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Reasonable substitution of tobacco raw materials is crucial for maintaining the stability of product quality. 
However, traditional evaluation methods mainly focus on sensory evaluations of smoking, which are limited by 
insufficient consistency and strong subjectivity, thereby restricting the accurate assessment of tobacco leaf 
substitutability. This research introduced Gray relational analysis method for the calculation of correlation 
degrees among different tobacco raw materials and standard samples. A matching system was constructed for 
the identification of substitutable tobacco leaves for the "Lotus" brand. The accuracy of the proposed method 
was verified by analyzing aromatic compound features of tobacco raw materials. Using weighted relational degree 
scores and clustering of key aromatic compounds, 17 tobacco raw materials were classified into three categories 
including materials with the correlation degree large than 87.76, accounting for 29.41%, materials with correlation 
range of 80.22 to 86.17, accounting for 47.06%, and those with correlation range of 77.07 to 80.05, representing 
23.53%. Orthogonal partial least squares discriminant analysis (OPLS-DA) model based on aromatic compounds 
effectively identified intra-group similarities and inter-group differences among different samples. Further 
clustering analysis of tobacco raw materials using the criteria of P < 0.05 and VIP > 1 determined the key aromatic 
compounds, achieving 100% concordance between the classification results obtained from the two methods. 
Comprehensive evaluation of tobacco leaf quality using Gray relational analysis combined with clustering of key 
aromatic compounds could be applied to accurately obtain correlation degree interval for mutually substitutable 
tobacco leaves within the same category, thereby saving time in formulation design. 
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Introduction 
 
The core style of cigarette products is directly 
determined by the formulation of leaf group [1]. 
A leaf group formulation module consists of 
several tobacco raw materials with similar style 
characteristics combined within the formulation 

leaf group of the cigarette [2]. However, various 
factors such as ecological conditions and 
processing methods can influence these tobacco 
raw materials, potentially reducing the yield and 
quality of the product [3, 4]. Therefore, when a 
specific tobacco raw material is in short supply, 
substitute tobacco leaves should be promptly 
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identified or alternative formulations with 
identical or similar style characteristics should be 
developed to maintain the stability of cigarette 
product quality [5, 6].  
 
The most important part of finding appropriate 
tobacco raw materials and formulations mainly 
relies on empirical judgment and sensory 
evaluation or focuses primarily on cigarette 
formulation assessment [7, 8]. Currently, no 
predictive methods are available for raw 
materials based on the specific requirements of 
cigarette brands, and traditional evaluation 
systems have difficulty in meeting practical needs 
for objective and comprehensive assessment of 
the quality characteristics of tobacco leaves in 
terms of different dimensions. Grey relational 
analysis provides advantages such as minimal 
computational requirements, no restrictions on 
sample size or data distribution patterns, and 
quantitative results consistent with quantitative 
analyses [9]. Shen et al. performed Grey 
relational analyses to evaluate the influences of 
climatic factors during different growth periods 
on the main agronomic characteristics and yield 
of flue-cured tobacco [10]. Lin et al. conducted 
Grey relational analyses based on 9 trait 
indicators of sun-cured tobacco leaves for the 
selection of high-quality sun-cured tobacco 
cultivars [11]. Ran et al. utilized Grey relational 
method for the prediction of tobacco target spot 
disease [12]. However, whether used for 
evaluating the samples or building predictive 
models, when universally high relational degrees 
are obtained due to inherent natural 
commonalities among samples, Grey relational 
analyses cannot distinguish subtle differences 
among highly correlated samples. In addition, 
experience in the design and maintenance of 
cigarette products indicates that the intrinsic 
characteristics of tobacco raw materials should 
also be considered when looking for substitute 
tobacco leaves or formulations [13]. 
 
