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(57) Abstract: A method of sensor placement and design with control-related objective relates to implementation of steps that consist
in evaluating the correct design and placement of specific sensors for data collection with the highest degree of prioritization, their
subsequent verification and validation, and then adjusting the design and placement to achieve the desired data output. The method
comprises defining an optimal control problem followed by specifying the properties of sensors that could be deployed and deciding on
the deployment of sensors and deciding adjustable properties of the deployed sensors so as to optimize the control performance, in terms
of the objective function of the optimal control problem. Advantageously, the method employs defining a model-predictive controller
for the optimal control problem, wherein the model-predictive controller first estimates the state of the system utilizing sensor data,
and subsequently chooses the control signal so as to optimize the objective function of the optimal control problem over a certain finite
time horizon, and in the final step, the control performance of the model-predictive controller is expressed in terms of the objective
function of the optimal control problem over a certain time horizon.
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Title: Method of Sensor Placement and Design with Control-Related Objectives

and Sysiem comprising a Sensor Arrangement

TECHNICAL FIELD

160011 The invention relates 1o a3 method of optimizing the placement and design of
sensors, including maximally reducing the number of sensors {o be deployed to measure
desied dala, & order to realize the efficient collection of relevant data by targeted
shimination of redundant and non-representative data that have no or minimal relevance

to the desired moniioring objective.

[oane} Fresent method involves implementation of steps that consist in evaluating the
correct design and placement of specific sensors for data collection with the highest
degree of pricritization, their subsequent verification and validation, and then adjusting the
design and placement {o achieve the desired daia ocutpul. The invention is utilizable in
various applications, for example for measuring water levels to obtain data usable for

efficient hydroelectric power generation.

{08031 The method includes receiving a description of a control problem and a
specification of properties of sensors, information capacity and cost, and deciding on the
depioyment of sensors and thelr adjustable properties so as o oplimize the control

parformance by providing the most saliently relevant data.

10804] Furthermore, the inwention relates 1o 2 system comprising a sel of sensors
designad and deploved according fo present method sieps and conditions proposed,
wherein the system is configured to provide relevant oulput dala based on the ultimate

control objechive.

BACKGROUND ART
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{30051 The siale-of-the-art solutions are represented by documents related to the use of

sansor data in particular manitoring processes.

100087 Document UST0886R0482 deseribes a method which includes delecting, using
3ans0rs, packets throughout a dalacenier. The sensors can then send packet logs o
various cofiectors which can then identify and summarize dala flows in the datacenter.
The colleciors can then send flow logs to an analytics module which can identify the status

of the datacenter and detect an aliack.

{08071 Further documents relale to a particular sensors, which are adapted to indicate or
measure liguid level, ot level of fluent sclid material, e.g. indicating in terms of volume,
mndicating by means of an alarm by floats of the free float tvpe withoul mechanical
franamission slemenis. For example, document ON1T10188538A describes a kind of river

wirk fest water-level gauge and s parameter calibration methods.

{0008] There are several documenis thal estimate the placement from messages
received, rather than delermining the posilions, for example USBO3585182, which relales
to a systens, methods, and computer-readable media for determining sensor placement
and {opology. In some embodiments, a sysiem can receive messages from sensors
deployed around a network, each of the messages reporting a respective flow captured
by a reporting sensor from the sensors. Next, the system can identify flows reported in the
massages and, for gach of the flows, generate a respective list of sensors that reporied
that flow. Based on the respective list of sensors, the system can infer a respective

placement of the sensors within the network and a fopology of the sensors.

{60081 In the non-patent lilerature, there is a substantial amount of work on sensor
placement without control considerations, etther driven by  information-theoretic
considerations [17, 18, 4] or reliability-monitoring objectives {28]. The closest seems a
2020 MIT paper [16] summarizing the statistical approaches 1o sensor placement, without

considering the control problem that needs to be solved, ultimately.
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10010] Mathematically speaking, a related paper [7] considers, instead of discrete
sensors with location and type, a discrete choice of regions where control is performed

and the minimization of L1 norm thereof

100117 In contrast, presant method ulilizes sensilivity analysis, except in 3 mixed-inleger
oi-level problem, not considered in standard references {25, 261 Engineering practice in
water systems is caplured, e.g., by [30, 15, 10}, related o common models such as {2,

A

172
:u‘j.

