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1. INTRODUCTION

- Research under this contract began as scheduled on October 1, 1981.

S During the first twenty-four months, no significant deviations occurred from

"the plan contained in our proposal dated May 13, 1981. Current project mile-

stones are summarized in a l 4st dated October 28, 1983, and attached to our

m Ouarterly R & D Status Report for the period October 1, 1983 through December

31, 1983. All milestonps on this list pertaining to the period covered by the

"present report have been met on schedule. The following pages present some

I 3details concerning work relating to each of these milestones. Further infor-

mation is provided in the attached appendices and in theses, dissertations,

0- 6 3 published papers, and videotapes previously furnished to DARPA. A list ot

these items is presented in Appendix 1. Numerical relerences in the following

text refer to this list.

2. MECHANICAL SYSTEM RESEARCH

2.1 Hydraulic System Design for Precision Footing

*, --, During this period, a completely new hydraulic actuation system using a

4 q hydrostatic principle was designed and major components were selected. In

support of this effort, the breadboard leg actuation system was reconfigured

%. •as a hydrostatic system and tested for dynamic response and other performance

characteristics. A major motivation for this effort was the unsuitability of

0 the earlier tested valved configuration for operation in a precision footing

mode. Additional motivation was provided by the high projected energy con-

sumption in the drive and lift actuator circuits resulting from large varia-

.' ,.• tions in load and velocity conditions seen by those actuators during each ley

cycle.

Testing of the breadboard leg with the reconfigured power transmission

and actuation system indicated that satisfactory dynamic performance Should be

' • 1



achieved by a properly optimized hydrostatic actuation system. These tests

*were terminated after determination of the dynamic response characteristics of

the pump controllers and the leg actuation systems to make way for install]a-

tion of a prototype of an optimized system as described below.

The configuration of the optimized hydrostatic actuation system is pre-

sented in Appendix 2. Major design decisions t~aken during thi~s period

included selection of the pumps to be used, and of the rotary actuators Whtich

control the pumnp displacements. Several competing cont-rol valve types will be

tested on the prototype leg to determine which is most suitable. Specially

conf~gured actuators were designed in detail during this period and were manu-

factured by a local supplier. The design includes many novel features: a
light-weight aluminum barrel with hard faced anodizing, oil feed through the

rods, including feed of both ends of the drive actuators from one end of the

rod, etc. A schematic of one of the drive actuators is included in Appendix

2. A complex design task which was also completed in this period was, that of

a drive train to power pumps mounted both on the leg and on the body of the

vehicle. Appendix 3 includes a schematic drawing of this system.

2.2 Preliminary Foot Design

Ithas become apparent, during consideration of foot action, that it is

4highly desirable to have the foot parallel to t e ground immediately before

and during touchdown, and to maintain the foot fat on the ground during the

complete contact period in most locomotion situa~ ions. Therefore, a system

was designed to maintain the sole of the foot approximately parallel. to the
body at all times. A schematic drawing of this s stem is included in Appendix

3. It is a passive hydraulic system in which a mra ster cylinder acts between

the drive-actuator roller assembly and the intermediate link of the leg
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pantograph. The master cylinder is connected via a closed hydraulic system to

a slave cylinder which acts between the leg shank and the foot., Accumulators

are included Iin the circuit to allow rotation with controlled compliance about

the ankle joint. There will also be stops to prevent excessive ankle rota-

tion. This system maintains the foot parallel to the vehicle body to within

3* throughout the working volume of the leg.

The foot was designed as a support for a sole unit which may include a

three axis force sensor. Actuator pressure sensing may be used as an alter-

nate means of inferring foot forces. Experience with the breadboard leg and

the requirements of the foot attitude maintenance system led to the adoption

ld of a single axis hinge at the ankle in place of the spherical joint and spring

combination used in the earlier foot design.

2.3 Prototype Leg

A prototype vehicle leg was designed and constructed by the end of this

period. Some structural components from the breadboard leg were incorporated

into this unit while others were completely redesigned. A major part of the

C system Is the new hydrostatic drive train,.power transmission, and actuation

system described in Section 2.1. Likewise, the new foot design and foot atti-

tude maintenance system described in Section 2.2 is incorporated. A comn-

pletely new shank has been built. This includes a cranked lower segment which

simulation studies have shown to be necessary when crossing large obstacles.

It is also designed to accommodate the new foot design antc the passive foot

attitude control system. The upper leg box has been substantially modified by

the addition of mounting brackets for the new actuators and for the drive and

lift pumps of the hydrostatic system. In fact, of the major structural comn-

ponents, only the two thigh links have been retained in their original form.

3



The prototype leg, shown in Fig. 1, is highly moduiar in comparison to

the earlier leg design described in our previous Semi-Annual Report. The

entire actuation system is mounted either to the leg structure itself, or to

immediately adjacent portions of the test stand. This modularity will

greatly simplify construction and maintenance of the vehicle.

2.4 Procedures for Maintaining Stability Under Normal and Emergency

Conditions

Work under this heading included two major efforts. One of these was a

theorecical and simulation study of maintenance of static stability by a six-

legged venicle when crossing obstacles and operating on slopes. The major

results of this study are included in Appendix 3 and in the M.S. thesis of 1
Shih-'.iang Wang £20]. This work has strongly contributed to the understanding

of these situations necessary for the design of vehicle coordination software

and for the selection of operator strategies in difficult conditions. .i

The recond effort is the design of hardware to permit the vehicle to

respond rapidly to emergency situations. As a result of a joint OSIJ/Battelle

study of the hardware requirements for this purpose, Battelle is working on a

design for an explosively actuated valve system which will permit either

locking or bypass of appropriate actuators in emergency situations.

2.5 Design of a Modular Cockpit Structure -

It became apparent, early in this reporting period, that it would be

difficult to accommodate all system hardware within the confines of the

vehicle frame. At the same time, the division of responsibility for the cock-

pit structure (OSaJ) and for controls and instrumentation (U. Wisconsin)

created coordination problems. Further, there was concern that the operator's

vision of the feet and of the terrain on which they were to be placed was

4
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Figure 1: Prototype leg mounted on test stand.
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insufficient. It. was, therefore, decided to abandon the concept of accommoda-

ting the cockpit within the main vehicle frame and instead to design a cockpit

module which would be bolted to the front end of the frame. A design for the

structure of such a module was completed during the r,!porting period. It will

be manufactured early in the next reporting period. It was not possible to

fully accommodate the specifications of the University ef Wisconsin with

regard to cockpit space because of the substantial weight penalty "incurred by

enlarging the cockpit frame. After extensive discussion, a compromise was

reached on the dimensions of the cockpit module. Consideration will be given

to retro-fitting a larger cockpit if the dimensions of this design prove to be

inadequate during vehicle testing. Figure 2 is a photograph of the 1/10 scale

ASV-84 mechanical configuration model Showing the modular cockpit mounted to

the main vehicle frame.

3. ELECTRICAL SYSTEM RESEARCH

3.1 Vehicle Operating Software

In' our Semi-Annual Report dated February, 19&3, preliminary definitions
Z;for a total of six ASV-84 operational modes were provided. Since that time,

these modes have been further developed and related to the partitioning of the

vehicle control software so as to permit efficient implementation on a multi------

processor control computer. Details of this work are provided in Appendix 4.

However, generally speaking, it can be said that the deflnitians of the six

operational modes have not been changed in any significant way. Rather, the

major accomplishmient of the past six months has been the actual realization of

four of the six modes on either the PDP-11/70 computer or the breadboard ASV-

84 computer. These experimenits are described briefly in the following para-

graphs.

6
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The ltilii:y mode has been siflulated usinjg the Intei Series Ili Micro-

processor nlevelopment System (MDS). A VT-1OU terminal has been interfaced to

this system and used as an operator's console. A smaller CRT system suitable

for mounting in the vehicle has been identified along with the necessary

incerface cards. With this arrancenent., th- Coordination Computer cescrioed

i;-, Appendix 4 can be used analogously to an M')S systen for :ontrol and field

programming of the vehicle on-board computer.

A Precision Footing control mode has been realized on Lne PDP-11/7'J cor,-

puter. Physical testing with the OSU Hexapod has demonstrated its effective-

ness. Details are provided in the following Section 3.2.

Omnidirectional control in the Close Maneuvering mode has beer,

demonstrated on the 29P-11/70 using a kinematic model of the ASV-84 displayed

on a vector nrapiics terminal. This simulation study includes the feature of

automatic regulation of body pitch and roll dttitude to accommodate terrain

slopes in such a way as to maximize vehicle stability and maneuverability. A*

videotape showing real-time operation of this system has been provided to

DARPA.

The Battelle and OSU portions of the software for the Terrain Following

mode of control have been successfully integrated and tested on the breadboard

ASV-84 computer. In this test, the PDP-11/70 computer was used to simulate

the terrain, toe ERIM scanner, and the vehicle. The resulting motion of the

vehicle relative to the terrain was presented in real time on a vector

graphics terminal. A shaded color graphics representation of this motion will

be prepared usilg single-frame motion picture photography during the next six

months of research.

8 <
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At present, we do not plan to'develop cruise and dash mode software

under this contract, since both of these modes involve high speed motion which

Scan only be undertaken after thorough field testing of the above f~our low

speed modes. Instead, we intend to develop a plan for further vehicle testing

-- %and programmingj in the form of a proposal to DARPA for a continuation of the

~ research of the current contract. This proposal will be completed and sub-

mitted for evaluation within the next six months of this program.

~ 23.2 Demonstration of Precision Footing Control

It is recognized that, in circumstances involving very large geometrical

obstacles or extremely rough terrain, fully automatic modes of body and ley
NS.%N

Scoordination for the ASV-84 may prove to be inadequate. To deal with such

situations, per the discussion in the preceding section of this report, a
6 ..1~

IL.~ OW~ semi-automatic precision footling mode of control will be provided. In this

mode, the operator will be able to tak e direct control of the body or of any

of the six legs of the vehicle in Cartesian coordinates. A specific fomy of

V.J this control mode has been developed and evaluated using the OSU Hexapod as a

test bed. 7igure 3 shows one such test in progress.
0,

The general characteristics of the currently operational precision

%: footing control mode are as follows:
%~1 .

1. All control is accomplished with a single three-axis joystick.

2. The operator uses a keyboard to dynamically assign the joystick to one

of eight functions: control of any one of the six vehicle legs, body

attitude control, or body position control.

Vft 3. All Joystick deflections are interpreted as rate commands. Specifically

for any leg, fore-aft deflection controls fore-aft foot velocity, lateral

siJ ~4deflection controls lateral foot velocity, and twist controls vertical

9
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'"" '" foot velocIty. These velnci'ties are all interpreted in the body coor'i-

"nate system., Body position control functions identically. For body atti-

tude control, fore-aft deflection controls pitch rate, lateral deflection

controls roll rate, and twist controls yaw rate.

4. When any one of the eight joystick assignments is invoked, the control

computer coordinates joint motions so that the desired rates are achieved

and all other rates are zero relative to Earth coordinates. Thus, during

"body motion, the feet of supporting legs as well as those of legs in the

air rwmain stationary with respect to the terrain. This characteristic of

precision footing control allows the operator to concentrate his attention

' on movement nf thr. body with respect to the terrain, without concern for

potential collisions of legs with obstacles.

As reported in (5], we have previously developed and tested safety soft-

ware to prevent both body instability and collisions between adjae.Pnt limbs in

any control mode. For the ASV-84, use of this safety software in conjunction

SN with precision footing control will result in the vehicle refusing to execute

maneuvers which could be harmful to it. In addition to this feature, a dis-

4%* * play of stability margin and of feet which can be safely lifted will assist

the operator in avoiding the generation of unacceptable commands. The

development of such displays will be undertaken during the next six month

S.-. period of this project.

Laboratory evaluation of the above described precision footing control

mode has shown that it is effective and relatively easy to learn. As was pre-

viously discovered in our studies of insect locomotion [33), "in phase" wave

gaits seem to provide the best stepping patterns for overcoming large obsta-

cles Such gaits utilize support by at. least five legs at all times. The

cycle of limb motions involves first placing the front feet, then the middle

e 11
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feet, and finally the back feet. A videotape showing this gait and documen-

ting the experiment illustrated by Fig. 3 has been furnished to OARPA previous

to this report.

With more advanced hand controllers, it may be possible and desirable

for an operator to control more than three vehicle degrees of freedom at any

given time. This issue will be studied after suitable hand controllers have

been delivered to us by the University of Wisconsin. It is anticipated that

at least one such controller will be provided during the next six-month period

of this research.

3.3 Control of Foot Clearance by Proximity Sensors

The OSU Hexapod Vehicle has been fitted with an ultrasonic proximity

sensor on each of its six legs. Using these sensors, the vehicle has walked

over laboratory terrain with automatic control of foot clearance using prcx4 -

mity data. Full details of this experiment are provided in the attached

Appendix 5. The following paragraphs present the principal results of this

study.

The first finding was that, as expected, laboratory terrain produces

more or less specular reflection of ultrasound pulses; that is, since the wave

length of the sources used (40 kHz) is long compared to irregularities in the

tile floor of the laboratory or in the wooden obstacles shown in Fig. 3,

insufficient energy is reflected back to the receiver unless the incidence

angle of the transmitted sound is close to vertical. Practically, with care-

ful receiver design, it was found that angles up to about ± 20 degrees from

S vertical can be tolerated.

The second finding was that leg trajectories can be tailored so as to

maintain the angular orientation of the lower limb segments of the OSU Hexopod

1
12
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well within the ±20 degree cone of tolerance of thle ultrasonic sensors during

U locomotion over laboratory te;rrain. Under these conditions, foot clearance is

regulated very accurately without prior know~ledge of terrain elevation.

Example trajectories from such tests are presented in the attached Appendix b

1 A videotape including a demonstration of foot altitude control by proximity

sensing has been previously furnished to DARPA.

The third major result of these experiments is that single frequency.

[1 transducers do not function reliably on natural terrain when the average size

of soil particles or rocks is comoarable to or greater than the wavelength of

the ultrasound illumination. This result was obtained from soil bin tests and

H ~ can also be anticipated qualitatively, sinc*! suc~i terrain presents the possi-

bility of destructiv? interference of reflected energy at the receiver. The

experiments detailed in Appendix 5 demonstrate that this is such a serious

Ii ~ problem that single frequency ultrasound proximity sensing is impractical for

natural terrain. It now appears that a multi-frequency or "chirp" source is

required. In addition, an array of such sensors may be needed on each leg to

assure adequate ground coverage, since each sensor has a rather narrow bean~-

width. Five Polaroid ranging systems have been purchased to permit experi-

mental evaluation of such a multi-frequency array on the prototype ASV-84 leg.

Initial testing of this system is planned for the next six month period of

this research.

13
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2. Vohnout, V.J., Mechanical Design of an Energy Efficient Robotic Leg for
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Energy Storage in an Unconventional, Rough-Terrain Vehicle," 17th
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5. Ju, J.T., Safety Checking System with Voice Response for the OSU
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9. Kao, M.L., A Reliable Multi-Microcomputer System for Real Time Control,
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Walking Machine Leg. M.S. thesis, The Ohio State University, June,
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pp. 3-17. . -

19. Ozguner, F., Tsai, S.J., and McGhee, R.B., "Rough Terrain Locomotion by
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20. Wang, S.L., The Study of a Hexapod Walking Vehicle's Maneuverability
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and Testing of a Digitally Controlled Hydraulic Actuation System for a
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Conference, St. Louis, September, 1983, pp. 2-1 to 2-7.
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Abstract -

The selection of vehicle and leg configuration and of power transmission

and actuation system configuration for the Adaptive Suspension Vehicle

(ASV) are discussed. The Adaptive Suspension Vehicle will be a proof of

concept prototype of a proposed class of transportation vehicles for use

in terrain which is not passable to conventional vehicles. It uses a

legged locomotion principle. The matbine will not be an autonomous "robot" -

in the sense that it will carry an operator. It will, however, have a .

very high level of machine intelligence. id of environmental sensing

capability. Much of the technology involved ;.s unique and has potential

for application to future robot systems. In this paper major aspects of -,

the vehicle and leg geometry, the on-beard processing configuration, and

the hydrostatic power transmission system, are discussed.
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P1. Introduction

The Adaptive Suspension Vehicle (ASV), which is presently under construction,

is a vehicle intended to provide mobility over very rough terrains: It uses

a statically stable legged locomotion principle rather than a wheeled or

tricked principle. Figure 1 shows a 1/10th scale model of the machine on a

terrain board. The motivation for building such a machine is that about half

the Earth's surface is inaccessible using wheeled or tracked vehicles [1].

As compared to legged locomotion, wheeled locomotion is only attractive on

prepared or naturally hard and even surfaces. In principle, legged locomotion

should be mechanically superior over a considerable range of soil coiiditions (2]

and is certainly superior when crossing obstacles. This is well illustrated

by the fact that the majority of the terrain cited as inaccessible to wheeled

and tracked vehicles in reference (1] presents little difficulty to animals

using legged locomotion.

In view of the above, it is natural to ask w.hy the legged locomotion

principle has almost never been used in man-made vehicles. There are two

reasons:

- Firstly, in order to take full advantage of the legged locomotion princij le

over uneven ground it is necessary that the machine have sufficient independently

controllable degrees of freedom in each leg to allow the body motion to be

completely decoupled from irregularities met in the terrain over which it

travels. We call such a machine "fully terrain adaptive." This requires a

minimum of three degrees of freedom in each leg and, hence, twelve independently

controllable degrees of freedom in a four-legged machine and eighteen in a

six-legged machine. Four legs is the minimum number necessary for static

stability. Prior to the very recent advent of compact, powerful microcomputers
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automatic coordination of the motions of such a large number of degrees of

freedom by means of an on-beard controller was impossible. Manual coordination

was attempted using sophisticated teleoperator technology in the GE Quadruped

project [3]. The conclusions to be drawn from that attempt was that this

approach is of marginal efficacy. It was possible to control the machine

effectively to perform sophisticated movements. On the other hand, the

coordination task placed great demands on the operator. A long period of

training was necessary and operators beLame fatigued after a relatively short

working period.

Secondly, efficient and well controlled delivery of power to an oscillatory •!Li

motion system such as a leg is very much more difficult than driving a

continuously rotating wheel. This situation is exacerbated by the large number

of degrees of freedom to be independently powered, ii. contrast to the single 14

degree of freedom powered in most wheeled vehicles or the two powered degrees

of freedom in most tracked vehicles. In the past, quite a number of experimental

legged vehicles have been built. Most of these are discussed, or at least

referenced, in reference [43 and will, therefore, not be discussed here. A

few will be mentioned at appropriate points in this article. However, almost

without exception, fully terrain-adap.ive walking vehicles have had very poor

mechanical efficiency. Thus, the promise of superior mechanical performance

on unprepared surfaces has certainly not been realized in these machines. The

reasons for this, and the measures being taken to overcome them in the desis., "-

of the ASV, form a substantial portion of the present article.

The ASV will be S m long, will stand about 3.3 m high at normal wrlking

height and will have a track of 1.6 m. It will weigh about 2600 kg. Cruise

seed is to be 2.25 m/s with sprint capability to 3.6 m/s. The machine will be

'.ompletely self-contained. It will carry an operator and a 225 kg payload.

r7-



Power will be supplied by a 900 cc. motorcycle engine driving an energy

storage flywheel of capacity C.2S kw hr. Line-shafts driven from the flywheel

shaft will run down both sides of the vehicle. The leg degrees of freedom

will be actuated by a fully hydrostatic power transmission system. The

g actuators are hydraulic cylinders. Each actuator is coupled to a variable

displacement pump powered from the line-shaft by means of a toothed belt.

This system will also be described in greater detail later in the article.

Although the machine will not operate autonomously, it will

carry very advanced sensing, computer processing and coordination systems.

SV In most operating conditions the operator's role .is strategic. That is, the

operator commands direction and velocity but does not directly control foot

placement or body attitude. The computational system will consist of thirteen

Intel 86/30 single-board computers. Six of these will be leg controllers, four

will process infornation from the terrain scanner and generate choices for foot

'.' placement. One will control the cockpit displays and transmit data from the

"" controller to the coordination computer, one will be the coordination computer

and one will be a backup compute- itoring system operation and otherwise

"assisting the coordination computer. Each of the 86/30 boards carries an 8086

microprocessor, an 8087 floating point and trigonometric co-processor and a

S.varying quantity of RAM. Nine of the 8086 microprocessors will be coupled via

a multibus. However, only one will control the multibus communications. Further

"details of this system will be reported in future publications.

The machine will also have sophisticated sensory systems. A vertical

•. :gyroscope will provide a vertical reference and rate gyroscopes and accelerometers

will provide information on body movements. All six legs will be fitted with

three-axis force sensors to determine the three force components at the "ankle."

% I
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Proximity sensors will also be fitted to the feet. However, the most

sophisticated sensing system will be the terrain scanner. This operates on

a very different principle from conventional robot vision systems. It is, in

fact, an optical racar operating in a CW• mode with sinusoidal amplitude '

modulation. A beam of infrared light generated by a gallium arsenide laser is

swept across the terrain in a raster pattern. Phase comparison of the modulation -

envelope of the reflected and projected beams yields a direct range measurement

to the point on the ground struck by the beam. The effective range is determined'
/

by the ambiguity interval and is 10 m. Resolution at maximum range is about

40 mm. Pft a speed of 2 m/s each point will be viewed approximately five times

before passing under the vehicle. The terrain scanner has been built by

ERIM [5].! Battelle Columbus Laboratories are responsible for the coaputer and

software for processing the terrain scanner information and feeding "oothold

selection information to the coordination computer.

A hand controller with at least three continuously controlled degrees

of freedom will be used by the operator to command direction and speed of

motion. Forward rate, lateral rate and yaw rate will be continuously

controlled. Control of walking height and body pitch and roll will be via

settable position controls. A CRT display will be used to allow the operator

to access data on a variety of systems in a variety of operational modes.

The University of Wisconsin is responsible for design of the controls and

cockpit displays.

V..
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I ~ 2. Performance Evaluation

Locomotion systems are subject to large variations in operating conditions.

When moving on level ground, a locomotion system is very lightly loaded, at

least at low speed. In contrast, when moving up a gradient the system may

have to produce a large power. Mechanical efficiency, the usual measure of

power train performance, is not useful when discussing vehicles. When moving

at constant speed on a level road a vehicle is producing no output work so it

C' has zero efficiency.

A much more useful parameter when discussing vehicle performance is the

specific resistance, e, defined as:

P
CWV

where P is the mechanical power input to the vehicle; that is, the output

power of the prime mover, W is vehicle weight and V is vehicle velocity.

Specific resistance can also be thought of as the inverse of lift-to-drag

ratio where "drag" is an effective drag including all energy dissipation

mechanisms.

Figure 2 is adapted from Gabrielli and Von IKarman [6]. It is a plot of

specific resistance versus speed for a variety of vehicles on a log- log

scale. It may be seen that biological legged locomotion compares well with

wheeled systems on prepared surfaces. It may also be seen that artificial

legged s~ystems such as the GE Quadruped [3] and OSU Hexapod (7] do very poorly.

Vie reasons for this and the means used to overcome them will be discussed in

Section 3. The ASV leg has a specific resistance of 0.08 in laboratory tests.

The overall vehicle specific resistance will be considerably higher because
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of losses higher in the power train and because of overhead power needed to
operate the computer etc. After careful analysis of these lcsses and power
requirements it is projected that the ASV will have a specific resistance of

about 0.3 as indicated on the diagram. It may be seen that this is competitive
with tracked vehicles.

In order to characterize cbstacle crossin_ performance it has been decided
to make use of a small set of standardized obstacle geometries. Obstacle
crossing is primarily a problem of ve;Uicle geometry but involves considerations *

of traction force and power also. Extensive simulation studies have been
performed to optimize vehicle geometry and determine the maximal obstacles
'hich it can cross [8]. The machine will be geometrically capable of operating

on a 60% grade, crossing a 1.8.m vertical sided ditch, crossing a 1.7 m vertical
up or down step and crossing a 1.4 m vertical isolated wall. it will be capable
of squatting on belly skids for parking and as an emergency maneuver.

02

/ /

. .!/ 
.- , -.



Ll

.1~ 7

3. Leg Geometry /

The choice of six legs is a compromise between stability, fa•)red by

larger numbers of legs, and simplicity. The ASV is designed to operate in a

,• statically stable mode or, more accurately, in a quasi-statically stable mode

in which the stability criterion is modified to include the effects of dynamic

e:• load transfer. The implications of static stability are discussed in some

detail in reference (4]. If the duty factor is defined as the fraction of the

cycle time each foot is on the ground (assumed to be the same for all feet)

stability increases with increasing duty factor. At a given duty factor

stability increases with increasing number of legs. However, the incremental

gains diminish with increasing leg number. Thus the gain in stability in

going from six legs to eight is much smaller than that in going from four legs

to six (4].

The major limit on speed in most legged locomotion systems, including

biological ones, is the time required to return the leg through the air to its

starting position. There is a minimum time for this "transfer phase" in any

legged locomotion system. The minimum duty factor for a four legged statically

stable system is 0.75 (4]. For a six legged system it is 0.S. It is 0.375

for an eight legged system. If the same leg characteristics are assumed; that

is, if the same return time, t, and leg stroke, S, are assumed, the duty

factor, 8, affects the velocity, V, as follows:

S

where T is the cycle time: the time for one complete motion cycle of all legs.

The time available for leg return is evidently:

.4 T = (l-8)T
T/

~ . = - . . . . .- - - - - - - -

I' - [ - -

*



8

Hence if x is fixed, T is related to 8 by

T T1-8

and

VUS 1

Thus, for a four legged system:

V- 0.333 I

for a six legged system:

• V .S 1 .
,q T

for an eight legged system:

'• ~S
V- 1.67_._ _

Thus, for a statically stable sXstem, there are substantial speed and stability

advantages in increasing the number of legs. This must be weighed against the

increasing mechanical and computational complexity which is also entailed by

increasing the number of legs. Moreover the assumption of constant leg stroke S

Simplies a linear increase in body length with increasing numbers of legs.

As was noted in Section 1, a minimum of three degrees of freedom are required

in each leg. The objective of leg design is to provide the maximum working

volume for the foot with minimum leg \structure. Thus the leg is similar in its

kinematic role to the regional strut re of a manipulator. The leg can be viewed

as a manipulator minus the wrist degr se of freedom. Since the regional structure

of a manipulator is optimized by havinI the two most inboard joint axes intersect

at right angles, the third joint axis parallel to the second and the second and

third members of equal length [9], it follows that this arrangement is al,.,

optimum for a leg.

7.13
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5 Given the above basic leg geometry, there are two advantageous ways of

mounting the leg to the body. The first axis may be mounted vertically or it

may be mounted horizontally parallel to the longitudinal axis of the body.

The first is the configuration used in the OSU Hexapod [7], the Sutherland and

Sproull hexapod [10], the Tokyo Institute of Technology quadruped (11], the

Moscow State University hexapod (12] and, in modified form, in the Odetics

hexapod [13]. It is the horizontal first axis configuration, however, which has

been chosen for the Adaptive Suspension Vehicle and the GE Quadruped [3]. The

first configuration is broadly similar to typical insect or reptilian legs. The

latter is closer to a mammalian leg plan. The reasons for favoring these

configurations are primarily based on efficient use of energy. Avoidance of

energy wastage is vital in a self-contained vehicle which must carry its own*

energy supply.

The advantage, and it is an important one, of having a vertical azimuth

axis for the first joint is that, during a walking stroke, the large displacement

is borne by that vertical joint. The other joints have relatively small

displacements. The significance of this is that little work is done against

*• gravity. The large displacement takes place about an axis parallel to the

weight force and hence, when walking on the level, involves no gravitational

work. The motions about the other two joints do require positive or negative

work done against gravity but, since the displacements are small, these

components are also small.