This research aimed to establish an objective and 
quantitative method for accurate prediction and 
screening of formulation modules capable of 
substituting for original tobacco raw materials to 

ensure the long-term stability of the core style 
and quality of cigarette products. To address the 
practical requirements of the cigarette brand 
"Lotus" for raw material substitutability, this 
research selected the aromatic component 
aspect of tobacco raw materials for the 
discrimination and classification of samples, 
which could help in determination of the 
appropriate range of relational degree for 
substitutable tobacco leaves, aiming to identify 
differences among tobacco leaves collected from 
different growing regions and decided whether 
they could be used to replace each other in actual 
production, thereby providing a theoretical basis 
to ensure cigarette brand quality stability. 
 
 

Materials and methods 
 
Tobacco leaf raw materials collection 
A total of 35 tobacco leaf raw materials were 
randomly collected in 2023 by an expert team 
consisting of 7 tobacco leaf grading technicians 
from Hebei China Tobacco Industry Co., Ltd. 
(Shijiazhuang, Hebei, China), which consisted of 
two grades of middle leaf (C2F) and upper leaf 
(B2F) from Longyan, Fujian, China labelled as X1 
to X3, Y4, Y12, Y17; Baoshan, Yunnan, China labelled 
as X4 to X7, Y3, Y5, Y6, Y9; Chuxiong, Yunnan, China 
labelled as X8, X9, Y7, Y8; Qujing, Yunnan, China 
labelled as X10 to X12, Y10, Y11, Y16, Y18; Qiannan 
Prefecture, Guizhou, China labelled as X13 to X16, 
Y1, Y2, Y14, Y15; and Bijie, Guizhou, China labelled 
as X17, Y13.  
 
Determination of physical and chemical indexes 
Complete leaves from all tobacco leave grades 
were randomly selected and placed in a box 
under the temperature of 22 ± 1℃ and relative 
humidity of 60 ± 3% for 7 days to balance the 
moisture of tobacco samples. The thicknesses of 
10 tobacco leaves from each producing area 
were measured by using thin slice thickness 
gauge and the average values were recorded. 
Manual stem extraction was performed on the 
intact leaves and only fine stems less than 0.5 
mm in length were left at the tip of each tobacco 
leaf.  The  stems  and  tobacco  leaves  were  then 
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Table 1. Sensory quality evaluation index and weight. 
 

Indicators Index Weights 
Scores 

0 - 1 1 - 2 2 - 3 3 - 4 4 - 5 

Aroma  

Quality 0.20 Poor Below average Acceptable Good Excellent 

Volume 0.20 Less Slight Moderate Fairly full Full 

Off-flavor 0.10 Strong Noticeable Present Slight None 

Smoke gas  

Strength 0.10 Weak Mild Moderate Strong Intense 

Concentration 0.10 Bland Light Medium Rich Full-bodied 

Smoothness 0.15 Harsh Rough Slightly smooth Fairly smooth Smooth 

Taste 

Irritation 0.05 Strong Noticeable Present Slight None 

Aftertaste 0.05 Bitter Lingering Slightly lingering Clean Refreshing 

Sweetness 0.05 Faint Slight Noticeable Pleasant Distinct 

 
 
respectively weighted by an electronic balance 
and stem percentage was calculated as stem 
weight/(stem weight + tobacco leaf weight) × 
100%. Six discs with a radius of 0.75 cm were 
removed from the tips, leaves, and leaf bases of 
each intact leaf with a puncher and the weight of 

leaf mass was calculated as  = 𝑚 (𝑛 × 𝑠)⁄ , 

where  was leaf mass weight (g/m2). m was disc 
weight (g). n was the number of discs/pieces. s 
was disc area (m2). The balanced intact leaves 
were weighted and placed into DHG-9145A 
electric air blower drying oven (Shanghai Yiheng 
Technology Co., Ltd., Shanghai, China) for 2 hours 
after the temperature reached 100 ± 2℃. The 
dried tobacco leaves were placed in a dryer, 
cooled to room temperature, then weighted and 
recorded as dry weight. Equilibrium moisture 
content was calculated as (fresh weight-dry 
weight)/dry weight × 100%. The main veins of 
intact tobacco leaves were extracted. Strips with 
width of 1.5 cm and length of 15 cm were cut, and 
tensile strength was measured by using ZKW-3 
tobacco sheet tensile tester (Sichuan Changjiang 
Paper Instrument Co., Ltd., Luzhou, Sichuan, 
China). The conventional chemicals in tobacco 
leaves were detected according to China tobacco 
industry standards YC/T 159-2019 [14], YC/T 160-
2002 [15], YC/T 161-2002 [16], YC/T 217-2007 
[17], and YC/T 162-2011 [18]. 
 
