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acquiring high resolution 3D visual information
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Abstract: Time of flight (ToF) camera can deliver grayscale image and 3D information simultaneously with high frame
rates. Although its image resolution and quality are very poor, it provides a good supplement with traditional 2D camera
image. Inspired by the stereo vision, we present a 3D visual information acquiring method by fusing 3D information of
ToF camera with the high resolution color image. Firstly, we setup a 2D/3D stereo camera with fixed spatial relation and
similar visual field to capture the environment information synchronously. Based on characteristics of ToF camera and the
principles of stereo vision, the interpolated 3D information of ToF camera is registered with high resolution color image.
Consequently, the proposed method can provide high quality 2D image as well as corresponding 3D space information,
which preserves the advantages of 2D camera’s high quality image and ToF camera’s fast acquisition for dense 3D infor-
mation. The proposed 2D/3D camera fusion method has very low computation cost while the matching accuracy is only
determined by parameters of the 2D/3D stereo camera system and interpolation algorithm for range image without extra
computation error. Experimental results have demonstrated the feasibility and accuracy of the proposed method.
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�¢y�mn�&EÚ��ã��ÓÚ¼�,Ì
��YkáNÀú!-1×£¤�����ÅKÜ�

Y!n���Å�¼��Y,ÙÌ�A5XL1¤«.

3D-1ÿå¤n�ÿþ°Ýp,�´�3þ

�!õÇpÚd�[B�¯K,�Ã{Jø|µ�ã
�&E[1–3]. �d,Ü©ïÄÅ�JÑ
-1ÿå¤Ú
DÚ����Å�KÜ�Y,�´��ã�Ún�&
E�°(��E�3éõ(J.

L 1 �cn�&E¼�Eâ�Yé'
Table 1 Current 3D information acquiring solutions
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áNÀú �Ó�¼�|µ��ã�&EÚn�&E
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�¼�|µ��p°Ý���ã�&EÚ N��-1ÿå¤I/Ï�	C�Úõg×£,

-1ÿå¤+ ,�pÝ���ål&E,É	.�¸ ¢y����n�&E¼�,O�E,,¢�5�;
����Å Z6�!½,O(5p. Nn�-1ÿå¤�~[B;ã�&EÚn�&E

���ÚKÜ´�JK
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þã�&E[4–5]. Cc5, 3D��Å�ÑyÚå

2�'5,X�^Kinect��Å!Swiss-ranger�SR
X�n���Å�,ÙA:´�Ó�¢�¼��m
|µ�ã�&E±9ã���:éA��mn�&

E,l3|µ8I©�Ú£O�¡äkã��A
^då,X8I£O!|µn�ï�. �´Ta
3D��Å�Û�3uÙJø�|µã�©EÇ'
�$,XSR3000��Åã��©EÇ=�176*144,
lî��
ÙA^��[6–9]. �Jpn���
Å°Ý, D.faile��é�Ý&EØ�?1
©Û,�
é(�z�¸JÑ
�
)û�Y[10]. �)û©E
Ç$�¯K, Prasad�JÑ|^DÚ�Ö�{Jp
©EÇ[11], Sigurjon�JÑSR3000��Å�áN�
�Å�KÜ�Y[12], Kuhnert�JÑ
PMDn��
�Å�áN��Å�KÜ�Y[13], B. Huhle�JÑ
|^�©EÇEâ¢yPMD��Å�p°ÝçÚ
��ÅKÜJp©EÇ��{[14].
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éØ©ó�?1©Ûo(.

2 EEEÜÜÜ������ÅÅÅããã���KKKÜÜÜ���nnn(The fusion prin-
ciple of 2D/3D stereo image)

2.1 ������ÚÚÚnnn���������ÅÅÅ&&&EEEpppÖÖÖ555©©©ÛÛÛ(Comple-
mentary analysis on 2D camera and 3D camera
information)
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é,=�¢yp°ÝçÚã�Ún��m&E�Ó
Ú¼�,lJpÙn��m|µn)�£O�O
(ÝÚ��5.

ã 1 ��çÚ��ÅÚn���Å¼�&Eé'

Fig. 1 2D camera/3D camera information comparison

2.2 EEEÜÜÜ������ÅÅÅnnn���ÀÀÀúúú&&&EEE¼¼¼���(2D/3D stereo
camera visual information acquiring )
éuDÚáNÀúXÚ,ÏL�m��Åã�
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ã 2 2D/3DEÜÀúXÚ¤��.

