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 13 
Abstract The collection of oranges normally begins before they have reached the typical 14 

orange colour. Moreover, citrus fruits are subjected to certain degreening treatments that 15 

depend on the standard citrus colour index (CCI) at harvest. In order to facilitate the measure 16 

of this index, a free application that uses image processing techniques has been developed 17 

for Android-based mobile devices using the built-in camera of the device. The image 18 

analysis process is performed on all the images from the live input of the camera to obtain 19 

the CCI of such fruit using the open source OpenCV library. For this purpose, the RGB (red, 20 

green and blue colour coordinates) average value of a pre-selected area of the input image is 21 

calculated and then converted to HunterLab colour space to finally calculate the CCI. 22 

Several tests were carried out in the field with the fruit in the trees and under laboratory 23 

conditions with different varieties of oranges (Navel, Bonanza, Cram and Navelina) at 24 

different stages of maturity, and using different Android devices. The results were obtained 25 

for each device and condition in relation to the colour measured by a camera and compared 26 

with the performance of a panel of workers who evaluated the colour using the traditional 27 

methods. Best R2 values obtained were 0.854 for outdoors conditions and 0.881 when 28 

measurements were done indoors. 29 

Keywords: mobile device, colour analysis, citrus fruits, Colour Citrus Index estimation, in-30 

field conditions 31 

 32 

1. Introduction. State of the art 33 

Colour is one of the main attributes that consumers associate directly with the freshness or 34 

maturity of agricultural food products, so it is a key factor in their preferences over other 35 
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products (Campbell et al., 2004). A practical application where the inspection of the colour is 36 

also needed is the marketing of citrus fruits. Fruits are harvested manually, loaded in boxes 37 

and transported to packing houses, where they are sorted in batches. In the early season, 38 

when the citrus fruit is received in the packinghouse, this sorting focuses on classifying by 39 

colour because it normally needs a degreening treatment using ethylene, whose duration 40 

depends on the colour they present at harvest (Porat, 2008). The standard parameter used to 41 

determine the colour of citrus fruits is the citrus colour index (CCI), being used in the citrus 42 

industry to determine the harvesting date and to decide which fruit should undergo a 43 

degreening treatment and the type of the treatment (Jimenez-Cuesta et al., 1981). 44 

The common way to determine the CCI in the industry is by using colorimeters, which are 45 

specific electronic devices for colour measurement that express colours as numerical 46 

coordinates. However, although colorimeters give accurate colour measures and are small 47 

handy devices, they are expensive and only provide information of a very small area of the 48 

fruit surface (Gardner, 2007), which may not be representative of the colour information of 49 

the whole fruit surface, especially when the fruit has not a uniform colour. In this sense, 50 

calibrated colour cameras can achieve similar results to colorimeters (Vidal et al., 2013). 51 

Another extended way to estimate the CCI is the set of cards simulating the colour and 52 

texture of the fruit at different stages of maturity developed by the Centro de Tecnología 53 

Postcosecha of the Instituto Valenciano de Investigaciones Agrarias (IVIA) and provided by 54 

the Consellería de Agricultura Pesca y Alimentación of the Generalitat Valenciana for 55 

oranges (Fig. 1) and mandarins, which allows a visual comparison of the citrus surface to the 56 

printed colour inside a circular window and so estimate the CCI of such fruit that is printed 57 

on each colour card (DOGV, 2006).  58 
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 59 

Figure 1. Set of coloured texture cards used to estimate visually the CCI of oranges 60 

 61 

A way to automate this measurement is to acquire images of the fruit using digital cameras 62 

and then analysing the colour using image processing software. This method allows 63 

estimating the colour of a bigger region or even the entire fruit, being especially suitable in 64 

those cases where the surface has a heterogeneous colour since the colours of the pixels are 65 

determined individually (Cubero et al., 2011; Lorente et al., 2012). Automated estimation of 66 

colour using image processing presents several advantages regarding the visual inspection 67 

such as accuracy, objectivity and repeatability. However, one of the major drawbacks when 68 

measuring colour using images is that, normally, the colour is provided in red, green and 69 

blue colour coordinates (RGB) since this is the native colour space for most image 70 

acquisition devices. However, this colour space is device-dependent, and it is not a 71 

perceptual colour model. On the contrary, other colour models like CIELAB or HunterLab 72 

are defined in such a way that the distances among colours in the colour space are related 73 

with the differences in the human perception regardless of the position of the colours, so they 74 

are very well suited for colour comparison and appropriate for measuring or representing the 75 

colour of fruits (Mendoza et al., 2006; Arzate-Vázquez et al., 2011; Lang and Hübert, 2012).  76 

