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Merle Norman Cosmetics, Los Angeles
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The Visual Cliff, by William Vandivert, 1960
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From The Art of Photography, Canon
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Two is better than one ?
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LIGHT LINES
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3D

LG Optimus 3D

3D Camcorder
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3D

Human-Eye Brain
Separation(~6.5cm

’

eft 2D Image Right 2D Image 3D View
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Left 2D Image Right 2D Image 3D View

Hangzhou Dianzi University School of Computer Science and Technology




Displacement
(Stereo Baseline)
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Displacement Computer
(Stereo Baseline)
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30D View
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Displacement Computer
(Stereo Baseline)

Left 2D Image Right 2D Image
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P=(X\Y.,2)
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« field of view
of stere

uncertainty of
scenepoint

o
one pixel Optical axes of the two cameras need not be parallel

Hangzhou Dianzi University School of Computer Science and Technology




Left right
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Left right
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. Left right
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. Baseline

. Epipole
. Epipolar plane
. Epipolar line
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[Zhang and Loop, MSR-TR-99-21]
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rect

. R..R' :
. [ RrectR ]

T'=(B,0,0)
P =P T
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: P=R(P-T)

{P; = Rzpz N {Pz = Rz_lpz'

P,=R,P, [P, =R/P
. T'=(8,0,0)
PP=P-T
. R'P'=R(R;'"P/~T)=P =R,RR,'P'-R RT
. RRR'=I=>R =RR"
- R R =R R’
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Unrectified

Rectified
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Search Range
P [«—  —=|P

Left epipolar line Right epipolar line
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Left

scanline

Matching cost T/\’\
/\//\{ disparity
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. L1 L2
. NCC ZNCC

. RANK Census
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. (Sum of Absolute Differences, SAD)

Coip = Z |Il(u7v)_1r(u+d9v)|

(u,v)eWp
. (Sum of Squared Differences, SSD)
2
Cosp = Z []Z(u,v) —1 (u+ da")]
(u,v)eWp
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Left Right

scanline
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. (Normalized Cross-Correlation, NCC)

>, L)1 (u+dyv) > (L@ ~1)(1.a+dv)-T,)
CNCC _ (u, v)eW 2 CZNCC _ (u.v)eW, — —
> Py D, Lr(u+d,v) \/ (1,(u,v)—1,) Sy (]r(u+d,v)—]r)
” V)GW (u’V)EWp (u,v)eWp (u,v)eWp
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Left Right

scanline
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*RANK Cowi = Z (Il'(u,v)—lr’(u+d,\/))

(u,v)eWp
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«Census C = Z HAMMING(I,’(u,v),IR'(qud,v))

1, (u,v) = BITSTRING,,, , . (£, (m,n) <1, (u,v))

RANK Census
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ground truth
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(h) Census
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for (j = line_start; j <= line_end; j++){
for (i=row_start; | <=row_end; i++ ) { //

[ for (d = dpXMin; d <= dpXMax; d++ ) { // }

cov_tmp = 0.0; num = 0;

for ( n = j-vradius; n <= j+m_vradius; n++) {
for ( m = i-hradius; m <= i+hradius; m++) { //

addr = n*width+m;
subtmp = template_img[addr] - shift_img[addr+d];
cov_tmp += (subtmp > 0) ? subtmp : -subtmp;

L
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Input — Ground truth

3><3 window 7>7 window
' Sharp edges

Too noisy!
d are blurred!

