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ABSTRACT- A real-time, site-specific, machine-vision based, inter-row patch
herbicide application system was developed and evaluated. The image resolution
was 640 × 480 pixels covering a total area of 350 mm x 240 mm of a field
composed of four quadrants of 350 mm x 60 mm each. The image frames were
processed by LabView® and MatLab®. The developed algorithm, based on weed
coverage ratio and segmentation method for separating soil from plants, was chosen
to be 2G-R-B. The unit was lab-tested to evaluate the accuracy of the sprayer at
three travel speeds of 2, 4 and 6 km h-1. The effect of travel speed on spraying delay
was not significant when using LabView®, while it was significant when MatLab®

was used for image processing. A binary analysis algorithm showed that
misclassification rates for plant (MCRP) and soil (MCRS) were (2.4±1.3)%
[mean±SD] and (2.8±0.7)%, respectively and correct classification rates for plants
(CCRp) and soil (CCRs) were (96 ±1.1)% and (93.8±1.3)%, respectively. During the
field test, three herbicide application treatments consisting of target patch spraying,
conventional (uniform) spraying and no spraying (control) were compared at three
levels of weed coverage (low, medium and high). In the patch spraying treatment, a
spray mixture of 2-4-D (0.35%) was sprayed only over the weed patches, while the
conventional treatment plots received uniform and continuous applications of the
same mixture. The result showed that the herbicide used in each patch spraying plot
was proportional to the weed coverage level. On average, the target application
resulted in 75% less herbicide consumption compared to the conventional
application, while the patch spraying application was as effective as the
conventional application for the eradication of weeds.
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INTRODUCTION

Since weed control is one of the essential farming practices towards high crop yields,
adoption of sustainable weed management systems plays an important role in modern
agriculture. In conventional crop management systems, agro-chemicals are uniformly
applied through the whole field. Several studies have confirmed that weeds are generally
clustered together in patches within a field (19, 24, 32, 33). Yang et al. (31) mapped
weed distribution of a maize field using digital images. The results showed that only
59% of the maize field required full herbicide application having a weed density of 5%
or more, based on the percentage of greenness area in the images. As numerous studies
have shown that weed population is non-uniform within agricultural fields (3, 5, 6, 12,
13), adoption of a site-specific weed management (SSWM) system has potential
economic and environmental benefits. Site-specific weed management, based on
variable rate technology (VRT) is one of the most widely used technologies in precision
agriculture (20). In this technique, agricultural production inputs (such as chemicals,
fertilizers, etc.) are applied proportional to the needs of each management section of the
field (8). By controlling weeds site-specifically, herbicide consumption is reduced 30%
to 97%, without losing efficacy (2, 9, 10, 16, 22, 24, 25, 34). VRT eliminates the need to
apply herbicide on places where weeds are not present or weed density is below a preset
threshold value. Weeds can be identified by employing real-time sensors or using a
predetermined digital weed map. This map is used in conjunction with a differential
global positioning system (DGPS) and a variable rate sprayer control system to produce
an application map (8).

Al-Gaadi and Ayers (1) integrated GIS and GPS into a spatially variable rate
herbicide application system using a direct nozzle injection field sprayer equipped with
real-time DGPS. GopalaPillai et al. (14) tested an electronic flow control system for site-
specific herbicide application. The control system used spray nozzles coupled with
solenoid regulated valves, using pulse-width modulation at 10 Hz and duty cycles of 10-
100% to control flow rate. They concluded that further research was necessary to
establish the best nozzle frequency as well as to modify the controller to operate it with a
real-time weed sensing system. Tian et al. (28) developed and tested a real-time
machine-vision sensing system with an automatic herbicide sprayer. This system saved
48% herbicide application compared to conventional spraying. Later, a vision-sensor-
based precision chemical application system was developed and tested by Tian (28).
Multiple vision sensors were used to cover the target area and each individual spray
nozzle was controlled separately. Using the onboard DGPS, geo-referenced chemical
input maps were also recorded in real-time. The target hit accuracy test results
demonstrated that the system operated with a 91% overall delivery accuracy while the
sprayer traveled at 3.2 to 14 km/h. A system time lag was most noticeable at higher
travel speeds.

