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Abstract

Obtaining high quality data collected on wastewater treatment plants is gain-
ing increasing attention in the wastewater engineering literature. Typical
studies focus on recognition of faulty data with a given set of installed sen-
sors on a wastewater treatment plant. Little attention is however given to
how one can install sensors in such a way that fault detection and identifica-
tion can be improved. In this work, we develop a method to obtain Pareto
optimal sensor layouts in terms of cost, observability, and redundancy. Most
importantly, the resulting method allows reducing the large set of possibilities
to a minimal set of sensor layouts efficiently for any wastewater treatment
plant on the basis of structural criteria only, with limited sensor information,
and without prior data collection. In addition, the developed optimization
scheme is fast. Practically important is that the number of sensors needed

for both observability of all flows and redundancy of all flow sensors is only
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one more compared to the number of sensors needed for observability of all
flows in the studied WWTP configurations.
Keywords: fault detection, mass balancing, multi-objective optimization,

redundancy, sensor placement, wastewater treatment

1. Introduction

Asset management of urban water infrastructures is the set of practices
that utilities execute to ensure that infrastructure performance corresponds
to service targets over time, that risks are adequately managed, and that
the corresponding costs are as low as possible. Water asset management
cannot be understood without proper data collection, either from routine
off-line measurements or online data gathered from sensors and actuators.
Modern small wastewater treatment plants (WWTPs) generate up to 500
signals, whereas larger ones typically register over 30,000 (Olsson et al., 2014).
Despite the data-rich nature of modern WWTPs, limited useful information
is typically generated, often due to improper sensor placement, installation,
and/or maintenance. As a result, the resources — both in terms of time
and capital — spent on installing and maintaining on-line sensors, and on
collecting and storing on-line data in databases, are to a large extent lost
since the collected data is not transformed into actionable knowledge for
system optimization. Despite the historical recognition of the need for high
quality data (Rieger et al., 2010), sub-optimal operation of a WWTP is still
the norm rather than the exception. This situation is unacceptable given the
need for an efficient, resilient, and sustainable use of available resources.

The focus of this paper is on sensor placement as a way to improve



fault detection performance. This has been studied for safety-critical sys-
tems such as drinking water supply systems (Hart and Murray, 2010), but is
not addressed for WW'T'Ps. The placement of sensors on a WW'TP typically
responds to arbitrary choices, regulatory needs, or controller performance
(Rehman et al., 2015). Furthermore, practically all studies focusing on data
quality and fault detection in WWTPs consider the available sensor signals
a given (e.g., Corominas et al., 2011; Maere et al., 2012; Puig et al., 2008;
Rosén and Lennox, Rosen2001; Spindler and Vanrolleghem, 2012; Spindler,
2014; Villez et al., 2012; Villez and Habermacher, 2016; Yoo et al., 2004,
2006a,c,b). However, sensor placement can also be conducted wisely to in-
crease redundancy and hence, improve the overall reliability of the plant.
Indeed, the placement of sensors affects (i) the ability to reduce random er-
rors, i.e. improve noise reduction and estimation accuracy (What is the best
estimate?) and (i) fault detection performance (Is there a fault?). Our
vision is therefore that prior optimal sensor placement can be conducted
to increase redundancy and hence, facilitate (posterior) fault detection for
WWTP measurements.

For the placement of flow sensors, methods based on structural observabil-
ity and redundancy criteria are applicable (Meyer et al., 1994). Such meth-
ods only consider whether a particular variable can be estimated (structural
observability) and whether a sensor fault can be detected (structural redun-
dancy). Structural criteria allow evaluating a sensor layout without detailed
sensor information, such as failure rates or measurement uncertainty. We
therefore adopt this approach and evaluate to which extent these structural

criteria alone permit sensor layout optimization in typical WWTPs.



The proposed method is inspired by earlier studies focused on drinking
water supply systems (Hart and Murray, 2010) and complex plants (Meyer
et al., 1994). As in earlier works we make use of graph-based methods for eval-
uation of observability and redundancy criteria (Kretsovalis and Mah, 1987,
1988a,b; Ponzoni et al., 1999, 2004). In contrast to earlier sensor placement
studies, the sensor placement problem (i) is posed as a multi-objective op-
timization problem, (i) is solved to guaranteed global optimality, and (%ii)
leads to an enumeration of all Pareto-optimal sensor layouts. In addition,
cost, observability, and redundancy are optimized simultaneously and opti-
mal sensor layouts for typical WW'TP configurations are discussed for the

first time.

2. Materials and Methods

2.1. Studied systems

The three studied WWTP configurations are shown in Fig. 1a/c/e and
are (i) a simple organics removing WWTP (Tchobanoglous et al., 2003)
(WWTP1), (ii) a WWTP for nitrogen removal (WWTP2, the so-called mod-
ified Ludzack Ettinger, MLE) which is also a popular benchmark WWTP
(Gernaey et al., 2014), and (i) a WWTP for biological nitrogen and phos-
phorus removal, namely the modified University of Cape Town (MUCT)
system(Tchobanoglous et al., 2003) (WWTP3). In all cases, each flow is

considered a feasible candidate for sensor placement.

2.2. Sensor placement as a multi-objective optimization problem
Problem description. The sensor placement problem consists of finding sensor

layouts which are optimal in terms of cost, observability, and redundancy. A
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variable is structurally observable when (i) a measurement of this variable is
available or (i) a unique value for the variable can be computed by means of
a set of balance equations and other measurements. A sensor is considered
structurally redundant if the measured variable remains observable when the
considered sensor is removed. For optimization purposes, a sensor layout
is described by means of binary decision variables, x;, which represent the
absence (0) or presence (1) of a sensor for flow j. Given values for all flows,
x, one can compute which variables are observable and which of the placed
sensors are redundant. Practically, y; indicates whether flow j is observable
(1) or not (0). Similarly, z; indicates whether flow j is equipped with a
redundant sensor (1) or not (0). The set of feasible sensor layouts consists of
all considered vectors « and is further referred to as the root set. All symbols
used in what follows are given in Table 1.

For the purpose of optimization, the cost, observability, and redundancy

objectives are:
fo(®) = Y w,-z=wl @ (1)
i
fol®) = D wy;—> wy;y;=w,
i i
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with w, ;, w, ;, and w,; non-negative weights. The optimization problem
consists of finding vectors @ which minimize fo(x), fo(x), and fr(x). With-
out loss of generality, all results are obtained with the weights set equal to

one:

vj€{172"">nj} : {wx(j):1/\wy(j):1/\wz(j):1} (4)



Nature of the problem. The optimization problem described above is an inte-

ger program. Despite this complexity, the following rules are easily verified:

Va,b:xz, <xy = fo(xa) < fo(x) (5)
Va,b:xz, <xy, = fo(xa) > fo(xs) (6)
Va, bz, <xpy = fr(xa) > fr(Ts) (7)

Equations (5)-(7) are used below to prove the lower bounds.