Adaptive window
Sharp edges and less noise
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o Violates unigueness
constraint

Left image Right image o/
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Left image Right image _
Epipolar
line

O
e '\“M
27

Given matches ¢ and ¢, point © in the left image
must match point 1 in the right image. Foint 2
would exceed the disparity gradient limit.
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Left scanline

Right scanline

Hangzhou Dianzi University

Left occlusion

Match

Right occlusion
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Left
occluded
pixels

Leftscanline [ M [ [ T T TTTTT]

A

Rightscanline [T 1 T | WM [ [ [ [ [ 1]

Right
occluded
pixels

v v
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Left Occluded Pixels

. HE BEEEEEEEEEE

Start Left scanline

o/./~ Cleft Occl

Q
DN ”
Q-
@/)C
Q

S|axid papn|220 1ybiry
[ 11
auljueoas 1ybiry

C

dist (ijf’ 17 )

right Occl

End
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I
i=2 |2 ———4 2 2
1_‘[32
i=3 |3 / 3 3
Ct—l Ct Ct+1
. [T, = Cost of going from state i to state j
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r+1

‘n

C.(J)= min Z(sz +C, (1))
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C, (/) = mmn i(Hij +C, (1)
bt (/) = arg min Z(Hl] T Ct—l (1)
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for(i=1;i< N;i++){
for(j=1;j< M;j

= C(i-1,j-D+c(z;,22);

= C(i-1,j)+0cclusion;

C(i,j-1)+0cclusion; C
— ] . o left Occl
i,j) = cmin = min(minl,min2,min3); %Qb
if (mint==cmin) M(i,j) = 1; e

if(min2==cmin) M(i,j) = 2; C
if(min3==cmin) M(i,j) = 3; right Occl

8

© MG, j)

dist(]leﬁ l”'g’”)

p °°p
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p=N;

q=M;
while(p!=0 && q'=0){
switch(M(p,q)){

case 1:
p matches g
P9,
break;
( case 2:
p 1s unmatched
P~
break;
* case 3:
q is unmatched
gq--.
\ break;

i
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@)=Y V(dpdy) ! A
. E.(d) = Vid,,d : i
& p'.‘ q - o, m

...... ...... ‘..... ......
(p.g)e ‘ *

® N

4-connected 8-connected

neighborhood  neighborhood
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Ed)= Y V(dy.dy)

(p.g)EE

. L, distance  V(d),dq) = |dp — dg V

0 ifd,=d,
1 if d, # d,

“Potts model”  V'(d,.d,) = {
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E(D)= Z(Wa) W, (i + D(i))) + A Zp(D@ Dm)

neighbors 7, j

\ J \ J
| Y

data term smoothness term (Potts Models)

Y. Boykov, O. Veksler, and R. Zabih, Fast Approximate Energy Minimization via Graph Cuts, PAMI 2001
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*Graph Cuts

*Belief Propagation BP
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Avg.

\4

Venus
ground truth

ponoce @l disc

\{

Teddy
ground truth

nonoce 3l

\4

disc

Cones
ground truth

nonoce 3l

\4

disc

il b A

DoubleBP2 [35] 0.881 1.291 4.761

0.133 0455 1875

3.53z 8303 9.631

2903 8.788 7.7912

9445 0.6013 2,007

3933 8715 9702

12904 9241 7.803

1.24 10 1.7613 5988

0122 0466 1.744

345: 8384 100z

2935 8737 7914

f 6922 2.04 21 5,646 | |

2041 1117 164

2.00 11 8.96 10 8.84 10

0,166 0333 2.198

6478 10.7s 17.0 14

4.79 24 10.7 21 10.9 20

0177 0518 1.713

6659 12.113 1477

4,17 20 10.7 20 10.6 13

L1196 1424 6155

78015 13.621 17317 3.62 12 93312 9.72 15

1.30 15 1.575 6.92 18

0.79 21 1.00 18 6.70 22

2.00s 6541 123

3.72 13 B626 10.217

=i

025 2 057 10 3241

&.ﬁaﬁ 1188 1306

2722 8354 8205

0.2 18

3613

i L‘ﬂfﬂ 1.97 18 847 24

ﬂﬁi{ﬂms*ﬁmn

}ﬁ& J410 11912 1588

&ggmmmmlzﬁl 15.1 {1.2511 1.627 6.68 13

0.25 11 0.64 14 2.59 12

84324 142 22 182 0

;11,_22 14 9.87 17 9.77 15

m:u 1.645 6.8516

0225 057 10 193¢

‘hﬂn 191 Iﬁ.&n

0.942 1.74 w0 5.0513

Enhaﬂcﬂﬂp |Z4|,

Hangzhou Dianzi University

0.35 15 0.86 17 4.34 17
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8.11» 13319 1852