The primary disadavantage of a vertical first axis is that, when performing

an oscillatory motion, the kinetic energy of the leg must be absorbed at the

end of each forward or backward stroke. In a vertical swinging leg, the leg

can operate as a pendulum converting kinetic energy to gravitational potential



eegat the end of each stroke and then converting it back after changingpr

direction. This is not possible in a leg with P_ -rtical 'first axis. Thus,

the kinetic energy is usually wasted by conversion to heat in systems with

legs of the first kind. This can be a serious problem in electrically

actuated systems such as the OSU Hexapod (7] because of the relatively large

kinetic energies stored in rapidly rotating motor armatures. Use of springs

to store the energy as strain energy is, of course, feasible. However, storage

of energy as strain energy becomes less attractive as the size of the machine

increases since kinetic and gravitational potential energy scale as the fourth

power of lineal dimension while strain energy scales as only the third power.

The vertical swinging leg given by a horizontal first joint also has

significantly lowier bending moments in the upper leg structure. It allows

a narrower track, and hence frontal area, which is an advantage when pushing

through vegetation.

The second type of leg has, however, a major disadvantage. This can be

understood with the help of Figure 3 which shows two positions of the leg

relative to the machine when the machine is walking straight and level. Only

the second and third joints are shown since the first joint is not active for

this motion. When the leg is in the forward position the directions of rotation

about both joint axes are clockwise. The moment of the foot reaction is

clockwise about the "kneel' but counter-clockwise about the "hip." Thus, the

actuator of the hip joint is doing positive work against the load but the

actuator of the knee joint is absorbing work done on the joint by the load.

That is, it is acting as a brake.

In the second position shown in Figure 3, the rotation about the hip

joint is still clockwise, but that about the knee joint has reversed and is now

7'



counter-clockwise. The moment of the foot reaction is clockwise about both

joints. Thus, the knee joint actuator is now doing work against the load

while the hip actuator is acting as a brake.

The important thing to realize is that, when moving on a level surface a

locomotion system is doing no work provided frictional resistance is neglected.

Thus, in both of the situations above, one actuator is doing work and the other

is absorbing the same work! If the work absorbed is converted into heat, as

in most conventional actuation technologies, this represents a problem.

It was noted that biological systems with this leg geometry do not suffer

from this problem. However, their actuation geometry is much more sophisticated

involving actuators which operate across two or more joints in addition to

those which operate across only one [14]. This suggested use of different

actuation arrangements and led to several linkage leg designs. These have been

thoroughly discussed in references [15] and (3]. However, they proved to be

difficult to realize in mechanical hardware. An alternative mechanism which

achieves the necessary objective of de-coupling vertical and horizontal

displacements is shown schematically in Figure 4. It is a planar, two degree

of freedom pantograph hinged about a horizontal joint parallel to the

longitudinal axis of the body. It's actior is very similar to that of the

second leg type described above. It is not the first use of a pantograph in a

walking machine leg but differs from that of Hirose [11] in being a hinged planar

pantographrather than a spatial pantograph, and from that of Kessis (16] in'

being a right pantograph, rather than a skew pantograph. The geometric

optimization of the pantograph leg mechanism with respect to workspace size

and shape is described in reference [8]. Structural design of this leg

mechanism is discussed in reference [17].

¾-
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4. Power Transmission and Actuation

The Adaptive Suspension Vehicle will weight 2600 kg. When in the tripod

gait [4] which will be used for cruise, each leg carries half the vehicle weight

at som~e stage in the gait cycle. Of course, the load may be somewhat greater

in some conditions. The legs are being designed for a normal working load of

1400 kg. At the same time, it is essential to minimize the weight of the power

transmission and actuation system. This leads to a demand for a very high

ratio of actuator force to actuator weight. Using current technology, this

demand can only be met by a hydraulic actuation system.

There are two basic types of hydraulic power transznisslon and actuation

system which might be used. The first is the familiar valve-controlled system

with regulated supply. The second is the hydrostatic system type in which each

actuator is directly coupled to a variable displacement pump. The hydrostatic ..

type of system is attractive because the control of the actuator is accomplished

by non-dissipative means. Also, hydrostatic systems are capable of regenerative

operation allowing power to be stored during braking. Nevertheless, it was felt

that the valve controlled system type would be superior in dynamic response and

lighter in weight. Therefore studies were initiated to develop suitable valve-

controlled hydraulic circuit configurations for the actuators (1a].. It was early

decided to group similar actuators on -all six legs- into the same circuits. -The ___r__4

reason for this is that the supply pressure requirements of similarly placed

actuators are similar and losses are reduced if the supply pressure is held to a

minimal margin over the highest needed actuator pressure drop. An interesting system

which uses some similar principles, and some different, to attack the problems

discussed below is described in Reference (19] and used on the six-legged walking

machine described in Referenice (30].

It soon became apparent that the design of the actuator circuits would

present substantial difficulties. In order to understand this problem it is

appropriate to examine the leg-lift and drive ac~tuator operating conditions.
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The leg lifting and lowering actuators are subject to two very different

operating conditions during each cycle. When the foot is on the ground, the

actuator is under high load but is displacing at a low rate; ideal conditions

for a pressure regulated valve-controlled system. However, when the leg is

being returned, the leg lift actuator is lightly loaded and is subject to large

displacement rates. Since a high supply pressure must be maintained to service

actuators which are under contact loads, the light loading,and hence actuator

pressure, of the actuator in a returning leg requires a large pressure drop

across the se.vo valve controlling it. Multiplied by the large flow through the

valve required by the large displacement rate,this pressure drop produces a

very large rate of conversion of hydraulic system energy to heat. In fact, our

estimates indicated that, even for mild terrain roughness, 1S to 20 kw would be

used by the leg lift circuit. Since, in straight line motion, regardless of

gradient, the leg lift actuators do no net work against gravity, virtually all

of this energy would be converted to heat. This would, in turn, create severe

oil cooling problems. Many different strategies were evaluated for overcoming

this problem. The only ones which appeared to be in any way viable were the

use of a second circuit to supply the actuators at appropriate pressure during

the retur phase, or the use of a two-ratio mechanical change transmission

between the actuator &nd the joint. Neither is attractive. The second circuit

would require an additional pump, a second set of supply lines, a set of

switching nlves d, very likely, a second set of control lines. The switching

operation w uld introduce transients and control problems. Development of a

suitable dual ratio mechanical transmission was judged to be very difficult within

the time restrictions of the project schedule.

J
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The difficulties in design of the drive circuit were also a product of

the varied operating conditions seen by the actuators at different times in

the notion cycle and in different modes of operation. It is anticipated that

the drive actuators will mostly be comparatively lightly loaded during

operation. When walking on the level, the drive actuators work against only

frictional loads. Nevertheless,provision must be made for large loads when

walking up steep gradients and for braking when walking downhill. A conventional

system with fixed supply pressure would be very inefficient because the supply

pressure would have to be set to accommodate maximum load, leading to iarge

valve pressure drops when operating on the level or on moderate grades. A

simple strategy to overcome this would be to put the supply pressure under

computer control so that it could be held to the pressure needed by the heaviest

loaded actuator plus a margin for valving. Unfortunately, the valving margin

must be substantial to give good control resolution. A second alternative is

to regulate flow-rather than pressure. This is attractive in a high rate

system which is lightly loaded at most times. It require:, that the actuators

be connected in series rather than in parallel and that they be equal area

actuators (double-ended piston rods). It also reqtuires tiat the actuators be

controlled by bypassing a controlled amount of flow around them. A system of

this type offers natural load sharing among the legs in addition to good

efficiency. It was, therefore, extensively studied. It was decided to split ,

the drive actuator circuit into two separate circuits, one for each side of

the machine. This had the advantages of allowing the flow rates for the two

sides to be different when turning and of halving the number of actuators

connected in series.

-4
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A significant problem in this arrangement is that of returning the legs.

The flow to the actuator can be easily reversed by a control valve. The problem

is that the legs must always be returned at a rate faster than that used

during the contact phase. Since maximum lea speed is governed by the supply

flow rate, it is necessary to have the pump output exceed that needed to

produce the desired leg return velocity. This is not a major problem when

cruising in a tripod gait since the leg return speed for that gait is only

slightly greater than the contact phase speed. However, when using high duty

factor gaits, leg return speeds may be more than five times contact phase speed.

This implies huge! flows through the bypass valves of the contact phase legs

and consequent large energy losses, particularly since high duty factor gaits

are most likely to be used on steep grades where the actuators are heavily

loaded.

An additional problem with the series-bypass type of circuit is that it

does not lend itself well to position control. In difficult conditions it is

expected that a precision footing mode will be used in which the operator

will control foot position directly. The bypass valve configuration alone

wili not zero velocity under no load. It is necessary to use a control valve

in series with the actuator and bypass to provide a capability for reversing

flow and zeroing velocity. This arrangement introduces nonlinearities into

the position control loop and requires that only one leg be moved at a time.

As can be seen, there were very substantial problems in the design of a

valve-controlled actuation system. For this reason a careful re-evaluation of

the hydrostatic system alternative was initiated. A suitable set of components

for such a system was identified,and weight, performance and cost comparisons

*were carried out. The system studied is actually a two stage-system
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with a val re-controlled pilot sta3e. The circuit is shown schematically in

Figure 5. A small rotary actuator controlled by a servo-valve is used to

control pump swash-plate angle. Surprisir,ly, the hydrostatic system turned

out to be lighter in weight, competitive in performance and lower in cost.

The weight of the valve-controlled system is driven up by the need for large

reservoirs and oil coolers. The heat generated by operation at unfavorable

actuator conditions must be removed from the oil. The weight of the extensive

lines and manifolding required is also significant. The cost of the valved

system is driven up by the multiple control valves needed to accommodate

different operating conditions. A servo valve frequently costs considerably ,..

more than a variable displacement pump!

Simulation'studies of the hydrostatic system configuration using the CSMP ,

simulation language indicated that small signal response bandwidths of about ...

20 Hz could be expected for both the drive and leg lift actuators. About 8 Hz

was predicted for the abduction-adduction actuator. The inertia seen by this

actuator is much higher than that seen by the other actuators. These figures

have since been confirmed by tests of the system. Tested bandwidth to the 3dB

point is 20 Hz for the leg lift actuator, 17 Hz for the drive actuator and 7 Hz

for the abduction-adduction actuator. This dynamic response should be adequate

for system operation. It is actually superior to tested valve-controlled

system response [18],although the hydrostatic test system was optimized to a

higher degree then the valved system.

Figure 6 shows the upper leg with the hydrostatic actuation system. A

drive shaft runs down each side of the machine through the centers of the

abduction-adduction bearin.gs. Two pumps for the leg lift and drive actuators are
*AI.-

mounted in the slider box which is the member to which the abduction-adduction

bearing is mounted. They are driven from the drive shaft by means of gear

A-
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belts. The third pump, for the abduction-adduction actuator, is mounted in

the body and driven by another gear belt.

The rods of the actuators for the leg lift and drive are mounted to the

U p slide box and the barrels are coupled via trunnions to the slider assemblies.

-. This reduces the length needed for the actuator and slider assembly. The

-• leg lift and drive motions are both actuated by pairs of cylinders mounted on

s. opposite sides of the slider box. This is necessary to avoid placing yaw

: axis moments on the slider assemblies. All actuators are equal area cylinders.

This is essential in a hydrostatic system. The cylinders are fed through bores

id Min t"- piston rods (Figure 7). This avoids the use of flexible hoses. It

"also allows the active volume of hydraulic fluid to be minimized which assists

dynamic response. The cylinder barrels, pump casing,; etc. are aluminum to

' reduce 'weight. Figure 8 shows a laboratory prototype leg fitted with the

hydrostatic actuation system.

The adaptive Suspension Vehicle will be powered by a 900 cc motorcycle

gi engine rated at 70 Kw peak power. This unit weighs 90 Kg. The engine is

coupled via a clutch to a 0.25 Kw hour storage flywheel. This unit performs

several *.mportant functions. Firstly it provides a very large input impedance

to the actuation system. This is important since-the-pumps will place strongly

fluctuating load torques on the drive shafts. The flywheel also permits

.64 regenerative braking to be used with the pumps acting as motors driven by the

actuators. It also allows the motor to operate at near optimum conditions.

N.t It will permit a controlled shutdown in the event of a loss of motor power.

The flywheel package is being designed and assembled by the University of

Wisconsin. It features several unique design features. Overspeed protection

I ~ is provided by shrinking the rim onto a spoked hub. The interference fit is

.LX...h ,.• ,:•,.•.Al A -- ----W : ...! d .L "'" "4"" 4 -" •' ".":'A .i ... ,.... /-
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designed so that it will be lost at a 20% overspeed causing the rim to disengage

from the hub. Containment is provided by the outer portion of the rim itself

which is a circumferentially wound glass fiber-epoxy composite. This provides

failure containment for the inner metal parts. Relatively little containment .

is needed against failure of the composite rim since it fails in a progressive

and controllable manner by matrix disintegration. Thus, the flywheel enclosure

is relatively light. A low vacuum is maintained within the flywheel enclosure.

I.\
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S. Concluding Remarks -

in this article we have attempted to present the reasoning behind the

choices of leg and vehicle geometry and power train configuration of the ASV.

By the time the article appears, the ASV will be assembled and undergoing

initial testing. Ot'tdoor tests are scheduled for the. second half of 1984.

- .,The project involves development of new technology in many different

* -areas. Much of this new technology may eventually find its way into more

conventional robotic applications.

Pf
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Figure Captions"'

Figure 1: Concept model of the Adaptive Suspension Vehicle (1/10 scale).
The box on top of the cab represents the optical terrain scanner.

Figure 2: Specific resistance as a function of speed. Adapted from
Reference [6] with additional data from References [2] and (3].
The area for tracked vehicles is enlarged because of sensitivity
of specific resistance to terrain conditions. The automobile
data is for prepared surfaces. The dotted curve is the projected
ASV performance on the basis of laboratory tests of a prototype
leg.

Figure 3: Two positions relative to body of a leg with horizontal first
axis (not shown). In each case work done at one joint is absorbed
at the other joint.

Figure 4: Schematic drawing of pantograp1ý leg mechanism.

.Figure 5: Schematic drawing of hydrostatic actuation system.

Figure 6: Upper leg assembly with hydrostatic actuation system circui~t.

Figure 7: Drive actuator showing feed through rod bore.

Figure 8: Prototype leg.
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- E•CHANICAL AND GEOMETRIC DESIGN OF TV'. A•APTIVE SUSPENSION VEHICLE

II Kenneth J. Waldron, Shin Mi Song,

Shih Liang Wang and Vincent J. Vohnout

Department of ý:echanica! En2ineering
The Ohio State Universit,
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SCome aspects 06 ~the echanicat anc' lonae~ttic design of -the Ad~aptive
ýuzpemi on Vehicte ate ptue~en-ted. In pa ttcutaA, ~thet'e Zs~ an emlphdt~5i( on

a4*veo.t6 of .the ter deui>n and' vehiZcte '2eomet~vtu £,h-d aIec~t -the abitLZty

oS ~the ve~h.Lc.. to ope.a-te on s-teep gwtde-s o'r -to cto,5, ob4-tacteA6. A
r~echaniu~n cwhick raitai.6n -the a~tt,ýtude o'~ the 6oo-t a; toxnatete. paAaYt2et

to the body is di"cibed. Geonettic "pects 06 raintaining static

.J•,

Ss.tabiLLy on V.teep gh'aciez a/.e e r•e• sed.sed. lGeone',ther and oant equence
Y-. aapec.t6 o6 toheo6ng 6eveae. obn and ces a-e oge o 6ýrsch affed.

1. Introduction

The Adaptive Suspension Vehicle (ASV) will be a mobility system for use in

very rough terrain. It uses a legged locomotion principle rather than wheels

or tracks. The motivation for using a legged system is that about half of the
"earth's land surface is inaccessible to wheeled or tracked vehicles [1] but

presents little problem to animals using legged locomotion. An artist's con-

-*' ception of the ASV is shown in Figure 1. It's principal characteristics and

design goals are summarized in Table 1. The machine will not be a robot since

it will carry an operator. However, the operator's role is purely strategic,

a3 in a conventional vehicle.

The ASV will have considerable on-board data processing power and sophis-

ticated environmental sensing capability. This is needed to relieve the opera-

tor of the burden of coordinating the eighteen actuated degrees of freedom in

the system. In most operating conditions control of leg motion is fully automa-

tic. This type of operation was not feasible prior to the advent of powerful

_ .! . .. ... . . ., . . ..



microcomputers within the last few years. The ASV will be the second, comruter

coordinated fully self contained walking vehicle when it enters testing in

summer 1984. A smaller machine which differs in using a finite state coordina-

tion system and which is limited by its mechanical configuration to relatively

even terrain, has recently been tested [2]. Further details of the electronic

and computational features of the system may be found in the companion paper [3]. -

The configuration of the sensing system, which is of great importance to opera-

tion of the machine, is described in reference [4]. -

2. Configuration

As can be seen from Figure 1, the vehicle will have six leas arranged in a

bilaterally symmetric pattern. The choice of six leas is a compromise between

stability and complexity (4,5]. The lea geometry is shown schematically in

Figure 2. It is a planar pantograph hinged to the body of the machine about an

axis parallel to the longitudinal axis of the body. The reasons for choosing

this configuration have been extensively discussed elsewhere [4,6,7]. Its:

proportions and the dimensions of its working volume are shown in Figure 3. The

working volume dimensions are basically fixed by the limits of motion of the I

actuating slides. These produce a rectangular generating curve. The rectangle

is modified by a mechanical limit on knee joint motion, which clips off a top

corner, and by geometric limits of the mechanism which clip the bottom corners.

As is shown in Figure 1, the shank of the leg will be cranked. This is

necessary to avoid contact of the shank with the ground during some obstacle

crossing maneuvers. The leg will also be fitted with a passive hydraulic system

which will maintain the sole of the foot approximately parallel to the body at

all times. This system is shown schematically in Figure 4. The master cylin-

der is actuated by rotation of the upper leg members relative to the horizontal

slide. The master and slave cylinders have the same diameter so the sum of

their displacements is constant. The foot alignment is only approximate but

varies by less than 3S over the working volume. An exact system is, of course,

possible but entails a mor• complicated mechanical configuration. A controlled

compliance is built into the system allowing some angulation of the foot under A 7

load. Excessive angulation will be prevented by mechanical stops. The compli-

ance is provided by accumulators and may be adjusted by altering the pressure

maintained in the system whe unloaded.

3. Gradabilit:

A major influence on the geometric configuration of the vehicle is the re-

quirement for crossing large obstacles and for operation on steep gradients.

Ce
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Operation on ý-.xtreme gradients is potentially limited by three factors. The

first of these is vehicle geometry. The second is capability of maintaining
'.1' b~Jadequate traction. The third is the availability of sufficient driving power

.4
from the power train.

Vehicle geometry limits the gradient on which the vehicle can operate be-

cause of the necessity of maintaining static stability. As is shown in Figure

5a and b, the effect of climbing directly up a slope with the body attitude

parallel to the slope is to move the center of mass backward with respect to the

1; support polygon. There are two bas ic strategies available to counteract this

.j N~leffect. The first of these is to lower the vehicle walking height while main-
'1 taining the same body attitude. This reduces the distance from the center' of

mass to the ground and hence reduces the displacement of the center of mass

(Figure Sc). Since the legs are capable of executing a full stroke even when

raised to near the top of their working envelopes, this is an effective strategy.

The second strategy is to reduce the inclination of the body by extending

r, the rear legs more than the front. This means that the legs must stroke along

an inclined line relative to the body (Figure Sd). For the high ratio of

vehicle length to vertical leg-lift adopted for the ASV, this is not a very.

effective strategy. The maximum gradient, which can be handled without reducing

the strokes of the front and rear legs can be found from Figure Sd to be:

G H

where H is the maximuff leg lift height, p is the pitch of the legs and L the

maximum leg stroke. The gradient G is related to the slope angle, a1, shown in

Figure Sa by the relationship G - tan at. For the ASV this works out to 25%.

This strategy is not really compatible' with the strategy of lowering walking

height since reducing vehicle body height reduces the available portion of the

leg working envelope in the vertical direction. One result of using this

strategy is that the foot attitude maintenance mechanism would cause the machine

to try to stand on its toes. This might carry a traction advantage in some soil

conditions. Otherwise, this strategy is less attractive than the first.

The stability margin can be increased for the lower duty cycle wave gaits

(5] by reducing the leg stroke. This is most ea~sily seen for' a tripod gait

(Figure 6). Considering, for the moment, level wal!'-ing and referring to

V Figure 6b, the static stability margin, S, may be expressed as:

.4 S . (p41)

where p is leg pitch, as before, and X. is leg stroke. Further, when the leg

stroke is shorter than its maximum (L), the center of the stroke can be moved

.4



backwards r.lative to the vehicle body a distance

This has tne effect of moving -he entire support polygon backward a distance d

relative to the cent3r of mass. Therefore, referring again to Figure Sa and

assuming that loss of static stability by tipping backward is the critical

condition, the longitdinal static stability margin becomes:

1 1
S = - (P-i) + -1 (L-i) = vG

or -

1
S = . (L+p) -X - vG (1)

The limiting slope is obtained by letting S and X approach 0 and reducing v to

its minimum value V.

G La pmax 2V\

For the ASV, this works out to 240%. Even if one takes t = L/2 as a working

minimum stroke the gradient at which stability is lost is

2V

which is 110% for the ASV.

As has been noted many times [S], the stability margins of wave gaits

increase with increasing duty factor. Considering only the simultaneous cases,

the equation corresponding to equation 1 is

S u y (L+p) - -" vG (2)
I

for a parallelogram gait and

S * - (L+p) - -- - vG (31

for a pentapod gait. Note that the extreme slopes given by these expressions

are the same as that given by equation 1. If one takes L = L/2 as the working

minimum stroke one gets 160% and 190% respectively for ASV dimensions.

Turning now to cross-slope locomotion one must consider both the lateral

and longitudinal stability margin. Here it is assumed that the vehicle will

move in the longitudinal rather than the lateral direction, although sidestepp3ng

might be a useful maneuver on a steep slope.

In these conditions, as shown in Figure 7, reduction of body inclination by

extending the down-slope legs is the most effective strategy. The maximum

gradient which can be handled with the legs vertical and the body horizontal is ,

G H
G--

w
where W is track width. This is 73% for the ASV. Steeper slopes may be handled

i
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without loss of longitudinal stability margin by adducting the legs as shown in

Figure 7b. This, of course, entails a loss of lateral stability margin. Alter-

natively, the body may be allowed to tilt as show 'n in Figure 7c. This increases

g the lateral stability margin on the down-slope side but reduces that on the up-

slope side. It also reduces the longitudinal stability margin. This effect is

illustrated for a tripod gait in Figure 7d.

The matter of traction is much less clear-cut and depends strongly on the

nature of the soil over which the vehicle is moving. In principle, a foot

which descends vertically, and which gains in traction with deformation of the
soil should enjoy an advantage over a wheel, which loses traction with soil

deformation, over a considerable range of soil conditions [8]. Obviously, use

of differently designed soles for different soils offers considerable advantages.

Biologicn- ilegged systems can maintain traction on loose soil slopes quite close

to the natural angle of repose which, of course, represents the upper limit for

any traction system. It remains to be seen how much cross-slope traction will

be affected by the lack of ankle accommodation to side slopes. It is probable

that traction limitations will be the true determinant of maneuverability on

extreme slopes.

As far as the availability of power is concerned., if a gross weight of 2650

kg is assumed, at the designed cruise speed of 2.25 m/s and the specified

gradient of 60%, a power of 30 kW is required to overcome gravity. Since it is

projected that 18 kW will be needed to drive the vehicle on level ground at this

speed, the total power needed to climb this grade is 48 MW This is less than

the rated peak power of the engine which is 67 McW In fact it will be possible
to draw even higher power for a limited period of time because of the use of an

energy storage flywheol. Thus, grade climbing ability should not be limited by

available power.

4. Obstacle Crossing

The vehicle geometry is also strongly affected by the requirements of

obstacle crossing. Figure 8 shows the critical positions for: (a) ditch

crossing, and (b) step climbing. The vehicle will be able to cross a 2.15 m
ditch or a 1.65 m vertical step.

The sequencing of leg movements for crossing obstacles has been extensively

investigated both by means of computer simulation, using an Evans and Sutherland

PS 300 display system, and by means of high speed photographs of insects

* crossing obstacles of similar geometry [9]. The appropriate sequence of move-

ments turns out to be remarkably similar regardless of the nature of the obstacle.

It is illustrated in Figure 9 for ditch crossing. Starting with all legs in



their mid-position and with the front feet at the edge of the obstacle, the

rear legs are first brought as far forward as possible with the center of mass

of the body moving forward to a position between the middle and front legs. At

the same time the center of mass is brought forward. The middle legs are then

brought forward in a paired movement and the feet are placed alongside the front

feet. The front legs are then lifted and extended across the obstacle and

placed on the far side while the center of mass moves to a position just

behind the middle feet. The center of mass is moved forward of the.-

middle feet and the rear legs are lifted and brought forward to place the rear

feet alongside the middle feet. The middle legs are then lifted and the feet

are placed across the obstacle. The front feet are then moved forward with the

center of mass again moving to a position just behind the middle feet. The

center of mass is moved forward of the middle feet and the rear legs dre lifted

and moved across the obstacle. The middle and front legs are then moved forward

to resume stance with the legs centered.

Notice that all leg movements are paired with the two legs on opposite

sides of the machine moving together. Notice also that the movements can be

characterized as three cycles Of four similar movements: (i) movement of the

body to bring the center of mass forward of the middle feet, (ii) movement of

the rear legs accompanied by further body movement, (-;ii) movement of the middle _

legs, (iv) movement of the front legs again with accowpanying body movement.

T1he paired movemerts allow the center of mass to be placed as close as possible

to the obstacle without losing stability. The rear to front cycle is similar to

the rear to front cycles found in optimally stable wave gaits for walking on

even terrain. Movements in the vertical direction and about the pitch axis

are superimposed on those above for crossing obstacles such as vertical steps

and walls. In fact, a slightly wider ditch can be crossed by adding pitch

movements. The basic motion sequence remains the same in all cases.-,__-- --

5. Summary

The Adaptive Suspension: Vehicle is now under construction. A full scale

leg prototype has been tested in the laboratory and has demonstrated the

effemtiveness of the hydrostatic drive concept [4]. The vehicle is scheduled-

for testing in summer 1984. Apart from the aspects of the design discussed here,

details of structural design may be found in Reference [10].
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TABLE 1

ASV CHARACTERISTICS

Dimensions: 5.0 m Long, 2.1 a Wide, 3.3 a High
(average). 1.6 a Track

Weight: 260 kg

Payload: 225 kg

Endurance: 10 hrs.

Speed: 2.25 n/s Cruise. 3.6 r/s Dash

Grade Climbing Ability: >60%, 70% Cross-slope
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Figure 1: Artist's conception of the Adaptive Susoension V ehicle.
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SUMMARY

Control of walking machines involves a hierarchy of computational tasks

which is naturally suited to a multi-computer implementation. This paper

describes the hardware and software for one such system presently under

construction. Particular attention is paid to problems of man-michine and

intercomputer communication during vehicle operation and to integration of

artificial sensory information into higher levels of control.

This research was supported by the Defense Advanced Research Projects Agency

under Contract MDA903-82-K--0058.
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INTRODUCTION

Designers of off-road vehicles have long been aware that the perfor-/

mance of such machines is inferior to that of cursorial animals in rough-

terrain locomotion. The advantages of natural systems arise from intrinsic

characteristics of legged locomotion that include greater mobility, higher

speed, and reduced energy requirements in comparison to conventional wheeled

or tracked automotive vehicles [1]. Research efforts over the past two

de~cades have shown that it is possible to obtain animal-like behavior in -

machines, provided that the relationship of the supporting elements of the

machine to the terrain is actively adjustable to permit effective accommoda-

tion of terrain irregularities. Such machines are called "adaptive-

suspension vehicleb" or, sometimes, simply "walking machines" [1,2].

