
ABSTRACT 
 
SPENCER, STUART RAY. Development of an Autonomous Vehicle for use in 
Agriculture. (Under the direction of Michael Boyette.) 
 
 The purpose of this research is the development a versatile autonomous research 

vehicle as well as a machine vision row guidance system for the research vehicle.  The 

vehicle developed will be relatively small compared to conventional agricultural 

machines with the vision of more and smaller vehicles being used in the future.  Smaller 

autonomous vehicles are able to be more versatile and site specific as well as having 

lower input costs, but are only feasible if they are autonomous, since the cost of labor 

offsets the costs of technology.  A two wheel differential steering vehicle was selected 

and adapted for autonomous use by incorporating electronic actuators into the 

conventional steering linkage.  The machine vision was developed using a small CCD 

camera that was programmed to scan images to find high contrast pixels and locate a line 

or row in an image.  Error measurements from the machine vision system were reported 

to an onboard computer, which was programmed with a Proportional-Integral-Derivative 

controller to settle errors.  The system used an “aggregate” error approach, accounting for 

both angular and offset errors.  The system was tested in an area of consistent 

illumination in various situations and compared with a human operator’s performance.  

Test situations include straight and curved paths as well as discontinuities of the followed 

path.  The system performed well in most situations with standard deviations similar to 

that of the human operator.  The use of a single sensor for autonomous vehicle control 

was shown to be unfavorable and inadequate.  Even so, the possibility of autonomous 

vehicles with multiple sensors is promising even though safety considerations remain to 

be solved before true autonomous operations can be introduced in agriculture. 
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1 Introduction 
 

The agriculture industry continues to develop, becoming more and more efficient 

as many agricultural products are being grown in greater volume by a smaller number of 

growers.  The growing competition that exists in the agricultural industry will continue to 

demand increased efficiency into the foreseeable future.  To meet these demands growers 

will look towards the development of technology to limit input costs and maximize yield 

and quality.  Ultimately, agriculture will follow the same path that many industries have 

historically followed with the reduction or elimination of human labor in favor of 

automation.     

Until recently, reducing labor costs has principally been done by increasing the 

size of agricultural equipment so that one piece of equipment can cover a larger area of 

land per unit of time.  The problem with this is that with larger vehicle size there is 

greater soil compaction as well as increased input costs to buy, operate, and maintain 

equipment.  To alleviate the problem of high input costs associated with large machinery, 

agricultural tasks can be accomplished by using smaller machines.  However, a move to 

smaller vehicles that cover smaller areas of land would result in the need for more human 

operators and increased labor costs. 

An alternative is to develop autonomous agricultural vehicles, which could 

directly reduce the labor costs associated with agriculture.  Removing the operator from 

agricultural vehicle operations would be beneficial in other ways as well.  A human 

operator would be constrained by fatigue, while an autonomous system could 

theoretically work continuously.  
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The intent of this project is to develop an agricultural vehicle platform, which can 

be used for autonomous guidance research.  The vehicle is to be capable of incorporating 

various sensors and guidance techniques such as laser positioning systems, global 

positioning systems (GPS), machine vision, and electronic compasses among others.  The 

vision of this research is to develop an autonomous system that is not reliant on one 

sensor alone, but uses a variety of sensors together.  A system that could gather absolute 

positional information from a global or laser positioning system across the headland of a 

field where accuracy is not of utmost importance, then use a vision sensor when driving 

through the field to more accurately navigate along a row path.  These operations could 

take place while monitoring the heading with an electronic compass to further increase 

the accuracy of the system.  The system could use a combination of sensors together to 

form a robust autonomous system. 

1.1 Statement of Objectives 
 

It is proposed that an autonomous agricultural vehicle, relatively smaller than the 

conventional agricultural tractor, would be an efficient machine for performing 

agricultural operations.  The principal goals of this project are to develop a small, 

autonomous vehicle to be used in agriculture and to implement a machine vision 

guidance system for the vehicle.  

The scope of this project includes the investigation of the following objectives: 

• Selection or design of a relatively small platform vehicle for autonomous  
vehicle research 

• Design and implementation of necessary additions/modifications of 
selected vehicle for autonomous control including actuation 

• Develop a system interface to accommodate a computer control system 
• Develop a crop row following guidance system based on machine vision. 
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2 Literature Review 

From the birth of the tractor, the agricultural vehicle industry has seen the 

development of machinery and of the technology that controls that machinery.  The 

typical tractor has progressed from a small vehicle to a large machine with hundreds of 

horsepower.  Many agriculturalists and researchers have along the way dreamt of the 

possibility of a driverless tractor that can do the work of the farm laborer at a similar, or 

even superior level or quality.  As technology changes from the old “brute force” 

mentality to new “smart force” methods, old, crude ideas and ways of doing things are 

being replaced more refined techniques.  Designing and building with improved sensors 

and controls, making visions that were once seemingly impossible, very realistic 

possibilities.  Recent advances have made it feasible to develop controllers for 

autonomous, “driverless” tractors.  Such controllers rely on sensors such as global 

positioning systems (GPS), machine vision systems, and digital compasses to name a 

few.  The following is a historical record of the development in these areas. 

2.1 Agricultural Vehicles 

Self-propelled agricultural vehicles have been used for over 100 years to replace 

animals to provide power to perform agricultural tasks.  Steam engines were used in 

farming starting after the Civil War, however these massive machines were soon 

replaced.  The first gasoline-powered tractor was made in 1892 by John Froehlich, a 

blacksmith from Iowa. Shortly thereafter in 1901, the first mass-produced tractors were 

sold by C.W. Hart and C.H. Parr of Charles City, Iowa (Pripps, 2001).   



 4

Observing the progression of the tractor through history, the trend has been towards 

larger and greater vehicles in large-scale production agriculture.  In 1941, one could buy 

a Farmall HD, a large tractor for its time, which weighed approximately 5300 lb (Pripps, 

2001).  Similarly, a 1947 Allis-Chalmers WF was 3500 lb and sold for around $1200.  

The range of size of the modern tractor has since grown significantly.  Today, the largest 

row crop tractor made by John Deere weighs in at 23,050 lb and has a base price of 

$175,000 (Deere, 2004). 

The benefits of large agricultural vehicles are obvious from the standpoint of 

conventional operator-controlled farming operations.  The larger, more powerful tractors 

can pull larger implements to cover more land than smaller tractors that need more 

operators, thus minimizing human labor as much as can be done with human operated 

machinery.  Time, however, is not the only cost incurred by this type of operation.   

Research has shown that soil compaction by the driven wheel can reduce crop yield 

and have overall negative effects on soil.  Soil compaction has several detrimental effects 

on crop growth.  Soil density is increased, hindering root growth and limiting overall 

nutrient uptake.  When soil porosity is significantly decreased, nitrogen availability can 

decrease due to denitrification.  Furthermore, potassium uptake may be reduced if 

respiration within the root is reduced (Wolkolski, 1990).  Chamen et al. (1992) tested a 

tracked gantry system, which applied no wheel pressure on the soil surface.  They found 

that yield was up to 14% higher with no wheel pressure than with a conventional system 

with wheel pressure. 

The modern tractor can cover wide swaths of land at high rates of speed, making 

efficient use of the human tractor operator.  However when one considers the sum total of 
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input costs associated with such a massive piece of machinery, it is possible that there is a 

better way.  If the human operator were removed as in an autonomous system, labor costs 

are greatly reduced and the economics of tractor operations could be reviewed.  In this 

situation the economics of the system could favor smaller vehicles over larger vehicles.  

Stombaugh gives the following example to illustrate this point (Stombaugh, 2004).   

“A 235 hp tractor operating at 65% field efficiency working ten hours per 
day pulling a 16 row planter traveling 5.0 mph has a field capacity of 156 
acres per day.  A 30 hp tractor operating at 70% field efficiency working 
24 hours per day pulling a 2 row planter traveling 5.0 mph has a field 
capacity of 52 acres per day.  Three autonomous 30 hp tractors will do 
the work of one 235 hp tractor.  A 235 hp tractor equipped with a 16-row 
planter costs $193,000.  Three - 30 hp tractors equipped with 2-row 
planters cost $50,000.  $143,000 is left over to invest in control systems 
for the autonomous tractors.” 

 

In identifying the requirements of autonomous vehicles, Blackmore (2003) 

identified the small vehicle as ideal for autonomous operations.  The advantages of a 

smaller vehicle are a higher precision of operation coupled with the lower incremental 

investment compared to larger vehicles.  Furthermore, a smaller vehicle will be more 

flexible, site-specific, and maneuverable than a larger vehicle.  If failures should occur, 

the smaller vehicle is relatively safer than a conventional tractor.  An ideal vehicle size is 

approximated as being one to two meters long and possessing power in the range of 10-

30 hp. 

Autonomous vehicles can revolutionize the agricultural industry and the 

conventional paradigms will shift.  However, it will be necessary to reevaluate old 

standards, such as the ideal size for an agricultural vehicle. 
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2.2 Autonomous Operations in Agriculture 

Growers and agricultural engineers have long desired to automate the tasks 

associated with farming, including removing the necessity of an operator for driving.  

Autonomous guidance in agriculture can be divided into two categories based upon the 

sensor system that is used: relative positioning and absolute positioning.  Relative 

positioning, also known as local positioning, is done by locating the position of some 

reference landmark and navigating with respect to that feature.  It is worthwhile to note 

that this is how humans typically accomplish navigation.  Absolute, or global, positioning 

uses reference points such as satellites which are much further away and typically relies 

on a predetermined path contained in a stored map.  The development of the autonomous 

vehicle using both methods of positioning is considered.   

2.2.1 Local Positioning Systems 

Local positioning can be done in many ways, and represents many of the early 

attempts at autonomous farming.  Though the technology may vary, navigation relative to 

a nearby landmark classifies a guidance system as local. 

Patents as early the 1920’s describe devices that control the movement of a tractor 

along a furrow (Willrodt, 1924).  Willrodt’s device simply controlled the steering motion 

of the front axle by a linkage to the previously formed row (Figure 2.1).  Another attempt 

was the use of piano wire on a large spool to gradually guide a tractor around the field in 

smaller circles (Sissons, 1939).  The development of technology allows for more complex 

solutions than these early, crude attempts at autonomous control, but the goal to minimize 

direct human input remains the same. 
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As technology developed, so did the prospects and possibilities of developing 

autonomous vehicles and operations in agriculture.  Rushing (1971) developed a 

“driverless tractor” that used a series of buried wires that were excited by low power for 

guidance.  The resultant magnetic field produced by the wire provided guidance for a 

John Deere 4020 tractor.  Actuation of the steering system was initially implemented 

using an electric motor geared into the steering drive.  Later on, an electro-hydraulic 

valve was installed in place of the electric motor.  The sensor consisted of two identical 

coils that sensed the magnetic field and the location of the vehicle relative to the buried 

wire.  If vehicle location was sensed to be to the right of the wire, the tractor steered to 

the left, and vice versa.  Testing over a three year period showed accuracy and 

repeatability of +/- one inch at speeds up to six mph.  Furthermore, electric servos 

controlled the clutch, throttle, and implement controls.  Headland turns were made by 

sensing the row end and using a programmed turn routine.  Rushing estimated that a 

single grower could supervise at least five tractors from a location where all were visible. 

An automatic system developed by Schafer and Young used a similar approach 

with guidance from a buried wire (Schafer, 1979).  Schafer and Young utilized a complex 

logic circuit to decide the appropriate steering correction to be made.  A John Deere 4020 

was also used in this research with steering actuation by the use of a proportional flow 

control servo-valve.  Performance estimates were reported at +/- 50 mm at ten km/h with 

no implement load and approximately +/- 70 mm at higher speeds.  However, this 

research had difficulty developing necessary steering force for acceptable tractor control 

when a rear implement load was introduced.   
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In the years to follow an important development occurred as microcomputers 

were introduced into the field (Young, 1983).  Microcomputers replaced the discrete 

logic circuit, easing implementation as well as allowing for more features to be added.  In 

this instance, the microcomputer served the function of processing the error signal, 

computing steering commands, transmitting steering signal, and interfacing with the 

operator. 

Another example of an autonomous vehicle for agricultural research is the work 

done at Michigan State University (Gerrish, 1997).  Gerrish et al. used a large tractor, a 

Case IH 7110, for their research.  Steering was actuated using double acting cylinders 

that were incorporated into the tractor’s steering system.  The steering wheel angle was 

sensed with a potentiometer and could be changed at a rate of 20 degrees/second.  The 

system included a six MHz Intel computer, which received inputs, performed machine 

vision calculations, and controlled steering actuators.  The principal sensor on this system 

was machine vision, using a Panasonic camera with a polarizing filter.  The imaging 

system yielded images with a resolution of 256 x 256.  This system was able to cultivate 

corn and soybeans, as well as follow red pepper and alfalfa rows with some success.  In 

many cases, the standard deviation of the camera system was lower than that of human 

operators.   

Researchers at Silsoe Research Institute (Hague, 1996; Marchant, 1997) 

developed a differential steering vehicle that used machine vision for following rows of 

cauliflower plants.  This vehicle was a modified, commercially manufactured vehicle that 

was typically used in horticultural plots.  The vehicle used wheel encoders for sensing the 

distance traveled along the row as well as wheel speed and a CCD camera for relative 
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positioning to crop rows.  The Hough transform was used in this research to identify rows 

of cauliflower.  Inputs from these filters were combined using an Extended Kalman Filter 

(EKF), a common technique used for parameter estimation in robotics when sensor 

fusion is needed (Bar-Shalom, 1988).   An EKF served to give a robust prediction of 

vehicle position using asynchronous inputs from both wheel encoders and the machine 

vision system.  The control system adjusted both the forward speed and rate of turn of the 

vehicle, both of which were calculated from odometer measurements.  Field tests of the 

vehicle yielded an overall lateral position standard deviation of 20 mm. 

Attempts have been made to control other farm vehicles besides the standard 

tractor or smaller vehicles.  Ollis and Stentz (1997) used machine vision to control a 

harvester in the cutting of alfalfa.  In this application, the key machine vision task was to 

locate the previously cut crop edge.  This research developed a robust machine vision 

system that compensated for shadowing, detected the end of a row, and performed basic 

obstacle detection in addition to sensing the crop cut line.   

Similar research was done by Benson et al. (2001) using a Case 2188 rotary 

combine as a research vehicle.  The research considered three camera locations on the 

combine for collecting guidance information: 1) a low angle view on the end of the 

header, 2) an above crop angle on the end of header, and 3) a cab-mounted view, similar 

to that of an operator.  A PID steering controller was used to implement the guidance 

signal calculated from the vision system.  Results showed the cab-mount to be the best 

camera location.  Overall, the results for the system were accurate with a day standard 

deviation of 13.3 cm and a night standard deviation of 12.9 cm with the night advantage 

existing due to the increased controllability of ambient illumination. 
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2.2.2 Automatic Proportional-Integral-Derivative Control  
 

Proportional-Integral-Derivative control is a type of closed loop control that 

makes use of the system error, the integral (sum) of that error, and the derivative (rate of 

change) of that error to compute a control action.  A typical PID control curve is 

sinusoidal with the largest error, the peak overshoot, occurring at the outset of control.  

PID controllers are used in a variety of applications where a variable must be 

continuously regulated such as temperature control. 

The system acts to drive the system error to zero with the sine wave being steadily 

reduced in amplitude.  The amount of time required to bring the system to an acceptable 

error is known as the settling time.  The proportional, integral, and derivative term must 

be weighted carefully to achieve proper control.   

One technique for optimal tuning of a PID controller is the use of the Ziegler-

Nichols (Z-N) method (Ziegler, Nichols, 1941).  Ziegler and Nichols developed 

mathematical relationships for PID control systems that have been confirmed by over 50 

years of research.  The P, I, and D terms are calculated using two variables. Firstly, a 

proportional-only weighting called the ultimate sensitivity (Su) that corresponds to a 

continuous sinusoidal action of the controlled variable, is iteratively determined 

experimentally.  Secondly, the corresponding period of oscillation (Pu) of the sinusoidal 

curve of the controlled variable is measured.  To calculate the appropriate P, I, and D 

terms, Ziegler and Nichols determined the estimate:  

 
P: uSysensitivit 6.0"" =   (Equation 2.1) 

I: 
uP

ratereset 0.2"_" =   (Equation 2.2) 
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D: 
8

_ uP
timeactpre =− . (Equation 2.3) 

 

2.2.3 Absolute Positioning Systems 

Absolute positioning systems are based on stored maps and predefined routes for 

navigation.  The most popular sensor for this type of positioning has been and continues 

to be global positioning systems (GPS).  However, other sensors such as laser positioning 

systems would be classified as an absolute positioning system, since they rely on a 

predefined coordinate grid for navigation.  This would a more localized case of an 

absolute positioning system. 

In a research project at Stanford University, a John Deere 7800 tractor was used 

as an autonomous vehicle (O'Connor, 1996).  The tractor used Carrier Phase Differential 

GPS for guidance, having four GPS antennas mounted onboard.  The steering angle of 

the front wheel was sensed and actuated using an electro-hydraulic steering unit.  The 

steering angle was read with a potentiometer and reported to a Motorola MC68HC11 

microprocessor, which also served as an interface between a central Pentium computer 

and the steering unit.  Using the potentiometer for feedback and GPS as position and 

bearing sensors, the research reported lateral position standard deviation of less than 2.5 

cm for each of eight tests. 

Researchers at the University of Illinois developed an autonomous vehicle using a 

115 kW Case 7220 Magnum two-wheel drive tractor (Will, 1998).  This vehicle was 

designed to be flexible, equipped with an array of sensors including real-time kinematic 

(RTK) GPS, a geomagnetic direction sensor (GDS), a combination GPS/inertial 

navigation sensor package, steering angle potentiometers, as well as a monochrome 
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camera.  Actuation was implemented using a pulse-width modulated (PWM) electro-

hydraulic valve to control the steering cylinder.  This research yielded positional errors of 

16 cm at 4.5 m/s and fair performance at higher speeds (Stombaugh, 1999). 

A tractor was developed using RTK-GPS and a fiber optic gyroscope (FOG) by 

Japanese researchers at Hokkaido University (Noguchi, 2001; 2003).  A FOG is a device 

that senses rotation in any direction, whether it is roll, pitch, or yaw of the vehicle.  Using 

such a sensor allows for the dead reckoning of the current position from previous 

positions.  The research used a 77 hp Kubota tractor as the platform vehicle and 

controlled most of the tractor’s functions by computer.  These functions included 

steering, transmission shifting, power-take-off (PTO) control, hitch movement, engine 

speed setting (maximum or manual control), engine kill, and braking.  Trials included 

driving the tractor from a storage shed to the field where a variety of field tasks, such as 

tillage, fertilizing, and spraying were performed.  The tractor could follow the predefined 

routes, either straight or curved, at up to 2.5 m/s with a resultant root mean square offset 

error of less than five cm.   

