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Abstract Silk Road culture is an important link in the Belt and Road strategy. Its heritage is of great
significance. However, due to historical and geographical reasons, the representative historical heritage in the
Silk Road culture is scattered or damaged, and it is difficult to present the historical heritage effectively.
Therefore, in this work we propose and implement a virtual reality platform for the Silk Road Cultural Heritage.
Through historical restoration and image-based 3D reconstruction, we effectively restored the historical sites,
cultural relics and events of Guyuan of Ningxia Province in China, one of the important nodes in Silk Road
Culture. For outdoor historical sites, we use a DJI Mavic Pro to capture 4K video clips of the giant Buddha of
Xumi Mountain in a sunny day. For indoor cultural relics, we use a turntable with digital single lens reflex
(DSLR) camera and multiple light sources to capture high-resolution images in 180 degrees. Based on these
image data, we propose a simple and efficient multi-view stereo 3D reconstruction method for high-resolution
images, which consists of a normal-aware PatchMatch stereo for the high-quality normal recovery to represent
the detailed surface of the cultural relics, and a GPU-friendly incremental depth map fusion method which can
fuse a large amount of depth maps by leveraging a small size of GPU memory. The high-resolution input images
are essential for representing the geometric details in historical sites and cultural relics. However, the
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state-of-the-art depth map fusion method needs to import all depth maps and normal maps into the GPU memory;,
and then globally fuse the depth points into the 3D point clouds for each reference image. Nevertheless, the space
complexity almost linearly increases when the amount of data and image resolution increase. For instance,
doubling image size will result in a fourfold increase in GPU memory. Due to limitation of GPU memory, this
kind of global fusion strategy cannot address high-resolution input image data. The proposed incremental depth
map fusion method in this paper mainly consists of three steps: a) we first set a reference view and a counter map
for cross-view consistency check; b) then, we import a neighboring images of the reference view into GPU
memory each time, and perform the cross-view consistency check for the depth points in reference view. And
then, depth points are accumulated, and counter map is also updated. We then release the memory of these o
images and import another o images into GPU and repeat the above operations. ¢) When all neighboring views
are processed, we can fuse the depth points whose values in counter map are larger than a threshold. The
quantitative and qualitative experiment results on the public multi-view stereo benchmark as well as our captured
datasets clearly highlight that the proposed method can recover the detailed surfaces while keeping a good
scalability for the large-scale image data. The reconstructed high-quality 3D models of historical sites and
cultural relics by our method can effectively support immersive virtual reality applications, playing a positive

role in the dissemination of Silk Road culture.
Key words multi-view stereo; depth map fusion; silk road; cultural heritage; VR system
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(LT A AR AL R %, T DATE RS R BT
FERRARIR TR 59 2R B8 . AR R A R ) —
I3, AW IITEBE /N IX (8] P9 BEATL SR AR IR
Ak, SRMAMLIRE, mTERAE 3 MEH
B, A=A LR RN 5 R B R
B [RIEAS B V20 5 S E M s R IE R E
CYIRTMIRE AN . T IR—THELR RS, A
A4 A7 8 TAF, SR A —#F normal-aware [
PatchMatch stereo J77%:[19], & T 24 i £ 1 VR 1K
THE BT IE AR, SR THEZR A T

A0 T 2= N 4R R, TERTA B &R B TIR
FEREARAS DL, TR0 533 5 SE PRt B (1) 1
S, TR AT R Ak, AR

SR SR DR, ARG IX I BOH RS R
K #s s R = AR, A (7):

M(p) =

A (D) A0 (R) ) (p) 2)

St 17 (p), 1 () A11° (p) AR B 1 (p)

R,G B 72HE. A(x t) &P T(HBEL 2 x>=t i)

a8 1, H{E 0.

44 EEAREEGHIBOEEREEMS
ok T AN R E R
(D,...D,...D,} G, T4t T4 A0 IR Pl it
PR RIS, RS S [17] $RH
il R E T, WAL RO VR (A, Rk gk

ny . RO SACRIRIE ek, WA (8):

f,(dy.n,) =A(|p-pj|<inn, -n,|< ) ®
b pl o2 p ZHAREIRE K D, MESGALE, H
AR p AEARRIER | BT R g 28 R AT IR

BRI D, TR, n, RARERE g, IO

. 2% EE EIREANER M THER A2 IE
B, A2 A (9):

3 f,(d,,n)>p (9
jeq(i)

Hrb o) AR T SEAMA | MR B .
B ATIGE ST BIE, S BRALA— 2k . iR e

d, FIEkLh n M3 ik — SR AR, I H
PEAR SR (R0 Q) < i) o T FERY I 0 = 4 A
X, 5 5% BRI | e Q) =