In most cases, it is necessary to obtain comparable measurements of the colour by using 77 

colour indices, which combine the colour coordinates in one single ratio easier to be 78 

understood and handled by operators (Quevedo et al., 2013; Cavazza et al., 2013; Cárdenas-79 

Pérez, et al., 2017). The CCI is estimated using a ratio whose definition is based on 80 
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HunterLab colour coordinates and the colour of application ranges from green to orange. 81 

This index determines the need of degreening treatments and the commercial maturity stage, 82 

two important issues, that differ and depend on the variety (Lado et al., 2014).  83 

However, a common vision system needs an external acquisition device (the camera) and the 84 

image processing software, that is normally implemented to be run on a computer, which 85 

prevents to obtain the data instantaneously or to be used in the field, and it is clearly less 86 

practical than the traditional portable texture set of cards or colorimeters. An alternative is 87 

the implementation of the computer vision system in a mobile device like a smartphone. 88 

Currently, a smartphone is a relatively inexpensive hand-held computer with very high 89 

processing capability. In addition, the integration of built-in high resolution sensors and 90 

cameras in these devices makes them practical solutions for many tasks in agriculture and 91 

farming. For example, research has been recently conducted on mobile devices to calculate 92 

solar radiation parameters (Molina-Martínez et al., 2011), real-time livestock monitoring 93 

(Hwang et al., 2013) or prediction of oil palm content (Pamornnak et al., 2015). 94 

The capability to acquire and process images allows these devices to be used to obtain 95 

objective and accurate information on the tasks that have traditionally been based on the 96 

experience of trained workers. For instance, Intaravanne et al. (2012) used the built-in 97 

camera of a smartphone to capture images of bananas and estimate their ripeness depending 98 

on the measurement of the colour. In the work developed by Gómez-Robledo et al. (2013), it 99 

is presented an application to evaluate the soil colour implementing a Munsell soil-colour 100 

model. This application used the built-in camera inside a controlled lighting chamber to 101 

capture and store the images that are later processed. Gong et al. (2013) presented an 102 

android-based application with the aim of predicting the yield of citrus orchards by first 103 

acquiring and storing the images and later processing them. The colour information captured 104 

by mobile devices was used to study the structure of coffee branches and determine the 105 

number of fruits by Ramos et al., (2017) and Avendano et al., (2017). 106 

A summary of the works that use smartphone-based sensors in agriculture is presented by 107 

Pongnumkul et al. (2015). In this review they report that works that use the built-in 108 

smartphone cameras take pictures or videos which are later sent and stored as a whole on 109 

servers or on the cloud for future reference or further inspection sending back the results to 110 

the mobile-phone, or take pictures or videos to be image-processed further in the very 111 

device. They also state that it is necessary to endow these applications with highly intuitive 112 

interfaces, concluding that many applications still do not concern this aspect. 113 
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As we can see from the works mentioned above, the user needs to capture and to store the 114 

images first, and then has to start the app developed to analyse them (in the smartphone or in 115 

an external server), since the apps do not work with the live input of the camera, that is, do 116 

not work on-line. The approach presented in here offers a simple and intuitive user interface 117 

and provides a portable, handy and economical innovation for the estimation of the CCI, 118 

working as a real on-line vision system, providing real-time results and allowing the user 119 

avoiding the management of the stored images since the analysis has been performed on the 120 

live camera input.  121 

It has been tested using different configurations of the camera and under different 122 

environmental conditions, especially outdoors where the image processing is always more 123 

complex due the changing lighting conditions (Sabzi et al., 2017; Sengupta and Lee, 2014). 124 

The results were obtained for each device and condition in relation to the colour measured by 125 

a calibrated image acquisition system and compared with the performance of a panel of 126 

workers who evaluated the colour using the traditional methods, in order to determine 127 

whether this kind of devices can be potentially accurately used when working both in a 128 

packinghouse or outdoors under natural conditions, thus being a helpful tool to the grower 129 

for crop and commercialisation management. 130 

 131 

2. Materials and Methods 132 

The algorithms of colour estimation have been implemented for Android mobile devices 133 

using the open-source BSD-licensed library OpenCV 134 

(https://en.wikipedia.org/wiki/BSD_licenses), the open software development kit (SDK) for 135 

