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Story behind the Story about the 

ARS Coop R& D Project for Laser-Beam  

Grade-Control on a Drain tube Plow 

by James L. Fouss, Ph.D., P.E. 

 

Preface: 

The U.S. Department of Agriculture (USDA) Agricultural Research Service (ARS) is the scientific 

and engineering research agency whose mission is to develop new and improved technologies to 

enhance agriculture and food production for public benefit. One of ARSôs principal areas of research 

is soil and water management and conservation which are carried out at a national network of Federal 

research laboratories, many of which are co-located and cooperative with major Universities.  The 

new knowledge, concepts, and technologies developed and demonstrated by ARS research are 

transferred to private sector agricultural producers and service providers (e.g., manufacturers) for 

implementation and delivery of improved products and services to the public.  

 

Foreword:  

This is a story about activities of USDA-ARS researchers, namely myself (James L. Fouss, Research 

Agricultural Engineer), my technician and co-worker (Norman R. Fausey, Engineering Technician), 

ARS and university professionals, plus industry cooperators (Control Industries, Process Equipment, 

Laserplane, and Caterpillar Tractor Co.) who were all very important in the development and testing 

of the original laser-beam automatic depth and grade-control system for the drainage plow that helped 

to revolutionize the subsurface drainage industry in the early 1970s. This is a previously unwritten 

story, but parts of it were told a number of times by Jim Fouss over the years to selected colleagues 

and friends. Many of the activities and events included in this story have never been published.   

 

Introduction   
 

It has been noted in published materials by some internationally known subsurface drainage 

experts, Dr. Jan van Schilfgaarde, Dr. Glenn O. Schwab, and Mr. Ronald C. Reeve (all unfortunately 

now deceased) that focused research during the 1965-1975 decade advanced and improved 

subsurface drainage technology more than had occurred during the previous 100 years. The research 

and development referred to led to the replacement of typically slow trench-installation of rigid clay 

or concrete drain tile with light-weight corrugated-wall high-density polyethylene (HDPE) plastic 

drain tubing installed with plow-type equipment or high-speed trenchers controlled by a laser-beam 

(or Laserplane) automatic depth & grade-control system. The original laser grade-control research 

and development was conducted by an engineer and his technician employed by USDA, Agricultural 

Research Service, James L. Fouss (agricultural engineer) and Norman R. Fausey (engineering 

technician), who were stationed in the Department of Agricultural Engineering at The Ohio State 

University in Columbus, OH. The ARS researchers worked cooperatively with University 

researchers, and they established contractual arrangements with industry experts in electronic 

feedback controls to develop an electronic circuit for a prototype grade-control system to conduct 

performance and evaluation testing. After field testing provided proof the laser-based system worked, 

the technology was transferred to drainage equipment industry reps for product development. Field 

demonstrations were conducted cooperatively by ARS, University colleagues, and Industry partners, 

on drainage plows and trenching machines. Widespread adoption and use by contractors followed.  

 

This paper on the cooperative research and development for the laser-beam grade-control 

system follows a ñstory-behind-the-storyò theme for several key events that occurred during the 
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work on the project. Many of these events have never before been written about nor previously 

published; however, some were discussed with selected individuals over the years. Some of the ñkeyò 

events were progressive in nature while others were barriers to progress that had to be overcome, and 

a few are comic (now, but not necessarily at the time). There were, however, three papers or stories 

that were published and widely distributed about the successful research and development project that 

led to the laser-beam (or Laserplane) automatic grade-control system for drainage installation 

equipment. Reference citations for those three publications are listed below (Printed copies of the 

PDF documents for the published papers (1) and (2) are included in APPENDIX II of this story): 
   

(1) Fouss, J.L. and Fausey, N.R. ñResearchers Fouss and Fausey Develop Laser Grade-Control System That 

Transforms Drainage and Irrigation Technology,ò published by the Council for Agricultural Science and 

Technology (CAST), NewsCAST ñSuccess Stories in Agricultureò 31 (01): 15-18, July 1, 2004.
1
  

(2) Fouss, J.L. and Fausey, N.R. Research and Development of Laser-Beam Automatic Grade-Control System 

on High-Speed Subsurface Drainage Equipment. TRANS. of the ASABE. 50 (5): 1663-1667. 2007.
2  

(3) ARS research for development of the Laser-Beam Grade-Control System for High-Speed Drainage 

Equipment was honored by ASABE with a Historical Landmark Plaque; plaque and accompanying 

research story was dedicated and mounted in The Food Agricultural, and Biological Engineering Dept., The 

Ohio State University, Columbus, OH, May 2007.  (Fig. 1, Historical Landmark Plaque) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            Fig. 1. ASABE Historical Landmark Plaque honoring ARS research for development  

                       of the Laser-Beam Grade-Control System for High-Speed Drainage Equipment. 