2.3. Labeling observable variables and redundant sensors

To evaluate y and z, graph-based labeling procedures are used. The
graphs (Deo, 2004) for the studied WWTPs are given in Fig. 1b/d/f. Edges
correspond to flows in the WWTP. Cycles and components are critical con-
cepts for our method. A cycle is defined here as a non-empty combination of
edges in a graph which enables to connect a given node to itself by traversing
one or more edges of the graph in any direction and without repetition. A
component or connected component is a subgraph (Deo, 2004) within which
each pair of nodes can be connected by traversing the edges of the graph.

Labeling is executed as follows. First, label all edges with measurements
as observable and remove them from the graph. In the reduced graph, label
the edges which are not on a cycle as observable. Label all other edges
as unobservable. For redundancy labeling, identify all components of the
reduced graph. For each of the removed edges, evaluate whether the start
and end node are in different components and label the measurement as
redundant when so. All remaining measurements are non-redundant. For
proofs we refer to the existing literature (Stanley and Mah, 1981; Kretsovalis

and Mah, 1988a,b).



2.4. Optimization

Optimization is executed by multi-objective branch-and-bound optimiza-
tion in a breadth-first manner (Nemhauser and Wolsey, 1988; Ehrgott and
Gandibleux, 2002). This is a deterministic algorithm for nonlinear global op-
timization as explained in the Supplementary Information (S.1.). The neces-
sary bounds are given in the next section. The specific Matlab-based software
needed to reproduce our results is published under the GPL v3 license and is
added in the S.I. All computations were executed with Matlab R2014b (64-
bit, win64) on a Lenovo ThinkPad X240 (Applied CPU: 1.40 GHz, Available
RAM: 4.00 GB).

2.5. Bounds

At every branch-and-bound iteration, one evaluates the bounds to the
objectives for a set of sensor layouts, X. Each set consists of layouts for
which some, none, or all values x; are the same. For a remaining set of
flows, the value for z; can be 0 or 1. Consider two extremal sensor layouts
within the set. The first of these layouts, zx, is the solution corresponding
to placing sensors only in the locations for which every sensor layout within

the set includes a sensor:

' 1 ifVeeX xz(j)=1
xx(j) = (8)
0 otherwise

The second extremal sensor layout, Ty, is obtained by placing a sensor in

every location for which at least one sensor layout in the set includes a sensor:

o 1 ifdJzeX z())=1
wx(]) = (9)
0 otherwise



2.5.1. Upper bounds

In this study, upper bounds are obtained for the Zy solution:

fo=fo@x) = w) Tx (10)
fo=fo@x) = w, (1-yy) (11)
fr=Ir@x) = w! -(1-Zx) (12)

The values for ¥, and Zy are determined with the provided labeling proce-
dures. These are valid upper bounds since the computed objective values are

simultaneously attained with a single solution () in the considered set.

2.5.2. Lower bounds
The lower bounds are obtained as follows. The lowest value of the cost

within a set is obtained for the xx solution. Based on Eq. 5 one obtains:
Vee X :zxy <x= fc=folxx) < folz) (13)

The lowest value of the observability function within a set is obtained for the

Zy solution. This follows from Eq. 6:
Vee X {Zx >z =7y >y = fo=fo@Tx) < folx)} (14)

The lowest value of the redundancy objective within a set is obtained for the

Zy solution. This follows from Eq. 7:

Ve e X : {Tx >x=2Zx > 2= fr= [r(®Tx) < fr(x)} (15)

3. Results

The basic methodological concepts are demonstrated first by means of

WWTP1. Afterwards, the results for WWTP2 and WWTP3 are discussed.
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3.1. WWTP1

3.1.1. Sensor layout examples

Each of the seven flows in Fig. 1(a) is given as an edge in Fig. 1(b). The
nodes a, b, ¢, and d correspond to physical locations. A fifth node, e, is the
environmental node which represents the system boundary. This makes it a
mathematically consistent graph, i.e. there are no loose ends.

To demonstrate the labelling procedures, consider that F1 and F6 are
measured (layout A). Flows F1 and F6 are then removed for observability
labeling (Fig. 2, top-left). Edges not lying on any cycle correspond to ob-
servable flows (F2, F3). All other flows are on cycles and thus unobservable
(F4, F5, F7). The resulting graph consists of a single component so that
all sensors are non-redundant. The situation changes when a flow sensor is
added for the excess sludge flow (F7, layout B). Now there are no cycles
(Fig. 2, top-right). Therefore, all flows are observable. Once more, a single-
component graph results and the sensors remain non-redundant. Another
sensor is now placed at the exit of the reactor (F'3, layout C). All flows re-
main observable (Fig. 2, bottom-left). Two graph components result after
removal of measured flows. The start and end nodes of edges 1, 3, and 6
correspond to different components, so F1, F3, and F6 are redundant. This
is because these flow measurements are tied through a balance equation. In
contrast, edge 7 has start and end nodes on the same component of the graph.
Equivalently, no balance equation without unmeasured flows and including
the F7 measurement exists. Therefore, F7 is non-redundant. Adding another
sensor for the WWTP effluent (F4, layout D) makes all sensors redundant

(Fig. 2, bottom-right). These results are summarized in Table 2.



3.1.2. Pareto-optimal sensor layouts

Deterministic optimization is now used to evaluate the Pareto optimal
sensor layouts. The complete set of feasible solutions consists of 27 = 128
solutions. Ten distinct Pareto-optimal combinations for the objectives are
shown in Fig. 3 with bubble sizes reflecting the number of layouts for each
combination. These combinations and all individual solutions are listed in
S.I. (Table S.1, Table S.2). Layouts A, B, and D discussed above are part
of the Pareto front. Layout C is not part of this Pareto front. A total of
70 layouts lie on the Pareto front. Of these layouts, 37 layouts exhibit no
redundant sensors (layouts 1-37), 38 layouts render all variables observable
and all sensors redundant (layouts 43-70), and five layouts exhibit some re-
dundant sensors while not all variables are observable (layouts 38-42). Note
that these 5 layouts cannot be obtained through conventional optimization
methods since these methods (e.g., Ali and Narasimhan, 1998) add sensors
first until all variables are observable and proceed to increase the number of
redundant sensors only after this is achieved. The Pareto front contains the
layout without any sensors as a trivial solution (layout 1) and 23 layouts with
three non-redundant sensors making all variables observable (layout 14-37).
Four sensors are sufficient to make all variables observable and all sensors

redundant. Five such layouts exist (layout 43-47).

3.2. WWTP2 (MLE)

3.2.1. Sensor layout examples
Fig. 1(d) shows the graph representation of WWTP2. In Table 3, the
results for a few layouts on the Pareto front are displayed in detail. Layout

A is a layout with measurements for F3, F8, F10, and F11. In this case, eight
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flows are observable and none of the sensors is redundant. F6, F7, and F9
remain unobservable. Adding a sensor for F9 makes all flow rates observable
(layout B). None of the sensors is redundant. Adding another sensor in F6
makes all placed sensors redundant (layout C). Layout D is a layout where
all sensors are redundant but not all variables observable. Sensors are placed
in F1, F4, F8, F10, and F11. F6, F7, and F9 remain unobservable as is the
case for layout A.

