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Abstract 

 

As technology advances in all areas of society and industry, the technology used to 

produce one of life�s essentials�food�is also improving. The majority of agriculture 

production in developed countries has gone from family farms to industrial operations.  With the 

advent of large-scale farming, the automation of basic farming operations has increasingly made 

practical and economic sense.   

Broccoli, which is still harvested by hand, is one of the most expensive crops to produce.  

Investing in sensing technology that can provide detailed information about the location, 

maturity and viability of broccoli heads has the potential to produce great commercial benefits.  

This technology is also a prerequisite for developing an autonomous harvester that could select 

and harvest mature heads of broccoli.  

This thesis details the work done to develop a computer vision algorithm that has the 

ability to locate the broccoli head within an image of an entire broccoli plant and to distinguish 

between mature and immature broccoli heads. Locating the head involves the use of a Hough 

transform to find the leaf stems and, once the stems are found, the location and extent of the 

broccoli head can be ascertained with the use of contrast texture analysis at the intersection of the 

stems. A co-occurrence matrix is then produced of the head and statistical texture analysis is 

performed to determine the maturity of the broccoli head. The conceptual design of a selective 

autonomous broccoli harvester, as well as suggestions for further research, is also presented.   

 

 

 



 iii

Acknowledgements 

 
First and foremost, I would like to thank God, without whom there would be no broccoli 

and thus, no thesis.  

I would also like to thank my advisor, Dr. Reinholtz, who has always demonstrated 

kindness, extreme patience and ingenuity. He has consistently given me the incredibly practical 

advice that I am often too blind to see and provided a living example of how an honorable man 

should act in the face of adversity. His dedication to his students and his support with their every 

project are, and will always be, greatly appreciated. 

Next, I would like to thank Brinkley Benson, the �experienced broccoli researcher,� who 

spent many hours classifying the maturities of broccoli heads with me as well as answering 

hundreds of broccoli questions, ranging from the obvious to the ridiculous.   

I would like to thank my parents, Mark and Janice Ramirez, for raising me and 

supporting me throughout college. And finally, my fiancé, Rick Bis, who was always there to 

answer questions about revolute joints and LabVIEW; who continues to force me to eat broccoli 

and even made a broccoli cake for my birthday and who was a bottomless pit of ideas, whenever 

I reached the end of my rope. 

 

 

 

 

 

 

 

 

 

 
 

 



 iv

Table of Contents 
 

Chapter 1. Introduction and Background �����������������..1 

1.1 The Broccoli Market����������������������..1 

1.2 Selective Broccoli Harvesting������������������....2 

 1.3 Single-pass Broccoli Harvesting������������������2 

1.4 Overview of Research��������������������...�.3 

Chapter 2. Literature Review ����������������������..6 

2.1 Broccoli Harvest Research�������������������....6 

2.1.1 Single-pass Harvesting������������������6 

2.1.2 Selective Harvesting������������������...6 

2.2 Computer Vision Research������������������..�..7 

Chapter 3. Broccoli Head Localization and Sizing .�����������.�......9  

3.1 Initial Image Experimentation�����������������..�.9 

3.1.1 Pattern and Color Matching���������������....9 

3.1.2 Hough Transform�������������������..11 

3.2 Image Processing�����������������������.11 

3.2.1 Thresholding���������������������.11 

3.2.2 Image Convolution�������������������12 

3.2.3 Canny Edge Detection�����������������..14 

3.3 Broccoli Head Localization�������������������.15 

3.3.1 Hough Transform�������������������..15 

3.3.2 Flower Head Detection��..��������������...17 

3.3.3 Flower Head Sizing��...����������������19 

Chapter 4. Texture Analysis from a Co-occurrence Matrix��..�������.23 

4.1 Standard Deviation of Texture������������������.24 

4.2 Textural Features using a Co-occurrence Matrix��������.���26 

4.2.1 Grey-scale Co-occurrence Matrix����������.���27 

4.2.2 Grey-scale Reduction������������������28 

4.2.3 Texture Analysis�������������������...29 

4.2.4 Angular Second Moment���������������..�29 



 v

4.2.5 Inverse Difference Moment�������������..��32 

4.2.6 Difference Variance����������������.��.34 

4.2.7 Contrast�����������������������.36 

4.2.8 Decision Rule���������������������38 

4.2.9 Maturity Scale��������������������...40 

Chapter 5. Conceptual Design of an Autonomous Broccoli Harvester..�����.41 

5.1 Conceptual Design of Manipulator/Harvester����������.��41 

5.2 Platform������������������������..��.43 

5.3 Broccoli Storage Receptacle������������������....45 

Chapter 6. Future Research ������������������...����46  

 6.1 Additional Maturity Algorithm Research��������������46 

6.2 Platform Prototype and Guidance Program�������������.48 

6.3 Future Broccoli Research��������������������.48 

6.4 Additional Applications for Harvester���������������.49 

 6.5 Further Plant Research���������������������.50 

Chapter 7. Conclusion�������������������������.51 

References..�����������������������������..52 

Appendix A: Results from Dynamic Standard Deviation����������....54 

Appendix B:  Texture Analysis Equations�����������������55 

Appendix C: Results from all Texture Analysis Equations����������.57 

Appendix D: Basic Texture Images and Results��������������...59 

 

