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A method to objectively evaluate the external quality of broccoli heads using a computer vision 
system (CVS), a type of digital camera, was proposed. The CVS was effective in calculating the spatial 
distribution of color space values of broccoli heads. Value of -a*/b* (chromaticity of Commission 
Internationale de l'Eclairage) was effective in evaluating the concentration of chlorophyll a. An -
a*/b* value greater than 0.94 indicated fresh buds that remained green. Conversely, the value of a* 
was effective in evaluating the existence of anthocyanins that damage the external quality of the 
broccoli head. Buds with low concentrations of anthocyanin had an a* value less than -12. These two 
thresholds were used for visualizing high-quality buds with high concentrations of chlorophyll a and 
low concentrations of anthocyanin. The proportion of high-quality buds of typical heads that included 
low or high concentrations of anthocyanin reduced from 39% or 22% to 15% or 5.4% during 5 d storage. 
The proportion of high-quality buds of typical heads with low anthocyanin concentrations was usually 
higher than those with high anthocyanin concentrations. These results suggest that the proposed 
method using the CVS is suitable for objectively evaluating the external quality of broccoli heads and 
selecting high-quality heads. 
Keywords: anthocyanin, Brassica oleracea var. italica, chlorophyll, digital camera, nondestructive 

analysis 

1. Introduction 

Broccoli (Brassica oleracea var. italica) is a popular 

vegetable globally, with 22 Mt of the vegetable produced 

in 2013, which has linearly increased by approximately 

0.5 Mt/y since 1993, according to FAOSTAT (recorded 

as the sum of broccoli and cauliflower [Brassica oleracea 

var. botrytis ][i]. Since the early 1980s, consumption of 

broccoli has been recommended to help prevent cancer 

[1] because it contains sulforaphane, which is effective in 

inhibiting Helicobacter pylori (Marshall et al. 1985) 

Goodwin et al. 1989 [2,3], the main cause of gastric can

cer [4]. However, degreening is the major limiting factor 

that reduces the shelflife of stored broccoli [5] and is 

caused by chlorophyll degradation [ 6]. Degreening may 

reduce the health-enhancing effects of broccoli because 

this pigment is effective in decreasing serum cholesterol 

in mammals [7,8]. Lipton and Harris [9] optically evalu

ated the color of broccoli heads using scales with nine 
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levels, while Jacobsson et al. [10] used a visual method 

to evaluate broccoli color and set a threshold value for 

degreening where 30% of the florets had turned yellow. 

Objective evaluation of the surface color of broccoli 

heads has also been attempted. Shewfelt et al. [5] nonde

structively measured the color of six varieties of broccoli 

using two types of colorimeters. Ren et al. [11] modeled 

changes in the color of broccoli heads using values mea

sured with a colorimeter, while Kasim et al. [12] mea

sured the hue angle with a colorimeter to evaluate the 

appearance of broccoli heads sealed in different types of 

pouches after 1-methylcyclopropene treatment. 

Conversely, Lipton and Harris [9] reported that degreen

ing was localized and occurred at random. Their results 

suggested that it may be difficult to use a colorimeter as 

a point-based scanning instrument to detect degreening 

at local sites. 

Hyperspectral camera systems, which measure spec

tral reflectance with spatial information, have been used 

in research to evaluate pigment content in forests in 

remote sensing areas [13]. This method has also been 

© 2016 Japan Society for Food Engineering 
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applied as an analytical tool for food quality and safety 

control [14]. Hyperspectral reflectance imaging was used 

by Qin et al. [15] to detect citrus cankers and by Ariana 

and Lu [16,17] to evaluate internal defects and surface 

color of whole pickles and cucumbers (Cucumis sativus 

L.). According to these reports, hyperspectral imaging 

might be effective in detecting degreened sites on broc

coli florets because it provides both spatial and spectral 

information. For example, the chlorophyll concentration 

at leaf and canopy levels in forests was estimated using 

hyperspectral camera systems in a remote sensing area 

[18,19]. However, this device is likely too expensive to 

use to grade fruits and vegetables at farmlands or consol

idating stations. 

Digital cameras have been used for objectively observ

ing the two-dimensional external quality of substances. 

