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JEHE AN B R WA= )a k&N KIS RS DEM B Ok F ko & 8 ROE 0 2 ) ek A B A S
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B v FEBL R (digital elevation model,
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HIE 43 B M K SCEESTRY . BT, E R 24
A B9 23 TF DEM %4 , 8 i 4 SRTM (shut-
tle radar topography mission) DEM " 3 2% % 4%
ASTER GDEM (advanced spaceborne thermal
emission and reflection radiometer global digital ele-
vation model)"” | ALOS AW3D30 (advanced land
observing satellite world 3D-30 m)"*'/4 | % 55 4 Bk
IRFR 43 ity DX I, Sy 2 F ST 4R TR A B
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AR 45 T B 5 45 B9 2 U5 DEM 55, 1 Bl 45 4 75 1091

T, 3X 28 J5 12 32 BR T A A i 4is 1 A BRAE 42, Bk =
Xof 2k et 000 v A 1 A ROR

22 5 UL 00 540 1l ) B SR A G R
D vos 05 S R OG0 SR, A L B AR B Rl AE
28 H HOC T 2 U5 S A I v A Rl 8 5 v E A
WA 8D, FE WA LS8 A 5 B 4
T A A7 31 1 SECAEL RIS i 3R 8BRS, R A v £k
B EURUIR 43 98 % DEM S48 8 2 28 B 43 98 3
# DEM; Arefi 5572418 F ICESat ¥t # 35 I &
B S 2 A5, R 3 AL Bl 1 34 4 R SR 1 2
2 {8 1 K $2 7 ASTER GDEM (19 3 B A5 1 5 Yue
S5 USRI R ol e R AR Y LA R A T RS
4 1 T EE AR T 9k L B A Al 2 VR A Al B B X
DEM 75 St E 17 3D 5 Yue %51y £ 3 T 2 1) 4% #%
(back propagation, BP) #ff 28 % 4% 1 w18 il 5 15
A, 23 G2 ASTER GDEM H s B2 0
T35 0 B A PR ICESat GLAS X5 ik SRTM1
23 i Yk AT 16 42, # @ 25 (6] JC 4% DEM ; Pham 28
F A LiDAR (light detection and ranging) {l & &
£ 2 % Bl 45 6 W ¥ 5 B %% 2 ASTER
GDEM H1 SRTM1 i £6 P AL S5 &, 1 H 2] 8
S e R 0 X R SR U BT Y A
P AN TG TET R v R A T A R — mOA R
L E 5 RO Rl A DT sk DL K £
V5 A 22 8] 1) P 2 ] 22 S e vk L PR T R G 4l
R T

Zi b AR SO R RO R E Y A T R
PE M B TR E M 4% (deep belief net-
works, DBN) i) £ I DEM A5 i @it & 15 8, DL=
RS BEWOGTE XM & s S %, 5l AHIE IR 5 b
W w5 0 2515 B, 5 2T A DEM 2 25 (1 %5 [6] 43
A GETHRRAE , R A 2% 20 15 B 58 7R IR A L i AT
25 [E] T, 45 2 @l A )5 1 JC4% DEM.,

1 BiEMTE
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A SCHEF DBN SE B OL 7 ik I 45 B S5
¥ DEM 19 2 5 &5 Al A, 5256 808 & 248 4
PRI 17 (29 30 m) (197 35 DEM 7 it SRTML1,
e B ASTER GDEM v2 Hl ALOS AW3D30
v1.1 DL K B O B a8 U s B ICESat GLAS,
XFF SRTM1 9 25 i ik 2% LA S« ASTER GDEM |
AW 3D30 45 i e s A S8, AR SCRLG i H
F4 2 25 6 N [ B0 AF 25 (W) 7 5 FORS B b i B b
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UNIOE 1€/