                                                 
1 The Council reviewed about 200 ARS research projects, and selected this accomplishment as the first of only four 

ñsuccess storiesò published to document and demonstrate for the U.S. Congress that research dollars pay off. 
2  

The Senior Author and Co-Author were invited by the American Society of Agricultural and Biological Engineers 

(ASABE) to author this article for publication in a special Centennial Issue of the Transactions of ASABE. 
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Background 

 

High-speed installation of plastic subsurface drain tubing with a drainage plow was possible 

by the mid-1960's using coilable lengths of corrugated-wall high-density polyethylene (HDPE) 

plastic tubing (3 - 4 inches in diameter). There is another ñstory-behind-the-storyò on how and when 

the original sample of corrugated-wall HDPE tubing was acquired and its potential for use as the 

experimental drainage conduit was quickly recognized. That additional background story is written 

about separately, and covers the earlier phases of the ARS research project (1955-1965) that involved 

the development and testing of a Vinyl sheet plastic-liner formed into an arch or a circular conduit and 

placed within a 3-inch diameter mole drainage channel formed by a mole plow. The authors were 

responsible for the last phase of the earlier project when a ñzipperedò plastic mole-drain circular 

ñlinerò was formed and placed into the mole drain channel. Edges of the 0.015-in. thick Vinyl plastic 

sheet were ñzipperedò together within the installation equipment to form a closed circular mole-drain 

channel liner. The experimental plow-type equipment used to install the ñzipperedò mole-drain liner 

is shown in Fig. 2. Grade-control on the mole-plow was maintained manually by the tractor operator 

to hydraulically adjust the plowing depth to maintain a pointer-stick on the plow frame aligned with a 

stretched string along the drain path (Fig. 2); the stretched string was preset to the drain gradient.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         Fig. 2. Floating-Beam Mole-Drain Plow equipped with a ñzipperedò  

         plastic mole-drain liner installation attachment; wheels on plow frame 

         were for transport only when out of the ground, not plow depth control.  

 

These early field trials with the equipment shown in Fig. 2 confirmed that manual control of 

depth and grade of the drain plow by the operator at ground speeds of 30-45 meters per minute 

(100-150 feet per minute) was not acceptable or practical. Traditional depth/grade control on slow 

moving trenching machines was accomplished visually by the operator aligning a sighting cross-bar 

on the trencher digging mechanism frame with targets aligned to the drainpipe design grade-slope 

across the field. This required constant attention of the equipment operator, but was reasonably 

accurate for the slower trenching speeds of 3-11 meters per minute (10-35 feet per minute). Another 

technique for a trencher (more commonly used in construction projects, but not for agricultural 

drainage installations) was to use a wire stretched parallel to the design bottom slope for the trench. 

The trencher operator visually maintained a reference bar or pointer in line with the taut line. To 

insure more accuracy on specific installation jobs, the stretched wire was used as a reference line for a 
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feeler-sensor-arm to activate hydraulic solenoid valves to automate the depth control on the trencher. 

However, the time and cost of setting a reference wire for each drainline would have been excessive 

and thus not acceptable, especially for high-speed drainage plow equipment. It was estimated that it 

could require from 9 to 12 workers (in teams of 3 workers each) to stay ahead of the drainpipe 

installation with the high-speed plow to pre-set such grade reference wires.  