SUMMARY OF THE INVENTION

{8012} Present invention relates to a method of oplimizing the placement of sensors in
the envirenment and their particular design, inciuding maximally reducing the number of
sensors {0 be placed o measure desired data, in order o maximize the collection of
relevant data by fargeted elimination of redundant and non-representative data that have

no relevance {o the desired moniloring objective.

{68131 The advaniage of such an arrangemeant is in patticular a significant reduction in
the number of sensors needed {0 oblain valid results crucial for further handling of the
data collected in this way, while simultaneously reducing the data flow volume in a
targeted way, oritical for processing speed and the required computing capacity. In hoth
caseas, this clearly reduces the financial and malerial resources required to achieve a
refevant outputl. BEven assuming unlimited financial and material resources for the number
of sensors and unlimited computling capacity for dala processing, it is evident that
processing marginal or insignificant data is very disadvantageous and brings additional

fisks and prablems.

{0014] Furthermore, the invention relates o a system comprising a set of sensors
dasigned and deployed according o present method sleps, wherein the system is

configured o provide relevant output data based on the monitoring objective.
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{80151 There are many reabworld processes, where a human agent is able to control the
dhyriamics, with the alm to achieve some overall desiderata with respect to the
cerformance of the dvnamics. For example, consider the opening and closing of channeis

n 3 river network, with the river flow dynamics modeled by the Saint Venant equations

wools

4

Crved

{0018} In order to facilfale the procedure of controlling said dynamics, data must be
gathered in real-time in order to ascerain the particular delails of the process. In the
example, this means the waler levels are measured by sensors placed along the river
course, and this information is cooperatively used o then faithfully mode! the dynamics of
the flow, which s then used in oplimal conirol soffware {¢ manage the gales. This

sequential process is known as model-predictive control {31

{00171 While techniques for model predictive controt (MPC) are well established, there
are many imporant research guestions both within MPC for non-linear processes {1} and
data assimilation technigues for mapping gathered data to the physical process {121 in a
siglisticaily sound manner. A particularly imporiant question concerns the design and

placement of the sensors themselves,

[0018] This i3 2 nondrivial guestion 1o answer in a systematic way, with associated
numerical guarantees. iy the present exampie, the shape of the river bed (hathymelry)
can be very uneven. Sensors may be placed at different locations across the river bed,
and they may endowed with varying levels of computational capacity, and communication
bandwidth, all of which also determine their cost. Whereas these choices could be made
using standard engineering practice”, or, at a more advanced level, considering details
of the statistical performance of the sensors {&.g., coming from a vendor-provided data
shest}, this s witimalely unsatisfying from the grand perspective. in particular: the design
and placement of the sensors themselves must be done with the end goat of the ultimate
control process i mind. As in, where they are placed and thelr hardware capacity is as
useful as thelr ability to accurately measure data, which is as usefu as this accuracy

resulting in a betler cutcome in the solution of the mode] predictive control.
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Components

180181 We summarize the basic loop in place in data-driven control, while emphasizing
the decisions regarding the sensor placement, orientation and other specifications. First,

2t us consider the components ivolved, In tum.

[BG20] There are sensors that {ake readings. These may either take finite-precision
discrete-time measurements of some physical quantity, or provide an analogue signal,
which gels processed it a measurement chain involing an analogue-lo-digital
comversion, There is substantial BMerature on signal processing. Either way, the signal

processing results in a processed measurement.

