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Part II: Random delay and distributed
estimation
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Smart structures:
adaptive space telescope

Wireless Sensor
Networks Traffic Control:

Internet and transportation Smart materials:

sheets of MEMS
sensors and actuators

NCSs: physically distributed dynamical systems
interconnected by a communication network
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s 2009 Smart greenhouses and
building climate control
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= Distributed estimation

= Distributed control

= Control under packet loss &
random delay

= Sensor fusion
= Distributed time synchronization =—— i oo N /




Necsys 2009

ThermokEfficiency Labeling

Enel’gy Fridge-Freezer

Manufacturer
Model

More efficient a

Less efficient
Energy consumption kWh/year 325

{Based on standard test results for 24h)

Actual consumption il
depend on how the appliance is
used and where it is located

Fresh food volume | 190
Frozen food volume | 126

X-EXED
Noise

= Building thermodynamics model identification

= Sensor selection for identification
= Optimal sensor placement
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ez VVireless Sensor Actuator

r— “r g4,
9 gl £

Networks (WSANS)

= Small devices

= [¥]Controller, Memory
= Wireless radio

= Sensors & Actuators
= Batteries

= Inexpensive
= Multi-hop communcation
= Programmable (micro-PC)
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" Necys 200 Distributed Localization and
Tracking with WSNs

FIRE Eye From Moteiv

A “ 8 "N
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Indoor radio signal modeling
= Real-time localization

= Distributed tracking

= Coordination
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s Multi-camera surveillance

systems
B Rationale
B The Sensor Actor Network is a multi-agent multi-task finite-resource
system
Monitoring
task

onitoring
task

Communicatio

range o agent
Communication

link
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B Reconstruction Procedure

u 2D feature point on the i-th image plane pgs
mapped to ray in 3D space

® 3D rays mapped to 3D feature point

%V ﬂ é’ B Centralized or Distributed Strategy?

o | -u[) G- NRNN

&x A(‘ COMPUTATION COMP COMP COMP COMP
E % COMMUNICA
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B Foreseeable future
B Many consumers & producers
M Cooperation vs greedy behavior
m Network topology not known and dynamic
®m Need for distributed estimation and control
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g 5 Coordinated robotics for

exploration
Underwater Planetary Search & rescue
exploration exploration missions

B S, SO
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NCSs: what's new for control?

Classical architecture: Centralized structure

Actuators Plant Sensors

Controller 2
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NCSs: Large scale distributed structure

" A S
S A S
o Plant o
o o
o o
{ Y = =
Interference Packet loss

ConnectivVity  coMMUNICATION  Random delay

NETWORK  qQuantization
Congestion

C cCl|®°®® C C J C \
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csys 2009 ] ] ]
%mh Interdisciplinary research needed

COMMUNICATIONS
ENGINEERING
eComm. protocols for RT apps eEmbedded software design
ePacket loss and random delay eMiddleware for NCS

o\Wireless Sensor Networks NETWORKED *RT Operating Systems

*Bit rate and Inf. Theory eLayering abstraction for

CONTROL interoperability
SYSTEMS

COMPUTER SCIENCE

*Graph theory
eDistributed computation
eComplexity theory
eConsensus algorithms
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prxny  Communication and Control:
Modeling with single link

s N

fw &
0,
| &

Yt

I—»Actuator- Plant - Sensor ]

= Problems:
J = Time-varying delay
= Random packet loss

= Infinite bandwidth: = Quantization

= Deterministic (worst case)
= Delay and packet loss is time-varying but measurable to receiver
= Delay and packet loss is NOT known to receiver

= Stochastic (mean square)
= Delay and packet loss are random, but measurable and known stats

= Finite bandwidth
= Quantization
u Power Iimited tra nsmiSSion Necsys09, Tutorial Day on NCS, 26rd Sept 2009, Venice, Italy

Communication Network

ufl_ controller




WICSEI Communication and Control:
Modeling with single link

Yt

I—»Actuator- Plant - Sensor ]

= Problems:
J = Time-varying delay
= Random packet loss

= Infinite bandwidth: = Quantization

= Deterministic (worst case)
= Delay and packet loss is time-varying but measurable to receiver
= Delay and packet loss is NOT known to receiver

= Stochastic (mean square)
= Delay and packet loss are random, but measurable and known stats

= Finite bandwidth Core of this tutorial
= Quantization
= Power limited transmission

Communication Network

ufl_ controller




przrm  Modeling: deterministic with
infinite bandwidth

Networked control systems (small delay case: 7. < h)

[ Clock ]
. I
l U | zoH u'ft) -{ Plant +  Sensor ) y'l

e Communication Network T
Controller L =0

tk
Networked control systems: Model
u(t) ‘f; o e = o+ [ eAds Buy + € dsBuy_y
i Using the augmented state vector &, = ( Tk ) we obtain
8l S, 8o S Up_1

- AR R As; . h—Ti As

) Tyl € . €7%dsB Th | edsBY
Continuous-time plant:  @(t) = Ax(t) + Bu'({) k1= ( g ) = ( 0 L 0 ) (uk_l) + (fr I ) Uk

