Tokyo Institute of Technology

Distributed Camera Localization
and Pose Estimation : Averaging
Performance Analysis

1

Takayuki Nishi
FL11-15-2
11th, October, 2011

Tokyo Institute of Technology Fujita Laboratory

Problem Settings
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Cameral s
Pose representation frameX,
Pose of cameraii : Gui World 1 Jwi - . Objectframe
frameX - Jwoi RN 22
Pose of target (object) : guwo: W ﬁ
Pose of target relative to camerai:
Gio = Ginit Guoi
Camerai measure relative pose ji.
Camera Set Ncameras i€ V:={1,---,N} [Vi| : number of V.
1. Poseof cameraguwsisknown ic Vv, cV [V >2
We can measure target pose (N0isy) gu.i = Guidio
Objective (Target Estimation) o
Estimating guss Which is close to the average|7* _ @2 b

77: Average of target pose FversgeRose
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Problem Settings

Camera Set
2. Pose of camera gwiisunknown i€V, = V\V
We cannot measure target poSe s , DUt gt 7,
=> No measurements about 9.
Use average of object posej”
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Objective (Localization)
Estimating |g.: Which g...; = gu.::. 1S close to the average 5
I:> Estimating guwsé Which is close to the average j*
Simultaneously get camera pose by setting g.: = gu..:i;,"
Consider only estimating the target POSe guwi
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Objective

Objective (Target Estimation and Localization) —
Estimating gee: Which is close to the average 7*
1. Poseof cameraguw: isknown icv,cv |V >2
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Defining the average |5
Modifying the measurements Fue:
2. Pose of camera g.iis unknown
S Setting g = g..:0,,' Dy Estimate camera pose

-

i
Average of target pose 4 Estimates &2

%/. "
g =(p", ") :=arg min iy~ o
! FESE(3) lrzh A\/(e_r/%z

1 , 1
$(9) = 51l = gllF = 5lIpll* + S(R)

21 2 : /\f""” \
¢(R) := QHI‘g — R|j% =tr(I5 — R) @ _./

Tokyo Institute of Technology FumaLaumam

Distributed Pose Estimation
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Proposed Update Equations of Target POSE garei

Guoi = gwoiti  Gradient descent of ¥(g,eidwor)
ke ER(GuaiGuoi) + ks Y Br(gysiguwo;) i€V
ur= R (@)
ke > Er(guaigwo;) i€V,
JEN:

Pose synchronization [3]
Enlg):=[ o7 sk(®)' ]| k(M) = S(M - MT)
Also estimate camera pose g,,; by updating gaad
Gui = Juoily, and(l)  lieV,
Averaging analysis about target POSE Gueni

[3] 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 (Averaging Performance)
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Assumption 1 (Communication Graph)

The communication graph & = (¥, &) is fixed, balanced and
strongly connected.

Assumption 2 (Target Object Pose)
» Theobject isstatic. #¥,;=0

* Thereexistsapair (&5 € ¥x ¥ SUCh thal Bma: 7 Bemi

o BTHou>0 Wie¥ holdstrue
The relative angle between is smaller thanm /2
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Main Theorem (Averaging Performance)
Theorem 1
Suppose the estimates g...: are updated according to the update
equation (1) and that the initial estimates satisfy R ,R* > 0.
Givenany ap > |V.|/|Vi| , under Assumptions 1 and 2, if thegain
k = k./k, issufficiently small, then for al e € (0,1) and
sufficiently large times T,

i L S (R Ruwi) < (ol + ar) |v i > 6B Ruoi)

i€V i€V
Error between average Error between
and estimates average and measurements
o { 1-(1-WB-VEW)? ifk<
L 1 otherwise

= 1= /2S(BT Ruon) + ) |Vi| : number of known pose camera

holds true. [V : number of unknown pose camera
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Lemmal