Android (http://developer.android.com/sdk/terms.html), and the programming environment 136 

Eclipse (http://www.eclipse.org/org/documents/epl-v10.php) using Java language. Android 137 

is the most widespread operating system for mobile devices (Puder and Antebi, 2013) and 138 

permits to use and program open-code using a free license. Two sets of devices were used, 139 

the first one (Table 1) was composed of four devices (2 phones and 2 tablets) that were used 140 

to carry out the preliminary tests of the app during the development in the season 2014/15, 141 

and the second set was composed of seven smartphones with different hardware 142 

characteristics (Table 2) and was used to for the final test and validation of the app in real 143 

operating conditions during the next season (2015/16).  144 

 145 

Table 1. Devices used to develop and calibrate the app 146 
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Device type Tablet Tablet Smartphone Smartphone 

Model Samsung  

Tab 2 (GT-P5110) 

Ampe  

A78 Dual Core 

Samsung  

S III (GT-I9300) 

Samsung  

S III Mini 

(GT-I8190) 

Android version 4.0.3 4.2.2 4.1.2 4.1.2 

Display 10.1” 7” 4.8” 4” 

Resolution display 1280 x 800 1024 x 600 720 x 1280 480 x 800 

Built-in camera 3 MP 2 MP CMOS 8 MP CMOS 5 MP 

CPU* 
ARM Cortex-A 

(2 x 1 Ghz) 

RK3066 

(2 x 1.6 Ghz) 

ARM Cortex-A9 

MPcore 

(4 x 1.4 Ghz) 

ARM Cortex-A9 

(2 x 1 Ghz) 

GPU** PowerVR SGX540 ARM Mali-400 MP ARM Mali-400 ARM Mali-400 

*Central Processing Unit 147 
**Graphics Processing Unit 148 

 149 

Table 2. Smartphones used to validate the app 150 

Device 

number 
1 2 3 4 5 6 7 

Model 
BQ Aquaris 

M5 
Cubot S200 

LG Optimus 

L4  

(Tri E470) 

LG Nexus 5 Samsung S3 

Samsung S3 

Mini 

(GT-I8190) 

Sony Xperia 

P 

Android 

version 
5.1.1 4.2.2 4.1.2 6.0.1 4.3 4.1.2 4.1.2 

Display 5'' 5'' 3,8'' 5'' 4,8'' 4” 4'' 

Resolution 

display 
1080x1920 720 x 1280 320 x 480 1080x1920 720 x 1280 480 x 800 540 x 960 

Built-in 

camera 

CMOS 13 

MP 

CMOS 12.78 

MP 

CMOS 3.15 

MP 
CMOS 8 MP CMOS 8 MP CMOS 5 MP CMOS 8 MP 

CPU* 

Snapdragon 

615 Octa 

Core  

(8 x 1.5 Ghz) 

ARM 

Cortex-A7 

(4 x 1.3 Ghz) 

ARM 

Cortex-A9 

(1 x 1 Ghz) 

Snapdragon 

800 Quad 

Core 

(4 x 2.3 Ghz) 

ARM 

Cortex-A9 

Mpcore 

(4 x 1.4 Ghz) 

ARM 

Cortex-A9 

(2 x 1 Ghz) 

ARM 

Cortex-A9 

(2 x 1 Ghz) 

GPU** 
Adreno 405 

550 MHz 

ARM Mali-

400                 

500 MHz 

PowerVR 

SGX531 

Adreno 330 

550 MHz 

ARM Mali-

400                 

500 MHz 

ARM Mali-

400                 

500 MHz 

ARM Mali-

400                 

500 MHz 

*Central Processing Unit 151 
**Graphics Processing Unit 152 
 153 

3. Description of the application 154 

The interface is developed to facilitate the operation of colour measurement by the grower. 155 

