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Abstract: In order to achieve accurate identification of aquatic bacteria, this study employed transmission
spectroscopy combined with a generative adversarial network (GAN) -based data augmentation approach

to classify and identify five typical aquatic bacterial species. Addressing challenges such as the high cost of
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acquiring transmission spectral samples, susceptibility to instrument performance variations, and insuffi-
cient model generalization under small-sample conditions, we proposed a spectral data augmentation strate-
gy based on a dynamic filtering generative adversarial network (DFGAN) and constructed a convolutional
neural network (CNN) classification model. Initially, 600 transmission spectra of the five bacterial species
were collected across different cultivation periods and concentration gradients to form the original dataset.
Subsequently, a deep convolutional generative adversarial network (DCGAN) and the proposed DFGAN
were implemented for data augmentation, with the quality of generated spectra evaluated from three dimen-
sions: visual morphology, statistical distribution similarity, and feature space diversity. Finally, compara-
tive analyses were conducted on the recognition performance of three classifiers: support vector machine
(SVM), K-nearest neighbor (KNN), and CNN. The results indicated that the quality of spectra generat-
ed by DFGAN was significantly superior to that of DCGAN. The aquatic bacteria identification model es-
tablished by the DFGAN-CNN approach exhibited optimal performance, achieving an accuracy of
95.00% , precision of 95.45% , recall rate of 95.00% , and Fl-score of 95.00% , thus demonstrating the
highest accuracy and robustness. This method not only provides a novel approach for the rapid detection of
aquatic bacteria but also offers technical references for addressing small-sample challenges in the field of
spectral analysis.
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Fig.6 Mean spectra of the original samples and the generated samples, with an error range of == 1 standard deviation spectral band
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7R BOGTE M E RS £ 1R B S
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0 53 A A X A T A R R B ) 2 o) B RS 2 Y
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A 25 TN A U B L O B A (B i 25 38 /N T
DCGAN A= g5 5 5 Rl i, DEGAN A= sl BE AR 1 b
YE 22357, 5 DA R A s o 25 15 Y S R
J7 o X FEWIIETF DEGAN AR B A B 1) R AR 6 i
FE 4 U B i U 3h v [ s A DR A 6T A A
PR PE | BB 08 57 8 52 0 ) 0f A 4R 9 40 A LA
M DCGAN 52 R A: J5 R A (9 5 1 22 38 71 78 240~
280 nm AZAE WA (U & 6(a) (b)) (d) (e)), HAER
e A B RE A 2 A R SR R A AR ) AR A 22
NI

Sk %W LA B 2480 7 1) DEGAN 5 DCGAN
A JRE AR B ST 56 E AR ST 3 2 O 5 A
A RE 7R SR I MMD F1 SWD 1 b ik 7 Y A
BRXF L AN H8 B L S VA PR A AL A O S 1 3L
B TWEULHIM L, Bk DFGAN 78Il kB B2 (1)
Sl 0 vE o A T T MMD M SWD, {H A% 15
AR S RN PN g e T 7 o U, T R
o 3 A AR o TR AR Y I B D PE AN B B, A
X4 2 56 A2 Oy AN TR B s 1 5 5 75 (DFGAN 5
DCGAN) TEAH [ YN 2R 48 TN A i) de 4 8 RURE AR
VAN B bR 8 T 25 530 A B B N 7 B0, 3
M- S 5 5 H A B ST .

BEXT SR04 R RS 7R W R RS 3G R AR
AL BT X Bban 3% 1 s . 36F DFGAN ¥
RO 7 A R OGS 5 I G G A L R K
18 25 S % A8 T DCGAN BS 38 45 5L [ Ah 21
2 AAT TR A B0 2E VD T G 9 MMD {78 95 Fh
J7 ¥ HpOA TR A1, e Ay =l 40 7 (il 98 o T A0 P L 3%
i BR A R 4 B (0 ) A BR D) B9 MMD {E ¥ T
DCGAN J5 i, H v 4 B €4 5 %5 BR 04 10 2035 e iy
%, H MMD 4 M 0.059 8 & % 0.034 9, 7E
SWD 45 5 J5 10, Al 5 2F F61 FF 1 A B4 ZE V0 T] I
PR, 76 PRP R 58 7 1k R A3 SWD B AH [R] , 1 76 2%