A typical plant may already have sensors for the influent flow (F1) and
flows equipped with pumps (F8-11). This makes all flows observable based on
the labeling procedures discussed above. This is typical and means that all
flows are observable in most WWTPs. In this case, at least two more sensors
(seven sensors in total) are necessary to make all sensors redundant if the
already installed sensors are kept in their positions. However, layout C has
only six sensors while all flows are observable and all sensors are redundant.
There are no minimal sensor layouts with all sensors redundant which include
sensors for F1 and F8-11 simultaneously. The Pareto optimal set of sensor
layouts thus depends on previously installed sensors. This can be taken into
account easily by setting the corresponding cost weights (w, ;) to zero. This

is however not studied in detail.

3.2.2. Pareto-oplimal sensor layouls

In the WWTP2 (MLE) case, there are eleven distinct flows for which a
sensor can be placed. This leads to a total of 2! = 2048 feasible sensor
layouts. The resulting Pareto front consists of 609 layouts in 15 unique
objective combinations (Fig. 4). All combinations and solutions are given in

the S.I. (Table S.3, Table S.4). Six combinations represent the 383 solutions
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without any redundant sensors (layout 1-383). Five sensors are sufficient to
make all flow rates observable. There exist 209 such layouts (layout 175-
383). With one to four sensors, one obtains at most one, three, six, and
eight observable flow rates (layouts 2-174). Placing six sensors is sufficient
to make all flow rates observable while also making all sensors redundant.
Interestingly, there exist only seven such layouts (layout 402-408). Beyond
six installed sensors, each additional sensor placement will increase the cost
and the number of redundant sensors with one unit (201 layouts, layout 409-
609). There are 18 sensor layouts for which not all flow rates are observable
while all installed sensors are redundant (layout 384-401). The number of
observable variables is three, six, and eight for three, four, and five installed

Sensors.

3.3. WWTP3 (MUCT)
3.83.1. Sensor layout examples

Fig. 1(f) shows the graph representation of WWTP3. Table 4 lists four
layouts on the Pareto front. The first (layout A) consists of four sensors
placed in the excess sludge flow and the recycle flows (F'9-12). Five flows
are observable and there is no redundancy. Adding a sensor for F4 (anoxic
reactor outlet) makes all variables observable (layout B). Adding another
sensor for F7 (effluent) makes all sensors redundant (layout C). Layout D
involves a flow sensor in the influent (F1), the anoxic reactor outlet (F4),
and the recycle flows (F10-12). Nine flow rates are observable and all sensors
are redundant. Note that adding a sensor for F4 might be unrealistic for
many plants as F4 typically exists between two tank zones separated with a

baffle. To account for this, one can set the corresponding value for x to zero
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in the root solution set or one can set the corresponding cost weight (w, ;)

to infinity. The effect of such changes is however not studied in detail.

3.3.2. Pareto-optimal sensor layouts

WWTP3 exhibits twelve distinct flows leading to 2'2 = 4048 feasible lay-
outs. The Pareto front in Fig. 5 contains 1154 of these. Sixteen unique points
exist on this front and are described in detail in S.I. (Table S.5, Table S.6).
Six of the points represent 577 solutions without redundancy (layout 1-577).
These include the trivial solution without any sensors (layout 1) and 336
layouts with five sensors which make all flows observable (layout 242-577).
Adding sensors delivers layouts with additional redundant sensors (layouts
609-1154). Interestingly, only ten layouts exist with six sensors for which
all variables are observable and all sensors are redundant. The Pareto front
also contains 31 layouts for which all sensors are redundant while not all flow

rates are observable (layout 578-608).

4. Discussion

In what follows, the main benefits of the applied optimization method as
demonstrated above are given, followed by more general observations regard-
ing the solved sensor placement problem and a few considerations regarding

future work.

4.1. Benefits of the optimization method

In this study, Pareto optimal flow sensor layouts are found by means of

a deterministic optimization scheme combined with graph-based evaluation
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of structural observability and redundancy. These are the most important

benefits of this method:

e Using structural objectives for optimization means that sensor layout
optimization (i) can be executed for any plant as well as at the design
stage of a new plant, (i) does not require information regarding the
performance of candidate sensors, and (7ii) does not require collecting
measurements prior to optimization. This is the most important benefit

of the method.

e The provided Pareto front solutions are guaranteed to be globally op-
timal thanks to bounds on the objectives developed specifically for this
work. At the same time, the time needed to compute the Pareto front
was less than 20 minutes for all studied cases. This indicates that
automated screening of candidate sensor layouts on the basis of struc-
tural criteria is possible with conventionally available computational

resources.

e All Pareto-optimal sensor layouts can be found by the proposed method,
including sensor layouts with redundant sensors that do not make all
flows observable. This is not guaranteed by conventional sequential op-
timization of observability and redundancy criteria. This of particular
interest when only a few flows should be estimated with high accuracy

and reliability while other flows are not of interest at all.

4.2. General observations

Based on the three case studies, the following observations can be made:
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e Although the number of Pareto-optimal layouts tends to be large (e.g.,
1154 for MUCT), the fraction of optimal layouts among all feasible
layouts is reduced considerably (28.2% and 29.7% for the realistic MLE
and MUCT plants). Most likely, the resulting Pareto front is most
valuable to assist the end-user with further elucidation of sensor layout

preferences.

e Increasing the complexity of a WWTP configuration, particularly by
increasing the number of flows, leads to a smaller fraction of feasible
sensor layouts lying on the Pareto front. This is thought to be due to

an increased presence of recycle flows.

e For the MLE and MUCT plants, installing five sensors is sufficient to
achieve observability for all lows without any redundant sensors while
installing six sensors is sufficient to achieve the same observability with
this time with all sensors redundant. This shows that the additional
investments to move from complete observability to complete observ-

ability and redundancy are small in many WWTPs.

e All flows were considered feasible sensor locations. However, some of
the computed solutions require that a sensor is placed at the inlet
of a reactor tank or at the inlet of the settler, which is not always
feasible. Our method however allows accounting for this by setting the
corresponding weights (w, ;) to infinity or by redefining the root set
so it does not contain infeasible sensor layouts prior to optimization.
Similarly, already installed sensors or legally required instruments can

be included automatically by redefining the root set so it contains only
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sensor layouts which include these sensors. Importantly, the physical
configuration of a WWTP and existing sensor placements can restrict
the possibilities for sensor layout optimization. Plant design and sensor

layout optimization is thus best considered simultaneously.

4.8. Outlook

The following enhancements are considered for future work:

e The inclusion of isolability criteria is considered valuable if one aims
not only to facilitate data reconciliation ( What is the best estimate?)
and fault detection (Is there a fault?) but also to automatically exe-
cute fault isolation ( Which sensor signal(s) cause the detection?), and
(iv) improve diagnosis performance (What is the root cause?). Un-
fortunately, there is no algorithm yet for isolability labelling based on
topological graphs as used in this work. Note however that an alterna-
tive approach based on a bipartite graph is available (Raghuraj et al.,
1999).

e The addition of practical criteria for observability (Waldraff et al., 1998;
Chmielewski et al., 2002) or redundancy (Ali and Narasimhan, 1998)
will enable further refinement of the Pareto front. This however requires

that detailed information about the candidate sensors is available.