Although information from an image taken by a digital 

camera is much less than that taken by a hyperspectral 

camera, it may be adequate for evaluating the external 

quality on the basis of color images. Ishikawa et al. [20] 

objectively observed the green color of broccoli heads on 

the basis of RGB data measured using a digital camera. 

Schouten et al. [21] reported that 1000/R is sensitive 

enough to evaluate broccoli color change. However, RGB 

values are device dependent because each camera has its 

own different color sensor characteristics [22]. 

Anthocyanin, a pigment, is known to be present in 

broccoli buds [23]. This pigment reduce the quality of 

broccoli heads [24]. Makino et al. [25] evaluated antho

cyanin concentration using a digital camera to calculate 

the proportion of red areas on the skin of mango 

(Mangifera indica L.) fruits. This method might be useful 

for objective grading of fruits. 

In the present study, we attempted to objectively evalu

ate the quality of broccoli heads on the basis of both 

chlorophyll a and anthocyanin concentrations using a 

computer vision system (CVS), a type of digital camera. 

Color space values associated with chlorophyll a and 

anthocyanin concentrations as indices of freshness and 

appearance were considered. Thresholds to calculate the 

proportion of high-quality buds in a head were deter

mined. This study proposes a new method to visualize 

the proportion of high-quality buds in broccoli. 

2. Materials and methods 

2.1 Samples 

Eighteen normal variety (anthocyanin level: high; 

hereinafter called H) and nine anthocyanin-less variety 

(anthocyanin level: low; hereinafter called L) broccoli 

heads were harvested on December 14, 2014, at a farm

land in Tsu (Mie prefecture, Japan; 34° 42'20.6"N, 136° 

24'24.7"E). After harvesting, the samples were trans

ported to a laboratory within a day at ambient tempera

tures. Table 1 lists the cultivars used in the current 

study. 

Immediately upon arrival at the laboratory six H and 

three L heads were analyzed as 0 d storage samples 

(hereinafter called 0). Another 18 heads were stored in a 

unit at 25°C, 90% relative humidity (RH). Six Hand three 

L heads each after 3 d and 5 d storage (hereinafter called 

3 and 5, respectively) were used for the following experi

ments. This storage was conducted to alter chlorophyll 

concentrations of samples. Thus, samples with two antho

cyanin levels and three chlorophyll levels were prepared 

by changing varieties and storage periods, respectively. 

Table 1 Storage period and anthocyanin levels of cultivars. 

Storage period (d) Anthocyanin level Cultivar Number of samples 

MONACO 3 
High (H) SPL156 1 

0 SPL172 2 

Low (L) 
13SP17 2 
13SP18 1 

AC43 2 

High (H) 
AC49 1 
HA39 1 

3 MONACO 2 

Low (L) 
13SP17 2 
13SP18 1 

HA39 1 

High (H) 
MONACO 1 

SPL156 2 5 
SPL157 2 

Low (L) 13SP17 3 

© 2016 Japan Society for Food Engineering 
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2.2 Observing samples using a CVS and 

calculation of color space values of region 

of interest 

The CVS used in this study (USB camera, FMVU-

13S2C-CS, Serial #: 13088045, Point Grey Research Inc., 

Richmond, British Columbia, Canada; lens, 13FM06IR, 

Tamron Co., Ltd., Saitama, Japan; color viewer, PIAS 

IS-500, Sugiura Laboratory Inc., Tokyo, Japan) was the 

same as that used in a previous study [25]. The following 

experiment was conducted to determine the thresholds 

for selecting high-quality buds (with low concentrations 

of anthocyanin and green color retention). The sRGB 

images of a head were acquired before and after region 

of interest (ROI) sampling. The images were acquired in 

bitmap format by FlyCapture2 ver. 2.4.3.11 (Point Grey 

Research Inc.). The shutter was set at 30 ms and the 

white balance (red and blue) was 530. By comparing 

images shot before and after ROI sampling, the mean 

sRGB value of the ROI (a square piece of peel measuring 

10 mm x 10 mm) was calculated using MATLAB ver. 

8.3.0.532 (MathWorks Inc., Natick, MA, USA). The con

version from sRGB to device-independent Commission 

Internationale de l'Eclairage (CIE) 1976 L*a*b* was done 

using a method described in a previous study [26]. This 

value was used for subsequent mathematical analyses. 

Buds equivalent to the ROI sampled were then used for 

measuring chlorophyll a and anthocyanin concentra

tions. 