00211 A further component provides estimales of siates of the underlying physical
system using the processed measurements. This is often implemented using assimilation
of the processed measurements in an a prorf model of the physical system, with the
objeclive captunng the siatisfical performance of the assimilation, such as using the
empiicalrisk objective. The a pricr model of the physical system is often continuous-
fime, continucus-parameter, but one wishes o assimilate finite-precision measurements
captured al discrele points in time. The stale estimation is often implemented in a general-
purpose compuiing systemn. Thers is substantial literalure on dala assimilation and so-

calied inverse problems.

{00221 A further component provides a control signal, ulilizing the estimated state, and a
reference signal fo regulate the signal to {in the so-called regulation problem), or an
obiective to optimize {in the so-called optimal control problem), possibly with constraints.
We focus on the case of the oplimal control problem which, in general, is an infinite-
dimensional optimization problem. in a modebpradictive control for a particular oplimal
sontrol problem, one truncates the ime horizon considered in the optimal control problem
o & finite value, ofien i caplure seconds {o days of operations, and then solves the finite-

dimensional problem corresponding 1o the truncated time horizon.

N
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{0023] Finally, there is the coplrolied systern {somslimes known as the plani), which
receives the control signal, and In response, changes s state such that the sensor

readings may change.

100241 Traditionally, sensors are placed with the cbhjective of improving the siatistical
aarformance of the slale-estimation problem in par. 8021, such as improving the empirical
fsk. instead, we consider the sensor placement with abjectives of the control preblem in
par. G022,

Gata Assimilation

{00251 Let us consider the sensing {see par. 0020} and daia assimilation {see par. 0021).
We have a set of sensors indexed by  with capacity {Hi. The capacity defines an upper
bound on how much information can be procsssed, with respect 1o how many samples
can be taken and slored and how much iocal computation can be done within any time

frame.

{00281 In the procedure generically described as data assimilation, a cerfain quantity of
samples with a cerlain physical accuracy is obtained by each sensor at ime t, {1} _t. Note
that this guantity and precision can be delermined online, ie., chosen by the sensors
according 1o a desired criterion-schema, o balance stalistical accuraey and variance with

the time and energy cost associated with compudation and subsenuent communication.

{00271 The dala acquired I tn is used to perform estimation of parameters pt with

associated uncertainty ol

IB0ZBY in the case of a network of sensors performing estimation cooperatively on a
network, this can be solved using techniques of inverse problems, associaled with
uncertainty quantification [28], wherein an optimization problem is solved with a loss
funclion in the objective subiject to constrainis defining a discretization of the physical

dynamiies. in order o cooperatively solve the oplimization problem, the sensors must use

[l
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techniques in decentralized optimization {see, e.g.. 18]}, wherein a sequence of
computation and communication steps are used o solve the ultimale problem. Al this
poitt in fime, the field has nof advanced to being able 1o solve inverse problems with
aonlinear constraints, however, the theoratical tools needed {o formulate and develop

sich an algorithm are available.

Controd

[0028] The astimates of the parameters are then in lrn used to solve an optimal control
sroblem. in the case of time dependent PDEs, such as the Saint Venant eguations,
subject o uncertainty, as defined by ot, the proper framework is stochastic PDE-
constrained optimal contrad, as described in, for instance [24]. The solution to the control

sroblermn is then implemented, and the process repeals iself.

(00387 in order {0 ensure proper operation of the open loop structure in the closed loop,
ceriain adiustmenis are placed onto the scheme from the theory of model prediclive

anirol 1o ensure stability of the underlying process 231

{00311 Notice that ylimately, the offiine hardware design of the sensors as well as online
chows of computational resources and gquaniity and precision of data samples affects,
uitimately, the lavel of optimal operation of the contrel loop. Thus, there is an underlying
complex set of interactions 1o which this choice feeds inlo, and it is clearly desirable to

optimize this ouler loop.

Grand Control Loop

{3032 There is much literalure on the delalls of sensor placement and design, for
instance, the classic paper {5l Ssnsidemtéans associated with design praclices are
typically the balance between the cost associated with production and maintenance, while

balancing cedain desideraia. The desiderata are based on the direct performance of the

o
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sensor tseff, whether purely physical considerations, or notions from information theory

and statistical power. More references are discussed in the background art.