Sensory evaluation 
Sensory evaluation of fermented flue-cured 
tobacco leaves was performed according to the 
Chinese tobacco industry standard YC/T 530-
2015 and previous published method by Xu et al. 

[19, 20] to evaluate aroma characteristics 
including volume, quality, and off-flavour; smoke 
features including concentration, strength, and 
smoothness; and mouthfeel including aftertaste, 
irritation, and sweetness. Seven expert 
evaluators from the Technical Centre of Hebei 
China Tobacco Industrial Co., Ltd (Shijiazhuang, 
Hebei, China) independently evaluated and 
scored the samples. The scoring ranges and 
weights of each evaluation attribute obtained 
during sensory-based formulation work were 
shown in Table 1 with the mean score calculated 
after assessment. The overall sensory quality 
score was calculated as follows: 
 
Total sensory score = (aroma quality × 0.20 + 
aroma volume × 0.20 + off-flavour × 0.10 + 
strength × 0.10 + concentration × 0.10 + 
smoothness × 0.15 + irritation × 0.05 + aftertaste 
× 0.05 + sweetness × 0.05) × 100 / 5. 
 
Determination of aromatic compound  

After conditioning tobacco powder samples 
for 48 h in a humidity chamber under constant 
temperature of 22 ± 1°C and relative humidity of 
60 ± 3%, 25 g aliquots of sample were weighted 
and placed into a 1,000 mL flat-bottom flask. 
Then, 25 g sodium chloride and 350 mL deionized 
water were added to the samples. The obtained 
mixtures were heated using an electric heating 
mantle to maintain gentle boiling. At the other 
end of the apparatus, a 100 mL flask containing 
50 mL dichloromethane was placed in a 60°C 
water bath. A 1°C low-temperature cooling 
circulation pump was applied as condenser water 
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source for simultaneous distillation-extraction 
apparatus. The distillation-extraction process 
performed for 2.5 h. The obtained extract was 
dehydrated overnight using anhydrous sodium 
sulphate with 1 mL phenethyl acetate being 
added as internal standard. The obtained mixture 
was concentrated in a 60°C water bath to 1 mL 
before being transferred to a chromatography 
vial and subjected to gas chromatography-mass 
spectrometer (GC-MS) analysis using Agilent 
7890B/5977 GC-MS (Agilent, Santa Clara, 
California, USA) [21]. Separation was performed 
using an HP-INNOWax capillary column (Agilent, 
Santa Clara, California, USA) with dimensions of 
30 m × 250 μm × 0.25 μm and split ratio of 5:1 
under the temperature program of initial 
temperature 50°C for 2 min, heated to 280°C at 4 
°C/min for 20 min. The temperature of injection 
port was 280°C. Mass spectrometry analysis was 
carried out in electron ionization (EI) mode with 
scan range of 30 - 700 m/z, ion source 
temperature of 230°C, and quadrupole 
temperature of 150°C. 
 
Analysis of key aromatic components 
SIMCA 14.1 software (Umetrics, Umea, Sweden) 
was utilized to perform orthogonal partial least 
squares discriminant analysis (OPLS-DA). The key 
aromatic components were identified based on 
the combined criteria of univariate t-test results 
(P < 0.05) and variable importance in projection 
(VIP > 1) in OPLS-DA model, which was consistent 
with established screening standards [22]. 
 
Computational for comprehensive weights 
Criteria importance though intercriteria 
correlation (CRITIC) weighting method is an 
objective weighting approach, which 
comprehensively investigates indicators based 
on their conflicting character and contrast 
intensity. The objective weights of each indicator 
in this study were calculated by using CRITIC as 
follows. 
 