5. Conclusions

In this study, a systematic search for optimal sensor layouts is solved as
a deterministic multi-objective optimization problem involving cost, observ-

ability and redundancy objectives. The general applicability of the developed
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method is demonstrated by means of three popular wastewater treatment
plant configurations. Our results indicate that the additional investments to
move from complete observability to complete observability and redundancy
requires only one additional flow sensor in the studied configurations. Finally
and most importantly, the applied optimization method is fast and is applica-
ble for any plant configuration without prior data collection or specification

of sensor characteristics .
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(a)

Aerobic

6 Sludge return line 7

(c) 8 Carbon dosage
3

Anoxic Aerobic
1 2 4

1

11 Aerobic recycle

Settler

10 Sludge return line 9

(e)

12 Anoxic recycle

Anoxic Aerobic
4

1 2 5

|

11 Aerobic recycle

10 Sludge return line

Figure 1: Schemes and graph representations of the studied plant layouts. WWTP1:
(a) scheme, (b) graph. WWTP2 (MLE): (¢) scheme, (d) graph. WWTP3 (MUCT): (e)
scheme, (f) graph.
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Layout A Layout B

F

F5

Layout C Layout D :

F4
0,00 =
F5 F

Figure 2: WWTP1. Modified graphs for four sensor layouts. Removed edges are dashed

4
5
5

and grey. Layout A: observable: F2, F3, redundant: none. Layout B: observable: all,
redundant: none. Layout C: observable: all, redundant: F1, F3, F6. Layout D: observable:

all, redundant: all installed sensors.
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4 redundant (7 — fr)

# sensors (f¢) 0 7 6
# observable (7 — fg)

Figure 3: WWTP1. Visualization of the Pareto front. The size of the bubbles reflects
the number of layouts in each point on the Pareto front. The ideal solution is indicated
with dashed lines. Black: trivial sensor layout without any sensor. Blue: 23 layouts,
observable: all, redundant: none. Green: five layouts, observable: some, redundant:
some. Orange: five sensor layouts, cost: minimal, observable: all, redundant: all. Red: 33
layouts, observable: all, redundant: all. White: 13 layouts, observable: some, redundant:

none.
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# observable (11 — fg)

Figure 4: WWTP2 (MLE). Visualization of the Pareto front. The size of the bubbles
reflects the number of layouts in each point on the Pareto front. The ideal solution
is indicated with dashed lines. Black: trivial sensor layout without any sensor. Blue:
209 layouts, observable: all, redundant: none. Green: 18 layouts, observable: some,
redundant: some. Orange: seven sensor layouts, cost: minimal, observable: all, redundant:
all. Red: 201 layouts, observable: all, redundant: all. White: 173 layouts, observable:

some, redundant: none.
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# redundant (12 — fr)
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Figure 5: WWTP3 (MUCT). Visualization of the Pareto front. The size of the bubbles
reflects the number of layouts in each point on the Pareto front. The ideal solution
is indicated with dashed lines. Black: trivial sensor layout without any sensor. Blue:
336 layouts, observable: all, redundant: none. Green: 31 layouts, observable: some,
redundant: all. Orange: ten sensor layouts, cost: minimal, observable: all, redundant: all.
Red: 536 layouts, observable: all, redundant: all, White: 240 layouts, observable: some,

redundant: none.
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Symbol Description

Ji Flow index
fo(x) Cost objective
fo(x) Observability objective
fr(x) Redundancy objective
n; Number of flows
w,(7), Wo,, Weight for flow j
x(j), z; Presence of a sensor for flow j
y(7), y; Observability of flow j
z(j), z;  Presence of a redundant sensor in flow j
ox, Ox Lower /upper bound over the set X
X Set of vectors z

Table 1: List of mathematical symbols.
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Table 2: WWTP1. Observability and redundancy labelling for example layouts. Note that

absence of a sensor (z; = 0) logically implies the absence of a redundant sensor (z; = 0).

Flow | Layout A | Layout B | Layout C | Layout D
j X yV 7z |X Yy 7 |X
1 1 1 1 1 1
2 1 1
3 1 1 1
4 1
5 1
6 1 1 1 1 1
7 11 1
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Table 3: WWTP2 (LME). Observability and redundancy labelling for example layouts.

Note that absence of a sensor (z; = 0) logically implies the absence of a redundant sensor

(Zj = O)

Flow | Layout A | Layout B | Layout C | Layout D

J y z |X y z
1 1 11 1
2 1 1
3 1 100 1
4 1 11 1
5 1 1
6 11

7 1

8 1 11 1 1
9 11

10 1 1]1 1 1
11 1 11 1 1
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Table 4: WWTP3 (MUCT). Observability and redundancy labelling for example layouts.
Note that absence of a sensor (z; = 0) logically implies the absence of a redundant sensor

(Zj = 0)

Flow | Layout A | Layout B | Layout C | Layout D

1 1 1 1
2 1 1
3 1 1
4 1 11 1 1
5 1 1
6 1 1
7 1 1
8 1
9 |1 1 1 1 1
10 |1 1 11 1|1 1 1
11 |1 1 11 1|1 1 1
12 11 1 1 1 1|1 1 1
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S. Supplementary Information

S.1. Software

All software necessary to reproduce the results presented in this work
is available as the self-sufficient SOAR package for Matlab or Octave. Tt
is published under the GPL v3 open-source license and constitutes the S.I.

together with this text.

S.2. Basics of the branch-and-bound algorithm

The following paragraphs explain the basic elements of the branch-and-
bound algorithm for globally optimal deterministic multi-objective optimiza-

tion.

S.2.1. Branching

By means of branching, one can enumerate all feasible layouts in an it-
erative and efficient manner. As before, consider that the decision variables
are given as z;. The length of the vector, n;, corresponds to the maximal
number of installed sensors. Finding optimal sensor layouts thus represents
a combinatorial optimization problem. The complete set of sensor layouts
consists of 2 layouts. Enumeration of all sensor layouts is executed as fol-
lows. First, consider the first decision variable, x;. Consider that it has the

value 0, leading to the creation of a subset of 2% ~1

sensor layouts. Now
consider that this decision variable has the value 1, leading to a complemen-
tary subset also consisting of 2%~ The original set of feasible solutions
is thus split into two non-overlapping sets of sensor layouts. This process

is called branching and is depicted graphically in Fig. S.1. Quite logically,

one can now continue branching by considering the second decision variable.
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Each of the earlier sets, can be split into two non-overlapping sets containing
27~2 gensor layouts. Within each of the four subsets, the first two decision
variables are constant. At every step of the branching algorithm, each set
which has not be branched from yet is called a leaf set or leaf. Other sets,
which have been branched into subsets already, are called branches. The
complete structure of branches and leaves is called the solution tree or tree.
The original complete solution set at the top of the tree is called the root set
or root. Without further modifications, the branching process will continue
to branch until each leaf set contains one sensor layout only. Consequently,
one enumerates all solutions and the computational time required to find the
optimal solutions increases exponentially with the number of decision vari-
ables. The following two processes, bounding and fathoming, are aimed at

reducing this computational complexity.