 

Early Field Research to select Plow Frame Design 

 

 Even before the corrugated-wall HDPE tubing was selected for the drain pipe material, when 

testing and evaluation of the plastic-lined mole drains continued with the drainage plow, a series of 

field tests were conducted to characterize and evaluate the ñfloating-beamò principal of operation for 

the drainage plow. As shown in Fig. 2, the initial mole drainage plow was modified to install the 

plastic-lined mole drains, and two crawler tractors pulling in tandem were used so that the downward 

draft-line with the plow hitched to the drawbar of the trailing tractor would not cause the front of the 

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 tractor would have made accomplishing 

accurate grade-control much more difficult for the operator. By the second year of the project at OSU, 

another plow unit was designed and constructed that was directly mounted on the larger tractor with 

forward hitch points. The downward draft-line from the forward plow hitch points maintained the 

crawler tracks relatively flat on the ground as grade-control changes were made by hydraulically 

adjusting the vertical position of the plow hitch points along the sides of the crawler; this second 

floating-beam type plow is shown in Fig. 3. Still, two crawler tractors (a D-7 plus a D-4) were 

required to pull the drainage plow approximately 3-ft. deep in a heavy clay soil.  

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        Fig. 3. Tool-Bar Mounted Floating-Beam Mole-Drain Plow installing 

 ñzipperedò plastic mole-drain liner; wheels on plow frame are for plow 

  depth control in fields pre-graded to suitable slope for constant depth  

         drains or periodic minor depth changes along drainline path.  
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Field Trials with Fluid -Dampened Pendulum as an On-Plow Grade-Control Reference 

 

A hydraulically-stabilized (fluid-dampened), self-leveling pendulum control system (as used 

on side-hill cereal-grain combine equipment, with self-leveling only in the direction of travel) was 

mounted on the plow beam, as shown in Fig. 3. Field tests were conducted to determine how accurate 

the installed drain depth and grade could be controlled with such a simple on-plow vertical 

referencing system. The hydraulic response needed to adjust the plowôs hitch height for control of 

grade at the high ground-speed of the drainage plow was also evaluated in these field tests. After only 

a few field tests, results confirmed that an off-machine elevation referencing system would be needed 

with an on-plow sensor that could monitor or sense changes in the plow beam elevation during rapid 

forward motion. The field tests we did conduct with the on-plow pendulum device provided valuable 

design information for the speed of hydraulic response required at the plow hitch point to adequately 

control depth and grade at the high speed of installing drain tubing with the drainage plow.  

 

Early Laser-Beam testing and selection of a commercial unit 

 

It had been envisioned by the ARS lead researcher (Fouss) about this time in the mid-1960ôs 

that a helium neon gas laser-beam system, with its high-intensity and collimated-light-beam (which 

was in the late stages of development by Dr. Charles Townes
3
 at U.C. Berkley, CA), would provide 

an excellent off-machine light-beam referencing system needed on the high-speed drainage plow. The 

idea showed promise only if a suitable plow-mounted laser-beam sensor or receiver could be found or 

developed to detect the laser-beam projected on-grade for operating the hydraulics system on the 

plow. The hydraulic system response would need to keep the sensor centered on the laser-beam for 

controlling the drain depth and grade as the drainpipe was installed at the fast ground speeds. When 

word got out at the ARS Beltsville office of what I was attempting doing, it was suggested in a 

hand-written note by the ARS Administrator (Mr. T. W. Edminster) that I should not use the laser as 

it would be too expensive. I took note of the advice, but with no other good option or alternative in 

mind decided to proceed as I had originally planned. (There is a related Short-Story to this advice 

that occurred many years later. See attached Related Short-Story #1 in APPENDIX II I ). Thus, our 

search began for a suitable laser-beam projector system (if it could be acquired so early in its 

development stage, and at a cost that the ARS project budget could support), while at the same time 

searching for a suitable sensor or receiver for the projected laser-beam in the grade-control system.  

 

A graduate student associate of mine at The Ohio State University (I have forgotten his name) 

who worked in the Physics Lab of the Battelle Memorial Laboratory near the OSU Campus had a 

laboratory-type laser unit (a helium-neon gas-laser; I do not recall its mW output) that he agreed to 

loan to me. He was taking about a 2 month work-related trip to Europe and would not need it while he 

was out of the country. We (Norm and I) picked it up from his lab and set it up in the basement area of 

the Agricultural Engineering Building (Ives Hall) at OSU. We wanted to be in a dark room where 

ambient light would not be a factor in our initial selection trials with different photo-tubes for their 

sensitivity in detecting the projected red laser-beam light.  

