Story behind the Storyabout the
ARS Coop R& D Project for Laser-Beam
Grade-Control on a Draintube Plow
by James L. Fous$h.D., P.E.

Preface

The U.S. Department of Agriculture (USDA) Agricultural Research Service (ARS) is the scientific
and engineeringesearch agency whose mission is to develop new and improved technologies to
enhance agriculture and food production for p
is soil and water management and conservation varetarried out at a natnal network of Federal
research laboratories, many of which ardamated and cooperative with major Universities. The

new knowledge, concepts, and technologies developed and demonstrated by ARS research are
transferred to private sector agriculturabgwucers and service providers (e.g., manufacturers) for
implementation and delivery afnproved products and services to the public.

Foreword:

This is a story about activities OfSDA-ARS researchers, namely myself (James L. Fouss, Research
Agricultural Engineer) my technician and eworker (Norman R. Fausey, Engineering Technigian
ARS and university professionalglusindustry cooperatorsControl IndustriesProcess Equipment,
Laserplane, and Caterpillar Tractor Pwho wereall very important irthe development and testing

of theoriginal laserbeam automatic depth and gradtrol system for the drainage plthat helped

to revolutionize the subsurface drainage industry inetimby 197Gs. This is a previously unwritten
story, butparts of it were told a number of times by Jim Fouss over the years to selected colleagues
andfriends Many of theactivities ancevents included in thigay have never been published.

Introduction

It has beemoted in published materiatyy someinternationallyknown subsurfacelrainage
experts Dr. Jan van Schilfgaarde, Dr. Glenn O. Schwab, and Mr. Ronald C. Rdlewefortunately
now deceasgdthat focusedresearch during the 198®75 decadeadvanced andmproved
subsurfacerainage technology more thhadoccurredduring the previougd00 yearsThe research
and developmeneferred tded to the replacement btfpically slowtrenchinstallation of rigid clay
or concretedrain tile with light-weight corrugatedvall high-densitypolyethylene KIDPE) plastic
drain tubing installed with ploviype equipmentbr high-speed trenchers controlled Byaserbeam
(or Laserplaneputomaticdepth & gradecontrol system. The origindaser gradecontrol research
and developmemwas conducted ban engineeandhistechnican employed byJSDA, Agricultural
Research Servicelames L. Foussagricultural engineerpnd Norman R. Fausefengineering
technician) who werestationedin the Department of Agricultural Engineeriag) The Ohio State
University in Columbus, OH The ARS researchersvorked cooperatively with University
researchers, and thegstablishedcontractualarrangemerst with industry expertsin electronic
feedbackcontrolsto developan electronic circuit fom prototypegradecontrol systemto conduct
performancend evaluation testindfter field testingorovidedproofthe lasetbased systenvorked,
the technology was transferreddminage equipmembdustryrepsfor productdevelopmentField
demonstrationsvereconducted cooperatively by ARBniversitycolleaguesand Industry partners
on drainage plows and trenching machin&sdespread adoptioand uséy contractordollowed.

This paper on the cooperative research and development for thédasegradecontrol
system follows distory-behindthe-storydo theme forseveral keyevents that occurreduring the
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work on the projectMany of these eventtiave neveibefore been written abounor previously
publishedhowever, some were discussed with selected indivsdwalr the yearsS o me of 0t he
eventsvere progressive in nature while others were barriers to progress that had to be gweandome

a few are comi¢now, but notnecessarilyat the tim¢. Therewere, however, three papers or stories
thatwerepublishedand widely distributedbout thesuccesful research and developmembjectthat

led to the lasebeam (or Laserplane) automatic grambatrol system for drainage installation
equipment Referencecitationsfor those three publications alisted below(Printed copies of the
PDFdocumentdor the publishedpaperq1) and (2)are included in RPENDIX Il of this story:

(1) Fouss,JLland Fausey, N. R. i Resear cher s-ConbobSygemdalmtd Fau
Transforms Drainage and | rrigat i @AgricufuekSciencelandgy , 0
Technology (CAST)NewsCASTA Success Stories i-b8 Jagl20@4ul tureo 3

(2) Fouss, J.Land Fausey, N.R. Research and Development of {Beam Automatic Grad€ontrol System
on High-Speed Subsurface Drainage Eqoémt. TRANS. of the ASABE. 50 (5): 164%67. 2007

(3) ARS research for development of the LaBeam GradeControl System for Higispeed Drainage
Equipment washonoredby ASABE with a Historical Landmark Plaque; plaque and accompanying
research story wa®dicated and mounted in The Food Agricultural, and Biological Engineering Dept., The
Ohio State University, Columbus, OH, May 200{Fig. 1, Historical Landmark Plague)

LASER BEAM AUTOMATIC GRADE

~»
o>

A HISTORIC LANDMARK

3 0
AGRICULTURAL AND BIOLOGICAL ENGINEERING

The first laser grade control was developed by agricultural engineers
James Fouss and Norman Fausey of USDA’s Agticultural Research Service
at The Ohio State University in the mid-1960's. That system controlled
the precise depth and grade of subsurface drains by regulating trenching
and plow-type drainage machines. Photo cells mounted on the drainage
machine automatically raised and lowered the digging device, keeping the
tells centered on & Jaser beam set to the desited elevation and grade. The
necessaty signal processing circuit was designed and fabricated fot ARS by
Control Systems Co, of Urbana, OH, co-owned by Ted L. Teach.

Concurrently, Robert H. Studebaker, of Tipp City, OH, began to develop
a laser controlled motor grader. Studebaker introduced a rotating prism
to create & “plane” of laser light that could control several machines on a
field. In 1967, Studebaker and Teach formed the LasetPlane Corporation
in Dayton, OH. Laser control of & trenching machine was first
demonstrated in September, 1968 at the Ohio State Farm Science Review.

Priot to laser control, grades were controlled by a skilled machinery
operator using & sight bar with a series of targets place at 50 to 100 foot
intervals, Now, continuous improvements and innovations have led to
vastly expanded applications of laser-beam control technology to
agricultural, construction, industry, and military tasks, worldwide.

DEDICATED BY THE
AMERICAN SOCIETY OF AGRICULTURAL
AND BIOLOGICAL ENGINEERS

2007

Fig. 1.ASABE Historical Landmark PlagugnoringARS research for development
of the LaseBeam GradeControl System for Higtfspeed Drainage Equipment

! The Councireviewed about 200 AR@searclprojects, and selead this accomplishment as the first of ofalyr
fisuccessstorigs publ i shed t o doc uhmd.8Congeessdhatdesearchrdsllars paytolf. f or

2 The SniorAuthorand CeAuthor wereinvited by the American Society of Agricultural and Bidkma Engineers
(ASABE) to authotthis article for publication a special Centennial Issue of fhi@nsactionsof ASABE



Background

High-speed installation of plastic subsurface drain tubwitg a drainage plowvas possible
by the mid-1960's usingcoilable lengths of corrugateslall high-density polyethylene(HDPE)
plastictubing (3 - 4 inchesin diameter) There isanotheffistory-behindthe-storydo on how and when
the original sample of corrugatedhll HDPE tubing was acquired and its potential dse as the
experimentabrainage conduit was quickly recognizddhat additionalbackgroundstory is written
about separatelyand covesthe earlier phases of the ARS research project (1985) that involved
the development and testinfja Vinyl sheeplasticliner formed into an arch or a cul@rconduitand
placed within a 3nch diameter mole drainage channel formed by a mole.plte authos were
responsible for the | ast phase of -drairecircelaar | i e |
flinero was formed and placed into the mole drain chartftgjes of th®.015in. thick Vinyl plastic
sheet wer e A zwitpnghe meadadion equigneetd Foemraclosedcircularmole-drain
channel linerThe experimentgblow-typeequipmentea ed t o i nst al |-drainhirer Az i p
is shown in Fig2. Gradecontrol on thanole-plow was maintained mandyaby the tractor operator
to hydraulially adjust the plowing deptio maintainapointerstick on the plow framalignedwith a
stretcted string along the drain pahig. 2); the stretched stringaspreset to the drain gradient.

-
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Fig. 2. FloatingBeamMole-Dr ai n Pl ow equi pped with a
plastic moledrainlinerinstallation attachmeniyheels  plow frame
were for transport only when out of the ground, plotw depth control.

These early field trials with the equipment shown in Bigonfirmed thaimanual control of
depth and grade of the drain plow by the operatagratindspeedsof 30-45 meters per minute
(100-150 feet per minutejvas notacceptable opractical. Traditional deptgrade control on slow
moving trenching machines was accomplished visually by the operator aligning a sightiAgacross
on thetrencher digging mechamsframe with targets alignetb the drainpipe design gradéope
across the field. This required constant attenbbrihe equipment operatobut was reasonapl
accuate forthe slowettrenching speeds of Bl meters per minutél0-35 feet per minute)Another
techniquefor a trencherfmore commonly used in construction projects, but not for agricultural
drainage installationsyas to use a wire stretched parallel todksignbottomslope for the trench
The trencher operator visually maintained a refeeebaror pointerin line with the taut lineTo
insure more accuracy on specific installation jobs dtretched wireras useés a referendane for a
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feelersensorarmto activatehydraulicsolenoid vales to automate éhdepth control on the trenche
However the time and cost of settirayeference wirdor each drainline would have been excessive
and thus not acceptabkespecially for higkspeeddrainageplow equipmentit was estimated that it
could require from 9 to 12 workers (in teams of 3rkeos each) to stay ahead of the drainpipe
installation with the higtspeed plovio pre-set suclgradereference wires.

Early Field Researchto select Plow Frame Design

Even before the corrugatedall HDPE tubing was selected for the drain pipe matesiben
testing and evaluation of the plaslimed mole drains continued with the drainage plavegeries of
field tests vereconducted to characterize agwbluae thefifloating-beand principal of operation for
the drainage plowAs shown in Fig2, the initial mole drainageplow was modified tanstall the
plasticlined mole drainsandtwo crawler tractors pulling in tandemwere usedo that the downward
draft-line with the plow hitched to the drawbar of the trailing tractor would not cause the fittvet of

tractor to raise or lower as the plow depth hydraulics were operated to control drain depth and grade

Any upward and downward tipping motion of the crawler traastould havemadeaccomplishing
accurateggradecontrolmuchmore difficultfor the opertor. By the second year of the project at OSU,
another plowunit was designed and constructed that diasctly mounted on the larger tractor with
forward hitch pointsThe downward draftine from theforward plow hitch pointsmaintaired the
crawler track relatively flat on the ground as grackentrol changes were madbg hydraulically
adjustng the vertical positiorof the plow hitch points along the sides of the crawtleis second
floating-beam type plow is shown iRig. 3. Still, two crawler tractor§a D-7 plus a B4) were
required to pull the drainage plow approximatelfg.2leep in a heavy clay soil.

Fig. 3. TootBar Mounted Floatinddeam MoleDrain Plow installing

fizi pper edo-dmihlmer;itwheels anpl frameare for plow
depth controln fields pregraded to suitable slope for constant depth
drainsor periodic minor depth changes along drainline path.



Field Trials with Fluid -Dampened Pendulum as an OiiPlow Grade-Control Reference

A hydraulically-stabilized(fluid-dampened)self-leveling pendulum control systeas used
on sidehill cerealgrain combineequipment with seltleveling only in the direction of travelvas
mountedon the plow beamas shown in Fig..Field tests were condctto determine how accurate
the installed drain depth and grade could be controlled with such a somplw vertical
referencingsystemTh e hydraul i c response needed t o adju
grade at théigh groundspeedf the drainage plowvas als@valuated in these field testster only
a few field testsresults confirmed that an efiiachine elevation referencing systemuld beneeded
with an onplow sensorthat could monitoor sensehanges in the plolweamelevationduring rapid
forward motion.The field tests we did conduct with the-plow pendulum device provided valuable
design informatiorior the speed of hydraulic resporreguiredatthe plowhitch pointto adequately
control depth and grads the high speed anstalling drain tubng with thedrainageplow.

Early Laser-Beamtesting and selection of a commercial unit

It had been envisiondaly the ARS lead research@ouss)aboutthis timein the midl 9 6 0 6 s
that ahelium neorgaslaserbeamsystem with its high-intensity andcollimatedlight-beam (which
was in the late stages of developmieyDr. CharlesTownes® at U.C. Berkley, CA would provide
an excellenoff-machindight-beamreferencing system needed on the ksgleedirainageplow. The
idea showegromise only ifa suitable plowmounted lasebeamsensomor receivercould befound or
developedo detect the lasdream projected egrade br operating the hydraulicsystemon the
plow. The hydraulic systemesponse wouldeedto keep the sens@enteed on thdaserbeam for
controling the drain depth and gradsthe drainpipevasinstalled athefast ground spesdWhen
word got out at the ARS Beltsville office of what | was attemptioghg it was suggested in a
handwritten noteby theARS Administrator(Mr. T. W. Edminster}hat | shoulchot use the laser as
it would be too expensive.tbok note ofthe advece, but with no other goodption oralternative in
mind decided t@roceed a$ hadoriginally planned (There is a relatedshort-Story to this advice
that occurred many years lateBeeattachedRelatedShort-Story #1 inAPPENDIX 11 1). Thus,our
searchbeganfor a suitable lasébeamprojector system (if it could be acquired so early in its
development stag@and at a cost that teRS project budgetould suppor, while at the same time
searcling for a suitable sensar receiverfor the projected lasdseamin thegradecontrol system.