Fig. 2 The projection model of 2D/3D stereo camera
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3 EEEÜÜÜ������ÅÅÅ���OOO999¢¢¢yyy(Design and realiza-
tion of 2D/3D stereo camera)

3.1 EEEÜÜÜ������ÅÅÅXXXÚÚÚ���OOO(2D/3D stereo camera
system design)
�©�O�EÜ��Å¤�XÚ´d����
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2) ����ÅÚn���Å�mY²���±
²1'X,Ó��y¤�Ø�pñ	Ú>fZ6,
3d^�e¦þ~�ü��Å��m�é²£þ,
±�y¦�U�'~�Ü¤�«�.

3.2 EEEÜÜÜ������ÅÅÅXXXÚÚÚ¢¢¢yyy(The mechanical realiza-
tion of 2D/3D stereo camera system)
Äuþã©Û,3ë�®káNV8ÀúXÚ
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ã 3 �©�O�EÜ��ÅXÚ

Fig. 3 The 2D/3D stereo mechanical system
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�Y²�½uÌ�½�1�þL¡;SR3000n�
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ã 4 EÜ��ÅXÚÅ�C�²�

Fig. 4 Assemble platform of 2D/3D stereo system
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ã 5 EÜ��Å²�*ÐC����

Fig. 5 Extended assemble interface of 2D/3D stereo system

4 EEEÜÜÜ������ÅÅÅ������KKKÜÜÜ���{{{(Image matching
and fusion of 2D/3D stereo system)

4.1 KKKÜÜÜ���������{{{oooNNN666§§§(The scheme of propo-
sed infusion method)
ÄuþãEÜ��ÅXÚ,�©?�ÚJÑn

���ÅÚ����Å�KÜ���{,oN6§
Xã6¤«.

ã 6 ����ÅÚn���Åã�KÜ��6§

Fig. 6 Schematic of the 2D/3D stereo camera fusion
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4.2 EEEÜÜÜ������ÅÅÅ������KKKÜÜÜ���{{{¢¢¢yyy(Registration
and fusion realization of 2D/3D stereo camera)

1) EÜ��ÅI½.
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M3D =
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α2D
x 0 u2D
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0 α2D

y v2D
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 , (1)

R =




r11 r12 r13

r21 r22 r23

r31 r32 r33


 , T =




t1
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t3


 . (2)

2) ÓÚ¤�Ú½.
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3) �Ö¼�n���Åp©EÇ�Ýã�.

dun���ÅJø��Ýã�©EÇ�$,
�©é¼���Ýã�?1���ÖO�,±¼�
p©EÇ��Ý&E.du�Ýã��DÚ���
Ýã�êâ(�aq,��â¢SI�ÀJ®k�
���Ýã��Ö�{. �½î�X���ÖXê

�Kx,p�Y���ÖXê�Ky,�Ö��Ýã�
L«�DI,Ù©EÇ�M×N ,Ù¥: M =Kx×U ,
N =Ky×V . �Ö�Ýã�DI¥?¿:pI(u3D

I , v3D
I )

3��Ýã�DI¥éAæ���Ip3D(u3D, v3D)
O�'X�

u3D = u3D
I /Kx, v3D = v3D

I /Ky. (3)

�©À^V�5�Ö�{[16]é�Ýã�DI?1�
ÖO�,K�Ö�Ýã�DI¥?¿:pI(u3D

I , v3D
I )

��Ý�DI(u3D
I , v3D

I )O�Xe:
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I , v3D

I ) =
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I /Kx)(v2 − v3D
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(u3D
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(u2 − u3D
I /Kx)(v3D
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(u3D
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(u2 − u1)(v2 − v1)

∗D(u2, v2).

(4)

4) O��Ö��Ýã�DI¥?¿����:

pI(u3D
I , v3D

I )éA�n�&E(X3D
C , Y 3D

C , Z3D
C ).