Yang et al. (31) developed the image processing component of weed detection
and mapping system that can be applied to precision farming. The image processing
algorithm first located the green objects in the digital image, then calculated weed
density based on the greenness ratio. The greenness ratio was the portion of an image
where the green intensity was larger than the red and blue intensities. Gerhards et al.
(10) mapped weed seedling distribution prior to and after post-emergence herbicide
application in four fields planted with maize, sugar beets, winter wheat and winter



Development and Evaluation of a Real Time Site-Specific Inter-Row...

41

barley, rotating on one site. Herbicides were applied site-specifically according to the spatial
variation of weed populations using a patch sprayer coupled with DGPS that allowed for
variable rate application and selective control of each section of the spray boom.

Yang et al. (32) developed a weed map by estimating weed coverage and weed
patchiness based on the percentage of the greenness area in the images. Using weed
coverage and weed patchiness as inputs, a fuzzy logic model was developed to
determine site-specific herbicide application rates. Simulations indicated that significant
amounts of herbicide could be saved using this approach.

Timmermann et al. (30) conducted a 4-year experiment on five fields with a
GPS-guided sprayer to evaluate economic benefits of site-specific weed control. They
concluded that herbicide saving was strongly dependent on crop and year and that on
average, 54% herbicide could be saved. Weed control effectiveness and herbicide
savings were determined for a variable-rate herbicide application scenario involving
three rates, including 100, 67 and 33% (27). The performance of the treatments against
blanket applications of each rate used in the variable rate application (VRA) scenario
was tested. Comparing VRA to conventional methods, the former was found to have
achieved the best performance in terms of weed control effectiveness and herbicide use
efficiency. Blanket applications of the highest rate showed inefficient use of herbicide,
because a 33% increase in herbicide use between the medium and high rates only
contributed to a 5% increase in weed control.

Tangwongkit et al. (26) developed a real-time variable rate herbicide applicator
for between-row weeding using machine vision technology. The pulse width modulation
(PWM) drive motor speed control was correlated with the percentage of greenness to
vary the application flow rate by adjusting the duty level of the PWM motor. The
laboratory performance evaluation revealed 20.6% reduction in herbicide consumption.

Celen et al. (4) developed an electronic weed control system using an optical sensor
for selective spraying of weeds in sunflower fields. The system became active when weeds
interrupted a signal passing between the sensor and the reflector. The field test indicated that
the new system consumed a minimum of 0.9 L and a maximum of 1.3 L of spray liquid as
compared with 11 to 13 L for conventional spraying. Loghavi and Behzadi (18) developed a
prototype patch sprayer for a target oriented weed control system by integrating the DGPS
with a geographic information system (GIS). Results showed that herbicide consumption
was reduced to 69.5% compared to the conventional application.

A micro spraying system consisting of five nozzles was evaluated by
Nieuwenhuizen et al. (21) to control volunteer potatoes in sugar beet fields. Average
color information was used to distinguish crops and weed plants using an adaptive
Bayesian classifier. At the forward speed of 0.8 m /s, the system controlled the growth
of 77% of the volunteer potatoes while killing only up to 1% of the crop.

There are several systems, already on the market, that can control the application
rate of agrochemicals. These systems are able to reduce the amount of herbicide on the
field with potential economic and environmental benefits. However, these machines
have a high initial cost and their use cannot be justified for small farms in most
developing countries. This limitation justifies new research to guarantee the use of
Precision Agriculture concepts in these farms.
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The objectives of this study were

to (1) develop a real-time site-specific herbicide application system, based on machine
vision technology and to (2) evaluate the developed system under both laboratory and
field conditions.