Zero-orderhold:  w*(t) = wy, fort € [sp + Tk, Skp1 + Tip h = g =

Model with delay:

Ept+1 = F(1)& + G(g)ug

time-varing system with parametric uncertaintly

Tk € [TminTmax]
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ot
-

g Modeling: deterministic with

infinite bandwidth
Model with delay:
Ept+1 = F(1)& + G(g)ug

time-varing system with parametric uncertaintly

T € [TminTmaX]

= If _|_is known, then LQG-like approach: optimal time-
varying control u,=K(_l )= Nilson (1998)

= If _|_is unknown, then robust control approach: worst

case analysis with constant control u,=K=,_Zhang (2001),
Montestruque (2004), Naghshtabrizi (2006), Cloosterman (2009)

= Most results concern stability and not performance
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TN Modeling of finite bandwidth:
rate limited

u(k) a:(k) Uniform quantizer
» Plant r 0
Controller N
7y H‘}FF
——QF ;
Channel Quantizer
g Il s(k) = Ey(a(k),...,2(0),s(k — 1),...,5(0))
Controller _ _
— Enc_oder, .e. a smarF quantizer, can be
sy O LET designed (time-varying)
Channel Encoder
»  Plant
Packet loss = erasure channel
Controller

7

sy —CS— E

Channel Encoder
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Modeling of finite bandwidth:
rate limited

(k) (k) = Problems:

» Plant .
. | = Coarseness of quantizer
K Controller = Bit rate
SR, Q [— = Packet loss

e

‘"'.__‘-‘-C'wanne :::.Quant‘l'z‘ir 0 ApproaCh:
: : " = Design (complex) time-

u(k) = K5(k) 2(k) :
S I R S varying encoder/controller
Controller| : One-step| \*

5 : : ahead Main reSL”tS

b [ectimat : F |estimat Dynamic ] Blt rate R > ZZ |092 ‘A;I(A)l
. stimator . . stimator Q :
: : : 7y - 1
.......... 1 3(!;) - Packet IOSS —s @< T
- Coarseness |, @=x*! - | =
| == _
Nair & Evans (2004), Tatikonda et al (2004), Matveev & Savkin % o

(2004), Yuksel & Basar (2006), Ishii et al. (2008), Elia & Mitter
(2001), Fu & Xie (2005), Ishii & Francis (2002), Elia (2005)
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Modeling of finite bandwidth:
sighal-to-noise limited

Bit Rate limited Signal-to-noise limited
u(k) z (k)
u(k) (k) » Plant
» Plant
Controller
Controller 3 .
L& 7 s(h) N | B
s(k) N\ Linear, memaryless: Channel “.“.Encoder
Channe}  Encoder Time invariant filters " oo
“.“" n w,.". E SE 2 < Pmax
; & Sk + § SE “, E{E k§2]]: 2
Quantized numbers \ k ng)’)=o
“+ \

_."Real numbers

= Jakes into “a.liégc‘)unt finite
bandwidth

= Mathematically clean
Elia (2004), Martins & Dahleh (2008), Braslavsky at al o PrOV|de performa nce bou nds
2006), Okano et al. (2009)
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Communication and Control:

Modeling with single link
Modeling PROS CONS
Deterministic + = easy to implement = Worst case packet loss

= NO performance

infinite bandwidth = good for delay bounds

Stochastic + infinite | = performance bounds _ .
= time synch required

bandwidth = good for packet loss

Rate limited = more realistic = hard t(; implement
o . L = No performance

(quantization) = links with info theory | | "

Signal-to-noise-ratio | = more realistic = coder/decoder to be

(SNR) limited = clean results designed
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Wecs 2009

Optimal LQG

Uy Actuators Plant Sensors | Ut
'U,%L == ’U,g Ti41 :A:ct—l—Bug—Fwt yr = Cxy + v

controller

Minye e J = S ElafWaitul Uwy], T — oo

Sensors and actuators are co-located, i.e. no delay nor loss
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Wecs 2009
B (i “ﬁ.,

Optimal LQG

Yt

C
Ut | Actuators Plant Sensors
" uf =uf || w1 =Az+Buftw| | v = Cae+ v
LO S .uic_|
Q State| _ Static Kalman filter
u§ feedback 4 It
uf = Ly ) Ty = AZ g+ Buf 1+ K(yr — CZy) }jt

1. Separation principle holds: Optimal controller = Optimal
estimator design + Optimal state feedback design
2. Closed Loop system always stable (under standard reach./det.

hypotheses)

3. Gains K,L are constant solution of Algebraic Riccati Equations
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i Optimal LQG control over DCN

Random delay or drop

ug Tg/ Actuators Plant Sensors Yi
: uf = { gg_T Tt = An Buitw yt = Cxy + vy
ACK? Controller?
Controller? ‘

I
DIGITAL COMMUNICATION NETWORK

Controller - ‘
Yt—rs Random delay

“~~or drop
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Some consideration on the
separation principle

