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Abstract

Aiming at the detection accuracy degradation caused by quality deterioration of visible light ship
images under low-illumination conditions, this paper proposes an Illumination-Aware Feature En-
hancement (IAFE) method. Different from the conventional two-stage paradigm of “image enhance-
ment followed by target detection”, IAFE adaptively modulates features in the feature space of the
backbone network according to local illumination intensity: ship features in dark regions are selec-
tively amplified, while features in bright regions remain unchanged. Taking YOLOv8s as the base-
line model, IAFE embeds lightweight illumination-aware modulation modules into the outputlayers
of three scales (P3/P4/P5) of the backbone network, with each module adding only approximately
0.01M parameters. Experiments on the synthetic low-illumination SSDD dataset demonstrate that
IAFE improves the strict metric mAP@0.5:0.95 from 70.49% to 70.85% (an increase of 0.36 per-
centage points), which verifies that the technical route of illumination-aware enhancement in fea-
ture space outperforms image-space enhancement. Ablation experiments validate the necessity of
deploying IAFE on all three feature levels. Comparisons with classic low-light enhancement meth-
ods including Zero-DCE, Retinex-Net and KinD reveal that all image-space enhancement methods
suffer performance degradation on the strict detection metric (ranging from -0.11% to -0.60%),
while only IAFE achieves positive performance gains. Systematic error analysis for the decline of
mAP@0.5 reveals the recalibration mechanism of IAFE for the precision-recall characteristics of the
detector. On the HRSID dataset, extending IAFE to shallow high-resolution features (P2) raises the
performance gain from +0.02% to +0.25%, which verifies the effectiveness of high-resolution fea-
ture modulation for boosting model performance in complex scenarios.
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Figure 1. Overall architecture of [AFE. The illumination map is calculated from the input image to guide the adaptive modu-
lation of P3/P4/P5 features
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Table 1. Complexity analysis of the IAFE module
3 1. IAFE R ERE 57

Bk ZHRM) FLOPs (G, @640 x 640) % of YOLOV8s
IAFE@P3 (128ch) 0.005 0.02 0.04%
IAFE@P4 (256ch) 0.010 0.04 0.09%
IAFE@PS5 (512ch) 0.018 0.07 0.16%

it 0.033 0.13 0.30%
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Table 2. Feature-space enhancement vs. image-space enhancement
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S TE: £E SSDD A1 HRSID IR FERUA & 34T P4 SESS: baseline (brifE YOLOv8s)#! iafe_only
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SEHLATT . FEARY YOLOv8s. JIZRACE: AT 640 x 640, bR/ 16, SGD Ak (zh &
0.937), WIUHS 212 0.01, R5%IB K, 12k 150 /> epoch, FAZMH 0ME 30, ffif4F & : NVIDIA GeForce
RTX 5060 Ti (16 GB &), PyTorch2.11.0 + CUDA 12.8,

PR PR : mAP@O.5 Al mAP@0.5:0.95.
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Table 3. Analysis of low-illumination degradation

3. REBERESH

GRS piGE S mAP@0.5 (%) mAP@0.5:0.95 (%) IRAIR
E# 98.94 72.61 -
SSDD
fIGHE 98.58 70.49 mAP@0.5:0.95-2.12
1EH 91.57 65.37 -
HRSID
iy 89.68 61.93 mAP@0.5:0.95-3.44

R 8 BE 26 AE S PN B SR 2 B T W A PE BE B 4K : SSDD f) mAP@0.5:0.95 FF% 2.12 AN 43 45,
HRSID F[% 3.44 4~ % .. HRSID HEE{LHE N E 3, X5 HRSID 75 & 4. EG P8R 8 5(0.5~3
m) B0 75 5 4 RS R Ok
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Table 4. Experimental results of IAFE for low-illumination detection
3% 4. IAFE [REBERNSIINER

EIEITES S mAP@0.5 (%) mAP@0.5:0.95 (%) AMAP@0.5:0.95
baseline 98.58 70.49 -
SSDD
iafe_only 97.91 70.85 +0.36
baseline 89.68 61.93 -
HRSID
iafe_only 89.53 61.95 +0.02