&1 EFDCGANFIDFGAN MR FEMEMRKIES
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Tab.1 Similarity evaluation between the spectra generat-
ed by the DCGAN and DFGAN methods and the

original spectra

DCGAN DFGAN
MMD SWD MMD SWD

Bacterial

K. pneumoniae 0.0281 0.0048 0.0219 0.0052

E. faecalis 0.0403 0.0080 0.0277 0.0067
S. aureus 0.0598 0.0075 0.0349 0.0059
B. subtilis 0.0209 0.0041 0.0209 0.0041

S. typhimurium 0.0282 0.0107 0.0282 0.0107

BEERIH & W O A ke L, DFGAN 7 k15 5
) SWD & T DCGAN J ik it e f . 5
DCGAN M I, fili ¢ 3¢ 765 11 7 9 SWD i 7£ DF -
GAN H B A - B 0.000 4, £ 4 HAp
I B REAS RS5Ok F  DFGAN 2B 80 5 5
UG RS AL TE % . S5 R R W], DFGAN
T30 35t 2 28 07 6 S [0 24 B BB ) 2 i L 7E S
Y0 TR 35 SO T 3 5 0 R A AR T T A O
5 R UG ) 42 SR K S iR o3 A AR AL

% S8 BN R 40 T AS B A7 A8 [ A OG5 2 L &
T I AE 25 18] 43 A0 BT A 45 SR . S B R H
DCGAN,DFGAN A= jli A 5 7] 28 J5 4 240 78+
A FRAE 53 A — Bk AR SCEE X 45 2 41 1 4 1 T
J& PCA 4 #r o HARBURE N - o X 452 40 1 1 i
TR D' T A TN AR O TS AR AR HEAT IH —fb A B Bl
J5 B PR ARG I, I AR 2 ) ik ST B e A N o8
AL PCA [ 4, $2 BUFT M A 3 B 4 PCL A PC2 I
Pl — 4 R AR 25 8] o 38 23 Xt DCGAN Hl DF-
GAN 2% 40 18 A BURE A 5 I 05 FE A 72 — 2 R AE
25 () Y 7 26 DT RR S Ko A TR £R S PR AN 2
TR A 1 20 A — SO R AE 22 B 1, L5 SR
K6 Fis o

i & 7 0] 41 (22 %) i DCGAN 2B i, 45 %1 N
DFGAN 4 5 ) , T %0 40 3 3% 35638 19 PCL )y 22
TTHR R AE P IE 68. 76 %~85. 53% Z 6] ,PC2 )5 £
Tik R E T IE6.46%~12.76% 2], i # 1y &
U7 2 STk Rt e @it 7 81% . H, 5 DC-
GAN %7 A e, DFGAN 7E fiti %6 52 75 1A #i
FEHEBR DA |4 R 008 4 BRI R JE VD T IR T Y
PC1 5T ik A8 A Frde 7+, 43 48 7+ 17 0.37%,
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Fig.7 Comparison of PCA Distributions between generated samples from DCGAN and DFGAN and original samples
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INER S BRI T BN, X—FHE
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R E M EZ R . P DFGAN A i
FEAS By J3 B AR A0 T DCGAN, X E 81525 T H
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A PR AR Z2 FEPE AN T 0 0] 80, ol A5 U 68 0% A= ok
A AR G FRAE , A & R 25 0
A,

4.2 E T DCGAN #1 DFGAN i 1838 /9 40 &=
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B A KI5 0 R 5 o3 S 2 B e v B (P
W BB TKk=1:1,1:3,1:7) R JE W
W 2B Kk=1:15,1:31,1:63) , FEALHh B 4F Fh
0 B 45 S 15 3% I E) (1~20 h, /8] B& 4 1 h, 3 20 4
T B ) 14 1o A6 R e 88 ARG A6 B ik B v 1) 3 %06
A 1 2%, BIVEg R Al TR 9 B B0 43 2 BE B A
2 50T AE R M RE A 5 4 B 20 A 55 3% I 1)
A 40 0 AR A B4 1 80 AL HEVE
WIRREAS , B 2, I SR A2 1 Sy 400 2%, M 46 A
A 200 2% o BRI 4 AR 2 B