 

After we began the testing of various photo-cell units in the Ives Hall basement laboratory 

with the borrowed laser-beam unit, it was soon found that in the mid-1960ôs a suitable photo-cell was 

apparently not commercially available to sense the bright red light emitted by the helium neon gas 

laser-beam. As we began the search for photo-tubes that were sensitive and responsive 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 intended research application, our search efforts were temporarily interrupted as related in 

another short side-story. [See Side-Story #2 associated with the loan of the laser-beam unit that is 

included in APPENDIX I II  about the interruption & excitement during this phase of the project]. 

After resolving the situation causing the interruption, a suitable phototube was soon located, but then 

we quickly learned that it was also very sensitive to sunlight. Thus, we designed and fabricated the 

prototype laser-beam sensor device like a multi-baffled shadow-box to block random sunlight rays 

from entering and striking the photo-tube elements. The design, configuration, and sensitivity testing 

of the prototype laser-beam receiver unit are described and illustrated in the following sections.   

 

Conceptual Design for the Laser-Beam Feedback Depth &  Grade-Control on a Drainage Plow 

 

 The conceptual design envisioned for the Laser-Beam Feedback (Automatic) Depth and 

Grade-Control System on a Floating-Beam type Drainage Plow is illustrated in Fig. 4. The figure 

illustrates the physical relationship of the system components on the tractor, drainage plow, projected 

Laser-Beam, and drain-grade reference line (ñchoppedò Laser-Beam). A Block Diagram of all the 

System Components is shown in Fig. 5. A more detailed illustration of the critical dimensional 

relationships of the Laser-Receiver mounted on the drainage plow frame (beam) is shown in Fig. 6. 

(Note: The drawing in Fig. 6 is a revised and updated version of the envisioned system drawn after 

the prototype system was developed and some testing and evaluations were completed.)  

 

 

 

 

 

 

 

 

 

  

 

 

          Fig. 4 ï Conceptual Laser-Beam Depth & Grade-Control System on a Drainage Plow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Fig. 5 ï System Block-Diagram for the Laser-Beam  Fig. 6 ï Dwg. of the Envisioned Laser-Beam 

       Automatic (Feedback) Depth & Grade-Control    Depth & Grade-Control System on a Plow 
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 In Fig. 6 the Laser-Beam Receiver is positioned at distance ñXò rearward from the plowôs 

hitch point. The ñeffectiveò length of the floating-beam on the drainage plow is represented by ñbò, 

which is the distance between the plow hitch point and the center-of-draft on the drainage plow blade. 

As explained in more detail later in this story, it is important that the Laser-Beam Receiver be 

positioned on the plowôs floating-beam at some point forward of the center-of-draft but also more 

than one-half the beam length (b) behind the plow hitch point. This forward position of the Receiver 

allows the Receiver to detect vertical changes in the hitch position relative to the drain depth during 

forward motion of the plow (e.g., especially when traveling over an undulating ground surface), 

before the plow blade (center-of-draft) reaches that location in forward travel. The time delay for 

travel of the center-of-draft to move forward the distance (b ï X) allows time for the feedback control 

system to hydraulically adjust (correct) the hitch point vertical position so that the drain is installed at 

the design depth and grade. The Receiver position illustrated in Fig. 6 is somewhat closer to the 

center-of-draft than the optimum position found (X/b ~ 5/6; as explained later) through theoretical 

(simulations) and field testing with the prototype laser-beam and commercial Laserplane depth and 

grade-control system on the drainage plow. Simulation and field test graphical results are shown later.  

 

Development of Prototype Laser-Beam Grade Control System 
 

 The design objective and assembly of the prototype laser-beam automatic grade-control 

system was to meet the specific needs of the high-speed plow-type drain installation equipment. The 

prototype system was assembled and tested between 1965 and 1967 by ARS agricultural engineer 

James L. Fouss and ARS engineering technician Norman R. Fausey at Columbus, OH. The 

laser-beam transmitter selected was a low-power 0.3 mW output helium-neon gas laser that emitted a 

6.328 Angstroms wave-length laser-beam (cost of the laser was about $450.00; if I recall correctly). 

The laser-beam was projected backwards through a 10X-power telescope to expand and collimate 

the laser-beam to a 1.25-cm (0.5-in.) diameter, and an electric-motor-driven slotted disc to ñchopò the 

beam at 150 Hz (cycles per second). Projecting the small laser-beam backwards through the 10-X 

Power telescope (that is, projecting the laser beam into the eye-piece end of the telescope) increased 

the diameter of the laser-beam and collimated it so that it did not expand in diameter as much over the 

distance it was projected to intercept the laser-beam receiver unit.  Over a distance of about 1,000 ft. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             Fig. 7 ï Prototype Laser-Beam Projection unit mounted on camera tripod.  
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the collimated laser-beam changed in dia. from 1.25-cm (0.5-in.) to about 7.5-cm (3.0-in.). The 

assembled prototype laser-beam 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). 