MATERIALS AND METHODS

The weed management system consisted of a spraying unit, an image acquisition and
processing system, an electronic circuit, a rotary encoder, solenoid valves, spray nozzles
and other necessary hardware. The prototype site-specific herbicide application system
was developed for a single crop row (Fig. 1). The image frames of the test field between
two adjacent ridges were captured by two cameras (A4 Tech, 1.4 Megapixel, Taiwan)
and sent to a portable computer (Sony, VAIO, NR498E) through a USB port. The
images taken by the cameras had JPEG format to be compatible with image processing
software programs MatLab® and LabView®. The image resolution was 640 x 480
pixels covering a total area of 350 mm x 240 mm of the field. Each image was divided
into four quadrants of 350 mm x 60 mm each. To control each individual nozzle
separately, the area of the field-zone covered by an 11002 Teejet nozzle was selected
equal to the detection zone of the vision system. A LED indicator in the electronic
control circuit monitored the operation of two solenoid valves on the nozzle bodies.

Fig. 1. The prototype site-specific herbicide application system developed in this study

Each pixel of the taken image has three red (R), blue (B) and green (G) color
components. Since the image pixels corresponding to plant leaves have a greater G
component as compared to R and B, the segmentation method for separating soil from
plants was chosen to be “2G-R-B” as shown in Fig. 2. An important advantage of this
formula is reducing the effect of light intensity on image resolution (17). The developed
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algorithm was based on plant leaf greenness (weed coverage ratio). The weed coverage
ratio algorithm was used to calculate the percentage of greenness of each picture frame
relative to the field surface. Weed coverage ratio (WCR) is defined as:

pixelsofnumbertotal
pixelsplantWCR (1)

where “Plant pixels” is the sum of all plant pixels segmented by the “2G-R-B” formula and the total
number of pixels in one control zone is equal to “76800” (160 by 480) pixels.

Fig. 2. Image processing algorithm developed in this study

Therefore, for each image frame with a WCR larger than a preset threshold value,
a signal was sent to invoke the controller circuit of the solenoid valves. Spraying
continued as long as the WCR was above the predefined threshold. Since static threshold
values have been proved to be unreliable in outdoor lighting conditions (28), a dynamic
thresholding algorithm as calculated by equation 2 was adopted to accommodate
variable outdoor lighting conditions.
T=c (I max-I min), (2)

where T is the dynamic threshold, Imax and Imin are the sampled maximum and
minimum of “2G-R-B’’ values, respectively and C is a coefficient determined
experimentally during the pre-test trials.

The cameras had to be installed at a considerable distance ahead of the sprayer
carriage for experiments for which MatLab® was used. For this arrangement, it was
necessary to install a rotary encoder with an appropriate controlling circuit. The encoder
was mounted on the drive shaft of the sprayer’s front wheel and generated pulse signals
to provide information regarding the specific location where that particular image was
captured. To avoid this tedious arrangement, LabView® was used as the alternative
software.
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Evaluation of the Image Processing Algorithm
In order to evaluate the performance of the (2G-R-B) separation method, two
performance indices, correct classification rate (CCR) and misclassification rate (MCR)
were determined. Correct classification rate (CCR) is defined as the ratio of the number
of plant pixels correctly classified to the total number of plant pixels in an image (7). It
is important that soil not be classified as plant. So, MCR was defined as the ratio of soil
pixels classified as plant to the total soil pixels in an image. Binary results of
segmentation scheme were compared to their initial captured field image in order to
determine CCR and MCR for 40 sample images.

Laboratory Tests
The test rig could be pulled at any desirable speed by an MF-285 tractor along a test
track in the Farm Machinery Laboratory, Shiraz University, Iran. The unit was tested to
evaluate spraying accuracy of the sprayer at three travel speeds of 2, 4 and 6 km h -1 by
using both MatLab® and LabView® software programs separately. Farm weeds were cut
and placed on the test track floor under the sprayer carriage, simulating field conditions.
For each trial, a total of 40 weed samples were placed on the lab floor in two rows.
Water which was marked by Methyl Red (4) was used as spraying agent to label samples
being sprayed (Fig. 3). The mean percentage of spraying accuracy at each tested travel
speed was calculated by equation 3.