{8033} The ultimais objective of this patent is to move beyond the siate of the art and
oresent a paradigm shift in the design and placament of sensors: ullimately, the most
appropriaie measure of sensor quality is iis ability to faciiitate the best performance of the
gnginearing process as according o the control objectives. Increased siatistical power is
imporiant only insofar as § resuils in a more robust and reliable control signal, otherwise

i is unhecessary axira cost

{0034] In order {o concepluslize this novel framework, we must present an ouler dala-

driven codasign {control-estimation) loop. This has an online and offfine component.

{8035} Online or open loop: at each Heration of a control process, based on historical and
recent data regarding the performance of the process and the accuracy of the sensor dala
asceriained before in aiding this performance, a2 sensor can make decisions inregards to
reseurce ulilization and thus accuracy relative {o cost. For instance, f it appears that the
control was net robust and the previcus estimales’ inaccuracy are likely {o blame, then
increasing the computational fesevus'ces iy order {o obiain more samples would be

worthwhile.

[G038] Offline At the start of 3 new operaling environment, or periodically in much slower
fime increments than the control operation, new sensors can be placed, and exisling ones
upgraded. The decisions in regards to the guantily and location of the sensors as well as
thelr hardware capacily must be chosen with foresight in regards 1o how these choices

will affect entire control loop process being oplimized for the long run performance.

[0G37] Hwould be natural to consider the set of lechniques associated with Reinforcement
Learning for this purpose, however, aside from running approximate simulations in order
o faciiifate modeling of the process, they cannot be used as s, since a very large number

of frajectories must be simulated, which is clearly unrealistic in real control setlings.

a3
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Furthermore, exploration, or choosing entirely random controls in order o study the data
as to what the oulcomes could be, as required by the methods associated with
reinforcement learning, could resull in concrately catastrophic outcomes, and thus clearly

unethical,

{0038] Since a funclion evaluation amounts {o choosing a sensor property and running
the conirol operation for some time, each function evaluation is costly and black-box, in
the sense of no analviical expressions for the derivative of the ullimale performance with

respect to guantities defining sensor attribules.

{00381 For such problems, conlemporary technigues developed to optimize noisy black
hox processes are most appropriate. These fools fall in hwo cateqories of recent canons

of research lerature: 1) derivative-free oplimization [8], with techniques of inlerpolation

)

and careful mesh generation and space search in order to solve oplimization problems
with unavaiiable derivatives, and 2) Bayestan optimization [27], which seeks o optimize a
noisy function uses sialistical Bayesian updating of the stale of information regarding the

objective landscape, modsling the noise by means of, typically, Gaussian processes [20].

{00487 In one embodiment of present invention, the method comprises following essential
stepsa:

- A} defining an optimal contrad problem and a siate-estimation problem and receiving a
description of the associated model-predictive controller,

~ B} specifying the properties of sansors that could be deploved, and

- ) deciding on the deployment of sensors and deciding adjustable properties of the
deployed sensors so as o oplimize the control performance, in terms of the objective

funclion of the optimal control problem.

100411 The lechnical effect of specifving the optimal control problem in the sensor-
placement problem is {0 enable the oplimization of the objective funclion of the oplimal

sontrol problem.
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{30421 In an advantageous embodiment, the method comprises a definition of a model-
predictive contfroller Jor the optimal control problem, wherein the model-predictive
cantrolier first estimates the sitale of the system wilizing sensor readings, and
subsequently chooses the control signal so as © oplimize the objective function of the
aplimal control problem over a certain finte fime horizon, and wherein the control
nserdormance of the modelbpredictive controller s expressed in terms of the objective

function of the optimal controf problem over a time horizon,
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BRIEF DESCRIPTION OF THE DRAWINGS

{68441 Figure 1 suggestis the traditional view of sensar-placement problems, wherein the
dala from the sensors are used in a state-estimation problem, e.g., with an empiricalrisk
obijsctive. In slep 101, the sensors {ake measuremends. in step 102, these valuas are
assimilated in 3 model with an obiective capluring the siatistical performance of the modsd,
such as using the empiricalrisk objective. Sensors are placed in siep 103 with the
objective of Improving the statistical performance of the stafe-estimation problem

aceording 1o slep 102, such as improving the empinical risk.