S.2.2. Bounding
For each newly generated leaf, one computes lower and upper bounds
to the objective functions. These are defined as follows (for minimization

problems as studied here):

e An upper bound to an objective function is a value for this objective
function which can be attained by at least one solution within the

considered set (leaf).

e A lower bound to an objective function is a value for this objective
function which is guaranteed to be equal to or lower than all values for

this objective function for all solutions within the considered set (leaf).
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Root
(all 2" sensor layouts)

o
j=1 Xlz‘(/ \stl

Sensor layout Sensor layout
1to2m! 2"141 to 2"
7~ -
j=2 xzi(/ \x‘fl xzi(/ \2:1
Sensor layout Sensor layout Sensor layout Sensor layout
1 — 2n-2 2n—2+1 I 2n-1 2n—1+2n-2+1 — 2n 2n-1+1 I 2n-1+2n-2

/\ /\ /\ /\
j=3 x3=0/ \x3=1 x3=0/ \x3=1 x3=0/ \x3=1 x3=(y \x3=1

Layout Layout Layout Layout Layout i Layout Layout Layout
1 2 3 4 Pkl k n-1 n

Figure S.1: Graphical representation of the branching procedure. At the top one finds
the root set including all sensor layouts. Every solution set at level j — 1 is split into sets

without (z; = 0) and with (z; = 1) a sensor placed in flow j.

For multi-objective optimization, the definition of the upper bound needs to

be modified as follows:

e The upper bounds to a set of competing objective functions is a set
of values for these objective functions which can be simultaneously

attained by at least one solution within the considered set (leaf).

The lower bounds for a multi-objective optimization remain the same, i.e.,

simultaneous attainment of the lower bound values is not necessary. The
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computed bounds used in this study are explained in the main text.

S.2.3. Fathoming

At any branching step, consider two leaf sets A and B. If it holds that all
upper bounds computed for set A are lower than the lower bounds computed
for set B, then set B cannot contain any Pareto-optimal solution. Indeed,
all solutions within set B are guaranteed to be dominated by at least one
solution in the set A. Practically, this means that further exploration of the
branches stemming from set B can be halted. Set B is said to be fathomed
and is also called a dead leaf. Leaf sets are not fathomed are called live
leafs. Logically, the fathoming process can lead to substantial reductions in

required computational time.
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S.3. Additional results for WWTP1.

Table S.1: WWTP1. Overview of the Pareto front.

Pareto point # sensors # obs. # red. # layouts layouts

1 0 0 0 1 1

2 1 2 0 2 2-3

3 2 4 0 10 4-13
4 3 7 0 24 14 - 37
5t 2 2 2 1 38

6 3 4 3 4 39 — 42
7 4 7 4 5 43 — 47
8 3 7 d 15 48 — 62
9 6 7 6 7 63 — 69
10 7 7 7 1 70
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Table S.2: WWTP1. List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7
0000 0 0O
001 0 0 0 O
01 00 0 0 O

# red.

# sensors 7+ obs.

Layout

0

1 0 0
001 0 0 1 0
001 01 00

0 0 0 1

0
0

110 0 0
01 00 0 1 0

0

010 0 1 00
01 01 0 00
10 00 0 1 0
101 0 0 0 O

1

10
11
12

0

1 00 0 0 0

13
14
15

1
1
0
1

001 01 01

0 00 1 01

0
1

1
1
0 01 0 0 1

0 0 0 1

0 0 0 1

16
17
18
19
20
21

0
0
0

0

1
1 0 0 1

0 01 01

0 1
0 1
01 0 0 0 1

1 0 1 0

1

01 001 01

22

23
24
25

0

1
01 01 0 01

01 0 0 1

01 01 0 10

26
27
28
29
30
31

1

10 0 0 0 1
10 0 0 1 01

0

1
1 00 1 0 1 0

1 0 0 0 1

1 0 0
1 01 0 0 01

1 0 0 1

0

Continued on next page

32
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WWTPI. List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7

# obs. # red.

# sensors

Layout

1 01 01 0O

0

33
34

35

1 0 0 0

1
1 00 0 0 1

0

1
1
1
0

10 01 00

36

1 01 0 0 0

1

37
38
39
40

10 0 0 0

1 0 0
1 01 0 0 1 O

01 0 1
1

3

41

100 0 1 0

42

43

1
0

01 01 01

44
45

1 1
1 01 01 01

1 0 0 1
1

4

46

1 0 01 01

47
48

1

1

01 0 1

49

20
o1

1
1

1

1 0 0 1
1 01 01

02

1

5

33
o4
)

26
o7
o8
29
60
61

1
1

1 0 0 1 1
1 01 01

1
1

1101 01
1 1

1

1 0 01

62

63
64

65

Continued on next page

5.7



WWTPI. List of Pareto-optimal solutions.

Layout # sensors # obs. # red. Flow
12 3 4 5 6 7
66 6 7 6 1 11 0 1 1 1
67 6 7 6 1 1 11 0 1 1
68 6 7 6 1 11 1 1 0 1
69 6 7 6 1 1 11 1 10
70 7 7 7 1 11 1 1 1 1

In Fig. S.2, the progress of the branch-and-bound algorithm is shown
by indicating the live leaf nodes as grey bars at every iteration. With each
iteration of the algorithm (bottom to top of the figure), live leaf nodes are
split into new boxes of equal size. Until the 70™ branching step, none of the
resulting leaf nodes can be fathomed. The first fathoming, i.e. deletion of
branches from the solution tree, occurs at the 70'" branching step. This is
visualized by not showing the deleted set, thus creating whitespace in the
figure. At this stage of the algorithm, none of the live leaf nodes contain
more than two solutions. As such, the performance of the branch-and-bound

algorithm remains relatively close to a complete enumeration in this case.
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120
112
104 4
96 4
88 4
80 1
72 4
64
56
48
40
32
24
16
8
=
0 16 32 48 64 80 96 112
Sensor layout index

[teration

Figure S.2: WWTP1. Visualization of the branch-and-bound algorithm. All live leaf
nodes are indicated by means of gray boxes spanning the layouts included within the
corresponding sets. Fathomed sets appear as whitespace in the graph. The first fathoming

of a set occurs at the 70*" branching step.
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S.4. Additional results for WWTP2 (MLE).

Table S.3: WWTP2 (LME). Overview of the Pareto front.

Pareto point # sensors # obs. # red. # layouts layouts
1 0 0 0 1 1
2 1 1 0 11 2-12
3 2 3 0 21 13 - 33
4 3 6 0 16 34 — 49
5 4 8 0 125 50 — 174
6 5 11 0 209 175 — 383
7 3 3 3 7 384 — 390
8 4 6 4 3 391 — 393
9 5 8 5 8 394 — 401
10 6 11 6 7 402 — 408
11 7 11 7 57 409 — 465
12 8 11 8 86 466 — 551
13 9 11 9 46 552 — 597
14 10 11 10 11 598 — 608
15 11 11 11 1 609
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Table S.4: WWTP2 (LME). List of Pareto-optimal solu-

tions.