50927 1111 1102




KITTI

http://www.cvlibs.net/datasets/kitti

KITTI
stereo optical flow
object detection 3D tracking
KITTI
30
39.2 km 200k 3D

*]1 Inertial Navigation System (GPS/IMU): OXTS RT 3003
*]1 Laserscanner: Velodyne HDL-64E

*2 Grayscale cameras, 1.4 Megapixels: Point Grey Flea 2 (FL2-14S3M-C)

visual odometry 3D

15
389

Velodyne HDL-64E Laserscanner

Point Gray Flea 2

[All heights wrt. road surface

Wheeli axis

(height: 0.30m)

0.54 m

All camera heigl-its: 1.65'm

Cam 1 (gray) E T0.06m

Velodyne laserscanner
xtheight; 1.73 m})

Cam 3 (color)
& CamRect 0,
-te-Image ({3 " H
= [ Cam O (aray ] «E00Y #=G)E] e IMU-to-Velo b
Cam 2 (color) 2
: 0.32m

Ve_io-zo-ffa m GPS/IMU
{height: 0.93 m)

Cam-to-CamRBect

1.68m

*2 Color cameras, 1.4 Megapixels: Point Grey Flea 2 (FL2-14S3C-C)

*4 Varifocal lenses, 4-8 mm: Edmund Optics NT59-917

Hangzhou Dianzi University
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0.80m 0.8l m | :
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KITTI

KITTI Road
City Residential Campus Person
2011 5
176GB
date/

date drive/
$— date drive.zip
image 0x/ x={0,..,3}
L___data/

l_ frame_ number.png
timestamps.txt

4 oxts/
l—data/

L frame_number.txt
dataformat.txt
Cimestamps.t=t
i velodyne_points/
+——data/

L frame number.bin
timestamps.txt
timestamps_start.txt

. timestamps_end.txt

date_drive_ tracklets.zip
tracklet_labels.xml

date calib.zip

calib_cam_to_cam.txt

calib _imu_to_velo.txt

calib_velo_to_cam.txt

bi%s

AN

IE!&‘IEEIE
_ 1T =
A B d
. ] ’ ,{ |
m [
iiiiﬁiiiii

y
i

City Residential Road Campus Person

Hangzhou Dianzi University

School of Computer Science and Technology



Clement Godard, OisinMac Aodha, Gabriel J. Brostow. UnsupervisedMonocular Depth Estimation with

Disparity smoothness loss

f'!? Appearance matching loss
s
Ly Left-Right disparity consistency loss

Hangzhou Dianzi University

Left-Right Consistency. CVPR 2017. http://visual.cs.ucl.ac.uk/pubs/monoDepth/

https://github.com/mrharicot/monodepth

Target Ir I
— —
Output f" f‘
S
Sampler

Disparity d"j d’
5\

CNN %

Input It It jull &

School of Computer Science and Technology
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def build_vgg(self): with tf.compat.vl.variable_scope('skips'):