AR SCHRE A AT G T T A AR BB T Y i
T vh, 5 B A5 T B =2 ) L AT A 1R X
KF o B, 2 B 22 180 A7 76 A I 25 [] 43 B
Ry S 2 AL AR R AN R I 100, D00 5 8 0 X A5 4
78 R FE ORI HEY . M A% SRTM1. ASTER
GDEM F1 AW 3D30 9 75 [8] 73 #¥ A 8] , P e
T AT H R A, LK - A A i o 0 1 R 3 4 )
XF R WG S84 F EGMO96, 1lii ICESat GLAS %4 Y
%% N ki i Topex/Poseidon, X F 7K AL b, 3X
PN T AN [ 22 0 BR A 119 A bR R 7E 48 B L 26
JEE 7 ) KT 25 AN AL 1 m, B AR S
F B R ) LAY B

BE T Topex i 2R 1 B 3K 5 Ao, 7 22 55 4L
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Pwissi = Propes — 0.707 (1)
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DEM %45 46 P 357 — 20, Hob N 2678 Kl K i T
[EIRR . 7R 283 AR R 4 2 I B B Rl 4o 17 X 1°
R B, A s Y A A A BSCHE o R X GLAS A 18]
U 2 R AT I 0 T, 8 B IR B A S L AR
I 5 B A A R A AR R A7 B A s DA
RS 7R S W TR B SRR (E . LA 1 DB D A
5 BB g B (peak<<5) | i 5 #F %
(sig_width<<25m) . fig # {A (energy << 10 {J) LA J¢
GLAS 5%t DEM 5 F2 {8 19 48 3 22 {6 (dif <
100m) 5§, 5 B 7T fig 22 2™ & 5% W i 5 5
P i

BEA AR SCE] A 4 Bk b 36 3 55 4 JE B Glo-
beLand 30 f& B A I (9 Hb ) 2 35 26 51l 15 B2
GlobeLand30 % 4l % F WGS84 4 k1 & , UTM
(universal transverse mercartor) ¥ 5 , 6° 40 47 , 43
e 30 mo AR AT v R B X I Y b B A
¥ 2 % ¥ GlobeLand30 X [ (19 48 5% A bF 5 , 4R
J5 B BUAR I 7 B 19 GlobeLand30 25 HilH , Je (0 4%
it AR EA L KR B E R A
s B VK1 Bk AR 10428501,
1.2 ETFTDBNHESEAEmMAEE

B A0 T R N R B AE 3 TR] Y 2 ] ]
B A R RO RN B A HL) i T GLAS S 7E B
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TE4% 1 5 7 AN 25 8] W00 BE F7 , #F DBN AR AR 220
% B S BN A MR 2240 A 2 . DBN [
Z 4~ Rl 3k 2% 2 ML (restricted boltzman ma-
chines, RBM) 24 i, 1> RBM X H — > Al #
Z (o) M— D& R AR, WE 1(a) . A
K 1% DBNAYSS 14 RBM 454 b ), B )2 5
ATLZ B R AT RN A

1, f(Weutb)=p
", F(Wootb)<p
Ko A MR Z 5 A i RN %2 5 A fh
205 W, b, 43 5 36 7R X 56 7 4> i 48 0 i AU(E
B s M0, 11 Z MBI BENLE . &E f(x) =
L/(1+ e ) AT LI 5 T2 0 1 o oK
Bifi o D0 2 I 2 2ok R 1 4 E L BUME AT 2 B 5 R .
AT DL R 5k U 25 RBML, A UG 565 0 UK %
BB AT AR R R

Wit =wite () 0o () 1) )

L, e g F o WS A BT (2)1H
2 &5 J L AR AT 4 R R o A, 38 a5
(2)45 22 [ 2% b il RBM K Y i i3 b Al
By AT YIS, I A5 20 59 AUE T R 0
B Z E W2 W% . DBN KL E 5 7 5 7 1%
R 22, R S ) A% s Y 5 2OKE R 22 AR A
17T X ASULE 1647 ST, P 1 ) 6% 4 i

