if Sleedoun~acter ( 1.0
then DoeColrajienC Sleudoen~actert

A SedyTren94ate,

BedyftotateRate )3

writelnC PeriedIlS3, 'vIedyTrvn*late.I:g;3q* 'lodyTransRat.T8t3*,ledy*etato19te.Z83);

UpdatolfC SedyTrans*ates ledyRetateRate, of, INV"

end$ B odySorve 01N
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($nosain)
(bun)

( File: ASVINT.PAS
( This file is for initialization of Parameters and vehicle motion. )

4( )

linclude global;
Zinclude External;

procedure ASVIN!TC war H9
INVM : Matrix;

w ar dx,
dy : Array6t

var Contact : Tactile;
var dxmins

dymint
.'-* OT,

FootLift : real;
var Beta~ode : integer:
var RafPose,

FPOEO
FPSEV
PPS : Arrsy6Vector;

var EyeSpace : Matrix4;
var NumPolys : integer;
var Body : ArraySZVector;

war Points : Array~axPtsVector:
var Polygons : ArrayMaxPolys'olygon;
var Planes 2 ArrayMsxPolysOnePlane;

, var Vertices : ArrayaxVtceslnteger

var Is J9 FlINum : integer;
- 6 Z text;

Filename : String;JJG : file of nePlng:

* PPE : Vector;

Xeidth. Y.idth
: real:

begin C ASVINIT )

C fix dt for non-real time operation )
" • OT :0 OAOS:

.ootLift :8 1.0;
-eta4ode :* 4;
dxain := 0.25: dymin :u 0.25;

C initialize reference positions )
"' Xuidth :a 0.5 * dxein1 Taidth In 0.5 * dyming

for I :a 1 to 6 do
begin
.ith RefPosICIl do

begin
if I in C1923

then X :0 XhLpC13 * XL - Xeidth
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else If ! in C5.63
than X 2* XhipCI11 XL + Xuidth 4

elIinC093*se X :a XhipCII;

then Y := Thip * L -Yuidth

else Y :=-Yhip - L YwIidth;
Z :0 -NominalMeight;

e nd:dxCZ] := dxmin; dyCI3 :a dymin:
end:

C initialize present foot Positions)

Fps :=efPoss;

initialize 14 matrix and inverse matrix INV14)
aith MC13 do

mihbegin X :a 1.0; Y :U 0.0; Z :a 0.0; end;
alh C23 do 1

begin X :2 0.0: T :2 1.0: Z :V 0.0: end;
vith 14C33 do

*begin X :a 0.03 Y :0 0.0: Z :0 1.0; end:
cith 14C43 do

begin X := 10.0; 1 :u 10.0: Z :a Nominalllcightl end:
4atlnverseC MINVM );

Filename := 'EYESPACE
resetC F9Pilename,'.dathl ) open file for 0!yeSpact
for I := I to 4 do

begin Croad in vehicle data file
for J I. to 4 do

read( PqEy.SpaceCI.J3
readlnC F )
endt

CloseC F )

Filename :a 'PLANES 7:
resetC GqFilename*.0AT1 ) open data file for coefficients of planes
for I := I to MaxPolys do Cread In Planes)

begin
PlanesCI3 :a GA:; getC G I

* endS
CloseC G );

( read in vehicle data file
Filename :a 'Vehicle
ReadObJectC FilenameNumPolysPointsPolygonsVertices )I
for I :* 1 to 16 do C store points of body for analysis)

BodyC13 := PointsCI2;

WorkVolu*@C PolygonsoVerticestbody )t

PilNum ts 2U NamFilC FLiNum ); ( Display file number for vehicle

Vehicle( FPE.FPE~falsevfalseContactHigdxdyRefPos3.FPS.
EyeSpateNumPolysBodyPointsPolvgonsPlanes.Vertices):

Cinitialize desired feet positions and estimating points
for t :w 1 to 6 do

begin
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-PEI Po- ntf2 C?9*j47
IS S -C--- - - - -end:

end:SVNI

Procedure NaltC var NVELX*
N VEL T,
NRVELZ recal;

war IodyTransRatos
*odyRotateRate IVector;

war FRS : £rray6Y~ctor

w ar I :integer:

begin M alt)

C Initialize velocity vectors)
NVELX :0 0.0; NYILT :0 0.0; NRVELZ :M 0.0;
with SodyTransffate do

begin
X := 0.0; Y :2 0.0: 1 : 0.0:
end;

with SodyRetaterate do
begin
X :u 0.09 Y :W 0.0: z ; 0.0:
end;o

for I :* 1 to 6 do
with FROMI de

begin
X :8 0.0; Y :W 0.0; Z :8 0.0:
end;

