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After implementation was complete, a test row was built to 
characterize the navigation controller. The test row made of 
solid barriers was built to impart a unit step error input to 
the fuzzy controller to allow for the evaluation of the control-
ler response and steady state error. Both positive and nega-
tive step inputs were tested. The widths of the simulated row 
changed between 91 cm (36 in) and 61 cm (24 in), depending 
on the step function polarity of the test. The setup for these 
tests are depicted in Figures 13 and 14. 

Figure 13: Unit step navigation testing 

Figure 14: Positive and negative step function experiments

For simple performance measurement, the left and right dis-
tances were streamed from the Arduino MEGA to a PC for 
logging. This measurement method was selected because of 
a lack of inexpensive and simplified global localization refer-
ences. All samples for the tests were collected at the 20 Hz 
control loop frequency. 

A second test was devised to entertain the performance pos-
sibilities of the controller in a straight corn row, where the 
distance measurements vary greatly due to gaps between 
the crops and overhanging leaves present in the LIDAR sens-
ing space. The corn row used in the test was a simulated row 
made from painted PVC pipe stalks and aluminum foil leaves. 

The row was arranged to be 91 cm (36 in) wide, and 16 corn 
stalks long at 20 cm (8 in) spacing. The experiment layout for 
the second test is depicted in Figures 15 and 16. 

Figure 15: Centering tests in simulated row of corn 

Figure 16: Navigation space was irregular in the second test 

3. Results 
The positive step response of the controller is shown in Fig-
ure 17. The rise time of the left distance shows the row be-
coming suddenly expanded, and settles to a steady state 3 
seconds into the test when the robot steers to the left, allow-
ing the right distance to converge with the left. This settling 
time was 1.5 seconds. The steady state error was evaluated 
within the 3 to 9 second period of the test. Maximum error 
in this steady state period was within 2.85 cm (3.14% for 91 
cm row width), and had a mean value of 0.74 cm and a stan-
dard deviation of 0.88 cm. 
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Figure 17: Step input response - row width expansion 

The negative step response of the controller is shown in Fig-
ure 18. The fall time of the left distance shows the row be-
coming suddenly compressed, and settles to a steady state 
6.5 seconds into the test when the robot steers to the right, 
allowing the right distance to converge with the left. This set-
tling time was 3.5 seconds. The steady state error was evalu-
ated within the 6 to 12.5 second period of the test. Maximum 
error in this steady state period was within 2.14 cm (3.5% for 
61 cm row width), and had a mean value of 0.22 cm and a 
standard deviation of 0.69 cm. 

Figure 18: Step input response – row width compression 

Response of the controller for simulated corn row naviga-
tion is shown in Figure 19. The inconsistency of the naviga-
tion references provided large and frequent error impulses 
to the controller. The entire simulated row was traversed in 
just over 7 seconds. The centering error was evaluated for 
the entire 7 second period of the test since the corn row was 
straight, without any intended step changes included. Maxi-
mum error for the test was within 34 cm (37.4% from 61 cm 
row width). For seconds 2 through 7 of the test, maximum 
error was within 14.4 cm (18% for 61 cm row width). Error 
throughout the test had a mean value of -3.55 cm, and a 
standard deviation of 8.43 cm. 

Figure 19: Navigation response for simulated corn row test 

4. Discussion 
The fuzzy controller as described was able to successfully 
navigate converging, diverging, and step changes in barrier 

arrangements made to simulate worst-case corn rows. The 
robot was able to navigate a simulated corn row with larger 
and more frequent error than observed in smooth barrier 
step response tests. Further testing will take place in the field 
to facilitate the development of crop row measurement tech-
niques that navigate rows despite varying gaps between in-
dividual crops and overhanging leaves. This will enable the 
design of the fuzzy controller to be used in a large variety of 
row-following systems. As the number of sub-canopy system 
designs increases, the viability of large-scale data collection 
of plant-by-plant characterization will increase. These analy-
ses will offer the benefits found in the field of precision ag-
riculture by treating subplots of a field as individually con-
trolled crop systems. As the row-following fuzzy controller 
is matured and further developed, inexpensive sub-canopy 
sensing systems can become adapted for automated deploy-
ment in both academia and industry, driving the collection 
of plant-by-plant field diagnostics as a wide-spread sens-
ing technique. 

References 
Biber, P., Weiss, U., Dorna, M., & Albert, A. (2012). Naviga-

tion system of the autonomous agricultural robot Bonirob. 
In Workshop on Agricultural Robotics: Enabling Safe, Effi-
cient, and Affordable Robots for Food Production (Collocated 
with IROS 2012), Vilamoura, Portugal. Retrieved from http://
www.cs.cmu.edu/~mbergerm/agrobotics2012/01Biber.pdf    

Darr, M. J. (2004, March). Development and Evaluation of a 
Controller Area Network Based Autonomous Vehicle (Mas-
ters). University of Kentucky. Retrieved from http://uknowl-
edge.uky.edu/gradschool_theses/192 

Mamdani E.H. (1974). Application of fuzzy algorithms for con-
trol of simple dynamic plant. Electrical Engineers, Proceed-
ings of the Institution of, 121(12), 1585–1588. http://doi.
org/10.1049/piee.1974.0328 

Martin, K., Raun, W., & Solie, J. (2012). By-plant prediction of 
corn grain yield using optical sensor readings and mea-
sured plant height. Journal of Plant Nutrition, 35(9), 1429–
1439. http://doi.org/10.1080/01904167.2012.684133 

Moran, M. S., Inoue, Y., & Barnes, E. M. (1997). Opportu-
nities and limitations for image-based remote sens-
ing in precision crop management. Remote Sensing of 
Environment, 61(3), 319–346. http://doi.org/10.1016/
S0034-4257(97)00045-X 

Shi, Y., Wang, N., Taylor, R. K., Raun, W. R., & Hardin, J. A. 
(2013). Automatic corn plant location and spacing measure-
ment using laser line-scan technique. Precision Agriculture, 
14(5), 478–494. http://doi.org/10.1007/s11119-013-9311-z 

Sowers, K. E., Pan, W. L., Miller, B. C., & Smith, J. L. (1994). Ni-
trogen Use Efficiency of Split Nitrogen Applications in Soft 
White Winter Wheat. Agronomy Journal, 86(6), 942–948. 

Stombaugh, T. S., Benson, E. R., & Hummel, J. W. (1998). Auto-
matic guidance of agricultural vehicles at high field speeds. 
ASAE Paper, 983110. Retrieved from http://citeseerx.ist.psu.
edu/viewdoc/download?doi=10.1.1.25.4167&rep=rep1&ty
pe=pdf  

http://www.cs.cmu.edu/~mbergerm/agrobotics2012/01Biber.pdf
http://www.cs.cmu.edu/~mbergerm/agrobotics2012/01Biber.pdf
http://uknowledge.uky.edu/gradschool_theses/192
http://uknowledge.uky.edu/gradschool_theses/192
http://doi.org/10.1049/piee.1974.0328
http://doi.org/10.1049/piee.1974.0328
http://doi.org/10.1080/01904167.2012.684133
http://doi.org/10.1016/S0034-4257(97)00045-X
http://doi.org/10.1016/S0034-4257(97)00045-X
http://doi.org/10.1007/s11119-013-9311-z
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.25.4167&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.25.4167&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.25.4167&rep=rep1&type=pdf

