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Abstract

This paper proposes a method for generating dense depth map using information of color images and depth map generated
based on lidar based on self-organizing map. The proposed depth map upsampling method consists of an initial depth prediction
step for an area that has not been acquired from LiDAR and an initial depth filtering step. In the initial depth prediction step,
stereo matching is performed on two color images to predict an initial depth value. In the depth map filtering step, in order to
reduce the error of the predicted initial depth value, a self-organizing map technique is performed on the predicted depth pixel by
using the measured depth pixel around the predicted depth pixel. In the process of self-organization map, a weight is determined
according to a difference between a distance between a predicted depth pixel and an measured depth pixel and a color value
corresponding to each pixel. In this paper, we compared the proposed method with the bilateral filter and k-nearest neighbor
widely used as a depth map upsampling method for performance comparison. Compared to the bilateral filter and the k-nearest
neighbor, the proposed method reduced by about 6.4% and 8.6% in terms of MAE, and about 10.8% and 14.3% in terms of
RMSE.
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Residential

Road

Campus

2 Aol M= Altete W 7S ‘%‘E‘é—‘é‘ﬂ Bt s

< HadTh go] dF A% Js

Absolute Error)3} RMSE(Root Mean Square Error)g A
sttt 44 12 9 4 13& MAE<} RMSE<] 2494}\10]
ot A7 T = A 22T Aol e JAo|A Pred,

r Oﬂ%‘—‘?} ZH3 7lo] wie] Aot}

. LA

1 N
MAE = Nzﬂu(cn) — I(Pred,)] (12)

1 N
RMSE = Jﬁzi_l(l(GT,-) — I(Pred;))? (13)
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AMAE = ?EfMAE f‘"”"”“*“ x 100 (14)
re
RMSE,, — RMSE,,,
ARMSE = ’"‘*fRMSE ; promeed 5 100 (15)
re

¥ 2& Aotet= W 71E W k-NNP! 2 Bilateral!”

< MAE, RMSE ZHeA Zo] oS A5S& vusie)
# 32 7]1& W k-NNP! 2 Bilateral ' thu] Al ¢tal=
W el ol dF 7 FHES et X 29 X 3
of| A ¢} 7+o] A Qtah= WS k-NN® 2 Bilateral"” o ¥)
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¥ 2. H|otsi= b
45t

Table 2. Comparison of depth prediction performance in terms of MAE
and RMSE between the proposed method and the existing methods

1} 7|E i E0| MAE, RMSE ZH0AM2| ZI0| o=

Proposed k-NN[5] Bilateral[10]
MAE (mm) 377.67 413.64 403.78
RMSE (mm) 1460.62 1705.95 1637.49

E 3. 7|E UWHES thH] Motk 9ol Z0] oF 2%t A4S
Table 3. Depth prediction error reduction rate of the proposed method
compared to existing methods

Proposed - k-NNP! Proposed - Bilaterall"

AMAE (%) 8.69% 6.46%

ARMSE (%) 14.38% 10.8%

% 8, 9% 77 ZHElaLE] City9] “2011_09 26 _drive
0013 _sync_groundtruth_depth 0000000014 image 02”

=9, 7 322] Residential®] “2011_09 26 drive 0023

sync_groundtruth depth 0000000260 image 02” Z# Yol tf
atod AlQkshe Wt 71E WS FHA A A3 )
FE YeRdTh 19 8, 9= BT Zzhe] 2H¢] WolA] 7
A o] Wi e A FelA goltE g7k ZEV HAE
A X3 A5 039301] S A5 veRdith 19 8, 99
(a)= AStste= e 49 A3 (b)= kNN el d9
A3} (c)= Bilateral e 48 A3E Yehlz, (d)=

=

(a) Proposed

(d) Left Color image

(b) k — NN[5]

Gl that 2L 9Z A oA, (e)E
o] Rjot}. 19 89| 84t Zlo] WAl et o],
= 7374]9} Axste WALl We el thate]

20l GoIA 9l 0] ol woz
97 ot elZ 037k o AT 19 9% 19 89 A
s} gl glolth A5 A ¥ Zo| gol AEHA g
Aol Mwsh) WS AFR F) F EE EAY
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F

)