𝑗 = √∑ (𝑥𝑖𝑗−𝑥̅𝑗)
2𝑛

𝑖=1

𝑛−1
                                                (1) 

 

𝐶𝑗 = 𝑗 ∑ (1 − 𝑟𝑖𝑗)𝑛
𝑖=1                                            (2) 

 𝑊𝑗 =
𝐶𝑗

∑ 𝐶𝑗
𝑛
𝑗=1

∗ 100%                                             (3) 

 
where 𝑗  was standard deviation. rij was 

correlation coefficient between indicators i and j. 
Cj was the information content contained in 
indicator j such that a larger value of Cj indicated 
greater information content in indicator j 
signifying its importance within the system. Wj 
was the weighting coefficient of indicator j. 
However, assigning weights solely based on 
objective data might overlook the 
multidimensional nature and complexity of the 
problem. Therefore, it was essential to 
incorporate the practical significances of 
indicators alongside subjective expert judgment, 
specifically by applying analytic hierarchy process 
(AHP) to obtain subjective weights. This study 
constructed a judgment matrix based on 1 - 9 
scaling method by comparing the relative 
importances of the indicators (Table 2). After 
obtaining judgment matrix, the subjective weight 
of each indicator was calculated as follows. 
 
𝑀𝑖 = ∏ 𝑏𝑖𝑗

𝑛
𝑗=1                                                           (4) 

 

𝑊̅𝑖 = √𝑀𝑖
𝑛                                                                (5) 

 

𝑊𝑖 =
𝑊̅𝑖

∑ 𝑊̅𝑖
𝑛
𝑗=1

∗ 100%                                             (6) 

    
where 𝑀𝑖  was the product of the elements in 
each row of judgment matrix. 𝑏𝑖𝑗  was the 

element in the i-th row and j-th column. 𝑊̅𝑖  was 
the n-th root value of the row product. 𝑊𝑖  was 
eigenvector. The obtained judgment matrix was 
subjected to randomness and consistency tests 

using the equations 𝐶𝐼 =
𝑚𝑎𝑥−𝑛

𝑛−1
 and 𝐶𝑅 =

𝐶𝐼

𝑅𝐼
 

where 𝑚𝑎𝑥  was the maximum eigenvalue. The 
consistency ratio (CR) of the judgment matrix was 
acceptable when its value was lower than 0.10. 
Comprehensive weights were calculated by 
integrating the objective weights derived from 
CRITIC method with subjective weights obtained 
from AHP (Table 3) using multiplicative 
normalization method as follows.  
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Table 2. The judgment matrix signs of AHP and their implications. 
 

Scale Indications 

1 factor a and factor b were of equal importance 

3 factor a was moderately more important than factor b 

5 factor a was strongly more important than factor b 

7 factor a was very strongly more important than factor b 

9 factor a was extremely more important than factor b 

2,4,6,8 intermediate values between two adjacent judgments above 

Reciprocal If the comparison ratio for the importance of factors a to b was Mab, the ratio for b to a was Mba = 1/Mab 

 
 
Table 3. Values of RI in the AHP. 
 

n 1 2 3 4 5 6 7 8 9 

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 

 
 

𝑊𝑖
3 =

𝑊𝑖
1𝑊𝑖

2

∑ 𝑊𝑖
1𝑊𝑖

2𝑛
𝑖=1

                                                      (7) 

   

where 𝑊𝑖
3 was comprehensive weight. 𝑊𝑖

1 was 
the weight obtained from CRITIC method. 

𝑊𝑖
2 was the weight determined by AHP. 

 
Grey relational analysis 
Assuming that Grey relational analysis was 
suitable for small sample sizes and did not 
impose strict requirements on data distribution 
patterns, this research adopted this method for 
the calculation of relational degrees among raw 
materials from different tobacco-growing regions 
and the standard sample, aiming to evaluate 
their substitution potentials with the calculation 
as follows. 
 