2.3 Calculation of the proportion of high

quality buds on the head 

The proportion of high-quality buds on the head was 

calculated using the Image Processing Toolbox comple

mented in MATLAB. First, background was removed 

from the image of a head. The number of pixels (VII) for a 

head was then counted. The number of pixels for the 

buds that had low concentrations of anthocyanin (a-less) 

and retained their green color (gr) were counted from 

the image without the background using the thresholds. 

The thresholds to define high-quality buds were deter

mined by plotting color space values of the ROI on a* vs 

-a* lb* coordinates. A threshold using a* might be useful 

for selecting buds that include low concentrations of 

anthocyanin because this value increases with redness 

[27]. Conversely, a threshold using -a* lb* might be use

ful for selecting buds that retain their green color 

because this value is reduced with green color loss 

according to Makhlouf et al. [28]. High-quality buds (hi) 

were designated as those satisfying both anthocyanin 

and green color thresholds. The proportion of high-qual

ity buds on a head was calculated using the following 

equations: 

Sa-less 
= 100 X Na-less (1) 

w 
N 

sgr = 100 x ___£_ (2) 

w 
S. = lOOx Nh; 

hz W 
(3) 

2.4 Analysis of chlorophyll a and 

anthocyanin concentrations for the ROI 

Chlorophyll a and anthocyanin concentrations in the 

sampled buds were measured according to the methods 

given in Porra et al. [29] and Nagata et al. [30], respec

tively. These values were expressed on a fresh weight 

basis. The relationships between chlorophyll a or antho

cyanin concentrations and color space values were inves

tigated. 

2.5 Statistical analysis 

Significance of differences between measured values 

was confirmed by Tukey's honestly significant difference 

test using JMP® Pro ver.12.2.0 (SAS Institute, Cary, NC, 

USA) 

3. Results and discussion 

3.1 Relationship between color space 

values and pigment concentrations of 

broccoli buds in ROI 

Color space values of broccoli buds in ROI are plotted 

on a* vs -a* lb* coordinates (Fig. 1). The values of -a* lb* 

for 0 d storage samples (OH and OL) were significantly 

higher than those for 3H and 5 d storage samples (5H 

and 5L). Pigment concentrations of broccoli buds are 

shown in Fig. 2. Chlorophyll, the origin of the green 

color, may be associated with -a* lb* and is well known to 

be degraded over time after harvest [9]. In the present 

study, only the data for chlorophyll a was shown because 

its levels were -3.5 times higher than those of chloro

phyll b, and chlorophyll a content declines more mark

edly, leading to a decrease in the chlorophyll alb ratio in 

higher plants [19]. Chlorophyll a concentrations for 0 d 

storage samples (OH and OL) were significantly higher 

than those for 3H and 5 d storage samples (5H and 5L) 

the same as the -a* lb* values. Therefore, the value of -

a* I b* might be useful for evaluating green color or fresh-

© 2016 Japan Society for Food Engineering 
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Dashed lines denote thresholds to select high-quality buds 

with low anthocyanin concentrations (a' = -12) that retain 

their green color (-a'/b' = 0.94). Closed and open symbols 

denote buds of the normal variety (anthocyanin level: 

high; hereinafter called H) and anthocyanin-less variety 

(anthocyanin level: low; hereinafter called L), respectively. 

Circles, triangles, and squares denote buds stored 0, 3, 

and 5 d, respectively. Mean ± SE of three (L) or six (H) 

observations has been plotted. Symbols followed by the same 

capital and lower case letters are not significantly different (P 

< 0.05; Tukey's honestly significant difference test) in -a'/b* 

and a' values, respectively. 
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Fig. 2 Pigment concentrations of regions of interest on broccoli 

heads. 

Closed and open symbols denote buds of the normal 

variety (anthocyanin level: high; hereinafter called H) and 

anthocyanin-less variety (anthocyanin level: low; hereinafter 

called L), respectively. Circles, triangles, and squares 

denote buds stored 0, 3, and 5 d, respectively. Mean ± 

SE of three (L) or six (H) observations has been plotted. 