#set convenience functions skipl = convl
conv = self.conv skip2 = conv2
U-Net if self.params.use_deconv: skip3 = conv3
upconv = self.deconv skip4 = convé
A - skip5 = convs
Encoder VGGl6 upcony = sélf.upconv skipé = convé
with tf.compat.vl.variable_scope('encoder'):
“Encoder™ convl = self.conv_block(self.model_input, 32, 7) # H/2
layer k| s | chns in out | input conv2 = self.conv_block(convl, b4, 5) & H/4
conv | 712|332 | 2 left conv3d = self.conv_block(conv2, 128, 3) # H/B
convlb | 7 | 1 | 3232 2 2 convl convg = self.conv_block(conv3, 256, 3) & H/16
conv2 5| 2| 3264 2 4 convlb conv5s = self.conv_block(conva, 512, 3) » H/32
comv2b | 5 | 1 | 64/64 4 4 conv2 convé = self.conv_block(convs, 512, 3) # H/8¢
conv3 31264128 4 8 convZh conv? = self.conv_block(convé, 512, 3) & H/128
convib | 3 [ 1 | 128/128 | 8 8 conv3
conv4 3 ; 128/256 | 8 16 conv3b def conv_block(self, x, num_out_layers, Kernel_size):
conv4b | 3 ! 256/256 16 16 conv4 convl = self.conv(x, num_out_layers, kernel_size, 1)
convs 3 2 | 256512 16 32 convdb eonv2 = self.conv(convl, num_out_layers, kernel_size, 2)
convib | 3 [ | | 512/512 | 32 32 convs SR D
convG | 3| 2| 512/512 | 32 | 64 | conv5b
convbb | 3 | 1 | S12/512 | 64 64 convh
L"ﬂm'? 3 2 5|yﬁ|2 fd IEE conveb def ¢Dl’1'||l'|:5£"|.f, %, num_out_layers, kernel_size, stride, activation_fn=tf.nn.elu):
convib | 3 11 5127512 | 128 128 | conv? p = np.floor((kernel_size - 1) / 2).astype(np.int32)

p_x = tf.pad(x, [[e, 81, [p, pl, [p, pl, [B, B]11}
return slim.convZd(p_x, num_out_layers, kernel_size, stride, 'VALID', activation_fn=activation_fn)

Hangzhou Dianzi University School of Computer Science and Technology




with tf.compat.vl.variable_scope('decoder'): upconv3 = upconv(iconvéd, &4, 3, 2) oH/4
uvpconv? = upconv(conv?, 512, 3, 2) #H/44 concatd = tf.concat([upconv3, skip2, udisp4l, 3)
concat? = tf.concat([upconv?, skip&l, 3) iconvd = conv(concat3, 64, 3, 1)
iconv? = conv(concat?, 512, 3, 1) self.disp3 = self.get_disp(iconv3)
U-Net udisp3 = self.upsample_nn(self.disp3, 2)
vpconvd = upconv(iconv?, 512, 3, 2) #H/32
Decoder concaté = tf.concat([upconvé, skip5], 3) vupconv2 = upconv(iconv3, 32, 3, 2) #H/2
iconvé = conv{concats, 512, 3, 1) concat2 = tf.concat([upconv2, skipl, udisp3], 3)
“Decoder™ iconv2z = conv(concat2, 32, 3, 1)
layer k | s | chns in out | input upconvs = upconv(iconvé, 256, 3, 2) #H/1s self.disp2 = self.get_disp(iconv2)
upconv7 | 3 | 2 | 312/512 128 | 64 | convib concats = tf.concat([upconvs, skips), 3) udisp2 = self.upsample_nn(self.disp2, 2)
iconv7 311 [ 1024512 | 64 | 64 | upconv7+conveb iconvs = conv(concats, 254, 3, 1)
upconved | 3 | 2 | 512512 | 64 | 32 | iconv7 upconvl = upconv(iconv2, 1&, 3, 2) #H
iconvo 301 1024/512 | 32 | 32 | upconvb+convsb upconvé = upconv(iconvs, 128, 3, 2) #u/5 concatl = tf.concat([upconvl, udisp2], 3)
upconvs | 3 | 2 | 512256 | 32 | 16 | iconvb concat4 = tf.concat([upconv4, skip3], 3) 1iconvl = conv(concatl, 14, 3, 1)
iconvs 3| 1| 5121256 16 16 | upconvi+convdb iconvé = conv(concat4, 128, 3, 1) self.displ = self.get_disp(iconvl)
upconv4 | 3 | 2 | 256/128 16 | 8 iconv> self.disp4 = self.get_disp(iconvé)
iconv4 31| 128128 | B 8 upconva+convib vdisp4 = self.upsample_nn(self.disp4, 2)
disp4 311 ] 1282 8 8 iconv4
up-r:mw3 32 128/64 5 4 iconvd def upconv(self, %, num_out_layers, kernel_size, scale):
icony3 30 1] 130/64 4 4 upconv3+conv2b+dispd* upsample = self.upsample_nn(x, scale)
disp3 3 1 | 64/2 4 4 conva conv = self.conv{upsample, num_out_layers, kernel_size, 1)
upconv2 | 3 | 2 | 64/32 4 2 iconv3 return conv
iconv2 I 01| 66/32 2 2 upconv2+conv 1b+disp3* | gef upsample_nn(self, x, ratio):
disp2 3| 1| 322 2 2 iconv2 s = tf.shape(x)
upconvl | 3 | 2 | 3216 2 I iconv2 h = s[1]
iconv | 31 1] 1816 | | upcony | +disp2*® w = s[2)
displ 311162 I I iconvl return tf.compat.vl.image.resize_nearest_neighbor(x, [h * ratio, w * ratio])