Flow
1 2 3 4 5 6 7 8 9 10 11

000 00 0 O0O0O0
000 00 00 00
000 00 O0O0O0O0
000 00 00 01
000 00 O0O0OT1FPO0

# red.

7 sensors 7 obs.

Layout

0
1
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
1
0
0

00 00O0O0OT1O0TO0 O
000 00 1O0O00O0
000 01 0000
0 001 0 0O0O00O0
001 00 0000
010 00 0O0 OO0

0
0
0
0
0
0
1
1
0

0

10
11
12

10 00 0 0 0 0O
000 0 0 O0O0 01
000 000100
000 000101

13
14
15

0 0

1

000 01 00 00
0 00 01 0010
000 01 01 00

0 00 0 01
0 0 0 0 1

16
17
18
19
20
21

1
0
0
0
1
0
0
1
0
0
1
0
0
0

0
0
0
0
0
0
0
0
0
0
0
1
0
0

1 0 0 0

0 001 0 0000
0 001 00010

0 0 0 1

22

1 0 0 0 0

23
24
25

001 00 00 O00
001 00 0O0 1020

0
0

10 00 0 0

1
01000 0O0 OO0

010 00 00 O00O0
01 000 O0O0T1FP0
010 01 0000

0
Continued on next page

26
27
28
29
30
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WWTP2 (LME). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11

# red.

# sensors 7+ obs.

Layout

0
0
0
1
1
0
1
1
0
1
0
1
1
1
0
0
0
0
0
0

0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

1 0 0 0 0 0 O

1
1000 00 O0O0O0

0
1

31

32

1 00 00 O0O0 O

33
34

35

000 01 0010
0001 00010

0 0 0 1

1 0 0 1 0

36
37
38
39
40

001 00 0O0 10
001 01 00 00
001 010010

0
0
0

1 0 00 00

1

1

1
01 000 O0O0 1020

010 01 00 00
01 01 0 0000
0101 00010

01 0 1

0
0

10 0 0 O

41

42

43

44
45

1 0 0 0 0

46

100 0 0 1 0
1 01 0 0 0 0

1

0 1
1
1
000 001 01

0
0

47
48

10 00 0 0

49

1

20
o1

1
1
1

1

1

1
000 01 00120

0 00 0 01

0 00 0 01

02

0 00 0 01

23
o4
)

1
0

1
1
0
1
0
0
1

1
0
0
1

000 01 001

000 01 011
000 01 011
000 01 011
0 0001 1T 010
000 01 1010
0 00 011

0001 00010

26
o7
o8
29
60
61

1
0

0

1

1
0

62

0

0001 0011

Continued on next page

63
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WWTP2 (LME). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11

# red.

# sensors 7+ obs.

Layout

1

0

0 001 01010

64
65

11
10 0 1 0

0 00 1 01

1

1
001 00 0O0 1020

0 0 0 1

0

1

66
67
68
69
70

1
1 0 1 0

0

0 0 0 1

0
1
0
0

0 0 0 1

1

0
0
0
0
0
0
0
0
0
0
0

1 0
001 001 010

001 00 01

1

71

001 0011 00
001 00111

001 01 0000
001 01 00120
001 010100

72

73

1
0
1

1
1
0
0
0
0
1
0
0

74

75

76

1 0
1 0 0 0
1 01 0

001 01 01
0 01 01
001 01

7
78

1
0
1
1
1

79

10 00 00
1 0 01 00
101 0 00

1
1
1

0
0
0

80
81

82

83
84

895

0
0
0
1
0

1
0
0
1
1
0
1
0
1
0
1
0

10 0 0 O
1 01 00

1

1
1
1

0 1

0 1

1
01 0 00 0O0 10

1 0 0 0

86
87
88
89
90
91

1
0
0
1

01 0 0 0 001

1
1
1

01 0 0 0 01
010 00 01
01 0 0 0 01
01 00 01001
01 0001 O010
01000 1O0T10

0
1
0
0

92

93
94

95

1
0

01 0 0 0 1 01

0

01 00 011

Continued on next page

96
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WWTP2 (LME). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11

# red.

# sensors 7+ obs.

Layout

0
1

0
0

1
1

010 01 00 00
01 00 1 00 01
01001 01 00
01001 01 00
01001 01 01

01 0 0 0 1
01 0 0 0 1
01 0 01
01 0 0 1
0 1 0 01

97
98
99
100
101
102
103

1
0
1
0
0
1
0
0
1
0
1

1
1
0
1
0
0
1
0
1
1
0
0
0
0

1 0 0 0
1 0 0 0
1 0 0 1

104
105
106

0101 00000
01 01 00010
010100100

107
108
109
110
111
112
113

0

1
0101 01000
01 01 01010

01 01 0 01

1
0

010101100
01 01 1 00 00
0101 1 0100
01 0 1 1

10 00 0 1 0

0
0
0
0

1
0
0
1

114
115
116

1 0 0 0

1
1
1
1
1
1

0
0
0
0
0
0

117
118

0

1
10 01 01 0

1 0 0 0 1

0

0

119
120
121

0 0

1
1 01 0 0 0 O
1 01 01 0 0

1
1
1

1 0 0 1
1

0
0
0
0
0
0
1
0

1
0
0
1
0
0
1
1
1

122
123

1 0 0 0

1
1 0 00 00
10 01 00
1 01 0 00

0

0 1
1
1
10 00 00010

0
0

124
125
126

127
128
129

1
0

10 00 0 0 01

10 00 0 0 11

Continued on next page
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WWTP2 (LME). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11

# red.

# sensors 7+ obs.

Layout

0
1
1

1

1

1000 01 001

10 00 0 0 1

130
131
132
133
134
135
136
137
138
139
140
141
142
143

0
0

1000 01 010

0
1

0
0
1

1
1
1

1 0 00 01
10 00 0 1
1 0 00 01
10001 0 O0O0O0
10001 0 001

1
0
1
0
0
0

1
1
0
0
1
0
0
1
0
0
1
0
1
1
0
0
1
0
1
0
0
1
0
0
0

10001 0010

1

10001 01 00
10001 01 01

10 00 1 0 01

1 0
1 0 0 0
1 0 0 1
1 0 1 0

10 001 01
1 0 0 0 1
1 0 0 0 1
1 0 0 0 1

0
0
0
1
1
0
0
0
1
0
1
0
0
1
0
0
1
0

144
145
146

1001 00 O0O0O0
1001 00010
1001 00010

1 0 0 1
1 0 0 1

147
148
149
150
151
152
153

1 0 0 0 0
10 01 0

101000010
1010 0 0010
101 010000
10101 0 O0O0O0
101010010

0
0
0
0
0

154
155
156

10 00 00
1 0 00 00

1

0 1
1
1
100 00 O0T1TO0

0
0

157
158
159
160
161

1 0 0 0 O

1
1
1
1

Continued on next page

1
0

1 0 0 0 0 0 1

1

1 00 0 01
1 00 01 0 01

0

0

162
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WWTP2 (LME). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11