 

The laser-beam receiver unit consisted of two closely spaced horizontal rows of the selected 

phototubes mounted in a multi-baffled shadow-box type housing. The interior surfaces were painted 

ñflatò black to reduce reflection and enhance absorption of ambient light rays that entered the baffled 

receiver box through the slotted openings. Seven (7) phototubes were mounted side-by-side in each 

horizontal row of the receiver that measured 23 cm (9.0 in.) in width. The vertical spacing between 

the two horizontal rows of phototubes was adjustable. Some of the gap left between the upper and 

lower rows (an adjustable gap) contributed to the control ñdead zoneò for intercepting & detecting the 

position of the projected laser-beam on the receiver. The receiver unit prototype is shown in Fig. 8.  

The multi-baffled shadow-box of the unit was made from sheet aluminum to reduce weight.  

 

The initial testing of the laser receiver unit (Fig. 8) was to measure its sensitivity to vertical 

displacements from the center-line of the projected laser beam. The receiver unit was mounted on a 

sturdy camera tripod so that it could be manually moved upward and downward while the laser- beam 

was projected directly into it from a significant distance. A simple voltage monitoring circuit was 

configured and wired to read the output from the two horizontal rows of phototubes while the 

laser-beam was projected (without ñchoppingò the beam with the 5 blade disk as shown in Fig. 7) 

from a distance of about 140 m (460 ft.). The initial tests were conducted at night and the test 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                      Fig. 8 ï Prototype Phototube Laser-Beam 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 laser-beam; the receiver 

positions were indicated by (+) volts [for high], (0.0) volts [for centered], and (-) volts [for low] 

in the monitoring circuit. These initial night-time tests were abruptly interrupted (again by OSU 
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police) and were not completed with other trial settings or variables, as explained in the Related 

Side-Story #3. [See Side-Story #3 in APPENDIX I II  about the interruption of the night-time 

laser receiver early testing underneath Ohio Stadium]. I do not recall that any further sensitivity 

testing was conducted that night with other trial settings or variables after the interruption at the 

Ohio Stadium. The primary objective of the early tests that night had been completed, fortunately, 

and we proceeded on with the next step of our laser grade-control development project.   

 

 Following the initial night-time sensitivity testing of the prototype receiver at the Ohio 

Stadium, a more enhanced signal processing circuit for the laser-beam receiver unit was designed 
and fabricated for ARS under a USDA-ARS Government contract awarded to Ted L. Teach and his 

partner in the firm, Control Industries of Urbana, OH. The electrical signals from the phototubes 

included a D-C component mainly from ambient light and an A-C component from the ñchoppedò 

(frequency modulated) laser-beam light. The modulation frequency of 150 Hz (cycles/second) was 

selected for the ñchoppedò laser-light beam. The 5 slots in the rotating disc on the laser-beam 

transmitter (Fig. 7) created the 150 Hz ñchoppedò laser-beam. The 150 Hz frequency was selected 

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 cost. For example, such circuit filter components were used in an audio sound frequency 

modulated aircraft landing system manufactured by Control Industries to assist pilots in aligning 

their flight path with small airport runways during low visibility (e.g., in fog or rain) and 

night-time landings.
4
           

 

 The initial sensitivity testing of the new phototube receiver unit circuitry was conducted at 

the Urbana, Ohio airport taxi-way by aligning the projected chopped laser-beam and the receiver 

unit along the straight edge of the taxi-way pavement. It was late at night when those initial tests 

were conducted and the sensitivity results were much better than we expected. The receiver could 

detect a vertical off-center displacement of the projected chopped laser-beam of about 3.25 mm 

(1/8 inch) over a distance of 240 m (800 ft) or more. We truly did not understand why or how, at 

that moment, it could be so sensitive to such small vertical movements over such a long range.  