A graduate studemissociat®f mineat The Ohio State Universi{yhave forgotten his name)
who worled inthe PhysicsLab of the Battelle Memorial Laboratory neathe OSU Campus had a
laboratorytype laser unit(a helium-neongaslaser | do not recalits mW output)that he agreed to
loanto me He was taking about a 2 montiork-relatedtrip to Europeand would not need it while he
was out of the countryVe (Normand Il)picked it up from his lab and set it up in the basement area of
the Agriaultural EngneeringBuilding (lves Hall)at OSU We wanted to be in a dark room wle
ambient light vould not be a factor in our initial selection trials with different phdtdoesfor their
sensitivity in detecting the projecteeld laserbeamlight.

After we began the testing of various photill units in the Ives Hall basement laboratory
with the borrowed lagebeam unit,tiwas soon founthatin the mid1 9 6 8 suitablghotocell was
apparentlynot commerciallyavailable to sensthe bright red lightemitted by thehelium neongas
laserbeam As we began the search fphototubes that were sensitive andesporsive enough for

3 Dr. Charles Townes was 99 yrs. old 07/28/2014, and a birthday party was held for him at Univ. of California., Berkeley.
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our intendedresearchapplication our search efforts were temporarily interrupted as related in
anothershortsidestory. [SeeSide Story #2 associated with éloan of the laserbeam unitthat is
included iNAPPENDIX |1l about the inerruption & excitement during this phase of the projéct
After resolving the situation causing the interruptiosugablephotdube wassoonlocated but then

we quickly learnedthat it was also very sensitive to sunlighbus we desiged and fabricatd the
prototype lasebeam sensor device likenaulti-baffled shadowbox to block random sunlight rays
from entering and striking the phetobe elementsThe designconfiguration and sensitivity testing

of the prototype lasdseam receiver undredexribedand illustratedn thefollowing sectiors.

Conceptual Design or the LaserBeamFeedbackDepth & Grade-Control on a Drainage Plow

The conceptual design envisioned for the Ld&eam Feedback (Automatic) Depth and
GradeControl System on a Flaag-Beam type Drainage Plow iflustrated inFig. 4 The figure
illustratesthe physical relationship of the system components on the tractor, drainage plow, projected
LaserBeam, and drakgrade reference linéi¢hopped LaserBeam) A Block Diagram ofal the
System Components is shown in Fig./ more detailed illustration of the critical dimensional
relationships bthe LaserReceiver mounted on tldrainage plow frame (beam) is showrFig. 6.

(Note: The drawing in Fig6 is a revised and updatedrgen of the envisioned system draafter
the prototype system was developad some testing and evaluations were completed

Laser Unit On-Board Receiver

Projected Laser Beam Couugaled Plastic

Drain Tube

Plow Hitch
Fig. 41 Conceptual LaseBeam Depth & Grad€ontrol System on BrainagePlow.
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Fig.51 System BlockDiagram for the LaseBeam Fig6i1 Dwg. of theEnvisionedLaserBeam
Automatic(FeedbackDepth & GradeControl Depth & Grad€ontrol System on a Plow
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In Fig.6the LasetBeam Recei ver i s Konsrdgarowaerdd aft rpt b
hitch point. The fAefbeam vaeothengtrhi ofag®hel b

whichis the distance between the plow hitch point tredcentesof-draft on the drainage plow blade.
As explained in more detail later ihi$ story, it is important that the LadBeam Receiver be
positioned on the plovs f Fbeamat somg point forward of the cendafrdraft but alsomore
than onehalf the beam lengtib} behind the plow hitch poinThis forward position of thReceive
allows the Receivetio detectvertical changes in the hitch position relative to the drain ddpting
forward motion of the plowe.g., especially when traveling over an undulating ground surface)
before the plow bladécenterof-draft) reaches thatokcation in forward travelThe time delay for
travel of the centeof-draft to move forward the distancei(iX) allows time for the feedback control
system tdhydraulicallyadjust (correct) the hitch point vertical position so that the drain is insédlled
the design depth and grade. The Receiver position illustrated i iBgsomewhatloser to the
centerof-draft than theoptimum position found(X/b ~ 5/6; as explained latethroughtheoretical
(simulatiors) and field testing with the prototypase-beam and commercial Laserplashepth and
gradecontrol systenon the drainage plovimulation andiéld test graphicalesults are shown later

Development ofPrototype Laser-Beam Grade Control System

The designobjective and assembly of th@ototype laserbeam automatic graeontrol
system was to meet the specific needdhehigh-speed plowtype drain installation equipmenithe
prototype system was assembled and tested between 1965 and 1967 hygrisRI8iralengineer
James L. Fouss and AR&yineeringtechnicianNorman R. Fausey at ColumbusHOThe
laserbeam transmitteselectedvas dow-power0.3 mW output heliurmeon gas las¢hat emitted a
6.328 Angstroms wavkength lasetbeam(cost of the laser waabout$450.00; if | recall correctly.
The lasetbeamwas projectedbackwards througha 10X-power telescopé& expand and collimate
thelaserbeam to a 25-cm(0.5-in.) diameter, and an electrinotordriven slotted disc téchopthe
beam at 150 Htcycles per secondProjecting the smalbserbeam backwards through the-X0
Power telescope (that is, projecting the laser beam into thpiege end of the telescopagreased

the diameter of the laséeam and collimated it so that it did not expand in diameter as much over the

distancetiwas projected to intercept the lageram receiver unit. Over a distance of about 1,000 ft.

Fig. 71 Prototype laserBeamProjection unitmounted on camera tripod.

B
(Y
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the collimated lasebeam changed in dia. from 1:25 (0.5in.) to about 7.5&m (3.0in.). The
assembled prototype laseeam projection unit was mounted on a sturdy camera tripod, as shown in
Fig. 7 (Shielding over transmitter unit was removed to show the telescope and chopper blade).

Thelaserbeamreceiverunit consisted of two closely spaced horizontal rowthefselected
phototubes mounted inmaulti-baffled shadow-box typehousing Theinterior surfacesverepainted
if |l at oredukrefiedion and enhae@bsorption of ambient light rayisat enteedthe baffled
receiver box through the slotted openingeven(7) phototubes were mounted sibdg-sidein each
horizontal row ofthe receivethat measured 23 cm (9.0 in.)wndth. The vertical spacing between
the two horizontal rows of phototubes wajustable Some of the gap left between the upper and
lower rows(anadjustablegap contributed to theontrolfi d e a d forirdencepting& detectinghe
position of theprojected lasebeamon the receiverThe receiver unit prototype is shownhiyg. 8.
Themulti-baffledshadowbox of the unit was made from sheet alumirtormeduce weight.

Theinitial testing of the laser receiver unit (Fig. 8) was to measure its sensitivity to vertical
displacements from the cerdare of the projected laser beaifhe receiver unit was mounted on a
sturdy camera tripod so that it could be manually moved upward and downward while thbdaser
was projected directly into it from a significant distance. A simple voltage monitoring circuit was
configured and wiredo read the output from the two horizontal rows of phototubes while the
laserbeam was projected (without Achoppingd the
from a distance of about 140 m (460 ft.). The initial tests were conducted at nighededt setup
was underneath The Ohio State University football stadium (Ohio Stadium) in order to be in nearly
total darkness and to block the effects of any nighttime wind blowing on the projector or receiver

o R AP 2 . ps — ‘

'\ |
o

' _

Fig. 81 Prototype Phototube LasBeam Receiver Unit.

These early tests indicated that the receiver could detect slight upward and downward movements
of less than about/- 7 mm (/- 0.3 in.) from the center of the projected laseam the receiver
postions wereindicated by(+) volts [for high], (0.0) volts [for centered], and €) volts [for low]

in the monitoring circuit.These initial nightime tests werabrutly interrupted(again by OSU
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police) and were not completealith other trialsettings owvariables, as explained in the Related
Side Story #3. [See SideStory #3 iInAPPENDIX 11l about the interruption of thenight-time
laser receiverarly testingunderneath Ohio Stadiurh | do not recall that any further sensitivity
testing was conducted thaight with other trial settings or variabledter the interruption at the
Ohio StadiumThe primary objective of thearly tessthat night had beecompleted, fortunately,
and we proceeded on with the next step of our laser -g@ueol development prect.

Following the initial nighttime sensitivity testing of the prototype receiver at the Ohio
Stadium, anore enhanced signal processanguit for the lasebeam receiver unit was designed
and fabricated for ARS under USDA-ARS Governmentontract awarded toTed L. Teach and his
partnerin the firm, Control Industries of Urbana, OH.he electrial signals from the phototubes
included a BC component mainly from ambient light and astCA-.omponent from thechopped
(frequency modulatedaserbeamlight. The modulation frequency of 150 Hz (cycles/second) was
selected f or tlighebeamncltedsipteid the rotairsy alisc on the laseam
transmitter (Fig7) cr eat ed t he 1-beam.Hlre 150 tihfrequeneydvas sdleatade r
because it was considered a high enough frequency to reduce interference with ambient light
fluctuations, and also electrical circuit filter components for this frequency were readily available
at a low costFor example, such circuit filter components wesed in a audio sound frequency
modulated aircraft landing system manufactured by Control Industries to assisinpéllgsing
their flight path with small airport runways during low visibility (e.g., in fog or rain) and

nighttime Iandings.4

Theinitial sensitivity testing of the new phototube receiver unit circwitag conducted at
the Urbana, Ohio airport taxvay by aligning the projected chopped laseam and the receiver
unit along the straight edge of the tavay pavementlt waslate at night when those initial tests
were conducted and the sensitivity results were much bettewthexpected The receiver could
detect a vertical of€enter displacement of the projected chopped Hasamof about3.25 mm
(/8 inch)over a distane of 240 m(800 ft) or more. We truly did not understand why or hatv,
that momentit could be so sensitive to such smatticalmovements over such a long range.

The lasetreceiver amplifier circuit assembled by Control Industries is shoviigin9a.
Signal detection and sensitivity @veamplified in this circuit via photemultiplier components$o
boost the voltage from each row of phototubBsat alsocompensai for the lower laser light
energy reception r es uibeam sfect (ife.r theroroft réception of the p pe d o
laser lightversusa constant laser light source). Tt@mrespondinglepth & gradecontrol circuit
box shown irFig. 9b filteredthef ¢ h o poptputisi@gnalérom the laser receiver unit circiahd
activatel the prger electrical relay switches to operate solenoid valves in the hydraulic system for
adjusting the plow hitch positiampward or downward as needed for degutkdgrade control

4 - The audb sound system to assist pilots align with a runway duringMisibility landings was based on two

electrical signal generators, one at 90 Hz and the other at 150 Hz, that were located along opposite sides of the airport
runway. The electrical signals veedetected by instrumentation in the approaching plane preparing to land, and the

signals were filtered into the 90 and 150 Hz frequencies and converted to audio sounds rowelddgcspaakers in

the pilotds | eft and rardpythe piletavould indicate te him whemhd was apprgaahingg c y  h ¢
the runway on the low frequency side (90 Hz) or the high frequency side (150 Hz), and if the sound he heard was a
stedunp Mt was an i ndicat i onlineoéthewrmway ahdicoulel grocaed tolmandt h t he ¢
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Fig.9ai LaserBean Receiver Fig.9b i Lase-Receiver Signal Processing
Amplifier Circuit Circuit for Depth & Grade Control

Initial Physical Testing of the LaserBeam Feedback Control System Componentshen
Mounted on the Caterpillar Tractor and attached Drainage Plow.

While the Caterpillar Tractor with the Drainage Plow attached was still loaded on the
low-boy trailer and parked at the curb outside the OSU Agricultural Engineering Dept. building
(Fig. 10a & Fig. 10b), all the feedback control system compats were mounted on the tractor
and plow The system components includ@thecomplete hydraulic anelectrical solenoid valve
system to control hitch height and plowing deptme lasetbeam receiveconnected tahe
electronic feedbackontrol circuis as shown in Fig9a and9b; plus theelectricalpower onroff
controls near the tractor operdiseat. The lasdream projection unithat was tripoemounted
was positionedta distance omore tharb0 m ©160 ft.) away aligned along thear parkingcurb.

The initial testing of the LaseBeam Automatic Depth and Gra@m®ntrol System in the setup
shown in Figs. 10a and 10b confirmed that the total feedback control sysimd!! When

minor vertical movements+[- 3 to 5 mm ¢/- 1/8 to 3/16 in.)] weremanually made of the
LaserBeam Receiver from the centiane of the projected LasdBeam, the electronibydraulic
feedback control system quickly returned the Receiver back such that theBeaseragain was
centered onto the receiver phaties. At ths point it was decided we were ready for initial field
testing and some special purpose laboratory calibration and testing monitored with an Analog
Computer.In addition to some specific field tests we wanted to condinetAnalog Computer
approachprovided a meanso calibratethe control system response to specific inputs and to
conduct some simulation studies wheiféerent gound surfacechanges could be input.

