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Abstract: Object detection in foggy and dynamic environments remains challenging, especially for small

objects whose features are easily degraded by low visibility. Existing methods often suffer from insufficient
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robustness and limited real-time performance. This study aims to develop a high-efficiency and highly
robust detection framework tailored for foggy small-object detection. We propose HS-MambaDet, a
hybrid state-space detection network built upon the Mamba-Transformer architecture. A hidden-state
compression-enhanced backbone(HSM-SSD) is designed to reduce computational overhead while preserving
global dependency modeling. Additionally, a Multi-scale Frequency-Spatial Fusion(MFSF) module—
consisting of a high-frequency perception branch and a spatial dependency modeling branch—is introduced
to enhance fine-grained details and long-range spatial relations for small objects. The overall framework
integrates CNN, Transformer, and Mamba components to jointly capture local textures, global context,
and efficient sequential dependencies. Extensive experiments on the RTTS and CityScapes datasets
demonstrate that HS-MambaDet outperforms mainstream SOTA models in both accuracy and efficiency.
On RTTS, the complete model achieves 87. 3% precision, 73. 1% recall, 81. 2% mAP@O. 5, and 51.0%
mAP@ (0. 5~0.95), exceeding the best comparison baselines by up to 3.8%, 3.9%, 3.6%, and 3.3%,
respectively. The inference time remains low at 0.26 s, ensuring real-time capability. In small-object
scenarios, HS-MambaDet improves mAP@0. 5 by up to 4.4%, and cross-domain tests under varying fog
intensities further verify its superior generalization and robustness. By combining hidden state compression
with multi-scale frequency-spatial fusion, HS-MambaDet effectively enhances fine-detail perception and
spatial dependency modeling under foggy conditions. The proposed framework achieves strong performance
in accuracy, robustness, and inference speed, offering a practical and efficient solution for real-time object
detection in adverse weather and dynamic environments.

Key words: object detection; Mamba; high-frequency perception; fusion hidden state compression
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Tab.1 Ablation experiment results

TR BAEEE/ %5 AWM/ % mAP@O.5/% #HEMEFE]/s mAP@(0.5~0.95)/% FLOPs/G
PR SEN- WAk SN 83.9 69.5 77.7 0.22 47.2 39.8
25 B3 v AR R R ) ) % 83.1 70.8 78.1 0.25 46.5 41.3
25 HSD # #1 86. 2 71.9 80.1 0.28 49.5 44.9
ST R AT 87.3 73.1 81.2 0.26 51.0 45.6
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Tab.2 Comparison results of different models

A WOMRSRE/ % BFER/Y% mAP@O.5/% H#HEHEE /s mAP@(0.5~0.95)/% Z4#/M FLOPs/G

HS-MambaDet 87.3 73.1 81.2
ConvNeXt 83.5 69.1 77.6
ViT 85.7 71.8 79.3
CoAT 86.7 72.2 80.1
VMamba 85.1 70.4 78.5

0. 26 52.4 45.2 45.6
0.25 48.1 28.9 78.2
0.42 49.6 86.4 190. 5
0.51 50.8 75.8 120.3
0.35 48.9 32.6 35.8

S 5 L e B R ST B A A T VT 4R
br b ¥A Rk Re . BRI F AR TN
TH], A SCRE AL R IR AL CoAT i i 0. 6% 5 7F
18] )7 L 8 VIT B89 1. 3% 5 75 mAP@O. 5
fabr b IR AR S T 1. 1%, jt,ﬁ\{’%n%‘:{f
B R R LT Transformer i 185 58 75 P 5B
P A STy vk AR AR AT 2 R A B A [ 'ﬁ%
o AR SO BRI T AR S AR AR 5 i
AT . Wi VMamba 55 VIT PEGEAH T , (0 & 7E
EFE S [A] - R UE B T AR SE R H AR
K AT 55 A 9 B K 1 . HS-MambaDet 3 Jiil