¢

X 4,5, 6, 7 Zt7} City, Residential, Road, Campus 7}
g R 7)E 53 AbsE WS MAE, RMSE
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AQbsls W e Zlo] o 5ol S HAth 7F W
o tated Fhel ] 7+o] AJ%5S Hlashd,
3} 7122] WY TLE City, Residential, Road 7}#l] 122] thH]
Campus 7He| A E]o| A 7P @2 455 HIth Campus
7 a2l o] Al EAE 7 7A A8 2ol Al A, U
T 53 2ol Wzo] £ Y7t B AAEo] v
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A kshe
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(c) Bilateral[10]

(e) Sparse Depth Map
J2! 8. "2011_09_26_drive_0013_sync_groundtruth_depth_0000000014_image_02" Z2{|2/o| FaIE Alsl 21} H|m

Fig. 8. Comparison of subjective experiment results of "2011_09_26_drive_0013_sync_groundtruth_depth_0000000014_image_02" frame
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(a) Proposed (b) k — NN[5]

F 4. City 7H|22] AIZA0 Cist 7|2 g1} H|oksl= diHo| MAE, RMSE H|

(d) Left Color image

(c) Bilateral[10]

(e) Sparse Depth Map
T2l 9. “2011_09_26_drive_0023_sync_groundtruth_depth_0000000260_image_02" Z=z{|2le| F2x
Fig. 9. Comparison of subjective experiment results of "2011 09 26 drive 0023 sync groundtruth depth 0000000260 image 02" frame

A3

21} H|mw

Table 4. Comparison of MAE and RMSE between the existing method and the proposed method for the City category sequence

Measure 201 1'_09_ 201 1._09_ 201 1._09_ 201 1_.09_ 201 1_.09_ 201 1._09_
Method (mm) 26 _drive_00 | 26_drive_00 | 26_drive_00 26_drive_ 26_drive_ 29 drive_00 Avg.
02 05 13 0095 0113 26
Proposed MAE 225.96 353.49 417.62 310.65 388.46 369.92 344.35
RMSE 883.51 1431.60 1630.21 1123.88 1148.03 1646.98 1310.70
NN MAE 265.05 375.35 477.23 321.56 407.46 375.49 370.35
RMSE 1080.45 1598.72 1909.45 1370.07 1275.43 1898.1 1522.03
Bilateral™ MAE 248.19 368.16 477.44 313.25 401.41 375.79 364.04
RMSE 1331.78 1533.46 2163.22 1229.61 1151.84 1677.76 1514.61

I 5. Residential 7HE{02| A0 CHSH 7|E WD Hetsk=
Table 5. Comparison of MAE and RMSE between the existing method and the proposed method for the Residential category sequence

29| MAE, RMSE H|x

Residential
Method Measure 201.1—09—26— 201.1_09_26_ 201.1_09_26_ 201.1_09_26_ Avg.
(mm) drive_0020 drive_0023 drive_0036 drive_0079
Proposed MAE 318.46 496.04 403.92 340.56 389.74
RMSE 1162.23 1957.13 1601.78 1458.41 1544.88
KNNE! MAE 336.18 549 448.72 364.84 424.68
RMSE 1342.86 2308.14 1935.20 1637.57 1805.94
Bilateral™ MAE 325.57 551.22 439.30 361.36 419.36
RMSE 1363.33 2301.79 1855.92 1509.88 1757.73

E 6. Road 7IE|T2| ABA0) Ciet 7|Z weln Hotsls dee
Table 6. Comparison of MAE and RMSE between the existing method and the proposed method for the Road category sequence

| MAE, RMSE H|1t

Road

Method Mfﬂf‘:;re 2011_09_30_drive_0016 2011_10_03_drive_0047 Avg.
Proposed MAE 365.77 31413 339.95
RMSE 1171.33 1272.40 1221.87
NN MAE 406.18 34459 375.39
RMSE 1306.86 1455.34 1381.10
Bilatoral™ MAE 386.36 325.77 356.07
RMSE 1201.75 1334.69 1268.22
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F 7. Campus 7H| 02| AHAC ChEE 7|E it Hoksh= W
MAE, RMSE H|
Table 7. Comparison of MAE and RMSE between the existing meth-
od and the proposed method for the Campus category sequence

Campus
Method anifn“)re 2011_09_28_drive 0037 | Avg.
Proposed MAE 575.92 575.92
roj
P RMSE 2035.75 2035.75
MAE 612.075 612.075
k-NN®!
RMSE 2247.07 2247.07
o MAE 606.94 606.94
Bilateral
RMSE 2039.54 2039.54
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