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Problem

Localization
e of partially hidden targets
e in an unknown cluttered environment

o using a fleet of collaborative UAVs
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Introduction

Difficulties encountered

UAVs have limited ability to detect targets due to
o limited field of view

e presence of obstacles
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Related work

@ Search and track problem: Collecting information and defining exploration strategies
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Related work

@ Search and track problem: Collecting information and defining exploration strategies

o Common hypotheses
o Measurment noise modeled by realization of (Gaussian) random variables
e Outliers or decoys accounted for by false alarm probabilities

e Various search strategies [13, 10]

e Optimal flight path design
o Distributed MPC [14]
o Game-theoretic approaches
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Related work

@ Search process: usually based on probabilistic approaches

o Performance usually sensitive to a priori information on pdfs describing
e Process noise
e Measurement noise
e Alternative set membership approaches [1, 3, 7]
e Only noise bounds considered
e Point estimates — set estimates
o Simplified measurement model in [7]
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@ Obstacles with unknown location
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Proposed approach

Here, consider
@ Obstacles with unknown location
e UAVs equipped with optical seekers and computer vision system (CVS)
o Target detected and identified when located within field of view of seeker

e Set-membership estimation technique as in [7, 5]
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Outline

@ Hypotheses

© Interpreting CVS information
@ Set-membership Estimator
@ Simulations - First part

@ Simulations - Second part

@ Summary
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Agenda

@ Hypotheses
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Environment

Unknown Region of Interest (Rol) Xg cluttered with static obstacles
e Flat ground X,
e Unknown but structured obstacle

Assumption related to obstacle shape S%,, m € {1,..., N°}

Ve €S2, VA € [0,1], Az + (1 — \) p, () € S5,
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Hypotheses

Targets

N mobile ground targets

For target j € {1,..., N'}, state x}
e Orientation, speed, location of center of gravity :133 x € R3

e Target location: projection of =t .k on ground, a:] k =pg (T ( 7, k)

Target dynamic

tg et t

m],k—l—l f ( L kvvj,k) —
J.k
with state perturbation v}, € [v']. -
k) /w,.7k

o>

A
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Hypotheses

Target - Shape

3D target shape S (X;k), usually unknown...
...but target category is known, i.e., cars, bus...

. . . . . t7g
Assumption: Target shape contained in known cylinder C* (w j,k)

St (X;-,k) ccCt (:133%)
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Target - Interaction

Assumption: Targets avoid collisions with obstacles and other targets

r-ground neighborhood of set S C X,

Ng (S,r)={x e X, | d(x,S) <r}

to t

S

2l ¢ Ny (py (55,). 1) wp ¢ Ny ({35} . rt')

N (pg (59),74°) @ (1))
Ng z'li <".:l
= | &
St o
@Ng ({z;‘z} - r:l)
N, (pg (89) 1)
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Hypotheses

Measurements

N" UAVs with state x}';, i € {1,..., N"}, with embedded computer vision system
providing

o Image IL;
@ Depth map D, ; [9]
o Labeled pixels L; j [4]

e Bounding boxes around detected targets [11]
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Hypotheses

Measurements

How can this type of information be exploited by a set-membership estimator?
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Interpreting information

Agenda

© Interpreting CVS information
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Interpreting CVS information

CVS - Camera model

Pinhole model without distortion [2/
Camera known parameters:

e optical center x{

@ Resolution N. x N,

e focal length f., f:

e horizontal/vertical aperture

Frame attached to UAV ¢ camera: Ff

7

ar et al. (Univ. P
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Interpreting CVS information

CVS - Camera model

Using the pinhole model, we can

e Project a point  onto CCD array

PFe ($Ff> = Kf’f'fic/x:sfic
= (c, T‘)T

K being matrix of camera intrinsic parameters
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Interpreting CVS information

CVS - Camera model

Using the pinhole model, we can

e Project a point  onto CCD array
C C Fe
Pre ($F’> = Ka’" /"

= (C’ T)T

K being matrix of camera intrinsic parameters

e Model light ray illuminating (¢, r) by

v(er) =

1 %_C /fc
%—7‘ / fr
1

v(e,r)

Set of light rays illuminating pixel (ng,n¢): Vi (nr, ne)

M. Zagar et al. (Univ. Pa
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Interpreting CVS information

CVS - Depth map model

Hypotheses: D; (ng,nc) = DY (0, 1¢) (1 + w)
e range acquisition ng (np,me) € {p (:cfk, v) |v eV (n, nc)}

e unknown but bounded noise w € [w, W]

where p (:Bf k> v) is the distance between UAV ¢ and environment along v

Depth-Map

D; (ne,nc) DY (nr,mc)