[0045] Figure 2 suggesis the closedHioop view of the sensor-placament problems,
wherein the sensors are used to improve the performance of model-predictive control for
a particutar optimal control problem, with respect to the objective of the oplimal-contral
sroblem. in step 201, the sensors take measurements. in slep 202, these values are
assimiated in a modsiwith an objective capluring the stalistical performance of the moded,
such as using the empiricalvisk objective. In step 203, the control signal is computed,
assuming the model estimated in step 202 is correct or correct up o some unceriainty
sel. The latter s known as robust model pradictive control. in step 204, the application of
the control signal changes the siate of the system under control (also known as plant).
The obiective of the sensor placement is o improve the obiective of the optimal-control

probiem over a suilably long horizen, such as the iife time of the sensors.

{30467 Figure 2 shows a scheme with a lower-level suggestion of the use of sensors in

an inner contrel-astimation loop.
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00471 Figure 4 shows a scheme with an outer loop for sensor placement and sensor

H

reseurcs ytilization adjusiments.

DETALLED DESCRIPTION OF THE INVENTION

{30481 The present invention is further described by the following examples, which should

not be construed as limiting the scope of the invention.

40491 In one example of the use of the mwvention, one considers the control of

s

turhogenerators for a cascade of darms on a river with the objective of producing revenue
from hydro-power generation, The control i offen performed in a modsl-predictive
fashion. Let us exempiify the use of model-predictive control on Figure 2. In step 201, one
retrieves data from dver gauges. In step 202, the data from the river gauges are

assimilated in g model comprising differential equations of shallow-water flow, also known

5]

s Saint Venant aquations. In step 203, the decisions are made as to the operations of
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affant the state of the rver flow, and closing the loop. The objective for the placement of
the sensors would be the change in the revenue generaled from the cascade of dams

over a suitably iong horizon, e.g., ife time of the sensors.

{00581 in another exampie of the use of the invention, one considers the balancing of
supply and demand in a ransmission sysiem so as (o keep currents flowing through the
branches of a transmission system within certain bounds. Notlice, however, that the
cwrents are not measured at all branches and voltages are not measured at all buses.
instead, one often considers data from a limiled number {10-30) of so-called phasor
measuremeant unils, which caplure the 3-phase vollage or a 3-phase current. The
secondary and tertiary voltage regulation is often performed in a model-predictive fashion.
Let us axempiify the use of model-pradictive control on Figure 2. In step 201, one refrieves
data from phasor measurement units. In step 202, the datla from the phasor measurement
unils are assimilated in a model of allernating-current oplimal power flows, also known as

4

ACQOPF. In 203, the decisions are made as v the aclivation of ancillary services {(e.g.,

J
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secondary vollage regulation) and relaled “redispaiching”. in slep 204, the use of ancillary
services and "redispatching” affect the stale of the power flow, closing the loop. The
abjective for the placemeant of the phasor measurament unils would be fo minimize the

niegral of the deviation of the curant from the presernibed bounds.

§{8€§5’§} in another example of the use of the invenlion, one considers the ransmission
~apacily of a matrix channe! {dala rate) between a mobile subscriber and a mobile carrier
network i a so-called dosed-loop multiple-input-multiple-output (MIMO) system. Such a
matrix channe! utilizes a number of aniennas for each mobile subscriber, MIMO is utilized
by a numnber of standards, for example, IEEE 802 11n (AFI 4}, IEEE BOZ2 11ac (WI-FI 5},
HOEPA® (3G, WIMAXK, and Long Term Evadution {(LTE). The positioning of the antennas
on the device utilized by the mobile subscrnber affects the capacity of the channel. The
capacity of the channel also ﬁepefzds on the beam~farméng capabiiiﬁes on both ends of
ane raceives signatl from each of the antennas. In slep 202, one estimatas {or updales) a
model of multipath propagation, known as MIMO channel malrde This s also known as
channel estimation. in siep 203, one decides on the changes o the phase and amplitude
of each anlenna to form a beam. This slep 8 known as the beamforming. In step 204, this
beamiorming changes the multi-path propagation of the signal in the malrix channel The
goal of the placement of the anfennas is not o improve the dala rate for a fiked MIMO
channal malrix and phase and amplitude of 2ach anienna, but rather {o improve the dals