Early experiments with adaptive-suspension vehicles required direct

coordination of individual joint motions by a human operator [2,31. Although

this technique was successful to the extent that excellent off-road mobility

was demonstrated by a quadruped walking machine, both in dense obstacle fields

and over very soft soil, it wds found to be impractical due to the high

demands placed on the operator's motion coordination skills, resulting in
_J

rapid fatigue and marginal stability. As a result, beginning in about 1970,

research was initiated on the possibility of assigning low-level coordination

tasks to a computer while requiring the operator to deal with only the more

complex vehicle control problems such as route selection and control of speed.

and heading. These research efforts resulted in successful demonstration of

such' "supervisory" control in 1977 by two laboratory-scale hexapod walking

machines. One of these machines, the OSU Hexapod [4,5], was controlled by

~~$ ~ ~ -. S ~~ - -~---- ---------------------



4.

a uniprocessor digital computer, while the other, the MGU Hexapod [6], was

controlled by a hybrid analog-digital computer. Both were externally powered,

and each was connected to its computer by a trailing umbilical cord.

With the advent of modern 16-bit microcomputers, it has become feasible

to construct self-contained walking machines with supervisory control realized

by an on-board computer. The first such machine walked in late 1982 at

* Carnegie-Mellon University [7], and was controlled by a uniprocessor computer,

the Motorola 68000. Preliminary experiments indicate, however, that refined

coordination of motion for rough-terrain locomotion is difficult for a

computer of this size. Rather, at the present time, a hierarchical decomposi-

b tion of the control task for multiprocessor implementation seems to be more

appropriate [8,91. Such an implementation has the further advantage that

higher levels of sensing and control, such as the use of computer vision in

motion planning and foothold selection, can be added in a modular fashion

without significantly altering previous layers of control computer hardware

and software [10]. An experiment of this sort is now under way at Ohio State

University with respect to a large hydraulically powered hexapod walking

machine called the "ASV-84." The mechanical design of this machine is

described elsewhere in these proceedings [11]. The purpose of the present

paper is to explain the organization of the hardware and software employed in

the on-board multiprocessor computer used for control of this vehicle. In

what follows, particular attention is paid to problems of man-machine and

intercomputer communication, as well as to integration of artificial sensory

information into higher levels of control.
... 2
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OPERATIONAL MODES

The ASV-84 is being developed as a test-bed vehicle for the study of

sensors, for the evaluation of alternative prime movers and energy distribu-

tion systems, and for the further development of control techniques for

semi-autonomous or fully autonomous operation. Because the current state of

control and sensing technolcgy does not permit fully autonomous operation of

walking machines under all terrain conditions, this vehicle is provided with a.

*1 cab for a human operator who participates in vehicle control at various levels

depending upon task and terrain complexity [12]. The operator's cab contains

aircraft-style controls and displays, including a three-axis joystick for

vehicle steering and speed control. An optical radar mounted on top of the

cab provides a dense range map of the terrain immediately ahead of the vehicle

which is used in some control modes for foothold selection and body

orientation. The following paragraphs provide a brief description of each

major control mode envisaged for this vehicle.

Utility

This mode is intended to perform a "pre-flight" checkout to verify

correct functioning of all major vehicle subsystems. Both visual observations

and redundant transducer signals can be used for this purpose. Self-test

software Includes some capability to isolate faulty electronic or mechanical

modules to facilitate field or shop repair. This mode is also used for

reprogramming the control computer.

3
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Precision Footing

3In this mode, the operator is able to control individual legs by means

of joystick, keyboard, or other commands. Control of foot positions is in

body-fixed Cartesian coordinates. A CRT display of vehicle stability margin

derived from a vertical gyroscope and foot force and position transducers is

provided to assist the operator. Feedback of swing-phase foot position

N relative to terrain is primarily through operator vision, although this

function can be assisted by the use of proximity sensors mounted on the

vehicle legs. Body motion control can be either automatic [101 or manual in

this mode. In the manual mode, the operator can assign his joystick axes

dd either to translational or rotational body velocity control.

';ýW Close Maneuvering

This is a three-axis control mode in which the turning center for body

rotation can be placed anywhere along the vehicle longitudinal axis. Once

this has been done, arbitrary combinations of yaw.rotational rate, forward

velocity, and lateral velocity can be commanded by a three-axis joystickc.

Stepping is regulated automatically with swing-phase foot elevation controlled

A primarily by proximity sensors in order to achieve an operator-specified

ground clearance [13]. Body roll and pitch can be regulated either to a fixed

set-point or adjusted automatically to conform to the terrain slope [141.

Force feedback is used to control foot loading and to prevent the development

of unwanted antagonistic forces between supporting legs [5]. The optical

radar is-not used in this mode since its field of view is limited to ±40

degrees in azimuth from the vehicle centerline. N

N1
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Terrain-Following

All vehicle sensors are used in this mode. The optical radar provides

terrain preview data for use by the on-board computer in the selection of

foothold locations and the determination of average terrain slope and

elevation for body attitude and altitude regulation [151. During the swing
/

phase of limb motion, proximity sensors on each leg are used in conjunction

with opt-ical radar data for local control of foot elevation and for collision

avoidance. During support ;hase, force feedback is used to achieve active

compliance to smooth body motion and control leg loading [5,16). Body turn

rate, forward velocity, and lateral velocity are determined by operator inputs

[4]. This mode makes use of algorithms for free (non-periodic) gaits in order

to improve rough terrain mobility at moderate speeds [12,15,17). Both the

maximum body crab angle [4] and the minimum turning radius are limited to

values which ensure that all footholds used by the vehicle lie on terrain -q

which has been mapped by the forward-looking optical radar.

Cruise

This is the most efficient mode of operation with respect to fuel

economy. It is suitable for locomotion over reasonably smooth terrain. The

design goal for vehicle speed in this mode is 8 km/hr. Body crab angle is

limited to a relatively small value and minimum turning radius is of the order -

of several body lengths. The on-board computer uses optical radar data to "."..."

determine a desired foot-lift height during the swing phase of leg motion.

The proximity sensors assist in control of foot velocity at ground impact. It

is expected that cruise mode will utilize an "equiphase" tripod gait in which

the footfalls of supporting legs are evenly spaced in time in order to

5. 6!
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minimize shock and vibration transmitted to the vehicle body by the cyclic

action of the legs [18].

Dash

This is a projected mode in which all aspects of vehicle performance

will be sacrificed for speed. Specifically, maneuverability will be limited,

ride characteristics are expected to be rough, and fuel economy is likely to

be poor. An alternating tripod gait [2] will probably be used for this

purpose. The control computer will command body attitude and s.wing-phase

"foot-lift height. Top speed should be of the order of 12 km/hr

in this mode.

COMPUTER ARCHITECTURE

Experience to date with the OSU Hexapod indicates that a network of

microcomputers probably provides the most effective configuration for the

ASV-84 on-board computer [8]. The following paragraphs describe one

partitioning of computational tasks among such computers which is consistent

with the above defined control modes and which tends to minimize intercomputer

data communication rates. Figure I is a graphical representation of the

computer architecture implied by this partitioning. All computers in this

diagram are physically realized in terms of Intel iSBC 86/30 single-board

computers. These computers make use of the 8086 microprocessor with an

optional incorporation of the 8087 floating-point coprocessor as well as 16

channels of analog input and 8 channels of analog output lines. A description

of the function of each computer in this system follows:

S. ... 6



Guidance Computer

This computer receives range data from the optical radar and produces a

stabilized terrain map in earth-fixed Cartesian coordinates at a 2 Hz frame

rate. As shown in Figure 1., it also receives information from a coordination

computer. This information consists of body attitude, body altitude, all six

body velocity components relative to the supporting terrain, foot support

states, individual foot positions expressed in body coordinates, and operator

velocity and steering requests. The output of this computer consists of

timing and trajectory commands for swing-phase legs and of commanded body

positions and velo,ýties. Eventually, the guidance computer should also

control the scanning angles of the optical radar, although this is not

contemplated for the initial phases of ASV-84 testing. The guidance computer

contains four iSEC 86/30 boards [151.

Coordination Computer

This computer is the master computer in the sense that all intercom-

puter communications must pass through it. Specifically, the coordination

computer receives designated footholds, swing-phase foot trajectories, and

commanded 'Wody positions and velocities from the guidance computer. It also

receives operator commands from a cockpit computer as veil as body attitude

information from an inertial measurement unit. It then communicates with leg

control computers in order to provide appropriate foot motion commands. These

commands must be derived as a compromise between operator inputs and

constraints imposed by the dynamic and kinematic limitations of individual

legs. As complicated as this process sounds, it is well understood with

respect to control of the OSU Hexapod Vehicle [4,5,8,10]. For legs in support

phase, commands from the coordination computer consist of desired foot

.........



velocities and forces in body-fixed Cartesian coordinates. For swing-phase.

legs, either point-to-point control or continuous velocity control is used,

depending upon the particular operational mode. The coordination computer is

* composed of two iSBC 86/30 boards functioning in a partial duplex mode in

which each computer monitors the other's function. Both of these computers

are connected directly to primary system sensors and either can automatically

Initiate emergency shut-down procedures in case of failure of a major vehicle

subsystem.

Cockpit Computer

* This computer reads levers, dials, and push buttons manipulated by the

human operator. It also operates all cockpit instrumentation, including at

least one CRT display. This display is used during normal operation as well

as for system checkout and diagnostics.

Leg Control Computers

The actuator control valves for each leg are operated by a control

computer associated with that leg. Each such computer receives commands from

- ~ the coordinntion computer in body-fixed coordinates. It then translates these

-to joint coordinates and implements the resulting motions through closed-loop

*velocity control of each joint. Jacobian control, as used in the OSU Hexapod,

permits this to be done without explicitly solving for desired leg joint

* angles (16]. In certain operational modes, leg computers use proximity sensor

information to maintain foot clearance above the terrain duri-. the swing

-ohase of leg motion and also use this information to achieve a soft landing at

* the end of swing phase.

8



-j

COMPUTER COMMUNICATIONS

Two different approaches to intercomputer communications are used in

the ASV-84 computing system. For the guidance computer, data rates are low -.

enough to permit communication with the coordination computer by means of

parallel data ports. Leg control computers involve higher data rates, and

will therefore be connected with the coordination computer through a high- .4

speed data bus (Intel Multibus), using a shared memory "mailbox" type of

communication. The same communication technique is used for the cockpit

computer. Transmission of partial data blocks between asynchronous processes

is prevented in all cases by a buffering scheme based on dynamic reassignment -"

of input and output buffers for each communication channel.

SUMMARY AND CONCLUSIONS

As of the time of this writing, a breadboard version of the ASV-84

computer has been completed. The optical radar system has been delivered and

laboratory testing with the guidance computer is under way. Software for the

precision footing mode of control has been completed and validated using the

OSU Hexapod as a physical test-bed. Terrain-following software has been

installed on the breadboard computer and is being evaluated using a PDP-1l/70

computer to simulate the optical radar, terrain, and vehic e mechanical

system. Outdoor testing of the completed ASV-84 vehicle is3 scheduled for late

1984. The authors hope that this testing will establish a 'ew level of

performance for walking machines and will facilitate the de elopment of

specialized adaptive-suspension vehicles designed for specif c applications.

9
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Appendix 5

Development of a Proximity Sensor System for

Foot Altitude Control of a Terrain-Adaptive Hexapod Robot
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Chapter I

INTRODUCTION

1.1 Background

A deaf, dumb, and blind man without the sense of touch or smell is

incapable of interacting with his environment. When his local situation

is not known a priori, the possession of a single sense, thea of sight,

can greatly increase his level of environmental interaction. In the

same way, a robot without any external sensors can effectively operate

only within a completely determinate environment. Thus, the local

adaptability of both the man and toe robot can be improved by providing

them with proximity sensors. Siuch sensors are used to roughly simulate

the sense of sight.

As might he expected, the development of proximity sensing aids

for the blind has preceeded the development of sensors for use in

robotics applications [1,2,3]. Whatever its origin, the objective of

any proximity sensor is the sa..le: to inimic the sense of sight by

determining the distance of objects from the sensor being monitored.

This distance or range information can then be used in some type of

real-time feedback control scheme. One example of feedback, or

closed-loop, control would be that of a robot placed alongside an

*j.- - -* */>- . -. - r .e • • u . o. _ . ..



assembly line in which the robot is prcgrammed to pick up moving objects

and then place them into a hopper. A proximity sensor would be used to

locate the object's position prior to its removal by the robot.

In this work a proximity sensor system has been developed for uhe

on the OSU Hexapod Robot. The Hexapod, constructed by researchers at

The Ohio State University, was developed to study the problems

associated with the computer control of multi-jointed vehicles. It

possesses six legs with three independently-powered joints per leg, for

a total of eighteen degrees of freedom. See Figure 1.1. The Hexapod is

presently controlled by an off-board DEC POP 11/70 minicomputer through

a digital data link umbilical cord. Prior to this work the Hexapod

satisfactorily demonstrated several modes of locomotion [4), and the

addition of a vertical gyro and vector force sensors [5] enabled the

vehicle to traverse irregular terrain while maintaining a level body

orientation. A review of tVe existing electrical and mechanical

structure of the OSU Hexapod can be found in Pugh [6], Briggs [7], and

Buckett [8].

The objective of this thesis is to develop a proximity sensor system

to gage Hexapod foot altitudes and to appropriately control the position

and velocity of each leg while in its transfer phase of motion,

especially during foot descent.

Prior to this work, the only method of estimating Hexapod foot

altitudes was to convert known Joint positions into foot altitudes using

a direct kinematics approach, given the vehicle's body height. Although

the calculation of foot altitude based upon these parameters is

straightforw3rd, the modification of leg velocity during foot descent

requires a priori knowledge of the terrain being traversed.
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Of course, terrain information is not required if foot-altitude

sensors are available for each leg.

Due to a low level of research priority and lack of a readily

available foot-altitude sensing device, leg velocity modification based

upon foot altitude was not previously implemented on the OSU Hexapod.

This resulted in a "stomping" effect while walking, even while on level

terrain. Due to the high velocity 9f each leg at ground impact, both

the drive motors and the vehicle frame were subjected to undue amounts

of physical stress.

The use of proximity sensors in this thesis should thus give the

*Hexapod a much smoother stride and an ability to sense terrain

depressions or obstacles located in the vicinity of each foot.

1.2 Organization

Chapter 2 provides a survey of proxcimity sensing techniques that

are applicable to the field of robotics. The development of a 40 kflz

ultrasonic rangefinding system is discussed in Chapter 3. Experimental

results of the system are given in Chapter 4. Application of the sensor

system to the OSU Hexapod is described in Chapter 5. In Chapter 6,

experimental results of the integrated sensor system are given. Chapter

7 sunmmarizes the results obtained from this research and suggests areas

where further work is needed.------------__
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Chapter 2

A SURVEY OF PROXIMITY SENSING TECHNIQUES.

In this chapter a brief survey of proximity sensing techniques

that can be applied to, the field of robotics is given.. The term

#proximity sensing' as used in this work will generally refer to

non-contact object detection, and where possible, sensor-to-object

distance measurement. Several sensing techniques presented below

provide only an indication of an object's presence or absence. This

binary "go/no-go" sensing can be implemented in several ways: with

tactile sensing, capacitive or inductive sensing, pneumatic sensing, or

optical sensing. Actual sensor-to-object distance measurement is also

discussed and can be implemented with either high-frequency sound or

electromagnetic radi ation.

2.1 Tactile Sensing

'9Tactile sensing requires direct phiysical contact with an object in

order to detect its presence. Hence, tactile sensing is not, strictly

speaking, a proximity sensing technique. However, it is mentioned

frequently in the literature and so will be included here for the sake

of completeness.



Tactile, or touch, sensing is used quite often iii aseembly

line-oriented processes and is usually implemented with simple contact

or limit switches. Such switches, for example, are used in material

handling operations to indicate the position and/or orientation of

transported workpieces. An interesting use of contact switches as

applied to robotics can be found in Umetani [9]. In this example a

multi-linked active-cord mechanism is equipped with an array of forty

such switches to detect the presence of guide walls.

Tactile sensing by definition requires direct physical contact with

the object and hence the sensing device is subject to mechanical wear.

This problem may be resolved by using non-contacting sensing techniques

which include the inductive, capacitive, pneumatic, and optical sensing

methods.

M. Inductive Sensing

Inductive sensing requires the use of a magnetic field to determine

the presence of an object or target. This presence is typically

indicated by an increase in field coil inductance as the target is

placed in or near the field. Two major disadvantages of this method are

that the target material must be metallic and that the maximum sensing

range is approximately one half that of the sensor diameter. A metal

detector is a common-application of the inductive sensing technique

[10].

2.3 Capacitive Sensing

ýCapacitive sensing is similar to inductive sensing in that the

maximum range is also depen'dent upcn the sensor diameter. An exposed

6
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capacitor is typically used as a positive feedback element in an

N!amplifier that is biased at the edge of oscillation. As an object

approaches the capacitor, the amplifier is forced into oscillation, due

to the increase in sensor capacitance. It is this oscillation which

provides the presence/absence signal. In principle, the capacitive

sensor wIll respond to all target materials, but in practice this

system is difficult to use [10).

Capacitive touch-plate switches are a common app'ication of the

capacitive sensing technique. Such switches operate on finger contact

and are found in elevators and other high-use areas where their inherent

reliability (no moving parts) and long life are major considerations in

their selection.

2.4 Pneumatic Sensing

Pneumatic sensing requires the use of pressurized air to make the

binary judgement of an object's presence or absence. Pneumatic sensors

are generally very rugged and usually have no moving parts. They

typically operate with a sensor-to-target separation distance that is on

the order of millimeters. These sensors are usually implemented in one

of three ways: as a back-pressure sensor, as an interruptable-jet

sensor, or as a cone-jet ýansor.

In a back-pressure sensor system the foreign object inhibits the

flow of pressurized air from a venting nozzle, which causes the pressure

ian the venting chamber to rise. This increase in chamber pressure thus

signals the presence of an object.

With an interruptable-jet sensor system a supply nozzle and

receiver are axially aligned but separated by a gap [11]. When a

7



foreign object enters this gap the air stream is deflected and the

receiver pressure is reduced, thus signaling a target. In this

arrangement it Is not unusual for the air gap to be several centimeters

in length.

A third method of pneumatic sensing uses cone jet sensors to

determine the presence of a target. With these sensors an output

sensing nozzle records a reduction in pressure when the emitted conical

air jet is deflected by the foreign object. Such sensors are used to

position a robot manipulator hand over circular targets [12). In this

implementation the nozzle-to-target separation distance was fixed at 2

"2.5 Optical Sensing

Optical sensing at millimeter distances generally employ a

photoemitter-detector pair configured in one of two ways, as in

pneumatic sensing: 3n axially mounted light source and receiver that

requires the presence of an object to break the beam of light, or a

side-oy-side emitter-detector mounting that uses the object as a

reflector. In either case the light source Is usually an infrared

light-emitting diode (L.E.D.), while the receiver Is typically a

photatransistor or photodiode. These devices are usually supplied with

"visible-light filters which reduce the saturation effect that ambient

light has upon the receiver. Light-source modulation can also be used

to reduce the problems associated with ambient light and noisy

envir-:nments.

A common example of optical sensing is that of a computer

8
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punch-card reader. Arrays of sensors, configured axially as described

"14. above, are used to determine the presence or absence of punched holes

in the computer cards. In this way data can be quickly scanned and

then stored in computer memory. A computer paper-tape reader operates

in exactly the same manner.

A novel optical technique which can sense a target's linear

displacement employs a collimated light source and a compound lens made

from a spherical lens placed in contact with a cylindrical lens. This

*'. technique is described below.

A cylindrical lens differs from a spherical lens in that it has a

"fixed focal length in only its sagittal plane. See Figure 2.1. Thus,

when the lens is illuminated by a collimated light source, and a plane

surface is placed perpendicular to the lens' optical axis, a thin~strip

of light will be observed when the target lies at x * Fcyls. In this

notation Fcyls is the focal length of the cylindrical lens in the

sagittal plane. The resulting strip of light is due to the fact that

the lens has an infinite focal length in the tangential plane; hence,"in

this plane it has no converging power. A spherical lens, in contrast,

has a finite focal length x = Fsph that is the same in both the sagittal

and tangential Vlanes.

The combination of the spherical and cylindrical lenses thus

produces a compound lens whose effective focal length in the 3agittal

plane, eff FL s, is smaller than the effective focal length in the

tangential plane, eff FL t. This difference in effective focal

lengths permits us to judge a target's linear position if the target

is constrained to lie along the compound lens' optical axis from x =

efl FL s to x = eff FL t. See Figure 2.2. The method of detection

.\9
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is as follows: when the target is located at

x z x(max) = eff FL t, (2.1)

the light source and lens combination illuminates the target with an

elliptical pattern whose major axis lies in the sagittal plane.

Moving the target toward the compound lens gradually shortens this

ellipse until the major and minor axes become equal in length. This

"switch point" is a function of the effective focal lengths and is

given by

x switchpoint x(sw)= 2 P(eff FL)

S(eff FL) (2.2)

where P(eff FL) and S(eff FL) represent the product and sum of the

effective focal lengths, respectively. As the target range is decreased

below this switchpolnt the major and minor axes of the illuminated

pattern switch, so that at

x = x(min) = eff FL s, (2.3)

the ellipse's major axis then lies in the tangential plane.

Target position is derived from the ratio of the ellipse's major

and minor axes, whose lengths can be sensed with a digital array camera

or by an array of discrete photodetectors.

This optical illumination technique may be used for measuring

large (greater than one foot) linear target displacements provided

12



that the lenses used have correspondingly large focal lengths. However,

due to practical considerations, large focal lengths dictate physically

large lenses which may not be available or which m'ay be too large for a

practical implementation. At the other extreme, a version of this

sensing method is currently used in laser videodisk technology to

control the vertical position of an optical pickup head £13). In~ this

example the typical vertical variation (e.g., due to a warped

videodisk) is approximately ± 0.5 An.

Among the sensing techniques presented heretofore, only the optical

illumination scheme of sc:tiori 2.5 provided a continuous (non-binary)

indication of target range. Several other techniqu ; exist that can

provide values of separation distance over, a prescribed operating range.

p These techniques utilize either high-frequency sound waves (ultrasound)

or a form of electromagnetic radiation (either infrared or microwave) in

determining a value of target range.

2.6 Ultrasonic Ranging

Ultrasound can be used 4!n several ways to determine a target's

linear position. Th~te widely used methods are described below:

pulse-echo measurement, phase-delay measu~rement, and frequency-deviation

measurement. In each case an ultrasonic transmitter and receiver

assembly is required for target detection.

2.6.1 Pulse-Echo Measurement

In the pulse-echo technique a fixed number of cycles of

constant-frequency ultrasound is beamed at a target. Typical ultrasonic

frequencies used include 40 kHz and 200 kHz £14]. The transmitted

13



sound waves are then reflected from the target back to the receiver,

which waits for the first returning "echo", i.e., the first returning

ultrasonic energy having the same frequency as that transmitted.

To calculate target range a timer is used to determine the elapsed

time from the transmittea burst to the first received echo. This

elapýd, or round-trip, time is then used to calculate target range as

fol c'.s:

,round-trip time
tdrget range 8 Vair ru 2 ) (2.4)

where Vair is the velocity of propagation of sound in air and is given

by

Vair 1087.14 11 + T (°C)/273 ft/sec. (2.5)

Note that the velocity is temperature dependent.

With this pulse-echo technique, a single ultrasonic transducer.

(usually piezo-electric) can be used in both the transmit and receive

modes. Characteristically, these transducers exhibit mechanical

ringing after they have been electrically turned off, as the

transducer faces are not heavily damped. Depending on the amount of

damping, typical ring times may last from 10 to 1000 cycles in length

C14].

Although using only one transducer reduces a design's parts count,

a disadvantage of the system is that one-transducer operation,

combined with transducer ringing effects, limits the minilnum

14
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detectable target range. Since the receiver must be disabled during

transmission and for a fixed amount of time immediately after

transmission, the minimtim range is given by

lTtran-, + 26Tt ~+ Trin
minimum range (one transducer) = Vair (2.6)g 2

where Vair is as before, Ttrans is the time duration of the

transmitted pulse, and Tring is the duration of the transducer ring.

The Polaroid Ultrasonic Rangefinder [15] is a good example of the

one-transducer ultrasonic pulse-echo mode of operation. However, in

this implementation the operating frequency is not fixed, but is a

"chirp" of frequencies that include f = 49.7, 53, 57, and 60 kHz.

This selection of frequencies was chosen so that a loss in the

reception of any one frequency, due to the acoustic properties of the

reflecting surface, would not impair the overall ranging ability of

the device.

The minimum range difficulty of one-transducer operation can be

overcome by using separate transducers for the transmitter and

receiver. However, the receiving transducer must now be acoustically
.shielded from the transmitting transducer or the receiver must be

disabled during transmission. This prevents the transmitted

ultrasound from directly coupling into the receiver and causing a

false detection.

An example of the two-transducer pulse-echo mode of operation can

be found in (16J. In this example an array of ultrasonic sensors are

used to guide a wheeled robot along a winding hallway.

15
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2.6.2 Phase-Delay Measurement

The phase-delay measurement technique measures target range with

ultrasound by transmitting a continuous fixed-frequency wave and then

measuring the resulting phase shift of the received reflected wave.t Thus, separate transmitting and receiving transducers are required.
The phase shift may be measured with a zero-crossing detector and a

timer. The timer is reset when the transmitted (or reference) wave

passes through a zero reference point as determined by the detector.

The timer is then stopped when the received wave passes through the

same zero reference point. The resultinig elapsed time between the two

zero crossings thus determines the target range exactly as in the

pulse-echo technique described above.

A major dis~dvantage of the phase-delay measurement technique is

that an ambiguity exists when the elapsed tfime becomes larger than the

period of the transmitted frequency. This ambiguity thus limits the

maximum range of this technique to

I
maximum range = air ~ 0  ~(2.7)

where Fa is the operating frequency of the transmitter.

2.6.3 Frequen' '-Shift Measurement

A third ultrasonic technique that has been used in blind guidance

aids [3) is implemented as a continuous-wave frequency-modulated

system. In this system the transmitted wave has an instantaneous

frequency which depends only upon a sweep generator whose output is a

16



linear function of time. Target range is calculated by determining

*the frequency difference of the received wave and the wave currently

being transmitted. This difference is easily generated using a

multiplier and low-pass filter.

Since *the frequency sweep is linear in time, the frequency

difference indicates a time difference which represents the round-trip

time of the transmitted-reflected signal. The rci'nd-tr~p time is

rounid-trip time =Df T (2.8)
Fu - F

where Of is the frequency difference, T is the period of the frequency

sweand Fu and F, are the upper and lower frequency limits of the

transmitter, respectively. The range is then given by

round- tri time
range ' 'air )f 2 (2.9)

This system has a maximum r,.nige given by

maximum range V air (..)(2.10)

since (I range ambiguity will exist if the elapsed time exceeds the

sweep period.

~Lm Instead of using pressure waves (ultrasound) to measure target

range, alternate methods of measurement utilize electromagnetic

radiation. Two portions of the electromagnetic spectrum are of

interest; namely, infrared radiation and microwave radiation. As in

17



section 2.5, there ai'i several optical implementations available that

use infrared light; these are discussed in section 2.7. In section

2.8 the application of microwave radiation to target ranging will be

discussed.

2.7 Optical Ranging

As with optical sensing methods that use a binary mode of

detection, optical ranging methods for larger target ranges, i.e.,

greater than one centimeter, usually employ infrared light sources and

detectors. Optical ranging can be implemented with several techniques,

including triangulation, reflectance measurement, and phase.-delay

measurement.-

2.7.1 Triangulation

Triangulation is a technique in which a light source/receiver

assembly is mounted in such a way as to illuminate the tai-get in

question. Usually the receiver is a multiple array of phototransistors

configured so that sensitive volumes are generated which lie at the

intersection of the source and receiver's optical axes. See Figure 2.3

for a typical source/receiver arrangement. When a plane target surface

lies normal to the source's optical axis and within a sensitive volume,

the light is reflected uniformly from the surface in a sem-i-spherical-

pattern. Since each receiver has its own focusing lens, only a portion

of this reflected light will be detected by a receiving element [17).