ViT 5 VMamba 05, BE 76 PE 6E - BUS48 KA
PO EA B A HERR I (R] o e Ah U S
() J2 , A SCRTF R L ARLTE mAP@ (0. 5~0. 95) 15 A
AR T AR AL TR A X E SR R
FRATEE X 55 KA o5& 1T T 14 55 70 45 g 45 ok 11
W35

FERSTI A 2 i T 1T, A SCORSE Y J B P S 1
WOR S EEW T BRI AR S 40
45.2M, B =5 T ConvNeXt (28. 9M) 5 VMamba
(32.6M) , {H & F ik T VIT (86.4M) 5 CoAT
(75.8M) , & W] A< 45 44 3 i 5| A3 B2 3 i =



230 W5 Bos

%415

BRGNS T 280 T O, AE
i i S bR A AR M FLOPs #5 b5 b, A% SC s )
(45. 6G) ALK T VIT 5 CoAT & & FI /Y,
538 5 24 VMamba (35. 8G) IR 4k F [/ — &
G HWRT BAEN R . X - REET
S Bt ) HSM-SSD ‘B 45 14 75 1 4 Bk 2
R AT E 55 52 4% 3 Oy T A AT 250 | AR SCRE A L ]
P S B RAUNY  SE B T S AR S
TARRPERER B, 298 T HAE W IR U 5t T

17 3L At
i (3

(a) 3P
(a) Ground truth

(b) HS-MambaDetf# %I
(b) HS-MambaDet

(c) ConvNeXtfx 1
(c) ConvNeXt

(d) VMambaf¥i il
(d) VMamba

(e) Vit
(e) Vit

(f) CoATAI 7
(f) CoAT

KGN Rl DR A

Fig. 6 Visualization results of object detection in foggy scenes
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Tab.3 Prediction accuracy results
A/ V%
it po . P
N WA AIRE AfTE EEE
HS-MambaDet 92.2 96.8  72.7 76.6 74.0
ConvNeXt 87.2 93.5 66.8 71.5 61.6
ViT 89.2 94.5  69.5 74.3 68.5
CoAT 90.8 96.0 71.2 75.5 69.0
VMamba  88.5 94.5  68.5 73.0 64.0
R4 BEXFZR
Tab.4 Recall results
/0
o A3/ %

TN R7E RRE AT A EEIES

HS-MambaDet 77.4 79.8  56.7 59.2  65.4
ConvNeXt 74.1 75.2 52.5 54.0 60. 5
ViT 74.9 77.8 54.1 56.5  62.4
CoAT 76.2 78.5  55.5 57.8  63.8
VMamba 75.6 77.4  54.4 55.7 61.8

X5 mAPQ@O.5&R
Tab.5 mAP@O. 5 results

mAP@0.5/%

gE — :
A WE ASORE AR BCE

HS-MambaDet 85.9 91.0  66.6 69.9 74.3
ConvNeXt  81.3 87.5 61.5 65.6  70.7
ViT 83.8 89.4 64.0 67.8 72.6
CoAT 84.5 90.2 65.2 68.5 73.5
VMamba 83.6 89.2 63.3 67.1 72.4

X6 mAP@(0.5~0.95)4 R
Tab.6 mAP@(0.5~0.95) results

mAP@(0.5~0.95)/%

iR
TN W ARE AT BEIER

HS-MambaDet 51.3 56.6 39.8 42.9  46.9
ConvNeXt 46.0 52.2 36. 1 38.7 43.0
ViT 48.3 54.1 37.1 40.4  45.1
CoAT 48.7 54.5 37.7 41.1 45.7
VMamba 48.0 53.7 36.7 39.9  44.3
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Fig. 7 P-R curves and ROC curves of the models
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Tab.7 Small target detection results
K10 RVEHFE(VIT) — -
. - o BW BOOKE/% AR/ % mAP@O. 5/ %
Fig. 10 Confusion matrix (ViT)
HS-MambaDet 81.2 68. 6 76.7
ConvNeXt 76.5 64.1 72.3
Hh LB 22 W e 3, 3 B A TR B 2 R U ViT 79.2 66.7 74.1
B o 3% — AT PLAKIE 3 5 1T S A AH BB E CoAT 80.5 67.8 75.0
HLRER] T HS-MambaDet ff il & 894 7 | F X VMamba 78.9 66.3 3.7