£ DBN Y HEZ2 T K 4 DEM 5 2 |t %
M MY W S L R 2 2 A R e A BK
Wi K GLAS By e A8 AE i 10 RE A g 2 I 2%
(R IR 55080 46 R R 2 T 6% 2 =) B8 =22 ) iy 12
ZEGETE O Z 5 [R) B 2 D vy R 158 22 119 5[] R DG e
P 3B e B TC o 15 25 X6 45 SR A0 R SR B4R
1118 7 AL I R A X, e ¢ 1 A5 L 25 4 4
B L(b) frm o 38 3k TR B [ 0 I 26 %o 91 425 4 1)
23] R AR B B S OC &, AT DL B0 5
ST A AR ZR TR

JEi Kz 22 5 e RO % 25 1 28 ) S ML X
a3 Y AR B AE A SCHR 4R DEM 2 75 k2R
SR AN TR) (1 il SR o X T A% DEM 2 35 5¢ 4%
B DX 3, ) A SCH HE B b PR R [l 01 ) 4% S 3R
GLAS $u¥5 5% %4 SRTM1 ., ASTER GDEM
FAW3D30 1 fil G 5 X T 47 76 B e /9 5508l | AR 4l
235 1] %) 3 P61 4 ST AH I A i A B0 4 43 ) R AT il

u~U(0,1)(2)

G, B A S B0 = ff M (triangulated irregular
network, TIN) 2& 53 i 10 ) 7 16 4 25 18 AR 25 1
DX 8l 14 il 5 SR HEAT TSR DR EE .

GIETN= g2 Keii )= i

) (hy) ()

.
1k
o

RBM RBM BP
(a) DBN £ [{I3EA S5 1)

TRAR kb

ST MR ),
HOTEHEIE . 2525 b

A

. Em.-E R
EELLE
¥ W =
1 R VT TE T o
[ MG R B A AR V2SS, BB FIbR i) i
(b) M IR (] Y ) 2% [ B AR 25
L1 DBN [ 2% K s T 5 A58 B ) e A 235 4y
Fig.1 Basic Structures of DBN and the Point-Surface
Fusion Model

1.3 EFTINESHEEENTHER
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1) 25 Mt 223§l 3 35 B 90 ok Ak 3 B0 4 2 TE) Y
25 FLBE A R B 2 R R B R S R S R A
it 2z o) e RS EAE . B S, 4 R A A
Bt 7 23 T DX ek ] LA 48 S 4% R S TIN, fE
Shy 2 Y DX S BT o AP AR 3R A i A S T 4
P A B2 R i S 28 v IXOR R EL. SRR, T LA
] 56 B B4l B Y 5L S 3% T A 3] 55 R I T ) 22
Gy T o B PR AS B Y Hb 2 R ROE S A 2 T
DX IR — 3, 3 4> 22 43 it T (W) RE R L3 P T o
AL B 5 5 0 o8 H 5E CBD 23 W] TC 88 54 A o)
TN
A.=A,+ B.— B, (4)
A, A, F B, 43 5% T84 A R B L 16 5 Be
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g2 23 D3N BdiE B AT AR AR (. % I8 DEM
KHE T RE 52 B WS A S AR A TS B, R BUIE Z R
X 22 73 1 TAT R AT S 3 DR, 1R BTS2 05 R TR Bk
F8 P SR - 2 3 42 DX

2 XWHERSHHN

21 EBIGIE

ST IR AR R B 7S ] S50 BE T, AR SR 28
gk gy AT . 7R SE g, DEM 4l Bk
YIS /IN A 17X 17, 4 6 Bz 3 i GLAS g BB 53
9 10550y TR BRI S S vh K Horh 9 /R S I 2R 8
i, 103V b ST 0% 35 UE B84 X 25 SR AT 3 E 1
WH 2 B0 B ERE h — R IR S 5505

A SCR AL B 6 i DEM 1B by 52 56 s , A H
ASC Y TR B A 4 R AR A8 BRI S 56
Hh A5 2 00 S X I GhoRE B2 RN 56 TE RS B 1 I AR A 1Y
25 (A T RGCR o [A] I AR SOREAS [R)M A% Y JE 4G