Symbols followed by the same capital and lower case letters 

are not significantly different (P < 0.05; Tukey's honestly 

significant difference test) in chlorophyll a and anthocyanin 

concentrations, respectively. 
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ness of broccoli heads. This value correlated with chloro

phyll a concentration at a correlation coefficient accu

racy of 0.89, with a square error of calibration 44 mg kg-1 

(y=238x+71). In the present study, the threshold of-a*/ 

b* = 0.94, almost midway between the data for OH and the 

data for 3L, was determined to select green buds as 

shown in Fig. 1. Makhlouf et al. [28] reported that -a*/b* 

values of fresh broccoli were ~o.90. This is close to the 

threshold determined in the present study. Shewfelt et al. 

[5] and Kasim et al. [12] reported that the hue angle of 

fresh broccoli heads was ~120° and ~113°, respectively. 

The threshold proposed in the present study can be con

verted to a hue angle of 133°. This value may be high 

enough to select green buds because the hue angle 

increases with the degree of green color retention. The 

chlorophyll a concentration of 3L was significantly 

higher than that of 3H. Yamauchi et al. [31] reported that 

apigenin, a flavonoid, caused accelerated chlorophyll 

decomposition. Anthocyanin concentration as a kind of 

flavonoid may concern with the difference of chlorophyll 

a concentration between the samples including high and 

low concentration of anthocyanin. 

The values of a* for OL and 5L were significantly lower 

than those for OH and 5H, respectively. Therefore, this 

value may be useful for selecting buds that have low con

centrations of anthocyanin. This value correlated with 

anthocyanin concentration at a correlation coefficient 

accuracy of 0.60, with a square error of calibration 27 mg 

kg-1 (y=3.9x+137). In the present study, the threshold of 

a*= -12, almost midway between the data for 3H and 3L, 

was determined as shown in Fig. 1. 

3.2 Objective selection of high-quality 

broccoli buds using a CVS 

Examples of objectively selected pixels using the 

thresholds proposed in Fig. 1 are shown in Fig. 3. 

The proportion of buds with low concentrations of 

anthocyanin (a-less) in OL samples was higher by 31 per

centage points than that in OH samples. This result indi

cates that the method proposed in the present study is 

effective in selecting buds with low anthocyanin concen

trations. This method may also be effective in removing 

heads with high concentrations of anthocyanin at farm

lands or grading lines. 

The proportion of buds that retained their green color 

(gr) was calculated as 48% in OL samples. This value 

reduced over time due to decomposition of chlorophyll 

after harvest. This suggests that the threshold may be 

effective in evaluating the freshness of buds. The propor-
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tion of high-quality buds (hi) was calculated using the 

same head as the above example for green color (gr). 

The proportion of high-quality buds (hi) was naturally 

lower than that of buds that remained green (gr) because 

the buds over a* = - 12 were removed as shown in Fig. 3. 

Furthermore, the proportion of high-quality buds (hi) 

was reduced over time because of the reductions in 

green color retention. The same tendency was observed 

in the experiments on OH, 3H, and 5H samples. The pro

portion of high- quality buds (hi) with low concentrations 

of anthocyanin was naturally higher than those with high 

concentrations of anthocyanin. 

Mean values with standard errors for the proportion of 

buds satisfying both thresholds were calculated using all 

the heads tested in the present study (Fig. 4). The pro-

Fig. 3 Typical proportion of high- quality broccoli buds. 

Pixels equivalent to low concentrations of anthocyanin (a' < 
-12; a-less) or green (- a' /b' > 0.94; gr) buds are shown as 

white pixels. Pixels that satisfied both thresholds are also 

shown as white pixels (hi). 0, 3, and 5 denote heads stored for 

0, 3, and 5 d, respectively. H and L denote the normal variety 

(anthocyanin level: high) and anthocyanin-less variety 

(anthocyanin level: low), respectively. 

portion of green color (Fig. 4(b)) was reduced over stor

age time independent of anthocyanin concentration the 

same as shown by examples in Fig. 3. According to Fig. 

4(b) , the proportion of green colored buds in 3H samples 

was significantly lower than that in 3L samples. This 

result agreed with the pigment concentration result in 

Fig. 2. This may be caused by the decomposition of chlo-
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Fig. 4 Proportion of broccoli buds with low concentrations of 

anthocyanin, with retaining green color, and of high quality. 