’/sg,l

Xg

100 200 300 400 500 600 700 800 900 1000
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Interpreting CVS information

CVS - Depth map model

Using interval analysis

1 1
[I)LA}UM~’UJ ::[1_%1071_+1U]I)Lk(nT)nC)
such that
DY, (ne,ne) € (D] (ne,71c)

o’

UAVs with CVS ENSTA 2024

19/ 62



Interpreting CVS information

CVS - Pixel Labels

Pixel labeled either
e Ground
o Target yf k
@ Obstacle ygk

e Unknown V',

Model relating pixel labels to environment needed
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Interpreting CVS information

CVS - Pixel Labels

Xy

L

Hypothesis: If pixel (n;,nc) € VP, labeled Ground, then

Vo €V (ne,ne), p (x5, v) = dy (25, Xy)

19

where d, (2}, X,) is the distance between UAV and Ground along v
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Interpreting CVS information

CVS - Pixel Labels

Xg

Hypothesis: If pixel (n;,n) € V¢ labeled Obstacle, then Im € N° such that

Vo €V (ne,ne), p (x5, v) = dy (5,S)))
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Interpreting CVS information

CVS - Pixel Labels

Hypothesis: If pixel (n;,n.) € V! labeled Target, then 35 € N'* such that

Vo €V (nr,ne), p (X}, v) =dy (m?,S} (X;))

But: No target direct identification from single pixels
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Interpreting CVS information

CVS - Bounding boxes

Consider y},j C V¥ for (ng,ne) € y;j

Vo € Vi () s p (x7,0) = dy (2,8} (x}))
If target j identified, i.e., j € D!, then we assume
° Vi #0
e CVS provides box [yfj} for target j

o Vi:N {ny #0 -
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Interpreting CVS information

CVS - Negative information

Hypothesis:
m;-’g eF(x}) = [m?,m;’g[ﬂ St (x}) #0

Consequently, Ground-labeled pixels cannot contain a:;-’g, je{l,...,N'}.
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Interpreting CVS information

Problem formulation

UAV i exploits CVS measurements to
o detect and identify targets
o localize identified targets

e update its knowledge (targets and obstacles)
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Interpreting CVS information

Problem formulation

UAYV i exploits CVS measurements to
o detect and identify targets
o localize identified targets
e update its knowledge (targets and obstacles)
UAV i evaluates at time t;,
° X:;,k; containing locations of targets to detect
e |, containing target j location

o L}, list of identified targets
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Interpreting CVS information

Problem formulation

UAV i exploits CVS measurements to

o detect and identify targets

o localize identified targets

e update its knowledge (targets and obstacles)
UAV i evaluates at time t;,

° X:;,k; containing locations of targets to detect

e |, containing target j location

o L}, list of identified targets

Then, UAV i updates its trajectory to minimize

@ (%h Xis) = 0 (Ko Uliecy, Xsn)
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Set-membership Estimator

Agenda

@ Set-membership Estimator
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Set-membership Estimator

Set-membership estimator

UAV i exploits at time ¢ available CVS measurements such as
o depth-map [D; 4]
o pixels labeled Ground yfk, Obstacle Vik» Target y;k

o detected and identified targets D; , and associated bounding box [y;]}
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Set-membership Estimator

Set-membership estimator

UAV i exploits at time t; available CVS measurements such as
o depth-map [D; 4]
o pixels labeled Ground yfk, Obstacle Vik» Target y;k

o detected and identified targets D; , and associated bounding box [y;]}
to characterize

@ set Xf;nk containing location of identified target 7,

@ sets free of targets,

e while updating environmental knowledge

Time index k omitted in what follows
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Set-membership Est

Target Localization
Using Depth-map D; (n;, n.), consider

Pi ((ng,ne)) ={x € Xo | Jv € V; (ny,ne) , dp (2], ) € [D;] (N, mc) }

P; ((ny,nc)) contains points of environment which
e may have illuminated pixel (n;, n¢)

e have a distance to UAV i consistent with D; (n,, nc)
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Set-membership Estimator

Target Localization

Consider identified target j, i.e., j € D}
Consider

o~ {r o < 5103

DV(nne)  Py((neone))

Since y;j N [ th} # (), then ]P’EJ N S; (x;) +
= Robust to bad bounding box

100 200 300 400 500 600 700 800 900 1000
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Set-membership Estimator