DEM ##a % (£ 1) M BP #i 28 % 4% (back propaga-
tion neural network, BPNN) gl & 45 5% (& 2) /)3T
PR EEAE Xt o FESC g, BPNN I 32, By
JEM L ITTA BN 6, B % )2 W0 R A tansig BR
B, 2 2] KK 0.001. DBN K H P JZ RBM )2,
B & 2 15 MR I0 . A S & BEIFM 45 R 1Y
o1 DEM A1l 25 /%6 3 £ 46 46 o ICESat GLAS xi
1) 1 25 ST AR B, VRN S bR AR O R 22
(MEAN) F1 ¥ 757 # 3% 2% (root mean squared er-
ror, RMSE) .

1 RMSE 5 - 32 W, DBN #0182
I hKE B2 I8 2 T8 WA 2 2% B0 1045 3= 6 8 15 3
R 0 IR A BE O b A B 00 RS R AR A e 4R
Fo MNE 2 R LUE AR X TN B P
BEALAY 22 5 AR IAERIERT B Lo X T AR
I AN [] 1 4 28 O ) 5 56 B4l , DBIN A2 R 1)
th 5 SRR B AT B AR 0 M ST B TR L R W
HAH H BPNN BA 547 14 25 [] T fig

F1 TNBWIEXRE=EFENER(RMSEE)/m
Tab.l Quantitative Evaluation Results (RMSE) in the Cross-Validation Experiments/m

ks B UE G
Bl g ASTER ASTER
GDEM AW3D30 SRTMI1 NSRS GDEM AW3D30 SRTM1 AR )y
N28E101 39.289 20.836 21.751 17.453 39.223 20.788 21.712 17.696
N31E102 27.844 15.249 15.927 12.536 27.836 15.236 15.915 12.976
S02W079 35.597 13.305 12.732 11.251 32.802 13.275 12.696 11.267
N24E107 21.823 16.178 15.448 13.204 21.789 16.149 15.425 13.422
N29E094 33.319 58.797 20.332 15.778 33.271 55.415 20.300 15.879
N35W102 7.297 5.946 6.259 1.538 7.293 5.945 6.259 1.524
25 25
—=— BPNN —=— BPNN
20 L —e— DBN 20 - —*~DBN
. 15 E 15+
2 %
Z 10 Z 10t
5F 5L
0 1 1 1 1 | 1 1 1 1 1 | 1

N29E094 N35W102 N28E101 N31E102 SO2W079 N24E107
(a) MZRHEE

0
N29E094 N35W102 N28E101 N31E102 S02W079 N24E107
(b) ALK 15

B2 32 YGRS P40

Fig.2 Mean Accuracies in the Cross-Validation Experiments

22 LWHERDN

A& SO RS2 5 Sz T DBN A AU 1% 25 [i] F51 )
RE 77 LA S AH X T 1% 48 BPNN 5 fin £t B i) 4 68 .
AT FE S Hr T DBN Y 22 5 a5 I A R A 1Y

ROR o MR 2E UG IE 52 56 TR 56 I KT JE AT LA
B e 0 A I 25 0 28 1 A 3 R A B
FHR . A DEM B i A e 2 1 AR 45 25 3
37 06 %% R L 014 e il 5 7 A AT Rl MDA
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TIN 22 53 i T8 04 75 3 5% W9 350 43 DR R K .
245 T N29E094 1 N35W 102 P 41 Jo =5
T8 B4 09 8 SEPE T A A . BR T AR SO RS
GERAN R 2R I T 34 R AR DEM B 4
(ASTER GDEM,AW3D30,SRTM1) i K B LA
K AU A 25— DEM 5 GLAS B4l - 17 Bl & 19 25
B (ASTER ¢, AW3D30_c.SRTM1 _¢c) ., i,
ASTER _c J& 4§ 7€ & 1 fil & 09 2 B v, I 2k B0
{4 A ASTER GDEM ) 5 R A8 LA K AH B 4 3%
EMAEEEBARNEER, N2 LIEL,
AT F JR 4G #0884, 4 ad 12 1E J§ DEM SR 19 kG
JE 0 e A5 B AH R 04 B T AR SCO 5] A Kb R
SN2 ML TR Bk B A M P S R) R R T DBN AR

