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Visua Sensor Networks
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Visual Sensor Networks
A network consisting of spatially distributed
smart cameras

Smart camera
hitp:/Awww.image-acquire.com/ni-1742-smart-
cameral

Application —
« Environmental monitoring ¥

¢ Surveillance

i & -
htp:/www1.gsi.go.jplgeowww/EODA
Sibanda achefbanda_ache htm

» Target tracking

Pose estimation

To estimate the position and orientation of the sensors and
targets in a distributed fashion.
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Distributed Pose Estimation Relative Rigid Body Motion
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. . . . . Camerai’s
Distributed pose estimation ) Pose of camerai :|gwi = (Pwis Rwi) € SE(3) frames.
Distributed localization [5] T Rui pui ] pui € B Position ) \*H[”Object
R N Juwi = B —=EAT - A . A 1
 Distributed pose estimation of the O1x3 1 R,; € SO(3): Orientation ~ Jwi, %1
. :’ Gwoi PPt 4
camera sensors Pose of object : Guwoi = (Puwois Ruwoi) world |1 -7 opjent
* Static estimation o frames, Joo” frame
e P Body Velocity
Cooperative estimation [12 Rl R o b
p [ ] 9 -8 8, ¢ "ubrz = g;}gwi = |: Fui i € ]R4X4

« Dynamic estimation of the target motion
« Averaging performance for improving accuracy
Objective
Distributed simultaneous estimation of the sensors and target

[5] R. Tron and R. Vidal, “ Distributed |mage-based 3-D Localization of Camera Sensor Networks,”
Proc. of the 48th | EEE Conference on Decision and Control, pp. 901-908, 2009.

[12] T. Hatanaka and M. Fujita, “ Cooperative Estimation of 3D Target Motion via Networked Visual
Motion Observers,” |IEEE Transactions on Automatic Control, 2011. (submitted) Fujita L aboratory 3

vb . € R® : Linear velocity !, € R® : Angular velocity
Pose of object relative to camerai:
Gio = g;ilgwoi = (pim Rio)

b b
Jio = —Vapiio + JioVioi

I Gwoi = JwoiVwoi + |
- 1
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Visual Measurement
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Visual Measurement
-
L= g5 g e ] ma

Perspective projection
fa=2 {x“ } \; -focal length

Zil Yil
T
Pit = GioPol = [ Ty Ya o Zil
: Position of feature points relative
to cameraframe

po 1=1,---,m: Position of feature points relative to object frame

The camerai can estimate the relative pose gz, from the visual
measurements by Visual Motion Observer [8]

Estimate relative pose: g = {fizo, Rio)
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Communication and Camera Settings
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. . Camera2
Communication graph G = (V,¢) Cameral r
. L. e 4 -
(i) eECY XV I:> i can getj’sinfo. P Fa
. v
Neighbor set: V; = {j € V|(i,j) € £} k\q ‘\M@
Camerad®&y ™ _ -7 §
Set of cameras @ SO

« Cameral frame = World frame |g.1 = (0, 5) '

e Known camerapose set: i € V.
Gwoi = JuwiJio 1SKknown but may be different due to noise
Average of the pose of the object (onlyi € v, )

Sk (kPR L, . ba—1a. .
g = (p", k") := arg min _gv V(97" Jwoi)
1€Vk

1 N 1 )
W(9) = 3l = gl = SlplP + 6(R)  6(R) := Sllfs = BRIl = tr(ls — R)

* Unknown cameraposeset: i€V, V,=WV Set gio = Gio
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Problem Settings

Objective
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Estimation of pose of the camera gs i € Y. and object Fwmi i e W
*  funi iscloseto the known pose fwei = Fwidio
» Pose of object gwai are close to the known average g*

Known camera pose set: i € Vi
o EStimation of guoi gio = ) Guwoi
Unknown camerapose set: i € V,
o ESimation of guwoi gui = Guoifiy'  Gio = Jio

I:> We consider only the estimates of |g.oi

Wefirst focus on orientation part|R,,.;
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Update Procedure of the Estimates
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Update Equations

Ryoisk(ke Rum 7u01) + ks Z sk( Ru.ozR“ 0j) li € Vi

R = _ JENi
woi = Gradient descent of ¢(RL R;,) (€

Ryoisk(ks Z R;’,:(,,'Ru-oj) i € Va
iEN;

Attitude synchronization [10]

1
Ruoz Ruwa sk(M) = §(AI - AIT)

1 5
#(R) := 5llIs = Ry = tr(l; — R)

[10] Y. Igarashi, T. Hatanaka, M. Fujitaand M. W. Spong, “Passivity-based Attitude Synchronization in SE(3),” IEEE

Transactions on Control Systems Technology, Vol. 17, No. 5, pp.1119-1134, 2009.
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Assumptions

Assumption 1 (Communication Graph)

The communication graph & = {¥, &) isfixed, balanced and
strongly connected.
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Assumption 2 (Object Pose)
« Theobject isstatic. ¥&,;=

* Thereexistsapair (5,7} € ¥ x ¥ SUCh that Ree # Reay

o BTR.:>0 ¥icV holdstrue
The relative angle between is smaller thanx /2
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Main Result