.rit~ln;
* ritelnC CHRCZT)te6---ASV84 STOPPED~'-);

end; (HMalt)

Procedure InitializeC var m : matrix;
var dx@

RPhesto
LPhase : Array6G

var RefPegl,
FPP0E
FPS : Array6Vecterl C

var FoetLift, Phase,
Peried,
beta I reals

v ar contact : Tactile;
0.var Estimatepleg : beoleanl

vr LifteffFlago
PlacePlag $Array6Uooleant

var EyeSpace 3 N~atrix4;
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var NumPolys : integer;
var Body : Array52Voctor;
var Points I ArroypaxPtsVector;
var Polygons : £rrayMOxPolysPolygon:
var Planes : ArrayNaxPolysOnePlano
var Vertices : ArrayMaxVtcoslntegor

type LogStates C C Liftoff* TransferPoreards Placement );

var Foot : Integer:
TPhosev TRTime

: real;
LogStato

: LegStates$
FP! : Vector:

begin ( Znitialize procedure body )

arteln:

oriteln( CHRC(7.), '06 INITIALZZING ... )g
Phase : 0.0; ( Initialize kinematic cycle Phase )
Period : 1000.0;
TRTime to C 1.0 - Beta ) abeC Period )$

C compute desired Initial foot heights )
for Foot to I to 6 do

begin
I initialize legphase and desired foot positions )

LPhaseCFoot] to Phase - RPhaseCPoot3 * 1.0
LPhasoCFoot2 :0 LPhasoCPoot3 - truncC LPhosoECFoot] )$

If LPhaseC Foot I ( Beta

then begin ( support phase
Contact :* Contact # C Poot 3: ( Initialize contact state )

PPBC Foot 3.Z to -NominalMeLght:

( turn off all flags of transfer log )
LiftoffPlagCPoot3 to false;
PlacelagCFoet2 :2 false:
end

else begin C transfer phase I
Contact to Contact - C Feet Is

Phase to C LPhasoC Poet I - Beta C / C 1.0 - Beta )I

If TPhase ( LiftPhase C specify leg state )
then LegState to Liftoff
else if TPhese ) PlacePhaso

thee LogStsto :8 Placement

else LegState to TransferPoreardt

case LegState of
Lifteff$ begin

PPOICPoot3.Z tm FoetLift$
LIfteffPjsgCPoet3 :*.true$
PlaeeoPlagCPeot2 $m false;
PPICFoot3.Z :ooNominalfelght e PoetLift
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9nd

Transfer~orvaud: begin
*Liftoft~lagCFoot3 :a false:
*.1 PlaceplagcP@@t3 :0 falseg

FPSC~oot3.Z :0 -Nominalmeight 4FootLiftg
-~ end;

Placement: begin
FPOECFoot3.Z :- 0.0;
Lift tffFlagC~oot3 :a false:
Plec*FlgCot3 :0 true;
FPSC~oot3.Z u-NominalNeight * oetLift

CC1.0-TPhas* )/(l.-PlacePhase) -

end:
end; C case end)

endo
end;

* VehicleC PPEFPP!false,fals.ContactHgdEgdyRefposeFPe,
* EyeSpc.,4uPolysBodyPointsPolygons,PlansVrtices)

* ( initialize terrain estimation flag)
EstinatePlag :a true;

ariteln;
vriteln( CHIC??). '06 INITIALIZATION COMPLETe!)g

9nd: CInitialize)

IL

N.N
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;MPG RAP. MAC
:NHA-JGON LEE 10-27-e2
MCALL STATEMENT; CALL INITZ

8CALL NANPLCFILNU")
SCALL STPAM

CALL STOVER(FILNUM) -CALL MOVETO(ZXgly)

;CALL ORAWTOCIXIY)

• L I S T T T M .
GTS a 167760 ;GRAPHICS TRANSLATOR STATUS
GT8 a 167762 :GRAPHICS TRANSLATOR BUFFER

' ;MACRO TO OUTPUT DATA TO THE NP 1/0 DEVICE.
" .MACRO OUTHP T,?GWAIT

GWAIT: TST6 39GTS SC"ECK STATUS OF HP

SPL GWAIT :IF SIT 7 IS I, MP IS READY
31C SO029a6GTS ;CLEAR SIT I (OEVCMD)
140V T,3#GYS :MOVE DATA TO OUTPUT SUPPER
SIS 0002aGTS :SET SIT 1 FOR DATA AVAILABLE
.§NO .1