Fig.10ai LaserBeam Projector at 50 m away.Fig. 10b1 LaserBeam ReceivedroPlow Beam.
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Analog Computer Simulation to Determine OptimumLaser-Receiver Default Settings.

Following the initial curb sidetesting ofthe laserreceiver andthe associatedccontrol
circuits with the Caterpillar tractoand attachedirainage plowoadel on a lowboy trailer (as
shown inFig. 10b), a preliminary simulation study was conductesh an Analog Computédo
evaluate variouparametesettings for thdaserbeamautomaticcontrol system. For example, a
key parameter was tloentrol DeadZone(ggp between the upper and lower rows of pkotres)
and its relation to t hentdmogementottre prejectedcechopped s en s i
laserbeam The physical laseteceiver circuit and the depth & grade control circuit bdresnge
boxes)were used in the electronic circuit of the Analog Computer as shown ifhlFig.

The configuration of the Analog Computer simulation equipment shown in Fig. 11 (a fully
expanded EAI TRI8 analog computer; Electronics Associates, Inc.) was prograneneciude
the actual (physical) laseeceiver and signal processing & control activation circuits. That is, the
laserbeam deptl& gradecontrol system circuibox electronics were not simulated in the analog
computer program. The analog computer did hmeote sufficient logic capacity to simulate the
controller components. There was also concern that the nonlinear characteristics of the available
logic (deadzone, hysteresis, etc.) would not match those of the physical controller unit. The
analogcomputgpr ogram (circuit) did simulate, howeve,l
in response to the simulated positions of the drain plow hitch and associatectdasesr as
inputs to the physical laseeceiver circuit box follower amplifiers. The vation in voltage
outputs from the top and bottom rows of phototubes in the receiver vs. verfitaigplacement
of the Receiver Unit from the centerline of the chopped LBsam (determined by lab testing of
the physical Receiver with the project®tiopped LaserBeam)areshown graphically ifrig. 12.

Fig. 117 Analog Computer Simulatiogetup to ealuat theLaserBeam Depth & Grad€ontrol
Circuits.Observers(L to R)’; C. Wadleigh,W. RaneyR. Stewart,G. Schwabwith J. Fouss
(missing from the photo is M. Hamdy, an adviser to Fouss on the analog simulation project.)

Th e di mé&askowroimFighilds the vertical distance between the top and bottom rows of

® Dr. Wadleigh, Director, Soil and Water Conservation Research Div. (SWC), ARS, USDA, Beltsville, MD; Dr.
Raney, Chief Soil Scientist, SWC, ARS, Beltsville; Dr. Stewart, Chairman, Agricultural Engineering Dept., OSU;
Dr. Schwab, Prof.rfty major professr Agricultural Engineering, OSU; and Dr. Hamdy (not shown), Prof. in AE.
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phototubes in the Receiver urffor the prototype LasdReceiver unit the outputs of the top and
bottom rows of phototubes were not identical (Fig.d®) the geometrical center between the top
and bottom rows of phototubeg2Sdeviated a distanakfrom its null central point (where the
outputs of the toprad bottom rows of phototub&gere equal). The difference in the outputs from
the top and bottom rows of phototubes, which the diode bridge in the Controller unidetest
essentially linear andxtremelysensitive to very small vertical movements loé Receiver unit
relative to thecenter of theprojected LaseBeant over a relatively large range of motion above
and below the null position. The feedback control acti/étte hydraulics to move the receiver
position to coincide with the projected lageram centeline to maintain depth and grade for the
drain being installedThe speed of the hydraulic respoisel tobe fast enough for the ground
speed of the drainage plow to ensure good depth and-goati®I.

The circuit diagrammfor the Receiveand Controller boxeareshown inFig. 13 These
components were not simulated in the analog computer program, but were connected into the
program circuits as physical devicé3range boxes shown in Fig. 1Thus the simulations
conductedby the AnalogComputer setup weré nreafitimed an d n odelayion t i me
time-accelerated modes as possible and commonly used in analog computer simulation studies.
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For the preliminaryanalog computesimulationt he aut omated systemos
based on an evaluation of the accuracy that the Iplmv point was maintained near a straitjhe
forward motion path with minimum upward & downward fluctuations; i.e., closely parallel to the
desired drain gradient. The plowing depth wasumedo follow the hitch elevation changes with

6 This Receiver response characteristic (shown graphically in Fig. 12) explained for us why we were able to observe
the very sensitive response oéthrototype LaseBeam Receiver Unit on the initial nigtitne tests conducted at the
Control Industries firm in Urbana, Ohio. That is, as the receiver movezkatér (offnull) of the laseibeam a very

small distance, the very rapid decrease in lagét tieceived by one row of phototubes and the corresponding very

rapid increase in laser light received by the other row, quickly created the magnified electrical unbalance that initiated
a feedback correction for the vertical position of the laseeive. That unbalance was amplified by the Gaussian

wave distribution of the projected ladseam across its diameter, with the brightest intensity at the center of the beam.
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a time lag. Theassumption implied that if the fluctuations of the hitch point position were not
large in magnitude or long in tirduration from the straigHine parallel to the desired gradient,

the corresponding variations in plowing depth would be very small. edgancedsimulation

study (conducted later for my Ph.D. research), thelmear dynamics of the drainage plow
operating depth in response to changes in soil forces on the plow blade and to upward & downward
control of the plow hitch point by the Autontat. aserBeam Control System were modeled and
included in the simulation program (circuit). That advanced simulation study more fully evaluated
the accuracy of depth and grade control for the plowing depth (not just the plow hitch point), and is
discussedhn a following section of this story.

It is beyond the scope dtifie text and figuresicludedin the main body ofthis fistoryo to
cover the different analog computer prograrasd circuit diagramsused in the design and
evaluation studies to develop thaserBeam Automatic Depth and Gra@®ntrol System. Only
highlights are giverwithin the main body of thisstory. However, included in thillowing
Appendcesare full detailson procedures and results includitadples, figures, illustrationgnd
discusionfor the interested readdr) AppendixIV ; My full Ph.D. dissertatiohon the attached
CD in PDF format that provides dawentation of the research conductaad(b) AppendixV; A
reprint of the published technical paper ongheliminarysimulation study publication citation
given in footnotd. The dissertation includes fufiield testing andanalogcomputer simulation
proceduresand programs (circuidiagrams)used in developingnd evaluaing the LaseBeam
Automatic Depth and Gradeontrol Sysem for the floatingoeam type drainage plow.

The readeis referred to the AppendiX publication reprinf for a full discussion of the
preliminarysimulation result®nthe accuracyhatthe hitch point elevatiowas controlledy the
LaserBeam Autanatic Depth& GradeControl SystemThe simulated lasebeam receiver was
positiored above the hitch poino record thevertical feedback motion of the hitch during the
simulaions Only afew major observations are covered héfee simulation results we able to
illustrate the importance of setting tresponse velocity for theydraulic cylindefastenough for
adjusting the vertical position (elevation) of the plow hitch point in reaction to contnalsigom
the LaserBeam System. Examples to sholws relationshipare given inFigs. 14 and 15 for
cylinder velocities of 5 and 30 in/sec. (ips) respectively This can be seeby comparing the
simulation results in Figs4l& 15 thatshow thehigher cylinder speed improved control system
accuracym maintaining the hitch position near the zero elevalibis was found true for several
types (shapes) of simulated ground surface inputs considered in the stutthg $lower cylinder
speed, the hitch positi on dtheachrrarective matienrasdh oot 0
was either above or below it for prolongdstancesof forward travel.At the 30 ips cylinder
speed the simulated hitch point position was maintained within ab®.if5 in. of the zero
elevation This agreed well withaterinitial field tesswhere the aut@ontrol systenwas observed
to maintain the hitch withir: 1.0 in. of the zero elevation for several ground surface conditions.

! Fouss, James L. 1971. Dynamic Response of Automatically Controlledaie Plow UnpublishedPh.D.
DissertationDepartment of Agricultural Engineering, The Ohio State University, Columhds 188 pp.

8 Fouss, J. L. and M. Y. Hamdy. 1972. Simulation of a Laser Beam Automatic Depth Corandactions of the
ASAE, 15(4): 692695. [This paper received an Honorable Mention by ASAE for excellerteehinicalreporting]
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Two additional summary comments are important here. The simulation resuitstihd
field testing revealed that @m-off type of automaticontrol mode, even with a narrow dezahe
(e.g., about+ /16 in.), provided good control of the hitch point positisinen the hydraulic
cylinderresponses peed was set high enough to cause th
about the center of th@ojected laseb e a m. For the drainage plow, ¢
somewhabelow 1.0 Hz andamplituderangeof 1.0 in. (i.e.,+ 0.5 in. measured at the hitch point)
provided a good compromise of sensitivity and stability over several types of gnadaces.

One major highlighof noteis the value and advantages of such simulation studies for
analyzing and adjusting the automated control system. To accomplish such analyses and/or
adjustments using field testing alone would have been difficyberesive, and time consuming
because of random variation in field conditions and numerous combinations of system operational
parameters and adjustmer@mulations permitted use of the satastground profile repeatedly.

Research Plowfield teststo determine responses irplowing depth tochanges irhitch height:

Before moreadvancedsimulations could be conducted for the drainage plow equipped
with the LaseBeam Depth and Gradeontrol System, some field testing of the plow dynamic
response to chaes in the plow hitch height were requiréikeld testing with théARS research
drainage plow ws conducted to determine the dynamic response delay coeffic(ents
mathematical damping coefficientihder fieldoperatingconditions fordefinedheight changs in
the plow hitchpoint relative to the ground surfaaiiring forwardtravel Step and ramptep
changes in the height of the plow hitch point were used for these dadtghanges in hitch
positionwere madesia manual controby the tractor operatomThe plow wasequipped with the
prototype lasebeam depth and gradentrol system (as shown in Figo)1but the lasetbeam
system was not used foesieearly field tess. Results of thdield tests(data pointsareshown in
Figs. I7, 18, and19 graphs and comparewith an analog computer simulatedchange(line
graph) in plowing depth for the same change inhitch height (simulation procedureare
discussedater in this story and fully describedn pages 281in the Ph.D. dissertatiomcluded
in Appendix IV). Thefield data points shown in the graphs were measured depth of plowing at
5-ft. intervals for20-ft. of travelafter the hitch point height washanged, andt 1Gft. intervals
thereafter when thete of change of the plowing depth wasles
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Some early preliminargradecontrolfield tests were conducted with the ARS Research
Drainage Plow as shown in Figs &quipped with the research prototype LeBeam Aubmatic
Depth and Grad€ontrol System. However, the field data collected from those early tests was
mi splaced or |l ost in my transfers in the ear/|
(The Ohio State University) and the ARS Soil and Water Coatien Research Center in
Florence, SC. Also lost in tisedata sets were the positions that the Hisam receiver unit was
mounted on the long floatiAigeam of the drainage plofer thetess. It is recalled, however, that
all the best positions for theeceiverunit were much closer to the plow blade than to the hitch
point. It was reported in some of technical papers published on the testing of the research prototype
LaserBeam Automatic Depth and Gra@®ntrol System that thleserbeamreceiver unitcould
be maintainedh an approximate range ©f0.4- to + 0.5in. of the lasebeam centerline that was
projectedatthedesign gradef the drain That is, the autgontrol circuit would cause the receiver
unit to rapidly fAhunt06.4twp0.58n Asdmaall, wendid helSsitate r a n g €
during those early days in stating any field test results on just how accurate the drain pipe was
installed in the soil, because there were so many variables involved. | will note héeddHatl
accuacytests were conducted later with the ARS Big Red Draintube Rievit (vas calleyito
document theaccuraythatt he dr ai npi pei toutl d tHlee figged Ivihgprd de p
the Laserplane Grad@ontrol System mounted on the large floatbegm plow. Field test results
were published in thBrainage Contractanagazinedetails giverin a following sectioh

Simulating Floating-Beam Plow depthresponsedollowing changes inplow hitch height:

As a part of my Ph.D. researchmathematical madel was developed for the floatHiiggam
type drainage plow to describe (predict) the dynaesponsgin theplowing depth as a function
of changes in théeightof the plow hitch point relative to the ground surfaleging forward
travel That model wasneeded taletermine if the floatindgpeam drainage plow operating depth
responseto verticatstep and ramystep changes in hitch heigtduld be theoretically predicted to
matchthe actual field test response dalaitedin the graphs of Figs.7118, and19. Full details of
the mathematical model development procedures are presemgdPim.D. dissertationChp. I,
pp. 2228, includedn Appendix IV only final equations are presented here within the storyAext.
free-body diagram of the floatingeamplow model is shown in Fig.® The dimensional and
motion parametevariable nameare shown in this Figur@he resulting mathematical modef
describing the plobitgdoheightd(gositmmphargess repsepeateddethe set
of threeEgs [1], [2], and[3] shownon the next page

Since Equation [3] wasontlinear, the usual methods ofiathematicallyquantifying the
floatingb eam pl owds dynamic r esponsEergioserami@amalbger s ¢
computer program (circuityas developedsee Fig. 11, p. 30 in Ph.D. dissertation; App) &
solve the notlinear equatiosthatdescribedthplowb s r esponse to si mul ated
height Thi s phase of the simulation st udoimasialc onduc¢
changes in the plow hitch height (i.@mulationline shown in the graphs of Figs. 17, 18, ang.19
The simulationprogram ¢€ircuit) for this phase of the studiyd not have components to simulate
the lasetbeam depth and gradentrol systemThe model and analog simulation program for the
floating-beam drainage plow was more complex than the one used forelirainarysimulation
discussed earlier, because it included components and features that represented the soil forces
(draft) on the pdw blade as a function of plowing depth. Details of the mathematical development
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for the soildraft relationship on the drainage plow blade are givékpiendixC, pp. 110127, of

my Ph.D. dissertationn Appendix IVof this story The draft relationsp on the plow blade was
found to be a Power Function of the fory, = K% again another nelinear formula The soil
resistance (draft) relationship for the research drainage plow was set on a variable function
generator in the analog computer circétgraph of the draft forceP(;) vs. plowing depth (d)
programmed into the variable function generator for this advanced simulation is shown in
AppendixC, Fig. 63, p. 127, of my Ph.D. dissertation in AppendiX hé excitation for the analog
simulationcircuit was the hitch acceleration (generated bysthmilatedhydraulic cylinder that
controlled the hitch height) afat the initial displacement of the hitch point (i.e., vertistp
movemento reposition the hitclwhen simulated travel of the plow wisnporarily stopped).