0.908 0.020  0.018  0.009
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Fig. 13 Small target detection visualization results
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4.2.5 ZALHEE

BT B E BT g HS-MambaDet # 8 75 A [6 55
SR EE 5 5T MIZ A RE 1 AR SORE I 25 58 1l 0 A 1
B 4% T F & CityScapes-foggy-low fil CityScapes-
foggy-high %4 5 #4701, I 5 ConvNeXt, ViT
CoAT 5§ VMamba HEAT %] LE , 52 46 B4 0 3 8~
R13N7N
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Tab.8 Prediction accuracy results( CityScapes-foggy-low)

TS E/ 2%
TN /A AR AfTS R

Al

HS-MambaDet 78.3 81.4  61.9 65.4 71.5
ConvNeXt 70.8 75.0  55.1 60. 2 60.9
ViT 73.0 77.4  57.1 62.4 65.1
CoAT 74.4 78.3  58.1 63.2 66.8
VMamba  73.3 77.1  56.0 62.0 63.2

£R9 ZBEERLR(CityScapes-foggy-low)
Tab.9 Recall results(CityScapes-foggy-low)

FERCE Y
TN R ARG AfTE PR

Fi

HS-MambaDet 60.1 64.4 45.4 47.6  54.1
ConvNeXt 56.0 58.0 40.6 42.8 49.0
ViT 57.9 61.6 42.3 44.8  51.8
CoAT 59.0 62.6 43.1 45.2  52.1
VMamba 58.3 61.2 42.1 44.4  50.2

#£10 mAP@O0. 545 8 (CityScapes-foggy-low)
Tab. 10 mAP@O. 5 results(CityScapes-foggy-low)

mAP@0. 5/ %

i - -
fIN WG RIRE ATE ERE

HS-MambaDet 65.1 69.6  44.5 49.2  52.9
ConvNeXt  60.1 64.0 40.0 44.0  47.0
ViT 62.0 65.8 41.7 45.5  49.2
CoAT 63.2 67.0 42.3 46.7  50.1
VMamba 61.5 65.6 41.2 45.1 48.7
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Fz11 TN E L R (CityScapes-foggy-high)
Tab. 11  Prediction accuracy results( CityScapes-foggy-high)

TR RE/ Vo

Foi 7
TN /A AURE Afr Sy BEEA

HS-MambaDet 75.5 79.1 58.2 62.3 68.9
ConvNeXt 64.3 71.2  52.3 58.1 58.8
ViT 68.2 76.1 54.0 59.4  63.2
CoAT 70.1 76.9  55.2 60.0  64.8
VMamba 66.3 76.4  53.7 58.6 62.7

F12 BEZXRLZRE(CityScapes-foggy-high)
Tab. 12 Recall results( CityScapes-foggy-high)

A/ %

BE
TN WA NIRRE AfTE ERY

HS-MambaDet 58.4 62.1 43.6 46.5  52.7
ConvNeXt 53.2 55.2 37.9 39.9 46.0
ViT 55.5 58.1 40.7 41.2  48.2
CoAT 56.4 59.3 41.2 42.3  49.1
VMamba 55.0 57.9 40.2 40.9  47.3