When the application runs, the device display is configured in landscape mode with two 156 

well-differentiated zones: the left part being to capture the images and display the results; 157 

and the right area of the screen to configure the app (Fig. 2). To facilitate the colour 158 
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measurement in all conditions, the app can operate in two modes, by comparison with a 159 

colour reference card or of colour estimation by real-time image processing. 160 

The first method contains the preview of the standard coloured texture cards (Fig. 1) for 161 

visual comparison with the sample. Two sets of cards can be selected for oranges and 162 

mandarins. When it is active, the texture card corresponding to the selected texture preview 163 

is superimposed to the image zone and the obtained CCI is given by the indicative value of 164 

the card (Fig. 2b). This method simply substitutes the current physical colour cards by virtual 165 

cards thus facilitating the opportunity of taking measurements with the advantage of 166 

recording the results. However, as the number of cards is limited, the method presents 167 

limitations and the colour of the sample must be approached to the most similar card, which 168 

has a lack of accuracy. Alternatively, in the second method, the app estimates the colour of 169 

the sample in real-time presenting the measurement of the colour using the CCI and also 170 

different colour coordinates (if selected). 171 

 172 

Figure 2. Interface of the application: (a) Information from image analysis is available; and 173 

(b) Set of coloured textures active for alternative visual comparison 174 

 175 

The camera is the key device feature in this application but, depending on the model, the 176 

characteristics of the optics, the sensor, and their configuration and performance can vary. 177 

An important feature to properly measure the colour is the white balance (WB) that is the 178 

process of removing unrealistic colour casts, so that objects which appear white to the human 179 

eye are rendered white in the photo. Proper camera WB has to take into account the colour 180 

temperature of the light source. By default, the auto mode for the WB is set. However, 181 

depending of the illumination of the scene it is possible to choose other particular WB modes 182 

to obtain accurate CCI measurements. In addition, the lantern can be turned on to capture the 183 

images if necessary. Other settings allow setting the size of the measuring spot or the 184 

estimated colour information of the fruit in real-time that will be displayed in the screen 185 

while capturing the images. 186 
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The application shows a circular mask area as region of interest (ROI) in which the colour 187 

data is measured and is located close to the built-in camera position at most devices. Thus, in 188 

the case the lantern is activated, the captured scene is properly illuminated. The circular ROI 189 

can be enlarged or reduced as desired to obtain accurate measurements depending on the 190 

distance to the sample or if the application is used in the field or indoors. If illumination is 191 

good, a bigger area can be measured. 192 

Once the application is running, the camera shows the live image inside the ROI, and 193 

presents the colour information from the sample in real-time. The process to obtain the CCI 194 

in real-time begins with the calculation of the average RGB value from all the pixels of the 195 

ROI. Then, this value is converted to XYZ colour coordinates using equations described by 196 

Mendoza et al. (2006), and finally XYZ are converted into Hunter Lab values using the 197 

equations corresponding to the illuminant D65 and observer 10º described in HunterLab 198 

(1996). Once this conversion is performed, the CCI is calculated using equation (1), where L, 199 

a, b are the coordinates of the Hunter Lab colour space: 200 

 (1) 

The CCI could probably be more accurately calculated by averaging the CCI value of each 201 

individual pixel but the conversion process for each pixel is time consuming for a real-time 202 

process and the results were proved virtually to be the same by Cubero et al. (2014) and 203 

Vidal et al. (2013). Apart from the colour index, colour information of the ROI in different 204 

colour spaces is also given if they are selected from the preferences menu. The colour spaces 205 

provided are RGB, XYZ, CIELAB and HIS (hue, intensity and saturation coordinates). In 206 

addition, the information about CCI and other colour spaces can be saved along with the 207 

image of the fruit and a screenshot of the device showing all data and configuration. Figure 3 208 

shows the flowchart of the vision-based algorithm of the application developed. 209 

 210 

bL

a  1000
  CCI
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 211 

Figure 3. Flowchart of the vision-based algorithm of the mobile application developed 212 

 213 

4. Development and calibration 214 

4.1 Fruit used in the experiments 215 

A total of 55 oranges of different varieties (Navel, Bonanza, Cram and Navelina) at different 216 

stages of maturity were used for the tests. Fruits were chosen between November 2014 and 217 
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March 2015 from experimental parcels at IVIA. The colour of the selected fruits ranged from 218 

uniform dark green to uniform orange including yellowish green to greenish orange to cover 219 

most of the possibilities that can be found in the field. All measurements were carried out in 220 

different sunny days between 11:00 AM and 01:00 PM. Each fruit was labelled and the 221 

colour was measured with the four mobile devices under both field conditions (in the tree 222 

before harvest) and indoor conditions (collected fruits).  223 

 224 

To obtain the reference colour of each fruit, all oranges were photographed using a digital 225 