There has been work done in the field of laser positioning systems as well.  An 

example is the work done by Shmulevich (1989) where a gantry system was guided by 

laser positioning.  The system utilized a single stationary laser and two scanning mirrors 

to reflect the laser to the gantry.  From the rotational position of the scanning mirrors the 

position of the gantry was calculated using triangulation.  This system was able to locate 

the position of the gantry at an accuracy of 15 cm. 
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2.3 Machine Vision 

One of the sensing methods used for autonomous operations is machine vision.  

Machine vision is defined as “the process whereby a machine, typically a digital 

computer, automatically recognizes and reports ‘what is in the image’ ”(Snyder, 2004).  

In machine vision in basic terms, an image is acquired by some means so that it is then 

possible to identify and measure features within the image.   

Machine (or computer) vision garnered limited interest from researchers prior to 

the 1980’s.  Technological advances led to significant growth in the field during the 

1980’s.  Advances in hardware enabled vision systems to be studied, developed, and 

utilized to a greater extent (Kahn, 1993).  Since that time research has been done in 

various fields including aerial photography analysis, industrial inspection, and robotic 

control. 

Machine vision has many applications within the field of agricultural robotics.  

Machine vision is being used as a sensor to address safety concerns using object 

recognition algorithms.  Researchers are considering various applications of machine 

vision in agriculture including on-the-go detection of nutrient requirements, as well as 

weed detection and identification (Terawaki, 2002).     

The most common application of machine vision in agriculture would likely be the 

location and identification of individual plants and crop rows.  Distinguishing plants from 

the soil background is desirable for several reasons such as on-row vehicle navigation or 

precision tillage and spraying.  Distinguishing crop from soil by use of a camera has been 

done using many different techniques.  In an image, a plant will typically appear as an 

area of with greater brightness than that of the soil background.  The machine vision 
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system can then threshold the image based on some brightness value, designating part of 

the image as plant from the soil background.   

When attempting to discriminate vegetation from soil, many researchers use 

devices that sense near-infrared (NIR) radiation in addition to simply the visible 

spectrum.  This is because vegetation displays a markedly higher reflectance than soil in 

the NIR region (700 - 3000 nm) of the electromagnetic spectrum (Figure 2.3).  Therefore 

the contrast of plant to soil brightness is greater in an image that includes reflectance in 

the NIR (House, 1999).   

Reid and Searcy (1985) found that simply by doing a threshold, one could reliably 

identify the location of crop rows in an image.  There is of course the question of where 

to set the threshold value that separates crop from soil.  A straightforward approach is to 

manually select an appropriate value from brightness observations, or calculate the mean 

or median brightness value in an image.  According to Reid and Searcy, a more robust, 

advanced statistical techniques can perform better across various situations. 

Han et al. (2002) used K-means clustering to choose an appropriate threshold for 

each image.  K-means clustering is a method of grouping objects so that within-group 

variance is minimized.  Row detection was done through the use of a moment algorithm 

that calculated the centroid of two rows within a defined region of interest (ROI).  The 

ROI contains four tracking windows that locate the upper and lower portion of two rows.  

An orientation angle was also computed using a moment calculation using the binary 

(black and white) crop image.  Finally, a regression of the two row segments for each row 

produced the row location in the image. 
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Reid and Searcy’s research led to the use of the Hough transform to find the 

location of crop rows and thus the heading error of the vehicle being controlled (Reid, 

1986).  The Hough transform is an image processing technique that detects features that 

can be described in parametric form, such as lines and curves (Hough, 1962).  The 

strength of this technique is its computational efficiency as well as its robustness in 

detecting even discontinuous lines.  Other researchers have further used this technique 

with some success (Fujii, 1989; Marchant, 1995; Rovira-Mas, 2002). 

In the previously mentioned work by Gerrish (1997), crop segmentation, or 

crop/soil delineation, was based on an operator selected reference color.  The operator 

would designate a crop color in the system, and subsequent images would be analyzed 

with respect to this color.  Researchers reported that changes in outdoor daylight level did 

not cause problems, making the system resistant to shadowing issues. 

A machine vision row following cultivator was developed at the University of 

California-Davis (Slaughter, 1999).  This system, while not entirely autonomous since an 

operator drove the tractor, controlled the position of a cultivator with two CCD cameras.  

A shading device was used in this case to provide a consistent illumination across the 

area to be sensed.  Crop images were referenced against a color lookup table that 

contained all colors in the 24-bit system and the probability of that color representing a 

crop.  This table was developed offline using Bayesian probability and stored in memory.  

Having identified possible crop pixels, the row center is calculated by a spatial median 

algorithm. 

An alternative approach to finding the vehicle guidance information is the use of 

principal component analysis (PCA) (Pinto, 2000).  PCA is a multivariate modeling 
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technique that identifies certain key variables, or principal components, that best 

represent a larger number of variables (Hotelling, 1933).  The concept is applied in 

machine vision through a set of training images that are analogous to and serve the role of 

the statistical variables.  Pinto et al. created a specific set of training images in which all 

anticipated vehicle “poses” relative to crop rows are represented.  In other words, training 

images of different combinations of camera offset and misalignment were created.  In 

practice, real time camera images would be analyzed, and a principal component image 

of the training set would be chosen to give the offset and heading relative to crop rows.  

The research showed that the technique recognized the pose of the vehicle in test images 

with an average absolute error of 4.47 cm for offset and 1.26 degrees for heading angle. 

Sogaard and Olsen (2003) took the approach of finding positional row information 

by dividing a crop row image into strips composed of one or more horizontal lines of 

pixels.  Next, an estimate position for the center point of each row in each strip was 

determined.  Finally a weighted least squares regression was done on center points of a 

given row to give a valid row determination. 

2.4 Safety Issues 

Today we can say that the technological barriers of autonomous vehicle navigation 

are being eliminated.  In a controlled environment, where most external variables are 

known, autonomous operations are realistic today.  However, one of the major problems 

of true autonomous operations that remains is the question of safety.  

Jahns (1975) rightly divided autonomous vehicles into two classes: the first level 

where the driver remains on the vehicle, and a second level, for a driverless agricultural 

vehicle. (Jahns, 1975)  Jahns identified safety hazards of having to drive the vehicle over 
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public roads, collisions within the field with animate or inanimate objects such as people 

or parked vehicles, or various system failures.  Ultimately this work concluded that the 

first level of autonomous guidance is feasible.   

W. S. Reid (2002) described many of the tasks and processes autonomous vehicles 

will be asked to perform in a variety of environmental conditions and in different 

situations.  Whether in the field or around the farm, different safety issues must be 

addressed.  A variety of sensors such as GPS as well as motion and object detecting 

sensors will be needed to complete the task of a safe, truly autonomous vehicle. 

Researchers have also addressed the safety issues of multiple autonomous vehicles 

working safely together in a given area.  Noguchi developed a master-slave robot system 

that included object avoidance.  This system featured communication between vehicles 

and emphasized distributed control of autonomous operations.  The algorithm possessed a 

collision risk index that quantified the danger of vehicles interfering with each other.  The 

system was designed so that one “slave” vehicle would defer to the “master” vehicle if 

any significant risk is introduced. 

One of the principle safety concerns of autonomous vehicles is the detection and 

avoidance of unexpected objects, whether animate or inanimate.  There is an assortment 

of sensors that can be used for the problem of object detection (Gray, 2002).  One type is 

the charge coupled device (CCD) camera.  CCD cameras are able to collect images of the 

area around a vehicle and allowing for the identification of possible hazards.  

Furthermore, the use of 2 CCD cameras can give stereo vision, allowing for the important 

calculation of the distance to the object.  Stereo machine vision has been used in a 

humanoid robot, functioning in a similar manner to human vision (Bischoff, 1999).  
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Pedersen documented research that used CCD cameras for identifying meteor craters in 

Antarctica using an autonomous robot (Pedersen, 2001).   

Ultrasonic sensors, or sonar, are another type of obstacle detection sensor.  Sonar 

works by “blanketing a target with ultrasonic energy”, then the “resultant echo contains 

information about the geometric structure of the surface, in particular the relative depth 

information (Harper, 1999).”  Several researchers have had some success (Guo, 2001; 

Torrie, 1998) using ultrasonic sensors for obstacle detection and avoidance on an 

autonomous vehicle. 

Scanning lasers, both two and three dimensional, are a growing area of autonomous 

research.  As noted, while lasers can be used as the principal positioning sensor, lasers 

can also be used for object detection and recognition.  Scanning lasers send out a beam of 

light that is reflected off the target to give range information about objects.  Two-

dimensional lasers have been used by Apostolopoulos (1999) as well as Torrie (1998).  

Three-dimensional lasers are promising, however the cost and time requirements of these 

sensors are inadequate at the current time.   

Millimeter wave radar is another promising, if costly, type of sensor for use in 

autonomous vehicles.  Millimeter wave radar is an attractive sensor because of its 

versatility in virtually any weather.  Carnegie Mellon researchers developed an Antarctic 

rover and tested millimeter wave radar and found that blowing snow had “almost no 

effect” on range estimation (Foessel, 1999).  In such an environment, CCD cameras and 

laser range finders would not be effective and reliable sensors.  An analogous situation 

would be agricultural field operations, a dusty or harsh environment.  Ultimately, Gray 
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(2002) concluded that this would be the best performing sensor for object avoidance; 

unfortunately cost remains a prohibitive factor for this sensor at this time.   

Researchers continue to search for the appropriate sensor or more likely, the 

appropriate combination of sensors to cover all of the tasks, both for navigation and 

safety, which an agricultural autonomous vehicle will require. 
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Figure 2.1 - Willrodt patent schematic of 1924 design 

 

 

 

Figure 2.2 – Typical PID control curve (www.comecogroup.com) 
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A)  

B)  
 

Figure 2.3 - Vegetation (A) and soil reflectance (B) in NIR wavelengths (Clark et al., 
1995, 1997).  A shows various crop reflectance with values offset 0.1 for distinction.  B 

compares soil and crop reflectance. 
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3 System Design 
 
An agricultural vehicle platform was developed to achieve the goal of autonomous 

navigation through the use of various sensors.  Several factors were continually considered 

during design and factored in to all phases of design.  Due to the need to be adaptable to 

different situations as well as different sensors, versatility and flexibility of the platform was 

considered.  A further design consideration was the ease of vehicle management for the 

designers, as well as any future users.  Finally, costs were limited whenever possible, with 

the idea of providing an autonomous vehicle platform at a lower cost than many of the 

systems developed by other researchers.  

3.1 Agricultural Vehicle Design 
 

 
There are many options to consider in the basic design of an autonomous agricultural 

vehicle.  Vehicle features of size, shape, functionality, power, method of steering, simplicity, 

method of power, and others had to be considered.   

3.1.1 Vehicle Criteria 
 

At the outset of the project it was decided that the design of the autonomous vehicle to 

be used in agriculture would target six general criteria.  These autonomous vehicle 

characteristics included: 

• an overall weight of approximately 500 lb, or a relatively small size 

• a total vehicle cost less than approximately $10,000.00 

• a gasoline-powered engine 

• a versatile platform design, or without focus on vehicle applications 

• two drive wheels, or possibly track system design 
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• differential wheel speed steering. 

  An overall weight of approximately 500 lb was desirable because it is believed that a 

smaller vehicle is the ideal vehicle for autonomous operations.  The small size is desirable 

mainly because of the significantly decreased input costs.  A large vehicle has a greater initial 

cost, requires more energy, is less maneuverable, and has a greater effect on soil compaction.  

A gasoline-powered engine was desired for the ease of use, and the fact that gasoline engine 

is more feasible for a smaller vehicle.  In beginning a project on autonomous vehicles, it was 

decided that the research should not focus on specific functionalities, but instead develop a 

platform vehicle that allowed for some flexibility in terms of application.   

The final two desired vehicle characteristics go hand in hand with one another in that a 

two-wheel drive vehicle with differential wheel speed steering. Initial brainstorming 

proposed the idea of a four-wheel drive, four-wheel steer vehicle.  This idea was eliminated 

because many of the advantages of such a vehicle could be obtained in a two-wheel drive, 

differential steer vehicle.  For example, both vehicles do not necessarily have set drive 

direction; they are capable of working forward or reverse during operation with little 

difference.  Furthermore, both designs feature the ability to do a zero radius turn, a desirable 

trait in an autonomous vehicle. 

There was the option to custom build a vehicle to our specifications from the ground 

up or to purchase a vehicle that satisfied our requirements.  A ground-up design of the 

vehicle is preferable in the sense that the designer can include the desired features as they see 

fit.  However the time requirements for a ground up design of a vehicle would have been 

considerable and delayed guidance research that was already in development.  Conversely, 

the acquisition of a manufactured vehicle could be made relatively quickly.  The downside of 

a manufactured vehicle is that this vehicle was designed with a different set of performance 
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criteria than that of the research.  In other words, there would be situations where the design 

features of a manufactured vehicle would be less than ideal and have to be adapted.  

Ultimately, with the research being focused more on the guidance of the vehicle than the 

vehicle itself, it was decided that a manufactured vehicle would be preferable, if it could 

sufficiently satisfy the established guidelines.   

3.1.2 Vehicle Design 
 

Two-wheel differential steering was the most difficult characteristic to satisfy in 

looking for a vehicle.  Many vehicles satisfy the size and engine requirements, but few 

possess the steering system desired for this research.   One type of vehicle that features such a 

steering system is certain commercial lawn mowers. 

The John Deere QuikTrak 647 (Moline, Illinois, Figure 3.1)  was found to be a 

suitable choice for the research of autonomous vehicles in agriculture. The QuikTrak features 

a 19 horsepower gasoline engine and is satisfactorily sized at a weight of approximately 775 

lb.  The vehicle has two rear drive wheels that control speed, as well as steering through the 

differential speed of the two wheels.  The front wheels of the mower are simply casters 

wheels that are neither steerable nor powered.  Each rear drive wheel has independent, 

hydraulic control with continuously variable speed with a range from a reverse speed of 4 

mph to a forward speed of 8 mph.  Such independent steering allows for good 

maneuverability, including the performance of a zero radius turn.  The QuikTrak is very 

adaptable due to its standing operator design.  Such a design lends itself to conversion to an 

autonomous vehicle because the human ergonomic features are minimized.  This leaves 

valuable space onboard for the addition of guidance system components.  The absence of an 

operator seat even gives the QuikTrak an autonomous look.  Complete specifications for the 

John Deere 647 QuikTrak vehicle can be found in the appendix.  
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Operation of the QuikTrak, as designed for the human user, requires the operator to 

push and pull on two levers (Figure 3.2), each of which controls the speed of the wheel on the 

respective side of the vehicle.  Each lever is linked directly to the swashplate on a hydraulic 

pump (HydroGear, BDP – 10A, Sullivan, Illinois), so the swashplate is rotated to vary the 

flow volume as the operator moves the lever.  Each pump is plumbed to vary the flow to a 

hydraulic motor (Parker Hannifin, MF12, Cleveland, Ohio) which is coupled directly to the 

wheels of the vehicle.  To summarize, pushing a lever forward varies the flow output of a 

hydraulic pump, giving a forward rotational speed to the associated wheel.   

If the user pushes both levers forward equally, the vehicle moves straight forward and 

by pulling the levers back equally, the vehicle moves straight backwards.  Any inequity in the 

movement of the levers (the output of the pumps) results in an unequal speed of the two  

rear drive wheels, resulting in a rotation (turning) of the vehicle.  It should be noted that the 

system was designed with springs to resist the motion of the lever.  This was done as a safety 

feature so the user need only to release the control levers and the system will return to the 

neutral, stopped position.  Therefore once the QuikTrak engine is running, the principle 

human input required for operation is the manipulation of the control levers to control pump 

output and thus wheel speed. 

3.1.3 Vehicle Adaptation / Actuator Design 
 

To convert a machine designed for use by a human operator to be used autonomously 

necessary adaptations must be made.  Inputs that were previously given by a human operator 

must be provided automatically through some means.  Additionally, the vehicle must allow 

for additional components which were previously unnecessary. 

It was first necessary to provide space for the required control components of the 

system.  As seen in Figure 3.1, the stock QuikTrak design did not provide a sufficient amount 
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of space for the storage of control components such as computers, batteries, or sensors.  To 

address this issue an equipment tray (Figure 3.3) was built onto the frame of the mower to 

provide ample space for any components that would be added during the project.  The tray 

was constructed from angle iron and retrofitted to bolt on to existing holes on the QuikTrak.  

Though simple in design, the equipment tray provides approximately 600 square inches of 

usable area.  The tray features a non-slip foam mat to keep component movement to a 

minimum and reduce mechanical shock.   

The most important adaptation was providing an alternative method of actuation to the 

hydraulic pumps on the QuikTrak.  In autonomous operations, the human input of lever 

control is no longer available and must be replaced by an actuator that can provide sufficient 

force, appropriately fine resolution or adjustability, and quick response.  Other factors that 

had to be considered in designing the actuators included mounting location on the vehicle and 

actuation type (hydraulic, electric, etc.). 

To assess design requirements of the actuators, it was necessary to determine the 

operating characteristics of the drive pumps.  To accomplish this, a data acquisition system 

was set up using two pressure transducers (Omega Engineering, PX303, Stamford, 

Connecticut) at the outlet of each pump.  Real-time monitoring and recording of the system 

pressure was done using LabVIEW (National Instruments, Austin, Texas) while the mower 

was driven in a variety of conditions to find a peak in the operating pressure of the pumps.  

The testing showed that the pump pressure leveled off at a pressure of approximately 3500 

psi.  From this pressure value the maximum control torque required to stroke the pump was 

calculated to be 297.5 lb-in.  These values were later confirmed with literature obtained from 

the manufacturer. 

There were many options as to what kind of actuator to use and where to incorporate 

those actuators into the system.  The geometry of the machine itself presented constraints in 
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the selection of actuators since the actuators had to be integrated into the existing system.  

Additionally, it was preferable to preserve the conventional human method of steering that 

the manufacturer intended.  This was important so the researcher could switch between 

automatic and conventional mode with ease during system development. 

One alternative is a rotary actuator that could be used and linked into the system with a 

timing belt, or possibly coupled directly to the control shaft of the pump.  Direct coupling to 

the pump proved to be difficult and not preferable due to the lack of space in the immediate 

area of the pump.  The necessary space simply did not exist in the vicinity of the pump to 

mount a rotary pump controller.  The option of mounting a rotary actuator away from the 

pump was considered, but ultimately not chosen. 

Another option was the use of a linear actuator, which could be mounted in several 

alternative locations in the existing control linkage.  This allowed for the possibility of 

moving the actuators further away from the already crowded space around the pump itself.  

For this reason, it was decided that a linear actuator would be the best choice for actuator 

type.  By linking directly into the existing system, the conventional control system would not 

be altered beyond use, enabling quick changes between autonomous and conventional 

operation.  Furthermore, the existing linkage made use of a six inch lever arm attached to the 

control shaft of the pump, giving a mechanical advantage to utilize in actuator sizing.   