:TO INITIALIZE NP GRAPHICS TRANSLATOR

INITI:: NOW SIMITRl

LOOP: OUTNP Cal)*
so$ R29LOOP
RTS PC

INIT: *WORD 146000olA40OOttOlOO09102000
.W¥ORD 1000O20#1100009lOOOltS oo

;TO NAME DATA FILE

NAMPIL**• TST (RS)#
NOV 3(R5)#*Rl :FILE NUMBER
ADD 0107000941 ;NAME PILE
OUTHP It
RTS PC •

,. ;M STOP NAMING FILE
STPNAN::

OUTHP 4112000 :STOP NAMING FILE
RTS PC

M MT OVE POINTERl TO THE BEGINING OF FILE

STOVERS: ?ST cR5)+
NOW a(RS)*qRj KET FILE NUMBER
ADO 0 133000oll SINO PILE
O UTHP RI &OUTPUT OFINO PILE COPMfANO*
ITS PC

:TO OVE THE CURRENT BEAM POSITION TO A POINT
:TO START ORANZNGe

qovfTo:: ?ST CRS)+
OUTHP 0143000 ;PIN CONTROL
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OUTHP @141000 :PEN UP
OUTHP aCR5). IGET IX
OUTHP sCRS)# ;GET 11
RTS PC
;TO GENERATE A VISIBLE VECTOR FROM THE CURRENT a

98EAN POSITION TO A POINT

ORAWTO:: TST CRS).
3UTHP 0141001 ;PEN DOWN
OUTHP DCRS)* ;GET IX
OUTHP AR)+ ;GET IT
RTS PC

:TO ERASE ALL DATA OF A PILE
;ERASE SHOULO SE FOLLOWED BY STOVER TO PUT NEW DATA
;ON THE ERASED FILE

ERASE:: TST cq5)*
NOV aCR5)+qR1 VPILE NUMBER
ADO 103000,R1 SERASE FILE
OUTHP RI :OUTPUT *EF CONMANO
RTS PC

;FINO ABSOLUTE LOCATION IN DISPLAY SUFFER

PINOL:: TST (RS)*
NOV (Rs)*tRl ;GET LOCATION
OUTHP 9132000 :OUTPUT FL COMMANO
OUTHP Ri ;OUTPUT LOCATION
RTS PC

;OISPLAY TEXT OF STRINGI
;CALLING--TEXTCVAR IX.IYSIZENCHAR: INTEGER: VAR TX: STRINGi )

TEXT1:t TST CR5)+
OUTNP @143000 :USING PEN CONTROL
OUTHP *141000 ;PEN UP
OUTHP aCRS) ;XIX
OUTNP 3CRS)+ :IY
OUTHP 9141001 :PEN DOWN
NOV a(RS).RI :SIZE
£00 0145000,RI ;CHAR SIZE ANO ROTATION

OUTHP RI IrO HP
OUTHP e140000 1CON4M4O FOR -TEXT-
NOV 3CRS)*tR4 ;NCMAR
140 CO RS)+9R3 ;ADDRESS OF FIRST ELEMENT OF TEXT

LOOPI: NOVI CR3)+tRZ :GET A CHAR
SIC 11TT600RZ SCLEAR PiRITY SIT
OUT"P RZ ;To 4P
M03 R6oLOOPI
OUTHP @146000 :END OP TEXT
RTS PC

;OISPLAY TEXT OF STRING2

$CALLING--TEXTCVAR IXvIYSIZ!,NCHAt: INTEGER; VAR TX: STRING2 I

TEXTI2: TST Cos).
OUTHP 0143000 :USING PEN CONTROL
OUTHP 9141000 SPIN UP
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OUTHP OCRS)* :IX
OUTNP OCRS)*. :IYz3)UTHP 1461001 :PEN DOWMN ,
.4ov OCRS)#,oRI :SIZE ,
400 4145000fas SCHAR SIZE AND ROTATION
OUTHP I :TO HPOUTHP 4140000 :COMMIAND FOR 'TEXT' '
F40V a( 115)+o R4 :"NCHAR J