é�Ö�Ýã�DI¥?¿�:pI(u3D
I , v3D

I ),b
½ÙéA�m|µ¥,�n�:P, P:3n���
Å�IXe�n��IP�(X3D
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C , Z3D
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un���Å¼���Ýã�Ú�Ýã�3ã��

IþU���I���éA,ÏdpI(u3D
I , v3D

I ):3
��Ýã�DI¥éA�æ���Ip3D(u3D, v3D)
=�Ó�3�Ýã�GI¥éA�æ���I

p3D(u3D, v3D). �â�5��Å¤��.,æ^à
g�IL«,n���Å�Ýã���:p3D�ã

��I(u3D, v3D, 1)�éA�±n���Å�IX
�ë���mn�&E(X3D

C , Y 3D
C , Z3D

C , 1)'X�

Z3D
C




u3D

v3D

1


 =




α3D
x 0 u3D

0 0
0 α3D

y v3D
0 0

0 0 1 0







X3D
C

Y 3D
C

Z3D
C

1


 =

M3D(X3D
C , Y 3D

C , Z3D
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éª(5)?�ÚÐmO���ª(6):

Z3D
C




u3D

v3D

1


 =




α3D
x ∗X3D

C + u3D
0 ∗ Z3D

C

α3D
y ∗ Y 3D

C + v3D
0 ∗ Z3D

C

Z3D
C


 . (6)

éã�DI¥�?���:pI(u3D
I , v3D

I ),Ù�Ý&
EZ3D

C �T��:��Ö�Ýã��:

Z3D
C = DI(u3D

I , v3D
I ). (7)

ò�Ý&EZ3D
C !�I:(u3D

I , v3D
I )ÚI½ëê

M3D�\ª(3) – (6),�¦�n��mX���I

X3D
C Ún��mY���IY 3D

C :



X3D
C =

Z3D
C (u3D

I /Kx − u3D
0 )

α3D
x

,

Y 3D
C =

Z3D
C (v3D

I /Kx − v3D
0 )

α3D
y

.

(8)
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Ïd,�â�Ö�Ýã�¥�?¿���ã�
�I(u3D

I , v3D
I ),=�O�ÑT��:3n���

Å�IX�n�&EX3D
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C , Z3D
C . ±àg�I

L«�

(u3D
I , u3D

I , 1)T → (X3D
C , Y 3D

C , Z3D
C , 1)T. (9)

5) �Ýã�DI���çÚã�CI�N�.

=¦�DI¥�?���:(u3D
I , v3D

I )éA�3
��çÚã�CI¥�N�:�I(û, v̂);äN�{
�:�â®I½�����ÅÚn���Å|¤�
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e��I(X3D

C , Y 3D
C , Z3D

C , 1)T�����Å�I
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C , Y 2D
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C
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C

Z2D
C

1


 =

[
RT TT

0T 1

]



X3D
C

Y 3D
C

Z3D
C

1


 , (10)

Ù¥: R�����Å�IXÚn���Å�IX

�m��én��m^=Ý
, T��m²£Ý
.

éup°ÝçÚ����Å,�â��Å¤�
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n��I(X2D
C , Y 2D

C , Z2D
C , 1)'X�L«�

Z2D
C




u2D

v2D

1


 =




α2D
x 0 u2D

0 0
0 α2D

y v2D
0 0

0 0 1 0







X2D
C

Y 2D
C

Z2D
C

1


 =

M2D(X2D
C , Y 2D

C , Z2D
C , 1)T. (11)

Ïd,n���Å�p©EÇ�Ö�Ýã�DI

¥?���:pI(u3D
I , v3D

I ),òª(9) – (11)éá,=
�¦�pI:3����ÅçÚã�¥éA��

:p2D�ã��I�(u2D, v2D, 1)T. duüö��
�:,Ïdp2D��:éA�ôÚ!«nÚ�Ý&E

=��Ó�pI:�&E.,duü��Å�IX
N�C��O�?n!n���Å�Ö�Ýã�Ú

��çÚã��©EÇ��É��Ï,��:pI:

�N�:p2D��I�Ø�½´�ê�,=éAu
��çÚã�¥�æ��:,Xã8¤«. �d,�
©éN�:p2D��I�O��(u2D, v2D)?1o
�Ê\?n,?1��$�,��pI:3��çÚã

�þ�Cq��'é:p̂2D(û, v̂),¿òCq�I
�(û, v̂)��p2D:��ªã��I�:

û = bu2D + 0.5c, v̂ = bv2D + 0.5c, (12)

u2D = û, v2D = v̂, (13)

Ù¥b c�e��$�Î.