Hangzhou Dianzi University

School of Computer Science and Technology




Tensorboard

Terminal: Local

+ v

(tfl.15.4.py3.8) sunshine@sunshine-ausu:~/MyPrograms/PyCharm/Examples/Tensorflowl.x/MonoDepth_UNet$ tensorboard

TensorBoard 1.15.8+nv at http://sunshine-ausu:4884/ (Press CTRL+C to quit)

TensorBogd SEALARS

WANGED

FeR AP

T B swnbine-aumo008/ascalarsh_smoothingWeight=0srs & o

BCALARE

0 B sorhice-auna 6006 8imagesh_smoothingiweight =029 o

ILBACTE AR WaRCETWE

--logdir=1log9/monodepth

c 0 B venshine-unrs0on By ashed yrcottmgwright =0 6294 mns.

RLLLARY

CRAR

] Show data dovwnicad knia
B3 igrore cuthers in chart scabng

Tooltis sarting
asiivadt Goluit

Sm—— 1)

TEHEE A L E

Ir_lomsy 2
Ir_loas 3
wilm_lows O
viim_loas_1
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Adifm_lods 3

total o
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total_loss total_loss
| menodepth, main Aunc manodepth_main

erons 0.5 | 0.35

Batch 1100 | exssgles/u: 30.08 | loms:

1.1 ' = mhu\uh. 42.71 | Less: 0.54170 0.85

total nusber of seaples; 2480 batch 148100 | exompiesfs: &4.862 | loss: 8.39178 "
total nusher e steps: 141258 k. Batch 140200 | examplesSfs: 45.37 | Lloss: 0. 45855
mussor OF tralmable parsseters: 3109077 | T pateh 140000 | examplenSs: 63.99 | less: 0.37458 0.75 i
Bateh 109 | sxssples/s: 45,38 | loss: 1.79428 0.95 | l\ 24 patch 140500 | examplesSs: &4.53 | loss: B.47381
batch 389 | examgles/s: 23.63 | loss: 0,930 | l B A batch 148500 | examples/s: 58.37 | Loss: 0.44091 |
mateh 308 | sxssples/s: 38,37 | loss: 1.39224 | | # g baten 140600 | examplen/s: 64.27 | less: 0.40223 0.65 |
Batch 468 | examples/n: 71.87 | loss: 119040 0.8 } \ Bateh 148780 | sxamples/s: 64,51 | less: B.41&77 | :
Batch 304 | szaeplesfui S6.00 | leas: 1.89730 1 batch 148800 | examplesfs: 66.72 | loss: 0.&3439 0.55 |
Bt f'm I "'"‘:’""" LT tetar o | I‘ i paten 140900 | enamples/s: 65.24 | less: 0.%&784
“t": e : "“E:“;i_ L: b : l‘:""_ l""?“:!ﬁ 0.65 ! | l“ patch 141000 | examples/s: 54.24 | Loss: B.4951s
::::h :Ez | :::::.:;I: i} ;; | :9:: :t»:lt:: | | 'h' u bateh 141100 | exampless: §56.33 | less: 0.38460 0.45
Bateh 1000 | sxasslesfs: 48,30 | loss: 1.131%4 1 J Bateh 1431280 | exampiesfs: &47.18 | less: 0,.%0782