𝑍𝑖𝑗 =
𝑌𝑖𝑗

 𝑌𝑗
                                                                   (8) 

 

𝛿𝑖𝑗 =
1

𝑛
∑

𝑚𝑖𝑛𝑖𝑚𝑖𝑛𝑗|𝑍0𝑗−𝑍𝑖𝑗|+𝜌𝑚𝑎𝑥𝑖𝑚𝑎𝑥𝑗|𝑍0𝑗−𝑍𝑖𝑗|

|𝑍0𝑗−𝑍𝑖𝑗|+𝜌𝑚𝑎𝑥𝑖𝑚𝑎𝑥𝑗|𝑍0𝑗−𝑍𝑖𝑗|

𝑛
𝑗=1        (9) 

 
where Zij was the dimensionless value of the j-th 
indicator in the i-th tobacco-growing region after 
processing. Yij was the measured value of the j-th 
indicator in the i-th tobacco-growing region. Ȳj 
was the mean value of a given evaluation 
indicator. 𝛿𝑖𝑗  was the relational degree between 

the raw material from the i-th tobacco-growing 
region and standard sample X0 with respect to 

the j-th evaluation indicator. 𝜌 ∈ (0, 1) was the 
distinguishing coefficient, typically set at ρ = 0.5. 
 
 

Results 
 

Overall distribution characteristics of quality 
assessment indicators of tobacco leaf raw 
materials  
The distribution of indicators for the evaluation 
of the quality of tobacco leaf raw material 
demonstrated that variation coefficients for 
reducing sugar, equilibrium moisture content, 
and nitrogen-alkaloid ratio were relatively small 
with the values of 6.25%, 9.16%, and 9.77%, 
respectively, which indicated that most tobacco 
raw materials were very similar in terms of these 
three indicators with relatively concentrated 
data distributions and small fluctuation ranges 
[23]. In contrast, the variation coefficients of 
sugar-alkaloid ratio, total nitrogen, and tensile 
strength were larger with the values of 48.49%, 
35.56%, and 33.19%. respectively, indicating 
substantial differences among tobacco leaf 
samples in these three indicators (Table 4). 
 
Prediction of alternative raw materials based on 
tobacco leaf quality evaluation indicators 
(1) Developing ideal evaluation indices in Grey 
relational analysis 
Grey relational coefficients among the quality 
evaluation    indicators    of    the    tobacco    raw 
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Table 4. Distribution of evaluation index content of tobacco raw material quality. 
 

Index Mean ± SD Kurtosis Skewness Minimum Maximum CV (%) 

Equilibrium moisture content (%) 19.97 ± 1.83 3.93 1.72 17.31 21.94 9.16 

Stem content rate (%) 26.00 ± 2.78 -1.26 0.22 22.65 31.20 10.69 

Leaf quality is heavy (g/m2) 8.73 ± 1.03 0.57 1.05 7.50 11.49 11.80 

Blade thickness (m) 100.63 ± 15.69 0.41 0.53 86.28 123.82 15.59 

Pull (N) 2.60 ± 0.86 0.41 0.29 1.83 3.87 33.08 

Nicotine (%) 2.58 ± 0.72 0.50 0.29 2.07 3.06 27.91 

Total nitrogen (%) 2.24 ± 0.76 -1.36 0.15 1.76 2.83 33.93 

Reducing sugar (%) 17.60 ± 1.10 0.54 0.26 15.11 20.08 6.25 

Potassium (%) 2.92 ± 0.74 1.06 1.09 1.92 4.99 25.34 

sugar-alkali ratio 7.10 ± 2.53 2.15 1.42 3.97 15.02 35.63 

Nitrogen-to-alkali ratio 0.94 ± 0.09 -1.00 0.59 0.79 1.11 9.77 

Potassium to chloride ratio 6.86 ± 1.73 1.54 0.05 3.99 9.98 25.22 

Aroma quality 3.28 ± 0.59 0.22 0.23 1.80 4.20 17.99 

Amount of aroma 3.13 ± 0.49 0.90 0.39 1.80 4.20 15.65 

Miscellaneous gas 2.48 ± 0.62 0.18 0.83 1.80 4.20 25.00 

Irritating 2.77 ± 0.46 0.33 1.06 1.80 3.20 16.61 

Aftertaste 3.17 ± 0.54 0.22 0.21 1.80 4.20 17.03 

 
 