Target Localization

2D estimation: projection of IF’g,j on the ground

® p, (X): projection on the ground of a set X

p, (P,)
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Set-membership Estimator

Target Localization

2D estimation: projection of IF’Zj on the ground

® p, (X): projection on the ground of a set X

p, (P,)

. t.o
Py (P%) has no guarantee to contain

° P} ; obtained from points at vehicle surface
t
j

= Account for target shape

e x' is inside the vehicle

(Univ. Pa ay UAVs with CVS ENSTA 2024 31/62



Set-membership Estimator

Target Localization

Proposition: Since S* (x;) cCt (m;’g): ifzeSt (X;-), then sc;-’g eCt ({pg (a:)})

S

t,m
X

Consequently, since P} ; NS} (X;) # (0, one has

Zife = U p(C({a))

prg(P;j)

UAVs with CVS
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Set-membership Est

Set free of target

UAV i exploits
e pixels labeled Ground
e pixels labeled Obstacle

. t
@ set estimate XZ;n
9.

as negative information to characterize
o set P% (%) that cannot contain any target location at time ¢
e set X7 that never contain any target location

@ set X:;n that cannot contain the location of targets in the vicinity of target j
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Set-membership Estimator

Set free of target - Ground

By combing
o pixels labeled ground V¢
o flat ground X,
e UAV field of view F; (x}')

UAV i characterizes a set free of targets

Py ={x e F (%) N Xg | pe (x5, ) € VE}

D, (x}', ) being the projection on CCD array of «
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Set-membership Est

Set free of target - Obstacle

(1205 11 )ZZ[

For any pixel (n;,ne) € VP labeled Obstacle, one proves that Im € N° such that
P; (e, ne)) NSy, # 0

We assumed a Target-Obstacle safety distance rt°

t,g _to
Tk ¢ Ng ( ,Tg )
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Set-memberst

1ip Estimator

Set free of target - Obstacle

UAV ¢ characterizes

S ((nr-/ ne) 77'?) = ﬂ

:EG[):VLL i((nr,ne)))

One is able to prove that

Ng ({z} )

o Q&(( o))

S ((nr.me) .72°) € Ny (p, (85,).2°) o

et al. (Univ. Pa
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Set-membership Est

Set free of target - Obstacle

UAV ¢ characterizes

S ((nw TL(;) 77‘20) - ﬂ Ng ({:13} 7T;O)

:EG[)![L i((mr,nec)))
One is able to prove that

S ((nr,me) 1) € Ny (py (85,),7°)
Consequently, the set estimate

= U s(mnn),r)

(nranc)ey.?

cannot contain any target location
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Set-membership Estimator

Set free of target - Target

We assumed /

t,g t,g bt
x,° ¢ Ny ({16] },7“5 ) e

R e~ ——
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Set-membership Estimator

Set free of target - Target

We assumed /

w[g¢N ({ 7g}ﬂ“gt) v |

But, we only know that « ’g el ’T v

N, (2], 1) =y

Thus, with v
5= ) N (fe) o)
o

t,m tgl .t
one has X;”" C Ny ({azj } ,Ts )
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Set-membership Estimator

Set free of target - Target

We assumed /

w[g¢N ({ 7g}ﬂ“gt) v |

But, we only know that x ’g e Xy)

R e~ ——

Thus, with B

S

one has Xz;n CNg ({a’;g} ’Ttt>

= Consequently, XE’ cannot contain any target location except ; bg
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Set-membership Est

Hidden portion of the ground

The portion of the ground hidden behind

@ an obstacle

YOUVI U IR

@ a target
e an unidentified object
cannot be observed by UAV 1

To approximate the hidden portion of the ground, UAV ¢ evaluates

=5 (P uyiup)

M. Zagar et al. (Univ. Pa UAVs with CVS ENSTA 2024
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Set-membership Estimator

Recursive set-membership target location estimator
Adaptation of the recursive set-membership state estimator proposed in [6]

Initialization:
e List of identified targets E;?’O =
o List of set estimates related to identified targets Xio =10

e Set containing unidentified targets X;O = Xg
e Neighborhood of obstacles X7 =

()
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Set-membership Estimator

Recursive set-membership target location estimator
Adaptation of the recursive set-membership state estimator proposed in [6]

Initialization:
o List of identified targets L}, = 0
o List of set estimates related to identified targets X}y = 0
e Set containing unidentified targets X;O = Xg
Neighborhood of obstacles X7 =

()