Using the six inch lever arm, the maximum force requirement of a linear actuator was 

determined to be 50 lb.  An actuator was needed that could provide a peak load 50 lb, even 

though typical conditions would not require such force.  The ADDCO ERC actuator system 

(ADDCO, Inc., ERC 720, St. Paul, Minnesota) was chosen to use for the autonomous system.  

The ERC 720 provides a maximum force of 60 lb, and a continuous force of 30 lb at a rate of 

speed of three inches per second.  Furthermore, the actuator provides 0 – 5 volt matching 

feedback for closed loop control and has a controller that allows the user to set stroke limits 
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on the actuator.  The most important feature of the ERC 720 is the electromagnetic clutch 

which disengages the actuator when a power failure occurs, allowing the actuator to return to 

a desired position, a stopped, neutral pump position in our case.  The electromagnetic clutch 

also allows for quick transition between autonomous and conventional control.  The 

researcher need only remove power to the actuators and the actuators will move freely, even 

though they are still attached to the control linkage. 

The two ADDCO ERC actuators are powered by 24 V DC provided by two onboard 12 

V battery cells wired in series.  The power is switched to the actuators by relays connected to 

a single pole, single throw switch near the standard mower controls used by an operator.  By 

flipping this switch, the system can go from conventional operation, where the operator must 

control the levers for vehicle motion, to autonomous operation, where the operator may only 

control the vehicle by manipulating the command voltages sent to the actuators. 

The actuators were incorporated into the linkage away from the pumps, near the levers 

a human operator would use as shown in Figure 3.4a.  Extending an actuator is the equivalent 

of a user “pulling back” on a control lever, thus making the machine go backward.  

Conversely, retracting an actuator is equivalent to “pushing forward” on a control lever, 

making the vehicle move forward.  The actuators were positioned in such a way to make use 

of nearly all of the conventional stroke length, so that the machine could use all of pump flow 

volume, and therefore speed, in autonomous use as well as in conventional use.  One issue 

that arose in mounting the actuators was the need for the actuators to be mounted in such a 

way that the actuator body could rotate.  Since the control levers themselves rotate, the point 

at which the actuator attaches to control lever moves along a circular path, while the actuators 

are constrained to a linear path.  This was resolved by mounting each actuator on a flange 

ball bearing (Dayton, Dayton, Ohio).  This allows the actuator body to rotate, without binding 

the actuator shaft (Figure 3.4c). 
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The control units for each actuator were mounted together and secured to the bottom of 

the main user control panel of the mower (Figure 3.5).  The control units feature several 

LEDs to indicate the operation the actuator.  There is a fault LED, a clutch LED, an extend 

LED, and a retract LED.  Fault shows red if a low system voltage exists, if there is an out-of-

position error, or if an actuator end point is crossed.  In these situations, the actuator is 

inoperable.  The clutch LED glows green if the electromagnetic clutch is engaged.  The 

extend and retract LEDs show amber when the actuator is making the associated motion, but 

is switched off when the limit is reached.  Additionally, there are three control screws on the 

control unit used for setting extend limit, retract limit, and voltage deadband.  These were set 

to be inside the mechanical limits of the machine, so the actuator would never be in a 

situation where it is pressing against a mechanical stop.  The deadband control was adjusted 

to approximately 0.03 V.  At this level the control was as fine as possible without 

encountering significant jittering in the actuator.   

3.2 Automatic Control Design 

 
The vehicle can operate in either conventional mode by a human operator or by the 

user assigning voltages to the actuators by some means, and the actuators manipulating the 

vehicle.  A central control system is needed to receive data from various sensors that might 

be incorporated into the autonomous vehicle, be fully programmable to allow for a variety of 

control techniques, and be able to output the appropriate control signals.  A system is needed 

to regulate and control the overall autonomous behavior of the vehicle.  At the outset of this 

project a guidance system was being developed using laser based position (which will be 

discussed further) which was developed on the Z-World Smart Star (Z-World, SR9000, 

Davis, California) embedded controller platform.  This system was selected because it was a 
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versatile system that satisfied the requirements for the specifications of an autonomous 

control system and because there was a familiarity with the product as it was already 

incorporated into the research. 

3.2.1 Z-World Smart Star System 
 

The Z-World Smart Star SR9000 (Figure 3.6) is an expandable, embedded control 

system that consists of a backplane with a central CPU card and various options of input and 

output.  The system features the Rabbit 2000 processor (Z-World, Davis, California)  that 

operates at 22.1 MHz and has 512K of flash memory and 512K of SRAM for program and 

data storage.  The Rabbit 2000 processor also has an Ethernet terminal for networking 

systems, adding flexibility in terms of sensors and communication.  For input and output, the 

system made use of Z-World’s A/D, D/A, and relay card options.  The Smart Star system is 

completely programmable using the Z-World Dynamic C software development system.   

For control of the actuators, the D/A card output desired command voltages to the 

actuator control modules, which then positioned the actuator to the corresponding state.  The 

D/A card provides 0-10 V output, though only a range of 0-5 V is required to control the 

actuators in our system.   

3.2.2 Sensor Integration 
 

In any autonomous guidance system, it is necessary to gain positional information of 

some form.  A variety of sensors may be used; but the central controller must have a way to 

discern the vehicle location to achieve a useful guidance. There were two types of sensors 

used in this project to provide positional information: the SICK NAV 200 laser positioning 

system and the DVT 442C SmartSensor machine vision system. 
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3.2.2.1 SICK NAV 200 Laser 
 

As previously mentioned, a laser-based positioning system was being developed at 

the outset of this project with the assumption that when it was completed, there would be an 

autonomous vehicle to apply this system.  This system is mentioned here since some testing 

was done with this sensor only, though no numerical data was collected. 

The SICK NAV 200 laser (SICK, NAV 200, Waldikirch, Germany) is a 360 degree 

navigational laser scanner.  The NAV 200 makes use of a laser which rotates to “view” the 

entire surrounding area.  The system relies on the placement of reflective tape in the area the 

system is going to be operating.  The laser is able to “see” the location of these reflective 

markers and determine positional information through triangulation.  The system is set up by 

entering a map mode, where the system creates a map of all points that are seen and stores 

that map in memory.  In operational mode, those points are considered known and the system 

can provide positional data relative to these points. 

Communication from the laser to the Smart Star was done using the RS-232 port 

option on the Smart Star.  The SICK system requires 24 V, which was provided by the two 

onboard 12 V cells.  The laser system reports the number of sensed reflectors (>=three 

reflectors needed to operate), an x coordinate, a y coordinate, a bearing angle as set up 

relative to the position of the vehicle when mapping was done.  The laser system can be very 

accurate, to four mm in certain cases; however a more typical accuracy is 25 mm at the 

maximum reflector range of 30 m.  Furthermore, the system speed allows updates at 

approximately six Hz.  The laser system was mounted above the mower (Figure 3.7) to avoid 

any interference with the rotating laser beam. 
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3.2.2.2 DVT 442C Machine Vision System 
 

The DVT Legend 542C (DVT, 542C, Duluth, Georgia) machine vision system is a 

camera that acquires digital images, processes them, measures certain features from those 

images, and then is able to output those measurements in a variety of ways.  The DVT sensor 

cannot provide an absolute position as another sensor might, but it can report the position of 

the vehicle relative to certain features it can see, such as a line or a row.  The FrameWork 

software that accompanies the system implements the desired tasks of the user and defines 

how the resultant data will be communicated.  FrameWork even allows for customization of 

algorithms using DVT’s scripting environment.  The user has various options to measure 

distances, angles, intensities, shapes, or even read barcodes or text characters.  The system 

operates by identifying certain features in the image according to their intensity value based 

on predefined criteria.   

The system was mounted at the front of the vehicle at a height of 44 inches with an 

adjustable tilt to give flexibility of use.  Two front mounting locations were made available, 

at the center of the vehicle, and align with the left wheel, which would be preferable for some 

applications.  The mount could be fixed at viewing angles of 0, 15, 30, 45, and 60 degrees 

relative to the horizontal.  The angle measurement implies the axis of the lens relative to the 

ground.   For our application, a viewing angle of 60 degrees to the horizontal was used to 

gain the nearest and thereby most relevant guidance information that is available. 

The desire in this application was to provide an accurate location of a line or crop row 

from the image for the purpose of autonomous vehicle navigation.  To fully define the error 

state of a vehicle along a line, the error in offset from the line is needed, as well as the error 
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in heading relative to the line.  To find a line an image, dual “Measure across area” 

SoftSensors1 were developed in the FrameWork software.  One of the SoftSensors scanned 

right to left in the image (named scantoleft), while the other scanned left to right (named 

scantoright).  Each sensor was set to scan horizontally over the image on every third row of 

pixels to reduce computational complexity.  The so-called scan density setting could be 

modified to adjust to different conditions such as an incomplete line to achieve more edge 

points.  An edge pixel was detected by each SoftSensor, on each row scanned according to 

the magnitude of the contrast value at that pixel.  An edge pixel is selected for each row 

scanned, and then a regression is done on those pixels to calculate the best fit line for the 

edge pixels, or an edge line.  The right to left SoftSensor finds the right edge line, while the 

left to right SoftSensor locates the left edge line.  Each SoftSensor reports the pixel location 

of the line at the bottom row of the image.  Each SoftSensor also reports the “in image” angle 

of the line or row relative to the vertical edge of the image.  Each sensor will report a “pass” 

only if the data it receives are within a reasonable range of values which are allowed.  This is 

done to avoid passing bad data to the steering controller. 

A third SoftSensor, a coded script named get_point, was added to combine the data of 

the two scanning SoftSensors.  In the script, the measured position values from each 

SoftSensor are averaged to estimate the center of the row.  The line angles are also averaged 

to estimate the actual angle of the row or line in the image.  It is also in the script that the 

measurements are transformed to real-world values, the pixel value is scaled to be a real-

world measurement; the distance in meters from the center of the vehicle.  The sign 

convention used was negative if the line is left of center, positive is the line is right of the 

center of the vehicle.  The angle transformation was slightly more complicated due to the 

                                                 
1 “SoftSensor” is the DVT term for a single measurement tool with the system.  There can be multiple 
SoftSensors running at one time. 
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perspective error introduced by tilting the camera at an angle and not viewing straight down 

on the line.  In this orientation the scale at the bottom of the image was not the same as at the 

top of the image.  This means a vertical line in the image is not necessarily a vertical line in 

real world space.  This was solved geometrically to produce an accurate estimate of the angle 

in the image.  If either of the two scanning SoftSensors reports a “fail” and not a “pass”, the 

script SoftSensor will report a “fail.”  Data is only passed out if both SoftSensors report a 

pass.  This is a point where this system would rely on another system to ensure the correct 

positioning of the machine.  Again, this system is only designed to follow a line that it can 

see.   

The results of the script are then sent out over an Ethernet link to the Smart Star using 

DVT DataLink module.  DataLink allows the user to specify what data is sent out, how often 

it is sent out, and under what conditions it is sent out.  As previously stated, DataLink is set to 

send out data only when the script SoftSensor reports a “pass” flag.  This prevents 

unacceptably high error readings that the system cannot smoothly control from entering the 

steering system control.  A data string of the form “ /’row offset’:’row angle’{cr-lf} ” is sent 

out at every “passed” image inspection that is taken.  The forward slash character ‘/’ is the 

beginning of line delimiter, then the row offset and row angle values of float data type are 

separated by a colon character ‘:’, finally ‘{cr-lf} is sent as the end of line character.  The 

DVT system is set up as a client so that whenever the system is running, this data is 

continuously being sent out on a port specified in FrameWork’s Ethernet Terminal 

Controller.  The Smart Star code is configured to listen and parse this data as it is received.   

3.2.3 Control Algorithm Development 
 
The control code was created using Z-World Dynamic C programming environment 

designed to be used with Z-World products.  The overall task of the code was to receive data 
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from the available sensors and calculate appropriate control voltages to send to the actuators 

to position the vehicle.   

Code was initially developed for use of the laser positional data with the idea of 

applying similar control when camera data was used.  From two known points, an offset 

distance from the line between those two points was calculated from the current location 

reported by the laser scanner.  The bearing error was directly calculated using a bearing of 

the known line between the start point and the end point and the report bearing of the laser 

scanner.  From these two pieces of information, the error state of the vehicle is completely 

defined. 

The two terms are then lumped into an aggregate error with each error term being 

weighted to be normalized to 0.5, so that with equal contribution the aggregate maximum 

error is normalized to 1.  These numbers would be altered slightly during development to 

give one error more effect and make the system behave more appropriately, but the overall 

technique remained the same.  This aggregate error is then inserted into a proportional-

integral-derivative (PID) control loop to drive the aggregate error, and therefore both the 

offset and the angular errors, to zero.   

The vehicle is controlled by modifying only one actuator.  When the control loop 

begins, each actuator is given the voltage to allow the vehicle to move straight forward at a 

moderate speed.  The code immediately begins steering, adjusting the actuator that is away 

from the line, the “outside” wheel is sped up to move steer the vehicle back along the line.    

The system was set up so the PID loop produces a voltage offset to add to the actuator that is 

chosen to be controlled.  The equation for the control system is given as 
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voffset, n   voltage that the controlled actuator is adjusted 
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P   overall, proportional controller gain 
en   sampled error (distance from desired location) 
∆t  sample time 
I   integral term weight 
D  derivative term weight 
∆en  change in the error signal (∆en = en - en-1). 

 

If a large error is incurred, a large voltage offset will be calculated and applied to one 

actuator only, resulting in a high wheel speed differential and an overall rotation in the 

vehicle back towards the line.  All the while the “inside” actuator remains at its initial voltage 

corresponding to a moderate forward speed.  When the sign of the error changes, the 

controlled actuator switches while the actuator previously used is assigned its standard 

moderate forward speed voltage and remains unaltered until the next sign change occurs.  

The offset and overall voltage that could be assigned was limited in the code to avoid 

overloading the actuators.   

The key task of this design was tuning the PID control constants.  During testing with 

only the laser based data, this was done by manual adjustments.  This method of PID tuning 

proved to be time consuming and ineffective, and quality control was not achieved with laser 

data only.   

The PID control code remained essentially untouched when the research focus 

switched from using laser data to using camera data.  While the data input code had to be 

modified, the code remained the same though the PID constants were completely redesigned 

with an improved method.  The Zeigler-Nichols (Z-N) method of PID tuning was used to 

identify appropriate values to guide the control of the autonomous vehicle.  When using the 

Z-N method, the tuner begins by using only proportional control.  The proportional constant 

is then varied to give a stable sinusoidal path.  The proportional constant that achieves this 

goal is considered to be the ultimate gain.  At this point the tuner observes the time period of 

the sine wave and monitors the sampling rate of the system.  From these terms the integral 
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and derivative portions of the PID control are calculated.  PID tuning steps and notes are 

included in the appendix. 

Using this technique with slight manual tuning by observation, vehicle control was 

improved significantly.  One issue that arose during testing was the issue of integrator 

windup.  The integral term is the sum of all errors at a given point, an error memory to factor 

into control.  Integrator windup becomes an issue when the sum of errors grows too large and 

begins to dominate the other terms.  This occurred in tests longer than 30 m and caused the 

vehicle to become unstable, oversteering severely.  To eliminate this issue, the sum of errors 

is monitored each time it is calculated.  If the value exceeds the experimentally determined 

limit, it is reduced by 50% and the operation continues. 

3.3 Experimental Method 

In order to assess how well the vehicle performs the task of line following it was 

necessary to setup an experiment to gain numerical data.  Line following refers to 

autonomous vehicle guidance along a path which is viewed by a machine vision sensor.  

There are two components to the successful line following using machine vision: the 

successful identification and location of a line and the appropriate vehicle control to guide 

along that line.  The principle concern of this research is with vehicle control, the ability to 

follow a simple line of some type that is identified by a machine vision system.  If the vehicle 

can follow an artificial line that is identified, it is hypothesized that the machine will follow 

any line that can be identified by the machine vision system.  For this reason the 

experimental line was chosen to be a white rope. 

3.3.1 Experimental Setting 
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Experiments were done on a shaded concrete surface (laboratory) to provide a 

consistent working environment in terms of lighting and surface (Figure 3.9).  The contrast 

provided by the concrete surface yielded an edge that was reliably found by the machine 

vision system.  A 40 m section of rope was selected to serve as the experimental path.  A 

sampling interval of one meter was chosen, and the rope was marked at one meter intervals to 

establish data collection points.  The rope was secured to the surface so that no rope 

movement occurred during testing. 

3.3.2 Experimental Design 
 

To ascertain the behavior of the vehicle, several different tests were set up to simulate 

the conditions the vehicle might encounter when in autonomous operations.  The 5 testing 

situations (Figure 3.11) the vehicle was exposed to were: 

• a straight 40 m line with no curves 
• a long sweeping 40 m curve 
• a 40 m sine wave of amplitude 5 m and period 25 m 
• a 20 m straight line offset discontinuity 
• and a 20 m straight line angle discontinuity  

 
Four autonomous, though closely observed, test repetitions were run for each test 

situation to provide statistically valid results.  In addition, one human operator trial was 

conducted with each test situation to provide a comparison of human performance to machine 

performance. 

 While the overall guidance accuracy of the machine is the main concern of this 

research, the machine vision performance is of interest as well.  To make a simple assessment 

of the robustness of the machine vision system several varying path/background 

configurations were observed.  The configurations included a rope on consistent background, 

a rope on grass (noisy) background, and a “dotted” line on a consistent background.  The 
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dotted line was formed by individual pieces of white tape being placed in a row on the 

cement test surface. 

3.3.3 Data Acquisition Method 
 

The question of how to measure the accuracy of the machine was an interesting 

problem.  An absolute measurement of the error of the machine was needed, however a 

system offering accuracy greater than that of the machine system was not readily available or 

feasible.  The vision system being tested offered accuracy to the millimeter level.  The 

simplest method to solve the problem is to take a direct, physical measurement of the 

vehicle’s location by some means.  The solution of leaving a dripping water trail was 

designed to allow for manual measurement of vehicle error.   

A five gallon water tank was acquired and equipped with a spout with and a method 

of regulating the flow of water from the tank.  Just prior to a test, the water would be allowed 

to drip steadily from the tank at a rate that would provide a near-continuous record of the 

vehicle’s location (Figure 3.13).  The tank was placed directly between the rear wheels at the 

center of rotation of the vehicle to gather the best possible measurement of the location.  As 

the autonomous operation ensued, the water would drip along the path taken by the vehicle.  