K A K i1 48 (K-nearest Neighbor, KNN) |
SVM (Support Vector Machine, SVM) il & F1
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Tab.2 Partition of the original dataset and augmented da-

taset
) Original Augmented

Bacterial

Traning set Test set Traming set Test set

K. pneumoniae 80 40 160 40
E. faecalis 80 40 160 40
S. aureus 80 40 160 40
B. subtilis 80 40 160 40
S. typhimurium 80 40 160 40

2 M 2% (Convolution Neural Network, CNN) =
ol o3 2 AR, S A TR A UL . 4 AR 4
DL R 50 HE 1 % (Accuracy, Acc) K R
(Precision, Pre) . M2 (Recall, Rec) il F1 434
(F1-Score, F1) 4 ¥ fir 48 o5 o HoiF 5 24 5043
VbR

Ace— TP + TN

TP+ TN+ FP+ FN

PreziTP
TP + FP

Rec= P
TP+ FN

Fl—gx LresRec (5)

Pre + Rec

Horpr . TP Rox HIE B, B S22 5 1R 36 LAl
T2 5040 A TE 28 PR A JORE s TN R BBl
BRIV 52 288 ) g B 28 RS TR I 28 Si1) ] AR S £ 26 Y
FEARUR s FP R BRI, BV 52 28 50 0 126
A58 7R 0 248 531 A TE 6 B RE AR B s FN R
1), B S 288 ) Sy TE 28 AR I 2K ) Sy £ 2K )

JE U 375 S 6T A A R o SRR I A0 TR R
A RANFR 3R . TR GBS b, SVM LAY
TEER 26 (91.50%0) AE B 2 (91.87% ) . A [nl %
(91.50% ) A F143%2(91. 33% ) ¥ . 4 F KNN
FCNN AL B TR 45 5L, 2 ] SVM #5878 40 74
PURIAT 55 vh B A B0 00 B9 o ff 1k i b L X g2
PR A KNI A 76 6F 73 24 S 33 B0 40 119 3 2 1 R AiF 0L
BT B2E By 52 REAR oy A B sl e T o
FALN 73.50% , CNN #E A i 5 A P 5 10 R 2 4%
TE$R BURE I, A0 A2 YR A R i AN 2 g BRI,
TR Ty AR BE 2 2T BRL B P B, R R
H87.50%

F3 FREHKIELE S KNN,SVM fl CNNEE f 40 5

RANER
Tab.3 Bacterial identification results of the original trans-
mitted spectra based on the KNN, SVM and

CNN models (%)
Model Acc Pre Rec F1
KNN 73.50 73.68 73.50 73.35
SVM 91.50 91.87 91.50 91.33
CNN 87.50 87.92 87.50 89. 50

SE I R R FH DCGAN Al DFEGAN W Fi %4 95
Ty 1 W A5 S AN A RS HE A R I R AR
G (80 4% ) HEATHG 5 , 524 4 T I 2R A2 45 15 i 80
FOUHE YIS A RGN RIS R
160 4% , Ml AL AR AN AR 41528 40 ot ik (35 5
B R % 2) . &SR I A 1000
ZIGIE B R Il 2R 4E 800 4%, ML £E 200 %% .

&4 ETDCGANF DFGAN##E1E38 45 & KNN,SVM 1 CNN 2R 5 25 R 33 bk
Tab. 4 Comparison of recognition results using DCGAN and DFGAN data augmentation combined with KNN, SVM and

CNN models (%)
DCGAN DFGAN
Model
Acc Pre Rec ACC Pre Rec F1
KNN 80. 00 79.71 80. 00 79.06 80. 00 79. 64 80. 00 79.15
SVM 93.00 93. 30 93.00 92.97 93. 50 93.67 93.50 93.48
CNN 91. 50 93.02 91.50 91. 04 95. 00 95.45 95. 00 95. 00

i3 4 740, % DCGAN 1 DEGAN ¥ i
X AN B O SO R AT Y TR L A A R

Bk BERRNPERE Y A B B . 4 DC-
GAN 1458 J5 , SVM #7851 50 4 B8 1 F KNN Al
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CNN; T2 DFGAN H4 5 J5 , CNN B A {1 453 50 14
B3k B R 0, FLMERG R RSB R BIR A FL 4y
¥ o4 W A 95.00%, 95.45%, 95.00% A
95.00% , 2y 4= X LU AT o i) f AR OK T o 4
F W, 7 R RO 3 A R A AR A TR SO
T REAS KRR, B FE A B AN R TS| R R A
R BE 7 f 55 ) A, o DEGAN 238 )