Niov (R!);8 13 ;ADDRESS Of FIRST ELEMENT OF TEXTI.OOPZ'- PQV8 (R3)*'jIR MGET A CHiAR
sic #117600,112 $MLEAR PARMT SJIT
OUTNiP R2 Toff ip
M0 1149LOOP2
OUT"P 41246000 :END OF TEXT
RT S PC

A ND
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( File: TfEozS.PAS )
( This file is for perspective display of the prismatic terraln. )

Program TEROIS:

Tinclude Global.
linclude Mainvar:
%include 0!SP$
lnclud* Joystick$
Uinclude Libr

const OneoDegree 1 .017493; ( I degree in rad )
Ywidth * 60.00 ( Y-width of terrain in feet )
Space 1 1.0; C distance between two lines in terrain display )
Cntr~nt a VectorC 20.0,30.0#0.0 .
R a 200.01 C distance between EP and Center of interest }

var FIlNum, It J : integer;
Filoname : String;
EyePt : Vector;
Jscale, OT. Last@ Present,
tanglo Yangle, 4R

: real:
Velocity : array3;
F : text:
G : file of OnePlane;

procedure Initzt NonPascal;
procedure NamFIC var PlNum : integer )3 ?onPscall
procedure StpNaml NonPascai;
procedure Stover( war FilNum : integer ); monPascal:
procedure PovetoC var IXoIY : integer ) Non~ascal:
procedure OrawtoC yar !XIY : integer ); MonPascall

procedure ReadTerrain;
( global modified : NumPolys, Points)

war to J9
VIP V2, V3, V4, RuePts,
TanNumpts

: integer;
Filename

: string;
Fe 6

begin 
: txtl

wilename tv Terrain 0:
resetC FFilonameODh1:C3S7,13TERRAiN.0AT )1 C open input file I
Filoname :* 'tr4.dat 0: C output filoname for display data
rewrite( GPPIename,°.3AT* C create outout file )
readlnC PNumPts )l TmoNumpts :u NumPta$
r umPts 3m 2*NumPts; quePolys :U TMoNum~ts - 1:

C generate a now file for Polygon description of terrain )
sriteln( GNumPts:3," "*NumPolys:3)I
for 11.1 to TapNuePts do C description of points

with PointsCI2 do
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begin
readlnt Fpj#XgZ );V :30.0;
writelntC GtJ:3' ',X:8:39- -Y:9:3,-.::)
and.*

fo :lto TwpNusPts do C description of points
* for z ith PointsCl2 do

begin
J 2e I + TmpNuwPts; I to Yvidth:
srItslnC GoJ:3* ,9X:S:39* ,0:9:39' *,Z:9:3);

V end:

.J :a 42 ( number of edges
for !:ui to NuwPolys do Cvertex descriptions

begin
VI :m 1: W2 :a ZeTepNumPts; v] to v2.i: V4 to 141;
sritolnC Go.J:, **vl:3o ,9V2:39* *,V3:39* *94:3 )
end:

CloseqC P ; close terrain information file)
Clos*C G ); Cclose terrain data file)

end: ReadTerrain

orocedure GetPlane.;
Cglobal referenced: NumPolyst Polygons, P*ints. Vertices
C modified: planes) 4

war At* 31, Cle M
:real;

J19 J2* J39 t
:Integer:

Pti. PtZ.UnitNormal
Vector;

bgn for 1241 to NumPolvs do
4. beogin
-Vwith PolygonsC!2 do

begin
JI :a Vertices[ Startel 32
J2 :8 VerticeeC Start*2 35
J3 :u VerticesC Start*PolyVtces 2;
end:11with PlanesCK2 do Cplane coefficients
beginCPitsJ2PitgJ2Pl)
VectSubC PointsCJ33vPoIntsCJl39Pt1
CeSeurC PtltC23UntsCJ1ml )I

* Cist :*-OotProdC UnitNarualvPointsCJl2 )

Cboundaries of a plane
Smn :a PointsCJl2.N; Xsem S. PointsCJ32.Xt
If I a NuaPelys then UXma :8 1000.0:
end;

end: for loop
endS C GtPlane.

procedure SpacIngC HtS Ratrix4 )$
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(global referenced: Num~olys. Points. Voidth, Space

war Tme~t, MeuPt

x0v lot "ov Sl:pe. CoSl,

to Jo Ix, IT
S Integer;

Flagl. 11182Z
sboolean;

begin
for 13.1 to NumPolys do

begin
XD So PointsCI.13.x - PointsCl3.X3
Z0 So PojntsCI+13.Z - PointsCI3.Z;
14O So sqrtC X**1 # ZD*10 ,
It 10 <> 0.0