When the trial was complete, the data collector was able to read measurements from the line 

to the water droplet at each of the 1 m markings along length of the test path (Figure 3.15).  
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Figure 3.1 – John Deere 647 QuikTrak commercial mower (Deere website) 

 

 
Figure 3.2 – View from rear of vehicle. 
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Figure 3.3 – Equipment Tray 
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A)  B)  

C)  
Figure 3.4 – Actuator mounting location – Shows the area on the vehicle where the 

actuators are positioned.  A) B) the actuators are incorporated into the linkage C) the bearing 
mount allows actuator body rotation and avoids binding. 
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A)  
 
 

B)  
Figure 3.5 – Actuator Controller – A) location of controllers under main user control area.  B) 

Shows the indicator LEDs and adjustment screws on the controllers. 
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Figure 3.6 – Z-World Smart Star system (Z-World.com) 
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A)  

B)  
Figure 3.7 – Sick Laser Navigational Scanner A) Laser scanning unit B) Laser 

mounted above vehicle 
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A)  B)  
Figure 3.8 – DVT Camera Mount – A) DVT camera mounted at the front of the 

vehicle B) mounted at 60 degrees to the horizontal for use 
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A)  

B)

 

 

C)  
Figure 3.9 – Screenshot of DVT’s FrameWork software identifying a line.  A) The yellow 
line indicates the identified line.  B) The graph in the lower left corner is the gradient graph 
of the image; note the peak that occurs at the location of the line, identifying the position of 
the line.  C) The area just to the right of the gradient graph show the 3 SoftSensors used in 

this algorithm 

Line 
identified
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Figure 3.10 – Testing Environment under Weaver Labs pavilion 
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Figure 3.11 – Loose illustrations of the five different test situations. 
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A)  

B)  
Figure 3.12 – A) straight line path B) sinusoidal path 
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Figure 3.13 – Points along line on straight test 
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Figure 3.14 – Water tank as mounted on vehicle for data collection 

 

  
Figure 3.15 – Data collection method 
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4  Results 
 
An autonomous agricultural vehicle platform was developed and tested to assess the 

performance of the system.  Data was collected for five different row situations with four 

autonomous trials and one human trial.  The results assess the performance of the system in 

two ways: How well the vehicle follows the identified line, and how well the machine vision 

system identifies the line. 

Three statistics are reported here to quantify the accuracy of the vehicle in following a 

line.  The absolute, lateral offset error is represented in three different ways to describe the 

performance of the system.  The average error, maximum error, and standard deviation of the 

error are reported.  The average error is an indicator of the overall error of the system, the 

maximum error indicates the largest error that occurred, which is important to consider since 

certain applications would only allow a certain amount of error.  The standard deviation 

indicates the variability of the motion of the vehicle.  Since +/- two standard deviations from 

the mean represents 95% of the data in a set, the standard deviation in this case can be 

thought of as, “the vehicle was within this distance of the average error 95% of the time.”  

Even though successful line following implies successful row identification, screen captures 

of the machine system identifying different line situations are also presented.   

4.1 Accuracy of Vehicle Control Using Machine Vision Sensor 
 

In the straight line situation, the PID controlled system performed as expected, 

exhibiting a typical PID response curve (Figure 4.1).  The overall maximum error for the 

straight test situation was 18.7 cm, the average error was 0.0 cm, and the standard 

deviation was 5.8 cm.  It should be noted that the average error of zero simply indicates 

that in straight line following there is no constant error in the system, or the system does 
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not favor one direction over another.  In each of the individual straight line trials (Table 

4.2) the average was near zero, though not zero.  The largest errors tended to occur in the 

first 10 meters of the trials, just as a peak overshoot typically occurs in the first 

oscillation in a typical PID response.  The magnitude of oscillation was typically reduced 

by at least 75% at the 15 meter mark.  The system seemed to propagate error later in the 

trials in vicinity of 20 to 25 meters.  This was likely due to integrator windup, which 

occurs when integration of the error grows too large and begins to dominate the steering 

control causing overshoot to occur.  While allowances were made for peak overshoot by 

coding a reset when the term grew “too large”, it seems that a smaller maximum 

allowable overshoot term would not allow the error to evolve.  The reset of the integrator 

term can be seen in Figure 4.1, and settling of the propagated error is visible before the 

end of the trial.  The human operator did only slightly better than the autonomous control 

with a standard deviation of 4.1 cm. 

For the curved line situation (Figure 4.2), lateral error is continuously being 

introduced to the system due to the constant radius of the curve.  The overall maximum 

error for the curved line test situation was 13.6 cm, the average error was -1.1 cm, and the 

standard deviation was 5.7 cm.  Both the maximum error and the standard deviation of 

curved tests were improved over the straight line test situation.  The maximum error was 

reduced by 5.1 cm and equaled the performance the human operator with a value of 13.6 

cm.  Due to the curved path, Figure 4.2 does not allow us to observe many notable 

features beyond the oscillation of the vehicle.  It can be noted that a given trial tends to 

err on one side more than the other in the curved trials, when this was not the case in the 

straight trials.  Note the curved trials in Table 4.2.  The first two showed a positive 
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average error, the last two a negative average error.  This is due to the asymmetry of the 

path; the fact that the path is not exactly the same when traveled in opposite directions.  

In each case the system tended to the concave side of the curve.  The autonomous 

performance practically equaled the performance of the human operator in this case with 

a slightly better average error, an equal maximum error, and a standard deviation just 0.6 

cm greater. 

    The sine wave test also had continuous introduction of error to the system, 

however in this case the radius of the curves were changing in value and direction.  This 

is an atypical operation and a task that is more demanding on the system than the straight 

line or curved test, but a good test of the system’s robustness.  The overall maximum 

error for the sine wave test situation was 29.8 cm, the average error was -1.3 cm, and the 

standard deviation was 13.7 cm.  The test statistics indicate significantly less accurate 

performance on the more difficult test situation.  Large errors approaching 30 cm would 

be undesirable, if not unacceptable in certain applications.  The sharper radius curves of 

the sine wave test configuration only increased the curve undershoot issue that was seen 

in the more gradual curve test situation.  The peaks in Figure 4.3 show the apex of the 

sine waves where the largest undershoot error were seen.  The offset of the peaks 

indicates the trials were run in two directions.  Though the autonomous performance was 

not as good as other test situation, the human operator performance indicates the 

difficulty of the course.  The autonomous control performed better overall, besting the 

human operator in all three reported statistics. 

The final two test situations differed from the first three in that they were shorter, 

and were designed to gauge the system performance around a discontinuity in the viewed 
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line.  The line offset discontinuity consisted of a step function introduced in the line path 

at the 11 meter point into the run (Figure 4.4).  The overall maximum error for line offset 

discontinuity test situation was 20.5 cm, the average error was 0.3 cm, and the standard 

deviation was 7.1 cm.  The system is seen to show a typical straight line performance up 

the point of the discontinuity.  When the camera, mounted at the front of the vehicle, first 

“sees” the discontinuity it has not yet reached the true location of the discontinuity.  This 

point can be seen at the ten meter point where there is a large spike in the lateral offset 

error.  From this point on the vehicle is driving along the offset line (after discontinuity) 

instead of the original line (prior to discontinuity).  The system can be seen to remain 

controlled and settle the error introduced by the offset before the end of each trial.  

Overall, the system handles the situation appropriately with a reasonable standard 

deviation value.  At the actual point of offset, the error values were very good; the system 

had begun to correct and the readings were within five cm for autonomous control.   

However the maximum error of the human (11.0 cm) was almost half of that of the 

autonomous system (20.5 cm).  The system reacted more aggressively than a human 

operator would and thus didn’t smooth the discontinuity as well as is desirable for 

autonomous operations. 

For the angle discontinuity test a ramp function was introduced into the test path.  

In this situation, the overall maximum error was 17.2 cm, the average error was -1.7 cm, 

and the standard deviation was 5.7 cm.  The performance here was similar to that of the 

offset discontinuity with normal operation seen leading up to the angle of the path 

established at 10 m in to the trial (Figure 4.5).  This location at ten meters introduced the 

maximum error of the path in several trials.  This was because the line beyond the angle 
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had been seen and the correction had taken the vehicle away from the line at the actual 

location of the angle.  In each case the vehicle ultimately settled the discontinuity and any 

error introduced by the discontinuity was controlled.  The system performed comparably 

to the human operator, slightly besting the human in maximum error and standard 

deviation.   

The important observation to make from the final two discontinuity situations was 

the fact that the system was able to control the disturbance, and continue along the path.  

Repeated discontinuities could cause problems, but the system was not easily lost by a 

single expected change in its path. 

4.2 Performance of Machine Vision System 

Proficient performance of the entire autonomous system along a line indicates the 

machine vision proficiency in determining the location of that line.  In each situation, the 

machine vision system was able to adequately discern the path and resisted image noise.  

The data for this situation are screenshots taken from a laptop computer used to configure 

and monitor the machine vision system when necessary.  The row image of the view 

alone is shown in each configuration, followed by the row image overlaid with the two 

regression lines calculated by the machine vision system. 

Figures 4.6, 4.7, and 4.8 show the performance of the machine vision systems in 

the varying row configurations.  In each case the row was appropriately identified.  

Figure 4.6 shows a straight line on a consistent background of the concrete surface.  The 

upper image shows the base images with the rope path visible.  The lower image shows 

the rope with the regression lines drawn along side of the rope, indicating proper location 

of the position of the rope.  The horizontal lines are scan lines, indicating the rows of 
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pixels that contribute a data point the regression analysis.  Individual pixels that pass the 

threshold test of the machine vision algorithm show up bright as well.  A large amount of 

bright spots away from the desired row would constitute a noisy image.  On the smooth, 

consistent surface there very few of these pixels that appears in the image. 

To contrast, Figure 4.7 has many bright spots out away from the intended path of 

the row.  The inconsistent surface of the grass leads to a noisier image for the system to 

deal with.  Even in these conditions the regression lines are shown to find the rope 

accurately.  One feature of the machine vision algorithm that helped with noisy images 

such as this was the outlier elimination feature.  This feature excluded high contrast 

pixels that would otherwise be considered a possible row edge from being included in the 

regression.  Pixels that are a certain pixel distance, set at five pixels in this case, from the 

majority of edge pixels are classified as outliers and ignored, making the system more 

robust to process noisy images. 

The machine vision system was also able to identify a row constructed out of 

pieces of white tape spaced at an interval of two to three inches on a consistent surface 

(Figure 4.8).  This situation is considered since it is analogous to an image of small crops 

where the row to be sensed may not be a solid and continuous line.  The machine vision 

system was able to locate the outside edges of the “row” even though at points along the 

path there were no edge pixels to indicate the row.  A sufficient amount of pixels are 

taken from the area where the tape was located to perform a valid regression. 

A few other images shown in Figure 4.9 are of interest because they further 

illustrate the robustness of the system to unexpected features in the image.  The top image 

shows a storm drain that was located along side the path followed by the mower.  Note 
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that there is a clear image gradient at the edge of the storm drain since the storm drain is 

noticeably darker than the concrete surface.  The lower image of Figure 4.9 shows a 

small unintended shadow appearing in the path of the vehicle giving a sharp edge in view 

image.  The system ignores these edges because it only identifies pixels whose gradient 

represents a change from dark pixels to light pixels and also because of the calculation of 

the threshold is done in such a way to only acknowledge the strongest edge pixels. 
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Test Situation Control    
  Average Error Maximum Error Standard Deviation 

Straight Autonomous 0.0 18.7 5.8 
 Human -1.5 9.5 4.1 

Curved Autonomous -1.1 13.6 5.7 
 Human -1.2 13.6 5.1 

Sine Wave Autonomous -1.3 29.8 13.7 
 Human 4.2 37.5 14.5 

Offset Autonomous 0.3 20.5 7.1 
 Human 2.9 11.0 5.4 

Angle Autonomous -1.7 17.2 5.7 
 Human 1.1 17.3 5.8 

Table 4.1 – Summary statistics.  All units in centimeters. For comparison to human 
performance, all four trials for a given test situation a lumped for this table. 

 
 



 60

 
Test Situation        

  Trial 1 Trial 2 Trial 3 Trial 4 Overall Human 
Straight Average 1.2 -3.3 3.7 -1.6 0.0 -1.5 

 Max Positive Error 17.5 4.5 18.7 9.2 18.7 7.2 
 Max Negative Error -9.0 -12.7 -3.7 -12.7  -9.5 
 Standard Deviation 5.6 4.5 5.6 5.0 5.8 4.1 

Curved Average 3.4 0.1 -3.5 -4.4 -1.1 -1.2 
 Max Positive Error 13.6 7.8 3.5 4.4 13.6 6.0 
 Max Negative Error -8.2 -11.4 -12.5 -13.6  -13.6 
 Standard Deviation 5.4 5.4 4.2 4.3 5.7 5.1 

Sine Wave Average 0.4 -4.1 3.1 -4.7 -1.3 4.2 
 Max Positive Error 26.9 26.2 27.5 24.0 29.8 37.5 
 Max Negative Error -19.2 -24.2 -19.8 -29.8  -24.5 
 Standard Deviation 12.9 12.9 12.7 15.1 13.7 14.5 

Offset Average -2.1 3.5 0.6 -0.9 0.3 2.9 
 Max Positive Error 9.5 15.3 14.4 9.2 20.5 10.7 
 Max Negative Error -20.5 -13.0 -15.7 -13.0  -11.0 
 Standard Deviation 6.1 7.0 7.6 7.1 7.1 5.4 

Angle Average -1.3 0.0 -1.6 -3.8 -1.7 1.1 
 Max Positive Error 8.6 8.9 9.5 2.9 17.2 17.3 
 Max Negative Error -12.4 -10.1 -10.8 -17.2  -5.5 
 Standard Deviation 5.9 5.2 6.0 5.3 5.7 5.8 

Table 4.2 – Complete table of descriptive statistics.  All units in centimeters.  Overall 
columns represent all four trials of the test situation. 
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Figure 4.1 - Straight path
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Figure 4.2 - Curved path
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Figure 4.3 - Sine wave path
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Figure 4.4 - Offset Discontinuity
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Figure 4.5 - Angle Discontinuity
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Figure 4.6 – Rope on consistent surface.  Top image shows unmodified row image. 

Bottom image shows row image with regression lines overlaid. 
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Figure 4.7 - Rope on noisy grass surface.  Top image shows unmodified row image. 

Bottom image shows row image with regression lines overlaid. 
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Figure 4.8 – Row formed by tape spaced on a consistent surface.  Top image 
shows unmodified row image. Bottom image shows row image with sensor 

regression  
lines overlaid. 
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Figure 4.9 – Additional images of interest.  Top image shows the path near a storm 
drain, a possible source of error.  Bottom image shows row image on grass  

with unintended shading in the image. 

 
 
 
 
 
 
 
 

Unintended 
shadow 

Storm drain 

Identified 
path

Identified 
path



70 

 

5 Conclusions 
 

The goals of the research as stated in the introduction were to develop a relatively 

small, autonomous vehicle that could be used in agriculture and then to develop a 

machine vision system that would serve as a guidance system for autonomous operation.  

The scope of the project included the selection or design of an autonomous vehicle, 

implementation of actuators for autonomous control, the incorporation of the system into 

a computer control framework, and the implementation of a machine vision system as the 

primary sensor.  These tasks were completed to produce a vehicle that is capable of 

autonomous row following behavior.   

5.1 Notable Findings 
 

There were various interesting findings that were observed during the research.  

For example, there were some situations where the autonomous vehicle performed better 

or worse than expected.  Also, it is important to compare the overall performance of the 

autonomous tests to how a human would operate the vehicle. 

During the straight test the autonomous control performed similarly, averaging 0.0 

cm over all the straight tests.  While the human operator showed an average error of 1.5 

cm, the human operator lagged slightly behind in this case.  The lower average for 

autonomous control could however indicate less bias in control than the human.   

Across the board the human and autonomous control performed similarly with the 

largest difference in standard deviation coming in the straight test with a difference of 1.7 

cm.  A difference that could seemingly be overcome, possibly with extended use. For 

example the operator of a vehicle would fatigue and performance could suffer.  On the 

other hand the autonomous control performed better longer into test runs after initial 
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settling had occurred.  Figure 4.1 shows that after approximately the ten meter point the 

performances are even more similar as after ten meters the difference drops from 1.7 cm 

to 0.3 cm. 

There were some interesting results in the curved test situation also.  Most notably 

the fact that the curved test performed better than the straight line test, which goes against 

what one would hypothesize.  Compare the results shown in Table 4.1 for the straight and 

curved test situations.  The standard deviation for autonomous control is slightly lower 

for the curved test, but the maximum error is 6.1 cm less for the curved test situation, a 

notable amount.   

One possible explanation for the improved performance is the fact that the machine 

does not prefer to go straight after a turn due to inertia introduced by the caster wheels on 

the front of the vehicle.  The front wheels of the vehicle are caster wheels whose 

direction is driven by the prior movement of the vehicle.  For example, if the vehicle has 

just completed a steer to the right, the caster wheels are angled to the right.  Even though 

the two rear wheel speed may equalize again with the intent of traveling straight, the 

caster wheels are not frictionless and thus lag behind.  The state of the caster wheels can 

then cause further movement to the right.  While this was allowed for in code with a 

“straighten” routine that executed a brief, slight oversteer, some of the effects were still 

seen.  While the two performed similarly, it is possible that some continuous rotation of 

the desired path to the system is easier to control than a straight line situation. 

Another issue that exists in the system is lag due to the position of the camera at the 

front of the vehicle viewing an area in front of the vehicle.  The results measured the 

location of the center of rotation of the vehicle between the rear tires where the operator 
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would stand in conventional operation.  There is a difference of over a meter in where the 

line is sensed and where the position of the vehicle is measured.  Some lag is needed of 

course, to adjust to upcoming movements in the desired path.  This issue points to the 

relatively poor performance of both the human operator and autonomous control in the 

sine wave test where the curve to be followed had a tighter radius that other test 

situations.  Both human and machine tended to understeer the curve in this situation, 

though the human was bested in this situation by 7.7 cm in maximum error.  This could 

be due to the fact that the human could not “see” the line to be followed as close to the 

machine as the camera.  The camera was at the front of the machine angled downward to 

the ground sensed information about the line than the human could not view from the rear 

of the machine.  In effect the lag of the human was greater than that of the machine.  It is 

important to note here though that with further use a human operator could adjust to 

compensate for this lag better than this system. 

In the discontinuity test, we can see the limitations of the camera sensor as the 

primary sensor on the machine.  In the offset discontinuity test the human did not react 

nearly as aggressively as the autonomous control.  The human was able to make a much 

smoother transition at the point of discontinuity.  The angle discontinuity was handled 

better than the offset, though greater, unrealistic angles of say 90 degrees would likely 

result in failure. 

Consider the field of view of the camera against the field of view of the human 

operator.  The camera is taking measurements of the line in a square meter area just 

ahead of the machine.  The human operator can view the full reach of the path to be 

followed as well as visual information to the extent of their periphery.  Simply put, the 
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human is acting on a much greater amount of information.  A single camera sensor 

cannot provide such an amount of information.  It should be reiterated that this 

autonomous system was never expected to perform as a standalone unity, but instead as 

part of a greater system relying on a family of sensors to provide a sufficient amount of 

information for autonomous control. 

