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Anchor/Proposal: (0,0,70,10, —90°)
Ground-Truth: (0,0,70,10,65°)
Predict box: (0,0,70,10, —115°)

w=w,h =h,|0—0] =180°
IoU< (G, P>~ 1
Smooth-L1 Loss< ¢;, P >PoA>> 0
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’ Anchor/Proposal: (0,0,70,10, —90°)

Ground-Truth: (0,0,70,10,65°)
Predict box: (0,0,70,10,65°)
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w=w,h=h|0-0]=0°
IoU< (,P>= 1
Smooth-L1 Loss< (;, P>= 0
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Anchor/Proposal: (0,0,70,10, —90°)
Ground-Truth: (0,0,10,70, —25°)
Predict box: (0,0,70,10, —115°)

w=hh= w,|0—0] =90°
IoU< (G, P>~ 1
Smooth-L1 Loss< ¢;, P >PoA + EoE>> 0

FR2

Predict box: (0,0,10,70, —25°)

w=w,h=~h,|0—-0] =0°
IoU< (G, P>~ 1
Smooth-L1 Loss< (;, P>~ 0
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I Anchor/Proposal: (0,0,45,44,0°) —A?/ i .Jr\Ae Anchor/Proposal: (0,0,45,44,0°)

! Ground-Truth: (0,0,45,43, —60°) ,’ y Gl‘oqnd-Trulh: (0,0,45,43,—60°)
| Predict box: (0,0,45,44, —60°) '* P Predict box: (0,0,45,44,30°)
/,

I ww=h=h,|0-0]=0°
I ou<c,P>~1
| Smooth-L1 Loss< ., P>= 0

|
| Anchor/Proposal: (0,0,44,45, —90°)

I Ground-Truth: (0,0,45,43,—30°)
I Predict box: (0,0,44,45, —30°)

-

w=x~w=h=h,|0—0] =90°
IoU<(,P>=1
Smooth-L1 Loss< ¢, P>> 0

Anchor/Proposal: (0,0,44,45, —90°)
Ground-Truth: (0,0,45,43, —30°)
Predict box: (0,0,44,45, —120°)

l wxw=h=h,|0—0]=0°
| ToU<(,P>~1 ; ToU<(, P>~ 1
\ Smooth-L1 Loss< -, P >~ 0 0g Smooth-L1 Loss< <., P > = PoA > ﬁ
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2 wrw=h=h,|0—0|=90°
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X.Yang, et al. "Rethinking Rotated Object Detection with Gaussian Wasserstein Distance Loss.” In ICML 2021.
X.Yang, et al. "Learning High-Precision Bounding Box for Rotated Object Detection via Kullback-Leibler Divergence.” In NeurlPS 2021.
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TABLE 5
High-precision detection experiment under different regression loss. ‘R’, ‘F’ and ‘G’ indicate random rotation, flipping, and graying, respectively.
The resolution of HRSC2016, MSRA-TD500, ICDAR2015 and FDDB are 500 x 500, 800 x 1,000, 800 x 1,000 and 800 x 800, respectively.