Uy Actuators Plant Sensors | Ut
’U,%L = ’U,g Ti41 :Axt—I—Bug—Fwt yr = Cxy 4+ vy ‘

Random delay

Packet loss
-1 C
Stat £ i1
ate | _ Kalman filter
u§ feedback 4 It
uf = L3 ) Ty = AZ g+ Buf 1+ K(yr — CZy) i/t
-~ _ a a
Lt — E[CBt’yt, Yt—1,-5Y0, Ut_15 -+ ’U,]_]

hi (u?_l, ...u‘f) Known = e = xt—T¢ = f(yt,ny --,)@,yo)
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Necsys 2009

Modeling of Digital

i Communication Network (DCN)

Data sent ived
i k arrive
grga;:ﬁ (N bits) packet sacket delay
s(t)| Sampling | Y¢ Encoder Digital Decoder Y \,
" Quantization |[—" > Communication — T
DSP Network CRC
redundancy
packet
data header
I v )
ATM 384 bits 40 bits
Ethernet >368 bits 112 bits
Bluetooth >499 bits ~100 bits
Zigbee <1000 bits 128 bits
Assumptions:

(1) Quantization noise<<sensor noise

(2) Packet-rate limited (# bit-rate)

(3) No transmission noise (data corrupted=dropped packet)
(4) Packets are time-stamped

=)

Random delay
&
Packet loss
at receiver
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Estimation modeling

PLANT

wy

x = Ax w
vy t4+1 ¢t + we
—_— yt = Cxy + vy

Yt

No packet arrives

Packet out of order

Multiple packets arrive

Y3z —

Yy2 —

Y4,Y6 —>

Digital
Communication
Network

Buffer

Y1

*

ESTIMATOR
|t
y3|ya|« |ye| x1 @ @

Y1

Y1

Y2

Y1

Y2

Y3
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=L Minimum variance estimation

T = El[z¢|{y;} available at estimator at time ¢]

PLANT ESTIMATOR

Buffer lt CUt‘
y1| 0|y3|va| O|ve| 01 ® ]

Digital
Communication
Network

Ty = Az + wp ey

Ut
—_— yt = Cxy + vy

. | 1 if y arrived before or at time ¢, t > k
| O otherwise

U = V7, (Crp +vp) = Cray +ul

Kalman

- = oy — ) 7 Y t
time-varying Lt — t[il?t | Y1+ -5 Yty 717 ¥ 7715]

linear system

Necsys09, Tutorial -Day on NCS, 26rd Sept 2009, Venice, Eﬂy



L &l Minimum variance estimation

fy:()/\ v=

AZ + KL(§h — CAz)
APAT + @ — ArcT(cprcT 4+ R)~lcpAT

Lyapunov EquatioM Riccati Equation

(u n Sta b I e) (ﬁtab,l'ﬂ)'ial Day on NCS, 26rd Sept 2009, Venice, Italy




Necsys 2009

Ll MInNImum variance estimation

Y2|Y3

it = Az = Az + KL(§} — CAz)
pt = APAT 4+ 0 = APAT +Q - ArPcCT(cprcT 4+ R)~tocpAT
Lyapunov Equation Riccati Equation
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L &l Minimum variance estimation

T = Az + KL(§l — CAz)
pt APAT +Q Pt = APAT + Q- APcT(cpPcT + R)"lopAT
Lyapunov EquatioM Riccati Equation
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L &l Minimum variance estimation

T = Az + KL(§l — CAz)
pt APAT +Q Pt = APAT + Q- APcT(cpPcT + R)"lopAT
Lyapunov EquatioM Riccati Equation
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L &l Minimum variance estimation

Y2|Y3

fy:()/\ v=

AZ + KL(§h — CAz)
APAT + @ — ArcT(cprcT 4+ R)~lcpAT

Lyapunov EquatioM Riccati Equation
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Necsys 2009

Ll MInNImum variance estimation

Y2|Y3

it = Az = Az + KL(§} — CAz)
pt = APAT 4+ 0 = APAT +Q - ArPcCT(cprcT 4+ R)~tocpAT
Lyapunov Equation Riccati Equation
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L &l Minimum variance estimation
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L &l Minimum variance estimation

Y2|Y3

T = Az + KL(§l — CAz)
pt APAT +Q Pt = APAT + Q- APcT(cpPcT + R)"lopAT
Lyapunov EquatioM Riccati Equation
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Necsys 2009

Ll MInNImum variance estimation

Y2

Lyapunov Equation

(unstable)

=1

Az + K}(§l, — CA%)
APAT + @ — ArcT(cprcT 4+ R)~lcpAT

Riccati Equation
(ﬁtab,l'ﬂ)'ial Day on NCS, 26rd Sept 2009, Venice, Italy



L &l Minimum variance estimation

Y1 —— |Y1|Y2|y3

’y:

Az + K}(§l, — CA%)
APAT + @ — ArcT(cprcT 4+ R)~lcpAT

Lyapunov Equation Riccati Equation
(u nSta ble) (ﬁtab,l'ﬂ)'ial Day on NCS, 26rd Sept 2009, Venice, Italy