This limitation is fairly obvious and strongly suggests that a single sensor simply 

cannot reliably provide robust data for purposes of navigation.  The system used in this 

research only gathered a relatively small amount of information compared to that which a 

human operator could collect.  Two of more vision sensors could improve performance 

significantly, and additional sensors would only refine the control further.  For example, 

one sensor could focus on an area in the immediate vicinity of the vehicle, while another 

would focus on areas further along the path of the vehicle.  The near-focused sensor 

would give information that is more precise, but also immediately relevant and requires 

quick response.  The far-focused sensor would allow for path planning and the ability to 

prepare for path to come.   

One area where the human easily surpassed autonomous control was in the 

discontinuities.  In these cases the relevant data was only known briefly before reaction 

was required.  In a system just described there is a chance to identify and measure the 

discontinuity coming and make a more gradual transition into the discontinuity, just as a 

human would.  The limitations of a single vision sensor, or an single sensor system, is 

simply unable to gather an adequate amount of information to accomplish the goals of 

autonomous vehicle operation in agriculture.   
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5.2 Implications and Future Research 
 

The machine vision component of the system performed adequately in the different 

controlled environments where it was tested.  The system was able to make accurate line 

measurements in the controlled test situations.  The camera had more than adequate 

resolution to handle row identification tasks.  The speed of the camera was able to report 

data faster than the onboard computer could run one control iteration.  The machine 

vision system was more than enough to accomplish these tasks at a reasonable cost.  

These are problems that would have been cost prohibitive just a few short years ago.  The 

improvement of machine vision systems will only lead to better and faster sensors that 

can gather more data from larger fields of view at even finer resolution. 

The limitations of this system cannot be ignored however.  The tests in this 

research were for the most part done in areas of consistent illumination.  Shadowing was 

one issue that proved to be particularly troublesome in tests.  When moving from an area 

of bright sunlight to an area of shaded ground the system proved to be very difficult to 

control.  The fixed light control of the camera did not allow for on the go adjustment 

from one level of ambient illumination to another.  Illumination has been called the most 

important factor in achieving a good machine vision system.  Therefore if illumination is 

not appropriately compensated for or controlled, the data returned is in question.  

Ultimately, more robust machine vision algorithms that preprocess the image to balance 

the bright and dark before making measurements will be required to handle this problem 

that will inevitably arise in agricultural operations. 

 One thing that aids in controlling in less than ideal situations such as inconsistent 

lighting, noisy images, uneven terrain, or any other adverse condition that may arise is 
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the use of multiple sensors.  This particular vehicle only made use of a single sensor for 

navigation along a row or line, the machine vision system.  Something that is necessary 

in a complete autonomous vehicle is the combination of multiple sensors to provide a 

more complete description of the location and state of the machine.  A robust machine 

vision system should be able to lose data inputs from one or even multiple sensors and 

still be able to make a valid estimate of its status.  Obviously at some point the system 

has to know when it is no longer safe to proceed and must stop and either wait for sensor 

or human direction.  For example, imagine that GPS, a magnetic compass, and a fiber 

optic gyroscope were added to the system described in this research.  If the machine 

vision system were to enter an area that gave particularly noisy images and was unable to 

give data, the system could still operate with the new sensors incorporated.  If the 

position of the row was known, the 2 additional sensors could give a solid estimate of 

vehicle position until the image data improved and resumed.  It would not however be a 

failure for an autonomous vehicle to get “lost” and stop on rare occasions.  The challenge 

to researchers is to create a system where it is extremely difficult for a vehicle to get 

“lost.”  The Extended Kalman Filter and similar methods that allow for the collection of 

data as described will continue to be a powerful tool for autonomous control.   

 One question facing researchers of autonomous vehicles is “How many sensors 

are enough?”  For completely autonomous control of a vehicle with only casual human 

monitoring there must be a replacement of the all the human sensors relevant to operating 

a vehicle.  Seeing and following a desired path is an accomplishment, but vast amounts, 

360 degrees of visual or information, must compiled in real time to ensure the safety of 

the vehicle and those that may come into the vicinity of the vehicle.  The autonomous 
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controller must be a defensive driver, monitoring the immediate area for hazards than can 

and will arise.   

 At this juncture, a comparison of the human and autonomous controllers shows 

that autonomous controllers have practically equaled the accuracy of human in many 

situations.  Factors such as driver fatigue give notable advantages to autonomous control 

over humans.   

Even so, the ability to avoid unacceptably dangerous situations is where human control 

remains superior to the machine.  Both in terms of safety and navigation the autonomous 

vehicle has to be practically failsafe.  Not entirely failsafe though, or perhaps failsafe in 

the sense that the vehicle at all times has the option of coming to a stop and shutting 

down any hazardous operations.  As autonomous research continues it is necessary to 

remember the machine should never be asked to do more than is reasonable.  The passing 

of vehicle control from human to computer is inevitable, though the process will be a 

gradual one with greater responsibility placed on the machine as adequate sensors 

warrant. 

 The vision of small, versatile, and maneuverable autonomous machines is one that 

will continue to expand.  Smaller machines make more sense for many applications in 

agriculture due to the reasons of soil compaction and even efficiency.  Furthermore, until 

all of the issues of safety are controlled a smaller investment in smaller machines also 

makes sense.  The versatility and flexibility of the QuikTrak machine make it something 

of a model for future autonomous pursuits.  The original criteria of a differential steering 

vehicle capable of forward or reverse operation and a zero radius turn remain as desirable 

traits for autonomous vehicles.  Though very appropriately sized for research purposes, 
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the size of the QuikTrak in agricultural application would prove to be too small for many 

tasks.  However, the techniques and algorithms used in this research could easily be 

applied to a skid steer or track type vehicle that is moderately larger to perform various 

agricultural tasks while maintaining versatility.  The recommendation of this research for 

the ideal vehicle for autonomous pursuits in agriculture would be approximately a 50 – 

60 horsepower machine weighing around 2000 lb.  Such a vehicle would retain most of 

the desired cost, versatility, and maneuverability qualities of the QuikTrak relative to 

conventional machine while providing the more substantial power and traction needed in 

agricultural tasks.  A fleet of 3 or more of these tractors could be unleashed to do the 

work of a conventional tractor more efficiently.   

 The dream of the completely driverless tractor continues on as a dream that will 

inevitably come true, and will come true in the not too distant future.  As autonomous 

vehicle research moves forward it is critical for engineers, scientists and growers to 

realize the capabilities and limitations of the technology and sensors that are developed. 
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7 Appendix 
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7.1 Control Code 
 Main program code 
 
/********************************************************** 
  The official demo program with new and improved wireless 
   kill system (WKS), also adds PID control off error, aggregating both the 
   angular and offset errors. Camera sensor being incorporated. 
 Control Program To Navigate Using SICK Laser and DVT Camera 
 05/27/2004 
 Nate Powell 
 Stuart Spencer 
 
 Using Dynamic C v. 8.01 
**********************************************************/ 
/* 
 * Pick the predefined TCP/IP configuration for this sample.  See 
 * LIB\TCPIP\TCP_CONFIG.LIB for instructions on how to set the 
 * configuration. 
 */ 
#define TCPCONFIG 1 
 
/* 
 * Cook the input? If this is defined, telnet control 
 * codes will be removed from the incoming data stresm. 
 */ 
#define INPUT_COOKED 
//#undef INPUT_COOKED 
 
/******************************** 
 * End of configuration section * 
 ********************************/ 
 
/* 
 * Force everything into xmem, and import the TCP/IP, mowerdrive and SICK lib. 
 */ 
#memmap xmem 
#use "dcrtcp.lib" 
#use "mowerdrive.lib" 
#use "sick.lib" 
 
///////Macro Definition Section/////// 
 
/* Point to Point Control */ 
#define COURSEPTS 20  //Maximum number of points in a course 
#define SPINGOOD 12  //Degrees to accept a rotation 
#define RTOL 10   //Degrees to rotate to 
#define METERS 2000  //Distance between intermediate points, in mm 
#define STOL 6      //Degrees to steer to 
#define TOL 500     //Distance from actual point for arrival 



83 

 

 
 
/* PID Control */ 
//define weights such that when both are at a maximum allowed error, they cancel 
#define K1 1.02       //dist_error weight - In general, set as 1 (default k1 = 1) 
#define K2 0.0684     //angle_error weight - Set as 1/Max angle_error (default k2 = 0.33) 
#define CK1 3.05      //Camera dist_error weight - In general, set as 1 
#define CK2 0.06      //Camera angle_error weight - Set as 1/Max angle_error 
#define PROPGAIN .180  //PID Coefficients  P 0.018 I 0.013 D 0.008 old 
#define INTGAIN 0.0022 
#define DERIVGAIN 2.168 
#define SETPOINT 0 
 
/* TCP/IP  */ 
#define STATE_INIT 0 
#define STATE_STEADY 1 
#define MAX_BUFLEN 48 
 
///////Global Variable Section/////// 
 
SICKPosition COURSE_1[10]; 
SICKPosition COURSE_2[10]; 
 
SICKPosition laser_origin, laser_curr, laser_dest; 
//GPSPosition gps_dest, gps_curr; 
SICKPosition course[COURSEPTS]; 
 
int course_size, course_index; 
float x_to_dest;       //Next 3 variables apply to origin and destination points 
float y_to_dest; 
float hypotenuse; 
float delta; 
float last_dist; 
float last_dist_to_end; 
float dist_to_end; 
 
long timer; 
 
//PID Structure 
//SetPoint, Proportion, Integral, and Derivative are assigned 
//LastError, PrevError, and SumError are calculated 
 
typedef struct PID { 
  float SetPoint;         // Desired Value 
 
  float Proportion;   // Proportional Const 
  float Integral;   // Integral Const 
  float Derivative;   // Derivative Const 
 
  float LastError;   // Error[-1] 
  float PrevError;   // Error[-2] 
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  float SumError;   // Sums of Errors 
} PID; 
 
/* variables for telnet recieve daemon */ 
typedef struct { 
 tcp_Socket sock; 
 tcp_Socket *s; 
 
 int lport; 
 int cstate; 
 
 char buf[MAX_BUFLEN]; 
 char cmdbuf[10]; 
} telnet_recv; 
 
telnet_recv tr_state; 
const telnet_recv *const cstate = &tr_state; 
 
 
//the system has these states: 
//0 - idle state, no controlling 
//1 - laser driven navigation 
//2 - GPS driven navigation 
int state; 
 
//set the turn direction 
//0 - None 
//1 - Left 
//2 - Right 
//3 - Hard Left 
//4 - Hard Right 
int direction; 
 
//at destination flag 
//-1 - no destination set 
//0 - not at the destination 
//1 - at the destination 
//2 - overshot the destination 
int at_dest; 
 
//Set actuator to be used 
//1 - use the left actuator 
//2 - use the right actuator 
int actuator_flag, last_actuator_flag; 
 
///////Function Definition Section/////// 
 
//sleep delay function simply waits for a specified interval of sleep_time 
//returns True when complete 
//05/12/04 
//Stuart Spencer 
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int sleep(long sleep_time){ 
 
   long time_var; 
 
   time_var = MS_TIMER; 
 while((MS_TIMER-time_var)<sleep_time) 
   {} 
   return 1; 
} 
 
//calc_dest_angle works out the direction to travel to get from the 
//current location to the destination on either SICK coordinates or 
//GPS coordinates. Uses the state variable for control 
//Input destination is the destination (intermediate or actual) to calc from 
//Calls sick functions and external functions 
//08/12/2003 
//Nate Powell 
void calc_dest_angle(SICKPosition *destination){ 
 auto float alpha; 
 auto float deltaW, deltaN; 
 auto float deltaX, deltaY; 
 
 switch(state){ 
  //state = 1 is laser input 
  case 1: { 
   deltaX = destination->x - laser_curr.x; 
   deltaY = destination->y - laser_curr.y; 
 
   if ((deltaX > 0) && (deltaY != 0)) //destination is to the right 
    alpha = atan(deltaY/deltaX)*180/3.14159; 
   else if ((deltaY > 0) && (deltaX != 0)) //destination is left and up 
    alpha = atan(deltaY/deltaX)*180/3.14159+180; 
   else if ((deltaY < 0) && (deltaX != 0)) //destination is left and down 
    alpha = atan(deltaY/deltaX)*180/3.14159-180; 
   else if ((deltaX > 0) && (deltaY == 0)) //dest is due right 
    alpha = 0; 
   else if ((deltaX < 0) && (deltaY == 0)) //dest is due left 
    alpha = 180; 
   else if ((deltaX == 0) && (deltaY > 0)) //dest is due up 
    alpha = 90; 
   else if ((deltaX == 0) && (deltaY < 0)) //dest is due down 
    alpha = -90; 
   destination->bearing = alpha_converter(alpha); 
//*DEBUG   printf("Bearing to Target: %f\n", destination->bearing);
 //*DEBUG 
   break; 
  } 
 
  //state = 2 is gps input 
  case 2: { 
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/*   deltaN = lat_to_dec(&gps_dest) - lat_to_dec(&gps_curr); 
   deltaW = -(lon_to_dec(&gps_dest) - 
lon_to_dec(&gps_curr))*cos(lat_to_dec(&gps_dest)*3.14159/180); 
 
   if ((deltaW < 0) && (deltaN > 0)) //NW 
      gps_dest.bearing = 360 - atan(-deltaW/deltaN)*180/3.14159; 
   else if((deltaW < 0) && (deltaN < 0)) //SW 
    gps_dest.bearing = 180 - atan(-deltaW/deltaN)*180/3.14159; 
   else if((deltaW > 0) && (deltaN < 0)) //SE 
      gps_dest.bearing = 180 + atan(deltaW/deltaN)*180/3.14159; 
   else if((deltaW > 0) && (deltaN > 0)) //NE 
      gps_dest.bearing = atan(deltaW/deltaN)*180/3.14159; 
   else if((deltaW == 0) && (deltaN > 0)) //N 
    gps_dest.bearing = 0; 
   else if((deltaW == 0) && (deltaN < 0)) //S 
    gps_dest.bearing = 180; 
   else if((deltaW < 0) && (deltaN == 0)) //W 
    gps_dest.bearing = 270; 
   else if((deltaW > 0) && (deltaN == 0)) //E 
    gps_dest.bearing = 90;  */ 
   break; 
  } 
 
  default: printf("\nError 5\n"); 
 } 
 
 return; 
} 
 
/*====================================================================
=====*\ 
PIDInit initializes the PID Structure 
Used from Z-World 
\*====================================================================
=====*/ 
 
void PIDInit  (PID *pp) 
 
{     memset ( pp,0,sizeof(PID) ); 
} 
 
//output_position is an evaluation routine that continuously gets 
//the current position from one or both sensors and outputs to STDIO 
//Calls external functions 
/*SERIAL removed case 0*/ 
//GPS  must reenable gps line 
//08/12/2003 
//Nate Powell 
void output_position(void){ 
 
 if(state == 1 || state == 0){ 



87 

 

  if(!is_in_position()) 
   activate_position(); 
 } 
 
 switch(state){ 
  case 0: break;  //Since the SICK and GPS currently don't work together 
 
  case 1:{ 
   while(1){ 
    if(!get_position(&laser_curr)){ 
     printf("Lost\n"); 
    } 
    calc_dest_angle(&laser_dest); 
            if(anaInVolts(ChanAddr(2,8)) > 4){ 
          break; 
        } 
    if(kbhit()){ 
     getchar(); 
     break; 
    } 
   } 
   serCrdFlush(); 
   break; 
  } 
  case 2:{ 
   while(1){ 
//*GPS    get_gps_input(1); 
 
    if(anaInVolts(ChanAddr(2,8)) > 4){ 
               break; 
        } 
    if(kbhit()){ 
     getchar(); 
     break; 
    } 
   } 
   break; 
  } 
  default: printf("\nError 2\n"); break; 
 } 
} 
 
//input_course prompts the user to populate the array course. The courses are 
//defined in main, the user simply selects one from a list 
//Calls external functions 
//08/12/2003 
//Nate Powell 
void input_course(void){ 
 auto int input; 
 auto char tempbuf[3]; 
 last_dist_to_end = 1000000; 
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 printf("Choose a course:\n"); 
 printf("(1) Rows\n"); 
 printf("(2) Triangle CW\n"); 
 printf("(3) Triangle CCW\n"); 
 
 input = atoi(gets(tempbuf)); 
 
 switch(input){ 
  case 1:{ 
   course_size = 6; 
   for(course_index = 0; course_index < course_size; course_index++){ 
    course[course_index] = COURSE_1[course_index]; 
    output_sickposition(&course[course_index]); 
   } 
   break; 
  } 
  case 2:{ 
   course_size = 4; 
   for(course_index = 0; course_index < course_size; course_index++){ 
    course[course_index] = COURSE_2[course_index]; 
    output_sickposition(&course[course_index]); 
   } 
   break; 
  } 
  case 3:{ 
   course_size = 4; 
   for(course_index = 0; course_index < course_size; course_index++){ 
    course[course_index] = COURSE_2[course_size - course_index 
- 1]; 
    output_sickposition(&course[course_index]); 
   } 
   break; 
  } 
  default: printf("Error: invalid course selection\n"); 
 } 
} 
//calc_delta finds the angle that is the difference between the current 
//and destination bearings 
//Uses variable state for control 
//Input destination is the destination (intermediate or actual) to calc from 
//Returns the value of the angle 
//Calls external functions 
//08/12/2003 
//Nate Powell 
float calc_delta(SICKPosition *destination){ 
 auto float result; 
 calc_dest_angle(destination); 
 switch(state){ 
  case 1: { 
   result = destination->bearing - laser_curr.bearing; 
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   if(result > 180){ 
    result = destination->bearing - (laser_curr.bearing + 360); 
   } 
   else if(result < -180){ 
    result = destination->bearing - (laser_curr.bearing - 360); 
    break; 
   } 
  } 
  //GPS  must generate gps equivalant 
  case 2:{ 
   break; 
  } 
  default: printf("Error 8\n"); return 0; 
 } 
 //printf("Delta = %f\n", result);   not needed if calculating angle error 
 return result; 
} 
 
//calc_angle_error finds the angle that is the difference between the current 
//and original desired bearings 
//Uses variable state for control 
//Returns the value of the angle 
//01/22/2004 (Modified calc_delta by Stuart Spencer) 
//Nate Powell 
float calc_angle_error(){ 
 auto float result; 
 switch(state){ 
  case 1: { 
   result = laser_origin.bearing - laser_curr.bearing; 
   if(result > 180){ 
    result = laser_origin.bearing - (laser_curr.bearing + 360); 
   } 
   else if(result < -180){ 
    result = laser_origin.bearing - (laser_curr.bearing - 360); 
    break; 
   } 
  } 
  //GPS  must generate gps equivalant 
  case 2:{ 
   break; 
  } 
  default: printf("Error 8\n"); return 0; 
 } 
 //printf("Delta = %f\n", result); reported with error 
 return result; 
} 
 