Base Detector Dataset Data Aug Reg Loss Hmean50 /AP50 Hmeanso /APGO Hmean75 /AP75 Hmeang5 /AP85 Hmean50;95 /AP50:95
Smooth L1 84.28 7474 1842 12.56 4776
RetinaNet [15] GWD 85.56 (+1.28) 84.04 (+9.30) 60.31 (+11.89) 17.14 (+4.58) 52.89 (+5.13)
BCD 86.38 (+2.10) 85.32 (+10.58) 68.50 (+20.08) 15.67 (+3.11) 55.09 (+7.33)
KLD 87.45 (+3.17) 86.72 (+11.98) 72.39 (+23.97) 27.68 (+15.12) 57.80 (+10.04)
HESCHIG ReEHG Smooth L1 8852 79.01 342 458 46.18
R®Det [18] GWD 89.43 (+0.91) 88.89 (+9.88) 65.88 (+22.46) 15.02 (+10.44) 56.07 (+9.89)
BCD 90.06 (+1.54) 89.75 (+10.74) 76.24 (+32.82) 23.42 (+18.84) 60.26 (+14.08)
KLD 89.97 (+1.45) 89.73 (+10.72) 77.38 (+33.96) 25.12 (+20.54) 61.40 (+15.22)
Smooth L1 70.98 6242 36.73 12.56 37.89
GWD 76.76 (+5.78) 68.58 (+6.16) 4421 (+7.48) 17.75 (+5.19) 43.62 (+5.73)
MORRAI00 1 WBaE BCD 7524 (+4.26) 6950 (+7.08) | 4813 (+11.40) | 2033 (+7.77) 45.26 (+7.37)
KLD 76.96 (+5.98) 70.08 (+7.66) 46.95 (+10.22) 19.59 (+7.03) 45.24 (+7.35)
Smooth L1 69.78 64.15 36.97 871 37.73
RetinaNet [15] F GWD 74.29 (+4.51) 68.34 (+4.19) 4339 (+6.42) 10.50 (+1.79) 41.68 (+3.95)
BCD 76.63 (+6.85) 71.07 (+6.92) 43.10 (+6.13) 10.24 (+1.53) 42.78 (+5.05)
KLD 75.32 (+5.54) 69.94 (+5.79) 44.46 (+7.49) 10.70 (+1.99) 42.68 (+4.95)
Smooth LT 74383 69.46 702 11.59 4198
R+F GWD 76.15 (+1.32) 71.26 (+1.80) 45.59 (+3.57) 11.65 (+0.06) 43.58 (+1.60)
BCD 78.03 (+3.20) 72.50 (+3.04) 45.44 (+3.42) 10.53 (-1.06) 43.58 (+1.60)
ICDAR2015 KLD 77.92 (+3.09) 72.77 (+3.31) 43.27 (+1.25) 11.09 (-0.50) 43.65 (+1.67)
Smooth LT 7428 68.12 35.73 8.01 39.10
F GWD 75.59 (+1.31) 68.36 (+0.24) 40.24 (+4.51) 9.15 (+1.14) 40.80 (+1.70)
BCD 79.02 (+4.74) 72.82 (+4.70) 45.68 (+9.95) 10.42 (+2.41) 44.22 (+5.12)
R®Det [18] KLD 77.72 (+2.43) 71.99 (+3.87) 43.95 (+8.22) 10.43 (+2.42) 43.29 (+4.19)
Smooth LT 75.53 69.69 37.69 9.03 40.56
R+F GWD 77.09 (+1.56) 71.52 (+1.83) 41.08 (+3.39) 10.10 (+1.07) 4217 (+1.61)
BCD 80.49 (+4.96) 74.73 (+5.04) 45.42 (+7.73) 10.89 (+1.86) 44.55 (+3.99)
KLD 79.63 (+4.63) 73.30 (+3.61) 43.51 (+5.82) 10.61 (+1.58) 43.61 (+3.05)
Smooth L1 95.92 87.50 55.81 12.67 52.77
. GWD 97.44 (+1.52) 94.68 (+7.18) 80.84 (+25.03) 36.38 (+23.71) 65.77 (+13.00)
Reayaliet i) EDDE £ BCD 96.67 (+0.75) 9460 (+7.10) | 83.09 (+27.28) | 40.72 (+28.05) 67.03 (+14.26)
KLD 97.51 (+1.59) 95.40 (+7.90) 85.33 (+29.52) 42.20 (+29.53) 68.01 (+15.24)
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Table 6: Accuracy comparison between different rotation detectors on DOTA dataset. ' and *
represent the large aspect ratio object and the square-like object, respectively. The bold red and blue

fonts indicate the top two performances respectively. D,. and D;. represent OpenCV Definition
(0 € [-90°,0°)) and Long Edge Definition (# € [—90°,90°)) of RBox.