Lemma 1 (Positively Invariance)
Under assumption 1and 2 and B*TR,.. >0 ¥&>a holds,
Then for any positive scalar c, there exists afinitetime r{e)
such that
T Rorad) CHE Roa) +¢ = W21(e) ichh
A := s (AT Homey)
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Proof
Energy function: ‘U = max( R Ruoi) . Ruoj
Under assumption 2
S = {(Ruwoi)iev|R" T Ryoi >0 Vi€ V} K
is positively invariant r Ruwoi
i.e if RTR,.; >0 holdsat theinitial time
then it also holds for all subsequent time
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Lemma2 (Averaging Performance)

Lemma?2
Suppose the estimates g.,,; are updated according to the update
equation (1) and that the initial estimates satisfy RY ,R* >0 .
Givenany ap > [V.|/|Vi|, under Assumptions 1 and 2, if thegain
m is sufficiently small, then for al sufficiently largetimes T,

> LS (BT Rut) <D a) \v D SR Ru)

i€V i€V

Error between average Error between
and estimates average and measurements
holds true.

| V| : number of known pose camera

|V : number of unknown pose camera
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Proof of Lemma2

Energy function
> (R Ruoi)
i€y

Update equation of orientation

Ruoi(kesk(RY i Ruoi) + ks Y sk(RLRuoj)) i €V
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Ruoi = JEN:
Ruoisk(ks Y RbyiRuos) i€V,
JEN:
Derivative of the energy function
Up = - tr(R7 Ryoi)
%
_ 1 p*T D *T
= gk EZV tr(R*" Ruoi = R* RuoiRE i Ruwoi) ®,
K k

1 - .
~5ke D Y (BT R = BT Rusoi R Ros)

i€V jEN: L
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Proof of Lemma2

Lemma3  VBy,Ba,Rec SO}  wym(M)=3(M +M7)
(B Ba — R RoRtl B) > (RY Re) — (B By) -+ huo(oym({R] Ra)) B o)
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1 ST =T 5
§tr<<1>1> > G(B Ruoi) = O(R Ruoi) + 0i(Rioi Rouoi)
i = Amin(Wm(ff” u/oi))

2Zn<¢> >3 Y SR Ruoi) ~ SR Roes) + 016l )

ey i€V jeN; - () Under Assumptionl
Un < 25 u@) -2 Y u@,)
= T2
i€V 2%
< =k Y (SR Ruoi) — SR Ruor) + 0:(RE  Risor))
i€V
kS 0id(RE i Ruos)
i€V JEN;
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Proof of Lemma2

Lemmad
Suppose HB T Rpui} < f=1— 1/2@(&"" Toos) +€) holdstrue.
Thenwe have Awin{Sym(R™ Bewi)) > 8 =1 — 4fA$(RT Rerca) +)
=
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Ur < kepr—ke Y (SR Ruoi) + PSRy Ruci))

i€V (2
—kBY D H(RLRuwes)  pr = Y SR Ruoi)
i€V jEN; i€ Vi
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Proof of Lemma2

Proof of Lemma2
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S (Ruwoj)jevi S (Ruwoj)jevi S Ruoj)jevi
. (Ruwos)sev [Ruwos)jev - (Ruos)iew: S (Fuoi)ieve Derivethe region of s
SR sE Ur <0 T
55 H e o maxZ¢(R Ruwoi) @)
I ; \ & iev
{ i st. R*T Ruoi
| (Ruoifiev. Rl (Ruoificv, B  (Ruoi)icv. 1 ! Ruot)iey ;}: PR Ruwoi) < pR )¢ Sk
i ) \ i y . v
VLT g S S GRE Ruej) < 2R ”R en
""" ST (R Ruvos) i€V jEN: B (Runi) £ 5;
i€y
ns k=k./ks . N
Co ider 3sets /,*T Rewrite maximization problem
Sf = {(Ruoi) €S| 3 ¢(R* Ruoi) > pr} o -
i€V kﬂR 81 ,SR ‘UR <0 maxZ(Z)(R* Ruoi) (3) maqu‘)(R* Ruwoi) (4)
8" = {(Ruoi) €81 D d(RioiRuoy) I e
o ien: b @ L st Y 6B Ru) <pn &K S (BT Ruoi) < pr
_ i€V i€ Vi
5 = {(Bue) €SS L) ) --f:r o) hr R k-;- diam(G)kpr
The trgjectories of estimates ultimately converge to the set S5 OB o) < 5= VieV PP i ftwos) < j
X Vi eN; Vi, j eV
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Proof of Lemma2
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max Z A(R*T Ryyoi) (3)