Note that in Figure 2.3 a different element in the receiver is

activated depending upon the target position. Since the geometry of

18
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the situation is known (d, s, ~,and P), the X position of the

sensitive volumes V1, V2, .. ,Vn are alto known. Thus, a linear

target displacement in the X direction can be determined using the

array output to index a look-up table or its equivalent, such as a

hardwi red decoder.

The linear resolution of the sensor can be increased by increasing

the number of light-sensing elements per unit area. A digital

charge-i~njection device (C.I.D.) camera is a good example of a high

resolution (244 x 248 pixels) two-dimensional optical receiver array.

Using triangulation techniques, such cameras are used in [18] to

locate the three-dimensional location of a projected laser spot.

2.7.2 Reflectance Measurement

Reflectarnce measurement is an analog ranging method which senses

target range by measuring the output voltage of a receiving

photodetector. For a given target reflec~tance and orientation, the

received light flux is a function of distance [19). A typical voltage

response curve is shown in Figure 2.4. Note that target surface

properties (such as reflectance) determine which curve is generated.

If the nature of the target surface is known a priori, the curves

shown in Figure 2.4 may be used to generate a reference table.

Mleasured receiver voltages them index the table to determine a

corresponding target distance. To eliminate ambiguities, only one-half

of the bell-shaped curve is used.

The reflectance-measurement technique has a severe disadvantage in

that the amplitude of the output signal is solely used to determine

the target distance or range. This is in contrast to the triangulation*

20
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scheme in which a receiving element was either "on" or "off" and the

resulting binary pattern of several outputs determined the range.

However, this difficulty has been reduced in [19) with digital signal

processing techniques in which a weighted iterative filter is used to

generate usable vilues of target range.

2.7.3 Phase-Delay Measurement

The optical phase-delay technique-of target range measurement is

identical in theory to the ultrasonic phase-delay measureierit

technique in that the phase shift of the reflected signal is measured

and compared with the transmitted (reference) signal. However, a

measurement problem exists in that the frequency of infrared light is

approximately 100 Thiz (100 x 1012 Hz). At this frequency it is

extremely difficult to determine a phase shift while at the same time

providing an acceptable val'ue of range resolution.' This difficulty

can be resolved by amplitude-modulating the light beam with a much

lower frequency (203. Once the high-frequency carrier is stripped

away, phase detection on the remaining envelope may be performed.,

2.8 Microwave Ranging

Microwave ranging, commnonly known as radar (RAdio Detecting And

Ranging), can be implemented in several forms as was ultrasonic

ranging in section 2.6. When target distances are large, e.g., miles,

the pulse-echo technique can be used since the delay time for such

distances is measurable. For smaller distances an amplitude-modulated

continuous-wive (AM-CW) system may be used, as in section 2.7.3 (phase

detection). A variation of this method is the so-called

22
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"two-frequency" radar in which three frequencies are used to measure

target range:

F1 = Fc - Af, (2.11)

F2 Fc , and (2.12)

F3  Fc + &f. (2.13)

In this notation Fc and Af represent the carrier and difference

S.frequencies, respectively. This ranging method has been used to

determine the lateral position of an automatically controlled automobile

[21]. In this example Fc and if were chosen to be 10.5 GHz and 300

MHz, respectively. The transmitted signal consists of the two

frequencies F2 and F3 . By a clever modulation scheme in which both the

transmitted and received signals are modulated by F1 and F2 , after

filtering, a pair of signals are generated whose phase difference is a

function of target range only. In this example the values of Fc and Af

limit this range to approximately 50 cm.

/
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Chapter 3

t\ DEVELOPMENT OF A 40 KHZ ULTRASONIC RANGEFIND:NG SYSTEM

3.1 Selecting a Sensor System

The selection of any sensor system Is based upon .several

determining factors:

1) method of sensing (e.g., pneumatic, inductive, etc.)

2) effective sensing range

3) sensor size and required mounting configuration

. -A- - 4) support equipment required
/

"5) sensor reliability and durability
/

6) system noise immunity

7) system cost, etc.

The selection of a system based upon one or more of the above criteria

will usually limit the choices available in the evaluation of the

remaining criteria; e.g., if a pneumatic sensing system is chosen then

the effective sensing range will be limited to a few centimeters.

In the application discussed in this thesis, the modification of

Hexapod foot tr&jectories based upon terrain information requires the

anticipation of ground contact. Hence, a non-contacting sensor

system is clearly called for. Since a leg may travel a maximum

24
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vertical distance of approximately two feet, the sensor system chosen

must be able to gage foot altitudes over this range. As the space

available on the Hexapod is quite limited, the sensor system must also

be physically small and configurable in such a way that the sensors do

not restrict the Hexapod's movement. The Hexapod carries its own

regulated voltage supplies (± 15 volts and +5 volts); ideally the sensor

system selected should be able to work from these levels without the

necessity of other supplies. The system should also be rugged and be

able to withstand a reasonable amount of punishment without serious

performance degradation. Furthermore, the sensing technique chosen

should ideally be insensitive to external terrein conditions, and

'A. finally, the system should be as inexpensive as possible without

sacrificing system performnance.

The Hexapod's large effective sensing range requirement thus

eliminates the pneumatic, capacitive, and inductive sensing techniques

discussed in Chapter 2, which have maximum sensing ranges in the

centimeter range. Microwave radar, also discussed in Chapter 2,

exhibits problems both with excessively large minimum range and with the
physical size of the sensor system itself, which in the case of Bishel

[21J was quite large. There are two remaining methods from Chapter 2

that can meet the first three requirements listed above. These are the

* ultrasonic and the optical ranging methods. Due to the simplicity of

the ultrasonic pulse-echo technique, several sensor system designs using

this tec~ninque were investigated, two of which make use of the National

Semiconductor LM1812 Ultrasonic Transceiver. The third design is a

custom design built with operational amplifiers and discrete components.

It is this design which has bpen implemented on the Osu Hexapod.
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3.2 The National Semiconductor LM1812 Uitrasonic Transceiver

The LM1812 Ultrasonic Transceiver is a linear integrated circuit

developed by the National Semiconductor Corporation in the mid 1970's

(22). Primarily intended for high frequency (200 kHz) use in

fish-finding applications, it may also be used in air at the same or a

lower frequency, such as 40 kHz. (In air, a lower frequency minimizes

the effects of high frequency attenuation.) Features of this circuit

include single-transducer operation, high power output (12 watts

maximum), and internal noise rejection. A block diagram of the

transceiver is shown in Figure 3.1. National Semiconductor-suggested

circuits for the 200 kHz (water) and 40 kHz (air) implementations are

shown in Figures 3.2 and 3.3, respectively [23]. Note that in both

cases the transmitted frequency is a function of only one tuned circuit,

Li and C1. A modification of the 200 kHz circuit of Figure 3.2 for use

in air Is shown in Figure 3.4 [14).

As mentioned in section 2.6.1, target range is calculated with the

pulse-echo technique by determining the elapsed time from the beginning

of transmission to the first received echo. This elapsed time is easily

determined with an external counter which is reset upon transmnission and

then disabled upon the first reception of an echo. Pin 14 of the LM1812

transceiver is provided for just such a purpose: upon transmission pin

14 goes low and stays low until an echo is received, at which time pin

14 r~ses. Thus, with appropriate gating, the rising and falllnq edge-

of pi\ 14 may be used to drive the clear and enable lines of a counter.

3.2.1 LM1812 40 kHz Operation

A dification of the 200 kHz circuit of Figure 3.2 for use in air
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at 40 kHz is shown in Figure 3.3. The ultrasonic transducer used in

this circuit is a piezo-electric transducer having a resonant

frequency of 40 kHz. Available from Massa Products Corporation, its

complete specifi cations are listed In Figure A.1.

The circuit of Figure 3.3 was breadboarded. During testing, it was

noted that following transmission, the transducer exhibited a mechanica~l

ringing whose envelope closely approximated a decpying exponential.

This ringing was found to falsely triggerthreivrccury SIe
the receiver in-the LM1812 circuit is internally enabled as soon as the

transmitter is disabled, the smiall amount of transducer ring is

electrically coupled to the receiver input. This electrically-coupled

mechanical ringing consistently generated a false detection s ignal I t

the transceiver output, pin 14. An attempt to reduce the duration of

this transducer ringing met with only limited success, the basic idea

being to briefly connect an electronic damping circuit across the

transducer immnediately following transmission. An alternative to

electronic damping is to increase the internal mechanical damping of the

transducer, i.e., use a different transducer. However, other 40 kHý

transducers were difficult to locate; hence, this circuit was abandoned

with hopes that operation at 200 kHz would give better results.

3.2.2 LM41812 20' kHz Operation

Although the LM1812 transceiver was designed to operate at a

frequency of 200 kHz in water, it may be operated at this frequency in

air (see Figure 3.4) provided that the reduction in maximum range is

Z 6jacceptable. This reduction is due to the attenuation in air of the 200

kHz pressure waves. Operation at this frequency requires a transducer
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having a 200 kHz resonant frequency. This transducer is also available

from Massa Products Corporation; its complete specifications are given

in Figure A.2.

The breadboarded circuit of Figure 3.4 gave good results; the

duration of transducer ring was short enough that the false detection

plaguing the 40 kHz circuit did not occur. With component values shown

this circuit is capable of detecting objects up to approximately ten

feet away, providing the reflecting surface is flat and is positioned

parallel to the transducer face.

Due to the very narrow beamwidth of the 200 kHz transducer, slight

(± 50) angular deviations from the beam axis resulted in a total loss of

reflected signal. Similar results were obtained by Canall and De Cicco

[24] in a temperature-compensated 250 kHz version of this same circuit.

Since any leg-mounted sensor on the OSU Hexapod will be subjected to

angular displacements in the range of ± 200, the 200 kHz system as

discussed above was deemed unusable in this application. Inspection of

the radiation pattern of Figure A.1 provides a clue as to a poýslble

solution to this problem. At 40 kHz the transducer beamwidth is

relatively wide (- ± 10° at the -3 dB points), hence, the wider

transducer beamwidth should permit a larger angular deviation from the

beam axis without a total loss of reflected signal. A discussion of the

received signal strength as a function of beamwidth, angular sensor

displacement, etc. is given in section 4.2. To test this theory a 40

kHz ultrasonic transmitter/receiver circuit was constructed with

operational amplifiers and discrete components. This circuit is

described in detail in the following section.
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"3.3 A 40 kHz Ultrasonic Transmitter/Receiver Design

The transducer ringing problem experienced with the 40 kHz LM1812

circuit (section 3.2.1) can be circumvented using separate transmit and

receive transducers and custom electronics. Recall the problem with the

p single transducer circuit: following transmission, the mechanical ring

was electrically coupled into the receiver. In this design, since

* . separate transducers are used, the electrical coupling between the

transmitting transducer and the receiver input is eliminated. Thus,

* • provided that the transducers are acoustically isolated, the receiving

transducer may be enabled while the transmitting transducer is still

ringing. Acoustic isolation is required so that the transmitter ring

will not be acoustically coupled into the receiving transducer. If this

were to occur then the receiving transducer woulJ treat the coupled

pressure waves as ordinary echos, hence, a false detection signal would

i be generated.

The block diagrams of the transmitter and receiver circuits are

given in Figures 3.5 and 3.6, respectively. In the transmitter a

free-running 40 kHz oscillator is gated through an analog switch. The

control (or gating) signal is the output of a pulse width generator

(monostable multivibrator) which Is, in turn, enabled by the START

signal from the digital circuitry. The resulting output of the analog

switch is a one millisecond "burst" of 40 kHz ultrasound (40 cycles of

40 kHz). After power boosting, this burst is sent to the transmitting
*I

I transducer via shielded cable.

The receiver is similarly simple; the output of the receiving

transducer is preamplified and then bandpass filtered. The bandpassed
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signal is then incoherently demodu :ted and the resulting envelope is

threshold detected to form a STOP signal. After detection, this STOP

signal is converted to TTL- (transistor-transistor-logic) compatible

voltage levels and is then used to disable the counter in the digital

circuit. This is exactly the same procedure followed in the L%11812

transceiver circuit discussed previously. For clarity, the interaction

between the analog and digital circuitry is shown in Figure 3.7.

Although this figure shows only one transmitter/receiver pair, hereafter

referred to as a "sensor", it is to be noted that in this ?pplication

the Hexapod is equipped with six such sensors, one per leg.

3.3.1 Transmitter Circuitry

"A detailed schematic of the transmitter circuit used in the

realization of Figure 3.5 is shown in Figure 3.8. Given the

gain-bandwidth requirements of the transmitter and receiver (Figure 3.9)

subcircuits, National Semiconductor! LF351 operational amplifiers were

chosen.

Two such amplifiers are used in' the oscillator circuit. Oscillator

component values were chosen so as to achieve a nominal operating

frequency of 40 kHz, which may be fine-tuned with potentiometer P1. The

amplitude of the oscillator output lmay be adjusted with potentiometer

P2.

The gating of the oscillator is controlled by a monostable

multivibrator (1/2 74LS123). Upon reception of a negative-going START

edge at pins 3 and 4 from the digital circuit, a pulse is generated

whose t....e duration is nominally fixed at one millisecond. This width

may be adjusted with potentiometer P3. The outputs of the monostable
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multivibrator drive TTL open-collector inverters (1/3 7406) which in

turn drive the control lines (pins 1 and 7) of the analog switch. The

analog switch (National Semiconductor AH'O1O) is internally configured

as a four-input, one-output multiplexer; however, in this circuit only

two inputs are used. Thus, its output (pin 11) will consist of either

the oscillator input (pin 2) or a ground input (pin 6). The two switch

control lines are active low, and as wired in this circuit are

complementary. In this way when the oscillator is disconnected the

power booster input will be effectively grounded. Open-collector logic

is used to provide a large value of turn-off voltage required by the

switch control inputs.

The output of the analog switch drives a power booster circuit

consisting of an LF351 op-amp cascaded with a Motorola MC1438R current

amplifier. A 15 ko feedback resistor is connected from the booster

output to pin 4 of the analog switch. The internal FET transistor

between switch pins 4 and 11 compensates for the temperature sensitivity

and "ON" resistance of the FET switches. Since nwitch input'pin 2 is

connected to the oscillator circuit through a 15 ko resistor, the

overall voltage gain of the power booster circuit (from pot wiper to

booster output) is unity. In the event of a short circuit at the

booster output, two 10 ohm, 2 watt resistors (connected across pins 2

and 7 and the output, respectively) limit this short-circuit current to

approximately 300 mA.

3.3.2 Receiver Circuitry

The realization of the receiver block diagram (Figure 3 6) is

shown in Figure 3.9. The 40 kHz echo is first preamplified with an
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inverting amplifier whose gain may be adjusted with potentiometer P4.

The component values chosen fix the maximum and minimum values of

preamp gain to approximately 21 and 7, respectively.

The output of the preamp drives the active bandpass filter. Its

schematic and voltage transfer characteristics are given in Figure A.3.ý

Component values were chosen for a center frequency, Fo, of .40 kHz and a

midband voltage gain, Ho, of 20. The bandwidth, BW, was chosen to be

approximately 5 kHz, giving the filter a Q value of eight. (For this

filter configuration the upper limit on Q is approximately ten.) Thus,

from Figure A.3,

RI = 1.59 kP, (3.1)

R2 = 294 o, and (3.2)

R3 = 63.66 kQ , (3.3)

if C1 - C2 = 0.001 F. Note that if the bandwidth is fixed then

resistor R2 alone determines the filter's center frequency. Hence, in

Figure 3.9, the 470 ohm shunt across the series combination of

potentiometer P5 and the 100 ohm resistor permits the filter's center

frequency to be fine-tuned, avoiding the necessity of close-tolerance

filter components.

The output of the filter is a relatively large amplitude burst of 40

kHz ultrasound which swings symmetrically about ground. The leading

ecge of this burst denotes the first reception of the received echo; it

is this edge which must be detected and converted into a digital STOP

pulse for use by the digital circuitry. A simple incoherent

demodulator/threshold circuit is used to perform this'conversion. After
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"demodulation, only the env-lope of the positive portion of the

i burst remains, which is then passed through a threshold detector. The

detector discriminates between valid returned echos and spurious noise

.• . which may be present at the demodulator output.

A simple diode demodulator consists of a diode followed by a

"low-pass filter. A conventional silicon diode must be forward biased by

at least its cut-in voltage (approximately 0.6 volts) before conduction

can occur; hence, for the demodulator output to track a rising input* .1waveform the demodulator input must be larger than the demodulator

output by at least the diode cut-in voltage. In any ultrasonic ranging

system the received signal strength decreases greatly with increased

Itarget range, and may easily drop to a value below that of the diode

cut-in voltage. This occurrence severely limits the system's mdximum

sensing range.

j A simple solution to the above difficulty is to use an active diode.

Ideally, the demodulator input then need only be greater than its output

for signal rectification to occur. The active diode configuration thus

permits rectification even with very small (millivolt) comparator

voi tage differences.

The required time constant of the demodulator's low-pass filter is

-determined by the operating frequency of the transmitter. This time

_......__ constant is chosen so that the filter can follow the low-frequency

envylope of the received echo while rejecting the high-frequency (40

SkHz) carrier. A time constant of 320 AS was experimentally found to

op* 4mally satisfy both requirements.

The output of the demodulator circuit is compared to a DC voltage

va'ie in the threshold circuit. With component values shown the
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reference level may be varied with P6 from approximately 0.17 to 0.65

volts, a range found expe rimentally to be adequate. The output of the.

threshold circuit is a pulse swinging from -12 to +12 volts as the

demodulator output rises above the DC threshold value. This pulse is

then converted to TTL-compatible voltage levels using a simple

transistor inverter with its collector pulled up to +5 volts. A diode

clamp across the transistor's base-emitter Junction prevents reverse

breakdown during large negative swings in the output of the threshold

circuit.

3.4 Digital Electronics Design of the 40 kHz Ultrasonic Rangefinder

The digital electronics of the ultrasonic rangefinder is comprised

* of three basic subsystems:

g 1) System timing and transmitter control

2) Range counter and counter control

3) PDP 11/7U computer interface logic.

ý3.4.1 Systemn Timing and Transmitter Control

The system timing and transmitter control subsystem specifics which

ultrasonic sensor is to be enabled and when this enabling is to take

place. A sequencing scheme is followed in which only one

transm'itter/receiver pair is active at any given time. This sequencing

is used to minimize any acoustic interaction between sensors, and is

implemented with a "window generator" circuit. A low frequency clock

signal derived from the range counter clock signal (see section 3.4.2)

drives the window generator such that its outputs GO-G7 (see Figures
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3. 10 and 3.11) sequentially enable one of eight possible transmitters

approximately 11.4 times per second eacti. Again, in this application,

only six sensors are, in fact, being used. Note from Figure 3.11 that

a falling edge on window generator output line Gn is required to trigger

the START,, input of ultrasonic transmitter Tn. Range data is computed

each time a sensor is enabled. Since the H~exapod's maximum speed is

approximately five inches per second, the 11.4 Hz range update rate was

deemed satisfactory; larger Hexapod velocities would require faster

scanning speeds.

3.4.2 Range Counter and Counter Control

Since the sensors are scanned sequentially, the ela!,sed-time

counter, hereafter referred to as the range counter, may be shared by

all sensors. Thus, as shown in Figure 3.7, the counter begins to count

as each transmitter is enabled. A STOPn pulse from corresponding

receiver Rn (see Figure 3.11) disables the counter and loads data

register DRn with the counter value. If a STOP pulse is not received

from the corresponding receiver within a time corresponding to a maximum

target range of approximately 37 inches, then the counter is

automatically disabled. This maximum range value is a function of the

window generator clock frequency, and is derived in the following

paragraphs.

The range counter controller of Figure 3.11 has two inputs,

transmit, TR, and receive, RC. TR is generated at a fixed rate of

91.1 Hz from the logically OR'ed outputs of the window generator

circuit. RC is the output of an eight-input multiplexer which routes

the STOP signals from the receiver circuits. The selection of the
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'4.

proper receiver output is determined by window generator outputs GO

thru G7. The counter controller has three outputs, CLR, EN, and LOAD.

When CLR is asserted the counter is synchronously cleared; when EN is

asserted the counter is enabled and begins to count. The LOAD output

synchronously loads one of eight data registers with the range counter

value provided that the computer is not simultaneously trying to read

that particular register. (Register loading is discussed fully in

section 3.4.3.)

The state diagram of the range counter controller is shown in Figure

3.12. State A is the counter reset state; while in this state the

counter is continually cleared. Controller input TR becomes '--ically

true at the time that any window generator output falls, i.e., at the

'p time that one of the transmitters is enabled. At this time the counter

controller synchronously switches from state A to state B. While in

state 8, the count state, the counter controller asserts its FN oitput

and the previoufly cleared range counter begins to count. This count

function is disabled If the counter controller's RC input is asserted (a

STOP signal has been received) or if the TR input is unasserted (target

is out of range). From Figures 3.10 and 3.11, TR is unasserted after

NJ a period of 5.49 milliseconds. This time, established by the window
"--.

generator circuit and its 91.1 Hz clock, determines the maximum sensing

range of the system:

Maximum Range = Maximum Delay Time x Vair/ 2  (3.4)

= 5.4ý mS x 1130.1 ft/sec /2

= 3.1 't * 37.2 inches. (T 22 *C.)

SThis 37.2 Inch maximum rank is .udore than sufficient for the OSU
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Figure 3.12
State Diagram of Range Counter Controller.
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Hexapod application. Continuing with the state diagram of Figure 3.12,

3 if either of the two branch conditions discussed above exist during

state B, the counter controller synchronously switches to state C, the

load state. During the clock cycle that the counter controller is in

this state, the controller's LOAD output is asserted and the range

counter data is loaded into one of eight data registers, as discussed in

section 3.4.3.. Following state C, the controller automatically enters

state D, the wait state. The controller remains in this state until the

~1~* TR input is unasserted, at which time the controller begins an entirely

new cycle by transferring back to state A. If the out-of-range

condition forces the transfer to state C, then the controller will

remain in state 0 for only one clock cycle before transferring back to

state A.

The range counter and counter controller clock rate was chosen so

as to provide a "reasonable" amount of range resolution, which for the

Hexapod was chosen to be 0.1 inches. Since the resolution is given by

Resoutin =2 x clock 1'requency

this resolution corresponds r;o a cl~ock frequency of 67.8 kHz. (T = 220

j ~C.) For simp~clty, a flock frequency of! 70 kHz was chosen. this clock

signal is derived from the high fre~quency clock used in the computer

interface circuitry of section 3.4.3. Since from Figure 3.10 the

V'r-: maximum delay t-ime during which the counter is enabled is 5.49

millise~conds, a frequency of 70 kHz will produce a maximum counter value

of 384. Hence, a 9-bit binary counter is required.
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3.4.3 POP 11/70 Computer Interface Logic

The computer interface logic is responsible for communication

between the digital circuit and the PDP 11/70 minicomputer. Several

communication schemes to retrieve the updated range information are

possible, including device polling and interrupt-driven techniques. A

third, much faster method which has no computer-interface handshaking

relies upon the digital circuit to be ready for computer read and write

operations at any given time. Since the cycle time through the existing

Hexapod control loop is already quite long, it was desired that the I/O

interaction time between the 11/70 and the digital circuit be minimized.

Hence, the third communication technique, described below, was chosen.

Communication with the digital circuit is implemented with a 16-bit

parallel data link which interfaces with the 11/70 through a DEC DR11-C

parallel interface board. The DR11-C interface board handles all

computer-requested input/output (I/O) with two signal lines labeled NEW

DATA READY, NDR, and DATA TRANSMITTED, OT [25). During an 11/70 write

operation, 16-bit data is written to the DR11-C output port as the NDR

line is strobed. The falling edge of NDR indicates that the data is

stable. During an 11/70 read operation the 11/70 reads the 16-bit

DR11-C input port and simultaneously strobes the DT line. The falling

edge of DT indicates the time at which the data is latched. The

asynchronous nature of this I/O operation is indicated in Figure 3.13.

Since the digital circuit has eight data registers, each nine bits

wide, for a total of 72 data bits, a multiplexed I/O scheme is used.

In this scheme the 11/70 first transmits a 3-bit register address
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which selects the desired data register, and then strobes NOR. The

11/70 then reads the selected 9-bit data and strobes DT. Note that

since no handshaking is used a problem can exist when the computer

attempts to read the contents of a data register which is in the process

of being loaded. Since the data register flip-flops may still be

changing state, the read operation could return unreliable data. A

simple solution to this problem is to inhibit the register-loading

operation-during t1~e time between the negative, edges of the NOR and DT

signals of Figure 3.13. The capability to perform and detect such a

load-inhibit operation has been implemented in the digital circuit and

is shown in block diagram form in Figure 3.14.

The basic premise of the register-loading scheme of Figure 3.14 is

that data register ORn may only be loaded if three conditions exist:

1) the sequencing logic determines that register DRn

is to be loaded,

2) the counter controller's LOAD output is asserted, and

3) the 11/70 is NOT trying to read register DRn at the

time that (1) and (2) are occurring.

If all three conditions are satisfied then the LOAD DRn output (see

Figure 3.14) is asserted. This output directly enables tne loading of

register DRn.

Condition (1) is satisfied by the "window expander" circuit shown

in Figure 3.14. This circuit is driven by the window generator

circuit; its input and output timing waveforms (GO-G7 and EO-E7,

respectively) are shown in Figure 3.15. Thus, only one of the eight

registers may be loaded at any given time. The outputs from this

circuit are logically AND'ed with condition (2) (LOAD) and then with
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the outputs of a one-of-eight decoder which is enabled by the LOAD
INHIBIT output of the Load Monitor. Note that the decoder outputs are

high when the decoder is disabled, i.e., when the computer is not

performing a read or write operation. When the decoder is enabled and

register DRn is selected (by the computer), decoder output n falls,

disabling the LOAD DRn line.

The Load Monitor shown in Figure 3.14 is a simple controller which

mcnitors the NDR and DT lines for their respective negative edges

discussed above. Its state diagram is shown in Figure 3.16. Its output

is asserted between the times that the NDR and DT lines go negative.

Since the ouration of the NOR and DT pulses of Figure 3.13 is very

short (typically 400 nS), the controller must respond very quickly in

order to avoid missing one or both pulses. This capability is provided

using a relatively high frequency Load Monitor clock. A conveniently

available 10.08 MHz hybrid integrated circuit clock chip provides this

frequency.

TRe detection of the load-inhibit operation is performed by the

eight-to-one multiplexer shown in Figure 3.14. When the multiplexer is

enabled each Input line monitors the logical AND of conditions (1) and

(2). From abovE, if the computer selects register ORn, then multiplexer

input line n is routed to the output which will set the "read error"

flip-flop if input line n is a logical "1". Note that this flip-flop is

reset upon every rising edge of NDR, i.e., during a new read cycle.

The remainder of the interface logic consists only of data

registers DRO-DR7, multiplexers MO-M8, and the Isolaticr circuitry

which buffers all I/O lines to and from the DR11-C interface board.

Multiplexers MO-M8 channel the nine bits of computer-selected data to
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the input port of the DR11-C. This logic is shown in Figure 3.17.

The buffer circuitry consists of Motorola MC1488 line drivers and

Hewlett-Packard HP2630 opto-isolators. This circuitry is shown in

Figure 3.18.

A detailed schematic of the digital circuit as discussed above may

be found in Appendix C.

C.7
Ii

a's.

b55

":a

M i

p.



!

4L J

6 U

° I-

q9%-

cc.

41'

€•, 441

58



ODgital Circuit MC1488q BRead Error'

'SIa silt

In

T - U

" / / Un t bus

HF OR ou 1 0 Ur i I bs OP177

, , i' • _DR out 2 I

Figure 3.18
",..

"I/O Buffer Circuitry.