The resultof simulationsobtainedfor this phase of the projeatere compared with the
actual field measured changes in plowing depth for defined changes in the plow hitch height as
illustrated in Figs. 1, 18, and19. In condudhg the analogsimulation runs drial-and-error
procedure was used to adjust the operational coefficients and pararsetérss the damping
coefficient (C) which affectetd h e p | o w &osrelativelygrgpid nhanges in the plow hitch
height during faward motion The trial and error parameter adjustmenprocedure was
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successfully usetb modifythe analog computasimulation resultsuch that thegloselymatched

the field test resultéFigs. I7, 18, and19). The field test results as well as t#weabg simulation
results forchanges in plowing depth that occurred in responsa-tbhe-move adjustmenis hitch
heightshowed the following: (1) The plow could penetrate to a greater depth festem a
shorter distance of forward travéi)an it cold decrease in operating depth; and (2) The speed of
response for changes in plowing depth increased with increasing plowing depth

| will note here that a few years after the analog computer simulations made for my Ph.D.
research, a method was develbp® simulate the analog computer processes on a digital
computer. However, thearlydigital simulationmethod in the 1970d$id not have the capability to
simulate thecomplexity of theplow dynamicsas completely as the analog compigehnology.

Nonlinear Response of Drainage Plow Operating Depth to Changes in Plow Hitch Height:

Because the drainage plow operated in a slightly nonlinear response to changes in the plow
hitch height during forward motion, it was not possible to install a drainpipeavgiven gradient
by controlling the hitch point on a path that followed a line parallel to the desired drain grade. The
simulation results that illustrate this are givenFig. 21 (this simulation was for the research
drainage plow configuration]he goerning factoiin the mathematical model is théermin Eq.
[3] where changing the hitch height is the method for controlling plowing deptle. grnr is the
fraction of the plow operating depth where the soil resistance Foess on the plow bladle
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Fig. 21 Simulated drainage plow response for level land where the hitch height varied
directly proportional to desired uniform drain grade=af1% and-1%.



19

An alternative method could have been implementedrit@glowing depth by changing
theanglebetween the plow beam and the plow blade, which in effect would have been a change in
the n-term in EqQ. [3] while the height of the hitch relative to the ground surface was held
constant. {The term is the distace below the plow hitch poikt where the soil resistance force
R acts on the plow blade}. Also, simultaneous control of both hitch height and thetdelaekem
angle (that is, both andn in Eg. [3]), would have been a possible alternative method sinothie
desired drain gradient. However, these latter two concepts would have required nonlinear control
of the bladeto-beam angle in order to obtaim approximatdinear relationship between hitch
height and plowing depth. Dep8hgrade control selectddr the drainage plow in this project was
via control of the hitch height using a lebgam type plowwhich was alsalightly nontlinear).

fiHingedo Plow-Beam Configuration:

A related plow beam and hitch point configuration was evaluated inPh®. study
because some drainage plows known about in research p(oje€tgland, Canada, and Europe)
used the hingetbeam desigil The hingeebeamdesign featurevas usedo control plowing depth
while the hitch pointon the tractomwasat aconstant heighabove the groundlhe mole plow
(shown in Fig.2) used to install the plastimed mole drains in the early phases of &RS
research projedtad a hingedbeam The hingeebeam linkage mthat mole plow iskinematically
illustrated inFig. 58, p. 116, bthe Ph.D. dissertation in Appendix.IVhis figure illustrates that
the plow blade is moved closer to, or farther back from, the forward moving pulling tractor as the
hinge is hydraulicallyadjustedo change plowing depth. Sugblative motion of the pbw blade
with respect to the constant forward speed of the pulling tractor causes the plow blade to accelerate
in forward motion athe front of the plow beam is raised at the hinge, or the plow blade tends to
temporarily stop forward motion as the frofttee plow beam is lowered at the hindéis type of
movement of the plow blade relative to the pulling tractor causestehrsurges or relaxation in
draft power requiretb pull the plow That is, an increase in draft occurs when the beam in raised.
and a nearly zero draft force exists when the blade temporarily stops as the plow beam is lowered.

AVirtual 6 Pl ow Hitch Design

Another plow hitch configuration adopted for a few early experimental plows, especially in
Engl and and Cvitnaddd ah desigahpattdrniecesonfiewhat after thgodt hitch
designdevelopedor the Ferguson farm tractdt The floating, othydraulically controlle®-point
l inkage that connected the plow blviauhle® tho tt he
point at some distance in front of the tractor. The hydraatinsected to the-Boint linkage could
move the virtual hitch upward or downward to control depth of grade at the plow blade. When this
type plow was equipped with a lageceiver unit, thaeceiverunit was mounted on a short
cantilever arm that extended forward from the plow blade. This virtual hitch configure®n
popular on several models of drainage plows bigaame available throughout the world by the
mid-tolatel 9 7006 s tahned eiamrtloy 19800s . <ewewrldaiffeaedtygpéstofi on al
plows are briefly reviewed in a related story from this ARS research poojgot e r e dStoiyn t h e
behind the Story on the Development of the ARS Big Red Draintube Plow with Laserplane
Automatic GradeControl Systei , by James L. Fouss. The reade

°An early German manufactured drainage pl cbeamdgsigiioes, a

10 Harry Fergusomatented the thregoint linkage for agricultural tractors in Britain in 192the Badger Plow in
England, and the Krac and Steiger plows in Canada hadgb&Bhitch type attachments.


http://en.wikipedia.org/wiki/Harry_Ferguson
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additional detailsThe plow story washe final report written about the ARSSDA R&D project
to develop new subsurface drainage materialdrastdllationmethals during the 1958975Era.

Advanced Analog Computer Simulation ofLong Floating-BeamDrainage Plowequipped
with a Laser-Beam (or Laserplane) Automatic Depth & Grade-Control System

Following the successful simulaih showingthe dynamic responsa the floatingbeam
drainage plow to changes in the plow hitch height during forward motion, the next step was to
simulate the drainage plow operabnesponse under tla@tomaticcontrol ofthe lasetbeam (or
Laserplane) depth and gradentrol systemFigure 5 (shown earlier in this story) illustrates in a
Block Diagram the total system simulated and discussed in this sddt®primary purpose of
simulating the dynamic performance of thetotal Plow-Laser-Hydraulic system wasto:
Develop a analysis& evaluation method to determine the optimum position for mounting
the laserbeam (or Laserplane) receiveiunit on the floating-beam of the plow to
hydraulically adjust the plow hitch heightfor the most accuratefeedback controlof plowing
depth and drain grade. This simulation approach reduced the need for extensive field testing to
evaluate gradeontrol accuracyof various trial mounting positiondor the laserbeam
receiverunit on the plow frame. Some folleup field testing was required, however cnfirm
the fAopti mumd mount i nanitprthd drdinage pldwobeariltobee r e c €
confirmingfield testprocedures ancesults are covered anfollowingsection of this story.

To improvethe accuracy of the total system analysis and céenmimulation, the input
and output variablessed in the mathematical modek the drainage plowvere defined as
perturbation guantitiesbout some steaeltate operating level. That is, the plow hitch heihit
and plowing deptlid) were defined as ftows:

and

wherehs andds are the stadystate hitch height and plowing depth, respectively,landnddp
are the perturbation variables of interest in the simulation.

The simulatios conducted for the Ph.D. research with the originally derived drainage
plow model (Eq. 3) revealed thgpical plow hitchvelocity (upward or downward) by actisiof
the hydraulic adjusting cylinder did nioavea significantdynamiceffect an plowing depthThis

observation was also confirmed by field tests with thsearchdrainage plow.Therefore
substiuting Eqgs. [4] and [5] into the Eq. [3] of the original drainage plow modelaasdming

fﬁ =0in [Eq. 3, therevised anaimplified drainageplow dynamic model beme:

A — o

A 2
Againwhere Jdyg = Jg + am
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The enhanced analog computer circuit developed fotdtaksystem simulatiors shown

in Fig. 25, p 59, of thePh.D. dissertationn AppendixIV. It is noBadgDhatype 0
ReceiverController was used ithet ot a l system analog cBawcgot C C
receivefcontrol |l er doesneot ahav é ha s éadbmralldrooorective sy st e

actions continuously limit y c | e s (or Ahunt s o )Threé dher typdslof st abl
receivercontroller units(not shown henewereconsidered in the simulations conducted for the
Ph.D.research, as followga) DeadZone onoff; (b) Digital ontoff; and (c) ProportionalAll four

types of receivecontroller units are illustrated in analog computer circuit form&igs. 25, 26,

27, and 28 on page§9-62 in the Ph.D. dissertationand discussed in detail in thBh.D.

dissertition on page$7-82 along with graphical results of simulation sfior each type

The analog computer program wamfigured(as illustrated irFig. 25, p. 59pf thePh.D.
dissertationin Appendix1V) to solve Eq. [6] forsimulation of thetotal plow-laser-hydraulics
system Only example results are shown here to illustrate and summarize the primary conclusions
made from the many different simulations run with the advanced analog computer Kitbeit.
reader is interestedhe results of theentire series of different simulations run are givand
discussedn thePh.D. dissertatioron pp. 5782, included in Appendix IV

For the @amplesimulationresultsshown and discussed here, the purpose was to evaluate
the ability of the automatic lasbean depth and grade control system to installlasurfacelrain
to specifieddepth andyrade where the average land slope was zero. Simulation runs were made
for three mounting positions of the lads¥am receiveunit on the plow beamat X = 4-, 7-, and
10-ft. behind the hitch poingn the 11.5t. longfloating-beam of the research drainage pldWwe
simulated lasebeam input reference grade for the drain was set to uniformly vary (rise§-fiy 0
per 100ft. of simulated travel; that is, at3% slope.The simulated results for the horizontal
ground surface any = 4-, 7-, and 106ft. laserreceiver positions, are given kg. 22. It can be
seen that a laseeceiver mounting position & = 10-ft. maintained the drain channel closest
to thedesirel 0.5% gradeline. For theX = 7-ft. position, a gradual drifbf the drain channel g
above the % gradeline occurred; and if the simulation had contidder 100-ft. or more the
total error in draifine grade would probably have exceeded.@5®. (0.6-in.) considered
permissible displacement of the drain channel from the design-lijnade the simulation study

In subsequent computer runs for=X7- and 16ft., a sawtooth simulated ground surface
profile was imposed (average ground slopeaieed aD%), and again the laseeceiver position
at X = 10-ft. provided better grade contrdtig. 23). The variableZ, shown in Figs. 22 and 23,
represents the small upward & downward movement of the-leessan receiveunit to maintain
the projectedaserbeam centered vertically on the receiuait mounted on the plow beam.

Expansion ofARS Research Project Plan for Advanced LaseGrade-Control System

With the success of the original prototype laseam gradeontrol system, the ARS
project wa expanded to conduct two additional phases. Those involved creating laelaseor
laserplane reference above the field to be drained so that the laser transmitter did not need to be
moved and set up and aligned with each drainline. Two approachesamsidered, one was to
optically spread the laséream to project gie -slice" laser-plane, and the other was to rotate the
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laserbeam on its tripod mount, much likdighthouse beacqrto create &ircular laser-plane
referenceover a large area of thield. The optical laser pislice was field tested, but the distance
the lasercontrolled plow could operate from the laser transmitter was too limited for practical
applications. The circular lasptane phaswas notdeveloped by ARS because our teaarred

that concurrent research and development work was underway in industry (details below).
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Concurrent Industry R & D :

Mr. RobertH. Studebakervice-president of Process Equipment Cop City, OH began
development of a laser control device for a motor grad&®65 This application differed from
that for thedrainageplow in that it was not desirable to limit the grader to straliglettravel ina
construction area, such as a roagwehus,he developedh laserplanerather than a lasdine
reference. The prototypaserplane reference was obtain@dan ingenious waly projecting an
expanded and collimated ladseamvertically onto a rotating prism. The prism deflected the
laserbeam 90 degrees, thus generating a plane reference, much like a rotating lightabaacon
airport By proper adjustmertb tilt the laser transmitter mountings on the tripndunting a
laserplane of any desired slope could be projected aweentire field. The laserreceiver or
detector system, which was mounted directly on the grader blade, consistedandod@ array
of solid-state silicon cells. These photo cells were covered with a narrowpdaassdoptical filter
which allowed only the 6328 gatroms laser light to pasisrough it The cells were grouped in
five setsarranged vertically andhdicated fihigho, fhigh-slowo, flon-grade, flow-slowo, and
Alowo feedback corrections needed. The transverse control of the grader blade was maintained
with an electronic crosslope level sensor system. Additionally, Mr. Studebaker developed a
single photocell sensor as a labeam detector for a sliding attachment on a surveying rad; th
was the beginning of the lasglane surveying system in whicme gerson could survey land.