max pr + Z SR Ruypoi) 4
i€V i€Vu
St Y SR Ryoi) < = st Y $(R7TRuoi) = pr
i€EVy

i€ Vy
diam(G ko lis )k
ORL iRucs) < “““'f. hon OB ) < S2mENEPR

Vi, j GPV U == arg}/@g@(l?‘ Ruoj) I viey
Function ¢(R) is Frobenius Norm (Sum ofmsq}ljar&s of its elements)
R Ruei) = IR = Rl 41 = 323 lai?
Consider each element : 7

x; . element of R* — Ry
’max Z 24 pr 5)
1€V
@ < st. Z @} = pr

i€V
(@ ~7 o) < diam(G)kpr
e T T)T S

VieV
%) Fujita L aboratory 1
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Proof of Lemma2

max 3" o2 + 4 5)
£V,
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st. Yd—em (o -mP <, a,,:% ey
1EVg

Vi € Vi, Ty, > T

VieV, @, <

x; <y /€
Vel(on, = \/eR)> < D @ = pr >oai<

< Vul(zy, + 6112)2 (7)
1€V

— z,ks\/%ﬂ/e'; (6)

Substitute (6) to (7)
>out < G/ +2f
i€Vy

dem(G)k
= ampr =[Wl( 2 ———)
fDT v B
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xy, —\/€r < T

i€V

Proof of Lemma2
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The tragjectories of estimates ultimately converge to the set satisfying

Y (B Ruoi) < (1+ ar)pr ml +21} dm(Glk, 5

o = IVuI(
i€V

If thegaink = k./k, issufficiently small
k=ke/ks =0 an—bI:':ll
Givenany ag > [Vul/IVil

=D 5 o R < <1+aR>MpR

i€V

< (14 ag)

WPR ¢ VE> V)
holds.

Proof of Theoreml

S (Ruwoj)jevi
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S (Ruwoj)jevi

(Ruwoi)iev.

Ne |||

Idea: Expand the region of &
woi) € S\(S1 US> UQp(ak))}

It is sufficient to provethat Ux < 0 in the region 2
From Lemma2

(Ruoi)iev.,

Consider the set SE={(R

Un <Y k(@R Ruoi) = ¢(R" Ruoi) — B(L — ) (Rl Ruoi)) — ar

i€V

S .
ar B keed(Rh i Ruot) + B Y kd(RL,Ruoi)  (2)
$€Ve eViEN,
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Proof of Theoreml

T & T 5 J T
O(RipoiBuci) > 60(Ryyoje Ruoi) = 750 (Reyoje Ruoi) 6 € (0,1) (3)
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Let ;j* thenode satisfying j* = argmin D(io)
7= ,&r) € T(j*) the graph satisfying G = arg rg}rz]) D(Gr)

> S(RY e Ruoi) <Y das, (i) > DR gy Ruvovn 1 (5))

i€V 2% 1€{0,+ dgy (i) -1}

Upper-bounded by D (G5) = w
> GRL - Ruo) SW Y G(RE i Ruon2) SW DY $(RE i Ruos)
i€ Vi E=(v!v2)€lr i€V jeN;

Since (Ruos)icy € Si° (Ruoi)iev ¢ S3* holdstrue
kp
DY AR iRuey) < 5
i€V JEN; . " kWpR
= 2 ¢RiyRuoi) < =5 )
i€Vi 19
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Proof of Theoreml
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From the definition of average
D B Ruoi) > D SR Ruoi) = pr (5)

i€V i€V
Substitute (3), (4), (5) to (2)
Un < hel= Y (00RT Rus) + (1= (1= (08 = T 5))pn} —an

i€Vy

From the assumption % < 5 %ﬁ _ ke (VB - VEW)?

w 1-6 =
Un < ke{= 3 (SR Ruoi)) + (1 = (1 = (VB = VEW)?)pr} — ar
1€V
= keappr — ke Z (R Ruoi) — an
i€V

oy =1—-(1—-e(/B—-VEW)?
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Proof of Theoreml