'9than begin
Sloe. to zo/ID; Coil u KO140:
XIs :* Co*X*Space; Zdis :* Slopo*Xdis:
end

elSe begin
Idis :a 0.0;
If ZO > 0.0 then Zdis So Space

else Zdis :2-Spect;
end'.

with PoIntsCI3 do
begin
TmvP%.X 2m X~tXdlso 7pPt.1 So 0.3; TapPt.Z So Z*ldi.;
end;

repeat
a. Voct4TransformC 14t9TmpPt#NegPt )t

Mak*DisplayableC NeuPt )
i with NeePt do

begin
IX :a trunc(X); IT :a truncCY)3 MovetocllIV);
end:

TupPt.Y So Yvidth;
Vact4Transfor.C 4t9TivpPtsNeePt )
Nalce0isplayableC NeuPt )I
with NoePt do

begin
4 IX :m truneCX); IT So truncCY): DramtoCIX9IY);

and,,
with TmpPt do

begin
,4 X := X+Xdi.: V :0 0.0; 1 :* Z#Zdis1

4 ~end*.
4

Fl89i :8 false,* Flai2 :6 falses
if Zo) 0.0

then begin
it TmpPt.Z > PointsCl~l2.Z

then Plagl So true,
else P189i to false:

end
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else begin
if CTmpPt.Z < PointsCKI41.Z)

* or CTeoPt.X > PointsCl121.9)
then FlagZ :9 true

an lso PlagZ :8 faeud

until Flagi or FlagZ;

end; ( for loop)

(draw base of terrain
'tkOslyb. e~VCt4TransforaC MtvPointsC139NemPt )i

with NeaPt do
begin
IX :u truncCX); IT :u truncCl); MoveteCKX.KY);
end;

with TmpPt do
begin
X := 0.0; y :0 0.0: 1 :a -10.0;
and:

Vect4TPansforoC Mt#TmoPttNeuPt)
4k*0isplayableC NeuPt )
with NeePt do

be2in
IX-:a truncCX); IY :a trunoCY): DrautoCIX9IY)f
end;

with T~pPt do X :a PointsCNumPolys+13.X;
VeCt4ransforaC RtvTmpPtqNemPt)
Nak*Displayabl*C NeuPt)
with NamPt do

begqin
KX :m truncCX); KY Zn truneCY); OrautoCKXKY)Z
end:

Vect4TransforwC %tqPointsCNvmPolys#13#deuPt)
MakeD19playableC NevPt )t
uith NeePt do

begin
IX :a truncCX); IY .:' trunecf): Dreuto(XKY):

fo .end; d
fo I: I to 2 d
begin
with TmpPt do

Degin
X :0 0.0; Y :2 0.03 1 Za -10.05
if I a 2 then X := PointsCNuuPolys+.12.E
end I

Vect4TransformC NtqTmpPtNeuPt)
-~ Makse01spiayabieC NeuPt )8

with NeuPt do
begin
KX ,a truncCM) KY to trunc(M) MeveteClXKY):
end$

with TmpPt do Y S. Yvidtht
Veet4ransfers( Mt#TapPt9Nee~t
mokeOigployableC Ntem~t I
with NeuPt do

begin
KU 2& truncCM) IT so truncCY)l OrateCKXY)t
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endI

with TopPt do
begin
Z : 0.0; if X 2 2 then Z :a PointsCNumPolys.1].Z;
end:

Vect4TransforeC t4tTmpPtNemPt );
4akoisplayableC NemPt )
with NeuPt do

begin
IX :a truncCX): IT :2 trunc(Y); OrawtoClXIY):
end;

end: C for I:u 1 to 2 do )

and: ( Spacing )

begin ( TEROIS )
Initfz FLI~um :a 1: NamFLICFilNum);
ReadTerrain:( read In terrain Information and make terrain data file I
Pilenase :a °tr4.dat 0;
ReedObject( Filename ); ( read in terrain data file)
GotPlanes:

( get eyospace by using joystick }
Xangl*e := -90.0; Tangle :a l0.0; I nitialize eye point )
Jscale :a 5.0; Present :u Time;
repeat

JoystickC Velocity, Jecale )
Last:* Present;
Present :a Time;
OT :a 3600.0 * C Present - Last )8
Xangle := Xangle * OT a VelocityCO3:
Tangle :a Tangle + OT * VelocityC13:
with eyePt do

begin
HR := R * CosC OneOegree * Tangle ):
X :a H * CosC Oneegree * Xangle ) - Cntrtnt.Xo
Y := HR * Sin( On.Oegree * Xangle ) - Cntrlnt.Y
S:a R * SinC Oneegree T Tangle ) - Cntrlnt.Z3
end:

Getfy*Soace( EyePt#Cntrlnt ):
Stover( FilNum ); -
OisplayObjectC EyeSpace-false )S { display terrain I
Spacing( eyeSpace ); C display spacings I
StpNem;

until C VelocityC2] C -2.5 )

Filename :* °EYESPACE '; C EY!SPACE.0T;lI
rewriteC FoFilename.0ATMI); C create file for eyeSpace
for I 53 I to 4 do C store data In file }

begin
for J :a I to 4 do

eriteC PEyeSpaceC!,J3 );
aritelnc F )

CloseC en;

Filename :* 'PLANES 0; C PLAE!SoOATfl 1
rewrite( GFjPename'.OAT31 : C create file for coefficients)
for I :a I to KaxPolys do ( of planes of terrain

begin
GA : PlanesC2:l putc G ):
end:

Close( 6 );

end. C TEROMS )
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( File: TERPRF.PAS

( This file is for terrain profile generation. )

Program TERPRF;

Tincluda Global;

tinclude Palnvar;
lincLude DISP:
Tinclude Joystick;
tinclude Libr;

type Stringi a sacked arrsyCl..ll] of char;
StrIngZ a packed arrayCl..Z of char:

oar IX, IV
.: integer;

Procedure Initz NonPescal;
procedure NaoFPl( var FLLNum : Integer ): NonPascal;
procedure StpNau: 4onPascal;
procedure Stover( var Pilku : integer )3 NonPascal;
oroceduro MovetoC yar IX,1Y : integer ) NonPsscal;
procedure Orawto( war IX91Y : integer )t NonPascal;
Procedure Erase( var Filum : Integer ) NonPascal$
procedure FIndLC var Locate : integer ) NonPascal;
procedure TextlC var !X,!VYCharSLzaNchar: Integer; var TX: Stringl )g

NonPascall
procedure Text2C var 1X9IYCharSizeNchar: Integar: war TX: StrLngZ )

NonPascal;

Procedure CursorC var IX,!Y: integer )
C dram arrow cursor on screen )

const L a ZO

var KX9KYFIloNuo : Integer:.

begin
.ileNug :a 4; 4ailC Filenum );
KX :* IX - L KY :a IT - L; MovetoC KXKY ):
Ormatoc !XY ):
KX a YX * L; greatoC KXKY )8
S tpN a.:

end: ; Cursor )

5' * Proc edure '4ovoCursorC war IX,!1Y integer f
*. C move cursor on screen )

var Present, Last, Scale, OT Ireal:
FileNue 2 Integer: t.
Velocity I array3$

*1 begin
sileNum :a 4S
Scale Is 20. 0 scale for joystick )
Present :a Time;

210



M.

repeat cove cursor without draming vectors )
JoystickC VelocityScale );
Last :a Present;
Present :a Time;
OT : 3600.0 * C Present - Last );
IX u trunc( OT*VelocityCO3 ) + IX;
IY Tu truncC OT*VelocityC1] ) + IT:
StoverC PiloNum );
CursorC IXIY )

until C VelocityC23 < -100.0 ) ( until z axis is twisted clockwise .
ahile VeLocityC23 < -7a.0 do ( wait until joystick returns )

end JoystickC VelocityScale );( to netural position )
tend* (oveCursor )

Procedure OrawMoenu;

var PileNumv IX, IVY
CS. 4C : integer;
TX : Stringl;

begin
ben FileNun :a 1; NamFilC FileNue );

IX :2 0; IT :0 800;
Noveto( IXPI )*
IT := 1000; OratoC IXqI )T
IX :a 400; Orauto( IX,9Y );
IT :a 800; OrautoC IXI, );
IX :X 0: OraintoC IX9IV )
IX := zoo ZY :* 1000; MovetoC XI );
IT :2 800: Orawto( IXIY );
NC := 11; CS :X 0; C set character size )
IX : 34; IT :*-910; TX :a Oraw
TextIC IX9IYVCSMCTX );
IX :a 34; IT :a 360; TX u " Terrain
Text1( IXIYCSNC.TX );
IX :* 234; IV := 910; TX :' Perspective;
Texti( IX9IYCS94C*TX );

; IX := 234; I :a 860; Tx :a °  View *;