PresentationgMeetings with Contractors, | ndustry Reps & Farmers on ResearchProgress

Our research team wast aware of the concurrent research and development discussed in
the previous section until early danuaryl967 wten we had just completed the first presentation
and demonstration of our research prototype {aeam depth and gragdentrol system fouse on
a dmainage plow or trenching machine. That first presentatiodemo was giverat awinter
meeting of the Ohidc.and Improvement Contractors of Americ@al{CA) held in Worthington,

OH. Norm FauseyTed Teach and Glenn Schwalssisted me in that first presentati&n
demastrationto the group of Ohio drainage contractdrse conference room at the motel where
the neeting was held was packed with attending contractors, Agricultural Extension Agents,
USDA-Soil Conservation Servic6sCS)techniciang{that was before SCS became the Natural
Resources Conservation ServiblRCS)}, and drainage industry representativiest as wevere
compleing our presentatio& demonstration, MrRobert Studebaker, vigaesident of Process
Equipment Co., Tipp City, OHarrived at the Ohio LICA meeting. He had heard about our
presentation at the Ohio LICA meeting on a farm radio braaddaile driving from Dayton, OH

to Columbusi he divertedhis travelsto Worthington, which lies just north of Columbuhe
Agricultural Extension Service had arranged for that radio broadcast about our demonstration of
the lasetbeam gradeontrol systen at the @io LICA meeting in Worthington.

St u d e dfisstkgeestion addressed to mas to askow far we had gonie oursystem
developmenproject.l responded that we had installed the prototype system on a fldetang
drainage plowtf install crrugated plastic drain tubing) and it workadll putting the draintube
close to the desired depth and grade in preliminary field téstss at that @io LICA meeting
whereStudebakefirst met with Fouss and Teaelnd theyreviewedprogress and compattideas.
Studebaker reported t o us t hat he heaa di ffi
receiverunit in providing acceptable gradctontrol accuracy for the motor gradér short time
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after that first meeting in Worthington, Otstudebaker and Beh entered into &usiness
agreement to form theaserplane Corporation at Dayton, OH. The concepts for lageram

control that were developed and tested by ARS for subsurface drainage equipment, particularly as
related to mounting position for the lade¥am receiveon the drainage machinand mode of
feedback controlbased on lasdseam signals detected by our prototype receaivetr and
electronically processed in the controller circwere adopteth principle (I believe for use in
Laserplane'firstcommercial version of thesystem.

The initial field trials andpublic demonstration of the first commercially available
Laserplane gradeontrol system were conducted cooperatively with ARS researchers at the 1968
Ohio State Farm Science Reviewthe OSU Airport, Don Scott Field. Attending that Farm
Science Review here a few thousand farmers and many contraetbosviewed theLaserplane
system's performance onrabbertired Speichemwheettype tile trenching machinastalling
corrugated plastidrainage tubingFig. 24). A key ARS administratoDr. C.A. Van Doren, Chief
of the CornBelt Branch, with headquarters in St. Paul, Milo attended #t first public field
demongtation. Dr.Van Doren wadhe regional ARS administrabr responsible foour ARS
location at Columbus, OH (ofhe Chio State University campus)lt was ironic that plowtype
drainage equipment, for which the laberam system was originally developed, was not yet
commercially available in the USA or Canad&en though the $1000 cost of installing a
Laserplane system on a trenching machine was nearthodethe cost of the trencher itsdbly
the fall of 199 and early 197fnhost farmers in the Midwest were demanding that their drainage
systems be installed withaseplane controlled machinesOur team heard of reports théuet
number of Laserplane systems sold to drainage contractors with trenching machines in 1969 and
1970 wagreatetthan for several years after that (especially in the Midwestern States of the U.S.).

. p » .‘i - : ! . . . '-.. ot ¢ ™ 4 - A .‘ f.‘ ‘_, "" ‘ "‘ .“_-.’-.-;'."
AL ‘ ' : h 4 : ) .‘- § Y &~ by
Fig. 24. First public field demo of Laserplane Gr&lmtrol system on a Drainage
Trenching Machine at the Ohio State Farm Science Review, Fall of 1968
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Continued Talks and Presentations on ARS research:

Following the1967 (hio LICA meeting where the ARS developed prototype Hoeam
depth and gradeontrol system for drainage equipment was presented with emphasis on its future
potential use on plowype drainage equipment for fast installation of corrugated plastic drainage
tubing, the demands for me to give presentations and/or demonstrations increased quite
dramatically. Beginning in 1967 | traveled extensively, and had many visitors to my office at Ohio
State, and gavalks and presentatiots individuals and groups intesd in the research progress
we were making with our research project to develop new drainage materials and methods of
installation.During 1967 and early 196Bgavemore tharl00 talks and presentatigresxd many
of those presentations were to indugrgups interested in getting into the manufacturing of the
corrugated plastic drainage tubing that was rapidly becoming the standard drainage material used
in the U.S. and Canad@ther groups had a primary interest in the ptgpe drainage installation
equipment, and some of the most interestgdipmentindustry reps were from Canada.is
noteworthy thatdllowing the demonstration of the original Laserplane system on the trenching
machine at the Ohio State Farm Science Review in the fall of 1968)gihieies and demands
from drainage contractors and industry reps increased more for the latest research information on
our ARS project to develop tliegh-speed drainage plofer installing corrugated plastic drain

The above described everdscurredduring the time that | was taking graduate school
courses towards my Ph.D. degr@&ecause of the extensive travel, it was necessary for me to
restrict my course load to only one course per school quarter (Ohio State was on a Quarter System,
not Semestejsl was beginning to wonder if | woulae able tacomplete my degree requirements
within the 10year time span permitted at Ohio State rereivingthe Ph.D.My slow down in
course scheduling also concerned the ARS administrators in Beltsville, MDrdazhvividly a
phone call from Mr. Edminst§ ARS Administrator)vhen he asked meboutwhenl expected to
receive my Ph.D. degree; | recall telling him that | had to slow down taking courses to handle all
the requests for talks and presentatiaroundthe country. He then asked what did | need to be
able to speed things @m my schoolingand | replied that | neededgtay homeand not tavel so
much for all the presentations that were being requested. He firmly stated for me to do that, stay
home so that | could have more time to concentrate on my course work. | replied OK, but asked
whatwe shoulddo about all the requests for me to give the talks and presentations requested. Mr.
Edminster just indicated that we could just think about that for lawhnd maybe figure
somethingout, but | should have more time at home to focus on completinggraguate
c our s e wothinking afott & forfawhile di dnét take | ong, becaus
Mr. Ron Reevé! in my office came to me with an ideon asked if | could spare one day per
month to talk and make presentations to individuals and groups that could travel to Ohio State,
rather than my traveling to their location, to obtain the information on our project progress they
were interested in.dgreed that would work for me. Ron continued that he, in effect, would be my
agentand make all the arrangements with the individuals or groups who wanted to visit with me

1 Mr. Ronald CReeve was the Research Investigations Leader responsible for directing the research of drainage and
irrigation engineers and soil scientists in the Soil and Water Conservation Research Div., ARS, USDA, and

maintained his office with our research team la¢ Dhio State University, Columbus. Ron was my line supervisor in

ARS, and we had a great working relatioamdfortheridd get her ;
while we were researching and developing the new drainage materialstatidtion methods in our ARS project.
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regarding the research progress and get up to date on the drainage materialgpparehegleas

we were working on. We both kind of laughed about the arrangement, but that is what we did for
about the next 14 to 18 months. Ron was successful in scheduling in groups of about 100 each
month (which filled the conferendectureroom#100in Ives Hall ofthe Agricultural Engineering

Dept. at OSU)Ron later admitted that the main problem he teadontent with washat some
Industry Reps who wanted to attend did not want to attend the same month that one or more of
their comptitors would ale be attendingAlmost all of those monthly events each lasted a full

day to cover all the information tlatendeesvanted to learn about, and the Question & Answer
sessions wergery good for Ron Reeve, Norm Faus&lenn Schwabandme as wéd as the

a t endees .Alsnbdshduld pointowt that all the déyng fiseminaré (as they were often

called were scheduled on days that | did not have graduate school classes. Thushduattgr

part of 1967 and throughod®&3 | made great progressvwards completing my Ph.D. course
requirements.

After | completed my Ph.D. degree in Agricultural Engineering at Ohio Gt&e 1971)
over about a-year period in the eadyand mid1970s, | was asked to presesgminars on
Laserplane gradeontrol for drainage plows during the annual National LICA Conventions that
were attended bgrainage contractors from all regions of the U.S., and often some from Canada.
As | recall there were a few representatives from foreign manufacturers of drainage plows in
attendance as well. The seminars werelwlédaylong presentations with Question & Answer
sessions at the enieminars werscheduld for two days during the annual conventions, and a
morning and afternooseminargiven on each day (a total of 4 seams). The seminars covered
Laserplane gradeontrol accuracy and optimizing the Laserplane receiver mounting position on
the drainage plow frame or linkageused the computer simuian technique developed in my
Ph.D. research, convertedrtn onthe dgital computer anthe simulation resultsvereprojected
onto alargescreen for illustrating the effects on gradmtrol accuracy for different emachine
mounting positions of the Laserplane receiueit. Some simulations were also given to illustrate
the effects of plowing speed on gractntrol accuracy, giving emphadis determining the
maximum speed that should be used to insure good -gaadeol accuracyA fairly large
conference room had to be arrandgdLICA as there were approximately &)60 attendees at
each seminar. LICA and | felt the seminars were very well received and generated a great deal of
interest among drainage contractors in correctly using Laserplaneagaidel on their drainage
plows.| believe that the discussions and @&sirations about the optimum position for mounting
the Laserplane receivanit on the plow frame or linkage was perhaps the most used information
by contractors who attended the seminars. Those contactors also talked to other contractors and the
informaion about the proper positioning of the Laserplane receiver on a drainage plow was spread
much more widely among many contractors in the U.S. and Canada, and perhaps Europe as well.
As | recall, the number of new drainage ploreportedlypurchased by cdractors during the
md-1970s exceeded t he number.The neMdtaingageplowsweear | n
manufactured in Canada, EnglaaddEurope, amone had beemanufactured in the U.A.

ASDeCialNOte‘ortheReader65 consideration:

Note: At this point theReader may chose to revi@vreadt h $toryiibehind the Story on
t he Devel opment of t he ARS O0Bi g Redd Dr ain
GradeControl System before proeeding with the rest of thR&D storyon the lasebeam @pth
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& gradecontrol systemThe field testing of the Laserplane System orAlRS Big Red Draintube

Plow (covered in the next section of thisrg) was a major component of the final development

phasein the ARS R&D project ornnovative drainage matelsaand installation methadThat

field testing of the Laserplane system perfor
storyd6 about the plow, however, because the pl

Field Testing of Laserplane Grade-Control Accuracy of ARS Draintube Plow on D7E Cat

As noted in the ARS Big Red Plastory, extensiveggradecontrolfield testing could not be
completedn 1971with the ARS Big RedDraintubePlow following the first field demonstrations
in llli noisand Ohiobecause of rain delay$he D-8H Cat borrowed from the Caterpillar Tractor
Co. had to be returned the Caterpillar Proving Grounds in Peoria,béfore the full range of
desiredtestingwascompletedHowever, our team did summarize thelggradecontrolresults
wewere able tmbtainfrom thefield testing that could be completed with the Big Red Plow on the
D-8H Cat for presentation and publication at the 1972 ASAE National Drainage Symposium.

In 1973a D-7E Cat was obtained from U.®lilitary Surplus Property and tHg&ig Red
Plowwas modified and mounted onTthe shorter EYE, compared to the originabrrowedD-8H
used in the first field demonstrations and preliminagy field tests, reqtna¢the dual beans on
the plow be shorteed about 3.0 ftin length. A 2" generation design of theommercial
Laserplane Grad€ontrol System was installed on the7B mounted Draintube Plo{ig. 25).
The improved Laserplane receiver unit was designed to automatically point the phototels in t
receiverunit towards the stationatyaserplane transmittes the plow movedcross the field.