7f SSDD i I8 B #i4E |, TAFE # mAP@0.5:0.95 M 70.49%38 7+ 2 70.85% (+0.36 AN 43 55),  HilE
TREAE 2 ) BN B R 1 A . EAE RN, mAP@O.5 M 98.58% FFEE 97.91% (—0.67%), 1H
mAP@0.5:0.95 (M3 FHR I TAFE = Z2id i oot a2 S & 68 5 (M 3E 20 S B ) SRR FH M M e . IX—

AR TEAN FEAR R SRR AR AR AT 22 T R 7 R ) R I — B

7£ HRSID M8 FERE4E |, TAFE (RS0 N+0.02%, FEA GRLEFF. BG4 M 25 22 el
BT £ BE 53 -

(1) I8 RSB ALFE B2 - HRSID [ 1E % - KIE F mAP@0.5:0.95 iBALIA 3.44%, & KT SSDD [£] 2.12%.
FRHR ARG (R EE 0T HRSID MRHERIRTE ™m0 REAE ) T AN 2 LAE 2 E . B4k,
HRSID {154k mAP@0.5:0.95 {4 61.93%, EfikF SSDD [f] 70.49%, B HRSID A& & gt /&— 4™ ¥ [ 4
Sop Sl
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Table 5. Layer-wise ablation of IAFE (low-illumination SSDD)
5% 5. IAFE B4 ERR(SSDD K IRE)

e & IAFE Z4 mAP@0.5 (%) mAP@0.5:0.95 (%)
baseline - 98.58 70.49
P5 only P5 98.63 70.62
P4 +P5 P4, PS5 98.35 70.71
P3 + P4 + P5 (52 %) P3, P4, P5 97.91 70.85

TR SEYR L5 KW (1) P5-only 7E mAP@0.5:0.95 3545 FIRAL T B K R 25(+0.13%), WiE T &2
T SCRFIEHOR BRI T A 25 (2) P4+ PS5 XU E A 4 (+0.22%) M T PS-only, WEH T 2 R B AMOA RS
(3) P3 + P4 + P5 =24 B RS 5 mAP@0.5:0.95 (+0.36%), HilE | £ =AML )2 4 L1382 TAFE (1)
W EE A R
4.5. 5%mBARAXIEE
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Table 6. Comparison of IAFE and ZRIE image enhancement on low-illumination SSDD
3% 6. IAFE vs ZRIE [Ef§&38(SSDD fRERE)

Tk 3 558 % 1] mAP@0.5:0.95 (%) AmMAP@0.5:0.95
baseline - 70.49 -
ZRIE (E1& =z [H) = 1% 70.23 -0.26
IAFE (&30) REAIE 70.85 +0.36

SRR ZR I ZRIE B4 58 77 2 (mAP@0.5:0.95 —0.26%) /2 SOTA X Et(Zero-DCE —0.34%, Retinex-
Net —0.60%, KinD —0.44%)—EIGUE 7“4k 25 (a3 s e T B 2 (a3 58 7 1A% 018 5. TAFE 7556 4 A A
RS2 56: 261 T % mAP@0.5:0.95 M ZRIE ] 70.23% (—0.26)ii 54 4 70.85% (+0.36), 1T+ 0.62 AN 43 A
XX LU EDHBIGIE | “RRAE 2 A) 5 A T BEER  [A1 8 1A% 0018 55— —ZRIE X BB AR 2= BB BonT fg
P TR AR ) AR B R AE, T TAFE ZEHRE 45 18] R R B 7 X e i {5 B

4.6. S&BTIRMEIE T AR L

ATV TAFE AHXT TAE G BT R, 3% 7 %5 TAFE 5 2 Fh &0 sl 6 IE G 1 sm S0k 47
WX E . BT N B VR SR AR R R S 06 4 B e S G R B RS AT B o AL B, P DA 5 )5 1 RS )
25 YOLOvS8s il 28 ,
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Table 7. Comparison of detection performance between classic low illumination enhancement method and YOLO V8s (SSDD
low illumination)
F 7. ZRARNABEIRTTE + YOLOVSs #ll M BEXTEL(SSDD 1R ERE)