éN�:p2D(u2D, v2D)éA���ã�ôÚ&
E,�Jp��5!ü$�ÅZ6�K�,�©À�
Cq��'é:p̂2D(û, v̂)8����:�çÚ&E
²þ���N�:�ã�ôÚ&E.±RGBôÚ�
.�~, p2D:éA�ôÚ&E(rp2D , gp2D , bp2D)O
�Xe: 




rp2D =
û+1∑
û−1

v̂+1∑
v̂−1

ru,v/9,

gp2D =
û+1∑
û−1

v̂+1∑
v̂−1

gu,v/9,

bp2D =
û+1∑
û−1

v̂+1∑
v̂−1

bu,v/9,

(14)

Ù¥: (ru,v, gu,v, bu,v)©OL«��çÚã���
�:CI(u, v)éA�ùÚ-R!7Ú-GÚÉÚ-B�ô
Ú&E.dupIÚp2D��mÓ�:P3ØÓ��Å

ã�¥���'é:,�Ó�¤�,ÏdpI:ôÚ&

E��Óup2D:�ã�ôÚ&E,l�±¦
ÑpI(u3D

I , v3D
I ):éA�ôÚ&E(rpI , gpI , bpI):

rpI = rp2D , gpI = gp2D , bpI = bp2D . (15)

�âª(1) – (14),n���Å��Ö�Ýã�
DI¥?���:pI(u3D

I , v3D
I )þ�O�ÑÙéA�

n�&E(X3D
C , Y 3D

C , Z3D
C )Úp�þçÚã�&E

(rpI , gpI , bpI),=Xª(16)¤«:

If pI(u3D
I , v3D

I ) ∈ DI
M×N , then

pI →




(X3D
C , Y 3D

C , Z3D
C )︸ ︷︷ ︸, (rpI , gpI , bpI)︸ ︷︷ ︸

3D color



 . (16)

Ïd,Äu�©�ÓÚ¼��m|µ¥p©E
Ç�n�&E9ÙéA�ôÚ&E,©EÇ�û
u�ÖXêÚ��çÚ��Å�ã�©EÇ,k�
)û
¢�|µn�&EÚp�þ��çÚã�&

E�KÜJK.

5 ÁÁÁ���(((JJJ���©©©ÛÛÛ(Experimental results and
analysis)
�!é�©JÑ�EÜ��ÅXÚ9Ù��K

Ü�{�k�5Ú��°Ý?1Á��yÚ�\©

Û.Xã3¤«,EÜ��Å¥�n���Å�
Swiss-rangerúi�SR3000n���Å!����
Å�CCDçÚ��Å.Á�SN�):

1) EÜ��Å¥��Ún�ã�N���Ø�
�þz©Û.

2) ÄuEÜ��ÅKÜ��ã��|µn�
ï�J©Û.
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5.1 EEEÜÜÜ������ÅÅÅIII½½½ (The 2D/3D stereo camera
calibration)
Äu©z[16]áN��ÅI½�{,é�©JÑ

�EÜ��ÅXÚ?1I½. Ù����ÅSëê
�

MR =




αR
x 0 uR

0 0
0 αR

y vR
0 0

0 0 1 0


 =




799 0 557 0
0 801 313 0
0 0 1 0


 .

(17)

EÜ��Å�	ëê�.,=����ÅÚn
���Å��m'X�.�

R =




0.9999 − 0.0040 0.0117
0.0042 0.9998 − 0.0167
−0.0117 0.0167 0.9997


 , (18)

t =



−67.7712
−10.3068
7.6634


 . (19)

�!Ì�?1n���Å��ã�Ú����

Åã��N���°ÝÁ�. Ù¥,¢�¥n��
�Å��ã����Ö&E,Ù©EÇ�176× 144;
����ÅçÚã��©EÇ�1028× 764. Xã7
¤«,Ø©^²¡Ú��I½��ë�,±ØÓå
l3EÜ��ÅXÚ���/n���Å¥Ó�¤
�,,�©OJ�I½�ã�¥��:A�,¿òn
���Å¥�ã��:A��â�©�{N���

���Åã��IX,ÏL'�����Åã��
:ã��IÚN�:ã��I?1��Ø�©Û.