To simplify the 1974 field testing procedure, the Laserplane System was setup such that
drainlines were installed 8 gradient with the plow for severahundred feet of travel to check
depth and gradeontrol accuracy. All drainlines were installed at a ground speed of about 150
ft./min., considered the maximum speed for good gramtgrol based on earlier simulations and
field testing. Referring to Fig for a definition of dimensional terms, the optimum position for
mounting the Laserplane receiver on thel8.75ft. long plow beam wagh-X) = 3..0t. in front
ofthel Bi g pRw kadleon the D7E, or atX/b = 5/6 (approx. 0.833 to 0.84). The X#5/6
position for mounting the Laserplane receiver was also the optimum position determined in the
earlier preliminary tests in 1971 when the Big Red Plow (with the longer original-21dtial
beams) was mounted on the borrowe8HCat @s publishedn the footnotd2 referencé. It is of
interest to note that the series of analog computer simulations conducted in H797/h.D.
project @iscusseckarlier), for different lasereceiver mounting positions, predicted about the
same optimum positiot® mount the lasebeam receiver unit for the best gractrol accuracy.

12 Fouss, J. L, Fausey, N. R., and Reeve, R. C. 1972. Draintube plows: Their operation and laser
grade control. ASAE National Drainage Symposium. pp439and 49(A reprint of this published

paper is included in gpendixV, and is recommended reading for details on the early field testing of the
floating-beam research drainage plow and the ARS Big Red Draintubg.Plow

13 The test drainlines were installed with the plow, but corrugated drainage tubing was nigtdinstdie drainage
channels. This allowed an invertg@eprobe of known length to be inserted down into the pidade slit to the sail

bottom of the drainage channel. The dragitom elevation was determined &t Sntervals in the drain channel using

the Laserplane surveying rod sitting on the top of the known length invEmqedbe inserted into the plellade slit.
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Fig.25.AR S ﬁBigRedc‘) Draintube Pl e CantrolSystém Laser p

Mounted on a EYE CAT Installing 4in. dia. CorrgatedWall Plastic Draintube.

Figs. 26 and 27 show selectedfield test results (in graphical format) with the ARS
DraintubePlow on the B7E Cat fortwo different positions the Laserplane receiverit was
mounted on the plow frame (beanihe drainlinebottom elevationgakenat 5.0-ft. intervals
plottedin Fig. 26is for the Laserplaneeceiver positioadat X/b = 0.84 {or (b-X) = 3.0-t.}, and
the data plotted in Fig. 27 is for the receiver position bt=X0.28 {or (b-X) = 13.5ft.}. To check
and quatify the accuracy of depth and gradentrol, a statistical standard deviation (S‘Hwas
computed using the-. interval data points between the plowing depth and the desired depth of
the 0% gradeline; the S.D. values are shown in the bottomhragtitcorners of Figs. 26 and 27.
The S.D.= + 0.078ft. shown in Fig. 26 for the Laserplane receiver at position X) = 3.0+t.
provided more accurate depth and gradetrol than when the Laserplane receiver was mounted
at the p i X) = 13.5ft. positionas shown in Fig. 27 (S.B.+ 0.118ft.).

In a following section of this story a method is discussed for using ma@ésequipment
and GPS 3Dpositioninginstrumentation tanonitor & record the accuracy that the plow can
install the corrugated tubinghus eliminating the need to probe down through the ploverstit
survey the plowtrench bottom to evaluate the installation accyfar draindepth and grade

14 The statistical standard deviation (S.D.) of the plowing depth was computed from elevations taken in the bottom of
the plowtrench ab-ft. intervals along the drainline path. This was considered as an average deviation. The accuracy
of this below ground surveying measurement was considered#®.08-ft.
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More detailed results and discussion about these -gi@uteol accuracy tests, and the effects of
plowing speed, were publied in theDrainage Contractor Magazine>; a PDF printed copy of
the published articles includedin Appendixv °

Early Acceptanceof ARS-Industry Coop R&D accomplishmentsand recent Tech advances

The key research and design tasksthis story about # development of the lasbeam
automatic depth and gradentrol system for the floatingeam drainage plowaveaccomplished
through innovative R&D conductezboperativelyby ARS engineeringscientists (James Fouss
and Norman Fausey) and a key industepresentative (Ted Teacljho hadexpertise in
electronics andrenchertype drainage equipmenMr . Teachodéds contribution
brought about because the ARS scientists had contracted witfafithe successful bidddo
develop improved etgronic circuits’ for the lasetbeam receiveunit and the feedback control
circuit for the drainage plow depth and grammtrol systemAlthough a number of press releases,
popular publicatiorarticles and a technical outlook publication had been isdwethe ARS
scientists about the lasbeam gradeontrol development projecit was only after the initial
technical presentation and demonstration of the prototypebbasen systento Ohio drainage
contactorastaL and | mpr ov e meonferen® m early1867 thabimddssial interest
and actiorpickedup. As noted in an early section of this story, it was immediately following this
contract or OhsreFoussad &aach met &r. Robert Studebaker who had conducted
some concurrent reseanefth a prototype laserplane system for a motor patrol grader. It was soon
after that meeting thieusiness pamershipwasformed between Robert Studebakard Ted Teach,
andthe companyounded laserplane Corpwas thebeginningof the laser gradeontrol industry.

The specific ideas and concepts developed in the cooperative ARS and Industry codpé&iative
project that were adopted and used in the future commercial products developed and sold to
contractors was covered in an earlier section of thig/.sfdiso discussed andlustrated in a
section of thisstory, the first public demonstration of a commercial Laserplane system operating
on a wheetlype tile trenching machine was in the fall of 1968 at@heo State Farm Science
Review (see Fig. 24).

The additional thoughtand observationexpressed below are related to what | recall
knowing something about from the late 1960s and early 1970s, and are not documented anywhere
elseto my knowledgeThe dates | have expressed here are likely close to exents occurred,
but may not be exacwWith the successful field demonstrated performance of the Laserplane
system on a tile trenching machine in 1968, drainage contractor interest picked up significantly,

15 Fouss, J. L.1978.Watch your drainage plow speed and laser receiver pashign.-Book
Publication Drainage Contractor4 (1): 100101. Reprint in Appendix }*°

¥The author draws to t driginal marécke deéererfced inafdothodélb was ublishettiat t h e
Drainage Contractor with an error madinthe artc | e 6 s ma g .aThe graphs lisedyfar kigs. 2 and 3 were
reversedn position within the layout, and thus were placed with the wrong figure Fitlethereprint included in

AppendixV of this story, the two graphs were repositioned so that eacldweolver the correct figure title.

1" The research prototype circuits assembled by the ARS scientists functioned well enough to confirm that the design
concept for the envisioned ladeeam automatic depth and gram®trol system on the drainage plow ftianed as

hoped and expected. However, it was realized that improvements in the system electronic circuits would likely
significantly improve the response characteristics of the system for controlling depth and grade on the drainage plow.
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and also their interest in pletype installationequipment increased because of the potential for
higher speed installation of subsurface drainegeugated plastitubing. It was soon apparent
that Canadian and European industayl takemotice as new models of drainage plows became
availableforconr act or s by butlstdl nogpwslwgre develdp@dby UJ.S. industry.
By 1971 most tile trenching machines were equipmedvere being equippediith Laserplane
gradecontrol systems and drainageplows were beginning to enter the market pdaat an
increasing paceBy 1972 all plows and almost all higbpeed trenchers sold were equipped with
laser automatigradecontrol as standard equipment. The lasesamor Laserplangradecontrol
systens werealso adoptedby drainage contractors European countriefor new drainageplow
equipmentby the early 1976 Following the successful field demonstrations in 1971 of larger
drainage plows capable offé plowing depthand good gradeontrol accuracye.g., the ARS Big
Red Draintube Plow, and ore two foreign plows), most plow manufacturers began offering
plows of different sizesand maximum plowing depticapability to meeta range of drain
installation requirement8y theyear 2000 contractors began requestiragptows be developed

to instal larger diameter cougatedwall drainpipe, e.g.,-8to0 15in., and perhaps larger. Larger
plows were developed by Canadian and The Netherlands manufacturers and perhaps one or two
firms in Europe to meet that growing market demand by contractors. beaneimpressed with
the success of the larger plows and the ability to ptolargediameter corrugatedall plastic
pipe. Many contractors still use trenching machines, especially thetgpaitrenchers, for the
installation of largediameter drain pips or collector mains on their drainage jobs. All modern
drainage machines are equipped with Laserplane or@FPE depth and grad®ntrol systems.

The lasetbeam system for alignment dodguidance was adapted by industryridwide
for many other apptiations, such as land surveying, open ditch excavation, land grading, rice
paddy construction, pipeline construction, tunnel excavation, building constré&caignment,
and other engineering and constructjmjects including severalmilitary applicatons. The
night-time operation of the lasédeam(Laserplane}ystem in many of these applicatianas also
noteworthy especially in nightime land leveling of level basin land areas for rice produgtion
the Western U.S. stateShese worlewide appliations of the lasebeam technology were
documented in a special report for the World Bank by Dr. Marvin Jensen, ARS National Program
Leader The report to the World Barikustrated the wide ranging benefits of agricultural research,
and highlighted thevery large economic benefits in the aredasfercontrolledprecision land
leveling for irrigated agriculture wordide in terms ofeducing thdargevolumes ofirrigation
water requird, and the associated economic savinghécosts focrop produdbn onirrigated
agricultural landsMany, if not most,of these applications for the ladsgam and laserplane
systems are being upgr adeGPS systeingthissnodera systamo t he
upgrade is discussed in more detail beldwpave not overed in this story the integrated syssem
now available forcomputer softwargo design projects and then instalithe projects with
automatically controlled equipment in accordance to the computer generated designs for
subsurface and surface drainagetesys Similar computer software for design and integrated
control ofconstruction equipmerare also used widely in civil, industrial, and military projects.

Summary Comments

The lasetbeam automatic graemontrol system developed and demonstratedABS
researcherand industry cooperatoovided the technology to improve installation speed and
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accuracy for modern corrugateall plastic tubing with higkspeed plow-type and
chaintype-trenchingequipment for agricultural subsurface drainage systerfter e initial
technology transfer to industity 1967 only abou® years were required until the first commercial
Laserplanequipment was available and in useMigwestern U.Sdrainage contractors. Over the
next 0-25 years, continued developmentakearch by industry, at times in cooperation with
federal and statgovernment researchers, resulted in significant improvements and innovations,
plus expanded applications worldwide to many agricultaral, construction, and military tasks.
The lasetbeam and_aserplane systemvas consideredand became known dke engineering
standard methodfor alignment and guidance applicatiobsginning in the early 19703 his
engineering standard remained in effect for about the next 25 to 30 years at wieiahetm
satellitebasedtechnologythat provided precision geographical 3D positionjng., RTK-GPS)
was developed that began replacing it as the engineering standard.

RTK -GPS Precision X,Y,Z Positioning SysterReplacesLaserplane Systemfor Drain Plows

Let me cover first a bit gbersomml backgroundbn our thinking in the early stages of the
ARS research project to develop the laseam automatic depth and grammtrol system for the
drainage plow. When we made tbarly determination that an gplow sensor was needed for
detectingan offplow elevation referencing source, such as a stiretchedo grade or a narrow
light-beam projected to grad8atellitebasedGPS was early in its developmeand only a few
satellites were in orhitThe GPS systemavailable at the time as restricted for use only by
Intelligence Agencies and thé.S. Military. When our staff discussed the idea that it would be
nice if we could use an accuré@pace AgeésPS system for the offlow elevationreference, we
recognizedhat even in military applicatiorst the timat wasprobablynot really accurate enough
for our needs to control depth and grade on the drainage Iglakved with the staff about it at the
ti me and stated t hat wemigktoomdairly diosettdbeingonihe right ar y 6 s
farm, but not necessarily the ridgigld or the rightplace in a fieldo installa subsurface draiior
the farmerAnd | knew theGPSelevation coordinatddr controlling plowing depthwas not very
accurate at alllThe whole idea was thugidreandfor the future. Thtfuturedreamstarted coming
trueduringaboutthelastdecadeo f t h e and Wa8 hdaresfylly developed in the earbars
after 2000. Thee n h a ndceand sydiens available by 201%ad features andapabilities well
beyond thel9902000 Era systems and have had a larger impact on the way surface and
subsurface drainage equipmestautomatically controlledhan the original lasdseam and
Laserplane systems. The modern day Satdibised RTKGPS 3D-positioning and control
technology now usefbr both steeng (X & Y positioning) and controlof the Zcoordinate
(elevation) for drain depth afrainageequipmentindthe cut/fill depth ortand gradingequipment
is described and discussed below.

The lase-beam and Laserplane ingtty changed a lot from 1982 into the early years of the
200006 s . helaserdafdBo?p, was acquired HypectraPhysics a company witlexpertise
in laserbeam systems technolagy Dur i n gs, Trimele pbréeé&ddRealime Kinetic
(RTK) technology torapidly correct Satellte GPS detected coordinate data to achieve
centimeteilevel accuracy fo2D and 3Dpositioning in real timeThen in 20007 rimble acquired
the Spectra Precision Grguand became one of the major sme for lasebased and
satellitebased positioning and control systeffismble vastly expanded its scopktechnologies
after 2000 bythe acquisitiors of many firms with related technologiesincluding software
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technologies used to process rapitiigacquired data from satelltieased positioning systems.