[ ]

[ 1

Process flaished with eadt code O

Bateh 1200 | exescles/a: 39.83 1| loss: 1.186913 i

disp_left_est_0 0 5k 10k 15k 20k 25k 30K  gisp (err_est 0 0 40k 80k 120k
disp_left_est_0/image/0 B disp_left_est_0/image/l @ disp_left_est_0/image/0 B disp_eft_est 0/image1 H

£ep 30,300 step 30,300 step 141,200 step 141,200

Sun May 15 2022 011821 GMT+0800 (China Standard Teme) Sun May 15 2032 01:18:21 GMT+0B00 (China Standard Tirme) Sun May 15 2022 05016:53 GMT+0800 (Ching Standard Tims) Sum May 15 2022 05:16:53 GMT+0800 (China Standard Tima)

—— e ——— e E— ——

disp_left_est_0/image/2 B disp_left_est_0fimage/3 B disp_left_est_0/images2 B disp_left_est_0/image/3 ]

step 30,300 ; step 30,300 step 141,200 step 141,200

Sun May 15 2022 01:18:21 GMT+0800 (China Standaed Time) Sun May 15 2022 01:18:21 GMT+0200 (China Standasd Time) Sun My 15 2022 05:16:53 GMT+0800 (China Standard Time) Sun May 15 2022 05:16:53 GMT+0800 (China Standard Time)

d a4
| L




=
A5

L




> "L'l Lz

R Ay A,
Bl - b e
Image I Image I

Hangzhou Dianzi University School of Computer Science and Technology



Inputs:
(1) fyand 1.
(2) features and thewr deserniptors in both images
. (3) the search region in the right image R( f;) associated
with a feature f; in the left image
For cach teature f; in the left image:
. Compute the similanty between fr and each image teature in R f;)

2. Select the nght-image feature f,.. that maximizes the similarity measure.

1. Save the correspondence and disparity d(f;. /)
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Accumulated Error While Climbing Rocks

0.55 =
5 [T visual Odometry
0. Bl Wheel Odometry +
0.45 .|:| 1084 Sfp
. 0.4

Error (meters)
= ]

e ————r

0 0.35 0.7 1.05 14 175 2.1 2.45
Total Commanded Distance (meters)

Two Years of Visual Odometry on the Mars
Exploration Rovers

https://onlinelibrary.wiley.com/doi/pdf/10.1002/rob.20184
JPL
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T. Zhou, M. Brown, N. Snavely, and D. G. Lowe, Unsupervised
learning of depth and ego-motion from video. CVPR2017.

https://people.eecs.berkeley.edu/~tinghuiz/projects/SfMLearner/
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(FGs) GeoNet
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Building Rome ina Day  Video

https://www.cs.cornell.edu/~snavely/bundler/
https://www.cs.cornell.edu/projects/bigsfm/

S. Agarwal, N. Snavely and 1. Simon, et al. Building Rome in a Day. in International Conference on Computer Vision. 2009. Kyoto, Japan.
«J. Frahm, P. Georgel and D. Gallup, et al. Building Rome on a Cloudless Day. in 11th European Conference on Computer Vision. 2010.
*Y. Furukawa, B. Curless and S.M. Seitz, et al. Towards Internet-Scale Multi-View Stereo. CVPR. 2010.
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NeRF

Block-NeRF (CVPR2022) UniSim (CVPR2023 Highlight)

https://waymo.com/intl/zh-tw/research/block-nerf/ https://waabi.ai/unisim/
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Gaussian Splatting
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CCD
Who are they?

. Willard Boyle George E. Smith
“< ”?(CCb) 2009 10 “c i
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Rome is not built in a day!

A good beginning is half done!
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