ã 7 EÜ��ÅS�ã���ÿÁ

Fig. 7 Matching test of 2D/3D stereo image sequence

äNÚ½Xe:

1) EÜ��Å©O±ØÓåldéÚ��I½

�?1¤�,ã�S�©OI£�I2D
d (p°ÝçÚ

2D��Åã�)ÚI3D
d (n���ÅSR3000ã�),Ù

¥d = 1, 2, 3, 4, 5, 6, 7, 8©OL«I½��EÜ�
� Å � å l �1 m, 1.5 m, 2 m, 2.5 m, 3 m, 3.5 m,
4 m, 5 m.

2) |^Harris�:J��{[17],©OJ�éA
Ú��ã�S�I2D

d ÚI3D
d ¥éA��:S�,¿U

l��m!lþ�e�^S©OòJ���:�;,
Ù¥n���Å¥�:L«�CSet3D

d [1 : M ],��
��Å¥�:L«�CSet2D

d [1 : M ], M�LJ��

�:oê8. CSet[m] = (i, j)L«T�:3�Aã
��IX¥��I.

3) Äu�©14.2!��N��{,¦�n��
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�Å�:S�CSet3D
d [1 : M ]3����Å¥�N

�:S�PSet3D
d [1 : M ],Xã7¤«.

4) b½n���Åã���:S�¥�,�:
CSet3D

d [m] = (i3D
m , j3D

m ),ÙN�éA:PSetP
d [m]

= (iPm, jP
m),����Å¥�uÿ�:CSet2D

d [m]
= (i2D

m , j2D
m ).½ÂT:���Ø��

δd[m] =
√
|iPm − i2D

m |2 + |jP
m − j2D

m |2. (20)

�©é¤k�n���Åã���:S�

CSet3D
d [1 : M ]�1þã?n,l��ØÓ¤�å

le�:S����Ø�δd[1 : M ],Xã8¤«.

ã 8 EÜ��Åã�A�:��Ø�

Fig. 8 Matching error of 2D/3D stereo image features

�?�Úþz©ÛN���Ø�,éþãØÓ
åléA�:A�S����Ø��þ�z?n,
±£ãØÓåldéA�²þN���Ø�δ̄d,X
ã9¤«.

ã 9 EÜ��Åã�A�:²þ��Ø�

Fig. 9 Mean matching error of 2D/3D stereo image features

5.2 EEEÜÜÜ������ÅÅÅããã���������ØØØ���©©©ÛÛÛ(Quantitative
analysis of 2D/3D stereo image matching)
Xã10¤«,éuÓ�«�^ØÓ©EÇã�

L«�,éu�ã�¥©EÇ�1× 1,mã�©E
Ç�4× 4,éu�ã�¥��:(1, 1),3mã�¥
�U���:�(1, 1)Ú(4, 4)�¤«��?���
:. �âþ!'u��Ø��½Â,éu�©¥E
Ü��ÅXÚ,���Å©EÇ�176× 144,mã

�©EÇ�1024× 768�,#N���Ø��

δ =
√

(1024/176)2 + (768/144)2 ≈ 8.5.

duØ�¤�Å©Ù,Ù��Ø�þ���δmean

= 4.2.

ã 10 ã�m��Ø�nØ©Û

Fig. 10 Matching error analysis between different images

dã9(J��,¤kÿþS��N���Ø�
þ½37���±S;Ù�A�Ø�þ�3
(2, 3.5)����S.T(J�þãnØ©Û��,
3#NØ���.d	,lã9��,�a�ålO
\,��Ø�Ä�¥O�ª³. Ù�Ï�©�ü�
�¡: 1)dª(4)��,dun���Åål&E�
Ø��¬K����Ø�. �âSR3000��Å¤�
A5,��Å�ål&EØ��ålO�O�,
�TØ�Ø�;�; 2),	�X¤�ål�O\,
ã�¤���ßÝeü. l3ã��:uÿ�!
�U¬Ú\#�Ø�. Ïd,3¢Sã�N�?n
�,duÃIÚ\ã�uÿ�!,Ïd¢S�{�
��°Ý¬'þã(J�p.