Text( IX,9IYCSNC,TX )
StpNa;

end; C raw'enu)

Procedure Ora*XZ;
( draw X and Z axis to draw cross section of terrain )

const Xmin a SO Xmax a 900;
Ymin a 350; Yax a 600:

var I@ IX. IY9 FLioNum,
J, JX, JY, CS, NC

: integer;
TX : String2;

begin
F1leNum :0 2; NaepilC FileNuN ); N
NC :z C number of character 3
CS S. 11 C character size ) 3 -
for 1. :u I to 2 do C dram XZ axis .

begin
IX :a Xein; IT :a YmLn: lovetoC IX,1Y )I
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if I 1 then begin
IX :0 Xuax; JX : zX+7; JY :a 11-12; TX :WX °;
end

else begin
IY :a Ymax; JX :a IX-8 jy :u Y7; TX :W1 :
end:

DrastoC IX,1 )Y
Text2( JXtJYCSNCoTX );
end;

CS :a 0;
JX :a Xmin; JY :a Ymin-25; TX :0 "; TextZ( JXJYTCStNCTX )
for 1 :2 1 to 9 do ( draw scale every 10 feet on X axis )

begin ( put the numbers on them )
XX :X Emin + 1*100: 1Y :* Ypmn + 5; Movoto( IXtrY ):
1Y :a tmin - 5; OrstoC XIY ).
JX :z IX - 10; JY := 1Y - 20;
case I of

1: TX:u°10*; z: TX:=20°: 3: TX:='30*: 4: TX:='40":
5: TX:u'50:' 6: TX:*'60°; 7: TX:a'70'; 9: TXWO°80

end; ( case end )
TextZC JXvJYCSNCTX ):
if I a 9 then begin

JX :z JX + 35; TX:.'ft*: Text2( JXoJYCSPNCTX )
and:

end;

for I :u I to 4 do ( draw scale every 5 feet on Z axis )
begin ( and put numbers an them
1Y :z Yin * 1*50; tX :a Xmin * 5 ; MovetoC IX91Y )3
IX :a Xmin S; 5: ratoC IX,!1Y3
JX := IX - 30; JY :* ZY - 6;
case I of

1: TX:** 5'9 2: TX:*u10'; 3: TX:u'15°; 4: TX:a°20:;
end;
TeoxtZC JXtJYTCSgNC#TX )
If 1 a 4 then begin

JY :u JY*25; TX: ft'; TextZC JXJYqCSNCTX ):
end;

for J :* I to 32 do
begin
IX :0 IX * S;I tovetoC Y ):
IX :6 Ix * 5: OrawtoC Ugly 3
end;

end:
Staeusa

end: ( Ora*XZ )

precedure DraeTorraing
( draw lines for terrain Interactively using Joystick )
C end generate an output file for terrain information )

label M6

censt Scale 0 6.18 :.in * 50: Iain V 350:

type String * pecked arrayCl..72 of char;

var X, IT, to Jo PileNum, L : integer:
Pilenweo : stringS
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F : text:
TmoPts : arrayCl..303 of Vector;

* begin
10: FIleua :a 3" NeFiLC FileNum )1

L :8 $00: ( initialize write pointer for terrain display 3
IX := Xwin; IT :v Tain; I :. 23
with TmpPtsCIZ do

begin
X :2 0.0; Z :0 0.0;
end**

FIndLCL); Moveto( IX,!? )1 L :a L 1 1;
4oveCursorC ZX,!Y )3

while C!X)400) or CZY(S0O) do
begin
1 :2 1 + 1;
with TmpPtsCZ.3 do

begin
*;,, X :a Scale * C IX - Xmin );

Z : Scale * C IT - YTin 3;
end:

FindLCL); Oraeto( ZrX!Y ); L a L * 1:
MoveCursorC ZXo,? 3;
end;

StoNana

If Zx < Zoo
then begin

Initz;
Drawe/nu; CursorC ZXo1 )1DrawXZ ( erase previous data 
geto 10: ( draw again )
end.

llename :* 'terrain':
rerite( FFiloname'.OAT): C create output file 3
writelnC FI:3); ( write number of points ).

for J :6 1 to I do
with TnpPtsCJ3 do

-ritolnC FJ:3o* ',X:8:39.* °Z:8:3 1 C writ* X and Z values )

close( P )3
- d: ( OresTerrain 3

. :begin ( TRPR body )
ZnitzU Orawe~onu
IX :2 500 Zy : S00;
CursorC ZR,!? )$
whtle C tYCO8 ) or C tX)200 ) do

MovoCursorC ZRX,1 Y1
.rawXZ;-'4,

,4 :rawTorrain:

'" end. C TRPRF 3

/ I.