by i — 25 B UEAS S 4 DEGAN %4415 1 5
J5 W AE A R AT 55 P R RE A B K ik SR
£B 4 {E % 38 (Synthetic Minority Oversampling
Technique, SMOTE) . /& 17 M2 75 38 58 W 25 1% 58 48
R B 358 58 vE R AT R PSR L S s AR
PRFF G — 45 3000 7 vk 0 B 2 A B U SRR B 34
80 % , M3k £ Vi F IR R 200 45 061, 43 25 4% %
RS R PR RE R AL A9 CNN B R[] 48 58 5
TR A5 A CNIN B RL i 48 1 100 P e X be 45 S 4n
5PN,

#®5 B T SMOTE. & #f 1% /5 14 58 1 DFGAN £ &
CNN # B FiR 3 45 R 3t Lk
Tab.5 Comparison of recognition results based on

SMOTE, Gaussian noise enhancement, and DF-

GAN combined with CNN model (%)
Enhancement methods  Acc Pre Rec F1l
SMOTE 87.00 90.10 87.00 86.47

92.00 93.15 92.00 91.79
95.00 95.45 95.00 95.00

Gaussian noise

DFGAN

M2 50, 5 JE 0 B L AH L, SMOTE i
00478 (I 394 58 % A5 TR0 TR0 o Aff 2 (X 87.00 %, 7
SR B R AT B HE Th o R ST R R A i g A AR
E i 2Rl 87. 502 & A+ & 92.00% , & W] 3@ & i
T BE B 20 B 6% 3 R A R Y o A L (R T
BALRE N AR BE A B ABALIE 3h , 0k A i &
B AE 20 AT 0 A RS DR M B R T A
AR

M Z T, A DEGAN J7 B T i
PRI AL, | AR % T 0 14 5 1Y) i IR B0 4R | 1
KT T 7.50% . X — 450 B AE T DE-
GAN B4k 38 58 J7 15 09 A Z0HE | TR B UE B T #E K
40 # AR BT 5 b, DFGAN-CNN £ & AJ 52 3
e T M v U

BT3B 56T 4 AT B4 K Uk i B R O ik L
A ICH AR AR AN R R A G e 7E K AR 4
TR 2B R I b A T R R S o ) Al R i
SR T M A PR A R A, 2 R DCGAN A
DFGAN 4l 34 5 J7 v , I 45 & KNN, SVM
CNN = Fft 43 257 1 B 7 K AR AN B R A 0 2%
FERB . (1) 3T DFGAN U 36 5 0y 2= 5 48 40
PR 375 S 61 B 5 R O TS B AH L L 7 AR
A GE oA ARV FIRRAE 23 18] 22 R 2R 5 1 4R
T DCGAN 1 B4 14 58 77 1 5 (2) 5 J5 46 $icdi 4
0 B T ) 45 SR A, R J DCGAN A DFGAN %1
P B0 00 S 05 BTG L 45 A R =R A e
XoF 4 B U B R ORGSR B LA B A
WARTE, JUH 2 DFGAN-CNN J5 12 fr € 57 40 18
PR e AR AR, VE R RS R R
F1 4380 511k %] 95.00% ,95.45%,95.00% 5
95.00% . 7 3 Ar$2 DFGAN % 4% 14 58 )7 ¥ , fig
% A SCAR T K M 40 TR ARG R BE L R N EE AR 3
SN OGBS B R A oY B A L BK S OO
AR5 DFGAN-CNN #5 #1 Af 45 4, v] 52 8 K /&
YT 09 TC B L HE B U TR B Ol CNIN 4 R B 2
2 B A O S OG5 A B s % N A R L R AT
ES

2 TR R R A B A A AT
PR A BRI R RS N T Kk
AAEBBELESHEARAYT A, ]| TF F B
G EHAERELRANE AEEBFRS
MRAR BEEEATRE HFEIGFHES
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