N/

/



Chapter 4

EXPERIMENTAL RESULTS OF THE 40 KHZ ULTRASONIC RANGEFINDER

In this chapter, experimental observations of the 40 kHz ultrasonic

rangefinding system developed in Chapter 3 are discussed. These

observations can be separated into three groups, one dealing with the

rangefinder's ability to measure target distance, another which

discusses the rangefinder's environmental sensitivity, and the third

which discusses the operation of the rangefinder's analog circuitry.

A photograph of the breadboarded rangefinding system is shown in

Figure 4.1; note that six transmitters and receivers have been

constructed. To reduce the amount of transmitter circuitry, a single

40 kHz oscillator is shared by each of the six transmitters. A

prototype ultrasonic sensor unit, containing the transmit and receive

transducers, is shown in Figure 4.2. The sensor's "nose" piece, which

separates the transmit and receive transducers, is used to eliminate

transducer sidelobe interference which would otherwise falsely trigger

the receiver circuitry.

4.1 Rangefinder Measurement of Target Distance

The ability to gage target distance with the rangefinder developed
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in Chapter 3 was experimentally determined using the digital circuit's

range counter. In this experiment, th3 9-bit range counter output was

monitored as the sensor was moved vertically above a flat metal plate.

"Figure 4.3 shows the experimental plot of the counter output as a

function of vertical sensor height. Note the extreme linearity of the

plotted points; a linear regression analysis of this data yields a

correlation coefficient of greater than 0.99. (A straight line has a

correlation coefficient of unity.) Also note from Figure 4.3 that the

data does not pass through the origin, but exhibits an offset. This

offset, corresponding to a measured delay of approximately 120 gS, is

"due to the fixed response time of the receiver circuitry. Finally, note

from Figure 4.3 that the x-axis variable, sensor height, is plotted to

only 35 inches. At greater heights the received echos are too weak to

trigger the receiver circuitry. This is due to the fixed settings of

the receiver's gain and threshold potentiometers, which may be adjusted

for a larger maximum range if desired. However, the present maximum

L range of approximately 35 inches is more than sufficient for the OSU

Hexapod, and in any case is practically limited to 37.2 inches by the

digital circuit's timing restrictions (see section 3.4.2). Furthermore,

increasing the gain to permit larger values of target range may present

a problem when small target ranges are encountered, due to the large

amplification of residual noise present at the output of the demodulator

.circ-uit. This amplified noise, when larger in magnitude than the DC

threshold level, will generate erroneous STOP signals at the receiver

output. With cuerent gain and threshold settings this phenomenon is

observable when a flat metal target is positioned approximately four

inches from the sensor. On the OSU Hexapod, this difficulty is avoided
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by mounting each sensor more than four inches from the foot tip of each

leg, as will be discussed in section 5.1.

4.2 Environmental Sensitivity of the 40 kHz Ultrasonic Rangefinder

As mentioned briefly in section 3.2.2, the rangefinder is sensitive

to sensor/target orientation angle, sensor height above a target, and

the scattering properties of the targat itself. In each case, the 1net

¶ result is a reduction in the strength of the received signal, which is

discussed in the following sections. Rangefinder sensitivity to the

above parameters will be demonstrated by recording the peak amplitude of

the envelope of the received sinusoidal echos; this envelope is

Ll available at the receiver's demodulator output. This is a convenient

point at which to observe trends in the strength of the received signal,

for at this point, the signal has already been amplified and had its

[1 carrier signal removed.

For convenience, in the following experiments an X-Y plotter was

used to obtain a permanent record of the peak-amplitude data as a

function of horizontal sensor position. The dependent variable was

chosen so that the sensor could laterally scan the target surface at a

constant height. This configuration thus permits a measurement of

received signal strength as a function of target scattering properties.

The plotter's x-axis input is controlled by a potentiometer which

records the ultrasonic sensor's horizontal position over a target. The

generation of the plotter's y-axis input signal is described below.

Due to the plotter's very low bandwidth, the receiver's

demodulator output cannot directly be used to drive the plotter's

y-axis input. This is due to the plotter's inability to accurately
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respond to the relatively fast demodulated signal, the time duration of

which is typically only one to two milliseconds. To overcome this

bandwidth mismatch, a peak-detect/hold circuit is used to interface the

demodulator output to the plotter's y-axis input. The peak detector

tracks and retains the maximum value of the demodulated signal. To

detect time-varying changes in the peak envelope amplitude, and hence,

in the peak strength of the received signal, the peak detector is

synchronously reset by the digital circuit at its range-update rate of

11.4 Hz. A sample-and-hold circuit samples the peak detector output;

its purpose is to mask the "glitches" present in the detector output due

to the 11.4 Hz reset operation. The output of the hold circuit is a

slowly varying DC voltage representing the peak value of the received

signal; it is this signal which directly drives the y-axis input of the

X-Y plotter.

4.2.1 Sensor/Target Orientation Angle Sensitivity

In this work, sensor/target orientation angle, hereafter referred to

as sensor angle, is defined as the angle between a line drawn normal to

the sensors' transducer faces and a line drawn normal to the target

surface. See Figure 4.4. For simplicity, in the following experiments

the sensor is limited to one degree of angular freedom. This sensor

angle, from Figure 4.4, is generated by a rotation about point A.

Figure 4.5 illustrates the effect that sensor angl has upon the

strength of the received signal. In this experiment, the target was a

flat metal plate separated from the sensor by a distance of eight

inches. To obtain an average indication of this peak s gnal strength,

the sensor was swept horizontally at a slow rate above he metal plate.
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Sensor Unit

Receiving Transducer

Transmitting
Transducer

A • Sensor Angle

Taget Surface /

Figure 4.4

Definition of Sensor Angle.
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Note from FPgvtr 4.5 the resulting decrease in peak signal strength as

the sensor angle is increased. At an angle of ten degrees the received

signal strength is approximately 60% of its value when the sensor angle

is zero. At fifteen degrees the signal strer.3th has been reduced to

approximately 25% of its zero-angle value; at angles exceeding

approximately twenty degrees, the signal is lost in the noise of the

demodulator output.

The decrease in received signal strength as a result of increased

sensor angle is not unexpected if the concepts of specular and diffuse

reflection are considered. Specular reflection results when a wave,

e.g., a sound wave, is incident upon a smooth surface. "Smooth". in

this sense is defined by a surface whose irregularities are much smaller

than the wavelength of the incident wave. On the other hand, diffuse

reflection will occur if the dimensions of the surface irregularities

approach or exceed the wavelength of the incident wave. As the

wavelength of 40 kHz ultrasound is 0.34 inches, specular reflection is

clearly occurring in the above experiment. However, this type of

reflection is undesirable in a ranging system, that will be subjected to

large values of angular sensor displacement, a fact easily seen from

Figure 4.6. Note that the receiver can only detect an echo if the

reflected sound impinges upon the receiving transducer. Advancing this

concept, if the transmit and receive transducers have narrow beamwidths,

then only slight sensor angles can be tolerated. Conversely, wide

transducer beamwidths will permit larger angular deviations before the

echo is undetectable. This concept was instrumental in the selection of

the wider-beamwidth 40 kHz transducers over the narrow-beamwidth 200 kHz

units of section 3.2.2.
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Sensor Unit

-A Receiving Transducer

Transmittisng

Figure 4.6 -

Loss of Received Signal Due to Sensor Angle, Under Conditions

of Specular Reflection.
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4.2.2 Sensor Height Sensitivity

.3 In addition to being angle sensitive, the sensor is also height

sensitive. Figure 4.7 illustrates this height sensitivity; as in

"Figure 4.5, the peak voltage value of the receiver's demodulator output

is plotted as a function of horizontal sensor position. Note that the

peak signal strength is a nonlinear function of sensor height and that

even at relatively large heights this peak value is well above the

demodulator noise level. A discussion of this nonlinearity is given

, below.

Given a small, fixed-area target, theoretical considerations dictate

that the power of the received signal varies inversely with the fourth

power of target separation distance, d [15]:
ft.d

received power =ki *[** 2*_I x trans mitted power ,(4.1)

where a is the attenuation constant of 40 kHz ultrasound in air and kj
is a constant of proportionality. However, in the above experiment the

area of the metal plate target was much greater than that of the

transmitted beam, and hence for these purposes may be treated as

infinite. In that case, theory predicts that the received signal power

varies inversely as only the square of target separation distance:

.. received power = ki U - x transmitted power . (4.2)
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At small target separation distances, the attenuation may be

neglected:

received power -k (4.3)
transmitted power=d

For a piezoelectric transducer, the voltage generated by incident

-J acoustic power, P, is

generated voltage k k2 IT (4.4)

Taking the square root of both sides of equation 4.3 and substituting

into equation 4.4 yields an inverse relation between the generated

transducer voltage as a function of sensor height:

generated voltage d (4.5)

Equation 4.5 was verified by plotting average values of the

experimental peak voltage data of Figure 4.7 as a function of (lid),

~C4 the reciprocal of sensor height. This plot is shown in Figure 4.8.

Returning to the comparison of sensor height and angle sensitivity

* -as discussed at the beginning of this section, further comparisons of

Figures 4.5 and 4.7 indicate that the sensor is much less sensitive to

linear displacements than to angular displacements. This is a useful

observation, for it indicates that the sensor may be used with

confidence at ýelatively large target ranges provided that the sensor

angle is sali.e., less than approximatel y five degrees.

4.2.3 Envlronm ntal Sensitivity of the Ultrasonic Rangefinder

The sensor's angle sensitivity to smooth surfaces, as noted in
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section 4.2.1, is due to the specula'r mode of reflection which is

occurring at the target. As the target surface roughness is inc reased,

the incident ultrasound will be scattered and only a portion of this

/ A energy will be detected by the receiver. To demonstrate this

phenomenon, peak signal strength was plotted for five different

surfaces: dirt (a), sand (b), small gravel (c), large gravel (d), and

large stones (e). See Figure 4.9 for an illustration of these

surfaces. In this experiment, the sensor's height above surfaces

(a)-(e) was fixed at eight inches while the sensor angle was fixed at

zero degrees. As before, the sensor was horizontally swept over the

target surfaces. Note from Figures 4.10-4.14 that the peak signal

strength varies greatly as the sensor is horizontally moved. These

variations, much larger than those encountered with the metal plate

target of Figure 4.7, are to be expected, due to the gross

inhomogeneity and roughness of the target surfaces. This data suggests

that the system's ability to gage target range over rough surfaces may

be marginal at best, due to the frequent dropouts in received signal. A

possible solution to this dropout problem may be to greatly increase the

transmitted power level. Thus, when diffuse reflection occurs, the

relatively small percentage of received signal will still be sufficient

to accurately trigger the receiver circuitry. Another possibility would

be to vary the frequency of the transmitted ultrasound, as fn the

Polaroid Ultrasonic Rangefinder. This technique, as discussed in

section 2.6.1'. reportedly avoids dropouts associated with any single

frequency.

Again, with diffuse reflection, incident ultrasound is scattered

after striking a relatively rough target surface. Hence, at relatively
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(a) Dirt

(b) Sand

(c) Small Gravel
Figure 4.9

Target Surfaces Used to Test the Rangefinder's Environmental Sensitivity.
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(d) Large Gravel

/ "!

(e) Large Stones

Figure 4.9 (cont'd)
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Peak Voltage (V)

4

2
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2 4 6 8 10
0

Horizontal Sensor Position (inches)

Figure 4.10

Peak Signal Strength of Demodulator Output as a Function of
Horizontal Sensor Position, for Target (a), Dirt

Peak Voltage (v)

4

3

2

1 
1

Horizontal Sensor Position (inches)

Figure 4.11
Peak Signal Strength, Target (b), Sand.
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Nue4.12

Peak Signal Strength, Target (c), Small Gravel.

Peak Voltage (V)
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* p 4
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0

Horizontal Sensor Position (inches)

Figure 4.13

Peak Signal Strength, Target (d), Large Gravel.
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Peak Voltage (V)
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2 4 6 8 10
0

Horizontal Sensor Position (inches)

Figure 4.14

Peak Signal Strength, Target (t), La. ge Stones.

80

-------------------------.



large sensor angles, the percentage of received signal is substantially

greater than that encountered when the surface is smooth and specular

reflection occurs. Figures 4.15-4.18 demonstrate this fact using a

target surface of small gravel, surface (c). Note that the average

signal strength is reduced as the sensor angle is increased, but at a

much slower rate than that 'encountered in Figure 4.5 where the target

surface was smooth. From Figures 4.15 and 4.18, a sensor angle of

fifteen degrees yields an average value of signal strength that is.

nearly 65% of its zero-angle value. This relative increase in the

percentage of received signal, as compared to the specular reflection

data, is important, for it indicates that larger sensor angles are

tolerable when diffuse reflection occurs.

4.3 Transmitter/Receiver Electronics

In this section the operation of the analog circuitry is discussed.

To provide a fuller understanding of its operation, photographs of

typical oscilloscope waveforms at various points in the transmitter and

receiver circuits are shown. In the transmitter circuit, Figure 4.19

shows ýhe relationship between the digital START signal and the

monostable multivibrator output; Figure 4.20 shows the outputs of the

oscillator and power booster circuits. A magnified view of the ringing

present at the transmitting transducer is shown in Figure 4.21. The

falling edge of the top trace of Figure 4.21 indicates the time at

which the transducer is turned off. Typical receiver waveforms are

shown in Figures 4.22 and 4.23 when a smooth metal plate is positioned

parallel to and five inches in front of the sensor face. Figure 4.22

shows the outputs of the preamplifier and active bandpass filter.
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Figure 4.15
Peak Signal Strength with Small Gravel, Sensor Angle *00
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Figure 4.16

Peak Signal Strength with Small Gravel, Sensor Angle So5.
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Figure 4.17

Peak Signal Strength with Small Gravel, Sensor Angle - 100.
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Figurt 4.18

Peak Signal Strength with Small Gravel, Sensor Angle 1 S0.
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jL Jj1 -0 OcILLO!bCOPE (100MHZ)

START 2 V/div

1 mS/div

Monostabl e
Multivibrator5V/i

Output ; j7~

Figure 4.19

START and Monostable Multivibrator Output Timing.

- i-ikrAI1740A OSýCILLOSCOPE (100MHZ)

Oscillator ..... .... ... 10 V/div

Output l I I ~ I

.~ .*, ~0.5 mS/div

Power Booster 1 /i

Figure 4.20

Oscillator and Power Booster Outputs.
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Gating 5, V/div
Signal

Hi ... 20 US/div

Transducer 5 V/div

Output . .. ..

Figure 4.21

Tran smitting Transducer Ringing Phenomenon Immnediately Following
Turn-Off.

Bandpass Filter2V/v
Output

0.5 mS/div

0.2 V/div

Pre-Amnp i f ier
Output

S. Figure 4.22

Pre-Amiplifier and Bandpass Filter Outputs.
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Figure 4.23

Digital STOP Output Timing as a Function of Demodulator Output Voltage.
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Figure 4.23 shows the outputs of the demodulator and the corresponding

I~ timing of the TTL-level digital STOP signal.

As breadboarded, the analog electronics exhibit two adverse

ch'aracteristics which do not impair the overall performance of the

q sensor system, but which are discussed here to aid in the possible

redesign of future sensor systems. The first is a consequence of the

close proximity of and the lack of isolation between the receiver

circuits on the analog circuit board. It was experimentally found that

strong signals present in one receiver could induce similar signals into

adjacent receivers, thus falsely triggering their STOP outputs. As

mentioned above.. this coupling does not affect the performance of the

overall system, due to the time-multiplexing of the STOP signals in the

digital circuit (see Figure 3.11).. Nevertheless, this coupling may be*

eliminated by physically separating or shielding each receiver.

LIA second undesirable aspect of the analog circuitry is a coupling

aphenomenon that exists between th e transmitters and receivers. This

coupling, found to be both electrical and-acoustical in nature, is

responsible for generating positive and negative reinforcement points

(nodes and antinodes) at the demodulator outputs as their respective

sensor heights are varied. These nodes were found to exist at every

half-wavelength increment in sensor height. The electrical coupling is

- - generated by a leakage from the transmitters' 40 kHz oscillator output

into the receiver circuits, and may be eliminated by isolating the

transmitter circult-ý, from the receiver circuitry. A second, much

weaker, coupling was found to exist when a transmitter and receiver were

totally isolated on separate breadboards and powered with separate
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power supplies. This coupling, experimentally verified to be acoustical

in nature, was found to generate nodes and antinodes as before, at every

half-wavelength change in vertical sensor height. This acoustical

coupling exists betwepn the cransmit and receive transducers, and is

easily reduced by surrounding the back of each transducer with

sound-absorbing material.
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V Chapter 5

APPLICATION! OF THE 40 KHZ SENSOR SYSTEM TO

Q1. THE OSU HEXAPOD

The application of the 40 kHz sensor system to the OSU Hexapod is

discussed in this chapter. This application includes both the sensor

hardware mounting and the development of algorithms used in the

cuntrol of Hexapod foot altitudes. For clarity, an overview of the

existing Hexapod control scheme is also discussed.

5.1 Sensor Hardware Mounting Configuration

The analog and digital electronics have been housed in a metal

enclosure and mounted to the Hexapod frame; see Figure 5.1. Data link

and power supply connections are visible at the rear of the enclosure;

twelve BNC connectors, two pee sensor, are visible on che underside of

the enclosure and are shown in Figure 5.2. Small diameter coaxial

cable, used to minimize electrical interference from external sources,

__ - connects each transduce, with its corresponding analog circuitry.

The sensors are mounted twelve inches from the tip of each foot

and are forward looking. The selection of the sensor mounting height

was chosen to satisfy the rangefinder's minimum range of approximately

four inches and to prevent a mounting difficulty with the force
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Figure 5.1

40 kHz Sensor Electronics Hour;tlng on the OSU Hexapod.

IA

Figure 5.2

Underside View of Sensor Electronics Enclosure Showing

Ultrasonic Sensor Cable Connections.
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transducer electronics which are housed inside the Hexapod's lower leg

segments. The forward-looking sensor mountiaig configuration, as shown

in Figure 5.3, was chosen so that the sensor could anticipate

obstacles before the leg actually contacts or moves over them. Of

course, this configuration severely limits the system's sensing

effectiveness when the Hexapod maneuvers in the reverse direction.

5.2 Overview of Existing Hexapod Control Software

To aid in the understanding of the software developed for the

'control of Hexapod foot altitudes, a brief overview of the existing

Hexapod control scheme is first presented. In this thesis, all work

has been done using Hexapod Coitrol Software Version 4.0 [27].

Currently under development, this restructured control scheme has been

upgraded from Version 3.5 [6) to permit six-degree-of-freedom body

control. Changes notwithstanding, the overall Hexapod control

philosophy remains intact, and is discussed below for clarity.

Hexapod control software is currently partitioned into a set of

well-defined functional blocks, or subtasks [6). This control task

- partitioning is shown in Figure 5.4; the directional flow of

information between subtasks is indicated by the arrows. Although it

is beyond the scope of this work to justify and analyse each subtask,

a brief description of each functional block is clearly in order.
-.J

The executive software provides the interface with the human

operator, who specifies via a CRT terminal desired vehicle parameters

such as velocity, direction, and operating mode. The body motion

planuirg routine preconditions these operator inputs for use by the

lower-level subtasks. The primary function of the leg coordination
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Figure 5.3

Forward-Looking Mounting Configuration of the 40 kHz Sensor Units.
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software is to insure that the Hexapod is always supported by a stable

set of three or more legs, and that during locomotion, the legs do not

collide with one another or with the vehicle body. The foot

trajectory planning subtask specifies how the legs are to be moved

during Hexapod locomotion in order to realize the operator commands

obtained via the executive software. Current Hexapod foot trajectory

software allows for several modes of locomotion, including a cruise

mode, a side-step mode, and a turn-in-place mode [4]. Finally, the

Jacobian servo control sub'iask is responsible for converting commanded

foot trajectories into actual Hexapod joint positions and rates. A

detailed description of the latter subtask is given in the follcwing

section.

5.2.1 Review of Hexapod Jacobian Servo Control

A block diagram of the Jacobian control structure for one leg of

the OSU Hexapod is shown in Figure 5.5 [6]; a description of each

servo parameter may be found In Table 5.1. In this error-driven

servo, a velocity loop closed in angular joint coordinates controls

the angular velocity of a given joint actuator, while a position loop

closed in rectangular body coordinates controls the position and

velocity of a particular foot tip. Each leg servo has two inputs: a

desired position, Xd, and a desired rate, Xd. Commanded foot rates,

Xc, are generated by errors in either foot position or velocity. The

inverse Jacobian matrix £26) converts these rectilinear rate commands

into angular joint rate commands, ec. If differences exist in the

actual and commanded joint rates, an error voltage, V, is generated

which tends to force these differences to zero.
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Table 5.1

JACOBIAN CONTROL PARAMETER DEFINITIONS

X D X0 Y0 Zo] (desired foot position expressed
D..D-0in body coordinates)

XA -[XA YA ZA]T factual foot position expressed
in body coordinates)

X0D - 'o Z (desired foot velocity expressed
in body coordinates)

XA -XA YA 'A] (actual foot velocity expressed
in body coordinates)

C- Y T(commanded foot velocity ex-
pressed in body coordinates)

e- Ce1  8c] (vector oi'! joint rate commands)C - C2

E"6 -e e 8 1 ee 2 T (vector of joint rate errors)

V TV =[Vq Vel ve2] (vector of joint actuator inputvoltages)

el [c6p 1 e2 T (vecto'r of actual joint angles)

TT
e -- [ 2I (vector of actual joint rates)

kPX 0 0

Kp 0 k a (position gain matrix)

0 k pz

J(-e) Jacobian matrix which converts from joint rates
to rectilinear foot velocity

Kinematics B equations which convert joint angles to
rectilinear foot coordinates
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5.2.2 Review of Hexapod Leg Motion During LOCOmotion

During Hexapod locomotion, each leg cycles through two distinct

phases: a foot-support phase and a foot-transfer phase. The

foot-support phase refers to thi time at which a leg is in contact

with the ground and actively supporting weight, as determined by

foot-contact force sensors [6]. The foot-transfer phase denotes the

time at which a leg is off of the ground and moving to a new position,

in preparation for its next support phase.

In Hexapod Control Software Version 4.0, the foot-transfer phase

is divided into three separate motions, or subphases: foot liftoff,

foot return, and foot placedown. In the foot-liftoff subphase the

foot is vertically lifted a constant height above the ground, at which

time the return subphase begins. During this period the foot altitude

is fixed as the leg is moved toward its next support-phase location;

at this point the f -t is then vertically lowered during the

foot-placedown subphase. It is during the two latte'" subphases of

foot transfer chat Hexapod foot altitude-, will be modified under the

control of proximity sensor data. For simplicity, in all experiments

a tripod gait is used in which a stable tripod of three legs is in

contact with the ground at any given time.

5.3 Proximity Data Acquisition and Ccnversion Software

The proximity data acquisition and conversion software is the link

which connects the sensor hardware of Chapter 3 with the foot altitude

control software discussed below. This software is responsible for

gathering the range counter, output data frcm the digital circuit and
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converting it to usable values of Hexapod foot altitudes.

The six channels of range counter output data obtained from the

six corresponding data registers in the digital circuit represent the

raw, unprocessed Hexapod foot altitude data. This data is collected

by the PDP 11/70 via a simple software loop which sequentially selects

and then reads each data register. A constant range offset is

subtracted from this raw data to compensate for the twelve inch sensor

"mounting height above each Hexapod foot tip. The value of offset

required for each leg is simply the corresponding range counter output

when the Hexapod's lower leg segments are perpendicular to and in

Xcontact with their respective support surfaces. The results of the

subtraction are multiplied by a proportionality factor which accounts

for the speed of sound in air and the frequency of the digital

circuit's range counter clock. From equation 2.4,

foot altitude = Vair(T) (round-trip tim (5.1)

The round-trip time is derived from the counter output as follows:

round-trip time = range counter output - offsets (5.2)

[range counter clock frequencyJ

Since the speed of sound in air, at temperature T (°C) is

Vair(T) 12 x 1087.14 / 1 + T(°C)/273 (inches/sec),

%7 (5.3)

F-
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at a room temperature of 22 *C and a range counter clock frequency

of 70 kHz, equation 5.1 may be written as

foot altitude = 0.097 x (range counter output - offset).

(inches) (5.4)

An alteriative, experimental method of determining the constant of

proportionality is to merely calculate the reciprocal of the slope of

the range counter data presented in Figure 4.3. From an analysis of

this data, the slope of the line was found to be approximately 10.68

counts/inch; its reciprocal yields a proportionality constant of 0.094

inches/count, in excellent agreement with the valje derived above.

5.4 Foot Altitude Control Utilizing Proximity Data

3 In this thesis, foot altitude control has been implemented during

the latter two portions of the foot-transfer phase: the foot-return

subphase and the foot-placedown subphase. The latter, more important

subphase, is discussed first.

5.4.1 Foot Altitude Control During the Foot-Placedown Subphase
h.

Prior to this work, in dll previous Hexapod control software

versions, the Hexapod exhibited a "stomping" effect while walking, due

to the high velocity of each leg upon ground impact. This phenomenon

will be presented in the experimental results of Chapter 6. In

Hexapod Control Software Version 4.0, the foot-placedown subphase of

the walking algorithm has been programmed to generate constant

downward foot velocities, relying upon the foot-contact force sensors

P4
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to determine when a given leg has actually landed.

In this wcrk1 foot-impact forces are reduced by generating foot

acceleration profiles such that any given foot moves at a maximum

velocity at a point approximately halfway through its total estimated

downward displacement, and more importantly, at a much slower rate

when approaching its support surface. This modified leg motion is

implemented with a very simple acceleration profile as shown in Figure

5.6 and consists of two symmetrical constant acceleration segments,

one positive and one negative. In Figure 5.6, tj denotes the time at

which the acceleration is discontinuous. The resulting velocity

profile and position trajectory of each foot, also shown in Figure

5.6, is simply the integral of the acceleration and velocity profiles,.

respectively. For simplicity, in Figures 5.6 and 5.7, positive

acceleration, velocity, and position displacement is defined so as to

move a given Hexapod foot toward the ground. Also for simplicity, in

this thesis, the foot setdown time, (Tf - TO), was chosen as constant.

The trajectory discussed above is unrealizable when the maximum

desired foot velocity, Vs, is greater than the maximum attainable

4 Hexapod foot velocity, Vmax* When this condition exists, the

4 acceleration profile of Figure 5.6 must be modified so that the

desired peak foot velocity will be clipped at Vs = max* Velocity

* clipping is accomplished by the insertion of a zero-acceleration

segment into the above acceleration profile, as shown in Figure 5.7.

The resulting velocity profile and posit-ion trajectory is also shown.

Note that now there are two times at which the acceleration is

discontinuous, t1 and t2.

Figure 5.8 illustrates the trajectory-planning routine in terms of
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16. its input and cutput variables. The routine will generate desired

values Jf vertical foot acceleration necessary to realize one of the

aforementioned trajectories, given input values of

Po : the initial vertical position of the foot,

Pf : the desired final vertical position of the foot,

V. To : the initial time at which the foot begins the touchdown

i subphase,

Tf the desired foot-touchdown time,

V0  the initial vertical foot velocity,

"and Vf : the desired fi.,al vertical foot velocity at ground impact.

%! The trajectory-planning routine also has two constant inputs, Vmax and

'! Amax, which are defined as the absolute maximum values of realizable

velocity and acceleration, respectively, of a given Hexapod foot tip.

"A complete derivation of thu trajectory planning equations, i.e.,

the calculations of acceleration and the required accelerational

switchpoint times, tj and t 2 , may be found in Appendix B.

• The computed value of acceleration over time is limited to a set

a. of constant, symmetrical values; hence, a simple numerical integration

(Euler Integration) is sufficient to generate analytically correct,

i.e., with no approximation errors, values of commanded foot velocity.

"Likewise, since foot velocity over time is piecewise-linear, a second

numerical integration (Trapezoidal Integration) may be performed over

velocity to generate analytically correct values or commanded foot

Sposition.