The estimator consists of
o Prediction: k —1 -k |k—1
e Correction from CVS measurements: k| k—1— k| k

e Correction after communication with neighboring UAVs: k| k — k

M. Zagar et al. (Univ. Par clay UAVs with CVS ENSTA 2024
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Set-membership Estimator

Prediction of the evolution
Ek=1—=k|k-1—=k|k—k
UAV ¢ characterizes

R = {019 5 L2 € K e o]

X

o
i k|k—1

. . . <t
After prediction, UAV 14 obtains Xaj’k“f_l, Xikk—1, and X2y,
@ Obstacles are static: X?,k|k—1 = ng_l.
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Set-membership Est

Correction from measurements - obstacles

k—1—k|k—-1—k|k—k

The set X7, is an inner-approximation of [J,,e o Ng <pg (S2,) ,r§°>

Thus, the update is
XSk = X ppp—1 UXPk

M. Zagar et al. (Univ. Pa
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Set-membership Est

Correction from measurements

o Dj,: List of target identified at time t;
° Lg,k—l‘ List of previously identified targets
(] Thus: E: k‘k - E%,k—l U Df,k}

Several cases are considered
e Target j is known but not currently identified = j € ﬁﬁ’ h1 \D,f,k
o Target j is known and currently identified = j € E;k_l N D; i
e Target j is unknown but currently identified = j € Dg,k \ £§7k—1
e Target j is unknown and not currently identified = j ¢ Eg,k—l U Dg,k

M. Zagar et al. (Univ. Pa UAVs with CVS ENSTA 2024
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Set-membership Estimator

Correction from measurements - Case 1

Target j is known but not currently identified = j € £¥, |\ D},
Consequently:
te -t
° ik € Xkl
£,
° wj,i ¢ ]P)zg,k (yzg,k) UX?,W@
t, t,
° mj,% ¢ Ueepgyk Xz‘,zlk

. t :
The correction of X; ;. is

t — xt 2 g o) t,m
Xkl = X kb1 \ | Pik (yzk) uXee U U Xk
LeDt

et al. (Univ. Pa
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Set-membership Estimator

Correction after communication with neighbors

Exchange of information between UAV ¢ and UAV /¢

— <
Xi Kk Xn
° °
) y‘\v ':“.
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Set-membership Estimator

Mapping - Occupancy-Elevation Map

OEM M; j, is a regular 2D grid

Each cell is characterized by
@ a status

@ an elevation

measured height (m)

Status:
o Unexplored
e Empty: no obstacle

@ Occupied: presence of an obstacle

Elevation: approximate obstacle height
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Set-membership Estimator

Mapping - OEM

Pixels labeled Obstacles
@ Localized the obstacles

o Estimate their height

Pixels labeled Ground

@ Detect the absence of obstacles

I + 4 PR 4 L N f
F T T T t t t + {
P ——
T —
i n n n >
+ +

U U U E O O U U

r et al. (Univ. Par y UAVs with CVS ENSTA 2024 46 / 62



Set-membership Estimator

OEM - Prediction of hidden ground

Occupied cells are used to approximate
@ obstacle shape
@ obstacle location
they can also be used to
e evaluate the hidden portion of the ground [12]

UAYV i uses its OEM to predict IHIZ-CVS by evaluating HOPM (x1)

measured height (m)

UAVs with CVS ENSTA 2024 47 /62



Simulations - First part

Agenda

@ Simulations - First part
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Simulations - First part

Simulations

Simulation conditions Accuracy of localization in function of:
o Targets: 5 identical cars o distance to UAV
o 1 UAV @ depth-map noise

@ Processed image 360 x 480
o depth-map noise: 1%

ar et al. (Univ. Par y UAVs with CVS ENSTA 2024 49 /62




Metrics

Simulations - First part

Metrics:

o ¢ (X) area of X

° ¢eR (Xg,j,k) — ¢>(X§, ',k)

sy

C t _ t t,g
° ¢ (Xi,j,k) = HC (Xz‘,j,k) - %kH

UAVs with CVS

nax
50 /62
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Simulations - First part

Simulation - Set estimates

One single measurement, no obstacle

t

Xz’,k|k71 = Xg

g g
Pi,k ( i,k’,)

Estimated target location:

distance to UAV : 78m distance to UAV : 102m

o]

ar et al. (Univ. Pari

t
Pk

o

N (Xg \ P} (7))

distance to UAV : 186m

distance to UAV : 130m distance to UAV : 158m

Y (m)

175 180 185 190
X (m)

UAVs with CVS ENSTA 2024
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Simulation - Performance