//get_laser_dest allows the user to input destinations manually 
//08/12/03 
//Nate Powell 
void get_laser_dest(SICKPosition *destination){ 
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 auto char tempbuf[10]; 
 
 get_position(&laser_curr);  //repeat once 
 get_position(&laser_curr); 
 
 serCrdFlush(); 
 
 printf("\nThe mower is currently at: \n"); 
 output_sickposition(&laser_curr); 
 printf("Please enter the next destination.\n"); 
 printf("Destination x coordinate: "); 
 destination->x = atol(gets(tempbuf)); 
 printf("Destination y coordinate: "); 
 destination->y = atol(gets(tempbuf)); 
 return; 
} 
 
/*====================================================================
=====*\ 
   Perform One PID Iteration 
   Used from Z-World 
\*====================================================================
=====*/ 
 
float PIDCalc(PID *pp, float NextPoint) 
 
{ 
  float dError,Error; 
  pp->SumError += (Error = pp->SetPoint - NextPoint); 
  dError = pp->LastError - pp->PrevError; 
  pp->PrevError = pp->LastError; 
  pp->LastError = Error; 
      return   (  pp->Proportion * Error 
               +  pp->Integral * pp->SumError 
               +  pp->Derivative * dError 
               ); 
} 
 
 
//navigate_course uses the navigation functions to travel to points in 
//the array course. This does the overall control of the course, cycling through 
//the points and sending the mower to each point 
//Calls update_current, calc_dest_angle, calc_delta, rotate, 
//follow_line and external functions 
//08/12/2003 
//Nate Powell 
void navigate_course(void){ 
 if(course_size == 0){ 
  printf("No Course\n"); 
  return; 
 } 
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 for(course_index = 0; course_index < course_size; course_index++){ 
  last_dist_to_end = 1000000; 
  laser_dest = course[course_index]; 
  update_current(&laser_dest); 
  update_current(&laser_dest); 
  calc_dest_angle(&laser_dest); 
  delta = calc_delta(&laser_dest); 
      laser_origin = laser_curr;                                        //Store point of origin 
      x_to_dest = laser_dest.x - laser_curr.x;         
 //Origin to Dest in x 
      y_to_dest = laser_dest.y - laser_curr.y;            
 //Origin to Dest in y 
      hypotenuse = sqrt((x_to_dest*x_to_dest)+(y_to_dest*y_to_dest));  //Origin to Dest distance 
 
  if(delta > SPINGOOD || delta < -SPINGOOD){ 
   if(!rotate()){ 
    printf("Failure\n"); 
    return; 
   } 
  } 
  update_current(&laser_dest); 
 
  if(at_dest == 2 || at_dest == -1){ 
   at_dest = 0; 
  } 
  if(!follow_line()){    //navigate to this point 
   printf("Failure\n"); 
   return; 
  } 
 } 
} 
 
//get_dist_to_line calculates the distance from the current position to the 
//line which is being followed, scales distance to meters instead of millimeters. 
//Returns results, the distance to the line 
//01/14/04 
//Stuart Spencer 
 
float get_dist_to_line(void){ 
 
 float dist; 
 
   dist = (y_to_dest*(laser_origin.x - laser_curr.x) - x_to_dest*(laser_origin.y - 
laser_curr.y))/(1000*hypotenuse); 
 
   return dist; 
} 
 
//navigate_to_point uses the navigation functions to travel to manually entered 
//points. 
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//Calls update_current, calc_dest_angle, calc_delta, rotate, 
//follow_line and external functions 
//Similar to navigate_course, without point to point 
//08/12/2003 
//Nate Powell 
void navigate_to_point(void){ 
 
 last_dist_to_end = 1000000; 
 update_current(&laser_dest); 
 update_current(&laser_dest); 
 calc_dest_angle(&laser_dest); 
 delta = calc_delta(&laser_dest); 
   laser_origin = laser_curr;                                        //Store point of origin 
   x_to_dest = laser_dest.x - laser_curr.x;         
 //Origin to Dest in x 
   y_to_dest = laser_dest.y - laser_curr.y;             //Origin 
to Dest in y 
   hypotenuse = sqrt((x_to_dest*x_to_dest)+(y_to_dest*y_to_dest));  //Origin to Dest distance 
 if(delta > SPINGOOD || delta < -SPINGOOD){ 
  if(!rotate()){ 
   printf("Failure\n"); 
   return; 
  } 
 } 
 update_current(&laser_dest); 
 
   if(at_dest == 2 || at_dest == -1){ 
  at_dest = 0; 
 } 
 if(!follow_line()){    //navigate to this point 
  printf("Failure\n"); 
  return; 
 } 
} 
 
//follow_line is a navigation function which guides along a 
//predefined line 
//returns 1 for success or 0 for failure 
//Uses at_dest for control 
//Calls update_current, calc_dest_angle, PIDCalc, 
//and mowerdrive and external functions 
//01/13/2004 
//Stuart Spencer 
int follow_line(void){ 
 auto int result; 
 
 //initialize PID variables 
   PID  sPID;        // PID 
Control Structure 
 float  volt_adjust;     // voltage 
adjustment(PID Response Output) 
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 float  dist_error;      //
 distance to line(PID Feedback Input) 
   float  angle_error;     // angle between current bearing and 
desired path(PID Feedback Input) 
   float  total_error;     // aggregate error term 
 
 PIDInit ( &sPID );      // Initialize 
Structure 
 sPID.Proportion = PROPGAIN;   // Set PID Coefficients 
 sPID.Integral  = INTGAIN; 
 sPID.Derivative = DERIVGAIN; 
 sPID.SetPoint     = SETPOINT;   // Set PID Setpoint 
 
 go_forward(); 
 
 while(1){ 
  if(anaInVolts(ChanAddr(2,8)) > 4){ 
      stop_mower(); 
         result = 0; 
         break; 
     } 
  if(kbhit()){ 
   getchar(); 
   stop_mower(); 
   result = 0; 
   break; 
  } 
  if(at_dest == 1){ 
   stop_mower(); 
   printf("Arrived\n"); 
   result = 1; 
   break; 
  } 
  if(at_dest == 2){ 
   stop_mower(); 
   printf("Missed the target\n"); 
   result = 0; 
   break; 
  } 
  if(!update_current(&laser_dest)){ 
   stop_mower(); 
   printf("Laser Error\n"); 
   result = 0; 
   break; 
  } 
    dist_error = get_dist_to_line();    // Get distance 
from line 
      angle_error = calc_angle_error();   // Get angle between current and desired 
heading 
  total_error = K1*dist_error + K2*angle_error; 
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    last_actuator_flag = actuator_flag; 
 
      if(total_error < 0){ 
         actuator_flag = 2;    //Adjusting right actuator 
       total_error = 0 - total_error; 
      } 
      else actuator_flag = 1;      //Adjusting left actuator 
 
      printf("Distance: %f, Angle: %f, Aggregate: %f,",dist_error, angle_error,total_error); 
 
      /* 
      Alternate approach in calculating error. If used, comment volt_adjust function 
      above. 
      */ 
      //Offset with PID distance plus a proportional angle offset 
      //volt_adjust = PIDCalc(&sPID,dist_error) + K2*angle_error; 
 
  // Offset with PID on aggregate error 
      volt_adjust = PIDCalc(&sPID,total_error); 
 
      if(volt_adjust<0){ 
       volt_adjust = 0-volt_adjust; 
         } 
  PID_adjust(actuator_flag, last_actuator_flag, volt_adjust);   //Effect 
Needed Changes 
 } 
 return result; 
} 
 
//process_data recieves and processes the data as it comes in. 
//buf points to the buffer, len is the length of the received data 
//Anticipates input stream as 2 values separated by a colon. 
//String is parsed to isolate the two numbers into stored float variables. 
//The total vehicle error is calculated and returned 
//05/10/04 
// Stuart Spencer 
 
float process_data(char *buf, int len){ 
 
  float camera_total_error; 
    char offset_str[49]; 
    char angle_str[49]; 
    float camera_offset; 
    float camera_angle; 
 
    int i; 
    int start; 
    int delimiter; 
    delimiter = 0; 
 
//  for(i=0;i<len;i++) 
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//   printf("%c",buf[i]); 
//  printf("len is %d \n",len); 
 
//identify start character location 
  for(i=0;i<len;i++){ 
    if(buf[i] == '/'){ 
       start = i; 
         break; 
      } 
    } 
//identify delimiter character location 
    for(i=start;i<len;i++){ 
     if(buf[i] == ':'){ 
       delimiter = i; 
         break; 
      } 
    } 
//    printf("delimiter at %d \n",start); 
//    printf("delimiter at %d \n",delimiter); 
 
//parsing loop sorts characters to correct string 
//if before delimiter, character belongs to offset_str 
//if after delimiter, character belongs to angle_str 
//if at delimiter location, do nothing 
    for(i=start+1;i<start+25;i++){ 
     if(i<delimiter) 
       offset_str[i - start - 1]=buf[i];  // Offset data 
      else if(i>delimiter) 
       angle_str[i - delimiter - 1]=buf[i]; // Angle data 
    } 
     camera_offset = atof(offset_str); 
     camera_angle = atof(angle_str); 
     printf("Offset: %f, Angle: %f, ", camera_offset, camera_angle); 
 
     camera_total_error = CK1*camera_offset + CK2*camera_angle; 
 
     return camera_total_error; 
} 
 
//get_camera_error handles recieving from TCP/IP connection 
//Looks for data, if nothing is recieved, continues to look for data 
//until bytes are read. 
//Uses dcrtcp.lib functions 
//returns the camera_total_error calculated by process_data() 
//05/10/04 
// Stuart Spencer 
 
float get_camera_error(void){ 
 
 int retval; 
 float camera_total_error; 
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 tcp_tick(cstate->s); 
 
 switch(cstate->cstate) { 
    case STATE_INIT: 
       if(sock_established(cstate->s)) { 
          printf("Connection Established.\n"); 
          cstate->cstate = STATE_STEADY; 
       } 
       break; 
 
    case STATE_STEADY: 
       if(!sock_established(cstate->s)) { 
          /* connection died; reset */ 
          printf("Connection lost.\n\n"); 
          init_recv(cstate->lport); 
          break; 
       } 
 
         retval = sock_fastread(cstate->s, cstate->buf, MAX_BUFLEN); // should be enough to get 
all data 
         //printf("retval: %d \n", retval); 
         while(!retval){ 
            //sleep(10); 
    tcp_tick(cstate->s); 
            //printf("Insufficient data, retry \n"); 
            retval = sock_fastread(cstate->s, cstate->buf, MAX_BUFLEN);  // 25 should be enough to 
get all data 
          //printf("retval: %d \n", retval); 
         } 
       if(retval) { 
          /* we got data */ 
#ifdef INPUT_COOKED 
        retval = cook_input(retval); 
#endif 
            switch(retval){ 
             case -1: 
                printf("Return string larger than allowed size \n"); 
                break; 
             case -2: 
                printf("Socket closed or closing, insufficient data \n"); 
                break; 
             case -3: 
                printf("Invalid socket parameter \n"); 
                break; 
               default: 
            } 
   }/*else{ 
            sleep(10); 
            tcp_tick(cstate->s); 
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            retval = sock_fastread(cstate->s, cstate->buf, MAX_BUFLEN);  // 25 should be enough to 
get all data 
            printf("retval: %d \n", retval); 
         }  */ 
 
         camera_total_error = process_data(cstate->buf, retval); 
       return camera_total_error; 
       break; 
 
    default: 
       /* shouldn't ever get here */ 
       /* reset the conroller */ 
       exit(-1); 
   } 
} 
 
//start_tcpip initializes the TCP/IP connection and confirms 
//it is established 
//Uses dcrtcp.lib functions 
//05/10/04 
// Stuart Spencer 
 
int start_tcpip(void){ 
 
   auto int result; 
 
 /* 
 * Listen on the port, and otherwise prepare the daemon 
 */ 
 if(init_recv(3247)) { 
    printf("Error in init_recv - couldn't listen on port\n"); 
      result = 0; 
  exit(0); 
  } 
 
   tcp_tick(cstate->s); 
 
  switch(cstate->cstate) { 
    case STATE_INIT: 
  if(sock_established(cstate->s)) { 
   printf("Connection Established.\n"); 
   cstate->cstate = STATE_STEADY; 
   } 
  break; 
 
    case STATE_STEADY: 
    if(!sock_established(cstate->s)) { 
      /* connection died; reset */ 
      printf("Connection lost.\n\n"); 
      init_recv(cstate->lport); 
      result = 0; 
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      break; 
       } 
      break; 
 
    default: 
       /* shouldn't ever get here */ 
       /* reset the conroller */ 
         result = 0; 
         exit(-1); 
   } 
   return result; 
} 
 
//camera_follow_line is the control for camera steering operation 
//similar to follow_line, except uses data from the DVT camera 
//Returns 1 if successful, 0 for failure, though the control is strictly 
//steering at this point. 
//Calls PIDCalc, mowerdrive, start_tcpip, get_camera_error, and external functions 
//Uses dcrtcp.lib functions 
//05/10/04 
// Stuart Spencer 
 
int camera_follow_line(void){ 
 
 auto int result; 
   float  total_error;     // Total aggregate error calculation from 
camera 
   float  volt_adjust;     // voltage adjustment(PID 
Response Output) 
 
 
   //initialize PID variables 
   PID  sPID;        // PID 
Control Structure 
 
 PIDInit ( &sPID );      // Initialize 
Structure 
 sPID.Proportion = PROPGAIN;   // Set PID Coefficients 
 sPID.Integral  = INTGAIN; 
 sPID.Derivative = DERIVGAIN; 
 sPID.SetPoint     = SETPOINT;   // Set PID Setpoint 
 
 if(!start_tcpip()){ 
    printf("Failed to start tcpip connection"); 
      start_tcpip(); 
      } 
   sleep(1500); 
   set_speed_flag(1); 
   go_forward(); 
 
 while(1){ 
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    timer = MS_TIMER; 
  if(anaInVolts(ChanAddr(2,8)) > 4){ 
      stop_mower(); 
         result = 0; 
         break; 
     } 
  if(kbhit()){ 
   getchar(); 
   stop_mower(); 
   result = 0; 
   break; 
  } 
  if(at_dest == 1){ 
   stop_mower(); 
   printf("Arrived\n"); 
   result = 1; 
   break; 
  } 
  if(at_dest == 2){ 
   stop_mower(); 
   printf("Missed the target\n"); 
   result = 0; 
   break; 
  } 
 
      total_error = get_camera_error(); 
      printf("Aggregate: %f \n",total_error); 
 
    last_actuator_flag = actuator_flag; 
 
      if(total_error < 0){ 
         actuator_flag = 2;    //Adjusting right actuator 
       total_error = 0 - total_error; 
      } 
      else actuator_flag = 1;      //Adjusting left actuator 
 
      /* 
      Alternate approach in calculating error. If used, comment volt_adjust function 
      above. 
 
      //Offset with PID distance plus a proportional angle offset 
      volt_adjust = PIDCalc(&sPID,dist_error) + K2*angle_error; 
 
  // Offset with PID on aggregate error 
      */ 
 
      volt_adjust = PIDCalc(&sPID,total_error); 
 
      if(volt_adjust<0){ 
       volt_adjust = 0-volt_adjust; 
         } 
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  PID_adjust(actuator_flag, last_actuator_flag, volt_adjust);   //Effect 
Needed Changes 
      printf("Loop Time: %d \n", MS_TIMER-timer); 
 } 
 return result; 
} 
 
//init_recv initializes the socket 
//uses dcrtcp.lib functions 
//05/10/04 
//Used from Z-World literature 
 
int init_recv(int port) 
{ 
 cstate->s = &cstate->sock; 
 cstate->lport = port; 
 tcp_listen(cstate->s, port, 0, 0, NULL, 0); 
 cstate->cstate = STATE_INIT; 
 return 0; 
} 
 
#ifdef INPUT_COOKED 
void cook_cmd(void) 
{ 
 auto int len; 
 len = 3; 
 
 while(len > 0) { 
  len -= sock_fastwrite(cstate->s, cstate->cmdbuf + 3 - len, len); 
 } 
} 
 
//cook_input removes telnet commands from return value 
//05/10/04 
//Used from Z-World literature 
 
int cook_input(int len) 
{ 
 auto int newlen, i; 
 
 newlen = len; 
 
 for(i=0; i<(len-2); i++) { 
  if(cstate->buf[i] == 255) { 
   /* control code */ 
   switch(cstate->buf[i + 1]) { 
   case 251: 
   case 252: { 
    sprintf(cstate->cmdbuf, "%c%c%c", 
     255, 254, cstate->buf[i + 2]); 
    cook_cmd(); 
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    memcpy(cstate->buf + i, cstate->buf + i + 3, len - (i + 3)); 
    newlen -= 3; 
    break; 
   } 
   case 253: 
   case 254: 
    sprintf(cstate->cmdbuf, "%c%c%c", 
     255, 252, cstate->buf[i + 2]); 
    cook_cmd(); 
    memcpy(cstate->buf + i, cstate->buf + i + 3, len - (i + 3)); 
    newlen -= 3; 
    break; 
 
   case 255: 
    break; 
 
   default: 
    /* unknown command; kill it */ 
    memcpy(cstate->buf + i, cstate->buf + i + 2, len - (i + 2)); 
    newlen -= 2; 
    break; 
   } 
  } 
 } 
 
 return newlen; 
} 
#endif 
 
 
 
//update_current gets the current position from the SICK and 
//outputs it to the screen. Also sets the at_dest variable. 
//Uses the state variable for control. 
//Input destination is the destination (intermediate or actual) to calc from 
//Returns 1 for success, 0 for failure 
//Calls get_gps_input, SICK.lib and external functions 
//08/12/2003 
//Nate Powell 
int update_current(SICKPosition *destination){ 
 
 switch(state){ 
  //Case Zero does not exist 
 
  //laser navigate: in state 1 update laser 
  case 1: 
   if(!get_position(&laser_curr)){  //retry once 
    if(!get_position(&laser_curr)){ 
     return 0; 
    } 
   } 
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   //Repeat 
   if(!get_position(&laser_curr)){  //retry once 
    if(!get_position(&laser_curr)){ 
     return 0; 
    } 
   } 
   serCrdFlush(); 
 
   last_dist_to_end = dist_to_end; 
   dist_to_end = calculate_distance(&laser_curr, &laser_dest); 
   printf("Dist to go: %f ", dist_to_end); 
 
   if(dist_to_end < TOL){ 
    at_dest = 1; 
   } 
   if(dist_to_end - last_dist_to_end > 100){ 
    at_dest = 2; 
   } 
   break; 
 