Properties of Optimal Estimator

= Optimal for any arrival process

7] ESTIMATOR = Stochastic time-varying gain Ki=K(yy,..,v¢)
Y |170 l . T P Stochastic error covariance P.=P(y4,..,v)
N el o Teee [ * Possibly infinite memory buffer
: = Inversion of up to t matrices at any time ¢
ESTIMATOR

yt—h : N A = "}/]1;_ — COSt, t Z k‘ —I_ Tmax
et Tt _

tt_]\i-|-1|t N Tmar = N, delay

Tt N|t-N

~t—1 - 1/~ ~
Y Nje—N = Az 4/ yPCT(CPCT 4+ R)"'(§j_y — CAR),
pt—1 = APAT 4+ Q-+l yAPCT(cprcT 4+ R)~lcpaT
t—N+1[t—N
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L &l Minimum variance estimation

________

it = Az = Az + KL(§} — CAz)
pt = APAT 4+ 0 = APAT +Q - ArPcCT(cprcT 4+ R)~tocpAT
Lyapunov Equation Riccati Equation
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L &l Minimum variance estimation

________

’y:

Az + K}(§l, — CA%)
APAT + @ — ArcT(cprcT 4+ R)~lcpAT

Lyapunov Equation Riccati Equation
(u nSta ble) (ﬁtab,l'ﬂ)'ial Day on NCS, 26rd Sept 2009, Venice, Italy



What about stability and
performance?

Additional assumption on arrival sequence necessary:
1.1.d. arrival with stationary distribution

7. - delay of packet y., 7. = oo if y, never arrives

A >‘h é P[Tk S h]7
A A
Aloss = ]P[Tk — OO]
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e Optimal estimation with constant
el gains and buffer finite memory

{Kh}h o, NN static gains

it = A4+  Kp(§t_, —CAZ), h=N-1,...,0
. ESTIMATOR
t—h < N > C'Et

>

B | P k(Y2 Y| k

= Does not require any matrix inversion

= Simple to implement

= Upper bound for optimal estimator: P; < Py, == E,[P,;] < E,[Py,] = Py,
= N is design parameter

GOAL: compute Ft|t
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S Suboptimal minimum variance
1 estimation

A J

==

CEREE |
=

________

’y:O/\ v=1

T = Az + K/(§t @
Open loop \/ Closed loop
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Iy Suboptimal minimum variance
estimation

t—4
K3 Ko K

_____ ¥y _

________

Az 4 K (g}, — CAZ)

Lyapunov EquatioM Riccati Equation
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Steady state estimation error

Fixed gains:
LA(K,P)=MI-KC)PI-KC)TAT+(1-MNAPAT+Q+ AKRKT AT

? — ‘C)\N_l(KN—]_7F>
t = £y (K P), k=N-2,...,0

P

Optimal fixed gains:
Modified Algebraic

b\ (P) = APAT4+Q-XAPCT(CPCT+R)"1CPAT Riccati Equation (MARE)
(®,(P)=ARE)

: — Pyo1 = &y, (Pn-1)
I min P :> Py = @5 (Pgy1), k=N-2,...,0
0y N1 K, = P.cT(cP,cT+R)?!
(off-lineconpurbati @# 3w sert 2009, venice, rraly




Static estimator is stable iff there exists P > 0 such that:
P=APAT +Q — (1 -\ APCT(CPCT + R)~lcPAT
o If A =0 then standard ARE

e Modified Riccati Algebraic Equation known since [Nahi TIF’69]

e If A is unstable then there exist critical probability: if A < A. stable, if
A > A\, unstable

e Upper bound A, < — |ei1g( e Equality if C' invertible [Katayama TAC” 76|

e Lower bounf \. > 0 : EENER Equality if rank(C') = 1 [Elia TAC’01,
SCL705] unstable

e Closed form expression for A. not known for general (A, C')
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&l Numerical example (I)

Discrete time linearized inverted pendulum:

A= ]101 005} 1 gy p=1 =] 001 001
0.05 1.01 |’ ’ ’ 0.01 1
Q_' —+— Eqn. (54)
ES 0.6 = Eqn. (56)| |
S
s .55+
“ 0.5
< 'g Sg
S a5t ©
Q
O
3 0.4r
b
| 3
———Eqn. (54)| | 8,351 ‘
Eqn. (56) LZS e —
0 s 2 4 F £ 7 R O AN111912141E1R17 1210505 N S S
01234567 8910111213141516171819202122 0'30 12345678 910111213141516171819202122

N N
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Necsys 2009

i Numerical example (1I)

Time-varying arrival probability distribution

1.8 T : T - T T T T T
- - - Time-varying gain
1 171 —— Smart Sensor
— Static gain, Al
. . 2
16/ == Static gain, A
08} ,
_'2» _________________ oy 1.5+
o ' —2
© =
o 06f 1 s D._‘. 14}
o ' I}
Q - = = ~
IS Q 5
2 o4f 1 ®
—_ -
© : =t
ARSI S P
0.2 7\"1 1 <
' 11+ o
g .- A2
0 T | | 1 | | | T T 1r 1
0 1 2 3 4 5 6 7 8 9 10
delay (h) o o
"0 10 20 30 40 50 60 70 80 90 100