VIR Wimaim  SHEM) mAP@0.5 (%) mAP@0.5:0.95 (%)  AmAP@0.5:0.95
Baseline (YOLOvSs) - 11.13 98.58 70.49 -
CLAHE + YOLOvSs B (1£4%) 11.13 98.50 70.38 -0.11
Zero-DCE + YOLOvV8s  FEUZ(RFE) 11.21 98.55 70.15 -0.34
Retinex-Net + YOLOv8s U (RFE) 11.38 98.35 69.89 -0.60

MFE 7 ATRAARH DU OGB S5 18 (1) A UG 28 (A1 3 7 VA TE A 4B AR mAP@0.5:0.95 3 H BB AL
(—0.11%%-0.60%), Juk 1 P B A4k B AR A — SRR AR W8 (2) Zero-DCE PR ALIEE (—0.34%)
/T Retinex-Net (—0.60%)Fl KinD (—0.44%), FIReE R &N AT G B EUE N (3) 1L
IAFE 7£ mAP@0.5:0.95 [ 3R158 1E )4 25(+0.36%), HZE &M N/ (+0.03 M), F840iEB T RHEZS (8]
FRL R 38 iR R T T PG 2 T 398 5 P e

5. i
5.1. $FEZ2E] vs BlfRZ518): Jfh4 IAFE EEH

IAFE {1 T ZRIE [RRA S5 R T DUNARAY B ARFIAE B CREF P A 4 FE PR

Ak HARx15%: ZRIE MIZk H A5 2 ARS8 BURR E R (S I — 20k . BoGish], Sitafas . Jalr
W), XS RBUESR N EIFE T IEsRAE AL, (R B ARG B AN AR R I R G R
IAFE B PRI R Lae AT om0 N5, 6B SIS LAk 75 1) ARG S5 FAS I RE 5Tt -

5 EOREF: ZRIE fEEE B MAHE F AT B, WTRESEBIME B8R: (1) Bl rsl—
F MR AELE T BRI (0 [P0 T %% (2) Bt/ aCEAE B A —— 38 s R AE v RE U H FR I
I3AT, T M ARSI Y B SRR AE (U A 5 ¥ 1 A3 0T EE) . TAFE MBS BB IE R E, UE
FRAE (R gEAT @ E A, CREE T IR AR B T B B 2 [ A £

mAP@0.5 NIRRT n# 4 FiR, IAFE 76 SSDD | mAP@0.5 M 98.58% F[4Z 97.91%
(—0.67%), 1H mAP@0.5:0.95 M 70.49%3E T2 70.85% (+0.36%). X —FLGMEBIRNIMT. (1) ILFHEE
POKEFEARAL . TAFE WIS DXIURFAE RO SO 1 AR AE T b RS R R B o AT, 5 35T 220 R A A i A
WM o 1E ToU=0.5 [ FEFABRIME T, &5 A At i ik B8 8 AR JIUAE (ToU =~ 0.50~0.55) RI i Al A ARk
MR 0.5 LR, Bt Rk BAE ToU=0.75 BCH % BE T, X LeRf i S i 12 SR SE AR b G & B
FRECER, MIMHET: T mAP@0.5:0.95 #8h5. (2) HARREESHT: & COCO AR5 H bR REE & 73 K3,
mAP@O0.5 T B¢ 2 BAE R TERBAAN B b5 1(20 5 RIB LR 60%). KA HARTERRE B b O A 285 55K
., TAFE BIZ4MRGIAT Re 2 it sh AR e R e R o . M/ HARCHAY < 322)52 2 T DX SR AIE Y o
mAP@0.5:0.95 KR A /MEFEFH(+0.5%). (3) B A2: TAFE ff /5 B (5 1l (confidence > 0.9) 1]
LA 68% %4 62%, 4% B 15 FE TN (0.5~0.9) [T ELBI M 25%TF 4 30%. iXF W] IAFE 3] 7 E
15 ERAEVE - —— ) T30l T BE R M AR TR, 6 B EE AR F MR, 256 KF,
mAP@O.5 1 T B FFAET7 V200, /& TAFE SP RIS RS B2 - A mIRevE I R e, A F2 /A2 i
AL 11 L RS 450 A 7™ s B AL T RO R 0 o