  //gps navigate: in state 2 update GPS 
  case 2: 
//*GPS   get_gps_input(1); 
//   calc_dest_angle(); 
//   delta = gps_dest.bearing - gps_curr.bearing; 
   //need distance code 
   break; 
 
  default: printf("\nError 6\n"); break; 
 } 
 return 1; 
} 
 
//set_direction finds the value of the direction flag for a given 
//current position and destination. Uses the state variable for control. 
//Input destination is the destination (intermediate or actual) to calc from 
//Returns the direction variable value, 0, 1 or 2 as defined below. 
//Calls external functions 
//08/12/2003 
//Nate Powell 
int set_direction(SICKPosition *destination){ 
 auto float p, q; 
 auto int result; 
 
 switch(state){ 
  case 1:{ 
   if (laser_curr.bearing == destination->bearing) 
      result = 0;  //go straight 
   else if((laser_curr.bearing <= 180) && (destination->bearing <= 180)) 
      if (laser_curr.bearing < destination->bearing) 
       result = 2;   //right 
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      else result = 1;   //left 
   else if((laser_curr.bearing > 180) && (destination->bearing > 180)) 
      if (laser_curr.bearing < destination->bearing) 
     result = 2;   //right 
      else result = 1;   //left 
   else if((laser_curr.bearing > 180)){ 
      p = laser_curr.bearing - 180; 
      if (p <= destination->bearing) 
       result = 1;   //left 
      else result = 2;   //right 
   } 
   else{ 
    q = destination->bearing -180; 
      if (laser_curr.bearing < q) 
       result = 1;   //left 
      else result = 2;   //right 
   } 
   break; 
  } 
 
  case 2:{ 
/*   if (gps_curr.bearing == gps_dest.bearing) 
      result = 0;  //go straight 
   else if((gps_curr.bearing <= 180) && (gps_dest.bearing <= 180)) 
      if (gps_curr.bearing < gps_dest.bearing) 
       result = 2;   //right 
      else result = 1;   //left 
   else if((gps_curr.bearing > 180) && (gps_dest.bearing > 180)) 
      if (gps_curr.bearing < gps_dest.bearing) 
     result = 2;   //right 
      else result = 1;   //left 
   else if((gps_curr.bearing > 180)){ 
      p = gps_curr.bearing - 180; 
      if (p <= gps_dest.bearing) 
       result = 1;   //left 
      else result = 2;   //right 
   } 
   else{ 
    q = gps_dest.bearing -180; 
      if (gps_curr.bearing < q) 
       result = 1;   //left 
      else result = 2;   //right 
   }*/ 
   break; 
  } 
  default: printf("\nError 7\n"); 
 } 
 return result; 
} 
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//rotate controls the rotation of the mower to align it with a certain 
//destination angle. 
//returns 1 for success or 0 for failure 
//uses the state and direction variables for control 
//Calls mowerdrive functions, update_current, calc_delta, set_direction 
//and external functions, as well as recursive on occasion 
//08/12/2003 
//Nate Powell 
int rotate(void){ 
 int result; 
 auto int sign;  //0 if delta is positive, 1 if delta is negative 
 
 delta = calc_delta(&laser_dest); 
 if(!(delta > SPINGOOD || delta < -SPINGOOD)){ 
  printf("No rotation needed\n"); 
  return 1; 
 } 
 direction = set_direction(&laser_dest); 
 printf("Direction %d\n", direction); 
 
 if(delta < 0)  //take absolute value 
  sign = 1; 
 else sign = 0; 
 
 switch(direction){ 
  case 0: return 0; 
  case 1: spin_mower_left(); break; 
  case 2: spin_mower_right(); break; 
  default: printf("Error 7\n"); return 0; 
 } 
 switch(sign){ 
  case 0:{ 
   while(delta > RTOL){ 
            if(anaInVolts(ChanAddr(2,8)) > 4){ 
          stop_mower(); 
               return 0; 
        } 
            if(kbhit()){ 
     getchar(); 
     stop_mower(); 
     return 0; 
    } 
    if(!update_current(&laser_dest)){ 
//DEBUG   printf("lost\n"); 
     stop_mower(); 
     break; 
    } 
    delta = calc_delta(&laser_dest); 
    if(delta < 0){  //Overshoot protection 
//DEBUG   printf("Overshot\n"); 
     stop_mower(); 
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     break; 
    } 
   } 
   stop_mower(); 
   break; 
  } 
 
  case 1:{ 
   while(delta < -RTOL){ 
            if(anaInVolts(ChanAddr(2,8)) > 4){ 
          stop_mower(); 
               return 0; 
        } 
     if(kbhit()){ 
     getchar(); 
     stop_mower(); 
     return 0; 
    } 
    if(!update_current(&laser_dest)){ 
//DEBUG   printf("lost\n"); 
     stop_mower(); 
     break; 
    } 
    delta = calc_delta(&laser_dest); 
    if(delta > 0){  //Overshoot protection 
//DEBUG   printf("Overshot\n"); 
     stop_mower(); 
     break; 
    } 
   } 
   stop_mower(); 
   break; 
  } 
 
  default: printf("Error 9\n"); return 0; 
 } 
 update_current(&laser_dest); 
 delta = calc_delta(&laser_dest); 
 if(delta < SPINGOOD && delta > -SPINGOOD){ 
  straighten_out(); 
  return 1; 
 } 
 else if(sign == 0 && delta > 0){ 
  result = rotate(); 
  return result; 
 } 
 else if(sign == 1 && delta < 0){ 
  result = rotate(); 
  return result; 
 } 
 else{ 
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  straighten_out(); 
  result = rotate(); 
 return result; 
 } 
} 
 
//menu is the user interface function 
//Calls update_current, point_to_point, input_dest, print_points, 
//SICK.lib functions, and external functions 
//08/12/2003 
//Nate Powell 
void menu(void){ 
 auto int input; 
 auto char tempbuf[3]; 
 unsigned char serbuf[20]; 
 
 while(1) 
 { 
  printf("Use numbers 1-6 to select a command:\n\n"); 
  printf("(1) Activate Standby Mode\n"); 
  printf("(2) Activate Positioning Mode\n"); 
  printf("(3) Get Current Position\n"); 
  printf("(4) Input New Course\n"); 
  printf("(5) Navigate Course\n"); 
  printf("(6) Update Current Position\n"); 
  printf("(7) Go to Entered Position\n"); 
  printf("(8) Input Destination Manually\n"); 
  printf("(9) STOP MOWER\n"); 
      printf("(10) Camera Guidance\n"); 
      printf("(11) Reinitiate TCP/IP\n"); 
  printf("(0) Quit\n\n"); 
  printf("Command to send -->"); 
 
  input = atoi(gets(tempbuf)); 
 
  switch(input){ 
   case 1: activate_standby(); break; 
   case 2: activate_position(); break; 
   case 3: output_position(); break; 
   case 4: input_course(); break; 
   case 5: navigate_course(); break; 
   case 6: update_current(&laser_dest); break; 
   case 7: navigate_to_point(); break; 
   case 8: get_laser_dest(&laser_dest); break; 
         case 9: stop_mower(); break; 
         case 10: camera_follow_line(); break; 
         case 11: start_tcpip(); break; 
   case 0: activate_standby(); return; break; 
   default: printf("Try another key.\n\n"); 
  } 
 } 
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} 
 
//start_serial initializes the serial connections for the laser and 
//the GPS 
//Calls external functions 
/*Serial must switch between C and D right now.*/ 
//08/12/2003 
//Nate Powell 
void start_serial(void){ 
 switch(state){ 
  case 1:{ 
   start_laser_serial(); 
  } 
  case 2:{ 
//   serDopen(4800);   //Must use 4800 for GPS 
//   serDdatabits(PARAM_8BIT);  //For GPS use no parity 
//   serDparity(PARAM_NOPARITY); 
//   serDwrFlush(); 
//   serDrdFlush(); 
//   serDflowcontrolOff(); 
  } 
  default:("Error 1\n"); 
 } 
} 
 
///////Main Program Section/////// 
 
void main(){ 
 char tempbuf[3]; 
   int msgcode; 
 
 brdInit(); 
 
 printf("\nWhich sensor?\n"); 
 printf("(1) SICK Laser\n"); 
 printf("(2) GPS\n"); 
   printf("(3) DVT Camera\n"); 
// printf("(0) Both\n"); 
 
 state = atoi(gets(tempbuf)); 
 printf("State %d\n", state); 
 
 start_serial(); //*SERIAL must change the fxn to use GPS 
 start_dac(); 
   sock_init(); 
 
   //Initialize ADC for WKS 
  if (msgcode = anaInEERd(ChanAddr(2, 8))){ 
   printf("Error %d: eeprom unreadable or empty slot; channel 8\n", 
msgcode); 
   exit(0); 
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 } 
 
 //initialize the other flags 
 at_dest = -1; 
 direction = 0; 
   set_speed_flag(2); 
 
 //populate courses 
 COURSE_1[0].x = 0;   COURSE_1[0].y = 10500; 
 COURSE_1[1].x = 20800; COURSE_1[1].y = 10500; 
 COURSE_1[2].x = 20800; COURSE_1[2].y = 8500; 
 COURSE_1[3].x = 0;  COURSE_1[3].y = 8500; 
 COURSE_1[4].x = 0;  COURSE_1[4].y = 6500; 
 COURSE_1[5].x = 20800; COURSE_1[5].y = 6500; 
 
 COURSE_2[0].x = 19000; COURSE_2[0].y = 3500; 
 COURSE_2[1].x = 6500; COURSE_2[1].y = 5800; 
 COURSE_2[2].x = 13500; COURSE_2[2].y = 8500; 
 COURSE_2[3].x = 19000; COURSE_2[3].y = 3500; 
 
 menu(); 
} 
 
/////////////////////////////////////////////////////////// 
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7.2 Code libraries 
Moverdrive.lib code used in with main code. 

 
 
 
 
/*** BeginHeader */ 
#ifndef __MOWERDRIVE_LIB 
#define __MOWERDRIVE_LIB 
/*** EndHeader */ 
 
/********************************************************** 
 Control Program To Steer the Mower 
 05-27-2003 
 Joe Madren 

Devin Carroll 
 Nate Powell 

Stuart Spencer 
   
 Using Dynamic C  v. 8.01 
**********************************************************/ 
 
/*** BeginHeader is_moving */ 
extern int is_moving; 
/*** EndHeader */ 
 
int is_moving; 
 
/*** BeginHeader turn_left */ 
extern int turn_left; 
/*** EndHeader */ 
 
int turn_left; 
 
/*** BeginHeader spin */ 
extern int spin; 
/*** EndHeader */ 
 
int spin; 
 
/*** BeginHeader start_dac */ 
//start_dac zeros all the channels and enables the outputs 
//Calls external functions 
 
#ifndef SLOT 
#define SLOT 4 
#endif 
#define SPINTIME 2000 
#define STEERTIME 500 
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#define RIGHT 513 //Channel 1 
#define LEFT 516  //Channel 4 
#define R_FORWARD 2.85 
#define L_FORWARD 2.9 
#define R_NEUTRAL 3.4 
#define L_NEUTRAL 3.4 
#define FORWARD_SLOW 3.05 
void start_dac(void); 
/*** EndHeader */ 
 
void start_dac(){ 
 auto int outputnum, msgcode; 
  
 for (outputnum=0; outputnum<=7; outputnum++) 
 { 
  if (msgcode = anaOutEERd(ChanAddr(SLOT, outputnum))) 
  { 
   printf("Error %d: eeprom unreadable or empty slot; channel %d\n", 
msgcode,outputnum); 
   exit(0); 
  } 
  else 
   anaOutVolts(ChanAddr(SLOT, outputnum), 0.0); 
 } 
  
 anaOutEnable(); 
} 
 
/*** BeginHeader stop_mower */ 
//stop_mower puts the mower in neutral 
void stop_mower(void); 
/*** EndHeader */ 
 
void stop_mower(void){ 
 printf("Stop mower\n"); 
 anaOutVolts(RIGHT, R_NEUTRAL); 
 anaOutVolts(LEFT, L_NEUTRAL); 
 is_moving = 0; 
 turn_left = 0; 
} 
 
//go_forward starts the mower moving straight forward at low speed 
/*** BeginHeader go_forward */ 
//go_forward starts the mower moving straight forward at low speed 
void go_forward(void); 
/*** EndHeader */ 
 
void go_forward(void){ 
 auto long i; 
 auto int j; 
 auto float r_out, l_out; 
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 printf("Go forward\n"); 
 
 switch(is_moving){ 
  case 0:{ 
   r_out = R_NEUTRAL; 
   l_out = L_NEUTRAL; 
   i = MS_TIMER; 
   while(MS_TIMER - i < 100){ 
    j = (MS_TIMER - i) / 10; 
    anaOutVolts(RIGHT, r_out -= j*0.0005); 
    anaOutVolts(LEFT, l_out -= j*0.0005); 
   } 
   break; 
  } 
  case 1:{ 
   anaOutVolts(RIGHT, R_FORWARD); 
   anaOutVolts(LEFT, L_FORWARD); 
   break; 
  } 
 } 
 is_moving = 1; 
 turn_left = 0; 
} 
 
/*** BeginHeader spin_mower_left */ 
//spin_mower_left turns the mower to the left without changing x,y position 
void spin_mower_left(void); 
/*** EndHeader */ 
 
void spin_mower_left(){ 
 printf("Spin left\n"); 
 spin = 1; 
 anaOutVolts(RIGHT, 3.0); 
 anaOutVolts(LEFT, 3.9); 
} 
 
/*** BeginHeader spin_mower_right */ 
//spin_mower_right turns the mower to the right without changing position 
void spin_mower_right(void); 
/*** EndHeader */ 
 
void spin_mower_right(){ 
 printf("Spin right\n"); 
 spin = 2; 
 anaOutVolts(LEFT, 3.0); 
 anaOutVolts(RIGHT, 3.8); 
} 
 
/*** BeginHeader steer_mower_right */ 
//steer_mower_right steers the mower to the right while going forward 
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void steer_mower_right(void); 
/*** EndHeader */ 
 
void steer_mower_right(){ 
 printf("Steer right\n"); 
 turn_left = 2; 
 is_moving = 1; 
 anaOutVolts(RIGHT, R_FORWARD +.05); 
 anaOutVolts(LEFT, L_FORWARD - 0.12); 
} 
 
/*** BeginHeader steer_mower_left */ 
//steer_mower_left steers the mower to the left while going forward 
void steer_mower_left(void); 
/*** EndHeader */ 
 
void steer_mower_left(){ 
 printf("Steer left\n"); 
 turn_left = 1; 
 is_moving = 1; 
 anaOutVolts(LEFT, L_FORWARD + .05); 
 anaOutVolts(RIGHT, R_FORWARD - 0.12); 
} 
 
/*** BeginHeader go_straight */ 
//go_straight straightens the mower back out after steering 
void go_straight(void); 
/*** EndHeader */ 
 
void go_straight(void){ 
 auto long i; 
  
 printf("Go straight\n"); 
 
 switch(turn_left){ 
  case 0: break; 
  case 1: { 
   steer_mower_right(); 
   i = MS_TIMER; 
   while(MS_TIMER - i < STEERTIME){} 
   go_forward(); 
   break; 
   } 
  case 2: { 
   steer_mower_left(); 
   i = MS_TIMER; 
   while(MS_TIMER - i < STEERTIME){} 
   go_forward(); 
   break; 
  } 
 } 
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} 
 
/*** BeginHeader straighten_out */ 
//straighten_out straightens out the mower after a spin in place 
void straighten_out(void); 
/*** EndHeader */ 
 
void straighten_out(void){ 
 auto long i; 
 stop_mower(); 
 printf("Straighten Out\n"); 
 switch(spin){ 
  case 1:{ 
   anaOutVolts(LEFT, FORWARD_SLOW); 
   i = MS_TIMER; 
   while(MS_TIMER - i < SPINTIME){} 
   stop_mower(); 
   break; 
  } 
  case 2:{ 
   anaOutVolts(RIGHT, FORWARD_SLOW); 
   i = MS_TIMER; 
   while(MS_TIMER - i < SPINTIME){} 
   stop_mower(); 
   break; 
  } 
 } 
} 
 
/*** BeginHeader is_stopped */ 
//is_stopped returns 1 if the mower is stopped or zero if it is moving 
int is_stopped(void); 
/*** EndHeader */ 
 
int is_stopped(){ 
 if(is_moving) 
  return 0; 
 else return 1; 
} 
 
/*** BeginHeader */ 
#endif 
/*** EndHeader */ 
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7.3 DVT Script for averaging measurements from 2 
“SoftSensors” 

 
class get_point 
{ 
    public void inspect() 
    { 
       /*/add code to determine if data is good data 
    How to do that? 
    */ 
 
    float avgoffset, avgangle; 
 
    //Scales 
    float global, lower, upper; 
    //global = 1.56;  // horz FOV(in mm)/640 
    lower = .625; 
    upper = .526; 
 
    //Constants 
    float height; 
    height = 800;  //in mm 
 
    //Positions, normalized about the center of the image 
    get_point.Point.X = scantoright.Point.X-320;     //scanned from left sensor 
    get_point.Point.Y = scantoleft.Point.X-320;  //scanned from right 
sensor 
 
    //averages 2 Softsensors 
    avgoffset = ((scantoright.Point.X + scantoleft.Point.X)/2)-320; 
    get_point.Distance = avgoffset/1000;  //conversion to meters from 
mm 
 
    //Average angle, make negative to make convention consistent 
    avgangle = (scantoright.Angle + scantoleft.Angle)/2; 
 
    //Angle transformation 
    //get_point.Angle = avgangle; 
 
    //This could work, test to see if it is right 
    get_point.Angle = 0 - ((180/3.1415)*(atan((upper*(avgoffset + height * 
tan(avgangle*3.1415/180))-lower*avgoffset)/height))); 
    } 
} 
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7.4 Raw Data 
 Tables of measurements taken. 
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Straight Path 
 Trial 1 Trial 2 Trial 3 Trial 4 Human 
Distance along path (m) Error (cm) Error (cm) Error (cm) Error (cm) Error (cm) 

1 7.4 4.5 10.2 9.2 4.5 
2 9.5 -0.5 16.0 6.5 2.5 
3 4.0 -7.5 18.7 -0.5 0.2 
4 1.5 -12.0 15.2 -4.3 0.0 
5 -2.3 -11.0 5.2 -4.3 -2.7 
6 3.5 -4.0 -1.5 0.3 -2.5 
7 9.7 0.7 0.5 3.3 -5.0 
8 17.5 4.2 5.2 4.5 -6.5 
9 16.0 1.0 10.2 0.0 -5.0 

10 3.3 -2.5 10.0 -2.7 -7.0 
11 2.5 -2.7 2.0 0.3 -4.2 
12 5.2 2.2 3.5 2.3 -1.7 
13 2.3 2.5 6.5 3.5 -0.1 
14 -1.1 0.0 6.0 1.0 -1.2 
15 -1.5 -2.7 1.0 -2.5 -1.5 
16 1.5 0.3 -1.7 -3.7 -4.5 
17 2.5 1.3 0.3 -1.3 -1.5 
18 -2.0 -0.7 3.3 3.0 2.3 
19 -3.5 -2.7 0.0 1.7 2.3 
20 -1.3 -3.0 -3.7 -1.7 -1.5 
21 1.7 2.0 -2.7 -2.0 -5.2 
22 0.5 -2.7 0.3 0.7 -5.7 
23 -3.0 -4.5 5.5 3.5 -5.2 
24 -7.5 -2.5 11.0 0.0 -3.7 
25 -9.0 0.7 11.2 3.3 0.7 
26 -6.2 0.3 4.3 -8.7 5.2 
27 0.7 -2.3 -1.3 -12.5 4.0 
28 3.4 -6.2 -2.3 -12.7 6.7 
29 0.7 -8.0 2.2 -11.7 7.2 
30 1.0 -7.2 4.2 -5.2 1.0 
31 -2.5 -4.5 2.0 -2.5 0.2 
32 -1.0 -5.0 -0.7 -6.5 -5.0 
33 -4.3 -8.2 0.3 -6.7 -7.2 
34 -4.5 -12.5 0.0 -6.7 -9.5 
35 -4.8 -12.7 -1.3 -2.3 -7.2 
36 -2.0 -5.2 -0.4 -0.3 -3.0 
37 3.7 -4.2 -1.2 -2.5 -0.5 
38 4.5 -6.5 1.5  3.3 
39  -5.5    
40      