)\1 0 S t S 50 time (t)
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Multiple sensors

' g

PLANT
Tip1 = Az + wy

SENSOR SENSOR SENSOR
ytl:C'la:t—I—’Utl yt2=02:1:t—|—vtz ¢o00 y£\4=CMxt+vg\/‘[

\ \
Digital

Communication
Network

L

7
yt—'T h

¥
ESTIMATPR Pbn

IE:}\JH—N
vilo]sifsi] o [ud] 01 @ o0
vilalolz]olo]s2] o oo

ESTIMATOR
1 n n

a

o

Zeee N ~ [g

S
M‘

'/'Et Necsys09, Tutorial Day on NCS, 26rd Sept 2009, Venice, Italy




Wecs 2009

Back to the control problem

Ut | Actuators Plant Sensors | Yt
! ud = uy | ©i41=Axi+ Buf 4wy yt = Cwy + vt
z'1 C
St t :u’i_-l
ate | Static Kalman filter
u§ feedback 4 It
e = L, ) Ty = AZpq+Buf 1 +K(y— CF) i/t
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Wecs 2009

Plant Sensors Yt
Ty41 = Azxt+ Buf +wy yr = Cay + vy ‘

ui_ | Actuators K

a — C
| Uy — Uy

Random delay
Packet loss

Random delay
Packet loss

z-1
State | |Time-varying Kalman filter@
uy feedbackf?t w/ memory y
~ t
up = Ly Ty = AZp1+Buig+Ki(ye — CZy) [«

- —_ a a

Lt — E[$t|ytayt—17'°7y07ut—]_7"7u1]

it ug_]_ # ug_]_ = et = T— Tt = f(yt7 °°7y07u7?7 "7u87ug7 7u8)
Pyy1=AP,_13 1A"+Q+B(uf 1 —uf ) (uf 1 —uf )" B

Estimation error coupled with control action = no separation principle
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LQG over TCP-like (ACK-based)

protocols
C a
ui | Actuators v Plant Sensors | Yt
| uf = { Ot Vi —0 Ty41 = Azxt+ Buf +wy yt = Cxy + vt ‘
” SL 21 ACK =1 Random delay
‘ Packet loss Packet loss
0 - - - - - ug—l
State | |Time-varying Kalman filter f—
uy feedback Tt w/ memory y
_ t
ug = LTy Fr = AZpq+Bul+ K (y — CF) e

= Separation principle hold (I know exactly u@,,)

= v, Bernoulli rand. var and independent of observation arrival process
= Static state feedback, L, solution of dual MARE
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pzzny QG over UDP-like (no-ACK)

protocols
uy ACt‘:f'tVo[Sl uy Plant Sensors | vt
—"u?: { Ot VE;O - a:t_|_1:A:ct—|—Bug—|—wt yr = Cxy + v ‘
Random delay

1

t‘SZ’ Packet loss Packet loss
O

ug uf = f(yt,...,yo) nNon linear

Yt

.....

= No separation principle hold ( u?._, NOT known exactly)

= ... but still have some statistical information about u?, ;
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LQG over UDP-like (no-ACK)

protocols
a
uy ACt‘:f'tVo[Sl Uy Plant Sensors | ut
| uf = { Ot Vi — 0 Ty 1= Azt+ Buf +wy yt = Coy + vy ‘ O
VtSZ, Packet loss Packet loss ’Yt\l ‘
\ -
0 State e
ug feedback f , Static” Kalman filter
~ | Yt
uy = Ly B = AR q+0BuS 4+ K (g — CFp) =

= Bernoulli arrival process Plvi=1]=v, Ply=1] =%

s vugg= Elug 4]

Sub-optimal controller forced to be state estimator+state feedback

= Optimal choice of K,L is unique solution of 4 coupled Riccati-like equations

"Compensability and Optimal Compensation of systems with white parameters”, De Koning, TAC'92




s 10 P
el LQG as optimization problem

W 0 péEl—g—[xT :%T]]:llfnT ?2]
] L 4] 12 22
Ming ; Trace [ 0 SLTUL ] P)
o veKC A—vBL— v KC | ] vKC A—vBL— v KC 0 f_yKRKT

P >0

= Non convex problem even for v=~=1, i.e. classic LQG

= Classic and TCP-based LQG become convex when exploiting optimality conditions
like uncorralation between estimate and error estimate E[z(x — £)?] =0

= For UDP-like problem non convex but unique solution using Homotopy and Degree
Theory (DeKoning,Athans,Bernstain) (maybe using Sum-of-Squares?)