rate of the closed-loop MIMO system.

INDUSTRIAL UTILIZATION

{60521 Present invention s ulilizable, for example, in the field of hydroelecttic power
generation by measuring waler levels o oblain dala usable for efficient water

management. The wvention can also be ulilized in the positioning of antennas on a mobile

g

device 30 3s o improve beam forming capabiliies or in the positioning of phasor
measurement units i a transmission systems 30 as {0 optimize the ability {o balance the

supply and demand of energy.

tert
[¥21
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CLAIMS

i A method of sensor placement and design with control-related objectives,
charactsrized in that #§ comprises following conseguential steps:

- A} defining an optimal control problem and a state-estimation problem and receiving a
description of the associated modelpredictive controlier,

- B} specifying the propearties of sensors that could be deployed, and

- O} deciding on the deployment of sensors and deciding adjustable properties of the
depicyed sensors 5o as {o oplimize the conirol performance, in terms of the objective

function of the aptimal contrat prablem.

2. The method according o claim 1, comprising a definition of 3 model-predictive
controfier for the optimal control problem, wherein the model-predictive controlier first
sstimates the state of the system utilizing sensor readings, and subseguently chooses the
control signal so as o optimize the objective funclion of the oplimal control problem over
3 certain iinle fime horizon, and wherein the control performance of the model-prediclive
controller is exprassed in enms of the objective function of the oplimal control problem

$

over a time horizon.

3. The methoed according o claim 1 or 2, wherein the description of a control problem
congists of a dynamical system and 3 functional in slates and control signal to be used as

an objective,

4, The method according 1o olaim 1 or 2, wherain the description of a control problem

consists of @ Hamiltonian and a functional in stales {o be used as an objective.

5. The method according o claim 1 or 2, wherein the sensor propetties are decided

upon an insialigtion or regular mainienance of 3 process control system.

8. The method according 1o claim 1 or 2, wherein the sensor properties are adjustable

ondine it realtime.

sk
o5
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4

The method according to claim 1 or 2, wherain mapping the parametric setling fo
the data assimilation guality and pracision s followed by mapping the data guslity and
pragision 1o the robusiness and performance measure of the control oulcome, and then

adiusting the onling parameters in real-time is periormed.

8. The method according to claim 1 or 2, wherein the desirable properties are related
to statistical perfonmance of the sensors and statistical performance of the siate-

estirmation problem in & non-linsar fashion,

8. The method according o claim 1 or 2, whersin the properties comprise of the

position of a 3ansor.

18, Tha method according fo claim 1 or 2, wherein the properties comprise of the type

of 3 sensor from within a given st

11, The methed according to claim 1 or 2, wherein a computational optimization
algarithnt is used {o provide online sensor decisions as well as relevant information for

defining the offiine problem of design

120 A system comprising sensor and means adapled to executing the method

P 3: H . 4 4
apcording fo claims 1o 11,

b

13 Use of the sysiem according 1o claim 12 i the positioning of river gauges in a river
as to oplimize the abilily o producs slectric energy in turbines on a cascade of dams along

the river.

14, Use of the system according to claim 12 i the positioning of phasor measurement
units in a iransmission system so as {o oplimize the abilily 1o balance the supply and

demand of enargy.

15 of the sysiem according to claim 12 i the positioning of antennas on a mobile
device so as o improve beam-forming capabilities

s
]
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