 The laser-receiver amplifier circuit assembled by Control Industries is shown in Fig. 9a. 

Signal detection and sensitivity were amplified in this circuit via photo-multiplier components to 

boost the voltage from each row of phototubes. That also compensated for the lower laser light 

energy reception resulting from the ñchoppedò laser-beam effect (i.e., the on-off reception of the 

laser light versus a constant laser light source). The corresponding depth & grade-control circuit 

box shown in Fig. 9b filtered the ñchoppedò output signals from the laser receiver unit circuit and 

activated the proper electrical relay switches to operate solenoid valves in the hydraulic system for 

adjusting the plow hitch position upward or downward as needed for depth and grade control.    

 

 

                                                 
4 - The audio sound system to assist pilots align with a runway during low-visibility 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 were detected 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 routed to ear-plug speakers in 

the pilotôs left and right ears. The sound frequency heard by the pilot would indicate to him when he was approaching 

the runway on the low frequency side (90 Hz) or the high frequency side (150 Hz), and if the sound he heard was a 

steady ñhumò it was an indication he was lined up with the center-line of the runway and could proceed to land.  
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            Fig. 9a ï Laser-Beam Receiver       Fig. 9b ï Laser-Receiver Signal Processing 

                       Amplifier Circuit                   Circuit for Depth & Grade Control 

Initial Physical Testing of the Laser-Beam Feedback Control System Components when 

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 components were mounted on the tractor 

and plow. The system components included: The complete hydraulic and electrical solenoid valve 

system to control hitch height and plowing depth; the laser-beam receiver connected to the 

electronic feedback control circuits as shown in Figs. 9a and 9b; plus the electrical power on-off 

controls near the tractor operatorôs seat. The laser-beam projection unit, that was tripod-mounted, 

was positioned at a distance of more than 50 m (>160 ft.) away aligned along the car parking curb. 

The initial testing of the Laser-Beam Automatic Depth and Grade-Control System in the setup 

shown in Figs. 10a and 10b confirmed that the total feedback control system worked!! When 

minor vertical movements [+/- 3 to 5 mm (+/- 1/8 to 3/16 in.)] were manually made of the 

Laser-Beam Receiver from the center-line of the projected Laser-Beam, the electronic-hydraulic 

feedback control system quickly returned the Receiver back such that the Laser-Beam again was 

centered onto the receiver photo-tubes. At this 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 conduct, the Analog Computer 

approach provided a means to calibrate the control system response to specific inputs and to 

conduct some simulation studies where different ground surfaces changes could be input.   

 

 

 

 

 

 

Fig. 10a ï Laser-Beam Projector at 50 m away.   Fig. 10b ï Laser-Beam Received on Plow Beam.  
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Analog Computer Simulation to Determine Optimum Laser-Receiver Default Settings. 

 

 Following the initial curb side testing of the laser-receiver and the associated control 

circuits with the Caterpillar tractor and attached drainage plow loaded on a low-boy trailer (as 

shown in Fig. 10b), a preliminary simulation study was conducted on an Analog Computer to 

evaluate various parameter settings for the laser-beam automatic control system. For example, a 

key parameter was the control Dead-Zone (gap between the upper and lower rows of photo-tubes) 

and its relation to the laser receiverôs sensitivity to off-center movements of the projected chopped 

laser-beam. The physical laser-receiver circuit and the depth & grade control circuit boxes (orange 

boxes) were used in the electronic circuit of the Analog Computer as shown in Fig. 11.  

 

 The configuration of the Analog Computer simulation equipment shown in Fig. 11 (a fully 

expanded EAI TR-48 analog computer; Electronics Associates, Inc.) was programmed to include 

the actual (physical) laser-receiver and signal processing & control activation circuits. That is, the 

laser-beam depth & grade-control system circuit-box electronics were not simulated in the analog 

computer program. The analog computer did not have sufficient logic capacity to simulate the 

controller components. There was also concern that the nonlinear characteristics of the available 

logic (dead-zone, hysteresis, etc.) would not match those of the physical controller unit. The 

analog computer program (circuit) did simulate, however, the ñchoppedò output of the phototubes 

in response to the simulated positions of the drain plow hitch and associated laser-receiver as 

inputs to the physical laser-receiver circuit box follower amplifiers. The variation in voltage 

outputs from the top and bottom rows of phototubes in the receiver vs. vertical (+/-) displacement 

of the Receiver Unit from the centerline of the chopped Laser-Beam (determined by lab testing of 

the physical Receiver with the projected ñchoppedò Laser-Beam) are shown graphically in Fig. 12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 ï Analog Computer Simulation setup to evaluate the Laser-Beam Depth & Grade-Control 