Average 1.2 -3.3 3.7 -1.6 -1.5 
Max Positive Error 17.5 4.5 18.7 9.2 7.2 
Max Negative Error -9.0 -12.7 -3.7 -12.7 -9.5 
Standard Deviation 5.6 4.5 5.6 5.0 4.1 
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Curved Path 
 Trial 1 Trial 2 Trial 3 Trial 4 Human 
Distance along path (m) Error (cm) Error (cm) Error (cm) Error (cm) Error (cm) 

1 -0.9 -11.4 2.6 -7.9 -6.5 
2 6.5 -10.8 3.3 -12.5 1.8 
3 10.3 -10.6 -2.0 -13.6 3.5 
4 12.0 -3.4 -9.5 -12.1 -2.5 
5 7.6 2.6 -12.5 -7.9 -2.8 
6 -1.0 7.7 -10.7 -5.6 -4.8 
7 -6.3 3.3 -7.6 -7.1 -5.5 
8 -8.2 -1.3 -6.4 -9.1 -0.3 
9 -4.4 -6.1 -8.7 -9.0 2.5 

10 3.8 -7.7 -9.0 -3.5 2.2 
11 4.1 0.0 -4.7 3.6 4.0 
12 3.0 6.8 1.4 4.4 3.9 
13 5.4 7.1 3.5 -1.4 3.6 
14 6.8 2.0 -1.0 -0.4 3.8 
15 3.6 1.1 -4.0 1.0 2.4 
16 2.3 4.8 -0.9 -3.2 1.7 
17 5.2 4.1 -0.9 -7.3 -1.8 
18 3.1 -2.6 -2.0 -4.6 -3.0 
19 1.0 -5.0 -5.8 -2.2 0.0 
20 1.6 -4.7 -7.5 0.2 4.5 
21 5.7 0.0 -6.2 0.2 4.9 
22 10.0 6.1 -3.4 0.0 6.0 
23 13.3 4.4 0.5 -2.4 4.3 
24 13.6 7.8 3.4 -4.8 -0.7 
25 9.3 2.6 3.5 -4.1 -3.1 
26 3.8 -0.4 -1.1 -1.1 -8.6 
27 -1.9 0.0 -5.2 -0.9 -8.8 
28 -5.0 3.9 -9.0 -1.4 -5.1 
29 -5.7 2.4 -7.7 -5.4 -0.4 
30 -1.2 -1.8 -2.6 -8.0 1.5 
31 3.4 -5.4 -1.4 -5.2 2.6 
32 3.7 -6.8 -4.0 -2.6 1.9 
33 0.5 -4.0 -5.8 -4.0 -0.4 
34 1.8 2.8 -3.3 -9.3 -1.0 
35 4.6 6.1 -1.9 -10.2 -4.5 
36 7.8 3.5 -3.9 -6.2 -9.7 
37 8.1 -0.7 -3.2 -2.1 -13.6 
38  5.8 -0.1 -2.3 -13.0 
39     -7.6 
40      

Average 3.4 0.1 -3.5 -4.4 -1.2 
Max Positive Error 13.6 7.8 3.5 4.4 6.0 
Max Negative Error -8.2 -11.4 -12.5 -13.6 -13.6 
Standard Deviation 5.4 5.4 4.2 4.3 5.1 
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Sine Wave Path 
 Trial 1 Trial 2 Trial 3 Trial 4 Human 
Distance along path (m) Error (cm) Error (cm) Error (cm) Error (cm) Error (cm) 

1 -10.0 0.0 3.1 8.2 4.4 
2 -11.5 -3.5 8.3 -17.4 7.6 
3 -11.4 -5.3 4.5 -23.0 12.1 
4 -7.5 -12.5 -1.7 -22.6 14.0 
5 3.3 -17.0 -6.4 -19.8 10.5 
6 7.4 -17.4 -6.3 -25.6 7.4 
7 19.6 -17.6 2.0 -23.4 7.5 
8 20.4 -24.2 16.6 -10.0 12.7 
9 17.8 -18.7 21.4 -5.0 15.8 

10 19.5 -6.2 21.7 -3.1 12.5 
11 25.5 -7.9 23.8 3.4 6.2 
12 26.9 -2.6 27.5 7.4 11.6 
13 18.0 6.8 26.5 5.6 10.5 
14 10.4 3.1 15.3 6.1 5.9 
15 4.1 -0.8 7.4 11.2 3.8 
16 -0.6 -0.2 2.4 15.4 3.5 
17 0.5 7.8 4.0 22.2 -2.5 
18 0.9 14.8 5.5 24.0 -3.6 
19 -1.1 22.3 6.5 17.3 -7.0 
20 -3.4 26.2 4.4 11.9 -11.4 
21 -7.3 21.3 -0.3 11.7 -10.2 
22 -14.8 14.5 -3.4 12.7 -10.1 
23 -17.7 8.4 -11.4 6.4 -18.4 
24 -18.6 8.6 -15.6 -3.0 -24.5 
25 -19.2 9.0 -17.3 -6.3 -19.6 
26 -15.3 4.1 -19.0 -6.4 -11.8 
27 -10.4 -3.4 -19.8 -6.5 -2.4 
28 -5.6 -9.3 -18.6 -5.6 -1.8 
29 -2.4 -12.8 -10.6 -8.5 4.0 
30 -7.4 -12.5 -1.4 -14.1 -7.1 
31 -8.5 -9.0 3.7 -21.5 -6.8 
32 -4.6 -11.6 0.5 -29.8 0.4 
33 -3.7 -16.0 4.4 -28.6 8.1 
34 3.4 -20.6 4.1 -21.7 25.8 
35 7.8 -22.8 9.2 -15.7 35.8 
36 9.8 -14.0 15.2 -10.1 37.5 
37  -11.6 7.4 -8.9 34.9 
38  -12.8    
39  -11.9    
40  -9.6    

Average 0.4 -4.1 3.1 -4.7 4.2 
Max Positive Error 26.9 26.2 27.5 24.0 37.5 
Max Negative Error -19.2 -24.2 -19.8 -29.8 -24.5 
Standard Deviation 12.9 12.9 12.7 15.1 14.5 
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Offset Discontinuity 
 Trial 1 Trial 2 Trial 3 Trial 4 Human 
Distance along path (m) Error (cm) Error (cm) Error (cm) Error (cm) Error (cm) 

1 -6 -2.8 -5.3 -1.1 -2.6 
2 -1.8 -2.0 -6.0 5.7 -0.3 
3 1.0 3.0 -3.0 9.2 0.0 
4 0.6 7.3 2.7 6.3 2.8 
5 -3.4 13.5 7.9 3.7 8.4 
6 -6.4 15.3 14.3 -3.7 8.6 
7 -2.2 13.6 14.4 -7.6 8.0 
8 0.0 4.5 7.2 -10.4 7.8 
9 -3.1 0.0 1.9 -2.4 -5.4 

10 -20.5 -13.0 -15.7 -13.0 -11.0 
11 0.0 3.6 -0.6 -3.3 10.7 
12 9.5 7.7 4.6 6.7 7.5 
13 1.1 10.3 4.6 9.2 3.1 
14 -5.8 -0.8 -4.5 -9.8 3.5 
15 1.1 5.4 -8.5 1.2 1.2 
16 -3.3 4.4 -6.4 4.6 2.6 
17 -6.4 -1.2 0.0 -11.1 -0.4 
18 2.6 -3.6 -1.1 0.7 5.3 
19 0.0 1.3 4.0 -1.2 4.7 
20      

Average -2.1 3.5 0.6 -0.9 2.9 
Max Positive Error 9.5 15.3 14.4 9.2 10.7 
Max Negative Error -20.5 -13.0 -15.7 -13.0 -11.0 
Standard Deviation 6.1 7.0 7.6 7.1 5.4 
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Angle Discontinuity 
 Trial 1 Trial 2 Trial 3 Trial 4 Human 
Distance along path (m) Error (cm) Error (cm) Error (cm) Error (cm) Error (cm) 

1 8.6 1.1 -10.5 0.0 3.5 
2 5.4 3.6 -10.1 -4.7 3.9 
3 -2.1 4.1 -4.8 -2.5 0.8 
4 -9.0 2.3 2.8 2.3 0.4 
5 -12.1 -3.1 8.5 0.0 0.6 
6 -12.4 -7.4 9.5 -4.1 -1.0 
7 -7.5 -4.5 3.3 -7.5 -3.0 
8 -2.2 0.0 -4.9 -6.9 -3.8 
9 -2.1 2.1 -10.8 -4.5 0.0 

10 3.8 -7.3 -3.2 -17.2 17.3 
11 1.5 -10.1 1.4 -14.4 11.3 
12 5.9 -4.3 4.9 -7.9 7.5 
13 1.5 2.2 0.8 -0.4 3.3 
14 -2.1 8.9 -6.3 2.3 1.2 
15 -2.5 8.3 -6.8 -1.8 -1.6 
16 1.5 3.1 -2.4 -3.6 -5.5 
17 3.5 0.0 0.8 -2.9 -4.2 
18 0.9 1.3 -0.8 -2.2 -3.9 
19 -4.6  -1.6 2.9 -5.1 
20      

Average -1.3 0.0 -1.6 -3.8 1.1 
Max Positive Error 8.6 8.9 9.5 2.9 17.3 
Max Negative Error -12.4 -10.1 -10.8 -17.2 -5.5 
Standard Deviation 5.9 5.2 6.0 5.3 5.8 
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7.5 John Deere QuikTrak Specifications  
 
(http://manuals.deere.com/cceomview/OMTCU15691_D2/Output/Index.html)   

7.5.1 Engine  
Make Kawasaki  
Engine Model Number FH601V  
Horsepower 14.2 kW (19 hp)  
Displacement 675 cm3 (41.2 cu. in.)  
Cylinders Two  
Operating Range 1550-3600 rpm  
Oil Filter Cartridge Type Full Flow  
Cooling Type Air  
Air Cleaner Paper Element with Foam Precleaner  
Spark Plug Gap 0.75 mm (0.030 in.)  
Spark Plug Torque 22 N·m (16 lb-ft)  

7.5.2 Drivetrain  
Type Hydrostatic  
Pumps HydroGear BDP-10A  
Wheel Motors Parker MF12  
Number of Speeds Variable  

7.5.3 Electrical System  
Charging System 13-amp  
Ignition Fly Wheel  
Starter Solenoid Shift  

7.5.4 Fuel System  
Fuel Type Gasoline, Regular Unleaded  
Fuel Tank Location On Right Side of Operator  
Fuel Capacity 22.7 L (6.0 gal)  

7.5.5 Steering and Brakes  
Steering Dual Control Levers  
Steering Hydraulic  
Park Brake Tire Contact  

7.5.6 Tires  
Rear (Model 647) 20 x 8-8 (with 48 in. deck)  
Front 13 x 5-6  
Rear (Models 657, 667) 20 x 10-8 (with 54 in. and 60 in. deck)  
Inflation Rear (Maximum) 69-97 kPa (10-14 psi)  
Inflation Front (Maximum) 110-138 kPa (16-20 psi)  
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7.5.7 Battery  
Voltage 12-volt  
CCA 340-amp  
Reserve Capacity 67 minutes  
BCI Group Size U1L  

7.5.8 Capacities  
Fuel Tank 22.7 L (6 gal)  
Hydraulic Oil (With Filter) 3.1 L (3.3 qt)  
Engine Oil (With Filter) 1.6 L (1.7 qt)  

7.5.9 Travel Speeds at Full Engine RPM  
Forward 0-13.7 km/h (0-8.5 mph)  
Reverse 0-6.4 km/h (0-4 mph)  

7.5.10 Dimensions  
Wheel Base 1.32 m (52 in.)  
Overall Height 1.14 m (45 in.)  
Overall Length (Model 647) 1.6 m (65.5 in.)  
Overall Width (48 inch deck with chute up) 1.36 m (53.5 in.)  
Overall Width (48 inch deck with chute down) 1.57 m (62 in.)  

7.5.11 Recommended Lubricants  
Engine Oil TURF-GARD® or PLUS-4® 10W30  
Hydraulic Oil JD PLUS-50® 0W40 Synthetic Blend  
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7.6 Z-World SR9000 Smart Star Specifications 
( http://www.zworld.com/documentation/docs/manuals/SmartStar/index.htm ) 
Board Size (with optional backup battery board) 
4.00" × 3.12" × 1.00" 
(102 mm × 79.2 mm × 25.4 mm) 
Connectors 
one RJ-45 (Ethernet) (SR9150 only) 
one 2 × 5, 2 mm pitch (serial programming port) 
one 0.9 mm × 0.5 screw-terminal connector strips (accept 14-30 AWG or 0.05-1.5 mm² 
wire) 
Ethernet Interface 
(SR9150 only) 
Direct connection to 10Base-T Ethernet networks via RJ-45 connection 
Temperature 
-40°C to +70°C 
Humidity 
5% to 95%, noncondensing 
Input Voltage  
5 V DC at 190 mA typical 
Microprocessor 
Rabbit 2000 
Clock 
22.1 MHz 
SRAM 
128K, surface mounted, 512K option 
Flash EPROM 
2 × 256K, surface mounted 
Timers 
Five 8-bit timers cascadable in pairs, one 10-bit timer with 2 match registers that each 
have an interrupt 
Serial Ports 
Three serial ports: 
one CMOS-compatible programming port 
remaining ports software-configurable as two 3-wire RS-232, one 5-wire RS-232, or one 
3-wire RS-232/ 
one RS-485 
Serial Rate 
Selected baud rates up to 115, 200 bps 
CMOS-compatible port supports up to 6.45 Mbps (synchronous) 
 Time/Date Clock 
Yes 
Expansion Port 
Supports up to 7 I/O cards 
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7.7 DVT 542C Machine Vision Sensor Specifications 
(http://www.dvtsensors.com/products/LegendManager.php?action=Spec&Type=542C ) 
 
7.7.1 Size    
112mm x 60mm x 34mm (not including lens)  
7.7.2 Mounting    
Four M4 threaded holes (on the back of unit) 
7.9mm depth  
7.7.3 Weight    
170g/6oz (without lens or integrated light)  
7.7.4 Power Requirements    
24V DC 
300mA (or minimum 7.5W supply) 
regulated and isolated. 
Additional 5W required for integrated light option.  
7.7.5 Operating Temperatures   
 0-45 ° C, 32-113 ° F  
Image Sensor    
542C: 3.6mm x 2.4mm (1/4" format) CCD 
640 x 480 pixel resolution 
5.6µm x 5.6 µm pixels 
Electronic Shuttering    
10 µs – 1 second exposure times  
Optics    
CS mount standard, C mount-capable with optional adaptor  
External Port    
RJ-45 for 10/100 Mbps  
Ethernet communications,  
10 pin keyed 
modular connector for power and digital I/O  
Digital I/O    
24V DC regulated,  
8 configurable inputs and outputs,  
NPN (current sinking) inputs,  
PNP (current sourcing) outputs,  
active high signals. Inputs can sink up to  
1.5mA and outputs source a maximum of 50 mA  
Certifications 
  CE certified 
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7.8 Addco ERC Actuator Specifications 
 
•  Pre-set safe positioning in case of power loss or signal  
•  30 lbs. push/pull force  
•  Speed 3 inches per second  
•  Operating temperature range from -40° to 158° F  
•  Rugged cast-aluminum body  
•  Potentiometer position feedback for closed loop control  
•  3 inch maximum stroke, infinitely adjustable length  
•  Factory lubricated  
•  Tested over 1 million cycles  
•  12 volt DC power  
•  Rod output, cable adaptable  
•  Mounting kit available  
•  Rugged internal delrin nut design  
•  Dustproof and splashproof  
•  Infinite number of position settings  
•  Easy installation and operation  
•  Cost competitive with better manual systems  
•  Position repeatable operation to .0100  
•  Protected against overloads, reverse polarity and electrical spikes  
•  Four point acme screw, all gear drive 
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7.9 PID Tuning Notes 
 
 Describes PID tuning procedure using Ziegler-Nichols procedure. 
 
PID Testing          
 P 0.150 --- --- P or ultimate gain  0.3   
         Pu or period of oscillation 7.71   
 PI 0.135 0.0017 --- delT or sample rate (s)  0.08   
               
 PID 0.180 0.0022 2.168       
           
Trial CK1 CK2 P I D Description of Performance   

 26-May          
1 2.5 0.05 0.2 0 0 Not correcting enough, increase P  
2 - - 0.3 - - Same, increase CK1 first, then maybe P 
3 3 - - - - Sinusoidal, though lost to the right several times, CK2 up? 
4 - 0.06 - - - Worse, keep CK2 at .05   
5 3.2 0.05 - - - sinusoidal, right side weak, adjust right forward slow in  

      mowerdrive to 3.1 from 3.05   
6 - - - - - seems to perform worse, reduced to 3.08 
7 - - - - - reduced further to 3.05, overshooting, reduce P 
8 - - 0.285 - - overshooting, try to raise P   
9 - - 0.3 - - having issues, overshooting still, reduce CK1 to 3.05 

 27-May  - increased throttle slightly      
10 3.05 - - - - overshooting, getting lost CK1 to 3  
11 3 - - - - not as responsive, raise   
12 3.05 0.06 - - - P1 ok, sin wave, a few misses, reduce reset level of "off" actuator

      slightly to begin turns quicker [base + .05] 
13 - - - - - P2 slow at the line, but doesn't overshoot as much 
14 - - - - - increase throttle, the more the better, full throttle(P3) worked 

       well, raise reset speed slightly [base + .025] 
15 - - - - - working well, sinusoidal, at full throttle or low throttle (P4) 

           
 Full PID          

16 - - 0.18 0.0022 2.168 perform very well, minor oscillations, could  reduce settling time 
 PI Control         
 - - 0.135 0.0017 0 not attempted    
           
  Period Measurements (seconds)     Averages 
 P1 16.3 19 18.1 12 15.4 15.6   16.067 
 P2 17 13.3 11.1 14.6 14.8 15.7 14.3  14.4 
 P3 7.7 6.8 4.9 6.3 7.3    6.6 
 P4 8.1 10.4 8.1 5.8 6.9 8.2 7.5 6.7 7.7125 
 
 
 