1
1
1
1
1
1
1
1

# red.

# sensors 7+ obs.

Layout

0

0

100 01 O0T1O0

163
164
165
166

1 00
1 001000 O
1001 0 0 01
1 o010 100

1 00 0 1
1 0 0 1

1
0
0
0
1
0
0
0
0
0
1

0
0
0
0
0
0
0
0
0
0
1

167
168
169
170
171
172
173

1 0 0 0

1 010 0 0 0 O
101 0 0010

10 0 0 O

1
100 0 0 1 0

1 01 0 0 0 O

0
1

1 1
1 1
1
000 00101

1 0 00 00

174
175
176

1

11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

1
1

1
1

000 01 001

000 0 01

0 00 0 01

177
178
179
180
181
182
183

1

1
1
0
1

1
0
1

000 01011
000 01 011

0 00 01 1T 010
000 0 11

000 1 00 01

1

0

1

1
1
0
1
0
1

1
0
1

1
1

000 1 0 01
0 001 001
0001 01010

184
185
186

1
1
0

1
1

0001 0101

187
188
189
190
191
192
193

0001 0 1 01

1
1

1
1
1 0 0 1
1
1

1
1

0 00 1 01

000 1 01

0 0 0 1

0

1

1

1

0
0

0 0 0 1

0 0 0 1

1

1 01 0

1

0 0 0 1

194
195

0

0 0 0 1

Continued on next page
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WWTP2 (LME). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11

# red.

# sensors 7+ obs.

Layout

1

1
1
0
1
1
0
1

1
0
1

001 00 001

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

11
11
11
11
11
11
11
11
11
11
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WWTP2 (LME). List of Pareto-optimal solutions.
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WWTP2 (LME). List of Pareto-optimal solutions.
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1 2 3 4 5 6 7 8 9 10 11
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WWTP2 (LME). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11
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WWTP2 (LME). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11

# red.

# sensors 7+ obs.
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WWTP2 (LME). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11
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# sensors 7+ obs.
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WWTP2 (LME). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11
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# sensors 7+ obs.

Layout

1

1

0 01 0 0 1
01 00 0 1 01

5

394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423

0

1

1

1
1

1
1001 00010

1 0 00 01
10 001 01

0
1
1
0
1
1
0
0

1

1
0
0
1
0

10 0 0 O

1

1
1 0 0 1

0

1 0 0 1

1

1
1 01 0 01

001 001 01

6

11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

1

1
10 01 0 0 1

1 01 01

0

1

1
1 0 0 1

1

6

0
1

0
0

1 01 01

1

1
101 01 0 01

0

1

1
1

1

001 0 01
0 01 01 01

7
7
7

1

1

0

1
1 01 0 1

001 01

1

1

1

0

1
1
1
1
1
1

1
1
1

01 01 0 011
01 01 01 01
1 0 0 1

1

1 0 01 01

1
1
1
1

0

1
1

1
1 01 0 01

0

1
1

0
0

1

1 01 01

0
0

1
1
1
1

1 01 01
1

1
1
1001 0 01

1

1 0 0 1

1
1

1

1001 0 1 01

1

424
425
426

1
1

1
1

1 00 1 01

1 0 01 0 1

Continued on next page

5.23



WWTP2 (LME). List of Pareto-optimal solutions.
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WWTP2 (LME). List of Pareto-optimal solutions.
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WWTP2 (LME). List of Pareto-optimal solutions.
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WWTP2 (LME). List of Pareto-optimal solutions.
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WWTP2 (LME). List of Pareto-optimal solutions.

Flow
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WWTP2 (LME). List of Pareto-optimal solutions.

Layout # sensors # obs. # red. Flow

12 3 45 6 7 8 9 10 11
592 9 11 9 1 1111 1 01 1 1 0
593 9 11 9 1 1111 1 100 1 1
594 9 11 9 1 111 1 1 1 0 1 0 1
595 9 11 9 1 11111 101 1 0
596 9 11 9 1 111 1 1 1 1 0 1 0
597 9 11 9 1 11111 1 11 0 O
598 10 11 10 o111 11111 1 1
599 10 11 10 1 0111 1 111 1 1
600 10 11 10 110 1 1 1 1 1 1 1 1
601 10 11 10 1 1101 1 1 11 1 1
602 10 11 10 1 1110 1 1 1 1 1 1
603 10 11 10 1 11110111 1 1
604 10 11 10 1111 1 1 01 1 1 1
605 10 11 10 1 1111 1 101 1 1
606 10 11 10 1 111 1 1 1 10 1 1
607 10 11 10 1 1111 1 111 0 1
608 10 11 10 1111 11 1 1 1 1 0
609 11 11 11 11111 1111 1 1

The Pareto front shown in Fig. 4 was completed after 1922 iterations of
the branch-and-bound algorithm. The evolution of the live leaf sets during
the Pareto search is shown in Fig. S.3. As for WWTP1, fathoming only
results after all live leafs contain at most two solutions. However, the algo-
rithm effectively avoids the execution of the labeling algorithm for 125 sensor

layouts (out of 2048).
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Figure S.3: WWTP2 (MLE). Visualization of the branch-and-bound algorithm. All live
leaf nodes are indicated by means of boxes spanning the layouts included within the

corresponding sets.
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S.5. Additional results for WWTP3 (MUCT).

Table S.5: WWTP3 (MUCT). Overview of the Pareto front.

Pareto point # sensors # obs. # red. # layouts layouts
1 0 0 0 1 1
2 1 1 0 12 2-13
3 2 3 0 30 14 — 43
4 3 6 0 48 44 - 91
5 4 9 0 150 92 — 241
6 5 12 0 336 242 - 577
7 3 3 3 10 578 — 587
8 4 6 4 9 588 — 596
9 5t 9 5 12 597 — 608
10 6 12 6 10 609 — 618
11 7 12 7 101 619 — 719
12 8 12 8 206 720 — 925
13 9 12 9 156 926 — 1081
14 10 12 10 60 1082 - 1141
15 11 12 11 12 1142 - 1153
16 12 12 12 1 1154
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Table S.6: WWTP3 (MUCT). List of Pareto-optimal so-

lutions.

Flow
1 2 3 4 5 6 7 8 9 10 11

# red.

7 sensors 7 obs.