#z 13 mAP@O. 5% R (CityScapes-foggy-high)
Tab. 13 mAP@Q. 5 results( CityScapes-foggy-high)

mAP@0. 5/ %

pm : nFe e
fA RE ARRE ATE BITE

HS-MambaDet 63.3 67.4  43.3 47.2  50.6
ConvNeXt  55.2 61.3 37.2 40.1  44.0
ViT 58.1 62.3 39.2 40.6  45.5
CoAT 59.3 64.1 41.3 43.1  47.7
VMamba 57.5 63.0 39.2 41.3 45.6
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Tab. 14 Comprehensive performance comparison with mainstream object detection and visual Mamba models on the RTTS

dateset

il TIAE R/ Y AR/ % mAP@O. 5/ % HEHERE /s mAP@(0.5~0.95)/% ZHw/M FLOPs/G

HS-MambaDet 87.3 73.1 81.2 0.26 52.4 45.2 45.6
YOLOV5 83.2 70. 1 78.4 0.23 42.5 24.0 64. 2
YOLOVS 85.7 71.8 80.9 0.22 48.6 28.6 78.9

Faster R-CNN 81.5 68.7 77.3 0.56 40. 2 42.0 155.4

Mamba-YOLO 84.5 69.9 79.8 0.28 46.8 18.5 50.0

5 [7] 24 Mamba 48 #4 7 i T F # Mamba- F16 HEFBEEI L
YOLO #i I , HS-MambaDet 7E mAP@0. 5 Fl Tab.16 Per-category recall comparison
mAP@ (0. 5~0.95) 143 147 %5 1. 4% I 5. 6%, o HEE/%
N = v VA e 5 3T
JIE B A SC 42 19 CNN-Transformer-Mamba i " ﬁt MR AR AT Ji:‘*{f
HS-MambaDet 77.4 79.8 56.7  59.2  65.
NS AN S AN < 2
””‘mu;ﬁgﬁgﬁl'ﬂ”%%(MFSE)*H?‘T YOLOv8  75.5 78.6 55.0  57.9  63.0
P40 19 Mamba i 42 E 45 SR 0 L B8 BT AT A0 Al Mamba-YOLO 74.9 77.8 54.3  57.1 62.0
JR R AR A R R SO A EE A A A #, DT YOLOvV5 — 74.0 77.1 53.1  55.8 61.2
T4 2 IR 1k 3 5 v Az ) 1) g o5 ) AR IR R0 Faster R-CNN 72.8 75.9 51.9 543 59.5

TERCE 5 1, HS-MambaDet f£5 T K i1 52
P, 3L 0. 26 s 1Y B T 4 2 ] 55 DLl R DL 1Y
YOLO 41 (0. 22~0. 23 s) At T [d] — 7K F , i e
F Faster R-CNN (0. 56 ). /R4 S5 (45. 2M)
TR AR (H AR (FLOPs h 45. 6G)
i F K F YOLOVS (78.9G) Ml Faster R-CNN
(155.4G) , #£ 2k T Z 8 & T /MY YOLOVS
(FLOPs i 64.2G) . X 5 Uk | HSM-SSD & 1
Do 24 3 3 et JROIR 25 R 4 A AR AR T TR A R
SEHLTOME BE S AR T A
4.3.2 % (3 B AFEmbiEa
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Tab. 15 Per-category prediction accuracy comparison
- TRR B/ %
TN RE A~RE AfGTE BEEE

HS-MambaDet 92.2 96.8 72.7 76.6 74.0
YOLOv8 89.5 95.1 70. 2 74.8 71.5
Mamba-YOLO 88.1 94.2 69.0 73.6  70.0
YOLOv5  87.0 93.0 67.8 72.4  68.9
Faster R-CNN 85.9 92.3 66.4 70.1  67.2

®17 FEFmAP@O. 531tk
Tab. 17 Per-category mAP@0. 5 comparison

mAP@0.5/%
TN R/E NERE BITE BRE
HS-MambaDet 85.9 91.0  66.6  69.9 74.3
YOLOvS  83.6 89.4 64.8  67.5 71.2
Mamba-YOLO 82.8 88.5 63.9  66.7 70.4
YOLOv5 — 81.7 87.6 62.8  65.4 69.3
Faster R-CNN 80.3 86.9 61.1  64.0 68.2
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