     Circuits. Observers: (L to R)
5
; C. Wadleigh, W. Raney, R. Stewart, G. Schwab, with J. Fouss;  

     (missing from the photo is M. Hamdy, an adviser to Fouss on the analog simulation project.)  

The dimension ñSò shown in Fig. 12 is the vertical distance between the top and bottom rows of 

                                                 
5
 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. (my major professor), Agricultural Engineering, OSU; and Dr. Hamdy (not shown), Prof. in AE. 



12 
 
phototubes in the Receiver unit. For the prototype Laser-Receiver unit the outputs of the top and 

bottom rows of phototubes were not identical (Fig. 12) and the geometrical center between the top 

and bottom rows of phototubes, S/2, deviated a distance d from its null central point (where the 

outputs of the top and bottom rows of phototubes were equal). The difference in the outputs from 

the top and bottom rows of phototubes, which the diode bridge in the Controller unit detected, was 

essentially linear and extremely sensitive to very small vertical movements of the Receiver unit 

relative to the center of the projected Laser-Beam
6
 over a relatively large range of motion above 

and below the null position. The feedback control activated the hydraulics to move the receiver 

position to coincide with the projected laser-beam center-line to maintain depth and grade for the 

drain being installed. The speed of the hydraulic response had to be fast enough for the ground 

speed of the drainage plow to ensure good depth and grade-control.  

 

 The circuit diagrams for the Receiver and Controller boxes are shown in Fig. 13. These 

components were not simulated in the analog computer program, but were connected into the 

program circuits as physical devices (Orange boxes shown in Fig. 11). Thus, the simulations 

conducted by the Analog Computer setup were in ñreal-timeò and not in time-delay or 

time-accelerated modes as possible and commonly used in analog computer simulation studies.  

 

 

 

                    

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 ï Variation in Top/Bottom Rows        Fig. 13 ï Laser-Beam Receiver and Feedback 

of Phototubes with Receiver Displacement.      Controller Circuit Diagrams (not simulated). 

 

 For the preliminary analog computer simulation, the automated systemôs performance was 

based on an evaluation of the accuracy that the plow hitch point was maintained near a straight-line 

forward motion path with minimum upward & downward fluctuations; i.e., closely parallel to the 

desired drain gradient. The plowing depth was assumed to 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 of the prototype Laser-Beam Receiver Unit on the initial night-time tests conducted at the 

Control Industries firm in Urbana, Ohio. That is, as the receiver moved off-center (off-null) of the laser-beam a very 

small distance, the very rapid decrease in laser light received 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 laser-receiver. That unbalance was amplified by the Gaussian 

wave distribution of the projected laser-beam across its diameter, with the brightest intensity at the center of the beam.  
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a time lag. That assumption implied that if the fluctuations of the hitch point position were not 

large in magnitude or long in time-duration from the straight-line parallel to the desired gradient, 

the corresponding variations in plowing depth would be very small. In an advanced simulation 

study (conducted later for my Ph.D. research), the non-linear 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 Automatic Laser-Beam 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 

discussed in a following section of this story.  

 

 It is beyond the scope of the text and figures included in the main body of this ñstoryò to 

cover the different analog computer programs and circuit diagrams used in the design and 

evaluation studies to develop the Laser-Beam Automatic Depth and Grade-Control System. Only 

highlights are given within the main body of this story. However, included in the following 

Appendices are full details on procedures and results including tables, figures, illustrations, and 

discussion for the interested reader: (a) Appendix IV ; My full Ph.D. dissertation
7
 on the attached 

CD in PDF format that provides documentation of the research conducted; and (b) Appendix V; A 

reprint of the published technical paper on the preliminary simulation study (publication citation 

given in footnote
8
). The dissertation includes full field testing and analog computer simulation 

procedures and programs (circuit diagrams) used in developing and evaluating the Laser-Beam 

Automatic Depth and Grade-Control System for the floating-beam type drainage plow.  