= Stability on v and ~ is coupled

Y

1

UDP-stable

TCP-stable

unstable =
i 0.6 0.7 0.8 0.9 1 .7
fet L
0 1 Necsys09,Y utorial Day on NCS, 26rd Sept 2009, Venice, Italy



sy Paradox: Kalman filter is not

always optimal !
_____________________ Optimal Regulator

| |
I

A u |
Y | Kalman filter L | LQ State feedback |

—|—> |
I I(klm LLQ :
: :
_ - Stabilizing (o
Y Kalml?n filter L | State feedback
kim L
) Y Stabilizing u
y, KF‘II;?[) L State feedback
= L

= Kalman filter always gives smallest estimate error regardless of controller L
= If controller L= L, then performance improves if my estimate is "bad” !
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TCP vs UDP

Numerical example:

1
' TCP-like |
1 1
' protocols !
cl 11  Plant |l Sencore | 'l aaaooa
viug Actuators Plant ) | Sensors
wf =g [ Tt = Az + Buf +wy yi = Cay + vy Yt 20 N i ; .
1
\ — UDP
18- s
— COMM. NETWORK vt 4 Bpper bound TGP
" _%Vt =1 ACK w=1 | i '
z = i \
I I_I Yt = 0 \
0 . 14+
U
u§ 'J !
' Stat Z¢ - 7
e Estimator |~y
feedback J
VYt e 101
.................................. OPTIMAL LQG CONTROLLER gl
|I========= 6
i UDP-like |
| protocols 4
vuf Actuators Plant Sensors Lt
| wf = vy [ Tt = Azy+ Buf +w[] (e " 2-
0 | 1 1 | 1 1 | 1 1
w=o| _, COMM. NETWORK 1|ft 0 01 02 03 04 05 06 07 08 09 1
Vot =1 7% Arrival packet probability — v=v
=0
| Ve
0
L ui
ug -
State o Estimator
feedback i
VYt

.................................. OPTIMAL LQG CONTROLLER
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s 2009 _
i To hold or to zero control input?

C a
U Acl:}latctrf [ Plant Sensors | Ui
= { géu?_ﬁ Ui ; 0 Ti41 = Axi+ Bui+w; yt = Cxy + vy
vt SZ, Packet loss
O
uy Controller .

Most common strategy:

g(uf 1) =0 zero-input strategy (mathematically appealing)
g(u? 1) =uf ; hold-input strategy (most natural)
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oty To hold or to zero control input:
ES¥  no noise (jump linear systems)

Zero-input Strategy Hold-input Strategy
Plant Plant
WP = v an ug = ypuf, + (1 — Vk)ui_l
* . Tp41 = Az + Bui il Tp41 = Axp+ Buz
( l ‘ _ x Z1 e —
vk =0 | =1 Controller & v = rH‘ k=1 Controller
c up = Lzap |0 D C ul¢ = Lpzp [

Ji =ming, E[Y5%, o Way+ (w¢)TUug]  Jj = ming, B3, o Wy + (uf)TUug)

Using cost-to-go function (dynamic programming)

J¥ = Elxl S, x0] Ji = B[zl Spxo]

S, = ®.(S5,) +— Riccati-like equation—— S;, = ®,(.5),)
L:' — fz(Sz) LZ — fh(Sh)
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Example: unstable scalar system

A=1.2, U=0 A=1.2, U=10 Optimal strategy
(fastest convergence) (small input) regions

60

50

40+

— J Unstable
20r
10
O0 012 0-‘4 0-‘6 0-‘5 1 % o1 02 03 04 05 06 07 08 o8 1 0 02 04 06 019 1I
v v .
Loss probability Loss probability Loss probability
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LQG over TCP-like protocols revised

C a
Uy Ac&uatyc/)isl Ui Plant Sensors | Yt
r up = { /)’1/1/;7'71 vy =0 Ti41 :A$t+Bug+wt yt = Cxy + vt ‘
” SZ» 71 Random delay
z1 ) Y1)
0 State T4 Time-varying Kalman filte
uy feedback | w/ memory
ug = L¥y + luy_4 :ug—l Tt = AZp1+Bulg+Ki(y — CZy) Yt

Conjecture:

= Separation principle hold
= Optimal function g(uf 1) = pus_1
= Design parameter L,[,p obtained via LQ-like optimal state feedback
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& Smart sensors & smart actuators

C a
Ut—+ | Actuators | Ut Plant Sensors | Ui
’U,t _? Ti41 :A:ct—l—Bug—Fwt Yt = Cxt + v¢
classic -
LQ contoller classic
s static
. . kalman
Time-varying <
alman no input packet loss —
~ Lt
Lt—r1

Random delay
t | Packet loss

y1| Offy3|y4[ Olye[ O

C\l 1zl Olzalzal Ol7
Uy | B4 2304 ~ 170 . controller Yt—1

x7 = Elzt|ye, ys, - y1] = E[ﬂ??\%]

Ontlnmwmwmnos, Murray, Submitted to Sys.Cont.Lett. 05
"Estimation under controlled and uncontrolled communications in networked control shstems ; XuE Hesganha, CDE 05

0]
(Y1|Y2|y3|y4alys|ys| O




o 09 Numerical example:
| remote vs co-located controller

i COLOCATED
1
c ' CONTROLLER !
VeVt Yt Optimal Uy Actuatoi + |- 1
Controller l;z:;tor Yt
400 T T ‘
 — COMM. NETWORK Tt m— remote contr.
(A= % y=1 =1 - colocated contr. | |
| v =0
J 300+
frmmmmmm——— - J 200+
! REMOTE .
1 o0
! TROLLER
Vtuf Actuator + vt '_(E(_)l_\l_ - _9 _____ H 150 -
Plant +
Sensor 100k
COMM. NETWORK Ut
v=0) =1 v =10 | S0r
PL v =0
0 I} 1 1 Il
0 0 0.2 0.4 0.6 0.8 1
e Arrival packet probability V=Y
Optimal
Controller
YiYt
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ey Distributed estimation:
previous work

\SD,ye (1)

/\ A/' y7 (1)
@ vy’ (t)

Delay &
packet loss prob.