materials collected from various producing 
regions and the ideal reference values showed 
that, in the predictive evaluation system 
developed based on Grey relational analysis, 
each indicator required the construction of a 
reference sequence for comparative analyses 
(Figure 1). According to Ma et al. [24], when 
determining the ideal reference values for 
various quality indicators, the maximum 
measured values for potassium content, sensory 
quality indicators, and potassium-chloride ratio 
(higher values were more desirable) were 
adopted as ideal reference values. Conversely, 
stalk rate was viewed as an indicator where 
smaller values indicated higher quality and 
represented by the minimum measured value. 
For the remaining indicators with both upper and 
lower limits (moderate indicators), the ideal 
reference values were determined based on 
quality requirements for tobacco raw materials 
from Hebei China Tobacco (Shijiazhuang, Hebei, 
China). Considering the raw material indicator 
values from various tobacco-growing regions as 
child sequences and the ideal values of standard 
samples as the parent sequence, the subsidiary 
sequence with the largest Grey relational 

coefficient had the closest relationship with the 
parent sequence. 
 
(2) Calculation of the weights of quality 
evaluation indicators 
The comprehensive weights obtained from AHP 
combined with the coefficient of variation 
method showed that, among the weights 
assigned to chemical composition, sensory 
quality, and physical properties, the highest-
ranking indicators were the quality of aroma, 
sugar-alkali ratio, and pull with weights of 
11.31%, 10.07%, and 5.89%, respectively. On the 
other hand, the indicators with the lowest 
weights were potassium content, irritancy, and 
leaf thickness with the values of 2.18%, 6.39%, 
and 1.64%, respectively (Figure 2). Overall, the 
weights of aroma volume, aroma quality, and off-
flavor constituted a larger proportion of the total 
value, while potassium, equilibrium moisture 
content, and leaf thickness had comparatively 
lower weights. The overall trend of weight 
distribution was in line with the findings of Wang 
et al. [25]. 
 
(3) Calculation of relational degrees 
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Figure 1. Correlation number and reference value of standard products for raw material quality evaluation index of tobacco leaf. 

 
 

 
 
Figure 2. Comprehensive weight of quality evaluation indicators. 
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Weighted relational degrees among all tobacco 
leaf raw materials and the standard sample were 
significant with values of greater than 75.00. 
Specifically, X8 exhibited the highest weighted 
relational degree of 91.68, being the closest to 
the standard sample. The weighted relational 
degrees of the remaining samples were in the 
range of 77.07 to 89.57 with the order as X12 
(89.57) > X13 (89.04) > X4 (88.87) > X15 (87.76) > 
X5 (86.17) > X1 (82.76) > X2 (82.75) > X11 (81.41) 
> X3 (81.25) > X10 (80.93) > X16 (80.40) > X9 
(80.22) > X7 (80.05) > X17 (80.00) > X14 (77.77) > 
X6 (77.07). Although all samples obtained certain 
correlation levels, relatively small differences 
were witnessed in relational degrees between 
adjacent samples, reflecting high degrees of 
common characteristics among the samples. 
Therefore, when selecting alternative 
formulations or tobacco leaves, it was important 
to consider not only the quality standards of the 
tobacco raw materials but also the intrinsic 
characteristic of the tobacco leaves to help in 
accurately classifying the samples. 
 