 

      
 

 

      

 
 

 



 vi

List of Multimedia Objects 
 

List of Figures 
Figure 1.  Broccoli Fields at Virginia Tech�s Kentland Farm��������������.3 

Figure 2.  Broccoli plant with loose florets and beads..���������������.�.4 

Figure 3.  Cat-eye or starring pattern on broccoli head���������������..�.5 

Figure 4.  Results of pattern matching software used to find the broccoli flower head����10 

Figure 5.  Close-up of broccoli leaf to show vein pattern���������������..10 

Figure 6.  Image of a broccoli plant�����������������������...12 

Figure 7.  Image of a broccoli plant after a threshold has been applied����������12 

Figure 8.  Example of image convolution using a smoothing filter�����������...13 

Figure 9.  Image after a threshold and Canny Edge Detection�����������.��.15 

Figure 10. Display of an accumulator array�������������������.�..16 

Figure 11. Lines corresponding to straight edges in an image�������������..16 

Figure 12. Expected result; stem lines intersect over broccoli flower head��������..17 

Figure 13. Common result; stem lines intersect around broccoli flower head�������..17 

Figure 14. Results of average stem line intersection algorithm to find close broccoli head��.18 

Figure 15. Results of average stem line intersection algorithm to find distant broccoli head�...18 

Figure 16. Locations of initial contrast analysis of the broccoli head����������...20 

Figure 17. Areas of interest emanating out from initial high contrast area��������...21 

Figure 18. Approximate extent of broccoli head, as found by contrast measurement���.�.22 

Figure 19. Immature broccoli head������������������������23 

Figure 20. Mature broccoli head�������������������������23 

Figure 21. Over-mature broccoli head����������������������...24 

Figure 22. Grey-level intensity values of mature broccoli florets������������.24 

Figure 23. Grey level intensity values of immature broccoli florets..����������...25 

Figure 24. A matrix, representing the grey-scale intensity values of an image�������.27 

Figure 25. The co-occurrence matrix of Figure 24, before normalization���������.28 

Figure 26. All pixels are of the same intensity�������������������..30 

Figure 27. Pixels alternate between intensities of 255 and 125�������������.31 

Figure 28. Pixels with intensity values between 255 and 0 are randomly scattered�����..31 



 vii

Figure 29. Grey-scale image of mature broccoli head����������������...32 

Figure 30. Grey-scale image of immature broccoli head���������������...32 

Figure 31. Pixels alternate between intensities of 0 and 255��������������.33 

Figure 32. Pixels with intensity values of 100 and 130 are randomly scattered�������33 

Figure 33. All pixels are of the same intensity�������������������..34 

Figure 34. Pixels with intensity values between 255 and 0 are randomly scattered�����..35 

Figure 35. Pixels alternate between intensities of 0 and 255��������������.35 

Figure 36. All pixels are of the same intensity�������������������..37 

Figure 37. Pixels alternate between intensities of 255 and 125�������������.37 

Figure 38. Half the image is 256 and the other is 0�����������������...37 

Figure 39. Three dimensional plot showing the linear separability of mature and immature  

       heads by the four texture features������..�����.�������.....39 

Figure 40. Conceptual design of manipulator/harvester mechanism ����������....42 

Figure 41.  Virginia Tech�s autonomous land vehicle, Johnny-5������������..44     

Figure 42. Rows of broccoli��������������������������..44 
 

List of Tables 
Table 1. Mean and Standard Deviation of line scan of Broccoli Heads when N>20�����26 

Table 2. Percent difference between textural features of immature and mature heads�.���38 

 

List of Equations 
Equation 1. Magnitude of gradient������������������������14 

Equation 2. Angle of gradient��������������������������14 

Equation 3. Contrast�����������������������������...19 

Equation 4. Standard Deviation�������������������������.25 

Equation 5. Reduction Formula�������������������������.28 

Equation 6.Angular Second Moment�����������������������.30 

Equations 7. Inverse Difference Moment���������������������..32 

Equation 8. Difference���������������������������..�.34 

Equation 9. Difference Variance�������������������������35 

Equation 10. Maturity Scale��������������������������..40 