A block diagram of the foot altitude control scheme utilizing foot
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altitude data during the foot-placedown subphase is shown in Figure

.i 5.9 for one lcg of the OSU Hexapod. All quantities shown in this

figure, with the exception of foot height as measured by the proximity

sensor, FHPS, are measured with respect to the Hexapod's body-fixed

coordinate system. At the beginning of the foot-placedown subphase,

the integrators shown are initialized with current values of Hexapod

foot velocity and position, respectively. The outputs of these

integrators form the updated V0 and PO inputs, respectively, of the

trajectory-planning routine. Desired values of foot velocity and

position, as opposed to their actual values, were chosen to prevent an

additional servo loop from being closed around these variables. Hence,

the dynamics of the original Jacobian servo routine are preserved.

The final position input of the trajectory-planning routine, Pf, is

the filtered sum of the foot height as measured by a given proximity

0 sensor, FHPS, and the foot height as calculated using direct

kinematics with actual Joint potentiometer data, FHDK. Again, this
latter quantity is measured with respect to the Hexapod's body-fixed

coordinate system as shown in Figure 5.10. The low-pass filter of

Figure 5.9 is used to eliminate spurious noise present in either

proximity sensor or joint potentiometer data. As such, Pf may be

thought of as a filtered "ground position", whose value during foot

placedown ideally remains constant.

Assuming an ideal servo response, the present desired value of

foot position, PO, will equal the actual foot position as measured

with direct kinematics, FHDK. The validity of this assumption is

presented in Chapter 6. Since from Figure 5.10 the final value of

foot position is given by
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Hexapod Leg

Hexapod Body Body-Fixed
•, Coordinate Origin

FHDK

¾P
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FHPS: Foot Height as measured by Proximity Sensor
FHDK: Foot Height as measured by Direct Kinematics

Figure 5.10

Calculation of a Leg's Final Vertical Placedown Position, Pf.
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Pf = FHDK + FHPS , (5.5)

if FHDK -Po (ideal servo response), then

Pf Po + FHPS . (5.6)

Thus, it is easily seen that the value of vertical foot displacement

required to reach the support surface, (Pf - PO), is determined

solely by the foot height as measured by the proximity sensor.

A foot-height measurement problem can exist during the foot-

placedown subphase due to the fact that the proximity sensors are not

mounted directly uL^erneath the Hexapod feet. As shown in Figure 5.3,

the sensors actually detect Hexapod foot height over a point

approximately two inches in front of and one inch to the side of any

given foot. This configuration presents a difficulty, for example,

when the foot is lowered over a stepped surface in which the measured

foot height differs from the true foot height. This hazard is

illustrated in Figure 5.11; rince the proximity data alone ideally

determines the required amount of foot displacement, the net result is

that the leg is commanded to stop before the foot actually reaches its

true support surface. Since the foot-contact force sensor indicates .2

that the leg has not yet reached its support location, i.e., transfer

phase riot completed, while the trajectory-planning routine is at this

time generating zero values of d'sired foot acceleration, i.e.,

transfer phase completed, the foot altitude control program

effectively "hangs up". To overcome this difficulty, the trajectories

as previously discussed are modified to include a constant downward
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by Proxim y Sensor
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Figure 5.11

Terrain-Generated Hazard During the Foot-Placedown Subphase,
Due to Ultrasonic Sensor Mounting Configuration.
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velocity "search phase" in which foot-contact force sensor data, as

opposed to proximity sensor data, is used to terminate the 7

foot-placedown subphase. The search phase is initiated when the

proximity sensor data indicates that the leg is within four inches of

its to!-chdown point and when the present commanded foot velocity, VO,

is equal to the desired foot-touchdown velocity. The latter constraint

insures that foot velocity remains continuous during the transition to

"g the constant velocity search phase.

5.4.2 Foot Altitude Control During the Foot-Return Subphase

The primary motivation for the control of Hexapod foot altitudes

during the foot-return subphase is to prevent the Hexapod from U

stumbling over obstacles as the feet are moved horizontally toward

their new foot-placedown positions. For example, Figure 5.12 depicts

a leg laterally approaching a stepped surface 'whose height is larger

than tae current vehicle foot height. The leg will .collide with the

step unless some form of anticipatory proximity sensing is used to

raise the foot above the top of the step. As mentioned previously,

this anticipatory capability is provided by a forward-looking sensor

4. mounting configuration which permits the sensor unit to detect the

step before any contact is made.

It was originally intended in this work that f ot altitudes were

"* to be controlled during the entire foot-return subphase. This would

"include the capability of the foot to track the ter amn at a constant

altitude, as shown in Figure 5.13. However, during the foot-return

subphase, the Hexapod's lower leg segment angle, and hence, sensor

angle with respect to the ground, typically varies from approximately

I1'1
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zero to twenty degrees. On level terrain, this leg angle occurs at an

I average foot height of eight inches. As discussed in Chapter 4,

excessive sensor angle at this height is responsible for a degradation

-.• in or total loss of the received sensor signal. Typically, this loss

of signal generates erratic foot altitude data which can potentially

command the leg to move outside of its kinematic limits. Thus, after

p experimentation, foot altitude control during portions of the

foot-return subphase was deemed impractical, due to the aforementioned

"shortcomings of the proximity sensor system. A partial solution to

this problem, as implemented in this thesis, is described below.

As shown in Figure 5.12, when controlling foot altitudes during

* the foot-return subphase, tie worst possible hazard occurs when the

"current foot height is less than the obstacle height. However, it is

precisely at this time that the sensor is able to accurately determine

W foot height, in spite of a possibly large sensor angle, due to the

very small value of sensor-to-obstacle distance involved. Hence, in

this work . Airectional control scheme is used during the foot-return

subp'-ase in w,'ich the foot altitude is increased in the event of an

"encounter with an obstacle, as shown in Figure 5.12, but not decreased

when the foot reaches a dropoff. This mode of operation has been

selected to prevent erratic vertical leg motion during the foot-return

subphase as a result of a loss of sensor signal. The directional

control is implemented in software using threshold logic in which the

foot is raised only when the sensor indicates that the measured foot

height is below a given height threshold. On level terrain during the

foot-return subphase, foot altitude is typically eight inches. Hence,

the required value of height threshold must be less than this value if
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* proper operation is to occur. When the proximit,> sensor indicates

that the threshold has been crossed, a constant upward velocity is

applied to the foot until the sensor indicates that the foot has

regained an acceptable amount of clearance, i.e., the threshold value.

At this point the commnanded upward foot velocity is reduced to zero

and the leg continues on in its lateral motion.
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i.4 Chapter 6

EXPERIMENTAL RESULTS OF THE FOOT ALTITUDE CONTROL SYSTEM

4' Experimental results of the foot altitude control system as

presented in Chapter 5 will be discussed in this chapter, and will

Sprimarily focus upon the reduction of foot-impact forces during

Hexapod locomotion. For purposes of comparison, vertical leg-force

. data will be presented for three separate cases: (1), ýorce data as a

result of using constant downward foot velocities, (2), force data as

Sa result of implementing parabolic foot trajectories with the

assumption of level terrain and no proximity sensing capabilities, and

(3), force data as a result of implementing parabolic foot

trajectories with the proximity sensing capabilities developed in the

previous chapters.

Due to the present state of incompletion of Hexapod Control.

Software Version 4.0, in the following experiments activw compliance

([6 has not been utilized. Also, all data presented i, this chapter

has been obtained in real time during Hexapod locv:iotion by 4riting

desired vehicle parameters, e.g., leg forces, to magnetic disk. Data

is then retrieved from disk off-line and plotted as desired. Typical

values of the quantity uiider measurement, as opposed to the use of

best- or worst-case values, are presented to give a realistic
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indication of the vehicle's behavior in the experiments described

below.

6.1 Vertical Leg-Impact Force Due to Constant Downward Foot Velocities

In order to establisn a baseline performance reference, verti.:al

leg-force data has been recorded during Hexapod locomotion while under

the control of existing Hexapod Control Software Version 4.0. As

mentioned previously, this program generates relatively large

(3-5 inches/second) constant downward foot velocities when in the

foot-placedown subphase, and hence, produces a "stomping" effect while

walking. To provide a fair comparison between the resulting vertical

leg force generated during foot impact as compared to that generated

as a result of using piecewise-linear velocity segments as discussed

in Chapter 5, the average foot velocities of each method were

equated. In each case, this velocity is given by

areo v t total vertical foot displacement
average foot velocity At total foot-placedown time

(6.1)

When the Hexapod stands on level terrain and in a normalized stance,

i.e., all joint angles zeroed, the total vertical foot displacement

during foot pl.acedown is nominally eight inches: For this

displacement, a foot-trajectory placedown time (Tf - TO) of 2.5

seconds was chosen so that foot velocity during the foot-placedown

subphase would be clipped at its maximum permissible value of Vs

Vmax = 5.0 inches/second. This value, along with a maximum value of

acceleration, Amax, of 10.0 inches/second 2 , has generally been
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accepted as the reasonable performance limit of the OSU Hexapod. The

2.5 second placedown time thus determines the value of constant foot

velocity necessary in the first case:

required constant leg velocity = - 8 inches = 3.2 inches
At 2.5 seconds second

"* (6.2)

Vertical leg-force data has been recorded for the Hexapod while

traversing level terrain using constant downward foot velocities of

3.2 inches/second. Figure 6.1 shows the resulting vertical, or Z,

force generated by one leg as it strikes the ground and then enters

e support phase. Note that in this and following diagrams, two complete

'' "steps" are shown for a single Hexapod leg. The first arrow in the

flgure points to the time at which the foot first contacts the ground,

tc. The second arrow points to the time at which the leg enters its

support phase, i.e., becomes one of the three legs in the support

tripod. This time is denoted as ts. If at time tc the leg had landed

softly, no leg force would have been generated, since all Hexapod

weight was at that time supported by the alternate tripod of legs.

However, note that the actual contacting force in Figure 6.1 at time

tc is not zero, but is in fact almost that of its steady-state support

value. This is due to the fact that in the algorithms of Version 4.0,

the foot-contact, force sensors are used to terminate Hexapod leg

motions. Thus, Ith the foot-impact rates used in this experiment,

servo response is such that leg motion ceases only after a time in

which a substanti 1 vertical foot force has been developed. Clearly,

even with moderate foot-placedown rates of 3.2 inches/second,
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foot "stomping" is taking place.'3
6.2 Vertical Leg-Impact Force as a Result of Inmplementing Parabolic

"Foot Trajectories, Assuming Level Terrain and No Proximity

Sensing Capabilities

As discussed in Chapter 1, foot altitude control during "he

foot-placedown subphase could have been implemented on the existing

Hexapod if the assumption of level terrain and known body height were

made. This possibility is described below. To aid in the discussion,4.;-

the present body-fixed coordinate system of the OSU Hexapod is shown

in Figure 6.2. In this normalized position, the origin resides at a Z

height of 18 inches above the ground.

Foot position is controlled with the trajectory-planning routine

of Chapter 5 by assigning trajectory input variables such that the

E desired foot displacement is realized. With a normdlized stance on

evel terrain, these conditions are

PO = -10.0 inches,

Pf = -18.0 inches,

V0  = 0.0 inches/second,
,*& 

,.. .. ....

Vf = 0.0 inches/second,

and (Tf - TO) = 2.5 seconds. (6.3)

Recall from the previous section that the total leg displacement is

nominally eight inches, which was calculated from

SPf-PO I = P -18.0 + 10.01 = 8 inches. (6.4)
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Since the foot begins and ends with zero velocity, ignoring for the

present time the constant-velocity search phase, V0 and Vf are zero.

As discussed in the previous section, the foot-placedown time has been

chosen as 2.5 seconds. As a result, these input parameters generate

desired values of foot position dnd velocity as shown in Figure 6.3.

Note from the figure that velocity clipping occurs midway through the

trajectory, and that a constant-velocity search phase of -2.0

inches/second is entered during the latter portion of the

foot-placedown routine.

The resulting vertical leg f.7r-e gererated using the above

parameters on level terrain is shown in F'gure 6.4. Again, the arrows

labelad tc and ts denote the foot contact and support times of the

Hexapod leg, respectively. Note from the figure that the relative

magnitude and duration of the initial foot-contact force has been

dramatically reduced. This is due to the use of the piecewise-linear

velocity profile, which allows us to implement smaller foot rates

immediately prior to foot impact, at the expense of greater velocities

midway through the trajectory.

6.3 Vertlial Leg-Impact Force as a Result of Implementing

Parabolic Foot Trajectories With Proxliaity Sensor Data

The previous method of assuming the vertical location of a foot

support surface works well only when the vehicle is on level terrain.

Indeed, if an obstacle is present then the foot will typically impact

this surface with a higher velocity than that encountered when using

constant negative foot velocities of 3.2 inches/second as in section

6.1. This case is shown in Figure 6.5 for the Hexapod traversing an
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irregular terrain consisting of a set of 4" x 6" wooden beams, as

shown in Figure 6.6. The first step in Figure 6.5 pertains to foot

placedown on a surface representing level terrain, i.e., the leg's

"final vertical foot position is equal to that of the other Hexapod

legs. The second step pertains to the foot stepping on the

"aforementioned obstacle. Note that the resulting foot-impact force

during the second step is greater than its steady-state value, and

much greater than that encountered during level terrain locomotion.

"This data indicates that this control scheme can easily degrade the

performance of Hexapod locomotion over irregular terrain, and

dramatically demonstrates the need for a proximity-sensor-based s. stem

of foot altitude control during the foot-placedown subphase.

Figure 6.7 shows the resulting leg force for the Hexapod

maneuvering over level terrain under the control of proximity se-isor

Q data. As expected, the resulting force is very similar in form to

that of Figure 6.4 where the vertical position of the level terrain

was assumed. The true test of the sensor system is revealed in the

p second step of Figure 6.8 where the Hexapod has traversed the

irregular terrain described above. Note that the resulting leg force

while stepping on this obstacle Is of the same form as that obtained

while traversing level terrain. Hence, foot altitude control during
the foot-placedown subphase has been successful in reducing the

"stomping" effect present in Hexapod locomotion, even over irregular

terrain.

6.4 Servo Response During the Foot-Placedown Subphase

In order t6 provide an indication of the servo routine's ability
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to track the desired position and rate commands as generated by the

trajectory-planning routine, actual versus desired foot position is

plotted as a function of time during the foot-placedown subphase. As

shown in Figure 6.9, the actual position during mid-trajectory

typically lags its desir-!d value by approximately 0.10 seconds when a

trajectory time of 2.5 seconds is used. As such, the amount of lag is

small enough that for practical purposes the servo response may be

treated as ideal. Of interest in Figure 6.9 are the crossovers in

actual and desired foot position. These crossovers are a result of

tha Simplified Inverse Plant control [28] which has been utilized in

the servo routine sections of Hexapod Control Software Version 4.0,

and are generated by an overestimation in the velocity required to

realize the desired trajectory.

6.5 Results of the Foot Altitude Control System During the

Foot-Return Subphase

To demonstrate the sensor system's ability to modify foot altitudes

during the foot-return subphase, foot height as measured using direct

kinematics, FHDK. has been recorded during this time for Hexapod

locomotion over the irregular terrain described above. Recall that FHDK

is measured with respect to the body-fixed cruord.nate system of Figure

6.2. In this experiment, the Hexapod has been pre-positioned on the

terrain so that an abrupt four inch step is encountered by one leg

during its foot-return subphase. The resulting foot altitude data is

shown in Figure 6.10. Foot lift-off and return times are denoted as t10

and tr, respectively. Note that during the foot-return subphase (tr < t

< tpd), the detection of the step generates a positive constant velocity
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.4.

command of 3.0 inches/second which raises the foot so that a collision

is avoided. In this experiment, the value of height threshold needed to

trigger the upward velocity command is two inches. Hence, this command

is withdrawn after the sensor indicates that the new foot height above

the surface, i.e., the step, is two inches. For clarity, this procedure !

is illustrated in Figure 6.11. In Figure 6.10, the time at which the

foot enters its placedown subphase is denoted as tpd. Note that the .

final resting position of the foot is approximately four inches above

its original position, corresponding to the four inch thickness of the

wooden beam obstacle.
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Chapter 7

SUMMARY AND CONCLUSIONS

Foot altitude control for the OSU Hexapod during locomotion over

irregular terrain has been implemented in this thesis. Proximity N

sensor hardware and foot al ti tude control software has been developed

which gives the Hexapod an ability to sense and avoid obstacles and to

walk with a much smoother stride. Foot altitude control is applied to

each leg during its transfer phase of motion, using proximity sensor

data to determine the final support location of each leg. As a result,

foot-impact forces have been dramatically reduced both on level and

irregular terrain during Hexapod locomotion.

7.1 Research Contributions

The development of a proximity sensor system for the OSU Hexapod

vehicle first required an investigation of possible techniques usable

in the determination of foo-t altitudes. Of these techniques, the

ultrasonic pulse-echo method of distance measurement was selected,

owing to its inherent simplicity and ease of implementation. Several *

ultrasonic rangefinder designs using this mode of operation were

tested and discarded, due to either undesirable operating

characteristics or severely limited sensing capabilities. .
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A custom-designed ultrasonic transmitter and receiver operating at

a frequency of 40 kHz was then developed which avoided several of the

problems encountered in the previous implementations. Sensor

performance has been documented for various values of sensor height

and angle above a target, and for five different types of terrain. For

relatively smooth target surfaces at reasonable sensor angles and

heights, sensor performance has been found to be completely

satisfactory. In nine months of operation, the sensor system has also

proven to be extremely reliable, with zero failures in either

transducers or electronics.

A proximity sensor has been mounted to each Hexapod leg to monitor

and control foot altitudes during the foot-return and foot-placedown

subphases of each leg's transfer phase. A simple height-threshold

control sche.ne has been implemented during tile foot-return subphase in

order to avoid obstacles, while a foot trajectory-planning routine is

used to specify foot positions and velocities during the

foot-placedown subphase, in order to reduce foot-impact forces. It

has been demonstrated that this system works equaly well while

traversing either level or irregular terrain. To the author's

knowledge, this capability has never before been demonstrated on a

compute--controlled walking machine of any sort.

7.2 Research Extensions

As a result of this work, several modifications and improvements

to the existing sensor system are seen to be necessary in order to

permit proximity sensor control under most real-world terrain

conditions. In terms of hardware, a redesign of the ultrasonic
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transmitter and receiver circuitry would include the use of multiple

transmit frequencies, which should greatly reduce rangefinder

sensitivity to terrain characteristics. Also, the inclusion of a

variable gain-control circuit in the recei':er, in which the gain is

increased as the time delay of the received echo is increased, would

greatly reduce the sensor system's limitations due to excessive leg

angle or height.

The current mounting configuration of one sensor unit on each

Hexapod leg is responsible for creating a sensed volume which is

biased in the forward direction of Hexapod locomotion. This bias

could be reduced or eliminated with an array of sensors positioned on

each leg which would collectively gage foot altitudes in each

direction of the foot. For example, if moving forward, a

forward-looking sensor could be used to anticipate obstacles, while if

moving sideways, a side-looking sensor could be used.

An improved rangefinder, able to withstand large values of leg

angle and height, would permit an expansion of the foot altitude

control scheme presently utilized during the foot-return portion of "1

a leg's transfer phase. For example, full terrain-following

capabilites could be implemented so that foot altitude remains

constant while maneuvering over irregular terrain.

The foot altitude control software could also be expanded to

include a calculation of the minimum time necessa to parabolically

lower a foot to the ground. Such calculations, ba ed upon initial and

final foot positions and velocities, would permit aster Hexapod

locomotion.
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ADDITIONAL FIGURES
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The Model TR4egaType 40 Is a rugged .a'ctuoaco~astic;

transducer deeigad for the efficient generation of ultrasonic

energy in air ofa a wide Variety of appacations. Tho one, piece
~ ~housing with integral diaphragmI provide. a mfoiiaturv~proof

unit. eWishls for both indoor and outdo or moo when mounted.
I ~so thatu the rear terminate ame protected fronm exposure to

tlt outdoor -atmophafe.

several hundred thoua&an "-MO tranaducers awe pro*.
asity In vwdeaproad use In ultasonic Intruionilt siren and

other ramote control and presinity deltctinon applcatlona.

Performence Characteristics

%OWCYICONAS RA0ACTfOr PArTTERN ATM aMe TRANSt v."G 5ftPON91

pA A

tin .--. 0*%

a A:

in a 30 5

A ~ ~ V __A Irin
Telephine: 6e17oa9

-7 -480

FigreA.
40 k-z *Trasue pcfctos
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Outline Dimensions
$OLDER TEIMIIPIALS

FREQUENCY AT MAXIMUM IMPE DANCE .... ................. 40 ~b; t 2kMfg
(wilth no load) '

BAND W IDTH ........ ................................... - . ........ IA kHz
(mattfi ed load)

TRANSt.1TTING SENSITVITY.................... ......... .. ............... +27
(10 mW availoble point) (dB vs I IMP,, Vat at I ft.)

RECEIVING SFNSITIW(Y .. ...... .... .. . ...... .... -48

(vneunad with 2M12 load) (dBiva I volt pir microbar)Re

CAPACITANCE AT I k~z (niominal) ................ ............. ..... 20 pP

RECOMMENDED POWER RATING ...................... ....................... 00mW

TEMPERATURE COEFFICIENT OF RESONANT FREQUENCY .........................3 x 10-1-

TUNING INDUCTANCE (nom "na) ....... . .... ....................... ....... .a OWN

STANDARD FINISH ........................................... .... ...................................... Malok .

Applications
INTRUSION ALARMS. REMOTE CONTROLS. PROXIMITY DETECTION, ECHO RANGING, SOUD

OR UQUID LEVEL MEASUREMENT

1CLSRFREQUENCY TOLERANCES

2. OIF.ERENT OPKRATING FREQUENCIES
3. PHONO CONNECTOR
4. WATER.11GHT UNIT WITH INTEGRAL CABLE

(AT EXTRA COST SUBJECT TO MINIMUM ORDER REQUIREMENTS)

Patent Notice

MASSA Ultraaonlo Troooducea ate prootcte by the lollowngU.S&Patenft:- 2.8677; 312L8.53;3SI0.6U,

=1.1157.0; 3AX8.02; 3.7017131; 3,7186,611; 3.73294t; 3.7306*32: &777,19Z. and other Patento Peilg

U 280 LINCOLN STREET. HINGHAM, MASSACHUSETTS 02043 UTEL:617/749-4800

Figure A. 1

40 kHz Transducer Specifications, cont'd.
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Massa Products Corporation

*SPECIFICATIONS

Housing matowial AIS PljuW

Rece-ng (do .. SImfcaorb 76.5
TfAaflinmiu l (do vt I ffWCrobar/Yd/ wat) llo.$

Boom080 Width (emol'e)

To:. 3.d D 13h e

fi6l~tsonm r~ot 00) n I'm

q R e i stn eq Ur R o snc ~ ( e ~ i W l

Pa."f NdlNW" Capwty
""lmxonum p•akII' PIe

Dimensins s~q (y I $/,'- ldm.

Cable Cosa. IS ft.

Over a Ger~efation of O!stanridng Leaclersnip in Elev:roacou'stics

Figure A. 2

200 kHz Transducer Specifications.
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, c -2  R3

++

E1 + E

R 2

EE(s) wRHo aups

E1(s) ~ C + C C2 R R+ R2 Zaosu
(R3 CI C2 + R2 R3 CIC

where

Ho Midband voltage gain,

Q =F 0/BW, 1

and

w = 2nF0 .

Solving for R1, R2, and R3 in terms of C1, C2, Ff3, Q, and H0 gives

2s F Ho C 1

=sQ(C1 + C2 )2% F /R1 +

an Q (R 1 c2 S ÷ •1 R 3 C 2 •

R3 =

Figure A.3

Active Bandpass Filter Component Selection.
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APPENDIX B

DERIVATION .OF THE TRAJECTORY-PLANNING EQUATIONS

i.

A simple trajectory having symmetrical nonzero acceleration segments

is shodn in Figure 5.6 and consists of two fitted parabolic segments

that are continuous in velocity but not in acceleration. The velocity

and acceleration profiles for this trajectory are also indicated in

Figure 5.6; note that accelerations Al and A2 during times (to < t < t 1 )

and (t 1 < t < tif), respectively, are given by
• " /

:VS - Vo(a) i
Al tl - to (B.1)

and

-A 2  = - Vf (8.2)
tf- t-

The trajectory accelerations Al and A2 are minimized when their

magnitudes are equal; equating magnitudes and solving for the

trajectory breakpoint time, t1 , gives

: s Vo)tf + (Ns - Vf)t0 (3
-t - (Vf + V0) (..3)
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The total change in position is given by the area under the velocity

curve of Figure 5.6 and may be written as .

Vo(tl - to) + Vs(tf - to) + Vf(tf - tl)
Of(~ P() .2

(B.4).-

Substituting the value of t1 from cquation B.3 into equation B.4

generates a quadratic equation in terms of Vs:

Vs2 - 2[P " P]Vs + (Pf .. Po)(Vf+ VO) Vp2 +Vf 2  
= otf-t (tf - to) " 2=-.

(8.5)

Equation 8.3 may also be substituted into equation B.1 to compute the

required value of acceleration, A:

A = 2V- Vf Vo

(tf - to) (8.6)

The trajectory breakpoint time, tl, from Equations B.1 and B.6 is thus

t 
(8.) + t 

"

In order to solve for A, and hence tI, each root of equation B.5 must

be te ted in equations B.6 and B.7. The root which satisfies "

ti > to (B.8) 55'

is the roper value. If this root dictates a peak value of velocity, -

Vs, whi h exceeds the Hexapod's hardware velocity limit, Vmax, then this " -"

trajectory is not realizable with the given input data. Likewise, the
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trajectory is not realizable if the root dictates a value of required

acceleration which is greater than Amax, the Hexapod's hardware

acceleration limit.

If the peak velocity exceeds the Hexapod's hardware velocity limit

while satisfying A < Amax, a second trajectory having both zero and

":. nonzero acceleration segments may be realized. This trajectory is

.'C. shown in Figure 5.7 along with its velocity and'acceleration profiles.

From Figure 5.7, the accelerations Al and A2 , during times (to < t <

t 1 ) and (t2 < t < tv), respectively, are

Al VR - Vo
.,.• Aj =

ti - to (.12)

and
A2  = - Vf

tf - t2 (8.13)

Note that there are two unknown trajectory breakpoint times, tI and

t 2 . Equating the magnitudes of accelerations from equations B.12 and
8.13 gives

usV - Vf(i1- to) '
t2 = { (V0 . ts ) + tf . (B.14)

Note that in this trajectory Vs equals Vmax.

The total change in position is again given by the area under the

velocity profile and is

) VO(tl- to) + Vs(tf + t2 tl- to) + Vf(tf-tP=(Pf " PO) = '2

(8.15)
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Substituting Equation B.14 into equation B.15 and solving for t1 gives

-P ) - (Vo - VS ) 2  + l-( Vs f - +Vs . Vf 2) + tf(2Vs2 V V )

t1  ~~?f....zX (Vo - V S~) + (Vs0  -V Vf +

(B.16)

The required acceleration is given by substituting this time into

Equation 8.12:

(Vo - Vq) 2  + (Vq . Vf) 2

A = 2 [Vs(tf - to) - Pf + Po] (B.17)

If A is greater than Aax then this trajectory is not realizable with

the given input data.

""
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APPENDIX C

DIGITAL CIRCUIT BOARD SCHEMATICS

Note: In the following schematics, IC packages are labled "X/N"
according to the convention that "X" and "N" denote the
column and row position, respectively, of the first pin of
a given package on the digital circuit's wire-wrap breadboard.