 

 The reader is referred to the Appendix V publication reprint
 8
 for a full discussion of the 

preliminary simulation results on the accuracy that the hitch point elevation was controlled by the 

Laser-Beam Automatic Depth & Grade-Control System. The simulated laser-beam receiver was 

positioned above the hitch point to record the vertical feedback motion of the hitch during the 

simulations. Only a few major observations are covered here. The simulation results were able to 

illustrate the importance of setting the response velocity for the hydraulic cylinder fast enough for 

adjusting the vertical position (elevation) of the plow hitch point in reaction to control signals from 

the Laser-Beam System. Examples to show this relationship are given in Figs. 14 and 15 for 

cylinder velocities of 2.5 and 3.0 in./sec. (ips), respectively. This can be seen by comparing the 

simulation results in Figs.14 & 15 that show the higher cylinder speed improved control system 

accuracy in maintaining the hitch position near the zero elevation. This was found true for several 

types (shapes) of simulated ground surface inputs considered in the study. For the slower cylinder 

speed, the hitch position did not ñovershootò the zero elevation with each corrective motion and 

was either above or below it for prolonged distances of forward travel. At the 3.0 ips cylinder 

speed the simulated hitch point position was maintained within about + 0.75 in. of the zero 

elevation. This agreed well with later initial field tests where the auto-control system was observed 

to maintain the hitch within + 1.0 in. of the zero elevation for several ground surface conditions.   

   

                                                 
7
 Fouss, James L. 1971. Dynamic Response of Automatically Controlled Mole-Drain Plow. Unpublished Ph.D. 

  Dissertation, Department of Agricultural Engineering, The Ohio State University, Columbus, OH; 133 pp.  
8
 Fouss, J. L. and M. Y. Hamdy. 1972. Simulation of a Laser Beam Automatic Depth Control. Transactions of the 

  ASAE, 15(4): 692-695. [This paper received an Honorable Mention by ASAE for excellence in technical reporting.] 
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     Fig. 14. Simulation results for hydraulic         Fig. 15. Simulation results for hydraulic 

              cylinder velocity of 2.5 in./sec.                  cylinder velocity of 3.0 in./sec.  

 

 Two additional summary comments are important here. The simulation results and initial 

field testing revealed that an on-off type of automatic control mode, even with a narrow dead-zone 

(e.g., about + 1/16 in.), provided good control of the hitch point position, when the hydraulic 

cylinder response speed was set high enough to cause the control system to ñhuntô up & down 

about the center of the projected laser-beam. For the drainage plow, a ñhuntingò cycle frequency 

somewhat below 1.0 Hz and amplitude range of 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 ground surfaces.  

 

 One major highlight of note is 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 difficult, expensive, and time consuming 

because of random variation in field conditions and numerous combinations of system operational 

parameters and adjustments. Simulations permitted use of the same test ground profile repeatedly.  

  

Research Plow field tests to determine responses in plowing depth to changes in hitch height: 
 

 Before more advanced simulations could be conducted for the drainage plow equipped 

with the Laser-Beam Depth and Grade-Control System, some field testing of the plow dynamic 

response to changes in the plow hitch height were required. Field testing with the ARS research 

drainage plow was conducted to determine the dynamic response delay coefficients (or 

mathematical damping coefficient) under field operating conditions for defined height changes in 

the plow hitch point relative to the ground surface during forward travel. Step and ramp-step 

changes in the height of the plow hitch point were used for these tests, and changes in hitch 

position were made via manual control by the tractor operator. The plow was equipped with the 

prototype laser-beam depth and grade-control system (as shown in Fig. 16), but the laser-beam 

system was not used for these early field tests. Results of the field tests (data points) are shown in 

Figs. 17, 18, and 19 graphs, and compared with an analog computer simulated change (line 

graph) in plowing depth for the same change in hitch height (simulation procedure are 

discussed later in this story, and fully described on pages 28-31 in the Ph.D. dissertation included 

in Appendix IV). The field data points shown in the graphs were the measured depth of plowing at 

5-ft. intervals for 20-ft. of travel after the hitch point height was changed, and at 10-ft. intervals 

thereafter when the rate of change of the plowing depth was less. 

 