System performance accuracy (%) =
B
A ×100 (3)

where
A: weed samples sprayed by the test rig.
B: total number of weed samples laid on the test track.

To determine the amount of herbicide saved in patch spraying compared to
conventional (uniform) spraying, filter papers were laid under the weed rows to
determine the ratio of the sprayed colored area to the total test track area (uniform
application sprayed area). Each test was replicated three times to confirm the reliability
of the system.

Fig. 3. Placement of weed samples in the laboratory test track
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Field Tests
Field tests were conducted in a cornfield at the Agricultural Experiment Station, College
of Agriculture, Shiraz University. The experiment started when corn plants had 4 to 6
leaves. Row spacing was 76 cm and individual plants were spaced at 12 cm apart along
the row. A MF-285 tractor at a forward speed of 3 Km h-1 pulled the test apparatus. Two
Teejet 11002 spray nozzles were mounted on a sprayer boom 76 cm apart, at a height of
30 cm above the ground and slightly tilted toward each other to provide symmetric
spraying areas on both sides of the planting row. Each nozzle was controlled
independently by a 12 VDC powered solenoid valve.

The spraying nozzles were adjusted in a tilted position to spray directly and
normally on both sides of the back furrow. A pair of deflector plates was mounted back
to back on the sprayer boom midway between the nozzles to prevent the presence of
corn plant leaves in the picture frames and to keep them from being subjected to the
applied herbicide. A randomized complete block design experiment was conducted with
three herbicide application treatments to assess the field performance of the system.
Treatments consisted of target patch spraying, conventional (uniform) spraying and no
spraying (control) with three replications at three levels of weed coverage (low, medium
and high). In the patch spraying treatment, a spray mixture of 2-4-D (0.35%) was
sprayed only over the weed patches detected by the two cameras and controlled by the
microprocessor, while the conventional treatment plots received uniform and continuous
application of the same mixture. The amount of herbicide application in the conventional
and patch spraying treatments and the effectiveness of the applications were measured at
5-20% (low), 20.1-40% (medium) and 40.1-100% (high) levels of weed coverage. A
square frame (0.5m×0.5m) was used to measure weed coverage ratio (percent of test
area covered by weeds) before and after herbicide treatments. Weed coverage ratio was
measured using a WCR algorithm (equation 1). Field images were captured by placing
the frame randomly at five locations in each of the treatment plots. According to Pierce
(23), there are two indices for effectiveness (weed eradication) of herbicide application.
The first is “percent control” that compares the weed count (density) after each
herbicide application treatment with its original weed count before application. The
second index is “weed control” which compares the average weed count of treated plots
with that of the control (untreated) plots.

These two indices can be calculated by equations 4 and 5.

100.. 



A

BACP (4)

where
P.C.: Percent control
A: average number of weeds present in each plot before herbicide application and
B: average number of survived weeds in each plot three days after herbicide

application.

100



C

TCindexcontrolWeed (5)

where
C: average number of survived weeds in control plots and
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T: average number of survived weeds in treated plots.

RESULTS AND DISCUSSION

Typical Weed Distribution
Based on the results, weeds were found to be distributed in clumps or patches

within the test corn field. Measurements of weed infestation density before herbicide
application showed that weeds covered 20-60% of the plot areas (Fig. 4).

Fig. 4. Typical distribution of weeds in test plots

Evaluation of the Algorithm
Based on the results, misclassification rates for plant (MCRP) and soil (MCRS) were found
to be (2.4±1.3) % and (2.8±0.7) % [mean±SD], respectively, while correct classification
rates for plants (CCRp) and soil (CCRs) were (96.0±1.1) % and (93.8±1.3) %, respectively.

Plant zone detection accuracy of the WCR algorithm was determined during the
corn’s growing stage of 4 to 6 leaves. Experimental data in Table 1 illustrate the number
of times the plant zones were in the specific portion of the test images, and the number
of correct recognitions by the controller.