single lens reflex (DLSR) camera (EOS 550D, Canon Inc, Japan) used to acquire high 226 

quality images with a size of 3456 x 2304 pixels and a resolution of 0.03 mm/pixel. This 227 

reference images were taken by placing each sample inside an inspection chamber 228 

containing the camera and the lighting system. The camera was placed at a distance of 20 cm 229 

from the samples. Illumination was achieved using four lamps that contained two fluorescent 230 

tubes each (Biolux L18W/965, 6500 K, Osram AG, Germany). The angle between the axis 231 

of the lens and the sources of illumination was of approximately 45º since the diffuse 232 

reflection responsible for the colour occurs at 45º from the incident light. However, the 233 

samples have a curved shape that can still produce bright spots affecting the colour 234 

measurements. In order to minimise the impact of these specular reflections, cross 235 

polarisation was used by placing polarising filters in front of the lamps and in the camera 236 

lenses. The fluorescent tubes were powered using high frequency electronic ballast to avoid 237 

the flickering effect of the alternate current and produce a more stable light. The application 238 

EOS utility (Canon Inc, Japan) was used to capture the images of each fruit. This software 239 

allows tuning all the camera parameters like the ISO, shutter speed or resolution as well as 240 

capturing the images without handling the camera. A colour calibration was performed to the 241 

images obtained with this camera using a standardised colour chart (ColorChecker SG Chart, 242 

X-Rite Inc, USA). The colours of the patches in the colour chart were correlated with those 243 

provided by the maker achieving a determination coefficient R2 higher than 99.9 %. 244 

In addition, a semi-trained panel composed of nine experts measured later the colour of the 245 

fruits visually using the standard colour cards. Figure 4 shows representative samples of the 246 

colour of the fruit used in all the experiments. 247 

 248 
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Figure 4. Representative samples of the colour of the fruit used for the experiments 249 

 250 

4.2 Description of the tests 251 

In order to achieve the previous stated objectives, several tests were carried out: 252 

1. The CCI of each fruit was measured using all four mobile devices in the field, with the 253 

fruits in the trees before harvesting (Fig. 5a). This is important to know the performance 254 

of the application when working in field conditions to be used as a tool to aid in the 255 

decision of the harvesting moment. The CCI was estimated using different WB modes 256 

such as auto, cloudy, fluorescent, and with the flash activated. 257 

2. Later, each fruit was harvested and labelled and its CCI was measured in the laboratory 258 

with all four mobile devices under controlled illumination using the same WB options 259 

than in the field (Fig. 5b).  260 

3. The colour of all fruits was later measured using the reference DLSR camera. Four 261 

measurements were acquired; two in the equatorial part, one near the stem-end and 262 

another near the blossom-end. The RGB colour coordinates of the fruit were converted 263 

to Hunter Lab values following the same algorithm developed for the app.  264 

4. Finally, the CCI of each fruit was estimated by the semi-trained panel of nine workers 265 

(inspectors) who annotated their judgement using the traditional current standard texture 266 

colour cards. 267 

 268 

 269 
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  270 

(a)                                                             (b) 271 

Figure 5. Different test conditions: (a) under field conditions; and (b) under controlled 272 

illumination conditions 273 

 274 

Then, for each fruit, the CCI was measured with the mobile devices under field conditions 275 

and under laboratory conditions with three different white balance modes, using the DLSR 276 

camera and by the semi-trained panel. The CCI values calculated by using the mobile 277 

devices in different conditions were compared to those obtained using the reference and the 278 

panel. The statistical analysis of data was performed through multiple regression models 279 

(Montgomery, 2005) using Statgraphics Centurion (StatPoint Technologies, USA) statistical 280 

software. Results achieved during development were used to improve the application and 281 

perform the validations tests. 282 

 283 

5. Validation 284 

Both, the images captured during development and the results obtained allowed 285 

incorporating a number of improvements to make the app more robust and the colour 286 

measurement more accurate under different conditions. To validate the app, the tests 287 

performed for development were repeated in the field and laboratory in the next season 288 

between November 2015 and March 2016 to cover all colour range during the natural 289 

maturation process of the fruit. The experiments were the same than those performed for the 290 

calibration but using all devices listed in the Table 3. The colour of 230 different oranges 291 

was measured with each device in the same trees in the field in different days between 11:00 292 