Symbols denote the heads including (closed) high and (open) 

low concentrations of anthocyanin. The proportion of buds 

(a) including those with low concentrations of anthocyanin 

under the threshold at a' = -12, (b) those retaining their 

green color over the threshold at-a' lb' = 0.94, and (c) those 

satisfying both . Means ± SE of three (open circles) or six 

(closed circles) observations have been plotted . Symbols 

followed by the same capi tal lette rs are not significantly 

different (P < 0.05; Tukey's honestly significant difference 

test) within the same figure. 
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rophyll a in buds and a high concentration of anthocy

anin stimulated by anthocyanin acting as a flavonoid dur

ing 3 d storage. 

The proportions of high-quality buds and, therefore, 

heads of L samples were significantly higher than those 

of H samples for all storage days (Figs. 4(a)-(c)). This 

was naturally caused by differences in anthocyanin con

centration leading to differences in a* values. This result 

indicates that the method proposed in the present study 

is effective in objectively selecting high-quality buds. 

This method will also be effective in evaluating the exter

nal quality of broccoli heads in farmlands or on grading 

lines. According to Fig. 4(c), the proportion of high-qual

ity buds in OL samples was ~40%. This low percentage of 

high-quality heads may be caused by the stricter thresh

old (-a*/b* > 0.94) compared with that used in previous 

studies [5,12,28]. As the method proposed in the present 

study is an example, farmers or persons in charge at 

grading lines can select any value depending on their 

requirements. Overall, the method proposed in the pres

ent study will support the application of objective and 

automatic grading of broccoli heads. 

4. Conclusions 

A CVS was used for selecting high-quality broccoli 

heads. RGB data available from the CVS could be trans

formed to universal values of CIE 1976 L*a*b* by 

MATLAB. Thresholds of a* < -12 and -a* lb* > 0.94 were 

used for selecting buds with low concentrations of antho

cyanin and those that retain their green color, respec

tively. These values were useful for calculating the pro

portion of high-quality buds in a head. The method pro

posed in the present study may be useful as an objective 

and rapid grading tool. 
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NOMENCLATURE 

a*: Chromaticity defined by Commission Internationale 

de l'Eclairage 

b*: Chromaticity defined by Commission Internationale 

© 2016 Japan Society for Food Engineering 

de l'Eclairage 

N: Number of pixels selected using thresholds on a 

broccoli head 

R: Component of the RGB color model 

RGB: An additive color model in which red, green, and 

blue light is added together in various ways to 

reproduce a broad array of colors 

S: Proportion of buds selected using thresholds on a 

broccoli head, % 

sRGB: An RGB color model standardized by the 

International Electrotechnical Commission 

W: Number of pixels equivalent to the whole area of a 

broccoli head 

Subscripts 

a-less: low concentrations of anthocyanin 

gr: retention of green color 

hi: high quality 
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コンビュータービジョンによるブロッコリー外観品質の