Spraying Accuracy
The effect of travel speed on system performance accuracy was not significant when
LabView was used as the image processing software (Figure 5). Since it was desirable to
prepare and develop the system for real–time application, adoption of the MatLab® software
resulted in significant occurrences of spraying delay (10%) as compared to LabView®

(<3%) where real-time spraying operation was adopted. In fact, lab tests revealed that
replacement of MatLab® with LabView® resulted in 7% less delay lags.

Table 1. The WCR algorithm recognition accuracy test
Test No. Nozzle 1 Nozzle 2

Occurrenca Recognitionb Occurrenca Recognitionb

Test 1 40 38 38 35
Test 2 35 32 43 41
Test 3 36 34 33 31
Test 4 42 40 37 34

Correct Response (%) 94.03 93.3
a Total No. of plants in the field test
b No. of times plant zone was recognized correctly
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Fig. 5. Test results of weed recognition accuracy at various travel speeds

Fig. 6 exhibits average delay magnitudes at various carriage forward speeds and three
spacings adopted between prepared samples on the test track. By increasing travel speed, the
magnitude of spraying delay significantly increased when MatLab® software was used. This
could be mainly attributed to the lack of proper output of the rotary encoder due to the
skidding of the carriage land wheel. Since the rotary encoder was not used in the unit when
LabView® was employed as image processing software, the percentage of displacement
delay was less than 3%. Several factors such as rotary encoder error due to the skidding of
the driven wheel of the sprayer, solenoid response time, and system pressure fluctuations
resulting from sudden opening and closing of spray nozzles are considered to be responsible
for the application delays observed in these tests.

Fig. 6. Average displacement delay vs. travel speeds for Matlab® software

Table 2 shows the comparison between sprayed area and expected sprayed area
(area covered by weeds) in the patch spraying application as a version of SSWM
employed in this investigation. Percentages of sprayed areas are smaller than the
expected sprayed areas at higher travel speeds especially in experiments where the
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MatLab software was used. Reductions in the sprayed area could be attributed to the
larger spraying delays at higher travel speeds and the rotary encoder errors associated
with using MatLab® software.

Table 2. Comparison between of sprayed and expected sprayed areas at three travel speeds
Travel speed (km h-1)Software used

642
273134MatLab

303234LabView

Expected sprayed area is constant at 34% for all speeds and both software systems.

Amount of Herbicide Application

Measuring weed infestation density before herbicide application showed that weeds
covered about 20-60% of the plots. Therefore, a significant reduction in herbicide
application was expected by implementing patch spraying instead of conventional
(uniform) spraying. Fig. 7 compares the average amount of herbicide sprayed in the
conventional and patch spraying treatments (SSWM) conducted in the field experiment.

(a)

(b)

Fig.7. Comparison between mean values of herbicide consumption rates in the conventional and
patch spraying treatments for (a) LabView® and (b) MatLab® software programs
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Analysis of variance of the mean values of the herbicide application data showed that
the two spraying methods were significantly different at 99% confidence level. On the
average, the target application resulted in 75% less herbicide consumption compared to
the conventional application. Haggar et al. (15) estimated a 60% herbicide reduction by
using site-specific spraying. Rew et al. (24) reported saving chemicals from 34 to 97% if
herbicides were only applied to the areas where weeds were detected. Gerhard et al. (9)
observed that herbicide use could be reduced up to 50% by intermittent spraying using
an economic threshold in winter wheat fields. Biller (2) reported that by establishing
weed patches and performing site-specific spraying, reduction of herbicide consumption
between 30 to 70% could be obtained.

In Fig.s 8a and 8b, bar graphs of ‘percent control’ and ‘weed control’ indices for
patch and conventional treatment spraying are shown, respectively. The mean values of
these two indices are not significantly different at 95% confidence level for the two
herbicide application methods indicating that patch spraying application was as effective
as the conventional (uniform) application method in the eradication of weeds.