AM and 01:00 PM under sunny conditions, and indoor simulating the illumination of a 293 

packinghouse. In the test performed to calibrate the app, all the images were captured using 294 
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automatic WB, but to validate the application, the images were captured using different WB 295 

modes like AUTO, CLOUDY, FLUORESCENT, and with the FLASH activated. Figure 6 296 

shows the trees selected from the experimental parcels at the IVIA (top image) and the 297 

relative position of the fruits in the trees with the position and orientation of each tree 298 

regarding the location of the sun (bottom image) in order to cover different conditions 299 

regarding the sun location. 300 

 301 

 302 

 303 

 304 
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Figure 6. Top image: trees surveyed at the experimental parcels at the IVIA including the 305 

position of the sun; and bottom image: location and relative orientation of the fruits in the 306 

trees 307 

 308 

6. Results and discussion 309 

6.1 Performance under different conditions with all the devices 310 

One way for assessing the reliability of the method proposed when working with different 311 

cameras and under different conditions is to compare the value of the coefficient of 312 

determination R2 of the Multiple Regression models between each of the tested built-in 313 

cameras (smartphones) and the reference DLSR camera. This coefficient provides the ratio 314 

between the models explained variability and the total variability of the data, i.e. the 315 

proportion (percentage) of the CCI values that can be predicted by the model. This is 316 

achieved by computing different regression models, using the CCI values of the reference 317 

camera as dependent variables, and the CCI values of the different smartphones as 318 

independent variables. In all cases, linear and non-linear terms (up to fourth polynomial) 319 

were included in the models, using one or the other depending on the statistical significance 320 

(for a Type I risk of 0.05) of the coefficients, in a backward elimination sequential 321 

procedure. The R2 values for the different devices analysed are presented in Table 3, for each 322 

device and WB mode tested, and for each of the two conditions (outdoors and indoors). The 323 

results achieved by the FLORESCENT WB mode are not presented because in all cases the 324 

results achieved were poor. In order to assess for statistical significant differences between 325 

devices, environmental conditions and white balance modes, analysis of variance (ANOVA) 326 

was carried out on these R2 values. Table 4 shows the results of the corresponding analysis. 327 

Table 3. R2 values achieved for the different built-in cameras analysed under outdoors and 328 

indoors conditions  329 

 

Outdoors Indoors 

Device AUTO FLASH CLOUDY AUTO FLASH CLOUDY 

1 0.796 0.854 0.739 0.813 0.831 0.791 

2 0.715 0.737 0.585 0.876 0.842 0.728 

3 0.684 0.703 0.721 0.881 0.838 0.872 

4 0.725 0.795 0.679 0.818 0.834 0.844 

5 0.737 0.798 0.232 0.830 0.820 0.401 

6 0.708 0.766 0.278 0.774 0.753 0.484 
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7 0.723 0.698 0.697 0.806 0.743 0.715 

 330 

 331 

Table 4. ANOVA of the R2 values achieved for the different built-in cameras analysed 332 

Source Sum of Squares Df* Mean Square F-ratio P-value 

Main effects 

 A: Device 1845.520 6 307.586 28.65 0.0000 

 B: Environment 880.551 1 880.551 82.01 0.0000 

 C: WB mode 2272.650 2 1136.330 105.83 0.0000 

Interactions 

 AB 218.408 6 36.401 3.39 0.0341 

 AC 3001.250 12 250.105 23.29 0.0000 

 BC 131.895 2 65.947 6.14 0.0146 

Residuals 128.843 12 10.737   

Total (corrected) 8479.120 41    

*Degrees of freedom 333 

From these results, the most relevant findings are that when the app is used indoors R2 values 334 

are higher and it performs better than in the field, which is quite expected since the 335 

illumination conditions are more stable for the former condition. However, interaction 336 

effects appear between the device, the environments and the white balance mode, which 337 

means that they are interconnected, and that different conclusions can be drawn depending 338 

on, i.e., the environment where the pictures are obtained.  339 

Figures 7 and 8 show the different interaction plots, which are afterwards analysed to derive 340 

the most relevant achievements. From these figures, it can be seen (Fig. 7) that, although the 341 

measurements taken under indoors environment present higher R2 values, these differences 342 

are reduced when working with the flash activated. Actually, within the outdoors conditions, 343 

it can be seen that mode FLASH presents statistically significant differences with mode 344 