= Distributed estimation is old problem (see Levy, Willsky 80’s, Bar-
Shalom 90°s)

= Consensus-based estimation (Olfati-Saber et al. 07, Carli et al. 08)
= Many results on optimal estimation under perfect communication
= Distributed estimation with packet loss still open problem
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Modeling

. Central node

Sensor node i Channel model i
yf; Data ‘Pro‘cessing‘ z% = oL iﬂt
— 2= i uh) X - E

Z32 Z33 234
i T (A —AKC)Zi_l + Kyi ’y,,j c {O 1} z, | 24, — 24,
/ ; 3
Buffer

y. =Clzy+v! 1=1,...,.M |
E[wt] = E[Uﬂ = 0, E[wtw?] = @, E[/U;SL(U?)T] — Rij

Plil =7
: Objective:

:?:flts = F|x; |information 2}, available at base station] \
ecsysUY, Tutorial Day on , Zbrd Sep , venice, Italy




0 Optimal strategy:
L=l Infinite Bandwidth Filter

. Central node
Sensor node i Channel model tl
y% Data Processing Z% 2, z, T £t
Z% — fg(yivvyb X — : z, 23: z, >
; 24, | 2, — 24,
’Vt S {07 1}
Buffer
Vi | Y | Vi | Y
’l: Z y y Y23
Zt — ylt - Vil vah | v | v
) y y Y| YA
y y Y53

~IBF pIBF _ ~IBF _
Tye o Pyt = Var(dy; Ty | sequence)

PtI|tBF SPt|t7 Vﬁavﬁ
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g, A negative result

Theorem Let us consider the state estimate z;; and

~IBF

i defined as above.

Then there do not exist (possibly nonlinear) functions z! = fi(y%.,) € R with
bounded size £ < oo such that P/ P¥ = P, for any possible packet loss sequence,

t|t

l.e.

A0 | Py =

IBF
|t

V’Yt
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A negative result

Theorem Let us consider the state estimate z;; and :%{f I defined as above.

Then there do not exist (possibly nonlinear) functions z! = fi(y%.,) € R with

bounded size ¢ < oo such that PtI| DI = P, for any possible packet loss sequence,

1.e.
B0 | Py = PAPT, v

Sketch of proof:

Scenario a Scenario b
T4l = T¢ + Wy
yt; = Tt + Ut; z,' z,'
Yi =T+ Z,1

% =iyl yd) = ol + o

\ —

1 1 1 1.1
Ys Zy = (Y7 + 055

L

¢ € R and f}() linear, E[zg] = 0

O-Qj:O-w:O-’Ulzo-’UQ 1 1
y11 y21 Y1 Y>
2 2
-, - Yi | Y2
a7’ Qq’
1 1
~IBF,a __ _la_ 1 La,_1 ~IBFb __ 1,6, 1 1,61
[(X%’a]#ﬁl&;b] v tEo Yy oy TN = QY gl Y)



FEdl  Suboptimal strategies

= Measurement fusion:

n 2l=q at sensor
= 7 %F = E[x; | all 2! arrived] base station

= Optimal Kalman Filter Fusion
m Zt — xt (A CZK’L loc)xt . e K’L loc

~OKFF _ i i
= Ty E[z; | latest z! arrived Vi] = ZZ Wizi

= Optimal Partial Estimate Fusion
- Z{% — 'C%% _ (A Z CZKZ cent)xt . + Kz centyt

O @%PEF E[z.| latest 2} arrived Vi] = >, @iz 75 T
t

= Open Loop Partial Estimate Fusion
. Z;SL :jjjé (A Csz cent) t . _|_K’L centyt

~OLPEF __ Tt i
" Ty =24 PR
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Wécs 2009
i (i ‘7'51.
-

Y1 Ya | Vs
Yi | Y2 |Y3]|Ys | Vs
T1|1 Taja| T5|5

Single sensor & packet loss
|t =6

j\jé\{GF — E[x6|y17 Ya, y5]

Zsie. = Elzelyrs] = Elze

$5|5] — A«CU5|5

@85}?}7 = E[376|f5|5] = Afi’5|5

pIBF _ pOKFF _ pOLPEF _ Pt(|)tPEF ~ pMF

t|t t[t

tlt
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bl Multi sensor & no packet loss
|t=3