Theorem 1
Suppose the estimates Rz are updated according to the update
equation (1). Under the assumption 1 and 2, if theinitial estimates
setisfy mT & =0 , then there exists afinite = asuch that
E ST Reyy) < (1+¢) Z_é(ﬂud
Error between average Error between
and estimates average and measurements
+a dllm(G] Hum(G), 5 850
v I I [¥%] : number of known pose camera
for sufficient large & =#/% > [W,|: number of unknown pose camera
Sketch of proof
Energy function F:z = > (R Ruoi)

i€V 10
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Conclusion
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Conclusion

* Problem settings

¢ Orientation estimation and averaging

Future Works
« Simulations and experiments
« Position estimation
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Lemmal

Lemma 1 (Positively Invariance)
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Under assumption land 2, if R*"R,,.; > 0 holds at theinitial time,
Then for any positive scalar c, there exists afinitetime 7(c)
such that

(R Ruyoi) < 6(R* Ruon) +¢ = VE>7(c) TEV

h := argmax d)(I:Z*TI?u,Oj)
J

Ruoj

Proof S

Energy function: Ur = Y ¢(R"" Ruoi) K
i€y

Under assumption 2 I B

IS = {(Ruwos)iev| R Ruoi >0 Vi€ V}
is positively invariant
Tokyo Ingtitute of Technology Fujita Laboratory 15

Proof of Theorem

Energy function
Un = Y (R Ryos)
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i€y
Derivative of the energy function
Urn = Y eh(R Ruos)wuoi W

= - N t(R7TR,
Lo TN

Iy 08K

T R .+k S RT R )

woillwoi + ks ) RoyoiRuoj
1€V JEN
=3 Y (R Ruoisk(ksRY; Ruos)
1EVy JEN
1 1
= ke Z (@) = 5k, Ztr(%)
i€V i€y
®1 = R Ruoi = B Ruoi Ry iR
@ = Y (BT Ruoj — BT RuoiRD,;Ruoi)

JEN 16
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Proof of Theorem
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Lemma2 VB, BeRe€SOM)  mrm(an) = 3(ae-+ 367)

1
5t(RI R — R Ry Ry Ry) > G(R{ Rs) = 9(RY Ra) + Amin(sym(RY By)) (5 Rz)

Under assumptionl
3 AR Ruoi) — ¢(R Ruos) =0

i€V jEN;
1 _
3 S tr(@) > > gib(RY i Ruo) 0 = Amin(sym(R*T Ruoi))
i€V i€V JEN;

5 2 tw(®) > Y R Ruoi) = $(RT Ruoi) + 0i6(Ryy i Ruvor)
i€V i€Vy
Up < —ke Z (R Ruvoi) — $(R™T Ruvoi) + 0i(R i Ruvoi))
i€V

—ks Z Z Ui(j)(R;Ib:aiRu'Df)

Tokyolnst i€V jEN; jita Laboratory 17

Proof of Theorem
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Lemma3
SUpPOSEH(R*" Ruoi) < B :=1—1/2(¢(R*T Ruon) +¢) holdstrue.
Then we have
)‘min(Sym(R*’lvaoi)) >pB:=1- 2(¢(R*TRH,O/1) +c)

or =Y (R Ruoi)

i€V

Un < kepr—he D ($(R* Ruoi) + BO(RE ; Ruvos))
iev

k> Bo(RigiRuos)

i€V JEN;
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Proof of Theorem
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Consider 3 sets 8 = {(Ruwoi)iev|R* " Ryoi >0 Vi€ V}
81 = {(Ruoi)icv €S| Y ¢(R™" Ruoi) > pr}

i€V
. 1
Sy = {(Ruoi)icy € S\Si _Z Z H(RY i Ruvoj) > FErnh k=ki/k
i€Vk JEN;
Sz = {(Ruoi)icy € S\(S1 USs)}

81,8 1 Ur<0
(Ruwoi)icv, b "

‘UR <0 maxz‘ﬁ(R*TRwoi) > PR |:> Ur <0

i€y
% \ Maximization problem
; \
:, 7 } max S(R*T Rupoi
{ B ARuoidiev. ; (R Ruuoi)
> (R Ruoi) < pr
I el i€Vk
max >  ¢(R*T Ruoi) st. . 1
2 > 3 o) < oo
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Maximization problem
max Z A(R*T Ryyoi)
i€V e T
> SR Ruoi) < pr
st. i€V

Z Z D(REgiRuos) < LPR
Bk

i€V JEN:

Proof of Theorem

Maximization value
! 1e
nax 3 0BT Ruot) = (14 D)o + vy [225 4 gy, e ¢ = Sem(@on
= [Vl [Vl

kB
1;; - Size of the shortest path from notei to j along

the graph G whose edges are replaced by
undirected ones
[Wal : number of known pose camera

diam(G) = min 12
‘ ( ) eV g N
i

|Va! : number of unknown pose camera

1 42 diam(G) ,,
V| Vil k3

1+ € level averaging
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