AUTO, probably because this way, the colours are homogenised, the light directly coming 345 

from the sun is attenuated and the shadows are cleared. On the contrary, in the indoor 346 

conditions these differences cannot be stated. Finally, CLOUDY mode obtained poorer 347 

results, especially in the field, which can be explained by the existing sun conditions when 348 

the images were taken. It should be noted that CLOUDY mode was selected because, under 349 
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indoor conditions, it seemed to be better visually matching the colors of oranges than with 350 

other modes, which in the light of the results obtained was clearly incorrect. 351 

Analysing each device independently, from Table 3, it can be seen that device 1 (BQ Aquaris 352 

M5) shows the best results when working in the field, especially when the flash is activated, 353 

equivalent to those obtained under well-controlled indoors conditions. When the fruit was 354 

inspected under conditions similar to those found in a commercial packinghouse, the results 355 

were better, performing best the device 3 (LG Optimus L4). However, no large differences 356 

were found among the first four devices. In this case, the best results were achieved using the 357 

auto WB, except in some cases so the recommendation is to set this mode on. Comparison 358 

between conditions and devices can be seen in the interaction plots shown in Figures 7 and 8.  359 

 360 

 361 

Figure 7. Interaction plot for the WB mode and the two environmental conditions 362 

 363 

 364 

Figure 8. Interaction plot for the Device and WB mode 365 
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 366 

Summarising, when the app is used in the field to estimate the colour of the oranges in the 367 

trees, device 1 shows the best performance. Actually, no statistical significant differences 368 

appear between the different modes used although for illustration purposes the mode with the 369 

flash activated is depicted in Figures 9 and 10, showing the relation between the values 370 

predicted with the device and the reference camera, both in the field (Fig. 9) and indoors 371 

(Fig. 10). 372 

 373 

 374 

Figure 9. Observed vs predicted CCI values for Device 1 and FLASH mode in outdoors 375 

conditions (R2 value 0.854) 376 

 377 

 378 

Figure 10. Observed vs predicted CCI values for Device 1 and FLASH mode in indoors 379 

conditions (R2 value 0.831) 380 

 381 
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These results give confidence on the ability of the built-in cameras of smartphones to 382 

reproduce the CCI values obtained with a reference camera, taking into account the huge 383 

variability and heterogeneity of the colours of the citrus fruits, especially when they are 384 

turning from green to orange, and when CCI values of the reference camera were obtained 385 

under well-controlled laboratory conditions. 386 

Since FLASH mode shows the most robust results (i.e. the ones with minor statistical 387 

differences in their means for all devices, no matter if the camera is working outdoors or 388 

indoors), the following analyses were carried out using this WB mode. 389 

 390 

6.2 Comparison to human performance 391 

The current method to evaluate the colour of the citrus before or at harvest is based on the 392 

subjective estimation of workers by comparison with printed colour patterns. In order to 393 

compare the CCI values estimated by different workers to those computed by the mobile 394 

devices, the same dataset was also analysed by nine experts. ANOVA was carried out to 395 

compare the results of all devices (R2) with this new application configured to use the 396 

FLASH WB mode in both indoors and outdoors conditions. 397 

 398 

6.2.1 Comparison of the human performance with all devices in outdoors conditions 399 

Table 5 presents the ANOVA table, and Figure 11a the least significant difference (LSD) 400 

comparison between the devices working outdoors and the human inspection. It can be seen 401 

how the inspectors provide a better relation with the reference camera, i.e. higher R2 values, 402 

with a high statistical significance (very low p-value). 403 

 404 

Table 5. ANOVA table for R2 values achieved for the two types of judges analysed: Devices 405 

vs Inspectors, outdoors conditions. 406 

Source Sum of Squares Df* Mean Square F-ratio P-value 

Judge  231.648 1 231.648 9.12 0.0092 

Residuals 355.787 14 25.4134   

Total (Corrected) 587.436 15    

*Degrees of freedom 407 

Nevertheless, when inspecting the Scatter plot in Figure 11b, it can also be seen how the R2 408 

values from both the devices and the inspectors overlap considerably. Furthermore, the 409 
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estimation performed by the inspectors was carried out under well illuminated indoors 410 

conditions, while the image measurements were taken under changing natural conditions 411 

with the sun illuminating the fruits from different positions, so a fair comparison between 412 

them would be that in indoors. 413 

  414 

    (a)                                                                 (b) 415 

Figure 11. Comparison between the devices working outdoors and the human inspection. (a) 416 