4.
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( File: OISP.PAS
( This file is for graphics routines

Procedure RoadObjectC war Filename: String )1

war 19 J 9 Nuo~tces, NumPts :Integer;
F : text;

begin
.. reset(Ft Filename, *.CAT*): coen input tile

roadln(FsNumPtse NumPolys); ( read In Points)
tar r :u I to muapts do

with Po:intsCII do
readln(F9 J9 X9 To Z); 4

?umVtces :0 0; ( initialize size of vortex array K
for 1 a0 1 to 'umPolys do C read In Polygon descriptions)

with PolygonsCZ3 do
begin
start :u NumVtcess ( start Point In vertex array)
readCF, Polyytcea ); number ot vertices )
for J := I to PolyVtces do C read vertex Pointers)

readCFe VerticeeC NuoVtces # J 3)
readInCF); go to next line of input)
Nunvtces sm muuVtcos # PolyVtcesl

4' end**~.
CloseCP); C close the file X.
end:C ReadObject)

Procedure GetlEoSpaec* fy*Pt* Cntrrnt: Vector )

var Nltg : 4atrix4;
* CICZ : Vectort

mypatenusetCosAtSinA 2real:

* begin
with EyePt do

TranslatC -Xq-T,-ZdyoSpoce 3:
V ~Vect4ranstore( Eye~paceCntrlnt#CI ; translate center of interest)

jith C1 do Nypotenuse :a sqrtC X*X # TOY )
if Hypotenuse C> 0.0 then

begin
CosA :a Cl.Y I Mypatenusel Sini :m Cl.X / 4yootenuse -

RetateqatC *1,qCosISinA.tX ) C rotate about z axis)
4at4gultC 'tw,yeSpac*#EVeSoace )

(. V:Ct4Transform( ffy9SpmceCntrnttCZ ; rotate etr. of Interest

ath CZ do Nypotenuse 2= sqrtC VY* Z*Z )
it Hypotenuse Oo 0.0 then

0. begin
CosA in CZ.Y f Hypotenusel Sini :a -CZ.1 / ypatenuse:
RetateMatC OX'qCosAqSinANtx )J rotate about m axis)

V qat4'qultC 'txqyeSpaceIyolpace )t
endi

4. IdontC Pta )

214



.4 C switch between Y and Z axes
4txC2Z23 :9 0.0: MtxC2*33 :* -1.0:
,4txC3,23 so 1.0; NtxC3933 so 0.0;

N ~~at4MUltC 4tx*EyoSumavEy*Spac. )
end; CGetEV*Soac*

oroceduro Makc.DisplayableC war Pt : Vector )

begin Coerseective Projection .- 9
Dt.X so Scale * Pt.X + Middl..X3
Pt.? so Scale * Pt.? * Middle.Y;
Ind:

orodure Oisplay~bJectc war Mt :MatriX4):

war TwpPt : Vector;

zXIxv : integer;

* begin
for I so I to NumPolys do

with PolygonsCt3 do
begin
VeCt4lransformC mt, PointsEVerticesCStart*PolyVtces~lTapPt); .

Mak*DisployableC TmpPt)
with TopPt do

begin
IX :* trunc(X)t ZY so trunc(Y); 4av**oClX91Y);

for J :a ito PolyVtces do
.4 begin

Veet4TransformC MtPointsCVerticesCStrt*j33,.T~pPt :.
* Iak*Oisplayable( TmpPt )

aith Tmpt do
begin
IX :* truncCX); IT so trunc(Y); OramtoC!XTY);

* end;
* end;

end;
and; (DisplavObject

orocedure Display~ileC war Mt ; ~atrix4);

war Tapt : Vector:

zXOzr : integer:
: text;

"egin
eevriteCP, ASVHP.dat*);
for I :A I to lumPolys do

aith PolygonsCI do
be gin
Voct4?ransfermC Mt, PointsCVerticesCStert.PolyVtcesglTspPt)t
Plake~isplayable( TapPt )
with TaoPt do

for J :a I to PelyVtces do

-~~ Vect~ransforoC .4tPointsCVerttcesCStart*JI3.TUPPt )
Ialce~isployableC TwpPt
with TooPt do

9nd:
* end3

.4 close( P )
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