ÏLþã©Û��,T�{�±¢y2D/3D��
Å�ã�N���,��°Ý=�ûun���Å
�Ôn¤�5U�I,Ø¬Ú\#�Ø�.

5.3 ÄÄÄuuuEEEÜÜÜ������ÅÅÅ���nnn���ïïï(2D/3D stereo
camera based 3D reconstruction)
��y��{3¢S|µ¥�&E¼�`³,

�!©O±Ó��½¢�¿|µ��µ,©O�Ñ
Äuün���Å¤��Y�n�|µïÚÄu

�©�Y�n�|µï¢�,©OXã11–13¤
«. ã11�ÑÄun���Å¼���Ýã�Ú�
Ýã��n�ï�J,Ù¥: (a)�n���Å�
Ýã�; (b)�n���Å�Ýã�; (c)�Äun�
��Ån�&EÚ�Ý&E�n�|µï�J

ã. �?�Ú'�©Û�©KÜ�Yk�5,
ã12�Ñ
�én���Å�©�Ý&E(=�Ö
Xê�1)Ú����ÅçÚã��n�ï�J,
ã13�ÑÄu�Ö��n���Å�Ýã�Ú��
��ÅçÚã�KÜ�n�ï�J,Ù¥�Ö�
{�V�5�Ö�{,î�Úp��Ö�Ç�Ó,
�ÖXê�2,=Kx = Ky = 2.
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ã 11 Äun���Å�|µï

Fig. 11 3D environment reconstruction based on SR 3000

ã 12 EÜ��Ån�|µ�J(��Ö)
Fig. 12 3D environment reconstruction based on the proposed

method (No interpolation process)

ã 13 EÜ��Ån�|µ�J(�ÖXê�2)
Fig. 13 3D environment reconstruction based on the proposed

method (interpolation coefficients is 2)

lþãÁ�(JwÑ,�éun���Å,�©
EÜ��Å�Yk�¢y
����Åã�Ún�

��Å�Ýã����ÚKÜ,�n�|µÚ\

��çÚã�&E.d	,Ú\�Ö�!�,��ç
Úã�&E�±��§Ý�3,�±���p©E
ÇÚ�p¤��þ�n�çÚã�&E.Á�(J
?�Ú�y
�©�Y�k�5Ú�15.

6 ©©©ÛÛÛ���ooo((((Conclusions and analysis)
Ø©ÏL�\©Ûn���ÅA5Ú��/n�

��Å¼�&E�pÖA5,/�áNÀúEâ,
JÑ
�«EÜ��Å�n�Àú&E¼��Y.
T�YÏL;^�����ÅÚn���Å|¤�

EÜ��Åé�m|µÓÚ¤�;æ^��ã��
Ö�{òn���Å��Ýã��Ö¤Ï"�p©

EÇã�,(Ün���Å¤�A5,�¤���
�Å�p�þ��çÚã���Ö��n���Å

�Ýã����'é,¢yÓ�|µp°Ý���
çÚã�ÚéAn��m&E�¢�¼�,Ó��
3
����Åã��þÐÚn���Ån�&E

´u´¼��`³.

�ykáNÀúXÚ�',�©�Y3n�À
ú¤���!¢�5Ú½5�¡äkwÍ`³.
3¤����¡,��Y�¼�n���ÅÀ�Ú
¤�ål����p�þ���ã�&EÚn�&

E,áNÀúXÚ�Ý&E¼�É�¸A�DÕ
5K�é�,��Ý&E�L�½¤����°Ý
×�eü;3¢�5�¡,��YØ�9DÚáN
��Å���{,=Il�EÜ��ÅXÚI½?
n!�Ý�Ö?nÚ{ü�ê$�,äkéÐ�¢
�5. �´��Y¼��n�&E°ÝÉn���
Åg�5U��,3A½ÿþA^¥,n�ÿþ°
Ý�U¬$u;�áNÀúXÚ.

du�©�¢�¼�|µp�þ���çÚã

�&EÚéAn�&E,l�|^���n�&
E!ôÚÚ«n&E)û|µ8I�©�!£OÚ

n�ÿþ�JK,÷v£ÄÅì<�Ê!ó�\ó
ÚC�Åì<!gÄÅ��+�¥ép�p�þn

�Àú&E¼��½��¦.
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