He X, P, AR (10) i
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(xp + ’Z xm)
X =~ 100 J (10)
P 1+]Q ()|

H T EIRES T RBRS  ER mE, CZey
2 B B O ) = e R AR ARIAE L
RSB RE S, JVA[T] RGP R L R A
L EMIAANR AT, RFBNZHEEHRT L
RS, BRI ERE R G HRME A
GBI AR R o T T R VR P A2k
AL B 2 S FR BRI BAF, BEERG R —
e BRI 4 1%, BEE R BB ECR
FEN, A o R R IR R e SRTT AR TR
Rl BAF BHER AR A IR, XIRHI T LTk
NIV o O AR SO M — Pt SR 5 SRS
LAy b3+ A7 o5 -

(L BA 1 ASHERMA, 2C NEREEFKN
2 IR, WIanE B E N 0.

)X T EESEF MERILA | 2N e EGSE
Q, BUIEERKFA o KEGEEN GPU KEAF,

PATEIA — B S S B A RIRE d ) Ak

Zen fE5IX o FKEMRHER, "TEd AKX 8) 5§

N (9) PRSI — BT,
(8 p LB —FHMEIHHC(p) =C(p) +1;
(b) Xt BLHY = X (p) $AAT M8 B R 0 & {E

X =X +X_,
p p d

HPATE o IR G KA —BUER AR, BK
HEA, RESNEN o BER, BEREHEER
BE Qi K&,

(3) Ao P E &R, WX+ irf
C(p)27 MR RAE, FRGHLEE =4 ni B

X =X, 1C(p) -

45 REERE

e —HEgE N, REAERFZEHTAS S
HEEZAMEEE (mesh). ACHT Screened
Poisson surface reconstruction (SPSR) [33]i347 Z&
HE, JFBTE B = MR AR KR IX 8. 42 H SPSR
SR BR 0 5 8+ T B 80E T =i, o
TR A TR 2 PR E R AU T ITE SRR .
I 7R AR AN 401 A5 Jon B R I 0 T R AT R kb T

Fr i8R . AR SPSR i i = 4E MRS R T, Al
AT Qslim 53k [34] BEAT L ZMIMIMEHRE T, M ff
IE a7 A0 ) = 4 R T & 1) = Sy i AR AE T T
PLF, RIS O B PR R TR LA 25 4

SLIA 4R

AT G ONBRE P500 TS, #5% CPU
E5-1620v3 (3.5Hz), 64GB 417, Nvidia GTX1080 ‘i
o BRI AR AR KES 22 B U
KB sogthl, wmaisrl K CGERED, AT1R
FUAH E SE S5, Hrp sl K 2z s X AR R
o W T ACBEZE SO KR4[R (AT 477 & 499
), T 20.6 Ko B ARTR L R R AR RS 23 A
KK 6 fis. 40k SFM bre il s 8Us, &
ERIMBL = HAIPLA BB 7 PR, &HAS
2 A0 A ST AR BE 7 90 S I B R 1 K b R g 4
WKl 8 fr7w o A LLE A SCI7 V5 T g M da 2540
FEORUE = 28 T2 4R 56 48 51 1) [] B w520 Ji 3R 1 K 4
JUMRT SRy, G DR s 10 J 8 R AR e ) R 4 45«

] JER b DX R S A 1R 8 43 2 A R A AR
K9 . BETIXECRGHdE, SCal i =4 5 g 4h
R 10 Fros. AILLE H @A S S R )
PIJUAT AR, BB A JLAT A i i mT W [RIE AR
SCEIE normal-aware [¥) PatchMatch stereo J7 72 7E 7%
LW TR S WK 11 foR, AHEGIERET I,

& ®
1 4
:
# A

6. ZUGR LK G
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K 8. Zigrih K EESREE. NEEL, RIKE
4 J2 B AR A RN R LART A R

9. [EFIEHECCE Y 2 0 R

normal-aware PatchMatch stereo T] LB A vk 11k 55
T HELE R

KA A IEEAREE ETHID _EPFIIASL
P R E B EVERA . ETH3D [15]88 7 =W
A0 Fe S BB AR, JRIR G /N 6,048
X 4,032, IX L8573 H A MR Be 08 BT 38 UE A SR
o PR T 17 750 20 6 PG — o H el SRV A R
ETH3D (1) E A E 5 8 Lk o s R GRS, &
i MVS J7i B S il 5 B S = B R T
TRIIEEXS, VEM TIERIA B . ASCTES 13 AN
e LT RS .