SME AIBF scent
Y1 [ Y5 | Y| e Bladlyis Vil = &y" = 2,

|t=3
jéiéoc ZIAZi’lOC (A K’L loccz) X lOC e K’L loc

~2.loc
m 9

3|3 ~OKFF __ AZlOC IBF Acent
3.0oc| Lt|t = Elw|a Lt ]#xﬂt Lyt
L33

one-dimensional track ” IEEE Trans. on Aut. Cont., 1982

A.S. Willsky, D. Castanon, B. Levy, and G. Verghese," Combining and updating of local estimates and regional maps along sets of \
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—A:z:t+wt C

y;ﬁ = Clxy + vt

= (A —
(A —

A\

— [Kl,cent K2,cent

Kcent C)

- ol

CQ

Cﬁ4

KM,cent]

ent + Kcent Yy

z Kz ,cent Cz)

~t,cent

t

Y

y Yt

[y}

Yt

Yy

Centralized Kalman Filter

, Bl

ent + Z Kz centyt

Az cent
F _|_ Kz cent t?

~cent
Lt

=T

~1,cent
t|t

local filter

| =R

J. Wolfe and J. Speyers,“A low-power filtering scheme for distributed sensor networks”’ CDC'03 . | .
rd Sept 2009, Venice, Italy



Wéc ALY

L =l Multi sensor & no packet loss

[t=3
1 1 1
Y11 Y2 Ys e - IBF t
- - ~cen
Y1 [ Y5 | Y| e Bladlyis Vil = &y" = 2,
3 3 3
Y11 Y31 Y3
|t=3
~1,cent ~SOKFF _ X lOC ~IBF __ ’\cent
T35 Nt Bl Tyt vi| # 7 i)t L)t
£2,cent .
Ag ient ji»lOC — (A K" lOCCZ) ty lOC + K* locyt
x 9
3

3 ~1,cent i T71,cent) at.cent 1.cent, 1
Ty = (A=Y, O K 20 4 Kbty

IBF MF OLPEF __ OPEF OKFF
Pt|t Pt|t Pt|t Pt|t Pt|t |
t 2009, Venice, Italy




Multi sensor & packet loss

Q=0==>

PIBF

OLPEF _
t[t —

tlt

OPEF
t|t

<

POKFF

t

|t

Y

MF
Pt|t

6 sensors, double integrator dynamics, uncorrelated noise

—+— OPEF
10" H OLPEF Packet drop probability:0.5
: CECEE T MF
------- OKEF
—IBF
Q o
o010’k
Q10
.8
.
®
> D
“ e
o O
s ez
L ===
===
Y g
0 F e
.............
-2
10 idod Akl il i i
= -1 [) 1 2
10 10 10 q/r 10 10

3
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Strategy summary

Estimation
error

Sensor complex.

Base station
complex

Measurement fusion

Almost optimal
for R/Q small,
Acceptable for

R/Q large

none

Medium (inversion of
n-dimensional matrix)

Optimal Kalman filter
Fusion

Almost optimal
always

Medium (local
Kalman filter)

High (inversion of
many matrices)

Optimal Partial
Estimate Fusion

Optimal for Q/
R small, almost
optimal
elsewhere

Medium (local
Kalman-like filter)

High (inversion of
many matrices)

Open loop partial
estimate fusion

Optimal for Q/
R small, very
poor for R/Q

small

Medium (local
Kalman-like filter)

None
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CW,Q d
==l Strategy summary (con’d)

= Distributed estimation is old problem (Willsky, Bar-
Shalom)

= Packet loss makes distributed estimation hard:
optimal sensor preprocessing depends on future
loss sequence

= No optimal strategy for all scenarios

= Some results based on simulations only: no
theoretical proofs

- A.S. Willsky, D. Castanon, B. Levy, and G. Verghese," Combining and updating of local estimates and regional maps along sets
of one-dimensional tracks,” IEEE Trans. on Aut. Cont., 1982

- J. Wolfe and J. Speyers,"A low-power filtering scheme for distributed sensor networks,” CDC'03

- Alessandro Agnoli, Alessandro Chiuso, Pierdomenico D’Errico, Andrea Pegoraro,L. Schenato “Sensor fusion and estimation
strategies for data traffic reduction in rooted wireless sensor networks”, ISCCSP0S,

-A. Chiuso, L. Schenato, “Information fusion strategies from distributed filters in packet-drop networks,” CDC'08

-A. Chiuso, L. Schenato, “Performance bounds for information fusion strategies in packet-drop networks,” to appear in ECC'09
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2009 .
BT Takeaway points

= Input packet loss more dangerous than measurement
packet loss

= TCP-like protocols help controller design as compared to
UDP-like (but harder for communication designer)

= If you can, place controller near actuator
= If you can, send estimate rather than raw measurement

= Zero-input control seems to give smaller closed loop state
error (||x|) than hold-input (but higher input)

= Trade-off in terms of performance, buffer length,
computational resources (matrix inversion) when random
delay

= Can help comparing different communication protocols
from a real-time application performance

= Packet loss makes problem extremely hard
= No good-for-all-scenarios strategy when..packet JOSS.... z, verce, e
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