(4) Difference analysis of aromatic components 
in tobacco raw materials 
Aromatic components form the material basis of 
the characteristic flavor profile of tobacco. 
Differences in their concentrations and varieties 
lead to variations in the distinctive flavors of 
different samples. However, not all aromatic 
components directly determine tobacco leaf 
characteristic flavor, as most may not exert 
practical influence due to minimal olfactory 
contribution or low concentrations. 
Comprehensive analysis of all aromatic 
components could introduce bias. Therefore, the 
key aromatic components affecting tobacco 
classification in this study were screened using 
thresholds of P < 0.05 and VIP > 1.00. The results 
showed that 14 intergroup-differentiating 
components were identified, which critically 
determined cigarette aromatic profiles [26]. 
Most components had positive contribution to 
sensory quality by enriching fragrance, 
decreasing smoke irritation [27], and enhancing 
aromatic harmony [28]. In OPLS-DA model, 
dependent variable fit index ( 𝑅𝑦

2 ) was 0.91, 

independent variable fit index (𝑅𝑥
2) was 0.87, and 

model predictive index (Q2) was 0.80, all of which 
exceeded 0.50, indicating acceptable model 
fitting (Figure 3A). After 200 permutation tests 
and 7-fold cross-validation, the intercept of Q2 
regression line on y-axis was -0.69 (< 0), 
confirming the validity of the proposed model 
without overfitting (Figure 3B). Under valid 
model conditions, tobacco samples within the 
same category were clustered closely, 
demonstrating strong internal similarity, while 
distinct separation between categories indicated 
unique characteristics of aroma composition. 
Among them, X2 and X8 significantly deviated 
from the group centroid (Figure 3C). Research 
has indicated that this deviation could be 
attributed to intra-group heterogeneity due to 
aromatic components that play key role in 
distinguishing tobacco leaf raw materials. To 
further explore the effect mechanism of 
heterogeneity on substitutability within sample 
groups, given that higher VIP values indicated 
greater discriminatory power and sample 
influence, hierarchical cluster analyses were 
conducted using 14 key aromatic components for 
the optimization of classification accuracy. 
Samples were classified into three distinct 
clusters including cluster 1 that comprised 5 
production regions  of X8, X12, X4, X15, and X13, 
accounting for 29.41% of the total value; cluster 
2 that aggregated 8 production regions of X5, 
X10, X11, X2, X1, X16, X9, and X3, representing 
47.06%; and cluster 3 that contained 4 
production regions of X7, X6, X14, and X17, 
accounting for 23.53%, exhibiting the closest 
similarity to cluster 2 in overall quality 
characteristics of aroma (Figure 3D). 
 
Results of practical substitution based on 
sensory quality of tobacco raw materials 
The sensory evaluation qualities of tobacco leaf 
raw materials were compared. Among them, X13 
was free of off-odors, while X6 presented low 
aromatic quality and lingering aftertaste, and X14 
had a slightly deficient volume of aroma. In 
addition, based on comprehensive quality 
assessment of X8, its well-balanced chemical 
composition  played  a  key  role  in  its high overall 
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Figure 3. Classification model based on aroma components of tobacco raw materials. A. VIP value diagram of key aroma components. B. Cross-
validation results of OPLS-DA model. C. OPLS-DA score chart of aroma components in tobacco raw materials. D. Content of key aroma components 
and clustering results. 

 
 
sensory evaluation score of 72.80. However, the 
total sensory evaluation score of X6 was 51.93, 
which was remarkably lower than those of 
tobacco leaves from other regions. The 
prediction results of the grey relational analysis 
were verified using sensory quality scores. The 
obtained results revealed that the actual sensory 
evaluation rankings of X3, X9, X10, and X16 were 
13th, 12th, 10th, and 11th, respectively, while the 
priority order determined by Grey relational 
analysis was 10th, 11th, 12th, and 13th, indicating 
some discrepancies. Among all 17 tobacco leaf 
raw materials, the overall consistency rate for 
substitution priority ranking was 76.47%. 
 