RTK satellite navigation is the technique used to accomplish precision positdaing
signalsreceivedrom multipleGlobal Navigation Satellite Systef@NSS) constellations such as,
the United Sta sGPS Russi an GE@GNASS at ihen & r o@akleonandUni on o
Ch i n @oinpass systens.® RealTime Kinematic (RTK) GPS systems carprovide
centimetetflevel positioningaccuracy by eliminating errors thatcur in positioning based oniy
signals from the satellites being tracked by tk&PS system. Foan RTK-GPS precision
positioning system [e.g., to control travel direction and plowing depth (elevation) on a drainage
plow], requires an RTKGPS receiver mounted on the frame of the drainage ptovaaource of
position corrections signals from an RTBPS receivelocated at &nown geographic location
Base Station or Network of Base StatioAsBaseStationis an RTkGPSreceiver placedt a
known (and fixedgeographigosition (X, Y, 2 and ittracks the sam&NSSsatellites that are
tracked by theRTK-GPS receiver mounted on the drainage plowth receivers track theame
satellites at the same timErrors in the GPS system are monitored atkifi@wvn location Base
Station,and a series of pd®n corrections are computeda the RTK technologyThe Base
Station receiver sends correction signals viadio link to thereceiver on the drainage plow,
wherethe signals areised to correct the real time positidatafor the receiver on the moving
plow.’® The corrected real time position data in the receiver mounted on the plow provides
feedback control input to the depth and gradetrol system on the drainage plow. The feedback
control hydraulically adjusts the plow hitch point (or plow linkagstem) tomaintain the
drainpipedepth and graslat the subsurface drainage system design valhesRTK receiveat
the Base Statiois capable of computing up to 20 position corrections per second, miaighe
averaged for a second or more and senpastion correction signal®d maintainreal time
precision position data in thmoving plow mounted receiver. This rapid updating of real time
position data in the plow mounted receiver fast enough for the automatic depth and
gradecontrol systenio insure the drainpipe is installed in the soil very close to the design depth
and grade for the subsurface drainage system. If the automatic feedback control system on the
tractor and plow is also configured to steer the equipment across the field, thenpmsitection
signals will insure the path the subsurface drain followsltamagesystemlayoutdesign as well.

The laseibeam and.aserplang e c hnol ogy o toaboubh2000e@ai leidg up
replacedfor many applications after the year 2000 hMgnhanced &ellitebased RTKGPS
systems providing precision 2positioning(X,Y,Z) technology The RTKGPS systems provided
precision positioning and control ftine horizontalmovementor steering(X & Y) and vertical
elevation or operating depth (Zprf applications inand surveyingdepth& gradecontrol d
drainageequipmentand3D controlof soil cut& fill onland gradingandearth movingquipment.

18 By 2013 the US. GPS and Russian GLONASS were the GNSS systems most used in Agricultural applications.
The accuracy of RT¥GPS positioning systems have improved as the number of satellites in orbit increased.

930th the Base Station receiver and receivers on moviltdy diguipment requirelear line-of-sight to the sky for
receiving satellite signals. The RTK receiver Base Station on larger farms can be located as far as 8 miles from field
sites without lineof-sight obstructions such as hilly terrain or numerous tredsgher power radio transmitter may

be needed on larger farms where longer range transmissions of correction signal are requi®@BSREkeivers can

be mounted on multiple machines or equipment operating within range of a single Base StatiGRP R Ekeiver A

more powerful radio transmitter (e.85 watt long range radi@an transmitip to 15 km(9 mi.) radius from the base

station. The extreadiopowercan penetratthe signal through tree lines and provides coverage in undulating terrain.
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Grade-Control Testing/Certification Programs for Drainage Plowsusing RTK-GPS:

Drainage plowswith different designs and draft linkage configurations (e.g., long
floating-beam, hingedbeam, 3point hitch etc) should undergo field testing to confirm the
optimum position for mounting the Laserplaoe RTK-GPSreceives on the plow frame or
linkage for the best depth and gradentrol accuracy. The recommended optimum mounting
position for the onplow receivey as reported in ik story aboutthe laserbeam depth and
gradecontrol system developmerdould be used as an initisdceiver mountingostion to be
tested on other plowés of mid2015,1 have not seen in publications or advertisements the results
of such gradeontrol testing for the several typesdoinageplows available t@ontractors in the
U.S. and Canada, nor in European coustiibere have been some advertisements stating that the
firmbds mdrtified 0 maintagngded but test results are not

| have made (and publisif@imy recommendation for a nietd to test the accuracy that a
drainage plow insills subsurface drains to design depth and grade by moursggtgadreceiver,
preferably an RTKGPS receiveron thepipe-feeder bootattached behind the drainage plow
blade.The second receiver would monitor and recordRA& correctedGPS coordinategX, Y,
andZh, where fiho is the height at which the sec
tube feeder boot) at the bottom of the drain tube as it emerges from the tube feeder and is installed
in theopenchanneln the soilcreated by the piw.?* The coordinate data recorded by the second
receiver would more accurately define the final X, Y, anld Bbcations along the line of the
installed drain tube than a recording of coordinates fribla conventional depth and
gradecontrolling receiver (ether a Laserplane or RT&PS receiver) mounted on a forward
reaching cantilever arm attached to the plow bladeinrowvativelyadvanced drainage plows, the
Z-h data versus grounualavel could be displayed graphically to the plow operator on-adlaen
monitor, along with other plow and tractor performance informaon.c h t esting of t
performance could also determine the maximum ground speeasidhiat providegood depth and
gradecontrolwitht he pl owds <contr ol | opingum positoreanthe plowmo unt
frame or linkage.

Since the miel970s, the province of Ontario, Canada has had a drainage plow testing and
certification programAs far as | have been able to determine, they have tested only a limited
number of drainage plawOnt ar i o6s program was based on spe
the Agricultural Tile Drainage Installation Act originally passed in 19Ti& accuracy of the drain
installed during the plow testing was determinedilgging to uncover the draimm so that its
bottom elevation could be surveyed every few meters along itsTgaiCanadiaract included a
provision for training and licensing of drainage contractors and was administered by the Ontario
Ministry of Agriculture and Food and Ministry &tural Affairs. As of 2015, adrainage plow
testing and certification programdmaot been developed in the&J

20 Fowss, James L., Ph.D., P.E. 20Bktting Standards:i Accountability-cbatrdeptbcandc
Drainage Contractor magazine, p. 14, Nov. 2014 issue (published in Ontario, Canagjajint in Appendix ¥

%L At the time of this reporting (lp2015), | was actively coordinating with Trimble, Inc. and a drainage contractor in

Indiana (with an Intetink drainplow) to conduct a preliminary field test for this method of checking (testing) depth

and gradecontrol for installing corrugated plastic érdubing.
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Recent innovative designs for setintained drainage plows have become available and
their acceptance by contractors has significantlyeiased in the U.SCanadaand EuropeMost
of the modern plows are very powerful and capable of operating at greater depths, and can install
drainage pipe faster than earlier plowadels However earlierregulations in Canada did not set
limits on the maimum speed the plows should be operated in order to ensure subsurface drains
were installed accuratetg design depth and grade.

| am not suggestingeginninga Government regulated programthe U.Sfor testing and
certifying drainage plows usinge¢ method | recommended and outlined ab&tvie my thought
that plow manufacturerandor drainage contractorshould voluntarily conduct the tests and
provide the results in advertisements or reports in contragjanization (e.g., LICAhewsletters
or publicationsetc. Such reporting of drainage plow performance results should be made available
to all farmers having drainage systems installed on their farms withtgfmequipment. will be
providing additional published articles on this matteahenmonths and years ahead as | coordinate
with drainage plow manufacturers, drainage contractors, and theG¥PK control system
industrieso hopefullyorganiz and implement a wagf accomplising this goal for the benefit of
the drainage industrgontactors,and farmers.

HHERBH

JLFouss; @3/02/2015.
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(Reprintsof thesetwo publishedarticlesincludedon the following pages)

(1) Fouss, JL.and Fausey, N. R. AResearchers Fous.
GradeCont r ol System That Transforms Drainage
by the Council fo Agricultural Science and Technology (CASNewsCASTA Succes s
Stories in Agr-l8Jdulyl 2004d(te CButcil ieviewed about Z00 ARS
research projects, and selected this accomplishment as the first ofoonlfisuccess
storie® p whddltd document and demonstrate for the U.S. Congress that research
dollars pay off)

(2) Fouss, J.L.and Fausey, N.R. Research and Development of {Bemm Automatic
GradeControl System on Higispeed Subsurface Drainage Equipment. TRANS. of the
ASABE. 50 6): 16631667. 2007.The Senior Author and Gauthor were invited by the
American Society of Agricultural and Biological Engineers (ASABE) to author this article
for publication in a speciaCentennial Issuef theTransactions of ASABE
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in Agriculture

Researchers Fouss and Fausey Develop Laser Grade-Control
System That Transforms Drainage and Irrigation Technology

-

Although hills, slopes, and folds in
the earth are interesting visually, in
cultivated fields these features can be
problematic for farmers. Uneven land
surfaces, bound by the laws of gravity,
often pull water away from where it’s
needed most. As a result, some crops
languish from excess water, others
shrivel for a lack of it, and runoff and
erosion are commonplace.

James E. Fouss (currently a
supervisory agricultural engineer and
research leader at the Agricultural

Figure 1A (above) Research prototype laser-controlled
drainage plow. 1B. (inset) Laser transmitter with shielding
removed to show telescope and chopper blade.

b

Research Service [ARS]
Soil and Water Research
Unit in Baton Rouge,
Louisiana) and Norman R.
Fausey (currently a supervisory soil
scientistand research leader at the ARS
Soil Drainage Research Unit in
Columbus, Ohio) found a way, almost
three decades ago, to use emerging
technology to solve the problem of
uneven field surfaces associated with
installing subsurface drainage on
agricultural lands. Their creation—the

laser beam automatic grade-control
system—has provided the most
efficient way to install drain tubing in
agricultural fields rapidly and acc-
urately with modern equipment. About
a decade later, other ARS researchers
spearheaded studies to apply the
commercialized “laserplane” system
technology to the field of agricultural

In recent months, a CAST committee made up of five members of the Board of Directors and chaired by Dr. William Sandine has
identified a number of “research success stories” that succinctly convey the value of agricultural research to our readers. The first
story appears here; others will follow in subsequent issues of NewsCAST.

Council for Agricultural Science and Technology. Spring 2004
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Figure 2. Laser-controlled AR dinl

cropland leveling and surface irrigation
(see Textbox 1).

Why Use Lasers for Drainage?
The idea for a laser beam-controlled
plow came to Fouss and Fausey while
they were employed in the Agricultural
Engineering Department at the Ohio
State University. Columbus. in 1964—
1965 testing the installation of
subswface drains with experimental
plow-type equipment. They were using
ARS-developed lightweight corrugated
plastic drainage tubing that had replaced
the heavy. rigid drain tile materials of
clay and concrete. But they saw quickly
that drainage machine operators would
not be able to control accurately the
depth and grade for installing tubing at
the plow’s speeds of 100—150 feet per
minufe. The solution? Some form of
automated depth and grade confrol.
Traditionally. operators just “eye-

40

ube piow.
balled” the sighting bar to bring it in
line with crossbars aligned across the
field to determine whether to raise or
lower the digging mechanism.
Requiring the constant attention of the
operator, this practice could control
trenching machines effectively, but only
at speeds of 1030
feet per minute.
The research
prototype laser -
beam system was .

tested between 1965 and 1967 by Fouss
and Fausey, consisted of a fransmitter—
a 0.3-milliwatt-output helivm-neon gas
laser, a 10-power telescope to expand
and collimate the small-diameter laser
beamtoabout 1/2-inch diameter. and an
electric motor-driven slotted disc to

Textbox 1. Additional Early Researchers
T. W. Edminister, Administrator, USDA—ARS (deceased)

designed and de-
velopedtomeet the
specific needs of
high-speed
drainage plow
equipment used to
install corrugated
plastic draintubing
(Figure 1A). The
prototype system,
assembled and

Cec1lH Wadleigh, Director, Soil and Water Conservation
Research Division, USDA-ARS (deceased)

Jan van Schilfgaarde, Director, Soil and Water
Conservation Research Division, USDA—-ARS (retired)
Ronald C. Reeve, Research Investigations Leader, Soil
and Water, USDA—ARS (retired)

Glenn O. Schwab, Professor, Agricultural Engineering
Department, The Ohio State University (deceased)
Cornelius A. Van Doren, Chief, Corn Belt Branch, USDA—
ARS (retired)

TedL. Teach President, Laserplane Corporation (retired)

Council for Agricultural Science and Technology, Spring 2004
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“chop™ the beam at a frequency of 150
times per second (Figure 1B). This
battery-powered laser transmmtter was
mounted on a tripod at the upgrade end
of the proposed drain line. The desired
grade or slope was setintothe transmitter,
projecting the laser beam parallel to and
above the proposed drainpipe.

As the laser beam-adapted plow
moved forward, any deviation from the
desired grade caused the receiver umt
mounted on the plow’s frame to move
up or down, which then would cause an
1mbalance mthe electrical bridge circut.
Once the imbalance reached a preset
level acontrol circuitactivated anelectric
valve to hydraulically move the plow’s
hitch-point up, or down, until the laser
receiverwas again “ongrade.”” According
to field tests, the laser receiver could be
maintained within about 3/4 inch of the
desired grade line, at ground speeds up
to 100 feet per minute.