L -

Bisekiss Method Box Dk v1.0 tranval/test v1.0 train/val vl.5 v2.0
] " | BRT Svi LVT SH' HAT ST+ RA? | 7-AP5q  APso | AP5g  AP7;  APsp.95 | APso | APsg

- B 42.17 6593 51.11 7261 5324 | 7838 62.00 | 60.78 65.73 | 64.70 32.31 3450 | 58.87 | 44.16

Dy 38.31 6048 49.77 68.29 51.28 | 78.60 60.02 | 58.11 64.17 | 62.21 26.06 3149 | 56.10 | 43.06

IoU-Smooth L1 [3] D 4432 63.03 51.25 7278 56.21 | 7798 6322 | 61.26 66.99 | 64.61 34.17 36.23 | 59.16 | 46.31
Modulated Loss [46] D, 4292 6792 5291 7267 53.64 | 80.22 5821 | 61.21 66.05 | 63.50 33.32 3461 57.75 | 45.17
Modulated Loss [46] Quad. 4321 70.78 5470 72.68 60.99 | 79.72 62.08 | 6345 67.20 | 65.15 40.59 39.12 | 61.42 | 46.71

RetinaNet RIL [35] Quad. | 40.81 67.63 5545 7242 5549 | 78.09 64.75 | 62.09 66.06 | 64.07 4098 3905 | 58.91 | 45.35
CSL [4] Die 4225 6828 5451 7285 53.10 | 7559 5899 | 60.80 67.38 | 64.40 3258 3504 | 58.55 | 43.34

DCL (BCL) [47) D 4140 6582 5627 7380 5430 | 7902 6025 | 6155 6739 | 6593 3566 3671 | 59.38 | 45.46

GWD [5] D,. | 4407 7192 62.56 7794 6025 | 79.64 6352 | 6570 6893 | 6544 3868 3871 | 60.03 | 46.65

KLD D,. | 4400 7445 7248 8430 6554 | 80.03 65.05 | 69.41 71.28 | 68.14 4448 42.15 | 62.50 | 47.69

- D,. | 4415 75.09 72.88 8604 5649 | 82.53 61.01 | 6831 70.66 | 67.18 3841 3846 | 62.91 | 48.43

e DCL (BCL) [47) Die 46.84 7487 7496 8570 57.72 | 84.06 63.77 | 69.70 7121 | 6745 3544 3754 | 61.98 | 48.71
GWD [5] D,. | 4673 7584 78.00 86.71 62.69 | 83.09 61.12 | 70.60 71.56 | 69.28 4335 41.56 | 63.22 | 49.25

KLD D 48.34 75.09 78.88 86.52 6548 | 82.08 61.51 | 71.13 71.73 | 68.87 4448 42.11 | 65.18 | 50.90
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Table 6: Performance evaluation of KLLD on classic horizontal detection
Detector | Reg. Loss | AP | AP5, | AP7; | AP,

| AP,, | AP; || Detector | Reg.Loss | AP | APsy | AP75 | AP, | AP, | AP,

Smooth L1 | 37.2 | 56.6 | 39.7 | 21.4 | 41.1 | 48.0 Smooth L1 | 37.9 | 58.8 | 41.0 | 224 | 41.4 | 49.1

RetinaNet GloU ‘ 374 | 56.7 ‘ 39.7 | 22.2 | 41.7 | 48.1 Faster RCNN GloU 383 | 58.7 | 415 | 225 | 41.7 | 49.7
KLD 38.0 | 564 | 40.6 | 23.3 | 432 | 493 KLD 382 | 58.7 | 41.7 | 226 | 41.8 | 493

® ¥ KLD ARIZTEERNMERBELHITTXE, FIUEEHNVNREEZEAZH,
HEBR 7 A FRMEXT E RV TIE .