RUGl A 3, AE K FE R B AN R AR B A
#o X JE W T DEM 48 19 £ 22 17 78 &5 6] 53 BT
PE, IR ASTER GDEM %4 75 % 14 b 30
R 22RO R R S (™ E 1Y FE AL (H DEM
U B RS FE AR (6] AR R A AP AE 25 v, A
b AR SCHE A 22 U5 T RS R AL AT LT R AL
) B 4R 2 [a] B B AME B . 18] 30% N29E094
B P ) JR T XU RO v DLE R
ASTER GDEM v2 #1 AW 3D30 % #& i #8177 76 A
[Fi) 52 J32 %) MR P R S (L, (EL R 5 5 SR 0T A 2 3
Semg, AR R T o8 B MR e BRI 40, HoE RS
JFE b AR T 3k A DXCSBORS B2 A 9 SRTML 4l
AT WEERT

x2 EFRHBEEAEEITFNER/m
Tab.2 Quantitative Evaluation Results for the Non-void Data/m

ASTER

B e 5 AR AR GDEM AW3D30 SRTMI1 ASTER _c AW3D30_c SRTMI1 ¢ ARSI
MEAN —14.839 —12.266 —9.717 0.404 —0.192 0.120 0.067

N29E094
RMSE 33.526 58.839 20.824 26.570 49.951 16.930 15.293
MEAN —0.671 —5.323 —5.138 —0.001 0.017 0.037 —0.001

N35W102
RMSE 7.310 5.955 6.269 4.371 1.515 2.196 1.403

(a) ASTER GDEM v2

X

(b) AW3D30

(c) SRTM1

(d) A aR

B3 N29E094 K e Jay i X Jek iy 41 5 b
Fig.3 Visual Comparison of a Local Region Within the
Tile N29E094

TE SRTM 14 i A e =5 W A1 B0 L il &
R AR . RIPH BT 446K
) FE TG 25 1 XA 2 i Xk Y a5 O A 4
BR T 34 DEM 4l 2 Ah , A SCR 36 SCik [ 19 1 i
751, ¥ ASTER GDEM #il SRTM1 #4 filt & 45
(fai Fx BP_TIN) 7£ 25 i X 38 1) K5 52 37 # 1 oh i

oo 1 F SRTMI 2 i 3 250 45 76 3 B 48 K 1
U DK L i A R i T 50 B A 55 1 VD Lk 1] AR IX
Ik, A L 38 H DEM 78 23 1 X 385 A o 2 0 ik T
il X, NERIPHLER, Z2dmb 25,
AR SCTT IR TO U R A 23 T 5 AR 23 T X, A L
U BOHE AR R BE AR A 3 BT . X BP-TIN B
45 WAl U455 DBN A B2 > DEM i% % 5
Mo b ) B 55 20 A R S B Ay A G &R L
I il 22 5 500808 42 1) T A S, RE A8 A RUR T il
8RR E . K44 H T N24E107 A
S02W 079 %4 B J& 34 X 38 1 ke R R0 50 (3 0 ok =%
TG ). WE 40T LLFE % ASTER GDEM
v2 F1 AW 3D30 $i i v #8 A7 76 W 5 1) S5 5 i F IR
P T SRT ML ZUH b A7 76 B 5 1 file 2% DX 3,
BT RREUE 45 5 3 BSO8R R B s
23 S (ORI ) B, E AT B O R R
i DEM %4 .