客観的評価

牧野義雄 I，若月碧衣 1，網野元貴 I，大下誠一 1，佐藤朱里 2，塚田正人 2

1東京大学大学院農学生命科学研究科， 2日本電気株式会社データサイエンス研究所

ブロッコリーの外観は，クロロフィル，アントシアニ

ンという 2種類の天然色素の影響を受ける．クロロフィ

ルは緑色の元となる物質で，新鮮さの指標［5］である一

方，アントシアニンが多く含まれる花奮は紫がかった外

観となり，品質を損ねる［24］.ブロッコリーの外観品質

は今のところ，農家あるいは選果選別ラインにおいて主

観的に判定されているが，人によって基準が異なるなど

の問題がある．そこで過去には，ブロッコリーの外観品

質を客観的に評価する試みがなされてきた．色彩計で測

定した色空間値から評価する方法［5,12, 28］は，ブロッ

コリーの鮮度評価に効果的であったが，一点測定である

ことから，一株中の任意の箇所の緑色を著しく喪失する

ブロッコリーの外観［9］評価に利用することは困難と考

えられる．一方，デジタルカメラで撮影した二次元RGB

画像を用いた評価もなされているが［20,21］，これは撮

影機器に依存する値であり［22］，普遍的な結果とは言え

ない．さらに，ブロッコリー花昔部のアントシアニンに

ついて非破壊評価を試みた研究例は見当たらない．

そこで本研究では，デジタルカメラの 1種であるコン

ビュータービジョンを利用して，ブロッコリー花昔部の

クロロフィルとアントシアニンの濃度を同時にかつ客

観的に評価する方法について検討した．

三重県内の農場にて通常の品種（アントシアニン濃

度水準：高，以下， Hという．）とアントシアニンレスの

品種（アントシアニン濃度水準：低，以下， Lという．）

を入手した．それぞれの品種を 0,3,5d貯蔵（以下，そ

れぞれ0,3, 5という．）に割り付け，貯蔵期間を変える

ことによりクロロフィル濃度水準を変動させた．すなわ

ち，クロロフィル濃度 3水準×アントシアニン濃度 2水

準の計6種類の試料を用意した（詳細はTable1の通

り）．画像の撮影には， Makinoet al.[25］がマンゴー果皮

のアントシアニン濃度をコンピュータービジョンで客

観的に評価した研究と同一の装置と方法を用いた．

6種類の試料から採取した関心領域（ROI) の色空間

値をゲおよび－a*/b継を軸とする座標にプロットした

(Fig. 1）.なお，グは赤昧が増すほど値が高くなることか

ら［27］，アントシアニンの指標として，ーグlb＊ はクロロ

フィルの減少とともに値が低くなることから［28］，クロ

ロフィルの指標として選択した．アントシアニン濃度が

（受付2016年7月11日，受理2016年9月30日）

l干 113-8657東京都文京区弥生1-1-1
2干 211-8666川崎市中原区下沼部1753
t F田 03-5841-5361,E-mail: amakmo@mail.ecc』 to匂o.ac.jp

低くクロロフィル濃度が高い個体（OL）が高品質のブ

ロッコリーと言える.Fig. 1のプロット結果から，高品質

の花膏を示す色空間値の範囲を α＊く－12かつ －a*/
b*>0.94と決定した．

Fig. 2にはアントシアニンとクロロフィル aを軸とす

る座標に ROIのデータをプロットした．高等植物はクロ

ロフィル bも含有するが，クロロフィルαの方が濃度が

高く，経時的な変化量も大きい.3Hのクロロフィル α濃

度は 3Lに比べて有意に低かった．フラボノイドの 1種

であるアピゲニンがクロロフィルの分解を促進すると

報告されていることから［31］，同じ貯蔵日数でもアント

シアニン濃度が高い個体の方がクロロフィル濃度が低

かったのは，アントシアニンがフラボノイドの 1種であ

ることが関係しているのかもしれない．

Fig. 3には，高品質花蓄の分布をコンビュータービ

ジョンで可視化した例を示した.OLはOHに比べて， 1

株に占めるアントシアニン濃度が低い花曹の割合

（α＊く－12;a-less）が31ポイント高かったさらに， 1株の

OLに占めるクロロフィルα濃度が高い花膏の割合（ーゲ／

b*>0.94; gr）は48%であったが，貯蔵日数が進むにつれ

て低下した．同じ個体で高品質花菅の割合（α叱ー12；かっ

-a* /b*>0.94; hi)を算出したところ，同じ個体のgrより

も低くなったこれは，ゲくー12 (a-less）に相当する花膏

が除外されたためである．また， Lで算出した高品質花

奮の割合（hi）は，全ての貯蔵日数において Hよりも高

かった．以上の結果は，全て事前に想定された当然の結

果であったことから，コンビュータービジョンがブロッ

コリー花蓄の外観品質の客観的な判定に有効であるこ

とを実証するものである

Fig. 4には，本研究で使用した全ての個体から a-less,

gr, hiの割合を算出した結果を示したいずれも Fig.3 

の傾向と一致したことから，やはり，コンピュータービ

ジョンがブロッコリー花膏の外観品質の客観的な判定

に有効で、あることが実証された．ただし，最も高品質に

位置づけられる OLのhiが約40%と比較的低い値であっ

たこれは，－a*/b*>0.94という範囲が過去の研究例

[5,12,28］に比べて厳しかったことが一因と考えられる．

本研究で提案した色空間値の範囲あるいは闘値は，農家

あるいは集出荷場の都合により変更可能であり，闘値を

変更することで，適切な選別を行えると考える．いずれ

にしても，本研究で提案した方法は，客観的かつ自動的

なブロッコリーの選別に有効であることが明らかに

なった．
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