Table 2: Ablation of different KLD-based regression loss form. The based detector is RetinaNet

Dataset | Dy (v I’| [Nt | D (N ‘v"\'{’P ) | Dii_min (v"\rp ||NVR) | Dgi_max (v"\'rp [|NV}) I Djs (\;, ||AV2) ‘ Djeffreys (,v‘\";, ||NV2)
DOTA-v1.0 70.17 70.64 70.71 70.55 69.67 70.56
HRSC2016 82.83 83.82 83.60 82.70 84.06 83.66
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Table 8: AP on different objects on DOTA-v1.0. Here R-101 denotes ResNet-101 (likewise for R-50,
R-152), and RX-101 and H-104 represent ResNeXt101 [50] and Hourglass-104 [51], respectively. MS
indicates that multi-scale training/testing is used. Red and blue indicate the top two performances.

Method Backbone MS | PL BD BR  GTF SV LV SH TC BC ST SBF  RA HA SP HC | AP5o

ICN [32] R-101 v | 8140 7430 4770 7030 6490 67.80 70.00 90.80 79.10 7820 53.60 6290 67.00 6420 50.20 | 68.20
Rol-Trans. [12] R-101 v | 88.64 7852 4344 7592 68.81 7368 8359 90.74 7727 8146 5839 5354 62.83 58.93 47.67 | 69.56
SCRDet 3] R-101 v | 8998 80.65 52.09 6836 6836 6032 7241 90.85 8794 8686 65.02 66.68 6625 6824 6521 | 72.61

& | Gliding Vertex [52] R-101 89.64 85.00 5226 7734 73.01 73.14 86.82 90.74 79.02 86.81 5955 7091 7294 7086 57.32 | 75.02
£ | Mask OBB [53] RX-101 v | 8956 8595 5421 7290 76,52 74.16 85.63 89.85 8381 8648 5489 69.64 7394 69.06 63.32 | 7533
g CenterMap OBB [54] R-101 v | 89.83 8441 54.60 7025 77.66 7832 87.19 90.66 84.89 8527 56.46 69.23 74.13 7156 66.06 | 76.03
= | FPN-CSL [4] R-152 v 19025 8553 5464 7531 7044 7351 77.62 90.84 86.15 86.69 69.60 68.04 7383 71.10 6893 | 76.17
RSDet-11 [46] R-152 v | 8993 8445 5377 7435 7152 7831 78.12 9114 8735 8693 65.64 6517 7535 79.74 6331 | 76.34
SCRDet++ [55] R-101 v 19005 8439 5544 7399 7754 7111 86.05 90.67 87.32 87.08 69.62 6890 73.74 7129 65.08 | 76.81
ReDet [56] ReR-50 v | 88.81 8248 60.83 80.82 7834 86.06 88.31 90.87 88.77 87.03 68.65 6690 79.26 79.71 74.67 | 80.10
PloU [33] DLA-34 [57] 80.90 69.70 24.10 6020 3830 6440 6480 9090 7720 7040 4650 37.10 57.10 61.90 64.00 | 60.50
0O?-DNet [58] H-104 v | 8931 8214 4733 6121 7132 7403 78.62 90.76 8223 8136 6093 60.17 5821 6698 61.03 | 71.04
DAL [15] R-101 v | 88.61 79.69 4627 7037 6589 76.10 7853 90.84 7998 7841 58.71 62.02 6923 7132 60.65 | 71.78