Validation of the universality of the substitution 
system 
To validate the universal applicability of the 
proposed substitution system, tobacco leaf raw 
materials from 18 known growing regions with 
grade B2F were evaluated using the same 
experimental procedure, for which substitution 
category and priority were predetermined. 
Weighted relational degrees for B2F tobacco 
leaves ranged from 80.08 to 88.79. Consistency 
rate of 100% was obtained between the 
predicted and actual substitution categories, 
indicating that the predictive system exhibited 
excellent classification performance and could 
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accurately distinguish similarities among 
different tobacco leaf raw materials. 
 
 

Discussion 
 
Construction of Grey relational model 
Sustainable and healthy development of 
cigarette brands mainly relies on stable supply of 
high-quality flue-cured tobacco raw materials. 
Continual improvement and optimization of leaf 
blending techniques are essential for decreasing 
the dependence of cigarette manufacturers on 
scarce and characteristic tobacco types [29]. 
Extensive research has been conducted using 
various analytical methods to ensure the stability 
of cigarette quality, among which Grey relational 
analysis demonstrated favorable applicability in 
the evaluation of the quality of tobacco leaves 
[30]. Compared to traditional principal 
component analysis, Gray relational analysis is 
more suitable for dynamic system analyses and 
offers superior predictive performance [31]. 
Guided by the practical requirements of the 
cigarette brand “Lotus”, this study advanced the 
evaluation of tobacco leaf substitutability by 
shifting from a reliance on sensory quality scores 
for assessing similarity to the application of Grey 
relational analysis. This innovative approach 
allowed for a more systematic and scientific 
determination of substitution priorities among 
tobacco leaves. The results indicated that X8 was 
the most appropriate high-quality tobacco leaf. 
Correlation degrees among other tobacco 
samples and the standard sample generally 
exceeded 75.00. High correlation degrees might 
be attributed to common quality features among 
various tobacco leaves, which inherently resulted 
in some degree of natural association among the 
samples [32]. Hence, selection of substitute 
leaves or formulations should not only rely on 
quality standards but also take into account the 
distinctive characteristics and styles of tobacco to 
perform a comprehensive selection of 
substitution targets. 
 
Accuracy verification of Grey relational system 

Shaped through complex interactions, aromatic 
compounds highlight the characteristic flavors of 
tobacco and play a key role in tobacco quality [26, 
33]. This study identified 14 key aromatic 
components by using OPLS-DA model with 
significant inter-group differences and the 
standard of VIP > 1.00. Cluster analysis of these 
14 influential aromatic components, combined 
with the intrinsic features of tobacco raw 
materials, classified the samples into three 
categories. Within OPLS-DA model, however, 
samples X2 and X8 deviated from the centers of 
their respective groups. Further analyses showed 
that this deviation could be attributed to 
remarkable differences in palmitic ester and 
neophytadiene contents in second-category raw 
materials. It should be noted that only X2 
presented higher concentrations of these two 
aromatic compounds compared to other samples 
in the group, which likely caused its deviation. 
Although the trend of the data obtained for the 
14 key aromatic components was relatively 
consistent within the first category, X8 and other 
tobacco samples in its group presented overall 
differences in the contents of aromatic 
compounds. These clustering results highlighted 
heterogeneity within OPLS-DA classification and 
provided a reasonable explanation for this 
variability [34]. 
 
Universal verification of Grey relational system 
Compared to methods solely relying on sensory 
evaluation for the substitution of tobacco 
formula, the substitution system proposed in this 
research was more comprehensive and accurate. 
Its high priority consistency rate indicated robust 
applicability. In addition, utilization of different 
tobacco grades for the validation of the universal 
applicability of the system confirmed that 
substitution categories based on weighted 
relational interval division aligned with actual 
classification results. Therefore, this classification 
framework was employed for the determination 
of the weighted relational degrees of potential 
substitute tobacco, facilitating rapid allocation 
within the same category during tobacco 
substitution processes. This technique offered a 
convenient and rational basis for formulation 
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design. While Grey relational analysis 
demonstrated higher accuracy in small-sample 
research, future research should adopt various 
analytical techniques and larger sample size to 
further improve and refine this substitution 
system. 
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