IS 1 (Buwoj)jcvi
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P Consider 3 sets
Ue<O| 5% = (Ryo) €5 3 6(R Ru)
i€V
Yy A T kpr
S = {(Ruoi) € S| D(RiygiRuoj) > =~
£ Y (Ruoiliev. ; ]g: ! 8
S GRT Rus) S = {(Ruoi) € S\(SFUSH)}
i€y . . -
S\® SE: U <0 Thetrgjectories converge

. ) ., totheset 5,7
Same as Lemma2, derive the region of S, °

N

max Y ¢(R™ Ruwos) :> ﬁ > OB Ruos) < (g + (m)ﬁpn
i€y i€y g
st. 2 (R Ruoi) <@rprd holds.
W (Rue) ST

S S GRT, Ruy) < P22

A 3 Voot
iEV jEN, (Ruwei) € S, -
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Conclusion

Conclusion
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« Averaging performance analysis

FutureWorks

¢ Tracking performance analysis

* Experimental Verification
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Communication Graph
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Camera2 Camera2 (root)
Cameral @' Camera3 Cameral 3 §‘> 3 Camera3
\
’ -

Ll e
< “Qé“\\ l s “Qﬁ L

Camerab - c ;4 Camerab -
Camerad ame
= A
Camerab W=3 Camerab
W := min D(i o) := min D D = me i (Bsi)da, (i
W= min Dlio) Dio) := _min D(Gr) D(Gr):= max iEZv(s(,T(E,z)d(,T(z)

. 1 if Pg,(; includes E € & dg, (i) : length of path Pg, (i)
JGT (E? Z) = . . .
0 otherwise P, (i): path fromi, toi dongGr
Gr = (V,€r) € T(io) Tl(io): Set of spanning tree over ¢, with aroot iy
G..: replace al the directed edges of G by the undir

ected ones
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Proof of Theoreml
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_ _ §
L ) > 69URE . Ru) — 150l Ru)  BEOLD) (3)

_ 2 2w =|?
lle— 9 > a2 — =2~ T2z =]

Q- o+ o+ el — 27 4 2w 2T
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Simulations
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Camera Settings i€ V:={1,---,5} L 2 diam(G) = 2
Qievi={1,23) Qiev.={4,5 3 woq
Target pose measurements 5 4
-0.3 0.2 -0.6
Pwol = 0.6 s Pwo2 = 0.5 s Pwos = 0.4
1.9 1.6 1.8
0.3 0.4 0.25
buor = | 02 | ,&0uoz =] 0.15 | ,E0wos = | 0.25
0.3 1.2 0.15
Average of target pose
—0.3667 0.3168
p =1 05000 |,&" = 0.2002 |:> B =0.7937
1.7667 0.2168

Initial Estimates

.
Puoi®) = [0 0 1] Ruoi0) = Iy &
27
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Simulation
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ke =1,ks = 1(k=1) ap =1 ap = 281566
First Elements of & sin Orientation Error Energy
0.4 T 1
0.3 08 - —
: (g +ar) D AR Ruoi)
/al — Cameral|| 0.6f}--—- i€V
0.2} Camera2 \
——Camera3|| 0.4
0.1 Camera4 \ i
— Camerab|| 0.2 Z SR Ryvos)
0 ~*= Average i€V
0 5 10 15 20 9 5 10 15 20
Time [s]

Time [s]
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Simulation

ke =1,ks = 10(k = 0.1) a’p = 0.6730 ag = 5.0010
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oa First Elements of & sin © Orientation Error Energy
. 1

08l 2 B Ruci)

03 —— 2
/ —Cameral| 0.6
02 / Camera2 \
—Camera3| 0.4 ’ -
0.1 Camera4 \ (ag +ar) z AR Rue
—Camera5|| 0.2\ : zEVk: .
-= Average 3 | |
0 o : |
° ° 0.1 2% 5 0 15 20
Time [s]

Time [s]
Estimates are close to the average

Large k achieves a good averaging performance
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