IC Locations:

Board Address Integrated circuit

A/2 74LS161
A/12 74LS161
A/22 74LS169
A/32 74LS138
C/2 .. ... .. . 74LS161
C/12 74LS00
C/22 74LS 169
C/32 74LSI-51
E/2 74LS161
E/12 .. . . . . . . . . . 74LS138
E/22 74LS169
E/34 74S37
E/43 74LS109
G/3 74LS161
G/13 .. . . . . . . . . . 74LS161
G/24 10.08 MHz Clock Chip
G/33 74LS30
G/44 74LS30
J/2 74LS10
J/12 .. . . . . . . . . . 74LS109
J/24 74LS08
J/35 74LS32
J/44 74LS32
B1/2 74LS32
81/11 . . . . . . . . . . . . . 74LS04
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81/20 74LS279
B1/30 74LS279
B 1/44 74LSUO
01/2 74LS08
D1/11 .... ............. .. 74LS08
D1/20 74LSO0 .3
01/29 74LS00
D1/47 HP2630
G 1/2 74LS378
G1/12 .... ............... 74LS378
G1/22 74LS378
G1/32 74LS 151
G 1/47 HP2630
J 1/2 74LS378
J1/12 ............. 74LS378
J1/22 74LS378
J1/32 74LS151
J 1/47 HP2630
B2/2 74LS378
B2/12 .... ............. .. 74LS378
B2/22 74LS378
82/32 74LS151
B2/44 MC 1488
02/2 74LS378
02/12 .... ............. .. 74LS378
02/22 74LS378
02/32 74LS151
D2/44 MC1488
F2/2 74LS378
F2/12 .... ............. .. 74LS378
F2/22 74LS151

.F2/32 74LS151
F2/44 MC1488
H2/2 74LS378
H2/12 .... ............. .. 74LS378
H2/22 74LS151
H2/32 74LS151 ...

H2/43 .. . . 74LS15I...-

pan
Interface Circuitry Located at POP 11/70:

IF/1 HP2630
IF/2 HP2630
IF/3 HP2630
IF/4 HP2630
IF/5 HP2630
IF/6 MC1488 ."

I F/7 MC1488

147
=.W

6e



* '.,

IC Descriptions

74LS001 Quad 2-Input NAND Gate
74LS04 Hex Inverter
74LS08 Quad 2-Input AND Gate -,-
74LS10 Triple 3-Input NAND Gate
74LS30 8-Input NAND Gate
74LS32 Quad 2-Input OR Gate
74S37 Quad 2-Input NAND Buffer
74LS109 Dual JK Positive Edge-Triggered Flip-Flop
74LS138 1-of-8 Decoder/Demultiplexer
74LS151 8-Input Multiplexer
74LS161 Synchronous Presettable Binary Counter
74LS169 Synchronous Bi-Directional Modulo-16 Binary Counter
74LS279 Quad Set-Reset Latch
74LS378 Parallel D Register with Enable

HP2630 Hewiett-Packard Dual Opto-Isolator
MC1488 Motorola Quad Line Driver

Connectors:

C1-C3 25-pin "D" connector

/
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Figure CA4

Deta Register and Multiplexer Circuitry.
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PDP 11/70 Computer Interface Circuitry.
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.5ST^R-r 71
:STARTI,•

_,ST A R 7 -

.START 4f - •

-STA RT 3 " -

-START 2- -

-START .1. "

DIG rTA L AN A LOG

CIRCUITRY CIRCUITRY

.4,MlP 7 -t
"S 7TOP I.*

S• ~STOP E -.

-. STOP 14 -

_,STOP $ - .,

D4STOP -

S• IN6+ Used,

•! Figure C.6

Analog/Digital Circuit Interconnections.
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APPENDIX D

ANALOG CIRCUIT BOARD LAYOUT

Power Supply Circuitry:

PS C1 +12 V power supply electrolytic capacitor
PS C2 + 5 V power supply electrolytic capacitor
PS C3 -12 V power supply electrolytic capacitor V,

Transmitter Circuitry:

OA 40 kHz oscillator circuit, LF351 op-amp
fo oscillator frequency adjust potentiometer
G transmit gain potentiometer
OC 0.001 l.F oscillator capacitor N-,J

M (0-5) 74LS123 dual monostable multivibrator
MR (0-5) pulse width adjust potentiometer for M (0-5).
MC (0-5) monostable multivibrator timing capacitor
OC (0-5) 7406 open-collector inverters
R (0-5) 4.7 kQ pull-up resistor array

AS (0-5) AH5010 analog switch

A (0-5) LF351 power booster pre-amp
PB (0-5) MC1438R current amplifier

Receiver Circuitry -

G (0-5) receiver gain potentiometer
RT (0-5) receiver threshold potentiometer
RF (0-5) receiver bandpass filter frequency adjust

potentiometer
B (0-5) 0.032 .F demodulator capacitor
D (0-5) bandpass filter capacitor
E (0-5) bandpass filter capacitor
T (0-5) NPN level-shifting transistor
W (0-5) preamplifier: LF351 op-amp
X (0-5) bandpass filter: LF351 op-amp
Y (0-5) ideal diode: LF351 op-amp
Z (0-5) threshold comparator: LF351 op-amp
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APPENDIX E

FOOT ALTITUDE CONTROL SOFTWARE

Note: In addition to tripod-gait locomotion under full foot altitude

control ( command "S" ), the main program "SenTest" permits the

Hexapod to be normalized ( command "N" ), or pre-positioned under
-J

joystick control via commands "L", "A", or "F".

O.Z

.15
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C**** FILE: TYPE4O.PAS :PASCAL-2 TYPE DECLARATION FILE

{** PROGRAMMER: DENNIS Rt. PUGH

TYPE Vector a RECORD
X,Y#Z R**11

ENDI

Matrix a ArrawC l..3 3 of Vector$

Hoposonwous
*RECORD

Rotation : Matrix$
Translation : Vectorl

ENDI

SixVectors -ArravC l..6 32of Vectorf
SixMatrices uArrowC 1. .6 3 of MatrixI

Arraw3 aArrow CO..23 of Real$
Arraw6 aArrowi C1,.63 of Roali

Six~ooleans a ArravC 1..& 3 of Bool~an1

LomSet. a SET OF L..d;

NormalizeMode =(Readwt irectiont ?Movel, Mo%.u29 Elavation )1
SoftStopMode (ReadwiTo~ot Stopi, Mc .. 9sto Stair29 Movq2nd,

Steft~p Mo-#e3rd. !SteP4

FootState a ( Su~pp ,p Tra-sfor Is
SixStates = ArroEC 1..6 3 if~ FootS..atol

FootSubstate n ( Ground, L'*PtOff, Raturnt Plae.oDowny Error )0
SixSubstatos = ArrawC l..6 2 of FootSubstatel

ftat&Twpo a C Absolute, Relative )I
SixRat@Twpos *ArrawE 1'..6 1 OF RataTupol

Completion *CNotDone, Done )I
SixCompletiont - ArrovC l..6 3 of Completion$

Coordinate *(X, Y, Z )I
Coordinsateot aSET of Coordinatel
SixCoord~ats *ArraiiC 1..& 3 of Coordinat*Sotf

AxisContro!Twp*- PositionControl, ForceControlp BoduContral ~
ControlTvpe a RECORD

Xy Yp Z : AxisContralTwpof
ENDI

SixControlTwipes -ArrawC l..6 2 OF Control~igpo
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String aPacked ArrawC l..10 3 of Char!

TriSet.Twp a RECORD
Footi : Integer$
Foot2 : Intesarl
Foot3 : Integer;

ENDO

TriSetArrawi a ArraviC 1..20 3 OF TriS~tTvpe;

YawPairTwpt a RECORD
PinnedFoot. I nteger;
YawFoot t Integer;

END;

YawPairArrawi - ArrawC 1..15 2 OF YawPaivTwp*#

**~ FILE: CONST40.PAS : CONSTANT DECLARATION FILE

(C***2 PROGRAMMIER: DENNIS R. PUGH

CONST Zero a Vector( 0.01 0.0p 0.0 )1
Identitv - Matr'.x( ( 1.Op 0,0, 0.0 )t

( 0.0p 1.0w 0.0 )f .
(0.0p 0.0. 1.0

Pi a 3.141590
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C** FILE! CXTERN4O.PAS EXTERNAL DECI-ARATION FILE FOR
PROCEDURES USED DURING HEXAPOtD

*** PROGRAMMER: DENNIS R. PUUHP
(s**** MODIFIED BY KEITH R. BROERMAN9 JUNE It t983

PROCEDURE Initialize(
VAR Actua13odwTransform : omogeneous;
VAR DesjredBodwTransform : Homfogeneous;
VAR ActualFootP~sition : Si:4vectorls
VAR PlannedFootPasition :SixV~etors;
VAR ActualForce 'S±i:'Jctor~s
VAR DesiredForce : Sjxvoctor4;
VAR Tactilian :Si.Nlatriees;
VAR ForceSet :SixCoordSet'sl
VAR FootContact : Six~ooteants

EXTERNALS

PROCV.DURE FetchComaarndC
VAR CommandedVohicel.ode Chart
VAR LegNumbor :IntagerS
VAR JowSt~ickflefloction Arraw3S
VAR Writ*Flag :Bolalen

EXTERNAL

PROCEDURE Linearflotion(
JoiuStiekDofloction :Arrav3l

dt : Real$
VAR PlannwiFootRato : s±xvoctors
VAR FootRateTvse : SixRat*Twoes)
VAR DesirldBodwLinearRates Vector$
VAR Dosirwd~odvAngularRates :Vee t. I
VAR DestredBodiiTransfora : H.0:0eneooljs

EXTERNALS
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PROCEDURE An!u1,ar~oticri(

JovStick~et'1ectior. Arrav3;

VAR FotaeweS:RtTPs
VAR Deie~dq~na-ze Vectorý
VAR -Desired~oddAnqul,.rRat~es Vector;
VAR DesirpdBodyTran,;form Homogenpous :

EXTERNAL;

PROCEDURE LegMotion(

LegNurnver Tts
JovS4tickttefection Arý3
dtRel

VAR PlanrnedroockRate Si;:Vpctors;
VAR Footr~ateTvkre SixRateTypesJ L
VAR Desired rdvLirtearRat.es Vector;
VAR Desired~eodyAnsular~ates Vector; -

VAR Desjired~od9Trarnslorlb Homfovreneou

EXTERNAL;P

PROCEDURE HaltVehicle(
dt Reall

VAR PlannedFootRate Six')Pctorsv
VAR FootRateTvpe gi:.Rat.eTyp-es
VAR Desired~od'-eLinearRates s tr
VAR Desired~odvAnq~jlarRates Vector;
VAR Desired~odvTrnsi'nrm Homoleneous

EXTERNALJI_

PROCEDURE Normln.4tiali~e;
EXTERNAL;

PROCEDURE NormfalizeBodv(
VAR MormalizaodyFlag completion;

FootContact iiopas
rlesiredFootPosition Si;:Vectnrs;
dtRel

VAR ZeroFarce Si:.:Ve.Ctors;
VAR PlannedFaotRate SiL.Vpctors;
VAR FootRateTwpe Si!ýRatpTvpes;
VAR DesiredBudyLinearRates Vnctor3
VA~R Desired~odvAn~ularRates Vecto0r;-
VAR DesiredE~odyTransform Homdleeroijs

EXTERNAL;
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PROCEDURE SoftInitializal
EXTERNALI

PROCEDURE ComputeSensorOffsets(
VAR Offsets Arrav6

EXTERNAL)

PROCEDURE Determin*Foot~eig§ht(
foot. : Intaesrl
Offsets :Arw'ae6;

VAR FootNeimht : Real

EXTERNAL;

PROCEDURE SaftStep(
FootContact *: Sixonolemsna
DesiredFoot.'asition Si::Vec~tors;
dt Real$
DelT Roall

VAR SoftStepFlam Completion;
VAR RoXnitiallzeFlas SixComplationst
VAR Aetual~oduTransform Homogeneous;
VAR Actua1FootPosition~adw : SixV~ctors;
VAR ZeroForce SixVactorss
VAR PlannedFootftate :SixVectorsi
VAR FootRat*Twpe : Sin:RateTv.ps;
VAR Dosired~odvjLinearRates Vetr
VAR DesiredBadvAnsularRates :Vector;
VAR DestradfioduTransform : Hoac-gar~emi,'j
VAR Offsets : ArrSW6;
VAR LPFOutput : Arrav6;
VAR PO~jtput :Arrav6I
VAR VOutput : Arrav6p
VAR RealTim* Real;
VAR TraJectorwFlas SixCompletions;
VAR FinalTime :Arr : 60
VAR InitialTimo Arraiv6

EXTERNAL I

PROCEDURE GotOrientation(
Psi : Real; -C Yaw antle >
Doltal : Reall Pitch Siipbal anmle
Dolta2 : Real$ Roll simbal anqlj

VAR Orientation : Matrix S odv orientation matri. )

EXTERNALS
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PROCEDURE BoduServa(
DesiredRotiitionhat~rix ? tri'd; t Desired bodj orientation
Act-ualRetationMatrix : Ntrix; ( Actual bod4 nrientat~ion I-
Dosired~odwAngularRates :Vector; -C Desired angular rates
Actualflod-.AngularRates Vector$ ( Actutal angular rates

VAR bodwServoAnsularRates Vector t Servo commainded ans. rates

EXTERNALJ

PROCEDUR~E MjxFootRat~e(
Plannod~ootRat* SixVectors;
BodvgServvcootRat* SixVectors:*
FootRateTwpe SixRat@Tvpes;
dt Real;

VAR DegiredFootRate Si:tVecto~rsf
VAR DosiredI~ootPosition :SixVectors

EXTERNAL

PROCEDURE Leglnit~ialtze(
ActualForce sixvectors

EXTERNALI

PROCEDURE L.mSSrvo(
Dezirod~osition Sixvoctors#
DesirwdFoýce ?SixVoctors;
DesiradRate :SixV*.CtorsI
ActualPosit~ion SixVectorel
ActualForce :SimVoctorsl
Tactilian :Sixmatricesl ..

FerceSet :SixCoordSetas
dt : Real$

VAR CommandRate SixVectors

EXTERNAL;

PROCEDURE -JointServoc
CommandRate : SixVoctmrs;
Actualftate : SixVectors;

VAR OutVoltame : SixVectors

EXTERNAL$
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PROCEDURE Cartesian(~
JointAnglgs Si>xVectar~l
FootFo-.'ce S±..Vectors;

VAR ActualPosition Slxvectorsi;
VAR ActualForce :Si.,:Vectorsi
VAR InverseJacobian SixMatrices

EXTERNAL;

PROCEDURE OutputValt( Voltage :SixVectors)
EXTERNAL)

*PROCEDURE GvroFeedBack(
VAR Pitch Real: ( Pitch mimbal angle
VAR Roll :Real < Roll simoal angle

EXTERNAL;

*PROCEDURE ForceF~e d~acI'
VAR FootForce :sixVectors

EXTERNAL;

PROCEDURE PositionF**d~aek(
VAR JointAn'sl. 1 SixVectors

* EXTERNAL$

ElPROCEDURE Rat*Fee*dBack(
VAR JointRate SixVectors

EXTERNAL$

PROCEDURE Wait(
ýVAR Number~aitUnits Integer--
VAR WaitUnitTwpo nog7
VAR WaitStattus Integer

NONPASCALI

PROCEDURE OffElectronics;
EXTERNAL;

PROCEDURE OnI~ot~ors;
EXTERNAL;
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c;.I

PROCEDURE OfflMotors;
EXTERNAL;

PROCEDURE WriteMatrix( OutputMatrix : Matrix;
MatrixLabel : Strina )

EXTERNAL;

(*2* LIBRARY ROUTINE SECTION *2*

FUNCTION Magnitude( A: Vector Real;
EXTERNAL;

FUNCTION XYMasnitude( A: Vector Real "
EXTERNAL;

PROCEDURE CrossProdJct( VAR A: Vector; Do C: Vector )
EXTERNAL;

-C A : B x C

PROCEDURE VectSub( VAR A: Vector; Do C: Vector )-
EXTERNAL;

( A := B - C)

PROCEDURE Vecthult( VAR A: Vector; c: Real; B3 Vector ;
EXTERNAL;

(A:-c B)

PROCEDURE VectDiv( VAR A: Vector; 8: Vector; c: Real )
EXTERNAL;

PROCEDURE Transpose( 9AR At: Matrix; A : Matri:: ;
EXTERNAL;

( At := TRANSPOSE( A ) 3"

PROCEDURE Matrix:Mult( VAR A: Vector; N: Matrix; B: Vector )1
EXTERNAL;

C A H- N 2 B ,

.1
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PROCEDURE Transform( Var A: Vector; T: Hamogeneojs; B: Vector );
EXTERNAL;

% A := T * B >

PROCEDURE TransIntearate( VAR H : Homolereois;

LinearRate Vector; ( wrt. H >
AnAularRate : Vector; C wrt. H >

dt I Real );
EXTERNAL;

{ H := INTEGRAL( LineerRate, AnsularRate, dt }

(Sown>

(*X** FILE: SENTEST.PAS : MAIN PROGRAM FOR 'HE DE IONSTRATION OF tnt>
{*** FOOT ALTITUDE CONTROL. USTNG PROXIMITY *5**>

SENSOR DATA. *5}

{5*** FOR FOOT ALTITUDE CONTROL, ENTER '5'. * **"

(**** PROGRAMMER: DENNIS R. PUPH, *5*5> •
{*ttt MODIFIED BY KEITH R. BROERMAN, JUNE l, 1983 *t>
(*t*tttt*tstttt*tttttt**************ttttttttn*tt**tttt*tttttntt* tnt>***

%INCLUDE TYPE40; < Tjee declarations >
%INCLUDE CONST40; ( Constant declaration I
%IHCLUDE EXTERN40; (. ';ternal Procedure declaritions 3

VAR ActualBodyAnrlularRates : Vector;
DesiredBodvLiiearRates : Vector;
Desi redBodyAnrularRat es : Vector;
BodvServoAntularRates : Vector;
BodyServoAnlularRateqEArth : Vector;
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ActualFootP'osition sixvectors;
Dasired~ootPosition : i..:tectorsP
Ze~roForc* SixVectors;
Aetual~ootForce stxvectars;
ActualJointAnslas sxJcos
ActuaiJointRates S~ix'Veetors;i
CoaaandJointRate : 9jxvectors,
Outvoltage :SixVvetors3
PlannsdFootRate :sixv~etors;
DodjiServoFootRate SigVectors;
DosiredFootRate :sixV~etors;
LegServoFootRate Siý:Vvctors;
ActualForce Si.xy:ectorq;
DasiredForce Si:.Vectors;

Desired~odgTransforit Homogeneous;

Actual~odwiTransforsb Homogeneous'.

FootRat*Tifte SixRateTtop*%

hiriteFlag Boalean)l

FootContact :Six.Booleans$

InverseJacobian ?Six~latrices)
Tactilian : Siy.Matrice~s

ForeeSet : SixCoordSets$

JowSticklieflection : Arrai3;

InitialTime :Arra'461
FinalTime :Arravj66
Offset$ : Arrsv6i
LPFOutp-ut :Arravi6l
Poutput : Arra,6;
vOutput : Arravi6 Ib

Pitch 1Real;
Roll :Reaip
Yaw Reall
CurrentTime Real$A
RealTims, Real;
LastTia* Real;
dt : R:alS
DelT R R1a
T 1Real;

foot Integer;
LogNumbor Integer;
WaitUnitTvp* Integer;
Numbsr~aittinits I nteger;
WaitStatus :Integer;

47
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CurrentVehiel*Mode :Char$
Command~dVehiclellode : char;

SoftStepFlag Completion;
Normal jz*BodwFlam : Completion;

ReInitializeFlai : si:4Completions;
TrajectorwjFlad SixComplations;

BEGIN ( SensorTest

Initialize( Actual~odwTransformv
Desi red~odwTransfors,
ActualFootPositionv
DesiredFootPositiont

* ActualForetv
Desi redFo rem,
Tactil ianp

* ForeeSet,
FootContact

NorM Initialize;.
Softlnitializvo
LosInitialize( ActualForce )I
ComputeSensorOtfsets( Offsets )I

UaitUnitTwpe :- 0; - Select clock tieks for wait units I
NumberWaitUnits :A 21 (.Wait for two clock ticks >

On~oto rs)

LastTimw != Time;
CurrentVahicle~ode :- H';
CommandvdVehicletlode - H';

WriteFlag :- FALSEI

BodwServoAngularftates :- Zero;
Yaw := 0.01

Normaliz@BoduFlas :0 NotDone;
SoftStepFlas :u NotDone;
FOR foot := 1 to 6 DO

R*Initiali=*FlaC foot I :* Done;

Writaln('Please Enter DelT');
Readln(D&lT;

*RealTime 0u .0
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REPEAT (UNTIL Commandad~tehieltMoad 'X)

CurrontTint. :- Timf&
dt :=~CurrantTime - LastTjntp *3600.0; -C seconds
LastTiaa : CurrentTimn;l
RealTime : RtalTime + (it.;

FetckhCommand( Commar'1edV.hicelModer
LegNumber,

JowstjckDeflectionp

OPERITIONAL M~ODE SE01JENCE. EC.TTON

CASE CurrentVehicl@tlcds OF

ILI! Current~ahieleMode :- Commandedt~ehizleflode;

'A': Cu.'rentVehicleMods :a Comande-l'hiz1aiod.f

'F': CurrentVahicelMode :- CommandedVehicl.Mo'ie$

'S': IF SoftStep'Flam w NotDone
THEN

Currvntyehjelaflode IS ''
ELSE

BEGIN
CurrntntVahiela*1ode :-'H';
CommandedVehicinI~ode :-'I

'N'; IF Normalizobod.vFlas * Dom~e
THEN

BEGIN
CurrentVehiieleMode :-'I
CommandedVehiclallade 'HIP ~
END;

'H': CurrentVahiclellode a* CommandodV4hicleaode;

END;( CASE CurrantVehlcleailde I
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(S ~REFERENCE GENERATION SECTION.5

CASE Current~ehieleilode OF

'L .LinearMotion( JowiStickDof1.etion,
dt,
Plannod FootRatt,
FootRat&Twpe,
Desi rvdBodiiLirieaRatesv
Desi rtdBodwAngularftatesi.
DesirtdBodwiTransfo~rm )

'A': Angularflotion( JowStiekDeflacttin,
dtp
P1 annad~octRatov
FaotRatoTwpet
Dvsi r~d~od4LiniiarRat~sv
Dosi red~odwAnlularRatms,
Dosived~adviTransform )l

'F': Leg~lotion( LogNumbort
JoaiStickDeflectioni

Plann~dFootRate,
FootRit*Twpop
Dvsi rvd~odwLin~srRat,.s,
Desi .ded~odAndularRatost
Desiradprd,.Trarnifovm

IS,: SoftStop( FootContactt
DosirtdFootPooitionp
dto
DelTv
SottStopF lam,

* RolnitializePlag,
ActualBodwgTrasnttorn.
Actual~octPositiont
ZeraoIrcot

P1annedFootflat..,
FoatRatoTdp.,
Desi red~odwiLinearRatest
Dosi .ed~odvjAnoularRates,
Dosi rsd~odweTransform, 7
otflatsp
LPFOutput,
POutput,
voutputt
RealTimet
TraJ~e1torvFlagp
FinalTia.,
IflitialTim* )I
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'N': NormaliznBadv( Normalj~et~od'4Fts2
Foo~tContact,
Desi redFootPosjtiom.
dtv
Za woForcep
PlannedFootRatep
Foot Rate T wp
Diesi red~odwLinearRatosp
DesiredbodwAngulja rRatest
DesiredBodwTransform )

'H': HaltVehiclo( dtp
PlannedFootRatat
FootRateTwoet
Desi wed~odywirgnarRateso
DssiredI~od~iAnaularRat~est
Desired~odvTransform )I

ENDO - CASE CurrentVahicleMode

OrthoNormc DtsiredflodwTransform.Rotation,
DesiredflodwTransform.Rotation )1

SERVO ROUTINE SECTION

OwroFeedBack( Pitch,
Roll )

CIntegrate commanded waw rate to simulate waw gvro feedback I
Matricxlult( BodwSarvoArn1ularRatesE~arthp

Actual~odwTransform .Rotation,
9odwSorvoAn-jt.1arftatis );

Yaw := Yaw + BodwServoAnsularRatasEarth.Z *1 dtl

GotOrientation( Yaw,#-
Pi &,ch, ?
Rollp
Actual~odwTransformRotation)

IF Idrit@Flag THEN
BEGIN
Writ@Ln( 'Yaw a ,Yaw? l'4 )0
Writ*Ln( 'Pitch It¼ Pitcl,:lO:4
WriteLn( 'Roll -¼Roll:lo:4 ) %

Writt.Natrix( ActuialIodwTranitorm.Rot~ttionp'ActRotat.'
hlrit&Lnf
ENDO
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DodwiServo( DusiredBodwiTransform.Rot.;tion,
Desi red~odyTranstormw.R.itation, ~for Actua.1Transform)
Dasi red~odyjAngularRatesv
Desirad~odwAnsularRatesCfor Actual14odwAngularRates>.
BodwSarvoAnqularRate~s

FOR fact :-I TO 6 DO Convert bodw rates to foot rates
BEGIN
CrossProductC BoduServoFootRateE foot 1p

DesiredFootPositionE foot 39
BodwSorvoAnglularRates >;

VoetSub( BoduServoFootRateC foot 3o
BodwaS@PvvoootRateC foot Jr,
DesiredBodwLinearT~ates

END;

NixFootRatos( PlanntdFootRatep
BodwSorvoFootRa tet
FootRataTwpe,
dt,
DesiredFootRatey
DesiradFootPosition )f

PositionFeedback( ActualJointAngl~s )i

ForcwF@&dback( ActualFootFore. )I

FOR foot := I TO 6 DO -Csubtract force offsets from actual force>
IVoctSub( ActualFootForc&C toot 3p

ActualFootForceC foot 3#
ZeroForcet foot 3 )

Cartesian( ActualJoirstAnglost
ActualFcotForcep
ActualFootPosi tion,
ActualForctp
InversoJacobIian

IF WriteFlas THEN Writ*( 'Actual Forces )I
FOR foot :a I TO 6 DO

BEGIN
IF -ActualForcoC fact 3.Z )- 20.0 < P-ounds

THEN
FootContactE foot 3 :u TRUIE

ELSE
FootContactL foot 3 :a FALSE

IF UnitaFlag THEN Write( -ActualForeeC foot 2Z1: .

END;

IF Writ@Flag THEN Writ@Ln;
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LegServo( Desi redFootPositior.
Desi redFarcet
r'esiredFoatRate.
ActualFoat.Fosi titans-
Act iia IFo rce,
Tactiliant
Pa rceSety
dti
LesServoFootRate

FOR foot 1 to 6 DO ( convert. foot. rates to joint rates
Matri;:MIultC ComranrdiointpatREf foot it

Inverseiacobi~rs foot. I-
LegServorootRater tc~ot I

RateFeedback( ActualJointRates)

.JointSirvo( CommandJointRatet
Actual.jointRates,
OutVoltagee)

OutputVolt( DutVoitage

<2 END OF SERVO ROUTINES 2

tWriteFlag ;=FALSE;

Wait( NumberUaitUnits? ,-

WaitUnitTyr-et
WaitStatus

IF WaitStatus -:> 1 THEN Wrttelr( 'WaitStatus a¼WaitStatus

UNTIL CammandedVehicleflode - 'I

FOR foot :- 1 to 6 DO

OutVoltaset foot 3 Zero;

OutputValtC Outyoltage

OffMotors;
OffElectronics;-

END. CSen.Test>
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"-Sown)

{2E** FILE: SENSOR40.PAS : THIS FILE CONTAINS ALL SUBROUTINES *2*4>
{(*2*3 USED IN THE CONTROL OF HEXAPOD FOOT *2*2:
2**2* ALTITUDES. *2*.