AR SCIIE SR I ERL S A A, BT
TERD PR EUR IR b, &R e — L
RFEERZNEYE LS EEAAA R 8, A
SO G R RE R 1,600X 1,064, FEAH [F] (VA FE K
THET IR b, 23 BISR F A R il R H 3

@ (b)
K10, (a) WHRHEMM (b) ARERIEERIE Ao,

EEAMATIRE RN ES . ETH3D XA F, E&E
HEMGG T E, BUEMSE, FElT. e
RI, ARk A BRI g, BA7 5 H
W0, f/NEAE D 1828.5 MB (14 5K K1),
BKEAEN S AN 4429.0 MB (76 5KE%). W]
DATRL, an Sk N EE /N in £ 3,200 X 2,128,
B AFK N3] 16GB AL, RS 1 75T
KRR BEHAR N o T AR SCHE 0 3G 505 vk ] o
KEAF 5 R HIE 1821IMB LA (0=10), Fitt
A AZEAE BRI A7 T AR 2 (8 . mid 11
BUREN AT LLE S, SR E A E R
BRAM AR E . UL EEsibirey e
BA YRR . BRI I N B R i ECE T
WA R B G T VERE R, R AR 5 E ) RAF
TR ETOAF AR PR IR 1) e A B RS EG A f SFH - 5il
X REE, mTaEsRERNRRSHRER, 4
JRINEERIE R EB FBRAAN L, TIETERK
A, WA R RS AT DATE RS 8G
BAFR R B AR AR G R A A R

N T BRE AR SCHR 1 i 2 B R R AR A
ARICAE ETH3D Hdls & -5 Ml ERor kit T 7t
tt, 3% Gipuma [17], PMVS [27], COLMAP [16],
CMPMVS[35]4l ACMH [28]. FHE4EH M=, iXik
TR —FERR R AL B IE AT i, — 2
A, B 1E WA IR 5 325 B AR T 3R T B A A 55 SO X
W TERRE, (Rt RERR M,
I LR R ] SO R S E
BEE, HAWTREZARMERARI, FtEEm
AR 72 B0 e i NOX — R M . fESR 2 AR 4G
T EAEM IS . ETH3D &4 HEE s 2 5l
T ST E A, W ACMH [28]F1 COLMAP[16]
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WG 45CR 3,200 X 2,128 K/NEHATE . X T4
SRR T, AR G T AR B AR
(1,600X1,064) Flfmn#ahiiA (3,200X2,128)
MEELER. NR2WLEH, RXEaFRR

(a) (b)
11. Normal-aware EEEMEER. (a) FEHETTIEM
V2 E; (b) Normal-aware PathMatch {1112k & .

AT CAP= A i R A S, MR HE R M AR
R LR T EWE, BRI T R K
o — Mok, B EE S FER TR R
PEREA R ESR, 1 ACMH KT 2 Bk GTX
Titan X, &3L 24GB A7, WA CHTFEAA
&—A> GTX 1080 &k (8GB EAF). K12 44
TARITTIE GRior HRE A FIXT L/ 72:4E ETH3D
R LR E(EM) P SR, FTLVE AT
LRI T EEN . [EEfR R, K2
LS RIE AT, AR R ER R AT E
A DA T E AR, IR 1A SCHE T 1 R 4
R PG = o 8 7 VE RV N AN
AXWERELEEEQS 2 39, RERMT
MRS, LLETH3D Y relief 30 £ 1,
HALE 31 sk, AR 1,600X1,064 7375

13119y

195913

(a) (b)

NN, TR A B IR FE P Y T
6] 11.6 0, RF 4 RTR LA (I 18]y 58.4 75,
RHA S ER S (0=15) [INE]) 68.2 76, KA
ARG R A (0=10) IR [A]24 69.6 #. DL ETH3D
i) electro M, HALE 45 sk G, HHEA
—BRGIRE RPN A 11.2 B, R &RIRE
R TR [] )y 80.6 B, SRAIASCH Bl S (a=15)
(IS IE] M 99.6 F6, ASCIERLS (a=10) [RI R
113.4 #bo ACHl R ah oA L 4 R Al SVE R TR T
BimEZ, AHTIRAEEE N CPU A7 EI GPU A 17
[ fE4a T >k T BN R FRY . Bk UL, AN SO
HE R BRI E SR, e Ras
BUE, ARSCERH 3G & G BRI D BAT I )
N S SINTE )iy = A 1 P ST S = R RN E 7
R AN SZ

B, ARSCIESCUIER “ W B3~ Bxfbl
T AT EERIZE 4 () PMVS BE[27] 0 280,
il 13 Fme FILVEH, ARSCHEAM= AT
IR, [FRIEA SRR 7 SO R 4045
P, BAIE T 5k e . E AR A 2 5 3R i
&, TSRAFEL ARG TG, TR
AMLE SRS, & 14 Frws.