Fig. 8. (a) Percent control of the herbicide application treatment
(b) Weed control of the herbicide application treatment
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According to Fig. 9, the average amount of herbicide application rates in patch
spraying plots is linearly proportional to the weed coverage of those plots. This indicates
that the patch spraying system has successfully controlled spraying in response to weed
density.
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Fig. 9. Comparison between weed coverage and herbicide application rate at patch spraying plots

CONCLUSIONS

A real time, site-specific, machine-vision based, inter-row patch spraying herbicide
application system was developed and evaluated. Based on lab-tested evaluation, the
accuracy of the patch spraying performance increased at lower travel speeds using
LabView® software due to its faster processing time in comparison with MatLab®.  Field
evaluation tests showed that the herbicide consumption rate for each of the patch
spraying plots was linearly proportional to the weed coverage of the plot. The target
application resulted in saving 75% herbicide compared to the conventional practice,
while patch spraying application was as effective as the conventional (uniform)
application method in the eradication of weeds. The results proved promising for future
adoption of such system, which is both cost effective and environmentally friendly.
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ساخت و ارزیابی یک سامانه مدیریت خاص مکانی و بلادرنگ علف هاي 
هرز بین ردیف هاي کشت

*1رئوفتمحمد حسین و**1، محمد لغوي*1فرعلی محمدشیرزادي

ایران.ا.بخش مکانیک ماشین هاي کشاورزي، دانشکده کشاورزي، دانشگاه شیراز، شیراز، ج1

سـاخته و ارزیـابی   ماشـین بینـایی  بین ردیفی و بلادرنگ بر مبانی موضعییک سامانه خاص مکانی سمپاشی -چکیده
میلی متر متشکل از چهار بخش 350×240پیکسل بود و سطحی از کشتزار به ابعاد 640×480تصویر هر وضوح . گردید

. گردیدپردازش MatLabو LabViewتصاویر گرفته شده توسط دو نرم افزار . میلی متري را پوشش می داد350×60
قـت  د. براي محاسبه نسبت پوشش علف هرز و جدا سـازي گیـاه از زمینـه خـاك اسـتفاده شـد      2G-R-Bاز الگوریتم 

تـاثیر سـرعت   . کیلو متر در ساعت در آزمـون آزمایشـگاهی ارزیـابی گردیـد    6و 4، 2پیشروي سرعتسمپاشی در سه 
معنـی دار  LabViewمعنی دار ولی بـا اسـتفاده از   MatLabپیشروي بر تاخیر در پاشش بهنگام استفاده از نرم افزار 

±101(و ) %  4/2±3/1(الگوریتم تحلیل دوتایی نشان داد که نرخ طبقه بندي نادرست گیاه و خاك بـه ترتیـب   . نبود
اجـراي آزمـون   .اسـت ) %  8/93±3/1(و  ) %  96±1/1(به ترتیـب   و خاك و نرخ طبقه بندي درست گیاه ) %  8/2

در ) کنتـرل (و بـدون پاشـش   ) یکنواخت(هدفمند،  متداول موضعیمزرعه اي تیمارهاي پخش علف کش شامل پاشش 
بـا  D-4-2محلـول  موضعی در تیمار پاشش . مورد مقایسه قرار گرفت) کم،  متوسط و  زیاد(سه سطح پوشش علف هرز 

حالی که در کرت هاي تیمار متداول،  پاشش همـان علـف   درصد فقط بر روي علف هاي هرز انجام شد، در/. 35غظلت 
موضـعی نتایج نشان داد که میزان علف کش مصـرفی در کـرت هـاي پاشـش     . کش بطور یکنواخت و پیوسته انجام شد

درصدي علف کـش میگـردد و ایـن در    75متناسب با سطح پوشش علف هرز است و بطور متوسط موجب صرفه جویی 
در از بین بردن علف هاي هرز به همان اندازه پاشـش یکنواخـت   موضعیل علف کش بصورت حالی است که تاثیر اعما
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