LSD plot for judge; and (b) Scatter plot for judge (Devices vs. Inspectors) 417 

 418 

6.2.2 Comparison of the human performance with all devices in indoors conditions 419 

When repeating the analysis for the indoors conditions, no statistical significant differences 420 

can be assessed between devices and inspectors, as the p-value in Table 6 is higher that the 421 

alpha or Type I risk used (5 %), defined as the risk of rejecting the Null hypothesis when in 422 

fact it is true. This can be also derived from the fact that the two LSD intervals in Fig. 12a 423 

overlap. 424 

 425 

Table 6. ANOVA table for R2 values achieved for the two types of judges analysed: Devices 426 

vs Inspectors, for indoors conditions 427 

Source Sum of Squares Df* Mean Square F-ratio P-value 

Judge 41.9971 1 41.9971 2.16 0.1634 

Residuals 271.641 14 19.4029   

Total (Corrected) 313.638 15    

*Degrees of freedom 428 

Finally, when taking a look at the scatter plot in Fig. 12b, it is possible to see the high degree 429 

of overlapping between judges, so in the end it is possible to say that, when working in the 430 
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same conditions, if there is no interaction between judges and environmental conditions 431 

(indoors or outdoors), both types of estimations are equivalent. 432 

 433 

 434 

    (a)                                                                 (b) 435 

Figure 12. Comparison between the devices working indoors and the human inspection. (a) 436 

LSD plot for judge; and (b) Scatter plot for judge (Devices vs. Inspectors) 437 

 438 

This agricultural app presents certain benefits. It represents a clear advance on the current 439 

visual methods since it introduces objectivity in the colour estimation and substitutes the 440 

current dated colour cards, which are limited to a few number of discrete CCI values 441 

compared to our developed tool capable of obtaining more accurate continuous values. Other 442 

clear advantages are, for instance, the possibility of saving the images for later checking, the 443 

creation of historical reports, the immediate availability for the grower and potential 444 

integration with other tools, and besides its low cost, portability and availability of mobile 445 

technology, being intuitive even for non-specialised personnel. On the other hand, high 446 

amount of possible natural conditions reduces the performance of the app when it is used in 447 

the field, making necessary more research to analyse and discard nonsense colours, bright 448 

spots and discriminate between illuminating conditions to make appropriate colour 449 

corrections that are expected in further versions. In summary, the results are acceptable in 450 

comparison with the method currently used in the industry or by the growers, representing a 451 

clear advance over the current state of the art, since it eliminates the subjectivity but more 452 

research improvements are needed to the image segmentation and CCI estimation reach 453 

human performance. 454 

 455 
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6 Conclusions  456 

A real portable computer vision system that allows measuring the colour index of citrus 457 

fruits automatically, while the fruit is being harvested or under any other process, has been 458 

developed to work with built-in smartphone cameras and successfully tested. The main 459 

advantages are the universal availability of such systems, the portability of this sort of 460 

technology and the simplicity of use of the app, allowing estimating the colour condition of 461 

the fruit (citrus) in the field by means of a real vision system and thus the amount of 462 

degreening processes needed. 463 

The system developed has been implemented on the Android operating system and requires a 464 

minimal interaction of the user, providing a live image of the fruit while it is being inspected. 465 

This is a key feature, since no smartphone-based application developed provides this feature, 466 

thus allowing any non-expert user to get use to this application easily. 467 

The development of the app was done during one season and it was validated in the next 468 

season with different fruit. Three validations were done, the first and second one to compare 469 

the CCI values from the mobile devices operating under natural (outdoors) and controlled 470 

(indoors) conditions respectively, to those obtained by the reference camera. The 471 

measurements in the field are negatively influenced most probably by the changing 472 

illumination conditions, and this fact lowers the correlation to the reference. The third has 473 

compared CCI values from the mobile devices to those estimated by an expert panel using 474 

the colour cards under the same controlled conditions. R2 values of 0.854 and 0.881 were 475 

obtained for outdoors and indoors conditions although the results were influenced by the 476 

quality of the mobile device. The obtained results are promising and demonstrate the 477 

feasibility of a smartphone integrated computer vision system to inspect the colour of citrus 478 

fruits in real time in outdoor conditions while the fruit is being harvested, which is a valuable 479 

step forward for this industrial sector. 480 
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