3 & &

AR SCHE T — i T DBN Y (1) 22 Y5 A I
Rl G T L A S 20 DRI e RN AR AR AT R K
3 2 A A A 2 DX A (R R i 5 SR
FH TIN-22 73 i 187 07 325 5 AN ] DX 3k 11 il &5 2F adk



546 F T

FE BB A« 5 T VR A I 4% 1 2 U5 DEM 5, T il £ 76

1095

FrICaE PR . LI AR KW, A SO kBB A AL

il 5 22 RRCHE 4R B T AN FA , A EC Y R )

aRAEmMEFIH . NIERCR EFE A
®3 ZZFARFBMZEARBHEEITNLER/m

Tab.3 Quantitative Evaluation Results for the Non-void Areas and Void Areas/m

H5 Y 1) il 45

RE 5 5 M J 4 B4 2 3 A 5

WAL B W, B BN g B A AR A MR sr B
FFAE

Jo 73 R X3 23510 X4k
A KEFRFE  ASTER ASTER
ne AW3D30 SRTM1 A3k AW3D30 BP_TIN  AXHE
GDEM GDEM
MEAN —12.499 —5.285 —4.358 —0.359 —27.495 —10.231 —8.347 0.069
N28E101
RMSE 29.002 14.358 14.182 11.497 55.009 30.263 46.570 25.942
MEAN —14.582 —3.682 —3.230 —0.206 —21.367 —14.094 —6.205 —4.139
N31E102
RMSE 27.083 14.619 13.445 12.006 48.979 31.070 36.276 28.151
MEAN 3.509 —2.147 —1.737 0.286 —51.750 —3.121 —15.648 —1.822
S02WO079
RMSE 23.694 12.767 10.557 10.319 206.618 31.581 66.973 30.112
MEAN —0.940 —5.905 —3.439 0.306 —8.773 —7.888 —4.708 0.734
N24E107
RMSE 18.397 13.921 12.808 11.262 30.901 22.319 28.320 18.544
N24E107
S02W079
-
|
[
- l a8
(a) ASTER GDEM v2 (b) AW3D30 (c) SRTM1 (d) Rl & R
P4 N24E107 F1 SO2W 079 K4 e Jay 355 X 48 1) WL HE 4
Fig.4 Visual Comparison of Two Local Areas Within Tiles N24E107 and SO2ZW 079, Respectively
posium (IGARSS), Vancouver, BC, Canada, 2011
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A Multi-source DEM Point-Surface Fusion Model Based on
Deep Belief Network

YUE Linwei'? SHEN Huanfeng® YUAN Qiangqgiang* LIU Xiuguo’
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Abstract: Objectives: Although there have been a variety of global digital elevation model (DEM) products
available for geospatial applications, the data quality of DEMs are inevitably affected by the observing tech-
niques and processing methods. Multi-source data fusion by integrating the complementary information
among the datasets is an effective way to improve DEM data quality. Based on the facts, this paper pro-
posed a point-surface fusion model based on deep belief network (DBN). Methods: The terrain slope, land
cover, and the spatial coordinates were integrated into the DBN model, thus constructed the statistical rela-
tion between the DEM elevations and the high-quality ICESat (ice, cloud, and land elevation) GLLAS (geo-
science laser altimeter system) data. The DBN-based fusion model was capable to learn the spatial structure
and landscape associations of the DEM errors, and thus the multi-source raster DEMs and the high-quality
LiDAR altimetry can be effectively fused. For the data tiles with voids, the triangulated irregular network
(TIN) delta surface method was employed to merge the fusion results for the void and non-void areas, re-
spectively.Results: In the experiments, the effectiveness of the proposed method is tested on the fusion of
ASTER (advanced spaceborne thermal emission and reflection radiometer) GDEM (global digital elevation
model) v2, ALOS AW3D30 (advanced land observing satellite world 3D-30 m) and SRTM1 (shuttle radar
topography mission 1-arc second) data, which are the most popular DEM products. Six data tiles with dif-
ferent terrain conditions are tested, and the accuracy of the original data and the fusion results are evaluated
using the ICESat GLLAS points with cross-validation. Quantitative results show that the fused data have
higher accuracy compared with the original datasets and the pair-wise fusion results, both in terms of the
void areas and the non-void areas.Conclusions: The results show that the proposed method is able to im~-
prove the accuracy of the DEM data with fusion of multi-source altimetry datasets. Moreover, it is effective
in dealing with the data voids, noise and abnormal values simultaneously.
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