(*22* PROGRAMMER. KEITH R. BROERMAN *$2/

%INCLUDE TYPE40; ( Twoe" declarations >
%INCLUDE CONST40; { Constant declaration }
%INCLUDE EXTERN40; External Procedure declarations /

(*22 STATIC VARIABLE DECLARATION ***>I

VAR SoftStopState : SoftStepMode;
SteplFlas : Completion-.
Step2Flas : Completion;
Step3Flas : Completion;
Step4Flag : Completion;
MoveBodwFlag : ArraeC l..3 3 OF Completionl
MoveFootStato : SixSubStatesl
MoveFootFlam : ArrajC 1.6 2 OF Completioni

PROCEDURE Softlnitial'ze;

VAR foot : Inteser;

BEGIN

SottStopState :a RoadvToGoo

FOR foot := 1 to 6 DO
Mov*FootStateC foot 3 Groundl

END I SoftInitialize .

/

PROCEDURE ComputeSensorOffsets; S/
CONST Mask a 00077701

VAR foot : Intejerl
loopcount : Intager;
footminusone : Integer;

Select ORIGIN 167742D : Inteqer;
Data ORIGIN 167744B : Integer;
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Temp0ffset !Arrav6 -

Sum :Arrav6;

PROCEDURE Wait;

VAR Neutime :Reall

BEGIN

Newtim* := Time;
'4HILE (Time -Newtime) *3600.0 < 0.088 -C seconds > DO -C nothini 1;

I..

END)

BEGIN CDetermine Senror Offi.ts >

FOR foot a I to 6 DO SuC toot 23 : 0;
FOR loopcount : I TO 50 DO k Determine Averame Values I

BEGIN
FOR foot:- Ito 6 DiO

BEGIN
footminusone :. toot - 1;
Select !- footminusone;
TempOffsetC foot 2 :- Data AND Mask;
Su*C foot] := Sume foot 3 + TemaOffsetC toot 3f
END O

Wait# C uait 89 milliseconds >
END;

FOR foot :- I to 6 DO Offsets[ foot I a Sum faoot 1 / 50.0;

END; C •omputeSensorOffsets >

PROCEDURE DetermineFootHeigttj

CONST Mask - 000777B;
Sign a 100000B;
ConversionConstant a 0.094;

VAR footminuson. : Integer;
Errorbit : tnteler;

Select ORIGIN 167742B : Inteler;
Data ORIGIN 167744B : Integer;

OrossSensorOutoeut : Real;

177 ]

/.



BECIN -C Determine Foot Al.titudes

footminusone := toot - 1;
Select := tootainusonal
Errorbit := Data AND Sisn;
GrossSsnsorautput :- Data AND Mask;
FootNeight O ross~,nsorautput - Otfsetst foot 3

*ConvirsionConstant.;

IF ABS( FootNaight ) < 0.1 ( inches
THEN Foot~oisht :-0.0;

IF GrossSensorOutput 38 ~4.0
THEN Foot~ejiht :=50.0; < loss-of-signal flas

END; - DetermineFoot~eisht I

PROCEDURE ni tS~nsorVariables(
foot :Integer;
Offsets Arra'jh;

V AR LPFOutput Arrav61
VAR Poutput Arrid6;
VAR VOutput Arrav6;
VAR Trajec~torviFlag : SixCoftpletions;

Actualiodw.Transform :Homogeneousl
Actua!FootPositirnnBodwi : SixVectors

CONST Final.Position~tOut~fRanso - -18.00

'IR ActualFootPositionEarth IVactorl
FootH~ight Real;

BEGIN

D~torain*FootHeisht( foot# Offsets, Foot~eight )I

V~utputC toot 3 :a o.0;

Transform( ActualFootPositior~artht
ActualflodwiTransformt
ActualFootPosition~odyjC foot 23)

POutputC toot 2 :w ActualFootPositionEarth.Z;
LPFOutputC toot 3 := ActualFootPositinnEarth.Z - FootHeight;

IF FootHaisht a 50.0 ( out-of-range tias 3}
TH4EN LPFOutputE toot 3 :- FinalPositionlf~utotRange;

TrajectorwFlamC foot I Nottonel

END; < InitSensorVariables
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PROCEDURE RolnitSensorVariables(&
foot :Integer'
Offsets Arra461

VAR LPFOutput 2Arrvavl
VAR POutput Arrav61
VAR TrajtctowvFlai : SixCompletioni;

ActualBoduiTransform 2 Homoleneous;
ActualFootPositionBadv : SixVectcrs

CONST Fina1PasitionIfOutOfRango -18.01

VAR ActualFootPositionEarth vector)
FootHeigqht 2!Real;

BEGIN

Det~rmin*FootH~ight( foot, Offsets, FootHeight )0
Transform( ActualFootPositionEarth, 4

Actual8odwaTransforot Ic
Actua1~ootPositionBod4,C foot 3 )

POutputt toot 3 :- Actua1FootPosiltionEarth.Zl
LPFOutputC foot I := ActuaiFootPo sitionEarth.Z - FootNtimhtO

IF FootHoight = 50.0 -C out-of-raklg. flag ).
THEN LPFOutpuu.C foot 3 2. Fin 1a)PositionIfOijtOfRarg.*

Trajecto?,iFlagE foot I :- Notllon.i;

END I ReInitSonvorVariables .

P"ROCEDURE MovwBo~s(
8odwaTranslation vector;
DesiredflodvPosition 2Reall

VAR DosirvdBodvLjntarRates : Vectorl
VAR Mov*Flas : completion

CONST Ma xPositionError = 0.251< inches >
ForwardRate = 3.53 inches ,or se'iond >

VAR AveraesPosition : .6ei
BoduiPositionError Rer.11
fact 2Integer;

BEGIN

BodwPositionError 2=DtsiredBoduPosition - odv.Translation.Xl
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(**EVALUATE BOUNDARY VALUE CONDITION A**>

IF ABS( BodwFositicr.Error ) Ma: PositionErrar
THEN

iloveFlas := Done

ELSE I
BEGIN
?MoveFlag NatDone;

-C*** CALCULATE DESIRED LINEAR BODY RATES 9~**>

IF BodbiPositionError ,0.0

DesiredBodwl~inearRates.X :-ForwardRate

ELE esiredBodw-LinearRatas.X :~-ForwardRateO

-Ii esied~a~Liear~tesY :=oAt
DesjredBodwLinearRates.Z : 0.0;

END; t Else

LND C Mov*Bodw

2 PROCEDURE MaintainFaotElevation(
foot :Int~eger;
Offset% Arraw6l

VAR PlannedFoatRate Vect~or

CONST Threshold - 2.0; -C inches >

VAR FootElevation R*elf

DetermineFootHeight( foott Offsets, FootElevation )0

IF FootElevation < Threshold '

Plann~dFootRate.Z :-3.0 < inches/second
ELSE

Plann~dFootRate.Z .0.0;

END; h aintainFootElevation
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PROCEDURE FinalPosi*.iorCalc'jlatoe
dt :Real;
foot. :Inteier;
Actual~odwiTransform :Homogeneou.s;
Actual~ootPosition~odw S i;:Vectorsf
Offsets :Arra46;

VAR LPFOutput : Arraw6;
VAR POutput Arab
VAR VOut~put :Arraw6l
VAR Rtlnitializ*Flag SixComplet~ions;
VAR TrajectorwFlag : SixCompletions

CONST TaQ - 0.5 ( low-pass filter time contstant. I
FinalPositionlfOut~fRagae - -13.0;( inches

VAR ActualFootPositionEarth :Vector;-
LPFInput Real;
OLPFOutput Real;
Foot~ei~ht Real.

BEGIN < calculate t~he filtered value of final 3ant~h '-osition

DeteraineFootHeight( foot, Offsets, FootHtisht )f

IF Foot~eisht a 50.0
THEN -C vehicle assumed to be on level mround

BEGIN
LPFOutputC foot 3 := FinalPositionIfOutOfRanie;
Relnitiali~eFiaar foot 3 NotDonel
END

ELSE IF ( FootHeisht -,,> 50.0
AND ( RolnitializeFlamC foot 3 NotDone

THEN
BEGIN
RelnjtSensorVariables( foot,

Offsets,
LFFOutput,
Pautput.
TrajectorvjFlagr
Actual~odyiTransform,
ActualFootPositiori~odw,)-- 4

ReInitializoFlaAC foot 3 DaOn*;
END

ELSE
BEGIN
Transform( ActualFootPositionEartho

Actual~iodwTransformp
Aetua1FootPositionBadvC foot I

LPFInpuit :w ActualFootPositjonEarth.Z - FootHeight;
DLPFOutput 2.(LPF~nput -LPFOutputC foot 1) /Tali;
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LPFOutputC foot ] = LPFOJtrut * dt LPF!,tpJt[ foot 3;
END; < Euler Intevratior, >

END; ( FinalPositionCalculate >

PROCEDURE Trajectory( PO, Pf, VO, V?, TO, Tf: Real;
Vma-, Amax: Real;
VAR Acceleration, TI, T2: Real;
VAR Possible: Boolean )

i A procedure which computes 'accelerations mnd timing for a trajectorv }
< between two Points given the position, velocit', arnd tim. of each
( Point. Velocitv and acceleration limits are observed in the
( traJectorv generation. }

- Programmer : Dennis R. Pueh }
{ 2>

VAR GoodSolution : Boolean; C Consistant Solutior Flag }

B, C : Real$ Quadratic Eouation Coeffs. }
Root : Peal; - SORT ( Discriminant ) )
Discriminant : Real) C OUADR. EQ. Discriminant }
Vs : Real; ( Velocitw at Acceleration Chanqes }
Denominator : Real; , Intermediate Term }

PROCEDURE TimeCheck( Vs, Acceleration: Real; VAR TIP T2: Real;

VAR GoodSolution: Boolean ';

C A Procedure which determines if a trajectorv can be complpted with a >
< given acceleration and saturation velocitw; it also computes the
(.times at which the acceleration state is -,hanged. /

BEGIN 2 TimeCheck > /
IF ABS( Acceleration ) 0.001 /

THEN
BEGIN
IF ( ABS( Pf-PO - VO*(Tf-TO) ) 0.01 -C Inches >

AND ( ABS( VI - VO ) < 0.1
THEN

BEGIN
GoodSolution :P True;
T1 :- TO;
T2 I= Tf;
END

ELSE
GoodSolution = False;

2 END IF I
END 2 THEN }
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ELSE
BEGIN
Ti :- ( Vs - VO ) / Acceleration + TO; A

T2 :- T? - V Us - VU ) / Acceleration;
IF ( TI >a TO - 0.01

AND C T2 >a TI - 0.01
AND C Tf >= T2 - 0.01

THEN GoodSolution z True
ELSE GoodSolution Z. False

END;

{ END IF Acceleration }

END; { TimeCheck

BEGIN ( Trajectorv >

B * -2.0 5 C Pf - PO ) / Tf - TO )
C :. C Pf - P0 ) + C Vt + VO ) / ( Tf - TO ) - C 'Jt5'÷VO+O ) / 2.0;

Discriminant B5B - 4.0C;"

IF Discriminant a 0.0
THEN Root :- 0.0
ELSE Root :u SORT( Discriminant )1 ^4

Vs :w ( -B + Root ) / 2.O0
Acceleration = C 2.0 * Vs - UJ - VO ) / ( Tt - TO )I
Tim*Check( UaP Accelerationp TI, T2, GoodSolution )

IF GoodSolution = False
THEN

BEGIN
Vs a C -B - Root ) / 2.0,
Acceleration := ( 2.0 * Vs - Vt - VO ) / C Tt - TO )I . .
TimeCheck( Vs. Acceleration, Tip T2, GoodSolution )'
ENDO ( THEN >

{ END IF GoodSolution >-

IF C ABS( Acceleration ) < Amax ) AND C ABS( Vs ) Vma::
THEN ( Trw Trajectory Twpe 2 }

BEGIN

IF Vs > 0.0
THEN Vs :a Vmax
ELSE Vs :a -Vmax;
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Denominator : ( Tf - TO ) V Vs - Pf + PO; C Inches
IF ADS( Denominator ) .= •.01

THEN
Acceleration :A 0.0

ELSE 1<
Acceleration :- (S0R(Vs-VO)+SOR(Vs-V))/tDenominatror/2.0;

Tim&Check( Vsp Acceleration, TI, T2, GoodSolution )

END$ { THEN }

( END IF )

IF C GoodSolution = True ) AND ( ABS( Acceleration ) K- Amae + 0.1
THEN

Possible :- True
ELSE

BEGIN
Possible :- False$
IF Acceleration > 0.0

THEN
Acceleration := Asax,

ELSE
Acceleration . -Amex$

END$

END# { Trojectoru I

PROCEDURE FindPlaceDownRate(
dt I Real;
foot : Integer$
ActualBodwTransform Hoeolen-ous;
FootContact B Boolean;

VAR Downrote : Real;
VAR LPFOut.ut : Arra 6;
VAR POutput I Arrsv6;
VAR VOut~ut : Arraw6; -I
VAR TrajectorpFlat : SixCompl~tions;
VAR FinalTime : Arraw6l
VAR RealTime : Real

CONST UVmx a 5.01 C inches Per second
Amex w 10.0; ( inches Per second Per second >
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VAR Deltap Real;
Tamin : Real;
TO I Real;
Tf : Re:al;
PO : Real;
Pf : eal ;
Vs : Real;
VO Real;
V? I Real;
TI I Real;
T2 : Real;
Ace : Real;

Poss : Booleanr

DesiredFootRateEarth : SixVectors;
DesiredFootRateBodu : SixVectors;
InverseBodvRotation : Matrix; b.

BEGIN

PO :. POutputc toot 31
P? :a LPFOutputE toot 3; "-

VO :" VOutputE foot 3;
V? :- O.O; C inch/second -f desired final velocity of all less s

TO :. RealTimea
Tf I. FinalTimeC foot 3;

Deltap :. Pt - PO;

IF ( TrajectorvFlaC foot 3 Done
OR (( ADS( Deltap ) < 4.0 ) AND ( ABS( VOutputC foot 3 ) < 2.05 ))

THEN ( begin constant velocity search phase I
BEGIN
TraJectorwFlasC foot 2 := Oone;
DownRate := -2.0; ( inches/second 2
VOutputC foot 3 :a DownRate;
IF FootContact - True THEN VOutPutE foot 2 :- 0.0;
POutputC foot 3 :- POutputC foot 2 + VOutputC foot 25 dt;
END

ELSE -
BEGIN < GENERATE POSITION AND VELOCITY TRAJECTORIES -

TraJectorv(POPfPVOPVtTOTfVmaxpAsa,: AccTiT2,Poss);

IF TO >a T2
THEN Ace :- -Ace < decelerate >
ELSE IF TO >- TI -1

THEN Acc :a 0.O; < move @ max:imum velocity }

IF FootContact - True THEN Ace 1= 0.0;
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VOujtputC foot 3 :a VO + dt *Acci Euler intesrationl

POutputc fna~t 2 : P0 + dt/2.0 * ('JO + V~iitpitjt toot 1);
Ctrapt~oidjl integration

DesiredFontftateEartht foot 3.X 0- .0;
DesiredFootRateEarthC toot 3.Y :-0.01
Desir~dFootftateEarthEi toot 2.Z (aVfutjtutC foot 11

< Convert Desired Foot Velocitw to bodw Coordinates

Transpose( Inverse~odwRotatjor,,

ActualBodwgTransform.Rotation)l

?IatrixIult( DesiredFootRateL~odwt foot 3f
InverseBodwRo tation,
DestredFootRateEarthE toot 3);

DownRat. :* DesiredFootRataBodyC fout*3.Z;

END; IF C)ANDC)

ENDS (C FindPlac*Downftate

PROCEDURE Mov*FootForKejth(
Offsets Arra~i6
foot :Intemarl
FootContact :Boolean;
DesiradFootPosition Vectorl
dt Real$
DelT ?Real;

VAR Actual~odwdranstorm :Homogeneous;
VAR ActualFootPosition~odw : SixVectors;
VAR ZeroForce. : Vector;
VAR PlannedFootRate :Vector;
VAR Foetf~t*tTvpe :Rat@Twpe;
VAR MayvootFlai : Completion#
VJAR LPFOutput :Arrawa6;
VAR P~utput : Arraw6l
VAR VOutput :Arrav6S

VAR ReInitializaFlag SixCompletions;
VJAR TrajectorwiFlas SixComplotions;
VAR FinalTime Arraw6;
VAR InitialTim. Arrawa6

CONST LiftRate 3.53 -C inches Per second
ReturnRate - 3.53 -C inches Per second
MaxError 0.1 1 inches >
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, 'w

PlacePoint - Sz:-Vectors(( 28.75, 24.00, -10.00 ),
28.75, -24.00P -10.00 ),

6.001 24.00. -10.00 ),
6.00v -24.00, -10.00 ),

-16.75, 24.00P -10.00 ,
-16.75, -24.00. -10.00 )

VAR, DeltaPosition : Vector# ( Intermediate position vector } \,

Distance Real; ( Distance to PlacePoint >
NotlonDirection : Vector; ( Unit vector toward PlacePoint }
TemporarwForce : SimVectors;
DownRate : Real;
FootElevation : Real; ,
FootHeijht : Real;

BEGIN C MoveFootForKeith }

{** EVALUATE BOUNDARY VALUE CONDITIONS *$5-

CASE MoveFootStat*C foot 3 OF

Ground: BEGIN
MoveFootStater foot 3 :- LiftOff;
MoveFootFlam :- NotDone;
END;

LiftOff: BEGIN
IF DesiredFootPosition.Z >- PlacePointC foot 3.Z

THEN C foot is at top of trajectorw
BEGIN .,
MoveFootStateC foot 3 :4 Return;

ForceFeedback( TemporarvForcp );

ZeroForce :- TemporaryForcof foot 31

VectSub( DeltaPosition,
PlacePointrfoot2, DesiredFootPosition 13

Distance :a Magnitude( DeltaPosition 1; - .
END; ( if desired foot Position I

END;

Return: BEGIN P
VectSub( DeltaPosition,

PlacePointCfoot], DesiredFootPosition ;

Distance - XYheanitude( De.taPosition )1 .3

,8
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IF Distance <mM&:tError
THEN ( toot readw for Placins

BEGIN
Mov.FootStat@C foot 3 :- PlaceDown;
InitSarpsorVariables( foot,

Offsets,
LPFOutput,
paujtjt I
vou tpotp
T rajectorvFlas,
ActualBociwTrargsform /
ActualFootPo~jianh~odw )

InitialTim*C foot I :- RealTimp;
FinalTimeC foot 3 :9 RealTime + DolT;
END1

END$

Placellown: IF FootContact
THEN

BEG IN
Nov*FootStst@C toot I :a Ground;
MoveFootFlan Donal

END; ( CASE Mov*FootState3

-C*** COMPUTE FOOT VELOCIT~Y COMMAND **

CASE Ilov*FootStat@C foot 3 OF

Ground; BEGIN
PlannadFootRate :- Zerof
FootRat*Twp* :- Rwlativ*1
ENVI

Lift~ff? BEGIN
PlannedFootRate.X t 0.0;
PlannedFootRpt..Y :2 0.01
PlannedFootp t&.Z := LiftRate;

FootR ataTipze:- ;"Rqtat ivel
END$ -C Lif~~

Return: BEGIN
Vect!ljv( Iloti nbirectior,,

Del'.aPosjtion, Distanca )s

VectMult( Plan *dFootRate,
ReturnRate, MotionDirection )$
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MaintainFoatElevatxon( footy
Offsets'

Fl1anned? 'notRa te );

FootRateType :=Absolute;

END; ( Return>

Place~own: BEGIN

FinalF'ositionCalculate( 'it,
fonot
Actual~odvTransformi
Actual Foot~ositLi or Rody,
Offsets,
L PF Output P

P'Outp 'itP

Relnitial±:eFlaa,
Trajector'S~la

FindPlaceflownkate( 'it,
foote
Act ual1 od T ra rgsto rm,
r act Con tact,
Down rate,
LPF Cu t p t
Pflutput,
V out putF
Trajector4Flai,
Final Time,
RcalTiee )

PlannedFootR'ateX 0.0
PlannedrootRate.Y 0.0;
Plar.nedFootRate.Z :DownRate;

FootRaterwre :- Relative;
END; { Placeflow.n>

END;$ CASE IloveFootState >

END, -C MoveFoatForKeith I-

PROCEDURE SoftStepp

VAR foot tnte-eer;
move Integer;

BEGIN -C Use Sensor Data During He::apod Locomotion >-
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(**CALL THE APPROPRIATE NOTION SUBROUTINE 5*

CASE SottStePState OF

ReadwToGo:

BEGIN
DesirtdbodwLinearRates :6 Zero;
DosiredBodwAnsularRates :- Zero;

FOR foot := I to 6 Do
BEGIN
Plann~dFootRat*C foot 3 :a Zeros
FootRateTwpet foot 3 :a Relative;
END;

END;

stop1:

BEGIN
Dwsired~odwLinoarRates s Zero;
DetirodBodvAmmularRates 'Zero;

FOR toct :0 1 to 6 DOa
IF ( foot IN C It 4p 5 2
AND ( MoveFootFlamE foot 3 a NotDone

THEN
Ilov*FoatForKeith( Offsets,

footP
FootCoritactt foot 3p
DasireedFont.FositionL foot 3,
dtp
De1Tp
Ac tualBodiT ransfo ret
ActujalFootPosj tionBodwt
ZerororcrC foot 3p
PlanneelFootRateC iont 2
FaztRateTwpeC font 2,
?tov@FootFlair foot 29
LPFOutputp
Pouts-ft,0
YOu tput,
RealTinme.

Trajoctorwi~lag,
FinalTimay
InitialTia.

ELSE
BEGIN
PlannedFootRateC foot 3 :- Zero;
FootRat*TweeC foot 3 !a Relative;
END;

END;



BEGIN
?Iove~odw( Desired~odvTransfor.%.Transla ion,

8.0p
D..i redBodwiLinearRatest
Nov@Bodt.iFlamt12

DesiredBodvjA.sularRates uZero#

FOR toot := I to 6 DO
BEGIN
PlannedFootRateC foot 3 Zero;
FootRateTwp*E foct I :a Relativel
ENDO

ENDO

Step2:

Desir~d~odw.LinoarRates :- Zero$
DestrodflodwAnsularRates :-Zero;

FOR foot Iu 1TO 6 DO
IF ( foot IN C 2p 3p 6 2
AND ( MoveFo~tFlamC foot 3 NotDone

THEN
MovuFootForK~ith( Uffsottt,

FootCorntactC foot 3v
DesiredFootPositionE foot 3v
dto
DeiT,
ActualDodwTrarisforfat
ActualFoot~'osjtion~odwg,
ZeroForceC foot 3t
PlannedFootr~atpt foot 3t
FootRat*Tvp@C f~oot 31
IMovaFootFla9C foot I#
LPFOutp',jtp
Pautput.
Voutputt
RealTime,

TrajectorvFlaav
FinaLTimev
InitialTim.,

ELSE
BEGIN
PlannedFootRateC foot 3 := Zero;
FoctRat*Twpe*C foot 23: Relative;
END;

END;
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?Mov.2nd:

BEGIN
MoyeBadw( Desi redBodwTranstora *Translation,

16.0p
Desi redBodvi nea rRat3s,
IiCvpBodvFla9C23

DesiredBodvjAnoularRates :- Zero$

FOR toot := I to 6 DO
BEG1N
PlannedFaotRat@C foot 3 : Zero;
FootRatoTwpeC toot I :a pelative;
ENDO

END;

Step3:

BEGIN
DesiredBodwLinearRates -Zero;
Dosirwd~odwAngularRates :=Zero;

FOR tact :- 1 to 6 Do
IF ( toot IN C Is 4, 5 3

AND ( Mov@FootFlsCE foot 3 NotDono
THEN

MoveFiotForKeith( affset~so
toot,
Foot.CoritactC toot 3p
D" sired~outPositionr toot 2.
dtf
D eITP
Actija1~odwTransformt
ActualFootPo i tionBodv,,
ZvroForceC foot 1,
PlannedFootRatol foot 2#
FactRateTwp,.* foot 3t_____
Mov@FootFlamt toot 2p
LPFbutput,
Poutput,
Voutputo
Re. iTime,
RelnitializeFlam,
TrojectorwFlaq,
FinalTime,
InitialTime

ELSE
BEGIN
PlannedFootRater toot 2 :- Zero$
FoctRato1wpeC foot 23: Relative;
ENDO

END$
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BEG INMove~odwi( Desired~odjTransfcorm.Translation,
24.0p
Desi redoduLirnearRates,
Miv9BoJ9FlagC33 ).

Desirec0DodjAnqulsrRates ?- Zero;

FOR foot := I to 6 D0
BEG A
PlannedFootRsto[ foot 3 :- Zero;
FootRat&Tviper foot I:m Rel-3tive;
END;

ENOI

SteP4:

BEGIN -

DesiredBoduLinearRates :-Zero;
Desired~odvAngularRates : Zero$

FOR foot :- I to 6 DO
IF ( foot IN C 2# 3p 6 3 Z4-
AND ( MoveFootFlasC foot 3 * ?otflons

THEN
flov@FootForK~itr: Offsets,

foot 0
FootContactl foot 39
DesiredI'ootPosjtionC foot 3p
dtp
Dell.,
Actua1Bod.-Transform.-
ActuniFootPositionBodup
ZeroForcaC foot 39
Pl'annedFootRateC foot 3p
FcotRst@TwPtPC foot 3,
Mov;eFootFlagE foot 3.
LPFUutpout.
poutput,
V Outp ut,
RealTimo,

Traiector,.F~as-
FinalTimet
InitialTimp

ELSE
BEGIN
PlannedFootkat*C foot 3 :- Zero;
FiotRat@Tvp~eC foot 3 -Relative;
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END I

END$ ( CASE SoftStepState

(**COMPUTE NEW BODY TRANSFORM **

Transtnt~asr.( DesiredBodvTransfora,
.'-~ ',.Dccl redBod'iLinearRstes p

Dccl fodBad'AniularRatesp1%: dt )I
* (*3* DETERMINE NEW STATE BASED ON dOTION BOUNDARY VALUES 3*

CASE SoftSt~pState OF

ReadiiToGo:

BEGIN

SaftStep~las :* Nat~onel

~ FOR foot :w I to 600O
** *. ?ovuFootFl.CC toot I :a NotDorws

FOR sov. := I to 3 DO
Mov@BodvFlamC sove I :w NotDonel

ENDO

B1EGIN
St*PI1FIan 2. Done$I-icFOR foot :- 1 to 6 DO

-: IF ( faot IN C lp 49 5 1
-~ -"AND ( MoveFootFlavE foot .I Nottlors

THEM
St*~Pllag NotDonvO

IF Ste"1Vlas a Done
4THEN otI esae mys4

- ~ENDO ( stap1

Q. MoveictIH; BEGIN
4cIF MoyveBodwFIsai~3 -Done

NJ% THEN
BEGIN

ýN For foot :a I to 6 DO
MoverootFlagE foot 3 :. otDons2MEN ENDO

ENDO ( Noveit I-
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StGP2:

9 EGIN
stap-2FaIs to Donal,

FOR fct toot IN to2 6 DO
IOF ('at IN 29 p 6
AND ( MoveFcotFlasC foot 3 NotDon*

.9 THE N
St~ep2FaIm to NotDonel

IF Ster-2F1a1 a Done
THEN

SoftStapState to Movs2ndi

ENDO ( St*P2

Mov*12nd 2I oto

BEEGIN

THE 0 EGIN

FOR foot to I to 6 DO

ANDOC MoveFaotFlagC foot 3 to Nottionst

TN$ oe~Nd

Stt3Fai oton

V IFStwp3Flau :a Donal

THEN

ENDSF~s to Step3 )

IF flov.DodFlaIC - Done
THEN

BEGIN

IF.Fo~lg footdwlsC3 2 Done ~ o
TEND

D(4I
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"FOR foo :aIto6D

I ot 2

END ( Mlov.3rd f

-. 4' StepI:

-SI '" top41Fl a a- Done!

THEN

"D•ENIN
•!• • SotSt PState :a RoadvTo~o,

oftsttpFlas to Donal
ENDO

ENDO ( StoP4

END; < Case SoftStopgtato.

END$ ( SoftStep
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