5.2. SSDD vs HRSID 352 R0 FEEE
PN BEAE B3 25 22 S(SSDD +0.36% vs HRSID +0.02%)ANMY i 2 1 K2 (BB IR . 20 ) hig,
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£1%) HRSID I TAFE 325 AN 2 18, ARSCH—DRER T Ao s (LR 8): (1) mardeR
WEREY . K IAFE ¥R EBE 2 P2 J2(80 x 80 x 64 i#id), L P2 + P3 + P4 + P5 JU)Z IR E . P2
EAREE T 2 A A E R, 204 LW, P2+ P3+ P4+ P5 it B 7E HRSID 4 mAP@0.5:0.95 M 61.93%
PETFE 62.18% (+0.25%), AHELAXMHE F] P3 + P4 + P5 (+0.02%) 4 & 238, WAIE 1R =m0 HERAF A T 24
3% HRSID BRI . (2) IREIYSRIEGIRER : I IAFE S48 58 )7 V5(FFT-based) HEAT I, Jtid
TEATURGE I 3 i 4 R LU, FRIE I TAFE YERFAEZS (AT R EE M H . 9125 S8 B oRiZIR & SRS E
HRSID _FA[Hf5+0.41%/ mAP@0.5:0.95 35, T Al H TAFE (+0.02%) 55 S b5 FH ARSI 54 o

Table 8. Experimental results of HRSID improvement strategies (low-illumination SSDD)

%= 8. HRSID it g SLEE 45 R (SSDD REB )

fi & mAP@0.5 (%) mAP@0.5:0.95 (%)  AmAP@0.5:0.95
Baseline (HRSID i /%) 89.68 61.93 -
IAFE@P3 + P4 + P5 89.53 61.95 +0.02
IAFE@P2 + P3 + P4 + P5 89.55 62.18 +0.25
A58 + IAFE@P3 + P4 + P5 89.60 62.34 +0.41

5.3. MRRBRSRK =

AW ARGFAELUT R : (1) A BARIE RS EI0E, ESeR a3 fZ (e A 1Al (2) IAFE
(14T i 55 R LR O 1) 5 B AR AT R (3) INIIE T YOLOvVSs —/NEZEEAY; (4) HRSID L JR 444 25
ANEEH+0.02%), (HIEHY EE P2 iR ERLEMEE+0.25%, HiEMEHIEEZ TR B DRAE.

Rk TAER R T (1) WO B SER AR UG HAT i 8 B VPAl s (2) RZRE IR TAFE: A FZEH
A3 FAS[R] AR R o SRS (v JZ 3 iR 2% . TRJEIGSRIE ) (3) ¥4 IAFE ¥ J& 2 HARATIIHESL (A Faster R-
CNN. DETR); (4) Wit IAFE 585 s /Nl o i) (&5 4

6. &5ig
ST RHE IR B 2 E T AT OGHR AR RS B R W ) S, $H 7 % RRUBK RIS F 8 9% 7 1 TAFE. 5%

G i PG 23 ()3 58 7 AN, TAFE 168 T W 48 (R A 2 [ AR 4R o 358 )6 R 8 B8 o e FE S 3047 9 38 I A il 5
s DX SRR R I PR TBOR . S X IR FEA AR

TEA BRAK TR SSDD #4811 525638 B : TAFE ™ 4% 48 b5 mAP@0.5:0.95 M 70.49%3& T+ 42 70.85%
(+0.36%), BRiE T REAEZS (A6 R A G B R T AT . 75 HRSID #5548 B3 25 A FR(+0.02%), A3
RS MEPE . BRI G 7 HE R S5 A FE b 1 22 5 R A

S5 HRZE M) ZRIE BUEIE R TT (mAP@0.5:0.95 —0.26%) [I%F L ELWLEGAIE T “ 45 L4 A) s p T &
1475 [R5 7 B 08 f. TAFE B S 30N 4 0.03 M (YOLOVSs [ 0.3%), FPS RN T 2%, T
SER R I AR A K
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