Layout

12

0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
1
0

000 00 0 O0O0O0
000 00 00 00
000 00 O0O0O0O0
000 00 00 00
000 00 O0O0 01
000 0O0O0O0OT1TT 0O O0

0
0
0
0
0
0
0
1
1
0
0
0
0
0
1
0

000 00 0100
000 001000
0 00 01 00 00
0001 0 0000

10
11
12

0 01 00 0O0O0O0
010 0 0 0000

0

10 00 00 O0O0O0
000 00 O0O0 01

13
14
15

000 00 O0O0T1FP0

1

0 00 00 01 01

000 00001

16
17
18
19
20
21

0

1

0 00 001000
000 001000
000 001 O0O00
0 00 00 1TO010

000 0001

0
1
0
0

22

1 0 0
000 01 0000
000 01 00 00

0 00 0 01

23
24
25

0
1
0
0
1
0
0

0
0
0
0
0
0
0

1 0 0 0

0 00 1 0 00 00
0001 0 O0O0O00

0 0 0 0 1

26
27
28
29
30

1 0 0 0 0
001 00 0O0O00O0

0 0 0 1
Continued on next page
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WWTP3 (MUCT). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11

# red.

# sensors 7+ obs.

Layout
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1 0 0 1
1 0 0 1
1 0 0 1
1 0 0 1
1 0 0 1

0

974
975
976

0

977
978
979
980
981
982
983

1

1

1

9
9
9
9
9

0
1

1
1
1
1

1 0 0 1

1 01 01
1 01 01
1 01 01
1 01 01

0

1

1
1

1 1
1 01 0 1

1

0
0

984
985
986

1

987
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WWTP3 (MUCT). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11

# red.

# sensors 7+ obs.

Layout

12

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003

1
1

1 0 0 1 1
1 01 01

1
1

1
1

0
0

1

9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9

1004
1005
1006

1

1 00 1 011

1
1
1
1
1
1
1
1
1
1
1

1007
1008
1009
1010
1011

0
1

1
1
1
1

1 0 0 1
1 0 0 1
1 0 0 1
1 0 0 1
1 01 0 01

0

1

1
1
1

1

1 01 01 01

1012

1

1

1013

0
1
1
1

1
1
1
1

1 0 0 1

1 01 0 1
1 01 0 1
1 01 0 1
1 01 0 1

1014
1015

1016

1017
1018
1019
1020

1
1

1
1 01 01

1
1

0
0

1

Continued on next page
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WWTP3 (MUCT). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11

# red.

# sensors 7+ obs.

Layout

12

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9

1021

1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033

1034
1035
1036

1
1

1

1 01 0 01
101 01 01

1
1
1
1
1

1
1
1
1
1

1

1037
1038
1039
1040
1041
1042
1043

0
1
1

1
1
1

1 01 01
1 01 0 1
1 01 01

1044
1045
1046

1047
1048
1049
1050
1051

1
1

1

1 0 0 0 1
1 0 01 01

1
1
1
1
1
1

1
1
1
1
1
1

Continued on next page

1

0
1
1
1

1
1
1

1 0 01
1 0 0 1
1 0 01
1 01 01

1052
1053

0
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WWTP3 (MUCT). List of Pareto-optimal solutions.

Flow
1 2 3 4 5 6 7 8 9 10 11

# red.

# sensors 7+ obs.

Layout

12

1

101 0 1 1

1

1

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
10
10
10
10
10

1054
1055
1056
1057
1058
1059
1060
1061
1062
1063

0
1
1
0
1
1

1
1
1

1 0 0 1
1 0 0 1
1 0 0 1
1 01 01
1 01 01
1 01 01

1
1
1
1
1
1

1
1
1
1
1
1

1
0
1

1064
1065
1066

1067
1068
1069
1070
1071
1072
1073

1074
1075
1076

1077
1078
1079
1080
1081
1082
1083

10
10
10
10

10
Continued on next page

1

1

01 0 1

1084
1085
1086
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WWTP3 (MUCT). List of Pareto-optimal solutions.

Layout # sensors # obs. # red. Flow

1 2 3 4 5 6 7 8 9 10 11 12
1087 10 12 10 o111 11011 1 1 1
1088 10 12 10 011111101 1 1 1
1089 10 12 10 o111 11110 1 1 1
1090 10 12 10 011111111 0 1 1
1091 10 12 10 o111 11111 1 0 1
1092 10 12 10 011111111 1 1 O
1093 10 12 10 100 111 1 11 1 1 1
1094 10 12 10 1 01011 1 11 1 1 1
1095 10 12 10 101101 1 11 1 1 1
1096 10 12 10 1 01110111 1 1 1
1097 10 12 10 101111011 1 1 1
1098 10 12 10 1 01111101 1 1 1
1099 10 12 10 101111110 1 1 1
1100 10 12 10 1 01111111 0 1 1
1101 10 12 10 1011111 11 1 0 1
1102 10 12 10 1 01111111 1 1 0
1103 10 12 10 1100 1 1 1 1 1 1 1 1
1104 10 12 10 1 10101 1 11 1 1 1
1105 10 12 10 1101 10 1 1 1 1 1 1
1106 10 12 10 1 10111011 1 1 1
1107 10 12 10 110111101 1 1 1
1108 10 12 10 1 10111 1 10 1 1 1
1109 10 12 10 110111 1 11 0 1 1
1110 10 12 10 110111 1 11 1 0 1
1111 10 12 10 110 11 1 1 11 1 1 0
1112 10 12 10 1 11010 1 11 1 1 1
1113 10 12 10 111011011 1 1 1
1114 10 12 10 1 11011 101 1 1 1
1115 10 12 10 111011 1 10 1 1 1
1116 10 12 10 1 11011 1 11 0 1 1
1117 10 12 10 111011 1 11 1 1 0
1118 10 12 10 1 11100 1 11 1 1 1
1119 10 12 10 111101 011 1 1 1

Continued on next page
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WWTP3 (MUCT). List of Pareto-optimal solutions.

Layout # sensors # obs. # red. Flow

1 2 3 4 5 6 7 8 9 10 11 12
1120 10 12 10 111101 1 01 1 1 1
1121 10 12 10 1 11101 1 10 1 1 1
1122 10 12 10 11110 1 1 11 0 1 1
1123 10 12 10 1 11101 1 11 1 1 0
1124 10 12 10 1 1111001 1 1 1 1
1125 10 12 10 1 11110101 1 1 1
1126 10 12 10 1 111101 10 1 1 1
1127 10 12 10 1 11110111 0 1 1
1128 10 12 10 111110 1 11 1 0 1
1129 10 12 10 1 11110111 1 1 0
1130 10 12 10 1111 11011 0 1 1
1131 10 12 10 1 11111011 1 0 1
1132 10 12 10 11111 101 1 1 1 0
1133 10 12 10 1 11111101 0 1 1
1134 10 12 10 1111 111 01 1 0 1
1135 10 12 10 1 11111101 1 1 O
1136 10 12 10 1111 11 1 10 0 1 1
1137 10 12 10 1 11111110 1 0 1
1138 10 12 10 111111 1 10 1 1 0
1139 10 12 10 1 11111111 0 0 1
1140 10 12 10 111111 1 11 0 1 0
1141 10 12 10 1 11111111 1 0 O
1142 11 12 11 o111 11111 1 1 1
1143 11 12 11 1 01111111 1 1 1
1144 11 12 11 110111 1 11 1 1 1
1145 11 12 11 1 11011 1 11 1 1 1
1146 11 12 11 111101 1 11 1 1 1
1147 11 12 11 1 11110111 1 1 1
1148 11 12 11 111111011 1 1 1
1149 11 12 11 1 11111101 1 1 1
1150 11 12 11 111111 1 10 1 1 1
1151 11 12 11 1 11111111 0 1 1
1152 11 12 11 1111111 11 1 0 1

Continued on next page
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WWTP3 (MUCT). List of Pareto-optimal solutions.

Layout # sensors # obs. # red. Flow
1 2 3 4 5 6 7 8 9 10 11 12
1153 11 12 11 1111 11 1 11 1 1 0
1154 12 12 12 111111111 1 1 1
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