Going to the Marketplace
Following a 1967 demonstration of
the AR S prototype laserbeam automatic

Textbox 2. Uses of the Laser Grade-Control System
» Land surveying and grading
® Increased water conservation

= Erosion control

» Overall farm efficiency for irrigated agriculture
» Highway and building construction and alignment

» Tunnel and open ditch excavation
» Rice paddy and levee construction

= Pipeline construction
= Military applications

grade-control system to Ohio land
drainage confractors, Fouss met with
individuals who, soon afterward,
became founders of the Laserplane
Corporation, located in Dayton, Ohio.
Many of the concepts for the laser beam
control, developed and tested by the
ARS, were adopted for use i the
development of a commercial version
of the laserplane system for dramage

Figure 3. Visitors to the 1971 Ohio State Farm Science Review.

equipment.

Atthe 1968 Ohio State Farm Science
Review in Columbus, Ohio, the first
commercially available Laserplane
Grade-Control System was revealed in
field trials and demonstrations. These
trials were conducted cooperatively by
ARS researchers and Laserplane
engineers. Here, a few thousand farmers
andasmany as 100 drainage contractors

Council for Agricultural Science and Technology, Spring 2004
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viewed the system’s performance on a
wheel-type tile trenching machine
installing corrugated plastic drain
tubing. By the fall of 1970, many farmers
in the Midwest were demanding the
laser beam-controlled machine to mstall
their drainage systems. And by early
1971, many tile frenching machines
were equipped with laserplane grade
control.

Making a Good Thing Even Better

Researchers at the ARS designed a
larger dramnage plow and tested its
capability and grade-control accuracy
for installing corrugated plastic drains.
This larger plow was equipped with the
commercial Laserplane Grade-Control
System and was demonstrated at field
shows m Illinois and Ohio in 1971
(Figure 2). A new drainage plow
imported from England—equipped with
laserplane control—also was seen at
the Ohio State Farm Science Review
thatyear (Figure 3). Evenlarger crowds
attended these events.

Testmg of this larger plow allowed
ARS researchers to ascertain the

accuracy of the grade control and to
confirm the optimum mounting po-
sition for the laser recerver on the
dramnage plow frame. Fouss and Fausey
also found that ground speeds for the
plow—of up to 100 feet per minute—
provided the best grade-control
accuracy. These findings soon became
important guidelines for the industry.

After 1971, all plows and nearly all
high-speed trenchers sold in the United
States were equipped with laser
automatic grade control as standard
equipment. By the early 1970s, the
laserplane grade-control system was
adopted for most drainage machines—
both trenchers and plows—in several
European countries.

Worldwide
Dividends
Since its inception and development,
the laserplane system has been adopted
by agriculture and industry worldwide to
improve land-grading operations for
surface wrmigation (see Textbox 2). The
adoption of tlus technology has led to
significant increases in surface irrigation

Use Nets Big

Figure 4. Nightime laser-controlled land leveling.

efficiencyandagreatdecrease mumgation
costs through savings m the volume of
water needed to be pumped and the cost
ofenergyneeded forpumpmg. Nighttime
operation of the laser system allows
operators to take advantage of good
weather conditions and lower temp-
eratures, both of which can improve
grade-control accuracy (Figure 4).
Improved surface urigation alse has
brought about increased crop pro-
ductivity and umifornuty on wrigated
lands.

Additional contributors to this story mnclude
Allen R. Dedrick. Associate Deputy
Administrator, Natural Resources &
Sustamable Agnicultural Systems, National
Program Staff USDA-ARS; Marvin E.
Jensen, National Program Leader, [rngation
and Drainage. National Program Staff.
USDA-ARS (retired); and Dale A. Bucks.
Senior National Program Leader, Water
Quality & Management, National Program
Staff USDA-ARS. Write-up, in part,
courtesy of Erim Kendrick-Peabody.
writer/public affairs specialist USDA-ARS.

Council for Agricultural Science and Technology. Spring 2004
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RESEARCH AND DEVELOPMENT OF LLASER-BEAM AUTOMATIC
GRADE-CONTROL SYSTEM ON HIGH-SPEED
SUBSURFACE DRAINAGE EQUIPMENT

J. L. Fouss, N. R. Fausey

ABSTRACT. Subsurface drainage methods and materials technologies were modernized more through innovative research and
development between 1960 and 1975 than during the previous 100 years. Original research conducted by ASABE Member
agricultural engineers who were employed by the USDA Agricultural Research Service (ARS) and worked cooperatively with
other ARS scientists and technicians plus scientists at The Ohio State University developed the prototype materials and
equipment o test the new drainage technology. High-speed installation of plastic subsurface drains with plow-type equipment
was made possible and practical in the late 1960s with the adoption of coilable corrugated-wall polyethylene plastic tubing.
However, manual control of depth and grade by the operator of the drain plow at speeds of 35 to 50 m/min was not sufficiently
accurate or practical. A laser-beam automatic grade-control system was designed and developed to meet the specific
requirements of high-speed plow-type draintube installation equipment. The first use of the laser in agriculture was reported
to be in the installation of plastic drain tubing with plow andlor trencher equipment. Through cooperative field trial
demonstration projects with university extension specialists and industry representatives, the new technology was transferred
to industry for final development and marketing. A laser-plane system, rather than the laser-line prototype tested, was
developed by the industry cooperators to project a beacon of laser light (a laser plane) over an entire field. Laser-plane
technology subsequently applied in precision land grading for surface irrigation vastly improved irrigation efficiency and
saved untold millions of acre-feet of irrigation water worldwide. From this agricultural engineering beginning, laser
technology expanded rapidly into many engineering agricultural and non-agricultural fields, including surveying, land
leveling and grading, construction (highways and buildings), and military tasks. The laser-beam and laser-plane systems are
considered the engineering standard method today for alignment and guidance applications.

Keywords. Automatic, Corrugated, Drain, Drainage, Grade control, Irrigation, Laser, Laser beam , Laser plane, Plastic,
Plow, Subsurface, Surface, Technology, Trencher, Tubing.

his article describes pioneering research conducted

in the 1960-1975 period, during which drainage
methods and materials technology advanced more

than during the entire previous century (Fouss and

Reeve, 1987). ASABE Members James L. Fouss and Norman
R. Fausey, employed by the USDA Agricultural Research
Service (ARS) and stationed in the Department of Agricultur-
al Engineering at The Ohio State University, Columbus,
Ohio, conducted the research and development work cooper-
atively with agricultural engineers and soil scientists at The
Ohio State University and with several industry representatives.
The research led to the replacement of the slow trench-
installation of rigid clay and concrete drain tile with light-

Submitted for review in March 2007 as manuscript number SW 6950;
approved for publication by the Soil & Water Division of ASABE in August
2007 as a contribution to the ASABE 100th Anniversary Soil and Water
Invited Review Series.

The authors are James L. Fouss, ASABE Fellow, Research Leader and
Supervisory Agricultural Engineer, USDA-ARS Soil and Water Research
Unit, Louisiana State University, Baton Rouge, Louisiana; and Norman R.
Fausey, ASABE Member, Research Leader and Supervisory Soil Scientist,
USDA-ARS Soil Drainage Research Unit, The Ohio State University,
Columbus, Ohio. Corresponding author: James L. Fouss, USDA-ARS
Soil and Water Research Unit, 4115 Gourrier Ave., Baton Rouge, LA

weight corrugated-wall polyethylene plastic drain tubing
installed with plow-type or high-speed trenchers controlled
by a laser-beam grade-control system. The laser grade-
control system was required on the high-speed drainage plow
equipment to ensure accuracy of the drain installation to spe-
cified depth and gradient. This research and development
project involved both computer modeling and simulation and
field testing of the system performance to optimize various
parameters, such as the best position to mount the laser-
receiver unit on the frame of the drainage machine to obtain
the best accuracy in automated control of depth and grade for
the drain being installed (Fouss, 1971). Following the re-
search and development work, the performance of the laser
grade-control system was demonstrated through extensive
field trials conducted in cooperation with extension special-
ists and industry representatives for the benefit of drainage
contractors and farmers, and to transfer the technology to in-
dustry for development and marketing. As with any techno-
logical development, the first 20 years of use for the new
materials, equipment, and methods included further impor-
tant improvements and innovations, but these are not dis-
cussed in this article.

BACKGROUND

70808-4443; phone: 225-578-0743; fax: 225-757-7728; c-mail: High-speed installation of subsurface drains with plow-
james.fouss@ars.usda.gov. type equipment was made possible and practical in the U.S.
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by the late 1960s with the adoption and modification of coil-
able corrugated-wall plastic drainage tubing developed in
Germany during the mid-1960s. The modifications required
for use in the U.S. involved producing the drain tubing from
high-density polyethylene (HDPE) plastic rather than the
polyvinyl chloride (PVC) used in Europe, and designing
deeper and wider spacings (pitch) between corrugations to
compensate for the lower strength of HDPE plastic compared
to PVC (Fouss, 1973); in the 1960s, HDPE was significantly
lower in cost in the U.S. than PVC.

Manual control by the machine operator of depth and
grade for the drainage plow was not sufficiently accurate or
realistically practical at the 35 to 50 m/min ground speeds
typical with the plow equipment. Therefore, the plow-in
method of drain installation required the development of
some type of automated depth and grade control. Traditional -
ly, depth/grade control on slow-moving trenching machines
was accomplished visually by the operator, hydraulically
raising or lowering the digging mechanism to bring a sighting
bar in line with crossbars on targets aligned across the field.
During drain installation, the depth/grade control of the tren-
cher required almost constant attention by the operator, but
was accurate for trenching speeds of only 3 to 9 m/min.
Another technique commonly used for trenchers was to
stretch a string or wire line parallel to the desired trench bot-
tom. The trencher operator visually maintained a reference
bar or pointer attached to the digging frame at the same level
as the stretched line. For higher-speed machines the stretched
wire might have served as a reference for suitable electronic
sensors to automate depth and grade control. However, the
time, labor, and expense required for stretching and preset-
ting the elevations of the wire grade-line for each drainage
pipe installed would have been excessive. A pendulum level-
ing device (like that used on a self-leveling combine) was
field evaluated for automated grade control on the drainage
plow, but accuracy was poor and the idea was thus abandoned
(Fouss et al., 1964).

DEVELOPMENT OF LASER-BEAM AUTOMATIC
GRADE-CONTROL SYSTEM

The research prototype laser-beam automatic grade-
control system was designed and developed to meet the spe-
cific requirements of the high-speed drainage plow
equipment used to install corrugated plastic drain tubing
(Fouss, 1968). The drainage plow, rather than the trencher,
was selected for this development because it was envisioned
that the plow-in method of drain installation would be
adopted as the preferred equipment in the future if an accu-
rate and efficient method of depth and grade control could be
achieved. The prototype system was designed, assembled,
and field tested between 1965 and 1967 (fig. 1). The laser-
beam transmitter consisted of a 0.3 mW output helium-neon
gas laser that emitted 6,328 Angstrom wavelength laser light,
a 10X telescope to expand and re-collimate the small-
diameter laser-beam to about 0.5 inch diameter, and an elec-
tric motor-driven slotted disc to “chop” the beam at a
frequency of 150 times (cycles) per second. This battery-
powered laser transmitter was mounted on a tripod at the up-
grade end of the proposed drain line. The desired grade
(slope) was set into the transmitter, projecting the laser-beam
parallel to and at a fixed distance above the proposed drain-
pipe (fig. 2).
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Figure 1. USDA-ARS prototype draintube plow with laser-beam auto-
matic grade-control system.

Figure 2. laser-beam transmitter to project an expanded light
signal at 150 cycles/second.

The research prototype laser-beam receiver consisted of
two horizontal rows of phototubes closely spaced and placed
in a housing designed to block as much of the ambient sun-
light as possible (fig. 3). Phototubes were used in the proto-
type because commercially available solid-state photocells
that functioned well with the helium-neon laser light were not
yet commercially available. The receiver was mounted on
the draft links of the floating-beam type plow frame between
the hitch point on the crawler tractor and the plow blade/point
(see fig. 1). The optimum position for mounting the laser-
receiver on the plow frame (draft links) was determined by
using an analog computer simulation technique (Fouss, 1971;
Fouss and Hamdy, 1972), which significantly reduced the
number of field test trials needed (fig. 4). The field tests con-
firmed the computer simulation result that the optimum re-
ceiver mounting position was forward of the plow blade
about 1/5 of the plow beam (draft links) length. Electrical sig-
nals from the receiver phototubes consisted of a DC compo-
nent, primarily from the ambient light, and an AC component
generated by the intercepted 150 cycles per second chopped
laser-beam from the transmitter. The signal processing cir-
cuit was designed and fabricated for ARS under a USDA con-
tract to a private firm, Control Systems Company of Urbana,
Ohio; Ted L. Teach, co-owner. The electrical output from the
phototubes was coupled via a capacitor to an amplifier, and
the AC portions were amplified. An electronic filter atte-
nuated all but the 150 cycles per second components of the
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