Location uncertainty : r'=2.5m

¢ (X‘h)r”k)
7H|—e— o (%)
—om- ot (X ,)

>
T

o
T

w
T

£
z
=
]
£
8
car
=l
<
S
8
8
3

distance to UAV : 78m

~
T

60 80 100 120 140 160 180 200
Distance to UAV (m)

distance to UAV : 102m distance to UAV : 130m distance to UAV : 158m distance to UAV : 186m

55 60 65
X (m)

115 120 125
X (m)
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Simulation - Depth map noise

Evaluation of the impact on the depth-map noise on the localization performance

201

Location Uncertainty (m)
>

Depth map noise: w=1%

Depth map noise: w=5%

Depth map noise: w=10%

20 20r
-0 -¢*R (X:;;_’k)
[ |l—e— g (X:,,/.A) 18 18
o o (xt
L|—e—¢ <X1m> 16 16
P
.
3 =M =M s
E £ o
2 2 .
r £12 £12 o
£ .0 £ ’
3 810 o~ Sl o
c - c
=} P =)
c g c
L S S
58 o’ 5 8
8 8
S S
lo--© 6 6
-o- -0
&-e
I ! e/e/e/e/e ) e/e/e/e/e
— —
. S ) 2 _e/.e—-—e’ 2 o o——0
[can [canm [
. . ) o . . ) . . )

100 150
Distance to UAV (m)

200

100 150
Distance to UAV (m)

200
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Simulations -

Agenda

@ Simulations - Second part

(Univ. Paris-S UAVs with CVS ENSTA 2024 54 /62



Simulations

Simulations - Second part

Recursive estimation algorithm may then be applied
Simulations via Webots and Matlab

UAVs with CVS
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Simulation conditions

Simulations - Second part
Conditions
o N" =4 UAVs

e N' =8 targets, speed vpax = 1 m/s

M. Zagar et al.

(Univ. Par

UAVs with CVS

ENSTA 2024
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Simulations - Second part

Simulation results

10 T T T T T
= |dentified (cumulated)
9 Located in a FoV 7
Identified

8 |-

7k 4
56l ]
S
S s |
8
€ 4 b
P4

3 I | 4 1 i

Al T LT POTTT T

2 ” Wi ,&il “l"' ‘uN’,‘Iﬂ‘ } Li ‘ i : L”'J l ‘,‘ '“ “, f,‘#! "F‘Lu "l.wl,,,
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Simulation results

N

Estimation Error (m)
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Simulations

Simulation results
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Summary

Summary

Development of a set-membership target location estimator that
e exploits multiple CVS measurements
@ to characterize set estimates containing target location,
e while accounting for negative information

e and being robust to depth-map noise and bad target detection

CVS measurements are also used to
e approximate/predict the hidden portion of the ground

e 2.5D mapping of the environment
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Summary

Summary

Development of a set-membership target location estimator that
e exploits multiple CVS measurements
@ to characterize set estimates containing target location,
e while accounting for negative information

e and being robust to depth-map noise and bad target detection

CVS measurements are also used to
e approximate/predict the hidden portion of the ground
e 2.5D mapping of the environment
Limitations:
e Unjustified depth-map noise bounds
@ no target misidentification (False positive) [8]

e no target non-detection (False negative)

M. Zagar et al. (Univ. Par clay UAVs with CVS ENSTA 2024

61 /62



Bibliography

[3 Vincent Drevelle, Luc Jaulin, and Benoit Zerr.
Guaranteed characterization of the explored space of a mobile robot by using
subpavings.
IFAC Proceedings Volumes, 46(23):44-49, 2013.
Number: 23 Publisher: Elsevier.

[§ Olivier Faugeras.
Three-dimensional computer vision: a geometric viewpoint.
MIT press, 1993.

[§ Feng Gu, Yuging He, and Jianda Han.
Active persistent localization of a three-dimensional moving target under
set-membership uncertainty description through cooperation of multiple mobile
robots.
[EEE Transactions on Industrial Electronics, 62(8):4958-4971, 2015.
Number: 8 Publisher: IEEE.

[ Andrew Howard Mark Sandler, Grace Chu, Liang-Chieh Chen, Bo Chen, Mingxing

o W\ 0 kyn Zhu. Ruomine Pane. Viiav Vasudevan. and others.
Vi, e & ol (U UAVs with CVS ENSTA 2024 62 /62



	Introduction
	Hypotheses
	Interpreting CVS information
	Set-membership Estimator
	Simulations - First part
	Simulations - Second part
	Summary