1 FE ETH3D EIFNARIRE AR EFEFIHFE (MB)
58ERE (F). WEHER0.02.

o JHEEL MEG  WER
. % = =1 H H H
b TR & &
- (0=20) (0=15) (0=10)
EHAEF (%) 72.88 72.75 72.78 72.63
R KEAH (MB) 4429 2400 2018 1821

(c) (d)

K 12 ETH3D LM BTN R, @) E—MARRAREE; (b) COLMAP[19]E##45H; (c) ACMH[31]E
AR, (DARCHEEELE R, M, AR RA SR BRI T BB,
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2 2 £ ETH3D XFEEARCGIEMER WS BEREE, HpK
MAESAGE T ROBRMS DRI ERER . HPm
HARFOER, TREAEZHFOER.

TR E 001  0.02 0.05 0.1 0.2
Gipuma 2587 3638 4917 5852  68.35
PMVS 3381 4606 5581 6127  67.27
COLMAP 51.99 67.66 80.50 87.61  93.27
CMPMVS 4924 6249 7384 7986 8476
ACMH 5824 7071 8186 87.31 9151
Ours(low-res) 56.97 72.78 84.16 89.27 92.90

Ours(high-res) 64.86 75.43 84.79 89.52 93.02

@

(b)

13, 1E 5 Bl ST L X AT (a) 5 PUVS
[(27] (b) o ATLAEHY, ASCIFEAM AT A S 1 A2 1
(R O B R I RO 4I°T, SR SEI R T SOl = 4ERE AL

(@ (b)

B 14 FEEBORAR B EBIYTR S H I R S

6 i

&2 % SO AL 7R S SO RO R S S 1
ZhRR RS SR IEAEPOE I K, AT R
SEEOAR, IR R 22 e SOt JEd i E R AL
PR SETTEPNANEASEE S e/t 5 < P
— ARSI PURIBOR 2 R A2 B 300 R s
B8, AR A ARG 4B (128 AR 7 5,
TGN E . WA FE N EaB R RRCR,
NATRE S B i 35 i 3t Jge 52 v A A 8 SCAR I 1K
P, BRI LZ B SR N I SR
BT

VRSN RV RGHEZE, Rl & = 4E s Ty
V2, 3TV AR N T B R SO PR PR A% R 1)
VR EJ ARG H, WRELIEYTESS

OB RMEEaAHF A S (No. 61702482 A=
61532002), B AL T B A L4 (No. L172049)
X AR
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Background

This research focuses on 3D reconstruction and
visualization of the historical sites and cultural relics.
It is overlapping between cultural heritage protection
and computer science. Silk Road culture is an
important link in the Belt and Road strategy. Its
heritage is of great significance. However, due to
historical and geographical reasons, the representative
historical heritage in the Silk Road culture is scattered
or damaged, and it is difficult to present it effectively.
Through historical restoration and image-based 3D
reconstruction, we restored the historical sites, cultural
relics and events of Guyuan, one of the important
nodes in Silk Road Culture. Especially, we first
reconstruct the historical sites and cultural relics, and
then visualize them in the virtual reality application.
The 3D reconstruction of the historical sites and
cultural relics is an important research area in
computer vision, architecture and archaeology. The
traditional 3D reconstruction methods for the
historical sites and cultural relics rely on laser scanner,
which is bulky and expensive. In this paper, we
propose an effective and low-cost 3D reconstruction
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crowd simulation.
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historic culture.
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method based multi-view stereo. The proposed
method fully explores multi-view high-resolution
images and can generate the high-quality 3D surface
with detailed geometric features for both outdoor
large-scale historical sites and indoor small-scale
cultural relics. We also propose and implement a
virtual reality platform for the Silk Road Cultural
Heritage.

The proposed MVS 3D reconstruction method
for high-resolution images, which consists of a
normal-aware PatchMatch for the high-quality normal
recovery to represent the detailed surface of the
cultural relics, and a GPU-friendly incremental depth
fusion method which can fuse a large amount of depth
maps by a small size of GPU memory. The experiment
results on the public MVS benchmark and our
captured datasets highlight that the proposed method
can recover the detailed surfaces while keeping a good
scalability for the large-scale data. The reconstructed
models can effectively support VR application,
playing a positive role in the dissemination of Silk
Road culture.
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