&% | P-RSDet [59] R-101 v | 8858 7783 5044 6929 71.10 7579 78.66 90.88 80.10 81.71 5792 63.03 6630 69.77 63.13 | 72.30
< | BBAVectors [60] R-101 v | 8835 7996 50.69 62.18 7843 7898 87.94 90.85 8358 8435 5413 60.24 6522 6428 5570 | 72.32
5 | DRN [14] H-104 v | 8971 8234 4722 6410 7622 7443 85.84 90.57 86.18 84.890 57.65 6193 6930 69.63 5848 | 73.23
%" PolarDet [61] R-101 v | 89.65 87.07 48.14 7097 7853 8034 8745 90.76 85.63 86.87 61.64 7032 7192 73.09 67.15 | 76.64
@ | RDD [62] R-101 v | 89.15 8392 5251 73.06 77.81 79.00 87.08 90.62 86.72 87.15 6396 70.29 7698 7579 7215|7775
GWD [5] R-152 v | 89.06 8432 5533 7753 7695 7028 8395 89.75 8451 86.06 7347 67.77 72.60 7576 74.17 | 77.43
KLD R-50 8891 8371 50.10 68.75 7820 76.05 8458 89.41 86.15 8528 63.15 6090 7506 7151 6745 | 7528

R-50 v | 8891 8523 53.64 8123 7820 7699 84.58 89.50 86.84 8638 71.69 68.06 7595 7223 7542 | 78.32

CFC-Net [34] R-101 v | 89.08 8041 5241 70.02 7628 7811 8721 90.89 8447 8564 6051 61.52 67.82 68.02 50.09 | 73.50
R*Det [29] R-152 v | 89.80 83.77 48.11 66.77 78.76 8327 87.84 90.82 8538 8551 6567 62.68 67.53 7856 72.62 | 7647

« | DAL [15] R-50 v | 89.69 83.11 5503 71.00 7830 8190 8846 90.890 8497 8746 6441 6565 76.86 72.09 6435 | 7695
%' | DCL [47] R-152 v | 89.26 83.60 53.54 7276 79.04 8256 8731 90.67 86.59 8698 6749 6688 7329 70.56 69.99 | 77.37
& | RIDet [35] R-50 v | 8931 80.77 5407 7638 79.81 8199 89.13 90.72 83.58 87.22 6442 67.56 78.08 79.17 6207 | 77.62
£ | S?A-Net[13] R-101 v | 8928 84.11 5695 7921 80.18 8293 89.21 90.86 84.66 87.61 71.66 68.23 78.58 78.20 6555 | 79.15
& | R*Det-GWD [5] R-152 v | 89.66 8499 59.26 82.19 7897 84.83 87.70 90.21 86.54 86.85 73.04 6756 7692 79.22 7492 | 80.19
R-50 88.90 84.17 5580 69.35 78.72 84.08 87.00 89.75 8432 8573 6474 6180 76.62 7849 70.89 | 77.36

R*Det-KLD ' R-50 v 189090 8491 5921 7874 78.82 8395 8741 89.89 86.63 86.69 7047 7087 7696 7940 78.62 | 80.17

' R-152 v | 8992 8513 59.19 8133 78.82 8438 8750 89.80 87.33 87.00 7257 7135 77.12 79.34 78.68 | 80.63
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Fig. 1. Detection results comparison (top: 2-D, bottom: 3-D) at the
boundary condition (i.e. horizontal or vertical rotation) between Smooth
L1 loss-based (left) and the Gaussian-based (right) detectors. See
illustration in Fig. 2 for the Gaussian-based bounding box detection.



SHREIEH B T {e— Sesie

Npred (upredr 2pred)

AA

Ngt (llgtr Zgt)

KL-divergence: [ p(x) log(p(x)/q(x)) d(x)
Bhattacharyya distance : -In(f \/p(x)q(x))d(x)

Wasserstein distance: inf E[d(X, Y)P]1/P
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Hou L, Lu K, Yang X, et al. G-Rep: Gaussian Representation for Arbitrary-Oriented Object Detection. arXiv preprint arXiv:2205.11796, 2022.
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(b) 3-D BBox with square shape (c) Top view of the 3-D BBox and
in top-view e.g. pedestrian. the heading is arbitrary given the
isotropic 2-D Gaussian.
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X. Yang, et al. "Detecting Rotated Objects as Gaussian Distributions and Its 3-D Generalization ." In TPAMI 2023.
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